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The ICSCF method is applied to the calculation of orbital energies as a function of bond angle 
for several AH z molecules. The resulting orbital energy diagrams are quite similar in appearance to 
the canonical SCF results even though the sum of the ICSCF energies is the SCF energy. The method 
is also applied to Li20, CO2, HCN and a few AH 3 molecules with similar results. The sum of the 
ICSCF valence orbital energies generally correlates better with the equilibrium bond angle than does 
the similar sum of canonical orbital energies. 
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Introduction 

Rules for predicting the geometry and spectra of triatomic molecules have 
been formulated by Walsh [11 and Mulliken [2] in the molecular orbital language. 
Implicit in Walsh's formulation is a set of "binding energies", associated with the 
orbitals, having the property that changes in total energy are given approximately 
by changes in the sum of the orbital energies. Thus, in discussing geometry, Walsh 
assumed that the minimum total energy occurred where the sum of the orbital 
energies was minimum. Also, in discussing spectra, differences of orbital energies 
were used to predict the relative positions of excited states. 

Within this context Walsh estimated in detail how the energy of each molecular 
orbital would vary with angle in various triatomic molecules. These estimates 
have proven to be fairly accurate although certain ones of them were significantly 
in error. Based on his detailed estimates, Walsh was able to correctly predict 
the geometry of most triatomic molecules. 

Since these original papers, there have appeared innumerable articles at- 
tempting to formulate in a rigorous manner these superficially simple results. 
No attempt will be made to review these articles here since a review paper has 
recently been written by Buenker and Peyerimhoff [3]. Clearly the orbital energies 
as used by Walsh have many of the properties associated with orbital energies 
in the Htickel empirical interpolation schemes. Extended Htickel theory results 
do generally parallel the predictions of Walsh's rules (even when they are wrong) 
[4]. 

Within the Hartree-Fock framework the situation is more difficult. Let 

h = - � 8 9  : -  (1) 
A 

F = h + S J - K  (2) 
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be the one-electron and Fock operators respectively, and let 

Y lpi = e, ilpi (3) 
and 

hu = <~il h IW~> (4) 

define the canonical Hartree-Fock orbitals ~ with orbital energy e~ and one- 
electron energy h u. Then the energy of a closed-shell molecule is given by 

N/2 

E = ~ (si + hii) -}- VN (5) 
i=1  

where 

Alternatively, 

where 

VN = E ZAZRR2~. (6) 
A < B  

E = ~ 2e i + V N - V~ (7) 
i 

N/2 

V~ = ~, (e i - hu) (8) 
i = 1  

is the electron-electron repulsion energy. Coulson and Neilson [5] proposed 
that the quantity 1/2(ei + hu) be associated with the orbital binding energy of 
Walsh. While this works to some extent for AH2 molecules where VN does not 
change much with angle, it leads to quite erroneous results for AB 2 molecules 
such as OF 2 [-6]. 

For  many molecules the SCF orbital energy, ez, seems to work fairly well. 
Since the charge distribution tends to follow the nuclei, V N - V e changes slowly 
with angle for non-ionic molecules. Peyerimhoff, Buenker and Allen [7] have 
shown that the sum of the valence orbital e~ parallels the true energy dependence 
on angle for some AH2 and non-ionic AB2 molecules. Two well-known ex- 
ceptions are Li20 in which Walsh's formulation and the sum of the SCF orbital 
energies both fail to predict the linear geometry [6] and H CN  for which the 
Walsh formulation makes a correct prediction, but the sum of the eg does not [3]. 
Curiously, the fact that the water molecule, H20 ,  is also exceptional seems to have 
been overlooked. For  water, the sum of the valence orbital energies decreases 
with decreasing bond angle so that the sum does predict that H 2 0  is non-linear, 
but this sum still has not reached a minimum at a 45 ~ bond angle [8] so it can 
hardly be regarded as a reliable prediction of geometry. 

In a previous paper [9] a generalized form of the self-consistent-field equation 
was derived. One special case of this generalization is the internally consistent 
SCF equation. This may be arrived at by noticing that, if the hamiltonian is 
partitioned into one and two body operators as 

N N 

H =  ~ [ h ( i ) + ( N - 1 ) c ~ ( i ) ]  + ~, [ g ( i , j ) - o ~ ( i ) - c ~ ( j ) ] ,  (9) 
/ = 1  i<j 

h( i )  = �89 V z - ~ ,  Z A r 2 ,  t , (10) 
A 

(11) g(i , j )  = ri~ 1 , 
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where e is an arbitrary operator, then the Fock operator for a closed shell becomes 

F~ = F o + Pc~P - Qc~Q + Tr~cr (12) 

where F o is the usual Fock operator, P is the projector onto the occupied space, 
Q is the projector onto the virtual space, and Q is the charge density. If one insists 
that the one body part of H should be chosen to be F~, i.e. 

F~ = h + (N  - 1) ~ ,  (13) 

then a partitioning of H commonly used in perturbation theory, 

H = XF~(i) + Z G ( i , j ) ,  (14) 

would match the partitioning used to obtain F. 
This reasoning leads to an operator F~ whose matrix elements are easily 

expressed in terms of the canonical orbitals defined previously (3) as 

r i j  = ( 9 , 1 F  I v ; ) ,  (15) 

F~j = ( X -  2) -1 {(N - 1) eia~j - hij - Veea~j } + N -1VNN6ij  (i,j<= N / 2 ) ,  (16) 

f i j = N - l { ( N - - 1 )  ei(~ij-t-hij--gee(~ij}q-N-tVNN61j ( i , j > N / 2 ) ,  (17) 

Fzj = Fj~ = 0 (i < N/2 ,  j > N / 2 ) ,  (18) 

N/2 
gee :- 2 @i-  hii), (19) 

i=1 

VNN = nuclear-nuclear repulsion. (20) 

Curiously, the orbital energies from 

F~v i =eiv i (21) 
satisfy 

N/2 
ESCF = ~ hie i. (22) 

i=1 

So the sum of the orbital energies is the total energy in contrast to the conventional 
definitions. Also as was shown in the previous paper, the difference e~-  ej on 
the average is close to the excitation energy for transitions between valence orbitals. 

Hence these orbital energies e~ would seem to have many of the properties 
attributed by Walsh to his orbital binding energies. Thus it was of some interest 
to calculate the ei and to see whether they would behave in a reasonable manner 
as bond angles were varied. Reasonable behavior in this sense would mean 
behavior not too different from the e~ or from Walsh's plots and not too much 
angle dependence in the e i corresponding to ls core orbitals. 

R e s u l t s  

Calculations have been carried out using the polyatomic package of programs 
written by Langhoff and Elbert. Both the canonical (RHF) and internally con- 
sistent (ICSCF) orbitals were obtained. All calculations except that for CO 2 
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T a b l e  1. The  l a l  2 2 a f  lb~ 1A 1 state of BeH2  

90 110 120 140 160 180 ~e 

I C S C F  

l a  1 - 5 . 1 5 5 4  - 5 . 1 4 1 4  - 5 . 1 3 4 9  - 5 . 1 2 4 4  - 5 . 1 1 7 6  - 5 . 1 1 5 3  

2 a  1 - 1 . 3 9 8 9  - 1 . 3 9 6 1  - 1 . 3 9 6 1  - 1 . 3 9 7 0  - 1 . 3 9 8 0  - 1 . 3 9 8 4  
3al  - 1 . 0 4 6 6  - 1 . 0 2 8 1  - 1 . 0 1 7 4  - 0 . 9 9 5 4  - 0 . 9 7 6 8  - 0 . 9 6 8 9  

lb l  - 0 . 9 7 6 3  - 0 . 9 7 4 6  - 0 . 9 7 3 3  - 0 . 9 7 0 9  - 0 . 9 6 9 4  - 0 . 9 6 8 9  
lb2 - 1 . 2 7 1 0  - 1 . 3 0 5 8  - 1 . 3 1 9 0  - 1 . 3 3 8 7  - 1 . 3 5 0 4  - 1 . 3 5 4 3  

~vale - 5 . 3 3 9 8  - 5.4038 - 5 .4302 - 5 . 4 7 1 4  - 5 . 4 9 6 8  - 5 . 5 0 5 4  180 

E - 1 5 . 6 5 0 8  - 1 5 . 6 8 6 6  - 1 5 . 7 0 0 1  - 1 5 . 7 2 0 1  - 1 5 . 7 3 2 0  - 1 5 . 7 3 5 9  180 

Canonical 

l a  1 - 4 . 7 6 5 4  - 4 . 7 5 6 9  - 4 . 7 5 3 3  - 4 . 7 4 7 3  - 4 . 7 4 3 2  - 4.7418 
2a l  - 0 . 5 1 2 9  - 0 . 5 0 4 1  - 0 . 5 0 2 2  - 0 . 5 0 0 2  - 0 . 4 9 9 4  - 0 . 4 9 9 2  

3a  1 - 0 . 0 0 8 9  0 .0067 0.0151 0 .0319 0.0461 0.0526 

lb  1 0 .0497 0 .0507 0.0511 0 .0519 0 .0524 0.0526 
lb2 - 0 . 3 5 8 2  - 0 . 3 9 4 0  - 0 . 4 0 8 1  - 0 . 4 2 9 3  - 0 . 4 4 1 9  - 0 . 4 4 6 0  

Xv.le - 1 . 7 4 2 2  - 1 . 7 9 6 2  - 1 . 8 2 0 6  - 1 . 8 7 8 8  - 1 . 8 8 2 6  - 1 . 8 9 0 4  180 
N~jle - -11 .2730  - -11 .3100  - -11 .3272  - -11 .3734  - -11 .3690  - -11 .3740  180 

T a b l e  2. The  la~ 2a~lb~ 3a13B2 state of B e H z  

90 110 120 140 160 180 ~ 

I C S C F  

l a  1 - 5 . 0 9 5 3  - 5 . 0 9 1 2  - 5 . 0 9 0 2  - 5 . 0 9 0 7  - 5 . 0 9 3 9  - 5 . 0 9 6 8  
2 a  1 - 1.4080 - 1.3942 - 1.3889 - 1.3802 - 1.3737 - 1.3709 
3a  1 - 1.1999 - 1.1808 - 1.1701 - 1.1473 - 1.1246 - 1 . 1 1 1 9  

lb l  - 0 . 9 4 4 3  - 0 . 9 4 4 5  - 0 . 9 4 4 4  - 0 . 9 4 4 2  - 0 . 9 4 4 2  - 0 . 9 4 4 2  

lb  2 - 1 . 3 7 3 4  - 1 . 4 1 0 2  - 1 . 4 2 2 6  - 1 . 4 3 9 5  - 1 . 4 4 8 7  - 1.4518 

Z v a l ~  - -  5.3893 - 5 . 3 7 9 4  - 5 . 3 7 0 5  - 5.3472 - 5 . 3 2 0 7  - 5 . 3 0 5 5  < 9 0  

E - 15.5799 - 15.5618 - 15.5511 - 15.5288 - 15.5085 - 1 5 . 4 9 9 0  < 9 0  

Canonical 

l a  1 - 4 . 7 5 7 2  - 4.7571 - 4 . 7 5 8 1  - 4 . 7 6 1 7  - 4 . 7 6 7 6  - 4 . 7 7 2 0  

2a  1 - 0 . 5 6 0 8  - 0 . 5 4 3 5  - 0 . 5 3 7 2  - 0 . 5 2 7 9  - 0 . 5 2 2 9  - 0 . 5 2 1 9  
3a  1 - 0 . 2 8 2 0  - 0 .2664 - 0 . 2 5 7 5  - 0 . 2 3 7 5  - 0 .2164 - 0 . 2 0 4 0  

lb l  0 .0486 0 .0480 0 .0476 0 .0465 0 .0450 0 .0440 
lb  2 - 0 . 4 8 3 5  - 0 . 5 1 9 3  - 0 . 5 3 2 4  - 0 . 5 5 1 9  - 0 . 5 6 4 8  - 0 . 5 7 0 4  
Xval~ - 1.8871 - 1.8727 - 1.8643 - 1.8452 - 1.8270 - 1.8182 < 9 0  

~all e --11.4015 - -11 .3869  - -11 .3805  - 1 1 . 3 6 8 6  - 1 1 . 3 6 2 2  - 1 1 . 3 6 2 2  < 9 0  

used contracted Gaussian lobe functions published by Whitten [10]. The calcula- 
tion for CO 2 used a basis set based on Huzinaga's primitive Gaussians with the 
contraction optimized by Elbert. In order to lower the cost of this exploratory 
calculation, the same basis set and the same bond length was used for positive 
and negative ions and for all states of the neutral molecule. The scale factors for 
the hydrogen basis functions were taken from the work of Peyerimhoff et  al. [7]. 
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90 110 120 140 160 180 ee 

I C S C F  

l a  I - 5 . 1 2 4 8  - 5 . 1 1 3 2  - 5 . 1 0 8 2  - 5 . 1 0 0 3  - 5 . 0 9 5 3  - 5 . 0 9 3 7  

2al - 1 . 3 8 6 8  - 1 . 3 7 8 1  - 1 . 3 7 5 6  - 1 . 3 7 2 5  - 1 . 3 7 1 1  - 1 . 3 7 0 7  

3a I - 1.0114 - 0.9960 - 0.9870 - 0 . 9 6 8 2  - 0 . 9 5 1 3  - 0 . 9 4 3 8  

lbl  - 1 . 1 2 8 1  - 1 . 1 2 4 5  - 1 . 1 2 2 7  - 1 . 1 1 9 7  - 1 . 1 1 8 0  - 1 . 1 1 7 5  

lb 2 - 1 . 3 6 2 5  - 1 . 4 0 4 4  - 1 . 4 1 9 6  - 1 . 4 4 1 6  - 1 . 4 5 4 1  - 1 . 4 5 8 2  

~ v a l  ~ - -  5.2642 - 5.2851 - 5.2935 - 5.3063 - 5.3143 - 5.3171 

E - 1 5 . 5 1 3 8  - 1 5 . 5 1 1 5  - 15.5098 - 1 5 . 5 0 6 9  - 15.5051 - 15.5046 

Canonical 

l a  1 - 4 . 7 8 5 0  - 4 . 7 7 8 6  - 4 . 7 7 6 0  - 4 . 7 7 2 0  - 4 . 7 6 9 3  - 4 . 7 6 8 4  

2a I - 0 . 5 4 8 2  - 0.5346 - 0 . 5 3 0 3  - 0 . 5 2 4 6  - 0 . 5 2 1 6  - 0 . 5 2 0 6  

3a 1 - 0 . 0 0 9 3  0.0035 0.0106 0.0254 0.0386 0.0448 

lb 1 - 0 . 2 1 0 4  - 0 . 2 1 0 1  - 0 . 2 1 0 0  - 0 . 2 0 9 9  - 0 . 2 0 9 7  - 0 . 2 0 9 6  

lb 2 - 0 . 4 7 9 9  - 0 . 5 1 9 7  - 0.5348 - 0 . 5 5 7 1  - 0 . 5 7 0 3  - 0 . 5 7 4 6  

s - 1 . 7 8 6 7  - 1 . 7 9 9 0  - 1 . 8 0 5 4  - 1 . 8 1 6 2  - 1 . 8 2 3 2  - 1.8254 

Xalle --11.3567 - 1 1 . 3 5 6 2  - 1 1 . 3 5 7 4  --11.3602 - i 1 . 3 6 1 8  - 1 1 . 3 6 2 2  

