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Abstract A se l f - cons i s ten t  c a l c u l a t i o n  based o n t h e  Var ia t iona l  C e l l u l a r  
Method i!; performed on the CI ,  molecule. The r e s u l t s  obtained f o r  the  
ground s t a t e  p o t e n t i a l  curve and the  f i r s t  exc i t ed  s t a t e ,  t h e  d i s -  
soc ia t i on  energy, the  molecular o r b i  t a l  energies and  o t h e r  r e l  a t e d  
parametei-s a re  compared w i t h  o ther  methods of c a l c u l a t i o n s  and  w i t h  
a v a i l a b l e  data and the  agreement i s  s a t i ç f a t o r y .  

1. INTRODIJCTION 

Once the  Va r ia t i ona l  Cel l u l a r  Method ( v c M ) " ~  has proved tobe 

a s a t i s f a c t o r y  method f o r c a l c u l a t i n g  p o t e n t i a l  curves f o r  the  ground 

s t a t e  and exc l t ed  s ta tes  o f  d iatomic molecules, i t  began t o  be used i.n 

two d l f f e r e n t  l l n e s  o f  c a l c u l a t i o n  - the halogen and the ven der Waals 

d iatomic molecules. The exce l l en t  r e s u l t s  obtained f o r  the f i r s t  e l -  

ements o f  each fami ly ,  namely F: and ~e:, prompt us t o  cont inue the  

work toward heavier  elements i n  these fam i l i es .  Ch lor ine  molecule was 

the  na tu ra l  cholce f o r  the next  a p p l i c a t i o n  o f  the VCM, and i t  seems 

t o  us an important one, due t o  the s c a r c i t y  o f  ca l cu la t i ons  i n  the  

l i t e r a t u i e  envo lv ing  t h i s  molecule. 

Some advantage o f  the  method, namely the removal o f  the  con- 

s tan t  p a r t  o f  the  muff i n - t i n  region, and the freedom t o  d i v i d e  t h e  

space i n t o  c e l l s  o f  a r b i t r a r y  shape, makes i t  p a r t i c u l a r l  y  s u i  t e d  

f o r  calcui lat ions envo lv lng  diatomic molecules. Se l f  consistency i n  the  

one-electron p o t e n t i a l  i s  reached w i t h  r e l a t i v e  f a c i l i t y  and theamount 

o f  computer t ime needed t o  es tab l  i s h  the  p o t e n t i a l  curve f o r  s e v e r a 1  

i n te rnuc lea r  d istances as i s  expla ined l a t e r ,  i s  n o t  so b i g .  

Some e f f o r t s  have been made on the study o f  the  C1, molecule. 

Douglas e t  a15 have obtained experimental values f o r  some s p e c t r o -  

scopic constants; a molecular o r b i t a l  ç e l f - c o n s i s t e n t - f i e l d  c a l c u l a t i o n  
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determined, among o ther  th ings ,  t t ie  p o t e n t i a l  curves f o r  t h e  g r o u n d  

s ta te 6,  and fo r  some exc l t ed  s ta tes 7  and o r b i t a l  energies8;  a t o t a l  

energy c a l c u l a t l o n  a t  the  e q u i l i b r i u m  separat ion and r e l a t e d  one e lec-  

t r o n  proper t  les  were performed by W i  l l iams and Amos6 us i ng  a 922-term 

valence s h e l l  con f i gu ra t i on  i n te rac t i on .  Using t h i s  same p r o c e d u r e ,  

Hei l e t  aZ9 ca l cu la ted  the valence bond p o t e n t l a l  energy as a func t ion  

o f  the  In ternuc iear  separat ion and the  spectroscopic constants o f  the 

C l ,  molecule. 

