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INTRODUCTION

The problem of predicting the structure that an atomic aggregate will
adopt at equilibrium, starting from knowledge of its atomic constituents, is
still a challenging one for both physicists and chemists. The prediction from
first-principles quantum mechanical calculations of the electronic structure
in either molecules or solids now counts a number of successes!. The usually
small energy differences between different molecular or crystal conformations
can be computed with a high degree of accuracy, at least for sufficiently
simple systems. On the other hand, several semiempirical approaches have
been developed, especially in the case of solids, which allow the structural
trends in large families of compounds to be systematized and understood.

Both first-principles and semiempirical approaches to molecular shapes
and crystal structures have so far been developed on different footings. While
successful quantum mechanical calculations for solids have been performed
within the Local density approximation of the Density Functional theory?2,
molecules have mainly been investigated by the so called quantum chemistry
methods, i.e., Hartree-Fock, Generalized Valence Bond and Configuration
Interaction methods®.

The most successful and promising of the semiempirical approaches adopted
for solids have been based on bidimensional structural plots, where each

compound is characterized by two parameters and compounds with the same
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structure appear to cluster in separate domains*. In the case of molecules,
instead, phenomenological criteria based on molecular orbital theory have
been mainly used to rationalize and account for the geometries of the main
group species.?

The growing interest in the new field of cluster physics, to which a
widespread attention has recently been devoted by both physicists and
chemists®, has pointed out the need for unified methods and schemes to
investigate molecules together with solids. This is seen as an essential
prerequisite to the study of the structural ,and in general of the physical
properties of clusters, which represent an intermediate state of aggregation
between the molecular and the solid phases. At the same time, theoretical
investigations on simple molecules and/or bulk properties of crystals from
which a comprehension of some physical properties of clusters can be
extrapolated are much in demand.

In relation to the questions that we have underlined just above, we
have investigated tri- and tetra-atomic aggregates both by exploring the
construction of unified structural plots for their molecular and crystalline
phases at the semiempirical level, and by carrying out first-principles
calculations for specific molecular systems in neutral and ionized states.
These latter calculations have been aimed both at assessing the physical
content of empirical structural coordinates and at making contact with
experimental evidence on ionic clusters.

The unified scheme for molecular shapes and crystal structures which we
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have developed appeals to recent progress made in structural classification
of solids through simple a priori parameters of the atomic constituents” 12,
Such ”quantum structural diagrams” are usually defined by two Cartesian
coordinates, derived as linear combinations of valence electron orbital radii,
the latter being obtained from first-principles calculations on the free atoms.

Our contribution to the construction of a parallel scheme for clusters
and polyatomic molecules is twofold :

(i) We have shown that the same quantum structural parameters which
classify s — p bonded crystals can predict successfully the shapes of ABg,
AB3 and A;B; small aggregates®14,
In the case of a triatomic molecule, the pertinent question about structure
is simple and well defined : is the molecule linear or bent? On the other
hand, in the case of tetra-atomic species the number of possible equilibrium
configurations increases and with it the number of questions that one should
answer.
The quantum diagrams that we have constructed perfectly discriminate
between linear and bent structures for AB,; molecules. In the case of AB3
species, they allow the distinction between planar and threedimensional
geometries and also between several different distortions of ideal symmetric
shapes. The different planar conformations adopted within the family of
A,B2 compounds are also resolved in our plots.

(i) The approach not only discriminates between different molecular

geometries, but also accounts for the trend in the apex angle displayed
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by bent AB; and rhombohedral A3;Bs molecules. This has allowed
us to establish simple semiempirical relationships between our quantum
coordinates and the bond angles of these species'®14, The existence of these
correlations has in turn indicated a direction where a physical interpretation
of the structural coordinates may be sought. Such an interpretation is mainly
aimed at understanding the reasons why structural parameters defined for the
atomic constituents contain sufficient information to account for structural
regularities in the molecular and in the solid phase. Significant insight into
this problem has indeed been gained by an ab initio study of the linear-
to-bent transition in the family of double-octet (DO) AB; molecules. We
have performed first-principles calculations to characterize this structural
transition and analyzed in a fully theoretical framework the role played by
our structural parameters in driving it.

Our calculations have also permitted a critical discussion of some of
the phenomenological criteria widely used in the literature, by both
experimentalists and theoreticians, to predict and rationalize the shapes of

main group molecules.

The remaining part of our work devoted to first-principles investiga-
tions of specific systems has been concentrated on sodium chloride micro-
clusters. The alkali halides , and in particular sodium chloride, have long
served as model materials in solid state physics!® because of the simplic-
ity of the bonding and of sample preparation. The same properties make

them ideally suited to represent a class of clusters. Alkali halides aggregates
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of different sizes and compositions have been recently produced by several
experimental techiques and carefully characterized through mass spectra or
time of flight measurements!?. A main feature of these spectra is the ob-
servation of a larger abundance of halogen-deficient clusters relative to the
stoichiometric ones.

In relation to these experimental findings, we have performed ab initio cal-
culations for the equilibrium properties of NagCly; and Nay;Cl in both the
neutral and singly ionized states, with specific attention to their ionization
processes'®. Our calculations have been carried out within the Hartree-Fock
approximation, in a pseudopotential framework.

We have found that in both NayCl, and Na,Cl ionization is a drastic pro-
cess, followed by symmetry breaking. Specifically, a linear NayClt is the
final product of the ionization of the bent triatomic species, while the rhom-
bohedral dimer adopts a triangular conformation upon removal of one elec-
tron. The latter turns out to be very weakly bound against dissociation into
NayClT and a chlorine atom. These results provide a natural explanation
for mass spectra, accounting for the much higher stability of the chlorine-
deficient ionized aggregates relative to the stoichiometric one.

Our results are also in broad agreement with experimental data on dissoci-
ation energies, ionization potentials and equilibrium structural parameters
and allow a discussion of chemi-ionization experiments on compound forma-

tion.

The layout of this thesis is as follows. In chapter 1 we briefly review
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the main semiempirical approaches adopted so far for solids and molecules,
in order to establish the framework in which our structural classifications of
AB2, AB3 and A3B; compounds have been developed. These are described
in chapters 2 and 4 for tri- and tetra-atomic species, respectively. In chapter
3 we report the results of our ab initio calculations to investigate the linear-
to-bent transition in DO AB2 molecules and discuss their connection with the
results of the quantum structural diagrams developed in chapter 2 and also
with phenomenological criteria proposed in the literature to account for the
shapes of main group molecules. The results of first-principles calculations on
sodium chloride microclusters, as well as those of test calculations on NaCl

19 are described in chapter 5. Chapter 6 concludes

and NaClT monomers
the thesis with a summary of our main results and with a brief discussion of

work in progress.



Chapter 1

SEMIEMPIRICAL APPROACHES TO
CRYSTAL STRUCTURES AND MOLECULAR SHAPES.

Quantum mechanical calculations have become increasingly refined
recently and have revealed a great deal of detatled information about the
electronic structures of specific systems, either molecules or solids!. It seems
nevertheless difficult to extract from these calculations and understanding of
the general physical factors determining the origin of structural regularities.
Semiempirical approaches to crystal structures and molecular shapes, on
the other hand, concentrate on the construction of physically simple and
transferable criteria (i.e. from system to system and among different classes
of compounds), according to which the structural trends in large families of
compounds can be rationalized. The quantum mechanical and semiempirical

treatements of structural problems are clearly complemental.

As we have mentioned in the Introduction, the most successful of
the semiempirical approaches adopted so far for solids have been based
on bidimensional plots ("structural maps”)%. During the last ten years,
this method has moved from a mere phenomenological level, owing to

the introduction of structural parameters which are linear combinations
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of orbital radii of the valence electrons, derived from quantal treatements

7=12 Structural diagrams defined by Cartesian

of the component atoms.
coordinates which are obtained from these parameters turn out to profride a
simple aﬁd general scheme which:

1) allows the ordering of a large amount of experimental data for several
classes of compounds;

2) allows one to distinguish between different crystal structures;

3) accounts for several trends in the structural and physical properties
of families of compounds with different chemical bonding, e.g., metallic,
covalent and ionic;

4) may lead to predictions on compounds stability and formation;

5) may lead to a global understanding of the physical factors which determine

one specific configuration as the equilibrium structure, via the interpretation

of the coordinates used.

In the case of molecules, several models® based on molecular orbital
theory have been formulated to account for the shapes of the main group
species .The application of most of them is often not straightforward
but requires some chemical intuition on the bonding that a compound is
going to form. As we shall see, these models are usually appropriate to
classify molecular shapes within restricted classes of compounds, but fail in
accounting for geometries of large families such as all the known AB; or AB3
systems. Even with this limitation, the phenomenological criteria proposed

for molecules are very useful in pointing out some key physical factors to
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look at in structural classifications.

In this chapter we briefly review the semiempirical approaches adopted
so far for structural classifications of solids ( section 1.1 ) and molecules
( section 1.2 ), in order to establish the framework in which the unified
approach to crystal structure and molecular shapes described in chapters 2

and 4 has been developed.

1.1 Quantum structural diagrams for solids

The origin of crystal structure classifications through bidimensional maps
is the Mooser-Pearson plot of octet A, B,, crystals $2°, The Mooser-Pearson
argument in tackling the problem of a possible correlation between the chem-
ical composition of a crystal phase and the coordination configuration met in
its structure runs as follows. With increasing principal quantum number n
of the valence shell of an atom, the directional character of the bonds formed
by that atom decreases. Moreover, covalent bonds have strongly pronounced
directional properties, while ionic bonds are nondirectional. Taking the dif-
ference 6x between the Pauling electronegativities of anions and cations as a
measure of the bond ionicity, Mooser and Pearson plotted the A, B,, type of
octet phases in 7 versus 6 x diagrams, 7i being the average principal quantum
number. These plots are indeed successful in separating solids with different
coordination configurations. At low values of 2 and/or 6y, low coordinated

( tetrahedral ) structures are met, the high coordinated ones ( octahedral )
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being instead found at high % and/or éx values. Though successful for octet
solids, a (m,0x) diagram cannot properly separate differently coordinated

structures for non-octet compounds, as shown by Zunger® for AB crystals.

Fully quantum mechanical structural coordinates were first introduced
by Phillips and Van Vecten ?! in order to classify AB type, s — p bonded
octet compounds. These coordinates are the average covalent energy gap
E}j and the ionic energy gap C. In an E}j versus C diagram, shown in fig.
1.1, the AVB8—¥ solids fall into two completely separated regions : one
corresponding to fourfold coordination ( covalent compounds ), the other
to sixfold coordination ( ionic compounds ). The boundary dividing the
seventy compounds in fig. 1.1 into ionic and covalent structures corresponds
to f; = (E_?ﬁ_é?j = 0.79 £ 0.01. Since C = 0 for diamond-type crystals, this
line can be defined as the critical ionicity line. The success of the Phillips-
Van Vechten coordinates can be achieved for crystals which have isotropic
dielectric properties and are non-metallic, so that the covalent and ionic

interactions can each be described by only one parameter.

The need of a classification scheme which could be generalized to
materials other than s—p bonded AV B&~¥ solids has led to the introduction
of new structural parameters: these are linear combinations of valence
electron orbital radii (VEOR) derived from first-principles calculations on
the free atoms. The definition of the pseudopotential VEOR is based on ideas
first developed by St. John and Bloch 7. In an isolated atom one defines,

for each orbital angular momentum [, a hard-core pseudopotential V;(r) such
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that,for large r the potential is the same as the one-electron potential V (r),
whereas for small r a large positive term simulates the effects of valence
electron repulsion from the core region, due to orthogonalization effects. The
way in which the repulsive term is chosen has been greatly refined in the last
decade and the success of ab initio pseudopotential calculations for specific
solids ! suggests that this term can now be known quite accurately. Given
a set of pseudopotentials Vi(r) for neutral atoms, one defines the quantum
core radii r; by the condition Vj(r;) = 0. The radii r; define the size of the
core, the region from which valence electrons with [ angular character are
excluded. The effect of the core on the valence electrons can be regarded as
unchanged as the chemical environment of the atom is modified, as long as

the frozen core approximation is valid.

The first demonstration that quantum core radii were valid structural
coordinates was given by Bloch and St.John?, by showing that a successful
quantum structural diagrams for eigthy ANYB8Y compounds resulted from
using suitable combinations of r4(A),r,(4),7s(B) and rp(B) as Cartesian
coordinates. This is shown in fig. 1.2. Apart from the broad covalent-
ionic structural dichotomy already displayed in Fig. 1.1,there are more
subtle structural distinctions which are faithfully resolved, leading thus to
a substantial improvement on the Phillips- Van'Vechten plot.

Altogether five different crystal structures are separated in Fig. 1.2.
The new quantum structural parameters introduced by Bloch and St.John

- generally improved in the choice of the atomic pseudopotentials Vi(r) -
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has been applied by different authors®9!? also to metallic and non octet
compounds. Quantum Structural Diagrams (QSDs) have been reported for
AB crystals, exhibiting successful structural separations involving up to 500
compounds. ( In many cases, different combinations of the parameters r;
have been used by different authors to set up the two Cartesian coordinates
of the QSD. These correspond to affine transformations of the metric, which

generally do not affect the separability of different structrures in significant

13
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ways). Zunger® has provided a rather satisfying classification of both s — p
and p—d bonded AB crystals using the same quantum coordinates, obtained
as linear combinations of s and p radii. The structural map derived for the

356 binary non-octet compounds is shown in Fig. 1.3.

Although remarkable, the success in the structural separation of AB
solids comprehensive of transition metal (TM) compounds without including
rq radii is not easily interpretable and should not be taken as a manifestation
of the irrelevance of the d valence electrons in the bonding of these
materials. In fact, Machlin and Loh?2, and subsequently Chelickowsky?23,
have proposed two alternative coordinates to classify the restricted class of
TM-TM compounds, based upon 6N and N, N being the periodic table
group number. Their parameters effect a better crystal structure separation
than the Zunger coordinates do for about 100 TM-TM compounds. This
supports the view that d orbital contributions are indeed important for

crystal structural properties.

VEOR radii derived from first-principles all-electron calculations on the
free atoms have been introduced by Andreoni et al.?* They are defined as
nodal radii (V}), i.e. as the outermost nodes of valence wavefunctions with [
angular character. They measure the size of the core othogonalization hole
in a straightforward way. A brief discussion of the nodal radii properties,
together with those of the pseudopotentials radii introduced by Zunger will
be given in chapter 2, where bdth sets of structural parameters will be used

to construct QSD for a parallel classification of AB; molecules and crystals.
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We notice that the structural indices r; associated with electron repul-
sion from atomic cores are more significant than the atomic radius R associ-
ated with attractive interatomic interactions. The origin of the inadequacy
of R for structural classification lies in the following relation discussed by

Pauling?®:

R(f) = R(1) - 0.6log(f). (1.1)

f < 1 measures the fractional bond chafacter; for an atom with v resonating
valence bond electrons and with # nearest neighbors, f = % R as defined
above is not a property of each element, since it ’depends on n through f. In
different structures with different 7, each element will have a different atomic
radius.

Quite sussessful structural classifications for different A,B,. crystal
phases, namely AB, AB; and ( AB; + A3Bs ) compounds, have been
reported by Villars'®. At variance from previous works, he has introduced
three coordinates, which are the same for s — p bonded materials as for
transition and rare earth metal compounds involving d and f electrons. The
three orthogonal axes used in the classification of the different families of
compounds are defined by : (i) the sum N of the valence electrons of the
constituent atoms; (ii) the difference of the Zunger’s s and p pseudopotential
radii sum A = [r,(A) + rp(A4) — rs(B) — rp(B)]; and (iii) the difference
of the atomic electronegativities x(A) — x(B). The ionization potentials

16



(IPs)used in the definition of x are obtained by taking a weighted average
of the ionization potentials of all the valence electrons. One can picture the
IPs as measuring the total valence ( including s, p and d ) electron charge
transfer, and (rs +rp) as a measure of the s and p directed valence exclusion
from the core region. It is a remarkable success that the application of the
Villars’ scheme to more than 3000 compounds, inclusive of transition and

rare earth solids, turns out to have an overall accuracy of about 97%.

A chemical scale x has recently been proposed by Pettifor?®, which
characterizes éach atom in the periodic table and allows two dimensional
structural separation for the individual stoichiometries AB, (n =1—6,11 —
13), A2B, (n=3,5,17), A3B, (n=4,5,7), A4Bs and AgBy3 in the plane
(xa,xB)- These families of compounds are comprehensive of s —p and p—d
bonded materials. The Pettifor’s chemical scale is set up by ordering the
elements along a single axis x, so that the Mendeleev-type features of the
periodic table are preserved. Therefore the variation of the x coordinate
within a group is requested not to overlap and mix with neighboring groups;
X is also constrained to vary linearly across the transition metal series and
again across the s — p elements to the right of the noble metals. The
magnitude of the chemical scale is fixed by requiring it to take the Pauling
electronegativity values for Beryllium to Fluorine . The separations achieved
in the plane (x4,xs) for the mentioned families of compounds can be

regarded as successful as the corresponding ones reported by Villars.
The eventual choice between structural classifications based upon VEOR
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or the x chemical scale is to be determined not only by statistical criteria,
but also by its susceptibility to direct physical interpretation??. To this
respect, VEOR-based QSDs seem more appealing, since the x scale is entirely
phenomenological and has no a priori significance other that it orders the
elements relative to one another along a one-dimensional axis. A simple test
for the different structural classification parameters can be provided by a
parallel analysis of A,B,, systems in the molecular and in the crystalline
phase. Such an analysis will be presented in chapters 2 and 4 for AB; and

ABg3 compounds, respectively.

We now turn to describe the semiempirical approaches developed in the
literature to systematize and understand molecular geometries. In our brief
review we will mainly concerned with AB, and AB3 compounds, that we are

going to treat in detail in chapters 2 and 4.

