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Ab initio vibrational-rotational spectrum of potassium 
cyanide: KCN. II. Large amplitude motions and rovibrational 
coupling

Jonathan Tennyson and Ad van der Avoird

Instituut voor Theoretische Chemie, Universiteit Nijmegen, Toernooiueld, Nijmegen, The Netherlands 
(Received 29 J a n u a ry  1982; accep ted  17 F e b ru a ry  1982)

T h e  ten lowest v ib ra t ional s ta tes  o f  K C N  have  been o b ta in ed  ab initio using the  c lose-coupling  m e th o d  o f  Le 

R o y  a n d  V an K ra n e n d o n k .  F u n d a m e n ta l  v ib ra t io ns  a re  found  to  lie at 114.7 (bending) an d  293.0 c m -1 

( K - C N  stretch). C o m p a r iso n  is m a d e  w ith  p rev ious  resu lts  o b ta in e d  using th e  W atson  H a m il to n ia n  fo r  

n o n lin ea r  m olecules  a n d  sep a ra t in g  the ro ta t io n s  an d  v ib ra tions. I t  is found  th a t  th is  m odel b reaks  d o w n  for 

the  h ig h e r  l ib ra tions  nea r  an d  above the  b a r r ie r  to  inversion. F o r  these  s ta tes  the  average  g eom etry  o f  the 

K C N  m olecu le  shifts to w a rd s  the  l inear  isocyanide  (K N C ) s t ru c tu re .  P ro p e r t ie s  o f  the  v ib ra t ional  s ta tes  an d  

the  ro ta t io n a l  sp e c tru m  are ana lyzed .

I. INTRODUCTION

R ecent ex p e r im en ta l  w ork  on the ro ta t io n a l  sp e c tru m  
of p o ta ss iu m  cyanide (KCN) has  shown it to have a t r i ­
an g u la r  s t ru c tu re ,  1,2 a r e s u l t  confirm ed  by ab initio 
c a lc u la t io n s .3,4 F u r th e r m o r e ,  th ese  ab initio c a lc u la ­
t ions  showed th e re  to be a low b a r r i e r  (~ 500 cm"1) 
to in v e rs io n  at the isocyan ide  g e o m e try .  While one 
can expect a few v ib ra t iona l  s ta te s  to be confined below 
th is  b a r r i e r ,  s ta te s  which undergo  la rg e  am plitude v i ­
b ra t io n s  a c r o s s  the b a r r i e r  should be app rec iab ly  popu ­
la ted  at m o d e ra te  v ib ra t iona l  t e m p e r a tu r e s .  The m ic r o ­
wave ex p e r im en ts  w ere  conducted at 1150 K. In th ese  
ex p e r im e n ts  ro ta t io n a l  t r a n s i t io n s  f ro m  a t le a s t  11 v i ­
b ra t io n a l  s ta te s  have been o b s e r v e d ,2 although only 
those f rom  the ground s ta te  have been definitely a s ­
s igned .

In c o n tra s t  to the ro ta t io n a l  sp ec tru m , th e re  i s  l i t t le  
ex p e r im e n ta l  data  on the g as  phase  v ib ra t io n a l  sp e c tru m  
of KCN. The only d i re c t  m e a s u re m e n t5 o b se rv ed  ju s t  
one t ra n s i t io n  (at 207 cm "1) between 200 cm"1 and the 
C - N  s t r e tc h  at 2158 cm"1. An e s t im a te  of the in e r t ia l  
defect f rom  the g round  s ta te  ro ta t io n a l  sp e c tru m  p laced  
the bending mode co2 at ~ 157 cm “1. 2 T h is  is  in 
f a i r  a g re e m e n t  with the m a t r ix  iso la tion  study of I sm a i l  
et a l . 6 who found the K -C N  s t r e tc h  at 288 cm"1, the 
bending mode w2 at 139 cm "1, and the CN s t r e tc h  co3 a t 
2050 c m “1»

In a re c e n t  p a p e r , 7 hencefo r th  r e f e r r e d  to a s  I, 
Tennyson and Sutcliffe p re d ic te d  that the fundam enta ls  
u)1 and w2 lie  a t  303 and 120 c m “1, r e sp e c t iv e ly .  In that 
w ork  they so lved  W atson’s fo rm  of the H am ilton ian8 
using the m ethod of W hitehead and H an d y .9 In th is  a p ­
p ro ac h  the p ro b le m  is  e x p re s s e d  in n o rm a l  co o rd in a te s  
expanded about som e equ il ib r ium  s t r u c tu r e .  T h is  a l ­
lows an op tim al sep a ra t io n  of v ib ra t io n a l  and ro ta t io n a l  
m otions, which i s  only valid  in the l im it  of sm a l l  a m p l i ­
tude v ib ra t io n s .  U se of th is  sep a ra t io n  gave good r e ­
su l ts  fo r  the low lying v ib ra t io n a l  s ta te s  of KCN. T h is  
allowed ten ta tive  a s s ig n m e n ts  to v ib ra t io n a l  lev e ls  to be 
m ade fo r the o b se rv ed  ro ta t io n a l  sp e c t ru m  of the v ib r a ­
t ional exc ited  s ta te s .

Of p a r t i c u l a r  i n t e r e s t  in KCN i s  the n a tu re  of the v i ­

b ra t io n a l  s ta te s  below, at, and above the b a r r i e r  to in ­
v e r s io n ,  F o r  LiCN, s ta te s  in which the L i+ ion m oves 
n ea r ly  f ree ly  about the CN‘ ion (leading to a “po ly top ic” 
bond10) have been p re d ic te d  to p re d o m in a te  in the gas  
p h a s e . 10 F o r  KCN, th e re  is  p robably  a t ra n s i t io n  from  
low-lying loca l ized  l ib ra t io n a l  s ta te s  to h igher  h indered  
in te rn a l  ro ta t io n s ,  co m p arab le  in n a tu re  to the o r ie n ta ­
t ional o r d e r - d i s o r d e r  p h ase  t ra n s i t io n  o b se rv ed  in 
a lkali  cyanide c r y s t a l s 11 (including KCN).

F o r  the h igher  bending v ib ra t io n a l  s ta te s  n e a r  and 
above the b a r r i e r ,  which should behave like h indered  
in te rn a l  r o to r s ,  one can expect the sep a ra t io n  between 
v ib ra t io n s  and ro ta t io n s ,  tha t i s  a lw ays used  in p r a c ­
t ic e  with W atson’s H am iltonian , to b re a k  down. M o re ­
over,  the W atson H am iltonian  for  a non linea r  m o le ­
cu le8 does not allow fo r the l in e a r  g e o m e t r ie s  which 
o ccu r  at the b a r r i e r ,  m eaning  tha t any m ethod b ased  
on th is  H am iltonian cannot be expected  to p e r fo rm  well 
for  s ta te s  with s ign ifican t am p li tu d es  at the b a r r i e r .