2. BASIC THEORY 

D e t a i l s  o f  the Va r ia t i ona l  C e l l u l a r  Method a r e  p r e s e n t e d  i n  

Referentes 1,2,10. The bas ic  idea o f  t he  method cons i s t s  o n  d i v i d i n g  

the molecular space i n t o  c e l l s  o f  a r b i t r a r y  shape, one c e l l  f o r  each 

atom o f  the molecule, f o r  convenience taken as spheres centered a t  the  

nuc le l ,  w i t h  rad ius  t h a t  should be chosen as propor t lona l  t o  the cp- 

va len t  rad ius  o f  the  atoms. An ou te r  c e l l ,  e n c i r c l i n g  the  atomic c e l l s ,  

extends from these c e l l s  t o  i n f i n i t e .  The c e l l s  so def ined f i l l  a l l  

space and there  i s  no over lap  between the  atomic c e l l s  because theyhave 

a plane surface o f  contact .  For homonuclear molecules the  c e l l  s a r e  

constructed l i k e  i n  F ig .  1 where al = a2 a and p = 2a. 

Fig.1 - The c e l l s  used f o r  the  C I 2  mol- 

ecu le  a re  the h a l f  spheres drawn i n  hard 

l i nes .  The spheres drawn l n  dashed l i n e s  

are  the inscr ibed spheres. 

W i th in  each atomic c e l l  an inscr ibed sphere i s  drawn and the  

region i ns ide  i t  i s  the  reg ion where the  oharge dens i t y  i s  considered 

as spher ical1ysymmetr ic . In t he  reg ion between the  Inscr ibed sphere and 

the corresponding atomlc c e l l  the averaged charge dens i t y  i s  made con- 

s tan t .  The value o f  t h l s  constant depends on the c e l l .  

To begin the ca l cu la t i on ,  an expresslon f o r  t he  e l e c t r o n i c  

charge dens i t y  i n  the form o f  a sum o f  Yukawa terms i s  assumed12. Then 

the exchange-correlat ion c o n t r i b u t i o n  t o  the energy o f  t he  system i s  

ca l cu la ted  accordlng t o  the scheme o f  the  S la te r  xa a p p r o ~ l m a t i o n ' ~ .  



The Coulomb p o t e n t i a l ,  which s a t i s f i e s  Poissonls equat ion and conse- 

. quent ly  mekes the  e l e c t r o s t a t i c  energy func t i ona l  an  e x t r e m e ,  can be 

~ a l c u l a t e t l ' ~ .  Wlth the  s t a r t i n g  Charge dens i t y  and the  Coulomb p o t e n -  

t i a l ,  the e l e c t r o s t a t l c  energy o f  the system i s  ca lcu la ted,  and the  one 

-e lec t ron  p o t e n t i a l  can be obtained.  Next, the  m a t r i x  elements 
HiA r 3  

o f  Refererice 1 a re  constructed, s lnce the r a d i a l  ~ c h r g d i n ~ e r  equa t i o n  

can be formed and i t s  so lu t i on ,  the  r a d i a l  wave f u n c t i o n ,  can be ob- 

ta ined by numerical methods. The energy eigenvalues E;, o r  molecular  

o r b i t a l  eriergies, a re  the  values o f  E f o r  which the  secular  equation, 

deducéd f'rom the m a t r i x  H, has a n o n t r l v i a l  so lu t i on .  I n  t h i s  way, 

a11 terms necessary t o  c a l c u l a t e  the  t o t a l  e l e c t r o n i c  e n e r g y o f t h e  sys- 

tem are  kriown and i t  can be determined f o r  each va lue o f  the  in ternu-  

c l e a r  d ls tance R, i n  a se l f - cons i s ten t  way. 

3. RESULTS 

I n  t h i s  sec t ion  we present the r e s u l t s  o f  the  VCM c a l c u l a t i o n  

f o r  the  C1, molecule. 

