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This paper reviews the present status of the VSEPR model of molecular geometry in relation to electron densities. 

The discussion is based on the electron pair domain version of this model. The fundamental postulates of the model are 
summarized and illustrated by a discussion of the structures of some n~olecules with five and seven electron pair do- 
mains in the valence shell, including the recently discovered ions X e F ,  and X e O F h .  The total electron density does 
not provide any obvious support for the model and although electron density deformation maps do provide some sup- 
port they are not always reliable. The Laplacian of the electron density, however, shows the presence of valence shell 
charge concentrations that correspond closely in number and properties to the electron pair domains of the VSEPR model. 
This correspondence between electron pair domains and valence shell charge concentrations provides a physical basis 
for a better understanding of the VSEPR model. 
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Dans ce travail, on examine la situation actuelle du moditle VSEPR de la gComCtrie moleculaire en regard des den- 

sites Clectroniques. La discussion est basCe sur la version de ce modele like au domaine de la paire d'electrons. On rCsume 
les postulats fondamentaux du modkle et on les illustre par une discussion des structures de quelques rnolCcules com- 
portant des domaines de cinq et sept paires d'electrons dans la couche de valence, y compris les ions XeF,- et XeOF,- 
decouverts recemment. La densite Clectronique totale ne fournit pas un support evident pour le modkle; par ailleurs, les 
cartes de deformation de la densite tlectronique leur foumissent un lCger support, m&me si elles ne sont pas fiables. 
Toutefois. le laplacien de la densit6 Clectronique montre la presence de concentrations de charges de la couche de va- 
lence qui correspondent bien, en nombre et en proprittes, avec les domaines des paires d'klectrons du modkle VSEPR. 
Cette correspondance entre les domaines des paires d'electrons et les concentrations de charges de la couche de valence 
foumit une base physique pour une meilleure comprChension du modkle VSEPR. 

Mots cle's : moditle VSEPR, densites d'electrons, gComCtrie moleculaire, laplacien de la densit6 electronique, do- 
maine de la paire d'electrons. 

[Traduit par la redaction] 

It is now over 30 years since the Valence Shell Electron 
Pair Repulsion (VSEPR) model of molecular geometry was 
first proposed and it continues to be an extremely useful 
model for the prediction and understanding of the geometry 
of covalent molecules. Despite its success it is sometimes 
criticised on the grounds that it is an empirical model that 
does not have a sound theoretical basis. The purpose of this 
paper is to review the present status of the model, particu- 
larly in relation to the detailed information on the electron 
densities of molecules that has become available since the 
VSEPR model was first formulated. We first describe an 
electron pair domain version of the model and illustrate its 
application by some recently determined structures of mol- 
ecules with five or seven valence shell electron pairs. Then 
we discuss the physical basis of the model. In particular, we 
consider to what extent the model can be justified by an ex- 
amination of the electron density and the Laplacian of the 
electron density. Finally we note that the theoretical basis for 
the model provided by the Laplacian of the electron density 
should lead to a better understanding of those molecules that 
appear to be exceptions to the VSEPR model. 

The VSEPR model is a direct development from Lewis's 
idea that the covalent bond can be represented as a shared pair 
of electrons. This brilliant idea, which cleared up enormous 
confusion concerning valence and bonding, and which is still 
used by every chemist today, had no theoretical basis for 
many years. We now understand that the fundamental basis 
of the concept of the electron pair is the Pauli exclusion 

FIG. 1 .  Arrangements of points on the surface of a sphere that 
maximize their distance apart. 

principle. The VSEPR model, which is a natural extension 
of the Lewis model, is similarly based on the Pauli exclu- 
sion principle, which plays a major role in determining the 
electron distribution in molecules (1, 2). 

