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Abstract The aim o f  the present work i s  t o  improve the r e s u l t s  o f  the 
ca l cu la t i on ,  using the Va r ia t i ona l  C e l l u l a r  Method (VCM), o f  the elec-  
t r i c  d ipo le  rnoment o f  severa1 diatomic molecules. I n  p r e v  i o u s  c a l  cu -  
l a t i ons ,  the e l e c t r o n i c  charge dens i ty  was t rea ted l i k e  a s p h e r i c a l l y  
symmetric f unc t i on  i n  the inscr ibed sphere ,w i th in  each c e l l  and as being 
the same constant value For a l l  i n t e r c e l l u l a r  regions.  Since t h e r e s u l t s  
obtained w i t h  such an approximation have not  been s a t i s f a c t o r y ,  an i m -  
proved approximation f o r  the charge densi t y  i n  the i n t e r c e l  l u l a r  regions 
i s  needed. This work consists o f  cansider ing the charge dens i ty  s t i l l  
constant ou ts ide  the inscr ibed sphere bu t  wi t h  d i f f e r e n t  values i n  each 
i n t e r c e l l u l a r  region.  A new expression f o r  the d ipo le  momentisobtained, 
and app l ied  t o  the diatomic molecules HF, CO, BF and CS. I n  add i t i on ,  
the corresponding d ipo le  moment curves, po ten t i a l  e n e r g y  c u r v e s  and 
spectroscopic constants a re  ca lcu la ted tak ing  i n t o  cons idera t ion  ourap-  
proximat ion and the t r a d i  t i o n a l  approximation f o r  the charge dens i t y ,  
The resu l t s  o f  the two models a re  compared w i t h  each o ther  and w i t h  ex- 
perimental r e s u l t s  f o r  a l l  the molecules considered. 

1. INTRODUCTION 

I n  a previous paperl we ca lcu la ted the e l e c t r i c  d ipo le  moment 

of some diatomic molecules using the Va r ia t i ona l  C e l l u l a r  Method (VCM).  

I n  t h a t  c a l c u l a t i o n  the molecular space was d iv ided i n t o  ce l Is ,one c e l l  

f o r  each atom o f  the molecule, and t h i r d  c e l l ,  the externa1 one,encirc- 

l i n g  the two atomic c e l l s .  The nuclear charge was considered as a posi-  

t i v e  p o i n t  charge, located a t  the center  of the inscr ibed sphere in  each 

atomic c e l l .  The e l e c t r o n i c  charge was taken t o  be s p h e r i c a l l y  symnetric 

i ns ide  t h i s  sphere and constant i n  the whole region b e t w e e n  the i n -  

scr ibed sphere ans corresponding atomic c e l l .  This k i n d  o fapprox imat ion  

f o r  the e l e c t r o n i c  charge, commonly c a l l e d  the m u f f i n - t i n  approximation, 

has a l  ready been used before2 i n  a m u l t i p l e  sca t te r i ng  Xa (MS-Xa) c a l -  

c u l a t i o n  o f  the e l e c t r i c  d ipo le  moment o f  d iatomic molecules.The m u f f i n  

- t i n  approximation, e i t h e r  i n  the context  o f  the VCM as was done in  r e f -  

erence 1 o r  w i t h  the MS-Xa as i n  reference 2 ,  d i d  not  present good re- 
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s u l t s  f o r  the  e l e c t r i c  d ipo le  moment, For some molecules the e r r o r  was 

o f  the  order  o f  the  moment i t s e l f ,  thus being unacceptably la rge l  

However, one poss ib le  reason f o r  the  inadequacy o f  t h e  r e -  

s u l t s  obtained i n  reference 1 could be the way i n  which the mu f f ' i n- t i n  

charge approximation was used. There, the negat ive charge i ns ide  each 

inscr ibed sphere and the charge i n  the ex terna l  charge werr ca lcu la ted 

and added up. The r e s u l t  was subtracted from the pos i t i v e  (nuc : l ea r )  

charge o f  the molecule. The r e s u l t i n g  net  charge was d i s t r i b u t e d u n i -  

formly i n  the i n t e r c e l l u l a r  regions 1 and 2 o f  f ig .1 ,  g i v i n g  a constant 

and equal value f o r  the  charge dens i ty  i n  the whole i n t e r c e l l u l a r  region. 

