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The title technique was applied to a series of e lementary chemical reactions. 
Second and third order contributions to the correlation energy were computed 
for the basis sets of the double zeta and double zeta plus polarization quality. 
Calculated heats of reaction and energies of activation were compared  with 
the experimental  data and the results of the best ab initio calculations repor ted 
in the literature. 

K e y  w o r d s :  Correlation energy of radicals - Perturbation calculations of 
correlation energy of radicals. 

1.  I n t r o d u c t i o n  

Recently we have proposed [1] the use of the Many-Body Rayleigh-SchrSdinger 
Perturbat ion Theory  (MB-RSPT) in the restricted MO formalism for the cal- 
culations of correlation energy in open shell systems as an alternative to the 
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c o m m o n l y  used unrestr ic ted M011er-Plesset approach  [2]. The  mot iva t ion  for  the 
use of  the restr icted M O  formal ism was that  the latter permits  to express all 
summat ions  appear ing  in the formulae  for the correlat ion energy  over  orbitals 
instead of  spinorbitals.  This change  is profi table f rom the viewpoint  of  bo th  the 
compu te r  t ime saving and the reduct ion  of the compute r  core requirements .  
Pre l iminary  calculations on BH2 and NH2 radicals [1] showed much  resemblence  
to ord inary  closed shell M B - R S P T  treatments .  Particularly,  the correlat ion 
energies given by M B - R S P T  th rough  third o rder  were very close in absolute value 
to those  given by CI  t rea tments  cover ing all singly and doubly  excited configura- 
t ions and using the same basis set. Drawing  unequivocal  conclusions about  the 
utility of  the restr icted M O  version of  M B - R S P T  requires,  however ,  more  
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Fig. 1. Hugenholtz diagrams for the second order (I, II) and the third order (III-XIII) contributions to 
the correlation energy of half-closed shell systems. The diagrams VIII, IX and X can be obtained in two 
topologically different ways and their contributions must be therefore counted twice. The diagrams i 
and III-V are formally the same as those appearing in the closed shell and unrestricted open shell 
treatments [4], whereas the others (II, VI-XIII) are due to the additional term in the perturbation 
(~ operator in Eq. (1); in diagrams it is denoted by open circles) 
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numerical data. We decided therefore to perform a further testing in a more 
systematic way. Essentially, we follow two directions. In the first one, a detailed 
comparison is made for MB-RSPT and CEPA treatments using the same basis set 
and a theoretical analysis is at tempted for clarifying the relative importance of 
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Fig. 2. Goldstone diagrams derived from the Hugenholtz diagrams in Fig. 1. Some diagrams can be 
obtained in two or four topologically different ways, so that their contributions to the correlation 
energy must be multiplied by the indicated factors 
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indiv idual  con t r ibu t ions  to the total  corre la t ion  energy.  The  results of this 
examina t ion  will be  repor ted  in a next  paper .  In  this paper  we adopt  the other  
approach  which is more  practically or iented .  We  selected a few radical  processes 
and  we calculated for them heats of react ion and  energies  of act ivat ion.  The  
fo rmer  were compared  with the exper imenta l  data,  whereas  the lat ter  were 

judged  against  the best  a b  in i t i o  calculat ions  repor ted  in the l i terature.  

2. Theoretical Approach and Computational Details 

To avoid unnecessa ry  repe t i t ion  of our  earl ier  paper  [1], we note  here  only the 
essence of the theoret ical  approach  used. Briefly, the exact (per turbed)  
Hami l t on i an ,  Yg, is assumed in the form 

YC= YC0+ ~ -  ~ (1) 

where  the u n p e r t u r b e d  Hami l t on i an ,  9'{0, may be t aken  as the H a r t r e e - F o c k  
opera tor ,  ,OR, for SCF equa t ions  in the R o o t h a a n  restr icted open  shell me thod  [3]. 