1.2 Phenomenological criteria for molecular shapes

One of the best known models proposed to account for molecular shapes
dates back to Walsh?®. The key idea of the Walsh approach is that the
energy changes associated with the deformation of a molecular structure into
another are determined by the energetic behavior of the highest occupied
molecular orbital ( HOMO ) on distortion. A model for molecular structure
is then constructed as follows : for a given class of AB,, compounds, two high

symmetrical reference geometries are chosen and the single particle orbital
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energy variations corresponding to the nuclear distortion from one shape to
the other estimated in a qualitative fashion. These reference geometries are
the linear ( Door ) and the bent ( Cg, ) configurations for ABz species; the
planar equilateral triangle conformation ( that with the highest symmetry
among the possible planar shapes : Dj; ) and the pyramidal one ( Cs,
) for AB3 systems. For each of the two chosen geometries, an orbital
correlation diagram can be traced, which relates the single particle energies
of the united atoms to those of the separated atoms configurations. By
combining the results of the two mappings, one can plot a diagram which
shows the variation in orbital energies as functions of the molecular apex
angle(#). Such a diagram is commonly known as a Walsh diagram. General
qualitative considerations on orbital hybridization and on hybrid repulsion
and attraction from molecular orbital ( MO ) theory are needed, in order to
establish the relative energy ordering of the diagram. We notice that both the
energy ordering and the orbital behavior as functions of § are assumed to be
the same for any molecule of a given chemical formula. Figure 1.4 shows the
Walsh diagram for AB; molecules, constructed from s and p atomic levels.
In the original formulation, only s — p bonded materials have been
considered and therefore only s-like and p-like orbitals used in building up
the structural correlation diagrams. In later generalizations of the model to
include transition metal compounds, d orbitals have been explicitly taken

into account®.
Let us consider the class of AB; compounds ( fig.1.4 ). For molecules
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with a number N of valence electrons less than 16 and with N = 16 or 22,
the sum of the single particle energies is lower in the linear configuration
than in the bent one, while the opposite is true for molecules with N greater
than 16 and different from 22. This is valid under the condition of regular
filling of orbitals. Assuming then that the total energy variation as a function
of the apex angle parallels that of the eigenvalue sum, the so called Walsh
rule for AB,; molecules can be established . They are linear if N < 16 and
N = 22; they are bent if N > 16 but different from 22. The result o/f the same
assumptions and reasoning applied to AB3 molecules leads to the following

structural rules : they are planar if N < 24, while pyramidal if they contain

25 or 26 valence electrons; for N = 28 they are planar or nearly so.
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The Walsh approach clearly indicates, in agreement with even earlier
suggestions by Mulliken?®, that a crucial parameter to look at in predicting
molecular shapes is the number of valence electrons ( VE )in the molecule.
However, as we shall discuss in detail in chapters 2 and 4, many exceptions
to the Walsh rules are now known. Actually most of the AB, molecules with
less than 16 VE are bent and several AB3 species with less than 24 VE are
pyramidal. Furthermore, planar AB3 compounds present a large spectrum

of structures other than the high symmetrical D3) conformation.

Several critical analyses of the Walsh rules based on ab initio treatements
of the electronic structures of molecules have been proposed in the
literature®°—32, In particular, the relationship between the total energy E of
a molecular system and the sum of its single particle energy levels, e,
established by March3? within the DF theory in the LD approximation,
indicates both the limiting cases in which the Walsh criterion is justified
and the corrections to be added to ) ¢; to make it proportional to E. This

relationship will be discussed in detailed in chapter 3 (section 3.3).

After the introduction of Walsh diagrams, several models for molecular
structure based on a single particle picture of the molecular bond have been

34 and

developed. In the model first formulated by Bartell>® and Pearson
usually known as the second order Jahn-Teller ( JT ) approach®, symmetry
arguments are introduced for looking at features of molecular geometry. More
precisely, this model exploits symmetry rules to inquire whether the energy

of a molecular system is lowered when a fixed reference shape is distorted
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along a normal coordinate of a given symmetry species. If first order JT
instabilities are neglected, the energy E of a molecule distorted within the
coordinate S; can be expressed in the following way, using first and second

order perturbation theory:

2
AE = E(S;) — Ep = %"—(foo +2 ) fom), (1.2)

m7#0
/

where Eq is the energy of the undistorted geometry, corresponding to the

non degenerate ground state ¢, and

2
foo =/¢o(%*§l;lg)‘/’odf (1.3)

SH dF|?
fom :/l‘po(as;)'/’m 7| (1.4)

AE,,

H(S;) is the system hamiltonian and AFE,,(< 0) is the zeroth order energy
separation between the states ¥ and 1,, of the undistorted molecule. foo can
be regarded as a classical force constant representing the nuclear motion in a
static electronic distribution. Zm#) fom 1s instead a relaxation term, which
describes the energy change associated with the electronic charge distribution
as it adjusts to ”follow” the nuclei. Since foo is always a positive term, AF
is positive if the integrals defining X0 fom vanish, i.e. the energy of the
system is not lowered by the distortion along S;. If, on the other hand,
these integrals do not vanish, the sign of AE depends upon the magnitudes

of the energy gaps AFoy,. In the second order JT approach, it is assumed
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that the smallest energy gap is associated with the separation between the
electronic ground state ¥o and the first excitéd state ;. The sum defining
the relaxation force constant is then approximated by the term fo;. By
writing v, and t; as Slater determinants of single particle orbitals, the
integral [ dFypo g—gzﬁl can be reduced to the scalar product < ¢,|H|¢; >,
¢o and ¢; being respectively the highest occupied orbital (HOMO) and
the lowest unoccupied orbital (LUMO) in a MO picture. Therefore, only
the symmetry species of the transition density ¢o¢@; need to be known and
considered to establish whether fp; vanishes or not. An example can be

useful to illustrate the application of the method.

The HOMO and LUMO symmetries for a given system are usually
fixed according to the Walsh diagrams. For the molecules CY,; and OY,,
Y indicating an atom of the group VII, the transition density is of species
Ty * Og = Ty, as can be argued from fig.1.4. 7, is the symmetry type of the
bending normal coordinate for an AB2 linear species and hence the scalar
product entering the fo; definition in not zero. Since the energy gap AFy
here may well be small, the force constant for bending the linear geometry
is expected to be negative and these molecules to be bent,in agreement with
the experimental result. The influence of ligand electronegativity on the
geometry is easily introduced in this approach. With reference to the previous
example, increasing the electronegativity of Y relative to the central atom A
lowers the Yo atomic orbitals relative to those of A. This has the effect of

lowering the entire set of o orbitals relative to 1m,. The result is a decrease
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in the energy separation AFEp; between 17, and 20,4, which makes bending

of the molecule even more advantageous.

The behavior of the single particle energy levels ¢; of a molecular system
can be quantified by using the angular overlap model (AOM)®35. In this
approach, the orbital energies are expressed according to the Hickel MO
theory®®, in which all overlap integrals between different orbitals are allowed
to be non zero. These integrals are represented as single products of a radial
and an angular term. For AB; and ABj3 species, this leads to a generalization
of Walsh diagrams, in which an analytic functional dependance of the ¢; from
the apex angle 8 is explicitly derived. Burdett® has applied this model to
the main group molecules. The predictions on the molecular structures of
AB; and ABj systems are substantially the same as those extracted from the
second order JT model. The AOM approach allows in addition to estimate
the trends in the equilibrium bond angles for several species. Moreover it
can be applied to rationalize the different structural types for planar ABg3
molecules, all of them assumed to exhibit D3p symmetry in the original Walsh
model.

The second order JT model and the AOM approach introduce significant
refinements to the Walsh model for molecular shapes. They can be easily
applied to specific systems or to groups of compounds with the same chemical
formula. They do not leave, however, to general structural rules for wide
classes of compounds, such as all the AB; or AB3 species.

Two models for molecular shapes not directly deduced from Walsh-type
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ideas, but again refering to a single particle approach to the energetics of
molecular systems, are the valence shell electron pair method (VSEPR)3? and
the directed valence (DV)38 method. The basic idea of these approaches is
that the most favorable packing of pairs of electrons in the valence shell of the
central atom dictates the shape and also the bond angles in molecules. In the
VSEPR scheme the valence electrons around the central atom are supposed
to be arranged in localized pairs containing two electrons of opposite spin
; these pairs are assumed to be arranged in space such that the-distances
between them are maximized. The mechanism invoked to keep these pairs
apart is the ”Pauli repulsion force” which operates to prevent electrons of
the same spin from occupying the same region of space. This force should

be the expectation value of an operator, in a quantum mechanical language.

It is however difficult to formulate this operator mathematically, which
makes the estimation of the relevance of the ”Pauli force” not well defined.
Actually, most of the objections leveled to the VSEPR model have been
concerned with its lack of physical reality. In spite of this, it has been widely
used in molecular geometry prediction. The geometries which give rise to the
lowest energy structures according to the VSEPR rule can be determined by
calculating the minimum energy arrangement of n-like charges ( modeling the
n electron pairs )subject to a given mutual interaction potential, constrained
to move on the surface of a sphere, with the central atom and its core
electrons sitting in the middle. This gives rise to the geometric arrangements

of electron pairs shown in Fig. 1.5a for systems with electron pairs up to 6,
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Fig. 1.5 (a) Minimum energy arrangements of 72 points on sphere to simulate arrangement
of bonded (X) and unshared (FE) electron pairs around a central atom A, according to
the VSEPR model; (b) range of structures adopted by molecules governed by the VSEPR
rule. (From ref. 5).

as functions of bonded (X) and unshared pairs of electrons (E).

Fig.1.5b shows the range of structures adopted by molecules governed
by the VSEPR rule. In several cases, hypothesis on the chemical behavior
of the system must be made in applying this rule. The central atom in the
compound must be known or at least established in advance. The electrons

to be included when counting the number of electron pairs around the central
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Table 1.1 Spatial arrangement adopted by directional hybrid molecular
orbitals, syntetized by relevant combinations of s, p and d atomic orbitals,
according to the DV model. N indicates the number of hybrids. (From ref.5.)

N Type Spatial arrangement
2 sp Linear
dp - Linear
p? Angular
ds Angular
a? Angular
3 sp? Trigonal plane
dp? Trigonal plane
ds? Trigonal plane
e , Trigonal plane
dsp ‘Unsymmetrical plane
p® Trigonal pyramid
d’p | Trigonal pyramid
4 sp® Tetrahedron
d3s Tetrahedron
dsp Trigonal plane
d*p? Trigonal plane
d%sp Distorted tetrahedron
dp® - Distorted tetrahedron
ép Distorted tetrahedron
gt Trigonal pyramid
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atom are its valence electrons plus the ligand ones involved in ¢ interactions
with the central atom. The latter number cannot be defined a priori, but only
guessed. In most cases one electron is the regarded contribution per ligand,
if the ligands are counted as uncharged entities. Molecules with an odd
electron (a half pair) often provide difficulties in the VSEPR classification
scheme. Few examples can clarify these difficulties : NF» ( 3 and a half pair )
is bent commensurate with the bent species CF; (3 pairs) and OF; (4 pairs).
BH; is however bent (2 and a half pairs ) and lies between BeCl; ( 2 pairs,
linear ) and CF2 ( 3 pairs, bent ). On the contrary, CHs is planar (3 and a

halfpairs), whereas BF3 (3 pairs) is planar and NF3 (4 pairs) is pyramidal.

The DV3® model differs from the VSEPR model for the physical factors
invoked to control the spatial arrangements of electron pairs. In the former
, the angular direction of the lowest energy hybrid orbitals of the central
atom is assumed to be responsible for the spatial distribution of the electron
pairs. Table 1.1 gives the angular disposition of various hybrids synthesized
by relevant combinations of s, p and d orbitals. The energies of the atomic
orbitals increase in this order and therefore the lowest energy hybrids will
contain the largest possible amount of s and p character and the smallest
amount of d. The geometries adopted by AX,, AX3, AXoE, AXy, AXGE
and AX3E, species are unambigously established by the DV rule, since the
bond angles are set by the hybrid orbital directions which are identical to
those of the VSEPR scheme. When the number of electron pairs n is equal

to or greater than 5, different kinds of hybrid orbitals are likely to be set
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up in the molecule and assumptions are required to choose between them.(
Usually these assumption are based on experimental data for hybrid orbital
energies). As in the case of the Walsh model, the VSEPR and DV approaches
fail to account for the shapes of most of AB5; molecules with 16 or less valence

electrons as well as of AB3 moleules with N < 24.
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Chapter 2

UNIFIED STRUCTURAL CLASSIFICATION OF
AB, MOLECULES AND SOLIDS

As is clear from the brief review given in the previous chapter,
semiempirical approaches to molecules and solids have so far been developed
on different footings. Burdett3® has extended ideas from molecular orbital
theory to structural problems of solids. The models developed are simple
and useful in understanding the basic features of several structural problems
such as, e.g., pressure and temperature induced structural transformations.
However, a general classification scheme for crystal structures paralleling that

for molecular shapes has not been extracted so far from these models.

We have instead found that successful classifications of the structural
properties of given classes of compounds in both the molecular and the solid
phase can be achieved through the use of Quantum Structural Diagrams
(QSD). Plots based on valence electron orbital radii (VEOR) have been
applied to s — p bonded AB; and ABj solids and to small aggregates of

13,14 In principle, in fact, provided the frozen core

the same composition
approximation is valid in both phases, VEOR should be good parameters in

both cases. We have also tested whether the same linear combinations of s

30



and p radii are adequate to describe the bond in both phases, i.e.,whether
VEOR based structural parameters are transferable.

In section 2.1 of this chapter we discuss some properties of the VEOR
and define the coordinates used in our diagrams. These will be reported in
section 2.3 (molecules and solids with 16 valence electrons) and 2.4 (molecules
and solids with less than 16 valence electrons). In section 2.2 we briefly

illustrate the experimental situation for triatomic molecules and clusters.

2.1 VEOR based structural coordinates

Quantum structural parameters for the classification of AB, and ABg
systems have been derived from either the pseudopotential radii r; of Zunger
and Cohen® (ZC) or from the nodal radii?#*° N, (1=0,1).

r; is defined to be the turning point of the screened I-dependent pseu-
dopotential V;, derived from atomic calculations performed in the local den-
sity (LD) approximation of Density functional theory?. The all electron (AE)

and pseudopotential single-particle equations for atoms are:

v?2 (ZC+Z.,)+I(1+1)

{——-——— — ; 272 + 'U:z:c[Pc + Pv] + 'Uee[pc + pv]}"/fnl (7‘) = Enl’l‘bnl (T)

(2.1)

and

VzZ

{__7 (z)( )+ (l+1)

+ T)ee{n] + 'U:z:c[n]}an(r) - Aannl(r) (22)
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respectively. v.. and v;. denote the density functional Couloumb and
exchange potentials. p. and p, are the core and valence charge densities,
while n = 3 . x7(r)x;(r) is the valence pseudo charge density. Z. and Z,
are the core and valence charges. The atomic pseudopotentials v( )( ) are
derived in the following way. First physically desirable pseudowavefunctions
Xni are constructed and then equation (2.2) is solved for that pseudopotential
v,(,a) which will reproduce these wavefunctions, together with the theoretically

correct orbital energies A,; = €n1. Xnr is written as linear combination of the

true AE core and valence orbitals of equation (2.1):

Z ¢, (2.3)

The coefficients C'( ). are chosen to satisfy the following conditions for
the pseudowavefunction : i) x,; must be nodeless for each of the lowest
angular symmetries‘ and normalized; and ii) such that the spatial range
out of the atomic core where it coincides with the true wavefunction (/0
is maximized, and its amplitude and lowest derivatives in the core region
are minimized. Conditions ii) are imposed to minimize the energy and
quantum state dependance of v,()i,), i.e., to construct a pseudopotential whose
dependance on the chemical environment be minimal and thus have desirable
transferability properties. As a consequence of the chemically motivated

(

constraints on the pseudowavefunction, vps) turns out to be a hard-core-type
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pseudopotential with a characteristic crossing point at r = r? (v;(,ls) (r) = 0),
for each angular momentum.
The pseudopotential radii r; are defined as the crossing points of the

0

ground state screened effective pseudopotential v,/ (r) :

v D) =0 (2.4)
where
{+1
o0,) =006 + LD )+ vl (2.5)

Two main reasons dictate the definition of the structural indices through
vg?f and not through v;(.f,) . The SCIeenéd and bare pseudopotentials can both

be expressed as the sum of two terms:

vg«)f(f’) =Ui(r) +9(Z, 0 + 1) (2.60)

vz(fs) (T) = Ul(r) + f(an Ly, Pc,hv, n) (2.6b)

Ui(r) is the only non-local (i.e., angular dependent) part of ‘the pseudopo-
tential; in a sense it replaces ‘phé core-valence orthogonality constraint of the
AE. approach. While f depends on n(r), which in turn depends on all or-
‘bitals that are assigned as valence States, g does not. Therefore the screened

pseudopotential, contrary to the bare orie, is invariant under a change in the
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assignement of the valence electrons. Furthermore, the definition of the or-
bital radii from v e(?f(r) permits a direct inclusion of electronic exchange and
correlation effects in the structural indices r;. Table 2.1 lists the ZC radii r,
and r, for the non transition elements of the periodic table.

The nodal radii N; are defined to be the outermost nodes of the AE
atomic valence orbitals of angular momentum I. They express the same
”physical effect” as the pseudopotential radii r; do : they measure the core
orthogonalization hole in a straightforward way. It has been shown24 that
the N; do not change as the atomic ionization and excitation state varies
and that they are independent, to a large extent, from the way of solving the
atomic single particle Schroedinger equation ( three different approximation
have been tested?%: local density, Hartree-Fock, Hartree-Fock-Slater ). The
Ni(I = 0,1) radii for non transition elements are reported in Table 2.2.

Both sets r; and NV; can be used to construct system invariant energy
scales®24, Figure 2.1 displays the multiplet- average experimental ionization
energies E; for some atoms, plotted against the reciprocal orbital radius
rl—l. For each group of elements two lines are shown: E, versus r;'! and E,
versus 7, 1. The theoretical T ! are seen to give an accurate measure of the
experimental orbital energies and hence can be employed as an elementary
orbital-dependent energy scale. The same results are recovered when the
nodal radii are used.

