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A. INTRODUCTION 

Quantum-chemical calculations of the electronic structure and molecular geom- 
etry are usually carried out within the molecular orbital (MO) method [l-3]. The 
commonly accepted concepts of symmetry and topology of canonical MOs underlie 
most of the qualitative models proposed for the interpretation of bonding, structure, 
spectral features, reactivity, and many other molecular properties [4-83. At the same 
time, molecular shapes are predominantly described using the model of valence shell 
electron pair repulsion (VSEPR) developed by Gillespie and Nyholm [9]. During 
the last decade, this model has gained considerable support from experimental studies 
of electron deformation density [lo-121, whose determination and interpretation 
have been improved [13], and a deep theoretical justification in the study of the 
Laplacian electronic charge distribution [14,15] as well as other methods of investi- 
gating electron density localization [ 163. In recent years, the electron deformation 
density and the Laplacian of the charge density have been used increasingly in the 
analysis of bonding [ 17,181. 

Among the qualitative approaches developed within the MOsmodel for explain- 
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ing and predicting molecular shapes, the most widely applied are the Mulliken-Walsh 
diagram (MWD) techniques [19,20]. In the literature, much attention has been paid 
to the physical justification of the MWD model, the possibility of replacing the total 
energy of a system by the sum of orbital energies calculated within various MO 
approximations, and the use of such other parameters as the MWD ordinate. These 
works have been cited and analysed in detail in the review by Buenker and 
Peyerimhoff [7] and in the book by Gimarc [S]. An attempt to represent the 
quantitative ordinate in the MWD model by molecular-orbital valence was reported 
in ref. 21. 

The equivalence of the MWD and VSEPR models in explaining and predicting 
molecular shapes was convincingly demonstrated long ago [22,23]. Qualitative analy- 
sis of bond length variations which depend on the number of electrons in a system 
is usually performed in terms of the MO method [7,24,25]. The VSEPR model is 
quite often the subject of critical remarks such as those found, for example, in ref. 26. 
Nevertheless, the model still remains [27,28] the principal tool to explain the shapes 
of non-transition element molecules. At the same time, researchers still attempt [5,6] 
to develop a similar, simple and efficient, approach to predict molecular shapes 
within the MO framework. This approach is attractive because it promises a unified 
description of the electronic structure, properties, and geometry of molecules in both 
the ground and excited states, and direct comparison between qualitative models 
and the results of non-empirical calculations. 

The successful application of the extended Huckel MO method and quite 
simple considerations of the variations in the angular overlap between the central 
atom and ligands, and of ligand-ligand interactions for explaining the shapes of 
many molecules [5,6] has suggested that there must exist a simple fundamental 
principle for determining molecular geometry [29-311. In this respect, a reasonable 
approach is to use the symmetry and nodal properties of the canonical MOs [31-341. 
Studies of changes in the angular overlap and the structure of ligand group orbitals 
can be treated as a part of the analysis of the nodal properties of MOs, while the 
determining role should belong to estimating the bonding (or rather antibonding) 
character of MOs in the bond region between the central atom and ligands [31]. 

The present review interprets currently available data on molecular shapes and 
bond lengths of main group halides AX,, within the framework of a qualitative 
approach based on the analysis of the MO nodal properties. We shall also discuss 
bonding features which are important for an explanation of the molecular geometry 
of the compounds considered. In order to reduce the number of references, we cite 
recent reviews and papers to which the reader should refer for a more complete list 
of earlier works. 

B. PRINCIPLES OF THE DESCRIPTION OF STRUCTURE AND BONDING 

As already mentioned above, the analysis of the bonding and molecular proper- 
ties, including geometrical parameters, will be performed in terms of the canonical 
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MOs belonging to irreducible representations of the point symmetry group of the 
molecules considered. 

Molecular orbitals are conventionally constructed within the basis set of valence 
s- and p-type atomic orbitals (AOs), while d-AOs play the role of polarization 
functions to provide an increase in flexibility of the basis set in calculations. This 
point of view is quite common [35-491, although attempts have been made to justify 
the use of d-AOs in qualitative schemes describing molecular shapes and bonding, 
particularly in systems with excess electrons [47-511, and will also be given some 
attention below. 

The difference in properties between the first (Li-Ne) and higher-row elements 
is mainly attributed to the fact that the radii of 2s- and 2p-AOs are close to each 
other while those of ns- and np-AOs in elements of other rows are considerably 
different. Such an analysis has been successfully applied to hydrides AHk and diatomic 
molecules AZ by Kutzelnigg [46]. In ref. 52, the influence of this factor on the shape 
of molecules and ions A: has been discussed on the basis of ab initio calculations. 
We shall also trace the role of this factor in determining the difference between 
fluorides and other halides. The larger coordination numbers in the second and 
subsequent row compounds compared with those of the first row elements are due 
mainly to the small size of the latter atoms [38,46]. Relativistic effects are noticeably 
manifested in the bonding character and properties of the fifth row elements 
[46,52-561. 

Main group halides can mostly be classified as electron-rich, hypervalent [57] 
compounds possessing a smaller number of valence AOs within the sp-basis set 
compared with that required for the formation of two-centre two-electron (2e-2c) 
bonds. The description of bonding and geometry in these molecules has often been 
given within the model of a three-centre four-electron (4e-3c) bond [57-601. However, 
it seems that such a division into the normal (2e-2c) and the hypervalent (4e-3c) 
bonds hardly reflects the real variety of chemical bonds. Moreover, there are cases 
where the concept of the 4e-3c bonds being weaker compared with the 2e-2c bonds 
fails to be valid. For example, the energy of hypervalent bonds in SF6 is close to the 
energy of 2e-2c bonds in SF2 [61,62], while the bond length in SF, is even shorter 
than in SF2 [63]. For this reason, we suggest that a hypervalent character of such 
systems should be taken into account using a more flexible approach. The excess of 
electrons (the number of which is I) relative to the number m of AOs participating 
in bond formation is characterized by a hypervalence index q = l/m. Below we shall 
follow a correlation between q and bond length in a series of halides. 