A. Ground State 

The e lec t ron  con f i gu ra t i on  o f  C1, i n  i t s  ground s t a t e  i s  

I n  the  c a l c u l a t i o n  o f  the p o t e n t i a l  curve the  molecular o r b i t a l s  .coming 

from the atomic s ta tes  l s ,  2s and 2p were considered as f rozen du r i ng  

the i t e r a t i v e  process. Only those molecular s ta tes  comi  ng f rom t h e  

valence o r b i t a l s  3s and 3p were al lowed t o  vary dur ing  t h e s e l f - c o n s i s t -  

en t  process. This approximation, the  f rozen core approxirnation, saves a 

l o t  o f  cornputer t ime and i t s  e f f e c t  on the molecular o r b i t a l  energies 

i s  very small,  as can be seen through Table 1 .  This  Table a l s o  presents 

t he  r e s u l t s  o f  an "ab initio" e f f e c t i v e  core  po ten t i a l  c a l c u l a t  i o n l *  

f o r  comparison. 

The ca l cu la ted  p o t e n t i a l  curve f o r  the  ground s t a t e  o f  t h e  

C1, molecule i s  g iven i n  F igure  1 and i n  Table 2 the numerical r e s u l t s  

a re  presented. 

The bases se t  used f o r  expansion o f  the m o l e c u l a r  o r b i t a l s  

was the  same f o r  a11 values o f  the  internuc.lear d is tance R, and f o r  t he  



Table 1 - Comparlson of the molecular orbital energies at the equilib- 
rlum separation for valence-electron and all-electron calculations. 

a 
AI1 energies are in Ry. For Re = 3.90 a,; b~eferençe 14. 

V C M ~  AB I N I T I O ~  
valence-electron all-electron valence-electron all-electron 

Table 2 - Calculated points of the potential curve for thegroundstate 
of the CI, molecule (valente-electron calçulation) 

1 ~(a,) E(RY) R (a, ) E(RY) 

five valence molecular orbitals o: int-itst, 'max did not exceed the 

value 3 in each cel 1 . To get a convergente of the order of 1 in the 

one-electron potential a number of approximately 20 i ter-a t ions was 

necessary for any value of R. The computer time needed ro perform one 

iteration is about 70 sec in a Cyber 170/730. The internucleardistance 

Re at which the potential curve is a minimum occurs at R = 3.90 a,. e 
For this dlstance we also performed the calculation taklng intoaccount 



a l l  e l e c t r o n s o f t h e  system, and the r e s u l t  obtained f o r  the t o t a l  en- 

ergy was - 1 838.159 Ry. The l a rges t  i n te rnuc lea r  d is tance c o n s  i d e r e d  

was R = 7.0 ao,  and f o r  t h i s  value of R the  t o t a l  energy i n a  a l l - e l e c -  

t r o n  c a l c u l a t i o n  was - 1 837.958 Ry. I t  i s  i n t e r e s t i n g  t o  compare t h i s  

value o f  the energy w i t h  the Hartree-Fock c a l c u l a t l o n ,  as performed by 

Clementi "', which showed t h a t  the C1, mo lecu led issoc ia tes  i n t o  two neu- 

t r a l  2~ etoms a t  i n f i n i t e  separat ion w i t h  t o t a l  e n e r g y  e q u a l  t o  

- i 837.927 Ry. 

The d i s s o c i a t i o n  energy De, which i s  de f ined as the  d i f f e r -  

ence between the  t o t a l  VCM energy o f  the  molecule and t h a t  o f  the  sep- 

arated at:oms, has the value 3.15 eV i n  our ca l cu la t i on ,  w h i l e  the  ex- 

per imental  r e s u l t  i s  2.51 ev7.  

Once one has the p o t e n t i a l  curve,one can determine t h e  v i -  

b ra t i ona l  frequency we o f  the molecule by f i t t l n g  a  parabola t o  the  

ca l cu la ted  po in t s  nearest t o  the  minimum o f  the  p o t e n t i a l  curve. The 

r e s u l t  obtained using t h i s  procedure i s  shown I n  Table 3. 

Table 3  -- Cha rac te r i s t i cs  constants o f  the  C 1 2  molecule i n  the ground 
a  C 

s ta te .  Reference 5. b ~ e f e r e n c e  7 .  Reference 8. d ~ e f e r e n c e  14.  
e  

Ref erence 16. ~ e f e r e n c e  6. 

