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Iterative extended Hiickel calculations for all valence electrons and iterative PPP calculations in 
the variable electronegativity formalism for n-electrons were performed on benzene, pyridine, fluoro- 
benzene, and the pyrylium ion. The charge distributions for all compounds were found more uniform 
and plausible with the iteration procedures than without. Polarization effects from the a-electrons were 
found to be of importance for the n-electrons. The lone-pair picture of the highest occupied MO in 
pyridine is preserved in the iterative extended Hiickel method, and two a lone-pairs were obtained on 
the fluorine atom of fluorobenzene. The results indicate that this atom is not hybridized. 

Benzol, Pyridin, Fluorbenzol und Pyriliumion wurden mit einer iterativen EH-Methode und einer 
iterativen PPP-VE-Methode berechnet. Es zeigte sich, dab Ladungsverteilungen bei Benutzung des 
Iterationsverfahrens besser beschrieben werden. Polarisationseffekte der a-Elektronen auf die g-Elek- 
tronen stellen sich als wichtig heraus. Auch in der IEH-Methode bleibt das oberste besetzte MO des 
Pyridins ein einsames Elektronenpaar. Am Fluoratom im Fluorbenzol werden zwei einsame a-Elek- 
tronenpaare erhalten. Die Resultate fiihren zu der Annahme, dab dieses Atom nicht hybridisiert ist. 

Des calculs par les m6thodes it6ratives de Hiickel 6tendu pour tousles 61ectrons de valence et de 
PPP avec 61ectron6gativit6 variable pour les 61ectrons n ont 6t6 effectu6s pour le benz~ne, la pyridine, 
le fluorobenz~ne et l'ion pyrylium. Les distributions de charge pour tous ces compos6s sont plus 
uniformes et plus plausibles avec les proc6d6s it6ratifs que sans. Les 61ectrons a ont un effet de polari- 
sation important sur les 61ectrons n. La plus haute orbitale occup6e dans la pyridine reste identifiable 
comme la paire libre dans la m6thode de Hiickel 6tendue, et l'on obtient deux paires libres a sur l'atome 
de fluor du fluorobenz~ne. Cet atome n'est pas hybrid& 

1. Introduction 

The extended Hiickel  me thod  [-1-3] has a tendency to exaggerate [-4, 5] the 
gross charge d i s t r ibu t ion  given by Mul l iken ' s  popu la t ion  analysis [6] when it is 
applied to he teroa tomic  systems. The o rd inary  Hiickel [7] and  P P P  [8, 9] 
methods  are no t  par t icular ly  sui table for ionic and  mesoionic  compounds ,  since 
popu la t ion  analysis for such c o m p o u n d s  often give charge dis t r ibut ions very 
different from the s tar t ing valence state charges. The same deficiency exists for 
these methods  when they are applied to non- ion ic  compounds  with large re- 
d is t r ibut ions  of charges. Often the results can be improved in these cases by 
i terat ion procedures.  In  the o rd inary  Hiickel method  one has used the so called 
co-technique [10, 11], where the C o u l o m b  integrals are readjusted according to the 
calculated charges. In  the P P P  me thod  one has the Variable Electronegat ivi ty 
(VESCF) approach  [12, 13], where the a tomic  integrals are varied according to 
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variations in effective charges. In the Extended Hiickel Method (EHM) iterative 
procedures have been applied similar to co-technique [14-18] and VESCF [19]. 

In order to get suitable semi-empirical methods for ionic molecules and mole- 
cules with large redistributions of charges we have studied the charge distributions 
for some molecules with the Extended Hiickel Method and the PPP method. In 
both methods iteration procedures have been used to readjust the empirical 
parameters according to calculated charges. From here on the methods will be 
called the Iterative Extended Hiickel Method (IEHM) and the Iterative Pariser- 
Parr-Pople Method (IPPP). The reason for the last name is to stress that the idea 
of VESCF could be used in other SCF methods, too. 

The following molecules were studied and assumed planar: benzene (C6H6) , 

pyridine (CsHsN), fluorbenzene (C6HsF), and the pyrylium ion ([CsHsO]~). The 
geometries are given in Table 1. 

Table 1. Geometries of  C6H6, CsHsN, [CsHsO] ~, and C6H5F ~ 

Atoms b Bond distance (A) and angle (°)° 

C6H6 CsHsN [CsHsO] + C6HsF 

C1-C 2 1.39 1.34 1.39 1.39 
C2-C 3 1.39 1.39 1.39 1.39 
CI-X 6 1.39 1.40 1.39 !.39 
C6-F 6 1.33 
C-H 1.09 1.09 1.09 1.09 

X6-C1-C2 120 124.0 120 120 
C1-Cz-C3 120 118.6 120 120 
Cz-C3-C 4 120 118.1 120 120 
Cs-X6 C1 120 116.7 120 120 
C5--C6-F 6 i20 

a Cf. Ref. [44]. 
b The heteroatoms N and O and the substituent F are placed in Position 6. 

Every angle between a hydrogen atom and the ring was assumed to be half the exterior angle. 

2. Methods 

General 

We want to solve the molecular Schr/Sdinger equation 

H~e = E~e, (1) 

where in the MO-LCAO approximation ~ is represented by an antisymmetrized 
product of orthonormal one-electron molecular spin-orbitals hv~, which are 
expressed as linear combinations of atomic orbitals ):a : 

~P~= ,,=1 ~ Z,,c,,{~. (2) 

In this work we will consider only atomic valence orbitals Xa in Eq. (2). 
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Assuming doubly occupied molecular spin-orbitals *Pi we obtain from the 
variation principle the molecular Hartree-Fock equations [20, 21] for n electrons: 

F e  i = E i S e  i, i = 1, 2, . . . ,  n ,  (3) 

where F is the Fock matrix, whose elements for a closed shell structure are given by 

F~b = ( z a l f l l Z b )  + ~ [2(Za(1)Zc(2) [1/rlzlZb(1)Za(2)) 
i = 1  c = l  d = l  (4) "/ 

- (Zb(1)Zc(2)I1/rla[ Za(1)Z,(2))] C*Cdi ~, a, b = 1, 2 . . . . .  m ,  
. 1  

where fj, is the operator of the one-electron part of the Hamiltonian H;  S is the 
C m overlap matrix; and c~ is the column vector of the set { ai}a=l" 

The total electronic energy for a closed shell system is: 

n/2 

Etot = 2 (El q- (w, ITJ,Iw,)). (5) 
i = j ,  

In semi-empirical methods, one estimates F in different ways. In EH M the 
elements F,, b are directly given empirical values. In PPP one estimates the different 
integrals in Eq. (4). 

