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THE VSEPR MODEL OF MOLECULAR GEOMETRY 

I. HARGITTAIt and B. CHAMBERLAND 
Department of Chemistry and Institute of Materials Science, University of Connecticut, 

Storrs, CT 06268, U.S.A. 

Abstraet--The valence shell electron-pair repulsion model successfully accounts for geometrical vari- 
ations in extensive classes of compounds. According to its basic postulate the geometry of a molecule 
is determined by the space requirements of all electron pairs in the valence shell of the central atom. 
The compatibility of a structure with this model must be tested by examining the variations of all angles 
of all electron pairs in the valence shell. 

1. INTRODUCTION 

"There  is no more basic enterprise in chemistry than the determination of the geometrical 
structure of  a molecule. Such a determination, when it is well done, ends all speculation as to 
the structure and provides us with the starting point for the understanding of every physical, 
chemical and biological property of  the molecule"[1].  The geometry of the molecule is in fact 
the spatial arrangement of  its constituting atomic nuclei. The qualitative characterization of the 
molecular geometry is the shape and symmetry of the molecule, i.e. those of  the ensemble of 
the atomic nuclei. A more quantitative characterization consists of the metrical expression of 
the relative three-dimensional positions of the nuclei, or more descriptively, of  the bond dis- 
tances, bond angles and angles of internal rotation. 

The molecular geometry is only one aspect of molecular structure. There are two other 
major aspects, viz. the intramolecular motion, which is the relative displacements of  the atomic 
nuclei with respect to their equilibrium positions, and the electronic structure of  the molecule, 
which is the electron density distribution. We shall be concerned primarily with the qualitative 
aspects of  molecular geometry, i.e. with molecular shape and symmetry. 

In order to determine the molecular shape and symmetry, various experiments and/or 
theoretical, mainly quantum-chemical calculations can be carried out. Beyond establishing the 
structures of  individual molecules, it is equally important to understand the reasons for the 
occurrence of this or that molecular structure and structural changes in series of molecules. 

Various physical techniques are available today to determine the molecular geometry, i.e. 
to measure distances between atoms or atomic nuclei and angles between chemical linkages 
very accurately. The accuracy may be a few thousands of an hngstrom and a few tenths of a 
degree, respectively. An interatomic and an internuclear distance, however, are not the same 
except under rigorously defined conditions. If  the electron density distribution in an atom has 
spherical symmetry,  then interatomic and internuclear distances express the same thing. Intra- 
molecular motion may also change the apparent structure of a molecule when measured by 
various physical techniques. Consider the simple case of a linear symmetrical triatomic molecule 
B - - A - - B .  Suppose that this molecule is performing bending vibrations, as is shown in Fig. 
1. If  the B - - A - - B  bond angle is determined from the time-averaged A - - B  and B . . . B 
distances, 

BAB = 2 arcsin[  .(B : - : B ) / 2 ]  
/ A - - B  J '  

then even for a linear D=h symmetry AB2 molecule the measurements may yield a bent structure 
with Czv symmetry.  Intramolecular motion usually, though not always, leads to a decrease of 
molecular symmetry. This obviously cannot happen if the molecule is completely motionless. 
There is no such molecule in reality, but the structure of such molecules can be calculated. 
This is the so-called equilibrium structure versus the so-called average structure influenced by 
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the motion. The theoretical calculations, which are mostly quantum-chemical calculations, in 
fact produce this very equilibrium structure. A careful comparison between experimental and 
calculated structures has to be considered and corrected for these differences. 

All things considered, a large body of experimental and theoretical structural information 
has accumulated during the past years, and forms a fairly consistent pattern. For consistency 
we are referring to various good correlations between structural and other properties in relatively 
large classes of substances. It is also remarkable how well modem structural information lends 
itself to be discussed in those qualitative terms and ideas, most of which had been developed 
before the advent of modem structural chemistry. These traditional ideas and terms include 
items such as chemical bond, multiple bond, and electronegativity, to mention some of the most 
fundamental ones. 

It is also remarkable how some simple and qualitative models can explain and account for 
large amounts of experimental and calculated data. Of course, the real test of any model and 
theory is its predictive power, and it is remarkable how turstworthy some of these qualitative 
models of molecular structure are in this respect as well. In fact, for known data, we have to 
expect these models to be 100% foolproof within their scopes. On the other hand, as soon as 
"exceptions to the rule" seem to emerge, if they prove correct, the scope or limits of applicability 
of the model have to be changed accordingly. 