Actual ly ,  9'f and  ~'/'o, respectively,  differ f rom the c o m m o n l y  used H a m i l t o n i a n  
and  the opera to r  ,OR by scalar quant i t ies ,  so that  the e igenvalue  p rob lem 

9'C'I' = k ~  (2) 

gives us directly [4] the cor re la t ion  energy,  k. In  contras t  to closed shell and  
unres t r ic ted  open  shell M B - R S P T  t rea tments ,  the pe r tu rba t ion ,  ~ -  o-//in Eq. (1), 
conta ins  an addi t ional  t e rm 0-//. This is a one -e l ec t ron  opera tor ,  which has the 

m e a n i n g  of the difference 

~ = / R -  / (3) 

Table 1, Geometries assumed (bond lengths in a.u.) 

System Geometry parameters Source 

H2 rrm = 1.40 experiment [11] 
HF rHF = 1.733 experiment [I 1] 
F2 rvF = 2.677 experiment [12] 
H3 D~h, rHH = 1.757 SCF-CI [13] 
HFH D~h, rnF = 2.16 CEPA [14] 
FHH (DZ) a Co~, rFH = 2.58, rHa = 1.54 DZ SCF-CI 1_15] 
FHH (DZ+P) b C~,  rFia = 2.90, rHH = 1.45 DZ+P SCF-CI [16] 
HFF (DZ) a C~v, rFIa = 3.88, rFF = 2.96 DZ SCF-CI [1"7] 
HFF (DZ+P) b Co~o, rF~ = 3.175, rrr = 2.842 DZ+P SCF-CI [18] 
CH3 D3h, rcH = 2.039 experiment [11] 
CHa Td, rcH = 2.0665 experiment [19] 
H3CHIH 2 C3o, rr = 2.0693, rcn 1 = 2.6003, UHF-CI [20] 

rWn 2 = 1.7064, ~_HCH = 114.7 ~ 

a Used for DZ calculations. 
b Used for DZ + P calculations. 
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where f is the common Hartree-Fock operator. Performing now the MB-RSPT 
expansion through third order according to a standard technique [4, 5], one 
arrives at the diagrammatic representation of the correlation energy [1]. In Fig. 1 
we present a set of the respective Hugenholtz diagrams, whereas in Fig. 2 we 
present a set of respective Goldstone diagrams. Explicit formulas for the diagrams 
I-XIII in terms of spinorbitals were given previously [1]. The formulas in terms of 
orbitals are presented in the Appendix of this paper. 

Actual calculations were performed with two basis sets. The smaller of them, of 
double zeta quality (DZ), was the Dunning's [6] contraction [4s2p/2s] of the 
Huzinaga's [7] (9s5p/4s) primitive Gaussian set. The hydrogen s-type functions 
were scaled by the factor (1.2) 2= 1.44. The larger basis set (DZ+P) was aug- 
mented with a set of six Gaussian d-type functions centered on the heavy atom 
and a single set of p-type functions on hydrogen atoms. The following exponents 
were selected: 0.8 for C, 1.4 for F, 0.75 for H in the fluor-containing systems and 

Table 2. Energies of the systems treated (E (2) and E (3) mean second and third order contributions, all 
entries are in a.u.) 

Valence-shell  E~o~r Total Ecorr 

System Basis set SCF E (2) E (2) + E (3) E (2) E (2) + E (3) 

