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Ab initio dipole surfaces, vibrationally averaged dipole moments, and infrared 
transition intensities for KCN and LiCN

Geert Brocks, Jonathan Tennyson,a) and Ad vanderAvo ird

I n s t i t u u t  voor T h eo re tis ch e  C h em ie , U n iuers ite it N i jm e g e n , T oernoo ive ld ,

6 5 25  E D  N ijm eg en , T h e  N e th e r la n d s

(R ece ived  5 A u g u s t  1983; a c c e p te d  11 O c t o b e r  1983)

U s in g  th e  ro v ib r a t io n a l  w a v e  fu n c t io n s  w h ic h  h a v e  b e e n  o b ta in e d  f r o m  ab  in i t io  p o te n t i a l s  a n d  

m a k i n g  a n a ly t i c  fits to  th e  ab  init io  c a l c u la t e d  d ip o le  su r face s ,  w e  h a v e  e v a lu a te d  th e  d ip o le  

( t rans i t ion )  m o m e n t s  o f  K C N  a n d  L i C N  fo r  seve ra l  v ib r a t io n a l  s ta te s  (for J  =  0  a n d  1). T h e  

“ e x a c t ” r o t a t i o n a l  t r a n s i t i o n  in ten s i t ie s  o f  th e  tf - type  t r a n s i t i o n s  in  ( t r ia n g u la r )  K C N  a n d  th o s e  o f  

(linear) L i N C  a n d  L i C N  c a n  be  r a t h e r  a c c u r a t e ly  r e p r o d u c e d  by  a r ig id  r o t o r  m o d e l  w i th  th e  

v ib ra t io n a l ly  a v e ra g e d  d ip o le  m o m e n t s ;  fo r  th e  (weak) ¿ - ty p e  t r a n s i t i o n s  in  K C N  th is  m o d e l  

b r e a k s  d o w n ,  h o w e v e r .  A l t h o u g h  th e  b e n d in g  m o t io n s  in th e se  c y a n id e s  h a v e  la rg e  a m p l i tu d e s ,  

t h e  v ib r a t io n a l  t r a n s i t i o n  in ten s i t ie s  in  L i N C  a n d  L i C N  c o n f o r m  to  t h e  h a r m o n i c  o s c i l l a to r  

m o d e l .  I n  K C N ,  w h e r e  th e  la rg e  a m p l i t u d e s  o f  th e  b e n d in g  m o d e s  a n d  t h e i r  c o u p l in g  w i th  th e  

K - C N  s t r e t c h  lead s  to  s ign if ican t  a n h a r m o n i c  sh if ts  in  t h e  t r a n s i t i o n  f re q u e n c ie s ,  t h e  h a r m o n i c  

in te n s i ty  p a t t e r n  is p e r t u r b e d  by  F e r m i  r e s o n a n c e s ,  fo r  in s ta n c e ,  b e tw e e n  th e  s t r e t c h  f u n d a m e n t a l  

a n d  th e  s e c o n d  b e n d in g  o v e r to n e .  W e  h a v e  a lso  c a l c u la t e d  th e  l i fe t im e  fo r  r a d ia t iv e  d e c a y  o f  

(m etas tab le )  L i C N  in to  L i N C :  24  s fo r  th e  g r o u n d  s ta te ,  m u c h  less fo r  v ib r a t io n a l ly  e x c i te d  s ta tes .

I. INTRODUCTION

R e c e n t ly  m u c h  p ro g re s s  h a s  been  m a d e  in c a lc u la t in g  

r o v ib r a t io n a l  t r a n s i t io n  f re q u e n c ie s  fo r  s y s te m s  w i th  o n e  o r  

m o r e  la rg e  a m p l i t u d e  v ib r a t io n a l  m o d e s . 1-15 T h e s e  t h e o r e t i 

c a l ly  c h a l l e n g in g  s y s te m s  h a v e  led to  th e  d e v e l o p m e n t  o f  

n e w  t e c h n iq u e s  to  d e a l  w i th  th e  d e lo c a l iz e d  n a t u r e  o f  t h e i r  

v ib r a t io n a l  w a v e  fu n c t io n s .

E x p e r i m e n ta l  s p e c t r a ,  h o w e v e r ,  y ie ld  n o t  o n ly  t r a n s i 

t i o n  f re q u e n c ie s  b u t  a lso  t r a n s i t i o n  in tens i t ie s .  F o r  r o v i b r a 

t i o n a l  t r a n s i t i o n s  in  t h e  in f r a re d ,  th e se  in ten s i t ie s  c o n ta in  

i n f o r m a t io n  a b o u t  b o t h  th e  p o te n t i a l  e n e rg y  a n d  d ip o le  s u r 

faces. I n v e r t i n g  th e  e x p e r im e n ta l  d a t a  in  o r d e r  to  o b ta in  

th e s e  su r fa c e s  is g e n e ra l ly  to o  difficult.  M u c h  in s ig h t  c a n  be 

g a in e d  a n d  th e  i n t e r p r e t a t i o n  o f  e x p e r im e n ta l  s p e c t r a  c a n  be  

fa c i l i t a te d  b y  c a lc u la t in g  th e se  in te n s i t ie s  f r o m  g iven  d ip o le  

a n d  p o te n t i a l  e n e rg y  su r faces .  T o  o u r  k n o w le d g e  th is  h a s  

n e v e r  b e e n  d o n e  fo r  a  f lo p p y  s y s te m  w h e r e  th e  re su l t s  a re  

p o te n t i a l ly  m o s t  r e w a r d in g  b e c a u s e  o f  th e  la rg e  a r e a  o f  th e  

s u r fa c e  s a m p le d  a n d  th e  la rg e  v a r i a t io n s  t h a t  c a n  be  e x p e c t 

e d  b e tw e e n  v ib ra t io n a l ly  a v e ra g e d  d ip o le s  in  d i f fe ren t  r o v i 

b r a t i o n a l  s ta tes .

I n  t h e i r  w o r k  o n  th e  p o te n t i a l  e n e rg y  su r fa c e s  o f  K C N 16 

a n d  L i C N , 17 W o r m e r  a n d  c o - w o r k e r s  n o t e d  t h a t  t h e i r  e x 

t e n d e d  bas is  se t  S C F  d ip o le  m o m e n t s  c o u ld  be  w ell  r e p r e 

s e n te d  b y  th e  lo n g - r a n g e  e x p re s s io n s  fo r  th e  in t e r a c t io n s  

b e tw e e n  c lo sed  she l l  io n s  M + (M  =  K ,L i )  a n d  C N _ . T h i s  

su g g e s ts  t h a t  t h e  d ip o le  s u r f a c e  c o u ld  b e  f i t ted  fo r  th e se  sy s 

t e m s  u s in g  a p a r t i t i o n in g  b e tw e e n  lo n g  a n d  s h o r t  r a n g e  c o m 

p o n e n t s  s im i la r  to  t h a t  u s e d  su ccess fu l ly  fo r  a lka l i  c y a n id e  

p o te n t i a l  e n e rg y  s u r f a c e s . 16,17

T h e s e  su r fa c e s  h a v e  seve ra l  in te r e s t in g  fea tu re s .  K C N  

is p r e d i c t e d  to  b e  t r i a n g u la r ,  in  a g r e e m e n t  w i th  m ic r o w a v e  

e x p e r i m e n t s , 18 w i th  a lo w  b a r r i e r  o f  a b o u t  500  c m  - 1 a t  th e

“’C u r r e n t  a d d r e s s :  S E R C  D a r e s b u r y  L a b o r a t o r y ,  D a r e s b u r y ,  W a r r i n g t o n ,  

W A 4  4 A D ,  C h e s h i r e ,  U n i t e d  K i n g d o m .

i s o c y a n id e  s t r u c tu r e .  L i C N  is p r e d ic t e d  to  h a v e  a l in e a r  iso 

c y a n id e  s t r u c t u r e  in  a g r e e m e n t  w i th  th e  a n a ly s is  o f  a  m a t r i x  

i so la t io n  s t u d y 19 a n d  w i th  r e c e n t  m o le c u la r  b e a m  m i c r o 

w a v e  m e a s u r e m e n t s .20 H o w e v e r ,  t h e  l in e a r  c y a n id e  s t r u c 

t u r e  is a lso  p r e d ic t e d  to  f o r m  a  loca l  m i n i m u m  o n  th e  s u r 

face. T h e s e  p o te n t i a l  e n e rg y  s u r fa c e s  h a v e  b e e n  u t i l iz e d  in a 

se r ies  o f  c a lc u la t io n s  o n  th e  r o v ib r a t io n a l  s ta te s  o f  K C N 9-11 

a n d  L i C N 12 w h ic h  h a v e  s h o w n  t h a t  b o t h  m o le c u le s  u n d e r g o  

la rg e  a m p l i t u d e  b e n d in g  v ib ra t io n s .  I n  K C N  tu n n e l in g  

t h r o u g h  th e  l in e a r  b a r r i e r  w a s  f o u n d  to  be  s ig n if ican t  ev en  in 

lo w  ly in g  e x c i te d  v ib r a t io n a l  s ta tes .  I n  L i C N ,  b o t h  th e  i so 

c y a n id e  a n d  c y a n id e  m i n i m a  w e re  f o u n d  to  s u p p o r t  lo ca l iz ed  

v ib r a t io n a l  s ta te s ,  w h e r e a s  t h e  v ib r a t io n a l  s ta te s  in  th e  b a r 

r i e r  r e g io n  a re  a m i x t u r e  o f  d e lo c a l iz e d  (free ro to r )  a n d  lo c a l 

i zed  s ta tes .  I n  th is  w o rk ,  w e  use  th e  r o v ib r a t io n a l  w a v e  f u n c 

t io n s  g e n e r a t e d  in  th e se  s tu d ie s  to  o b ta in  v ib r a t io n a l ly  

a v e ra g e d  d ip o le s  a n d  t r a n s i t io n  in te n s i t ie s  fo r  K C N  a n d  

L i C N ;  to  d o  th is  w e  fit a n a ly t i c  e x p re s s io n s  to  th e  c a l c u la t e d  

d ip o le  su r fa c e s  o f  th e  tw o  m o le c u le s .

T h e  o n ly  gas  p h a s e  in f r a r e d  s p e c t r u m  fo r  K C N  w as  

r e c o r d e d  by  L e ro i  a n d  K l e m p e r e r .21 T h e y  o b s e rv e d  o n ly  o n e  

t r a n s i t io n ,  a t  207  +  20  c m  “ 1, b e tw e e n  2 00  c m  “ 1 a n d  th e  C N  

s t r e t c h in g  m o d e  a t  2158  c m - 1 . T h i s  d o es  n o t  c o r r e s p o n d  

w i th  a n y  o f  th e  f u n d a m e n t a l s  o b s e rv e d  by  I s m a i l  et  a i r 2 in 

t h e i r  m a t r i x  i so la t io n  s tu d y  o r  c a l c u l a t e d 9-11 u s in g  th e  s u r 

face  o f  W o r m e r  a n d  T e n n y s o n .  I t  h a s  b e e n  s u g g e s te d  t h a t  

th i s  t r a n s i t i o n  c o r r e s p o n d s  to  a b e n d in g  o v e r t o n e .9,10 I f  so, 

w h y  s h o u ld  th is  o v e r to n e  h a v e  e n h a n c e d  in te n s i ty ,  g re a te r ,  

fo r  e x a m p le ,  t h a n  th e  s t r e t c h in g  f u n d a m e n t a l  a t  a b o u t  2 9 0  

c m - 1 .9-11,22 F o r  L i C N  th e  o n ly  in f r a r e d  d a t a  a v a i la b le  a r e  

f r o m  m a t r i x  i so la t io n  s p e c t r a . 19 N e w  m e a s u r e m e n t s  o f  K C N

a n d  L i C N  gas  p h a s e  s p e c t r a  a r e  to  be  e x p e c te d ,  h o w e v e r .

F in a l ly ,  w e  p o in t  o u t  t h a t  H N C  is w ell  k n o w n  as  a  r e a c 

t io n  p r o d u c t  w h ic h  is m e ta s t a b l e  w i th  r e s p e c t  to  i s o m e r i z a 

t i o n  in to  H C N .23 W h e t h e r  L i C N ,  w h ic h  is less s ta b le  t h a n  

L i N C ,  c a n  b e  o b s e rv e d  in th e  s a m e  w a y  will  d e p e n d  o n  th e
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ha lf - l i fe  fo r  s p o n t a n e o u s  r a d ia t iv e  d e c a y  f r o m  L i C N  in to  

L i N C .  T h e s e  life t im e s  a r e  a lso  c a l c u l a t e d  f r o m  th e  d ip o le  

su r fa c e .

