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Summary. A new perturbative method is applied to single bonds. The starting 
model is the second-quantized self-consistent Heitler-London model. The unper- 
turbed function is a four-determinant Bardeen-Cooper-Schrieffer function. 
Perturbative corrections are computed with renormalized Feynman diagrams. 
Convergence is satisfactory by third order. Calculated (experimental) dissocia- 
tion energies in eV are 4.61 (4.75) for H2, 2.37 (2.52) for LiH, 6.22 (6.13) for 
FH, and 1.88 (1.66) for F 2. Calculated (experimental) equilibrium bond dis- 
tances in & are 0.739 (0.741) for H2, 1.598 (1.596) for LiH, 0.903 (0.917) for FH, 
and 1.395 (1.412) for F 2. Calculated (experimental) vibrational frequencies in 
cm-1 are 4578 (4401) for H2, 1396 (1406) for LiH, 4447 (4138) for FH, and 927 
(916) for F2. Other spectroscopic constants agree with experiment to within 11% 
except for anharmonicities which differ from experiment by up to 20%. 

PACS number(s) 31.10. + z, 71.10. + x, 31.15. + q 

Key words: Perturbative methods - Potential energy curves H 2 - LiH - FH - 
F 2 - Single bonds 

1. Introduction 

The self-consistent (SC) Heitler-London (HL) model is the simplest case of 
separated-pair [1], multiconfiguration self-consistent-field (optimized double 
configurations [2]) and generalized valence bond (GVB) [3] methods. Bardeen 
Cooper Schrieffer-Lipkin-Nogami-HL(N) (BCSLN-HL(N)) is Nth-order 
many-body perturbation theory (MBPT) starting from the SC HL model [4]. It 
is the simplest correct SC MBPT for chemical bonds. The energy corresponding 
to BCSLN-HL(N) theory is denoted by E (~v~. The choice of nomenclature is 
explained in Part I of this series [5]. 

* This work was supported in part by the U.S. Department of the Navy, Space and Naval Warfare 
Systems Command under Contract N00039-89-C-0001, and in part by IBM RSP 3112. It was 
presented, in part, at the Midwest Theoretical Chemistry Conference, Indianapolis, Indiana, 1989, 
and at the Midwest Theoretical Chemistry Conference, Madison, Wisconsin, 1990 
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Spectroscopic constants calculated with BCSLN-HL(3) are reported in Part 
I for H» LiH, FH, F 2 and N2. The selection of molecules is explained there. 
Renormalized Feynman diagrams (FD) used for the calculations are described in 
Part II of this series [6]. These FD are used in the present work. 

BCSLN-HL(1-3) energy curves are reported in this paper for the four 
diatomic single bonds chosen in Part I. 

H2(XXS +) --+2H(2S) lao ~< R < 8ao 

LiH(XIS +) ~Li(2S) + H(2S) 2ao ~< R ~< 15ao 

FH(X1S+)~F(2p)+H(2S) 1.03ao<~R<~9ao " (1) 

F2(X1S +) ~2F(2P) 1.8ao~<R ~<6ao 

Section 2 describes the computational details. Section 3 reports the results and 
compares them to other work. 

2. Computational details 

Bases of Slater-type atomic functions (STF) were taken from literature: 
H[3s lp ld] [2] (H2); F[4s3p ld l f ]  [7] (F 2 and FH); and Li(6s4pa2da5pz~2dTz3d6] 
and H[3s2p ld] [8] (LiH). All except H[3s lp ld] have been used for perturbative 
calculations [7], [8]. 

Integrals were calculated with quantum chemical software [9-11]. Overlap 
and HL orbitals were computed with GVB [3]. FD were calculated with 
closed-shell single-determinant code [ 12-14]. In the largest case, F2, calculation 
of the FD through third order requires about one minute for each value of the 
bond distance on an IBM 3090. 

Normal energy is the first-order energy after the model corretation energy 
represented by renormalized FD is removed up to the order of the theory [6]. For 
the BCSLN-HL model, normal energy is denoted by W~)L. If the Hartree-Fock 
(HF) model is realistic, usuaUy near R« and at long bond distances, W~~ and HF 
energies are similar. However, normal energy dissociates properly to atoms. 

