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An idea of electron interaetion in molecule has been applied to the SCF MO calculations of 
the z-electronic structure of some complex aromatic hydrocarbons and their derivatives. The 
theoretical results for singlet and triplet transition energies, first ionization potentials and bond 
lengths agree fairly well with the experimental data. A correlation equation between the 
valence state ionization potential and the one center electron repulsion integral has been 
proposed. I t  has been shown that the electron repulsion in molecule is considerably smaller 
than in free atom. The present calculation shows that we can treat sulphur as a normal he~ero- 
atom analogous to oxygen and nitrogen. 

Une id6e sur l'interaetion 61ectronique dans une mol4cule a 6t6 appliqu6e ~ des calculs 
SCF MO de la structure 61ectronique z de quelques hydrocarbures aromatiques complexes et 
de leurs d6riv6s. Les r6sultats th6oriques concernant les 6nergies des transitions singulet et 
triplet, les premiers potentiels d'ionisation et les longueurs de liaisons sont en trbs bon accord 
avee les donn6es exp6rimentales. Une 6quation est propos6e, corr61ant le potentiel d'ionisation 
de l'6tat de valence et l'int6grale de r6pulsion 61ectronique monocentrique. On a montr6 que 
la r6pulsion 61ectronique dans une mol6cule est consid6rablement plus faible que dans un 
atome isol6. Notre travail montre que l'on peut traiter le soufre comme un h6t6roatome normal 
analogue ~ ]'oxyg~ne et s l'azote. 

Bei SCF-MO-Rechnungen zur ~-Elektronen-Struktur einiger komplizierter Kohlenwasser- 
stoffe und ihrer Derivate wurde eine Idee zur Elektronenwechselwirkung im ~olekiil ange- 
wandt. Die theoretisehen Ergebnisse ffir Singulett- und Triplettiiberg~nge, Ionisationspoten- 
tiale und Bindungsl/~ngen stimmen ziemlich gut mit den experimentel]en Daten iiberein. Es 
wurde eine Beziehungsgleichung zwischen Ionisationspotential im Valenzzustand und dem 
Einzentrenelektronenwechselwirkungsintegral vorgeschlagen. Es wurde gezeigt, dab die 
Elektronenwechselwirkung im Molekiil vergleichsweise klein gegeniiber der des freien Atoms 
ist. Die vorliegenden Reehnungen zeigen, dab man Schwefel wie ein normales Heteroatom 
analog zu Sauerstoff und Stickstoff behandeln kann. 

Introduction 
I n  order to solve the molecular SchrSdinger equat ion  for a complex molecule, 

we require an  appropria te  approximat ion  to the molecular  wave funct ion.  For  the 
problem of organic molecules, there are two fundamen ta l  approaches to this 
problem, one which comes from chemical in tu i t ion ,  valence bond  theory.  Another  
is a s t raightforward extension of the idea of atomic orbitals to the molecule, 
molecular orbi tal  (MO) theory.  I t  is well recognized t ha t  the la t ter  approx imat ion  
is more sui table and  useful for the present  q u a n t u m  chemistry [32]. The most  

* ReL [26] is referred to as Paper I of this series. 

15" 



208 K. 5TIsm~oTo : 

advanced technique for this theory is LCAO MO SCF procedure, which has been 
originally developed by ROOTHAAN [36] aS the application of HART~-FOCK 
treatment in the theory of atomic structure to the molecule. 

However, the LCAO MO method has two intrinsic shortcomings. One is that  
the LCAO scheme greatly overestimates the ionic structures in the chemical bond. 
Another is the orbital approximation ( =  one electron approximation). Namely, 
the MO does not include any co-ordinates associated with interelectronie distances. 
Therefore we have a problem of electron correlation energy [37]. In order to eli- 
minate these shortcomings of the theory, several techniques have been proposed. 
We may classify them into the following two groups; (A) Semi-empirical estima- 
tion of basic integrals over atomic orbitals. This procedure is very easy. However, 
the proposed parameters should be applicable from molecule to molecule. The 
Pariser-Parr method [31] is one of most successful techniques of this kind. (B) 
Improvement of wave function. This will account for electron correlation. Configu- 
ration interaction technique, method of orthogonalized atomic orbitals [7], split 
p-orbital method [9, 10], and extraordinary function [38] are classified in this 
category. The method of electron interaction in molecule described in the previous 
paper [26] will introduce an electron correlation of the first category. In the present 
paper, this idea has been applied to the SCF MO CI calculations of the ~-electronie 
structure of some complex aromatic hydrocarbons and their derivatives. 

Variable fl Approximation 
Some attempts to estimate the core integral, fl, have been reported by several 

workers [12, 18, 24, 32]. As shown in our papers [13, 28], a considerable improve- 
ment in SCF MO calculations of various conjugated systems has been made by the 
variable/~ modification. The procedure for this modification is as follows ; The total 
energy can be expressed by 

E =  Eo + E~ + Ec.  