180 

< 90 

180 

180 

Tab le  4. The  la~ 2a~ lb~ IA 1 state of BH~ 

90 110 120 140 160 180 ~e 

I C S C F  

l a  1 - 8 . 5 5 4 7  - 8 . 5 4 8 2  - 8 . 5 4 4 4  - 8 . 5 3 7 3  - 8 . 5 3 2 7  - 8 . 5 3 1 1  

2a 1 - 2 . 1 6 5 1  - 2.1545 - 2.1512 - 2.1472 - 2 . 1 4 5 0  - 2.1443 

3a 1 - 1 . 7 1 4 0  - 1 . 6 9 4 0  - 1 . 6 8 2 6  - 1 . 6 5 9 6  - 1 . 6 4 1 6  - 1 . 6 3 4 6  

Ib 1 - 1 . 6 3 9 3  - 1 . 6 3 9 3  - 1 . 6 3 8 5  - 1 . 6 3 6 6  - 1 . 6 3 5 2  - 1 . 6 3 4 6  

lb2 - 1 . 9 4 2 4  - 1 . 9 8 5 0  - 2 . 0 0 1 6  - 2 . 0 2 7 1  - 2 . 0 4 2 3  - 2 . 0 4 7 5  

~v.i~ - 8 . 2 1 5 0  - 8.2790 - 8.3056 - 8 . 3 4 8 6  - 8 . 3 7 4 6  - 8 . 3 8 3 6  

E - 2 5 . 3 2 4 4  - 2 5 . 3 7 5 3  - 2 5 . 3 9 4 5  - 2 5 . 4 2 3 2  - 2 5 . 4 4 0 1  - 2 5 . 4 4 5 7  

Canonical 

la~ - 8.0901 - 8.0881 - 8.0868 - 8.0847 - 8.0833 - 8.0829 

2a 1 - 1 . 0 2 9 9  - 1 . 0 1 5 1  - 1 . 0 1 0 3  - 1 . 0 0 4 3  - 1 . 0 0 0 9  - 0 . 9 9 9 9  

3al - 0 . 3 3 2 4  - 0 . 3 1 0 1  - 0 . 2 9 7 8  - 0 . 2 7 3 6  - 0 . 2 5 4 2  - 0 . 2 4 6 6  

lb t - 0 . 2 4 6 5  - 0 . 2 4 6 8  - 0 . 2 4 6 7  - 0 . 2 4 6 6  - 0 . 2 4 6 6  - 0 . 2 4 6 6  

lb2 - 0 . 7 9 0 4  - 0.8334 - 0 . 8 5 1 1  - 0.8792 - 0 . 8 9 6 2  - 0.9021 

Zval~ - 3.6406 - 3.6970 - 3.7228 - 3.7670 - 3 . 7 9 4 2  - 3.8040 

Xali8 - 19.8208 - 19.8732 - 19.8964 - 19.9364 - 19.9608 - 19.9698 

180 

180 

180 
180 

The bond length was held constant at its experimental equilibrium value as the 
bond angle was varied. This procedure is admittedly crude, but it should be 
sufficiently accurate to illustrate the behavior of the ICSCF method. 

For all of the AH 2 systems studied [see Tables 1-25 and Figs. 1-23] the 
predicted geometry from Esc F is in agreement with Walsh's rules. The six electron 
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T a b l e  5, T h e  l a  2 2a~ 2 lb22 3a  I 2A i state of  B H  2 

90 110 120 140 160 180 c~ e 

I C S C F  

l a  I - 8 . 3 1 3 8  - 8 . 3 1 1 3  - 8 . 3 1 0 0  - 8 .3080 - 8.3079 - 8 . 3 0 8 3  

2a  i - 1 . 9 5 7 3  - 1 . 9 4 4 0  - 1 . 9 3 9 4  - 1 . 9 3 2 9  - 1 . 9 2 8 7  - 1 . 9 2 7 3  

3 a  I - 1 . 6 9 1 4  - 1 . 6 6 6 7  - 1 , 6 5 1 9  - 1 , 6 2 0 2  - 1 . 5 9 1 4  - 1 . 5 7 8 1  
lb~ - 1 . 4 4 9 8  - t . 4 5 1 7  - 1 . 4 5 1 9  - 1 , 4 5 1 9  - 1 . 4 5 1 8  - 1 . 4 5 1 7  

l b  2 - 1 . 7 2 4 9  - 1 . 7 6 6 4  - 1 . 7 8 2 6  - 1 . 8 0 8 0  - 1 . 8 2 4 1  - 1 . 8 3 0 0  

s - 9 . 0 5 5 8  - 9 . 0 8 7 5  - 9 . 0 9 5 9  - 9 . 1 0 2 0  - 9 . 0 9 7 0  - 9 . 0 9 2 7  
E - 2 5 . 6 8 3 4  - 2 5 . 7 0 9 9  - 2 5 . 7 1 5 9  - 2 5 . 7 1 8 0  - 2 5 . 7 1 2 9  - 2 5 . 7 0 9 4  

Canonical  

l a i  - 7 . 6 3 1 0  - 7 . 6 2 7 4  - 7 . 6 2 6 6  - 7 . 6 2 6 5  - 7 . 6 2 8 6  - 7 , 6 3 0 2  
2a  i - 0 . 7 0 0 5  - 0 . 6 7 9 6  - 0 . 6 7 2 5  - 0 .6630 - 0 . 6 5 8 5  - 0 . 6 5 7 7  
3ai  - 0 . 3 9 3 5  - 0 . 3 6 7 7  - 0 . 3 5 3 6  - 0 . 3 2 3 4  - 0 . 2 9 6 8  - 0 . 2 8 4 0  

l b  i 0 .0597 0 .0605 0 .0606 0 .0602 0.0591 0 .0584 
l b  2 - 0 , 4 4 0 9  - 0 . 4 8 0 9  - 0 , 4 9 7 5  - 0 . 5 2 4 9  - 0 . 5 4 3 3  - 0 . 5 5 0 6  
~val~ - 2 . 6 7 6 3  - 2 . 6 8 8 7  - 2 . 6 9 3 6  - 2 . 6 9 9 2  - 2 . 7 0 0 4  - 2 . 7 0 0 6  
Xalle - 17.9383 - 17.9435 - 17.9468 - 17.9522 - 17.9576 - 17.9610 

141 
136 

180 
180 

T a b l e  6. The  l a  2 2 a  f lb2 z l b l  ZB~ s ta te  o f  B H  2 

90 110 120 140 160 180 ee 

I C S C F  

l a i  - 8 . 3 3 0 7  - 8 . 3 2 3 4  - 8 . 3 1 9 8  - 8 . 3 1 3 5  - 8 . 3 0 9 7  - 8 . 3 0 8 3  

2al  - 1 . 9 4 4 8  - 1 . 9 3 5 6  - 1 . 9 3 2 9  - 1 . 9 2 9 7  - 1 . 9 2 7 9  - 1 . 9 2 7 3  

3a  1 - 1 . 5 3 6 5  - 1 . 5 1 5 4  - 1 . 5 0 3 3  - 1 . 4 7 8 9  - 1 . 4 5 9 4  - 1 . 4 5 1 7  

l b  1 - 1 . 5 8 7 0  - 1 . 5 8 5 6  - 1 . 5 8 4 2  - 1 . 5 8 1 2  - 1 . 5 7 8 9  - 1 . 5 7 8 1  
lb2 - 1 . 7 2 6 0  - 1 . 7 6 8 2  - 1 . 7 8 4 6  - 1 . 8 0 9 8  - 1 . 8 2 4 9  - 1 . 8 3 0 0  

Xvale - 8 . 9 2 8 6  - 8 . 9 9 3 2  - 9 . 0 1 9 2  - 9 . 0 6 0 2  - 9 . 0 8 4 5  - 9 . 0 9 2 7  
E - 2 5 . 5 9 0 1  - 2 5 . 6 4 0 1  - 2 5 . 6 5 9 0  - 2 5 . 6 8 7 2  - 2 5 . 7 0 3 8  - 2 5 . 7 0 9 4  

Canonical  

l a  i - 7 . 6 4 4 2  - 7 .6380 - 7 .6357 - 7 .6323 - 7.6307 - 7.6302 
2 a  1 - 0 . 6 8 8 7  - 0 . 6 7 2 8  - 0 . 6 6 7 9  - 0 . 6 6 1 8  - 0 , 6 5 8 6  - 0 . 6 5 7 7  
3al  - 0 ~ 0 1 8 5  0.0031 0.0143 0 .0358 0.0521 0 .0584 
lb  i - 0 . 2 8 9 1  - 0 . 2 8 6 7  - 0 .2859 - 0 . 2 8 4 7  - 0 . 2 8 4 2  - 0 . 2 8 4 0  
lb2 - 0 . 4 4 2 6  - 0 . 4 8 4 3  - 0 .5014 - 0 . 5 2 8 4  - 0 . 5 4 4 9  - 0 . 5 5 0 6  
Xvaie - 2 . 5 5 1 7  - 2 .6009 - 2 .6245 - 2 . 6 6 5 1  - 2 , 6 9 1 2  - 2 .7006 
Xan~ - 17.8401 - -17 .8769  - 17.8959 - -17 .9297  - 17.9526 - 17.9610 

180 

180 

180 

180 

systems are found to be linear while the 7-10 electron systems are found to be 
bent. The calculated bond angles for bent molecules are within 10 ~ of the known 
experimental angles which indicates that the RHF method with these basis sets 
is capable of  quantitative as well as qualitative predictions. 
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90 110 120 140 160 180 e~ 

I C S C F  

l a  1 - 8.1501 - 8.1517 - 8.1529 - 8.1556 - 8.1587 - 8.1599 

2al - 1.7687 - 1.7501 - 1.7423 - 1.7281 - 1.7163 - 1.7114 

3at - 1.3728 - 1.3606 - 1.3537 - 1.3416 - 1.3341 - 1.3318 

lb~ - 1.2699 - 1.2710 - 1.2710 - 1.2704 - 1.2698 - 1.2695 

lb 2 - 1.5270 - 1.5625 - 1.5758 - 1.5955 - 1.6071 - 1.6111 

Xwl~ - 9.3370 - 9.3464 - 9.3436 - 9.3304 - 9.3150 - 9.3086 109 

E - 2 5 . 6 3 7 3  - 2 5 . 6 4 9 8  - 2 5 . 6 4 9 4  - 2 5 . 6 4 1 5  - 2 5 . 6 3 2 2  - 2 5 . 6 2 8 2  111 

C a n o n i c a l  

l a  1 - 7.3259 - 7.3272 - 7.3294 - 7.3354 - 7.3415 - 7.3441 

2a I - 0.4490 - 0.4256 - 0.4170 - 0.4035 - 0.3937 - 0.3899 

3a 1 0.0061 0.0232 0.0310 0.0436 0.0506 0.0526 

lb 1 0.2985 0.2990 0.2987 0.2976 0.2962 0.2956 

lb 2 - 0.1742 - 0.2138 - 0.2301 - 0.2567 - 0.2737 - 0.2798 

Xvale - 1.2342 - 1.2324 - 1.2322 - 1.2332 - 1.2336 - t .2342 < 90 ,180  

S~li~ - 1 5 . 8 8 6 0  - 1 5 . 8 8 6 8  - 1 5 . 8 9 1 0  - 1 5 . 9 0 4 0  - 1 5 . 9 1 6 6  - 1 5 . 9 2 2 4  180 

Tab le  8. The  laf2aflb~lb13a13Bi state of  BH~ 

90 110 120 140 160 180 ~e 

I C S C F  

la l  - 8.1434 - 8.1418 - 8.1414 - 8.1414 - 8.1431 - 8.1442 

2a 1 - 1 . 7 3 9 5  - 1 . 7 2 5 9  - 1 . 7 2 1 2  - 1 . 7 1 4 3  - 1 . 7 0 9 5  - 1 . 7 0 7 7  

3a 1 - 1 . 4 7 0 9  - 1 . 4 4 8 9  - 1 . 4 3 5 9  - 1 . 4 0 8 9  - 1 . 3 8 6 0  - 1 . 3 7 6 4  

lb 1 - 1 . 3 8 2 4  - 1.3834 - 1 . 3 8 2 8  - 1 . 3 8 0 5  - 1 . 3 7 7 8  - 1 . 3 7 6 4  

lb 2 - 1 . 5 1 2 2  - 1 . 5 5 0 4  - 1.5653 - 1 . 5 8 8 4  - 1 . 6 0 2 7  - 1 . 6 0 7 7  

Xv,l~ - 9 . 3 5 6 7  - 9 . 3 8 4 9  - 9 . 3 9 1 7  - 9 . 3 9 4 8  - 9 . 3 8 8 2  - 9 . 3 8 3 6  136 

E - 2 5 . 6 4 3 3  - 2 5 . 6 6 8 6  - 2 5 . 6 7 4 5  - 2 5 . 6 7 7 5  - 2 5 . 2 7 4 3  - 2 5 . 6 7 2 0  140 

C a n o n i c a l  

l a l  - 7.3210 - 7 . 3 1 7 6  7.3176 - 7.3200 - 7 . 3 2 4 9  - 7.3276 

2al - 0 . 4 2 3 2  - 0 . 4 0 1 9  - 0 . 3 9 5 1  - 0 . 3 8 6 8  - 0 . 3 8 3 4  - 0 . 3 8 2 9  

3a~ - 0 . 0 9 9 5  - 0 . 0 7 1 6  - 0 . 0 5 6 7  - 0 . 0 2 6 5  - 0 . 0 0 0 6  0.0106 

lbl  0.0145 0.0165 0.0165 0.0151 0.0122 0.0106 

lb2 - 0 . 1 6 2 0  - 0 . 2 0 1 8  - 0.2184 - 0 . 2 4 6 2  - 0 . 2 6 5 3  - 0.2727 

Xv,l~ - 1.2554 - 1.2625 - 1.2672 - 1.2774 - 1.2858 - 1.2900 180 

Xaue - 15.8974 - 15.8977 - 15.9024 - 15.9174 - 15.9356 - 15.9452 180 

T h e  c a n o n i c a l  o r b i t a l  e n e r g y  v e r s u s  b o n d  a n g l e  d i a g r a m s  a r e  q u i t e  s i m i l a r  

t o  t h o s e  r e p o r t e d  a n d  d i s c u s s e d  a t  l e n g t h  b y  P e y e r i m h o f f  et al. [ 7 ] .  E x c e p t  f o r  

N H  2, C H 2 ,  a n d  H 2 0  § t h e  c a n o n i c a l  o r b i t a l  e n e r g i e s  a r e  i n  t h e  o r d e r  p r e d i c t e d  

b y  W a l s h .  T h i s  e x c e p t i o n  f o r  N H 2  h a s  b e e n  p r e v i o u s l y  n o t e d  b y  K r a u s s  [ 1 1 ] .  

T h e  2 a  1 o r b i t a l  e n e r g y  i s  s e e n  t o  i n c r e a s e ,  n o t  d e c r e a s e  a s  W a l s h  p r e d i c t e d ,  w i t h  
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T a b l e  9. T h e  l a f  2a~ l b  2 l b  21/11 state of BH~- 

9 0  110  120  140  160  180 e .  

