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A simplified method for molecular correlation energy calculations developed 
in I is applied to the determination of the potential curves of  some diatomic 
chlorinated molecules HC1(132+), HCI+(2II), C10(2I-l) and NCI(X3Z -, alA, 
b ~E+). Dissociation energies, vibrational frequencies and equilibrium internu- 
clear distances are derived from these curves. The ionisation potential (Ip) 
of HC1, the proton affinity (PA) of C1, and the term energies of the excited 
states of  the NC1 radical are also calculated. It is shown that the results are 
very sensitive to correlation effects and that the correlated results converge 
tO the corresponding experimental values within 10% for PA, De, Te and tOe, 
2% for Re and 0.3% for Ip. This agreement allows us to predict the following 
lower limits for the dissociation energies of  the NC1 radical: 2.14, 3.28 and 
2.47 eV respectively for the X3E -,  alA and bin  + states. Results on HF and 
HF + are also discussed and compared with those obtained for HCI and HC1 +. 

Key words: Ab initio calculation--correlation energy--hydrogen chlor ide--  
hydrogen chloride ion--chlor ine monoxide--n i t rogen chlor ide--hydrogen 
f luoride--hydrogen fluoride ion 

1. Introduction 

In the first paper  of  this series (referred to as I), we have proposed an extension 
to molecules containing third row atoms of a simplified method for the calculation 
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of molecular correlation energies. The chlorine atom was chosen to test the 
methodology and the required numerical parameters (parameters for the 3d 
polarization and correlation orbitals, and semi-empirical atomic data) were 
derived for this atom. 

In this work, we apply the method to some simple chlorinated molecules like 
HC1, HC1 +, C10 and NC1 and discuss the accuracy of the results obtained for 
these systems for different types of calculated properties: equilibrium geometries, 
vibrational frequencies, dissociation energies, term energies, ionisation potentials 
and proton affinities. The results will be analysed in terms of the progressive 
inclusion of the correlation energy by considering the different contributions to 
the energy partition, which is the basic idea of the method. 

Test calculations will be first carried out on HC1, HC1 + and C10 for which 
numerous experimental data are available, moreover this choice will allow inter- 
esting comparisons to be made between neutral and ionic species. Finally, 
molecular parameters will be calculated for the three lowest states of NC1 which 
is a free radical for which relatively little information is available either experi- 
mentally or theoretically so that valuable predictions may be made. 

2. Calculations 

The results presented in the next sections will be discussed on the basis of the 
three terms that define the energy partition: 

E = Eo+ E~ORR+ EE- (1) 

Let us recall (see I) that: 

i) Eo refers to the energy of the zeroth order wavefunction ~0 and is obtained 
by an MCSCF calculation performed with an extended polarized basis set; 

ii) E~ORR is the internal correlation energy determined by a complete CI calcula- 
tion (mono and biexcitations with respect to ~0) performed with a minimal basis 
set augmented by a 3d correlation orbital on the chlorine atom; 

iii) EE has been defined as the error energy regrouping the non-internal correla- 
tion energy and the relativistic energy contributions. It is obtained by an "atoms- 
in-molecule" decomposition of the zeroth order wavefunction calculated with 
the minimal basis set used in ii). 

Calculated values of these energy components obtained for the NCI radical are 
given in Table 1. The potential curves were derived from these results at the three 
following levels of calculation, in order to discuss the effect of a progressive 

ECORR and Eo+ E~ORR + EE. On the inclusion of the correlation energy: Eo, Eo+ i 
basis of previous works [1, 2], we can make the following general comments 
concerning the qualitative behavior of the potential curves at the three different 
levels of calculation. First, we expect in the general case a flattening of the 
potential curves at the zeroth-order wavefunction level, with too large Re values 
and too small o2e and De values. This observation is a direct consequence of the 
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Table  1. Ene rgy  con t r ibu t ions  for NC1 a and  its d i s soc ia t ion  p roduc t s  (a.u.) 

