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A new He-CO interaction energy surface with vibrational coordinate 

dependence. I. Ab initio potential and infrared spectrum
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In s t i tu te  o f  T h e o r e t ic a l  C h em is tr y ,  N S R  C en te r ,  U n iv e r s i ty  o f  N i jm e g e n ,  T o e r n o o iv e ld  I,

6 5 2 5  E D  N i jm eg e n ,  T h e  N e th e r la n d s

(R e c e iv e d  2 0  M ay  1997; a c c e p te d  8 S e p te m b e r  1997)

T h e  in te rm o le c u la r  p o ten tia l  e n e rg y  su rfac e  o f  the  H e - C O  c o m p le x  in c lu d in g  the  C O  b o n d  len g th  

d e p e n d e n c e  has b e en  c a lc u la te d  u s in g  s y m m e try -a d a p te d  p e r tu rb a t io n  th eo ry  (S A P T ). T h e  p o ten tia l  

has a m in im u m  o f  e m =  — 2 3 .7 3 4  c m -  1 w ith  R m =  6 .5 3  b o h r  at a sk e w  g e o m e try  ( # „ ,  =  4 8 .4 ° )  i f  the  

m o le c u la r  b o n d  len g th  is fixed  at the  e q u i l ib r iu m  v a lu e  o f  2 .1 3 2  b o h r. W e  h av e  a p p lied  the  p o ten tia l  

in the  c a lc u la t io n  o f  b o u n d  s ta te  lev e ls  an d  the  in fra red  sp e c tru m  fo r the  3H e - C O  an d  4 H e - C O  

c o m p le x e s .  T h e  c o m p u te d  a b  in i t io  t ran s it io n  f re q u e n c ie s  are  fo u n d  to  ag ree  w ith in  0.1 c m - 1  w ith  

e x p e r im e n t .  In p a p e r  II [J. P. R e id , H. M . Q u in e y , and  C . J. S. M . S im p so n , J. C h e m . P h y s . 107, 

9 9 2 9  (1 9 9 7 )] ,  the  p o ten tia l  su r fa c e  is u sed  to  c a lc u la te  v ib ra tio n a l re la x a tio n  c ro ss  se c tio n s  an d  ra te  

c o n s ta n ts .  ©  1 9 9 7  A m e r ic a n  I n s t i tu te  o f  P h y s ic s .  [ S 0 0 2 1 -9 6 0 6 (9 7 )0 3 1 4 6 -2 ]
9

I. INTRODUCTION

T h e  in te rac tio n  b e tw e e n  the  h e liu m  a to m  an d  the  c a rb o n  

m o n o x id e  m o le c u le  has b een  the  su b je c t  o f  a v a r ie ty  o f  e x 

p e r im e n ta l  an d  th eo re tic a l  s tu d ies . T h e  sy s te m  is o f  in te re s t 

f ro m  an a s tro p h y s ic a l  p o in t o f  v iew  on a c c o u n t  o f  the  ro le  

th a t the  C O  m o le c u le  p lay s  in d e n se  in te rs te l la r  c lo u d s . C a r 

bon  m o n o x id e  is e x c i te d  m o s tly  by c o ll is io n s  w ith  a b u n d a n t  

sp e c ie s  su ch  as H e an d  H 2 in th a t e n v iro n m e n t .  A d d it io n a lly ,  

the  H e - C O  van  d e r  W a a ls  c o m p le x  sh o w s  in te re s t in g  d y 

n a m ic s  w h ic h  lie b e tw e e n  the  s e m ir ig id  an d  n ea r ly  free  ro to r  

lim its .

T h e  re la t iv e ly  sm all n u m b e r  o f  e le c tro n s  o f  H e - C O  p e r 

m its  th e o re t ic ia n s  to c a lc u la te  in te rm o le c u la r  p o ten tia l  e n 

e rg y  su r fa c e s  by a b  in i t io  m e th o d s . T h o m a s ,  K ra e m e r ,  an d  

D ie rc k se n  (T K D ) p u b lish e d  a p o ten tia l  in 1 9 8 0 1 tha t w as  

c a lc u la te d  at the  s in g le s  an d  d o u b le s  c o n f ig u ra t io n  in te ra c 

t ion  (C IS D ) leve l. A lth o u g h  th e ir  p o ten tia l  w as  s ta te -o f- th e -  

art at th a t tim e , the  use  o f  ra th e r  sm a ll b a s is  se ts  re su lte d  in 

an u n d e re s t im a te d  p o ten tia l  w ell d ep th . F u r th e rm o re ,  the  in 

te ra c tio n  e n e rg y  w as  no t c o r re c te d  fo r  the  b as is  se t su p e rp o -
o

s itio n  e r ro r  (B S S E ). T h e  T K D  p o ten tia l  w as  e x te n d e d  l a t e r  

to in c lu d e  the  d e p e n d e n c e  on  the  C O  b o n d  leng th . M o re  

re c e n tly ,  tw o  a b  in i t io  p o te n tia ls  w e re  c o m p u te d  by  the  su- 

p e rm o le c u la r  a p p ro a c h  u s in g  fo u r th -o rd e r  m a n y -b o d y  p e r tu r 

b a tio n  th e o ry  (M B P T 4 ) .3,4 T h e  a u th o rs  o f  the  c u rre n t  p a p e r  

re p o r te d  a p re l im in a ry  p o te n tia l  c a lc u la te d  by  a p p ly in g  

s y m m e try -a d a p te d  p e r tu rb a t io n  th eo ry  (S A P T ) .5

A  n u m b e r  o f  sp e c tro s c o p ic  s tu d ie s  as w ell h av e  b een  

d e v o te d  to  the  H e - C O  c o m p le x . C h u a q u i  e t  a l .6 re c o rd e d  

h ig h - re s o lu t io n  in fra re d  sp e c tra  n e a r  the  fu n d a m e n ta l  b an d  

re g io n  o f  th e  C O  m o n o m e r  fo r  the  c o m p le x  w ith  3H e an d  

4 H e. A  m o re  p o w e rfu l  sp e c tro sc o p ic  te c h n iq u e  w as  a p p lied  

re c e n t ly 7 to  d e te c t  the  “ h id d e n ”  lines in the  sp e c tra ,  w h ic h

w ere  o b sc u re d  by tra n s it io n s  o f  the  C O  m o n o m e r  in the  

o r ig in a l  m e a su re m e n ts .  T h e  a u th o rs  o f  R ef. 6  c o u ld  n o t a s 

s ign  all o b se rv e d  tra n s it io n s  u s in g  c o n v e n tio n a l  s p e c tro 

sco p ic  m e th o d s  a n d  th e o re tic a l  sp e c tra  g e n e ra te d  fro m  the  a b  

in i t io  T K D  p o ten tia l .  T h e re fo re ,  a tw o -d im e n s io n a l  p o ten tia l  

e n e rg y  su rfac e  n a m e d  V (3 3 3) w as  fitted to  re p ro d u c e  the 

e x p e r im e n ta l  tran s it io n  f re q u e n c ie s . S u b se q u e n tly ,  a  p o te n 

tia l w ith  a d if fe re n t  fu n c tio n a l fo rm  w as  d e te rm in e d  f ro m  a 

fit to  the  sam e  se t o f  sp e c tro sc o p ic  d a ta .8 T h e  s ta r t in g  p o in t 

o f  the  n ew  p o ten tia l  su rfac e  w as  the  e x c h a n g e -C o u lo m b  

(X C ) m o d e l p o te n tia l ,  w h ic h  is p a r tly  b a sed  on  a b  in i t io  

in fo rm a tio n  on the  e x c h a n g e - re p u ls io n  e n e rg y  an d  lo n g -  

ran g e  in d u c tio n  an d  d isp e rs io n  co e ff ic ien ts . T h is  “ X C ”  p o 

ten tia l re p ro d u c e d  the  o b se rv e d  sp e c tru m  as w ell as the  

V o 3 3 ) p o ten tia l .  M o re o v e r ,  b e c a u se  o f  its s o u n d e r  th e o re t i 

ca l b as is  the  X C  p o ten tia l  is e x p e c te d  to  be m o re  rea lis t ic  in 

the  re g io n s  no t s a m p le d  by  the  sp e c tro sc o p ic  data .

T h e  s e m i-e m p ir ic a l  X C  an d  ^ 3,3,3) p o te n tia ls  a n d  the  a b  

in i t io  T K D  an d  S A P T  p o te n tia ls  w ere  u sed  to c a lc u la te  p re s 

su re  b ro a d e n in g  an d  sh if t in g  c ro ss  se c tio n s  fo r p u re  ro ta 

t io n a l t ra n s i t io n s  o f  C O  in h e l iu m .9 G o o d  q u a li ta t iv e  a g re e 

m e n t w as  o b ta in e d  fo r  the  c ro ss  s e c tio n s  c o m p u te d  fro m  the 

X C , V (3 3 3 ) , a n d  S A P T  p o ten tia ls .  T h e  th e o re tic a l  da ta , 

h o w e v e r ,  a re  in su b s ta n tia l  d is a g re e m e n t  w ith  e x p e r im e n t10 

at v e ry  lo w  te m p e ra tu re s .  T h is  d e v ia t io n  is p ro b a b ly  d u e  to 

e x p e r im e n ta l  e r ro rs  o r  the  b re a k d o w n  o f  the  l in e -sh a p e  

th e o ry , no t b e c a u se  o f  in a c c u ra c ie s  in the  p o ten tia ls .  T h e  

a g re e m e n t  o f  the  c ro ss  s e c tio n s  o b ta in e d  fro m  the  T K D  p o 

ten tia l  w ith  so m e  o f  the  e x p e r im e n ta l  v e ry  lo w  te m p e ra tu re  

d a ta  a p p e a re d  to  be  fo r tu ito u s . S e c o n d  v ir ia l co e ff ic ie n ts  

c o m p u te d  fro m  the  S A P T  p o t e n t i a l  an d  f ro m  the  X C  an d  

