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SUMMARY.

The in fr a r e d  and n ea r  u l t r a v io l e t  vapour sp e c tr a  o f  th ree  

i s o t o p ic  form s HCCCHO, DCCCHO and HCCCDO o f  propynal (p r o p lo l -  

a ld eh yd e) have been examined under medium r e s o lu t io n ,  and th e  

3820 A u l t r a v io l e t  band system  o f  th e s e  th r e e  m o lecu les  has 

been examined under h ig h  r e s o lu t io n .

On th e  b a s is  o f  th e  in fr a r e d  and h ig h -r e s o lu t io n  u l t r a v io l e t  

m easurem ents, supplem ented by liq u id ~ p h a8$  in fr a r e d  s p e c tr a 9 a 

com plete s e t  o f  fundam ental v ib r a t io n a l  fr e q u e n c ie s  o f  th e  

ground e le c t r o n ic  s t a t e  i s  p rop osed , and th e  is o to p e  e f f e c t s  

are  shown t o  be c o n s is t e n t  w ith  th e  T e lle r -R e d lic h  product r u le s 

u s in g  th e  r o ta t io n a l  c o n sta n ts  found from th e  microwave spectrum . 

The fundam ental fr e q u e n c ie s  a s s o c ia te d  w ith  th e  s t r e tc h in g  o f  

th e  v a r io u s  bonds a g ree  w ith  th o se  observed  fo r  r e la te d  m ole

c u le s ,  but th e  fr e q u e n c ie s  o f  d efo n n a tio n  o f  th e  bond a n g le s  

p r e se n t some unusual fe a tu r e s*  In form ation  h as a ls o  been  

o b ta in ed  on th e  in t e r a c t io n  o f  th e  v ib r a t io n a l  m otions w ith  

r o ta t io n  about th e  a x i s  o f  l e a s t  i n e r t i a .

Four band system s have been found in  th e  u l t r a v io l e t  

spectrum  t o  lo n g  waves o f  2000 A, and th e s e  are d e scr ib ed  and 

t h e i r  p o s s ib le  a ss ign m en ts t o  e le c t r o n ic  t r a n s i t io n s  are  

d iscu sse d *

A d e ta i le d  v ib r a t io n a l  and p a r t ia l  r o ta t io n a l  a n a ly s is  o f



th e  3820 A band system  i s  p r e se n te d , le a d in g  to  a s e t  o f funda

m en ta l v ib r a t io n a l  fr e q u e n c ie s  o f  th e  e x c ite d  s t a t e ,  which la ck s  

o n ly  one fundam ental freq u en cy  fo r  each i s o t o p e ,  a lth ou gh  

some o f  th e  proposed v a lu e s  are t e n t a t iv e .  The d ir e c t io n  o f  th e  

e le c t r o n ic  t r a n s i t io n  moment and th e  changes in  th e  fr e q u e n c ie s  

o f  v ib r a t io n  o f  th e  form yl group show th a t  t h i s  t r a n s i t io n  i s  th e  

an alogu e o f  th e  3530 A t r a n s i t io n  o f  formaldehyde* However, i t  

i s  concluded th a t  n o th in g  has been observed h ere  which i s  in con 

s i s t e n t  w ith  th e  p r e se n t e x c ite d  s t a t e  b e in g  p lan ar  a t e q u i l i 

brium , in  c o n tr a d is t in c t io n  to  th e  n o n -p la n a r ity  found fo r  

e x c it e d  form aldehydej but th e  e v id en ce  here  p resen ted  i s  probably  

i n s u f f i c i e n t  t o  p rec lu d e  th e  p resen ce  o f  a p o te n t ia l-e n e r g y  

b a r r ie r  o f  a t most 100 cm*“1 a t  th e  p lan ar  c o n f ig u r a t io n .

In a d d it io n  t o  th e  changes in  th e  form yl fr e q u e n c ie s ,  

d r a s t ic  changes are found t o  ta k e  p la c e ,  as a consequence o f  

th e  e le c t r o n ic  e x c i t a t io n ,  in  th e  fr e q u e n c ie s  o f  v ib r a t io n a l  

modes lo c a l i s e d  in  th e  e th y n y l group; th e  e x c i t a t io n  cannot 

th e r e fo r e  be regarded as lo c a l i s e d  w ith in  th e  form yl group.

A fe a tu r e  o f  th e  3820 A system  i s  th e  p resen ce  o f  bands 

whose v ib r o n ic  t r a n s i t io n  moments l i e  a lon g  each o f  th e  th r ee  

p r in c ip a l  axes o f  i n e r t i a .  The p o s s ib le  meaning o f  t h i s  in  

term s o f  v ib r o n ic  in t e r a c t io n  i s  d is c u sse d .

P er tu r b a tio n s  o f  v a r io u s  ty p e s  have been ob served . P u rely  

v ib r a t io n a l  in t e r a c t io n s  o f  Fermi typ e  are common in  th e  3820 A 

system ; and some r e g u la r  C o r io l is  p e r tu r b a tio n s  o f  th e  sub-band  

s tr u c tu r e  have a ls o  been found. Two s t r ik in g  exam ples o f



ir r e g u la r  p e r tu r b a tio n s  -  one o f  them perhaps in v o lv in g  p r e d is  

s e d a t i o n  -  in  th e  sub-band s tr u c tu r e  o f  bands o f  HCCCDO are  

d e s c r ib e d s and t h e i r  p o s s ib le  c a u ses  are  examined.



33OTE OH SYMBOLS.

L e t te r s  which d enote m a tr ix  q u a n t i t ie s  are u n d e r lin e d ; 

sm a ll l e t t e r s  r e p r e se n t  v e c to r s  or  column m a tr ic e s , and c a p i t a ls  

r ep r e se n t souax-e m atrices*  The symbol p laced  above th e  

l e t t e r  s i g n i f i e s  th e  tra n sp o se  o f  th e  m atrix*

The n o ta t io n  f o r  th e  assignm ent o f  u l t r a v io l e t  bands i s  

e x p la in ed  on p. Sk

in  th e  t e x t ,  th e  p o s i t io n  o f  u l t r a v io l e t  bands i s  d escr ib ed  

in  th e  form  ”0*1300*% which means th a t  th e  band l i e s  1300 cm“ 1 

t o  h ig h  fr e q u e n c ie s  o f th e  band which i s  a ss ig n e d  a s  th e  o r ig in  

o f  th e  band system  (th e  ”0 band” ) ;  th e  u n it s  (cm""*) are u s u a lly  

om itted  in  t h i s  exp ress ion *
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CHAPTER I®

INTRODUCTION.

1*1* E l e c t r o n i c  S p e c t r a ,,

Those p r o p e r t i e s  o f  a s u b s t a n c e  which a r e  c h a r a c t e r i s t i c 

a l l y  “c h e m ic a l "  depend upon t h e  d i s t r i b u t i o n  o f  t h e  e l e c t r o n s  

i n  i t s  molecules® and t h e  manner in  which t h a t  d i s t r i b u t i o n  

may be a f f e c t e d  by t h e  p r o x i m i t y  o f  o t h e r  m o l e c u l e s ; so t h e  

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

t o  a m o le cu le  and t h e  e n e r g i e s  o f  t h e s e  c o n f i g u r a t i o n s  should  

e v e n t u a l l y  g iv e  a d e e p e r  i n s i g h t  i n t o  i t s  c h e m ic a l  p r o p e r t i e s -  

The p ro b lem  can be f o r m u la t e d  in  te rm s  o f  quantum m e c h a n ic s 3 

s i n c e  t h e  f o r c e s  in v o lv e d  a r e  e l e c t r i c  and m ag n e t ic  ones which 

a r e  s u f f i c i e n t l y  w e l l  u n d e rs to o d *  however* In  o r d e r  t o  o b t a i n  

a n y t h i n g  a p p ro a c h in g  a s o l u t i o n  of  t h e  r e s u l t i n g  e q u a t io n s ^  i t  

i s  n e c e s s a r y  t o  have  r e c o u r s e  t o  q u i t e  d r a s t i c  a p p ro x im a t io n s  

which c o n s i d e r a b l y  d e c r e a s e  t h e  r e l i a b i l i t y  o f  t h e  r e s u l t s *  In  

t h e s e  c i rcum stances®  i t  i s  d e s i r a b l e  t o  make f u l l  use  o f  t h e  

i n f o r m a t i o n  on t h i s  t o p i c  which can be o b t a in e d  e x p e r i m e n t a l l y "  

t h i s  i n f o r m a t i o n  can t h e n  s e r v e  a s  a  t e s t  o f  p a s t  c a l c u l a t i o n s  

and a s  a g u id e  t o  f u t u r e  ones*

The v a r i o u s  e l e c t r o n i c  s t a t e s  o f  an atom o r  m o le cu le  a re
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s t u d i e d  most r e a d i l y  by an exam in a t io n  o f  i t s  u l t r a v i o l e t  and 

v i s i b l e  a b s o r p t i o n  and e m is s io n  s p e c t r a ,  which p r o v i d e  d i r e c t l y  

t h e  d i f f e r e n c e  in  e n e rg y  between a tom ic  o r  m o le c u l a r  e n e rg y  

l e v e l s ,  t h i s  d i f f e r e n c e  b e i n g  e q u a l  t o  t h e  energy  o f  one photon  

o f  t h e  e l e c t r o m a g n e t i c  r a d i a t i o n  abso rb ed  o r  em i t ted*  An 

a n a l y s i s  o f  such  a sr jeetrum i n v o l v e s  t h e  d e d u c t io n  o f  t h e  

i n d i v i d u a l  en e rg y  l e v e l s  between which t r a n s i t i o n s  a r e  o b s e r v e d ,  

and an e x p l a n a t i o n  o f  t h e  i n t e n s i t i e s  o f  th e  v a r i o u s  t r a n s i t i o n s ^

In  t h i s  way a c o n s i d e r a b l e  body o f  e m p i r i c a l  d a t a  on th e  

en e rgy  l e v e l s  o f  atoms h a s  been amassed ;  and t h e  i n f o r m a t i o n  

so d e r i v e d  h a s  been o f  immense v a lu e  t o  c h e m i s t r y ,  a s  i t  forms 

t h e  b a s i s  o f  a l l  t h e o r i e s  o f  m o le c u l a r  b i n d i n g  and c h em ica l  

r e a c t i v i t y *

In  t h e  c a s e  o f  m o l e c u l e s ,  a s  d i s t i n c t  from a tom s,  t h e  

d i f f e r e n t  e n e rg y  l e v e l s  do n o t  a l l  c o r r e s p o n d  t o  d i f f e r e n t  

e l e c t r o n i c  s t a t e s ,  b e ca u se  each  e l e c t r o n i c  s t a t e  c a r r i e s  

w i t h  i t  a m a n i fo ld  o f  e n e rg y  l e v e l s  c o r r e s p o n d i n g  t o  v i b r a t i o n  

o f  t h e  n u c l e i  in  t h e  p o t e n t i a l  f i e l d  d e f i n e d  by t h e  e l e c t r o n s  

and t o  t h e  r o t a t i o n  o f  t h e  m o le cu le  a s  a whole* Thus in  t h e  

m o l e c u l a r  c a s e  a  band sys tem  in  t h e  sp e c t ru m ,  c o n s i s t i n g  o f  

a l a r g e  number o f  i n d i v i d u a l  t r a n s i t i o n s ,  c o r r e s p o n d s  t o  one 

e 1 e e t  r  on i  c t  r a n  s i  t  i  on«

I t  sho u ld  be m en t io ned  t h a t  an atom o r  m olecu le  may a l s o  

p o s s e s s  v a r y i n g  amounts o f  t r a n s l a t i o n a l  en e rg y  which i s ,  f o r  

t h e  p r e s e n t  p u r p o s e ,  e f f e c t i v e l y  u n q u a n t i s e d ;  bu t  changes  in  

t h e  t o t a l  l i n e a r  momentum o f  atoms o r  m o le c u le s  can n o t  o c c u r
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by t h e  a b s o r p t i o n  o r  e m iss io n  o f  r a d i a t i o n ,  so t h a t  no changes 

i n  t r a n s l a t i o n a l  en e rg y  t a k e  p l a c e  i f  t h e  atom o r  m o lecu le  

r em a in s  i n t a c t *  I f  i o n i s a t i o n  o r  d i s s o c i a t i o n  o c c u r s ,  t h e  f r a g 

ments  may have  v a r y i n g  amounts o f  t o t a l  t r a n s l a t i o n a l  e n e rg y  

w i t h  t h e  same t o t a l  momentum, so t h a t  t r a n s l a t i o n a l  t r a n s i t i o n s  

a r e  p o s s i b l e  and t h e  sp ec t rum  i s  d i f f u s e  o r  " c o n t in u o u s "  

b e c a u s e  o f  th e  a b se n c e  o f  q u a n t i s a t i o n *

The d e t a i l e d  a n a l y s i s  o f  a l a r g e  number o f  band sys tem s 

due t o  d i a t o m ic  m o le c u le s  have now been a c c o m p l i s h e d s and t h e  

p r i n c i p l e s  i n v o lv e d  in  such  an a n a l y s i s  a r e  w e l l  unders tood*

The p r e s e n t  p o s i t i o n  w i t h  r e g a r d  t o  p o ly a to m ic  m o le c u le s  i s  a 

l e s s  happy one ,  s i n c e  c o m p a r a t i v e l y  few band sy s tem s  have been 

f u l l y  ana lysed*  T h i s  i s  due t o  a c o m p l i c a t i n g  f a c t o r  which i s  

n o t  p r e s e n t  in  a to m ic  s p e c t r a  and i s  n o t  s e r i o u s  in  d ia to m ic  

s p e c t r a :  namely  t h a t  a  m o le cu le  i n  i t s  d i f f e r e n t  e l e c t r o n i c  

s t a t e s  may adop t  d i f f e r e n t  e q u i l i b r i u m  c o n f i g u r a t i o n s *  The 

f u l l  r e a l i s a t i o n  o f  t h e  im p o r tan c e  o f  t h i s  f a c t  h a s  come on ly  

w i t h i n  t h e  l a s t  d e c a d e ,  a l t h o u g h  t h e  p o s s i b i l i t y  was f i r s t  

mooted by M u l l ik e n  in  1935  (k5 ) an(3 'fche s p e c t r o s c o p i c  consequ

e n c e s  o f  i t  f o r  a  t r i a t o m i c  m o le c u le  were worked ou t  by him 

in  19^1 (ifiD* M ajor  changes  i n  shape  a s  w e l l  a s  in  d im ens ions  

upon e l e c t r o n i c  e x c i t a t i o n  have  now been e s t a b l i s h e d  in  a 

good p r o p o r t i o n  of  t h e  s p e c t r a  so f a r  analysed , ,

I * 2 S M o le c u la r  Energy L e v e l s  and T r a n s i t i o n s .

The v a r i o u s  e n e rg y  l e v e l s  a v a i l a b l e  t o  a f r e e  m o lecu le
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a r e  g iv e n  in  quantum m echan ics  by t h e  e i g e n v a l u e s  o f  t h e

H a m i l to n ia n  o p e r a t o r  f o r  t h e  m o le c u le ,  c o n s i d e r e d  a s  a sys tem

o f  e l e c t r o n s  and n u c l e i  moving in  a p o t e n t i a l  f i e l d  due t o
y i

t h e  Coulombic f o r c e s  between t h e  p a r t i c l e s  on a c c o u n t  o f  t h e i r  

c h a r g e s  and t h e  m ag n e t ic  f o r c e s  be tween them on a cc o u n t  o f  

t h e i r  sp in s»  In  what f o l l o w s  we s h a l l  d i s r e g a r d  t h e  e f f e c t s  o f  

spin*

I t  was shown by Born and Oppenheimer in  1927 (2)  t h a t ,  t o  

a good a p p r o x i m a t i o n ,  t h e  e n e rg y  l e v e l s  a r e  s e p a r a b l e  i n t o  

p a r t s  a s s o c i a t e d  w i th  e l e c t r o n i c ,  v i b r a t i o n a l ,  r o t a t i o n a l ,  

and t r a n s l a t i o n a l  m o t io n s ,  i . e .

Ji,t o t a l  “ ^ e l e e  + ®vib + ®rot  + ® t r a n s  •
F o r  t h e  p r e s e n t  p u r p o s e ,  t h e  e l e c t r o n i c  e n e r g i e s  Ee j ec

a r e  c o n s t a n t s  which have t o  be d e te rm in e d  e m p i r i c a l l y *  On t h e

o t h e r  han d ,  t h e  v i b r a t i o n a l  e n e r g i e s  have  been, found by

e x p e r i e n e e  t o  be t h o s e  c h a r a c t e r i s t i c  o f  a s i i g h t l y  aoharrnonic

o s c i l l a t o r  w i t h  3H- 6  ( o r  3 ^ - 5  i n  t h e  c a se  o f  a l i n e a r  m o lecu le )

d e g r e e s  o f  f reed o m ,  where IT i s  t h e  number o f  atoms in  t h e

molecule*  L ik e w is e ,  t h e  r o t a t i o n a l  e n e r g i e s  Er o .̂ a r e  t h o s e

o f  a s l i g h t l y  n o n - r i g i d  r o t o r *  The t r a n s l a t i o n a l  e n e r g i e s

w i l l  n o t  c o n ce rn  us* I t  shou ld  be bo rne  in  mind t h a tI* JU Ci LI b*
t h e s e  c o n c l u s i o n s  o n ly  form  a g e n e r a l  r u l e ,  based  on t h e  n e g l e c t  

o f  a l a r g e  number o f  I n t e r a c t i o n s ,  o n e "o r  more o f  which may 

become i m p o r t a n t  in  s p e c i a l  c i r c u m s ta n c e s*

Then t h e  sy s tem  i s  In  t h e  s t a t e  o f  e nergy  JL;:o t;a v ; i t  i s  

d e s c r i b e d  in  wave m echan ics  by th e  c o r r e s p o n d i n g  energy  e i g e n -



j ̂  «•' I p
f u n c t i o n  :]j£0ta_i * which h a s  t h e  p r o p e r t y  t h a t  jw  t o t a l  " o r  a 

g iv e n  s e t  o f  c o o r d i n a t e s  o f  a l l .  t h e  p a r t i c l e s  i s  t h e  p r o b a b i l i t y  

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

d e s c r i b e d  by t h a t  s e t  o f  c o o r d i n a t e s  when t h e  sys tem  i s  in  th e  

g iv e n  s t a t e *  To t h e  same a p p ro x im a t io n  a s  b e f o r e 3 t h i s  e i g e n 

f u n c t i o n  may be f a c t o r i s e d  i n t o  e l e c t r o n i c *  v i b r a t i o n a l *

r o t a t i o n a l *  and t r a n s l a t i o n a l  p a r t s *  i , e «

! P --•"■Jp ’p r  -ffp of/*
M t o t a l  r e l e c ’f v i b f  r o t / t r a n s  5

t h e  l a s t  o f  which w i l l  be d i s r e g a r d e d  h e n c e fo r th *

The p r o p e r t y  of  t h e s e  e i g e n f u n c t i o n s  o f  pr ime im por tance  

t o  s p e c t r o s c o p y  i s  t h a t *  c o r r e s p o n d i n g  t o  two s t a t e s  and V s 

t h e r e  i s  d e f i n e d  an e l e c t r i c  d i p o l e  t r a n s i t i o n  moment, m? * which
f  ^  # ...y

i s  e q u a l  t o  j %r// ( £ e n r j  XVfd'f * i n  which en and r^  a r e  t h e  

e l e c t r i c  c h a rg e  and t h e  p o s i t i o n  v e c t o r  ( r e l a t i v e  t o  t h e  e e n t e e  

o f  mass)  o f  t h e  p a r t i c l e *  t h e  sum i s  o v e r  a l l  p a r t i c l e s  n ?

and t h e  i n t e g r a l  i s  ove r  a l l  c o o r d i n a t e s j  and t h e  t r a n s i t i o n  

moment i s  such  t h a t  t h e  i n t e n s i t y  o f  e m iss io n  o r  a b s o r p t i o n  

o f  e l e c t r i c  d i p o l e  r a d i a t i o n  i n  a  t r a n s i t i o n  be tween t h e s e  

s t a t e s  i s  p r o p o r t i o n a l  t o  In  p a r t i c u l a r *  i f  i t  can

be shown t h a t *  f o r  a § iv e n  t r a n s i t i o n *  m? = 0 * t h e n  t h a t  

t r a n s i t i o n  w i l l  n o t  a p p e a r  in  t h e  spec t ru m  and i s  s a i d  t o  be 

fo rb id d e n *  A s t a t e m e n t  a s  t o  w h e th e r  m? v a n i s h e s  i d e n t i c a l l y
*s*rwsrn»»3rTi.Tr«^»»=sti-^3o«3rwti.-.<*

o r  n o t  I s  c a l l e d  a s e l e c t i o n r u l e *

U sing  t h e  p a r t i a l  f a c t o r i s a t i o n  11/1 , = 9 where^ 00*̂ 8. X I S v i FO G
’lb%Y i s  t h e  v i b r o n i c  ( i . e .  combined e l e c t r o n i c  and v i b r a t i o n a l )  

e i g e n f u n c t i o n *  t h e  t r a n s i t i o n  moment i s



 ̂ ~ -V t \f  *' . / /  i ,’/  *-'* { * \  3 /  / /  J
m' = J j  f& / i% t V;~~* * u Ca } 'Kv Tvofc aTs&4■ - ' r« -----"' 3 ~ -

The p o s i t i o n  v e c t o r s  r ^  may now be r e f e r r e d  t o  an i n t e r n a l

C a r t e s i a n  sy s te m  r  d i r e c t e d  a lo n g  t h e  p r i n c i p a l  a x es  of•~n
i n e r t i a  by means o f  t h e  t r a n s f o r m a t i o n  r^~  L r where L i s  

t h e  m a t r i x  o f  t h e  i n s t a n t a n e o u s  d i r e c t i o n - e o s i n e s  o f  t h e  

i n e r t i a l  a x e s  r e l a t i v e  t o  s p a c e - f i x e d  axes* We t h e n  have

F o r  any component o f  m7 t o  be n o n - z e r o  we must have a t  l e a s t  

one component o f  m = j * i | /^ ( ^ en £ n ) ' ^ v<3rev ri0n“*ge ro  ? ao^ G 

s u i t a b l e  component o f  j  ' f r o t i i ^ o t ^ ' r r»ot a l s o  non-zero ,.  The 

f i r s t  r e q u i r e m e n t  l e a d s  t o  a v i b r o n i c  s e l e c t i o n  r u l e ,  t h e  

second t o  an a s s o c i a t e d  r o t a t i o n a l  one*

The main c o n s i d e r a t i o n  employed i n  d e r i v i n g  t h e s e  

s e l e c t i o n  r u l e s  i s  t h e  u t i l i s a t i o n  of  any symmetry pos & G kJ fc? & G

by t h e  system* I t  i s  u s u a l l y  t r u e  t h a t  b o th  t h e  r i g o r o u s

H a m i l to n ia n  o p e r a t o r  and t h e  a p p ro x im a te  H a m il to n ia n  o p e r a t e  

d e r i v e d  f rom  i t  i n  t h e  s e p a r a t i o n  o f  t h e  d i f f e r e n t  t y p e s  of  

m otion  a r e  i n v a r i a n t  u n d e r  a s e t  o f  symmetry operation s*  

which form  a g ro up  i n  t h e  m a th e m a t i c a l  sense* Under th e  

a c t i o n  o f  t h e s e  o p e r a t io n s , each  e i g e n f u n c t i o n  behaves  as  

one o f  t h e  " ir r e d u c ib le  r e p r e s e n t a t i o n s "  o r  "symmetry s p e c i e  

of  t h e  a p p r o p r i a t e  group* For  i n s t a n c e s  t h e  comple te  Harail i  

on ian  i s  i n v a r i a n t  t o  t h e  i n v e r s i o n  of  a l l  c o o r d i n a t e s  

t h r o u g h  any c e n t r e *  t o  r o t a t i o n s  o f  t h e  e x t e r n a l  axes* and 

t o  t h e  i n t e r c h a n g e  o f  any p a i r  o f  i d e n t i c a l  p a r t i c l e s ;  t h e  

v i b r o n i c  H a m il to n ia n  i s  i n v a r i a n t  to  a l l  t h e  .oreometrical
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symmetry o p e r a t i o n s  o f  t h e  e q u i l i b r i u m  n u c l e a r  c o n f i g u r a t i o n i

and t h e  r o t a t i o n a l  H a m i l to n ia n  i s  i n v a r i a n t  t o  r o t a t i o n s  o f

1 8 0 ° a b o u t  e a c h  o f  t h e  p r i n c i p a l  axes  o f  i n e r t i a ,  and p o s s e s s e s

h i g h e r  symmetry i f  two o r  a l l  t h r e e  of  t h e  p r i n c i p a l  moments

o f  i n e r t i a  a r e  equalo  In  a d d i t i o n ,  t h e  v a r i o u s  components  of

t h e  m a t r i c e s  r ^  2 L and r Q e ac h  b e lo n g  t o  a s;primetry s p e c i e s

o f  t h e  a p p r o p r i a t e  group* The symmetry s e l e c t i o n s  th e n  t a k e

t h e  g e n e r a l  form t h a t  I f  any component o f  t h e  above i n t e g r a l s

i s  t o  be n o n - v a n i s h i n g ,  t h e  c o r r e s p o n d in g  component o f  t h e

i n t e g r a n d  must  b e lo n g  t o  t h e  t o t a l l y  symmetric  s p e c i e s  o f  t h e

a p p r o p r i a t e  g r o u p ,  :U e« i t  must be unchanged by any symmetry

o p e r a t i o n  o f  t h e  group*

F o r  p u r e l y  r o t a t i o n a l  t r a n s i t i o n s  o f  t h e  low es t  v i b r o n i c

s t a t e ,  a s  a r e  o b se rv ed  i n  t h e  microwave sp e c t ru m ,  we have

m e q u a l  t o  t h e  perm anen t  d i p o l e  moment o f  t h e  m o le c u l e ; t h u s

f o r  a m o le c u le  t o  e x h i b i t  a  microwave sp ec t rum  i f  must

p o s s e s s  a d i p o l e  moment*

I f  we r e s t o r e  t h e  aon ro x im a te  f a c t o r i s a t i o n  ^  fa  9»ev Te l e c r  v ib
we have

m ~ ( ^ e^ f X c t ^ > dr^ ‘ drr̂

(»j ■*’> S iwJ.C, * *

F o r  t r a n s i t i o n s  be tween d i f f e r e n t  v i b r a t i o n a l  l e v e l s  o f  t h e  

same e l e c t r o n i c  s t a t e  we have  a s  a consequence  o f  t h e  o r t h o -  

n o rm al  p r o p e r t y  o f  e i g e n f u n c t i o n s  t h a t

J i i i b f v i b dTm i e l  = 0 atid i f e l e c f e l e c dTe l e e  = 1 s 

so th a t  m = / f v i b  (S en£n) ' K i b a'rnuo 1 5 th la  e l a t i o n
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g o v e rn s  t h e  I n t e n s i t i e s  and s e l e c t i o n  r u l e s  i n  t h e  p u re  

v i b r a t i o n a l  spectrum* On t h e  o t h e r  h a n d ,  f o r  t r a n s i t i o n s  

be tw een  v i b r a t i o n a l  l e v e l s  o f  d i f f e r e n t  e l e c t r o n i c  s t a t e s ,  we
g . •%' n <"

have d*f _  ̂ 0 ,  whereas and ' f ir „  are notJ ^ eX ec^ elec  e l e c  f vid fVJ.n
n e c e s s a r i l y  o r th o n o rm a l  s i n c e  t h e y  a r e  e i g e n f u n c t i o n s  o f  

d i f f e r e n t  v i b r a t i o n a l  o p e r a t o r s  $ t h u s

I S  ‘j  ( J j ,  O w f i %  f e e  f  ^  J  b  ’faefo ^  iwci $

The f i r s t  f a c t o r  on t h e  r i g h t - h a n d  s i d e  i s  a  c o n s t a n t  f o r  a

g iv e n  e l e c t r o n i c  t r a n s i t i o n ,  and g i v e s  a  p u r e l y  e l e c t r o n i c

s e l e c t i o n  r u l e .  The second f a c t o r  I s  t h e  Condon I n t e g r a l

f o r  t h e  v i b r a t i o n a l  l e v e l s  i n v o l v e d ,  and can be n o n - s e r o

only  I f  Y v i b r  v ib  I s  t o t a l l y  symmetries a s e l e c t i o n  r u le

o r i g i n a l l y  p ro p o se d  by H e rz b e rg  and T e l l e r  (1933$22)®

The s e p a r a t e d  e l e c t r o n i c  and v i b r a t i o n a l  e i g e n f u n c t i o n s

and '\fc_*v, a r e  c l a s s i f i e d  a c c o r d i n g  t o  t h e i r  b e h a v io u r  *e l e c  *tfiD 0
w i t h  r e s p e c t  t o  t h e  g e o m e t r i c a l  symmetry o p e r a t i o n s  o f  th e  

e q u i l i b r i u m  n u c l e a r  c o n f i g u r a t i o n ,  which c o r r e s p o n d s  t o  a  

minimum i n  t h e  v i b r a t i o n a l  p o t e n t i a l  en e rg y .  However, t h e .  

c o n s i d e r a t i o n s  employed: in  d e r i v i n g  t h i s  r e s u l t  a r e  e q u a l l y  

v a l i d  f o r  a c o n f i g u r a t i o n  c o r r e s p o n d in g  t o  a maximum in  t h e  

p o t e n t i a l  energy* I t  sometimes hap p en s  t h a t  a m o le cu le  ( e , g ,3 

ammonia i n  I t s  g round s t a t e )  ha s  a p o t e n t i a l  en e rgy  maximum 

i n  a c o n f i g u r a t i o n  o f  h i g h e r  symmetry th a n  t h e  e q u i l i b r i u m  

one* The v i b r o n i c  H a m il to n ia n  i s  t h e n  i n v a r i a n t  t o  th e  symmetry 

o p e r a t i o n s  o f  t h e  more sy m m et r ica l  c o n f i g u r a t i o n ,  and t h e  

e i g e n f u n c t i o n s  can be c l a s s i f i e d  a c c o rd in g ly *  T h is  c l a s s i f i e s
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a t i o n  i s  o n ly  c o n v e n ie n t  when th e  p o t e n t i a l - e n e r g y  maximum i s  

o f  low e n e r g y ,  a s  in  t h e  c a s e s  o f  u n e x c i t e d  ammonia o r  e x c i t e d  

fo rm a ld eh yd e  ( s e e  I I . 2)*

Because  of  t h e  p o s s i b i l i t y  o f  changes  in  shape  accompany® 

in g  e l e c t r o n i c  e x c i t a t i o n ,  t h e  g rou p s  a p p r o p r i a t e  t o  t h e  

c l a s s i f i c a t i o n  o f  t h e  v i b r o n i c  e i g e n f u n c t i o n s  of t h e  two s t a t e s  

may be d i f f e r e n t .  In  t h i s  c a s e  we must c o n s i d e r  t h e  v i b r o n i c  

H a m il to n ia n  o p e r a t o r s  f o r  t h e  two e l e c t r o n i c  s t a t e s  t o g e t h e r ;  

t h e  group  of  symmetry o p e r a t i o n s  which l e a v e  b o th  o p e r a t o r s  

i n v a r i a n t  i s  t h e  g ro u p  c o n s i s t i n g  o f  t h o s e  symmetry o p e r a t i o n s  

which a r e  common t o  b o th  g r o u p s , and t h e  symmetry s e l e c t i o n  r u l e s  

a r e  d e te rm in e d  by t h e  b e h a v i o u r  o f  t h e  e i g e n f u n c t i o n s  w i th  

r e s p e c t  t o  t h i s  common g roup  ( ^ 6 )» In  t h e  same way, t h e  

r o t a t i o n a l  s e l e c t i o n  r u l e s  a r e  d e te rm in e d  by th e  common 

symmetry,  a s  r o t o r s ,  o f  t h e  two s t a te s®

The r e l a t i v e  i n t e n s i t i e s  o f  th e  bands which a r e  a l low ed  

by t h e  H e r y b e r g - T e l l e r  s e l e c t i o n  r u l e  a r e  governed  by th e  v a l u e s  

o f  t h e  a p p r o p r i a t e  Condon i n t e g r a l s ,  which a r e  e s s e n t i a l l y  

v i b r a t i o n a l  o v e r l a p  i n t e g r a l s ,  and by a f a c t o r  depend ing  upon 

t h e  r e l a t i v e  p o p u l a t i o n s  o f  t h e  l e v e l s  o f  th e  i n i t i a l  s t a t e ,  

which w i l l  be o f  t h e  normal  Boltzmann typ e  f o r  a sys tem  a t  

th e r m a l  e q u i l i b r i u m *  B ecause  o f  t h i s  l a t t e r  f a c t o r  t h e  

s t r o n g e s t  bands o r i g i n a t e  from t h e  ground v i b r a t i o n a l  l e v e l  

o f  t h e  i n i t i a l  s t a t e .  F o r  bands w i th  t h e  same i n i t i a l  l e v e l ,  

t h o s e  t r a n s i t i o n s  w i l l  be most i n t e n s e  which a l l o w  th e  g r e a t e s t  

o v e r l a p  between th e  v i b r a t i o n a l  e i g e n f u n c t i o n s .  In p a r t i c u l a r
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i f  t h e r e  i s  a s i g n i f i c a n t  change in  m o le c u l a r  g e o m e try ff t h e  most 

i n t e n s e  t r a n s i t i o n s  a r i s i n g  from t h e  ground v i b r a t i o n a l  o f  t h e  

i n i t i a l  s t a t e  w i l l  be t o  h i g h e r  v i b r a t i o n a l  l e v e l s  o f  t h e  

f i n a l  s t a t e |  and t h e  p a r t i c u l a r  v i b r a t i o n s  o f  t h e  f i n a l  s t a t e  

e x c i t e d  i n  t h i s  way w i l l  be t h o s e  which d i s t o r t  t h e  n u c l e a r  

c o n f i g u r a t i o n  o f  t h e  f i n a l  s t a t e  i n t o  a  c o n f i g u r a t i o n  s i m i l a r  

t o  t h e  e q u i l i b r i u m  c o n f i g u r a t i o n  of  t h e  i n i t i a l  s t a t e .  T h i s  i s  

t h e  e x t e n s i o n  t o  p o ly a to m ic  m o le c u le s  o f  th e  p r i n c i p l e  o r i g i n 

a l l y  e n u n c i a t e d  f o r  d i a t o m ic  m o le c u le s  by F ra n c k  ( 1925 921.)

Condon (1 9 2 6  and 1928  g10) .

I t  can h a p p e n 3 ho w e v e r? t h a t  e l e c t r o n i c  t r a n s i t i o n s  

which a r e  f o r b i d d e n  by symmetry do g iv e  r i s e  t o  a  band sys tem  

in  which t h e  i n d i v i d u a l  bands  a l l  c o n t r a v e n e  t h e  H e r z b e r g - T e l l e r  

s e l e c t i o n  r u l e ;  a l l  t h e  o b se rv ed  v i b r o n i c  t r a n s i t i o n s  a r e  

however a l lo w e d  by v i b r o n i c  symmetry. T h i s  o c c u r r e n c e  i s  due 

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

i n t o  e l e c t r o n i c  and v i b r a t i o n a l  p a r t s  i s  o n ly  app rox im ates  

and t h e  i n t e n s i t y  w i th  which t h e s e  f o r b i d d e n  sys tem s a p p e a r  

i s  a  m easure  o f  t h e  e x t e n t  t o  which t h i s  a p p ro x im a t io n  b r e a k s
appear

down. The v i b r o n i c  bands which  a r e  o f  t h e  c o r r e c t  symmetry
A

t o  a c q u i r e  t h e i r  i n t e n s i t y  by e l e c t r o n i c - v i b r a t i o n a l  i n t e r 

a c t i o n  w i t h  a l lo w e d  e l e c t r o n i c  l e v e l s *  and t h e i r  o c c u r re n c e  

i n  t h e  sp e c t ru m  i s  u s u a l l y  a s s o c i a t e d  w i t h  a n e a rb y  a l low ed  

e l e c t r o n i o  t r a n s i t i o n .

Fe may suppose  t h a t  an improved a p p ro x im a t io n  t o  ilc,v i s  

c o n s t r u c t e d  by t a k i n g  a l i n e a r  c om bina t ion  o f  th e  p ro d u c t



where ct a n d ' & a r e  c o e f f i c i e n t s  chosen t o  m in im ise  t h e  en e rg y
} f , A , ft

of  Y qV« We a r e  p resum ing  t h a t  t h e  t r a n s i t i o n  ysg t e c l 'v i
f & * *V

T e le c * v ib  e l e c t r o n i c a l l y  f o r b i d d e n  o r  H e rz b e rg 4T e l l e r
p

f o r b id d e n *  and t h a t  ^ X e e ^ l ^ e l e e  i s  a Howed* Thsn

B  = I f f Z L+J2  +  j $ t ^ f vfb}d%tac r i^lb

~ ^  1 J'rp’&c j rfel ^
Thus t h e  d i r e c t  ion  o f  t h e  v e c t o r  m w i l l  be t h a t  o f  

J V e ^ c • a n ^ 30 w i l l  ke t h a t  a p p r o p r i a t e  t o  th e  

a l lo w e d  t r a n s i t i o n  f f l e d — f ^ eQ.
o

The 2600A band system, o f  benzene  r e p r e s e n t s  such  a 

f o r b i d d e n  e l e c t r o n i c  t r a n s i t i o n .  The p u re  e l e c t r o n i c  t r a n s i t !  

eB2u *z~eA j g. i s  n o t  p e r m i t t e d  by t h e  s e l e c t i o n  r u l e s  o f  t h e  

p o i n t  g ro u p  Bgp? b u t  t h e  observed  ban d s  owe t h e i r  i n t e n s i t y  

t o  t h e  i n t e r a c t i o n  o f  '"Ego- v i b r a t i o n a l  l e v e l s  w i th  t h e  i n -  

p l a n e  p o l a r i s e d  eA^ ff t r a n s i t i o n  which i s  a s s i g n e d  t o

t h e  s t r o n g  a b s o r p t i o n  a t  185OA ( j^*  jgg), The c o r r e s p o n d in g  

sys tem  o f  n a p h th a le n e *  o b se rved  a t  3200A* i s  a l low ed  a s  a 

l o n g - a x i s  p o l a r i s e d  'kr a &3 i t±Gn b ecause  o f  t h e  r e 

duced m o l e c u l a r  symmetry; b u t  i t  i s  i n t r i n s i c a l l y  weak and 

t h e  s t r o n g e s t  v i b r o n i c  t r a n s i t i o n s  a r e  H e r z b e r g - T s l l e r  f o r 

b id d e n  ones r e s u l t i n g  f rom  i n t e r a c t i o n  w i th  t h e  eB^ m~-eA* u g
t r a n s i t i o n  which  i s  p o l a r i s e d  a lo n g  t h e  s h o r t  i n - p l a n e  a x i s



CHAPTER I I .

PREVIOUS RELATED ANALYSES*

The o b je c t  o f  th e  p resen t stu dy i s  an a n a l y s i s  o f  t h e  

lo w e s t  s i n g l e t  e l e c t r o n i c  t r a n s i t i o n  o f  propynal* HCsc~CHO* 

which i s  t h e  s i m p l e s t  compound c o n t a i n i n g  a  c a r b o n y l  group 

c o n ju g a te d  t o  a c a r b o n - c a r b o n  m u l t i p l e  bond and indeed  one c f  

t h e  s i m p l e s t  c o n ju g a t e d  compounds,* I t  i s  t h e r e f o r e  c o n v e n ie n t  

t o  su rv ey  a t  t h i s  p o i n t  t h e  p u b l i s h e d  a n a l y s e s  o f  band sys tem s 

o f  compounds r e l a t e d  t o  p rop yn a l. We may c o n s i d e r  f i r s t  t h e  

p r o g e n i t o r s  o f  t h e  two h a l v e s  o f  th e  p ro p y n a l  molecule*  namely 

a c ety len e- and form aldehyde.

I I ® 1 . Ac e t ylene®

The lo w e s t  band sys tem  so f a r  obse rved  f o r  u n p e r tu r b e d  

a c e t y l e n e  commences weakly  n e a r  25Q0A and c o n t i n u e s  w i th
o

s t e a d i ly  i n c r e a s i n g  i n t e n s i t y  t o  2100A* where i t  i s  p o s s i b l y  

o v e r l a p p e d  by a s t r o n g e r  sy s iem a T his weak sys tem  was 

a n a ly se d  by In go ld  and King ( f §53*383' under h i g h e r - ,

r e s o l u t i o n * b y  I n n e s  ( 195hv'JQ) $ and was one o f  t h e  f i r s t  t r a n s 

i t i o n s  o f  a p o ly a to m ic  m o le cu le  t o  be u n d e rs to o d  in  d e t a i l .

The o u t s t a n d i n g  f e a t u r e  o f  t h i s  sp ec t rum  I s  a long  u p p e r - s t a t e  

p r o g r e s s i o n  in  an I n t e r v a l  o f  abou t  1000  cm71 t h e  s u c c e s s iv e  

members o f  which  I n c r e a s e  m arked ly  In i n t e n s i t y *  so t h a t  t h e
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r a t i o  o f  t h e  i n t e n s i t i e s  o f  t h e  s i x t h  t o  t h e  f i r s t  i s  abou t  

5000 t o  1 . The m agn i tude  o f  t h i s  f r e q u e n c y  and i t s  i s o t o p i c  

s h i f t  t o  a b o u t  800  era. in  show t h a t  i t  i s  a b en d in g

f r e q u e n c y .  T h i s  u p p e r - s t a t e  p r o g r e s s i o n  i s  matched by a l o w e r  

s t a t e  p r o g r e s s i o n  i n  a b o u t  600 cm. 9 d ro p p in g  t o  500  cm0 in  

C^D0 ; and t h i s  f r e q u e n c y  i s  known from  t h e  Raman sp ec t ru m  and 

f rom  i n f r a - r e d  d i f f e r e n c e  bands  t o  be t h e  t r a n s - b e n d i n g  

fu n d a m e n ta l  (ftp)* The o c c u r r e n c e  o f  odd members o f  a  p r o 

g r e s s i o n  i n  a f u n d a m e n ta l  i s  p r o h i b i t e d  by t h e  H e rz b e rg - ̂ ib
T e l l e r  s e l e c t i o n  r u l e s  ( s e e  1 . 2 )  f o r  t h e  l i n e a r  ground 

s t a t e *  b u t  aan be accommodated by r e l a x i n g  t h e  symmetry 

r e s t r i c t i o n s  t o  t h o s e  o f  Cpj,* w i th  r e s p e c t  t o  which t h e  ?Cry 

v i b r a t i o n  i s  t o t a l l y  sym m etr ic .  The ob se rved  i n t e n s i t y  

d i s t r i b u t i o n  in  b o th  u p p e r  and lo w er  p r o g r e s s i o n s  i s  on ly  

c o m p a t ib l e  w i t h  t h e  F ran  ek*»Condon p r i n c i p l e  ( I * 2 ) i f  t h e  

e x c i t e d  s t a t e  i s  s e r i o u s l y  t r a n s - b e n t  In  i t s  e q u i l i b r i u m  

c o n f i g u r a t i o n »

C o n f i r m a t io n  comes f rom t h e  J - t y p e  r o t a t i o n a l  s t r u c t u r e *  

where P ?Q and R b r a n c h e s  a r e  observed* b u t  t h e r e  I s  a combin

a t i o n  d e f e c t  be tween t h e  Q and t h e  pand R b r a n c h e s  xvhieh i s  

t o o  l a r g e  t o  be e x p l a i n e d  on any o t h e r  g rounds  th a n  t h e  K- 

t y p e  s p l i t t i n g  o f  an asym m etr ic  top* which a g a in  r e q u i r e s  a 

n o n - l i n e a r . e x c i t e d  s t a t e .  Moreover t h e  m is s in g  l i n e s  a t  t h e  

band c e n t r e s  show t h a t  we a r e  o b s e r v in g  b r o a d l y - s p a c e d  E - ty p e  

r o t a t i o n a l  s t r u c t u r e s  i n  which t h e  g r o u n d - s t a t e  a x i a l  a n g u l a r  

momentum i s  due t o  v i b r a t i o n ,  and so t h e  number of  sub -bands



I s  l i m i t e d  by t h e  r a n g e '  o f  v a l u e s  open t o  t h e  quantum number 

o f  v i b r a t i o n a l  a n g u l a r  momenturns t h u s  th e  s m a l l e s t  moment o f 

i n e r t i a  o f  t h e  e x c i t e d  s t a t e  i s  s m a l l  b u t  non-zero., a g a i n  

e l i m i n a t i n g  a l i n e a r  s ta te *  Comparison o f  t h e  i n t e n s i t y  

a l t e r n a t i o n  i n  t h e  J -s tm ic tu r e  o f  d i f f e r e n t  su b -band s  shows 

t h a t  t h e  bending must be t r a n s -  r a t h e r  t h a n  c is -o  The v a lu e  

o f  a lm o s t  zero  found  f o r  t h e  i n e r t i a l  d e f e c t  co n f i rm s  a p l a n a r  

stru ctu re*  •

From t h e  p e r p e n d i c u l a r  r o t a t i o n a l  s t r u c t u r e  and t h e  s ig n  o 

t h e  co m b in a t io n  d e f e c t  i t  i s  p o s s i b l e  t o  show t h a t  t h e  bands 

a r e  o f  ty p e  0 and so t h e  band sy s te m  marks a eAu ( G (JÔ ..) 

t r a n s i t i o n s  p re su m ab ly  singX et^ singlefc*  The r o t a t i o n a l  analys- i  

shows t h a t  t h e  g eom etry  o f  t h e  e x c i t e d  s t a t e  i s  a p p r o x i m a t e ly

and t h e  e l e c t r o n i c  w a v e - fu a e ^ io n  h a s  a  n o d a l  s u r f a c e  in  t h e  

p l a n e  o f  t h e  molecule® The sy s te m  o r i g i n  o f  GgHg i s  a t  

'V00-  4 2 1 9 7 * 7  orrC1 s and t h e  o s c i l l a t o r  s tr e n g th  i s  ro u g h ly  

f =  1 0 "^ .