The predominant formation of one or another molecular shape will be assessed 
using the simplest concept of the MO nodal properties [31] in terms of the non- 
occupation of maximally antibonding MOs (MAMOs). MAMO is designated as the 
highest antibonding MO of each irreducible representation which is based on both 
central atom and ligand AOs in the symmetry group to which the1 molecule belongs. 
(A more detailed description is given in Sect. D.) From the several geometrical 
configurations available for the AXI, system, the one in which all the MOs except 
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for the MAMOs are occupied will be realized. This rule, with a number of exceptions 
(SF2, XeF,, XeF,, TeC16, etc.), is discussed in the special section of this review. 

The VSEPR separation of the charge density in the form of the lone pairs is 
described by the MO method in terms of the Berlin-Bader diagrams [64-661 and 
reflects pushing the electron density out from the bond region. The efficiency of this 
process for the canonical MOs can be evaluated through negative overlap between 
AOs of the central atom and those of ligands. An attempt to use this approach for 
estimating the stereochemical activity of the lone pairs will be demonstrated below 
for the [SbX5]‘- (X = F and Cl) anions. 

C. PARTICIPATION AND ROLE OF VALENCE SHELL s-, p-, AND d-AOs IN BONDING 

Main group atoms in their ground state are known to have valence electrons 
in their s- and p-orbitals. However, the possible participation of vacant d-AOs of 
the same shell in bonding has been a subject of extensive discussion [39-513. The 
demand to take them into account when describing bonding within the valence 
method was based on the existence of molecules such as PF,, SF,, IF,, and some 
other electron-rich compounds. In this case, four valence AOs of the central atom 
are insufficient for the formation of two-orbital two-electron bonds, and one should 
resort to the Pauling hybrid orbitals sp3dk, although Linus Pauling himself has 
invoked resonance structures for explaining [47,67] bonding in molecules of this type. 

Simple physical considerations concerning the fact that d-AOs are both energet- 
ically and spatially distant from s- and p-AOs (see, for example, ref. 46) have always 
introduced some doubts on the participation of the d-orbitals in bonding in com- 
pounds of the main group elements [35-381. Even semiempirical and original non- 
empirical calculations (whose results are comprehensively summarized in ref. 35), 
although noticeably overstating the d-A0 populations, showed unambiguously that 
these populations were still essentially lower than would be required to provide the 
sp3d- and sp3d2-hybridization in the trigonal bipyramid and octahedron configura- 
tions for the PF, and SF, molecules, respectively. Nevertheless, the description of 
bonding with the d-A0 participation are still included in many serious books [50,51] 
trying to retain the d-orbitals even in the MO model where it is unnecessary. 

As has been convincingly demonstrated in the review by Bochvar et al. [38] 
for N and P atoms and their compounds, the d-AOs of neither atom participate in 
bonding but play the role of polarization functions, approximately similar in these 
two cases. The formation of compounds with larger coordination numbers in the 
case of phosphorus and differences in some other properties between nitrogen and 
phosphorus compounds were attributed to their different atomic sizes. As already 
noted, Kutzelnigg [46] has suggested an even more important reason for compounds 
of the first row elements to differ in properties from those of the higher row elements, 
namely a proximity of the radii of 2s- and 2p-AOs and difference of ns- and np-A0 
sizes of subsequent-row elements. These considerations make redundant the applica- 
tion of d-AOs to the description of bonding. However, since attempts are still made 
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to retain the d-AOs in bonding analysis, geometry, and some other properties 
[50,51,68-711, we shall briefly discuss some aspects of this problem which have been 
given insufficient attention in the highly informative reviews of Reed et al. [47,48], 
where it was considered in detail. 

The d-AOs were most often used for an explanation of the acceptor ability of 
the AX, molecules such as PF,, SbC13, PR3, etc. in transition metal complexes and 
other donor-acceptor systems. However, in recent years, several calculations have 
convincingly demonstrated [41-433 that the lowest unoccupied MO (LUMO) re- 
sponsible for the acceptor ability of PX3 consists predominantly of the phosphorus 
3p-A0 (for PH3 and PF, see Table 1). Despite an equal participation of the 3d-AOs 
in the PH, and PF, LUMOs, these molecules exhibit a considerable difference in 
acceptor properties. The acceptor ability of PX3 shows a much better correlation 
with the LUMO energy [41] and can be characterized [42] without any inclusion 
of d-AOs. 

The hypothesis of “qualitatively necessary” participitation of d-AOs has been 
proposed [71] for those MOs which lack the other AOs of the central atom, for 
example, in eB and tzg MOs of SFs. Indeed, the inclusion of d-orbitals lowers the 
energy of these levels, especially that of e,, and usually restores an agreement with 
experiment in the cases where the order of levels in the sp-basis set is violated. 
However, on the one hand, many calculations performed in the last decade for the 
main group halides using the sp basis set also gave the level order in agreement with 
experiment [39-45,721. On the other hand, a larger population of the “qualitatively 
necessary” d-AOs implied [73] by the hypothesis was not confirmed by the calcula- 
tions [74] for the SFSCl molecule (see Table 2). In that case, the b1 and bz MOs 
include only 3d,2_,,2 and 3d,, of the S atom valence AOs respectively, while the a, 
and e orbitals include, in addition to 3d-AOs, the other valence atomic orbitals of 
sulphur. Nevertheless, the populations of both types d-A0 are virtually the same. 

