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Semi-empirical n-electron calculations using a modification of the Pariser-Parr-Pople method 
have been carried out on the mono-, di-, tri- and tetrazines. Core integrals have been defined so that 
they are essentially independent of molecular geometry and orthogonalized Slater orbitals are used. 
In the configuration interaction treatment of the problem the configurations considered are those 
arising from single electron excitations between the two highest occupied and the two lowest un- 
occupied molecular orbitals. There is in general good agreement between calculated and observed 
electronic spectra, and calculated values for molecular ionization potentials agree very well with 
experimental values. 

Fiir Mono-, Di-, Tri- und Tetrazine wurden mit einer modifizierten PPP-N~iherung halb- 
empirische ~-Elektronenrechnungen durchgefiihrt. Die Rumpfintegrale wurden so gew~ihlt, dab sie 
vonder  Molektilgeometrie unabh~ingig sind; es wurden orthogonalisierte Slaterorbitale benutzt. Bei 
der Konfigurationswechselwirkung wurden Einelektroneniibergange zwischen den beiden h6chsten 
besetzten und den beiden niedrigsten unbesetzten MOs betrachtet. Die berechneten Werte stimmen 
mit den experimentellen Daten gut iiberein. 

Les mono-, di-, tri- et t6trazines ont 6t6 calcul6es/t l'aide d'une variante de la m6thode de Pariser- 
Parr-Pople pour les 61ectrons n. Des int6grales de coeur essentiellement ind6pendantes de la g6om6trie 
moldculaire ont 6t6 d6finies et des orbitales de Slater orthogonalis6es sont utilis6es. Les configurations 
utilis6es pour l'interaction de configurations sont celles r6sultant des monoexcitations entre les deux 
plus hautes orbitales occup6es et les deux plus basses libres. Dans l'ensemble l'accord entre spectres 
61ectroniques calcul6s et observ6s est bon, de m~me que l'accord entre valeurs th6oriques et exp6ri- 
mentales des potentiels d'ionisation mol6culalres. 

Introduction 
In the first two papers of this series [28, 29] a modified Pariser-Parr-Pople 

method has been used to calculate the electronic properties of heteroaromatic 
systems, namely, hydroxy aromatic compounds and aromatic amines, where the 
heteroatom donates two ~z-electrons to the aromatic system. Agreement between 
calculated and experimental values for transition energies, oscillator strengths 
and molecular ionization potentials has been good. The admixture of doubly 
excited configurations with singly excited configurations between the two highest 
occupied and the two lowest unoccupied molecular orbitals has considerably 
improved the values for oscillator strengths. 

* This investigation was supported by a National Science Foundation Grant No. GB-4065 
and a Petroleum Research Fund Grant No. PRF 1525-B5. Abstracted in part from the Ph.D.  thesis 
of G. W. Pukanic, Duquesne University, 1967. 

** Present address: Christian Brothers College, Memphis, Tenn. 
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In this paper results are presented for the case where the heteroatom donates 
one re-electron to the aromatic system, namely, the azines. Most of the semi- 
empirical SCF calculations on the azines have been limited to pyridine, the 
diazines and the symmetrical tri-, and tetrazines [5, 11-16, 18, 19, 21-25]. Recently, 
Favini et al. [7, 8-1 have predicted the electronic spectra of the other tri-, and 
tetrazines. In the present investigation, the electronic properties of all mono-, 
di-, tri-, and tetrazines have been calculated. Agreement with experiment is good. 
Only results using the abovementioned singly excited configurations have been 
included since the use of doubly excited configurations did not improve any of 
the calculated values. 

Method 

The following geometry~ for the bond lengths of the azines has been adopted: 
C-C --- 1.39 ,~, C-N -- 1.34 A, and N-N = 1.33 A. Each molecule was taken to be 
planar and reasonable bond angles have been chosen to give the appropriate 
dimensions. 

Valence state data and effective nuclear charges which have been used in the 
present calculations are given in the first two papers of this series. Since nitrogen 
donates only one ~z-electron to the aromatic system in the azines, in contrast to the 
aromatic amines where it donates two ~r-electrons, only the first ionization 
potential and electron affinity have been used. 