In th is  p ap e r ,  we solve the  n u c le a r  dynam ics  p rob lem  
for  KCN making no a s su m p tio n s  about the sep a rab i l i ty  
of the ro ta t io n a l  and v ib ra t io n a l  H am ilton ian . T h is  is  
done using  the m ethod of Le Roy and Van Kranendonk, 12 
which s e ts  up a s e c u la r  p ro b le m  within the  c lo s e -c o u -  
pling fo rm a l i s m .  It u s e s  ana ly tic  in te g ra l s  over  a b a s is  
of sp h e r ic a l  h a rm o n ic s  ( f ree  r o to r  functions) in the 
bending mode, which a r e  coupled to the o v e ra l l  ro ta tion . 
T h is  b a s i s  should give a b e t t e r  r e p re s e n ta t io n  of the 
h inde red  ro ta t io n s  o r  la rg e  am plitude  l ib ra t io n s  which 
l ie  above the b a r r i e r .

The method has  been su ccess fu l ly  u sed  to ca lcu la te  
the s p e c t r a  of van d e r  W aals  m o lecu le s ,  e sp ec ia l ly  
H2- r a r e  g as  c o m p le x e s ,12 w here  the n e a r  iso t ro p ic  
p o te n t ia ls  allow a lm o s t  f re e  ro ta t io n s  in the  bending co ­
o rd in a te .  The m ethod has  re c e n t ly  been  rev iew ed  by 
Le Roy and C a r l e y . 13 C arney  et a l . {A have rev iew ed  
v a r ia t io n a l  m ethods  for  the n u c le a r  d y n am ics  p rob lem .

A re la te d  m ethod by Shapiro  and B a l in t - K u r t i , 15 
fo rm u la ted  in body fixed co o rd in a te s ,  h a s  been used  to 
obtain the ro v ib ra t io n a l  sp e c t ru m  of w a te r  with good 
r e s u l t s .  Although the b a r r i e r  to l in e a r i ty  in w a te r  is  
over  12 000 c m “1, 16 expansion of the highly loca lized
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FIG . 1. P o t e n t i a l  e n e r g y  s u r f a c e  f o r  KCN a s  c a l c u l a t e d  by 

W o r m e r  an d  T e n n y s o n  (R e f .  3) .  R  i s  t h e  d i s t a n c e  f r o m  t h e  CN 

c e n t e r  of  m a s s  to  K , an d  6 t h e  a n g l e  R  m a k e s  w i th  r ( C N ) ;  0 = 0 

f o r  K C N .  S t a r t i n g  f r o m  th e  c l o s e d  c o n t o u r ,  t h e  c o n t o u r s  l i e  a t  

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

- 2 1  9 5 4 . 0 ,  - 4 3 9 0 . 8 ,  a n d  30 7 3 5 .  6 c m “1.

v ib ra tiona l s ta te s  with f re e  r o to r  functions showed 
convergence with about ten f u n c t io n s .15 T h is  su g g es ts  
that for the com para t ive ly  “floppy” KCN, f r e e  ro to r  
functions should p rov ide  a s a t i s fa c to ry  expansion even 
for the m o re  loca l ized  v ib ra t io n a l  s ta te s  below the b a r ­

r ie re  Recently , Kidd, B a l in t-K u r t i ,  and S h ap iro 17 have 
used h indered  ro to r  functions to give a f a s te r  c o n v e r ­
gent b a s i s  se t  fo r  w a te r .  Although functions of th is  
type should give a b e t te r  r e p re s e n ta t io n  of the low lying 
s ta tes  in KCN, the sam e se t  of h indered  r o to r  functions 
would not n e c e s s a r i ly  be a p p ro p r ia te  fo r  the s ta te s  
lying above the b a r r i e r .  T h e re fo re ,  we have not used  
them.

By solving the n u c le a r  dynam ics  p ro b lem  for KCN 
over a range  of v ib ra t io n a l  s ta te s ,  we hope to gain 
insight into the behav io r  of the m olecu le  a s  the a m p l i ­
tude of i t s  motion in c r e a s e s .  F u r th e r m o r e ,  c o m p a r i ­
son with p a p e r  I a llow s an a s s e s s m e n t  to be m ade of 
two very  d if fe ren t m ethods  for  the dynam ical p ro b le m .
In p a r t ic u la r ,  i t  i s  p o ss ib le  to check the low lying s ta te s  
obtained using the m ethod of W hitehead and Handy9 and 
find w here  th e i r  m ethod c e a s e s  to be a p p ro p r ia te .

II. POTENTIAL SURFACE

In th is  p a p e r ,  a s  in I, we use  the ana ly tic  KCN s u r ­
face fit ted  by W o rm e r  and T ennyson3 to th e i r  extended 
bas is  SCF ca lcu la t io n s .  T h is  su r fac e  i s  only two d i ­
m ensional a s  the CN bond length r  w as frozen  a t  i ts  
SCF op tim ized  value 10157 A, E x p lo ra to ry  ca lcu la t ions  
by both W o rm e r  and T ennyson3 and Klein et a l . 4 found 
little  coupling in the po ten tia l  between r  and the o ther
coord ina tes .  F u r th e r m o r e ,  the CN s t re tc h ,  which l ie s  
in the reg ion  of 2100 cm "1, 5,6 i s  well s e p a ra te d  f rom
the o ther  fundam enta l e n e rg ie s .  T h is  su g g es ts  that 
trea t ing  the CN a s  a r ig id  r o to r  should not lead  to too 
g rea t  a lo s s  of a c cu ra cy  and a llow s the W o r m e r -  
Tennyson po ten tia l  to be u sed  in i t s  o r ig in a l  fo rm

V(R, r„  0) = £  P x(cos 9) VX(R), (1)
x=o

w here  R  = (R ,R )  i s  the v ec to r  f ro m  the CN c e n te r  of 
m a s s  to the K nucleus  and d the angle R m ak es  with 
the v ec to r  r  (the CN axis) m e a s u re d  f rom  C. The 
coeff ic ien ts  of the L egendre  polynom ial expansion a s  
functions of R  a r e  given by W o rm e r  and T e n n y so n .3 
F ig u re  1 shows the po ten tia l  in the reg ion  of the m in i ­
m um . We note tha t  the g eo m etry  a t  the m in im um  is  
indeed t r ia n g u la r ,  although the b a r r i e r  to in v e rs io n  
through the l in e a r  isocyanide  (KNC) s t ru c tu r e  i s  only 
503.9  cm -1. The b a r r i e r  through the l in e a r  cyanide 
(KCN) s t ru c tu r e  is  cons iderab ly  l a r g e r .  F ina l ly ,  we 
note that the SCF op tim ized  CN bond length is  slightly  
s h o r te r  than tha t obtained f ro m  e x p e r im e n t2 o r  when 
ex tensive  configuration  in te rac t io n  is  u s e d . 18

. METHOD

As the second s tep  in the B o rn -O p p e n h e im e r  ap p ro x i ­
m ation, the Ham iltonian fo r  the a t o m - r i g i d  d ia tom  nu ­
c le a r  p rob lem  can be w ri t ten ,  a f te r  sep a ra t in g  out the 
c en te r  of m a s s  motion, a s

H(R, r) = -
n

2\jR

I

(2>

in “ sp a c e - f ix e d ” c o o r d in a te s .12 In Eq. (2), ¡i equals  

m am d/(m a + m d)> with anc* being the a to m ic  and 
d ia tom ic  m a s s e s ,  re sp ec t iv e ly ;  i±d i s  the  red u ced  m a s s  
of the d ia tom . The diatom  is  a s su m e d  to have a fixed 
bond length r f . The eigenfunctions of the o p e ra to r s  l2

p  a  ^

and ] a r e  sp h e r ic a l  h a rm o n ic s  in the an g les  R  and r ,  
r e sp e c t iv e ly .

