
TOPOLOGICAL ASPECTS OF SYMMETRIC MOL~C~~S 

~5~5~5~~al problems have been extensively discussed for ~~I~tr~~ systems. 
The topolo~ of a molecule is given by the point saute of the nailer con- 
~~rat~o~ and by the erections which are drawn ~tw~~n these points (con- 
nect~ness~. A separation of topolo cat effects from a general v~a~i5~a~ treat- 
ment of a symmetrjc mo serve to classify q~~tio~s about the 
origin of some mol~ula s obs~~ed. The ~~rne~~ and Xinka 
erties of the moiecule determine the orbital energy scheme and other properties 
delved from one electron tre~~en~, like? for exampi~ bond orders and charge 
densities. In se~-~rn~~j~~ theories the solution of the to~~lu~~~ part is, ia 
geueral, suEcieot for a satisfacto~ theoreti~l treatment of ~~ec~roni~ st~~tur~s, 
where the ~nte~als remain as parameters in the equations. 

In the ar orbital ap~r~~mation of zr-elecnxm sys- 
tems, such a separation of to effects is easily obtained from the secular 
equation 

JH-ESJ 50 

by resolving the eu~r~ and overlap matrix, respectively, into 

a===C4t 
and 

S= 1+SM, 

(0 

E--a 
-- =JM B_ESSJ=JM-plJ=O (3) 
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Z/3---ES 3: 0 and 

are the Hiickel numbers leading to the well known exp~io~ 

(4) 

Thus a separar~o~ of the topolo~cal part ofthe problem is ob~n~d- The diagonal- 
ization of the secular equation is simplified by solving the eigenvalue condition (3) 
Since 1y: and M commutes (~~-~~ = O), they aIso have the same set of ei 
vectors. 

Such a separation of topological problems from energetic effects is not 
~es~r~c?ed to ~-el~tro~ systems but is also possible within the framework of a 
general LCAO treatment of symmet~G molecules. This ~~n~~~~~tion enables the 
study of other organic and also inor~anic.molecu~es. For mighty symmetric mole- 
cules with topolo~~l~y ~uiva~ent atoms, top01 caf effects are distinctly separ- 
able. A reduction of symmet~, however, leads reduced separabi~ty of topo- 
logical aspects, which for asymmetric molecules is only possible if large ~pPro~ma- 
tions are made. For instant a linear chain of three ideati~l atoms is considered 
to be a highly symmetric molecule. However, only the two terminal atoms are 

cahy equiv~~nt and diEerent from that in the centre. The resorption of the 
nergy matrix as obtained in (2) for this case is only approximate, since the 

al of the terminaI atoms is di~erent from that of the central atom, 
al molecule, where four identical atoms occupy the corners of a 

tetrahedron, all centres are ~opo~ogi~~ly equivalent, so that the separation of a 
topoio~~l matrix from the --zzgy matrix according to (2) is exact. 

White the mat~ema~~l tool of treating symmet~ is given by group theory, 
topological problems of a rnole~~e can be handled by the fundamental rheory of 
graphs’*4. Group theory f~rnjshes the symmet~ of the states and their d~generacy~ 
graph theory in addition is able to supply ~~fo~ation on the order of the orbital 
states. The symmetry and ~onn~ctedn~ss of a point grid co~esponds to a special 
kind of ~aph. A ~~ph G(‘X; r) is detined by a set of points X = P,, P2, I . . P, and 

is set which contains various edges Yt, Va. . . , V, 
general LCA~-~0 ~~~‘a~d graph theory can 

This correspondence is given by the matrix repre~n~tion o 
which corresponds either to the topology matrix or deftly to the ener 
EI, originated from the atomic orbital basis set. A matrix representation i 
by assi ng a Turner to each point and each edge of the graph (see 
marked and vahted graph can then be represented by the matrix: 
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b 

a 

Fig. 1. A va?ued symmetric graph represented 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 numbers. 

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 obtained if we choose the topological matrix according to 
the Hiickel method. For instance a square planar and tetrahedral complex AB4 
would 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 elsewhere4. 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 topoIogica1 matrices are given 
for the tetrahedron by 

0 1 1 1 

Jut = i 10 1 1 1 1 1 0 1 
1110 
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and for the square by 

/ 0 I K 1: 

_- 

M, = L 1 0 1 

fc 1 0 

K ) 1 
1 K 1 0: 

In the latter case K is a parameter which stands for the interaction between 
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 
energetic 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 K 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 Dab and 
S, symmetry. The eigenvalues of the matrices (6) and (7) together with their group 
theoretical tiymbols in tetrahedral and square planar symmetry in Eisenstein’s’ 
notation are 

. p2.3.4 = -I cl3 D4,: ~1.2 = - K (e,) 

Td: Pl = 3 (6) P3 = 2+ K (a,3 (8) 

P4 = --2-i- K b2& 

This result aiso 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, cf: (4), the orbital series in the tetra- 
hedron is given by a, -C t, and for the square alg < e, c b2,. 

The topological matrix for an octahedron is correspondingly given by 

I 001111 
001111 

I 110011 
~“=llooll 

I 111100 
111100 

The eigenvalue spectrum is 

Pl = 4 Ml,) 
P2.3 = -2 (eg) 

P4,5,.5 = 0 (h”) 

(9) 

which corresponds to the a-orbital scheme of the ligands in an octahedral complex, 
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The experimental results together with the topological effect$~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 ligand-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 notation5): 

D 4lI: =1g = bl, -= =zu -K e, -z eg -c e, < b,, < azg = bzp 

The interaction with the central metal d orbitals goes through &, e,, b,,, and CI,*_ 
The “ungerade” orbitals are ordered in the complex according to azu < e, c e, 

-= L, so that the first charge transfer band for square planar complexes is pre- 
dicted to come from the b,, and the second one from the e, ligand orbital state. 
The same order has been already anticipated by Gray and Ballhauseng for the 
assignment of the first two charge transfer bands of square planar halogen0 com- 
plexes. 

For three atoms arranged in an equilateral triangle an orbital series as 

D 3h: 4 -c e’ c a’; -c e” -c e’ < a; 

is obtained from topological considerations. Since central metal L! orbitals in this 
symmetry interact through c~i’, e’ and e” the first charge transfer transitions are 
predicted to have the order a2’, a2” and e”. 

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