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SUMT'4ARY

T h is  t h e s i s  c o n t a i n s  an  a c c o u n t  o f  s i x  gas p h a se  

e l e c t r o n  d i f f r a c t i o n  m o le c u l a r  s t r u c t u r e  d e t e r m i n a t i o n s  

c a r r i e d  o u t  a t  t h e  U n i v e r s i t y  o f  Glasgow f o r  v a r i o u s  

o x y g e n - c o n ta in in g  compounds o f  c h l o r i n e  and  s u l p h u r .

The a p p a r a t u s  u s e d  t o  r e c o r d  d i f f r a c t i o n  p a t t e r n s  was 

a m odern , c o m m e rc ia l ,  h i g h  a c c u r a c y ,  e l e c t r o n  d i f f r a c t i o n  

m ac h in e ,  and  s c a t t e r e d  e l e c t r o n  i n t e n s i t i e s  w ere  

m ea su re d  u s i n g  an  a u to m a t i c  m ic r o d e n s i t o m e t e r .  Normal 

c o o r d i n a t e  c a l c u l a t i o n s ,  ."based on p u b l i s h e d  i n f r a r e d  

s p e c t r o s c o p i c  d a t a ,  a r e  a l s o  r e p o r t e d  f o r  most o f  th e  

m o le c u le s  s t u d i e d .

Of t h e  f i r s t  f i v e  c h a p t e r s  o f  t h e  w ork , C h a p te r  

One i s  d e v o te d  t o  a r e v ie w  o f  t h e  e l e c t r o n  d i f f r a c t i o n  

t e c h n i q u e ,  C h a p te r  Two t o  a d e s c r i p t i o n  o f  t h e  t h e o r y  

on  w h ich  t h i s  t e c h n iq u e  i s  b a s e d ,  C h a p te r  T h ree  t o  a 

d i s c u s s i o n  o f  t h e  e x p e r im e n ta l  m ethods f o l lo w e d ,  C h a p te r  

P o u r  t o  an  o u t l i n e  o f  t h e  d a t a  p r o c e s s i n g  p r o c e d u r e s  

a d o p te d ,  and  C h a p te r  F iv e  t o  a summary o f  t h e  t h e o r y  

o f  m o le c u l a r  v i b r a t i o n s .

C h a p te r s  S ix  and  Seven d e s c r i b e  n o rm al c o o r d i n a t e ,  

and  r o o t  mean s q u a re  a m p l i tu d e  o f  v i b r a t i o n ,  c a l c u l a t i o n s  

f o r  p e r c h l o r y l  f l u o r i d e  (PCIO^) and  p e r c h l o r i c  a c i d  

(HCIO^), w h i l s t  C h a p te r  E i g h t ,  i n  a d d i t i o n  t o  p r o v i d i n g

( i )



an  i n t r o d u c t i o n  t o  t h e  d i f f r a c t i o n  v/ork d i s c u s s e d  i n  

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

a m p l i tu d e s  c a l c u l a t e d  f o r  d i c h l o r i n e  m onoxide (C l^ O ) , 

c h l o r i n e  d io x id e  ( 0 1 0 ^ ) ,  and  s u lp h u r  d io x id e  (S O ^), 

from  p u b l i s h e d  f o r c e  c o n s t a n t  d a t a .

I n  C h a p te r s  Nine t o  F o u r t e e n  s t r u c t u r a l  r e s u l t s ,  

o b t a i n e d  b y  g as  p h a se  e l e c t r o n  d i f f r a c t i o n  e x p e r im e n t s ,  

a r e  p r e s e n t e d  f o r  t h e  m o le c u le s  o f  d i c h l o r i n e  m onoxide , 

p e r c h l o r i c  a c i d ,  p e r c h l o r y l  f l u o r i d e ,  c h l o r i n e  d i o x i d e ,  

s u lp h u r  d io x id e  and  s u lp h u r  t r i o x i d e  (S O ^), v a l u e s  

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

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

r o o t  mean s q u a re  a m p l i tu d e s  o f  v i b r a t i o n .  I n  t h e  

c a s e s  o f  d i c h l o r i n e  m onoxide , c h l o r i n e  d i o x id e ,  s u lp h u r  

d io x id e  an d  s u lp h u r  t r i o x i d e ,  f o r c e  c o n s t a n t  and  th e rm a l  

d a ta  a r e  u s e d  t o  c o r r e c t  pg ( l )  bond  l e n g t h s  o b t a i n e d  

b y  l e a s t  s q u a r e s  r e f i n e m e n t ,  t o  t h e  more fu n d a m e n ta l ly  

s i g n i f i c a n t  r  v a l u e s .  F o r  a l l  s i x  m o le c u le s  s t u d i e d ,  

q u a l i t a t i v e  rem a rk s  a r e  made c o n c e rn in g  t h e  c h e m ic a l  

b o n d in g  p r e s e n t ,  t h e  drr-pir b o n d in g  t h e o r y ,  d e s c r i b e d  

b y  C r u ic k s h a n k  f o r  t e t r a h e d r a l l y  c o o r d i n a t e d  se c o n d  

row e le m e n t s ,  b e i n g  in v o k e d  t o  h e l p  r a t i o n a l i s e  th e  

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

and  p e r c h l o r y l  f l u o r i d e .

I n  C h a p te r  F i f t e e n ,  s o u r c e s  o f  s y s te m a t i c  e r r o r



l i a b l e  to  have a f f e c t e d  th e  a c c u ra c y  o f  th e  e l e c t r o n

d i f f r a c t i o n  r e s u l t s  o f  C h a p te r s  Nine to  F o u r t e e n ,

a r e  c o n s id e r e d ,  and  f u t u r e  im provem ents t o  th e

e x p e r im e n ta l  t e c h n iq u e ,  in te n d e d  to  red uce  such e r r o r s ,

a r e  s u g g e s te d .  I t  i s  c o n c lu d e d ,  how ever, th a t  t h e s e

u n c e r t a i n t i e s  must be  f a i r l y  s m a l l ,  s in c e  i n  most c a s e s

where ch eck s  a re  p o s s ib le , -  t h e  b e s t  d e te rm in e d  m o le c u la r

d im en sio n s  and r o o t  mean sq u a re  a m p l i tu d e s  o f  v i b r a t i o n

o b ta in e d ,  a g re e  to  w i t h i n  a few th o u s a n d th s  o f  an  
o
Angstrom u n i t  w i th  c o r r e s p o n d in g  r e s u l t s  d e te rm in e d  

b y  o t h e r  in d e p e n d e n t  p h y s i c a l  m ethods.

I n  C h a p te r  S i x t e e n ,  c e r t a i n  f o r c e  c o n s t a n t ,  bond 

l e n g t h ,  and f o r c e  c o n s t a n t ,  bond  o r d e r ,  r e l a t i o n s h i p s ,  

o r i g i n a l l y  p u b l i s h e d  f o r  th e  C l-0  bond  by  R o b inson , 

a r e  r e d e te r m in e d ,  t h i s  r e v i s i o n  b e in g  w o r th w h i le ,  n o t  

o n ly  i n  th e  l i g h t  o f  t h e  p r e s e n t  work, b u t  a l s o  i n  

v iew  o f  r e c e n t l y  p u b l i s h e d  r e s u l t s  f o r  o t h e r  C l-0  

c o n ta in i n g  compounds. The r e v i s e d  r e l a t i o n s h i p s  

o b ta in e d  sh o u ld  be  o f  c o n s id e r a b le  v a lu e  i n  p r e d i c t i n g  

C l-0  bond  l e n g t h s  f o r  m o le c u le s  Y/hose i n f r a r e d  and  

Raman s p e c t r a  have b e e n  th o ro u g h ly  i n v e s t i g a t e d ,  and 

f o r  which t h e r e  i s  t h e r e f o r e  a p o s s i b i l i t y  o f  

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

F i n a l l y ,  f i v e  a p p e n d ic e s  a re  in c lu d e d  v/hich 

d e s c r ib e  com puter programmes w r i t t e n  to  c a r r y  o u t

( i i i )



t h e  v i b r a t i o n a l  c a l c u l a t i o n s  o f  C h a p te r s  S ix ,  Seven 

and E i g h t .

The work d e s c r i b e d  i n  t h i s  t h e s i s  i s  o r i g i n a l ,  

and  was c a r r i e d  o u t  i n  p a r t i a l  f u l f i l l m e n t  o f  t h e  

r e q u i r e m e n ts  f o r  t h e  d e g re e  o f  Ph .D . i n  t h e  U n i v e r s i t y  

o f  Glasgow.

June 1968 A. H. C la r k
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CHAPTER ORE 

AN INTRODUCTION TO GAB PHASE 

ELECTRON DIFFRACTION

The g a s  p h a s e  e l e c t r o n  d i f f r a c t i o n  t e c h n iq u e  i s

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

i n t e r n a l  m o tio n  o f  f r e e  m o le c u l e s .  A verage  v a l u e s

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

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

t h e s e ,  may h e  o b t a i n e d  w i th  a n  a c c u r a c y  o f  a  few
o

th o u s a n d t h s  o f  an  A ngstrom  u n i t ,  a n d  i n  c e r t a i n  c a s e s ,  

i n t e r n a l  r o t a t i o n  may h e  s t u d i e d ,  h a r r i e r  h e i g h t s  

e s t i m a t e d ,  a n d  c o n f o r m a t i o n a l  p ro b le m s  s o l v e d .

The m ethod  i s  s u b j e c t  t o  a num ber o f  l i m i t a t i o n s ,  

h o w e v e r ,  a n d  o f  t h e s e ,  t h r e e  p r i n c i p a l  ex am p les  may b e  

m e n t io n e d ,  F i r s t ,  an d  m ost i m p o r t a n t ,  t h e  t e c h n iq u e  

i s  r e s t r i c t e d  i n  i t s  a p p l i c a b i l i t y  t o  s m a l l  o r  

m e d iu m -s is e d  m o le c u l e s ,  a s  t h e  m ethod s  u s e d  b y  i t  t o  

d e r i v e  s t r u c t u r a l  p a r a m e t e r s ,  become s t e a d i l y  l e s s  

p r a c t i c a b l e  a s  t h e  num ber o f  i n t e r a t o m i c  d i s t a n c e s  i n  

a  m o le c u le  i n c r e a s e s ,  and  t h e  symmetry d e c r e a s e s .  

Second , t h e  m o le c u le  s t u d i e d  m ust b e  r e a s o n a b l y  

v o l a t i l e  a t  o r d i n a r y  t e m p e r a t u r e s ,  a s  a c o n s i d e r a b l e  

v a p o u r  p r e s s u r e  ( a ro u n d  f i f t y  m i l l i m e t r e s  o f  m erc u ry  ) 

i s  r e q u i r e d  to  p ro d u c e  a  s a t i s f a c t o r y  d i f f r a c t i o n
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p a t t e r n .  I n  some c a s e s ,  h o w e v e r ,  t h i s  p ro b le m  may 

b e  overcom e b y  a p p l y i n g  h i g h  t e m p e r a tu r e  g a s - n o z z l e  

t e c h n i q u e s ,  th o u g h  t h e  s u c c e s s  o f  su ch  a p r o c e d u r e  

d e p en d s  on  t h e  r e a c t i o n  o f  t h e  compound c o n c e rn e d  to  

h e a t i n g .  T h i r d ,  t h e  q u a n t i t y  o f  sam ple  s u b s t a n c e  

n e c e s s a r y  f o r  a f u l l  s t r u c t u r e  d e t e r m i n a t i o n ,  c a n  

amount t o  s e v e r a l  g ram s , a n d  e v e n  i f  a l e s s  r i g o r o u s  

a n a l y s i s  i s  a t t e m p t e d ,  an d  o n ly  a s i n g l e  p h o t o g r a p h i c  

p l a t e  r e c o r d  o f  t h e  d i f f r a c t i o n  p a t t e r n  t a k e n ,  up  t o  

h a l f  a  gram o f  m a t e r i a l  may b e  r e q u i r e d .  Such 

q u a n t i t i e s  o f  sam ple  a s  t h e s e ,  a r e  i n c o n v e n i e n t l y  l a r g e ,  

i f  a r a r e  compound i s  t o  b e  s t u d i e d ,  o r  one o f  an  

e x t r e m e ly  e x p l o s i v e  n a t u r e .

I t  i s  o f  v a l u e  i n  a s s e s s i n g  g as  p h a s e  e l e c t r o n  

d i f f r a c t i o n ,  t o  com pare i t  w i t h  m icrow ave s p e c t r o s c o p y ,  

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

p r o d u c e s  s t r u c t u r a l  r e s u l t s  f o r  s m a l l  g a s  m o le c u l e s .

The m ost c o m p le te  s t u d i e s  made by  t h i s  t e c h n i q u e ,  

g e n e r a l l y  d e te r m in e  b o n d  l e n g t h s  and  v a le n c e  a n g l e s  

more a c c u r a t e l y ,  a n d  u s i n g  much l e s s  sam ple  s u b s t a n c e ,  

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

m ethod  c a n  t r e a t  a w id e r  r a n g e  o f  m o le c u l e s ,  and  t r e a t  

them  more r a p i d l y ,  a s  i t  d o es  n o t  i n v o lv e  t h e  t im e  

consum ing  an d  d i f f i c u l t  p r o c e d u r e  o f  i s o t o p i c  

s u b s t i t u t i o n ,  n o r  i s  i t  r e s t r i c t e d  to  m o le c u le s  w hich



p o s s e s s  an  e l e c t r i c  d i p o le  moment. V/henever 

p o s s i b l e ,  i t  i s  a d v a n ta g e o u s  t o  s tu d y  a compound "by 

“b o th  m e th o d s ,  a s  n e i t h e r  n o r m a l ly  e n a b l e s  a d i r e c t  

d e t e r m i n a t i o n  o f  a n  e q u i l i b r i u m  bond  l e n g t h  t o  b e  

made, an d  c o m p a r is o n  o f  t h e  r g ( l )  and  r g v a l u e s  

o b t a i n e d  b y  t h e  d i f f r a c t i o n  an d  s p e c t r o s c o p i c  

e x p e r i m e n t s ,  r e s p e c t i v e l y , ,  i s  o f  g r e a t  i n t e r e s t .

I n  a d d i t i o n ,  e a c h  m ethod  c a n  p ro d u c e  i n f o r m a t i o n  w hich  

t h e  o t h e r  i s  n o t  c a p a b le  o f  o b t a i n i n g ,  and  h e n ce  th e  

two t e c h n i q u e s  m ust b e  r e g a r d e d  a s  su p p le m e n t in g  

e a c h o t h e r ,  r a t h e r  t h a n  b e i n g  i n  any  s e n s e  i n  

c o m p e t i t i o n .

E l e c t r o n  d i f f r a c t i o n  b y ’ g a s e s  h a s  n o t  a lw ay s  

e n jo y e d  i t s  p r e s e n t  s t a t u s  a s  a h i g h  a c c u r a c y  s t r u c t u r a l  

t o o l .  I n  common w i t h  m ost o t h e r  s t r u c t u r a l  

t e c h n i q u e s ,  i t  h a s  u n d e rg o n e  num erous s t a g e s  o f

d e v e lo p m e n t ,  s t r e t c h i n g  o v e r  a p e r i o d  o f  many y e a r s .

The e a r l i e s t  e x p e r i m e n t a l  s t u d i e s  w ere  t h o s e  o f
1

W ie r l  i n  t h e  1 930*8 , and  i n  t h e  f o l l o w i n g  d e c a d e ,  

t h e  s t r u c t u r a l  r e s u l t s  p ro d u c e d  w e re ,  by  m odern 

s t a n d a r d s ,  r a t h e r  i n a c c u r a t e .  One o f  t h e  b a s i c  

r e a s o n s  f o r  t h i s ,  was t h a t  t h e  c i r c u l a r l y  sym m etric  

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

e x p e r im e n t s ,  showed a r a p i d  f a l l - o f f  o f  e l e c t r o n  

i n t e n s i t y  w i th  s c a t t e r i n g  a n g l e ,  a n d ,  c o n s e q u e n t ly ,

3



m ic ro p h o to m e te r  traces of* such patterns w ere  e x t r e m e ly

s t e e p ,  a n d  showed l i t t l e  s i g n  o f  d i f f r a c t i o n  r i n g s .

B e ca u se  o f  t h e  c o n s e q u e n t  i n a c c u r a c i e s  i n v o lv e d  i n

m e a s u r in g  t h e  i n t e n s i t y  f u n c t i o n  from  t h e s e  p a t t e r n s ,

e i t h e r  "by v i s u a l  e s t i m a t i o n  o r  from  t r a c e s ,  i t  was

i m p o s s i b l e  t o  c a l c u l a t e  i n t e r n u c l e a r  d i s t a n c e s  w i t h

a n y  g r e a t  p r e c i s i o n ,  and  f o r  a  t im e  p r o g r e s s  i n  g a s

p h a s e  e l e c t r o n  d i f f r a c t i o n  was im peded . ■

The i n t r o d u c t i o n ,  h o w e v e r ,  i n  t h e  19*4-0 ’ s ,  o f  a

r o t a t i n g  m e t a l  s e c t o r  ( see  C h a p te r  T h ree  ) s i t u a t e d

a  s m a l l  d i s t a n c e  above  t h e  p h o to g r a p h ic  p l a t e ,  a
2 3

d ev e lo p m e n t s u g g e s t e d  b y  Debye' a n d  F ir ib a k  , e n a b le d  

p a t t e r n s  t o  b e  o b t a i n e d  whose m ic ro p h o to m e te r  t r a c e s  

w ere  much l e s s  s t e e p ,  a n d  showed c l e a r  i n d i c a t i o n s  o f  

d i f f r a c t i o n  r i n g s .  Thus t h e  o s c i l l a t i n g  com ponent 

o f  t h e  s c a t t e r e d  i n t e n s i t y  w h ich  depends  on  t h e  

m o le c u l a r  g e o m e try  and  i n t e r n a l  m o t io n ,  c o u ld  b e  much 

more a c c u r a t e l y  d e te r m in e d  t h a n  h a d  p r e v i o u s l y  b e e n  

p o s s i b l e .  C o n s e q u e n t ly ,  a s  t h e  s e c t o r  t e c h n i q u e  

becam e more r e f i n e d ,  i t  was p o s s i b l e  i n  t h e  ear3,y
h 5-10

1 9 5 0 f s t o  a p p ly  t h e  t h e o r i e s  o f  Debye a n d  K a r le  , 

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

s c a t t e r e d  i n t e n s i t y ,  t o  t h e  p ro b lem  o f  i n t e r p r e t i n g

d i f f r a c t i o n  p a t t e r n s ,  a n d  more p r e c i s e  m o le c u l a r  

d im e n s io n s  b e g a n  t o  b e  o b t a i n e d .  From t h i s  p o i n t



o n w a rd s ,  t h a t  i s  d u r i n g  t h e  l a s t  f i f t e e n  to  tw e n ty

y e a r s ,  t h e  e l e c t r o n  d i f f r a c t i o n  t e c h n iq u e  h a s  b e e n

s t e a d i l y  im proved  b y  e x t e n s i o n  o f  t h e  u n d e r l y i n g  t h e o r y ,

d ev e lopm en t o f  i n s t r u m e n t a t i o n ,  an d  a d o p t io n  o f  more

s o p h i s t i c a t e d  d a ta  p r o c e s s i n g  .m ethods.

F o r  e x am p le ,  i n  t h e  e a r l y  1950*s ,  i t  was

. d i s c o v e r e d  t h a t  t h e  u s e  o f  r e a l  a to m ic  a m p l i tu d e s  o f

s c a t t e r i n g  ( s e e  C h a p te r  Two ) ,  b a s e d  on t h e  f i r s t

B o m  a p p r o x im a t io n ,  o f t e n  l e d  t o  e r r o r s  i n

i n t e r p r e t i n g  r a d i a l  d i s t r i b u t i o n  c u r v e s ,  and  Schom aker
11

and  G-lauber d i s c u s s e d  t h e  n e c e s s i t y  o f  i n t r o d u c i n g

a m p l i tu d e s  w hich  a r e  com plex  f u n c t i o n s  o f  th e

s c a t t e r i n g  a n g l e .  T h is  a s p e c t  o f  s c a t t e r i n g  t h e o r y

h a s  s u b s e q u e n t ly  b e e n  d e v e lo p e d ,  f o r  exam ple , b y
12 13 

I b e r s  and  H o e rn i  , B a r t e l l  a n d  Brockway , Bonham
I V  15 16

and  U k a j i  , K a r le  and  Bonham , and  S e ip  , w h i l s t

p ro b le m s  c o n c e r n in g  i n e l a s t i c  s c a t t e r i n g ,  and  t h e

e f f e c t s  o f  c h e m ic a l  b o n d in g  on s c a t t e r i n g ,  h av e  b e e n
17  18 - 2 0 *

c o n s i d e r e d  b y  K a r le  , and  Bonham and  I i j i m a  ,

C o n s id e r a b l e  a d v a n c e s  h av e  a l s o  b e e n  made i n

t r e a t i n g  t h e  v i b r a t i o n a l  p ro b le m . The e f f e c t s  o f

a h h a r m o n ic i ty  on e l e c t r o n  d i f f r a c t i o n  r e s u l t s  w ere
21

shown t o  b e  s i g n i f i c a n t  b y  B a r t e l l  i n  1955 , and  

t h i s  p ro b lem  h a s  b e e n  f u r t h e r  d e v e lo p e d  b y  B a r t e l l
21 - 2V  25 26

e t  a l .  , M orino , and  R e i t a n   ̂ I n  h i s  o r i g i n a l
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21
p a p e r  , B a r t e l l  d e f i n e d  t h e  ty p e  o f  i n t e r n u c l e a r  

d i s t a n c e  o b t a i n e d  b y  e l e c t r o n  d i f f r a c t i o n  s t u d i e s ,  

and  h e  i n d i c a t e d  a way i n  w h ich  t h i s  d i s t a n c e ,  

s y m b o l is e d  r  ( l ) ,  c o u ld  b e  r e l a t e d  t o  t h e  c o r r e s p o n d i n go
e q u i l i b r i u m  v a lu e  r  . S u b s e q u e n t ly ,  e l e c t r o n

d i f f r a c t i o n  e x p e r im e n t s  ( s e e  f o r  exam ple r e f e r e n c e s

23  and  2b  ) c o u p le d  w i t h  s p e c t r o s c o p i c  an d  th e r m a l

m e a su re m e n ts ,  h a v e  i n  f a v o u r a b l e  c a s e s  e n a b l e d

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  t o  b e  a c c u r a t e l y  d e t e m i n e d .

R oot mean s q u a re  a m p l i t u d e s  o f  v i b r a t i o n ,

c a l c u l a t e d  from  i n f r a r e d  a n d  Raman s p e c t r o s c o p i c

d a t a ,  h a v e  b e e n  e x t e n s i v e l y  com pared  w i th  t h e

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

w ork , and  a l t h o u g h  t h e  s p e c t r o s c o p i c  v a l u e s  hav e

n o r m a l ly  b e e n  c a l c u l a t e d  on t h e  a s s u m p t io n  o f  h a rm o n ic

m o t io n ,  t h e  a g re e m e n t  fo u n d  i s  u s u a l l y  v e r y  good .

A l a r g e  number o f  c o m p a r is o n s  o f  t h i s  s o r t  a r e  l i s t e d
27

i n  a work b y  C y v in  , and  i n  t h i s  r e f e r e n c e  t h e  

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

t o  d e te r m in e  t h e  f o r c e  c o n s t a n t s  o f  m o le c u l e s ,  i s  

d i s c u s s e d .

The s o - c a l l e d  s h r in k a g e  e f f e c t  fo u n d  to  o c c u r

f o r  l i n e a r  o r  p l a n a r  m o le c u le s  when t h e s e  a r e

i n v e s t i g a t e d  b y  e l e c t r o n  d i f f r a c t i o n ,  was f i r s t
28

o b se rv e d ,  b y  B a s t i a n s e n  i n  1956 , and  h a s  b e e n
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a t t r i b u t e d  t o  n o n - l i n e a r  an d  o u t - o f - p l a n e  v i b r a t i o n a l

m o t io n .  T h is  e f f e c t ,  which, makes such  m o le c u le s

seem t o  b e  n o n - l i n e a r  o r  n o n - p l a n a r ,  h a s  b e e n  t r e a t e d

t h e o r e t i c a l l y  b y  a number o f  a u t h o r s ,  f o r  e x am o le ,
29 '3 0

M ori no , a n d  C y v in  e t  a l .

Among t h e  im provem en ts  w hich  h a v e  b e e n  made t o

i n s t r u m e n t a t i o n  a n d  t o  t h e  d a t a  r e d u c t i o n  p r o c e d u r e ,

h a v e  b e e n  t h e  p r o d u c t i o n  o f  a u to m a t i c  m ic r o d e n s i t o m e t e r s

w h ich  o u t u u t  i n t e n s i t y  d a t a  on  p u n ch ed  p a p e r  t a p e ,  and  
3 1 -3 5

a p p l i c a t i o n  o f  t h e  m ethod  o f  l e a s t  s q u a r e s

r e f i n e m e n t  t o  t h e  p ro b le m  o f  e x t r a c t i n g  s t r u c t u r a l  

p a r a m e t e r s  f rom  su c h  d a t a .  The m a n u fa c tu re  o f  b i g g e r  

a n d  f a s t e r  e l e c t r o n i c  c o m p u te rs  h a s  a l s o  p l a y e d  an  

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

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

The m odern s t a t e  o f  g a s  p h a se  e l e c t r o n  d i f f r a c t i o n  

h a s  b e e n  d i s c u s s e d  from  s e v e r a l  p o i n t s  o f  v ie w , i n  

r e f e r e n c e  32 , and  i n  r e f e r e n c e s  36-I4-O. A t t h e  p r e s e n t  

t im e  t h e r e  a r e  num erous e l e c t r o n  d i f f r a c t i o n  g ro u p s  

w o rk in g  i n  d i f f e r e n t  p a r t s  o f  th e  v /o r ld ,  an d  p a r t i c u l a r  

m e n t io n  s h o u ld  b e  made o f  t h o s e  i n  A m e ric a ,  Norway,

J a p a n  and  R u s s i a ,  whose c o n t r i b u t i o n s  t o  t h e  s u b j e c t  

h av e  b e e n  l a r g e .  The s t r u c t u r a l  r e s u l t s  p ro d u c e d  

a r e  o f  g r e a t  i n t e r e s t  t o  many t y p e s  o f  c h e m is t ,  and  

i t  i s  p r o b a b l e ,  a s  i n s t r u m e n t a t i o n  im p ro ves  s t i l l

7



f u r t h e r ,  and  "becomes more r e a d i l y  a v a i l a b l e ,  t h a t  

i n  th e  f u t u r e ,  t h e  t e c h n iq u e  w i l l  h e  more e x t e n s i v e l y  

p r a c t i s e d  t h a n  i t  i s  t o d a y .
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CHAPTER TWO

THE THEORY UNDERLYING- THE SPATTERING-

PROCESS

1 . I n t r o d u c t i o n

I n  t h i s  c h a p t e r  an  o u t l i n e  i s  g iv e n  o f  th e  quantum 

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

m o le c u l e s .  No a t t e m p t  i s  made to  p r e s e n t  a r i g o r o u s  

a n a l y s i s  o f  t h e  p ro b le m , a n d  f o r  d e t a i l e d  d i s c u s s i o n s  

o f  t h e  t o p i c s  c o v e r e d ,  and  j u s t i f i c a t i o n  o f  t h o s e  s t e p s  

assum ed  b e lo w ,  w i t h o u t  p r o o f ,  t e x tb o o k s  (l4.1~i|6 ) and  

r e v ie w  a r t i c l e s  ( l 6 , 3 9 ? -̂0 ,U7 and  i+8 ) s h o u ld  be  

c o n s u l t e d .

2 .  A g e n e r a l  s t a t e m e n t  o f  t h e  p r oblem

I n  a n  e l e c t r o n  d i f f r a c t i o n  e x p e r im e n t ,  a n a r ro w ,  

c y l i n d r i c a l ,  m onochrom atic  beam o f  e l e c t r o n s ,  c o l l i d e s  

a t  r i g h t  a n g l e s  w i t h  a s m a l l  j e t  o f  v a p o u r  e x p a n d in g  

fro m  a n o z z l e .

The w a v e le n g th  o f  t h e  e l e c t r o n s ,  ^  , i s  g iv e n

b y  de B r o g l i e ’ s r e l a t i o n s h i p ,

A = h / p  ........................................; 2 -1 ,

*
where h  i s  P l a n c k ’ s c o n s t a n t ,  and  th e  momentum p o f  an  

e l e c t r o n  i s  d e te r m in e d  b y  t h e  a c c e l e r a t i n g  v o l t a g e  gap 

p i s  t h e  r e l a t i v i s t i c  momentum.
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u s e d  to  p ro d u ce  t h e  heam.

When c o l l i s i o n  o c c u r s ,  t h e  e l e c t r o n s  i n  t h e  heam 

i n t e r a c t  w i th  g as  m o le c u l e s ,  and  a r e  d e f l e c t e d  fro m  

t h e i r  i n i t i a l  p a t h s .  The i n c i d e n t  "beam i s  t h u s  

s p r e a d  o u t ,  and  e l e c t r o n s  t r a v e l  away, i n  a l l

d i r e c t i o n s ,  from  t h e  s c a t t e r i n g  c e n t r e .

I n  e x p e r i m e n t s ,  a p r o p o r t i o n  o f  t h e s e  s c a t t e r e d

p a r t i c l e s  i s  r e c e i v e d  on  a r e c t a n g u l a r ,  g l a s s ,

p h o to g r a p h ic  p l a t e ,  whose p o s i t i o n  r e l a t i v e  t o  t h e

gas  sam ple and  i n c i d e n t  heam may he  u n d e r s to o d  from

f i g u r e  2 . 1 .  I n  t h i s  d iag ra m  th e  i n c i d e n t  heam i s

shown a s  t r a v e l l i n g  a lo n g  th e  z a x i s ,  i n  a p o s i t i v e

d i r e c t i o n ,  and  i s  assum ed t o  s t r i k e  a s m a l l  volume o f

v a p o u r  s i t u a t e d  a t  t h e  o r i g i n  0 . The p l a t e  l i e s  i n

t h e  p la n e  Y! CX! , w i t h  i t s  c e n t r e  a t  th e  p o i n t  C, and

i t  r e c e i v e s  e l e c t r o n s  w h ich  have  h e e n  d e f l e c t e d  th r o u g h
o

a n  a n g le  Q , w here  0  v a r i e s  from  0  a t  C, t o  some 

l i m i t i n g  v a lu e  d e te r m in e d  h y  t h e  s i z e  o f  th e  p l a t e  

and  i t s  d i s t a n c e  from  0 .

From th e  n a t u r e  o f  t h e  i n c i d e n t  heam and  t h e  gas  

volume p ro d u c in g  d i f f r a c t i o n ,  i t  i s  e v i d e n t  t h a t  th e  

d i s t r i b u t i o n  o f  s c a t t e r e d  e l e c t r o n s  i s  a x i a l l y  

sym m etric  a h o u t  t h e  z a x i s ,  and  h en ce  i s  in d e p e n d e n t  

o f  th e  d i h e d r a l  a n g le  0  . i t  f o l lo w s  from  t h i s

t h a t  t h e  p a t t e r n  o b t a i n e d  s h o u ld  he  c i r c u l a r l y
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sym m etr ic  a b o u t  C, and  i n  f a c t ,  a s  i s  v/e 11 known, 

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

t a k e n  u s i n g  a r o t a t i n g  s e c t o r ,  show a s e r i e s  o f  

d i f f u s e ,  c o n c e n t r i c , r i n g s  o f  maximum and minimum 

i n t e n s i t y .

The v a r i a t i o n  o f  i n t e n s i t y  o c c u r r i n g  a lo n g  any  

r a d i u s  may be  e x p r e s s e d  as* a f u n c t i o n  o f  th e  a n g le  0  ,

and  t h i s  f u n c t i o n ,  w h ich  c h a r a c t e r i s e s  t h e  e n t i r e  

p a t t e r n ,  i s  d e te r m in e d  e x p e r i m e n t a l l y  u s i n g  a 

m ic r o d e n s i to m e te r  ( see  C h a p te r  T h ree  ) .

The o b j e c t  o f  th e  p r e s e n t  c h a p t e r  i s  t o  d i s c u s s  

t h e  r e l a t i o n  b e tw e e n  t h i s  m ea su re d  i n t e n s i t y  v a r i a t i o n ,  

and  t h e  n a tu r e  o f  th e  m o le c u le  p r o d u c in g  d i f f r a c t i o n .

The p ro b lem  may be  a p p ro a c h e d  m a th e m a t i c a l ly  a s  

f o l l o w s .  I f  t h e  i n c i d e n t  beam h a s  i n t e n s i t y  I Q , 

t h e n  t h e  number o f  p a r t i c l e s  s c a t t e r e d  i n  u n i t  t im e ,  

th r o u g h  a n g le  Q , i n t o  an. e le m e n t  o f  s o l i d  a n g le  

d o  ( s e e  f i g .  2 .1  ) ,  may be  w r i t t e n ,

o r  d i f f e r e n t i a l  c r o s s  s e c t i o n .  The number o f  

e l e c t r o n s  i n c i d e n t  p e r  u n i t  t im e ,  a t  r i g h t  a n g l e s ,  

upon  u n i t  a r e a  s i t u a t e d  a t  th e  p o i n t  Q, w i th  p o s i t i o n  

v e c t o r  r  , i s  t h e  s c a t t e r e d  i n t e n s i t y  a t  Q, and

v/here d ( 0 50 ) c a l l e d  th e  s c a t t e r i n g  c r o s s  s e c t i o n
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i s  t h e r e f o r e  g iv e n  “by ,

l(r) =I0- d { B f l ) /  r2 2.3.

—2I f  t h e  r  f a c t o r  a h o v e ,  i s  r e q u i r e d  to  he  a c o n s t a n t  o f  

p r o p o r t i o n a l i t y ,  t h e n  e q u a t i o n  2*3  d e s c r i b e s  th e  

i n t e n s i t y  w h ich  w ou ld  he  r e c e i v e d  on  a s p h e r i c a l  

p h o t o g r a p h i c  p l a t e  o f  r a d i u s  r ,  and  a g e o m e tr ic  

c o n s i d e r a t i o n  i s  r e q u i r e d  t o  c o n v e r t  t h e  p r e d i c t e d  

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

v a l u e s  m ea su re d  on  a f l a t  p l a t e  r  from  0 * T h is  

c o r r e c t i o n  i s  d i s c u s s e d  i n  s e c t i o n  s i x  o f  t h e  p r e s e n t  

c h a p te r *

The h a s i c  p ro b le m  t o  h e  s o lv e d  i s  t h a t  o f  f i n d i n g  

<*(0 ) ( t h e  0  depend en ce  h a s  b e e n  d ro p p e d  b e c a u s e  o f  

t h e  a x i a l  symmetry m e n t io n e d  above ) ,  b y  quantum 

m e c h a n ic a l  m e th o d s .  I d e a l l y  t h i s  c o u ld  be  a c h ie v e d  

b y  s o l v i n g  t h e  t im e  in d e p e n d e n t  S e h r o d in g e r  e q u a t i o n  

a p p l i c a b l e  t o  t h e  c a s e  o f  an  e l e c t r o n  m oving i n  th e  

p r e s e n c e  o f  a m o le c u le ,  b u t  t h i s  e q u a t io n  i s  to o  

d i f f i c u l t  t o  s o lv e  e x a c t l y ,  e v e n  f o r  s im p le  c a se s*

A d i s c u s s i o n  o f  a n  a p p ro x im a te  t r e a t m e n t ,  b a s e d  on  

su c h  an  e q u a t i o n ,  i s  g iv e n  i n  r e v ie w  a r t i c l e  ( i+7), 

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

b y  a s i n g l e  atom w i l l  be  exam in ed  f i r s t ,  and  t h e n  th e  

m o le c u le  w i l l  be  t r e a t e d  a s  e q u i v a l e n t  t o  a c o n f i g u r a t i o n
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o f  in d e p e n d e n t  a to m s ,  and  an  a p p r o p r i a t e  e x p r e s s i o n  

f o r  did) d e r iv e d *

3» The t h e o r y  o f  e l a s t i c  s c a t t e r i n g  b y  s i n g l e  a to m s 

I f  no exch an g e  o f  e n e r g y  i s  c o n s i d e r e d ,  th e  

p ro b le m  o f  an  e l e c t r o n  c o l l i d i n g  w i t h  a n  a tom , may he  

t r e a t e d  a s  t h a t  o f  an  e l e c t r o n  m oving i n  t h e  v i c i n i t y  

o f  a s p h e r i c a l  p o t e n t i a l  V ( r ) ,  c e n t r e d  on t h e  o r i g i n  

o f  a  C a r t e s i a n  r e f e r e n c e  f r a m e .

I f  t h e  e l e c t r o n  t r a v e l s  a lo n g  t h e  p o s i t i v e  

d i r e c t i o n  o f  t h e  z a x i s ,  and  comes from  m inus i n f i n i t y ,  

t h e n  d u r in g  i n t e r a c t i o n  Y/ith V ( r )  i t  i s  d e f l e c t e d  

th r o u g h  a n g le  0  , and  a f t e r  i n t e r a c t i o n ,  p a s s e s  o f f  t o  

i n f i n i t y  once m ore .

The S c h r o d in g e r  e q u a t i o n  a p p r o p r i a t e  t o  th e  

p ro b lem  i s ,

[ - h / g n m '^7 + V ( 0  ] J / t r )  = E - ^ W  2 .4 - ,

w here  r  i s  t h e  p o s i t i o n  v e c t o r  o f  t h e  e l e c t r o n  a n d

V ( r )  i s  d e p e n d e n t  o n ly  on  th e  m odulus o f  r .  The 
%

q u a n t i t y  w a x  may be  i n t e r p r e t e d  a s  an. e l e c t r o n  

d e n s i t y  i f  s c a t t e r i n g  o f  a beam c o n t a i n i n g  many i d e n t i c a l  

e l e c t r o n s  i s  b e in g  c o n s i d e r e d .

An a p p r o p r i a t e  a s y m p to t i c  s o l u t i o n  t o  e q u a t i o n  

2 ,U , v a l i d  when r  i s  l a r g e  com pared  w i th  th e  e x t e n t
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o f  V ( r ) ,  and  i f  V ( r )  f a l l s  t o  z e ro  f a s t e r  t h a n  a 

Coulomb f i e l d ,  i s

y u  «  e i k z .  ( r ) - ' e i k , . f O )  2 . 5 ,

where

= 8 ^ r r i g E / h ^  2 .6 .

T h is  s o l u t i o n  c o n s i s t s  o f  an  i n c i d e n t  p l a n e  wave e l k z ,

and  a s p h e r i c a l  s c a t t e r e d  w ave. I t s  v a l i d i t y  c a n  he
❖

v e r i f i e d  b y  s u b s t i t u t i o n  i n  2.1+. An e x p r e s s i o n  f o r  

d ( 0 ) f o r  a to m s ,  c a n  b e  o b t a i n e d  from  t h i s  e q u a t i o n  by  

c o n s i d e r i n g  t h e  i n t e n s i t y  o f  e l e c t r o n s  i t  p r e d i c t s  

a t  Q, w i t h  p o s i t i o n  v e c t o r  r ,  w here r  i s  v e ry  l a r g e .  

T h is  i n t e n s i t y  c a n  be shown t o  be  p r o p o r t i o n a l  t o  

|V(D|2’ and  s i n c e ,  i n  p r a c t i c e ,  t h e  i n c i d e n t  p l a n e  

wave i s  n o t  i n f i n i t e ,  b u t  h a s  a t i n y  c r o s s  s e c t i o n ,  

o n ly  th e  se c o n d  te rm  i n  2 .5  n e e d  be  c o n s i d e r e d .

Hence t h e  i n t e n s i t y  a t  th e  p o i n t  r  i s ,

KrJ *  ( r f 2 - f@) 2 . 11

and  c o m p a r is o n  o f  t h i s  r e s u l t  w i t h  2 .3  shows t h a t ,

2 • %

2 . 8 .

The p ro b lem  o f  f i n d i n g  d  (0 ) t h e r e f o r e  r e d u c e s  to

t h a t  o f  f i n d i n g "  f ( 0 ) , a q u a n t i t y  c a l l e d  th e  a to m ic

* V ( r )  m ust b e  assum ed  z e ro  when s u b s t i t u t i o n  i s  made.
** The c o n s t a n t  o f  p r o p o r t i o n a l i t y  t u r n s  o u t  t o  be u n i ty ,
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s c a t t e r i n g  a m p l i tu d e  f o r  e l e c t r o n s .

T h i s  i s  done b y  w r i t i n g  t h e  g e n e r a l  s o l u t i o n  to

2 .  ip, w i t h  a x i a l  sym m etry , a s

2 / { r )  = 1  Aj. P ( c o s (0)). F.(r) 2.9
r  ~  I =0 1 A

w h ere  e a c h  te rm  i n  t h i s  s e r i e s  i s  i t s e l f  a  s o l u t i o n  t o

2 . k ,  o f  t h e  g e n e r a l  t y p e ,

Z /  (r} oc F (r) • Y(0J 2 10
M  I I

I n  2 .9  t h e  a r e  a r b i t r a r y  c o n s t a n t s ,  t h e  P^( c o s Q  ) 

a r e  L e g e n d re  p o l y n o m i a l s ,  a n d ,  a s  c a n  h e  v e r i f i e d  h y  

s u b s t i t u t i n g  2 .1 0  i n  2 . Ip, e a c h  o f  t h e  mus^

s a t i s f y  a d i f f e r e n t i a l  e q u a t i o n  o f  t h e  t y p e ,

r~2  d  ( r 2 . d F  ) ♦ ( k2 -  u ( r )  -  l ( M ) / r 2 ) F  -  0  
d r  d r 2-11w here  j

2m / u 2 i v ( r )  2.12.U ( r )  = I 8 r f  m ^ h 2 I V ( r )

S in c e  o n ly  t h e  a s y m p to t i c  fo rm  o f  2 .9 ' i s  r e q u i r e d ,  

when r  t e n d s  t o  i n f i n i t y ,  t h e n  o n ly  th e  a s y m p to t i c  

s o l u t i o n  t o  2 .1 1  i s  r e q u i r e d  a s  r  t e n d s  t o  i n f i n i t y .  

T h i s  l a t t e r  c a n  h e  s h o r n  t o  h e ,

F [ ( r )  *  ( k r )  • s i n ( k r -  m / 2 + - q  ) 2 .13 ,

w here  £   ̂ i s  a s m a l l  p h a s e  s h i f t  c h a r a c t e r i s t i c  o f
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t h e  1 t h  s o l u t i o n .  I t  f o l l o w s  t h a t  th e  a p p r o p r i a t e

fo rm  o f  2 .9  v a l i d  f o r  l a r g e  r  i s ,  
cx5 04  *

2/(r) = 2  A - P ( c °s(0))-(krJ • s i n ( k r - l r r / 2 *  4 )
1=0 2.U-

C o m p ariso n  o f  t h i s  r e s u l t  w i t h  2 .5  r e q u i r e s  t h e  

e x p a n s io n ,  ^

[e ' l<Z f  = ^ ( 21+1 )-i -P (c<?s(0J).(kr)1-sin(kr-liT/2)

1 = 0 2-15.
T h is  l a t t e r  r e s u l t  may h e  o b t a i n e d  b y  w r i t i n g  t h e  

s o l u t i o n  t o  2 . 4 ,  f o r  t h e  c a s e  w here  V ( r )  = 0 ,  i n  t h e  

fo rm  2 . 9 , and  o b t a i n i n g  an  a s y m p to t i c  s o l u t i o n  t o  2 . 1 1 , 

f o r  t h i s  t h e  c a s e  o f  a f r e e l y  m oving e l e c t r o n .  T h is  

s o l u t i o n  i s  a l r e a d y  known t o  h av e  t h e  p l a n e  wave fo rm ,
\\r  *7

e , and  h e n ce  c o m p a r is o n  o f  t h e s e  two r e s u l t s  l e a d s  

t o  2 .1 5 .  When 2 .1 4  i s  com pared  w i th  2 . 5 ,  b e a r i n g  2 .1 5  

i n  m ind , a l g e b r a i c  m a n i p u l a t i o n  b a s e d  on  t h e  n e c e s s a r y  

e q u iv a l e n c e  o f  2 .1 4  and  2 . 5 , l e a d s  t o  t h e  e x p r e s s i o n
49

f o r  f (0) f i r s t  d e r i v e d  b y  F a x e n  and  H o l ts ra a rk ,

f (0j = ( 2 j k f 1. }  (21+1 )• ( e2i^l -1 ) .P (co s (0 ) )

1=0 2.16-
I t  i s  e v i d e n t  t h a t f ( Q ) i s  i n  g e n e r a l  a com plex

num ber. The p r i n c i p a l  o b s t a c l e  e n c o u n te r e d  i n  

e v a l u a t i n g  f (0) fro m  2 . 1 6 , i s  t h e  p ro b lem  o f  f i n d i n g  

th e  p h a se  s h i f t s  . T hese  c a n  b e  c a l c u l a t e d  b y  

a p p ly i n g  n u m e r ic a l  m ethods t o  2 . 1 1 , and  th e  s e r i e s  2 .1 6

17



summed, “b u t  a u s e f u l ,  a p p r o x i m a t e ,  r e j i l  e x p r e s s i o n  f o r
« i /M  5 0 ’ 51T 10 ) was o b t a i n e d  b y  B o rn ,  w h ich  i s  v e r y  o f t e n  

u s e d ,  and  w i l l  be  r e f e r r e d  t o  a s  f (0) 501 n . B orn  

showed t h a t  i f  t h e  p h a s e  s h i f t s  a r e  s m a l l ,  and  t h e  

p o t e n t i a l  V ( r )  i s  weak f o r  l a r g e  r ,  t h e n

)/(rs)] r dr
2.17,

where

s = 4-rf. si n{e/2)/* 2.18.

The a p p r o x i m a t i o n  made i n  d e r i v i n g  t h i s  r e s u l t  i s  

known a s  t h e  f i r s t  B o rn  a p p r o x i m a t i o n ,  an d  i t  i s  b e s t  

f o r  f a s t  e l e c t r o n s  and  l i g h t  a to m s .

I f  t h e  p o t e n t i a l  U ( r )  f o r  a n  atom i s  w r i t t e n  i n  

t h e  fo rm ,

U(r)= frrt2me/h2 l -Z e2/r + V(r) ] 2.19,

where  V! ( r )  i s  t h e  p o t e n t i a l  a r i s i n g  from t h e  e l e c t r o n

c h a r g e  c l o u d ,  o f  d e n s i t y i n  t h e  a tom , and  t h i s  

e x p r e s s i o n  i s  s u b s t i t u t e d  i n  2 , 1 7  and  i n t e g r a t i o n  

p e r f o r m e d ,  t h e n  t h e  r e s u l t  o b t a i n e d  is* t h e  f a m i l i a r  

one f o r  t h e  e l e c t r o n  s c a t t e r i n g  a m p l i t u d e ,  n am ely ,
Born , o

f(0) *  ( Z -  F (s)}/s 2 . 2 0 ,

where  l? (s )  i s  t h e  X - r a y  s c a t t e r i n g  f a c t o r  g i v e n  b y  t h e

f(0)
Born

oQ

U(r).[sin[rs
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e x p r e s s i o n ,

F(s) = A*

and  Z i s  t h e  a to m ic  number .

The r e s u l t s ,  2 . 2 0  and  2 . 16, w i l l  now h e  u s e d  t o  

d e s c r i b e  s c a t t e r i n g  b y  m o l e c u l e s .

k .  T r e a t ment o f  t h e  s c a t t e r i n g  o f  e l e c t r o n s  b y  m o l e c u l e s  

u s i n g  t h e  i n d e p e n d e n t  atom a p p r o x i m a t i o n

I f  c h e m ic a l  b o n d i n g  i s  n e g l e c t e d ,  an d  a m o le c u l e  

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

t h e  m o l e c u l a r  s c a t t e r i n g  p ro b le m  may be  t r e a t e d  b y  

summing t h e  s p h e r i c a l  waves s c a t t e r e d  by  e a c h  a tom .

The i n d e p e n d e n t  atom a p p r o x i m a t i o n  s h o u l d  be  v a l i d  i f

t h e  r a n g e  o f  i n t e r a c t i o n  o f  t h e  e l e c t r o n  w i t h  any  a tom , 

an d  t h e  e l e c t r o n  w a v e l e n g t h  ^  , a r e  much s m a l l e r  t h a n  

t h e  d i s t a n c e  b e tw e e n  a to m s .  The a p p r o x i m a t i o n  s h o u l d  

t h e r e f o r e  b e  b e s t  f o r  l i g h t  a tom s and  f a s t  e l e c t r o n s .

L e t  t h e  m o le c u l e  b e  a r i g i d  a s se m b ly  o f  a to m s ,  

f i x e d  r e l a t i v e  t o  a  C a r t e s i a n  s y s te m ,  w i t h  t h e  a tom s  

d i s t r i b u t e d  among v a r i o u s  p o s i t i o n s  i n  sp a c e  ( f i g .  2 . 2  )« 

The e l a s t i c a l l y  s c a t t e r e d  wave t r a v e l l i n g  o u tw a rd s  f rom 

any atom j ,  t o  t h e  p o i n t  Q, w i t h  p o s i t i o n  v e c t o r  r ,  

where  r  i s  v e r y  much l a r g e r  t h a n  t h e  i n t e r a t o m i c  

d i s t a n c e s ,  h a s  e q u a t i o n ,

oQ

(  [ sin(sr}/(sr)]*P(r).rdr ..  2.21,



.2.22

vrtiere 0 j  i s  a p h a s e  a n g l e  w h ich  dep en d s  on  t h e  p o s i t i o n  

o f  t h e  j t h .  a tom i n  s p a c e .  I f  f.(Q) i s  w r i t t e n  a s  a
•* jcomplex  number w i t h  t h e  fo rm ,

f. ( 0 .) =
j j wV ' J j

2 .23 .

w here  7)- i s  a  p h a s e  a n g l e  d e p e n d e n t  on 0  • , a n d  t h e
J

n a t u r e  o f  a tom j ,  t h e n  t h e  e x p r e s s i o n  f o r  t h e

o u t g o i n g  wave may b e  w r i t t e n ‘i n  t h e  fo rm ,

$ i d = i rj  j . e |T^ j - e  j ................................2 . 2 k

I f  r  and  0.  a r e  a p p r o x i m a t e d  t o  b y  r an d  0  m e a s u r e d  

r e l a t i v e  t o  0 ( s e e  f i g .  2 , 2  ■fehe r e s u l t a n t  wave

. e
2 .25 j

a t  Q i s  t h e r e f o r e ,

J t  ~1
£ > ) •

/3 * 4

where  t h e  sum m ation  i s  o v e r  a l l  a tom s i n  t h e  m o l e c u l e .
-0 -0 &

The s c a t t e r e d  i n t e n s i t y  a t  Q i s  p r o p o r t i o n a l  t o  

and  h e n c e ,

I (r) ^  I  (D'l lf .®)J Gi 1 " . . 2 .2 6 .
o r

N

e KY 0j ) X X t r f 1 |ye)|-

. 2

K i J ^ Z  (r> •
J , k » l

1j-(0) f. (0) 
k . 2 . 2 7 ,

21
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a n d  therefore,

I(r) e62 (r)"2 f{0) | . | f (0 ) | .e lAV,jk .e^®jk  
jk =1 j k 2 .28 .

I n  t h i s  summation  t h e  k j t h  t e r m  i s ,

a n d  t h e  j j t h  t e r m  i s , j

(r) c. f (0)
j

2.30.

Hence t h e  s c a t t e r e d  i n t e n s i t y  a t  Q may h e  w r i t t e n  a s ,

t h e  a to m s ,  h u t  i s  a function of t h e  s c a t t e r i n g  a n g l e  0  ,

s c a t t e r e d  f ro m  a tom s j  and  k .  T h i s  p h a s e  d i f f e r e n c e

may h e  c a l c u l a t e d  h y  f i n d i n g  t h e  p a t h  d i f f e r e n c e

hetY/een t h e s e  tv/o w aves. I n  f i g u r e  2.3*  Z i s  a u n i t

v e c t o r  i n  t h e  d i r e c t i o n  o f  t h e  i n c i d e n t  heam, a n d  r  i s

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

t o  Q, a v e r y  l o n g  d i s t a n c e  away. F o r  t h e  p a i r  o f  a tom s

shown, t h e  p a t h  d i f f e r e n c e  i s  CA. + A.D, and  i f  t h i sJ J
p a i r  o f  a tom s i s  t h e  g e n e r a l  p a i r ,  t h e n

an d  A 0  w, i s  the difference in phase hetY/een the w a v e s

D = 2 R j k. s i n ( © / 2 ) c o s ^ j | < 2 .32 ,



v/here D(_j|^is t h e  a n g l e  "between t h e  v e c t o r  and

t h e  v e c t o r  ( r  -  z ) .  I t  f o l l o w s  t h a t ,

A® = (2 ft'D- k)/J\ = (4 nsin ( d / 2 ) M - R } k c o s<*. R= s ,R ■ R cos<X.k

• • 2.33.
Hence t h e  i n t e n s i t y  a t  Q may now he  w r i t t e n  a s ,

r N 2 N 1
I(I)*(rf2 O | f . ( 0 ) |4  |fM|«|9)| • cos (A7 ts-R. .• co s oC: ̂ )

l j = i )  , k  ,K 2 . 3 4 :

Now i n  t h e  d i f f r a c t i o n  e x p e r i m e n t  t h e  heam i s

s c a t t e r e d  "by a v e r y  l a r g e  number o f  gas  m o l e c u l e s  i n

a l l  p o s s i b l e  o r i e n t a t i o n s  r e l a t i v e  t o  i t ,  no p a r t i c u l a r  

o r i e n t a t i o n  b e i n g  p r e f e r r e d .  Hence e q u a t i o n  2 . 3 ^  

must b e  a v e r a g e d  o v e r  a l l  p o s s i b l e  v a l u e s  f o r  t h e  COSpC..
Jk

Each  o f  t h e s e  q u a n t i t i e s  may v a r y  c o n t i n u o u s l y  b e tw e e n  

t h e  l i m i t s  1 and  - 1 ,  and  so i n t e g r a t i o n  p r o d u c e s  t h e  

r e q u i r e d  a v e r a g e  i n t e n s i t y  a t  Q,

T(r)oC (r) 2w|f.(0)j? }  Ifj(0)l‘|f,(6 )icosA7 .k fsinfsRjk)/(sR-k)]
H  J jk(j^k) . . . 2 .3 5 . '

I n  t h e  work d e s c r i b e d  i n  t h i s  t h e s i s ,  b e c a u s e  t h e

m o l e c u l e s  ex am in ed  c o n t a i n e d  l i g h t  a to m s ,  o f  f a i r l y  

s i m i l a r  a to m ic  num ber ,  t h e  C0SA7*^ erm was assum ed  t o

be  a lw a y s  v e r y  n e a r  t o  u n i t y ,  and  t h e  a m p l i t u d e s

an d  i f ) i ,  were  assum ed t o  be  g i v e n  by  B o rn 1 s ^

e x p r e s s i o n  2 . 1 7 ,  a n d  hen ce  b y  2 . 2 0 .  Thus f o r  a r i g i d

c o n f i g u r a t i o n  o f  a to m s ,  a l l o w e d  t o  t a k e  up a l l  p o s s i b l e

o r i e n t a t i o n s  r e l a t i v e  t o  t h e  i n c i d e n t  beam, t h e

* Note t h a t  t h e  q u a n t i t y  i n  b r a c k e t s  i s  j u s t  o f
e q u a t i o n  2 . 3 .



a v e r a g e  i n t e n s i t y  o f  e l e c t r o n s  e l a s t i c a l l y  s c a t t e r e d  

t o  Q, i s  g i v e n  b y ,

I f  a te r ra  i s  a d d e d  t o  t a k e  a to m ic  i n e l a s t i c

s c a t t e r i n g  i n t o  a c c o u n t ,  T ( r )  i s  r e p l a c e d  b y  l ( s ) ,  and

5» M o d i f i c a t i o n  o f  t h e  i n t e n s i t y  e x p r e s s i o n  t o  t a k e  

i n t o  a c c o u n t  m o l e c u l a r  v i b r a t i o n

M o l e c u l e s  a r e  i n  r e a l i t y  n o n - r i g i d ,  and  u n d e rg o  

i n t e r n a l  v i b r a t i o n  and  o t h e r  fo rm s  o f  i n t e r n a l  m o t i o n .

A t  any  i n s t a n t ,  t h e  e l e c t r o n  beam n o t  o n l y  i n t e r a c t s  

w i t h  m o l e c u l e s  i n  a l l  p o s s i b l e  o r i e n t a t i o n s  r e l a t i v e  t o  

i t ,  b u t  a l s o  w i t h  m o l e c u l e s  i n  a v e r y  l a r g e  number o f  

d i s t o r t e d  c o n f i g u r a t i o n s ,  d i s t o r t e d  thd;  i s ,  r e l a t i v e  

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  o f  minimum p o t e n t i a l  

e n e r g y .  As t h e  p o p u l a t i o n  o f  v i b r a t i o n a l  e n e r g y  l e v e l s  

i s  t e m p e r a t u r e  d e p e n d e n t ,  t h e  e x a c t  d i s t r i b u t i o n  o f  

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

a l s o  t e m p e r a t u r e  d e p e n d e n t .

The m o d i f i c a t i o n  which  m ust  b e  made t o  2 .3 7  t o

2.36-

—2t h e  r  f a c t o r  t r e a t e d  a s  a c o n s t a n t  o f  p r o p o r t i o n a l i t y ,

a n d  o m i t t e d ,  t h e n

—    —^   „
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t a k e  t h e s e  e f f e c t s  i n t o  a c c o u n t  c an  he d e r i v e d  a s

f o l l o w s  ( s e e  r e f .  b  ) .  L e t  R. . he  any i n t e r a t o m i c
-*• J

d i s t a n c e  p r e s e n t  i n  t h e  m o l e c u l e .  As a r e s u l t  o f

i n t e r n a l  m o t io n ,  a  l a r g e  c o l l e c t i o n  o f  m o l e c u l e s  w i l l ,

a t  any  i n s t a n t ,  show a p r a c t i c a l l y  c o n t i n u o u s  r a n g e  o f
e

R . . v a l u e s  s u r r o u n d i n g  t h e  e q u i l i b r i u m  v a l u e  R. . .
1 1)

T h i s  d i s t r i b u t i o n  may h e  d e s c r i b e d  by  a p r o b a b i l i t y

f u n c t i o n  P ^ ( R ) ,  where  P^.. (R)dR i s  t h e  f r a c t i o n  o f

t h e  t o t a l  number o f  m o l e c u l e s  w h ich  have  a v a l u e  o f  R. .
i j

i n  t h e  r a n g e  R t o  R+dR. Each  s i n (  sR. . ) / ( sR. .) t e rm
X J  X J

a p p e a r i n g  i n  2 . 3 7  c an  now b e  a v e r a g e d  u s i n g  t h i s  

p r o b a b i l i t y  f u n c t i o n .  The a v e r a g e  i s  j u s t ,

Pj j (R) • (s i n (sR)/ (sR)) dR.............2-38,

and  h e n ce  t h e  c o r r e c t  fo rm  f o r  l ( s ) ,  which  t a k e s  i n t o  

a c c o u n t  i n t e r n a l  m o t i o n ,  may b e  w r i t t e n ,

I ( s } * s -^ [ (  J+5 (Zj-fj ).(Z:-fj) fo(R).(sin(sR)/(sR))dR]
i ij(i ĵ) ° : :2.39.

I f  t h e  m o le c u l e  i s  a ssum ed  t o  u n d e rg o  o n ly  h a rm on ic  

v i b r a t i o n a l  m o t i o n ,  a G a u s s i a n  f u n c t i o n  may be  assumed

f o r  e a c h  P . . ( R )  f u n c t i o n ,  n o t  o n l y  f o r  any  p a r t i c u l a r  
-*• J

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

r e q u i r e d  a b o v e ,  w h ic h  i s  t e m p e r a t u r e  d e p e n d e n t ,  and  

t a k e s  i n t o  a c c o u n t  t h e  d i s t r i b u t i o n  o f  m o le c u l e s  among 

a l l  t h e  p o s s i b l e  v i b r a t i o n a l  l e v e l s .



The G a u s s i a n  d i s t r i b u t i o n  assum ed i s  sym m etr ic  a b o u t
e

t h e  e q u i l i b r i u m  d i s t a n c e  R. . and  i n t e g r a t i o n  o f  2.39>
*7 ^

u s i n g  i t ,  g i v e s  t h e  r e s u l t ,
/

l(s)« s ^ f 5 ( ( Z - r P S .  I*J(Z i-n . (Z i-rH sin lsR iWsRi:)).e^J 2 
1  i ' 1 '  W i >  i J  J J 2 4 0

I n  t h i s  e q u a t i o n  t h e  R ^  a p p e a r i n g  i n  t h e  s i n e  te rm ^  

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

G a u s s i a n  d i s t r i b u t i o n - ^  by  t h e  e q u a t i o n  ( s e e  r e f .  21 ) ,

Ry (1) [ie.Rjj above] = R?(0) - u^ / rR . . . . .  2.41,

and  i s  i n  f a c t  t h e  c e n t r e  o f  g r a v i t y  v a l u e  o f  t h e

f u n c t i o n  P_. . ( R ) /R .  The u ,  . q u a n t i t i e s  a p p e a r i n g  above*-1* d 1 J .
a r e  t h e  r o o t  mean s q u a r e  d e v i a t i o n s  o f  t h e  R . . f s f rom  

e 13
t h e  R. . ! s ,  and  a r e  t e m p e r a t u r e  d e p e n d e n t .  The

n o m e n c la t u r e  u s e d  i n  e q u a t i o n  2 . h i  i s  t h a t  u s e d  by  
. 2 1

B a r t e l l  , a n d  v / i l l  be  d i s c u s s e d  f u r t h e r  i n  s e c t i o n

e i g h t .  The u .  . f s , o r  r o o t  mean s q u a r e  a m p l i t u d e s  o f  l j
v i b r a t i o n ,  ? / i l l  be  d i s c u s s e d  a t  l e n g t h  i n  C h a p t e r  F i v e .

e g
F o r  c o m p l e t e l y  h a rm o n ic  v i b r a t i o n  R . . i s  e q u a l  t o  R. . (o) .

1  J  1  J

E q u a t i o n  2 . h i  h a s  b e e n  m e n t io n e d  a t  t h i s  s t a g e  t o
g

e m p h a s i s e  t h e  f a c t  t h a t  i t  i s  an  d i s t a n c e  t h a t

i s  o b t a i n e d  , when 2 . h 0  i s  u s e d  t o  d e s c r i b e  t h e  

e x p e r i m e n t a l  i n t e n s i t y  d a t a .

I n  r e a l i t y  t h e  assum ed  G a u s s i a n  P. .(R) f u n c t i o n
X J

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

* T h i s  s t e p  i n v o l v e s  c e r t a i n  a p p r o x i m a t i o n s  b u t  i s  
s u f f i c i e n t l y  a c c u r a t e  f o r  most  p u r p o s e s .



a l e s s  sy m m etr ic  t y p e  o f  d i s t r i b u t i o n  s h o u l d  be  u s e d ,
21

I n  1955 B a r t e l l  e x t e n d e d  t h e  t h e o r y  t o  i n c l u d e  t h e  

e f f e c t s  o f  a n h a r m o n i c i t y .  By a ssu m in g  a Morse t y p e  

o f  p o t e n t i a l ,  an d  b y  e x t e n d i n g  t h e  r e s u l t s  o b t a i n e d  

f o r  d i a t o m i c  s y s te m s  t o  a c t u a l  p o l y a t o m i c  m o l e c u l e s ,  

he  s u g g e s t e d  a b e t t e r  e x p r e s s i o n  f o r  t h e  s c a t t e r e d  

i n t e n s i t y  l ( s ) .  T h i s  i s ,

I (s|« S1]*J(Zi-F:).|Z-CUste|Rij

1 ‘ iiWii SRij 2.42,
where  x .  . i s  a  s m a l l  c o n s t a n t  r e l a t e d  t o  t h e ' a ’ o f  t h e

-*• J

Morse f u n c t i o n .  ( s e e  e(l XL'n-» 2.514- )

I n  t h e  work d e s c r i b e d  i n  t h i s  t h e s i s  t h e  f u n c t i o n  

u s e d  t o  d e s c r i b e  t h e  i n t e n s i t y  was o f  t h e  t y p e  2 . 14-0 , 

a n d  t h e  x .  . were  n o t  c o n s i d e r e d ,
1  J

I n  t h e  c a s e s  o f  m o l e c u l e s  c a p a b l e  o f  i n t e r n a l

r o t a t i o n ,  t h e  t r e a t m e n t  g i v e n  above i s  i n v a l i d ,  a s  t h e

P.  .(R) f u n c t i o n s  f o r  c e r t a i n  d i s t a n c e s  a r e  no l o n g e r  
13

e v e n  n e a r l y  G-aussian,  D i s c u s s i o n s  o f  i n t e r n a l  m o t io n  

o f  t h i s  s o r t  have  b e e n  g i v e n  b y  Debye^ and  K a r l e ^ “ ^ ^ ,  

an d  t h e  p ro b le m  i s  r e v i e w e d  i n  r e f e r e n c e  (U8).

* T h i s  a sy m m etry  c o n s t a n t  x .  . i s  r e l a t e d  t o  ’ a 1 b y  
it- 13

x i J  = a u i / 6 -
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6 .  The r e l a t i o n  'b e tween t h e  l ( s )  o f  2.1+0 and  t h e  

m e a su re d  i n t e n s i t y

E x p r e s s i o n  2.1+0 i s  p r o p o r t i o n a l  t o  t h e  i n t e n s i t y  

o f  e l e c t r o n s  r e c e i v e d  a t  any p o i n t  Q, on  a s p h e r i c a l  

s u r f a c e ,  o f  r a d i u s  r  and  c e n t r e  0 ,  when an  e l e c t r o n  

"beam t r a v e l l i n g  a l o n g  t h e  p o s i t i v e  d i r e c t i o n  o f  t h e  

z a x i s ,  i s  s c a t t e r e d  h y  a -small  gas  sample  s i t u a t e d  a t  

0 .  I n  e x p e r i m e n t s  a f l a t  p h o t o g r a p h i c  p l a t e  i s  u s e d  

t o  r e c o r d  t h i s  i n t e n s i t y ,  and  i s  s i t u a t e d  r  f rom  0 ,  a t  

r i g h t  a n g l e s  t o  t h e  z a x i s ,  an d  p a r a l l e l  t o  t h e  xy 

p l a n e .  I n  a d d i t i o n  , a m e t a l  s e c t o r  ( see  C h a p t e r  T h ree  ) 

i s  a l l o w e d  t o  r o t a t e  above t h e  p l a t e ,  and  m u l t i p l i e s  

t h e  i n t e n s i t y  o f  s c a t t e r e d  e l e c t r o n s  by  a known 

f u n c t i o n  < * ( 8) .