VCM EXP. PREVI OUS WORK I 

This t a b l e  a l s o  presents the  c h a r a c t e r i s t i c  constants of the 

Cln molecule as provided by the  VCM and by o the r  methods, where Re i s  

the e q u i l l b r i u m  in te rnuc lea r  separation, De i s  the  d i s s o c i a t i o n  energy, 

ue the v ib ra t i ona1  frequency and E the t o t a l  energy a t  the  e q u i l i b -  

r ium sepuration. 



B. Excited State 

The e x c i t e d  s t a t e  o f  t h e  Clz mo lecu le  t h a t  we have s t u d i e d  i n  

t l i i s  paper i s  t h e  s t a t e  'nu. Table 1 i n d i c a t e s  t h a t  t h i s  s t a t e  can be 

sirnply o b t a i n e d  by t r a n s f e r r i n g  one e l e c t r o n  f rom t h e  ZIT o r b i t a l  t o  
9 

t h e  5au o r b i t a l ,  and i t  corresponds t o  t h e  f o l l o w i n g  va lence e l e c t r o n  

con f  i g u r a t  ion. 

The b a s i s  s e t  used f o r  expansion o f  t h e  m o l e c u l a r o r b i t a l s w a s  

t h e  same as usedfor  t h e  ground s t a t e  and t h e  convergence i n  t h e  one- 

- e l e c t r o n  p o t e n t i a l  was approx imate ly  t h e  same. The f r o z e n - c o r e  ap- 

prox i rnat ion was used f o r  a l l  va lues  o f  R (except f o r  R = Re where we 

perforrned an a l l - e l e c t r o n  c a l c u l a t i o n )  and o n l y  t h e  s i x  v a l e n c e  o r -  

b i t a i s  above were c a l c u l a t e d .  The numer ica l  r e s u l t s  a r e  presented i n  

Table 4 and F i g u r e  2  shows these r e s u l  t s .  

Table 4 - Ce lcu la ted  p o i n t s  o f  t h e  p o t e n t i a l  cu rve  f o r  t h e  e x c i t e d  

s t a t e  'U o f  t h e  C l z  molecule.  

The i n t e r n u c l e a r  d i s t a n c e  a t  t h e  e q u i l i b r i u m  . p o s i  t i o n  i s  

R = 4.50  a ,  which i s  i n  good agreement w i t h  o t h e r  p rev ious  work as e 
can be seen i~ the  Table 5 .  The v i b r a t i o n a l  frequency was determined 

by a  p a r a b o l i c  f i t  t o  t h e  c a l c u l a t e d  p o i n t s  near t h e  minimum o f  t h e  

p o t e n t i a l  curve,  i n  a  way analogous t o  t h e  ground s t a t e  case. The r e-  

s u l t  ob ta ined  f o r  t h i s  q u a n t i t y  was 382 m-.'. 



Fig.2 - Po ten t i a l  energy curves 

o f  the ground s t a t e  and f i r s t  

exc i t ed  s t a t e o f  C 1 2 .  The arrows 

i nd i ca te  the e q u i l i b r i u m  pos- 

i t i o n s .  

Table 5 - Charac te r i s t i c  constants o f  the C I ,  molecule l n  the  exc i t ed  
a C 

s ta te .  Reference 5. b ~ e f e r e n c e  16. Reference 17. 

VCM EXP. PREVI Ot1S WORK 

4.50 4. 5Za 4 .67b 

w ( cm- ' )  382 261 .ga ~ 3 9 . 4 ~  258.0' 