Overlap has been included in the present calculations and the zero differential 
overlap approximation of Pariser and Parr was adopted only after orthogonaliza- 
tion of the orbitals. The formulas used for calculating overlap are conventional 
ones [17]. 

Adams and Miller [1] have used a new method for evaluating core integrals 
that render them essentially independent of geometry. In the present calculations 
this method has been modified to accommodate the heteroatom and equations 
for the core integrals are given in the first paper of this series. The method of 
evaluating the various electronic properties listed in the tables has also been 
described in the first paper of this series. 

The procedure used for determining the appropriate values of H~~ is similar 
to that used for the heteroaromatic systems studied in Parts I and II of this series 
[28, 29], and the detailed method is described in Part I [28]. For the azines, 
pyridine was used as the calibration molecule to evaluate elements between 
carbon and nitrogen. To determine the three different values for H~~ between 
nitrogen atoms, pyridazine, pyrimidine, and pyrazine were used, and the manner 
in which these elements were determined is similar to that described for the three 
dihydroxybenzenes. Values for H~ are listed in Table 1. 

Tab le  1. Values for the empirical parameter Hi~ 

Value  of  H~ 

n u m b e r  of  bonds  be tween  a t o m s  i and  j 

a t o m s  i a nd  j 0 1 2 3 

c a r b o n - c a r b o n  - 11.597 - 4.322 - 0.856 - 0.264 

ca rbon-n i t rogen  - 4 . 4 3 7  - 0 . 7 3 8  - 0 . 1 8 9  

n i t rogen-n i t rogen  - 14.171 - 4 . 3 3 8  - 0 . 6 2 7  - 0 . 1 2 7  

t7 Theoret. chim. Acta (Berl.) Vol. 10 
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A limited configuration interaction involving single electron excitations 
between the two highest occupied and the two lowest unoccupied molecular 
orbitals has been introduced. The results for the incorporation of double electron 
excitations have not been included since results were not improved as they were 
in the case of the hydroxy aromatic compounds and aromatic amines where 
inclusion of double electron excitations led to better values for oscillator strengths. 
The time required to carry out all calculations on the azines when only single 
electron excitations were considered was about 3 minutes per molecule using 
a G-20 Control Data Corporation digital computer. 
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6 1 2 6 2 6 2 

Pyridazine Pyrimidine Pyrazine 

4 4 4 
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Fig. 1. Numbering scheme for azines 

Results and Discussion 

The first four calculated singlet-singlet and triplet-triplet n - n *  electronic 
transition energies and oscillator strengths are given in Table 2 together with 
available experimental data. For the singlet states agreement between calculated 
and observed values is in general good, being better for transition energies than 
for oscillator strengths. Where experimental data are available for the first triplet 
state, agreement of the corresponding calculated value usually seems better when 
compared to the second triplet excited state rather than the first. 

Molecular ionization potentials are listed in Table 3, and experimental values 
are included where possible. Calculated values have often been found to agree 
poorly with experiment. For example, Lindner et al. [-12] have carried out semi- 
empirical calculations involving both n and non-bonding electrons on pyridine, 
the three diazines and s-triazine, where the average deviation for molecular 
ionization potentials was 4.43 eV. In the present investigation results are in good 
agreement with experiment. The average deviation is only 0.34 eV and the maximum 
deviation is 0.87 eV (for s-triazine). 

Localized atom charges are listed in Table 4 and values for the n-contributions 
to the dipole moment are given in Table 5. With respect to nucleophilic substitu- 
tion, the 2 and 4 positions are more reactive than the 3 position in pyridine, 
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Table 2. Transition energies (in eV) and oscillator strengths* 

Molecule Singlet states Triplet states 

Calculated Experimental Calculated Experimental 

Pyridine 4.95 (0.048) 4.95" (0.04) ~ 3.21 
6.25 (0.027) 6.26 b (0.122) r 3.82 (0.004) 
7.16 (1.136) 7.07 b (0.66 c, 1.30 b) 4.07 (0.001) 
7.17 (1.238) 5.21 (0.004) 