H DZ, D Z + P  -0.499277 0 0 0 0 
F a D Z  -99.394270 -0.07812 -0.07473 -0.09064 -0.08770 
F a DZ+P  -99.394521 b -0 .14914 -0.14698 -0.16309 -0.16132 
H2 D Z  -1.126588 -0.01731 -0.02252 -0.01731 -0.02252 
H2 DZ+P,  ap = 1.0 -1.131197 -0.02680 -0.03247 -0.02680 -0.03247 
H2 DZ+P,  ap =0.75 -1.131066 -0.02744 -0.03354 -0.02744 -0.03354 
HF DZ -100.021971 -0.12158 -0.11934 -0.13420 -0.13239 
HF D Z + P  -100.047873 -0.19697 -0.19901 -0.21120 -0.21364 
F2 D Z  -198.707581 -0.25053 -0.24311 -0.27571 -0.26914 
F2 D Z + P  -198.730201 -0.38335 -0.38503 -0.41135 -0.41384 
H3 D Z  -1.585262 -0.03895 -0.04053 -0.03895 -0.04053 
H3 D Z + P  -1.589994 -0.05352 -0.05279 -0.05352 -0.05279 
HFH D Z  -100.422465 -0.15799 -0.14343 -0.17061 -0.15647 
HFH DZ+P -100.435460 -0.24461 -0.22955 -0.25873 -0.24404 
FHH c DZ -100.486364 -0.11529 -0.10848 -0.12786 -0.12149 
FHH c D Z + P  -100.506711 -0.18788 -0.18767 -0.20188 -0.20205 
HFF c D Z  -199.185840 -0.27498 -0.26267 -0.30016 -0.28869 
HFF c D Z + P  -199.202451 -0.41118 -0.40159 -0.43923 -0.43042 
CH3 DZ -39.549532 -0.08107 -0.08989 -0.09381 -0.10343 
CH3 D Z + P  -39.567926 -0.14659 -0.15715 -0 .16149 -0.17286 
CH4 DZ -40.185335 -0.09349 -0.10784 -0.10630 -0.12147 
CH4 D Z + P  -40.207389 -0.15966 -0.17877 -0.17481 -0.19480 
CH5 DZ -40.631768 -0.12308 -0.12632 -0.13588 -0.13991 
CH5 D Z + P  -40.655091 -0.19494 -0.19898 -0.20988 -0.21474 

a The (2px)2(2py)2(2pz) configuration assumed, see text. 
b The difference between the D Z  and D Z + P  energies is due to the diffuse s-type function formed from 
the x 2 + y 2 + z  2 combination of d-functions. 
c Note  in Table 1 that different geometries are assumed for D Z  and D Z + P  calculations. 
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1.0 for  H in H3 and  CHn systems.  Use  of two d i f ferent  h y d r o g e n  p - se t s  was m a d e  
for  m a i n t a i n i n g  compa t ib i l i t y  of the  ca lcu la t ions  wi th  ou r  p rev ious  s tudies  [8, 9]. 
T h e  g e o m e t r i e s  a s s u m e d  are  given in T a b l e  1. T h e  co r re l a t ion  ene rg ies  were  
ca lcu la t ed  e i the r  wi th  no res t r i c t ion  of the  n u m b e r  of occup ied  and  vi r tual  o rb i ta l s  
or  the  inner  shel l  o rb i ta l s  were  k e p t  d o u b l y  occupied .  In  the  f o r m e r  case,  the  
co r r e l a t i on  ene rg ies  will be  h e r e a f t e r  r e f e r r e d  to as the  to ta l  co r r e l a t i on  energ ies  
whe rea s  in the  l a t t e r  case they  will be  r e f e r r e d  to  as the  va lence - she l l  co r r e l a -  
t ion energies .  Since ou r  r e s t r i c t ed  M B - R S P T  a p p r o a c h  canno t  a c c o m m o d a t e  
d e g e n e r a t e  g r o u n d  s ta tes ,  the  f luor ine  a t o m  was t r e a t e d  as having  the  
( 2 p x ) 2 ( 2 p y ) 2 ( 2 p z )  conf igura t ion .  This  res t r i c t ion  is i r r e l evan t  for  the  ca lcu la t ion  of 
the  co r r e l a t i on  energy ,  t h o u g h  it has  a m i n o r  effect on the  S C F  ene rgy  
( - 0 . 0 0 1  a.u. wi th  the  D Z  basis  set),  b ecause  the  r e s t r i c t ed  R o o t h a a n ' s  m e t h o d  
can gene ra l ly  give an ene rgy  tha t  is no t  invar ian t  u n d e r  a un i t a ry  t r a n s f o r m a t i o n  of  
the  o rb i ta l s  [10]. 

