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The Green's function method for the calculation of vertical excitation energies 
is adapted to the CNDO and INDO approximations by introducing an 
effective interaction into the irreducible vertex part. The computational 
scheme is explicitly developed for closed-shell molecules and applied to H20, 
H2CO, HCOOH, HCONH2. 
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1. Introduction 

Early calculations of excitation energies based on the original CNDO/2 and 
INDO procedures [1-3] showed the necessity to include reorganization and 
correlation effects [4-7]. This was done by separate minimization of both ground 
and excited state energy [5] or by configuration interaction among the different 
excited states [6, 7]. In these cases the excitation energies were calculated as 
differences of total energies. An interesting alternative could be to calculate the 
excitation energies directly from orbital energies and matrix elements. Such a 
direct calculation of vertical excitation energies (VEE's) is provided by the 
particle-hole Green's function method [8-11]. If this way is chosen, it is at the 
same time clear, why the original CNDO/2 and INDO parametrization is 
preferred to spectroscopic versions as CNDO/S [12] and INDO/S [13], namely 
because they were adjusted to reproduce ab initio Hartree-Fock calculations 
which are the unperturbed problem in the Green's function method, while the 
latter were directly fitted to experimental data. 
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Therefore, it is the purpose of the present paper to adapt the Green's function 
method for VEE calculation to the CNDO and INDO approximations, similarly 
as earlier the Green's function method for the calculation of vertical ionization 
potentials (VIP's) and vertical electron affinities (VEA's) has been adapted to the 
CNDO approximation [14-16]. For simplicity this study is limited to closed-shell 
molecules. However, a generalization to open-shell molecules along the lines of 
Ref. [17] seems also possible. 

2. Theory 

2.1. Vertical Ionization Potentials and Electron Affinities 

In order to calculate the VEE's it will be necessary to know the VIP's and VEA's 
in the CNDO and INDO frameworks. The VIP's (and VEA's) in the CNDO 
framework can be calculated by the method of Ref. [16], i.e. using the following 
approximation for the irreducible self-energy part M: 

Mij( ( .o)  = ~. Y i m k l ( V k l l m  --  Vklm]) 1" ~, V i m k l ( V k l j m  --  Vklm]) (1) 
m~occ r + 8m --  ek  - -  el  + 3, m~occ r + e m  --  8k --  El -- 3, 
k,l~occ k,l~:occ 

where em are the CNDO orbital energies, Vimk~ the CNDO molecular two- 
particle integrals, 3' is the arithmetic mean of all occuring CNDO Coulomb 
two-particle atomic integrals 3"AB~ OCC denotes the index set of occupied spin 
orbitals. 

Eq. (1) is closely related to Cederbaum's approximation [18-20]: 

54/1.(o2)= y. Vi~kl(Vkl i~-  Vkl,.j) 4- ~., Vi, .kt(Vkli , .-  Vkl.q) (2) 
m ~ o c c O ) " ~ - E m - - g k - - E l - - A m k l  m~occ O ) ' ~ - E m - - E k - - E l ' ~ - A m k l  
k,l~occ k, lEocc 

with 

Arakl = Vkl[kl]- -  Vkm[krn]--  Vlm[lm] 

Vkltkla = Vklkl-  Vkllk. 

One can obtain Eq. (1) by setting Viikl -~ Yeikeil in the denominator of Eq. (2). Vice 
versa, Eq. (2) may be regarded as a natural generalization of Eq. (1) when going 
from the CNDO to a more accurate framework, in our case the INDO. (Since Eq. 
(2) was originally derived for the ab initio framework [18-20], the special method 
for VEE calculation of the next section should also be applicable with ab initio 
values if Eq. (2) is used for VIP calculation.) 

It will be convenient for later comparison with the method for VEE calculation to 
complete the approximation scheme for VIP/VEA calculation of Ref. [16] by 
corresponding prescriptions for the INDO case: 

A. Renormalization is disregarded in the irreducible self-energy part M. 
B. The two-particle integrals V0-kt in the irreducible interaction part I are 

approximated in the CNDO framework by Vi]kl ~ 3"~ik~]l (diagrammatically 
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~lt 4 
, ~ - , ~  ~/~--,(~) and in the INDO framework by Vijkt = 

VijifllkSjt + VijiigilSjk (1 --8ij) where the 8jk are Kronecker symbols referring to 
the spatial parts of the adherent indices only (diagrammatically 

i j + i  j i i 

C. The irreducible self-energy part M is assumed to be nearly diagnonal. 

Indeed, the irreducible interaction part I for the INDO case is then found to be 

and proceeding as in Ref. [16] the expression (2) for M follows. Eqs. (1) and (2) 
can, of course, be simplified by performing the spin summations (since only 
closed-shell molecules are considered), the resulting formulae being well-known 
from Refs. [16] and [18], respectively. 