1/(3 3 3 , p o te n t ia l s 11 w e re  in re a so n a b le  a c c o rd  w ith  e x p e r i 

J . C h e m .  P h y s .  1 0 7  (2 3 ) ,  1 5  D e c e m b e r  1 9 9 7  0 0 2 1 - 9 6 0 6 /9 7 /1 0 7 ( 2 3 ) / 9 9 2 1 /8 / $ 1 0 .0 0  ©  1 9 9 7  A m e r ic a n  In s t i tu te  o f  P h y s ic s  9 9 2 1



9 9 2 2 H e i jm e n  et al.: H e - C O  in te r a c t io n  e n e r g y .  I

m e n ta l  da ta . T h e  S A P T  p o ten tia l  w as  a lso  te s ted  a g a in s t  e x 

p e r im e n ta l  tra n sp o r t  p ro p e r t ie s . 12

V ib ra tio n a l  re la x a tio n  o f  C O  ( u =  1) by  in e la s tic  c o l l i 

s io n s  w ith  h e liu m  a to m s  has b een  the  su b je c t  o f  v a r io u s  th e 

o re tica l s tu d ie s  (see  p a p e r  I I 1 ̂  an d  re fe re n c e s  th e re in ) . V ib ra 

t ion  re la x a tio n  s tro n g ly  d e p e n d s  on  the sh ap e  o f  the  

in te rm o le c u la r  p o ten tia l .  R a te  c o n s ta n ts  d e te rm in e d  at very  

low  te m p e ra tu re s  are  sen s it iv e  to  th e  van  d e r  W a a ls  w ejl, 

w h ile  the  a n iso tro p y  o f  the  re p u ls iv e  w all is p ro b e d  at h ig h e r  

te m p e ra tu re s .  M o s t o f  the  s tu d ie s  on  v ib ra tio n a l re la x a tio n
I 9

ra te  c o n s ta n ts  o f  the  last d e c a d e  u sed  th e  T K D  p o ten tia l .  ’“ 

S in ce  c o m p a ra t iv e  s tu d ie s  h av e  sh o w n  th a t th is  T K D  p o te n 

tial su ffe rs  f ro m  in a c c u ra c ie s ,  a h ig h  q u a li ty  H e - C O  p o te n 

tial in c lu d in g  the v ib ra tio n a l c o o rd in a te  d e p e n d e n c e  is 

n eed ed .

T h e  c u r re n t  p a p e r  p re se n ts  the  c a lc u la t io n  o f  an a b  in i t io  

S A P T  p o ten tia l  d e p e n d e n t  on  the  C O  b o n d  len g th . In R ef. 5, 

the  tw o -d im e n s io n a l  S A P T  p o ten tia l  w as  u sed  in d y n a m ic a l  

c a lc u la t io n s  on the  f re q u e n c ie s  and  in te n s i t ie s  o f  the  t r a n s i 

t io n s  in the in fra red  sp e c tru m  a c c o m p a n y in g  the  fu n d a m e n ta l  

b o n d  o f  C O . It w as  fo u n d  th a t the line p o s i t io n s  a g ree d  

w ith in  a few  ten th s  o f  a w av e  n u m b e r  w ith  the  e x p e r im e n ta l  

d a ta  f ro m  R ef. 6 . T o  tes t the  a c c u ra c y  o f  the  c u rre n t  th ree -  

d im e n s io n a l  p o ten tia l  in the  re g io n  o f  the V an  d e r  W a a ls  

m in im u m  a n ew  se rie s  o f  d y n a m ic a l  c a lc u la t io n s  h av e  b een  

p e rfo rm e d . T h e  re su lts  are  c o m p a re d  w ith  the d a ta  f ro m  R ef.

6  as w ell as w ith  the  new  d a ta  f ro m  R ef. 7. In the  su b se q u e n t  

a rtic le  (p a p e r  II), the th re e -d im e n s io n a l  p o ten tia l  is u sed  to 

c a lc u la te  ra te  c o n s ta n ts  fo r  the  v ib ra tio n a l re la x a tio n  o f  the 

4 H e - C O  an d  'H e - C O  c o m p le x e s .

II. OUTLINE OF SAPT CALCULATIONS

T h e  S A P T  a p p ro a c h  u sed  here  has b een  d e sc r ib e d  in a 

n u m b e r  o f  p a p e r s / ’14-16 T h e  in te rac tio n  e n e rg y  can  be  d e 

c o m p o s e d  in to  te rm s  c o r re s p o n d in g  to the  H a r t r e e - F o c k  

( £ ^ f )  an d  c o r re la te d  ( E™™) lev e ls  o f  th eo ry ,

e ^ e S T + e S T .  d )

T h e  H a r t r e e - F o c k  in te rac tio n  e n e rg y  w as  o b ta in e d  fro m  su- 

p e rm o le c u la r  se lf -c o n s is te n t  field c a lc u la t io n s  and  r e p re 

sen ted  as a su m  o f  in d iv id u a l c o n tr ib u t io n s . 17-20 T h e  S A P T  

c o n tr ib u tio n  to the  in te rac tio n  e n e rg y  at the  c o rre la te d  level 

is re p re se n te d  h e re  as in R ef. 5, e x c e p t tha t the e le c tro n  c o r 

re la tio n  e ffe c ts  on  the  e x ac t f irs t-o rd e r  e x c h a n g e  c o n tr ib u tio n  

are  a p p ro x im a te d  by

(1 )  _  r í  I D i c (  12) i a ( 1 ) ( r ’p ç r ) }  ( i )
e exch ^exch exch exch' '^-'-^^ '7 •

In  the  e x p re s s io n  fo r  E (e[2d\ the  first- an d  s e c o n d -o rd e r  c lu s te r

o p e ra to rs  are  re p la c ed  by c o n v e rg e d  c o u p le d -c lu s te r
i

o p e ra to rs ,“ le ad in g  to a su m  o f  h ig h e r -o rd e r  te rm s  (in the 

in tra m o le c u la r  c o rre la tio n )  d e n o te d  A ^ h( C C S D ) .  A lth o u g h  

the  C C S D  c o rre c tio n  w as  no t in c lu d e d  in the  p o ten tia l  o f  

R ef. 5, it w as  d isc u sse d  tha t it m ay  h av e  a n o n -n e g lig ib le  

e ffec t on  the  a n iso tro p y .

T h e  in te rac tio n  e n e rg y  su rface  fo r  the  H e - C O  sy s tem  

can  be n a tu ra lly  e x p re s se d  in Jaco b i c o o rd in a te s  ( / ? , / ' , # ) ,  

w h e re  R  is the  d is ta n c e  b e tw e e n  the c .m . o f  C O  an d  the

h e liu m  a to m , r  is the  C O  b o n d  len g th , an d  d  is the  ang le  

b e tw e e n  the  v e c to r  p o in tin g  fro m  the  m o le c u la r  c .m . to  the 

a to m  an d  the  v e c to r  p o in t in g  fro m  the c a rb o n  to  the  o x y g en  

n u c le u s . C a lc u la t io n s  h av e  b een  p e r fo rm e d  fo r  in te rm o le c u -  

la r d is ta n c e s  R = 5, 6 , 7, 8 , an d  10 b o h r, an d  se v e n  e q u id is 

tan t an g le s  d  ra n g in g  fro m  $  =  0 °  to d =  180°. In ad d itio n , 

p o ten tia l  e n e rg y  c u rv e s  h av e  b een  c o m p u te d  fo r d =  15°, 

7 5 ° ,  105°, an d  165°. T h e  C O  b o n d  len g th  r  w as  v a r ied  o v e r
7 ^

five v a lu es : the  e q u il ib r iu m  b o n d  len g th  r e =  2 .1 3 2  b o h r ,22 

the  tw o  v a lu e s  o f  r =  1.898 an d  2 .2 3 4  b o h r  at w h ic h  S ch in k e  

an d  D ie r c k s e i r  p re v io u s ly  c a lc u la te d  a p o ten tia l  e n e rg y  su r 

face , an d  tw o  a d d it io n a l  v a lu es  o f  r = 2 .0 5 0  and  2 .1 7 0  bohr. 

In to ta l, w e  c a lc u la te d  275  p o in ts  on the  th re e -d im e n s io n a l  

su rface .

A s in o u r  p re v io u s  w o rk ,5 a [ 5 s 3 p 2 d ]  b a s is  w as  used  

fo r  the  h e liu m  a to m . T h e  .v o rb ita ls  w ere  re p re se n te d  by the
**) ^

(6 1 1 1 1 )  c o n tra c tio n  o f  v an  D u i jn e v e ld t ’s 10.v s e t ,“' an d  the 

e x p o n e n ts  o f  the  p o la r iz a t io n  fu n c tio n s  w ere  tak en  fro m  Ref.

24 . F o r  the  c a rb o n  an d  o x y g e n  a to m s  w e  to o k  the
2  ^

[ 8 s 5 p 3 d \  ƒ ]  b as is  se ts  o f  D ie rc k se n  an d  S ad le j," ' o p tim iz e d  

fo r  the d ip o le  an d  q u a d ru p o le  p ro p e r t ie s  o f  the C O  m o lecu le . 

In R ef. 5, h o w e v e r ,  the five s te e p e s t  p  fu n c tio n s  on  b o th  C 

an d  O  w ere  in a d v e r te n t ly  c o n tra c te d  to  o n e  b as is  fu n c tio n  

in s tead  o f  tw o . A ll te rm s  e x c e p t  £[,20) w ere  c a lc u la te d  w ith  

th is  b as is  set. In the  c a lc u la t io n  o f  £ j 2 p* an  e x te n d e d  b as is  set 

w as  u sed  w ith  d if fu se  b o n d  fu n c tio n s  f ro m  R ef. 26 , lo ca ted  

at the m id d le  o f  the  in te rm o le c u la r  b o n d . T o  in v e s tig a te  the 

e f fe c t  o f  the  basis , w e p e r fo rm e d  a d d it io n a l  c a lc u la t io n s  at 

R = 1  b o h r , /• =  2 .1 3 2  b o h r , an d  # = 0 °  and  180° w ith  the 

[ 9 s l p 3 d 2 f ]  b as is  se ts  fo r  the  c a rb o n  an d  o x y g e n  a to m s 

fro m  H e t te m a  e t  a i 21 P o la r iz a t io n  fu n c tio n s  w e re  a p p lie d  in 

th e ir  sp h e r ica l fo rm  (five d  fu n c tio n s  an d  sev en  ƒ  fu n c tio n s ) .  