Total sigma energy can be, to a first approximation, given by 

where/%~ and R~(s) are the force constant and single bond distance of ff-v bond 
in sp ~ hybridization, respectively. Total ~-energy is given by P-P-P theory as 

E= + Ec = 5 [q~q.Yt~. -- (q.N. + q.N,) V,. + N,N.~t.. + 2flt..P.. -- (�89 Pt.W,.] ~ + 

+ 2'(I,, A,)  
where 

~,,,, = .[ r (~lr,,) r (2) dv 

/7,. = ~ r H~ore r dv 

The last term, F(I~, A~) is independent of interatomio distances. 
q~, and N ,  are the ~-electron density and core charge on ff-th atom, respectively. 
p~  and ~u~ are the bond order and core repulsion associated with ff-r. To a first 
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approximation, y~,, ~ ,  ~,v, and/3~ may  be given by  the first two terms of a Taylor 
expansion with respect to the interatomic distance R,,,  because in the x-electron 
theory we are concerned with Rz~ in the range of only 1.34 to t.52 A for hydro- 
carbons. The equilibrium condition requires 

0E 0 
- -  - [E~ + E~ + Ec ]  = O.  
O R t~, O R I~ 

There are two boundary conditions; firstly, we must  have R~  = R~,.(s) at  
p~, = 0 and secondly, R,~ = Rt,,(d ) at  p~  -- 1, where Re~(d) means the double 
bond distance. The first condition requires tha t  

a 

Therefore, we obtain 

2p - ~ p ~ + ~ [ R  - R(8 ) ]  = 0 ( l )  

for each bond. The second requbes tha t  

0~ ar  2~-~ -- 10-~ + k[R(d) - R(s)] = 0 .  (2) 

Combining Eqs. (t) and (2), we obtain 

R = R(s) - -  [/~(s) - R(d)]  p + p(p-  ~) ~y 2~ 0R " (3) 

Integrat ing Eq. (2) and substituting Eq. (3) into the result, we obtain 

~ _  [R(s)-~ R(d)]] 0~0Y p~ _ [R(s) --  R(d)]~ + ~[R(s)  - R(d)] ~ p +/~o �9 (r 

This type of fl may  be called variable fi modification in quadratic form (variable 
/~ in Q-form). 

When we assume 7 = ~  = ~, which is the usual approximation in P-P-P 
theory, the relations given in Ref. [28] are obtained, namely 

0r - -  0 

~R 

and 
R = R(8) - [ R ( s ) -  R(d) ]p  

(5) 

(6) 

k 
fl = -- ~- [R(s) -- R(d)] ~ p + flo" (7) 

The name variable fl modification in linear form (variable fi in L-form) will be 
preferred for this type. The last term in Eq. (3) might be generally negligibly small. 
For example, when we use 2qM approximation [30], ~7/~R is given by 

~R = -- ~ a + R  

Therefore, for a carbon-carbon bond, we obtain 

- 0.033 A .  
2k OR 
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Consequently, to a good approximation, a linear relation exists between the bond 
length and the bond order. 

In  the above t reatment ,  we assumed tha t  q~ and p~  are independent of indivi- 
dual bond distances, R w. This assumption might be reasonable. In  benzene, for 
example, the MO's are determined by  only the symmetry,  and we obtain q~ = l 
and Pw = w for the ground state. Therefore, q~ and p ~  should be considered as 
molecular quantities and not depend on a specific bond distance. For simplicity, 
variable fl in L-form has been used in this paper. Q-form will be examined in the 
subsequent papers. 

Estimation of Electron Repulsions in Molecule 

The details of the t rea tment  of electron interaction in molecules was described 
in paper I [26]. According to this idea, we must  set up two types of electron 
repulsion integrals, upper-upper yuu, and upper-lower 7 uz repulsions. As shown in 
the previous paper [26], the following equations duplicate fairly well the experi- 
mental data  for conjugated hydrocarbons. 

R,~ + 2.06 [3/(2R w + Va~ + R~)] eV (8) ?~u = 7.88 R~ + IA3 

~ = 7.88 ~ + + ~a2~ [1//~-~-~ R~,] eV (9) 

where R ~  is the distance between #-th and v-th atoms. A parameter  a,,, is deter- 
mined by  

where 
a ,  = e ~ / y , v  = e ~ / ( I v  - A v )  

I v and A v are the valence state ionization potential and electron affinity of #- th 
atom, respectively. Their values have been found in the literature [14, 33, 35]. 
However, the literature values seem to be rather  large, because they have been 
estimated from the spectroscopic terms in free atoms, not as atoms in molecules. 
In  a conjugated hydrocarbon, ac = 1.50/~ or Ic  = 711 = 9.60 eV is suitable for a 
carbon 2pz-AO [26]. This corresponds to a i4 percent reduction of the ttinze-Jaff4 
value (Ic = i l . i 6  eV). There is no means of estimating the valence state ionization 
potential associated with a single charged heteroatom core in molecule. However, 
I v = 0.86 • (Hinze-Jaff4 value) might be appropriate. 