Finally, the negative VIP's tOk (k ~ occ) and negative VEA's tOk (k~occ) are 
calculated from the inverse Dyson equation. Since the pole strengths Pk [21] are 
with approximation C determined by 

Pk 1 = 1 _OMkk (tok), (4) 
0t0 

the improved iteration algorithm of Ref. [22] is efficiently applied to the numerical 
solution of the Dyson equation. 

2.2. Vertical Excitation Energies 

The VEE's of a molecule are defined as En -Eo ,  where En is the total electronic 
energy of the excited state, Eo that of the ground state, both related to the same 
geometry. These energy differences can be obtained as poles of the Fourier 
transformed particle-hole Green's function Gklmn(tO) (cf. e.g. Ref. [10], p. 559). 
For convenience the definition of Gk~mn is repeated here [10]: 

iGkt,~n (t) = (~01T{a-~ (t) ak (t)a +~ (0)an (0)}1~o) (5) 

where ~0 is the exact many-electron ground state function, a~ and ak are the 
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Heisenberg creation and annihilation operators of MO states l and k respectively; 
T is Wick's time ordering operator.  

The diagram technique [10] manages a simple description of Gktmn ; diagrams are 
to be labelled and read in the following way (in units with h = 1): 

k~ ~'1 t 

6 t' 
Yn 

~ k,t 

I,t' 

gives a factor iGktm. ( t - t ' )  

gives a factor iGkl(t -- t') 

gives a factor -iVk~,,,,,. 

All inner indices have to be summed over, and all inner times have to be integrated 
over; closing the diagram for Gktm,, (by connecting the indices k with 1 and m with 
n) the closed loops can be counted and the diagram obtains a factor ( -1 )  for each 
loop. 
Application of perturbation theory to Gktm,, yields the graphical Bethe-Salpeter  
equation [9] (omitting the vertically disjoint ~o = 0 component  [10]): 

Jt 

(6) 

The diagram part  K is called the irreducible vertex part; it is irreducible in such a 
sense, that its diagrams cannot be split by cutting two double lines at the same level 
[9]. The expansion of K starts with: 

+ �9 �9 �9 (7) 
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It is now in time to adapt to the CNDO and INDO frameworks by introducing the 
following approximations: 

A'. For the one-particle Green's function Gkt the damping-free quasi-particle 
form with one-pole approximation is assumed [9, 21], i.e. the double lines are 
to be read as: 

[ tSklPk e-i'%' for k~occ, t > 0 
iGkl( t)  I --tSktPk e-i'~ for k ~ occ, t -< 0 

where ~Ok are the negative VIP's/VEA's and Pk the pole strengths, calculated 
according to the prescriptions of the preceding section. 

B'. The two-particle integrals V~jk~ in the irreducible vertex part K are approxi- 
mated in the CNDO framework by Vijkl~')lSik~jl (diagrammatically 

~ ~ ,  ~ ) ~ - - ( )  and in the INDO framework by Vijkl  ~ 

VijliSikSil + Vijjiga~k (1 -- 8ij ) (diagrammatically 

~_ i j + i j ~ i J  _ i~i) .  
Approximation A' establishes the connection to the VIP/VEA calculation. 
Approximation B' is the analog to approximation B of the preceding section and 
has a similar effect, namely, that the expansion of K terminates; it is then in the 
CNDO framework 

while in the INDO framework 

= i j (9) 
i j + j 

It will be sufficient in the following to explicitly write down only the INDO 
expressions and then to find the CNDO result by analogy�9 Thus, inserting Eq. (9) 
into Eq. (6), one easily reads off: 

iGklr~n (t) = -- iGkm ( t ) i d ,  t (-- t) 
oO 

+ Z [ dr' i G k p ( t -  t ' ) iGq l ( t ' -  t) 
p q r s  d 

- - o 0  

�9 (-iVpsrqt~prt~qs -F iVpsq,Sp~qs)iG . . . .  (t'). (10) 
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For the Fourier transformed functions one has: 

n k n ~  - -  l~kril  
Gkt~,, (Oi ) - PkPtSk~8.t 

Oi - ( Oi ,~ - O i l )  

r i k n l  - -  n k r i  1 
+ ~ PkPlSkpSat 

pqrs (.It) - -  ((.Ok - -  o i l )  

w h e r e  nk  = 1 for k ~ occ, rtk = 0 for kr and rig = 1 - rig. The poles of Gktm~ (to) 
are the zeros of the eigenvalues of its inverse, determined by [10]: 