II. DIPOLE SURFACES

W e  fo l low  th e  p r e v io u s  w o r k  o n  th e  a lk a l i  c y a n id e s  in 

d e f in in g  a  c o o r d i n a t e  s y s t e m , 12 w i th  r b e in g  th e  C N  b o n d  

v e c to r  a n d  R t h e  v e c to r  c o n n e c t i n g  th e  12C  14N  c e n t e r  o f  

m a s s  w i th  th e  m e ta l  ion .  I n  b o d y -f ix ed  c o o r d in a t e s  R is e m 

b e d d e d  a lo n g  th e  z  axis.  T h e  a n g le  b e tw e e n  r a n d  R m e a s u r e d  

f r o m  c a r b o n  is 6. I n  b o d y - f ix ed  c o o r d in a t e s  th e  o t h e r  p o l a r  

a n g le  o f  r is ^  w h ic h  c a n  a lso  b e  u se d  to  fu l ly  e m b e d  th e  

c o o r d i n a t e  sy s te m ,  fo r  in s t a n c e  in  t h e  x - z  p l a n e . 11

In  sp ace -f ix ed  c o o r d in a t e s  t h e  d ip o le  c a n  be  w r i t t e n  as a 

t e n s o r  o f  r a n k  o n e  a s 24

^ " ( r , R )  =  2  W  ) ),
A ,I

w h e r e  th e  c o u p le d  s p h e r ic a l  h a r m o n i c  is

(i)

S '  i;y (2)

/x.m

a n d  th e  C l e b s c h - G o r d a n  coeff ic ien t  is c o n v e n t i o n a l .25

U s e  o f  th e  t r i a n g u l a t i o n  r e la t io n s  a n d  th e  p r o p e r t y  t h a t  

th e  d ip o le  is a n t i s y m m e t r i c  u n d e r  in v e r s io n  r e d u c e s  E q .  (1) 

to

Ai'v" (r ,R )  =  £ [ B aa  _ , (r ,R ) & # _  , (r ,R  )
A

+  B À A + l (r,R  W + , M ) ]  . ( 3 )

I f  t h e  s y s te m  is r o t a t e d  so  t h a t  R lies a lo n g  th e  z  ax is  a n d  r in 

t h e x z  p la n e  th is  f o r m u l a  c a n  b e  w r i t t e n  in b o d y - f ix ed  c o o r d i 

n a t e s  as

/4!»(r,R) =  x  r e m o , o )
A . l . k

X D y k {a,&</>), (4)

w h e r e  t h e  a n g u l a r  f u n c t io n s  3 ^ ; *  a r e  n o w  e x p re s s e d  in b o d y -  

fixed ang les ,  D  [}£ a r e  r o t a t i o n  m a t r i x  e l e m e n ts  a n d  ( f i ,a )  a re  

t h e  p o l a r  a n g le s  o f  R  in th e  space-f ixed  sy s tem .  S u b s t i t u t in g  

th e  r e la t io n

Y,,m (0,0)
2 / +  1 

4t t

1/2

àm.O

i n to  E q .  (2), e v a lu a t in g  th e  C l e b s c h - G o r d a n  coeff ic ien ts  a n d  

u s in g  E q .  (3) t h e  e x p re s s io n  fo r  t h e  d ip o le  m o m e n t  in  b o d y -  

fixed c o o r d i n a t e s  E q .  (4) b e c o m e s

y j ’lr.R) = X  A** (rAR ) D Z(<*A<t> ),
k

w h e r e  t h e  i n t e r n a l  d ip o le  m o m e n t  ¡ i k is g iv en  by

( 5 )

oo

Ho ( r , e , R ) =  X
4-77’ 1/ 2

A  =  0  \ 2 A  -|- 1
CÀ,0 (r ,R  )YÀiO(û ,0 ) , (6 a)

X  (  2w  • -̂ - +  1')!- ) l /~C/ t , (r ,R  ) r A ± l  (0 ,0 ) ,  
~ i  \ 2 a  +  1 (A -  1 ) ! /  '

(6b)

w h e r e

Q , o
( -  l) 

4t t
(3)l/2 [(A +  \ ) iriB1/ 2

( 7 )

c-i.l
( - 1) 

477
( 3 )

X [ ( A ) U2B

m  { (A - 1)!\  

(A +  1)1 J

1/ 2

+  (A +  l ) l/2B ÀA_ t ] . (8 )

T h e s e  e x p re s s io n s  f o r  /¿0, f i  + ,, a n d  / /  _ ,  c a n  b e  t r a n s f o r m e d  

in to  th o s e  fo r  ¡ iz , f i x , a n d  / z v, b y  r e p la c in g  t h e  s p h e r i c a l  

h a r m o n i c s  in  E q .  (6 ) b y  T e s s e ra l  h a r m o n i c s .  S in ce  th e  t r i a to -  

m ic  lies in  th e  b o d y - f ix e d  x z  p la n e ,  f i y is ze ro .  E x p r e s s io n s  

fo r  t h e  o t h e r  c o m p o n e n t s  a r e

oo

^ [ r ,6 ,R )=  £  Q i0(r,R ) P °(cos 6 ), (9a)
À = 0

oo

f i x ( r , e , R ) =  X  Cx l (r ,R  ) P i ( c o s 0 ) , (9b)

A =  1

in  t e r m s  o f  a s s o c ia te d  L e g e n d r e  f u n c t i o n s .25 A s  a ll  t h e  p o t e n 

t ia l  e n e r g y  a n d  d y n a m i c a l  c a l c u l a t i o n s  w e r e  p e r f o r m e d  fo r  

fixed C N  b o n d  l e n g th s  re , w e  fit a n a ly t i c  e x p re s s io n s  fo r  

CÀ V(r =  re ,R  ) to  t h e  ab  in i t io  c a l c u l a t e d  d ip o le  su r fa c e .

A s  R  b e c o m e s  la rg e  th e  d o m i n a n t  c o n t r i b u t i o n s  to  \ i  

a re  t h e  d ip o le  c a u s e d  b y  th e  c h a r g e  s e p a r a t i o n  o f  M + a n d  

C N “  a n d  th e  p e r m a n e n t  C N -  d ip o le  o f  0 .2151e tfo w i th  r e 

s p e c t  to  its c e n t e r  o f  m a s s . 16 T h i s  y ie ld s  a  first  o r d e r  e x p r e s 

s io n  fo r  t h e  lo n g  r a n g e  c o n t r i b u t i o n  to  t h e  d ip o le  m o m e n t :

(10a)

(10b)

f i \ K[R,G ) =  eR  +  juCN cos  0  , 

fj.];R( R , 8 ) = f i c N  sin

w h e r e  — e is t h e  c h a r g e  o f  a n  e le c t ro n .

T h e  l e a d in g  s e c o n d  o r d e r  lo n g  r a n g e  d ip o le  is c a u s e d  b y  

i n d u c t i o n . 16,17 H o w e v e r ,  t h e  e x p l ic i t  in c lu s io n  o f  c h a r g e  i n 

d u c e d  d ip o le  c o n t r i b u t i o n s  in  t h e  lo n g  r a n g e  e x p re s s io n  d id  

n o t  i m p r o v e  th e  r e s u l t in g  fits. P r o b a b ly ,  i f  o n e  w is h e s  to  

in c lu d e  s u c h  t e r m s  w i th  h i g h e r  in v e rse  p o w e r s  o f  R , t h e y  

s h o u l d  b e  d a m p e d  a t  s m a l l e r  R  (as it w a s  d o n e  in  f i t t ing  t h e  

L i C N  p o te n t i a l  s u r f a c e 17). I n  o u r  final fits th e s e  t e r m s  w e r e  

o m i t t e d .

H a v i n g  fixed th e  l o n g - r a n g e  c o n t r i b u t i o n  to  t h e  d ip o le  

as  in  E q .  (10), w e  def ine  t h e  s h o r t - r a n g e  c o n t r i b u t i o n  by

SR \ l - \ l L R

( 11 )

M-
S R

is t h e n  fi t ted .  T h i s  p r o c e d u r e  a c c o u n t s  fo r  p o ss ib le  t r u n -
. • • T R

c a t io n  e r r o r s  in  |x .

W o r m e r  et  al.  p o t e n t i a l  e n e rg y  (and  d ipo le )  c a l c u l a 

t i o n s 16,17 w e re  p e r f o r m e d  a t  G a u s s - L e g e n d r e  i n t e g r a t i o n  

p o in t s  in  t h e  a n g le  # .26 T h e  C N  b o n d  l e n g th  w a s  f ixed a t

2 .1 8 6 a 0 a n d  R  =  4 .5 ,  5 .0  a n d  5 .5 a 0 f o r  K C N 16 a n d  R  =  3.3, 

3.8, 4 .3 ,  a n d  4 .8 a 0 fo r  L i C N . 17

T h i s  fac i l i ta te s  t h e  c o m p u t a t i o n  o f  t h e  coeff ic ien ts  in  

t h e  L e g e n d r e  e x p a n s io n  o f  E q .  (9), b e c a u s e  u s in g  t h e  o r t h o 

g o n a l i ty  o f  a s s o c ia te d  L e g e n d r e  fu n c t io n s ,  w e  c a n  w r i t e

C T J R )
2A  +  n  (A — //)! 

2 /  (A +  //)!
f i K(R ,u )  P  jHu)du  . ( 12)

A n  A ppoin t  G a u s s - L e g e n d r e  i n t e g r a t io n  s c h e m e  g ives  e x a c t

0  to  TV — 1 fo r  ( i  =  0  (z c o m p o n e n t )  

=  1 pt c o m p o n e n t ).26

v a lu e s  fo r  fo r  A

a n d  A =  1 to  TV — 1 fo r  f i
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T A B L E  I. S h o r t - r a n g e  fit p a r a m e t e r s  f o r  K C N . a

0II A =  1 A =  2 A =  3 A =  4

<*A,0 -  1 .039 8 .6 0 6 -  0 .2 9 6 8 1 . 5 6 2 X  1 0 - 5 -  1 . 7 2 8 X  106

b I.A.O -  0 . 0 6 0  86 - 0 . 8 9 7 4 - 0 . 1 6 6 2 1.3811 -  3 .701

a*.\ 0 .1 9 5 5 — 4 .7 3 3  X  1 0 - 3

b  i./t. 1 - 0 . 1 8 1 1 0 .3 6 6 5

“ S ee  E q s .  (12) a n d  (13).

T h e s e  coeff ic ien ts  c a n  be  e x p e c te d  to  h a v e  a p p r o x i 

m a t e ly  a n  e x p o n e n t i a l  d e p e n d e n c e  o n  R ,  s in ce  th e  m a j o r  

s h o r t - r a n g e  c o n t r i b u t i o n s  will  be  t h e  c h a r g e  p e n e t r a t i o n  a n d  

e x c h a n g e  t e r m s  d u e  to  o v e r l a p  o f  t h e  a n d  C N -  c h a r g e  

d i s t r ib u t io n s .  T h i s  su g g e s ts  a n  a n a ly t i c  fo rm :

f i  SR  

^  A.fi [R ) =  a x,n exp(Z b " . ^ R  " )  • (13)

W o r m e r

a n d  T e n n y s o n  p e r f o r m e d  c a lc u l a t io n s  fo r  26 g e o m e t r i e s  in  

t h e  r a n g e  R  =  5 to  8a 0 b e s id es  th o s e  n e c e s s a ry  fo r  G a u s s -  

L e g e n d r e  in t e g ra t io n .  T h e s e  p o in ts ,  w h i c h  a r e  n o t  u se d  fo r  

f i t t ing ,  a l lo w  a n  a s s e s s m e n t  to  be  m a d e  o f  t h e  fits. I n c lu s io n  

o f  five t e rm s ,  C ^ o  to  ^ 4,0 in t h e  e x p a n s io n  o f  ju^R a n d  tw o  

t e r m s  C f *  a n d  C ? j  in  t h e  e x p a n s io n  o f  f i sxR a n d  a  leas t-  

s q u a r e s  fit fo r  aA /1 a n d  w a s  f o u n d  to  g ive  a  g o o d  r e p r e 

s e n t a t i o n  o f  th e  c a l c u l a t e d  p o in ts .  T h e  50 p o in t s  fo r  K C N  

w e re  f i t ted  w i th  a n  a v e ra g e  d e v ia t io n  o f  0 . 3 8 %  (a b so lu te  d e 

v i a t io n  0 .0 1 9  a .u .)  in  [ i z a n d  9 . 4 %  (0 .0067  a.u.)  in  f i x . M a x i 

m u m  e r r o r s  w e re  9.1 %  (0.14 a.u.)  in  f i z fo r  R  =  8a 0, 6  =  90°

= 13.1°. F i t sa n d  3 9 %  (0.029 a.u.)  in  f i x fo r  R 4 .5a 0, 6

w h ic h  in c lu d e d  e x p l ic i t  c h a r g e  i n d u c e d  c o n t r i b u t i o n s  to  th e  

lo n g - r a n g e  t e r m s  a n d / o r  a n  R  2 t e r m  in th e  e x p o n e n t  o f  E q .  