393 

I 
System E o E CORR EE E IOR R + E E 

N(4S) -9 .6296  0. -0 .213  -0 .213  

N(2D)  -9 .5229  0. - 0 .230  -0 .230  
CI(2P)  - 14.6562 -0 .0962  - 1.802 - 1.898 

NCI(3Z - )  -24 .3279 -0 .1192  -2 .029  -2 .148  

NCI(~A) -24 .2600  -0 .1272  -2 .041 -2 .168  
NCI(  ~Z +) -24 .2099 -0 .1543 -2 .034  -2 .188  

a Values for NCI  are g iven at  the co r r e spond ing  equ i l ib r ium geomet r ies  

unbalanced wavefunction that is used: ~o gives rise to an underestimated dissoci- 
ation energy corresponding approximately to the energy difference between the 
molecule at its equilibrium geometry and the Wigner-Witmer products, both 
calculated at the SCF level, and this difference is of course too small because 
the correlation energy contents of the molecule is bigger than that of the products. 
The effect of including first the internal and then the non-internal correlation 
energy is to improve successively the energy balance between the regions of the 
potential curves respectively at short and large internuclear distances, so that the 
total energy results (E0 + E IORR + EE) converge to the corresponding experimental 
results. These qualitative observations will appear systematically in the results 
presented in the next section so that later on we will restrict ourselves to particular 
comments when necessary. 

The parameters of the potential curves (Re, ~oe and E(Re)) have been determined 
from polynomial fittings of degrees 4 to 6. E(Re) and E ( R ~ )  values have 
been used to obtain the energy differences such as De, Te . . . .  

The results of the molecular parameters calculated at the three levels of energy 
partition are presented and compared to the corresponding experimental values 
in Tables 2 to 4 for HC1 and HC1 +, 7 for C10 and 8 for NC1. 

Table  2. M o l e c u l a r  pa ramete r s  for HCI ( IE  +) 

Level  of  a p p r o x i m a t i o n  Basis set a R e (a.u.) to e (cm -~) D e (eV) 

E 0 D Z P  2.44 2982 3.89 

E o + E I o R  R D Z P / M B 5  2.43 2989 4.00 

E o + E IoR  R + E E D Z P / M B 5  2.40 3083 4.63 

Exp. b 2.41 2991 4.62 

S C E P / C E P A  ~ [14sllp3dlf/7s2pld,~] 2.42 2987 - -  

P N O / C E P A  ~ [14sllp3dlf/7s2pld~] 2.42 2977 - -  
P O L / C I  d [4s4p 1 d/2s lp ]  2.42 - -  4.62 

a See c o m m e n t s  in the text.  
b Ref. [3]; D e = Do+we~2. 

G a u s s i a n  bas is  set, Ref. [7]. 
d G a u s s i a n  bas is  set, Ref. [8] 



394 

Table 3. Molecular parameters of HCI+(2II) 
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Level of approximation Basis set c R e (a.u.) w e (cm - l )  D, (eV) 

E 0 DZP 2.49 2818 4.10 

E o + E~oRR DZP/MB5(1) 2.48 2858 4.37 
DZP/MB5(2) 2.48 2862 4.27 

E 0 + E~oRk+ E E DZP/MB5(2) 2.47 2899 4.97 

Exp. 2.48 a 2674 a 4.82 a 
4.86 b 

CEPA d [4s4p2d lf/4s2p I d] 2.49 2688 4.77 
PNO-CI ~ [4s4p2d If/4s2p I d] 2.48 2737 

Ref. [3]; D e = Do+ o)e/2. 
b Ref. [4]. 
c See comments in the text. 
d Gaussian basis set, Ref. [9] 

Table 4. lonisation potential for HC1 and proton affinity for CI 

Level of 
approximation Basis set a PA (eV) I(p 1) (eV) ~ _pt (z~ (eV) a I(p 3) (eV) a 

E 0 DZP 5.08 12.20 11.77 

E o + E~ORR DZP/MB5(a)  5.22 12.17 12.04 
DZP/MB5(b)  5.43 

Eo+EIcoRR+EE DZP/MB5(a)  4.97 13.04 13.00 
DZP/MB5(b) 5.19 

Exp. 5.466 12.748 • 0.005 ~ 

CEPA d [4s4p2d lf/4s2p 1 d] 5.36 12.49 

11.77 

11.82 

12.78 

a See comments in the text. 
b Estimated as De(HC1 +) + Ip(H) - Ip(Cl). 

