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The semiempirical MO-LCAO-SCF theory by Pariser, Parr and Pople in an extension 
proposed by OHio is used to calculate z -+ ~* and n -+ ~* transition energies, lone pair ioniza- 
tion potentials and electric dipole moments for some azines. The results indicate that with the 
method used it is impossible to take account of both excitations and ionizations from lone pairs 
with a single set of parameters. The reasons for this failure of the method are discussed. 

Mit der PPP-)/Iethode in der Erweiterung yon O ~ o  wurden ~-~ z* und n-+ z* Anre- 
gungsenergien, Ionisationspotentiale einsamer Paare und Dipolmomente yon einigen Azinen 
berechnet. Es zeigt sich, dal] es mit der genannten Methode nicht m6glich ist, Ionisations- 
potentiale und Anregungsenergien mit einem einzigen Parametersatz zu erfassen. Die Grfinde 
dafiir werden angegeben. 

Nous avons utilis~ la th~orie semi-empirique de Pariser, Parr et Pople, dans la version de 
O ~ o ,  pour ca]culer les 4nergies des transitions 7~ --> ~* et n -~ ~*, les potentiels d'ionisation 
des paires libres et les moments dipolaires de quelques azines. Les r~sultats indiquent l'impos- 
sibflit4 de tenir compte k la lois avec un seul jeu de param~tres des excitations et des ionisa- 
tions de paires libres. Les raisons de cet ~chec de la m6thode sont discut@es. 

1. Introduction 
Semiempir ica l  me thods  to  pred ic t  n-~7~* t r ans i t i on  energies have  been 

p roposed  by ,  among others,  GOODMAN [9], ANNO and  SADO [2] and  OHNO [22]. 
AN~o a n d  O~No, bo th  using extens ions  of  the  Pa r i s e r -Pa r r  m e t h o d  [25, 26, 27], 
ob ta ined  sa t i s fac to ry  resul ts  for fo rma ldehyde  [1, 22], while the  former  got  much  
too  high n - ~  ~* t r ans i t i on  energies for pyraz ine  and  pyr id ine  [2]. Fo r  fur ther  
references and  deta i l s  on the  n -7 z*  theor ies  we refer  to  su rvey  art icles  b y  SIDMA~ 
[29] and  GOODMAn [10]. 

The purpose  of  the  presen t  work  is to  show how Ohuo 's  m e t h o d  works  for some 
IN-heterocyclie molecules.  W e  have  ca lcu la ted  t r ans i t i on  energies for pyr id ine ,  
pyr idaz ine ,  pyr imid ine ,  pyraz ine  and  s-tr iazine.  W e  have  also ca lcu la ted  the  
electr ic dipole  moments .  F o r  the  a-electrons  we have  used the  semiempir ica l  
m e t h o d  b y  DEL RE [5]. O~GEL [24] using ano the r  m e t h o d  predic ts  abou t  the  same 
values  for the  a-e lec t ron  momen t .  

* A preliminary report has been given in preprint QB 19 from the Quantum Chemistry 
Group, Uppsala University (Sept. 1964). 
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70-Years Fund for Swedish Culture, Knut and Alice Wallenberg's Foundation, and in part by 
the Aerospace t~esearch Laboratories, OAR, through the European Office of Aerospace 
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2. Method 

a) Energy calculations 
The procedure used in this work is essentially the semiempirical MO-LCAO- 

SCF method outlined by  PARISE~, PAI~I~ and POpLE [25, 26, 27]. 
When we neglect penetration integrals and use atomic units throughout we 

get the following matr ix  elements for the z-electron part  of the effective Hamil- 
tonian : 

H~ ,=  /9~( i )  5F(e~9"(l) d~, = V~+�89 ~ ( P , z - t )  y,~ (t) 

Httv = j" 9/~(l) ~f~(el)ff9v(t) C~gl = fil~ -- + P,v  ~?t~, (2)  

where 

U~ J 9~ [ -- �89 V 2 § V~] 9~ d~ (3) 

P~,~ = 2 ~ c,~.c+ (4) 
i 

the summation index goes over all doubly occupied orbitals. 

y.~ = (9,  9 ,  ] 9~ 9~) (5) 

