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Extended Basis N D D O  Calculations on Diatomic 
Molecules 

John Tyler Gleghorn and Frederick William McConkey 

Department of Chemistry, University of Lancaster, Bailrigg, Lancaster, LA1 4YA, U.K. 

The ab initio N D D O  method as described by Roby has been investigated 
for a range of diatomic species, using symmetric orthonormalization and 
various basis set sizes. No limiting behaviour is observed with basis set 
extension. 

Key words: Neglect of differential overlap. 

Introduction 

K. R. Roby [1] has developed a theoretical framework within which the N D D O  
molecular orbital method [2] can be seen in relation to the conventional ab initio 
method. Each atom has a complete set of orthogonal functions centred on it, 
so that the full molecular basis is overcomplete. Use of the Ruedenberg expansion 
[3] of an orbital on one centre in terms of a complete set of orbitals on another 
apparently allows the derivation of a remarkable theorem. If we denote the 
original orthogonal basis on centre A as basis Xa this will not in general be 
orthogonal to basis XB on centre B. One can define a canonically orthonormal 
basis ~ by 

= x V S ~  1/2 

where V is a rectangular matrix which essentially removes the overcompleteness 
of X on transformation into the ~ basis. Sp is the diagonal overlap matrix consisting 
of the non-zero eigenvalues of S. Roby showed that the matrix elements of an 
operator  ~ / i n  the ~ basis are given by the matrix elements in the X basis with 
the N D D O  approximation applied i.e. 

~-~AB<Xi M X j  ). 
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King, Newton and Stanton [4], and more recently Scharfenberg [5], showed that 
there was a flaw in the argument for, with an over complete basis, the S matrix 
is infinitely degenerate and no unique transformation V exists. However,  King 
et al. conclude that for finite basis sets with a symmetrically orthogonal basis the 
theorem may have some practical utility. 

Thus the one electron matrix in the [ basis, H% is approximately equal to the 
matrix in the • basis with the two centre terms set equal to zero, and the two 
electron matrix R ~ is given by 

R ~ = R ~  

with 

R~=SABSCD([.tAI.,B ~ AcO-D~ . 
r12 / 

Few numerical investigations of the Roby scheme, where the integrals are 
evaluated without parametrization, exist. Roby himself [1] reported a double 
zeta calculation on CO, which yielded an energy some 0.7 Hart ree  below the 
near Har t ree -Fock  result of McLean and Yoshimine [6]. Koster and Ruttink [7] 
studied the H2 and H~- systems at the minimum basis level, and they found good 
agreement with minimum basis fully ab initio STO calculations. 

An STO-3G expansion has been utilized within Roby's  framework by Chan- 
drashekhar et al. [8] in their minimum basis studies of various systems. They 
scale the repulsion integrals however in a manner  similar to that suggested by 
Cook, Hollis and McWeeny [9] in their pioneering work. More recently Chandler 
and Grader  [ 10] re-examined the N D D O  approximation by further consideration 
of the power series expansion of the overlap matrix. In so doing they point out 
that the method as applied to diatomic molecules, which of course have no 3 
or 4 centre integrals, should be the most favourable case. Duke and Collins [11] 
studied the behaviour of the ab initio N D D O  method at the minimum basis set 
l e ve l -  using Gaussian orbital expans ions-  for a range of systems of complexity 
varying from H2 to (HF)s. They conclude that at the minimum basis level the 
method has little promise. The question of the behaviour of the method with 
respect to basis set extension in the most favourable case of diatomic molecules 
is still open however. 

The present work uses Slater orbital bases - not Gaussian expansions - and is 
directed towards a resolution of the above problem. 

Computational Methods 

The essential features of the calculations are as follows: 
a) The Slater orbitals on each centre are Schmidt orthogonalized. 
b) The core Hamiltonian matrix is calculated exactly in the Schmidt (X) basis, 
and then transformed into the symmetrically orthonormal basis [ using 

H r = S-1/2HxS-1/2" 
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c) All NDDO repulsion integrals 

RI.ZlY, orh = ~AB(~CD<I..tAPB ! O'CAD~ 
r12 l 

are calculated exactly in the Schmidt basis, and are assumed equal to the 
corresponding integrals in the symmetrically orthonormal basis. 

