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Using a method for calculating the off-diagonal core integrals based on the gradient of the overlap 
integrals, the parameterization of the PPP SCF MO method for ~-electron molecules has been studied. 
The transition energies obtained for benzene-like heterocycles are in satisfactory agreement with ex- 
perimental absorption spectra values. 

Mit einer Methode zur Berechnung der nicht-diagonalen Kernintegrale mit Hilfe des Gradienten 
der f3berlappungsintegrale wird die Parameterisierung der PPP SCF MO-Methode fiir n-Elektronen- 
Molekiile studiert. Die fur benzol~ihnliche Heterocyclen erhaltenen fJbergangsenergien stimmen 
befriedigend mit experimentellen Werten aus Absorptionsmessungen iiberein. 

Etude de la param6trisation de la m6thode PPP SCF MO pour 61ectrons n, eft utilisant une m6thode 
de calcul de 616ments de coeur non diagonaux fond6e sur le gradient des int6grales de recouvrement. 
Les 6nergies de transition obtenues pour les h6t6rocycles benz6niques sont en accord satisfaisant avec 
l'exp6rience. 

Introduction 

The interpretat ion of  experimental  absorp t ion  spectra of  a romat ic  molecules 
has been successfully accompl ished by the Par iser -Parr -Pople  semi-empirical 
SCF M O  method  for n-electron systems; however,  the parameters  required are 
usually determined by compar i son  of  the singlet transit ion energies with the ex- 
perimental  spectra for a given "test" molecule, these parameters  then being 
used to calculate the spectra of  a series of  related molecules. In  this paper  the 
quest ion of  just  one parameter iza t ion  for m a n y  different types of  molecules, 
wi thout  recourse to experimental  spectra, is considered. Calculat ions of  the singlet 
t ransit ion energies of  over twenty single-ring heterocycles have been carried out  
using a me thod  which requires no arbi t rary  parameterizat ion.  For  the wide 
range of  molecules studied, the transi t ion energies are in satisfactory agreement  
with experimental  spectra, and  compare  favourably  with results obtained using 
the convent ional  means  of  parameter iza t ion  for just  one part icular  series of  related 
molecules. 

Method and Parameters 

The me thod  used is similar to that  described by Pariser, Parr  and Pople [1]. 
The molecular  orbitals ~Pi are expressed as 

~i = ~ Cuicb., 

where ~b. is a n- type 2p-atomic orbital  centred on a t o m  u and n is the number  of  
a toms contr ibut ing n-electrons to the conjugated system. The coefficients C.~ 
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of the MO matrix are the solutions of the equations 

Z F.vCvi= Ei Z S.vCvi, 
t) o 

where the F.v are the elements of the Hartree-Fock matrix (F matrix) and the Ei 
are the orbital energies. The F matrix elements, after simplification [2], are 

F.. U . . + � 8 9  Z (Ppp-Zp)~.p, 
pg:u 

F.. U.v -~ = ~ P.oY.~, (u • v) ,  

where U.v, 7.o and P.. are elements of the core, repulsion and bond-order matrix 
respectively, and Z v is the "effective charge" of the framework ion. The configura- 
tional wavefunctions Zi~k in which an electron is excited from an occupied MO 
~Pi to an unoccupied MO ~Pk are used to obtain the configuration-interaction 
matrix elements 

<Zi~k [H[ ;~j~,) = 6il6kl(gk -- El) d- 2 (2C,j C,l C~i Cvk - -  Cui Cuj Cvk Cvl ) 7uv . 
u,v 

All possible single excitations are included. The eigenvalues of this matrix, measured 
relative to the ground state, yield the singlet transition energies. 

The two-centre repulsion integrals y,v were calculated using the Nishimoto- 
Mataga approximation [3], 

7uv = e2/(Ruv + a.~), au~ = 2e2/(yuu + Yvv), 

where R,v is the distance between atoms u and v and y,, is the one-centre repulsion 
integral (7 parameter). 

The two-centre core integrals (fl integrals) U.~ were calculated from the 
gradient of the overlap integrals [4]. From Heisenberg's equation of motion for 
the position operator r, 

ih dr/dt = Jr, HI = ih p/m, 

where p is the momentum operator and H is the Hamiltonian for the ~z-electrons, 
an expression relating the off-diagonal core matrix elements to the linear momen- 
tum matrix elements, within the approximations of the PPP theory, is obtained 

ihprs/m = Urs(g, - Rs). 

For a planar molecule, this reduces to 

U~ = (hZ/m) R-1 dS/dR. 