Dunham's method [15] was used to calculate spectroscopic constants [16]. 
Grids of twenty or more points were fitted to polynomials of degree nine. Grids 
around minima are of order 0.05 ao or smaller. Uncertainties in equilibrium bond 
distance due to fitting are of order _+ 0.0005 ao [17], [18]. An approximate formula 
was used to compute dissociation energies (De). 

D e = E ( N ) ( R M a x )  - -  E(N)(Re). (2) 

RMax (Re) is the longest (equilibrium) bond distance and N is the order of 
perturbation theory. 

3. Accuracy of the perturbative results 

3.1. H2(XXS+)+2H(2S) 

Exact solutions were computed (exact pairing or exact-pair). Energies are 
reported in Table 1 and plotted in Fig. 1. Spectroscopic constants are reported 
in Table 2. Those for BCSLN-HL(3) are accurate approximations to exact 
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Table 1. Total energies for H2(X1S + ) ~ 2H(2S) 
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R W (3) E (1) E (2) E (3) 
H L  

a 0 hartree hartree hartree hartree 

1 - 1.09085 - 1.09795 - 1.11471 - 1.11942 
1.1 - 1.11714 - 1.12449 - 1.14098 - 1.14505 
1.2 - 1.13275 --1.14035 - 1.15654 - 1.15993 
1.25 - 1.13759 --1.14531 - 1.16134 - 1.16438 
1,3 -1 .14087  --1.14871 -1 .16457  -1 .16726  
1.35 - 1.14281 --1.15078 - 1.16646 --1.16879 
1.4 - 1.14367 --1.15175 - 1.16725 --1.16922 
1.45 --1.14359 --1.15178 - 1.16708 --1.16870 
1.5 - 1.14271 --1.15102 - 1.16612 - 1.16738 
1.55 - 1.14117 --1.14959 - 1.16447 --1.16539 
1.6 - 1.13911 --1.14761 - 1.16227 - 1.16285 
1.7 - 1.13368 --1.14234 - 1.15654 - 1.15646 
1.8 - 1.12703 --1.13580 - 1.14951 - 1.14882 
2 - 1.11173 --1.12053 - 1.13323 - 1.13150 
2.5 - 1.07299 --1.08049 - 1.09074 - 1.08765 
3 --1.04312 --1.04791 - 1.05619 - 1.05322 
3.5 - 1.02363 --1.02594 - 1.03278 - 1.03042 
4 --1.01206 --1.01300 -1 .01881  -1 .01694  
4.5 --1.00578 --1.00615 - 1.01127 - 1.00966 
5 --1.00264 --1.00279 - 1.00747 - 1.00597 
5.5 --1.00115 --1.00122 - 1.00561 - 1.00416 
6 - 1.00048 --1.00050 - 1.00471 - 1.00328 
6.5 --1.00018 --1.00019 - 1.00428 - 1.00287 
7 a --1.00004 --1.00005 - 1.00407 - 1.00266 
7.5 a --0.99999 --0.99999 - 1.00397 - 1.00256 
8 a'b - 0 . 9 9 9 9 6  - 0 . 9 9 9 9 6  - 1.00391 - 1.00251 

a Not  used to fit the energy to a polynomial 
b The value of RMo ~ used to calculate D« in Eq. (2) 

p a i r i n g .  T h i s  is  n o t e w o r t h y  i n  t h e  c a s e  o f  (D e : B C S L N - H L ( 1  a n d  2)  a r e  c l o s e r  t o  

e x p e r i m e n t ;  B C S L N - H L ( 3 )  is  m u c h  c l o s e r  t o  e x a c t  p a i r i n g .  C o n v e r g e n c e  is  

m o n o t o n i c .  

E (3~ a p p r o a c h e s  a l i m i t i n g  v a l u e  o f  - 1 . 00251  h a r t r e e  a t  l o n g  b o n d  d i s t a n c e s .  

T h i s  is  a b o u t  0 . 0 7  e V  s m a l l e r  t h a n  t h e  c o r r e c t  l i m i t i n g  v a l u e  ( - 1 . 0 0 0 0 0  h a r t r e e ) .  

B r o k e n  p a r t i c l e - n u m b e r  s y m m e t r y  i n  t h e  u n p e r t u r b e d  e x c i t e d  s t a t e s  is  r e s p o n s i b l e .  