The i n t e n s i t y  o b s e r v e d  a t  any p o i n t  on  t h e  p l a t e  

h a s  t o ' b e  d i v i d e d  b y  o£ ( s ) ,  and  t h e n  b y  c o s  5(0), t o  

c o n v e r t  i t  i n t o  a q u a n t i t y  p r o p o r t i o n a l  t o  t h e  l ( s )  o f  

2.1+0. The c o 3 ^ ($ )  f a c t o r  a r i s e s  b e c a u s e  an  a r e a  

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

0 ,  by  a f a c t o r  o f  c o s  ( 9 ) ,  t h a n  i t s  p r o j e c t i o n  on  t h e  

p l a t e ,  an d  a l s o ,  on  p r o j e c t i o n ,  t h e  a r e a  i s  i n c r e a s e d  

b y  a f a c t o r  o f  c o s  (0 ).
I n  p r a c t i c e  t h e  e x p e r i m e n t a l  d a t a  a r e  f u r t h e r  

m u l t i p l i e d  b y  s \  t o  g iv e  a f u n c t i o n ,  c a l l e d  an  u p h i l l  

c u rv e  b e c a u s e  o f  i t s  a p p e a r a n c e ,  and  t h i s  h a s  t h e
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t h e o r e t i c a l  fo rm ,

v ? v - u ^ 2j K Z f - f j H  s j ] + 2 (Z j - r i ) . ( z j - r j ) . [ s i n ( s R . J / ( s R i . ) l e  'J 
i Z43,

i f  t h e  a p p r o x i m a t i o n s  made i n  p r e v i o u s  s e c t i o n s  a r e  

a c c e p t e d .

’ I n  p r a c t i c e  i t  i s  f o u n d  n e c e s s a r y  t o  ad d  a n  e x t r a  

unknown f u n c t i o n  o f  s ,  E ( s )  , t o  t h i s  e q u a t i o n .  T h i s  

t e r m  i s  r e q u i r e d  t o  t a k e  i n t o  a c c o u n t  e x t r a n e o u s  

s c a t t e r i n g  o f  e l e c t r o n s  hy  t h e  i n t e r n a l  p a r t s  o f  t h e  

d i f f r a c t i o n  a p p a r a t u s  i t s e l f .  A f i n a l  e x p r e s s i o n  

f o r  t h e  u p h i l l  c u r v e  i s  t h e r e f o r e ,
2 2,

r- 2  r- - u - - s /2
l f e ) ^ I (Z r F ) * S j]+Els}+J(Zi-Fi)L(Zj-Fj).[sin{sRjjy(sRjjJ].e 'J

up ' ' Lj(tfj) 2 M .

I t  i s  c l e a r  t h a t  t h e  f i r s t  two t e r m s  a r e  i n d e p e n d e n t  o f  

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

n o r m a l l y  assum ed t h a t  t h i s  sum, c a l l e d  t h e  "background
•t.

s c a t t e r i n g  c u r v e ,  i s  a  smooth s t e a d i l y  i n c r e a s i n g  

f u n c t i o n  o f  s ,  w h ic h  h a s  no w a v e l i k e  c h a r a c t e r i s t i c s .

I n  e l e c t r o n  d i f f r a c t i o n  work , a l t h o u g h  t h e  a to m ic  

s c a t t e r i n g  f a c t o r s ,  "both e l a s t i c  and  i n e l a s t i c ,  a r e  

known, t h e  b a c k g r o u n d  c u rv e  i s  u s u a l l y  drawn e m p i r i c a l l y  

t h r o u g h  t h e  u p h i l l  c u r v e  and  s u b t r a c t e d  f rom  t h i s .

The unknown n a t u r e  o f  3 ( s )  makes t h i s  n e c e s s a r y .

The f u n c t i o n  o b t a i n e d  on s u b t r a c t i o n  dep en ds  on
❖Not in a mathematical seiise, the gradient changes, 
see fig. U.3.
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t h e  m o l e c u l a r  s t r u c t u r e  and  m o t io n ,  and  may he  c a l l e d  

t h e  m o l e c u l a r  i n t e n s i t y  c u rv e  I moq ( s ) .  I f  t h e  

assum ed  b a c k g r o u n d  c u rv e  i s  c o r r e c t ,  t h e n  t h e  

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

t h e  t h e o r e t i c a l  fo r m ,

N 2 2 , 0
n s )^ -  2 (Zi - r i).(Zj-rj ).[sin(sRij)/(sRij) ] e ' UijS

ij = 1(i^j) 2.45.
I n  t h e  work d e s c r i b e d  i n  t h i s  t h e s i s ,  t h e  £moq ( s )  

f u n c t i o n  was m o d i f i e d  b y  m u l t i p l y i n g  i t  b y ,

S

where  t h e  l a b e l s  m an d  n  r e f e r  t o  two commonly 

o c c u r r i n g  atom t y p e s  i n  t h e  m o l e c u l e .  The r e s u l t i n g  

f u n c t i o n  may b e  w r i t t e n  a s ,

- u ? s 2/ 2
I j s ) *  ^  Ajj tsin(sRjj)/ Rjj ] e U
m “ y ' 2.46,

where  /

Ajj = Njj.Zj.Zj.( 1 -F j /Z j ).{1 - Fj/Zj)A1 - Fm/Zm)(1 -  Fn/Z n) 

2.47.
i s  t h e  number o f  e q u i v a l e n t  d i s t a n c e s  o f  t y p e  i j  

and  t h e  summation i s  o v e r  a l l  n o n e q u i v a l e n t  d i s t a n c e  

t y p e s .

The r e a s o n  f o r  c a r r y i n g  o u t  t h i s  m o d i f i c a t i o n  

i s ,  th a t  t h e  A . ,  c o e f f i c i e n t  i s  i n d e p e n d e n t  o f  s ,  i f
X J

i  and  3 r e f e r  t o  t h e  same atom t y p e s  a s  m and  n .  I n  t h e
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c a s e  where  t h i s  i s  n o t  s o ,  A. . i s  s t i l l  v e r y  n e a r l y1 3
i n d e p e n d e n t  o f  s ,  and  i n  some l e a s t  s q u a r e s  

r e f i n e m e n t  p r o c e d u r e s  A. . h a s  "been t r e a t e d  a s  c o n s t a n t
J- J

I n  t h e  p r e s e n t  work t h e  in te n s i ty c d ? y e - .  f i n a l l y  

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

an d  m o d i f i c a t i o n  ( f o r  d e t a i l s  see  C h a p t e r  P o u r  ) ,  

was assum ed  t o  h ave  t h e  t h e o r e t i c a l  form 2*1+6, a n d  t h e  

m ethod  o f  l e a s t  s q u a r e s  r e f i n e m e n t  was a p p l i e d  t o  

c a l c u l a t e  t h e  b e s t  v a l u e s  o f  t h e  and  tu  .. p a r a m e t e r s  

c o n s i s t e n t  w i t h  t h i s  a s su m p t io n *  The A . . f a c t o r s1 J
were^ where  n e c e s s a r y  c a l c u l a t e d  a s  f u n c t i o n s  o f  s ,  and  

were  n o t  assum ed c o n s t a n t *

7 .  The r a d i a l  d i s t r i b u t i o n  f u n c t i on

E q u a t i o n  2*1+6 f o r  t h e  Tm( s )  f u n c t i o n  may be  

w r i t t e n  i n  t h e  more g e n e r a l  fo rm ,

where  t h e  a s s u m p t i o n  o f  h a rm o n ic  m o t io n  h a s  n o t  b e e n  

made. T h i s  i s  e q u i v a l e n t  t o ,

a n d ,  b y  a p p l y i n g  P o u r i e r  t r a n s f o r m a t i o n  t h e o r y  t o  t h i s  

e q u a t i o n ,  i t  f o l l o w s  t h a t ,

53

* P o r  t h e  p u r p o s e s  o f  t h i s  s t e p  A..  ̂ s h o u l d  b e  t a k e n
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^  = > Ajj-fP-fRj/R] °C \ IJsJ.sinsR.ds  
R J 'J J0 m

' ‘ z
The f u n c t i o n ' o f  R d e f i n e d  "by 2.1+9 i s  known a s  t h e  

r a d i a l  d i s t r i b u t i o n  f u n c t i o n , <d(R ) /R  and i t  i s  

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

d i s t r i b u t i o n s  ( n o t e ,  h o w e v e r ,  t h e  d i v i s i o n  by  R ) ,  

one f o r  e a c h  o f  t h e  n o n - e q u i v a l e n t  d i s t a n c e s  i j .

V i s u a l  e x a m i n a t i o n  o f  su c h  a c u rv e  i m m e d ia t e l y  

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

m o t io n  o f  a  m o l e c u l e ,  i n f o r m a t i o n  w hich  i s  n o t  a p p a r e n t  

f ro m  a s i m i l a r  e x a m i n a t i o n  o f  t h e  c o r r e s p o n d i n g  I m( s )  

c u r v e „

I n  p r a c t i c e  t h e  ^m( s )  d a t a  o b t a i n e d  s t r e t c h  f rom  

some n o n - z e r o  l o w e r  s l i m i t ,  t o  some f i n i t e  u p p e r  s 

l i m i t ,  and  t h e  i n t e g r a l  a p p e a r i n g  i n  2,1+9 c a n n o t  be  

e v a l u a t e d  a s  i t  s t a n d s .  I f  i t  i s  a p p r o x i m a t e d  t o  b y ,
smax

I (s). s i n s Rd s
m 2 50smin • -Z-3U'

t h e n  t h e o ( R ) / R  c u r v e  o b ta in e d ,  i s  d i s t o r t e d  from  i t s  

t r u e  fo rm  ( 2 .h 9  ) i n  two vrays. The o m i s s i o n  o f  d a t a  

f rom  s = 0 t o  s = smin  c a u s e s  t h e  R a x i s  b a s e  l i n e  t o  

b e  c u r v e d  i n s t e a d  o f  s t r a i g h t  ( t h e  e n v e lo p e  e f f e c t  ) ,  

w h i l s t  t h e  o m i s s i o n  o f  d a t a  b e yo n d  smax i n t r o d u c e s  a 

n o i s e  r i p p l e ,  w h ich  s p r e a d s  o u t  i n  e i t h e r  d i r e c t i o n  

f rom  t h e  b a s e  o f  e a c h  p e a k  i n  t h e  r a d i a l  d i s t r i b u t i o n
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c u r v e .  The e n v e l o p e  and  n o i s e  r i p p l e  e f f e c t s  make 

i n t e r p r e t a t i o n  o f  t h e  d  (&)/& c u r v e  d i f f i c u l t .

The two e f f e c t s  a r e  n o r m a l l y  d e a l t  w i t h  i n  t h e  

f o l l o w i n g  w ays .  The e n v e l o p e  e f f e c t  may b e  removed 

b y  a d d i n g  t h e o r e t i c a l  i n t e n s i t y  d a t a ,  b a s e d  on  some 

know ledge  o f  t h e  s t r u c t u r e  t o  be  d e t e r m i n e d ,  up  t o  

sm in ,  an d  t h e n  t r a n s f o r m i n g ,  o r  i t  may b e  a l l o w e d  f o r  

e m p i r i c a l l y  by  d ra w in g  i n  a n  e n v e lo p e  f o r  t h e  0*( R ) /R  

f u n c t i o n  o b t a i n e d ,  and  t h e n  s u b t r a c t i n g  t h i s  t o  p r o d u c e  

a c u r v e  p r o p e r l y  b a s e d  on  t h e  R a x i s .

The l a c k  o f  h i g h  s d a t a  i s  c o m p e n sa te d  f o r  b y
2 *

m u l t i p l y i n g  T ^ ( s )  b y  e ~ ^ s , v/here k i s  a s u i t a b l e  s m a l l

c o n s t a n t ,  and  t h e n  t r a n s f o r m i n g  i t  a c c o r d i n g  t o  2 . 5 0 .

The damping f u n c t i o n  h a s  t h e  e f f e c t  o f  making  t h e

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

and  h e n ce  t h e  r e s u l t  a p p r o x i m a t e s  v e r y  c l o s e l y  t o  what

would  h a v e  b e e n  o b t a i n e d  by. i n t e g r a t i n g  t o  i n f i n i t y  a s

i n  2.1+9. C l e a r l y  t h e  g r e a t  d i s a d v a n t a g e  o f  t h i s

p r o c e d u r e  i s  t h a t  t h e  p e a k s  i n  t h e  r e s u l t i n g  r a d i a l

d i s t r i b u t i o n  f u n c t i o n  a r e  a l l  a r t i f i c i a l l y  b r o a d e n e d ,

and  r e s o l u t i o n  i s  g r e a t l y  r e d u c e d .  N orm al ly  k  i s

c h o s e n  i n  such  a way a s  t o  p ro d u c e  a b a l a n c e  b e tw e e n  
* •t h e  e f f e c t s  o f  n o i s e  and  b r o a d e n i n g .

I f  t h e  v i b r a t i o n a l  m o t io n  o f  a m o le c u le  were  

s t r i c t l y  h a rm o n ic ,  t h e n  t h e  p e a k s  a p p e a r i n g  i n  t h e  

* t h e  damping f u n c t i o n .
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Cf’(R ) /R  p l o t  w ould  be  v e r y  n e a r l y  G-aussian,  and  t h e  

R v a l u e  c o r r e s p o n d i n g  t o  t h e  p e ak  maximum would  be  

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

c o n c e r n e d .  T hese  r e m a r k s  a r e  i n  f a c t  more a p p r o p r i a t e  

t o  t h e  f u n c t i o n  <*(R) i t s e l f ,  b u t  t h e  e f f e c t s  p r o d u c e d

b y  d i v i d i n g  b y  R , a r e  c o m p a r a t i v e l y  s m a l l .  The 

h a l f  b a n d  w i d t h  o f  t h e s e  p e a k s  would  a l s o  be  r e l a t e d  

t o  t h e  mean a m p l i t u d e  o f  v i b r a t i o n  u .  . f o r  t h e  d i s t a n c e  

c o n c e r n e d ,  t h o u g h  n a t u r a l l y  t h i s  w i d t h  a l s o  d ep en d s  

on  t h e  c h o i c e  o f  damping c o n s t a n t 9 (X).

S in c e  I m( s )  c a n  b e  w r i t t e n  i n  t h e  fo rm  2.U6 f o r  

t h e  c a s e  o f  c o m p l e t e l y  h a rm o n ic  v i b r a t i o n ,  t h i s  

e x p r e s s i o n  may be  s u b s t i t u t e d  i n t o

o<. \ r(s).e - s insR. ds
R 1  m . . .2 .5 1 ,0 9+U-

an d  i f  t h e  A. . a r e  assum ed  t o  b e  c o n s t a n t s ,  i n t e g r a t i o n  

may b e  p e r f o r m e d  t o  g i v e ,  ^

d M  *< J [ Ai j / [ R i j d r ^ ]} - e ^ ( f e / 2 )
R (all types ij) ,J . . .2.52J

T h i s  t h e o r e t i c a l  e q u a t i o n  f o r  t h e t f ( R ) / R  c u rv e  , b a s e d  

on t h e  a s s u m p t i o n s  o f  h a r m o n i c i t y ,  c o n s t a n t  A ^ ’ s ,  and  

t h e  f i r s t  Born  a p p r o x i m a t i o n ,  may be  compared  w i t h  

e x p e r i m e n t a l  c u r v e s , o b t a i n e d  by  n u m e r i c a l  i n t e g r a t i o n  

o f  2 . 5 1  b e tw e e n  t h e  l i m i t s  smin and  smax. The 

e n v e l o p e  e f f e c t  s h o u l d  b e  removed b e f o r e  c o m p a r i s o n .



D e v i a t i o n s  f o u n d  t o  o c c u r  b e tw e e n  t h e  e x p e r i m e n t a l

a n d  t h e o r e t i c a l ^ ( R ) / R  c u r v e s  may be  a s s i g n e d  t o

f a i l u r e  o f  t h e  a p p r o x i m a t i o n s  made i n  d e r i v i n g

e x p r e s s i o n  2 . 5 2 ,  o r  t o  an  i n a d e a u a t e  damping f u n c t i o n  
k s 2e . T h e re  i s  t h e  a d d i t i o n a l  p o s s i b i l i t y  t h a t  t h e

t h e o r e t i c a l  I  ( s )  f u n c t i o n  assum ed  i s  b a s e d  on a n  nr  '
i n c o r r e c t  model o r  s e t  o f  p a r a m e t e r s  u .  . an d  R. . .

13 10

8 .  A d i s c u s s i o n  o f  t h e  t y p e s  o f  bond  l e n g t h  o b t a i n e d  

The e l e c t r o n  d i f f r a c t i o n  e x p e r i m e n t  l e a d s ,  on 

d a t a  p r o c e s s i n g ,  t o  a n  ^m( s ) c u r v e ,  and  t h i s  on  F o u r i e r  

t r a n s f o r m a t i o n ,  u s i n g  a s u i t a b l e  damping f u n c t i o n ,  

p r o d u c e s  a  r a d i a l  d i s t r i b u t i o n  c u r v e .  The p ro b le m  

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

o f  t h e  Rj_j p a r a m e t e r s  w h ich  may b e  e x t r a c t e d  f ro m  t h e

e x p e r i m e n t a l  d a t a .

N o rm a l ly  t h e s e  a r e  o b t a i n e d  by  f i t t i n g  a t h e o r e t i c a l  

i n t e n s i t y  e x p r e s s i o n  t o  t h e  e x p e r i m e n t a l  ^m( s )  c u r v e .

I n  t h e  work  d e s c r i b e d  i n  t h i s  t h e s i s  an  e x p r e s s i o n  o f  

t y p e  2.i+6 was u s e d  f o r  t h i s  p u r p o s e ,  and  t h e  l e a s t  

s q u a r e s  r e f i n e m e n t  p r o c e d u r e  was a d o p t e d  t o  a c h i e v e  

t h e  b e s t  f i t .  The e x p e r i m e n t a l  r a d i a l  d i s t r i b u t i o n  

c u r v e  was u s e d  i n  a q u a l i t a t i v e  way o n l y .

I t  i s  u s e f u l ,  h o w e v e r ,  t o  d e f i n e  v a r i o u s  t y p e s  

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



d i s t r i b u t i o n  f u n c t i o n  ( see  r e f ,  21 ) # The g e n e r a l

e x p r e s s i o n <5( R ) /R ^  v/111  h e  c o n s i d e r e d  where  N may t a k e

on t h e  v a l u e s  0 ,  1 ,  e t c , ,  an d  t h e  m o l e c u l a r  v i b r a t i o n s

w i l l  he  assum ed s l i g h t l y  a n h a rm o n ic .

F o l l o w i n g  B a r t e l l ^ \  t h e  p e a k  maximum o f  theC^ (R ) /R ^

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

d i s t a n c e ,  may he  w r i t t e n  r  ( N ) , and  i s  r e l a t e d  t o  t h e  ) m
e q u i l i b r i u m  r  v a l u e  b y ,

rm( N ) »  J  -  N u 2/ r e  .  a u 2 ^

where  u  i s  t h e  r o o t  mean s q u a r e  a m p l i tu d e  o f  v i b r a t i o n  

f o r  t h e  d i s t a n c e  c o n c e r n e d ,  a n d V  i s  t h e  c o n s t a n t

a p p e a r i n g  i n  t h e  Morse p o t e n t i a l ,

vtr) = D*[ e - 2 a | , - 'e) -  2 . e - a ( r ' r« , l

1 ^
a n d  i s  u s u a l l y  i n  t h e  o r d e r  o f  2 . 0  £  f o r  s i n g l e  

b o n d s .  Thus  fa ' d e s c r i b e s  t h e  amount o f  a n h a r m o n i c i t y  

i n v o l v e d .

The c e n t r e  o f  g r a v i t y  v a l u e  f o r  a p e a k  i n  t h e  

(J (R ) /R  f u n c t i o n  h a s  a l r e a d y  b e e n  m e n t io n e d  i n  s e c t i o n  

f i v e  , w here  t h e  v a l u e s  f o r  N = 0 and  N = 1 were 

c o n s i d e r e d .  A g e n e r a l  r e l a t i o n s h i p  r e l a t i n g  t h e  

N t h  v a l u e  r  (N) t o  t h e  e q u i l i b r i u m  d i s t a n c e  r 0 , i s

a?
D= a dissociation energy-
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ig(NJ* re -  Nu2/ r e ♦ 3au2/2  2 . 5 5 .

I f  a n  e x p r e s s i o n  o f  t y p e  2* 1+6 i s  u s e d  t o  f i t  t h e

e x p e r i m e n t a l  Tm( s ) c u r v e ,  a n  r g ( l )  d i s t a n c e  i s  o b t a i n e d .

T h i s  f o l l o w s  f rom  t h e  n a t u r e  o f  e q u a t i o n  2.U0 d i s c u s s e d

i n  s e c t i o n  f i v e ,  f rom  w hich  2,1+6 was d e r i v e d .  I f  N

i s  g i v e n  t h e  v a l u e  1 i n . 2 . 5 5  a b o v e ,  t h e  r e l a t i o n s h i p

b e tw e e n  t h e  P _ ( l )  d i s t a n c e  and  r  i s  j u s t ,  g e

rg (1) = re -  u2 /re + 3au2/2  . 2 . 5 6 .

The v Q a p p e a r i n g  i n  t h e  s e c o n d  t e r m  may,be  a p p r o x i m a t e d  

t o  b y  r  ( l )  i t s e l f .  The c o n s t a n t  u  i s  n o r m a l l y
o

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

s p e c t r o s c o p i c  d a t a ,  and  o f t e n V m a y  b e  e s t i m a t e d  f rom  

s p e c t r o s c o p i c  a n d / o r  t h e r m a l  d a t a  ( s e e  C h a p t e r  E i g h t  ) .  

I t  i s  c l e a r  f ro m  2 .5 5  t h a t  t h e  r e l a t i o n s h i p

b e tw e e n  r  and  r  (o )  i  s t h a t  g i v e n  b y  e q u a t i o n
B> &

2 ,U l  o f  s e c t i o n  f i v e ,  and  a g a i n  t h e  r  a p p e a r i n g  i n  

t h e  d e n o m in a to r  may b e  a p p r o x i m a t e d  t o  b y  r  ( l ) .e>

9 .  F a i l u r e  o f  t h e  f i r s t  Born  a p p r o x i m a t i o n

I n  s e c t i o n  f o u r  • t h e  i n d e p e n d e n t  a tom a p p r o x i m a t i o n

was u s e d  t o  c a l c u l a t e  t h e  e l e c t r o n  i n t e n s i t y  s c a t t e r e d

b y  a m o l e c u l e ,  and  e q u a t i o n  2 .3 5 ?  c o n t a i n i n g  a COS A ^ . .
jK
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t e r m  was d e r i v e d .  T h i s  f a c t o r  was shown t o  a r i s e  

b e c a u s e  o f  t h e  complex  number a m p l i t u d e s  o f  

s c a t t e r i n g  p r e d i c t e d  by  2 . 1 6 .

A s su m p t io n  o f  t h e  f i r s t  Born a p p r o x i m a t i o n ,  t h e  

a s s u m p t i o n  made i n  t h e  s e c o n d  h a l f  o f  s e c t i o n  f o u r  , 

i s  e q u i v a l e n t  t o  s a y i n g  t h a t  t h e  c o s i n e  t e r m  i s  a lw a y s  

c l o s e  t o  u n i t y ,  and  t h a t  t h e  m o du l i  o f  t h e  s c a t t e r i n g  

a m p l i t u d e s  a r e  g i v e n  b y  2 . 2 0 ,  As h a s  b e e n  s t a t e d  

p r e v i o u s l y ,  t h e s e  a s s u m p t i o n s  a r e  most  j u s t i f i e d  i f  

t h e  m o le c u le  c o n t a i n s  l i g h t  a to m s ,  a l l  h a v i n g  c l o s e l y  

s i m i l a r  a to m ic  num bers ,  and  i f  f a s t  ( e . g .  50 - 6 0  kV ) 

e l e c t r o n s  a r e  em ployed  i n  s c a t t e r i n g  e x p e r i m e n t s .

I n  t h e  e a r l y  1 9 5 0 f s u se  o f  t h i s  a p p r o x im a te

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

a tom s ( e . g .  UFg ) ,  l e d  t o  e r r o r s  i n  i n t e r p r e t i n g  t h e

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

t h e  e x p e r i m e n t a l  i n t e n s i t y  f u n c t i o n s *  F o r  exam p le ,

t h e  p e a k  c o r r e s p o n d i n g  t o  t h e  U-F d i s t a n c e  i n  UFg 
5k

v/as f o u n d  t o  b e  s p l i t  i n t o  two c o m po n en ts ,  a n d  h en ce  

UFg v/as t h o u g h t  t o  b e  s l i g h t l y  d i s t o r t e d  f rom  a 

r e g u l a r  o c t a h e d r a l  s t r u c t u r e .  Two t y p e s  o f  U-F bon d  

v/ere p resu m ed  t o  b e  p r e s e n t .

T h i s  s p l i t t i n g  may e a s i l y  be  e x p l a i n e d ,  h o w ever ,  

i f  t h e  c o s i n e  f a c t o r  i n  2 , 3 5  i s  a n o n - z e r o  f u n c t i o n  

o f  s , f o r  i n  su ch  a c a s e  t h e  c o s ^ \ y ^ .  s i n s R ^  f a c t o r
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"behaves a s  t h e  sum o f  two s i n e  f u n c t i o n s  s i n  sR^ and 

s i n e  sR^,  where  t h e  d i f f e r e n c e  b e tw e e n  R^ and  R£ i s  

s m a l l .

At  t h e  p r e s e n t  t im e  complex  s c a t t e r i n g  f a c t o r s

a r e  u s e d  where  n e c e s s a r y ,  and  an  i m p o r t a n t  l i s t  o f
12

v a l u e s  h a s  b e e n  g i v e n  by  I b e r s  and  H o e r n i .  An 

a n a l y t i c a l  e x p r e s s i o n  f o r  ^ j k  h a s  b e e n  g i v e n  by  

Bonham and  U k a j i .  T h e o r e t i c a l  r a d i a l  d i s t r i b u t i o n  

f u n c t i o n s ,  t a k i n g  i n t o  a c c o u n t  f a i l u r e  o f  t h e  Bprn  

a p p r o x i m a t i o n ,  may b e  c a l c u l a t e d  by  t r a n s f o r m i n g  

t h e o r e t i c a l  m o l e c u l a r  i n t e n s i t y  c u r v e s  b y  n u m e r i c a l  

i n t e g r a t i o n .

F o r  m o l e c u l e s  h a v i n g  no a to m ic  number d i f f e r e n c e

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

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

p r e s e n t  work o n ly  t h e  C 1 . .H  d i s t a n c e  i n  p e r c h l o r i c

a c i d  f a i l e d  t o  s a t i s f y  t h i s  c o n d i t i o n ,  b u t  a s  i s

shown i n  C h a p t e r  Ten t h i s  d i s t a n c e  i s  e x c e e d i n g l y

b a d l y  d e t e r m i n e d  anyway. A c c o r d i n g l y  e x p r e s s i o n

2.1+6 was a d o p t e d  f o r  t h e  t h e o r e t i c a l  I m( s )  f u n c t i o n ,

and  t h e  c o s i n e  t e r m  was n e g l e c t e d .

The v i b r a t i o n a l  a m p l i t i i d e s  o b t a i n e d  f o r  t h e  C l-O ,

C l - F  an d  S-0 d i s t a n c e s  were c o r r e c t e d  u s i n g  t h e  fo r m u la
11+

s u g g e s t e d  b y  Bonham and  U k a j i  . T h i s  c o r r e c t i o n  i s  

d i s c u s s e d  i n  C h a p t e r  S i g h t .

1+0



10 ,  C o n c l u s i o n

The e q u a t i o n s  d i s c u s s e d  i n  p r e v i o u s  s e c t i o n s  g iv e

a q u a n t i t a t i v e  e x p l a n a t i o n  o f  t h e  e l e c t r o n  d i f f r a c t i o n

p a t t e r n .  The o s c i l l a t i n g  component o f  t h e  s c a t t e r e d

i n t e n s i t y  i s  shown t o  d epend  on t h e  s t r u c t u r e  and

i n t e r n a l  m o t io n  o f  t h e  gas  m o l e c u l e ,  and  t o  "be

su p e r im p o s e d  upon  a smooth • 'background f u n c t i o n  w h ich

d e p e n d s ,  among o t h e r  t h i n g s ,  on  t h e  n a t u r e  o f  t h e  a toms

p r e s e n t ,  and  n o t  on  t h e i r  s p a t i a l  d i s t r i b u t i o n  o r

v i b r a t i o n a l  m o t i o n .

A l th o u g h  t h e s e  e q u a t i o n s  a r e  s u f f i c i e n t l y  e x a c t

t o  e n a b l e  a g r e a t  d e a l  o f  i n f o r m a t i o n  t o  be  e x t r a c t e d

from  m e a su re d  i n t e n s i t y  d a t a ,  t h e  t h e o r y  p r e s e n t e d

h e r e  i s  n e c e s s a r i l y  a p p r o x i m a t e ,

Fox'* e x am p le ,  t h e  i n d e p e n d e n t  a tom t r e a t m e n t  i g n o r e s

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

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

on t h e  s c a t t e r e d  i n t e n s i t y .  T hese  e f f e c t s  h a v e ,  i t  i s

t i m e ,  b e e n  shown t o  be  s m a l l  f o r  t h e  c a s e s  o f  Hp and
18-20

H2+ , b y  Bonham and  I i j i m a  , b u t  t h e y  a r e  o b s e r v a b l e ,

p a r t i c u l a r l y  a t  low s c a t t e r i n g  a n g l e s ,  and  s h o u l d  be  

c o m p e n sa te d  f o r  by  p r o p e r  a d j u s t m e n t  o f  t h e  b a c k g r o u n d  

f u n c t i o n  i n  t h i s  r e g i o n .  The i n d e p e n d e n t  atom 

a p p r o x i m a t i o n  a l s o  makes no a l l o w a n c e  f o r  m o l e c u l a r  

i n e l a s t i c  s c a t t e r i n g ,  m u l t i p l e  i n t e r a t o m i c  s c a t t e r i n g ,
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o r  e l e c t r o n  e x c h a n g e ,  and  a g a i n  i t  i s  n e c e s s a r y  t o  

assume t h a t  t h e s e  e f f e c t s  a r e  s m a l l  and  may h e  

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

c u r v e .

The v i b r a t i o n a l  e f f e c t s  c o n s i d e r e d  i n  s e c t i o n

f i v e  were  r e s t r i c t e d  t o  t h o s e  p r o d u c e d  by  h a rm o n ic  ( and  

s l i g h t l y  an h arm o n ic  ) m o t io n ,  and  h e nce  t h e  e q u a t i o n s  

p r e s e n t e d  i n  t h a t  s e c t i o n  a r e  l i m i t e d  i n  t h e i r  

a p p l i c a b i l i t y .

The g as  sam ple  h a s  b e e n  assum ed  t h r o u g h o u t  t o  be  

i n f i n i t e s i m a l l y  s m a l l ,  b u t  t h e  e f f e c t s  o f  sam ple  s i z e
55

a r e  n o t  i n s i g n i f i c a n t ,  a n d  have, b e e n  shown b y  K u c h i t s u  , 
56

and  H undgren  , t o  a f f e c t  t h e  a c c u r a c y  o f  t h e  u  v a l u e s  

o b t a i n e d .

The e l e c t r o n  beam h a s  a l s o  b e e n  assumed i d e a l ,  

t h a t  i s ,  c o m p l e t e l y  m onochrom at ic  and  o f  e x t r e m e l y  

low d e n s i t y ,  and  t h e s e  c o n d i t i o n s  a r e  p r o b a b l y  f a i r l y  

w e l l  s a t i s f i e d  i n  modern e x p e r i m e n t a l  work .

D e s p i t e  t h e  s o u r c e s  o f  e r r o r  m e n t io n e d ,  t h e  t h e o r y  

i n  i t s  p r e s e n t  s i m p le  fo rm ,  h a s  b e e n  v e r y  s u c c e s s f u l ,  

an d  s t r u c t u r a l  r e s u l t s  o b t a i n e d  b y  a p p l y i n g  i t  u s u a l l y  

compare  f a v o u r a b l y  w i t h  e q u i v a l e n t  i n f o r m a t i o n  

p r o d u c e d  by  o t h e r  p h y s i c a l  m ethods  ( e . g .  microwave 

s p e c t r o s c o p y  ) .
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CHAPTER THREE 

A DESCRIPTION OR' THE ELECTRON DIFFRACTION 

INSTRUT,IE NT AND EXPERIMENTAL PROCEDURE

1 ,  I n t r o d u c t i o n

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

C h a p t e r s  Nine t o  F o u r t e e n ,  t h e  s c a t t e r e d  e l e c t r o n

i n t e n s i t i e s  were  r e c o r d e d  u s i n g  a  modern c o m m erc ia l

e l e c t r o n  d i f f r a c t i o n  m a c h in e ,  b u i l t  i n  S w i z e r l a n d  b y

B a l z e r s  o f  Z u r i c h .  T h i s  m a c h in e ,  known a s  t h e
57 •

B a l z e r s  E l d i g r a p h  KD-G-2, i s  d e s c r i b e d  i n  some 

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

i s  shown i n  p l a t e  3 .1 ?  and  a  s c h e m a t i c  d iag ra m  i n  

f i g u r e  3*1-

Two m i c r o d e n s i t o m e t e r s ,  m a n u f a c t u r e d  by  

U o y c e -L o e b l ,  and  u s e d  t o  m easure  i n t e n s i t i e s  r e c o r d e d  

on  p h o t o g r a p h i c  p l a t e s  b y  t h e  E l d i g r a p h ,  a r e  a l s o  

d e s c r i b e d .  A p h o t o g r a p h  o f  one o f  t h e s e ,  t h e  more 

o f t e n  u s e d ,  and  more c o n v e n i e n t ,  a u t o m a t i c  i n s t r u m e n t ,  

i s  shown i n  p l a t e  3 . 2 .

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

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

d i f f r a c t i o n  e q u ip m e n t ,  a r e  a l s o  g i v e n .
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2 .  A -p r e l im in a r y  d e s c r i p t i o n  o f  t h e  B a l z e r s  B l d ig r a n h

As may b e  s e e n  from  f i g u r e  3*1> t h e  B a l z e r s  

E l d i g r a p h  c a n  h e  c o n s i d e r e d  a s  c o n s i s t i n g  o f  two 

s e c t i o n s  s e p a r a t e d  h y  a h a l l  v a lv e  ( ? )*  The s m a l l e r  

one o f  t h e s e  i s  t h e  e l e c t r o n  gun a s s e m b ly ,  w h i l s t  t h e  

l a r g e r  one c o m p r i s e s  t h e  d i f f r a c t i o n  ch am b er ,  t h e  

g a s  n o z z l e  ( l O ) ,  t h e  c o l d  t r a p  (9 )*  t h e  s e c t o r  a s se m b ly  

( l 8 ) ,  an d  t h e  t a b l e  v /h ich  s u p p o r t s  t h e  m a c h in e ,  a n d  

c o n t a i n s  t h e  p h o t o g r a p h i c  p l a t e  b o x  ( 2 1 ) .

The d i f f r a c t i o n  cham ber h a s  a number o f  • 

o b s e r v a t i o n  windows s e t  i n t o  i t ,  and  t h e s e  a r e  f i t t e d  

w i t h  s h u t t e r s  ( v i s i b l e  i n  p l a t e  3*1 ) so t h a t  l i g h t  

c a n  b e  e x c lu d e d  when n e c e s s a r y ,

A c o n t r o l  c o n s u l ,  v i s i b l e  t o  t h e  r i g h t  o f  t h e  

a p p a r a t u s  i n  t h e  p h o to g r a p h ,  i s  u s e d  t o  o p e r a t e  t h e  

vacuum pum ping sy s te m  and  t o  p ro d u c e  an d  r e g u l a t e  t h e  

e l e c t r o n  beam .

O th e r  p i e c e s  o f  e q u ip m e n t ,  n o t  shown i n  e i t h e r  

t h e  f i g u r e ,  o r  p l a t e  3*1 , a r e  t h e  t r a n s f o r m e r  a n d  

s t a b i l i s e r  u n i t s  r e q u i r e d  t o  p r o v i d e  t h e  h ig h  t e n s i o n  

v o l t a g e  s u p p ly ,  a n d  t h e  d i g i t a l  v o l t m e t e r  u s e d  t o  

m o n i to r  i t .

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

and  i s  r e q u i r e d  t o  r a i s e  o r  lo w e r  t h e  gun and  d i f f r a c t i o n  

cham ber r e l a t i v e  t o  t h e  t a b l e .
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3 .  The v a c uum -pumping s y s t e m

P r o v i s i o n  i s  made i n  t h e  B a l z e r s  E l d i g r a p h  f o r

s e p a r a t e  pum ping o f  t h e  e l e c t r o n  gun and  th e  d i f f r a c t i o n

c h am b er ,  when t h e  h a l l  v a lv e  i s  c l o s e d .  The gun i s

e v a c u a t e d  b y  means o f  a s m a l l  r o ta r y  b a c k in g  pump,

a n d  s m a l l  o i l  d i f f u s i o n  pump, w h i l s t  a s i m i l a r ,  b u t

more p o w e r f u l  a r r a n g e m e n t ,  i s  r e q u i r e d  f o r  t h e  l a r g e r

volum e o f  t h e  d i f f r a c t i o n  cham ber and  t h e  t a b l e .  T hese

p u m p s 'a r e  s i t u a t e d  b e h in d  t h e  a p p a r a t u s ,  a s  i t  i s

v ie w e d  i n  p l a t e  3*1* '

G-auges, l o c a t e d  i n  th e  c o n t r o l  c o n s u l ,  i n d i c a t e

t h e  g as  p r e s s u r e  a t  v a r i o u s  p o i n t s  i n  t h e  m a c h in e ,  and

t h e  b e s t  vacuum n o r m a l ly  o b t a i n e d  i n  th e  d i f f r a c t i o n

-5cham ber i s  a p p r o x im a te ly  5 .1 0  ^ mm o f  m e rc u ry .

U. P r o d u c t i o n  o f  t h e  e l e c t r o n  beam

The h i g h  t e n s i o n  s u p p ly ,  r e q u i r e d  t o  a c c e l e r a t e  

t h e  e l e c t r o n s ,  i s  n o r m a l ly  a d j u s t e d  t o  a v a lu e  o f  

a p p r o x i m a t e ly  f i f t y  th o u s a n d  v o l t s ,  and  i s  h i g h l y  

s t a b i l i s e d  ( one p a r t  i n  t e n  th o u s a n d  ) t o  e n s u r e  

t h a t  t h e  w a v e le n g th  o f  t h e  beam ( a ro u n d  0 .0 5 1  )

d o e s  n o t  f l u c t u a t e  d u r i n g  e x p e r i m e n t s .

The e l e c t r o n s  a r e  g e n e r a t e d  by  a h e a t e d  f i l a m e n t ,  

t h e  c a th o d e  (2 ) . ,  c h a r g e d  t o  a h ig h  n e g a t i v e  p o t e n t i a l ,  

and  a c c e l e r a t e  to w a rd s  an  anode  (3)>  a t  z e ro  p o t e n t i a l .
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A s m a l l  m e ta l  c y l i n d e r ,  c a l l e d  th e  w e h n e l t ,  

w h ic h  i s  more n e g a t i v e  t h a n  t h e  c a th o d e ,  i s  s i t u a t e d  

r o u n d  t h e  l a t t e r ,  an d  a l l o w s  a ro u g h ,  p r e l i m i n a r y ,  

f o c u s s i n g  o f  t h e  heam o n to  t h e  a n o d e .  The p o t e n t i a l  

d i f f e r e n c e  b e tw e e n  c a th o d e  an d  w e h n e l t  may h e  v a r i e d ,  

a n d  i n  e x p e r im e n t s  i t  i s  u s u a l l y  s e t  a t  an  optimum 

v a l u e  .

The a c c e l e r a t e d  e l e c t r o n s  p a s s  t h r o u g h  an  

a d j u s t a b l e  a p e r t u r e  i n  t h e  a n o d e ,  and  a r e  f o c u s s e d  

i n t o  a n a r ro w  c y l i n d r i c a l  beam b y  a n  e l e c t r o m a g n e t i c

c o n d e n s e r  l e n s  ( h ) . The beam t h e n  p a s s e s  th r o u g h  a 

v a r i a b l e  a p e r t u r e ,  t h e  c o n d e n s e r  a p e r t u r e  ( 6 ) ,  a n d  

f i n a l l y  e n t e r s  t h e  d i f f r a c t i o n  cham ber, i f  t h e  b a l l  

v a l v e  i s  o p e n . A f u r t h e r  a p e r t u r e  o f  c o n s t a n t  s i z e  

c a l l e d  t h e  g r o s s  a p e r t u r e ,  i s  swung i n t o  p o s i t i o n  

i n s i d e  t h e  d i f f r a c t i o n  cham ber i f  e i t h e r  o f  t h e  two 

s h o r t e s t  cam era  d i s t a n c e s  ( se e  s e c t i o n  f i v e  ) a r e  

i n  o p e r a t i o n .

The beam d ia m e te r  n o r m a l ly  u s e d  i n  d i f f r a c t i o n  

w ork  i s  i n  t h e  o r d e r  o f  0.2mm, and  i s  d e te r m in e d  by  

t h e  c h o ic e  made o f  t h e  a p e r t u r e  s i z e s .

V a r io u s  c e n t e r i n g  d e v i c e s  a r e  a v a i l a b l e  on  t h e  

o u t s i d e  o f  t h e  gun , and  t h e s e  a r e  u s e d  t o  e n s u r e  

t h a t  t h e  beam p a s s e s  c e n t r a l l y  th r o u g h  t h e  a p e r t u r e s  

a n d  l e n s  d e s c r i b e d  ab o v e .  A f l u o r e s c e n t  s c r e e n  c an
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"be swung i n t o  p o s i t i o n  above th e  s e c t o r ,  t o  e n a b le  

t h e  b e h a v i o u r  o f  t h e  beam to  be  v ie w e d ,  an d  th e  

c e n t e r i n g  a d ju s tm e n t s  c a r r i e d  o u t .

An a d ju s tm e n t  i s  a l s o  p r e s e n t  on th e  gun , w h ich  

e n a b l e s  t h e  beam t o  be  c e n t r e d  th r o u g h  t h e  beam s t o p  

( 1 7 ) ,  s i t u a t e d  a t  th e  a x i s  o f  th e  s e c t o r .  A 

m ic ro sc o p e  ( 2 0 ) ,  and  s m a l l - f l u o r e s c e n t  s c r e e n ,  

s i t u a t e d  b e lo w  th e  beam s t o p ,  a r e  n e c e s s a r y  t o  a c h ie v e  

t h i s  l a t t e r  c e n t e r i n g  p r o c e s s .

I n  t h e  d i f f r a c t i o n  e x p e r im e n ts  d e s c r i b e d  i n  t h i s  

t h e s i s ,  a beam c u r r e n t  o f  b e tw e e n  80 and  120 j i  k  was 

n o r m a l ly  u s e d .  The beam v o l t a g e  was a lw ay s  a d j u s t e d  

u n t i l  a  s t a n d a r d  r e a d i n g  was o b t a i n e d  on a f i v e  window 

d i g i t a l  v o l t m e t e r ,  c o n n e c te d  a c r o s s  a p a r t i c u l a r  

r e s i s t a n c e  i n  t h e  h ig h  t e n s i o n  v o l t a g e  s u p p ly  u n i t .

By m o n i to r in g  th e  h ig h  t e n s i o n  v o l t a g e  i n  t h i s  way, 

i t  was p o s s i b l e  t o  work a t  a c o n s t a n t  Y /aveleng th  f o r  

a p e r i o d  o f  s e v e r a l  d a y s .

5 .  The n o z z le  a s se m b ly  and  c o l d  t r a p

The gas  n o z z l e  i s  e f f e c t i v e l y  a m e ta l  t u b e ,  v / i th  

a s p e c i a l l y  d e s ig n e d  p l a t i n u m  j e t  a t  one e n d , and  an  

e x t e r n a l  c o n n e c t i o n  t o  a g l a s s  sam ple  tu b e  ( l l )  a t  t h e  

o t h e r .  The f lo w  o f  v a p o u r  th ro u g h  t h e  j e t ,  i n t o  th e  

d i f f r a c t i o n  cham ber ,  i s  r e g u l a t e d  b y  a n e e d le  v a l v e ,
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a n d  t h e  i n l e t  tu b e  i s  s u r ro u n d e d  "by a w a te r  j a c k e t ,  

t h r o u g h  w hich  h o t  w a te r  ( up t o  a b o u t  90°  C ) may h e  

p a s s e d ,  i f  i t  i s  n e c e s s a r y  t o  warm t h e  in co m in g  g a s .

The B a l z e r s  E ld i g r a p h  a l lo w s  f o u r  p o s s i b l e  

l o c a t i o n s  o f  th e  n o z z le  r e l a t i v e  t o  t h e  p l a t e .  T h ree  

o f  t h e s e ,  th e  one a c t u a l l y  shown, and  p o s i t i o n s  

13 and  11+, a r e  i n d i c a t e d  i n  f i g u r e  3 .1 ,  and  c o r r e s p o n d  

t o  j e t - t o - p l a t e  d i s t a n c e s  o f  f i f t y ,  tw e n ty f i v e  a n d  

e l e v e n  c e n t i m e t r e s ,  r e s p e c t i v e l y .  The f o u r t h  

l o c a t i o n ,  th e  h u n d re d  c e n t i m e t r e  p o s i t i o n ,  c a n  b e  

a t t a i n e d  i f  an  e x t r a  s e c t i o n  i s  b o l t e d  b e tw e e n  t h e  

gun an d  d i f f r a c t i o n  cham ber. I n  p l a t e  3 .1  t h e  n o z z l e  

p o s i t i o n  shown i s  t h e  h u n d re d  c e n t i m e t r e  o n e ,  a n d  th e  

e x t r a  s e c t i o n  o f  d i f f r a c t i o n  cham ber r e q u i r e d  may a l s o  

b e  s e e n .

The j e t - t o - p l a t e  d i s t a n c e s  a r e  c a l i b r a t e d  b e f o r e  

a n  e x p e r im e n t ,  b y  s e t t i n g  up  s t a n d a r d  m e a s u r in g  r o d s  

m ounted i n  a  t r i p o d ,  i n s i d e  t h e  d i f f r a c t i o n  cham ber,

A v e r t i c a l  t r a v e l  a d ju s tm e n t  on  th e  n o z z l e  e n a b l e s  

t h i s  c a l i b r a t i o n  t o  b e  made, and  t h e  a d ju s tm e n t  d e v ic e  

i s  lo c k e d  when th e  o p e r a t i o n  h a s  b e e n  c o m p le te d .  The 

h o r i z o n t a l ,  r a d i a l ,  and  i n - o u t  a d ju s tm e n t  c o n t r o l s  

a l s o  a v a i l a b l e ,  a r e  s t i l l  v a r i a b l e ,  and  a r e  r e q u i r e d  

a t  a l a t e r  s t a g e  o f  th e  e x p e r im e n t  t o  c e n t r e  t h e  n o z z le  

and  a t t a c h e d  c o l l i m e t e r  tu b e  ( 1 2 ) ,  r e l a t i v e  t o  t h e
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beam .

Two o t h e r  i te m s  s i t u a t e d  n e a r  t h e  n o z z l e  t i p ,  

and  n o t  shown i n  f i g u r e  3 .1*  a r e  ( a )  a s m a l l  th e rm o c o u p le  

u s e d  t o  e s t i m a t e  t h e  t e m p e r a tu r e  o f  th e  gas  j e t ,  and  

(b )  a  h o l d e r  c o n t a i n i n g  a p o l y c r y s t a l l i n e  s o l i d  

sp e c im en . T h is  h o l d e r  may be  swung i n t o  . th e  l i n e  o f  

th e  beam , i n s t e a d  o f  t h e  c o l l i m e t e r ,  and  a n  e l e c t r o n

d i f f r a c t i o n  pow der p h o to g ra p h  o b t a i n e d ,  show ing  a s e r i e s  

o f  s h a r p ,  c o n c e n t r i c  r i n g s .  T h is  p a t t e r n  i s  a lw a y s  

r e c o r d e d  d u r i n g  d i f f r a c t i o n  e x p e r im e n t s ,  a n d , i s  u s e d  

t o  m easu re  th e  w a v e le n g th  o f  t h e  beam. I n  th e  p r e s e n t  

work t h a l l i u m  c h l o r i d e  was t h e  s u b s ta n c e  u s e d  f o r  t h i s  

p u r p o s e .

When d i f f r a c t i o n  i s  i n  p r o g r e s s ,  an d  a v a p o u r  

sam ple  c o n t i n u o u s l y  e n t e r s  t h e  d i f f r a c t i o n  cham b er ,  

i t  i s  n e c e s s a r y  t o  remove t h e  gas  im m e d ia te ly  a f t e r  

s c a t t e r i n g  h a s  t a k e n  p l a c e .  T h is  i s  a c h i e v e d  b y  

c o n d e n s in g  th e  sam ple  on  a l i q u i d  n i t r o g e n  c o o le d  

s u r f a c e .  The d e v ic e  u s e d  i s  c a l l e d  th e  c o l d  t r a p  ( 9 )

and  i t  s u r r o u n d s  t h e  n o z z le  i n  th e  m anner i n d i c a t e d  i n  

f i g u r e  3 . 1 .  The l i q u i d  n i t r o g e n  r e q u i r e d  t o  c o o l  i t ,  

i s  p l a c e d  i n  t h e  i n s u l a t e d  c a n  ( 8 ) .  The t r a p  i s  

s u p p o r t e d  b y  a l e d g e  ( n o t  shown i n  f i g .  3 -1  ) ,  

a t t a c h e d  t o  t h e  n o z z l e ,  and  i t  h a s  h o l e s  o f  a s u i t a b l e  

s i z e  c u t  o u t  o f  i t s  t o p  and  b o t to m ,  t o  p e r m i t  t h e
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i n c i d e n t  "beam and  s c a t t e r e d  e l e c t r o n s  t o  p a s s  th r o u g h  

un im peded .

6 . The s e c t o r  assemb l y

The e x p r e s s i o n  f o r  l ( s )  g iv e n  h y  e q u a t i o n  2 .I4.O

o f  C h a p te r  Two, c o n t a i n s  an  s “^  f a c t o r ,  and  h e n ce  th e

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

w i t h  s c a t t e r i n g  a n g l e .  The e a r l i e s t  e l e c t r o n

d i f f r a c t i o n  e x p e r im e n ts  c o n f i rm e d  t h i s ,  and  th e

p h o to g r a p h ic  p l a t e s  o b t a i n e d  showed l a r g e  g r a d i e n t s

i n  b l a c k n e s s  a lo n g  th e  r a d i u s  o f  th e  d i f f r a c t i o n

p a t t e r n .  F u r th e r m o r e ,  m ic r o d e n s i to m e te r  t r a c e s  o f

t h e s e  p a t t e r n s  showed l i t t l e  s i g n  o f  th e  d i f f r a c t i o n

r i n g s  so im p o r ta n t  i n  d e te r m in in g  m o le c u la r  s t r u c t u r e .
o

To overcome t h e s e  d i f f i c u l t i e s  Debye , and  
3

F in b a k  , s u g g e s te d  i n  th e  l a t e  1930  s ,  t h a t  a  f l a t ,  

s p e c i a l l y  c u t ,  m e ta l  s e c t o r  s h o u ld  b e  r o t a t e d  a s m a l l  

d i s t a n c e  above th e  p h o to g r a p h ic  p l a t e .  The e f f e c t  

p ro d u c e d  by  su c h  a d e v ic e  may be  u n d e r s to o d  b y  

c o n s i d e r i n g  f i g u r e  3 . 2 , w h ich  shows th e  g e n e r a l  shape  

o f  t h e  s e c t o r  u s e d  i n  th e  p r e s e n t  w ork . B ecau se  o f  

th e  c o n t i n u o u s l y  i n c r e a s i n g  a n g le  o f  o p e n in g ,  f rom  th e  

c e n t r e  to  t h e  e d g e ,  t h e  s e c t o r  m u l t i p l i e s  t h e  i n t e n s i t y  

p r e d i c t e d  b y  2 . 14-0 , by  a f u n c t i o n  o f  s ,  w h ich  i s  such  

t h a t  t h e  r e c o r d e d  p a t t e r n  shows a much s m a l l e r
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r a d i a l  v a r i a t i o n  i n  o p t i c a l  d e n s i ty *  The. d i f f r a c t i o n  

r i n g s  a r e  c l e a r l y  v i s i b l e ,  b o th  on t h e  p l a t e  and  on 

th e  m ic r o d e n s i t o m e te r  t r a c e s .  T hese  l a t t e r  a r e  l e s s  

s t e e p  t h a n  th e  o l d  o n e s ,  and  e n a b le  t h e  o s c i l l a t i n g  

com ponent o f  th e  s c a t t e r e d  i n t e n s i t y ,  t o  b e  much more 

a c c u r a t e l y  m easu red  t h a n  v/as p r e v i o u s l y  p o s s i b l e .

The s e c t o r  geom etry  must o f  c o u rs e  be  a c c u r a t e l y  

known i f  t h e  m ea su re d  i n t e n s i t i e s  a r e  t o  b e  com pared  

w i t h  t h e o r y ,  and  t h i s  i s  n o r m a l ly  d e te rm in e d  by  

e x a m in in g  t h e  s e c t o r  w i t h  a  t r a v e l l i n g  m ic ro s c o p e .  .

A t t h e  t im e  when th e  p r e s e n t  work was c a r r i e d  o u t ,  

t h e  B a l z e r s  E ld i g r a p h  was e q u ip p e d  w i th  two d i s t i n c t  

s e c t o r s ,  one s u i t a b l e  f o r  t h e  h u n d re d  and  f i f t y  

c e n t i m e t r e  d i s t a n c e s ,  and  t h e  o t h e r  f o r  th e  r e m a in in g  

two . Two sp e e d s  o f  s e c t o r  r o t a t i o n  a r e  a l s o  

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

r e v o l u t i o n s  p e r  m in u te  r e s p e c t i v e l y .

7 .  I n t r o d u c t i o n  o f  t h e  sam ple

When t h e  beam h a s  b e e n  p ro d u c e d ,  and  s a t i s f a c t o r i l y  

c e n t r e d  th ro u g h  t h e  a p e r t u r e s ,  l e n s ,  c o l d  t r a p ,  

c o l l i m e t e r  and  beam s t o p ,  and  th e  c o l d  t r a p  i s  a t  

a  s u i t a b l y  low t e m p e r a t u r e ,  i t  i s  p o s s i b l e  t o  i n t r o d u c e  

t h e  v a p o u r  sam ple  i n t o  th e  a p p a r a t u s .
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B e fo re  t h i s  i s  do ne , h o w ev er ,  t h e  h a l l  v a lv e  

i s  c l o s e d  t o  i s o l a t e  th e  e l e c t r o n  gun from  th e  m ain  

cham ber. A sam ple tu b e  i s  a t t a c h e d  to  th e  en d  o f  th e  

n o z z le  a ssem b ly  a s  shown i n  f i g u r e  3 .1  an d  p l a t e  3 , 1 ,  

and  i s  s u r ro u n d e d  by  a c o o l i n g  b a t h  t o  re d u c e  t h e  

sam ple  v a p o u r  p r e s s u r e  t o  a n e g l i g i b l y  s m a l l  v a l u e .

When t h i s  h a s  b e e n  a c h ie v e d  t h e  n e e d le  v a lv e  i s  o p e n ed .

A p r e s s u r e  gauge on  th e  p a n e l  o f  t h e  c o n t r o l  c o n s u l  

im m e d ia te ly  r e g i s t e r s  a p r e s s u r e  i n c r e a s e  i n  t h e  

d i f f r a c t i o n  cham ber, a s  a i r  from  th e  sam ple t u b e ,  and  

d i s s o l v e d  g a s e s  i n  th e  sa m p le ,  a r e  pumped o f f .  Ydien 

t h e s e  have  b e e n  rem oved, t h e  sam ple i s  h e a t e d  t o  a

s u i t a b l e  t e m p e r a tu r e  ( th e  v a p o u r  p r e s s u r e  s h o u ld  be 

r o u g h ly  f i f t y  m i l l i m e t r e s  o f  m ercu ry  i n  d i f f r a c t i o n

e x p e r im e n t s  ) ,  and  th e  v a p o u r  i s  a l lo w e d  to  f lo w  th r o u g h

t h e  n o z z l e  and  to  co n d en se  o u t  c o n t i n u o u s l y  on  t h e

c o l d  t r a p  s u r f a c e .

When th e  p r e s s u r e  i n  th e  m ain cham ber h a s  f a l l e n  

t o  a b o u t  5 .1 0 " ^  mm Hg , t h e  b a l l  v a lv e  i s  o pened  to  

a l l o w  e n t r y  o f  t h e  e l e c t r o n  beam, and  a d i f f r a c t i o n  

p a t t e r n  s h o u ld  b e  o b s e r v e d  on th e  l a r g e r  f l u o r e s c e n t  

s c r e e n ,  i f  t h i s  i s  i n  p o s i t i o n  above th e  s e c t o r .

V i s u a l  e x a m in a t io n  o f  t h i s  p a t t e r n  e n a b l e s  

a d ju s tm e n t s  t o  be  made t o  t h e  beam c u r r e n t ,  sam ple  

t e m p e r a t u r e ,  c e n t e r i n g  e t c . ,  u n t i l  a s a t i s f a c t o r y
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d i f f r a c t i o n  p a t t e r n  i s  o b t a i n e d  on t h e  s c r e e n .

8 .  The •p h o to g rap h ic  p r o c e d ure

B e fo re  th e  a p p a r a t u s  i s  pumped dovm, t h a t  i s  

r i g h t  a t  t h e  s t a r t  o f  an  e x p e r im e n t ,  a l i g h t p r o o f  

p l a t e  b o x ,  c o n t a i n i n g  s i x  t o  tw e lv e  r e c t a n g u l a r  

p h o t o g r a p h i c  p l a t e s ,  o f  s i z e  13cm b y  18cm, m oun ted  i n  

m e ta l  f r a m e s ,  i s  l o a d e d  i n t o  t h e  lo w e r  p a r t  o f  t h e  

t a b l e .  T h is  box  i s  d i v i d e d  i n t o  two s e c t i o n s ,  one 

f o r  u n e x p o se d ,  and  th e  o t h e r  f o r  e x p o se d  p l a t e s .

When i t  i s  i n  p o s i t i o n ,  t h e  a p p a r a t u s  i s  pumped dov/n, 

and  beam p r o d u c t i o n  and  c e n t e r i n g  c a r r i e d  o u t  a s  h a s  

a l r e a d y  b e e n  d e s c r i b e d .

Y/hen th e  s t a g e  d e s c r i b e d  a t  th e  end  o f  t h e  p r e v i o u s  

s e c t i o n  i s  r e a c h e d ,  and  a good p a t t e r n  i s  o b s e r v e d  on 

t h e  s c r e e n ,  t h i s  l a t t e r  i s  swung o u t  o f  th e  l i n e  o f  

t h e  s c a t t e r e d  e l e c t r o n s ,  and  a l l  o b s e r v a t i o n  windows 

s h u t t e r e d .  A p l a t e  i s  w ith d raw n  from  t h e  p l a t e  box  

b y  r o t a t i n g  t h e  p l a t e  c a r r i e r  c o n t r o l  on  th e  o u t s i d e  

o f  t h e  t a b l e .  A t t h i s  s t a g e  i t  i s  s t i l l  p o s s i b l e  to  

c h e c k  t h a t  t h e  beam p a s s e s  c e n t r a l l y  th r o u g h  th e  beam 

s t o p ,  and  t h i s  i s  done b y  lo o k in g  th r o u g h  t h e  

m ic ro sc o p e  ( 2 0 ) .  I f  t h e  beam i s  c e n t r a l ,  t h e  m ic ro sc o p e  

i s  f i t t e d  w i th  a cap  t o  p r e v e n t  l i g h t  a d m is s io n ,  and  

an  e l e c t r o s t a t i c  e x p o su re  s h u t t e r  i n  th e  e l e c t r o n  gun

58



i s  s w i tc h e d  on , t o  p r e v e n t  th e  beam from  p a s s i n g  i n t o  

t h e  d i f f r a c t i o n  chamber,, The p l a t e  i s  t h e n  wound 

i n t o  p o s i t i o n  b e n e a th  th e  s e c t o r ,  and  th e  s e c t o r  

a l lo w e d  to  r o t a t e .  An e x p o su re  t i m e r  on th e  c o n t r o l  

c o n s u l  i s  s e t  t o  a s u i t a b l e  v a l u e ,  and t h e  e x p o s u re  

s h u t t e r  op en ed . At v a r i o u s  i n s t a n t s  d u r in g  th e  

e x p o su re  th e  beam v o l t a g e  - is  c h e c k e d  by  e x a m in in g  th e  

r e a d i n g  on th e  d i g i t a l  v o l t m e t e r ,  and  sm a ll  c o r r e c t i o n s  

made i f  n e c e s s a r y .  A f t e r  e x p o su re  th e  s e c t o r  i s  

s to p p e d ,  and  th e  p l a t e  wound b a c k  and d e p o s i t e d  i n  

t h e  p l a t e  b o x .  The whole p ro c e d u r e  may t h e n  be  

r e p e a t e d  f o r  a se co n d  p l a t e  an d  so on . A f t e r  a

c o m p le te  r u n  t h e  v a p o u r  s u p p ly  i s  c u t  o f f ,  and  t h e  

b a l l  v a lv e  c l o s e d .  The a p p a r a t u s  i s  a l lo w e d  t o  f i l l  

up  w i t h  d ry  n i t r o g e n ,  and  t h e  p l a t e  box  rem oved t o  

t h e  da rk room .

The e x p o su re  t im e s  r e q u i r e d  f o r  p l a t e s  t a k e n  

d u r i n g  th e  p r e s e n t  work were fo u n d  to  v a ry  from  

compound t o  compound, b u t  a s  a g e n e r a l  r u l e ,  t h e  

o r d e r  o f  d e c r e a s i n g  t im e  was t h a t  o f  i n c r e a s i n g  j e t -  

t o - p l a t e  d i s t a n c e .  T y p ic a l  v a lu e s  were t h i r t y  

se c o n d s  f o r  t h e  h u n d re d  c e n t im e t r e  d i s t a n c e ,  one m in u te  

f o r  t h e  f i f t y ,  t h r e e  t o  f o u r  m in u te s  f o r  th e  t w e n t y f i v e ,  

and  p e r h a p s  t e n  m in u te s  o r  l o n g e r  f o r  th e  e l e v e n  

c e n t i m e t r e  d i s t a n c e .  T hese  v a l u e s ,  how ever, dep en d
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THE ELECTRON DIFFRACTION PATTERN 

FOR FCIO-r AT TWENTYFIVE CM

PLATE 3 * k

N o te :  The u n ev en  b l a c k n e s s  v i s i b l e  i n  c e r t a i n  r e g i o n s
o f  t h e  above p r i n t ,  an d  n o t  fo rm in g  p a r t  o f  t h e  
d i f f r a c t i o n  p a t t e r n  i t s e l f ,  was n o t  a p r o p e r t y  o f  t h e  
a c t u a l  p h o to g r a p h ic  p l a t e .



n o t  o n ly  on t h e  compound s t u d i e d ,  h u t  a l s o  on  t h e  

ty p e  o f  p l a t e  u s e d  and  t h e  beam c u r r e n t , The f i g u r e s  

q u o te d  above a r e  f o r  c h l o r i n e  c o n t a i n i n g  m o le c u l e s ,  

I l f o r d  N60 p l a t e s ,  and  a beam c u r r e n t  o f  r o u g h ly

The p h o t o g r a p h i c  p l a t e s  w ere  d e v e lo p e d  u s i n g  t h e  

s t a n d a r d  t e c h n i q u e s  o f  d e v e lo p in g ,  s t o p p i n g ,  and  

f i x i n g ,  a s u i t a b l e  s a f e t y  lamp b e i n g  employed*

i n  r u n n in g  w a t e r ,  t h e n  a l l o w e d  t o  dry*

The b a c k s  o f  t h e  d ry  p l a t e s  w ere  t h e n  c l e a n e d  

u s i n g  d i s t i l l e d  w a t e r  and  som etim es a c e to n e ,  t o  remove 

any  r e m a in in g  b a c k i n g  m a t e r i a l ,  and  p o l i s h e d  u s i n g  

t i s s u e s .  The e m u ls io n  s u r f a c e  was n e v e r  to u c h e d  b y  

h a n d  o r  t i s s u e .

P h o to g ra p h s  o f  p l a t e s  t a k e n  a t  f i f t y  and  t w e n t y f i v e  

c e n t i m e t r e s  f o r  p e r c h l o r y l  f l u o r i d e  ( PClO^ ) ,  a r e  

shown i n  p l a t e s  3 .3  a n d  3 . 4 .

9 .  M ic r o d e n s i to m e t r y

D u r in g  th e  c o u r s e  o f  t h e  e x p e r i m e n t a l  v/ork d i s c u s s e d  

i n  t h i s  t h e s i s ,  two t y p e s  o f  m ic r o d e n s i t o m e t e r  w ere  

a v a i l a b l e .  Most o f  th e  r e s u l t s  q u o te d  i n  C h a p te r s  

N ine t o  F o u r t e e n  w ere  o b t a i n e d  u s i n g  th e  se c o n d  o f  

t h e s e  i n s t r u m e n t s ,  t h e  a u to m a t i c  m ic r o d e n s i t o m e t e r

A f t e r  f i x i n g  th e  p l a t e s  w ere  w ashed  f o r  h a l f  a n  h o u r
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shown i n  p l a t e  3 . 2 .  The p r i n c i p l e s  u n d e r l y i n g  t h e  

o p e r a t i o n  o f  t h e s e  p i e c e s  o f  eq u ip m en t  may he  

sum m arised  a s  f o l lo v / s .

