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I. The p-c Model

G. H. CHeesMAN, A. J. T. Finney, and I. K. SNook

Chemistry Department, University of Tasmania

Received May 19, 1969

The VESCF-MO method is used to investigate the p-o bonding model of halogen-halogen bonding.
Procedures for estimating values of the core resonance integral, f, are discussed. It is found that if a
semi-empirical procedure is used for estimating this integral, the model adequately predicts equi-
librium bond-lengths for halogen-halogen molecules, but does not give an accurate description of
the molecular wavefunction. The implicit assumptions of the semi-empirical approach are examined
in some detail.

Mit Hilfe der VESCF-MO-Methode wird das p-o-Bindungsmodell der Halogen-Halogen-
Bindung untersucht. Verschiedene Verfahren fir die Abschidtzung des Kernresonanzintegrals f
werden diskutiert. Legt man ein semi-empirisches Verfahren fiir die Abschidtzung dieses Integrals
zugrunde, so zeigt sich, daB das Modell die Gleichgewichtsbindungsabstinde in Halogen-Halogen-
Molekiilen in guter Ubereinstimmung mit dem experimentellen Befund wiedergibt. Fiir die Wellen-
funktionen der Molekiile erhilt man dagegen keine besonders genaue Beschreibung. Die implizierten
Annahmen dieser semi-empirischen Niherung werden im Detail gepriift.

La méthode VESCF MO est utilisée pour étudier le modele de liaison p — ¢ pour la liaison halo-
géne-halogéne. Des procédés pour estimer les valeurs de lintégrale de résonance de coeur f sont
discutés. On trouve que si cette intégrale est évaluée par un procédé semi-empirique, le modéle préedit
correctement les longueurs de liaison pour les molécules halogénes-halogéne, mais ne fournit pas une
description précise de la fonction d’onde moléculaire. Les hypothéses implicites dans I'approche semi-
empirique sont examinées an détail.

A number of theoretical studies of halogen-halogen bonding in interhalogens
and polyhalides has been made; these include studies based on simple
electrostatic models [1-5], calculations and discussions using the valence-bond
approach [6-9], inert pair theory [10], non-paired spatial orbitals [11], the
method of maximum overlap [12] and Murrel’s best-hybrid-orbital treatment
[13]. Various molecular orbital treatments have been made ranging in
complexity from the free electron approximation [14], through Hiickel and ex-
tended Hiickel calculations [2, 3, 8, 15-18], semi-empirical selfconsistent field
(SCF) treatments [19, 20] to all-valence-electron SCF calculations [23, 24,
61-64]. Treatments employing Bloch orbitals have also been applied to both
I, and I; in the solid state [25-2§].

Most of the molecular orbital studies appear to indicate that d-orbitals
are not involved to any extent in the bonding of these compounds, and in fact
an adequate model of the bonding in the interhalogens can be developed by
considering only the po-orbitals of the valence shell as originally suggested by
Pimentel [29] and subsequently discussed by others [17, 30, 317. This bonding

3 Theoret. chim. Acta (Berl.) Vol. 16



34 G. H. Cheesman, A. J. T. Finney, and I. K. Snook:

model assumes that the only significant contribution to the interhalogen bond is
made by the po-clectrons, the other electrons in the valence shell remaining non-
bonding. This hypothesis appears to be supported by experimental data,
notably the results of studies of nuclear quadrupole resonance {32-35], Raman
and infra-red spectra [ 36—38]. However, for ionic species, in particular polyiodides,
it has been shown theoretically T19-217 that this simple pg-electron bonding
model must be modified to take into account the electrostatic perturbation due
to the ionic environment. That this perturbation affects the propertics of poly-
halide ions is demonstrated by a variety of experimental data [39]: for example
the dependence of nuclear quadrupole resonance frequencies of similar ions upon
their crystalline environment. In fact, these ions, by virtue of their weak bonding
and sensitivity to external fields, provide convenient tools for the exploration of
environmental effects in the solid and perhaps the liquid state.

In view of this potential usefulness, this preliminary study was initiated in
order to test the validity of the po-bonding model. The ground state properties
of diatomic halogen and interhalogen molecules were calculated by the VESCF
method, and as we shall demonstrate, the po-bonding model predicts the correct
internuclear distances in the isolated molecules. Therefore, if the effect of the
environment can be accurately included in the calculations, then the po-model
allows quite accurate investigations of the effect of environment on molecular
geometry to be made. However, it turns out that the model has only
limited power to predict those properties which depend upon charge distribution.
This inadequacy in the model points to the fact that interactions between the
non-bonding valence electrons of the bonded atoms cannot be neglected.