A l l  u n p e r t u r b e d  B C S L N - H L  e x c i t e d  s t a t e s  f o r  H 2 b r e a k  p a r t i c l e - n u m b e r  s y m m e -  

t r y .  F o r  m o l e c u l e s  w i t h  m o r e  e l e c t r o n s ,  m o s t  o f  t h e  B C S L N - H L  u n p e r t u r b e d  

e x c i t e d  s t a t e s  m a i n t a i n  p a r t i c l e - n u m b e r  s y m m e t r y .  T h i s  m a y  b e  e x p r e s s e d  w i t h  F D .  

F o r  m o l e c u l e s  o t h e r  t h a n  H 2  i n  a b a s i s  o f  d i m e n s i o n  m ,  a b o u t  ( l / m )  F D  c o m e  

f r o m  u n p e r t u r b e d  e x c i t e d  s t a r e s  w i t h  b r o k e n  p a r t i c l e - n u m b e r  s y m m e t r y .  S i d e  

c o n d i t i o n s  c o u l d  b e  i m p o s e d  a n d  l i m i t i n g  b e h a v i o r  w o u l d  b e  c o r r e c t .  H o w e v e r ,  

a c c u r a c y  o f  B C S L N - H L ( 3 )  w i t h  i n c o r r e c t  l i m i t i n g  b e h a v i o r  i s  c o m m e n s u r a t e  w i t h  

b a s i s  a c c u r a c y  ( c o m p a r e  B C S L N - H L ( 3 )  a n d  e x a c t  p a i r i n g  v e r s u s  e x p e r i m e n t ) .  

M o l l e r - P l e s s e t  p a r t i t i o n i n g  h a s  b e e n  a p p l i e d  t o  S C  H L  w a v e  f u n c t i o n s  

( G V B  M P )  [19] .  G V B  M P 3  ( p e r t u r b a t i v e  c o r r e c t i o n s  t h r o u g h  t h i r d  o r d e r )  is  c l o s e  

t o  t h e  f u l l  C I  l i m i t  f o r  6 - 3 1 G * * .  B C S L N - H L ( N )  a n d  G V B - M P  a r e  c o m p a r e d  

i n  T a b l e  2. A g r e e m e n t  i s  e x c e l l e n t .  
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3.2. LiH(X'E +) --, Li(2S) + H(2S) 
Energies are reported in Table 3 and plotted in Fig. 2. Spectroscopic constants 
are reported in Table 4. MCCI-4 [20] is an approximate counterpart of  exact 
pairing in H 2. B C S L N - H L ( N )  and MCCI-4 are compared in Table 4. Overall 
agreement is similar to H 2. B C S L N - H L ( 3 )  is an accurate approximation to the 
exact solution in the basis. Convergence is monotonic.  
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Table 3. Total energies for LiH(XII~ +)--* Li(2S) + H(2S) 

T. E. Sorensen et al. 

R vr/-(3) E O ) E(2) E(3) 
, r  H L  

a 0 hartree hartree hartree hartree 

2 - 7.92235 - 7.92957 - 7.98358 - 7.98949 
2.165 -7.94998 - 7.95709 - 8.01063 - 8.01653 
2.365 -7.97217 - 7.97926 - 8.03229 -8.03814 
2.565 -7.98548 -7.99270 -8.04517 -8.05084 
2.765 -7.99260 -8.00007 - 8.05191 -8.05727 
2.865 -7.99448 - 8.00209 - 8.05364 -8.05880 
2.915 - 7.99509 - 8.00277 - 8.05418 -8.05925 
2.965 - 7.99551 - 8.00325 - 8.05452 -8.05948 
3.015 - 7.99573 - 8.00355 - 8.05468 -8.05953 
3.065 - 7.99582 - 8.00369 - 8.05467 - 8.05941 
3.115 - 7.99573 - 8.00368 -8.05452 - 8.05914 
3.265 - 7.99477 - 8.00289 -8.05331 - 8.05758 
3.465 -7.99217 - 8.00046 -8.05034 -8.05415 
3.865 -7.98427 -7.99271 -8.04147 -8.04430 
4.365 - 7.97246 - 7.98075 - 8.02809 - 8.02976 
4.665 - 7.96552 - 7.97344 - 8.02004 - 8.02116 
5.965 -7.95909 -7.96645 -8.01237 -8.01301 
5,365 - 7.95166 - 7.95799 - 8.00372 - 8.00380 
5.765 - 7.94604 - 7.95080 - 7.99534 - 7.99521 
6.165 - 7.94179 -7.94504 -7.98903 - 7.98884 
6.665 - 7.93808 -7.93982 -7.98314 - 7.98309 
7.365 -7.93487 -7.93548 -7.97806 -7.97830 
7.765 -7.93374 -7.93407 -7.97629 -7.97665 
8.365 a - 7.93266 -7.93279 - 7.97457 -7.97504 
10 a - 7.93163 -7.93164 - 7.97272 - 7.97336 
15 a,b -7.93139 -7.93139 -7.96997 -7.97075 