The integrals are evaluated using the Fourier convolution technique of Silver- 
stone, Kay and Todd [12]. Slater orbitals up to principal quantum number 5 
and up to angular momentum quantum number 4 could be introduced with the 
programme, which was kindly provided by Dr. H. D. Todd. The package has 
been extensively checked against the Stevens integral routines [13]. 

Results 

The following species have been studied: H2, Be2,  C2, O H - ,  N2, BH, F2, LiH, 
CH +, HF, CN-, CO, BF and LiF. For BH, BF, CO, HF and H2 extended basis 
set calculations have been performed. Only a limited selection of results will be 
presented here. The full set of results, and the full listing of the programme 
used, are available in F. W. McConkey's Ph.D. thesis [14]. Copies of the 
programme are available on request however. 

Table 1. Geometry and exponent optimised minimum basis results 

Molecule -(V)/(T) ~7/cm -1 
(Re/am.) ARopt(a.u.) final Einitia I Efinal calc. ~obs/cm -1 

BF (2.385) -0.703 2.00002 -124.4755 -125.3095 3750 1410 
CO (2.132) -0 .440 2.00002 -112.8909 -113.7821 3480 2140 
HF (1.733) -0.443 2.00001 -99.7371 -100.2194 8050 5050 
N2 (2.068) -0.178 2.0003 -108.3189 -109.2318 2820 2358 
LiH (3.015) -1 .152 2.006 -7.9679 -8.6600 3530 1521 
LiF (2.850) -1.415 2.0005 +107.1807 -108.8221 5000 895 
F2 (2.680) -0.701 2.0002 -197.7820 -198.7546 2510 602 

Table 2. Geometry optimised double ( results a 

Molecule -( V)/(T) 9/cm -1 
(R e/a.u.) ARom(a.u.) final ~'initial Efinal calc. Pobs/Cm - I  

BF (2.385) -0 .366 2.018 -125.7007 -125.8101 2040 1410 
CO (2.132) -0.258 1.979 -114.4054 -114.4842 2420 2140 
HF (1.733) -0 .348 1.990 -100.9722 -100.9722 5530 5050 
N: (2.068) -0 .220 1.997 -110.5616 -110.6354 2680 2358 
LiH (3.015) +0.360 2.0004 -8.0172 -8.0237 1130 1521 
LiF (2.853) -0.146 1.994 - t07 .4451 -107.4505 1250 895 
F2 (2.680) -0 .010 1.997 -199.0874 -199.0875 1345 602 

Double zeta basis sets used the Clementi-Roetti exponents. [Clementi, E., Roetti, C.: J. Chem. 
Phys. 60, 4725 (1974)] 
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G e o m e t r y  a n d  e x p o n e n t  o p t i m i z e d  m i n i m u m  b a s i s  c a l c u l a t i o n s  a r e  p r e s e n t e d  in  

T a b l e  1; t h e  c o r r e s p o n d i n g  g e o m e t r y  o p t i m i z e d  (on ly )  d o u b l e  z e t a  c a l c u l a t i o n s  

a p p e a r  in  T a b l e  2. A s  a r e p r e s e n t a t i v e  of  t h e  e x t e n d e d  b a s i s  h e t e r o n u c l e a r  

c a l c u l a t i o n s  t h e  C O  m o l e c u l e  is t a k e n ;  T a b l e  3 p r e s e n t s  t h e  e i g e n v a l u e s  a n d  

e i g e n v e c t o r s  f o r  t h e  H u o  [15 ]  b a s i s  se t ,  a n d  T a b l e  4 t h e  e q u i v a l e n t  o u t p u t  f o r  

t h e  M c L e a n - Y o s h i m i n e  b a s i s  [6] .  T h e  r e s u l t s  of  g e o m e t r y  v a r i a t i o n  f o r  f ixed 
b a s e s  f o r  B F  a n d  C O  a r e  p r e s e n t e d  in  T a b l e  5. F i n a l l y  T a b l e  6 p r e s e n t s  t h e  

r e s u l t s  of  a r a n g e  of  c a l c u l a t i o n s  o n  H2.  A l l  e n e r g i e s  a r e  in  H a r t r e e ,  all  d i s t a n c e s  

in  B o h r  u n l e s s  o t h e r w i s e  s t a t e d .  