The iterative procedures we have used are based on readjustments of F 
according to calculated charge distributions. Starting with Eq. (3) we calculate the 
matrix 

n/2 

R = 2 ~ Scic.+,. (6) 
i= j ,  

The diagonal elements of R are interpreted as the number of electrons in the 
atomic orbitals and are used to determine a new matrix 

F' = F + G' ,  (7) 

where G' could be considered as a perturbation. In the nth step we will consider 

n--1 

F ° ' - I ) = F +  ~ G ~i), (8) 
i : j ,  

n - J .  

where ~ G ~° is considered as a perturbation now. 
i=l  

The  I t e ra t i ve  E x t e n d e d  Hi icke l  M e t h o d  

The Coulomb integrals ~a = Fa~ were estimated by putting them equal to the 
negative of the ionization potentials I .  of an electron in the atomic orbital Za [223 : 

~. = - - I  a . (9) 

The resonance integrals /~b = F.b were estimated from the Wolfsberg-Helm- 
holz formula [23, 1] 

fi.b = k S .b (e. + ~b)/2 . (10) 
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Compar isons  have been made  with [24] 

fi,b = -- k'Snb(0C,0%) 1/2 (11) 

and with [23, 25, 26] 

fl ab = - k" S ab ; (12) 

Sab are the overlap integrals and k, k', and k" are positive constants.  The effect of  
different values of  these constants  has been investigated. 

Every I a has been considered as a funct ion of  the valence gross charge qn, which 
is obtained f rom Mulliken's  popula t ion  analysis [cf. Eq. (6)] [6]. The method  is 
similar to that  of  Duke  [18], but  instead of  fitting values of  I n to a pa rabo la  we 
used a straight line. Values of  I n were selected for the valence states of  the neutral  
a tom and its positive and  negative ions. Fo r  hydrogen  only the neutral  and nega- 
tive ionic valence states were used. The values of  I a were taken from the tables 
by Hinze and Jaff6 [27] and used to determine slope k a and intercept 1 n in 

I a = kaq a + I a . (13) 

If  there were both  paired and unpaired electrons in the p-orbitals, the ionization 
potential  for a paired electron was used according to Hund ' s  rules. In  all cases I ,  
was chosen for the mos t  stable valence state configuration. The straight lines 
fitted to the points  were accurate enough for our  purpose;  the largest maximal  
deviation is 2.2 eV. Values of  In, kn, ln, and maximal  deviations A~ are given in 
Tables 2 and 3. 

With  formula  (13) new values of  e ,  were calculated according to the calculated 
qn. As found by others [15-18]  the changes in q, had to be damped  to get con- 
vergence. Instead of  qa(OUt) given by Mulliken's  popula t ion  analysis, we used in 
the next iteration step 

%(in) = qn + 2 [q,(out) - qa] ,  (14) 

Table 2. Ionization potentials for the IEHM calculations 

Valence state" No of valence Ionization Valence state a No of valence Ionization 
electrons potential (eV) b electrons potential (eV) b 
q I q I 

H~000) 1 13.595 C+(s2/?00) 3 24.376 
H-~2000) 2 0.747 C(s2/~p0) 4 10.931 
C+~2p00) 3 32.416 C-(s2p.pp) 5 0.763 
C(~2pp0) 4 19.423 N+(s2pp0) 4 29.117 
C-~_2ppp) 5 8.917 N(s212pp) 5 13.941 
N+~2pp0) 4 40.345 N-(sZp.2pp) 6 0.842 
N~2ppp) 5 25.583 O+(s2.p.pp) 5 34.186 
N-(sZp2pp) 6 14.052 O(s2p_2pp) 6 14.613 
O+(s2ppp) 5 49.143 0 (s2p.2p2p) 7 2.013 
O~2p2pp) 6 32.301 F+(s2p.2pp) 6 36.213 
O-(~2p2p2p) 7 18.445 F(s2p2p2p) 7 18.109 
F+(~2pZpp) 6 58.563 F (s2p.2p2p 2) 8 3.497 
F(s2p2p2p) 7 39.389 
F (s2p2p2p2) 8 24.372 

a Underlined electrons are the excited ones. - b From Ref. [27]. 
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where  qa is the inpu t  value  f rom the former  i t e r a t ion  and  2 is the  d a m p i n g  p a r a -  
meter ,  which  was given the va lue  2 = 0.15. The  i t e ra t ion  process  was t e rmina t ed  
when Iqa(in) - q~(out)l < 0.5" 10 -2 .  

W h e n  formulas  (10) and  (11) a re  used, the  flab'S are  involved  in the  i t e ra t ion  
process.  All  over lap  in tegra ls  Sab were ca lcu la ted  with  Slater  o rb i ta l s  and  Slater ' s  

T a b l e  3. Coefficients in the formula I = kq + 1, values of  ionization potentials I for the neutral atoms with 
this formula, and deviations A from the values in Table 2 

Valence state ~ Coefficients Value of I (eV) Value of I/tl (eV) Maximal values 
k l for neutral atom for neutral atom of IAI (eV) 

H ~ 0 0 0 )  --  12.85 26.45 13.60 0.0 0.0 
C(~2pp0) - 12.0 69.0 21.0 1.6 1.6 

C(s2/?p0) - 11.4 57.7 12.1 1.2 1.2 
N~2ppp) - 14.2 98.4 27.4 1.9 1.9 
N(sZppp) - 12.4 77.7 14.2 0.2 2.2 
O(~2pZpp) - 15.2 124.5 33.3 1.0 1.0 
O(sZp.2pp) - 16.2 113.6 16.4 1.8 1.8 
F~2p2p2p) - 17.2 161.0 40.6 0.8 1.0 
F(sZp.ZpZp) - 16.3 133.3 19.2 0.9 0.9 

" U n d e r l i n e d  e l ec t rons  a re  the  exci ted  ones.  

rules using the fo rmulas  given by  Mul l i ken  et al. [28]. Since the effect of  inc luding  
S,b in the  i t e ra t ion  process  was very small ,  these in tegrals  were ca lcu la ted  for the 
neu t ra l  a t o m s  and  no t  charge  i tera ted.  This  means  tha t  the  flab'S do  no t  va ry  
with the  ca lcu la ted  charges  when fo rmula  (12) is used. 

