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The first order changes in the orbital energies of a number of hydrocarbons due to perturba- 
tions at particular atoms are given. These are useful for discussing ionization potentials, 
polarographie reduction and oxidation potentials, and electron affinities of heteromoleeules. 

Die _~nderungen erster Ordnung yon Einelektronenenergien bei StSrung an bestimmten 
Atomen werden ffir eine Reihe yon Kohlenwasserstoffen angegeben. Sie erweisen sich als 
brauehbar fiir die Diskussion yon Ionisationspotentialen, polarographisehen Oxydations- und 
Reduktionspotentialen und Elektronenaffinit~ten yon Heteromolekiilen. 

Les variations au premier ordrc des 6nergies des orbitales, sous ]'influence de perturba- 
tions sur des atomes d6tcrmin4s, sent donn6es pour ua certain numbre d'hydrocarbures. Elles 
sent utiles pour la discussion des potentiels d'ionisation, des potentiels d'oxydation et de 
r6duction polarographiques et des affinit~s ~lectroniques des mol6cules h6t~roatomiques. 

I n  p a p e r  I [1] of  th is  series a self-consis tent  p e r t u r b a t i o n  theory  for con juga ted  
molecules  was developed.  This  t h e o r y  is pa r t i c u l a r l y  sui table  for ca lcula t ing  
changes in cer ta in  quant i t i es  due to  the  effect of  a p e r t u r b a t i o n  consist ing of  one 
e lec t ron te rms.  A m o n g  o ther  quant i t i es  the  p e r t u r b a t i o n  will change the  orb i ta l  
energies. I n  t e rms  of  the  p e r t u r b a t i o n  p a r a m e t e r  2 we have  t h a t  the  o rb i t a l  

energy El  will be given b y  

to  first order,  so t h a t  E~ is the  first order  correct ion to  the  u n p e r t u r b e d  o rb i t a l  

energy E~. 
As an  example  of  th is  Tab.  I shows the  u n p e r t u r b e d  ~ orb i ta l  energy levels E~ 

for the  naph tha lene  molecule  and  the  first order  correct ions  due to  a p e r t u r b a t i o n  
of  Zrr = +~fl (fi --  - -  4.78 eV) a t  the  i posi t ion.  The  uni t  of  energy is/~ and  the  E~ 

Table 1. Zero-order orbital energies in naphthalene and ]irst 
order corrections clue to substitution at position 1 

t 1.9824 0.0806 6 -0.9029 
2 1.5816 0.0879 7 - IA209 
3 1.3668 0.1408 8 -1.3668 
4 1.t209 0.0003 9 -1.5816 
5 0.9029 0.1833 l0 -1.9824 

0.t833 
0.0003 
0A408 
0.0879 
0.0806 
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are given relative to the diagonal elements of the SCF Hamiltonian i.e. the 
quantity usually denoted by a in Hiickel theory. Because of the pairing property 
of alternants this ensures that  the E~ satisfy the relation 

E ~ _ ~ + I  = - E~ (2) 

where 2n is the number of carbon atoms. Another consequence of the pairing 
property is that  the first order corrections E~ satisfy 

E '  2n-i+1 = E i  (3) 

and this is confirmed by the values in Tab. 1. Note that  the negative sign in Eq. (2) 
does not appear in Eq. (3) so that there is no longer a pairing between the orbital 
energies of the perturbed system i.e. E2~-i+l ~ - Ei. 

The most important of the orbital energy levels are those of the highest occu- 
pied and lowest unoccupied orbitals since the former is related to the ionization 
potential (Koopman's theorem) and polarographic oxidation potential while the 
latter can be used to find the electron affinity and polarographic reduction poten- 
tim of the molecule (see, for example, [7]). These, in turn, determine the electron 
aceeptor and donator properties of the molecule and their importance has been 
recently emphasized by the PU~LMA~S [5]. Since there are so few experimental 

E~ and E ,  in units o/ fl /or substitution at Table 2. Value~ o/ o 
various positions in certain hydrocarbons 

Molecule E~ Position of E~ 
Substitution 

Butadiene 0.9645 1 0.4036 
2 0.0964 

Hexatriene 0.8201 1 0.3215 
2 0.0082 
3 0.1703 

]~Taphthalene 0.9029 1 0.1833 
2 0.0951 

Anthracene 0.7507 1 0.0943 
2 0.0862 
9 0.2046 

Phenanthrene 0.8785 1 0.1178 
2 0.0351 
3 0.1403 
4 0.0588 
9 0.1614 

Biphenyl 0.9546 2 0.0748 
3 0.0462 
4 0.1869 

Azulene -0.7137 I 0.0671 
(lowest 2 0.1462 
unoccupied 4 0.1883 
orbital) 5 -0.0059 

