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Electronic energy levels o f naphthalene were calculated by semi-empirical ASMO-CI method 
including a part of doubly excited configurations as well as all singly excited configurations. 
The result obtained seems to indicate that with respect to the amount of the mixing of CI to 
be invoked it is sufficient to take into account all singly excited configurations only. 

The interpregation of spectra was also discussed. 

Die Energieniveaus der Elektronen im Naphthalin-Molekiil wurden mittels einer halb- 
empirischen ASMO-CLMethode unter Einschlu6 einer Reihe yon einfach und doppelt ange- 
regten Zustgnden berechnet. Dabei zeigt sich, dab es wahrscheinlich geniig~, nut einfach an- 
gereg~e Zustgnde in die l~echnung ehlzubeziehen. 

Les 6tats 6nerg6tiques du naphthal6ne ont 6t6 calcul6s par une m6thode ASMO-CI semiem- 
pirique off une partie des configurations diexcit6es et routes les configurations monoexcit6es 
ont 6t6 indues. Le r6sultat indique qu'il suffit de ne tenir compte que des configurations monoex- 
cit6es. Les speetres sont diseut6s. 

1. Introduction 
The calcula t ion of the  electronic energy levels of  naph tha l ene  b y  semi-empir i-  

cM ASMO-CI  (an t i symmet r i zed  molecular  o rb i ta l  configur~tional  in terac t ion)  
m e t h o d  including all s ingly exci ted  configurat ions was shown b y  PAI~ISE~ [14] in 
excel lent  agreement  wi th  exper iments  withiI1 the  accuracy  of  a few t en ths  eV. 
Possible  electronic wave  funct ion of  the  g round  s ta te  or singlet  exc i t ed  s ta te ,  
Ta  should  be expressed in  the  form 

]<m lc> m 

where 

and  
~/)0 : [~01~1""" ~gj~j . . .  I llT...17... 1 (2) 

la # 1 
: ijG  j +_ I#7m  I) . (a) 

In the expression, T1, ~o~ . . . .  are I:Itickel orbitals of usual LCAO-type, and the 
upper and lower sign is associated with the sing]et and tr iplet configuration, 
respectively. 

His ca lcula t ion  seems impl ic i t ly  to  suggest  t h a t  in the  a p p r o x i m a t i o n  of  
P a R I s ~  and  P A ~  [13], doub ly  exci ted  configurat ions such as ~.k.~, }pk..z,., ~k~ij, 
~rJ~] are u n i m p o r t a n t  in the  wave  funct ions  of the  g round  s ta te  or exc i ted  states.  
I f  the  s t a r t ing  orb i ta l s  were self-consistent  type ,  there  would  in  fact  be no in terac-  
t ions be tween g/o and  !/J~, bu t  in te rac t ions  be tween  ~Po and  each doub ly  exc i ted  
conf igurat ion such as }P~, }Pr ~rJ.k.~ k~ ~,, v ,  Wij would  arise. Therefore,  the  fac t  t h a t  the  

17" 
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energy depression of the ground state 1A~ calculated by PARISER was neary zero 
shows that  the Hiickel orbitals of naphthalene are close to SCF-orbita]s. 

I t  is needless to say that  how much CI should be included depends on the 
choice of the starting orbitals and the values of atomic integrals adopted. At any 
rate, it may be necessary to take into account an appropriate number of CI in 
order to interpret the electronic spectra, as has already been understood. The aim 
of this paper is to interpret the spectra, allowing for the lowering of the ground 
state by interactions not only with all singly excited states, but also with doubly 
excited states starting from I-Ifickel orbitals. The method of calculating two- 
center atomic integral proposed by one of the authors [3, 4] was used. 

The theoretical method is based on the framework of ASIV[O-CI approximation 
proposed by P~misEa and P ~ ,  including a part of doubly excited configurations 
as well as all singly excited configurations. 