Ref. [5]. 
d Gaussian basis set, Ref. [9] 

2. T h e  H C I  and H C I  + m o l e c u l e s  

2.1. Zeroth-order wavefunction for HCI 

F o l l o w i n g  t h e  W i g n e r - W i t m e r  r u l e s ,  t h e  g r o u n d  1Z+ s t a t e  o f  t h e  H C I  m o l e c u l e  

d i s s o c i a t e s  a c c o r d i n g  to :  

H C I ( X I ] ~  +) -~ H ( 2 S )  + Cl(2P). (2)  

T h e  z e r o t h  o r d e r  w a v e f u n c t i o n  d e s c r i b i n g  t h i s  p r o c e s s  is r e a d i l y  w r i t t e n  a s l :  

q % ( H C 1 ;  X IZ+)  - 1 o'Z(c~2~r 2 + %20-30-  + c33o "e) leg 4. (3) 

Throughout this paper, only the valence orbitals will be considered and labelled from 1 to n 



Extension of molecular correlation energy calculations 395 

A further investigation of the wavefunction shows that the following rotation 
between the 20- and 30- orbitals: 

30- = - s in  6) cos \30- ']  (4) 

allows us to rewrite the second SAAP of (3) as 

1 
10-220-3 o-('E+}l ~r 4 -- ~ 1 o'2(20-3 or - 20-30-)1 "27" 4 

sin 20  
- x/2 10-2(3~ 

+ cos 2(910-220-'30-'{~E+} 1 ~.4 (5) 

where { } indicates the intermediate coupling of the 20- and 30- orbitals. A 
particular choice of  | = 7r/4 cancels the open shell term so that an expression 
for ~o equivalent to (3) is: 

xI%(HC1; ~2s 1 0-2(Cr120-'2+ C~30-'2) 17r4. (6) 

Such a reduction of the zeroth-order wavefunction obviously reduces the calcula- 
tion times for the three parts of the energy (see (1)). Unfortunately, as will be 
shown below, it only applies to open-shell SAAP's with singlet coupling. 

2.2. Molecular parameters for HCI 

An examination of Table 2 prompts the following comments concerning the 
calculated vibrational frequency. The introduction of the error energy modifies 
the agreement with the experimental value found at the ~.i Eo+ ~'CORR level only 
slightly. In fact, we generally observe a somewhat erratic dependence of  toe with 
EE for all the systems studied here. Finally, the total energy results (Eo + E~oRR+ 
EE) are in very nice agreement with the corresponding experimental values with 
discrepancies of only 0.4%, 3% and 0.2% for R e ,  w e and Dr respectively. 

2.3. Zeroth-order wavefunction for HCI + 

The zeroth-order wavefunction describing the process: 

HCI+(x2II)  ~ H( 2S ) + CI+( 3P ) (7) 

is very similar to (2), i.e.: 

~ o ( H C I +  ; X21~) = 10-2(c120-2 + c22o-3 0- + c330- 2) 177 "3. (8) 

Making the rotation (4) between the 20- and 30- oribitals, the second SAAP of (8): 

10-22o-30-1 r = A 10-220-3 0-{'E+} 17r3(2II) + B 10-220-30-{sE+} 17r3(2II) 

where { } and ( ) indicate the intermediate and final couplings respectively, can 
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be rewritten as 

A sin 2| 
v/~ 1002(3o"2-- 200'2)17r3 + A cos 21~ 1 0.2200'30.'{1s 1 ~r 3 

+ B 1 o'2200'3 00'{ 3xZ+} 1 3"/"3. (9) 

Since there is no @ dependance for the triplet recoupling term, it cannot be made 
to disappear so that a diagonal form similar to (6) does not exist for (8). 

J. Lievin, J.-Y. Metz 

2.4. Molecular parameters for  HC1 + 

Table 3 shows that in this case, the equilibrium internuclear distance is already 
nicely described at the MCo level and is very slightly modified only by the 
inclusion of  the correlation energy. The vibrational frequency increases with the 
inclusion of the correlation energy which is a qualitatively correct result. However, 
in this case the value calculated at the MCo level is already too high. 