Not used to fit the energy to a polynomial 
b The value of R~,,x used to calculate D« in Eq. (2) 

E q u a t i o n  (2)  is u s e d  w h e r e  t h e  b i n d i n g - e n e r g y  c u r v e  is n o t  y e t  c o m -  

p l e t e ly  f la t  (RMax = 15 a0). De r e p o r t e d  f o r  B C S L N - H L ( N )  a r e  t o o  s m a l l  b y  

ù ,0 .01  eV.  

S i m i l a r  c o n v e r g e n c e  p a t t e r n s  a r e  f o u n d  f o r  H 2 a n d  L i H  b e c a u s e  t h e  l s  a n d  

b o n d i n g  she l l s  o f  L i H  a r e  a l m o s t  c o m p l e t e l y  s e p a r a t e d .  B C S L N - H L ( 1 )  t r e a t s  l s  

a s  a fi l led i n n e r  shel l .  P e r t u r b a t i v e  c o r r e c t i o n s  to  it  a r e  s l o w l y  v a r y i n g  f u n c t i o n s  

o f  b o n d  d i s t a n c e .  P e r t u r b a t i v e  c o r r e c t i o n s  to  t h e  b o n d i n g  shel l  a r e  s i m i l a r  t o  

t h o s e  o f  H 2. 

G V B  M P  c a l c u l a t i o n s  w e r e  a l s o  r e p o r t e d  f o r  L i H  [19]. B C S L N - H L ( N )  a n d  

G V B  M P  a r e  c o m p a r e d  in  T a b l e  4. T h e  b a s i s  f o r  B C S L N - H L  is su f f i c i en t ly  

m o r e  e x t e n s i v e  t h a t  c lo se  a g r e e m e n t  is n o t  e x p e c t e d .  W h a t  is s i g n i f i c a n t  is t h a t  

B C S L N - H L ( 3 )  a n d  G V B  M P 3  a p p r o a c h  l i m i t s  i m p o s e d  b y  t h e  p a r t i c u l a r  b a s i s  

se t s  c h o s e n  f o r  t h e  r e s p e c t i v ë  c a l c u l a t i o n s .  
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3.3. FH(XIZ +) ~ F(2P) + H(2S) 

Energies for FH are reported in Table 5 and plotted in Fig. 3. Spectroscopic 
constants are reported in Table 6. Overall agreement is comparable to BCSLN- 
HL(2) for H 2 and LiH. 

Symmetry-restricted HF(1-3) (RHF(1-3)) and shifted RHF(1-3) (RHF( 1- 
3)) calculations were carried out for FH [21]. They are compared with BCSLN- 
HL(1-3) in Table 6. Convergence oscillates with order. RHF(N) oscillates most 
strongly, follwed by BCSLN-HL(N). BCSLN-HL converges monotonically for 
bond distances larger than about 3.3 a0. Accuracy of the MBPT calculations is 
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T a b l e  5. T o t a l  e n e r g i e s  f o r  F H ( J ( 1 Z  + ) ~  F ( 2 P )  + H ( 2 S )  

29  " 

R W(~r E 0» E (2) E (3) 

a o h a r t r e e  h a r t r e e  h a r t r e e  h a r t r e e  

1.03" - 9 9 . 6 2 2 6 1  - - 9 9 . 6 2 7 5 9  - 9 9 . 8 7 8 0 2  - 9 9 . 8 5 8 4 2  