(13) w e re  f o u n d  to  be  less s a t i s f a c to ry .  C oeff ic ien ts  o f  h ig h e r  

k  t e r m s  in  th e  e x p a n s io n  o f  f i x c h a n g e  s ign  w i th  R  a n d  c a n 

n o t  b e  f i t ted  to  t h e  f o r m  o f  E q .  (13). B u t ,  as  f i z is a t  leas t  15 

t im e s  l a r g e r  t h a n  a n d  so  d o m i n a t e s  th e  to t a l  d ip o le ,  a  

m o r e  a c c u r a t e  fit o f  [ ix s e e m s  u n n e c e s s a ry .

T a b le  I l is ts  t h e  s h o r t - r a n g e  p a r a m e t e r s  o f  E q .  (13) in  

t h e  e x p re s s io n  fo r  t h e  to ta l  d ip o le :

f i z ( R , 0 )  =  eR  +  f i m  co s  < 9 +  aA0ebuAoRP°A (cos 0 ) ,
A  =  0

( i x ( R , 0 )= / L t cl< s in  0  +  £  aAtle b''À'RP \ ( c o s 6 ) .

(14a)

(14b)
A  =  1

T h e  p a r a m e t e r s  o f  T a b l e  I d o  n o t  le ad  to  t h e  c o r r e c t  a s y m p 

to t ic  b e h a v io r  as R  b e c o m e s  la rge ,  b e c a u s e  n o t  all e x p o n e n t s  

a r e  n eg a t iv e ;  t h e r e f o r e  th i s  fit is e x p e c te d  to  be  a c c u r a t e  o n ly  

in  t h e  r a n g e  R  =  4 .5 to  8a 0. F i g u r e  1 g ives  c o n t o u r  p lo t s  o f  

t h e  K C N  d ip o le  su r face .

F o r  K C N ,  th e  p o in t s  o n  th e  d ip o le  s u r f a c e  i n c lu d e d  in 

t h e  f i t t ing  p r o c e d u r e  w e r e  f i t ted  w i th  r o u g h ly  t h e  s a m e  a c c u 

r a c y  as  t h e  o t h e r  p o in ts .  T h i s  su g g e s t s  t h a t  t h e  s a m e  fit p r o 

c e d u r e  is a p p r o p r i a t e  fo r  L i C N ,  w h e r e  E s s e r s  e t  al.  c a l c u l a t 

ed  o n ly  tw o  e x t r a  p o i n t s . 17 I n c lu s io n  o f  f o u r  t e r m s  in  th e
SR

xe x p a n s io n  o f  f i z a n d  tw o  t e r m s  in  t h e  e x p a n s io n  o f  /z 

g av e  s a t i s f a c to r y  re su l ts :  A n  a v e ra g e  d e v ia t io n  o f  0 . 3 2 %

KCN dipole z -  component

R/a

6.0

5.5

5.0

i».5

KCN dipole  x -  component

F I G .  1. C o n t o u r  d i a g r a m s  f o r  t h e  d i p o l e  c o m p o n e n t s  o f  K C N .  R  is t h e  

d i s t a n c e  f r o m  t h e  C N  c e n t e r  o f  m a s s  t o  K ,  a n d  6  t h e  a n g l e  R  m a k e s  w i t h  

r ( C N ) ,  m e a s u r e d  f r o m  C .  D i p o l e  v a lu e s  in  ea0.
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LiNC dipole  z -  component . TRANSITION INTENSITIES, RADIATIVE DECAY, 

AND VIBRATIONALLY AVERAGED DIPOLE MOMENTS

T h e  a b s o r p t i o n  coeff ic ien t  fo r  a n  e le c t r ic  d ip o le  t r a n s i 

t i o n  w i th  r a d i a t i o n  o f  f r e q u e n c y  a> is g iv en  b y  f i r s t - o rd e r  

t i m e - d e p e n d e n t  p e r t u r b a t i o n  t h e o r y  a s 27

K  M  =

S n  /  i j . k

e

( 15 )

w h e r e  N m is t h e  d e n s i ty  o f  m o le c u le s  in  s t a t e  m  (for w h ic h  a  

B o l t z m a n n  d i s t r i b u t i o n  is u s u a l ly  a s s u m e d )  a n d  g m t h e  d e 

g e n e ra c y  o f  m .  is t h e  w a v e  f u n c t io n  o f  a  s t a t e  w i th  e n e r 

gy  E m , /' r u n s  o v e r  th e  d e g e n e r a t e  levels  o f  th i s  s ta te .  co„ _ is 

th e  t r a n s i t io n  f r e q u e n c y  o f  th e  t r a n s i t i o n  m  

=  (En — E m )/fi .  ( i  is t h e  d ip o le  m o m e n t  o p e r a t o r  (all in cgs 

units) .  T h e  s u m m a t i o n  in  th e  g o ld e n  ru le  e x p re s s io n  E q .  (15) 

is o f te n  ca l led  th e  t r a n s i t i o n  l ine  s t r e n g th .

T h e  coeff ic ien t  o f  s p o n t a n e o u s  r a d ia t iv e  d e c a y  o f  s t a t e  

m  in to  a  lo w e r  ly in g  s t a t e  n is g iven  in t h e  s a m e  u n i t s  a s 28

m  n

n: com  n

LiNC dipole x -  component

e

F I G .  2. C o n t o u r  d i a g r a m s  f o r  t h e  d i p o l e  c o m p o n e n t s  (in ea()) o f  L i N C .  C o  

o r d i n a t e s  a s  in F ig .  1.

(0 .0096  a.u.)  in  f i z a n d  3 5 %  (0 .014 a.u.)  in  ¡ ix w a s  f o u n d  fo r  

th e  4 0  p o in t s  in  th e  r a n g e  o f  R  =  3.3 to  5a 0. M a x i m u m  d e v ia 

t io n s  w e re  1 .0 %  (0 .030 a.u.)  in  juz fo r  R  =  4 .9 7 5a0, 0  =  0° 

a n d  1 8 0 %  (0 .0035 a.u.)  in  /i x fo r  R  =  3 .8a 0, 6  =  115.7°. (As 

f.ix b e c o m e s  v e ry  sm a l l ,  t h e  r e la t iv e  e r r o r  t e n d s  to  go  to  in f in 

i ty  a n d  so  it h a s  l i t t le  m e a n in g ,  e.g., a t  R  =  3 .8a 0, 6  =  115.7° 

t h e  S C F  v a lu e  fo r  /zx is — 0 .0 0 1 9  a.u.).  T e r m s  u p  to  R  2 

in c lu s iv e  w e re  u se d  in t h e  e x p o n e n t  o f  E q .  (13). F i g u r e  2 g ives 

c o n t o u r  p lo ts  o f  t h e  l i t h i u m  c y a n id e  d ip o le  su r face .

A
4co

m  n
(16)

So w e  c a n  w r i t e  fo r  t h e  life t im e  o f  s t a t e  m

r m ( 17 )

w h e r e  th e  s u m m a t i o n  is o v e r  all  levels  in to  w h ic h  s t a t e  m  c a n  

d ecay .

T h e  r o v ib r a t i o n a l  c a lc u la t io n s  o n  K C N  a n d  L i C N  by  

T e n n y s o n  a n d  c o - w o r k e r s 10-12 u s e d  s y m m e t r i z e d ,  c lo s e - c o u 

p l in g  ty p e  bas is  sets ,  fo r  w h ic h  t h e  a c r o n y m  L C - R A M P  (lin 

e a r  c o m b i n a t i o n  o f  r a d ia l  a n d  a n g u l a r  m o m e n t u m  p r o d u c t  

fu n c t io n s )  h a s  b e e n  p r o p o s e d . 15 I n  b o d y - f ix ed  c o o r d in a te s ,  

t h e i r  r o v ib r a t i o n a l  w a v e  f u n c t io n s  c a n  be  w r i t t e n

2
k j , n

A & R - ' X n i R (18)

w h e r e

0)J j m  _  ^ JJ’k 
» Lr —

J- v2
[ D  ( a ) P I fc o s  6  )

( k >  0 )

+  ( - l ) p D ^ _ k (a,/3,<t>)Pj-k[ c o s 0 ) ]

N j j .o D m .o ) P: (cos 0  ) ,  (k =  0 ) ,

(19a)

(19b)

a n d

1

.327T3
( 2 / + l ) ( 2 / + l )

[ j - n  

( j  +  k ) \ .

1/2

(20)

I n  E q .  (16), J  is t h e  to t a l  a n g u l a r  m o m e n t u m  a n d  [ J  +  p)  t h e  

p a r i t y  o f  th e  w a v e  fu n c t io n ;  u n u m b e r s  t h e  v ib r a t io n a l  levels  

fo r  a  g iven  ( P j  a n d  D  JMk  a r e  a s s o c ia te d  L e g e n d r e  

f u n c t io n s  a n d  r o t a t i o n  fu n c t io n s ,  r e sp e c t iv e ly ,  fo r  w h i c h  th e  

c o n v e n t i o n s  o f  B r in k  a n d  S a t c h l e r  a r e  u s e d .25

F r o m  E qs .  (5)—(7), (14), a n d  (16)—(20) t h e  m a t r i x  e le 

m e n t s  o f  t h e  d ip o le  o p e r a t o r  c a n  b e  e v a lu a t e d :

J. Chem. Phys., Vol. 80, No. 7,1 April 1984



Brocks, Tennyson, and van der Avoird: Infrared intensities of KCN and LiCN 3227

( r p J'M,p'v \ f i v | \p J ,M ,p,v )

( -  \ )M ( 2 J +  \ ) l u ( 2 J '  +  1)
1/2, 1/ 2

7 1 7 '

M  v  M ' I
v '  =  — 1 A , k J ' J , n ' , n

X  a { j j X V ) b  ( V - k )  I Xn.(R ) Q i K | (*  ) * „ (Jl )< «

X
7

k

1

v

7 '

k V

J

k

A

v

J

k v

«

J A
w

J

0 0 0.

r A . A _i I _ 1 \p' A J'P’V . A J '.p '.V  -)
L k j , n  S i  k  — v' j  , n ‘ T  ( I f  S i  k J , n  S i  v< _  k j >n' J j (21)

w h e r e

aUJ 'yA f i )  =  [ ( I f  +  \)(2j  +  1)]1/2 , 

a U J ’yAy 1)

=  a ( j j ' y A y -  1) 

¿ ? ( 0 ) =  1 /V 2 ,

¿ 7 ( ^ 0 )  =  1 .

( 1 / V 2 ) [ ( 2 / +  1 ) ( 2 /+ 1 ) A ( A  +  1)]1 /2 ,

(22 )

T h e  3y-symbols a r e  s t a n d a r d . 25 T h e  in te g ra l s  o v e r  i? a r e  c a l 

c u l a t e d  by  a n  a l g o r i t h m  d e p e n d e n t  o n  th e  f o r m  o f  th e  ra d ia l  

f u n c t io n s  x n • th i s  case  th e  fo rm  o f  L e R o y  a n d  C a r l e y 1 is 

used :  T h e  %n a r e  e v a lu a te d  n u m e r i c a l ly  o n  a n  e q u id i s t a n t  

g r id  in  R  a n d  th e  r a d ia l  in te g ra l s  a r e  c a l c u la t e d  a c c o r d in g -

ly-
1 0 ,1  i

T h e  in d ic e s  m  a n d  n o f  Eq .  (15) c o r r e s p o n d  to  ( J,p,v)

a n d  ( ƒ » ' ) ,  re sp ec t iv e ly ;  i  a n d  k  r u n  o v e r  all (2J  +  1) a n d  

(2 7 '  - f  1) d e g e n e r a t e  M  a n d  M ' levels, re sp ec t iv e ly .