We are now going to define the Cartesian coordinates which will be used

in QSDs for molecules and solids. In the ZC pseudopotential approach, each
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Table 2.1 s and p Zunger-Cohen pseudopotential radii for 36 non transition
elements of the periodic table. (From ref. 9).

Atom s Tp
Li 0.985 0.625
Be 0.640 0.440
B 0.480 0.315
C 0.390 0.250
N 0.330 0.210
0] 0.285 0.180
F 0.250 0.155
Ne 0.220 0.140
Na 1.100 1.550

Mg 0.900 1.130
Al 0.770 0.905
Si 0.680 0.740
P 0.600 0.640
S 0.540 0.560
Cl 0.500 0.510
Ar 0.460 0.460
K 1.540 2.150
Ca 1.320 1.680
Cu 0.880 1.160
In 0.820 1.060
Ga 0.760 0.935
Ge 0.720 0.840
As 0.670 0.745
Se 0.615 0.670
Br 0.580 0.620
Kr 0.560 0.600
Rb 1.670 2.430
Sr 1.420 1.790
Ag 1.045 1.330
Cd 0.985 1.230
In 0.940 1.110
Sn 0.880 1.000
Sb 0.830 0.935
Te 0.790 0.880
I 0.755 0.830
Xe 0.750 0.810
Cs 1.710 2.600
Ba 1.515 1.887
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Table 2.2 s and p Nodal radii for 36 non transition elements of the periodic
table. (From ref. 24)

Atom Te Tp
Li 0.832 0.000
Be 0.590 0.000
B 0.458 0.000
C 0.375 0.000
N 0.318 0.000
0 0.276 0.000
F 0.244 0.000
Ne 0.218 0.000
Na 1.035 1.113

Mg 0.899 0.941
Al 0.797 0.822
Si 0.717 0.720
P 0.653 0.643
S 0.600 0.582
Cl 0.555 0.531
Ar 0.516 0.488
K 1.614 1.898
Ca 1.441 1.617
Cu 0.899 1.000
Zn 0.854 0.931
Ga 0.821 0.883
Ge 0.782 0.832
As 0.746 0.787
Se 0.714 0.746
Br 0.683 0.710
Kr 0.656 0.677
Rb 1.861 2.239
Sr 1.700 1.959
Ag 1.163 1.296
Cd 1.113 1.229
In 1.067 1.169
Sn 1.026 1.113
Sb 0.988 1.064
Te 0.953 1.019
I 0.920 0.979
Xe 0.890 0.941
Cs 2.252 1.057
Ba 2.076 2.373
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element E of the periodic table is characterized by two structural parameters:

Rf = Tg + rp (2'7)

Rf = |rs — rp|

From them, two sets of coordinates can be constructed : (i) the ”compounds

coordinates” , which for a binary compound AB are defined by®

Yzo = |Ry — RY| (2.8)

Xzc =R + RE

and (ii) the ”elemental coordinates” :

RA (2.9)

In the nodal radii scheme, the two structural parameters defined for each

element arell

37



_ (N? +wNP)

g = Lo 02 (210)
_ (wN7 - NpP)
N RS

of which yg can be used as "elemental coordinate”. yg is defined by requiring
the weighting factor w to be proportional to the atomic state degeneracy®.
This fixes w = 3. The orthogonality constraint then imposed on the couple
of parameters (yg,zg) specifies the linear combination expressing zz. The

compound coordinates which will be used for AB; and AB3 compounds are

Y=yp—ya (2.11)

X =oazx4+zp

The choice of the constant «(lor2) will be commented further on, while
discussing the sorting of QSD for these systems.

In Figure 2.2 we compare the elemental coordinates of the nodal and
pseudopotential radii scheme for 36 non transition elements. A good
correlation exists between the two sets of values, but the first row atoms
have a type of functional relation different from that of the others. This
naturally comes from the fact that for first row atoms N, = 0, in contrast
to rp. Some discrepancies betwee the ZC and nodal radii approaches can be

expected, in the classification of compounds of these elements.
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energies /] and the reciprocl pseudopotential radius rl_ 1 (see Table 2.1) for some elements

of the periodic table. (From ref. 9)

Phillips*! has proposed an interpretation of the structural parameters
derived from VEOR, in which RZ (or y®) corresponds to s — po hybrids
on atom E, while RF (or z¥) corresponds to p? — sp hybrids, i.e., measures
the residual strenght of m bonding after subtraction of the more stable ¢
interactions. A physical interpretation of the coordinates Yz¢c and Xzc

(and correspondingly of ¥ and X ) can be given in term of bond charges*2.
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Fig.2.2 Comparison of elemental coordinates in the pseudopotential (Rf / 2) and nodal
(yg) radii schemes.

The fact that the sets (Yzc,Xzc) and (Y, X) were found to be powerful
structural coordinates for AB compounds has suggested that the bond charge
may be decomposed into o and m components. Then the sign in equations
(2.8) and (2.11) suggests that the m charge is shared (+ sign), while the o
bond charges are transferred. This leads to think of Yzc and Y as a measure,
in a loose sense, of the bond ionicity and to XE}J and X! as the expression

of covalent effects in the bond.
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2.2 AB; compounds

While crystal structures are known for many solids and very accurately
for most of them*344, the experimental situation for molecules and clusters
is not so well established. AB2 molecules have been investigated with several
techniques and in many cases it is clear whether a given species is linear or
bent. The electric deflection of mass-spectrometrically detected molecular
beams can be used to study the molecular geometry of high temperature
species, by determining whether they possess a permanent dipole moment
or not?®. This technique can therefore clearly distinguish between bent
species, carrying a permanent dipole moment, and linear ones, which are non
polar. Infrared (IR) and Raman (R) spectroscopy are widely used methods to
investigate molecular structures*®. The pattern resulting from either infrared
absorption or non-polarized Raman scattering distinguishes between linear
symmetric AB; molecules (two IR and one R lines) and linear asymmetric
or bent ones (three IR and three R lines). Further analysis of these data
(e.g. through the comparison of different spectra obtained from the same
compound with different isotopes as central atoms) and consistency with
other experiments help to identify the bent geometry. Polarized Raman
scattering, if available, would actually define a clear cut between linear (one
line, independent of symmetry) and bent (two lines) species. Most of the IR
and R experiments refer to molecules embebbed in matrices. This is always

the case for electron spin resonance (ESR) experiments which also constitute
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a rather accurate structural probe’. In general, electron diffraction on
vapors gives only rough estimates for both bbnd lengths and bond angles
in molecules. The values of the apex angle of bent molecules have been
estimated rather rarely, mostly through the analysis of infrared spectra. This
analysis is usually based on a normal coordinate treatement of the measured
vibrational frequencies and can yield the bond angle within an accuracy not

higher than +5 degrees.

As we have already mentioned, we have classified AB; molecular
shapes and crystal structures according to the same VEOR based structural
coordinates. Both the compound and the elemental coordinate schemes
presented in the previous section have been used. The first result of our
QSDs is that the number N of total valence electrons in the compound is
a relevant parameter, in the sense that compounds with N < 16 cannot
be placed on the same map as those with N = 16, although one can
use the same structural parameters. This is true in both the nodal and
pseudopotential radii approaches and for different choices of the structural
Cartesian coordinates.Therefore, in the following, we shall treat these two
classes of compounds separately. The importance of N in molecular structure
classification is in agreement with the Walsh criterion?®. Its relevance also
for solids is not surprising, especially in view of the remarkable success of
the structural classifications by Villars!®, based on three dimensional plots
in which N represents one ( and a crucial ) coordinate. We have found that

at least in the case of molecules, it is sufficient to divide N = 16 from N < 16
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(and indeed necessary, since further subdivision of the systems with N < 16
in different structural plots for different values of N would drastically reduce
the statistical meaning of each plot). We have not considered trimers with
N > 16, since, in full agreement with the Walsh criterion, all of them are
bent apart from the dihalides of rare gases*®. In classifying AB, molecules,
we have labeled as ’supposed’ all the geometries which were only guessed
from incomplete experimental data. Amongst theoretical approaches, we
have considered as reliable only advanced configuration-interaction (CI)
calculations. Only rare calculations exist in the LDA which, however, confirm
pre-existing CI determinations. The results of Hartree-Fock calculations are
not regarded as definitive but rather as proposals for a given structure ( and

therefore marked with empty symbols in our QSDs).

2.3 Molecules and Solids with 16 valence electrons

ABj molecules with 16 valence electrons have been classified within the
same schemes proposed by Andreoni'! and Burdett et.al.l? for double octet
(DO) solids. Before examining the sorting out of our plots for the molecular
phase, we describe in some detail the results which have been obtained for

crystal structures.

2.3.1 AB, solids with N =16

43,44,49

DO AB, solids of non-transition elements contain oxides and

other chalcogenides of tetravalent ions (e.g. Si) and halides of divalent ions
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(e.g. Ca). Moreover, for A=Pb or Sn, there exist materials with A acting
either as divalent (B = F,Cl,Br,]) or as tetravalent (B = O,S,Se). Ditellurides,
as well as CSz, CSe; and PbSe; are not stable. DOs adopt a variety of
structures which can be systematized according to different criteria, i.e. the
coordination number (CN, fron 2 to 9), the type of atomic grouping which can
be either packed (3 d) or layered (2 d) or formed by weakly bound molecular
units (CO2). Moreover, a number of them, e.g. SiO,, form good glasses. A

good structural map must show all these distinctive features.

In Figure 2.3 we reproduce the structural plot obtained by Andreoni'!
for solids with 16 valence electrons, with compound coordinates based on
nodal radii. The coordinate X is defined by taking & = 1 in equation (2.11).
We notice that the quality of the structural separation we are going to discuss
would be unchanged if X(a = 1) be replaced by X(a = 2).

Fist of all, a net distinction between ”3d” and ”2d” structures can be
recognized in Fig. 2.3. The border is marked by Zn (Clz,Brz) which in
fact are found in both layer and non-layer configurations. Amongst the
four different phases of ZnCls, three adopt three dimensional structures with
CN=4 and one has the ”2d” tetragonal (red) Hgls-structure, with CN=6.
ZnBrs crystallizes in three forms, i.e. one with a ”3d” tetragonal structure
with CN=4 (tetrag. ZnBr;) and two with true layer structures, both with
CN=6. Znl;, which is also close to the border ”2d” /”3d”, adopts essentially
layer structures but is also found in the tetragonal ZnBr; configuration.

It is significant that Zn-dihalides (B = CL,Br,I) are located at the border
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between CN=4 and CN=6. Within the ”2d” domain, the CdCl,; and Cdl,
configurations differ in the close- packing of the anions, which is cubic
in the former and hexagonal in the latter. The difference is subtle and
a few compounds crystallize in both structures depending on the growth
mechanism. A net separation is not found in Figure 2.3.

Especially interesting information comes from the location of glass-
forming materials, e.g. GeSy, GeSey, SiOj, SiS2, BeFs and ZnCl,, which
lie between the molecular regime (represented only by CO; in the plot) and
the layered materials. This is consistent with Phillips’ view of glasses®?, as
formed by covalent clusters which interact via strong van-der-Waals forces.

The coordination number increases with increasing |Y| and/or increasing
X. This is consistent with the interpretation of ¥ as bond ionicity and of %
as directionality of the bond. Separation between structures with different
CN’s is very well represented in Fig.2.3 ; the unique arrangements adopted by
SrBrz and Srly, and the PbCls-configuration, for which only average CN’s
can be defined, also emerge quite clearly in the plot. The more complex
CN=6 domain is well separated into structures with sheets (2d) and close-
packing (3d) of the anions.

The only compounds which are somewhat misplaced in Fig .2.3 are
mercury dihalides, with the exception of the difluoride found at the correct
position. In fact, HgCl; has a unique structure which is layered (as the
map indicates) but it is classified with CN=2, while found in the CN=6

domain. HgBro possesses an unusual structure which is orthorombic and
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layer-like, but the first coordination can be considered as a strongly distorted
octahedron. Thus its occurence in the 6-fold and layer domain of the plot
is still meaningful. Hgl, adopts the HgBrs structure at high temperatures,
but is otherwise found in a special layered configuration (red-Hgly) with
CN=4. The reason for the misplacement of mercury compounds is not
obvious. However, one can reasonably expect that the basic approximation
involved in the use of nodal (as well as pseudopotential) radii (i.e. the frozen
core approximation) loses validity for heavy and highly polarizable ions like
Hg. Also the assumption that only s and p states partecipate in the bond
is probably not well founded. It is not possible to classify in the same plot
(Fig. 2.3) both the (oxides, chalcogenides) and the dihalides of multivalent
cations like Pb and Sn. The reason for this is in the type of bonding of these
materials. In the halides, Pb and Sn (Sn(F;,Cl;)) behave as divalent ions
and the s-states are not involved directly in the bond, while in oxides and
chalcogenides they behave as tetravalent ions. In a steric picture with ionic

radii, one would consider different cation radii for the two states of ionization

and for different CN25,38,51

It has been shown in ref.(11) that also structural transformations of
DO AB; compounds driven under pressure or by heating can be analyzed
according to Fig. 2.3, in remarkable consistency with experiment. This is a

stringent criterion for the validity of the (Y, X) structural plot.

The ZC compound coordinates Yz and Xz, which have been used

with great success for AB compounds, do not seem to work for AB5 crystals.
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Burdett ef. al.!? have shown that an elemental coordinate scheme in which
X = R;(A) and Y = R,(B) can instead be used to achieve a good structural
separation of DO AB, structures. The difficulties found in the nodal radii
scheme previously discussed are also present in Burdett et.al.’s scheme, i.e.
Hg-dihalides are misplaced and Pb/Sn dihalides cannot be included in their
plot. We notice that nodal radii based elemental coordinates produce a
sorting very much similar to that obtained using the corresponding ZC

structural parameters.

2.3.2 AB,; molecules with N = 16

In searching for parallelism between solids and molecules, we have
applied the compound and elemental coordinate schemes to s—p bonded AB,

13 These are the dihalides of elements

molecules with 16 valence electrons
belonging to the groups ITA and IIB, the oxides of group IV, the diselenide

and sulfide of carbon, the diselenide of tin and the dinitrogen-oxide and

sulfide.

In a QSD with compound coordinates, the linear and bent geometries®?
can be distinguished perfectly and in a very simple way, in either the
pseudopotential or the nodal radii based schemes. The simple coordinate
Yzc sufficies to discriminate between bent and linear molecules, since all
molecules with Yz¢ < 2.1 are linear, with the only exception of Bal; which
is bent but has Yz¢ = 1.82. The (Y, X) plot leads again to a simple result

: all DO AB, molecules with ¥ < Y, = —1.25 are found to be bent, the
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value of X being immaterial. The individual yg, in analogy with RZ,
gives a measure of the average core size and increasingly negative values
of Y and Yz¢ correspond to increasing ionicity. This can e.g. be seen
from the ordering of the various halides of each metal in Fig. 2.3. Bent
species correspond to an ionic type of bond (all the fluorides of alkaline earth
elements) and to highly polarizable cations (all the halogenides of Ba). These
properties seem to be somewhat ”condensed” in either Yz¢ or ¥ and in the
solid phase, as previously mentioned, give rise to the compounds with the
highest CN (8 or 9). In particular, these are the fluorites which attain a
fast-ion conducting state at high temperature, or crystal with the PbCl,
structure, which transform to the fluorite modification at high temperature.
Although the Y coordinate alone can distinguish between bent and linear
molecules, it is significant that the most covalent species such as CO, have

large values of —)15, while the most ionic ones have small values of i—

The structural parameter ¥ has been found to be related to the
measured bond angles f.4 of bent species in a simple way : the square of

2

the angular deviation from planarity, (§ — w)? varies linearly with Y. A plot

of (Abeq)? = (6 — 7)2 versus Y is shown in Fig.2.4.

Although the values reported in the literature®® for 6 are derived from
approximate tratements of the measured vibrational frequencies and are
known at best within 10 degrees, this result has suggested a double-well

form for the binding energy curve of these compounds of the type :
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E=E;+a(Y —Y.)(0 — )% +b(0 — m)*, (2.12)

whose equilibrium solutions are :

The form for the binding energy proposed in equation (2.12) will be
accurately investigated in the next chapter, where the structural transition

from linear to bent in the class of DO AB2 molecules will be studied in a
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fully theoretical framework. We note here already that eq. (2.12) should not
be taken to apply in the immediate neighborhood of Y.

A successful classification of DO AB; molecules can also be achieved
using elemental coordinate schemes. If the coordinates initially proposed
by Burdett!? et.al. for solids, (R4, Ro®), are used, a dividing line Ro4 =
0.41Ro® +2.74 is found, which completely separates bent molecules (above)
from linear molecules (below). Actually, it is interesting to note that a similar
plot based on Pauling’s ionic radii®® for the two elements A and B works
almost as well and fails only for mercury dihalides.

We notice that only seven DO molecules out of 42 are bent. All but one
of the phenomenological criteria discussed in chapter 1 fail in predicting a
right shape for the seven bent alkaline-earth dihalides species. The second
order JT effect method is the only one which roughly accounts for their
geometries if the electronegativity of the ligands A-B is explicitly taken into

account in its application.

2.4 Molecules and Solids with less than 16 valence electrons
2.4.1 AB> molecules and Az clusters with N < 16

First of all, we notice that most known molecules with N < 16 are
bent®3:54 in full disagreement with the Walsh rule which predicts them all to
be linear. Sub-DO species present a broad spectrum of apex angles and their

classification requires a full bidimensional plot. The available information
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is not sufficient to construct statistically meaningful separate plots for the

various values of N.