1.23 a - 9 9 . 9 1 9 1 6  - - 9 9 . 9 2 5 4 0  - - 1 0 0 . 1 7 6 3 8  - 100.15625 

1.43 - - 1 0 0 . 0 3 8 2 7  - 100 .0459 - - 1 0 0 . 2 9 6 4 8  - 100 .27618 

1.53 - - 1 0 0 . 0 6 3 4 5  - 100 .07186  - - 1 0 0 . 3 2 1 7 2  - 100.30155 

1.58 - 100.07063 - - 1 0 0 . 0 7 9 4 5  - 100.32881 - 100 .30876 

1.63 - 100.07505 - 100 .08427 - 100 .33302  - - 1 0 0 . 3 1 3 1 3  

1.68 - 100.07716 - 100 .08680 - 100.33483 - 100.31515 

1.73 - 100 .07739 - 100 .08744  - - 1 0 0 . 3 3 3 7 4  - 100.31431 

1.78 - - 1 0 0 . 0 7 6 0 9  - - 1 0 0 . 0 8 6 5 5  - 100.33065 - - 1 0 0 . 3 1 1 5 2  

1.83 - 100 .07356 - - 1 0 0 . 0 8 4 4 1  - 100.32641 - - 1 0 0 . 3 0 7 6 4  

1.88 - 100 .07002  - - 1 0 0 . 0 8 1 2 5  - 100 .32127 - - 1 0 0 . 3 0 2 8 9  

1.93 - 100 .06570  - 100.07727 - 100 .26266 - 100 .24472 

2.43 - 100 .00750 - 100 .01994  - - 1 0 0 . 2 2 2 8 5  - 100 .21114  

2.63 - 9 9 . 9 8 6 1 2  - 9 9 . 9 9 7 2 5  - 100 .19526 - 100 .18657 

2 .83 - 9 9 . 9 6 8 2 9  - 9 9 . 9 7 7 4 3  - 100 .17129 - 100 .16554 

3.03 - 9 9 . 9 5 3 9 9  - - 9 9 . 9 6 0 9 0  - 100.15128 - - 1 0 0 . 1 4 8 1 3  

3.23 - 9 9 . 9 4 2 7 4  - - 9 9 . 9 4 7 6 3  - - 1 0 0 . 1 3 0 9 5  - 100 .12992  

3.53 - 9 9 . 9 3 0 4 1  - - 9 9 . 9 3 3 1 0  - - 1 0 0 . 1 1 2 2 9  - 100.11351 

3.93 - 9 9 . 9 2 0 1 4  - 9 9 . 9 2 1 3 5  - - 1 0 0 . 0 9 8 7 5  - 100 .10166 

4 .43 - 9 9 . 9 1 3 6 7  - 9 9 . 9 1 4 1 7  - 100 .09394 - 100.09775 

4 .93 - - 9 9 . 9 1 0 8 9  - 9 9 . 9 1 1 1 5  - 100.08823 - - 1 0 0 . 0 9 2 3 7  

5.43 - 9 9 . 9 0 9 7 5  - - 9 9 . 9 0 9 9 1  - 100 .08546 - 100.08973 

5.93 - 9 9 . 9 0 9 3 0  - 9 9 . 9 0 9 4 0  - - 1 0 0 . 0 8 4 0 6  - 1 0 0 . 0 8 8 3 8  

6.43 - 9 9 . 9 0 9 1 1  - 9 9 . 9 0 9 1 8  - 100.08331 - - 1 0 0 . 0 8 7 6 5  

9 a'b - - 9 9 . 9 0 8 9 5  - - 9 9 . 9 0 8 9 6  --  100.08231 - - 1 0 0 . 0 8 6 6 7  

a N o t  u s e d  to f i t  t h e  e n e r g y  to  a p o l y n o m i a l  

b T h e  v a l u e  o f  RMax u s e d  to  c a l c u l a t e  D«  in E q .  (2)  

comparable by third order. This suggests convergence. RHF(3) is in slightly 
bettet agreement with experiment, probably because of the larger spd basis. 