F r o m  E q .  (21) it c a n  b e  seen  t h a t  t h e  fo l lo w in g  se lec t io n  

ru le s  ap p ly :

J '  -  I I < / < / ' +  1 ,

A J  =  0=$Ap  =  1 , 

A J  =  1 =>zl/? =  0  . (23)

In  a  r ig id  r o t o r  f o r m a l i s m  v ib ra t io n a l ly  a v e ra g e d  d ip o le s  a re  

f o u n d  b y  c o n s id e r in g  p u r e  r o t a t i o n a l  t r a n s i t io n s  a n d  s e p a r 

a t i n g  th e  r o t a t i o n a l  a n d  v ib r a t io n a l  m a t r i x  e l e m e n t s .29,30 B e 

c a u s e  o f  t h e  c o u p l in g  in t h e  bas is  f u n c t io n s  v ia  k  [see E q .  

(19a)], s u c h  a  s e p a r a t i o n  b e tw e e n  r o t a t i o n a l  a n d  v ib ra t io n a l  

p a r t s  is n o t  in  g e n e ra l  poss ib le .  T h e  J  =  0  e ig e n fu n c t io n s  

d e p e n d  o n ly  o n  th e  i n t e r n a l  c o o r d in a te s ,  h o w e v e r ,  a n d  J  =  0 

s ta te s  c o u ld  b e  ca l le d  p u r e ly  v ib r a t io n a l  [see E qs .  (18)—(20)]. 

A n  a p p r o x i m a t e  r o t a t i o n - v ib r a t i o n  s e p a r a t i o n  c a n  be  

a c h ie v e d 9 b y  a s s u m in g  t h a t  th e  J >  0 s ta te s  a re  d e s c r ib e d  by  

th e  s a m e  ( 7 = 0 )  v ib r a t io n a l  fu n c t io n s ,  m u l t ip l i e d  b y  a p p r o 

p r i a t e  ( a ) sy m m e tr ic  t o p  e ig e n fu n c t io n s  ( l inear  c o m b in a t i o n s  

o f  D  JMtk in genera l) .  V ib r a t io n a l ly  a v e ra g e d  d ip o le  m o m e n t s  

c a n  t h u s  b e  d e f in ed  as e x p e c ta t io n  v a lu e s  o v e r  7  =  0  s ta tes .  

C o n s id e r in g  th e  bas is  u s e d  fo r  e x p a n d in g  th e  w a v e  f u n c 

t io n s ,  it is s t r a i g h t f o r w a r d  to  c o m p u t e  e x p e c ta t io n  v a lu e s  o f  

d ip o le  c o m p o n e n t s  a lo n g  th e  b o d y - f ix e d  axes  u se d  h e re .  W e

T A B L E  I I .  S h o r t - r a n g e  fit p a r a m e t e r s  f o r  L i C N . a

OII À =  1 A =  2 A  =  3

°A. 0 -  0 . 4 4 6  5 1.481 X  1 0 ~ 3 -  0 . 4 7 2  0 1 .845  X  1 0 - 3

^ 1 .^ .0 0 .3 0 1  7 2 .8 4 7 -  1 .267  8 2 .0 2 4

^  2, A,0 - 0 . 0 3 4  81 -  0 . 4 5 0  5 0 . 2 0 0  9 - 0 . 2 7 5 7

aA. 1 0 . 0 9 4  28 -  0 .5 5 5  1

^  1. A. 1 0 .2 9 1  4 -  0 . 8 4 0  1

^2. A. 1 -  0 . 0 6 0  52 0 .0 7 6  9 4

find, f r o m  Eqs.  (9), (18)—(20), fo r  a g iven  v ib ra t io n a l  s t a t e  u, 

t h a t

< / 0 „ £  j ( 2 / +  1), /2 ( 2 / +  \ ) U 2A  ? . .  A “,
J  . ' I

j j , n , n ’,A

r  co

x X n -  C A . . v X n  d R P , ( u ) P l ( u ) P j ( u ) d u  (24)
0 -  1

w i th  v  =  0  fo r  j l z a n d  v  =  1 fo r  ¡ ix .

“ S ee  E q s .  (12) a n d  (13).

IV. KCN

C a lc u l a t i o n s  o n  7  =  0,1 s ta te s  w e re  p e r f o r m e d  as  in 

R ef .  10, b u t  in  b o d y - f ix ed  c o o r d in a te s ,  w i th  p a r a m e t e r s  

7max — 23, /2max =  11. A s  th e  i n f o r m a t io n  in R ef .  10 o n  th e  

7 =  1 levels  is n o t  suff ic ien tly  c o m p le t e  fo r  o u r  p u rp o s e ,  

th e s e  levels  a r e  l is ted  in T a b le  I I I .

A n  a p p r o x i m a t e  v ib r a t io n a l  la b e l in g  s c h e m e  a c c o r d in g  

to  s t r e t c h  (vs ) a n d  b e n d  (vb ) m o d e s  is i n t r o d u c e d ,  w h ic h  c o r 

r e s p o n d s  to  th e  n u m b e r  o f  n o d e s  in  th e  R  a n d  6  d i r e c t io n s ,  

r e sp ec t iv e ly .  I t  is b a s e d  o n  p lo ts  o f  th e  w a v e  f u n c t io n s  (see 

R ef .  10), e n e rg y  level s e p a r a t i o n s  (see F ig .  3) a n d  v ib r a t io n a l  

t r a n s i t i o n  s t r e n g t h s  (see below).

I n  t h e  r ig id  r o t o r  f o r m a l i s m  K C N  b e h a v e s  as  a n  a s y m 

m e t r i c  top .  T h e r e f o r e ,  s t a n d a r d  a s y m m e t r i c  to p  l a b e l in g 29,30 

is u s e d  fo r  t h e  r o t a t i o n a l  t r a n s i t io n s .  T h e s e  t r a n s i t i o n s  c a n  

t h u s  b e  ca l le d  a o r  b ty p e ,  a c c o r d in g  to  t h e  p ro je c t io n s  o f  th e  

d ip o le  o p e r a t o r s  in v o lv e d  o n t o  th e  (v ib ra t io n a l ly  av e ra g e d )  

p r in c ip a l  i n e r t i a  ax es .9,18 T a b l e  IV  gives t r a n s i t i o n  l ine  

s t r e n g t h s  fo r  7  =  0 —>1 t r a n s i t io n s  fo r  th e  lo w e s t  t e n  v ib r a 

t i o n a l  s ta te s .  A s  ( i z is m u c h  l a rg e r  t h a n  f i x a n d  K C N  is a  

n e a r  p r o l a t e  s y m m e t r i c  t o p  w i th  its  a ax is  a lm o s t  c o in c id in g  

w i th  t h e  b o d y - f ix e d  z  ax is ,  t h e  a - ty p e  t r a n s i t i o n s  a r e  m u c h  

s t r o n g e r  t h a n  th e  6 - ty p e  ones .  T a b le  IV  a lso  c o n t a in s  r e su l t s  

o f  c a lc u la t io n s  w i th  n e g le c t  o f  t h e  so -ca l led  “ o f f -d iag o n a l  

C o r io l i s  t e r m s . ”  11 I n  th i s  a p p r o a c h  th e  K C N  m o le c u le  is 

effectively  a p p r o x i m a t e d  b y  a  (p ro la te)  s y m m e t r i c  t o p  w i th  

its  a  ax is  a lo n g  th e  z  d i r e c t io n .  T h e  a p p r o x i m a t i o n  w o r k s  

w ell  fo r  a - ty p e  t r a n s i t io n s ;  ¿ - ty p e  t r a n s i t i o n s  a r e  a f fec ted  

m u c h  m o r e ,  b e c a u s e  t h e  p r o je c t io n  o f  /¿2 o n  th e  b ax is  b e 

c o m e s  l a r g e r  t h a n  t h a t  o f  f i x , ev en  t h o u g h  th e  (v ib ra t io n a l ly  

a v e ra g e d )  p r in c ip a l  in e r t i a  f r a m e  m a k e s  o n ly  a  sm a l l  a n g le  

w i th  t h e  b o d y - f ix e d  f r a m e .  A s  c a n  b e  seen  in  T a b l e  IV ,  ¡ i z 

d o m i n a t e s  b o t h  ty p e s  o f  t r a n s i t io n s ,  e sp ec ia l ly  in  t h e  h i g h e r  

v ib r a t io n a l  s ta tes .

T h e  p u r e  r o t a t i o n a l  t r a n s i t i o n

(v>Jk „k c ) =  (^>^oo) l i i )

fo r  a n  a s y m m e t r i c  t o p  m o le c u le  c o r r e l a t e s  w i th  t h e  r o v ib r a -  

t i o n a l  t r a n s i t i o n

(2u,7K ) =  (2y,0o)->(2t; +  l , l j )  

fo r  a  l in e a r  m o le c u le .31 T h e  in c re a s e  o f  th i s  t r a n s i t i o n  fre-
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T  A B L E  I I I .  ƒ  =  1 r o v i b r a t i o n a l  lev e ls  r e l a t i v e  t o  t h e  /  =  0  leve ls  o f  R e f .  10 (in c m  1), u s i n g  a  L C - R A M P  b o d y -  

f ix ed  b a s i s  s e t  w i t h y max =  2 3  a n d  rcmax = 1 1 .  ( C N  b o n d  l e n g t h  f ixed  a t  2 . 1 8 6 a 0).

N e g l e c t i n g  C o r i o l i s  

F u l l  c a l c u l a t i o n  t e r m s

V i b r a t i o n a l  leve l R o t a t i o n a l  level

'^KaKc — ^01 I n 110 loi 1)1» 110

(0, 0) 0 .2 8 7 7 2 .341 2 .351 0 .2 9 8 9 2 .351

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

(0, 2) 0 .2 7 6 7 2 .9 7 0 2 .9 8 0 0 .2 8 6 3 2 .9 8 0

( 1 . 0 ) 0 .2 8 2 2 2 .8 0 0 2 .811 0 .2 9 1 4 2 .811

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

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

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

(0, 5) 0 .2 6 0 1 14 .66 14.67 0 .2 6 8 3 14 .67

(0, 6) 0 .2 6 3 8 18 .99 19.01 0 .2 7 0 0 19.01

( U 2 ) 0 .2 7 2 0 18.91 18.92 0 .2 7 8 0 18 .92

q u e n c y ,  s h o w n  in T a b l e  I I I ,  t h u s  c o r r e s p o n d s  to  a  c h a n g e  o f  

t h e  K C N  m o le c u le  f r o m  a n  a s y m m e t r i c  t o p  to  a  n e a r ly  l in e a r  

m o le c u le .  T h e r e  is n o  s ig n i f ican t  c h a n g e  in  t h e  t r a n s i t i o n  

in ten s i t ie s ,  h o w e v e r .

I n  th e  m o l e c u l a r  b e a m  e x p e r im e n t s  o f  v a n  V a a ls  et  
a i  i8,2o jt w a s  nQt p 0SSjb ie o b ta in  a c c u r a t e  d a t a  o n  re la t iv e  

t r a n s i t i o n  in tens i t ie s .  F o r  K C N  it w a s  fo u n d ,  h o w e v e r ,  t h a t  

f l - type  t r a n s i t i o n s  a r e  m u c h  s t r o n g e r  t h a n  ¿ - ty p e  ones .  T h i s  

a g re e s  w i th  t h e  re su l t s  o f  T a b le  IV . T h e  d i s c r e p a n c y  o f  a b o u t  

1 0 %  in  r o t a t i o n a l  t r a n s i t i o n  f r e q u e n c ie s  b e tw e e n  ab  init io  

a n d  e x p e r im e n ta l  r e su l t s  w a s  a n a ly z e d  b y  T e n n y s o n  et  a / . 9-11 

I t  is a s s o c ia te d  w i th  t h e  i n a c c u r a c y  o f  t h e  e q u i l ib r iu m  s t r u c 

t u r e  p r e d ic t e d  b y  th e  p o te n t i a l  s u r f a c e  o f  W o r m e r  a n d  

T e n n y s o n . 16

T a b le  V  lists  v ib r a t io n a l ly  a v e r a g e d  d ip o le  m o m e n t s  

a lo n g  th e  b o d y -f ix ed  axes.  T h e s e  a g re e  r a t h e r  c lose ly  w i th  

t h e  d ip o le  m o m e n t s  fo r  th e  v ib r a t io n a l ly  a v e r a g e d  g e o m e 

t r i e s , 10 w h ic h  a r e  a lso  s h o w n  in  th i s  tab le .  T h e  effect o f  th e  

v ib r a t io n a l  m o t io n  o n  t h e  r o t a t i o n a l  l ine  s t r e n g th s  c a n  be  

d e d u c e d  b y  c o m p a r i n g  t h e  “ e x a c t ly ”  c a l c u la t e d  re su l t s  w i th  

t h e  l ine  s t r e n g th s  c a l c u la t e d  fo r  a  r ig id  r o t o r  in  t h e  v ib ra t io n -

T A B L E  IV .  T r a n s i t i o n  l in e  s t r e n g t h s  (in a .u .)  f o r  p u r e  r o t a t i o n a l  J  =  0 —*-1 

t r a n s i t i o n s  in  K C N ;  a  t y p e :  J k <jk c =  Oqo—̂ o i »  ^  ty p e :  0 ^ —► !,,.