Within the ze ro -co u p l in g  l im it ,  i . e . ,  if V ( R , r f , 9)

-  V(R), Eq . (2) b e c o m e s  se p a ra b le  and the e igenfunc ­
t io n s  can be w ri t ten  a s  [ iT 1 /jV(R, r ) c x„i a r e  
the so lu tions of the pseudod ia tom ic  S ch rod inger  equa ­
tion

- H

2/1 dR
d F + Z(Z+1) t t t Î t  + V(R) -  E 0(n, Z)1 = 02 \iR

(3)

and the to ta l  angu la r  m om entum  eigenfunction V ' f 1 i s  
defined a s

y  nM( k  r ) =  £  I, M - r n ) Y jm( r ) Y 1M. m(R),
m=-j

(4)

w here  (J, M  I j ,  m\  I, M - v i )  i s  a C le b sc h -G o rd a n  co ­
e ff ic ien t.  19

Solutions of the  full S ch rod inger  equation fo r  the 
p ro b le m

[H(R, r ) - £ £ ] * £ "  = 0

can be obtained in a b a s i s  of ze ro -co u p l in g  functions 
giving

* ™ ( R , r ) =R -1 Z  E ^ M(R, h G Jjla(R),
j I

w here

(5)

( 6 )

J. Chem. Phys., Vol. 76, No. 12, 15 June 1982
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GJj t  = £ a
J  a  
nj l x„ ,W (7)

n

and 2iJa i s  the v ec to r  of expansion coeff ic ien ts  fo r  the 
oith s ta te  with to ta l ro ta t io n a l  quantum num ber J.

Substituting E q s .  (2) and (6) into Eq. (5), multiplying 
f rom  the left by y Jf Mi»(R, r)* and in teg ra t ing  over  all 
v a r ia b le s  except R  y ie ld s  the so ca lled  c lo se -co u p led  
equations, o r ig ina lly  de r ived  for  s c a t te r in g  p ro b le m s  
by A r th u rs  and Dalgarno, 20

n

2ju
*,(̂ +1)~L i ' U '  + P n *- E t  [ g / “« + E E E M  1 " ; J ) U R )  G =o,

R  J ZMdr  f  ) j "  I"  x
(8)

w h ere  it has been a s su m e d  tha t  the po ten tia l  is  e x p re s s e d  a s  the L egendre  expansion of Eq. (1). T h is  a llow s the 
angular in teg ra t io n  over  the po ten tia l  to be p e r fo rm e d  ana ly tica lly  giving

j"  +i' +/ [(2 ;' + 1) (2j"  + 1) (2V + 1) (21" + 1 )]1/2
//

V  \  V 

0 0 0 (9)

as  f i r s t  shown by P e r c iv a l  and S e a to n .21 The sy m m etry  
of / x fo rc e s  it to be z e ro  u n le s s  j "  + \ + j r and I "  + \  + V 

a re  both even. T h is  c a u se s  the s e c u la r  equations, 
which a r e  obtained f rom  Eq. (8) by substitu ting  Eq,
(7) and in tegra ting , and which a r e  a lread y  b locked by J, 
to be fu r th e r  block fa c to r iz e d  accord ing  to w he the r  j*
-  V i s  odd o r  even.

The method of Le Roy and Van K ranendonk12 u s e s  nu ­
m e r ic a l  ra d ia l  b a s is  functions \ nl(R).  T h ese  a r e  ob ­
ta ined  by the explic it  n u m e r ic a l  solution of Eq. (3). In 
p r in c ip le ,  a com plete  se t  of ra d ia l  b a s i s  functions may 
be obtained fo r  only one value of I, Zref, and it i s  con ­
venient to work with a b a s i s  g e n e ra te d  in th is  fashion 
as it i s  o r thogonal.  In the c a se  of KCN, the ra d ia l  po ­
ten t ia l  i s  sufficiently  deep for  XnJ{R) to only weakly 
depend on Z; we, th e re fo re ,  w orked  en t i re ly  with Zref = 0 
and henceforth , w ill drop the second index on xni- 

F u r th e r m o r e ,  the r a d ia l  po ten tia l  su p p o r ts  s e v e ra l  
hundred  bound s ta te s  and so th e re  is  no need  to include 
functions f rom  the continuum as  is  n e c e s s a ry  fo r 
sha llow er  p o ten t ia ls . 22

In th e i r  work, Le Roy and Van K ranendonk12 se t  the 
po ten tia l  V(R) in E q 0 (3) equal to the iso t ro p ic
po ten tia l  and f i r s t  t e r m  in an expansion like tha t of 
Eq. (1). P r e l im in a r y  ca lcu la t ions  showed only slow 
convergence  with a ra d ia l  b a s i s  g e n e ra te d  in th is  
m a n n e r ,  The m ain  p ro b lem  is  that the m in im um  of 

l ie s  at l a r g e r  R,  2 0 891 A, than the equ il ib r ium  
g eo m e try  of W o rm e r  and T e n n y s o n ,3 R e -  2. 675 A. In ­
s tead , a cut through the po ten tia l  a t the equ il ib r ium  
angle 0e = lO 5.7° w as used , giving V(R)=V(R1 9e, r e ). 
The re su l t in g  b a s i s  w as  found to give cons ide rab ly  m o re  
rap id  convergence .

IV. CALCULATIONS WITH 7 = 0

The b a s i s  s e t s  outlined in the p rev io u s  sec t io n s  a r e  
e s se n t ia l ly  two d im ens iona l  within a given ro ta t io n a l  

s ta te  (J , M), i . e . ,  the s ize  of the s e c u la r  p ro b lem  
in c r e a s e s  l in ea r ly  with both the n u m b er  of ra d ia l  func ­

t ions x n and an g u la r  functions y ™  included in the b a s is .  
F o r  our r e s u l t s  to be s a t i s f a c to r i ly  converged , it i s  
n e c e s s a ry  to c o n s id e r  i n c r e a s e s  in the b a s i s  with both 
th e se  se ts .