A so u rc e  o f  l i g h t  i s  s p l i t  h y  p r i s m s  i n t o  tv/o 

i d e n t i c a l  beam s. One o f  t h e s e  i s  p a s s e d  th r o u g h  a 

s m a l l  a r e a  on  t h e  p h o to g r a p h ic  p l a t e  s t u d i e d ,  w h i l s t  

t h e  o t h e r  heam p a s s e s  th r o u g h  a n  o p t i c a l  wedge.

T h i s  l a t t e r  i s  a r e c t a n g u l a r  g l a s s  p l a t e ,  b l a c k e n e d  

i n  su ch  a way t h a t  i t  p r e s e n t s  a c o n t in u o u s  g r a d i e n t  

o f  o p t i c a l  d e n s i t y  a lo n g  i t s  l e n g t h .  The two 

t r a n s m i t t e d  heams a r e  com pared , and  i f  an  i n e q u a l i t y  

o f  i n t e n s i t y  i s  o b s e r v e d ,  t h e  o p t i c a l  wedge moves 

l e n g th w is e  u n t i l  a  b a la n c e  i s  a c h i e v e d .

I n  th e  c a s e  o f  t h e  p e n  t r a c e  m ic r o d e n s i t o m e t e r  

( t h e  m anual i n s t r u m e n t  ) ,  t h e  f i r s t  beam s c a n s  s lo w ly  

a c r o s s  a d i a m e te r  o f  t h e  e l e c t r o n  d i f f r a c t i o n  p a t t e r n ,  

an d  th e  r e s u l t i n g  wedge movement c a u s e s  a p e n  t o  t r a c e  

o u t  a  c u rv e  ( u s u a l l y  a l i t t l e  * n o i s y  * ) on  g ra p h  

p a p e r .  T h is  p l o t  c an  be  c o n v e r t e d  t o  an  o p t i c a l  

d e n s i t y  t r a c e  i f  s u i t a b l e  wedge c a l i b r a t i o n  d a t a  a r e  

u s e d  t o  c o r r e c t  t h e  o r i g i n a l  g r a p h .  A z e ro  b a s e  l i n e  

i s  a l s o  o u tp u t  i n  e x p e r im e n ts  o f  t h i s  k i n d ,  and  i s  

t r a c e d  o u t  when t h e  beam p a s s e s  c o n t i n u o u s l y  t h r o u g h  

a  c l e a r  g l a s s  r e g i o n  o f  t h e  p l a t e .

The a u to m a t ic  m ic r o d e n s i to m e te r  o p e r a t e s  a l i t t l e
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d i f f e r e n t l y .  I n  t h i s  c a s e  t h e  beam no l o n g e r  s c a n s  

a c r o s s  t h e  p l a t e  c o n t i n u o u s l y ,  b u t  moves i n  a s t e p w i s e  

f a s h i o n  from  p o i n t  t o  p o i n t  a lo n g  a d i a m e te r  o f  t h e  

p a t t e r n .  T h is  movement i s  c o n t r o l l e d  b y  a c a r e f u l l y  

m a n u fa c tu re d  l e a d s c r e w ,  and  i n  th e  p r e s e n t  work t h e

s c a n  i n t e r v a l  c h o se n  was a s  n e a r  t o  0 ,2  mm a s  t h e  

a c c u r a c y  o f  t h e  i n s t r u m e n t  w ou ld  a l l o w .

At e a c h  p o i n t  on t h e  p l a t e ,  t h e  c o m p e n sa t in g  

p o s i t i o n  t a k e n  up  b y  th e  o p t i c a l  wedge, i s  r e c o r d e d  

b y  a  p o t e n t i o m e t e r ,  and  a t h r e e  f i g u r e  number p u n c h ed  

o u t  on p a p e r  t a p e ,  i n  a code s u i t a b l e  f o r  t h e  c o m p u te r .  

T h is  punch  i s  shown n e a r e s t  t h e  cam era i n  p l a t e  3 . 2 ,

A z e ro  b a s e  l i n e  v a l u e ,  d e f i n e d  a s  b e f o r e ,  i s  a l s o  

punche d o u t ,

B oth  m ic r o d e n s i to m e te r s  a l l o w  a c c u r a t e  c e n t e r i n g  

o f  th e  p a t t e r n  r e l a t i v e  t o  th e  l i g h t  beam , and  t h i s  

o p e r a t i o n  m ust be  c a r e f u l l y  c a r r i e d  o u t  t o  e n s u r e  

t h a t  t h e  beam s c a n s  a lo n g  th e  p a t t e r n  d i a m e t e r ,  t o  a 

s u f f i c i e n t  d e g re e  o f  p r e c i s i o n .  I n  th e  p r e s e n t  work 

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

a u to m a t i c  m ic r o d e n s i to m e te r .

The g ra p h s  p ro d u c e d  by  th e  m anual i n s t r u m e n t  w ere 

t r e a t e d  a s  f o l l o w s .  The c u rv e  and  b a s e  l i n e  r e c o r d e d  

w ere  t r a c e d  o n to  t r a n s p a r e n t  p a p e r ,  some h a n d -s m o o th in g  

b e i n g  a p p l i e d  s i m u l t a n e o u s ly .  The o r d i n a t e s  o f  th e  

r e s u l t i n g  p l o t  were t h e n  r e a d  o f f  v i s u a l l y ,  b y  p l a c i n g
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t h e  t r a c i n g  p a p e r  on to p  o f  g ra p h  p a p e r ,  and  t a k i n g  

r e a d i n g s  a t  m i l l i m e t r e  i n t e r v a l s  a lo n g  t h e  b a s e  l i n e .  

A bout 750 r e a d i n g s  w ere  a g a i n  o b t a i n e d ,  a s  t h e  r a t i o  

arm on t h e  m anual i n s t r u m e n t ,  r e l a t i n g  th e  movement 

o f  t h e  g rap h  p a p e r  t o  t h a t  o f  t h e  p h o to g r a p h ic  p l a t e ,  

p r o d u c e s  a lm o s t  e x a c t l y ,  a f i v e f o l d  m a g n i f i c a t i o n  o f  

t h e  t r a c e  when r e c o r d e d  on g ra p h  p a p e r .  Hence one  

m i l l i m e t r e  on  t h e  b a s e l i n e  c o r r e s p o n d s  t o  v e r y  n e a r l y  

0 ,2  min on th e  p l a t e .

C om parison  o f  t h e  t r a c e s  o b t a i n e d  b y  th e  two 

m ic r o d e n s i t o m e t e r s ,  showed t h a t  t h e  a u to m a t i c  one 

p ro d u c e s  a f a r  more ra g g e d  e u rv e  t h a n  t h e  m anual o n e .  

T h is  i s  o n ly  t o  b e  e x p e c te d ,  h o w ev er ,  a s  h a n d -s m o o th in g  

was a p p l i e d  i n  t h e  m anual m ic r o d e n s i to m e te r  p r o c e d u r e .  

The a u to m a t ic  i n s t r u m e n t  must be  assum ed , from  t h e  

n a t u r e  o f  i t s  o p e r a t i o n ,  t o  p ro d u c e  d a ta  p o i n t s  w h ich  

a r e  much l e s s  c o r r e l a t e d  t h a n  th o s e  f i n a l l y  o b t a i n e d  

b y  th e  t r a c i n g  and  r e a d i n g - o f f  m e th o d s .

S in c e  th e  a u to m a t i c  d a t a  c u r v e s  a r e  f e d  i n t o  th e  

c o m p u te r  d i r e c t l y ,  w i th o u t  any  sm o o th in g  b e i n g  a p p l i e d ,  

a l a r g e r  number o f  t r a c e s  m ust be  a v e ra g e d  i f  sm ooth  

u p h i l l  and  m o le c u la r  i n t e n s i t y  c u r v e s  a r e  f i n a l l y  t o  

b e  o b t a i n e d .  T h i s  rem ark  i s  p a r t i c u l a r l y  t r u e  i f  t h e  

d a t a  c o n c e rn e d ,  have  b e e n  r e c o r d e d  a t  t h e  s h o r t e s t  

two cam era d i s t a n c e s ,  a s  such  d a t a  a r e  a lw ay s  p o o r e r



i n  q u a l i t y ,  owing to  a low s i g n a l  t o  n o i s e  r a t i o .

I n  c o n c l u s i o n ,  i t  may be  s a i d  t h a t  t h e  m anual 

m ethod  i s  t im e -c o n su m in g  and  t e d i o u s  t o  a p p ly ,  a n d  

a lm o s t  c e r t a i n l y  i s  s u b j e c t  t o  g r e a t e r  e r r o r s  t h a n  

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

i n s t r u m e n t .  T h is  l a t t e r  m ic r o d e n s i to m e te r  

p ro d u c e s  r e s u l t s  e x tre m e ly ,  q u i c k l y ,  on p a p e r  t a p e ,  

and  i t  i s  v e r y  e a s y  t o  r e c o r d  a l a r g e  num ber o f  t r a c e s  

a t  e a c h  cam era  d i s t a n c e .  One im provem ent w h ich  

m ig h t  be  made t o  t h i s  i n s t r u m e n t  w ould  b e  t o  a l l o w  

th e  p l a t e s  t o  r o t a t e  s lo w ly  a b o u t  t h e  c e n t r e  o f  t h e  

p a t t e r n  d u r in g  s c a n n in g ,  a s  t h i s  s h o u ld  im prove  t h e  

q u a l i t y  o f  e a c h  t r a c e .

1 0 .  W av e len g th  d e t e r m i n a t i o n

D i f f r a c t i o n  b y  a p o l y c r y s t a l l i n e  sam ple h a s  

a l r e a d y  b e e n  d i s c u s s e d  i n  s e c t i o n  f i v e .  I n  th e

p r e s e n t  work a powder p h o to g ra p h  t a k e n  u s i n g  T lC l
✓

a s  d i f f r a c t i n g  m a t e r i a l ,  was u s e d  t o  d e te rm in e  t h e  

w a v e le n g th  o f  t h e  e l e c t r o n  beam.

R in g  d i a m e te r s  on  t h e  p a t t e r n  w ere  m ea su re d  

u s i n g  a t r a v e l l i n g  m ic ro s c o p e ,  o r  t h e  a u to m a t i c  

m ic r o d e n s i to m e te r  o p e r a t i n g  a t  a v e r y  s m a l l  s c a n  

i n t e r v a l .  About tv /e lv e  d i f f e r e n t  r i n g s  v/ere u s u a l l y  

m e a su re d ,  and  o f t e n  e a c h  f i n a l  a c c e p t e d  v a lu e  was an
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a v e ra g e  o f  s e v e r a l  r e a d in g s  t a k e n  from  more t h a n  one

p l a t e  r e c o r d i n g .

Each d ia m e te r  was u s e d  t o  g iv e  a s e p a r a t e

e s t i m a t e  o f  t h e  w a v e le n g th ,  and  f i n a l l y  an  a v e r a g e  o f

t h e s e  r e s u l t s  was t a k e n ,  and  a s t a n d a r d  d e v i a t i o n  -

c a l c u l a t e d .  The v a lu e  assum ed f o r  th e  c e l l  d im e n s io n

o f  th e  c u b ic  t h a l l i u m  c h l o r i d e  c r y s t a l  was o b t a i n e d
58

from  t h e  l i t e r a t u r e ,  and  th e  c a l c u l a t i o n s  d e s c r i b e d  

were c a r r i e d  o u t  on  th e  co m pu te r  u s i n g  th e  t h e o r y  

a p p l i c a b l e  to  X -ra y  powder p a t t e r n s ,

A t y p i c a l  r e s u l t  f o r  th e  w a v e le n g th  w as,

= o . 05116  .±  0 .0 0 0 0 2  X.

W herever p o s s i b l e  t h e  s o l i d  sam ple p a t t e r n  was 

r e c o r d e d  a t  t h e  h u n d re d  c e n t im e t r e  cam era d i s t a n c e ,  

a s  i n '  t h i s  c a s e  t h e  r i n g s  u s u a l l y  m easu red  a r e  w e l l  

s p a c e d  o u t  on th e  p l a t e  and  h ence  t h e i r  d i a m e te r s  

c a n  b e  e s t i m a t e d  w i th  t h e  minimum e r r o r .



CHAPTER POUR 

THE ELECTRON DIFFRACTION DATA PROCESSING-

ROUTINE

1 . I n t r o d u c t i o n

T h is  c h a p t e r  o u t l i n e s  t h e  c o m p u ta t io n a l  m ethods

. w h ich  w ere em ployed to  e x t r a c t  R . . and  u . . p a r a m e t e r s
3-D 3.3

f o r  t h e  m o le c u le s  s t u d i e d ,  from  m ic r o d e n s i t o m e te r

t r a c e  r e a d i n g s .  The com pu ter  program m es r e q u i r e d

t o  c a r r y  o u t  th e  n e c e s s a r y  c a l c u l a t i o n s  hav e  a l r e a d y
59

"been d e s c r i b e d  b y  B e a g le y  e t  a l . ,  and  t h e  s e c t i o n s  

b e lo w  m e re ly  e n l a r g e  upon t h i s  d e s c r i p t i o n .

2 . C o n v e rs io n  o f  t h e  t r a c e  r e a d i n g s  t o  o p t i c a l  d e n s i t y  

v a lu e  s

The ’ t h r e e  i n  o n e 1 co m pu te r  programme r e q u i r e d  

c a l i b r a t i o n  d a t a  f o r  th e  o p t i c a l  wedges u s e d ,  t o  c a r r y  

o u t  i t s  f u n c t i o n  o f  c o n v e r t i n g  m ic r o d e n s i t o m e t e r  

r e a d i n g s  t o  o p t i c a l  d e n s i t i e s .  A t y p i c a l  exam ple  o f  

t h e  k i n d  o f  c o r r e c t e d  t r a c e  o u tp u t  b y  t h i s  p rogram m e, 

i s  shown i n  f i g u r e  U . l  f o r  d i c h l o r i n e  m onoxide 

p h o to g ra p h e d  a t  a j e t - t o ~ p l a t e  d i s t a n c e  o f  f i f t y  

c e n t i m e t r e s .  The a u to m a t ic  m ic r o d e n s i to m e te r  was 

u s e d  to  p ro d u ce  t h i s  s e t  o f  r e a d i n g s ,  and  some 

h a n d -s m o o th in g  h a s  b e e n  a p p l i e d  f o r  p r e s e n t a t i o n  p u r p o s e s .
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3.»._ C a l c u l a t i o n  o f  t h e  -p o s i t io n  o f  t h e  t r a c e  c e n t r e

I d e a l l y ,  th e  t r a c e  shown i n  f i g u r e  U . l  s h o u ld  h e  

s y m m e tr ic a l  a h o u t  th e  p o i n t  m arked 0 .  The p o s i t i o n  

o f  t h i s  c e n t r e  may he  d e f in e d  a s  t h e  number o f  d a t a  

p o i n t  i n t e r v a l s  from  th e  b e g in n in g  o f  t h e  t r a c e  t o  0 ,

I n  t h e  p r e s e n t  work t h i s  q u a n t i t y  was d e te rm in e d  b y  

f i n d i n g  th e  p o s i t i o n s  o f  p a i r s  o f  s y m m e t r i c a l ly  

e q u i v a l e n t  f e a t u r e s ,  such  a s  r i n g  maxima and  m in im a, 

a n d  t h e  e d g es  o f  t h e  c e n t r a l  h o le  i n  t h e  p a t t e r n  c a u s e d  

b y  th e  beam s t o p .  B o th  a m anual and  a c o m p u te r  

p r o c e d u r e  Y/ere a d o p te d  t o  do t h i s ,  a n d  t h e  c a l c u l a t e d  

e r r o r  on t h e  v a lu e  p ro d u c e d  375 ) ,  v a r i e d  b e tw e e n  

0 .5  a n d  0 .9  o f  a u n i t .

U. C a l c u l a t i o n  o f  th e  s s c a l e

The f u n c t i o n  o f  th e  s s c a l e  programme was t o  

a s s i g n  s v a l u e s ,  a t  e q u a l  i n t e r v a l s ,  t o  p o i n t s  on  t h e  

o p t i c a l  d e n s i t y  c u rv e .  The i n f o r m a t i o n  r e q u i r e d  to  

do t h i s  i n c lu d e d  t h e  beam w a v e le n g th ,  t h e  j e t - t o - p l a t e  

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

o m i t t e d  b e c a u se  o f  t h e  beam s t o p ,  th e  p o s i t i o n  o f  th e  

t r a c e  c e n t r e ,  and  f i n a l l y  th e  m ic r o d e n s i t o m e t e r  s c a n

i n t e r v a l  ( 0 .2  mm ) .

U s in g  t h i s  i n f o r m a t i o n ,  t h e  programme f i r s t  

c a l c u l a t e d  ^ s ,  t h e  i n t e r v a l  i n  s c o r r e s p o n d in g  t o  a
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0 ,2  mm s t e p  on  t h e  p l a t e .  The r a d i u s  o f  t h e  o m i t t e d  

s e c t i o n  was th e n  u s e d  to  f i n d  sm in , th e  lo w e r  s l i m i t ,  

w h i l s t  smax, t h e  u p p e r  l i m i t ,  was d e te r m in e d  by  

c o u n t i n g  th e  number o f  d a ta  p o i n t  i n t e r v a l s  f rom  th e

t r a c e  c e n t r e  t o  t h e  n e a r e r  o f  t h e  two o u te rm o s t  

i n t e n s i t y  r e a d i n g s .

The ra n g e  i n  s b e tw ee n  sm in an d  smax was d i v i d e d  

i n t o  a number o f  A 8 se g m e n ts ,  and  t h e  i n t e n s i t y  v a l u e s  

c o r r e s p o n d i n g  to  s = sm in + n ,  / \ s ,  where s was l e s s  t h a n  

o r  e q u a l  t o  smax, and  n  to o k  on  th e  i n t e g e r  v a l u e s ,  

0 , 1 , 2 ,  e t c , ,  were c a l c u l a t e d  by  i n t e r p o l a t i n g  t h e  

o r i g i n a l  o p t i c a l  d e n s i t y  d a t a .  Two v a l u e s  w ere  

o b t a i n e d  f o r  e ac h  s ,  a s  t h e r e  a r e  two s y m m e t r i c a l l y  

e q u i v a l e n t  p o i n t s  on e i t h e r  s i d e  o f  t h e  t r a c e  c e n t r e .  

T hese  i n t e n s i t i e s  were o u tp u t  i n  c o r r e s p o n d in g  p a i r s ,

5 , The b l a c k n e s s ,  p l a n a r  p l a t e *  and  s e c t o r  c o r r e c t i o n s

The c o r r e c t i o n s  programme f i r s t  a v e r a g e d  t h e  two 

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

p r o c e d u r e ,  and  t h e n  m o d i f i e d  t h e s e  r e s u l t s  t o  t a k e  

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

p l a t e  t o  i n c i d e n t  e l e c t r o n  i n t e n s i t y .  The b l a c k n e s s  

c o r r e c t i o n  f a c t o r s  n e c e s s a r y  to  do t h i s ,  w ere 

d e te rm in e d  e x p e r i m e n t a l l y  f o r  t h e  N60 I l f o r d  p l a t e s  

em ployed , and  were f e d  i n t o  t h e  c o m p u te r .  Each
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t r a c e  o p t i c a l  d e n s i t y  v a lu e  was t h e n  m u l t i j j l i e d  b y  

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

o f  num bers .

The n e x t  s t e p  was t o  c o n v e r t  t h e  i n t e n s i t y  d a t a  

t o  c o r r e s p o n d in g  s p h e r i c a l  p l a t e  v a lu e s  h y  d i v i d i n g  

e ac h  r e a d i n g  hy  c o s ^ ( 9 ,  a s . d e s c r i b e d  i n  C h a p te r  Two, 

s e c t i o n  s i x .

The f o l l o w i n g  c o r r e c t i o n  a l lo w e d  f o r  th e  e f f e c t s  

p ro d u c e d  h y  th e  r o t a t i n g  s e c t o r .  The f u n c t i o n  o ( ( s )  9 

d e te rm in e d  h y  th e  s e c t o r  g e o m e try ,  was c a l c u l a t e d  

f o r  e a c h  s ,  and  th e  d a t a  p o i n t s  d i v id e d  h y  i t  t o  

c o n v e r t  them t o  u n s e c t o r e d  v a l u e s .

F i n a l l y ,  t h e  u p h i l l  c u rv e  d i s c u s s e d  i n  s e c t i o n  

s i x  o f  C h a p te r  Two, was fo rm ed  h y  m u l t i p l y i n g  t h e  

i n t e n s i t i e s  h y  s ^ .  I t  was t h e n  o u tp u t  a s  a s e r i e s  

o f  nu m bers , r u n n in g  from  sm in t o  smax, i n  s i n t e r v a l s .

6 .  C o m b in a t io n  o f  a s e t  o f  u p h i l l  c u r v e s  o b t a i n e d  

f o r  a p a r t i c u l a r  . j e t - t o - p l a t e  d i s t a n c e

I n  m ost e x p e r im e n t s  a number o f  m ic r o d e n s i to m e te r  

t r a c e s  w ere  p r o c e s s e d  f o r  e a c h  j e t - t o - p l a t e  d i s t a n c e .

The r e s u l t i n g  u p h i l l  c u rv e s  w ere a v e ra g e d  to  fo rm  a 

s i n g l e  s e t  o f  r e a d i n g s ,  h y  th e  co m p u te r  programme 

’ c o m b in a t io n  o n e ’ , an d  t h i s  com bined  u p h i l l  c u rv e  

o u t p u t .
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I n  t h o r o u g h  i n v e s t i g a t i o n s ,  com bined  u p h i l l  

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

t h e  f o u r  a v a i l a b l e  ; J e t - t o - p l a t e  d i s t a n c e s ,  A 

c o m p le te  s e t  o f  f o u r  combined u p h i l l  c u r v e s  i s  

g i v e n  f o r  p e r c h l o r y l  f l u o r i d e  ( FClO^ ) i n  f i g u r e s  

U .2 ,  k . 3 f  and  i | , 5 .  The f i n a l  b a c k g r o u n d  c u r v e s

a d o p t e d  a r e  a l s o  drawn i n  on  t h e s e  d i a g r a m s .

7 .  The f i r s t  b a c k g r o u n d

The n a t u r e  o f  t h e  b a c k g ro u n d  f u n c t i o n ,  and  i t s  

r e l a t i o n s h i p  t o  t h e  u p h i l l  c u r v e ,  have  b e e n  d i s c u s s e d  

i n  s e c t i o n  s i x  o f  C h a p te r  Two. I n  t h e  p r e s e n t  work

t h e  f i r s t  b a c k g r o u n d  c u rve  a d o p t e d ,  was drawn b y  

c o m p u te r ,  i n  a p u r e l y  e m p i r i c a l  way, t h r o u g h  t h e  

combined u p h i l l  c u r v e .  I t  was c o n s t r a i n e d  t o  b e  a 

smooth s t e a d i l y  i n c r e a s i n g  f u n c t i o n  o f  s ,  and  was 

c o n s t r u c t e d  b y  d r a s t i c a l l y  sm o o th in g  t h e  s e t  o f  d a t a  

o u t p u t  b y  ’ c o m b i n a t i o n  o ne* .  I n  t h e  c a s e  o f  h u n d r e d  

c e n t i m e t r e  d a t a ,  t h e  co m p u te r  b a c k g r o u n d  h a d  t o  b e  

f u r t h e r  h a n d -s m o o th e d ,  i n  t h e  lov; s r e g i o n ,  a s  i t  

f a i l e d  t o  c u rv e  r o u n d  s u f f i c i e n t l y  s h a r p l y  t o  p a s s  

t h r o u g h  t h e  s e q u a l s  zero, p o i n t .

The b a c k g r o u n d  c u rv e  so p r o d u c e d ,  was s u b t r a c t e d  

from  t h e  u p h i l l  c u rv e  and  a n  I moq ( s )  c u rv e  o u t p u t .
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8 .  M o d i f i c a t i o n  o f  t h e  I  , ( s )  c u rv emol — ------- -
The I m( s )  f u n c t i o n ,  c o n v e n i e n t  f o r  F o u r i e r  

t r a n s f o r m a t i o n  and  l e a s t  s q u a r e s  r e f i n e m e n t ,  was 

p r o d u c e d  f rom  t h e  p r e v i o u s l y  o u t p u t  I m ol( s )  c u r v e ,

"by t h e  p r o c e d u r e  d e s c r i b e d  i n  s e c t i o n  s i x  o f  C h a p t e r  

Two. The s e t s  o f  X - r a y  s c a t t e r i n g  f a c t o r s  r e q u i r e d  

f o r  t h i s ,  were t a k e n  f rom  r e f e r e n c e  ( 6 0 ) ,  and  w ere  

i n t e r p o l a t e d  f o r  e a c h  s v a l u e .  The m o d i f i e d  I m( s )  

f u n c t i o n  ( t h e o r e t i c a l  form 2.U6 ) was t h e n  o u t p u t .

9 .  C o m b in a t io n  o f  I n ( s )  f u n c t i o n s  c a l c u l a t e d  f o r  more 

t h a n  one j e t - t o - p l a t e  d i s t a n c e

Each combined u p h i l l  c u rv e  o b t a i n e d ,  was t r e a t e d  

a s  d e s c r i b e d  i n  s e c t i o n s  sev en  and  e i g h t ,  and  a 

c o r r e s p o n d i n g  £m( s )  f u n c t i o n  p r o d u c e d .  The Tm( s )  

c u r v e s  o b t a i n e d  i n  t h i s  way, f o r  t h e  f o u r  ^ e t - t o - p l a t e  

d i s t a n c e s ,  n o r m a l ly  h a d  t h e  f o l l o w i n g  s l i m i t s  a n d  A s  

i n t e r v a l s ,

d i s t a n c e ( c m ) smin(S) smax(S) A s ( i )

100 0 . 8 9 . ° 0 .0 2

50 2 . b 1 8 .0 0 .0 5

25 7 . 6 3 6 .0 0 .1 0

11 2 2 .0  ^  UO.O 0 .2 2

B e f o r e  F o u r i e r  t r a n s f o r m a t i o n  o r  c o m p le te  l e a s t  

s q u a r e s  r e f i n e m e n t  Yieve c a r r i e d  o u t ,  h ow ever ,  t h e s e
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curves had to he put on the same scale, and combined 
into a single set of data, running from the lowest s 
liisit measured, to an upper limit, determined by the 
quality of the data obtained, in intervals of s which 
varied discontinuously in the manner indicated by the 
following typical set of s.limits and A  s intervals,

data set smin(X) smax (£) Ae(£)

1 0 , 8 9 . 0 0 .0 2

2 9 . 0 5 1 8 ,0 0 ,0 5

3 1 8 ,1 0 3 6 ,0 0 ,1 0

h 3 6 ,2 2 *  4 0 , 0 0 .2 2

This combined molecular intensity curve was computed 
from the single distance I ( s) data, by a programme 
called fcombination two *, The method used was as 
follows. The first two single distance curves were 
compared in the s region where they overlapped, and tho 
set which had the larger A  s interval was interpolated 
to give data points showing a one to one correspondence 
with those of the first curve,.- A standard technique 
was then used to scale the second curve to the first.
The resulting corresponding pair© of data points In the 
overlap region were fused into a single sot by finding 
a weighted average for each pair. The resulting value© 
were then o u t p u t  along with the remaining r e a d i n g s



■belonging t o  t h e  f i r s t  t r a c e .  T h i s  p r o c e s s  was 

r e p e a t e d  f o r  t h e  seco n d  o v e r l a p  r e g i o n ,  u s i n g  t h e

s c a l e d  s e co n d  t r a c e  p ro d u c e d  a s  d e s c r i b e d  a b o v e ,  and  

t h e  t h i r d  s i n g l e  d i s t a n c e  I  ( s )  c u r v e ,  and  t h e n  f o r  

t h e  t h i r d  r e g i o n  i f  e l e v e n  c e n t i m e t r e  d a t a  were 

a v a i l a b l e .

I n  t h i s  way f o u r  c u r v e s ,  a l l  on t h e  same s c a l e ,  

a n d  h a v i n g  t h e  s l i m i t s  and  s i n t e r v a l s  shown i n  t h e  

s e co n d  t a b l e  ab o v e ,  we r e  p r o d u c e d .  The t h r e e  

c o n n e c t i n g  s c a l e  f a c t o r s  were a l s o  o u t p u t  by  t h e  

programme a s  t h e s e  were, r e q u i r e d  a t  t h e  b a c k g r o u n d  

a d j u s t m e n t  s t a g e  d e s c r i b e d  i n  s e c t i o n  t w e l v e ,

10 ,  F o u r i e r  t r a n s f o r m a t i o n

The combined I m( s )  f u n c t i o n  was F o u r i e r  t r a n s f o r m e d  

b y  c a l c u l a t i n g  t h e  i n t e g r a l ,
smax 2

\  I^sJ -e  sin(sR) ds
ŝmin

f o r  a s e r i e s  o f  e q u a l l y  s p a c e d  R v a l u e s  r u n n i n g  f ro m  0

t o  some s u i t a b l e  u p p e r  l i m i t .  The a p p ro x im a te  m ethod

o f  a d d in g  s t r i p s  was u s e d  t o  do t h i s ,  and  t h e  damping-

c o n s t a n t  k  was n o r m a l ly  a s s i g n e d  a v a l u e  b e tw e e n  0 .0 0 1  
2

a n d  0 .0 0 5  A , t h e  e x a c t  v a lu e  d e p e n d in g  on t h e  u p p e r  

s l i m i t  o f  t h e  d a t a  t r a n s f o r m e d .  The r e s u l t i n g  

O' (R ) /R  f u n c t i o n  was p l o t t e d  on g raph  p a p e r  and  

i n t e r p r e t e d  i n  t e r m s  o f  t h e  m o le c u le  s t u d i e d .
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11 .  L e a s t  s q u a r e s  r e f i n e m e n t

V ery  o f t e n  t h e  F o u r i e r  t r a n s f o r m a t i o n  d e s c r i b e d

i n  s e c t i o n  t e n ,  p r o d u c e s  a p l o t  which  g i v e s  a good

i n d i c a t i o n  o f  t h e  s t r u c t u r e  o f  t h e  m o le c u le  s t u d i e d .

I t  i s  som etim es p o s s i b l e  t o  u s e  t h i s  d  (R ) /R  f u n c t i o n

t o  e s t i m a t e  t h e  p r i n c i p a l  b o nd  l e n g t h s  and  v a l e n c e

a n g l e s  p r e s e n t ,  and  t o  p r o p o s e  a r e a s o n a b l e  s t a r t i n g

model on  which  t o  b a s e  a l e a s t  s q u a r e s  r e f i n e m e n t .

I n  t h e  p r e s e n t  work,  t h e  method o f  i t e r a t i v e
61

l e a s t  s q u a r e s  r e f i n e m e n t  was a p p l i e d  t o  t h e  p ro b le m  

o f  f i t t i n g  a n  e x p r e s s i o n  o f  t y p e  2.U6 o f  C h a p t e r  Two

t o  t h e  e x p e r i m e n t a l  combined I  ( s )  c u r v e .m
The A. . f a c t o r s  a p p e a r i n g  i n  e q u a t i o n  2.2+6 w ere

-L J

d e f i n e d  f o r  t h e  model c h o s e n ,  b y  c l a s s i f y i n g  t h e

i n t e r a t o m i c  d i s t a n c e s  p r e s e n t  i n t o  e q u i v a l e n t  and

n o n e q u i v a l e n t  t y p e s ,  m o l e c u l a r  symmetry b e i n g  u s e d

t o  do t h i s .  The l e a s t  s q u a r e s  programme c a l c u l a t e d

t h e s e  A. .*s  a s  f u n c t i o n s  o f  s ,  b y  i n t e r p o l a t i n g  i n p u t  
ID

s e t s  o f  X - ra y  s c a t t e r i n g  f a c t o r s .

B o th  R. .and u .  . p a r a m e t e r s ,  and  an o v e r a l l  s c a l e  
ID

f a c t o r  were r e f i n e  a b l e ,  and  p r o v i s i o n  was made i n  t h e  

p ro g ram ®  t o  keep  any number o f  t h e s e  v a r i a b l e s  c o n s t a n t ,  

w h i l s t  t h e  r e m a in d e r  were  r e f i n e d  a l o n e .

F o r  most m o le c u l e s  t h e  n o n e q u i v a l e n t  d i s t a n c e

t y p e s  p r e s e n t ,  t h a t  i s  t h e  Q o f  2.2+6, do n o t  fo rm
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an i n d e p e n d e n t  s e t  o f  v a r i a b l e s ,  and c e r t a i n  o f  them

have t o  h e  e x p r e s s e d  a s  f u n c t i o n s  o f  a chosen  s u b s e t

o f  i n d e p e n d e n t  v a l u e s .  I n  the  p r e s e n t  work,  when t h i s

o c c u r r e d ,  o n ly  t h e  independent '  R. . ' s  were, r e f i n e d  by

th e  l e a s t  s q u a r e s  method, and th e  r em a in in g  d i s t a n c e s

were c a l c u l a t e d  a f t e r  each  c y c l e ,  by  a s p e c i a l l y

w r i t t e n  s u b r o u t i n e .  T h is  l a t t e r  had  t o  be  v a r i e d

f o r  e a c h  new m o le cu le  s t u d i e d ,  and i n  a d d i t i o n  t o

f i n d i n g  d e p en den t  d i s t a n c e s ,  i t  c a l c u l a t e d  p a r t i a l

d e r i v a t i v e s  o f  t h e  t y p e ,  c R .  ■.//-)&.dependent '  ^  in d ep e n d en t  ’
t h e s e  b e i n g  r e q u i r e d  f o r  c o r r e c t  a p p l i c a t i o n  o f  t h e  

l e a s t  s q u a r e s  method.  I n  t h e  p r e s e n t  Y/ork th e  u . . 

v a l u e s  were  a lw ays  t r e a t e d  a s  in d ep en den t  q u a n t i t i e s ,  

and  h e n c e  t h e r e  v/ere no s i m i l a r  prob lem s r e l a t i n g  to  

them.

The l e a s t  s q u a r e s  programme m in im ised  t h e  f u n c t i o n ,  

O —

J w j . A f  = 2 w i ' U  
a l l  d a t a

where i s  a w e ig h t  f a c t o r  and was a l lo w e d  t o  v a r y  

w i t h  s i n  an  a lm o s t  t r a p e z o i d a l  manner. The a n a l y t i c a l  

form a d o p te d  f o r  t h i s  f u n c t i o n  i s  p r e s e n t e d  i n  C h a p te r  

E i g h t .

When c o n v erg en ce  was r e a c h e d ,  t h e  f i n a l  c y c l e  

o f  r e f i n e m e n t  ended  by  o u t p u t t i n g  zero  s h i f t s  i o r  th e

obs. calc. 2
1 “ M ' t



p a r a m e t e r s  v a r i e d ,  and c o r r e s p o n d i n g  e s t i m a t e d  

s t a n d a r d  d e v i a t i o n s .  I n  a d d i t i o n ,  t h e  q u a n t i t y ,

c a l l e d  t h e  r e s i d u a l ,  was a l s o  o u t p u t ,  and  was u s e d

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

p a r t i c u l a r  model a d o p te d .

I n  t h e  c a se  o f  r e f i n e m e n t s  i n v o l v i n g  I  ( s )  d a t am '
c o r r e s p o n d i n g  t o  a f i r s t  e m p i r i c a l  b a c k g ro u n d  c u r v e ,

t h e  u-^j q u a n t i t i e s  were n o r m a l ly  h e l d  c o n s t a n t  a t  

e s t i m a t e d  v a l u e s ,  and t h e  w e l l  d e te r m in e d  in d e p e n d e n t  

d i s t a n c e s  and  t h e  o v e r a l l  s c a l e  f a c t o r  r e f i n e d  a l o n e .  

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

t h i s  f i r s t  r e f i n e m e n t ,  were t h e n  u s e d  t o  improve t h e  

b a c k g r o u n d  a s  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .  A f t e r  

t h i s  i t  was p o s s i b l e  t o  u n d e r t a k e  more com ple te  

r e f i n e m e n t s .

At  t h e  e m p i r i c a l  b a ck g ro u n d  s t a g e ,  i t  was common 

t o  o b t a i n  a n  R v a lu e  o f  a ro u n d  f o r t y  p e r c e n t ,  b u t  

a f t e r  b a c k g r o u n d  a d j u s t m e n t ,  t h i s  v a lu e  u s u a l l y  f e l l ,  

an d  i n  f i n a l  r e f i n e m e n t s  i t  was fo u n d  t o  l i e  b e tw e e n

t w e lv e  and  f i f t e e n  p e r c e n t .

The Rj . p a r a m e t e r s  o u t p u t  were q u o te d  a s  r g ( l )
J

d i s t a n c e s ,  and  a c o r r e c t i o n  was a p p l i e d  t o  c e r t a i n  o f  

t h e  mean a m p l i t u d e s  t o  t a k e  i n t o  a c c o u n t  f a i l u r e  o f
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t h e  B o rn  a p p r o x i m a t i o n .  T h is  c o r r e c t i o n  h a s  

a l r e a d y  "been m en t io n ed  i n  C h a p te r  Two s e c t i o n  t e n ,  

a n d  w i l l  he  d i s c u s s e d  a g a i n  i n  more d e t a i l  i n  C h a p t e r  

E i g h t .

12 .  The b a c k g r o u n d  a d ju s tm e n t  p ro c e d u re

The b a c k g ro u n d  cu rve  was o f t e n  r e a s s e s s e d  a f t e r

l e a s t  s q u a r e s  r e f i n e m e n t ,  by  u s i n g  t h e  and  u .  . 

p a r a m e t e r s  and  t h e  s c a l e  f a c t o r s  a v a i l a b l e .

The programme '* a d j u s t  background* u s e d  t h e s e  

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

Xmoi ( s )  c u r v e ,  on t h e  same s c a l e  a s  each  u p h i l l  c u r v e ,  

a n d  f o r  t h e  same s v a l u e s .  S u b t r a c t i o n  o f  t h i s  from 

t h e  u p h i l l  d a t a  p ro d u c e d  an unsmooth c u rv e  which was 

t h e n  s u b j e c t e d  t o  a sm ooth ing  p r o c e d u r e  and  an 

im p ro v ed  b a c k g ro u n d  p ro d u c e d .  I n  t h e  p r e s e n t  work 

t h e  l a s t  b a c k g ro u n d  a d ju s tm e n t  p e r fo rm e d  i n v o l v e d  

h a n d s m o o th in g  a t  t h i s  s t a g e  t o  o b t a i n  t h e  b e s t  p o s s i b l e  

r e s u l t .

I m( s ) f u n c t i o n s  were c a l c u l a t e d  a s  b e f o r e  u s i n g

t h e  new b a c k g ro u n d  f u n c t i o n s  o b t a i n e d ,  and  t h e  p r o c e s s  

o f  r e c o m b i n a t i o n  r e p e a t e d .  T h i s  was f o l l o w e d  b y  

F o u r i e r  t r a n s f o r m a t i o n  and l e a s t  s q u a r e s  r e f i n e m e n t  

o f  t h e  combined ^m( s ) f u n c t i o n  a s  b e f o r e .

' I f  t h e  b a c k g ro u n d  was in d e e d  an  improved  one 
* i . e .  f rom t h e  u p h i l l  cu rve  c o r r e s p o n d i n g  t o  i t .
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t h i s  was r e f l e c t e d  i n  t h e  lo w e r  r e s i d u a l  and  l o w e r

e s t i m a t e d  s t a n d a r d  d e v i a t i o n s  output h y  t h e  l e a s t

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

* n o i s e  l e v e l  1 o f  t h e  F o u r i e r  t r a n s f o r m .

The whole  c y c l e  o f  o p e r a t i o n s  was r e p e a t e d  u n t i l

no f u r t h e r  improvement w a s - a c h i e v e d ,  and  t h e  K- .’s,* J
u 1 s, and s c a l e s ,  a l l  r e a c h e d  s t e a d y  v a l u e s .  At
t h i s  s t a g e  i f  t h e  r e s i d u a l  and  s t a n d a r d  d e v i a t i o n s  

w ere  r e a s o n a b l e ,  t h e  s t r u c t u r e  determination was 

assum ed  t o  he c o m p le t e ,  and  e r r o r s  were e s t i m a t e d  on 
t h e  i n d e p e n d e n t  R. .*s u s i n g  t h e  f o r m u l a ,J- J

The s e c o n d  te rm  i n  t h e  r o o t  s i g n  i s  i n t e n d e d  t o  t a k e  

i n t o  a c c o u n t  s o u r c e s  of s y s t e m a t i c  e r r o r .  The f i r s t

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

f o r  co m b in in g  e r r o r s .

The s y s t e m a t i c  e r r o r  a p p r o p r i a t e  t o  t h e  u ^ j  v a l u e s ,  

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

f a c t o r s  { see  C h a p t e r  F i f t e e n  ) which a f f e c t  a m p l i t u d e s ,  

a n d  i n  t h e  p r e s e n t  work t h e  r e p r o d u c i b i l i t y  f o r  t h e s e  

was a lw ay s  c a l c u l a t e d  a s  t h r e e  s t a n d a r d  d e v i a t i o n s .

reproducibility = (3d)2 *(Rjj/2000)2

t e r m  i s  t h r e e  t im e s  t h e  s t a n d a r d  d e v i a t i o n  ( o* ) .

The r e p r o d u c i b i l i t i e s  o f  t h e  d e p end en t  R ’ s ,  and
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CHAPTER FIVE 

CALCULATION 

R00T MEAN SQUARE AMPLITUDES

OF VIBRATION 

FROM SPECTROSCOPIC DATA

1 .  I n t r o d u c t i o n

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

a t h e o r e t i c a l  "background t o  t h e  f o r c e  c o n s t a n t  a n d  

r o o t  mean s q u a r e  a m p l i tu d e  c a l c u l a t i o n s  p r e s e n t e d  i n  

C h a p t e r s  S ix  t o  S i g h t .

The t h e o r y  g i v e n  "below i s  a p p l i c a b l e  t o  ha rm o n ic

v i b r a t i o n  o n l y ,  and  h a s  b e e n  m ere ly  o u t l i n e d ,  a s

d e t a i l e d  d i s c u s s i o n s  o f  t h e  v i b r a t i o n a l  p rob lem  a r e
62

a l r e a d y  a v a i l a b l e  i n  t h e  t e x t b o o k  by  W ilso n ,  D e c iu s
27 63-65

an d  C r o s s ,  t h e  monograph by  Cyv in ,  t h e  p a p e r s  b y

Morino e t  a l . , and  i n  a r e v ie w  a r t i c l e  by  R am bid i ,

Spiridonov and Alekseev.

2. An outline of the quantum mechanical and classical 
mechanical approaches to molecular vibration

I n  a quantum m e c h a n ic a l  ap p ro a ch  t o  t h e  m o l e c u l a r  

v i b r a t i o n  p ro b le m ,  i t  i s  n e c e s s a r y  t o  make t h e  Born  

O ppenheim er  a s s u m p t io n ,  and t o  r e g a r d  t h e  o v e r a l l  

m o l e c u l a r  wave f u n c t i o n  a s  s e p a r a b l e  i n t o  two f a c t o r s ,
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•one d e s c r i b i n g  t h e  e l e c t r o n i c  m o t io n ,  and t h e  o t h e r  

t h e  n u c l e a r  m o t io n .  I t  i s  a l s o  n e c e s s a r y  t o  make 

t h e  f u r t h e r  a s s u m p t io n  t h a t  t h e  n u c l e a r  wave f u n c t i o n  

may b e  s i m i l a r l y  f a c to re d *  and w r i t t e n  a s  a p r o d u c t  o f

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

v i b r a t i o n a l  m o t i o n s .  I n  t h i s  a p p r o x i m a t i o n ,  t h e  

v i b r a t i o n a l  p ro b lem  r e d u c e s  t o  c a l c u l a t i n g  t h e  wave

l e v e l s  I f  t h e s e  a r e  known, t h e n  th e  o b s e r v e d

i n f r a r e d  and Raman v i b r a t i o n a l  s p e c t r a  may be p r e d i c t e d ,  

an d  t h e  r o o t  mean sq u a re  a m p l i tu d e s  o f  v i b r a t i o n  

c a l c u l a t e d .

I n  t h e  c a s e  o f  m o le c u le s  f o r  which t h e  a s s u m p t io n s  

o u t l i n e d  above a r e  r e a s o n a b l y  v a l i d ,  t h e  p r o c e d u r e  o f  

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

f o l l o w s .  A c l a s s i c a l  ap p ro a ch  t o  t h e  p rob lem  i s  f i r s t  

made, and  t h e  r e s u l t s  o f  t h i s  t r e a t m e n t  a r e  u s e d  t o  

w r i t e  down a S c h r o d i n g e r  e q u a t i o n  f o r  t h e  c o r r e s p o n d i n g  

quantum m e c h a n ic a l  p rob lem .  T h i s  e q u a t i o n  i s  t h e n  

s o l v e d  f o r  t h e  and Syil) q u a n t i t i e s .

From t h e  c l a s s i c a l  p o i n t  o f  viev/ t h e  m o le c u le  may 

b e  assumed t o  be  e q u i v a l e n t  t o  a c o l l e c t i o n  o f  p o i n t  

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

c e r t a i n  r e s t o r i n g  f o r c e s .  A t o t a l  o f  3^ -6  c o o r d i n a t e s

t h r e e  t e r m s  f a r .

f u n c t i o n s c o r r e s p o n d i n g  e n e r g y
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a r e  n e ed e d  t o  d e s c r i b e  th e  v i b r a t i o n a l  m o t io n  i f  t h e

number o f  a toms i n  t h e  m olecu le  e q u a l s  N. T h i s  i s

t r u e  a s  s i x  c o n s t r a i n t s  must be  assumed t o  e n s u r e  t h a t

t h e  c e n t r e  o f  mass o f  t h e  sys tem  rem a in s  a t  r e s t ,  and

t h a t  t h e r e  i s  no p o s s i b i l i t y  o f  r o t a t i o n .  I n  a n

i n i t i a l  a p p ro a c h ,  a s e t  o f  C a r t e s i a n  m a s s - w e ig h te d

d i s p l a c e m e n t  c o o r d i n a t e s  ( see  r e f .  62 page 14 ) may

b e  a d o p te d ,  and i f  t h e  a s s u m p t io n  i s  made t h a t  a l l

a to m ic  d i s p l a c e m e n t s  from e q u i l i b r i u m  a r e  m in u te ,  t h e

k i n e t i c  and p o t e n t i a l  e n e r g i e s  o f  t h e  sys tem  may t h e n

b e  w r i t t e n  a s  q u a d r a t i c  fo rm s ( see  n e x t  s e c t i o n  ) ,  i n

t e r m s  o f  t h i s  c o o r d i n a t e  s e t .  A p p l i c a t i o n  o f  L a g r a n g e 1 s
66

e q u a t i o n s  o f  m o t io n  t o  t h e  p rob lem ,  l e a d s  t o  t h e  

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

v i b r a t i o n a l  e q u a t i o n s ,  may be  w r i t t e n  a s  a l i n e a r  

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

n o rm al  modes o f  v i b r a t i o n .  These  modes have t h e  p h y s i c a l  

s i g n i f i c a n c e ,  t h a t  t h e y  a r e  m o t io n s  i n  which  t h e  atoms 

o s c i l l a t e  a b o u t  t h e i r  e q u i l i b r i u m  p o s i t i o n s  w i t h  s im p le  

h a rm on ic  m o t io n ,  a l l  moving i n  p h a s e ,  w i t h  t h e  same 

f r e q u e n c y ,  b u t  w i t h  a m p l i t u d e s  which  v a r y  from atom 

t o  atom i n  t h e  m o le c u l e .  Each mode i s  t h u s  

c h a r a c t e r i s e d  by  a c e r t a i n  f r e q u e n c y  ("')), and t h e  

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

d e f i n e s  t h e  v a l u e s  which t h e s e  s o - c a l l e d  f u n d a m e n ta l



f r e q u e n c i e s  o f  v i b r a t i o n  may t a k e  on ,  f o r  any

p a r t i c u l a r  s e t  o f  m asse s ,  and r e s t o r i n g  f o r c e s .  The

t h e o r y  p r e d i c t s  t h a t  t h e s e  f r e q u e n c i e s  a r e  j u s t  t h e  
67

e i g e n v a l u e s  o f  a c e r t a i n  m a t r i x  o f  o r d e r  3N~6, The
67

c o r r e s p o n d i n g  e i g e n v e c t o r s  o f  t h i s  m a t r i x  d e t e r m i n e  

t h e  a m p l i t u d e s  o f  o s c i l l a t i o n ,  and hence  t h e  a c t u a l  

p h y s i c a l  fo rm s  o f  t h e  normal  modes.

The C a r t e s i a n  t r e a t m e n t  o u t l i n e d  above i s  

u n s a t i s f a c t o r y  i n  one r e s p e c t .  The f o r c e  c o n s t a n t s  

i n v o l v e d  i n  t h e  q u a d r a t i c  p o t e n t i a l  e n e rg y  e x p r e s s i o n  

have  no c h e m ic a l  s i g n i f i c a n c e ,  and  a r e  n o t  t h o s e  

d i s c u s s e d  i n  c h e m ic a l  l i t e r a t u r e .  To overcome t h i s  

d i f f i c u l t y  i t  i s  n e c e s s a r y  t o  make a l i n e a r

t r a n s f o r m a t i o n  o f  c o o r d i n a t e s  t o  a s e t  o f  3N-6 

i n d e p e n d e n t  i n t e r n a l  d i s p l a c e m e n t  v a l u e s ,  v/hich a r e  

c h a n g e s  i n  i n t e r a t o m i c  d i s t a n c e s  ( u s u a l l y  bo nd ed  

d i s t a n c e s  ) and  v a l e n c e  a n g l e s .  The f o r c e  c o n s t a n t s  

a p p e a r i n g  i n  t h e  new p o t e n t i a l  e n e rg y  e x p r e s s io n ,  i n  

t e r m s  o f  t h e s e  c o o r d i n a t e s ,  a r e  once ag a i n  t h e  e l e m e n t s  

o f  a m a t r i x  f , b u t  t h e  d i a g o n a l  e le m e n t s  o f  t h i s  m a t r i x  

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

t h e  s t r e n g t h  o f  c h e m ic a l  bo nd s .

One m a jo r  d i s a d v a n t a g e  o f  t h e  new t r e a t m e n t ,  

how ever ,  i s  t h a t  t h e  k i n e t i c  e n e r g y  e x p r e s s i o n  

a p p r o p r i a t e  t o  th e  i n t e r n a l  d i s p l a c e m e n t  c o o r d i n a t e s



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

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

m o l e c u l a r  geom etry  and a tom ic  m asse s ,  A new s e c u l a r  

e q u a t i o n  i s  o b t a i n e d  a s  b e f o r e ,  by  app ly ing ,  t h e  

L a g r a n g i a n  e q u a t i o n s  o f  m o t io n ,  and t h i s  e q u a t i o n  

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

a r e  t h e  e i g e n v a l u e s  o f  th e  g f  m a t r i x ,  and t h a t  t h e  

a m p l i t u d e s  a r e  g i v e n  by  th e  c o r r e s p o n d i n g  e i g e n v e c t o r s .

Because  t h e  o r d e r  o f  t h e  g f  m a t r i x  ( 3N-6 ) i s  

l a r g e  f o r  most  m o le c u l e s ,  i t  i s  n e c e s s a r y  t o  f a c t o r  

t h i s  a r r a y  i n t o  a b l o c k - d i a g o n a l  fo rm ,  by  l i n e a r l y  

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

a s e t  o f  s o - c a l l e d  symmetry c o o r d i n a t e s .  These  form 

a c o m p l e t e l y  r e d u c e d  r e p r e s e n t a t i o n  o f  t h e  m o l e c u l a r  

p o i n t  g r o u p ,  and i n  t e rm s  o f  them, t h e  G, F and GF 

m a t r i c e s ,  c o r r e s p o n d i n g  t o  g ,  f  and  g f  i n  t h e  above 

t r e a t m e n t ,  have  a s u i t a b l e  b l o c k - d i a g o n a l  fo rm .  Not 

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

b u t  a l s o ,  t h e  f r e q u e n c i e s  em erg ing  from e ach  b l o c k  

c o r r e s p o n d  t o  norm al  modes o f  v i b r a t i o n ,  which  b e l o n g  

t o  t h e  same symmetry s p e c i e s  a s  t h e  symmetry c o o r d i n a t e s  

o f  t h e  b l o c k  c o n c e rn e d .  Thus a c l a s s i f i c a t i o n  o f  t h e  

f u n d a m e n ta l  f r e q u e n c i e s  i s  a u t o m a t i c a l l y  de te rm i? iSd.

The t r e a tm e n t  g iv e n  so f a r  i s  in a d e q u a te  f o r  th e  

p u r p o s e s  o f  th e  Quantum m e c h an ica l  a p p ro a c h ,  and y e t



a n o t h e r  l i n e a r  t r a n s f o r m a t i o n  o f  c o o r d i n a t e s  must "be 

d e f i n e d .  T h i s  i s  from th e  s e t  o f  symmetry c o o r d i n a t e s ,

t o  a s p e c i a l l y  s i g n i f i c a n t  c o o r d i n a t e  s e t ,  t h e  s o - c a l l e d  

n o r m a l  c o o r d i n a t e s  ( t h e  QT s ) .  The t r a n s f o r m a t i o n  

i s  d e f i n e d  i n  such  a way, t h a t  n o t  o n ly  do t h e  s 

fo rm  a c o m p l e t e l y  r e d u c e d  r e p r e s e n t a t i o n  o f  t h e  m o l e c u l a r  

p o i n t  g ro u p ,  h u t  a l s o ,  t h e y  have t h e  p r o p e r t y  t h a t  t h e  

k i n e t i c  and p o t e n t i a l  e n e r g i e s  may he  w r i t t e n  i n  

e x t r e m e l y  s im p le ,  d i a g o n a l ,  q u a d r a t i c  fo rm s  i n  t e r m s  

o f  them .

A H a m i l t o n i a n  o p e r a t o r  can  he  w r i t t e n  a s  a f u n c t i o n

o f  t h e  norm al  c o o r d i n a t e s ,  and a c o r r e s p o n d i n g

S c h r o d i n g e r  e q u a t i o n  i s  i m m e d i a t e l y .d e f i n e d .  B ecause

o f  t h e  d i a g o n a l  n a t u r e  o f  t h e  e n e rg y  e x p r e s s i o n s ,  and

t h e  one t o  one c o r r e sp o n d e n c e  which  th e  normal

c o o r d i n a t e s  have w i t h  e ach  normal  mode and f r e q u e n c y ,

t h i s  S c h r o d i n g e r  e q u a t i o n  c an  he  f a c t o r e d  i n t o  3H-6

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

Q*s .  Each o f  t h e s e  s e p a r a t e  e q u a t i o n s  i s  of. t h e  l i n e a r

h a rm o n ic  o s c i l l a t o r  t y p e ,  and hence  i s  r e a d i l y  soT ub le

t o  g iv e  w a v e f u n c t i o n s  which a r e  t h e  s o - c a l l e dv>%
H e rm i te  o r t h o g o n a l  f u n c t i o n s  ( see  r e f .  62 page 37 ) .

The c o r r e s p o n d i n g  e n e rg y  e x p r e s s i o n s  a r e  ®vj^ = 5

I n  t h e  ahove e x p r e s s i o n s  k i s  a l a h e l ,  v .̂ j.s a quantum

number which  can  t a k e  on th e  v a l u e s  0 , 1 , 2  e t c . ,  and
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i s  t h e  c l a s s i c a l  f r e q u e n c y  o f  t h e  k t h  norm al  mode.

I t  f o l l o w s  from t h e  n a t u r e  o f  th e  S c h r o d i n g e r  e q u a t i o n  

c o n c e r n e d ,  t h a t  t h e  o v e r a l l  s o l u t i o n  to  i t ,  may h e

w r i t t e n  a s  a p r o d u c t  o f  t h e  3IT-6 (j/'fQ k )*
■ £

l e v e l s  a s  sums o f  t h e  3IT-6 Ev^*s .  Each e n e r g y  l e v e l

i s  t h u s  d e f i n e d  hy  3R-6 quantum num bers , and  i s  

e x p r e s s e d  i n  t e rm s  o f  th e  3U-6 c l a s s i c a l  v i b r a t i o n a l  

f r e q u e n c i e s .  I f ,  a s  i s  o f t e n  t h e  c a s e ,  some o f  t h e s e  

f u n d a m e n ta l  f r e q u e n c i e s  a r e  i d e n t i c a l ,  t h e n  d e g e n e r a t e  

v i b r a t i o n a l  l e v e l s  occur^ and t h e  f r e q u e n c i e s  c o n c e rn e d  

a r e  a l s o  c a l l e d  d e g e n e r a t e  ( t w o f o l d ,  t h r e e f o l d  e t c .  ) .

U s in g  w a v e f u n c t i o n s  d e r i v e d  i n  t h i s  way, i t  i s  

p o s s i b l e  t o  d e c id e  upon th e  s e l e c t i o n  r u l e s  which  g ove rn  

t r a n s i t i o n s  be tv /een  en e rg y  l e v e l s ,  and f o r  t h i s ,  t h e  

c a s e  o f  ha rm onic  v i b r a t i o n ,  i t  c an  be  shown ( see  r e f .

62 C h a p t e r  T hree  ) t h a t  th e  f r e q u e n c i e s  e x p e c t e d  

i n  t h e  i n f r a r e d  and  Raman v i b r a t i o n a l  s p e c t r a ,  a r e  

n o n e o t h e r  t h a n  t h e  c l a s s i c a l  fu n d a m e n ta l  v a l u e s .

F u r t h e r  c o n s i d e r a t i o n  o f  t h e  p o s s i b l e  t r a n s i t i o n s ^  

r e v e a l s 5t h a t  o n ly  t h o s e  f u n d a m e n ta l s  c o r r e s p o n d i n g  t o  

c e r t a i n  symmetry s p e c i e s  o f  t h e  m o le c u la r  p o i n t  g ro up ,
t

w i l l  be  i n f r a r e d  a c t i v e  o r  Raman a c t i v e .  The 

f a m i l i a r  r u l e  emerges t h a t  a mode o f  v i b r a t i o n  must 

i n v o l v e  a change i n  e l e c t r i c  d i p o l e  moment^ i f  i t  i s  

t o  b e  i n f r a r e d  a c t i v e ,  and a cgange i n  m o l e c u l a r
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p o l a r i s a b i l i t ^  i f  i t  i s  t o  "be Raman a c t i v e .

The c a l c u l a t i o n  o f  r o o t  mean sq u a re  a m p l i t u d e s  o f  

v i b r a t i o n  r e q u i r e s  use  o f  t h e  v i b r a t i o n a l  wave 

f u n c t i o n s  d i s c u s s e d  above,  t o  o b t a i n  e x p e c t a t i o n  

v a l u e s  f o r  s q u a r e s  o f  t h e  normal  c o o r d i n a t e s .  T h i s  

p ro b lem  w i l l  be  d e a l t  w i t h  i n  s e c t i o n  f i v e .  A 

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

d e s c r i b e d  q u a l i t a t i v e l y  above ,  f o l l o w s  i n  t h e  n e x t  

s e c t i o n .

3» The e q u a t i o n s  o f  normal  c o o r d i n a t e  a n a l y s i s  

L e t  s be  a column v e c t o r  c o n t a i n i n g  3R-6 

i n d e p e n d e n t  i n t e r n a l  d i s p l a c e m e n t  c o o r d i n a t e s .  I n  

t e r m s  o f  t h e s e  t h e  k i n e t i c  e n e rg y  o f  t h e  m o le cu le  ( T ) , 

and  t h e  p o t e n t i a l  e n e rg y  ( V ) , may be  v / r i t t e n ,

2T = (lMg"1)-(s) 5.1,

2V = (§/• 1- (§) 5-2,

Y/here t h e  m a t r i x  p f 1 i s  t h a t  d i s c u s s e d  i n  A ppend ix  

One, and must be  c a l c u l a t e d  from a knowledge o f  t h e  

m o l e c u l a r  geom etry ,  and a tom ic  m asses .  The m a t r i x  f . 

i s  t h e  f o r c e  c o n s t a n t  a r r a y  which d e f i n e s  t h e  n a t u r e  

o f  t h e  f o r c e  f i e l d  h o l d i n g  th e  atoms t o g e t h e r ,  and  

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



p ro b le m .

A p p l i c a t i o n  o f  th e  e q u a t i o n s  o f  L a g ra n g e ,  u s i n g  

t h e  e n e r g y  e x p r e s s i o n s  g iv e n  above ,  l e a d s  t o  a s e c u l a r  

e q u a t i o n  which  has  as  i t s  s o l u t i o n s  a s e t  o f  q u a n t i t i e s  

9 which  a r e  r e l a t e d  t o  t h e  f u n d a m e n ta l  f r e q u e n c i e s  

b y  t h e  e x p r e s s i o n  ^ k = ^ k / 2 ' r f  • T h i s  s e c u l a r  

e q u a t i o n  may be  w r i t t e n . i n  d e t e r m i n a n t a l  fo rm ,

g.f - EX | = o  5. 3,

where  E i s  t h e  u n i t  m a t r i x .  The e i g e n v e c t o r  a, o f  t h e  

g f  m a t r i x ,  c o r r e s p o n d i n g  t o  t h e  e ig e n v a l u e  i s

d e f i n e d  b y  t h e  f o l l o w i n g  s e t  o f  s i m u l t a n e o u s ,  

homogeneous l i n e a r  e q u a t i o n s ,

The v e c t o r  a p p e a r i n g  i n  t h i s  e x p r e s s i o n  i s  

u n d e t e r m i n e d  t o  t h e  e x t e n t  o f  an  a r b i t r a r y  m u l t i p l y i n g  

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

t h e  i n t e r n a l  d i s p l a c e m e n t  c o o r d i n a t e s ,  and  so p r o v i d e s  

a p h y s i c a l  d e s c r i p t i o n  o f  t h e  k t h  normal  mode.

The f a c t o r i s a t i o n  o f  t h e  above s e c u l a r  e q u a t i o n  

i s  a c h i e v e d  by  making th e  t r a n s f o r m a t i o n  o f  c o o r d i n a t e s ,

§ = u s  5.5

9 k



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

o n e ,  t h e  i n v e r s e  r e l a t i o n  may he  w r i t t e n ,

where U* i s  t h e  t r a n s p o s e  o f  t h e  m a t r i x  U. Here  t h e  

v e c t o r  S i s  a column v e c t o r  c o n t a i n i n g  a s e t  o f  3^ -6  

symmetry c o o r d i n a t e s .  The m a t r i x  U* may he  c o n s t r u c t e d

h y  f o l l o w i n g  t h e  p r i n c i p l e s  g iv e n  i n  C h a p te r  S ix  o f  

r e f e r e n c e  62 .

I n  t e r m s  o f  t h i s  new s e t  o f  c o o r d i n a t e s ,  t h e  

e n e r g y  e x p r e s s i o n s  become,

where t h e  m a t r i c e s  G and F a r e  r e l a t e d  t o  t h e  g  and f  

m a t r i c e s  o f  t h e  p r e v i o u s  t r e a t m e n t  h y ,

and  t h e  new s e c u l a r  e q u a t i o n  may he  v / r i t t e n  i n  t h e  

fo rm ,

S = u - s 5.6

5-7

5.8,

G = U.g.U 5.9,

F = U fU 5.10

G.F 0 5-11.
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The t r a n s f o r m a t i o n  o f  t h e  symmetry c o o r d i n a t e s  

t o  t h e  normal  c o o r d i n a t e s ,  can  "be d e f i n e d  "by a m a t r i x  

L a s  f o l l o w s ,

.§ = kQ- 5-12,
and  L i s  such  t h a t  th e  two e n e rg y  e x p r e s s i o n s  i n  t e rm s  

o f  t h e  no rm al  c o o r d i n a t e s  a r e ,

2T = ( q / e (Q) 5.13,

2 V = (QJ'a (a) 5,14,

where t h e  m a t r i x  A i s  a d i a g o n a l  m a t r i x  whose 

e l e m e n t s  a r e  t h e  ^  R v a lu e  s .

From t h e s e  e x p r e s s i o n s  f o r  t h e  e n e rg y  i t  c an  "be 

shov/n t h a t  t h e  columns o f  t h e  L m a t r i x  a r e  t h e  

e i g e n v e c t o r s  d e f i n e d  "by th e  e q u a t i o n ,

[ GE-  E l k l M k 11 I  5.15,
i f  t h e s e  a r e  n o r m a l i s e d  "by m u l t i p l y i n g  them "by a 

f a c t o r  K  g iv e n  "by,

= \ /
I t  i s  c l e a r  from e q u a t i o n s  5 .6  and 5 .1 2  a b o v e ^ t h a t  

t h e  t r a n s f o r m a t i o n  "between th e  i n t e r n a l  d i s p l a c e m e n t  

c o o r d i n a t e s  and t h e  normal  c o o r d i n a t e s  i s  g iv e n  "by,

s = (U.L)Q 5.17.

^ Ftt'AtkA tk 516-
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I t  s h o u ld  "be n o te d  t h a t  t h e  t r a n s f o r m a t i o n s  t o  

n o rm a l  c o o r d i n a t e s  a r e  no t  u s u a l l y  o r t h o g o n a l ,  and  hence  

m a t r i x  i n v e r s i o n  i s  r e q u i r e d  t o  p roduce  t h e  i n v e r s e  

r e l a t i o n s h i p *

6$
4 .  The i n c l u s i o n  o f  r ed u n d a n t  c o o r d i n a t e s

O f t e n ,  f o r  r e a s o n s  o f  symmetry, i t  i s  n e c e s s a r y  

t o  t r e a t  t h e  v i b r a t i o n a l  p rob lem  i n  t e rm s  o f  a number 

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

3N-6 .  T h i s  i n c l u s i o n  o f  dependen t  i n t e r n a l  

c o o r d i n a t e s  l e a d s  t o  c e r t a i n  c o n seq u en ces  when t h e  

L a g r a n g i a n  t r e a t m e n t  i s  a p p l i e d *  I f  e ac h  added  

d e p e n d e n t  c o o r d i n a t e  can  be  w r i t t e n  l i n e a r l y  i n  t e rm s  

o f  t h e  i n d e p e n d e n t  c o o r d i n a t e s ,  t h e n  i t  i s  p o s s i b l e  

t o  t r e a t  t h e  p rob lem  e x a c t l y  a s  b e f o r e ,  and  d e f i n e  £  

a n d  f  m a t r i c e s ,  whose o r d e r s  a r e  g r e a t e r  t h a n  3N -6 .