The comparison between MB5(1) and MB5(2) shows that the basis set effect on 
the internal correlation energy due to the optimization of the 3d correlation 
orbital on C1 or C1 § respectively (see I section 5.2.2) is only significant for De 
which is improved by an amount of 0.1 eV. Finally, the agreement between the 
experimental and the calculated parameters are 0.6%, 8.5% and 3% for Re, W e 
and De respectively. 

2.5. Proton affinity o f  the Chlorine atom 

The proton affinity of the chlorine atom in its ground 2p state is defined as the 
energy difference associated to the process: 

Cl(2p) + H§ -~ HCI+(X2H). (10) 

The corresponding zeroth-order wavefunction is the SCF wavefunction of HCI+ 
in its ground 2H state because the molecular orbitals of this wavefunction 
asymptotically correlate to those of C1 and H+: 

~o = 1 00220 .21 77" 3. ( 1 1) 

On the basis of  the results of  Table 4, we can discuss the consequences of  the 
inclusion of the correlation energy on the calculated proton affinity (PA). 

First we note that the choice of  a unique 3d correlation orbital cannot be optimal 
in this case. Indeed we have discussed in I, the non-transferability of the 3d 
correlation orbital from neutral systems like C1 and HCl to ionic ones like Cl + 
and HCl + and inversely. In the case of  the dissociation of HC1 + into H + Cl +, 
discussed in the previous section, the use of  the 3d orbital optimized on C1 + 
does not unbalance the correlation energy along the dissociation curve because 
no drastic charge transfer occurs on the e l  atom. On the contrary, in the case of 
process (10), the protonation induces a transfer of  electrons from chlorine to 
hydrogen, so that the use of the 3d orbital optimized on Cl to calculate both 
HCl + and C l+  H + will underestimate the corresponding proton affinity value. 
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The opposite effect is of  course expected if we use the 3d function optimized on 
C1 +. In order to estimate the magnitude of this effect, in Table 4 we compare the 
results of  two separate calculations. In the first one (MB5(a)) ,  both HC1 + and 
H++C1 are calculated with the 3d orbital optimized on C1, and in the second 
one (MB5(b)),  each partner is calculated with its optimal 3d orbital, i.e. the 
orbital optimized on C1 + for HCI + and on C1 for H++C1. As can be seen, the 
basis effect is 0.2 eV, which is certainly not negligible. For such energy differences 
calculations, two distinct correlation orbitals can easily be optimized, but similar 
complete optimization are of  course much more tedious for potential energy 
hypersurfaces calculations. 

The consequence of the inclusion of the internal correlation energy is to increase 
the proton affinity, HC1 + having more internal correlation energy than H++  C1. 
The effect of  the inclusion of the error energy is to decrease the proton affinity, 
due to the fact that the "atoms-in-molecule" structures occurring in HC1 + giving 
rise to ionic combinations other than that of  CI+  H + are mainly H+C1  + and 
H +CI  ++ which have both less error energy than C l + H  + itself. Finally, the 
agreement between the calculated proton affinity and the one obtained from the 
cycle: De~XP(HC1 +) + I~Xp(H) - I~xp(c1) is not too bad, the former being too small 
by an amount  of  5%. 

2.6. Ionisation potential of HCI 

The ionisation potential of  HC1 is calculated by separate calculations on HC1 
and HC1 + and hence we need two zeroth-order wavefunctions. For HCI, we chose 
the zeroth-order wavefunction (6) corresponding to the dissociation process of 
this molecule and for HCI + we chose the zeroth-order wavefunction (1 1) and (8) 
corresponding to the SCF and to the dissociative wavefunction respectively. The 
corresponding ionisation potentials calculated using the 3d polarisation orbital 
optimized on C1 are presented in Table 5 and are labelled I~p I) and _pr (2). At the 
E0 level, I(pl) is greater than I(p 2) because the zeroth-order wavefunctions used for 
HC1 and HC1 + are not equivalent, In fact the multiconfiguration used to calculate 
HCI includes a part of  the internal correlation energy while the SCF configuration 
used for HC1 + does not. The incorporation of the remaining correlation energy 
reduces this difference which finally almost cancels. This result shows that the 
MCn(ex t ) /ACI (min)+EE procedure used to calculate the correlation energy is 
to a good approximation independent of  n as already pointed out previously [1]. 
Finally, i(p3) is calculated using the same zeroth-order wavefunction for HC1 + as 
i(p2) but with an internal correlation energy of HC1 + calculated using the 3d 
correlation orbital optimized on C1 +. The importance of this specific optimization 
already pointed out in I leads to a smaller value for the ionisation potential that 
agrees very well (0.25%) with the corresponding experimental result. 

