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SCF CI Calculation of the electronic spectra of nitroso and nitro benzene 
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SCF calculation with CI has been found to give a reasonable value for the longest wave- 
length x-z* transition in nitroso and nitro benzene if a sufficient number of configurations are 
taken into considerations. The applicability of this method to the case of n-z* transition is, 
however, of doubtful validity. ~or the electron density approximation of chemical reactivity 
simple Hiickel calculation may be good enough if the parameters are carefully chosen. 

Eine SCF-CI-Berechnung ergab brauehbare Werte fiir die langwelligsten z-z*-Ubergi~nge 
yon Nitro- und Nitrosobenzol, wenn geniigend Konfigurationen in die Rechnung einbezogen 
werden. Jedoch ist der Wert der Methode ffir die ]8erechnung yon n-z*-I)berg~ngen zweifelhaft. 
Die Elektronendichte ist nicht wesentlich yon der der Hfickel-Theorie verschieden, so dab 
letztere fiir Fragen der chemischen l%eaktivitiit ausreichend erscheint, wenn die Parameter 
sorgf/iltig gew~hlt werden. 

Un ealcul SCF donne des 6nergies raisotmables pear les premi6res transitions z-z* de 
nitroso- et de nitrobenz6ne, quand on consid~re un nombre suffisant de configurations. Mais 
1'application de ce proc6d6 aux transitions n-z* est douteuse. Si l'on croisit soigneusement les 
param6tres, la m6thode simple de Hiickel semble suffir pour le calcul des densit6s 61ectroniques 
duns des probl~mes de r6aetivit6 chimique. 

The semiemperical SCF-LCAO-lVIO method with limited configuration inter- 
action (CI) has given encouraging results in the calculation of electronic Spectra 
of aromatic hydrocarbons as well as of a number of x-electron systems containing 
hetero atoms like nitrogen or oxygen. In  the latter case it has been observed that  
although the calculation reproduces the x-7~* transition reasonably well, the 
transition involving the non-bonding electrons on the hetero atom, i. e. so called 
n-x* transition comes out much higher than the experimental value. Inspire of 
this discrepancy the calculation of ~-x* transition has been useful in locating this 
transition with respect to the longest wavelength x-~* singlet and triplet band. 

As far as the author is aware of careful SCF CI calculations have not been made 
on x-electron systems contahfing two different hereto atoms. From the experi- 
mental point of view these compounds present a problem as to the assignmenv of 
their n-x* band. Further most of the biologically important compounds contain 
more than one hereto atom and the current lively interest in quantum biology 
demands that  the usefulness of SCF-CI method in the calculation of electronic 
structure of systems containing more than one hetero atoms must be carefully 
analysed. With this object in view SCF CI calculations were made on two simple 
x-electron systems namely- nitroso and nitro benzene, containing the two different 
hetero atoms oxygen and nitrogen. Recently M c E w ~  [4] has made some calcu- 
lations on nitroso and nitro methane and has discussed the theoretical principles 
underlying the evalution of various molecular integrals using atoms-in-molecule 
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approximation. The same procedure was followed in the present case but  attention 
was focussed mainly on the longest wavelength ~-~* and n-7~* transitions. 

The theoretical principles involved in the SCF-CI calculation have been 
discussed in greater detail by various authors [6, 7]. In the present work a machine 
computation was done to get complete self consistancy within the framework of 
this approximation. 

Method oi Calculation 

The machine computation uses the fact tha t  the single electron density matrix 
(i/2)P,~ is idempotent and that  the total energy is a minimum for correct p,~. An 
initial p~  usually based on the corresponding tIfickel type matrix is brought closer 
to satisfying the equations for the correct p,,. Then introducing the electron 
repulsion integrals, iteration procedure was carried out. Usually 10--11 iterations 
were necessary for self consistency to within 0.0001 e. v. 