Usually the vacant d-AOs involved in calculations are more diffuse than the 
valence s- and p-AOs. This results in an essential increase in bond overlap populations 
(see, for example, Table 2), which is often interpreted as a considerable growth of the 
bond strength [75]. However, this conclusion is hardly valid. It can be more convinc- 
ingly demonstrated for transition metal dimers of which the (n + l)s- and nd-AOs 

TABLE 1 

Energies and atomic compositions of HOMOs and LUMOs for PXJ. From data in ref. 41 

PXJ MO E(eV 3s 3P 3d SL PL 

PH3 Sal - 6.08 0.14 0.67 0.16 
3e 0.88 0.36 0.23 0.30 0.11 

PF3 gal - 7.90 0.29 0.32 0.01 0.01 0.36 
7e -1.05 0.44 0.23 0.07 0.26 
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TABLE 2 

3d A0 populations (q) and bond overlap populations (P& for SFSCl 

MO Valent S A0 q(3d-AO) with basis sets 

I” II” IIIB 

al 
bl 
bz 
e 

s,pz, d: 
dXz _,,z 
d XY 
d P&Y (X.Y)Z, 

0.25 0.34 0.33 
0.26 0.33 0.32 
0.13 0.21 0.20 
0.11 0.20 0.18 

P S-L sp basis I” II” III” 

PS-F., 0.13 0.40 0.52 0.54 
PS-F.. 0.17 0.43 0.53 0.54 
P S-Cl 0.11 0.30 0.45 0.49 

“Using sp basis sets of numerical Hartree-Fock functions supplemented by 3d STO: I, is = 
2.0; II, is = 2.0, I& = 2.5; III, I& = 2.0, [cl = 2.5, iF = 3.0. From data given in ref. 74. 

(the diffuse and contracted functions, respectively) keep electrons in the ground state 
of atoms, thus making the choice of functions less arbitrary than in the case of vacant 
d-AOs of the main group elements. Figure 1 shows the comparative data (taken 
from ref. 76) for the chromium dimer. The 2s, MO, consisting mostly of 4s AOs, lies 
higher than MOs composed of 3d-AOs although the overlap integral (S) of the 4s- 
AOs is an order magnitude greater than those of the 3d-AOs. This example reveals 
that the bonding properties of MOs are determined not only by the magnitude of S 
but also by its shape and the electron density position relative to the bond. In the 
case of AXP compounds of the main group elements, the maxima of the central atom 
d-AOs used are, as a rule, shifted towards the ligands, which decreases their contribu- 
tion to bonding, even for large S values. Therefore, the contribution of the central 
atom d-AOs to bond energy characteristics cannot be judged by the magnitude of 
S alone. 

Note that d-A0 participation itself can be overestimated due to insufficiency 
balanced basis sets [35,36] or to compensation of an incorrect choice of the parameter 
CI in the X, calculations [72]. 

There are many examples where not only the order of the levels, but also 
characteristic variations of the properties and reaction ability, e.g. in the series SF,, 
SeF,, TeFs [40], the structural features of IF, [44] and SF50- [41], and the 
molecular geometry of NFI, [77] can be explained quite well using the data calculated 
within the sp-basis sets. Thus, in the SF,O- anions, a difference between the S-O 
and S-F bond force constants correlates with the overlap populations, Ps_x, calcu- 
lated within the sp-basis set (Table 3). This difference is determined, to a considerable 
extent, by an increase in the overlap of all AOs of the oxygen atom with the 
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Fig. 1. Energy level diagram, overlap integrals (S) and energy gap (A) between bonding and antibonding 
MOs for Cr,. 

TABLE 3 

Bond force constants (k, mdyne A- ’ ), bond overlap populations (P) and A0 populations (q) 

of SFSO- 

Bond k P Atom 0) @Pz) q(2p,.,) 

s-o 6.46 0.55 0 1.89 1.19 1.79 
S-F,, 3.60 0.08 F =l 1.96 1.51 1.95 
S-F, 3.75 0.10 F, 1.96 1.50 1.96 

corresponding AOs of sulphur compared with that for fluorine (Table 4). Comparison 
between the populations of the 0 and F AOs (Table 3) also shows that all the atomic 
orbitals of oxygen, including 2s, participate in bonding to a greater extent than those 
of the fluorine atoms. This example also suggests that even the change in atomic 
orbitals of two neighbouring atoms in the periodic table may praduce a consider- 
able effect. 

The F 2s- and 2p-A0 localisation in roughly the same region of space and 
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TABLE 4 

Overlap integrals of S valent AOs with 0 and F AOs 

A0 2s 2PO 2Pk Ligand R (A) 

3s 0.29 0.31 0 1.41 

3P 0.45 0.25 0.23 

3s 0.25 0.27 F 1.47 
3P 0.41 0.24 0.20 

3s 0.20 0.24 F 1.60 
3P 0.35 0.24 0.16 

the much greater difference in the Cl 3s- and 3p-AOs radii are clearly demonstrated 
for hexahalide molecules, as indicated by the values of the corresponding overlap 
integrals (Table 5). This difference seems to be one of the principal reasons for a 
greater electron affinity for the chlorides compared with the fluorides, due to the less 
antibonding character of the LUMO in the former case (Table 6). We shall present 
below some other examples of the influence of this factor in determining some 
features in the behaviour of fluorides. 

Summing up, one may conclude that it is justified and adequate to describe 
the chemical bonding, structure, and properties of main group compounds using 
only sp basis sets. For this reason, the subsequent analysis of molecular geometry 

TABLE 5 

Overlap integrals (S) x lo3 of some valent AOs: sA, sx, px in AX6 [39] 

A0 P-X s-x Se-X Te-X Sb-X 

sA-sF 235 214 187 189 195 
SA-pflF 238 246 217 194 185 
sA-%I 189 157 143 160 173 
sA-paCl 289 268 245 247 249 

TABLE 6 

A0 coefficients in the highest MO of the alg representation in AXg [39] 

SF.5 %, 0.98 -0.13 - 0.43 
SeCl, 9a,, 0.78 -0.02 - 0.43 
SeCli - 9al, 0.61 - 0.02 - 0.42 
TeFs 8al, 1.02 -0.17 -0.41 
TeClg - lOa,, 0.12 -0.05 - 0.43 
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and some features in lone pair behaviour will be performed in terms of this sp- 
picture, with no account of the d-orbitals in the valence shell at all. 

