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In part I of this series an approximate method
for the calculation of the m-electronic states of
molecules was proposed, and in part II?,
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 III*, 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 z-elec-
trons ; good results were obtained.

In this paper, the theory is applied to the
calculation of the r-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 orbitals®
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 electrons®. 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 Mulliken®, and the
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numerical values of the electron repulsion
integrals have been taken from Craig™.

The three classes of canonical structures are
given in Fig. 1, in which energies are relative
to 4W, where W, is the energy of a 2p.-
electron of a carbon atom in its valence state.

Relations between bond eigenfunctions ¥'y’s
and functions ¥;s which are the bases for

A-Class
A Dl D! D! D(
+ - - +
* - - +
-57.0823  -48.2944
F, F. G, G,
- + + - + - - +
+ - = + + - - +
-44.9163 -34.1972
B-Class
B D! DG D; Dl
— + + -
* - = +
-57.0823 —48.2944
F. F. G, G,
— + + - - - + +
+ - - + - - - -
-44.9163 -34.1972
C-Class
C E, E. E, E.
-54.9491  -445111
G, Gs G, G.
- - . s 3 _J = >
-34.1972
Fig. 1. Classification of resonance structures

and the energies for the structures. Values

are in electron volts.
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TasLE I.
ENERGY VALUES

Based on non-orthogonal atomic orbitals
AB-Class

$1AB(1Byg) =0.80023%5+0.26085%1,—0.011107%y,
$2AB(1A,) =0.75713%,+0.33830% :+0.097642¥ ', +0.0°88699¥"5
$3AB(1Byg) =0.83604%+0.23707%
DAB(1A5) =0.75628%,—0.69019% ;—0.40701% ,—0.038294%
¢SAB(1B23) =1.0579¢3—1.2077¥1,+0.19836¥";;
$62B('Byg) =0.95809% ¢ —1.24937
G788 (1A ) =0.274320',—0.74924%,+1.0071% ;—0.48722¥ 5
$eMB(1Byy) =0.4145505—0.884450 10— 1.1124%"y,
DoAB(1A) =0.347957", —1.2239%,+0.73688% ,+1.0501¥

C-Class
$1€(1A1g) =0.13626¥'5—0.04646375+0.974037
$2€(1Byg) =¥
63 ('A1g) =0.93597%°3+0.27181%5—0.15022¥",,
$4C(1Beg) =¥y
#5C(1A15) =0.35148%'3—0.97158%'5—0.22506¥

Based on orthogonalized atomic orbitals
AB-Class

6, AB(1B,.) =0.82284% 5 +0.55729%1,—0. 1111777,
BAB(1A,.) =0.78598%, +0.552097; +0,25299% 5 +0. 115907
$3AB(1B,,) =0.79951%5+0.600667

BAB(1A, ) =0.595400, —0.558740; —0.54996% , — 0. 175647,
$5AB(1Byg) =0.54136¥5—0.709257 1+ 0.45155%,

$6AB (1A ) =0.13052F; —0.40438%5+0.72518% — 0.530527;
$7AB(1Byg) =0, 60066%5—0.799517 5

$4AB(1Byg) =0.17280%, —0.43174%,— 0. 8852977,
BoAB(1A; ) =0.10348%", —0.468497,+0.32811%,+0.813737,

C-Class
$1€ (1A g) =0.0224190% 5+ 0. 05285967 5+ 1.000007 ;;
$:C(1Byg) =¥
$1C (1A g) =0.999997;4-0.023119%; — 0.02241907
$iC(1Asg) =0.0°73113%,+0.3162375— 0. 00864227,
65C(1Bag) =Ty,
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WAVE FUNCTIONS ASSOCIATED WITH THE CLASSES AND THE CORRESPONDING

E;AB= —58.352 ¢V,
EAB——56.182¢€V.
EsAB=_51.950eV.
EAB=—47.316¢€V.
EsAB— —40.215 V.
E;AB= —35.695 V.
EAB=_35.170eV.
Es?B——28.912¢V.
EAB=_26.484 V.

E\©=—-55.268¢eV.
E.C=—44.354¢V.
E;€=—41.995¢eV.
E.f=—34.372eV.
EsC=—32.558eV.

EAB=14].877eV.
EAB=144.029 V.
EsAB=150.622¢V.
E;AB= 153,231 eV.

E;AB=161.182¢V.
EAB=165.343eV.
E:AB=167.136eV.
EMB=4+72.725¢V.

EAB=173.358eV.

E,C=+48.456eV.
E:C=+58.979 V.
E:C=+58.979 V.
EC=+69.990 eV.
EiC=-+69.990 V.

Note : a{ *s, ¥’s and E1s are based on the orthogonalized atomic orbitals %(i)’s. Values
of energies Eis are relative to 4a, where a is f?(i)Hcom(i)!?(i)dv;.

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

Based on non-orthogonal atomic orbitals
Gl(Ing)=0.80023¥fg+0.26085@'10—0.01111%;
D2(1A1g) =0.80081%,+0.28561%2—0.02261% 3 +0.08243%,+0.00846¥";
@3('Byg) =0.70008%¢+0.24344% ;+0.19852¥

E, =4W,,—58.352¢V.
E;=41W5,—56.218eV.
E;=4W3p—52.647eV.