I f  we use a Slater type AO, the ionization potentiM is given by  a quadratic 
form of the effective nuclear charge (Z) [17], whereas the one center electron 
repulsion integral is shown to be proportional to Z [32]. Therefore, the valence 
state ionization potential  should be expressed by  a quadratic equation with 
respect to the one center electron repulsion integral, namely 

Iv = a ~, ,  + b ~ , .  (10) 

Using the ttinze-Jaff4 value for the 2p~ AO and the experimental value [22] for 
the lone pair of the oxygen atom, we obtain 

I ,  = 0.0606 y~, + 0.328 r , ,  ( i i )  
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Table t. Parameters 

Core I~(eV) A~(eV) ?~(eV) a~(~) 

C + 9.60 0.00 9.60 t.50 
O++(-OH) 30.88 10.85~ 20.03 0.719 
O++(-OCHa) 29.54 10.00 ~ 19.54 0.737 
I~++(-NH2) 27.88 8.97 ~ 18.91 0.761 
N++(-I~HCH3) 26.70 8.24~ t8.46 0.780 
N++[-I~(CH3)2] 26.00 7.82~ t8.18 0.792 
S++(-SH) 22.16 9.44~ 12.72 t.132 
S++(-SCH3) 21.15 8.69~ 12.46 1.155 

Benzene derivatives: flcc= - 0.51p - 2.04 eV 
flcN = - 0.53p - 2.24 eV 
rico = - 0.56p - 2.44 eV 

.Naphthalene derivatives : flcc= - 0.51p - t.90 eV 
rico = - 0.56p - 2.27 eV 

Anthracene and phenanthrene: flcc= - 0.5tp - J.84 eV 
Pyrene: flcc= - 0.51p - 1.82 eV 
Coronene: flcc= - 0.51p - t.70 eV 

Ref. [41]. 

or 
A ,  = 0.0606 ?~, - 0.672 y , , .  (i2) 

I t  should be no ted  t ha t  Eq. ( i i )  fits the Hinze-Jaffd values for other second row 
atoms. Consequent ly,  we can use Eq.  ( l i )  as a general correlation equat ion  be- 
tween I and  ? for second row elements in  the ~- type  valence state. 

As shown in  the previous paper  [29], for a doubly  charged core, such as the 
core for a lone pair  or the n i t rogen in  ni t ro  group, we mus t  assign the first ioniza- 
t ion  potent ia l  to the valence state electron affinity. The method  of electron inter-  
act ion in  molecule gives a sat isfactory result  no t  only  for t rans i t ion  energies, bu t  
also for the first ionizat ion potent ia l  of molecules [26]. Therefore, we can use the 
exper imental  ionizat ion potent ia l  of CHaX as the A~ of the lone pair orbi tal  of 
hetero a tom X in  molecule, so t h a t  the corresponding ?zz is calculated from Eq. (i2). 

I f  we can t rea t  the th i rd  row elements as "normal"  heteroatoms analogous to 
oxygen and  ni trogen,  a similar correlation can be made,  using the Pr i tchard-  
Skinner  value [35] and  exper imenta l  da ta  [22] for the sulphur  atom, t ha t  is 

Iz  = 0.160 y~z -- 0.288 ? ~  (13) 
or 

A~ = 0. i60 ?~z -- 1.288 y ~  . (i4) 

Using the above equat ions and  the exper imental  da ta  given by  WATA~A]3E 
et al. [dl], the parameters  associated with the lone pair  orbitals of hetero atoms 
are calculated and  summarized  in  Tab.  I. For  one center electron repulsion 
integrals,  the Par iser-Parr  approx imat ion  [31] is used. 

Resultats and Discussion 

Using the parameters given in Tab. I, SCF MO calculations (with I0 iterations) 
of the ~-electronic structures of some organic compounds have been carried out. 



212 K. NlSm~tOTO: 

5 
X 

3 

/ ) 

71 

7 2 

7 

~ X  

2 

Fig. 1. Numbering of atoms 

For mathematical simplicity, the approximation of variable fl in L-form, and the 
same expressions given in Refi [28], has been used. For coronene,/~cc = - 0.51 p - 
-1 .70  eV is obtained from the 1• b transition energy. The numbering of atoms is 
shown in Fig. i. Bond lengths and bond angles are taken as i.40 • and 120 ~ 
respectively. 

Ionization potentials and electron a]/inities. The ionization potential and electron 
affinity of a molecule are very important  theoretically, because they correspond 
to the negative of Hartree-Fock energies of the highest occupied orbital and the 
lowest vacant orbital, respectively [36]. However, in the usual methods rather 
large values for ionization potentials are calculated. Experimentally, these quanti- 
ties are very important for molecular complex formation, such as charge transfer 
complexes [5]. 

The calculated results are summarized in Tab. 2 and compared with experi- 
ment. There is an uncertainty of 0.3--0.4 eV in the experimental ionization 
potentials, depending on the experimental techniques, such as photoionization 
or electron impact [23, 41]. In  the table, the experimental data were obtained 
from photo-ionization and charge transfer spectra. The agreement between the 
theory and experiment is quite good in the whole. Unfortunately, experimental 
electron affinities are not available for most of molecules. 

In linear polyacenes, the ionization potential decreases with increasing molec- 
ular size. However, there is the rather strange result that  the calculated ionization 
potentials of eoronene and pyrene are comparable with that  of anthracene, which 
agrees with experimental data. Furthermore, the ionization potential of phen- 
anthrene is expected to be almost the same as tha t  of naphthalene. 