I t  seems more reasonable t o  proceed d i f f e r e n t l y ,  s p e c i a l l y  i n  

the case o f  heteronuclear d iatomic molecules, by a l l ow ing  the constant 

value o f  the charge dens i ty  i n  the i n t e r c e l l u l a r  region 1 t o  be d i f -  

f e ren t  from the constant value o f  t h i s  quan t i t y  i n  region 2. 

To accomplish t h i s ,  the net  charge mentioned above  i s  ca l -  

cu la ted f o r  each atomic c e l l  and, instead of adding them up as bsfore,  

each remaining charge i s  d i s t r i b u t e d  un i fo rmly  over i t s  cor respont j l y in -  

t e r c e l l u l a r  region. The i n t e r c e l l u l a r  regions have c o n s t a n t  dens i t i es  

but  these constant values are  not  equal as before.  

Fig.1 - Regions o f themo lecu la r  
space separated by the planePP1. 
I and I1 a r e  atomic c e l l s ,  I11 
i s  the ex terna l  c e l l ,  1 and 2 
a re  the  i n t e r c e l l u l a r  regions, 
and 01 and 0 2  are  the center  o f  
the inscr ibed spheres i n  each 
atomic c e l l  . 

Fii. I 
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I t  i s  expected t h a t  wi t h  t h i s  new way o f  apply ing the  muff i n -  

- t i n  charge dens i ty  approximation the more u n l i k e  the a t m s  o f  the d ia-  

tomic molecule a re  the more re levant  t o  the  c a l c u l a t i o n  t h e y  a r e  i n  

order  t o  check these ideas and see t h e i r  e f f e c t s  on the behav  i o u r  o f  

the charge dens i t ies ,  p o t e n t i a l  curves, t o t a l  charges, d ipo le  moments 

e t c .  we have performed the ca l cu la t i ons  described i n  the fo l lowing.  

2. ELECTRIC DIPOLE MOMENT CALCULATION 

-+ 
The e l e c t r i c  d i p o l e  moment p  o f  a molecule i s  the sum o f  the 

-+ 
e l ec t ron i c  c o n t r i b u t i o n  t o  the e l e c t r i c  d ipo le  moment, p  , p l u s t h e c o n -  

-+ e 
t r i b u t i o n  from the p o s i t i v e  o r  nuclear charges, pN, t h a t  i s ,  

The e l e c t r o n i c  and nuclear p a r t  o f  the d ipo le  moment are  given by 

and 

+ 
uhere and p ((r) are the e l e c t r o n i c  charge densi t y  and the posi t  ive 

N -+ 
charge dens i ty  a t  p o s i t i o n  r respec t i ve l l y ,  and V i s  the volume o f  the 

molecule, o r  the molecular space. 

The molecular space V i s  d iv ided i n t o  atomic c e l l s  according 

t o  f i g .  1. The atomic c e l l  I i s  the spher ical  c a l l o t e  PAP' located a t  

the l e f t  o f  the  separat ing plane PP' and i t  enc i r c l es  the f i r s t  atom o f  

the molecule s i t u a t e d  a t  O,. The dot ted  sphere ins ide  c e l l  I whose cen- 

t e r  i s  O, i s  c a l l e d  the inscr ibed s p h e r e o f  t h e c e l l  I. On t h e  o t h e r  

s i de  o f  the plane PP' we have the atomic c e l l  I I  which s u r r o u n d s  t h e  

second atom o f  the rnolecule located a t  O2 and we have a l so  the insc r i bed  

sphere centered a t  0 2 .  Surrounding c e l l  I and c e l l  11 i s  the atomic c e l l  

111 which i s  the externa1 reg ion o f  the sphere whose c e n t e r  i s O and 

whose radius i s  OA. The i n t e r c e l l u l a r  reg ion 1  i s  the reg ion l o c a t e d  

a t  the l e f t  o f  the plane PP' between the atomic c e l l  I and i t s  c o r r e -  
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sponding inscr ibed sphere. The analogous region on the other s ide  o f  the  

plane PP' i s  the i n t e r c e l l u l a r  region 2 .  