2. 7. Comparison between second- and third-row hydrides 

In this section we present results on HF and HF + (see Tables 5 and 6) in order 
to compare the level of  accuracy of our results for similar second- and third-row 
atom systems. A one primitive 3d polarization orbital has been optimized for 
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Table 5. Molecular parameters of H-F(1Z +) 

J. Lievin, J.-Y. Metz 

Level of 
approximation Basis set a Re (a.u.) oJe (era -l)  De (eV) Ip (eV) 

Eo+ E~oRR+ E E DZP/MB5 1.70 4030 5.83 15.64 

Exp. 1.73b 4138 b 6.12 b 16.044 ~ 

MCSCF d [5s3p2d/3slp] 1.737 4102 - -  - -  
CEPA e [4s4p2dlf/4s2pld] 1.733 4169 5.83 - -  
MRD-CI f [6s6p 1 d/3s lp] 1.745 4148 5.98 - -  
CEPA g [4s4p2dlf/4s2pld] - -  - -  - -  15.74 

a See comments in the text. 
b Ref. [3]; D e = Do+ we~2. 

Ref. [9]. 
d Gaussian basis set, Ref. [11]. 
e Gaussian basis set, Ref. [12]. 
f Gaussian basis set including Rydberg orbitals, Ref. [13]. 
g Gaussian basis set, Ref. [9] 

Table 6. Molecular parameters of HF+(2II) 

Level of approximation Basis set a R e (a.u.) to e (cm -l) De (eV) 

Eoq- EIORR + E E DZP/MB5 1.88 3111 3.68 

Exp. b 1.89 3090 3.61 

CEPA c [4s4p2d lf/4s2p I d] 1.89 3116 3.64 

a See comments in the text. 
b Ref. [9], D e = Do+ %/2. 
c Gaussian basis set, Ref. [9] 

t he  f luo r ine  a t o m  on  the  H F  m o l e c u l e .  T h e  o p t i m i z e d  v a l u e  o f  t he  G a u s s i a n  

e x p o n e n t  is 1.1. H F  + ca l cu l a t i ons  h a v e  b e e n  p e r f o r m e d  wi th  the  s a m e  p o l a r i z a t i o n  

f u n c t i o n  (see I s ec t ion  5.1 fo r  a d i s cus s ion  on  the  t r ans fe rab i l i t y  o f  such  orbi ta ls ) .  

N o  3d  c o r r e l a t i o n  o rb i t a l  was  i n t r o d u c e d  in the  c a l c u l a t i o n  b e c a u s e  the  near -  

d e g e n e r a c y  o f  t he  f luo r ine  a t o m  takes  p l a c e  in t he  n = 2 shell .  

T h e  resul t s  p r e s e n t e d  in Tab le s  5 a n d  6 are  f o u n d  to be  in g o o d  a g r e e m e n t  wi th  

t he  c o r r e s p o n d i n g  e x p e r i m e n t a l  and  o t h e r  c a l c u l a t e d  resul ts .  Th is  a g r e e m e n t  is 

qu i te  s imi l a r  to tha t  o b s e r v e d  in the  p r e v i o u s  sec t ions  fo r  HC1 and  H C I  +. Th is  

c o m p a r i s o n  r e in fo r ce s  o u r  c o n f i d e n c e  in t he  s e m i - e m p i r i c a l  p r o c e d u r e  w h i c h  

seems  to cons t i t u t e  a b a l a n c e d  t r e a t m e n t  o f  s e c o n d -  and  t h i r d - r o w  a toms .  