I C S C F  

l a  i - 8 . 1 8 1 0  - 8 . 1 7 3 6  - 8 . 1 7 0 2  - 8 . 1 6 4 5  - 8 .1611  - 8 . 1 5 9 9  

2 a  1 - 1 .7288  - 1 . 7 1 9 6  - 1 . 7169  - 1 . 7137  - 1 . 7120  - 1 . 7114  

3 a l  - 1 . 3 5 2 9  - 1 . 3 3 1 9  - 1 . 3 1 9 9  - 1 . 2 9 6 0  - 1 . 2 7 7 0  - 1 . 2 6 9 5  

l b  i - 1 . 3 3 5 8  - 1 . 3 3 6 2  - 1 . 3 3 5 5  - 1 . 3 3 3 8  - 1 . 3 3 2 3  - 1 . 3 3 1 8  

l b  2 - 1 .5109  - 1 . 5 5 1 2  - 1 . 5 6 7 1  - 1 . 5 9 1 4  - 1 . 6 0 6 1  - 1 .6111 

S w ~  - 9 . 1 5 1 0  - 9 . 2 1 4 0  - 9 . 2 3 9 0  - 9 . 2 7 7 8  - 9 . 3 0 0 8  - 9 . 3 0 8 6  

E - 2 5 . 5 1 2 9  - 2 5 . 5 6 1 2  - 2 5 . 5 7 9 4  - 2 5 . 6 0 6 6  - 2 5 . 6 2 2 8  - 2 5 . 6 2 8 3  

l a  I 

2 a l  

3 a l  

l b i  

l b z  

~val 8 

~all ~ 

180 
180 

Canonical 

- 7 . 3 6 2 3  - 7 . 3 5 4 0  - 7 . 3 5 1 1  - 7 . 3 4 6 9  - 7 . 3 4 4 8  - 7 . 3 4 4 1  

- 0 . 4 2 3 9  - 0 . 4 0 6 6  - 0 . 4 0 1 2  - 0 . 3 9 4 5  - 0 . 3 9 0 9  - 0 . 3 8 9 9  

0 . 2 2 3 7  0 . 2 4 4 4  0 . 2 5 5 0  0 . 2 7 4 9  0 . 2 8 9 8  0 . 2 9 5 6  

0 . 0 4 5 8  0 . 0 4 8 9  0 . 0 5 0 0  0 . 0 5 1 6  0 . 0 5 2 4  0 . 0 5 2 6  

- 0 . 1 7 5 1  - 0 . 2 1 5 7  - 0 . 2 3 2 3  - 0 . 2 5 8 4  - 0 . 2 7 4 4  - 0 . 2 7 9 8  

- 1 . 1 0 6 4  - 1 . 1468  - 1 . 1670  - 1 . 2026  - 1 . 2 2 5 8  - 1 .2342  180 

- 1 5 . 8 3 1 0  - 1 5 . 8 5 4 8  - 1 5 . 8 6 9 2  - 1 5 . 8 9 6 4  - 1 5 . 9 1 5 4  - 1 5 . 9 2 2 4  180  

T a b l e  10. T h e  l a f  2a~lb~ 3 a i 2 A i  s t a t e  o f  C H ~  

9 0  110  120  140 160  180 ~ 

I C S C F  

l a  i - 1 2 . 6 0 6 7  - 1 2 . 6 0 5 4  - 1 2 . 6 0 3 6  - 1 2 . 5 9 9 0  - 12 .5948  - 12 .5928  

2 a  1 - 2 . 8631  - 2 . 8 4 9 4  - 2 . 8 4 5 1  - 2 . 8 4 0 0  - 2 . 8 3 8 2  - 2 . 8 3 8 2  

3 a  i - 2 . 5 1 2 8  - 2 . 4 8 2 2  - 2 . 4 6 4 8  - 2 . 4 2 8 8  - 2 . 3971  - 2 . 3 8 2 9  

l b  1 - 2 . 2 4 7 8  - 2 . 2 5 1 5  - 2 . 2 5 2 7  - 2 . 2 5 4 5  - 2 . 2 5 6 0  - 2 . 2 5 6 6  

l b 2  - 2 . 5 1 6 3  - 2 . 5 6 5 1  - 2 . 5 8 4 9  - 2 . 6 1 6 8  - 2 . 6 3 8 0  - 2 . 6461  

Svale - - 1 3 . 2 7 1 6  - - 1 3 . 3 1 1 2  - - 1 3 . 3 2 4 8  - - 1 3 . 3 4 2 4  - - 1 3 . 3 4 9 5  - - 1 3 . 3 5 1 5  

E - 3 8 . 4 8 5 2  - 3 8 . 5 2 1 9  - 3 8 . 5 3 2 0  - 3 8 . 5 4 0 3  " - 3 8 . 5 3 9 1  - 3 8 . 5 3 7 2  

Canonical 

l a  1 - 1 1 . 7 5 6 6  - 1 1 . 7 5 1 5  - 1 1 . 7 4 8 2  - 1 1 . 7 4 0 6  - 1 1 . 7 3 2 9  - 1 1 . 7 2 9 3  

2 a i  - 1 .2843  - 1 .2631  - 1 . 2549  - 1 .2423  - 1 .2341 - 1 . 2314  

3 a l  - 0 . 9 3 0 2  - 0 . 9 0 0 9  - 0 . 8 8 4 7  - 0 . 8 5 1 5  - 0 . 8 2 2 3  - 0 . 8 0 9 3  

l b  1 - 0 . 3 0 3 0  - 0 . 3 0 1 8  - 0 . 3 0 0 9  - 0 . 2 9 9 0  - 0 . 2971  - 0 . 2 9 6 2  

lb2 - 0 . 9 1 9 6  - 0 . 9 6 0 6  - 0 . 9 7 7 5  - 1 . 0 0 4 0  - 1 .0199  - 1 .0255  

Xv.le - 5 . 3 3 8 0  - 5 . 3 4 8 3  - 5 . 3 4 9 5  - 5 . 3441  - 5 . 3 3 0 3  - 5 .3231  

S.ne - 2 8 . 8 5 1 2  - 2 8 . 8 5 1 3  - 2 8 . 8 4 5 9  - 2 8 . 8 2 5 3  - 2 8 . 7 9 6 1  - - 2 8 . 7 8 1 7  

180 

147 

114 

101 

increase in bond angle, but this result has also been noted and explained previously 
1-7]. For the most part, the change of the 3a i orbital energy with bond angle is 
less than Walsh predicted, and the change of the lb 1 energy is somewhat greater 
than he expected (see Refs. [-3, 7] for a detailed discussion). Figs. 19, 21 for the 
2A1 states of H 2 0  + and NH 2 even show the crossing of the 3a~ and lb 2 energies 



A n  I C S C F  I n v e s t i g a t i o n  o f  W a l s h ' s  R u l e s  

T a b l e  11.  T h e  l a ~  2 a  2 t b 2  z l b l  2B 1 s t a t e  o f  C H ~ -  

2 9 1  

9 0  1 1 0  1 2 0  1 4 0  1 6 0  1 8 0  ~ 

I C S C F  

l a  i - 1 2 . 6 0 6 0  - 1 2 . 6 0 3 1  - 1 2 . 6 0 1 0  - 1 2 . 5 9 6 8  - 1 2 . 5 9 3 9  - 1 2 . 5 9 2 8  

2a~ - 2 . 8 5 9 2  - 2 . 8 4 8 7  - 2 . 8 4 5 4  - 2 . 8 4 1 2  - 2 . 8 3 8 9  - 2 . 8 3 8 2  

3 a  I - 2 . 3 4 7 9  - 2 . 3 2 2 5  - 2 . 3 0 9 1  - 2 . 2 8 3 3  - 2 . 2 6 4 0  - 2 . 2 5 6 6  

l b  i - 2 . 3 8 7 6  - 2 . 3 8 7 4  - 2 . 3 8 6 6  - 2 . 3 8 4 8  - 2 . 3 8 3 4  - 2 . 3 8 2 9  

l b z  - 2 . 5 2 9 5  - 2 . 5 7 6 4  - 2 . 5 9 4 9  - 2 . 6 2 8 3  - 2 . 6 4 0 3  - 2 . 6 4 6 1  

Z ~ l s  - 1 3 . 1 6 5 0  - 1 3 . 2 3 7 6  - 1 3 . 2 6 7 2  - 1 3 . 3 1 3 8  - 1 3 . 3 4 1 8  - 1 3 . 3 5 1 5  

E - 3 8 . 3 7 7 0  - 3 8 . 4 4 3 8  - 3 8 . 4 6 9 3  - 3 8 . 5 0 7 4  - 3 8 . 5 2 9 7  - 3 8 . 5 3 7 2  

C a n o n i c a l  

l a l  - 1 1 . 7 3 7 5  - 1 1 . 7 3 5 4  - 1 1 . 7 3 4 1  - 1 1 . 7 3 1 7  - 1 1 . 7 2 9 9  - 1 1 . 7 2 9 3  

2 a l  - 1 . 2 6 2 2  - 1 . 2 4 8 1  - 1 . 2 4 3 2  - 1 . 2 3 6 5  - 1 . 2 3 2 6  - 1 . 2 3 1 4  

3 a  1 - 0 . 4 0 2 6  - 0 . 3 7 2 8  - 0 . 3 5 7 4  - 0 . 3 2 8 0  - 0 . 3 0 5 1  - 0 . 2 9 6 2  

l b i  - 0 . 8 1 1 0  - 0 . 8 1 1 0  - 0 . 8 1 0 7  - 0 . 8 1 0 0  - 0 . 8 0 9 4  - 0 . 8 0 9 3  

l b  2 - 0 . 9 1 1 3  - 0 . 9 5 5 1  - 0 . 9 7 3 3  - 1 . 0 0 2 0  - 1 . 0 1 9 4  - 1 . 0 2 5 5  

S v a ~  - 5 . 1 5 8 0  - 5 . 2 1 7 4  - 5 . 2 4 3 7  - 5 . 2 8 7 0  - 5 _ 3 1 3 4  - 5 . 3 2 3 1  

~ a l l  ~ - -  2 8 . 6 3 3 0  - 2 8 . 6 8 8 2  - 2 8 . 7 1 1 9  - 2 8 . 7 5 0 4  - 2 8 . 7 7 3 2  - 2 8 . 7 8 1 7  

1 8 0  

1 8 0  

1 8 0  

1 8 0  

T a b l e  12.  T h e  l a ~  2a~lb~3a~aAt s t a t e  o f  C H z  

9 0  1 1 0  1 2 0  1 4 0  1 6 0  1 8 0  ~ 

I C S C F  

l a  I - 1 2 . 3 6 7 1  - 1 2 . 3 5 6 0  - 1 2 . 3 6 4 7  - 1 2 . 3 6 1 4  - 1 2 . 3 5 8 7  - 1 2 . 3 5 7 4  

2a~ - 2 . 6 4 2 6  - 2 . 6 2 4 4  - 2 . 6 1 7 1  - 2 . 6 0 3 9  - 2 . 5 9 3 0  - 2 . 5 8 8 5  

3 a  1 - 2 . 1 1 4 5  - 2 . 0 9 5 4  - 2 . 0 8 5 7  - 2 . 0 6 8 9  - 2 _ 0 5 9 0  - 2 . 0 5 6 0  

l b  i - 2 . 0 2 0 4  - 2 . 0 2 3 1  - 2 , 0 2 4 0  - 2 . 0 2 5 2  - 2 . 0 2 6 0  - 2 . 0 2 6 2  

lbz - 2 . 2 8 5 3  - 2 . 3 3 1 1  - 2 . 3 4 9 0  - 2 . 3 7 6 8  - 2 . 3 9 3 8  - 2 . 3 9 9 6  

Z ~ l s  - 1 4 . 0 8 4 8  - 1 4 . 1 0 1 8  - 1 4 . 1 0 3 6  - 1 4 . 0 9 9 2  - 1 4 . 0 9 1 6  - 1 4 . 0 8 8 2  1 1 6  

E - 3 8 . 8 1 9 0  - 3 8 . 8 3 3 6  - 3 8 . 8 3 2 8  - 3 8 . 8 2 2 1  - 3 8 . 8 0 8 9  - 3 8 . 8 0 3 3  1 1 4  

C a n o n i c a l  

l a  1 - 1 1 . 2 8 8 4  - 1 1 . 2 8 3 4  - 1 1 . 2 8 0 5  - 1 1 . 2 7 4 4  - 1 1 . 2 6 9 5  - 1 1 . 2 6 7 4  

2 a  i - 0 . 9 2 7 3  - 0 . 9 0 2 7  - 0 . 8 9 2 3  - 0 . 8 7 3 7  - 0 . 8 5 8 9  - 0 . 8 5 3 1  

3 a  I - 0 . 3 8 5 4  - 0 . 3 6 1 6  - 0 . 3 5 0 1  - 0 . 3 3 0 3  - 0 . 3 1 7 9  - 0 . 3 1 4 1  

l b  I 0 . 0 5 1 9  0 . 0 5 3 5  0 . 0 5 4 4  0 . 0 5 5 9  0 . 0 5 7 0  0 . 0 5 7 5  

l b  2 - 0 . 5 3 7 0  - 0 . 5 7 7 8  - 0 , 5 9 4 t  - 0 . 6 1 9 2  - 0 . 6 3 4 0  - 0 . 6 3 9 1  

s  - 3 . 6 9 9 4  - 3 . 6 8 4 2  - 3 . 6 7 3 0  - 3 . 6 4 6 4  - 3 . 6 2 1 6  - 3 . 6 1 2 6  < 9 0  

S , , ~  - 2 6 . 2 7 6 2  - 2 6 . 2 5 1 0  - 2 6 . 2 3 4 0  - 2 6 . 1 9 5 2  - 2 6 . 1 6 0 6  - 2 6 . 1 4 7 4  < 9 0  

a s  p r e d i c t e d  b y  W a l s h .  B e c a u s e  t h e  R H F  s e l f - c o n s i s t e n t - f i e l d  p r o c e d u r e  t r e a t s  

v i r t u a l  o r b i t a l s  i n  a n  u n s a t i s f a c t o r y  m a n n e r ,  t h e  e n e r g y  a s s i g n e d  t o  a n  o r b i t a l  

c h a n g e s  d r a s t i c a l l y  d e p e n d i n g  o n  w h e t h e r  i t  i s  o c c u p i e d  o r  e m p t y .  T h u s ,  i n  

c o n t r a s t  t o  H i i c k e l  t h e o r y  a n d  W a l s h ' s  r e a s o n i n g ,  t h e  c a n o n i c a l  o r b i t a l  e n e r g y  

p l o t s  c h a n g e  a p p e a r a n c e  n o t  o n l y  b e t w e e n  m o l e c u l e s  b u t  a l s o  f r o m  s t a t e  t o  

s t a t e  o f  t h e  s a m e  m o l e c u l e .  