~ = 9 , ( t )  [ - ~ V~ + 2 vAI)]  9~(~1 & l .  (6) 

We assume a sp<hybrid orbital for the lone p a b  electron on the nitrogen atom. 
Using the method outlined, we obtain the equivalent of Eq. (l) for a lone pair n 
on a tom NI: 

H ~  = u~ + ~ ( P , .  - 1) y ,~  + ( P ~ . ~  - l)  (yN~ - �89 ~ )  (7) 
p%N, 

~ x~ = (9~ 9 ~  E 9~ 9 ~ ) .  (s) 
The various integrals were estimated as follows. For U~ we used the GOE~ERT- 
MAY~R-SKLA~ approximation [7] : 

U~ = -- I~ 

where I~ is the valence state ionization potential of atom ~./9 is treated as a semiem- 
pirical parameter,  we omit f i y s  for non-nearest neighbours. For the electron 
repulsion integrals we used: 

?~ = Iv - E~ (9) 

where E:  is the electron affinity for atom v. For the integrals Yz, OE~o [21] pro- 
posed the formula: 

1 
r,~ = (R~ + s  (10) 

where 

a;~ = �89 (~.. + >~) (19 

and Rz~ is the internuclear distance of atoms # and v. 0 ~ o  [22] also introduced 
the approximations 

-=(>/ 

= x ?~T~ ~, (13) 
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where (Y-~t and ( ~ )  the integral values calculated by  using Slater orbitals. \y~/so so are 
I n  the present calculation we neglect the interactions between different lone 

pairs. 
For  the singlet and triplet t ransi t ion energies we get the following expressions : 

~ E ( ~  -~ ~*) = e~ - ~ - ( ~  ~0~ I ~z  ~ l )  + 2(~,~ ~ ] ~,~ ~z)  (14)  

3 E ( ~  -~ ~*) = ~k - e~ - ( ~  ~ 1 ~ ~ l )  (15)  

where s~ stands for the energy of the unoccupied molecular orbital F~ and sl for 
the occupied orbital Fl. I n  calculating n -~ ~* transit ions we also used Eqs. (i4) 
and (15). I n  this case 1 stands for the lone pair  orbital. 

A limited configuration interact ion calculation was done for the excited states 
using the wavefunct ions ~fs-~4 and Y~2-~5 where F ~ - ~  is the singlet or triplet 
configurational wavefunct ion in which an electron is excited from an occupied 
molecular orbital y~ to  an unoccupied orbital F~ [28]. 

b) Dipole moment calculations 

The 7~-electron dipole momen t  was calculated according to  the formula : 

D~ = e ~ P~'R~o (i6) 

where the index ~ runs over all a toms;  e is the charge of  the electron; R~0 is the 
distance from a tom u to  a reference point.  The a-electron momen t  was calculated 
using the method  by  DEL R n  [5]. He  treats  the lone pair  electrons as well as the 
a-electrons by  a semiempirical method.  The tota l  electric dipole momen t  was then 
taken to be the sum of the z-  and a-moments .  

c) Values used in the calculation 

The following ionization potentials and electron affinities were used: I c  
= i t .16  eV, E c  = 0.03 eV, I n  = 14.i2 eV, E n  = 1.78 eV and Inn = 15.09 eV [12]. 

The fi-values adopted were: rice = 2.39 eV [25], flc• = 2.58 eV [25] and 
finn = 3.16 eV. 

For  pyrazine [30], pyrimidine, pyridazine and s-triazine we pu t  all angles equal 
to  120 degrees and Rc c  ~ 1.39 A, Rc n  = t .36 A (1.35 A for pyrazine) and Rnn  - 
= 1.33 ~.  For  pyridine we used the values given in Ref. [30]. (Rcn =- 1.34 A, 
Rcc  = i.39 and 1.40 A and the angles 1i7 ~ t24 ~ 119 ~ and t18~ 