Fu ll d im e r  b as is  se ts  w e re  u sed  in the S A P T  c a lc u la t io n s  in 

o rd e r  to  a c c o u n t  fo r  c h a rg e -o v e r la p  e ffec ts .

A ll c a lc u la t io n s  w ere  p e r fo rm e d  e m p lo y in g  the S A P T  

sy s te m  o f  c o d e s .28 T h e  P O L C O R  p a c k a g e 29 w a s  u sed  to  c o m 

p u te  ad d it io n a l lo n g -ra n g e  in d u c tio n  an d  d isp e rs io n  c o e ff i 

c ien ts  c o r re s p o n d in g  to  the  m u ltip o le  e x p a n d e d  in d u c tio n  

an d  d isp e rs io n  e n e rg ie s .  T h e se  lo n g -ra n g e  co e ff ic ie n ts ,  c a l 

c u la te d  w ith  the  sa m e  b as is  se ts  an d  at the sa m e  level o f  

th eo ry , w ere  s u b s e q u e n t ly  u sed  in the  a n a ly tic a l  fitting  o f  the 

in d u c tio n  an d  d isp e rs io n  e n e rg ie s .  T h e  B o y s - B e r n a r d i  c o u n 

te rp o ise  c o r r e c t io n 10 w as  a p p lied  to e l im in a te  the B S S E  from  

the  s u p e rm o le c u la r  H a r t r e e - F o c k  in te rac tio n  en e rg y .

A  tw o -s te p  p ro c e d u re  w as u sed  in fitting  the  in te rac tio n  

en e rg y . In the  first s tep , o n e -d im e n s io n a l  fits in R  w e re  p ro 

d u c e d  fo r e ach  v a lu e  o f  d \  su b s e q u e n tly  w e e x p a n d e d  all fit 

p a ra m e te rs  in  L e g e n d re  p o ly n o m ia ls  P¡{ co s  d ) .  T h e  C O  

b o n d  len g th  d e p e n d e n c e  o f  the  p o ten tia l  w as  re p re se n te d  by 

e x p a n d in g  the  l in ea r  p a ra m e te rs  in p o w e rs  o f  r — r e , w h e re  

r t, =  2 . l 3 2  b o h r  is the  e x p e r im e n ta l  C O  e q u il ib r iu m  b o n d  

leng th . In the  se c o n d  step , w e used  a g lo b a l th ree -  

d im e n s io n a l  fitting  p ro c e d u re  w ith  the  p a ra m e te rs  fro m  the 

o n e -d im e n s io n a l  fits o f  the  first s tep  as s ta r t in g  po in t. T h e  

fitted p o ten tia l  re p ro d u c e s  all a b  in i t io  c a lc u la te d  p o in ts  

w ith in  2 % .  In the  reg io n  o f  the  p o ten tia l  m in im u m  the  d if 

fe ren ce  b e tw e e n  the fitted  p o ten tia l  e n e rg y  an d  its a b  in i t io  

c o u n te rp a r t  is ty p ica lly  a few  ten th s  o f  a w av e  n u m b e r  an d  at
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R  ( b o h r )

FIG . I. C o n to u r  p lo t  o f  the  cib in i t io  p o te n t ia l  (in c m  1 ) at r  =  2 .1 3 2  boh r.

m o st 0 .5  cm  -  1. A  F O R T R A N  su b ro u tin e  fo r  g e n e ra t in g  the  a b

in i t io  p o te n tia l  is a v a ila b le  f ro m  the  a u th o rs  at th e  e le c tro n ic  

m ail a d d re s s  a v d a @ th e o c h e m .k u n .n l .

III. FEATURES OF THE POTENTIAL ENERGY 

SURFACE

W e  first lo o k  at the p o ten tia l  e n e rg y  su rface , fitted  to the  

a b  in i t io  c a lc u la te d  d a ta  p o in ts ,  fo r  r  fixed  at the  e x p e r im e n 

tal C O  e q u il ib r iu m  b o n d  len g th  r e =  2 A 3 2  boh r. T h e  p o te n 

tial su r fa c e  sh o w s  a s in g le  m in im u m  o f  d e p th  em = — 2 3 .7 3 4  

c m -1  at R m =  6 .53  b o h r  an d  $„, =  4 8 .4 ° .  C o m p a r is o n  w ith  

the  p re v io u s ly  p u b lish e d  tw o -d im e n s io n a l  p o ten tia l  e n e rg y  

s u r fa c e 5 sh o w s  th a t the  c u rre n t  p o ten tia l  p re d ic ts  a  m in im u m  

c o r re s p o n d in g  to  the  sk ew  s y m m e try  o f  the  c o m p le x  in s tead  

o f  the  l in ea r  C O - H e  c o n f ig u ra tio n . A s the  p o te n tia l  is very  

flat in reg io n  tf =  0 ° to  1 2 0 ° , sm a ll in a c c u ra c ie s  in  the  b as is  

se t o r  th e  fit c an  c a u se  th e  g lo b a l m in im u m  to sh if t  f ro m  o n e  

g e o m e try  to the  o th er . F o r  the  #  =  0 °  c u rv e  at r  =  2 .1 3 2  b o h r , 

the  p o ten tia l  sh o w s  a m in im a l v a lu e  a t R  =  6 .9 4  b o h r  o f  

£ = —2 1 .0 7 8  c m - 1 , w h ic h  is o n ly  a few  w a v e  n u m b e rs  

a b o v e  the  g lo b a l m in im u m . T h e  im p ro v e m e n t  o f  the  basis  

set, c o m p a re d  to R ef. 5, has a s ig n if ic an t e f fe c t  on  the  in te r 

a c tio n  e n e rg ie s .  T w o  re ce n tly  c o m p u te d  M B P T 4  p o te n tia ls  

p red ic t  g lo b a l m in im a  o f  6 = —2 0 .3 2  c m “ 1 at # m =  6 0 ° ,  

/?,„ =  6 .6 0  b o h r ,4 an d  £ ,„ =  — 2 1 .9 5  c m - 1  at # m =  7 0 ° ,  

y?m =  6 .4 3 , b o h r 3 i.e ., at the  sk e w  g e o m e try . B y  c o n tra s t ,  a 

l in e a r  e q u il ib r iu m  g e o m e try  w ith  £ , „ = —2 2 .5 31  c m - 1 , 

R m =  6 .8 4  b o h r  w as  p re d ic te d  by  the  “ X C ”  m o d e l p o te n t ia l ,8 

w h ich  w as  fitted  to the  in f ra re d  sp e c tru m  an d  w as  b a se d  on 

an  e x c h a n g e -C o u lo m b  m o d e l.  H o w  d iff icu lt it is to lo ca te  the  

g lo b a l m in im u m  is i l lu s tra ted  by  the  fa c t  th a t the  o ld e r  

y (3,3,3) p o te n tia l  fitted  to the  s a m e  sp e c tro sc o p ic  d a ta  h as  its 

m in im u m  at the  sk ew  g e o m e try .6 T h e s e  a b  in i t io  an d  sem i-  

e m p ir ic a l  p o ten tia l  su rfa c e s  w e re  c o m p a re d  in a re c e n t  w o rk  

by T h a c h u k  e t  a l . ,9 to g e th e r  w ith  o u r  tw o -d im e n s io n a l  p o te n 

tial. A g re e m e n t  b e tw e e n  th e  c u rre n t  p o te n tia l  an d  the  sem i-  

e m p ir ic a l  X C  p o te n tia l ,  w h ic h  has p ro v e d  to  be  very  accu -

T A B L E  I. C o m p o n e n ts  o f  th e  in te ra c t io n  e n e rg y  a t  R = 7 b o h r ,  /* =  2 . 132 

b o h r  c o m p u te d  in a b a s is  w ith  [ S s 5 p 3 d \ f ]  fu n c t io n s  on  C  a n d  O  a n d  

a d d i t io n a l  b o n d  fu n c t io n s  fo r  £ ^ Sp (A ) a n d  a  b a s is  w ith  [ 9 s l  p 3 d 2 f ]  fu n c 

t io n s  on  C  an d  O  a n d  n o  b o n d  fu n c t io n s  (B).

0 ° d  =

OOC
O

b a s is  A
9

b a s is  B b a s is  A b a s is  B

17 H F
int

6 ( 1 )

4 [ ’h+A<;>h(CCSD)
/ r ( 2 )

disp
17( 2)

^cxch-disp 

u  ml

12.15

- 0 . 5 5

5 .1 2

- 3 8 . 9 6

0 .8 2

- 2 1 . 4 2

12.21 

- 0 . 5 5  

5 .2 8  

- 3 7 . 7 0  

0 .8 2  

-  19 .94

124 .78

- 2 . 2 6

8 .2 6

- 1 0 0 . 6 5

5 .8 5

3 5 .9 8

124.41

- 1 . 8 5

6 .1 0

- 9 4 . 9 2

5 .8 0

3 9 .5 4

ra te , is b e t te r  th an  fo r  o u r  o ld  p o ten tia l  su rfac e  an d  is n o w  

w ith in  2 c m - 1 . F ig u re  1 d e p ic ts  a c o n to u r  p lo t o f  the  a b  

in i t io  p o ten tia l  at r = 2 . 1 3 2  boh r.