Pyridazine 5.04 (0.038) 5.04 c, ** (0.018) 3.26 
6.27 (0.003) 6.52 Sh 3.79 (0.003) 
7.07 (1.097) 6.89 (0.150) 4.07 (0.008) 
7.29 (1.270) 5.10 (0.002) 

Pyrimidine 5.06 (0.055) 5.07 c, ** (0.024) 3.36 
6.38 (0.062) 6.61 Sh 3.85 (0.000) 
7.25 (1.073) 7.21 3.30 (0.012) 
7.39 (1.172) 5.40 (0.000) 

Pyrazine 4.86 (0.149) 4.77" (0.084 b, 0.130 c) 3.21 
6.33 (1.t19) 6.38 b (0.119) b 3.37 (0,000) 
7.46 (1.140) > 7.2 b 4.24 (0.000) 
7.52 (1.014) 5.91 (0,000) 

v-Triazine 5.18 (0,001) 3.30 
6.28 (0,065) 4.08 (0.004) 
7.27 (1,253) 4.1.9 (0,012) 
7.30 (1,072) 4.85 (0.000) 

a s-Triazine 5.02 (0,126) 3.33 
6.45 (0.066) 3.51 (0.000) 
7.34 (0.995) 4.28 (0.007) 
7.67 (1.197) 5.81 (0.000) 

s-Triazine 5.29 (0.000) 5.29", 5.58 c (~  0) 3.60 
6.66 (0.000) 6.92 g, > 7.2 c 4.44 (0.010) 
7.42 (1.133) 4.44 (0.010) 
7.42 (1.134) 5.29 (0.000) 

v-Tetrazine 5.17 (0.047) 3.32 
6.41 (0.072) 3.83 (0.003) 
7.43 (1.104) 4.19 (0.006) 
7.51 (1.178) 5.31 (0,005) 

as-Tetrazine 5.22 (0.048) 3.46 
6.63 (0,002) 3.95 (0.000) 
7.48 (1,138) 4.37 (0.016) 
7.52 (1.146) 5.51 (0.000) 

s-Tetrazine 5.01 (0.153) 4.92 ~ (0.05) c 3.30 
6.60 (0.042) 3.35 (0.000) 
7.42 (1.060) 4.32 (0.000) 
7.91 (1.148) 6,09 (0.000) 

3.68 a 

3.25 f, 3.35 e 

4.59 h 

* Values for oscillator strengths are in parantheses. 
** All experimental values for this molecule are from reference 8. 

a See Ref. 9. c See Ref. 8. r See Ref. 21. 
b See Ref. 26. a See Ref. 6. f See Ref. 3. 

17" 

g See Ref. 4. 
h See Ref. 10. 
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Table 3. Molecular ionization potentials (in eV) 

Molecule Calculated Observed a 

Pyridine 9.67 9.76 
Pyridazine 10.20 9.86 
Pyrimidine 10.06 9.91 
Pyrazine 9.75 10.01 
v-Triazine 10.61 - -  
as-Triazine 10.32 - -  
s-Triazine 10.94 10.07 
v-Tetrazine 10.88 - -  
as-Tetrazine 11.07 - -  
s-Tetrazine 10.75 - -  

a See Refs. 2 and 20. 

Table 4. localized atom charges (q~)a 

Molecule qt q2 q3 q4 q5 q6 

Pyridine 1.210 0 . 9 0 3  1 .011  0 . 9 6 1  1 .011  0.903 
Pyridazine 1.123 1 .123  0 . 9 0 9  0 . 9 6 9  0 . 9 6 9  0.909 
Pyrimidine 1.220 0 .811  1 . 2 2 0  0.864 1 .022  0.864 
Pyrazine 1.174 0 . 9 1 3  0 . 9 1 3  1 .174  0 .913  0.913 
v-Triazine 1.127 1 . 0 2 9  1 .127  0 .871  0 . 9 7 5  0.871 
as-Triazine 1.084 1 .133  0 . 8 1 8  1 .183  0.864 0.919 
s-Triazine 1.231 0 . 7 6 9  1 .231  0 . 7 6 9  1 .231 0.769 
v-Tetrazine 1.093 1 .037  1 . 0 3 7  1 .093  0.870 0.870 
as-Tetrazine 1.137 0.987 1 .137  0.774 1 .191 0.774 
s-Tetrazine 1.088 1 .088  0.826 1 .088  1 .088  0.826 

a See Fig. 1 for numbering scheme. 