3. Results 

Table 1. Calculated orbital energies (in atomic units) 

molecule orbital energy 
~1 ~2 ~3 8"4 ~5 E 6 en = H n n  

pyridine 0.119 0.003 -0.013 -0.418 -0.450 -0.566 -0.524 
pyrazine 0.116 0.005 -0.030 -0.4t2 -0.488 -0.583 -0.531 
pyrimidine 0.1t8 0.002 -0.016 -0.430 -0.473 -0.581 -0.525 
pyridazine 0.118 -0.006 -0.018 -0.430 -0.462 -0.599 -0.528 
s-triazine 0.114 -0.009 -0.009 -0.475 -0.475 -0.597 -0.531 
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Table 2. Lowest singlet and triplet energies (/n eV) 

Energy 5Iolecule 
pyridiim pyridazine pyrimidine pyrazine s-triazine 

.~ -+ z* singlet calculated 
calc. with CI 
observed 

triplet calculated 
cale. with CI 
observed 

n - + z *  singlet calculated 
observed 

triplet calculated 
observed 

5.81 6.11 6.00 5.45 6.47 
5.04 5.25 5.28 4.93 5.32 
4.95 [11] 5.00 [16] 5.15 [11] 4.77 [11] 5.29 [11] 
4.22 4.33 4.32 3.49 5.22 
4.16 4.30 4.27 3.47 5.19 
3.67 [6] - -  - -  - -  4.59 [13] 

8.21 7.68 7.85 7.40 8.07 
4.59 [17] 3.40 [19] 3.85 [19] 3.83 [19] 3.91 [4] 
7.57 7.05 7.45 6.71 7.83 
- -  - -  - -  3.22 [23] - -  

Table 3. Di/Jerences between calculated and observed lonepair energies (in eV) 

pyridine 
pyridazine 
pyrimidine 
pyrazine 
s-triazine 

Ionization potential 
calculated observed 
(from (Ref. [3, 
Tab. ~) 23]) 

difference 
}~irst singlet n -+ 7~* transition 
calculated observed difference 
(from (from 
Tab. 2) Tab. 2) 

14.24 9.76 4.48 8.21 4.59 3.62 
14.36 9.86 4.50 7.68 3.40 4.28 
14.26 9.91 4.35 7.85 3.85 4.00 
14.46 10.01 4.45 7.40 3.83 3.57 
~4.45 10.07 4.38 ]8.07 3.9t 4.t6 

Table 4. Calculated and observed electric dipole moments (in Debyes) 

calculated calculated calculated observed 
:~-el. moment a-el. moment total moment (l~ef. [18]) 

pyridine 0.97 0.76 1.73 2.2 
pyridazine 1.34 :1.28 2.62 3.9 
pyrimidine 0.80 0.72 1.52 2.4 
pyrazine 0 0 0 0 
s-triazine 0 0 0 0 

~ ~Oqg O.MO~ 
~ L  )O.S60 a.OSLN~!~ 

_fZr/d/ne Pyridazine 
1.206 o.76q 

~'L~N/J ~L~N~ 3~cc~s ~N/]a82s 
ffyrazine Pvrimi#/ne s-/riaz/'ne 

~ig. 1. Charge and Bond Orders 
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Table 5. Formal charges o/the ~- and ~-electrons 

~[oteculc Atom Formal charges 
~-electrons ~-electrons total 

pyridine 1X 1 - 0 A 43 - 0.257 - 0.400 
C 2, C 6 0.027 0A40 0A67 
Ca, C 5 -0.024 -0.049 -0.073 
C~ - 0.029 0.075 0.046 
H e 0.036 0.036 
H a 0.032 0.032 
H~ 0.031 0.031 

pyrimidine 1~1, 1~ 3 -0.135 -0.329 -0.464 
C 2 0.084 0.312 0.396 
C~, C 6 0.028 0.236 0.264 
C 5 -0.018 -0A26 -0A44 
I-I 2 0.042 0.042 
H~ 0.037 0.037 
H 5 0.032 0.032 

pyridazine I~1, ~2 -0.079 -0A12 -0A91 
C a, C~ 0.033 0.092 0A25 
C a, C 5 -0.023 0.020 -0.003 
H a 0.037 0.037 
H~ 0.032 0.032 

4. Discussion 

The 7~ -+ ~*- t rans i t ion  energies have been calculated successfully several t imes 
before with the same method  as used in  the present  work. As only minor  changes 
in the choice of the parameters  were made here we could expect satisfactory 
agreement  with experiment .  This is also obtained.  F u r t he r  we see t h a t  the custom- 
ary  l imited configuration in te rac t ion  is of importance.  This is not  surprising either. 
An  azine can be thought  of as a per tu rbed  benzene molecule, and  in  the la t ter  the 
in te rac t ing  configurations are degenerate.  