Table  I shows the effect of in c re a s in g  the num ber  of 

ra d ia l  b a s i s  functions. All Xn(#) w e re  included f rom

I -

n = 0 to rcmax, so tha t the final b a s i s  se t  w as m ade up 
using wmax + l  r a d ia l  functions . T h ese  functions w ere  
g e n e ra te d  by n u m er ica l ly  solving Eq. (3) fo r  a g r id  of 
1200 po in ts  until E 0 had converged  to within 0. 05 cm “1. 
The ra d ia l  wave functions w e re  found to be in sen s i t iv e  
to e i th e r  in c re a s in g  the g r id  or low ering  the c o n v e r ­
gence th re sh o ld .  It i s  c le a r  f ro m  T ab le  I that the 
ra d ia l  b a s is  se t  i s  very  well s a tu ra te d  with «max 
= 11 (12 functions), and we took th is  value for a l l  f u r ­
t h e r  ca lcu la t ions .

It i s  not so easy  to g e n e ra te  angu la r  b a s i s  s e ts  in 
such  a un ifo rm  m a n n e r .  T h is  i s  b ec au se  the ra n g e s  
of the su m m atio n s  over  j  and Z in Eq. (6) a r e  linked; 
they depend on J  via the t r ia n g u la r  r e la t io n sh ip s  in ­
h e re n t  in the C le b sc h -G o rd a n  coeffic ien t of Eq. (4).
We followed the u sua l p r a c t i c e 12“ 15,17 and included in 
our b a s is  a ll  p o ss ib le  angu la r  functions which had j  
l e s s  than o r  equal to som e j max. T ab le  n  shows the 
the convergence  of the low est ten s ta te s  with J  -  0 and 
in c re a s in g  j max.

It is  c le a r  f ro m  Table  II that convergence  is  con ­
s ide rab ly  s low er  fo r  the an g u la r  functions than for the 
ra d ia l  p ro b le m .  Indeed, tw ice a s  many an g u la r  func ­
t ions  (a to ta l  of 7max+ 1 fo r  J  -  0) a r e  needed to give con 
v e rgence  s im i la r  to tha t found with wmax = l l .  Even for 
J  = 0, it w as  no longer  p o ss ib le  for  us  to re ta in  the 
whole s e c u la r  m a t r ix  in the co m p u te r  m ain  s to re  fo r

T A B L E  I. C o n v e r g e n c e  o f  g r o u n d  s t a t e  e n e r g y  ( in  c m -1) a n d  

l o w e s t  n i n e  b a n d  o r i g i n s  ( in  c m -1) w i t h  r a d i a l  b a s i s  s e t .  A l l  

c a l c u l a t i o n s  a r e  f o r  J  = 0 a n d  ^ '„ ^  = 15 .

, l max

1 0 11 1 2

G ro u n d  s t a t e - 3 8  8 6 1 .  1 6 6 a - 3 8  8 6 1 .  1 6 6 a - 3 8  8 6 1 .  1 6 6 a

B and  o r ig in  1 1 1 7 . 8 4 1 1 7 . 8 4 1 1 7 .  8 4

2 2 2 1 . 2 1 2 2 2 . 2 1 2 2 2 . 2 1

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

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

5 3 9 4 . 7 5 3 9 4 . 7 3 3 9 4 . 7 3

6 4 2 5 . 9 6 4 2 5 .  9 4 4 2 5 .  9 4

7 4 6 4 . 7 6 4 6 4 . 4 2 4 6 4 . 4 1

8 5 2 8 .  G9 5 2 8 .  5 0 5 2 8 . 4 8

9 5 4 2 . 3 3 5 4 1 . 9 5 5 4 1 .  9 2

aE n e r g y  r e l a t i v e  t o  d i s s o c i a t e d  K* a n d  CN *.
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T A B L E  II. C o n v e r g e n c e  of g r o u n d  s t a t e  e n e r g y  ( in  c m ”1) an d  l o w e s t  n in e  b a n d  o r i g i n s  ( in  c m “1) w i th  a n g u ­

l a r  b a s i s  s e t .  A l l  c a l c u l a t i o n s  a r e  f o r J  = 0 a n d  n mix = 11.

G r o u n d  s t a t e  

B a n d  o r i g i n

15

J max

18 19 22 23

- 3 8  861. 166 - 3 8  8 6 1 .3 7 3 - 3 8  8 6 1 .3 9 1 - 3 8  8 6 1 .3 9 6 - 3 8  8 6 1 .3 9 7

1 1 1 7 .8 4 1 1 6 .2 1 1 1 6 .1 5 1 1 6 .1 0 1 1 6 .0 9
2 2 2 2 .2 1 2 1 8 . 2 5 2 1 8 .1 1 2 1 7 . 7 9 2 1 7 . 7 8
3 2 9 7 .2 1 2 9 5 . 0 8 2 9 4 .5 6 2 9 4 . 3 0 2 9 4 . 2 9
4 3 1 9 . 6 7 3 1 5 . 5 0 3 1 4 . 9 7 3 1 4 . 5 9 3 1 4 . 5 8
5 3 9 4 . 7 3 3 8 2 . 9 3 380 .  59 3 7 9 . 6 4 3 7 9 . 5 6
6 4 2 5 . 9 4 4 2 1 . 2 6 4 2 1 . 1 2 4 2 0 .5 1 4 20 .  45
7 4 6 4 . 4 2 4 5 1 . 3 8 449 .  57 4 48 .  53 4 4 8 . 4 2
8 5 2 8 .5 0 5 0 0 .3 6 4 9 9 . 4 4 4 9 5 . 2 3 4 9 4 . 9 0
9 5 4 1 .9 5 5 3 2 .9 2 5 3 1 .4 3 5 3 0 .4 3 5 3 0 .4 0

these  high va lues  o f j max. We w ere  thus  fo rced  to use  
a m ethod of i te ra t iv e  d iagonaliza tion23’24 and to obtain 
only the low est (usually ten) e igenva lues .  As the s e c u ­
la r  m a t r ix  w as not, in g e n e ra l ,  diagonally dominant, 
convergence of th is  d iagonalization  was slow. How­
ever , in some c a se s ,  such a s  in b a s is  se t  op tim ization , 
a good in i t ia l  g u e s s  to the e ig e n v e c to rs  could be p r o ­
vided by a p re v io u s  ca lcu la tion .

F o r  J  -  0, the s ta te s  e s se n t ia l ly  c o r re sp o n d  to the 
v ib ra tiona l lev e ls  obtained in p a p e r  I. Table  II thus 
shows the convergence  of the v ib ra t iona l  sp e c tru m  
with an g u la r  b a s i s .  The ro ta t io n a l  sp e c tru m  will not 
n e c e s s a r i ly  exhibit the s a m e  p r o p e r t i e s .  The s ize  of 
the s e c u la r  p ro b lem  g ro w s  l in ea r ly  with the to ta l  r o ­
ta t ional quantum n um ber  J ,  and thus  the level of a c ­
curacy  tha t can be a tta ined  in the ca lcu la t io n s  d e ­
c r e a s e s  with in c re a s in g  J .