292 L. Z e l l e r  S t e n k a m p  a n d  E. R .  D a v i d s o n  

T a b l e  13. T h e  l a~  2a l  2 lb22 3a  1 3B 1 s t a t e  o f  C H  2 

90  110 120 140 160 180 ~e 

I C S C F  

laa  - 1 2 . 3 4 0 9  - 1 2 . 3 3 9 1  - 1 2 . 3 3 7 7  - 1 2 . 3 3 4 6  - 1 2 . 3 3 2 5  - 1 2 . 3 3 1 6  

2a  1 - 2 .6113 - 2 .5980  - 2 .5936 - 2 .5877  - 2 .5844  - 2 .5836 

3a ,  - 2 .2507 - 2 .2203 - 2 .2032 - 2 .1680  - 2.1371 - 2 .1233 

l b ,  - 2 .1183 - 2 .1207 - 2 .1213 - 2 .1221 - 2 .1229 - 2.1233 

lb  2 - 2 .2758 - 2 .3224  - 2 .3410 - 2 .3704  - 2 .3894  - 2 .3964 

Xv.le - 14.1432 - 14.1818 - 14.1937 - 14.2063 - 14.2076 - 14.2066 161 

E - 3 8 . 8 2 5 0  - 3 8 . 8 6 0 0  - 3 8 . 8 6 9 2  - 3 8 . 8 7 5 5  - 3 8 . 8 7 2 6  - 3 8 . 8 6 9 8  143 

C a n o n i c a l  

la~ - 1 1 . 2 5 6 2  - 1 1 . 2 5 1 0  - 1 1 . 2 4 8 7  - 1 1 . 2 4 4 3  - 1 1 . 2 4 1 1  - 1 1 . 2 3 9 7  

2 a l  - 0 .8874  - 0 .8675 - 0 .8603 - 0 .8500  - 0 .8440  - 0 .8424 

3a  1 - 0 .5085  - 0 .4752  - 0 .4576  - 0 .4221 - 0.3911 - 0.3771 

lb l  - 0 .3842  - 0 .3818 - 0 .3807 - 0 .3789  - 0 .3776  - 0.3771 

lb2  - 0 .5170  - 0 .5591 - 0 .5765 - 0 .6043 - 0 .6219 - 0 .6284 

~ v a l  8 - -  3.7015 - 3 .7102 - 3 .7119 - 3 .7096 - 3.7005 - 3.6958 123 

Z. l le  - 2 6 . 2 1 3 9  - 2 6 . 2 1 2 2  - 2 6 . 2 0 9 3  - 2 6 . 1 9 8 2  - 2 6 . 1 8 2 7  - 2 6 . 1 7 5 2  < 90  

T a b l e  14. T h e  l a f  2a~lb~lbf~A1 s t a t e  o f  C H z  

90  110 120 140 160 180 ~e 

I C S C F  

l a l  - 12.3728 - 12.3688 - 12 .3659 - 12 .3614 - 1 2 . 3 5 8 5  - 1 2 . 3 5 7 4  

2a  1 - 2 .6073 - 2 .5977  - 2 .5948 - 2.5911 - 2.5891 - 2 .5885 

3a l  - 2 .1252 - 2 .0980  - 2 .0836  - 2 .0558 - 2 .0345 - 2 .0262 

lb  1 - 2 .0580  - 2 .0588 - 2 .0584  - 2 .0573 - 2 .0564 - 2 .0560 

lb2  - 2 .2849 - 2 .3312  - 2 .3494  - 2 .3773 - 2 .3940 - 2 .3996 

Nwte - 1 3 . 9 0 0 4  - 1 3 . 9 7 5 4  - 1 4 . 0 0 5 2  - 1 4 . 0 5 1 4  - 1 4 . 0 7 9 0  - 1 4 . 0 8 8 2  180 

E - 3 8 . 6 4 5 9  - 3 8 . 7 1 1 9  - 3 8 . 7 3 6 9  - 3 8 . 7 7 4 2  - 3 8 . 7 9 6 0  - 3 8 . 8 0 3 3  180 

C a n o n i c a l  

laa  - 11 .2824 - 11.2766 - 11 .2742 - 11 .2704 - 11.2682 - 11.2674 

2a l  - 0 .8849  - 0 .8698 - 0 .8648 - 0 .8580  - 0 .8542  - 0.8531 

3a  1 - 0 .0459 - 0 .0161 - 0.0011 0 .0273 0.0491 0.0575 

lb l  - 0 .3195 - 0 .3175 - 0 .3166 - 0 .3152  - 0 .3143 - 0.3141 

l b  2 - 0 .5270  - 0 .5702  - 0 . 5 8 8 0  - 0 .6161 - 0.6331 - 0.6391 

Zv,l~ - 3 .4628 - 3 .5150  - 3 .5388 - 3 .5786 - 3 .6032 - 3.6126 180 

Xa11~ - 2 6 . 0 2 7 6  - 2 6 . 0 6 8 2  - 2 6 . 0 8 7 2  - 2 6 . 1 1 9 4  - 2 6 . 1 3 9 6  - 2 6 . 1 4 7 4  180 

F o r  t h e  2 ,  4 ,  a n d  6 v a l e n c e  e l e c t r o n  m o l e c u l e s  ( l o w e s t  s i n g l e t  s t a t e ) ,  B e l l  2 ,  

B H 2  + ,  B H 2 ,  i t  w a s  c l a i m e d  [ 7 ]  t h a t  t h e  s u m  o f  t h e  v a l e n c e  o r b i t a l  e i  c o r r e l a t e d  

c o r r e c t l y  w i t h  t h e  g e o m e t r y .  T h e  p r e s e n t  r e s u l t s  a g r e e  w i t h  t h e  c l a i m  e x c e p t  

t h a t  t h e  o r b i t a l  e n e r g y  s u m  s e e m s  t o  p r e d i c t  t o o  s m a l l  a b o n d  a n g l e .  A l s o  a s  i n  

t h a t  s t u d y  [ 7 ] ,  t h i s  c o r r e l a t i o n  o f  g e o m e t r y  a n d  t h e  s u m  o f  t h e  el w a s  n o t  f o u n d  

t o  h o l d  f o r  t h e  6 e l e c t r o n  s y s t e m  1A 1 N H  + .  E x a m i n a t i o n  o f  t h e  2 5  A H /  r e s u l t s  



A n  I C S C F  Investigation of Walsh's Rules 

T a b l e  1 5 .  T h e  l a  2 2 a ~  l b ~  3 a ~  l b ~  2 B  1 state of C H j  

2 9 3  

9 0  1 1 0  1 2 0  1 4 0  1 6 0  1 8 0  ~ 

I C S C F  

l a  1 - 1 2 . 1 3 9 4  - 1 2 . 1 4 0 4  - 1 2 . 1 4 0 6  - 1 2 . 1 4 1 1  - 1 2 . 1 4 1 8  - 1 2 . 1 4 1 9  

2 a i  - 2 . 3 9 3 1  - 2 . 3 7 4 6  - 2 . 3 6 7 1  - 2 . 3 5 3 6  - 2 . 3 4 2 4  - 2 . 3 3 7 7  

3 a  I - 1 . 8 8 0 0  - 1 . 8 6 1 5  - 1 . 8 5 1 8  - 1 . 8 3 4 5  - 1 . 8 2 3 7  - 1 . 8 2 0 3  

l b  1 - 1 , 8 8 0 1  - 1 . 8 8 1 7  - 1 . 8 8 1 9  - 1 , 8 8 2 0  - 1 . 8 8 1 8  - 1 . 8 8 1 7  

l b  2 - 2 . 0 5 0 0  - 2 . 0 9 1 5  - 2 . 1 0 7 5  - 2 . 1 3 1 8  - 2 . 1 4 6 4  - 2 . 1 5 1 3  

Zva~e - 1 4 . 5 2 6 3  - 1 4 . 5 3 6 9  - 1 4 . 5 3 4 7  - 1 4 . 5 2 1 8  - 1 4 . 5 0 6 8  - 1 4 . 5 0 0 3  1 1 0  

E - 3 8 . 8 0 5 1  - 3 8 . 8 1 7 7  - 3 8 . 8 1 6 1  - 3 8 . 8 0 4 1  - 3 8 . 7 9 0 1  - 3 8 . 7 8 4 2  1 1 2  

Canonical 

l a ~  - 1 0 . 8 9 2 0  - 1 0 . 8 8 9 3  - 1 0 . 8 8 8 8  - 1 0 . 8 8 8 7  - 1 0 . 8 8 9 5  - 1 0 . 8 8 9 8  

2 a l  - 0 . 5 8 0 5  - 0 . 5 5 6 3  - 0 . 5 4 6 8  - 0 . 5 3 1 0  - 0 . 5 1 9 0  - 0 . 5 1 4 2  

3 a  1 - 0 . 0 3 7 3  - 0 . 0 1 1 6  0 . 0 0 0 5  0 . 0 2 1 0  0 . 0 3 3 8  0 . 0 3 7 8  

l b  1 - 0 . 0 3 3 9  - 0 . 0 3 0 9  - 0 . 0 3 0 0  - 0 . 0 2 9 0  - 0 . 0 2 8 7  - 0 . 0 2 8 6  

l b  2 - 0 . 1 9 0 9  - 0 . 2 3 2 3  - 0 . 2 4 9 2  - 0 . 2 7 5 8  - 0 . 2 9 2 3  - 0 . 2 9 8 1  

Xv,je - 1 . 6 5 1 3  - 1 . 6 3 1 3  - 1 . 6 2 1 0  - 1 . 6 0 0 6  - 1 . 5 8 3 7  - 1 . 5 7 7 6  < 9 0  

I~e  - 2 3 . 4 3 5 3  - 2 3 . 4 0 9 9  - 2 3 . 3 9 8 6  - 2 3 . 3 7 8 0  - 2 3 . 3 6 2 7  - 2 3 . 3 5 7 2  < 9 0  

T a b l e  1 6 ,  T h e  l a ~  2 a ~  l b ~  3 a ~  l b ~  2/11 state of C H ~  

9 0  1 1 0  1 2 0  1 4 0  1 6 0  1 8 0  ~e  

I C S C F  

l a  1 - 1 2 . 1 4 6 3  - 1 2 . 1 4 4 6  - 1 2 . 1 4 3 7  - 1 2 . 1 4 2 1  - 1 2 . 1 4 1 8  - 1 2 . 1 4 1 9  

2 a  1 - 2 . 3 6 7 6  - 2 . 3 5 4 2  - 2 . 3 4 9 7  - 2 . 3 4 3 2  - 2 . 3 3 9 1  - 2 . 3 3 7 7  

3 a  I - 2 . 0 0 1 1  - 1 . 9 7 1 9  - 1 , 9 5 5 6  - 1 . 9 2 2 4  - 1 . 8 9 4 0  - 1 , 8 8 1 7  

l b l  - 1 . 8 1 6 8  - 1 . 8 1 9 4  - 1 . 8 1 9 9  - 1 . 8 2 0 3  - 1 . 8 2 0 3  - 1 . 8 2 0 3  

l b  2 - 2 . 0 4 0 5  - 2 . 0 8 4 0  - 2 . 1 0 1 3  - 2 . 1 2 8 2  - 2 . 1 4 5 2  - 2 . 1 5 1 3  

X v , ~ 8  - 1 4 . 4 5 0 9  - 1 4 . 4 8 7 1  - 1 4 . 4 9 7 4  - t 4 . 5 0 6 2  - 1 4 . 5 0 3 2  - 1 4 . 5 0 0 3  1 4 5  

E - 3 8 . 7 4 3 2  - 3 8 . 7 7 6 2  - 3 8 . 7 8 4 6  - 3 7 . 7 9 0 1  - 3 8 . 7 8 6 9  - 3 8 . 7 8 4 2  1 4 3  

Canonical 

l a  1 - 1 0 . 9 0 0 4  - 1 0 . 8 9 4 3  - 1 0 . 8 9 2 2  - 1 0 . 8 8 9 8  - 1 0 . 8 8 9 5  - 1 0 . 8 8 9 8  

2 a l  - 0 . 5 5 8 5  - 0 . 5 3 7 5  - 0 . 5 3 0 3  - 0 . 5 2 0 5  - 0 . 5 1 5 4  - 0 . 5 1 4 2  

3 a  1 - 0 . 1 6 5 9  - 0 . 1 2 9 7  - 0 . 1 1 1 1  - 0 . 0 7 4 2  - 0 . 0 4 2 6  - 0 . 0 2 8 6  

l b  1 0 . 0 3 2 1  0 . 0 3 5 6  0 . 0 3 6 7  0 . 0 3 7 9  0 . 0 3 8 0  0 . 0 3 7 8  

lbz - 0 . 1 8 6 4  - 0 . 2 2 7 9  - 0 . 2 4 5 2  - 0 . 2 7 3 1  - 0 . 2 9 1 3  - 0 . 2 9 8 1  

I v ~  - 1 5 9 1 5  - -  1 . 5 8 9 3  - 1 . 5 8 8 9  - 1 . 5 8 5 6  - 1 . 5 8 0 0  - -  1 . 5 7 7 6  < 9 0  

XaIL~ - - 2 3 . 3 9 2 3  - - 2 3 . 3 7 7 9  - - 2 3 . 3 7 3 3  - - 2 3 . 3 6 5 2  - - 2 3 . 3 5 9 0  - - 2 3 . 3 5 7 2  < 9 0  

presented here show that in seven cases the sum of the valence orbital e~ correctly 
predicted the linear geometry, and in one case it satisfactorily predicted the 
non-linear geometry. In three cases it predicted the molecule to be linear when 
it wasn't. But the most  consistent trend was shown in 14 out of the 25 cases where 
the predicted bond angle was significantly less than that shown by Esc v. This 
error was not due to the effect of  the core orbitals since inclusion of them in the 
sum only made the quantitative predictions worse. 
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T a b l e  17. T h e  l a ~  2a~ l b z  z 3a  2 ~A~ s t a t e  of  N H ~  

90  110 120 140 160 180 e~ 

I C S C F  

l a  1 - 1 7 . 5 0 0 4  - 1 7 . 4 9 7 5  - 1 7 . 4 9 4 6  - 1 7 . 4 8 7 3  - 1 7 . 4 8 0 9  - 1 7 . 4 7 8 2  

2a~ - 3 .7312 - 3 .7142 - 3 .7075 - 3 .6965 - 3.6881 - 3.6849 

3a~ - 3 .0756 - 3 .0537 - 3 .0432 - 3.0251 - 3 .0137 - 3 .0100 

lb l  - 2 .9910  - 2 .9957  - 2 .9975 - 3 . 0 0 0 t  - 3 .0020 - 3 .0025 

l b  2 - 3.2291 - 3 .2814  - 3 .3026 - 3 .3364 - 3 .3578 - 3.3653 

Zwj~ - 2 0 . 0 7 1 8  - 2 0 . 0 9 8 6  - 2 0 . 1 0 6 6  - 2 0 . 1 1 6 0  - 2 0 . 1 1 9 2  - 2 0 . 1 2 0 4  180 

E - 5 5 . 0 7 2 6  - 5 5 . 0 9 3 5  - 5 5 . 0 9 5 8  - 5 5 . 0 9 0 5  - 5 5 . 0 8 1 1  - 5 5 . 0 7 6 7  116 

C a n o n i c a l  

l a  i - 1 6 . 1 3 2 9  - 1 6 . 1 2 0 8  - 1 6 . 1 1 3 3  - 1 6 . 0 9 7 2  - 1 6 . 0 8 3 6  - 1 6 . 0 7 8 3  