Z [OI--((-,O_k--oi/) ~ k m ~ n l ~ _  V k n m l ~ k m ~ l n _ _  V k n i m g k m ~ l n ] X m  n " ~ 0 .  (12) 
~,~ t. riknt - nkril PkPl 

The case kr I ~ occ is considered first: 

(.Ok - - o i l  - -  O) l) 
~ Vk,k Xkt +mn • Vk,~,,,,gk,,,gt,~X~,, = O. (13) 

Obviously the sum in Eq. (13) runs only over spins, while for the spatial parts 
k = rn, l = n holds. So the secular determinant of this equation factors and we have 
for each pair of spatial orbitals k, l(kr l e occ) a 4 x 4 minor, spanned by the 
four pairs of spin orbitals (k~', l~'), (k~,, l~), (k~', 15), (k~, l~'), namely: 

r k - -  (.01 - -  OI 
V k l t k l ]  , V k l l k  , O,  0 

P k P l  

V k l l k ,  (-Ok - -  (-Ol - -  OI V k l [  kl],  O,  0 
P k P l  

O, O, oik -- oit -- OI Vklkl, 0 
PkPz 

o ik  - -Oi l  --r 
O, O, O, 

PkPl 
V k l k l  

(14) 

Therefore, among the roots of the characteristic equation of Eq. (13), the 
following four (termed oikt) arise from the above minor: 

('Okl = (-Ok - -  ('Ol - -  PkPt ( Vkl[k l ]  2t: V k l l k )  ( 1 5  ) 

where the upper sign describes a single, the lower sign a triply degenerate 
eigenvalue. 

The second case (k ~ occ, lr can be handled by renaming indices k ~ l [10] 
and then analogously gives rise to poles --oikt which correspond to the deexcitation 
processes. 
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Eq. (15) can be reduced to the formula for singlet and triplet excitation energies in 
the MO picture [23] 

ekl = ek -- el -- (Vkltkl1:7 VkUk) (16) 

if one inserts the zeroth order quantities OJk ~ ek, Pk ~ 1 ; this shows the present 
Eq. (15) to be a natural generalization of Eq. (16). 

Applying the same argumentations to the CNDO case one arrives at one quartly 
degenerate eigenvalue: 

( - O k l  : ( ' O k  - -  O ) l  - -  PkPIT. (17) 

The missing singlet-triplet splitting in Eq. (17) might be surprising at first sight, but 
seems reasonable from the following facts: In the CNDO framework there often 
occurs (nTr* transitions) an accidental degeneracy of singlet and triplet energies 
[4-7, 12] due to additional constants of motion [24]; in case the singlet-triplet 
splitting is nonzero it is often (Trot* transitions) too large but shows a tendency to 
decrease compared with ab initio calculations [6]. These phenomena are 
obviously induced by the strange behaviour of exchange matrix elements in the 
CNDO approximation [3, 6]. Since, on the other hand, the experimental splittings 
are small and of about the same order of magnitude as the inaccuracies of the 
CNDO procedure,  it is tempting to neglect them at all. 

3. Applications 

It remains now to study the numerical results. Therefore,  the theory is applied to 
four closed-shell molecules: water, formaldehyde, formic acid and formamide. 
The C N D O / 2  and INDO orbital energies and LCA O  coefficients of these 
molecules are calculated by the library program of Dobosh [25] assuming the 
following experimental geometries [26]: (H20, symm. C2~) H - - O  = 0.9572 lk, 
~ H O H  = 104.52~ (H2CO, symm. C2v) C - - H  = 1.12 ~ ,  C - - O  = 
1.21/~, ~_HCH = 118~ (HCOOH,  symm. Cs) C - - H  = 1.085/~, C - - O ' =  
1.245/~, C - - O  = 1.312/~, O - - H  = 0.95/~, 4 H C O '  = 117.8 ~ ~_OCO' = 124.3 ~ 
~_COH = 107.8~ (HCONH2, symm. Cs) C - - H  = 1.094/~, C - - O  = 1.243/~, C - -  
N = 1.343/~, N---H = 0.995 ~ ,  ~_HNH = 118.98 ~ ~_NCO = 123.58 ~ ~ N C H  = 
103.9 ~ . 

