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Structural Classification of 4B, Molecules and A4 ; Clusters
from Valence Electron Orbital Radii

Wanda Andreoni, Giulia Galli,® and Mario Tosi‘®
Institut de Physique Expérimentale, Ecole Polytechnique Fédeérale de Lausanne, CH 1015 Lausanne, Switzerland
(Received 9 August 1985)

We show that a priori atomic parameters (valence-orbital radii) allow classifications of molecular
shapes for a large number of sp-bonded AB,; compounds with the number of valence electrons
N =16, in parallel with classifications of crystal structures in the solid phase. Triatomic 4; clusters
with N = 15 are structurally classified with the same scheme.

PACS numbers: 36.40.+d, 61.60.+m

The problem of molecular shapes has acquired renewed
interest especially in view of recent progress in the
preparation and structure determination of small atomic
aggregates.! One of the primary questions is to under-
stand whether and why a given 4B, molecule or A3 clus-
ter will adopt a linear or a bent shape in its ground state.
In this Letter we propose a new way of looking at this
question, which appeals to progress made recently in
structural classifications of solids through simple a priori
parameters of the atomic constituents.? Such structural
parameters are simple linear combinations of s- and p-
orbital (either pseudopotential or nodal) radii derived

from ab initio calculations for atomic electron states.

" Here we show that it is possible to predict the equilibrium
shape of atomic aggregates in the molecular state by use
of the same parameters which classify them in the solid
phase.? In particular, we present for the first time suc-
cessful structural plots for all the sp-bonded AB, and A3
molecular species known so far.

We recall that the Mulliken-Walsh rules for molecular
shapes® identify the number N of valence electrons in the
molecule as a relevant parameter. In particular, for the
equilibrium shapes of sp-bonded nonhydride AB,
molecules, they indicate N =16 as a dividing line between
linear (N <16) and bent (N > 16) shapes. However, a
large number of bent molecules with N <16 are now
known, and this suggests the need for more sophisticated
criteria.  Considering first the double-octet (DO)
molecules with N =16, we examine the usefulness of the
Zunger-Cohen coordinates? which successfully classify
the crystal structures of a large number of AB solids.
These are defined as Y c=|RZ —Rf”E and Xgzc
=RZ2+R2 where, for each element E, RE=R§ +R¥
and RE=|R§—R¥|. The R;’s (I1=0,1) are the orbital
pseudopotential radii, i.e., the classical turning points of
ab initio hard-core pseudopotentials, and measure the size
of core repulsion. We find that the single coordinate Y ¢
suffices to discriminate between bent and linear
molecules, since all molecules with Y- <2.1 are linear,
with the only exception being Bal,, which is bent* but has
Yzc=1.82. For the DO AB, crystals, the (Y;c,Xzc)
plot is not appropriate. Instead, as Burdett, Price, and
Price’ have shown, a rather successful structure map can

be obtained in terms of the two elemental ZC coordinates
RZ and R2. For the DO molecules, we find that this
scheme also works nicely, with a dividing line

R4=0.41RZ +2.74,

which completely separates bent (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 works almost as well and fails only for mercury
dihalides.

In searching further for parallelism between solids and
molecules, we adopt here the coordinates used already by
one of us? to classify successfully the structures of DO
AB, solids. These are Y=yp—y, and X=x,4+xp,
where for each element, ygp=+(Ao+34;) and
xE:%(SJVO—~M). The #)’s (I=0,1) are the nodal-
orbital radii,® i.e., the outermost nodes of s and p valence
wave functions, which measure the size of the core ortho-
gonality hole in a straightforward way. In our scheme we
have the simple result that all DO 4B, molecules with
Y < —1.25 are found to be bent, the value of X being im-
material. The individual yy gives (in analogy with RZ) a
measure of the average core size, and increasingly nega-
tive values of Y correspond in a loose sense to increasing
ionicity,>’ as can be seen, e.g., from the ordering of the
various halides of each metal in Fig. 1. In the solid phase
increasing ionicity is reflected in an increases of the coor-
dination number.? Furthermore, there is an excellent
correlation between the value of Y and the known apex
angles of these molecules,*®° as shown in Fig. 1. This
actually suggests a simple model for the free energy
F(a,Y) of AB, molecules as a function of the bond angle
and of the bond ionicity:

Fla,Y)=F, +a(Y—Y)a—m/2)
+bla—m/2)% a,b>0,

which has an equilibrium solution a==#/2 for Y> Y,
and |a—m/2|=(a/2b)A(Y,—Y)* for Y <Y,.

AB, molecules with N < 16 present a broad spectrum
of apex angles, and their structural classification requires
a full two-dimensional plot. In Figs. 2 and 3 we present
two structural maps for all such AB, molecules known so
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FIG. 1. Correlation between apex angle a and our coordinate ¥ for DO molecules. The results of an ionic model are from G. Galli

and M. Tosi, Nuovo Cimento Soc. Ital. Fis. D 4, 431 (1984).