2 a  1 - 1.5835 - 1 .5564 - 1.5439 - 1.5215 - 1.5040 - 1.4974 

3a l  - 0 .9448  - 0 .9179  - 0 .9047  - 0 .8816  - 0 .8660  - 0 .8607 

lb  1 - 0 .3734  - 0 .3689  - 0 .3661 - 0 .3605 - 0 .3557 - 0 .3538 

lb  2 - 1.0614 - 1.0981 - 1.1125 - 1 .1344 - 1.1464 - 1.1504 

Xva, e - 7 .1794  - 7 .1448 - 7 .1222 - 7 .0750  - 7 .0328 - 7 .0170 < 90 

Z , . ~  - 3 9 . 4 4 5 2  - 3 9 . 3 8 6 4  - 3 9 . 3 4 8 8  - 3 9 , 2 6 9 4  - 3 9 . 2 0 0 0  - 3 9 . 1 7 3 6  < 90  

T a b l e  18. T h e  la~2a~lb~3allbl3Bt s t a t e  o f  N H ~  

90 110 120 140 160 180 ~ 

I C S C F  

l a  1 - 1 7 . 4 5 8 5  - 1 7 . 4 5 8 4  - 1 7 . 4 5 7 2  - 1 7 . 4 5 3 1  - 1 7 . 4 4 9 1  - 1 7 . 4 4 7 2  

2a~ - -  3 .6999 - 3 .6874  - -  3 .6835 - 3 .6786  - 3 .6766  - 3 .6764 

3a l  - -  3 .2364 - -  3 .2008  - 3 .1820  - 3 .1448 - 3 .1142 - 3.1013 

l b l  - 3 .0906 - 3 .0947 - 3.0961 - 3 .0984  - 3 .1004 - 3.1013 

lb2  - 3 .2235 - 3 .2747 - 3 .2956 - 3.3291 - 3 .3509 - 3.3589 

Sval~ - 2 0 . 1 7 3 8  - 2 0 . 2 1 9 7  - 2 0 . 2 3 6 3  - 2 0 . 2 5 8 6  - 2 0 . 2 6 9 6  - 2 0 . 2 7 3 2  180 

E - 5 5 . 0 9 0 8  - 55 .1367  - 5 5 . 1 5 0 5  - 5 5 . 1 6 4 8  - 5 5 . 1 6 7 9  - 5 5 . 1 6 7 6  168 

C a n o n i c a l  

l a  1 - 1 6 . 0 7 8 7  - 1 6 . 0 7 3 2  - 1 6 . 0 6 9 4  - 1 6 . 0 6 0 9  - 1 6 . 0 5 2 4  - 1 6 . 0 4 8 6  

2a  1 - 1.5345 - 1.5159 - 1.5086 - 1.4969 - 1.4889 - 1.4863 

3a  1 - 1.0772 - 1.0419 - 1.0235 - 0 .9884  - 0 .9596  - 0 .9476 

lb~ - 0 .9622  - 0 .9597  - 0 .9579  - 0 .9537  - 0 .9495 - 0 .9476 

lb~ - 1.0344 - 1.0751 - 1.0918 - 1 .1182 - t . 1337  - 1,1390 

Sv , le  - 7 .1772  - 7 .1836  - 7 .1822  - 7 .1723 - 7 .1543 - 7 .1470 110 

S ,  n s  - 3 9 . 3 3 4 6  - 3 9 . 3 3 0 0  - 3 9 . 3 2 1 0  - 3 9 . 2 9 4 1  - 3 9 . 2 5 9 1  - 3 9 . 2 4 4 2  < 90  

F r o m  t h e  l i m i t e d  d a t a  s h o w n  h e r e ,  i t  w o u l d  a p p e a r  p o s s i b l e  i n  s o m e  o f  t h e s e  1 4  

c a s e s  t h a t  t h e  s u m  o f  t h e  e i m i g h t  s h o w  a m i n i m u m ,  a n d  t h e r e f o r e  b e t t e r  c o r r e l a t i o n  

w i t h  t h e  t o t a l  e n e r g y ,  i f  c a l c u l a t i o n s  w e r e  d o n e  a t  s o m e  a n g l e s  b e t w e e n  9 0  ~ a n d  

1 1 0  ~ H o w e v e r ,  o t h e r  w o r k  b y  K r a u s s  [ 1 1 ]  r e p o r t s  d e c r e a s e s  i n  t h e  s u m  o f  t h e  ei  

a t  5 ~ i n t e r v a l s  o v e r  p a r t s  o f  t h i s  r a n g e  f o r  1A 1 C H 2 ,  2 B  t N H 2 ,  a n d  2 B  1 H z O  + 

w h i c h  s e e m  t o  b e  l i n e a r  w i t h  r e s p e c t  t o  d e c r e a s e  i n  a n g l e .  
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T a b l e  19.  T h e  l a ~  2 a ~  l b ~  l b f  tA~ s t a t e  o f  N H ~  

2 9 5  

9 0  1 1 0  1 2 0  1 4 0  1 6 0  1 8 0  ~ 

l a  1 
2a~ 

3a~ 

lb~  

lb2 
~val ~ 
E 

l a  1 
2a~ 

3 a t  

l b l  

l b z  

Eva 1 ~ 

~all ~ 

I C S C F  

- 1 7 . 4 8 1 9  - 1 7 . 4 8 2 5  - 1 7 . 4 8 1 9  - 1 7 . 4 8 0 2  - 1 7 . 4 7 8 8  - 1 7 . 4 7 8 2  

- 3 . 7 0 5 6  - 3 . 6 9 5 6  - 3 . 6 9 2 3  - 3 . 6 8 8 0  - 3 . 6 8 5 6  - 3 . 6 8 4 9  

- 3 . 1 0 2 0  - 3 . 0 7 2 2  - 3 . 0 5 7 4  - 3 . 0 2 9 9  - 3 . 0 1 0 0  - 3 . 0 0 2 5  

- 3 ' 0 0 8 9  - 3 . 0 1 0 7  - 3 . 0 1 0 9  - 3 . 0 1 0 5  - 3 . 0 1 0 2  - 3 . 0 1 0 0  

- 3 . 2 4 4 1  - 3 . 2 9 2 7  - 3 . 3 1 1 8  - 3 . 3 4 1 4  - 3 . 3 5 9 2  - 3 . 3 6 5 3  

- 1 9 . 9 1 7 2  - 1 9 . 9 9 6 6  - 2 0 . 0 3 0 0  - 2 0 . 0 7 9 8  - 2 0 . 1 1 0 0  - 2 0 . 1 2 0 4  

- 5 4 . 8 8 1 0  - 5 4 . 9 6 2 7  - 5 4 . 9 9 3 9  - 5 5 . 0 4 0 2  - 5 5 . 0 6 7 6  - 5 5 . 0 7 6 7  

1 8 0  

1 8 0  

C a n o n i c a l  

- 1 6 . 0 8 3 2  - 1 6 . 0 8 2 4  - 1 6 . 0 8 1 6  - 1 6 . 0 8 0 0  - 1 6 . 0 7 8 7  - 1 6 . 0 7 8 3  

- 1 . 5 2 6 3  - 1 . 5 1 3 7  - 1 . 5 0 9 0  - 1 . 5 0 2 6  - 1 . 4 9 8 6  - 1 . 4 9 7 4  

- 0 . 4 7 9 3  - 0 . 4 4 2 2  - 0 . 4 2 3 9  - 0 . 3 8 9 9  - 0 . 3 6 3 8  - 0 . 3 5 3 8  

- 0 . 8 6 1 7  - 0 . 8 6 2 0  - 0 . 8 6 1 8  - 0 . 8 6 1 3  - 0 . 8 6 0 8  - 0 . 8 6 0 7  

- 1 . 0 3 7 4  - 1 . 0 8 0 4  - 1 . 0 9 8 2  - 1 . 1 2 7 0  - 1 . 1 4 4 3  - 1 . 1 5 0 4  

- 6 . 8 5 0 8  - 6 . 9 1 2 2  - 6 . 9 3 8 0  - 6 . 9 8 1 8  - 7 . 0 0 4 8  - 7 . 0 1 7 0  1 8 0  

- 3 9 . 0 1 7 2  - 3 9 . 0 7 7 0  - 3 9 . 1 0 1 2  - 3 9 . 1 4 1 8  - 3 9 . 1 6 2 2  - 3 9 . 1 7 3 6  1 8 0  

T a b l e  20 .  T h e  l a ~  2a~lb~3a~lb~ZB~ s t a t e  o f  N H 2  

9 0  1 1 0  1 2 0  1 4 0  1 6 0  1 8 0  ~e 

I C S C F  

l a  1 - 1 7 . 1 8 1 6  - 1 7 . 1 8 0 1  - 1 7 . 1 7 8 3  - 1 7 . 1 7 3 3  - 1 7 . 1 6 8 8  - 1 7 . 1 6 6 8  

2 a l  - 3 . 4 3 2 7  - 3 . 4 1 5 9  3 . 4 0 9 2  - 3 . 3 9 7 9  - 3 . 3 8 8 7  - 3 . 3 8 5 0  

3 a l  - 2 . 7 9 3 t  - 2 . 7 6 7 8  - 2 . 7 5 5 3  - 2 . 7 3 3 4  - 2 . 7 1 9 1  - 2 . 7 1 4 3  

l b  1 - 2 . 7 9 1 0  - 2 . 7 9 4 4  - 2 . 7 9 5 7  - 2 . 7 9 7 9  - 2 . 7 9 9 6  - 2 . 8 0 0 3  

l b  2 - 2 . 9 4 9 2  - 2 . 9 9 9 3  - 3 . 0 1 9 2  - 3 . 0 5 0 7  - 3 . 0 7 0 4  - 3 . 0 7 7 3  

S w l  - 2 1 . 1 4 1 0  - 2 1 . 1 6 0 4  - 2 1 . 1 6 3 1  - 2 1 . 1 6 1 9  - 2 1 . 1 5 6 0  - 2 1 . 1 5 3 5  1 2 7  

E - 5 5 . 5 0 4 3  - 5 5 . 5 2 0 4  - 5 5 . 5 1 9 8  - 5 5 . 5 0 8 3  - 5 5 . 4 9 3 6  - 5 5 . 4 8 7 2  1 1 4  

C a n o n i c a l  

l a  1 - 1 5 . 5 7 6 3  - 1 5 . 5 6 8 4  - 1 5 . 5 6 3 4  - 1 5 . 5 5 2 6  - 1 5 . 5 4 3 3  - 1 5 . 5 3 9 5  

2 a l  - 1 . 1 2 9 5  - 1 . 1 0 5 9  - 1 . 0 9 5 4  - 1 . 0 7 6 5  - 1 . 0 6 1 3  - 1 . 0 5 5 3  

3 a  I - 0 . 4 8 0 5  - 0 . 4 5 0 2  - 0 . 4 3 5 6  - 0 . 4 0 9 9  - 0 . 3 9 2 8  - 0 . 3 8 7 1  

l b  1 - 0 . 5 0 0 4  - 0 . 4 9 5 3  - 0 . 4 9 2 2  - 0 . 4 8 5 7  - 0 . 4 8 0 1  - 0 . 4 7 7 8  

l b  2 - 0 . 6 0 1 9  - 0 . 6 4 2 4  - 0 . 6 5 8 4  - 0 . 6 8 2 9  - 0 . 6 9 6 9  - 0 . 7 0 1 7  

Zvaie  - 4 . 9 2 4 2  - 4 . 8 9 2 3  - 4 . 8 7 1 0  - 4 . 8 2 4 3  - 4 . 7 8 2 1  - 4 . 7 6 6 0  < 9 0  

27~n~ - 3 6 . 0 7 6 8  - 3 6 . 0 2 9 1  - 3 5 . 9 9 7 8  - 3 5 . 9 2 9 5  - 3 5 . 8 6 8 7  - 3 5 . 8 4 5 0  < 9 0  

This tendency to produce bond angles systematically too small can be predicted 
from Eq. (7). If the hydrogens carry any net positive charge, VN - Ve will tend to 
increase as the bond angle is decreased and the charges are brought closer together. 
Hence S2e~ must be systematically wrong in just the opposite direction so the 
two quantities will give Esc F when added together. The few cases where the bond 
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T a b l e  2 1 .  T h e  l a  2 2 a ~  l b ~  3 a l  l b ~  2A1 s t a t e  o f  N H  2 

9 0  1 1 0  1 2 0  1 4 0  1 6 0  1 8 0  ee  

l a  1 
2 a l  

3 a i  

l b i  

l b 2  

Z~valB 
E 

l a l  
2a~  

3a~ 

l b i  

l b 2  

~val g 
Z~all ~ 

I C S C F  

- 1 7 . 1 7 7 7  - 1 7 . 1 7 6 7  - 1 7 . 1 7 5 3  - 1 7 . 1 7 1 7  - 1 7 . 1 6 8 4  - 1 7 . 1 6 6 8  

- 3 . 4 1 0 2  - 3 . 3 9 8 0  - 3 . 3 9 3 9  - 3 . 3 8 8 5  - 3 . 3 8 5 6  - 3 . 3 8 5 0  

- 2 . 9 3 9 4  - 2 . 9 0 3 1  - 2 . 8 8 3 9  - 2 . 8 4 5 9  - 2 . 8 1 4 0  - 2 . 8 0 0 3  

- 2 . 7 0 5 1  - 2 . 7 0 8 6  - 2 . 7 0 9 8  - 2 . 7 1 1 8  - 2 . 7 1 3 5  - 2 . 7 1 4 3  

- 2 . 9 4 7 6  - 2 . 9 9 7 4  - 3 . 0 1 7 4  - 3 . 0 4 9 2  - 3 . 0 6 9 8  - 3 . 0 7 7 3  

- 2 1 . 0 6 5 2  - 2 1 . 1 0 4 3  - 2 1 . 1 2 6 1  - 2 1 . 1 4 4 9  - 2 1 . 1 5 1 8  - 2 1 . 1 5 3 5  

- 5 5 . 4 2 0 4  - 5 5 . 4 6 4 4  - 5 5 . 4 7 6 9  - 5 5 . 4 8 8 4  - 5 5 . 4 8 8 7  - 5 5 . 4 8 7 2  

1 8 0  

1 5 3  

C a n o n i c a l  

- 1 5 . 5 6 5 4  - 1 5 . 5 5 9 4  - 1 5 . 5 5 6 1  - 1 5 . 5 4 8 9  - 1 5 . 5 4 2 4  - 1 5 . 5 3 9 5  

- 1 . 0 9 9 3  - 1 . 0 8 1 5  - 1 . 0 7 4 7  - 1 . 0 6 4 3  - 1 . 0 5 7 5  - 1 . 0 5 5 3  

- 0 . 6 1 9 5  - 0 . 5 8 0 4  - 0 . 5 6 0 7  - 0 . 5 2 2 6  - 0 . 4 9 1 1  - 0 . 4 7 7 8  

- 0 . 3 9 9 3  - 0 . 3 9 6 5  - 0 . 3 9 4 9  - 0 . 3 9 1 6  - 0 . 3 8 8 5  - 0 . 3 8 7 1  

- 0 . 5 9 2 8  - 0 . 6 3 4 9  - 0 . 6 5 2 1  - 0 . 6 7 9 5  - 0 . 6 9 6 0  - 0 . 7 0 1 7  

- 4 . 8 0 2 3  - 4 . 8 0 6 2  - 4 . 8 0 4 1  - 4 . 7 9 3 4  - 4 . 7 7 5 1  - 4 . 7 6 6 0  1 1 0  

- 3 5 . 9 3 3 1  - 3 5 . 9 2 5 0  - 3 5 . 9 1 6 3  - 3 5 . 8 9 1 3  - 3 5 . 8 5 9 9  - 3 5 . 8 4 5 0  < 9 0  

