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A b s t r a c t  - N e a r - e q u i l i b r i u m  p r o p e r t i e s  o f  o r g a n i c  m o l e c u l e s  c o n t a i n i n g  up  
t o  a few dozen atoms can be  o b t a i n e d  w i t h  c h e m i c a l  a c c u r a c y  b y  p r o c e d u r e s  
i n v o l v i n g  c o m p u t a t i o n  w i t h  modest b a s i s  s e t s  and c o m p l e t e  n e g l e c t  o f  
e l e c t r o n  c o r r e l a t i o n  and v i b r a t i o n a l  a n h a r m o n i c i t y  i f  c o r r e c t i o n s  can be  
made by compar i son  w i t h  r e s u l t s  on known, r e l a t e d  m o l e c u l e s .  A more 
d i f f i c u l t  p rob lem a r i s e s  when no  known s p e c i e s  b e a r i n g  a s u f f i c i e n t l y  c l o s e  
r e l a t i o n s h i p  t o  t h e  m o l e c u l e  under  s t u d y  i s  a v a i l a b l e .  I n  such  a case ,  t h e  
c a l c u l a t i o n  must  be made s t r i c t l y  ab i n i t i o  and b o t h  t h e  s o l u t i o n  o f  t h e  
S c h r s d i n g e r  e q u a t i o n  and t h e  t r e a t m e n t  o f  t h e  v i b r a t i o n a l  dynamics mus t  be 
a t  a l e v e l  h i g h  enough t h a t  t h e  r e s u l t s  a r e  d i r e c t l y  o f  t h e  e x p e r i m e n t -  
e q u i v a l e n t  q u a l i t y  t h a t  i s  d e s i r a b l e .  F o r  e q u i l i b r i u m  s t r u c t u r e s ,  t h i s  
means a l a r g e  b a s i s  s e t  e x p a n s i o n  o f  t h e  m o l e c u l a r  w a v e f u n c t i o n  and a good 
t r e a t m e n t  o f  e l e c t r o n  c o r r e l a t i o n .  F o r  v i b r a t i o n a l  s p e c t r a ,  a t  l e a s t  t h e  
same l e v e l  o f  s o l u t i o n  o f  t h e  e l e c t r o n i c  S c h r s d i n g e r  e q u a t i o n  i s  n e c e s s a r y  
i n  o r d e r  t o  o b t a i n  h i g h e r - o r d e r  anharmonic  c o n s t a n t s ,  b u t  a s t i l l  l a r g e r  
p a r t  o f  t h e  p r o b l e m  i s  c o m p u t a t i o n  o f  t h e  v i b r a t i o n a l  ene rgy  l e v e l s  f r o m  
t h e  computed anharmonic  p o t e n t i a l  s u r f a c e .  Recent  e x p e r i e n c e  w i t h  a CI 
v a r i a t i o n a l  t r e a t m e n t  o f  t h e  v i b r a t i o n a l  p r o b l e m  i s  p r e s e n t e d .  

INTRODUCTION 

The q u a l i t y  o f  a quantum chemica l  c o m p u t a t i o n  must  b e  assessed i n  terms o f  t h e  p u r p o s e  f o r  
w h i c h  t h e  r e s u l t  i s  i n tended .  P a r t i c u l a r l y  a t  a c o n f e r e n c e  on  T h e o r e t i c a l  O r g a n i c  C h e m i s t r y ,  
i t  i s  n e c e s s a r y  t o  keep i n  m ind  t h a t  quantum c h e m i s t r y  has n m  reached a s t a g e  where i t  i s  
p r a c t i c e d  f o r  s p e c i f i c  chemica l  pu rposes  r a t h e r  t h a n  as an e x e r c i s e  i n  i t s  own r i g h t .  Thus ,  
t h e  u n q u a l i f i e d  c h a r a c t e r i z a t i o n  o f  a g i v e n  p r o c e d u r e  as a "good method" o r  a "poor  method" 
i s  m e a n i n g l e s s  w i t h o u t  t h e  s p e c i f i c a t i o n  o f  what i t  i s  good f o r  o r  p o o r  f o r .  An ab i n i t i o  
H a r t r e e - F o c k  c a l c u l a t i o n  may be a b y s m a l l y  p o o r  f o r  d e t e r m i n i n g  d i s s o c i a t i o n  pathways b u t  
s t i l l  be  e x c e l l e n t  f o r  d e t e r m i n i n g  e q u i l i b r i u m  bond a n g l e s .  S i m i l a r l y ,  t h e  p h r a s e  "good 
agreement w i t h  e x p e r i m e n t "  i s  o f t e n  m isused ,  w i t h  t h e  a d j e c t i v e  "good" u n d e r s t o o d  o n l y  by 
t h e  a u t h o r .  I d e a l l y  i t  s h o u l d  mean t h a t  t h e  agreement  i s  w i t h i n  t h e  e x p e c t e d  e r r o r  o f  t h e  
e x p e r i m e n t  and t h a t  t h e r e  i s  reason  t o  b e l i e v e  t h a t  t h e  agreement  i s  n o t  f o r t u i t o u s .  