V i b r a t i o n a l  leve l

F u l l  c a l c u l a t i o n

N e g l e c t i n g  

C o r i o l i s  t e r m s

L i n e  s t r e n g t h L i n e  s t r e n g t h

( « , , vb ) a  t y p e b  t y p e a  t y p e b t y p e

(0, 0) 19 .42 0 .0 4 2 5 19 .46 0 .0 1 1  3

(0, 1) 19.91 0 .0 4 9 1 19 .96 0 .0 0 9  37

( 0 ,2 ) 2 0 .4 3 0 .0 5 5 2 2 0 .5 0 0 .0 0 7  6 0

( 1 .0 ) 2 0 .0 4 0 .0 5 6 6 2 0 .0 9 0 .0 0 9  78

(0, 3) 2 0 .5 7 0 .0 6 4 1 2 0 .6 5 0 . 0 0 7  25

( 0 ,4 ) 2 1 .5 4 0 .0 7 0 0 2 1 .6 4 0 . 0 0 4  7 2

( 1 . 1 ) 2 0 .7 6 0 .0 9 1 1 2 0 .8 7 0 .0 0 7  21

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

(0. 6) 2 1 .7 4 0 .0 7 3 8 2 1 .8 6 0 .0 0 3  88

( 1 . 2 ) 2 1 .0 7 0 .0 7 1 3 2 1 .2 3 0 .0 0 3  78

a l ly  a v e r a g e d  g e o m e t ry .  T h e  l a t t e r  c a l c u l a t i o n  is r a t h e r  s i m 

ple. E x p r e s s io n s  fo r  th e  /  =  0,1 e ig e n fu n c t io n s  o f  a n  a s y m 

m e t r i c  t o p  h a v e  b e e n  g iv en  e x p l ic i t ly .29,30 F r o m  th ese ,  th e

/ = 0 - + l,) fo rr o t a t i o n a l  l ine  s t r e n g t h s  S ( J KaKc 

t r a n s i t i o n s  o f  a t r i a t o m i c  a s y m m e t r i c  t o p  c a n  b e  d e r iv e d :

S (  0 oo loi) S [  0 00' 111) (25)

T h e  p o s i t io n  o f  t h e  p r in c ip a l  in e r t i a  axes  in  t h e  v ib r a t io n a l ly  

a v e ra g e d  g e o m e t r y  is eas i ly  c o m p u t e d ,  i f  w e  de f ine  t h e  a v e r 

a g e  g e o m e t r y  in t e r m s  o f  t h e  p a r a m e t e r s  ( R  _ 2 ) a n d  ( c o s  6  ) 

a n d  t a k e  th e  v a lu e s  fo r  th e s e  p a r a m e t e r s  g iv en  b y  T e n n y s o n  

a n d  v a n  d e r  A v o i r d . 10 (It  w o u l d  b e  b e t t e r  to  c a l c u la t e  d i r e c t 

ly  t h e  v ib r a t io n a l ly  a v e r a g e d  in v e rse  in e r t i a  t e n s o r ,9 b u t ,  fo r  

t h e  bas is  u sed ,  s o m e  m a t r i x  e l e m e n ts  a r e  s in g u la r  th en .)  P r o 

j e c t i n g  ( / / z ) a n d  ( ) o n  th e  p r in c ip a l  axes ,  g ives  u s  t h e  

r ig id  r o t o r  v a lu e s  a n d  ¡ ib .

C o m p a r i n g  t h e  r ig id  r o t o r  l ine  s t r e n g t h s  g iv en  in  T a b l e  

V  w i t h  t h e  e x a c t  o n e s  in  T a b le  IV ,  w e  f ind  g o o d  a g r e e m e n t  

fo r  û - ty p e  t r a n s i t io n s ,  b u t  l a rg e  d i f fe ren ces  fo r  ¿ - t y p e  t r a n s i 

t io n s .  T h e  r ig id  r o t o r  m o d e l  p r e d ic t s  t h e  ¿ - t y p e  t r a n s i t i o n s  

b y  a n  o r d e r  o f  m a g n i t u d e  t o o  w e a k .  So, t h e  fa c t  t h a t  th e s e  

t r a n s i t i o n s  c o u ld  a c tu a l ly  b e  o b s e rv e d  in  K C N , 18 is to  s o m e  

e x te n t  r e l a t e d  w i th  t h e  l a rg e  a m p l i t u d e  b e n d in g  m o t io n s ,  fo r  

w h i c h  i t  is e s se n t ia l  to  in c lu d e  r o t a t i o n - v ib r a t i o n  c o u p l in g .  

T h e  in te n s i t ie s  o f  th e  ¿ - t y p e  t r a n s i t i o n s  a r e  d o m i n a t e d  b y  th e  

(v ib ra t io n a l ly  a v e ra g e d )  p r o je c t io n  o f  /zz o n  t h e  ¿  axis .

A t  lo w  t e m p e r a t u r e  o n ly  th e  v ib r a t io n a l  g r o u n d  s t a t e  is 

s ig n if ican t ly  p o p u la t e d .  T a b le  V I  g ives  l ine  s t r e n g t h s  fo r  v i 

b r a t i o n a l  t r a n s i t i o n s  f r o m  th e  g r o u n d  s ta te ,  a c c o m p a n i e d  b y  

a  /  =  0,1 r o t a t i o n a l  t r a n s i t io n .  T h e  r o t a t i o n a l  fine s t r u c t u r e  

o f  th e s e  b a n d s  will  b e  v e ry  c o m p l i c a t e d  as  t h e  r o t a t i o n a l  

c o n s t a n t s ,  d e p e n d i n g  o n  t h e  v ib r a t io n a l  s ta te s ,  v a r y  a t  lea s t  

as  m u c h  as  t h e  r o t a t i o n a l  l ine  sp l i t t in g s .  I n  g e n e ra l ,  f i z will  

b e  m o s t  s t r o n g ly  s a m p le d  b y  û - ty p e  r o v ib r a t i o n a l  t r a n s i 

t io n s ,  so  th e s e  w ill  d o m i n a t e  t h e  b a n d s .  A  r e a s o n a b le  a s 

s u m p t i o n  is t h a t  t h e  r e la t iv e  v a lu e  o f  e q u iv a le n t  r o t a t i o n a l  

t r a n s i t i o n s  is a  g o o d  m e a s u r e  fo r  t h e  r e la t iv e  in te n s i t i e s  o f  t h e  

w h o le  b a n d s .

T h r e e  v ib r a t io n a l  t r a n s i t i o n s  a r e  f a r  m o r e  in te n s e  t h a n  

th e  res t .  T w o  o f  th e s e  a r e  t h e  b e n d i n g  f u n d a m e n t a l  (vs ,vb )
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T A B L E  V . V i b r a t i o n a l l y  a v e r a g e d  d i p o l e  m o m e n t s  a n d  r ig id  r o t o r  l in e  s t r e n g t h s  f o r  J  =  0 —*T t r a n s i t i o n s  in 

K C N  (in a .u .) .  a  t y p e :  J  KK( =  ( U — 101, b  t y p e :  ( W - l ,

V i b r a t i o n a l  leve l

o o ( M x ) V x a

R i g i d  r o t o r  l in e  s t r e n g t h

(W,, Ufc) a  t y p e b t y p e

(0, 0) 4 .4 1 3 - 0 . 1 0 5 6 4 .4 0 9 - 0 . 1 0 6 9 19.49 0 . 0 0 0  0 2 9

( 0 , 1 ) 4 .4 6 6 -  0 .0 9 7 3 4 .4 7 0 -  0 .0 9 8 8 19.95 0 . 0 0 0  18

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

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

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

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

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

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

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

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

“ D i p o l e  m o m e n t s  in  v i b r a t i o n a l l y  a v e r a g e d  g e o m e t r y  (R ef .  10).

=  (0 ,0 )—►(0 , 1) a n d  th e  s t r e t c h in g  f u n d a m e n t a l  

(i>5,l>6 ) =  (0 ,0 )—►( 1,0 ). E sp e c ia l ly  t h e  l a t t e r  is v e ry  in ten se ,  as  

c a n  b e  e x p e c te d  fo r  a  m o le c u le  c o n s i s t in g  o f  tw o  o p p o s i te ly  

c h a r g e d  ions.  M o r e  s u rp r i s in g ,  h o w e v e r ,  is t h e  h ig h  in te n s i ty  

o f  t h e  s e c o n d  b e n d in g  o v e r to n e  (0,0)—>-(0,3). T h i s  is d u e  to  a 

s t r o n g  m ix in g  (F e rm i  re so n a n c e )  b e tw e e n  th e  (1,0) a n d  (0,3) 

levels. T h e  (vs ,vb ) =  (0,0)—>(0,3) t r a n s i t i o n  t h u s  “ s te a l s ” i n 

t e n s i ty  f r o m  th e  s t r e t c h  f u n d a m e n t a l .32

B e y o n d  th e  (0,3) level,  t h e  la rg e  a n h a r m o n i c i t y  o f  t h e  

K C N  p o te n t i a l  m a k e s  t h e  s e p a r a t i o n  b e tw e e n  b e n d i n g  a n d  

s t r e t c h i n g  m o t i o n s  m o r e  o r  less a r b i t r a r y .  I n  a  h a r m o n i c  

p i c t u r e  th i s  m e a n s  t h a t  F e r m i  r e s o n a n c e  effects b e c o m e  

la rge ,  e.g., b e tw e e n  (0,4), (1,1), a n d  (0,5) levels. T h e  e n e r g y  

level sp a c in g s ,  s h o w n  in  F ig .  3, i l l u s t r a t e  th i s  p o in t .

A s  w e  m e n t i o n e d  a l r e a d y ,  J K K =  I n ,  1 10 levels c o r r e 

l a te  w i th  t h e  e x t r a  b e n d in g  levels  in  a  l in e a r  m o le c u le  a n d  th e  

effect  o f  K C N  b e c o m in g  n e a r ly  l in e a r  c o u ld  b e  s tu d ie d  f r o m  

l in e  s p l i t t in g s  o f  h i g h e r  o v e r to n e s .  U n f o r t u n a t e l y ,  th e se  l ines  

a r e  w ea k .

T h e  o n ly  a v a i la b le  l o w - t e m p e r a t u r e  v ib r a t io n  s p e c t r u m  

o f  K C N  is t h e  m a t r i x  i s o la t io n  s p e c t r u m  o f  I s m a i l  e t  a  1.22 

T h e i r  a s s i g n m e n t  o f  f u n d a m e n t a l s  w a s  f o u n d  to  be  in  a g r e e 

m e n t  w i th  t h e  ab  in i t io  r e s u l t s , 10 b u t  r e la t iv e  in te n s i t ie s  h a v e

n o t  b e e n  p u b l i s h e d .  A n  e x t r a  p e a k  d u e  to  F e r m i  r e s o n a n c e  

h a s  n o t  b e e n  m e n t io n e d .

N e x t ,  w e  lo o k  a t  th e  ( h ig h - t e m p e ra tu r e )  gas  p h a s e  s p e c 

t r u m  o f  K C N .  F i g u r e  4  s h o w s  th e  re la t iv e  a b s o r p t i o n  coeffi 

c i e n t s  fo r  (vs ,vb , J  =  0)—► ( ! ; ' , , / =  1) t r a n s i t i o n s  b e tw e e n  

th e  first t e n  v ib r a t io n a l  levels  a t  a  t e m p e r a t u r e  o f  7 50  K .  T h i s  

s p e c t r u m  is o f  c o u r s e  i n c o m p le t e  b e c a u s e  a t  th i s  t e m p e r a t u r e  

m o r e  t h a n  te n  levels  a r e  s ig n i f ican t ly  p o p u la t e d .  C a l c u l a t i n g  

th e s e  h i g h e r  levels  will  be  r a t h e r  difficult ,  b e c a u s e  it r e q u i r e s  

a n  e n l a r g e m e n t  o f  th e  bas is  se t  u sed  by  T e n n y s o n  a n d  v a n  

d e r  A v o i r d 15 a n d  a  c o r r e s p o n d i n g  in c re a s e  in  th e  co s t  o f  th e

d y n a m i c a l  c a lc u la t io n s .