The l o w e s t  e l e c t r o n i c  t r a n s i t i o n  e x p e c te d  fox* a c e t y l e n e  

i n v o l v e s  t h e  p ro m o t io n  o f  an e l e c t r o n  from t h e  bonding  7?n 

m o l e c u l a r  o r b i t a l  t o  t h e  - a n t i - b o n d in g  o r b i t a l s
o

The lo w es t  s i n g l e t  s t a t e  r e s u l t i n g  from t h e  * *. (stu )**fcy c o n f i g 

u r a t i o n  was c a l c u l a t e d  by Ross ( 1 9 5 2 ^ 6 )  f o r  l i n e a r  a c e t y l e n e

.€ H
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t o  be TV" ; t h i s  s t a t e  becomes A,, in  t h e  t r a n s - b e n t  m o lecu le  

and so i t  i s  p resu m ab ly  t h e  one observed  here*

The t r a n s v e r s e  node i n  t h e  jt o r b i t a l  p r o d u c e s  a s t r a i n  

which can be r e l i e v e d  by t h e  ben d in g  o f  t h e  m o lecu le s  t h e  

a n t i - b o n d i n g  fC o r b i t a l  b e in g  c o n v e r t e d  in  t h e  p r o c e s s  i n t o  a non«
o

b on d in g  n o r b i t a l  o f  lo w er  energy* At t h e  same t im e  t h e  

bond ing  ^  o r b i t a l  i s  a l s o  c o n v e r t e d  i n t o  an n o r b i t a l 9 bu t  one 

o f  h i g h e r  e n e rg y  ; and chang es  a l s o  o c cu r  in  t h e  energy  of  t h e  

o’ o r b i t a l s s c o r r e s p o n d i n g  t o  t h e  a l t e r e d  h y b r i d  i  s a t  ion * The 

geom etry  a d o p ted  by t h e  m o le cu le  i s  t h e  one which a c h i e v e s  

t h e  b e s t  compromise between t h e s e  v a r i o u s  e f f e c t s *

In  t h e  ob se rv ed  e x c i t e d  s t a t e  th e  h y b r i d i s a t i o n  change 

i s  a p p a r e n t l y  c o m p le te ,  so t h a t  t h e  i n - p l a n e  components of  

t h e  ?TU and fC o r b i t a l s  a r e  c o n v e r t e d  c o m p l e t e ly  t o  non -bo n d in g
o

sp o r b ita ls *  The C-G bond i s  b e s t  r e g a r d e d  a s  a r h r e e - e x e e 'c r o n  

b o n d ; 7 = u 0
l S f  ̂  ^  yb'X i US

The f o r m a l  mescmerism c o n f e r s  t h e  n e c e s s a r y  symmetry, bu t  

l i t t l e  bond ing  power b e ca u se  o f  t h e  sm a l l  over lap*  The 

d i t i o n a l  s t a b i l i t y  c o n f e r r e d  on t h e  m olecu le  by bend ing

must be o f  t h e  o r d e r  o f  5 s 000  t o  1 0 s000  cmT^

I I® 2a gorma1flehyde»

In d e s c r i b i n g  t h e  fo rm aldehyde  sp ec t ru m  we s h a l l  use  t h e  

d e f i n i t i o n  o f  t h e  C?v symbols employed by H erzbe rg  in  h i s  

book (28,p« 300) and by some o f  t h e  l a t e r  w o r k e r s ,  e„g« Brand
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( S ) a T h is  d i f f e r s  f rom  t h a t  F-eeoamended in  t h e  MuXliken r e p o r t

(kZ) .
The lo w e s t  s i n g l e t  e l e c t r o n i c  t r a n s i t i o n  of  fo rm aldehyde  

i s  e x p e c te d  t h e o r e t i c a l l y  ( ^ )  t o  be t h a t  i n v o l v i n g  p rom ot ion  

o f  an e l e c t r o n  from  a n o n -b o n d in g  p o r b i t a l  (to^) ©f t h e  

oxygen atom t o  an a n t i - b o n d i n g  #t o r b i t a l  ( b 2 ) o f  t h e  c a r b o n y l  

boncL The r e s u l t i n g  e x c i t e d A?i f  i t  r e t a i n s  C2v symmetry? w i l l  

be o f  s p e c i e s  eA9 and t h e r e f o r e  t h e  p u re  e l e c t r o n i c  t r a n s i t i o n  

w i l l  be fo rb id d e n c

The a b s o r p t i o n  sy s tem  t o  which t h i s  t r a n s i t i o n  i s  a s s i g n e d
^  o o ®

e x te n d s  f ro m -a b o u t  3530A t o  2300A, and i s  banded t o  3000AP 

a f t e r  which i t  becomes i n c r e a s i n g l y  d i f f u s e *  A f l u o r e s c e n c e  

sys tem  ex pen d in g  . t o  lo n g  w a v e le n g th s  f rom  n e a r  3530A i s  a l s o  

o b s e r v e d P b u t  t h e r e  i s  l i t t l e  a p p a r e n t  s i m i l a r i t y  be tween t h e  

two s p e c t r a  and i t  was sometimes t h o u g h t  t h a t  two t r a n s i t i o n s  

we r e  in  v © Xve cl 0

The c r u c i a l  s t e p  in  t h e  a n a l y s i s  was- th e  r e c o g n i t i o n  by 

Walsh ( 1 9 5 3 9 6 5 ) t h a t  t h i s  e x c i t e d  s t a t e  may be n o n - p l a n a r ,  

f o r  re a so n s ,  s i m i l a r  t o  t h o s e  advanced f o r  t h e  n o n - l i n e a r i t y  

o f  e x c i t e d  a c e t y l e n e *  A d e t a i l e d  ex am in a t io n  o f  t h e  s p e c t r a  

by Brand (1 9 5 6 ,5 .) showed t h i s  t o  be t h e  c a s e ,  and h i g h -  

r e s o l u t i o n  m easurements  by  Robinson and DiG-iorgio (1958»5J5) 

co n f i rm ed  B r a n d ’ s f i n d in g s *

The n o n - p l a n a r i t y  o f  t h e  e q u i l i b r i u m  c o n f i g u r a t i o n  may 

be d e s c r i b e d  a s  due t o  t h e  p r e s e n c e  o f  a c e n t r a l  maximum in  

t h e  p o t e n t i a l - e n e r g y  f u n c t i o n  f o r  t h e  o u t - o f - p l a n e  v i b r a t i o n #



and t h e  c o n f i g u r a t i o n  of  maximum p o t e n t i a l  en e rg y  w i l l  h a r e  

C0 symmetry- Thus i f  t h e  p o t e n t  i a l - e n e r g y  h a r r i e r  i s  f a i r l y  

low? i t  i s  s t i l l  c o n v e n ie n t  t o  d i s c u s s  t h e  sp ec t rum  in  t e rm s  

of  Cp¥ s p e c i e s  ( s e e  1 .2 )*  The same r e s u l t  f o l l o w s  (J.) from 

t h e  Gs symmetry o f  t h e  e q u i l i b r i u m  c o n f i g u r a t i o n ?  i f  a cc o u n t  

i s  t a k e n  o f  t h e  s p l i t t i n g  of  t h e  u s u a l  i n v e r s i o n  d e g en e ra c y  

o f  a n o n - p l a n a r  m o le cu le  (compare ammonia? 28? p a22 l)*

A l l  t h e  s t r o n g e r  bands o f  b o th  a b s o r p t i o n  and f l u o r e s c e n c e  

a re  o f  ty p e  Bs so t h a t  t h e  u p p e r  l e v e l s  which combine s t r o n g l y  

w ith  t h e  lo w e s t  l e v e l  o f  t h e  ground s t a t e  a r e  o f  s p e c i e s  B.,c 

The p r i n c i p a l  f e a t u r e  o f  t h e  a b s o r p t i o n  sp ec t rum  i s  a long  

p r o g r e s s i o n  i n  a  f r e q u e n c y  of  1180 om7^ which-must  s f rom i t s  

i n s e n s i t i v i t y  t o  d e u t e r a t i o n s be t h e  c a r b o n y l  s t r e t c h i n g  

f requency: ;  i t  f o l l o w s  f rom t h e  F ranck-C on<3on p r i n c i p l e  t h a t  

t h e  l e n g t h  o f  th© c-Q bond i s  c h an g in g  c o n s i d e r a b ly *  In 

a d d i t i o n  t o  t h i s  t h e r e  i s  an e i s c i te d  e t a t e  i n t e r v a l  o f  

824  onu7 which does n o t  form a p r o g r e s s i o n  bu t  i s  s t r o n g l y  

a f f e c t e d  by deiat o r a t i o n  and so ? f rom  i t s  s i z e ?  must c o r r e s 

pond t o  a b e n d in g  v i b r a t i o n .

In  t h e  f l u o r e s c e n c e  s p e c -
s&n&s QC series

t h e  g r o u n d - s t a t e  c a r b o n y l  

s t r e t c h i n g  f r e q u e n c y ,  two 

p r o g r e s s i o n s  <x and fi i n  a 

i n t e r v a l  o f  2300 cm!7

.— „T

a d d i t i o n  t o  a  p r o g r e s s i o n  In 5

t rum  however  t h e r e  a re ?  in
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which i s  s t r o n g l y  s e n s i t i v e  t o  d e u t e r a t i o n *  The f i r s t  member 

o f  t h e  p  s e r i e s  c o i n c i d e s  w i th  th e  t y p e  B a p p a r e n t  o r i g i n  o f  

t h e  a b s o r p t i o n  spec t ru m  (Ag ) 9 and l a t e r  members a r e  shown by 

t h e  i n t e n s i t y  a l t e r n a t i o n  in  t h e  K - r o t a t i o n a l  s t r u c t u r e  t o  

have  o r  Ag lo w er  l e v e l s 9 w hereas  t h e  oc s e r i e s  have o r  Bg 

lo w er  l e v e l s *  E xam ina t ion  o f  t h e  r o t a t i o n a l  s t r u c t u r e s  o f  

t h e s e  bands  shows t h a t  a l l  e x c e p t  t h e  lo w e s t  A l e v e l  a r e  

a f f e c t e d  by a C o r i o i l s  r o t a t i o n a l  p e r t u r b a t i o n  which had 

p r e v i o u s l y  been o b se rv e d  f o r  t h e  o u t - o f - p l a n e  bend ing  fu n d a 

m e n ta l  'iV(hp) in  t h e  i n f r a - r e d *  and t h e  i n t e r v a l  2300  cm3 ‘ 

c o r r e s p o n d s  c l o s e l y  t o  2Vg« Thus t h e  oc and jS  p r o g r e s s i o n s  

have  lo w er  l e v e l s  w i t h  odd and even numbers o f  q u a n ta  o f  V̂-

r e s p e e t i v e l y *  The u p p e r  l e v e l  o f  t h e  oc s e r i e s  i s  then  

r e q u i r e d  t o  be o f  s p e c i e s  ^ A g  and to  l i e  124  cm7s below 

t h a t  o f  t h e  & se r ie s*  Prom t h e  f o r m a t io n  of  p r o g r e s s i o n s  inl *. ^

2 Vg i f  f o l l o w s  f rom  t h e  Franck-Condon p r i n c i p l e  t h a t  t h e

e x c i t e d  s t a t e  i s  n o n - p l a n a r *

R e t u r n i n g  t o  t h e  a b s o r p t i o n  spectrum* we f i n d  a  weak 
(sO

p a r a l l e l  band c o n n e c t i n g  t h e  v i b r a t 1 o n l e s s  g round s t a t e  w i t h
A

t h e  u p p e r  l e v e l  o f  t h e  oc s e r i e s j  s i n c e  t h i s  i s  t h e  band o f  

lo w e s t  f r e q u e n c y  which  i s  n o t "hot” we may a s s i g n  i t  a s  t h e  

sy s te m  o r ig in *  A s i m i l a r  band l i e s  540 cnu^ h ig h e r*  These 

low l e v e l s  o f  t h e  e x c i t e d  s t a t e  can now be f i t t e d  i n t o  t h e  

anharmonio p a tte rn  o f  a v i b r a t i o n  w ith  a c e n t r a l  b a r r i e r  in  

i t s  p o t e n t i a l  e n e rg y  ( s e e  I I I . 5 ) :
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ch2o cd2o

6 vA2 VA^ 0 0 cmT1 0 craT1

yB2 1 127 69
ev v

A_ 2 530 38?
2 1

evBt  VB2 3 951 669

The 82i(. emT  ̂. ^ in t e r v a l  i s  t h e  s e p a r a t i o n  between t h e  Vg and 3y£  

l e v e l s .

A n a l y s i s  o f  t h e  r o t a t i o n a l  s t r u c t u r e  o f  t h e  f i r s t  member 

o f  t h e  c  s e r i e s  ( 5 5 ) g i v e s  f o r  t h e  e x c i t e d - s t a t e  i n e r t i a l  

d e f e c t  a 0= 1° -  Ig  -  t h e  v a lu e  o f  -Ch 099 a n m . i^ j  t h i s  

n e g a t i v e  v a lu e  i s  f u r t h e r  good e v i d e n c e  f o r  a n o n - p l a n a r  

s t r u c t u r e .

C a l c u l a t i o n s  based  on t h e  v i b r a t i o n a l  l e v e l s  and t h e  

r o t a t i o n a l  c o n s t a n t s  g i v e  t h e  f o l l o w i n g  a p p ro x im a te  s t r u c t u r e :

% orP

H ■"§>> A*
i r

The o r i g i n  l i e s  a t  = 28190 cmT^ and t h e  o s c i l l a t o r«QQ
s t r e n g t h  i s  a b ou t  f  » 2 *1 The e x t r a  s t a b i l i t y  c o n f e r r e d  

on t h e  e x c i t e d  s t a t e  by v i r t u e  o f  i t s  bend ing  i s  n e a r  650  ejrrC1 

The r e a s o n  why t h e  z e r o - p o i n t  l e v e l  o f  t h e  e x c i t e d  s t a t e ,  

which i s  shown t o  be 0 7A2 by i t s  s t r o n g  f l u o r e s c e n c e  bands ,  

sh o u ld  g iv e  a weak p a r a l l e l  band in  a b s o r p t i o n  i s  n o t  f u l l y  

u n d e r s t o o d ; an Ap«*-A-j t r a n s i t i o n  i s  f o r b i d d e n  by t h e  C ,^  

s e l e c t i o n  r u l e s *  and t h e  c o r r e s p o n d in g  A*V~A' t r a n s i t i o n  in  

Gg symmetry would be o f  t y p e  B. P o s s i b i l i t i e s  which have



been s u g g e s t e d  a r e  ( l )  t h a t  an e l e  c t  r  on i  c - r o t a t i  ona 1 i n t e r a c t '  

io n  c o u p le s  t h i s  s t a t e  w i th  an eA,5 one (^2)*  and (2)  t h a t  t h e  

t r a n s i t i o n  i s  induced  by t h e  m a g n e t i c  d i p o le  component o f  

e le c tr o m a g n e tic  r a d i a t i o n  ; t h e  f i r s t  would g iv e  an

u n u s u a l  i n t e n s i t y  d i s t r i b u t i o n  in  t h e  K - r o t a t l o n a l  s t r u c t u r e s  

w hereas  t h e  second i s  f u l l y  a l lo w e d  by t h e  s e l e c t i o n  r u l e s  

but would be u n e x p e c t e d l y  s t r o n g -  Dr s .  J .H .  Callomon and K* K* 

In n es have in fo rm ed  us t h a t  t h e  i n t e n s i t y  d i s t r i b u t i o n  i s  

normals  r u l i n g  out  t h e  f i r s t  p o s s i b i l i t y ; -  and ind ep e n d en t  

e v id e n c e  can be adduced i n  f a v o u r  o f  t h e  m agne t ic  d i p o l e  

i n t e r p r e t a t i o n  (I^2 )„ In any ease*  a l l  t h e  s t r o n g e r  bands* 

o f  B p o l a r i s a t i o n ,  must d e r i v e  t h e i r  i n t e n s i t y  by v i b r o n io  

i n t e r a c t i o n  ( s e e  1 *2 ) w i th  an eB ^ t r a n s i t i o n *  t h i s  

i n t e r a c t i o n  b e in g  induced  by th e  bg t h r o u g h - p l a n e  v i b r a t i o n , ,  

U n l ik e  t h e  c a se  o f  a c e ty l e n e *  t h e  h y b r i d i s a t i o n  change
O *2

f rom  ep^ t o  sp-* in  e x c i t e d  fo rm a ldeh y de  i s  n o t  com ple te .  The 

c a r b o n y l  bond i s  approximately a t h r e e - e l e c t r o n  hi

O vj .

11 o 3 •» Comparison o f  th e  A c e ty l e n e  and Formaldehyde A n a ly s e s , 

We eee t h a t  th e  e f f e c t s  i n  a c e t y l e n e  and fo rm aldehyde  

d i f f e r  so much i n  d e g re e  th a t t h e y  a r e  d i f f e r e n t  i n  kind* r 

l a r g e  b e n d in g  in  a c e t y l e n e  p ro d u c e s  a com ple te  breakdown o f  

t h e  D ^  s e le c t io n  r u l e s *  whereas  i n  fo rm aldehydes  a s  a c on -—COD,
sequence  o f  t h e  low b a r r i e r  oppos ing  v i b r a t i o n  t h r o u g h  t h e



p l a n e s t h e r e  i s  no d e v i a t i o n  from  th e  G0.;/ r i i l s s f,

The fo rm ald eh y de  spec t ru m  c o n s i s t s  o f  two components-  a
one.

s t r o n g e r  t y p e  B which i s  o f  a no rm al  H e r z b e r g - T e l l e r  f o r b i d d e n  

t y p e 7 and a  w eaker  t y p e  A one which p l a y s  t h e  r o l e  o f  a H e r s -  

b e r g - T e l l e r  a l lo w e d  component;  t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  

two components  a r e  h o t  d i r e c t l y  r e l a t e d  t o  e ach  o t h e r  beca u se  

t h e  components  a p p e a r  by d i f f e r e n t  mechanisms. (The f a c t  th a t  

t h e  t h r o u g h - p l a n e  v i b r a t i o n  i n d u c e s  t h e  fo rb id d e n  component i s  

n o t  a conseq uence  o f  th e  b e n d in g  o f  t h e  m o le c u l e * ) W ith in  

ea c h  component t h e  r e l a t i v e  i n t e n s i t i e s  a r e  d e te rm in e d  by 

Franek-Condon e f f e c t s ;  t h e  f r e q u e n c y  d i f f e r e n c e s  betw een th e  

v a r i o u s  b and s  a r e  t o t a l l y  sym m etr ic  i n t e r v a l s ?  so  t h a t '  th e  

Franck-Condon p r o g r e s s i o n s  i n  t h e  n o n - t o t a l l y  symmetr ic  

v i b r a t i o n  V^(h^.) p ro c e e d  in  do ub le  quanta,, The ab sen ce  o f  a 

lo n g  u p p e r - s t a t e  p r o g r e s s io n  in  must be due t o  t h e  f a c t

t h a t  in  th e  l e v e l  th e  m o le c u le  i s  a l r e a d y  w e l l  above th e  

t o p  o f  t h e  po t© nt  i a l - e n  e rg y  b a r r i e r *  and so f o r  h i g h e r  l e v e l s  

t h e  e x c i t e d  s t a t e  b e h av e s  i n  t h i s  r e s p e c t  a s  tho ugh  i t  were 

p la n a r . The v i b r a t i o n a l  e v id e n c e  f o r  b e n d in g  t h e r e f o r e  r e s t s  

on a n h a r m o n i c i t i e s  and on 3?r a n o E-Condon e f f e c t s  r a t h e r  t h a n  on 

" t h e  breakdown o f  s e l e c t i o n  r u l e s .  T h i s  i s  l i k e l y  t o  be g e n e r a l  

f o r  e a s e s  in  w hich  th e  change in  shape i s  accom panied by o n ly  

a low p o te n t ia l- e n e r g y  b a r r i e r .  On t h e  o t h e r  hand* i t  would 

be e x t r e m e l y  a r t i f i c i a l  t o  a t t e m p t  t o  i n t e r p r e t  t h e  a c e ty le n e  

sp e c t ru m  i n  te r ra s  o f  D , symmetry* b eca u se  o f  t h e  h i g h  barrier.- ,“t5s3h
The p u r e l y  r o t a t i o n a l  e v id e n c e  f o r  bend ing  in  a c e ty l e n e
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i s  r e p r e s e n t e d  by t h e  K- type  d o u b l in g  i n  t h e  J - s t r u e t u r e  and 

t h e  p r e s e n c e  o f  E - s t r u c t u r e *  whereas  f o r  fo rm a ld eh y de  t h e  o n ly  

d e c is iv e  t e s t  i s  t h a t  u s i n g  t h e  i n e r t i a l  d e f e c t  in  t h e  v i b r a t -  

i o n l e s s  s t a t e .  These t e s t s  w i l l  be g e n e r a l  f o r  l i n e a r  m o le c u le s  

and f o r  o u t -o f -p la n e  b e n d in g  o f  p l a n a r  m o le c u le s  r e s p e c t i v e l y |  

t h e  E - ty p e  d o u b l in g  t e s t  w i l l  a l s o  h o ld  f o r  symmetric t o p  

m olecu les., But f o r  n o n - p l a n a r  asym m etric to p s  or fo r  i n - p l a n e  

b en d in g  o f  p l a n a r  asym m etr ic  t o p s  a f a i r l y  complete  s t r u c t u r e  

a n a l y s i s  w i l l  be r e q u i r e d  t o  e s t a b l i s h  changes  i n  shape from 

r o t a t i o n a l  ev idence*

I I . h ?  O th e r  C arbony l  Compounds>

A weak a b s o r p t i o n  w i th  maximum i n t e n s i t y  ( e ^ i O  t o  50 

l i t r e  mole"-** esaH^) i n  t h e  3000A r e g i o n  i s  a .common f e a t u r e  o f  

c a r b o n y l  compounds (5/3 *1]. 2 ) and i s  u s u a l l y  a t t r i b u t e d  t o  a 

yf'**-ii e x c i t a t i o n *  U n f o r t u n a t e l y  no o t h e r  spec t ru m  o f  t h i s  

t y p e  h a s  been  s t u d i e d  in  a s  g r e a t  d e t a i l  a s  t h e  fo rm aldehyde  

system* so t h a t  t h e  c o n c l u s i o n s  a r e  a t  p r e s e n t  t e n t a t i v e *  We 

s h a l l  c o n s i d e r  a  few o f  t h e  a ld e h y d e  s p e c t r a *

11o 5« A c e t a ld e h y d e *

O b s e r v a t i o n s  on t h e  a c e t a ld e h y d e  a b s o r p t i o n  w i th  

\ m x ^  2900A were rev iew ed  by  Kao and Rao ('195k* 5k) $ who gave 

a  v i b r a t i o n a l  a n a l y s i s .  The p r i n c i p a l  f e a t u r e  o f  t h e  sys tem  

i s  a  l o n g  p r o g r e s s i o n  in  an i n t e r v a l  o f  1125  omT% which i s  

presumed t o  be t h e  e x c i t e d - s t a t e  c a r b o n y l  f r equency*  by
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a n a lo g y  ? / i th  fo rm a ld e h y d e . M easurem ents by In n e s  and G id d in g s  

( 1 9 6 1 , 2k )  o f  th e  t e m p e ra tu re  s e n s i t i v i t i e s  o f  th e  band i n t e n s i t i e s  

show t h a t  t h e  o r i g i n  l i e s  t o  c o n s id e r a b ly  lo n g e r  w a v e le n g th s  

th a n  was su g g e s te d  by Rao and Rao* and th e  p r o g r e s s i o n s  of 1125 

am. can in d ee d  be e x ten d ed  backw ards by two o r  more quanta*

In  co n f ir m a t io n ,  t h e  new p o s i t i o n  p ro p o sed  f o r  th e  o r i g in  

(ca  28700 cm“ 1) l i e s  c lo s e  t o  t h e  o n s e t  o f  th e  o bserved  f l u o r 

escence*  Com parison o f  t h e  new v a lu e  w i th  th e  v a lu e  o f  

2 8 1 9 0  cniT1 found  f o r  fo rm ald eh y d e  shows t h a t  th e  energy  o f  th e  

t r a n s i t i o n  i s  l i t t l e  a f f e c t e d  by m ethy l s u b s t i t u t i o n , ,

Prom th e  l e n g th  o f  t h e  p r o g r e s s i o n s  in  th e  c a rb o n y l  f r e q u 

e n c y ,  i t  f o l lo w s  by th e  Franck-C ondon p r i n c i p l e  t h a t  t h e  c a rb o n y l  

bond le n g th e n s  by  a b o u t  t h e  same amount a s  does t h a t  o f  fo rm 

a ld e h y d e ,  na& ely 0*10 A.

A d d i t i o n a l  v i b r a t i o n a l  i n t e r v a l s  o f  t h e  e x c i t e d  s t a t e  a re
A

o b se rv e d .  In  p a r t i c u l a r s -  one o f  ij.80 cm i s  p r o v i s i o n a l l y  

a s s ig n e d  t o  th e  th r o u g h - p la n e  v i b r a t io n *  assum ing  a n o n - p la n a r  

c o n f i g u r a t i o n  f o r  t h e  fo rm y l g ro u p . However more ev id e n ce  w i l l  

be r e q u i r e d  t o  e s t a b l i s h  th e  d e t a i l s  o f  t h e  e x c i t e d - s t a t e  

geom etry . Ho r o t a t i o n a l  a n a l y s i s  o f  t h e  bands h a s  y e t  been 

a c c o m p lish e d .

11.6* Forrayl F l u o r i d e «

The e f f e c t  o f  re p la c e m e n t  o f  one hydrogen  atom o f  fo rm 

a ld e h y d e  by f l u o r i n e  i s  t o  s h i f t  th e  j t n a b s o r p t io n  t o  much
O ,

s h o r t e r  w a v e le n g th s ,  th e  maximum o c c u r r in g  now a t  21QQA {a
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50 l i t r e  m o le ~ 3cnf'^)* T h is  sy s tem  was s tu d i e d  by G id d in g s  and 

Zntses (1 961  and 1 9 6 2 , 2^.) u s in g  h ig h  r e s o l u t i o n .  They found  a 

v e ry  lo n g  p r o g r e s s io n  in  1100  cnT^ which was i n s e n s i t i v e  t o  

d e u te r iu m  s u b s t i t u t i o n  and so cou ld  be a s s ig n e d  t o  th e  e x c i t e #  

s t a t e  c a r b o n y l  s t r e t c h i n g  frequency© I t  f o l lo w s  from  th e  

Franck-C on don p r in c ix s le  t h a t  th e  l e n g t h  o f  th e  G~0  bond* which 

i s  u n u s u a l ly  s h o r t  ( 1 . 18A) in  th e  ground s t a t e *  i n c r e a s e s  by 

ranch more th a n  i t  does  in  fo rm a ld eh y d e .  The r o t a t i o n a l  a n a l y s i s
o

g iv e s  1*35 t o  1 .38  A f o r  th e  e x c i t e d  c a rb o n y l  leng th*

G id d in g s  and Ju n es  c la im ed  from  v i b r a t i o n a l  e v id e n ce  t h a t  

t h e  e x c i t e d  s t a t e  i s  s u f f i c i e n t l y  n o n - p l a n a r  t o  e x c lu d e  th e  

i n v e r s i o n  d o u b l in g  e f f e c t s  found in  fo rm aldehyde?  b u t  s in c e  

t h e r e  a p p e a r s  t o  be some doubt ab o u t th e  v a lu e s  o f  th e  f r e q u e n c i e s  

i n v o lv e d ,  t h i s  a ss ig n m e n t  must be re g a rd e d  a s  t e n t a t i v e *

I I o7* G ly o x a i.

The c o n ju g a te d  d ia ld e h y d e  g ly o x a l  i s  a l s o  o f  i n t e r e s t  in  

r e l a t i o n ,  t o  p ropy na l*  The s i n g l e t  it^-n  sy s tem  i s  found to  

e x te n d  from  U550 t o  a b o u t  3700 A, and t o  c o n s i s t  o f  two com

p o n e n ts .  o f  n e a r l y  e q u a l  i n t e n s i t y ,  th e  bands b e in g  e i t h e r  o f  

ty p e  G o r  h y b r id s  o f  t y p e s  A and B (m a in ly  ty p e  A )Q A v i b 

r a t i o n a l  a n a l y s i s  by Brand ( 195k»k) showed t h a t  t h e  ty p e  C 

component i s  t h e  a l lo w e d  o n e . r e p r e s e n t i n g  an eA~. t r a n s ~*■ - <!. •>-' (jj. £

i t i o n :■w h i le  th e  f o r b id d e n  h y b r id  component i s  in d u ced  by th e  

b fr OH-wagging v i b r a t io n *  which i s  s i m i l a r  t o  th e  v i b r a t i o no
a c t i v e  in  th e  fo rm a ld eh y d e  spec tru m . Ho v i b r a t i o n a l  e v id e n c e



f o r  n o n -p la n a r ity  o f  th e  e x c i te d  s t a t e  was found in  e i t h e r  

ab so rp tio n  or f lu o r esce n c e*  Examination of the r o t a t i o n a l  

s t r u c t u r e  o f  th e  o r i g i n  band u n d e r  h ig h  r e s o l u t i o n  by King 

( ^ 9 5 7 3 5 2 ) sho?/ed t h a t  i t  was c o n s i s t e n t  w ith  a  t r a n s i t i o n  

betw een s t a t e s  o f  z e ro  i n e r t i a l  d e f e c t  and t h e r e f o r e  presumably  

p l a n a r .



I I I o  1

CHAPTER I I I .

ENERGY LEVELS AND TRANSITIONS 

OF AN

ASYMMETRICAL PLANAR MOLECULE.

The m o le cu le  o f  p ro p y n a l  i s  e x p e c te d  from  norm al v a le n c y  

c o n s i d e r a t i o n s  t o  be p l a n a r  in  i t s  ground s t a t e *  We s h a l l  

a t t e m p t  t o  a n a ly s e  i t s  i n f r a - r e d  and u l t r a v i o l e t  s p e c t r a  on 

th e  b a s i s  o f  t h i s  s t r u c t u r e *  b e a r in g  in  mind t h a t  some e x c i t e d  

e l e c t r o n i c  s t a t e s  may be n o n -p la n a r*  and t h a t  t h e  n o n - p l a n a r i t y  

w i l l  show i t s e l f  in  d e p a r t u r e s  from  t h e  a n t i c i p a t e d  p l a n a r  

b e h av io u r*  a l th o u g h  n o t  n e c e s s a r i l y  In  d e p a r t u r e s  from  p l a n a r  

s e l e c t i o n  ru le s «

I I I o  ia V ip ro n ic  Symmetri e s  and S e l e c t i o n  Ru l e s ,

The v l b r o n l c  H a m il to n ia n  and th e  s e p a r a te d  e l e c t r o n i c  and 

v i b r a t i o n a l  H a m il to n ia n s  a r e  i n v a r i a n t  u n d e r  th e  group o f  

g e o m e t r i c a l  symmetry o p e r a t i o n s  o f  th e  e q u i l i b r i u m  c o n f i g u r a t 

io n  o f  th e  m o lecu le  ( I . 2 ) ;  so t h e  c o r re s p o n d in g  e ig e n f u n c t io n s  

can be c l a s s i f i e d  In te rm s  o f  th e  symmetry s p e c ie s  o f  t h a t  

group,, The p la n e  o f  t h e  p ro p y n a l  m o lecu le  w i l l  be i t s  o n ly  

e lem en t  o f  symmetry s in c e  a l l  th e  atoms a r e  c h em ica l ly *  f a r  

l e s s  sy m m etr ica lly *  n o n -e q u iv a le n t*  Thus th e  m o lecu le  b e lo n g s



t o  th e  p o i n t  g roup  C w i th  o p e r a t io n s  I  and cr and symmetry 

s p e c i e s  A' and Aff 9 a s  shown in  T ab le  1 j t h e  s p e c i e s  o f  t h e  

t r a n s l a t i o n s  (T) a lo n g  and th e  r o t a t i o n s  (R) abou t th e  p r i n c i p a l  

a x e s  o f  i n e r t i a  a r e  a l s o  shown*

T a b le  1

Ab

The p r e s e n c e  o f  a t  l e a s t  one t r a n s l a t i o n  in  each  symmetry 

s p e c i e s  means t h a t  no v i b r c n i c  t r a n s i t i o n  i s  fo r b id d e n  by 

symmetry. However, v i b r o n ic  t r a n s i t i o n s  o f  th e  ty p e s  A7 I\ 

and have  t r a n s i t i o n  moments l y in g  in  th e  m o le c u la r  p la n e

w hereas A/^~>A/ t r a n s i t i o n s  have moment’s p e r p e n d i c u l a r  t o  th e  

p lane*  The r o t a t i o n a l  s e l e c t i o n  r u l e s  d i f f e r  in  th e  two 

e a s e s  ( i l l * 6 ) ,

111  * 2* Mode s.__of V ib r a t  i  on *

S in c e  t h e  m o lecu le  h a s  s i x  atoms and i s  n o n - l in e a r *  

t h e r e  a r e  tw e lv e  in d e p e n d e n t  d is p la c e m e n t  c o o r d in a te s  

r e q u i r e d  t o  s p e c i f y  th e  modes o f  v ib ra t io n ©  These c o o r d in a te s  

can r e a d i l y  be show® t o  have  th e  symmetry r e p r e s e n t a t i o n  

9A7 .w. 3A" * Numbering t h e  atom s a s  shown in  Fig* 1 * we can 

c o n v e n ie n t ly  choose  t h e s e  c o o r d in a te s  a s  fo l lo w s?
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F ig -  1

8w

5 k

A c o o r d i n a t e s

b o n d - s t r e t c h i n g  : S r(C 1H1 ) ? SsKG^Hg), Sr(C^C2 )y SrCGgC^)^

S r (0 ^ 0 ) |

i n - p l a n e  b e n d in g  i S0 (H1G1C2 ) Sf 8^ (02 0̂^ 112)5 8 0 (0.3 C^C^)? 8®(C?<6 3 0 )0

A/; c o o r d in a te s : -
A >H,

o u t - o f '- p la n e  b e n d in g  : ^ (H ^C ^C g)? ^©(C^CgG^), 8$ ( C g - C ^  ‘’)
0

The n o rm al c o o r d i n a t e s  w i l l  be l i n e a r  c o m b in a t io n s  o f  

t h e s e  d isp la c e m e n ts *  I t  i s  c o n v e n ie n t  f o r  d e s c r i p t i v e  p u rp o se s  

t o  r e g a rd  each  norm al c o o r d i n a te  a s  b e in g  form ed l a r g e l y  from  

one o f  t h e s e  b a s i c  c o o r d i n a t e s ,  b u t  a l th o u g h  t h i s  i s  o f te n  

t r u e  i t  i s  n o t  n e c e s s a r i l y  s o G

1 1 1 o * Vi b r a t i o n a l  Term V a lu e s *

The v i b r a t i o n a l  te rm  v a lu e s  o f  a  s l i g h t l y  anharm onic

o s c i l l a t o r  w i th  tw e lv e  d e g re e s  o f freedom  a r e  g iv en  t o  a

good a p p ro x im a t io n  ( 2 8 , p . 2 1 0 ) by
18 4̂ "5 

GCv-pVg!,. . .  9V12) » Ev ib / h c  = 2 1 ^!.(▼!+ i )  + 2L, 4 * xI j ( v i + ^ V;T
j . s s l  3. t i  '■> , ' J ~

where (1)^ i s  t h e  z e r o - o r d e r  freguen .ee  and v. t h e  v i b r a t i o n a l

i)



auaiitum number f o r  th e  i*Gn norm al mode? and th e  a re  sm a ll  

anharm onic  c o e f f i c i e n t s . .  Each v.<t can t a k e  th e  i n t e g r a l  v a lu e s  

0 , 1 , 2 , . * - ,  t h e  lo w e s t  l e v e l  b e in g  th e  z e r o - p o i n t  l e v e l

V1 ~ y 2 = -«• = v i 2. ~ 0  w i th  G(0 , 0 , • .  - , 0 ) = a2 «'w i  + i  2 2 3 ^ 1  j  - I t  

i s  more c o n v e n ie n t  e m p i r i c a l l y  t o  r e f e r  a l l  th e  v i b r a t i o n a l  

l e v e l s  t o  t h e  z e r o - p o i n t  l e v e l  by u s in g  

®C)( V1 ^^2 ,0  * e , V.| g) s  & (v^,V 2J . . . i V i 2) -  C-(0S0 3„ * • ,0 )

J' & 3
where 63° = a ) i  +

F or a ha rm on ic  o s c i l l a t o r  in  which t h e  i n s t a n t a n e o u s  

e l e c t i v e  d i p o l e  moment i s  l i n e a r  in  th e  d i s p la c e m e n t  c o o rd in a t  

i t  can be shown t h a t  th e  s e l e c t i o n  r u l e  A v  = ± 1 h o ld s  in  th e  

p u re  v i b r a t i o n a l  sp e c tru m  ( 2 8 ^ * 2 6 0 ) .  A ltho ugh  t h i s  r u l e  i s  

s t r i c t l y  v a l i d  o n ly  in  t h e  i d e a l  c a s e ,  i t  means t h a t  o v e r to n e  

and co m b in a t io n  b a n d s  w i l l  be weak o r  a b s e n t  in  th e  i n f r a - r e d  

sp e c tru m , so t h a t  we a r e  co n ce rn e d  p r i m a r i l y  w i th  th e  fu n d a 

m e n ta l  l e v e l s  v 1=si 9 v ^ O  f o r  ^ i ,  w hich  have 

Vi «  Go ( 0 > 0 , . . « , 0 )  + x ii<s

I I I  a Fermi R esonance..

The v i b r a t i o n a l  te rm  v a lu e s  g iv en  above a r e  o b ta in e d  by

t r e a t i n g  th e  anharm onic  te rm s in  t h e  p o t e n t i a l  e n e rg y  a s  a 

p e r t u r b a t i o n  o f  t h e  harm onic  p o t e n t i a l ,  and a d d in g  th e ' l a r g e s t  

f i r s t -  and s e c o n d -o r d e r  c o n t r i b u t i o n s  t o  th e  harm onic  term  

valueSo However, t h i s  t r e a tm e n t  w i l l  no t  be  v a l i d  f o r  l e v e l s  

which a re  n e a r l y  d e g e n e ra te  in  th e  harm onic  approx im ation .. In



t h i s  l a t t e r  c ase  we must u se  d e g e n e ra te  p e r t u r b a t i o n  th e o ry  in  

o r d e r  t o  e v a l u a t e  th e  anharm onic  te rm  va lues*  I t  i s  found 

t h a t  an u n u s u a l ly  l a r g e  m ix ing  o f  th e  harm onic b a s i s  f u n c t i o n s  

o c c u r s ,  so t h a t  e a c h  l e v e l  p a r t a k e s  o f  th e  c h a r a c t e r  o f  th e  

o t h e r .  In  t h i s  way o v e r to n e  and com b ina tio n  b a n d s ,  which a r e  

u s u a l l y  weak in  th e  i n f r a - r e d  sp e c tru m , may g a in  i n t e n s i t y  a t  

t h e  expense  o f  a  fu n d a m e n ta l  o f  n e a r l y  t h e  same f r e q u e n c y j  t h e y  

w i l l  a l s o  be d i s p l a c e d  in  freq u en cy *  T h is  e f f e c t  i s  known as  

Ferm i r e  sonan c e .

S in ce  a l l  t h e  te rm s  o f  t h e  p o t e n t i a l  e n e rg y  e x p re s s io n  a re  

t o t a l l y  sy m m etr ic ,  a  n e c e s s a r y  re q u i re m e n t  f o r  Ferm i re so n a n c e  

t o  o c c u r  i s  t h a t  t h e  i n t e r a c t i n g  l e v e l s  have  th e  same v i h r a t i o n 

a l  symmetry*

Suppose we a r e  c o n s id e r in g  a Ferm i re s o n a n c e  betw een  n 

l e v e l s  whose harm onic  b a s i s  f u n c t i o n s  a r e  ^  t ' f i  > * • 1 •

T r a n s i t i o n s  from  some o t h e r  l e v e l  - ^ ( u s u a l l y  t h e  z e r o - p o in t  

l e v e l )  t o  ate a r e  assumed t o  be a llo w ed  * t r a n s i t i o n s  t o  th eJ i

o t h e r s  a r e  fo rb id d e n *  Suppose f u r t h e r  t h a t  H i s  th e  com plete  

v i b r a t  I  dmal Harai I t  on i a n .

Then t h e  m a t r ix  h a s  n o n -z e ro  o f f -

d ia g o n a l  e le m e n ts  a s s o c i a t e d  w i th  th e  Ferm i re s o n a n c e .  To 

o b ta in  th e  t r u e  w a v e - f u n c t io n s  we c o n s t r u c t  l i n e a r  combin

a t i o n s  -\!/y = /  .a- .-iK such  t h a t :* "T- 13 Jj
( 1 ) t h e  m a t r ix  o f  c o e f f i c i e n t s  i s  u n i t a r y ,  i„e*

—  €>*

2 ”a i k 4 l  = ' f  a l £ i 4 i  = 8k l  5
/ x f\2 )  t h e  H a m il to n ia n  m a t r ix  IL  ̂ -  144H i s  d ia g o n a lx  j  J  f x  i j  0



I l l c k  37

i«e* * where t h e  E.. w i l l  be t h e  o b se rv ed  energies®

Then ^ a i 3a i k f k  ~ 55 t j  *
Thus H |x = J > ^ H ^  / ( f a ^ f p m ^ a ^ t p d r

~ ^ 4 > i k a j l Si j Ei  ~ 4 " a i k a i l Ei  °
The d ia g o n a l  e le m e n ts  a r e  t h e  " u n p e r tu rb e d "  e n e r g i e s

o f  t h e  l e v e ls *  S t r i c t l y  s p e a k in g ,  th e y  a r e  f i r s t - o r d e r

perturbed*, but th e  e f f e c t s  o f  th e  Ferm i re so n an c e  a re  n o t
■sS.»

in c lu d ed  in  them* Then 2  ~ <23lib * Thus

th e  sum o f  t h e  e n e r g i e s  i s  n o t  a f f e c t e d  by th e  Ferm i resonance,,.

The t r a n s i t i o n  moment f o r  'ia  ^ j d r

where ju i s  t h e  i n s t a n t a n e o u s  e l e c t r i c  d i p o le  momenta Because 

of th e  f o r b id d e n n e s s  o f  u n l e s s  j  = 1, th e  l a s t  e q u a t io n

becomes J ify i ielT = Htpbi ĥere j*bi m f i f f t #  Jr* Ttma the
.,y . <fV? *»V

i n t e n s i t y  o f  i s  p r o p o r t i o n a l  to  a i  1 a i  1 ^OiA"Ol /! * " ll€'

t o t a l  i n t e n s i t y  f o r  t h e  ■ p e r tu r b e d  l e v e l s  i s  t h e r e f o r e  p r o 

p o r t i o n a l  t o  1 (.^01^01) ” W o i^ 0 1 ^ rt The t o t a l  i n t e n s i t y

i s  t h e r e f o r e  u n a f f e c t e d  by th e  Ferm i resonance*

F i n a l l y ?  from  th e  r e s u l t s  t h a t  « Z a i . ja^ E ^  and

t h a t  th e  i n t e n s i t y  f o r  th e  i^  l e v e l  i s  p r o p o r t i o n a l  to  

i t  f o l lo w s  t h a t  th e  u n p e r tu rb e d  l e v e l  i s  g iven  by th e  

w e ig h te d  mean o f  th e  p e r tu r b e d  l e v e l s ,  t h e  w e ig h t in g  f a c t o r s  

b e in g  th e  i n t e n s i t i e s  f o r  th e  i n d i v i d u a l  p e r tu r b e d  le v e ls , ,  I t  

sh o u ld  be n o te d  t h a t  th e  more g e n e r a l  p r o p o s i t io n ,  t h a t  th e  

i n t e n s i t y - w e i g h t e d  mean e n e rg y  i s  u n a f f e c t e d  by th e  Ferm i 

re s o n a n c e ,  i s  n o t  t r u e  i f  more th a n  one o f  t h e  u n p e r tu rb e d



I I I o  h

l e v e l s  h a s  non -v a n I  s h in g in te n s i ty ®

111« 5 * Double-H i n i  ilium P o te n t  l a l .

L a r g e r  d e p a r t u r e s  from  h a rm on ic  b e h av io u r  w i l l  o c c u r  i f  any 

o f  th e  v i b r a t i o n a l  modes i s  s e r i o u s l y  enharmonic® T h is  w i l l  be
a .rr

p a r t i c u l a r l y  tr ike  i f  t h e r e ,  tw o  minima in  t h e  p o t e n t i a l  e n e rg y  

f u n c t i o n  c o r r e s p o n d in g  t o  any  c o o rd in a te ?  w ith  a f a i r l y  low 

maximum betw een them- A double-m inim um  p o t e n t i a l  w e l l  o f  t h i s  

ty p e  h a s  been found In  ammonia and am m onia-like  m o le cu le s  (28? 