The r e s u l t i n g  g f  m a t r i x  nov/ h a s  a number o f  z e ro  

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

t h e  r e d u n d a n t  c o o r d i n a t e s  i n c l u d e d .  A n o th e r  

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

c o o r d i n a t e s ,  i s  t h a t  i n  such a c a s e ,  t h e  f  m a t r i x  

c o n t a i n s  r e d u n d a n t  f o r c e  c o n s t a n t s ,  and c a n n o t  be  

d e t e r m i n e d  u n i q u e l y .  I n  t h i s  c ase  an  i n f i n i t e  number 

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

t h e  same s e t  o f  fu n d a m e n ta l  f r e q u e n c i e s  o f  v i b r a o i o n ^
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T h i s  Deck o f  u n iq u e n e s s  does n o t  a p p ly  t o  a l l  o f  t h e  

^ i j  e ^ emen^ s » "but i s  c o n f i n e d  t o  th e  rows and  columns 

o f  t h e  a r r a y ,  whose c o r r e s p o n d in g  s. e l e m e n t s  a r e  

l i n e a r l y  r e l a t e d .

F o r  exam ple ,  i n  t h e  s p e c t r o s c o p i c  c a l c u l a t i o n s  

d e s c r i b e d  i n  C h a p te r  S ix  f o r  FCqo^ , one r e d u n d a n t  

c o o r d i n a t e  h a s  b e e n  i n c l u d e d .  I n  t h i s  c a s e ,  t h e  s i x  

a n g l e s  s u r r o u n d i n g  t h e  c h l o r i n e  atom a r e  n o t  i n d e p e n d e n t  

o f  o r i e a n o th e r ,  and ,  t o  an  a p p ro x im a t io n ,  t h e  

c o r r e s p o n d i n g  sm a l l  changes  i n  them, t h e  i n t e r n a l  

d i s p l a c e m e n t  c o o r d i n a t e s ,  a r e  c o n n e c te d  by  a s i n g l e  

l i n e a r  r e l a t i o n .  Hence one o f  t h e s e  d i s p l a c e m e n t  

c o o r d i n a t e s  i s  r e d u n d a n t ,  and  i t s  i n c l u s i o n  l e a d s  t o  

a  z e r o  e i g e n v a l u e ,  n u l l  e igenvector* ,  and z e r o  no rm al  

c o o r d i n a t e .  The ze ro  e ig e n v a l u e  o b t a i n e d ,  i s ,  how ever ,  

a  good ch ec k  on t h e  c o r r e c t n e s s  o f  t h e  g  and  G m a t r i c e s  

c a l c u l a t e d .

I n  t h e  FCIO^ a n a l y s i s ,  t h e r e  w i l l  c o n s e q u e n t l y  be  

a  l a c k  o f  u n i q u e n e s s  a t t a c h e d  t o  t h e  a n g le  b e n d i n g  

f o r c e  c o n s t a n t s  and  c o r r e s p o n d i n g  i n t e r a c t i o n  c o n s t a n t s .  

The e x t r a  r e d u n d a n t  c o o r d i n a t e  i s  n e c e s s a r y ,  h ow ever ,  

i f  t h e  p rob lem  i s  to  be  f a c t o r e d ,  by  t r a n s f o r m i n g  t o  

symmetry c o o r d i n a t e s ,  a s  f o r  t h i s  p u r p o s e ,  a l l  

s y m m e t r i c a l l y  e q u i v a l e n t  s e t s  o f  c o o r d i n a t e s  must be 

m a i n t a i n e d  i n t a c t .
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T here  a r e  i n  f a c t  methods a v a i l a b l e  f o r  

e l i m i n a t i n g  red u n d a n t  symmetry c o o r d i n a t e s  f rom t h e  

p ro b lem  ( see  r e f .  62 page 1U0 ) ,  and so o b t a i n i n g  

u n iq u e  P m a t r i c e s ,  b u t  i n  t h e  p r e s e n t  work no such  

e l i m i n a t i o n  was a t t e m p t e d ,  as  t h e  a n g le  b e n d in g  f o r c e

c o n s t a n t s  were n o t  r e q u i r e d  f o r  any p u r p o s e .

The f o r c e  f i e l d  was c a l c u l a t e d  t o  g iv e  good 

ag re em e n t  b e tw ee n  th e  o b s e r v e d  and t h e o r e t i c a l  

v i b r a t i o n a l  f r e q u e n c i e s ,  and o n ly  th e  s t r e t c h i n g  

f o r c e  c o n s t a n t s  were c o n s i d e r e d  t o  have a u n iqu e  

s i g n i f i c a n c e .

The r o o t  mean sq u a re  amp l i t u d e s  of  v i b r a t i o n  

L e t  r  be  a column v e c t o r  c o n t a i n i n g  a s e t  o f  

c h an g e s  i n  t h e  i n t e r a t o m i c  d i s t a n c e s ,  whose r o o t  mean 

s q u a r e  a m p l i tu d e s  o f  v i b r a t i o n  a r e  r e q u i r e d .  T h i s  

s e t  may be  w r i t t e n  i n  t e rm s  o f  t h e  in d e p e n d e n t  i n t e r n a l

d i s p l a c e m e n t  c o o r d i n a t e s ,  as  f o l l o w s ,

and hence  i n  t e rm s  o f  t h e  normal c o o r d i n a t e s  b y ,

27

r = X s 5.18,

I = (XUL)q 5-19,

o r

r = K& 5 . 2 0 .
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Brom t h i s  l a t t e r  r e s u l t  i t  i s  e v i d e n t  t h a t ,

i t  = KfQ.Q^K1 5.21,

where r r Ti s  a m a t r i x  c o n t a i n i n g  e l e m e n t s  o f  t h e  t y p e

v ±r y  and t h e  m a t r i x  §&* l i k e w i s e  c o n t a i n s  e l e m e n t s  o f  

t h e  form  Q .Q ..

I f  t h e s e  m a t r i c e s  a r e  r e p l a c e d  hy  a r r a y s  whose 

e l e m e n t s  a r e  t h e  c o r r e s p o n d i n g  a v e ra g e  v a l u e s  r . r  . 

and  ? t h e n  t h e  p r e v i o u s  e q u a t i o n  may he  w r i t t e n

i n  t h e  c o r r e s p o n d i n g  form,

F ?  = K ( 0 l ) K ’ 5 22 .

2
The u . . q u a n t i t i e s  a p p e a r i n g  i n  t h e  e q u a t i o n s  

o f  C h a p t e r  Two, a r e  d e f i n e d  hy  t h e  r e l a t i o n s h i p ,

u-jj = [R j j -R y ]2 5.23,

an d  i t  f o l l o w s  from t h i s ,  t h a t  t h e  d i a g o n a l  e l e m e n t s  
  2

o f  t h e  m a t r i x  r r * a r e  u . . v a l u e s  f o r  t h e  d i s t a n c e s
-L J

p r e s e n t  i n  r  .

The m a t r i x  QQ * may he  e v a l u a t e d  hy  f i n d i n g  t h e
2 .

a v e r a g e  v a l u e s  o f  and , a v e r a g e d  t h a t  i s ,  n o t

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

a l l  s t a t e s ,  p o p u l a t e d  a t  any t e m p e r a t u r e  a c c o r d i n g  t o  

t h e  Bol tzm ann  d i s t r i b u t i o n  f u n c t i o n .

F o r  any v i b r a t i o n a l  s t a t e ,  t h e  a v e r a g e ,  o r
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e x p e c t a t i o n  v a l u e  f o r  a f u n c t i o n  o f  t h e  Q* s ,  i s  g i v e n  

b y  t h e  i n t e g r a l ,
&

<f(Q)> = $Kibf(Q)Kib.dQ 5-24,
where  i n t e g r a t i o n  i s  o v e r  a l l  o f  t h e  3N-6 Q1 s* I f

- 2
t h e  f u n c t i o n  i s  s im p ly  th e  p r o d u c t s  Q .Q . o r  Q . , t h e n

l  j  i

t h e  i n t e g r a l  may b e  e v a l u a t e d ,  and a f u r t h e r
I

a v e r a g i n g  o v e r  a l l  l e v e l s  c a r r i e d  o u t ,  e ach  v a l u e  

f o r  a p a r t i c u l a r  v i b r a t i o n a l  s t a t e ,  b e i n g  w e ig h te d  

a c c o r d i n g  t o  t h e  Bol tzmann d i s t r i b u t i o n *

The r e s u l t s  o b t a i n e d  a r e  d i s c u s s e d ,  i n  r e f e r e n c e  

27 ,  and  f o r  a p o ly a to m ic  m o lecu le  t u r n  o u t  t o  b e ,

2 lQ: = (h /8tfV: 3. coth[ h/iv>j/2] 5.25,

Q.Q. = 0 5.26,
1 J

TheV^j t e rm  i s  t h e  c l a s s i c a l  fu n d a m e n ta l  f r e q u e n c y  

o f  v i b r a t i o n ,  and p  = l / k T  where T i s  t h e  a b s o l u t e  

t e m p e r a tu r e *

S u b s t i t u t i o n  o f  t h e s e  r e s u l t s  i n t o  t h e  gg*m a t r i x ,

and  c o n s i d e r a t i o n  o f  t h e  n a t u r e  o f  e q u a t io n .  5 - 2 2 ,  shows
~~o

t h a t  e a c h  o f  t h e  r :  q u a n t i t i e s  i s  g iv e n  b y ,

V3N~6
r f  = 2 K2.[h/8ivVk]coth[h/3V2] 5.27.

k = 1 ik
T h i s  e x p r e s s i o n  i s  t h e  b a s i c  fo rm u la  n e c e s s a r y  f o r
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c a l c u l a t i n g  mean sq u a re  a m p l i t u d e s  o f  v i b r a t i o n

from  s p e c t r o s c o p i c  d a t a .  The u .  . v a l u e s  a r e  o f
 1  ^

c o u r s e  t h e  sq u a re  r o o t s  o f  t h e  rg  t e rm s  above .  The 

K m a t r i x  and  t h e  k must be  c a l c u l a t e d  a c c o r d i n g  t o  

t h e  methods o f  normal  c o o r d i n a t e  a n a l y s i s  o u t l i n e d  i n  

p r e v i o u s  s e c t i o n s ,

6 .  The commit a t  i o n a l  -procedure a d o p te d

, I n  t h e  s p e c t r o s c o p i c  c a l c u l a t i o n s  d e s c r i b e d  f o r  

RClO^ and  HGIO^ i n  C h a p te r s  S ix  and Seven, t h e  t h e o r y  

d i s c u s s e d  i n  s e c t i o n s  two t o  f i v e  above ,  was a p p l i e d  

i n  t h e  f o l l o v / i n g  way.

As a f i r s t  s t e p ,  a m o le c u l a r  model was d e f i n e d  

b y  a s su m ing  a symmetry and geom etry ,  and the  a toms 

c o n s t i t u t i n g  t h i s  model were a s s i g n e d  i n t e g e r  number 

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

The methods o f  group t h e o r y  were n e x t  employed 

t o  d e c id e  t h e  symmetry s p e c i e s  o f  t h e  normal  modes o f  

v i b r a t i o n ,  and t o  d e te rm in e  which o f  t h e s e  modes 

o u g h t  t o  be  i n f r a r e d  a c t i v e  and which Raman a c t i v e .  

R e f e r e n c e s  t o  p u b l i s h e d  s p e c t r a l  d a t a  f o r  t h e  

m o le c u le  c o n c e rn e d  were t h e n  l o o k e d  up ,  and i f  t h e  

o b s e r v e d  v i b r a t i o n a l  f r e q u e n c i e s  were fo u n d  t o  be  

u n a s s i g n e d j o f  o n ly  p a r t i a l l y  a s s i g n e d ,  an  a t t e m p t  was 

made t o  i d e n t i f y  them w i t h  th e  f r e q u e n c i e s  e x p e c t e d  

f o r  t h e  m o le c u l a r  model assumed. ■ Once an a s s ig n m e n t
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o f  t h e  o b s e r v e d  f r e q u e n c i e s  h a d  b e e n  d e c i d e d  upo n ,  

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

f r e q u e n c y  v a l u e s  and  f o r c e  c o n s t a n t  m a t r i c e s .

To do t h i s  a c h o ic e  was f i r s t  made o f  a s u i t a b l e

s e t  o f  i n t e r n a l  d i s p l a c e m e n t  c o o r d i n a t e s  t o  d e s c r i b e  

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

c o m p l e t e l y  r e d u c e d  r e p r e s e n t a t i o n  o f  t h e  m o l e c u l a r  

p o i n t  g r o u p ^ b a se d  on t h e s e  c o o r d i n a t e s ,  i n d i c a t e d  

t h e  symmetry s p e c i e s  o f  any r e d u n d a n t  symmetry c o o r d i n a t e s  

l i k e l y  t o  be p r e s e n t .

The k i n e t i c  e n e rg y  m a t r i x  £  was t h e n  c a l c u l a t e d  

b y  com pu te^  u s i n g  t h e  programme d e s c r i b e d  i n  A ppend ix  

One, and  a t r i a l  f  m a t r i x  c o n s t r u c t e d ,  p a r t l y  by 

g u e ssw o rk ,  and  p a r t l y  by t r a n s f e r r i n g  f o r c e  c o n s t a n t s  

f ro m  o t h e r  s i m i l a r  m o le c u le s .

Because  o f  t h e  f a c t  t h a t  t h e  number o f  o b s e r v e d

v i b r a t i o n a l  f r e q u e n c i e s  was much l e s s  t h a n  t h e  

number o f  d i s t i n c t  e le m e n t s  o f  t h e  f  m a t r i x  t o  be  

d e t e r m i n e d ,  i t  was n e c e s s a r y  t o  make t h e  w e l l -k n o w n  

a p p r o x i m a t i o n  o f  v a l e n c e  f o r c e s  ( see  r e f .  6 2 ,

C h a p t e r  B ig h t  ) ,  and  t o  assume t h a t  most o f  t h e  o f f -  

d i a g o n a l  t e rm s  o f  t h e  p o t e n t i a l  e n e rg y  m a t r i x ,  c o u l d  

b e  s e t  e q u a l  t o  z e r o .  I n  c h o o s in g  t h e s e  z e ro  e lem ents^  

t h e  p o l i c y  was a d o p te d  o f  a l l o w i n g  th e  number o f  

n o n - z e r o  f o r c e  c o n s t a n t s  i n  t h e  m a t r i x ^ t o  e q u a l  t h e
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number o f  o b s e r v e d  f r e q u e n c i e s f and th e  v a r i a b l e  

c o n s t a n t s  were made up o f  t h e  d i a g o n a l  m a t r i x  e l e m e n t s  

p l u s  a s m a l l  number o f  c r o s s  t e r m s .

I n  p r a c t i c e  t h e r e  was a lw ays  a p rob lem  i n  

d e c i d i n g  which  c r o s s  te rm s  were most s i g n i f i c a n t ^  

a n d  s h o u l d  be  i n c l u d e d ,  and t h i s  p rob lem  was u s u a l l y  

d e a l t  w i t h  by  e x p e r i m e n t in g  w i t h  a number o f  t y p e s  

o f  f o r c e  f i e l d .  The one g i v i n g  b e s t  ag reem en t  b e tw e e n  

o b s e r v e d  and c a l c u l a t e d  f r a u e n c i e s  v/as f i n a l l y  c h o se n  

f o r  t h e  p u r p o s e s  o f  a m p l i tu d e  c a l c u l a t i o n s ^  and f o r c e  

c o n s t a n t  c o m p a r i s o n s .  T h is  somev/hat e m p i r i c a l  a p p ro a c h  

had. t h e  advantage^ t h a t  some measure  o f  t h e  a c c u r a c y  o f  

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

v a r i a t i o n ? a s  t h e  n a t u r e  o f  t h e  c h o sen  c r o s s - t e r m s  

was v a r i e d .

Once a t y p e  o f  f i e l d  had  b e e n  d e c id e d  upon and  

t r i a l  v a l u e s  h a d  b e e n  a s s i g n e d  t o  t h e  n o n - z e r o  v a r i a b l e  

f o r c e  c o n s t a n t s ^  t h e  g  and f  m a t r i c e s  were t r a n s f o r m e d  

t o  b l o c k - d i a g o n a l  form by  c o n s t r u c t i n g  symmetry 

c o o r d i n a t e s ,  and t h e  r e s u l t i n g  G£ m a t r i x  v/as s o l v e d  

b l o c k  b y  b l o c k  f o r  e ig en v a lu es^  and t h e  r e s u l t s  compared 

w i t h  t h e  e x p e r i m e n t a l  f r e q u e n c y  v a l u e s .

T h i s  p r o c e s s  o f  f  and F m a t r i x  c o n s t r u c t i o n ,  and  GF 

s o l u t i o n ^  was r e p e a t e d  i n  c y c l e s ,  w i t h  s y s t e m a t i c  

v a r i a t i o n  o f  t h e  e le m e n t s  o f  f , u n t i l  t h e  d i f f e r e n c e s
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■between o b s e r v e d  and c a l c u l a t e d  f u n d a m e n ta l s  h a d  b e e n  

r e d u c e d  t o  a minimum. T h is  f o r c e  f i e l d  v a r i a t i o n  

p r o c e d u r e  i s  d e s c r i b e d  i n  more d e t a i l  i n 'A p p e n d ix  T h r e e ,  

w h i l s t  t h e  e i g e n v a l u e s  programme u s e d  t o  s o lv e  t h e  

s e c u l a r  e q u a t i o n s ,  i s  d e s c r i b e d  i n  Appendix  Two.

Once a f i n a l  ty p e  o f  f o r c e  f i e l d  and c h o ic e  o f  

f o r c e  c o n s t a n t s  h a d  b e e n  d e c id e d  upon,  t h e  L 

t r a n s f o r m a t i o n  m a t r i x  was c a l c u l a t e d  from a s e t  o f  

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

f r e q u e n c i e s ,  and  t h e  m a t r ix  K, d e f i n e d  b y ,

k = XU L 5 - 28 ,

was d e te r m in e d  f o r  a s e t  o f  i n t e r a t o m i c  d i s t a n c e s  r ,  

whose u  v a l u e s  were r e q u i r e d .  These l a t t e r  were 

c a l c u l a t e d  a c c o r d i n g  t o  e q u a t i o n  5 .2 7  o f  t h e  p r e v i o u s  

s e c t i o n ,  t h e  t e m p e r a t u r e  assumed b e i n g  t h a t  o f  t h e  

e l e c t r o n  d i f f r a c t i o n  s tu d y .

These  methods were employed f o r  t h e  l a r g e r  

sy s te m s  such  a s  FGlO-^, b u t  f o r  t h e  XOX m o le c u le s  

d i s c u s s e d  i n  C h a p te r  E i g h t ,  a f u l l  f o r c e  f i e l d  was 

a lw ay s  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  and hence  a d i r e c t  

c a l c u l a t i o n  o f  t h e  a m p l i tu d e s  o f  v i b r a t i o n  was p o s s i b l e .  

The com puter  programme u s e d  t o  c a r r y  o u t  t h i s  com p le te  

t y p e  o f  a n a l y s i s ,  i s  d e s c r i b e d  i n  Appendix  P o u r .
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a c c u ra c y  o f  f o r c e c o n s t a n t s  

aM -gop t- .m ean  square  amul i t u d e s o f  v i b r a t i o n  

c a l c u l a t e d  by  t h e  above methods

The p rob lem  o f  e s t i m a t i n g  th e  a c c u ra c y  o f  f o r c e  

c o n s t a n t s  and  mean a m p l i tu d e s  o f  v i ' b r a t i o n ,  o b t a i n e d  

by  c a l c u l a t i o n s  o f  t h e  ty p e  d i s c u s s e d  ab ov e ,  i s  n o t  

a n  e a s y  one t o  s o lv e  i n  q u a n t i t a t i v e  t e r m s .  Numerous 

f a c t o r s  a r e  i n v o l v e d  i n  making t h i s  a s s e s s m e n t ,  and 

t h e s e  v a r y  c o n s i d e r a b l y  from one s i t u a t i o n  t o  a n o t h e r .  

F o r  exam ple ,  t h e  q u a l i t y ,  n a t u r e ,  and e x t e n t  o f  t h e  

a v a i l a b l e  e x p e r i m e n t a l  d a t a ,  v a r y  from m o le cu le  t o  

m o le c u l e ,  and  t h e  s i z e  and r i g i d i t y  o f  t h e  m o le c u le  

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

a norm al  c o o r d i n a t e  a n a l y s i s .  I n  a d d i t i o n  t o  t h e s e  

f a c t o r s ,  t h e  e r r o r  i t s e l f  v a r i e s  from p a r a m e t e r  t $  

p a r a m e t e r ,  d e p en d in g  on how w e l l  a p a r t i c u l a r  f o r c e  

c o n s t a n t  o r  a m p l i tu d e  i s  d e te r m in e d  by  t h e  e x p e r i m e n t a l  

d a t a ,  and  t o  what e x t e n t  i t  i s  a f f e c t e d  by  any 

a p p r o x i m a t i o n s  which have b e e n  made. D e s p i t e  a l l  t h i s ,  

i t  i s  p o s s i b l e  t o  make a few g e n e r a l  r e m a rk s ,  o f  a 

q u a l i t a t i v e  n a t u r e ,  which a r e  u s e f u l  as  g u i d e s  when 

d e a l i n g  v / i th  s p e c i f i c  c a s e s .

F i r s t l y ,  t h e  t h e o r y  o u t l i n e d  above i s  o n ly  

a p p l i c a b l e  t o  t h e  c a se  o f  a r i g i d  m o le c u le ,  u n d e rg o in g  

h a rm o n ic ,  o r  v e r y  n e a r l y  h a rm o n ic ,  v i b r a t i o n a l  m o t io n .
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I t  f o l l o w s  t h a t  p o o r  r e s u l t s  w i l l  he  o b t a i n e d ,  i f  

t h i s  t h e o r y  i s  a p p l i e d  to  a l o o s e l y  hound sy s te m ,  which 

u n d e rg o e s  anharm onic  m o t io n ,  and f o r  which t h e  

s e p a r a t i o n  o f  r o t a t i o n a l  and v i b r a t i o n a l  e n e r g i e s  i s  

a had  a p p r o x i m a t i o n .

S e c o n d ly ,  even  i f  th e  m o lecu le  i s  s u f f i c i e n t l y  

r i g id . ,  t h e  t e n d e n c y  f o r  t h e  number o f  d i s t i n c t  f  m a t r i x  

e l e m e n t s  t o  he  g r e a t e r  t h a n  t h e  number o f  o b s e r v e d  

d a t a ,  a  t e n d e n c y  which i n c r e a s e s  a s  th e  m o l e c u l a r  s i z e  

i n c r e a s e s ,  l e a d s  i n e v i t a b l y  t o  t h e  a s su m p t io n  o f  an  

a p p r o x i m a t e ,  s e m i - d i a g o n a l  f o r c e  f i e l d ,  and t h i s  

a s s u m p t io n  l i m i t s  t h e  p o s s i b i l i t y  o f  e v e r  a c h i e v i n g  

e x a c t  ag re em e n t  be tw een  o b s e r v e d  and c a l c u l a t e d  

fu n d a m e n ta l  f r e q u e n c i e s .  N e g le c t  o f  s i g n i f i c a n t  

o f f - d i a g o n a l  i n t e r a c t i o n  te rm s  i n  t h e  f  m a t r i x  c a n  

r e s u l t -  f rom  making such an a p p ro x im a t io n ,  and  t h i s  

n e g l e c t  may c au se  some o f  t h e  d i a g o n a l  f o r c e  c o n s t a n t s  

o b t a i n e d  t o  be s u b j e c t  to  c o n s i d e r a b l e  e r r o r s .  T h is  

i s  n o t  a t  a l l  s a t i s f a c t o r y ,  when i t  i s  r e c a l l e d  t h a t  

t h e s e  a r e  t h e  f o r c e  c o n s t a n t s  q u o ted  i n  ch em ic a l  

l i t e r a t u r e ,  a s  c h a r a c t e r i s t i c  o f  c h em ica l  b o n d s .

T h i r d l y ,  i f  r ed u n d a n t  c o o r d i n a t e s  a r e  i n c l u d e d  

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

o b t a i n e d ,  u s u a l l y  a n g le  b e n d in g  c o n s t a n t s ,  l a c k  a 

u n iq u e  s i g n i f i c a n c e ,  and a l t h o u g h  t h i s  i s  n o t  r e a l l y
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a s o u r c e  o f  e r r o r ,  i t  i s  a so u rc e  o f  u n c e r t a i n t y  

v/hich s h o u l d  he  h o rn e  i n  mind.

F i n a l l y ,  even  i n  t h e  c ase  o f  a f a i r l y  r i g i d  

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

b e  c o r r e c t e d  f o r  a n h a r m o n i c i t y , t o  th e  s o - c a l l e d  

1 m e c h a n ic a l  f r e q u e n c i e s  ' b e f o r e  b e in g  u s e d  i n  

c a l c u l a t i o n s .  Such c o r r e c t i o n  r e q u i r e s  d e t a i l e d  

s p e c t r a l  i n f o r m a t i o n ,  and t h i s  i s  no t  a lw ays  a v a i l a b l e .

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

m o le c u l e ,  f o r  which a g r e a t  d e a l  o f  i n f r a r e d  and Raman 

s p e c t r o s c o p i c  d a t a  have b e e n  o b t a i n e d ,  f o r  i n  such  a 

c a s e ,  t h e  f  m a t r i x  can  be c a l c u l a t e d  w i th  t h e  minimum 

amount o f  a p p r o x i m a t i o n .  T h i s  i s  p a r t i c u l a r l y  t r u e  

i f  t h e  s p e c t r a l  d a ta  i n c l u d e s  f r e q u e n c i e s  f o r  s e v e r a l  

i s o t o p i c  s p e c i e s ,  b u t  t h e  m o le c u l a r  s i z e  i s  a lw ays  

a l i m i t a t i o n ,  a s  t h e  number o f  d i s t i n c t  f . .  e l e m e n t s
M  J

i n c r e a s e s  r a p i d l y  w i t h  t h e  number o f  atoms p r e s e n t  i n  

t h e  sy s te m .  I n  t h e  p r e s e n t  work, t h e s e  i d e a l  

c o n d i t i o n s  were most n e a r l y  a c h i e v e d  i n  t h e  c a s e s  o f  

t h e  XOX a n g u l a r  symmetric  m o le c u le s  d i s c u s s e d  i n

C h a p te r  S i g h t ,  as  f o r  th e s e ,  f u l l  m a t r i x  p o t e n t i a l  

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

v i b r a t i o n a l  m o t io n  may be assumed t o  be  r e a s o n a b l y  

h a rm o n ic .

I n  l e s s  f a v o u r a b l e  s i t u a t i o n s ,  where s p e c t r a l  d a t a
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a r e  l i m i t e d ,  i n d i v i d u a l  c i r c u m s ta n c e s  must "be t a k e n  

i n t o  a c c o u n t ,  i n  e s t i m a t i n g  e r r o r s ,  • I n  t h e  c a s e s  

of* PClO^ and HCIO^, d i s c u s s e d  i n  C h a p te r s  S ix  and  

Seven ,  e r r o r s  were a s s e s s e d  "by c o n s i d e r i n g  t h e  

f o l l o w i n g  t h r e e  p o i n t s ,

F i r s t ,  t h e  agreem ent  "between th e  o b s e r v e d  and  

c a l c u l a t e d  f r e q u e n c i e s  f i n a l l y  a c h i e v e d ,  was u s e d  a s  

a  m easure  o f  t h e  v a l i d i t y  o f  t h e  ap p ro x im a te  f o r c e  

f i e l d  a d o p te d .

Second,  changes  i n  th e  d i a g o n a l  f o r c e  c o n s t a n t s  

were  n o t e d ,  a s  t h e  c h o ic e  o f  n o n -z e ro  o f f - d i a g o n a l  

m a t r i x  e l e m e n t s  was v a r i e d .  I n  t h i s  way a roiigh 

e s t i m a t e  was o b t a i n e d  o f  t h e  e r r o r s  l i a b l e  t o  be  

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

o f  n e g l e c t  o f  c r o s s - t e r m s  i n  t h e  f o r c e  f i e l d .

T h i r d ,  a com par ison  v/as made, where p o s s i b l e ,  

o f  t h e  f o r c e  c o n s t a n t s  and a m p l i tu d e s  o b t a i n e d ^ w i t h  

t h o s e  q u o te d  i n  t h e  l i t e r a t u r e ,  e i t h e r  f o r  t h e  same 

m o l e c u l e s ,  o r  f o r  c l o s e l y  s i m i l a r  sy s te m s .

The c o n c l u s i o n s  r e a c h e d  f o r  FClO^ and HCIO^ a r e

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

g e n e r a l  summary o f  t h e  r e l i a b i l i t y  and u s e f u l n e s s  o f

s p e c t r o s c o p i c  a m p l i t u d e s ,  may be  s t a t e d  a s  f o l l o w s .

F o r  c a l c u l a t i o n s  c a r r i e d  ou t  on sm a l l  t o  m ed iu m -s ize d  
m o le c u l e s  o f  t h e  ty p e  d i s c u s s e d  f o r  FClO^ and  HOlO^
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i t  seems t h a t  most o f  th e  a m p l i tu d e s  o b t a i n e d  a r e  a s  

a c c u r a t e ,  i f  n o t  more so ,  t h a n  c o r r e s p o n d i n g  e l e c t r o n  

d i f f r a c t i o n  v a l u e s .  T h is  t e n d s  t o  he  p a r t i c u l a r l y  

t r u e  o f  t h e  a m p l i tu d e s  c a l c u l a t e d  f o r  c h e m ic a l  b o n d s ,  

a s  t h e  e r r o r  s o u r c e s  p r e v i o u s l y  d i s c u s s e d ,  a f f e c t  t h e s e  

l e s s  t h a n  t h e y  do t h e  a m p l i tu d e s  o f  many t y p e s  o f  

' non -b o n ded  d i s t a n c e .

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

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

d i f f r a c t i o n i s t , a s  t h e y  may be  compared w i t h  c o r r e s p o n d i n g  

e l e c t r o n  d i f f r a c t i o n  r e s u l t s ,  o r  i n c l u d e d  a s  c o n s t a n t s

i n  l e a s t  s q u a r e s  r e f i n e m e n t s  o f  i n t e n s i t y  d a t a ,  . I n  

t h i s  l a t t e r  c a p a c i t y  t h e y  o f t e n  h e l p  t o  r e s o l v e  c l o s e l y  

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

c o r r e l a t e d  w i t h  a m p l i tu d e s  o f  v i b r a t i o n .

I t  may be  s a i d  i n  c o n c l u s i o n ,  t h a t  i f  e l e c t r o n

d i f f r a c t i o n  a m p l i tu d e  r e s u l t s  a r e  e v e r  t o  be u s e d  t o

make p r e c i s e  d e t e r m i n a t i o n s  o f  m o le c u la r  f o r c e  f i e l d s ,

t h e n  t h e y  w i l l  have  t o  be o b t a i n e d  i n  th e  f u t u r e  w i t h

a much .h ig h e r  a c c u r a c y  t h a n  t h e y  a r e  now, a s  e x p e r i e n c e

o f  normal  c o o r d i n a t e  c a l c u l a t i o n s  i n d i c a t e s  t h a t  t h e

a m p l i t u d e s  o f  bonded  d i s t a n c e s  a r e  f a i r l y  i n s e n s i t i v e

t o  sm a l l  changes  i n  th e  f  m a t r i x ,  i n s e n s i t i v e ,  t h a t  i s ,

b y  t h e  p r e s e n t  e r r o r  s t a n d a r d s  o f  a few t h o u s a n d t h s  o f  
o

an  Angstrom u n i t .
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CHAPTER SIX 

A 0 ALCUIATI PIT OF THE ROOT ME5AIT SQUARE 

AMPLITUDES OF VIBRATION OF 

PERCHLORYL FLUORIDE

1,  I n t r o d u c t i o n
69

As a r e s u l t  o f  t h e i r  i n f r a r e d  s tu d y  o f  g a s e o u s

p e r c h l o r y l  f l u o r i d e  ( FClO^ ) , L id e  and Mann c o n c lu d e d

t h a t  t h e  m o le cu le  h a s  t h e  C-, s t r u c t u r e  i n d i c a t e d  i n

f i g u r e  6 , 1 , and i n  a d d i t i o n ,  t h e y  o b t a i n e d  v a l u e s  f o r

t h e  s i x  f u n d a m e n ta l  f r e q u e n c i e s  o f  v i ' b r a t i o n  e x p e c t e d

f o r  such  a model .  T h e i r  c o n c l u s i o n  h a s  s u b s e q u e n t l y
70

b e e n  c o n f i r m e d  b y  a microwave i n v e s t i g a t i o n  , and  by  

t h e  e l e c t r o n  d i f f r a c t i o n  s tu d y  d e s c r i b e d  i n  C h a p te r  

E l e v e n  o f  t h i s  t h e s i s .

The c a l c u l a t i o n s  o f  t h e  p r e s e n t  c h a p t e r  were 

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

mean s q u a r e  a m p l i tu d e s  o f  v i b r a t i o n  o f  p e r c h l o r y l  

f l u o r i d e ,  t h e  t e m p e r a t u r e  assumed ( 2k3°  K ) b e i n g  t h a t  

e s t i m a t e d  f o r  t h e  gas  i n  t h e  d i f f r a c t i o n  e x p e r i m e n t ,

2 ,  The methods o f  c a l c u l a t i o n  a d o p te d

A norm al  c o o r d i n a t e  a n a l y s i s  was p e r fo rm e d  u s i n g  

a s  d a t a ,  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  o f  r e f e r e n c e  6 9 ,

and  s t r u c t u r a l  r e s u l t s  p ro d u ce d  a t  an  i n t e r m e d i a t e  

s t a g e  o f  t h e  e l e c t r o n  d i f f r a c t i o n  s tu d y .  The GF m a t r i x

111



PERCHLORYL FLUORIDE

( C model )

4-

fig. 6.1

112



m ethod ,  o u t l i n e d  i n  C h a p te r  F i v e ,  and d i s c u s s e d  i n  

d e t a i l  i n  r e f e r e n c e  62 , was employed, and  t h e  k i n e t i c  

e n e r g y  m a t r i x  £  was c a l c u l a t e d  "by com puter  f o r  t h e  G l ^  

s p e c i e s ,  u s i n g  t h e  programme p r e s e n t e d  i n  A ppend ix  One.

The f o r c e  c o n s t a n t  f  m a t r i x  was c o n s t r a i n e d  t o  "be semi

d i a g o n a l ,  and  t o  c o n t a i n  o n ly  s i x  n o n - z e r o  f o r c e  c o n s t a n t s ,  

such  c o n s t r a i n t s  "being n e c e s s a r y  i n  v iew  o f  t h e  l i m i t e d  

n a t u r e  o f  t h e  s p e c t r o s c o p i c  d a ta  a v a i l a b l e  ( s i x  

f r e q u e n c i e s  ) .  T h ree  d i s t i n c t  s e l e c t i o n s  were made 

f o r  t h e  n o n - z e r o  m a t r i x  e l e m e n t s ,  and f o r  each  o f  t h e

f o r c e  f i e l d s  so d e f i n e d ,  optimum v a l u e s  f o r  t h e  s i x  

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

v a r i a t i o n  p r o c e d u r e  o f  Appendix T h re e .  That  f i e l d  

p r o d u c i n g  f r e q u e n c i e s  i n  b e s t  agreem ent  w i t h  e x p e r i m e n t ,  

was f i n a l l y  a d o p te d ,  and i t s  e le m e n t s  u s e d  t o  c a l c u l a t e  

t h e  r o o t  mean sq u a re  a m p l i t u d e s  o f  v i b r a t i o n .

E i g e n v a l u e s  o f  t h e  GF m a t r i x  b l o c k s  were c a l c u l a t e d  

b y  t h e  method d e s c r i b e d  i n  Appendix  Two, and  e i g e n v e c t o r s  

were  computed u s i n g  a desk  c a l c u l a t i n g  m achine .

Root  mean sq u a re  a m p l i tu d e s  o f  v i b r a t i o n  f o r  t h e  

f o u r  d i s t i n c t  t y p e s  o f  i n t e r n u c l e a r  d i s t a n c e  p r e s e n t  i n

t h e  Ch. m odel ,  were c a l c u l a t e d  by  f i n d i n g  t h e
pv

t r a n s f o r m a t i o n  m a t r i x  K, r e l a t i n g  t h e  f o u r  i n t e r n a l  

d i s p l a c e m e n t  c o o r d i n a t e s  s p 2 ,:^1 3 , )̂U5, an<^ ^23  ̂ S6e 

f i g u r e  6 .1  ) t o  t h e  normal  c o o r d i n a t e s .  T h i s  was
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a c h i e v e d  by  o b t a i n i n g  t h e  l i n e a r  r e l a t i o n s h i p s  ( d e f i n e d  

h y  t h e  t r a n s f o r m a t i o n  m a t r ix  X o f  C h a p te r  F i v e  ) 

e x p r e s s i n g  t h e s e  c o o r d i n a t e s  i n  t e rm s  o f  t h e  s e t  o f  

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

t h e  v i b r a t i o n a l  m o t io n ,  and t h e n  a p p l y i n g  t h e  e q u a t i o n ,

K = XCJL , I n  t h i s  r e l a t i o n s h i p ,  t h e  m a t r i x  L ( s e e  

C h a p te r  F i v e  ) was c a l c u l a t e d  b y  n o r m a l i s i n g  t h e

e i g e n v e c t o r s  o f  t h e  GF m a t r i x ,  and  U d e f i n e s  t h e  

t r a n s f o r m a t i o n  t o  symmetry c o o r d i n a t e s  s  = US. The 

m a t r i x  X was o b t a i n e d  by  w r i t i n g  t h e  d i s t a n c e s  and 

i n  t e rm s  o f  t h e  i n t e r n a l  c o o r d i n a t e s  S ^  e t c , , 

l i s t e d  i n  t a b l e  6 . 3 , u s i n g  t h e  c o s i n e  r u l e  o f  

t r i g o n o m e t r y .  These  two e q u a t i o n s  were t h e n  

d i f f e r e n t i a t e d  to  o b t a i n  l i n e a r  r e l a t i o n s  e x p r e s s i n g

 ̂ an<  ̂ ^23  ̂ = ^ 2 3   ̂ *̂n  ^erm s 

e l e m e n t s  o f  s .  T h i s  p r o c e d u r e  i s  d e s c r i b e d  i n  more 

d e t a i l  i n  r e f e r e n c e  2 7 .

The a m p l i tu d e s  o f  v i b r a t i o n  were f i n a l l y  c a l c u l a t e d  

f rom  t h e  K m a t r i x  e l e m e n t s ,  by  a p p l y i n g  e q u a t i o n  5 .2 7  

o f  C h a p t e r  F i v e ,  and  assum ing  T = 243° K.

3.  R e s u l t s

The num ber ing  system u s e d  t o  l a b e l  t h e  atoms o f  

t h e  C^v model o f  p e r c h l o r y l  f l u o r i d e ,  i s  i n d i c a t e d  i n  

f i g u r e  6 . 1 . A d e s c r i p t i o n  o f  t h e  s i x  e x p e c t e d

l l l l -



fu n d a m e n ta l  modes o f  v i b r a t i o n  i s  g iv e n  i n  ta*ble 6 , 1 , 

t o g e t h e r  w i th  t h e i r  p o i n t  group symmetry s p e c i e s ,  and 

symbols  v^ t o  Vg f o r  t h e  c o r r e s p o n d i n g  norm al  f r e q u e n c i e s .  

N u m e r ic a l  v a l u e s  f o r  t h e s e  l a t t e r  were o b t a i n e d  f rom 

r e f e r e n c e  6 9 , and a r e  l i s t e d  i n  t a b l e  6 , 2 , They have  

n o t  b e e n  c o r r e c t e d  f o r  a n h a r m o n ic i t y ,  n o r  do t h e y  r e f e r

t o  a p a r t i c u l a r  i s o t o p i c  s p e c i e s ,  a s  t h e  s p e c t r a  o f  t h e
35 "570 1 ^ and  C 1 s p e c i e s  were n o t  r e s o l v e d .

The c h o ic e  o f  t e n  i n t e r n a l ,  and  i n t e r n a l  d i s p l a c e 

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

m o t io n ,  i s  shown i n  t a b l e  6 , 3 , The bond l e n g t h s  and 

v a l e n c e  a n g l e s  assumed i n  t h i s  t a b l e  v/ere o b t a i n e d  by  

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

E l e v e n ,  and  as  t h e r e  a r e  t e n  c o o r d i n a t e s  i n c l u d e d  i n  

t h i s  l i s t ,  and  o n ly  n in e  can  be  i n d e p e n d e n t  f o r  

p e r c h l o r y l  f l u o r i d e ,  one i s  r e d u n d a n t  ( see  C h a p te r  

F i v e  ) ,  S t r u c t u r e s  o f  c o m p l e t e ly  re d u c e d  r e p r e s e n t a t i o n s  

o f  t h e  C^v p o i n t  g ro u p ,  b a s e d  on v a r i o u s  c o o r d i n a t e  

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

i n  t a b l e  6.1+, I t  i s  e v i d e n t  f rom t h i s  t a b l e  t h a t  

t h e  r e d u n d a n t  i n t e r n a l  d i s p l a c e m e n t  c o o r d i n a t e  

i n c l u d e d  w i l l  g iv e  r i s e  t o  a r e d u n d a n t  symmetry 

c o o r d i n a t e  ( A l ) , when t h e  g f  m a t r i x  i s  f a c t o r e d .  I t

i s  a l s o  c l e a r  t h a t  such f a c t o r i s a t i o n  w i l l  l e a d  t o  a 

GF m a t r i x  c o n t a i n i n g  an Al b l o c k  o f  o r d e r  f o u r ,  and
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two E b l o c k s  o f  o r d e r  t h r e e .  The e i g e n v a l u e s  

b e l o n g i n g  t o  t h e s e  l a t t e r  two b l o c k s  w i l l  o f  c o u r s e  be. 

i d e n t i c a l ,  and one o f  t h e  Al e i g e n v a l u e s  w i l l  be  z e ro  

on a c c o u n t  o f  t h e  i n c l u s i o n  o f  t h e  Al r e d u n d a n t  

symmetry c o o r d i n a t e .  The symmetry c o o r d i n a t e  

t r a n s f o r m a t i o n  m a t r i x  IJf a p p e a r i n g  i n  S = II1 s  i s  shown i n  

t a b l e  6.5#

The n a t u r e  o f  t h e  u n f a c t o r e d  g  m a t r i x ,  c o n s i s t e n t  

w i t h  t h e  c h o ic e  o f  i n t e r n a l  d i s p l a c e m e n t  c o o r d i n a t e s  

mad.e i n  t a b l e  6 , 3 * i s  i n d i c a t e d  i n  t a b l e  6 . 6 , and  

n u m e r i c a l  v a l u e s  f o r  t h e  n o n - i d e n t i c a l  e le m e n t s  o f  t h i s  

m a t r i x ,  c a l c u l a t e d  by  com pute r ,  a r e  l i s t e d  i n  t a b l e  6 , 7 .

The f  m a t r i x  i s  o f  c o u rs e  i d e n t i c a l  t o  t h e  g  m a t r i x  

i n  fo rm ,  and  t h e  f i n a l  v a l u e s  o b t a i n e d  f o r  t h e  e l e m e n t s  

o f  t h i s  m a t r i x ,  and  t h e  f i n a l  c h o ic e  o f  n o n - z e r o  

e l e m e n t s ,  a r e  shown i n  t a b l e  6 , 8 ,

The form s o f  t h e  b l o c k - d i a g o n a l  Gr and  F m a t r i c e s ,  

an d  f o rm u la e  f o r  t h e  e le m e n t s  o f  t h e s e  m a t r i c e s  i n  t e rm s  

o f  t h e  e l e m e n t s  o f  t h e  g  and f  a r r a y s ,  a r e  g iv e n  i n  

t a b l e s  6 .9  and  6 . 1 0 .

V a lu e s  f o r  t h e  Al and E f r e q u e n c i e s  c a l c u l a t e d  by  

s o l v i n g  t h e  b l o c k s  o f  t h e  s e c u l a r  e q u a t i o n  | GF -  E /\ | = 0 ,  

u s i n ^  f o r  F t h e  f o r c e  c o n s t a n t s  o f  t a b l e  6 . 8 , a r e
69

compared w i th  t h e  v a l u e s  o f  L ide  and  Mann , i n  t a b l e  

6 . 1 1 , The K m a t r i x ,  d e s c r i b e d  i n  th e  p r e v i o u s  s e c t i o n
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i s  p r e s e n t e d  i n  a g e n e r a l  form i n  t a b l e  6 . 1 2 , and  t h e  

v a l u e s  c a l c u l a t e d  f o r  th e  e le m e n t s  o f  t h i s  m a t r i x ,  i n  

t a b l e  6 . 1 3 . Root  mean sq u a re  a m p l i t u d e s  o f  v i b r a t i o n ,  

c a l c u l a t e d  from t h e s e  m a t r i x  e l e m e n t s ,  a s sum ing  T = 2U3°K, 

a r e  l i s t e d  i n  t a b l e  6 , l l | ,  f o r  t h e  f o u r  d i s t a n c e s  

s e l e c t e d .

C o n s i d e r a t i o n  o f  t h e  v a r i a t i o n s  p ro d u c e d  b o t h  i n

t h e  d i a g o n a l  f o r c e  c o n s t a n t s ,  and  i n  t h e  a m p l i tu d e

v a l u e s ,  b y  a l t e r i n g  t h e  c h o ic e  o f  n o n - z e r o  T m a t r i x

e l e m e n t s  ( f o r  a d i s c u s s i o n  see  C h a p te r  F i v e  ) ,  l e d

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

t h e  C l -F  and C l -0  s t r e t c h i n g  f o r c e  c o n s t a n t s  a r e  ro u g h ly  
o

O.I4. and  0 ,5  mcl/A, r e s p e c t i v e l y ,  w h i l s t  t h e  a m p l i t u d e s

uC l  F 5 uC l - 0 9 u 0 0 9 and u0 F may 136 a s s i g n e d  t h e  
e r r o r  l i m i t s  0 .0 0 3 ,  0 ,0 0 2 ,  0 , 0 0 3 ,  and O.OOlj. A ,

r e s p e c t i v e l y .  I t  must be  e m p has ised ,  however ,  t h a t  

t h e s e  e r r o r  l i m i t s  a r e  n o t  b a s e d  on a p a r t i c u l a r l y  

r i g o r o u s  ty p e  o f  a n a l y s i s ,  b u t  a r e  e s s e n t i a l l y  e m p i r i c a l

an d  a p p ro x im a te ,

K* D i s c u s s i o n

A d i s c u s s i o n  o f  t h e  v i b r a t i o n a l  a m p l i tu d e s  

c a l c u l a t e d  w i l l  be  g iv e n  i n  s u b s e q u e n t  C h a p t e r s ,  v/hen 

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

hav e  b e e n  o b t a i n e d  f o r  o t h e r  s i m i l a r  m o le c u l e s ,  and
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f o r  FGlO-^ i t s e l f .  I t  i s  o f  i n t e r e s t ,  how ever ,  t o

compare t h e  c a l c u l a t e d  Cl-F and Cl~0 b o n d - s t r e t c h i n g

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

FGIO^, and  f o r  t h e  m o le c u le s  GIF and OlF^,,

The bond  l e n g t h  o f  c h l o r i n e  m o n o f lu o r id e  h a s  b e e n
71

a c c u r a t e l y  d e te r m in e d  b y  microwave s p e c t r o s c o p y  , and
o

an  r & v a l u e  o f  1 ,6281  A .o b t a i n e d .  The s i n g l e

f u n d a m e n ta l  f r e q u e n c y  o f  v i b r a t i o n  e x p e c t e d  f o r  GIF,

h a s  b e e n  e s t a b l i s h e d  by  Jo n e s  e t  a l , , a s  a r e s u l t  o f  a
72

s p e c t r o s c o p i c  s t u d y  , and c a l c u l a t i o n  o f  t h e  C l - F  . ■
—1s t r e t c h i n g . f o r c e  c o n s t a n t  u s i n g  t h e i r  v a lu e  o f  772 cm ,

o
l e d  t o  a r e s u l t  o f  32 md/A. T h i s  i s  i n  good

o
a g re em e n t  w i t h  t h e  s t r e t c h i n g  f o r c e  c o n s t a n t  o f  4 . 3 5  md/A 

p r e s e n t e d  i n  t a b l e  6 ,8  f o r  t h e  GIF bond i n  FClO^,
o

A s ,  how ever ,  t h i s  l a t t e r  bond  l e n g t h  i s  a b o u t  0 .0 1 5  A

s h o r t e r  t h a n  t h a t  fo u n d  i n  GIF i t s e l f ,  t h e  v a l u e  o f  
o

4 . 3 5  md/A fo u n d  f o r  p e r c h l o r y l  f l u o r i d e  must be  

p resu m ed  t o  be  s l i g h t l y  low.

C h l o r i n e  t r i f l u o r i d e  h a s  b e e n  t h e  s u b j e c t  o f  a
73

f a i r l y  a c c u r a t e  microwave s tu d y  by  Sm ith ,  and  o f
o

t h e  t h r e e  ClF bonds  p r e s e n t  one i s  1 .598  A l o n g ,  and
o

t h e  o t h e r  two have  a l e n g t h  o f  I .698  A. The s t r u c t u r a l  

r e s u l t s  o b t a i n e d  by  t h i s  i n v e s t i g a t i o n  have  b e e n  u s e d  

by  Long and J o n e s ,  who have c a r r i e d  o u t  f o r c e  c o n s t a n t
74

c a l c u l a t i o n s  f o r  ClF^., and have o b t a i n e d  ClF
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o
s t r e t c h i n g  f o r c e  c o n s t a n t s  o f  U.29 and 2 ,9 2  md/A , 

r e s p e c t i v e l y ,  f o r  th e  two d i s t a n c e s  q u o te d  above .

The f i r s t  o f  t h e s e  r e s u l t s  i s ,  a s  might  he hoped  from 

a c o n s i d e r a t i o n  o f  t h e  bond l e n g t h  i n v o l v e d ,  i n  good 

ag reem en t  w i th  t h e  f o r c e  c o n s t a n t  o b t a i n e d  f o r  

p e r c h l o r y l  f l u o r i d e .  The second  v a lu e  r e f e r s  o f  

c o u r s e  t o  a much l o n g e r  C l-F  d i s t a n c e ,  and i s
o

a c c o r d i n g l y  a good d e a l  s m a l l e r  t h a n  th e  U.35 md/A o f  

t h e  p r e s e n t  s t u d y .
75

A v a lu e  h a s  b e e n  o b t a i n e d  by  R ob inson ,  f o r  t h e

0 1 -0  s t r e t c h i n g  f o r c e  c o n s t a n t  o f  FOlO^, u s i n g  a

s i m p l e r  ty p e  o f  c a l c u l a t i o n  t h a n  t h a t  a d o p te d  i n  t h e
o

p r e s e n t  work.  R o b in so n ’ s v a l u e  i s  9 .8 2  md/A which  i s

i n  r e a s o n a b l e  ag reem ent  w i th  t h e  r e s u l t  g iv e n  i n  t a b l e  
o

6 .8  o f  9 . 3  md/A, when t h e  e r r o r s  a p p r o p r i a t e  t o  t h e  

two r e s u l t s  a r e  t a k e n  i n t o  a c c o u n t .  Prom t h e  n a t u r e  

o f  t h e  c a l c u l a t i o n s  c a r r i e d  o u t ,  i t  may be  assumed 

t h a t  t h e  9 .3  v a lu e  i s  t h e  more r e l i a b l e .

No comment o r  com par ison  w i l l  be  made f o r  t h e  

o t h e r  n o n - z e r o  c o n s t a n t s  i n c l u d e d  i n  t h e  q u a d r a t i c  

p o t e n t i a l  f u n c t i o n ,  a s  n o t  o n ly  a r e  t h e y  f a i r l y  

i n a c c u r a t e ,  b u t  t h e y  p r o b a b ly  l a c k  t h e  t r a n s f e r a b i l i t y  

o f  s t r e t c h i n g  f o r c e  c o n s t a n t s .
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TABLE 6 .1  

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

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

o f  p e r c h l o r y l  f l u o r i d e  ( model )

Mode Symbol Symmetry

s p e c i e s

C l - 0  s t r e t c h v l Al

C l -F  s t r e t c h v2 Al

G10 -, b en d
. D v3 Al

C l - 0  s t r e t c h vh E

CIO- b e n d v5 E

ro c k v 6 E

. . . . .  . . . . .

N ote ;  a l l  f r e q u e n c i e s  a r e  i n f r a r e d  and 
Raman a c t i v e .



TABLE 6 .2  

The o b s e r v e d  

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

f o r  p e r c h l o r y l  f l u o r i d e  

( r e f .  69 )

f r e q u e n e y
•1

o b s e r v e d  v a l u e  ( era" )

v l 1061

v 2 715

v3 5k9

vU 1315

v5 589

v 6 h05
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TAELS 6.-5 

The c h o ic e  o f  i n t e r n a l  c o o r d i n a t e s  

and  i n t e r n a l  d i s p la c e m e n t  c o o r d i n a t e s  

f o r  FC10-,

( one redundancy  )

i n t e r n a l
c o o r d i n a t e

v a lu e
assumed

c o r r e s p o n d i n g  
d i s p la c e m e n t  
c o o r d i n a t e

S12 1 .6 1 0  % s 12

R13
1 .^02  A r 13

Rl ^
tl

r l ^

R15
II

r 15

G3h 1 1 5 .1 ° s 3k

G35
II

g 35

\ 5
tl

eh5

' B23
1 0 3 .0 ° B23

B2U
tl

b 2U

B25
It

t>25
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TABLE 6 . h  

S t r u c t u r e s  o f  r e p r e s e n t a t i o n s  

o f  t h e  C-^y p o i n t  group 

"based on v a r i o u s  c o o r d i n a t e  s e t s

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

The C a r t e s i a n  d i s p la c e m e n t  
c o o r d i n a t e s 3A1 + 3S

The t e n  cho sen  i n t e r n a l  
c o o r d i n a t e s 1|A1 + 3S

The red u n d a n t  symmetry 
c o o r d i n a t e Al

s 12 Al

r 13 r lU r 15
Al + E

B3b  s 35 Bh5
Al + E

* 2 3  * 2 k  * 2 5
A l + E

* The s p e c i e s  o f  t h e  s i x  t r a n s l a t i o n  and 
r o t a t i o n  modes have "been s u b t r a c t e d .



TABLE 6 . 5 

The symmetry c o o r d i n a t e  

t r a n s f o r m a t i o n

12

SI

S2Al

S10

N ote :  The m a t r i x  shown above i s  t h e  U* m a t r i x  o f
C h a p te r  F i v e .  A l l  m i s s i n g  e l e m e n t s  a r e  z e r o .



TABLE 6 .6  

The n a t u r e  o f  t h e  .g m a t r i x

S12 r 13 Tl k r 15 g3^ g35 g i i 5

C\J
p 

; ^25

S12 g l g2 & g2 g3 g3 g3 gU g^ gU

r 13 g5 g6 g6 g7 g7 g8 g9 gio gio

r l b g5 g6 g? g8 g7 gio g9 gio

r l5 g5 ' g8 g7 g7 gio gio g9

g 3 k g l l g!2 gl2 g l3 g l3 g'JA

g35 g l l gl2 gl3 glU gl3

z b5
g l l glJ+ g l3 g l3

rACM gl5 gl6 gl6

g!5 gl6

t>25 gl5

N ote :  f o r  t h e  e le m e n t s  o f  t h e  f  m a t r i x  change g t o  f
at>ove e x c e p t  i n  t h e  c a se  o f  t h e  d i s p l a c e m e n t  
c o o r d i n a t e s .
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TABLE 6 .7

Calculated values for the elements 
of the g matrix

element value

gl 0.081203
g2 -O.OO6I4.23

g3 0 .01W 10

gU -0.019858

g5 0.091071
g6 -0.012120

g7 -0.0l8Ij.55
g8 0.027192

g9 -0.017293
gio 0.0153̂ 4-2

gll 0.10l}.997
gl2 -0.033226

gl3 -0.0093U9
gl*4- -0.03UU21

gl5 0.083357
gl6 -0.005075
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TABLE 6 .8  

The f i n a l  v a l u e s  a d o p te d  

f o r  t h e  e le m e n t s  

o f  t h e  f  m a t r i x

e le m e n t d e s c r i p t i o n v a l u e

fl C l-F  s t r e t c h i n g  c o n s t a n t  (md/X) k .3 5

f 2 G l - F ,G l - 0  s t r e t c h - s t r e t c h i  
i n t e r a c t i o n  c o n s t a n t  (md/A) - 0 . 2 5

f3 0 .0 0

tk O l - F , 0 - G l - P  s t r e t c h - h e n d  
i n t e r a 9 t i o n  c o n s t a n t  
( X 10J d y n e / r a d  ) 0.55

£5 C l-0  s t r e t c h i n g  c o n s t a n t  (md/£) 9.30
f6 0 .0 0

f7 0 .0 0

f8 0 .0 0

f9 0 .0 0

fio 0 .0 0

f  11 ■ 0 -C1 - 0 n"bending c o n s t a n t  
( X 10 xe r g / r a d  ) 1.95

f  12 0 .0 0

fl3 0 .0 0

flU 0 .0 0

£15 O-Cl-F L en d in g  c o n s t a n t  
( X 10 e r g / r a d  ) 1 .6 0

fl6 0 .0 0
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TABLE' 6 .9

The form o f  t h e  " b lo ck -d iag o n a l  G m a t r i x

SI S2 S3 Slf. S5 S6 S7 S8 S9 S10

SI ' Gll G12 G13 Gll*. 0 0 0 0 0 0

S2 G22 G23 G2U 0 0 0 0 0 0

S3 G33 G3I4. 0 0 0 0 0 0

su Q k k 0 0 0 0 0 0

S5 G35 G56 G57 0 0 0

S6 G66 G67 0 0 0

S? G77 0 0 0
S8 G88 G89 G8,10

S9 G99 <*9,10
S1G GIO,10

Note :  F o r  t h e  m a t r i x  F change G t o  F a t o v e .
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TABLE 6>10 

The e le m e n t s  o f  t h e  " b lo c k -d ia g o n a l  

G m a t r i x  

i n  t e rm s  o f  g m a t r i x  e le m e n t s

e le m e n t e x p r e s s i o n e lem en t e x p r e s s i o n

G l l g l G56 g8 -  g7

G12 73g2 G57 g9 -  glO

G13 /3g3 G66 g l l -  g l2

GlU. I 3 sk G67 g lh ~  g l 3

G22 g5 + 2g6 G77 g l 5 -  g l 6

G23 g8 + 2g7 G88 g5 -  g6

G21). 2gl0+ g9 G89 g8 -  g7

G33 g l l +  2g l2 G8,10 g lO -  g9

G3U 2gl3+ gll* G99 g l l -  g l 2

G l* gl5+ 2 g l6 G9,10 g l 3 -  g l ^

G55 g5 -  g6 GIO,10 g l 5 -  g l6

Note :  Nor t h e  c o r r e s p o n d i n g  P e le m e n t s  change
G and g above t o  P and f  r e s p e c t i v e l y .
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TABLE 6 ,1 1  

A com par ison  o f  

c a l c u l a t e d  and o b s e r v e d  

v i b r a t i o n a l  f r e q u e n c i e s  

f o r  p e r c h l o r y l  f l u o r i d e

f r e q u e n c y o b s e rv e d
v a lu e
(cm"1 )

c a l c u l a t e d
v a lu e
(cm"S)

v l 1061 1060

v2 715 713

v3 51+9 501j.

v k 1315 1323

v5 589 6 l i

v6 14-05 1+52



TABLE 6 .1 2  

The K m a t r i x  f o r  f o u r  k i n d s  

o f  i n t e r n u c l e a r  d i s t a n c e  p r e s e n t  i n  F 0 I 0 V

r Q1 Q2 Q3 Oh Q5 Q 6 Q7 Q8 Q9 Q10

s 12 ELI EL2 EL3 0 0 0 0 0 0 0

r 13 K21 K22 K23 0 K25 K26 K27 0 0 0

K31 K32 K33 0 K35 K36 K37 0 0 0

q23 Khl Kh 2 KU3 0 Ki+5 KI4.6 Kl+7 0 0 0

Note : Qi| i s  t h e  r e d u n d a n t  ( z e r o )  norm al  c o o r d i n a t e .



TABLE 6 C15

C a l c u l a t e d  v a l u e s  f o r  t h e  K m a t r i x  e l e m e n t s

e le m e n t c a l c u l a t e d  v a l u e

K l l 0 .1 0 6 8 3

K12 0 . 26J+02

K13 0.00899

K21 -O.l l i .507

K22 0.031457

K23 -O.OO631

K25 0 .2 59 8 7

K26 0 .0 33 8 5

K27 O.OIO63

K31 - 0 .2 1 7 2 0

K32 0 .09069

K33 -O.O8l4.5i

K35 - 0.1061414

K36 - 0 .2 2 5 8 7

K37 0.012814

KU-1 - 0.068114

Kk2 0 .18608

KU3 0 .12868

m 5 0 .10388

K!+6 0 .05562

10+7 0 ,2 1 3 2 1
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TABLE 6.114- 

The c a l c u l a t e d  

r o o t  mean sq u a re  a m p l i tu d e s  o f  v i b r a t i o n  

f o r  FC10,  a t  214-3° K

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

c a l c u l a t e d  
u  v a lu e  (X)

S12 0.0143

R1 3 , l U ,1 5 0 .0 3 6

Pk 5 ,3 b ,3 5 0 .0 5 3

Q23,2l4,25 0 .0 6 1
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CHAPTER SEVEN 

4  calculation  OF THE ROOT MEAN SQUARE 

.AMPLITUDES OF VIBRATION OF 

PERCHLORIC ACID

1 , I n t r o d u c t i o n

F a i r l y  d e t a i l e d  f o r c e  c o n s t a n t  c a l c u l a t i o n s  have

a l r e a d y  "been p u b l i s h e d  f o r  p e r c h l o r i c  a c i d  (HClO, ) hy  
76 .

S i e b e r t  i n  195^ , "but t h e  a c c u ra c y  o f  h i s  a n a l 3rs i s  was

l i m i t e d  "by th e  a p p ro x im a te  n a tu r e  o f  th e  s t r u c t u r a l  and

s p e c t r o s c o p i c  d a ta  a v a i l a b l e  f o r  th e  m o lecu le  a t  t h a t

t im e ,  and  no a t t e m p t  was made to  c a l c u l a t e  r o o t  mean

s q u a re  a m p l i tu d e s  o f  v i b r a t i o n *

I n  1959 an  e l e c t r o n  d i f f r a c t i o n  s tu d y  o f  g a se o u s
' 7 7

p e r c h l o r i c  a c i d  made b y  A k is h in  e t  a l , ,  e s t a b l i s h e d  

t h e  C^y symmetry o f  t h e  CIO^ s k e l e t o n ,  and  o b t a i n e d  

ro u gh  d im e n s io n s  f o r  t h i s  p a r t  o f  th e  m o le c u le .  These 

r e s u l t s  have  s u b s e q u e n t ly  b e e n  r e f i n e d  by  th e  more 

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

d e s c r i b e d  i n  C h a p te r  Ten o f  th e  p r e s e n t  w ork. N e i th e r

s t u d y ,  how ever ,  d e te rm in e d  th e  c o n fo rm a t io n ,  o r

i n t e r n a l  m o tio n ,  o f  th e  h y d ro g en  atom .

I n  1961, G igu ere  and  S avo ie  su p p lem en ted  th e  
78

e x i s t i n g  Raman d a ta  a v a i l a b l e  f o r  p e r c h l o r i c  a c i d ,
79

b y  p u b l i s h i n g  a d e t a i l e d  i n f r a r e d  s tu d y  o f  HClO^ and

13^



PERCHLORIC ACID 

( Cs model )

G
H

0

X

0

f i g .  7 .1
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DOlO^, They r e c o r d e d  s p e c t r a  f o r  th e  a c i d  i n  a l l  

t h r e e  p h y s i c a l  s t a t e s ,  and a s s i g n e d  t h e  m easu red  

f r e q u e n c i e s  i n  te rm s  o f  a m o le c u la r  model h a v in g  Gs
sym m etry , and  c o n s i s t i n g  o f  a t e t r a h e d r a l  s k e l e t o n ,  

w i th  an  a t t a c h e d  h y d rog en  atom* T h is  l a t t e r  was 

assum ed  to  h e  e i t h e r  s t a g g e r e d  o r  e c l i p s e d  w i th  r e s p e c t  

t o  t h e  oxygen atom s o f  th e  sy m m etr ica l  ClO^ g ro u p ,  h u t  

t h e  i n f r a r e d  s tu d y  d id  n o t  d i s t i n g u i s h  b e tw ee n  t h e s e

two . p o s s i b i l i t i e s .  One o f  them , t h e  s t a g g e r e d  

c o n fo r m a t io n ,  i s  shown s c h e m a t i c a l l y  i n  f i g u r e  7*1*

The f o r c e  c o n s t a n t  c a l c u l a t i o n s  d i s c u s s e d  b e lo w  

w ere u n d e r t a k e n  to  o b t a i n  s p e c t r o s c o p ic  v a l u e s  f o r  t h e  

r o o t  mean s q u a re  a m p l i tu d e s  o f  v i b r a t i o n  o f  t h e  m o le c u le ,  

t h e  t e m p e r a tu r e  assum ed (3 08°K ), b e in g  t h a t  e s t im a t e d  

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

i n v e s t i g a t i o n  o f  C h a p te r  Ten,

2 ,  The m ethods o f  c a l c u l a t i o n  a d o p te d

I n s t e a d  o f  a p p ly in g  t h e  m ethods o f  norm al

.c o o r d in a te  a n a l y s i s  t o  th e  co m ple te  C model o f  f i g u r es
7 . 1 ,  i t  was d e c id e d  t o  s i m p l i f y  t h e  s e c u l a r  e q u a t io n  

b y  c o n s i d e r i n g  th e  v i b r a t i o n s  o f  t h e  ClO^ s k e l e t o n  

a l o n e .  T h is  was a c h ie v e d  by  t r e a t i n g  t h e  OH group  

a s  a s i n g l e  p o i n t  mass X, an  a p p ro x im a t io n  which was 

a l s o  made b y  S i e b e r t  i n  h i s  c a l c u l a t i o n s ,  and  vrtiich
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assum es a s e p a r a t i o n  o f  th e  h ig h  f r e q u e n c i e s  o f  v i b r a t i o n  

o f  t h e  l i g h t  h y d ro g en  atom from  th e  lo w er  f r e q u e n c i e s  

o f  th e  ClO^ sk e le to n *  • I t  i s  j u s t i f i e d  i n  a d i s c u s s i o n  

g iv e n  i n  C h a p te r  F o u r  o f  r e f e r e n c e  6 2 *

The HClO^ m o lecu le  was t h e r e f o r e  t r e a t e d  a s  an  

XClO^, system  s i m i l a r  to  p e r c h l o r y l  f l u o r i d e ,  and

a s p e c i a l  c o r r e l a t i o n  p ro c e d u re  c a r r i e d  o u t  when 

c h o o s in g  v a l u e s  f o r  th e  s i x  fu n d a m e n ta l  f r e q u e n c i e s  o f  

v i b r a t i o n  ( 3A1+3F ) ,  a p p r o p r i a t e  to  such a model* T h is  

n e c e s s i t y  a r i s e s  a s  fo l lo w s*  S ince  HCIO^ i s  n o t  an 

XC10x s t r u c t u r e ,  b u t  h a s  i n  f a c t  C symmetry, th e  t h r e eJ 3
d e g e n e r a te  E f r e q u e n c i e s  e x p e c te d  f o r  th e  C^v  s k e l e t a l  

m odel ( see  C h a p te r  S ix  ) ,  a r e  i n  r e a l i t y  s p l i t  i n t o  

t h r e e  p a i r s  o f  c l o s e l y  s i m i l a r  v a lu e s*  I t  fo llo v^s  

t h a t  th e  o b se rv e d  i n f r a r e d  sp ec trum  o f  p e r c h l o r i c  a c i d  

c o n t a i n s  tw e lv e  d i s t i n c t  fu n d am e n ta l  f r e q u e n c i e s  o f  

v i b r a t i o n  ( SA’ hIiA** ) 9 and  t h a t  o f  t h e s e ,  n in e  

( 6At +3A! l  ) ,  and  n o t  s i x ,  c o r r e s p o n d  to  m o tio n s  o f  t h e

010^  s k e le to n *  B e fo re  an  a p p ro x im a te  C^v t r e a tm e n t

o f  t h e  m o le c u le  c o u ld  b e  a t t e m p te d ,  i t  was t h e r e f o r e

n e c e s s a r y  t o  c o n s i d e r  th e  n in e  A* and A** s k e l e t a l
79

f r e q u e n c i e s  p u b l i s h e d  by  O-iguere and  S avo ie  f o r  th e

C s t r u c t u r e ,  and  to  c a l c u l a t e  from  t h e s e ,  t h r e e  E and s ■ 7
t h r e e  A l v a lu e s  f o r  th e  XClO^ m odel. The E f r e q u e n c i e s  

were o b t a i n e d  by  a v e r a g in g  th e  two members o f  each
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A* ,A*f p a i r ,  s p l i t  a p a r t  "by th e  p re s e n c e  o f  th e

v i b r a t i n g  h y d ro gen  atom , w h i l s t  t h e  Al f r e q u e n c i e s

c o r r e s p o n d e d  to  th e  re m a in in g  t h r e e  A* f u n d a m e n ta l s .