This very interesting result is explained by a perimeter model which tells us 
tha t  the MO's associated with non zero ring quantum number should be doubly 
degenerate [34]. In a linear polyacene, this degeneracy is removed by the pertur- 
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Table 2. Calculated and Experimental Ionization Potentials and 
Electron A//inities o/Some Aromatic Compounds (eV) 

5Iolecule Ionization lootengiM Electron 
Cale. Exp,. ~ffinity 

Calc. 

Benzene 9.45 9.247~ 0.15 
Naphthalene 8.26 8 A0 b t.34 
Anthracene 7.60 7.37 b 2.00 
Phenanthrene 8.14 8.09 b 1.46 
Pyrene 7.60 7.55 b 2.00 
Coronene 7.66 7.44 b 1.94 

Phenol 8.47 8.50~ - 0.02 
Anisol 8.29 8.22~ - 0.06 
Aniline 8.09 7.70 a -0.08 
Dimethylaniline 7.71 - -  -0 . t6  
Benzenethiol 8.26 8.33~ -0.03 

Ref. [41]. b l~ef. [4]. 

bat ion of  cross rinks and molecular shape, so tha t  one of  the highest occupied 
orbitals in the perimeter  model is raised. Phenanthrene  is iso-n-eleetronic with 
anthracene,  bu t  has ra ther  round  molecular shape. Therefore, the separation of  
the two orbitals associated with the same number  of  nodes (PLATT'S ring quan tum 
number  [34]) is expected to be smaller than  tha t  in anthracene,  as shown in Fig. 2. 
I t  will generally be concluded tha t  in iso-z-eleetronie hydrocarbons,  the first 
ionization potential  of  a round  shape molecule is larger than  t h a t  of a linear mole- 
cule. 

Electronic spectra. The transi t ion energies have been calculated by  including 
configuration interaction between all singly excited configurations within D eV of 
lowest excited (singlet or triplet) states. The calculated transit ion energies, intensi- 
ties, and polarizations are summarized in Tabs. 3 - -5 .  The value of  D (2.0--3.0 eV) 
used in each CI calculation is specified in tables. Comparing with the previous 
papers [28] in which we used NM approximat ion and adjusted theoretical integrals, 
a considerable improvement  is found in the singlet - -  triplet t ransit ion energies. 
Agreement  between calculated results and the experimental  da ta  is satisfactory. 

Concerning the singlet states, we have obtained practically the same conclusions 
with other  calculations using NM approximat ion [27, 28]. I t  should be noted tha t  

- - - - < > . - - , o - - . - -  

1 2 3 

Fig. 2. ttighes~ occupied orbi~als of iso 7t-electronic molecules of 14 carbons: 1. Perimeter model; 2. Anthracene; 
3. Phenanthrene 
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Table 3. Transition Energies (eV) and Intensities o] Benzene Derivatives (D = 3.0 eV) 

Transition energy 

Molecule Singlet Triplet Oscillator strength Polarization 

Cale. Obs. . Calc. Obs. b Calc. Obs.a 

Phenol 4.52 4.59 3.53 3.54 0.033 0.020 x 
5.71 5.82 3.81 - -  0.150 0.132 y 
6.56 6.70 4.06 - -  0.951 0.636 x 
6.64 6.93 4.89 - -  t.159 0.467 y 
7.90 - -  0.002 - -  y 
7.96 - -  0.099 - -  x 

Anisol 4.46 4.59 3.53 3.50 0.042 0.023 x 
5.63 5.78 3.73 - -  0.199 0.t75 y 
6.51 6.68 4.05 - -  0.874 0.585 x 
6.62 6.90 4.93 - -  1.137 0.371 y 
7.81 - -  0.003 - -  y 
7.86 - -  0.158 - -  x 

Aniline 4.39 4.40 3.54 3.32 0.048 0.028 x 
5.50 5.39 3.69 - -  0.264 0.144 y 
6.40 6.40 4.03 - -  0.732 0.510 x 
6.60 6.88 4.93 - -  1.085 0.570 y 
7.66 7.87 0.295 0.68 x 
7.70 0.008 y 

Dimethylaniline 4.23 4.30 3.42 - -  0.065 0.044 x 
5.33 5.15 3.48 - -  0.348 0.256 y 
6.27 6.25 3.99 - -  0.540 0.350 x 
6.59 6.88 4.90 - -  1.044 0.575 y 
7.48 7.68 0.453 0.8t x 
7.49 0.016 y 

Benzenethiol 4.44 4.58 3.43 - -  0.033 0.013 x 
5.4i 5.30 3.73 - -  0.268 0.347 y 
6.38 6.22 4.03 - -  0.708 0.398 x 
6.54 6.79 4.84 - -  0.924 0.587 y 
7.49 7.30 0.t03 0.438 y 
7.56 0.359 x 

a Ref. [15] b Refi [21] 

t h e  s a m e  e x p r e s s i o n s  o f  v a r i a b l e / )  in  L - f o r m  can  be  u s e d  fo r  b o t h  t h e  p r e s e n t  

m e t h o d  a n d  N1VI a p p r o x i m a t i o n .  P r e s e n t  c a l cu l a t i on  s h o w s  t h a t  i n  a n t h r a c e n e  t h e  