D. MOLECULAR SHAPES OF THE MAIN GROUP HALIDES 

The possibility of explaining molecular geometry on the basis of MO nodal 
properties has been studied earlier [24,31]. It was shown [31] that the shapes of a 
large number of molecules are determined by the principle of non-occupation of the 
maximally antibonding MOs (MAMOs). MAMO is the highest antibonding MO 
for each irreducible representation (IRS) which is based on both the central atom 
and ligand AOs. Table 6 demonstrates that the highest MO of the alg representation 
in AF, molecules is completely antibonding in the bond region. We prefer not to 
use the term completely antibonding molecular orbital (CAMO) [31] since bonding 
interactions in such MOs can exist between ligand AOs. A simple procedure for 
counting up the number of MAMOs is demonstrated in Table 7 for linear and bent 
AX2 molecules. The a,, bz and b1 IRS of the CzV group for bent AX, molecules have 
MAMO in the MO basis of each IR, while the a2 IR is based on a non-bonding 
MO. So we have three MAMOs in bent AX, molecules and, according to similar 
counting, four MAMOs in linear AX,, since rr, IR is two-fold degenerate. The 
numbers of MAMOs for other AXk molecules are given in Table 8. 

Table 8 presents data available for the structures of AXk halides, illustrating 
the validity of the MAMO non-occupation rule. Bonding, non-bonding, and partly 
antibonding MOs which are left after exclusion of MAMOs from consideration in 

TABLE 7 

Number of MAMOs for linear and bent AB2 molecules 

Symmetry IR’ CA AOs” Ligand SOS” No. of No. of 
MOsb MAMOs’ 

D mh bg S Sl + sz, Ql + Qz 3 1 
0” PI s1- s2, Ql - Q2 3 1 
?I” P&Y n1 +x2 2x2 1x2 

% n1-7c2 1x2 0 

C 2” al s, PI s1+ s2, 01+ Q2, Xl + n2 5 1 
bz PX si -sr, 01-62, rri -1[2 4 1 
bl PY Xl +n2 2 1 
a2 n1 - 7[2 1 0 

“IR = irreducible representation; CA = central atom; SO = symmetry-adapted linear combina- 
tion of AOs. 
bThe number of MOs forming the basis of the IR. 
‘The number of MAMOs transforming as the corresponding IR; MAMO is the highest anti- 
bonding MO of the specific IR based on both the CA and ligand AOs. 
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TABLE 8 

Molecular shapes obeying the rule of non-occupation of the MAMO 

AXk No. of No. of No. of Shape, 
VA0 valence electrons MAMO symmetry 

Examples” 

AX2 12 16 4 

18 3 

AX3 16 24 4 

26 3 

AX4 20 32 4 

34 3 

AX5 24 40 4 

42 3 

AX6 28 48 4 

50 3 

Linear, Dmh 

Bent, Czv 

Planar, Da,, 

Pyramidal, 

C3” 

Tetrahedral, 
Td 

C 2” 

TBP, DJ,, 

TP, Gv 

Octahedral, 

Oh 

C”” 

BeX2, BF:, MgX2, Cay*, 
SrBr,, Sr12 
CL2, SiL2, GeL,, SnX2. PbX2, 
PF; 

BXs, AlX3, GaX,, InY3, TlC13, 
TlBr,, CF:, Ccl: 
NF,, NC13, PX3, AsX3, SbX3, 
BiY,, InY:-, TlY:-, GeCl;, 
SnF;, SnCI;, PbF;, SLS, Sex;, 
TeX: 

BeF$-, BX;, AlX;, GaX;, 
InX;, TlY;, CX*, SiXa, GeX,, 
SnX,, PbX4, NF:, NCI:, PLf, 
As%, SbCl; 
SF4, SeF,, TeF4, TeC14, PF;, 
PBr;, AsL;, SbX;, BiY;, CIFZ, 
BrFa, IF: 

BF;, GeF;, StCl;, GeCI;, 
SnCl;, SnBr;, PFs, PCl,, AsF,, 
AsCl,, SbFs, SbCI,, InCI:-, 
TlCl: - 
SbF:-, SbClg-, SbI:-, BiCl:-, 
SF;, SeF;, SeCl;, TeF;, TeCl;, 
ClF5, BrF,, IFS, XeF: 

AIF:-, InCli-, TlClz-, SiFz-, 
GeFi-, GeCIi-, SnXg-, PbFi-, 
PbCl:, PF,, PC&, AsF,, 
AsCl,, SbL,, BiF;, SFs, TeF6, 
CIF:, BrFg, IF:, PoF, 
XeFs, IF;, BiBrz-, SbYz-, 
TeBrg- 

“X = F, Cl, Br, I; L = F, Cl, Br; Y = Cl, Br, I. From data cited in refs. 5, 28, 63 and 91 and 
the references cited in Tables 10-12. 

systems AX4 of D,, symmetry may accommodate only 16 electrons while in the 
bent configuration the 5a,, 4bz, 2b, MAMOs will remain unoccupied upon arrange- 
ment of 18 electrons (see Fig. 2 as a visual aid scheme and here and in what follows, 
Table 8). A series of AX3 compounds clearly shows the pyramidal structure (C,,) to 
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- 4b2 

linear bent 

Fig. 2. MO order diagrams for linear and bent AXZ. Here (and in Figs. 4-6) MAMOs are above the 
broken line. 

be more favourable than the planar structure (DJh) for compounds with 25 and 26 
electrons because these molecular shapes have three and four MAMOs, respec- 
tively (Fig. 3). 