3. Results and Discussion 

The  energ ies  of the  sys tems dea l t  wi th  in this p a p e r  a re  s u m m a r i z e d  in T a b l e  2. 
C o m b i n a t i o n s  of  the  en t r ies  of  T a b l e  2 p e r m i t  us to  m a k e  a c o m p a r i s o n  with  the  
o b s e r v e d  hea t s  of r eac t i on  for  the  p rocesses  l i s ted  in T a b l e  3. F o r  the  ene rg ies  of 
ac t iva t ion  we m a k e  a c o m p a r i s o n  (in T a b l e  4) wi th  the  resul ts  of the  bes t  a b  in i t i o  

ca lcu la t ions  r e p o r t e d  in the  l i t e ra ture .  This  is p r e f e r ab l e ,  s ince the  A r r h e n i u s  
ene rg ies  o b t a i n e d  f rom e x p e r i m e n t a l  d a t a  a re  no t  c o m p a t i b l e  wi th  the  c o m p u t e d  

Table 3. Energies of reactions (all entries in kJ/mol) 

Different levels of MB-RSPT 

valence shell Ecorr total Ecorr 

Reaction Basis set SCF E ~2) E~2) + E ~3~ E ~2~ E~2) + E ~a~ Exptl. a 

2H~  H2 DZ -336.2 -381.6 -395.3 -381.6 -395.3 -458.4 
DZ+P -347.9 -419.9 -436.0 -419.9 -436.0 

2F -~ F2 DZ +212.6 -35.0 -33.3 -35.3 -33.5 -159.2 
DZ+P +154.5 -68.9 -84.6 -69.1 -84.9 

H + F ~  HF DZ 337.2 -451.3 -454.3 -451.6 -454.5 -590.0 
DZ+P -404.5 -530.1 -541.1 -530.8 -541.9 

H2+F2 ~ 2HF DZ -550.8 -486.0 -480.0 -486.2 -480.2 -562.6 
DZ+P -615.6 -571.4 -561.6 -572.6 -562.8 

F+H2 ~ FH+H DZ -1.0 -69.7 -59.0 -69.9 -59.2 -131.7 
DZ+P -56.6 -110.1 -105.1 -110.9 -105.9 

H+F2 ~ HF+F DZ -549.7 -416.2 -420.9 -416.1 -420.9 -430.9 
DZ+P -559.0 -461.2 -456.5 -461.7 -456.9 

H+CH4 DZ +22.3 +9.5 +10.3 +9.6 +10.5 +10.9 
CH3+H 2 

DZ+P +19.8 -16.2 -8.7 -15.6 -7.8 

a From heats of formation corrected for zero-point energies [11]. 
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Table 4. Energies of activation (all entries in kJ/mol) 
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Reaction Basis set SCF 

Different levels of MB-RSPT 

valence shell E~o~ 

E(2)  E(2)+E(3) 

total Ecorr 
Reference 

E (2) E(2)+E (3) calculations 

H+H2 ~ H2+H DZ 106.6 49.8 59.3 
DZ+P 106.3 36.1 52.9 

H+FH~ HF+H DZ 259.4 163.8 196.2 
DZ+P 293.2 1 6 8 . 1  213.0 

F+H2~ FH+H DZ 90.6 38.5 61.1 
DZ+P 49.6 19.9 30.8 

H+F2 ~ HF+F DZ 55.2 -9.0 3.8 
DZ+P 71.0 -2.1 27.5 

H+CH4 DZ 138.7 61.0 90.2 
-) CH3+H2 

DZ+P 135.4 42.8 82.3 

49.8 59.3 41.0~; 44.8 b 
36.1 52.9 

163.8 196.2 205.0~ 187.9 a 
168.4 213.4 

38.3 61.0 6.9e; 22.6 ~ 
19.8 30.7 
-9.0 3.9 17.2 g 
-2.2 27.5 
61.0 90.3 74.0h; 67.4 i 

