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The u-e lec t ron ic  s t r u c t u r e s  of the anion and cation rad ica l s  of 1 ,2 ,5-oxa- ,  1 ,2 ,5- th ia- ,  and 
1 ,2 ,5-se lenadiazoles  and the i r  benzologs  were  inves t iga ted  within the f r a m e w o r k  of the MO 
LCAO method within the approximat ion  of ze ro  di f ferent ia l  over lap  by the P a r i s e r -  P a r r -  
Pople method for  open shel ls  and by  the L o n g u e t - H i g g i n s - P o p l e  method (the "ha l f -e lec t ron"  
method).  The two methods give c lose  r e s u l t s .  

The e lec t ron ic  s t r uc tu r e s  of the anion and cation r ad i ca l s  of 1 ,2 ,5-oxadiazole  (I), 1 ,2 ,5- thiadiazole  
(II), 1,2,5- se lenadiazole  (liD, 2 ,1 ,3-benzoxadiazole  (IV), 2,1,3 , -benzothiadiazole  (V), and 2 ,1 ,3 -benzose leno-  
diazole (VI) were  invest igated in the p r e s e n t  r e s e a r c h  within the f r a m e w o r k  of the MO LCAO method and 
the r - e l e c t r o n  approximat ion .  The calculat ions were  made  by  the P a r i s e r - P a r r - P o p l e  (PPP) method for  
open shel ls  [2] and by the L o n g u e t - H i g g i n s - P o p l e  (LHP) method [3].t 

The P P P  method for  open shel ls  is a s e m i e m p i r i c a l  var ian t  of the Roothaan me thod  [4]. The o ther  
s e m i e m p i r i c a l  a p p r o a c h -  the LHP m e t h o d -  is also ba sed  on the Roothaan methodbu t  differs  f r o m  the P P P  
method with r e s p e c t  to i t s  d i s r e g a r d  of ce r t a in  t e r m s  in the express ion  for  the total  energy [5]. This  m e t h -  
od makes  i t  poss ib le ,  for  example ,  in the calculat ion of the total  energy  of doublet  s ta tes  to use  equations 
obtained for  s y s t e m s  with c losed e lec t ron  she l l s .  The appl icat ion of the LHP method to open e lec t ron  she l l s  
is t he re fo re  a t t rac t ive  because  p r o g r a m s  composed  for  s y s t e m s  with c losed e lec t ron  shells  can be used  
for  calcula t ions  with a compute r .  However ,  one should b e a r  in mind that the LHP method is not comple te ly  
equivalent  to the P P P  method.  A c o m p a r i s o n  of the r e su l t s  obtained by these  methods the re fo re  s e e m s  of 
definite in te res t .  It has been found that the r e su l t s  of the two methods a re  c lose  for  a la rge  number  of 
hydrocarbon  s y s t e m s  [5, 6]. In the p r e s e n t  r e s e a r c h  we se t  out to accompl i sh  two things: 1) make  a thorough 
analys is  of the r e su l t s  of the calculat ions of the e lec t ron ic  s t ruc tu re s  of he te rocyc l i c  anion rad ica l s  of I -  
VI molecu les  by  the P P P  and LHP methods;  2) e s t ima te  the ionization potent ia ls  and e lec t ron affinit ies of 
the I -VI  molecules ,  cons ider ing  these  values  to be  the d i f ferences  in the total  ene rg ies  of the molecu les  and 
the total  energ ies  of the cor responding  cat ion or  anion rad ica l s .  

The s ame  I/~ (ionization potential  of a tom p), 3~/~v (the coulombic integral) ,  and fl/~v ( resonance  integral)  
p a r a m e t e r s  as in [7] were  used in the solution of these p r o b l e m s .  The calcula t ions  were  made  in the c o m -  
puter  cen te r  of the Academy of Sciences of the USSR with a BI~M-3 compute r  with p r o g r a m s  composed  by 
the authors .  The total  energ ies  of the anion and cation rad ica l s ,  (M-) and (M~, r e spec t ive ly ,  for  molecu les  
(M) I-VI,  ca lcula ted  by the P P P  (E PPP)  and LHP (E LHP) methods a re  p r e sen t ed  in Table  1. It follows 
f r o m  Table  1 that  the E P P P  (M~.) and E LHP (M~.) values  cor responding  to the (M. ~) ion rad ica l s  differ  l i t t le  

*see [1] for  communica t ion  XX. 
tTh i s  method is cal led the "ha l f - e l ec t ron  method" in the l i t e r a tu re  [3]. 
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TABLE 1. Total ~r-Electron Energies  of the I-VI Molecules and of 

the Corresponding Anion and Cation Radicals (in eV) by the P P P  
(E PPP)  and LHP (E LHP) Method* 