By specifying the orbitals to be used in calculating dS/dR, the off-diagonal core 
matrix elements can be computed explicitly. Both Slater orbitals and double-( 
orbitals were used. For the former the exponents were obtained from Slater's 
rules [5] ; for the latter the values of Clementi [6] were used. Only nearest neighbour 
fl's were considered. 

Since the fl's depend explicitly on the bond length, the results will depend on 
the choice of geometry for the molecule. Where possible, geometries were obtained 
from experiment; if these were not available, an appropriate geometry was assumed 
by using data for similar molecules. 



58 M.L. Bailey: 

For  comparison, the /3 integrals were also calculated using the Nishimoto- 
Forster variable-/~ approximation [-7], which relates the core matrix to the 
bond-order matrix 

U,v=Ao+AiPuv. 

The A 0 and A 1 parameters were taken from Nishimoto and Forster [-8]. 
For  atoms contributing one electron to the ~-system (singly-charged core), 

the choice of values for core and 7 parameters is well established. The core para- 
meter (e parameter) has been evaluated using the Goeppert-Mayer and Sklar 
approximation [9], 

U..=-Iu,  

where I ,  is the valence-state ionization potential. The 7 parameter has been 
approximated by the formula given by Pariser and Parr [10], 

~,~ = I ,  - A, ,  

where A, is the valence-state electron affinity. Two sets of parameters were used, 
the first being calculated from the valence-state data of Pilcher and Skinner [,11], 
the second from the more commonly used data of Hinze and Jaff6 [,12]. The values 
are given in Table 1. 

For  atoms contributing two electrons to the u-system (doubly-charged core), 
the values are not so well defined. An analogous method to that used above has 
been suggested with the neutral atom replaced by the positive ion, in which the 
second and first ionization potentials are used instead of the valence-state ioniza- 
tion potential and electron affinity. Although this gives satisfactory values for 
the 7 parameter, the values obtained for the core parameter did not lead to reason- 
able results. This may be due to the difference between the ionization potentials 
of a neutral atom and of a molecule containing that atom being large, this having 
been attributed to charge transfer effects [- l l ] .To overcome this problem, the 
approximation discussed by Kwiatkowski [,13] was used. The ionization potential 
is written 

I.= AE(X--* X+) + 7.., 

where X stands for the doubly-charged core atom in the appropriate valence 
state. The first term in this expression was replaced by the ionization potential 
of CH3NH2 for nitrogen and CH3OH for oxygen, since these contain the given 
atom in the appropriate state. The values of the ionization potentials were taken 
from Turner [,14]. The valence-state data of Hinze and Jaff6 [12] was used, the 
parameters being given in Table 1. 

The parameters used in the variable-/~ method were taken from Nishimoto 
and Forster [8]. For  singly-charged core atoms, the values are those calculated 
from the data of Hinze and Jaff6, but different values are calculated for the doubly- 
charged core atoms. These values are given in Table 1. 

The formula used in calculating the Slater exponent does not distinguish 
between singly- and doubly-charged core atoms. If the doubly-charged core 
atom is considered as being derived from the positive ion, a different Slater ex- 
ponent is calculated. Both values were used, these being given in Table 1. 
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The oscillator strengths were calculated by both  the dipole-length and dipole- 
velocity formulae [15]. The final value was obta ined by taking the geometrical  
mean  of  these two quantities, as suggested by Hansen  [16]. 

The calculations were p r o g r a m m e d  in A L G O L  and run on the University of 
Oxford English Electric K D F  9 computer .  

Table 1. Parameters used in the calculations 

U,,, (core parameter) 
A - 11.22 
B -11.16 
C -11.16 

7,,, (gamma parameter) 

A 10.60 
B 11.13 
C 11.13 

(Slater exponent) 
1 3.25 
2 3.25 

- 14.51 - 17.25 
- 14.12 -25.73 - 17.70 -30.07 
- 14.12 -26.70 - 17.70 -32.90 

13.31 14.67 
12.34 16.76 15.23 19.24 
12.34 17.44 15.23 21.53 

3.90 3.90 4.55 4.55 
3.90 4.25 4.55 4.90 

Set A is calculated from the data of Pilcher and Skinner [11]. 
Set B is calculated from the data of Hinze and Jaff~ [12]. 
Set C is taken from Nishimoto and Forster [8]. 