The electron-pair description of the chemical bond by Lewis[2] is perhaps the most im- 
portant discovery in the chemistry of this century. The significance of this discovery was amply 
demonstrated during the recent Lewis anniversary[3]. The electron-pair description of the chem- 
ical bond is also the natural link between the most important discoveries in chemistry of the 
last century as, for example, between the Periodic Table of the elements by Mendeleev and the 
tetrahedral carbon configuration by van't Hoff on the one hand, and our present-day knowledge 
of chemical structures on the other. The cubical atom of Lewis, illustrated in Fig. 2, helped to 
develop the shared-electron-pair concept. Then Sidgwick and Powell[4] correlated the number 
of electron pairs in the valence shell of the central atom in a molecule and the bond configuration 
of this central atom. The valence shell is the outermost shell of the electron cloud surrounding 
the atomic nucleus. It is the electrons of this shell which participate in the chemical bonding. 
Of course, not all the electrons of the valence shell participate in bonding. Some electrons in 
the valence shell of the central atom may belong exclusively to the central atom. However, 
such unshared or "lone" pairs of electrons have also their space requirement, so it was an 
important realization that all electron pairs--both shared and lone--are to be considered when 
the bond configuration is predicted. Another important step was made by Gillespie and Ny- 
holm[5] in the development of this model. They introduced allowances for the differences 

D~h 

( - ;  , , ' -  

C2v 
Fig. 1. The consequences of bending vibrations on the shape and symmetry of the linear symmetric triatomic molecule 

AB2. 
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Fig. 2. Cubic atoms and molecules by Lewis in 1916. 

between bonding pairs and lone pairs. It was at this point that these ideas were taking shape 
as a distinct model and the name VSEPR (Valence Shell Electron Pair Repulsion) model was 
coined by Gillespie (e.g. [6]). He has also popularized this model very effectively over the 
years (cf. [7-9]). The model has found its way into most introductory chemistry texts in addition 
to being a research tool. 

The VSEPR model is presented here briefly because it has a simple and attractive way to 
deduce the shapes and symmetries of molecules in relatively large classes of substances. There 
have been reports of structures which were found to be incompatible with the predictions of 
the VSEPR model. Whenever these structures were within the real scope and limits of the 
model, they invariably turned out to be either wrong experimental results or were erroneously 
tested against the predictions of the model. Whereas the basic postulates of the VSEPR model 
have remained unchanged over the years, the way of testing its applicability has been gener- 
alized[10,11]. We shall discuss examples for all these. 

2. THE BASIC POSTULATE 

The VSEPR model is based on the following postulate (cf., for example, [9]): The geometry 
of the molecule is determined by the repulsions among the electron pairs in the valence shell 
of its central atom. This postulate implicitly emphasizes the importance of both bonding pairs 
and lone pairs in establishing the molecular geometry. The bond configuration around the atom 
A in the molecule AXn, and, accordingly, the geometry of the AXn molecule is such that the 
electron pairs of the valence shell must be at maximum distances from each other, as if the 
electron pairs were mutually repelling each other. Thus the situation may be visualized so that 
the electron pairs occupy well-defined parts of the space around the central atom, corresponding 
to the concept of the localized molecular orbitals. 

If it is assumed that the valence shell of the central atom retains its spherical symmetry in 
the molecule, then the electron pairs will be at equal distances from the nucleus of the central 
atom. In this case the arrangements at which the distances among the electron pairs are at 
maximum will be the following: 

Number of electron pairs 
in the valence shell Arrangement 

2 linear 
3 equilateral triangle 
4 tetrahedron 
5 trigonal bipyramid 
6 octahedron 

Let the electron pairs be represented by points on a sphere. Then the shapes shown in Fig. 3 
are obtained by connecting these points. Of the three polyhedra shown in this figure, only two 
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Fig. 3. Molecular shapes from a points-on-the-sphere model. 

are regular, viz. the tetrahedron and the octahedron. The trigonal bipyramid is not a regular 
polyhedron; although its six faces are equivalent, its edges and vertices are not. Incidentally it 
is not so unique a solution to our problem. Another, only slightly less advantageous arrangement 
is the square pyramidal configuration and numerous intermediate ones between the trigonal 
bipyramid and square pyramid. 

The repulsions considered in the VSEPR model may be expressed by the potential energy 
terms 

Vii = K I ~ ,  

where K is a constant, r 0 is the distance between the points i and j,  and the exponent n is large 
for strong or "hard" repulsion interactions and small for weak or "soft"  repulsion interactions. 
Experience shows[12] that n is much larger than that which would correspond to simple elec- 
trostatic Coulomb interactions. Incidentally, as n gets larger than 3, the results become insensitive 
to the value of n. That is very fortunate because n is not really known. This insensitivity to the 
choice of n is what provides the wide applicability of the VSEPR model. 

There have been attempts to provide quantum-mechanical foundations for the VSEPR 
model (cf., for example, [13]). Roughly speaking, these attempts have developed along two 
lines. One was concerned with assigning a rigorous theoretical basis to the model, primarily 
involving the Pauli exclusion principle. At some point it has even been suggested to call the 
model Pauli mechanics[ 12]. However, the VSEPR model is a qualitative one. It overemphasizes 
some interactions and ignores many others. It is thus not expected that rigorous quantum- 
mechanical treatment may parallel it in its entirety. On the other hand, numerous quantum- 
chemical calculations (e.g. [10,14]) have already produced a large amount of structural infor- 
mation which are in complete agreement with the VSEPR predictions. This shows again that 
the model captures some very important effects which appear to be dominant in some structural 
classes. 