v e r y  w e a k  1Lb a b s o r p t i o n  is e x p e c t e d  to  be  a p p e a r  in  t h e  s a m e  r eg i o n  as  t h e  

m e d i u m  1L a a b s o r p t i o n .  I t  is i n t e r e s t i n g  to  n o t e  t h a t  t h e  c a l c u l a t e d  e n e r g y  asso-  

c i a t ed  w i t h  t h e  t r a n s i t i o n  f r o m  t h e  g r o u n d  s t a t e  t o  t h e  l o w e s t  t r i p l e t  s t a t e  of  a 

d e r i v a t i v e  h a v i n g  a n  a u x o c h r o m i c  s n b s t i t u e n t  is n o t  a p p r e c i a b l y  d i f f e r en t  f r o m  

t h a t  o f  t h e  p a r e n t  h y d r o c a r b o n .  

A l t h o u g h  LONGUET-HIGG]:STS [19] s h o w e d  t h a t  t h e r e  a re  t w o  p d  ~ h y b r i d s  in  

s u l p h u r  a t o m  a p p r o p r i a t e  fo r  c o n j u g a t i o n  w i t h  c a r b o n  2 p z  AO,  t h e  p r e s e n t  n o r m a l  

h e t e r o  a t o m  t r e a t m e n t  g ives  r a t h e r  g o o d  r e su l t s  fo r  e l ec t ron ic  s p e c t r a  a n d  ioniza-  

t i o n  p o t e n t i a l  o f  b e n z e n e t h i o l .  I n  ani l ine ,  d i m e t h y l  ani l ine ,  a n d  b e n z e n e t h i o l ,  
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Molecule 

T rans i t i on  ene rgy  

Single t  Tr ip le t  Oscil lator  s t r e n g t h  Polar iza-  

Calc. Obs. a Calc. Obs.  Calc. Obs.  a t ion  c 

N a p h t h a l e n e  3.98 3.97 e 2.73 2.64 b 
4.51 4.51 e 3.42 - -  
5.34 - -  3.61 - -  
5.50 - -  3.98 - -  
5.54 5.63 e 4.66 - -  
5.74 - -  5.76 - -  
6.07 
6.95 

a - N a p h t h o l  3.89 3.86 2.60 2.55 d 
4.24 4.29 3.43 - -  
5A6 5.40 3.46 - -  
5.32 - -  4 .0t  - -  
5.58 - -  4.12 - -  
5.60 5.80 5.11 - -  
6.08 
6.70 

f l -Naph tho l  3.85 3.78 2.66 2.62 a 
4.43 4.54 3.36 - -  
5.18 - -  3.54 - -  
5.38 5.53 3.76 - -  
5.52 - -  4.22 - -  
5.70 - -  4.56 - -  
5.91 
6.74 

a Ref .  [3] b Ref .  [21] 
~ N u m e r i c a l  va lue  g ives  a n  angle  b e t w e e n  t h e  t r ans i t i on  

molecule,  a Ref .  [2] e I~ef. [16] 

0 0.002 e x 
0.246 0 A I  e y 
0 
0 
1.946 t .70e  x 
0 
0.861 y 
0 

0.025 0.016 - 7 ~ 
0.245 0.102 80 ~ 
0.460 0.328 0 ~ 
0 .0 t3  - -  135 ~ 
0.638 0 ~ 
0.715 0.892 0 ~ 
0.684 90 ~ 
0.032 - -  0 ~ 

0.038 0.021 t 2 6  ~ 
0.186 0.081 115 ~ 
0.169 - -  - 8  ~ 
1.371 1.06 16 ~ 
0.355 - -  - 6  ~ 
0.160 - -  21 ~ 
0.750 - -  t 05  ~ 
0.059 - -  111 ~ 

m o m e n t  vec to r  a n d  x-ax is  of  t he  

t h e i r  2 - - 5  t r a n s i t i o n s  h a v e  a p p r e c i a b l e  v a l u e s  o f  t r a n s i t i o n  m o m e n t s  a n d  s h o u l d  

a p p e a r  n e a r  7 .5  e V  r e g i o n .  O b s e r v e d  s p e c t r a  n e a r  7 .5  e V  r e g i o n  i n  t h e s e  c o m p o u n d s  

[15] a r e  p r o b a b l y  a s s i g n e d  t o  t h i s  t y p e  o f  t r a n s i t i o n s .  

Bond lengths. T h e  b o n d  o r d e r s  a n d  z - e l e c t r o n  d e n s i t i e s  a s s o c i a t e d  w i t h  t h e  

g r o u n d  s t a t e  c o n f i g u r a t i o n  wi l l  i n d i c a t e  t h e  u t i l i t y  o f  t h e  t h e o r y  f o r  t h e  c a l c u l a t i o n  

o f  m o l e c u l a r  p r o p e r t i e s  o f  g r o u n d  s t a t e  m o l e c u l e s .  T h e s e  q u a n t i t i e s  f o r  b e n z e n e  

d e r i v a t i v e s  a r e  s u m m a r i z e d  i n  T a b .  6.  T h e  m o l e c u l a r  d i a g r a m s  o f  n a p h t h o l s  a r e  