The Iterative Pariser-Parr-Pople Method 

In this m e t h o d  we cons ider  only  the n-electrons.  
To de te rmine  the C o u l o m b  in tegra ls  Faa and  the resonance  integrals  Fab we 

a d o p t  the  zero differential overlap approximation [8, 9]. Then  we get for a c losed 
shell s t ruc ture :  

1 N 
Faa=aCa °re+ -2Paa~',,a÷ ~, PbbTab, (15) 

b~a 

1 
F~ b = fl~r~ _ T Pab Tab, a v~ b, (16) 

where  a, b = 1, 2 . . . . .  N (N is the n u m b e r  of  a t o m s  con t r ibu t ing  n-electrons);  

ct~ °r~= <ZalfllZa>, f l~r~= <~al f l l~b>,  
n/2 

Tab = (ZaZbll/r121X,Zb>, Pab = 2 ~ C~iCai. 
i = 1  

(17) 

A d o p t i n g  the usual  P P P  a p p r o x i m a t i o n s  - G o e p p e r t - M a y e r  - Sk la r  po ten t i a l  
[29], fly,re = 0 when b ~ a + 1, ~'aa = Ia - Ea ( la is the  ion iza t ion  po ten t i a l  and  E a 
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the electron affinity of a n-electron at a tome a) - we get 

N N 
f a a = - - [ a - ~ - 2  eaa( la-Ea)  JV 2 (Z~IUblZ~)+ Z (ebb--Pb)~ob, (18) 

b~aa bC-a 

1 
Fab = fl~'~e&a,~+_~ -- ~ P~b '/ab, a-C b ,  (19) 

where Pb is the number  of re-electrons contributed by a tom b and u b is the potential 
due to the whole a tom as it occurs in the molecule. The penetration integrals 
(z° lubl z°) are of small magnitude and are often neglected for neutral atoms, since 
that gives better agreement with experimental data in this approximation of Fab 
[30]. However, in dealing with ionic and mesoionic molecules, where at least one 
of the atoms has ionic character, certain penetration integrals involve charged 
atoms instead of neutral ones and thus assume values that are not negligible [31]. 
Rewriting these predominant  penetration integrals and neglecting all the neutral 
ones, the matrix elements Faa take the form: 

1 N 
F~. = - I~ + ~ P.~(I~ - E . )  + ~,  (Pbb -- Pb -- nb)Gb , (20) 

b~a 

where G = + 1 if b is a positive ion, n b = - 1 if b is a negative ion, and n b = 0 if b is 
a neutral atom. 

Two approximations of the repulsion integrals Gb were used for each molecule: 
Mataga's  and Nishimoto's  approximation [32] 

?.b = 14.40/(R.b+ r.b) (21) 

and Ohno's  approximation [333 

Gb = 14-40/(R2b + "~b/~2 ~/2 , (22) 

where for both approximations 

rab = 28.80/(Ia -- E.  + Ib -- Eb) ; (23) 

R.b (the internuclear distance) and r~b are given in & and Gb, la, E~, I b, and E b in 
eV. The resonance integrals ]?~;re were estimated from 

f i ~ ¢  = kS .b ( I "  + Ib) , (24) 

where S,b are the overlap integrals calculated in the same way as in IEHM. Com- 
parisons were made with calculations where the flight's were fixed to see the effect 
of including these parameters  in the iteration procedure. The proportionality 
factor k was chosen equal to -0 .431 to reproduce the first 1B2u excitation energy 
of benzene. 

We have taken I~ and E, as functions of the effective charge Za. The dependence 
is assumed to be parabolic and is obtained from the isoelectronic series [12, 13, 34] : 

I .  = a 2 . Z  2 + aa~Z~ + ao~, (25) 

E a = bza Z2 q- blaZ a q- boa. (26) 



Charge Influence in Semi-Empirical Calculations 201 

Considering, for example, the re-ionization potentials of carbon, we use the iso- 
electronic series consisting of B-, C, N ÷, O +÷, and F +÷÷ in the same valence states 
to determine Eqs. (25) and (26). These results are summarized in Table 4. The 
treatment should, however, correspond to an alteration of the exponent of the 
atomic orbital Za while the core-charge remains fixed. Then the ionization poten- 
tials and electron affinities should be adjusted for the other atoms of the iso- 
electronic series used to determine the curve [13]. Matsuoka and I'Haya [34] do 
not consider these revisions and do not adjust any of the energy values. This seems 
reasonable since the two different curves do not deviate much from each other 

Table 4. Ionization potentials and electron affinities for the IPPP calculations 

Valence state 
under consider- 
ation a 

N o  of valence Isoelectronic Effective Ionization 
electrons valence state a charge potential (eV) 
q Z I b 

Electron 
affinity (eV) 
E b 

C(trtrtrn) 

N (tr 2 tr try_) 
O+(tr 2 trtr~_) 
O(tr2trtr~_ 2) 

F(s2p2p.p 2) 