The p r e s e n t  paper  summarizes r e c e n t  e f f o r t s  f rom o u r  l a b o r a t o r y  and e l s e w h e r e  t o  o b t a i n  
i n f o r m a t i o n  on n e a r - e q u i l i b r i u m  s t r u c t u r e s  and on  m o l e c u l a r  v i b r a t i o n a l  dynamics a t  a l e v e l  
o f  a c c u r a c y  c m p a r a b l e  t o  t h a t  o b t a i n a b l e  f r o m  h i g h - q u a l i t y  e x p e r i m e n t s .  I t  i s  n o t  t h e  
i n t e n t  t o  be  a b l e  t o  p r e d i c t  a 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 y  t o  t h e  one p a r t  i n  10,000,000 
t o  w h i c h  i t  can be e a s i l y  measured i n  t h e  m ic rowave  spec t rum,  b u t  r a t h e r  t o  a c h i e v e  t h e  
c h e m i c a l l y  u s e f u l  g o a l  o f  compu t ing  t h e  r e l e v a n t  m o l e c u l a r  p r o p e r t y ,  i n  t h i s  case s t r u c t u r e ,  
as a c c u r a t e l y  as i t  can be  deduced by a n a l y s i s  o f  t h e  e x p e r i m e n t a l  d a t a .  S i m i l a r l y ,  emphasis  
i s  p l a c e d  on t h e  c o m p u t a t i o n  o f  m o l e c u l a r  v i b r a t i o n a l  p o t e n t i a l  s u r f a c e s  as a c c u r a t e l y  as 
t h e y  can be o b t a i n e d  f r o m  s p e c t r o s c o p i c  sou rces  r a t h e r  t h a n  a t t e m p t i n g  t o  r e p r o d u c e  t h e  raw 
s p e c t r o s c o p i c  d a t a .  F u r t h e r ,  a t t e n t i o n  w i l l  be  g i v e n  t o  r e c e n t  successes i n  e x t e n d i n g  such 
c a l c u l a t i o n s  and a c c u r a c y  i n  t h e  d i r e c t i o n  o f  p r o g r e s s i v e l y  l a r g e r  m o l e c u l e s .  
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As a rough  r u l e ,  t h e  g o a l  o f  compu t ing  m o l e c u l a r  q u a n t i t i e s  as a c c u r a t e l y  as t h e y  can be 
deduced f rom e x p e r i m e n t a l  a n a l y s i s  t r a n s l a t e s  i n t o  a l l o w a b l e  s t r u c t u r a l  i n a c c u r a c i e s  on t h e  
o r d e r  of a few t h o u s a n d t h s  o f  an h g s t r o m  i n  bond l e n g t h s  and a few  t e n t h s  o f  a d e g r e e  i n  
bond ang les .  L e s s e r  a c c u r a c y  may s t i l l  be  u s e f u l  i n  some c a s e s ,  b u t  t h e s e  f i g u r e s  can  be  
t a k e n  as a t a r g e t  l e v e l .  The s i g n i f i c a n c e  o f  t h i s  t a r g e t  can  be  r e a l i z e d  b y  c o n s i d e r i n g  
t h a t  t h e  ma in  i n t e r e s t  i n  m o l e c u l a r  s t r u c t u r e  a r i s e s  from t h e  u t i l i t y  i t  has i n  a c t i n g  as a 
p r o b e  o f  t h e  v a r i a t i o n s  i n  e l e c t r o n  d i s t r i b u t i o n  t h a t  d i s t i n g u i s h  one m o l e c u l e  f r o m  o t h e r  
c l o s e  r e l a t i v e s ,  t h e r e b y  i m p a r t i n g  chemica l  i n d i v i d u a l i t y  t o  t h e  p r o p e r t i e s  and r e a c t i o n s  o f  
each subs tance .  S t r u c t u r a l  v a r i a t i o n s  between c h e m i c a l l y  r e l a t e d  m o l e c u l e s ,  e s p e c i a l l y  i n  
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t h e  o r g a n i c  realm, a r e  t y p i c a l l y  o f  t h e  o r d e r  o f ,  o r  l e s s  t h a n ,  a few hundredths o f  an 
Angstrom o r  a few degrees ,  s o  c h e m i c a l l y  u s e f u l  s t r u c t u r a l  r e s u l t s  r e q u i r e  accuracy and 
r e l i a b i l i t y  near t h e  l e v e l  suggested, 

The computa t iona l  d e t e r m i n a t i o n  o f  a m o l e c u l a r  s t r u c t u r e  i n v o l v e s  m i n i m i z i n g  t h e  m o l e c u l a r  
energy w i t h  r e s p e c t  t o  s imultaneous v a r i a t i o n  o f  a l l  s t r u c t u r a l  parameters.  The r e s u l t i n g  
e q u i l i b r i u m  geometry i s  n o t  i d e n t i c a l  w i t h  any o f  t h e  v a r i o u s  types  o f  v i b r a t i o n a l l y  averaged 
geometr ies o b t a i n e d  by exper iment ,  b u t  convers ion  among these i s  w e l l  unders tood,  a t  l e a s t  
i n  p r i n c i p l e  ( r e f .  1 ) .  The a p p l i c a t i o n  o f  t h e  procedure  t o  canp lex  molecu les  became 
p r a c t i c a l  w i t h  i n t r o d u c t i o n  o f  t h e  g r a d i e n t  techn ique,  f i r s t  g i v e n  s y s t e m a t i c  development by 
P e t e r  Pu lay  of t h e  Lordnd EBtv'bs U n i v e r s i t y  i n  Budapest ( r e f .  2 ) .  Numerous w i d e l y  used 
computer p r o g r m s  now make use o f  v a r i o u s  implementat ions o f  t h e  techn ique.  

Empirical correction of computed geometries: Use of offset values 
I n a c c u r a c i e s  i n  t h e  computa t iona l  d e t e r m i n a t i o n  o f  m o l e c u l a r  s t r u c t u r e  a r i s e  f rom t h e  
numerous approx imat ions  t h a t  a r e  commonly made i n  s o l v i n g  t h e  Schr t id inger  e q u a t i o n ,  i n c l u d i n g  
use o f  t h e  Born-Oppenheimer approx imat ion ,  n e g l e c t  o f  r e l a t i v i s t i c  c o r r e c t i o n s ,  use o f  a 
s i n g l e - d e t e r m i n a n t  w a v e f u n c t i o n ,  use o f  a f i n i t e  b a s i s  s e t  i n  expansion o f  t h e  m o l e c u l a r  
wavefunc t ion ,  and n e g l e c t  o r  incomple te  t rea tment  o f  e l e c t r o n  c o r r e l a t i o n .  The l a s t  two a r e  
t h e  most i m p o r t a n t  except i n  those r a t h e r  few cases where a m u l t i - c o n f i g u r a t i o n  wavefunc t ion  
i s  necessary,  e . g . ,  f o r  p roper  d e s c r i p t i o n  o f  t h e  n i t r o -  group ( r e f .  3 ) .  Whi le  such problems 
a r e  impor tan t ,  they  a r e  n o t  cons idered i n  t h e  remainder o f  t h i s  paper.  

The combined e f f e c t  o f  n e g l e c t  o f  e l e c t r o n  c o r r e l a t i o n  and use o f  a f i n i t e  b a s i s  s e t  i s  
i l l u s t r a t e d  i n  F i g .  1 ,  which has been presented  e a r l i e r  ( r e f .  4 ) .  The f i g u r e  sketches t h e  
e r r o r  i n  some one k i n d  o f  s t r u c t u r a l  parameter,  such as a C-H d i s t a n c e  o r  H-C-H bond a n g l e  
as computed i n  a v a r i e t y  o f  m o l e c u l a r  environments and w i t h  d i f f e r e n t  s i z e d  b a s i s  s e t s .  W i t h  
an i n f i n i t e  b a s i s  s e t  ( t h e  Har t ree-Fock  l i m i t ) ,  t h e  e r r o r  due t o  n e g l e c t  o f  e l e c t r o n  c o r r e l a -  
t i o n  has been found e m p i r i c a l l y  t o  be remarkably c o n s t a n t  f o r  a g i v e n  parameter.  F o r  smal l  
b a s i s  s e t s  ( o r  semi -empi r i ca l  c a l c u l a t i o n s ) ,  t h e  e r r o r  v a r i e s  i n  d i f f e r e n t  m o l e c u l a r  e n v i r o n -  
ments. Above a g i v e n  b a s i s  s e t  s i z e ,  however, t h e  e r r o r  approaches a f i x e d  v a l u e ,  independ- 
e n t  o f  t h e  molecu le  i n  wh ich  t h e  bond o r  ang le  i s  found. These o b s e r v a t i o n s  a r e  n o t  e x a c t ,  
o f  course, b u t  a g r e a t  dea l  o f  ev idence suggests t h a t  d e v i a t i o n s  a r e  u s u a l l y  w i t h i n  t h e  range 
o f  u n c e r t a i n t y  about t h e  " t r u e "  v a l u e  o b t a i n e d  from exper iment .  C a l c u l a t i o n s  can be done 
e f f i c i e n t l y  a t  t h e  p o i n t  marked "X" i n  F i g .  1 ,  wh ich  f o r  many s t r u c t u r a l  parameters c o r r e s -  
ponds t o  approx imate ly  double z e t a  b a s i s  s e t s .  For  some parameters,  such as t o r s i o n a l  ang les  
around n i t r o g e n  o r  oxygen, i t  i s  e s s e n t i a l  t o  a t  l e a s t  add a s e t  o f  p o l a r i z a t i o n  f u n c t i o n s  t o  
t h e  b a s i s  t o  reach t h i s  p o i n t .  The c o n s t a n t  e r r o r  f o r  a g i v e n  molecu le  parameter w i t h  a 
g i v e n ,  s u f f i c i e n t l y  l a r g e  b a s i s  s e t  i s  c a l l e d  t h e  o f f s e t  v a l u e  ( r e f .  4). For example, t h e  
o f f s e t  v a l u e  f o r  a C-H d i s t a n c e  w i t h  t h e  4 -21  b a s i s  s e t  i s  + 0 . 0 0 5 A .  
c a l c u l a t e d  d i r e c t l y  w i t h  such a b a s i s  w i t h o u t  c o n v i n c i n g  d e v i a t i o n  f rom exper imenta l  v a l u e s ,  
so they  may be s a i d  t o  have an o f f s e t  v a l u e  o f  zero .  
v a l u e s ,  and f o r  some bond types  i t  i s  e s s e n t i a l  t o  go beyond t h e  doub le  z e t a  o r  e q u i v a l e n t  
s p l i t - v a l e n c e  sp b a s i s  s e t  s i z e .  