Thus, for example, the model emphasizes electron-pair repulsions while it ignores ligand- 
ligand interactions. With large central atoms and small ligands, this works well. However, with 
increasing ligand size relative to the size of the central atom, the nonbonded interactions gradually 
become more important. Obviously, both effects may be commensurable in some structures 
and eventually the ligand-ligand interactions become dominant. Another assumption in the 
VSEPR model refers to the spherical shape of the valence shell of the central atom. With 
decreasing validity of this assumption, again, the applicability of the predictions by the model 
will diminish. It is by investigating and establishing the limitations of applicability of the model 
that its usefulness and reliability will be enhanced. 
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3. MOLECULAR SHAPES AND BOND ANGLES 

Using the VSEPR model, it is easy to predict the shape and symmetry of a molecule from 
the total number of bonding pairs, n, and lone pairs, m, of electrons in the valence shell of its 
central atom. The molecule may then be written as AX,Em, where E denotes a lone pair of 
electrons. An AX2 molecule will then have two electron pairs in the valence shell of the central 
atom and, accordingly, a linear X - - A - - X  configuration. However, if there is an additional 
lone electron pair in the valence shell (thus the molecule is AX2E) the three electron pairs will 
have a trigonal planar arrangement, and, accordingly, the X - - A - - X  configuration will be bent. 
These structures are illustrated in Fig. 4 along with the equilateral triangular configuration of 
AX3. Consider now in some more detail molecules with four electron pairs in the valence shell 
of the central atom; for example, the series of methane (CH4), ammonia (NH3) and water (H20) 
molecules. Originally there were four electrons in the carbon valence shell, and forming four 
C - - H  bonds, the hydrogens contributed altogether four electrons. Thus methane is expressed 
by AX 4 and its symmetry is, accordingly, regular tetrahedral. In ammonia there were originally 
five electrons in the nitrogen valence shell, and the formation of the three N - - H  bonds added 
three more. With the three bonding pairs and one lone pair in the nitrogen valence shell, 
ammonia may be written as AX3E and, accordingly, the arrangement of the molecule is related 
to a tetrahedron. However, only in three of its four directions do we find bonds, and consequently 
ligands, while in the fourth there is a lone pair of electrons. Hence the pyramidal geometry of 
the ammonia molecule. The bent configuration of the water molecule can be similarly deduced. 

AX 2 AX3 AXzE 

AX 4 AXHE AXzE2 

AX 5 AX4E 

AX3E 2 AX2E3 

AX 6 AXsE AX4E 2 

Fig. 4. Structural models for some simple molecules[7]. 
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In order to establish the total number of electron pairs in the valence shell, the number of 

electrons originally present and the number of bonds formed need to be considered. A summary 
of geometrical arrangements for a series of various types of simple molecules is shown in 
Fig. 4. 

The molecular shape to a large extent determines the bond angles. Thus the bond angle 
X - - A - - X  is 180 ° in the linear A X  2 molecule, 120 ° in the trigonal planar AX3 molecule and 
109 ° 28' in the tetrahedral AX4 molecule. The arrangements shown in Fig. 4 correspond to the 
assumption that the strengths of the repulsions from all electron pairs are equal. In reality, 
however, the space requirements and accordingly, the strengths of the repulsions from various 
electron pairs may be different depending on various circumstances as described in the following 
three subrules[9]. 

1. A lone pair, E, has a greater space requirement in the vicinity of the central atom then 
a bonding pair. Thus it exercises stronger repulsion towards the neighboring electron pairs than 
a bonding pair, b. The repulsion strengths decrease in the following order: 

E/E > E/b > b/b. 

This is well illustrated by the various angles of the sulfur difluoride molecule as determined by 
ab initio molecular orbital calculations[10]: 

SF2 or SF2E2: E - - S - - E  135.8 ° 

E - - S - - F  104.3 ° 

F - - S ~ F  98.1 °. 

This is also why, for example, the bond angles H - - N - - H  of ammonia are smaller than the 
ideal tetrahedral, viz. 106.7°[15] instead of 109.5 °. 

2. Multiple bonds, bin, have greater space requirement than single bonds and exercise 
stronger repulsions towards the neighboring electron pairs than single bonds. The repulsion 
strengths decrease in the following order: 

bm/bm > bm/b > b/b. 

The consequence for bond angles is that they will be larger between multiple bonds than between 
single bonds. The structure of dimethyl sulfate, (CH30)ESOz, provides a good example. This 
molecule has three different types of OSO bond angles and they change in the following order: 

S ~ O / S ~ O  > S~---O/S--O > S - - O / S - - O  

(viz. 122 °, 109 °, and 98°)[16]. Another example is the structure of the sulfuric acid molecule, 
or more generally, the configurations of the XSO2Y sulfones for which 

S = O / S ~ O  > S = O / S - - X  (or S ~ O / S - - Y )  > S n X / S - - Y .  

The general molecular model is shown in Fig. 5. For sulfuric acid X = Y = H. 
3. A more electronegative ligand decreases the electron density in the vicinity of the central 

atom as compared with a less electronegative ligand. Accordingly the bond to a less electro- 
negative ligand, bx, has greater space requirement than the bond to a more electronegative 
ligand, by. The repulsion strengths then decrease in the following order: 

bx/bx > bx/by > by/by. 

The consequence is that the bond angles are smaller for more electronegative ligands than for 
less electronegative ligands. Examples are provided by the bond angles X - - A - - X  of some 
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Fig. 5. The molecular model of XSO:Y sulfones. 