I n  these var ious regions o f  the space we assume the fo l l ow ina  

dependence f o r  the  e l e c t r o n i c  charge densi t y .  I t i s  spherical l y  synimetric 

i ns ide  each inscr ibed sphere w i t h  respect t o  the center 01 o r  02 cif the 

corresponding sphere, i t  i s  constant i n  the i n t e r c e l l u l a r  regions 1 o r  2 

o f  f i g .  1 ,  and f i n a l l y ,  i t  i s  spher i ca l l y  symnetric i n  the external  re- 

gion I11 o f  t ha t  f i g u r e  w i t h  respect t o  the center O o f  t h e  e x t e r n a l  
+ 

sphere. Even though the o r i g i n  o f  the  vector r i n  f i CJ . 2 i s  a r b i  t r a r y  

because the t o t a l  charge o f  the molecule i s  zero, i t  i s  taken t o  t)e the 

po in t  O o f  f i g u r e  1. Expressions (2)  and (3)  are w r i  t t e n  i n  uni  t s  o f  the 

e lec t ron  charge e. The p o s i t i v e  charges o f  the molecule are  located a t  

the nuclear p o i s i t i o n s  which are  the centers Oi and O2 o f  f i g .  1,and the 
-+ 

densi t y  pN(r) can be w r i  t t e n  as 

where Z1 and 22 are the number o f  protons o f  atom 1 and 2 o f t h e d i a t o m i c  

molecule, and 21 and 2 2  are  the vectors from the o r i g i n  O t o  the centers 

01 and 02, respec t i ve l l y ,  according t o  f i g .  2. 

Fig.2 - The vector  p o s i t i o n  
$ w i t h  respect t o  the center 
o f  c e l l  111. W i  t h  respest t o  
02,+the same po in t  has r' = 
= r -  2 2 .  
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-+ 
To compute v,, eq. ( Z ) ,  tak ing  i n t o  considerat ions the model 

+ 
assumed For the e l e c t r o n i c  charge dens i t y  p ( r ) ,  we have t o  compute the e 
i n teg ra l  o f  eq. ( 2 )  i n  each one o f  the d i s t i n c t  regions o f  the molecular 

space, and then add the i n t e g r a l s  from the separates regions. I n s i d e t h e  

inscr ibed spheres of centers Oi , O2 and 0 ,  the va lue o f  the i n teg ra l  
+ -t -+ + 

( 2 )  i s  respect ive l  l y ,  Q i d l ,  Q2d2 and zero, where the vec tors  d i  and d2 

are  shown i n  f i g .  2, and Q1 and Q2 are  the t o t a l  e l e c t r o n i c  charges i n -  

s i de  the spheres o f  center  O and O2 3 .  TO perform i n t e g r a l  (2) i n  the 

i n t e r c e l l u l a r  regions 1 and 2, l e t  us do i t  f o r  reg ion 2 o n l y , s i n c e t h e  

procedure can be repeated e a s i l y  l a t e r  on f o r  reg ion 1. The volume o f  

the i n t e r c e l l u l a r  region 2  can be considered as the d i f f e rence  between 

the volume o f  the whole c e l l  1 1 ,  which i s  V minus the volume o f  the 
I I 

i nscr ibed sphere which we ca l1  Q 2 .  I f  p2 i s  the constant  value o f  the 

charge densi t y  i n  the reg ion Q2, then we can w r i  t e  t h a t  

According t o  f i g .  2  the vec tor  p o s i t i o n  r can be w r i t t e n  as r = r ' + d  , 
and s u b s t i t u t i n g  t h i s  value i n  the l a s t  i n t e g r a l  o f  equat ion (51, t h a t  

i n t e g r a l  tu rns  ou t  t o  be 

,f p2&13r = 6 ~ ~ 3  , ( 6 )  

Q 2  

where the volume Q2 i s  equal t o  4v/3 ( h 2 / 2 )  where h2 i s  the diameter 

o f  the inscr ibed sphere two, shown i n  f i g .  2. The f i r s t  i n t e g r a l  o f  the 

r i g h t  hand s ide  o f  eq. (5) can be w r i  t t e n  as 

where V I I  i s  the volume o f  the  atomic c e l l  1 1 .  This atomic c e l l  i s  a 

c a l l o t e  o f  a sphere o f  rad ius  R, where 2R = h i  + h2, and i t s  volume 

i s  given by 



Revista Brasileira de Fisica, Vol. 16, n4 1, 1986 

The vec tor  2, i s  the vec tor  which 

mass o f  the c e l l  I I ,  and i t  can be 

8 2  = t 

def ines the p o s i t i o n  o f  the center  o f  

shown t h a t  i t s  value i s  

h 

The u n i t  vector  k i s  along the symmetry ax i s  o f  the molecule. The r a d i i  

a1 and a2 o f  the spheres o f  centers O1 and 02 a re  a1 = h1/2 and an= h/2, 
3 n 3 h 

and they can be w r i t t e n  as di = -a2k and d2 = aik, Taking i n t o  ziccount 

these observations and s u b s t i t u t i n g  eqs. (9) and (8) i n t o  (7) we clbtain, 

a f t e r  some a lgebra ic  manipulations, t h a t  

where the t o t a l  negat ive charge &2 i ns ide  region 2 can be w r i  t t e n  as &2= 