The electron pair domain version of the VSEPR model 
The primary postulate of the VSEPR model is that the 

electron pairs in the Lewis structure of a molecule are ar- 
ranged as far apart as possible. These electron pair arrange- 
ments are often illustrated by the arrangements of points on 
the surface of a sphere that maximize the least distance be- 
tween any pair of points (Fig. 1). However, electron pairs 
are not very realistically represented by points, so it is pref- 



FIG. 2. Arrangements of spherical electron pair domains that minimize their distance from the nucleus. 

erable to think of a valence shell electron pair as a charge 
cloud composed of two electrons of opposite spin and which 
occupies as much space as possible while excluding other 
electrons from this space in accordance with the Pauli ex- 
clusion principle. Thus we could consider, as an alternative 
model, the arrangements adopted by different numbers of 
circles of equal radii occupying as large a fraction as possi- 
ble of the surface of a sphere without overlapping. This model 
leads to exactly the same arrangements as the points-on-a- 
sphere model. Another variation of the same basic idea that 
was first proposed by ~ i m b a l l '  and which has been exten- 
sively developed by Bent (3) is to consider each electron pair 
charge cloud as having a spherical shape of the same size. 
Bent called it the tangent-sphere model. I prefer to call it the 
domain model. The spherical electron pair domains are 
packed as closely as possible around the core of the atom and 
again we arrive at the same arrangements (Fig. 2). These 
basic arrangements of two to six electron pairs were first 
proposed by Sidgwick and Powell in 1940 (4). They are 
fundamental to the VSEPR model and they form the basis 
for the prediction of the molecular shapes. 

In our paper in 1957 (5) Nyholm and I went beyond these 
basic electron pair arrangements by pointing out that not all 
the electron pairs in a valence shell should be regarded as 
equivalent. The differences between electron pairs were ex- 
pressed in the form that lone-pair-lone-pair repulsions are 
stronger than lone-pair-bond-pair repulsions, which are 
stronger than bond-pair-bond-pair repulsions. On this basis 
one can account in a qualitative manner for the many small 
deviations of real structures from the "ideal" structures pre- 
dicted on the basis of equivalent electron pairs. However, it 
is simpler, more realistic, and less liable to the misinterpre- 
tation that it is a classical electrostatic model to express the 
VSEPR model in terms of the sizes and shapes of localized 
electron pair domains rather than in terms of electron pair 
repulsions. Indeed there would be some advantage in 
changing the name to the VSEPD model: the Valence Shell 
Electron Pair Domain model. In these terms the three basic 
postulates or rules of the VSEPR (VSEPD) model are as 
follows. 

1. Nonbonding domains are larger than single bond do- 

'G. E. Kimball. References to unpublished work by Kimball and 
his students are given by H. A. Bent (3). 

mains; they are more spread out and occupy more space in 
the valence shell than single bond domains. This is under- 
standable because lone pairs are under the influence of only 
one positive core rather than two. 

2. The size of a single bond domain in the valence shell 
of a central atom decreases with increasing electronegativ- 
ity of the ligand. 

3. Although it is often convenient to think of double and 
triple bonds as composed of a a and one or two T bonds or 
two or three bent single bonds, respectively, it is simpler in 
the electron pair domain model to consider a double bond as 
a two electron pair domain and a triple bond as a three elec- 
tron pair domain in which the individual electron pairs are 
not distinguished. These bond domains increase in size from 
a single to a double to a triple bond. 

Application of the VSEPR model to molecules with five 
or seven valence shell electron pairs 

Trigonal bipyrarnidal AX, molecules and the related AX,E, 
AX,E,, and AX,E3 molecules provide particularly interest- 
ing applications of the VSEPR model because the five ver- 
tices of a trigonal bipyramid are not all equivalent. The axial 
positions of a trigonal bipyramid are more crowded than the 
equatorial positions; they have three neighbors at 90" whereas 
an equatorial position has two neighbors at 90" and two more 
at 120". S o  large domains will prefer the equatorial posi- 
tions, forcing smaller domains into the axial positions. Thus 
lone pair domains, double bond domains, and the domains 
of less electronegative ligands are preferentially found in the 
equatorial positions (Fig. 3). Moreover, because the axial 
domains are in a more crowded position, axial bonds are al- 
ways longer than equivalent equatorial bonds (Fig. 3). No 
other simple model enables one to make these predictions 
about the geometry of molecules with a central atom with five 
valence shell electron pairs. 