43.3 83.0 

a CI calculations, STO (4s3p2d) basis set [13]. 
b CEPA, [4s2p] basis set [14]. 
c CI calculations, [5s3pld/3slp] basis set [21]. 
d CEPA, [9s6p3dlf/4s2p] basis set [14]. 
e CI, DZ+P basis set [16]. 
CEPA, [6s3pld] set for fluorine [22]. 

g CI, DZ+P basis set [18]. 
h UHF-CI, [5s2pld/2slp] basis set [20]. 
i CEPA, [5s2pld/2slp] basis set [20]. 

ac t iva t ion  ba r r i e r s  and,  m o r e o v e r ,  the  k ine t ic  da t a  for  some  processes  a re  open  to 
cons ide r ab l e  uncer ta in t ies .  

A n  overa l l  cha rac te r i za t ion ,  which m a y  be  given to the  resul ts  p r e s e n t e d  in Tab les  
3 and  4, is tha t  the  level  of accuracy  ach ieved  is c o m p a r a b l e  to tha t  o b t a i n e d  with  
unres t r i c t ed  M B - R S P T ,  C I - S D  and C E P A  t r e a t m e n t s  using a basis  set  of the  
s ame  size. A g r e e m e n t  of the  c o m p u t e d  energ ies  of r eac t ion  with  the  e x p e r i m e n t a l  
da t a  is far  of be ing  sa t i s fac tory .  I t  should  be  reca l led ,  however ,  tha t  the  p rocesses  
a s sumed  do  no t  con fo rm to the  con~litions for  the  " c o n s e r v a t i o n "  of the  cor-  
r e l a t ion  ene rgy  [23] and  tha t  accoun t ing  for  co r re l a t ion  effects in the  p rocesses  of 
this  t ype  is difficult wi th  any exis t ing me thod .  Ac tua l ly ,  when  s tr iving for  quan -  
t i ta t ive  p red i c t i ons  by  m e a n s  of M B - R S P T ,  one  shou ld  inc lude  some  se lec ted  
t e rms  f rom h igher  o rde r s  of  the  p e r t u r b a t i o n  expans ion .  A l so  a la rger  than  D Z  + P 
basis  set should  be  used.  In  this r e spec t  our  ca lcula t ions  m a y  a p p e a r  modes t .  W e  
bel ieve ,  however ,  tha t  they  still d e m o n s t r a t e  the  ut i l i ty  of the  res t r i c t ed  M B -  
R S P T  a p p r o a c h  to the  p r o b l e m s  of chemica l  react iv i ty .  This  is p e r h a p s  m o r e  
a p p a r e n t  f rom the  ent r ies  of Tab le  4, whe re  the  ac t iva t ion  ene rg ies  given by  th i rd  
o r d e r  D Z  + P  ca lcu la t ions  are  seen  to be  mos t ly  wi th in  10 k J / m o l ,  c o m p a r e d  to 
resul ts  of  cons ide r ab ly  m o r e  e l a b o r a t e  calcula t ions .  



322 Pet r  t~ i rsky et al. 

The last remark concerns a possible restriction imposed on the number of 
occupied and virtual MO's assumed in the perturbation expressions. The entries 
of Tables 3 and 4 suggest that it is sufficient to assume valence-shell correlation 
energies instead of total correlation energies for all reactions dealt with in this 
paper. The error introduced by that was at most 1 kJ/mol, but typically it was only 
0.1-0.2 kJ/mol. We also performed calculations in which next to the inner shell 
orbitals also the counterparts of inner shells in the virtual MO space were 
disregarded (as it is commonly made in CI calculations). The additional error 
introduced in that way was less than 0.1 kJ/mol in all reactions dealt with. 