The procedure will be briefly outlined in the appendix. The following approxi- 
mations are assumed: 

a) only the 7~-clcctrons are considered. 
b) differential overlap is formally neglected. 
c) doubly excited configurational wave functions to be considered are limited to 

those of   t-type (u infra). 
d) the electronic repulsion integrals over atomic orbitals (aa t bb) are determined 

by the following formula [3, 4] : 

Z -1 (aa [ bb) = 0A227 - 0.005093 ~ + 0.000070 ~2 (in a.u.)  (4) 

.~ Z R I a  ~. Here Z is the effective nuclear charge, R the internuclear 
distance a - b ,  aH the l-quantum Bohr radius. Eq. (4) is obtained by extra- 
polating theoretical values for large internuclear distance R down to R = 0 ~o 
fit the one-center integral (aa I aa), which was determined 10.848 eV through 
empirical calculations from atomic spectroscopic data. 

e) the resonance integral fi = - 2 . 3 7 1  eV is used: this has been empirically 
obtained by P~a~ISER [14] through fitting the energies of the six lowest elec- 
tronic states of benzene to the experimental values. 

2. General Consideration of Configurations 
In the procedure of expanding the various integrals over lV[O's into integrals 

over AO's the following procedure may be convenient to simplify the calculation. 
Let  the vectors (i I or l i) be defined 

8 r 

5 r 

Fig. 1. Geometry of Naphthalene 

by the components (C'i, C*~i, "" �9 C~* ], 
and I Cli, C~i, " '"  Cn~). Let the occu- 
pied MO's be named by i, ], k, 1 �9 �9 �9 
in order of increasing energy, and un- 
occupied MO's, by i', j ', k', l' - . .  in 
order of decreasing energy. Further, 
atoms are numbered i, 2, 3, 4, �9 �9 �9 10 
in the carbon skeleton structure as 
shown in Fig. 1. 

Naphthalene is assumed to be 
planar, made up of regular hexagon, 
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with all carbon-carbon distance equal to t.396 A. The formulae of PAt~ISEt~ deriv- 
ed through making allowance for alternant hydrocarbon will be reproduced here: 

2 2 (ii I/]) = (ii i 1) 2 2 (i]m//) = 

Y [(5 [/i) + (ti ' l /i ')] = ( ~  I ~ ) ,  Y [(/i t/]') + (/i' ]/j)] = 0 
f f 

Y (5 ]/]) + ( / i ' l / / )  = o ,  ~ (/i I/i') = o 
.f $ 

I~ = - ( i i l l )  + ) ~ f i - A  , I v v  = - ( i i l l ) - - ~ f l - A  

I~  = - (i] l ~ ) ,  h,~, = - (ij l ~) 
(5) 

where A is the valence state 2 p= electron affinity and 2t is given by 
al l  n e i g h b o r s  

8, t 

In  deriving above expressions for I,  all penetration integrals were neglected. 
Using Eq. (16) and the relations 

F~, = - F ~ , ~  , F~ s = - F v j ,  , F , + F ~ , i , = - 2 A - ( i i ] t i )  

Ji~, = Jt, l  , Ki~,= Kv] , 

one easily obtains 

~ l , ~ E i '  = ~ I , ~ E  i '  , d ~ ' ~ ' - - A ~  ~ ' ~ ' = .  - -  = ~ , d ~ , ~ E ~ ' ~ '  = ~ , ~ E ~ ' ?  

I (K~j =~ K~j) - ~ ( ~,~, =F K ~ , v )  . (7) _Al,a~k'l'~ij --  A~'3 l~'[~ = J w  - Jj~, + ~ t K 

Thus pairs of the eonfigurational ware functions ~o~' and ~ ' ,  ~fi~ '~' and ~0~', and 
and ~0kt are degenerate, so that  the linear combinations* 

(~o i -t- ~. ), 1T~ = ~ (~0i i :F ~e~ ), and 

enable us to factorize each configurational secular determinant into two deter- 
minants which were called a + state and a - state by PAnlSnn. However, the 
states ~0ij and y~  are not degenerate and do interact with both the + and - 
states. I t  is also found tha t  ~0 o and ~'ii '  behave like the - state, and ~p~' the + state. 