The recently prepared XeF,- ion (6) has a unique planar 
pentagonal AX,E2 structure based on a pentagonal bipyra- 
midal arrangement of seven electron pairs with the two lone 
pairs in the axial positions (Fig. 4). In contrast to the tri- 
gonal bipyramid the lone pairs prefer the axial positions, 
which are the least crowded positions with all neighbors at 
90" whereas each equatorial position has two neighbors at 72". 
The prediction of the geometry of molecules in which there 
are seven electron pairs in the valence shell of the central 
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FIG. 3. Molecules with a trigonal bipyramidal arrangement of five electron pair domains in the valence shell of the central atom. (u) 
Lone pair domains always occupy the equatorial positions. (b)  Double bond domains always occupy the equatorial positions. (c) Less 
electronegative ligands preferentially occupy the equatorial positions. 

FIG. 5 .  Possible arrangements for seven points on the surface of 
a sphere. (a) Monocapped octahedron. (b)  Monocapped trigonal 
prism. (c)  Pentagonal bipyramid. 

I 
F 1 .. ever, it is reasonable to assume that the structure will be based 

on the pentagonal bipyramidal arrangement of seven elec- 
FIG. 4. The structure of the planar pentagonal ion XeF,-. tron pair domains that we find in the closely related mole- 

cule IF,. Moreover, we expect a structure based on an 
atom A cannot be made with as much certainty as for mol- arrangement in which two lone pairs can occupy two equiv- 
ecules in which there are six or fewer electron pairs in the alent less crowded positions and this is the pentagonal bi- 
valence shell because there are three electron pair arrange- pyramid with the lone pair domains in the two axial positions. 
ments with very similar interpair distances (Fig. 5). How- The IOF,- ion has recently been shown to have a penta- 
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FIG. 6. The structure of the pentagonal bipyramidal ion IOF,-. 

gonal bipyramid structure in which the doubly bonded ox- 
ygen occupies an axial position (7,8) as expected (Fig. 6). 
Moreover, the I-F bond in the less crowded axial position 
is, as expected, shorter (182.4 pm) than the equatorial bonds 
(187.4 pm). In contrast, in trigonal bipyramidal molecules 
the axial bonds are always longer than the equatorial bonds 
because the axial positions are the most crowded. 

Although we cannot make an absolutely unambiguous 
prediction of the basic geometry of these seven coordinated 
molecules they do have one of the three possible predicted 
geometries. Moreover, the details of their structures are fully 

consistent with the postulates of the VSEPR model. No other 
model gives us a better understanding of the geometry of 
these molecules. 

Electron densities 

Can we legitimately think of electron pairs as essentially 
localized nonoverlapping charge clouds representing bond- 
ing pairs and lone pairs as the VSEPR model assumes? Many 
accurate calculations of electron densities in simple mole- 
cules have been made and in no case are there any features 
in the total electron density that represent localized bonding 
or nonbonding electron pairs. The water molecule provides 
us with a simple example (9). As we see in Fig. 7 there is 
no obvious localization of charge corresponding to lone pairs 
or bonding pairs. A bond is only apparent as a ridge of 
maximum density between the high concentrations of charge 
that surround each nucleus. This ridge has been called a bond 
path (10). 

Total electron densities can also be obtained from accu- 
rate X-ray crystallographic studies. Again they give no evi- 
dence for localized electron pairs, either bonding or 
nonbonding. Nevertheless the usefulness of the Lewis and 
VSEPR models has inspired efforts to examine the total 
electron density in more detail. The total electron density is 
dominated strongly by the high concentration of electron 
density surrounding each nucleus and the changes in the 

FIG. 7. The electron density distribution in the water molecule. (a) Contour plot in the plane of the molecule. (b)  Relief map in the 
plane of the molecule. (c) Relief map in a plane through the oxygen atom and perpendicular to the plane of the molecule. 