Appendix  

Explicit formulas for diagrams I - X l I I  

We present here the explicit formulas for Diagrams I-XIII in terms of orbitals 
generated by the RHF-SCF procedure for the nondegenerate doublet state. The 
electronic repulsion integrals are given in Parr's (11122) notation. Singly and 
doubly primed indices, respectively, refer to occupied and virtual orbitals, the 
singly occupied orbital is denoted by m. D, S and V mean spaces over doubly 
occupied, singly occupied and virtual orbitals, respectively, e's mean orbital 
energies. The formulas involve the multiplication factors given in Figs. 1 and 2. 

Diagram I 

1 
E (a"i'lb"j') 

a " b "  E i '  "4- E j '  - -  E a , ,  - -  E b "  
i ' / '  

[2p(a'Tlb"j') - q(a"j'lb'T)] 

where p and q become 

P 

1 
1 
1 
1_ 
2 
0 

Orbital occupation 
q 

i' /" a" b" 

1 D D V V 
1 S D V V 
1 D D $ V 
0 $ D V S 
0 all other cases 

Diagram II 

1 ~ Z  
a " E  V 
i '  ~ D  

(a"mlmi') 
1 

( i' m lma':). 
I~i '  - -  E a "  
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Diagram III  (contributions from Goldstone diagrams 1, 2, 4 and 7) 

2 t  ~ (a"i'[c"k') 
a"b"c" 
i'i'k' 

(e l '  + e j ' - -  C a " -  eb" ) (e  i' + e k ' -  e b " -  ec") 

�9 { [2p (a" i ' ]b '7 ' )  - q ( a " j ' l b " i ' ) ] [ 2 r ( b " f ' l c " k ' )  

- s ( b " k ' l c " j ' ) ]  + u ( a ' T [ b ' 7 ' ) ( b ' 7 ' l c " k ' )  

- v ( a " j ' [ b ' T ) ( b " k ' l c " j ' ) }  

where p, q, r, s, t, u and v become 

t p q r s u 
Orbital occupation 

/3 

i' j '  k '  a" b" c" 

1 1 1 1 1 0 
1 1 1 1 1 0 
1 1 1 1 1 0 
1 1 1 1 1 0 
1 1 1 1 1 0 
1 1 1 

~ 1 : 1 1 
I i I 
: : 1 : 1 1 

1 1 : 0 1 1 0 
1 1 : 0 1 1 0 
i 1 1 : 1 : 1 1 

i i I 
: : 0 : 0 0 
1 1 I 
: : 0 : 0 0 

0 0 0 0 0 0 

0 D D D V V V 
0 S D D V V V 
0 D S D V V V 
0 D D D S V V 
0 D D D V S V 
0 S D S V V V 
0 D D D S D S 
0 S D D V S V 
0 D S D S V V 
1 S D D V V S 
0 S D S V S V 
0 D S D S V S 
0 all other cases 

Diagram III  (contributions from Goldstone diagrams 3, 5, 6 and 8) 

- t  (a"c"lk'i') 
a"b"c" 
i'i'k' 

(er  + e j , -  e a " -  eb,,)(ej, + e k , -  e b , , -  e~,,) 

�9 {[2p (a" i ' l b " j ' )  - q ( a " j ' l b ' T ) ] [ 2 r ( b " j ' l c " k ' )  

- s (b"k'[c"j')] + 3 u ( a " j ' l b " i ' ) ( b " k ' l c " j ' ) }  
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Diagram V 
1 

E (a"i ' lb '7')  ( i 'k ' ly ' r )  
a " b "  E i '  "b  E i ,  - -  E a "  - -  E b "  

i ' y k ' l '  

1 
[2p (a "k'  I b "l') - q (a "rlb"k 5] 

~.k , - ' [ -  I?. l,  - -  E a , , - -  E b , ,  

where p and q become 

Orbital occupation 

P q 
i' ] '  k '  l' a" b" 

1 D D D D V V 
1 D D D D S V 
1 S D D D V V 
1 D D S D V V 
0 S D D D V S 
1 S D S D V V 
1 S D D S V V 
0 S D S D V S 
0 all other cases 