I t  c a n  be  seen  f r o m  F ig .  4  t h a t ,  d u e  to  th e  i r r e g u l a r  

s p a c in g s  b e tw e e n  th e  v ib r a t io n a l  levels  c a u s e d  b y  th e  s t r o n g  

in t e r a c t io n  b e tw e e n  b e n d  a n d  s t r e t c h  m o d e s ,  t r a n s i t i o n s  a re  

re la t iv e ly  w ell  s e p a ra te d .  M a n y  t r a n s i t i o n s  a r e  sh i f te d  s ig n if 

i c a n t ly ,  as  c o m p a r e d  to  th e  h a r m o n i c  m o d e l .  S ev e ra l  b e n d 

in g  o v e r to n e s  i n t e r a c t  w i th  n e a r b y  s t r e t c h in g  levels  a n d  t h u s  

p ic k  u p  s o m e  in ten s i ty .

T h e r e  is l i t t le  e x p e r im e n t a l  d a t a  a v a i la b le  o n  th e  gas-  

p h a s e  s p e c t r u m  o f  K C N .  L e ro i  a n d  K l e m p e r e r 21 f o u n d  o n ly  

o n e  t r a n s i t io n ,  a t  207  c m -1  (gas t e m p e r a t u r e s  800  a n d  

1000 °C). T h e  s u g g e s t io n  t h a t  th is  t r a n s i t i o n  c o r r e s p o n d s

T A B L E  V I .  V i b r a t i o n a l  t r a n s i t i o n s  f o r  K C N  f r o m  t h e  g r o u n d  s t a t e ,  a c c o m p a n i e d  b y  a  J  =  0, 1 r o t a t i o n a l  t r a n s i t i o n .

V i b r a t i o n a l  level L i n e  s t r e n g t h  X  102 L i n e  s t r e n g t h  X  1 0 2

( « „  *>*) - « - y r  ; - -

( 0 , 1 ) Ooo l o i 0 .5 4 2 0 .5 4 0 Ooo I n 0 .2 3 6 0 .2 7 6

( 0 , 1 ) 1 10 I I I 0 .8 1 6 0 .8 0 4 l o i 1 10 0 .3 6 5 0 .4 0 3

( 0 ,  2) Ooo l o i 0 .0 0 2  79 0 .0 0 3  0 6 Ooo I n 0 .0 0 8  9 4 0 .0 0 9  35

( 0 ,  2) 1 10 111 0 . 0 0 4  71 0 .0 0 5  0 3 l o i 1 10 0 .0 1 2  9 0 . 0 1 4  4

( 1 , 0 ) Ooo l o , 0 .7 8 8 0 .7 91 Ooo 1 .1 0 .0 1 7  9 0 . 0 1 4  6

( 1 , 0 ) 1 10 111 1.241 1 .246 l o i 1 10 0 .0 2 1  6 0 .0 2 5  7

(0, 3) Ooo ^01 0 .4 4 2 0 .4 4 4 Ooo I n 0 .0 0 6  97 0 .0 0 5  2 4

(0, 3) 1 10 0 .6 0 4 0 .6 0 7 l o i l . o 0 . 0 0 6  78 0 .0 1 3  0

(0, 4) Ooo ^01 0 .0 1 4  8 0 .0 1 5  0 Ooo I n 0 . 0 0 0  5 25 0 . 0 0 0  2 8 9

(0, 4) 1 10 1 ,1 0 .0 2 1  8 0 .0 2 2  2 l o i 1 10 0 . 0 0 0  461 0 . 0 0 0  7 5 6

( 1 , 1 ) 0(X) l o i 0 .0 0 7  33 0 .0 0 7  4 4 Ooo 1 „ 0 .0 0 0  5 9 0 0 . 0 0 0  4 4 7

( 1 ,  1) 1 10 1,1 0 .0 0 9  77 0 .0 0 9  99 l o i 1 10 0 . 0 0 0  6 6 7 0 . 0 0 0  9 2 6
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F I G .  3. K C N  lo w e s t  v i b r a t i o n a l  leve ls  a s  c a l c u l a t e d  b y  T e n n y s o n  a n d  V a n  

d e r  A v o i r d , 10 l a b e le d  w i t h  s t r e t c h  ( u j  a n d  b e n d  (i’J  q u a n t u m  n u m b e r s .

w i th  th e  s e c o n d  b e n d in g  o v e r t o n e 9,10 is m a d e  h ig h ly  i m p r o 

b a b le  by  th e  r e s u l t s  o f  F ig .  4. A l s o  th e  C N  s t r e t c h  f r e q u e n c y  

o f  R ef .  21 d o e s  n o t  a g re e  w i th  th e  m a t r i x  s p e c t r u m  o f  I s m a i l
1 O O • • 1

e t a l r ~  (it lies a b o u t  100 c m -  h igher) .  T h e r e f o r e ,  w e  s u p p o r t  

t h e  s u g g e s t io n  o f  t h e  l a t t e r  a u t h o r s  t h a t  th e  “ K C N  s p e c 

t r u m ” o f  R ef .  21 a c tu a l ly  re la te s  to  a d i f fe ren t  m o le c u le .

V. LiNC

A c c o r d i n g  to  t h e  d y n a m i c a l  c a l c u l a t i o n s 12 l i t h i u m  

c y a n id e  b e h a v e s  as a  l i n e a r  m o le c u le  w i th  e q u i l i b r iu m  L i N C  

( isocyan ide)  s t r u c tu r e .  T h e  p u r e  r o t a t i o n a l  s p e c t r u m  is 

t h e r e f o r e  m u c h  s im p le r  t h a n  fo r  K C N . 12,20 T a b l e  V I I  g ives  

t h e  c a l c u l a t e d  t r a n s i t i o n  l ine  s t r e n g t h s  fo r  J  =  0—*1 t r a n s i 

t io n s  a n d  v ib r a t io n a l ly  a v e r a g e d  d ip o le  m o m e n t s  fo r  t h e  

lo w es t  10 J = 0  s ta te s  (us ing  th e  ymax = 2 8 ,  n max =  12, 

6f  =  110° bas is  o f  R ef .  12). T h e  v ib r a t i o n a l  l a b e l in g  s c h e m e  

is t h e  s a m e  as u se d  fo r  K C N  a n d  t h e  r o t a t i o n a l  l a b e l in g  is 

c o m m o n  fo r  a  l in e a r  m o l e c u l e . 12,31 A s  e x p e c te d ,  t h e  v i b r a 

t i o n a l ly  a v e r a g e d  d ip o le  a lo n g  th e  z  ax is  d e c r e a s e s  w i th  i n 

c r e a s in g  b e n d in g  e x c i t a t io n  as  a  l a r g e r  a r e a  in  6  is p r o b e d  a n d  

( R  ) d e c re a s e s  (see F ig .  2). C o n v e r s e ly ,  i t  in c re a s e s  w i t h  i n 

c r e a s in g  s t r e t c h in g  e x c i ta t io n .  T h e s e  effects a r e  c o n f i r m e d  

by  c o m p a r i n g  ( juz ) w i th  ¡u: ( ( R  )) in  T a b le  V I I .  T h e  v ib r a 

t io n a l ly  a v e ra g e d  d ip o le  c o m p o n e n t  a lo n g  th e  x  ax is  is v e ry  

sm a l l  in d e e d  d u e  to  th e  fac t  t h a t  fo r  0 >  90° lo n g -  a n d  s h o r t -  

r a n g e  t e r m s  h a v e  o p p o s i t e  s ign  a n d  a lm o s t  c an ce l .  T h e  [ ix 

c o m p o n e n t  c a n  p r a c t i c a l ly  b e  n e g le c te d  fo r  t h e  t r a n s i t i o n  

in tens i t ie s .

T h e  effect o f  w h a t  is c a l le d  n e g le c t  o f  o f f -d ia g o n a l  C o r -  

iolis t e r m s 11,15 is to  o m i t  all  n o n d i a g o n a l  t e r m s  in  t h e  to ta l  

a n g u l a r  m o m e n t u m  o p e r a t o r  c o m p o n e n t s  / , .  I n  t h e  t h r e e  

a n g le  e m b e d d in g  o f  T e n n y s o n  a n d  Sutc l if fe  [see E q .  (15) o f  

R ef .  11] th is  im p lie s ,  b e s id es  n e g le c t in g  c o u p l in g  t e r m s  

b e tw e e n  in t e r n a l  (v ib ra t iona l)  o p e r a t o r s  a n d  / , ,  a lso  t h e  n e g 

lec t  o f  n o n d i a g o n a l  J i J j  t e r m s  (i.e., in th e  r o t a t i o n a l  energy) .  

In  a l in e a r  m o le c u le  th i s  r e su l t s  in  u n d e r e s t i m a t i n g  c e n t r i f u 

gal  t e r m s  a n d  lo c a l iz in g  th e  v ib r a t io n a l  w a v e  f u n c t i o n  s o m e 

w h a t  m o r e  a b o u t  t h e  l in e a r  axis ,  l e a d in g  to  a  h i g h e r  a v e r a g e  

d ipo le .  T h e  effect in c re a s e s  w i th  b e n d in g  e x c i ta t io n ,  s in ce  fo r  

l a r g e r  d e v ia t io n  f r o m  th e  l in e a r  c o n f ig u ra t io n ,  J x J z c ro s s  

t e r m s  b e c o m e  re la t iv e ly  m o r e  i m p o r t a n t  (see T a b l e  V I I ,  s e c 

o n d  co lu m n ) .

Intensity

KCN r o - v i b r a t i o n a l  l i nes  (J = 0 —  1)

T = 750  K

(0,1) —(0,2)

(0.0)—(1.0)

(0.1)—(1.1)

(0,2) — (0.3)
(0.0) —(0.1)

(0.2)—(0.6)

11. i L_L ■ 1 .1 1 Il J u l

(0.2)—(1.2) 

(0.0)— (0.3)

(0.1) — (0.5)

(0.1) —(0,6)

!_J_

0 1 0 0 200 300 I*00 (jü/cm
-1

F I G .  4. R e l a t i v e  a b s o r p t i o n  coeff i 

c i e n t s  o f  K C N  f o r  r o v i b r a t i o n a l  

J  =  0 —>1 t r a n s i t i o n s  b e t w e e n  t h e  l o w 

e s t  t e n  v i b r a t i o n a l  (vs ,vb ) leve ls .  E n e r 

g y  leve l  p o p u l a t i o n s  a r e  g iv e n  b y  t h e  

B o l t z m a n n  d i s t r i b u t i o n  a t  a  t e m p e r a 

t u r e  r =  7 5 0  K .
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T A B L E  V I I .  L i n e  s t r e n g t h s  f o r  p u r e  r o t a t i o n a l  ( / ,  k p ) =  (0, 0*}—>( 1, 0 1’ ) a n d  t r a n s i t i o n s  a n d  v i b r a t i o n a l l y  a v e r 

a g e d  d i p o l e  m o m e n t s  o f  L i N C  (in a .u .) .

V i b r a t i o n a l  level

(*>,, vb ) F u l l N o  C o r i o l i s R i g i d  r o t o r (Mz) (Mx )

(0, 0) 12.13 12 .14 12.15 3 .4 8 6 0 . 0 1 2  7 3 .4 7 7

(0, 2) 11 .86 11 .92 11.93 3 .4 5 4 0 . 0 2 0  3 3 .4 2 5

(0, 4) 11 .52 11.65 11.65 3 .4 1 3 0 .0 2 3  5 3 .3 6 5

(0, 6) 11 .09 11 .30 11 .30 3 .3 6 2 0 .0 2 3  6 3 .2 9 5

( 1 ,0 ) 12.35 12 .38 12.38 3 .5 1 9 0 .0 1 3  1 3 .5 0 9

(0, 8) 10.55 10.85 10.85 3 .2 9 4 0 . 0 2 0  1 3 .2 0 9

(0, 10) 9 .8 7 10.31 10 .30 3 .2 1 0 0 .0 1 2  0 3 .1 1 3

( 1 , 2 ) 12 .07 12 .15 12 .16 3 .4 8 7 0 . 0 2 0  5 3 .4 5 7

(0, 12) 9 .3 5 9 .9 0 9 .8 9 3 .1 4 5 0 .0 0 0  2 2 2 3 .0 4 2

( 1 ,4 ) 11.71 11 .84 1 1 .8 6 3 .4 4 4 0 .0 2 3  3 3 .3 9 3

T h e  r ig id  r o t o r  r o t a t i o n a l  l ine  s t r e n g t h  fo r  a 

( J K ) — (0o)—►( 10) t r a n s i t i o n  fo r  a  l in e a r  m o le c u le  c a n  eas i ly  

b e  d e r iv e d :

(26)

w h e r e  z  is t h e  l in e a r  axis.