The preferable configuration for accommodation of 32 electrons in the AX{ 
systems is tetrahedral (Fig. 4), although its advantage over the square (Ddh) is due 

-5a/ 
- 4e’ 

-58 - 30) 

- 2ai 

- 7af 
- 562 

-36r 

-- ----- ----- --- ---- ----------- ------------ --- 

-loi 

-2 
3e2 

- 3a1 

- 2e 

- 2af 

- 3e’ 
/a; 

- le" 

- /ai 

- 2e’ 

- 2a; 

Fig. 3. MO order diagrams for pyramidal (C,,), planar (Daa) and T-shaped (C,.) A&. 
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-it&? - 89 - 4e, 
I ~ 65$ ~ 3% 

2Q2u 

-----------____ 

- g2 
f 

- te 

-2t2 

- za, 

- 7a, 

- zalg 

Td 34h 
Fig. 4. MO order diagrams for tetrahedral (Td), SF4 type-shaped (C,,) and square planar (DJ AX4. 

to more subtle effects than ones considered by the MAMO non-occupation rule. 
When going to the 34 electron systems, two additional electrons should occupy the 
MAMO in the tetrahedral structure, while all MAMOs remain unoccupied in the 
CzV configuration. For the AX; systems, the MAMO non-occupation condition is 
fulfilled in a trigonal bipyramid configuration for 40 electrons, and in the tetragonal 
pyramid for 42 electrons (Fig. 5). 

The MAMOs are unoccupied in AX9 compounds with 48 electrons in octa- 
hedral configuration, but further addition of electrons would enforce filling these 
orbitals. At the same time, any C,, structure has one MAMO lacking compared 
with the octahedral structure. Indeed, AXP, compounds with 50 electrons are reported 
in which a distorted octahedral structure has been observed [78,79]. These examples 
are given in Table 8. 

Table 9 presents some exceptions from the MAMO non-occupation rule. 
However, in AX3 and AX3 systems with 20 and 28 electrons, respectively (Figs. 2 
and 3), the MAMOs are x*-type orbitals (2b, and 3b,, respectively) and they exhibit 
somewhat less antibonding character compared with a*-type MOs. In linear AX5 
compounds with 22 electrons and octahedral AXP, componds with 50 electrons, the 
HOMOs include only s-AOs from the central atom basis set contracted to a greater 
extent compared with the central atom p-AOs, and hence are less antibonding 
MAMOs than other MAMOs. The two HOMOs in a square structure with 36 
electrons (Fig. 4) are MAMOs of the rc*- and “s*‘‘-type, while the MAMOs to be 
occupied in tetrahedral and Czy structures also include a*-type contributions. 

An explanation for exceptions from the MAMO non-occupation rule presented 
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Fig. 5. MO order diagrams for trigonal bipyramidal (D& and square pyramidal (C,,) AX,. 

TABLE 9 

Exceptions from rule of non-occupation of maximally antibonding MO 

No. of 
VA0 

No. of Shape, Examples’ 
valence electrons symmetry 

AX2 12 20 Bent, Czv 

22 Linear, Dmh 

OL1, SF*, SC12, SeL,, TeC12, 
TeBr,, ClFf , BrLf , IY:, Y : 
ClF;, ClBr;, BrX;, IY;, X;, 
KrF*, XeFz 

AX3 16 28 T-shaped, C1, CIFJ, BrFJ, BrCIB, SeL;, ICI,, 
XeF: 

AX4 20 36 

AX, 28 50 

Square planar, ClF;, BrF;, IF;, ICl;, XeF,, 
D 4h SeBri-, TeY:- 

Octahedral, Oh TeYi-, SeYg-, SbClz-, BiClz-, 
ClF, , BrF, 

“L = F, Cl, Br; X = F, Cl, Br, I; Y = Cl, Br, L From refs. 5,28, 63 and 91 and the references 
cited in Tables 10-12. 
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in Table 9 may be given as follows. Structures containing occupied MAMOs are 
those in which the MAMO antibonding character is less pronounced compared with 
MAMOs of alternative shapes. 

Neither the MAMO non-occupation rule nor the VSEPR model can explain 
the bent geometry of CaF,, SrF,, SrCl,, and BaX, (X = F, Cl, Br, I) [28,63,80-821 
which, according to both these and other applied models must be linear, as is the 
situation for the remainder of the alkali-earth dihalides (Table 8). This problem has 
been the subject of much discussion (see, for example, refs. 28 and 82 and the 
references cited therein). 

It has been shown [83] that the inclusion of d orbitals would allow one to 
explain the bent shape of the above molecules in the framework of the MWD 
method. Ab initio calculations, with the inclusion of d-AOs in the basis sets, also 
gave a bent geometry for CaF, [82(a),84-871 while within basis sets extended by 
4p-AOs, the ground state configuration was linear [84,87]. The potential energy 
surface was extremely flat for both calculations. The most exact calculations of CaF, 
and CaCl, [87] within the basis set near the HF limit, with both 3d- and 4p-AOs 
equally well represented, do not indicate significant bending trends for CaF,. No 
qualitative difference from CaCl, was detected which might explain experimentally 
observed shapes, i.e. the bent one in CaF, and the linear one in CaCl,. 

For this reason, the most convincing explanation [87-901 for alkaline earth 
dihalide structural features seems to be based on the ionic bonding model comple- 
mented with a concept of cation polarizability by anions. However, even this sugge- 
tion has been called into question [82] in the course of a thorough analysis of 
multipole expansions describing cation-anion interactions and including terms up 
to dipole-dipole interactions. 

In two recent studies [82(b),(c)], the geometry of alkaline earth dihalides MXI 
(M = Be, Mg, Ca, Sr, Ba; X = F, Cl, Br, I) were obtained from ab initio pseudo-poten- 
tial calculations at the HF [82(b),(c)] and SDCI [82(c)] levels in agreement with 
experimental data. It was concluded that both core-polarization and d-A0 participa- 
tion in small covalent bonding contributions control the bending in Ca, Sr, and Ba 
dihalides. Thus, no simple model is suggested which might adequately describe 
alkaline earth dihalide geometry. 

Radicals and molecules in their excited states can be expected to exhibit shape 
variations similar to those observed upon filling in the same orbitals in closed shell 
systems. However, it would be quite natural to suggest that the change in geometry 
of these species will, as a rule, be less pronounced than that of the closed shell AX[ 
system. Experimental data for AX9 systems with unpaired electrons (UE) are few 
[5,91], but these and results of calculations [92,93] for a sufficiently large number 
of radicals confirm this suggestion. 