Table 5. Calculated ~-dipole moments (in Debyes) 

Molecule ~-electron dipole moment 

Pyridine 0.95 
Pyridazine 1.79 
Pyrimidine 0.99 
Pyrazine 0.00 
v-Triazine 1.99 
as-Triazine 1.19 
s-Triazine 0.00 
v-Tetrazine 1.82 
as-Tetrazine 1.01 
s-Tetrazine 0.00 

a n d  m o r e  r eac t i ve  t h a n  the  5 p o s i t i o n  in p y r i m i d i n e  [27].  F o r  a s - t r i a z i n e  the  5 
a n d  3 p o s i t i o n s  a r e  m o r e  r e a c t i v e  t h a n  the  6 p o s i t i o n  [27] .  (See Fig.  1 for  n u m b e r -  

ing  scheme.)  T h e  va lues  for  t he  a t o m  cha rges  o f  these  az ines  l i s ted  in T a b l e  4 a r e  

in l ine  w i t h  th is  o r d e r  o f  reac t iv i ty .  
N o n l o c a l i z e d  a t o m  a n d  b o n d  p o p u l a t i o n s  a r e  i n c l u d e d  in T a b l e  6. T h e r e  is 

a p p r o x i m a t e l y  0.2 e l e c t r o n  in  e a c h  b o n d  a n d  on  the  a v e r a g e  a b o u t  0.8 e l e c t r o n  

a t  each  a t o m .  P e a c o c k  [24]  has  c a l c u l a t e d  this  t y p e  o f  c h a r g e  d i s t r i b u t i o n  for  
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Table 6. Nonlocalized atom and bond charges (qlj) a 

Molecule 

Pyridine qll  qz2 q33 q44 q12 q23 qa4 

1.004 0.689 0.780 0.725 0.211 0.244 0.239 

Pyridazine ql l  q33 q44 q12 q2a q34 q45 

0.932 0.695 0.732 0.173 0.224 0.231 0.250 

Pyrimidine ql i  q22 q44 q55 q12 q34 q45 

1.015 0.614 0.644 0.789 0.212 0.209 0.243 

Pyrazine ql l  q22 q12 q23 

0.964 0,700 0.212 0.242 

v-Triazine qal qzz q44 qss q12 q34 q45 

0.936 0.854 0.649 0.741 0.184 0.212 0.240 

as-Triazine qll  q22 q33 q44 qs5 q66 q12 

0.888 0.943 0.622 0.975 0.646 0.708 0.174 

s-Triazine q11 q22 q~ z 

1.028 0.564 0.210 

v-Tetrazine qt l  q22 q55 qt2 q23 q45 q56 

0.896 0.862 0.653 0.176 0.191 0.222 0.225 

as-Tetrazine ql t q22 q44 q55 q12 q34 q45 

0.947 0.806 0.570 0.984 0.185 0.209 0.210 

s-Tetrazine ql l  q33 qt2 q23 

0.894 0.628 0.182 0.213 

qz3 q34 q45 q56 q16 
0.221 0.204 0.219 0.228 0.226 

a See Fig. 1 for numbering scheme. 

pyridine, the three diazines and s-triazine with values for atom and bond popula- 
tions which are similar to ours. 

A disadvantage of this method is that one must have a set of the parameters 
listed in Table 1 or obtain them through an iteration process. Furthermore, the 
parameters listed in Table 1 cannot be transferred as such to molecules of a 
different ring size. Preliminary studies on pyrrole indicate that these parameters 
can be used provided correction is made for the variation in interatomic distance 
in going from a six-membered ring system to a five-membered ring system. 

Conclusion 

A consistent and reliable method has been developed for predicting the elec- 
tronic properties of heteroaromatic systems. In the first two papers in this series, 
the method has been successful for the case where the heteroatom donates two 
n-electrons to the aromatic system, and in this investigation, for the case where 
the heteroatom donates one n-electron to the aromatic system. Calculated values 
for transition energies, oscillator strengths and molecular ionization potentials 
agree well with experimental values, and hence, the applicability of this method 
for predicting electronic properties of heteroaromatic systems has been demon- 
strated. 