CAN. J.  CHEM. VOL. 70, 1992 

FIG. 8. Electron density difference (deformation) maps for a water molecule in oxalic acid dihydrate, (COOH),.2H20; (a )  in the plane 
of the molecule; (b) in a plane through the oxygen atom perpendicular to the plane of the molecule. Reproduced by permission from Stevens 
and Coppens ( 1  1 ) .  

electron density that accompany molecule formation are 
relatively very small. Various attempts have been made to 
make these small changes in electron density more appar- 
ent. One method is by the calculation of electron density 
difference (deformation) maps, which are obtained by sub- 
tracting from the observed total electron density the densi- 
ties of the isolated spherical atoms. Electron density 
difference maps for the water molecule in oxalic acid dihy- 
drate are shown in Fig. 8 (1 1). There is a significant elec- 
tron density in this difference map corresponding to the bond 
pairs and the lone pairs of the water molecule although the 
two lone pairs are not resolved. However, the problems that 
are sometimes associated with the interpretation of such maps 
are illustrated by the electron density difference map for tet- 
rafluoroterephthalonitrile in Fig. 9, which shows no density 
at all in the C-F bond regions (12). These problems arise 
because the subtraction of the spherical densities of isolated 
atoms, although apparently reasonable, is an arbitrary pro- 
cedure that cannot be theoretically justified. 

The Laplacian of the electron density 
It is only the total electron density that is an unambigu- 

ous experimentally determinable property of a molecule and 
so we must examine the total density and not some arbitrary 
difference or deformation density if we hope to obtain reli- 
able evidence for bond pairs and lone pairs and to better un- 
derstand the VSEPR model. Bader et al. showed that the 
Laplacian of the electron density, that is, the second differ- 
ential of the electron density in three dimensions, provides 

I 
I us with a means of looking at the total electron density in 

some detail in a useful and informative way (9). For sim- 
plicity we first consider the one-dimensional function f (x) 
shown in Fig. 10. This function decreases rapidly with in- 
creasing x and has two weak shoulders but no maxima or 
minima. The electron density in a free atom along any ra- 
dius from the nucleus decreases in a somewhat similar man- 
ner although much more rapidly. The first differential of this 
function is everywhere negative because the slope is contin- 

ually decreasing although not in a uniform manner. The 
second differential f "(x) exhibits a minimum and -f"(x) a 
maximum where the function has a larger value than the av- 
erage of its value at Ithe two neighboring points, in other 
words where f (x), > z[ f (x - dx) + f (x + dx)]. We see that 
the weak shoulder in the f (x) function is a much more ap- 
parent maximum in -f "(x). 

In an atom we have to consider the variation of p in three 
dimensions. Thus we are concerned with the Laplacian of the 
electron density 

Wherever -V2p is positive there is a local concentration of 
charge, that is, the electron density is greater than the av- 
erage density in the immediate neighborhood. Wherever 
-V2p is negative there is an analogous local depletion of 
charge. A plot of -V2p for any plane through a spherical free 
atom shows maxima and minima corresponding to the elec- 
tron shells (Fig. 11). For the argon atom there is an inner 
spike and two concentric shells in which the electron den- 
sity is locally concentrated, separated by regions of electron 
density depletion. We can think of these as regions of lo- 
cally increased and decreased electron density although they 
are not maxima and minima in the electron density. The outer 
shell corresponds to the valence shell. In the valence shell 
there is a spherical surface on which the electronic charge is 
maximally concentrated. This is called the valence shell 
charge concentration (VSCC). In general this surface per- 
sists when an atom forms part of a molecule but the sphere 
is distorted and is no longer one of uniform charge concen- 
tration. 

The Laplacian of the electron density of the water mole- 
cule (9) shows two local charge concentrations in the va- 
lence shell of oxygen corresponding to the two bonds and two 
charge concentrations corresponding to the lone pairs 
(Fig. 12). These four charge concentrations have an ap- 
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FIG. 9. Tetrafluoroterephthalonitrile. (a) Structure and geomet- 
rical parameters. (b) Electron density difference (deformation) map. 
This shows bonding density in the CC and CN bonds and lone pair 
density on nitrogen but almost no bonding density in the C F  bond. 
Reproduced by permission from Dunitz et al.  (12). 

proximately tetrahedral arrangement and their properties 
(Table 1) mimic exactly the properties postulated for local- 
ized electron pairs in the VSEPR model. For example, the 
nonbonded charge concentrations are larger and occupy a 
larger area on the valence shell sphere of charge concentra- 
tion than the bonding charge concentrations. The nonbond- 
ing charge concentrations are closer to the nucleus than the 
bonding charge concentrations and the angle between the 
nonbonding charge concentrations is greater than the angle 
between the bonding charge concentrations. 