= p2 (v l  - R,). Taking .the resu l  t s  o f  eqs, (10) and (6) i n t o  eq. (5) we 

ob ta in  

Proceeding exac t l y  i n  the same way f o r  i n t e r c e l  l u l a r  reg ion 1 ,  we ob ta in  

the resu 1 t 

- a j c l & 3 r  = - Q, (a, - 2 ) E , 3 (12) 

1 

where gl  i s  the t o t a l  e l e c t r o n i c  charge located i n  the i n t e r c e l l u l a r  

region 1 o f  f i g .  1 .  Adding the resu l  t s  expressed by equations (12) and 

(1 1) w i t h  the con t r i bu t i ons  coming from the th ree inscr ibed spheres which, 

as we mentioned before, a re  Q,&, Q2Z2 and zero, we ob ta in  the elec-  

t r o n i c  c o n t r i b u t i o n  t o  the e l e c t r i c  d ipo le  moment o f  the molecule, which 

I s 

The nuclear c o n t r i b u t i o n  t o  the e l e c t r i c  d ipo le  moment o f  the 

molecule can be ca lcu la ted very e a s i l y  by s u b s t i t u t i n g  eq. (4) i n t o  eq. 

( 3 ) .  Proceeding i n  t h i s  way, the nuclear c o n t r i b u t i o n  t o  the dipolei mo- 
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ment turns ou t  t o  be 

The t o t a l  d ipo le  moment o f  the molecule i s  the  sum o f  

and (14), which, a f t e r  arranging the terms, becomes 

(14) 

the express ions (13) 

I n  the above expressions we have the e l e c t r i c  d ipo le  moment o f  

a d iatomic molecule f o r  a geometry t i k e  than o f  f i g .  1, Z. a re  the posi-  
Z 

t i v e  p o i n t  charges located a t  the centers 01 and 02 o f  the inscr ibed 

spheres o f  f i g .  1, Q. a re  the t o t a l  e l e c t r o n i c  charges i n s  i d e  the in-  
-2. - 

scr ibed spheres, and Q. a re  the e l e c t r o n i c  charges i n  the i n t e r c e l l u l a r  
Z 

regions 1 and 2 o f  f i g .  1 when the charge densi t y  i n  these reg ions a re  

constant bu t  d i f f e r e n t  from one reg ion 

takes the same value 8 i n  both regions 

turns ou t  t o  be 

t o  another. If the chargedensity 

1 and 2, t h e n  e x p r e s s i o n  (15) 

Appropr iate ly enough, expression (15) immediately reduces t o  the ex- 

pression used i n  reference (1) when the charge densi t i e s  i n  the i n t e r -  

c e l l u l a r  regions 1 and 2 o f  f i g .  1 a re  constra ined t o  b e  e q u a l .  Th is  

l a t t e r  expression (16) i s  the expression used i n  reference (1) .  I t i s  

a l so  convenient t o  note tha t  equations (15) and (16) can be used t o  ob- 

t a i n  the dependence o f  the e l e c t r i c  d ipo le  moment w i t h  respect t o  the 

in ternuc lear  d istance R w i t h i n  the respect ive  cond i t ions  on the dens i ty  

s ince every quan t i t y  i n  those equations, except f o r  Zi, var ies  w i t h  R. 
+ 

I t  should be noted t h a t  the vec tor  i s  a vec tor  p a r a l l e l  t o  the sym- 

metry ax i s  o f  the molecule and i t  can be d i rec ted  from atom 1 t o  atom 2, - 
tha t  i s ,  from l e f t  t o  the r i g h t ,  when the c o e f f i c i e n t  o f  the vec tor  k i n  

eq. (15) o r  (16) i s  a posi t i v e  quant i  ty ,  o r  i n  the reverse sense, when 

t h i s  quan t i t y  i s  negat ive.  