In Table 6, BCSLN-HL(N) is also compared with UHF(N) and multi-refer- 
ence CI (MRCI) calculations using extensive basis sets. UHF(N) refers to 
Nth-order MP perturbation theory based on an unrestricted HF determinant. It 
is equivalent to Nth-order MBPT based on an unrestricted HF determinant. 
Convergence oscillates between second and third order. D« predicted by UHF(2) 
(BCSLN-HL(2)) is (is not) a useful approximation to the limit imposed by the 
use of a particular basis set. De(Re) computed with BCSLN-HL(3) is apparently 
about 0.1 eV (0.017 Ä) larger (smaller) than such a limit. D« computed with 
UHF(3) is about 0.2 eV smaUer than the basis-set imposed limit. UHF(4) and 
MRCI are in excellent agreement. BCSLN-HL(4) will almost certainly yield 
spectroscopic constants near the limit within the basis set. Larger s and p 
functions might be needed to obtain close agreement between BCSLN-HL(4) 
and experiment. 

Since BCSLN-HL(1) connects properly to both united- and separated-atom 
limits, need for fourth order to approach the limit achievable within a given basis 
set cannot be traced to interactions that ultimately break symmetry. It may be 
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that effects known to be important for the electron affinity of F [22] and the barrier 
height of the F + H2 reaction [23, Sect. 2] and Ref. [19] will also accelerate the 
convergence of BCSLN. An unperturbed BCSLN model which includes these 
effects would pair the HL levels and two additional particle levels (5a and 2n). 

3.4. F2(XIS~)~2F(2p) 

Energies are reported in Table 7 and plotted in Fig. 4. Spectroscopic constants 
are reported in Table 8. Overall agreement between BCSLN-HL(3) and experi- 
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Table 7. Total energies for F2(X1S +)  ~2F(2p) 

T. E. Sorensen et al. 

R W(~~ E °) E (z) E (~) 

a o hartree hartree hartree hartree 

1.8 --198.42442 - 198.43494 - 198.89323 - 198.86631 
2 - 198.64156 - 198.65664 - 199.11107 --199.08474 
2.2 - 198.74819 - 198.76716 - 199.21193 --199.18855 
2.3 - 198.77805 - 198.79812 - 199.23631 --199.21523 
2.4 - 198.79817 - 198.81865 - 199.24955 - 199.23119 
2.45 - 198.80552 -- 198.82592 - 199.25303 - 199.23614 
2.5 - 198.81147 - 198.83164 - 199.2549 - 199.23953 
2.55 - 198.81624 - 198.83601 - 199.25541 - 199.24159 
2.6 --198.82004 - 198.83926 - 199.25481 - 199.24256 
2.64 -- 198.82245 - 198.84117 - 199.25368 - 199.24266 
2.68 - 198.82443 -- 198.84257 - 199.25208 - 199.24228 
2.75 - 198.82692 --198.84398 - 199.24834 - 199.2406 
2.8 --198.82817 --198.84434 - 199.24518 - 199.23886 
2.85 - 198.82902 - 198.84428 - 199.24170 - 199.23672 
3 -- 198.82973 - 198.84236 - 199.23025 - 199.22883 
3.2 - 198.82834 - 198.83789 - 199.21507 - 199.21724 
3.5 - 198.82482 - 198.83106 - 199.19626 - 199.20176 
4 - 198.82072 - 198.82400 - 199.17771 - 199.18558 
4.5 - 198.81936 - 198.82115 --199.16935 - 199.17984 
6 ~ - 198.81827 - 198.81947 --199.16249 --199.17135 

a The value of RMax used to calculate D« in Eq. (2) 

m e n t  is c o m p a r a b l e  to  B C S L N - H L ( 2 )  fo r  H 2 a n d  L i H .  S e c o n d -  a n d  t h i r d - o r d e r  
p e r t u r b a t i v e  c o r r e c t i o n s  to  De are  a l m o s t  the  s a m e  as  fo r  F H .  Re p r e d i c t e d  by  
B C S L N - H L ( 3 )  is a b o u t  as a c c u r a t e  as fo r  F H .  B C S L N - H L ( 1 )  a n d  B C S L N -  