Fig. 2.5 and 2.6 show the structural maps for these compounds obtained
with nodal radii-based coordinates. Both diasgrams nicely discriminate
between linear and bent molecules, the only exceptions being empty symbols
( labelling compounds whose structure is not known but only guessed by
incomplete experimental data or Hartree-Fock calculations). The elemental
and the compound coordinate scheme are essentially equivalent for the
heteronuclear species, while clusters are better included when described with
yg. Here, X is defined to be (2z4 + zp). This coordinate is much superior
to X = z4 + zp, which would not discriminate between, say, LiO5 and Li,O
which have different structures. This indicates the relative importance of
the central atom, in agreement with several phenomenological approaches to
molecular geometry presented in chapter 1 (see,e.g the VSEPR and the DV

rules).

Although rather little is known about the values of the bond angle in
these bent AB2 molecules, a clear trend emerges in both plot for the apex
angle of ‘bent species to increase from the bottom right to the top left. This
would correspond, in an ionic picture, to a shift from AT (Bz2)™ (small angles)
to (B“")zAZ" (large angles). However, our structural parameters cannot be
expected to account for Jahn-Teller effects in the Az clusters, since the three
atoms are necessarily treated as equivalent. Therefore, the cluster-line in

the bent region must be viewed as representing a bond angle of 60 degrees.
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- Fig. 2.5 Elemental coordinate plot for AB; molecules and Az clusters with N < 16.
The structural information used for these compounds are from references 53 and 54.

TN

According to estimates from experimental data,53, the dioxides of Li, Mg,
~ Ca, Ba and Ga (below the cluster line) have bond angles between 30 and
50 degrees, while the suboxides of K, Rb, In, T1 (above the cluster line) all

‘have apex angles larger than 140 degrees. As apparent from Figures 2.5 and
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2.6, Y no longer correlates with an ionicity scale and X is crucial. Again, as

found for DO ABs molecules, the most covalent species lie at small values of

X.

The ZC elemental coordinates are essentially equivalent to the nodal-
radii ones, insofar as the final molecular classification is concerned. Also,
copper dihalides are misplaced in both cases, which could be a manifestation

of d character in the bonding.

We have also examined the usefulness of the chemical scale X proposed
by Pettifor?® (see chapter 1). For the DO molecules, we again find a critical
line x4 = 0.52x g —0.83 which nicely discriminates between bent (below) and
linear (above) species. When applied to the molecules with N < 16, however,
Pettifor’s scheme fails for Li;O, Li»C and Al,O and again for Cu-dihalides.
The difficulty we find with Pettifor’s coordinates for the first row elements is
also apparent in his structural plot for the DO AB; solids where Cd,, HgF,
and Be-dihalides are misplaced. We notice that if we modify the ordering
of the first-row elements in Pettifor’s chemical scale in such a way to have
a good agreement for the ABs compounds, the octet AB compounds are no

longer correctly classified in the structural map of AB solids.
2.4.2 AB, solids with N < 16.

In the case of solid AB, compound with N < 16, we have considered
both di-and mono-oxides as well as chalcogenides of di- and mono-valent

cations, which also are known in the molecular phase, plus other compounds
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Fig. 2.7 Elemental coordinates plot for some ABg solids with N < 16.

with the same number of valence electrons.

intermetallic compounds like AlB; or alloys, and have

We have not included

excluded non-

stoichiometric materials. We are left with a few compounds which, however,

can be nicely compared to the molecules in Fig. 2.5 and 2.6.

Fig. 2.7 and 2.8 are constructed with the ZC elemental coordinates and with

the compound coordinates of Fig. 2.3, respectively.
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The ZC compound coordinates are found to be not adequate, as in the
case of DO solids. The elemental coordinates QA and yp ,instead, give a plot
similar to Fig. 2.7, where the only relavent difference is in Li di-chalcogenides
which are not as well separated as in the ZC scheme. The same comments
can be made about both figures 2.7 and 2.8, again with the exception of
Li-dichalcogenides, whose misplaced positions are much more evident in the
latter figure than in the former one.

Both structural maps separate rather successfully compounds with dif-
ferent coordination numbers (CN) and according to their atomic arrange-
ment, either packed (3d) or layered (2d). We notice that we have indicated
explicitly the coordination number of the A atom, irrespective of its cation-
or anion-nature. Compounds, such as, e.g., Rb;0 and RbO, however, lies in

two different domains of the maps, just as in the molecular plots.

Only a few species crystallize in layer structures. Of these, the position
of the tetrahedrally coordinated GeAs, structure is significant in view of
the fact that GeAss is known to transform to the pyrite structure under
pressure®®. The nitrides appear in the 3d domain incorrectly: however,
the chemical composition of these materials reported in the literature as
subnitrides is questionable (see ref. 55 pag. 277). We have not included
the two compounds with the cuprite structure??, i.e. CuyO and Ag,O,
since the former is indeed classified as a high-pressure structure and the

latter is stable above room temperature. It is however interesting to notice

that they would be correctly classified according the A atom coordination

57



[lcacCs V Au Te,
Css0 X Fess @ o-cdI,
/ 02(6) H Fe Aso & a-CdCl,
/ ¥V ThC2,Ba Sy, 4 GeAsp
/ ?@BagNl A& SrSp ¥* Hg O2
oL /PRb0 + Na S,
SraN Da-CaFp
o) RbsS
® RbaSe
®

/ KzS
(6) A,
1 — /e NGZO (8)
// ®
/ Naz$ -
/ @ -

/ -
. -~
SSinsy _mMgTes

el
S QOF =7 a aGe Te
ST i
~ .
(G) MQSZ/ E Uzse -~
Zn0,  NaSz CdSo -7
B m Mgo2 //'@ Li 2TG

-~

-1 NaO2 g///
Cd0x 8 ¢ Srs
~"Hgo 82
-7 HE0z2 (a0, CaCa (8)
(2) Gl Bas, BoSe;
v
K02l o @src, (>9)
..2 - SrOz Rb02
=
BaO,@ [JBaC2
1
X'(au)

Fig. 2.8 Compound coordinates plot for some AB3g solids with IV < 16.

number. Moreover AgsO, that in either case is very close to AgeF (a-Cdl;
structure), has also an a-CdI, modification at high temperature and high

pressure?%. We also notice that the di-chalcogenides of both Zn and Cd are
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obtained under special conditions, i.e., high pressure (60-65 Kbar) and also
high temperature. This is also the case for CuTe;.| We remark that MgS,
and MgSe, are not classified by Villars and Calvert4*; we have classified
them according to Hulliger®5.]

Finally, we see that HgOs which assumes a very special structure with
very low coordination, is misplaced in Fig. 2.7, although correctly located in
the 3d domain. This fact is analogous to the misplacement of the Hg-dihalides
in Fig. 2.3. CuCl; and CuBr; also crystallize in unique structures which are
foui‘-fold oordinated and layered. These are misplaced in all our plots, in
analogy with their incorrect position in the molecular maps. No compound
which is linear in the molecular phase is known in the solid phase, apart from
Li20. At variance with what could be expected from the molecular bonds,

Li2O assumes the same crystal structure (antifluorite) as NayO, K20 and

Rb;O.
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Chapter 3

STRUCTURAL TRANSITION OF AB, MOLECULES
FROM AB-INITIO AND IONIC MODEL CALCULATIONS

The results of our structural classification of double octet (DO) AB,
molecules according to the single ¥ coordinate have shown that there exist a
”critical” value Y., such that AB, compounds with an associated ¥ smaller
than Y. are linear, while those with ¥ greater than Y, have a ground state
bent geometry. Moreover, our results have suggested the following relation-
ship between the equilibrium bond angle feq of bent species and their so

called bond ionicity:

Oeg = V] < |Ye] (3.1a)

Oeg = 7 — const.(Y —Y,) Y] < || (3.1b)

Equations (3.1a) and (3.1b) suggest, in turn, a double well form for the bind-

ing energy curve of DO AB; compounds of the type:

E(0,Y)=E(x,Y)+ AY)(0 — 7)® + B(Y)(0 — n)* (3.2)
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Indeed, if A is assumed an analytic function of ¥ and then expressed by the
linear form A(Y') = a(Y —Y¢), a being a positive constant, and B is supposed
independent of Y, the‘two equilibrium solutions of equation (3.2) are given
by (3.1a) and (3.1b), with const. = (&)3. The above considerations are not

expected to apply for ¥ in the immediate neighborhood of Y.

In order to investigate the transition from linear to bent in a theoretical
framework and to what extent equation (3.2) is a good approximation for
the binding energy E(6,Y), we have performed all-electron (AE) frozen
core Hartree-Fock (HF) calculations on model DO AB, molecules and have
determined their equilibrium structure for several core sizes'®. Theoretically,
model atoms A and B with any desired value for their valence electron
orbital radii (VEOR) can be constructed. This is accomplished by expressing
their single particle atomic orbitals as linear combinations of suitably chosen
expansion functions, e.g., gaussian primitive functions. In principle, it is
therefore possible to vary the yr parameter associated with A and B and
hence the ¥ coordinate of the model AB; in a continuum way. This in
turn allows an accurate analysis of the behaviour of the bond ionicity ¥ as
a function of the optimized equilibrium apex angle ., and 6f the binding
energy E as both Y and 0., vary. Furthermore it is possible to characterize

the transition region where the structural transition occurs.

Our calculations allow us also to investigate the role of the single particle

orbitals of the central atom A in determining the molecular geometry and
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how the nodal radii of the atomic constituents are related to their single

particle energy levels.

Moreover, the comparison between the prediction about molecular
geometry that one would obtain by looking at the sum of eigenvalues with
the ”correct” ones derived from total energy calculations for all of the AB,

examined, permit a critical discussion of Walsh’s rules for molecular shapes?8.
y P

In section 3.1 of this chapter we briefly describe the method used to
construct model AB, molecules and discuss the correlation found between
single particle atomic orbitals and molecular geometry. Our results for Y (6)
and E(0,Y) are presented in section 3.2,while section (3.3) is devoted to the

discussion of the Walsh rules.

We finally report in section 3.4 the predictions about the molecular
geometries of DO alkaline-earth molecules, obtained by an entirely different
approach, based on a phenomenological description of these compounds
within an ionic model adjusted to cohesive properties of their crystalline

stated9.

3.1 An ab-initio analysis of relevant parameters for molecular

shapes

Model s — p bonded DO AB; molecules are constructed from atomic
constituent with fixed nuclear charge, number of electrons and electronic

configuration but having different core sizes. A and B are chosen to be
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respectively a model magnesium atom and a model fluorine atom. Their
single particle atomic wavefunctions v; are expressed as linear combinations

with coefficient c{ of gaussian primitives of exponents a; :
J exp(—ayr ) ~
E i 3.1
N ( a%) f J ( ) ( )

Mj is the number of gaussians chosen to describe the atomic orbital ¥;, whose
angular character is specified by the function f;. N; is the normalization
factor for the ¢th gaussian. The outermost nodes of the valence wavefunctions
are determined and hence the atomic core size fixed, once the basis set
exponents «; are specified. The latter can be suitably chosen in order to
reproduce desired values of the structural atomic indices N; and therefore to
define desired atomic dimensions. The same basis sets chosen to describe the
atomic orbitals of A and B are used in the frozen core calculations performed
to optimize the AB2 molecular geometry. These are all-electron (AE) frozen
core total energy calculatioﬁs carried out in the HF approximation for
the total wavefunction. The latter is expressed as linear combination of
molecular orbitals, which in turn are symmetry adapted combinations of
atomic wavefunctions. In all our calculations, the core size of B is kept fixed,
while varying that of A.

A basis set for the real fluorine has been initially chosen for the
£57.

B constituen Starting from a basis set appropriate to describe the

58

magnesium atom®°®, we have changed the a; exponents to have desired values
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of the y4 coordinate which are increasingly larger than Ymg. The core of
the central atom has been enlarged with certvain physical constraints on its
single particle orbitals. The most important from the present viewpoint is
that their variation in energy resembles the corresponding variation which
accompanies the increase in size when going from Mg to Ba, through the
group II elements. The increase in the y coordinate from Mg to Ba is
accompanied by an increase in energy of the outermost p core level, due
to the increased number of electrons. We have found that this is a necessary
and sufficient condition to be imposed on the A energy spectrum, in order to
obtain a linear-to-bent transition for an AB; species, as y4 is increased from
Ymg- The position of the 2s core level of A is seen to be irrelevant for the
bending of the molecule. We have therefore established that, provided the
atomic constituent A gives rise together with B to an ionic compound AB,,
l.e., provided the 3s valence level €3, of A is high enough to permit a charge
transfer A — B, it is the position of the €2p core level which determines the

molecular equilibrium structure as linear or bent.

Our molecular calculations to investigate the functional relationships
Y (6) and E(8,Y) have been carried out with minimal basis sets for both the
A and B atoms. The set chosen for B contains four s and two p primitive
gaussians to model its four electrons in s states and five electrons in the
2p state respectively. A further extended p function is included to allow
the description of the B~ anion. The basis set of A, for each choice of

the Gaussian width parameters, is built up with four s and two p primitive
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gaussians chosen in such a way that the requirement upon the outermost P
core level discussed above is satisfied. After recognizing the €2p position as
the crucial one in determining the molecular shape, the s gaussian exponents
were kept fixed, while those of the p gaussians were varied in going from
one basis set to another. The ensemble of basis sets constructed defines
the ensemble of AB,; molecules which have been examined to investigate the

correlation between Y and @ and the form of the binding energy.

We notice that the nodal radii N,(A) turns out to be related to the
core eigenvalue €,(A) by a simple relation. As shown in Fig. 3.1a, N, varies
linearly with ]ezp[:z_l. The same behaviour of N; with the highest core level
€np is recovered in going from Mg to Ba, through the group II elements
(n = 2,3,4,5 for Mg, Ca, Sr and Ba respectively). This is displayed in Fig.

3.1b, which reports results of a numerical local density treatement.

3.2 Linear-to-bent transition in model DO AB, molecules

Table 3.1 reports the computed equilibrium bond angles of the model

ABj molecules and the corresponding Y coordinates associated to them.

‘The behaviour of (A8)? = (6., — 7)? as a function of ¥ is displayed
in Fig. 3.2. First of all we notice that, in substantial agreement with the
results of our quantum structural diagrams for DO trimers, we have again
found a critical value Y, = —1.40 a.u. of the Y coordinate associated to

a DO AB2 molecule such that species with |Y| < |Y;| have a linear shape,
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Fig. 3.1 Correlation between the p-nodal radii 7, and the highest single particle core
level, respectively €2p for group II model atoms (a), and €,p (n=2,3,4,5 for Mg, Ca, Sr
and Ba) for group II actual atoms (b).

while those with |Y| > |Y;| have a bent geometry in their ground state.

(A6)? turns out to vary linearly with ¥ for |Y| > 1.44 a.u., while in the

small region 1.40 < |Y'| < 1.44, which we will call the transition region, its
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Fig. 8.2 Correlation between computed apex angles # and the Y coordinate for model

double-octet AB9 molecules.

functional dependance on bond ionicity is more complicated. This behaviour
suggests that the form (3.2) proposed for the binding energy of DO AB,
molecules should have three possible minima : amongst them, two are indeed
those given by equations (3.1a) and (3.1b), verified respectively in the regioné

|Y| < 1.40 a.u. and |Y| > 1.44 a.u..

In order to investigate whether equation (3.2) is a good approximation to

the binding energy of an ABj; species outside the transition region, we have
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Table 8.1 Calculated equilibrium apex angles and corresponding Y coordinates for

double-octet AB2 molecules. For Y < —1.39, we always find § = 180 deg.

Y (a.u) Ocq (deg.)
-1.390 180.00
-1.418 153.00
-1.441 127.25
-1.490 114.25
-1.582 100.00
-1.687 89.60

compared the results for E(f) at fixed Y, obtained from equation (3.2) with
those of optimized total energy calculations. To this end, we first determine
the parameters A and B in eq. (3.2) from our present results, in the following
manner.

The general equilibrium solutions of (3.2), as determined from the

condition for %% to be zero at § = 0.4, are:

(A8) =0 (3.4a)

(A6)? = — (3.4b)

If (3.4b) is solved for A(Y) and the result substituted in (3.2), we get:

AEp,L _
(ag)t

-B (3.5)
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Fig. 3.3 Difference AF B,L between the binding energies of a model double-octet AB9

molecule (Y = 1.49 a.u.) in the bent and in the linear structures as a function of the bond
angle §. AF B,L is an interpolation of results from optimized total energy calculations.

where we have defined AEp 1 = E(.q,Y)—E(7,Y) as the difference betwen
the binding energies of the molecule in the bent (B) and in the linear (L)
structure. On the other hand, if (3.4b) is solved for B(Y) and the result

inserted in (3.2), we have:

AEpr A
(a6)2 2

(3.6)

Having fixed ¥ = 1.49, we have therefore computed AEp L and the
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corresponding Af., by optimizing both the bent and the linear geometries
( the latter geometry corresponding to a local minimum). The B and A
coefficients are then obtained from equations (3.5) and (3.6) respectively.
When inserted into (3.2), the latter gives the behaviour of AEp [ as a
function of §. Fig. 3.3 displays the difference AEp r(6) as obtained from an
interpolation of optimized total energy calculation results for several bond
angles. On the scale reported in the picture, it coincides with AEp ()
as derived above from equation (3.2). The latter turns out to be shifted
downward relative to the ”true” one by at most 0.003 eV. It is then a
good approximation to the molecular binding energy, expecially near the
equilibrium apex angle § = 114.25, where the shift between the two curves
is almost constant and as small as 0.0002 eV over an interval of about 20

degrees.

Equations (3.5) and (3.6) can be used to compute the values of the B and
A coefficients as a functions of Y, once the AEp (Y') and the corresponding
Afeq are known. This has been done for the values of the Y parameter
reported in Table 3.1. The results are shown in Fig. 3.4a and 3.4b. B turns
out to increase rapidly for 1.39 < |Y| < 1.49, from 0.06 to of 0.23eV(rad)*
. Then its variation with ¥ becomes weak and approximately linear. The A
coefficient is found to have a linear form in the bent region, when |Y| > 1.49.
As already stated, it is however the behabiour of the ratio A/2B which
specifies the variation of (Af.q)? as a function of Y. This is indeed linear in

(Y —Y) for |Y| > 1.44 a.u.(see Fig. 3.2)
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functions of the Y coordinate.