After the self-consistency is obtained for the ground state energy the confi- 
gurational wave function for the excited states were constructed from the un- 
occupied orbitals. I f  we denote 1Zt_+~ for the singlet configurational wave function 
in which one electron is excited from an occupied orbital ~0~ to an unoccupied 
orbital ~0k, andthe corresponding triplet wave function as 3Zi-~k, then the excitation 
energy corresponding to transition i-->k may be expressed as follows: 

where 

E (1Zi~._>/c) = (lz, ._~ ~ [HllXi-.+lg ) -- (Zo [ H  [)~0) 

= ~ - ~, - ( i k i a  l ik) + 2 (ik I a [ ki) 

E (~z,~k) = (~z~-~ I H [ ~z~-~k) - (Zo [ H  I Zo) 

(Pq I G [ rs) = I Fp (1) Fq (2) (e2/r12) y'r (1) ~fs (2) dvj dv 2 
and ek are orbital energies. 

/i 7 

7 5 7 5 

The interconfigurational matrix elements were obtained in a similar way 

(3z/-+~ ] H 13Xj-~) = _ (ik [ ~ [//). 
An excited state wave function was approximated by a linear combination of 
singly excited configuration functions Zi-~l~. 

Selection of parameters: The a in the core ttamiltonian was calculated from 
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the valency state ionisation energy and two center integrals as suggested by 
PARISE~ and P a ~  [5]. In  the Hfiekel calculation following values of ~ were used, 

c~N= c~c + 0.2 

c~o= - c +  1.0# 

where ~c is the core Coulomb integral for carbon and flee the core resonance 
integral for a C-C bond. The core/~ was considered as an empirical parameter  and 
the following values were used for the various bonds, 

f l e e=  - 2.39 e.v. 

ficN=-- 1.60 e.v. 

fla~o = -  3.00 e.v. 
(for nitrosobenzere) 

f i i v o =  - 2.90 e.v. 
(for nitrobenzene). 

The various mono and bicentric integrals were either taken from the paper of 
McEw~g [4] or calculated by  method suggested by P ~ x s n ~  and P ~  [5]. 

n-z*  transitions 

The above formulation holds strictly for z-molecular orbitals and z-z*  tran- 
sitions. Recently AN~o and S•Do [1] have extended the SCF calculation with 
limited CI to take into account the non-bonding electrons explieitely along with 
the 7~-electrons in the calculation of transition energies in p-benzocluinone, for- 
maldehyde and aza-aromatics. The semiemperical calculations of the n-z* spectra of 
several molecules containing carbonyl groups has also been performed by SIDMA~ 
[8]. Although the results'  of these calculations are encouraging the agreement 
between the experimental and the theoretical n-z* transition energies is not as 
satisfactory as is the case with z-z*  transitions. A ~ o  and SADO [1] have suggested 
that  this discrepancy arises from the fact tha t  doubly excited configurations have 
been neglected for n-z* states. In  the present case procedure with only singly 
excited configurations has been performed in order to see ff doubly excited 
configurations are also important  in molecules containing two different hetero 
atoms. 

The non-bonding molecular orbitals were built as a linear combination of non- 
bonding atomic orbitals in a way similar to the calculation of ~/[CEWEN. The non- 
bonding electron on nitrogen was assumed to be irl a s p  ~ hybridised state while 
that  on oxygea was in a pure p-state. In  the calculation of matrix elements of the 
FocK Hamiltonian it was assumed that  each a tom now donates two electrons to 
the molecular orbital. As n-orbitals and z-orbitals have different symmetry  with 
respect to the molecular plane, only electron interactions involving nearest 
neighbours were taken into considerations in the calculation of n-z* transition 
energies. 

Results 

In  the Tab. I the various atomic parameters  used in the present calculations 
are summarised. 

When we wanted to know the energy of the state produced by CI from a 
configuration i, all configurations lying more than l0 e.v. above the configuration i 

7* 
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were neglected. This led to the mixing of Zs, 5 with g4, s for the calculation of long 
wavelength ~-~* transitions. For the n-s* transitions Zn, ~ and Zn, s configurations 

Table t .  Atomic parameters in e.v. ]or nitroso and nitro benzene 

5Titx'ose Nitro 

Ionisation energy Io(n) 
I~(~) 
Ic(~) 
Io(n) 
IN(n) 

Monoeentrie integrals (0~0:~/0~0~) 
(NnNn/NnNn) 
( C.C.IC.~C=) 
(o .o . /o .o . )  
( N..~ ./_~ .N  .) 