From the resu l  ts  o f  our  ca l cu la t i ons  i t was poss ib le  t o  estab- 

l i s h ,  f o r  a11 molecules considered, t h a t  whenever the ne t  charge on the 
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l e f t  s i de  o f  the separat ion plane PP' o f  f i g .  1 was negative, and con- 

sequently the r i g h t  s ide  was pos i t i ve ,  the r e s u l t i n g  quan t i t y  was posi-  

t i v e .  This al lows us t o  say tha t  a p o s i t i v e  d ipo le  momenf impl ies A- B+ 

when atom A i s  placed i n  the c e l l  I and B i n  c e l l  I I .  

3. APPLICATIONS 

A. HF Molecule 

The input data necessary t o  perform a VCM ca l cu la t i on  f o r  the 

HF molecule are the same as the ones used i n  reference ( I ) ,  whicli are: 
+ 

the ground s t a t e  i s  X'C which corresponds t o  the closed s h e l  1 e l e c -  

t r o n i c  con f i gu ra t i on  lu22u23a31a'; the experimental in ternuc lear  separ- 

a t i o n  i n  the ground s t a t e  i s  R = 1.733 ao (ao i s  the Bohr radius and i t  e 
i s  equal t o  0.529 10 cm); the r a d i i  ai and a2 of the inscr ibed s p h e r e s  

are propor t iona l  t o  the covalent r a d i i  o f  the correspondent atoms which 

are a1 = 1.1789 ao f o r  F luor ine and a2 = 0.5541 ao f o r  Hydrogen; the 

exchange-corre1 a t  ion  parameters a are the ones obta i ned by schwarzs , ex- 

cept f o r  the Hydrogen whose value i s  taken as a2 = 0.7723. For F luor ine 

a1 = 0.7373. 

I n  tab le  1 we present the  numerical values o f  the t o t a l  energy 

of the HF molecule as a func t i on  o f  the in ternuc lear  d istance R, us i n g  

the two approximat ions f o r  the charge dens i t y  ment ioned before. Tlie ca l -  

cu la ted equi l i brium in ternuc lear  d istance % i s  approximately the same 

f o r  the two models, both values being above the experimental resu l t ,  21% 

when the charge densi t y  i s  the same i n  regions 1 and 2 o f  f ig .  1, and 19% 

when the charge densi ty i n  these regions i s  d i f f e r e n t .  

I n  tab le  2 we present the numerical values o f  the e l e c t r i c  d i -  

pole,mornent from eqs, (15) and (16) fo r  severa1 v a l u e s  o f  t h e  i n t e r -  

nuclear distance, us 

The curves 

From tab le  

the ca lcu la ted equi 1 

s i  t y .  For the case ( 

ng the two models f o r  the charge density, 

corresponding t o  tab le  2 are shown i n  f i g .  3. 

2 we can o b t a i n  the value o f  the d ipo le  mornent a t  

brium separat ion f o r  each model o f  the charge den- 

= 1.21, Re = 2.0969 a, and 

wh i l e  f o r  case (b) ,  Rc = 1 

= 1.403 D. The experimental 

ha t  tab le ,  the equ i l i b r i um separat ion iis R = 
C 

the value obtained f o r  p i s  u ( R ~ )  = 0.743D , 
19, Re = 2.0623 ao and p i s  given by \I(R~) = 

r e s u l t  f o r p  i s p =  1 . 7 9 7 ~ ~  and i t  i s  a 
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Table 1 - Numerical va lues of  the  t o t a l  energy i f  the  HF molecule i n  the 
ground s t a t e  as a f u n c t i o n  of  the  i n t e ra tom ic  d i s t ance  ai?, (~,=1 .733 ad, 
us ing  bo th  models f o r  t h e  charge densi t y .  Energies a r e  i n R i  d b e r g  and 
d is tances  a r e  i n  atomic u n i t s .  

c1 M C V ( ~ ~  M C V ' ~ )  a M C V ( ~ )  M C V ' ~ )  

0.70 -199.5739 -199.6781 1 . I 7  -200 .h253 -200.3420 
0.80 -199.9629 -200.0020 1.18 - -200.3424 
0.85 -200.0913 -200.1000 1.19 -200.4270 -200.343 1 
0.92 -200.2445 -200.2333 1.20 -200.4271 -200.3426 
O .95 -200.2892 -200.2440 1.21 -200.4272 -200.3424 
1 .O0 -200.3323 -200.2794 1.22 -200.4270 - 
1 .O2 -200.3500 -200.9216 1 .23 -200.4262 -200.3411 
1.04 -200.3651 -200.3020 1 .25 -200.4243 -200.3391 
1 .O6 -200.3779 -200.3104 1.27 -200.4214 -200.3364 
i .o8 -200.3888 -200.3177 1.29 -200.4176 -200.3329 
i .  I 0  -200.4008 -200.3261 1.31 -200.4132 -200.3291 
1 .13 -200.4181 -200.3383 1.33 -200.4083 -200.3250 
1.15 -200.4228 -200.3410 1.35 -200.4015 -200.3199 

- 

a) The charge dens i t y  i s  the same i n regions 1 and 2 o f  f i g . 1 . b) The 
charge densi t y  i s  no t  the  same i n  reg ions  1 and 2 o f  f i g .  1. 