B-(trtrtr~_) 2.25 1.061 
C ( tr tr try_) 3.25 11.160 

1 N+(trtrtrTr) 4.25 28.721 
O++(trtrtr~_) 5.25 53.255 
F++(trtrtr~_) 6.25 

C-(tr 2 tr trn_) 2.90 1.280 
1 N(tr2trtr~_) 3.90 14.120 
1 O+(tr2trtrn_) 4.90 34.117 
2 F++(tr2trtrn_) 5.90 60.966 

Ne+++(tr2trtrn__) 6.90 

N (sZp2p_p) 3.55 2.779 
O(sZpZpp) 4.55 17.278 

2 F+(s2pZpp) 5.55 39.637 
Ne++(s2p2p£) 6.55 69.577 
Na+++(s2p2p2 ) 7.55 

0.026 
11.957 
31.107 
52.605 

1.779 
15.301 
36.766 
65.783 

2.013 
18.109 
41.919 
72.675 

a Underlined electrons are in the orbital under consideration. - b From Ref. [27]. 

in the region near neutral atoms that we consider. Calculations by Brown and 
Heffernan [13] also show that different curves give only small differences in the 
results. We have therefore borne all this in mind and did not make any revisions. 

The relation between effective charge Z~ and the number of 7z-electrons q~ is: 

Z~ = k . q  a + 1 a . 

Eqs. (25) and (26) then take the form: 

I a = C2aq2+ C1~% + Co~, 

E~ = d2~q2. + d l a %  + doa . 

(27) 

(28) 

(29) 

where qa = Paa are the number of ~-electrons according to the charge and bond- 
order matrix P, which is the same as R in Eq. (6) when S = t (unit matrix). 

Four values of the isoelectronic series were fitted to the parabola by the least 
square method. Values are given in Tables 4 and 5. A double iterative procedure 
was adopted: The Fock matrix F was made self-consistent with fixed Ia and E~. 
Then I~ and E~ were adjusted and a new SCF calculation was performed starting 
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T a b l e  5. Coefficients in the formulas Z = kq + t, I = c2q 2 n t- cl q + CO, and E = d2q z + dl q + do 

Valence  s ta te  a Coeff ic ients  

k [ k 2 k I k 0 l 2 11 l o 

C(trtrtr~_) - 0 . 3 5  3.60 0 .442 - 5 . 7 1 7  16.512 0.293 - 4 . 2 6 6  3.758 

N(tr2trtr~) - 0 . 3 5  4.25 0 .429 - 6 . 5 9 8  20.333 0 .474 - 4 . 3 5 3  5.631 
O ( t r  2 trtrrc 2) - 0.35 5.25 0 .429 - 9 .050 42.688 0 .474 - 7.064 21.942 

F(s2p~p£ 2) - 0 . 3 5  5.90 0 .473 - 10.092 49.208 0.449 - 7.868 25.642 

U n d e r l i n e d  e l ec t rons  a re  in the  o rb i t a l  u n d e r  c o n s i d e r a t i o n .  

with the last calculated values of P, etc. This double iterative procedure went on 
until I%(in)-  qa(out)l < 0.5- 1 0  - 4 .  I ,  and E~ were taken from the tables by Hinze 
and Jaff6 [27]. Some spectroscopic values, however, had to be taken from Moore's 
tables [35]. As in IEHM, Sab'S were not iterated with charges, and they were calcu- 
lated in the same way. Since the fl~re,s are functions of 1, and Ib, they, however, 
were included when formula (24) was used. 

Arguments for the Iterative Procedures 

The arguments for IEHM and IPPP  are slightly different. In EH M the valence 
electrons are considered to move under the influence of a core that includes all 
other electrons. Change of the charge of an atom will then alter the ionization 
potentials of that atom. In PPP, on the other hand, the n-electrons are considered 
to move under the influence of a core that does not include the other re-electrons. 
In this case the ionization potential and the electron affinity will not directly be 
affected by change of n-charge, but the effective charge will, and it will then 
indirectly affect these quantities via the Slater orbital. 

3. Dipole Moments 

The full expression for the dipole moment # of a molecule in the MO-LCAO 
approximation [Eq. (2)] with orthonormal MO's is: 

# = eI.~:a b=l~ (Z"(1)lra(1)lZb(1)) P.b -- h=~ RhQhl  ' (30) 

bg:a 

where for a closed shell structure 

a t o m h  

a 

and 

n/2 m 

2 ~ ~ S,bc,icbi + Zh (31) 
i = 1  b = l  

n/2 

Pao = 2 ~ %iCbi (32) 
i = 1  

if we assume real orbitals; Z h is the charge of the positive core particle h, r a the 
position vector from nucleus h of a valence electron, R h the position vector of 
nucleus h, e < 0 the electronic charge, and N the number of atoms. 
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If all orbitals are of the same type with only one centered on each atom, then 

N 

# = - e  ~, RhQ h . (33) 
h = l  

In the zero differential overlap approximation [8, 9] Sab = 0 and then 

n/2 

Qh = --2 ~ (Chi) 2 + Zh. (31') 
i = 1  

Formula (33) [with (31')] holds in the PPP  method and the ordinary Hiickel 
method. In the extended HiJckel method, on the other hand, we must keep ex- 
pression (30) since we have more than one orbital on each atom and 

~, ~ (zalralzb)-~O 
a = l  b = l  

bq:a 

in general. Especially those integrals where )~a and )~b are centered on the same 
atom may give contributions which are not small. Often, however, this term is 
neglected and (30) is approximated with (33). When there are no lone-pair orbitals 
involved, this is usually a good approximation [36, 37]. 

We have used formula (33) in both the PPP  and the extended Hiickel calcula- 
tions well aware of the uncertainty in the last method. 

4. N M R  Chemical Shifts 

The carbon and hydrogen atoms at the para position of a substituted benzene 
molecule have N M R  chemical shifts c5 c and c5 n that are proportional to the gross 
re-charge Qc at that site [38-43]:  

~c = - kc Qc, (34) 

6c = - kriQc , (35) 

where k c and k H are constants. 
Corresponding simple relations cannot be found for the atoms at the meta 

and ortho positions since the effects of magnetic anisotropy and induced electric 
field originating from the substituent give contributions at these sites that are not 
negligible [40, 42]. 