AX3, i.e. AX3E molecules (for references, see [151): 

X NX 3 PX3 AsX3 SbX3 

F 102.4(3) ° 97.8(2) ° 96.2(2) ° 95.0(8) ° 
C1 107.1(5) ° 100.3(1) ° 98.6(4) ° 97.0(12) ° 
Br 101.0(4) ° 99.7(3) ° 98.2(10) ° 
I 102(2) ° I00.2(4) ° 99(1)° 

The parenthesized uncertainties are cited as units of the last digit. 
A fourth subrule in the VSEPR model concerns the relative availability of space in the 

valence shell. 
4. There is less space available in a completely filled valence shell than in a partially filled 

valence shell. Accordingly, the repulsions are stronger and the possibilities for angular deviations 
are less in the filled valence shell than in partially filled one. Thus, for example, the bond 
angles of the NX3 molecules are less different from the ideal tetrahedral angle than those of the 
PX3 molecules, as can be seen in the above data. 

It has been shown that the differences in the electron-pair repulsions may account for the 
bond-angle variations in series of molecules. The question arises whether these differences have 
any effect on the symmetry choice of the molecules. In the four-electron-pair systems the AX4, 
EBX3, and E2CXz molecules have Td, C3v, Cz~. symmetries, respectively. The symmetry is 
preserved within each series upon substitution, provided that all X ligands in a molecule are 
the same. 

Ligand electronegativity changes may have decisive effects, however, in the symmetry 
choices of various bipyramidal systems, of which the trigonal bipyramidal configuration is the 
simplest. 

4. TRIGONAL BIPYRAMIDAL CONFIGURATIONS 

With five electron pairs in the valence shell of the central atom, trigonal bipyramidal (Fig. 
6) configurations usually occur, although the square pyramidal cannot be excluded in some 
cases. Even intermediate arrangements between the two may appear to be the most stable in 
some special cases. The trigonal bipyramidal configuration with an equilateral triangle in the 
equilateral plane has D3h symmetry and the square pyramidal has C4,.. The intermediate ones 
have C~v, or nearly so. Indeed, rearrangements often occur in the trigonal bipyramidal structures 
performing low-frequency large-amplitude motion[17]. Such rearrangements are illustrated in 
Fig. 7. 

Generally speaking, the positions in the D3h trigonal bipyramid are not equivalent. Their 
equality occurs only at a special exponent value n = 3.4 in the potential energy term 

V = K/r".  
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() 
Fig. 6. Trigonal bipyramidal and square pyramidal configurations. 

For n values larger than 3.4 the axial ligand position is further away from the central atom than 
the equatorial one, and the reverse is true for n values smaller than 3.4. These variations, 
however, have no effect on the symmetry of the AX5 structures and this is comforting from the 
point of view of the applicability of the VSEPR model in establishing the point group symmetries 
of such molecules. 

On the other hand, when inequality among the electron pairs occurs, the differences in the 
axial and equatorial positions are important for symmetry considerations. While the PF5 molecule 
as an AX5 system has unambiguously D3h symmetry for its trigonal bipyramidal configuration, 
it is not so obvious to predict the symmetry of the SF4 molecule (which may be written as 
AXaE, and thus also has trigonal bipyramidal arrangement). The question is which position will 
the lone pair of electrons occupy? 

There are three nearest neighbors, at 90 ° from any axial position in the trigonal bipyramidal 
configuration, and one more neighbor at 180 ° and that is the other axial position. For an equatorial 
position there are two nearest neighbors at 90 ° and two further ones at 120 ° . As the closest 
electron pairs exercise by far the strongest repulsion, the axial positions are effected more than 
the equatorial ones. It is then in agreement with this reasoning that the axial bonds are usually 
longer than the equatorial ones. If there is then a lone pair of electrons with a relatively large 
space requirement, it is to be found in the more advantageous equatorial position. Accordingly, 
the SF4 structure has C2v symmetry, as has the C1F3 molecule, which is indeed AXaE2, and 
finally the XeF2 molecule, which is AX2E3, having all three lone pairs in the equatorial plane; 
hence its symmetry is D~h. All these structures are depicted in Fig. 8. 

A double bond also takes an equatorial position, for similar reasons as the lone pair. Thus 
the point group may easily be established for the molecules O~-~-SF4, O~---C1F3, XeO3F2, and 
XeO2F2, as also seen in Fig. 8. 

Lone pairs and/or double bonds replaced single bonds in the above examples. Similar 
considerations are applicable when ligand electronegativity changes take place. Typical and 
very simple examples are the structures of PF2C13 and PF3C12[18]. The chlorine atoms are less 

4 4 

C2v  

--~ 2 
5 5 

D 3h C4v D3h 

Fig. 7. The intramolecular rearrangements of the PF~ molecule. 
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O3h C2v C2v Oo~h 

F F 
I . F  J ,~O  

o=s:... F 
F F 

C2~ C~ 

F F 

 iCo 
F F 

D3h Czv 

Fig. 8. Trigonal bipyramida] structures. 

electronegative ligands than the fluorine atoms, and the former will be in equatorial positions 
in both structures, as seen in Fig. 9. The point groups are Czv for PF3CI2 and D3h for PFzCI3. 
If the chlorine atoms were in the axial positions in PF3CI2, this molecule would also have the 
higher symmetry D3h. 