3. The CIO radical 

3. I. Zeroth-order  wave func t ion  f o r  CIO 

T h e  g r o u n d  2H state o f  t he  C10  rad ica l ,  d i s soc ia t e s  a c c o r d i n g  to t he  W i g n e r -  

W i t m e r  ru les  to the  a t o m i c  p r o d u c t s  in the i r  g r o u n d  states:  

C 1 0 ( X 2 n )  -~ C U P )  + O(3p ) .  (12) 
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Table 7. Molecular parameters of CIO (2II) 
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Level of approximation Basis set a R e (a.u.) w~ (cm -1) D e (eV) 

~o 
l 

E o + E CORR 

Eo+ EIoRR + EE 

Exp. b 

MCSCF/CI o 

DZP 3.16 811 0.98 

DZP/MB1 3.12 871 1.37 
DZP/MB2 3.11 878 1.47 
DZP/MB3 - -  - -  2.04 
DZP/MB4 - -  - -  2.08 
DZP/MB5 3.07 922 2.08 

DZP/MB5 3.02 952 2.54 

2.97 853.8 2.80 

[13s7p5d(Cl)/lls6p5d(O)] - -  957 c 2.69 c 

a See comments in the text. 
b Ref. [3]; D e = Do+%/2. 
c Slater basis set, Ref. [10] 

The zeroth-order  wavefunct ion corresponding to this process, is the following 
mult iconfigurat ional  wavefunct ion:  

'tro(C10 ; X 2 [ I )  ~-- 1 o-22o-2(c13 ~ 2 + %30-4o- + c34o -2) 177"427r 3. (13) 

Once again we have the typical three term expansion extensively discussed 
previously [ 1, 2]. Under  the rotat ion (4), this wave-funct ion behaves very similarly 
to (8) i.e. does not have a diagonal  representation. 

3.2. Molecular parameters f o r  CIO 

The results of  Table 7 show the importance of  the opt imizat ion o f  the 3d 
correlat ion orbital on C1 at the EcoRg level o f  calculation. Basis sets MB1 to 
MB5 (details are given in I )  correspond to the following 3d orbitals: a tomic 
SCF orbital (MB2), polarization function (MB3), one-primitive correlat ion orbital 
(MB4) and two-primitives correlation orbital (MB5). MB1 does not contain any 
3d function. The consequence of  this opt imizat ion i.e. a progressive deepening 
of  the potential  well, is a drastic improvement  o f  the dissociation energy value, 
as illustrated in Fig. 1. The Re value is also significantly improved but the 
vibrational f requency is finally overestimated. 

Finally, the total energy results (Eo+ E~ORR+ EE) are in good agreement  with 
the cor responding  experimental  results. Discrepancies o f  respectively 2%,  t 1% 
and 9% for Re, we and De are found. 

4. The NCI radical 

4. I. Zeroth-order wavefunction f o r  the X 3 s  - state 

The dissociat ion process: 

N C I ( X 3 s  -)  ~ N(4S) + CI(2P) (14) 
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s o .o l  Ml= . m  . O ,  .as ~ ' ~ 0 ,  ZXP 
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Fig. 1. Correlation and basis set effect on the calculated dissociation energy of the CIO radical. 1) 
basis set effect on EIORR, 2) whole correlation effect 

is very similar to that of C10 and hence the corresponding zeroth-order wavefunc- 
tion is the usual three-SAAP's multiconfiguration function 

�9 0(NC1; X3E ) = 1 t~22o-2(c13o -2 + c23 tr4~ + c34o -2) 1 ~r42~ "2 (15) 

that cannot be reduced to diagonal form because of the presence of spin recoupling 
terms as previously discussed in section 2. 

4.2. Molecular parameters for the X 3 •  - state 

The results of the calculations presented in Table 8 show the decisive improvement 
of the calculated Re and toe values obtained by the inclusion of the correlation 
energy. The corresponding total energy results are in good agreement with 
elaborate MRD-CI calculations on the one hand (0.7% and 5.6% for Re and me 
respectively) and with the experimental values on the other hand (2.3% and 
5.6% for Re and toe respectively). This agreement is similar to that usually 
observed for the other calculations presented in this paper so that we think that 
the value of 2.14 eV which we propose for the dissociation energy should be a 
lower bound of the exact value with an accuracy of a few tenths of an eV. 