In T a b le  I w e  c o m p a re  the  se p a ra te  c o m p o n e n ts  o f  the 

in te ra c tio n  e n e rg y  c o m p u te d  in tw o  d if fe re n t  b as is  se ts . In 

c a se  A , all c o m p o n e n ts  w ere  c o m p u te d  w ith  the  b a s is  se ts 

f ro m  D ie rc k se n  an d  S a d le j“' fo r  th e  C  an d  O  a to m s , e x c e p t  

fo r  the  c o n tr ib u tio n  E ^  w h ic h  w as  c a lc u la te d  in the  basis  

se t w ith  a d d itio n a l b o n d  fu n c tio n s . T h e  b as is  se ts  f ro m  

H e t te m a  e t  a l 21 fo r  C  an d  O  w e re  u sed  in c a se  B, w h e re  no  

b o n d  fu n c tio n s  w e re  in c lu d e d  (cf., Sec . II). F ro m  T a b le  I it is 

seen  th a t the  d if fe re n c e s  b e tw e e n  the  tw o  b as is  se ts  a re  m a n i 

fe s t in tw o  c o m p o n e n ts ,  n a m e ly , th e  in tra m o le c u la r  c o r re la 

t ion  c o rre c t io n  to  the  f irs t-o rd e r  e x c h a n g e  en e rg y , 

£ e x c h + Aexch(CCSD), ancj the d isp e rs io n  e n e rg y  E^s)p .  S in ce  

b a s is  B c o n ta in s  m o re  s  an d  p  fu n c tio n s  on  the  C O  m o n o 

m er, the  in t ra m o le c u la r  c o r re la t io n  is tak en  in to  a c c o u n t  to  a 

g re a te r  e x te n t  th an  in b as is  A . It is k n o w n  th a t m o le c u le s  

w ith  tr ip le  b o n d s  a re  se n s it iv e  to  e le c tro n ic  c o rre la t io n  in 

h ig h e r -o rd e r  lev e ls  o f  p e r tu rb a t io n  th e o ry .31 T h is  e x p la in s  

the d if fe re n c e  in £ ^ h+  A ^ h(C C S D ), w h ic h  is as la rg e  as 

2 6 %  fo r  ï ï =  180°. In c o m p a r is o n  w ith  the  re su lts  f ro m  R ef. 5 

w e  o b se rv e  th a t at #  =  0° an d  180° the  H a r t r e e - F o c k  in te r 

a c tio n  e n e rg ie s  are  0 .83  an d  6 .5 0  c m - 1  h ig h e r ,  re sp e c tiv e ly ,  

w h ile  £ g ^ h+ A ^ h(C C S D ) at # = 0 °  is 1.50 c m - 1  h ig h er. 

T h e s e  d e v ia t io n s  are  c a u se d  by the  in c o rre c t  c o n tra c t io n  o f  

the  s te e p e s t  p  fu n c tio n s  in R ef. 5. S e c o n d , in b as is  A , w h ic h  

in c lu d e s  b o n d  fu n c tio n s  in the  c a lc u la t io n  o f  , the d is 

p e rs io n  e n e rg y  E is 1.3 a n d  5 .7  c m - 1  lo w e r  a t # = 0 °  an d  

18 0° , re sp e c tiv e ly ,  in c o m p a r is o n  w ith  basis  B (w ith o u t  b o n d  

fu n c tio n s) .  T h e  re su lts  fo r  b a s is  B are  a p p ro x im a te ly  eq u a l to 

the  re su lts  fo u n d  fo r  E ^  in R ef.5 : - 3 8 . 8 1  an d  —9 4 .4 8  

c m - 1  at $ = 0 °  an d  180° , re sp e c tiv e ly .  A lth o u g h  the  c a lc u 

la t io n  o f  £[¿°p is n o t s tr ic tly  v a r ia t io n a l,  it fo l lo w s  in p ra c tic e

T A B L E  II. E x p e c ta t io n  v a lu e s  in a to m ic  u n its  o f  ( r — r e ) k , k — 1 ,2 ,3 , fo r  the  

i>=0  a n d  u =  l v ib ra t io n a l  s ta te s .

oII

u  =  1

0 .0 0 7  4 5 0  2 0 .0 2 2  4 8 2  1

( ( r ~ r e) 2) 0 .0 0 4  137 7 0 .0 1 2  7 9 9  0

0. 000 112 0 0 .0 0 0  7 3 8  8
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T A B L E  III. E n e rg y  le v e ls  (in  c m - 1 ) o f  th e  4H e - C O  c o m p le x ,  re la t iv e  to  

the  =  ( 0 ,0 ,0 )  level at - 6 . 7 8 7 9  an d  - 6 . 8 3 5 9  c m  1 ( th e o re t ic a l  v a l 

u e s )  fo r  u = 0  a n d  u =  1, r e s p e c t iv e ly .  “ E x p e r im e n ta l”  v a lu e s  a re  f ro m  R ef. 

7.

fl d

J

v = 0 u =  1

( ; , / ) T h is  w o rk “ E x p e r im e n ta l” T h is  w o rk “ E x p e r im e n ta l”

0 (0 ,0) 0. 0 0. 0 0. 0 0. 0

( i , D 5 .3 5 2 7 5 .39 11 5 .3 0 8 7 5 .3 5 9 3  *

1 (0 , 1) 0 .5 8 1 7 0 .5 7 6 9 0 .5 8 1 3 0 .5 7 5 8

( 1,0) 4 .0 1 7 5 3 .9 9 6 5 3 .9921 3 .9631

( 1, 1) 4 .3 0 7 9 4 .26 81 4 .2 8 5 8 4 .2 3 6 2

( 1,2) 6 .1 0 4 9 6 .0961 6 .0 6 8 2 6 .0 6 9 4

2 (0 ,2) 1 .7333 1 .7176 1.7321 1 .7 1 5 6

( 1, 1) 4 .7 4 9 4 4 .7 3 4 5 4 .7 2 0 8 4 .7 0 1 0

( 1,2) 5 .4 9 7 5 5 .4 4 7 0 5 .4 7 4 8 5.41*42

3 (0 ,3) 3 .4 2 8 3 3 .3 9 5 0 3 .4 2 6 4 3 .3 9 1 2

( 1,2) 5 .9541 5 .9 3 4 2 5 .9 2 3 7 5 .8 9 9 6

(1 ,3 ) 7 .2441 7 .1 7 6 5 7 .2 2 0 9 7 .1 4 2 6

4 (0 ,4) 5 .6 1 6 0 5 .5561 5 .6 1 4 2 5 .5 5 0 5

(1 ,4 ) 9 .4 8 7 8 9 .3 9 4 0 9 .4 6 4 8 9 .3 6 0 0

th a t an im p ro v e m e n t  o f  the  b as is  im p lie s  a lo w e r in g  o f  . 

I f  o n ly  n u c le u s -c e n te re d  b as is  se ts  a re  u sed , fu n c tio n s  w ith  

h ig h  a n g u la r  m o m e n ta  h av e  to  be  in c lu d e d  to  d e sc r ib e  the  

d isp e rs io n  e n e rg y  p ro p e r ly . T h is  can  be  a v o id e d  by e x te n d 

ing  the  b as is  se t w ith  a se r ie s  o f  d if fu se  b o n d  fu n c tio n s  w ith  

lo w  a n g u la r  q u a n tu m  n u m b e rs . T h e  e x a c t  o r ig in  an d  e x p o 

n en ts  o f  the  b o n d  fu n c tio n s  h a rd ly  a ffec t the  en e rg y . A s E ^  

c o n s t i tu te s  the  m a in  c o n tr ib u tio n  to  the  d isp e rs io n  en e rg y , 

c a lc u la t in g  th is  te rm  (at re la tiv e ly  low  co s t)  in a b a s is  w ith  

d if fu se  b o n d  fu n c tio n s  c a u se s  the  d isp e rs io n  e n e rg y  an d  c o n 

s e q u e n tly  the  to ta l in te rac tio n  e n e rg y  to  be su b s ta n tia l ly  lo w 

e red .

IV. BOUND STATES AND INFRARED SPECTRUM OF 

He-CO

A s is w e ll k n o w n , n u c le a r  m o tio n s  o f  w ea k ly  b o u n d  van  

d e r  W a a ls  c o m p le x e s  can  be  d e sc r ib e d  in a set o f  c o o rd in a te s  

re la tiv e  to e i th e r  a sp a c e -f ix e d  o r  a d im e r -e m b e d d e d  f r a m e .32 

W h e n  the s tre n g th  o f  the  a n iso tro p y  in the  in te rm o le c u la r  

p o ten tia l  is sm all in c o m p a r is o n  w ith  the  e n d -o v e r -e n d  ro ta 

t iona l c o n s ta n t  1 /(2  f i R 2) o f  the  d im e r , it is c o n v e n ie n t  to  use 

the  sp ace -f ix ed  c o o rd in a te  sy s tem . It is th is  d e sc r ip t io n  tha t 

is u sed  here  e v e n  th o u g h  the a n iso tro p y  o f  the  p o ten tia l  in 

the van  d e r  W a a ls  reg io n  is no t p a r tic u la r ly  w eak . W e  d id  

th is  b e c a u se  the  e n e rg y  lev e ls  and  in fra red  tra n s it io n s  o f  the 

H e - C O  c o m p le x  can  be  a p p ro x im a te ly  c la ss if ied  by the  case  