P « 2 2 1 ) ? In  form am lde ( . 12)?  in  t r im e t h y l e n e  o x id e  (2?1«§)? an^ 

in  th e  lo w e s t  e x c i t e d  s t a t e s  ( s i n g l e t  and t r i p l e t )  o f  form 

a ld e h y d e  ( s e e  I I * 2)*

F o r  a s l i g h t l y  anharm onie  

o s c i l l a t o r  t h e  s u c c e s s iv e  

q u a n ta  a r e  n e a r l y  e q u a l  and 

change sm o o th ly  wuth i n c r e a s 

in g  quantum number* On th e  

o t h e r  h a n d 3 t h e  q u a n ta  o f  a 

double-m inim um  v i b r a t i o n  a r e  

a l t e r n a t e l y  s m a l l  and l a r g e 9 

t h e  g r e a t e s t  a l t e r n a t i o n  

b e in g  o b se rv ed  in  th e  lo w e s t
Pig* 2S

quanta* F o r  a s u f f i c i e n t l y  h ig h  c e n t r a l  maximum th e  sm a ll  

q u a n ta  f o r  low quantum numbers a r e  a lm ost zero?  and th e  l e v e l s  

a r e  e f f e c t i v e l y  d o u b ly  d e g e n e ra te  w i th  a. sp a c in g  betw een 

s u c c e s s iv e  d o u b le  l e v e l s  e q u a l  t o  t h e  harm onic  f re q u e n c y  f o r



one lim b o f  t h e  p o t e n t i a l  w e l l  by 11 a-; if., ^  th e  quantum 

number i n c r e a s e s » th e  sm a ll  q u a n ta  be-ome l a r g e r  and th e  l a r g e  

ones sm aller.?  u n t i l  t h e i r  m ag n itu d es  converge  f o r  e n e r g i e s  

w e l l  above th e  p o t e n t i a l  maximumo T h is  b e h a v io u r  i s  shown 

cl 1 a  gramma t  i  c a  11 y in  Figc 2 9 where th e  symbols + and -  d e n o te  

r e s p e c t i v e l y  symmetry and a n tisy m m etry  of th e  e ig e n f u n c t io n s  

a b o u t  t h e  c e n t r a l  maximum j, assum ing  th e  p o t e n t i a l  f u n c t io n  

t o  be sym m etric  a b o u t  i t s  maximum*

The d e t a i l e d  p a t t e r n  o f  th e  en e rg y  l e v e l s  depends on th e  

form  assumed f o r  th e  p o t e n t i a l  fu n c t io n *  A c o n v e n ie n t  way o f  

i n t r o d u c in g  t h e  c e n t r a l  maximum i s  t o  add t o  th e  norm al 

ha rm on ic  p o t e n t i a l  a G a u ss ia n  f u n c t io n  ( 2 , j l6 » 6 i ) f  g iv in g  

V = h c v (J q ^  + o.ce““/S“ ) f o r  t h e  mode in v o lv e d ,  where V i s  th e  

l i m i t i n g  harm onic  wave-number f o r  l a r g e  v ,  and oc and jS a re  

p a r a m e te r s ;  th e  v a r i a b l e  q i s  a d i m e n o n l e s s  norm al c o o rd 

i n a t e  and i s  e q u a l  t o  yJ/*Q in  t h e  ne t-a t  lor* o f  W ilson 9 D ecius

and G ross  (68*p»37)® The p o t e n t i a l  h a s  a c e n t r a l  maximum 

o n ly  i f  2*c/S> 1  j oc and /3 d e te rm in e  r e s p e c t i v e l y  th e  h e ig h t  and 

b r e a d th  o f  t h e  c e n t r a l  hump* The m a t r ix  e le m e n ts  I)f th e  

H a m il to n ia n  c o r r e s p o n d in g  t o  V 9 t o  a b a s i s  o f  harm onic  

o s c i l l a t o r  e i g e n f u n c t i o n s . can r e a d i l y  be e v a lu a t e d B The

n o n -z e ro  e le m e n ts  f o r  a r e  ;

<0 |H j0>  = h o % > - [ t < i | h | i )  « h sy  -r 

<2 | h | 2> = l j e g |  -(3{H 13> = +  i

{ q H p >  = h c v { . | + ^ | p p 5 i }  ' '

< ° N 2>-= 0  iHG /  j tq j jg fp .



~ ' 4^6+1)
F o r  low v a lu e s  o f  oc9 t h e  d ia g o n a l  e le m e n ts  w i l l  g iv e  good 

a p p ro x im a t io n s  t o  th e  e n e rg y  le v e ls , .

IIT« 6 U R o t a t i o n a l  Sym m etries and S e l e c t i o n  R u le s .
8— miw f ill  H'J n ' a w a w » M W M g w r i i w w i w * w »Bw w « w w w M > — M w w r m  i w w . m ic m     W i

The p r i n c i p a l  a x es  o f  i n e r t i a  o f  a molecu&e a re  c o n v e n t

i o n a l l y  l a b e l l e d  a* b P e in  such  a way t h a t  th e  moments o f  

i n e r t i a  a b o u t  t h e s e  a x e s  f a l l  in  th e  o r d e r  I a^  I*D̂  ~g°

F o r  a p l a n a r  m o le cu le  one p r i n c i p a l  a x i s  must f o r  

re a s o n s  o f  symmetry be p e r p e n d i c u l a r  t o  t h e  m o le c u la r  p la n e ;  

and t h i s  i s  t h e  c - a x i s ,  on a c c o u n t  o f  th e  r e l a t i o n  I® ~ i f  * I 

w hich  n e g l e c t s  o n ly  t h e  c o n t r i b u t i o n  from  th e  e lectrons.- . 

F u r th e rm o re  in  p ro p y n a l  th e  heavy  n u c l e i  (carbons, oxygen) l i e  

ro u g h ly  in  a s t r a i g h t  l i n e ,  abo u t which th e  moment w i l l  be 

s m a l l ,  so t h a t  t h i s  w i l l  be t h e  a-ax is ,„  C o n se q u e n tly  I a«  :>0^  

Thus th e  m o le cu le  w i l l  be an asym m etric  to p  ( I  ^  I c )s

b u t  w i l l  a p p ro x im a te  t o  a  p r o l a t e  sym m etric  to p  ( l a  p  I>> ^ I Q) 

The symmetry o f  th e  t o t a l  H a m il to n ia n  o p e r a t o r  w ith  

r e s p e c t  t o  a l l  p o s s i b l e  r o t a t i o n s  o f  th e  e x t e r n a l  ax es  l e a d s  

t o  a c l a s s i f i c a t i o n  in  te rm s  o f  J ,  t h e  quantum number o f  th e  

t o t a l  a n g u la r  momentum* th e  m agnitude  o f  th e  l a t t e r  b e in g  

4ir(J+1 )h/27C ; J  can t a k e  th e  v a lu e s  0*1 *2* .••  «, The l e v e l  J  

i s  ( 2J + 1 )~ f o ld  d e g e n e ra te  w ith  r e s p e c t  t o  o r i e n t a t i o n s  o f  th e  

a n g u la r  momentum v e c t o r  r e l a t i v e  t o  th e  e x t e r n a l  a x e s ;  and 

th e  a n g u la r  momentum v e c t o r  can a l s o  assume ( 2J + 1 ) o r i e n t a t i o n  

r e l a t i v e  t o  th e  i n t e r n a l  a x e s ,  which in  th e  c a se  o f  an asymm-



e f r l o  to p  a l l  c o r re sp o n d  t o  d i f f e r e n t  e n e r g i e s .  J  i s  s u b je c t  

t o  th e  f o l lo w in g  s e l e c t i o n  r u l e :

A J  « J / -* J /; ~ 0 , ± 1 ( e x c e p t  J =0  <}> 1=0  ) .

The r o t a t i o n a l  H a m il to n ia n s  o f  t h e  two ty p e s  o f  sym m etric  

t o p ,  p r o l a t e  ( l a ^  = l e ) and o b l a t e  ( l a = 1-D ^  I 0 ) s a r e

i n v a r i a n t  u n d e r  th e  p o i n t  g roup  D«os whose symmetry o p e r a t io n s  

a r e  : r o t a t i o n  th ro u g h  any  a n g le  a b o u t  th e  u n iq u e  o r  f i g u r e 

a x i s ;  and r o t a t i o n  th ro u g h  % a b o u t  any  a x i s  p e r p e n d i c u l a r  t o  

th e  f i g u r e  ax is*  T h is  l e a d s  t o  a symmetry c l a s s i f i c a t i o n  in  

te rm s  o f  Ks th e  quantum number o f  th e  component o f  a n g u la r  

momentum a b o u t  t h e  f i g u r e  a x i s ,  t h e  l a t t e r  h a v in g  th e  

m agn itud e  Kh/23T ; £  can t a k e  th e  v a lu e s  0 ,1  *2** *• *<? p t h e  

l e v e l s  w i th  K £  0 b e in g  d o u b ly  degenerate,*

As s t a t e d  in  1 . 2 ,  th e  r o t a t i o n a l  s e l e c t i o n  r u l e s  depend 

on t h e  m a t r i x  o f  d i r e c t i o n - c o s i n e s  L* I t  can be shown t h a t  th e  

t h r e e  com ponents o f  e a c h  column o f  L behave s i m i l a r l y  w ith  

r e s p e c t  t o  r o t a t i o n s  a b o u t  th e  I n e r t i a l  a x e s ,  w hereas th e  

d i f f e r e n t  columns may behave d i f f e r e n t l y ;  we may t h e r e f o r e  

i n d i c a t e  t h e  b e h a v io u r  o f  th e  components o f  L by means of th e  

com ponents o f  m which t h e y  m u l t i p ly  when th e  m a t r ix  m u l t i p l i c 

a t i o n  i s  p e rfo rm ed . The r e q u ire m e n t  t h a t  ^ o t i f r o t  be 

sym m etric  th e n  l e a d s  t o  th e  s e l e c t i o n  r u l e s

nijl ^  0 : /IK  sr 0

m L £  0 ; AK = :t1

where AK ~ Ky— K* and mg and mx  r e p r e s e n t  r e s p e c t i v e l y  th e

component o f  m p a r a l l e l  t o  and one o f  th e  p a i r  o f  components



p e r p e n d i c u l a r  t o  th e  f i g u r e  a x i s .

The asymmetric) to p  h as  th e  low er  symmetry Dg" ^ ie  °Ve r ^ 

a t  i o n s  o f  w hich  co m p rise  r o t a t i o n s  o f  % abou t t h e  t h r e e  axes  

o f  i n e r t i a ;  t h e  s p e c i e s  o f  Dg a r e  A,Ba ,Bfc,B0 (M u ll ik e n  n o t 

a t i o n ;  see  2 8 9p. 5 2 ) .  The symmetry p ro p e i* t ie s  o f  th e  componen 

o f  L g iv e  t h e  fo l lo w in g  s e l e c t i o n  r u l e s  : 

raa jt 0 : A Ba  , B-j- ^ B q

7- 0 % A 3

mc ^  0 : A « B cg

I f  we im ag ine  a t o p  c o n t in u o u s ly  t r a n s fo rm e d  from, th e  

p r o l a t e  sym m etric  l i m i t  th ro u g h  asym m etric  i n t e r m e d i a t e s  t o  

t h e  o b l a t e  sym m etric  l i m i t ,  i t  i s  found t h a t  a  g iv e n  asymraetr 

to p  l e v e l  can be u n iq u e ly  c h a r a c t e r i s e d  by th e  v a lu e s  o f  K, 

nam ely  Ka and XQ,  o f  th e  l e v e l s  w i th  which i t  c o r r e l a t e s  in  

t h e  p r o l a t e  and o b l a t e  l i m i t s  r e s p e c t i v e l y ;  how ever t h e  

v a lu e s  o f  Ka and X0  o n ly  have  s i g n i f i c a n c e  a s  quantum numbers 

o f  a n g u la r  momentum in  t h e  l i m i t i n g  cases® The asym m etric  

t o p  s e l e c t i o n  r u l e s  a r e  th e n  e q u iv a l e n t  t o :

m8 £  0 : AKa even and AK0

nijj r  0 : AHg odd and AKC

mc 0 i AKa odd and AKC even 0

F o r  a  s l i g h t l y  asym m etric  p r o l a t e  to p  l i k e  p ro p y n a l ,  th e  

s t r o n g  r o t a t i o n a l  t r a n s i t i o n s  a r e  th o s e  which a r e  s in ru ltan eo u  

a llo w e d  by th e  asym m etric  to p  and th e  p r o l a t e  sym m etric  t o p  

s e l e c t i o n  rules®



J . X . U  (

I I I o  7  c. Rot a t  i  on a  X  I '  e  r  ro. y a  1  ue_s a

The r o t a t i o n a l  H amiltonian of  a r i g i d  ru t-  r  ns

a „ _ *  =“" r o t  ~  ^  if r  2 t  » T   ̂ i -f-£̂ -L Q ,

where JTa s^Lj^ q a r e  t h e  com ponents o f  th e  t o t a l  a n g u la r  momentum 

ab o u t  t h e  p r i n c i p a l  a x e s  o f  i n e r t i a  and I a 3I ^ 2I c a r e  th e  

p r i n c i p a l  moments o f  i n e r t i a *  The s l i g h t  n o n - r i g i d i t y  o f  

m o le c u le s  may be a l lo w e d  f o r  by u s in g  e f f e c t i v e  moments o f 

i n e r t i a  f o r  th e  v a r i o u s  v i b r a t i o n a l  l e v e l s  and by in t r o d u c in g  

sm a ll  q u a r t i c  te rm s  in  th e  a n g u la r  momenta* t h e s e  te rm s  b e in g  

a s s o c i a t e d  w i th  c e n t r i f u g a l  d i s t o r t i o n *

The r o t a t i o n a l  te rm  v a lu e s  F y ( J 5K) = Er o % / h e  f o r  th e  

v i b r a t i o n a l  l e v e l  V o f  a  v i b r a t i n g  p r o l a t e  sym m etric  to p  a re  

th e n  g i v e n s t o  a good a p p ro x im a t io n s  by th e  e q u a t io n  

*V(J»K) » BTX (j- r l)  + (Ay-By)K2 -  DjJ2 (J + 1 )2 -  DJICJ(J+1)K2 -  

where Ay and By a r e  e f f e c t i v e  r o t a t i o n a l  c o n s t a n t s  and DT,, 

and a r e  s m a l l  c e n t r i f u g a l  c o e f f i c i e n t s *  The dependence of 

t h e  r o t a t i o n a l  c o n s t a n t s  uoon th e  v i b r a t i o n a l  quantum numbers 

i s  w e l l  r e p r e s e n t e d  by Ay

By =s Be -  JTocf (vjpt-g) in  which t h e  cc-s a r e  sm a ll  v i b r a t i o n -  

r o t a t i o n  i n t e r a c t i o n  c o n s ta n t s *  The cons'Gants A. and a re  

th e n  r e l a t e d  t o  th e  moments in  th e  e q u i l i b r iu m  c o n f i g u r a t i o n  

by Ae » h / 8^ c l |  and Be ~ h / 8 -rAuIyj« The e q u a t io n s  

Ay s  Aq -  a ’̂ d By ~ Bq -  ZT^i Yi  a r e  more c o n v e n ie n t

e m p i r ic a l ly , .

The r o t a t i o n a l  te rm  v a lu e s  P y ( J Tf T<- } = Er o ^ / h e  o f  an
“h e



asym m etric  to p  canno t be s t a t e d  e x p l i c i t l y *  b u t  f o r  g iv e n  J  

th e y  a r e 9 t o  th e  same a p p ro x im a t io n  a s  above* th e  E ig e n v a lu e s  

o f  th e  m a t r ix  F j  w i th  n o n -a e ro  e le m e n ts

< K | F j | K >  = B y J C J + l )  + (AV- B V )K2 -  D j J 2 ( 0 + 1 ) 2  -  DJKJ ( J - H ) E  

<k|3?j|k±2> = {-HBv -Cv ) -  8 j J ( J + 1 ) + E5 [ ^ + ( E t 2 ) a] ^ f ( J , K t l )

{ K p  jKtij.) =. E g f ( J ,K ± l ) f ( J ,K ± 3 )

where f ( j , n )  -  | { j ( J + l ) - ( n - l  )nj JjJ '(J+ 1 ) - n ( n * l  ) ] |  and K 

can t a k e  th e  v a lu e s  * » .» 9J - 1 »J* The s i g n i f i c a n c e  o f

Cy i s  s i m i l a r  t o  t h a t  o f  Ay and By* and By«i(By+Cy)s 

Rg a r e  a d d i t i o n a l  c e n t r i f u g a l  c o e f f i c i e n t s ^

N e g le c t i n g  th e  c e n t r i f u g a l  c o r r e c t io n s*  t h e  te rm  v a lu e s  

may be r e p r e s e n te d  by Wang* s e q u a t io n

FY^cTK ¥ ) « B y J ( J + l )  -5- (Ay-By)W(JK jr - b ) 9 -- a O a. u
where W(J"«. ir ‘b ) depends on th e  asymmetry p a ra m e te r  

'Gb » ~ and i s  o b t a i n a b l e  from  t a b l e s  f o r  t h e  v a r io u s  levels
2 (Ay—By)

( 6h)c An a l t e r n a t i v e  t r e a tm e n t  u s e s  Ray1s asymmetry p a ra m e te r
2B,~A„ ~C, 3b+1 ,, ^ ,K = -— -j- (Lt.0 3 oh j «Av —(A b - t  — '

F o r  a  n e a r - s y m m e tr ic  p r o l a t e  t o p  th e  o f f - d i a g o n a l  e le m e n ts

o f  th e  m a t r ix  F j  a r e  sm a ll  and i t s  e ig e n v a lu e s  a re  a p p ro x im a te 

l y  th e  sym m etric  to p  te rm  v a lu e s  w i th  By r e p la c e d  by By* T h is  

a p p ro x im a t io n  i s  b e s t  when J  i s  sm a ll  and Ka i s  la rg e *  i a e 0 

when th e  a n g u la r  momentum v e c t o r  l i e s  n e a r l y  a lo n g  th e  a-axxs*

111o 8 * C o r l o l l s  Coupl i n g

S e r io u s  d e p a r t u r e s  from  t h e  e q u a t io n s  o f  th e  p re v io u s  

s e c t i o n  o c c u r  when th e  m o lecu le  p o s s e s s e s  i n t e r n a l  a n g u la r



momentuni, a s  a  consequence  o f  the C o r lo l i s  c o u p l in g  o f  th e  

a n g u la r  momenta. We o o n e ld e r  h e re  th e  e ase  o f  v i b r a t i o n a l  

an g u l a r  mom en t  urn.

A v i b r a t i o n - r o t a t i o n  H a m il to n ia n  which a l lo w s  f o r  th e  

G o r io l is  i n t e r a c t i o n  b u t  n e g l e c t s  a l l  o th e r  v i b r a t i o n -  

r o t a t i o n  i n t e r a c t i o n s  i s
H -  (T jinffll . ( S ^ H  x T f v i  u ^ 02L,?o?)

v ib -r o t  -  H  £  It ^  f ' 2 4" 1 ‘ 1 x
where JT*, JT6 a r e  t h e  com ponents o f  t o t a l  a n g u la r  momentum;

:fta, Jit, sr* a r e  t h e  com ponents o f  v i b r a t i o n a l  a n g u la r  momentum; 

I a 9I ^ y I c a r e  t h e  p r i n c i p a l  moments o f  i n e r t i a  (assumed c o n s ta n t
»V "j-*

f o r  a l l  v i b r a t i o n a l  l e v e l s ) ;  and i s  t h e  1 no rm al co o rd 

i n a t e  w i th  c o n ju g a te  momentum Pj and harm onic  wave-number V^o 

The v i b r a t i o n a l  angm lar momentum i s  g iv en  by

9 e t c .  The G o r i o l i s  c o u p l in g  c o e f f i c i e n t
krt'2,

depends on t h e  t r a n s f o r m a t i o n  from  C a r t e s i a n  d i s p la c e m e n ts

t o  r e a l  norm al coo rd ina te s* !  and i s  g iv en  by

> a v* J .
^ k l  ~ V  ***■• i ’(b/Xv>

where b r P op a re  th e  C a r t e s i a n  d i s p la c e m e n ts  from  e q u i l ib r iu m *  

in  t h e  i n e r t i a 1 - a x i s  sy s tem , o f  th e  r L̂  atom, o f  mass mr «

T h is  d e f i n i t i o n  o f  V jq a g r e e s  w i th  t h a t  o f  N ie ls e n  (h9) and 

o f  Boyd and L o n g u e t-H ig g in s  Q)® b u t  i s  o p p o s i te  in  s ig n  t o  

t h a t  o f  W ilso n ,  D eciu s  and C ro ss  ( 6 8 ,p » 3 6 8 ) ;  th e  u se  o f  

J a c o b ia n s  i s  due t o  Boyd and L onguet-H igg ins*

The G o r i o l i s  c o e f f i c i e n t s  a r e  r e a l ,  w i th  ^  1 afi^

C k l  ~ ^  ?  Ifey a c c o rd in g  t o  th e  s e l e c t i o n  r u l e  of John (3 ,6 ) ,

can o n ly  be n o n -ze ro  i f  th e  p ro d u c t  o f  th e  symmetry s p e c i e s



1 1  .i u o 4 D

o f  Qv and Q*j c o n ta in s  t h e  s p e c ie s  o f  a r o ta t io n  about th e  

a -a x is *

The v i b r a t i o n - r o t a t i o n  H a m ilto n ia n  c o n s i s t s  o f  th e

H a m il to n ia n s  o f  a r i g i d  r o t o r  and a harm onic  o s c i l l a t o r  w i th

t h e  a d d itio n  o f  te rm s  o f  th e  ty p e  — The second o f
Xt 21*

t h e s e  i s  p u r e l y  v ib r a t io n a l ,  and c o n t r i b u t e s  t o  th e  v i b r a t i o n 

a l  e n e r g ie s  s m a l l  te rm s  o f  t h e  o r d e r  o f  m agnitude  o f  th e  

r o t a t i o n a l  c o n s ta n t s | we s h a l l  r e g a rd  t h e s e  a s  a l r e a d y  i n c o r 

p o r a te d  in  th e  v i b r a t i o n a l  en erg ies*  The f i r s t  ty p e  o f  te rm  

p ro d u c e s  a c o u p l in g  iQf v i b r a t i o n  and r o t a t i o n  which we s h a l l  

c o n s id e r  in  more d e ta i l*  We o n ly  d e a l  w ith  c o u p l in g  abou t 

t h e  a ~ a x i s P w hich  a f f e c t s  th e  K -r o ta t io n a l s t r u c t u r e  o f  a 

p r o l a t e  sym m etric  o r  n e a r - sy m m e tr ic  top*

I t  can be  shown ( f o r  ex am p le* u s in g  t h e  f a b l e s  of 6 8 P
*jr_

p»3 6 8 ) t h a t  t h e  o n ly  n o n -z e ro  m a t r ix  e le m e n ts  o f  a

b a s i s  o f  r ig id -sy n im e t .r3. c - t op h a rm o n ic - o s c i l l a t o r  w a v e - fu n c t io n s

are o f  th e  ty p e s

^  i . 9  « »  9  ^ g> ®* ® <£ V  ̂  «T ft ft s  V q  I  s  h  |  — |  ,  6  ® 5  V a  O % V 1 £ >  a J ^  £ b  a A ^

2s  —  p » o  » ® j V  ][+   ̂ ? ® s |  9 K  | — | V 1 , 6 a  ,  V  1 , 0 ® y V ^ »  <»  ̂ |  J  ,? iv >

* l h c ^ ^ + i  ) i ( v 1+i )*  *

and

* 2 K | | V  ̂3«a , V-Jj., c. ® , ^ 9 0  O 2 h  /6 *| &
I - J 1 '  8 _ _

? |d , & I — fbtSls ® * ° *9 o ® b ’ Ipsa 9 3 ;? •&•

/  V,, , 
\  ?

5 6  » S' • 1  9  e 0 §n +1

c> 0 »T l f

= i h © ^ | x ( y 'k+1

A
) t

<v l +

S h e d i f f e r ■eno e i n  e:

n e a t ; e d  b y t h e s e m a t : f i r s t  c a s e  h c ( v v - o b



I f  t h e  e f f e c t s  o f  t h e  C o r i o l i s  i n t e r a c t i o n  a r e  t re a te rd  

by s e c o n d - o r d e r  p e r t u r b a t i o n  t h e o r y 9 t h e s e  m a t r ix  e le m e n ts  

p r o v id e  e n e rg y  c o r r e c t i o n s  p r o p o r t i o n a l  t o  l<? and so th e y  

c o n tr ib u te  t o  th e  e f f e c t i v e  r o t a t i o n a l  c o n s a ta n t  A ^0 However 

t h e  secon d -ord er  c o r r e c t i o n s  c o n ta in  th e  above en e rg y  d i f f 

e r e n c e s  in  t h e  d e n o m in a to r ;  so when th e  c o r r e c t i o n s

due t o  t h e  f i r s t  ty p e  o f  m a t r ix  e lem en t w i l l  be l a r g e  and 

th e  s e c o n d - o r d e r  t r e a tm e n t  w i l l  n o t  be v a l id .  The c o r r e c t i o n s  

due t o  t h e  second  ty p e  o f  m a t r ix  e lem ent w i l l  o n ly  be l a r g e  

when t h e  v i b r a t i o n  f r e q u e n c i e s  th e m se lv e s  a r e  v e ry  low; fox’ 

t h e  sak e  o f  s i m p l i c i t y  we ig n o re  them in  t h e  p r e s e n t  c a s e ,  

a l th o u g h  th e y  co u ld  be a llow ed  f o r  by u s in g  e f f e c t i v e  r o t a t 

i o n a l  c o n s t a n t  So

When we a r e  f o r c e d  t o  employ d e g e n e ra te  p e r t u r b 

a t i o n  th eo ry *  We s h a l l  assume t h a t  th e  o f f - d i a g o n a l  e lem en ts  

due t o  asymmetry o f  t h e  r o t o r  ( s e e  1 1 1 *7 ) &£*© n e g l i g i b l e .  

F und am en ta l  L e v e l s .

T h e re  w i l l  be m a t r ix  e le m e n ts  o f  th e  f i r s t  ty p e  connect in  

t h e  fu n d a m e n ta l  l e v e l s  and assum ing o f  course t h a t  

t k l  -r- 0 © F o r  g iv e n  J  and K» t h e  v ib r a t io n -r o ta t io n  te rm  

v a l u e s p d e f e r r e d  t o  t h e  z e r o -p o in t  l e v e l  as  or ig in *  a re  th e  

e ig e n v a lu e s  o f



1 I *'■ \ ^I f  >> jZK ],, secon d -erd er p e r t u r b a t i o n  th eo ry  g iv e s
r~2 r*2

t h e s e  e ig e n v a lu e s  a s  ^v+F(j»K)+^-K2 and v 1+ F (J y K}«5- K^? w here  

s.=^k- ^ i .

However9 when £s> we mus^ ^.se t h e  c o r r e c t  e ig e n v a lu e s

nam ely

V«= s ( » k+V1) + F (J ,K )  4 - i A K 

and + F ( J 3K) -

where _d|| =  Sf’ + U.Z K and Ay,  i a  taken to  be p o s i t iv e ;  th u s  

a n ^ H©te t h a t  t h e  en e rg y  l e v e l s  do not

depend upon t h e  s ig n  o f 4|^«*

Suppose now t h a t  ^  and f \  a r e  t h e  harm onic  o s c i l l a t o r  

w a v e fu n c t io n s  f o r  t h e  l e v e l s  andv^s so t h a t  th e  u n p e r tu rb e d  

v i b r a t i o n - r o t a t i o n  w a v e fu n c t io n s  a re  ( J 5K) and

‘)j/i'l'ilr'r 0 ^(-J 9 K)o Then th e  v i b r a t i o n - r o t a t i o n  wave f u n c t i o n s  f o r  

t h e  l e v e l s  ^  and vs a r e  ( a j ^  -  i < r b j ^ ) ^ , 0^ ( f f  K) and
/ -j- & '!?>•

( - i f f ’togffe + a K̂ |)f/*r o t{ J ^K> r e s p e c t iv e ly , ,  in  which a K s

and b,r -  ( t h e  p o s i t i v e  sq u a re  r o o t s  b e in g  t a k e n )  and
 ̂ 2-̂ iK *

cr i s  -M o r  —1 ■ accord in g  a s  ~-s ^  0 o r  <^0* Thus we can 

d e f i n e  e f f e c t i v e  v i b r a t i o n a l  w a v e fu n c tio n s

^  = aM tk  ~ m a  i% ~ * a K fl f o r  t a e  l e ¥ e l s
ib and % p th e  v ib r a t io n -r o ta t io n  c o u p l in g  b e in g  shown by

th e  dependence o f  t h e  c o e f f i c i e n t s  upon K,

In c a l c u l a t i n g  th e  i n t e n s i t i e s  o f th e  v a r io u s r o t a t i o n 

a l  t r a n s i t i o n s . ,  t h e  r o t a t i o n a l  fu n c t io n s  ^ 0^ .(J9K) w i l l  

g iv e  t h e  no rm al HSnl-London f a c t o r s  in  th e  i n t e n s i t y  

e x p r e s s io n  (28^pp*l|22 and 14.2 6 ) 0  However t h e  K-iSependenc© o f
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th e  e f f e c t i v e  v ib r a t io n a l  w avefun ctions % and ^  w i l l  lead  

t o  an a d d i t io n a l  Independence o f  the  in t e n s i t y *  We w i l l  

suppose th a t  <0 j p  j f^ >  = jd ^  w ith  components f*b]5:s f*ak * 

where 0 r e f e r s  to  the  z e r o -p o in t  Xavel and jtt i s  the  i n s t a n t 

aneous e l e c t r i c  d ip o le  momentj and s im i la r ly  <Jo |

Then f o r  p a r a l l e l  t r a n s i t i o n s  (K «~K ) from th e  z e r o -  

p o in t  l e v e l s the  i n t e n s i t y  f a c t o r s  due t o  the  e f f e c t i v e  

v i b r a t io n a l  w avefu n ctio n s  ares

i<0 I j*a l = a | p | k + b | p | x ana j<0 \ ^ p \ ^  + a | p | x„
Q p

Thus* s in c e  a g  4* bg- » 1 P t h e  t o t a l  i n t e n s i t y  i s  u n a l t e r e d  by

th e  coupling*  but i t s  d i s t r i b u t io n  between the l e v e l s  depends
d. JL

upon K and becomes even as  £ —*°© ( s in c e  a g -> (- l)2 and bK-~->(y)2 ) a 

Assuming th e  a*bj,c a xes  to  be r ig h t-h a n d ed 9 the  v ib r a t 

io n a l  i n t e n s i t y  f a c t o r s  f o r  p e rp en d icu la r  t r a n s i t i o n s  from 

th e  z e r o -p o in t  K~1 l e v e l  are  ( s e e  J  or 5 1 ) s

K ° ! / V ^ qI ™ a :l(pb^'f!’ok) fol ^ f b l ^ lQl) ~ 2aKbKs and.

K °l  / V ^ d  *♦>>!* = + Z r J f b l ^ o V  + 2aKl),^„
S im ila r ly *  f o r  p e rp en d icu la r  t r a n s i t i o n s  from the  zero -p o in t  

K+1 le v e l*

S<0 S«b + ip 0 | t K> ! ' !'=  a | ( ^ k^ | k) + ' i i i } 4 v d l )  + ,

h °  I ~ feK‘'f'bk+liclc' * *
In a l l  t h e s e  eq u a tio n s  S d en otes  the  q u a n t ity  f*ekPb1 ^

p  o  ■-S in ce  ag  + bg = i 9 th e  t o t a l  i n t e n s i t y  i s  again u n a ltered

and i s  th e  same f o r  AK ~ ± 1  t r a n s i t i o n s .  However f o r  the  

l e v e l s  s e p a r a te ly  th e  i n t e n s i t y  i s  d i s t r ib u t e d  unsymmetric

a l l y  between the  AE=-f1 and AK~*~i sub-bands* and s in c e  a-rr and
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b-jx a r e  b o th  p o s i t i v e  t h e  mode o f  d i s t r i b u t i o n  dejjends o n ly  

upon t h e  s ig n  o f  S. I f  S > 0 ,  th e  l e v e l  V* h as  s t r o n g e r  P - ty p e  

su b -b a n d s  (K»*-*K41) and weaker R -typ e  su b -b a n d s ;  w h i le  t h e  

l e v e l  5̂ h a s  s t r o n g e r  R - ty p e  su b -b an d s  and weaker P - ty p e  

sub-bands* I f  S < 0 ,  th e  o p p o s i t e  i n t e n s i t y  r e l a t i o n s h i p s  

hold* Thus i t  w i l l  be p o s s i b l e  t o  d e te rm in e  th e  s ig n  o f  S 

from  o b s e r v a t io n s  o f  th e  r e l a t i v e  i n t e n s i t i e s 0 

D e g e n e ra te  V i b r a t i o n s *

We s h a l l  suppose  t h a t  on acc o u n t  o f  symmetry and 

a r e  b o th  e q u a l  t o  say* The d i s t i n c t i o n  betw een b and c 

a s  i n e r t i a l  a x e s  w i l l  no l o n g e r  h o ld ,  but i t  i s  s u f f i c i e n t  

t h a t  a , b , c  rem ain  a  r i g h t - h a n d e d  s e t .  We th en  choose and 

t o  be th e  b -  and e-com ponen ts  o f  th e  doub ly  d e g e n e ra te  

no rm al c o o r d in a te  so t h a t  becomes Then 0 ,

~ an(3 -  b K -  (J)^«  Thus

v* = Vm + y ( J >K) + 2 [ < | | a k  s ' # =  ( i r ( f k  -  ia f V  ana

>  * vm + ~  s .

B ecause  o f  th e  c h o ic e  o f  norm al c o o r d i n a t e s ,  ®

and b e c a u se  o f  symmetry = j^-Qil ~ |^m0 ^k13-8

i n t e n s i t i e s  o f  th e  R~ and P -eu b -b an d a  t o  th e  l e v e l  v* a re  

p r o p o r t i o n a l  t o  ^  -  S and -i- S r e s p e c t i v e l y ;  in  th e  same

way, th e  i n t e n s i t i e s  o f  th e  R- and p - su b -b a n d s  t o  th e  l e v e l  

1̂% a r e  p r o p o r t i o n a l  t o  ^  + S and ^  -  S r e s p e c t iv e ly *  S 

now h a s  th e  v a lu e  > 30 t h a t  Jsj = ju^. T h e r e f o r e ,

d e p en d in g  upon t h e  s ig n  o f  S, one o r  o t h e r  o f  th e  two s e t s  

o f  t r a n s i t i o n s  i s  f o r b id d e n ;  t h i s  s e l e c t i o n  &ule i s  due t o
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T e l l e r  and T i s z a  ( 6,5 $ 6 2 )*

I t  i s  now n e c e s s a r y  t o  s e t  up a s ig n  conven tion*  S in ce

th e  s ig n s  chosen  f o r  th e  norm al c o o r d in a te s  a r e  a r b r i i a r y *  th e

s ig n  o f  o r  In  o t h e r  words i s  o n ly  d e te rm in e d  by t h i s

a r b i t r a r y  cho ice*  F o r  t h e  d e g e n e ra te  c a s e ,  Boyd and L o n g u e t-

H ig g in s  (2 )  f i x e d  th e  r e l a t i v e  s ig n s  o f  and ( i n  ou r

n o t a t i o n )  by r e q u i r i n g  t h a t  (Q ^Q ^) t r a n s f o r m s  l i k e

w i th  p a r t i c u l a r  r e g a rd  t o  s i g n ;  t h i s  im m e d ia te ly  im p l ie s  t h a t

and jiC2 have  th e  same s ig n ,  so  t h a t  = ji0io Thus

S ss<ruz o When th e  no rm al c o o r d in a te s  a r e  chosen t o  s a t i s f y  / is
t h i s  c o n v e n t io n  we w i l l  d e n o te  th e  v a lu e  o f  Ca so  o b ta in e de m
by

P u t t i n g  + t  o r  - 1 ,  we see  t h a t  t h e  l e v e l  

Vm + F ( J ,K )  -  2[> |]A K  9 which may be Xt ©r depend ing  upon

cr9 fo rm s o n ly  R - ty p e  s u b -b a n d s ;  and t h e  l e v e l

9m -r F ( K) ’b 2 [ t a ]AIC fo rm s o n ly  P - ty p e  sub-bands* The H

su b -band  o r i g i n s  a r e  g iv en  by

%aUDm  =» vm -  | a ( 1 “ 2 K | ] )  -  b ]  + 2 { a ( i - K | ] )  -  b |  K*

where KJ? s  0 s>1 , 2 -9«a « ; and th e  p sub-band  o r i g i n s  by 

%anh(P) = Vm + { A ( 1 ~ 2 B a ])  -  b } ~  2 { A ( 1 - K a] )  -  b |  k"

where X“ ss 1,2,3?*- Q Thus th e  two s e t s  o f  sub -band s  form

a c o n t in u o u s  s e r i e s  w i th  c o n s ta n t  sp a c in g  j ) -  b ( *

G e n e ra l  S ign  C on ven tio n .

As an e x te n s io n  which in c lu d e s  Boyd and Longuet-Il'lggins® s

c o n v e n t io n  a s  a p a r t i c u l a r  c a se  we s h a l l  f i x  th e  r e l a t i v e

s i g n s  o f  Q_ and Q_ In  th e  g e n e r a l  c a se  i n  such a way t h a t  
K 1



ia Hk/'hi ^ h ^ ' b l  ^ °- s t h e r e f o r e  becomes t h a t  of o , 

!*©,> o f  ICjJqJs w hich  can t h e r e f o r e  be d e te rm in e d  e x p e r im e n ta l ly , .  

On th e  o t h e r  h a n d , i f  we w ish  t o  s p e c i f y  t h e  s ig n  o f  j Ci i r i  

a c c o rd in g  t o  th e  c o n v e n t io n ,  t h e  re q u ire m e n t  becomes 

/'tb i/^ck '^ /wc l |L4bk>>0« Thus betw een s p e c i f y i n g  th e  s ig n s  o f  J 

and R f & i  we have t o  change th e  r e l a t i v e  s ig n s  o f  0.^ and Gb

i t  f o l lo w s  t h a t  th e  an tisy m m etry  r e l a t i o n  which

h o ld s  f o r  a f i x e d  choicem of norm al c o o r d i n a t e s ,  becomes 

1 ^ 1  =j I t h i s  i s  o u r  r e a so n  f o r  d i s t i n g u i s h i n g  th e

£~s s a t i s f y i n g  t h e  c o n v e n t io n .  I f  i t  had been t r u e  t h a t  th e  

a n t isy m m e try  r e l a t i o n  p e r s i s t e d  f o r  [£ |^ 1  s we would have been 

l e f t  w i th  th e  p ro b lem  o f  d e te rm in in g  w h e th e r  an o b se rv ed  s ig n  

c o r re sp o n d e d  t o  o r  *

gQ n-D egenera t e V i b r a t i  on a o f  Equa l  I n t e n s i t y *

We s h a l l  have o c c a s io n  t o  c o n s i d e r  ( s e e  VI*3) a  ca se  In

w hich  b u t  on a cc o u n t  o f  symmetry ~ -  0 and

i t  w i l l  be a good a p p ro x im a tio n  t o  t a k e  -  j ^ c i |  » s0

t h a t  a s  a  consequence  o f  our s ig n  c o n v e n t io n  we have

f b k  ~ P e l  = f l ( 3 a y ) -
? , | | V I % ^

Then, f o r  K-*-K-1 t r a n s i t i o n s ,  j ( 0  

and j^O j J~ ~ ^(l+ScTagbg) ; and , f o r  K«*-K+? t r a n s i t i o n s ^

K ° l /*b+sf o j f “> r =! a n s  | ' < o | f V i /1oj/t e ) r =a
Now a T/ t F ss xfJJh * Thus, s in c e  th e  Honl-London f a c t o r s  a re  

K L Av
n e a r l y  e q u a l ,  th e  r a t i o  o f  th e  I n t e n s i t i e s  o f  th e  s t r o n g  and

weak su b -b a n d s  o f  g iv e n  Kf a r e
■Sisaps. _ i.i sgrfht., ***.alz|K _ ( i ^  2iz|sf. ^ T
weak; ~ i -  2 a £ b |  ~ A k ~ 2 | ZJK -  t  ------/  s "**•............. .........
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O v erto n e  and C om bination  L e v e ls *

T here  a re  a l s o  m a t r ix  e le m e n ts  o f  C o r i o l i s  ty p e  c o n n e c t in g  

t h e  l e v e l s  2y-£9 and 2V1° F o r  Ŝ -ven ^  an^ ^ iie vl h r a t -

i o n - r o t a t i o n  t e r n  v a lu e s  a r e  g iv en  a p p ro x im a te ly  by t h e  e ig e n 

v a lu e s  o f

’~2vfe+:P(J,K) i2^ZK

- i2^Z K  vk+V1+P (J ,K )

0 -i2^ZK

These e ig e n v a lu e s  a r e  found  t o  be

’̂v i b - r o t  s  ^

th e  v a lu e s  0 ? "t2a

More g e n e r a l l y 5 i t  a p p e a rs  t h a t ,  f o r  th e  s e t  o f  l e v e l s  

) v fc + v^ =s V, t h e  v i b r a t i o n - r o t a t i o n  te rm  v a lu e s

W r o t  = + W , K) -  i ^ K
where A can t a k e  th e  v a lu e s  V*V"*29V-Ii.*. «*9-V+2»-Yo T h is  h a s

been e s t a b l i s h e d  f o r  ¥-1*2*3  » hu t h a s  n o t  been proved  in  g e n e r a l  

In  th e  c a s e  o f  e x a c t  d e g e n e ra c y ,  A becomes th e  quantum number 

o f  v i b r a t i o n a l  a n g u la r  momentum*

- - |A A £* where A can ta k e

a r e



CHAPTER IV*

MICROWAVE SPECTRUM . OP PROPYUAL,

The microwave sp ec tru m  o f  p ro p y n a l  was f i r s t  obse rved  by 

Howe and G o ld s te in  (1955*22) and l a t e r  s tu d ie d  e x h a u s t iv e ly  by

C o s ta in  and Morton ( 1959*12)1 t h e  l a t t e r  w orkers  o b ta in e d  

s p e c t r a  o f  f i f t e e n  i s o t o p i c  forms* in c lu d in g  i s o t o p i c  r e p l a c e 

ment o f  e ac h  atom  in  tu rn*  P la n a r  p ro p y n a l  can on ly  have pu re  

r o t a t i o n a l  t r a n s i t i o n s  o f  ty p e s  A and B* s in c e  th e  perm anent 

d ip o le  moment must l i e  in  th e  m o le c u la r  p la n e  ( s e e  1«2) ;  and 

on ly  t h e s e  ty p e s  were observed* In  a d d i t i o n ,  th e  i n e r t i a l  

d e f e c t  o f  t h e  s e r o - p o i n t  l e v e l  was found t o  be p o s i t i v e  f o r  

a l l  th e  i s o t o p e s  and t o  i n c r e a s e  upon d e u te r iu m  s u b s t i t u t i o n  

o f  each  hydrogen  atom* I t  was tb .ere .fo re  concluded  t h a t  th e  

m o le c u le  was p l a n a r  in  i t s  e l e c t r o n i c  ground state,..

The r o t a t i o n a l  c o n s t a n t s  found by C o s ta in  and Morton f o r

th e  z e r o - p o i n t  l e v e l s  o f  th e  v a r io u s  hydrogen and d e u te r iu m
i 9 16 — 1i s o t o p e s  c o n ta in i n g  "*C and 0 a r e  g iven  in  cm in  T ab le  2

( u s in g  g -  2*997929 X 1010 cm s e c ”*1)* In a d d i t i o n ,  th e  asymmetr

p a ra m e te r  k ( s e e  I I I * 7) and th e  i n e r t i a l  d e f e c t  / i 0( s e e  I I « 2 j

a r e  given*

The s t r u c t u r a l  p a ra m e te r s  p r e s e n te d  In  T ab le  3 were ob

t a i n e d  by C o s ta in  and Morton u s in g  th e  method of s u b s t i t u t i o n



c o o r d i n a t e s ;  th e  e s t im a te d  u n c e r t a i n t y  in  th e  l e n g th s  i s  

±Q*G01 A and in  th e  a n g le s  ± 1 0 \

—■-------------
HCCGHO

Table 2* 

DCCCHO HCCCBO DCCCDO

• 0̂ 2 .26912 20 22715 1.72667 1o?0367

- B0 0 .160985 oe 1I48893 0.159325 Oo1U7739

c o 0 .150091 Oo139359 Oo1^6060 Oo1357U7

®o Oo 155538 0 o1UU127 Oo1529^2 0 oilf.i7h3

^o”®o 2.11358 2o08303 1.0 57373 1.56193

K -0 .9 8 9 7 -Oa9909 ~0o9826 -0 .98^ 7

A,(s»“ Az) 0 .1718 0« 1785 0 .1775 0C 181|8

T ab le  3c

 ̂ t - \ **I r(G1H1) 1o 055 A
i  ,  ■\ T { 0  -j 0 p ) 1o 209 
I
j r ( G g C v )  U k k 5
I
! r(C^H2} 1 . 1 0 6  

| r(C7j0) 1„215

C g C . j H .

o 3o zo ,

OgO^O

180°

178° 24 

123°It7'

GgG^Hp 113° 5 ^

°®3h 2 122*19'

Numbering of atoms 

and i n e r t i a l  axes  o f 

l i g h t  i s o to p e  ; see  

Fig* 15 pa 34*

The 0 3 C2C1 a n g le  i s  b e n t  away from  th e  oxygen atom.

C a l c u l a t i o n  o f  asym m etric  to p  r o t a t i o n a l  e n e r g i e s  ( se e  

111*7) from  t h e s e  c o n s t a n t s  shows t h a t  th e  m olecu le  e x h i b i t s  

l i t t l e  d e p a r t u r e  from  sym m etric  to p  behavftour f o r  ^ ^ 3  ? 

t h e  e f f e c t s  o f  asymmetry a r e  o n ly  s e r i o u s  f o r  Ka ~ 0 o r



CHAPTER V0

EXPERIMENTAL.

