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The simplified version given by HEILBRONNER and others of the P-treatment was used to 
calculate transition energies and intensities of the z~ - z* bands in the electronic spectra of 
3~ azines (aza-benzenes and aza-naphthalenes). A comparison with experimental data results 
in a better agreement than for the complete treatment. 

Nach dem yon HEILBRONNER u. Mitarb. angegebenen vercinfachten P-Verfahrcn 
bercehneten wir (Jbergangsenergien und -intensiti~ten der z -  ~*-Elektronenbanden yon 
3i Azinen (Aza-Benzole und Az~-Naphthaline). Die ~bereinstimmung mit dem Experiment 
ist besser als beim vollst~ndigen Verfahren. 

Nous utilisons la version simplifi6e de la m6thode P, d'apr&s HEILBRONNER et al., pour le 
ealeul des ~nergies et intensit6s des transitions ~leetroniques z - 7~* de 31 azines (aza-benz~nes 
at ~za-naphthal6nes). L'aecord avee rexp6rienee y est mieux que pour la m6thode compl6te. 

Introduction 
A calculation of the electronic spectra of aza-benzenes and aza-naphthalenes 

by  the P method  has recently been published [2] and a good agreement  between 
theoretical and experimental  da ta  was found. 

A simplified version of  the P method  has been given by  H ~ I L B ~ O ~ R  and 
eoworkers [9] and successfully applied to a number  of  al ternant  and non-al ternant  
hydrocarbons.  The mean features of  Heilbronner 's  me thod  are the reduction of 
the set of electronic interaction integrals to ( I I I  l~) and ( l i  122), where ~ and 
2 refer to  bonded centers, the assumption of  empirical values for these two inte- 
grals, the simulation of  the dependence of the resonance integral fi on the inter- 
atomic distance by  a quadratic function of  the ttiickel bond  orders and the limita- 
t ion of  the number  of configurations. 

I n  the present paper an extension of these simplifications has been used to 
make the method  suitable to the  s tudy  of the electronic spectra of  simple azines. 
I n  the following we shall call this method  the "reduced"  Pariser-Parr-Pople 
method, t ha t  is the R P  method.  

Calculations 
The same molecules were considered as in reference [2] and the same topology 

and notat ion were used (see Fig. i in Ref. [2]). Also the same Hfiekel molecular 
orbitals were used as a basis. Five configurations (~5o, ~b43, ~b5 a, ~b~, ~b~) were included 

(~bo, ~bs, ~bs, ~bs, ~bd, ~bd, ~ba, ~b3, ~b3, ~b s) for the for the monoeyclic molecules and ten ~ 7 s 6 7 s 6 7 
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dieyclic molecules. The following eight parameters were included: (Yll)C; (Yll)N; 
I / / , 

(Y12)cc; (Y12)c~; (712)~; flcc; flex; fi~N; Y~J s are the "reduced" values of the 
(ii] j]) integrals ; fi ~ the "reduced" values for the/~ parameters.  Owing to the lack 
of experimental values for interatomic distances in most of the molecules under 
consideration, ~he values of all the parameters were taken as independent from 
bond length, but two independent sets were used for the benzene and naphthalene 
series. The calibration of the parameters was based on the spectra of benzene [8], 
pyridine and pyridazine [3] for the monocyclic series and on the spectra of naph- 
thalene [6], quinoline and isoquinoline [3] for the dieyclic series. 

The results were (in eV): 

monocyclie 8.03 10.00 1.43 ~.00 1.10 -2 .24  --2.52 -2 .25,  
dicyclic 12.00 13.00 2.t0 2.00 t.80 -2 .20  -2 .40  --2.20. 

Calculations were performed on an IBM t620 computer using the same pro- 
gram as in previous calculations, apart  from the necessary changes in the con- 
figuration interaction matr ix  program. 

Results and Discussion 
A justification for the use of different values of the same integrals in the 

benzene and naphthalene series is the fact tha t  now these quantities are empirical 
parameters whose values have to take care of different approximations. As an 
example let us consider a simplified calculation for benzene and naphthalene. For 
benzene, after interaction between the configurations q!i~ and ~b~ s, ~b~ and ~bs 5, the 
first excitation energies are given by:  

E ( B ~ )  - E0 : - 2  flee + ~ [ ( t l  I 22) - 

E (BI~) - E0 = - 2  r ice + 
+ 

E (Elu) - E 0 - - 2  ficc § 
+ 

-~ [(~t I1 t )  - 
[(11 133) - 
[ (1t  [ 11) - 
[ (1t  [33)  - 

(1 i  [33)]  --  ~ [ ( l i  [33)  --  (11 

(11 122)] --  ~ [ ( f t  ]22)  - (1t  
(11 / 4 4 ) ] .  

( t t  [22)]  + ~- [ (1t  ]22)  - (1t  
(11 [44)]  . 