Table 2 - Numerical va lues  o f  the  d i p o l e  moment o f  the  HF m o l e c u l e  i n  
the ground s t a t e ,  as a f u n c t i o n  o f  the  i n t e ra tom ic  d is tance  de,  where 
R, = 1.773 a,, us ing  bo th  approximat ions f o r  the charge dens i t y .  D ipo l e  
moments a re  g i ven  i n  Debye and t h e  d is tances  i n  atornic u n i t s .  

a) The charge dens i t y  i s  the same i n  the  reg ions  1 and 2 o f  f i g . 1 .  b) 
The charge dens i t y  i s  n o t  t he  same i n  t he  reg ions  1 and 2 o f  f i g ,  1. 

136 



Revista Brasileira de Física, Vol. 16, n? 1, 1986 

Fig.3-Dipole moment c u r v e o f  tiF.The 
dot ted  curve corresponds t o  eq. (16 ) 
and crossed curve t o  eq. (15) o f  the 
t e x t ,  R'  means R x  1.733 wherê R i s  
the  i n te rnuc lea r  d istance.  

+ 
vec tor  t h a t  goes from the F- atom t o  the H atom. 

Performing a least-square f i t t i n g  o f  the d ipo le  moment curves 

shown in  f i g .  3 t o a q u a d r a t i c  equation, w e o b t a i n  the f o l l o w i n g  ex- 

pressions f o r  LI when the approximations a and b o f  t ab le  2 are  used, 

Here, p i s  g iven by p = R - Rc, Rc i s  the ca lcu la ted e q u i  1 i b r i  um d i s -  

tance i n  u n i t s  o f  a, and i s  expressed i n  Debye. I n  reference 7 the ex- 

per imental  expression f o r  the quadra t ic  equation obeyed by p i s  
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whi l e  the Hartree-Fock resu l  t s ,  mentioned there,  a re  

I n  case b the  value o f  the d ipo le  moment and i t s  second d e r i v a t i v e  w i t h  

respect t o  the i n te rnuc lea r  d istance are  i n  a much b e t t e r  agreement with 

the experimental r e s u l t s  than i n  case a. However, the f i r s t  d e r i v a t i v e  

o f  p i s  poor ly  ca l cu la ted  i n  both cases. 

To observe the dependence o f  the spectroscopical  cons  t a n t  o f  

the HF molecule w i t h  respect t o  the model assumed f o r  the  c h a r g e  den- 

s i t y ,  we can ob ta in  some o f  these constants from the p o t e n t i a l  c u r v e  

whose numerical values are  given i n  t ab le  1. The r e s u l t s  a re  shown i n  

t ab le  3, where Ce i s  the e q u i l i b r i u m  distance,  De t h e  d i s s o c i a t i o n  

energy, w the v i b r a t i o n a l  frequency and E the t o t a l  energy a t  Rc. e 

Table 3 - Spectroscopical constants o f  the HF molecule . i n  t h e  ground 
e ta te .  

MCV (b) MCV C) 

a) The charge dens i t y  i s  the same i n reg ion 1 and 2 o f  f i g. 1 . b) The 
charge dens i ty  i s  no t  the same i n  region 1 and 2 od f i g .  1 .  c) Ref. 8. 

B. Other Molecules 

The same k i n d  o f  ca l cu la t i ons  as presented f o r  HF areperformed 

f o r  o ther  d iatomic molecules: CO, BF and CS.  These molecules have been 

chosen because when we go from C0 t o  C S ,  passing by BF, we may roughly 

say t h a t  we are going from a "less" heteronuclear t o  a "more" h e t e r o -  

nuclear molecule. We should expect t h a t  the model o f  d l s t i n c t  values for  

the charge dens i ty  as presented he re in  should increase i t s  r e l e v a n c e  

when studying these molecules i n  t h i s  order.  
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I n  tab le  4 we present the input  data necessary t o  pe r f ' o rm a 

Var ia t i ona l  Cel l u l a r  Method ca l cu la t i on  o f  the molecules BF, C0 íind CS. 