T a k i n g  th e  v ib r a t io n a l  a v e ra g e  ( j l l z )  as t h e  r ig id  r o t o r  

d ip o le  m o m e n t ,  w e  o b ta in  t h e  l ine  s t r e n g th s  l is ted  in  T a b le  

V I I ,  t h i r d  c o lu m n .  T h e y  a g re e  q u i t e  w el l  w i th  t h e  e x a c t  v a l 

u es  o f  T a b l e  V I I  a n d  th e y  a r e  p r a c t i c a l ly  id e n t ic a l  to  th e  

v a lu e s  c a l c u l a t e d  n e g le c t in g  th e  o f f -d iag o n a l  C o r io l i s  t e rm s .  

T h i s  c a n  b e  u n d e r s t o o d  b y  e v a lu a t in g  e x p re s s io n s  (21) a n d  

(2 2 ) fo r  a  J K =  0o- ^ l o t r a n s i t i o n  a n d  m a k i n g  th e  l a t t e r  a p 

p r o x im a t io n .  T h i s  le a d s  to  a n  e x p re s s io n  s im i la r  to  E q .  (26), 

b u t  w i th  /¿z g iv en  b y  (<f>0t0 \ ¡llz \ 0 1O),  w h e r e  (pJ k (R y0 ) is t h e  

i n t e r n a l  p a r t  o f  t h e  c o r r e s p o n d i n g  w a v e  fu n c t io n .  S in ce  <f>0t0 

is a lm o s t  id e n t ic a l  to  <̂ 10, th e  o b s e rv e d  a g r e e m e n t  is e x 

p la in e d .

T a b le  V I I I  g ives l ine  s t r e n g th s  fo r  v ib r a t io n a l  t r a n s i 

t io n s  f r o m  th e  g r o u n d  s ta te ,  a c c o m p a n i e d  by  a  /  =  0,1 r o t a 

t i o n a l  t r a n s i t io n .  T r a n s i t i o n s  a re  m a r k e d  p a ra l le l  (||) fo r

T A B L E  V I I I .  V i b r a t i o n a l  t r a n s i t i o n s  f r o m  t h e  g r o u n d  s t a t e ,  a c c o m p a n i e d  

b y  a  J  =  0 ,  1 r o t a t i o n a l  t r a n s i t i o n  f o r  L i N C .

|| T y p e  t r a n s i t i o n

(«5, *>*) ( / , * ' )  =  ( 1 , 0 * M 0 ,  0 ' ) ( 0 , 0 ‘M  i , 0 ‘)

(0, 2) 0 .4 2 1  x i c r 3 0 . 4 1 4 X 1 0 " 3

(0, 4) 0 . 1 0 9 X  1 0 - 5 O . l l O X l O " 5

(0, 6) 0 . 9 7 0 X  1 0 ~ 7 0 .9 9 3  X  1 0 - 7

( 1 ,0 ) 0 . 1 5 6 x 1 0 - ' 0 . 1 6 0 X 1 0 - '

(0, 8) 0 . 6 0 4 X 1 0 - “ 0 . 6 1 0 X 1 0 - “

(0, 10) 0 . 1 3 0 X 1 0 - ' ° 0 . 1 1 2 x 1 0 - ' °

( 1 ,2 ) 0 . 2 4 4 X 1 0 - 6 0 .2 5 5  X l O - 6

1 T y p e  t r a n s i t i o n

( / , * ' ’ ) =  ( 1 , 0 ' M l .  I7 ) (0, 0 " M  1, n

(0, 1) 0 . 3 2 1 X 1 0 - ' 0 . 2 1 4 X 1 0 " '

(0, 3) 0 .5 3 1  X l O " 5 0 . 3 5 2 X  1 0 - 5

(0, 5) 0 .2 6 7  X  1 0 - 7 0 . 1 7 9 X 1 0 - 7

(0, 7) 0 . 1 6 9 X  1 0 - 8 0 . 2 7 7 X 1 0 " 8

( 1 ,1 ) 0 . 1 2 9 X  1 0 - 3 0 .8 5 8  X l O " 4

(0, 9) 0 .2 0 1  X l O " “ 0 . 1 3 4 X 1 0 " “

A k  =  0  a n d  p e r p e n d i c u l a r  (1) fo r  A k  =  +  l .32 A s  c a n  be  

seen  f r o m  th is  t a b le  L i N C  b e h a v e s  as  a  p e r t u r b e d  h a r m o n i c  

o sc i l la to r .  T h e  f u n d a m e n t a l  b e n d  a n d  s t r e t c h  t r a n s i t i o n s  a r e  

b y  fa r  t h e  m o s t  in te n se  a n d  o v e r to n e s  a r e  v e ry  w ea k .  T h e  

e n e rg y  s p l i t t in g  b e tw e e n  b e n d in g  o v e r to n e s  v a r ie s  g r a d u a l ly  

b y  less t h a n  10% . 12 T h e  s e p a r a t i o n  b e tw e e n  b e n d in g  a n d  

s t r e t c h in g  m o d e s  is v e ry  c lea r .  I n  sp i te  o f  th is  b e h a v io r ,  t h e  

a m p l i tu d e s ,  ev en  in t h e  lo w e r  ly ing  v ib r a t io n a l  s ta te s ,  a r e  

la rge ,  h o w e v e r ,  [e.g., fo r  (vs ivb1J )  =  (0,8,0) ( R  ) =  4 .1 7 a 0,

( 0 )  =  146°] as c o m p a r e d  to  t h e  g r o u n d  s t a t e  v a lu e s

( R  ) = 4 . 3 5 a 0, ( 0 )  =  1690. 12

I s m a i l  e t  al. m e a s u r e d  a  m a t r i x  i so la t io n  s p e c t r u m  o f  

L i N C . 19 A g a in ,  th e  a s s ig n m e n t  o f  f u n d a m e n t a l s  is f o u n d  to  

b e  in  a g r e e m e n t  w i th  o u r  c a lc u la t io n s ,  b u t  n o  re la t iv e  i n t e n 

s i t ies  h a v e  b e e n  g iven .

T h e  v ib r a t io n a l  s p e c t r u m  a t  h ig h e r  t e m p e r a t u r e  is e a s i 

ly u n d e r s t o o d  f r o m  th e  p r e v io u s  re su l ts .  T r a n s i t i o n s  w i th  

A u b =  1 o r  A v s =  1 a re  m o s t  in ten se ,  o th e r s  a r e  w eak .  E s p e 

c ia l ly ,  t h e  s t r e t c h  t r a n s i t io n s  a r e  v e ry  s t ro n g ,  as  c a n  b e  e x 

p e c te d  fo r  a n  io n ic  m o le c u le .  A s  th e  e n e rg y  s p a c in g s  b e tw e e n  

h i g h e r  levels  d e c re a se ,  t h e  t r a n s i t i o n s  b e tw e e n  th e s e  a p p e a r  

o n  t h e  lo w e r  f r e q u e n c y  s ide  o f  th e  c o r r e s p o n d i n g  t r a n s i t i o n s  

f r o m  th e  g r o u n d  s ta te .  B e c a u s e  o f  th e  r e g u la r i ty  in  t h e  s p a c 

ings,  t h e  s e p a r a t i o n  b e tw e e n  c o r r e s p o n d i n g  t r a n s i t i o n s  is n o t  

v e ry  la rge ,  h o w e v e r  (see a lso  F ig .  4  o f  R ef .  12).

VI. LiCN

A  l in e a r  L i C N  i s o m e r  w a s  p r e d i c t e d  b y  B r o c k s  a n d  

T e n n y s o n , 12 w i th  g r o u n d  s t a t e  e n e rg y  2 2 8 6  c m  - 1 a b o v e  th e  

L i N C  g r o u n d  s t a t e  e n e rg y .  T h e  b a r r i e r  to  i s o m e r i z a t io n  is a t  

3377  c m  - 1 a b o v e  th e  L i N C  g r o u n d  s t a t e  a n d  b e c a u s e  a p p r e 

c ia b le  t u n n e l i n g  s t a r t s  a t  a p p r o x i m a t e l y  200  c m  - 1 b e lo w  th e  

t o p  o f  t h e  b a r r i e r ,  t h e  i s o m e r i z a t io n  p ro c e s s  c o u ld  b e  o b 

s e rv e d  a t  h ig h  t e m p e r a t u r e  on ly .

I t  m i g h t  b e  poss ib le ,  h o w e v e r ,  t h a t  s o m e  c h e m ic a l  r e a c 

t io n s  c a n  b e  f o u n d  w h ic h  y ie ld  t h e  c y a n id e  i s o m e r  L i C N  as  a  

p r o d u c t .  W h e t h e r  L i C N  c a n  a c tu a l ly  be  o b s e r v e d  t h e n  d e 

p e n d s  o n  i ts  l i fe t im e .  I n  a  m o l e c u l a r  b e a m  th i s  l i f e t im e  is 

p r o b a b ly  d e t e r m i n e d  by  th e  h a l f - l i f e t im e  fo r  s p o n t a n e o u s  r a 

d i a t iv e  d e c a y  o f  L i C N  in to  L i N C .  I n  t h e  g as  p h a s e  co l l i s io n a l  

p ro c e s s e s  will  be  i m p o r t a n t  a s  w el l  b u t  t h e i r  effect o n  t h e  

L i C N  l i fe t im e  w ill  b e  h a r d  to  assess  th e o re t i c a l ly .  T a b l e  I X  

g ives  t h e  r a d ia t iv e  d e c a y  life t im e s  fo r  t h e  lo w e s t  v ib r a t io n a l
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T A B L E  IX .  H a l f - l i f e t i m e s  f o r  L i C N  v i b r a t i o n a l  s t a t e s  (J =  0), v i b r a t i o n a l l y  a v e r a g e d  d i p o l e  m o m e n t s  a n d  l in e  

s t r e n g t h s  f o r  r o t a t i o n a l  (J, k f ) =  (0, 0 '’ ) —►( 1, 0 r ) t r a n s i t i o n s .

(”, .  vh ) r ( s ) f a z ) f a x )

L i n e  s t r e n g t h  

F u l l  R i g i d  r o t o r

(0, 0) 24 .5 3 .7 0 9 -  0 .0 4 3 0 13.75 13 .76

(0, 2) 0 .4 6 3 .6 7 5 -  0 .0 7 5 6 13.41 13.51

(0, 4) 0 . 8 0 X 1 0 " 5 3 .6 3 2 -  0 .0 9 8 9 13 .04 13.19

( 1 .0 ) 1.07 3 .7 3 6 - 0 . 0 4 3 1 13.95 13 .96

( J  =  0) L i C N  s ta te s  (c a lcu la ted  w i th  ymax =  44, n max =  15, 

Qf  =  70° bas is  o f  Ref.  12.) T h e  s u m m a t i o n  in E q .  (17) goes  

o v e r  all L i N C  ( J  =  1) s ta te s  lo w e r  in e n e rg y  t h a n  th e  p a r t i 

c u l a r  L i C N  s ta te  c o n s id e re d .  T a b le  I X  s h o w s  t h a t  th e  L i C N  

g r o u n d  s ta te  h a s  a suff ic ien tly  lo n g  life t im e  fo r  its r o t a t i o n  

s p e c t r u m  to  be  o b se rv e d .  T h e  life t im e  o f  th e  h ig h e r  s ta te s  

d e c re a se s  r a p id ly  w i th  in c re a s in g  e x i ta t io n  level. I t  is u n l ik e 

ly, th e re fo re ,  t h a t  r o t a t i o n  s p e c t r a  fo r  th e se  h ig h e r  levels can  

be  m e a s u re d .  O n  th e  o t h e r  h a n d ,  th e  f u n d a m e n t a l  v i b r a t i o n 

al b a n d s  f ro m  th e  L i C N  g r o u n d  s ta te  will n o t  be  s t ro n g ly  

b r o a d e n e d  yet  a n d  it m ig h t  be  poss ib le  to  m e a s u r e  a v ib r a 

t i o n a l  s p e c t r u m ,  j u s t  as fo r  H N C 23 (w h ich  is th e  m e ta s t a b le  

i s o m e r  o f  H C N ) .  F o r  th e  sak e  o f  c o m p le te n e s s ,  T a b le  I X  

gives v ib ra t io n a l ly  a v e ra g e d  d ip o le  m o m e n t s  a n d  r o t a t io n a l  

l ine  s t r e n g th s  o f  L i C N  (c a lc u la te d  w i th  th e  

y'max = 2 8 ,  n max =  12, 6 r =  40° bas is  o f  Ref.  12). T h e  v ib r a 

t io n a l  l ine  s t r e n g th s  b e h a v e  like th o s e  o f  L iN C :  F u n d a m e n 

ta l  t r a n s i t io n s  a re  s t ro n g ,  o th e r s  a r e  w eak .  L in e  s t r e n g th s  fo r  

t h e  t r a n s i t io n s  (vs tvb , J , k  p) =  (0,0,0,0*)—>»(0,1,1,1c) a n d  

(0 ,0 ,0 ,0e)—►( 1,0 ,0 ,0e) a r e  0 .0 2 7 7  a n d  0 .0 1 1 7  a .u . ,  re spec t ive ly .