Results and Discussion 

The transit ion energies obta ined after configurat ion interaction, and the oscilla- 
tor  strengths, for various benzene derivatives are given in Table 2, together with 
the appropr ia te  experimental  absorpt ion spectra values. Where  the experimental 
molecular  geometry  was used, the reference is given with the name of  the molecule. 
Fo r  those molecules for which the geometry  was estimated, the bond  lengths 
used are given. For  substi tuted molecules such as phenylenediamines and amino-  
pyridines, the ring was assumed to have the same geometry  as the parent  molecule, 
benzene or pyridine in these two cases. The external group may  have some effect 
on the neighbour ing C - C  bond  length, this being more  p ronounced  for groups  
in the or tho position. The N H  2 group has been assumed to lie in the plane of  the 
molecule, as usual, but  the use of the ionization potential  of C H 3 N H  a to calculate 
the core parameter  has been assumed to overcome any effects arising f rom the 
non-planar i ty  of  the N H 2  group. The C - N H  2 and C - O H  bond  lengths have 
been taken as 1.38 A~ and 1.36/~ respectively. 

The transit ion energies obtained are in good  agreement  with experimental 
spectra - considering that  the method  contains no adjustable parameters,  the 
results are very satisfactory. A disadvantage is that  m a n y  of the molecular  geo- 
metries are not  available f rom experiment, and those available are often inaccurate. 
Even for molecules where the experimental  geometry  is not  known,  a reasonable 
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Table 2. Transition energies ( eV) and oscillator strengths 

L N Expt. 

Benzene [18] [19] [20] 
4.85_+.04 (0.0) 4.89 (0.0) 4.89 (0.01) 4.77 
6.09_+.07 (0.0) 6.18 (0.0) 6.17 (0.126) 6.05 
6.92_+.07 (0.55) 7.01 (1.19) 6.98 (1.035) 6.70 

Pyridine [22] [23] [24] 
4.89 ___ .03 (0.016) 4.98 (0.06) 4.93 (0.032) 4.75 (0.04) 
6.18_+.05 (0.009) 6.30 (0.04) 6.28 (0.122) 6.17 (0.10) 
7.05_+.07 (0.49) 7.24 (1.13) 6.96 (0.66) 6.94 (1.30) 
7.12_+.03 (0.54) 7.17 (1.13) 

Pyridazine [25] (with Rc_ c = 1.38 A) [23] [21] 
5.01 _.01 (0.014) 5.04 (0.018) 5.01 (0.020) 
6.25 +.02 (0.004) 6.52 (s) 6.38 (0.10) 
7.08_+ .03 (0.50) 6.89 (0.15) 
7.31 +.03 (0.53) 

Pyrimidine [26] [23] [21] 
5.07+.02 (0.019) 5.16 (0.07) 5.07 (0.024) 5.13 (0.052) 
6.38 _+ .04 (0.020) 6.50 (0.09) 6.61 (s) 6.57 (0.16) 
7.21 + .02 (0.48) 7.44 (1.09) ~ 7.21 > 7.31 
7.41_+.03 (0.53) 7.49 (1.12) 

Pyrazine [27] [23] [21] 
4.82_+.03 (0.049) 4.95 (0.18) 4.75 (0.084) 4.82 (0.10) 
6.34_+.05 (0.026) 6.39 (0.20) 6.38 (0.119) 6.42 (0.145) 
7.36-+.05 (0.51) 7.59 (0.98) >7.2 >7.31 
7.55_ .01 (0.48) 7.77 (1.11) 

Sym-triazine [8] [23] [28] 
5.20+ .03 (0.0) 5.48 (0.0) 5.58 (0.004) 5.29 
6.58 -+ .02 (0.0) 6.89 (0.0) 
7.32_+.01 (0.52) 7.60 (1.19) >7.2 

Sym-tetrazine [30] [23] 
4.84_+ .05 (0.045) 4.92 (0.05) 
6.47 _+ .03 (0.011) 
7.14 _+ .06 (0.46) 
7.83 ___ .04 (0.55) 

p-benzoquinone [31] [32] [33] 
4.17_+ .08 (0.0) 3.59 (0.0) 4.28 4.20 (0.008) c 
4.83 _+ .06 (0.49) 4.51 (0.85) 5.07 5.04 (0.46) 
6.68 _+ .13 (0.0) 6.28 (0.0) 
6.69-+.05 (0.0) 6.61 (0.0) 
7.17___.02 (0.10) 7.10 (0.20) 

Aniline (as benzene with Rc-N = 1.38/~) [19] [21] 
4.38 _+ .04 (0.02) 4.40 (0.06) 4.40 (0.028) 
5.29_+.05 (0.20) 5.38 (0.40) 5.39 (0.14) 5.27 
6.27_+.05 (0.17) 6.41 (0.52) 6.40 (0.51) 6.30 
6.59-+ .03 (0.36) 6.68 (0.90) 6.88 (0.57) >7.07 
7.50_+.04 (0.32) 7.67 (0.49) 7.87 (~0.68) 
7.60--+_.05 (0.02) 7.62 (0.01) 