The combina t ion  o f  ab initio computa t ion  a t  a moderate l e v e l  w i t h  t h e  use o f  o f f s e t  va lues  
can p r o v i d e  h i g h l y  accura te  s t r u c t u r a l  r e s u l t s  i n  f a v o r a b l e  cases ,  o f t e n  exceeding t h e  
accuracy o f  exper iments  a v a i l a b l e  t o  e v a l u a t e  t h e  e r r o r  l i m i t .  An i n d i r e c t  t e s t  has been 
made by comparing computed C-H d i s t a n c e s  i n  a w ide  v a r i e t y  o f  compounds w i t h  observed C-H 
i s o l a t e d  s t r e t c h i n g  f r e q u e n c i e s  t h a t  a r e  b e l i e v e d  t o  be a s e n s i t i v e  measure o f  C-H bond 
l e n g t h  ( r e f ,  5 ) .  I n  t h i s  t e c h n i q u e ,  a C-H mode i s  i s o l a t e d  by s u b s t i t u t i n g  a l l  b u t  one of 
t h e  hydrogen atoms i n  a m o l e c u l e  w i t h  deuter ium.  The comparison gave ev idence f o r  c o n s i s t -  
ency t o  a t  l e a s t  a l e v e l  o f  ?O.O0005A. A p p l i c a t i o n s  o f  t h e  techn ique a r e  now so numerous 
t h a t  any e x t e n s i v e  r e v i e w  o f  them i s  beyond t h e  scope o f  t h i s  paper.  

Most bond ang les  can be 

Bond d i s t a n c e s  have non-zero o f f s e t  

F i g .  1 .  Schematic r e p r e s e n t a t i o n  o f  t h e  
e r r o r  i n  c a l c u l a t i n g  some s i n g l e  t y p e  o f  
s t r u c t u r a l  parameter i n  a v a r i e t y  o f  mol-  
e c u l a r  environments.  For  w i d e  f a m i l i e s  
o f  systems, t h e  e r r o r  i s  expected t o  f a l l  
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Fully ab inirio evaluation of geometrical parameters 

Computation o f  s t r u c t u r e  a t  a modest quantum chemical l e v e l  coupled w i t h  o f f s e t  va lue  
c o r r e c t i o n  e s s e n t i a l l y  so lves  the  problem f o r  a wide range of  o rgan ic  chemis t r y ,  bu t  t h e r e  
i s  an even w ider  range which cannot be handled by t h i s  approach f o r  a v a r i e t y  o f  reasons. 
The compounds may be t o o  l a r g e  f o r  e x i s t i n g  computers, they  may con ta in  heavy atoms f o r  which 
n o n - r e l a t i v i s t i c  c a l c u l a t i o n s  w i t h  e x i s t i n g  bas i s  se ts  a r e  i n s u f f i c i e n t l y  accura te ,  they may 
r e q u i r e  m u l t i c o n f i g u r a t i o n  wavefunct ions,  o r ,  most commonly, they  may have no c lose ,  s t r u c t -  
u r a l l y  cha rac te r i zed  chemical r e l a t i v e s  from which o f f s e t  values can be ob ta ined.  Impor tan t  
examples of t he  l a t t e r  d i f f i c u l t y  a r i s e  w i t h  most i no rgan ic  molecules and w i t h  molecules i n  
r e a c t i o n  t r a n s i t i o n  s t a t e s  o r  o the rw ise  remote from e q u i l i b r i u m  so t h a t  t h e  computa t iona l  
e r r o r  f o r  a g i ven  bond t ype  may be expected t o  be s i g n i f i c a n t l y  d i f f e r e n t  f rom t h a t  i n  the  
e q u i l i b r i u m  s t a t e s  where t h e  o f f s e t  va lue  was determined. 

The computer t ime requ i red  f o r  s tandard  Hartree-Fock procedures v a r i e s  as n4 w i t h  mo lecu la r  
s i z e .  The recent  r a p i d  improvements i n  canputer speed and, a t  l e a s t  as impor tan t ,  i n  memory 
s i z e  and a c c e s s i b i l i t y  have g r e a t l y  expanded the  s i z e  o f  molecules f o r  which computa t iona l  
s tud ies  are  p r a c t i c a l .  The present  record  seems t o  be a c a l c u l a t i o n  on C 1 5  H30 employing 
1,560 con t rac ted  Gaussian bas i s  f u n c t i o n s  ( r e f .  6 ) .  Such a c a l c i i l a t i o n  wou?d tnvo lve  the  
e v a l u a t i o n  and repeated use o f  something on the  o rde r  o f  7 x l o 1 '  two -e lec t ron  i n t e g r a l s ,  
l ess  those saved by use o f  t he  hexagonal symmetry o f  t h e  molecule.  Storage and r e t r i e v a l  o f  
such a q u a n t i t y  o f  i n fo rma t ion  i s  imposs ib le  on any present  computer, so t h e  problem was done 
by r e c a l c u l a t i n g  t h i s  vas t  number o f  i n t e g r a l s  and d i s c a r d i n g  them each t ime  they were used. 
On very  l a r g e  computers, computat ion i s  now less  o f  a problem than s to rage.  

E f f o r t s  t o  so l ve  the  Hartree-Fock equat ions  by o t h e r  methods a re  c o n t i n u i n g .  One ve ry  
p romis ing  new approach i s  t he  pseudospectral  method be ing  developed by F r i e s n e r  ( r e f .  7) from 
which he expects an inc rease i n  speed by t h r e e  o rde rs  o f  magnitude compared w i t h  convent iona l  
methods. So f a r ,  t he  procedure has been a p p l i e d  t o  o n l y  one t r i a t o m i c  molecu le ,  H20, b u t  
development i s  con t inu ing .  