T ab le  HE shows the effec t of vary ing  the CN bond 
length. C o m p ared  a r e  r e s u l t s  fo r  the SCF op tim ized  
bond length r e = 1. 57 A3 and the b e s t  e x p e r im e n ta l  e s ­
t im a te  of the v ib ra t iona lly  a v e ra g e d  bond length r 0 
= 1.71 A f ro m  iso top ic  s u b s t i tu t io n .25 C lea r ly ,  the 
longer CN bond length lo w e rs  the energy  of a ll  s ta te s ,  
This i s  b ecau se  the effect of lengthening is  to reduce  
the se p a ra t io n  betw een ro ta t io n a l  s ta te s  of the CN 
diatom. As the e x p e r im e n ta l  CN d is tance  i s  m o re  
r e a l i s t ic  than th a t  of W o rm e r  and Tennyson, the v i ­
b ra t iona l  sp e c t ru m  ca lcu la ted  fo r  r 0 = 1 .171 A r e p r e ­
sen ts  our b e s t  e s t im a te .

A nalysis  of our  wave function (see  F ig .  2) su g g es ts  
that the f i r s t  and th i r d  exc i ted  s ta te s  a r e  the bending 
(cü2) and K -C N  s t re tc h in g  (cüx) fundam en ta ls ,  the second 
excited s ta te  being a bending over tone .  Our s t r e tc h  
at 293 .0  c m ’1 i s  thus  in su rp r is in g ly  good a g re e m e n t  
with the m a t r ix  iso la t ion  value of I sm a i l  et  a l . , 6 
288 c m “1, but o u r  bending fundam enta l  a t  114. 7 c m ”1 
lies  25 c m -1 low er than th e i r s .  As sug g es ted  in I, 
the t r a n s i t io n  o b se rv e d  at 207 cm "1 by L e ro i  and 
K le m p e re r5 could w ell be the bending over tone .

Table  in a lso  c o m p a re s  our  r e s u l t s  to th o se  ob ­
tained in I, using  the m ethod  of W hitehead and H a n d y .9 
In o r d e r  to c o m p a re  abso lu te  e n e rg ie s ,  i t  i s  n e c e s s a ry  
to m ake a l low ances  fo r  the CN s t r e tc h  z e ro -p o in t  e n e r -

gy, which does not en te r  the p r e s e n t  ca lcu la t ions  a s  the 
CN i s  t r e a te d  a s  r ig id .  In p a p e r  I, a full v ib ra t io n a l  
p ro b le m  w as solved and the a p p ro p r ia te  CN z e ro -p o in t  
energy  w as found to be 1064.9  cm ’1. Including th is  
shows the p rev io u s  g round  s ta te  to be  low er  in energy  
and thus  in a v a r ia t io n a l  se n se  b e t t e r  r e p re s e n te d .

However, the exc ited  s ta te s  of p a p e r  I lie  h igher  in 
energy than those  ca lcu la ted  using  the m ethod of 
Le Roy and Van K ra n e n d o n k .12 T h is  lead s  to slightly 
l a r g e r  va lues  fo r  the fundam enta l t r a n s i t io n s ,  nam ely ,
119. 7 and 302. 7 c m “1, co m p a re d  with 116.1  and 

294. 3 cm"1 found with the sam e  CN bond length in the 
c u r r e n t  s tudy. T h is  d isc rep an cy  i s  sm a ll  and the 
two m ethods a r e  c le a r ly  in good a g re e m e n t  for  th e se  
low lying s ta te s .

The sam e  cannot be sa id  fo r  the h igher  v ib ra t io n a l  
s t a t e s .  T h e re  i s  s e r io u s  d is a g re e m e n t  betw een the two 
ca lcu la t ions  fo r  the fou rth  exc ited  and h ig h e r  s ta te s ,  
with the p re v io u s  ca lcu la t ions  in p a p e r  I o v e re s t im a t in g  
a ll  the t ra n s i t io n  e n e rg ie s .  T h is  su g g es ts  tha t  the 
h igher  s ta te s  in I, a lthough v a r ia t io n a l ly  c o r r e c t ,  have 
l i t t le  p h y s ica l  s ign if icance  and i t  could be a rg u e d  tha t  
the r e s u l t s  of p a p e r  I sy s te m a t ic a l ly  om it c e r ta in  v i ­
b r a t io n a l  s t a te s .

T A B L E  in. C o m p a r i s o n  of  th e  g r o u n d  s t a t e  e n e r g i e s  ( in  c m ' 1) 

an d  *7 = 0 v i b r a t i o n a l  s p e c t r u m  (in  c m “1) f o r  t h i s  w o r k  Uma* = 2 3) 

a n d  p a p e r  I. A l s o  s h o w n  i s  th e  d i f f e r e n c e  b e t w e e n  S C F  o p t i ­

m i z e d  a n d  e x p e r i m e n t a l  C N  b o n d  l e n g t h s  r .

T h i s  w o r k T h i s  w o r k P a p e r  I

r / A 1 .1 7 1 1 . 1 5 7 1 . 1 5 7

G r o u n d  s t a t e  e n e r g y - 3 8  8 6 2 .4 1 - 3 8  8 6 1 . 4 0 - 3 8  8 6 3 .2 a

B a n d  o r i g i n  1 1 1 4 . 7 1 1 6 .1 1 1 9 . 7

2 2 1 5 . 4 2 1 7 . 8 2 4 1 . 9

3 2 9 3 . 0 2 9 4 . 3 3 0 2 . 7

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

5 3 7 6 . 5 3 7 9 . 6 4 3 8 . 6

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

7 4 4 5 . 4 4 4 8 . 4 5 8 8 . 3

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

9 5 2 6 . 7 5 3 0 . 4

C o r r e c t e d  f o r  10 6 4 .  9 c m “1 z e r o - p o i n t  e n e r g y  f o r  t h e  CN s t r e t c h .
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0

F IG .  2. T h e  l o w e s t  f o u r  v i b r a ­

t i o n a l  w a v e  f u n c t i o n s  c o m p u t e d  

w i th  J  = 0. T h e  c o n t o u r s  l in k  p o in t s  

w h e r e  t h e  w a v e  f u n c t io n  h a s  0.3%, 3%, 

30%, an d  60% of i t s  m a x i m u m  a m ­

p l i t u d e .  S o l id  c u r v e s  e n c l o s e  r e ­

g i o n s  of p o s i t i v e  a m p l i t u d e  an d  

d a s h e d  c u r v e s  r e g i o n s  o f  n e g a t i v e  

a m p l i t u d e .