Bieentrie integrals (O:~O~/NnN~) 
( O.O~/ C~,C=,) 

(0.0~/C~C~5) 

( o . o . /  r 

(N=N~/C.~Caa) = (NnNu/CasC~s) 

(NnNn/C.6Cn6) 

(C~3Cs3/C~5C.5) = (C..C../C~7C~7) 
(C..C.dC.~C.6) 
(0.0.~/0.,0.,) 

t7.21 
14,63 
t l .22  
17.21 
14.32 

~4.52 
12.27 
t0.53 
14.52 

17.21 
14.16 
t l .22 
17.2t 

14.52 
t2.81 
10.52 
t4.52 

12.74 

9.06 
5.95 
5,04 
3.50 
3.34 
3.33 
4.t0 
7.68 
5.60 
2.84 
2.65 
7.30 
5.46 
4.90 

w 

8.88 
5.95 
5.15 
3.54 
3.35 
3.33 
4.10 
7.68 
5.60 
2.84 
2.65 
7.30 
5.46 
4.90 
6.58 

(o.o./N.zr 
(o.o. /o .o .)  
(NnN:~/O,~O~) 
(Nz~N:~/N.N.) 
( N ,~N ,~/O.O:~) 

13.65 
t2.76 

9.46 
l l . M  
10.85 

Table 2. Calculated and experimental transition energies 

Calc. (e. v.)  Obs, (e, v . )  ~ 

t2.76 
9.46 

/or nitroso and nitro benzene 

Nitroso n-~* singlet (4,6) 
z-n* singlet (3,5) 
s-~t* triplet (4,6) 
n-n* triplet (3,5) 
n-n* singlet (n,5) 
n-~* singlet (n,6) 

Nitro n-n* singlet (5,7) 
n-~* singlet (4,6) 
n-~* triplet (5,7) 
n-z* triplet (4,6) 
n-~* singlet (n,6) 

(Experimental data on triplet transitions were not available 

5.188 
5.165 
4.363 
4.099 
0.006 
1.461 

4.780 
5.900 
4.263 
4.323 
3.691 

for corn ,arison.) 

4.710 
4.506 

t .560 

4.420 
4.782 

3.752 

were mixed .  The  resul t s  of  these  ca lcu la t ions  are s u m m a r i s e d  i n  T a b .  2. T h e  
e x p e r i m e n t a l  d a t a  on  t h e  t r i p l e t  t r a n s i t i o n s  were n o t  ava i lab le  for compar i son .  
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D i s c u s s i o n  

A number  of  interesting conclusions m a y  be drawn from the results of the above 
calculation. The calculated z - z *  singlet appears at  a higher energy than  the 
experimental  value. The introduct ion of  extensive configuration interaction will 
bring the calculated valne close to the experimental  transition. For  the n-z* 
transition, however, the  calculated transi t ion energies are consistently lower than  

1 

1.1815 0.9653 
0.9563 0.8604 

--0.0737 0.2334 
--0.1417 0.0672 

0.0066 --0.0152 
0.0955 --0.0475 
0.0114 --0.0241 

--0.1334 0.0630 

Table 3. SCF charge and bond-order matrix ]or nitroso benzene 

2 3 4 5 6 

--0.0737 
0.2334 
1.0137 
0.6479 

--0.0031 
--0.3237 
--0.0t34 

0.6443 

--0.1417 
0.0672 
0.6479 
0.9918 
0.6679 
0.0234 

--0.3279 
--0.0384 

0.0066 
--0.0152 
--0.0031 

0,6679 
0.9813 
0.6662 
0.0193 

--0.3302 

0.0955 
--0.0475 
--0.3237 

0.0234 
0.6662 
0.9828 
0.6623 
0.0208 

7 I s 

0.0114 -0.1334 
--0.024t 0.0630 
--0.0143 0.6443 
--0.3279 --0.0384 

0.0193 --0.3302 
0.6623 0.0208 
0.9779 0.6723 
0.6723 1.0106 

1 
2 
3 
4 
5 
6 
7 
8 
1' 

Table 4. H/)eKEL and SCF charge and bond-order matric ]or nitro benzene 
I-II~CKEL 

x I 2 / 3 ,t 4 
I 

1.6654 0.6199 --0.0592[ --0.148C 
0.6199 0.7733 0.3833! 0 t +  

i 

_00592  0.38331 10188 0613  
- 0 1 4 8 0  0.1019! 0.6139 0.9559 

00125 - 0 0 4 5 t l - 0 0 0 5 t 1  0.6780 
0.1155 --0.0909 --0.3030 0.0404 
0.0125 --0.045t --0.0051 --0.3220 