As MO~I~T [11] and D n w ~  and LO~.GUET-HIGGINS [2] pointed out, interac- 
tion between degenerate configurations (first-order configuration interaction) such 

i ~ i~ i  ~ k~k l  k i l t  i l l  ~ as Yzi' and ~0], ~o~ and ~ii , ~ii and Y~k~ will give larger effect to the enegy levels 
and their intensities, while interaction with non-degenerate and higher energy 

M1 ~ . , .  configurations (second-order configuration interaction) such as Fij and F~f  may  
surely play the secondary role. LYKOS [8J also concluded tha t  the important  
configuration interae~Aon to be invoked is those between degenerate configura- 
tions. The ~0~-type wave functions, therefore, were not considered in order to 
simplify the calculation. 

1 ~a, .,v 1 
+ y ~ )  ~he sta~e. * No~e ~ha~ - ~  (~0~ ' - ~o;~: ) belongs to ~he + s~ate, and ~ (y~'~' ~,v _ 
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The selection rule in this restriction is found to be allowed only between + and 
- states, and the n-electron density at each carbon a tom in the ground state after 

including doubly excited configurations is shown to be unity, tha t  is the same as 
in the case of taking account of all singly excited configureotions only [14]. 

3. Results and Discussion 
The results are shown in Tab. 1--4. Experimental  values of singlet states 

in Tab. 2 are taken from the absorption maxima given by  I4LEVENS and PLATT 
[6], and those of triplet states are 

Table 1. Afomic repulsion inte 'ral 

center  eV 

1,t 
1,2 
1,3 
1,4 
t,10 
t,5 
1,6 
1,7 
1,8 
1,9 
2,3 
2,6 
2,7 
2,9 
2,~0 
9,10 

distance (aa J bb) 

o (II 11) 
L396 (II 22) 
2.418 (~t 33) 
2.792 (11 44) 
2.4i8 (II I0,I0) 
3.694 (tt 55) 
4.188 (11 66) 
3.694 (1t 77) 
2.418 ('li 88) 
"1.396 ('11 99) 
'1.396 (22 33) 
5.034 (22 66) 
4.836 (22 77) 
2.418 (22199) 
2.792 (22 110,10 ) 
1.396 (99 ] 10,10) 

10.848 
7.436 
5.526 
4.951 
5.526 
3.819 
3.360 
3.819 
5.526 
7.436 
7.436 
2.847 
2.935 
5.526 
4.951 
7.436 

taken from the work by KASHA and 
Nav~A~ [7]. The low-lying energy 
levels, tha t  is, long axis polarized 
state (1BTu) and short axis polarized 
state ~ + ( tluu ) are in good agTeement 
with the experimental results of 
KASI~A and NAII~IAN, McCLuIr 
and SCHNE]']~ [1@ and C]aAIG, 
LYoNs and WaI, SH [1]. 

The 1 + Ba,, state calculated to be 
6.t44 eV is assigned by  KLEVmCS 
and PLATa' to the very strong band 
having a peak at  5.6 eV. The de- 
viation is rather large (about 0.5i 
eV), but the present calculation 
seems to give a resonable value if 
we consider tha t  this band spreads 

over to 6.i4 eV in their data. IC b transition band of KI~EV~NS and PLATT (6.51 eV) 
1 -b is assigned to Bz~ state in this paper, but. this assignment is not conclusive. 

Our calculation of triplet states shows only a bit improved results in comparison 
with those of PAI~ISEI~. 

The energy depression of the ground state due to singly excited configuration 
interactions is only --0,0299 eV. This is little different from --0.0246 eV obtained 
by PAI~ISER. The fact tha t  the energy depression due to interactions of the ground 
state with all singly excited states is very small shows tha t  the Hfickel orbital 
of naphthalene is fairly dose to SCF-orbital. The lowering of the ground state by 
inrther mixing of doubly excited configurations amounts to -0.24972 eV, and 
this may suggest the importance of the latter effect. However, the amount of the 
lowering of each lowest excited state with different symmetry  is found to be about 
the same magnitude as that  of the ground state. Thus the values of transition 
energies finally obtained are not very different from those calculated with all 
singly excited configurations only (see Tab. 2). 