5. MORE THAN FIVE ELECTRON PAIRS 

All six electron pairs are equivalent in the AX6 molecule, as the six X ligands will be 
found at the vertices of a regular octahedron around the central atom A. The molecular symmetry 
will unambiguously be Oh. An example is SF6. The IF5 molecule, however, corresponds to 
AXsE and its square pyramidal configuration has C4v symmetry. There is no question here as 
to the preferred position for the lone pair as any of the six equivalent sites may be selected. 
When, however, a second lone pair is introduced, then the arrangement in which the two lone 
pairs find themselves at the maximum distance is favored. Thus for XeF4 (i.e. AX4E2) the bond 
configuration is square planar, and the point group is D4h. These molecular structures are 
illustrated in Fig. 10. 

F F 
O O 

1.593{4)A 1.599{21A 

a9 .~ )7  ~" Cl CI 
) "~22.0{5)* C[ " 

/ 

F151"519)~ ~'L"~'°°5121~ ~ : ) ~  CI 
" C l  

F F 

Fig. 9. The structure of PF3CI: and PF2CI3. 

C/~4W/~_ 2 t 3/4B-C,G 
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AX6 AXsE AXe, E2 

F F 

F F F 

I F F  0FI''I F 

F 

Oh D4h 

Fig. 10. Octahedral structures. 

The difficulties encountered in the discussion of the five electron-pair valence shells are 
intensified for the seven-electron-pair case. Here again the ligand arrangements are less meri- 
torious than for the nearest coordination neighbors, i.e. six and eight. It is not possible to 
arrange seven points to describe a regular polyhedron, while the number of nonisomorphic 
polyhedra with seven vertices is large. None of them is distinguished, however, with high 
relative stability. 

One of the early successes of the VSEPR model was that it correctly predicted the non- 
octahedral structure of XeF6, as it is indeed a seven-coordination example, AX6E. Its possible 
distorted octahedral configurations are shown in Fig. 11. Experimental data are consistent with 
the proposed distorted octahedral models. 

6. TESTING THE APPLICABILITY OF THE MODEL 

From the very beginning of the history of the VSEPR model, its applicability usually has 
been examined for the molecular shapes and bond-angle variations. While the influence of the 
lone pairs on the bond angles has been correctly assessed, it has been largely ignored that the 
bond angles represent only part of the geometrical characterization of the entire valence shell 
configuration. 

There have been noted some seemingly incompatible bond-angle variations with the model 
which were puzzling since they occurred among such simple molecules that were supposed to 
be well within the scope of the model. Some examples will be discussed below. First, however, 
a generalized approach for testing the applicability of the VSEPR model is formulated. This 
formulation stems directly from the basic idea of the VSEPR model[11]. 

As the shape and the geometry of a molecule is assumed to be determined by the repulsions 
among all electron pairs of the valence shell, the compatibility of a structure or structural 
variations with the VSEPR model has to be tested by examining the variations of all angles of 
all electron pairs rather than those of the bond angles only! 

The reason that the variations of only the bond angles are usually considered is very trivial. 
The bond angles are the ones directly determined from the experiment. Sometimes, though by 
far not always, the angles made by the lone pairs are also attainable from the bond angles by 

Fig. 11. The structure of XeF+ (i.e. EXeF6). 
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X 5"a./6 = 109 .5  ° 

1 

• Fig. 13. The mean angle of all six angles in tetrahedral 
configurations. 

Fig. 12. The bond arrangement of an AX3B molecule 
with C2,. symmetry. 

virtue of the molecular symmetry. For example, the E - - P - - F  angle of the PF3 (i.e. EPF3) 
molecule can be calculated from the F - - P - - F  bond angle by virtue of the C3,. symmetry of 
this molecule. This is the same as in any AX3B molecule with a C3,. point group; one of the 
two angles of the structure determines the other (cf. Fig. 12). If, for example, the angle 
B - - A - - X  is qb + w/2 and the angle X - - A - - X  is 0, then cos 0 = 1 - 3/2 cos 2 qb. On the 
other hand, the angles involving the lone pairs of the SF2 (i.e. E2SF2) molecule with a C2,. point 
group cannot be calculated from the bond angle alone. The bond angle F - - S - - F  and the C2,. 
symmetry do not determine the angles E - -S - - E  and E - - S - - E  However, the mean value of 
all the angles in either the C3v or the C2,. structures is always the ideal tetrahedral angle. The 
mean value is obtained, of course, by averaging all six angles in these structures. This is 
illustrated in Fig. 13. 

The characteristic mean angle for the five-electron-pair cases is 108 ° . This is obtained by 
averaging all 10 angles in these structures, regardless whether they are trigonal bipyramidal 
(O3h , C2v , or  Cs) , square pyramidal (C4v), or pentagonal planar (Dsh). This is seen in Fig. 14. 
The angles of the lone pair in the equatorial position of the SF4 (i.e. ESF4) molecule are 
determined by the bond angles by virtue of the C2, symmetry. The same is true, for example, 
for the SF2(CF3) 2 molecule (also an  ESX4  system). However, the individual angles of the lone 
pair are not determined by the bond angles in the EC1F30 molecule, which has Cs symmetry 
(Fig. 8). The mean of the 10 angles is 108 ° here as well. 