I --0.t480 0.1019 0.6139 --0 0441 
--0.3346 0.6199 --0.0592 --0.1480 

t [ 1.5925 
2 I 0.6841 
3 0.0251 
4 --0.0807 
5 --0.00tl 
6 0.0510 
7 --0.0098 
8 I --0.0715 
1' --0.4073 

5 ! 6 

0.0125 ~: 0.1155 
--0.04ol I --0.0909 
--0.00511 --0.3030 

0.67801 0.0404 
1.0014! 0.6590 
0.65901 0.9624 
0.00141 0.6590 

--0.3220 0.0404 
0.0125 0.1155] 

SCF 
0.684t I 0.0251[ --0.0807l --0.001~ 
0.8125[ 0.1675[ 0.0156[ ,0 .0109 
0.1675 0.8516 0.64831 0.0239 
0.0t56 0.6483! 1.0296 0.6709 

~0.0109[ 0.0239] 0.6709 / 1.0243 
--0.0063/--0.32681--0.05221 0.6636 
--0.01091 --0.0239] --0.3277 --0.0277 

0.0156 0.6483i 0.08161--0.3277 
0.6841 0.0251 - 0 . 0 7 1 5 - 0 . 0 0 9 8  

I 7 1 8 1' 

0.0125 [--0.1480 --0.3346 
0,0451 I--0.1019 --0.6199 

--0.0051 0.6139 --0.0592 
--0.3220 --0.0441 --0.1480 

0.0014]--0.3220 0.0125 
0.6590! 00404 01t55 
10014 0.6780 0.0125 
067801 0.9559[-0.1480 
o.o1251-o 148o ~ 1.6654 

o.o51ol-0.oo981-0.o7151-o.4o73 
- 0 . 0 0 6 3 [ - 0 . 0 1 0 9 [  0.0156[ 0.6841 
-0.32681 0.02391 0.64831 0.0251 
--0.0522--0.3277 / 0.0816--0.0715 

0.66361--0.0277]--0.3277[--0.0098 
1.04301 0.66361-0.05221 0.0510 
0.6636 1.0243~ 0.6709-0.0011 

--0.0522 0.6709 1.02961--0.0807 
0.0510--0.0011 --0.0807 1.5925 

the observed values. Taking more configurations into account  will not  correct this 
error in calculation .This error m a y  arise f rom the fact  t ha t  (i) the state of  hybridi- 
sation of the  non-bonding electrons has not  been correctly assessed and (2) the 
atoms-in-molecule approximat ion is not  very  well justified in the calculation of  
various two center integrals involving non-bonding and z-electrons. 

I n  the case of  nitroso benzene it has often been asked ff in the n-~* transi t ion 
the non-bonding electrons come f rom nitrogen or oxygen lone pairs (3). I n  the 
non-bonding molecular orbital the  two lone pair  a tomic orbitals make almost equal 
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contributions. So in this formulat ion of SCF calculation we can not  speak in terms 
of  nitrogen or oxygen electrons separately. 

We m a y  conclude tha t  SCF calculation with CI is quite good for the calculation 
of  ~-7~* electronic spectra of  molecules containing two different hctero a t o m s  pro- 
vided Sufficient number  of configurations are taken  into account.  For  the calcu- 
lation Of n-~* transitions, however, applicability of  the method  is of  doubtful  
validity. 

I n  the Tab. 3 and 4 the SCF charge and bond-order  matr ix  for nitroso and 
nitro benzene are reproduced. A comparison of the  Hi3c~:EL charge and bond-order 
matr ix with the SCF one for nitro benzene shows tha t  in the  quali tative interpre- 
ta t ion  of chemical react ivi ty  in terms of electron densi ty simple Hiickel calcu- 
lation with proper parameters  m a y  be good enough. 

Sincere thanks are due to Prof. P. 0. LSwDI~, Uppsala, Sweden, for laboratory facilities, 
where a part of the work was done and to Mr KLAus APP~L for Machine Computation on 
Alwac-III at Uppsala. 
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