Vo 1o M a t e r i a l s ,

P ro p y n a l  was p re p a re d  a c c o rd in g  t o  th e  method o f  O rgan ic  

S y n th e s e s  ( l9 5 6 ? i t i ) s  w hich  i s  e s s e n t i a l l y  t h a t  o r i g i n a l l y  used 

by W i l l s  and S a f f e r  ( 1 9 5 0 ,6 6 ) .  To a l c o h o l  (5 6  g „ )

d i s s o l v e d  in  a  m ix tu r e  o f  c o n c e n t r a te d  s u lp h u r ic  a c id  (6 8  ml «) 

and w a te r  (2 2 0  ml*) was added drop-wise a s o l u t i o n  o f  chromium 

t r i o x i d e  (1 0 5  go) in  c o n c e n t r a te d  s u lp h u r i c  a c id  (6 8  m l.)  and 

w a te r  (2 0 0  m l . ) s t h e  r e a c t i o n  b e in g  c a r r i e d  ou t w ith  s t i r r i n g  

and c o o l in g  in  an i c e - s a l t  m ix tu re .  A s t re a m  o f  n i t r o g e n  

i n t r o d u c e d  i n t o  th e  m ix tu re  th ro u g h  a c a p i l l a r y  and drawn 

th ro u g h  by means o f  a w a te r  pump (o a  20 mm*Hg) swept th e  p r o -  

p y n a l  a s  i t  was form ed i n t o  two t r a p s  in  s e r i e s ;  th e  f i r s t  

t r a p  was a  l a r g e  one c o o led  in  a s o l i d  carbon d io x id e  /  me than  

b a th  and th e  second a s m a l l e r  one c o o led  in  l i q u i d  a i r .  S a l t  

was added t o  t h e  c o n d e n sa te  o f  t h e  f i r s t  t r a p  a f t e r  warming 

t o  room te m p e ra tu re . ,  and th e  low er aqueous l a y e r  was removed^ 

The o rg a n ic  l a y e r  from  uhe f i r s t  t r a p  was added t o  t h e  con

d e n s a te  o f  th e  second t r a p  and th e  m ix tu re  was d r i e d  over 

a n h y d ro u s  magnesium s u lp h a te  and d i s t i l l e d  a t  a tm o sp h e r ic  

p r e s s u r e  th ro u g h  a 5 - i n c h  column of g l a s s  b e a d s .  The f r a c t i o n
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o f  b ept«  $lt~565G ( l 3 e 7  g* 25$  y ie ld .)  was c o l l e c t e d *

P ro p y n a l  i s  a m obile  c o l o u r l e s s  l i q u i d  w hich  i s  r a t h e r  

u n s t a b l e  a t  room te m p e ra tu re ^  p a r t i c u l a r l y  when wet o r  when 

exposed  t o  l i g h t s  and i t  r e a d i l y  fo rm s a dark-brow n s o l i d  

(p resu m a b ly  polym er) which d i s s o l v e s  e a s i l y  in  ace tone*  However 

i t  can be s to r e d  i n d e f i n i t e l y  a t  -80*C„

S in c e  th e  p ro d u c t  from  th e  d i s t i l l a t i o n  a t  a tm o sp h e r ic  

p r e s s u r e  was s l i g h t l y  d i s c o lo u r e d ,  i t  was p u r i f i e d  by s e v e r a l  

b u l b - t o - b u l b  d i s t i l l a t i o n s  in  v a c u o ff and v o l a t i l e  i m p u r i t i e s  

(p r o b a b ly  a c e ty l e n e  and carbon  d io x id e )  were removed by 

p ro lo n g e d  pumping from  a sample h e ld  a t  -80° Ca

E thyny l~deu te3?a ted  p ro p y n a l  5 DCCCHO, was p r e p a re d  by u s in g  

in  th e  above method ( red u c ed  in  s c a l e )  a sample o f  DCCCHgOD 

p r e p a r e d  by  ex ch an g in g  norm al p ro p a r g y l  a l c o h o l  (2  g») tw ic e  

w i th  s u c c e s s iv e  sam ples o f  99*8$ (5 g» each  t&me) c o n ta in 

in g  a t r a c e  o f  a n h y d ro u s  sodium c a rb o n a te  (3  mg*)^ The 

p r o p a r g y l  a l c o h o l  was e x t r a c t e d  from  th e  f i r s t  exchange by 

c o n t in u o u s  e t h e r  e x t r a c t i o n , w i th  t h e  c a r e f u l  e x c lu s io n  o f  

no rm al w a t e r ;  and th e  e t h e r  was removed by i>umping« The 

m ix tu re  #s?om t h e  second exchange was pu t s t r a i g h t  th ro u g h  th e  

o x i d a t i o n  procedure,* The r e s u l t i n g  p ro p y n a l  was e s t im a te d  from  

i t s  i n f r a - r e d  sp ec tru m  t o  be o v e r  95^ DCCGHO#

S in c e  t h e  p r o p a r g y 1 - a lc o h o l  o x id a t io n  i s  t h e  o n ly  method 

r e p o r t e d  a s  g i v in g  a r e a s o n a b le  y i e l d  o f  p ro p y n a l ,  and s in c e  

t h e  p r e p a r a t i o n  o f  m e ih y le n e -d e u t© ra te d  p ro p a rg y l  a lc o h o l
iiivUve

would a  f a i r l y  round abo u t r o u t e ,  methods o f  p r e p a r in g  p ro p y n a lA



i n  a manner s u i t a b l e  f o r  a  more d i r e c t  i n t r o d u c t i o n  o f  fo rm y l 

d e u te r iu m  were tr ied ®  However, S tephen  r e d u c t io n  o f  cyan o -  

a c e t y l e n e ,  c o n t r o l l e d  LiAlH^ r e d u c t io n  of p r o p i o l i e  a c i d ,  and 

p y r o l y s i s  o f  mixed ca lc iu m  p r o p i o l a t e  and c a lc iu m  fo rm a te  a l l  

p ro v ed  on sue ce s s f  m l. F i n a l l y ,  Dr* G*G. C o s ta in  g e n e ro u s ly  

gave u s  h i s  sample o f  HCCGDO (13) which had been p re p a re d  from  

HCDO ( l )  by co ndens ing  w i th  a c e ty l e n e  t o  form  HCGGHDGH and 

o x i d i s i n g  t h e  l a t t e r  by t h e  above methods The m e th y len e  H 

was s e l e c t i v e l y  o x id is e d  and th e  r e s u l t i n g  p ro p y n a l  was found 

t o  be HCGCDO o f  h ig h  i a o t o p i c  p u r i t y  (o v e r  S&fi ) n

Vh 2* I n f r a - . r e d  S pec tra*
- -i—r--in ir tin ■̂i~rrTirT~TiMrr-r~rTitt.t"̂ ri~i ii Jr«ui~m muriifuwi

I n f r a - r e d  grpectra  'were r e c o rd e d  on a Unicam SP100 s p e c t r o 

p h o to m e te r  o p e ra te d  a s  a F a d  p r i s m - g r a t in g  d oub le  monochromator 

o v e r  t h e  ra n g e  3 6 0 0  t o  650  cm and a s  a KBr p r ism  monochromator 

from  700 t o  If.00 cm7 S l i t - w i d t h s  from  1 t o  5 oa  were employ

e d ,  t h e  n a r ro w e r  s l i t s  b e in g  used  when good r e s o l u t i o n  ©f th e  

s t r u c t u r e  was d e s i re d *  The s p e c t r a  were c a l i b r a t e d  a g a in s t  

s p e c t r a  o f  s ta n d a r d  v a p o u rs  (lJ3 s,;3^ )  -

P ro p y n a l  v a p o u r  p r e s s u r e s  from  5 t o  150 mnu Hg in  a 10-ora 

c e l l  were s u f f i c i e n t  t o  d ev e lo p  a l l  th e  im p o r ta n t  bands o f  th e  

spectrum® In  a d d i t i o n ,  s p e c t r a  o f  l i q u i d  p ro p y n a l  and i t s  

s o l u t i o n s  in  carbon  d i s u l p h i d e ,  d i e t h y l  e th e r s  and n -hexane  

w ere reco rd ed *  The carbon  d i s u lp h id e  and hexane s o l u t io n  

s p e c t r a  c l o s e l y  re sem b led  t h a t  o f  th e  v a p o u r ,  w hereas changes 

due t o  hydrogen  bo n d in g  were observed  f o r  th e  p u re  l i q u i d  and



M easurem ents o f  th e  u l t r a v i o l e t  a b s o r p t io n  o f  p ro p y n a l  

in  t h e  v ap o u r  s t a t e  and in  i s o - o c t a n e  s o lu t io n s  u n d e r  low 

r e s o l u t i o n *  have been r e p o r t e d  by Howe and G o ld s te in  (1 9

Our m easurem ents r e f e r  e x c l u s i v e l y  t o  th e  vapour phase* u n d e r  

b e t t e r  r e s o l u t i o n *

( i )  P r e l im in a r y  s p e c t r a  were re c o rd e d  w i th  a H i^ g e r  medium
O o «■

g l a s s  s p e c t r o g r a p h  above 3600 A v d is p e r s io n  9 A /  mm* a t  3 8 OO A?

r e s o l v i n g  a b o u t  1 cm*- *) and a H i l g e r  medium q u a r t z  s p e c t ro g ra p h

( d i s p e r s i o n  25 A /  ram* a t  3500 A* r e s o l v in g  a b o u t  5 cra"^)* 

n o rm a l ly  u s in g  a s l i t - w a d t h  o f  20ju« The background f o r  th e  

g l a s s  s p e c t r o g r a p h  was p ro v id e d  by a tu n g s te n  f i l a m e n t  lamp 

and f o r  th e  q u a r t s  by a hydrogen  d i s c h a r g e  lamp* The s p e c t r a  

were c a l i b r a t e d  w i th  i r o n - a r e  s p e c t r a *  and w a v e le n g th s  were 

d e te rm in e d  w i th  a Pye c o m p a ra to r  used  in  c o n ju n c t io n  w ith  a 

H i I g e f  m ic ro d e n s i t  ometer«

P a t h - l e n g t h s  o f  up t o  5 m. o f  vapour s a t u r a t e d  a t  20*C 

( p r e s s u r e  ca„ 1§0 mm, Hg) were used* and were n e c e s s a r y  f o r  good 

developm ent o f  b ands  in  th e  1*100 A r e g io n  $ however* 10 enu o f  

v a p o u r  a t  a b o u t  20 mm* Hg p r e s s u r e  s u f f i c e d  f o r  t h e  s t r o n g  

band s  in  t h e  3300 A system*

The e f f e c t s  o f  t e m p e r a tu re s  o f up t o  250*0 on th e  i n t e n s 

i t i e s  o f  bands t o  long  w av e len g th s  o f  3800 A was exam ined„ u s in g  

an a b s o r p t io n  c e l l  wound w ith  an e l e c t r i c a l  h e a t i n g  c o i l*
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Above 200°G d eco m p o sitio n  o r  p o ly m e r is a t io n  o f  th e  vap o u r  

became s e r io u s ^  a£& th e  c e l l  w a l l s  and windows were g r a d u a l ly  

c o a le d  w i th  a brown t a r r y  su b s ta n c e  which cou ld  be r e a d i l y  

washed o f f  w i th  ch loroform * F o r  t h i s  r e a s o n ,o n l y  t e m p e ra tu re s  

up t o  200°C were n o rm a l ly  u se d ;  t h e s e  f> lates  were c a l i b r a t e d  

f o r  o p t i c a l  d e n s i ty  by means o f  a R o ta t in g  se c to r*

(11) H i g h - r e s o lu t i o n  s p e c t r a  o f  th e  3800 A band system  were 

ta k e n  by Dr* C a l l  onion in  th e  second o r d e r  o f  t h e  6-m e tre  

E b e r t  g r a t i n g  s p e c t ro g r a p h  a t  U n iv e r s i ty  C o l le g e ,  London (3 8 ) ,  

r e s o l v i n g  0* 1 cm ( d i s p e r s i o n  0« 2 A /  ram, a t  3800 A)« T heor

e t i c a l  s l i t - w i d t h s  ( u s u a l l y  abou t 5 0 ja. ) were used th ro u g h o u t ,  

and t h e  background  con tinuum  was p ro v id e d  by a Xenon discharge«> 

I ro n  a r c  c a l i b r a t i o n  w a v e le n g th s  were ta k e n  from  th e

t a b l e s  (26 )  and c o r r e c t e d  t o  vacuum by means of E d le n ’ s t a b l e s

(1 2 ) e The w a v e le n g th s  o f s p e c t r a l  f e a t u r e s  were n o rm a lly  

d e te rm in e d  from  e n la rg e d  p r i n t s ,  b u t  when th e  r o t a t i o n a l  

s t r u c t u r e  was w e l l -d e v e lo p e d  th e y  were m easured from  th e  

p l a t e s  u s in g  t h e  Pye com parator*

P a th  l e n g t h s  up t o  3 ra* were u se d ,  w i th  vapour p r e s s u r e s  

up t o  100 mm* Hg*



CHAPTER V I •

INFRA-RED SPECTRUM OF PROPYNAL,

T a b le s  i{.^5 and 6 c o n ta in  l i s t s  o f  th e  f e a t u r e s  obse rved  

in  t h e  i n f r a - r e d  s p e c t r a  o f  th e  m o le c u le s  HCCCHOP DCCCHO and 

HGCCDO r e s p e c t iv e ly *  In  p r e p a r in g  th e s e  t a b le s *  peak s  clue t o  

r o t a t i o n a l  sub-band  s t r u c t u r e  o f  th e  band s  have been d i s r e g a r  

ed»

VT»1 . Band E n v e lo p e s .

F o r  a m o lecu le  w i th  th e  i n e r t i a l  c o n s t a n t s  o f  p ro p y n a l  

( s e e  IV ) 5 t h e  r o t a t i o n a l  s t r u c t u r e s  o f  th e  v i b r a t i o n a l  bands 

a r e  t h o s e  o f  a sym m etric  top* p e r tu r b e d  n e a r  th e  band o r ig in  

by th e  asymmetry* The o n ly  r o t a t i o n a l  s t r u c t u r e  r e s o l v a b l e  

w i th  o u r  i n f r a - r e d  s p e c t r o m e te r  i s  th e  p e r p e n d ic u la r - ty p e  

sub-banc! s t r u c t u r e  (AK - ± l ) s which h a s  a sp ac in g  o f  app rox 

im a te ly  2 ( A ~ B ) h, emu * However th e  en v e lo p e  o f  th e  u n re s o lv e  

s t r u c t u r e  can be used  t o  d e te rm in e  th e  d i r e c t i o n  o f  th e  v i 'b ra  

l o n a l  t r a n s i t i o n  moment m (I* 2 ) e Type A bands (ra || a) lack, th  

p e r p e n d i c u l a r  sub-band  s t r u c tu r e *  b u t  have a f a i r l y  sh a rp  

c e n t r a l  i n t e n s i t y  maximum c o r re s p o n d in g  t o  u n re s o lv e d  Q. brano. 

o f  t h e  p a r a l l e l  s t r u c t u r e  (AK=0 ,AJ=0 ) j  on e i t h e r  s id e  of t h i s  

s h a rp  maximum a r e  b road  wings o f  s i m i l a r  i n t e n s i t y  due t o  th e
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P and R "branches of th e  p a r a l l e l  sub -hands C&K-O.AJ-xi)«

Bands o f  ty p e  B ( m |  b) and ty p e  C (m |  c) l a c k  th e  p a r a l l e l  

s t r u c t u r e 5 so t h a t  i t  i s  p o s s i b l e  t o  o b se rv e  th e  e f f e c t s  o f  

asym m etry  a t  t h e  band c e n t r e a In ty p e  B bands t h e  t r a n s i t i o n s  

n e a r  t h e  c e n t r e  a r e  thrown outw ards l e a v in g  a c e n t r a l  minimum, 

w hereas in  ty p e  G bands t h e y  a r e  drawn to w ard s  th e  c e n t r e ,  

p ro d u c in g  a  sh a rp  c e n t r a l  maximum., In  summary, ty p e  A bands 

have a  s h a rp  c e n t r a l  maximum f la n k e d  by e q u a l ly  s t r o n g  o r  

s t r o n g e r  b ro ad  maxima, and no sub-band s t r u c t  lire on th e  wings.; 

ty p e  B bands  have a  c e n t r a l  minimum ly in g  between th e  b road  

maxima o f  t h e  P and R b r a n c h e s ,  and have sub-band  s t r u c t u r e  on 

t h e  w ing s ;  and ty p e  G bands have a s t r o n g  c e n t r a l  maximum, w i th  

s h o u ld e r s  due t o  t h e  P and E b ra n c h e s ,  and have  sub-band s t r u c t 

u re  on th e  wing So

The o n ly  d i s t i n c t i o n  which r e s u l t s  from  symmetry in  

p ro p y n a l  i s  betw een ty p e  0 bands ) and bands which a r e

h y b r id s  o f  t y p e s  A and B Ay }B Most o f  th e  bands

a r i s e  fro m  t h e  z e r o - p o i n t  l e v e l  which h as  symmetry s p e c ie s  A7 <* 

The s e p a r a t i o n  betw een t h e  P and R b ra n c h e s  o f  th e  h y b r id  

bands  can be c a l c u l a t e d  f o r  a sym m etric  to p  a c c o rd in g  t o  th e  

fo rm u la  o f  G erhard  and D ennison  (22)« T h is  g i v e s ,  f o r  t h e  

no rm al i s o t o p e ,  V s - v p  -  16„9  c i t T 1 ;  t h e  mean o f  th e  observed  

s e p a r a t i o n s  f o r  tw e lv e  w e l l - r e s o l v e d  bands was 18£1 cm.,

When t h e  p e r p e n d i c u l a r  sub-band s t r u c t u r e  was w e l l  

r e s o l v e d ,  i t  was a n a ly z e d  by u s in g  co m b in a t io n  sums and 

d i f f e r e n c e s  ( s e e  VIIX.3 or  28 sp ck 3 k ) « ^he sub -band s  were



numbered so t h a t  th e  o r ig in  would be c lo s e  t o  th e  band centime 

a s  d e te rm in e d  from  th e  band en v e lo p e . The o r i g i n  and th e  

b e s t  v a lu e  o f  (A' -  & ')  -  (AJ/ -  B/f) were th e n  o b ta in e d  from  

t h e  c o m b in a t io n  sums ; l e s s  a c c u r a te  v a lu e s  o f  (A/ -  B ) and 

(A*'- B*) s e p a r a t e l y  were o b ta in e d  from  th e  com b ina tion  d i f f 

e r e n c e s  9 where i t  was found n e c e s s a ry  t o  in c lu d e  t h e  c e n t r i 

f u g a l  te rm  in  D£e>

V i b r a t i o n a l  A n a ly s is*T t f t L m i u c iw u t r  m

•/ The fu n d a m e n ta ls  o f  - t h e  norm al i s o to p e  a r e  numbered 

a c c o rd in g  t o  t h e  u s u a l  c o n v en tio n  (2 8 * p * 2 ? l)s  t h e  fu n d am e n ta ls  

o f  t h e  o t h e r  i s o t o p e s  afre numbered t o  c o rre sp o n d  w i th  t h e  

num bering  o f  t h e  norm al iso to p e , .  Except where e x p l i c i t l y  

s t a t e d  o th e rw ise *  th e  fo l lo w in g  d iscussm on r e f e r s  t o  th e  

norm al i s o t o p e  HCCCHO.

VI*2s Region 0 t o U00 cmr i
•"1F r e q u e n c ie s  below  kOO cm a re  beyond th e  rang e  o f  ou r  

i n f r a - r e d  s p e c t r o m e te r  and have t o  be o b ta in e d  from  o th e r  

so u rces*

Howe and G -o ldste in  (1955*^0) observed  s a t e l l i t e s  t o  t h e i r  

r o t a t i o n a l  l i n e s  "which th e y  a t t r i b u t e d  t o  v i b r a t i o n a l l y  e x c i t e d  

m o le c u le s*  and from  t h e  t e m p e ra tu re  dependence o f  th e  i n t e n s i t i e s  

t h e y  d e r iv e d  ap p ro x im a te  f r e q u e n c i e s  o f  150-15  and 2 3 0 ± i 0 cm 1 

f o r  t h e  two low est  fundam en ta ls*

The lo w -f re q u e n c y  p a r t  &f th e  i n f r a - r e d  spec trum  was
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eXQmined f o r  us by P r o f e s s o r  W.C*Price and h i s  c o l l e a g u e s  a t  

K ing1 8 G o l l e g e 9LQndon, U n fo r tu n a te  1 y 9 owing t o  experim en ta l ,  

c l i f f  l e n i t i e s  on acco u n t o f  th e  i n s t a b i l i t y  o f  p ro p y n a l?  h© 

was o n ly  a b le  t o  observe  b ro ad s  bands c e n t r e d  a t  200± 10  and 

2805:10 e m j
„  A

F r e q u e n c ie s  o f  226 and 26l cm were obse rved  in  th e  'Raman 

spectrum  by King and Motile ( 1961*22) and on th e  b a s i s  o f  

q u a l i t a t i v e  m easurem ents o f  Raman d e p o l a r i s a t i o n  th e s e  were 

a s  sign ed  to  a* and &/ modes r e s p e c t i v e l y .

The  a n a l y s i s  o f  th e  h i g h - r e s o l u t i o n  u l t r a v i o l e t  spectrum

( s e e  YIIS06 and 7) shows t h a t  t h e s e  fu n d am e n ta ls  a r e  a c t i v e

in  fo rm in g  h o t  bands® Howevefq th e  observed  band s t r u c t u r e s
 ^

e s t a b l i s h  t h a t  th e  low er f req u en cy ?  205 cm 9 must be an a" 

mode and t h e  h i g h e r  f req u en cy ?  261 cm"" 9 an a" mode? ; u e s 

th e  a s s ig n m e n ts  a r e  o p p o s i te  t o  th o s e  o f  King and Monle,,

From th e  a n a l y s i s  o f  th e  K—ty p e  r o t a t i o n a l  s t r u c t u r e  in. th e  

u l t r a v i o l e t  spectrum * i t  i s  found t h a t  t h e s e  fu n d a m e n ta ls  

a r e  co u p led  q u i t e  s t r o n g l y  by Conto  11 s  i n t e r a c t i o n  (se e  111*8 

and ¥ 1 1 1 *7 ) w i th  . r o ta t io n  ab o u t t h e  a - a x i s ,  t h e  c o u p lin g  

c o e f f i c i e n t  b e in g  j C  9 912 j ~ 0*6h« A p o s s i b l e  e x p la n a t io n  o f  

t h e  p o s i t i o n s  o f  th e  maxima ob served  by P r i c e  cou ld  be t h a t  

t h e  i n t e n s i t y  asymmetry produced  by th e  c o u p lin g  i s  suer, vhao 

2-61 e n f 1 form s s t r o n g  E su b -b an d s  and 205 cm" 1 form s s t r o n g  

P sub~bancts! t h i s  would im ply t h a t  1^9? 12J 12 n eg a t iv e , ,

T hese  two lo w -freq u e n cy  fu n d am e n ta ls  were a l s o  observed  

f o r  t h e  tiro d e u te r iu m  i s o to p e s ?  and show on ly  sm a ll  i s o t o p i c
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T ab le  k ,  Vapour I n f r a - r e d  Spectrum  o f  KCCCHO*

P eaks  w i th  an a p p a re n t  o f >100* 10~1003 1-10 a n d. <1

l i t r e  m ole’" cm a re  l a b e l l e d  ? S jS sm and w r e s p e c t iv e ly *  

b = b ro ad  band 9 sh  = sh o u ld e r

c = c e n t r a l  minimum o f  ty p e  B band 9 C = c e n t r a l  maximum of 

t y p e  G band

-1cm A ssignm ent -1cm A ssignm ent

60 6 P ra 1169 W ?

Si 5 c "%(&' ) 1210 C w V f a < A'  >= 120U

eh 628 R 1288 P ra

sh  650 e V j(&/ ) 1298 c )-1 300

661 R v s 1306 B m

677 P s 1322 P m

695 C s v 1 t ( ^ ) 1330 C m V_+ V (A 1 7 11 )~13U3

809 P ffl 1342 E ra

818 c V8 +Vg (A' )=819 1382 P m

826 R TO 1389 Q ra V5 ( a ' )

935 P V S 1^01 R m

9k5 c \ ( e f  ) 1687 P v s

352 R V S 1697 Q Va/)
sh  980 ^ o C a ^ ) 1704 R vs

990 R m 1871 P

111*3 p w 1877 e 2V6 (A' ) = 1887

1 153 c Vg+4 (a'  )=112j9 1889 R m

1160 R w 1911 w 9
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Tab I  s br ( Conti 

ora"* *

.nued).

A ssignm ent -1cm

65

A ssignm ent

19li.8 P vr 3060 Q w Vg+V^CA ) -j>06b,

1959 c 2 vl 0 (A') = 1 9 6 2 sh  3076 p

1967 R w 3 0 8U c VJ++V5 (A/ )=3086

1991 P w 

2000  0 V5+V8 (A/ )=2003

3093 R w 

3317 P s

2013 R w 3 3 2 6  Q s V .,(a ')

b 2106  s V * ' ) 3335 R s

2669 C w v^+V10(a"')=2678 3361+ P m

2733 P m 331k 0 2 v^(A' )=339l:.

27^2 Q m 2V (A' )=2778 3381 R m

2753 R m 

261*9 P s

2859 Q a v 2 (a 7 )

2870  R s

T a b le  *5. Vaoour I n f r a - r e d  Spectrum  o f  BGCCHO.

Symbols a s
-1cm

in  T ab le  4* 

A ssignm ent -1om Assignment

sh  508  c V>7 (a / ) 621 R m

521 R  Y S  

531 P s

797 P m 

807 c V v9 (a/ 5 3 8 0 6

5h 9 C m V ^ C a f ) 8 1 ^  R m

605 P m 

611 c V a' )

927 P v s  

935 c V a / )



T aM * 5  ( e o n t i n m a j *  cm" 1

onT 1 Assignm ent 1875 P mw

9^3 R v s  1887 Q mw

976 G m vl 0 (a //) 1900 Rmw

9 9 8  P m 1972 P s

1015  o 2 V^(A/ )= 1 0 1 6  1977  c

1022 R m 1981* R 8

1014.2 P m 2596 p 171

101*8 0 m V V11(A# )S1° 57 2605 Q “
1 0 5 9  R m 2611* R ®

1090 P m 2671 0 w

1 0 9 6  e 2 ^ ( ^ 1 0 9 7  2733 P *

1107 R m 27U2 Q m

1133 c V V A'  )=:1129 2755 B m
1 1 3 9  R w 281*8 P 8

1187 G w  ) ss11®2 2858 Q 8

1 2 3 6  w ? 2 8 6 9  R 8

1378  P ms 301*5 P *

1386  Q m  V5 ( a /}  3 0 5 3  Q w

1397 R ms 3071* P mw

1687  P v s  3081* o

1698 0 Vu ( a O  3 0 9 3  Rm w

1703 R v s  3110 Q mw

1853 P w 3363 P m

1861 c 2 Vg(A' )=si867 3373 o

sh  1871 R w 3 3 8 0  R m

Assignm ent

^+ V g(A y )=1893 

^ 3 (a/  )

V a '>

'^ + V 10(A'' )=2678 

25>5 (a'  )=2772

^ ( a ' )

v2+v9 (a '  ) =30514- 

v^+ d^ a'  )=3085

9

2 v̂ ( a / )=339U



V Io2 6?

T a b le  6 . Vapour I n f r a - r e d  Spectrum  o f  HCCCDO.

Symbols a s  in  T ab le  2*.
-1cm Assignment

-1cm Assignm ent

602 P m i 3i4.il. m

610 Q m V a'>
1378 P m

620 R m 1385 0 2v11 (a ')= 1 3 8 3

650 c ■*>7 ( a ' ) 139^ R m

66  2 R v s 1661 P v s

677 P s 1666 Q v s ^ ( a 7 )

692 C s vn (a ' ) 1678 PR *5?S"

.805 P mw 1690 Q v s 2 ? (A' )=1682

812 Q mw V8+V9 (a/ )=313 1696 R vs

8I4.I G s ^ l 0 ( a" )  3h 1720 ?

870 P s 17M P m

879 ■Q s V6 ( a P 1751 c 2Jg (A*' )=1753

888 R s 1760 R m

1071 P s 1862 P w

1080 a ^ ) 1869 0 V^+V^CA7 )=1868

1091 R s 1883 P w

1108 w V8J4V12(A )= 1112 1891 e 2V10+ ) = 1892

1287 P m 1899 R w

1,296 Q 2v (a' )=1299 sh 2101 c s V3 (a / )

1303 R ra 2108 PR 0

1328 C m ' V7+V.jj(A'ir)= l3 4 i 2118 Q s

1336 m 212U R a
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T ab le  6 ( c o n t in u e d )«
—1 —1cm A ssignm ent ora A ssignm ent

sh  2150  m 2'«?5 (A/ )=*2 i 60  3 3 2 6  Q s v ( a ' )

3317 P a 3336 R s

s h i f t s  f o r  each  s u b s t i t u t i o n !  th e y  t h u s  c o rre sp o n d  t o  s k e l e t a l  

modes and so  r e p r e s e n t  t h e  &/ and a * d e fo rm a t io n s  o f  t h e
A

CsC-C c h a i n * V ^(a/ ) and re s p e c t iv e ly ®

Bands a r i s i n g  from  th e  summation l e v e l s  b u i l t -  from  

and a l s o  ob se rv ed  in  t h e  u l t r a v i o l e t  s p e c t r a  o f  a l l

t h r e e  I s o t o p e s  ( s e e  ¥ 11^ 6 *7 ?8 ) | no a b s o r p t io n  due t o  any o f  

t h e s e  l e v e l s  was d e te c t e d  in  t h e  i n f r a - r e d  spectrum®

VI® 3 .  R egion  kQO t o  750 eaC1

T h ree  o v e r la p p in g  bands a r e  observed  betw een 600  and 750
- 1era* The lo w e s t  in  f r e q u e n c y ,  which i s  a l s o  th e  w e a k e s tg h a s

- 1a c e n t r a l  minimum a t  615 cm f la n k e d  by P and R b ranches*
/

and so r e p r e s e n t s  an a mode® The u p p e r  two bands* rou g h ly

e q u a l  t o  e ac h  o t h e r  in  i n t e n s i t y *  show good K - s t r u c tu r e  on

t h e  w ings and so must be e s s e n t i a l l y  p e r p e n d i c u l a r  in  ty p e i
- 1t h e  c e n t r a l  r e g io n  between 650  and 700  era i s  complex*

The bands behave d i f f e r e n t l y  in  th e  l i q u i d  o r  in  e t h e r  

s o lu t io n *  th e  615  a b s o r p t io n  rem a in in g  sh a rp  and v i r t u a l l y  

u n s h i f t e d  w hereas  t h e  u p p e r  p a i r  c o a le s c e  i n t o  a v e ry  broad  

band c e n t r e d  around ?05« The 6 i5  band i e  l i t t l e  a f f e c t e d  by



e i t h e r  d e u t e r a t i o n ;  bu t th e  upp er  p a i r ,  u n a f f e c t e d  by fo rm y l 

d e u t e r a t i o n ,  undergo  a s h i f t  o f  1I4.5 cm” 1 t o  low f r e q u e n c y ,  

w i th  l i t t l e  change in  a p p e a ra n c e ,  upon e th y n y l  d e u t e r a t i o n .

T hese  o b s e r v a t io n s  e n a b le  us  t o  c h a r a c t e r i s e  t h e  615 

band a s  t h e  re m a in in g  s k e l e t a l  fu n d a m e n ta l ,  S(CCO), ^ ( a 7 ) ;  

w h i le  t h e  xipper p a i r  r e p r e s e n t  t h e  a / and a?' d e fo rm a tio n s
A

S(H-Ghg), V j  and which a r e  s e r i o u s l y  a f f e c t e d  by hydrogen

b o n d in g  in  t h e  l i q u i d  sta te®

The E - s t r u c t u r e  on e i t h e r  s id e  o f  th e  p a i r  h a s  an

a lm o s t  c o n s t a n t  s p a c in g  o f  abou t 7»2 cm ( s e e  T ab le  ?)o 
i

T h i s  b eh av o u r  i s  q u i t e  in c o m p a t ib le  w ith  th e  norm al e q u a t io n s  

f o r  sym m etric  to p  e n e rg ie s ,  which would g iv e  e i t h e r  a c o n s ta n t
is e p a r a t i o n  o f  era o r  a  d e g ra d a t io n  o f  th e  s t r u c t u r e ;  

how ever i t  r e s e m b le s  th e  b e h a v io u r  o f  d e g e n e ra te ,  C o r i o l i s -  

c o u p le d ,  f r e q u e n c i e s  w hich  show a c o n s t a n t  s e p a r a t io n  o f  

2{A (1 -C U ) -  B |  ( s e e  I I I . 8 ) .  S u b s t i t u t i o n  o f  th e  known 

r o t a t i o n a l  c o n s t a n t s  ( s e e  IV) g iv e s  ££3  = - 0 965 f o r  a l l  

t h r e e  iso topes®

To u se  th e  t h e o r y  o f  n o n -d e g e n e ra te  C o r i o l i s  c o u p lin g  

( I I I , 8 ) ,  we must f i r s t  number t h e  K ~ s t ru c tu re  c o r r e c t l y ,  

w hich  i s  e q u iv a le n t  t o  ch o o s in g  a p p ro x im a te  v a lu e s  f o r  th e  

band o rig ins®  I t  was o r i g i n a l l y  assumed (Brand and W atson, 

1 9 6 0 ,3 )  t h a t  t h e  u p p e r  band was o f  ty p e  B c e n t r e d  a t  th e  

minimum o f  i n t e n s i t y  a t  638 cm and th e  low er band was of 

ty p e  C c e n t r e d  a t  t h e  s t r o n g  maximum a t  661 cm” 1 ; t h i s  th e n  

g a v e 1 1 j~  However s t r o n g  e v id e n ce  h a s  now been



o b ta in e d  from  th e  u l t r a v i o l e t  spec trum  f o r  t h e  v a lu e  o f  

HCCCHO ( V I I I .  10) and s l i g h t l y  w eaker e v id e n c e  f o r  

i n  DCCCHO ( V I I I . 1 1 ) .  These o b s e r v a t io n s  show t h a t  

i s  t h e  h i g h e r  fu ndam en ta l  whose ty p e  G c e n t r e  i s  a s s ig n e d  t o  

t h e  p e ak  a t  695  cm ; and th e  ty p e  B c e n t r e  o f  i s  t o  be 

i d e n t i f i e d  w i th  th e  o n s e t  ( a t  650  cnf*^) o f  a  s h o u ld e r  on th e  

low f r e q u e n c y  s i d e .  The num bering o f  t h e  E - s t r u c t u r e  can 

now be  r e v i s e d  t o  t a k e  a cc o u n t  o f  t h e s e  ch an g es .

The f r e q u e n c i e s  o f  th e  su b -bands a re  g iv en  by ( m 08 ) :  

SqK -i(Vh >  = i ( V 11 + V? ) + ( O ) K 2 + 4 £('»11-V7) 2-!-ii.zaK2} i  -  Fo (0,K~

PqK+1^V7) = i ( V11+V  + (A ^ )K 2 -  i { ( y i r v7 ) ^ ¥ } ^  -  Fo (0,K+1 

Thus

E% „ l ( v 1 l )  + \ ; + 1 ( V  = V11 + v 7 -  2(A„-B0 ) + 2 [ (^ B )- (A o -B „ ) ]k 2 

and

i V . i l v , , )  -  P% +i(v 7) “ A | po( 0 , k) }  2 = ( v ^ - v ^ 2 -I- i4Z2K2o
The b a r r e d  r o t a t i o n a l  c o n s t a n t  (A-B) i s  a mean v a lu e  f o r  th e

V.^ andVy l e v e l s .  Observed v a lu e s  o f  th e  ground s t a t e  com

b i n a t i o n  d i f f e r e n c e  ^ ^ o ( 0 s K) = F*o (0*K-s-1) -  Fo (0*K-1) from  

o t h e r  b ands  ( t h e  b e s t  v a lu e s  a r e  f rom  th e  u l t r a v i o l e t  spectrum ) 

can be u se d .  By p l o t t i n g  th e  l e f t - h a n d  s i d e s  o f  t h e s e  

e q u a t io n s  a g a i n s t  K2 * t h e  band o r i g i n s  can be o b ta in e d  

fro m  t h e  i n t e r c e p t s  and th e  r o t a t i o n a l  c o n s t a n t s  from  th e  

g r a d i e n t s .  We th e n  c a l c u l a t e  11 j = The r e s u l t s

a r e  p r e s e n te d  in  T ab le  8 .  We see  t h a t  t h e  i n c r e a s e d  s e p a r 

a t i o n  o f  th e  band o r i g i n s  r e q u i r e s  a  co n co m itan t  i n c r e a s e  in  

k 2  - [ t o  e x p la in  th e  observed  s t r u c t u r e .  The v a lu e s  o f



T a b le  7- Sukagapd , 31 to o  t i i r e  o f  » 11 and V?  o f  HCCCHO

K \ ( * n ) 11) X o v *Qk(v _,)

observed
•j

c a lc u la te d calculated** observed

2 706*6 6 5 7 .0

3 7 1 3 .0 658*7 6 3 8 .8

720*5 6 8 1 ,3 6 5 9 .9 6 3 1 .7

5 728*0 6 7 9 .5 660*9 6 2 5 .0

6 7 3 5 .5 6 7 8 .5 662* 2 6 1 7 .9

7 71*2.7 6 7 7 .8 664* 6 6 1 0 .7

8 7 5 0 .2 677.1 664* 0 6 0 3 .8

9 7 5 8 .0 6 7 6 .3 665*5 5 9 7 .2

10 7 6 5 .5 6 7 5 .8 5 8 9 .6

11 6 7 5 .8 5 8 3 .3

12 6 7 5 .6

1 from  P%  3  ®K-2 ' ( 0 SK-1)

fro m  ®Qk = ^ K + 2  * ^P(0®K-ri)

T a b le  8 * R o t a t i o n a l  A n a ly s i s  o r  and

HCCCHO DGCOHO HCCCDO

H>11 692. 2 548* 6 •$91*5 cm

9., 611-9.5 5 0 7 .9 6 4 9 .7 cm*

(A-»B) -  (Ac -Bg) -i-O* 019 -0*012 +0 *0 1 3 cm*

R * , . J +0* 92g -f 0*892 +0* 91 Fj

1̂ 7*1 i j  aPe now G ear tixa 'era*I-ue 1 rckioh i t  must have  f o r  t h e  

d e g e n e ra te  v i b r a t i o n s  o f  a  l i n e a r  m o lecu le -



By u s in g  th e  known ground 

s t a t e  co m bina tio n  d i f f e r e n c e s  

i t  i s  p o s s i b l e  t o  c a l c u l a t e  th e
p

p o s i t io n s  o f  th e  sub-bands 

and Qj^(Vy)j th e se  are found to  

converge s tr o n g ly  w ith  in c r e a s 

in g  K ( s e e  T able 7) and up to  a t  

l e a s t  E=s20 th e y  w i l l  l i e  in  th e  

r eg io n  between th e  o r ig in s ,,

Ho r e s o lv e d  sub-band  s t r u c t u r e  

i s  ob se rv ed  in  t h i s  r e g i o n * 

b u t  t h e  t o t a l  i n t e n s i t y  i s  

c o n s i d e r a b ly  g r e a t e r  betw een 

t h e  o r i g i n s  th a n  o u t s id e  them 

( s e e  Fig* 3)» These  sub -band s  

must t h e r e f o r e  be  t h e  s t r o n g  

s e t  e x p e c te d  from  I I I « 8 S 

i . e *  th e  u p p e r  l e v e l  form s 

s t r o n g  P su b -b a n d s  and th e  

lo w er  l e v e l  fo rm s s t r o n g  R 

su b -b a n d s .  Thus K f . i J  i s

p o s i t i v e .  The re a s o n  f o r  t h e  n e g a t iv e  s ig n  p r e v io u s ly  

o b ta in e d  f ro m  t h e  sub-band  sp a c in g  i s  t h a t  we were u s in g  

t h e r e  th e  weak s e t  o f  sub-band s 3 which a r e  f o rb id d e n  in  th e  

d e g e n e r a te  case*

On t h e  a ssu m p tio n  -  which i s  r e a l i s e d  a p p ro x im a te ly  -

H'l &
f

The 620 t o  710 cm*

re g io n  o f  HCCCHO,



t h a t  t h e  two hands have e q u a l  i n t e n s i t i e s . ,  we have s u f f i c i e n t  

in f o r m a t io n  t o  use  th e  th e o r y  o f  I I I . 8 t o  c a l c u l a t e  th e  r a t i o  

o f  t h e  i n t e n s i t i e s  o f  th e  s t r o n g  t o  weak su b -h an d s  o f  t h e  

same K*; t h e  c a l c u l a t e d  v a lu e s  a re  g iven  in  T ab le  9? where 

i t  can be seen  t h a t  t h e  r a t i o  r a p i d l y  becomes q u i t e  l a r g e .

An a d d i t i o n a l  p o in t  in

T a b le  9- R a t io s  o f  Sub

band i n t e n s i t i e s  ( c a l c . ) .

Kf s t r o n gIIWITIlU

weak

1 1*5

2 2 .2

3

k k-o 2

5 5® 8

6 7 .6

7 9® 6

8 11*7

9 i k s 3

10 17.1

favou r o f th e  new p o s i t i o n s  

o f  th e  band o r i g i n s  i s  t h a t  

t h e  l a r g e  a n h a r r a o n la i t i e s  

p r e v i o u s ly  r e q u i r e d  t o  e x p la i  

t h e  o v e r to n e s  2 v^ and 2 v „*J 1 3
a r e  red u ced  a lm o st t o  a e ro .

There  i s  s t i l l  q u i t e  a

la r g e  anharm onicity inv o lv ed

in  th e  v-y+v. - le v e lo  f 11

V I.i t .  Region 750 t o  1000 enT*

A h y b r id  band o f  medium i n t e n s i t y  a t  8 i 8 era ? v i r t u a l l y

u n s h i f t e d  by e i t h e r  d e u te r a t io n *  i s  r e a d i l y  i n t e r p r e t e d  a s

th e  A/ c o m b in a tio n  ib-rib.? showing v e ry  s l i g h t  a n h a rm o n ic i ty ;o 9
t h i s  p r o v id e s  c o n f i rm a t io n  o f  th e  symm etry o f  th e  205 f r e q u -



V I . k  7k

ency . T h is  band h a s  about t h e  same i n t e n s i t y  a s  th e  fu n d a 

m en ta l  Vg, which would lead  one t o  e x p ec t  i n  a d d i t i o n  th e  

u nob se rv ed  d i f f e r e n c e  band = 1*08 cm” 1; however th e

co m b in a t io n  may d e r iv e  some o f  i t s  i n t e n s i t y  by Ferm i 

re s o n a n c e  w i th  th e  nea rb y  C~C s t r e t c h i n g  fu n d am en ta l-

T h is  l a t t e r  fu n dam en ta ls  Vg* i s  a s s ig n e d  to  th e  i n t e n s e  

h y b r id  band a t  9k5 cm” 1 which i s  10 om“ 1 low er in  DCCCHO, and 

in  HCCCDO shows a f a i r l y  l a r g e  d rop  of 66 cm 4 which i s  

how ever n o t  l a r g e  enough t o  be c h a r a c t e r i s t i c  o f  a hydrogen

v ib r a t io n *  The W band o f  HCCCHO and DCCCHO i s  e s s e n t i a l l yo
o f  ty p e  B so t h a t  t h e r e  i s  w e l l -d e v e lo p e d  K ~ s tru c tu re  on th e

s i d e s  o f  t h e  band ; a n a l y s i s  shows t h a t  t h i s  s t r u c t u r e  i s

a p p r e c i a b ly  degraded  t o  low f r e q u e n c i e s ? t h e  v a lu e  of

(Ag-Bg) ~ (A0-Bq) b e in g  “ Q<» 032 cm” 1 f o r  HCCCHO.

Im m e d ia te ly  t o  h ig h  f r e q u e n c i e s  o f  Vg I s  a m ed iu m -in ten se  
—1a t  9S0  cm whose en v e lo p e  i s  obscured  by th e  sub-bands

o f  Vgj t h i s  band i s  u n s h i f t e d  and s t i l l  obscu red  in  DCCCHO.

In HCCCDO how ever t h e r e  i s  a w e l l - r e s o lv e d  ty p e  C band of
— 1s i m i l a r  i n t e n s i t y  a t  81*1 cm which must be i n t e r p r e t e d  a s  

a new fu n d a m e n ta l  and so must co rre sp o n d  t o  th e  rem a in in g  

ay/ modeg, t h e  o u t - o f - p l a n e  wagging o f  th e  fo rm y l D atom.