6 0.2720 
Azulene 0.7630 t 0.2700 
(highest 2 -0.0100 
occupied 4 0.0405 
orbital) 5 0.1492 

6 0.0580 
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values available it is more than  usually impor tan t  to have reliable calculations. 
I n  Tab. 2, therefore, we give the values of  the first order corrections E~ to  the  
energy of  the lowest occupied orbital for subst i tut ion at various positions in the 
molecules discussed in paper  I. These will be useful for considering the changes in 
ionization potentials and polarographie oxidat ion potentials when an heteroatom 

is int roduced into the parent  hydro-  
Table 3. First order corrections to the orbital 

energies/or substitution in benzene 

Position of Substitution E'~ E ~  

1 .0111 .3223 
I and 4 .0222 .6446 
I and 3; 1 and 2 A778 .4890 
t, 2 and 3; 1, 3 and 5 .5001 .5001 
1, 2 and 5 .2304 .7696 

The energies are in units of ft. E~ = t.1740 
a When 2 is positive the values in the 

first column are to be used and when ;t is 
negative those in the second column. 

carbon. To find the  tota l  potentials 
the  zero-order E ~ are needed also and  
so these, too, are included in the table. 
For  the nonal ternant  azulene the cor- 
responding values of  E~  and E~+ 1 
required to compute  electron affinities 
and polarographic reduct ion potentials 
are also to  be found in Tab. 2 bu t  for 
the al ternants  the E~ and En+ 1 can 
be found from the En ~ and E n by  using 
Eqs. (2) and (3). 

The quantit ies in Tab. 2 refer to  
single substi tution. For  multiple sub- 

st i tut ion in the molecules in t ha t  table the new E n will be the sum of the individual 
E~'s for the single substi tutions.  For  benzene, however, this will not  be the case since 
the degeneracy among the zero-order orbitals means tha t  different combinations 
of  these mus t  be taken  depending on the positions of  the substituents.  I n  addition, 
this degeneracy means tha t  two values of  E~ mus t  be given, one to be used when 
the per turba t ion  parameter  2 is positive and the other  when it is negative. The 
first order changes needed to  discuss substi tut ions in benzene are given in Tab. 3. 

I t  is not  the intent ion here to make an elaborate comparison between theory  
and experiment  and, indeed, there is ve ry  little experimental  information on 
heteromolecules available for such a comparison. I n  a few cases, however, there 
is a reasonable amount  of  accurate experimental  da ta  in the li terature which can 
be used to check the  values in Tab. 2 and 3. For  example, TU~NE~ [8] has given a 
series of  experimental  ionization potentials for me thy l  and aza subst i tuted 
benzenes found using photoelectron spectroscopy and these are given in Tab. 4. 
The differences, A I  = I -  _Tbenzene, between the  ionization potentials of  the 
heterocyclics and benzene should equal -- 2E ' .  For  aza subst i tut ion we have taken  

= 0.36 i.e. the value deduced in paper  I I I  [2] and for me thy l  subst i tut ion we 
have used ~ = - 0.22 which is the  average of  the  values obtained in the same 

Table 4. Experimental Ionization Potentials o/Substituted Benzenes and Theoretical Estimates 
o/Changes/rom the Benzene Value 

Methyl Substitution Aza Substitution 
Molecule Iex~, A I~,:p A Irate: Molecule I~p A I~p A Ith~or 

toluene 8.84 -0.41 -0.34 pyridine 9.28 0.03 0.02 
o-xylene 8.56 -0.69 -0.51 pyridazine 8 .91 -0.34 0.31 
m-xylene 8.55 -0.70 -0.5t  pyrimidine 9.47 0.22 0.3t 
p-xylene 8.44 -0.8t -0.68 pyrazine 9.27 0.02 0.04 

The units are eV. AI  = I - - ] ' b e  . . . . .  with Ibe ..... = 9.25 eV. 
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paper .  The compu ted  A I ob ta ined  in this  w a y  are also shown in Tab.  4. A p a r t  
f rom pyr idaz ine  where the  exper imen ta l  value seems out  of  line wi th  those  of  t he  
o the r  heteroeycl ics  the  agreement  is sa t i s fac tory .  The m a x i m u m  error  is of  the  
order  of  2 %  of  the  t o t a l  ioniza t ion  po ten t i a l  which is cer ta in ly  less t h a n  the  error  
involved  in using K o o p m a n ' s  theorem.  Note  t h a t  the  e lec t ron- impac t  d a t a  of  
OMURA, BABA and  HIGASI [4] predic ts  
the  ioniza t ion  po ten t i a l s  of  pyr imid ine  
and  pyr idaz ine  to  be a lmos t  the  same 
in agreement  with the  theore t ica l  es- 
t i m a t e  and  in d i sagreement  with the  
expe r imen ta l  d a t a  quoted  in Tab.  4. 