3.3 Connection with the Walsh rules for molecular shapes

We are now going to discuss the Walsh rules for AB2 molecular shapes?®
according to the results for the total energy E and the sum of eigenvalues
Y, € as functions of # obtained for our model triatomic molecules. We first

notice that the difference of eigenvalue sums A(};€)B, = D, €i(0eq) —
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>.;€i(m) correctly predicts whether a compound is linear or bent in all
of the cases that we have studied. Indeed, AEp  and A3, €)B,L are
found to have the same sign for each of the Y values reported in Table 3.1
and for several values of |Y| < 1.39. The functional relationship between
A(Y; &) B, and 8 is however different from that correlating AE B,L With 6,
and in the case of bent species the equilibrium bond angle which minimizes
E(0) is generally not an estremum point for ) .¢;. In the formulation of
the Walsh rules for molecular shapes, both the relative position of s and p
eigenvalues and each single particle orbital behaviour as functions of § are
assumed to be the same for any molecule of a given chemical formula and
hence for each AB2. This is not found to be the case in our results. The
variation in size of the central atom leads to different energy level dispersions
for the AB2 molecules. As an example, Fig. 3.5 shows the single particle
energies as functions of @ for a linear AB; (Fig 3.5a), whose associated ¥
coordinate is 0.93 and for a bent species, for which ¥ = 1.49 (Fig.3.5b).
Therefore our calculations suggest that the weak point in Walsh’s arguments
lies in the form assumed for the dispersion of the single electron energy levels,

at least in the case of AB2 species.

As we have mentioned in chapter 1 (section 1.2}, some critical analyses
of the Walsh rules, based on ab initio treatements of the electronic structure
in molecular systems have been proposed in the literature®®22. In particu-
lar, Ruedemberg®? has derived a relationship between the total energy E in

Hartree-Fock Self-Consistent-Field (HF SCF) theory and the orbital energies
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Fig. 3.5 Behaviour of the single particle energy levels as functions of the molecular bond
angle @ for a linear (Y = 0.93 a.u.) and a bent (Y = 1.49 a.u.) double-octet model

molecule.

¢; of a molecular system, i.e. E = k) . n;e;, where k ~ 1.55 This equation
holds only at the equilibrium geometry of a molecule and hence does not
guarantee, evidently, that changes in orbital energies ¢; should dominate the
variations in the total energy, as the shape of the system is distorted or mod-
ified.

March®? has instead established a correlation between E and ) ;¢; of a
molecule, within the local density approximation (LD) of the density func-

tional (DF) theory. The relationship between these two quantities, which he
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has derived, is the following:

3 3 3 _ 0T, 5
E = -Z—Ze,-——z—N,u-i-E(/drp % —~§Ts)+AT (3.7)

3

Here u is the chemical potential of the molecule, T} is the free-particle kinetic
energy associated with the system of charge density p. AT is its correlation
kinetic energy defined as AT = T — T,, T being the kinetic energy of the

real system. AT can be expressed as follows:

AT = — [ dFplde; — 3v.] (3.8)

where v, = zdf;(pec) and [ dfpe. is the correlation energy functional of the
system. In the Thomas-Fermi approximation, eq. (3.7) reduces simply
to E = %Zz €;, in substantial agreement with the result obtained by
Ruedemberg within the HF-SCF theory. In general, however, the chemical
potential and kinetic energy contributions at the right hand side of eq.
(3.7) are relevant and cannot be neglected. Thus a simple proportionality
relationship between E and }_;¢; does not hold, even at the equilibrium
geometrical configuration of the molecule.

We finally mention that a relationship between total energy differences
and eigenvalue sums has been investigated also in the case of solids. Within
the DF-LD approach, Weinert et.al. have derived a variational expression

for the total energy difference between two crystal structures in terms of
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the difference in the sum of the one-electron energies and of additional
exchange-correlation and Coulomb contributions. They have then discussed
the conditions and approximations under which these additional terms can
be made to vanish. In particular, they have shown that for compounds which
exhibit a relevant charge transfer, the total energy cannot be approximated

with the eigenvalue sum.

3.4 Jonic model results

QOur ab initio calculations on model AB,; molecules have elucidated
the role of the central atom core size and of its single particle energy
levels in determining the molecular structure. Further insight on the
correlation between physical properties of the atomic constituents and
molecular structure of AB; molecules, with A belonging to group II and B
to group VII, can be gained by an investigation of these compounds within

an ionic model.

Early experimental and theoretical works®® have suggested that the clas-
sical ionic model should indeed provide a reasonable first order description of
alkaline earth dihalide molecules, exeption made for Beryllium compounds,
whose chemical bond is expected to show significant covalent features. We
have calculated the equilibrium structures of the species MgXs, CaX,, SrXo,
BaX, (X = F, Cl, Br, I), within an ionic model which treats both the metal

and the halogen as polarizable ions®. Our results show that the electronic
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polarizability of the alkali ion plays a crucial role in determining the molec-
ular conformation as linear or bent : it seems to provide a compensating
mechanism to stabilize a bent molecular shape against the increase of the
Coulombic repulsion of the halogen ions under bending, leading to an effec-
tive medium range attraction between the two halogens.

In our model calculation, the energy E of the molecule relative to the
free ion state is expressed in a tight-dinding approach through a multipolar
expansion, which includes short range couplings between the various poles
in addition to the classical electrostatic couplings®!. After truncation of the
expansion at dipolar terms and linearization of the dipolar contribution, the
expression for E as a function of the bond angle 2 and the metal-halogen

bond lenght R is :

4¢2 e? 2e
E=——+ 5 +20+-(R) + o-—(R) — Z5|my|eos(0)—

2fmal{[ % — B(R)Jsin(6) — =}~ 2fmy| 2 ~ B(R)cos(6) (3.9

6 . 2
— 3 |mallmylsin(8)cos(6) — ﬁ|mxl|myl(3cosz(9) - 1)
Ims|? | Imy[? | Ima ] [ma|® A+ my |
2
* R3 * R3 + 2004 + o )

Here RI = 2Rsin(f). |my| is the magnitude of the dipole moment on the
metal ion, which vanishes in the limit of a linear molecule and |m | and |m,|
are the magnitudes of the components of the dipole moment on a halogen
ion . The first four terms in Equation (3.9) are monopolar contributions,

including short-range (overlap and van der Waals) interactions described by
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the functions @ (R) and @ __(RI) for metal-halogen and halogen- halogen
pairs. The next three terms arise from dipole-monopole interactions and
include, in addition to classical electrostatic contributions, an overlap dipole
contribution to the screening of the metal ion by the deformation of the
electronic shells of the anions. This effect is expressed through the function
B(R). Finally, the remaining terms are the electrostatic dipole- dipole
interactions and the linearized polarization energy, which involves scalar
polarizabilities «; and a_. Our choice for the functions B(R) and o _
and ¢__ remains to be specified. In order to determine B(R), we have
developed a shell-model calculation of the vibrational motions in a triatomic
molecule with Cy, symmetry, in which each ion is viewed as composed of an
outer electronic shell elastically bound to a rigid inner core. When treated
by the same approximations which are usually involved in simple lattice
dynamics calculations®?, this model leads, for the alkaline-earth molecules,

to the result:

Yy Y. 3¢(R)
K, K. eE -

a_B(R) = —| (3.11)

Here ¢(R) is the overlap repulsive contribution to ¢ _(R), Y4 and K, are
the shell charge and the shell-core force constant for the metal ion, and Y_
and K_ are the analogous parameters for the halogen ion. The main sources
for the values of the model parameters used in our calculation are the tables

of electronic polarizabilities of ions of Tessman et.al.®® and the determination
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Fig. 8.6 The equilibrium bond angle f4 in CaF3 (dots) and CaCly (circles) as a function
of the polarizability &t4 of the metal ion. The curves are only meant to guide the eye
through calculated points. The arrows mark the values of the Pauling polarizability ap
and of the polarizability g g of Tessman. et. al. for Ca?t. Experimentally CaFq is

bent, while CaClsy is linear.

of short- range interactions and shell-model parameters by Yuen et.al.?¢ All
these data are consistently based on analyses of crystalline properties for the
family of alkaline earth dihalides. The use of information on the interionic
forces from works on solid phase avoids a fit of model parameters to molecular

properties.

Our model is in complete agreement with experiment on whether a
particular molecule has a linear or a bent equilibrium configuration. Fig.
3.6 illustrates on CaF, and CaCl; the main physical factors which determine
the molecular geometry, by plotting the calculated equilibrium bond angle
as a function of the polarizability of the Ca?* ion, all the other parameters

being kept constant. The primary factor is precisely the value of o, with
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a secondary effect from the halogen ionic radius, which determines the bond
lenght and thus the internal electric field on the metal ion. Evidently, there is
only a narrow range of values of oy which are consistent with the observation
that CaF, is bent while CaCl, is linear. This range would tend to widen if
o4 were varied at constant molar refractivity rather than at constant a_, as

will became clear below.

In the case of CaF3, we have examined in detail the region of values
for oy near the ”critical” value where the molecule starts bending. The
minimum in the energy F(260,R) at 260 = 180 flattens out as the critical
value of oy is approached from below, and the bending sets in continuosly
as a function of a. In support of the above interpretation of the main origin
of the molecular geometry, we should mention the tests that we have made
by changing either the value of the halogen polarizability or the magnitude of
the overlap dipole in both CaF; and CaCl,, again at fixed values of the other
parameters and taking o as given by Tessman et.al.®®. The bond angle in
CaF; tends to increase as «— is lowered from the value of 0.76 42 given by
Tessman et.al., but the molecules remains bent even if oo vanishes. On the
other hand, CaCl, would start taking a bent configuration only if o were
pushed up to about 3.74% from the value of 2.9643 given by Tessman et.al.
for Cl~. Similarly, réther wide variations of (%:T - %;—:—) from the values of

ref. 64 affect only the quantitative value of the bond angle in CaF5 and leave

CaCl; in a linear configuration.
From a quantitative viewpoint, the results of the model are compared

79



Table 5.1 Equilibrium bond length Req, bond angle ﬂeq and binding energy Eg

of alkaline-earth dihalides molecules .

R (A) Ocq (deg.) E(kcal/mol)

theory  expt. (a) theory  expt. theory  expt. (d)
MgFy, 172 1.77 180 L(® 606 615
MgCl, 2.14 2.18 180 — 543 543
MgBre 2.26 2.34 180 — 524 524
Mgl,  2.42 2.52 180 — 504 500
CaFy, 207 2.10 140 140() 504 522
CaCly 252 2.51 180 1,(0) 446 460
CaBry 2.66 2.76 180 () 430 443
Caly 2.83 2.88 180 — 413 422
SrF, 220 2.20 118 108(¢) 474 490
SrCl, 268 2.67 154 B(®) 416 437
SrBrs  2.81 2.82 180 L) 402 417
Srl, 2.99 3.03 180 L) 386 308
BaF, 232 2.32 108 100(¢) 449 469
BaCl, 2.82 2.82 132 B(®) 392 414
BaBry 2.95 2.99 139 B(®) 380 304
Bal, 3.5 3.20 153 148(¢) 363 374

(@) From ref. 65. (?) From ref. 45. () From ref. 52. (9) Estimated values fom ref. 60.
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in Table 3.2 with the available experimental evidence on the equilibrium
bond lenght R.q, the equilibrium apex angle 6., and the binding energy
E,. The calculated values of E., agree reasonably well with the measured
values, which refer to the free molecules, with deviations lying within the
estimated uncertainties of 0.02 + 0.03A4 in these data, except for Mg halides
and for the iodides. Measured values for #., are available for the fluoride
trapped in solid-kripton matrices from infrared spectra and for Baly; from
electron difraction experiments. The agreement between our model and these
data seems quite reasonable if also one bears in the mind that the effect
of the matrix, though presumably not large, is not known quantitatively
and that the experimental values are determined at most within +5degrees.
Finally, we notice that the model tends to understimate the binding energy
of the molecule, with a mean deviation of about 3% from the expeimental
values estimated by Brackett and Brackett®®. This discrepancy is probably
significant and suggests that additional contributions to the binding, such as

those coming from quadrupole deformations, may be quantitatively relevant.
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Chapter 4

UNIFIED STRUCTURAL CLASSIFICATION OF
TETRA-ATOMIC MOLECULES AND SOLIDS

In chapter 2 we have shown that the same quantum structural
parameters which classify s — p bonded crystals enable one to predict
successfully the shapes of AB;2 molecules. Of course, in this case the
question about structure is very simple : is the molecule linear or bent?
Instead, in the case of polyatomic molecules the number of possible geometric
configurations ihcreases and with it the number of questions that one should
answer. Unfortunately, at the same time the experimental knowledge of the
equilibrium structures becomes less accurate é.nd ﬁhe statistics less ample. It
is nevertheless important to test the transferability of the quantum structural
parameters appropriate for crystals to complex molecules, within present

knowledge, and thus hopefully stimulate further experimental work.

In this chapte;‘ we present structural classifications for s — p bonded
tétra—atomic compvounds in both solid and molecular phases!4. In full
analogy with our investigation of ABs compounds, we have constructed
structural maps whose Cartesié,n coordiﬁates are linear combinations .of

either pseudopotential or nodal valence electron orbital radii (VEOR). Our
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results for ABz and A;Bj molecules are reported in section 4.1 and 4.2, while

those for AB3 crystals structures are discussed in section 4.3.

4.1 AB3; molecules

We recall that the most symmetrical structure for an ABs moecule is
planar and corresponds to an equilateral triangle formed by the B atoms, with
the A atom placed at the center (Ds) symmetry). As we have discussed
in chapter 1 (section 1.2), the long standing Walsh arguments?® concern
the transition from this planar symmetric shape to the pyramidal one (Cs,
symmetry or N Hs-type) and consider the number of valence electrons of
the compound, N, as the only structural parameter. The planar shape
is predicted as long as N < 24 and for N = 28, while the pyramidal
modification is predicted for N = 25 and 26. More sophisticated pictures®
of the molecular bonding agree in identifying a critical number N = 24 for
the valence electrons, beyond which distortion from Dz, symmetry should
occur, either planar or three-dimensional. For a few selected species, and in
particular for N > 24, several proposals exist in the literature to figure
out which are the electronic properties responsible for these distortions.
Burdett®, for example, has adopted an Angular Overlap Model (AOM, see
chapter 1) to investigate the single particle energy level changes on distortion
of the high symmetrical Dsp geometry to a planar conformation with Cs,

symmetry( T, Y or arrow shaped ). He has then applied this scheme to 28
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electron molecules ( CIBrg and CIF3 ), to account for their slightly different

C2y planar geometries and to predict the values of their bond angles.

According to present experimental knowledge of molecular shapes, most
of the compounds with N > 24 are pyramidal, with the exception of ClBr3
and CIF3, and all the known species with N = 24 have a D3 geometry in
their ground state®®. Compounds with N < 24, instead, are not planar and
symmetrical, with the only exception of NOj3 (as indicated by recent infrared
laser spectroscopy in the gas phase®?), but display a rather large variety of

possible equilibrium structures®8:69,

Our investigation of AB3z molecules concentrates on the class of species
with N < 24, the only for whch statistically meaningful structural maps
can be constructed. We stress that this is indeed the class of tetra-atomic
compounds whose geometric conformations have never been successfully
classified within a comprehensive scheme. The structural plots we ‘Teport
in the following for these compounds (fig. 4.1 and 4.2) use as coordinates
either Zunger-Cohen (ZC) elemental coordinates or Compound Coordinates
derived from nodal radii, which are defined in chapter 2 (section 2.1).

The actual geometries of N < 24 AB3z molecules are shown in figures
4.1 and 4.2. These collect the 37 s — p bonded species for which equilibrium
shapes have been given in the literature, as deduced from either experiment®8
( mostly infrared and Raman spectra in rare gas matrices) or calculations
of the electronic structure®®. The equilibrium geometries found within this

family are pyramidal configurations for the compounds of group V elements,
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Fig. 4.1 Elemental coordinates plot for ABg molecules with N < 24. The structural
information used for these compounds is from references 67-69.

HN3z-type conformations for the halogen-azides, T shapes for the alkali
trihalides (symmetrical only in the case of trifluorides), ¥ and arrow shapes
for both oxides and sulfides. The latter can be distinguished by the different

identity of the central atom, which is B for the trioxides and A for both the

mono-oxides and sulfides. All these structural differences are brought out
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Fig. 4.2 Compound coordinates plot for AB3 molecules with N < 24. The structural
information used for these compounds is from references 67-69.

clearly in the two plots of figures 4.1 and 4.2. Moreover, the comparison
between the vibrational frequencies, extrapolated from infrared and Raman
spectra, for the trioxides of sodium and of the alkaline-earth elements with
those for the trioxides of Li, K, Rb and Cs, has suggested that compounds

belonging to the former group are not planar. (See, e.g., L. Andrews (1981)
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in ref. 70). In the case of NaOg, this suggestion is strongly supported by the
results of an electron spin resonance experiment”!. The distinction between
two- and three-dimensional trioxides is the only feature not well resolved in
a plot with elemental coordinates derived from nodal radii. We have also
found, in analogy with AB, species, that ZC compound coordinates are not
as successful as the elemental ones of fig. 4.2. We notice that the species
expected to be the most ionic ones are found at large negative values of ¥
and/or large values of X in fig. 4.2, as was the case for AB, molecules. Those
that can reasonably be supposed to show relevant covalent character in their
bond, such as the mono-oxides and sulfides , have instead small values of
the ¥ and/or X coordinates. Again in analogy with triatomic compounds,
N turns out to be a relevant structural parameter, in the sense that neither
species with N = 24 nor those with N > 24 can be placed on the same plots

that are appropriate to classify molecules with N < 24.