E ( R ~ )  - 1838.078 - - - 

Table 5 presents some cha. rac ter is t i c  constants o f t h e e x c i t e d  

s t a t e  'nu o f  the C1, molecule and compares them w i t h  o ther resu l ts .  Since 

our c a l c u l a t i o n  does no t  invo lve  sp in- po la r i zã t i on  nor the  coup l ing  o f  

sp in  w i t h  the  o r b i t a l  motion, our  r e s u l t  should be compared t o  the ii 
o+u 

s t a t e  whlch i s  the exc i t ed  s t a t e  s tud led i n  the previousworksmentioned 

i n  Table 5. The l a s t  l i n e  o f  t h a t  Table i s  t he  t o t a l  energy o f  the mol- 

ecu lar  exc i t ed  s t a t e  a t  the  e q u i l i b r i u m  separatlon, obtained when one 

performs an a l i - e l e c t r o n  c a l c u l a t i o n .  Our exc i t ed  s t a t e  curve, besides 

belng a l i t t l e  b i t  too  curved near the  e q u i l i b r i u m  p o s i t l o n  o v e r e s t i -  

mates the molecular a t t r a c t l o n .  Our c a l c u l a t l o n  g ives  the  v a l u e  8888 

cm-' f o r  the d ls tance between the minimumof the  two curves 'C+ and 
9 

'TI whi le the experimental r e s u l t  1s 18310.5 cm-' ". One possiblecause u 
o f  t h l s  discrepancy could be the  bas is  se t  used t o  represent the  mol- 



ecu lar  o r b i t a l s  o f  the exc i t ed  s ta te .  While t h i s  se t  g ives sa t i s fac to ry  

r e s u l t s  f o r  the ground s t a t e  curve i t  may no t  be the more adequated one 

f o r  s t a t e  '\. 
C. lonization Energies 

One way t o  ob ta in  the  l o n l z a t i o n  trnergy o f  a  g iven s t a t e  i s  t o  

consider i t  as the d i f f e rence  between the  t o t a l  energles o f  the system 

i n  the ground s t a t e  and I n  the  i o n i c  s t a t e  w i t h  one e l e c t r o n  removed 

from the s t a t e  i n  cons idera t ion .  Another way o f  doing i t  Is t o  consider 

the  S l a t e r  t r a n s i t  ion- s ta te  concept 1 8 .  

We performed the  c a l c u l a t i o n  o f  the  i on íza t i on  energy t a k i n g  

i n t o  cons idera t ion  these two p o s s i b i l  i t i e s .  The r e s u l t s  a r e  shown i n  

the  f i r s t  two columns o f  Table 6. 

Table 6  - l o n i z a t i o n  energies o f  the ground s t e t e  o f  C1, molecule ineV. 

a l o n l z a t i o n  energies ca l cu la ted  according t o  the d i f f e r e n c e  b e t w e e n  

t o t a l  energies. The i n te rnuc lea r  d is tance i s  % = 3.90 a,. 

l o n i z a t i o n  energies ca l cu la ted  according t o  S la te r  t r a n s  i t i o n - s t a t e  

concept . 
C See Ref. 19. 

See Ref. 8. The i n te rnuc lea r  d is tance i s  R@ = 3.7619 a, 

The l a s t  column o f  Table 6  shows the d i s s o c i a t i o n  energy c a l -  

cu la ted according t o  Koopman's theorem. Except f o r  the 2.n s t a  t e  t h e  
24 

t r a n s i t i o n - s t a t e  Xa method i s  no t  more accurate than t h e  Koopman ' s  

theorem r e s u l t s ,  as f o r  as Cln molecule i s  concerned. However i t  leads 

t o  a  b e t t e r  r e s u l t  than the c a l c u l a t i o n  based on the  d i f f e rence  between 

t o t a l  energies.  The two methods g i ve  resu l  t s  which d i f f e r  by 8  t o  9$and 

t h i s  could be a measure o f  the neglected terms o f  t h i r d  and h i g h e r o r d e r  

de r i va t i ves  which appear i n  eq. (7.4) o f  Reference 18. 
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Resumo 

Um cálculo autoconsciente baseado no Mêtodo Celular Variacio- 
na1 foi feito para a molécula CIe. Os resultados obtidos para '9 curva 
de potencial do estado fundamental e do primeiro estado exc i tado, a 
energia de dissociação, as energias dos orbitais moleculares, e outros 
parãmetros correlatos são comparados com outros mêtodos de cá1 culo e com 
dados experimentais dtsponfveis e o acordo ê sat isfator io. 