44)]. 
33)] § 

33)] + 

The electron repulsion integrals and r cc  are taken from PA~ISE~'S paper [7]. 
lVhen the assumption (41 133) = ( t t  [44) = 0 is introduced, the same ener- 

gies are given by: 

(~ lu )  - So  = - 2  rcc  + ~ ~1~ - 5/6 ~ 2 .  
! q E (Elu) - E0 = - 2 r c c  § ~Yll T 2/3y~2. 

I f  we want the simplified t reatment  to reproduce the results of the complete 
treatment,  we have to use the values: 

rice = -2 .254  eV; Yll = 7.389 eV; Yls = t.213 eg. 

When the same calculations for naphthalene including only qSas and ~bsv inter- 
action are performed, the theoretical (P method) excitation energies for c<, p and 
r bands are reproduced by the RP  t reatment  with the following values of the 
parameters (see Tab. 1): 

! 

rice = --2.214 eV; y~  = 9.622 eV; Y~2 = 3.522 eV. 
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Table  I 

Excitation 
energies 

E (~) - Eo 

E (p) - Eo 

E @ - Eo 

P method 

- 1 . 6 1 8  fl - 0.023 A + 0.149 B - 0.138 C + 
+ 0 . t07  D + 0.093 E - 0.027 _~ - 0.096 G 

- 1 . 2 3 6  fl + 0 . t50  A + 0.274 B + 0.505 C + 
+ 0.374 D - 0.105 E - 0.005 F + 0.014 G 

- 1 . 6 1 8  fl + 0.069 A + 0.517 B + 0.230 C + 
+ 0.476 D + 0.462 E + 0.341 F + 0 . t80  G 

A = (11 I11)  - (1t  122) 
B = (11 [22)  - (1t  133) 
C = (11 133) - (1t  [44)  
D = (11 144) - ( t l  155) 

E = ( t l  
F = (11 
G = (22 

Table  2. F i r s t  ~ - ~ *  b a n d  

Compound a 

P~P method 

- 1 . 6 1 8  fl' - 0.023 711 + 
+ 0.172 712 

- t . 2 3 6  fl' + 0 . t50  Yn + 
+ 0 . t24  712 

- 1 . 6 1 8  fl' + 0.069 711 + 
+ 0.448 Y12 

55) - (1t 66) 
66) - (22 77) 
77) - (22 66) 

1 (*) 
2 (*) 
3 (*) 
4 (*) 
5 (*) 
6 
7 
8 
9 

10 
11 (*) 
t2  (*) 
t 3  (*) 
14 (*) 
t 5  (*) 
16 (*) 
17 
t 8  
t 9  
2O 
2t  
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

transition energies (eV) 

theor, obs. 

4.909 4.928 
5.051 5.039 
5.080 5.069 
4.966 4.750 
5.236 5.583 
5.073 
5.106 
4.965 4.918 
5.064 
5.072 
4.008 3.960 
4.063 3.910 
3.895 3.849 
4.041 3.986 
3.965 3.910 
4.201 4.091 
4.017 4.025 
4.057 4.025 
4.095 3.935 
4.162 3.947 
4.011 
4.180 4.064 
4.029 4.187 
3.969 4.025 
4.052 4.025 
4.127 4.064 
4.201 (4.159) 
4.033 3.922 
4 . t25  4.077 
4.099 4.118 
3.904 3.861 

oscillator strengths (1) 

theor, obs. 

0.023 0.032 
0.015 0.018 
0.039 0.024 
0A00 0.084 
0 . - -  0.004 
0.080 

NO 

0.096 0.05 
0.023 
0.038 
0.032 0.025 
0.039 0.020 
0.087 0.028 
0.058 0.031 
0.119 0.065 
0.017 0.013 
0.126 0.13 
0.146 
0.069 
0.059 
0 . t16  
0.022 
0.138 0.10 
0 . t25  0.21 
0 . t49  
0 . t26  
0.005 - -  
0.119 
0 . t47  
0.268 0.11 
0.420 

a For  e x p e r i m e n t a l  resu l t s  of  c o m p o u n d s  w i t h o u t  as te r i sk  (*) see l i t e ra tu re  in reference [2] ; 
for c o m p o u n d s  wi th  an  as te r i sk  t he  spec t ra  were t a k e n  in h e x a n e  [3]. 
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Table 3. S e c o n d  ~ - ~ *  b a n d  

421 

Compound a 

1 (*) 
2 (*) 
3 (*) 
4 (*) 
5 (*) 
6 
7 
8 
9 

10 
11 (*) 
12 (*) 
13 (*) 
14 (*) 
15 (*) 
16(*) 
17 
i8 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

transition energies (eV) 

t h e o r ,  o b s .  