Table 5. McLean-Yoshimine basis[6];variation ofgeometryfor  CO, BF 

R/Bohr  Charge on C - (V) / (T)  Etot/Hartree 

CO 2.3 0.084 2.0078 -113.95709 
2.1 -0 .108 2.0000 -113.96145 
2.015 -0 .069 1.9971 -113.95840 
1.8 -0 .332 1.9873 -113.93977 

BF 2.39 -0 .414 1.9937 -125.6851 
2.00 -0.757 1.9799 -125.8343 
1.60 -1.725 1.9542 -126.0151 

Table 6. Representative calculations on Ha (R = 1.4 a.u.) 

Number of 
Basis set a orbitals -el~ - (V) / (T)  -Etotal(SCF)* 

A (minimal) 2 0.5948 1.993 +1.1303 
B (double () 4 0.6431 - -  +1.1765 
C (triple ~'+2s) 8 0.6413 2.001 +1.1825 

D (triple ~'+2s +2p)  14 0.5986 1,984 +1.1416 
E (triple ~" + 2s 

+2p+2p'+3s+3p+4s) 30 0.6058 1.992 +1.1486 

F (triple (+2s+2p+2p'+3d) 30 0.6032 - -  +1.1460 
G (triple ~" + 2s + 2p + 2p' 

+3s+3p+3d+3d'+3d"+4d) 68 0.5990 1.996 +1,1396 

H (spdf) 44 0.6030 1.987 +1.1459 

I (spdfg) 62 0.6031 1.987 +1.1460 

*Ab initio [16] - -  0.5946 2.0067 +1.1336 

a Basis set A: ~ l s  = 1.2; Basis set B: (is = 0.9, (is' = 1.4. Basis set C: ~'ls = 0.7, ~'ls' = 1.3, (is,, = 2.0, 
r = 1.16. Basis set D:  Basis set C + ~2p = 1.4. Basis set E:  Basis set D + ~'2p' = 2.0 + ~'3s = 1.3 + ~'3p = 
1.5. Basis set F:  Basis set C + ~'2p = 1.4 + ~'2p' = 2.0 + ~'3a = 1.3. Basis set G: Basis set E + ~'3a = 1.2 + 
~'3a' = 1.7 + ~'3a" = 2.4 + ~'4a = 1.9 + ~'3p + 1,5. Basis set H:  Basis set D + ~'2p' = 2.0 + ~'3a = 1.3 + (4r = 
1.0. Basis set I :  Basis set H + ~'sg = 1.5. 
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Discussion of Results 

At the minimum basis level geometry optimization showed a pronounced ten- 
dency for the more electronegative centre to draw a considerable amount of 
electronic charge away from the other centre. Considerable bond shortening 
occurred also, as described by Duke and Collins [11]. Geomet ry  and exponent  
optimized studies converged to virial ratios (-(V)/(T)) very close to 2, but with 
disastrous effects on the total energy and charge separation (see Table 1). 
Vibrational frequencies calculated with respect to the minimum energy configura- 
tion were much too high. No problems were encountered in the integral and 
SCF stages between 0.2 a.u. and 4 a.u. Exponent  optimization gave small changes 
in the core orbital exponents but very large changes in the outer shell exponents. 
In passing it is worth commenting that the exponent and geometry optimization 
(R first and then zeta) for H2 and H~- performed by Koster and Ruttink [7] is 
reproduced by this work exactly, but only for this order of optimization. 