In a next step, the negative VIP's and VEA's  tOk are calculated using the 
irreducible self-energy parts of Eq. (1) and (2). Finally, the excitation spectrum is 
evaluated from Eq. (16) for the unperturbed quantities ekt and from Eq. (17) and 
(15) for the VEE's  after perturbation theory ~Okt in the CNDO and INDO 
framework respectively. The results are then compared with experimental data. It 
should be recalled here that CNDO and INDO are rather approximate pro- 
cedures and one should not expect a very close fit of the final results with 
experiment. 

To begin with, the calculated VIP's of the water molecule (Table 1) approach the 
experimental ones, if perturbation theory is applied. For the VEE's  (Table 2) 
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Table 1. VIP's and VEA's for H20 (in eV) 3' = 17.70 eV 
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CNDO INDO exp [27, 15] 
MO Type ek tOk ek Ok --It: 

2b2 o'* 9.53 8.76 9.66 9.08 - -  
4al o'* 9.12 8.17 8.30 7.82 - -  
lbl n -17.83 -13.88 -16.30 -13.72 -12.78 
3al o" -19.40 -16.78 -17.55 -16.05 -14.83 
lbz cr -21.42 -20.39 -21.27 -20.61 -18.72 

Table 2. VEE's for H20 (in eV) 

CNDO INDO exp [28-30] 
Excitation Type ekl tOkl ekl s Ekl  

1B 1 (4a ~ lba) no'* 9.49 8.81 9.10 8.54 7.4 
1A2 (2b2",- lbx) no-* 9.97 9.29 9.55 9.34 9,1 
1A1 (4al ",-- 3al) o'o'* 11.62 11.05 12.12 11.94 9.7 
1Be (2b2",- 3al) o.o-* 12.10 11.52 12.38 12.52 - -  
1B~_ (4a~ ~ lb2) o-o.* 14.41 13.88 17.38 17.68 - -  
1A1 (2b2~ lb2) o'o'* 14.86 14.34 20.06 20.31 - -  

3B1 (4a~ ~ lba) no'* 9.49 8.81 7.54 7.24 7.2 
3A2 (262~ lbl) no-* 9.97 9.29 8.80 8.73 - -  
aA1 (4aa ",-- 3al) o.o'* 11.62 11.05 9.80 9.93 - -  
3B2 (2b2~ 3al) o.o-* 12.10 11.52 10.44 10.87 - -  
3B2 (4al <- lb2) o.o-* 14.41 13.88 13.67 14.41 - -  
3A1 (2b2'-- lb2) o.o'* 14.86 14.34 14.56 15.56 - -  

there  is also a clear i m prove m e n t  by per turba t ion  theory  in bo th  the C N D O  and 
I N D O  f ramework .  The  exper imenta l  values of  Refs. [28 -30]  have been  assigned 
by compar i son  with the nonempir ica l  (NE) calculations of  Buenke r  and 
Peyer imhoff  [31] (Table 9). Only  those exper imenta l  values are listed which then 
cor respond  to the transit ions calculated in Table  2. It  is fu r the rmore  interesting to 
compa re  the present  results (denoted  as C N D O / G F  and I N D O / G F ) f o r  this and 
the o ther  molecules  with the results of C N D O / C I S  [6] or  I N D O / S E C I  [32] 
calculations (i.e. C N D O  or I N D O  with singly excited configurat ion interaction,  
Table  9). This shows that  the behavior  of the results of  these me thods  is somewha t  
similar to that  of  the present  ones,  part icularly in yielding the r transit ions 
of ten  too high. The  singlet-triplet  splitting in the I N D O  case seems to be 
decreased  by the present  approach.  This is a general  feature  going f rom the ekl to 
o&t because  Pk < 1 in Eq.  (15). 