s h o w n  i n  F i g .  3. U n f o r t u n a t e l y ,  t h e r e  a r e  n o  v e r y  a c c u r a t e  s t r u c t u r a l  i n f o r m a t i o n s  

f o r  t h e s e  c o m p o u n d s .  H o w e v e r ,  t h e  m o l e c u l a r  s t r u c t u r e s  o f  s o m e  p o l y c y c l i c  

a r o m a t i c  h y d r o c a r b o n s  w e r e  d e t e r m i n e d  v e r y  a c c u r a t e l y  b y  X - r a y  c r y s t a l l o g r a p h y  

o r  e l e c t r o n  d i f f r a c t i o n  t e c h n i q u e .  C a r b o n - c a r b o n  b o n d  l e n g t h s  o f  c o n j u g a t e d  

s y s t e m s  c a n  b e  c a l c u l a t e d  f r o m  t h e  e q u a t i o n ,  R c c  = t . 5 i 7  - 0 . t 8 0  p [28]. T h e  

c a l c u l a t e d  r e s u l t s  a r e  s u m m a r i z e d  i n  T a b .  7 a n d  c o m p a r e d  w i t h  t h e  e x p e r i m e n t a l  

d a t a .  T h e  p r e s e n t  m e t h o d  g i v e s  a l m o s t  t h e  s a m e  r e s u l t s  a s  t h e  p r e v i o u s  c a l c u l a -  

t i o n s  b a s e d  o n  N M  a p p r o x i m a t i o n  [27, 28]. A g r e e m e n t  b e t w e e n  c a l c u l a t e d  r e s u l t s  
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T a b l e  5. Transition Energies ( e V )  and Intensities o/Complex Hydrocarbons 

M o l e c u l e  

T r a n s i t i o n  e n e r g y  

S i n g l e ~  T r i p l e t  O s c i l l a t o r  s t r e n g t h  P o l a r i z a t i o n  

C a l e .  O b s .  C a l c .  O b s . ~  C a l e .  O b s .  

A n t h r a c e n e  3 . 5 8  - -  t . 8 0  1 . 8 2  0 - -  x 

( D  = 3 . 0  e V )  3 . 5 9  3 . 3 4  b 2 . 9 9  - -  0 . 3 t 3  0 A 0  b y 

4 . 5 0  - -  3 . 3 5  - -  0 - -  

4 . 7 9  - -  3 . 6 0  - -  0 - -  

4 . 8 t  - -  4 A l  - -  0 - -  

4 . 8 4  4 . 8 3  b 4 . 6 5  - -  2 . 5 2 3  2 . 2 8  b x 

5 . 1 9  - -  4 . 8 1  - -  0 . 0 4 4  - -  y 

5 . 3 6  - -  0 - -  

5 . 8 7  5 . 6 1  b 0 . 6 0 4  0 . 2 8  b y 

6 .21  - -  0 - -  

P h e n a n t h r e n e  3 . 5 8  3 . 7 5  b 2 . 6 0  2 . 6 8  0 0 . 0 0 3  b x 

( D  = 3 . 0  e V )  4 . 2 7  4 . 2 3  b 3 . 3 7  - -  0 . 4 5 9  0 A 8  b y 

4 . 5 4  - -  3 . 3 9  - -  0 - -  

4 . 9 1  4 . 9 1  b 3 . 7 2  - -  1 . 2 6 0  1 . 0 9  b y 

5 . 0 0  - -  3 . 7 7  - -  0 . 4 2 5  - -  x 

5 . 3 2  - -  3 . 8 6  - -  0 . 4 3 6  - -  x 

5 . 3 6  - -  4 . 0 7  - -  0 - -  

5 . 6 0  5 . 8 3  b 4 . 5 0  - -  0 . 4 4 9  0 . 6 0  b y 

5 . 8 7  - -  0 - -  

5 . 8 9  - -  0 - -  

6 . 5 8  6 . 6 2  b 0 . 4 9 4  0 . 5 9  ~ x 

P y r e n e  3 . 4 9  3 . 3 3  c 2 . 0 4  2 . 0 8  0 0 . 0 0 t 6  c x 

( D  = 3 . 0  e V )  3 . 6 4  3 . 7 1  c 3 .21  - -  0 . 6 7 5  0 . 3 3  o y 

4 . t 0  - -  3 . 2 6  - -  0 - -  

4 . 2 7  - -  3 . 3 2  - -  0 - -  

4 . 7 7  4 . 5 5 ~  3 . 4 9  - -  0 . 9 5 4  0 . 3 5  ~ x 

4 . 9 0  - -  3 . 8 3  - -  0 - -  

5 . 0 0  - -  3 . 8 9  - -  0 - -  

5 . 0 8  - -  4 . 2 7  - -  0 - -  

5 . 2 5  5 . 1 4  c 4 . 7 7  - -  1 . 4 8 5  0 . 8 5  ~ y 

5 . 3 3  - -  0 - -  

5 . 9 8  - -  0 - -  

6 . 4 7  6 . 2 6  ~ 1 . 0 4 6  - -  y 

C o r o n e n e  3 . 0 4  2 . 7 4  c 2 . 5 1  2 . 3 7  0 - -  x 

( D  = 2 . 0  e V )  3 . 5 1  3 . 6 7  r 2 . 8 9  - -  0 0 A 9 o  y 

3 . 9 4  - -  2 . 8 9  - -  0 - -  

3 . 9 6  - -  3 . 0 7  - -  0 - -  

4 . 1 9  4 A 8  c 3 . 3 3  - -  3 . 8 9 4  1 . 3 4 ~  x ,  y 

4 . 3 5  - -  3 . 5 4  - -  0 - -  

5 . 0 6  - -  0 - -  

6 . 1 1  - -  1 . 1 3 5  - -  x 

l~e f .  [21] b R e f .  [16] ~ R e f .  [39] 