r A

3.2

2.8

2A

3.2

2.8

2 A

0

Anii
V

4th excited state

6th excited state

• i 
V

90 180 0

5th excited state

7th excited state

90 180

e

F IG .  3. V i b r a t i o n a l  w a v e  f u n c ­

t i o n s  c o m p u t e d  f o r  J  = 0 w i th  

e n e r g i e s  in  th e  r e g i o n  of t h e  b a r ­

r i e r .  C o n t o u r s  a r e  a s  f o r  F ig .  2.
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a r c c o s ( ( c o s  &)) 
(deg)

a r c c o s ( ( c o s 2 &}i/2) - a r c c o s ( ( c o s  9})

(deg)
( R ' 2 y

(A)

G r o u n d  s t a t e 1 0 6 . 4 1 . 3 2 . 6 8 9

1s t  e x c i t e d  s t a t e 1 1 0 . 4 3 . 5 2 . 7 1 8

2nd 1 1 4 .5 5 .1 2 . 7 4 9

3 r d 1 0 9 .1 5 . 2 2 . 7 2 3

4 th 1 1 5 .5 5 . 6 2 . 7 5 7

5th 1 2 3 .8 7 . 5 2 . 8 1 7

6th 1 1 5 .5 6. 9 2 . 7 6 5

7th 1 2 9 .1 7 . 4 2 . 8 4 7

8th 1 2 5 .1 9 . 4 2 .8 3 6

9th 1 1 8 .1 7 . 8 2 . 7 8 6

E q u i l i b r i u m  v a l u e s 1 0 5 .7 •  •  • 2 . 6 7 5

F ig u r e s  2 and 3 show p lo ts  of the low est e ight v ib r a ­
tional s ta te s  of KCN obtained by n u m erica l ly  evaluating 
our wave functions a t  a g r id  of po in ts  which can then be 
linked to give co n to u rs .  The low est s ta te s ,  dep ic ted  in 
F ig . 2, a r e  c le a r ly  lo ca l ized  about the KCN equ il ib r ium  
s t ru c tu re .  They a r e  even h a rm o n ic  in a p p e a ran c e .
Thus, i t  i s  not s u rp r i s in g  tha t  fo r  th e se  s ta te s  the 
two m ethods a r e  in f a i r  a g re e m e n t .

F ig u re  3 shows the next four  v ib ra t io n a l  s ta te s .
T hese  s ta te s  a r e  m o re  de loca lized , showing an in ­
c reas in g  density  in the reg ion  of the b a r r i e r  a t  the 
l in ea r  isocyan ide  s t r u c tu r e .  It i s  fo r  th is  s t r u c tu r e  
that W atson’s H am iltonian  fo r  n o n lin ea r  m o le c u le s8 
is  not valid  and, hence, the m ethod  of W hitehead and 
Handy9 b re a k s  down.

The m in im um  in W o rm e r  and T ennyson’s s u r f a c e 3 
lies  at -  39 086.1  cm"1 ( re la t iv e  to d is so c ia te d  K+ and 
CN"). B ecause  of z e ro -p o in t  energy  co n s id e ra t io n s ,  
it i s  difficult to say which i s  the  f i r s t  s ta te  th a t  l ie s  
above the in v e rs io n  b a r r i e r .  If the  z e ro -p o in t  energy  
of the s t re tc h in g  fundam enta l  i s  a s s u m e d  constan t at

145.6 c m ”1, then the seventh  exc ited  s ta te  l ie s  18 cm"1 
above the b a r r i e r .  H owever, inspec tion  of the c u rv a ­
tu re  of the su r fa c e  a t  the  b a r r i e r  su g g es ts  a s t re tch in g  
zero  point energy  of ~ 166 cm"1. T h is  would m ake 
the eighth exc ited  s ta te  the f i r s t  one above the b a r r i e r .

What i s  c le a r  f ro m  F ig .  3, how ever, i s  tha t  s ta te s  
which lie below the  b a r r i e r  (by up to 70 cm "1) show 
ap p rec iab le  density  in the c la s s ic a l ly  forb idden reg ion  
around the b a r r i e r .  The W hitehead -H andy  m ethod  thus  
b re a k s  down not ju s t  for  s ta te s  which l ie  above the 
b a r r i e r ,  but a ls o  fo r  those  which show a p p re c ia b le  tun ­
neling. T h is  r a i s e s  the p ro b lem  of deciding when th is  
tunneling i s  s ign ifican t fo r  a “floppy” m o lecu le .  In 
this context we m ention the r e c e n t  w ork  of B ar th o lo m ae ,  
M artin , and Sutcliffe26 who, us ing  the W h ite h e a d -  
Handy method, explic itly  c o n s t ru c te d  a b a s is  s e t  fo r  
CH2 which could not p ro b e  l in e a r  g e o m e t r i e s .  T h e re  
is  a danger  in such an ap p ro ach  that, while  v a r ia t io n a l ly

c o r r e c t  r e s u l t s  can be so obtained, they m ay have l i t t le  
s ign if icance  a s  the wave function is  c o n s tra in e d  to be 
sm a l l  in phys ica lly  s ign if ican t reg io n s  of the su r fa c e .

In T ab le  IV we p r e s e n t  som e v ib ra t iona lly  av e rag ed  
g e o m e tr ic  p a r a m e t e r s  fo r  the low est ten  v ib ra t io n a l  
s ta te s .  It is  c le a r  that, in g e n e ra l ,  both  the a v e ra g e  
value  of 9 and the am plitude  of v ib ra t ion  in c r e a s e s  with 
v ib ra t io n a l  exc ita tion .  T h is  r e s u l t s  in s ta te s  which no 
longer  v ib ra te  about the eq u il ib r iu m  g eo m e try  but 
about som e m o re  l in e a r  s t r u c tu r e .  The v ib ra t iona l ly  
a v e ra g e d  value of R  a lso  i n c r e a s e s  with v ib ra t io n a l  
exc ita t ion .  T h is  i s  b e c a u se  the m in im um  in the p o ten ­
t i a l  with r e s p e c t  to R  l ie s  a t  l a r g e r  R  v a lu es  a s  9 tends  
to 180°, a s  shown in F ig .  1.

V. ROTATIONAL EXCITATIONS

T ab le  V g ives  ca lcu la ted  ro ta t io n a l  lev e ls  fo r  the v i ­
b ra t io n a l  g round s ta te .  T h e se  va lu es  a r e  obtained by 
p e r fo rm in g  a com ple te  v ib ra t io n - ro ta t io n  ca lcu la tion  
fo r  a to ta l  an g u la r  m om en tum  J  and taking the e n e rg ie s  
re la t iv e  to the low est leve l in a  J  = 0 calculation» F o r  
J> 0, the ca lcu la t io n s  a r e  p e r fo rm e d  in two s e p a ra te  
p ie c e s  acco rd in g  to  w h e th e r  odd (o) o r  even (e) com ­
b ina tions  j  — I co n tr ib u te .  The e igenva lues  in T ab le  V 
have been  labe led  acco rd ing ly .

