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Topological problems have been extensively discussed for n-clectron systeros.
The topology of a molecule is given by the point symmetry of the nuclear con-
figuration and by the connectiops which are drawn between these points (con-
nectedness). A separation of topological effects from a general variational treat-
ment of a symmetric molecule may serve to classify questions about the physical
origin of some molecular properties observed. The symmetry and linkage prop~
erties of the molecule determine the orbital encrgy scheme and other properties
derived from one electron treatments, like for example bond orders and charge
densities. In semi-empirical theories the solution of the topological part is, in
general, suflicient for a satisfactory theoretical treatment of electronic structures,
where the integrals remain as parameters in the equations.

In the Hiickel-Wheland molecular orbital approximation of m-eleciron sys-
tems, such a separation of topological effects is easily obizsined from the secular
equation

|H—ES| =0 1)
by resolving the energy and overlap matrix, respectively, into
H = ol+ M

and
8 =1+SM,

where I is the unit matrix, @ and £ the Hiickel Coulomb and resonance integrals,
and M is the incidence?, topological® or structural® matrix defined by

GHi=7j
M,; = 3 1if i, j are neighbours
Q if i, j are non-neighbours.
Inserting (2) into (1) yields
jal +3M—~E(14+SM) | = | M(f—ES)+1{a—E}} =

E—a
=M= s li=M—pl] =0 )
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if —ES % 0 and

E—a
B—ES

p =
are the Hiickel numbers leading to the well known expression

a+pf @

 1+pp

Thus a separation of the topological part of the problem is obtained. The diagonal-
ization of the secular equation is simplified by solving the eigenvalue condition (3).
Since H and M commute, (HM — MH = 0}, they also have the same set of eigen-
vectors.

Such a separation of topological problems from energetic effects is pot
restricted to m-electron systems but is also possible within the framework of a
general LCAO treatment of symmetric molecules. This generalization enables the
study of other organic and also inorganic molecules, For highly symmetric mole-
cules with topologically equivalent atoms, topological effects are distinctly separ-
able. A reduction of symmetry, however, leads to reduced separability of topo-
logical aspects, which for asymmetric molecules is only possible if [arge approxima-
tions are made. For instance a {inear chain of three identical atoms is considered
to be a highly symmetric molecule. However, only the two terminal atoms are
topologically equivalent and different from that in the centre. The resolution of the
orbital energy matrix as obtained in (2) for this case is only approximate, since the
Coulomb integral of the terminal atoms is different from that of the central atom.
For a tetrahedral molecule, where four identical atoms occupy the comers of a
tetrahedron, all centres are topologically equivalent, so that the separation of a
topological matrix from the s:orgy matrix according to (2) is exact.

While the mathematical 1ool of treating symmetry is given by group theory,
topological problems of a molecule can be handied by the fundamental theory of
graphs™ *. Group theory furnishes the symmetry of the states and their degeneracy,
graph theory in addition is able to supply information on the order of the orbital
states. The symmetry and connectedness of a point grid corresponds to a special
kind of graph. A graph G(X; I'} is defined by a set of points X = P,, P,,...P, and
a function I over this set which contains various edges Vy, V..., V, A close
eguivalence between general LCAO-MO theory and graph theory can be estab-
lished!-*. This correspondence is given by the matrix representation of a graph,
which corresponds either to the topological matrix or directly to the energy matrix
H, uriginated {rom the atomic orbital basis set. A matrix representation is obtained
by assigning a number to each point and each edge of the graph (see Fig. 1). This
marked and valued graph can then be represented by the matrix:
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Fig_ 1. A valued symmelric graph represcnted by equation (5).

Non-connected points correspond to zero elements in the matrix. Since the matrix
is symmetric, the graph is also called symmetric. Only if the matrix describes the
complete topology of the graph by a one to one correspondence do we call this
matrix a topological matrix. One may think of several topological matrices rep-
resenting the topology of a molecule. We then choose the simplest matrix in which
identical edges (equal distances for identical types of connections) are represented
by the same nrmbers.