In searching for schemes that can account for both molecular shapes
and crystal structures, we have examined the transferability to molecules of
the coordinétes recently proposed by Villars'® and Pettifor?® to classify ABs
solids. We recall that the former uses three coordinates, of which N is one,
while the latter uses two entirely phenomenological elemental parameters
(see chapter 1, section 1.1). None of the above schemes seems to be useful
for AB3 molecules. In fact, Villars’ scheme needs a very large statistics in
order to have a sufficient number of compounds at each value of N. On the

other hand, a classification of AB3 molecules in a (x4, xB) map , x being
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Pettifor’s empirical chemical scale, does not give as accurate an account of

their structures as figures 4.1 and 4.2 do.

4.2 A.B2 molecules

In the case of A3Bs molecules, structural information is available for

about 40 species??72,

It is derived from infrared absorption and Raman
spectra in matrices and electron diffraction experiments, and based upon
suggestions from thermochemical data and Hartree-Fock calculations. The
known species include alkali dihalides, dioxides of mono- , di- and tri-valent
ions and a few dichalcogenides. They seem to be all planar and to form
rings (mostly having rhombohedral shape), apart from C;N, and probably
B,0, which are linear and N,O, which is bent at both nitrogen atoms??.
It is thus not worthwhile showing quantum diagrams for A;Bs compounds,
but it is easy to see that VEOR-structural parameters, within either the
compound or the elemental scheme, separate well these three special cases
and confine them near the origin of the plots. Schnuelle and Parr’# indicated
a critical number of valence electrons N = 22 as marking the border between
linear symmetric and other shapes. In fact, in their picture of the electron
distribution, NV = 22 corresponds to completed octets at the terminal atoms
(say B) plus a triple bond between the two central atoms (say A). This type

of bonding is realistic only for covalent species such as CoNy but is unstable

against increase of ionicity or delocalization of the charge density.
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ionic model calculations are from ref. 75. Those of Hartree-Fock-Self- Consistent-Field

4.3 Correlation between the bond angle 0

calculations are from ref. 18 and 73 for NagCls and LigF9 respectively.
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BAB and respectively, the
Y = yp — Y4 coordinate (a) and the X4B = XB — X4 coordinate costructed from
Petifor’s chemical scale (b) for alkali dihalides molecules A3B2 molecules. The result of



As in the case of ABs compounds, we have looked at trends in the values
of the bond angles. The statistics is rather poor for AsB, molecules, and only
in the case of alkali dihalides a trend can be identified, since experimental

3 can be implemented with the results of ionic models?®. For

information”’
double octet AB; molecules, Y was found to be related to the tendency to
bend. In the case of tetramers, it is natural to look at the deviation of the
bond angle § from 90 degrees, i.e., at the distortion from the ideal square
shape. Fig. 4.3(a) indicates that a linear relationship exists between 6 and
the parameter Y ; since the latter measures the mismatch of the average core
radii of the two atomic species, it can again be related to the ionicity of the
compound. A similar correlation is found with the ZC coordinate Yz and
also with both the differences of the Pauling Radii®® of the two ions and , as
shown in ref. 75, of the Tosi-Fumi’® radii. This simple correspondence seems

to be lost when we use Pettifor’s chemical scale to construct our structural

coordinate in Fig. 4.3(b).

4.3 AB3 solids

We turn now to apply to crystal structures the same classification
schemes that we have adopted for AB3 molecular shapes. Once more we

divide compounds with N = 24 from those with N < 24.

Amongst the former, only 19 compounds of non transition elements are

structurally determined*%°5. These are the trihalides of elements belonging
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Fig. 4.4 Elemental coordinates plot, based on pseudopotential radii, for AB3 solids with
N = 24,

to group III and the trioxides of S, Se and Te. As indicated in fig. 4.4 and
4.5, they appear in different domains of the plots , depending on whether the
atomic configuration is layered or not (full/empty symbols) and on the A
atom coordination number (CN). Shaded symbols label crystals with a kind

55, All of them are polycompounds of the type

of ”intermediate” structure
AsBg; they have a monoclinic structure, exception made for GaClg which is

triclinic with CN= 4. In relation to fig. 4.4, Y is again seen to correlate with
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the coordination number: in the upper part of the plane we find the trihalides
of boron, which are hexagonal layers with CN= 3; at more negative values
of Y are placed the intermediate structures with CN= 4. Finally, crystals
with CN= 6 are found to have large negative values of ¥, and are correctly
separatedinto three and two dimensional (3D and 2D) compounds. It is
interesting that Inls which is found in both the layered (red modification)
and in the intermediate (yellow modification InyIg) configurations is indeed
found at the border between the 2D a.nd the intermediate structure domains
in both figures 4.4 and 4.5. With reference to the 3D compounds, we remark
that Villars?* classifies SOz and SeOs as tetragonal SeOg structures, while
TeO3 as a CuNig structure. Amongst the three—ﬂuo:ides, they are classified
as VF 3 structures, with the exception of TIF3 ( YF3 structure), by Hulliger®®.
Although we have not marked explicitly these different crystal structures, it is
easy to see that they are correctly separated in our plots. The only structure
which is not accounted for in both structural maps of figures 4.4 and 4.5
appears to be AlCls, which is a layered structure, incorrectly placed in the

intermediate domain.

The structural problem for the class of AB3 compounds with N < 24
is definitely more complicated than that for N = 24 crystals. This family

43,44,55  several of them

displays indeed a large variety of crystal structures
having a small number of representatives, and contains also compounds
with non-stoichiometric composition and polycompounds. VEOR-based

structural parameters can successfully separate crystals with different
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Fig. 4.5 Compound coordinates plot, based on nodal radii, for AB3 solids with N = 24.

coordination numbers and distinguish 3D from 2D atomic arrangements.
Intermetallic phases with CN= 14, 12,11 are clearly distinguished from each

other and separated from solids having coordination number from 6 to 8.
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Amongst these the layered compounds, which have CN= 6, appear in a
separate domain. Several different crystal structures are also resolved in
VEOR-based plots. However, not all of the different ordered and disordered
arrangements displayed by intermetallic compounds find a clear distinction in
our structural maps. Another difficulty which we have encountered concerns
compounds containing first row elements, namely lithium and beryllium.
They are misplaced in both the pseudopotential and nodal radii plots. The
reasons of these difficulties, not at all surprising due to the complexity of the

problem, need further investigation in order to be completely understood.
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Chapter 5

STABILITY AND IONIZTION INDUCED
STRUCTURAL TRANSITIONS IN SODIUM
CHLORIDE MICROCLUSTERS: Na,CI{"” AND Na,CI*+)

We now turn to introduce and then discuss the results of our ab initio
investigation of the sodium chloride microclusters NaQClgﬂ and NayCI(H),

as well as those of our test calculations for the neutral and ionized monomer

NaCl(+),

Characterization through mass spectra or time-of-flight measurements
hinges on ionization via electron impact or photons. Thus direct information
on cluster stability refers to ionized species. Fig. 5.1 shows a mass spectrum
of clusters formed by quenching NaCl vapours in He gas and ionizing
them with a low energy electron source. Two kinds of aggregates can be
seen,i.e. ( Na,Cl, )™ and the more intense series ( Na,Cl,—; )*. The
intensity of a given line in a mass spectrum is influenced by many factors
: the stability of the neutral clusters entering the ionization chamber, the
cross section for ionization, the probability of fragmentation and finally
the stability of the ionized products. However, the observation of a large

abundance of halogen deficient aggregates relative to the stochiometric ones
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Fig. 5.1 Mass spectrum of sodium chloride clusters formed by quenching NaCl vapor.
(From ref. 17)

can be readily understood in an ionic model, where one assumes that the
electron is removed upon ionization from a specific chlorine ion and that the
resulting chlorine atom is only weakly bound to the ( Na,Cl,_1 )* cluster.
Indeed, cluster ions of composition ( Na,Cl,, )'*‘ are observed only if the
temperature of the condensed vapours is low enough’®, so that the vibrations
of the neutralized halogen do not lead to dissociation when the Coulomb
attraction is changed into the weaker induced dipole interaction. Alkali
halides clusters have also been produced by low-flux rare gas sputtering of
the corresponding crystals and then detected by the method of secondary ion
mass spectroscopy (SIMS)?®. In agreement with the results discussed above,
the SIMS positive spectra show two series of aggregates, the most prominent

of which corresponds again to the non-stoichiometric clusters (M, X,—1)%.
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Alkali halide clusters My, X, of a broad size range have been obtained
from vapour condensation by either adiabatic expansion’? or cooling through

an inert gasl”:78,

Experimental characterization of the ionization process
of (My,Xy,—1) neutral systems has been recently achieved for the dialkali
monohalide molecules ?7. These have been generated in supersonic nozzle
beams, which result from an adiabatic expansion of high temperature vapours
containing alkali metal and alkali halides. Vertical ionization potentials
of several MM1X species have then been determined by photoionization
threshold measurements.

In spite of the growing wealth of experimental data, ab initio theoretical
investigations on ionic aggregates are still few and often limited to small
neutral aggregates. Most of them have been carried out in the Hartree-Fock
approximation. Amongst the alkali halide dimers, only lithium fluoride has
been studied by ab initio methods (see C. P. Baskin et. al. in ref.73), with
the major aim of assessing its ground state equilibrium geometry. As far as
triatomic aggregates are concerned, only the alkali bihalide molecules M X,
(M = Li, Na; X = F, Cl) have been investigated®®, in order to examine
their stability against dissociation into MX + M. Very recently Dunlapp??
has reportd the results of ionic model and ab initio (both Hartree-Fock and
Local density) calculations for nine atom cluster ions of LiF, Lil, Nal, KI,

RbI, CsI and sodium halides, which show that the most stable structure for

these systems is invariably a slightly puckered plane.
Ionic model calculations on neutral and ionized aggregates (My,X},)
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and (M, X,_1)" of several sizes and composition have been reported by
Martin!?8!, Many features in cluster mass spectra can be qualitatively ex-
plained by these model calculations. They also allow a partial understanding
of the ionization processes, under the assumption that the electron removed
upon ionization is taken out from a specific ion. The equilibrium structures
for many of the neutral and charged aggregates examined by Martin turn out
to be significantly dependent on the details of the model®!. In particular,
if the Born-Mayer model is refined by the inclusion of polarization forces,
crucial changes in the symmetry of the ground state equilibrium geometry
of several clusters are found. Progress in this approach would seem to de-
pend on the development of interatomic potentials derived from ab initio

calculations®3.

We have studied the equilibrium properties of (NaCl); and NayCl in
both neutral and ionized states within the Hartree-Fock (HF) approximation8.”
Our calculations are focused on the ionization processes and demonstrate
that they involve symmetry breaking in both (NaCl); and NayCl. Specifi-
cally, a linear NasCI* species is the final product of both the ionization of
NazCl and the ionization plus dissociation of NayCl,, the dissociation pro-
cess of (Na3Clz)™ into (NagCl)* and a chlorine atom requiring, in fact, very
little energy. An ionic model is quite consistent with the molecular orbital
picture of the bond that we obtain for the dimer. This is no longer the
case for the neutral dialkali chloride species and thus an ionic model cannot

properly account for its ionization process.

98



Our calculations use a single-configuration Hartree-Fock (SCHF) method
to evaluate the electronic ground state of NasCly, Nas Cl;’, NayCland Na,Cl™H-
in a number of different structures. Sufficient information is available from
experiment for the very small NaCl aggregates to establish to which extent
the description we use for the bond is reliable. In particular, experimental
data are available on dissociation energies relative to various reaction paths

77,84 on ionization potentials 17 and also on structural parameters in the

case of the sodium chloride dimer 25.

In addition, the validity of the SCHF approach for the description of the
equilibrium properties has been tested in the case of NaCl and NaClt, against
the results of generalized-valence-bond configuration-interaction (GVB-CI)

calculations!®.

A Drief description of the GVB and CI approximations is
reported in Appendix I. Some details of the computational method which we
have used are described in section 5.1 of this chapter. The results of our GVB-
CI calculations for the monomers are presented in section 5.2, while those

for NaZCl:(;) and NayCl(*) are reported in section 5.3 and 5.4 respectively.

Further discussion of these results in section 5.5 concludes the chapter.

5.1 Method

All our calculations have been carried out in a pseudopotential scheme.
More specifically, the Coulomb,exchange and core orthogonality effects of

the assumed chemically inert core electrons of both sodium and chlorine
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have been replaced by the ab initio effective core potentials (ECP) reported
by Wadt and Hay®®. These pseudopotentials have been derived for most
elements of the periodic table from all-electron numerical HF atomic
wavefunctions and fitted to analytical representations for use in molecular
calculations. The procedure for generating an ECP from ab initio numerical
wavefunctions is similar to that reported in chapter 2, section 2.1, for
generating the ZC pseudopotentials®. The essential difference between the
two approaches lies in the approximation chosen to solve the AE atomic
Schroedinger equation: HF in the case of ECPs and LDA for deriving ZC
pseudopotentials. We notice that in the ECP scheme the Na and Cl valence

electrons are defined to belong to the outermost s and p orbitals.

Wadt and Hay®® have presented a number of tests on the accuracy of
their ECP. In particular, they compare the results of calculations for the
~energy curve of the NaCl molecule, at the GVB(1) level (see Appendix I),
as carried out in an all-electron scheme and in the pseudopotential scheme.
The agreement between the two calculations is excellent, the relative errors
being 0.5% in the equilibrium distance R, and 1% in the binding energy D..
Further tests have been made on the Na and Cl atoms. In our calculation
of the total energy of sodium, which in an ECP approach coincides with its
first ionization potential (IP), we find for the latter the value of 4.91 eV,
in satisfactory agreement with the measured value of 5.12 eV. With regard
to Cl, Wadt and Hay report a comparison between all-electron and ECP

calculations of its electron affinity. Though the experimental value, 3.6 eV,
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is understimated by 16-17% in both calculations, owing to the small number
of configurations employed, the agreement between the two results is at the
level of 1%. The choice of the basis set used in our calculations has been
based again on the work of Wadt and Hay and is consistent with the choice
of the pseudopotentials.

It consists of energy optimized s and p primitive gaussians for both
sodium and chlorine, constructed for use with ECP’s, to which a further p
function to describe the negative ion as well as d polarization gaussians on
Cl are added. The (s + p) gaussian sets reported in ref. 86 for Na and
Cl are built up in the following way . Initial guesses for the exponents of
each primitive function are determined by a least squares fit to the atomic
pseudo-orbitals. Then the exponents to be used in molecular calculations are
obtained by energy optimization of the atomic ground state. The valence p
basis for sodium is derived by energy optimization of the s!p! (3P) excited
state. The complete basis set which we have used is Na(3s, 3p), C1(3s,4p, 1d
), where the figures indicate the number of gaussians used to represent each
wavefunction of given z-component of the angular momentum. There are
therefore 12 gaussians for the Na atom (three s and nine p) and 21 gaussians

for the Cl atom (three s, twelve p and six d).
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5.2. Results for NaCl and NaCl+

The alkali halides molecules in the neutral state have been the subject
of numerous experimental and theoretical investigations®3:87:28, Much of the
theoretical interest in these systems derives from the behaviour of their two
lowest adiabatic potential curves as functions of the internuclear distance :
they display an avoided crossing with an interchange of ionic and covalent
character and, hence, show a nonadiabatic behaviour. The ionic dissociation
limit, M+ (1S) 4+ X~ (15) is usually the first excited dissociation limit above
the ground state atoms, M+ (2S) + X~ (2P). The energy difference AE be-

tween these two limits is determined by

AE = (ionization potential)p — (electron af finity)x.

At large internuclear distances, the potential curve arising from the
interaction of the ions to give a !X state behaves as AE — % (relative to the
energies of the separated atoms), while the covalent potential curve, again
of &+ symmetry, arising from the ground state atoms varies very slowly
at large R. Consequently, if the interaction between the ionic and covalent

curves is ignored, they are expected to intersect at R = R, = < On

[

AE"
the other hand, if the electronic structures are allowed to relax by optimal
mixing of ionic and covalent configurations, no intersection between these

two LT potential curves is expected, leading to a sharp bending away
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(avoided crossing) in the potentials curves. A concomitant sharp change in
the electronic configurations takes place at about R;. This, in turn, induces
large variations in terms neglected in the adiabatic approximation, namely

the operators:

g 0
Iyt Iyt
<12|BR|2§3 > 3R

and

a? a3
1yt 1y
<1218R2[22 > o5

Thus in alkali halides molecules a nonadiabatic behaviour is expected at
internuclear distances of about R,.

To our knowledge, two thorough studies of the ground and excited states
of alkali halides molecules have been reported in the literature. Both of
them have been carried out by ab initio configuration interaction methods.
Kahn et. al.%8 have calculated adiabatic potential curves for the four lowest
1v+ states of the LiF molecule, from which a set of diabatic curves are

189 of the ionic state.

generated, by a procedure based on the Rittner mode
~ Very accurate calculations for the ground and first excited states of the NaCl
monomer have recently been reported by Clementi and coworkers®3. They
involve systematic distance by distance basis set optimizations and a very

large number of configurations.

We have carried out CI calculations of the total energy of the NaCl
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Table 5.1 Master reference configurations set for NaCl. Each of the 1 configurations
listed ,except the first, is specified as single excitation relative to the ground state electronic
configuration A(lo?20217%).

n Configuration
1 A(lo?20%17%)

2 20 — 30

3 20 — 40

4 20 — 50

5 20 — 60

6 lmy — 27,

7 iy — 37,

8 1wy — 2my

9 1wy — 37,

Table 5.2 Master reference configurations set for NaClT. Each of the n configurations
listed ,except the first, is specified as single excitation relative to the ground state electronic
configuration A(lo220%173).

n Configuration
1 A(lo?20%1m?)

2 20 — 30

3 20 — 40

4 20 — 50

5 20 — 60

6 1y — 27,

7 lmy — 3w,
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molecule in both the neutral and ionized state!®. Our calculations are limited
to the ground state potential curves, since we are mainly concerned with
the equilibrium properties of the two systems, to be compared with the
corresponding quantities computed by the SCHF method. These calculations
have been performed with CI wavefunctions including all single and double
excitations (142) from self consistent generalized valence bond orbitals (see
Appendix I). Table 5.1 lists the set of correlated pairs which we have included
at the GVB level, usually referred to as the master reference set. All but
the 3s valence electrons of chlorine, which give rise to the 1o orbital, are
explicitly correlated. Excitations from the 20 ofbita,l describe bond electron
correlations, while those from the 7, and my orbitals account for correlations
involving electrons out of the bond. A CI wavefunction has then been
constructed from all (1+2) excitations relative to the reference set of table
5.1. The master reference set used for the %Il ground state of the ionized
monomer is given in table 5.2. Only correlations involving doubly occupied

orbitals are explicitly considered.