The p ro d u c t  r u l e  th e n  shows t h a t  th e  c o r re sp o n d in g  f re q u e n c y  

o f  t h e  o t h e r  i s o t o p e s  i s  n e a r  980  cm" 1 and so i t  i s  i d e n t i f i e d  

w i th  t h e  above band* T h is  ass ig nm en t i s  confirm ed  by th e  

o b s e r v a t io n  o f  an Aff g r o u n d - s t a t e  i n t e r v a l  o f  981 cm a c t i v e  

in  t h e  u l t r a v i o l e t  s p e c t r a  o f  HCCCHO and DCCCIi'0; th e  81*. 1 cm” "



f r e q u e n c y  o f  HCCCDO i s  a l s o  p r e s e n t  in  i t s  u l t r a v i o l e t  sp e c tru m  

( s e e  V I I I .  9). Prom th e  E - r o t a t i o n a l  s t r u c t u r e  in  th e  u l t r a 

v i o l e t  bands i t  i s  p o s s ib l e  t o  o b ta in  (A10-B 10) -  (Aq-Bq ) 

f o r  t h e  ground s t a t e  o f a l l  t h r e e  I so to p e s*  The v a lu e s  f o r  

t h e  Vg and y10 l e v e l s  a r e  c o l l e c t e d  in  T ab le  10* u n f o r t u n a t e l y  

no  r o t a t i o n a l  d a t a  i s  a v a i l a b l e  f o r  Vg o f  HCCCDO yet*

T a b le  10-

HCCCHO DCCCHO HCCCDO

91*3.7 933 .6 879

^A6 -Bg) -  (A0-B 0) -0 .032 -O®029 (+0.0J+2

V10 9 8 1 .2 980*9 8I4.I a 0

( a i O Ad
i

o 'w
' 1

o Ad
!

o +0. OLj.0 +0 .0 2 7 -0.0U2

t o  “  ^6 37»5 U7«3 -38

U i . i o l 0 . 256 Oo 258 ( 0 *3 6 5 )

The common f e a t u r e  o f  t h e s e  o b s e r v a t io n s  i s  t h a t  th e  h ig h e r  

v i b r a t i o n a l  l e v e l  h a s  an u n u s u a l ly  h ig h  v a lu e  of (A-B) and 

th e  lo w er  h a s  an u n u s u a l ly  low v a lu e  $ and th e s e  v a lu e s  l i e  

a lm o s t  s y m m e tr ic a l ly  abou t t h e  norm a! v a lu e . T h is  e f f e c t  

may be a t t r i b u t e d  t o  C o r i o l i s  c o u p lin g  o f  th e  fundam enta ls*  

S e c o n d -o rd e r  p e r t u r b a t i o n  th e o r y  (se e  I I I . 8) shows t h a t  th e  

e f f e c t i v e  (A-B) v a lu e s  a r e  (]WB) . th e  v a lu e s

o f  o b ta in e d  from  t h i s  e o u a t io n  a re  in c lu d e d  in« > 6 j 1 0 1
T a b le  10o I t  i s  seen  t h a t  th e  r e s u l t s  f o r  th e  two «CH0 

i s o t o p e s  a r e  c o n s i s t e n t  , b u t  q u i te  d i f f e r e n t  from  t h a t
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o b ta in e d  f o r  HCCCDO on th e  a ssum ption  t h a t  i t  conform s to  

t h e  same p a t t e r n ^  £ i s  o f  c o u rse  n o t  ex p ec te d  t o  be i s o t o p i e -  

a l l y  in v a r i a n t*

VI* 5 . Region 1000 to  1500 cmT1

Weak bands a t  1150  ( h y b r id )  and 1210 ( ty p e  C ), w i th  

a n a lo g u e s  in  DCCCHO b u t  obscured  in  HCCCDO9 can be a t t r i b u t e d  

t o  Vg+Vg and r e s p e c t i v e l y ,  p ro v id in g  f u r t h e r  c o n f i rm 

a t i o n  o f  t h e  sym m etries o f  t h e  205  and 261 v ib r a t io n s *

T hree  o v e r la p p in g  bands o f  medium i n t e n s i t y  a r e  found 

a t  1298 ( h y b r i d ) s 1330 ( ty p e  C) and 1389  (h y b r id ) .  In 

p o s i t i o n s  a p p r o p r i a t e  t o  t h e  summation to n e s  2 ^ ,  

and an d , in  a g reem en t,  t h r e e  s i m i l a r  bands o c cu r  in

a lm o s t  i d e n t i c a l  p o s i t i o n s  f o r  HCCCDO* However, in  DCCCHO 

a l th o u g h  th e  bands  and a re  found s u i t a b l y

s h i f t e d  t o  1 0 1 5 ? 101*8 and 10969 a medium-in t e n s e  band a t  

1386  i s  s t i l l  p re s e n t*  T h is  d i f f i c u l t y  i s  removed by an 

e x a m in a t io n  o f  th e  l i q u i d - p h a s e  s p e c t r a ,  where th e  V7 ana 

V-j-i sum m ations form  a  v e ry  b ro ad  a b s o r p t io n  ( = 170 cm" 1 ■

c e n t r e d  a t  12*00 cm~1 ; and on t h i s  t h e r e  i s  superim posed  a 

s h a rp  band a t  1392 cm"'.1 The 1389 hand i s  t h e r e f o r e  a s s ig n e d  

a s  a fu n d a m e n ta l  (V5 ) l a r g e l y  unchanged in  DCCCHO* The 

band a t  1335 In  HCCCDO h a s  d im in ish e d  i n t e n s i t y  and i s  

a s s ig n e d  t o  2V11? b ecau se  t h e r e  i s  a h i t h e r t o  u n e x p la in e d  

s t r o n g  band a t  1060 cm"1 , which i s  a s s ig n e d  t o  y^. The 

l a r g e  i s o t o p e  s h i f t  (3 0 9  cm"1) c h a r a c t e r i s e s  a s  th e



fo rm y l  i n - p l a n e  C-H ro ck in g  mode. The band o f  HGCGHO 

i s  s i n g l e  -  no Ferm i reso n an ce  w ith  2 v ^  seems t o  o c c u r .

The r e l a t i v e  i n t e n s i t i e s  o f  and Vg change d r a s t i c a l l y  

on fo rm y l d e u te r a t io n *  For th e  two ~CHO i s o t o p e s  i s  f i v e

t o  t e n  t im e s  as  s t r o n g  a s  w hereas f o r  th e  -CDO i s o to p e  

t h e  i n t e n s i t i e s  a r e  about e q u a l ;  t h e r e  a p p e a rs  t o  be some 

m ix in g  of th e  c h a r a c t e r s  o f  th e  two modes.

V I . 6* Region 1500 t o  2000 cm” !——     i ■■ ■ ■ >  " f - im r-i u r n  th~  ~i~i >ii r  ■im- in  ~rn m n  i r f i

A s t ro n g  h y b r id  band a t  169? cm” ^ , unchanged in  DCCCHO,

m arks th e  c a rb o n y l  s t r e t c h i n g  f req u e n cy  In  HCCCDO,

t h i s  band i s  d o u b le ,  w i th  components o f  v e ry  n e a r l y  e q u a l
this

i n t e n s i t y  a t  1666  and 1 6 9 0 . We a t t r i b u t e  t o  a  Ferm i r e s o n 

ance  betw een  and 2 v ^  (harm onic  v a lu e  1 6 8 2 ) ;  from th e  

e q u a l i t y  o f  th e  i n t e n s i t i e s ,  i t  f o l lo w s  t h a t  t h e r e  i s  an 

a lm o s t  e x a c t  c o in c id e n c e  o f  th e  u n p e r tu rb e d  f r e q u e n c i e s ,  

w hich  p l a c e s  them b o th  a t  1 6 7 8 * T h is  re so n a n c e  i s  a l s o  

o b se rv ed  in  th e  u l t r a v i o l e t  sp ec tru m , where i s  a c t i v e  as  

a g r o u n d - s t a t e  i n t e r v a l *

S e v e r a l  weak bands in  t h i s  r e g io n  aan r e a d i l y  be 

a s s ig n e d  on th e  b a s i s  o f  th e  fu n d am en ta ls  so f a r  i d e n t i f i e d .

V I. 7 . Region 2000 t o  3000 cnf*
‘ u* • ■ w  *«»■ w ift. nw —m w .  rr-,nrMr>rnr» i tn hmi

The s t r o n g  band a t  2106  crrf ?, which d ro p s  t o  1977 Qm*” 1 

in  DCCCHO, i s  a s s ig n e d  t o  th e  CSC s t r e t c h i n g  fund am en ta l  

^ 9  w h i le  t h e  s t r o n g  band a t  285$ cm””1 , which i s  u n a f f e c te d



fry e th y n y l  d e l i b e r a t io n <, i s  a s s ig n e d  t o  t h e  fo rm yl C-H s t r e t c h  

( * 2 )-
The l a r g e  d rop  in  which o c c u rs  on fo rm yl d e u t e r a t i o n  

c a u s e s  Vg be n e a r l y  c o in c id e n t  w i th  th e  u n d is p la c e d  

On a c c o u n t  o f  p o o r  r e s o l u t i o n  in  t h i s  re g io n  i t  was n o t  

o r i g i n a l l y  r e a l i s e d  (Brand and W atson9 8) t h a t  t h e  b re a d  

band c e n t r e d  a t  2108 enf^ in  th e  HCCCDO spectrum  i s  a c t u a l l y  

d o u b le ;  how ever, improved r e s o l u t i o n  h as  en ab led  us  t o  

s e p a r a t e  i t  i n t o  two components o f  n e a r l y  e q u a l  i n t e n s i t i e s ,  

w i th  c e n t r e s  a t  2101 and 2118 orrT1 * We t h e r e f o r e  a s s ig n  

t h e s e  t o  and v2 r e s p e c t i v e l y ,  The h ig h - f r e q u e n c y  s h o u ld e r  

p r e v i o u s l y  i d e n t i f i e d  w i th  v2 can be r e a d i l y  r e i n t e r p r e t e d  

a s  2Vpj*

The p re s e n c e  o f  a m ed iu m -in ten se  band a t t r i b u t a b l e  t o

2 r c c lo s e  t o  th e  s t r o n g  band y0 i s  a  common f e a t u r e  o f  a l l  D 2
t h r e e  s p e c t r a ;  t h e  o v e r to n e  p resu m ab ly  d e r i v e s  i t s  i n t e n s i t y  

from  Ferm i re so n a n c e  w i th  th e  fu n d a m e n ta l ,  s in c e  a l a r g e  coufU 

may be e x p e c te d  on a cc o u n t  o f  th e  f a c t  t h a t  b o th  m otions 

a r e  l a r g e l y  l o c a l i s e d  in  t h e  fo rm yl hydrogen atom*

A weak ty p e  C band a t  2669 errT1 i s  r e a d i l y  acco un ted  

f o r  by  t h e  co m b in a t io n  c o n f i rm in g  th e  v a lu e  o f

V I98o Region 5000 t o  3600 cnT«

The o n ly  re m a in in g  s t r o n g  band i s  t h e  h y b r id  a t  3326 

in  HCCCHO and HCCCDO, which- d ro p s  t o  2605 in  DCCCHO; th e  

l a r g e  i s o to p e  e f f e c t  shows t h i s  t o  be th e  e th y n y l  C-H



s t r e t c h i n g  fu n d am e n ta l  y „
1

The c a rb o n y l  o v e r to n e  2v^ a t  331k  m ight be th o u g h t  t o  

owe i t s  medium i n t e n s i t y  t o  Ferm i re so n an c e  w i th  V1 ; 

how ever t h i s  r e s o n a n c e  must be d is c o u n te d  s in c e  t h e  o v e r 

to n e  o c c u rs  w i th  com parab le  i n t e n s i t y  in  DCCCHO a l th o u g h  

th e  fu n d a m e n ta l  i s  s h i f t e d  721 enf«

VI* 9* Summary,

The ub e s t ,f v a lu e s  o f  a l l  t h e  g r o u n d - s t a t e  fund am en ta l  

f r e q u e n c i e s  o f  th e  t h r e e  i s o t o p e s  a re  c o l l e c t e d  in  T ab le  11, 

Where v a lu e s  a r e  a v a i l a b l e  from  s e v e r a l  s o u rc e s  t h e  o r d e r  

o f  p r e f e r e n c e  i s  ;

( a )  r o t a t i o n a l  a n a l y s i s  o f  u l t r a v i o l e t  bands

(b )  r o t a t i o n a l  a n a l y s i s  o f  i n f r a - r e d  bands

( c )  d i f f e r e n c e s  betw een u l t r a v i o l e t  band c e n t r e s

(d )  i n f r a - r e d  band c e n t r e s .

The s o u rc e s  a r e  i n d i c a t e d  in  T ab le  11. The r e a s o n s  f o r  

t h i s  c h o ic e  a r e  t h e  improved r e s o l u t i o n  and b e t t e r  c a l i b r a t i o n  

u sed  in  th e  u l t r a v i o l e t ,  t o g e t h e r  w ith  th e  f a c t  t h a t  th e  

u l t r a v i o l e t  band c e n t r e s  a re  b e t t e r - d e f i n e d  f e a t u r e s .  The 

d i s c r e p a n c i e s  be tw een th e  d i f f e r e n t  v a lu e s  were u s u a l l y  l e s s  

th a n  1 om“J

A f i n a l  t e s t  o f  th e  c o n s i s t e n c y  o f  th e  a s s ig n m e n ts  i s  

made by a p p ly in g  t h e  T e l l e r - R e d l i c h  p ro d u c t  r u l e  (2 8 , p . 251) 

t o  th e  f r e q u e n c i e s  o f  each  symmetry s p e c ie s .  S a t i s f a c t o r y  

ag reem ent be tw een  th e  observed  f req u e n cy  p ro d u c t  r a t i o s
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T a b le  11. F undam enta l F r equen c ie s  o f  P ro p y n a l  (Ground S t a t e) 

The f r e q u e n c i e s  a r e  quoted  in  cm™!1

S p e c ie s Mode HCCCHO DCCCHO HCCCDO

v C-Hj. s t r e t c h  
1 i 3326 d 2605 d 3326 d

^2 C-H2 s t r e t c h 2358 .2 b 2858.6 b 2 1 1 8 d

^  CSC s t r e t c h 2106 d 1977 d 2101 a
0 -0  s t r e t c h 1 6 9 6 . 9 c 1697.0 c 1 6 7 9 1 G

a ' Vpj C~Hp ro c k 1389 d 1337.6 b 1030.0 C

Vq C~C s t r e t c h 9k3» 7 b 933* 6 b 876 .5 C

V7 C~Hl roclc 6 5 0 . 0 b 507*9 b 61+9.7 b

Vg C-C«0 bend 6 1 3 .7 c 609*9 c 611.9 C

C~C=C bend 205 .3 a 1 9 5 .6 a 201 .5 a

C~H2 wag 981« 2 a 98 0 .9 a 81*1 • 0 a

a " V11 C - ^  wag 692 .7 a 5l*8o 6 b 6910 5 b

ViP C-C2C bend 26O0 6 a 21*8.5 a 21*9*9 a

1 c o r r e c t e d  f o r  Ferm i re s o n a n c e .

T ab le  12. F re q u en c y  P ro d u c t  R a t i o s .

The ha rm on ic  v a lu e s  a r e  in  p a re n th e s e s .

S u e d e s HCCCHO
DCCCHO

HCCCHO
HCCCPO

1 .8 6 1  ( i . 8 9 2 )  

1,321}. (1 .3 3 6 )

1 .936 -(1 .937) 

1.2 1 9  (1 .2 1 8 )



and th e  h a rm on ic  v a lu e s  c a l c u l a t e d  from  th e  microwave r o t a t 

i o n a l  c o n s t a n t s  ( i j j )  i s  o b ta in e d  (se e  T ab le  12).

The z e r o - p o i n t  e n e r g i e s  o f  HCCCHO, DCCCHO and HCCCDO 

a r e  c a l c u l a t e d  t o  be 7862, 7275 and 7213  cm"*1 r e s p e c t i v e l y .

The p r e s e n t  m easurem ents show f re q u e n c y  d i f f e r e n c e s  o f  

up t o  more th a n  20 ora” 1 from  th o s e  o b ta in ed , a p p a r e n t ly  

u n d e r  lo w e r  r e s o l u t i o n ,  by King and Moule (22 )-  A p art  from  

t h e s e ,  th e  p r i n c i p a l  d i f f e r e n c e s  in  th e  a ss ig n m e n ts  a re  :

( i )  t h e  in te r c h a n g e  o f  symmetry a ss ig n m en t w i th in  each  p a i r  

o f  b e n d in g  modes o f  th e  e th y n y l  g roup ; ou r  c h o ic e  o f  th e s e  

i s  d i c t a t e d  m a in ly  by th e  o b s e r v a t io n s  in  th e  u l t r a v i o l e t  

sp e c tru m  t o  be d i s c u s s e d  in  C h a p te r  V I I I ;

( i i )  th e  fu n d am e n ta l  o f  HCCCDO was ta k e n  by King and

Moule a s  b e in g  n e a r  650  cm and so ly in g  u n d e r  th e  s t ro n g

a b s o r p t i o n ;  how ever, ou r sp e c tru m  shows a  p rom inen t 

ty p e  C band a t  8Li1 cm™?, and t h i s  v a lu e  f o r  i s  f u l l y  

c o n firm ed  from  th e  u l t r a v i o l e t  spectrum*

V I.1 0 .  R e la te d  M o le c u le s .

S in c e  i t  h a s  been p o s s ib l e  t o  a s s ig n  th e  fu n d a m e n ta ls  

o f  p ro p y n a l  l a r g e l y  from  th e  i n t e r n a l  e v id e n ce  o f  th e  

s p e c t r a ,  i t  i s  i n t e r e s t i n g  t o  compare t h e  f r e q u e n c i e s  ob

t a i n e d  w i th  th o s e  o f  o t h e r  m olecules*

The most c l o s e l y  r e l a t e d  m o le cu le s  f o r  which th e  e f f e c t s  

o f  t h e  r e l e v a n t  d e u t e r a t i o n s  have been s tu d ie d  a re  a c e t -
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a ld e h y d e  (20a) and propyne ( 2 3 a )» Our o b s e r v a t io n s  on th e  

e f f e c t s  o f  d e u te r iu m  s u b s t i t u t i o n  ag re e  w e l l  w i th  th o s e  

found  f o r  t h e s e  m o le c u le s .  There i s  a l s o  f a i r l y  good 

ag reem en t in  th e  a c t u a l  v a lu e s  o f  th e  v a r io u s  s t r e t c h i n g  

f r e q u e n c i e s s  b u t  s i g n i f i c a n t  d i f f e r e n c e s  occu r  f o r  some o f  

t h e  b e n d in g  modes. The fo rm y l C-H wag i s  c o n s id e r a b ly  

h i g h e r  f o r  p ro p y n a l  (981) th a n  f o r  a c e ta id e h y d e  (7 6 7 ) ;  

however* v a lu e s  o f  1030 f o r  formamide ( 2 0 ) ,  1032 f o r  m ethy l 

fo rm a te  ( 6 2 ) ,  and 1011+ ( o b ta in e d  by a p p ly in g  th e  p ro d u c t  

r u l e  t o  DCOF) f o r  fo rm y l f l u o r i d e  (60) have been found .

The C-C-0 bend o f  p ro p y n a l  (6ll+) i s  a l s o  much h ig h e r  th an  

t h a t  f o r  a c e ta id e h y d e  ( 5 1 2 ) .

The f r e q u e n c y  o f  p ro p y n a l  i s  h i g h e r  th a n  th e  norm al 

r a n g e  o f  630 t o  650 in  which most e th y n y l  C«C-H bends o ccu r  

(IQ.*51) 9 and th e  s p l i t t i n g  o f  th e  a? and a?' components o f  

t h i s  m o tion  i s  u n u s u a l ly  la rg e *  Our ass ignm en t o f  i>j and 

c o n t r a d i c t s  th e  a rg um en ts  advanced by N y q u is t  and P o t t s  

(50) c o n c e rn in g  th e  o r d e r  o f  th e s e  f r e q u e n c ie s  in  co n ju g 

a te d  a c e t y l e n e s .  On th e  o th e r  hand* th e  C-C^C b end ing  

f r e q u e n c i e s  (2 0 5 ,2 6 1 )  l i e  w e l l  below  th e  range  330 to  350 

which i s  norm al f o r  s u b s t i t u t e d  a c e ty l e n e s  (J50?5Z)| ag a in  

t h e  s e p a r a t i o n  o f  t h e  a '  and a" components i s  u n u s u a l ly  

l a r g e .

In  v iew  o f  t h e s e  u n u su a l  f e a t u r e s  i t  would be i n t e r e s t i n g  

t o  have a no rm al c o o r d in a te  a n a l y s i s  o f  th e  p ro p y n a l  f r e 

q u e n c i e s ;  P r o f ,  G-.W. King h as  inform ed us t h a t  he i s  engaged 

on such  a c a l c u l a t i o n .



V I . 11. Ferm i R e so n a n ce s .

On a c c o u n t  o f  th e  low m o le c u la r  symmetry, th e  number 

o f  t h e o r e t i c a l l y  p o s s i b l e  Ferm i re so n a n c e s  i s  l a r g e .  How

e v e r ,  Ferm i re so n a n c e  h a s  o n ly  t o  be invoked on c o m p a ra t iv e ly  

few  o c cas io n s*  Examples a r e  th e  (Vg,2v^) re so n a n c e  ob se rv ed  

f o r  a l l  t h r e e  i s o t o p e s ,  and t h e  2v^q) r e so n an c e  o b se rv 

ed f o r  HCCCDO. On th e  o t h e r  hand no Ferm i re so n an c e  seems 

t o  o c c u r  betw een  v 1 and 2v^ o f  th e  -C=C~H i s o t o p e s  o r

be tw een  th e  c l o s e l y  d e g e n e ra te  l e v e l s  and 2 v o f  th e5 11
norm al iso to p e *  I t  would seem t h a t ,  f o r  a p p r e c i a b le  anharm - 

o n ic  c o u p l in g  t o  o c c u r ,  t h e  m o tions  in v o lv e d  must be l o c a l 

i s e d  in  t h e  same r e g io n  o f  t h e  m o le c u le ,  and t h a t  t h e  

o p p o s i t e  ends o f  t h e  p ro p y n a l  m o le cu le  a re  w e l l  enough 

s e p a r a t e d  t o  a v o id  t h i s *

The ( v 2 ?2 y^) ty p e  o f  re s o n a n c e  a p p e a rs  t o  be a common 

f e a t u r e  o f  a ld e h y d e s ,  s in c e  th e  fo rm y l C-H s t r e t c h i n g  band 

i s  f r e q u e n t l y  doub led  {1 a ) *

V I*12. C o r io 1 1 s C c u n lIng«

We have  seen  t h a t  each  o f  th e  a'' modes o f  p ro p y n a l  i s  

co u p led  q u i t e  s t r o n g l y  t o  an a/ mode by th e  C o r i o l i s  f o r c e s  

p roduced  by r o t a t i o n  abou t th e  a - a x i s .  However th e  p o s s ib 

i l i t y  o f  o b s e rv in g  t h i s  c o u p lin g  depends on a  m o r e - o r - l e s s  

a c c i d e n t a l  d e g e n e ra c y  o f  th e  fu n d am e n ta ls  in v o lv e d ,  becau se  

t h e  e f f e c t s  p roduced  by th e  c o u p lin g  o f  two fu n d am en ta ls  

which a r e  w e l l  s e p a r a te d  in  f re q u e n c y  a re  small*



Meal and P o lo  (i^.) have g iven  sum r u l e s  f o r  £ in

asym m etr ic  to p  m o le c u le s ;  f o r  p ro p y n a l  t h e i r  r u l e s  g iv e

Z ^ ( C k l ) 2 ~ 3* The sum o f  o u r  observed  (£ a ) 2 i s  o n ly  1*32 y 

so  we may c o n c lu d e  t h a t  t h e r e  a r e  l a r g e  %,a f s c o n n e c t in g  

t h e  a* fu n d a m e n ta ls  t o  th e  o t h e r  a! fundam enta ls*

V I*13- C e n t r i f u g a l  D i s t o r t i o n *

In  t h e  r o t a t i o n a l  a n a l y s i s  o f  i n f r a - r e d  bands by com

b i n a t i o n  d i f f e r e n c e s 3 th e  r o t a t i o n a l  c o n s ta n t  (A ^-lL) wasv o o
found  t o  a g re e  w i th in  th e  p ro b a b le  l i m i t s  o f e r r o r  w ith  th e

much more a c c u r a t e  v a lu e s  from  t h e  microwave spec trum  (13)*

However in  each  c a se  i t  was found n e c e s s a ry  to  in c lu d e  th e  

c e n t r i f u g a l  c o r r e c t i o n  te rm  in  By in  o r d e r  t o  r e p r e s e n t  

a c c u r a t e l y  t h e  dependence  o f  th e  observed  com bina tion  d i f f 

e r e n c e s  on K* The c o e f f i c i e n t  By cou ld  n o t be de te rm in ed  

from  t h e  t r a n s i t i o n s  o b se rv ed  in  th e  microwave s tu d y ,  where 

i t s  e f f e c t s  a r e  in c lu d e d  in  A»

The v a lu e s  o f  By o b ta in e d  from  th e  i n f r a - r e d  spec trum  

(8 )  a r e  co n firm ed  by th e  more a c c u r a te  r e s u l t s  o f th e  u l t r a 

v i o l e t  a n a l y s i s ?  which a re  p r e s e n te d  in  T ab le  13»

A c co rd in g  t o  t h e  t r e a tm e n t  o f  Bowling ( H )  ? o n ly  f o u r  

o f  t h e  s i x  asym m etr ic  to p  d i s t o r t i o n  c o n s ta n t s  ( s e e  I I I* '7 )  

a r e  in d e p e n d e n t  f o r  a p l a n a r  m o le c u le .  Thus i t  shou ld  be 

p o s s i b l e  t o  c a l c u l a t e  By f o r  p ro p y n a l  from  th e  v a lu e s  o f  

Bj? Djy? Eg and 8 j  o b ta in e d  by C o s ta in  and Morton (,1,3)*

The v a lu e  o f  By o b ta in e d  in  t h i s  way i s  in c lu d e d  in



T ab le  13« Observed and C a lc u la te d  V alues  o f  Dy.

HCCCHO DCCCHO HCCCDO

ji . ( o b se rved  2® 93 3 .1 5  1»03
10 Dg ( in  cm'"1 ) \

( c a l c u l a t e d  0,61* 0«71 Oftlj.O

T a b le  13* I t  i s  seen t h a t  th e  observed  *DKf s a re  c o n s id e r 

a b ly  h i g h e r  th a n  t h e  c a l c u l a t e d  ones- In  th e  c a l c u l a t i o n  

t h e  r a t i o  o f  Djr t o  Dj i s  found t o  depend a lm o st e n t i r e l y  

upon th e  p r i n c i p a l  r o t a t i o n a l  c o n s ta n ts *  so t h a t  a l th o u g h  

C o s ta in  and M orton*s d i s t o r t i o n  c o n s t a n t s  a re  s u b je c t  to  

q u i t e  l a r g e  u n c e r t a i n t i e s  i t  would seem t h a t  th e  c a l c u l a t e d  

v a lu e s  shou ld  be a c c u r a t e  t o  ± 50 fL The d i s c re p a n c y  

be tw een  ob se rv ed  and c a l c u l a t e d  i s  t h e r e f o r e  s i g n i f i c a n t , ,

I t  may be a  r e s u l t  o f  C o r i o l i s  e f f e c t s *  which were n o t  

a l lo w e d  f o r  in  th e  t h e o r e t i c a l  trea tm ent®
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CHAPTER V I I .

ULTRAVIOLET SPECTRUM OP PROPYNAL.

The a b so rp tio n  spectrum  o f  HCCCHO vapour between 1900 A 

and 3900 A under low  r e s o lu t io n  i s  shewn in  P ig s , h and 5*

Pour band system s o f  propynal have been observed to  long  

waves o f  2000 At th e  f i r s t  stron g  bands o f  th e se  occu rrin g  a t  

3820 , 2570 and 2lij.O A0 B r ie f  d e s c r ip t io n s  and t e n t a t iv e  

a ss ig n m en ts fo l lo w .

V II* 1. UihO A System .

The lo n g e s t  w avelen gth  system  i s  ex trem ely  weak, req u ir in g  

a path  le n g th  o f  about 5m. o f sa tu ra ted  vapour (c a . 150 mm. Hg) 

f o r  good developm ent o f  even th e  s tr o n g e s t  bands; th e  o s c i l l 

a to r  s tr e n g th  can be v ery  cru d ely  estim ated  by comparison w ith  

th e  3820 A system  to  be about 10“  ̂ To sh ort w avelengths o f  

3920 A t h i s  system  i s  obscured by th e  bands o f  th e  much stro n g er  

3820 A system*

The 1*1 UO ^ system  has been examined on ly  under medium 

r e s o lu t io n ,  where i t  shows good v ib r a t io n a l  and K ~ ro ta tion a l 

s tr u c tu r e c  The sub-bands however appear much l e s s  sharp than  

th o s e  o f  th e  3820 A system , probab ly  because o f  a d i f f e r e n t  

d egrad ation  o f  th e  J~ stru ctu re*  The strong bands o f the
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»

1+1 2+0 A sy s tem  a r e  o f  p e r p e n d ic u la r  type?  fh e  K - s t r u c tu r e  b e in g  

s t r o n g l y  deg raded  t o  low f r e q u e n c i e s ,  w i th  A(A-B)»-0.2+1 cm” ? 

so  t h a t  a  head  o f  su b -b an d s  i s  formed c lo s e  t o  th e  band o r i g in  

on t h e  h igh-freq j& ency  s i d e .

The o r i g i n  band o f  th e  system  i s  t e n t a t i v e l y  a s s ig n e d  a s  

t h e  2+11+0 A b an d , whose s t r o n g e s t  f e a t u r e  i s  th e  R -ty p e  sub

band head  a t  21+128* 0 cm*”'*; t h e  o r i g i n  o f  t h i s  band i s  n e a r  

22+118« 5 c h i ’" . The p a t t e r n  o f  bands around 2+11+0 A i s  r e p e a te d
o

w ith  g r e a t e r  i n t e n s i t y  in  th e  r e g io n  of 3930 A, so we may 

t a k e  th e  d i f f e r e n c e ,  nam ely 1322 cm*”1 , a s  t h e  p r i n c i p a l  

p r o g r e s s io n - f o r m in g  i n t e r v a l  o f  t h i s  system .

In  th e  s t r o n g  d e g ra d a t io n  o f  t h e  K - s t r u c t u r e ,  t h e  p a t t e r n
struct tire

o f  v i b r a t i o n a l Aaround  th e  system  o r i g i n ,  and th e  m agnitude  

o f  t h e  p r o g r e s s io n - f o r m in g  v i b r a t i o n ,  t h i s  sys tem  c l o s e l y  

r e s e m b le s  t h e  3820 A sys tem ; so we may conclude  t h a t  th e  e l e c 

t r o n i c  t r a n s i t i o n s  In v o lv e d  a r e  s i m i l a r .

V I I . 2. 5820 A System .

A lth o u g h  s t i l l  q u i t e  weak, th e  3820 A system  i s  s e v e r a l  

h u n d red  t im e s  a s  s t r o n g  a s  t h e  1+11+ 0 A one , so t h a t  even th e  

weak b an d s  t o  th e  r e d  o f  t h e  o r i g in  submerge t h e  bands o f  th e  

p r e v i o u s  sys tem . An app ro x im ate  o s c i l l a t o r  s t r e n g t h  f o r  t h i s  

t r a n s i t i o n  was e s t im a te d  from  th e  lo w - r e s o lu t io n  s p e c t r a  o f  

t h e  v a p o u r ;  i t  i s  5 X T h is  system  was p r e v io u s ly  exam

in e d  by Howe and G o ld s te in  (1 9 5 8 ,3 1 ) ;  our o b s e r v a t io n s  a g re e  

w i th  t h e i r s .



Under h ig h  r e s o l u t i o n  th e  hands o f  t h i s  system  show sh a rp  

K- and J - r o t a t i o n a l  s t r u c t u r e ,  and a re  t h e r e f o r e  s u i t a b l e  f o r  

d e t a i l e d  s tu d y -  The s t r o n g e s t  bands a re  o f  p e r p e n d ic u la r  ty p e  

w i th  s t r o n g l y  d eg rad ed  K - s t r u e t u r e  ( A (A-B) = -0»38 am"'1-) so 

t h a t  a head  o f  su b -band s  i s  formed a t  h ig h  f r e q u e n c i e s  c lo s e  

t o  t h e  band o r i g in -  The J - s t r u c t u r e  i s ,  on th e  o t h e r  hand , 

o n ly  v e ry  w eakly  deg raded  t o  th e  b lu e -

We f o l l o w  Howe and G -o ldste in  in  a s s ig n in g  th e  3820 A band 

(26163-1  em~l ) a s  th e  sy s tem  o r ig in *  The v i b r a t i o n a l  s t r u c t u r e
A

i s  d om ina ted  by a p r o g r e s s io n  in  1300 cm” ( s e e  F ig .  I4.) which 

p a s s e s  th r o u g h  an i n t e n s i t y  maximum a t  th e  t h i r d  member; a l l  

e x c e p t  t h e  f i r s t  band ( t h e  sys tem  o r i g i n )  o f  t h i s  p r o g r e s s io n  

a r e  h e a v i l y  p e r tu r b e d  by Ferm i re so n a n c e -  On e i t h e r  s i d e  o f  

t h e  s t r o n g  bands o f  t h i s  p r o g r e s s io n  i s  a r e p e a t i n g  p a t t e r n  

o f  w eaker ban ds  which c l o s e l y  re se m b le s  t h e  p a t t e r n  around 

t h e  o r i g i n  o f  th e  ii.lli.0 A sys tem . A f t e r  th e  p r i n c i p a l  p r o g r e s s -
structu re

io n  h a s  d ie d  o u t  t h e  c o m p le x i ty  o f  th e  v i b r a t i o n a l Ai n c r e a s e s ,  

a t  t h e  same t im e  becoming more d i f f u s e ;  th e  i n t e n s i t y  f i n a l l y  

f a l l s  t o  n e a r l y  z e ro  a t  2600  A-

The 1300 cm~1 f re q u e n c y  i s  u n a f f e c te d  by e th y n y l  d e u t o r 

a t i o n ,  b u t  f a l l s  t o  1268 cra“ ‘ on fo rm yl d e u t e r a t i o n -  I t  i s  

t h e r e f o r e  a s s ig n e d  t o  th e  e x c i t e d  s t a t e  c a rb o n y l  s t r e t c h i n g  

f r e q u e n c y ,  a s  was su g g e s te d  by Howe and G o ld s te in .

The p o s i t i o n s *  i n t e n s i t i e s  and g e n e r a l  s t r u c t u r e s  o f  th e  

klUO and 3820 A sys tem s b e a r  a marked resem b lan ce  t o  th o s e  o f  

t h e  two lo w e s t  t r a n s i t i o n s  o f  fo rm aldehy de , and th e y  a r e
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a c c o r d i n g l y  a s s ig n e d  to  s i m i l a r  e l e c t r o n i c  e x c i t a t i o n s ,

nam ely  th e  p rom otion  o f  an e l e c t r o n  from a non -bon d ing  oxygen

p - o r b i t a l  ( a 7 ) t o  an a n t i - b o n d in g  o r b i t a l  ( a " )  o f  th e  o u t - o f -

p la n e  7C -e lec tron  s h e l l .  The r e s u l t i n g  e x c i te d  e l e c t r o n i c

c o n f i g u r a t i o n  (A" ) can have s i n g l e t  and t r i p l e t  com ponents,

and so t h e  weak A system  i s  a s s ig n e d  t o  t h e  s p in - f o r b id d e n

^A*'*-*1A/ t r a n s i t i o n  and th e  s t r o n g e r  3820 A system  t o  th e  
1 1

s p in - a l lo w e d  A* •*— Ay t r a n s i t i o n .

The s i n g l e t  o r i g i n  i s  2030 cm~, t o  low f r e q u e n c ie s  o f  th e

c o r r e s p o n d in g  fo rm aldehy de  band ; th e  t r i p l e t - s i n g l e t  s e p a r a t io n
— 1 —1i s  s m a l l e r ,  b e in g  20h5 cm in  p ro p y n a l  a s  a g a i n s t  2990 cm

in  fo rm a ld eh y d e  (5 5 ) .

VII* 3. 2570 A System ,

The 2570 A sy s tem  i s  l a r g e l y  o v e r la p p ed  by th e  much 

s t r o n g e r  2 ih 0  A one. D i s c r e t e  v i b r a t i o n a l  s t r u c t u r e  i s  p r e s e n t ,  

b u t  t h e  bands were c o m p le te ly  d i f f u s e  on ou r q u a r t z  s p e c t r o 

g ra p h  p l a t e s *  These bands  show a s t e e p  r i s e  in  i n t e n s i t y  in  

p a s s in g  t o  s h o r t  w aves, so t h a t  i t  i s  d i f f i c u l t  t o  l o c a t e  th e  

o r i g i n  w i th  any c e r t a i n t y ;  t h i s  r i s e  o f  i n t e n s i t y  may be p a r t l y  

due t o  th e  background  p ro v id e d  by th e  o n se t  o f  th e  i n te n s e  

system®

The v i b r a t i o n a l  s t r u c t u r e  o f  t h i s  system  i s  r a t h e r

i r r e g u l a r l y  sp a c e d ,  b u t  t h e  s t r o n g e s t  bands and many o f  th e
— 1w eaker ones show s e p a r a t i o n s  in  th e  range  670± 50 cm Q The 

sp e c tru m  i s  a lm o s t  u n a f f e c t e d  by fo rm yl d e u t e r a t i o n ,  b u t  a
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s t r i k i n g  o lo s in g - u p  o f  t h e  s t r u c t u r e  o c cu rs  on e th y n y l  d e u t e r -  

a t i o n ,  t h e  c h a r a c t e r i s t i c  sp a c in g  in  DCCCHO b e in g  510 ± 20  cm"1. 

The f r e q u e n c y  in v o lv e d  can o n ly  be one o r  b o th  o f  th e  compon

e n t s  o f  th e  ChC-H b e n d in g  m o tion . From th e s e  r a t h e r  l i m i t e d

o b s e r v a t io n s  we c o n c lu d e  from

VO

1̂+3
•HIm
c<D»o

0-0^------
1900 A 2300 A

th e  Franck-Condon p r i n c i p l e  

t h a t  th e  C2C-H c h a in  i s  p ro b 

a b ly  b e n t  in  t h i s  e x c i te d  s t a t e .

S in ce  t h i s  t r a n s i t i o n  

re se m b le s  th e  lo w est s i n g l e t  

t r a n s i t i o n  o f  a c e ty le n e  ( o r i g in  

2370 A) 9 i t  i s  a s s ig n e d  t o  an 

a n a lo g o u s  t r a n s i t i o n  o f

th e  e th y n y l  g roup . The t r a n s 

i t i o n  i s  re g a rd e d  a s  t a k in g  

p la c e  betw een two m u tu a l ly  

p e r p e n d i c u l a r  lo b e s  o f  th e  

o r b i t a l s  in v o lv e d ,  g iv in g  A" 

a s  th e  e l e c t r o n i c  symmetry o f  

th e  e x c i t e d  s t a t e .  However 

t h e  i n d i v i d u a l  e l e c t r o n  jump

F ig .  5 . L o w - re s o lu t io n  sp ec tru m  o f p ro p y n a l  vapour (1900 to  

2300 A ). P r e s s u r e  ca .  0 .3  mm Hg. P a th  l e n g th  cm.

Lower c u rv e  = empty c e l l .
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i s  n o t u n iq u e, s in c e  i t  may be a*-*-a' or a" t so th e r e  may

be more than one t r a n s i t io n  in  t h i s  r eg io n .

V I I . 1*. 211*0 A System .

The 21l*0 A absorption i s  300 to  500 times as in tense as 
»

th e  3620 A system . The bands are com p lete ly  d i f f u s e ,  but some 

v ib r a t io n a l  s tr u c tu r e  i s  e v id e n t , in v o lv in g  p r in c ip a l ly  one or 

two p r o g r e ss io n s  w ith  se p a r a tio n s  o f  about 1600 to  1700 cm” 1 

The probable o r ig in  i s  a t 211*0 A (1*6800 cm” 1) .  The system  

h as maximum ab sorp tion  a t 2080 A, to  short waves o f  which the  

in t e n s i t y  f a l l s  g ra d u a lly  u n t i l  1600 A where a fu r th e r  reg ion  

o f  stro n g  a b so rp tio n  commences. T h is system  was examined in  

s o lu t io n  by Howe and G -oldstein (^ l)  and i s  b e in g  stu d ied  in  

th e  vapour by P r o f . W .C .P rice.

A stro n g  t r a n s i t io n  in  t h i s  reg ion  i s  a common fea tu re  

o f  con ju gated  carb on yl compounds and i s  u s u a lly  a ss ig n ed  to  

a sC *-st t r a n s i t io n  w ith in  th e  ou t-o f--p lan e  o ' jC -o r b ita ls . The 

e x c ite d  s t a t e  w i l l  th e r e fo r e  have eAy symmetry.
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CHAPTER V I I I .

ANALYSIS OP THE 3820 A BAWD SYSTEM OP PROPYNAL.

V I II . 1. In tr o d u c t io n ..

We have  p r e v i o u s ly  p o in te d  out ( 1 . 1) t h a t  th e  p o s s i b i l i t y  

a lw ay s  a r i s e s  t h a t  an e l e c t r o n i c  t r a n s i t i o n  o f  a m o lecu le  may 

be  accom panied by a change in  th e  e q u i l i b r iu m  c o n f ig u r a t io n  

o f  t h e  n u c l e i .  In  p a r t i c u l a r s  in  th e  l i g h t  o f  th e  fo rm aldehyde  

a n a l y s i s  ( I I . 2 ) ,  we must b e a r  in  mind t h a t  th e  u p p e r  s t a t e  o f 

t h e  3320 A sys tem  o f  p ro p y n a l  may be n o n - p la n a r ,  so t h a t  a l l  

symmetry i s  l o s t .  However, th e  fo rm aldehyde  r e s u l t s  a l s o  

s u g g e s t  t h a t , a s  lo n g  a s  th e  o u t~ o f -p la n e  b en d in g  i s  n o t  too  

l a r g e ,  th e  v i b r o n ic  s e l e c t i o n  r u l e s  w i l l  s t i l l  be th o s e  

a p p r o p r i a t e  t o  th e  h i g h e r  symmetry o f  th e  ground s t a t e .  On 

t h e  o t h e r  h an d , any b en d in g  may le a d  to  u n u su a l  a n h a r m o n ic i t i e s  

i n  th e  c o r re s p o n d in g  v i b r a t i o n a l  modes, and i t  w i l l  be d i f f i c u l t  

t o  e s t a b l i s h  th e  a s s ig n m e n ts  o f  bands In v o lv in g  th e s e  s t r o n g ly  

anharm o n ie  v i b r a t i o n s .  The h y p o th e s i s  o f  a p l a n a r  e x c i te d  s t a t e  

i s  t h e r e f o r e  one w hich s u g g e s t s  more d e f i n i t e  e x p e c ta t io n s  

r e g a r d i n g  t h e  s t r i c t u r e  o f  th e  sp ec tru m , and so i s  one which 

i s  more r e a d i l y  te s ted ®  A cco rd ing ly*  ou r  ap p ro ach  t o  th e  

a n a l y s i s  w i l l  be b ased  on a p r o v i s i o n a l  a ssum ption  o f  th e  p l a n a r 

i t y  o f  t h e  e x c i t e d  s t a t e *  Only i f  i n c o n s i s t e n c i e s  a r i s e  in



t h i s  t r e a tm e n t  can th e  e x c i te d  s t a t e  be proved  t o  be n o n ~ p la n a r ;  

and in  such  a c a se  th e  form o f th e  i n c o n s i s t e n c i e s  may t e l l  us 

so m e th in g  a b o u t  th e  bending*

We f i n d  i t  c o n v e n ie n t  t o  u se  th e  fo l lo w in g  n o t a t i o n  t o  

d e s i g n a t e  t h e  v i b r a t i o n a l  a ss ig n m e n ts  o f  bands in  e l e c t r o n i c  

band s y s te m s * . I f  th e  quantum number o f th e  H - th  v i b r a t i o n a l  

mode h a s  t h e  v a lu e s  ra and n in  th e  low er and u p p e r  l e v e l s  of 

a g iv e n  b an d , t h i s  s i t u a t i o n  i s  deno ted  by th e  symbol ; and 

t h e  f u l l  v i b r a t i o n a l  a ss ig nm en t i s  deno ted  by w r i t i n g  c o n sec 

u t iv e ly  such  sym bols f o r  each  mode which does n o t  have  m = n » 0o 

Thus h§9 i12^  ~ which i s  o u r  a ss ig n m en t o f  t h e  band a t  28961  *2 craT 

in  HCCCDO -  i n  t h i s  sh o r th a n d  r e p r e s e n t s  (000200002001) -  

(000000001001) in  th e  c o n v e n t io n a l  n o ta t io n *  I t  i s  som etim es 

more m e a n in g fu l  t o  s e p a r a t e  th e  symbol I n t o  p r o g r e s s io n  and 

seq u en ce  p a r t s ,  in  which c a se  th e  above t r a n s i t i o n  would be 

w ritten  ho9o«  9-] 1 2^j« S in ce  t h e r e  i s  no symbol t o  r e p r e s e n t  th e  

o r i g i n  b a n d , we s h a l l  r e f e r  t o  i t  a s  th e  0 band*

In  t h i s  c o n te x t  i t  sh o u ld  be n o ted  t h a t  we number th e  

e x c i t e d  s t a t e  modes t o  c o r re sp o n d  w i th  th e  most c l o s e l y  a n a lo g 

ous mode o f  th e  ground s t a t e ,  i n s t e a d  o f  num bering them w i th in  

th e m s e lv e s  a c c o rd in g  t o  t h e  u s u a l  r u l e s  (2 8 sp«27l)*  A lthough  

r a t h e r  d i f f i c u l t  t o  d e f i n e  in  p r i n c i p l e ,  s in c e  th e  m o le c u la r  

symmetry and no rm al c o o r d i n a te s  may a l t e r  d r a s t i c a l l y  on 

e x c i t a t i o n ,  t h i s  p ro c e d u re  h a s  c e r t a i n  p r a c t i c a l  a d v an tag e s  

b e ca u se  t h e  e x c i t e d  s t a t e  symmetry may be in  d o u b t ,  th e  

e x c i t e d  s t a t s  fu n d a m e n ta ls  a r e  r a r e l y  a l l  known, and s t r i c t



a d h e re n c e  t o  t h e  r u l e  can be s l i g h t l y  c o n fu s in g  (e*g« t h e  mode 

w hich  i s  e s s e n t i a l l y  t r a n s - b e n d in g  in  a c e ty le n e  i® s t r i c t l y  

s p e a k in g  in  th e  ground s t a t e  b u t  v7> in  t h e  lo w e s t  e x c i t e d

s t a t e ) * In  any c a s e ,  e x c i t e d  s t a t e  modes a re  most r e a d i l y  

c h a r a c t e r i s e d  by th e  fo rm a t io n  o f  sequence  bands w i th  t h e  c o r r 

e sp o n d in g  g ro u n d  s t a t e  modes• T h is  w i l l  be one of our g u id e s  

in  making t h e  a ss ignm en ts*

L i s t s  o f  th e  bands  o f  t h e  3820 A system  observed  f o r  

HCCCHO? DCCCHO and HCCCDO w i l l  be found in  T a b le s  15 and 

16  r e s p e c t iv e ly ®  These  t a b l e s  a r e  a s  f a r  a s  p o s s ib l e  comprehen

s i v e  f o r  th e  r e g io n s  c o v e re d ,  a l th o u g h  o f  co u rse  some weak 

bands w i l l  have e scap ed  n o t ic e *  I t  seemed unwise t o  a t te m p t  

t o  e x te n d  th e  DCCCHO t a b l e  beyond th e  band on acco u n t  of 

t h e  num erous Ferm i r e s o n a n c e s  p r e s e n t .