Nei ther  the lone pair  potent ia ls  nor  the n -+ ~*drans i t ions  come out  very  well, 
The calculated values are all too large, on the average 4.43 eV for ionizat ion 
potent ia ls  ( I P ' s )  and  3.93 eV for lowest singlet n ~+~* transi t ions.  To a large 
ex ten t  this  mus t  be due to the choice of the parameters  U~. We have following 
PARISER and PAa~ [25], made use of the Goeppert-Mayer-Sklar approximation 

[7] and put U~ = -- Ii, where li is the valence state ionization potential of the 

atom under consideration. Hush and PO~LE [15] in a calculation of molecular IP's 

used Ui as a semiempirical  parameter  and  were thus  able to ob ta in  good ~-elec- 
t ron  I P ' s  for a n u m b e r  of conjugated  hydrocarbons.  The same idea was used for 
lone pair  I P ' s  of azines b y  NAKAJIMA and  P~LL~A~ [20] with equal ly good results. 
I n  our case (see Tab.  3) this gives us lone pair  ionizat ion potent ia ls  wi th in  0.07 eV 
of the exper imental  values. Wi th  the method  used here we get for the ionizat ion 
potent ia l  of benzene i i . 3 0  eV (observed 9.52 eV [3, 23]. Using the I P  of benzene 
as a s t andard  the 7~-energies increase t.78 eV. The net  decrease of the n -~ ~*- 
t rans i t ion  energies will thus  be 2.65 eV, leaving a remain ing  error of about  1.3 eV. 

On the other h a n d  we could adjus t  the n -+ ~*- t ransi t ions  to e.g. pyr idine and  
ob ta in  more reasonable results for the others, bu t  t hen  the I P ' s  are not  t aken  in  
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account.  I n  tha t  way  G o o D M ~  and HARREL [9], with a refined Hfickel method,  
were able to get sat isfactory n ~ ~*-transit ions for a large number  of  nitrogen- 
containing heterocyclic molecules. We can thus conclude tha t  with the present 
methods  it seems impossible to take  account  of  both  excitations and ionizations 
from lone pairs with a single set of  parameters.  

ANEo and S•DO [2] calculated pyridine and pyraziue n -~ ~*-transitions with 
the Pariser-Parr  configuration interact ion me thod  adhering to  the Goeppert- 
Mayer-Sklar  approximation.  I n  order to obtain  agreement  with experiment they  
assumed large deviations from spa-hybridization for the nitrogen a toms in both  
ground and excited states. They  assumed the lone pair  to have very  little s- 
character  and the bonding orbitals to be of  almost sp-type. For  the same problem 
HOFFMANn [14] used a Hficke] scheme which included the a-electrons explietly and 
obtained a "delocalized lone pair"  also with very  htt le s-character on the nitrogen 
atom. 

The present authors do not  favour  deviations from sp~-hybridization of  the 
lone pair  as the explanat ion of  the failure of  the present method.  Bo th  pyridine 
and s-triazine for which accurate measurements  of  the bond angles are available 
have in their ground states C-N-C angles somewhat  less t h a n  120 ~ ( l i 7  ~ and i t 3  ~ 
respectively). I f  the criterion of maximal  overlap has some meaning and the 2s 
and 2p orbitals can be t rea ted  separately from the other shells, these da ta  indicate 
t ha t  the lone pair  has slightly more s-character than  in spP-hybridization. As to 
Hfickel schemes, these are known to overest imate delocalization. At  present it 
therefore seems difficult to  make safe estimates of  the lone pair  character  from 
the type  of  calculations ment ioned above. 

There are several effects neglected in our calculation which certainly are o 
impo1%anee, e.g. interactions between lone pairs and charge redistr ibution and 
change of  nuclear conformation following excitat ion or ionization. Moreover the 
theory  used is semiempirical and stands on a ra ther  weak theoretical  foundation,  
which ought  to  be fur ther  invest igated before refinements are made. 
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