Inclusion of doubly excited configurations does not play significant roles even 
in the calculation of oscillator strength (Tab. 2), bond order, and bond distance 
(Tab. 3). I t  would therefore be sutficient to take into account, only singly excited 
configurations, when one would like to calculate the low-lying energy levels. 

The possibility of an important  further application of this paper should be 
cited. As it has been shown [8] that  the mixing of doubly excited states of a hydro- 
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states 

1 - -  Alg 

i -- Big 

B2u 

D&S 

0.000 
5.695 
6.636 
7.928 

10.174 
11.300 
11.524 
12.367 
13.300 
14.866 
17.083 

7.038 
7.605 
9.843 

10.659 
11.832 
13.306 
14.839 
t6.742 

5.750 
6.998 
8.862 

10.803 
12.804 
t3.364 
t4.011 

5.745 
7.040 
9.099 

It.733 
11.566 
13.176 
t3.966 
4.249 
6.006 
7.286 
9.003 

10.124 
1t.107 
12.779 
13.834 
14.068 
15.303 

9.167 
9.644 

12.030 
t2.593 
14.t85 

Table 2. Energy levels and intensities/or naphthalene excited states 

f s 

g e l  0.000 
0 5.983 
0 7.851 
0 11.240 
0 
0 = 
0 
0 
0 
0 
O 
0 7.375 
0 7.752 
0 10.446 
0 
0 
0 
0 
0 
0 5.606 
0 6.948 
0 t.2.539 
0 
0 
0 
0 
0 6.333 
0 8.668 
0 13.910 
0 
0 
0 
0 

0.t38 4.188 
0.207 6.155 
1.260 7.3t0 

8.858 
1t.038 
13.910 

! 

0 9.777 
0 
0 
0 

i 0 

f 

0 
0 

0.158 
0.266 
t.364 

exptl. 

4.29 0.18 
6.5t 0.20 
7.4t 0.6 

states 

"A~ 

3 + Aig 

3B~ 

B2u 

3B~u 

D&S 

6.157 
8.t07 

11.120 
13.324 

4.830 
6.860 
9.892 

13.167 

3.882 
5.703 
8.532 

10.t25 
11.314 
12.478 
12.928 

6A87 
7.931 
8.913 

1t.332 
11.767 
12.771 
13.683 
2.483 
4.619 
6.512 
7.385 
9.347 

10.866 
1t.689 
12.267 
13.409 
t4.367 

9.256 
9.937 

11.256 
12.663 
13.263 

f l s  
0.157[ 5.940 
0.535 7.892 

1tl .263 

0 4.558 
0 6.792 
0 9.687 
0 

0 3.767 
0 5.749 
0 t t .263  
0 
0 
0 

I~0ef 2.321 
4.493 

0 [6.540 
0 7 102 
0 11.344 
0 
0 
0 
0 
0 
0 9.777 
0 
0 
0 
0 

f I exptl.  

0.069 
0.533 

0 
0 
0 

0 
0 
0 

0.580 
0.002 

R;f.  2.64 

0 
0 
0 

D & S : means energy lew~ls obtained by solving secular equations which consist of doubly 
excited CI as well as all singly exei~ed CI. 

S: is limited to all singly excited CI. 
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s~ates 

~B~ 

~BG 

D&S 

6.144 
7.778 
9.022 

t2.377 
13.568 
15A73 
16.800 

4.188 
6.855 
9.133 

10.334 
12.004 
13.572 
14.923 

f 

2.t40 
0.570 
0.565 

S 

6.300 
8.372 
9.867 

4.t37 
8.515 
9.625 

T~ble 2 (continued) 

f exptl,  s tates 

2.325 5.63 1.70 aB~ 
0.411 
0.133 

0 3.97 0.002 3B~ 
0 
0 

D&S 

3.953 
6.648 
7.151 
7.40t 

t0.910 
11.296 
t2.238 

4.t95 
7.024 
9.264 
9.658 

11.162 
11.361 
11.972 

s 

3.878 
6.866 

t0.617 

4.137 0 
8.515 0 
9.625 0 

f I exl)tl. 