A s  shown i n  F i g .  1 ,  however, accura te  bond leng th  de te rm ina t ion  requ i res  i n c o r p o r a t i o n  of  
e l e c t r o n  c o r r e l a t i o n .  
f o r  geomet r ica l  parameters can be ob ta ined t h a t  agree w i t h  even e x c e p t i o n a l l y  accura te  exper-  
imental  va lues ,  a l t hough  the  computa t iona l  l e v e l  requ i red  i s  h igh .  The s i z e  l i m i t a t i o n  on 
such s tud ies  comes from t h e  very  steep depend nce o f  h i g h - q u a l i t y  c o r r e l a t i o n  t rea tments  on 
molecu la r  s i z e ,  a dependence t h a t  v a r i e s  as n . 
much o f  a c o n t r i b u t i o n  toward ex tens ion  o f  such s tud ies  t o  app rec iab l y  l a r g e r  mo lecu les ,  
s i n c e  an inc rease by a f a c t o r  o f  1,000 i n  computer speed and memory would inc rease t h e  s i z e  

As an exanple,  Table 1 ,  taken from r e f .  8 ,  shows t h a t  computed va lues  

% Improvement i n  computers a lone can no t  make 

TABLE 1 .  Bond lengths  and f o r c e  cons tan ts  o f  hydrogen cyanidea 
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- 35 .4  (24) 

- 126.0 (52) 

0.41 (240) 

0.04 (80) 

- 0. I 9  (50) 

- 0.65 (40) 
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aBond lengths  i n  8 .  
Fi jk . .  = (aE/aqiaqjaq ,... ) w i t h  E i n  mdyne and q i  i n  8, o r  rad ian .  

br i s  t h e  HC bond; R i s  t h e  CN bond. 
s i n g l e s  and doubles C I  and Davidson c o r r e c t i o n .  
I .  M. M i l l s ,  Mol.  Phys. 2, 1265 (1979) 
Sharma, J. Chem. Phys. 21, 448 (1953). 

The F ' s  a re  f o r c e  cons tan ts ,  de f i ned  as 

C6-311G4* ba i s  p l u s  a l l  
'G. St rey  and 

eA. E .  Douglas and E .  
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o f  molecules t h a t  cou ld  be t r e a t e d  by a f a c t o r  of  o n l y  3.2.  
t he  l oca l  c o r r e l a t i o n  method ( r e f .  9) i n  which l o c a l i z e d  i n t e r n a l  o r b i t a l s  a r e  used f o r  
expansion o f  t he  mo lecu la r  o r b i t a l s  and the  c o r r e l a t i o n  space f o r  each c o r r e l a t i n g  p a i r  o f  
o r b i t a l s  i s  r e s t r i c t e d  t o  a subset of t he  atomic o r b i t a l s .  The method reduces the  n6 t ime 
dependence on molecu la r  s i z e  f o r  c o r r e l a t i o n  t rea tments  such as MP4 o r  a l l  s i n g l e s  and doubles 
C I .  The advantage i s  c l e a r l y  g r e a t e s t  f o r  l a r g e r  molecules s i n c e  the  s i z e  o f  the  v i r t u a l  
space i s  independent o f  mo lecu la r  s i ze .  Even f o r  bu tad iene,  however, i t  has been shown 
( i -e f .  9) t h a t  t h e  l o c a l  o r b i t a l  approach recovers  over 97% o f  t h e  c o r r e l a t i o n  energy found 
by the  usual  method a t  a reduc t i on  o f  more than an o rde r  o f  magnitude i n  computer t ime.  
Furthermore, t he re  i s  good reason t o  b e l i e v e  ( r e f .  9) t h a t  a s i g n i f i c a n t  p a r t  o f  t h e  c o r r e -  
l a t i o n  energy no t  recovered i s  a t t r i b u t a b l e  t o  bas i s  s e t  superpos i t i on  a r t i f a c t s  wh ich  a re  
e l i m i n a t e d  by t h i s  method. I n  f a c t ,  a s tudy  o f  t he  H2’He complex ( r e f .  10) was l e d  t o  use 
the  l o c a l  c o r r e l a t i o n  method p r i m a r i l y  t o  e l i m i n a t e  superpos i t i on  e r r o r  r a t h e r  than because 
o f  any concern w i t h  the  s i z e  o f  t he  molecule.  A s t i l l  f u r t h e r  advantage o f  t h i s  method i s  
t h a t  i t  pe rm i t s  p a r t i t i o n i n g  of  t h e  c o r r e l a t i o n  energy i n t o  l o c a l  c o n t r i b u t i o n s  which may 
p rov ide  more i n s i g h t  i n t o  c o r r e l a t i o n  e f f e c t s  ( r e f .  11).  For example, i n  s t u d i e s  o f  con- 
fo rmat iona l  changes, such p a r t i t i o n i n g  can make p o s s i b l e  a d i s t i n c t i o n  between through- 
space as opposed t o  through-bond e f f e c t s  ( r e f .  1 1 ) .  

Recent a p p l i c a t i o n s  o f  t he  l o c a l  c o r r e l a t i o n  techn ique inc lude  geometry s tud ies  on oxetane 
and d i f l u o r o e t h y l e n e  ( r e f .  12),  bo th  o f  which are  molecules wh ich  have had se r ious  d i s c r e -  
pancies between exper iment and p rev ious  t h e o r e t i c a l  s t u d i e s .  Another s tudy  on g l y o x a l  
p rov ided a r e s o l u t i o n  t o  t h e  disagreement i n  which a very  good exper iment found the  s-cis- 
conformer t o  l i e  3 . 2 +  .6  kcal /mol above the  more s t a b l e  s-trrms- s t r u c t u r e  w h i l e  a h i g h  
l e v e l  SCF c a l c u l a t i o n  found the  energy d i f f e r e n c e  t o  be i n  t h e  v i c i n i t y  o f  6 kcal /mol (see 
re fe rences  and l i t e r a t u r e  survey g i ven  i n  r e f .  71). The d isc repancy  i s  cons ide rab ly  g r e a t e r  
than exper ience suggests should be reasonable f o r  such a c a l c u l a t i o n  and i t  was suggested 
t h a t  t he  exper iment was i n  e r r o r .  I t  t u r n s  o u t ,  however, t h a t  when the  c a l c u l a t i o n  i s  done 
w i t h  s imultaneous use o f  a l a r g e  bas i s  se t  and a h i g h - l e v e l  t rea tment  o f  e l e c t r o n  c o r r e l a t i o n ,  
t he  computed energy d i f f e r e n c e  becomes o n l y  4 . 4  kcal /mol ( r e f .  11).  T h i s  i s  s t i l l  s l i g h t l y  
o u t s i d e  t h e  probab le  e r r o r  o f  t h e  exper imenta l  r e s u l t ,  bu t  no t  s u b s t a n t i a l l y  so. The ca l cu -  
l a t i o n  used a t r i p l e  ze ta  bas i s  s e t  augmented by two se ts  o f  p o l a r i z a t i o n  f u n c t i o n s  and a 
MP4 (SDQ) treatment o f  e l e c t r o n  c o r r e l a t i o n  w i t h  complete geometry o p t i m i z a t i o n  a t  t h e  same 
l e v e l .  I t  was made p r a c t i c a l  o n l y  by use o f  t he  l o c a l  c o r r e l a t i o n  method. 