Once t h i s  p r o c e s s  h ad  b e e n  c a r r i e d  o u t ,  and s i x

* o b s e r v e d  1 f r e q u e n c i e s  e s t im a t e d  f o r  t h e  XC10 m odel,
3

i t  was p o s s i b l e  to  p ro c e e d  e x a c t l y  a s  d e s c r i b e d  f o r  

FGIO^ i n  C h a p te r  S ix ,  S t r u c t u r a l  p a ra m e te r s  w ere  

t a k e n  from  th e  r e s u l t s  p ro d u c e d  a t  an  i n t e r m e d i a t e  

s t a g e  o f  t h e  e l e c t r o n  d i f f r a c t i o n  i n v e s t i g a t i o n  o f
-j £

C h a p te r  T en, and  o n ly  th e  HC1 ^0^ s p e c i e s  o f  p e r c h l o r i c  

a c i d  was c o n s id e r e d ,

3 . R e s u l t s

The i n t e g e r  num bering  system  a d o p te d  to  l a b e l  t h e

atom s o f  t h e  Cg model ( and hence  th e  C^v  model ) i s

shov/n i n  f i g u r e  7*1* A d e s c r i p t i o n  o f  t h e  tw e lv e

f u n d a m e n ta l  modes o f  v i b r a t i o n  e x p e c te d  f o r  t h i s

s t r u c t u r e ,  i s  g iv e n  i n  t a b l e  7*1 , and  n u m e r ic a l  v a lu e s

f o r  t h e s e  f r e q u e n c i e s  s e l e c t e d  from  th e  p u b l i s h e d  HClO^

d a ta  o f  G-iguere and  S a v o ie ,  a r e  l i s t e d  i n  t a b l e  7 . 2 .

These  v a lu e s  have n o t  b e e n  c o r r e c t e d  f o r  a n h a r m o n ic i ty ,
35 37and  a p p ly  e q u a l l y  w e l l  t o  t h e  Cl-'-' and  C l ^ f s p e c i e s .

The c o r r e l a t i o n  p r o c e s s  a d o p te d  to  c a l c u l a t e  ( '  o b s e rv e d  1) 

fu n d a m e n ta l  f r e q u e n c i e s  f o r  th e  a p p ro x im a te  model 

i s  sum m arised  i n  t a b l e  7 .3*  T a b le s  7»k  t o  7 .9  d e s c r i b e
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t h e  n o rm al c o o r d i n a t e  a n a l y s i s  c a r r i e d  o u t ,  and  a r e

i d e n t i c a l  i n  form  to  c e r t a i n  o f  th e  t a b l e s  p r e s e n t e d

i n  C h a p te r  S ix ,  The f i n a l  f o r c e  f i e l d  o b t a i n e d  i s

shov/n i n  t a b l e  7 . 6 , and v a lu e s  f o r  t h e  f o u r  t y p e s

o f  r o o t  mean sq u a re  a m p li tu d e  o f  v i b r a t i o n  e x p e c te d

f o r  t h e  ClO^ s k e l e t o n  a r e  l i s t e d  i n  t a b l e  7 . 9 , t h e

assum ed  t e m p e ra tu re  b e in g  308°K.

The C1-0H and C1~0^ ( p = p e r i p h e r a l  ) s t r e t c h i n g

fo re©  c o n s t a n t s  c a l c u l a t e d  v/ere a s s ig n e d  e r r o r  l i m i t s  
o

o f  0 ,5  md/A e a c h ,  and a s  i n  t h e  c a se  o f  F C 1 0 ,,  t h e s e  

l i m i t s  a r e  e s s e n t i a l l y  a p p ro x im a te .  The e r r o r s  a s s ig n e d

and  Uq^  were 0 .0 0 4 ,  0 .0 0 2 ,  0 .0 0 3  and 0 .0 0 4  A 

r e s p e c t i v e l y .

A seco n d  a p p ro x im a te  c a l c u l a t i o n  was c a r r i e d  o u t  

f o r  HCIO^ t r e a t i n g  i t  a s  an  XOH a n g u la r  m o le cu le  where

t h i s  t im e  X = C IO ,,  and  th e  OH bond  l e n g t h  assum ed was
o  3

0 .9 6  A, a v a lu e  f a i r l y  t y p i c a l  o f  OH c o n t a i n i n g

com pounds. The v a le n c e  a n g le  XOH was g iv e n  th e

v a l u e  o f  113° i n  a cc o rd a n c e  w i th  th e  r e s u l t s  o b t a i n e d
80 '

f o r  hypo c h lo r o u s  a c i d  by  B adger and H edberg  . V a lu e s  

f o r  t h e  t h r e e  fu n d a m e n ta l  f r e q u e n c i e s  e x p e c te d  f o r  t h i s  

m odel v/ere s e l e c t e d  i n  an o b v io u s  way from  t a b l e  7 . 2 , 

a n d  t h e s e  v/ere f i t t e d  by  th e  f o r c e  c o n s t a n t  v a r i a t i o n  

p r o c e d u r e  u s i n g  a s  t r i a l  s t a r t i n g  c o n s t a n t s  t h e  r e s u l t s
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g iv e n ' 'b y  B adger and H e ib e rg  f o r  HOCl. The a m p l i tu d e s

Uqh &n(3- were c a l c u l a t e d  a t  308°K, and  fo u n d  to
0

h av e  t h e  v a l u e s  0 .0 7  and 0 .1 1  A r e s p e c t i v e l y .  These  

r e s u l t s  a r e  ap p ro x im a te  h u t  were u s e d  a s  c o n s t a n t s  i n  

t h e  l e a s t  s q u a re s  r e f in e m e n ts  o f  C h a p te r  Ten*

b .  D i s c u s s io n

I t  i s  o f  i n t e r e s t  to  compare th e  a m p l i tu d e s  o f  

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

t h e  ClO^ s k e l e t o n ,  w i th  th o s e  d e te rm in e d  f o r  FClO^ 

i n  C h a p te r  S ix .  As would be  e x p e c te d  from  a 

c o n s i d e r a t i o n  o f  bond  l e n g t h  and  p o l a r i t y ,  t h e  f o r c e  

c o n s t a n t  o b t a in e d  f o r  th e  Ci~F bond  i n  p e r c h l o r y l  

f l u o r i d e  i s  somewhat l a r g e r  th a n  t h a t  c a l c u l a t e d  f o r  

t h e  Cl-OH bond  i n  p e r c h l o r i c  a c i d .  The C l-F  a m p l i tu d e  

o f  v i b r a t i o n  sh o u ld  t h e r e f o r e  be  s m a l l e r  th a n  t h a t  o f  

t h e  Ci-OH b o n d , and  t h i s  i s  i n  f a c t  fo u n d  to  b e  t h e  c a s e .  

A lso  c o n s i s t e n t  w i th  t h e s e  r e s u l t s  i s  th e  f a c t  t h a t  

t h e  a m p l i tu d e  o f  v i b r a t i o n  o f  th e  nonbonded Op. ,F  

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

d i s t a n c e  i n  HClO^. The f o r c e  c o n s t a n t s  c a l c u l a t e d  

f o r  t h e  Ci-Op b ond s  i n  b o th  m o le c u le s  'a re , ,  h o w ev er ,  

v e r y  s i m i l a r ,  and  t h i s  i s  e n t i r e l y  c o n s i s t e n t  w i th  th e  

i d e n t i c a l  a m p l i tu d e s  o f  v i b r a t i o n  computed f o r  t h e s e  

d i s t a n c e s ,  and  a l s o  w i th  th e  c l o s e l y  s i m i l a r  l e n g t h s  

o b t a i n e d  f o r  t h e s e  bo nds by  th e  e l e c t r o n  d i f f r a c t i o n
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i n v e s t i g a t i o n s  o f  C h a p te rs  Ten and  E le v e n .  The

a m p l i tu d e s  c a l c u l a t e d  f o r  th e  Op..O p nonbonded

d i s t a n c e s  i n  "both m o le c u le s  a r e  a l s o  v e ry  s i m i l a r .

I t  i s  a l s o  o f  i n t e r e s t  to  compare th e  a m p l i tu d e s

o f  v i b r a t i o n  c a l c u l a t e d  i n  t h i s  c h a p t e r  f o r  th e  Ci-Op

and  Op..O p d i s t a n c e s  i n  p e r c h l o r i c  a c i d ,  w i th  t h e  v a lu e
81

o b t a i n e d  by  an  e l e c t r o n  d i f f r a c t i o n  s tu d y  o f  g a se o u s

c h l o r i n e  h e p to x id e  ( ^ l g 0 ^ )* T h is  m o lecu le

c o n s i s t s  o f  two p e r c h l o r i c  a c i d  u n i t s  con densed

t o g e t h e r ,  and  th e  two OlO^ g ro ups  p r e s e n t  i n  c h l o r i n e

h e p to x id e  a r e  s t r u c t u r a l l y  v e ry  s i m i l a r  t o  t h o s e  fo u n d

i n  HClO^ and EClO^ ( see  C h a p te r s  Ten and E le v e n  ) .

The e l e c t r o n  d i f f r a c t i o n  r e s u l t s  f o r  C l207  i n c lu d e
o

v a lu e s  f o r  u ^  and Uq o f  0 .0 3 5  and 0 .0 5 7  A

r e s p e c t i v e l y ,  t h e  c o r r e s p o n d in g  e r r o r  l i m i t s  b e i n g  
' ' o '

g iv e n  a s  0 .0 0 3  and 0 .0 0 7  A . The second  o f  t h e s e
o

r e s u l t s  i s  i n  good agreem ent w i th  th e  0.05U A o b t a i n e d

b y  t h e  p r e s e n t  work, b u t  when th e  f i r s t  a m p l i tu d e  i s

c o r r e c t e d  f o r  f a i l u r e  o f  th e  B o m  a p p ro x im a t io n
o

( se e  C h a p te r  E ig h t  ) ,  i t  becom es 0 .028  A, a v a lu e
' o

c o n s i d e r a b ly  lo w e r  t h a n  th e  0 .0 3 6  A o b ta in e d  by  t h e  

c a l c u l a t i o n s  o f  t h i s  c h a p t e r  and  o f  C h a p te r  S ix .  T h is  

d i s c r e p a n c y  i s  s u r p r i s i n g  a s  t h e  C l-0  bond  l e n g t h  i n  

c h l o r i n e  h e p to x id e  i s  v e ry  s i m i l a r  to  t h a t  o f  HClO^.

I t  i s  l i k e l y ,  how ever, t h a t  th e  s p e c t r o s c o p ic  r e s u l t s



a r e  th e  more a c c u r a t e ,  and t h i s  c o n c lu s io n  w i l l  he

s u b s t a n t i a t e d  i n  C h a p te r s  Ten and  E le v e n  when f u r t h e r

e l e c t r o n  d i f f r a c t i o n  r e s u l t s  w i l l  he  o b t a in e d  f o r  th e

C l-O p a m p l i tu d e s  o f  v i b r a t i o n .

As f o r  p e r c h l o r y l  f l u o r i d e ,  i t  i s  w o r th w h ile  to

a s s e s s  t h e  r e l i a b i l i t y  o f  th e  f o r c e  c o n s t a n t s  o b t a i n e d

f o r  th e  C l-0  bonds i n  p e r c h l o r i c  a c i d  , b y  c o m p a r in g

t h e  r e s u l t s  o f  th e  p r e s e n t  c a l c u l a t i o n s  w i th

c o r r e s p o n d in g  v a lu e s  d e te rm in e d  f o r  th e  same o r

s i m i l a r  sy s tem s by  o t h e r  w o rk e rs .
76

Thus S i e b e r t  c a l c u l a t e d  v a lu e s  f o r  t h e  C i-O p

and  Ci-OH s t r e t c h i n g  f o r c e  c o n s t a n t s  o f  8 .0 2  and  ij..0lj. 
o

md/A r e s p e c t i v e l y .  The m ethods he  u se d  were s i m i l a r

t o  t h o s e  d e s c r i b e d  a b o v e , b u t  a s  was m en tio n ed  i n

s e c t i o n  o n e ,  t h e  d a ta  a v a i l a b l e  to  him were c o n s i d e r a b l y

i n f e r i o r  t o  th o s e  a v a i l a b l e  a t  t h e  p r e s e n t  t im e .  T h is

m ust b e  assum ed to  e x p la in  t h e  d i s c r e p a n c y  b e tw e e n  th e
o

v a lu e  o f  8 ,0 2  md/A he  c a l c u l a t e d  f o r  th e  Cl-Op b o n d ,
o

and  th e  v a lu e  o f  9 .2  md/A g iv e n  i n  t a b l e  7 . 6 .  H is
o

Cl-OH f o r c e  c o n s t a n t  o f -Q.Ok md/A i s ,  how ever, i n  good
o

ag reem en t w i th  th e  v a lu e  o f  3 -85  md/A c a l c u l a t e d  i n  th e

p r e s e n t  a n a l y s i s .
More r e c e n t l y  R obinson  p u b l i s h e d  v a lu e s  o f  9 .5 5  

o
and  3 .7 9  md/A f o r  t h e s e  c o n s t a n t s ,  v a lu e s  which a r e  

i n  good ag reem en t w i th  th o s e  o f  th e  p r e s e n t  w ork , 

d e s p i t e  t h e  e x t r e m e ly  a p p ro x im a te  m ethods R ob inson
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a d o p te d  to  c a l c u l a t e  th e s e  r e s u l t s *

Finally9 i t  i s  o f  i n t e r e s t  to  c o n s i d e r  t h e

Ci~OH "bond fo u n d  i n  th e  m o lecu le  o f  hypo c h lo r o u s  a c i d

HOQl. The i n f r a r e d  s p e c t r a  o f  "both HOOl and DOCl

hav e  b e e n  exam ined t>y two s e t s  o f  w o rk e rs ,  B a d g e r  and 
80 81A

H edberg  and  Schwager and A r k e l l .  The a v e ra g e

Ci~0 s t r e t c h i n g  f o r c e  c o n s t a n t  o b t a in e d  b y  c o n s i d e r i n g
o

t h e  r e s u l t s  p u b l i s h e d  by  t h e s e  a u th o r s  i s  3*9 md/A, and 

t h i s ,  v a lu e  seems t o  su g g e s t  t h a t  th e  C l-0  bond  l e n g t h  

i n  h y p o c h lo ro i is  a c i d  i s  c l o s e l y  s i m i l a r  to  t h a t
o

fo u n d  f o r  th e  C1-0H bond i n  p e r c h l o r i c  a c i d  ( 1 .6 3 5  A ) ,
o

and  s h o r t e r  t h a n  t h e  1 .7 0  A assum ed by  th e  above w o rk e rs  

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

As i n  t h e  c a s e  o f  FClO^ no comments o r  co m p a r iso n s  

w i l l  b e  made f o r  t h e  o t h e r  f o r c e  c o n s t a n t s  a p p e a r in g  

i n  t h e '  q u a d r a t i c  p o t e n t i a l  e n e rg y  e x p r e s s io n  o f  HCiO^.



TA.BLS 7 .1  '

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

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

o f  p e r c h l o r i c  a c i d  ( C model )s

mode symbol symmetry
s p e c i e s

0-H s t r e t c h v l A*

0 1 -0 s t r e t c h v2 A1

Cl-O-H b e n d v3 A*

0 1 -0 s t r e t c h vU A*

C1-0H s t r e t c h v5 A1

0 -0 1 -0 b e n d v6 A*

0 -0 1 -0 b e n d v7 Af

O-Ol-OH b en d v8 A*

'01-0 s t r e t c h v9 Atf

0 -0 1 -0 b en d vlO Al!

0-C1-0H b en d v l l A11

H t o r s i o n v l2 A,f

1U4



The o b se rv e d  

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

f o r  p e r c h l o r i c  a c i d  

( H s p e c i e s  )

f r e q u e n c y i 79
o b se rv e d  v a lu e  ( cm )

v l 3560

v2 1263

v3 1200

vh 1050

v5 725

v6 565

v7 519

v8 390

v9 1326

vlO 580.

v l l b30

v !2 307



TABfcBJLJ.
The assum ed f r e q u e n c i e s  f o r  th e  

C?3v ap p ro x im a te  model

o b s e rv e d  ,
f r e q u e n c i e s  (cmT )
f o r  th e  0 model s

assum ed . 
f r e q u e n c i e s  (cm ) 

• f o r  th e  C,.
ap p ro x im a te  model

(A' 1050  = vh , (A l) 1050 = ' v l '

(A’ 725 = v5 (A l) 725 = ' v 2 '

(A* 519 = v7 , (A l) 519 = 1v 3 '

(A* 1263  = v 2l ------v ( b ) 1295 = ’ vi+'
(A" 1326  = v 9 J

(A* 565 = y6 j „ (B) 573 = 'v 5 '
(A" 580 = y io j

(A' 390 = v8
,  (» ) UlO = 1v 6 '

(A11 1+30 = v l l j

N ote : The A* and A,f p a i r s  were combined by  
a p r o c e s s  o f  s t r a i g h t  a v e r a g in g .
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TABLE J J ±

The c h o ic e  o f  i n t e r n a l  c o o r d i n a t e s  

and  i n t e r n a l  d isp la c e m e n t  c o o r d i n a t e s  

f o r  HGIO^

( one redundancy  )

i n t e r n a l
c o o r d in a te

v a lu e
assumed

c o r r e  sp o n d in g
d isp la c e m e n t
c o o r d in a te

S12 1 .6 3 0  i 3 12

R13 1.1+08 A r 13

Rll+
II

- r iZ *

R15
It

r lS

G3l+ 1 1 2 .5 ° e 3k

G35
II

s 35

»> cU5 gl+5

B23 10 6 .2 3 ° b 23

-d*CM

II
h 2k

B25
If

b 25

11-4-7



TABLE 7 .5  

C a l c u l a t e d  v a lu e s  f o r  th e  e le m e n ts  

o f  th e  g, m a t r ix

e le m e n t v a lu e

g l 0 .087395

g2 -0 .0 0 7 9 9 0

g3 0 .016987

g4 -0.019*4-81

g3 0 .091071

g6 -0.01093*4-

g? -0.0187*4-8

g8 0.0232*4-3

g9 -0 .0 1 6 8 2 8

g io 0 .016587

g l l 0 .102908

g l2 -0.02*4-322

g l3 -0.013*4-86

g l4 -0 .0 3 5 2 6 1

g l5 0 .085786

g l6 -0 .0 0 7 2 0 6

1 4 8



TABLE 7 .6  

The f i n a l  v a lu e s  a d o p te d  

f o r  th e  e le m e n ts

o f  th e  f  m a t r ix

e le m e n t d e s c r i p t i o n v a lu e

£1 Cl-OH s t r e t c h i n g  c o n s t a n t  (md/S) 3 .8 5

f  2 C l-O H ,C l-0  s t r e t c h - s t r e t c h  
i n t e r a c t i o n  c o n s t a n t  (md/X) 0 .3 0

£3 o « o o

£U Cl-OH,0 - 0 1-OH s t r e t c h - h e n d  
i n t e r a c t i o n  c o n s t a n t  
( X 10-^dyne/rad ) O.U62

£5 C l-0  s t r e t c h i n g  c o n s t a n t  (md/2) 9 .2 0

f  6 0 .0 0

£7 0 .0 0

f 8 0 .0 0

f 9 0 .0 0

f lO 0 .0 0

£11 0-C 1-0  "bending c o n s t a n t  
( X 10 e r g / r a d  ) 1 .9 0

£12 0 .0 0

£13 o ♦ o o

f lU 0 .0 0

£15 0 - 0 1-OH "bending c o n s t a n t  
( X 10 e r g / r a d  ) 1 .3 5

£16 0 .0 0

1A9



TABLS 7 .7  '

A com parison  o f  

c a l c u l a t e d  and Job s e rv e d  

v i b r a t i o n a l  f r e q u e n c i e s  

f o r  p e r c h l o r i c  a c i d

f r e q u e n c y *ob s e rv e d 5 
v a lu e  
(cm )

c a l c u l a t e d  
v a lu e  
(c  nT )

v l .• 1030 lOkk

v2 725 723

v3 519 513

v k . 1295 1301

v5 573 583

v6 k i o U28

The o b s e rv e d  v a lu e s  q u o ted  a re  th o s e  e s t im a t e d  
f o r  th e  a p p ro x im ate  model a s  i n d i c a t e d  i n  
t a b l e  7 . 3 .



TABLE 7 .8

C a l c u l a t e d  v a lu e s  f o r  th e  K m a t r ix  e le m e n ts

e le m e n ts c a l c u l a t e d  v a lu e

K l l 0 .06926

K12 0 .28603

K13 0 .02807

K21 -0 .1 5 1 2 9

K22 0 .00961

K23 -0 .0 0 9 2 7

K25 0.25895

K2 6 0 .02912

K27 0 . 0101*8

K31 -0 .2 1 8 5 9

K32 0.06309

K33 - 0 .10350

K35 - 0 .10876

K36 - O .225OI*

K37 O.OO679

KUl -0 .1 0 2 0 3

Kl|2 0 .18272

KU3 0 .13322

KU5 0 .10980

KU6 0.01*237

Kli-7 0 . 211*1*1* '

_______
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TABLE 7 .9  

The c a l c u l a t e d  

r o o t  mean sq u a re  a m p l i tu d e s  o f  v i b r a t i o n  

f o r  th e  ap p ro x im a te  0 model  o f  HClO^ 

a t  308° K

i n t e r a t o m ic c a l e u l a t e d
d i s t a n c e u  v a lu e  (A)

S12 0,01+6

* 1 3 , l k , 15 0 ,0 3 6

. Vk 5 , 3 b , 3 5 0.051+

Q23,2l+,25 0.061+
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CHAPTER EIGHT 

M  INTRODUCTION 

TO THE STRUCTURE DETERMINATIONS

QE CHAPTERS NINE TO FOURTEEN

B e fo re  p r e s e n t i n g  d e t a i l e d  d i s c u s s i o n s  o f  t h e  Cl^O, 

HCIO^, FCIO-^, ClOg, S02 and SO^ e l e c t r o n  d i f f r a c t i o n  

i n v e s t i g a t i o n s ,  i t  i s  c o n v e n ie n t  to  c o l l e c t  t o g e t h e r  i n  

a s i n g l e  c h a p t e r ,  a number o f  e x p la n a to r y  n o t e s  

r e l e v a n t  t o  a l l  of' t h e s e  acco un ts*  Such n o t e s  a r e  

g iv e n  i n  s e c t i o n s  one to  e i g h t  b e lo w , and  p ro v id e  an  

i n t r o d u c t i o n  to  th e  s u b j e c t  m a t t e r  o f  C h a p te r s  N ine  to  

F o u r t e e n .

1 .  E x -p e r im en ta tio n

I n  each  o f  C h a p te r s  Nine to  F o u r t e e n ,  a t a b l e  i s  

g iv e n  which sum m arises e x p e r im e n ta l  p r o c e d u r e .  T h is  

t a b l e  c o n s i s t s  o f  s e v e r a l  co lum ns, one f o r  each  o f  t h e  

j e t - t o - p l a t e  d i s t a n c e s  a t  which d i f f r a c t i o n  p a t t e r n s  

w ere r e c o r d e d ,  and each  column l i s t s  th e  f o l lo w in g  

i te m s  o f  in f o r m a t io n :

( a )  th e  w a v e le n g th  o f  th e  e l e c t r o n  beam'

T h is  was d e te rm in e d  from  pov/der p a t t e r n s  a s  

d e s c r i b e d  i n  s e c t i o n  t e n  o f  C h a p te r  T h re e ,  and was 

m easu red  o n ly  once d u r in g  each  i n v e s t i g a t i o n ,  a s  i t  

c o u ld  be  r e l i e d  upon to  rem ain  c o n s t a n t  th ro u g h o u t  th e



p e r i o d  o f  s e v e r a l  days r e q u i r e d  f o r  d a ta  c o l l e c t i o n ,

(* )  th e  sample t e m p e ra tu re

T h is  was n o rm a l ly  a d j u s t e d  u n t i l  t h e  sam ple v a p o u r  

p r e s s u r e  was s u f f i c i e n t  to  e n a b le  a s t r o n g  d i f f r a c t i o n  

p a t t e r n  to  h e  r e c o r d e d ,  and te m p e r a tu re s  b e lo w -0° C 

Y/ere a t t a i n e d  b y  im m ersing  th e  sample tu b e  i n  a c a r e f u l l y  

c o n t r o l l e d  a c e to n e  s o l i d  c a rb o n  d io x id e  ba th*

(c )  th e  n o z z le  t e m p e r a tu re

Ov/ing to  t h e  ten d e n cy  shown b y  c e r t a i n  o f  t h e  

compounds s t u d i e d  ( e . g .  Gl^O and SO^ ) to  condense  

on th e  n o z z l e  t i p ,  i t  was n e c e s s a r y  to  warm th e  incom ing  

sam ple  v a p o u r  by  p a s s i n g  t h e r m o s t a t i c a l l y  r e g u l a t e d  

h o t  w a te r  th ro u g h  an a p p r o p r i a t e  p a r t  o f  t h e  n o z z l e  

a s se m b ly .  N ozz le  t e m p e r a tu re s  up to  85° 0 were a t t a i n e d  

i n  t h i s  v/ay.

(a) t h e  t e m p e r a tu re  assumed f o r  th e  d i f f r a c t i n g  v a n o u r  

I n  t h e  c a s e  o f  Cl^O t h i s  was d e te rm in e d  ro u g h ly  

b y  c a r r y i n g  o u t  a s e p a r a t e  e x p e r im e n t ,  i n  which a 

th e rm o c o u p le  was su spend ed  i n  th e  gas  s t r e a m . I n

s u b s e q u e n t  i n v e s t i g a t i o n s ,  howre v e r ,  i t  was c o n s i d e r e d  

s a t i s f a c t o r y  to  a c c e p t  th e  a r i t h m e t i c  mean o f  t h e  

n o z z le  and  sam ple t e m p e r a tu re s  a s  a r e a s o n a b le  

e s t i m a t e  o f  t h i s  q u a n t i t y .

( e )  t h e  number o f  p l a t e s  u s e d  to  p ro v id e  i n t e n s i t y  d a ta  

A minimum o f  f o u r  p h o to g ra p h ic  p l a t e s  was n o rm a l ly

15k



r e q u i r e d  f o r  gach j e t - t o ~ p l a t e  d i s t a n c e ,

( ? )  a d e s c r i p t i o n  o f  th e  d i f f r a c t i o n  -p a t te rn s  o b t a i n e d

I d e a l l y  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  sh o u ld  h e  

o f  medium b l a c k n e s s ,  and sh o u ld  show c l e a r  i n d i c a t i o n s  

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

I n  t a b l e s  9*1 to  l ^ - . l ,  comments, b a s e d  on t h e s e  c r i t e r i a ,  

a r e  g iv e n  f o r  th e  p l a t e s  a c t u a l l y  o b ta in e d .

( g) t h e  number o f  m ic r o d e n s i to m e te r  t r a c e s  m easu red  

, T h is  number was i n c r e a s e d  from  one i n v e s t i g a t i o n  

to  t h e  n e x t ,  i n  an  a t te m p t  to  improve th e  a c c u ra c y  o f  

t h e  u p h i l l  c u rv e s  o b t a in e d ,  and i n  any one s tu d y  i t  was 

fo u n d  n e c e s s a r y  t o  a v e ra g e  more t r a c e s  f o r  tw e n ty f iv e  

and  e le v e n  c e n t im e t r e  p l a t e s ,  t h a n  f o r  th o s e  t a k e n  a t  

t h e  o t h e r  two j e t - t o - p l a t e  d i s t a n c e s .

T h is  ends th e  l i s t  o f  i te m s  in c lu d e d  i n  th e  colum ns 

o f  t a b l e s  9 .1  to  l ^ i . l .

S in c e  th e  s u b s ta n c e s  s t u d i e d  i n  th e  p r e s e n t  work 

v/ere r e a c t i v e ,  o x y g e n -c o n ta in in g ,  compounds o f  c h l o r i n e  

and  s u l p h u r ,  c o n s id e r a b le  c a re  was t a k e n  when h a n d l i n g  

them , and  a l l  j o i n t s  and s to p c o c k s  fo rm in g  p a r t  o f  t h e  

g la s s w a r e  c o n n e c te d  to  th e  n o z z l e ,  and  p a r t s  o f  t h e  

n o z z le  i t s e l f ,  were l u b r i c a t e d  v /ith  KEL-F f l u o r o c a r b o n  

g r e a s e .  A l l  s a m p le s ,  w h e th e r  th e y  were o b ta in e d  

c o m m e rc ia l ly ,  o r  s p e c i a l l y  p r e p a r e d ,  were p u r i f i e d  

u s i n g  th e  e l e c t r o n  d i f f r a c t i o n  a p p a r a tu s  t o  pump o f f
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v o l a ; t i l e  c o n ta m in a n ts ,  and d i f f r a c t i o n  p a t t e r n s  w ere 

n o r m a l ly  r e c o rd e d  when a m idd le  f r a c t i o n  o f  sam ple 

f lo w e d  i n t o  th e  d i f f r a c t i o n  cham ber.

2 .  The d iag ram s p r e s e n t e d

I n  each  o f  C h a p te r s  Nine to  F o u r t e e n ,  u p h i l l  c u rv e s

a r e  q u o te d  n u m e r i c a l ly ,  i n  t a b l e s ,  h u t  t h e  c o r r e s p o n d in g

b a c k g ro u n d  c u rv e s  a r e  n o t  d i s c u s s e d  a t  a l l ,  and  t h e s e

s h o u ld  be  assum ed to  be smooth i n c r e a s i n g  f u n c t i o n s  o f

s ,  s i m i l a r  i n  form  to  t h e  c u rv e s  shown i n  f i g u r e s  4 .2

t o  4 .5  f o r  p e r c h l o r y l  f l u o r i d e .  The e x p e r im e n ta l

com bined m o le c u la r  i n t e n s i t y  f u n c t i o n  I m( s ) i s  p r e s e n t e d

g r a p h i c a l l y  i n  each  c h a p t e r ,  a s  i s  t h e  c o r r e s p o n d in g

r a d i a l  d i s t r i b u t i o n  cu rve  O' ( r ) / r .

E x p e r im e n ta l  r a d i a l  d i s t r i b u t i o n  f u n c t i o n s  v/ere

c a l c u l a t e d  b y  n u m e r ic a l  i n t e g r a t i o n  a s  d e s c r ib e d  i n

' s e c t i o n  t e n  o f  C h a p te r  F o u r ,  and to  a v o id  th e  e n v e lo p e

e f f e c t ,  t h e o r e t i c a l  i n t e n s i t i e s  were i n  each  c a s e  added

t o  t h e  e x p e r im e n ta l  I m( s )  d a t a ,  from  s = 0 t o  s = sm in ,

b e f o r e  a p p ly in g  F o u r i e r  t r a n s f o r m a t i o n .  The damping
o2

c o n s t a n t  k  was n o rm a l ly  g iv e n  th e  v a lu e  0 .0 0 4  A i n

t h e s e  c a l c u l a t i o n s ,  u n l e s s  p a r t i c u l a r l y  h ig h  r e s o l u t i o n

o f  s i m i l a r  i n t e r n u c l e a r  d i s t a n c e s  v/as r e q u i r e d .  T h is
o2

v a lu e  i s  l a r g e r  t h a n  th e  0 .0 0 2 -0 .0 0 3  A s t r i c t l y
o - l

a p p r o p r i a t e  to  I  ( s )  d a ta  t e r m i n a t i n g  a t  S = 35 A , b u tIu
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the extra damping was adopted to weight out high s 
intensity data of poor quality, and so reduce the 
f noise level 1 of the resulting O' (R)/R function.

In figures 9.1 to ll|.l and 9 .2 to l k . 2 ,  the I (s)
m

and O' (R)/R curves presented are compared with 
corresponding theoretical functions calculated using 
equations 2.I4-6 and 2 .52 of Chapter Two. In these 
calculations the R̂ .. distances, and the overall scale 
factor assumed, were final values derived from least 
squares results, hut the root mean square amplitudes 
of vibration also required, were chosen to he the 
spectroscopic results calculated in Chapters Six, Seven, 
and section eight of the present chapter. This choice 
was made in the hope of demonstrating systematic 
deviations between the observed and theoretical 
intensity functions. Such deviations should arise 

on account of the approximate nature of equation 2 , h G  

which assumes the first Born approximation,and neglects 
ariharmonicity of vibration. Examination of figures 
9.1 to 1U.1 reveals no definite indications of the 
extra damping^and slight phase shifty expected for the 
experimental curve relative to the theoretical one, 
but such effects should be most obvious at the higher 
s values, and the data presented have, v/ith the possible 
exception of the PCIO^ case, rather low upper s limits.
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A number o f  n o n - s y s te m a t ic  d e v i a t i o n s  a r e ,  h o w ev er ,

i l l u s t r a t e d  i n  f i g u r e s  9 .1  to  l l j - . I ,  and i n  c e r t a i n

c a s e s  i t  i s  e v id e n t  t h a t  th e s e  c o u ld  have  b e e n  re d u c e d

b y  a l t e r i n g  th e  f i n a l  back g ro u n d  c u rv e s  c h o se n .  Such

d i s c r e p a n c i e s ,  p a r t i c u l a r l y  th o s e  o c c u r r i n g  b e lo w  s 
o - l

e q u a l s  25 A , a r e  p resu m ab ly  r e s p o n s i b l e  f o r  t h e  

f a i r l y  l a r g e  1 n o i s e  r i p p l e s  * a p p e a r in g  i n  c e r t a i n  o f  

t h e  e x p e r im e n ta l  O' (R )/R  p l o t s  o f  f i g u r e s  9 .2  t o  11+.2 

( see  f o r  example f i g u r e  1 2 .2  f o r  ClOg, ) .  The f i n a l  

b a c k g ro u n d  c u rv e s  a d o p te d  i n  th e  p r e s e n t  w ork , may b e  . 

j u s t i f i e d ,  how ev er ,  b y  th e  f a c t  t h a t  th e y  were 

c o n s t r a i n e d  to  be  e x tre m e ly  sm ooth, and a r e  t h e r e f o r e  

i n  no way b i a s e d  to w a rd s  a p a r t i c u l a r  s e t  o f  R. . and  u . 

r e s u l t s .  T h is  i n f l e x i b i l i t y  d id ,  how ever, l e a d  to  

somewhat h i g h e r  e s t im a t e d  s t a n d a r d  d e v i a t i o n s  i n  t h e s e  

p a r a m e t e r s ,  th a n  m ight o th e r w is e  have  b e e n  o b t a i n e d .

3 . The t y p e s  o f  r e f in e m e n t  c a r r i e d  o u t

I n  C h a p te r s  Nine to  F o u r te e n ,  r e s u l t s  o b t a i n e d  by

t h r e e  t y p e s  o f  l e a s t  s q u a re s  r e f in e m e n t  o f  I m( s )

m o le c u la r  i n t e n s i t y  d a t a ,  a r e  p r e s e n t e d  i n  t a b u l a r

fo rm . These  r e f in e m e n t s ,  which d i f f e r  i n  t h e  n a t u r e

o f  th e  I  ( s )  d a ta  f i t t e d ,  may b e  d e s c r ib e d  a s  f o l lo w s :  m '
( a )  t h e  s i n g l e  d i s t a nce  re f in e m e n t.

The I  ( s )  c u rv e  f i t t e d  i n  t h i s  c a se  c o n s i s t e d  o f  m* More c o r r e c t l y ,  a l o c a l i s e d  d iv e rg e n c e  i s  a p p a r e n t  i n  
some o f  t h e s e  f i g s . ,  randomly s i t u a t e d .



a s e t  of' i n t e n s i t y  v a lu e s  d e r iv e d  from  m ic r o d e n s i to m e te r

d a ta  m easu red  from  p l a t e s  ta k e n  a t  one j e t - t o - p l a t e  

d i s t a n c e  o n ly .  I n  t h i s  ty p e  o f  r e f in e m e n t ,  a m p l i tu d e s  

o f  v i b r a t i o n  v/ere h e l d  c o n s t a n t  a t  s p e c t r o s c o p i c  v a lu e s  

t o  f a c i l i t a t e  c o n v e rg en c e .

Ob) t h e  f combtwo * r e f in e m e n t

The r m( s )  cu rv e  f i t t e d .  i n  t h i s  c a se  was c a l c u l a t e d

from  s e v e r a l  s e t s  o f  I „ ( s )  d a ta  o b t a in e d  a t  d i f f e r e n tm 4

j e t - ^ t o - p l a t e  d i s t a n c e s ,  by  t h e  p r o c e s s e s  o f  s c a l i n g  

and  f u s i o n  d e s c r i b e d  i n  C h a p te r  F o u r ,  s e c t i o n  n i n e .

I n  t h i s  ty p e  o f  r e f in e m e n t ,  a m p l i tu d e s  were e i t h e r  

v a r i e d ,  o r  h e l d  c o n s t a n t  a t  s p e c t r o s c o p ic  v a l u e s .

( c )  t h e  1 com bsca led  * r e f in e m e n t

I n  t h i s  c a s e  th e  Xm( s )  d a ta  f i t t e d  c o n s i s t e d  o f  a

s e t  o f  s e p a r a t e  i n t e n s i t y  c u rv e s  o b t a in e d  a t  d i f f e r e n t

j e t - t o - p l a t e  d i s t a n c e s ,  b u t  p u t  on th e  same s c a l e ,  b y

th e  p ro c e d u re  d e s c r ib e d  i n  s e c t i o n  n in e  o f  C h a p te r  F o u r ,

th e  f u s i o n  s t e p  b e in g  c o m p le te ly  o m i t t e d .  I n  t h i s  ty p e

o f  r e f i n e m e n t ,  a m p l i tu d e s  v/ere e i t h e r  v a r i e d ,  o r  h e l d

c o n s t a n t  a t  s p e c t r o s c o p ic  v a l u e s .

I n  th o s e  t a b le 's  o f  C h a p te r s  Nine to  F o u r t e e n  which

p r e s e n t  r e s u l t s  o f  th e  l e a s t  s q u a re s  r e f in e m e n ts  c a r r i e d

o u t ,  o n ly  t h e  f i n a l  v a lu e s  o b ta in e d  f o r  th e  in d e p e n d e n t ,

r e f i n e a b l e ,  p a ra m e te r s  a r e  q u o te d ,  t o g e t h e r  w i th

th o s e  u .  . v a lu e s  a l s o  v a r i e d .  The e r r o r s  q u o te d  i n  
13
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t h e s e  t a b l e s  a re  i n  ev e ry  c a se  l e a s t  s q u a r e s  e s t i m a t e d  

s t a n d a r d  d e v i a t i o n s .  The r e s i d u a l  R ( see  C h a p te r  P o u r ,  

s e c t i o n  e le v e n  ) and th e  minimum v a lu e  o b t a i n e d  f o r
—— j

t h e  f u n c t i o n  9 a re  a l s o  in c lu d e d .  I n  t h e s e
L

t a b l e s ,  t h e  a m p l i tu d e s  o f  v i b r a t i o n  p r e s e n t e d  h av e  n o t  

b e e n  c o r r e c t e d  f o r  f a i l u r e  o f  th e  f i r s t  B o m  

a p p ro x im a t io n ,

k .  The w e ig h t in g  schemes a d o p te d

The f u n c t i o n  w(s) u s e d  to  a s s i g n  a w e igh t f a c t o r

to  e ac h  i n t e n s i t y  v a lu e  f i t t e d  b y  l e a s t  s q u a r e s ,  h a s

a l r e a d y  b e e n  d i s c u s s e d  i n  s e c t i o n  e le v e n  o f  C h a p te r

P o u r .  I n  t h e  p r e s e n t  work t h i s  f u n c t i o n  was assum ed

to  c o n s i s t  o f  a h o r i z o n t a l ,  l i n e a r ,  w = 1 r e g i o n ,

f l a n k e d  b y  two e x p o n e n t ia l  damping c u rv e s  ( w<l ) ,

and  th e  e x a c t  a n a l y t i c a l  fo rm s g iv e n  to  i t  f o r  t h e

v a r i o u s  1 ( s )  d a ta  s e t s  r e f i n e d ,  a r e  l i s t e d  i n  t a b l e  8 . 1 .  mv '
The low  s  e x p o n e n t i a l  s e c t i o n  was in te n d e d  to  w e ig h t  

o u t  i n t e n s i t y  d a ta  s u b j e c t  to  e r r o r s  a r i s i n g  from  

b a c k g ro u n d  u n c e r t a i n t y ,  w h i l s t  th e  o b j e c t  o f  th e  h ig h  s 

s e c t i o n  was to  damp o u t  th e  p o o re r  q u a l i t y  i n t e n s i t y  

d a ta  m easu red  a t  th e  edges o f  tw e n ty f i v e ,  and o v e r  most 

o f  e l e v e n  c e n t i m e t r e ,  p l a t e s .  The s l i m i t s  o f  t h e  

h o r i z o n t a l  r e g io n  were d e c id e d  by  c o n s i d e r i n g  

e x p e r im e n ta l  u p h i l l  and I m( s ) c u r v e s .
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I t  i s  e v id e n t  from' t a b l e  8 .1 ’ t h a t  th e  damping

f u n c t i o n  a p p l i e d  t o  th e  a l l - d a t a - c o m b in e d  I  ( s )  c u rv e s

i s  somewhat u n r e a l i s t i c  i n s o f a r  a s  i t  h a r d l y  w e ig h ts

o u t  th e  p o o r  q u a l i t y  h ig h  s d a ta  a t  a l l .  I n  th e

p r e s e n t  work such a f u n c t i o n  was a d o p te d  i n  an  a t t e m p t

t o  o b t a i n  th e  b e s t  p o s s i b l e  v a lu e s  f o r  t h e  r o o t  mean

s q u a re  a m p l i tu d e s  o f  V i b r a t i o n ,  a s  t h e s e  were o f

p a r t i c u l a r  i n t e r e s t .  I n  r e a l i t y ,  r e f in e m e n ts  c a r r i e d

o u t  u s i n g  much s t e e p e r  h ig h  s e x p o n e n t ia l  c u rv e s

r e s u l t e d  i n  no s i g n i f i c a n t  a l t e r a t i o n s  i n  t h e  R. ., .. - id
a n d  u ^  p a r a m e te r s ,  though  t h e i r  e , s . d . ! s were re d u c e d .  

I t  was t h e r e f o r e  c o n c lu d e d  t h a t  f o r  d a ta  s e t s  o f  th e  

ty p e  c o l l e c t e d  i n  th e  p r e s e n t  w ork, th e  o u t e r  damping

f u n c t i o n  was n o t  o f  c r i t i c a l  im p o r ta n c e .

F o r  s i m i l a r  r e a s o n s ,  no s p e c i a l  e l a b o r a t e  

w e ig h t in g  scheme was a d o p te d  f o r  t h e  com bsca led  d a t a ,  

b u t  i n s t e a d  th e  some?/hat l e s s  r e a l i s t i c  p ro c e d u re  o f  

u s i n g  th e  same scheme i n  b o th  comb two and co m b sca led  

r e f i n e m e n t s  was fo l lo w e d ,

5 . The f i n a l   ̂ and u ±  ̂ -param eters  a c c e p te d

The two p r i n c i p l e s  a d h e re d  to  when c a l c u l a t i n g  , 

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

( a )  t o  a v e ra g e  s e t s  o f  R . . and  u . . p a ra m e te r s  o b t a i n e d
1  J  J- J

b y  a l l - d a t a - c o m b i n e d  l e a s t  s q u a re s  r e f i n e m e n t s ,  and
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(b )  t o  w eig lit  a l l  s e t s  o f  r e s u l t s  e q u a l ly  when m aking 

t h i s  a v e r a g e , i r r e s p e c t i v e  o f  w h e th e r  t h e  r e f in e m e n t  

p r o d u c in g  a p a r t i c u l a r  s e t  was a combtwo o r  co m b sca led  

t y p e ,  o r  w h e th e r  a m p l i tu d e s  were v a r i e d  o r  h e l d  

c o n s t a n t  a t  s p e c t r o s c o p i c  v a lu e s*  I n  t h i s  l a t t e r  c a s e ,  

t h e  s p e c t r o s c o p i c  a m p l i tu d e s  v/ere n o t  o f  c o u rs e  i n c lu d e d  

• i n  t h e  a v e r a g in g  p r o c e s s * . I t  sh o u ld  a l s o  be  m e n t io n e d  

t h a t  i n  c e r t a i n  r e s p e c t s  th e  d i c h l o r i n e  monoxide 

i n v e s t i g a t i o n  was e x c e p t i o n a l ,  and  th e  above p r i n c i p l e s  

w ere  m o d if ie d  somewhat i n  t r e a t i n g  t h i s  p a r t i c u l a r  c a s e .

The p ro c e d u re  d e s c r ib e d  above may b e  c r i t i c i s e d  

on t h e  g rounds t h a t  combtwo. and com bsca led  r e f in e m e n t s  

s h o u ld  i n  p r i n c i p l e  be  w e ig h te d  d i f f e r e n t l y ,  and t h a t  

i n  many c a s e s  an  a m p l i tu d e s  c o n s t a n t  r e f in e m e n t  i s  

c a p a b le  o f  p ro d u c in g  more a c c u r a t e  R. . p a ra m e te r s
•** J  •

t h a n  a c o r r e s p o n d in g  a m p l i tu d e s  v a r i a b l e  one* The 

r e f in e m e n t s  c a r r i e d  o u t  i n  th e  p r e s e n t  work p r o v id e d  

no s t r o n g  e v id e n c e ,  how ever, t o  s u g g e s t  t h a t  th e  

c o m b sca led  m ethod was a g r e a t  d e a l  more r e l i a b l e  

t h a n  th e  combtwo p ro c e d u r e ,  and s in c e  e q u a t io n  2 .^ 6  

d oes  n o t  c o n t a i n  a c o s A ^ i - v f a c t o r ,  th e  a m p l i tu d e s
J

c o n s t a n t  r e f in e m e n ts  were i n  th e  p r e s e n t  work s u b j e c t  

t o  u n c e r t a i n t i e s  a r i s i n g  from  t h i s  o m is s io n .  I n  f a c t  

t h e  a m p l i tu d e s  i n c lu d e d  a s  c o n s t a n t s  i n  t h e s e  

r e f i n e m e n t s ,  sh o u ld  have b e en  f i r s t  c o r r e c t e d  to
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f a p p a r e n t  v a lr .e s  * to  com pensate f o r  f a i l u r e  o f  th e  

f i r s t  Born a p p ro x im a t io n ,  a s  d e s c r i b e d  i n  s e c t i o n  s i x  

b e lo w , b u t  u n f o r t u n a t e l y  th e  m agnitude  o f  t h i s  

c o r r e c t i o n  v/as n o t  a p p r e c i a t e d  a t  t h e  t im e  o f  

r e f i n e m e n t .

Xn v iew  o f  t h e s e  rem arks i t  was f i n a l l y  d e c id e d  

to  a d o p t  p r i n c i p l e s  (a )  and Ob) above. The l e a s t  

s q u a r e s  e . s . d .  v a lu e s  were a l s o  a v e ra g e d  i n  t h i s  way 

and  r e p r o d u c i b i l i t i e s  c a l c u l a t e d  from  th e  f i n a l  r e s u l t s  

by  a p p ly in g  th e  m ethods o u t l i n e d  i n  s e c t i o n  tw e lv e  

o f  C h a p te r  F o u r .

The f i n a l  a v e ra g e  in d e p e n d e n t  Rj. , and u .  .
1  J  1  J

p a ra m e te r s  a r e  l i s t e d  t o g e t h e r  w i th  t h e i r  r e p r o d u c i b i l i t i e s

i n  c e r t a i n  o f  t h e  t a b l e s  o f  C h a p te r s  Nine to  F o u r t e e n .

D ependent R... v a l u e s ,  and v a le n c e  a n g le s ,  c a l c u l a t e d  x j
from  t h e  in d e p e n d e n t  d i s t a n c e s ,  a re  a l s o  i n c lu d e d  i n  

t h e s e  t a b l e s ,  and th e  r e p r o d u c i b i l i t i e s  o f  t h e s e  

d e p en d e n t  p a ra m e te r s  were d e r iv e d  u s i n g  th e  s t a n d a r d  

m ethods a v a i l a b l e  f o r  com bining  e r r o r s .  The a m p l i tu d e  

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

f a i l u r e  o f  th e  f i r s t  B om  a p p ro x im a t io n  a c c o rd in g  

t o  t h e  m ethods d e s c r ib e d  i n  th e  s e c t i o n  w hich f o l l o w s .

6 . A m plitu de  c o r r e c t i o n

E q u a t io n  2 .^ 6  assumes t h a t  t h e  cos £>]-- f a c t o r ,
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which, sh o u ld  he  i n c lu d e d  in  any r i g o r o u s  e x p r e s s io n  

f o r  th e  s c a t t e r e d  e l e c t r o n  i n t e n s i t y ,  i s  a lw ays c l o s e  

t o  u n i t y  f o r  th e  m o le c u le s  c o n s id e r e d  i n  C h a p te r s  Nine 

t o  F o u r t e e n ,  When atom i  i s  n o t  th e  same ty p e  o f  atom 

a s  atom j ,  t h i s  a ssu m p tio n  i s  n o t  s t r i c t l y  c o r r e c t ,  and 

i t s  v a l i d i t y  d e c r e a s e s  a s  th e  d i f f e r e n c e  i n  a to m ic  number 

b e tw e e n  atom s i  and  j  i n c r e a s e s .  I n  th e  c a s e  o f  a 

C l~0 b o n d , f o r  exam ple , th e  e f f e c t  o f  th e  c o s in e  te rm  

i s  t o  damp th e  s in e  wave e x p e c te d  f o r  t h i s  i n t e r n u c l e a r
t

d i s t a n c e ,  and  th e  damping p ro d u ce d  i s  s i m i l a r  i n  n a t u r e
o p

t o  t h a t  c a u se d  by  th e  v i b r a t i o n a l  exp(--Ju  s ) f a c t o r ,  

th o u g h  c o n s i d e r a b ly  s m a l l e r  i n  m ag n itu d e . I t  f o l l o w s  

t h a t  i f  e q u a t io n  2,U6 i s  u s e d  to  f i t  th e  e x p e r im e n ta l  

i n t e n s i t y  d a t a ,  c e r t a i n  o f  t h e  u . . p a ra m e te r s  p ro d u c e d
X  J

( t h o s e  f o r  which i  and  j  r e f e r  to  d i f f e r e n t  ty p e s  o f  

atom ) w i l l  have  a b n o rm a lly  h ig h  v a l u e s ,  owing t o  t h e  

a s su m p t io n  t h a t  a l l  o b se rv e d  damping stem s from  th e  

e x p o n e n t i a l  f a c t o r ,
I k

Bonham and U k a j i  have d e r iv e d  e q u a t io n s  w hich  

'p r e d i c t  t h e  c o r r e c t i o n  n e c e s s a r y  to  c o n v e r t  th e  1 a p p a re n t

a m p l i tu d e s  1 o b t a i n e d ,  t o  r e a l  v a l u e s .  T h e i r  m ethod

i s  b a s e d  on th e  a s su m p t io n ,  t h a t  f o r  each  atom , ^  ( s )
2

c a n  b e  w r i t t e n  i n  th e  p o ly n o m ia l  form  a+ bs+ cs where

th e  c o e f f i c i e n t s  a ,  b and c depend on th e  a tom ic  number

o f  t h e  atom i .  Hence A M lj can  136 s i m i l a r l y  e x p re s s e d



and  t h e  e f f e c t  o f  th e  cos  a s s e s s e d .

A l i s t  o f  a p p a r e n t  and c o r r e c t e d  a m p l i tu d e  v a lu e s

c a l c u l a t e d  a c c o rd in g  to  th e  more ap p ro x im a te  e q u a t io n

g iv e n  b y  Bonham and  U k a j i ,  i s  p r e s e n t e d  i n  t a b l e  8 . 2 ,

and  t h e s e  r e s u l t s  may be  u s e d  to  c o n s t r u c t  c o r r e c t i o n

c u r v e s ,  so t h a t  any o b se rv e d  C l-O , S'-O o r  C l-F

a m p l i tu d e s  may a u t o m a t i c a l l y  be  c o r r e c t e d  f o r  f a i l u r e

o f  t h e  f i r s t  B o m  a p p ro x im a t io n .  The c o r r e c t i o n s  g iv e n
o

a r e  p r o b a b ly  a c c u r a t e  to  0 .0 0 1  A. I n  C h a p te r s  N ine  

t o  F o u r t e e n ,  w henever c o r r e c t e d  a m p l i tu d e s  a r e  q u o te d ,  

i t  may b e  assum ed t h a t  t a b l e  8 .2  h a s  been  c o n s u l t e d ,

7> C o r r e c t i o n  o f  r  i l l  bond  l e n g t h s  to  r  v a lu e sg 0

I t  i s  c l e a r l y  o f  i n t e r e s t  when com paring  bond  

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

d e r i v e d  by  o t h e r  m ethods, to  have  r  (0) and r  v a lu e sg
a v a i l a b l e ,  a s  w e l l  a s  th e  r  ( l )  q u a n t i t i e s  o b t a i n e dg
by  l e a s t  s q u a re s  r e f in e m e n t .  The r e l a t i o n s h i p s  

c o n n e c t in g  t h e s e  t h r e e  ty p e s  o f  d i s t a n c e  have  a l r e a d y  

b e e n  d i s c u s s e d  i n  s e c t i o n  e i g h t  o f  C h a p te r  Two., To 

a p p ly  t h e s e  e q u a t io n s  i t  i s  n e c e s s a r y  to  know t h e  r o o t  

mean sq u a re  a m p l i tu d e  o f  v i b r a t i o n  u ^ .  c o r r e s p o n d in g  

t o  t h e  bond  c o n c e rn e d ,  and a l s o  th e  'a* c o n s t a n t  o f  t h e  

Morse p o t e n t i a l .  The f i r s t  o f  t h e s e  may be  o b t a i n e d  

e i t h e r  from  th e  e l e c t r o n  d i f f r a c t i o n  s tu d y  i t s e l f ,  o r
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from  s p e c t r o s c o p i c  c a l c u l a t i o n s ,  'but th e  seco nd

r e q u i r e s  a  knowledge o f  th e  f o r c e  c o n s t a n t  k ,  and  th e

d i s s o c i a t i o n  e n e rg y  D, a p p r o p r i a t e  to  th e  bond  c o n c e rn e d .

Of t h e s e  l a t t e r  two q u a n t i t i e s ,  th e  f i r s t  c an  he

o b t a i n e d  b y  s p e c t r o s c o p ic  c a l c u l a t i o n s ,  and  th e  seco n d

c a n  o f t e n  b e  d e r iv e d  f o r  s im p le  m o le c u le s ,  b y  com bin ing

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

p r o c e s s e s .  Thus f o r  01^0 , C102 , S02 and

s t r e t c h i n g  f o r c e  c o n s t a n t s  were o b ta in e d  from  r e f e r e n c e s

8 2 ,  83> 8i| and  85 , and a v e ra g e  01-0  and S-0 d i s s o c i a t i o n

e n e r g i e s  from  t a b l e s  o f  thermodynamic d a ta  f o r  t h e s e

m o le c u le s .  The * a * v a lu e s  c a l c u l a t e d  were o b t a i n e d
i.

from  t h e  e q u a t io n  a = (k /2 D )2 g iv e n  i n  r e f e r e n c e  3 6 , 

w hich  i s  a p p l i c a b l e  when a Morse p o t e n t i a l  i s  assum ed 

f o r  t h e  b o nd  c o n c e rn e d .  The r e s u l t s  o b t a in e d  a r e  

l i s t e d  i n  t a b l e  8 ,3*

I t  s h o u ld  be  added t h a t  a second  s e t  o f  1 a 1 

v a l u e s  was o b t a i n e d  f o r  th e  C l-0  bonds i n  an<^ 0102 ,

and  t h e  S-0  bond  i n  S02 , from  th e  s p e c t r o s c o p i c  

a n h a r m o n ic i ty  c o n s t a n t s  X ^  , m easured  f o r  th e  

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

o f  t h e s e  s y s te m s ,  and g iv e n  i n  r e f e r e n c e s  8 2 ,  86 , and
2 --8 7 . The e q u a t io n  a p p l i e d  Y/as a = ( 8 rr jJ X ^ / h )  2 , 

w here JJ i s  t h e  re d u c e d  mass o f  th e  m o le cu le  i f  i t  i s  

t r e a t e d  a s  an  X-Y d ia to m ic  sy s tem . T h is  method d id
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n o t  seem a s  r e l i a b l e  a s  th e  f i r s t ,  and gave v a l u e s  f o r  

*aT w hich were a good d e a l  s m a l l e r  th a n  th o s e  l i s t e d  

i n  t a b l e  8.3® T h is  second  a p p ro ach  was t h e r e f o r e  

n e g l e c t e d .

No c o r r e c t i o n s  to  r  v a lu e s  were made f o r  t h e  

"bonds o f  HGIO^ and PGIO^, a l th o u g h  th e  ! a f v a lu e s  

a p p r o p r i a t e  to  t h e  01^0 and  C102 m o le c u le s  c o u ld  

p re su m a b ly  he  u s e d  to  g iv e  rough  e s t im a t e s  o f  t h e  

e q u i l i b r i u m  d i s t a n c e s  i n  t h e s e . s y s t e m s .

8 .  C a l c u l a t i o n  o f  sp e c tro sc o p ic -  a m p l i tu d e s

C a l c u l a t i o n s  o f  th e  a m p l i tu d e s  o f  v i b r a t i o n  f o r

p e r c h l o r y l  f l u o r i d e  and p e r c h l o r i c  a c i d  have a l r e a d y

b e e n  d e s c r i b e d  i n  C h a p te rs  S ix  and Seven, and th e

v a l u e s  o b t a i n e d  were in c lu d e d  a s  c o n s t a n t s  i n  c e r t a i n

o f  t h e  l e a s t  s q u a re s  r e f in e m e n ts  d i s c u s s e d  i n  C h a p te r s

Ten and  E le v e n .  No such r e f in e m e n ts  were made f o r  th e

re m a in in g  m o le c u le s  ClgO, C102 , S02 and how ever,

a s  t h e s e  sy s te m s  do n o t  c o n ta in  s i m i l a r  i n t e r n u c l e a r

d i s t a n c e s .  N o n e th e le s s ,  a m p l i tu d e s  o f  v i b r a t i o n  we r e

c a l c u l a t e d  f o r  th e  f i r s t  t h r e e  o f  t h e s e  m o le c u le s  f o r

co m p a r iso n  p u r p o s e s ,  a m p l i tu d e s  h a v in g  a l r e a d y  b e e n
'  88

c a l c u l a t e d  f o r  SO^ by  S t ^ l e v i k  e t  a l .

F o r  an  XOX a n g u la r  sy m m etr ica l  m o le c u le ,  f o u r  

f o r c e  c o n s t a n t s  a r e  n e c e s s a r y  to  d e f in e  th e  ha rm on ic
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p o t e n t i a l  f u n c t i o n ,  i f  ch an ges  i n  th e  two X-0 b o nd

l e n g t h s ,  and  th e  XOX a n g le ,  a r e  cho sen  a s  i n t e r n a l

d is p la c e m e n t  c o o rd in a te s *  These c o n s t a n t s  a r e

d e f i n e d  i n  t a b l e  8*1}., where t h e  u n i t s  a p p r o p r i a t e  to

them a r e  a l s o  in d ic a te d *  T ab le  8*5 p r e s e n t s  r e s u l t s

c a l c u l a t e d  u s i n g  th e  com puter programme d i s c u s s e d  i n

A ppend ix  Four* E l e c t r o n  d i f f r a c t i o n ,  o r  i n  some c a s e s

m icrow ave s t r u c t u r a l  p a ra m e te r s ,  were u s e d  a s  d a t a  i n

t h e s e  c a l c u l a t i o n s ,  and th e  te m p e ra tu re  assum ed Y/as

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

e l e c t r o n  d i f f r a c t i o n  e x p e r im e n t .  The f o r c e  c o n s t a n t

in f o r m a t i o n  u s e d  was o b ta in e d  from  th e  i n f r a r e d  and

m icrowave s t u d i e s  g iv en  i n  r e f e r e n c e s  82 , 83 and' Qk9
89

a n d  s h o u ld  b e  v e ry  r e l i a b l e ,  though  a c o r r e c t i o n  made

t o  t h e  r e s u l t s  o f  r e f e r e n c e  8 2 ,  sh o u ld ,  how ever ,  b e

no ted*  The a m p l i tu d e s  c a l c u l a t e d  f o r  th e  b on ded

d i s t a n c e s  a r e  a lm o s t  c e r t a i n l y  a c c u r a t e  to  b e t t e r  th a n  
o

0 ,0 0 1  A, and  th o s e  f o r  th e  nonbonded d i s t a n c e s  t o
o '

b e t t e r  t h a n  0 .0 0 3  A.

1.68



TABLE 8 .1  

The Y/eight f u n c t i o n s  a d o p te d  

i n  l e a s t  s q u a r e s  r e f i n e m e n t s

d a t a  s e t s
range

w

100 cm e x p (-0 .0 7 (2 + -s ))

d i s t a n c e b ^ s i 7 1

s>7 e x p ( - 0 #0 l ( s - 7 ) )

50 cm s<: 5 e x p ( - 0 .0 7 ( 3 - s ) )

d i s t a n c e 5 ^ s Q 5 1

s>15 e x p ( - 0 . 0 l ( s - 1 5 ) )

25 cm s<10 e x p ( - 0 . 0 7 ( l 0 - s ) )

d i s t a n c e 10$s^25 1

s>25 e x p ( - 0 . 0 l ( s - 2 5 ) )

11 cm s<30 e x p ( - 0 .0 7 ( 3 0 - s ) )

d i s t a n c e 30^sUi-0 1

s> 2-1-0 e x p ( - 0 . 0 l ( s - i | 0 ) )

a l l s<5 e x p ( - 0 . 0 7 ( 5 - s ) )

d i s t a n c e s 5 W 3 0 1

combined s >30 e x p ( - 0 . 0 l ( s - 30 ) )
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TABLE 8 .2  

C o r r e c t io n  o f  t h e  u  v a lu e s  

f o r  f a i l u r e  o f  th e  B om  a p p ro x im a t io n

d i s t a n c e  
ty p e

r e a l
a m p l i tu d e

(A)

a p p a re n t
a m p li tu d e

(A)

c o r r e c t i o n
0

(A)

C1~0 0 .0 5 ^ 0 .060 - 0 .0 0 6

O.Olj-3 0 .0 5 0 - 0 .0 0 7

0 .032 . O.Oij-O -0 .0 0 8

S-0 0 .0 5 5 0 .0 6 0 - 0 .0 0 5
and
C l-F 0 . 0M+ 0 .0 5 0 - 0 .0 0 6

0 .0 3 3 0 . 01+0 -O.OO7

F o te :  T hese  r e s u l t s  were c a l c u l a t e d  a c c o rd in g  to
e q u a t io n  21 o f  r e f e r e n c e  lU .
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TABLE 8 .3  

Morse p o t e n t i a l  Ta ! v a lu e s  

c a l c u l a t e d  f o r  c e r t a i n  C l-0  and  S-0 

Bonds

from  therm odynam ic and f o r c e  c o n s t a n t  d a ta

bond e s t im a te d ^  
d i s s o c n .  
e nergy  
(k c a l s /m o l )

f o r c e
c o n s ta n t

0
(md/A)

a
v a lu e0 -1

(A )

CX-0 ( C l20 ) 50 2 .7 5 2 .0

C l-0  ( ClOg ) 63 7 .0 0 2 .8

S-0  ( S02 ) 120 10 .02 2 .5

S-0  ( so3 ) 110 1 0 .60 2 .6

N o te :  The d i s s o c i a t i o n  e n e r g i e s  o f  t h e  CIO .
and  SO r a d i c a l s  a re  6i| and 120 k c a l s /m o le  
r e s p e c t i v e l y .