Po la rograph ic  ox ida t ion  po ten t ia l s  
should  also be p ropor t iona l  to  En so 
t h a t  the  change in the  ox ida t ion  po- 
t en t i a l  of  a subs t i tu t ed  hyd roca rbon  
from the  value  for the  pa ren t  hydro-  
carbon  should  be p ropor t iona l  to  E~. 
This is t e s t ed  in Tab.  5 where i t  can 
be seen t h a t  the  theore t ica l  and  expe-  
r imenta l  values for the  change in ha l f  
wave  po ten t i a l s  agree reasonab ly  well. 
The cons tan t  of  p ropor t i ona l i t y  be- 
tween  the  theore t ica l  and  exper imen-  
t a l  values  will give the  induct ive  

Table 5. Half-Wave Oxidation Potentials of 
Methyl Substituted Hydrocarbons 

Molecule As E', 

Toluene 0.32 0.32 
m-xylene 0.39 0.49 
o-xylene 0.41 0.49 
p-xylene 0.53 0.64 
t ,  3, 5 trimethylbenzene 0.50 0.50 
t methylnaphthalene 0.11 0.t8 
2 methylnaphthalene 0.09 0.10 
2, 3 dimethylnaphthalene 0.19 0.19 
2, 6 dimethylnaphthalene 0.18 0.19 
9 methylanthracene 0.t3 0.20 
9, t0 dimethylanthracene 0.22 0.41 

z~e = e - ~ where ~ is the half-wave po- 
tential of the heteromolecule and e that of the 
parent hydrocarbon. Experimental values tak- 
en from [6]. 

p a r a m e t e r  Zrr for me thy l  subs t i tu t ion  and  this  suggests t h a t  2 is a p p r o x i m a t e l y  
--0.2 in agreement  wi th  the  average value ob ta ined  in p a p e r  I I I .  

Po la rograph ic  reduc t ion  po ten t ia l s  can be re la ted  to  the  energy of the  lowest  
unoccupied  orbi ta l .  F o r  a good discussion see the  book  b y  S T ~ I T W I E S ~  [7]. 
S~EITWIES~I~ has  used t I f ickel  p e r t u r b a t i o n  t heo ry  to  correlate  the  change in the  
hal f -wave reduc t ion  po ten t ia l s  of  m e t h y l  subs t i tu ted  azulenes f rom the  value  for 

Table 6. Half-Wave Reduction Potentials o[ Methyl Substituted Azulenes 

Molecule Change in tIMf-Wave Potential in eV 
Experimental Calculated Calculated 

(Hfiekel) (SCF) 

l-Methylazulene - 0.06 - 0.00 - 0.04 
2-Methylaznlene - 0.12 - 0.05 - 0.08 
4-Methylazulene - 0.08 - 0.t 1 - 0.10 
5-Methylazulene -0.01 -0.05 0.00 
6-Methylazulene -0.08 -0.13 -0A4  
1, 2-I)imethylazulene -0.14 -0.07 - 0 . t l  
1, 3-Dimethylazulene -0.10 -0.00 -0.07 
1, 4-Dimethylazulene -0.12 -0.13 -0.13 
1, 8-Dimethylazulene -0.10 -0.13 -0.13 
4, 7-Dimethylazulene -0.08 -0.11 -0 . t0  
4, 8-Dimethylazulene -0A2 -0.21 -0.20 

The experimental values are taken from Ref. [3] and the Hiickel val- 
ues from Tab. 7.2 of Refi [7]. 
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azulene with the change in the orbital energy. His results and the experimental 
ones obtained by CHOPARD-DIT-JEAN and H~ILBEOI~ER [3] are shown in Tab. 6. 
Using the self-consistent values given in Tab. 2 we have made a similar calculation 
taking for the perturbation parameter 2 = -- 0 . i t  which is smaller than that  used 
in Tab. 4 and 5. The smaller value does, however, lead to better agreement with 
experiment and STlC~ITWlESm~'S Hfickel values. While the agreement with 
experiment is not perfect the overall pattern of results is predicted quite well and 
the maximum differences between theory and experiment amounts only to about 
5% of the total half-wave potential. 

The figures in Tab. 4, 5 and 6 give reasonable cause to believe that  the self- 
consistent perturbation theory can be used to compute ionization potentials and 
polarographic reduction and oxidation potentials as accurately for substituted 
hydrocarbons as for the parent hydrocarbons. There seems to be no reason why 
the same should not be true of calculations of electron affinities although there 
are no experimental values available to test this belief. 
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