The value of k H lies in the interval 8.08-10.6 ppm/electron and k c = 160 ppm/ 
electron [42]. With these values of the constants formulas (34) and (35) have been 
applied to fluorobenzene. 

5. Results 

The Iterative Extended Hiickel Method 

Variations in Overlap Integrals. A calculation was made on the pyrylium ion in 
which the overlap matrix was varied by adjusting the orbital exponents according 
to the charge distribution. The results were compared with a calculation where 



204 G. Karlsson and O. Mfirtensson: 

the overlap integrals calculated with orbital exponents for neutral atoms were 
kept through the whole iteration procedure. No significant differences were 
found; charge distributions and orbital energies were nearly identical in the two 
calculations. 

Since [C5H50]  + is a molecule with large redistribution of charges, we con- 
clude that the effect of not including overlap integrals in the iteration procedure 
is so small that it can be neglected if the Slater exponents are properly chosen. 
This conclusion has been transferred to apply also to IPPP,  and consequently 
overlap integrals have been fixed during the iterations in both I E H M  and IPPP.  

Table 6. Gross charges jbr ~CsHsO ] ~ with different approximations for resonance integrals 

Atom Method 
(10) (11) (12) 
k=3.0 k=2.5 k=2.0 k=1.75 k=1.5 k'=2.0 k'=1.75 k"=60eV k"=43eV k"=35eV 

C1/C s +0.17 +0.17 +0.16 +0.15 +0.14 +0.16 +0.15 +0.19 +0.18 +0.16 
C2/C4 +0.02 +0.04 +0.06 +0.06 +0.07 +0.06 +0.07 +0.03 +0.05 +0.06 
C3 +0.07 +0.07 +0.08 +0.08 +0.08 +0.08 +0.08 +0.09 +0.08 +0.08 
06 +0.15 +0.07 -0.02 -0.07 -0.13 -0,03 -0.08 +0.18 +0.05 -0.01 
H1/H 5 +0.09 +0.10 +0.11 +0.13 +0.14 +0.12 +0.13 +0.07 +0.09 +0.12 
H2/H4 +0.08 +0.08 +0.09 +0.10 +0.11 +0.10 +0.10 +0.06 +0.07 +0.09 
H 3 +0.08 +0.08 +0.09 +0.10 +0.11 +0.10 +0.10 +0.07 +0.07 +0.08 

Different Approximations for Resonance Integrals. Calculations were performed 
on the pyrylium ion with formulas (10), (11), and (12) as approximations for the 
resonance integrals/~ab. Different values of k, k', and k" were also tested. The results 
for the gross charges are presented in Table 6, where the methods are numbered 
according to the used formula. 

The differences in energy values between formulas (10) and (11) are very small, 
suggesting that it does not matter  very much which of these two formulas we use. 
Formula  (12) with k " =  35 eV gives charges and energies comparable with those 
for k = 2.0 with formula (10). We should remember  that k" must be larger than 
any diagonal matrix element % [3]. If, for example, k " =  %, then % would be a 
solution to the secular equation. The largest ionization potential is for the s 
valence electrons of the oxygen atom, around 33 eV throughout the whole iteration 
process. Thus we may not put k" < 35 eV and cannot with method (12) approach 
the results obtained with formulas (10) and (11) with k = k ' =  1.75, the traditional 
value of these constants° In our calculations we used formula (10) with k = 1.75. 

The Iterative Pariser-Parr-Pople Method 

Inclusion of Core Resonance Integrals in the Iteration Procedure. It is well 
known that the values of the core resonance integrals fi~,~re have rather little 
influence on charge distributions in the ordinary PPP method. To see if this holds 
also in I P P P  we have made calculations for the pyrylium ion both with fixed 
values of fi~re's and with fi~r°'s varying according to formula (24). The overlap 
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integrals Sab were, however, fixed, and the Slater exponent for the oxygen atom 
was taken to be that of the neutral one. Formula (21) was used for 7,b's. 

Varying fl~,r°'s with the charge distribution, it was found that the results were 
not significantly affected, compared with those which were obtained when these 
integrals were not charge-iterated. Since it does not increase the computation 
time considerably, however, we included this refinement. 

Molecular Results 

Calculations were performed on all four compounds within both IEHM and 
IPPP. In order to compare the re-calculations in IPPP with those in IEHM, we 
also separated the results we obtained from IEHM into a o-- and a 7~-part. More- 
over, we made separate IEHM calculations that only involved o.-electrons and 
re-electrons resp. These two different separation methods will give the same results 
after the first computation in the iteration procedure since no interaction exists 
between the o-- and ~-systems in that case. In the following computations the 
results will in general differ since in the first separation method the a- and re-electron 
ionization potentials will depend on both o.- and re-charges, but in the second one 
they will only depend on the charges of the considered system. For pyridine and 
the pyrylium ion we have also made calculations on the o.-systems with the method 
proposed by Del Re [45]. 

To see the effect of the charge iteration procedures we give the results after the 
first computation in all methods. These results are usually slightly different from 
those obtained without any iterative procedure since the ionization potentials 
and electron affinities obtained from the curves in Section 2 are not necessarily 
equal to those from which the curves are constructed by our smoothing procedure. 
The excitation energies for all the PPP calculations are after configuration mixing 
of all singly excited states. 