T a b l e  2 2 .  T h e  l a ~  2a~lb~3a~lb~lAi s t a t e  o f  N H ~  

9 0  1 1 0  1 2 0  1 4 0  1 6 0  1 8 0  ~e 

I C S C F  

l a  i - 1 6 . 9 3 2 2  - 1 6 . 9 3 1 9  - 1 6 . 9 3 1 2  - 1 6 . 9 2 8 9  - 1 6 . 9 2 6 9  - 1 6 . 9 2 5 9  

2 a l  - 3 . 1 5 0 3  - 3 . 1 3 3 5  - 3 . 1 2 7 0  - 3 . 1 1 5 0  - 3 . 1 0 5 2  - 3 . 1 0 1 0  

3a~  - 2 . 5 2 1 2  - 2 . 4 9 5 1  - 2 . 4 8 1 9  - 2 . 4 5 8 1  - 2 . 4 4 2 0  - 2 . 4 3 6 6  

l b l  - 2 . 4 2 9 4  - 2 . 4 3 2 3  - 2 . 4 3 3 3  - 2 . 4 3 5 0  - 2 . 4 3 6 2  - 2 . 4 3 6 6  

l b  2 - 2 . 6 8 4 5  - 2 . 7 3 1 0  - 2 . 7 4 9 4  - 2 . 7 7 7 9  - 2 . 7 9 5 7  - 2 . 8 0 1 9  

X w l ~  - 2 1 . 5 7 0 8  - 2 1 . 5 8 3 8  - 2 1 . 5 8 3 2  - 2 1 . 5 7 2 0  - 2 1 . 5 5 8 2  - 2 1 . 5 5 2 2  

E - 5 5 . 4 3 5 3  - - 5 5 . 4 4 7 8  - 5 5 . 4 4 5 2  - 5 5 . 4 2 9 8  - 5 5 . 4 1 1 8  - 5 5 . 4 0 4 0  

C a n o n i c a l  

l a l  - 1 5 . 1 4 7 5  - 1 5 . 1 4 0 9  - 1 5 . 1 3 7 6  - 1 5 . 1 3 0 8  - 1 5 . 1 2 5 1  - 1 5 . 1 2 2 7  

2 a  i - 0 . 7 3 8 0  - 0 . 7 1 4 4  - 0 . 7 0 4 6  - 0 . 6 8 7 1  - 0 . 6 7 2 9  - 0 . 6 6 7 0  

3 a  i - 0 . 0 8 6 5  - 0 . 0 5 2 8  - 0 . 0 3 7 0  - 0 . 0 0 9 2  0 . 0 0 9 3  0 . 0 1 5 5  

l b l  - 0 . 0 0 3 3  0 . 0 0 1 9  0 . 0 0 4 4  0 . 0 0 9 3  0 . 0 1 3 6  0 . 0 1 5 5  

l b 2  - 0 . 2 0 9 5  - 0 . 2 5 1 1  - 0 . 2 6 7 7  - 0 . 2 9 3 3  - 0 . 3 0 8 2  - 0 . 3 1 3 1  

Zva i e  - 2 . 0 7 4 6  - 2 . 0 4 0 4  - 2 . 0 2 7 4  - 1 . 9 9 7 8  - 2 . 0 0 8 0  - 2 . 0 2 2 2  

Z a n e  - 3 2 . 3 6 9 6  - 3 2 . 3 2 2 2  - 3 2 . 3 0 1 0  - 3 2 . 2 5 9 4  - 3 2 . 2 5 8 2  - 3 2 . 2 6 7 6  

1 1 5  

1 1 0  

< 9 0 , 1 8 0  

< 9 0  

angle was overestimated were the cases where one would expect the hydrogens 
to carry a net negative charge, and the bulk of the cases such as H 2 0  where the 
bond angle was underestimated were just those cases where the hydrogens were 
expected to carry a net positive charge. 
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T a b l e  23 .  T h e  l a  2 2 a  2 l b 2  z 3 a ~  lb~  2Ba U 2 0  § 

2 9 7  

9 0  1 1 0  1 2 0  1 4 0  1 6 0  1 8 0  ~e 

I C S C F  

l a l  - 2 3 . 1 3 5 9  - 2 3 . 1 3 2 9  - 2 3 . 1 3 0 0  - 2 3 . 1 2 2 6  - 2 3 . 1 1 5 9  - 2 3 . 1 1 3 1  

2 a  1 - 4 . 7 0 5 4  - 4 . 6 9 1 3  - 4 . 6 8 5 7  - 4 . 6 7 6 6  - 4 . 6 7 0 3  - 4 . 6 6 7 9  

3 a  I - 3 . 9 1 8 9  - 3 . 8 9 0 9  - 3 . 8 7 8 0  - 3 . 8 5 5 8  - 3 . 8 4 1 0  - 3 . 8 3 6 0  

l b l  - 3 . 9 3 5 2  - 3 . 9 4 0 1  - 3 . 9 4 2 2  - 3 . 9 4 5 8  - 3 . 9 4 8 4  - 3 . 9 4 9 5  

l b 2  - 4 . 0 5 3 1  - 4 . 1 0 7 1  - 4 . 1 2 9 0  - 4 . 1 6 3 7  - 4 . t 8 5 6  - 4 . 1 9 3 2  

Sv.le - 2 9 . 2 9 0 0  - 2 9 . 3 1 8 7  - 2 9 . 3 2 7 6  - 2 9 . 3 3 8 0  - 2 9 . 3 4 2 2  - 2 9 . 3 4 3 7  

E - 7 5 . 5 6 1 7  - 7 5 . 5 8 4 4  - 7 5 . 5 8 7 5  - 7 5 . 5 8 3 2  - 7 5 . 5 7 4 1  - 7 5 . 5 6 9 8  

1 8 0  

1 1 9  

Canonical 

l a  1 - 2 1 . 1 3 1 7  - 2 1 . 1 1 8 4  - - 2 1 . 1 1 0 1  - 2 1 . 0 9 1 9  - 2 1 . 0 7 6 4  - 2 1 . 0 7 0 2  

2 a l  - 1 . 8 6 5 1  - 1 . 8 4 1 2  - -  1 . 8 2 9 6  - 1 . 8 0 8 0  - 1 . 7 9 1 4  - 1 . 7 8 5 0  

3 a  I - 1 . 0 9 3 1  - 1 . 0 6 1 5  - 1 . 0 4 6 0  - 1 . 0 1 8 5  - 0 . 9 9 9 6  - 0 . 9 9 2 9  

l b  1 - 1 . 1 4 4 4  - 1 . 1 3 6 6  - 1 . 1 3 1 6  - 1 . 1 2 1 0  - 1 . 1 1 2 0  - 1 . 1 0 8 4  

l b 2  - 1 . 1 8 5 0  - 1 . 2 2 1 3  - 1 . 2 3 5 4  - 1 . 2 5 6 1  - 1 . 2 6 7 4  - 1 . 2 7 0 8  

S, aj~ - 9 . 4 3 0 8  - 9 . 3 8 4 6  - 9 . 3 5 3 6  - 9 . 2 8 6 2  - 9 . 2 2 8 8  - 9 . 2 0 5 8  < 9 0  

Salle - 5 1 . 6 9 4 2  - 5 1 . 6 2 1 4  - 5 1 . 5 7 3 8  - 5 1 . 4 7 0 0  - 5 1 . 3 8 1 6  - 5 1 . 3 4 6 2  < 9 0  

T a b l e  24 .  T h e  l a f  2 a f  l b ~  3 a l  l b ~  2A 1 state of H 2 0  * 

9 0  1 1 0  1 2 0  1 4 0  1 6 0  1 8 0  ~e 

I C S C F  

l a  1 - 2 3 . 1 2 3 5  - 2 3 . 1 2 3 7  - 2 3 . 1 2 2 6  - 2 3 . 1 1 9 0  - 2 3 . 1 1 4 9  - 2 3 . 1 1 3 1  

2 a  1 - 4 . 6 8 8 0  - 4 . 6 7 7 8  - 4 . 6 7 4 4  - 4 . 6 7 0 0  - 4 . 6 6 8 3  - 4 . 6 6 7 9  

3 a  1 - 4 . 0 8 6 8  - 4 . 0 4 7 2  - 4 . 0 2 7 4  - 3 . 9 9 0 3  - 3 . 9 6 1 1  - 3 . 9 4 9 5  

l b  1 - 3 . 8 2 3 2  - 3 . 8 2 7 8  - 3 . 8 2 9 6  - 3 . 8 3 2 6  - 3 . 8 3 5 0  - 3 . 8 3 6 0  

l b  2 - 4 . 0 5 7 2  - 4 . 1 0 9 2  - 4 . 1 3 0 5  - 4 . 1 6 4 0  - 4 . 1 8 5 6  - 4 . 1 9 3 2  

Xval~ - 2 9 . 2 2 3 6  - 2 9 . 2 7 6 8  - 2 9 . 2 9 6 4  - 2 9 . 3 2 3 5  - 2 9 . 3 3 8 9  - 2 9 . 3 4 3 7  1 8 0  

E - 7 5 . 4 7 0 4  - 7 5 . 5 2 4 3  - 7 5 . 5 4 1 6  - 7 5 . 5 6 1 5  - 7 5 . 5 6 8 5  - 7 5 . 5 6 9 8  1 8 0  

Canonical 

l a  1 - 2 1 . 1 0 3 4  - 2 1 . 0 9 7 7  - 2 1 . 0 9 3 5  - 2 1 . 0 8 3 7  - 2 1 . 0 7 4 3  - 2 1 . 0 7 0 2  

2a~ - 1 . 8 2 9 3  - 1 . 8 1 4 1  - 1 . 8 0 7 4  - 1 . 7 9 5 8  - 1 . 7 8 7 9  - 1 . 7 8 5 0  

3 a l  - 1 . 2 4 0 2  - 1 . 2 0 1 9  - 1 . 1 8 2 7  - 1 . 1 4 6 9  - 1 . 1 1 9 3  - 1 . t 0 8 4  

l b l  - 1 . 0 0 9 6  - 1 . 0 0 7 0  - 1 . 0 0 4 9  - 1 . 0 0 0 0  - 0 . 9 9 5 0  - 0 . 9 9 2 9  

l b  2 - 1 . 1 6 9 4  - 1 . 2 0 9 7  - 1 . 2 2 6 1  - 1 . 2 5 1 4  - 1 . 2 6 6 1  - 1 . 2 7 0 8  

Zvale - 9 . 2 5 6 8  --  9 . 2 6 3 5  --  9 . 2 5 9 5  --  9 . 2 4 1 3  --  9 . 2 1 7 3  --  9 . 2 0 5 8  1 1 0  

Xan~ - 5 1 . 4 6 3 6  - 5 1 . 4 5 8 9  - 5 1 . 4 4 6 5  - 5 1 . 3 8 1 7  - 5 1 . 3 6 5 9  - 5 1 . 3 4 6 2  < 9 0  

The ICSCF results are somewhat superior to the canonical results. The lal 
ICSCF orbital energy changes with angle, on the average, only half as much 
as does the RHF ei (but notice later that wherever the ICSCF makes the wrong 
prediction, it is, by definition, due to the change of the la l  energy). Except for 



2 9 8  L. Z e l l e r  S t e n k a m p  a n d  E. R. D a v i d s o n  

T a b l e  2 5 .  T h e  l a  f 2 a  2 l b ~  3 a  2 l b ~  1A 1 s t a t e  o f  H 2 0  

9 0  1 1 0  1 2 0  1 4 0  1 6 0  1 8 0  ee  

I C S C F  

l a  1 - 2 2 . 8 0 2 5  - 2 2 . 8 0 1 0  - 2 2 . 7 9 7 5  - 2 2 . 7 9 1 1  - 2 2 . 7 8 4 9  - 2 2 . 7 8 2 3  

2 a l  - 4 . 3 6 8 8  - 4 . 3 5 4 8  - 4 . 3 4 9 3  - 4 . 3 4 0 0  - 4 . 3 3 3 0  - 4 . 3 3 0 1  

3 a  1 - 3 . 5 9 6 8  - 3 . 5 6 4 8  - 3 . 5 4 9 7  - 3 . 5 2 3 0  - 3 . 5 0 4 8  - 3 . 4 9 8 5  

l b l  - 3 . 4 8 5 5  - 3 . 4 8 9 6  - 3 . 4 9 1 4  - 3 . 4 9 4 8  - 3 . 4 9 7 4  - 3 . 4 9 8 5  

l b  2 - 3 . 7 3 5 8  - 3 . 7 8 8 7  - 3 . 8 0 9 8  - 3 . 8 4 2 9  - 3 . 8 6 3 8  - 3 . 8 7 1 1  

X~.I~ - 3 0 . 3 7 3 8  - 3 0 . 3 9 5 8  - 3 0 . 4 0 0 4  - 3 0 . 4 0 1 4  - 3 0 . 3 9 8 0  - 3 0 . 3 9 6 4  

E - 7 5 . 9 7 8 7  - 7 5 . 9 9 5 9  - 7 5 . 9 9 5 4  - 7 5 . 9 8 3 5  - 7 5 . 9 6 7 8  - 7 5 . 9 6 0 8  

C a n o n i c a l  

l a  1 - 2 0 . 5 6 5 0  - 2 0 . 5 5 4 8  - 2 0 . 5 4 8 1  - 2 0 . 5 3 3 2  - 2 0 . 5 1 9 9  - 2 0 . 5 1 4 4  

2 a  1 - 1 . 3 7 6 1  - 1 . 3 5 5 2  - 1 . 3 4 5 2  - 1 . 3 2 6 2  - 1 . 3 1 1 0  - 1 . 3 0 4 8  

3 a  1 - 0 . 5 9 2 8  - 0 . 5 5 7 6  - 0 . 5 4 0 5  - 0 . 5 1 0 2  - 0 . 4 8 9 4  - 0 . 4 8 2 1  

l b  I - 0 . 5 1 1 7  - 0 . 5 0 5 5  - 0 . 5 0 1 6  - 0 . 4 9 3 0  - 0 . 4 8 5 3  - 0 . 4 8 2 1  

l b  2 - 0 . 6 8 9 1  - 0 . 7 2 9 1  - 0 . 7 4 4 7  - 0 . 7 6 7 7  - 0 . 7 8 0 3  - 0 . 7 8 4 3  

s  - 6 . 3 3 9 4  - 6 . 2 9 4 8  - 6 . 2 6 4 0  - 6 . 1 9 4 2  - 6 . 1 3 2 0  - 6 . 1 0 6 6  

Xan~  - 4 7 . 4 6 9 4  - 4 7 . 4 0 4 4  - 4 7 . 3 6 0 2  - 4 7 . 2 6 0 6  - 4 7 . 1 7 1 8  - 4 7 . 1 3 5 4  

1 3 5  

1 1 5  

< 9 0  

< 9 0  

Bell2, el,  changes less than 15 kcal (and usually only half that amount) as the 
bond angle varies from 90-180 ~ . The other orbital energy curves are generally 
similar to the RHF results. The 2al orbital energy still has a positive slope, but 
perhaps a little less steep. The lb 2 and 3al orbital energy curves are nearly 
identical in shape to the canonical result. The lbl curves are generally even flatter 
than the canonical curves in closer agreement with Walsh's assumptions. The 
dependence of the orbital energy on whether the orbital is occupied or vacant 
is less pronounced than for the canonical orbitals but still sufficient to cause 
the orbital energy plots to vary in appearance from molecule to molecule rather 
more than Walsh assumed. 