A p romis ing  new approach may be 

t i o n s  

The c 
years 
t rans  
the  v 
o s c i  1 

I t  i s  d i f f i c u l t  t o  assess the  q u a l i t y  o f  gecmet r i ca l  parameters ob ta ined  a t  t h i s  l e v e l  o f  
theory  f o r  l a r g e r  molecules because t h e r e  are  exceed ing ly  few molecules o f  t h i s  s i z e  f o r  
which exper imenta l  e q u i l i b r i u m  geometr ies a re  known w i t h  s u f f i c i e n t  c e r t a i n t y .  Tes ts  on 
smal le r  molecules work we1 1 .  For example, f o r  e thy lene  bond lengths  o f  1.334 and 1.083 8, 
have been c a l c u l a t e d  a t  t he  MP4(SDQ)/6-311G*” l e v e l  ( r e f .  1 I )  compared w i t h  exper imenta l  
values o f  1 . 3 3 4  and 1.081 a ( r e f .  13). 
l eve l  i s  1.531 a compared w i t h  the  exper imenta l  va lue  o f  1.526 a ( r e f .  14).  
have po in ted  ou t  t h a t  bond lengths  between second row elements a re  t y p i c a l l y  s l i g h t l y  over -  
es t imated  a t  t h i s  l e v e l  o f  c a l c u l a t i o n ,  presumably because o f  neg lec t  o f  t he  t r i p l e  e x c i t a -  

For  ethane, t h e  C - C  bond leng th  c a l c u l a t e d  a t  t h i s  
Kr ishnan e t  aZ. 

( r e f .  1 5 ) .  

DETERMINATION OF VIBRATIONAL FORCE FIELDS 

l c u l a t i o n  o f  mo lecu la r  i n f r a r e d  and Raman spec t ra  has become q u i t e  common i n  recent  

t i o n  f requenc ies  a u t o m a t i c a l l y .  I n  ou r  o p i n i o n ,  however, i t  i s  more u s e f u l  t o  cons ider  
b r a t i o n a l  f o r c e  f i e l d s  as the  pr imary  computa t iona l  t a r g e t ,  even i f  o n l y  a harmonic 
a t o r  t rea tment  o f  t h e  v i b r a t i o n a l  mot ion  i s  planned. I n  the  f i r s t  p lace ,  t he  f o r c e  

f i e l d  i s  t he  q u a n t i t y  t h a t  c a r r i e s  t h e  molecu la r  i n fo rma t ion .  I f  t h e  purpose i s  t o  c o n t r i b u t e  
t o  chemical unders tand ing ,  t he  s p e c t r a l  f requenc ies  must be cons idered o n l y  as convenient 
observables f rom which the  mo lecu la r  i n fo rma t ion  can be deduced. U n f o r t u n a t e l y  f o r  e x p e r i -  
m e n t a l i s t s ,  e x t r a c t i o n  o f  even the  harmonic f o r c e  f i e l d  f rom exper imenta l  i n f o r m a t i o n  a lone  
i s  p o s s i b l e  o n l y  f o r  t h e  sma l les t  molecules w i t h o u t  ex tens i ve  approx imat ion ,  so t h i s  area i s  
an open one i n  wh ich  theory  can make a very  d i r e c t  and impor tan t  c o n t r i b u t i o n .  

o f ten  making use o f  t h e  b u i l t - i n  fea tu res  o f  w i d e l y  a v a i l a b l e  programs t h a t  compute 

Empirical correction of computed force fields: Use of scaling factors 

E r r o r s  due t o  neg lec t  o f  e l e c t r o n  c o r r e l a t i o n  and use o f  a f i n i t e  bas i s  se t  a re  c o n s i s t e n t  
and sys temat ic  f o r  f o r c e  cons tan ts ,  j u s t  as they  a r e  f o r  geomet r ica l  parameters.  T h i s ,  o f  
course, migh t  be expected s ince  bo th  a re  r e f l e c t i o n s  o f  t he  d e v i a t i o n  o f  t h e  computed energy 
hypersur face  from the  t r u e  sur face .  U n f o r t u n a t e l y ,  t he  e r r o r s  a r e  l a r g e r  f o r  Hartree-Fock 
computat ions a t  t h e  convenient double ze ta  l e v e l ,  t y p i c a l l y  1 0 -  20%, w h i l e  bond leng th  
e r r o r s  from s i m i l a r  c a l c u l a t i o n s  a re  o f  t he  o rde r  o f  1 % .  A p p l i c a t i o n  o f  sys temat ic  c o r r e c t -  
ions ,  t h e r e f o r e ,  cannot lead t o  the  same percentage accuracy i n  v i b r a t i o n a l  dynamics as i n  
s t r u c t u r a l  c a l c u l a t i o n s .  S t i l l ,  t h e  chemica l l y  u s e f u l  i n fo rma t ion  conten t  comes from data  of  
lower accuracy than i n  t h e  case o f  bond leng ths ,  and supplementat ion o f  exper iment i s  much 
more va luab le  because o f  t he  ex t remely  l i m i t e d  i n fo rma t ion  t h a t  can be ob ta ined  from e x p e r i -  
ment a lone f o r  any bu t  t he  sma l les t  molecules.  
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The most common approach i n  v i b r a t i o n a l  s t u d i e s  i s  t o  compute t h e  fundamenta l  t r a n s i t i o n  
f r e q u e n c i e s  (band c e n t e r s )  a t  some modest quantum chemica l  l e v e l  and t h e n  m u l t i p l y  them a l l  
by  a s i n g l e  s c a l i n g  f a c t o r ,  perhaps 0.9.  H i g h l y  u s e f u l  r e s u l t s  have been o b t a i n e d  by t h i s  
p rocedure ,  b u t  we f i n d  i t  p r e f e r a b l e  t o  use  a more e x t e n s i v e  a n a l y s i s ,  based on t h e  computed 
f o r c e  f i e l d  r a t h e r  t h a n  t h e  t r a n s i t i o n  f r e q u e n c i e s .  T h i s  approach i s  u s e f u l  because i t  i s  
observed t h a t  f o r c e  c o n s t a n t s  f o r  d i f f e r e n t  t y p e s  o f  v i b r a t i o n s  a r e  c o n s i s t e n t l y  computed 
w i t h  d i f f e r e n t  magn i tudes  o f  e r r o r .  As w i t h  o f f s e t  v a l u e s  f o r  g e o m e t r i c a l  parameters ,  a 
s m a l l  s e t  o f  s c a l i n g  f a c t o r s  can be deve loped,  each r e f e r r i n g  t o  a c e r t a i n  t y p e  o f  v i b r a t i o n  
expressed i n  i n t e r n a l  c o o r d i n a t e s .  These f a c t o r s  a r e  chosen t o  b e s t  reproduce t h e  known 
v i b r a t i o n a l  spec t rum o f  one o r  more r e f e r e n c e  m o l e c u l e s  and a r e  then t r a n s f e r r e d  t o  c o r r e c t  
t h e  computed harmon ic  f o r c e  f i e l d s  o f  r e l a t e d  s p e c i e s  ( r e f .  1 6 ) .  Dozens o f  t e s t  cases have 
now been r u n  ( r e p r e s e n t a t i v e  examples a r e  1 i s t e d  as r e f .  17) and i t  i s  found t h a t  s p e c t r a  
can be reproduced w i t h  average d e v i a t i o n s  on t h e  o r d e r  o f  10 cm-l w i t h o u t  u s i n g  any i n p u t  
d a t a  f rom t h e  m o l e c u l e  i n  q u e s t i o n .  As b y - p r o d u c t s ,  t h e s e  s t u d i e s  have c l a r i f i e d  a number 
o f  u n c e r t a i n  o r  i n c o r r e c t  ass ignments i n  t h e  e x p e r i m e n t a l  s p e c t r a .  The p r o c e d u r e  t r a n s f e r s  
c o r r e c t i o n s  f o r  v i b r a t i o n a l  a n h a r m o n i c i t y  t o  t h e  e x t e n t  t h a t  i t  i s  s i m i l a r  i n  r e l a t e d  
m o l e c u l e s  as w e l l  as c o r r e c t i o n s  f o r  c o m p u t a t i o n a l  e r r o r s .  I n  some cases ,  f o r  example a 
C-H s t r e t c h i n g  v i b r a t i o n ,  i t  i s  r e a s o n a b l e  t o  suppose t h a t  t h e  a n h a r m o n i c i t y  c o r r e c t i o n  
would be q u i t e  s i m i l a r  i n  r e l a t e d  m o l e c u l e s .  The l a r g e s t  m o l e c u l e s  f o r  w h i c h  such c a l c u l a -  
t i o n s  have been r e p o r t e d  c o n t a i n  about  a dozen second- o r  t h i r d -  p e r i o d  atoms and a c o r r e s -  
pond ing  number o f  hydrogens.  