246 G.W.  Pukanic, D. R. Forshey, Br. J. D. Wegener, and J. B. Greenshields: Azines 

Acknowledgement. The authors wish to thank the National Science Foundation and the Petroleum 
Research Fund for the financial support, and Professor Norman C. Li for his interest. The authors 
are indebted to the Duquesne University Systems Center for the generous use of the computer facilities, 
and to John J. Bernando, James R. Hayes and Karen Lee Karako for their assistance in programming. 

References 
1. Adams, O. W., and R. Miller: J. Amer. chem. Soc. 88, 404 (1966). 
2. Baba, H., I. Omura, and K. Higasi: Bull. chem. Soc. Japan 29, 521 (1956). 
3. Brealey, G. J. : J. chem. Physics 24, 571 (1956). 
4. Brinen, J. S., R. C. Hirt, and R. C. Schmitt: Spectrochim. Acta t8, 863 (1962). 
5. Brown, R. D., and M. L. Heffernan: Australian J. Chem. t0, 211 (1957). 
6. Evans, D. F. : J. chem. Soc. (London) 3885 (1957). 
7. Favini, G., I. Vandoni, and M. Simonetta: Theoret. chim. Acta (Berl.) 3, 45 (1965). 
8. - -  - -  - -  Theoret. chim. Acta (Berl) 3, 418 (1965). 
9. Halverson, F., and R. C. Hirt: J. chem. Physics t9, 711 (1951). 

10. Hirt, R. C. : J. chem. Physics 22, 1148 (1954). 
11. Kon, H.: Bull. chem. Soc. Japan 28, 275 (1955). 
12. Lindner, P., R. Manne, and O. Martensson: Theoret. chim. Acta (Berl.) 5, 406 (1966). 
13. Mataga, N., and K. Nishimoto: Z. physik. Chem. (Frankfurt) 13, 140 (1957). 
14. Bull. chem. Soc. Japan 3t, 453 (1958). 
15. McWeeney, R., and T. E. Peacock: Proc. physic. Soc. (London) A 70, 41 (1957). 
16. - -  Proc. physic. Soc. (London) A 70, 593 (1957). 
17. Mulliken, R. S., C. A. Rieke, D. Orloff, and H. Orloff: J. chem. Physics t7, 1248 (1949). 
18. Nishimoto, K., and N. Mataga: Z. physik. Chem. (Frankfurt) t2, 335 (1957). 
19. , and L. S. Forster: Theoret. chim. Acta (Berl.) 4, 155 (1966). 
20. Omura, I., H. Baba, K. Higasi, and Y. Kanaoka: Bull. chem. Soc. Japan 30, 633 (1957). 
21. Pariser, R., and R. G. Parr: J. chem. Physics 21,767 (1953). 
22. Parr, R. G. : Quantum theory of molecular electronic structure. New York: W. A. Benjamin, 

Inc.1964. 
23. Peacock, T. E.: Nature t79, 684 (1957). 
24. - -  J. chem. Soc. 1946 (1960). 
25. - -  Electronic properties of aromatic and heterocyclicmolecules. New York: Academic Press 1965. 
26. Pickett, L. W., M. E. Corning, G. M. Wieder, D. A. Semenov, and J. M. Buckley: J. Amer. chem. 

Soc. 75, 1618 (1958). 
27. Shepherd, R. G., and J. L. Fedrick: Advances heterocyclic Chem. 4, 146 (1965). 
28. Pukanic, G. W., D. R. Forshey, Br. J. D. Wegener, and J. B. Greenshields: Theoret. china. Acta 

(Berl.) 9, 38 (1967). 
29. Forshey, D. R., G. W. Pukanic, Br. J. D. Wegener, and J. B. Greenshields: Theoret. chim. Acta 

(Berl.) 9, 288 (1968). 

Professor J. B. Greenshields 
Department of Chemistry 
Duquesne University 
Pittsburgh, Pennsylvania 15219, USA 