I 
II 

III 
IV 
V 

V[ 

I 
181.31 / 182,80 18~79 
157;9o / ~6o,o61 16o,os 
15212 / 154,82 I 154,81 
341,87 ~ 344.38 I 344,35 
316,26 I 319,22 319,18 
312.34 I 315,55 315,53 

e~ 
:q 
i 

169,61 
I46,59 
142,71 
332.06 
306,40 
302,72 

1 

169,60 
146,57 
142133 
332,05 
305,50 
302,74 

11,76 
I 1,41 
10,20 
9.85 
9.81 
9,88 

t 
11,70 
] 1,3I 
10,01 
9,81 
9,86 
9,62 

11,71 
I 1,33 
10139 
9,82 
9.76 
9,60 

1.45 1,49 
2,08 2,16 
2,05 2,10 
2,46 2,51 
2,88 2,96 
2,99 3,21 

i:z,, 

1,48 
2,15 
2,09 
2.48 
2,92 
319 

*The I(M) and A(M) values are  the ionization potentials and elec-  
tron affinities of the M molecules determined by the Koopman 
theorem: IPPP/LHp (M) = EPPP/LHP(M +) - E(M), and A PPP/LHP 
(M),= E(M)- E PpP/LHP (MT)" 
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F i g .  1. 
in the anion radica ls  of the I-VI molecules found by the P P P  

method. 

Distribution of the 7r-electron density and bond orders  

(~ 0.01-0.04 eV) f rom one another.  An exception to this is the cation radical  of the III molecule,  for which 
E p p p  {III +) - ELHP(II I .  +) = -  0.38 eV. The total ~r-electron energies of the cation radicals  of benzo-con-  
densed molecules IV-VI decrease  f rom oxygen to sulfur to selenium (Table 1). This resul t  is in agree-  
ment with the resul ts  of a m a s s - s p e c t r o m e t r i c  experiment:  the fract ion of molecular  ions with r e spec t  
to the sum of all of the ions (W) that a r i se  f rom the IV-Vt molecules  increases  in the same order  and 
proves to be higher, the lower the s tore  of u-electron energy of the corresponding cation. It was found 
that W IV = 0;26, W V = 0.35, and W VI -- 0.49.* 

The f i rs t  ionization potential [I(M)] and the electron affinity [A(M)] of the neutral  molecule (M) were 
evaluated as the absolute value of the difference in the total ~r-electron energy  E(M) of molecule (M) and 
the energy of the cation or  anion radical  [E(M~] cor respondin~to  this molecule.  The resul ts  obtained 
a re  presented in Table 1. It is seen that the IPPP(M) and ILH~'(M) values and fhe APPP(M) and ALHP(M) 

*We thank Yu. S. Nekrasov for  his ass is tance in measur ing and analyzing the mass  spec t ra  of IV-VI. 
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Fig.  2. D i s t r i b u t i o n  of the + - e l e c t r o n  dens i ty  and bond  o r d e r s  
in  the an ion  r a d i c a l s  of the I -VI  m o l e c u l e s  found by  the LHP 

method .  

Spin D e n s i t i e s  on the Atoms  in  the An ion  R a d i c a l s  of TABLE 2. 
the I -VI  M o l e c u l e s  

Mole- Atom 
cule P* 1 2 3 4 5 

I Pppp . 0.091 0,295 0,159 0,I59 
0]04 0,322 0.127 0,127 

LHP 0,{)96 01307 {% 145 0,145 

popp P 0.072 0,286 0,178 0,178 
0,053 0,316 0,158 0.158 

I I ~ LHP 0,062 0,299 0,170 0.170 

pppp 0,062 0.272 0,196 0,196 
I I I p 9 L HP 0.029 Q,301 0+.186 0,186 

&038 0,288 O. 192 O~ 192 

pppp 0,074 0.204 0,039 0,128 
0,,097 0,248 0,031 O, 109 

IV pLHP 0.{)74 0,197 0,028 0,146 
peXp -- 0220 -- 0,145 

pppp 0,071 0.225 0,067 0,092 
0,067 0,277 0,055 0,080 

V oLHP 0.063 fl,223 0,051 0,I 12 
peXp _ 0+210 -- 0,107 

ppppp {).055 0,216 0,075 0,096 
0,039 0.251 0,066 0,094 

VI 9LHP 0,044 01211 0,062 0,116 
peXp _ 0,240 --  0,087 

*The Ovaiue is  the sp in  dens i ty  d e t e r m i n e d  with r e s p e c t  to the 
lower  vacan t  o rb i t a l  of the n e u t r a l  m o l e c u l e ,  t h e p P P P / L H P v a l -  
ue is  the sp in  dens i ty  found by  the P P P  o r  LHP method ,  and 
pexp va lues  a r e  the e x p e r i m e n t a l  da ta  f r o m  [8, 9]. 