Even when the angles made by the lone pairs can easily be calculated from the experi- 
mentally determined bond angles, or when they may be deduced from the results of quantum- 
chemical calculations, they are often ignored. The proper application of the VSEPR model, 
however, should direct at least as much attention to the angles of the lone pairs and their 
variations as to those of the bond angles themselves. 

10 
T a . / l O  = 108 ° 
1 

Fig. 14. The mean angle of all ten angles in trigonal bipyramidal, square pyramidal, and pentagonal planar configu- 
rations. 
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Fig. 15. Bond-angle variations in a series of tetrahedral molecules, AX4, EBX3, and E2CX2. The number of lone pairs 
of electrons in the valence shell of the central atom is 0, l, and 2, respectively. 

Let us consider first in some detail the experimental bond-angle variations in some AX4, 

EBX3, E2CX2 series of molecules shown in Fig. 15. Originally it was stated that " . . .  in the 
series CH4, NH3, and H20 the bond angle decreases . . . as the number of nonbonding pairs 
increases"[9]. While it was invariably observed that going from AX4 to EBX3 the bond angles 
decreased, the replacement of yet another bond by a second lone pair did not lead to further 
decrease of the bond angle in E2CX2, except for the hydride molecules[19]. 

The interpretation of the changes in the bond angles, as going from the three ligand plus 
one lone pair case to the two ligand plus two lone pair case, is rather complicated since in 
addition to the bonding pair-bonding pair and bonding pair-lone pair repulsions, there are also 
lone pair-lone pair repulsions present. The resulting configuration depends, in the final analysis, 
on the relative magnitudes of the three different types of interactions. 

To further examine the above changes, a simple point-charges-on-the-sphere model was 
constructed in which bonding and nonbonding electron pairs are represented by smaller (qx) 
and larger (qE) charges, respectively. The configuration was then determined in which only 
radial forces acted on the charges. At the same time it was strongly emphasized that using the 
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Fig. 16. Variations of the bond angles X--A--X in the AXlE (0) and AX2F_~ 03) systems versus the ratio of the two 
charges employing various values for the repulsion exponent in the expression of the potential energy[20]. 
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Table 1. Calculated angles for  a series o f  isoelectronic tetrahedral fluoride molecules  

SiF4t PF3(EPF3);t SF:(E:SF2):~ CIF(E3CIF)§ Ar(E4Ar)~" 

FAF 109.5 ° 96 .9  ° 98. I ° - -  - -  
FAE - -  120.2 ° 104.3 ° 101.6 ° - -  
EAE - -  - -  135.8 ° 116,1 ° 109.5 ° 

t B y  virture of  Ta symmetry .  
~Ref. l l0 ] .  
§Ref. [21]. 

charges qx and qE by no means implied that the origin of repulsion in the systems under discussion 
could be considered to be simply electrostatic. In the expression of the force affecting the 
charges, the force and the distance between the charges were inversely proportional, of course, 
and the power of this distance varied over a wide range (between 1 and 15) in the calculations. 

The results of these calculations are illustrated in Fig. 16. The variations of the bond angles 
are shown for different values of the repulsion exponent p against the ratio of the two different 
charges. It is seen that the bond angle 0 of the AX3E configuration is always smaller than the 
regular tetrahedral angle, while the bond angle 13 of the AXzE2 configuration may be smaller, 
as well as larger, than 0 depending on the repulsion exponents. Thus the direction of the changes 
in the bond angles in going from AX4 to AX3E is well understood and is independent of the 
choice of the repulsion exponent. On the other hand, the relationship between the bond angles 
of molecule pairs AX3E and AX2E2 strongly depends on the choice of the repulsion exponents. 
In these instances, the rules constituting the VSEPR model would seem to lose their usefulness 
in predicting the trends in the structural changes, since the predictions are no longer invariant 
to the choice of the repulsion exponents in the potential employed. Thus testing the applicability 
of the VSEPR model on the basis of only the bond angles is indeed contrary to the basic premises 
of the model. The angle made by the lone pairs must also be considered. 

As not all angles made by the lone pairs in the tetrahedral systems were attainable from 
the experimental data, ab initio molecular orbital calculations have been carried out for a series 
of molecules[ 10,21 ]. The position of the lone pair was characterized by the center of its charge 
distribution. All angles in the isolectronic series SiF4, PF3, SF2, C1F, and Ar are listed in Table 
1. This series of molecules may be expressed by the following general formulae, AX4E0, AX3E~, 
A X 2 E 2 ,  A X L E 3 ,  A X o E 4 ,  respectively. It is to be noted that the differences in the angles within 
each structure are in accordance with the VSEPR model. The calculated bond angles in 
the series will parallel the changes observed in the experimental values, which are shown in 
Fig. 15. 

There is a decrease from F - -S i - -F  to F - - P - - F  and the latter is smaller than F h S - - F .  
On the other hand, the E - - P - - F  angle is much larger than the E - - S - - F  angle. The origin of 
this difference is determined by the relative strength of the repulsive interactions which decrease 
in the order 

E/E > E/b > b/b, 

where b represents the bonding pair. There are four E/b interactions and only one b/b interaction 
in the sulfur valence shell of SF2. The situation is, of course, complicated by the presence of 
a strong E/E interaction. 