These considerations were expressed in the form of a sequence of electron 
repulsion [92(a)]: LP-BP > BP-BP > UE-BP, within the VSEPR model. In terms 
of the MO LCAO model, the variation in the electronic structure and its effect on 
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geometry and stability when going to systems with unpaired electrons was analysed 
in detail for PF: - + PF; and SF; --f SF, [93(a)], for SF! species (k = 1-5, p = 0, - 1) 
[93(b)], PX{ (X = F, Cl) [92(b)] and other PC11 (k = l-6) systems [93(c)]. 

E. CORRELATION BETWEEN BOND LENGTH AND HYPERVALENCE INDEX IN MAIN GROUP HALIDES 

The commonly accepted concept of correlation between the bonding character 
of MO and the bond length (that is, shortening of the latter upon filling up of 
bonding MOs, its lengthening upon occupation of antibonding MOs, and reverse 
effects due to electron removal) which was introduced at the onset of quantum- 
chemical theory is now extensively developed and applied [7,24,25]. It has been 
shown that such correlations are valid not only in isostructural molecules, but also 
in systems with different shapes, once it is possible to evaluate and compare the 
antibonding character of HOMOs in the species studied. Thus, the lengthening of 
the bonds in the series XeF, c XeF, < XeF, can be attributed to an increase in the 
number of occupied antibonding MOs in this sequence. Also increasing in this series 
is the antibonding character of the HOMO, which is the main reason for the 
elongation of bonds in these molecules [S]. A characteristic increase in bond length 
observed when going from a tetrahedron to a pyramid of CIV symmetry can be 
related to a change in the antibonding character of the HOMO in the compounds 
under consideration (see Table 2 in ref. 24). 

A simplified version of the MO approach which has been widely used for the 
description of bonding in hypervalent molecules is represented by the 3-centre 
4-electron bonds (4e-3c) model [57-601. It has especially often been used in explaining 
the difference between axial and equatorial bond lengths in compounds with trigonal- 
bipyramid, tetragonal-pyramid, and other structures containing non-equivalent 
bonds [57,94,95]. The character of this difference is well determined and a sufficiently 
complete list of examples can be found in Table 12 (see below). As far as we know, 
the only exception from the regularities established is a longer axial bond compared 
with equatorial bonds in the tetragonal-pyramid cation of the compound 
[XeF,] + [AgF,] - (1.853 vs. 1.826 A) [96]. This has been attributed to a stronger 
interaction of the anion fluorine atoms with the cation compared with that in 
[XeF,] + [MF; ] and other XeFl containing compounds [96]. 

The concept of weaker hypervalent (4e-3c) bonds was used to explain [97] the 
spontaneous fragmentation XeF, + XeF: + F- and AX4 -+ AX: + X- in the solid 
state and a failure in attempting to obtain TeFz- and SbFz- although TeF; and 
SbFi- do exist. 

However, as already noted above, the discrimination between 4e-3c and 2e-2c 
bonds is crude and far from always justified. From Fig. 6, one can see that energies 
and overlap populations of hypervalent bonds in SF, are close I to those of two- 
electron bonds in SF,, yet the bonds in SF, are even shorter than those in SF,. 

For this reason, we suggest a more flexible approach to evaluating the hyperva- 
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IS SF6 HYPERVALENT ? 

SF2 sF6 

ES+ 3.98 eV 3.95 eV 
Rs-F 1.59 A 1.56 8 

P,_, 0.15 0.14 

Fig. 6. Comparison of bond energies (E), bond lengths (R) and bond overlap populations (P) for SF, 
and SF,. 

lent character of the AX: systems by introducing a hypervalence index (q) determined 
as the ratio of the number of electrons (I) to that of the orbitals (m) participating in 
a-bonds (q = I/m). For main group halides, we take into account the valence electrons 
and four AOs of the central atom, one electron and one orbital for each halogen 
atom, and the total charge. For example, in SbF:-, TeF;, IF,, and XeF:, we have 
q = 12/9 = 1.33, while in CF,, BF;, and NF: q = 1. 

The u values and bond lengths for molecules with equivalent bonds are given 
in Tables 10 and 11 for fluorides and other halides, respectively. These data reveal 
good correspondence between 1 and bond lengths in the AX! halide series. The 
correlation is satisfactory if we take into account a scattering of 0.02-0.03 A in bond 
lengths as obtained by different methods (see, for example, Table 20.2 in ref. 63), a 
decrease in the A0 radii along the row, and the fact that AOs become more diffuse 
when going from cations to neutral molecules and anions. In particular, the larger 
value of the bond lengths in SF, compared with that in SF, corresponds quite 
naturally to the higher q value in the former case (see Fig. 6 and Table 10). 

In molecules with trigonal-bipyramid, tetragonal-pyramid, and some other 
structures (Table 12) containing bonds of different lengths, a correlation between q 
and bond lengths is observed for each particular bond type. The mean values of 
these bond lengths also agree with the general pattern if we take into account the 
factors mentioned above which violate the correlation. Such a correspondence be- 
tween q and bond lengths is not so surprising if one takes into account the fact that 
q can be interpreted as an averaged indicator of the antibonding character [24] of 
the MOs participating in bonding. 