4.3. Zeroth-order wavefunctions for the a 1A and b lY~ + states 

The zeroth-order wavefunction corresponding to the dissociation processes: 

NCI(aIA) -~ N(2D)+  Cl(2p) (16) 

NCl(b 'Z +) ~ N(2D)+  CI(2P) (17) 
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Table 9. Zeroth-order wavefunction for NC1 b~Y + 

J. Lievin, J.-Y. Metz 

Occupation numbers of the 
catesian SAAP's 

Symbolic 
Predominance along the dissociation path weight 
1A 1E+ 11s 

lo- 2o- 3o- 4o- 1~" x 27rx l~ry 2~'y 

2 2 2 0 2 0 2 2 equilibrium and 
dissociation equilibrium b 

2 2 0 2 2 2 2 0 N(2D• + Cl(2po ) } a c 
2 2 0 2 2 0 2 2 d 

2 2 2 2 2 0 1 dissociation dissociation f 
2 2 2 0 1 1 2 N(2D• + CI(2P:~) N(2D:~) +CI(~PT1) g 
2 2 2 0 2 2 1 h 

a These two SAAP's are added so that the same set of SAAP's describes both dissociation processes 

are presented in their cartesian form in the first co lumn of Table 9. Providing we 
use a d iagonal  representa t ion  of the SAAP's  corresponding to the N(2D• 
CI(2Po) coupl ing  of  the ~A channel ,  it is the same set of  SAAP's  that  describe 

both processes 2 so that the ~A and  1E + states will correspond respectively to the 

first and second root of the M C S C F  or CI  calculations.  In  the second co lumn 
of this table we roughly describe the R values where the different SAAP's  have 
a p r e d o m i n a n t  weight, and  we finally indicate  in the last co lumn a label for those 

SAAP's.  

4.4. Molecular parameters for the a~ A and b lE+ states 

The total energy results for the parameters  Re, toe and  Te of the 1A state are in 
good agreement  with M R D - C I  calculat ions on the one hand  and  with the available 
exper imenta l  results on the other hand  with discrepancies  of 0.3%, 3%,  12% 

respectively. The electronic term Te of the ~E + state is also decisively improved 
(60%) by the inc lus ion  of the correlat ion energy. This reduct ion of the calculated 
value of the terms of bo th  1~ and  ~E + states with the inc lus ion of the correlat ion 

energy was forseeable due to the fact that  singlet states have more correlat ion 
energy than  the triplet states as a consequence  of the exclusion principle.  On the 
contrary,  the calculated Re and  to~ values for this state are not  improved by the 
inc lus ion  of the correlat ion energy; this is par t icular ly true for We for which the 
agreement  with the exper imental  value goes from 0.2% to 9% when taking the 
correlat ion energy into cons idera t ion;  in view of the other results, however,  the 

former agreement  is obviously fortuitous. 

2 tn fact the SAAP's labelled c and d are not necessary to describe the dissociation 
process of the 1Z+ state; they are simply added so that the same set of SAAP's can be used in the 
calculation of the 12~ and ~E + states. It will be shown below that their weights in the MC calculations 
are always small 
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Finally, our  results predict  values o f  3.28 eV and 2.47 eV for the dissociation 
energies o f  the tA and 1s states. These values should have roughly the same 
accuracy as that  found  for the 3s  state. 

4.5. Potential energy curves for  the b~ ,  + state 

We first present in Fig. 2 three M C S C F  calculations per formed with the extended 
(DZP)  basis set. The curve labelled 1 corresponds  to an M C S C F  calculation 
including the SAAP's  a to h discussed in the previous section. This curve results 
f rom an avoided crossing between two sets of  SAAP's.  The first one (curve 2) is 
composed  of  the SAAP's  a and b describing the molecule near its equilibrium 
geometry  (plus the SAAP's  c and d the impor tance  o f  which was discussed 
before) ;  at large internuclear separation, this set correlates to the incorrect 
dissociation products  N ( 2 P ) + C I ( 2 P ) .  The second one (curve 3) involves the 
SAAP's  e to h describing the correct Wigner -Wi tmer  dissociation products  
N(ZD) + CI(2p).  Due to the tack of  configurations p redominan t  at intermediate 
internuclear  separations,  in the complete zeroth-order  wavefunct ion (SAAP's  a 
to h), the change between the first and the second set o f  SAAP's  occurs very 

O. 