\

'* • These e n e r g i e s  were c a l c u l a t e d  "by com bin ing
h e a t s  o f  r e a c t i o n  o b ta in e d  from  t a b l e s  
o f  therm odynam ic d a ta .
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TABLE 8.U 

A d e s c r i p t i o n  o f  th e  XOX 

v a le n c e  f o r c e  f i e l d

a d o p te d

c o n s t a n t symbol u n i t s

X-0 s t r e t c h i n g  
c o n s t a n t f r rnd/A

X -0,X -0
s t r e t c h - s t r e t c h
i n t e r a c t i o n
c o n s t a n t md/2

X-0-X,X-0
s t r e t c h - h e n d
i n t e r a c t i o n
c o n s t a n t f r 6 10"*^ d y n / r a d

X-O-X "bending 
c o n s t a n t f 0 10*"11 e r g / r a d 2



TABLE 8 .5  

C a lc u l a t e d  u  v a lu e s  f o r  t h e  

XOX m o le c u le s  s t u d i e d  "by e l e c t r o n  d i f f r a c t i o n

❖
m o le cu le C l 0 c io 2 so2

s o u rc e  o f  
t h e  f o r c e  
f i e l d  
u s e d . r e £  8% r e f .83 r e f ,

f r 2 .7 5 7 .0 1 10 .02

^ r r 0.1+0 - 0 .1 6 0 .0 3

f r@ 0 .2 6 0 .0 0 0 .2 9

f 1 .3 2 1.1+1 1 .6 3

tem p.
(°K) 295 283 253

U0-X (A) 0 .051 0 .039 0 .0 3 5

UX..X(A) 0 .068 0 ,0 6 3 0 .0 5 5

* T hese  c a l c u l a t i o n s  were p e rfo rm ed  f o r  t h e  
C l3 5 ,  s 3 2 and o 16 s p e c i e s  o f  t h e  m o le c u le s .
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CHAPTER NUTS '

4S  ELECTRON DIFFRACTION INV3STIGATION 

QS CASEOTJ3 DICHLORINE MONOXIDE

1 ,  I n t r o d u c t i o n

A number o f - p r e v i o u s  e l e c t r o n  d i f f r a c t i o n  
90-92

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

monoxide (C l  0 ) ,  and  o f  t h e s e ,  th e  most r e c e n t  by  D u n i tz  
92

and  H edberg  i n  1950, e s t a b l i s h e d  m o d e ra te ly  a c c u r a t e

d im e n s io n s  f o r  th e  m o le c u le ,  b u t  d id  n o t  d e te rm in e

r o o t  mean s q u a r e  a m p l i tu d e s  o f  v i b r a t i o n .

I n  19^5 R ochkind  and P im e n te l  p u b l i s h e d  a d e t a i l e d
82

i n f r a r e d  i n v e s t i g a t i o n  o f  s e v e r a l  i s o t o p i c  s p e c i e s  o f

t h e  compound, and d e te rm in e d  v a lu e s  f o r  th e  f o u r  f o r c e

c o n s t a n t s  n e c e s s a r y  to  d e f i n e  th e  m o le c u le ’ s harm onic

p o t e n t i a l  f u n c t i o n .  One o f  t h e i r  r e s u l t s ,  how ev er ,

t h e  s t r e t c h - b e n d  i n t e r a c t i o n  f o r c e  c o n s t a n t  f  ^ , h a s

s u b s e q u e n t ly  b e e n  shown to  be  i n  e r r o r ,  and  h a s  b e e n
•89

c o r r e c t e d  b y  B e a g le y ,  C la rk  and  C ru ick sh an k  .
93

I n  a r e c e n t  microwave i n v e s t i g a t i o n  o f  th e  o x id e ,  

M i l l e n  e t  a l .  r e c o r d e d  s p e c t r a  f o r  th e  t h r e e  c h l o r i n e  

s u b s t i t u t e d  i s o t o p i c  s p e c i e s ,  and d e te rm in e d  r  and  r^  

s t r u c t u r a l  p a r a m e te r s  w i th  a  h ig h  d eg ree  o f  p r e c i s i o n .  

T hese  a u t h o r s  a l s o  c a l c u l a t e d  th e  f o u r  f o r c e  c o n s t a n t s  

o f  t h e ’ p o t e n t i a l  f u n c t i o n ,  and  th e  r e s u l t s  th e y  o b t a i n e d  

a g re e  w e l l  w i th  t h o s e  o f  Rochkind  and P im e n te l ,  i f  t h e
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c o r r e c t i o n  to  , m en tioned  above , i s  t a k e n  i n t o  a c c o u n t .

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

u n d e r t a k e n  to  o b t a i n  a c c u r a t e  r  (X) i n t e r n u c l e a r
&

d i s t a n c e s  f o r  t h e  m o le c u le ,  and a l s o  v a lu e s  f o r  t h e  

r o o t  mean sq u a re  a m p l i tu d e s  o f  v i b r a t i o n .  I t  was 

i n t e n d e d  to  compare t h e s e  l a t t e r  w i th  c o r r e s p o n d in g  

s p e c t r o s c o p i c  r e s u l t s  c a l c u l a t e d  from  th e  f o r c e  c o n s t a n t  

d a t a  o f  r e f e r e n c e s  82 and 89 .

2 .  E x p e r im e n ta l

The sam ple o f  d i c h l o r in e  monoxide s t u d i e d  was
9 k

p r e p a r e d  a c c o r d in g  to  a method d e s c r ib e d  by  Cady , 

and  d e t a i l s  o f  t h e  e x p e r im e n ta l  e l e c t r o n  d i f f r a c t i o n  

p ro c e d u re  a d o p te d  a r e  g iv e n  i n  t a b l e  9*1*

Two s e t s  o f  m ic ro d e n s i to m e te r  t r a c e s  were r e c o r d e d  

from  th e  p h o to g ra p h ic  p l a t e s  o b t a in e d ,  t h e s e  s e t s  o f  

i n t e n s i t i e s  b e in g  m easured  by means o f  th e  manual and  

a u to m a t ic  m ic r o d e n s i to m e te r s  r e s p e c t i v e l y .  The. 

a u to m a t ic  d a ta  were o r i g i n a l l y  c o l l e c t e d  m ere ly  t o  check  

t h e  r e s u l t s  o f  th e  manual s tu d y ,  and  a c c o r d in g ly  e le v e n  

c e n t i m e t r e  d a ta  were n o t  in c lu d e d  i n  t h i s  second  

i n v e s t i g a t i o n .

U p h i l l  c u rv e s  f o r  th e  f i r s t  and  second  s t u d i e s  a re  

l i s t e d  i n  t a b l e s  9 .2  and  9*3 r e s p e c t i v e l y ,  and a combined 

I^C s)  f u n c t i o n ,  c a l c u l a t e d  by  a v e ra g in g  th e  two s e p a r a t e
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e x p e r im e n ta l  com bined molecular* i n t e n s i t y  c u rv e s  o f  

t h e  f i r s t  and  seco nd  i n v e s t i g a t i o n s ,  i s  p r e s e n t e d  i n  

f i g u r e  9 .1 c  A c o r re s p o n d in g  r a d i a l  d i s t r i b u t i o n  

f u n c t i o n  i s  shown i n  f i g u r e  9 ,2 ,  and c o n f i rm s  th e  

a n g u l a r  sym m etric  n a tu r e  o f  th e  m o le c u le ,

3 .  R e s u l t s

The two i n t e r n u c l e a r  d i s t a n c e s  and RC l

w ere  u s e d  t o  d e f in e  t h e  m o le c u la r  geom etry , and  i n  

l e a s t  s q u a r e s  r e f in e m e n ts  th e s e  were v a r i e d  in d e p e n d e n t ly  

t o g e t h e r  w i th  t h e i r  c o r re s p o n d in g  r o o t  mean s q u a re  

a m p l i tu d e s  o f  v i b r a t i o n .

R e s u l t s  o f  s i n g l e  d i s t a n c e  r e f in e m e n ts  c a r r i e d  

o u t  a s  p a r t  o f  th e  manual and a u to m a t ic  m ic r o d e n s i to m e te r  

s t u d i e s  a r e  p r e s e n t e d  i n  t a b l e s  9.U and 9 .5  r e s p e c t i v e l y ,  

and  i t  i s  e v id e n t ,  t h a t  o f  t h e  two s e t s  o f  d a ta  c o l l e c t e d ,  

t h e  a u to m a t ic  s e t  h a s  th e  h i g h e r  q u a l i t y .  T h is  i s  

i n d i c a t e d  b y  th e  low r e s i d u a l s  l i s t e d  i n  t a b l e  9 .5  

f o r  th e  h u n d re d  and f i f t y  c e n t im e t r e  d i s t a n c e  

r e f i n e m e n t s ,  and a l s o  by  th e  c o n s i s t e n c y  o f  th e  R .^  

p a r a m e te r s  p r e s e n t e d  i n  t h i s  t a b l e .  The a u to m a t ic  

t w e n ty f iv e  c e n t im e t r e  d a ta  r e s i d u a l  i s  an o m a lo u s ly  

h i g h ,  how ever, owing to  a l a c k  o f  a v e ra g in g  o f  

i n t e n s i t i e s ,  and to  a p o o r  c h o ic e  o f  o p t i c a l  wedge 

made when u s i n g  th e  a u to m a tic  m ic r o d e n s i to m e te r .
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T a b le  9 .6  p r e s e n t s  r e s u l t s  o b t a in e d  by  comb two 

r e f in e m e n t s  c a r r i e d  o u t  f o r  b o th  com ple te  s e t s  o f  

i n t e n s i t y  d a ta  c o l l e c t e d .  I t  is: c l e a r  from  t h i s  

t a b l e  t h a t  th e  a u to m a t ic  r e s u l t s  a r e  h i g h e r  th a n  th o s e  

p ro d u c e d  b y  th e  manual s tu d y ,  and a lo w er  r e s i d u a l  i s  

a c h ie v e d  b y  th e  a u to m a t ic  d a ta  r e f in e m e n t .

The f i n a l  s t r u c t u r a l  .p a ra m e te rs  a c c e p te d  f o r  

d i c h l o r i n e  monoxide a re  p r e s e n t e d  i n  t a b l e  9*7* and 

w ere o b t a i n e d  by  making a 1 :2  a v e ra g e  o f  t h e  two columns

o f  t a b l e  9 . 6 ,  th e  r e s u l t s  d e r iv e d  from  a u to m a t ic  d a t a - 

b e in g  f a v o u r e d  f o r  th e  re a s o n s  m en tion ed  above . The 

a v e ra g e  s t a n d a r d  d e v ia t i o n s  so c a l c u l a t e d  w ere  re d u c e d  

somewhat, a s  th e  two s e t s  o f  r e s u l t s  g iv en  i n  t a b l e  9 .6  

c o n s t i t u t e  t o  some e x te n t  in d e p e n d e n t  m easurem ents  o f  

t h e  s t r u c t u r a l  p a ra m e te r s .  R e p r o d u c i b i l i t i e s  were 

c a l c u l a t e d  from  t h e s e  re d u c e d  v a l u e s ,

b . D i s c u s s io n

The m o le c u la r  d im ensions  o b t a in e d  by  th e  p r e s e n t

s tu d y  a r e  i n  ag reem en t w i th  th o s e  o f  p r e v io u s  e l e c t r o n
90-92

d i f f r a c t i o n  i n v e s t i g a t i o n s  , i f  a l l  e r r o r  l i m i t s

i n v o lv e d  a r e  t a k e n  i n t o  a c c o u n t ,  and t h e  a m p l i tu d e s  o f  

v i b r a t i o n  a l s o  d e te rm in e d ,  a g re e  v /e l l  w i th  th e  

c o r r e s p o n d in g  s p e c t r o s c o p ic  r e s u l t s  p r e s e n t e d  i n  t a b l e  8 ,5 .  

I t  i s  o f  i n t e r e s t  to  compare t h e  C l-0  bond  l e n g t h
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and  ClOQl v a le n c e  a n g le  o b ta in e d ,  w i th  c o r r e s p o n d in g  

v a l u e s  d e te rm in e d  b y  th e  microwave s tu d y  o f  r e f e r e n c e  

93» I n  making such a com parison  a d i f f i c u l t y  a r i s e s ,  

ho w ev er ,  i n  knowing which o f  th e  t h r e e  e l e c t r o n  

d i f f r a c t i o n  C l-0  d i s t a n c e  ty p e s  r  ( l ) ,  r  (0 ) o r  r- g g ©
l i s t e d  i n  t a b l e  9*8 , t o  compare w i th  th e  c o r r e s p o n d in g  

m icrowave r  v a l u e .  C l e a r ly  th e  r  (0) r e s u l t  i s  i ns  g

h e s t  ag reem en t w i th  t h i s  l a t t e r ,  h u t  s in c e  th e  r  and• s
r  i n t e m u c l e a r  d i s t a n c e s  q u o ted  i n  r e f e r e n c e  93 a re  

0 96
a lm o s t  i d e n t i c a l ,  i t  seems p ro b a b le  t h a t  t h e  m icrowave

bon d  l e n g t h  sh o u ld  i n  f a c t  be  compared w i th  t h e  

e l e c t r o n  d i f f r a c t i o n  r  v a lu e ,  and a s  may be  se en  from
. . .  G

t a b l e  9* 8 , such a com parison  r e v e a l s  a r a t h e r  p o o r

ag reem en t b e tw een  th e s e  q u a n t i t i e s .  T h is  l a c k  o f

c o n s i s t e n c y  may, how ever, be  a consequence  o f  th e  f a c t

t h a t  t h e  microwave C l-0  i n t e r n u c l e a r  d i s t a n c e  i s  n o t

i n  t h e  f u l l  sen se  o f  th e  te rm  an r  p a ra m e te r ,  s in c e  nos
a t t e m p t  was made i n  th e  work d e s c r ib e d  i n  r e f e r e n c e  93 

t o  i s o t o p i c a l l y  s u b s t i t u t e  th e  c e n t r a l  oxygen atom i n  

t h e  m o le c u le .  I t  f o l lo w s  t h a t  a more c r i t i c a l  

c o m p a r iso n  o f  t h e  two i n v e s t i g a t i o n s  may be  made by

c om p arin g  th e  d i s t a n c e s  o b ta in e d .  I n  th e

m icrowave p u b l i c a t i o n  t h i s  p a ra m e te r  i s  n o t  i n  f a c t

q u o te d ,  b u t  i t  i s  c e r t a i n l y  th e  b e s t  d e te rm in e d  one o f  

t h e  s tu d y  and  may be  d e s c r ib e d  a b s o l u t e l y  c o r r e c t l y  a s
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o
an  r g d i s t a n c e ,  A v a lu e  o f  2 .8 0 0  A can  t>e c a l c u l a t e d

f o r  t h i s  q u a n t i t y  from  th e  p u b l i s h e d  d a t a ,  and  t h i s

r e s u l t  a g r e e s  w e l l  w i th  b o th  th e  r  and r  1 ° )
8 8

e l e c t r o n  d i f f r a c t i o n  v a lu e s  l i s t e d  i n  t a b l e  9 . 8 ,  

U n f o r t u n a t e l y ,  a c o r re s p o n d in g  e l e c t r o n  d i f f r a c t i o n  r
6

d i s t a n c e  i s  d i f f i c u l t  t o  e s t im a t e ,  b u t  sh o u ld  n o t  be
o

much more th a n  0 .0 0 5  A s h o r t e r  th a n  th e  r  ( l )  v a l u e ,
6

and  henc'e i s  s t i l l  w i t h in  e r r o r  l i m i t  o f  t h e  microv/ave 

r g r e s u l t .  Such agreem ent s u g g e s t s  t h a t  th e  C l -0  

d i s t a n c e  o b ta in e d  by  th e  microwave i n v e s t i g a t i o n  may 

b e  l e s s  a c c u r a t e  t h a n  o r i g i n a l l y  c la im e d ,  and t h a t
*i o

a microv/ave s tu d y  o f  th e  0 s p e c i e s  o f  Cl^O w ould  be  

w o r th w h i le .

I t  i s  a l s o  o f  i n t e r e s t  to  compare th e  bond  l e n g t h  

and  v a le n c e  a n g le  o b ta in e d  f o r  Cl^O v /ith  c o r r e s p o n d in g  

•va lues  d e te rm in e d  f o r  th e  C10C1 b r id g e  i n  t h e
o

m o le c u le  o f  c h l o r i n e  h e p to x id e  (C l^O y), T h is  l a t t e r

compound h a s  b e en  s t u d i e d  by  e l e c t r o n  d i f f r a c t i o n  by  
81

B e a g le y  , and th e  b r id g e  d im ensio ns  he d e te rm in e d  a r e  
o

1 ,7 0 9  A and  1 1 8 .6 °  r e s p e c t i v e l y ,  th e  c o r re s p o n d in g
o

r e p r o d u c i b i l i t i e s  b e in g  0,001}. A and 0 .7  • Thus th e  

b ond  l e n g t h  i n  0120 l e n g th e n s ,  and th e  v a le n c e  a n g le  

i n c r e a s e s  on t r a n s i t i o n  to  O^CIOCIO^. The secon d  o f  

t h e s e  o b s e r v a t i o n s  may be  r a t i o n a l i s e d  i n  te rm s  o f  

r e p u l s i o n  be tw een  th e  two CIO^ gro \ips i n  t h e  h e p t o x i d e ?
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"but th e  f i r s t  i s  l e s s  o b v io u s ly  e x p la in e d ,  A p o s s i b l e  

r a t i o n a l i s a t i o n  may, how ever, be  o u t l i n e d  a s  f o l lo w s .
81

I n  th e  c a s e  o f  c h lo r i n e  h e p to x id e  B eag ley  h a s  c o n c lu d e d  

t h a t  th e  C l -0  b r i d g e  b o n d s  a re  b e n t ,  and h a s  g iv e n  a 

v a lu e  o f  1 0 9 .2 °  a s  th e  t r u e  a n g le  be tw een  th e  two h y b r i d  

o r b i t a l s  o f  t h e  oxygen atom fo rm in g  th e s e  b o n d s .

Thus t h e  b r i d g i n g  oxygen atom o f  th e  h e p to x id e  may be
•Z

d e s c r i b e d  a s  sp h y b r i d i s e d ,  and f o r  t h i s  r e a s o n

c a n n o t  become in v o lv e d  i n  th e  drr-pTi b o n d in g  s u g g e s te d  
95

b y  C ru ic k s h a n k  f o r  m o le c u le s  c o n ta in in g  second  row 

e le m e n ts  t e t r a h e d r a l l y  c o o r d in a te d  by  oxygen a tom s.

The b r i d g e  bonds i n  t h i s  compound may t h e r e f o r e  b e  

assum ed to  have no double  bond  c h a r a c t e r .  I n  ^1^0 

a  s i m i l a r  s t a t e  o f  a f f a i r s  must e x i s t ,  b u t  i n  t h i s  c a se  

t h e  0 1 -0  b onds a r e  s t r a i g h t ,  and th e  v a le n c e  a n g le  o f  

111° s u g g e s t s  t h a t  th e  h y b r id  o r b i t a l s  u s e d  f o r  b o n d in g  

by  t h e  oxygen atom c o n ta in  h i g h e r  s  c h a r a c t e r  t h a n  

th o s e  in v o lv e d  i n  th e  b r id g e  b o n d in g  o f  c h l o r i n e  

h e p t o x i d e .  Any s l i g h t  amount o f  dn-pn o v e r l a p  made 

p o s s i b l e  b y  th e  i n c r e a s e d  s i z e  o f  t h i s  a n g le  when 

com pared  w i th  th e  t e t r a h e d r a l  v a lu e ,  i s  p resu m ab ly  

op posed  b y  th e  p re s e n c e  o f  lo n e  p a i r s  o f  e l e c t r o n s  on 

c h l o r i n e  a s  d i s c u s s e d  i n  r e f e r e n c e  95 . I t  may t h e r e f o r e

b e  c o n c lu d e d  t h a t  th e  bonds i n  d i c h l o r i n e  monoxide 

have  l i t t l e  o r  no tt c h a r a c t e r ,  and a re  s h o r t e r  th a n

* Wagner ( r e f .  10k  ) a l s o  co n c lu d ed  t h i s  a s  a r e s u l t  
o f  m .o . c a l c u l a t i o n s .
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t h e  C l -0  b r i d g e  bonds found  i n  Cl^Oy on a c c o u n t  o f  

th e  g r e a t e r  s c h a r a c t e r  in v o lv e d  i n  th e  h y b r i d  o r b i t a l s  

u s e d  f o r  b o n d in g  by  th e  c e n t r a l  oxygen atom o f  Cl^O, 

and  th e  l e s s  e f f i c i e n t  o r b i t a l  o v e r la p  p o s s i b l e  i n  

fo rm in g  th e  b e n t  bonds o f  th e  h e p to x id e .

Most o f  th e  work p r e s e n t e d  i n  t h i s  c h a p t e r  h a s
9 6

b e e n  d e s c r i b e d  i n  a r e c e n t  p u b l i c a t i o n  and i t  sh o u ld  

b e  m e n t io n e d  to  a v o id  c o n fu s io n ,  t h a t  th e  p a r a m e te r s  

g iv e n  i n  t h i s  p u b l i c a t i o n  were o b ta in e d  by  m aking 

a 1 :1  and  n o t  1 :2  av e rag e  o f  th e  manual and a u to m a t ic  

m ic r o d e n s i to m e te r  r e s u l t s ,  and t h a t  l e s s  r i g o r o u s l y  

sm oothed  b a ck g ro u n d  c u rv e s  v/ere assumed.
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TABLE 9*1 

A summary o f  e x p e r im e n ta l  d e t a i l s  

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

j e t  t o  p l a t e  
d i s t a n c e 100 cm 50 cm 25 cm 11 cm

w a v e le n g th
(A) 0.051162 0.051162 0.051162 0 .051162

e .  s .  d . 0.000015 0,000015 0.000015 0.000015

sam ple
te m p e ra tu re
( 8k ) 21+6 2i|6 21+6 21+6

n o z z le  
t e m p e r a tu r e  
( K ) 363 363 363 363

gas
te m p e r a tu r e  
assum ed 
(°K  ) 295 295 295 295

number o f  
p l a t e s  u s e d 1+ h b b

q u a l i t y good good good good

number o f  
t r a c e s  
m easu red  
(MMDM) b b b 1+
(amdm) b b b 0

MMDM = m anual m ic ro d e n s i to m e te r  
AMDM = a u to m a t ic  m ic ro d e n s i to m e te r
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TABLE £.SL
GI90 i n t e n s i t y  d a t a ( l )  a s  coourined u p h i l l  c u rv e s

ra n g e ( 1 ): s = 1 . Ob by 0 .0 2 to  b
o _ i  

.92  A ±

8 . 6 oo ,0 +2 : 8 . 92bi0 4-2; 9 .29  ho 4-2; 9 . 670,9 +2 ; 1 . 0 0  610 +3;
1 . o4 7 m +3; 1 . 088,0 4-3; 1 . 1 27io +3; 1 . 1 67:o +3; 1 . 20610 +3;
1 * 24420 +3; 1 • 2 8 2 io +35 1 -31 9m +3; 1 .355:0 +3; 1 • 390io +3;
1 . 4 2 7 m +3; 1 • 463io +3; 1 * 50110 +3; 1 .54130 +3; 1 • 583 io +3;
I • 6 2 5 i0 +3; 1 . 6 6 8 10 +3; 1 «71010 +3; 1 • 754io +3; 1 .798,0 +3;
1 • 8412o +3; 1 .88510 +3; 1 .929io +3; 1 . 97410 4-3 ; 2 .0 2  ho +3;
2 . 0 6 120 +35 2 • 1 1 6,0 +3; 2 . 1 66i0 +3; 2 . 218,0 +3; 2 .270io +3;
2 • 325 io +3; 2 .3 8 2 i0 +3; 2 • 439 io +3; 2 . 5 OO10 +3; 2 • 562m +3;
2 .62420 +3; 2 . o90io 4-3; 2 • 757:o 4-3 ; 2 .8 2 8 10 +3; 2 . 899io 4 3 ;
2 • 973io +3; 3 .04 9,0 +3; 3 . 1 29io +3; ■3»207io +3; 3 . 287m +3;
3 . 36810 +3; 3 .45  ho +3; 3 .535ic +3; 3 . 6 1 8 ,0 +3; 3 • 704m +3;
3 - 7 91 10 +3; 3 ,8 8 o 10 +3; 3 .973:0 +3; 4 . o65io +3; 4 . 1 6o,0 +3;
l L * 25610 +3; 4 . 35 ho +3; 4 .4 5 0 m +3; 4 .548io +3; 4 . 650,0 +3;
4 • 753io +3; 4 .8 5 5 io +3; 4 • 959io +3; 5 .0 6 4 10 +3; 5 . 17 110 1 0 .

r n .
5 .27610 +3; 5 .386i0 +3; 5 .49610 +3; 5 . 6o4n +3; 5 • 716m 47 “
5 .82510 +3; 5 * 93410 4-3 ; 6 . 043m +3; 6 . 1 55m 4-3 ; 6 .26610 +3;
6 . 37410 +3j 6 e484i0 +3; 6 .590io +3; 6 .69610 +35 6 . 799,0 +3;
6 -9 0 5 m +3; 7 .011 IQ +3; 7 • 11910 +3; 7 .224 i0 +3; 7 .331-0 47:
7 . 4 3 5 io +3 j 7 .533io +3; 7 . 636,0 +3; 7 • 73510 +3; 7 .834m +3;
7 . 933io +3: 8 .0 3 4 ]o +3; 8 .1 3 1 10 +3; p .232,0 +3; 8 . 335io +3;
8 .4 3 2 iq +3; 8 .530io +3; 8 .625:o +3; 8 • 72410 +3; 8 . 82110 +3;
8 -  917io +3; 9 .0 1  ho +3; 9 . 105io +3 , Q .  19810 +3; 2 • 292m 4 7 1
9 -3 8 2 10 +3; 9 .4?5:o +3; 9 .56710 +3) 9 .66  ho +3; 9 .7 5 6 ,0 +3;
9 .8 5 1 10 -f-3; 9 . 9 5 O10 +3; 1 .0 0 4 ,0 + n 1 .0 1 4io 4-4; 1 .O2410 44;  ✓
1 .O34io +4^ 1 .o44i0 +4: 1 .O55io 1 .06510 +4; 1 .07610 44;
1 . 0 8  610 +4: 1 . 097n 4-4; 1 . 1 o810 +4- 1 . 119m +4; 1 • 1 3 1 id 44;
1 . l42 ,0 +4 5 1 . 15 410 +4; 1 . 1661.̂ +4; 1 . 17810 -f-4; 1 .1 9 1 20 4-4:

j

1 . 204io + 4 . 1 . 21 7io +4; 1 • 230m + 4 1 1 • 24410 +4; 1 .2 5 7 :0 46-;
1 . 2 7 1 16 +4: 1 .285io +4; 1 * 299io jji • 

‘ ~ r .1 1 .31 3m 4-4; 1 • 327io 44;
1 .3 4 2 1Q +4 j 1 .35820 44; 1 -374io 4-4 ; 1 »389:o +4; 1 »405m 44 I

1 -4 2 2 io -i-4; 1 . 430,0 44; 1 .4 5 5 io 4-d; 1 * 4?2io 4-4; 1 .458,0 4-J.l;‘ J

1 * 5o6i0 +4; 1 . 522io +4; 1 • 539 io 4-4; 1 .556io +4; 1 .573-0 44;
1 .590,0 44; 1 . 6o7i0 -1-4; 1 .6 2 4 n 4-4; 1 . 640m +4; 1 .65610 44;
1 .67210 +4 ; 1 . 688,n +4; 1 *70510 +4; 1 .721,o 4 4 ; 1 .736,0 -f-4;
1 .7 5  ho +4 * 1 .76?io 4-4 1 1 .7 8 4 10 +4; 1 .798io +4; 1 . 81 3,0 +4j
1 . 8 2 9 io 4-4; 1 .8 4 4 10 4-4; 1 .857:0 j_ii« 1 . 872,0 +4: 1 .885io 44;
1 .897n 4 4 ; 1 .9lO,o -f-4; 1 .922,o +4 • 

■>
1 . 9 3 5 m 4-4; 1 .947:0 1 'r 3

1 • 959io 4-4; 1 .96910 +4; 1 . 93oi0 j ~  L i « 1 . 990,o _>_)i. 1 . 996,0 4 4 ;

2 .00810 +4; 2 . 0 1 7  io 4-4; 2 . 025-0 4 - 4 : 2 .0 3 2 w +4; 2 « 039m 4 4 ;
2 .0 4  610 +4; 2 . 052,0 4 - 4 ; 2 .05810 -f-4; 2 ,o64,0 4 - 4 ; 2 . 068:0 4 4 ;

2 .O73io 4-4; 2 . 07710 -i-4; 2 . 080,0 +4; p . 0 8 3 ,;, 4-4; 2 . o85io 4 4  •T r 3

2 . 087,0 +4; 2 • O89ro 4-4; 2 .o89:o -f-4; 2 . 090,0 -f4; 2 . oo9io +AL I

2 . 0 8 % 4 - 4 ! 2 . o8810 + 4 ; 2 , o86,q 4 - 4  ? 2 .08530 4 4 ; 2 .0 8 3m -f-4;
2 .0 8 1  *0 4 - 4 : 2 . 0 7 9m + 4 ; 2 .07710 + 4 : 2 . 074,0 4 4 ; 2 . 072,o 4 4 - ;

2 .o68;0 4-45 2 .o64io 4 - 4  ; 2 ,059io - f - 4 ; 2 • 0 5 6 m 4 4 ; 2 . 0 5 2 m 4 4 ;
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TABLE 9 . 2  ( o o n t ’ d)

2 . o 4 8 10 + 4 ; 2 . o 4 4 10 + 4 ; 2 . 0 4 1 10 4-4; 2 0 O39io -f-4; 2  • 0 3 4 10 4 4 ;
2 . O 3 2 10 4 4 ; 2 .027io + 4 ; 2 .023 io -f-4; 2 . 0 2 1 m 4 4 ; 2 . 0 1 8 m 4 4 ;
2  „ 01 3io + 4 ; 2 .0 1  0 10 4-4; 2 , o o 810 4 4 ; 2 . 0 0 5 m -f-4; 2 . 0 0 2 IO 4 4 ;
2  • 0 0 1 10 + 4 ; 1 . 9 9 7 m 4-4; 1 . 995m •4-4; 1 .993m 4 4 ; 1 . 9 9 1 10 4 4 ;
l . 9 9 0 k + 4 ; 1 . 9 9 1 10 + 4 ; 1 . 9 9 0 m 4-4; 1 . 9 9 2 m 4 4 ; 1 . 9 9 2 m + 4 ;
1 . 9 9 3 m + 4 ; 1 . 9 9 4 m + 4 ; 1 . 996m 4 4 ; 1 • 9 9 7 m 4 4 ; 2 . OOOp + 4 ;
2  , 0 0 4 13 + 4 ; 2 . 0 0 8 m 4-4; 2 . 0 1 2 ^ 4-4; 2 .0 1  6 i0 4 4 ; 2 . 0 2 1 10 4 4 ;
2 , 0 2 6 k) + 4 : 2 . 0 3 1 m -i-4: 2 . 0 3 8 m + 4 : 2 . 0 4 4 p -f-4; 2 . 0 5 2 m + 4 ;
2  0 O59io + 4 : 2»06810 + 4 ; 2 ,076m 4 4 ; 2 . 0 8 7m 4 4 ; 2 . 0 9 5 m +4 ;
2 .1  O4I0 4 4 ; 2 , 113m 4-4; 2 . 1 2 4 m + 4 ; 2 . 1 3 5 m 4-4; 2 . 1 4 5 m 4-4;
2 . 1 5 6 I0 + 4 : 2 . 1 6 5 m -f-4; ■2.177m 4 4 ; 2 . 188- -f-4; 2 . 2 OO10 + 4 ;
2 .2 1 4 -0 -f-4; 2 . 2 2 8 m + 4 ; 2 . 2 4 0 F 4 4 ; 2 . 2 5 4 m 4 4 ; 2 . 2 6 7 m

.1m)! • r~r *
2 .2 8 1  a 4 4 ; 2 . 2 9 4 m + 4 ; 2 . 308m + 4 ; 2 . 32210 4 4 ; 2 . 3 3 6 m 4 4 ;
2 . 3 5 0 m + 4 : 2 . 3 6 4 m + 4 ; 2 .  378i0 4 4 ; 2 . 393:o 4 4 ; 2 . 4 0 7 m + 4 ;
2  e'42O10 + 4 ; 2 . 4 3 4 m + 4- 2 . 4 4 7 m 4 4 ; 2 . 4 6 1 p 4 4 ; 2.47610 4 4 ;
2.49030 + 4 ; 2 • 504m + 4 ; 2 . 518m + 4 ; 2 . 5 3 1 m 4 4 : 2 . 5 4 6 m + 4 :
2 . 5 6 O10 + 4 ; 2 .5 7 2 :o -f-4; 2 . 5 8 5 m + 4 ; 2 . 599:o 4 4 ; 2 . 6 1 110 +4 ;
2 .623zo 4 4 ; 2 .6 3 5 :o + 4 ; 2 . 6 4  6 i0 4 4 ; 2 . 6 5 9 io 4 4 ; 2 . 6 7 0 m + 4 ;
2 . 6 8 1 m 4 4 ; 2 . 6 9 2 io -f-4; 2 . 705m + 4 ; 2 . 716:0 -f-4; 2 . 7 2 5 io + 4 ;
2 . 7 3 6 m -f4 ; 2 .746io + 4 ; 2 . 7 5 7 m + 4 ; 2 . 7 6 4 m -f-4; 2 . 7 7 4 m + 4 ;
2 . 7 8 5 m 4-4: 2 . 7 9 2 m -f-4; 2 . 8 0 2 m 4 4 ; 2 .8 1  2,0 4 4 ; 2 . 8 2 1 m + 4 ;
2 . 8 3 1 m 4 4 ; 2 . 8 4 0 m 4-4; 2 . 8 4 7 m + 4 ; 2 . 8 5 5 m 4-4; 2 .8 6 1  10 4-4;
2 . 8 7 0 m 4-4 ; 2 . 8 7 6 10 4-4; 2 . 8 8 5 m + 4 ; 2 . 8 9 4 m 4 4 ; 2 . 900p + 4 ;
2 . 9 0 5 m 4-4 * 2 . 914m 4-4; 2 .9 2 O 10 j-./i .i , j 2 . 926,0 44; 2 . 93210 44 ;
2 . 93830 +4* 2 . q4 5 m 4-4; 2 . 9 5 1 m 44 ; 2 . 9 5 7 m • 2 . 9 6 3 m 44;
2  ♦ 97  Oiq 4-4 j 2 .9 7 7 :  0 + 4 ; ■ 2 .9 8 3 m 44; 2 . 98810 4-4 • 2 . 9 9 4 m 4 4 :
3 . o o 3 m 4-4; 3 . 0 1 0 m +4; 3 . 018 io 44 ; 3 . 026:0 4 2 ; 3.033:0 44 ;
3 .039io +4 5 3 . o4610 + 4 ; 3 . 0 5 1 m 44; 3 . 058:0 44 ; 3 . o6 4 m -f-4:
3 . 0 7 2 M + 4 ; 3 . o3o10 + 4 ; 3.O9O10 +4; 3 . 0  98i0 4-4; 3 • 1o 6m -f-4;
3 . 1 l 4 a + 4 ; 3 . 1 2 1 m 4-4; 3 . 1 3 0 m + 4 ; 3 . 1 3 8 m 4 4 ; 3 . 1 4 6 m 4 4 ;
3 . 1 5 5 m + 4 : 3 . 1 6 5 m + 4 : 3 . 1 7 4 m 4 4 ; 3 . 1 8 4 10 4 4 ; 3 . 1 9 3 m 4 4 ;
3 • 20110 4-4; 3 . 2 1 0 m + 4 ; 3 . 2 1 9 m 4 4 ; 3 . 2 2 7 io 4 4 ; 3 • 23610 -f-4:
3 . - 2 4 4 m 4 4 ; 3 . 2 5 4 m 4 - 4 ; 3 . 26210 4 4 ; 3 . 2 7 1 10 4 4 ; 3.27810 +4;
3 . 2 8 7 m 4-4; 3 . 2 9 4 m + 4 ; 3 * 303:0 4 * 4 ; 3 . 3 1 0 m 4 - 4 ;

9-1ra n g e  ( 2 ) :  s = 2 .8 5  t>y 0.U5 to  18 .0 0  A

5 . 2A110 +4; 5.410io +4; 5.571io +4; 5-730,, +4
6.026in +4: 6 . 16j y  +4; 6 .3 0 4 10 +4: 6.437:, +4
6 .7 1 2  ̂ +4: 6 . 871,0 +4; 7,o33io +4; 7 . 198,, +4
7-555io +4; 7.741], +4; 7 .942,, +4.; 8 .1 4 %  +4
8 . 596B +4- 8 .83110 +4- 9.074;o +4; 9.325i, +4

5 . 881„ +4 
6.570,0 +4 
7 .3 72„  +4
8 . 365 ,, +4 
9.585zo +4
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TABLul 9,2. ( c o n t ' d )

9 . 8 4 8 a + 4 ; 1 .01 1,0 + 5 ;  1 .039m
1 . 1 1 6 :a +5 • 1 « 1 4 0 T-) +5 1 . 1 64,n
1 . 2 2 8 B + 5 ; 1 .2 4  6 10 +5? • 1 . 264,o
1 • 3 0 % +55 1 . 3 1 9 d +5 1.327,0
1 * 3 4 % +5* 1 . 3 4 2 io + %  1 » 34 1 iQ
1 . 3 2 7 m +5 .* 1 *32O10 +55 1 .31 2i0
1 . 2 8 6 10 +55 1 *275io +5 1 . 2 6 7 b
1 * 2 4 % +55 1 .2 4 6 ,0 + 5 ; 1 . 2 4 2 m
1 * 2 3 % + 5 ; 1 .2 4  % +5;  1.246,0
1 • 2 7 1 io 1 *283io +5; 1 .29530
1 * 337io +5; 1 *354,0 +55 1 *372,0
1 .428 jo +55 1 , 4 4 6 10 + 5 ;  1 . 4 6 6 ]0
1 * 5 2 2 ]0 +5; 1 . 539jo +5; 1 *557io
1 *6o 3 io +55 1 «61510 +5 1 .625b
1 * 6 5 8 10 +55 1 . 666i0 +5 1 .67410
1 *-69810 1 .7o4,o +5 1 -711.0
1 * 7 2 % +5 : 1 *73610 +5 1 .742,0
1 *761 a +5* 1 .76810 +5 1 . 7 7 4 10
1 *797io +55 1 . 8 0 2 10 +5 1 . 8 1 4 10
1 e 84  1 IQ +5 ; 1 .847io +5 1 .85610
1 *879io +5* 1 . 8 8 % +5 1 . 8 9 6 10
1 * 9 1 8 10 + 5 ; 1 *92410 +5 1 . 9 2 7 io
1 *930io + 5 ; 1 . 9 3 2 10 +5 1 . 9 3 4 io
1 *937io +55 1 *941io +5 1 .942,0
l . .948B + 5 ; 1*950d +5 1 .955 m
1 * 9 7 6 10 +55 1 . 9 8 % +5 1 .992,o
2 . 0 2 6 io + 5 ; 2 . 0 3 9 m +5 2 .O52 10
2 . 1 OOio +5; 2 . 12% +5 2 . 146P
2 . 2 0 9 io +55 2.227io +5 2 . 2 4 4 10
2 .3 0 1 io + 5 ; 2 0 3 1810 +5 2 .3 4 o 10
2.39110 +5; 2 . 4 o 4 10 +5 2.41430
2 .4 4 1 70 +5; 2 . 4 4 % +5 2 . 4 5 8 m

2 .4 7 7 m +5; 2 . 4 8 5 i0 +5 2 . 4 8 5 m
2 .494 i0 +55 2 .4 9 2 ,o +5 2 .4  9 4 10
2 .5 0 0 io +5 ; 2 .5 0 1 m +5 2 *502io
2 . 506jo +5; 2.509io +5 2 . 51210
2 . 5 3 3 m +55 2 . 5 4  O,0 +5 2 . 5 4 6 , 0
2,56810 +55 2 .5 7 8 ,0 +5 2 . 587,0
2 . 614io + 5 ; 2 . 627iq +5 2 . 6 3 7 io
2  0 66910 +55 2 . 6 8 4 10 +5 2 . 695io
2 . 7261q +55 2 . 7 3 5 io

_i_5 2 . 7 4 1 10
2 * 7 7 2 10 2 .7 8 1 m +5 2 .7  o 610
2.81610 +55 2 . 8 2 4 ,0 +5 2 . 8 3 3 m

2.870,0 +55 2 . 881,0 +5 2 . 8 9 1 10
2*923io +5 : 2 . 9 3 4 10 +5 2 .946 ,o
2*992,0 +5; 3-oo3i0 +5 3.018a
3 «o66i0 +55 3 .0 7 9 m +5 3 . 092,0
3 - 133io +5: 3*148,0 +5 3 . 1 5 5 m
3 * 18 o 10 +5; 3 * 186,0 +5 3 . 1 9 7 m

+5* i . 065,0 + 5 5 1 . 09110 +5
+55 1 . 187,0 + 5 : 1 . 20810 +5
+ 5 ; 1 . 28 % + 5 ; 1 . 2 9 6 m +5
+ 5 ; 1 . 3 3 3 m +55 1 .338,o +5
+55 1 . 3 3 9 m + 5 : 1 . 3 3 3 m +5
+ 5 ; 1 • 3 o 3 io +55 1 . 2 9 3 m +5
+55 1 . 260,0 +55 1 *254,0 +5
+ 5 ; 1 . 2 3 9 m + 5 ; 1 • 23810 +5
+55 1 .252,0 +55 1 . 261,0 +5
+ 5 ; 1 . 3 0 9 m + 5 ; 1 .322,0 +5
+ 5 : 1 .3 9 0 , o +55 1 . 4 o  9,0 +5
+5;* 1 . 4 8 4 a + 5 ; 1 * 502,q +5
+ 5 ; 1 . 5 7 4 m +55 1 • 5 8 9 m +5
+55 1 c6 3 6 10 +55 1 • 64 9 m +5
+ 5 ; 1 . 6 8 3 m +55 1 .69210 +5
+ 5 : i • 7 1 7 m +55 1 • 7 2 3 m +5
+55 1 • 7 4 8 10 +55 1 • 7 5 5 m +5
+5* 1 . 7 8 1 m +55 1 • 788,0 +5
+ 5 ; 1 . 8 2 4 :o + 5 ; 1 . 8 3 3 m +5
+55 1 . 862,0 +55 1 .871  m +5
+ 5 ; 1 *903 m +55 1 • 91 O10 +5
+55 1 . 9 3 1 m +55 1 .932,o +5
+55 1 • 9 3 3 m +55 1 . 9 3 3 m +5
+ 5 ; 1 . 9 4 2 m +55 1 . 500,0 +5
+55 1 • 9 5 9 m +55 1 • 9 6 7 m +5
+5* 2 .OO210 +55 2 • 0 1 2]0 +5
+55 2 • 065iq +55 2 «O83:o +5
+ 5 : 2 . 1 68m +55 2 . 1 90m +5
+55 2 . 2 6 5 m +55 2 • 2 8 3 m +5
+55 2 .•359m +5 5 2 .37610 +5
+55 2 , 426,0 +55 2 . 4 3 5 m +5
+55 2 .466,o +55 2 . 4 7 3 m +5
+55 2 . 4 8 9 m +55 2 . 4 9 4 m +5
+55 2 . 5O210 +55 2 . 5 0 3 m +5
+55 2 . 5 o o i0 +55 2 . 5 o 4 10 +5
+ 5 : 2 .51  8m +55 2 • 5 2 5 m +5
+55 2 . 5 5 1 10 +55 2 . 5 5 9 m +5
+55 2 .594,o +55 2 . 605,0 +5
+ 5 ; 2 . 6 4 7 m +55 2 . 6 5 9 m +5
+ 5 ; 2 • 7 0 5 m +55 2 .71 6 m +5
+55 2 .751  m +55 2 . 762,3 +5
+55 2 • 7 9 5 m +55 2 . 8 o 6 D +5
+ 5 5 2 .8 4 6 ,q +55 2 • 8 5 7 m +5
+55 2 * 901 m +55 2 .91 O]0 +5
+ 5 5 2 . 960,0 +55 2 . 9 7 6 m +5
+ 5 5 3 . 0 3 % +55 3 . o4  [  10 +5
+ 5 ; 3 • 105,0 + 5 5 3 . 11613 +5
+ 5 5 3 . 16 4 10 + 5 5 3 . 172,o +5
+ 5 ; 3 . 2 0 9 m + 5 5 3 .21810 +5
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TABLE 9 .2 .

3 .22% +51 3 , 23410 +5 3 .244i0
3. 26 1 IQ +5* 3 .26710 +5 3 .273:0
3. 28s;0 3 * 292io +5 3 .293io
3. 303io +51 3 • 309io +5 3 - 3 1 210
3. 324,0 +5 5 3 • 33O10 +5 3 • 34 0,0
3 353i0 +5; 3 • 353io +5 3 .35810
3-.365io + 5 ; 0 .363 io +5 3 c3 6 2 10

ra n g e  ( 5 ) : s= 1 0 .3  "by 0 .1 0  t<

7.876:o +6: 7 .9 0 1 10 +6: 7 .9 4 4 a,
8.15810 +6; 8 . 26610 +61 8.4O210
8.783io +6 ; 8 . 88110 +6 j 8 .99  ho
9 • 2 1810 +6: 9.257io +6: 9.292io
9 .  3o810 +65 9 .2 8 1 10 +61 9 . 25O10
9.l69io +65 9.1 67io +61 9 .1 7  9io
9 -301 30 +6 ; 9 .3 5 7 io +6 j 9 .4 2 5 k,
9 .6 2 7 io +6 ; 9 . 683io +6 : 9.742:o
9 .8 7 2 10 +6 : 9. 9o4io +6 ; 9.927:o
1 .o o 4 10 +7: 1 .o o 810 +71 1 . 01310
1 .035io +71 1.04 ho +71 1 .o49io
1 .o 6 9 10 +7: 1.07630 +71 1 ,o 8210
l .O9210 +7l 1 .093:o +71 1 .092:o
1.08830 +71 1 .o85:o +71 1 . o83i0
1 . 07% +71 1 . 0 8110 +71 1 ,o84:o
1 . 10110 +71 1 . 107io +71 1 . 115m
1 . 139io +71 1 .14 6iq +71 1 .153:o
1 .1 72io +7l 1 -178'm +71 1 . 1 84-iq
1 . 195io +71 1 .1 97:o +71 1 . 2OOi0
1 .20830 +71 1 .209:o +71 1 . 21ho
1.21830 +7l 1 . 220-iq +71 1 . 222-iq
1 . 2 3 1  30 +71 1 .234:o +7 1 1 .236:0
1 . 2 4 1 , 0 +71 1 .243:o +71 1 ,24610
1 .259:0 +71 1 . 26410 +71 1 .27O10
1 . 2 8 7 m +71 1 .297:o +71 1 . 503:o
1 . 323:0 +71 1 . 33Oi0 +71 1 .335:o
1 .349:0 +71 1 .351m +71 1 .353:0
1 .359io +71 1 . 36O10 +71 1 .36210
1 .368:0 +71 1 .37  ho +71 1 .373:0
1 . 386:0 +71 1 .393:o +71 1 • 39810
1 .4 i 3io +71 1 .417 io +7 1 1 .420 m

1 .432io +71 1 .435:o +71 . 1 .44O10

n t ' d)

+51 3 . 2 4 9 : o +5l 3 . 2 5 7 m +5j
+5 j 3 .2 7 6 10 +51 3 . 2 8 3 m +5;
+5l 3 .2 9 9 : o +5 ; 3 » 3o410 +51
+51 3 .3 1 610 +5j 3.318,0 +51
+51 3 .3 4 2 10 +51 3 .3 4 8 m  +51
+51 3 • 36110 +51 3 . 3 6 3 : o +5;
+51 3 .3 5 6 i0 + 5 l

32 .30  A

+6 j 8 • OO510 +6: 8 . o 8 ho + 6
+6 1 8 .533:o + 6 8 .653:0 + 6
+ 6 ;  9 . 07810 + 6 ;  9 . 15 310 + 6
+ 6 ;  9 .2 9 6 10 + 6 9 • 30810 + 6
+6 ; 9 .235:o + 6 ;  9 . 19610 +6
+.61 9 . 1 98I0 + 6 1  9 .247:o +6
+ 6 ;  9 • 4 9 1 m + 6 ;  9 .568:0 +6
+ 6 1  9 . 7 8 7 io +6: 9 * 836,0 +6
+ 6 9 • 9 7 1 m +6 9 . 996io +6
+ 7 1 »0 19io + 7 1 • 027iq +7
+ 7 1 . 0 5 7 m + 7 1 .06410 + 7

+ 7 1 . o85io + 7 1 . o89:o + 7

+ 7 1 • 092:o + 7 1 .09110 + 7

+ 7 1 . 08110 + 7 1 • 08110 + 7

+ 7 1 • 089:o + 7 1 • 094 10 + 7

+ 7 1 . 1 23:o + 7 1 . 1 32:o + 7

+ 7 1 . 1 5 9 m + 7 1 . 165:o + 7

+ 7 1 . 1 9 0 m + 7 1 . 1 92,o + 7

+ 7 1 • 202,o + 7 1 .2O4i0 + 7

+ 7 1 . 21 5:o + 7 1 .21 6iq + 7

+ 7 1 .2 2 5 :o + 7 1 . 22810 + 7

+ 7 1 . 236,0 + 7 1 . 238:0 + 7

+ 7 1 • 250io + 7 1 . 256:0 + 7

+ 7 1 .275:o + 7 1 .279:o + 7

+ 7 1 • 3 1 1 m + 7 1 .317:o + 7

+ 7 1 . 34 0 ,o + 7 1 .345:0 + 7

+ 7 1 .355:0 + 7 1 . 3 5 7 m + 7

+ 7 1 .364,0 + 7 1 .3 6 5 : o -1-7
+ 7 1 .378:o + 7 1 . 3 3 1 m + 7

+ 7 1 .403:0 + 7 1 , 4 o 8 i0 +7
+ 7 1 . 4 2 4 m + 7 1 . 4 2 8 ;o + 7

+ 7 ■,446i0 + 7 1 00Lf\ + 7
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TABL3 y .%  ( c o n t ’ d)

. 4 5 4 10 + 7 ; 1 .459:0 +75 1 .4  6 4 10 +75 1 .4 7 l io +75 1 .477m +75

. 4 8 4 10 +75 1 .49210 +75 1 . 4 9 7 io +75 1 »505io +75 1 . 508,1 +75
• 515io + 7 ; 1.51810 +75 1 .523:o +75 1 .528:o +75 1 .532:o +75
.536io +75 1 »540v) +75 1 . 543:0 +75 1 . 5 4 6 io +75 1 .550io +75
. 5 5 Zlio +75 1 . 500,1 +75 1 .56510 +75 1 .570io +7 5 1 .576io +75
. 5 8 2 io +73 1 . 588 i0 +75 1 . 596:0 +75 1 . 6 o 3 iq +75 1 .61  ho +75
.61  930 +75 1 .629io +75 1.63610 +75 1 .6 4 2 i0 +75 1 .6 4  810 +75
. 6 5 6 i0 + 7 ; 1 .663:0 +75 1 . 669^0 +75 1 .67610 +75 1 . 682 io +75
. 68810 + 7 ; 1 . 693m +75 1 .69710 +75 1 .703:o +75 1 . 708,0 +75
• 712io +75 1 .721io +75 1 .727io +75 1 *735io +75 1 .743:o +75
. 7 5 2 iq +75 1 .758io +75 1 . 7 6 7 io +75 1 .774io +75 1 .781  io +75
• 7 8 9 io +75 1 . 7 9 6 10 +75 1 . 8 0 2 io +75 1 .80910 +75 1 . 8 l 8i0 +75
. 8 2 5 io +75

ran g e  (b )  : s = 2 0 . 14-6 "by 0 .2 2  to  3 9 .60  A9-1

• 40810 + Q ; 1 .4o3:o +8 :
. 3 6 4 10 +8 : 1 . 3 6 2 :0 +85
• 374io +8 ; 1 .378-0 +85
. 3 8 7 io +83 1 . 3 8 4 10 +8 j
• 3 8 1 10 + 8 1 1 .385:0 +8 :
• 39810 + 8 1 1 .399io +85
. 399io + 8 1 1 . 3 9 8 m +8 ;
• 392io +8 j 1 .389io +8 -
• 399io +85 1 . 4 o 5:o +85
. 4 2 4 10 +85 1 .430:o +8 ;
• 4 5 0 io +8 j 1 .453io +8 j
• 463io +8 j 1 .465:0 +8 j
. 4 8 4 10 +8 j 1 . 4 9 1 10 +85
• 5 1010 + 8 j r .5 iO io +8 j
• 525io +8 j 1 .531]0 + 8 1
• 555io + 8 ^ 1 . 560:0 +8 j
. 5 8 7 io +8  j 1 .595io +85
. 6 2 3 io +85 1 .63110 +85

. 395io +85
• 3 6 2 10 + 8 j 
. 384  io +8 ; 
.383io +85 
.391  io + 8 1 
, 4 o o 10 + 8 ;
.398io +8; 
.390io +85 
. 4 i o i0 -1-8 :
• 435io +8 ] 
.45810  +8 ; 
. 4 6 8 I0 +8 ; 
. 49610’ +8 j
• 5 1 4 10 +8 ; 
.538io +83 
.56710 +85 
. 6 0 1i0 + 8 j 
.639io +85

• 3 8 1 10 +8 ; 1 . 3 7 1 m +85
.365:0 +8 : 1 .369:o +8 3
. 38610 +8 ; 1 . 38810 +85.
• 379io +85 1 . 380io + 8 ;
. 3 9 4 10 +85 1 . 3 9 4 w +8 ;
. 393io +85 1 . 4OO;0 +85
. 395io + 8 ^ 1 . 395io
. 3 9 1 10 + 8 ;y 1 • 393:o +85
• 4 15 :o +8  5 1 .421,0 +85
. 4 3 8 io +8 : 1 .444.;0 +85
.459:0 +85 1 . 4 6 1 13 +85
.474:0 +8 ; 1 .479io +85
. 5 OO10 +8 j 1 »50610 +8 :
. 518:0 +85 1 .521io
• 5 4 3 io + 8 : 1 .550io +8 3
.574:0 +85 1 . 5 8 1 10 +83
• 60810 +83 1 . 6 1 5 m +83
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TABJ3 9., £  ( o o n t 'd )

1 A  5^10 + 7 ; 1 .459:o +73 1 .464xg +7; i . 4 7 i i o +7 1 . 4 7 7 io +7
1 .^84;-, +75 1 . 4 9 2 io +73 1 .497io  +73 1 .505io +7 1 . 508,9 +7
1 . 5 15io +?; 1 .518,0 +75 1 .523x0 +71 1 o 28 i0 +7 1 .53210 +7
1 . 5 3 6 a +75 1 . 540xo +73 1 .543x0 +7 ; 1 , 5 4 6 10 +7 1 .550io +7
1 . 5 5 iLio +75 1 . 56O30 +73 1 .565x0 + 7 1 1 .57020 +7 1 .576io +7
1 .5 8 2 k + 7 ; 1 . 588,0 +75 1 -596x0 + 71 1 .6q3io +7 1 . 6 n 10 +7
1 . 619.0 +75 1 . 6 2 9 io +75 1.63610 +7 1 1 . 6 4 2 10 +7 1 . 6 4 8 10 +7
1 • 65630 + 7 ; 1 . 663xo +75 1 . 669.0 + 71 1 .67620 +7 1 . 68210 +7
1 . 68810 +7; 1 .693io +75 1 .697x0 +7; 1 .703io +7 1 .70810 +7
1 .712io +75 1 .721x0 +75 1 .727x0 +7; 1 .735io +7 1 .743io +7
1 .752.o +73 1 .758io +75 1 . 767.0 +7; 1 *77410 +7 1 . 7 8 1 10 +7
1 -789x0 +73 1 .796io +75 1 • o02jq +71 1 . 80% +7 1 . 8 l 8m +7
i . 825 io +75

ran g e  (1+) : s = 20.l|.6 txy 0 .2 2  to  3 9 .6 0  A9-1

•  4o810 +8 ; 1 . 4 o 3 : o
.3 6 4 10 +8 : 1 .3 6 2 10
• 37410 +8 ; 1 . 378:0
. 3 8 7 io +8 j 1 . 38410
.3 8 1 20 +8 ; 1 . 3 8 5 i o

• 3 9 8 io + 8 : 1 .399io
. 399io + 8 1 1 .398io
.3 9 2 10 +8 j 1 . 3 8 9 io

• 399io +8 j 1 . 4 o 5 10
• 424 io +83 1 . 4 3 0 , 0

• 4 5 0 io +83 1 . 4 5 3 io

» 463io +8 j 1 . 4 6 5 i o

. 4 8 4 io +8 j 1 .4 9 1 10

. 5 1 0 2 0 +8 j r.5K)io
•  525io +8 j 1 .53ho
• 555io +8 j 1 . 5 6 0 : o

. 5 8 7 io +8 j 1 .595io
• 6 2 3 io +8 j 1 . 6 3 110

+ 8 ; 1 . 3 9 5 '10 + 8 ; 1 . 3 8 l i o + 8 ; 1 . 3 7 1 10 + 8 ;

+ 8 j 1 . 3 6 2 10 + 8 : 1 .365:o + 8 : 1 .3o9:o + 8 ;

+ 8 ; 1 . 3 8 4 :o + 8 5 1 . 3 8 6 10 + 8 : 1 . 3 8 8 1 0 + 8 ;

+ 8 ; 1 .383io + 8  j 1 . 3 7 9 io + 8 ; 1 . 3 8 0 ,0 + 8 ;

+ 8 ; 1 . 3 9 1 10 + 8 9 1 . 3 9 4 10 + 8 j 1 . 3 9 4 m + 8 3

+ 8 ; 1 , 4 o o 20 + 8 1 1 . 3 9 8 : 0 + 8 ; 1 , 4 0 0 io + 8 :

+ 8 ; 1 . 3 9 8 : 0 + 8 j 1 . 3 9 5 io + 8  j 1 . 3 9 5 :o + 8 j

+ 8 - 1 . 3 9 0 io 1 . 3 9 1 10 + 8 ; 1 * 3 9 3 :o + 8  j

+ 8 5 1 . 4 1  O i0 + 8 ; 1 . 4 1 5 : 0 - h 8 j 1 . 4 2 1 : 9 +8 j

+ 8 ; 1 .435io + 8 ] 1 . 4 3 8 , 0 + 8 : 1 . 4  4 4 10 + 8 :

+ 8 ^ 1 . 4 5 8 2 0 + 8 ; 1 . 4 5 9 : 0 + 8 3 1 . 4 6 1 10 + 8 ;

1 . 4 6 8 m + 8 j 1 . 4 7 4 : 0 + 8 1 1 . 4 7 9 : 0 + 8 j

+ 8 ; 1 . 4 9 6 1 0 ’ + 8  j 1 . 5 0 0 10 + 8 ; 1 . 5 0 6 1 0 + 8 :

+ 8 j 1 .514io + 8 ; 1 . 5 1 8 : 0 + 8 : 1 . 5 2 1 1 0 + 8 ;

+ 8 1 1 . 5 3 8 :o + 8 5 1 .543io + 8 - 1 . 5 5 O 1 0 + 8 3

+ 8 ; 1 .567io + 8 ; 1 . 5 7 4 I0 + 8 ; 1 . 5 8 1 1 0 + 8 ;

+ 8 ; 1 . 6 o i 10 + 8 3 1 .  6 o 8 10 + 8 j 1 . 6 1 5 3 0 + 8 ;

+ 8 ; 1 .639io + 8 ;
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TABLE 9 ,5

ClpO i n t e n s i t y  d a ta (2 )  a s  combined u p h i l l  c u rv e s
o - 1ra n g e  ( l ) :  s = 0 .8 6  hy  0 .0 2  to  8 .9 8  A

5 0 ~"
N c UJ 0 + 2  :

6 • 82 1 10 +2 ;
8 .O39io +2 :
9 . 8 1 4 b +2 ;
1 . 1 63io +3:
1 .332io +3 3
1 .519io
1 .720io +3:
1 .925io +3;
2 .173io 4-3;
2 • 4 6 o 10 +3;
2 . 7 8 2 io +3;
3 • 14 610 4-3;
3 . 5 4 2 io +3:
3 » 97 4 10 +3]
4 o4 4 2 io 4-3;
4 <,89210 +3;
5 .485io +3;
5 .  9 8 9 d +3;
6 . 4 9 1 10 +3;
7 .00310 4-3;
7 .517io +3;
7 .  9 6  i 10 +3;
8 . 4 4 3 10 +3;
8 .89710 +3;
9 •  34910 4-3;
9 . 8 1 5 io 4-3;
1 .02910 +4;
1 o 0 8 4 10 +4j
1 .  14110 +45
1 *20610 +4;
1 .27610 +4:
1 .352io +4;
1 . 4 3 0 b +4;
1 . 5 1 5 io +4:y
1 .58910 + I l :

' y

1 .66910 +4;
1 . 7 4 3 io + 4 :

1 .80610 + 4 ;

1 .86810 + 4 :

1 0 9 1610 -3-Z1 * 
‘ >

5 . 8 9 9 i o + 2 :

7 . 0 4 3 10 + 2 :

8 . 3 5 3 i o + 2 ;

1 0 01810 + 3 :
1 .  19 8 i o + 3 3
1 . 3 6 5 io + 3 ?
1 « 5 5 9 i o + 3 :
1 . 7 6 1 10 + 3 ;
1 • 96810 + 3 ;
2 o 2 2 9 i o + 3 ;
2 . 5 2 1 10 + 3 ;
2 . 8 5 2 i o + 3 ;

3 . 2 2 3 io
1 0 •

3 • 62  4 10 + 3 ;
4 «06810 + 3 ;
4 .52510 +  3 ;

5 . O 0 8 i o + 3 ;

5 . 5 8 3 10 +33
6 s 09210 + 3 :
6 • 5 9 2 i o + 3 ;

7 . 1 1 2 io + 3 ;

7 .60310 + 3 ;
8 .05810 + 3 :

8 . 5 3 7 i o + 3 :
8 . 9 9 2 i o + 3 ;

9 .  4 3 7 io + 3 ;

9 ,91610 + 3 :
1 .03910 + 4 ;

1 .09510 + 4 ;

1 . 1 5 3 io + 4 ;

1 .2 1  910 + 4 :y
1 . 2 9 1 10 + 4  ;
1 .36910 + 4 :
1 . 4 4 5 io + 4 ;

1 . 5 3 2 i o + 4 :

1 0 60  4 10 + 4 -
1 0 6 8 4 10 - f - 4 ;

1 .75610 + 4 :

1 •  8 1 8 10 + 4 ;

1 .87810 + 4 ;

1 .  91810 + 4 ;

6 .1 2 7 1 0 +25
7 .2 6 2 1 0 + 2 ;
8 .7 0 6 1 0 +23
1 . 0 5 4 b +83
1 o233io + 3 ;
1 . 4 0 1 10 + 3 ;
1 . 5 9 9 io + 3 ;
1 . 8 0 2 10 + 3 :
2 . 0 1 5 b + 3 ;
2 .2 8 6 1 0 +33
2 0 5 8 3 10 + 3 ;
2 . 9 2 3 io + 3 ;
3 . 3 0 1 10 + 3 :
3 .7 6 7 1 0 +33
4 . 1 6 8 b - + 3 :
4 . 5 9 9 b
5 . 1 4 2 10 4-8 ;
5 . 6 8 4 b 4-3;
6 . 19510
6 .6 9 5 1 0 4-3;
7 . 2 2 2 io + 3 ;
7 .6 8 8 1 0 + 3 ;
8 .1 5 2 1 0 4-3;
8062910 4-3;
9 .6 8 5 1 0 4-3;
9 .5 2 8 1 0 + 3 ;
1 .00010 -f-4;
1 . 0 5 O10 + 4 ;
1 .1 0 6 1 0 4-4;
1 . 16610 4-4;
1 . 2 3 3 b -i-4;
1 . 3 0 5 b 4-4;
1 . 3 8 5 io 4-4;
1 . 4 6 2 io 4-4;
1 . 5 4 7 io 4-4;
1 .62110 -i-4;
1 .69910 4-4;
1 .76910 + 4 :
1 . 8 3 1 b + 4 ;
1 .8 8 7 1 0 + 4 :
1 .92610 4-4;

6 .3 6 5 1 0 4-2;
7 . 4 9 1 10 + 2 ;
9 .0 7 6 1 0 4-2 ;
1 0O 9 O 10 4-3;
1 .2 6 6 1 0 + 3 ;
1 .4 3 8 io 4-3;
1 .6 3 9 1 0 4-3;
1 .8 4 3 io 4-3;
2 .0 6 6 1 0 4-3;
2 . 3 4 3 10 - t - 3 ;
2 . 6 4 7 10 4-3;
2 .9 9 6 1 0 4-3;
3 . 3 8 o 10 4-3 ;
3 . 7 9 3 b 4-3;
4 ,26710 + 3 ;
4 . 6 7 9 i o + 3 ;
5 .2 6 9 1 0 4-3;
5 . 7 8 3 b 4-3;
6 . 2 9 4 b 4-3;
6 .7 9 8 1 0 4-3;
7  • 3 2 3 io - i - 3 ;

7 . 7 7 9 i o - f - 3 ;

8 .2 4 9 1 0 + 3 ;
8 .7 1 7 1 0 4-3;
9 . 1 7 4 b 4-3;
9  • 6 2  4 10 4-3;
1 . 0 1 0 b - i - 4 ;
1 . 06110 + 4 ;

1 .1 1  810 -1-4;

1 0 17910 4-4;
1 . 2 4 7 10 + 4 ;
1 . 3 2 0 b + 4 :
1 . 4 0 1 b 4-4;
1 .4 7 8 io - i - 4 ;
1 .5 6 2 1 0 4-4;
1 . 6 3 7 io 4-4;
1 . 7 1 4 b -1-4:y
1 . 7 8 1 10 - i - 4 ;

1 . 8 4 4 b + 4 :
1 .8 9 5 io 4-4;
1 . 9 3 3 b 4-4;

6 « 60 1 10 "t2  l 
7 . 7  4 2  io + 2 ;
9 . 4 4 9 b  + 2 ; 
1 o 1 2610 + 3 3  
1 .29910 + 3 ; 
1 a 4 - 7 8 l 0  + 3  3  