F o r  ty p e  C bands th e  f r e q u e n c i e s  r e f e r  t o  th e  sh a rp  l i n e 

l i k e  f e a t u r e  o b se rv ed  n e a r  th e  band o r i g i n ; f o r  o t h e r  bands th e y  

a r e  m e re ly  e s t i m a t e s  o f  th e  band o r i g i n s  and do n o t  c o rre sp o n d  

t o  o b se rv ed  s p e c t r a l  fe a tu re s®  The i n t e n s i t i e s  were e s t im a te d  

fro m  th e  p re s s u re s ' ;  and p a t h - l e n g t h s  r e q u i r e d  f o r  s i m i l a r  

deve lopm en t o f  t h e  v a r i o u s  b a n d s ,  b u t  th e y  have o n ly  q u a l i t a t 

i v e  s i g n i f i c a n c e j  t h e y  a r e  on an a r b i t r a r y  s c a l e  on which th e  

0 band o f  e a c h  i s o t o p e  i s  ta k e n  a s  10. The 0 bands of th e  

d i f f e r e n t  i s o t o p e s  had  abou t th e  same a b s o lu te  i n t e n s i t y .  The 

c a l c u l a t e d  p o s i t i o n s  o f  th e  bands were o b ta in e d  h a rm o n ic a l ly  

f ro m  t h e  fu n d a m e n ta l  f r e q u e n c i e s  l i s t e d  in  T a b le s  11 (p .8 0 )  

and S t 3 (p .  1 f b )  s e x c e p t  t h a t  th e  anharm onic c o e f f i c i e n t s  f o r



g iv en  in  V i .I ia 5 were u sed . N e g a t iv e ly  ru n n in g  sequences  in
„-5

a b o u t  16 cm 1 which, o c cu r  th ro u g h o u t  th e  s p e c t r a  a r e  d is re g a x ’d -  

ed in  t h e  columns o f  s e p a r a t i o n s  from  th e  o r i g in  band and o f  

i n t e n s i t i e s ; s u c c e s s iv e  members o f  t h i s  sequence u s u a l l y  had a 

r a t i o  o f  a b o u t  3:1 in  in te n s i ty * ,  a l th o u g h  th e  r a t i o  was o f te n  

l e s s  when Vg was a l s o  a c t i v e  in  p ro g re s s io n ^  Bands which a r e  

t h o u g h t  t o  in v o lv e  a Ferm i re so n a n c e  i n  e i t h e r  s t a t e  a re  

b r a c k e t e d  to g e th e r *

V III«  2. R o t a t i o n a l  S t r u c t u r e s  o f  Bands*

Under h ig h  r e s o l u t i o n *  th e  K~ and J - r o t a t i o n a l  s t r u c t u r e s  

o f  t h e  bands a r e  r e a d i l y  i d e n t i f i e d *  and a r e  found t o  c o r r e s 

pond t o  t y p i c a l  p r o l a t e  sym m etric  t o p  b e h a v io u r  when K > 2  g 

w i th  m inor d e v i a t i o n s  when Thus th e  e x c i te d  s t a t e

re s e m b le s  th e  ground s t a t e  in  b e in g  v e ry  n e a r l y  a symmetric 

r o to r*

The J - s t r u c t u r e  I s  o n ly  v e ry  s l i g h t l y  degraded  t o  h ig h  

f r e q u e n c ie s *  so t h a t  each  sub -band  c o n s i s t s  o f  a P and an R 

b r a n c h  composed o f  a lm o s t  e q u a l ly - s p a c e d  l i n e s  and an u n r e s o lv 

ed Q b ra n c h  p o s s e s s i n g  a  f a i r l y  sh a rp  head on th e  lo w -freq u en cy  

s id e «  In  a c c o rd a n c e  w i th  th e  norm al e x p e c ta t io n  (28»p»426)*
T?

t h e  b ra n c h e s  ax^e s t r o n g e r  th a n  th e  ^R ones* and th e  ~R
T>

s t r o n g e r  th a n  th e  P.

In  c o n t r a s t  t o  t h e  J - s t p u c t u r e , t h e  K - s t r u c tu r e  i s  s t r o n g l y  

d e g ra d e d  t o  low f r e q u e n c i e s ,  and in  consequence  th e  R -type  

su b -b a n d s  o f  p e r p e n d i c u l a r  bands form  a head on th e  h ig h

(c o n t .  on p . 117)



V I I I .  1 97
9

Ta b  1 q  1 i j .* Band F r e q u e n c ie s  and A ssignm ents  in  t h e  3820 A Band

System of HCCCHO*
—1F o r  e x p la n a t i o n  see  p«95* The f r e q u e n c ie s  a r e  in  cm*

( i )

F re q u en c y  

2i|i+65® U 

5*49° 3 

657  

25130  

2 1 9 .7  

609.2  

626. 2 . 

61,2. 6 

692

71 I t-2 

733-1

7 5 0 .6

8114..9

8 5 8 .7  

902. 0
901.. 1

9 2 2 .8  

9U0.it 

9 5 6 .0

( i i )  

S e p a ra t io n  

from  0 band 

- 1 6 9 6 ® 9 

- 1 6 1 3 .O 

-1505  

-  982 

-  9*4.2® 6

519-7

U70

If i 1 -7  

3*4-7° *4-

3 0 3 ° 6 

260*3

2 0 6 ® 3

( i i i )

Band

i M

G

c

c

B

G

C

C

C

A

C

G

C

G

C

A

G

C

C

c

( iv )

a00*4 

®001 

*001 

*02 

a 0*4-

. 2

.0 3

a 06

a 1

*3 

° 7

(v) (v i)
C a lc u la t e d  

Assignment s e p a r a t io n  

-1697

—16 l 2U°12^
1 0„1
M o
10 :,

6?

10 j 9 f

1 .7

101

9?12^

9U

9 i
11?12^

11i
12?

9§
Ql
y2
«0

• 1508 

. 981 

• 9*4*4

519

*166

*411 

3*47 

303 

261

205
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T a b le  14  ( c o n t in u e d )#

( i ) ( i i ) ( i i i ) ( i v ) <v) ( v i )

2 6 0 3 8 . It -  123 .9 C *04 9?121 -  120

055-6 -  106*7 0 *2 ®1 -  107

1 3 0 -2 -  32 .1 0 9 l -  32

1 4 6 .7 15» 6 c 91t -  16

162 .3 0 .0 c 1 0 .0 0 0

2 2 9 .3 c 12}9J

247*3 8 5 .0 c 2 .0 1 2 } 85

2 7 2 .1 c I I 5 I 299 I

291 # 2 128 .9 G 115 i 29 129

3 0 1 -9 G q4
3

3 1 9 .8 c 932
3 3 2 .2 16 9# 9 G Q2 12! 171

3 3 7 .0 C 9?

353-3 191 .0 C 3 .0 189

3 9 0 ,7 228*4 C 0* 1 -

2j.20.lt G 9^12^

438 . 5 276*2 C 0 .3 9 j i 2 i 275

5 0 3 .7 346*4 A 3 .0 12J 346

5 2 6 .0 C

542-5 3 8 0 .2 C 0*4 90 379

560 .1 397-8 c 0*08 ~

565 -7 4 0 3 .4 c 0 .08 8? 4 0 0

594* 0 4 3 1 .7 A 0*5 12? 431

6 2 5 .0 462*7 B 1-5 101iUo 462



V I I I * 1

T a b le  14 (ossn tinued) „

( i ) ( i i ) ( i i i ) ( iv ) (▼) (▼i)

26655-2 C 8 j9 i

6 6 9 .3 5 0 7 .0 c 0 .8 507

712 550 B 0 .3 10i 12l 51+7

7 5 5 -2 592*9 C 0 .2 8 0121 592

814 652 B 0-3 951 o j 652

8 3 9 -4 C 12§91

8 5 5 .2 692*9 C 0 .3 ->2S 692

8814.. 4 C

r  9 0 0 .4 738.1 0 O.lj. 10§9° 719

1- 9 1 1 .4 7U9.1 C O.ij. <$9? 72+6

r 9 3 6 .2 772*9 C 0 .2 4 o i° i 785

*- 9 5 5 .0 7 9 2 .7 C 0 .2 5 j 9 j io ] 790

9 8 0 .2 C 10§8^9^

r 9 9 6 .0 8 3 2 .7 C 0 .3 10§8l 8 1 ?

*• 2 7 0 0 8 .9 81j.6« 6 C 0 .3 8081 8U5

r 0 9 0 .7 c 10§9j

>• 1 0 4 .7 c 609i

p 1 06 .2 9k 3*9 c 2 .0 10g 924

L 119 .O 9 5 6 .7 0 3 -0 952

179-2 1 0 1 6 .9 c 0 .5 8§ 101*4-

208. 5 10i|.6.2 c 0 .7 6 ^ 2 ] 1037

2 3 6 .8 c 4 q92

- 27256 .6 109U-3 c 3*0 4^9° 1099

2 7 0 .5 1108 .2 c 3° 0 5j 9l 110*4-



VTIx«1 i 00

T a b le  14 ( c o n t in u e d ) .

( i ) ( i i ) ( i i i ) (±v) Xv) ( v l )

2 7 2 8 2 .3 1120*0 C 4 .0 56 1120

3 3 9 .2 1 1 6 6 .9 C 0 .3 1 184

3 5 2 .7 1190.1+ G 0 .3 5 j 9 j i 2 l 1189

356*1 1193-8 C 0 .4 ^ 6 8 i 1197

3 6 8 . 4 1 2 0 6 .1 C 0 .8 5 6?68 i 1202

443*3 C

459® 9 c 5o9?

4 6 2 . 3 1 3 0 0 .0 0 15*0 ^ 0 1304

474® 3 1 3 1 2 .0 c 7*5 5696 1309

5 2 6 .9 G k ^ 2 ] 9 ]

5 4 8 .0 1385 .7 G 3*0 k & z ] 1389

563-2 11+00.9 C 1 .0 5696121 1394

59 2 .6 1 4 3 0 .3 C 0 .4 U6 1 1 6 1 2 ? 1433

6 0 6 .3 1444«o c 0*4 56961 l 6 i2 i 1438

6 3 0 .I+ c k l 9 2r*oy i
649*7 1 4 3 7 .4 G 5*0 4 19 1^0^0 1493

6 6 5 .8 1503 .5 C 2 .0 5 192- V o 1498

736.1+ 1574 .1 G 0 .3 ^69 o12i 1579

7 5 4 .8 1592.5 G 0 .1 5J9§12J 1584

7 8 8 .6 1 6 2 6 .3 C 1 .0 5o86 1626

809 1 647 A 5*0 h 1 ■) p1 40 0 1650

822 1660 A 2 .0 5 j9 6 126 1655

8 3 5 .8 1 6 7 3 .5 C 0 .3 -

8 3 9 .7 1 6 7 7 .4 G 0 .2 1683

85 5 .8 1 6 9 3 .5 G 0.1 5895 1688



VI I .  1 Tab l e  1 4  ( c 011t  inue  d ). 1 0'

( i ) ( i i ) ( i i i ) ( i v ) (▼) ( v i )

27913 1756 B 2 .5 i?6 6

936 1774 B -0*4 1771

9 6 6 .5 180i4.» 2 G 0 .4 ^080 1811

9 7 7 .6 1815®3 C 0 ® 4 5S9J81 1816

28011-9.3 1887-0 C 0 .5 6 j i0 § 1876

0 5 6 .1 1893-8 G 0 .5 1903

088* 2 G 3^9 ]

10 7 .8 1945-5 G 1 .8 3 b 1946

208® 8 2046* 5 C 5 o 9 b o § 2028

2 1 4 .8 2052 .5 0 J+06o9l 2050

226a8 2064-5 C 2 .0 5j}io§ 2044

23308 2076 .5 C 0*3 5^6q 2071

294® 0 2131-3 G 0o 2 2135

3 6 3 .U 2201.1 C 0 .8 ^05o9? 2218

395. s 2233-5 G 4 -0 5§ 2239

14.05*5 2243-2 G 1 .0 ^ 100 2226

411  * 5 2249® 2 G 2-0 5o9o1°o 2233

4 1 7 .8 2255 .5 C 3® 0 2256

429® 9 2267-6 C 2 .0 226-1

504-5 2342® 2 C 0o 5 ^0®0121 2341

5 1 6 .3 2354- 0 C 0 .2 5 6 6 J 9&121 2346

5 3 3 .5 23760  2 C 2*5 U§9? 2388

551*5 2 3 8 9 -2 0 1-5 24-08

569*7 2 4 0 7 . 4 G 5*0 ^ 5 o 2424

589* 1 2 4 2 6 . 8 C 3 -0 5o9o 2428



V l l l a i  1 0 2

T able 14 (c o n t in u e d ) .

( i ) ( i i ) ( i i i ) ( iv ) (v ) (V i)

r 2 8 6 5 6 .7 2494 .4 C 0. 6 2509

*■ 677*7 2515 .4 C 0 .4 5 § 9 j i2 i 2514

- 745*2 2582*9 0 1 2 .0 2593

- 7 5 8 .9 2 5 9 6 .6 C 12„ 0 2613

- 7 8 0 .8 26180 5 C 3 .0 509 0 2618

r  8 3 0 .9 26680 6 C 1*0 ^§121 2 6 7 8

- 847*4 2685 .1 0 1*2 *+o5o9o'‘ 21 2698

- 871 * 5 2709* 2 G 1o0 5§9§12] 2703

- 891*7 2 7 2 9 .4 C 0*3 ^05090 110 121 2742

911 .1 274808 C 1 .0 5 § 9 § H J « ? 2747

9 0 7 .0 C 4 ^ 2

r 9 2 8 .6 2766 .3 C 5 .0 4 29 1
0 0

2782

- 947*9 2785 .6 G 3*5 h.1 r1 g2 2802

- 972« 2 2809 .9 G 0*3 5293
p0y0 2807

29098o 6 C 2 ^ 1
1 1 4 .8 2952*5 G 2 .5 23 2953

16607 3 0 0 4 .4 C 0*3 -

r 191 3029 B 1 .5 ^ 103 3055

L 215 3053 B 0 .5 ^o539o 10o 3075

2 6 1 .3 3 0 9 9 .0 C O08 *+080 3100

r 3^ 2 .1 3 179*8 C 1 .5 5§102 3163

*- 362*4. 3200*1 G 0*5 5o60 3191

r 395*4 3233 .1 n 0 * 8 3 ^ 0 3250

L 4 .1.0 . 7 3 2 4 8 .4 G O08 3 05 0 90 3255



V I I I . 1

T a b le  14 (c o n t in u e d )*

( i ) ( i i ) ( i i i )

29505 33U3 C

519 3357 C

533 3371 C

6 3 4 * 1 31+7108 C

653*1 31*90*8 C

6 6 5 * 0 3502*7 C

6 7 0 .9 3508*6 0

689*3 3527*0 C

69Uo 3 3 5 3 2 .0 0

7 0 8 .9 351*6. 6 C

717*2 3551**9 0

71*8.3 35 8 6 .0 C

8 0 2 .2 3639*9 C

8 2 0 .5 3658s 2 C

8 4 6 .0 3683 .7 C

8 3 8 .5 3 676 .2 C

8 6 1 « 8 3699*5 C

889*6 3727*3 C

9 26 0 8 3761*. 5 c

9 5 0 .7 3788oil- c

30007•6 3845* 3 C

0 2 5 * 6 3863*3 c

0 5 0 .9 3 8 88 .6 c

080.1 3917*8 c

( i v ) (v ) (V i)

1 .0 u is j io g 3348

Oo 6 3375

0 .6 5o6o9o 3380

1 .0 3 5 0 7

1 .0 « 3517

1*5 3544

3*5 ii1 î24cPo 3543

3*5 ^o5o9o100 3537

3*5 3575

3*5 509060 3569

1 .0 5390 3548

0*5 -

2 .5 k b ° 3661

2o5 ^05091 3697

3*5 ^o5o9i 371?

5*0 4*0 *3712

5*0 h.15291 3732

1 .5 5392
D0 y 0

3737

1 .0 ^050121 3798

1 .0 ^ 5 29J12^ 3818

5 .0 3866

5*0 ^ 0 9090 3902

•JSr E ii 1 k2q2 3922

0 .8 5393
^ 0 0

392?
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T a b le  1 5-> Band F re q u e n c ie s  and A ssignm ents in  th e  3820 A Band

System  o f  DCCCHO.

( i ) ( i i ) ( i i i ) ( iv ) (v ) ( v i )

2ij.Lj.9i4-* B - 1697*0 C 0 .0 0 4 4? -1697

2 5 2 1 1 .0 -  9 8 0 .8 B 0 .0 2 10? -  981

259*2 -  9 3 2 .6 C 0 .0 4 - 6? -  93b

581*7 -  610.1 G 0 .0 2 8° -  610

6 5 6 .5 C 10J9 I

6 7 0 .2 -  5 2 1 .6 C 0 .1 5 iOj -  522

683 . 6 -  5 0 8 .2 C O0O4 -

694* 8 -  497*0 C 0 .0 2 12g -  497

7 1 0 *2 C 11 1q2
1^3

7 2 4 .2 C 111911 2

7 3 8 .4 -  453*4 C 0 .0 8 11J9? -  453

7 6 9 .6 c q2
\

784*6 c 93
8 0 0 .4 -  391 -4 G 0 .0 8 9° -  391

895*7 C 11^

908 .1 C 11}9§

9 2 0 .9 C «! 11g1 
1^1

934*0 -  257*8 c 0 .5 11 ] -  258

943*4 -  2 4 8 .4 A 0 .5 12? -  249

951*8 C 9i+

9 6 6 .8 C q2
y3

9 8 1 .3 0 91

995*7 -  196.1 c i 0 0 9? -  196
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T a b le  15 ( c o n t in u e d ) .

( i ) ( i i ) ( i i i ) ( i v ) (▼) ( v i )

2 6 0 1 6 .7 -  175-1 C 0 .0 8 9974 -  17U

055-7 C 8 i 9 i
0 6 8 .3 -  123 .5 C 0 .4 «! -  123

1 11 .2 -  8 0 .6 C 0 .4 -  81

114-9- 1 -  4 1 .7 C 93
*3

-  36

161)-. 2 -  2 7 .6 C 9 i -  24

17 8 .3 -  13-5 0 -  12

191-8 0 .0 C 1 0 .0 0 0

213-1 2 1 .3 0 0« 6 l \ 21

233-1 4 1 .3 C 0 .2 110 121 43

2 5 8 .6 C 124 91

274-4 C 12^94

290.1 9 8 .3 G 2 .0 124 98

3 3 0 .8 C ^3
31*6.7 C 9I

3 6 0 .7 G g2

3 7 5 .4 1 8 3 .6 C 2 .5 91
0 . 184

3 8 7 .6 195-8 G 0o 6 12§ 197

4 4 1 .9 G 12493

4 5 8 .4 C 12I9?

47 3-9 282.1 c 0 .5 124 9q 282

52 7 .5 c 9 2

53 8 .9 347 .1 A 2 .5 125 347

5 4 2 ,7 C 9?
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T a b le  15 ( c o n t in u e d )*

( i ) ( i i ) ( i i i ) ( i v ) (v) ( v i )

2 6 5 5 6 .7 361+0 9 C 0 .2 9§ 367

6 3 5 .3 1+1+1+,. 0 A 0 .8 12f 445

6 5 0 .9 459 .1 B 1 .5 10J 459

6?8o 2 1+86.1+ G 0 .5 80 487

7 2 0 .8 52 9 .0 C 0 .5 U 529

71+8 556 B 0 .3 10J121 557

7 8 0 .0 5 8 8 .2 C 0 .5 11§ 582

8 3 8 .2 61+6.1+ C 0 .5 11S126 638

8 6 0 .8 6 6 9 ® 0 G 0 .2 670

876.1+ 681+. 6 C 0 .2 -

885« 0 693® 2 G 0 .2 12$ 694

901+.6 7 1 2 .8 C 0.1 713

92 7 .8 7 3 6 .0 C 0 .3 6^ ? 741

9U2.9 751 .1 C 0 .3 10§9? 722

9 9 7 .5 8 0 5 .7 C 0 .2 1 0 J 1 2 J 806

27051 .0 8 5 9 .2 C 0 .3 -

0 7 2 .5 8 8 0 .7 C 0 .5 -

115 .3 C 6& i

- 121+.0 9 3 2 .2 G 2 .0 60 937

127 .0 C 10§9^

- 139 .3 91+7.5 G 0 .8 lo g 918

167 .8 9 7 6 .0 G 0 .5 82°0 973

183 .2 991.1+ G 0 .5 5S8 1 992

203« 8 10120 0 C 0 .3 7& 0 1016
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T a b le  15 (c o n t in u e d ) , ,

(* ) ( i i ) ( i i i ) ( i * ) (V) ( v i )

2 7 2 2 6 *8 1035*0 C 0 .7 5^& 8° 1034

238*5 1046*7 C 1 .5 ^0111 1041

252o 3 c 53S>3
270*1 0 5 ^ 1
2 7 6 0 8 G

285*0 C

287* 5 1095 .7 C 3 .5 r 1q2 
'0  1 1103

294* 0 1102 .2 C 1 .0 u o9i 1103

301*6 1109 .8 C 1*0 <& ? 1108

304*6 1 1 1 2 .8 G 3*5 53 1115

3 H o 6 1119*8 G 2*5 6o9o 1120

346*6 1154*8 C 0*3 -

370-1 1178*3 C Oo 5 ^08 1 1175

384 -6 1192*8 C 1*0 5 ^ 2 ? 1201

406* 6 1214*8 c 1 .0 5 ^ 2 ] 1213

483*7 1291*9 c 8 .0 5o9o 1299

490*1 1298*3 0 8 .0 ^0 1299

497*5 1305*7 G 8*0 1304
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T a b le  16 . Band ff reo u en o ie s  and A ssignm ents  in  th e  3820 A Band

System o f  HCCCDO.

( i ) ( i i ) ( i i i ) ( i v ) (v ) ( v i )

2^514 -1 6 9 2 C 0 . 002 102 -1 6 8 2

537 - 1 669 C 0 .0 0 2 u? -1 6 ?9

25126 -1080 C 0o01 5 i -1 0 8 0

3 1 7 .2 C 6?9 \
3 2 9 -5 -  8 7 6 .5 C 0 .0 4 6? -  87?

365 -  841 B 0 .0 2 10? -  841

6 8 6 .3 -  519*7 C 0 .0 1 10? 12 q -  519

7W>.6 -  4 6 5 .4 C 0 .0 4

7 6 1 .0 G 10^

775-3 -  4 3 0 .7 G 0 .2 10} -  430

8 0 1 .7 -  4 0 4 .3 C 0 .0 4 92 -  403

8 7 5 .9 C 1119 i

8 8 9 .3 -  3 1 6 .7 G 0 .3 11] -  317

9 5 6 .6 -  249 .4 A 0 .5 12? -  250

958.b C

9 7 3 .9 0 9 f

9 8 9 .2 c

2600U.3 2 0 1 .7 c 1 .0 9? -  202

057 .1 G 12} 9 j

0 7 3 .0 -  133*0 0 0 .3 12 :59? -  130

094*2 ~ 1 1 1 .8 C 0 .8 81 -  112

1 6 1 .2 -  44* 3 G 93
3

-  42

1 7 6 .4 -  2 9 . 6 G 9 | -  28
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T a b le  16 ( a o n t i n n e d ) .

( D ( i i ) ( 1 1 1 ) ( i v ) (▼) ( v i )

2 6 1 9 1 .8 ■** 1 ij.® 2 C 91 -  14

2 0 6 .0 0 . 0 c 1 0 .0 0 0

2 6 1 .  6 c 12^91

2 7 7 .6 7 1 .6 c 1 .6 1 2} 72

3 4 7 .6 c 9^

3 4 9 .8 1 4 3 .8 c 0 .4 1 2 | 144

3 6 3 .8 c 9 l

3 7 9 .3 c 9?

3 9 3 .9 18 7 .9 c 2 .5 9S 187

4 2 2 .3 2 1 6 .3 c 0.1 123 216

4 3 3 .2 c i 2 i g |

4 5 0 .3 c 12192

4 6 6 .0 2 6 0 .0 0 0« 6 12^95 259

5 2 8 .3 32 2 .3 A 2 .0 121 322

5 5 0 .4 c qU
2

5 6 6 . 5 0 9 ?
5 8 1 .2 375- 2 G o .b 9o 375

5 9 9 .0 3 9 3 .0 A 0 .8 12i 394

6 1 7 .7 *1-11.7 AB 1 .2 105 411

6 6 6 .2 4 6 0 .2 r\KJ 0 .3 -

6 7 5 .3 c 8 &9l

6 9 1 .1 c 8 j9 i

6 9 7 .5 491 *5 A 0*3 10^12] 483

706.1 500 .1 C 1.0 8b 500
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T a b le  16 ( c o n t in u e d ) .

( i ) ( i i ) ( i i i ) ( iv ) (v )

26777-3 5 7 1 .3 C 0 .1 80 121
796-1 590.1 C 0 .0 5 -

81+9-1 643* 1 C 0.1 128
862, 0 C S o?!

87 8 -3 0 8o9?

8 9 3 .3 6 8 7 .3 C 0 .3 8fc>0
90 3 -6 C 6 ^

9 1 8 .0 C 6 j9 §

9 3 2 .6 C 6o92

91+5-9 7 3 9 .9 C 0 .3 6^9?

9 5 2 .7 C 10^,11 J9§

9 6 8 .5 C 10^ 1139]

982-9 7 7 6 .9 G 0o 5 103113

27003-1 797.1 C 0.1 *-

0 0 7 .0 C

0 0 8 .2 802*2 G 0 .1 -

022 -6 C ^ 10] 9]

030 .1 8 2 4 .1 C 0 .2 53

038.1+ 8 3 2 .4 C 0 .3 1+310]

01+0.8 8 3 4 .8 C 0 .2 10§

053-1 847 .1 C 0.1

121.1 C 6391

131+. 9 c 6391

11+7 .9 94 1 .9 c 4« 0 63

110

( v i )

572

644

68?

741

786

824

838

823

94-2
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T a b le  16 (con tinued),*

( i ) ( i i ) ( i l l ) ( i v ) (▼) ( v i )

2 7 19 3 .9 C 8§9l

2 0 9 * 0 1 0 0 3 .0 0 0 .7 8§ 1000

2 2 3 * 2 0

22ij.o 1 1018*1 A 1*0 ^ o 12? 1018

23 9 .5 C

2 5 5 .6 0 **0 ^ 2

27 1 .5 10 6 5 . 5 c 3 .0 1066

3210  2 c 6o9?

3 3 6 .7 1130 .7 c 1«0 6^)9 J ' 1130

3 5 8 o 0 1 1 5 2 .O c 1 .2 1+q£] 1156

W O c ^ 1

4 5 8 .5 c

473*4 1267 .4 c 160O 1268

5 2 6 .5 c

543*9 1337 .9 G 4® 0 4 J 1 2 } 1340

6110 5 C

61U0O 1 4 0 8 .0 C 0*8 ^ 1 2 2 1411

6280 5 c 4 193 0 2

644* 6 c ^ 09 1

660o 1 1454° 1 c 6 .0 ^o 5o 1455

695*4 G 4^1219 l

714®0 C ^ o 12 i 9 f

7310 2 1525 .2 c 0 o 8 4J1219S 1527

795.1 1589 .1 A 3c 0 ^ 0 120 1589
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T a b le  16 ( c o n t i n u e d ) .

( i ) ( i i ) ( i l l )

27797 .5 C

8 1 4 .8 C

83 1-4 C

8 4 7 .2 1 6 4 1 .2 G

8 8 0 .0 1 6 7 ^ 0 AB

9 6 9 .7 1763o7 C

2 8 0 4 2 1836 C

0 8 4 .5 187805 0

13 9 .9 C

1 5 1 .8 1945*8 C

1 5 5 .7 1949*7 C

194 .3 1988c3 G

2 0 9 .5 2003* 5 G

2 2 5 .1 2019*1 C

254-5 2 0 4 8 © 5 C

3 2 5 .4 2 1 1 9 c 4 C

3 9 5 .8 2 1 8 9 © 8 c

4 2 7 .3 2 2 2 io 3 c

4 6 8 .6 2 2 6 2 * 6 c

4 8 9 .8 G

4 9 6 .7 22 90 .7 C

507.1 C

5 2 3 .7 2 3 1 7 .7 c

5 5 0 .7 2344*7 G

,r nt B £*

( i v ) (v ) ( ^ i )

1.2 ^090 1642

1*7 ^ 0 100 1679

2« 0 1768

Oo 5

1*0 6§

4o8o9?

1885

1® 2 33 1946

1*2 433191 1955

0*3 2 39? 2003

1*5 4 3 l6 3 l2o 2001

Oo 5 4 16 19° 2008

0®5 431 0 3 1 1 3 2054

Oo 2 -

4o0 o1
0 2204

3© 5 4o 80 2210

1*0 23121 2276

0*5

4§9§

4363121 2282

4 § 9 |

4§9° 2319

0*3
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T a b le  16 (con tinued )®

( i ) ( i i ) ( i i i ) (!▼) (▼) ( v i )

28568 .3 C 2J 9 ?

583.1 2377.1 G 2® 0 2090 2391

60 5 .5 2399 .5 C 0*3 2408

6 1 3 .8 2407 .8 G 1*5 2397

709. 4 C

7 2 5 -U 2519 .4 C 25 ^ 0 2520

7 7 9 .3 C 4 § i2 j9 ^

793 .1 2587.1 C 5*0 U{J12} 2592

8 1 0 .4 2 6 0 4 .4 C 0*5 —

8 7 7 .7 C

895 .1 C ^ 0 9i

9 1 1 .3 2 7 0 5 .3 C 5*0 ^ 0 90 2708

9 6 1 .2 C 4 g i2 ^ 9 f

979.1 2773.1 C 1*5 4§12^9J 2780

290 44 .7 2 8 3 8 .7 A 2a 0 ^ 0 120 2842

0 4 5 .0 C

0 6 3 .3 C 4 29 |

0 8 0 .3 C 4 29?

0 9 6 .8 2890 .8 G 3*0 ^ 0 90 2895

1 2 8 .7 29 2 2 .7 AB 1*5 4 o 10o 2932

1 6 6 .1 2960.1 C 0 .6 4 § 12190 296?

2 1 6 .1 3010.1 C 3*0 ^ 0 80 30 2 0

3 2 1 .2 3 1 1 5° 2 G 3*0 3146

3 6 4 .7 3 1 5 8 0 7 C 2 .5 ^0 60 3152
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T a b l e  i 6  ( c o n t i n u e d ) *

( i ) ( i i ) ( i i i ) ( i ¥ ) (v ) ( v i )

29418.. 0 3 2 1 2 .0 C 2 .5 3213

4 5 9 .7 3 2 5 3 .7 C 0 .8 ^ 0 10Si2 0 3254

6 3 2 .6 C

6 4 8 .9 3 4 4 2 .9 C 1 0 .0 4q2o 3472

69 4 .6 3 4 8 8 .6 C 3o 5 ^ o 60 3463

7 1 3 .2 3 5 0 7 .2 C 1 .5 -

7 2 1 .9 3 5 1 5 .9 G 1*5 ^ 0 20 121 3544

7 4 4 .4 C 4 q92
7 6 1 .0 3 5 5 5 .0 C 4 . 0 h.390 3557

7 7 8 .0 3576 . 0 G 0 .5

8 1 8 .7 C ^ 0 20^1
8 3 4 .8 3 6 2 8 .8 C 5-0 ^ 0 2o9o 3659

8 8 2 .6 3 6 7 6 . 6 C 1 .0 ^ 9 4 3650

9 4 6 .4 c

9 6 2 .8 37 5 6 .8 c 15 *3 3759

3 0 0 3 6 .0 3857-8 c Oo 2 -

038.1 3882.1 c Oo 2 -

1 1 4 .8 c

1 3 1 .7 c hl°>\
148. 5 3942 .5 G 2 .0 ^ 0 90 3946

2 1 2 .8 4 0 0 6 .8 C 0o3 4o9ol2 i 4018

2 6 8 .8 4 0 6 2 .8 C 0*1 -

282 .1 C 4^9^

2 9 9 .8 G ^ 0 92
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T a b l e  16 ( c o n t i n u e d ) .

( i ) ( i i ) ( i i i ) . ( iv ) (v) ( v i )

>317.3 G

333-8 1+127.8 G 1 .5 * $ 0 4131+

366 4160 B 0 .8 1+170

3 8 1 .3 C l+ g i2 ]9 |

399. 4 4 1 9 3 .4 C 0 .3 * # * } * § 1+205

4 34 . 6 G

451«»2 4 2 4 5 .2 C 0 .3 ^ 80 1+259

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

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

5280 5 4 3 22c 5 C 1 .0 -

5 5 9 .2 C

5 7 5 .5 4 3 6 9 .5 C 2 .5 1+1+11+

618*, 6 c -» 9 i

633 . 2 4 4 2 7 .2 c 1 .5

6 4 5 .5 4 4 3 9 .5 G 2 .0 -

6 6 3 .6 4 4 5 7 .6 C 3 .5 w 1+1+66

6 8 3 .2 4 4 7 7 .2 C 1 .5 1+2219? 1+523

7 2 3 .4 C 4 01 l 0' o“ i

7 4 1 .4 4 5 3 5 .4 C O08 ^ ° 0 110 1+51+5

760. 9 4 5 5 4 .9 G 0 .8 1+601

884^5 4 6 7 8 .5 C 10 ^o2o 1+721+

9 4 4 .0 4 7 3 8 .0 C 1 .5 1+701

9 7 0 ,5 c L:0 9 2

986 ,1 4780 .1 c 1 .0 1+781
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T a b le  16  ( qo u t i rm e d ) 0

( i )  ( i i )  ( i i i )  ( iv )  (v )

3105k*1 C Uo2q9?

070 .1  4864- 1 C 3 .5  i+o2o9o

17k* 9 G 4 ^

1 8 7 .5  4 9 8 1 .5  c 10 k§

2 3 9 .0  C ^ 12i9 ]

2 5 5 .5  5 0 4 9 .5  0 1 .5  4^12}

303-1  5097.1  0 0 .5

3 5 9 .7  0 4^9?

3 7 4 .3  5 1 6 8 .3  C 3 .0  4^9 J

(¥.1 )

U912

i+982

505^-

5170



freq u en cy  s id e  about 10 cm” 1 from th e  o r ig in . T his head makes 

i t  d i f f i c u l t  to  fo l lo w  th e  R-sub-bands fo r  or 5 , on account

o f  o v e r la p p in g .

From a cu rsory  exam ination o f  v a r io u s bands, i t  i s  

im m ed iate ly  apparent th a t  th e re  are bands o f the fo llo w in g  

th r e e  ty p e s :

( 1  )P erp en d icu la r  bands w ith  an in te n se  c e n tr a l peak very  c lo s e  

t o  th e  band o r ig in  ( s e e  Fig* 6 )» A l l  th e  stro n g er  bands and

most o f  th e  weaker ones are o f  t h i s  ty p e .

( 2 ) P erp en d icu la r  bands w ith  a c e n tr a l minimum ( s e e  F ig . ?}•

( 3 ) P a r a l le l  bands, i . e .  typ e  A bands ( s e e  F ig - 8 ) .

Bands o f  ty p e s  ( i )  and (2 )  bear a marked resem blance to

in fr a -r e d  bands o f  ty p e s  0 and B r e s p e c t iv e ly ,  but t h i s  i s  

n o t an adequate p ro o f o f  such an id e n t i f i c a t io n  s in c e ,  fo r  

exam ple, th e  u l t r a v io l e t  type C bands o f  g ly o x a l s u p e r f ic ia l ly  

resem ble in fr a -r e d  typ e  B bands because o f  th e  changes in  th e  

r o ta t io n a l  c o n sta n ts  (^,^32). However in  th e  p resen t case  the  

assignm ent i s  supported by two independent arguments:

( i)A lth o u g h  most o f  th e  bands belong  f a i r l y  p u rely  to  one o f  

th e  th r ee  ty p es*  a few  are d e f i n i t e l y  observed to  be h yb rid s  

o f  ty p e s  ( 2 ) and ( 3 ) .  On th e  o th er  hand, o f the many type ( i )  

bands reco rd ed , none was found to  have a p a r a l le l  component.

The o n ly  hybrid  bands a llow ed  by th e  Cs v ib r o n ic  s e le c t io n  

r u le s  are o f  th e  typ e  AB.

(ii)F r o m  th e  observed sym m etric-top  s tr u c tu r e  and an assumpt

ion  o f  n e a r ly  zero  i n e r t i a l  d e f e c t ,  i t  i s  p o s s ib le  to  c a lc u l-
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a te  th e  asym m etric top  s tr u c tu r e  o f the band c e n tr e s . F eatu res  

o f  bands o f ty p e s  ( i )  and ( 2 ) can then only be exp la in ed  i f  type  

C s e le c t io n  r u le s  ho ld  fo r  th e  form er and type B fo r  the l a t t e r  

( s e e  V I I I .4 ) .

We th e r e fo r e  conclude th a t  the stron g  component o f  t h i s  

system  c o n s i s t s  o f  ty p e  C bands, w ith  t r a n s it io n  moment perpend

i c u la r  to  th e  m o lecu lar  p lan e; and th a t th ere  i s  a weaker 

component o f  bands p o la r is e d  in  th e  m olecu lar p lan e.

V I i r . 3 .  A n a ly s is o f  E-Str u c tu r e .

Apart from th e  o r ig in  bands, our r o ta t io n a l  a n a ly s is  i s  

concerned a lm ost e n t i r e ly  w ith  th e  K -stru ctu re . Sub-band 

m easurem ents r e f e r  t o  th e  low -freq u en cy  heads o f th e  Q branches, 

which must be near th e  sub-band o r ig in s*  The K numbering o f  

th e  P - and Q -type sub-bands p r e se n ts  no d i f f i c u l t y  s in c e  th e  

d i f f e r e n c e s  ^QTr~?qTr, /  and should be n e a r ly  l in e a rA lVr I A IVi" I

in  K, and should  e x tr a p o la te  back to  th e  known 2 ( i f -B * )  a t  

K~i in  th e  f i r s t  ca se  and to  zero  a t K»-g In the second*

B ecause o f  th e  over lap p in g  a t th e  head, th e  R sub-bands are  

d i f f i c u l t  to  I d e n t ify ;  but t h e ir  numbering fo llo w s  r e a d ily  

from th a t  o f  th e  P sub-bands.

For p erp en d icu la r  bands th e  com bination d if fe r e n c e s  

(RQk_1 -  \ +1V  i*K --- (A* S “ ) -  2Bk(k2+i) ana

( e Q„ -  PQk ) /  4K s  (A/ -B / ) -  2Djr(K2 +1) are used to  sep arate

th e  low er and upper s t a t e s  r e s p e c t iv e ly ,.  U sing th e se  va lu es

o f  and th e  com bination sum
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x + PQ k'_i- '| + D^) Jr ( K+ ^ j-

» 2v0  + | ( A ' - S ' )  -  (A" -B ")}{ K2 + (K+1 ) 2 } 

g iv e s  th e  band o r ig in  y0 and an improved va lu e  o f  

{(A' -S '  ) -  ( j f - § " ) } .

For p a r a l le l  bands* th e  b est c o e f f i c i e n t s  in  th e  equation  

®Qk = y 0 + £ (A '-B ') -  (A" -B4)} K2 -  (D 'g-D^)^  

were determ ined .

For p a ir s  o f bands w ith  a common low er or upper l e v e l s 

th e  d i f f e r e n c e s  betY/een s im ila r  sub-bands g iv e  g y r o -v ib r a tio n a l  

d if f e r e n c e s  w ith in  th e  one e le c tr o n ic  s ta te *  In p a r ticu la r*  

fo r  p erp en d icu la r  bands a r is in g  from th e  zer o -p o in t l e v e l  o f  

th e  ground s t a t e  the d i f f e r e n c e s

Pqk+ I v < "°) -
= Oc (V) + J(AV-By) -  (Ao~Bq)}k2  -  |d ^ (v )-D k (0 )] k*+ 

are  norm ally  l in e a r  in  K and g iv e  good v a lu e s  o f  G0 (V) and 

(Ay-By) -  (Aq-Bq) w ith ou t th e  use  o f  th e  R sub-bands. Large 

s lo p e s  and cu rva tu res in  th e se  p lo t s  in d ic a te  g y r o -v ib r a tio n a l  

in te r a c t io n *

In what fo llo w s*  t h e  te rm  ”band c e n tr e ” w i l l  r e fe r  to  the  

c e n tr a l  peah o f  a ty p e  C band or to  th e  estim ated  p o s it io n  of  

th e  band o r ig in  o f  a typ e A or typ e B band* The term "band 

o r ig in ” w i l l  r e f e r  o n ly  t o  th e  v ib r o n ic  frequency d if fe r e n c e  

V0  r e s u l t in g  from  an a n a ly s is  o f the K~ stru ctu re*

V III.h*. O rig in  Bands.

The band w hich  we a r e  a s s ig n in g  a s  th e  o r ig in  of th e  band
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sy s tem  i s  th e  f i r s t  member o f th e  p r i n c i p a l  p ro g re s s io n  and 

I s  c e n t r e d  a t  26i62*3 5 26191-8 and 26206,0  cm”*1 in  HCCCHO , 

DCCCHO and HGGCDO r e s p e c t i v e l y ;  t h i s  i s o to p e  s h i f t  i s  f a i r l y  

n o rm a l ,  i t s  d i r e c t i o n  b e in g  c o n s i s t e n t  w ith  a g e n e r a l  f a l l  in  

t h e  v i b r a t i o n a l  f r e q u e n c i e s  d u r in g  e x c i t a t i o n ,  The band i s  

shown t o  a r i s e  from  th e  z e r o - p o i n t  l e v e l  o f th e  ground s t a t e  

by  i t s  ro u g h ly  t h r e e f o l d  d rop  in  i n t e n s i t y  on h e a t in g  t o  200°G; 

t h e  f a c t o r  o f  t h r e e  i s  in  a p p ro x im a te  agreem ent w i th  th e  r a t i o  

o f  t h e  v i b r a t i o n a l  p a r t i t i o n  f u n c t i o n s  a t  th e  two te m p e ra tu re s  

c a l c u l a t e d  from  o u r  ground s t a t e  f r e q u e n c i e s .  The only  bands 

t o  low f r e q u e n c i e s  o f  th e  0 band which e x h ib i t  t h i s  b e h a v io u r  

a r e  a t t r i b u t e d  t o  t h e  I4.1Z4.O A sys tem . S ince  t h i s  band i s  t h e r e 

f o r e  t h e  lo w e s t  in  f r e q u e n c y  which i s  n o t  " h o t" s and s in c e  no 

p u re  e l e c t r o n i c  t r a n s i t i o n  i s  fo rb id d e n  by symmetry, th e  

a s s ig n m e n t  a s  th e  0 band i s  j u s t i f i e d .
state

In  o r d e r  t o  o b ta in  d e t a i l s  o f  t h e  s t r u c t u r e  o f  th e  e x c i te d ^  

we r e q u i r e  a  f a i r l y  com ple te  r o t a t i o n a l  a n a l y s i s  o f  th e  0 band* 

T h is  a n a l y s i s  may be ta k e n  in  two p h a se s  ; ( i )  th e  sub-band 

s t r u c t u r e  w i th  K > 2  and th e  accompanying J - s t r u c t u r e  can be 

u sed  t o  o b ta in  th e  b e s t  sym m etric  to p  ty p e  c o n s ta n t s  Ao-Bo and 

Bo, and ( i i )  th e 'a s y m m e try  p a ra m e te r  may then  be e s t im a te d  from 

th e  s t r u c t u r e  a t  t h e  band c e n t r e .  At p r e s e n t  on ly  a p r e l im in a ry  

a n a l y s i s  h a s  been  a c h ie v e d 9 and th e  asym m etric  to p  s t r u c t u r e  

h a s  been  s t u d i e d  o n ly  f o r  HCCCHO*

The f r e q u e n c i e s  o f  th e  and b ran c h es  o f  th e  o r ig in  

bands a r e  l i s t e d  in  T ab le  17 ; i t  p roved  p o s s ib l e
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Tab 1 e 17» Sub-band  F re q u e n c ie s  o f  th e  O r ig in  Bands,

HCCCHO DCCCHO HCCCDO

K Ro%
p

«K rq PQhK R0

vx/v
p

2 26170. 2k 2 6 1 9 8 .8 6 26212.28

3 1 ? 1 .65 26151 .06 200.21 26180.04 213.71 2 6 1 9 7 .7 5

4 172 .40 144* 86 200* 86 173.88 214.79 1 9 3 .3 6

5 172 .40 158* 04 200 .66 167. 03 2 1 5 .2 1 188.68

6 1 7 1 .6 5 130 .42 199*87 159.55 215o26 183.1+3

7 1 6 9 . 9 7 122*13 198 .12 1 5 1 .1 8 2 1 4 . 88 177.73

8 1 67«60 113*22 195.84 142.56 214*03 171.5U

9 103 .56 132.97 165.02

10 0 9 3 .2 1 122. 70 157.93

11 082*12 111*42 150.1+3

12 070* 62 1l+2 . 69

13 058*33 131+. 20

14 0 4 5 .3 4 125.31+

15 031 .77 116.23

•n
t o  c a l c u l a t e  t h e  p o s i t i o n s  o f  th e  Q b ra n c h e s  by a com bination  

o f  t h e  r e a d i l y  i d e n t i f i e d  PQ and b ra n c h e s  o f  o th e r  b an d s ,  

once t h e i r  v i b r a t i o n a l  a s s ig n m e n ts  were know n,(see  V I I I . 8 ) ,  

and th e  i d e n t i f i c a t i o n s  quo ted  a re  based  on t h i s  c a lc u la t io n *  

The sym m etric  t o p  r o t a t i o n a l  c o n s t a n t s  and o r i g i n s  o f  th e  0 

bands a r e  c o l l e c t e d  in  T ab le  15; u h c ro v o r  p o s s ib l e  th e  

r o t a t i o n a l -  c o n s t a n t s  quo ted  a r c  d e r iv e d  from mean com bination



T a b le  1 8 . R o t a t i o n a l  C o n s ta n ts  and O r ig in s  o f  th e  0 Bands,

The u n i t s  a r e  cni“1 in  e a c h  c a s e .

vCCt

(A-B)"
U
KI)

( a - b );

1/K
AB„

%
K

HCCOHO 

26163 .1 2  

2. 114 

2c. 93 * 1 cr1 

1.731

2. 60 K 10 

+0.00101 

0 .1 5 6 5 5  

1 .888

DCCGHO 

26191 .8(5 

2 .032  

3 .1 5  X10~^ 

1 .6 9 6

2 .7 0  X10

+o«0 0 1oh 

0*114518 

io 8I41

HCCGDO

262060 %  

i .5 7 h

1o03 *10~ 

1 .339  

i«Oh x io

+0*00105

o tt15398 

n h 9 3

d i f f e r e n c e s  f o r  bands which a r e  shonn by th e  v i b r a t i o n a l  a n a l 

y s i s  t o  in v o lv e  one o r  o t h e r  o f  th e s e  le v e ls *

The K - s t r u c t u r e  a n a l y s i s  i s  s u b je c t  t o  th e  e r r o r  in v o lv ed  

in  u s in g  th e  o b se rv ed  o n se t  o f  th e  Q. b ra n c h e s  i n s t e a d  o f  th e  

h y p o t h e t i c a l  sub-band  o r i g i n s 5 t h i s  e r r o r  should  be l a r g e l y  

c a n c e l l e d  o u t  in  fo rm in g  th o  com bina tion  d iffe ren ces . , ,  However 

t h e  b e s t  sym m etric  to p  c o n s t a n t s  r i l l  be o b ta in e d  by u s in g  

e x c i t e d - s t a t e  co m b in a t io n  d i f f e r e n c e s  between th e  i n d iv i d u a l  

l i n e s  o f  t h e  and b r a n c h e s ;  th e  %. b ra n c h e s  o f  t h e  v a r io u s  

su b -b a n d s  o v e r la p *  b u t  t h e y  may bo i d e n t i f i e d  by u s in g  g round- 

s t a t e  c o m b in a t io n  d i f f e r e n c e s  once a  r e a s o n a b ly  a c c u r a te  v a lu e  

o f  Dg- i s  knoTTn* T h is  work i s  in  p ro g re ss*
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A p re lim in a ry  c a lc u la t io n  o f  the  Q branches fo r  low K 

was made 9 a llo w in g  fo r  th e  asymmetry, w ith  th e  fo llo w in g  

c o n s ta n ts  :

Ao = 1 .8 8 6  s Bj 3 0*1625*4- » c ' » 0*15008 cm*1 (corresp ond ing

c o n s ta n ts  ( s e e  IV )* The e x c i t e d - s t a t e  co n sta n ts  were not based  

on th e  b e s t  v a lu e s  o f  th e  symmetric top  co n sta n ts  now a v a ila b le  

and were n ot f i t t e d  to  th e  observed spectrum; th e  c a lc u la t io n  

m erely  h as q u a l i t a t iv e  s ig n if ic a n c e  a t presents, but i t  en ab les  

u s t o  id e n t i f y  th e  band ty p e s  from th e  J - s tr u c tu r e .