VII. CONCLUSIONS

In  th i s  s tu d y  w e  h a v e  p e r f o r m e d  c a lc u la t io n s  o n  rov i-  

b r a t i o n a l  t r a n s i t i o n  in te n s i t ie s  fo r  th e  l i t h iu m  a n d  p o t a s s iu m  

c y a n id e s .  W e  h a v e  u sed  a n  a n a ly t i c a l  d ip o le  s u r f a c e  f i t ted  to  

c a l c u la t e d  S C F  d ip o le  m o m e n t s 16,17 a n d  r o v ib r a t io n a l  w a v e  

fu n c t io n s  f r o m  L C - R A M P  c a l c u l a t i o n s . 10-15

T h e  v ib ra t io n a l ly  a v e ra g e d  d ip o le  m o m e n t s  fo l lo w  c lo 

sely  th e  d ip o le  m o m e n t s  fo r  v ib r a t io n a l ly  a v e ra g e d  g e o m e 

t r i e s . 10,12 T h e  in ten s i t ie s  o f  th e  r o t a t i o n a l  t r a n s i t io n s  c a l c u 

l a te d  f r o m  th e se  v ib ra t io n a l ly  a v e ra g e d  d ip o le  m o m e n t s  in  a 

r ig id  r o t o r  m o d e l  a r e  c o m p a r e d  w i th  th e  r e su l t s  o f  th e  full 

c a l c u la t io n s  in c lu d in g  th e  v ib r a t i o n - r o t a t i o n  c o u p l in g .  F o r  

L i N C ,  L i C N  a n d  th e  a - ty p e  t r a n s i t i o n s  in  K C N  th e y  a r e  in 

g o o d  a g re e m e n t ;  fo r  ¿ - ty p e  t r a n s i t io n s  in K C N  th e  r ig id  r o 

t o r  m o d e l  p r e d ic t s  t h e  in ten s i t ie s  to o  w e a k  b y  a n  o r d e r  o f  

m a g n i tu d e .  F o r  b o th  K C N  a n d  L i N C  th e  t r a n s i t i o n  

s t r e n g th s  a re  d o m i n a t e d  by  th e  d ip o le  c o m p o n e n t  a lo n g  th e  

b o d y - f ix e d  z  axis,  w h ic h  in th e  lo n g  r a n g e  is g iven  by  th e  

c h a r g e  s e p a ra t io n .

T h e  v ib ra t io n a l  s p e c t r u m  o f  K C N  is n o t  v e ry  r e g u l a r  in 

a p p e a r a n c e ,  d u e  to  s t r o n g  in t e r a c t io n s  b e tw e e n  b e n d in g  a n d  

s t r e t c h in g  m o d e s .  T h i s  r e su l t s  in  la rg e  sh i f ts  in e n e rg y  levels 

a n d  i r r e g u la r  s p a c in g s  b e tw e e n  th e m .  In  p a r t i c u l a r  t h e r e  is a  

s t r o n g  F e r m i  r e s o n a n c e  b e tw e e n  th e  s t r e t c h  f u n d a m e n t a l  

a n d  th e  s e c o n d  b e n d in g  o v e r to n e ,  by  w h ic h  th e  l a t t e r  s tea ls  

c o n s id e r a b le  in te n s i ty  f r o m  th e  first. A lso ,  m a n y  o f  t h e  h i g h 

e r  t r a n s i t io n s  p ick  u p  s o m e  in te n s i ty  by  r e s o n a n c e  effects. O n  

th e  o t h e r  h a n d ,  in L i N C  b e n d in g  a n d  s t r e t c h in g  m o t io n s  a r e  

w ell  s e p a r a t e d  in th e  lo w e r  ly ing  v ib r a t io n a l  levels. F u n d a 

m e n ta l  t r a n s i t io n s  a re  by  f a r  th e  m o s t  in tense .

A  m e ta s t a b le  L i C N  m o le c u le  w a s  p r e d ic t e d  b y  B ro c k s  

a n d  T e n n y s o n . 12 T h e  p r e s e n t  r e su l t s  s h o w  th a t ,  i f  th i s  L i C N  

m o le c u le  c o u ld  be  p r e p a r e d  by  s o m e  c h e m ic a l  r e a c t io n ,  th e  

g r o u n d  s ta te  is suff ic ien tly  s ta b le  a g a in s t  s p o n t a n e o u s  r a d i a 

t ive  d e ca y ,  to  be  o b s e rv e d  (ha lf - l i fe t im e  24.5  s).

E x p e r i m e n ta l  d a t a  o n  v ib r a t io n a l  t r a n s i t i o n s  fo r  th e s e  

m o le c u le s  is ve ry  l im i te d  y e t . 18,21,22 I t  will  b e  u se fu l  to  t ry  

a n d  o b ta in  gas  p h a s e  in f r a r e d  sp e c t ra .  In  v iew  o f  f u t u r e  e x 

p e r im e n t s  it is u se fu l  to  m a k e  e s t im a te s  o f  t h e  a c c u r a c y  o f  

o u r  p re d ic t io n s .  T h e  p o te n t i a l  s u r fa c e s  a n d  th e  d ip o le  s u r 

faces  fo r  K C N  a n d  L i C N  h a v e  b een  o b ta in e d  f r o m  g o o d  

q u a l i ty  (e x te n d e d  bas is  set) S C F - L C A O  c a l c u l a t i o n s . 16,17 

E v e n  t h o u g h  e le c t ro n  c o r r e l a t i o n  effects a r e  n o t  e x p e c te d  to  

be  v e ry  i m p o r t a n t  fo r  t h e  s t r o n g  (ionic) i n t e r a c t io n s  in  th e s e  

K + C N "  a n d  L i + C N ~  sp e c ie s , 16 t h e y  m a y  still  affect r o t a 

t io n  b a r r i e r s ,  e tc . ,  b u t  it is d iff icu lt  to  assess  to  w h a t  ex te n t .  

T h e  a c c u r a c y  o f  th e  d ip o le  s u r f a c e  c a n  be  e s t im a te d  (at t h e  

S C F  level) by  lo o k in g  a t  t h e  so  c a l le d  bas is  se t  s u p e r p o s i t i o n  

e r ro r .  F o r  K C N  it h a s  b e e n  f o u n d 16 t h a t  th is  e r r o r  is 6 . 5 %  in 

a n d  1 4 .5 %  in o f  t h e  s h o r t  r a n g e  d ip o le  c o n t r i b u t i o n s  

[cf. e x p re s s io n s  (10), (11), a n d  (14)] n e a r  th e  e q u i l ib r iu m  

s t r u c t u r e  (at R  =  5 .0 4 a o, 6  =  90°), w h i le  it is 8 .5 %  in  ¡ iz a n d  

1 7 %  in f i x a t  a  l a rg e r  d i s t a n c e  (R =  8a 0, 6  =  90°). F u r t h e r  

e r r o r s  d u e  to  th e  a n a ly t i c  fit o f  th e  p o te n t i a l  a n d  d ip o le  s u r 

faces  h a v e  b e e n  in d ic a te d  in d e ta i l  in  Refs .  16 a n d  17 a n d  in 

Sec. I I  o f  th is  p a p e r .  T h e y  a re  s u c h  t h a t  w e  e s t im a te  th e  

o v e ra l l  e r r o r  in o u r  d ip o le  s u r fa c e  to  b e  o f  t h e  o r d e r  o f  10%  

o f  t h e  s h o r t  r a n g e  c o n t r i b u t i o n s  (excep t  w h e n  th e  l a t t e r  b e 

c o m e  ve ry  small) ,  a p a r t  f r o m  p o ss ib le  e le c t ro n  c o r r e l a t i o n  

effects. T h e re fo r e ,  w e  h a v e  effectively  c h a n g e d  th e  s h o r t  

r a n g e  c o n t r i b u t i o n s  by  10%  a n d  lo o k e d  a t  t h e  effect o n  th e  

c a l c u la t e d  o b se rv ab le s .  T h e  t r a n s i t i o n  s t r e n g th s  o f  t h e  r o t a 

t i o n a l  t r a n s i t io n s  in  K C N  c h a n g e  b y  3 %  a n d  1 0 %  fo r  a-  a n d  

¿ - ty p e  t r a n s i t io n s ,  r e sp ec t iv e ly ,  w h i le  t h e  m o r e  in te n s e  v i 

b r a t i o n a l  t r a n s i t i o n s  c h a n g e  b y  less t h a n  4 % .  In  L i N C  a 

s im i la r  c h a n g e  a l te r s  th e  r o t a t i o n a l  t r a n s i t i o n  s t r e n g t h s  by  

a b o u t  6 %  a n d  th e  v ib r a t io n a l  o n e s  b y  1 .3 %  a n d  1 4 %  fo r  th e  

s t r e t c h  a n d  b e n d in g  f u n d a m e n ta l s ,  r e sp e c t iv e ly  (w h ic h  a re  

th e  o n ly  s t r o n g  t r a n s i t i o n s  in  L i N C  f r o m  th e  g r o u n d  state).  

T h e  r a d ia t iv e  l i fe t im e  o f  L i C N  c h a n g e s  f r o m  24.5  to  2 4 .4  s. 

So, o n  th e  w h o le ,  w e  c o n c lu d e  t h a t  t h e  p r o p e r t i e s  o f  K C N  

a n d  L i C N  t h a t  w e  h a v e  c a l c u la t e d  a re  n o t  v e ry  sen s i t iv e  to  

p o ss ib le  e r r o r s  in  t h e  d ip o le  su r fa c e ,  b e c a u s e  th e y  a r e  d o m i 

n a t e d  b y  t h e  lo n g  r a n g e  (ionic) c o n t r i b u t i o n s  to  t h e  d ipo les .
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A d d i t i o n a l  i n a c c u r a c ie s  in  o u r  r e s u l t s  a r i s e  f r o m  th e  use  

o f  i n c o m p le t e  bas is  se ts  in  t h e  d y n a m i c a l  c a l c u l a t i o n s  o f  th e  

r o v ib r a t i o n a l  s t a t e s . 10,12 H o w e v e r ,  w e  h a v e  c h e c k e d  t h a t  i n 

c r e a s in g  j max  f r o m  23 to  28 in  t h e  R A M P  b as is  o f  K C N 10 

c a u se s  n eg l ig ib le  c h a n g e  in a n y  o f  t h e  c a l c u l a t e d  in te n s i t ie s  

(or f req u en c ie s ) .  A l t h o u g h  t h e  life t im e  o f  L i C N  is e x p e c te d  

to  d e p e n d  sen s i t iv e ly  o n  th e  r o v ib r a t i o n a l  w a v e  fu n c t io n s ,  

i n c r e a s in g  ymax f r o m  4 4  to  4 6  in  t h e  L i C N  c a lc u la t io n s ,  j u s t  

a l t e r s  th is  l i fe t im e  f r o m  24.5  to  24 .8  s. T h u s  w e  t h i n k  t h a t  i t  is 

w o r t h  c o m p a r i n g  o u r  c a l c u l a t e d  d a t a  to  t h e  r e s u l t s  o f  f u tu r e  

e x p e r im e n t s  o n  K C N  a n d  L i C N ,  in  o r d e r  to  assess  t h e  r e 

m a i n i n g  u n c e r t a i n t y  in  th e  c a l c u l a t e d  p o te n t i a l  su r faces .  

M o r e o v e r ,  w e  e x p e c t  t h a t  t h e  p r e s e n t  c a l c u l a t i o n s  will  be  

h e lp f u l  in  u n r a v e l in g  th e  s p e c t r a  to  b e  m e a s u r e d .
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