1 o 6 8 O10 + 3 ;
1 • 8 8 4 a  + 3 ;
2  e 11810 + 3  $
2 . 4 0 1 10 + 3 ;  
2 . 7  1 4 10 
3 . 0 7 0 w + 3 *  
3 . 4 6 0 b  + 3 ;  
3 ,8 8 2  io + 3 *  
4 , 36110 + 3 ;  
4  0 77610 + 3  3 
5 .3 8 1  io + 3 ;
5 o 8 8 6 10 + 3 ;
60 392  io +3* 
60 90010 +3  5 
7 . 4 2 4 b  + 3 ;  
7.86710  + 3 ;  
8 , 346io + 3 ;  
8 . 8 OO10 H ' 3 ]  
9 . 2 6 O10 + 3 :
9 . 7 2 0 b + 3 ;
1 .0 1 9 1 0  + 4 ;  
1 . 0 7 3 b  + 4 :  
1 . 1 2 9 io  + 4 :  
1 . 1 9 2 i o  + 4 ;  
1 . 2 6 2 io + 4 :  
1.53610 + 4 1 
1 • 4 1610 + 4  ; 
1 o 4 9 7 10 +4 ; 
1 . 5 7  5 10 + 4 :  
1 065310 + 4 : 
1 .7 2 9 1 0  + 4 :  
1 . 79^10 + 4 ?  
1 065710 + 4 ; 
1 . 9 0 2 10 -i-4: 
1 o 9 4 0 10 + 4 :
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TABLE

1 . 9 4 7 * ) + 4 ; 1 . 9 3 2 i o + 4 ; 1 . 9 5 7 i o

1 . 96710 + 4 : 1 . 9 ' 7 0 i o + 4 : 1 .9 7 3 io
1 * 9 7 9 i o + 4 : 1 .98110 -f-4;. 1 0 9 8 2 1 0

1 . 9 8 1  :o T  r  j 1 . 9 3 0 i o 4-4: 1 0 97810
1 . 9 7 3 10 ‘ ./ 1 •  9 7  1 10 - i j i  • 1 ' ^ 1 .98910
1 . 9 6 O 1 0 + 4 ; 1 o9 3 8 io 4-4; 1 . 95^10
1 . 9 JW i o + 4 ; 1 «. 940*3 -f-4; 1 . 9 3 6 i o

1 . 9 2 3 b + 4 : 1 c 9  ] C} IQ -i-4; 1 .914*0
1 . 9 0 110 + 4 ; 1 O899l0 4-4; 1 .89810
1 . 8 9 5 b + 4 - 1 089310 -f-4; 1 . 8 9 O 10
1 . 8 8 1 10 + 4 ; 1 .87910 -f-4; 1 . 8 8 o 10
1.88510 + 4 ; 1 « 88710 -f-4; 1.88910
1.89610 + 4 ; 1 . 8 9 9 i o -f-4; 10 902*3
1 . 9 1 1 10 + 4 ; 1 . 9 1 9 1 0 - f - 4 : 1 . 9 2 1 * 3

1 . 9^610 -f-4; 1 o 9 3 8 io 4 - 4 : 1 . q b p i o

1 ; 9 9 2 b -f-4; 2 . 000*3 4 - 4 ; 2 06 1 0 D

2 . 0 4 1 10 + 4 : 2 . 053*0 4 - 4 : 2 .0 6 4 * 0
2 . 0 9 9 io + 4 ; 2 . n o i o 2 . 122*0
2 . 15 9 b + 4 ; 2 .17310 -f-4; 2 . 18710
2 . 2 2 9 , , + 4 ; 2 .242*0 4 - 4 ; 2 . 2 5 5 i o

2 . 2 9 4 b + 4 ; 2 . 8 O 810 4 - 4 ; 2 . 3 2 1 * 0

2 . 3 6 1 b + 4 ; 2 o 3 7 9 i o 4 - 4 : 2  0 3  9010
2 . 4 3 4 , 0 + 4 ; 2 . 430*0 -f-4; 2 .  4 b 4 i o

2 .49810 + 4 ; 2. .50810 4 - 4 ; 2 . 5 1 9 i o

2 .55610 + 4 ; 2 .36810 4 * 4 ; 2 o 5 7 2 io

2 . 600,0 + 4 ; 2 0 6 1 1 1 0 -f-4; 2  .  6 2 6 i0
2 . 654,0 + 4 ; 2 .66310 + 4 ; 2 . 6 7 2 * 0
2 . 700,0 + 4 ; OC. .70910 + 4 ; 2 . 7 1 0 a

2 . 7 4 3 b + 4 ; 2 . 7 4 9 1 0 4 - 4 ; 2 o 7 5 2Bo

2 . 766,0 + 4 ; 0C- . 7 7 1 10 -f-4; 2 . 7 7 7 i o

2 . 7 9 7 b + 4 ; 2 •  80810 4 - 4 ; 2 .8 1 2 * 0
2  . 8 3 2 b + 4 : 2 . 8 3 7 i o -f-4; 2 . 8 3 9 1 0

2 . 8 4 5 , 0 + 4 : 2 . 850*0 4-4; 2 . 8 5 7 10
2 . 8 8 4 , 0 -f-4; 2 . 892*0 - f - 4 ; 2 . 900*0
2 . 9 2 4 , 0 + 4 : 2 . 9 3 2 * 0 + 4 ; 2  . 9 3 9 io

2 .95610 + 4 ; 2 . 9 6 4 io 4-4; 2 . 9 7 2 io

3 . o o o b - f - 4 ; 3 . O O 810 4-4; 3 . 01610
3 . 038,0 - f - 4 ; 3 . O 4 7 i o - f - 4 ; 3 . O 5 7 1 0

3 . 090,0 + 4 ; 3 . 099*3 - f - 4 ; 3 . 10610
3 .11910 + 4 ; j . 1 2 3 i o 4-4; 3 . 1 2 8 * 0

3 . 1 4 6 b + 4 : 3 .  1 3 3 i o - f - 4 ;

( c o n t 1 £ )

4-4; 1 .96110 +4; 1 .964*0 -f-4;
-f-4; 1 .9 7  5 io -f-4: 1 . 978*0 4*4;
-f-4; 1 .983*0 +4; 1 . 982*0 +4;
-f-4; 1 .97610 +4; 1 • 97 "6*0 4-4;
-f-4; 1 .9 6  610 4-4; 1 . 9 6 3 io 4-4;
4-4; 1 . 9 5 O10 -i-4: 1 • 9^810 -f-4;
+ 4 * 1 .932*0 4-4; , 928*0 -f-4;
+4; 1 . 909*0 4-4; 1 . 905*0 +4;
-f-4; 1 . 8 9 7 io 4-4: 1 .89010 +4;
-f-4; 1 . 8 8 7 10 4-4; 1 .884*0 _L/'l »
-f-4; 1 e 8 8  1 10 4-4; 1 e 883*0 -f-4;
4-4; 1 . 891*0 -f-4; 1 .893*0 4-4:
-f-4; 1 . 905*0 4-4; 1 e 9O8l0 -f-4;
+4; 1 .92810 4-4; 1 .93610 4-4;
-f-4; 1 .97510 +4; 1 e983l0 4-4;
4-4; 2 .0 1  o10 4-4; 2 .030*0 4-4;
4-4; 2 . 076*0 -i-4; 2 .08  7*0 4-4;
4-4; 2  0134*0 4-4: 2 . 14 610 -;-4;
4-4; 2 . 201*0 -f-4; 2 e 21 5 10 4-4;
4-4; 2 . 268*0 -f-4; 2 • 2 8  110 -f-4;
-f-4; 2.334*0 4-4; 2 . 34810 +4:
4-4; 2.404*0 4-4; 2 .41 910 4-4;
-f-4; 2 .4 7 6 1 0 -f-4; 2 0 487 10 -f-4;
4-4; 2 .533*0 4-4; 2 • 5-6710 4-4;
4-4; 2.577*0 -f-4; 2 . 587io -f-4;
4-4; 2 . 638*0 4-4; 2 .6 4 7 10 +4;
-f-4; 2 . 6 8 1 10 4-4; 2 . 09010 + 4 :
4-4; 2 .7 2 7 1 0 -f-4; 2 .736*0 +4-
-f-4; 2 .7 5 8 1 0 4-4; 2 . 762*0 + 4 :
-f-4; 2.783io + 4 ; 2 .790*0 +4;
4-4; 2 . 820*0 4-4; 2 .82610 4-4;
-f-4; 2 e839*o 4-4; 2 .8 4 2  a + 4 ;
4-4; 2 . 866*0 4-4; 2 .87  510 4-4;
4-4; 2 . 907*0 4-4; 2 . 916*0 4-4;
-f-4; 2.945*0 +45 2 0 950io 4-4;
-f-4; 2 . 982*0 -f-4; 2 .992*o 4-4;
4-4; 3.023io -f-4; 3 .0 30a -f-4;
4-4: 3.o67io 4-4; 3 .07810 4-iL -
4-4; 3.111*0 4-4; 3 .115*0 + 4 -
4-4; 3 .1 3 4 * 0 4-4; 3 0 140*o + 4 ;
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TABLE

r a n g e ( 2 ) : s  = 2 . 4 0  By

3 « 998io +45 4 , 2 0 6 : o +4: 4 6 4 1810
5.00410 + 4 1 5 . 18810 + 4 ; 5 »365 io
5 . 9 2 3 i o + 4 : 6 0 1 1 8 io +4* 6 *2 9 6 ^
6 . 8 0 1 10 + 4 : 6 =938m + 4 1 7 0160 20
7 * 5 4 9 m + 4 ; 7 0 7 3 2  io +4 : 7 0 9 2 2 10
8  = 545:0 + 4 ; 8 . 7 5 7 io + 4 ; 8 „ 934m
9«719io +4- 9-982:0 +4: 1.62510
1 . 11120 1 = 140m + 5 : 1 . 169^0
1 .253io +55 1 . 2 8 0 i, +55 1 0 30 4 :o
1 • 36  4 19 +5 * 1 . 3 8 3 10 +55 1 , 4 0 3 10
1 0 449:0 +51 1 .459io 4*5: 1 .467:o
1 .472 io +51 1 .468io +55 1 0 4 6 2 19
1 .  433:o +51 1 14 2 2 10 +55 1 . 4 1 019
1 .3 7 9 io +55 1 .370io +5: 1 .359io
1 0 3 3 7  io +51 1 .333io +55 1 = 3 3 1 10
1 .336io +51 1 .342io +55 1 .347io
1 .378io +51 1 . 3 9 1 10 +55 1 .4o6:o
1 .455io +55 1 .474io +55 1 o4 g 4 io
1 * 5 5 4 io +51 1 . 574m +55 1 =59610
1 .65010 +51 1 06 6 q̂ o +55 1 *68620
1 0 72810 +51 1 .741:0 -1-5 : 1.75110
1 .782:o +55 1.79110 +5 5 1 .797:o
1 . 8 1 5 io +5: 1 . 82110 +55 1 =827 io
108  4o  10 +5 5 1 .84710 +5<* 1 .85610
1 . 8 7 5 w +51 1.88510 +55 1 =891 io
1 . 9 0 9 m +5; 1 0 9 2 0 20 +55 1 . 9 2 6 io
1 . 9 3  4 10 + 5 ; 1 . 9 4 3 10 +55 1 . 9 5 1 10
1 . 9 7 1 10 +55 1 .97710 + 5 ; 1 •  985io
1 .999io +55 1 .90810 +55 2 . 0 0 1  a

2 . 0 0 6 10 +55 2 . 0 0 9 m +55 2 . 0 1 0 W

2 . 0 0 7 io 2 o 004io +55 2 . 00610
2 . 0 0 7 m 2 . 0 1 3 :o +55 2 = 019:0
2.O4310 2,05019 +55 2 = 057io
2 . 0 9 7 10 +5$ 2 01 1 4io +55 2 . 1 3 1 m
2 .18510 +55 2 O203io +55 2 .219 :0
2 »279io +5; 2 . 3 0 0 m +55 2 r 322  10
2 .39^10 +51 2 0  4 0 8 10 +55 2 .4 2 4 :0
2 . 4 6 1  io +5; 2 0 478:o +55 2 . 4 9 4 io

2 .52019 +55 2 . 5 2 8 io +55 2 = 5 3 7 10
2 . 547io +55 2 o5 4 4 w +55 2 . 3 4 4 io

2 . 5 5 9 i o +55 2 « 5 5 5 io +55 2 0 552io
2 . 5 6 9 io +55 2 .5 7 5 :0 +55 2 = 5 7 5 10

' ( c o n t ’ d )
o - l

0 ,0 5  to  1 7 .9 0  A

+ 4 ; 4 . 62210 + 4 : 4 o 8 1 4 10 4*4:
+ 4 : R RRL^ 9 0 ^ jo io 4-4: R = 728:o + 4 ;
+ 4 : 6 . 4 7 1 m 4-4: 6 0 6 3 5  m 4-4:
4*4: 7 .2 3 5 :0 4-4: 7 = 3 8 2 m 4-4:
4-4: 8 = 1 2 9 m + 4 : .341:0 4-4:
+4* 9 .2 2 3 :0 4-4: t, 4 6 3  m + 4 :
4-5: 1 .05310 +55 .082:o +55
+55 1 = 1 98:o +55 = 2 2 6 m + 3 :✓
+55 1 =325:o 4-5 * = 345 :o 4-3:
+55 1 . 4 2 3 io +55 . 4 3 8 m +55
+5 5 1 = 4 7 1 io +55 . 4 7 3 m +55
4-3 1^ j 1 . 4  5 3 10 +55 = 4 4 3 10 +55
+55 1 = 399:o +55 = 3 8 8 m +55
+55 1 .350:o +55 .342:9 +55
4*5: 1 . 3 3 0 m +55 = 3 3 1 10 +5 5
+55 1 .355:0 +55 = 36619 4-3^
+55 1 .421:0 +5; = 4 3 7 io +55
+5*9 1 * 5 1 4:0 +5 5 . 5 3 4 m 4-3:
+55 1 . 61610 +55 . 632:0 +55
+5 * 1 =69810 +55 . 7 1 3 m +55
+55 1 =76110 +55 * 7 7 2 io +55
+55 1 . 8 0 2 :o +5? .8 0 8 : o + 3 :
+5 5 1 . 8 3 3 m +55 = 835:o +55
+55 1.86210 -j-R • *86510 +55
4* 3 * 1 =893:o + 5*, .89810 +55
+55 1 .925io + 5: = 92710 4*5 •
+55 1 =959:o +55 .96510 +55
+55 1 .993io +55 . 9 9 9 m +55
+5* 2.06310 +55 2 .003:9 + 5 :
+55 2 . 0 0 9 m +55 2 8 OO910 +55
+55 2 . 0 0 8  :o +55 2 . 00610 +55
+55 .ro 0 c ro cro 0 +55 2 *033io + 5 :
+55 2 . 0 6 7 m +55 2 = 08110 + 5 :
+55 2 . 1 4  9 10 +55 2 = 16619 +55
+55 2 =239io +5* 2 = 26019 +55
+ 5 : 2 .3 4 4 :9 +55 2 .36710 +55
4-3: 2 . 4 3 7 m +55 2 ,44910 +55
+55 2 = 507 :o +55 2 = 5 1 3 10 +55
+55 2 .5 4 3 :o +55 2 . 547:0 4-3^
+55 2 .5 5 2 :0 +55 2 0 338:0 +55
+55 2 . 5 5 1 10 +55 2 .557io +55
+55 2 . 5 7 2 io +55 2 . 5 7 3 m +55
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TABLE 9 . 3  ( c o n t '  d )

2 . 5 9 2 m + 5 ; 2 0 62 4 10 +5 ; 2 «63 3 10
2 . 5 9 4 m + 5 : 2 . 6 1 1m +5; .2 c 6 2 110
2 . 6 6 2 m + 5 ; 2 ,67210 +5 ; 2 . 6 8 o i0
2 . 7 °  5 10 8.71510 + 8 :j 2 . 7 3 0 m
2 .77110 2.78210 +55 2 .795 io
2.82810 O Q 0 6.2- 0 U jOlO - 5 ; 2 . 8 4 3 m
2 e 88310 2 e 88810 -i-t,» 1 2 , 8 9 1 10
2 .91910 + 5 * 2 . 9 3 1 10 -l p • ' .5 2 cq42i0
2 . 9 9 9 io + 5 ; 3 . 0 1 1 m +5; 3 . 0 1 3 m
3 oQ 49 io + 5 ; 3 0 07 310 + 5 ; j  010 110
3 c 19810 + 5 ; 3o 16910 + 5 ; 3 018 4 10
3 02 2 9 m + 5 ; 3 . 2 4 5 m + 5 ; 3 . 2 6 1 10
3 . 3 0 6 m + 5 ; 3 . 3 2 1 m + 5 ; O  O j 1 O J  . J ^-10
3 . 3 7 8 io + co : 3.37810 + 5 ; 3 . 382,0
3 * 4 1 9 m + 5 ; 3 . 4 1 9 m +51 3 . 4 1 7 m

3.42610 + 5 ; 3 0 4 3 3 10 + 5 ; 3 .4 3 4 ,0
3 c 4 3 2 io + 5 ; 3 .  4 5 2 io +5; 3 .4 6 4 ,0
3 c 4 4 9 io + 5 ; 3 .  4 5 7 io +5j 3 . 4 6 5 m
3 c 48  9 10 + 5 ; 3 . 4 9 4 m +5 ; 3 . 5 « 7 m
3 0 5 3 1 10 + 5 ; 3 . 5 4 7 io +5_i 3 . 5 5 1 m
3 c8 9 7 io + 5 ;

4- 61 6 1 J 2 . 60910 + 5 ; 0  c^QP  <3- .  ' >10 t c  •
j-tx * 
1 ^  i 2«63610 * 2  „ 6 4  c3 o -J-R *

-t" 9  ' 2  c 6 8 9 i o » cr •“r 0 : 2  .  666,0 1 c  •

-1 -5; 2 . 7 4 7 m + 5 * 2 . 760,0 ” 5 ;
+ 5 ; 2 . 8 0 7 m 2 . 818:0 - r 5 ;
+ 5 ; 2  085510 -i-£, »' .5 2 . 8 7 0 , 0 j  ^ t

+ 5 : 2  c c 3 9 o i o _i_ 63 6 2 . 9 0 7 , , + 5 ;
+55 2  0 9 5 8 i o -!-P ; 1  ̂" 2 . 9 7 9 m + 5 ;
1  ̂̂ 3 . 0 1 8 m _!_C2 » 

'  ̂3 3 . 0 3 0 , , + 5 ;
+ 5 ; 3.12610 1 r- 4 

_r:^ 3 . 1 4 2 , , + 5 ;
_U C4, . 1 ; 3 . 1 9 2 x 0 + 5 3 3 . 2 1 4 „ + 5 ;
+55 3  c 27610 • * 3 . 2 9 3 : o + 5 3
+5] 3 . 3 8 2 io + 5 ; 3 . 3 7 5 m + 5 ;
+ 5; 3 . 3 9 6 i o + 5 ; 3 . 4 1 1 m +8 •
+5 ; 3 . 4 2 0 m 3 . 4 2 4 , , + 5 ;
+ 5 ; 3 . 4 2 7 x 0 +5; 3 .4 2 0 ,, + 5 ;
+ 5 ; 3 . 4 5 7 io + 5 ; 3 .4  4 - 6  io +5j
+ 5 ; 3 . 4 6 7 m + 5 ; 3.476,0 + 5 ;
+5; 3 . 5 1  5 io + 5 j 3 . 520,0 + 5 ;
+ 5 ; 3 . 5 5 3 m + 5 ; 3.556:o + 5 ;

ra n g e  ( 3 ) :  s = 7 .6  b y  0 .1 0  to  34 .90  t
- 1

3 . 7 0 8 m +6] 3 . 7 1 5 m +65
3 . 7 3 2 m + 6 ; 3 . 7 2 9 m + 6;
3 . 7 4 1 x 0 +6 3 3 . 7 6 3 m + 6:
3 . 7 9 0 p +6: 3 . 7 8 4 m +6  3
3 . 7 3 7 m +6  3 3 . 7 1 1 m +63
3 . 6 3 1 10 + 6 ; 3 . 6 2 7 io +63
3 . 7 0 1 10 + 6  3 3  0 7 4 6 i o +63
3 . 9 6 3 m + 6 : 4.03610 +6 3
4 o 2 4 4 m +0 9 4 . 2 8 3 m -1-63
4 . 3 5 0 m + 6; 4  0 3 4 7 i o +63
4 . 2 7 0 m + 6 ; 4 . 2 5 7 m +63
4 . 2 3 8 x 0 + 6; 4 . 2 4 3 m +63
4 . 3 7 7 m + 6 : 4  e 4 2  310 +0  3
4 . 5 3 7 m + 6: 4 . 5 5 8 m +63

3 .7 3 3 a  
3.72iio 
3.783io  
3 . 7 6 9 b  

3 . 70 1̂0 
3 . 6 4 1 10 

3 .794:o 
4 . 104,0 
4.323:o 
4 . 336 *,o 

4 . 239 m 

4 . 2 7 3 m  
4 . 451 :o 
4 .5 6 2 a

+ 63 3 . 741m + 6 ; 3 . 740 m + 6  3
+63 3 . 727m + t >3 3 . 739 m + 6  3
+63 3 . 770 :o +63 3 . 778x0 + 6*
+63 3 . 762 ,o + 6 : 3 . 759m + 0  3
+ 63 3 . 683m +63 3 . 6 6 310 + 6 :
+ 63 3 .65810 + 63 3 . 6 8 2 io

,  ̂̂
Jr'O l

+ 63 3 . 849 :, + 6 : 3 c 90210 + 63
+63 4 . 146b -1-6: 4 .1 9 8 1 0 + 63
+63 4 . 327 io 4 . 352x0 + 6  *
+ 6 : 4 . 318,0 + 63 4 . 294 io +63

.-rt)j 4 . 250 :, + 6 : 4 . 248 io + 6 ;
+ 6 ; 4 . 318,0 j_9". . ^  s 4 . 349m +63
+ 6 : 4 .4 8  910 1 8' •-ro . 4 . 5. 14m

/*
~r O ’

-f-6: 4 . 592,0 + 6 : 4 ■ 60610 -rOj
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TABL'  ̂ 9.5  ( c o n c lu d ed  )

4 . 621 a + 6 9 4 c d 34 io + 6 ; 4 066110
4 .7 3 8 1 0 + 6 ; 4 . 773m +6* 4 . 782m
4 .9 1 8 1 0 -1-63 4 o956 io + 6 : 4 0 99310
5 . 0? 5 io + 6 : 5.094-10 + 6 : 5 0 O9210
5 . 1 1 0 n -r6) r 5 .06610 + 6 : 5 .06010
5 .0 2 6 1 , + 63 5 . 027 ra +63 5 . 025m
5 . 0 9 8 1 , -1-63 5 . 120m + 6 : 5 »14 810
5 . 244 i, + 6 j 5 . 294m + 6 : 5 . 334m
5 .441  a + 6 : 5 . 44410 ■ £  • TO j 5 . 455 io
5 . 524 i, + 6 : ■5 . 529m + 6 ; 5 . 537 io
5 . 573 io d o j 5 .59810 5 . 6 0 2 m
5 .6 4 2 10 + 6 : 5 .6 7 9 1 0 + 6 : 5 ,6 7 6 1 0

0vol>,0m

+ 6 ; 5 . 724 m + 6 : 5 . 727 io
5 0 75 ^io d 6  : 5 . 764m + 6 j 5 . 762m
5 . 798 io + 6 : 5 *835m + 6 ; 5 083610
5*91 210 + b ; 5 »957 io + 6 : 5 . 970m
6  c 0 9 7 10 + 6 t 6 8 13510 + 6; 6 o1 3 0 iq
6 0215vj -1-63 6 0233 io + 6 ; 6 .2 3 7 10
6 .3 0 3 1 0 + 6 : 6 0 314M + 6 : 6 ,3 1 010
6 .2 9 6 1 0 + 6^ 6 o312 l0 d 6 j 6 , 3 1 8 m
6 0  347 io + 6  3 6 .4 0 2 10 + 6  9 6 . 424m
6 .4 6 1 10 + 6 : 6 . 487 io + 63 6 . 539m
6 .5 9 1 10 + 6 j 6  c 62810 +63 6 ,6 4 7 10
6 .6 6 8 1 0 + 6 6  ̂ ,5 6 ,7 0 3 1 0 +63 6 ,7 4 6 1 0
6 .7 9 3 10 + 6 ; 6  0 8 5 3  io n-63 6 . 839m
6 . 924 m + 6 : 6 .9 6 7 1 0 +61✓ 6 ,9 9 5 10
7 .0 7 1 W + 6 ^ 7 . 110m +61 7 . 113io
7 . 169a + 63 7 .1 3 7 1 0 +63 7 . 148m
7 . 247 m d 6 : 7 . 084m +63 7 . 2 5 2 m
7 . 336 io + 6  3 7 . 337 io + 6  3 7 . 398d
7 . 522 io d 6 : 7 . 573m +63 7 . 599 io
7 . 673 io + 63 7 . 715 io +63 7 . 744m
7 0 86910 +6^* 7 . 859 io +63 7 . 923m
7 . 984 io + 6 ; 8 . 023 io +63 8 . 041m
8 . 14 610 + 6 : 8 . 1 8 3 m +63 8 ,2 4 2 10
8 .3 2 6 1 0 + 6 j 8 o357 io + 63 8  • 42410
8  B 523 io + 6 : 8 .6 0 2 1 0 + 6  3 8 . 638m
8  • 80810 + 6 : 8  o 8 1 510 +63 8 . 843m
8 . 936 io + 6 j 8 0 96810 + 6  3 9 . 025 io
9  0 1 9 910 + 6 : 9 o239 io +63 9 .2 7 1 m
9 .3 8 2  io + 6 5 9 . 340m . +63 9 . 367m

+6 3 4 . 6 8 0 M +63 4 . 7 0 1 a dO 3
+63 4 tt 8 1 6  io + 0 4 . 8 6 7 a 1 c . t u _3
d o : 5 . 0 1 1 m +63 5 . 0 5 3 a T03
+65 5 . 0 8 6 m d 6 3 5 . 1 1 7 a +63
+63 5 0 04910 + 6 j 5 . 0 3 4 a d 6 ;
+63 5 . 0 5 2 m d o  3 5 • 0 6 8 10 T 63
+ 6 ; 5 • 1 8 5 u +63 5 . 2 1 1 m +65
+63 5 . 3 7 4 m + 63 5 . 4 1  5 io d o 3
+63 5 . 5 0 2  io + 63 5 . 5 1 3 m d 6 :
+63 5 . 5 6 3 m +63 5 0 56910 1
+63 5 0638m +63 5 • 6 4 1 10 d 63
+63 5 .68610 d o :j 5*69610 d d : 'A >
-1-63 5 . 7 1 6 m +63 5 . 7 6 0 m d o  3
+63 5 .  7 9 0 m +63 5 . 7 8 2 m d b 3
+ 6 ; 5 . 8 6 4 m + 6 ; 5 . 8 8 8 m +63
+ 63 6 . 0 1 9 m +  6 l 6 , 0 4 4m d o :
+ 63 6 . 1 5 7 m + 6 3 6 . 1 9 5 m d 6 -
+ 63 6 . 2 5 5 m +63 6.27510 “h 6 3
+6  3 6 . 2 8 5 m O ̂ 6 . 2 8 1 10 db3
+63 6 . 3 2 7 m +63 6 , 3 3 9 m + 6 j
+63 6 . 4 1 1 10 +63 6 . 4 2 9 m d o  3
+63 6 . 58910 + 6 : 6 • 599m d o :
+63 6 . 6 6 1 10 +65 6 . 6 6 5 m -1-63
+63 6 , 7 5 3 m + 6 : 6 . 7 8 O10 +63
+63 6 . 8 7 9 m -1-6: 6 . 9 4 9 m -1-63
+63 6 . 9 9 o 10 +65 7 © 02610 d 6 ;
+63 7 . 1 1 1 m + 6 j 7 * 1 2 8 m d u 5
+63 7 . 1 9 0 m +63 7 .2 0 7 1 0 -[-63
+ 6 ; 7 . 3 0 2 m d o : 7  0 28610 d 6 ;
+63 7 .4 5 8 1 0 d 0 7 . 4 8 9 m d63
+ 6 : 7 . 6 3 4 m do3 7 . 6 8 3 m -1-63
+65 7 . 7 8 0 m d 63 7 . 8 3 0 m +63
+63 7 . 9 4 0 m d63 7 . 9 4 4 m d 6  3
-1-63 8 . 0 7 5 m d &3 8 . 1 46io +63
+63 8 o2 q3 m d 6 : 8 .2 6 7 1 0 d o  3
+63 8 . 4 3 1 M d 63 8 . 4 6 8 m d o :
+63 8 . 6 9 7 m + 6 : 8 . 7 5 6 m d 6 :
+63 8 0 898m d 63 8 0 936m d 6 «
+63 9 . 0 9 2 m d 63 9 * 1 14 10 d 63
+63 9 . 2 9 8 m d 6 : 9 . 3 1 3 m d o  3
-1-63 9 . 2 9 5 m +65
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TABLE 9cb

R e s u l t s  o f  i n d i v i d u a l  d i s t a n c e  r e f in e m e n ts

f o r  C l20

( manual m ic ro d e n s i to m e te r  d a ta  )

j e t  t o  p l a t e  
d i s t a n c e 100  cm 50 cm 25 cm 11 cm

0
r C l -0 1.6829 1 .6883 1 .6920 1 .6 7 5 7

O' ' 0 .0 0 2 0 0 .0031 0 .0012 0 .0 0 6 1

r C l , . C l 2 .8198 2 .7903 2 .7913 2.781+9

O' 0 .003 7 0 .0061 0.0029 0 .0 2 1 3

R {%) 1̂ 4-. 77 2I4-. 16 28.02 8!+.90

6.f430 
x 109

1 .0 5 3  
x IO12

1.385
x 101I+

2 .7 6 9  
x 10l6

R o te s :  ( l )  u  v a lu e s  were h e ld  c o n s ta n t  a t  s p e c t r o s c o p ic
v a l u e s .  . . .

(2 )  O’-1 s a r e  l e a s t  s q u a re s  e . s . d . * s .
( 3 ) r  v a lu e s  a re  r  ( 1 ) d i s t a n c e s .s
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TABLE 9 ,5

R e s u l t s  of* i n d i v i d u a l  d i s t a n c e  r e f in e m e n ts

f o r  C l20

( a u to m a t ic  m ic ro d e n s i to m e te r  d a ta  )

j e t  t o  p l a t e  
d i s t a n c e 100 cm 50 cm 23 cm

r c i - o  & I .6966 1.6952 1 .6953

a 0.0005 0 .0010 0 .0021

r C l . .C l  ^A) 2 .7 9 9 k 2.803*4- 2 .792 0

O’ 0 .0010 0 .0020 0 .0050

R (fo) k .6 3 12 .91 *4-1.72

L}.. 0*4-6 
X  10

1 .256  
x 1011

1 .725  
x lO1^

R o te s :  ( l )  u  v a lu e s  were h e ld  c o n s ta n t  a t
s p e c t r o s c o p ic  v a lu e s ,

( 2 ) O' ' s  a re  l e a s t  sq u a re s  e , s . d , ’ s .
(3 )  r  v a lu e s  a re  r^ C l)  d i s t a n c e s .O
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TABLE 9 .6

R e s u l t s  o f  a l l  d a ta  combined ( combtwo ) 

r e f in e m e n ts

re f in e m e n t manual
MDM
d a ta

a u to m a tic
MDM
d a ta

r 0 l - 0
0

(A) 1 .6907 I .6961

o' 0.001U 0 .0015

u C l-0
0

(A) 0 .0503 0.0618

O' 0.0018 0 .0017

r C l . .01
0

(A) 2 .7991 2.7982

O' 0 .0028 0 .0026

UC 1..C 1
0

(A) 0 .0596 0 .0653

O' 0 .0029 0 .0026

R {%) 2 0 . 6 k 15 .06

3 .506
-m10x 10

2 .017
i n 10x 10

R o te s :  ( l )  O' ’ s a r e  l e a s t  sq u a re s  e . s . d . ’ s ,
( 2 ) The u v a lu e s  have n o t  "been c o r r e c t e d  

f o r  f a i l u r e  o f  th e  Born a p p ro x im a t io n .
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TABLE 9,7 
The final structural parameters 

for C120

parameter final result rep rodue Ability

r C l -0  ^ 1 .6 94 0.004

r 0 l . . C l 2.799 0 .0 0 6

Zcioci (°) 11 1 .4 0 .6

0
**01-0 (A) 0 .0 5 2 0.004

" C l - . C l  (A)

_________________

0.063 • 0 .0 0 6

Notes: (l) These results were obtained "by averaging
• • ■ the manual and automatic microdensitometer

results of the previous table, the 
average being weighted 2:1 in favour of 
the automatic data. The CK * s were 
combined using the standard methods for 
combining errors, and the reproducibilities 
were calculated according to the methods 
outlined in Chapter Pour, section 12.

(2) The distances quoted are r (l) values.
(3) The amplitude urn 0 has been corrected 

for failure of the Born
approximation by subtracting 0.006 from 
the final least squares result* as

. described in Chapter Sight.
(4) The spectroscopic amplitude values for 

Clo0 at 295°! are uGl Q = 0.051 and
r i  = 0.068 Angstrom units rasp,

' as is stated in Chapter Eight,
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TABLE

A com parison  o f  th e  s t r u c t u r a l  r e s u l t s  

o b t a i n e d  f o r  b y  t h e  p r e s e n t  s t u d y

w ith  th o s e  o f  a r e c e n t  microv/ave s tu d y

p a ra m e te r e . d .
p r e s e n t  work

microwave s tu d y  
r e f .  93

r  /° s  0 1 -0  (A)

r g CD 1 .6 9 k -

V 0) 1 . 6 9 6 -

r e 1 .688 a/ 1 .7 0 0

r s -  . 1 .7 0 0

e s t i m a t e d
e r r o r  i n
t h e  r C l - 0 ' s O.OOi). ^  0 .0 0 1

P / 0 Vr C 1 . .0 1  (A)

r g CD 2.799 —

r g ( ° )
2 .801 -

s - 2 .800*

e s t im a t e d
e r r o r  i n . -

t h e  r C l .  .C l 's , 0 .0 0 6 << 0 .001*

ciobi (°) r g U )
111.1). 110 .86

e r r o r  i n  a n g le 0 .6 0 . 1 '

* C a l c u l a t e d  by  th e  a u th o r  from p u b l i s h e d  r e s u l t s .
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CHAPTER TEN 

AN ELECTRON DIFFRACTION INVESTIGATION 

OF PERCHLORIC ACTP VAPOUR*

1 , I n t r o d u c t i o n

I n  1959 A k is h in  e t  a l ,  p u b l i s h e d  an e l e c t r o n
77

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

(HCIO^)* As a r e s u l t  o f  t h i s  s tu d y  th e y  p ro p o s e d  a

C-^y t e t r a h e d r a l  s t r u c t u r e  f o r  th e  CIO^ p a r t  o f  t h e

m o le c u le ,  and  o b t a i n e d  m o d e ra te ly  a c c u r a te  d im en s io n s

f o r  t h i s  s k e l e t o n  w i th o u t  l o c a t i n g  th e  p o s i t i o n  o f  th e

a t t a c h e d  h y d ro g en  atom, o r  d e te rm in in g  r o o t  mean

s q u a re  a m p l i tu d e s  o f  v ib r a t io n *

I n  1 9 6 3  G’ig u e r e  and Savoie  supp lem ented  e x i s t i n g
78

Raman s p e c t r o s c o p i c  d a ta  f o r  th e  a c i d  by  p u b l i s h i n g
79

an i n f r a r e d  s tu d y  o f  HClO^ and DCIO^ i n  t h e  v a p o u r

and  c o n d en sed  phases*  They a s s ig n e d  o b se rv e d  f r e q u e n c i e s

in . te rm s  o f  a C m o le c u la r  model a l s o  h a v in g  a C
s  3v

s k e l e t o n ,  w i th  th e  hydrogen  atom e i t h e r  e c l i p s e d  o r  

s t a g g e r e d  w i th  r e s p e c t  to  th e  sy m m etr ica l  ClO^ g ro u p .

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

was u n d e r ta k e n  to  o b t a i n  more p r e c i s e  m o le c u la r  

d im e n s io n s  t h a n  v/ere d e te rm in e d  i n  r e f e r e n c e  77 , and 

to  l o c a t e  i f  p o s s i b l e  th e  p o s i t i o n  o f  th e  h y d ro g en  atom.

I t  was a l s o  hoped  to  o b ta in  v a lu e s  f o r  th e  r o o t  mean

^ A p r e l i m i n a r y  summary of t h i s  s t u d y  i s  g iv en  i n  rex* 9 8 *
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sq u a re  a m p li tu d e s ' of* v i b r a t i o n  f o r  com parison  w i th  

c o r r e s p o n d in g  s p e c t r o s c o p ic  r e s u l t s  c a l c u l a t e d  from  

th e  d a t a  o f  G-iguere and S a v o ie .

2 .  E x p e r im e n ta l

A sample o f  th e  anhydrous, compound was p r e p a r e d

b y  d e h y d r a t in g  aqueous p e r c h l o r i c  a c id  a c c o rd in g  to  a
97

m ethod d e s c r i b e d  by  Smith , and th e  e x p e r im e n ta l  

c o n d i t i o n s  a d o p te d  d u r in g  th e  e l e c t r o n  d i f f r a c t i o n  

i n v e s t i g a t i o n  a r e  summarised i n  t a b l e  1 0 .1 .

Owing to  a s t r o n g  ten d en cy  f o r  th e  a c i d  to  a t t a c k !  

o i l  p r e s e n t  i n  th e  s e c t o r  b e a r i n g ,  lo n g  ex p o su re  t im e s  

were d i f f i c u l t  t o  a c h ie v e  a t  th e  s h o r t e s t  j e t - t o - p l a t e  

d i s t a n c e s ,  and c o n s e q u e n t ly ,  o n ly  a s i n g l e  u n d e re x p o se d  

tw e n ty f iv e  c e n t im e t r e  d i f f r a c t i o n  p a t t e r n  was o b t a in e d .  

F o r  t h i s  r e a s o n  a l s o ,  no e le v e n  c e n t im e t r e  d a ta  were 

c o l l e c t e d .

U p h i l l  c u rv e s  a re  l i s t e d  i n  t a b l e  1 0 .2 ,  and th e

e x p e r im e n ta l  combined I m(s )  f u n c t i o n  i s  shown g r a p h i c a l l y

i n  f i g u r e  1 0 .1 .  Two F o u r i e r  t r a n s fo rm s  o f  t h i s

f u n c t i o n  a r e  p r e s e n t e d  i n  f i g u r e s  10 .2  and 1 0 .3 ,  th e s e

h a v in g  b e e n  c a l c u l a t e d  f o r  damping c o n s t a n t s  o f  0 .0 0 1  
o2

and  0 .0 0 k  A r e s p e c t i v e l y .  The f i r s t  o f  t h e s e  r a d i a l  

d i s t r i b u t i o n  c u rv e s  shows a c o n s id e r a b le  amount o f  

1 n o i s e  r i p p l e  * b e ca u se  o f  th e  low damping em ployed,
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"but r e s o l v e s  th e  two ty p e s  o f  01-0  "bonded d i s t a n c e

p r e s e n t  i n  th e  m o le c u le ,  and i n d i c a t e s  th e  n a t u r e3v
o f  th e  010^  s k e l e t o n .  Any d i s t o r t i o n  from  t h i s  

symmetry m u st,  i f  i t  e x i s t s ,  "be presum ed f a i r l y  s m a l l .  

N e i t h e r  F o u r i e r  t r a n s fo r m  g iv e s  d e f i n i t e  in f o r m a t io n  

a b o u t  t h e  p o s i t i o n  o r  m otion  o f  th e  a t t a c h e d  h y d ro g en  

a tom ,

3 .  R e s u l t s

The C m o le c u la r  model assumed f o r  th e  p u rp o s e s  s
o f  l e a s t  scxuares r e f in e m e n t ,  c o n s i s t e d  o f  a 010^ 

s k e l e t o n  o f  symmetry s i m i l a r  to  t h a t  assum ed i n  

r e f e r e n c e s  77 and 79, w ith  th e  a t t a c h e d  hydrogen  

atom s t a g g e r e d  w i th  r e s p e c t  to  th e  oxygen atoms o f  

th e  010^ group a s  i n d i c a t e d  i n  f i g u r e  7 .1 .  The 

•m o le c u la r  geom etry  was t h e r e f o r e  d e f in e d  "by f i v e  

p a r a m e t e r s ,  and th e s e  we re  chosen  to  "be th e  f i v e  

in d e p e n d e n t  i n t e r n u c l e a r  d i s t a n c e s  ^Qp^Qp’ ^Cl-OH’

R0 p . . 0 p ’ ro- h and RC 1 ..H ' A tte i“Pt s  t0  r e f i n e  ro- h 
and  soon i n d i c a t e d  t h a t  th e  p o s i t i o n  o f  th e

h y d ro g en  atom was p o o r ly  d e te rm in e d  "by th e  i n t e n s i t y

d a ta  c o l l e c t e d ,  and hence i t  was d e c id e d  to  f i x  th e

p o s i t i o n  o f  t h i s  atom by s e t t i n g  th e  0-H d i s t a n c e
o o

e q u a l  t o  0 ,9 6  A and th e  C10H v a le n c e  an g le  to  113 ,

v a l u e s  a l r e a d y  d i s c u s s e d  i n  C h a p te r  Seven. lh e
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a m p l i tu d e s  o f  v i b r a t i o n  c o r re s p o n d in g  to  RA R-. .  „
u - i i 7 o l , , n

and  to  t h e  two non~bonded Rq^  ^  d i s t a n c e  t y p e s ,  were

a l l  h e l d  c o n s t a n t  a s  w e l l .  The f i r s t  two o f  t h e s e
o

w ere g iv e n  th e  v a lu e s  0 .0 7  and 0 .11  A r e s p e c t i v e l y ,

w h i l s t  t h e  second  two were each a s s ig n e d  a g u e s s e d  
o

v a lu e  o f  0 .2  A, c o n s i s t e n t ,  w i th  a t o r s i o n a l  m o tio n  

o f  t h e  h y d ro g en  atom . The rem a in in g  v i b r a t i o n a l

a m p l i tu d e s  uC ;u 0 p * ^ C1„0H, u0 p . .0 p  and u0 p ..0 H  were a11 

r e f i n a b l e ,  and th e  t h r e e  ty p e s  o f  dependent i n t e r n u c l e a r

d i s t a n c e  im p l ie d  b y  th e  0 m odel, were c a l c u l a t e ds
d u r in g  l e a s t  s q u a re s  re f in e m e n t  b y  th e  s u b r o u t in e  

d e s c r i b e d  i n  Appendix F iv e .

R e s u l t s  o f  s i n g l e  d i s t a n c e  r e f in e m e n ts  a r e  

p r e s e n t e d  i n  t a b l e  1 0 .3 ,  and show a good c o n s i s t e n c y

from  one j e t - t o - p l a t e  d i s t a n c e  to  a n o th e r ,  w h i l s t

r e s u l t s  o f  a l l - d a t a - c o m b in e d  l e a s t  s q u a re s  r e f in e m e n ts

o f  b o t h  t h e  combtwo and com bscaled  ty p e s ,  a r e  l i s t e d

i n  t h e  colum ns o f  t a b l e  1 0 .h .  The f i g u r e s  p r e s e n t e d

i n  t h i s  l a t t e r  t a b l e  im m ed ia te ly  i n d i c a t e  t h a t  t h e

R0p 0p p a ra m e te r  i s  v e ry  p o o r ly  d e te rm in e d  by  th e  d a ta

a v a i l a b l e ,  p a r t i c u l a r l y  i f  th e  a m p l i tu d e s  o f  v i b r a t i o n

un - and  un nTr a re  in c lu d e d  i n  th e  r e f in e m e n t .O p..O p Op..OH
Two e x p la n a t i o n s  o f  t h i s  e f f e c t  seem p o s s i b l e .  I t  

may b e  t h a t  t h e  somewhat i n f e r i o r  tw e n ty f iv e  c e n t im e t r e  

d a t a  c o l l e c t e d ,  a r e  n o t  o f  s u f f i c i e n t l y  h ig h  q u a l i t y
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to  r e s o l v e  th e  s i m i l a r  O p ,cOp and Op..OH t e t r a h e d r a l

e d g e s  w hich  have  o f  co u rse  i d e n t i c a l  A f a c t o r s ,  o r

a l t e r n a t i v e l y ,  i t  may "be t h a t  th e s e  edges a r e  i n  r e a l i t y

e x t r e m e ly  s i m i l a r ,  b e in g  more n e a r l y  i d e n t i c a l  t h a n

t h o s e  fo u n d  i n  FCIO'^. ( see  C h a p te r  E lev en  ) ,  o r

s u g g e s t e d  b y  th e  r e s u l t s  o f  t a b l e  1 0 . b .  The se co n d  o f

t h e s e  e x p la n a t i o n s  seems to  be  co n firm ed  by  th e  f a c t s

( a )  t h a t  i f  t h e  Op..Op d i s t a n c e  i s  assumed to  have  a
o

v a lu e  a ro u n d  2 .3 8  A, th e  r e s u l t  o b ta in e d  f o r  i t  i n  

such  m o le c u le s  a s  FCIO^ and Cl^Oy ( see  C h a p te r  E le v en  

and  r e f e r e n c e  81 ) and i f  th e  Cl-Op and C1-0H' d i s t a n c e s  

a r e  g iv e n  th e  v a lu e s  shown i n  t a b l e  10 .i l ,  th e n  th e

d e p en d e n t  Op..OH d i s t a n c e  c a l c u l a t e d  i s  a l s o  c l o s e  to  
o

2 .3 8  A i n  m a g n i tu d e ,  and (b) i n  th e  case  o f  th e

a l l - d a t a - c o m b i n e d  l e a s t  sq u a re s  r e f in e m e n ts ,  a t t e m p t s

made t o  l o c a t e  f a l s e  minima,, by  a l t e r i n g  th e  i n i t i a l

t r i a l  v a lu e  g iv e n  to  R0p . . 0 p  i n d i c a t e d  a te n d e n c y  f o r

t h i s  p a r a m e te r  to  f i r s t  converge  tow ards  a f a i r l y
o

w e l l  d e f i n e d  v a lu e  o f  2 .38  A, b u t  th e n  to  d iv e rg e  from 

t h i s ,  and  f i n a l l y  to  converge  to  a much l e s s  w e l l  

d e te rm in e d  r e s u l t  o f  s m a l le r  m agn itude .

P i n a l  p a r a m e te r s  and r e p r o d u c i b i l i t i e s  . c a l c u l a t e d  

f o r  t h e  m o le cu le  by  a v e ra g in g  th e  columns o f  t a b l e  10.1+ 

a r e  l i s t e d  i n  t a b l e  1 0 .5 .  The f i n a l  OpClOp a n g le

o b t a i n e d  h a s  a l a r g e  e r r o r  l i m i t  a s s o c i a t e d  w i th  i t
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a s  a  r e s u l t  o f  th e  in d e te rm in a c y  m entioned  ab o v e , and

t h i s  a n g le  co u ld  e a s i ly  he as la r g e  a s  th e  corresp on d in g
' o ■ 81 .

v a lu e  o f  115,. 2 o b ta in e d  by B eag ley  f o r  th e  two

ClO^ groups in  c h lo r in e  h ep to x id e .

k* D i s c u s s io n

The s t r u c t u r a l  r e s u l t s  o b ta in e d  by  th e  p r e s e n t

stu d y  are in  reason ab le  agreement w ith  v a lu e s  g iv e n
77 o

b y  A k is h in  e t  a l .  o f  1.1+2 (0 .0 1 )  A f o r  R ^  q ,
0  n1 . 6 k  ( 0 .0 2 )  A f o r  RG1_0H and. 1 0 0 (2 )°  f o r  t h e  0pC10(H)

V alence a n g le , though the l a t t e r  r e s u lt  i s  somewhat 

d i f f e r e n t  from th e correspond ing an gle  quoted in  ta b le  

10 .5*  I n  n e ith e r  e le c tr o n  d i f f r a c t io n  study was any 

in fo rm a tio n  o b ta in ed  about the hydrogen atom, and in  

th e  p r e se n t in v e s t ig a t io n  no ev id en ce  v/as e s t a b l is h e d  

to  su g g e s t  th a t th e  th r e e fo ld  a x is  o f  the sym m etrical 

ClO^ group in  p e r c h lo r ic  a c id , does not l i e  a lon g  

th e  Gl-OH bond. V arious th e o r e t ic a l  r a d ia l  d is t r ib u t io n  

cu rv es  were c a lc u la te d  fo r  such a t i l t e d  model and 

compared w ith  th e  experim ental &  (R)/R  fu n c t io n  in  an 

e f f o r t  to  in v e s t ig a t e  such a p o s s i b i l i t y ,  but b e s t  

agreem ent was o b ta in ed  when the an gle  o f  t i l t  Y/as c lo s e  

to  0 ° .  I t  may th e r e fo r e  be concluded th a t any such

d is t o r t io n  from symmetry o f  the @10  ̂ sk e le to n  i s

v e ry  sm a ll.
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W ith th e  e x c e p t io n  o f  , th e  v i b r a t i o n a l

a m p l i tu d e s '  o b t a i n e d  by  th e  p r e s e n t  work a r e  v e ry

p o o r l y  de term ined ,,  A l l  o f  th e  am p li tu d e  r e s u l t s

l i s t e d  i n  t a b l e  1 0 ,5  do i n  f a c t  a g re e  w i th  th e

c o r r e s p o n d in g  s p e c t r o s c o p ic  v a lu e s  o f  C h a p te r  S even ,

i f  e r r o r  l i m i t s  a r e  c o n s id e r e d ,  b u t  o n ly  i n  th e  c a se .

° f  "^ i^ O p  c an  '̂tie a SPeement o b ta in e d  be  d e s c r i b e d  a s

b o t h  s i g n i f i c a n t  and  good.

The d im e n s io n s  p r e s e n t e d  i n  t a b l e  1 0 ,5  f o r  t h e

CIO, s k e l e t o n  may be compared w ith  c o r r e s p o n d in g  
4  81 

r e s u l t s  d e te rm in e d  b y  B eag ley  f o r  t h e  two ClO^

t e t r a h e d r a  i n  th e  m olecu le  o f  c h lo r in e  h e p to x id e .

The d im e n s io n s  he o b ta in e d  f o r  C lo0 ~ / a r e  R^- n = l,i+050 <?- ( o±-up
RC1~0C1 ~ 1*709 A,- and th e  a n g le  OpClOp = 1 1 5 ,2 ° ,  The

r e p r o d u c i b i l i t i e s  a s s ig n e d  to  th e s e  q u a n t i t i e s  i n
0 0 or e f e r e n c e  81 a r e  0 ,00 2  A, 0,001+ A and 0 ,2  r e s p e c t i v e l y .

The m ost s t r i k i n g  d i f f e r e n c e  be tw een  th e s e  r  ( l )  r e s u l t s
-  is

a n d  c o r r e s p o n d in g  v a lu e s  g iv en  i n  t a b l e  1 0 ,5 ,  i s  t h e  

l e n g t h e n i n g  o f  t h e  C1-0H bond i n  th e  a c i d  a s  i t  becomes

t h e  b r i d g e  bond  i n  th e  h e p to x id e .  I t  i s  a l s o  

n o t i c e a b l e  t h a t  t h e  Cl-Op bonds i n  p e r c h l o r i c  a c i d  

a r e  s l i g h t l y  l o n g e r  th a n  th o s e  o f  C l20-,, b u t  t h i s  

d i f f e r e n c e  c a n n o t  be  r e g a rd e d  a s  p a r t i c u l a r l y  

s i g n i f i c a n t  when e r r o r  l i m i t s  a r e  ta k e n  i n t o  a c c o u n t ,
8;

The b o n d in g  i n  C1207 h a s  b e en  d e s c r ib e d  by  B eag ley
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i n  t e rm s  o f  two s i n g l e  01-0  -bridge -bonds, and s i x  Cl-Op

■bonds each  h a v in g  a TT hond o r d e r  o f  two t h i r d s .  The

o c c u r r e n c e  o f  TT "bonding may "be e x p la in e d  i n  t e rm s

o f  o v e r l a p  o f  two p o r b i t a l s  on each  p e r i p h e r a l  oxygen

atom w i th  th e  d o and d o ,r2 o r b i t a l s  on c h l o r i n e ,  a

ty p e  o f  b o n d in g  which h a s  been  d i s c u s s e d  i n  some d e t a i l
95

i n  a p a p e r  b y  G ru ickshank  • , and which may be  p o s t u l a t e d

f o r  a  good many compounds c o n ta in in g  a  second  row

e le m e n t  t e t r a h e d r a l l y  c o o rd in a te d  by  oxygen a tom s. As

h a s  b e e n  m en tio n ed  i n  C h a p te r  N ine , th e  t r u e  v a le n c e

a n g le  o f  1 0 9 .2 °  su g g e s te d  f o r  th e  b r id g e  e x c lu d e s

t h e  p o s s i b i l i t y  o f  a s u i t a b l e  p o r b i t a l  b e in g  a v a i l a b l e

on t h e  b r i d g i n g  oxygen atom o f  t h i s  compound f o r  a

s i m i l a r  ty p e  o f  o v e r l a p .

I n  t h e  m o lecu le  o f  p e rc h lo r ic ,  a c i d ,  how ever, th e

C10H a n g le  i s  p resum ab ly  g r e a t e r  th a n  1 0 9 .2 ° ,  b e in g

p r o b a b ly  a b o u t  115° ( see  r e f e r e n c e  80 f o r  HOCl and

r e f e r e n c e  120 f o r  CH_001 ) ,  and hence  i t  i s  p o s s i b l e

t h a t  th e  Cl-OH bond  i n  t h i s  m o lecu le  in v o lv e s  a c e r t a i n
95

amount o f  drr-prr b o n d in g ,  C ru ick sh an k  h a s  s u g g e s te d  

IT bond  o r d e r s  o f  lA+O/3 f o r  th e  X-Op bonds i n  an 

O-^XOY sy s te m , and l / k  f o r  th e  X-OY bond , b u t  t h e s e  

bo n d  o r d e r s  a r e  b a s e d  on th e  a ssu m p tio n s  t h a t  th e  a n g le  

XOY i s  c lo s e  t o  120° and t h a t  th e  energy  o f  th e  p o r b i t a l  

on th e  b r i d g i n g  oxygen atom i s  s i m i l a r  to  th e  e n e r g i e s
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o f  t h e  p  o r b i t a l s '  a v a i l a b l e  on each p e r i p h e r a l  oxygen 

a tom . I n  p e r c h l o r i c  a c i d ,  where Y = H, th e  XOY a n g le  

a p p e a r s  t o  b e  o n ly  113° , and hence t h i s  f a c t o r  a lo n e  

s h o u ld  re d u c e  th e  amount o f  Cl-OH TT b o n d in g  p o s s i b l e  

i n  t h e  HClO^ m o le c u le .  The s i m i l a r i t y  fo u n d  to  e x i s t  

b e tw e e n  t h e  Cl~Op d i s t a n c e s  i n  Cl^O-y and HClO^ a l s o  

s u g g e s t s  t h a t  th e  Cl-OH. 7T  bond  o r d e r  i n  th e  a c i d  i s  

a  good d e a l  l e s s  th a n  0 .2 5 ,  f o r  i f  t h i s  were n o t  so ,  

t h e  Cl-Op d i s t a n c e  i n  HGIO^ would be  lo n g e r  th a n  i n  

ClgO?. on a c c o u n t  o f  i t s  h a v in g  a T V  bond o r d e r  l e s s  

t h a n  two t h i r d s .  I t  w i l l  be  shown l a t e r  ( C h a p te r  16 ) 

t h a t  t h e  Cl-OH bond  o r d e r  i s  a p p ro x im a te ly  0 .1  i n  HCIO^.

The re s u l ts  obtained by th e  p r e s e n t  work do n o t  

c o n t r a d i c t  t h e  g e n e r a l  s ta te m e n t  made i n  r e f e r e n c e  95 , 

t h a t  f o r  0~X0H sy s te m s ,  where X i s  a second  row e le m e n t ,  

t h e  d i f f e r e n c e  b e tw een  th e  X-Op and X-OH b ond s  i s  u s u a l l y  

g r e a t e r  f o r  th e  f r e e  m o le cu le ,  th a n  f o r  th e  c o r r e s p o n d in g  

m o le c u le  i n  a c r y s t a l ,  t h i s  e f f e c t  b e in g  e x p la in e d  i n  

te rm s  o f  hy d ro g en  b o n d in g  i n  th e  condensed  p h a s e .

I t  i s  o f  i n t e r e s t  t h a t  th e  av e rag e  C l-0  bond  l e n g t h  
o

o f  1 .4 6  A o b ta in e d  by  th e  p r e s e n t  work f o r  HC10. , i s
9f

e q u a l  t o  t h e  e m p i r i c a l  e s t im a te  s u g g e s te d  by C ru ic k sh a h k  

f o r  ClO^ t e t r a h e d r a  i n  g e n e r a l .

I n  th e  p r e s e n t  work no e v id en ce  was o b ta in e d  f o r  

d i m e r i s a t i o n  o f  HCIO^ i n  th e  vapour p h a se .  I n t r a m o l e c u l a r  

h y d ro g en  b o n d in g  canno t be  e x c lu d ed  how ever.
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TABLE 10 ,1  

A summary o f  e x p e r im e n ta l  d e t a i l s  

f o r  th e  p e r c h l o r i c  a c id  i n v e s t i g a t i o n

j e t  t o  p l a t e  
d i s t a n c e 100 cm 50 cm 25 cm

..............  — ■ ....

w a v e le n g th
(A) 0 .051190 0.051190 0.051190

e ,  s .  d . 0 .000022 0.000022 0.000022

sam ple
te m p e r a tu r e
C S K  ) 288 288 288

n o z z le
t e m p e r a tu r e
C K  ) 328 3 28 328

g a s
t e m p e r a tu r e  
assum ed 
(°K  ) 308 308 308

number o f  
p l a t e s  u s e d k 1

q u a l i t y good good v e ry
l i g h t

number o f
t r a c e s
m easu red
( amdm) k h 8



TABLE 10 .2

i n t e n s i t y  d a ta  as combined u p h i l l  c u rv e s

( 1 ) :  s = 0 . 7i+ Tsy 0 .02  to  9 .0 0  A

3 .5 8 4 b +2;

HC10.

ra n g e

3* 443 io +2;
4 . 1 8 6 m + 2 ;
5 o4 2 7 M +2; 
6«839:o 42; 
8 . 7 4 6 : o 42;
1 . 0 7 3 n  + 3 ;
1 . 2 4 1  io +3;
1 .4 0 7 u  + 3 : 
1 07)67:0 + 3 ;
1 069210 4-3;
U 8 O810 +35
1 . 9 3 4 10 43;  
2 e049i3 +3: 2C16610 4 3 :
2 o 277io 43;  
2 C4 0 9 io 4 3 ;  
2  c 56210 43;
2.74910  4 3 ;
2  . 93610 4 3 ; 
3 .2 3 8 1 0  4 3 ; 
3 «5 i 8 io 4 3 ;
3 o82610 . 4 3 ; 
4.179m  43;  
4c552io 4 3 ; 
4 0 92810 4 3 ; 
5 .3 l2 io  43;
5 . 6 8010 4 3 ;
6 .0 4 4 10 43 ; 
6 c 391 io 4 3 ;
6 .7 2 9 1 0  4 3 ; 
7 .0 6 5 1 0  4 3 ; 
7.415m  4 3 ; 
7.755m  4 3 ; 
8 .1 3 7 1 0  4 3 ; 
8 .5 4 7 1 0  4 3 ;
8.984-10 4 3 ;  
9 » 4 6 6 io 43s  
1 .0 0 2 1 0  4 4 ;

4 * 39610 +2 ;
5 069610 4 2 ;
VJ . 1 6 9 m 4 2 ;
9 * 1 6 3 m 4 2 ;
1 & 1 9Qio + 3 ;
1 * 2 7 2 io 4 3 ;
1 . 4 4 3 m + 3;
1 *593io 4 3 ;
1 . 7 1 5 m 4 3 ;
1 . 8 3 4 m 4 3 ;
1 . 9 5 9 m 4 3 ;
2 0 97210 4 3 ;
2 018810 4 3 ;
2 c 39210 4 3 ;
2 . 4 3 7 io 4 3 ;
2 * 5961.0 4 3 ;
2 . 7 9 9 m 4 3 ;
3 O01 610 4 3 ;
3 *29610 4 3 ;
3 . 5 7 4 m 4 3 ;
3 .89210 4 3 ;
4 » 2 5 3 iq 4 3 ;
4 . 62710 43
5 .90630 43
R0 38610 43
c; *755n 43
6 • i 1 3m 43
6 c 45910 43
6 .79810 43
7 0 i 34m 43
7 e 48110 43
7 .82810 43
8 . 2 2 1 10 43
8 . 6 3 0 m 43
9 . 0 7 3 m 43
9 . 576:0 43
1 eoi4io +4

3 .720 :o  4 2 :  
4 . 6 3 3 m 4 2 :  
5 . 9 7 2 io 4 2 ;
7.52610 42; 
9 o 5 7 6 io 42; 
1 . 1 44io 43; 
1.30510 43;
1.47610 4 3 ; 
1 .61910 4 3 ; 
1 .737m  4 3 ; 
1 . 8 6 0 m 4 3 ;
1 . 9 8 2  io 4 3 :  
2 . 0 9 5 m  4 3 ;  
2 . 2 1 1 10 4 3 ;  
2 «32710 4 3 ;  
2 . 4 6 7 m  4 3 ;
2 063110 4 3 ;  
2 .8 3 2 m  4 3 ;
3.06910 4 3 ; 
3 . 3 5 4 m  4 3 ; 
3o634io 4 3 ;
3*96210 4 3 ; 
4.32810  4 3 ;  
4.70210  4 3 ;
5 . 0 8 4 10 4 3 ; 
5 .460 :o  4 3 ;  
5 .82810  43 ; 
6# 183m 43;
6 .52610  4 3 ;
6.86610  43 ;
7 . 2 0 4 10 4 3 ; 
7 *546io 4 3 ;
7 * 9 9 1 10 4 3 ;
8c3°6io  4 3 ; 
8.71610  4 3 ; 
9 . 164io 4 3 ;  
9 068810 4 3 ;  
1.02610 44;

, 3 .8 5 4 m  4 2 ;  
4 089210 4 2 :
6 .2 4 5 m  4 2 ;  
7 . 9 1 3 m  4 2 ;  
9 o 9 7 1 10 4 2 ;  
U  177io 4 3 ;  
1 * 338io 4 3 ; 
i . 5 0 9 m  4 3 ;
1 .644m 4 3 ;  
1 .76010 4 3 ;  
1 .885m 4 3 ;  
2.00510  4 3 ;
2 e 11810 4 3 ; 
2 . 2 3 3 m  4 3 ;  
2 . 3 5 3 m  4 3 ;  
2.49810  4 3 :
2 c 66910 4 3 ; 
2.87610  4 3 ;
3 o 1 2 2 io 4 3 ;
3 . 4 1  Ok, 4 3 ;
3 «694io 4 3 ;
4 . 0 3 4 m 4 3 ;
4 . 4 0 2 10 4 3 :  
4.77710 4 3 ;  
5.16110 4 3 ;  
5 .5 3 3 m  4 3 ;  
5 . 9 0 1 10 4 3 ; 
6.25210  4 3 ;
6 e592io 43;-  
6 . 9 3 2 10 4 3 ;
7 *277io 4 3 ;  
7 . 6 1 4io + 3 ;  
7 .9 7 8 io  4 3 ; 
80 38810 4 3 ;  
8.80510  4 3 ; 
9 . 2 6 1 m 4 3 ; 
9 .7 9 7 m  4 3 ;  
1.03810 4 4 ;

-1

4 . 005,0 + 2 ; 
5*163:0 4 2 ;  
6 . 5 3 3 m  4 2 ;
8 0 326m 4 2 ;
1*03510 4 3 ;
1 .2 1  O10 43 ;
1.37210 4 3 ;
1 .5 3 9 m  43;
1 . 6 6 8 m 4 3 ;
1 . 7 8 4 10 4 3 ; 
1c910]q 4 3 ; 
2.02810  4 3 ;
2 o 1 42io 4 3 ;  
2 . 2 5 4 m  4 3 ;  
2 . 3 8 1 10 4 3 ; 
2.52910  4 3 ;
2 0 72910 4 3 ;
2 . 92 O10 4 3 ;
3 .1 7 9 m  4 3 ;
3 • 4 6 4 10 4 3 ; 
3 .7 5 9 m  43 ;
4 . 107W 4 3 ;
4 o 47610 4 3 ; 
4 O8 5 2 io 4 3 ; 
5 .2 3 7 m  43 ;
5 O6o 6 10 4 3 ; 
5 « 971m 4 3 ; 
6 . 3 2 3 m  4 3 ;  
6 . 6 6 110 4 3 ; 
60 9 9 7 10 4 3 ;  
7* 347io 4 3 ;  
7 . 6 8 4 m  4 3 ; 
8.05610  4 3 ; 
8 0 469io 4 3 ;  
8 . 8 9 5 m  4 3 ;
9 .3 6 1 m 4 3 ; 
9.99610 4 3 ; 
1 . 95 O10 4 4 ;
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C\J 
C\J 

CVi 
CvJ 

CvJ 
CvJ

TABLE 10 .2  ( c o n t1& )

1 .063io +4; 
1 o  130 io +4; 
1 .20510 +4; 
U 27610 +4; 
1 *34810 +4; 
1 o 42 610 +4; 
1*30710  +4; 
1.583*) +4; 
. 1 .65510 +4; 
1 *7*1610 +4? 
1*772io 4-4; 
1 .817k> +4: 
1 . 8 4 8 10 +4; 
1 .8 7 1 10 +4: 
1 c'877io +4; 
1 .87810  +4? 
1 085610 +4; 
1 c 82910 +4; 
1 .79810  4-4; 
1 .764x0 +4; 
1.713*) +4:
1 c 662io "̂ 4j
1.0 61810 3-4; 
1o576io +4: 
1 e 548io +4? 
1 .523*) +4; 
1 .509*) +4; 
1 o510io 4-4; 
U 5 2 O10 +4; 
1 »554io 4-4; 
1 0621610 -f-4; 
1 .62910  4-4; 
1 .68210  +4; 
1 .745io +4; 
1 . 8 1 610 +4; 
1 .8 8 3 10 4-4; 
1 . 9 4 8 10 -i-4; 
2.020io 4-4;
2 . 0 9 4 *) +4;

o 1 53io +4; 
o 2 1 510 +4; 
o 249io +4; 
.27610  -i-4: 
. 297io +4; 
.30910  +4;

1 . 0761 , +4;
1 .1  5 0 „ +4:
1 . 21810 +4;
1 0 2 9010 1 - :

1 o363io + H i

1 .442io + 11i

1 .523io 1 ii»t 4.
1 0 59710 4-3*1 j

1 .66910 4-4;
1 .727io +4:
1 .7 8 3 io +4;
1 .8 2  4 10 -r-4;
1 .8 5 3 10 4-3:
1 .874*) 4- 4;

« r'
yj

C
\

0 4-4;
1 .8 7 4 10 4-4:
1 .85010 4-4;
1 c824io 4-4:
1 .792io 4-4;
1 .7 5 4 io +4;
1 «7°3io 4-4;
1 .65310 4-4;
1 . 6 0 8 *) 1
10 56610 4-4;
1 .542*) -j- ii *
10 52010 1/1 •
1 .56810 4-4:
1 .510*) 4-4;
10 52510 4-4;
1 .56710 4-4;
1 . 6 O810 4-4;
1 „639io 4-4;
1 .o93io +4;
1 .75810 4-4;
1 .83610 4-4:
1 .89610 1 . ̂
1 * 96210 4-iL;
2  „ 03610 4-4;
2 . 10610 4-4;
2 .1  6510 4-4;
2 .2 2 4 k, 4-4;
2.255*) 4-3:* s

2 .2 7 9 n 4-4;
2 .3 0 1 10 4-4;
2 .3 1 1 10 4-4;

1 .09O10 4-4;
1. 0 1 65 l0 4-4;
1 0 2 3210 +4;
1 .3 0 5 1 0 4-4;
1.37810 4-4;
1 «9 5 610 4-4;
1 . 539 io 4-4;
1 . 6 1 1 10 4-4;
1 • 68110 4-4;
1 . 738 io 4-4;
1 .792*) 4-4;
1.831  io +4;
1 .85810 4-4;
1 .8 7 5 io 4-4;
1 .87610 4-4;
1 .8 7 1 10 4-4:
1 . 845 io 4-4;
1 e 8  1 8  10 +4;
1 .78610 4-4;
1 . 7 4 4 *, 4*4;
1 • 69210 4-4;
1 0 ' o b ' j i o 4-4:
1 .59910 4-4:
1 . 563 io +4;
1 . 537 io 4-4;
1 . 517 io 4-4;
1 .50910 4-4:
1 . 5 1 1 10 4-4;
1 .530io 4-4;
1 .5 8 1 10 4*4;
1 ,6 1 0 10 4-4;
1 a 6 5 O1O -i-4;
1 .76510 4-4;
1 .77210 4-4;
1 . 8  4410 4-4 ;
1 .90910 4-3*
1 . 975 io 4-3;1 s

2.052io 4-4;
2 .11810 4-4;
2 .  179 30 4-4;
2.231*) 4-4;
2 . 2 6 2 *) 4-4:
2 .2 8 3 10 ■j-ii •1 H-j
2 . 3 0 3 *) 4-4;
2 .31 610 4-4;

1.104*) 4-4;
1 .179io 4-4:
1 .247io 4-4;
1 .3 1 810 4-4;
1 «394io 4-4;
1 .475:0 4-4;
1 .55  410 +4;
1 .62610 4-4;
1.69310 4-4;
1 .750io 4-4;
1 .801 io 4-4;
1.83810 +4;
1 . 8 6 3 10 4-4;
1 .877io +4;
1.87610 4-4;
1.86710 4-4;
1 .83910 4-4;
1.812*) +4:
1 .77910 4-4;
1 .7 3 4 10 4-4;
1 • 68110 4-4;
1 . 63610 -1-4;
1 .5 9 1 10 4-4;
1.55810 4-4;
1 .5 3 1 10 -s-4;
1 . 5 1310 + Ly>
1.50910 4-4;
1 .513io 4-4;
U 536 io +4;
1 .590io 4-4;
1.61510 4-4;
1 e6 6 O10 4-4:
1.71810 +4;
1 .78610 -i-4;
1.80810 +4;
1 ,923io 4-4:
1 . 9 9 O10 4-4;
2.067)0 4-4;
2 o 12 910 -i-4:
2 .1 9 2 1 0 4-3:
2 . 236)0 + ii-
2 .2 6 8 1 0 4-3;
2 O2 8 8 io 4-3:
2 . 304 io -i-4* . ^
2  0 3 2 0 io

1 . 1 1 9 io 4-4;
1 0 1 92m 4-4;
1 . 2 6 I 10 4-4;
1 .3 3 3 m 4-4;
1 0 4 1010 +4;
1 .4 9 1 10 4-4;
1 .56810 4-4:
1 .6 4 1 10 4-4;
1 . 705,0 4-4;
1.76210 -i-4;
1 .8O910 +4;
1 .843*) 4-4;
1.86710 4-45
1 .877io -i-4;
1.87610 -f-4:
1 . 8 6 2 :o 4-4;
1 .834io -f-4;
1 . 8 0  5 io 4-4:
1 .7 7  210 4-4;
1 .724b
1 „ 6 7 1 io +4;
1 . 627 io h-4;
1 .583:o 4-4;
1 .553:0 4-4;
1 c 527l0 4-4;
1 .5 1  1)0 -i-4;
1.510*) -f-4;
10 51610 -f-4;
1 .54310 +4;
1 0 60010 -f-4;
1 0 6 2 O10 +4;
1067110 4-4;
1 .731io -f-4;
1 . 8 OI10 -i-4;
1 . 8 7 O10 + * :

1 o935io -f-4;
2 . 005,0 4-4;
2 o Oco 110 4-4;
2 . 1 40w 4-4;
2 0205io -i-4;
2.242*) 4-4:
2 .272:0 4-4;
2.293)0 4-4;
2 0306io 4-4;
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TABL5 10 „ 2 ( c o n t 'd  ) 

ra n g e  ( 2 ) :  s  = 2.1+0 "by 0 .0 5  to  18 .0 0  £

1 .8 8 6 io + 4 : 1 . 964m 4—r. 2 . 044m
2 . 302 io + 4 :✓ 2 . 399m -f-4 ; 2 . 581m
2 .8 4 3  io 4-4 : 2 . 973» 4-4 ; 3 «1*0710
a e, 47 010 4-4 ; 3 . 595m 4-4 ; 3 . 787 io
4 . 065 ia -f-4; 4 . 180m 4-4 ; 4 . 384m
4 »67 4 :o + 4 : 4 .79810 4-4 ; 4 .9 0 6 m
5 .25710 + 4 ; 5 • 3 8»410 -f-4: 5 0 52810
5 .'942m +4; 6 c. 092m 4-4 : '0 c 2 48> 10
6.76710 4-4 ; 6 . 957io +4:> 7 . 156:0
7 . 798 m 4-4 ; 8 f. 02610 ■ Ii . 

