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Introduction 

The parameters appearing in the semi-

empirical valence bond (VB) calculation of 

the electronic structure of molecules, have 

been estimated on the basis of thermo-

chemical data of molecules. For instance, 

the value of the exchange integral for ƒÎ-

electrons between adjacent atoms ƒÁ and s,

(1)
was determined from the heat of hydro-

genation of unsaturated hydrocarbons by 
Sklar1). However, two improprieties are in-

evitable in his procedure; one is the under-

estimation of the ionic contribution and the

other is the disregard of the compression 

energy resulting from bond compression 
in molecules. Recently Craig2), adopting this 
value for a, evaluated three more quantities 
which enter in a rather detailed theory in-
cluding polar structures,

(2)

(3)*

(1')

1) A.L. Sklar, J. Chem. Phys., 5, 669 (1937).

2) D.P. Craig, Proc. Roy. Soc., A 200, 390 (1950). 
* This is recognized to be the difference between 

Coulomb integral of polar structure Q' and that of non-
polar one Q.
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as -0.54, 4.28 and -0.48 eV. respectively, 

from the consideration of the spectrum of 

ethylene. On the other hand inconsistent 

with Craig's evaluation, Mulliken's approxi-

mation formula3) claims that

(4)

where Srs is the overlap integral between 

atomic orbitals of atoms ƒÁ and s. This great 

discrepancy occurs clearly from the adoption 

of the above large value of ƒ¿ without any 

criticism. Keeping this fact in mind, we 

shall attain a new set of the semi-empirical 

values of integrals, making use only of 

spectroscopically observed results of ethylene, 

and examine the applicability of them to the 

calculation of trans-butadiene. In the last 

part of this paper, the role of ƒÅ and ƒ¿ will 

be discussed in connection with the impor-

tance of the ionic character of conjugated 

molecules. 

Evaluation of Integrals 

First, the wave functions of ethylene as 

following are used;

(5)

with a relation between the coefficients 
a2+b2=1, and

(6)

in which ƒÕa to is written for the non-polar 

structure and ƒÕb, ƒÕb' for the two polar ones 

(see Fig. 1). Then ignoring overlap, these

Fig. 1.

lead to a formula for the 1As-1Blu excitation 

energy ‡™E,

(7)

Another representation of this is

(7')

In order to determine the numerical values 
for a and b, the oscillator strength,

(8)

may be turned to use, where co is the fre-

quency of the transition in cm-1, ƒÁ is the 

sum of the position vectors of ƒÎ-electrons 

and R is the C=C bond distance in ethylene 

of ground state. Information on experimental 

results (‡™E=7.6 eV., f=0.25, bond length 

=1.35A) makes it possible to calculate a , b, 

and with a further assumption of the relation 

(4), ƒ¿, ƒÄ and ƒÅ numerically. If 0.28 is em-

ployed for S in equation (4), then we have

(9)

(10)

Much attention must be paid to the com-

parison of the present set of ƒÅ, ƒÄ and ƒ¿ with 

that given by Craig2,*). Moreover, a striking 

fact is that the values attained here allow 

the VB calculation to come very near the 

semi-empirical molecular orbital (MO) method 

which was developed quite successfully by 

Pariser and Parr5) in recent years. ƒÅ has a 

comparable numerical value as the resonance 

integral ƒÀ (=2.75 eV.) in the semi-empirical 

MO calculation. This is owing to the fact 

that these are quite similar quantities by 

nature. That is, if overlap is put equal to 

zero,

On the other hand, ƒÄ can be approximated as

(11)
where,

(12)

Fig. 2.

3) R.S. Mulliken, J. Chem. Phys., 46, 497 (1949).

* C is set equal to a , like the treatment by Sklar (rep 
ference 1). 

5) R. Pariser and R. G. Parr, J. Chem. Phys., 21, 466, 
766 (1953)
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According to the reference 5, this difference 

is predicted to be 10.53-7.38=3.15 eV. being 

close to the present value. 