Method

The po-electron bonding model can be formulated in a manner analogous to
the typical semi-empirical SCF n-electron theory as currently applied to investiga-
tions of the electronic properties of planar unsaturated aromatic compounds. It
is assumed that only one p-orbital per atom contributes to the o-bonding
molecular orbital set, the remaining occupied atomic orbitals forming an
electronic core around each nucleus. The basic assumption is that of zero
differential overlap (ZDO) [40]; this assumption in the case of diatomic inter-
halogen molecules reduces the problem to that of a two-electron system
involving relatively simple integrals [40, 52]. In this study the calculations have
been carried out using the variable electronegativity SCF procedure (VESCF
method) [45-49], as this allows some optimization of orbital exponents to be
made which improves the values calculated for some molecular properties [49].

In the calculations reported here, the one-centre electron repulsion integral,
7, has been derived from a formula of the Paoloni type [19, 41]. The two-centre
repulsion integral, y,,, was calculated from the Mataga-Nishimoto formula [427;
the approximation represented by the relation (1) has been suggested [20] as a
more reliable one for po-electrons on the grounds that in this case the Mataga-
Nishimoto formula underestimates the value of this integral when compared with
values calculated using Slater orbitals:

Voa ™ 1 pg (1)
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(where the subscripts p, g label orbitals). However, electron correlation studies
[43, 44] indicate that this integral should be reduced from the value obtained
using a Slater basis set. The low values of the integral calculated from the
Mataga-Nishimoto formula make some semi-empirical allowance for electron
correlation as the Paoloni formula does in y,, and y,. For this reason the
Mataga-Nishimoto approximation has been preferred to (1) which makes no
such allowance and in fact overestimates the integral.

There are two main strategies which may be adopted for the selection of the
core resonance integral f§,,, which in this treatment is assumed (as is usual) to be
a bond property:

(i) B,, may be calculated in some theoretical fashion, or

(i) a semi-empirical approach may be used to derive a value of §,, from some
readily observed molecular property, e.g. electronic spectra.

These two strategies were compared by calculating potential energy curves
for homonuclear halogen diatomic molecules, using the comparison between
calculated and observed internuclear separation as a criterion of success. As the
integrals for the fluorine molecule vary most sharply with internuclear separation,
this molecule provides the most stringent test of the approximations used. The
total valence electron energy ata given r,, was calculated from the relationship [19]

1 1 14.40
Etotal = 7 Z qu(Hpq + qu) + ‘i z
p.a

P4 rl’q

o

X, X, 2

where E,,, is the total valence electron energy, the first summation represents
the electronic energy due to the bonding electrons and the last summation the
core-core repulsion energy, with the cores being treated as point charges'.

For a diatomic molecule, 8,, may be expressed as

Bog =0l —3419)— X,(p|1/r,19) — X,(p|1/r,|q). ()

Several theoretical methods were used to calculate f8,,; these were

(a) Slater orbital representation with the approximation [50]
(Pl1/rplaq) = (P11/r|9) = 5 S gV pg
(b) the Wolfsburg-Helmholtz-Mulliken approximation [54]
Bra= %Spq(pr +H,);
(c) the Cusach approximation [55]
By = %Spq(z = 18pql) (Hpp + Hyp) ;
(d) the Ohno approximation [56]
Bog = %Spq(Xp +X) (7 —20C/ryy)

(where C was taken as 0.85).
All approximations except (b) were also tried with orthogonality corrections

[50], ie.
ﬁpq(orlhogonal) = :qu - %Spq(pr + qu) -

1 The factor 14.40 appears in this equation to give E,,, in electron volts when r,, is measured in
Angstrom units.
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Table 1. Halogen molecules

Molecule r, (calc) A R, (obs) A
F, 0.71 1.42
Cl, 1.34 1.98
Br, 1.72 2.28
I, 2.34 2.66

Table 2. Fluorine molecule

r, calc (without orthog.) r, calc (with orthog.)
W.M.H. 1.0 —
Cusach 0.85 1.1
Ohno <1.0 >1.7

* The orthogonality correction exactly cancels the approximation for §,,.

The equilibrium internuclear separation, r,, for the halogen molecules
calculated using approximation (a) are presented in Table 1, and for the
fluorine molecule calculated using approximations (b)-(d) in Table 2. These
results show that the calculated separations are seriously in error; we conclude
that the discrepancy must be due to inadequacies in the po-model itself, i.e. an
inadequate representation of the core electrons and their interactions.

