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An empirical plot of average principal quantum number (7) versus average AX electronegativity
difference (Ay) for A,X,, structures shows resolution of four-, six-, and eight-coordinate solid state
structures (Pearson diagrams). A simple molecular orbital (and therefore covalent) analysis of the
coordination number problem suggests that it is determined by the balance between X-X nonbonded
repulsions and the number of stabilizing interactions (both of which increase with coordination
number). A-A repulsions may also be important if A is significantly larger than X. The approach
provides an alternative to the ionic model for structure rationalization but it is still not clear how
relatively important covalent and ionic factors are in determining the structures of even ‘‘ionic’’ solids.

Introduction

Traditional ways (7, 2) of looking at solid
state structures divide them into three
types described by ionic, covalent, or me-
tallic bonding. Materials of the first type are
considered as being made up of discrete
ions, the electrostatic forces between them
holding the structure together. The predic-
tive value of thermochemical, electrostatic
lattice calculations using the ionic model is
well established (3) (for *‘ionic’’ systems)
but the use of traditional radius ratio rules
to view the structures of the alkali halides
and alkaline earth oxides, for example,
predicts the correct room tempera-
ture /pressure structure with less than
50% accuracy (4). An empirical plot, how-
ever, of n versus Ax (average principal
quantum number of the A,X,, formula unit,
versus electronegativity difference between
A and X) leads to well-defined areas where
various types of structures are found (5).
(We shall call these plots, Pearson dia-
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grams.) Figure 1 presents results for some
AX species and good resolution into four-
coordinate sphalerite (zinc blende) and
wurtzite, six-coordinate rock-salt, and
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F1G. 1. A Pearson diagram showing observed stable
room temperature /pressure polymorph for some AX
systems. 1 is plotted against Ay (average principal
quantum number versus electronegativity difference
between A and X). The AX species have a total of
eight valence electrons per formula unit. Diamonds
represent sphalerite (zinc blende) structure; triangles,
wurtzite structure; (circles, rock-salt structure;
squares, CsCl structure. (Adapted from Ref. (5).)
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eight-coordinate CsCl structures is found.
Better agreement is found if instead of Ay,
Ax - r,/r. is used as the ordinate, r, and r,
are the anion and cation ‘‘radii,”” respec-
tively. Interestingly, these plots resolve the
two different four-coordinate structures.
Similar features are seen for several A,X,,
structures. Higher coordination number
structures are found (i) as the electronega-
tivity difference increases and (ii) as the
average principal quantum number in-
creases. A separation between the struc-
tures of different coordination number is
also found as a function of ionicity, mea-
sured experimentally via electronic absorp-
tion (6) or photoelectron (7) spectroscopic
studies on solids. We have described else-
where (8) how a covalent bonding model
allows rationalization of the relative bond
lengths in the wurtzite structure and why
this structure appears to be favored com-
pared to that of sphalerite for higher values
of Ax on the Pearson diagrams. In this
paper we present molecular orbital argu-
ments supported by quantitative calcula-
tions to rationalize the general appearance
of the Pearson diagrams.

Covalent Factors Influencing Coordination
Number

(a) Nonbonded Repulsions

1 shows the local coordination geome-
tries of both ‘‘anion’” and ‘‘cation’ in the
four-, six-, and eight-coordinate AX envi-
ronments found in sphalerite and wurtzite,
rock-salt, and CsCl structures, respec-
tively. If we wish to retain the ligand-ligand
distance pertaining to the four-coordinate
complex in the higher coordination number
structures, the A-X distance needs to be
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increased by 15.5% (in the AX; unit) and
41% (in the AXy unit), respectively. (The
latter represents a 22% increase over the
octahedral value.) These large changes in
bond length with change of coordination
number are seldom found (9). As a rule of
thumb, ‘‘ionic’’ radii (and hence ‘‘bond
length’’) should (/0) depend upon coordi-
nation number in the approximate ratio
0.96:1.00: 1.04 for four, six, and eight co-
ordination. This implies that in real struc-
tures a decrease in ligand-ligand distance
occurs with a concurrent increase in non-
bonded repulsions as the coordination num-
ber increases. High coordination number
structures are therefore only found with
large central atoms so that there is sufficient
“‘space’’ for the ligands in the coordination
sphere.