As  to fo rmaldehyde ,  there  is good  agreement  for  the first and third VIP ' s  (2b2 and 
5al )  with exper iment  (Table 3). The  second VIP  ( l b 0  is only slightly m o v e d  by 
per tu rba t ion  theory,  therefore  failing behind  5al ,  but  yet  coming closer to the 
exper imental  value. For  the excitation spect rum (Table 4) the exper imental  values 
of  Refs. [34, 35] for  the singlets and of Ref. [36] for  the triplets have been assigned 
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Table 3. VIP's and VEA's for H2CO (in eV) 3' = 13.31 eV 
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CNDO INDO exp [33, 20] 
MO Type ek  O)k ek (01r --Ik 

7al o'* 12.94 11.87 12.26 11.76 - -  
3b2 o'* 8.67 7.39 8.88 8.27 - -  
6al o'* 6.22 4.77 5.88 5.24 - -  
2b~ ~r* 4.21 3.95 4.40 4.41 - -  
2b2 n -14.52 -11.12 -13.69 -10.90 -10.9 
lbi  ~r -18.54 -17.47 -18.43 -17.71 -14.5 
5a~ o" -20.31 -16.73 -18.71 -16.04 -16.2 

Table 4. VEE's for H20 (in eV) 

CNDO INDO exp [34-36] 
Excitation Type ekl  tOkl Ekl tOkl Ekl 

1A2 (2bi ~- 2b2) nTr* 5.01 5.33 4.95 4.99 4.1 
1B1 (2hi ~- 5al) o'~r* 9.60 11.44 9.26 9.81 9.0 
iB2 (6al*-2b2) no'* 12.19 6.07 11.06 9.28 7.10 
1B1 (6al ~- l b 0  7to'* 13.67 12.53 13.97 14.66 - -  
1B2 (7a i~  2b2) no'* 13.87 14.03 13.53 13.20 - -  
1A1 (3b2~ 2b2) no'* 14.67 8.85 14.22 12.46 7.97 
1A1 (2bl ",- lbi) ~-~r* 15.45 11.79 15.93 16.74 - -  
iA2 (3b2~ lbl) 1to'* 15.60 15.31 16.01 16.95 - -  
1B1 (7a i~  lbl) ~'o'* 16.43 20.47 17.19 19.24 - -  
1A1 (6al~- 5ai) o'o'* 16.79 12.18 15.47 14.09 - -  
1B2 (3b2~- 5al) o'o'* 18.31 14.95 17.20 16.14 - -  
1A1 (7ai ~- 5al) o'o'* 21.41 20.09 19.93 19.57 - -  

3A2 (2b1~- 2b2) n~-* 5.01 5.33 4.48 4.62 3.75 
3Ai (2bi~- lbl) ~-r 7.62 11.79 7.27 9.97 6.20 
3B1 (2bl ~- 5al) o-lr* 9.60 11.44 8.26 9.05 - -  
3B2 (6al ~ 2b2) no'* 9.93 6.07 8.77 7.44 7.00 
3A1 (3b2~ 2b2) no'* 12.10 8.85 11.46 10.25 - -  
3B 1 (6ai ~- lbl) ~ro'* 13.67 12.53 13.10 13.96 - -  
3B2 (7al ~ 2b2) no'* 13.77 14.03 12.48 12.40 - -  
3A2 (3b2~ lbl) zro'* 15.60 15.31 15.70 16.70 - -  
3A1 (6al ~ 5ai) o'o'* 15.86 12.18 14.04 12.96 - -  
3B1 (7al ~ lbl) ~'o'* 16.43 20.47 16.03 18.36 - -  
3B2 (3b2~ 5al) o-o-* 17.84 14.95 16.61 15.69 - -  
3A1 (7a l~  5al) o'r 18.40 20.09 16.72 17.18 - -  

[37,  38]  by  c o m p a r i s o n  w i t h  t h e  N E  ca l cu l a t i ons  of  R e f .  [38]  ( T a b l e  9). I t  is 

r e m a r k a b l e  tha t  t h e  tOkt in t h e  C N D O  f r a m e w o r k  g ive  t h e  c o r r e c t  l e v e l  s e q u e n c e  

fo r  t h e  s ing le t s  1A2 < 1B2 < ~A 1 < ~B~, a l t h o u g h  it was  e n t i r e l y  d i f f e r e n t  fo r  t h e  eke. 