(ci )  c o u p lin g  o f  B ra to z  an d  M a rtin  ' (see  R efs . 32  an d  34  fo r 

a rev iew ). F u r th e rm o re ,  the  in tra m o le c u la r  v ib ra tio n  can  to  a 

g o o d  a p p ro x im a tio n  be d e c o u p le d  fro m  the  in te rm o le c u la r  

m o d e s  b e c a u se  o f  the  h ig h  f re q u e n c y  ( — 2 1 4 3  c m - 1 ) o f  the  

fo rm er . T h e  /- -d ep en d en t ro ta tio n a l c o n s ta n t  o f  C O  an d  p o 

ten tia l fu n c tio n  can  th en  be  re p la c e d  by th e ir  v ib ra t io n a lly  

a v e ra g e d  c o u n te rp a r ts ,  b v an d  V v (R , f î ) , re sp e c tiv e ly ,  w ith  u 

la b e lin g  the  in t ra m o le c u la r  v ib ra tio n a l m o d e . T h e  n u c le a r  

m o tio n s  o f  H e - C O  are  th u s  d e sc r ib e d  by  the  H a m il to n ia n

2 f i R  ¿)R2
R  +

I

2 jul R

+  b J 2 + V v ( R , $ ) , (3)

w h e re  f i  is the  re d u c e d  m ass  o f  the  c o m p le x  a n d  j  an d  /  are 

the  a n g u la r  m o m e n ta  a s s o c ia te d  w ith  th e  m o le c u la r  ro ta tio n  

an d  w ith  the  e n d -o v e r -e n d  ro ta t io n  o f  the  sy s te m , re sp e c 

t iv e ly . M o s t  c a lc u la t io n s  in th is  w o rk  a p p lie d  th is  ad iab a tic  

d e c o u p l in g  a p p ro x im a tio n .  A d d it io n a l  full th re e -d im e n s io n a l  

( / ? , # , / ' )  d y n a m ic a l  c o m p u ta t io n s  w ere  p e r fo rm e d  fo r  the 

7 = 0  an d  1 s ta te s  o f  4 H e - C O .  In  th e se  c a lc u la t io n s ,  the 

g ro u n d  s ta te  p o te n tia l  fo r  the  C O  m o le c u le  f ro m  H u x le y  and 

M u r re l l35 w as  a d d e d  to  the  in te rm o le c u la r  p o ten tia l  fu nc tion .

In case  o f  an  iso tro p ic  p o ten tia l ,  j  an d  / a re  g o o d  q u a n 

tu m  n u m b e rs ,  c o r re s p o n d in g  to  the  m o le c u la r  ro ta t io n  in the 

c o m p le x  an d  the  e n d -o v e r -e n d  ro ta t io n  o f  R , re sp ec tiv e ly . 

T h e  to tal a n g u la r  m o m e n tu m  J = j + /  is a lw a y s  c o n se rv e d  

b u t a d e g e n e ra te  ( j , l ) - lev e l sp lits  in to  su b lev e ls  

7 = | y - / | ,  . . . , j  +  l u n d e r  the  in f lu en ce  o f  the  a n iso tro p y  o f  

the  p o ten tia l .  It w as  sh o w n  in o u r  p re v io u s  p a p e r5 th a t for 

m o s t  o f  the  e ig e n s ta te s ,  the  d o m in a n t  ( j J )  c o n tr ib u tio n  to 

the  w a v e  fu n c tio n  is o f  the  o rd e r  o f  9 0 % , s u g g e s t in g  th a t the 

C O  m o le c u le  in the  d im e r  b e h a v e s  like  a s l ig h tly  h in dered  

ro to r. T h is  w as  c o n f irm e d  by the  o b se rv a tio n  th a t a lth o u g h  

m o s t tra n s it io n s  d id  no t o b ey  se le c tio n  ru le s  c o rre sp o n d in g  

to  the  ca se  ( a )  c o u p lin g  o f  Bratoz* an d  M a r t in ,"  the  m ost 

in ten se  lines  d id  c o r re s p o n d  to  the  free  in te rn a l ro to r  lim it. 

T h e re fo re ,  th e  s ta te s  can  to  be lab e led  a g o o d  a p p ro x im a tio n  

by  j  an d  /.

W h e n  w e  a s s u m e  th a t the  C O  v ib ra tio n  is d e c o u p le d  

f ro m  the  in te rm o le c u la r  m o d e s , the  tra n s it io n  f re q u e n c ie s  are 

g iv en  by

=  ^ y ' , / ' , u = i  — ^ / ' , / " ,u = o +  0 i ( 0 )» (4)

w h e re  0 , ( 0 )  =  2 1 4 3 .2 7 1 2  c m - 1  is the  f re q u e n c y  o f  the  C O  

fu n d a m e n ta l  s tre tc h in g  m o d e , d e te rm in e d  f ro m  a D u n h a m  

a n a ly s is . ' 6 T h e  in te n s it ie s  o f  th e  in fra re d  tra n s it io n s  in 

H e - C O  a c c o m p a n y in g  the  fu n d a m e n ta l  b a n d  o f  C O  w ere  

c a lc u la te d  as in R ef. 5, at a te m p e ra tu re  o f  7 = 5 0  K. T he 

in te rm o le c u la r  t ra n s i t io n s  o b ey  the  fo l lo w in g  se le c tio n  rules:

I A p \  =  1 w ith  ( — 1 ) p =  ( -  1 y  + l , an d  | A 7 | = 0  o r  1. In  ad d i 

t ion , the  se le c tio n  ru le s  A / =  0  an d  |A / 1 =  1 h o ld  a p p ro x i 

m a te ly  s in ce  j  an d  / a re  n ea rly  g o o d  q u a n tu m  n u m b e rs .

T o  c o m p u te  th e  v ib ra t io n a lly  a v e ra g e d  p o te n tia l  su rface  

^ ( Z ? , # )  fo r  a g iv en  v ib ra tio n a l s ta te  u  o f  th e  C O  m o n o m er, 

the  p o w e rs  ( r  — r e ) k in the  a n a ly tic a l  e x p re s s io n  o f  the  p o 

ten tia l e n e rg y  w ere  re p la c e d  by  th e ir  c o r re s p o n d in g  e x p e c ta 

t ion  v a lu es . W e  h av e  d e te rm in e d  th e  e ig e n fu n c t io n s  o f  the 

p o ten tia l  f ro m  R ef. 35 by  u s in g  the  d isc re te  v a r ia b le  repre-
O H

se n ta tio n  (D V R ) m e th o d  w ith  a b a s is  o f  s ine  f u n c t io n s /  T he 

e x p e c ta t io n  v a lu e s  o f  the  p o w e rs  o f  ( r — r e) o v e r  the  v = 0  

an d  v  =  1 v ib ra tio n a l s ta te s  th a t w e re  o b ta in e d  f ro m  these  

e ig e n fu n c t io n s  a re  lis ted  in T a b le  II.

A  rad ia l b a s is  o f  M o rse  ty p e  o sc i l la to r  fu n c tio n s"” w as 

u sed  fo r  the  R  c o o rd in a te .  T h e  p a ra m e te rs  R e , D e , an d  a>e 

w ere  o p t im iz e d  by  m in im iz in g  the  e n e rg y  o f  th e  J  — 0  state. 

T h is  g av e  ^  =  13 .0 50  an d  14 .149  b o h r  fo r  4 H e - C O  and

38
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H e i jm e n  et al.: H e - C O  in te r a c t io n  e n e r g y .  I 9 9 2 5

T A B L E  IV . F re q u e n c ie s  v  (in c m  ) a n d  in te n s i t ie s  (in  a rb i t r a ry  un its ,  re la t iv e  to  th e  (3 ,1 ,2 )< — ( 2 ,0 ,2 )  in te n 

s i ty )  o f  the  t r a n s i t io n s  in th e  in f ra re d  s p e c t ru m  o f  4H e - C O  a c c o m p a n y in g  th e  fu n d a m e n ta l  b a n d  o f  C O .

T ra n s i t io n T h is  w o rk O b s e rv e d ,  R ef. 6

i ĉaic In te n s i ty ^obs In te n s i ty  v caIc-  y obs

1 , 1 , 1

1,1,0

1 , 1 , 1

2,1,2

2,1,1

3 ,1 ,3

3 .1 .2  

1,0 ,1  

1, 1 ,0  

1,0 ,1  

2,1,1 

2,0,2 

2,1,1 

2,0,2 

2,0,2

3 .1 .2

3 .0 .3

3 .0 .3

4 .0 .4

4 .0 .4  

0,1,1 

0,1,1 

0 ,0,0

1. 1.2 

1,1,0 

1, 1,2

1.0.1 

1,0,1 

2 , 1,1 

2 ,0,2 

3 ,1 ,2  

3 ,0 ,3

( 1,1,0 )

( 1, 1, 1)

( 1, 1,2 )

( 2, 1, 1)

( 2, 1,2 )

( 3 .1 .2 )

( 3 .1 .3 )  

( 0 ,0 ,0 ) 

( 0 , 1, 1) 

( 0 , 1, 1) 

( 1,0 , 1) 

( 1,0 , 1) 

( 1, 1,2 ) 

( 1, 1,0 ) 

( 1, 1,2 ) 

( 2,0,2 ) 

( 2,0,2 ) 

( 2 , 1, 1) 

( 3 ,0 ,3 )

( 3 .1 .2 )  

( 1,0 , 1) 

( 1, 1,0 ) 

( 1,0 , 1) 

( 2,0,2 ) 

( 2,0,2 ) 

( 2 , 1, 1) 

( 2,0,2 ) 

( 2 , 1, 1) 

( 3 ,0 ,3 )

( 3 .1 .2 )  

( 4 ,0 ,4 )  

( 4 ,0 ,4 )

