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In part I1) of this series an approximate method 

for the calculation of the ƒÎ-electronic states of 

molecules was proposed, and in part II2), 

where the method was applied to the considera-

tion of a conjugated homo-nuclear chain com-

pound, trans-butadiene molecule, the quantita-

tive agreement of the results with those 

obtained by the ASMO SCF CI method was 

obtained. Then, in part III3), that method was 

extended to the treatment of a hetero-nuclear 

system, the vinyl chloride molecule, in which 

a special atom possesses a lone pair of ƒÎ-elec-

trons; good results were obtained. 

In this paper, the theory is applied to the 

calculation of the ƒÎ-electronic states of a 

molecule, the cyclobutadiene molecule, belong-

ing to the conjugated cyclic systems. Calcula-

tions of the probabilities of the resonance 

structures, the wave functions and the corre-

sponding energy levels are made non-empirically, 

using the non-orthogonal atomic orbitals. The 

higher orders of overlap and exchange integrals 

are taken into account. These results are 

compared with the values obtained by the 

HLSP method. 

The orthogonalized rather than the non-

orthogonal (cf. Ref., part I) atomic orbitals4) 

are usually employed for the quantitative con-

siderations of polyatomic molecules, since it is 

very difficult to consider fully the higher order 

permutations of the electrons5). Therefore, 

calculations based on the orthogonalized atomic 

orbitals are also attempted, and the adaptability 

of the approximate method in this scheme is 

investigated. 

Classification of the Resonance Structures 

Cyclobutadiene has been assumed to be a 

square molecule, with the neighboring carbon 

nuclear distance Rc-c=1.40A. 

Core integrals have been evaluated by the 

method of Parr and Mulliken6), and the

numerical values of the electron repulsion 

integrals have been taken from Craig7). 

The three classes of canonical structures are 

given in Fig. 1, in which energies are relative 

to 4 W2p, where W2P is the energy of a 2pƒÎ-

electron of a carbon atom in its valence state. 

Relations between bond eigenfunctions ƒµL's 

and functions ƒµi's which are the bases for

A-Class

B-Class

C-Class

Fig. 1. Classification of resonance structures 
and the energies for the structures. Values 
are in electron volts.
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TABLE I. WAVE FUNCTIONS ASSOCIATED WITH THE CLASSES AND THE CORRESPONDING 

ENERGY VALUES 

Based on non-orthogonal atomic orbitals 

AB-Class

Based on orthogonalized atomic orbitals 

AB-Class

C-Class

TABLE II. WAVE FUNCTIONS FOR THE MOLECULE AND THE CORRESPONDING ENERGY VALUES 

Based on non-orthogonal atomic orbitals

Based on orthogonalized atomic orbitals
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TABLE III. WAVE FUNCTIONS FOR THE MOLECULE AND THE CORRESPONDING 

ENERGY VALUES (the HLSP method) 

Based on non-orthogonal atomic orbitals

the irreducible representations of the D4h 
group, are shown in the Appendix. 

A- and B-classes are incorporated to form one 
class, AB-class, due to the symmetry of the 
molecule. Wave functions for each class and 
the corresponding energy values are given in 
Table I. 

Interaction of the Classes 

Wave functions for the lowest energies, 
belonging to the same symmetry, have been 

picked up from the two classes, AB- and C-
classes, and have been linearly combined. 

The resulting wave functions for the mole-
cule and the corresponding energy values are 

given in Table II. 

TABLE IV. WAVE FUNCTIONS FOR THE MOLECULE 
AND THE CORRESPONDING ENERGY VALUES 

(the Heitler-London method) 

Based on non-orthogonal atomic orbitals

TABLE V. PROBABILITIES OF THE RESONANCE 

STRUCTURES IN EACH CLASS 

Based on non-orthogonal atomic orbitals 

AB-Class

Based on orthogonalized atomic orbitals 

AB-Class

In Tables III and IV, results based on the 

usual HLSP method and on the Heitler-London 

method respectively are shown. 

The probabilities of the resonance structures 

in the first excited 1A1g state have next been 

calculated*. The results are shown in Tables 

V and VI. 

TABLE VI. COMPARISON OF THE PROBABILITIES 

OF RESONANCE STRUCTURES 

Based on non-orthogonal atomic orbitals 

Approximate method

Based on orthogonalized atomic orbitals 

Approximate method

Discussion

In Fig. 2, the energy levels of the cyclo-
butadiene molecule, which have been found by 
the various methods, are shown. 

From the figure, it can be noticed that the 
approximate method gives successful results to 
the calculations of the electronic states of a 
conjugated cyclic system, as it did to that of 
a conjugated chain system investigated in part 
II. 

Good agreements of the energy levels are 
also seen in the case of the evaluation for 
only the AB-class, which originates from the 
most stable covalent structures. From such 
agreements we can expect that, for molecules 
with high symmetry, the quantitative calcula-
tions of the energy levels may be performed

* For the ground 1B2g-state, the approximate and the 

usual method are theoretically identical.
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Based on non-orthogonal atomic orbitals

Based on orthogonalized atomic orbitals 

Fig. 2. Comparison of energy levels. 
I) Heitler-London method. II) AB-class. 
III) AB-, C-class interaction. IV) HLSP 
method (S. Takekiyo, This Bulletin, 34, 
1686 (1961)).

with a good result by a simplified process in 
the valence bond method. 

It is recognized that, for the calculations of 
the energy levels, the approximate method 
gives quantitative agreements with the usual 
method, even if we use the orthogonalized 
instead of the non-orthogonal atomic orbitals. 

Good agreements of the approximate method 
with the usual method are also seen for the 
values of the probabilities of the resonance 
structures (Tables V and VI). 

In the cases of complex molecules, the 
valence bond method has, hitherto, been used 
only for the object of the qualitative con-
siderations. But in view of the success in 
trials over parts I-IV, such deadlocks can 
probably be overcome to some extent by the 
application of our approximate method.

Summary 

Calculations of the ƒÎ-electronic energy 

levels, the wave functions, and the probabilities 

of the resonance structures of cyclobutadiene 

molecule have been made by an approximate 

method, proposed in part I, using the non-

orthogonal Slater orbitals. Results have agreed 

quantitatively with the values calculated by 

the usual HLSP method. 

Calculations have also been made using the 

orthogonalized atomic orbitals. Agreement of 

the results with those obtained by the usual 

method has been recognized. 
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AB-Class

* 1/N; is the normalizing factor .