[21] 
4.88 (o.ool) 
6.14 (0.10) 
6.74 (0.69) 

[21] 
4.96 (0.03) 
6.36 (0.20) 
7.04 (1.36) 

[28] 
4.77 

[29] 

6.92 
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Table 2 (continued) 

L N Expt. 

o-phenylenediamiue (as aniline) [34] [35] 
4.13_ .04 (0.04) 4.13 (0.09) 4.21 (0.039) 4.29 b 
4.82+.06 (0.11) 4.87 (0.26) 5.19 (0.11) 5.26 
5.87-+ .05 (0.47) 6.02 (1.10) 5.69 
5.91 __+ .06 (0.13) 6.04 (0.40) 

m-phenylenediamine (as aniline) [34] [35] 
4.24+ .04 (0.015) 4.24 (0.04) 4.21 (0.04) 4.23 b 
5.17_+ .04 (0.07) 5.25 (.0.14) 5.20 (0,19) 5.17 
5.63+.07 (0.52) 5.81 (1.22) 5.63 
5.65 + .07 (0.16) 5.77 (0.46) 

p-phenylenediamine (as aniline) [34] [35] 
3.94+.06 (0.04) 3.92 (0.13) 4.05 (0,038) 3.94 b 
4.94+.05 (0.30) 5.00 (0.62) 5.08 (0,17) 5.04 
5.99 +,10 (0.0) 6.27 (0.0) 6.14 
6.39 +,12 (0.0) 6.75 (0.0) 
6.44_+ .04 (0.20) 6.57 (0.56) 
6.61 + .03 (0.42) 6.67 (0.96) 

2-aminopyridine (as pyridiue) 

4.36 + .03 (0.06) 4.45 
5.44_+.05 (0.19) 5.57 
6.45 + .07 (0.08) 6.75 
6.73 + .02 (0.33) 6.91 

3-aminopyridine (as pyridine) 

4,24 _+ .04 (0.04) 4.33 
5.25 _+ .05 (0.17) 5.36 
6.22 + .06 (0.14) 6.45 
6,75 +.02 (0.31) 6.91 

(o.14) 
(0.43) 
(0.36) 
(o.81) 

(0.13) 
(0.40) 
(0.43) 
(0.79) 

[36] 
4.19" 4.30 b 4.32 c 
5,39 5.37 5.41 

[36] 
4.20" 4.25 ~ 4.30 c 
5.28 5.34 5.37 

4-aminopyridine (as pyridine) [36] 
4.62_+.03 (0.002) 4.68 (0.007) 4.59" 4.77 b 4.68 c 
5.25-t-.05 (0.20) 5.41 (0.39) 5.04 5.32 5.14 
6.11 +__.04 (0.23) 6.30 (0.61) 
6.63+.03 (0.36) 6.70 (0.91) 

2-aminopyrimidine (as pyrimidine) [36] 
4.44+.04 (0.05) 4.54 (0.15) 4.19 a 4.38 b 4.25 c 
5.62+ .06 (0.24) 5.82 (0.56) 5.49 5.56 5.53 
6.52 + .09 (0.003) 6.97 (0.08) 
6.93 _+ .02 (0.30) 7.23 (0.77) 

4-aminopyrimidine (as pyrimidiue) [36] 
4.69_..03 (0.05) 4.78 (0.10) 4.52" 4.71 b 4.63 c 
5.49 ___ .06 (0.19) 5.65 (0.40) 5.25 5.44 5.32 
6.37___ .05 (0.17) 6.66 (0.54) 
6.86+.02 (0.31) 7.00 (0.79) 

5-aminopyrimidine (as pyrimidiue) [38] 
4.16_+.05 (0.05) 4.27 (0.16) 3.94" 4.16 ~ 
5.24_+.05 (0.19) 5.34 (0.48) 5.04 5.25 
6.41 _+ .08 (0.02) 6.80 (0.12) 
6.95 _+ .02 (0.33) 7.20 (0.67) 

[37] 

4.11" 
5.14 
5.88 
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Table 2 (continued) 

L N Expt. 