Table 4 - Input parameters necessary t o  perform a VCM ca lcu la t ions.  The 
meaning o f  the parameters are the same as those used f o r  HF. Distantes 
are i n  atomic u n i t s .  

- 

GS K K ~ c I ~ ~ ~ ~ I T ~ ~ ~ u ~  K K ~ u ~ ~ u ~ ~ T ~ ~ u ~  ~ ~ ~ l o ~ 2 o ~ l ~ r ~ 3 0 ~  

'a' 2.3847 2.1320 2.8995 

1.3806 1 .I491 1.2341 

a2 1 .O041 O .  9829 1 .66541 

C(l 
(b) 0.7653 O .  7593 O .  7593' 

a2 0 ,7373 0.7115 O, 724Ei - 
a) Reference 9. b) Reference 5. 

Having a r r i v e d  a t  the p o t e n t i a l  curves f o r  t h e s e  molecules 

w i t h i n  t h i s  model, t he  ca lcu ta ted equ i l i b r i um distances a re  obtained. 

The e l e c t r i c  d ipo le  moment i s  ca lcu la ted as a func t i on  o f the  intei-atomic 

distance f o r  severa1 values o f  R, as w e l l  as a t  R (experimental equi- e 
1 ib r ium distance) . In tables 5, 6 and 7 we present the values o f  p f o r  

these molecules ca lcu la ted on ly  a t  the two po in ts  Re and Rc. 
The d ipo le  moment curves o f  BF, C0 and CS are  shown i n  f i g .  4 

f o r  b o t h  c o n d i  t i o n s  o n  t h e  c h a r g e  d e n s i  t y .  When the charge den- 

s i t y  assumes the same constant value i n  regions 1 and 2 o f  f i g .  1, the 

d o t t e d  c u r v e s  i n  f i g .  4 a r e  o b t a i n e d .  The curves w i t h  crosses 

i n  these f i gu res  correspond t o  d i f f e r e n t  values o f  the  charge density i n  

regions 1 and 2 o f  f i g .  1 .  The curves are almost 1 inear and i f  we per- 

form a f i t t i n g  t o  a quadrat ic equation, we ob ta in  the f o l l o w i n g  best  

f i t s  f o r  t he  d i  pole moments, correspondi ng t o  the crossed curves o f  fig. 

4. 

uCO = - 0.84 - 13.28 p + 4.56 p2 , ( 17a) 
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Table 5 - Values o f  the e l e c t r i c  d ipo le  moment of C0 a t theexpe r imen ta l  
and ca lcu la ted e q u i l i b r i u m  in te rnuc lea r  d istance,  i n  Debye u n i t s .  

- -  - - 

a) When using eq, (16).  b) When using eq. (15). c) R, i s  the experimental 
value o f  the i n te rnuc lea r  e q u i l i b r i u m  distance and i s  equal t o  2.132 a*,. 
d) Calculated equi l ibr ium distance when the e l e c t r i c  charge densi t y  i s  
not  the same i n  the i n t e r c e l l u l a r  region.  e) Calculated e q u i l i b r i u m  dis- 
tance when the e l e c t r i c  charge dens i ty  i s  the same i n  the i n t e r c e l l u l a r  
region. f )  Experimental value, see r e f .  9. 

Table 6 - Value o f  the d ipo le  moment o f  BF a t  the experimental and c a l -  
cu la ted e q u i l i b r i u m  in te rnuc lea r  d is tance i n  Debye u n i t s .  

-f -f 
a) Value o f  when using eq. (16). b) Value o f  p when us ing eq. (15).c) 
R, = 2.3847 a, .  d) Calculated value o f  R, when the charge densi t y  i s  
not  the same i n  the i n t e r c e l l u l a r  region.  e) Calculated v a l u e  o f  R, 
when the charge densi t y  i s  the same i n  the i n t e r c e l  l u l a r  region.  f )  Ex- 
perimental value. 
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The best  f i t s  t o  the dot ted  curves of f i g .  4 g i ve  the  fo l l ow ing  ex- 

pressions f o r  the d ipo le  moments 

The quant i  t y  p i n the express ions above i s  no t  the same as before. Here 

P i s  g iven by p = (R-R )/R where R i s  the ca l cu la ted  e q u i l i b r i u m  
C c '  C 

in tera tomic  distance.  