It i s  c l e a r  tha t  to  within the convergence  of our  angu ­
l a r  b a s i s  [~ 0 .005  cm “1 fo r  j max = l9  (see  Table  V)] 
th e re  i s  exce llen t  a g re e m e n t  betw een the ro ta t io n a l  
s p e c t r a  obtained using  the m ethods  of Le Roy and 
Van Kranendonk, and W hitehead  and Handy. T h is  
d e m o n s t ra te s  that ,  fo r  the  g round  s ta te  a t  l e a s t ,  the 
se p a ra t io n  betw een v ib ra t io n a l  and ro ta t io n a l  p ro b le m s  
w o rk s  e x tre m e ly  w ell .  In p a p e r  I, u se  of th is  s e p a r a ­
t ion allow ed ro ta t io n a l  s t a t e s  up to J  = 25 to  be c a lc u ­
la te d  in only a few seconds  co m p u te r  t im e .  Without 
th is  sep a ra t io n ,  the  s iz e  of the s e c u la r  p ro b le m  m ak es  
ca lcu la t io n s  with J> 4 p ro h ib i t iv e ly  expens ive .  T h is  
i s  b e c a u se ,  a lthough s e c u la r  m a t r i c e s  with d im en s io n s  
of o r d e r  700 a r e  not la rg e  by co m p ar iso n  with  today ’s
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T A B L E  V . R o t a t i o n a l  l e v e l s  of th e  v i b r a t i o n a l  e r o u n d  s t a t e  ( in  c m " 1) c o m p a r e d  w i th  p r e v i o u s  
r e s u l t s  (R e f .  7) a n d  e x p e r i m e n t  ( R e f s .  2 an d  25 ) .  T h e  r e s u l t s  f o r  a  J  s t a t e  a r e  g iv e n  r e l a t i v e  to  J =  0

an d  d iv id e d  in to  “ e v e n ” an d  “ o d d ” (j — I) b l o c k s  ( s e e  S e c .  III). A l l  c a l c u l a t i o n s  a r e  f o r

r  = 1. 157 A.

J max = 18 iroajr =  1 9 P a p e r  I E x p t .

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

e 2 . 3 4 2 9 2 . 3 5 4 4 2 .3 2 7 7 2 . 0 9 3 3

o 0 .2 8 7 7 0. 2877 0 .2 8 7 9 0 .3 1 5 8

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

e 0 .8 6 3 1 0 .8 6 3 0 0 .8 6 3 6 0. 9378

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

e 9. 0342 9 .0 3 1 9 9. 0430 8 .0 8 3 9

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

0 9 .0 3 4 1 9 .0 3 1 9 9 . 0 4 3 0 8 . 0 8 3 8

e 3 . S064 3 .7 4 2 1 3 . 6 3 8 7

e 9 .8 9 7 0 • 9. 9068 9 .0 3 1 0

e 2 0 . 1 0 0 9 2 0 . 1 3 0 8 1 7 .9 4 9 6

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

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

o 9 .8 9 7 2 9 .9 0 6 6 9 .0 3 1 5

o 20. 1008 2 0 . 1 3 0 8 1 7 .9 4 9 6

e 2 .8 7 6 2 2 . 8 7 8 2 3 . 1 5 7 3

e 4 . 8 7 6 2 4 . 9 7 3 5 5 .0 0 9 6

e 1 1 .0 4 7 9 1 1 .0 5 8 1 1 0 .2 9 5 0

e 2 1 . 2 5 1 0 2 1 . 2 8 2 3 1 9 .2 1 2 2

e 3 5 . 5 2 8 7 3 5 .5 9 6 1 3 1 .6 9 4 6

o 4 . 9 7 7 2 4 . 8 7 3 6 4 .8 7 4 6

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

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

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

configuration  in te rac t io n  ca lcu la t ions ,  th e se  m a t r i c e s  
a r e  not diagonally dominant and have few z e ro  e le m en ts .  
F u r th e r m o r e ,  it i s  n e c e s s a ry  to obtain at le a s t  the 
J + l  low est e igenvalues .  T h is  com bines to m ake the 
i te ra t iv e  d iagonalization p ro c e d u re 23' 24 only slowly 
convergent.

Table  V shows that the ca lcu la ted  and ex p e r im en ta l  
ro ta t io n a l  s p e c t ra  only a g re e  to within 10%. T h is  p ro b ­
lem  was d is c u s se d  at length in p a p e r  I. It i s  a s s o c i ­
a ted  with in a c c u ra c ie s  in the ab initio po ten tia l  energy 
su r fa c e .  In p a r t ic u la r ,  the equ il ib r ium  s t ru c tu re  ob ­
ta ined  by W o rm e r  and T ennyson3 d if fe rs  by 4% in 
8% in 9, and 1.2% in r  f ro m  the b e s t  ex p e r im e n ta l  v a l ­
u e s . 25 T h is  was found to be the m a jo r  cause  of the 
d isc re p an c y .  Changing the CN value to the e x p e r im e n ­
tal value should im prove  the a g re e m e n t  of c e r ta in  
t r a n s i t io n s ,  in p a r t ic u la r ,  the so ca lled  6 -type  t r a n s i ­
t ions,  27 but would not change the d isc rep an cy  in m ost 
of the ca lcu la ted  t r a n s i t io n s .

It is  in te re s t in g  to know how the ro ta t io n a l  sp e c tru m  
of KCN changes with v ib ra t iona l  s ta te ,  e spec ia l ly  in 
view of the sh if ts  in a v e ra g e  g eo m e try  shown in Table  
IV. T ab le  VI shows the J  -  0 — 1 (e) t ra n s i t io n  for  the 
low est ten v ib ra t io n a l  s t a t e s .  The t ra n s i t io n  e n e rg ie s  
a r e  shown fo r  s e v e ra l  lev e ls  of ca lcu la tion , as  it i s  
c le a r  tha t fo r  the h igher  v ib ra t io n a l  s ta te s  our an g u la r  
b a s is  se t  is  not com plete ly  s a tu ra te d .  The o sc i l la t io n s  
found fo r som e s ta te s  a r e  ind ica tive  of the fact that in ­
c r e a s in g  j max a l te rn a te ly  s ta b i l iz e s  the J  -  0 and J  -  1 
s ta te s .  The r e s u l t s  a r e ,  how ever,  suffic ien tly  well

converged  fo r  t r e n d s  in the t r a n s i t io n s  to becom e 

ap p a ren t .

Inspection  of T ab le  VI shows that the ro ta t io n a l  
t r a n s i t io n s  fa ll  roughly into th re e  g ro u p s .  In the 
f i r s t  g roup , co m p ris in g  the g round and f i r s t  four ex ­
c ited  v ib ra t io n a l  s ta te s ,  the dependence of the r o t a ­
t ional sp litt ing  on v ib ra t io n a l  level i s  sm a l l .  T h is  is  
typ ica l of a m olecu le  undergoing sm a l l  am plitude  v i ­
b r a t io n s .