In conclusion, note that possible applications of the hypervalence index are 
not restricted to correlations with geometric parameters. In the following section we 
shall briefly discuss the applicability of q to describing the behaviour of lone pair 
electrons. A most interesting example is offered by the possible use of q to assess the 
direction of chemical transformations for a wide range of compounds, namely of 
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TABLE 10 

Correlation between hypervalence index, q, and bond length (A). From data in refs. 5, 28, 63 
and 91 

AX4, Td AX,, Cs, AX6, O,, AXz, Czv AXs, x0,, AX.+, D~I, AXz, Drnh 
?j = 1.00 1.14 1.20 1.33 1.40 1.50 1.66 

BF;, 1.41 
CF4, 1.32 NF3, 1.37 OFz, 1.41 
NF:, 1.30 

PF,, 1.58 
SiF.,, 1.55 PFJ, 1.57 SFs, 1.56 SF2, 1.59 

SeF:, 1.50 ClF;, 1.57 

GeFg-, 1.77 
GeF,, 1.66 AsF3, 1.71 AsF;, 1.69 

SeF:, 1.66 SeFs, 1.69 BrF;, 1.69 BrF;, 1.85 BrF;, 1.89 KrF2, 1.88 

SnF;, 2.04 SnFg-, 1.97 
SnF,, 1.84 SbFJ, 1.88 SbF,, 1.87 

TeF:, 1.84 TeF6, 1.82 XeFs, 1.89 XeF,, 1.94 XeF,, 1.98 

Recent references to be noted: AF: [99,100], SnF; [loll, BrF;, BrF; [102], XeF, [103]. 

reactions of the types A& + AXI, _ 1 + X- and AXk + A’Xk, -+ AXk, + A’KI, occurring 
with a decrease in q (see Fig. 7). 

F. ANALYSIS OF THE BEHAVIOUR OF LONE PAIR ELECTRONS IN TERMS OF CANONICAL 

MOLECULAR ORBITALS 

The separation of the charge density derived from lone pair (LP) electrons from 
that for bond pairs (BPS) provides the basis for the Gillespie-Nyholm theory and is 
unambiguously established [lo-161. The greater size of the LP compared with that 
of the BP has been demonstrated [14,15] by studies of the charge density Laplacian 
for a considerable number of typical molecules. This is used to describe the character- 
istic distortion in the geometry of such molecules, e.g. the deviation of equatorial 
ligands towards the axial ligand in SbXg-, IF,, XeF:, and in other valence- 
isoelectron compounds with a tetragonal-pyramidal structure, or decrease in bond 
angles in molecules such as SF,, CIF,, etc. compared with the values characteristic 
of the trigonal-bipyramidal structures. 

However, we believe that it is also possible to analyse the LP behaviour within 
the canonical MO framework in terms of the Berlin-Bader diagrams [64-661. Such 
an analysis will be of equal usefulness for the comparative assessment of the stereo- 
chemical activity of LPs in various molecular shapes and for a comparative study 
of the AX[ halides with different X. 
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GeBr,, 2.27 AsBr,, 2.33 
SeBr:, 2.21 

InBr;, 2.50 SbBr,, 2.49 
SnBr,, 2.44 TeBr: ,2.43 

SbBr,, 2.56 

BiBr, , 2.63 

GeI,, 2.50 

Sn14, 2.64 

P13, 2.46 

Se1:, 2.51 
AsI,, 2.56 

TeI;, 2.66 
Sb&, 2.72 

SeBrz-, 2.58 SeBri-, 2.60 
Br;, 2.55 

SbBrz - , 2.79 
TeBr,$-, 2.70 

BiBrz-, 2.84 

TeBri-, 2.75 
IBr;, 2.71 

TeIi-, 2.93 TeI:-, 2.98 I;, 2.93 

BiIz-, 3.07 

Recent references to be noted: AX: [99,100], AY”,- [79,104(a)], AY:- [104(b)]; other bond lengths from refs. 5, 28 and 63. 
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TABLE 12 

Correlation between hypervalence index, r~, and bond length (A) in compounds AXk with 
non-equivalent bonds 

A&, AL D3h AX49 C2v A&, C4v AX39 C2v 

symm. q 1.11 1.25 1.33 1.44 

R 

R’ 
R 

R 

R 

R’ 

R 

R’ 
R 

R’ 
R 

R’ 
R 

R 

R 

R 

R 

R 

R’ 

1.58 

PFs 
1.53 
1.65 
SiF; 
1.59 

1.64 1.67 1.70 

SF4 CIFS ClF3 
1.54 1.57 1.60 

1.71 1.77 1.77 1.81 
AsF, eF4 BrF, BrF, 
1.66 1.68 1.69 1.72 

1.90 
TeF4 
1.79 
1.83 
IF; 
1.79 
2.04 
SbF; 
1.93 

1.87 

IF5 
1.83 
1.86 
XeF: 
1.78 
1.95 
TeF; 
1.86 
2.08 
SbF: - 
1.97 

2.13 
PCI, 
2.02 

2.36 
SeCl; 
2.16 

2.34 2.76 2.65 
SbC& SnCli- SbCl; - 
2.29 2.51 2.36 

1.91 
XeF: 
1.84 

Recent communications: ClF3 [105], SiF; [106], AsF, [107], SbF; [lOS], SeCl; [109], 
SnCli- [l lo]; other data from refs. 5, 28, 63 and 91. 
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5’ 7 I Cl 
+/ 7 I 

s\ --a + I---q 

dl Cl ! 
- S-Cl + Cl-_I+ 

‘Cl I 
Cl 

XTj = 1.77 Cq = 1.64 

TeF4 - Te Fi .+ F- 

q = 1.25 71 = 1.14 

XeFs - XeF.$ + F- 

q = 1.40 77 = 1.33 

Fig. 7. Some examples of relationships between hypervalence index and direction of chemical trans- 
formations for AX, systems. 

Firstly, we should note the possibility of applying the hypervalence index rl for 
an analysis of LP dimensions in the series AX[ (k = 3-5). We can assume that the 
volume of the electronic density pushed out from the bond region grows with the 
number of electrons per A0 participating in the bonding. Thus, a growth of q in a 
series AF, (&, 1.14), AF, (CzV, 1.25), and AF, (C4”, 1.33) suggests an increase in the 
LP size, and hence in their stereochemical activity, in agreement [97] with the 
observed deviation of the bond angles from the values for those in corresponding 
polyhedra: tetrahedron, trigonal bipyramid, and tetragonal pyramid. 