I t  i s  a l s o  a s i m p l e  m a t t e r  t o  o b t a i n  approx imate  i n f r a r e d  a b s o r p t i o n  i n t e n s i t i e s  f r o m  t h e  
computed d i p o l e  moment d e r i v a t i v e s  w i t h  r e s p e c t  t o  d i s p l a c e m e n t .  E x t r e m e l y  a c c u r a t e  wave- 
f u n c t i o n s  a r e  needed t o  o b t a i n  h i g h  accuracy ,  b u t  even modest -s ized  b a s i s  s e t s  w i t h o u t  any 
c o r r e l a t i o n  t r e a t m e n t  can g i v e  v a l u e s  t h a t  compare w i t h  t h e  s t r o n g ,  medium, weak c l a s s i f i c a -  
t i o n s  t h a t  a r e  commonly r e p o r t e d  f rom e x p e r i m e n t .  I t  i s  a b i t  l e s s  r o u t i n e  t o  o b t a i n  Raman 
i n t e n s i t i e s ,  b u t  t h e s e  can a l s o  be computed. 

One r e c e n t  example t h a t  i l l u s t r a t e s  t h e  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  t h a t  can b e  o b t a i n e d  
i n  t h i s  manner as w e l l  as t h e  accuracy  t h a t  i s  a c h i e v a b l e  has been p r e s e n t e d  i n  a r e l a t e d  
p a i r  o f  papers on r o t a t i o n a l  isomer ism i n  a c r y l i c  a c i d  ( r e f .  18) .  A monomeric fo rm o f  
a c r y l i c  a c i d ,  H C-CHCOOH,  was o b t a i n e d  i n  A r ,  K r ,  o r  N2 m a t r i c e s  and an i n f r a r e d  spec t rum 
was observed.  i f i e r  s e v e r a l  hours  i r r a d i a t i o n  i n  t h e  u l t r a v i o l e t ,  s i g n i f i c a n t  changes i n  
band i n t e n s i t i e s  were n o t e d ,  The o b v i o u s  i n t e r p r e t a t i o n  was t o  a t t r i b u t e  them t o  s-cis- and 
s-trans- conformers w i t h  r e s p e c t  t o  r o t a t i o n  around t h e  C - C  l i n k a g e ,  b u t  t h e r e  was no 
e v i d e n c e  t o  i n d i c a t e  w h i c h  spec t rum cor responded t o  w h i c h  c o n f o r m a t i o n .  F o r c e  f i e l d s  were 
c a l c u l a t e d  a t  t h e  H a r t r e e - F o c k  4-21 l e v e l ,  c o r r e c t e d  w i t h  s c a l i n g  f a c t o r s  p r e v i o u s l y  
o b t a i n e d  f rom r e l a t e d  m o l e c u l e s ,  and t h e  two s p e c t r a  were  p r e d i c t e d .  The s p e c t r a l  changes 
between t h e  two c o n f o r m a t i o n s  were s m a l l ,  b u t  an u n e q u i v o c a l  ass ignment  o f  t h e  two fo rms 
c o u l d  be made as shown i n  T a b l e  2, w h i c h  l i s t s  o n l y  t h e  bands f o r  w h i c h  s p e c t r a l  d a t a  were 
a v a i l a b l e  f rom t h e  exper iment .  T h i s  example shows t h e  v e r y  f i n e  l e v e l  o f  d i s c r i m i n a t i o n  
w h i c h  i s  p o s s i b l e  u s i n g  t r a n s f e r  o f  s e t s  o f  s c a l i n g  f a c t o r s  when c l o s e l y  r e l a t e d  m o l e c u l e s  
a r e  a v a i l a b l e  f o r  compar ison.  R e g r e t t a b l y ,  t h i s  i s  n o t  a lways t h e  case.  

TABLE 2. Frequency d i f f e r e n c e s  between s - t r m s -  and s-cis- 
a c r y l i c  a c i d s ,  H2C=CHCOOHa 

Approx imate  d e s c r i p t i o n  Calculated Observed 
t rans - cis Set  1 - S e t  2 

C=O de format  i o n  
C-C-0 bend 
C - C  s t r e t c h  
CH2 r o c k  
C-0 s t r e t c h  
CH2 s c i s s o r s  
C=C s t r e t c h  
C=O s t r e t c h  
C - C  t o r s i o n  
C=O wag 
C-0 t o r s i o n  
C-H & C-0 wag 
CH2 t w i s t  
CH2 wag 