The following abbreviations are used for the different methods: 

IEHM 
(IEHM)~ 
(IEHM)~ 
~rIEHM 
MEHM 
O.=IEHM 
EHM 
(EHM)~ 
(EHM)~ 
O.RE 
IPPPM 

IPPPO 

PPPM 
PPPO 

Results 

Iterative Extended Hiickel Method for all valence electrons. 
o.-part of IEHM. 
~-part of IEHM. 
Iterative Extended Htickel Method applied only to o.-electrons. 
Iterative Extended Htickel Method applied only to ~z-electrons. 
Values obtained when values of O-IEHM and rcIEHM are added. 
Initial computation of IEHM. 
o.-part of EHM. 
re-part of EHM. 
Del Re's method for o.-electrons. 
Iterative Pariser-Parr-Pople Method with Mataga-Nishimoto's ap- 
proximation of 7ab- 
Iterative Pariser-Parr-Pople Method with Ohno's approximation 
of Tab- 
Initial computation of IPPPM. 
Initial computation of IPPPO. 

by other authors are included in the tables. 
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Table 7. Gross charges for C6H 6 

Method Atom 

C H 

EHM -0.13 +0.13 
IEHM -0 .05  +0.05 

Table 8. Some energy values for C6H 6 

Method The three highest occupied orbital First excitation energies (eV) 
energies (eV) (with CI) 

Singlet (1B2,) Triplet (aBlu) 

EHM - 13.44 (0) - 13.44 (a) - 13.58 (rt) 
IEHM - 12.96 (~) - 12.96 Or) - 13.09 (0) 

PPPM - 10.36 - 10.36 - 13.36 4.90 2.49 
PPPO - 11.29 - 11.29 - 14.64 4.97 3.43 

Observed - 9.25 (Tr) ~ - 9.25 (n) a - 11.51a 4.89 b 3.66 b 

Ref. [47]. Clark and Frost assigns 11.51 eV as a n-electron ionization energy; there is, however, 
different opinions if it is a a-[48, 49] or a n-electron ionization energy [47, 50, 51]. 

b Ref. [46]. 

Table 9. Gross charges for CsH5N 

Method Atom Dipole 

C1/C 5 C2/C 4 C 3 Y 6 H1/H 5 H2/H 4 H 3 moment (D)" 

EHM +0.29 -0 .16  -0 .00  -0 .87  +0.12 +0.13 +0. t3  4.55 
IEHM -0.01 -0 .03 -0.03 -0 .20  +0.07 +0.06 +0.06 1.68 
¢rnIEHM +0.04 -0 .03 -0 .02 -0.31 +0.07 +0.06 +0.05 2,12 
Hoffman +0.30 -0 .12  +0.04 -0 .92  +0.10 +0.10 +0.10 4.77 
Clementi -0.11 -0 ,23 -0 .20  -0.23 +0.22 +0.22 +0.22 1.99 

(EHM)~ +0.14 -0 .14  -0 .12  -0 .50  +0.12 +0.13 +0.13 2,34 
(IEHM)~ +0.05 -0 ,05 -0 .05 -0 .26  +0.07 +0.06 +0,06 1.34 
a IEHM +0.01 -0 .04  -0 .04  -0.21 +0.07 +0.06 +0.05 1.34 
crRE +0.03 -0 .02  -0 .03 -0 .14  +0.04 +0.03 +0.03 0.74 
Clementi(o) -0 .10 -0 .22  -0.23 -0 .22  +0.22 +0.22 +0.22 1.74 

(EHM)~ +0.15 -0 .02  +0.12 -0 .38 2.20 
(IEHM)~ -0.06 +0.02 +0.02 +0.06 0,32 
MEHM +0.02 +0,01 +0.03 -0 .10  0.78 
PPPM +0.11 -0.01 +0.05 -0 .24  1.12 
PPPO +0.18 -0 .07  +0.09 -0.31 1.01 
IPPPM +0.06 +0,01 +0.03 -0 .15 0.89 
IPPPO +0.07 -0 .00  +0.03 -0 .17  0.83 
Clementi (~) -0 .00  - 0.00 +0.02 -0 .01 0.25 
Hameka-Liquori +0.06 -0 .00  +0.04 -0 .16  0187 

Observed 2 -2b 

a Direction N 6 to C a in all cases. All calculated values have been computed with the 
described in section 3. 

b Ref. [55]. 

method 
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Table  10. Some energy values for C s H s N  

M e t h o d  The  three h ighes t  occupied  orb i ta l  
energies (eV) 

Fi rs t  exc i ta t ion  energies (eV) 
(with CI) 

Singlet  (1Ba) Tr iple t  (3B1) 

E H M  - 12.80 (a) - 13.55 (~) - 13.71 (a) 
I E H M  - 11.44 (a) - 13.17 0z) - 13.31 (¢) 
C lement i  - 12.17 0z) - 12.48 (~) - 12.66 (a) 

P P P M  - 10.41 - 10.99 - 13.77 
P P P O  - 11.28 - 12.08 - 15.11 
I P P P M  - 10.56 - 10.85 - 13.72 
I P P P O  - 11.47 - 11.85 - 15.04 

Clement i  - 12.17 0z) - 12.48 (~) - 16.93 Or) 

Obse rved  - 9.28 (Tr)" - 10.54 (a) a - 12.21 (Tr) a 

4.83 2.41 
4.89 3.46 
4.84 2.33 
4.90 3.29 

4.93 b 3.67 c 

" Ref. [ 5 6 ] . -  b Ref. [57]. c Ref. [58]. 

Benzene (Tables 7 and 8). Since this is an alternant 1r-system, only c-electrons 
give rise to change in the charge distribution. For that reason we only list gross 
charges in EHM and IEHM. 

Pyridine (Tables 9 and 10). For this molecule we have included the results 
for all valence electrons by Hoffman [52] and Clementi [53] and for K-electrons 

Table  11. Gross charges and chemical shifts at C 3 and H 3 for C 6 H s F  

M e t h o d  A t o m  Dipole  

C1/C5 C2/C4 C3 C 6 F 6 H 1 / H  s H2 /H 4 H 3 m o m e n t  (D)" 

E H M  - 0 . 1 8  - 0 . 1 2  - 0 . 1 6  +0 .74  - 0 . 6 5  +0 .14  +0 .13  +0 .13  +4 .36  
I E H M  - 0 . 0 1  - 0 . 0 2  - 0 . 0 3  +0 .11  - 0 . 3 5  +0 .07  +0 .06  +0 .06  +4 .09  
aTrIEHM - 0 . 0 1  - 0 . 0 4  - 0 . 0 5  +0 .18  - 0 . 3 6  +0 .08  +0 .06  +0 .06  +3 .37  
Davies  - 0 . 0 5  +0 .03  - 0 . 0 1  +0 .23  - 0 . 2 0  +0 .02  0.00 - 0 . 0 0  + 1.68 