The possibility of analysis, within the canonical MO framework, of more subtle 
effects related to variations in the stereochemical activity of LPs will be demonstrated 
for the SbX< - anions (X = F, Cl). We shall consider the following main factors which 
should affect the distortions mentioned above of the tetragonal pyramid: 

(1) Increase in the overlap between o-orbitals of the equatorial ligands and pZ- 
A0 of the central atom (this overlap is equal to zero in a regular pyramid). 

(2) Decrease in the overlap of these ligand orbitals with the px- and p,-AOs of 
the central atom (in a regular pyramid this overlap reaches a maximum). 

(3) Repulsion of the Sb-X equatorial bonds from LPs measured by a change 
of the negative overlap between Sb %-A0 and a-orbitals of the equatorial ligands. 

(4) Repulsion of equatorial ligands from the axial ligand, which can be eval- 
uated by the negative overlap population of the corresponding ligands. 

As can easily be seen, effects due to the first and second factors will essentially 
compensate each other because the increase in the overlap of a-AOs of the equatorial 
ligands with the p,-A0 of the central atom in the a, MO is approximately equal to 
the decrease in the ovelap of the ligand a-AOs with the central atom px- and p,,- 
AOs in the e MO. For this reason, major attention will be given to the analysis of 
the last two factors. The possibility of charge density accumulation in the form of 
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LPs at the Sb atom on the side opposite to the axial ligand in SbXg- has been 
argued against in some reports [l 1 l-l 131. 

The negative sign of the overlap population of the Sb 5s-A0 and the equatorial 
ligand a-AOs upon summation over the occupied MOs in the a, representation of 
the SbX: - systems (see Table 13) shows evidence for charge density accumulation 
outside the bond region, in accordance with the Berlin diagram. Here and in what 
follows the analysis is based on the calculations of ref. 112. Comparison between the 
C@$.P(5s-a) for the SbCIi- systems with the Cl,SbCl, angles of 85” and 95” shows 
a greater “repulsion by the LP” in the latter case. The chlorine 3s-AOs also produce 
an antibonding contribution to the Sb-Cl, interaction, and hence lead to an increase 
in the “LP size” and in the repulsion of the Sb-Cl, bonds from the LP. 

It would be of interest to compare the overlap populations of the Sb 5s-A0 
with the ligand AOs in SbCl:- and SbFg- in order to estimate the relative “stereo- 
chemical activity” of LPs. The data presented in Table 13 show the “repulsion of the 
Sb-X equatorial bonds from the LP” in SbF:- to be reduced compared with that 
in SbCl: -. This is also supported by a greater population of the 5s-A0 in SbCl: - 
in both the distorted structures and the regular pyramid [112]. Thus, the question 
arises of why the X,SbX, angle in SbFg- is smaller (and hence the deviation of 
equatorial ligands greater) than that in SbCl:-. A comparison of the X,-X, overlap 
populations for these two systems provides an explanation, showing that, even for a 
smaller X,SbX, angle in SbFi -, a negative P(X,-X,) value in SbF: - is smaller than 
that in SbClg-. Thus, repulsion from the LP takes place in SbX:- compounds while 
the magnitude of the ligand deviation is considerably affected by repulsion of the 
ligands. 

In addition, we note another feature that distinguishes pentafluoro anions from 
pentachloro anions: a considerably larger contribution of P(5s-2s) to the Sb-F 
overlap population compared with that of P(5s-3s) to the corresponding P(Sb-Cl) 
value. This is a characteristic feature of first row non-transition elements which is 
accounted for by the close dimensions of the 2s- and 2p-AOs and a greater difference 
in the radii of the Cl 3s- and 3p-AOs [46]. 

TABLE 13 

Overlap populations (P) of 5s-A0 Sb with sx- and u,-AOs, populations (q) k-A0 Sb and 
P(X, . . . X,) for SbX:- 

SbX:- (LX,SbX,) 

ccc 
c JT5s-0,) 

OEC 
c P(5%) 

q(5s) 
P(X, . . . . X,) 

SbCl: - (95”) SbCl: - (85”) SbF: - (80”) SbF: - (90”) 

-0.086 - 0.050 - 0.002 - 0.024 

-0.032 - 0.028 - 0.022 - 0.028 

1.784 1.768 1.564 1.601 
- 0.034 - 0.066 - 0.040 -0.016 
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G. CONCLUSION 

Using the main group halides as an example, we have demonstrated the 
possibility of analysing molecular geometry within the MO framework, including 
even those aspects which have so far been predominantly within the scope of the 
VSEPR model: the description of molecular shapes and lone pair electrons. At least, 
we find it useful to treat these problems from different points of view. 

In the present review, we have restricted consideration to halides, mostly of 
the AX: type, because they present a convenient subject to demonstrate both the 
action of the rule of non-occupation of the maximally antibonding MOs and the 
possible application of the hypervalence index q. The rule of MAMO non-occupation 
relates only to the symmetry of the system considered and requires no modifica- 
tion when applied to other AXf: compounds with non-halogen ligands. The use of q 
in the case of other ligands, however, will demand some changes in the determination 
of the number of electrons participating in bonding, e.g. by assuming that no ligand 
electrons are involved in the case of group VI elements as ligands (oxygen in 
SO:-, ClO;, etc.). 

We have intentionally omitted consideration of problems related to the AXIYk _, 
molecules. On the one hand, they have been exhaustively discussed by Levin and 
Dyachkov [114]. On the other hand, treatment of these compounds within the 
framework of our approach would require special consideration for the effects of 
electronegativity of atoms forming the AX,Yk-I molecules on the nodal properties 
of MOs, and the application of the concept of charge distribution topology. These 
aspects of chemical bonding have been extensively developed in recent years 
[115-1191. 

We emphasize that the application of q to a comparative study of chemical 
bonds is not restricted to bond lengths. One example, already mentioned above, 
concerns the transformation of compounds to products with lower ‘1 compared with 
the initial species. Many AXI compounds can be included in a possible correlation 
of rl with force constants (or vibrational frequencies) of the A-X bonds. 
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