The s e t  o f  eqs . (17) presents the R dependence o f  up t o  sec- 

ond order i n  p f o r  the CO, BF and CS molecules when the model as sumed 

f o r  the charge densi t y  i s  the one which gave r i s e  t o  eq. (15) , wh i 1 e 

the se t  o f  eqs. (181, i s  the p dependence o f  eq. (16). A SCF calcu- 

l a t i o n  performed by W.M. HUO" f o r  C0 and BF generated t h e  fo l l ow ing  

curves : 

pC0 = 0.158 + 5.4 p + 1.7 p2 , 

w h i l e  the curve represent ing 

by ' 

.O5 + 6.9 p + 4.3 p2 , 
the experimental r e s u l t s  f o r  C0 i s  g iven 

We could not  f ind  i n  the 1 i te ra tu re  experimental resu l  t s  f o r  BF and CS 

f o r  compar ison. 

4. DISCUSSIONS 

I t  i s  a f a c t  t ha t  the  d ipo le  moment i s  a very sensi t ive!  quan- 

t i t y  and i t  appears t h a t  i t s  dependence w i t h  R i s  poo r l yca l cu la ted  f o r  

almost a11 molecules by SCF m e t h ~ d s ' ~ .  As f a r  as we know, t h i s  i s  the 
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Fig .4  - Dipole mornent curves f o r :  
(a) CO; (b) BF; (c)  CS .The dot ted  
and crossed curves correspond t o  
eq. (16) and eq. (15)  o f  the t e x t .  
R' means: (a) 2 . 3 8 4 7 ~ ~ :  (b) 2.132xR; 
(C) 2 . 8 9 8 ~ ~ ;  R be.ing t h e  i n t e r -  
nuclear d istance.  
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f-.- 
I r s t  t ime t h a t  a ce l  l u l a r  method i s  used t o  compute p o r  i t s  dependence 

upon R. The r e s u l t s  as the m a j o r i t y  o f  the o ther  methods, a re  no t  s a t i s -  

f ac to ry  concerning the f i r s t  and the second de r i va t i ves  o f  w i t h  respect 

t o  the i n te rnuc lea r  d istance.  At  the equ i l i b r i um distance, t h e r e s u l t s a r e  

reasonable and agree w e l l - w i t h  the experimental data ava i l ab le .  We con- 

clude t h a t  the method considered he re in  enables one t o  ca l cu la te  wi th rela- 

t i v e  p rec i s i on  and s i m p l i c i t y  the e l e c t r i c  d ipo le  momentofadiato in icmol-  

ecule a t  the e q u i l i b r i u m  pos i t i on .  

The authors want t o  thank D r .  O r v i l l e  Wayne Day Jun ior  f o r  read- 

ing  the manuscript and f o r  useful coments.  We a re  a l s o  indebted t o  the 

IEAv Computer Center where a l l  the ca l cu la t i ons  were performed. 
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Resumo 

O o b j e t i v o  do presente t raba lho é melhorar o resu l tado dos 
cá lcu los ,  usando o Método Ce lu lar  Var iac iona l  (MCV) , do momento do d i -  
$10 e l é t r i c o  de algumas moléculas diatômicas. Em trabalhos anter io res  
a densidade de carga e l e t r ô n i c a  f o i  t ra tada como uma função e s f é r i c a -  
mente s imé t r i ca  no i n t e r i o r  da es fera  i n s c r i t a  de cada c é l u l a  e como 
tendo o mesmo va lo r  constante em todas as regiões i n te rce lu la res .  Desde 
que os resul tados obt idos  com uma t a l  aproximação não foram s a t i s f a t ó -  
r i o s  uma mel ho r i a  na aproximação da densidade de carga nas regizes i n -  
t e r ce lu la res  é necessária. Neste t raba lho a densidade de carga ainda 6 
constante f o r a  da es fera  i n s c r i t a ,  mas com valores d i f e ren tes  em cada 
região i n t e r c e l u l a r .  Uma nova expressão para o momento do d i p o l o  é ob- 
t i d a  e apl icada às moléculas diatômicas HF, CO, BF e C S .  Além d isso as 
curvas do momento de d ipo lo ,  as curvas de energia potenc ia l  e as cons- 
tantes espectroscópi cas são calculadas levando em consideração n o s s a  
aproximação t r a d i c i o n a l  para a dens i dade de carga. Os resu l  tados dos dois 
modelos são comparados en t re  s i  e com os resul tados experimentais para 
todas as moléculas consideradas. 