At the equilibrium internuclear distance, which is calculated to be
2.41 A against the measured value R, = 2.36A, the ground state of NaCl is
characterized, as expected, by a highly ionic bond. A shift of the electronic
charge of 0.85e from the metal to the halogen is estimated from GVB
results on Mulliken populations, the charge density being polarized in the
direction opposite to the charge shift. Table 5.3 reports our calculated

equilibrium properties for the neutral molecule with both SCHF and CI
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Table 5.8 Hartree-Fock (HF) nd Configuration-Interaction (CI} results for some
equilibrium properties (bond distance Req , dissociation energy with respect to the free
atoms Fg and dipole moment ) of the neutral NaCl molecule, compared with the
corresponding experimental values.

Equilibrium HF CI Expnt.Jr
Properties

Ry (A) 2.40 2.41 2.361
Ep (eV) 3.22 3.78 4.23

4 (Debye) 10.0 10.0% 9.002

t from ref.98
* GVB result

wavefunctions. The equilibrium distance is essentially insensitive to the
inclusion of electronic correlations. On the other hand, if we estimate the

correlation energy of the molecule E.,,, from the relation :

Ecorr = lEHF - ECI|

where Fgr and Ecjy are the total energies of the monomer computed
respectively within the SCHF and CI approximations, it turns out to be
almost constant for values of R near R.,. While SCHF wavefunctions yield
quite accurately the equilibrium distance, the inclusion of correlation is
crucial in determining the binding energy of the molecule. Our CI value,
though a significant inprovement on the HF one, is still an understimate of
the experimental value. This is a consequence of our understimation of the

chlorine atom electron affinity. A much larger number of configurations than
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we have used should be included in constructing the total wavefunction, in
order to eliminate the discrepacy with experiment, as shown by Clementi

et. al.B3

With regard to the calculated dipole moment u(R) of the molecule as
a function of R, we may attempt a contact with phenomenological models
such as the well known Rittner model®®, by subtracting from it the value
eR associated with the full transfer of one electron from the metal to the
’ha,logen atom. The residue can be interpreted as an electron dipole moment
associated with the deformation of the ;:losed shells of a supposed Cl~
component of the molecule.An effective polarizability a_ (R) of such a Cl™
ion can hence be estimated after multiplication by R2. It is pleasing to find
that o around R = 34 has a value of the order of 343, which is similar to
: that determined from refractive index data for the polarizability of Cl™ in
alkali halide crystals®®, and that a_ (R) decreases rapidly with decreasing
R, undoubtely because of quenching of ionic deformability from overlap
effects. However, at a more quantitati\}e level (GVB), the dipole moment
at R = Ry is an overstimate of the experimental value (10.0 vs. 9.0 Debye).
This means that our GVB approximaﬁon for the wavewfunction as well as
the HF one, sligthly overstimate the ionicity of the molecular bond. Very
préliminary calculatidns, again performed in a pseudopotential framework,
séem to indicate that the opposite is true in the LD approximation of the
Density Functional Theory. In the latter case the dipole moment is found to

be 8.2 Debye against the measured value of 9.0 Debye.
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The %II ground state of the molecular ion NaClt, obtained by removing
an electron from the highest 7 orbital of the NaCl molecule, is found to
be rather weakly bound. The minimum at the equilibrium bond length,
calculated as Req = 2.95A4, is very shallow, in accord with the observation
of broad bands in photoelectron spectra®. In a vertical ionization process
the electron which is being removed is highly localized on the chlorine
site, as can, e.g., be deduced from a Mulliken Population analysis. When
the molecule relaxes towards equilibrium after ionization, a very tiny shift
of electronic charge from the chlorine atom to the sodium ion is seen to
take place : however, the hole left by the ionization process is essentially
localized on chlorine and the molecular bonding arises primarily from the
polarization of the chlorine atom in the field of the sodium ion. The Mulliken
population on the Chlorine site varies from 6.96e at R = R.(NaCl) to 6.94
at R = R.(NaClT), to increase then rapidly toward its dissociation limit

value of 7.0e at larger internuclear distances.

As in the case of the neutral molecule, the equilibrium geometry is found
to be insensitive to the inclusion of electronic correlation. The calculated
R, is the same with either CI or SCHF wavefunctions. On the other hand,
correlation effects are crucial in the calculation of ionization potentials.The
HF approximation understimates both the vertical (VIP) and the adiabatic
(AIP) ionization potentials by more than 1 eV. Indeed the SCHF calculated
values are 8.18 eV and 7.92 eV for the VIP and AIP respectively, against

the measured values (see, e.g.,K. D. Jordan in ref. 87) of 9.34 eV and 8.93
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eV. In our CI calculation we obtain instead 8.78 eV and 8.52 eV. Though
the latter values constitute an improvement on the HF ones, they are still
understimates of the experimental data, again because of our understimate

of the chlorine electron affinity.

5.3 Results for Na,Cl, and Na2012+
A. Na2(312

We have calculated the total energy of Na;Cls in both planar and linear
geometries, finding the rhombic structure shown in Figure 5.2 to be the most
stable. The Na-Cl bond length d in the dimer slightly increases (by about
7%) with respect to the isolated monomer ( see Table 5.4 ; our value for NaCl
is Re = 2.40 A against R2®P* = 2.36 A)

This is accompanied by a slight decrease of the charge transfer to the
halogen, the Mulliken population (MP) on Cl being 7.84 in the dimer against
7.86 in the monomer at equilibrium (cf. MP=7.845 in the monomer a
R=d ). The experimental value for d is obtained from electron diffraction
measurements on vapours®®, which however are believed to contain both
monomers and dimers in unknown percentage ( see J. Berkowitz inref. 87).

Figure 5.3(a) shows the electron density p(r) of NazClz at equilibrium
(D2h, ' Aig state) in the plane of the bond, referred to that of the free ions.
Comparison with a similar charge-difference map for the monomer (Figure

5.3(b)) shows that the bonding of the dimer arises from an accumulation of
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Fig. 5.2 Calculated equilibrium structures of the NasCly molecule (left) and of the
Nazcl:.)f_ molecular ion (right). Interatomic distances are on the indicated scale.

electronic charge along the Cl-Cl bond at the expense of polarization charge

along the Na-Cl bond in the monomer.

Our calculations yield dissociation energies for Na; Cl; into both free ions
and free molecular monomers within about 5% of the measured values®4:°1 (
see Table 5.4 ). We also find a metastable state for NayClz in an asymmetric

linear configuration (Na-Cl-Na-Cl), at about 0.3 eV above the equilibrium
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Table 5.4 Results for NagCly and NaCly

Compound d(vaci)(A) Onacina(deg) Di (eV)(e) D, (eV)® IP(eV)
calc. ezpt. cale. expt. cale. ezpt. cale. ezpt. calc. ezpt.

; vertical

NayCly 2.566 2.50(¢) 80 72(9)  13.05 13.649 (¥ 2.14 2.04(¢) 989  10.3(9)

(DanstAxy) 2.24(7) adiabatic

8.10  /

Na,Cl} (2.50,4.26) /  (180,72) / 7.63 / 0.04 0.07(4)

(C2v,2 A1)

NapCl (2.50,5.59) /  (180,53) / 7.60 / 0.01 0.07(4)

(C2v,°By)

(@) Di (Nag Clp)=|E(NayCly)-2xE(Nat)-2x E(CI™)|
Di (NazClL )=|E(Naz Cl )-2x E(Nat)-E(C1™)-E(Cl)|

(0D, =dissociation energy with respect to the most stable products:
D¢(NayCl)=|E(NazCl;)-2x E(NaCl)|
D.(NaCL} )=|E(Na,Cl} )-E(Nay Cl*)-E(Cl)|

- (c)ref.85; (d)ref.91; (¢)ref.84; (Fref.84; (9)ref.17.

configuration. Figuré 5.4 shows the minimum energy path in the (d, 6)
coordinates around equilibrium. Evidently, along this path the energy varies

"‘strongly with the bond angle, which, however, correlates only weakly with

the Na-Cl bond length..
B. Vertical ionization

The level diagram of the sodium chloride dimer is shown in Figure 5.5
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Fig. 5.8 Charge density Ap; of the neutral species referred to that of the free ioms,
Pions = 2k(p(Cly) +p(Na.;c|_)), for the dimer ( a) ) and the monomer ( b) ). Contour
values are in units of 0.0016/ (a.u.)g, with spacing of 0.0036/ (a.u.)3. Here and in the
following figures of density maps, dashed lines refer to nega.tive values, while solid lines
refer to positive values of the electron density; symbols indicate the positions of the nuclei.
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60

Fig. 5.4 Minimum energy path for the NagCly dimer.

and compared with those of the ionized species with a hole in two different
antibonding orbitals, i.e. along the Cl-Cl axis (B1,) and out of the bond plane
(B2g). The one-electron energy levels deriving from the p states of chlorine
cover a range of about 0.9 eV. Within the "Koopman approximation”, the
two lowest ionization potentials ( IP’s ) correspond to removal of the electron
from the B2y and By, states ( 10.56 eV and 10.63 eV, respectively) (see Figure

5.5). Electronic relaxation lowers both IP’s by about 0.7 eV and appears to
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Fig. 5.5 Level diagrams of NagCly ( DZh,lAlg state ,b} )} and of NazCI; in the same
geometrical configuration , in the D2p, 2B1u, state ( a) ) and in the Dap, szg state (
c) ). Single particle eigenvalues €' are classified according to the Daj point group and
referred to the lowest level, Eg, of the neutral dimer.
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be stronger for the By, state.

The distribution of the hole density is shown in Figure 5.6 for both
symmetries after electronic relaxation. It is clear that in both cases the hole
is localized on the halogens. In order with the HF approximation, the value
that we obtain for the vertical IP is lower than the experimental value!? by
about 0.4 eV. This is also a consequence of our understimate of the electron

affinity of the halogen.
C. Na,Cl

If we keep the ionized dimer in the D2j symmetry, its structure relaxes
towards a rhombus with a Na-Cl bond length d=2.71 A and a bond angle
of about 120°, the hole being in the B;, orbital. This is a metastable state
consisting in essence of a Cl; molecule, with dg;—c;=2.65 A as in the free
Cl; ion, but strongly stabilized by the field of the two alkali ions, with a
stabilization energy of 7eV. The energy gain relative to the free Cl; molecule

is as high as 1.64 eV.

On the other hand, an infinitesimal distorsion of the rhombus relative
to the Na-Na axis in either the Bs, or the B;, state suffices to induce
neutralization of one of the chlorines. This drives a symmetry breaking
D2y — Cgy, ie. a structural transition to a triangular shape in both cases
(see Figure 5.2). The energy difference between the resulting triangular
configurations turns out to be negligible (0.03 eV). As expected, the CI-Cl

distance is much shorter in the 2A; state ( deriving from 2By, ( D2p)) than
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Fig. 5.6 Charge density Ap, of the NazCly molecule relative to the NazCl_z{_ molecular
ion in two states: Dap, 2B1u( a), in the bond plane YZ ), and Da2p, 2B29 ( b), in the
XZ plane ) (see text). Contour values are in units of 0.01e / (a.u.)s, with spacing of
0.008¢/(a.u.)3.
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Fig. 5.7 Charge density Ap; of the NagClg_ molecular ion in the Cgy, 2A1 state
referred to that of the free ions, pjons = Lik(p(Cly) —t—p(Na;:)). Contour values are in
units of O.Ole/(a.u.)3, with spacing of 0.0166/(a.u.)3.

in the 2B; state ( deriving from ?Bg4(D2r)). The closest Na-Cl distance
shrinks upon ionization and does not depend on the specific state (see Table
5.4). The result of relaxation can be viewed as a linear NayCl™ cluster with
a chlorine atom weakly bound to it, the energy being lower by about 1.8 eV
than in the ? vertically ionized ” species. The MP’s on the halogens are 7.00
and 7.79 against 7.84 in the neutral dimer. The localization of the hole is
shown in Figure 5.7, which illustrates the charge density of Naj Cl;’ in the

2A; state relative to the free ions.

5.4 Results for Na,Cl and Na,Cl*
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Fig. 5.8 Calculated equilibrium structures of the NagCl molecule (left) and of the Nag crt

molecular ion (right). Interatomic distances are on the indicated scale.

Figure 5.8 shows the equilibrium structures that we calculate for Na;Cl
and NasClt. The numerical results are summarized in Table 5.5. In the
following we discuss the different bonding properties that correspond to

different geometries and how they are affected by ionization.
A. Na201

Figure 5.9 reports the electron density of NasCl in three different
structures and also the variation of the corresponding total energy with one
of the structural parameters. The triangular arrangement in Figure 5.8 is
the most stable and, as expected, has slightly less ionic bond character than
the others ( MP(Cl)=17.81 ). The highest-lying singly occupied molecular
orbital is delocalized and has a strong contribution from s orbitals on the
two sodium atoms ( see Figure 5.9(d)). The binding with respect to NaCl +

Na is relatively weak (see Table 5.5 ).
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Fig. 5.9 Minimum energy paths for NazCl in the triangular ground state ( c) ) and
in two metastable linear configurations ( a) and e) }, and corresponding charge density
plots ( d), b) and f) ). Contour values are in units of 0.001e / (a.u.)g, with spacing of

0.08¢/ (a.u.)3. Full circles indicate the core sizes of the two atoms (O Na, o Cl).

Polarization effects are responsible for a weak binding of the NaCl

molecule with an essentially ”atomic” sodium in the two linear structures

shown in Figures 5.9(b) ( asymmetric Na-Cl-Na configuration ) and 5.9(f) (

Cl-Na-Na configuration ). In the latter the binding is almost negligible and
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‘Table 5.5 Results for NagCl and NayCI*

Compound  d(naci)(A) Owaciva(deg) Di(eV)(

D (eV)®

IP(eV)

calc. ezpt.(c)
NayCl 2.550 82 5.26 5.51+.03
(CZv 92A1)
Na,Clt 2.50 180 4.43 5.00+.03
(Doo halzg)

calc. ezpt.(©)

0.74 0.78+.03

2.13 1.804% .20

cale. ezpt.(0)

vertical
4.54 4.1+.1

adiabatic

351/

() Di (Nap Cl)=|E(NazCl)-E(Nag )-E(C17)|
D! (NayClt)=|E(Na;C1t)-E(Na7 )-E(C)|

() D (NazCl)=|E(Naz Cl)-E(NaCl)-E(Na)|
D.(Nag Cl+)=|E(NagCl+ )-E(NaCl)-E(Na"’) |

() ref.77.

insensitive to the location of the extended Na orbital ( Figure 5.9(e))-

B. Vertical ionization

The vertical ionization threshold of Nas Cl corresponds to the removal of

the unpaired electron from the highest occupied molecular orbital, which, as

noted above, is mostly concentrated between the two sodium atoms. This is

clearly seen in the differential charge density map in Figure 5.10, showing the

electron density of the neutral molecule relative to the ionized molecule in the

triangular structure after electronic relaxation. We find that the relaxation
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Ap,=p(Na,Cl)-p(Na,CI")

I1a.u.

| S

Fig. 5.10 Charge density Ap, of the NagCl molecule relative to the Na201+ molecular
ion in the same configuration. Contour values are in units of 0.001e/ (a,.u.)3, with spacing

of 0.002¢/(a.u.)3.

tends to further delocalize the hole and shifts the IP by only 0.03 eV. Our
calculated value for the vertical IP is surprisingly somewhat higher than the
experimental datum 77, by about 0.4 eV. This could be due to an inaccuracy
in the pseudopotential description of sodium, which, at variance from the
case of NasCl,, is directly involved in the ionization process of NapCl. We

also note that the vertical IP of the Na-Cl-Na linear species is about 3.5 eV.
C. Na201+

In the case of Na,Cl as well we find that ionization is accompanied by a
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Ap,;=p(Na,Cly)-pNa,Cl’)

Na Cli Na

1 :a_,;u,

Fig. 5.11 Charge density Apq of Nag Cl_; relative to Nag Clt.Contour values are in units
of 0.016/(a.u.)3, with spacing of 0.066/(0,.?1,.)3.

structural change. A transition to the linear symmetric shape shown on the
right hand side of Figure 5.8 is found to further stabilize the singly ionized
triatomic molecule and to lower the IP by about 1 eV ( see Table 5.5 ).
The electron density piles back around the halogen (MP(Cl)=7.79) and the
binding energy turns out to be very close to that of the neutral dimer (see
Tables I and II ). The same structure is the final ionization product of the
metastable state of NasCl in the linear asymmetric Na-Cl-Na arrangement ,

whereas the Cl-Na-Na arrangement is unstable against ionization.

As can be seen from the values of d(xacr) in Table 5.4 and Table 5.5, the
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stable structure of the Na,CIT cluster is identical to that of this aggregate
in the presence of an extra chlorine atom ( NazCl;’ ) Figure 5.11 shows the
difference between the electron densities of the two compounds and reveals
once more the neutralization of the additional weakly bound atomic halogen
in Nag Cl;’. In agreement with evidence from mass spectra’, the chlorine-
deficient ionized aggregate is more stable than the stoichiometric cluster and,

as expected, is its most probable dissociation product.