T ra n s i t io n

2 1 4 3 .4 9 1 6 3.3 2 1 4 3 .4 8 6 1 3 0 .0 0 5

2 1 4 2 .9 0 7 4 3 .4 2 1 4 2 .9 4 2 0 3 - 0 . 0 3 5

2 1 4 1 .4 0 4 2 0.3 2 1 4 1 .3 8 6 5 4 0 .0 1 8

2 1 4 3 .9 4 8 6 4 .6 2 1 4 3 .9 2 6 5 6 0. 022

2 1 4 2 .4 4 6 6 4 .6 2 1 4 2 .5 0 0 2 5 - 0 . 0 5 4

2 1 4 4 .4 9 0 1 6. 6 2 1 4 4 .4 5 5 7 9 0 .0 3 4

2 1 4 1 .9 0 2 9 6. 6 2 1 4 1 .9 6 9 8 6 - 0 . 0 6 7

2 1 4 3 .8 0 4 5 5.8 2 1 4 3 .8 2 2 7 8 - 0 . 0 1 8

2 1 4 1 .8 6 2 6 2.3 2 1 4 1 .8 1 8 5 3 0 .0 4 4

2 1 3 8 .4 5 1 8 9.8 2 1 3 8 .4 3 1 5 11 0. 020

2 1 4 7 .3 6 2 3 7 4 .7 2 1 4 7 .3 7 0 9 86 - 0 . 0 0 9

2 1 4 4 .3 7 3 6 11.4 2 1 4 4 .3 8 5 2 16 - 0. 012

2 1 4 1 .8 3 9 2 6 .3 2 1 4 1 .8 5 1 6 7 - 0. 012

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

2 1 3 8 .8 5 0 5 2 8 .7 2 1 3 8 .8 6 6 5 31 - 0 . 0 1 6

2 1 4 7 .4 1 3 7 100. 0 2 1 4 7 .4 2 9 0 100 - 0 . 0 1 5

2 1 4 4 .9 1 6 3 16.5 2 1 4 4 .9 2 0 2 20 -  0 .0 0 4

2 1 4 1 .9 0 0 2 4 .5 2 1 4 1 .9 0 3 1 5 - 0 . 0 0 3

2 1 4 5 .4 0 9 1 19.6 2 1 4 5 .4 0 2 4 25 0 .0 0 7

2 1 4 2 .8 8 3 4 3 .4 2 1 4 2 .8 6 2 8 3 0. 021

2 1 4 7 .9 5 0 2 11.3 2 1 4 8 .0 2 8 9 13 - 0 . 0 7 9

2 1 4 4 .5 1 4 4 2 .4 2 1 4 4 .6 0 9 6 2 -  0 .0 9 5

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

2 1 4 7 .5 5 8 2 3 3 .0 2 1 4 7 .5 9 8 3 36 - 0 . 0 4 0

2 1 4 5 .4 8 2 0 4 .7 2 1 4 5 .4 9 2 4 6 - 0. 010

2 1 4 4 .5 4 2 1 6. 6 2 1 4 4 .5 8 1 8 6 - 0 . 0 4 0

2 1 4 2 .0 7 1 2 10.9 2 1 4 2 .1 0 4 9 14 - 0 . 0 3 4

2 1 3 9 .0 5 5 1 66. 0 2 1 3 9 .0 8 7 7 86 - 0 . 0 3 3

2 1 4 4 .5 1 5 7 4 .6 2 1 4 4 .5 5 3 1 5 - 0 . 0 3 7

2 1 3 9 .0 0 1 3 88 .3 2 1 3 9 .0 2 8 1 94 - 0 . 0 2 7

2 1 4 3 .5 3 1 0 3 .4 2 1 4 3 .5 8 9 8 5 - 0 . 0 5 9

2 1 4 1 .0 3 3 6 17.8 2 1 4 1 .0 8 2 2 23 - 0 . 0 4 9

H id d e n  lin es

T h is  w o rk O b s e rv e d ,  R ef. 7

^calc In te n s i ty ^obs ^calc ^obs

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

2 1 3 9 .3 4 9 6 115 .0 2 1 3 9 .4 0 3 2 - 0 . 0 5 4

2 1 3 9 .4 0 5 5 97.1 2 1 3 9 .4 6 1 3 - 0 . 0 5 6

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

2 1 3 9 .4 9 6 6 4 6 .6 2 1 3 9 .5 5 4 3 - 0 . 0 5 8

2 1 4 6 .9 2 7 4 5 2 .2 2 1 4 6 .9 0 6 1 0. 021

2 1 4 6 .9 6 4 8 83 .3 2 1 4 6 .9 4 3 3 0. 022

2 1 4 7 .0 1 5 8 109.2 2 1 4 6 .9 9 4 3 0. 022

2 1 4 7 .0 7 2 0 129.8 2 1 4 7 .0 5 0 6 0. 021

2 1 4 7 .2 1 5 3 46.1 2 1 4 7 .2 0 9 8 0 .0 0 6

(0,0,0 )

( 4 ,0 ,4 )

( 3 ,0 ,3 )

( 2,0,2 )

( 1,0, 1)

( U , l )
(2,1,2)
( 3 .1 .3 )

( 4 .1 .4 )  

( 1, 1,0 )

( 1, 1,0 )

( 4 ,1 ,4 )

( 3 ,1 ,3 )

( 2, 1,2 )

( 1, 1, 1)

( 1,0, 1)

( 2,0,2)

( 3 ,0 ,3 )

( 4 ,0 ,4 )

( 0 ,0 ,0 )

3 H e - C O ,  re sp e c tiv e ly ,  D e =  14 .3758  c m - 1 , a n d  oje =  9 .9861

c m - 1 . T h e  final b as is  w as  re s tr ic te d  to  the  sp a c e  w ith  10

fo r the  a n g u la r  b a s is  a n d  o rd e r  n ^ 2 3  fo r  the  rad ia l basis .

T h e  v ib ra t io n a lly  a v e ra g e d  ro ta t io n a l  c o n s ta n ts  b Q a n d  b { o f

the  C O  m o le c u le  w e re  f ixed  at 1 .922  5 1 2 5  an d  1.905 0 0 7 4

c m “ 1, r e s p e c t iv e ly .39 T h e  ro ta t io n a l  c o n s ta n t  fo r  the  v ib ra 

t iona l g ro u n d  s ta te  is c lo se  to  th e  h ig h ly  a c c u ra te  v a lu e  o f

1 .922 5 2 8  988  c m - 1  re p o r te d  by  V a rb e rg  an d  E v e n s o n .40 In

the  fu ll th re e -d im e n s io n a l  c a lc u la t io n s  a M o rse  ty p e  b as is  fo r

r  w as  u sed  w ith  ^  =  2 .1 5 9 7  b o h r , D re =  82  3 0 3 .0  c m “ 1,

co'e = 2 142.95  c m “ 1, an d  o rd e r  4 .  W e  u se d  th e  fo l lo w in g

m a s s e s :41 3H e — 3 .0 1 6 0 3  am u , 4H e — 4 .0 0 2  6 0  am u , 12C — 12 

am u , an d  160 — 15 .994  91 am u . F o r  p ra c tic a l  re a so n s , all c a l 

c u la t io n s  w e re  p e r fo rm e d  by  the  t r i a t o m  p a c k a g e ,42 w h ic h  

u ses  the  d im e r -e m b e d d e d  f ram e , ra th e r  th an  by  th e  a t d i a t s f  

p a c k a g e ,43 w h ic h  is b a se d  on  a  sp a c e -f ix e d  c o o rd in a te  s y s 

tem . N o te  th a t b o th  d e sc r ip t io n s  g iv e  e x a c t ly  th e  s a m e  r e 

su lts , o n ly  th e  a p p ro x im a te  q u a n tu m  n u m b e rs  la b e lin g  the  

s ta te s  a re  d if fe ren t.

In  T a b le  III w e  s u m m a r iz e  th e  re su lts  o f  the  b o u n d  s ta te  

c a lc u la t io n s  fo r  4H e - C O .  T h e re  a re  14 b o u n d  s ta te s , w h ic h  

c an  b e  la b e le d  a p p ro x im a te ly  b y  a n g u la r  m o m e n tu m  q u a n -
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9 9 2 6 H e i jm e n  et al.: H e - C O  in te r a c t io n  e n e r g y .  I

T A B L E  V . E n e rg y  le v e ls  (in c m  1 ) o f  th e  'H e - C O  c o m p le x ,  r e la t iv e  to  the  

( . / , y , / )  =  ( 0 ,0 .0 )  level at - 5 . 5 4 1 6  a n d  - 5 . 5 8 5 8  c m  1 ( th e o re t ic a l  v a lu e s )  

fo r  v = 0  a n d  u =  l ,  r e s p e c t iv e ly .  “ E x p e r im e n ta l "  v a lu e s  a re  from  R ef.  7.

./ 0 ‘. / )

CII u =  l

T h is  w o rk “ E x p e r i m e n t a l ' ’ T h is  w o rk “ E x p e r im e n ta l“

0 (0 .0 ) 0. 0 0. 0 0. 0 0. 0

( 1, 1) 5 .2131 5 .1 8 0 0 5 .1781 5 .1 6 2 9  *

1 (0 , 1) 0 .7 0 6 9 0 .7 0 2 2 0 .7 0 6 6 0 .7 0 0 2

( 1.0 ) 3 .9 9 1 5 3 .9771 3 .9 6 4 0 3 .9 4 0 4

( 1, 1) 4 .4 2 2 6 4 .3 8 6 9 4 .3 9 9 0 4 .3 5 1 7

9 (0 .2) 2 .0 9 6 8 2 .0 7 6 6 2 .0961 2.0721

( 1. 1) 4 .8 1 4 5 4 .8031 4 .7 8 4 6 4 .7 6 7 3

( 1,2) 5 .8 6 0 9 5 .8 0 8 7 5 .8371 5 .7 7 4 4

3 (0 .3 ) 4 .1 1 0 8 4 .0 6 2 6 4 .1 1 0 6 4 .0 5 9 0

0 , 3 ) 7 .9 3 6 7
a

7 .9 1 3 3 7 .8 2 3 2

‘T h is  level h as  no t b e e n  d i re c t ly  o b s e rv e d :  it is e s t im a te d  to  be  at 7 .8 5 6  

c m  1.