+ 39 - 4s 
- 4  

- 48 
+ 9  

0 
- 10 
+ 12 

- 4  
+ I  

- 35 
+ 3  
+ 2  

0 

+ 30 
- 53 

- 4  
- 40 
+ 5  

0 
- 12 
+ 12 
- 10 

0 
- 41 

- 7  
0 

- 6  

- 1  
aFrequency d i f f e r e n c e s  i n  cm . Set  1 i n c r e a s e d  i n t e n s i t y  
on u l t r a v i o l e t  r a d i a t i o n  r e l a t i v e  t o  S e t  2. 
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There i s  l i t t l e  p o i n t  i n  go ing  beyond modest bas i s  s e t  Hartree-Fock computat ions,  co r rec ted  
when p o s s i b l e  w i t h  se ts  o f  s c a l i n g  f a c t o r s ,  un less  anharmon ic i ty  i s  considered. Tab le  1 
i l l u s t r a t e s  the  l e v e l  o f  accuracy i n  harmonic and low-order anharmonic f o r c e  cons tan ts  wh ich  
can be ob ta ined us ing  a reasonably h i g h  l e v e l  o f  computat ion i n c l u d i n g  a good t rea tment  o f  
e l e c t r o n  c o r r e l a t i o n .  Compared w i t h  exper iment ,  f r  
a v a i l a b l e  i n  t h i s  example, t he  l a r g e s t  canputa t iona 
cons tan ts ,  w h i l e  the  o f f -d iagona l  q u a d r a t i c  and the  
accuracy. I n  f a c t ,  we b e l i e v e  t h a t  t h e r e  are ve ry  
c a l c u l a t e d  a t  t h i s  l e v e l  are n o t  more accura te  than 
and ex tens i ve  exper iments needed t o  o b t a i n  t h e  same 
o r  h igher -order  f o r c e  and coup l i ng  cons tan ts ,  i t  i s  
cou ld  be ob ta ined by any experiment. Consequently, 
c o n t r i b u t i o n s  t o  t h e  p o t e n t i a l  su r face  can no t  come 
the  corresponding elements deduced from exper imenta 
t r a n s i t i o n  f requenc ies  ob ta ined  from t h e  computed s 
a m a t t e r  discussed more f u l l y  below, 

n which unusual l y - r e l i a b l e  r e s u l t s  a re  
e r r o r  remains i n  the  d iagona l  q u a d r a t i c  

anharmonic cons tan ts  have b e t t e r  r e l a t i v e  
ew cases i n  which anharmonic cons tan ts  
those ob ta ined from t h e  ve ry  d i f f i c u l t  
i n fo rma t ion .  For much l a r g e r  molecules 
d i f f i c u l t  t o  see how s i m i l a r  i n f o r m a t i o n  
t h e  s t r i c t e s t  t e s t  o f  computed anharmonic 
f rom d i r e c t  comparison w i t h  va lues  o f  

a n a l y s i s ,  b u t  r a t h e r  f rom comparison o f  
r f a c e  w i t h  those observed exper imenta l  

A s  can be seen from t h e  example i n  Tab le  1 ,  abso lu te  computat ion o f  p o t e n t i a l  energy 
sur faces  requ i res  a very  h i g h  l e v e l  o f  c a l c u l a t i o n ,  wh ich  r e s t r i c t s  the  procedure t o  r e l a -  
t i v e l y  smal l  molecules.  Force cons tan ts  through s i x t h  o rde r  have been c a l c u l a t e d  f o r  
molecules the  s i z e  o f  CH F and C F +  ( r e f s ,  19, 20) and the  work cou ld  be extended 
w i t h o u t  d i f f i c u l t y  t o  soiehha? 7a)rger sJsJems. Use o f  t he  l o c a l  c o r r e l a t i o n  procedure de- 
sc r i bed  above makes the  computat ional  j o b  more e f f i c i e n t  w i t h o u t  loss o f  accuracy,  o r  poss 
b l y  w i t h  an inc rease i n  accuracy i f  t h e  e l i m i n a t i o n  o f  superpos i t i on  e r r o r s  outweighs the  
remaining smal l  losses .  The d i f f i c u l t y  a r i s e s  no t  f rom l i m i t a t i o n s  on t h e  c a l c u l a t i o n s ,  
l a r g e  as these are ,  bu t  f rom the  tremendous number o f  cons tan ts  r e s u l t i n g  f rom f u l l  evalua- 
t i o n  o f  t he  c o e f f i c i e n t s  i n  the  h i g h e r  o rde r  expansion o f  t h e  energy, and from l a c k  o f  
a b i l i t y  t o  do much u s e f u l  w i t h  the  r e s u l t s .  

I f  less  complete i n fo rma t ion  i s  s u f f i c i e n t ,  i t  i s  worthy o f  no te  t h a t  e v a l u a t i o n  o f  t he  
quadra t i c  f o r c e  f i e l d  f rom numerical  d e r i v a t i o n  o f  t h e  energy g r a d i e n t ,  r a t h e r  than by 
d i r e c t  computat ion o f  t he  second d e r i v a t i v e s ,  y i e l d s  t h e  d iagona l  and f i r s t  o f f -d iagona l  
cub ic  cons tan ts  w i t h o u t  a d d i t i o n a l  computa t iona l  cos t  ( r e f .  16). 

C H +  

VIBRATIONAL ANHARMONICITY 

Whi le  i t  i s  r e l a t i v e l y  s t r a i g h t f o r w a r d  t o  compute a v i b r a t i o n a l  p o t e n t a l  su r face  w i t h  
reasonable accuracy,  i t  i s  no t  a t  a l l  a t r i v i a l  ma t te r  t o  o b t a i n  t h e  energy l e v e l s  from 
t h a t  su r face  f o r  po lya tomic  molecules.  Most recent  p rogress  has been made us ing  v a r i a t i o n a l  
methods, which are  ve ry  c l o s e  analogs o f  t h e  common v a r i a t i o n a l  SCF and C I  techniques f o r  
e l e c t r o n i c  energy l e v e l s .  Such s tud ies  i n  t h e  pas t  were l a r g e l y  l i m i t e d  t o  t r i a t o m i c  
molecules,  bu t  a recent  paper pub l i shed  t h e  f i r s t  f u l l  v a r i a t i o n a l  C I  anharmonic c a l c u l a t i o n  
on a l l  n i n e  modes o f  a penta tomic  molecule,  CH3F ( r e f .  16) .  
and C3F;> i s  e s s e n t i a l l y  completed ( r e f .  20) .  
development o f  a v i b r a t i o n a l  d i r e c t  C I  program f i r s t  descr ibed i n  I981 ( r e f .  21).  

Since f o r c e  cons tan t  ma t r i ces  a r e  no rma l l y  a v a i l a b l e  i n  c u r v i l i n e a r  coord ina tes  w h i l e  the  
k i n e t i c  energy terms a re  most e a s i l y  expressed i n  r e c t i l i n e a r  coo rd ina tes ,  t he  f i r s t  s tep  
i s  t o  conver t  these two c o n t r i b u t i o n s  t o  t h e  Hami l t on ian  t o  a common form. We have chosen 
t o  conver t  t h e  p o t e n t i a l  energy t o  a r e c t i l i n e a r  rep resen ta t i on  by a somewhat complex 
least-squares f i t t i n g  procedure w i t h  c a r e f u l  t e s t s  t o  ensure no loss  o f  accuracy over  the  
reg ion  o f  t he  p o t e n t i a l  su r face  o f  i n t e r e s t  ( r e f .  22).  Next t he  v i b r a t i o n a l  wavefunc t ion  i s  
expanded i n  a s e r i e s  o f  harmonic o s c i l l a t o r  b a s i s  f u n c t i o n s  and t h e  Schrt jd inger equa t ion  i s  
so lved by a c o r r e l a t i o n  i n t e r a c t i o n  method ( r e f .  22).  Use o f  anharmonic o s c i l l a t o r  bas i s  
f u n c t i o n s  was i n v e s t i g a t e d ,  bu t  they d i d  no t  seem t o  be wor th  t h e  a d d i t i o n a l  complex i ty .  