In general such a one to one correspondence is given between a Hiickel
graph and its topological matrix, which by definition has only non-zero elements
for bonded (neighbour) atoms. For three-dimensional molecules, however, a bi-
unique relation is not cbtained if we choose the topological matrix according to
the Hiickel method. For instance a square planar and tetrahedral complex AB;,
wounld have the same topological matrix if the topological matrix has non-zero
elements only at positions corresponding to the A-B bond.

The above theory was outlined in detail elsewhere®. Here we shall apply it
for some symmetry cases which are closely connected with coordination com-
pounds. At first, we investigate the topological properties of four identical points
having tetrahedral and square planar symmetry. In both cases a resolution of the
energy and overlap matrix according to (2) is possible in a distinct way, since they
both contain topologically equivalent points. The topological matrices are given
for the tetrahedron by

M, = )

L ol T e
. -
= W]
[ I
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and for the square by
0 I x

M, = D

O R e

01
1 G
x 1

_ K =

i

In the latter case x is a parameter which stands for the interaction betwesn
non-neighbours. It is, in general, different for a resolution of the energy and the
overlap matrix. This parameter can be put equal to zero, if only topological
problems are investigated since this matrix contains all topological properties. For
epergetic problems this parameter should be considered if it is desirable to resolve
the matrices (2} in a completely exact way. In this case k is a parameter between
0 and 1. According to the value of x the matrix (7) describes all symmetry arrange-
ments between square planar and tetrahedral symmetry. This situation is obtained
if two points in trans-positions are lifted out of the square plane (squashed tetra-
hedron). The matrix (7) therefore describes topological arrangements in D,y and
S, symmetry. The eigenvalues of the matrices (6} and (7) together with their group
theoretical symbols in tetrahedral and square planar symmetry in Eisenstein’s®

notation are

Paas= —1 (1) Dy pr2= — x{ey)
Tgipy, = 3(ay) ps =2+ x(a;) (8)
P = _'2+ xb]s)

This result also represents a proof for the node rule, according to which the orbital
energy is raised if the number of nodes is large. Since positive p’s represent bonding
states and negative ones antibonding states, ¢f. (4), the orbital series in the tetra-
hedron is given by a; < £, and for the square a,, < e, < by .

The topological matrix for an octahedron is correspondingly given by

(0 0 1 1 1 1]

03 1111

11 0 01 1

Mo, = 1190 01 1

111 100

[t 111 0 of
The cigenvalue spectrum is
£ = 4 (a 15)

Pz,3 = —2 (g ®

Py, 5.6 = 0 (0

which corresponds to the o-orbital scheme of the ligands in an octahedral complex.
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If the present topological method is extended to describe also ‘n-bonded
systems, different types of connections between the points in the graph have to be
considered. This situation is anticipated in graph theory by the concept of multi-
graphs G{X; I', 4,...). Over a set of points X, different functions I', 4, ... are
defined, which describe different types of interactions. The.corresponding topo-
logical matrix is a supermatrix of degree n + m, where n is the number of points in
X (power of X) and m is the number of functions I', 4, ... For an octahedron
this matrix is § x 3 = 12 dimensional. Becaunse of the two-fold degeneracy of n
bonds two more functions are necessary for a graph representation. The elements
of this matrix are either one or are equal to a parameter 1. which describes the
a-n orbital interaction between two different ligands. The topological matrix is
easily split into smaller parts if one makes use of the symmetry properties. The
orbital sedes of the octahedral framework, determined by the roots of the topo-
logical matnix, is given by

a]ga’.tm<tn -{tz“(t,g=es<fm (10)

This sequence which is valid only for ligand-ligand interactions, gives also some
information on the order of bonded and non-bonded orbitals in the metal complex.
In transition metal ions, 4 orbitals interact in octahedral symmetry by ¢, and 1,
states. For bonding states the corresponding ligand orbitals in {10) are stabilized
by mixing into metal d orbitals. The interaction with metal p orbital states occur-
ing through #,, is expected to be relatively weaker. For large ligand-ligand inter-
actions the series of the “‘ungerade® states is therefore predicted from topoiogical
reasons to be f,, < #,, < #,,. These states are of particular importance for the
assignment of the charge transfer bands in the spectra of complexes. An electron
transfer from the “nngerade” ligand orbital states to the “gerade’” metal 4 orbital
states is parity allowed and gives rise to very intense absorption.