-1. 

-2. 

L A E  {eY} CI{2p) + N (2p} _ 

/ 
/ 

/ 
/ 

\ 3  / /  

[(2P). N{2D) 

I I I 
3. 4 .  5 .  

RNcl(a.u.} 
6. 

Fig. 2. Potential energy curves for the 
b1s + state of the NC1 radical. The levels 
of approximation are: 1) MCo(DZP ) 
with SAAP's a to h, 2) MCo(DZP) with 
SAAP's a to d, 3) MCo(DZP ) with 
SAAP's e to h, 4) Total energy (Eo+ 
E~o~R+ E E) (this curve is normalized 
at R ~ oo with the MCo(DZP) curve), 5) 
MCo(MB5) with SAAP's a to h 
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abruptly and as a consequence, an important maximum ( -0 .6  eV) occurs in the 
potential curve 1. In order to illustrate more quantitatively the change taking 
place in the composition of the zeroth-order wavefunction, we give in table 10 
the MCSCF mixing coefficients in the vicinity of the crossing. As the internuclear 
separation changes from 4.0 to 4.2 a.u., there is a spectacular change in the weights 
of the SAAP's a, b, g and h ; it is this change which is responsible for the potential 
maximum. 

When the remaining correlation energy is introduced (curve 4) 3 the hump disap- 
pears completely and the resulting dissociation curve is very smooth; the complete 
calculation of the correlation energy hence corrects the deficiency of the zeroth- 
order wavefunction (curve 1). We also present in Fig. 2 a calculation performed 
with the minimal basis set MB5 (curve 5) showing the metastability (--0.5 eV) 
of the 1E+ state when this basis set is used. 

5. Conclusion 

In this work we have shown that our simplified method for molecular correlation 
energy calculations can be applied to molecules containing third row atoms 
providing some methodological developments are made as described in the first 
paper of this series. The calculated results presented here for some diatomic 
chlorinated species are found in good agreement with the corresponding experi- 
mental and /o r  large scale CI values. We have considered properties that are very 
sensitive to correlation effects, as illustrated in Fig. 3. This figure shows the 
spectacular improvement of the results (energy differences AE (Te and De) and 
Re) with the progressive inclusion of the correlation energy; however, a more 
erratic dependence is observed for we values. 

The figure represents the fraction of the total energy results (in percent) obtained 
at the successive steps of the energy calculations. The following conclusions can 
be drawn: 

i) Correlation effects increase De and we values and decrease Te and Re values. 

ii) The inclusion of the internal correlation energy considerably reduces the 
dispersion of the results. 

iii) The calculated results exhibit discrepancies of about 10% for AE and we 
and 2% for Re with respect to the corresponding experimental values. 

Let us remark that the present methodology maintains the economical features 
that were pointed out previously for systems including only second row atoms 
i.e. small size (2 to 8 SAAP's) extended basis set MCSCF calculations and limited 
size CI calculations performed with minimal basis sets. However, our results 
compare very well (excepting vibrational frequencies) with other calculated values 
proceeding from elaborate MCSCF, MCSCF-CI, SCEP/CEPA, PNO/CEPA,  
CEPA, PNO-CI and POL-CI calculations mostly performed with very large 

3 This curve is normalized to coincide with the MCo curve at infinite internuclear separation 
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Fig. 3. Correlation effect on the calculated Dr, T~, R~ and o) e molecular parameters of the HC1, CIO 
and NCI molecules. The fraction (in percent) of the calculated value is indicated for each step of 
the calculation, as the available experimental data. The results are normalized to the E o + E~ORR + E E 
level in order to point out the agreement between the total energy and the experimental values 

Gaussian and Slater basis sets (see footnotes of Tables 2 to 8 for more details). 

The pursuit of this work, limited up till now to chlorinated molecules, will be 
on the one hand the study of larger polyatomic systems and on the other hand 
the consideration of other third-row atoms of chemical importance. 
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