(EHM) .  - 0 . 1 4  - 0 . 1 2  - 0 . 1 3  +0 .67  - 0 . 6 8  +0 .14  +0 .13  +0 .13  +5 .12  
( I E H M ) .  - 0 . 0 2  - 0 . 0 4  - 0 . 0 5  +0 .28  - 0 . 4 5  +0 .07  +0 .06  +0 .06  +4.01 
a I E H M  - 0 . 0 0  - 0 . 0 3  - 0 . 0 4  +0 .16  - 0 . 3 8  +0 .08  +0 .06  +0 .06  +3.88 
Dav ie s ( a )  - 0 . 0 0  +0.01 +0 .01  +0 .20  - 0 . 2 5  +0 .02  0.00 - 0 . 0 0  +1 .90  

Chemica l  shifts (ppm) 

(relative C6H6) 
C3 H3 

(EHM)~ - 0 . 0 4  +0 .00  - 0 . 0 3  +0 .07  +0 .03  4.46 0 . 2 3 - -  0.30 - 0 . 7 6  
(IEHM)~ +0.01 +0 .02  q:0.02 , - 0 . 1 8  +0 .10  - 3 . 5 7  - 0 . 1 8 - -  - 0 . 2 4  +0 .08  
M E H M  - 0 . 0 1  - 0 . 0 1  - 0 . 0 1  +0 .02  +0 .03  1.60 0 . 0 8 - -  0.11 - 0 . 5 1  
P P P M  - 0 . 0 5  +0 .00  - 0 . 0 3  +0 .03  +0 .10  4.80 0 . 2 4 - -  0.32 - 1 . 3 3  
P P P O  - 0 . 0 9  +0 .03  - 0 . 0 5  +0 .04  +0 .13  8.35 0.42 0.55 - 1.45 
I P P P M  - 0 . 0 4  - 0 . 0 1  - 0 . 0 2  +0.01 +0 .09  3.16 0 . 1 6 - -  0.21 - 1.23 
I P P P O  - 0 . 0 5  +0 .00  - 0 . 0 2  +0.01 +0.11 3.80 0 . 1 9 - -  0.25 - 1 . 3 3  
Davies  (~) - 0.05 + 0.02 - 0.02 + 0.03 + 0.05 4.00 0.20 - -  0.27 - 0.52 

Observed  4.4 b 0.22 b + 1.5 ¢ 

a Posi t ive  sign indica tes  d i rec t ion  F 6 to C3; minus  sign the oppos i te  direct ion.  All ca lcu la ted  
values  have  been ob ta ined  wi th  the m e t h o d  descr ibed in Sect ion 3. 

b Ref. [42]. _ c  Ref. [55]. 

15 Theoret. chim. Acta (Berl.) gol. 13 
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Table  12. Some energy values for C 6 H s F  

M e t h o d  The  four h ighes t  occup ied  orb i ta l  energies (eV) Fi rs t  exc i ta t ion  energies (eV) 
(with CI) 

Singlet  (1B1) Triplet(aB1) 

E H M  - 13.31 (a) - 13.40 (n) - 13.60 (Tt) - 13.95 (er) 
I E H M  ~ 12.93 (Tt) - 13.06 (a) - 13.40 (rr) - 13.71 (a) 

P P P M  - 9.45 - 1 0 . 2 1  - 1 2 . 4 9  - 1 4 . 6 2  4.76 2.40 
P P P O  - 10.03 - 11.08 - 13.31 - 15.51 4.79 3.16 
I P P P M  - 9.47 - 10.11 - 12.53 - 14.89 4.76 2.37 
[ P P P O  - 10.13 - t0.98 - 13.44 - 15.69 4.79 3.15 

Observed  - 9.21 (n)" - 9.87 (n)" - 11.83 (a) a - 12.98 (~r) a 4.70 b 

Ref. [47]. - b Ref. [60]. 

Tab le  13. Gross charges for [ C s H s O ]  + 

M e t h o d  A t o m  

C1/C5 C2/C4 C3 0 6  H1/H5 H2/H4 Ha 

E H M  +0 .60  - 0 . 1 4  +0 .13  - 0 . 6 9  
I E H M  + 0.15 + 0.06 + 0.08 - 0.07 
c r n I E H M  +0 .22  +0 .08  +0 .14  - 0 . 1 1  

(EHM)~ +0 .33  - 0 . 1 3  - 0 . 1 1  - 0 . 9 4  
(IEHM)~ +0 .14  - 0 . 0 4  - 0 . 1 0  - 0 . 6 5  

a I E H M  +0 .04  - 0 . 0 3  - 0 . 0 3  - 0 . 3 5  
a R E  +0 .09  - 0 . 0 2  - 0 . 0 3  - 0 . 3 0  

(EHM)~ +0 .27  - 0 . 0 1  + 0 . 2 4  +0 .25  
(IEHM)~ +0.01 +0 .11  +0 .18  +0 .58  
n I E H M  +0.18  +0.11 +0 .17  +0 .24  
P P PM + 0.22 + 0.04 + 0.22 + 0.26 
P P P O  + 0.21 + 0.01 + 0.26 + 0.30 
I P P P M  +0 .14  +0 .08  +0 .15  +0 .42  
I P P P O  + 0.11 + 0.08 + 0.17 + 0.45 

+0 .13  +0 .14  +0.13 
+0 .13  +0 .10  +0 .10  
+ 0.09 + 0.07 + 0.06 

+0 .13  +0 .14  +0 .13  
+0 .13  +0 .10  +0 .10  
+ 0.09 + 0.07 + 0.06 
+0 .04  +0 .03  +0 .03  

Table  14. Some energy values for [ C s H 5 0 ]  + 

M e t h o d  The three highest  occup ied  orb i ta l  energies  (eV) F i r s t  exc i ta t ion  energies (eV) 
(with CI) 

Singlet (1BI) Triplet  (3B1) 

E H M  - 13.60 (~) - 13.61 (a) - 14.06 (~) 
I E H M  - 14.35 (a) - 14.96 (~) - 14.97 (a) 

P P P M  - 15.46 - 16.91 - 2 4 . 4 1  4.84 
P P P O  - 18.03 - 19.42 - 2 6 . 5 8  4.80 
I P P P M  - 16.08 - 17.32 - 22.14 5.06 
I P P P O  - 18.61 - 19.72 - 24.68 5.00 

Obse rved  4.61" 

2.32 
2.99 
2.68 
3.29 

a Ref. [61]. 
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by Hameka and Liquori [54]. Clementi's results have also been separated into 
a ~-part and a n-part. 