Asymmetric top  e n e r g ie s  f o r  low K were c a lc u la te d  fo r  both  

s t a t e s  by means o f G olden?s method ( 2 5 )» which i s  asym ptotic  

f o r  h ig h  3* The re fin em en ts  en v isaged  by Golden were n e g le c te d  

and th e  sim p le  form

w hich can be ob ta in ed  from ta b le s  (^8 )1  when (J>£^+Kc ) i s  even

Comparison w ith  P o lo ’ s s e r i e s  expansion (5 3 ) fo r  low 3 showed

In t h i s  ran ge .

The wave-numbers o f  the v a r io u s  Q branch t r a n s i t io n s  were

The c a lc u la te d  sp ec tra  are rep resen ted  by means of P ortrat

t o  - 0 .3 3  amu A2 ) and C osta in  and Morton’ s g ro u n d -sta te

F (J k k ) -  BJ(J+1) + (A -B ){bK (a )  -  i s }
a c "a

was used* In t h i s  eq u ation

\A -B / *• 2 jJ j+ l)  i
and bKa( s )  i s  a c h a r a c t e r i s t i c  va lu e  o f M athieu’ s equation

th a t  th e  s im p li f ie d  Golden method was good to  &o001 cnT*1 even

then  c a lc u la te d  u s in g  typo C and typ e  B s e le c t io n  r u le s  { I I I * 6 ) 0
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d iag ram s  (22»P*U7) in  F igs*  6 and *;% where th e y  a re  compared 

w i th  t h e  0 band and th e  band a t  26625 cm“ 1 r e s p e c t iv e ly *  T h is  

com parison  l e a v e s  l i t t l e  doubt t h a t  th e  b an d -ty p e  a ss ig n m en ts  

a r e  c o r r e c t ,  s in c e  sm a l l  changes in  B/ —C/ d id  n o t  have any 

f i r s t - o r d e r  e f f e c t  on t h e  c a l c u l a t e d  band c e n t r e s .

V i b r a t i o n a l  A ss ig n m e n ts .

We s h a l l  c o n s i d e r  in  t u r n  th e  e v id e n c e  r e l a t i n g  t o  each  

o f  t h e  e x c i t e d - s t a t e  fu n d a m e n ta l  f r e q u e n c i e s .

v x i l 05.

As m en tio n ed  xDreviously (V II«2) th e  p r i n c i p a l  p r o g r e s s io n -  

fo rm in g  f re q u e n c y  (c a  1300 e n f^ )  i s  a s s ig n e d  from  i t s  i s o to p e  

e f f e c t  a s  th e  c a rb o n y l  s t r e t c h i n g  fu n dam en ta l  y^« The bands 

^0* ^ 0 9 *  ^0  ^ GCCH0 an(3 a r e  s e r i o u s l y  p e r tu rb e d

by a  c l o s e  Ferm i reso n an ce*  a s  a r e  th e  bands formed by a d d i t io n  

o f  o t h e r  v i b r a t i o n s  t o  t h e s e  bands* On th e  o th e r  hand* ho* U-qs 

and o f  HCCCDO ax^e a l l  s in g le *  In  d i r e c t  a n t i t h e s i s *  k® 

i s  o b se rv ed  a s  a  weak b u t  s t r o n g l y  t e m p e r a t u r e - s e n s i t i v e  band 

among th e  t r i p l e t  bands and i s  s i n g l e  in  IiCCCHO and DCGCHO* but 

do ub le  i n  HCCCDO ( s e e  VI06 ) f.

F o r  HCCCHO* t h e  c e n t r e s  o f  t h e  d o u b l e t  a r e  a t  0 + 1 3 0 0 * 0  

and 0 + 1 3 1 2 * 0  w i t h  a n  i n t e n s i t y  r a t i o  o f  f o r m e r  : l a t t e r  » 3  s 1. 

On t h e  a s s u m p t i o n  t h a t  t h e  i n t e n s i t y  i s  d u e  e n t i r e l y  t o  t h e  

f u n d a m e n t a l  ( s e e  I I I *  i t )  we c a n  p l a c e  t h e  u n p e r t u r b e d  f u n d a m e n t a l  

a t  s  1 3 Oh» 0  a n d  t h e  p e r t u r b i n g  f r e q u e n c y  a t  1 3 0 8 * 0 .  S i m i l a r l y
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t i ie  Uq t r i p l e t  has  c e n t r e s  a t  0+2532*9 ( 1 2 ) S 0 +2596*6  ( 1 2 ) 

and O+2 6 1 8 0 5 ( 3 ) 5 th e  ap p rox im ate  i n t e n s i t i e s  be in g  in  p a re n th e s e s ;  

t h e  method o f  I U . l*  th e n  g iv e s  2vj^ = 2592.9  « A gain , h a s

c e n t r e s  a t  0+38U5*3 (5)»  3 8 6 3 * 3  (5)> 3878*6 (3*5) sxid 3 9 1 7 .8  ( 0*8 )

which g iv e  3v^ -  3 8 6 6 0 2 . From th e  u n p e r tu rb e d  f r e q u e n c ie s  we

d e r i v e  = 1311*6  cttT  = - 7 .6  cm” 1 „

F o r  DCCCHO, th e  Uj band h a s  t h r e e  c e n t r e s  a t  0+1291*9*

0 +1298 * 3  and 0 +1305*7  w i th  ro u g h ly  e q u a l  i n t e n s i t i e s ;  th u s  

“ ^ 9 8 * 6  c m ~ \  The h i g h e r  bands a r e  complex, and no 

a n a l y s i s  was a t t e m p te d .

The a s s ig n m e n ts  o f  t h e  p e r t u r b i n g  f r e q u e n c ie s  w i l l  be 

d i s c u s s e d  l a t e r  ( V I I I . 13)*

The c e n t r e s  o f  th e  Ij.q p ro g r e s s io n  o f  HCCCDO a re  a l l
o is in g le *  However one member, a f f e c t e d  by a p e r t u r b a t i o n

in  t h e  sub -band  s t r u c t u r e  w hich i s  most e a s i l y  seen in  th e

su b -b a n d s  ( s e e  F ig .  9)» As K* i n c r e a s e s  from  6  t o  10, th e

su b -b a n d s  a c q u i r e  a lo w -f re q u e n c y  s a t e l l i t e  which g r a d u a l ly

t a k e s  o v e r  t h e  i n t e n s i t y  so t h a t  on ly  th e  lo w -freq u en cy

component p e r s i s t s  f o r  K7>10. The K-numbering of th e  two

com ponents can be o b ta in e d  in d e p e n d e n t ly ,  th e  h ig h - f re q u e n c y

one by  u s in g  th e  n o rm al method f o r  low K, and th e  low -frequ en cy
p p

one by u s in g  t h e  w e l l -d e v e lo p e d  j - s t r u o t u r e  of “ P ^ *  P ^  an<3 

I i t  i s  found  t h a t  th e  components w i th  th e  same K v a lu e  

l i e  c l o s e s t  to g e th e r*  The e f f e c t  i s  b e s t  dem ons tra ted  by 

p l o t t i n g  t h e  d i f f e r e n c e s  ^Q j^C U q) ~ ^ k + 1^° '‘ a &'a i n s t  K2* - ov
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com parison  w i th  th e  r e s t  o f  th e  p r o g r e s s io n ,  th e  d i f f e r e n c e s  

{ PQjr+1(48) ~ p l o t t e d  a g a i n s t  K2 in  Pig* 10;

t h e s e  g ra p h s  shou ld  have i n t e r c e p t  co^+nxj^ and g r a d i e n t  -qc^A~^)/ 

f o r  t h e  u n p e r tu rb e d  bands ( s e e  111*3 and 111*7)- The bands 

Uq» g iv e  =, i27h »3 , x { ^  = -7*3 and cc£A~®^ * +0.0304

( a l l  i n  cm'"'1 ) ,  The l i n e  o b ta in e d  f o r  4§ from  t h e s e  v a lu e s  

sh o u ld  r e p r e s e n t  th e  u n p e r tu rb e d  su b -b a n d s ,  and i t  i s  seen  from  

Fig* 10 t h a t  t h e  obse rved  sub -bands l i e  on e i t h e r  s id e  o f  t h i s  

l i n e ;  t h e  mean p o s i t i o n s  o f  th e  sub-band p a i r s ,  each  compon

e n t  b e in g  w e ig h ted  w i th  i t s  i n t e n s i t y ,  f a l l  c lo s e  t o  t h i s  

l in e *

The e f f e c t  i s  o b v io u s ly  t o  be  a t t r i b u t e d  t o  an i r r e g u l a r  

( o r  " r o t a t i o n a l ” ) p e r t u r b a t i o n  (2 8 3p0466) w ith  a c r o s s in g  p o in t  

n e a r  Ky«9:> t h e  p e r t u r b i n g  l e v e l  l y in g  abou t 3 cm"*1 below 2v^„ 

S in c e  t h e  su b -b an d s  o f  h ig h  K a re  s t i l l  d i s p l a c e d ,  we may con

c lu d e  t h a t  th e  p e r t u r b a t i o n  i s  K-dependent (22*?* 288) and so 

m ust in v o lv e  a v i b r a t i o n - r o t a t i o n  i n t e r a c t i o n ,  a s  d i s t i n c t  

from  a p u r e l y  v i b r a t i o n a l  i n t e r a c t i o n  o f  Ferm i type* A p e r t u r b 

a t i o n  w i th  AK p  0 would in v o lv e  c o u p l in g  by r o t a t i o n  about 

t h e  b -  o r  e - a x i s ; and s in c e  t h e  a n g u la r  momenta abou t t h e s e  

a x e s  a r e  sm a l l  when J  (ef*  l a s t  p a ra g ra p h  o f  111*7), such 

a p e r t u r b a t i o n  shou ld  n o t  le a d  t o  a s e r i o u s  d isp la c e m e n t  o f  

t h e  o n s e t s  o f  t h e  Q b ranches*  I t  seems l i k e l y  t h e r e f o r e  t h a t  

t h e  p r e s e n t  example h a s  AK 0* P o s s ib l e  p e r t u r b a t i o n s  o f  

t h i s  ty p e  in v o lv e  c o u p l in g  abou t th e  a - a x i s  th ro u g h  e i t h e r  th e  

C o r i o l i s  f o r c e s  o r  th e  c e n t r i f u g a l  f o r c e s ;  th e  v ib r o n lc
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s e l e c t i o n  r u l e s  d i f f e r  in  th e  two cases*  b e in g  f o r

C o r io l i s r  c o u p l in g  (cf* I I I . 8 ) and K*+K * A"**A* f o r  c e n t r i f u g a l  

c o u p l in g .  F o r  C orioX is  c o u p l in g  th e  p e r t u r b a t i o n  m a t r ix  

e le m e n t  shou ld  be p r o p o r t i o n a l  t o  K* f o r  c e n t r i f u g a l  c o u p l in g  

p r o p o r t i o n a l  t o  K20

The d i f f i c u l t y  c o n f r o n t in g  a more d e t a i l e d  a n a l y s i s  o f  

t h e  p r e s e n t  p e r t u r b a t i o n  i s  t h a t  t h e  (unw eigh ted) mean o f  th e  

o b se rv ed  su b -b an d s  does n o t  g iv e  a s t r a i g h t  l i n e  on th e  g rap h ;  

in  th e o r y  i t  shou ld  c o rre sp o n d  t o  th e  mean o f  th e  u n p e r tu rb e d  

l e v e l s  and so sho u ld  g iv e  a s t r a i g h t  l i n e .  Thus i t  seems 

t h a t  a t  l e a s t  one a d d i t i o n a l  l e v e l  i s  in v o lv ed  in  th e  p e r t u r b -  

a t io n o

N e v e r th e l e s s s  s in c e  we have* f o r  each  o f  th e  doubled  sub

bands* th e  two p e r tu r b e d  l e v e l s  and one u n p e r tu rb e d  le v e l*  we 

can a n a ly s e  th e  p e r t u r b a t i o n  in  te rm s o f  o n ly  two l e v e l s  (2Z» 

p . 282) i f  we do n o t  r e q u i r e  th e  r o t a t i o n a l  e n e r g i e s  o f  th e  

o t h e r  u n p e r tu rb e d  l e v e l  t o  obey th e  norm al equations,* The 

v a lu e s  o f  |w(K)| o b ta in e d  in  t h i s  way a re  g raphed a g a in s t  K

and a g a i n s t  K2 in  Fig« 10 The p l o t s  a re  smooth b u t  a p p re c -
o

i a b l y  curved  in  b o th  cases*  th e  p l o t  a g a in s t  K b e in g  th e  more 

n e a r l y  l in e a r *  T his*  and th e  f a c t  t h a t  |w(K)| a p p e a rs  t o  

e x t r a p o l a t e  t o  a n o n -z e ro  v a lu e  a t  K~09 su g g e s t  t h a t  th e  

p e r t u r b a t i o n  i s  o f  c e n t r i f u g a l  ty p e  w i th  a sm a ll  Ferm i con™ 

t r i b u t i o n  ( t h e  v i b r o n ie  s e l e c t i o n  r u l e s  o f  th e  two a r e  c o n s i s t 

e n t  ) .  However t h i s  t r e a tm e n t  i s  n o t  v a l i d  i f  more th an  two 

l e v e l s  a r e  in v o lv e d .



V i l l a  5 133

A d e c is io n  between th e  a l t e r n a t iv e s  could be made from 

th e  symmetry o f  th e  p ertu rb in g  l e v e l  i f  i t  could  be id e n t i f ie d .  

T h is  h as not been p o s s ib le  so far*

V i l l a  6* V9*

Most o f  th e  type C bands o f  th e  system  have a weaker s a t -  

e l l i i e  about i6  c n T *  to  low fr e q u e n c ie s , whose cen tr e  u s u a lly
r> p

l i e s  between ‘ and o f  th e  parent band* With th e  cen tre  

and head o f  th e  p a r e n t, t h i s  fe a tu r e  g iv e s  the bands a t r i p l e -  

headed appearance under low  r e so lu tio n *  T h is s a t e l l i t e  i s  

presum ably th e  f i r s t  member o f  a sequence, and i t  i s  fre q u en tly  

p o s s ib le  t o  s e e  a second and sometimes la t e r  members* On 

accou n t o f  th e  Boltzmann f a c to r s  in v o lv e d , the fundam ental 

w hich form s t h i s  sequence must l i e  below 300 and so

must be e i th e r  th e  a* or au component o f  the GsG-C bending 

v ib r a tio n *  Sequences o f  th e  same typ e  are presumably a ls o  

a tta ch ed  t o  th e  type A o f  B bands, but the la c k  o f  a sharp 

centre- makes them l e s s  easy  to  observe*

I f  th e  v ib r a t io n  form ing t h i s  sequence i s  a ls o  a c t iv e  

in  form ing p r o g r e ss io n s  we would e sp e c t t o  f in d  th e  (1 -0 )  

and (0 -1 )  bands w ith in  about 3 0 0  eia~  ̂ o f  the o r ig in  on e ith e r  

s id e  and n e a r ly  sym m etrical about th e  orig in*  A p a ir  o f f a i r l y  

s tr o n g  ty p e  C bands cen tred  a t 0*191*0  and 0-206*3 o b v io u sly  

f i t  th e  requirem ents* We may th e r e fo r e  a ss ig n  th e  sequences 

m entioned above t o  th e  a/  bending freq u en cy , which w i l l  be 

th u s  V9-191*0  ana 206*3 c n T \ These fr e q u e n c ie s  are only



s l i g h t l y  a l t e r e d  in  th e  d e u te r iu m  i s o t o p e s 0

I t  i s  p o s s i b l e  t o  f in d  a second member o f  b o th  th e  u p p e r-  

and l o w e r - s t a t e  p ro g re s s io n *  Because o f  th e  a c t i v i t y  o f  t h i s  

fu n d a m e n ta l  in  fo rm ing  b o th  p r o g r e s s io n s  and se q u en c es ,  i t  i s  

p o s s i b l e  t o  f o l lo w  i t  up t o  f o u r  q u a n ta  in  b o th  s t a t e s * and 

i t  i s  c l o s e l y  harm onic  in  both*

The l o w e r - s t a t e  com bina tion  d i f f e r e n c e s  a c r o s s  th e  band 

9?? a r e  found  t o  be much low er th a n  th o s e  a c r o s s  t h e  u band* 

and t h e  g ra p h  o f  '?Q^{0 ) - J'Q ^ (9 § ) a g a i n s t  K2 i s  s l i g h t l y  curved  

and h a s  th e  l a r g e  s lo p e  o f  (A-B)^ -  (A-B)q ^ i h  crrT^ * Thus 

i s  in v o lv e d  in  a f a i r l y  s t r o n g  v i b r a t i o n - r o t a t i o n  i n t e r 

a c t io n ?  w hich  w i l l  be d i s c u s s e d  in  V I I I * 8 « The i n t e r n a l  

c o n s i s t e n c y  o f  th e  p r e s e n t  a s s ig n m e n ts  can be d em o n s tra ted  

by means o f  g y r o - v i b r a t i o n a l  c o m b in a t io n s ;  f o r  in s ta n c e ?  th e  

e q u a t io n  PQk (9 q) + P% ( 9 i )  -  PQK( 9 l )  + P% ( 0 )  i s  w e ll  

s a t i s f i e d ,

V I I I .  7. V12.

A p a i r  o f  f a i r l y  s t r o n g  ty p e  A bands a r e  observed  a t  

0-b3h6cii. and 0-260*3* I f  t h e s e  a r e  th e  f i r s t  members o f  

p r o g r e s s i o n s  in  a n o n - t  © ta l ly -sy m m e tr ic  freq u en cy ?  one 

would e x p e c t  t h e  sequence  t o  o c cu r  a t  0+86*1 » A ty p e  C band 

i s  in d e e d  ob se rv ed  a t  0+ 85 .0  9 and i t  i s  shown to  be “h o t"  by 

t h e  t e m p e r a tu re  m easurem ents and by i t s  l o w e r - s t a t e  K -type 

co m b in a t io n  d i f f e r e n c e s ?  which a re  q u i t e  in c o m p a t ib le  w ith  

t h o s e  f o r  th e  z e r o - p o i n t  l e v e l ,  The v i b r a t i o n  must be th e  a"



component o f  t h e  CsC-C bend , which w i l l  be v12* ab°ve bands

a r e  t h e r e f o r e  a s s ig n e d  t o  12§ S 12^ and 1 2  ̂ r e s p e c t iv e ly *

S i m i l a r  b a n d s ,  w i th  m inor changes in  th e  f r e q u e n c i e s ,  a r e

found  f o r  th e  d e u te r iu m  is o to p e s *  I t  shou ld  be n o ted  t h a t  
—1th e  8 5 ° 0  cm i n t e r v a l  i s  d e f i n i t e l y  n o t  an e x c i t e d - s t a t e  

fu n d a m e n ta l ,  a s  Howe and G o ld s te in  suggested*

The l o w e r - s t a t e  K -type  com bina tion  d i f f e r e n c e s  a c r o s s  th e
i1 2  ̂ band a r e  much h ig h e r  th a n  th o s e  a c r o s s  th e  0 band , showing 

t h a t  (A-B)^g i s  c o n s id e r a b ly  g r e a t e r  th a n  (A-B)q ; t h i s  

v i b r a t i o n - r o t a t i o n  i n t e r a c t i o n  w i l l  be d i s c u s s e d  in  V I I I *8 *

The c o n s i s t e n c y  o f  th e  a ss ig n m e n ts  i s  a g a in  shown by 

g y r o - v i b r a t i o n a l  c o m b in a t io n s ,  such as

QQK+1 ( 1 2 6 ) + QQK( 1 2 ? )  = EQK( l2 ? i )  + P Qk + 1 ( 0 )  j 

t h e  r e l a t i o n  RQK( 0 ) * QQK( 12J )  + QQk+1 ( i 2 i )  -  pQKf1( 12i > thet) 

a s s i s t s  u s  in  i d e n t i f y i n g  t h e  R su b -bands  o f  th e  0 band*

The f o l lo w in g  a d d i t i o n a l  bands in v o lv in g  on ly  v«,f2 a3?e 

o b se rv ed  f o r  a l l  t h r e e  i s o t o p e s  : 12(3 ( ty p e  C ) , 12^ ( ty p e  A) 

and 12 § ( ty p e  G) ; t h e s e  show t h a t  v12 i s  c l o s e l y  harm onic  in  

b o th  s t a t e s *

V I I I * 8 . O o r io l is C o u p l in g _ o f ._ V ^_..ahd_V^g.

The v ib  r a t  i  on - r o t  a t  i  on i n t e r a c t i o n  p r e s e n t  in  and 

i s  b e s t  shown by a com parison  o f  th e  l o w e r - s t a t e  com bina tion  

d i f f e r e n c e s  EQ -  PQK+1 =* A | f " ( 0 ,K) a c r o s s  t h e  p e r p e n d ic u la r  

hands 12^ and 9® w i th  t h o s e  a c r o s s  th e  0 band. These a re  

shown in  T ab le  19? where i t  can be seen  t h a t  t h e  mean o f  th e



V i l l a  8 / .  S'*t DO

K
----- y-—

^ ^ ^ ( O y K )  in  cnT1

121i 9? mean o f  
12^ and 9V

0

3 2 7 .3 23=6 25 .45 2 5 .3 8

h 36. 1 3 1 .5 3 3 .8 3 3 .6 1

5 kb» 9 3 9 .5 4 2 .2 4 1 .9 8

6 53*5 4 7 .4 50 .45 5 0 .2 7

7 62*1 5 5 .3 58 .7 58 .43

8 6 3 .2 6 6 .4 1

9 7 1 .2 74 .39

10 7 8 .9 8 2 .1 4

T a b le  20. A n a ly s i s  o f  C<ylZuX3J2Ko

The u n i t s  a r e am~^, e x c e p t f o r  t h e  d im e n s io n le s s <•
HCCCHO DCCCHO HCCCDO

v0 <9?) 25937 .9 25996.3 26005®0

y*
9 205® 3 195 .6 201 a 5

VC(1 2?) 25902.5 259it3=it 25956o 6

v"
12 2 6 0 .6 2^8 .5 2l{.9o9

( 3 3 ) 9 , 1 2 2 .1 2 2 2 .090 1*570

K 9 ,1 2 | 0o 639 0 .6 3 4 0o 675

Vn and y'' v a lu e s  i s  c lo s e  t o  th e  z e r o - p o i n t  v a lu e .
9 12

T h is  b e h a v io u r  o f  and v''^* t h a t  t h e i r  K -type r o t a t 

i o n a l  e n e r g i e s  l i e  f a i r l y  sy m m e tr ic a l ly  below and above th e



n o rm al v a lu e s  $ i s  t y p i c a l  o f  C o r i o l i s  c o u p lin g  by r o t a t i o n  abou t 

t h e  a - a x i s 9 which i s  a llow ed  f o r  th e s e  v i b r a t i o n s  by th e  Jahn 

s e l e c t i o n  r u l e .  T h is  i n t e r a c t i o n  was a n a ly se d  in  more d e t a i l  

f o r  t h e  two fu n dam en ta l  bands 9? and 12^, which a r e  o f  ty p e s  

C and A r e s p e c t i v e l y ,  U p p e r - s t a t e  com bina tion  d i f f e r e n c e s ,

a c r o s s  9? a g re e  w i th  th o s e  o f  th e  0 band. 

The v a lu e  o f  (A - b /0 so  o b ta in e d  was used in  th e  f o l lo w in g  

e q u a t io n s  :

l in e s , ,  From t h e  i n t e r c e p t s  t h e  two o r i g i n s  were o b ta in e d ,  

and hen ce  and I th e  g r a d i e n t s  th e n  gave (A-B) and

T a b le  20.

In  a d d i t i o n  t o  th e  d a t a  r e f e r r i n g  t o  th e  fu n d a m e n ta ls ,  

we have sub -band  s t r u c t u r e  f o r  some o f  th e  o v e r to n e  and com

b i n a t i o n  l e v e l s .  T ab le  21 shows r e s u l t s  f o r  HCGCDO, f o r  

w hich  t h e s e  su b -b an d s  a r e  most c l e a r l y  d e v e lo p ed . The 2v^ and 

2v^g l e v e l s  a r e  seen  t o  s a t i s f y  a p p ro x im a te ly  th e  th e o r y  o f  

111*8 , nam ely t h a t  t h e i r  K -type  r o t a t i o n a l  e n e r g i e s  should 

be sy m m e tr ic a l  ab o u t  th e  z e r o - p o in t  v a lu e s?  and tw ice  a s  f a r

= l V 0 ( 9 b  + V0 (12<?) + ( A - B /0] + 2 { ( A - 1 £  -  ( A - B ) ' l  K2

and

in  w hich  (A-B) I s  a mean v a lu e  f o r  th e  and v*g l e v e l s .
o

The l e f t - h a n d  s i d e s  p l o t t e d  a g a i n s t  K gave good s t r a i g h t

Tile r e s u l t s  fox’ th e  t h r e e  i s o to p e s  a r e  d isp la y e d  in
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T a b le  21* C oupling in 2Vq and JL2l o HCCCDO o
K W*(09~&) in  c i r r i

9 | 9? 0 12 | i2 §

3 1 6a 21 17*46 18* 92 20. 2 k 210 86

i* 22* 07 23* 1 4 25c 03 26*83 29 .2 6

5 2?« 59 2 9 .3 9 31*36 33«44 36 .2 5

6 33oU0 35* 2 9 37c 48 40*08 U3.07

Hkem.
f rom  aaA t h o s e  fo r  t h e 'ig and v^ 2  l e v e l s  are<>

178

y i I I o 9 .  2 io °

A ty p e  B bans i s  o b se rv ed  a t  0 -9 8 2 ? f?itb  th e  p o s it io n  and 

p o la r is a t io n  e x p e c te d  from  th e  i n f r a - r e d  fo r  10^» A typ e  B 

band o f  medium i n t e n s i t y  i s  a l s o  found a t  0^li62o7 a and th e  

assign m en t o f t h i s  a s  i o |  i s  confirm ed by th e  ob serva tion  o f  

th e  sequence 10^ a s  a prominent type C band a t  0-519*7- ^he 

f a c t  th a t  0 - 5 1 9 .7  does n ot r e p r e s e n t  12^ i s  shown by  i t s  r o t 

a t io n a l  s tr u c tu r e , i t s  ex trem e  te m p e ra tu re  s e n s i t i v i t y  and i t s  

is o to p e  s h i f t s

An improved v a lu e  o f V̂ Q may be obtained by p lo t t in g  

?QK(iO £) -  pQk (10;|) a g a in s t  K2 ; theband 10^ has been observed  

o n ly  under medium r e s o lu t io n 9 but th e  d if fe r e n c e s  PQg(0) -  

\ ( 1 0 ° )  agreed w ith in  th e  l im i t s  o f  err o r  w ith  th e  above* The 

v a lu e s  o f  V*0 and (A -B)*0 -  (A-B)q o b ta in e d  in  t h i s  way are  

d isc u sse d  i n  s e c t i o n  V IGk ,



In th e  same way, PQF(10$) -  PQK(0) versu s (K -1 )2 g iv e s  v '0

and (A-B)^q -  (A~B)q, The r e s u l t s  are d iscu ssed  in  V III0 11.

I t  i s  in t e r e s t in g  to  n o te  th a t  whereas th e  10$ bands o f

HCCCHO and DCCCHO are o f alm ost pure type B, th e  p a r a l le l

component b e in g  very  weak or a b se n t , th a t o f HCCCDO has typ e

A and B components o f roughly equal in t e n s i t y .  T h is can be

checked by th e  com bination r e la t io n s  ®QT. -  ^QT_ . = -  PQ„ ,11 &+1 ft ft+1
= A fs ,"(Oe K) and RQK -  QQK = QQK+1 -  PQg+1 = A fP '(O .K ).

The v a lu e  o f  th e  overtone 2v'Jq i s  c r u c ia l  in  d ec id in g  

w hether th e  e x c it e d  s ta t e  i s  p lan ar; i t s  assignm ent i s  d i s 

cu ssed  in  s e c t io n  V I I I .12 .

VIII. 10. vi r

In HCCCHO a medium-weak typ e  C band i s  found at 0+128.9  ?

hh cm“  ̂ above 12^« The lo w e r -s ta te  K-type com bination d i f f e r 

en ces  o f  t h i s  band are equal t o  th o se  o f  12^ and so are 

c h a r a c t e r i s t i c  o f  th e  C o r io lis -c o u p le d  v*2 l e v e l .  The p o ss ib 

i l i t y  o f  an a c c id e n ta l  e q u a lity  o f  such d i s t in c t iv e  com bination  

d if f e r e n c e s  fo r  two d i f f e r e n t  l e v e l s  i s  rem ote, so we may 

presume th a t  th e r e  i s  an e x c ite d  s t a t e  VA* le v e l  at 390 cm , 

and t h i s  can on ly  be in te r p r e te d  a s a fundam ental -  in  fa c t

th e  rem aining a" fundam ental ; so th e  0+ 128,9  i s  to  be 
1 oa ss ig n e d  as

The ith cm~  ̂ d if fe r e n c e  reappears between two str o n g ly  

degraded typ e C bands a t 0-303*6 and 0-3kl*k* These bands 

a l s o  have id e n t ic a l  lo w e r -s ta te  com bination d if f e r e n c e s ,



VI110 10 liti;

c h a r a c t e r is t ic  o f  a s t r o n g l y  C o r io lia -co u p led  l e v e l ;  and th e  

sen se  o f  th e  C o r io l is  c o n tr ib u tio n  shows th a t th e  l e v e l  in vo lved  

must he th e  upper o f  the C o r io lis -c o u p le d  pair* I f  we take  

and y ^  us th e  upper s t a t e s  o f  th e se  bands* we obtain  fo r  th e  

common low er s t a t e  a VA* l e v e l  a t 693*5 om- ^, which must be the  

fundam ental The a* fundam ental i s  th e r e fo r e  th e  upper

o f  th e  p a ir  observed in  th e  in fr a -r e d  spectrum , con trary

t o  our o r ig in a l  assignm ent ( i 9 6 0 , 8 ) ,  I t  i s  p o s s ib le  to  

c a lc u la t e  th e  p o s i t io n s  o f  the sub-bands observed in  th e  in fr a 

red from th e u l t r a v io l e t  bands by means o f th e  equation  

^ ( V ^ . I K )  = % < 12& ) + PQk+1( 11^12?) -  PQk+1(12^) -  PQK+1(1 1 1 ) .  

The r e s u l t s  are :

K HQK(Vi1 »IB)

obs* calc* oba. -oajts

2 (7 0 8 .0 ) 707.1 ( 0 .9 )

3 7 1 3 .0 71U.O -1 ..0

k 7 2 0 .5 721*0 - 0 .5

5 7 2 8 .0 728«1 -0 .1

6 7 3 5 .5 7 3 5 .8 - 0 .3

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

T hus, apart from a sy s tem a tic  d iscrep an cy  o f  about Ob5 o a f 9 

p o s s ib ly  due t o  inadequate c a lib r a t io n  in  th e  in fr a -r e d , th e  

unusual s tr u c tu r e  o f  t h i s  band i s  s a t i s f a c t o r i l y  predicted*  

From th e  com bination ^ Q g (n J ) ~ J 12?)

- PQK +i( l 2 | )  , i t  i s  p o s s ib le  t o  c a lc u la te  th e  p a r a l le l  compon

en t o f  th e  1 i q band* Weak fe a tu r e s  were observed in the



p o s i t i o n s  o f  th e  e x p ec ted  sub-bands*  b u t  th e  p re s e n c e  o f  t h i s  

band can n o t  be d e f i n i t e l y  c la im ed .

We have  seen  t h a t  f o r  HCCCHO we observe* in  a d d i t i o n  t o  

th e  no rm al seq u en ces  11 |̂ and 1 2 ] ,  t h e  c ro s s  sequences  11^12^ 

and 11^12^ ; in  each  case  t h e  norm al sequence i s  th e  more 

i n t e n s e  o f  t h e  bands w i th  th e  same low er l e v e l  (same B o l tz 

mann f a c t o r ) .  The norm al seq u en ces  a re  observed  f o r  th e  o th e r  

two i s o to p e s *  and 1l!| o f  DCCCHO shows th e  ex p ec ted  l a r g e  i s o 

to p e  s h i f t ]  b u t  th e  o c c u r re n c e  o f  th e  c ro s s  sequences must be 

f o r t u i t o u s  f o r  HCCCHO, s in c e  f o r  th e  o th e r  i s o t o p e s  o n ly  11$12^ 

o f  DCCCHO was o b s e rv e d ,  v e ry  w eakly , T h is  may be due t o  th e  

i n t e r a c t i o n  betw een th e  and m o tio n s ,  which w i l l  be 

g r e a t e s t  f o r  HCCCHO, where th e  d i f f e r e n c e  in  f r e q u e n c ie s  i s  

s m a l l e s t •

Vg and V? .

A ty p e  C band o f  medium i n t e n s i t y  a t  0+507 ,0  canno t be 

e x p la in e d  on t h e  b a s i s  o f th e  fu n d a m e n ta ls  so f a r  i d e n t i f i e d *  

and so p resu m ab ly  r e p r e s e n t s  a new fu ndam en ta l]  i t  l i e s  6 lh  cm 

above a n o th e r  ty p e  C b an d , which i s  f a i r l y  t e m p e r a tu re -  

s e n s i t i v e s a t  0 -106^7  9 and t h i s  i n t e r v a l  i s  a lm ost e q u a l  t o  

Vg «  615  cm” * o b se rv ed  in  th e  in f r a - r e d *  The bands may t h e r e 

f o r e  be a s s ig n e d  a s  8© and 8̂ j r e s p e c t i v e l y .  The band 8^ was 

n o t  o b s e rv e d ,  b u t  i t  may be ob scu red  by t r i p l e t  bands in  th e  

same r e g io n .  S i m i l a r  r e s u l t s  h o ld  f o r  HCCCDO, w ith  sm a ll  

ch an g es  in  th e  f r e q u e n c i e s  ; bu t th e  p o s i t i o n  i s  more co m p ile -



a t e d  in  DCCCHO, which i s  d i s c u s s e d  below*

The sub -band s  o f  th e  8^ band a re  r a t h e r  h a zy ,  b u t  i t  i s  

p o s s i b l e  t o  g e t  v a lu e s  o f  Yg and (A-B)g~(A-B)Q from  them* The 

r e s u l t s  f o r  Vg and v^q ( s e e  V I I I . 9 )  a r e  shown in  T ab le  22. The 

HCCCDO v a lu e s  co rre sp o n d  t o  a f a i r l y  t y p i o a l  example o f  C o r i o l i s  

c o u p l in g  and th e  s e c o n d -o rd e r  p e r t u r b a t i o n  o f  I I I * 8 i s  a p p l i e d  

t o  them , g iv in g  q u i t e  a  l a r g e  v a lu e  io j  * In  th e  same

t r e a tm e n t  t h e  HCCGHO r e s u l t s  a r e  l e s s  s a t i s f a c t o r y ,  s in c e  we 

a r e  l e f t  w i th  a r a t h e r  l a r g e  v a lu e  o f  (A ^ B )g ^ g  -  (A-B)q.

22. C o r i o l i s  Goutj l i n g  o f  

HCCCHO

Vg and VJ(p- 

HCCCDO

V8 50 6 .9 k99° 9 -1cm

(A-B)g -  (A-B)'0 +0 ,086 +0 . 0h9 -1cm

vi'o i|.62a 1 I4.H 06 -1cm

(A-B)'10 -  (A-B)'0 - 0 .043 - 0 o0h 8 -1cm

K i  / lO  | 0.U5 0 *6 9 ^

In  c o n t r a s t  t o  t h e  o t h e r  two i s o t o p e s ,  DCCCHO shows th e  

8^ band a t  0 -610*0  • By com parison  w ith  t h e  o th e r  i s o t o p e s ,  

one would e x p e c t  t h e  8 j  band v e ry  c lo s e  t o  0-f-500o However, 

two ty p e  C bands a r e  found a t  0+2j.86»if. and O+529 .O , ro u g h ly  

s y m m e tr ic a l  abou t th e  e x p e c te d  p o s i t i o n ,  and a p p ro x im a te ly  

e q u a l  in  i n t e n s i t y  ; and s i m i l a r l y  two bands o f  abou t eq u a l  

i n t e n s i t y  a r e  found  a t  0 -8 0 .6  and 0 -1 2 3 -5  n e a r  where th e  

seq u en ce  8̂ } i s  expec ted*  I t  t h e r e f o r e  a p p e a rs  t h a t  t h e r e  a re



two l e v e l s  o f  A/ symmetry near 500 cbT1, one o f  which must 

be ygG No summation o f  th e  known fundam entals g iv e s  a l e v e l  

in  t h i s  r e g io n , so th a t  we must in te r p r e t  th e  o th er  l e v e l  as a 

fundam ental a l s o 0 The on ly  p o s s i b i l i t y  rem aining a f t e r  th e  

assign m en ts to  be g iven  la t e r  i s  th e  e th y n y l CsC~D bend, Vy0 

We th e r e fo r e  choose ( th e  numbering o f  the modes i s  a rb itra r y }  

Vg=h86  cnf*  ̂ and V̂ *529  oaT^; and th e  assignm ents o f  th e  bands 

a t  0+5 2 9 ? 0+k8 6 ? O-8 1  and 0 - 1 2h are then ?q* 7$8? and 8 ^

r e s p e c t iv e ly .

The p r e c is e  v a lu e  o f cannot be obtained  d e f in i t e ly  from 

th e  in fr a -r e d  spectrum? s in c e  we must f i r s t  number th e  sub

bands there*  However in  DCCCHO a weak band i s  observed at 

0+21 and s im ila r  bands are found 21 cn f ** above o th er  stron g  

bands | in te r p r e t in g  t h i s  as 7 ] g iv e s  V*.» ?J ~ 7 ] ~ 507*7 cm” ? 

and one p o s s ib le  numbering o f  th e  in fr a -r e d  sub-bands g iv e s

y" =s 507c 9 cm~l We should! a ls o  exp ect th e  o th er  c ro ss  
1

sequence 7^8§, which i$  then c a lc u la te d  to  be cen tred  a t  

2 6170 .5  cm‘“’i ; a l in e  i s  observed very  near t h i s  freq u en cy , 

but i t  i s  a t  th e  p o s i t io n  and o f  about th e  in t e n s i t y  

ex p ected  f o r  ^Qp(O) o f  HCCCHO, p resen t as an im purity in  our 

sam ple o f  DCCCHO.

He tr a c e  o f  th e se  y 7 bands -  s u ita b ly  s h if te d  -  i s  found 

in  HCCCHO and HCCCDO* B u t, a lth ou gh  th e  occurrence o f  7^ and 

may be a consequence o f th e  a c c id e n ta l  near-degeneracy  

o f  Vi, and th e  p resen ce  o f  th e  sequence 7 \ should not be 

a c c id e n t a l ,  s in c e  i t s  in t e n s i t y  i s  determ ined alm ost p u rely



e1w?t> by th e  Boltzmann factor*  However the r e s u l t s  fo r  DCCCHO 

su g g est th a t in  th e  absence o f  the in te r a c t io n , the

v a lu e  o f  would be alm ost th e  same in  both e le c tr o n ic  s ta t e s -  

The 7 \ bands o f  HCCCHO and HCCCDO th e re fo re  probably l i e  in  

th e  in te n s e  reg io n  a t th e  cen tre  o f the 0 band* and i t s  

Boltzmann f a c t o r  o f  0*05 p rev en ts  i t s  id e n t if ic a t io n ,,  We 

t e n t a t iv e l y  put y ~ /v - p  th e  l a t t e r  va lu e  b eing  obtained by 

in te r p r e t in g  th e  in fr a -r e d  sp ec tra  by analogy w ith  th at o f  

DCCCHO a

VXIIo 12. V ^ jV c and 2 ^ .n®

Most o f  th e  bands to  low fr e q u e n c ie s  o f  0+900 can be 

e x p la in ed  on th e  b a s is  o f the fundam entals s© fa r  id e n t if ie d *  

a lth o u g h  some o f  th e  assign m en ts are* o f  course* q u ite  

ten ta tiv e ®  In th e  reg ion  between 0+900 and at 0+1300 

occu r s e v e r a l  stron g  bands* some o f which are 1300 cm up 

from corresp on d in g  bands below  th e  0 band and so can be e x p la in 

ed a s  hot bands r e la te d  to  Hq* The rem aining strong  bands in  

t h i s  reg io n  are d isc u sse d  here*

A c lo s e  p a ir  o f  stron g  typo G bands are observed at  

0+956*7 and 0+943*9 w ith  an in t e n s i t y  r a t io  of about 3s2  

r e s p e c t iv e ly *  In te r p r e t in g  t h i s  as a Fermi resonance in  which

a l l  th e  in t e n s i t y  i s  due to  one o f  th e  unperturbed l e v e l s ,  we
*»To b ta in  a s  th e  unperturbed frequ en cy  o f  th a t l e v e l  951 <• 6 cm , 

th e  o th e r  unperturbed frequ en cy  b ein g  949®0. craf*; th e  pertu rb

a t io n  m atr ix  elem ent (27.*p®282) i s  |w | - 6 * 3  cm"J A s im ila r
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p a ir  o f  bands i s  observed fo r  DCCCHO at 0+947.5 and 0+932.2  , 

w ith  an in t e n s i t y  r a t io  o f  2 :5  r e s p e c t iv e ly  ; s im ila r  arguments 

g iv e  th e  in te n s ity -b e a r in g  unperturbed frequency a t 9 3 6 .6  cnT* 

and th e  o th er  a t 943*1 o n f1 , w ith  |w| = 6.9  cm"2 The s im ila r i ty  

o f  th e s e  r e s u l t s  su g g e s ts  th a t  th e  fre q u en c ie s  should have 

comparable assign m en ts f o r  th e  two iso to p es#  The corresponding  

fr e q u e n c ie s  are th e r e fo r e  a s  fo llo w s  :

HCCCHO DCCCHD

"strong" 951 <*6 936*6

"weak" 949*0 943*1

Harmonic 2^ q 924 -2  918# 0

How th e  o n ly  A' summations o f th e  o th er  fundam entals o f  

HCCCHO exp ected  in  th e  range 900 to  1000 o n f1 are 2Uj'q (924)»  

*9+2v11 (9&9)s v'^+v^m + v ^  and 5vg (946)? th e  harmonic
A

v a lu e s  in  cm b e in g  g iven  in  p a ren th eses . Of th ese?  a l l  

ex cep t 2v!Jq are ru led  from fu r th e r  c o n s id er a tio n  by the iso to p e  

s h i f t s  in  p a ss in g  to  DCCCHO. Thus whether 2v^q i s  t o  be id e n t

i f i e d  w ith  th e  "strong" or th e  "weak” component, i t  has a 

s ig n i f i c a n t  p o s i t iv e  anharm onicity o f  20 to  30  cm ; i f  2v-jq 

i s  th e  stro n g  component, t h i s  would be d e f in i t e  Franck-Condon 

ev id en ce  fo e  n o n -p la n a r ity  o f  th e  e x c ite d  s t a t e .  This is s u e  

may be s e t t l e d  by a comparison w ith  HCCCDO* In t h i s  iso to p e  

th e  harmonic v a lu e  o f 2 i s  823 so th a t 100 may be

ex p ected  a t about 0+840 » la  f a c t  on ly  very  weak bands are  

found in  t h i s  r e g io n , the n e a r e st  band o f  in t e n s i t y  comparable 

t o  th e  above p a ir  b e in g  a t 0+942® We may th e r e fo r e  a ss ig n
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th e  unperturbed 2v^q a s  th e  weak eomponeht, which l i e s  2l{.«8 

and 2% 1 emT1 above th e  harmonic value  in  HCCCHO and DCCCHO 

r e s p e c t iv e ly ;  t h i s  assignm ent a ls o  g iv e s  th e  more c o n s is te n t  

a n h a rm cm ieitie s . A few  weak bands occur in  the  Q+81MD reg io n  

o f  HCCCDO, and i t  i s  n ot p o s s ib le  t o  id e n t i f y  10§ d e f in i t e ly ;  

how ever, we t e n t a t iv e l y  a s s ig n  i t  to  th e  o th erw ise  un exp la in ed  

band a t  0+834*8 «

We are  l e f t  w ith  th e  s tr o n g  component above, which must 

r e p r e se n t a new a*'’ fundam ental* I t s  assignm ent i s  d isc u sse d  

l a t e r  in  t h i s  se c tio n *

A fu r th e r  s tr o n g  ty p e  C band i s  found a t 0+1120*0 in  

HCCCHO* The o n ly  b in a ry  or ter n a r y  com bination whose harm- 

o n ic  v a lu e  i s  n ea r  t h i s  freq u en cy  i s  Vcj+2v^q (harmonic 1113 cm ' ) ;  

but th e  la r g e  anharm onicity  found f o r  r u le s  t h i s  o u t. T h is  

freq u en cy  i s  th e r e fo r e  an a d d it io n a l  a '  fundam ental. The 

corresp on d in g  band o f  DCCCHO i s  doubled , th e  two components 

b e in g  o f  rough ly  eq u al in t e n s i t y  a t  0 + li l9 « 8  and 0+ 1112,8  ; 

th e  p er tu rb in g  l e v e l  in  t h i s  Fermi reson an ce can r e a d ily  be 

a sc r ib e d  t o  th e  a d d it io n  o f  yg  ~ i83a6  t© th e  0 +932*2

band d isc u sse d  above* The unperturbed fundam ental may be 

rou gh ly  e s t im a te d  a s  1115  cm" 2

The o n ly  l i k e l y  p o s s i b i l i t i e s  f o r  th e se  two fundam entals 

are (form yl C-C-H bend) and (C-C s in g le -b o n d  strefcoh).