Another set of parameters which can be 

determined from the consideration of the 

singlet-triplet separation of ethylene, is not 

useful, because of the small value of 

Application to trans-Butadiene 

In order to examine the applicability of 

the new set of ƒÅ, ƒÄ and ƒ¿ to other molecules, 

traps-butadiene is chosen. All the polar 

and non-polar structures are taken into ac-

count, but a simplification of considering 

only single exchange integrals between ad-

jacent atoms is allowed. Corrections for 27,

ξ,α  should be made, corresponding to the

change of the internuclear distances (Fig. 3). 
These are done according to the following 
procedures**.

Fig. 3.

(a) ƒÓc's are given by inversion respect to 

the center of molecule from ƒÓc's.

(13)

where ƒÅ0 is a constant to be determined by

insertions of ƒÅrs and Srs 3 for ethylene into (13). 

So, if Sab=0.27 and Sbc=0.23 are used*,

(14)

Moreover as to ƒÌ next relation holds;

(15)
where I and K are respectively core and 

Coulomb type repulsion integrals,

Up(i) signifies the potential of electron i in 

the field of the p-th carbon atom less its 

2pƒÎ-electron. Being used the Sklar type 

potential,

and zero U0p(i)(i, e., the potential of electron 

i in the field of the neutral p-th carbon atom) 

asumed, the problem is reduced to an esti-

mation of Coulomb type repulsion integrals 

(rr : ss) only. In the case of Y=s, i. e.,. 

(rr : rr), by a simple approximation it can be 

set equal to the difference between the ioni-

zation potential and the electron affinity of 

carbon atom (=10.53 eV.)5). When this is 

accepted, (rr : ss) corresponding to 1.34A (r-s-

separation for ethylene) is obtainable to be 

10.53-3.51=7.02 eV., from the value of ƒÌ. 

Repulsion integrals at arbitrary separations,. 

may then be easily found supposing a linear 

relation to Pariser and Parr's result. Seven

ξ's required are estimated by this procedure

as follows (see Fig. 3).

(17)

The calculated energy diagram is shown. 

in Fig. 4 together with results by several 

other methods.

* See reference 2.
** These formulae which contain S explicitly, never

mean the inclusion of S in the actual calculation. Here, 

S should be recognized as a parameter defining the 

integrals in a function of internuclear distances.

* Thes values are obtained conveniently using the

calculated bond orders p by the simple LCAO method, 

according to

(N. Muller et al., J. Am. Chem. Soc., 76, 4770 (1954)).
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Fig. 4. Energy diagrams 

(a) Y. Mori, This Bulletin, 28, 291 (1955). 
(b) Reference 5. 
(c) R. S. Mulliken, Rev. Mod. Phys., 14, 265 

(1942).
The wave functions of the ground state 

and the first excited singlet state are

(17)

Finally the oscillator strength of the 

transition 1Ag-1Bu is calculated to be 0.62 

(observed 0.53). 

These agreements with experimental obser-

vations are sufficient to confirm the conclusion 

that our first evaluation of quantities ƒÅ, ƒÌ,

α is not at all an irresponsible one. The

resemblance to the semi-empirical MO is a 

natural consequence of our arrangement of 

the integral values.

Discussion 

The most marked point in our method 

exists, of course, in an estimation of a great 

deal of ionic contribution to electronic struc-

tures. On the contrary, the semi-empirical 

VB-method heretofore in use, estimates little 

about this but a great amount of the inter-

action between non-polar configurations. 

Now, it will be worth while to study the 

signification of our evaluation of the quan-

tities ƒÅ and ƒ¿. If the Mulliken's approxi-

mation is allowable, the extent of contribution 

of interaction between polar and non-polar 

structures may be measured by the degree 

of overlapping. A large overlap suggests 

much contribution of polar structures and 

vice versa. So, we shall try a VB calculation 

of ethylene, studying the influence of the 

overlap integral. The wave function are

(18)

where ƒÕa , ƒÕb, and ƒÕc' are normalized. 