(b) Change in AX Bond Length

Since the bond lengths in the y-coordi-
nate geometries increase with coordination
number, then it is likely that the interaction
between the orbitals of A and X will de-
crease asy increases simply because of loss
of overlap at the longer distance (/7).
Clearly factors (a) and (b) discourage the
formation of high coordination numbers.

(¢) Change in the Number of Ligands

In very simple terms, the more occupied
ligand orbitals surrounding a central
atom, the larger the stabilization energy
associated with the interaction. Figure 2
shows molecular orbital diagrams for the
three AX, environments. In terms of sec-
ond-order perturbation theory the changes
in energy levels are pairwise additive (12).
Thus the interaction energy of the totally
symmetric central atom s orbital with the
ligands is obtained by considering how it
interacts with ligand 1, then linearly add-
ing on to that how it interacts with ligand
2, etc. Using second- and fourth-order
perturbation theory we may readily show
(13) that in general the energy of interac-
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F1G. 2. 0-Only molecular orbital diagrams for AX,
units (y = 4, 6, 8) where the A atom is less electronega-
tive than the X atoms. Only -one component of degen-
erate orbitals is shown pictorially. The diagrams are
schematic.
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tion between two orbitals i and j is given
by

€ = pBiSi: — PPMS\Y,

where 3, and vy, contain a dependence on
the unperturbed energy separation between
orbitals / and j, and p contains the depen-
dence on the geometry and the number of
ligands. S, is the overlap integral at a given
AX distance between A and X orbitals of
M=0o, m) type. For the specific cases of
Fig. 2, the total stabilization energy pro-
duced by occupation of the four A-X bond-
ing orbitals is

2y[BO'SO'2 + B(’TS(ITZ - y(70S04 + %’y[rsz’;l)]-

Here y is the number of ligands (four, six,
eight) and the unprimed and primed terms
refer to interactions with the central atom
s and p orbitals, respectivley. Division of
this expression by y leads to the stabiliza-
tion energy per A-X linkage,

2BsS, + BLSE = y(y,S,t + 4yiSA).

This decreases with increasing y. While the
bonds in AX, might be regarded as 2c-2e
bonds, those in AX; species would be of the
weaker 3c—4e type as algebraically sug-
gested here. The total stabilization energy
(for a given bond length) does not increase
Inearly with y, but as long as the fourth-
order perturbation terms are smaller than
the second-order terms, the total stabiliza-
tion energy will increase with coordination
number.

Generation of Pearson Diagrams

We have performed extended Hiickel
molecular orbital (EMHO) calculations on
AX,'7Y species, to test the importance of
the three factors of the previous sections.
(The detailed parameters and bond lengths
are given in the Appendix.) Although crude
in numerical terms compared to many
quantum molecular caiculations, the results
do lead to a Pearson-like diagram. For the
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AX; system of Fig. 2, the stabilization of
the occupied A-X o bonding orbitals of a,,
and t,, symmetry (which in the a,, case is
also X-X bonding) is offset by the destabili-
zation experienced by the A-X nonbond-
ing, but X-X antibonding orbitals, of e,
symmetry. (See Fig. 2 for a pictorial repre-
sentation of these orbitals.) In the AXj;
system, the stabilization of the occupied a,,
and 1,, orbitals is offset by the destabiliza-
tion of the occupied X-X antibonding (and
A-X nonbonding) orbitals of a,, and ¢,,
symmetry. Occupation of these higher-en-
ergy X-X orbitals energetically gives rise to
a nonbonded repulsion between the X
atoms. The X atoms are closer together in
the cubal coordination than in the octahe-
dral environment and the net destablization
energy associated with occupation of the
a, and t,, orbitals is greater than that
associated with occupation of the e, pair.
From the numerical calculations we find
that as the Slater exponent, {, of the or-
bitals on X increases (i.e., as the orbitals
contract and X becomes more electronega-
tive) (14) the destabilization of these X-X
antibonding orbitals is reduced. With in-
creasing {, the overlap integrals between
ligand orbitals decrease faster than those
between A and X. Fors = 2, by calculating
the molecular orbital energy of AX,' " rela-
tive to X, ¥ for each of the structures, AX,
is found to be most stable for low values of
{, AXs most stable for intermediate values,
and AX; most stable for higher ¢ values
(Fig. 3). In qualitative terms this is just
what is found in horizontal excurisons
across the Pearson diagrams. Consider-
ation only of the variation of A-X forces
(we chose y times the bond overlap popula-
tion) in these AX, structures leads to the
prediction of octahedral structures for low ¢
and cubal structures for higher values. By
viewing the energies of electrons in the o
bonding orbitals only (i.e., neglecting the
effect of occupied X-X antibonding or-
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Fig. 3. Pearson diagram synthesized from the
results of EHMO calcualtions on these AX]™" species
(see Appendix for details).