In  t h e  I N D O  f r a m e w o r k  t h e  o r d e r i n g  I A 2 <  1 B I <  1 B 2 <  �9 �9 �9 < I A  i of  t h e  Ekl is 

i m p r o v e d  to  ~A2 < aB2 < ~B1 < aA a < �9 �9 �9 fo r  t h e  tOkl in w h i c h  o n l y  XB1 a n d  1 A i  

w o u l d  h a v e  to c h a n g e  p laces .  T h e  t r ip le t s  a r e  r e a s o n a b l y  r e p r o d u c e d  w i t h  t h e  



228 C.-M. Liegener 

exception of 3A 1 which is too large as a consequence of the worse approximated 
second VIP. 

The photoelectron spectrum [33] of formic acid is shown in Table 5. The 
calculated VIP's (-tok) are better in the CNDO than in the INDO framework, but 
also in the latter case still satisfactory. For the VEE's (Table 6) the experimental 
values of Ref. [39] are taken with the assignments of Ref. [39, 40]. The ~Okt in the 

Table 5. VIP's and VEA's for HCOOH (in eV) 3' = 11.99 eV 

CNDO INDO exp [33] 
MO Type ek OJk ek alk --Ik 

13a' o.* 10.72 9.31 10.49 9.83 - -  
12a' o'* 8.42 6.09 8.07 6.32 - -  
l l a '  o-* 6.37 4.67 5.74 4.66 - -  

3a" ~'* 4.43 4.77 4.83 5.27 - -  
10a' n -14.71 -10.06 -13.71 -9.79 -11.51 

2a" ~r -15.11 -12.84 -14.43 -12.30 -12.5 
9a' o. -17.43 -14.13 -16.09 -13.47 -14.7 

Table 6. VEE's for HCOOH (in eV) 

CNDO INDO exp [39] 
Excitation Type ekl tOkl ekl t-Okl L~kl 

1A" (3a"~ 10a') n~-* 5.82 6.39 5.85 5.54 5.7 
1A" (3a"~ 9a') o.~r* 9.85 9.94 9.30 9.55 - -  
1A" ( l la '~2a")  rrcr* 11.39 8.76 10.30 9.34 - -  
1A" (12a '~ 2a") "tro'* 12.70 10.63 11.91 10.81 - -  
XA' (1 la',,-- 10a') no.* 12.83 6.51 11.34 8.46 7.6 
1A' (3a"~2a") zr~* 13.06 8.63 13.08 12.72 8.4 
1A" (13a '~ 2a") ~o.* 14.11 13.62 13.94 13.60 - -  
1A' ( l l a ' ~ 9 a ' )  o.o.* 14.33 10.07 12.77 11.08 - -  
1A' (12a'~- 10a') no.* 14.90 8.35 13.50 10.26 - -  
1A' (12a'*- 9a') o.tr* 15.74 11.93 14.60 12.67 - -  
1A' (13a '~  10a') no.* 16.23 11.35 15.23 12.95 - -  
1A' (13a '~  9a') o.o.* 17.45 14.92 16.57 15.46 - -  

3A" (3a"~- 10a') n~-* 5.82 6.39 5.40 5.20 
3A' (3a"~ 2a") ~r~'* 6.76 8.63 6.46 7.54 
3A" (3a"~ 9a') o.zr* 9.85 9.94 8.83 9.18 
3A' (1 la '~- 10a') no'* 11.22 6.51 9.85 7.36 
3A" ( l l a ' ~  2a") fro.* 11.39 8.76 9.79 8.95 
3A" (12a'~2a") "rro.* 12.70 10.63 11.46 10.48 
3A' ( l l a ' * -  9a') o.o.* 13.37 10.07 11.38 10.00 
3A" (13a '~ 2a") fro.* 14.11 13.62 13.51 13.27 
3A" (12a '~ 9a') o.o.* 14.51 11.93 13.23 11.66 
3A' (12a'*- 10a') no'* 14.56 8.35 12.87 9.82 
3A' (13a '~  10a') no-* 14.61 11.35 13.17 11.43 
3A' (13a%- 9a') o.o.* 16.47 14.92 15.26 14.43 
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C N D O  f r a m e w o r k  a g r e e  w i t h  t h e s e .  I n  t h e  I N D O  f r a m e w o r k  t h e  V E E  f o r  

1A"n~'* is g o o d ,  b u t  t h e  1A'~-Tr* t r a n s i t i o n  c o m e s  o u t  t o o  h i g h .  T h i s  b e h a v i o u r  

s e e m s  to  b e  a g e n e r a l  f e a t u r e  of  t h e  I N D O  c a l c u l a t i o n s .  