000 3.71 

T~ble 3. Bond order and bond distance 

Pas P23 PI4 Pg,lo 
(rle) (r23) (rla) (r9,1o) 

Hfiekel 

S 

D& S 

obs. 

0.757 
(1.385) 

0.757 
(1.380) 

0.815 
(1.370) 

(1.365) 

0.603 
(1.408) 

0.627 
(1.403) 

0.668 
(t.396) 

(1.404) 

0.555 
(1.417) 

0.574 
(t.413) 

0.656 
(1.398) 

(1.425) 

Table 4. Configuration wave ]unctions/or low-lying energy levels 

0.518 
(t .424) 

0.518 
(t .419) 

0.627 
(t.403) 

(1.393) 

13 A -  

1 2' 

J 1' (v~ - ~ '  ) 

1 3'3' 

1 5'5' 

J- , 3'3' 

1TDs 1Ts a~Ds aTs 

-0.98912 

0.05479 

0.00128 

0.09081 

0.06073 

-0.00978 

0.99773 

-0.06658 

0.00469 

0.00940 

-0.83309 

0.54800 

0.07301 

0.05961 

0.03476 

0.00616 

0.03100 

0.01829 

0.83407 

-0.54650 

-0.07524 
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Table 4 (continued) 

~T~s ~T s aTDs aT s 

i 3 D +  

1 

1 

1 

V~ (v~' § ~i' ) 
(v~:' + v~: ) 

1 

1 

1 

t 

t 

t ( ~ ? ' -  ~2') 

1 2" (~* - v~' ) 

1 

t 1'5' 

1 33' 

~' 
~' 

~ (~ + vi' ) 

~' 
3'4' ~ :  (~oo + ~? ' )  

1 2'5' 

~' 
t 

1 

0.02904 

-0.99144 

0.04945 

0.02109 

-0.00498 

-0.06418 

-0.00454 

-0.09994 

-0.83236 

-0.52246 

0.11321 

-0.09890 

-0.05746 

0.08732 

-0.02644 

0.89397 
0.39887 
0.04810 

-0.06112 

0.08861 

-0.12923 

0.09484 

-0.00824 

0.03990 

-0.02180 

0.94053 

-0.99598 

0.04480 

-0.07758 

-0.99204 

-0.09261 

-0.08532 

0.88401 
0.43222 
0.10469 

-0.07560 

0.11261 

0.04857 

-0.98293 

0.97513 

0.02993 

-0.12993 

0.00383 

0.17006 

0.02765 

-0.38800 

0.85508 

-0.39474 

0.17722 

0.07410 

-0.09044 

0.07914 

0.09734 

-0.90364 
-0.17603 
-0.33006 

-0.03062 

-0.15185 

-O.05196 

-0.09127 

-0.00274 

-0.09151 

0.01043 

0.96257 

-0.98610 

0.00588 

-0.16608 

-0.99204 

-0.09261 

-0.08532 

0.90009 
0.18715 
0.32555 

0.07484 

0.17899 

0.10577 

0.97266 
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Table 4 (con*inued) 

~,~B~ 

V~- (~ + ~ '  ) 

3'5" 

4'4' 

t 5'5' 

l 3,3, 

t (r _ ~ '  ) 

'1 a'5' 

t 
V2~ ( 'p~'  - ~'~' ) 
t 

1 
~4~ ) 

( ~ i ~ '  _ ~,~, 

1 
- - -  ~'~<t ) 
l /2 -  ( ' q ~ '  - ~'~' 