I n  s tud ies  o f  HCN ( r e f .  23) and o f  CH3F and CHD2F ( r e f ,  19) ,  i t  was thought t h a t  t h e  q u a l i t y  
of t he  a v a i l a b l e  a3 initio p o t e n t i a l  su r face  was such t h a t  d iagona l  f o r c e  cons tan ts  t h a t  
cou ld  be ob ta ined from i t  would be l ess  accura te  t h a t  those t h a t  cou ld  be ob ta ined from 
exper iment ,  w h i l e  a l l  coup l i ng  and anharmonic cons tan ts  were thought t o  be more r e l i a b l e  
f rom the  computat ion.  Consequently, t he  d iagona l  q u a d r a t i c  cons tan ts  were taken as v a r i a b l e s  
t o  be f i t t e d  t o  t h e  observed fundamental f requenc ies ,  a l l  o t h e r  p o t e n t i a l  terms coming from 
t h e  computed sur face .  For HCN, 69 anharmonic energy l e v e l s  were c a l c u l a t e d  f o r  s t a t e s  i n -  
v o l v i n g  up t o  f o u r  quanta o f  e x c i t a t i o n  d i s t r i b u t e d  among t h e  f o u r  modes. Where comparison 
w i t h  exper iment yas poss ib le ,  agreement was w i t h i n  a maximum e r r o r  o f  10 cm-l f o r  t r a n s i t i o n s  
up t o  I O , O O O  cm- . 
The HCN s tudy ,  as w e l l  as o the rs  of  a s i m i l a r  type ,  pe rm i t s  an i n v e s t i g a t i o n  o f  t he  e x t e n t  t o  
which t h e  l o c a l  mode concept o f  over tone bands o f  t h e  C-H s t r e t c h i n g  mode i s  v a l i d .  
l i s t s  the  c o n t r i b u t i o n s  g r e a t e r  than 0.1 t o  t h e  e igenvec to rs  o f  t h e  C-H s t r e t c h i n g  fundamental 

Work on hexatomic i ons ,  C3H; 
These c a l c u l a t i o n s  a r e  based on f u r t h e r  

Tab le  3 
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and over tones .  An i n t e r e s t i n g  f e a t u r e  o f  these s t a t e s  i s  t h a t  t he  e igenvec to rs  c o n t a i n  
s i g n i f i c a n t  c o n t r i b u t i o n s  f rom bas is  f u n c t i o n s  w i t h  two quanta i n  t h e  bend. I n  C D  H ,  such 
c o n t r i b u t i o n s  have been a t t r i b u t e d  t o  Fermi resonance stemming from t h e  bending fuAdamenta1 
be ing  approx imate ly  h a l f  o f  t h e  C-H s t r e t c h i n g  fundamental ( r e f .  24).  Such i s  no t  t he  case 
i n  HCN. The l a r g e  c o n t r i b u t i o n s  here  stem no t  f rom near resonance bu t  f rom l a r g e  m a t r i x  
elements (0,0,0,vCH[H]0,2,0,vC -1). 
cu rva tu re  o f  t h e  p o t e n t i a l  suryace. 
be genera l  r a t h e r  than be ing  r e s t r i c t e d  t o  spec ia l  cases i n  wh ich  the  s t r e t c h  fundamental i s  
a m u l t i p l e  o f  t he  bend fundamental ( r e f .  22) .  

These l a r g e  m a t r i x  elements a re  a consequence o f  t he  
Stretch-bend i n t e r a c t i o n s  o f  t h i s  type  shoud t h e r e f o r e  

TABLE 3. Dominant c o n t r i b u t i o n s  t o  C-H over tone s t a t e s  i n  HCNa 

100°l> = 0.95810001) + 0.14710200) + 0.11~7]0020> + 0.114~1001) 

/00°2} = 0.87910002) + 0.241~0003) + 0.19510201) + 0.19510021) + 0.183~1002> 

100°3> = 0.716~0003> + 0.37610004) - 0.24710002) + 0.20510202> + 0.20510022) + 0.170~1003> 

I0O04> = 0.52310004) + 0.44010005) - 0.38910003) + 0.23310006) + 0.192/0203> + 0.19210023) 

+ 0.19110007> - 0.19111003) + 0.12111004) + 0.12110008> + 0.11910204>+ 0.11910024) 

+ 0.1021 1005) 

+ 0.16410005) + 0.13810006) - 0.12611002) + 0.108~0402) + 0.10810042) 

a l v C N ~ b e n d m ~ C H )  represents  an e igenvec to r  w i t h  v i b r a t i o n a l  angu lar  quantum number m. 

(vCNvbend ,vbend 2 ~ C H )  represents  a harmonic o s c i l l a t o r  p roduc t  f u n c t i o n .  

The cyc lopropeny l  c a t i o n ,  C3H;, a long w i t h  i t s  deu te ra ted  forms and t h e  f l u o r i n a t e d  analog, 
C F +  , have been s t u d i e d  i n  a s i m i l a r  manner ( r e f .  20) except t h a t  t h e  t rea tment  has been 
comple te ly  t h e o r e t i c a l  w i t h  no f i t t i n g  t o  any s o r t  o f  exper imenta l  da ta .  
t ime,  o n l y  powder o r  s o l u t i o n  da ta  a r e  a v a i l a b l e ,  so t h e  observed f requenc ies  may be somewhat 
per tu rbed by i n t e r a c t i o n  w i t h  s o l v e n t  molecules and w i t h  t h e  coun te r ion .  Vary ing  the  l a t t e r  
had l i t t l e  e f f e c t ,  however, so t h e  e r r o r  may be smal l .  As an i l l u s t r a t i o n  o f  t h e  r e s u l t s ,  
Table 4 shows t h e  fundamental bands o f  C3H; as c a l c u l a t e d  us ing  t h e  harmonic o s c i  1 l a t o r  
approx lmat lon ,  as computed f rom the  f u l l  anharmonic t rea tment ,  and as observed i n  the  Eaman 
spectrum ( r e f .  20).  We a r e  v e r y  pleased w i t h  the  r e s u l t ,  cons ide r ing  t h a t  t h i s  i s  an abso- 
l u t e  c a l c u l a t i o n  w i t h  no use of  exper imenta l  da ta  and a l s o  t h a t  t he  exper imenta l  va lues  a r e  
from s o l u t i o n  r a t h e r  than from gas-phase exper iments.  I t  i s  i n t e r e s t i n g  t o  n o t e  the  magni- 
tude of  t h e  c o n t r i b u t i o n s  of  anharmon ic i ty ,  ranq inq  up t o  129 cm-l f o r  t he  C - H  s t r e t c h i n g  

3 3  A t  t h e  present  

. .  - -  
fundamental band. 

+ 
TABLE 4. Fundamental v i b r a t i o n a l  f requenc ies  o f  C H 

3 3  

T h e o r e t i c a l  c a l c u l a t i o n  Exper imental  
Harmonic Anharmon i c Ramana 

Desc r i p t  i o n  

C-H s t r e t c h  333 1 3202 3183 
C - C  s t r e t c h  1665 1624 1626 
C-H bend 1074 1016 
C-H s t r e t c h  3281 3156 3138 

C-H bend 96 1 917 927 
C-H wag 772 758 

aRef. 25. 

C - C  s t r e t c h  1335 1299 1290 

C-H wag 1016 1002 
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