F o r  f o r m a m i d e  K o o p m a n s '  t h e o r e m  b r e a k s  d o w n  in  t h e  C N D O  f r a m e w o r k :  T h e  

e m p i r i c a l  l e v e l  s e q u e n c e  of  t h e  V I P ' s  Ik is 1 0 a ' <  2 a " <  9 a '  [29] ,  w h i l e  t h a t  of  t h e  

n e g a t i v e  C N D O  o r b i t a l  e n e r g i e s  ( - e L )  is 2 a " <  1 0 a ' <  9 a ' .  T h e  c o r r e c t  s e q u e n c e  

in  t h a t  c a s e  is o b t a i n e d  b y  p e r t u r b a t i o n  t h e o r y  ( T a b l e  7).  I n  t h e  I N D O  f r a m e w o r k  

Table 7. VIP's and VEA's  for HCONH2 (in eV) 3' = 11.19 eV 

CNDO INDO exp [33] 
MO Type e k tok Ek (.Ok --Ik 

13a' o-* 9.03 6.44 8.83 6.73 - -  
12a' o-* 7.32 5.31 7.29 5.89 - -  
l l a '  o'* 6.41 4.15 5.81 4.33 - -  
3a" "n* 5.08 5.06 5.56 5.63 - -  
2a" "n -13.56 -11.16 -12.76 -10.61 -10.51 

10a' n -13.64 -9.25 -12.65 -8 .90  -10.13 
9a '  tr -17.57 -14.33 -16.42 -13.54 -14.2  

Table 8. VEE's for HCONH2 (in eV) 

CNDO INDO exp [36, 42] 
Excitation Type ekt tOkl ekl tOkl Ekl 

1A" (3a"~ 10a') n"n* 6.01 6.47 6.03 5.56 5.65 
1A" (11a '~  2a") "no-* 9.69 7.34 9.01 7.77 7.8 
1A" (3a"~ 9a') o"n* 10.73 10.81 10.10 10.32 - -  
1A"(12a'~2a") "no-* 11.15 8.42 10.55 9.27 - -  
1A"(13a'~-2a") ,no-* 11.63 9.81 10.90 9.55 - -  
1A' (3a"~2a") "n,rr* 12.23 7.90 12.20 11.52 7.32 
aA' ( l l a ' ~  10a') no-* 12.35 5.90 11.06 7.93 6.80 
tA'  (12a '~  10a') no-* 13.43 6.98 12.43 9.34 - -  
1A' (13a '~  10a') no'* 14.42 8.36 13.45 10.05 - -  
1A' ( l l a ' ~ -  9a') o'o'* 15.80 10.81 14.84 12.51 - -  
IA' (12a'~9a') o-o-* 16.21 11.89 15.31 13.26 - -  
1A' (13a'~9a') oo'* 18.21 13.28 17.61 14.89 - -  

3A" (3a",,- 10a') n"n* 6.01 6.47 5.64 5.27 5,30 
3A' (3a",-  2a") "n"n* 6.61 7.90 6.20 6.89 (6.60) 
3A"(lla'~2a") "no'* 9.69 7.34 8.03 7.03 - -  
3A"(3a"~9a') o"n* 10.73 11.38 9.46 9.85 - -  
3A" (12a',c-2a") "no'* 11.15 8.42 10.26 9.05 - -  
3A' ( l l a ' ~  10a') no-* 11.50 5.90 11.12 7.25 - -  
3A" (13a '~  2a") "no-* 11.63 9.81 10.49 9.25 - -  
3A' (12a '~  10a') no'* 11.83 6.98 10.63 8.03 - -  
3A' (13a '~  10a') no-* 14.19 8.36 13.01 9.74 - -  
3A' ( l l a '~  9a') o'o'* 14.53 10.81 13.50 11.55 - -  
3A' (12a'~ 9a') o'o-* 15.26 11.89 14.29 12.51 - -  
3A' (13a '~  9a') o-o-* 17.02 13.28 16.41 14.06 - -  
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Table 9. Comparison with other calculations (VEE's in eV) 

C.-M. Liegener 

Excitation CNDO/GF a INDO/GF a CNDO~CISbINDO/SECICNE a Exp e 

H20: 

H2CO: 

HCOOH: 

HCONH2: 