a n d  e x p e r i m e n t a l  d a t a  i s  q u i t e  g o o d ,  e x c e p t  f o r  t h e  p h e n a n t h r e n e  4 - - 5  a n d  5 - - 6  

b o n d s .  H o w e v e r ,  i t  s h o u l d  b e  n o t e d  t h a t  t h e  X - r a y  d a t a  c o r r e s p o n d s  t o  t h e  

m o l e c u l a r  s t r u c t u r e  i n  s o l i d  s t a t e ,  w h i c h  m i g h t  i n c l u d e  s p e c i a l  i n t e r m o l e c u l a r  

i n t e r a c t i o n s  t h r o u g h  t h e  s t r o n g  c r y s t a l  f i e l d .  



Elect,ron Interaction in $iolecules. I I  

Table 6. z-Electron Densities (q~) and Bond Orders (Pw) o/ Benzene 
Derivatives 
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Phenol Anisol Aniline Dimethyl Benzenethiol 
Aniline 

ql 0.964 0.967 0.977 0.986 0.980 
q2 t.066 1.075 1.077 1.093 ~.059 
~'3 0.991 0.990 0.989 0.986 0.992 
q4 1.032 1.038 1.040 ~.050 t.031 
~5 1.889 1.866 ~.851 1.804 t.887 
P12 0.627 0.619 0.614 0.598 0.627 
P~3 0.674 0.675 0.676 0.679 0.674 
p3~ 0.663 0.662 0.661 0.659 0.662 
P15 0.338 0.370 0.388 0.443 0.337 

I n  conclusion, the  ~-elect ronic  spectra ,  bo th  singlets and  t r ip le ts ,  first  ioniza- 
t ion  poten t ia l s ,  and  bond  lengths  can be sa t i s fac tor i ly  ca lcula ted  b y  the  m e t h o d  
based  on an  idea  of  e lect ron in te rac t ion  in molecule.  F r o m  the  presen t  calculat ion,  
i t  should be concluded t h a t  the  e lect ron repuls ion in molecule should  be consider-  
ab ly  r educed  b y  the  polar isable  molecular  field. I n  the  subsequent  papers ,  the  
presen t  idea  will be appl ied  to  o ther  con juga ted  systems,  such as non -a l t e rnan t  
hydrocarbons ,  anions,  cat ions,  etc. 

LS~O 

.033 
7. 0 0 6 ~  1.080 

0.996 1.037 

7.003 1.081 Z89~ 

7. 002 0.. 890 
~i8. 3. Molecular diagrams of n~phthols 
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Table 7. Bond Lengths o/Some Polycyclie Hydrocarbons 
(Rco = 1.5t7 - 0A80p) 

Molecule Bond Bond order Bond length (A) 

Cale. 0bs. 

Naphthalene 1---2 0.761 1.380 1.364~ 
1--9  0.524 1.423 t.421 
2--3  0.562 1.416 1.415 
9--10 0.568 1.415 i .4 t8  

Anthracene I---2 0.792 1.374 1.368~ 
1- -6  0.478 1.431 1.436 
2- -3  0.521 1.423 1.419 
5- -6  0.620 t.405 t.399 
6--7 0.516 1.424 t.428 

Phenanthrene 1--2  0.723 1.387 t.383 b 
1--9  0.578 1.4t3 1.425 
2- -3  0.603 1.408 t.398 
3--4  0.726 t.386 1.381 
4- -5  0.570 1.414 t.457 
5--6  0.438 t.438 t.390 
5--9  0.594 t.410 1.404 
6--7 0.832 1.367 1.372 
8--9  0.408 1.444 1.448 

Pyrene 1--2  0.670 1.396 1.380 ~ 
2--3  0.619 1.406 t.420 
3 ~  0.423 1.441 t .442 
3- -6  0.552 1.418 ~.417 
4- -5  0.842 1.365 t.320 
6--7  0.481 1.430 1.417 

Coronene 1- -2  0.498 1.427 1.444 a 
1 ~  0.600 t.409 1.381 
2- -3  0.789 t.375 1.362 
4---5 0.488 1.429 1.438 

a Ref. [8] ~ Ref. [40] c Ref. [6] d Ref. [1]. 

Acknowledgement. The calculations were performed in the Chemistry Department of the 
University of Arizona. Financial assistance was provided by the U.S. Public Health Service 
(Grant No. GM 13218). The kind advice of Prof. L. S. FORSTER of University of Arizona is 
gratefully acknowledged. 