The secular equation for 1Ag state is

(19)

(20)

Here, we shall try to express ƒÅ and a in 

functions of S. Coulomb integral Q is given 

by direct integration.

where, W2pƒÎ is the energy of 2pƒÎ electron of 

carbon atom. Consequently

(22)

while ƒÅ is

(22)

Then from equations (21) and (22) it is seen 
that

(23)

Furthermore, (U0a: ab) is approximated by the 

method of Sklar, thus*

(24)

Numerical values of the penetration integrals 

(U0a: b'b') and (U0a : bb), i.e., -8.739 and -1.091 
eV.** respectively, give

and (25)

Inserting Eqs. (25) and an adequate numeri-

cal value of ƒÌ into Eqs. (19) and (20), one 

can calculate the excitation energy JE in 

function of S. Fig. 5 shows the results of 

calculations in the cases of ƒÌ=3.51 and 7.69 

eV. The latter is true in the non-empirical 

calculation. The amount of ionic contribution 

is accounted for by the ratio b/a, and also 

by the ratio of the calculated stabilization

* b' is a 2pƒÎ function located midway between a 

and b atoms. 

** Calculated from the paper of R .G. Parr and B.L. 

Crawford, J. Chem, Phys., 18, 1049 (1948).
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energy of the ground state including polar 

structures to that excluding them. These 

ratios are seen in Fig. 5. The experimental

Fig. 5. Ionic Character of Ethylene. 

1. Excitation energy AE 

2. Ratio of b to a 

3. Binding energy calculated from (18) 

4. Binding energy calculated using ƒÕa only 

Broken lines show results of using

ξ=7.69eV.

excitation energy is attainable at the value 

of the overlap integral by 0.3, consistent 

with our first assumption (S=0.28). When 

the overlap integral is small like this, 77 

causes the most part of the stabilization 

energy and as S becomes large, the impor-

tance of polar structures of the molecule, 

consequently the contribution of 77, decreases 

to the ground state. 

Conjugated molecules, so far as we are 

dealing only with the ƒÎ-electron system, 

have small S in general. Concerning this 

fact, one may understand that the simple 

MO method, which ignores the exchange and 

overlap integrals and includes a large amount 

of polar structures, is reliable in the calcula-

tion of ƒÎ-electron systems and the good

agreement with experiments of the results 

obtained by Pariser and Parr5) may not be 

accidental. In the present calculation of 

trans-butadiene, the small value of a does 

not cause the contravention to the experi-

ments and furthermore the disregard of the 

exchange integrals will cause the results of 

the calculation to come near those by the 

method of Pariser and Parr. 

However, in the treatment of a-bond, say 

like a hydrogen molecule, in which the over-

lap of atomic orbitals is large that it can 

never be excluded from the calculation, the 

approximation we have used here will not 

fit. In such cases, non-polar configurations 

will play an important role.

Conclusion

The usual VB-method, in spite of its 
theoretical infirmity that all or at least the 
large part of ionic influence is entirely 
ignored, has been served for predications 
and interpretations of electronic phenomena. 
But from a different point of view, we have 
described another direction of the VB-theory, 
and applying that to butadiene, we have 
shown that excellent agreements with ex-

periments can be realized. A further study 
on the polar character of conjugated mole-
cules could give an assurance to the pro-

priety of our procedure. Our method was 
found to be very near the semi-empirical 
MO-method, but a large complication ac-
companies the practical calculation*. In this 

point, VB-method must fall below the MO-
method. 

Finally, from the present study, it was 

pointed out that the old VB-method in the 
semi-empirical theory of conjugated mole-
cules. although it sometimes could lead to a 

good result, never represents the essential 
figure of a molecule and also that its agree-
ment with experimental facts was accidental.

Laboratory of Physical Chemistry 
Tokyo Institute of Technology 

Tokyo

* Benzene is a rather simple and important object in 

the discussion of the propriety of a theory of electronic 
structures. But it is almost impossible to represent the 
wave function of benzene by VB-theory, sincs in order 
to expect a statisfactory result it requires inclusion of 
all kind polar structures, even triply-polar ones.


