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1. Introduection

The energy levels of cycloGctatetraene have
been calculated in our laboratory by the HLSP
method®®? assuming two different structures

(1) Presented at the Annual Meeting of the
?gl%%mica] Society of Japan, Kyoto, April 2,

(2) I, Tanaka and 8. Shida, Bull. Chem. Soc.
Japan, 28, 54 (1950).

D@ and Dy, and this calculation has been

(3 H. 8, Kaufman, I. Fanckuchen and H.
Mark, J. Chem. Phys., 16, 414-15 (1947); H. S.
Kaufman, L. Fanckuchen and H. Mark, Naiure,
161, 165 (1948); K. Hedberg and V. Schomaker,
Annual Meeting of Amer. Chem. Soc., (1949).

(4) O. Bastiaisen, O, Hassel and A. Langseth,
Nature, 160, 128 (1947) ; O. Bastiaisen and O.
Hassel, Acta chemica scandinaviea, 8, 209(1949);
E. P. Lippincoit, R. 0. Lord and R. S. Mac-
Donald, J. Chem. Phys., 16, 548 (1948).
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compared with the experimental results on
cyclodctatetraene, namely absorption spectra,
magnetic susceptibility and thermochemical
data.

The purpose of the present paper is to cal-
culate the energy levels of the molecule from
the standpoint of the Goeppert Mayer and
Sklar’'s method,” assuming the symmetry of
cyclobetatetraene as D.a, and to show how this
calculation is in agreement with the experi-
mental results.

2. The Orbitals

Table 1

E C: 2iC,=8, 207, 2d
Ay 1 1 1 1 1
Ag 1 1 1 -1 -1
B, 1 1 -1 1 -1
B, 1 1 -1 -1 L
E 2 -2 0 0 0
r 8 0 0 0 0

First, the wave functions of the z-electrons

for cyclobetatetraene assuming the symmetry
of Dx® are determined by the LCAO approxi-
mation. The symmetry of the eight levels
of cyclooctatetraene can be found from the
group theory. The character of the symmetry
group Dy is shown in Table 1. The reducible
representation I is

F=A|+A2+B1+B2+2E-

The energy levels and their wave functions
are obtained using the variation method. Since
there are two kinds of distances between two
neighboring carbon atoms, the two different
resonance integrals (and similarly the two
overlap integrals) must be distinguished from
each other.

f\h\fﬁr 1d7 =44, f’@:‘!"ld" =dy,

f Vi Viradr =4, f Ygrdr =d,, @

(5) G. Mayer and A. L. Sklar, J. Chem. 5.
6, 645 (1938). my
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where Yrr: the 2pr wave function for the
J-th carbon atom,
Vr: the potential from the f-th car-
bon atom,
and

f W EVi-Vpdr=a. @

Putting
z=(Ep—E+Q) {thp—E)da+.8¢}, (8)
k= (Ep— EJd.+Bs/{ Ep—E)da+Ba}, (4)
where, E,;, is the energy of a 2p electron in a

carbon atom in the valence state. Then solv-
ing the secular determinant for ¢ we obtain

z=(1+k), = 14E5, =(1—k). (5)
Thus the wave functions are
‘Pl—;/s (Y1t Yt 44+
Fre+rr+rg),
@+2=~/20_ {1#[_}.,#2&.191_*.1#58‘(6”8:)

* Y 1O L 200 465
+\b691(591+wn)+|l(,-?353(&+9|)
FrgetCsr+36)

‘p"'ﬂ:(;’i-S’
1
Ps= /80 it Ya—Ars—Ye s
+¢5_¢?—¢8}’ (6)
1
9"'4=:/8;}_4'(‘!'t—‘|b'z"‘1z“s+‘h'|“f’u
—Ye—V:+Ys),
1
Prs= NiT (Y14 rae' - Afprgeills+00

’ +\b‘43’(”"'9‘)+1he" 83+64)
+¢eeuws+m)+.¢,?3mm+er

- et +300),

?—U=a’+53

¢8‘=~/ (\,"t—"}"z'!"!"a—\}f;-k'({r,

""@bﬁﬂh—"]“s).
where gy is & normalizing factor, and

o 1k e —14ik , ..

VIR S g 0=
k+i —k + 4 8

90r — LES —-1—-- =27

€ 4/1+k" e WEEN = 63+06, % "

(1)

These wave functions are
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?ﬂCE, ¢3‘:th
P CE, @ecA,.

¢1CA1$
¢4C:B‘H

‘When &k = 1, the wave functions become

:;/__ 2 Yrrexp[27ifl/8],

80171
l=0, x£1, =2, *38, 4, (8]'
which are the same as those of Hiuckel.(?

These wave functions appear when the symmetry
of cyclooctatetraene is assumed as Da or Dan.