17S.s 1T s aTDs aT s 

-0.00865 

0.25203 

-0.06892 

-0.11332 

-0.16478 

-0.08406 

-0.97228 

0.09667 

-0.01135 

-0.16695 

0.01952 

0.07371 

0.10729 

0.08368 

-0.16385 

0.97335 

-0.12373 

0A9309 

-0.03136 

0.22626 

-0.05216 

0.11630 

0.07078 

0.00466 

-0.96162 

0A226i 

0.02221 

-0.09156 

0.00339 

-0.11837 

-O.O9156 

0.03371 

0.22977 

0.97735 

-0.12373 

0.19309 

carbon and  energy t ransfer  states due to transfer of electrons between a subst i  
t uen t  and  the hydrocarbon plays an impor t an t  role in  some subs t i tu ted  hydro 
carbons, ~he energy levels obta ined in  this paper  seem to be useful for discussing 
the effects of pe r tu rba t ion  which is caused b y  the  in t roduc t ion  of substit, uen ts  to 

naphthalene.  

Appendix 
Singly or doubly excited configurational wave functions are represented as follows : 

i .  1 , ~  = I . . . .  ~ ( !  1122-. . /71 • 11122 . . .  ill) 

2 .  1 ]clz 

3 .13  1~ t 
, v , j  ~ ~-- (I d ~ . .  77.. K~ L ~ l f f2g . . ,  i ( "  k~ I) 

4.13 k~ 1 . . . .  '~',, = ~ ( 1 1 1 2 2 " "  k71 • ]1122 " " 1 ; ] )  

5 1 3  kl 1 . . . . . .  , v ,  ~ ( •  11t22. . .  i7 . . -  d t +  1 t 1 2 2 . . . 7 j . . .  ;~IT 11122...  ~ - . .  d l  - 

- 11~2~ . . .  @ . .  ~l 1) �9 (A-~) 
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I f  a given wave funct ion is expanded in terms of these determinata l  wave functions, the 
coefficients of the funct ion are determined by the familiar  equations : 

and 
\7 Am (Hm, ' _ dm,~ E) = 0 (A-3) / ,  
m 

where 
/[ 7 /  

Hm~= (Y~m]5/r ~ = Z H  ... .  + 2 - ~  rm e2 (A-4) 

The following mat r ix  elements over  molecular  orbitals are obtained [12, 15]; diagonal 
elements (symbol d E indicates exci ta t ion energy relat ive to the  ground state) : 

0cc  
I. A1,a E~ = I z -  I~ + J ' J - - J u = k K u -  S ( 2 J s ~ - 2 J z - K I ~ - K z )  

f f=~ 

= F z -  F . -  ( J u -  K~j)  • K u 

2. A ~ E~[ = 2 A 1E~ ~ - 2 Ji~ + ~ .  4- J~o - 2 K ~  
3. At,a ET~ AI,a E~ + t a z = z] , E~ - J~  - Jiz + Ji~ + J~z q= K ~  q= K~ • Kkz 

4. A~, a E~[ =/j~,a E~ + .dLa E~ - J~  - Jj~ + J~e + J~j ~, K ~  q- Kv: • K u 

t (K,~ + Kj~) ~- (K~,o + K~,) + 5. A ~,a E~Z = A ~,a E~/+ A 1,3 E~ --  J:i/z - Jjz + J~/+  Jkz - ~-  

1 1 K~j) • K~ ~ (A-5) + - (K. + K~) + ~ (K+~ • 

Non-diagonal  elements:  

2 .  l<~/J 0 ] ~  ] ~/j~k) = /~ ik  

4. 1@o [hff [~) = l / 2 ( i k l i l )  

7. z,a@; ] ~ ] ~o,~) = 7- ~,~ d]~ [F~,~ - (ik [ jr) q- (Jr []lc) + (ik I ks)] + d~ [(ir ] is) • (is 1 ]r)] + 

8. ~,a<~f; ~ I ~o~') = • d~ d~ [F~, + (il[ ks) 4- (ik ] ls) - (it ] il)] + d~r [(il I los) • (ik [/s)] + 

+ d~ ~, [F~ - (ik ] Jr) • (ik[ ls) + (il I ks)] T d~ (it [ g) 
9. 1 o lcl ~ tt ) 