bitals) the cubal structure is predicted to be
most stable for all the values of { we used.
These A-X o bonding orbitals are also X-X
bonding and their occupation will lead
therefore to some X-X attraction. These
three results for the n = 2 cases strongly
suggest that the coordination number in a
given species is largely determined by fac-
tors (a) and (c) above.

It will be noted in both Figs. 1 and 3 that
the boundary between four- and six-, and
between six- and eight-coordinate struc-
tures moves progressively to lower Ay
values as # increases. This is due in part to
longer AX distances in general (/6) as n
increases with a concomitant increase in
nonbonded X-X distances. The destabiliz-
ing effect of the occupation of X-X anti-
bonding orbitals in AX; and AX; structures,
with a given { is reduced compared with
that in analogous structures with shorter A—
X bond lengths. The higher coordination
numbers then become more favorable. In
addition, at the longer A-X distances, there
are smaller changes between the A-X over-
lap integrals found at the distances appro-
priate for four, six, and eight coordination
than for lower n systems (/7). There is
also a smaller effect via variation in the
central atom exponent as heavier atoms
are used.
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A-A Repulsions

We have modeled the behavior in com-
plex real systems by a simple molecular
orbital model. Clearly, in any one specific
case good-quality molecular orbital calcula-
tions should be used to reliably weigh the
factors we have discussed above. Our
EHMO calculations on LiFl™¥ species (to
model the LiF system), for example, using
parameters commonly used for Li and F
predict tetrahedral coordination, rather
than the octahedrally based rock-salt struc-
ture found under normal conditions. Inter-
estingly calculations on FLij¥"! species
show very little difference in energy among
the three geometries. In these species (Fig.
4) the Li-Li antibonding orbitals are unoc-
cupied and thus Li-Li nonbonded repul-
sions are absent on our model. This result
suggests that it is X-X repulsions which
most strongly influence the structure.
O’Keefe and Hyde (/8), however, in their
molecular mechanics approach to four- and
six-coordinate structures, suggested that it
was cation—cation hard-sphere repulsions
which determined the structure and not
anion-anion repulsions as indicated by our
molecular orbital results. The answer to
this problem is that hard-sphere A-A repul-
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Fi1G. 4. Molecular orbital diagrams for (a) LiF; ™ and
(b) FLi;*® showing occupation of F-F antibonding
orbitals in (a) but no occupation of Li~Li antibonding
orbitals in (b). In this coordination geometry the X—-X
antibonding orbitals are those of species e,. « interac-
tions only are shown for clarity on this schematic
picture.

177

sions may be important if there is a large
difference in size between A and X. Obvi-
ously, oxygen, eight-coordinated by a large
atom such as La, is unlikely because of
effects of this sort. In this light recall that
better resolution of structure on the Pear-
son diagrams is found (5) if Ay - r,/r. is
used as the ordinate rather than Ay alone.
For large cation/small anion systems this
modification means that lower coordination
number structures are to be expected than
predicted on Ay grounds alone. Our va-
lence molecular orbital model would not
reflect effects of this sort. The modified
ordinate thus contains the effects of A-A,
X-X, and A-X forces in determining the
structure.

The Ionic Model

One inference often drawn from the Pear-
son diagrams is that as the electronegativity
difference and average principal quantum
number increase then the directional char-
acter of the bonds decreases and the bond-
ing becomes omnidirectional. This is often
regarded, if Ay is large enough, as being
due to ionic bonding. Our present analysis
indicates that directional bonding occurs in
all parts of the diagram. It immediately
suggests a possible reason for the failure of
the radius ratio rules in the alkali halides
and alkaline earth oxides, namely, covalent
bonding. This is an idea which is not new
(19) but is formulated here in a rather
different way. On an ionic model, a vertical
section through the Pearson diagram is un-
derstandable. More highly coordinate
structures are predicted as n increases.
With the larger X-X distances, reduced
electrostatic repulsions between the ligands
will occur. On a local basis ionic repulsions
between the X species increase as the
charge on X increases (i.e., as Ay increases)
with a horizontal traverse across the dia-