F o r  the fifth and sixth  v ib ra tiona lly  exc ited  s ta te s ,  

the J  -  0 — 1 (e) sp litt ing  is  about twice tha t found for 
the low er v ib ra t io n a l  s ta te s .  T h ese  s t a t e s  m a rk  the 
onset of tunneling th rough  the  b a r r i e r ,  and a s  shown 
in Table  IV and F ig .  3, they a r e  no longer v ibra ting  
about the m in im um  in the po ten tia l  energy  s u r fa c e .

F ina l ly ,  s ta te s  above and including the seventh  v i ­
b ra t io n a l ly  exc ited  s ta te  show very  la rg e  J  = 0 — 1 (e) 
sp l i t t ings .  The seventh  exc ited  s ta te  l ie s  a t  about 
the top of the b a r r i e r ,  and  thus  th e se  h igher  s ta te s  
a r e  the ones which undergo  h indered  ro ta t io n s  a c r o s s  
the b a r r i e r .  At the b a r r i e r  the m olecu le  is  l in e a r  
which c a u se s  the m om ent of in e r t i a  in the l in e a r  d i ­
r e c t io n  to be z e ro .  The t r e n d s  shown in T ab le  VI for 
the J  = 0 — 1 (e) t r a n s i t io n  a re  thus explained by in ­
c r e a s in g  l in ea r i ty  with v ib ra t io n a l  exc ita t ion .  F o r  
the la rg e  am plitude  v ib ra t io n a l  s ta te s ,  it is  not p o s ­
s ib le  to u se  a ro v ib ra t io n a l  s e p a ra t io n  and, hence, no 
co m p ar iso n  can be d raw n with ro ta t io n a l  s p e c t r a  ob ­
ta ined  using  the m ethod of p a p e r  I.

J. Chem. Phys., Vol. 76, No. 12, 15 June 1982



J. Tennyson and A. van der Avoird: Vibrational-rotational spectrum of KCN. II 5717

T A B L E  VI. J  = 0 — 1 (e) t r a n s i t i o n  e n e r g i e s  ( in  c m -1) f o r  th e  l o w e s t  t e n  v i b r a t i o n a l  s t a t e s  a s  a  f u n c ­

t ion  of i n c r e a s i n g  a n g u l a r  b a s i s  s e t .  F o r  v i b r a t i o n a l  s p a c i n g s  s e e  T a b l e  III .

18 19 20

•

Jmajc

21 22 23

G r o u n d  s t a t e 2 . 3 4 3 2. 354 2 . 3 5 0 2 . 3 5 2 2 .3 5 1 2 .3 5 1

1s t  E x c i t e d  s t a t e 2 . 6 0 0 2. 566 2. 562 2. 569 2. 564 2. 570

2nd 3 . 2 5 2 2. 850 3 . 0 4 3 2. 961 2. 987 2. 980

3 rd 2. 510 2. 901 2 . 7 8 7 2. 808 2 . 8 1 9 2 . 8 1 0

4th 3 . 3 6 7 3 .4 7 7 3. 513 3 .4 1 7 3 . 4 6 2 3 . 4 3 7

5th 5 . 2 2 5 6. 962 5. 760 6. 209 6 . 0 1 9 6 . 0 4 9

6th 5 . 6 4 0 5. I l l 5 . 7 4 4 5 .4 4 0 5 .4 5 6 5 .4 8 6

7th 1 6 .7 8 1 6 .7 1 14. 78 15. 09 1 4 .6 2 1 4 .6 7

8th 2 0 . 7 5 17. 07 1 9 .6 4 1 8 .7 5 19. 01 1 9 .0 0

9th 2 2 .6 1 20. 15 1 9 . 4 4 1 9 .2 3 18. 95 1 8 .9 3

VI. CONCLUSIONS

In th is  study, we have p e r fo rm e d  ca lcu la t ions  fo r  the 
lowest ten v ib ra t io n a l  s ta te s  of KCN. While we obtain 
good a g re e m e n t  with p re v io u s 7 r e s u l t s  fo r  lo ca l ized  
s ta te s  lying a round  the po ten t ia l  m in im um  in KCN, we 
have found tha t the m ethod of W hitehead and Handy9 
fa ils  fo r  h igher  s ta te s ,  even som e of those  which lie 
below the b a r r i e r  to in v e rs io n  at the l in e a r  isocyanide  
geom etry .  F o r  th ese  in te rm e d ia te  s ta te s ,  tunneling 
is found to be s ign ifican t.  C om parison  of ro ta t io n a l  
sp e c t ra  shows tha t fo r  the g round s ta te  sep a ra t io n  of 
the ro ta t io n a l  and v ib ra t io n a l  p ro b le m s  in tro d u ces  no 
significant e r r o r „

A nalysis  of our  h igher  v ib ra t io n a l  s ta te s  shows that 
KCN undergoes  la rg e  am pli tude  bending v ib ra t io n s  
( l ib ra t ions  o r  h indered  ro ta t io n s)  which a r e  no longer 
cen te red  a t  the equ il ib r ium  s t r u c tu r e .  KCN thus  ef ­
fectively m oves  to w ard s  an isocyan ide  s t r u c tu r e  in i ts  
v ibra tionally  exc ited  s ta te s .  T h is  i s  re f le c te d  in the 
ca lcu la ted  ro ta t io n a l  s p e c t r a  of th e se  s ta te s ,  which 
show la rg e  changes  f ro m  those  ca lcu la ted  fo r  the 
ground s ta te .  It would be in te re s t in g  to see  w he ther  
these sh if ts  in the ro ta t io n a l  sp e c t ru m  can be ob ­
se rved  e x p e r im en ta l ly .

F ina lly ,  W o rm e r  and Tennyson3 noted tha t  th e i r  
SCF ca lcu la ted  dipole m om ent could be w ell r e p r e ­
sented by long ra n g e  theo ry :  by co ns ide r ing  the ions  
K* and CN" and th e i r  p o la r iz a b i l i t i e s .  T h is  should 
allow a dipole su r fa c e  fo r  KCN to be eas i ly  f it ted .
With th is  and the wave functions p re s e n te d  h e re ,  v i ­
b ra tiona lly  a v e ra g e d  dipole m o m en ts  fo r  each  s ta te  
and t r a n s i t io n  d ipo les  (giving in f r a r e d  in ten s i t ie s )  
could be ca lcu la ted .  A s KCN u n d e rg o es  la rg e  am plitude  
v ib ra t ions ,  e sp ec ia l ly  in i t s  v ib ra t iona l ly  exc ited  s ta te s ,  
one would expec t i t s  dipole to be s ign if ican tly  d if fe ren t  
from  tha t given fo r  the m in im um  energy  g eo m etry  by 
W o rm er  and Tennyson.
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