By definition, the sum of the ICSCF orbital energies is the SCF energy, so 
the only relevant question is whether the sum over only the valence orbitals 
correlates with the geometry. In the 25 examples considered here, the correlation 
was satisfactory for all 8 of the linear cases and 8 of the non-linear cases. In the 
remaining 9 non-linear cases, the bond angle was significantly overestimated. 
In these latter cases, however, this occurred because the energy curve was quite 
flat so that a small error in the energy caused a large deviation in the bond angle. 
On the whole, the ICSCF results are right about twice as often as the canonical 
results. There is no apparent qualitative difference between the cases where the 
ICSCF valence energy sum works and those where it does not. In almost every 
case the lal  orbital energy has a small positive slope so that omitting it leads 
systematically to too large a bond angle. 

Because the results for AH 2 molecules tend to be too good [3], it is of interest 
to consider three other molecules: CO2, Li20,  and HCN. Carbon dioxide is a 
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good example of an AB z system for which all theories work. Walsh's diagram, the 
canonical energies (Fig. 24a), and the ICSCF energies (Fig. 24b) are quite similar, 
and all predict a linear molecule. When considered in detail, it is seen that the 
3al and 2b 2 orbitals change with energy more than Walsh imagined, but their 
sum is nearly constant. The 4al orbital (analogous to the 2a 1 orbital for AH2) 
has a slight positive slope rather than the large negative slope predicted by Walsh. 
The lbl and 5a~ orbital energies are nearly constant in agreement with Walsh, 
but the slope of the 5al orbital has the opposite sign from his prediction. The 
3b 2 orbital is in the right place, and the slope has the predicted sign but a rather 
smaller magnitude. The l a 2 ,  4b2, and the ICSCF 6a~ and 2ba are just as Walsh 
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predicted. The molecule in this model is linear largely because of the 4b 2 non- 
bonding ~c electrons. 

The Li20 molecule is formally similar to H 2 0  in its valence electron structure 
and hence should be bent in the Walsh model. The canonical orbital energy 
plot (Fig. 25a) resembles that for H 2 0  although the slope of the curves is much 
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F i g .  26 .  a C a n o n i c a l  e n e r g i e s  f o r  t h e  l a  2 2a 2 3a 2 4 a  z 5 a  2 l b  z 6a 21A1 s t a t e  o f  H C N .  b I C S C F  e n e r g i e s  

f o r  t h e  l a  z 2 a  2 3 a  2 4 a  2 5 a  2 l b  2 6 a  2 ~A~ s t a t e  o f  H C N  

T a b l e  2 6 .  T h e  g r o u n d  s t a t e  o f  C O  2 

9 0  1 2 0  1 5 0  1 8 0  ~ 

I C S C F  

l a  I - 2 3 . 4 7 0 6  - 2 3 . 5 0 9 6  - 2 3 . 5 2 1 1  - 2 3 . 5 2 2 5  

2 a l  - 1 4 . 5 1 0 7  - 1 4 . 4 7 1 4  - 1 4 . 4 6 0 1  - 1 4 . 4 5 8 2  

3 a  1 - 4 . 7 8 9 3  - 4 . 7 1 9 4  - 4 . 6 9 0 3  - 4 . 6 8 2 6  

4 a  1 - 3 . 9 7 3 0  - 3 . 9 5 7 2  - 3 . 9 4 9 9  - 3 . 9 4 7 2  

5 a  1 - 3 . 9 1 6 6  - 3 . 8 9 5 4  - 3 . 8 8 9 1  - 3 . 8 8 9 6  

l b 2  - 2 3 . 4 7 0 8  - 2 3 . 5 0 9 7  - 2 3 . 5 2 1 2  - 2 3 . 5 2 2 5  

2 b  2 - 4 . 4 9 9 9  - 4 . 5 7 4 3  - 4 . 6 1 1 6  - 4 . 6 2 3 8  

3 b 2  - 3 . 8 3 7 6  - 3 . 8 6 2 3  - 3 . 8 7 1 8  - 3 . 8 7 3 8  

4 b  2 - 3 . 5 3 2 7  - 3 . 6 4 6 4  - 3 . 6 7 9 3  - 3 . 6 8 3 6  

l b  1 - 3 . 9 1 8 3  - 3 . 8 9 6 8  - 3 . 8 9 0 1  - 3 . 8 8 9 6  

l a  2 - 3 . 6 4 0 1  - 3 . 6 7 3 7  - 3 . 6 8 2 6  - 3 . 6 8 3 6  

X v . l e  - 6 4 . 3 1 5 0  - 6 4 . 4 5 1 0  - 6 4 . 5 2 9 4  - 6 4 . 5 4 7 6  1 8 0  

E - 1 8 7 . 1 1 9 0  - 1 8 7 . 4 3 2 8  - 1 8 7 . 5 3 4 2  - 1 8 7 . 5 5 4 1  1 8 0  

C a n o n i c a l  

l a l  - 2 0 . 6 1 6 3  - 2 0 . 6 6 0 1  - 2 0 . 6 7 6 3  - 2 0 . 6 7 6 7  

2 a l  - 1 1 . 5 1 1 0  - 1 1 . 5 0 2 7  - 1 1 . 5 0 7 6  - 1 1 . 5 0 7 9  

3 a  1 - 1 . 6 8 3 4  - 1 . 6 1 3 0  - 1 . 5 8 3 9  - 1 . 5 7 3 3  

4 a  1 - 0 . 7 9 6 4  - 0 . 8 0 1 7  - 0 . 8 0 2 1  - 0 . 7 9 8 2  

5 a  x - 0 . 7 2 7 8  - 0 . 7 2 3 7  - 0 . 7 3 4 9  - 0 . 7 3 9 0  

l b z  - 2 0 . 6 1 6 4  - 2 0 . 6 6 0 2  - 2 0 . 6 7 6 4  - 2 0 . 6 7 6 7  

2 b 2  - 1 . 3 7 3 0  - 1 . 4 6 5 9  - 1 . 5 1 3 4  - 1 . 5 2 6 2  

3 b 2  - 0 . 6 7 9 3  - 0 . 7 2 0 3  - 0 . 7 3 8 7  - 0 . 7 4 0 4  

4 b  2 - 0 . 3 9 3 2  - 0 . 5 0 6 3  - 0 . 5 4 1 0  - 0 . 5 4 5 6  

l b l  - 0 . 7 4 4 0  - 0 . 7 3 7 6  - 0 . 7 3 9 8  - 0 . 7 3 9 0  

la  z - 0 . 4 9 2 3  - 0 . 5 3 2 5  - 0 . 5 4 5 9  - 0 . 5 4 5 6  

Xv . l~  - 1 3 . 7 7 8 8  - 1 4 . 2 0 2 0  - 1 4 . 3 9 9 4  - 1 4 . 4 1 4 6  1 8 0  

S a n e  - 1 1 9 . 2 6 6 2  - 1 1 9 . 8 4 8 0  - 1 2 0 . 1 2 0 0  - 1 2 0 . 1 3 7 2  1 8 0  
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Table 27. The ground state of Li20 

3 0 9  

9 0  1 2 0  1 5 0  1 8 0  ~ e  

ICSCF 

l a l  - 2 2 . 3 9 8 3  - 2 2 . 4 0 0 0  - 2 2 . 3 9 8 1  - 2 2 . 3 9 7 5  

2 a  1 - 5 . 1 3 7 3  - 5 . 1 3 3 2  - 5 . 1 3 3 3  - 5 . 1 3 4 0  

3 a  1 - 3 . 5 5 4 6  - 3 . 5 5 6 9  - 3 . 5 5 6 7  - 3 . 5 5 6 2  

4 a  1 - 2 . 8 7 5 4  - 2 . 8 8 1 9  - 2 . 8 8 3 1  - 2 . 8 8 2 9  

l b 2  - 5 . 1 3 5 5  - 5 . 1 3 2 8  - 5 . 1 3 3 2  - 5 . 1 3 4 0  

2 b 2  - 2 . 8 7 9 8  - 2 . 8 8 9 2  - 2 . 8 9 3 9  - 2 . 8 9 5 3  

l b l  - 2 . 8 7 8 2  - 2 . 8 8 1 3  - 2 . 8 8 2 8  - 2 . 8 8 2 9  

S v . i ~  - 2 4 . 3 7 6 0  - 2 4 . 4 1 8 6  - 2 4 . 4 3 3 0  - 2 4 . 4 3 4 6  

E - 8 9 . 7 1 8 4  - 8 9 . 7 5 0 7  - 8 9 . 7 6 2 4  - 8 9 . 7 6 5 4  

Canonical 

l a  1 - 2 0 . 3 5 3 2  - 2 0 . 3 4 0 8  - 2 0 . 3 3 1 2  - 2 0 . 3 2 8 1  

2 a  1 - 2 . 4 0 8 1  - 2 . 3 8 0 6  - 2 . 3 6 8 6  - 2 . 3 6 5 2  

3 a l  - 1 . 0 3 3 8  - 1 . 0 2 0 0  - 1 . 0 1 0 6  - 1 . 0 0 7 0  

4 a  1 - 0 . 2 9 6 6  - 0 . 2 7 7 6  - 0 . 2 6 6 1  - 0 . 2 6 1 8  

l b 2  - 2 . 4 0 6 2  - 2 . 3 8 0 1  - 2 . 3 6 8 6  - 2 . 3 6 5 1  

2 b  2 - 0 . 3 1 6 3  - 0 . 3 1 9 1  - 0 . 3 2 1 9  - 0 . 3 2 2 7  

l b ~  - 0 . 2 7 5 1  - 0 . 2 6 9 5  - 0 . 2 6 4 1  - 0 . 2 6 1 8  

S v a l ~  - 3 . 8 4 3 6  - 3 . 7 7 2 4  - 3 . 7 2 5 4  - 3 . 7 0 6 6  

Sa11~ - 5 4 . 1 7 8 6  - 5 3 . 9 7 5 4  - 5 3 . 8 6 2 2  - 5 3 . 8 2 3 4  

1 8 0  

1 8 0  

< 9 0  

< 9 0  

less steep. As discussed previously, for a molecule like HzO or Li20 where the H 
or Li carries a net positive charge, the sum of the canonical valence orbital energies 
gives too small a bond angle. In the case of Li20 which is linear, this sum behaves 
just as it did for HzO and shows no minimum above 90 ~ In the ICSCF model, 
the slope of each of the orbital energy curves (Fig. 25b) is slightly negative so 
the sum of the valence energies correctly predicts a linear molecule. 

In the Walsh model, a molecule such as HCN is intermediate between AH2 
and AB 2. The la and 2a orbitals are ls cores. The 3a orbital is supposedly analo- 
gous to 3al and 2b2, in the AB 2 system and was predicted by Walsh to not vary 
with angle. The 4a and 5a orbitals are the sigma bonds (analogous to 2al, lb2 in 
AH 2 or 4al, 3b2 in AB2). Walsh predicted both would have negative slopes in 
analogy to his predictions for AH 2 and AB 2 systems. Finally, the lb and 6a 
orbitals are the n orbitals (analogous to lbl,  3at in AH2 or lbl, 5a~ in AB2). The lb 
remains a n orbital in the bent molecule and was predicted to be independent 
of angle, while the 6a orbital energy was predicted to have a small negative slope. 
Based on this model, Walsh correctly predicted that HCN should be linear. 
The sum of the canonical valence orbital energies, on the other hand, incorrectly 
predicts that HCN is bent (the sum is still decreasing down to 90~ This is largely 
due to the positive slopes of the 3a and 5a orbitals (Fig. 26a). The ICSCF orbital 
energy picture (Fig. 26b) is qualitatively similar to the canonical energies with 
only slight changes in the magnitude of the slopes (particularly of the 4a orbital). 
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T a b I e  28 .  The ground state of H C N  

9 0  1 2 0  1 5 0  1 8 0  ee  

I C S C F  

l a  - 1 7 . 5 7 8 3  - 1 7 . 5 7 3 4  - 1 7 . 5 6 7 2  - 1 7 . 5 6 5 1  

2 a  - 1 3 . 3 6 0 3  - 1 3 . 3 7 6 1  - 1 3 . 3 8 5 4  - 1 3 . 3 8 8 1  

3 a  - 3 . 6 0 5 7  - 3 . 5 7 0 7  - 3 . 5 5 5 9  - 3 . 5 5 2 0  

4 a  - 3 . 1 4 0 4  - 3 . 2 0 5 7  - 3 . 2 4 3 3  - 3 . 2 5 5 5  

5 a  - 2 . 9 4 2 8  - 2 . 9 2 4 8  - 2 . 9 1 4 8  - 2 . 9 1 1 4  

6 a  - 2 . 8 4 8 5  - 2 . 8 5 7 4  - 2 . 8 6 4 9  - 2 . 8 6 4 2  

l b  - 2 . 8 7 2 4  - 2 . 8 6 7 5  - 2 . 8 6 2 7  - 2 . 8 6 4 3  

S v . l ~  - 3 0 . 8 1 9 6  - 3 0 . 8 5 2 2  - 3 0 . 8 8 3 2  - 3 0 . 8 9 4 8  1 8 0  

E - 9 2 . 6 9 7 0  - 9 2 . 7 5 1 2  - 9 2 . 7 8 8 4  - 9 2 . 8 0 0 9  1 8 0  

Canonical 

l a  - 1 5 . 6 7 4 1  - 1 5 . 6 5 3 3  - 1 5 . 6 4 2 0  - 1 5 . 6 3 8 8  

2 a  - 1 1 . 3 2 8 6  - 1 1 . 3 3 1 6  - 1 1 . 3 3 6 7  - 1 1 . 3 3 8 7  

3 a  - 1 . 3 3 8 1  - 1 . 2 8 9 5  - 1 . 2 7 1 4  - 1 . 2 6 7 3  

4 a  - 0 . 7 6 2 7  - 0 . 7 9 0 1  - 0 . 8 0 8 3  - 0 . 8 1 4 4  

5 a  - 0 . 6 1 6 2  - 0 . 5 9 0 6  - 0 . 5 8 0 8  - 0 . 5 7 8 2  

6 a  - 0 . 4 9 4 1  - 0 . 5 0 3 0  - 0 . 5 1 0 6  - 0 . 5 1 3 0  

l b  - 0 . 5 4 8 0  - 0 . 5 2 4 8  - 0 . 5 1 5 4  - 0 . 5 1 3 1  

s  - 7 . 5 0 2 2  - 7 . 3 9 6 0  - 7 . 3 7 3 0  - 7 . 3 7 2 0  < 9 0  

X a u e  - 6 1 . 5 0 7 6  - 6 1 . 3 6 5 8  - 6 1 . 3 3 0 4  - 6 1 . 3 2 7 0  < 9 0  

T a b l e  29 .  T h e  la~2afle41Ai state of B H  3 

9 0  1 0 0  1 1 0  1 2 0  ~e 

I C S C F  

l a  i - -  8 . 2 1 5 8  - 8 . 2 0 9 4  - -  8 . 2 0 2 2  - 8 . 1 9 4 9  

2 a i  - 1 . 8 1 8 9  - 1 . 8 0 8 0  - 1 . 8 0 0 4  - 1 . 7 9 5 3  

l e  - 1 . 5 4 0 4  - 1 . 5 6 2 2  - 1 . 5 8 0 6  - -  1 . 5 9 6 2  

3 a l  - 1 . 3 6 2 9  - 1 . 3 4 5 9  - 1 . 3 2 4 1  - 1 . 2 9 8 3  

~ v a l  ~ - -  9 . 7 9 9 4  - 9 . 8 6 4 8  - 9 . 9 2 3 2  - -  9 . 9 7 5 4  1 2 0  

E - 2 6 . 2 3 0 9  - 2 6 . 2 8 3 5  - 2 6 . 3 2 7 8  - 2 6 . 3 6 5 1  1 2 0  

Canonical 

l a  i - 7 . 6 3 3 1  - 7 . 6 2 8 4  - 7 . 6 2 4 5  - 7 . 6 2 0 9  

2 a l  - 0 . 7 4 1 7  - 0 . 7 2 5 2  - 0 . 7 1 3 9  - 0 . 7 0 6 3  

l e  - 0 . 4 3 9 9  - 0 . 4 6 0 5  - 0 . 4 7 9 5  - 0 . 4 9 6 3  

3 a  i - 0 . 0 0 2 3  0 . 0 1 5 5  0 . 0 3 5 9  0 . 0 5 9 1  

Xvale  - 3 . 2 4 3 0  - 3 . 2 9 2 4  - 3 . 3 4 5 8  - 3 . 3 9 7 8  1 2 0  

2 a l l ~  - 1 8 . 5 0 9 2  - 1 8 . 5 4 9 2  - 1 8 . 5 9 4 8  - 1 8 . 6 3 9 6  1 2 0  

Yet these small quantitative changes are sufficient so that the ICSCF valence 
orbital energies correctly predict the molecule to be linear. 