Another example is provided by the experimental bond angles of SF2, 98.0°[22] and SH2, 
92.2°[15]. The bond angle difference here has the opposite sign from what would follow from 
the electronegativity subrule. Again, however, the other structural changes in the rest of the 
valence shell configuration should not be ignored. The calculated angles (all angles, regardless 
of whether they involve bonds or lone pairs) are shown in Fig. 17. First of all, it is noted that 
the E- -S- -E ,  E- -S- -b ,  and b - - S h b  angles are related to each other in each molecule exactly 
as is predicted by the VSEPR model, considering the different space requirements of lone pairs 
and bonds. Furthermore, in agreement with the electronegativity subrule, the E - - S - - H  angle 
is larger than the E - - S - - F  angle. In both molecules there are four stronger E/b interactions 
and only one weaker b/b interaction. The former are obviously prevailing. 
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Fig. 17. All angles in the structures SF2 (i.e. E2SF:) and Fig. 18. Triple-average angles in tetrahedral configu- 
SH2 (i.e. E~SH2). rations. 

The general space requirements of various bonds and lone pairs can be conveniently 
characterized by the so-called triple-average angles[10], as illustrated in Fig. 18. The triple- 
average angle is the mean of the three angles made by a bond or a lone pair in a tetrahedral 
configuration. Whereas the formerly introduced mean angle was the average of all angles in a 
configuration and characterized the whole configuration, here the angular space requirement of 
an individual bond or lone pair is characterized. A typical triple-average angle of a bond is, 
say, 103 ° and that of a lone pair is, say, 114 ° in a tetrahedral configuration• 

It has been noted[10] that the triple-average angles of a bond or that of a lone pair in 
various molecules appear to be rather constant• The space requirements of the fluorine bonds 
are somewhat smaller than those of the respective bonds to hydrogen atoms• The space re- 
quirement of the S ~ O  double bond is considerably larger than those of the single bonds and 
only slightly smaller than those of the lone pairs. The remarkable constancy of the general 
space requirements further facilitates the understanding of the bond angle changes displayed, 
for example, by the SF2 and SH2 molecules• 

Let us also consider some examples from among trigonal bipyramidal structures. Com- 
parison of the SF4123] and SF2(CF3)2124] molecular geometries (Fig. 19) by their bond angles 
only would again suggest incompatibility with the VSEPR model• The general configuration 
of these molecules is unambiguously predicted by the VSEPR model to be trigonal bipyramidal. 
For the bis-(trifuoromethyl) derivative it is also predicted correctly that the less electronegative 
CF3 ligands should be found in the equatorial positions. According to the electronegativity 
subrule, then, the C - - S - - C  bond angle of S(CF3)2F2 could be expected to be larger than the 
equatorial F - - S - - F  (Fe--S--F~) bond angle of SF4. This could be expected if the other 
interactions would be ignored• Incidentally, if steric effects rather than electron-pair repulsions 
would be the determining factor, then again the bulky CF3 groups could be expected to cause 
an increase in the C - - S - - C  bond angle as compared to the Fe--S--F~ bond angle• As is seen, 
the C - - S - - C  bond angle is smaller than the F~--S--Fe bond angle• 

Fortunately, the angles involving the lone pairs can be easily calculated from the bond 
angles in these structures by virtue of the C2v symmetry of the sulfur bond configuration• There 
are two kinds of interactions in the equatorial place, viz. E/br and br/br in one and E/bx and 
bx/bx in the other molecule• The stronger E/b interaction occurs twice and the weaker b/b 
interaction only once in both structures. Both the E - -S - -b  and b - - S - - b  angles are in the 
equatorial plane• Thus one of the two will determine the other• As the stronger and twice- 
occurring E/b interaction is obviously prevailing over the b/b interaction, the real question will 
be whether or not the difference in the E - -S - -b  angles of the two molecules is consistent with 

187 8 ° F 
. 88 .0  ° 

. . . . . .  , _ .  

1 2 9 . ~  • 
• 93 .0  ° 131 .k ° 

Fo 
Fig. 19. The structure of the SF4[23] and SF2(CF3)2124] molecules. 
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the VSEPR model. It is seen that the E - - S - - C  angle is larger than the E--S--Fe angle, exactly 
as predicted from the VSEPR model if all interactions are properly considered. The observed 
change in the bond angles then is the consequence of the outcome in the changes of the prevailing 
interactions. In the present comparison the angles involving the bonds to the axial fluorine 
ligands (Fa) are ignored as they are equal in the two structures within experimental error. 

It is also instructive to consider the so-called quadruple-average angles in the trigonal 
bipyramidal molecules (of Fig. 20) for characterizing the general space requirements[25]. The 
quadruple-average angle is the mean of the four angles made by Q--A in QAX4, where Q may 
be a ligand or a lone pair and the X ligands may all be the same or they may be different. The 
quadruple-average angles of the lone pairs in the two molecules considered above are 

S F  4 111.4 °, 
S(CF3)2Fz 112.2 °. 