turn  n u m b e rs  j  an d  /. T h e  p o ten tia l  e n e rg y  su rfac e  d o es  not 

su p p o r t  s ta te s  e x c i te d  in the van  d e r  W a a ls  s tre tch . It sh o u ld  

be n o ted  tha t s ta te s  o f  p o s it iv e  e n e rg y  ly ing  b e lo w  the  j =  1 

ro ta t io n a l level o f  the C O  m o n o m e r  are  tru ly  b o u n d  if  they  

h av e  p a r ity  p  =  ( — 1 ) / + 1. T h e se  s ta te s  c a n n o t  m ix  w ith  j  =  0 

c o n t in u u m  s ta te s , w h ich  h av e  p a rity  /? =  ( — 1 ) \  s in ce  b o th  p  

an d  J  a re  c o n se rv e d . T h e  j =  1 ro ta tio n a l level o f  C O  in its 

g ro u n d  sta te  w as  e x p e r im e n ta l ly  d e te rm in e d  at 3 .8 4 5 0  

_ l  40 T h e  g ro u n d  sta te  o f  4 H e - C O  is b o u n d  by 6 .7 8 8

1 0 0  -

f j )

c
D

€
03

( f l

C

< u

- 1 0 0  -

2 1 3 8 2 1 4 0 2 1 4 2 2 1 4 4
- 1

2 1 4 6 2 1 4 8 2 1 5 0

F r e q u e n c y  [c m  ]

F IG . 2. C o m p a r i s o n  o f  th e o re t ic a l  an d  e x p e r im e n ta l  in f ra re d  s p e c tra  o f  the 

A H e - C O  c o m p le x  a c c o m p a n y in g  the  fu n d a m e n ta l  b a n d  o f  C O . T h e  te m 

p e ra tu re  is 5 0  K.

a g ro u n d  s ta te  ly in g  0 .1 7 4  c m - 1  lo w er, w h ic h  is in a g re e 

m en t w ith  the  o b se rv a t io n  th a t the  o ld  p o ten tia l  has  a s ligh tly  

c m - 1. O u r  e a r l ie r  tw o -d im e n s io n a l  S A P T  po ten tia l^  su p p o r ts  d e e p e r  w ell. T h e  “ e x p e r im e n ta l"  e n e rg y  level sch em e

cm

T A B L E  V I. F re q u e n c ie s  v  (in c m  ' )  an d  in te n s i t ie s  (in a rb i t r a ry  u n its ,  re la t iv e  to  the  (2 ,1 ,1  )<—( 1,0,1 ) in te n 

s i ty )  o f  the  t ra n s i t io n s  in the  in f ra re d  s p e c t ru m  o f  ’ H e - C O  a c c o m p a n y in g  the  fu n d a m e n ta l  b a n d  o f  C O .

T ra n s i t io n T h is  w o rk O b s e rv e d .  R ef. 6

U ' . j ' J ' ) / 'cak. In ten s ity ^ohs In te n s i ty ^calc ^obs

( 1.0 . 1) —  ( 0 .0 ,0 ) 2 1 4 3 .9 3 3 5 6 .3 2 1 4 3 .9 4 8 9 9 -  0 .0 1 5

( 1 . 0 , 1 ) —  ( 0 . 1 . 1 ) 2 1 3 8 .7 2 0 4 12.7 2 1 3 8 .7 7 0 1 8 -  0 .0 5 0

( 2 . 1 , 1 ) —  ( 1 .0 .1 ) 2 1 4 7 .3 0 4 7 100 .0 2 1 4 7 .3 1 5 2 100 - 0 . 0 1 0

( 2 , 0 , 2 ) —  ( 1 . 0 , 1 ) 2 1 4 4 .6 1 6 2 12.4 2 1 4 4 .6 1 9 2 11 -  0 .0 0 3

( 3 . 0 , 3 ) - ( 2 . 0 , 2 ) 2 1 4 5 .2 4 0 7 17.0 2 1 4 5 .2 3 2 3 15 0 .0 0 8

( 0 . 1 , 1 ) —  (1 .0 ,1  ) 2 1 4 7 .6 9 8 1 14.8 2 1 4 7 .7 1 0 5 8 - 0 . 0 1 2

( 0 ,0 ,0 ) « - ( 1 , 0 , 1 ) 2 1 4 2 .5 2 0 1 6.1 2 1 4 2 .5 4 8 9 6 -  0 .0 2 9

( 1 . 0 , 1 ) «— ( 2.0 ,2 ) 2 1 4 1 .8 3 6 7 1 1.7 2 1 4 1 .8 7 2 8 11 -  0 .0 3 6

( 1 . 0 , 1 ) - ( 2. 1, 1) 2 1 3 9 .1 1 9 0 88 .5 2 1 3 9 .1 4 7 1 95 - 0 . 0 2 8

( 2 ,0 ,2 ) - ( 3 . 0 , 3 ) 2 1 4 1 .2 1 2 3 15.6 2 1 4 1 .2 5 9 3 15 -  0 .0 4 7

( 2, 1,2 ) *—( 2, 1,1 ) 2 1 4 4 .2 4 9 5 5 .3 2 1 4 4 .2 2 0 3 5 0 .0 2 9

(2 ,1 ,1  ) «— ( 2 , 1 ,2 ) 2 1 4 2 .1 5 0 7 5 .4 2 1 4 2 .2 0 8 0 6 - 0 . 0 5 7

H id d e n  lines

T ra n s i t io n T h is  w o rk O b s e rv e d ,  R ef. 7

[ J ' J ' . D * - ( ") ^calc In te n s i ty ^obs ^calc ^obs

( 0 ,0 ,0 ) — ( 1 , 1 , 0 ) 2 1 3 9 .2 3 5 4 5 5 .3 2 1 3 9 .2 7 2 8 - 0 . 0 3 7

( 3 . 0 , 3 )  — ( 3 , 1 , 3 ) 2 1 3 9 .4 0 0 9 124.5
__ ¡1

- - - - - - - - -

( 2.0 ,2 ) < - ( 2. 1,2 ) 2 1 3 9 .4 6 2 2 96.1 2 1 3 9 .5 1 3 3 -  0 . 0 5 1

(1 .0 ,1  ) — ( 1, 1,1 ) 2 1 3 9 .5 1 1 0 6 1 .0 2 1 3 9 .5 6 3 3 - 0 . 0 5 2

( 1, 1, 1) « - ( 1 , 0 . 1 ) 2 1 4 6 .9 1 9 1 6 8 .3 2 1 4 6 .8 9 9 4 0. 020

( 2, 1,2 ) — ( 2,0 ,2 ) 2 1 4 6 .9 6 7 2 107.9 2 1 4 6 .9 4 7 8 0 .0 1 9

( 3 , 1 , 3 ) « - ( 3 , 0 . 3 ) 2 1 4 7 .0 2 9 5 140.1 2 1 4 7 .0 1 0 5 0 .0 1 9

( 1, 1,0 ) « - ( 0 ,0 .0 ) 2 1 4 7 .1 9 1 0 6 2 .3 2 1 4 7 .1 9 0 3 0. 001

a
T h is  line h a s  no t b een  o b s e rv e d .
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sh o w n  in T a b le  III w a s  r e p o r te d  b y  C h a n  a n d  M c K e l l a r 7 w h o  

s l igh tly  m o d i f ie d  th e  lev e ls  f r o m  C h u a q u i  e t a l .6 by  i n c lu d 

ing the  t r a n s i t io n  f r e q u e n c ie s  o f  the  h id d e n  l ines .  F u r th e r 

m ore ,  th e i r  s c h e m e  in c lu d e s  th e  ( J J , l )  =  ( 4 , 1 , 4 )  leve l.

F u ll  t h r e e - d im e n s io n a l  c a l c u la t io n s  fo r  4H e - C O  ( 7 = 0  

and 1) s h o w e d  tha t  the  b o u n d  le v e ls  a re  a f f e c te d  by  le ss  th an  

0.001 c m -1  b y  the  d e c o u p l in g  a p p r o x im a t io n .  F o r  in s ta n c e ,  

the ( 7 J , / )  =  ( 1,1,1 ) s ta te  f o r  v = 0  is d e c r e a s e d  f ro m  4 .3 0 8 3  

to 4 .3 0 7 9  c m -1  b y  th is  a p p r o x im a t io n ,  w h i le  the  

( 7 , 7 , / )  =  ( 0 , 1 , 1 )  s ta te  fo r  v =  l is i n c r e a s e d  f ro m  5 .3 0 8 6  to 

5 .3 0 8 7  c m “ 1. T h i s  is in a g r e e m e n t  w i th  the  r e s u l t  f o u n d  fo r  

the H e - H F  c o m p l e x ^  th a t  th e  c o u p l in g  b e tw e e n  in te r -  a n d  

in t r a m o le c u la r  m o d e s  is v e ry  s m a l l  fo r  a t o m - d i a t o m  s y s 

tem s.

T h e  c a lc u la te d  in f r a r e d  t r a n s i t io n  f r e q u e n c ie s  a n d  in t e n 

s i t ies  fo r  the  4H e - C O  c o m p le x  a re  r e p o r te d  in T a b le  IV  a n d  

g ra p h ic a l ly  i l lu s t r a te d  in F ig .  2. T a b le  IV  s h o w s  th a t  the  

a g r e e m e n t  o f  th e o re t i c a l  t r a n s i t io n  f r e q u e n c ie s  w i th  the  r e 

su lts  o f  the  h ig h - r e s o lu t io n  m e a s u r e m e n t s 6,7 is e x c e l le n t .  A ll 

line p o s i t io n s  a g re e  w i th in  0.1 c m “ 1 o r  b e t te r ,  w h i le  the  rm s .  

d e v ia t io n  is 0 .0 3 8  c m ” 1. T h e  a b s o lu te  e r ro r s  o f  the  t r a n s i t io n  

f r e q u e n c ie s  c o m p u t e d  f ro m  o u r  p r e v io u s  tw o - d im e n s io n a l  ab  

in itio  p o t e n t i a l  w e re  as  la rg e  as 0 .5  c m “ 1 fo r  s o m e  t r a n s i 

t ions. O n ly  a f t e r  s c a l in g  the  s h o r t - r a n g e  c o n t r ib u t io n  to the  

V2( R )  c o m p o n e n t  o f  the  p o te n t ia l  e n e r g y  a g r e e m e n t  w i th in  

0 .2  c m  -  1 fo r  all t r a n s i t io n s  w a s  r e a c h e d ,  w h e r e a s  the  a g r e e 

m e n t  w e  o b ta in  n o w  is tw ic e  as  g o o d  w i th o u t  a n y  s c a l in g .  