Phenol (as benzene with Rc-o  = 1.36 A) [39] [21] 

4.65 + .05 (0.009) 4.62 (0.04) 4.59 (0.023) 4.55 
5.72_+.06 (0.10) 5.75 (0.21) 5.78 (0.175) 5.83 
6.64+.05 (0.37) 6.71 (0.89) 6.68 (0.585) 6.53 
6.70_+.03 (0.47) 6.78 (1.12) 6.90 (0.371) 

Catechol (as phenol) [40] 

4.50_+.06 (0.014) 4.43 (0.05) 4.43, 4.52 b 
5.42_+ .08 (0.07) 5.39 (0.18) 5.79 
6.29 • .07 (0.52) 6.41 (1.20) 
6.41 _+ .06 (0.32) 6.44 (0.77) 

Resorcinol (as phenol) [41] [40] 

4.53 -+ .05 (0.008) 4.49 (0.03) 4.49" 4.44, 4.53 b 
5.57-+ .06 (0.04) 5.60 (0.09) 5.64 5.71 
6.22_+.09 (0.55) 6.37 (1.31) 
6.35+.08 (0.33) 6.35 (0.79) 

Hydroquinone (as phenol) [42] [40] 

4.42-+.07 (0.03) 4.29 (0.10) 4.23 4.25, 4.29 b 
5.45-+ .08 (0.19) 5.47 (0.40) 5:51 5.56 
6.63 -+ .04 (0.36) 6.74 (0.83) 
6.68 _+ .03 (0148) 6.74 (1.10) 

[21] 

5,42 
6.52 

Abbreviations used in the Table: 
L calculation using the Linderberg beta method. 
N calculation using the Nishimoto-Forster variable-beta method. 
a, b, c indicate the solvent the spectra were measured in, ethanol, cyclohexane and water respectively. 

estimate leads to satisfactory results. One notable success is in the results for 
p-benzoquinone, a molecule for which most other PPP calculations have given 
poor agreement with experiment. This may be a consequence of using the molecular 
geometry, which shows that the bonds alternate as in a conjugated chain, rather 
than of assuming a benzene-like geometry. An advantage of the Nishimoto- 
Forster variable-/~ method is that it assumes a regular geometry, thus avoiding 
the problem of getting accurate bond distances and bond angles. However, its 
parameters are determined from experimental spectra, and, as the experimental 
values given in Table 2 show, these spectra can differ appreciably for the same 
molecule under different experimental conditions. 

The transition energies do not change significantly with the type of orbital 
used, although the double-~ orbitals tend to give lower values for the first transi- 
tions. The different sets of parameters also do not bring about much change in the 
transition energies. No  one of the sets seems to be superior. The two different 
values used for the Slater exponent of doubly-charged core atoms give almost 
the same value for the first transition energy, with small changes in the higher 
energies. This suggests that the bond distance is the important factor in calculat- 
ing the/~ integrals. 

The results for ortho-substituted molecules do not agree with experiment as 
well as those for meta- and para-substituted molecules. This may be a consequence 
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of the  g e o m e t r y  used  in  the  ca lcu la t ion ,  as p rev ious ly  m e n t i o n e d .  I t  has  b e e n  
a s s u m e d  tha t  the  a m i n o p y r i d i n e s  a n d  a m i n o p y r i m i d i n e s  exist m a i n l y  in  the  a m i n o  

fo rm in  so lu t ion ,  wh i c h  has  b e e n  s h o w n  e x p e r i m e n t a l l y  [17].  
The  osc i l l a tor  s t r eng ths  o b t a i n e d  by  the  th ree  different  m e t h o d s  show the  

s ame  t rends.  The  geome t r i ca l  m e a n  m e t h o d  does  n o t  i nc lude  a n  energy  factor,  
thus  a v o i d i n g  the  p r o b l e m  of  w h e t h e r  to use  ca lcu la ted  or  e x p e r i m e n t a l  values.  

The  resul ts  for these  ca l cu l a t i ons  have  b e e n  p re sen t ed  as the  m e a n  a n d  s t a n d a r d  
d e v i a t i o n  of  the  t r a n s i t i o n  energies  o b t a i n e d  for the  different  sets of  pa rame te r s ,  
a n d  the  m e a n  of the  osc i l l a tor  s t rengths ,  for the  ca l cu la t ions  us ing  the  L i n d e r b e r g  
m e t h o d  for d e t e r m i n i n g  the  fi in tegrals .  

Conclusion 

A m e t h o d  by  wh i c h  the  o f f -d iagona l  core  in tegra l s  are  ca lcu la ted  f rom the  
g r a d i e n t  of  the  ove r l ap  in tegra ls ,  t oge the r  wi th  a set of  p a r a m e t e r s  ca lcu la ted  
f rom va lence-s ta te  da ta ,  has  led to a sa t i s fac tory  i n t e r p r e t a t i o n  of  e x p e r i m e n t a l  
a b s o r p t i o n  spectra.  
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