The Laplacian of the electron density of the ammonia 
molecule shows three bonding charge concentrations and one 
nonbonding charge concentration, which also have relative 
sizes and positions that correspond closely to those postu- 
lated for localized electron pairs in the VSEPR model 
(Table 1). 

In the five electron pair molecule CLF, the Laplacian of the 
electron density has five regions of charge concentration with 
a trigonal bypyramidal arrangement and exactly those prop- 
erties of size and position predicted for the localized elec- 

I F i rst  der ivat ive 

I I 
Second der ivat ive 

FIG. 10. Plot of a monotonically decreasing function f (x) and 
its first and second derivatives. The negative of the second deriv- 
ative is shown here. This hasla maximum at x, where f (x) has a 
shoulder, that is, where f (x) > z [  f (x - dx)  + (x + dr)] or where 
f (x) is locally concentrated. 

tron pair domains of the VSEPR model (Table 2 and 
Fig. 13). For example, the nonbonding charge concentra- 
tions are in the equatorial positions and the axial charge 
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FIG. 11. Relief maps of the charge density and the negative of 
its Laplacian for a plane containing the nucleus of an argon atom. 
Function values above an arbitrary maximum are not shown. 

TABLE 1. Valence shell charge concentrationsa 

H20  

Lonepairs 0.339 4.138 0.50 134.0 104.4 
Bond pairs 0.441 2.057 0.38 104.4 101.0 

NH3 
Lone pair 0.338 2.299 0.83 114.2 
Bond pairs 0.510 1.685 0.71 104.4 

"Abbreviations: r, distance from maximum of charge concentration to 
nucleus; -V2p, value at maximum of charge concentration; area, approx- 
imate area of charge concentration; 1, lone pair; b, bond pair. 

concentrations are smaller and further from the nucleus than 
the equatorial charge concentrations. 

Similar results have been obtained (13, 14) for SF,, SOF,, 
and ClF, (Table 2 and Fig. 14). 

The important and interesting result of the study of the 
Laplacian of the electron density is that although the elec- 
trons are not highly localized into pairs as postulated by the 
VSEPR model there are an equal number of local concen- 
trations of charge (VSCC's) that exhibit all the properties 
ascribed to the electron pair domains of the VSEPR model. 
Although the VSEPR model gives a highly exaggerated 

picture of the extent of localization of electron pairs in a 
molecule, there is nevertheless a very partial localization of 
electrons into pairs that gives rise to the small local concen- 
trations of charge that have exactly the properties postulated 
for the localized electron pairs of the VSEPR model. 

Valence shell charge concentrations and the Pauli 
exclusion principle 

The valence shell charge concentrations result from the 
operation of the Pauli exclusion principle or spin correlation 
but because spin correlation is opposed by the electrostatic 
repulsion between the electrons (charge correlation) it is less 
effective in producing localized pairs than is assumed in the 
VSEPR model. 

Linnett previously discussed the distribution of electrons 
in a molecule, a consequence of spin and charge correlation 
in the context of his double-quartet theory (15). According 
to Linnett we can consider the eight electrons of a neon atom 
or an oxide ion as consisting of one set of four electrons of 
a spin and another set of four of p spin. The most probable 
arrangement in each set as a consequence of both spin and 
charge correlation is at the corners-of a tetrahedron. As a 
consequence of spin correlation the two sets tend to come into 
coincidence but this tendency is opposed by charge corre- 
lation. Linnett assumes that to a first approximation there is, 
as a consequence, little or no correlation between the two 
tetrahedral sets (Fig. 15). The overall electron density of the 
neon atom or the oxide ion is then spherical. We can think 
of forming the water molecule by the addition of two pro- 
tons to an oxide ion. Each proton provides an additional at- 
tractive force tending to pull the two tetrahedral sets of 
electrons more towards coincidence, thus giving a partial 
localization of the electrons into two bonding pairs and two 
nonbonding pairs and the formation therefore of four cor- 
responding local charge concentrations with an approxi- 
mately tetrahedral arrangement (Fig. 15). The lone pair 
electrons are not as localized as the bonding pair electrons 
because they are not subject to the attraction of the protons 
and their localization depends only on spin correlation. 