1B 1 8.81 8.54 - -  
1A2 9.29 9.34 - -  
1A1 11.05 11.94 - -  
3B1 8.81 7.24 - -  

1A 2 5.33 4.99 5.02 
1B 2 6.07 9.28 11.27 
1A1 8.85 12.46 11.44 
1B1 11.44 9.81 9.61 
3A 2 5.33 4.62 - -  
3A 1 11.79 9.97 - -  
3B 2 6.07 7.44 - -  

1A" 6.39 5.54 5.58 
1A' 6.51 8.46 - -  
1A' 8.63 12.72 - -  

1A" 6.47 5.56 5.91 
1A' 5.90 7.93 10.78 
1A' 7.90 11.52 11.02 
1A" 7.34 7.77 7.72 
3A" 6.47 5.27 5.91 
3A' 7.90 6.89 6.99 

8.15 
8.72 

10.83 
6.72 

4.65 
10.41 
11.81 
9.14 
4.06 
7.21 
8.31 

6.02 
10.02 

7.30 
9.20 
9.80 
6.90 

3.81 
7.38 
8.11 
9.03 
3.41 
5.56 
7.32 

5.80 

9.52 

4.08 
6.39 

10.49 
7.26 
3.80 
4.41 

7.4 
9.1 
9.7 
7.2 

4.1 
7.10 
7.97 
9.0 
3.75 
6.20 
7.00 

5.7 
7.6 
8.4 

5.65 
6.80 
7.32 
7.8 
5.30 

(6.60) 

a This work (tOkl values of Tables 2, 4, 6, 
b Ref. [6]. 
c Ref. [32]. 
d Following Refs.: H20[31], HECO [36], 

Refs. as in Tables 2, 4, 6, 8. 

8). 

HCOOH [41], HCONH2 [42]. 

b o t h  the  ek and  tok a re  cor rec t ly  a r r anged .  T a b l e  8 gives the  ca ldu la ted  V E E ' s  and  
the  c o r r e s p o n d i n g  e x p e r i m e n t a l  va lues  f rom Refs .  [36, 42]. T h e  t r ip le t  at 6 .60 e V  
has  b e e n  enc losed  in b r a c k e t s  because  this  va lue  be longs  to an u n r e s o l v e d  p e a k  
[36] which  also,  and  s o m e t i m e s  exclus ive ly  [43], has  been  ass igned as no-*(n 3s) 
t r ip le t .  In  any  case,  the  p r e s e n t  t r ip le t  s equence  nTr* < zr~r* is at  leas t  cons i s ten t  
wi th  m o r e  accu ra t e  N E  ca lcu la t ions  (Table  9). The  s inglets  in the  C N D O  
f r a m e w o r k  a re  sa t i s fac to ry  in magn i tude ,  a l t hough  n~'* shou ld  change  p laces  wi th  
no-* and  also r wi th  ,to-*. H o w e v e r ,  this d r a w b a c k  is not  t oo  se r ious  be c a use  
the  c o r r e s p o n d i n g  ene rg ie s  l ie fa i r ly  close toge the r ,  and  so the i r  d i f ferences  c o m e  
into  the  r ange  of inaccurac ies  impl ic i t  in the  C N D O  a p p r o x i m a t i o n s .  T h e  s i tua t ion  
is s imi lar  in the  I N D O  f r a m e w o r k :  the  no-* and  7to-* s inglets  shou ld  change  places ,  
bu t  can be  cons ide r ed  as q u a s i - d e g e n e r a t e .  T h e  o t h e r  two V E E ' s  b e h a v e  l ike  in 
fo rmic  acid,  i.e. the  n ~ *  s inglet  is good ,  bu t  ~ ' *  comes  ou t  to  high. I t  shou ld  be  
n o t e d  tha t  this is in pa ra l l e l  to the  N E  ca lcu la t ions  (Table  9). The  s ame  holds  for  
the  still  o v e r e s t i m a t e d  s ing le t - t r ip le t  sp l i t t ing  in this case. 

In  conclus ion  one  can s u m m a r i z e  tha t  the  ma in  a d v a n t a g e  of  the  p r e se n t  m e t h o d  
lies in its s impl ic i ty ,  pe rmi t t i ng  an easy  and  d i rec t  ca lcu la t ion  of  bo th  low- ly ing  
V I P ' s  and  V E E ' s  in a we l l -de f ined  a p p r o x i m a t i o n .  
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