Calculations have also been carried out on some AH 3 molecules with less 
satisfactory results. For these molecules it takes a rather sophisticated basis 
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T a b l e  30 .  T h e  l a f  2 a  2 l e  41/11 state of C H ~  

3 1 1  

9 0  1 0 0  1 1 0  1 2 0  er  

I C S C F  

l a  1 - 1 2 . 3 9 0 7  - 1 2 . 3 8 9 1  - 1 2 . 3 8 6 3  - 1 2 . 3 8 2 9  

2 a  1 - 2 . 6 4 3 6  - 2 . 6 3 0 8  - 2 . 6 2 1 0  - 2 . 6 1 3 5  

l e  - 2 . 2 3 8 4  - 2 . 2 6 3 0  - 2 . 2 8 3 8  - 2 . 3 0 1 5  

3 a  1 - 2 . 0 7 6 7  2 . 0 5 9 0  - 2 . 0 3 7 5  - 2 . 0 1 3 1  

~ v a i 8  - -  1 4 . 2 4 0 8  - 1 4 . 3 1 3 6  - 1 4 . 3 7 7 2  - 1 4 . 4 3 3 0  1 2 0  

E - 3 9 . 0 2 2 1  - 3 9 . 0 9 1 6  - 3 9 . 1 4 9 9  - 3 9 . 1 9 8 9  1 2 0  

Canonical  

l a  i - 1 1 . 6 8 9 2  - 1 1 . 6 8 6 7  - 1 1 . 6 8 4 9  - 1 1 . 6 8 3 3  

2 a  i - 1 . 3 1 2 5  - 1 . 2 9 4 3  - 1 . 2 8 0 6  - 1 . 2 7 0 2  

l e  - 0 . 8 8 8 5  - 0 . 9 0 9 3  - 0 . 9 2 8 7  - 0 . 9 4 6 2  

3 a l  - 0 . 3 6 4 3  - 0 . 3 4 0 5  0 . 3 1 4 3  - 0 . 2 8 5 3  

S, ,a l~  - 6 . 1 7 9 0  - 6 . 2 2 5 8  - 6 . 2 7 6 0  - 6 . 3 2 5 0  1 2 0  

X a ,  e - 2 9 . 5 6 6 4  - 2 9 . 5 9 9 2  - 2 9 . 6 4 5 8  - 2 9 . 6 9 1 6  1 2 0  

T a b l e  31 .  T h e  l a  2 2 a  2 l e  4 3 a  1 2A i state of CH 3 

9 0  1 0 0  1 1 0  1 2 0  c~ e 

I C S C F  

l a  1 - 1 2 . 1 6 9 2  - 1 2 . 1 6 8 5  - 1 2 . 1 6 7 1  - 1 2 . 1 6 5 5  

2 a  1 - 2 . 4 5 4 5  - 2 . 4 3 9 1  - 2 . 4 2 7 1  - 2 . 4 1 7 9  

l e  - 2 . 0 4 6 7  - 2 . 0 7 1 8  - 2 . 0 9 3 7  - 2 . 1 1 3 4  

3 a  i - 2 . 0 0 1 5  - 1 . 9 7 6 4  - 1 . 9 4 4 2  - 1 . 9 0 2 2  

X w l ~  - 1 5 . 0 9 7 3  - 1 5 . 1 4 1 8  1 5 . 1 7 3 2  - 1 5 . 1 9 1 6  1 2 0  

E - 3 9 . 4 3 5 5  - 3 9 . 4 7 8 7  - 3 9 . 5 0 7 4  - 3 9 . 5 2 2 7  1 2 0  

Canonical  

l a  1 - 1 1 . 2 2 8 6  - 1 1 . 2 2 3 3  - 1 1 . 2 1 8 6  - 1 1 . 2 1 4 6  

2 a  i - 0 . 9 4 8 8  - 0 . 9 2 5 0  - 0 . 9 0 6 2  - 0 . 8 9 1 2  

l e  - 0 . 5 0 8 1  - 0 . 5 2 6 8  - 0 . 5 4 4 3  - 0 . 5 6 0 5  

3 a  1 - 0 . 4 7 6 6  - 0 . 4 4 7 7  - 0 . 4 1 3 4  - 0 . 3 6 9 9  

Xvat~ - 4 . 4 0 6 6  - 4 . 4 0 4 9  - 4 . 4 0 3 0  - 4 . 3 9 4 3  < 9 0  

XaHe - 2 6 . 8 6 3 8  2 6 . 8 5 1 5  2 6 . 8 4 0 2  - 2 6 . 8 2 3 5  < 9 0  

set to get the geometry reliably (rather than accidentally) correct at the SCF 
level. For BH3, CH~-, CH3, OH~ and NH~ the basis set of the quality used here 
gives the presumably correct planar geometry as judged by other calculations 
and experimental evidence. But this basis set also gives planar geometry for NH 3 . 
With this difficulty in mind, the RHF and ICSCF results can be compared. For 
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Table 32. The l a f  2 a  f e 4 3 a l  2A1 state of N H ~ -  

9 0  1 0 0  1 1 0  1 2 0  ~e 

I C S C F  

l a  I - 1 7 . 1 8 4 1  - 1 7 . 1 8 4 6  - 1 7 . 1 8 3 2  - 1 7 . 1 8 0 1  

2 a  I - 3 . 4 4 8 3  - 3 . 4 3 3 9  - 3 . 4 2 2 8  - 3 . 4 1 4 7  

l e  - 2 . 8 9 5 4  - 2 . 9 2 3 2  - 2 . 9 4 8 0  - 2 . 9 7 0 6  

3 a  I - 2 . 8 8 5 7  - 2 . 8 5 7 4  - 2 . 8 2 2 5  - 2 . 7 7 9 0  

Xv. j~ - 2 1 . 3 6 4 2  - 2 1 . 4 1 8 0  - 2 1 . 4 6 0 1  - 2 1 . 4 9 0 8  1 2 0  

E - 5 5 . 7 3 2 0  - 5 5 . 7 8 7 1  - 5 5 . 8 2 6 2  - 5 5 . 8 5 1 1  1 2 0  

Canonical 

l a  1 - 1 6 . 0 1 1 8  - 1 6 . 0 0 4 8  - 1 5 . 9 9 7 1  - 1 5 . 9 8 7 5  

2 a l  - 1 . 5 7 9 3  - 1 . 5 5 5 9  - 1 . 5 3 6 1  - 1 . 5 1 8 9  

l e  - 1 . 0 0 4 4  - 1 . 0 2 1 8  - 1 . 0 3 7 5  - 1 . 0 5 1 1  

3 a l  - 1 . 0 2 4 8  - 0 . 9 9 3 5  - 0 . 9 5 8 1  - 0 . 9 1 5 8  

S v a l 8  - -  8 . 2 0 1 0  - 8 . 1 9 2 5  - 8 . 1 8 0 3  - 8 . 1 5 8 1  < 9 0  

Z a n 8  - 4 0 . 2 2 4 6  - 4 0 . 2 0 2 1  - 4 0 . 1 7 4 5  - 4 0 . 1 3 3 1  < 9 0  

Table 33. The l a f  2 a f  e 4 3 a ~  1A 1 state of NHa 

9 0  1 0 0  1 1 0  1 2 0  c~ 

I C S C F  

l a  1 - 1 6 . 9 6 1 6  - 1 6 . 9 6 0 8  - 1 6 . 9 5 8 2  - 1 6 . 9 5 4 2  

2 a l  - 3 . 2 3 7 0  - 3 . 2 1 7 4  - 3 . 1 9 9 1  - 3 . 1 8 0 4  

l e  - 2 . 6 7 7 2  - 2 . 7 0 3 6  - 2 . 7 2 6 5  - 2 . 7 4 6 2  

3 a  1 - 2 . 4 9 7 8  - 2 . 4 8 1 9  - 2 . 4 6 6 1  - 2 . 4 5 2 6  

Sval8 - 2 2 . 1 7 8 4  - 2 2 . 2 1 1 0  - 2 2 . 2 3 6 4  - 2 2 . 2 5 0 8  1 2 0  

E - 5 6 . 1 0 1 4  - 5 6 . 1 3 4 6  - 5 6 . 1 5 2 7  - 5 6 . 1 5 8 9  1 2 0  

Canonical 

l a  1 - 1 5 . 5 4 4 9  - 1 5 . 5 3 5 6  - 1 5 . 5 2 4 7  - 1 5 . 5 1 2 2  

2 a  1 - 1 . 1 9 1 7  - 1 . 1 6 2 4  - 1 . 1 3 4 0  - 1 . 1 0 4 7  

l e  - 0 . 5 9 2 9  - 0 . 6 0 8 4  - 0 . 6 2 1 2  - 0 . 6 3 0 8  

3 a  1 - 0 . 4 4 4 4  - 0 . 4 2 1 3  - 0 . 3 9 9 1  - 0 . 3 7 9 4  

Sv~l~ - 5 . 6 4 3 8  - 5 . 6 0 1 0  - 5 . 5 5 1 0  - 5 . 4 9 1 4  < 9 0  

Z~lle  - - 3 6 . 7 3 3 6  - - 3 6 . 6 7 2 2  - - 3 6 . 6 0 0 4  - - 3 6 . 5 1 5 8  < 9 0  

all these molecules the ICSCF valence orbital energy sum predicted a planar 
geometry in agreement with Esc v. But the slope of el~ is large enough to make 
this sum continue to predict a planar geometry even for better basis sets for N H  3 . 
The sum of the RHF valence energies is still worse, however, since it would 
predict that CH3, NH~,  NH3, and OH~ were all bent to a HAH angle of less 



A n  I C S C F  I n v e s t i g a t i o n  o f  W a l s h ' s  R u l e s  

T a b l e  34. T h e  l a~  2a~ e" 3a~ tA L s ta te  o f  H 3 0  + 

313 

90 100 110 120 ~ 

I C S C F  

l a t  - 2 2 . 7 9 8 4  - 2 2 . 7 9 6 5  - 2 2 . 7 9 2 2  - 2 1 7 8 6 0  

2at  - 4 .4104 - 4 .3933 - 4.3773 - 4.3615 

l e  - 3.6841 - 3 .7126 - 3 .7375 - 3.7593 

3a 1 - 3 5 2 3 3  - 3.5057 - 3.4887 - 3.4735 

Xwl~ - 3 0 . 6 0 3 8  - 30 .6484  - 3 0 . 6 8 2 0  - 3 0 , 7 0 7 2  

E - 7 6 . 2 0 0 4  - 7 6 . 2 4 1 1  - 7 6 . 2 6 6 3  - 7 6 . 2 7 9 3  

l a  1 

2a~ 

l e  

3at  

Z~val/~ 

Z~al I 

C a n o n i c a l  

- 2 1 . 0 4 0 4  - 2 1 . 0 2 5 4  - 2 1 , 0 0 8 4  - 2 0 . 9 8 9 4  

- 1.8963 - 1.8657 - 1.8356 - 1.8049 

- 1.1422 - 1.1537 - 1.1628 - 1.1692 

- 1.0246 - 0 .9986 - 0 .9738 - 0.9511 

- 10.4106 - 10.3434 - 10.2700 - 10.1888 

- 5 1 4 9 1 5  - 52 .3942 - 52.2868 - 52,1676 

120 

120 

< 90 

< 90 

0.4- -0.7 

OC 

-0,4 

-0.8 

30 I ~ _ _ - - - - -  

le  

2 a  I 

f 

9 o  ~ ~bo o ~'1o o i~oo 9 o  o 

-I. I 

le - t  . 5  

2a I 

-I .9 

ibco i' io o 12o ~ 

Canonical ICSCF 

Fig ,  27. O r b i t a l  ene rg ie s  for  t he  l a~  2a~ z l e  41A 1 s t a te  o f  B H  3 

than 90 ~ . The orbital energy versus bond angle diagrams (Fig. 27-29) for all 
these molecules for both the canonical and ICSCF results are similar to those 
predicted by Walsh and previously reported [7]. 
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Fig. 28. Orbital energies for the laf  2a f le * 3a~ 2/11 state of CH 3 
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Fig. 29. Orbital energies for the lal z 2a~ le 4 3a~ 1A 1 state of NH a 

Acknowledgement. The authors wish to acknowledge the financial support of the National Science 
Foundation. 

References 

1. Mulliken, R. S.: Rev. Mod. Phys. 14, 204 (1942) 
2. Walsh, A.D.: J. Chem. Soc. (London) 2260, 1953 
3. Peyerimhoff, S.D., Buenker, R.J.: To be published. The authors wish to thank Dr. Peyerimhoff 

for providing us with an advance copy of this manuscript 
4. Allen, L.C.: Theoret. Chim. Acta (Berl.) 24, 117 (1972) 
5. Coulson, C.A., Neilson, A. H.: Discussions Faraday Soc. 35, 71 (1963) 
6. Buenker, R.J., Peyerimhoff, S. D.: J. Chem. Phys. 45, 3682 (1966) 
7. Peyerimhoff, S.D., Buenker, R.J., Allen, L.C.: J. Chem. Phys. 45, 734 (1966) 
8. Moskowitz, J.W., Harrison, M.C.: J. Chem. Phys. 43, 3550 (1965) 
9. Davidson, E.R.: J. Chem. Phys. 57, 1999 (1972) 

10. Whitten, J.L.: J. Chem. Phys. 44, 359 (1966) 
11. Krauss, M.: J. Res. Nat. Bur. Std. 68 A, 635 (1964) 

Prof. Dr. E. R. Davidson, - -hemis t ry  Department BG-10 
University of Washington, Seattle, Washington 98195, USA 