T h e  t ra n s i t io n  in te n s i t i e s  p r e d ic te d  by  the  ab  in itio  p o te n t ia l  

a lso  a g re e  r e a s o n a b ly  w e ll  w i th  th e  e x p e r im e n ta l  v a lu e s .  O n e  

s h o u ld  k e e p  in m in d  th a t  in te n s i t ie s  a re  d e t e r m in e d  f ro m  

e x p e r im e n t  w i th  m u c h  less  a c c u r a c y  th a n  the  c o r r e s p o n d in g  

t r a n s i t io n  f r e q u e n c i e s .6

In  T a b le  V  w e  re p o r t  th e  b o u n d  s ta te  le v e ls  fo r  the
*1 _ _ _ _

' H e - C O  c o m p le x  g e n e ra te d  f ro m  the  ab  in itio  p o te n t ia l .  T h e

12 t r a n s i t io n s  o b s e r v e d  in R ef. 6 fo r  3H e - C O  w e re  u n s u f f i 

c ie n t  to d e te r m in e  the  e n e rg y  leve ls  a c c u ra te ly .  T h e  a d d i t io n  

o f  s e v e n  n e w  t ra n s i t io n s ,  h o w e v e r ,  e n a b le d  the  a u th o r s  o f  

Ref. 7 to  c o n s t ru c t  the  e x p e r im e n ta l  e n e rg y  level s c h e m e  

lis ted  in T a b le  V. T h e  e x p e r im e n ta l  ( 7 , / , / )  =  (3 ,1 ,3  ) level is 

a b s e n t  s in c e  the  (3 ,0 ,3 )< — ( 3 ,1 ,3 )  t ra n s i t io n  c o u ld  n o t  be  o b 

s e rv e d .  T a b le  V I a n d  F ig . 3 s h o w  the  ab  in itio  t r a n s i t io n  

f r e q u e n c ie s  a n d  in te n s i t ie s  fo r  the  H e - C O  c o m p le x ,  to 

g e th e r  w i th  th e i r  e x p e r im e n ta l  c o u n te rp a r t s  f ro m  R efs .  6 a n d

7. A g r e e m e n t  w i th  e x p e r im e n t  is e q u a l ly  g o o d  as  fo r  

4H e - C O .  A ll l ine  p o s i t io n s  a re  r e p r o d u c e d  w i th in  0 .0 6  

c m - 1 ; the  rm s .  d e v ia t io n  is 0 .0 3 3  c m - 1 . T h e  in f ra re d  in te n 

s i t ies  a re  a lso  c o r re c t ly  p re d ic te d .  T h e  e x c e l le n t  a g r e e m e n t  

b e tw e e n  th e o re t ic a l  a n d  e x p e r im e n ta l  t ra n s i t io n  f r e q u e n c ie s  

for b o th  4 H e - C O  a n d  ' H e - C O  c o n f i rm s  tha t  the ab  in itio  

c a lc u la te d  p o te n t ia l  e n e rg y  s u r fa c e  r e p re s e n ts  the  a n i s o t ro p y  

o f  the  p o te n t ia l  in the  re g io n  o f  the  van  d e r  W a a l s  m in im u m  

very  a c c u ra te ly .

T h e  b a n d  o r ig in  o f  the  y = l < — 0  t r a n s i t io n  is lo w e r  in 

the H e - C O  c o m p le x  th an  in the  f ree  m o n o m e r .  T h e  o b 

s e rv e d  red  sh if ts  fo r  4H e - C O  a n d  ' H e - C O  are  - 0 . 0 2 4  a n d

— 0 .0 2 1  c m - 1 , r e s p e c t iv e ly ,7 the  th e o re t ic a l  v a lu e s  are  

- 0 . 0 4 8  a n d  —0 .0 4 4  c m -  ’ , r e sp e c t iv e ly .  T h is  o v e r e s t im a t io n  

o f  the  red  sh if ts  is re f lec ted  in  the  m e a n  d i f f e re n c e  b e tw e e n

1 0 0

5 0
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F IG . 3. C o m p a r is o n  o f  th e o re t ic a l  an d  e x p e r im e n ta l  in fra re d  s p e c tra  o f  the  

'H e - C O  c o m p le x  a c c o m p a n y in g  the fu n d a m e n ta l  b an d  o f  C O . T h e  te m 

p e ra tu re  is 5 0  K.

c a lc u la te d  a n d  o b s e r v e d  t ra n s i t io n  f r e q u e n c ie s  w h ic h  are

— 0 .0 1 9  a n d  —0 .0 1 7  c m - 1 , re s p e c t iv e ly .  A s  d i s c u s s e d  

a b o v e ,  the  b o u n d  s ta te  lev e ls  o b ta in e d  f ro m  th ree -  

d im e n s io n a l  a n d  d e c o u p le d  tw o - d im e n s io n a l  c a lc u la t io n s  

a g re e  w i th in  0 .001  c m -  *. T h e  s a m e  re su l t  w a s  f o u n d  fo r  the  

b a n d  o r ig in .  T h e re f o re ,  w e  c o n c lu d e  th a t  the  r e m a in in g  sm a ll  

d i s a g r e e m e n t s  b e tw e e n  th e o re t ic a l  a n d  e x p e r im e n ta l  red  

sh if ts  m u s t  be  d u e  to  m in o r  in a c c u ra c ie s  in the  p o te n t ia l  

fu n c t io n ,  r a th e r  than  to  the  d e c o u p l in g  a p p r o x im a t io n .

V. SUMMARY AND CONCLUSIONS

T h e  in te ra c t io n  p o te n t ia l  e n e rg y  s u r f a c e  o f  the  H e - C O  

c o m p le x  w a s  c a lc u la te d  fo r  a  b ro a d  ra n g e  o f  c o n f ig u ra t io n s  

u s in g  s y m m e t r y - a d a p te d  p e r tu rb a t io n  th e o ry .  In  c o m p a r i s o n  

w ith  p re v io u s  work'*1 the  a n i s o t ro p y  o f  the  e x c h a n g e -  

r e p u ls io n  e n e rg y  w a s  c o m p u te d  by  the  m o re  a d v a n c e d  

S A P T - C C S D  m e th o d ,  the  b as is  se t  w a s  im p ro v e d ,  a n d  the  

C O  b o n d  len g th  w a s  v a r ie d  o v e r  five v a lu e s ,  w h ic h  y ie ld s  a 

full  th r e e -d im e n s io n a l  p o te n t ia l  su r face .  W e  h a v e  s h o w n  tha t  

the  p r e s e n t  p o te n t ia l  a g re e s  v e ry  w ell  w i th  the  a c c u ra te  s e m i-  

e m p ir ic a l  X C  p o te n t ia l  o f  L e  R o y  e t a l .?  b e t te r  th an  o u r  

e a r l ie r  ab  in itio  p o ten t ia l .

U s in g  the  c o m p u te d  p o te n t ia l  e n e rg y  s u r fa c e  w e  h a v e  

c a lc u la te d  b o u n d  ro v ib ra t io n a l  s ta te s  a n d  the  in f r a re d  s p e c 

t ru m  o f  the  H e - C O  c o m p le x  c o r r e s p o n d in g  to  the  s im u l t a 

n e o u s  e x c i ta t io n  o f  the  v ib ra t io n  a n d  h in d e re d  ro ta t io n  o f  the  

C O  m o le c u le  w i th in  the  d im e r .  V a r ia t io n a l  c h a ra c te r iz a t io n  

o f  the  ro v ib ra t io n a l  s ta te s  r e v e a le d  a  g ro u n d  s ta te  o f  

4H e - C O  w i th  a d i s s o c ia t io n  e n e rg y  o f  6 .7 9  c m -1 a n d  s e v 

e ra l  a n g u la r ly  e x c i te d  s ta te s  o f  the  c o m p le x .  T h e  p re d ic te d  

p o s i t io n s  a n d  in te n s i t ie s  o f  l ines  in the  in f ra re d  s p e c t r u m  are  

in e x c e l le n t  a g r e e m e n t  w ith  the  e x p e r im e n ta l  s p e c t r u m .6,7

t--------------------------------------¡------------------------------------- 1-------------------------------------- ;--------------------------------------r
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T h e  g o o d  a g r e e m e n t  fo r  th e  t r a n s i t io n  f r e q u e n c ie s  s h o w s  th a t  

th e  a n i s o t r o p y  o f  th e  p o te n t ia l  in th e  w e l l  r e g io n  is c o r re c t .  

T h e  p r e s e n t  ab  in itio  S A P T  p o te n t ia l  w a s  u s e d  in th e  c a l c u 

l a t io n  o f  s e c o n d  v ir ia l  c o e f f ic ie n t s .44 V e ry  g o o d  a g r e e m e n t  

w i th  the  m a jo r i ty  o f  a v a i la b le  e x p e r im e n ta l  d a ta  w a s  o b 

t a in e d ,  s h o w in g  th a t  th e  p o te n t ia l  w e l l  d e p th  is a lso  p r e d ic te d
i  5

c o r re c t ly .  In  the  c o m p a n io n  p a p e r  II, ' th e  a c c u r a c y  o f  the  

p o te n t ia l  in th e  r e p u ls iv e  r e g io n  a n d  the  c o r r e c tn e s s  o f  its 

v ib r a t io n a l  c o o r d in a t e  d e p e n d e n c e  is te s ted .
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