R e i e r e n c e s  

[1] AL~N~I~GE~I, A., O. BASTI~SE~, and F. DYVlK: Acta erystallogr. 14, 1056 (1961). 
[2] Azlr~i, T.: Bull. chem. Soc. Japan 35, 788 (1962). 
[3] BAB~, H., and S. SVZVKI: Bull. chem. See. Japan 34, 82 (1961). 
[4] BIlKs, J .  B., and H. A. SLI~KEZ~: Nature 191, 761 (t961). 
[5] BI~IEGLEB, G.: Elektronen Donator-Accepter Komplexc. Berlin: Springer 196t. 
[6] C~ERO~, A., and J .  T~O~TER: Acta crystallogr. 18, 636 (1965). 
[7] COVLSO~Z, C. A., and I. ~Isc~E~: Philos. Mag. 40, 386 (1949). 
[8] C~WCKS]tA~K, D. W. J. ,  and R. A. SP2mKs: Prec. Roy. Soc. [London] A258, 270 (1960). 
[9] DEWAR, H. J .  S., andN.  L. Hozvax :  J .  chem. Physics ~4, 1232 (1961). 



Electron Interaction in Molecules. I I  219 

[10] - - ,  and C. F. WCL~A~: J. chem. Physics 29, 158 (1958). 
[11] EvAns, D. F. : J. chem. Soc. [London] 1960, 1735. 
[12] FlSCHV.~-HJ~M~a~S, I. : Molecular orbitals in chemistry, physics, and biology, (Ed. by 

L6wDI~, P. O., and B. PVLLMA~), p. 361. New York: Academic Press 1964. 
[13] Fox, J. L., S. P. LABnRGE, K. NIsm-~OTO, and L. S. FOiSTEd: Acta Biochem. Biophysics 

(To be published). 
[14] I-II~zE, J., and H. H. J ~ :  J. Amer. chem. Soc. 84, 540 (1962). 
[15] K ~ v ~ ,  K., and S. N~tGXKV~A: Molecular Physics 9, 117 (t965). 
[16] KLEVE~S, tI.  B., and J. R. PLATT: J. chem. Physics 17, 470 (1949). 
[17] KLOPMA~, G. : J. Amer. chem. Soc. 86, t463 (t964). 
[18] Ko~ ~, H. : Bull. chem. Soc. Japan 28, 320 (1954). 
[19] LO~GVET-HmG~S, H. C. : Trans. l~araday Soc. 4~, 173 (1949). 
[20] L6wD%~, P. O. : Physic. Rev. 97, 1509 (1955). 
[21] McCLv~n, D. S. : J. chem. Physics 17, 905 (t949). 
[22] ~[oo~,  C.: Atomic energy levels, Vol. t ,  Circ. 467. Washington: National Bureau of 

Standards 1949. 
[23] MoR~Iso~, J. D., and A. J. C. NICHOLSO~-: J. chem. Physics 20, 1021 (1952). 
[24] MVLLIKE~, R. S. : J. Chim. physique 46, 497 (1949). 
[25] MV~RELL, J. N.: The theory of the electronic spectra of organic molecules. London: 

Methuen 1963. 
[26] NIsm~oTo, K. : Theoret. chim. Acta [Berl.] ~, 74 (1966). 
[27] - - :  J. physic. Chem. 67, 1443 (1963). 
[28] --, and L. S. FOiSTEd: Theoret. china. Acta [Ber].] 8, 407 (1965); 4, 155 (1966). 
[29] --, and R. FuJISHmO: Bull. chem. Soc. Japan 31, 1036 (1958). 
[30] --, and N. MATAGA: Z. physik. Chem. [Frankfurt] 12, 335; 13, 140 (~957). 
[31] PAt~ISV.~, R., and R. G. P ~ :  J. chem. Physics 21, 466, 767 (1953). 
[32] P ~ R ,  R. G.: Quantum theory of molecular electronic structures. New York: W. A. 

Benjamin, Inc. 1963. 
[33] PILC]t~,~, G., and H. A. S K ~ E ~ :  J. inorg, nucl. Chem. 24, 937 (1962). 
[3~] P~T~, J. R.: J. chem. Physics 17, 484 (t949); 18, 1168 (1950). 
[35] PI~ITC]~)mD, H. 0., and H. A. SKINNER: Chem. Rev. 55, 745 (1955). 
[36] ROO~AAN, C. C. J . :  Rev. mod. Physics 23, 61 (1951). 
[37] S~A~OOLU, O.: Advances in chemical physics, Vol. 6, p. 315, (Ed. by P~mOGI~E, J.). 

New York: Interscience Publishers 1964. 
[38] S~YDER, L. C., and R. G. P ~ :  J. chem. Physics 28, 1250 (1958); 34, t661 (1961). 
[39] T~AKA, J. : Bull. chem. Soc. Japan 88, 86 (1965). 
[~0] T~O~TER, J. : Acta crystallogr. 16, 605 (1963). 
[41] WA~A~BE, K., T. N~K~u and J. MO~TL: J. quant. Spectrosc. Radiat. Transfer 2, 

369 (1959). 

Dr. K. N~sm_~OTO 
Department of Chemistry 
Osaka City University 
Sumiyoshi-ku, Osaka, Japan 