This same difficulty was experienced by Pohl, Rein, and Appel [52] in
calculations of the ground-state properties of the hydrogen-halide molecules using
a po-model. To overcome this difficulty the core penetrations and interactions
with non-bonding electrons in the halogen valence shell were represented by the
Hartree-Fock potentials tabulated by Hermann and Skillman [53], that is

Ecore—core - Eelectrostatic + Epenetration (4)

where E_ . ... is the total core interaction energy, E.ciyosmic 15 the total
Coulomb repulsion between the charged cores and E, ,ciai0n the total core
penetration energy [52].

Although this remedy allowed Pohl et al. to calculate reasonable ground state
properties for the hydrogen halides, it cannot be readily applied to calculations on
diatomic halogen molecules [60], for in this case Eqpeiaion cannot be simply
represented in terms of Hermann and Skillman’s potentials. Further, the use of
these potentials involves the implicit assumption that the charge distribution of
all non-bonding clectrons in the bonded atom is the same as that in the isolated
atom. The measure of agreement between calculated and observed halogen
halide [52] and interhalogen [60] bond lengths and dipole moments shows that
this assumption is not entirely adequate.

The Core Resonance Integral — The Semi-Empirical Approach

The most successful application of this ps-model of the interhalogen bond
using a value of f8,, derived from experimental data is that of Brown and Nunn
[19]. In the following section we investigate the assumptions implicit in their
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derivation. The derivation underlying their procedure is based on the Born-
Oppenheimer approximation [40]

Etolal = Eelectronic + Enuclear N (5)

This may be written
Etolal - Evalence electron + Ecore electron -+ Eelectroslatic + Epenetration (6)

Where E,ence electron 18 the energy of the valency electrons, E g cieciron 18 the elec-
tronic energy of the core electrons, and E qoonic aNd Eppiraion have the same
meaning as in Eq. (4). For a diatomic molecule with pure po-bonding, the
terms on the right hand side of Eq. (6) can be written:

1 2
Evalence electron — Z qu(Hpq + qu) > (7)
2 pa=1

Eelectmstatic = Xl XZ 14.4/7'12 > (8)

1 2
Eto[al = —2_p qz= L qu(Hpq + qu) + Xl XZ 14'4/;’12 + Ecore electron + Epenetration' (9)

As ry, tends to infinity, from Egs. (6-9) we have

Ew = = Py + Py = Pas b+ P393y + Eoore ctectrons
Eipar(r) = Eyqu(00) = — {Py; = 1} [, = {Py, ~ 1} I
— Py X1y = P Xoy+ 5 (PH — 1)y
+%{P222_1}y22+%P11P12)’12+%P22P12?12
- %Plzhz + 2P, B+ 144/, + Epenetration

for which the following assumptions have been made:

(1) ECOrE electron (r) = ECOIE electron(oo)‘
(i) I;. I, 711, 7., have the same value in the atoms as in the molecule.
(ili) Pyy(00) = Ppy(o0)=1.
(iv) X;=X,=1.
The further assumption made by Brown and Nunn was
(V) Piy=P, =P, =Py =1
thus

1
:B = (ﬂu + _2—5 Epanetralion)

(1 (P, —1) (P, — 1)
“<2P12>(E(7")_E(OO))+ 2P, I+ 2P, I

s R (10)
4 P2 " Py , _(Pu—l)y ~(P“_1)v
2P, 12 2P,, 12 4P, 11 4P,, 22
1 1 1 7.1995

- e Piiyia— IP22V12+ 4_P12V12_ m
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It follows therefore, with assumption (v) that
ﬁ12 = {E(T’) E(OO)} + 2V~ 7. 2/7'12 penen'auon (11 a)

ﬁ = (BIZ + Ep'enetration) = %{E(r) - E(OO)} + %yIZ - 7‘2/r12 . (11 b)

or

That is, the § used in their calculations includes contributions from the core-
core interactions. Although the inclusion of E ., ciration t€Tms in f is not formally
justified, their good results for calculated internuclear separations in the triiodide
ion show that this is a workable method for including core-core interactions.
This method also allows for problems related to orthogonality, in that Eq. (10)
is derived from (9) using the ZDO approximation, that is, assuming an
orthogonal basis set.