Fluorobenzene (Tables 11 and 12). For this molecule we have included the 
results for all valence electrons by Davies [59] with the CNDO/2 method [66, 67]. 
They have also been separated into a a-part and a n-part. 

Pyryliurn ion (Tables 13 and 14). We have assumed six valence electrons at the 
oxygen atom in the calculations; i.e., we have assumed ionization potential and 
Slater exponent for the neutral atom. When we separate into a a-part and a n-part, 
we have assumed that the + 1 value lies in the n-system. 

6. Conclusions and Remarks 

In all calculations on the three neutral molecules the effect of the iteration 
procedure is to smooth out the charge distribution. This holds also for the IEHM 
but not for the IPPP calculations of the pyrylium ion. 

The difference in the charge distributions between PPPM and PPPO becomes 
noticably smaller when these two methods are charge iterated. 

We have examined the Iterative Extended Hiickel Method from two basicly 
different approaches. First we have considered all valence electrons (IEHM), then, 
in a similar manner, we have performed separate calculations only on the a- and 
only on the n-electrons. Although the results of the separate calculations give a 
and n charge distributions quite different from those of the full IEHM, the total 
electronic charge distribution obtained by adding the contributions of the two 
separate calculations is very similar to the total distribution obtained when all 
valence electrons were considered simultaneously. Similar effects have been 
observed by Pullman [-62]. The charge distributions obtained from the separate 
a and n Iterative Extended Hiickel procedures show the best agreement with the 
charge distributions calculated from our PPP and Del Re computations, the 
calculations by Davies [59], and those by Hameka and Liquori [54]. The cor- 
respondence between the total charge distribution of IEHM and the n-electron 
one in n-electron methods has been noticed by Zerner and Gouterman [15]. All 
this strongly indicates that polarization effects from the a-electrons are of impor- 
tance for the n-electrons. 

Both the calculations of dipole moments and of chemical shifts are very 
sensitive to charges. With regard to this the calculated values are satisfactory, 
except for the chemical shifts of fluorobenzene calculated with IEHM. The PPP 
calculations of the dipole moment of pyridine could be revised to account for the 
infuence of the nitrogen lone-pair according to Hameka and Liquori [54]. This is 
done by adding 1.33 D from the a-system. We then get: PPPM: 2.45 D, PPPO: 
2.34 D, IPPPM: 2.22 D, IPPPO: 2.16 D; Observed: 2.2 D [55]. 

It is interesting to notice that the lone-pair of pyridine is rather well localized 
by the iterative extended Hiickel methods, in contrast to the non-iterative proce- 
dure. In the former cases, the lone-pair orbital (highest occupied a-orbital) has 
1.48-1.51 electrons on the nitrogen atom; in the latter one, only 0.78 electrons. 

15" 
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Thus the iterative procedure restores the lone-pair picture 1. A similar effect is 
noticed for fluorobenzene, where we find two lone-pairs on the fluorine atom; 
the highest occupied o--orbital has 1.27 electrons in a p~-orbital and the lowest 
occupied orbital has 1.66 electrons in the s-orbital of the fluorine atom. Symmetry 
reasons do not prevent this s-orbital to mix with the second p~-orbital, so the 
assumption that the fluorine atom is not hybridized seems correct. The re-electron 
lone-pair orbital of this molecule has only 1.08 electrons on the fluorine atom. A 
similar interpretation for a lone-pair orbital is ambiguous for the pyrylium ion 
since in the full IEHM calculation the "lone-pair orbital" (highest occupied 
a-orbital) has 0.83 electrons on the oxygen atom while in the calculations for only 
the a-electrons the corresponding figure is 1.68. 

Since the main purpose of our investigation was to see the effect of iterations 
on charge distributions, we have not made any deeper analysis of spectral values. 
The ionization energies for the molecules are always too high. Sometimes a- and 
~z-levels have reversed orders in the extended Htickel treatments with and without 
iterations. The orders in the iterative procedure appear to better reproduce the 
experimental ones. The first singlet and triplet excitation energies are about 
equally well reproduced in the PPP calculations with and without charge itera- 
tions. We note, however, that the excitation energies for the pyrylium ion are a 
little different in these two types of calculations (Table 14). 

The influence of the iteration procedure on ionization energies and excitation 
energies is usually much smaller than could be expected compared with the 
influence on charges. In the ordinary PPP method charges are relatively stable 
against variations in fi]~e of formula (16), and that parameter could be varied to 
fit spectra [cf. Eq. (24)]. The reason for this stability is that the sum of G t° in 
Eq. (8) can be considered as a small perturbation. We should then notice that G (° 
in the IPPP  method origins from an ordinary PPP calculation according to 
Section 2. Now, it is well-known that a change of wave function, which in fact 
this perturbation gives birth to, often leads to small changes in energies but large 
changes in other physical quantities [64, 65]. This is probably the reason for the 
stability. 

The resort to iterative procedures has its main advantage for charge distribu- 
tions since the energy levels and excitation energies can be changed by varying 
the semi-empirical parameters and since they vary very little during the charge 
iteration procedure. The results for the chemical shift of fluorobenzene, indicate, 
however, that charges at a specific position may not be well reproduced in the 
iterative method. One should also remember that iterative procedures require 
more computational time. However, it is our belief that more realistic results can 
be obtained in this way justifying the extended time. 
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