'~  ~rs = 61ct dir [ ( / J  I ~8) • ( i] [ 1{8) -- ( i81 ~)] + ~,~ ~ [(ij I k t )  • (i]lkt) (ikl]t)] + 

+ ~,~, ,~, [(ij [ ~s) • (ij [ ks) ~= (]~ I/,)] -,'- ~,~ 4,  [(/j I ~s) • (iilz~s) • (is I ~~)] 
t0.  ~ a ~ ~ , , <~,,, I ~  z' ] ~o~. } = de,, d,. K,~ + ~lr [(/~'t [ /~) Jc (it ] ]C%)] 

~ .  ~,~(~o,,'o~ I W I v,~'~ > = 4 ,  ~,~ z(~, ~ 4o, [(r I # )  + (is I/r)] 
~2. , (w~ l  ~ ] w~',) - 4 ,  4,,  1/~-[F~, + 2 (it  I ##) - (i# l ~r) - ( i t  I r~)] 
13. ~(~f~e I ~ ] ~f;~ } = c~r ~ t  ]/2-[Ft, - 2 (ii I kt) + (ik I it) + (kk [ kt)] 

' l~ ' l 'a <~]); I ~Ji tl } = -- ~ (~slc ~]r []~il -- (Jr ] if) - (il[ it) + ( il [ ~k) • ( ik [ sl) ] - 

/2= a~,~ 4. [F~, - (ir I ] l )  - (iZ I ] ~) + 07 1 sk) • (]k I sl)] 

-: ~ d~, ~ ,  [ ~  - (i~ ] #)  - (i] [ ~r) -+- (i~ I st) • (i~ I ~)]  T 
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where 

t 

1 . 4_ . .  
~ '~., [0 r l i ~) • (ik I #)1 + - ~  d.,, [2 (V I l~') - (Jr I Jr)] (A-6) 

3. ~ ~ * -~% (w~ I 2v/ l w~ 

1 3 ]el j ] / f x  ~!  

1 3 ~k  x k/c 5. , ( ~  I M ~q> 

7. ~<v0lM ~ v~> 

8. ~(~o I M ~ vg> 
9. ~<,~o I ~  ~ @> 

~o. ~<~,o I M  ~ v4~> 

' I_ I .  ~(Y~0 t M:~ ~&:~t } 

~a. ~<r I M ~ ~;~> 
~ .  ~,'<,~ I i  ~ v,g> 

i s .  *,'<w~: i M* I 's 

I s 

y" s 

.f s 

] s 

s 

.f f 

= 1 / ~ - ~ m ;  

= 0  

= 0  

= 0  

= 0  

= 0  

Lj = ( ~  (1) ] H .... (t) [ ~j (1)> 

e~ 
( ij [ kl) = ( ~ , ( 1 ) ~ ( 2 ) I - - I % ( 1 ) ~ , ( 2 ) ) ,  J u = ( i i l J J ) ,  K o =  (ij [ iJ) , 

~'12 

d being Kr0neker symbol. 
In  these equations, i, ?', lc, and I refer to molecular orbitMs, and 2~lj is the matrix element of 

the t tatree-Fock operator 

EiJ = /~J + 2 [2 (ij ]nn) - (in ] in)] . (A-7) 
1 

The transition moment between T~ and 7t~ is defined by 

where 
~rJ~= e ~  ~:u + ~ e, L (A-9) 

u 8 

the summation u being over all ~-eleetrons and s over all core nuclei. The oscillator strength / 
is calculated by the following MVr.L~KE~ and RIEK~'s formula: 

I = 1.085 �9 t0 n v ~ 2  (k-~0) 

where v is the frequency of the transition W~ -~ ~b in cm-L 
The matrix dements  for x-component of transition moment are as follows: 
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19. i(~] M �9 l~f~) = 0 

where 

~ = <% (1) I ~ (1) ] ~ (1)> = ~ ,~ ,  , ~ z  = ~,,$ 

One of us (H. I.) wisihes to express his thanks to Professor K. SvzvKI for encouragement 
throughout this work. 
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