The antisymmetrized molecular orbitals of -

8-electron system for the ground state and
the lower excited states are ~

=T S (- VP, (9)

where for the ground state
Vo=@ ,(1)P1(2)P:(8)P:(4)

x¢—2[5}¢—z(5)¢’s(ﬂ993(33, (10)
for the excited states
T, =@,(1)P,(2)P4(8)P1(4)
X @ —(B)P —(6)Ps(7T)P4(8), (11)
Wy =@1(1)P1(2)P2(8)P(4)
X P —s(5)P —2(6)P4(T)P4(8), (12)

=@,(1)P(2)P.(8)P(4)
X P2(5)P—2(6)Ps(7)P +5(8), l (18)
or =@,(1)@,(2)P:(8)P1(4)
X P_s(5)P—1(6)P3(7)P—4(8), )
W, =@:(1)P:(2)P:(8)P1(4)
X P3(5)P3(6)p—-2(7)P4(8),
or =@,(1)P(2)P—-:(8)P—»(4)
X P3(8)P3(6)P(7T)p(8), J

\ (14)

and from the group theory
YA, ¥ A,, WAy, VR, W,CE.
Xx, spin function, is for the singlet states
=a(1)B(2)a(8)B(4)a(5)

x B(6)a(7)3(8),
or =al1)3(2)a(3)B(4)a(5)3(6)

1 _
x /g |a@BE-Amas) }

(15)

(6) E. Hickel, Zeits. Physik, 70, 204 (1931),
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and for the triplet states .

Xi=a(1)B(2)a(3)3(4)a(5)
X B(6)a(7)e(8),
or =a(1)B(2)a3)B(4)al5)
X B(6)B(7)3(8),
or =a(1)B(2)a(8)B4)a(5)3(6)
x5 lamaE+amas).
Thus the energy values for these states will

be calculated in Section 8 including electronic
interaction.

(16)

3. Calculations

The average values of Hamiltonian are
given by

E.= f &, H &, dv. (17)
The Hamiltonian H is
8
H=£( )+zﬁ, (13)
. vl J=1

=1 Ty
vy

where v and u show the number of a 7-elec-
tron, f denotes the number of a carbon atom,
and Vy is the potential of a neutral carbon
atom? minus the potential of a 2pz electron.

The energies, including electronic interaction,
are for the ground state

(*A;) E¢=2&,4+4E:+283+Y11+81e
+4715+ 6722+ 8Y25+Yss

— 4813 —28-33—28,3—4823, (19)

for the excited singlet states

(PAy) E,=2&,+48:+ &+ E+Tu+8712\
+ 291342V 1a + 6V 22 +4Y 3
F4Y 2+ V344812 — 202
—813—014—28.:5— 2824+ 834,

E,=28,+4&: 4284+ Y114 8712
14714+ 62+ 8Y2s+Vus
— 4813 —28 5 —281s— 4814,

1E;=2&,+4&. +E3+E4Yu+ 871
+2713+2'7m +67u+4733
+4Y254-Y2s—4812—813— 015

—28 23— 2823—8~25— 825+ 8 sy

B =28, 48,4283+ &5+ Y11 +671a )
+4Y13+27 14+ 322623
+8Y24+ Va3 +273:— 8812
—814_8—ﬂ '_38:8_834 £

('Ay)

('E) ! (20)

(E)

—.‘E&:j
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and for the triplet states

SE,="E,—283, °E;="E3—28s,
sE.i =1E‘ —282‘ . (21)

The integrals, &, iy and &;; in these expres-
sions are

- A2
8:=f?’¢(9)(— m&v

8
+3 Vn)?’:(v)d‘fw

J=l

(22)
o =f f ‘i%!‘P-(v)]’|‘}°:fﬂ)|’d"'vd"'m (28)

8= f f ;"’i (P01 5] PP )T s,
(24)

Then, &, Vi and &8;; are expanded in terms
of A;, Bg, B’g, Rr, C;, Q, d,:,, for inﬁtﬂ.ﬂ@ﬂ,ﬂ)

1 1 k
Es=Ept-—| —A'—Q——R,—
2= Eapd o',[ A—Q—gRi— R
—LIB12(8y+ B+ By)
s l 3 1] 7 I
-—k‘lBs—I"Q[Bz"}'B‘;f"BG) 1
s\ It
1 .
Vs =§T{A+4(B1+Bs+Bu+Br)
03
'—4(B,+B,+Bg+Bs)—8B; (25)
+4B;+ 2B£+20,+20f} .
Sas =-—1— Ag—A,—A,4-2A,
80@0} 0 t 7 2
—m—&+&}
1 k
0'2=] - '_S'_dl'l‘gd?,
63==1{‘d1—‘d7—'2d2,
where
3
A= f f & ) () dmda
Ty
7 7
SJA=A, SA=A,
f=0 {=1
eS
B:=ff—\h(v}’
T
X"P‘t(#)‘p'n-l{f-")d'fvd?»,
(7) In convenience we put k= —gﬁ— and

S=a/1F22,

B/ = f f AN
. XY i(p)drdra,

Ci= f f 5 VeIV (1)

X Yrei{p)drdra,

Ri= f Vear(v) Hay ()Y (0)dTy,

-(26)

Q= f V) () + He()) ¥ ()drs,

d£=f\;’l(1-‘)’1("£+l(y}d7v .