Summary and future developments 

Although no complete theoretical justification of the 
VSEPR model has yet been given we now have a better un- 
derstanding of its physical basis. Electrons in molecules are 
not as localized into electron pair domains as the VSEPR 
model assumes; nevertheless, there is a partial localization 
of electrons into pairs as a consequence of spin and charge 
correlation that gives rise to small local charge concentra- 
tions that have all the properties ascribed to the localized pairs 
of the VSEPR model. It seems reasonable to assume that an 
examination of the Laplacian of the electron density in those 
molecules that appear to be exceptions to the VSEPR model 
(2) will improve our understanding of the geometry of these 
molecules and also of the VSEPR model and its limitations. 
One such limitation is the assumption that the core of the 
atom underlying the valence shell is spherical. In the case of 
the transition metals and atoms with polarizable cores this 
may not always be the case and a nonspherical shell may have 
an important influence on the geometry of a molecule (2). 
Studies of the Laplacian of the electron density in such mol- 



GILLESPIE 

FIG. 12. Relief maps of the charge density and the negative of the Laplacian for the two symmetry planes of the water molecule. Lower 
maps are for the molecular plane and the upper maps are for the perpendicular plane. There is a spike-like concentration of charge sur- 
rounding the oxygen nucleus (which is terminated at an arb~trary value) that corresponds to the inner core. The valence shell charge con- 
centration (VSCC) is not uniform but exhibits maxima and saddles in these two-dimensional relief maps. In the p e ~ n d i c u l a r  (nonbonding) 
plane the VSCC of oxygen exhibits two maxima and two saddle points in -V'p. In the plane of the molecule -V-p exhibits two maxima, 
one along each bond path to a proton. What appears to be a third maximum is another view of the two nonbonded maxima appearing in 
the upper diagram. 

TABLE 2. Valence shell charge concentrations" 

r -V2p Area 1Al lAb(eq) b(ax)Ab(eq) 
(A) (au) (A') (deg) (deg) (deg) 

CIF, 

Lone pairs 0.605 1.58 1.52 147.8 
Bond pairs(eq) 0.670 0.595 0.66 96.5 83.6 
Bondpair(ax) 0.687 0.319 0.41 83.6 

SF4 
Lone pair 0.666 0.999 1.90 129.7 
Bond pairs(eq) 0.707 0.342 0.94 129.7 84.5 
Bondpairs(ax) 0.726 0.268 0.49 84.5 

SOF4 

Bond pair(=O) 0.463 1.175 2.06 101.7 
Bond pairs(eq) 0.705 0.38 1 0.89 83.0 
Bondpairs(ax) 0.715 0.381 0.71 83.0 

Lone pair 0.600 1.900 1.35 
Bond pair(ax) 0.653 0.866 0.78 180.0 
Bond pair(ba) 0.662 0.6 19 0.64 97.2 

" r ,  distance of maximum of charge concentration from nucleus; -VZp,  value at maximum 
of charge concentration; area, approximate area of charge concentration; I ,  lone pair; b, bond 
pair. 
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F~G.  13. Relief maps of -VIP for the equatorial (upper) and axial 
(lower) planes of CIF,. The chlorine atom exhibits three shells of 
charge concentration. In the equatorial plane there are two non- 
bonded and one bonded charge concentration in the valence shell. 
In the axial plane there are three bonded charge concentrations in 
the valence shell and a fourth apparent maximum that is another 
view of the saddle between thetwo nonbonded maxima in the 
equatorial plane. Thus the VSCC of the chlorine atom possesses 
two nonbonded and three bonded concentrations of charge. 

ecules should help us to understand the effect of a non- 
spherical core on the geometry of a molecule and enable us 
to extend the VSEPR model to include such molecules. 
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