The la r g e r  is o to p e  e f f e c t  in  DCCCHO on th e  low er ©f the  

fr e q u e n c ie s  su g g e s ts  th a t  we a s s ig n  Vg » 9 5 1*6  (c o r r e c te d )  and 

^  « 1120 .0  cm"1 in  HCCCHO*
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So fa r  th e  stro n g  band o f  HCCCDO in  t h i s  reg ion  has on ly  

been m entioned in  passin g*  In f a c t ,  in s te a d  o f  th e  two bands 

5q and 6 $ ? on ly  one stro n g  one i s  ob served , a t 0+9M *9 ? th e  

o th e r  bands in  t h i s  r eg io n  b e in g  much weaker. How i f ,  a s a 

rough e s t im a te ,  we a t t r ib u t e  t o  each o f  ^  and th e  same 

f r a c t io n a l  s h i f t  in  p a ss in g  from 3S7CGHO to  HCCCDO as was found 

in  th e  ground state*, we c a lc u la t e  tff~( HCCCDO )«* 952! * 877 /  9Uk 

ss 88h cm"*1' and (HCCCDO) 1120 x 1080 /  1389 -  871 am~j These 

fr e q u e n c ie s  a r e  so  c lo s e  to g e th e r  th a t  th e  fundam entals w i l l  

in t e r a c t  s tr o n g ly  and so be thrown apart in  frequ en cy . The 

upper one can then  besoms 9 h2  om~l in  which ca se  th e  lower  

w i l l  be about 810 omT *

Whether we c a l l  941*9 cm*"1 o f  HCCCDO or i s  p u re ly  

a r b itr a r y  on th e  b a s is  o f  our method o f  numbering; because o f  

th e  s im ila s ’i i y  in  fr e q u e n c ie s  fo r  th e  th r ee  i  so t o p e s , we 

s h a l l  c a l l  i t  Vg- The p o s s ib le  assignm ent o f  fo r  t h i s  

is o to p e  i s  d isc u sse d  in  V III . 17 ..

The la r g e  change in  th e  in t e n s i t y  d is t r ib u t io n  between  

5 q and 6q, a s between HCCCHO and HCCCDO9 may have a Franck- 

Condon exp lan ation *  We may suppose th a t  th e  i n t e n s i f i e s  o f  

5q and 6q in  HCCCHO are due to  changes in  th e  Cg-Cjj le n g th  

and in  th e  CgC^Hg an g le  upon e x c ita t io n *  When th e s e  modes 

become s tr o n g ly  coupled  to g e th e r  in  HCCCDO, th e  two normal 

c o o r d in a te s  w i l l  each have rou gh ly  eq u al c o n tr ib u tio n s  from 

b oth  in te r n a l  c o o r d in a te s , th e  l a t t e r  b e in g  compounded 

to g e th e r  in  sura and d if f e r e n c e  fash ion *  Thus one o f th e



r e s u l t in g  modes w i l l  be a b le  to  combine a Fran c k-C on d on -  

favoured  change in  b oth  in t e r n a l  c o o r d in a te s , whereas th e  o th er  

must combine a favoured  change in  one in te r n a l  co o rd in a te  

w ith  a d is fa v o u re d  change in  th e  o th er; in  o th er  words, th e  

l a t t e r  mode cannot d i s t o r t  th e  e x c ite d  s ta t e  in to  a c o n f ig u r a t

ion  which more n e a r ly  corresp ond s to  th e  e q u ilib r iu m  one o f  

th e  ground s t a t e ,  because as i t  im proves the match in  one 

co o rd in a te  i t  w orsens th e  match in  th e  o th er  coord in a te  ( s e e

1 .2 )*  A cco rd in g ly  o n ly  one o f  th e  coupled modes can a ch iev e  

i n t e n s i t y  from th e  Franoh-Condon effect®

I t  i s  worth n o t in g  in  t h i s  co n tex t t h a t  both  o f  th e  hot 

bands 5^ and 6® are  observed f o r  HCCCDO; th e  band 6^ i s  found 

f©r HCCCHO and DCCCHO, but 5® I s  n ot ob served , probably on 

account ©f i t s  fo r b id d in g  Boltzmann f a c t o r .  The weakness ©f 

5q in  HCCCDO i s  th e r e fo r e  probab ly  due to  some fo r tu ito u s  

ty p e  o f  forb5.ddenness a s  su g g ested  above.

V III® 13. Fermi Resonance o f  vf,«

The Fermi reson an ce a f f e c t in g  o f  HGCCHCP and DCCCHO can 

now b e . e a s i l y  exp la in ed *  For HCCCHO th e  p er tu rb in g  l e v e l  

was c a lc u la te d  t o  be a t 1308*0 cm"*1 ( s e e  V I I I .5) I th e  harmonic 

v a lu e  o f  V s j + i s  1308*9 era*"1* For DCCCHO, th e  l e v e l  i s

a lre a d y  doubled by Fermi reson an ce; a d d itio n  o f  t o  each o f

th e  observed components g iv e s  c a lc u la te d  l e v e l s  a t I303»h and

1296*14. cm” ’* which n ic e ly  f la n k  th e  p o s it io n  e stim a ted  fo r  th e  

fundam ental, nam ely 1298*6 cm””1 ( s e e  ¥ 1 1 1 * 5 ), th u s e x p la in in g
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th e  observed  t r i p l e  s tr u c tu r e .

Most of th e  bands to  h ig h  fr e q u e n c ie s  o f  1±q in  HCCCHG 

and DCCGHO are  pertu rb ed  by th e  Fermi resonance in  y^ , making 

d e t a i le d  a n a ly s is  d i f f i c u l t .  However, th e r e  i s  ev id en ce  fo r  

two fu r th e r  fundam entals in  t h i s  region*

V X IIo lh- t y

In HOC OHO a medium*-strong ty p e  C band i s  observed a t  

O+19k5 « 5  9 which i s  s in g le  and so does n ot appear t o  in v o lv e  

th e  F er m i-r eso n a tin g  fundam entals ©r Vg* The on ly  Af 

b in a ry  o r  te r n a r y  com b inations exp ected  a t  t h i s  frequ en cy  

are  » 1930 and V^+v^+Vy =* I960 cm~J h e *  th e  two Fermi

components ©f vJj+Vyo BUt i f  i s  p resen t m  th e  spectrum ,

we should  a l s o  ex p ect 7q i t s e l f  in  th e  p rev io u s o c ta v e  o f  th e  

p ro g ress io n ?  w ith  in t e n s i t y  comparable t o  th e  0+19^5-5 band* 

No such band i s  fou n d , so  we must a s s ig n  19U5»5 cm*  ̂ as a naw 

fundam ental.

In HCCCDO a c lo s e  dou b let o f  typ e  G bands i s  observed a t  

©+19h5®8 and 0+19U9o7 * T h is p a ir  l i e s  one quantum o f  to
p*»ltion

h ig h  fr e q u e n c ie s  o f  th e  s in g le  band 8q9q$ ex p e c ted Aof  

^080^0 * ob ta in ed  by adding y^ t o  th e  observed p o s i t io n  o f  

Uq8q p i s  0+1931 o The on ly  o th er  A7 b in a ry  or tern a ry  combin

a t io n  exp ected  h ere  i s ' Vg+2vg » 19^2 cm*”1 (harm onic)- But i f  

*U+*8+ v'9 r e so n a te s  w ith  yg+2vg 9 we should  exp ect vj^+Vg to  

r e so n a te  w ith  Vg+Vg ; which i s  n e t  observed* In any case  th e  

p r e se n t  dou b let i s  more in te n s e  than i s  exp ected  on e i t h e r  o f
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th e  above assign m en ts*  Wsg th e r e fo r e  a ss ig n  th e  e x tr a  band t© 

a fundam ental whose unperturbed v a lu e  w i l l  be about 19U7 cm””1

In 330CCH0' a s in g le  band o f  medium in t e n s i t y  i s  found at 

G4-1850®9 o T h is i s  n ear  th e  p o s i t io n  expected  fo r  6 § g s in c e  

2Vg a 18?3 (harm onic)* However 6§ i s  much weaker than t h i s  

in  HCCCHOs, so  we a s s ig n  th e  p resen t band a ls o  t© th e  new 

fundam ental*

Of th e  th r e e  rem aining fundam entals* th e  on ly  one which 

i s  l i k e l y  t o  have t h i s  freq u en cy  i s  th e  G®C s tr e tc h y  V30 The 

observed  is o to p e  e f f e c t s  support t h i s  assignm ent*

v n i d S *  Vg*

In. th e  HCCCHO spectrum  th e r e  i s  a f a i r l y  s tr o n g  s in g le  

ty p e  C band a t  0*29520 5 ? w hich has no analogue in  th e  p rev io u s  

o c ta v e  o f  th e  main p r o g r e ss io n 9 th e  on ly  band in  th e  c o r r e s 

ponding p o s i t io n  b e in g  th e  ty p e  A ©ne !*q12^ . The on ly  A/ 

b in a r y s ter n a r y  ©r quaternary com binations exp ected  in  t h i s  

r e g io n  are  = 29h3 (harm onic) and v^+vg+

* 29h? (h arm on ic). S in ce  th e s e  would be d er ived  from parent 

bands 10^12^ and 12q w hich are  th em se lv es weak* th e y  may be 

r u le d  out && in t e n s i t y  ground s; a© t h i s  frequ en cy  r e p r e se n ts  

a fu r th e r  fundam ental*

A s im ila r  band a t  0*2953* 1 In DCCCHO i s  a ss ig n e d  t o  th e  

same fundam ental* r a th e r  than t© th e  com binations ^3 + ^  -  2968 

(harm onic) or « 29h5 (harm onic)* which would be e x p e c t 

ed t o  be weakerc



In HGCCDO two s t r m g  bands are  found a t  0+2189*8 and 

0+2221*0 9 one of  which i s  o b v io u s ly  to  be a ss ig n e d  a s 9

s in c e  th e  band 6q i s  o f  s im ila r  in te n s ity .,  The harmonic? va lu e  

o f  *^+Vg i s  2209« 9 cm” 2 and, a llo w in g  fo r  seme anharm onicity*  

th e  unperturbed p o s i t io n  ©f th e  o th er  band w i l l  be about 

0+2201f. « No o th e r  A/ b in ary  @r te r n a r y  summation i s  expected  

here* so  we a s s ig n  t h i s  freq u en cy  t o  th e  same fundam entals

The la r g e  e f f e c t  o f  f©rmyl d e u te ra tio n  on t h i s  fundam ental 

i d e n t i f i e s  i t  a s  th e  form yl C~H s tr e tc h ?  vt?*

P*fhare i s  an abrupt change in  th e  appearance o f  th e  Qg 

bran ch es ©f th e  band 0+2189*8 ? f  HCCCBO a t  K^13 ( s e e  Fig* 11)* 

Up t o  PQ12 *key are £**3 a p p a ren tly  norm al, w h ile  from

<snwar<3s th e y  appear d i f f u s e ;  seme r a th e r  complex stru c tu re*  

which need n ot n e c e s s a r i ly  b e lon g  t o  t h i s  band, i s  found in  th e  

p o s i t io n  ex p ected  f o r  I t  was p r e v io u s ly  thought (6 )

th a t  t h i s  was due t o  a p r e d is s o c ia t io n  in  th e  K -a tru ctu re , th e  

p r e d is s © e la t io n  l im it  on t h i s  b a s is  b e in g  2 8 5 9 5 ^ 1 7  em~2 

However, p la t e s  taken  a t  h ig h e r  vapour p ressu re  have rev ea led  

th a t  d i s c r e t e  J - s t r u c tu r e  i s  p resen t in  and 8© th a t

th e  change in  appearance i s  probab ly  due m ain ly  t o  a sudden 

change in  th e  d egrad ation  ©f th e  J - s t r u c tu r e ;  in  a d d it io n  some 

o f  th e  sub-bands are  d is p la c e d  from t h e i r  exp ected  p o s it io n s*

I t  seem s d e f i n i t e  th e r e fo r e  th a t  th e r e  i s  an Ir r e g u la r  p e r t 

u rb ation  a f f e c t in g  th e  r o ta t io n a l  le v e ls *  T h is b e in g  s o 3 th e  

p r e d is s o c i t t lo n  would have t© be an a c c id e n ta l  one (2 7 ,i)» h l5 )*
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in v o lv in g  a  p ertu rb a tio n  by a p r e d isso e ia ted , s t a t e ;  and i t  

would have t o  be sp ec ific s  t© K '= l2a In f a c t ,  in  v iew  o f  the  

la c k  ©f d e f in i t e  ev id en ce  fo r  th e  d i f fu s e n e s s  ©f in d iv id u a l  

l i n e s ,  i t  i s  d o u b tfu l I f  th e  p r e d is s o c ia t io n  ex p la n a tio n  can 

be upheld*

An a l t e r n a t iv e  p o s s i b i l i t y  i s  th a t th ere  i s  a A K  -  1 

p e r tu rb a tio n  (28,p»4*13) between th e  r o ta t io n a l  l e v e l s  o f  th e  

F er m i-r eso n a tin g  v ib r a t io n s ;  th e  cen tr e  ©f th e  p er tu rb a tio n  

corresp ond s c lo s e l y  t o  th e  p o in t a t  which th e  K  l e v e l s  o f  th e  

2189*8 l e v e l  c a tc h  up on th e  (K -1) l e v e l s  o f  th e  2221«0 le v e l*  

T h is  p o s s i b i l i t y  has n ot been exp lored  very  f u l l y  y e t .

L ess s t r ik in g  anom alies are observed in  th e  sub-bands o f  

th e  0+2221*0 band, but f o r  th e  moment th e se  do not se rv e  to  

d is t in g u is h  th e  above p o s s i b i l i t i e s *

V III* 1 6 . .V1.

No d e f in i t e  ev id en ce  of th e  p resen ce  o f  bands due to  

th e  e th y n y l C-H s t r e tc h in g  fundam ental in  any o f th e  sp ec tra  

has y e t  been ob ta in ed .

V i l l a  17- o f  HCCCDO.

We have so f a r  ob ta in ed  v a lu e s  f o r  a l l  th e  e x c i t e d - s t a t e

fundam entals excep t o f  a l l  th r e e  I s o to p e s  and o f HCCCDO. 

The v a lu e  o f  Vy fo r  HCCCHO and HCCCDO i s  a h y p o th e t ic a l  one,

but a l l  th a t  m atters f o r  th e  p resen t purpose i s  th a t i t  should

be n e a r ly  th e  same fo r  both  i s o t o p e s .  In th e  same way,



should  be near ly  th e  same fo r  both (e£» th e  g r o u n d -sta te  v a lu e s )  

W ith t h i s  assum ption* we can c a lc u la te  th e  v a lu e  o f  ©£

HCCCDO by two independent methods-

( i )  The is o to p e  s h i f t  ©f th e  0 band (V U I .h )  i s  due t© changes  

in  th e  z e r o -p o in t  energy between th e  e le c t r o n ic  s t a t e s .  The 

p u r e ly  e le c t r o n ic  term  v a lu e  TI = yQ(| + should  be

th e  same f o r  a l l  i s o t o p e s .  T h is i s  o n ly  tru e  f o r  HCCGHO and 

HCCCDO i f  ^(HCCCDO) * 801* citTJ

( i i )  The T e lle r -R e d lic h  product r u le  ( 2 8 ,p -231) can be a p p lied  

t o  th e  a ' fundam entals o f  HCCCHO and HCCCDO, S t r i c t l y  speak

in g  we requix*s th e  r o ta t io n a l  co n sta n t C/ f o r  both  is o to p e s

in  order t o  c a lc u la t e  th e  t h e o r e t ic a l  (harm onic) v a lu e  o f  th e  

product r a t io ;  b u t , s in c e  th e  harm onic v a lu e  depends o n ly  on 

th e  r a t io  o f  th e  G*s* we s h a l l  n e t be com m itting to© se r io u s  

an e rr o r  in  u s in g  th e  g r o u n d -sta te  harmonic v a lu e , S o lv in g ,  

we o b ta in  yt(HCCGDO) = 825 cm”.1

The agreem ent between th e s e  e s t im a te s  i s  good enough t© 

su g g es t  th a t  th e  o th er  fundam entals are c o r r e c t ly  id e n t i f i e d .

On th e  b a s is  o f  th e se  r e s u l t s ,  th e  most l i k e l y  ca n d id a tes  

f o r  5q among th e  u n assign ed  bands in  t h i s  reg io n  ©f HCCCDO 

are 0+802o2 and 0+82h*1 ; s ince  th e  l a t t e r  i s  a p p re c ia b ly  more 

in t e n s e ,  we a s s ig n  i t  t o  th e  fu n d am en ta l

The la r g e  amount o f  in form ation  a v a i la b le  from th e  sp e c tr a  

con cern in g  th e  overton e and com bination l e v e l s  o f  th e  e x c ite d  

s t a t e  h as n o t so  fa r  been examined s y s te m a t ic a l ly .



CHAPTER I X .

DISCUSSION OF THE ANALYSIS OF THE 3820 A SYSTEM,

IX. 1o E x c ite d -S ta te  Fundam entals.

The v a lu e s  proposed fo r  th e  fundam ental fr e q u e n c ie s  o f  

th e  e x c ite d  s t a t e  are c o l le c t e d  in  Table 23 ; wherever p o s s ib le  

th e y  are o r ig in - o r ig in  se p a r a tio n s  d er ived  from th e  a n a ly s is  

o f  th e  R estru ctu re  and have been c o rr ec ted  fo r  Fermi reson an ce.

The c o n s is te n c y  o f  th e  a" assign m en ts may be t e s t e d  by 

means o f  th e  product r u le  (2 8 * p » 2 3 l) . Lacking th e  e x c i t e d -  

s t a t e  F  v a lu es, we u se  g r o u n d -sta te  B v a lu e s  and e x c i t e d - s t a t e  

A v a lu e s  in  th e  harmonic c a lc u la t io n ;  s in c e  on ly  th e  r a t io  o f  

th e  B*s i s  r e q u ir e d , th e  e rr o r  in trod u ced  should  n ot be s e r io u s .  

The r e s u l t s  are a ls o  shown in  T able 23; th e  agreement i s  

rea so n a b ly  good, a lth ou gh  i t  i s  unusual th a t  th e  observed  

product r a t io  should  be g r e a te r  than th e  harmonic one9 as i t  

i s  in  both  c a s e s .

I X .2 . P la n a r ity  o f  Exci ted  S t a t e .

S in ce  th e  r o ta t io n a l  a n a ly s is  o f th e  o r ig in  band I s  not 

s u f f i c i e n t l y  f a r  advanced t o  en ab le  us t o  d e r iv e  a r e l ia b le  

v a lu e  o f  th e  i n e r t i a l  d e fe c t  in  th e  e x c ite d  s t a t e ,  our 

d is c u s s io n  o f  th e  p la n a r ity  or n o n -p la n a r ity  o f  th e  e x c ite d



T a b le  23* E x e i t e d - S t a t e  Fundamentals ( in  am"1) .
m iT  'iw iM W W n*! i i n im <>!■ ■■  iim ■m n i i r t iiiiwiiwiih h  it hh u m iih h ii m u h mi iw ui«m m iiibh«iihh i h b mih it ih i * *

HCCCDO

2204 d 

1947 d 

1267 .6  a 

824.1  e 

942*3 a 

650  e 

4 9 9 .9  b 

18 7 .4  a

411*3 a 

375 o 

3 2 1 .8  a

in fr a -r e d  fr e q u e n c ie s :  d -  c o rrec ted  f o r  Fermi reson an ce;  

e -  unobserved or d o u b tfu l.

Product Rule fo r  a" Fundam entals.

HCCCHO

HCCCHO DCCCHO

*1 ~ —

V2 2952o 5 a 2953-1 a

V3 1945*8 a 1850*9 a

1304 .0  d 1298*6 d

a7 V5 1119* 5 a 1115 d

v6 9 5 i*6 d 936*6 d

650  e 529*3 b

*8 5 0 6 .9  b 4 8 6 .5  b

V9 1 8 9 .4  a 183 .6  a

v10 462s 1 a 459c0 a

a'' V, ^ 389*7 a 291 c

V12 3 4 5 .9  a 346* 9 a

-  from o r ig in c ; b -  from c e n tr e s ;  c -  from

Observed

Harmonic 
(a ee  p . 155)

DCCCHO

1*344

1*331

HCCCHO
HCCCDO

1*255 

1. 242
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s t a t e  m ust be  c o n f in e d  t o  t h e  v i b r a t i o n a l  ev idence*

T h e re  b e in g  a p p a r e n t l y  no d e p a r tu r e  from  CQ v i b r o n ic  

s e l e c t i o n  r u l e s *  t h e  p o s s i b l e  Franck-Condon p r o g r e s s i o n s  in  

o u t - o f - p l a n e  v i b r a t i o n s  sh o u ld  p ro ce ed  in  d oub le  q u a n ta  ( s e e  

IX.3) • The bands ?/hich a r e  t e n t a t i v e l y  a s s ig n e d  in  T a b le s  

15  and 16 t o  t h e  f i r s t  o v e r to n e s  and b in a r y  c o m b in a t io n s  o f  t h e  

a/7 fu n d a m e n ta ls  a r e  a l l  weak, w ith  th e  e x c e p t io n  o f  10q o f  

HCCCHO and DCCCHO which ar© i n t e n s i f i e d  by Ferm i resonance*

The p o s s i b i l i t y  t h a t  th e  i n t e n s i t y  o f  t h i s  Ferm i p a i r  i s  due 

t o  10q r a t h e r  th a n  th e  fu n d am e n ta l  i s  r u le d  ou t by com parison  

w i th  HCCCDO where 10q i s  weak* Thus t h e r e  i s  no F ranck-C on don 

e v id e n c e  t o  s u g g e s t  t h a t  t h e  e x c i t e d s t a t e  i s  n o n - p la n a r .

However, a s  was seen  in  V I I I .  12 f th e  second quantum o f  

V^q i s  a b o u t  25 cm"1 l a r g e r  th a n  t h e  f i r s t .  T h is  mode i s  

a n a lo g o u s  t o  t h e  one which h a s  a d o u b le  minimum in  e x c i t e d  

fo rm a ld e h y d e ,  and th e  a n h a rm o n ic i ty  o b se rv ed  in  e x c i t e d  

p ro p y n a l  i s  i n  t h e  same sense*  b u t  n o t  n e a r l y  a s  l a r g e ,  a s  

t h a t  found  f o r  fo rm ald eh yde  ( I I . 2 ) .

To t e s t  what t h i s  a n h a rm o n ie i ty  m igh t imply in  te rm s  o f  

a  c e n t r a l  p o t e n t i a l  e n e rg y  b a r r i e r  in  th e  v^q c o o r d i n a t e ,  t h e  

p o t e n t i a l  f u n c t i o n  d e s c r ib e d  in  I I I . 5 was f i t t e d  t o  t h e  two
a.l'a

o b se rv ed  q u a n ta .  S in c e  t h e r e  t h r e e  in d e p e n d e n t  p a ra m e te r s  

v,cc and j$ r e q u i r e d  t o  s p e c i f y  t h i s  p o t e n t i a l ,  one o f  them  (^ )  

was g iv e n  s e v e r a l  a r b i t r a r y  v a lu e s  and t h e  f i r s t - o r d e r  p e r t u r b 

a t i o n  e le m e n ts  g iv en  in  I I I . 5 were so lv ed  f o r  t h e  o th e r  two*

The s e c o n d -o r d e r  p e r t u r b a t i o n  c o r r e c t i o n s  due t o  t h e  o f f - d i a g -



osial e lem en ts were c a lc u la te d  and found t o  be n e g l ig ib le *

The r e s u l t s  o f  th r ee  such c a lc u la t io n s  are  s h o w n  in  Table  

2hr and F ig , 12.

T ab le  24. P o t e n t ia l  F un ction  f o r  C oordinate.

^ I0  s
a 4 62 .1  cra~1 ; 2 S10 ~ 9 4 9 .0  cm*" 2

A OL
( o n f ^ )

^rnax^Ymin
(cra->1)

Q.mln *> to
(calc.)

1 0*1911 4 9 5 .6 0 0 IIj40.>6
8 0 * 1 3 2 6 4 8 0 .9 1 1 .12 0*3067 lit2U. 3

24 0 .1 9 0 7 4 7 9 .6 5 9 .3 3 0 * 3037 1U21.3

T h is  p o t e n t ia l  does not n e c e s s a r i ly  have a c e n tr a l  maximum to

f i t  th e  two observed quanta. For h ig h er  v a lu e s  o f  jS than

th o s e  q u oted , th e  p o t e n t ia l s  have in c r e a s in g ly  sharp c e n tr a l

maxima which appear p h y s ic a l ly  u n lik e ly ?  so th a t  a probable

upper l im it  t o  th e  p o te n t ia l  b a r r ie r  i s  about 100 era*”. A

c r i t i c a l  t e s t  f o r  th e  e x is t e n c e  o f  a b a r r ie r  seems to  be th e

s i z e  o f  th e  th ir d  quantum o f  vJq : i f  t h i s  i s  sm a ller  than

th e  second one* th e  presen oe o f a bax^rier appears to  fo l lo w ,

U nfo r tu n a te ly  th e  3 v^q l e v e l  h as not y e t  been observed .

Fox* b o th  o f  th e  c a lc u la te d  fu n c t io n s  which have c e n tr a l
—1maxima? th e  two minima are a t q -  t o * 3 0  |  w ith  4-30 am ?

- t o
t h i s  corresp ond s t o  Q ~ 1 0a 080 a mu. A. Assuming an e f f e c t i v e

a
v ib r a t in g  mass o f  1 amu, t h i s  im p lie s  a d isp lacem en t o f  0 .0 8  A 

out o f  p lan e or an a n g le  o f  about k °  between th e  C-H bond and
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IX* 2

t h e  CCO p lane*  Thus t h e  p o t e n t i a l  f u n c t io n  i s  p ro b a b ly  r a t h e r
of l a t  f o r  a b o u t  k  on e i t h e r  s id e  o f  th e  p l a n a r  c o n f i g u r a t i o n ,  

p o s s i b l y  w i th  a c e n t r a l  maximum*

In  summary, t h e  e v id e n ce  r e l a t i n g  t o  t h e  p r e c i s e  p l a n a r i t y  

©f t h e  e x c i t e d  s t a t e  o f  p ro p y n a l  i s  n o t  q u i t e  d e f i n i t e .  But 

any  p o t e n t i a l  b a r r i e r  a t  th e  p l a n a r  c o n f i g u r a t i o n  i s  u n l i k e l y  

t o  be more th a n  a t h i r d  o f  t h e  s e r o - p o i n t  energy  in  th e  

mode, so  t h a t  t h e  e x c i t e d  s t a t e  i s  t o  a l l  i n t e n t s  and p u rp o se s  

p l a n a r .

2iX.3» S t r u c t u r e  o f  th e  E x c i te d  S t a t e .

In  v iew  o f  t h e  a c t i v i t y  o f  a l l  o f  th e  a!  fu n d a m e n ta ls  

e x c e p t  Vy and p o s s i b l y  i t  f o l lo w s  from  t h e  Franck-Condon

p r i n c i p l e  t h a t  e x t e n s i v e  geom etry  changes a r e  o c c u r r in g  In  th e  

m o le c u la r  p lane*  However, s in c e  t h e  tw o-quantum  changes in  

a l l  t h e s e  modes e x c e p t  a r e  f a i r l y  weak* most o f  t h e s e  changes

w i l l  be  r e l a t i v e l y  small,,

E s t im a te s  o f  t h e  changes  in  bond l e n g th s  r e s u l t i n g  from  th e  

e x c i t a t i o n  cou ld  be made u s in g  C l a r k ’ s r u l e  o r  B a d g e r ’ s r u l e  

(2 Z .P .  ̂ 5 7 ;2 2 )?  p r e f e r a b l y  w i th  f o r c e  c o n s ta n ts*  S in c e  t h e  

r e q u i r e d  no rm al c o o r d in a te  a n a l y s i s  h a s  n o t  been c a r r i e d  out*, 

we s h a l l  assume t h a t  each  no rm al c o o r d in a te  in v o lv e s  a change 

In  o n ly  one i n t e r n a l  c o o r d i n a t e ,  and use t h e  o b se rv ed  s t r e t c h i n g  

f r e q u e n c i e s  t o  o b t a i n  a p r e l i m i n a r y  id e a  o f  t h e  changes t a k in g  

p l a c e .
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C l a r k ’ s r u l e  was used  i n ' t h e  form  ^  ~ (X-) ; and B adger  s

in  t h e  fo rm  -  (~ t Ys  » where d -  0. 680 A f o r  CO and CGr" ~a v
bonds and d = 0«340 A f o r  CH bonds* The g r o u n d - s t a t e  bond 

l e n g t h s  were ta k e n  from  C o s ta in  and M orton’ s p a p e r  ( s e e  IV)*

The r e s u l t s  a r e  q u o ted  in  T ab le  2 5 .

T a b le  25* Bond L eng ths  o f  E x c i te d  P ro p y n a l  ( i n  A)

r / (C la rk ) r / (B adger)
Bond

I I I I I I I I I I I I

CySO 1.215 1 .3 2 7 1*328 1.334 1.313 1.319 1 .325
/**

1 2 1 .2 0 9 1 , 241 1 .2 3 6 1*240 1.238 1.233 1 .237

c 2-c 3 1.UU5
/

i I 4I4-I 1 .4 43 - 1.441 1 .443 -

c3- h 2 1*106 1 * 094 1 .0 94 1 .092 1 .090 1 .0 9 0 1 .087

r
(mean)

1 .325

1*238

1*442

1*091

I  m  HCCCHO ; I I  «  DCCCHO ; I I I  m HCCCDO

A p a r t  f rom  t h e  C-C s i n g l e  bond* where t h e  HCCCDO m o lecu le  i s  

ig n o re d  b e c a u se  o f  th e  i n t e r a c t i o n  betw een Vc- and Vg* th e  

r e s u l t s  a r e  c o n s i s t e n t  f o r  t h e _ t h r e e . i s o t o p e s * s u g g e s t in g  t h a t  

t h i s  t r e a t m e n t  may have  some v a l i d i t y *

U sing  C r a i g ’ s e q u a t io n s  ( l l±) f o r  t h e  r e l a t i v e  i n t e n s i t i e s  

i n  a  F ranck-C ondon p r o g r e s s io n s  Howe and G o ld s te in  o b ta in e d  

from  t h e i r  s o l u t i o n  s p e c t r a  an e s t im a te  o f  0*10 A f o r  th e  

i n c r e a s e  in  t h e  C-0 l e n g th s  i n  good ag reem ent w i th  th e  above. 

The l e n g t h s  o f  th e  C»0 and fo rray l C-H bonds in  e x c i t e d  

p ro p y n a l  a r e  found t o  be s i m i l a r  t o  t h o s e  in  e x c i t e d  fo rm a ld e 

hyde ( I I * 2 ) ,  The t r i p l e  bond a p p a r e n t l y  l e n g th e n s  m arked ly .



’Then th e  f u l l  s e t  o f  r o t a t i o n a l  c o n s t a n t s  f o r  th e  t h r e e  

i s o t o p e s  i s  a v a i l a b l e *  th e y  ? ; i l l  p ro v id e  a d d i t i o n a l  in fo rm a t io n  

r e g a r d i n g  th e  s t r u c t u r e ,  a l th o u g h  n o t  s u f f i c i e n t  in  th e m se lv e s  

t o  d e te rm in e  i t  c o m p le te ly .  The v a r io u s  m ethods w i l l  have  t o  

be  used  in  c o n ju n c t io n  in  o r d e r  t o  o b ta in  t h e  d e t a i l e d  s t r u c tu r e , ,  

As y e t  i t  i t  i s  d i f f i c u l t  t o  say  a n y th in g  abou t th e  changes in  

bond an g le s#

IX®4® Allowed and Fox^bidden Components,

S in c e  th e  o r i g i n  o f  th e  band sy s tem  i s  a  ty p e  C band* th e  

e x c i t e d - s t a t e  e l e c t r o n i c  w a v e - fu n c t io n  must have A/7 symmetry, 

a s  i s  r e q u i r e d  by t h e  n ' ^ - n  assignm ent*  A l l  th e  s t r o n g e r  bands 

a r e  o f  ty p e  C and a r e  t h e r e f o r e  H e r z b e r g - T e l l e r  a l lo w e d .  An 

a p p ro x im a te  i n t e g r a t i o n  o f  t h e  l o w - r e s o lu t i o n  sp e c tru m  gave 

f  & 5 x i o ~ ^  f o r  t h e  o s c i l l a t o r  s t r e n g t h  o f  th e  whole t r a n s i t i o n .

In  a d d i t i o n  t o  t h e  a l lo w ed  bands t h e r e  a re  bands o f  medium 

i n t e n s i t y  which a r e  p o l a r i s e d  in  t h e  m o le c u la r  p l a n e ,  and so 

a r e  f o r b id d e n  by th e  H e r z b e r g - T e l l e r  s e l e c t i o n  r u l e s .  The 

t h e o r y  o f  1 . 2  shows t h a t  such bands d e r iv e  t h e i r  i n t e n s i t y  by 

v i b r o n i c  c o u p l in g ,  th ro u g h  u n sy m m etr ica l  v i b r a t i o n s ,  w i th  o th e r  

e l e c t r o n i c  t r a n s i t i o n s  which must be p o l a r i s e d  in  th e  m o le c u la r  

p l a n e .  However, i f  a l l  t h e  f o rb id d e n  bands borrow  t h e i r  i n t e n s i t y  

f ro m  t h e  same e l e c t r o n i c  t r a n s i t i o n ,  i t  f o l lo w s  t h a t  t h e i r  t r a n s 

i t i o n  moments w i l l  a l l  be p a r a l l e l  t o  t h e  t r a n s i t i o n  moment o f  

t h a t  e l e c t r o n i c  t r a n s i t i o n ,  and so th e y  shou ld  a l l  g iv e  bands 

c o n s i s t i n g  o f  ty p e  A and ty p e  B com ponents w i th  t h e  same i n t e n s i t y
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r a tio *  In f a c t  th e  forb id d en  component o f  propynal has bands 

w hich are o f  alm ost pure ty p e  A and alm ost pure typ e  B. Thus 

we are fo rc ed  t o  conclude th a t  th e  forb idd en  component borrows 

I n t e n s i t y  from two (o r  more) o th er  e le c t r o n ic  t r a n s i t io n s .  I t  

does n o t n e c e s s a r i ly  f o l lo w  th a t  th e se  t r a n s i t io n s  are p o la r is e d  

a lo n g  th e  a- and b -axes*  s in c e  th e  observed bands could  c o r r e s 

pond to  a f o r t u i to u s  m ixture o f  th e  two tr a n s it io n s *  w ith  

t r a n s i t io n  moment formed by v e c to r  summation.

The 10q band i s  o f  a lm ost pure ty p e  B in  HCCCHO and DCCCHO, 

whereas in  HCCCDO i t  has a ty p e  A component o f comparable in te n s 

i t y .  Now w ith  e i t h e r  i s o t o p ic  s u b s t i t u t io n ,  th e  o r ie n ta t io n  

o f  th e  p r in c ip a l  axes o f  in e r t ia  o f  th e  ground s t a t e  r e la t iv e  

t o  m o le c u le - f ix e d  axes changes by l e s s  than 1 ° , u s in g  C osta in  

and M orton’ s s tr u c tu r e  ( s e e  IV ); and th e  same w i l l  probably be 

tr u e  o f  th e  e x c ite d  s t a t e .  I t  fo l lo w s  th a t th e  above change 

r e p r e se n ts  a f a i r l y  la r g e  change o f  d ir e c t io n  o f  th e  t r a n s i t io n  

moment r e l a t iv e  t o  m o le c u le - f ix e d  a x e s . S in ce  a s in g le  e le c tr o n 

i c  t r a n s i t io n  would g iv e  a unique d ir e c t io n  o f  t r a n s i t io n  

moment r e la t iv e  t o  th e se  a x e s , we have t o  conclude th a t  V10 can 

mix in  a t l e a s t  two o th e r  e le c t r o n ic  s t a t e s  ; th e  r e la t iv e  

borrow ing-pow er fo r  th e s e  s t a t e s  depends upon whether th e  C-H 

or th e  C-D o u t -o f -p la n e  v ib r a t io n  i s  o p e r a tin g . In c o n tr a s t ,  

th e  12q band i s  o f  pure ty p e  A in  a l l  th r e e  iso to p e s*  no 

p erp e n d ic u la r  component b e in g  observed .

The two lo w e st stro n g  eA/* -eA/ t r a n s i t io n s  exp ected  fo r  

propynal are th e  t e n t a t iv e l y  a ss ig n ed  t o  th e  2140 A



sy s tem  (V II* 5)* and t h e  cr**-n, w hich p ro b a b ly  l i e s  beyond 2000 A, 

and t h e s e  a r e  p ro b a b ly  t h e  ones which in d u ce  t h e  fo rb id d e n  

components o f  t h e  3820 A sys tem .

In  t h e  fo rm aldehyd e  3t%-n system  t h e  I n t e n s i t y  l i e s  m ain ly  

in  a  f o rb id d e n  component p o l a r i s e d  a lo n g  th e  b ~ a x is ;  t h i s  must 

be borrow ed by t h e  V^(b2 ) v i b r a t i o n  from  a t r a n s i t i o n

( s e e  I I * 2 ) .  The u p p er  s t a t e  o f  t h e  cA*~n t r a n s i t i o n  h a s  eB^ 

syrametry* and i t  was s u g g - e s te d  by P op le  and Sidman (£2) t h a t  

t h i s  s t a t e  d o n a te s  t h e  i n t e n s i t y  t o  t h e  n system - The

t r a n s i t i o n  i s  o f  ty p e  eA^*«-0A^na t h e r e  a r e  no fu n d am e n ta ls  

o f  symmetry a 2 t o  co u p le  t h i s  w i th  t h e  jtV* n t r a n s i t i o n ;  th u s  

t h e r e  i s  no H e r s b e r g - T e l l e r  f o r b id d e n  component o f  ty p e  A bands 

bo rrow ed  from  th e  jz^ tc t r a n s i t i o n  ( th e  weak p a r a l l e l  bands 

o b se rv e d  p la y  th e  r 5 l e  o f  a  H e r z b e r g - T e l l e r  a l lo w e d  com ponent), 

The g ly o x a l  ( eAu <$»eAg) sy s tem  i s  a l s o  obse rved  t o

have a  s t r o n g  fo r b id d e n  component 9 borrow ed from  a eBu«$—eA^ 

t r a n s i t i o n  (4?22)»  t h i s  c ase  eBu*«-eAg t r a n s i t i o n s  o f  b o th  

and n t y p e s  a r e  p o s s i b l e ;  o n ly  th e  u n iq u e  bg fu n d a 

m e n ta l  can p e r fo rm  th e  m ix in g . In  v iew  o f  t h e  p ro p y n a l  r e s u l t s ,  

i t  would be i n t e r e s t i n g  t o  compare t h e  r e l a t i v e  i n t e n s i t i e s  o f  

t h e  ty p e  A and ty p e  B components o f  t h e  h y b r id  bands in  (CHO)2 

and (CD0) 2o

IX*5- E l e c t r o n i c  S t r u c t u r e  o f  t h e  E x c i te d  S t a t e .

I f  t h e  e f f e c t s  o f  th e  e l e c t r o n i c  e x c i t a t i o n  a r e  measured by 

t h e  p e rc e n ta g e  changes  in  t h e  v a r io u s  fu n d am e n ta l  f r e q u e n c i e s .
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t h e  t h r e e  fu n d a m e n ta ls  most s e r i o u s l y  a f f e c t e d  a re  t h e  o u t - o f -  

p la n e  (a /y) b en d in g  ones® Both a" C-H b en d in g  f r e q u e n c i e s  d rop  

by ab o u t  50$? w h i le  t h e  a* s k e l e t a l  bend r i s e s  by 33#- The 

m ost d r a s t i c  change in  th e  i n - p l a n e  v i b r a t i o n s  i s  t h e  d rop  o f  

23$  in  t h e  c a rb o n y l  s t r e t c h *

The changes p roduced  in  t h e  v i b r a t i o n s  o f  th e  fo rm yl g roup  

c l o s e l y  p a r a l l e l  t h o s e  found f o r  t h e  fo rm aldehyde  n t r a n s 

i t i o n  » w hich i s  good v i b r a t i o n a l  e v id e n ce  f o r  t h e  ana logy  

be tw een  t h e  two t r a n s i t i o n s *  T ab le  26 compares th e  changes in  

t h e  a p p r o p r i a t e  f r e q u e n c i e s  o f  t h e  two m o le c u le s .  The v a lu e  

q u o ted  f o r  t h e  wagging v i b r a t i o n  o f  e x c i t e d  fo rm aldehyde  i s  an 

e s t i m a t e  o f  i t s  e f f e c t i v e  v a lu e  f o r  a  p l a n a r  m o lecu le  o b ta in e d  

by ta lc in g  t h e  mean o f  th e  second and t h i r d  q u a n ta  (1*03 and 1*21 

cnT1 )* s in c e  t h e  t h e o r y  o f  I I I . 5 shows t h a t  t h e s e  sh o u ld  l i e  

r e s p e c t i v e l y  above and below th e  harm onic  v a lu e ;  in  th e  ab sen ce  

o f  more d e t a i l e d  in f o r m a t io n  t h e  f i r s t  quantum i s  used  f o r  

p ro p y n a l .

T a b le  26. F undam enta l F r e q u e n c ie s  o f  Form aldehyde and P ro p y n a l , 

The f r e q u e n c i e s  a r e  in  cmf J

HCHO HCCCHO

ground e x c i t e d change ground e x c i t e d change

CO s t r e t c h i?M* 1182 -32$ 1698 1303 -23$

CHO wag 1 1 6l* 1*12 -65^' 981 1*62 -53$

CH r o c k 1503 1322 -12# 1389 1120 - 19#

CH s t r e t c h 2780 2875 + 3*kfr 2858 2953 +3*3^



However* th e  changes in  th e  a c e ty le n ic  fr e q u e n c ie s  show 

th a t  th e  e le c t r o n ic  t r a n s i t io n  cannot be regarded as lo c a l i s e d  

in  th e  carb onyl group. The s in g le  bond seems t o  be alm ost 

u n a ffe c te d , but th e  t r i p l e  bond i s  d e f in i t e ly  weakened- The
A

o u t-o f -p la n e  C^C-C bending frequ en cy  now has a f a i r l y  t y p ic a l  

v a lu e  f o r  a l in e a r ly  h y b r id ised  carbon atom, as in  su b s t itu te d  

a c e ty le n e s  and in  a l l e n e s ,  w h ile  th e  in -p la n e  frequ en cy  rem ains 

u n u su a lly  low . The la r g e  drop in  s im ila r  t o  th a t  o f

s u g g e s ts  th a t  th e  two end carbon atoms are a f fe c te d  s im ila r ly .

I f  th e  form aldehyde e x c ite d  s t a t e  can be rep resen ted  by

( s e e  I I - 2 ) ,  then  th e  o b se r v a tio n s  f o r  propynal su g g est th a t  

i t s  e x c i t e d  s t a t e  can be rep resen ted  by

y H . / H
H““Ch C — C — C^sC^C

\o «
w ith  rou gh ly  eq ual w e ig h ts  o f  th e  two s tr u c tu r e s .  S in ce  th e  

two s tr u c tu r e s  have eq u a l numbers o f  bonding e le c t r o n s ,  a 

f i r s t - o r d e r  reson ance w ith  app roxim ately  equal c o n tr ib u tio n s  

seems rea so n a b le - T h is  d e lo c a l i s a t io n  w i l l  a ls o  p a r t ly  r e l ie v e  

th e  s t r a in  which fo r c e s  form aldehyde out o f  p la n e , in  agreement 

w ith  th e  n e a r -p la n a r ity  o f  e x c ite d  propyn al.
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