We performed calculations using Eq. (11b) for the homonuclear diatomic
halogens in order to test assumptions (i) to (iii) since assumption (iv) holds for
homonuclear molecules. The term 1{E(r)— E(co)} was calculated from Morse
functions. Brown and Nunn [19] estimated the term (E(c0)— E(r)) from the
iodine dissociation curve; but as the corresponding curves are not as well
defined for the other halogen and interhalogen diatomic molecules, Morse
functions were used to estimate this term in the present study. This procedure
would lead to false values of dissociation energies because the “experimental”
curves do not coincide with those calculated from the MO model; but since in
the present study (as in Brown and Nunn’s study) it is only sought to determine
the equilibrium interatomic separation, it is only required to locate the position
of the minimum of the energy curve, and not its absolute value. It is therefore
legitimate to use this modification of Brown and Nunn’s procedure for estimating f8
and thence the interatomic distance.

The results are shown in Fig. 1, and the correct internuclear distances were
predicted in all cases. This shows that assumptions (i) and (iii) hold; to test the
validity of assumption (v), calculations were performed on the heteronuclear
halogen diatomic molecules using both Egs. (10) and (11). The results are presented
in Fig. 2; once again the correct internuclear distances were predicted in all
cases. It should be noted that although the calculated magnitude of the total
energy depends upon whether Eq. (10) or (11) was used to estimate f, both
equations give the same internuclear separation, as is shown in Fig. 3 for ICl.
Further, the charge distributions, but not the bond order, depend upon which
equation is used for the estimation of the core resonance integral. From the
calculated charge distributions at the observed internuclear separations, the
molecular dipole moments were calculated. These results are presented in Table 3,
together with the calculated charge distribution. We draw attention to the result
for IBr where in both cases the charge distribution is the reverse of that expected
on the basis of the chemical behaviour of this compound [59]. It may be seen
that the agreement with experimental is not outstandingly good, a point which
further supports the conclusion that more than the po-electrons must be
included in calculations of the electronic structure of these molecules.

The fact that Brown and Nunn’s [19] calculations would lead to incorrect
values for the dissociation energy is not a serious criticism since the object was
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Fig. 1. Total molecular energy curves for the homonuclear halogen diatomics
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Fig. 3. Total molecular energy curves for the ICl molecule for the two cases, f dependent on P;

(filled circles) and f not dependent on P;; (unfilled circles)
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Table 3. Properties of interhalogens

Molecule Calculated charge on most Calculated dipole moment Observed
electronegative atom (debye) dipole
f not dependent f dependent B not dependent p dependent moment
onP, on P, onP, on Py, (debye)

FCl —0.066 —0.071 0.505 0.535 0.88

FBr —0.157 —-0.178 1.285 1.450 1.29

BrCl —0.113 —0.123 1.140 1.240 —

ICl —0.106 -~0.117 1.170 1.290 0.63

IBr +0.103 0.110 1.235 1.320 1.26

(in solution)

The bond order was in all cases approximately 0.99.

primarily to predict the geometry of polyhalide ions. We conclude from the
comparisons of our results with experimental values that their method can give
correct geometries (i.e. the results were not fortuitous) but that it does not lead
to very satisfactory estimates for the charge distribution in these cases.

A limited application of the same method was made byMigchelsen and Vos
who derived their value of § from electronic spectra, that is, assuming a fixed
nuclear framework, a method commonly used in semi-empirical n-electron theory.
As they imply, this does not include contributions from electrons other than those
directly involved in the bonding. In this context Migchelsen and Vos only
discuss explicity contributions from inner shells; our study would indicate that
non-bonding valency electrons make a most significant contribution. If S
estimated in this way is used in any study which involves variation of the inter-
nuclear distance, the problem of including or estimating E, ., rarion Would remain
unsolved. The validity of using an integral calculated from an excited state for the
investigation of groundstate properties is also questionable.

Conclusion

In the absence of an adequate theoretical method for estimating the contribu-
tion of the core overlap energy to the total energy, the semi-empirical
approach was explored. We conclude that the VESCF pe-model using a value for
the core resonance integral estimated in the manner of Brown and Nunn is
satisfactory for predicting internuclear distances, and is therefore suitable for
investigating the effect of lattice environment on the geometry of polyhalide ions.
On the other hand the usefulness of the method for calculating charge
distributions and properties derived from charge distributions is strictly limited
and gives little insight into the electronic structure of the halogen-halogen bond.
We are engaged in evaluating the usefulness of all electron models for this family
of compounds and hope to present the results of these calculations in subsequent
papers.
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