178

gram, which should discourage the forma-
tion of high coordination numbers. This
increase in X-X repulsions needs to be
weighted against the increase in A-X at-
tractions and the change in A-X distance.
In the extended crystal the Madelung con-
stants increase in the order sphalerite
(1.638) < wurtzite (1.641) < rock salt
(1.748) < CsCl (1.763). So the covalent
factors (a—c) described above have their
ionic analogs which give rise to similar
effects. We can in fact calculate an approxi-
mate electrostatic energy for these struc-
tures as a function of {in a crude fashion by
using the results of a population analysis of
the molecular orbital coefficients. The pa-
rameter g.q-M/r, is readily computed,
where ¢, are the net atomic changes on
anion and cations, r, is their separation,
and M is the Madelung constant for a given
structure. As a general result g_ is similar
for all three AX.™¥ species with a given {
but g, decreases in magnitude as y in-
creases. For n = 2 wurtzite /sphalerite is
most stable for all { considered but the
energy difference between four and six co-
ordination is much smaller for higher than
for lower values of {. For n = 3 the net
charges are much closer to unity. We find
that wurtzite/sphalerite is most stable for
values of { up to about 2.0 and thati the
rock-salt arrangement is more stable be-
yond. The CsCl structure is never the most
stable structure on our scheme since the
difference in r, on going from six to eight
coordination is always larger than the cor-
responding change in M.

Calculations to predict coordination
number and crystal type have been per-
formed by Tossell (20) using the modified
electron gas (MEG) ionic model (27). The
correct structures are predicted for MgF,
(rutile) and CaF, (fluorite) but the method
quantitatively starts to break down in pre-
dicting the correct coordination geometry
(and also in predicting phase transition
pressures) when systems are studied which
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do not have the highest possible ionic char-
acter (e.g., chlorides).

It is very interesting to note in this con-
text that in the alkaline earth dihalides the
AX, species with the largest electronegativ-
ity differences between A and X are nonlin-
ear and those with the smallest differences
are linear (22). Clearly on a purely ionic
model, linear AX, species are strongly pre-
dicted. In the fluoride series, the linear
molecules BeF, and MgF, have the geome-
try expected from the Walsh scheme and
the VSEPR rules but the bent species CaF,,
SrF,, and BaF, do not. Tossell's ionic cal-
culations also do not predict these bent
structures but their geometries are under-
standable in molecular orbital terms (23).
The observed nonlinear structures for these
heavy fluorides (in just those cases where
ionic forces should be most important and
linear geometries found) are clear evidence
of the superiority of covalent over ionic
forces in determining the angular geometry
(at least). It is interesting to speculate that it
is the covalent effects that dominate the
coordination number problem outlined in
this paper too.

Appendix: Molecular Orbital Parameters

EHMO calculations (24) were performed
on AX] Y species (y = 4, 6, 8). ns and np
orbitals were included on A but s orbitals
only on X to model the « orbitals of the
ligands. AX bond lengths for the three
structures were in the ratio 0.96 : 1.00 : 1.04
for tetrahedral, octahedral, and cubal ge-
ometries, respectively. X atom orbital ex-
ponents { and valence shell ionization po-
tentials in electron volts were varied
according to the formula VSIP = 7.3¢-1.0,
the equation linking the parameters for the
first-row species Li through F. The A atom
exponents, VSIPs, and AX distances used
to model variations in #z are given in Table
I. For the calculations on LiF, the octahe-
dral Li-F distance used was 1.547 A and
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TABLE I
A AToM EXPONENTS, VSIPs, AND AX DISTANCES

VSIP (ns) VSIP (np)

A n ns,np exponent (eV) eV) AX(A) (oct)
‘Mg’ 3 0.950 -9.00 —4.50 1.50
“Ca” 4 0.770 -7.20 —3.60 1.65
Sr”? 5 0.713 -6.70 -3.35 1.80

the VSIPs (with exponents in parentheses)
were Li2s,5.40 (0.650); Li2p,3.50 (0.650);
F2s5,40.0 (2.600); F2p,18.1 (2.600).
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