Diagram VI  
1 

E (a"i ' lb '7')  ( k ' m l m i ' )  
a " b "  E i ,  ..4.- E ] '  - -  E.a', - -  E b , ,  
i ' j ' k '  

1 
[2p ( a "k'l b '7') - q ( a '7'lb"k ')] 

/~i' "}- e k '  --  Ea" --  Eb" 

where p and q become 

Orbital occupation 
q 

i' ]' k '  a" b" 

2 
1 
1 
1 
! 
2 

1 
! 
2 
! 
2 
! 
2 
! 
4 
1_ 
4 

0 

2 D D 
1 S D 
3 D S 
1 D D 
1 D D 
1 

D D 
0 S D D 
1 S D S 
0 D D S 
0 S D S 
0 D S D 
0 all other cases 

D V V 
D V V 
D V V 
S' V V 
D S V 
D V S 

V S 
V V 
V S 
V S 
S V 
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Diagram VII 

(a"i'lb"f) 
a"b"c"  

i ' f  
Ei '  "[- E j '  - -  Ea"  - -  Eb"  

(b"mlmc") 

1 
[2p (a"i'lc'T) - q (a "flc"i')] 

E l '  + E i '  - -  8 a "  - -  Ec"  

where p and q become 

P 

2 
1 
! 
2 

1 
1 
1 
! 
2 ! 
2 ! 
2 ! 
4 ! 
4 

0 

Orbital occupation 
q 

i' ] '  a" b" c" 

2 D D V V V 
1 S D V V V 
1 D S V V V 
3 D D S V V 
1 D D V S V 
1 D D V V S 
1 D D V S S 
0 S D V S V 
0 S D V V S 
0 D S S V V 
0 S D V S S 
0 all other cases 

Diagram VIII 

1 
Z (a"i'lb"f) ( c " m ] m i ' ) - -  

a"b"c"  Ei '  + E j ' - -  E a " - -  Eb"  
i'i '  

�9 E2p(a"c"lb"f)- q(a"f'lb"c")] 

where p and q become 

Ei,  - -  Ec,, 

P 
Orbital occupation 

q 
i' ] '  a" b" c" 

1 1 D D S V V 
0 1 D D V S V 
0 - 1  D S V V V 
1 0 D S S V V 
0 0 all other cases 
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Diagram IX 
1 

Y~ (a"i'[b"f') ( b " m [ m k ' ) - -  
a " b "  E i '  q-  E i '  - -  E a "  - -  E b "  
i ' j ' k '  

�9 [2p(a"i'lk']') -q(a"]'[k'i ')] 

E k , - - E b , ,  

where p and q become 

327 

Orbital occupation 
q 

i' ]' k' a" b" 

1 1 D $ D V V 
0 1 S D D V V 
0 - 1  D D D S V 
1 0 D S D S V 
0 0 all other cases 

Diagram X 

Of the two respective Goldstone diagrams, only X,1 gives a nonvanishing 
contribution: 

1 1 
- Y~ (a"i'[b"]') (b"m[mi') (a"mlmj'). 

a " , b "  ~ V E i' "[- E j '  - -  E a "  - -  E b "  E l '  - -  E a "  
i ' , j '  ~ D  

Diagram XI 

Of the two respective Goldstone diagrams, only XI,1 gives a nonvanishing 
contribution: 

! (a"b"li'j') (b"mlmj'). - - 2  • (a"m[mi') 1 1 
a " , b " ~  V E i ' -  E a "  E ] ' - -  E b "  
i ' , j '  e D  

Diagram XlI  

! (a"m[mb") ..... (b"mlmi'). 2 Y~ (i'mlma") 1 1 
a" ,b"~  g Ei '  - -  E a "  Ei '  - -  E b "  

i ' ~ D  

Diagram XIII 

1 1 
! (i'm[mj') (j'm[ma"). 2 Z (a"mlmi') 

a"~  V g i '  - -  E a "  8 j '  - -  8 a "  
i ' , j '  ~ D 
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