A\

N\T T 1
Cs,0 A82 MOLECULES WITH N<16
25F 4 (&) BENT (SUPPOSED)
® (0) LINEAR (SUPPQSED)
&bzo @ UNKNOWN STRUCTURE
? UNCERTAIN IDENTIFICATION
20t K.0 SryS K ’
N ° A3
15 o il BENT o §
o :\ A93 \5
In,0 gl N
n
Al Na,
—_ @Na,0 Na,Cla ONa,S N
3 Cu,0 OLiSP2 Cu KI, RbI, CsI
g9 10 %2 AlL, Mg,S Sy ANal, AZ A2 Ad
) ?Zn,0 8 Mg;4 CQuI,
> AGazo Zn,S AGe
3
BSi, MaBr. KBr, RbBr. CsBr.
S'2F AL|Br2 / (uBr,e & ? A2 a? re;
Cds SrS
II. Lict o ZnS, CDM 95, ‘T2 @S T csCl,
ali A A A
O‘S-E z é&q cott, “NaCl, KCl, RbCL, -
Al >
Rt s L|25b
2 L galis 2 Ba0,
B,0 12,4083 |ic, SuC * NaC (s0,CsC
CORSS: &7 LiN CUF 2 "R N 2
CZZ Ny 2%2’2\1.152 Lio, 1 SiN, ! Zn0; N m AAgoz KF\t‘s"O \‘ CSFt
0 05 1.0 1.5 2.0 2.5
yA(a.u.)

FIG. 2. Elemental-coordinates plot.
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FIG. 3. Compound-coordinates plot for 4B, molecules with N < 16.

far.%® These include both those whose shape seems well
established from experiment or self-consistent-field
configuration-interaction calculations (full symbols) and
those for which suggestions have been made from am-
biguous evidence or self-consistent-field calculations
(open symbols). Some observations refer to molecules
trapped in a matrix rather than in the free state, and a
matrix dependence, as reported for SiN,,!° cannot be ex-
cluded. Both plots use coordinates constructed from no-
dal radii: the elemental-coordinate (y ,4,yp) scheme (Fig.
2) and the compound-coordinate (Y,X) scheme (Fig. 3),
where X =2x,4+xp. X clearly gives more weight to the
A component, relative to the choice x4 +xz made in our
previous classification of DO solids; however, we have
checked that the quality of the latter plot is unaltered by
this change of coordinates. Indeed, the relative impor-
tance of the central atom in the compound-coordinate

1736

scheme (Fig. 3) is in agreement with well-known ap-
proaches to molecular shapes, such as the directed-
valence approach.” Both our diagrams not only discrim-
inate between linear and bent molecules, the only excep-
tions being open symbols, but also display a trend of the
apex angle of bent species from the bottom right to the
top left. This would correspond in an ionic picture to a
shift from A4 *(B,)~ (small angle) to (B*+),4 ~ (large an-
gle). Evidently, however, in Fig. 3 ¥ no longer correlates
with an ionicity scale, and X is crucial. The most co-
valent species lie at X < 1, in accordance with the inter-
pretation of X for solids as a measure of bond directional-
ity.” The elemental-coordinate scheme does not yield a
correct prediction for Cu dihalides for which one might
expect an important role to be played by the d-atomic or-
bitals. We find the same difficulty with the scheme of
Burdett, Price, and Price, which, when applied to these
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systems gives a plot very similar to Fig. 2. Further, we
note that our plots for N=16 and N < 16, though con-
structed with the same coordinates, cannot be superposed:
This stresses again the relevance of N (the Mulliken-
Walsh parameter).

Only some of the AB, compounds with N <16 are
known in the solid phase, the corresponding crystal struc-
tures being layer type (e.g., CsO,), antifluorite (e.g.,
Ba0O,), pyrite (e.g., Mg0O,), cuprite (Cu,0), CuF, type,
and CuCl, type. Our coordinates, in both Figs. 2 and 3,
appear to work except for Cu(Cl,,Br,,1,). It is very in-
teresting that also A4; clusters with 3 <N <15 fit into
Figs. 2 and 3, which classify them with y, and x4,
respectively. So far only a few have been studied careful-
ly,!! so that it is not possible to decide whether y, or x
is to be preferred.

Finally, we have examined the usefulness of the chemi-
cal scale X proposed recently by Pettifor,!> which also
provides an elemental-coordinate scheme for the classifi-
cation of crystal structures. For the DO molecules, we
find again a critical line,

X 4=0.52X 5 —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 copper dihalides. The dif-
ficulty we find with Pettifor’s coordinates for the first-
row elements is also apparent in his structural plot for the
DO 4B, solids where CdF,, HgF,, and Be dihalides are
misplaced.!> Overall it appears that Pettifor’s one-
parameter (X) scheme, although it contains an adjustable
constant for each element, is less successful than two-
parameter (s and p radii) schemes which contain no ad-
justable elemental constants.

In conclusion, our results stress the role of the sizes of
the orthogonalization holes in the atomic constituents for
each angular momentum in determining the structure of
atomic aggregates in both molecular and crystalline
states. In particular, by condensing these orbital proper-
ties into suitable coordinates, we have been able to classify
the known apex angles in triatomics with N <16 and to
give a picture for the molecules which is remarkably con-
sistent with the structural classification of the corre-
sponding solids. Furthermore, we have shown that an
analysis of the sp-bonded 4B, systems in molecular and
crystalline phases provides a simple test for different
structural classification parameters.!* The ordering of
elements according to Pettifor’s semiempirical chemical
scale passes this test with fair success, but near-perfect
structural separation is achieved with the use of first-
principles valence-orbital radii.
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