H L ( 2 )  are  n o t  as g o o d  a p p r o x i m a t i o n s  as fo r  F H .  
B C S L N - H L ( N )  m a y  be  c o m p a r e d  to  CI  a n d  H F ( N ) .  C C I - 6 a  (b a s i s  B) is t he  

las t  s tep  in  a p r o g r e s s i o n  o f  a c c u r a t e  CI  c a l c u l a t i o n s  [20, 24]. I t  uses  as r e f e r ence  
c o n f i g u r a t i o n s  t he  H L  c o n f i g u r a t i o n s  p lus  c o n f i g u r a t i o n s  w h i c h  ar ise  f r o m  the  

exc i t a t ions :  

3~g 17rg ~ 3au 2zc u. (3) 

R H F ( N )  c a l c u l a t i o n s  were  a l so  ca r r i ed  o u t  w i t h  bas i s  B [25]. S p e c t r o s c o p i c  
c o n s t a n t s  r e p o r t e d  fo r  R H F ( 4 )  are  in  exce l l en t  a g r e e m e n t  w i t h  C C I - 6 a  (bas i s  B). 
G o o d  a g r e e m e n t  b e t w e e n  R H F ( 4 )  a n d  C C I - 6 a  is a s ign i f ican t  resul t .  I t  s h o w s  
t h a t  even  w h e n  u n b o u n d  a s ingle  d e t e r m i n a n t  m a y  be  an  exce l l en t  s t a r t i n g  m o d e l  

by  f o u r t h  o rde r .  
B C S L N - H L ( N )  is c o m p a r e d  w i t h  C C I - 6 a  a n d  R H F ( N )  in T a b l e  8. C o n v e r -  

gence  osc i l la tes  w i t h  o rde r .  B C S L N - H L ( N )  osc i l la tes  m o s t  s t r o n g l y  a t  Re, b u t  

c o n v e r g e s  m o n o t o n i c a l l y  a t  b o n d  d i s t a n c e s  la rger  t h a n  a b o u t  3.1 ao. E x c e p t  fo r  
Re, B C S L N - H L ( 3 )  is an  a c c u r a t e  a p p r o x i m a t i o n  to  R H F ( 4 ) .  R« p r e d i c t e d  by  
B C S L N - H L ( 3 )  is a n  a c c u r a t e  a p p r o x i m a t i o n  to  R H F ( 3 ) .  De (Re) c o m p u t e d  
w i t h  B C S L N - H L ( 3 )  is a p p a r e n t l y  a b o u t  0.3 eV  ( 0 . 0 2 / ~ )  l a rge r  ( sma l l e r )  t h a n  
the  l imi t  a c h i e v a b l e  w i t h i n  the  bas i s  set.  B C S L N - H L ( 4 )  in  the  p r e s e n t  bas i s  
c o u l d  r e p r o d u c e  the  C C I - 6 a  resu l t s  in bas i s  B; B C S L N - H L ( 4 )  in bas i s  B w o u l d  
a l m o s t  ce r t a in ly  r e p r o d u c e  the  C C I - 6 a  resul ts .  
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Need for fourth-order correction to achieve the limit imposed by the basis set 
used in the calculation suggests that the starting model could be improved. The 
improved starting model would pair HL  levels and the lng hole and 2nù particle 
levels of Eq. (3). From the viewpoint of broken symmetry, the lng hole and 2nù 
particle pairing interactions are needed to connect to the correct united-atom 
limit. They are also transpositions from FH to F2 of many of the excitations 
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known to be important for the electron affinity of F and the barrier height of the 
F + H2 reaction. The CCI-6a calculations showed that the excitations (3) become 
important in F2 when the bond distance is shorter than Re. Earlier calculations 
showed that they are also important in F2 at longer bond distances [7]. 

4. Conclusions 

The accuracy of BCSLN-HL(3) will be useful for many purposes. The BCSLN- 
HL(3) results for FH and F2 are about as accurate as the BCSLN-HL(2) results for 
H2 and LiH. The BCSLN-HL(3) description of explicit pairing correlation for H2 
and LiH is close to the limit achievable within the basis sets used in the respective 
calculations. For FH and F» the larger deviations of BCSLN-HL(3) from limits 
achievable with the basis sets chosen for the calculations show that accounts of all 
correlation in these molecules which are comparable to those recorded for H2 and 
LiH require starting models for BCSLN that are more extensive than HL. 
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