6.232 6.276 
6.324 (6.523) 
6.576 (6.610) 
6.340 6.382 
7.140 >7.2 

oscillator strengths (/) 

t h e o r ,  o b s .  

0.124 0.t22 
0.099 (s) 
0.306 (s) 
0.436 0.tt9 
i .060 

6.752 
6.238 
6.881 
6.449 
6.962 
4.420 
4.535 
4.200 
4.385 
4.120 
4.577 
4.732 
4.604 
4.592 
4.525 
4.705 
4.497 
5.299 
4.612 
4.369 
4.742 
4.445 
4.609 
4.690 
4.780 
4.948 

m 

4.591 
4.660 
4.507 
4.642 

(4.245) 
4.804 
4.823 
4.880 
4.899 
4.767 

4.524 
5.413 
4.842 
4.557 
4.938 
4.608 
5.039 
5.080 

(5.275) 
5.534 

0.5t8 
0.27t 
0.783 
0.334 
0.393 
0.158 
0.t66 
0.097 
0.102 
0.t02 
0.140 
0.199 
0.184 
0.138 
0.146 
0.171 
0.2t5 
1.210 
0.316 
0.077 
0.t71 
0.t73 
0.070 
0.159 
0.150 
0.162 

0.120 
0.108 
0.075 
0.095 

(s) 
0.118 
0.094 

0.43 
0.15 

(s) 

For experimental results of compounds without asterisk (*) see literature in reference [2] ; 
for compounds with an asterisk the spectra were taken in hexane [3]. 

(s) Shoulder. 

A table with the energies relative to ground configuration and  the weights of 
the most  impor t an t  configurations in  the different states, similar to Tab.  I in  
reference [2] is not  included, bu t  is available upon  request. 

The following considerations emerge from the data.  For  all monocyclic azines 
the first two bands are of cr and  p type,  respectively, while/? and  fi' bands  are usual ly  
very close in energy and  do not  follow a regular order (the same conclusion was 
reached by  use of the s tandard  P method).  For  dicyclic azines more t han  two 
configurations give a subs tant ia l  cont r ibut ion  to the first two excited states;  
besides the mixing of the configurations is often quite different from tha t  obta ined 
by  the s tandard  P method;  this suggests t ha t  the discussion of the spectra of 
dieyclie azines following the lines t raced by  D~wA~ and LOSGV~T-ItIoGINS [1] for 
the a l t e rnan t  hydrocarbons is not  advisable. 
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Table 4. T h i r d  ~ - ~ *  b a n d  

Compound S 

1 (*) 
2 (*) 
3 (*) 
4 (*) 
5 
6 
7 
8 
9 

10 
t l  (*) 
12 (*) 
13 (*) 
14 (*) 
15 (*) 
t6  (*) 
t7 
18 
t9  
2O 
21 
22 
23 
24 
25 
26 
27 
28 
29 
3O 
31 

transition energies (eV) 

theor, obs. 

6.927 6.959 
6.876 6.886 
7.077 N7.205 
7.263 >7.2 
7.191 
7.046 
6.825 
7.220 
6.987 
7.069 
5.535 5.509 
5.685 5.752 
5.377 5.647 
5.497 5.657 
5.418 5.348 
5.513 5.847 
5.812 6.017 
5.885 
5.727 5.609 
5.8t4 5.634 
5.811 
5.877 
5.299 
5.764 
5.622 5.413 
5.683 
5.632 5.738 
5.658 5.792 
5.834 
6.000 5.902 
5.907 

oscillator strengths (I) 

theor, obs. 

1.136 0.660 
1.029 0.1.50 
1.110 
1.106 
0,--  
1.044 
1.t13 
0.309 
1.107 
1 .1t0 
t.259 0.537 
1.507 1.015 
t.135 0.909 
1.347 0.858 
t.167 0.326 
t.305 0.993 
t.905 1.08 
1.450 
t.879 
1.264 
1.970 
1.661 
1.210 
0.840 
1.384 
0.856 
t .34t  
0.994 
1.437 
1.229 
0.-- 

For experimental results of compounds without asterisk (*) see literature in reference [2] ; 
for compounds with an asterisk the spectra were taken in hexane [3]. 

Table 5. F o u r t h  ~ - ~ *  b a n d  

Compound 

11 
12 
13 
14 
15 
t6  

transition energies (eV) 

theor, obs. 

6.130 6.083 
6.001 (a) 
6.305 6.229 
6.340 6.282 
6.368 6.321 
6.171 (a) 

oscillator strengths (]) 

theor, obs. 