H;(v) is the potential of a neutral carbon
atom.®®> The 2pz orbital of & carbon atom is

Yapalr.0.9) :\/;ggrsin O cos@exp[—2Zr/2],
(27

where Z is the effective nuclear charge 8.18,
calculated by Zener.®> The numerical values
of A¢, By, B's, Ri, Ci, Q, d:® are determined
from the values of Parr and Crawford's cal-
culation.C®

The results of calculation are shown in
Table 2 and 3.

Table 2

Ao= 16.94e.V. B,= 1.39e.V. C,= l.11e. V.
A= 9.31 # By= 0.36 # C;= 0.78 7
As=Ag= 5.61 7 By= 1.28 7 R,= 2.12 7
A= 4.63 7 Bg= 0.66 7 = 0.88 7
A= 4,33 # By= 1.81 7 = 1.66 7
As= 4.78 ¢ =184 7 d,= 0.8
A= 8.60 # B,= 0.36 7 d,= 0.13
B,= 3.60 7 By= 0.46 7 = 0.02
Bo= 0.92 7 Bi= 0.36 7 k = 0.44

(8) Zener, Phys. Rev., 86, 51 (1930).
(9 The integral
3
f f :;— G ()Pl da(wdr,dr,  Was
m
approximated by
eﬁ
dap-dea X f +- R Kea(n)dsdr,.
ol
Ri. A. London, J. Chem. Phys., 18, 417 (1945).

(10) R. G. Parr and B. L. Orawford, J. Chem.
Phys., 16, 1049 (1948); ¢f. C. C. J. Roothaan and
R. G. Parr, J. Chem. Phys., 17, 1001 (1949).
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Tab_le 3
712= 7.16e.V. ris= 7.63e.V, 85= 1.3le.V.

Tiz= T.38 7 q4u4=8.97 7 j,= 072 7
Tu= T7.73 7 o= 2.37eV. 8= 1.39 7
Ti5= 7.35 7 8= 1.44 7

yaa= T.37 7 8= 1.49 7 ¢ = E,,—45.57e.V.
rm= 7.64 7 §y= 1.04 7 ¢;= E,—46.38 7
ror= 7.87 7 §_p9=1.50 7 ®¢,= E,;,—46.85 7
yas= 7.52 7 Jg= 1.94 7 = E,—45.73 7
T= 8.03 7 Ja= 1.58 7 ¢= E;—41.00 7
Tae= 7.84 7 §_5=0.85 7

4. Considerations

The energy levels of the ground state and
the lower excited states of cyclodctatetraene
are shown in Fig.

2. The ground

state is the singlet E - 8.4 e.V.
state of 1A;, and

then this is in ig‘ ;; :
agreement  with

the experimental

result that the D)
magnetic suscep-
tibility of cyclo- -
octatetraene is 1y,
diamagnetic. The
intensity of the .
shoulder of theab- A3
sorption curve(1?

(max. 2800 4.) is
relatively weak, so

this  absorption 4 A
band seems to be

due to a forbidden

5.6 7

[N
=N
=

Fig. 2.

(11) S.Miyagawa and I. Tanaka, unpublished.
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transition.

The transitions from the ground state A,
to the excited states 'E are allowed. According
to our calculation, the wave lengths for these
transitions are 1700 A. (7.3 e.V.) and 1470 A.
(84 e.V.). The A, ~ A, forbidden transition
is 8.9 e.V. (about 8100 4.) and the 1A, ~ A,
forbidden transition is 7.7 e.V. {about 1600 4).
The results of the calculation by the HLSP
method™ show that the !A; ~'E transition
is about 2100 A. and the A, ~ A, forbidden
transition is about 2800 A. band. So the strong
band below 2000 A. may be due to the !A;~'E
transition and the 2800 A. weak band to the
IAI""-‘JA; or the IA.:"‘"IAS transition.

The energy levels of cycloGetatetraene are
also calculated by the authors, as having the
symmetry of D,, in & similar procedure to
that in the case of Dyy by the GMS method.
But the results calcnlated assuming as D, are
not in agreement with the observed values of
absorption spectra and magnetic properties.

5. Summary

The energy levels of .cycloGetatetraene as Dog
were calculated byt he GMS method. Then it
was shown by the authors that the ground state
of cyclobctatetraene may be diamagnetic, and
that the wave length of the absorption spectra
calculated assuming as Dy i8 approximate-
ly in agreement with the expetimental results.
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