0,295 
0.322 
0.307 

Q,286 
0,316 
0,299 

0.272 
0,301 
0288 

0,090 
0,063 
0~.091 
0,087 

0,079 
0.O55 
0,082 
0,066 

0,084 
0,068 
&089 
0,087 

v a l u e s  a r e  c lose  t o  one a n o t h e r .  An excep t ion  to this  is  the ( I I I~  ion r a d i c a l  m e n t i o n e d  above .  F o r  c o m -  
p a r i s o n ,  the ion iza t ion  po ten t i a l s  and e l e c t r o n  a f f in i t i es  d e t e r m i n e d  by the Koopman t h e o r e m  a r e  p r e s e n t e d  
in Tab l e  1. T h e s e  v a l u e s  d i f fer  f r o m  the va lues  found by  the methods  m e n t i o n e d  above by  up to 0.3 eV. 
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Moreover ,  the e lec t ron  affinity found by the P P P  and LHP methods proved  to be  g r e a t e r  than the value 
de te rmined  f rom the Koopman theo rem.  

We note that the e lec t ron  affinit ies [A(M)] for  IV-VI de te rmined  both f r o m  the Koopman t h e o r e m  and 
b y t h e P P P  and LHP methods inc rease  in the o rde r  X = O, S, and Se. The difference between the energies  
of the ground s ta tes  of the IV-VI molecules  and the energ ies  of the cor responding  anion r ad ica l s  de te rmined  
by the P P P  method also i nc rea se  f r o m  oxygen to sulfur  to se lenium.  In addition, according to the ex p e r i -  
menta l  data [7], r e v e r s i b l e  one -e l ec t ron  t r a n s f e r  under  po la rography  conditions p roceeds  m o s t  read i ly  for 

�9 benzoselenadiazole  and with g rea te  st difficulty for benzothiadiazole;  benzoxadiazole  occupies  an i n t e r m e -  
diate posi t ion.  I t  is poss ib le  that the a e lec t rons  should be  taken into account explici t ly in o rde r  to obtain 
be t t e r  ag reemen t  between the r e su l t s  of the calculat ion and these exper imenta l  data.  The fact  is that an 
unpaired e lec t ron  impinging on the molecule  may  be delocal ized in the a r a t h e r  than in the v o rb i ta l s .  The 
calculat ions c a r r i e d  out within the ~ approximat ion the re fo re  may  not always insure  the des i r ed  cor re la t ion .  
The calculat ions that we c a r r i e d  out by the CNDO/2 method for  benzoxadiazole  (IV) and benzothiadiazole  
(V) molecu les  lead to an inequality in the e lec t ron  affinit ies of the f o r m  A(V) < A(IV). This  inequali ty is 
in complete  ag reemen t  with the exper imenta l  data. 

�9 The ~-e lec t ron  densi t ies  on the a toms and the bond o rde r s  in the anion rad ica l s  of the I -VI  molecules  
calculated by the P P P  and LHP methods a re  p re sen ted  in Figs .  1 and 2. The two methods lead to p i c tu re s  
of the e lec t ron  density distr ibution that a r e  in quali tat ive ag reemen t .  The spin densi t ies  (o.3 on a toms p in 

�9 " PPP " od LHP a e the anlon radicals of the I-VI molecules found by the PPP method (p~ ) and the LHP mete, (0.) r 
presented in Table 2. The ;9~ values determined from calculations of the neutral molecule with respect to 
the lower vacarlt orbitals are also presented in Table 2 for comparison. It follows from Table 2 that in 
anion radicals from five-membered heterocycles and from their benzo derivatives the spin density on the 
key heteroatom found by the PPP and LHP methods and determined with respect to the lower vacant orbital 
of the neutral molecule decreases from oxygen to sulfur to selenium. In all three of the variants it turns 
out that the highest spin density in the anion radicals of the I-VI molecules is found on the nitrogen atoms. 
The highest spin density in the six-membered ring of the anion radicals from the IV-VI molecules is found 
on the 4 atom, and the lowest spin density is found on the 3 atom. These results are in complete agree- 
ment with the experimental data (compare the results with the o~ exp values, which are also presented in 

Table 2). 

It follows from the results of our calculations that the three methods used to calculate the fundamental 
characteristics of the electronic structures of the anion and cation radicals of the I-VI molecules are prac- 
tically completely equivalent. However, substantial deviations are observed for the ionization potentials 

and the electron affinities. 

In conclusion, we thank D. A. Boehvar for participating in the discussion of our results. 
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