0.482 0.932 
0.352 
0.548 0.944 
0.621 0.843 
0.739 0.693 
0.622 --- 

(a) The separation in energy between the calculated A E  for the fourth and third ~ - ~* 
bands is about one half that  for molecules 1t, t3, 14 and 15; no resolved fourth band was 
found, but the third band was strongly asymmetric, with bigger absorption coefficients on the 
higher energy side. 
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Calculated transition energies and oscillator strengths for the first three :~ - s*  
bands are compared with experimental data in Tab. 2, 3, 4. The stabilization of 
the ground state due to interaction with singly excited configurations has not 
been included (however it is alwsys < 0.03 eV). 

j /  
j J  5 

3 / 

/ : J  1 

20 122 16 
�9 26 I 0 

3.5 I I I 

30 35 40 V"  10 -3 (cm -1) 

Fig. 1. P~egression of theoretical excitation energies of the first : t - -n* band oil observed frequencies (solid line); 
standard deviation A = 0.098, correlation coefficient r = 0.973 

As (eV) 

6.5 

J 

5.5 J j J J ~  

5 ./. " /  ~ 31 

"(7 a 2 5 ~ 2 9  ,~ 

I "~ ~ ~g "28 ~ , ' . . ~ ' ~  , ~  
4.s / e  , , . - / / T o  11'8 

/ 7  / ~T:~2 17 '~ 2'4 
/ ;  ~ ~ . 
L 4 I I t f 

35 4o 45 50 v. I0 -3 (cm-~ 

Fig. 2. Regression of theoretical excitation energies of the second :~--n* band on observed frequencies (solid line); 
standard deviation d = 0.144, correlation coefficient r = 0.980 
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The assignment of the bands for the i,3,6-triazanaphthalene is different from 
the one previously given by  AI~rAi~GO (see Ref. [2]). The spectrum for this 
compound has been published only in a table form; however the results of our 
calculations suggest tha t  the shoulder at 298 m~ with s = 850 corresponds to the 
first z -  ~* band, the series of peaks and shoulders regularly spaced between 
269 and 239 m~ (s between 2700 and 3200) to the second band and the peak at 
2t6 m~ with s = 31700 to the third band. This assignment is supported by  the 
spectrum in water solution at  p H  = 7.0, also given by  AI~MAI~GO. 

In  Tab. 4 it may  be noticed tha t  the third band in the two ring molecules is 
probably due to two electron transitions lying very close in energy but strongly 
different in transition moment.  

ac (,v) 

6.5 

5,5 

/ 
/ 

2 I ~  3 

2o ~ 

15 ~ 0.. 016 

13 

5 r I r I 

45 50 ~5 V' I0 -3 (crn -I) 

Fig.  3. l~egression of  theoret ical  exci ta t ion energies of the  th i rd  z - - ~ *  b a n d  on observed frequencies (solid line) ; 
s t anda rd  devia t ion  A = 0.156, correlat ion coefficient r = 0.957 

From our work [3] 2max and ] values for the fourth ~ -  7~* band in a few 
molecules became available. These results are collected in Tab. 5 with the corre- 
sponding theoretical values. Even for this band the general agreement is quite 
good; the calculated AE's  are very close in value to the experimental ones and 
reproduce the right sequence ; ] values are always of the right order of magnitude. 

In  Fig. 1, 2, 3, calculated excitation energies for the first, second and third 
band are plotted against experimental values for the position of the max imum of 
the bands. The dotted lines in these figures correspond to perfect agreement 
between theory and experiment;  the solid lines are linear regression lines obtained 
by  the least squares method. In  calculating the regression lines all the available 
experimental data  have been used. The corresponding equations are: 

A E  1 = 0.535-k 1.095 x i0 -dv  (on 26 points), 

AE 2 = -0 .409  + 1.285 x 10 -4 v (on 24 points), 

AE~ = 0.281 § ~.173 x i0 -dv  (on t6 points). 
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F r o m  l~ig. t,  2, 3, a much be~ter agreement  between experiment and theory  
is evident than  when the results of  our previous calculations were used. 

Calculated / values and band  shifts due to aza-substi tut ion reproduce the nice 
agreement  with experiment already found. 

After  the  present calculations were performed, the synthesis of  2,6-naphthy- 
ridine was published [4], and the UV spectrum of this new compound was taken [5]. 
The results were: z]E 1 = 3.9~0 eV; /1 = 0.06; z]E 2 = 4.842 eV; /2 = 0A2;  /[E~ 
= 5.959 eV; the  crosses in our diagrams correspond to this molecule. As they  lie 
close to  our regression lines, the equations given above were not  recalculated. 

We also wish to point  out  that ,  beside a bet ter  agreement  with experiment,  
the new calculations permit  a considerable saving of  comput ing time. The dimen- 
sions of  the C.I. matrices are reduced (apart f rom reduct ion due to symmetry)  
f rom t0  • ~0 and 17 • t7 to 5 x 5 and t0  • 10 for one and two ring compounds 
respectively, and the t ime for comput ing matr ix  elements is reduced by  a t/3 to 
1/15 ratio. 
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