Double zeta calculations gave less error in the core orbital energies, and may 
therefore be useful for ESCA studies (average error about 0.5%). Geomet ry  
optimisation (Table 2) shows less dramatic changes in Re than with minimum 
basis calculations. Vibrational frequencies are considerably improved at the 
double zeta level also. Amazing charge distribution effects are observed in the 
heteronuclear systems; it appears that the electronegative species acquires charge 
"quickly",  such that the outer electrons prefer to be on the less electronegative 
partner in the more diffuse orbitals, resulting in a reversal of the conventional 
dipole moment.  

At  the very large basis set level (Huo [15], Cade /Huo  [16], McLean-Yoshimine 
[6]) it is clear that the results are markedly basis set dependent.  Thus a good 
basis in the ab initio realm is not necessarily a good basis for N D D O  (Tables 
3, 4, 5). Cade /Huo  basis set [16] calculations on BH and LiH, with only 6 and 
4 electrons respectively, were however quite accurate for the eigenvalues and 
eigenvectors. 

- -  E 1 o- - -  E 2o -  - -  E 3 6" - -  E t o t / H a r t r e e  

Molecule NDDO AI NDDO AI NDDO AI NDDO AI 

LiH +2.479 +2.445 +0.299 +0.302 -0.02 -0.02 + 8 . 0 2 7  +7.987 
BH +7.689 +7.686 +0.647 +0.648 +0.380 +0.348 +25.300 +25.131 

It appears that the level of agreement depends both on the number of electrons 
and on the electronegativity difference. In general the outer eigenvalues are 
subject to large errors, which also influence the charge distribution. Total energies 
are too negative, as expected. Variation of geometry for a given fixed extended 
basis produces severe charge distortions; anomalous dipole moments are encoun- 
tered also. 
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In the case of the Hz study we see that augmentation of the s basis dramatically 
worsens the energy from the minimum basis value. Higher angular momentum 
functions begin to bring back the energy into the correct region, but the introduc- 
tion of f and g functions destroy the apparent trend. However  it should be noted 
that computer  store limitations prevented us from expanding the f and g calcula- 
tions from the spd limit, which would have given a "cleaner"  result. The L6wdin 
orthogonalisation procedure broke down in only one case for the basis H1 = 
H2(ls, ls', is", 2s, 2p, 2p', 3s, 3p, 4s, 4p, 5s, 5p) i.e. 7 s functions and 5 p 
functions on each centre. The numerical stability broke down at the SCF stage, 
due to two near zero roots of the S matrix. The formation of $-1/2 was therefore 
subject to very large errors. 

The consistent tendency for total energies to be too negative shows that the 
A 

expectation value of the approximate Hamiltonian HNDDO need bear little 
relation to the fully ab initio value. In itself this does not imply that the variation 

A 

theorem for the approximate H is invalid. Numerical inaccuracies in the evalua- 
tion of the expectation value may however produce truly non-variational 
behaviour. The calculations presented show that the extension of basis set size 
does not necessarily bring improvement  in energy, eigenvalues and charge 
distribution. Brown et al. [17], in their study of basis set extension using the 
'simplified ab initio method'  similarly found disappointing results. Thiel [18], in 
a recent paper on a semiempirical N D D O  scheme using a 4-31G basis, found 
minimum basis calculations to be more satisfactory, a conclusion with which we 
agree. (Non geometry optimised calculations at the minimum basis level show 
a much better  general correlation with ab initio results, at that level [14]). It 
seems that a more profitable use of the N D D O  scheme may be along the lines 
indicated by Cook [19], where the neglect of repulsion integrals is compensated 
for by a change in the core Hamiltonian matrix elements. Finally it should be 
pointed out that extensive Schmidt orthogonalization with large bases can be 
very time consuming; it may well consume the time saved in using a shorter 
integral list i.e. the highly efficient ab initio packages now available may be 
cheaper to use. 

In conclusion we find that basis set extension does not lead to improved results, 
indeed rather the converse. It is perhaps possible that we are still far from the 
limiting situation, but in any case for computations with practicable basis sets 
the Roby scheme does not appear to offer any advantages over conventional ab 
initio theory. 
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