Although the difference is small, its direction is in complete agreement with the prediction of 
the VSEPR model postulating the E/b repulsions to be stronger when involving bonds to less 
electronegative ligands. It is again remembered that the E/S--Fa interactions may be assumed 
to be equal in the two molecules. 

7. CONCLUDING REMARKS 

The VSEPR model of molecular geometry is an effective research tool and an excellent 
educational device. Its basic principles have withstood the tests of time while its applications 
have considerably increased. Its beauty lies in its simplicity and its reliability is mainly due to 
the well-defined boundaries of its applicability. The correct way of testing the applicability of 
the model has been given ample emphasis in the preceding section. Let us now enumerate the 
basic limitations of the model. 

One of the most important assumptions used in the VSEPR model is the spherical symmetry 
of the valence shell. The less this assumption is valid, the more deviation from the simple rules 
of the model may be anticipated. This limitation is obviously very important for molecules in 
which the central atom is a transition metal, since its valence shell may be far from having 
spherical symmetry. It is the five-electron-pair structures where it is most likely to have dif- 
ferences from the VSEPR predictions, since the trigonal bipyramidal model is not very much 
superior to the tetragonal pyramidal model to start with. Thus it is a telling example that the 
molybdenum pentachloride molecule has been found to coexist in an equilibrium of trigonal 
bipyramidal and square pyramidal structures in the vapor phase[26], as illustrated in Fig. 21. 
Another example in which the relationship between the bond angles of the central atom is not 
in agreement with the VSEPR predictions is the structure of chromyl chloride, CRO2C12127 ]. 
The reason is not clear, but here again the central atom is a transition metal and the model 
simply may not be applicable to such molecules. The structures of CRO2C12 and SO2C12 are 
illustrated in Fig. 22. The bond angles of sulfuryl chloride[28], of course, follow beautifully 
the VSEPR predictions. 

An implicit assumption in the VSEPR model is that the electron pairs have cylindrical 
symmetry. On the examples of some trigonal bipyramidal structures some directional effects 

CI 

8L* CI !o ~Cl 4 Cl\ Cl 

I CI ~ \Cl 
CI 

C4~ D3h 
Fig. 20. Quadruple-average angles in trigonal bipyr- 

amidal configurations. Fig. 21. The trigonal bipyramidal and square pyramidal 
configurations of molybdenum pentachloride found in 

equilibrium in the vapor phase[26]. 
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Fig. 22. The bond angles in the analogous molecules of sulfuryl chloride[27] and chromyl chloride[281. 

have been clearly detected[29]. These directional effects, however, were not in conflict as 
regards the general shapes and angular variations in the series of structures examined from the 
point of view of the applicability of the VSEPR model. They were introduced to account for 
some subtle angular changes. 

A striking example for demonstrating the importance of these directional effects is the 
molecular geometry of XeO2F2 determined in the crystalline phase[30], which is shown in Fig. 
23. The molecule is of EAX4 type and the lone pair as well as the two double bonds are found 
in equatorial positions, as predicted by the VSEPR model. The O - - X e = O  bond angle is 
considerably smaller than 120 ° , even though this angle is between two double bonds. Obviously 
the two E / X e = O  interactions are prevailing in the equatorial plane. It is then surprising at first 
sight that the axial Xe--F bonds are bent towards the xenon lone pair of electrons rather than 
away from it. This indicates, however, that the repulsions in the axial directions are dominated 
by the directional effect from the Xe--O double bonds. Thus structures in which the electron 
pairs strongly deviate from having cylindrical symmetry may not be accounted for by the original 
VSEPR model. 

It is worth mentioning that XeO2F2 is the only compound in the present discussion of the 
VSEPR model for which the crystal-phase molecular structure is considered. For all the others, 
the structures of the free molecules were available. XeO2F2 has a layer structure in the crystal 
resulting from the X e . . .  O intermolecular bridging shown in Fig. 23. These contacts might 
be thought to decrease somewhat the repulsive strength of the xenon lone pair as well as that 
of the Xe--O double bonds. Lacking vapor-phase data for comparison, we have no way to 
judge the extent of such an effect, if there is any at all. What is important in our discussion is 

F F/}-~" 2.6 ° 
O {e_~O~.7 ° /'-"~"~xe~O 

91 .6  ° 

F F 

...ge F n 

- o, ,  
~ ,,F 0 FO, 
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O 

Fig. 23. The crystalline molecular structure of XeO~F21301. 
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the opposite  sign in the deviat ions f rom the " i d e a l "  angles in the equatorial  and axial directions.  

This certainly points to the difference in the directional repulsion strengths o f  the xenon lone 

pair and the X e ~ O  double bond. 

It may be safe to state that the " i d e a l "  territory for the application o f  the V S E P R  model  

is the free molecule .  A free molecule  is unperturbed by any intermolecular  interaction and its 

structure is determined exclus ively  by intramolecular  forces. In the case o f  crystal structures 

the V S E P R  model  is less reliable since it does not consider  the packing forces be tween molecules .  

Final ly,  the relative importance of  the electron-pair  repulsions v e r s u s  nonbonded a t o m -  

atom interactions diminishes with increasing l igand size relative to the size of  the central atom. 

Thus the best results f rom the VSEPR model  are expected for structures with small l igands 

relat ive to the central atom, i.e. where the steric factors are minimal.  
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