Based on orthogonalized atomic orbitals

@; (1Bzg) =0.82284%5+0.55729%1,—0.11117%7,
Dy (1A1g) =0.746437,+0. 594247 2 ++0.00024% 3 +0. 272317, +0. 124757,
@3 (1Byg) =0.7039075+0.47420%;+ 0. 5288375

E =4z +41.877eV.
E:=4z+43.991 V.
Es=4a-+47.206 V.
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WAVE FUNCTIONS FOR THE MOLECULE AND THE CORRESPONDING

ENERGY VALUES (the HLSP method)
Based on non-orthogonal atomic orbitals

@1 (1Bag) =0.80023%4+0.26085%,—0.01111¥y;
D2(1Ag) =0.753937,4+0.32697%5,—0.11784¥°3+0.09264%,—0.003867";

D3(1Byg) =0.68396¥5+0.24527¥; +0.21925%'s

E\=4W,,—58.352eV.
Es=4Wsp—56.363 €V.
E;=4 sz—52.652 eVv.

Based on orthogonalized atomic orbitals

@, ('Byy) =0.82284W,+0.55729% 1,— 0. 11117F,
D1(1Ag) =0.785620, +0.55233%,—0.01629%3+0. 253047, +0. 115917

D3(1Byg) =0.75721W-+0.498774;+0.421747 5

the irreducible representations of the Dy
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 1.

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 IIL

TasLE IV. WAVE FUNCTIONS FOR THE MOLECULE
AND THE CORRESPONDING ENERGY VALUES
(the Heitler-London method)

Based on non-orthogonal atomic orbitals
D1('Beg) =Va—¥p E,=4W;,—57.653 eV.
Do(MAsg) =V a+¥B E;=4W,;,—54.949 eV.

Based on orthogonalized atomic orbitals
D1('Arg) =Ta+¥s  Ey=4a+47.968¢V.
Do('Bog) =Ta—¥p  E:=4a+48.456¢V.

TABLE V. PROBABILITIES OF THE RESONANCE
STRUCTURES IN EACH CLASS

Based on non-orthogonal atomic orbitals

AB-Class
A=B D; F; G;
0.35204 0.031682 0.021115 0.0458862
C-Class
C E; G;
0.96449 0.0870862 0.0217902
Based on orthogonalized atomic orbitals
AB-Class
A=B D; F; G;
0.30888 0.038101 0.032002 0.0233580
C-Class
C E; G;
0.99999 0.0°14629 0.0220443

E =4 +41.877eV.
E.=4w+44.025eV.
E;=4w+46.939 V.

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 'Ajg-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

A=B D; E; F; G;
0.37253 0.02670 0.00112 0.01779 0.00033
HLSP method
A=B D; E; F; G
0.35027 0.02999 0.00542 0.01941 —0.00024

Based on orthogonalized atomic orbitals
Approximate method
A=B D; E; F; Gi

0.25752  0.04093 —0.00000 0.03438 0.00361
HLSP method
A=B D; E; F; G;
0.30860 0.03813 0.00007 0.03201 0.00336
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
1I.

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 !B:g-state, the approximate and the
usual method are theoretically identical.
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W, + 5,40, eV.\ ‘B,

W,+5.70 eV. W+5,70 eV,
TN
W, +2.70 eV ™ Ay
W+217eV. W, +2.13eV. W+199 eV.
W,=4W,57.65&V, ‘Bz,

W, =4 W57 58.35eVW,= 4W,; 58 356VIIW =4 ;58,35 V)
(1l (1) [3118] (vl

Based on non-orthogonal atomic orbitals

I, +8.74eV.}
———r049eV.

11{,"411'!74?,9?9\.{%; H 1

—_— B,
\ 2+5.33eV. W +5.06eV.
H
:
lAls
1 Wi+215eV.  W,+2.11eV. W,+215eV.
xB:g

Tr?f‘li +41.88eV. FV::M?H 1.88eV. FTG;‘#EM 1.88eV.
(1] (] (m] (W]

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.
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Summary

Calculations of the m-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 1, 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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University, for his helpful criticisms and sug-
gestions. Thanks are also due to Professor
Saburo Nagakura, the University of Tokyo,
for his advice and valuable assistance, and to
Professor Eiichi Ishiguro, Ochanomizu Uni-
versity, who has read the manuscript and
helped him to remove obscurities.
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Appendix
AB-Class
WA Ui=1/N) (Fa+¥s)
Vo= (1/N2) ¥pi+¥pe+Vps+¥ps+¥ps
+¥ps+¥pr+¥ps)
Vy=(1/Ny) (T +T2)
Uy (1/N) Wi+ Wor+ Vs +¥e)

lB1g ¥e=(1/Ng) ¥p1—¥pa+¥ps—Ups+¥ps
—¥ps+¥pr—¥ps)
U= (1/Ng) ¥'p1—¥'p2)

Bog ¥e=(1/Ng) (V' a—¥')
Vo= (1/Nw) ¥p1+¥pe+¥ps+¥ps
~¥ps—¥ps—¥pr—¥'ps)
U= (1/Nu) Tar+¥ee—¥es—¥gs)
C-Class
A Vie=¥¢
Vy=(1/N3) (Te1+¥pe+¥es+¥E4)
Us=(1/Ns) W1+ ¥ce+¥es+Fgy)
Big ¥i=(1/N7) (¥e1—¥re+¥rs—VEs)

"B‘Zg wu:(lﬂvu) (WGI'-—wG:‘—WGa—WﬁH)
* 1/N; is the normalizing factor.