An experimental assignment of the three charge transfer bands of {Fe(CN)4]*~
was recently made by Stephens®, Schatz and others” on the basis of mzasurements
of magneto-optical rotztory dispersion (Faraday effect). According to these authors
the bands are due to the following orbital transitions:

band molecular orbital states
d*: [Fe(CN)s]>~ 24 kK e = 2Ty, tw ~> L2g

33 2T = *Tag f2 ~> 2,

38.5 T, - °Ty, 1, = Iz

An objection may be made that the cyanide ligand contains a m orbital system
itself and may disturb the topologically predicted series by interaction with the
m* hgand system. However, the Faraday spectrum of [IrCls]*~ is, according to
Schatz®, remarkably similar to that of the cyanide complex of iron, a fact which
leads to the same orbital scheme also for the chloro complex.
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The experimental results together with the topological effects:undoubtedly
prove that ligand-ligand interactions are, in general, extremely important in com-
plex compounds. Any calculation for which a certain degree of rigour is claimed
should consider these effects. In earlier calculations lipand-ligand interactions were
considered to be small and have therefore been neglected. A theory which aims to
explain charge transfer transitions certainly must be more rigorous with respect
to this point.

When applying the topological procedure to a square planar framework, the
following orbital series is obtained (in the Eisenstein notation®):

D4h:alg = bl? - 02“ = e“ = es = e“ -7 blll L= azg = blz

The interaction with the central metal 4 orbitals goes through b,,, ¢,, b;;, and a,,.
The “ungerade™ orbitals are ordered in the complex according to a;, < e, < ¢,
< b,,, so that the first charge transfer band for square planar complexes is pre-
dicted to come from the &,, and the second one from tae e, ligand orbital state.
The same order has been already anticipated by Gray and Ballhausen® for the
assignment of the first two charge transfer bands of square planar halogeno com-
plexes.
For threz atomns arranged in an equilateral triangle an orbital series as

Dytay <€ <aj <é&' <€ <ay

is obtained from topological considerations, Since central metal 4 orbitals in this
symmetry interact through a,’, ¢’ and ¢” the first charge transfer transitions are
predicted to have the order a,’, a,” and ",

Topological procedures applied in a more heuristic way have been recently
proposed by Kettle!?, who used an equivalent orbitai approach to explain elec-
tronic structures of polynuclear compounds.

REFERENCES
1 H. H. GONTHARD AND H. Primas, Halv. Chim. Acra, 39 (1956} 1645,
2 N.S. Ham ano K. RUuepeNBenG, J. Chem. Phys., 29 (1958) 1215,
3 H. HArTMANN, Z. Narturforschg., 15a (1960) 993: Adv. Chem. Phys., 5 (1963) 1.
4 H.-H. SCHMIDTKE, J. Chem. Phys., 45 (1966) 3920,
5 J. C. EISENSTEIN, J. Chem. Phys., 25 (1956) 142,
6 P.J. STEPHENS, fnorg. Chem., 4 (1965) 1960.
7 P. N. ScHatz, A. J. McCarFerY, W. SUETAKA, G. N, HENNIG AND A. B. RITCHIE, J. Chem.

Phys., 45 (1966) T22.

P. N. ScHaTZ, private communication.

H. B. GrAY AND C. J. BALLHAUSEN, J. Am. Chem. Soc., 85 (1963) 260,

S. F. A. KerTLE, Theorer. Chim. Acra, 4 (1966) 150; J. Chem. Sec. (A), (1966) 1013,

=L -N. .