5.5 Discussion

The calculations presented above allow us to understand how the
bonding and the structural properties of the neutral sodium chloride dimer
evolve after ioniz_ation and why eventually mass spectroscopy can reveal
the chlorine-deficient ionized aggregate in much stronger abundance than
the stoichiometric one. The SCHF-pseudopotential method seems a useful
approach to the study of the equilibrium properties of these aggregates.
Dissociation energies for several paths are found in reasonable agreement with
experiment. Chemi-ionization reactions of alkali dimers with homonuclear
halogen molecules have been produced and the energetically allowed paths
for these reactions carefully analyzed®?. In agreement with these chemi-
ionization experiments, we find that the formation reaction Naﬁ-Clz —
Na,Cl*+Cl1~ is highly probable, while the reaction Nag+Cl; — Nat+ NaCl
+ C1~ is highly improbable since the energy of the products is significantly

higher than that of the reactants. For a complete study of dissociation
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processes one should of course transcend the HF approximation.?

A number of more or less refined ionic models have been put forward
for both Na,Cl;75°% and NayClt91:9%94  which use in general interionic
~ potentials fitted to the properties of NaCl. For Nay;Cl; we notice that a
shell model 7, adjusted to both the monomer and the crystal, gives results
in close agreement with our own. In the case of NayCl*, Lin et al. °*
have shown that the polarizability of the anion in an ionic model is a crucial
parameter and that a value significantly smaller ( by a factor 2/3) than the
polarizability of the free anion is necessary to obtain a linear structure at
equilibrium and a dissociation energy in rough agreement with experiment.

We believe that, as the size of the aggregate increases, the same
mechanism found here for the smallest cluster is still involved in determining
the features of the observed mass spectra. Ionization should remain a drastic
process and involve important structural changes. Therefore, at variance
from aggregates of rare-gas atoms and simple metals®®, magic numbers in

the mass spectra of ionic systems do not reflect the relative stability of the

neutral parent clusters of the same composition.
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Chapter 6

SUMMARY AND CONCLUSIONS

As we have discussed in Chapter 1 of this thesis, semiempirical
approaches to molecular shapes and crystal structures have so far been
developed on different footings. In the case of solids, great success has been
achieved recently in the classification of a large class of compounds by means
of simple structural parameters defined for the atomic constituents.”’~12
In the case of molecules®, several phenomenological criteria to account for
the shapes of the main group species have been proposed in the literature.
Though useful, to a large extent, in rationalizing the geometries of restricted
classes of molecules, none of them seems to provide a successful scheme to
account for structural trends in wide families of compounds, such as all the

AB2 or ABj3 species.

We have shown, in chapters 2 and 4, that a unified classification scheme
for structural properties of s — p bonded tri- and tetra-atomic aggregates, in
both the molecular and the solid phase, can be constructed through the use of
Quantum Structural Diagrams (QSDs). These diagrams are defined by two
Cartesian coordinates expressed as linear combinations of Valence Electron

Orbital Radii (VEOR), the latter being derived from ab initio calculations on
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the free atoms. We have examined the tranferability from solids to molecules
of coordinates based on radii from either pseudopotential (Zunger-Cohen
radii®) or all electron (nodal radii**) calculations. Our results indicate a
substantial equivalence of the two schemes.

We notice that transition metal compounds have been explicitly
excluded from our plots based on s and p VEOR, since we believe that d
orbital contributions are needed for a complete account of their structural
properties.

The first result of our QSDs is that the number N of total valence
electrons in the compound is a relevant parameter in structural classification,
in agreement with Walsh criterion?® for molecular shapes and with Villars’
classification scheme for solids'®. While crystal structures are known for
many solids, the available experimental information for the molecular phase
is not sufficient to construct statistically meaningful plots for the various
values of N. However, at least in the case of molecules, it is not necessary to
define a fine scale on the N axis, such as that used by Villars in classifying
crystals. A distinction between double-octet (DO) and sub-DO compounds
for AB, species, and between compounds with N = 24 and with NV < 24 for
ABg species is sufficient to yield successful structural separations. It is not
clear, however, how to extend our approach to molecular ions. This would be
interesting especially with the aim of predicting structural transitions upon
ionization or electron capture.

The VEOR based structural maps for solids reported in the literature
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(Andreoni'! and Burdett et. al.}?) for DO AB; compounds, and those which
we have constructed®1# for sub-DO AB, and for AB3 crystals with N < 24

provide the following remarkable results:

(i) they allow a satisfactory separation between different crystal
structures; (ii) they account for trends in the coordination number; (iii)
they distinguish between packed and layered compounds, always appearing
in two distinct domains of the plane.

Some species are however found to be misplaced in the plots used to
investigate crystals. A careful analysis of the structure and bonding of the
specific misplaced compound has often indicated the reasons why the maps
constructed cannot account for its conformation. (In the case of mercury
dihalides, for example, both the frozen core approximation and the disregard
of d orbital contributions may be responsible for the difficulties encountered
in their classification). The correspondiﬁg QSDs for molecules do not reveal
the same problems met with solids2 due to the simpler structural question to
be solved in the former case.

In the case of AB; molecules, the maps which we have constructed!®
perfectly discriminate between linear and bent species and account for the
trend in the apex angle of bent compounds. The structural plots for ABs3
molecules!4 successfully distinguish planar from threedimensional geometries
and also several different distortions of ideal symmetric shapes. Finally, the
different planar structures displayed by molecules belonging to the A;B-

family are clearly separated by VEOR-based structural parameters.
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The results of our plots for AB; and A;B; molecules have allowed us
to establish a correlation between the apex angles of these compounds and
one of the structural parameters used, i.e., our ¥ coordinate defined as
the difference of the averages core sizes of the atomic constituents. More
precisely, Y has been found to be related to the tendency of AB; molecules
to bend and to the angular deviation from the ideal square shape for

rhombohedral A;Bs species.

The existence of these correlations has in turn suggested a direction
where a physical interpretation of the coordinates used may be sought.
Insight into the physical meaning of our structural parameters has been
gained by a first principle investigation of the linear-to-bent structural

transition in the family of DO AB; molecules'®.

We have performed all-
Eeectron (AE), Hartree-Fock frozen core calculations on DO AB; molecules
with different core sizes. B has been taken as a model fluorine atom with a
ﬁxed core size, while A has been taken to model a group-II atom with twelve
electrons and its atomic dimensions have been varied to define different ¥
coordinates for the AB, species. We have first established the role of the
central atom single particle orbitals in determining the molecular geometry.
It turns out that, provided that the atomic constituent A gives rise together
with B to an ionic compound ABg, i.e., provided that 3s valence level of A is
high enough in energy to permit a charge transfer A—B, it is the position of

the A 2p core level which determines the molecular equilibrium structure as

linear or bent. Hence, the elemental y coordinate associated with the central
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atom, which by definition weights more the p radii than the s one, is expected
to suitably condense the orbital propertiesﬂ which are necessary and sufficient
to describe a linear-to-bent transition in the class of the species examined.
The above findings are also consistent with our results for conformation and

binding of alkaline-earth dihalide molecules in an ionic model®.

Our calculations have allowed us to establish a first principle relationship
between the bond angle § of DO AB; molecules and the structural
coordinates Y and furthermore to find an analytic representation of the
binding energy of these compounds, as function of § and Y. In agreement
with the results of our QSD for triatomic molecules with N = 16, we have
again found a critical value Y, of the Y coordinate associated with the
compound, such that species with |¥| < |Y¢| have a linear shape, while
those with |Y| > |Y.| have a bent geometry in their ground state. The
squared angular deviation from planarity of bent molecules, AB?, has been
established to vary linearly with Y, except in the immediate neighborhood
of Y,. In the transition region near Y,, the functional dependence of Af from
the so called bond ionicity Y is more complicated. The behaviour A8(Y) has
suggested a simple form for the binding energy E(6, Y) of DO AB, molecules.
The difference between E in the bent and in the linear structures has been
expressed as a linear combination of a quadratic and a quartic term in A#,
with coefficients depending on Y. Such an expression has turned out to
reproduce very accurately the energy of an AB2 with a fixed core size, as

6 varies, and to provide a general representation for the energy of DO AB,
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species when both Y and 6 vary.

Our ab initio study of the linear-to-bent transition has therefore
established significant connections between the Y structural coordinate and
both the physical factors underlying the structural transition and some
properties of the AB, family compounds. This clearly constitutes orﬂy a first
step towards a complete understanding of the physical meaning of the VEOR-
based coordinates. Further investigations are certainly needed. In the case
of molecules, a study of the square-to-thombohedral distortion in the class
of A;B, compounds and an analysis of how Y is related to the properties
of AB3 species could provide further insight into the interpretation of the
structural parameters. In the case of solids, the interpretations of the (Y, X)
coordinates reported so far in the literature has always been formulated on
phenomenological grounds?!. Due to the greater complexity of the structural
problem in the solid than in the molecular phase, an investigation for crystals
corresponding to that we have provided for molecules should first be adressed
to AB compounds. A relevant contribution in this direction could come from
an ab initio study of the correlations between the (¥, X) coordinates and the
physical properties determining, e.g., the transition from the NaCl to CsCl
structure. Such an investigation could be accomplished by AE frozen core
calculations on a model AB ionic solid with the NaCl structure, whose core
size of the cation is suitably enlarged to reproduce a transition to the CsCl

structure.
In this connection, we mention that ab initio all-electron calculations
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of the electronic properties of crystalline silver halides , by means of the
Linearized-Augmented-Plane-Wave (LAPW) method®®, are part of our work
in progress. In order to test our computer code®? for simple ionic solids, as
well as to test the Va,lidity> of the frozen core approximation for these systems,
we are carrying out AE calculations for the NaCl solid.These calculations
could provide an appropriate starting point for the investigation mentioned
just above, about the correlation between the sodium-chloride-to-cesium-

chloride structural transition and the coordinates (Y, X).

While the first part of this thesis has been devoted to the problem
of equilibrium structure for tri- and tetra-atomic compounds, the second
part has been concerned with ionization induced structural transitions in
specific systems, namely sodium chloride microclusters. The ab initio
calculations which we have presented have allowed us to understand how
bonding and structure of the neutral sodium chloride tri- and tetra-atomic
compounds evolve after ionization, and why eventually mass spectroscopy
can reveal chlorine-deficient ionized aggregates in much stronger abundance
than stoichiometric ones. We have indeed shown that ionization is a drastic
process involving symmetry braking for both NagCls and NasCl. The neutral
bent Na;Cl evolves towards a linear structure after ionization, while the
rhombohedral dimer adopts a triangular conformation upon removal of one
electron. The latter is found to be very weakly bound against dissociation
into a non stoichiometric ionized aggregate and a chlorine atom. We believe

that, as the size of the aggregate increases, the same mechanism found
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here for the smallest cluster is still involved in determining the features of
the observed mass spectra. Ionization should remain a drastic process and
involve important structural changes.

The Single-Configuration-Hartree-Fock method which we have used,
turns out to be a useful approach to the study of the equilibrium properties
of sodium chloride aggregates. Dissociation energies for several paths are
found in reasonable agreement with experiment. In particular, we have
“found complete agreement with chemi-ionization experiments on compounds
formation.

Qur calculations have also allowed us to make contact with the ionic
models proposed in the literature for sodium chloride compounds and to
discuss to what extent the picture they provide for the bonding in these
materials is reliable. In particular, an ionic model is found to be quite
consistent with the molecular orbital picture of the bond that we obtain
for the dimer. This is no longer the case for the neutral dialkali chloride
species and thus an ionic model cannot properly account for its ionization

process.
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Appendix

GENERALIZED VALENCE BOND AND
CONFIGURATION INTERACTION METHODS

The Hartree-Fock (HF), Generalized Valence Bond (GVB) and Config-
uration Interaction (CI) methods 3are, in their essence, different approxima-
tions to the total wavefunction of N interacting electrons in the field of given

fixed nuclei. If a N electron system is characterized by the hamiltonian :

N N 1
H= Zh(p) 1 Z — (A.1)
p=1 p>q=1

where h(p) contains all one-electron terms involving electron p, the total

‘energy of any electronic wavefunction can be written as : -

E =Y Dihij + ) kiD}(kl50) (4.2)
i’j iaj
where
h,‘j =< qsilhl(ﬁj > (A..3)

(ik130) =< $:(1)65 2)| —I#:(Du(2) >
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and {¢;}"_; is a set of n single particle functions, in term of which the
total wavefunction is described. D; and D;c’, are appropriate density matrix

elements. If the total wavefunction is expressed through orthonormal orbitals

< ¢i|@; >= by, (A.4)

the one and two electron density matrices in (A.2) can be brought into

diagonal form and the total energy written in the following simplified way

n n
E=2 Z fihsi + Z (a,;j.]ij + b,;jKij), (A.5)
im1 ig=1

where J;; =< ¢;|J;|¢; > and K;; =< ¢;|Kj|¢; > indicate the usual Coulomb
and exchange energies, respectively and J; and K; the corresponding
operators. The energy coefficients {2f; = D::;aij = aj; = D::;:;bij = bj; =
D;J;} are independent from the orbital set {¢,};.

In the HF scheme, the total wavefunction ¥ of N electrons is

approximated by the antisymmetrized product of n single particle orbitals

$;, chosen to be orthonormal to each other

U = A|(¢10)($18)...(¢n0) (¢ne) > . (A.6)

A is the antysimmetrizer or determinant operator and o and f are the Pauli
spin functions. If the total electronic wave function of a molecule is written
in the HF approximation, it generally doesn’t lead to an adequate description

of bond dissociation. Let’s consider, as an example, the simple case of the
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hydrogen molecule H;. Near the equilibrium internuclear distance R.q, the

ground state of H; is properly described by the closed-shell HF wavefunction

Alppop > . (A.7)

In the dissociative limit, the system consists of two isolated hydrogen atoms

and is therefore described by the open-shell singlet wavefunction

Al(bl(;bz(aﬂ — ,30!) >, (AS)

Since eq. (A.7) consists of a single, doubly occupied molecular orbital,
it cannot describe the separated atom limit. Conversely, the required
orthogonality between ¢; and ¢, prevents eq. (A.8) from describing the
molecular bond. A wavefunction with the proper behavior at all internuclear
separations can be constructed by relaxing the orthogonality restriction

between single particle orbitals

Algprigat(af — Ba) >= A|(p1/gal + paldil)af >, (A.9)

where < ¢1/|¢af >= S12 = 0. The wavefunction expressed by eq. (A.9)
is the simplest example of generalized valence bond function. For any
molecular system, eq. (A.6) can be generalized to allow selected electron
pairs to be described in term of singly occupied overlapping orbitals (as in
the simple valence bond method). If the various orbitals are then solved for

selfconsistency, the resulting wavefunction is referred to as a generalized bond
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wavefunction. More specifically, the GVB method replaces the conventional
HF-closed-shell orbital description of a singlet pair by a so called GVB pair,

consisting of two non orthogonal orbitals coupled into a singlet

badacf — dr0d2q(af — Bar), (A.10a)

or equivalently

Padpacf — (¢1a¢2a + ¢ - Zafﬁla)aﬂ- (A.lOb)

Using this prescription, the HF wavefunction

Alp16108...¢mbmofdmi .. bra > (A.11)

is extended to the GVB form

Alpi11l¢21/(eff — Ba)..dimlbam! (af — Bo)bmira.dro >, (A.12)

where < ¢14/|¢2:! >= S;. In eq. (A.12) each singlet electron pair is allowed
to correlate. However, for most chemical problems many such correlations
can be ignored and only selected electron pairs (generally those describing
chemical bonds) need be represented by GVB pairs. The wavefunction (A.12)
singlet couples as many orbital pairs as is possible for a given eigenstate of
spin. This ”perfect pairing” assumption in the construction of the coupling

scheme can be relaxed by allowing full functional freedom for spin eigenstates.
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In this way other linearly independent ways of coupling orbitals than that
used in eq. (A.12) are taken into account in the construction of the total
wavefunction. The energy of the GVB eigenfunction so far developed cannot
be expressed in the relatively simple form of eq.- (A.5), since the density
matrices entering eq. (A.2) can’t be put in a diagonal form. In order to obtain
E in the desired form of eq. (A.5), suitable single particle orbitals orthogonal
to each other are constructed from the original GVB orbitals. Different
techiques can be adopted to build up the new set of orbitals, depending on
which kind of pairing is considered Perfect pairing or separeted pairing of
spin eigenfunctions.

Once the total wavefunction has been expressed in the form of eq.(A.5),
it is solved for selfconsistency. This means that one seeks those orbitals {#;};
for which E is stationary (at a minimum) with respect to any arbitrary
varation in any of the orbitals. Two necessary and sufficient variational

conditions are derived for the minimization of E

< 6¢,|F ¢, >=0 (A.13a)
F; is the generalized Foch operator

Fi= fih+ Z(aiﬂj + b, K;) (A.14)
J

Condition (A.13a) ensures 6 E = 0 for each variation 8¢, in orbital ¢, that is
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orthogonal to all occupied orbitals. Condition (A.13b) ensures instead that

deltaE = 0 for each 6¢, overlapping any occupied orbital.

The configuration interaction method is a straightforward application
of the Ritz method of linear variations to the calculation of electronic
wavefunction. This method employs a linear expansion ansatz for the trial

wavefunction ¥ of a N electron system

n

=) C,2,. (A4.15)

s=1

Here the ®, are predetermined expansion functions and the linear coeffi-
cients C, are the parameters which are varied to make the total energy
E[¥],functional of ¥, stationary. The expansion functions @, are often re-
ferred to as ”configurations”. They are constructed as linear combinations of
products of one elctron functions (spin-orbitals), those being chosen so that
®, satisfies all of the symmetry conditions which ¥ is required to satisfy. A
linear combination of Slater determinants is required, generally, in order to
satisfy spin and space symmetry conditions. The choice of the spin orbital
set {¢;}; used to construct the configuration @, is of paramount importance
in determining the ultimate success of a CI calculation. First, the one- elec-
tron function space spanned by the orbital set determines the best result that
can be obtained when all possible CFs which can be constructed from the
given set are included in the CI expansion, and no further approximations

are made. This so called ”full CI” result is invariant with respect to any
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unitary transformation of the orbital set. Second, the particular choice of
the individual orbitals within a given space, is of crucial importance in deter-

” convergence”

mining the convergence rate of the CI expansion. The term ’
refers to the number of CFs needed to achieve results of a particular quality

within a given orbital set.
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