1 8 o26)9 iq
9 • 06810 4-4 ; 9 - 318:0 4-4 ; 9 »572 io
1 0O3310 4-5; 1 .057M +5 ; 1 .882:0
1 . 147m +5 ; 1 016710 + 5; 1 . 1 84m
1.226 :0 +5 ; 1 . 237m 4-5; 1 . 246m
1.25610 4-5; 1.25510 +5 ; 1 .2 5  310
1 . 235 10 1 .226:0 +5; 1 ,2 14m
1 0 1 0810 +5; 1 . 158:0 +5 ; 1 . 134m
1 .08510 4-5* 1 . 866:0 + 2 ; 1 ,04810
1 . 0 1 1m +65 I .8 0 1 m +5; 9 0 982io
9 * 66710 4-4 ; 9 -6 4 5 10 4-4: 9 - 952io
9 . 746 m 4-4 ; 9 . 816m 4-4; 9 .9 1 1io
1 . 029m +55 1 .845io +55 1 . 86310
1 o 11 5 io + 6; 1 c 13 410 +55 1 0 15210
1 .2 1 1 10 + 5 ; 1.22910 + 8 ; 1 . 247m
1 . 30110 + 5 ; 1 .3 1 610 +8; 1 c 331 10
1 .3  6210 + 5 ; 1 0 37110 +8; 1 -37 910
1 . 393 io + 5 ; 1 0 39810 +8; 1 . 401m
1 0 404m j _r  • 1 ^  * 1 • 40610 + 8 ; 1 04o6io
1 0 40910 + 5 ; 1 •4o9m + 8 ; 1 . 406m
1 .407io + 5 : 1 . 40710 + 5 ; 1 0 40710
1 o 42110 4-5 ; 1 .4 2 6 io + 8 ; 1 e 42810
1 • 444 iq +55 1 0 447 io + 8 ; 1 .45110
1 .4 7 4 m ~r '3 ; 1 e 478l0 + 8 ; 1 ..48210
U503:o 4-5 ; 1 c585 l0 + 8 ; 1 .587io
1 . 515d +55 1.51 8l0 + 8 ; 1 o 51 810
1 . 521m + 5 ; 1 r* i  *71 0 p  1 ( 10 + 8; 1 0 5 11 io
1 .503m + 2 ; 1.49710 + 8 ; 1 .490m
1 .47910 4-5; 1 . 474,0 + 8; 1 0 465:o
1 . 449 io + 6 ; 1 .444n + 8 ; 1 . 44110
1 . 436 io + 6 ; 1 . 439 io +8; 1 ,440  :o

+ 4: 2 . 1 2 7 m -f-4; 2 .2 1 2  :o 4-4;
4-4: 2 . 6 0 8 :o 4-4; 2 .723:o -i-4;
4-4: 3 o233:o 4-4; 3 . 3 5 4 m -f-4:
4-4: 3 .82510 4-4: 3.948:o 4-4;
4-4; 4 .438 :o 4-4: 4 .553 :o 4-4;
, ii * 

”r + “ 5 0 8 2 2 :q 4-4: 5 . 1 4  8 IQ -f-4;
+4 : 5 .659 :0 -f-4: 5 .7 9 8 io -f-4:
-f-4: 6.40Qio 4-4: 6 .5 8  3 10 + 4 ;
4-4; 7 . 3 6 6 m -f-4: 7 0 5o8:o -f-4;
-f-4: 8 * 5 3  010 4-4; O a 8 8 5 10 4-4;
4-4; 9.83610 -f-4; 1 , OOQ'o + 5 ;
+ 5 ; 1 . 185m j . r  » 1 . 126 :o + 5 :
_u r  • 
■ 1 e2 OJ10 +5; 1 .21  4 :o +5 ;
4-5 : 1 . 2 5 1 10 +5 ■ 1 ,255io +5;
4-5; 1 .249m +5 ; 1 a  2 4 3  10 + 5 ;

**  ̂5 1 . 2 0 1 m + 8 ; 1 .1  8610 + 5 ;
*• ^ 1 . 11 8 io 4-5 ; 1 . 1 0310 + 5 ;

4-5 ; 1 .O33io + 5 ; 1 . 8 2 0 m +5;
-i-4; 9*797io -f-4; 9 .7 1 8 io 4-4;
+4; 9 . 6 7 8 m 4-4; 9 . 6 9 7 io 4-4;
4-4: 1 . 0 0 2 10 +5; 1 .815m +5j
+5; 1 .088m +5; 1 . 8 9 7 m 4-5 ;
+ 5 ; 1 . 1 7 1 10 + 5 ; 1 • 19110 +5;
_uR * ‘ RJ 1 .26610 +5  • 1.28510 +5;
4-3; 1 .343:0 ”'5; 1 ,353io +5;
4-5 : 1 .384:o +5; 1 .38910 + 3 ;
+55 1 - 4 0 1i0 + 5 ; 1 . 4 0 3  :o + 3 ;

+ 5; 1 . 4 0 5 D + 5 ; 1 . 407io + 5 ;
+5; 1 ,405io + 5 ; 1 .405:o + 5 ;
+8; 1 »409io + 5 ; 1 .41  4:o + 5 ;
+3; 1 c 432.10 +5; 1 .438io *r5j
+ 3 ; 1 .45910 +5; 1 04o7:o +5;
- U R  • * «? 1 .48910 +5; 1 . 4 9 7 10 + 5 ;
+8; 1.518:o +5; 1 .51  110 + 5 ;
+ 5 ; 1 . 5 1 610 - U R  • ‘ -O 1 .519:0 + 5 ;
+ 8 ; 1.58810 + 5l 1 .58710 + 5 ;
+ 8 ; 1 .484u 4-5 ; 1 • 4 8 1 10 - 5 ;
+8 ; 1 0459io + 8 ; 1 .455io +5;
+8; 1 . 4 4 0 10 +5; 1 .438io + 5 ;
. u R  •‘ ^3 1 .4 4 7 io J - R  • • 1 .4 5 1 10 + 5 ;
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TABL5 1 0 . 2 ( e o n t 'd  )

• 45 4 m +53 1 .49910 +53 1 0 46610 1 r~ b* -O 1 .4 7 1 m +53 1 0 475 a +93
• 48 3 io +53 1 .49510 +53 1«9 O6 10 +53 1.51810 +53 U  535io +53
• 551a J— * 1 .565a +53 1 .577a +53 1.58910 +53 1 . 6 0 1 k, +5 3
.61510 +53 1062910 +53 1 »64710 +53 1.66710 +53 1 © 681 10 +53
068910 +53 1069710 +53 1.7l7io +53 10 73610 +53 1 .744m +53
0 7 4 6 W +53 1 .753io +53 1 .764io +53 1 .77210 -{M • ' S 3 1 .777io +53
• 780lO 1 .782io +53 1 .7 8 9 io J.C. • 1 S 3 1 .7 9 1 10 -L.C1 • ' S 3 10 70610 +53
0 80010 +53 1 .803m +53 1.80310 +53 1 .799a + 53 1 . 8 o o 10 +53
• 8 1 1 10 +53 1 . 8 2 O10 +53 1 <,82810 +53 1 . 8 2 2 io +53 1 .822io +5302FCMCO«• +53 1 .82710 +53 1082+10 +53 1 .817io +53 1 © 8 1 1 10 +53
0 80810 +53 1.80910 +53 1 .8 1 7 a +53 1 .8 1 810 +53 1 ©8 O810 +53000CO +53 1 0 8 0 O10 +53 1 6 801  10 +53 1 .8 0 1 10 +53 1.80510 +53
081 1 10 +53 1 .8 1 3 io +53 1 .8 1 2 m +53 1 . 81310 +53 1.81510 +53
•82710 +53 1 .846io +53 1 .8 5 0 m +53 1 .8 4 3 10 +53 1 © 8 4 0 10 +53
.849io +53 1085110 +53 1 o853 io +53 1 .8 5 5 io +53 1 .8 5 7 io +53
0861  10 —L. 0 ' 1086710 +53 1 . 8 7 2 io +53 1 .8 7 0 m +53 1.87610 -*-R 0 ‘ ^ 3

• 8 8 7 io +53 1 .89210 -jM • 1 • 88710 +53 i 088310 +53 1 ©88610 +53
0 88610 +53 10 88610 +  53 1 • 88710 +53 1 .890m +53 1 . 8 93 10 +53
. 8 9 4 io +53 1.89210 +53 1 .894m +53 1 o897io -j-c; = 

' 1.90210 +53
.90710 +53 1 .9 1 1 a +53 1 .9 1 5 m +53 1 .9 1 5 10 +53 1.91810 +53
.92610 +53 1 .9 4 4 io +53 1 .959a +53 1 .959io j-c; . 1 .9 5 1 10 +53
.950io +5 * 1 .9 5 3 a +53 1.95610 +53 1.96110 +53 1.96710 3
.9 7 4 m +53 1 .9 8 1 10 +5 3 1 .9 9 1 10 +53

o -1
ra n g e  ( 3 ) :  s = 7.V5 "by 0 .1 0  to  3 ^ .7 0  A

6 .72810 +53
7 . 7 6 2 m +53
9 . 14110 +53
9 .96810 * -J  3
1 . 0 0 3 m + b ;

1 . 0 1 7 m + 0 :j
1 .06710 + C) I
1 . 1 1 1 10 + 6 ;

1 . 1 0 0 m + 6 ;
1 . 0 6 3 a +63
1 • O 5 9 1 0 +63
1 .117io +63
1 ©22210 +63

6 ©89110 +53
8 .05810 +53
9 .373io +53
9 ©992io +53
1 0 o o 4 10 +6 :
1 . 023m +63
1 .O8 O10 +63
1 ©11510 +6 :
1 .09510 +63
1 .05710 -{-63
1 .06610 +63
1 © 144io +63
1 .239io -1-63

6 .987io +53
8 .  346io +53
9 .577io +53
1 . 0 0 1 10 +63
1 « 0 0 8 10 +63
1 . 030m +63
1 . 0 8 6 m +63
1 . 1 1 110 1 ^ •~T~ O
1 .08810 +'03
1 ©05 610 +63
1 .07510 +63
1 .16210 + 6 :
1 ©25610 +63

7 . 234m +53
8063110 +53
9 .7 2 6 1 0 +53
1 ©00210 +03
1 . 0 1 Om +63
1 .03910 +63
1 . 09510 + 6 ;
1 .1 1 1  a +63
1 .08210 +63
1 .0 5 7 1 0 +63
1 . 08710 +63
1 .1 8010 +63
1 ©2 8310 +63

7 . 483m +53
8 .9 1 6 1 0 +53
9 .8 6 5 1 0 -J-C ■

1.00310 » « 
t O j

1 . 014m +63
1 ,04910 +63
1 « 1 0310 i-D ;
1 . 1 07 io 1 ✓
1 ,O7O10 +63
1 .0 5 5 10 +63
1 .O99io

/"
t O j

1 .205io + 03
1 © 326io +63
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ro 
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TABLS 10 ,2  ( c o n c lu d ed  )

©3 3 8 :o +63 
• 3 2 0 io 4-6 ; 
©3 1̂ -10 +6* 
. 3 1 5 io +63 
®3 3 3 io +6? 
«»37 5 io + 6 j  
*364io 1*6 ®
o 382  io + 6 :
. 4 7 8 »  d o :  
£>51610 4-63 
*5 7 9 10 + 6 :
06 0210 + 6 :
c 59810 + 6 ;  
c 5 9 1 10 + 6 ; 
. 5 9 7 10 +65 
©'63610 + 6 j  
6 688d +6]
©73610 1-65 
o 790 io + 6 ;  
© 8 3 2 10 + 6 ;
o 879io + 6 : 
© 89110 4-63 
o 90210 4*63 
©91210 + 6 3  
©945 io + 63  

2 .OO310 + 6 ; 
2 0o63io + 6 3
2 .1 1 7 1 0  d 6 ^
2© 1 59io  + 6 5  
2 . 1 7 9 io +63 
2© 195 io + 6 5  
2 0219 io + 6 5  

.2 3 6 1 0  + 6 :  
©26710 +6 ; 

2,30510  +6 ; 
2 . 3 6 3 io + 6 ;  
2 . 42710 +6 ;
2 ©47210 + 6 5  
2 .5 2 1 10 + 6 3  
2.54910  + 6 5  
2 , 642 e> + 6 ;  
2 . 644 io 4-63

- 318 i‘o
o 31 810

>351

6810
4 2 4 w

©3

,651

• 3 1 4 10 +63 
.31810 +63 
©31610 +63 
c 31 810 +63 
o 34510 +63 
©354io +63 
o3 6 2 n  4-6:
©391 io +63 
©459io +63 
©52910 +6 :
.587io +63 
©599io -1-63 
©59610 +63 
©59110 +63 
©6o4io -1-63 
© 6 4 1 10 +63 
©69810 +63 
. 7 5 1 10 +63 
•794io +6:  
o839io +63 
©88110 +63 
©89210 +63 
©90310 4-6:
©91510 -1*63
• 9 5 5 10 +63 

_ © 016  io +6 3 
2 ©0 7 6 1q +63 
2.12610  +63 
2 .1 6 3 io  +63 
2 . 180 v) +63 
2.19810  + 6 ;
2  ©21810 +63 _ _
2  ©24410 +63 2 .246  
2  © 2 7 110 +63 
2  ©317 io +63 
2 .3 7 6 1 0  +63 
2 ©432 io +63 
2 . 483 io -1-63 
2 © 5 2 1 10 +63 
2 . 5 6 4 io  +63 
2 . 6 1 9 m  +63 
2.65010  +63

10

10

80610 
852io  
8 8 1 10 
90010 
9 0 5 10 
918 io

10

+63 1 ©317 io 4*6 3 1 ©31810 + 6
-1-6: 1 ©319 io 4-63 1 . 315 :o + 6
+63 1 .3 1 6 1 0 4-6 * 1 © 3 1 4 io 4-6
-1-63 1 . 332 io 4-6 3 1 . 33110 4-6
+63 1 ©376 io 4-63 1 .8 8 8 1 0 4-6
+63 1 © 362 io 4-63 1 ©365 io 4-6
+ 6 : 1 ©376 io 4-6 3 1 ©376 :o 4-6
+63 1 . 479 i0 4-63 1 © 46 410 4-6
4-6: 1 ©479 io 4-6; 1 ©56^:o 4-6
+63 1 . 5 6 6 i0 + 6 - 1 ©576 :o 4-6
+63 1 . 594 io 4-63 1 . 59710 4-6
+63 1 . 599m 4-63 1 ©598 io 4-6
4*63 1 . 588 io 4-63 1 ©58810 + 6
+63 1 . 68310 4-63 10 60910 4-6
+63 1 . 6 1 4 i0 4-63 1 © 623m + 6
+63 1 ©66910 4-63 1 .6 7 8 1 0 4-6
+63 1 . 71410 4-63 1 . 727 io 4-6
+63 1 ©76610 4-63 1 ©78110 4-6
+63 1 ©823 io 4-63 1 082610 4-6
4-63 1 .8 6 5 1 0 4-63 1 0871 10 4-6
+63 1 . 887 io 4*6 3 1 .8 9 2 1 0 + 6
4-63 1 .8 9 8 1 0 4-63 1 ©964 io -1-6
-1-63 1 ©9 lO i0 4-63 1 . 9 1 2 ]0 + 6
4*63 1 .92610 4-6: 1 ©93^10 + 6
4-63 1 . 983m 4-63 1 . 993m 4-6
4-63 2  ©04110 4-63 2 . 057m 4-6
4-63 2  .  104 i0 4-63 2 . 1 0 6 ’o + 6
+63 2 . 153m 4-6*3 2 . 1  49io 4-6
4-63 2© 165 io 4*6 3 2.17510 4-6
4-63 2 . 195m 4-6; 2 o 196 io 4-6
4-63 2 . 2 1 8 io 4-63 2 © 2 1 7 d + 6
4-63 2  ©228io 4-63 2  ©236 io 4-6
4-63 2 ©249 io +63 2  0 25710 -1-6
4-63 2  ©28210 +63 2 , 28410 4-6
4-63 2 ©333m 4-63 2 ©347 io 4-6
4-63 2 . 4o 8 io 4-63 2  ©41810 4-6
4-6 3 2 . 454 io 4-63 2 , 460 io 4-6
4-6 3 2  ©497 io 4-63 2 ©516 io 4-6
4-63 2© 535 io 4-63 2 . 54610 4-6
+63 2 . 595 io 4-63 2 . 599m 4-6
4-6; 2 . 6 1 2 io 4-63 2 »625 io 4-6
4-63 2  ©65610 4-63
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TABLE 10 .3

R e s u l t s  o f  i n d iv i d u a l  d i s t a n c e  r e f in e m e n ts

f o r  HCIO^

j e t  to  p l a t e  
d i s t a n c e 100 cm 50 cm 25 cm

r Cl~0p
O'

0
(A) l.lj.083

0 .0013

l.li-083

0.0006

l.lj.082

0 .0 0 1 3

r Cl-0H
0

(A) 1,6398 1.6399 1 .6289

O' 0 .0057 0.0021 0 .0 0 5 6

r 0 p . , 0 p
O’

0
(A) 2 .31^9

0.00l{.5

2.3689

0 .00k9

2 .3 6 1 2

0 .0099

7 .7 7 7 .55 3^ .69

V w A 1  
/ --1

6 ,186
9

x 10^
7 .672

X 1 0 10
2.381+ 

x 1013

R o te s :  ( l )  I n  th e s e  re f in e m e n ts  th e  u  v a lu e s
were h e ld  c o n s ta n t  a t ' s p e g t r o s c o p ic  
v a lu e s ,  and r n H a t  0 ,9 6  A, and  th e  
an g le  C10H a t u ~n 113 .

(2 )  The O 'v a lu e s  a re  l e a s t  s q u a re s  e . s . d . ’ s .
(3 )  The r  d i s t a n c e s  a re  th e  t h r e e  

in d ep e n d en t  p a ra m e te rs  ch osen  to  
d e s c r ib e  th e  ClO^ t e t r a h e d r o n ,  and

■ th e  v a lu e s  q uo ted  a re  r  ( l )  q u a n t i t i e s .
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TABLE' 1 0 .4

R e s u l t s  o f  * a l l  d a ta  com bined  1 r e f i n e m e n t s

f o r  HO 10.
4

1 p a r a m e te r combtv/o comb-
s c a l e d

combtwo comb-
s c a l e d

r C l - 0p
0

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

C1
r\

0 .0 0 0 8 0 .0 0 0 6 0 .000 9 0 .0 0 0 7

r Cl-0H
u

(A) 1 .6 2 9 3 1 .6 3 4 5 1 .6 3 8 7 1 . 637ft

O'
A

0 .0 0 3 2 0 .0 0 2 5 0 .0 0 5 2 0 .0 0 3 6

r 0 p . .O p
u

(A) 2 .3 4 9 7 2 .3 5 6 2 2 .3 6 3 8 2 „36ft2

o 0 . 001-1-2 0 .0 0 3 9 0 . 01614. ' 0 .0 1 1 0

u0 l - 0p
0

(A) s p e c t . s p e c t . o.oftftft 0.0ft39

O'
A

- - 0 .0 0 1 2 0 .0 0 1 0

uCl~0H
u

(A) s p e c t . s p e c t . 0 .0 7 0 0 0 .0 6 3 5

O' - - 0.00147 O.OO36

U0p . , 0p
0

(A) s p e c t . s p e c t . 0 .0 7 8 1 0.07ft9

O'
A

- - 0 .017ft O.OlkO

U0p..O H (A) s p e c t . s p e c t . 0 .0 6 7 7  ■ 0 .0 6 1 7

O' - - 0 .0 0 7 2 0 .0 0 7 1

R(fo) 1 4 ,1 9 1 3 .1 0 13.1ft 12 .. 63

3 .4 8 5  
x 1010

3 .6 3 7  
x 1010

3 .0 2 5  
x 1010

3 .2 8 8  
x 1010

N ote : The d i s t a n c e s  a r e  r  ( l )  v a l u e s  and  th e  H p o s i t i o n  
was assum ed a s  d e s c r i b e d  i n  T ab le  1 0 , 3 , n o te  ( l ) .
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TABLE) 10 ,5  

The f i n a l  s t r u c t u r a l  p a r a m e t e r s  

f o r  HCIO^

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

r  ‘ A  r C l - 0 p (A) 1.U07 0 .0 0 3

r  ,°vC1-0H (A) 1 .6 3 5 0 .0 1 1

T> 0
O p..O p  (A) 2 .3 5 9 0 .0 2 7

r» 0
O p.,0H  (A) 2 . i H 0 0 .0 4 8

OpClOp ( ° )  

OpOlOH ( ° )

1 1 3 .9

10U.5

2 .1

2 .8

0
uC l-0 p  (A) 0 .0 3 6 0 .0 0 4

« 0 
C1 - 0H (A) 0 .0 6 2 0 .0 1 3

u0 p . . 0 p  (A) 0 .0 7 7 0 .0 4 8

c? •d • • o tu

o

0 .0 6 5 0 .0 2 2

N o te s :  ( l )  The a m p l i tu d e s  o f  v i b r a t i o n  hav e  b e e n
c o r r e c t e d  f o r  Born f a i l u r e  a c c o r d i n g  to  
t h e  m ethods o f  C h a p te r  E i g h t .

( 2 ) The above r e s u l t s  w ere o b t a i n e d  b y  t a k i n g  
a s t r a i g h t  a v e ra g e  o f  t h e  v a l u e s  g iv e n  
i n  t h e  f o u r  colum ns o f  t a b l e  1 0 . 4 , t h e  
0 J 1 s b e i n g  a v e r a g e d , ' and  r e p r o d u c i b i l i t i e s  
c a l c u l a t e d  from  them .
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CHAPTER ELEVEN 

AN ELECTRON DIFFRACTION INVESTIGATION 

OF G-ASEOUS PSRCHLORYL FLUORIDE ‘

1 ,  I n t r o d u c t i o n

I n  1956 , a s  a r e s u l t  o f  a gas  p h a se  i n f r a r e d
69

i n v e s t i g a t i o n *  L id e  a n d  Mann p r o p o s e d  a C ,  t e t r a h e d r a lpv
m odel ( see  f i g .  6 .1  ) f o r  t h e  m o le c u le  o f  p e r c h l o r y i

f l u o r i d e  (F C lC u). I n  1965  L id e  c o n f i rm e d  t h i s  symmetry 
^ 70

"by m icrow ave s p e c t r o s c o p y  and  d e te rm in e d  th e  d i s t a n c e  

o f  t h e  c e n t r e  o f  m ass o f  th e  sy s tem  from  th e  C l ^  a tom .

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

t h e  compound was u n d e r t a k e n  to  o h t a i n  a c c u r a t e  s t r u c t u r a l  

p a r a m e t e r s  and  r o o t  mean s q u a re  a m p l i tu d e s  o f  v i b r a t i o n  

f o r  t h e  PCIO-^ m o le c u le ,  i t  b e i n g  i n t e n d e d  t o  compare 

t h e  a m p l i tu d e s  d e te rm in e d  v / i th  c o r r e s p o n d in g  s p e c t r o s c o p i c  

r e s u l t s  c a l c u l a t e d  from  th e  i n f r a r e d  d a t a  o f  r e f .  6 9 .

2 .  E x p e r im e n ta l

The sam ple o f  p e r c h l o r y i  f l u o r i d e  u s e d  i n

e x p e r im e n t s  was d o n a te d  b y  t h e  P e n n s a l t  C hem ica l

C o r p o r a t i o n  o f  P e n n s y lv a n ia  U .S .A . No d i f f i c u l t y  was

e x p e r i e n c e d  i n  r e c o r d i n g  d i f f r a c t i o n  p a t t e r n s  a t  a l l

f o u r  j e t - t o - p l a t e  d i s t a n c e s ,  and  a summary o f  t h e

e x p e r i m e n t a l . c o n d i t i o n s  a d o p te d  i s  g iv e n  i n  t a b l e  1 1 .1 .

* A p r e l i m i n a r y  a c c o u n t  o f  t h i s  work h a s  b e e n  g iv e n  i n  
r e f .  9 8 . ,
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Four uphill curves are listed in table 11,2, and the
f i n a l  e x p e r im e n ta l  com bined I  ( s )  f u n c t i o n  i s  p r e s e n t e dmi
g r a p h i c a l l y  i n  f i g u r e  1 1 .1 .  Two r a d i a l  d i s t r i b u t i o n

c u rv e s  c a l c u l a t e d  from  t h i s  f u n c t i o n  u s i n g  damping
o2

c o n s t a n t s  o f  0 .0 0 1  and  0 . 001+ A , a r e  shown i n  f i g u r e s  

1 1 .2  and. 1 1 .3  r e s p e c t i v e l y ,  and  o f  t h e s e ,  t h e  f i r s t  

a c h i e v e s  a  r e s o l u t i o n  o f  t h e  two t y p e s  o f  b o n d ed  

i n t e m u c l e a r  d i s t a n c e  p r e s e n t  i n  t h e  m o le c u le .  The 

s t r u c t u r e  p ro p o s e d  i n  r e f e r e n c e s  69 and  70 i s  

e v i d e n t l y  c o n f i rm e d ,

3. Results
The FGIO^ t e t r a h e d r o n  was d e f i n e d  b y  th e  t h r e e  

i n t e r n u c l e a r  d i s t a n c e s  a n ^ Op*

I n  l e a s t  s q u a r e s  r e f i n e m e n t s  t h e s e  p a r a m e te r s  w ere  v a r i e d  

i n d e p e n d e n t l y ,  and  th e  a m p l i tu d e s  o f  v i b r a t i o n  u ^ ^  q^ ,

^C l-F *  u0p Op an(i u 0p F w ere a l s ° d e f i n a b l e .  The 

d e p e n d e n t  d i s t a n c e  Rq^ ^  was c a l c u l a t e d  a f t e r  e a c h  

l e a s t  s q u a r e s  c y c l e  by  means o f  t h e  p e r c h l o r i c  a c i d  

s u b r o u t i n e  d i s c u s s e d  i n  A ppend ix  F i v e ,  and  t o  a v o i d  t h e  

n e c e s s i t y  o f  m o d ify in g  t h i s  co m p u te r  p r o c e d u r e ,  an  

im a g in a ry  atom o f  z e ro  s c a t t e r i n g  f a c t o r  was assum ed . 

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

p r e s e n t e d  i n  t a b l e  1 1 . 3 * Tbe h u n d re d  c e n t i m e t r e  

p a r a m e te r s  q u o te d  i n  t h e  f i r s t  co lum n o f  t h i s  t a b l e  a r e
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d i s t i n c t l y  h ig h  v/hen compared with those of* the other 
t h r e e  c o lu m n s , h u t  s in c e  no u n u s u a l l y  h ig h  v a l u e s  were 

o b t a i n e d  on c a r r y i n g  o u t  a l l - d a t a - c o m b i n e d  r e f i n e m e n t s  

( s e e  t a b l e  1 1 .4  ) i t  may b e  c o n c lu d e d  t h a t  t h e s e  

v a l u e s  c o r r e s p o n d  to  a l e a s t  s q u a r e s  f a l s e  minimum, 

an d  do n o t  i n d i c a t e  e x p e r im e n ta l  e r r o r .  T a b le  1 1 ,4  

a l s o  shows t h a t  , u n l i k e  t h e  c a s e  o f  p e r c h l o r i c  a c i d  

( s e e  C h a p te r  Ten ) t h e  O p..O p d i s t a n c e  i n  FClO^ i s  

w e l l  d e te r m in e d ,  w h e th e r  r o o t  mean sq u a re  a m p l i tu d e s  

o f  v i b r a t i o n  a r e  r e f i n e d  s i m u l t a n e o u s ly  o r  n o t .  T h is  

f a c t  p r o b a b ly  i n d i c a t e s  t h a t  t h e  t e t r a h e d r o n  e d g e s  o f  

t h e  p e r c h l o r y i  f l u o r i d e  m o le c u le  d i f f e r  more i n  s i z e  

t h a n  do t h e  c o r r e s p o n d in g  d i s t a n c e s  i n  HCIO^. F i n a l  

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

b y  a v e r a g i n g  t h e  co lum ns o f  t a b l e  1 1 . 4 , a r e  l i s t e d  i n  

t a b l e  1 1 . 5 .

4 .  D i s c u s s io n

I t  i s  c l e a r  f rom  t a b l e  1 1 .5  t h a t  i n  FClO^ a n d

Cl^Oy t h e  CIO5 g ro u p s  p r e s e n t  a r e  b a s i c a l l y  s i m i l a r ,

t h e  r e l e v a n t  h e p to x id e  p a r a m e te r s  h a v in g  b e e n  d e te r m in e d  
81 o 0

b y  B e a g le y  a s  RQq_Qp ~ 1 .4 0 5  A an d  OpClOp = 1 1 5 .2  .

The p e r c h l o r y i  f l u o r i d e  b o n d  l e n g t h  o f  1 .4 0 3  A

a p p e a r s ,  hov/ever, t o  b e  s i g n i f i c a n t l y  s h o r t e r  t h a n
o

t h e  c o r r e s p o n d in g  d is ta n c e ,  i n  p e r c h l o r i c  a c i d  ( 1 .4 0 ?  A)
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w h i l s t  i t s  v a le n c e  a n g le  OpGlOp o f  1 1 6 ,2 ^  i s  c o n s i d e r a b l y

l a r g e r  t h a n  t h e  c o r r e s p o n d in g  HCIO^ v a lu e  o f  1 1 3 . 9^ .

T h is  l a t t e r  r e s u l t  i s  s u b j e c t ,  h o w ev er ,  t o  a l a r g e

u n c e r t a i n t y  ( 2 , 1^ ) and  h en ce  t h i s  d i f f e r e n c e  may n o t

h e  a s  s i g n i f i c a n t  a s  i t  a p p e a r s ,  . I t  i s  o f  i n t e r e s t
o

t h a t  th e  GIF bond  l e n g t h  o f  1 ,6 1 7  A o b t a i n e d  by  t h e

p r e s e n t  work i s  somewhat s h o r t e r  t h a n  t h e  r  v a l u e
e

d e te r m in e d  f o r  c h l o r i n e  m o n o f lu o r id e  by  m icrow ave 
71

s p e c t r o s c o p y  , and  s h o r t e r  s t i l l  t h a n  t h e  G l-F  s i n g l e
o

b o n d  l e n g t h  o f  1 ,6 6  A c o n s i s t e n t  w i th  B e a g le y 1s
99

t e t r a h e d r a l  c o v a l e n t  r a d i i  f o r  oxygen and  f l u o r i n e
o

and  a s i n g l e  bon d  v a lu e  o f  1 ,7 0 0  A f o r  th e  C l -0  d i s t a n c e .

From t h e  s t r u c t u r a l  r e s u l t s  l i s t e d  i n  t a b l e  1 1 ,5* 
o

a v a lu e  o f  0 ,1 7 1  A was c a l c u l a t e d  f o r  th e  d i s t a n c e  o f

t h e  c e n t r e  o f  mass o f  th e  01^  s p e c i e s  o f  FGIO^ from

t h e  c h l o r i n e  atom  ( t h i s  p o i n t  l i e s  b e tw ee n  C l a n d  F )

and  a v a lu e  o f  5276 M c/sec  was o b t a i n e d  f o r  th e

r o t a t i o n a l  c o n s t a n t  B o f  t h i s  same i s o t o p i c  s p e c i e s .

T hese  q u a n t i t i e s ,  w hich  a r e  s u b j e c t  t o  e r r o r s  o f  0 ,0 1 3

and  i|0 M c/sec  r e s p e c t i v e l y ,  may b e  com pared w i th  t h e
o

c o rre sp o n d in g -  r e s u l t s  o f  0 ,15U  A and  5 2 5 8 ,7  M c /sec
70

d e te r m in e d  b y  L id e  , Such a c o m p a r iso n  i n d i c a t e s  

t h a t  i f  t h e  b o n d  l e n g t h s  g iv e n  i n  t a b l e  1 1 ,5  a r e  a c c e p te d  

a s  c o r r e c t ,  t h e n  an  OpGlOp v a le n c e  a n g le  o f  1 1 5 .2 °  

w ould  b e  more c o n s i s t e n t  w i th  t h e  m icrowave p o s i t i o n

2 2 k
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f o r  t h e  c e n t r e  o f  m ass , and h e n ce  i t  i s  p r o b a b le  t h a t  

a compromise v a lu e  o f  1 1 5 *7° i s  th e  b e s t  e s t i m a t e  w hich  

c a n  b e  g iv e n  a t  p r e s e n t  f o r  t h e  OpGlOp a n g le  i n  FOlO^.

B o th  t h e  Cl-O p and  C l-F  d i s t a n c e s  i n  FCIO^ a r e

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

t h e  0 1 -0 p  s h o r t e n i n g  o f  ^  0 ,3  A, t h a t  t h i s  b o n d  h a s  a

l a r g e  amount o f  d o u b le  bond  c h a r a c t e r ,  l a r g e r  p r o b a b ly

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

d i s t a n c e s  i n  Cl^Oy and  HGIO^* On th e  o t h e r  h a n d ,  th e

s h o r t e n i n g  o f  ^  0 ,0 i |  A o b s e r v e d  f o r  th e  G l-F  b o n d  i s

s u r p r i s i n g l y  s m a l l ,  when i t  i s  c o n s i d e r e d  t h a t  i n  FGlO^

t h e  c e n t r a l  c h l o r i n e  atom m ust b e  d e p l e t e d  o f  e l e c t r o n s

t o  a  l a r g e  e x t e n t  b y  th e  sigm a b o n d s  which i t  f o r m s ,

and  t h a t  t h e  f l u o r i n e  atom h a s  two lo n e  p a i r s  o f  e l e c t r o n s

a p p a r e n t l y  a v a i l a b l e  f o r  T t  bond ing*  U n l ik e  t h e

p e r i p h e r a l  oxygen a to m s, h o w ev er ,  v/hich e v i d e n t l y

d o n a te  e l e c t r o n s  i n t o  th e  d o s-n(i  & 2 v 2 o r b i t a l s  on 
95 z x - y

c h l o r i n d  , t h e  f l u o r i n e  atom a p p e a r s  t o  r e t a i n  i t s  

p e l e c t r o n s .  I n d e e d ,  i t  seems p o s s i b l e  t h a t  some o f  

t h e  G l-F  s h o r t e n i n g  o b s e rv e d  m e re ly  r e s u l t s  from  a 

h y b r i d i s a t i o n  change  from  sp  t o  s p ,  and  i f  t h i s  i s  

so i t  must b e  i n f e r r e d  t h a t  t h e  amount o f  Tl* c h a r a c t e r  

i n  t h e  C l-F  b o n d  o f  p e r c h l o r y i  f l u o r i d e  i s  l e s s  ev en  

t h a n  t h a t  o f  t h e  C1-0H bond  i n  HGlO^. The s l i g h t  

s h o r t e n i n g  o f  t h e  Cl-Op d i s t a n c e  i n  FCIO^ r e l a t i v e  to
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t h a t  o f  HCIO^, i s  p re s u m a b ly  a t t r i b u t a b l e  t o  t h e  

e l e c t r o n - w i t h d r a w i n g  p r o p e r t i e s  o f  th e  f l u o r i n e  atom 

w hich  s h o u ld  c a u se  an  i n c r e a s e d  p o s i t i v e  c h a rg e  on- 

c h l o r i n e ,  and  so en h an ce  th e  amount o f  dtr-pfr b o n d in g  

p r e s e n t  i n  t h e  p e r i p h e r a l  0 1 -0  b o n d s .

F i n a l l y ,  i t  i s  o f  i n t e r e s t ,  t h a t  t h e  a m p l i tu d e s  o f  

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

t a b l e  1 1 . 5 , a r e  i n  good ag re em e n t w i th  t h o s e  c a l c u l a t e d  

frpm  s p e c t r o s c o p i c  d a t a  i n  C h a p te r  S ix ,



TABLE 1 1 ,1  

A summary o f  e x p e r im e n ta l  d e t a i l s  

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

j e t  t o  p l a t e  
d i s t a n c e 100  cm 50 cm 25 cm 11 cm

w a v e le n g th
(A) 0 ,0 5 1 2 0 5 0 .0 512 05 0 .0512 05 0 .0 5 1 2 0 5

e .  s . d . 0 ,0 0 0 0 2 0 0 .0 0 0 0 2 0 0 .0 0 0 0 2 0 0 .0 0 0 0 2 0

sam ple  
t e m p e r a tu r e  
( K ) 193 193 193 193

n o z z l e
t e m p e r a tu r e
( K ) 293 293 293 293

g a s
t e m p e r a tu r e  
assum ed 
(°K ) 22+3 22+3 22+3 2b3

number o f  
p l a t e s  u s e d b b 6 24-

q u a l i t y r a t h e r
d a rk

good good good to  
l i g h t

num ber o f
t r a c e s
m ea su re d
( amdm) b b 6 8

227



TABLE 1 1 ,2

POlO^ i n t e n s i t y  data  as  combined u p h i l l  c u r v es

range ( l ) :  s = 0„86 " b y  0 , 0 2  t o  9 . 0 2  £
- 1

8  o 12 1 io +2 ;
1 .07310 +35
1 .3 5 2 io  +35
1 o772io +35
2 o 191 io +3  5 
2  • 541 io + 3 ;  
2.88810  +35 
3 . ' 195io +35
3.^2910  +35 
3®6 6 4 b  +35 
3 . 8 8 O10 +35 
4 . 0 8 4 d  +35 
4 . 2 7 3 d  +35 
4 . 4 7 4 10 +35
4 c 6 8 5 1 0  + 3 5

4 .  9 5 2 io +35 
5«303w  +35
5 «708io +3; 
6 .1  94io + 3 -  
6 . 7 5  3 10 +35 
7 .3 7 6 io  +35 
8 .O8510  +35 
8 .8 4 1 10 +35 
9 . 6 5 9 1 0  +35 
1 . 0 5 0 b + 4 ;  
1 . 1 2 8 1 0  + 4 j  
1 . 2 0 7 b  + 4 ;  
1 . 2 8 2 b  + 4 :  
1 .35810 +4* 
1 .4 3 3 10 +4$
1 ®509io + 4 ;  
1 . 5 9 1 10 + 4 ;  
1 «67Oi0 + 4 ;  
1 . 7 5 4 d  +45 
1 . 8 4  510 + 4 j  
1 . 9 4 0 b  + 4 j  
2 .0 5 7 io  + 4 :
2 . 18810 + 4 j
2 . 3 3 0 b  +43
2 o 4 8 6 b

8 0 0 0 410
1 . 1 2 4 b
1 . 4 2 7 io
1 o 8  6110 
2 . 2 6 6 io 
2 .608 b
2 o 956io 
3 . 2 4 6 b  
3 . 47 4 1.0 
3 .7 0 9 io  
3 . 9 2 1  io 
4 . 1 2 3 d  
4 . 3 1 3 d  
4 .5 1 3 io  
4 .7 3 2 io  
5 . 0 1 5 d
5 . 37910 

8 0 1  :o

+25
+ 3 ;  
+35 
+35 
+35 
+35 
+35 
+35 
+35 
+35 
+35 
+35 
+35 
+35 
+3° 
+3 
+3 
+3  
+3 
+ 3

. _ +3
8.22910  +3  
9 . o o 4 10 + 3  
9 . 8 2 4 b  + 3  

O067io + 4  
e 14 4 b  + 4  
.2 2 2  io + 4  
o 2 9 7 10 +4 
. 37  4b  + 4  
e 447l0 + 4  

52510 + 4

6 .2 9 9 a  
6 . 8 7 3 a  

7 .5 1 2 a

6 9 6 a  - f - 4  

6 S 810 
7 7 1 a  + 4  
8 6 4 a  + 4  

9 6 1 a  + 4  

2 , 0 8 2 a  + 4  

2 . 2 1 7 a  + 4  

2 . 3 5 9 a  + 4  

+ 4 ;  2 . 5 1 7 a  + 4

9 .

1 . 17^10
1 , 5 0 7 a  
1 . 9 4 8 a  

2 . 3 3 8 a  
2 .6 7 6 1 0  
3 . 0 2 1 a  

3 . 2 9 4 a  

3 , 5 2 1 a  

3 . 7 5 4 a  

3 .96210  
4 . 1 6 0 a  

4 . 3 5 4 a  

4 . 5 5 3 a  

4 .78810 
5 . 0 8 3 a  

6 . 4 5 6 a  

5 . 8 9 6 a  

6.4o8a 
6 . 9 9 6 a

7 .6 5 1 1 0
8 . 3 7 7 a  

9 . 1 6 7 a  

9 • 9 9 5 a
. 08210 
. 1 6 0 a

.23810 

. 3 1 2 a  

, 3 8 9 a  
. 4 6 2 a  

, 5 4 2 a  

. 621 ;, 

.70613
, 7 8 8 a  

. 8 8 2 a

, 9 8 3 a
2 . 1 0 7 a

2 . 2 4 5 a

2 . 3 9 0 a

2 . 5 4 9 a

+2 ; 
+ 3 ;  
+ 35 
+ 35 
+ 3 :  
+ 3 ;

+35
+35 
+35 
+35 
+ 35 
+35. 
+351 o »
+ 35 
+ 35 
+35 
+35-L.O .
+ 35 
+ 35 
+ 35 
+3* 
+35 
+4:  
+4:
+45
+ 4  5 
+4*
+45

+ 4 *
+ 4 ;
+ 4 :
+45
+ 4 :
+4* 
+ 4  j
+45
+ 4 ;

9 . 6 9 4 a

1 , 2 2 6 a

1 . 5 9 3 a  
2 . 0 3 2 a  

2 . 4 0 8 a  

2 . 7 4 6 a  

3 . 0 8 3 a  
3 .3 4 o ,0 
3 . 5 6 8 a  

3 . 7 9 6 ) 1 0  
4  .  O C ) 4 ; o  

4 .19610

+2 ;JL.5D . 
‘

+ 35 
+35 
+35 
+35 
+35 
+351 •TJ;
+ 35 
+ 35 
+  3 5  

+ 354o395d 
4.59610  + 3 “ 4 .6 3 9 io  
4 ,8 3 7 :0 1 .1 • TJ ?

10
5.535io 
5 . 9 9 3 d  

6 .5 2 0 b  
7 o 119io

8 ,52710  
9 ,32810 
1 , 0 1 7 1 0  

1 O O 9 7 10 
U I 761O 
1 .25310 
1 . 327l0 
1 , 4 o 4 i o  

1 o 4 7 8 1 0  

1 o 5 5 9 i o

1063610
1 . 7 2 2  b  

1 . 8 0 7 b
1 o901 10

2  o007 io 
2 . 1 3 2 b  
2 „273io 
2 . 4 2 2 10
2 . 5 8 3 10

-35

+ 3 ;
+35
+ 4 :
+45
+ 4 ;
+ 4 1 

+ 4 -  
+ 4 :  
+ 4 j  
+45 
+4^
+45
+ 4 5
+45
+45 
+ 4  *

+4+ 4 1 

+ 4 5

1 . 0 2 3 i o

1 , 2 8 5 10
1 ,6 8 2  a

2 . 1 1 3 a

2 . 4 7 5 a

2 ,8 1 8a
3 . 1 4 1 a

3 . 3 8 6 a

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

4 . 2 3 4 m

4 . 4 3 5 a

4 . 6 3 9
4 . 8 9 2 a

5 . 228:0
5 . 6 1 9 a

6 . 092a
6 . 6 3 5 a
7 , 2 4 6 a

7 .9 3 9 1 0
8 . 6 8 1 m  

9 . 4 9 4 m  

1 . 0j)4:q 
1 . 1 1 3 a  

1 . 1 9 2 a
1 . 2 6 8 a

1 . 3 4 3 a  

1 . 4 1 9 a  

1 . 4 9 3 i o  

1 , 5 7 5 a  

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

1 . 8 2 7 a  

1 .9 2 0 a  
2 . 0 3 2 a  

2 . 15 9 a
2 . 3 0 2 a
2 . 4 5 4 a

2 . 6 1 7 a

+ 3 ;
+35
+35
+35

+35
+ 3 ]
+35
+35
+35

+ h 5

+35
+35
+ 3 ;

*

+35 
+35 
+35 
+ 3 5  
+ 4  5 
+ 4 1 
+ 4 ;  
4-4 * 
+ 4  j
+45
+45
+43
+45 
+ 4 5  
+ 4 ;  
+45 
+ 4  5 
+45 
+45 
+45
+ 4 ;
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TA3I.3 1 1 .2  ( c o n t 'a  )

2 • 65210 + 4
2 . 8 3 O;0 + 4
3 .OlOlO + 4
3 • 1 86l0 + 4
3 .36710 + 4
3 . 5 3 4 io + 4
3 .68610 + 4
3 « 8 1 3 io + 4
3 0 92710 + 4
4 .00210 + 4
4 .05910 + 4
h .07210 + 4
4 .O 6 3 io + 4
3 .  9 9 9 io -{-4
3 0 98710 + 4
3 *88210 + 4
3 . 7 7 8 io + 4
3 .66510 + 4
3 o5 5 3 io 4-4
3 . 4 4 7 io + 4
3 .35810 + 4
3 .2 8 O i0 + 4
3 •  21610 -f-4
3 .  1 86l0 + 4
3 0 1 68l0 + 4
3 . 1 8 2 io + 4
3 .2 2 6 io + 4
3 .26810 + 4
3 •  3 9 4 io + 4
3 . 5 °  4 10 + 4
3 .63910 -f-4
3 • 7 9 1 10 + 4
3 .95810 4* 4
4 . 1 2 4 io + 4
4 .30810 + 4
4 . 4 8 3 10 + 4
4 .65010 -f-4
ii . 8 2 3 io + 4
4 .98710 -j-4
5 •  1 O910 + 4
5 .23610 -j-4
5 • 3 1 9 10 -f-4

2 .6 8 7 10 +4; 
2 . 866;0 +4; 
3.o45io +4:
3 . 2 2 2 b  +4;
3 .4 0  3 io +4] 
3 .5 6 7 a  +41 
3 . 7 1 3 b  + 4 ;  

3 . 8 3 6 b  +4; 
3 . 9 4 6 b  +4; 
4 .0 1 4io +4 | 
4 . 0 6 6 b  + 4 j  

4 . 071B +4; 
4 .0 6 0 b  +4; 
3 . 9 9 6 b  +4; 
3 . 9 4 9 b  +4; 
3 . 8 6 3 b  + 4 j  

3 . 7 5 6 b  + 4 ;  

3 . 6 4 2 b  +4; 
3 .5 3 2 10 +4j 
3 . 4 2 8 b  +4; 
3 . 3 4 0 b  + 4 j  

3 . 2 6 4 b  

3 .2 0 9 b  +4: 
3 .1 8 1 10 +4j 
3 . 16 6 b  +4: 
3 .1 9 1 10 +4: 
3 .2 3 1 10 +4j 
3 . 2 9 2 b  +4; 
3 . 4 1 1 b  +4; 
3 . 5 2 9 m  +4; 
3 . 6 6 8 b  +4: 
3 . 8 2 5 b  + 4 j  

3 . 9 8 8 b  + 4 | 
4 . 1 5 9 b  +43
4 .  3 4 4 b  +4? 
4 . 5 1 5 b  +4j
4 .68810 +43
4 . 8 5 0 b  +43 
4 . 9 9 8 b  +45 
5 .1 3 6 b  +43 
5 .2 5 4 b  +43 
5 . 3 3 8 b  +43

2 . 7 2 2 b  +43
20902.0 +43 
3 . 0 8 0 b  +43 
3 .25810  -i-43 
3 .43710 +43 
3 .59810  +43 
3 . 7 3 9 m  + 4 3  

3 . 8 5 9 b  +43 
3 . 9 6 3 b  + 4 ;
4 . 025.0  +43 
4 o O 7 1B +43
4 . 070.0  +43 
4 . 0 3 3 b  +43 
3 . 9 9 6 b  +43 
3 « 9 3 4 b  +43
3 . 842 .0  +43  
3 . 7 3 4 b  +43
3 .6 1 9.0 +43 
3 . 5 1 0 b  +43 
3 .4 1 0 ,,  +43 
3 . 3 2 4 b  +43 
3 . 2 4 9 b  +43 
3 . 2 0 4 b  +43 
3 . 1 7 7 b  +43 
3 . 1 6 7  b  +43
3.200.0 +43
3 . 2 3 2 io +43 
3 . 3 2 2 b  +45 
3 . 4 3 1 b  +43 
3 . 5 5 5 b  +43 
3 .6 9 8 1 0  +43 
3 . 8 5 9 m  +43 
4 . 0 2 1 b  +43 
4 . 1 9 4 b  +43 
4 . 3 8 1 b  +43 
4 . 5 4 7 b  +43 
4 . 7 2 7 m  +43 
4 . 8 7 7 b  +43 
5 . 0 2 8 b  +45
5 . 1 6 3 b  +43 
5 . 2 7 1 10 +4; 
5 . 3 5 8 b  +43

2 • 7 5 7 io + 4 ;
2 • 9 3 9 io + 4 ]
3 * 1 1 610 + 4 ;
3 • 2 9 5 i o + 4 :
3 e 47^10 + 4 ;
3 .62910 + 4 :
0
j>.76510 + 4 ;
3 . 8 8 3 io 4 - 4 ;

3 • 9 7 7 10 + 4 ;

4 • 0 3 7 10 + 4 ;
4 .07310 4 - 4 ;

4 0O7310 4 - 4 ;

4 o O i7 i0 4 - 4 :

3 0 9 9 2 io 4 - 4  3
3 .91610 4 - 4 ;

3 .82210 4 - 4 :

3 • 7 1 1 10 4 - 4 ;

3 .59810 4 - 4 ;

3 0 4 8 8 10 - f - 4 ;

3 .39210 4 - 4 ;

3 .30910 4 - 4 ;

3 .23610 4 - 4 ;

3 019810 4 - 4 ;

3 . 1 7 5 io 4 - 4 ;

3 . 16910 4 - 4 ;

3 . 2 1 0 io 4 - 4 ;

3 .23610 + 4 ;

3 • 3 5 °io 4 - 4 ;

3 . 4 5 5 io 4 - 4 ;

3 . 5 8 2 io +4;
3 . 7 2 9 io 4 - 4 ;

3 .89210 + 4 ;

4 .05610 + 4 ;

4 . 2 3 1 10 - f - 4 ;
h . 4 1 5 io 4 - 4 ;

4 . 5 8 0 10 + 4 ;

4 . 7 6 1 10 4 - 4 ;

4 .90710 4 - 4 ;

5 .05610
5 0 1 9 0 10 + k ;
5 .28710 + 4 ;

5 .377io + 4 ;

2 . 7 9 3 b  + 4 j  

2.975io + 4  

3 .1 5 1 10 + 4  

3 .3 3 1 10 + 4  

3.503:o + 4  

3 . 6 5 8 b  + 4  

3 . 7 8 9 b  + 4
3.906.0  + 4  

3 . 9 9 0 b  + 4  
4 . 0 4 9 b  + 4  

4 . 0 7 2 b  + 4

4 . 070.0  + 4

4 . 007.0  + 4  

3 .9 8 1 10 + 4  

3 . 9 0 0 b  + 4

3.800.0  + 4  

3 . 6 8 8 m  + 4  

3 . 5 7 5 b  + 4  
3 . 4 6 7 b  + 4  

3 . 3 7 4 b  + 4  

3 . 2 9 4 b  + 4  

3 . 2 2 5 b  + 4  

3 . 1 9 2 m  + 4  

3 . 1 7 1 b  + 4  

3 . 1 7 4 b  + 4  

3 . 2 1 7 b  + 4  

3 .2 5 1 10 +4 
3 . 3 7 2 b  + 4  

3 . 4 7 9 b  + 4
3 . 6 0 9 ,,, + 4  

3 . 7 6 0 b .  + 4  

3 . 9 2 3 m  + 4  
4 . 0 9 0 m  + 4

4 . 269.0  + 4

4 . 4 4 9 . 0  + 4  

4  0 6 1 4 , o  + 4  

4 . 7 9 4 b  + 4  

4 . 9 3 7 i o  + 4  

5 . 0 8 3 m  + 4  

5 . 2 1 3 m  + 4  

5.303io + 4



TABL^ 11.2  ( o o n t 'd  )

o - l
ra n g e  ( 2 ) :  s = 2 .bO  toy 0 .0 3  t o  1 7 .9 0  A

2  * 674a +4: 2 o7 7 4 io -f-4: 2 . 8 8 4 a +4; 3 .0 0 0 a +4; 3 . 1 1 9 10 4-4;
3 -2 4 1  io 4-4; 3 . 3 7 0 10 +4$ 3 . 5 1 0 a +4: 3 . 6 6 3 a +4; 3 .831io -f-4;
4 . 0 0 8 a +4: 4 .19610 +4; 4 .387io 4-4; 4 , 57^10 +4; 4 . 7 6 6 a -f-4:
4*96610 +4; 5 - l55 io -f-4: 5 . 3 3 1 k, +4: 5 .5 1 0 a 4-4; 5 o7°3io 4-4;
5 * 9 0 4 w +4; 6010910 +4: 6 . 3 1 1 k, +4: 6 ,5 0 6 1 0 4-4; 6 .69810 -f-4;
6  *89010 +4: 7 * ° 7 9 a + 4 1 7 . 2 7 0 a +4; 7 .4 6 5 1 0 -f-4; 7 .65710 4-4;
7  * 8 4 2 10 +4; 8 . 0 3 1 k, 4-4; 80  21 4 10 +4: 8 0 397a 4-4; 8 , 588l0 -f-4:
8 * 80110 +4; 9 o0 2 5 io -f-4: 9 - 26110 -f-4: 9 . 4 9 3 a  4-4: 9 .73210 4-4;
9 . 9 8 0 v> +4; 1 .024io 1 .0 5 2 1 0 1 e 0 8 2  10 + 5 1 1 0 114 a +5;
1 0 148io +5: 1 .183io 1 .2 1  910 + 5 1 1 .25710 4-5 ; 1 .29510 + 5 1

1 . 3 3 4 k, +5; l .375 io 10 4 1610 + 5 1 1 .458l0 4-5; 1 . 502a + 5 1

1 o'546io + 53 1 . 5 8 7 io + 5 1 1062510 + 5 1 1 .6 6 3  :o +5; 1 069810 4-5;
1 . 7 3 2 a 1 0 763d + 5 1 1 .7 9 2 1 0 + 5 1 1 . 81910 + 5 1 1 »843io 4-5 ;
1 e864io + 5 1 1 . 8 8 O10 + 5 1 1 .89310 + 5 1 1 .9 0 5 1 0 + 5 1 1 . 9 12  a + 5 1

1 .915io + 5 1 1 . 9 1 5 k, + 5 1 1 . 9 1 1 10 + 5 1 1 , 9 0 2 a + 5 1 1 • 8 9 O10 + 5 1

1 .8 7 6 1 0 + 5 1 1086110 + 5 1 1 .84510 + 5 1 1 .8 2 6 1 0 + 5 1 1 . 8 0 1 a + 5 1

1 - 7 7 7 10 + 5 1 1 .75^io + 5 1 1 .7 2 8 1 0 + 5 1 1 . 7 0 1 10 4-5 : 1 .67510  4-5 ;
1 c6 6 0 d + 5 1 1 .624k, + 5 1 1 .5 9 6 1 0 + 5 1 1 .5 7 0 a + 5 1 1 .547io 4-5 ;
1 -3 2 5 1 0 + 5 1 1 .5 0 6 1 0 + 5 1 1 . 4 9 1 10 + 5 1 1 0 47710 + 5 1 1 e 464a + 5 1

1 .454k, + 5  * 1 © 4 4 6 10 + 5 1 1 . 4 4 1 10 + 5 1 1 .43910 + 5 ; 1 0 441 a + 5 1

1 . 4 4 5 io + 5 1 1 . 4 5 1 10 * 1 , 4 6 2 a + 5 1 1 .4 7 6 1 0 + 5 ; 1 .493io + 5 1

1 . 5 1 3 a + 5 1 1 .535io + 5 1 1 .55710 4-5 : 1 . 5 8 0 10 +5; 1 0 60810 + 5 1

1 . 6 3 7 k, + 5 1 1 , 6 6 4 a + 5 1 1 . 6 9 1 io + 5 1 1 . 7 2 1 10 + 5 1 1 .754io + 5 1

1 - 7 8 4 io + 5 1 1 . 8 1 3io + 5 ; 1 . 8  4 3 10 + 5 1 1 . 877io 4-5: 1 .90910 + 5 1

U 9 3 5 io + 5 : 1 . 9 5 8 io + 5 1 1 . 9 8 1 10 + 5 1 2 ,0 0 6 1 0 4-5: 2 .02710 + 5 1

2 . 0 4 6 10 + 5 1 2  0 0 6 3 10 + 5 1 2 . 0 7 7 a + 5 1 2 , 09O10 2 , 1 0 1 a + 5 1

2 . 1 1 1 k, + 5 1 2 . 12 0 io + 5 1 2 , 1 2 8 io + 5 1 2 . 1 3 1 a + 5 1 2 . 135io + 5 1

2 . 1 4 1 k, + 5 1 2 . 1 4 3 k, + 5 1 2 , 1 4 2 10 + 5 1 2 . 142a + 5 ; 2 e 1 4 4 10 + 5 1

2 . 1  4Oj0 + 5 1 2 . 1 3 3 io + 5 1 2  . 129l0 + 5 1 2.12910 + 5 1 2 . 129a + 5 1

2 . 1 2 6 io + 5 1 2  012 2 io 4-3: 2 .1 1  9 10 + 5 1 2 , 1 1 9 a + 5 1 2 . 1 2 2 a + 5 1

2  0 124io + 5 1 2 . 1 2 5 k, +5; 2 . 1 2 8 io + 5 1 2 . 1 3 5 a + 5 1 2 e 1 40 IQ + 5 1

2 . 1 4 5 » + 5 1 2 . 15110 + 5 1 2 . 1 5 8 a + 5 1 2 . 1 6 5 io + 5 1 2 .17210 + 5 ?
2 . 18 O10 + 5 1 2 . 1 9 1 10 + 5 1 2 , 20110 + 5 1 2 . 2 1 0 a + 5 1 2 .21710 +5;
2  .22610 + 5 1 2  0 236io + 5 1 2 . 2 4 6 a + 5 1 2 . 2 5 1 10 4-5 : 2 .25510 +5;
2 . 2 6 1 k, + 5 1 2.267io + 5 1 2.272io + 5 1 2  0 275io + 5 1 2 o278l0 4*5;
2  % 283io + 5 1 2  , 2 8 3 10 + 5 1 2,278io  +5: 2 , 2 7 2 io + 5 1 2 c 2 7 2 l0 +5;
2 . 2 7 3 io + 5 1 2 c2 6 8 l0 + 5 1 2 . 2 6 0 a -f-3; 2 , 252io + 5 1 2 , 2 4 7 10 + 5 1

2 . 2 4 4 a + 5 l 2.238l0 + 5 1 2 . 2 3 1 10 + 5 1 2 . 2 2 0 a + 5 1 2 , 20810 + 5 ;

2 . 2 0 0 k, + 5 1 2 . 1 9 7 io + 5 1 2 . 1 9 2 io + 5 1 2 . 1 8 4 a + 5 1 2 , 179io +5;

2 3 0



11.2  ( c o n t * d)

2«177 io +5; 2 « 17210 +55 2 . 1 o9io
2 . 1 7 2 ], +5; 2 6 173io +95 2 . 1 7 6 m
2 .2 1  ()>o +5; 2.217io +55 2.227io
2  .27613 +5 j 2  »295io 2 . 3 1 1 10
2 .37910 +5 ; 2o399io +55 2.408io
2 . 4 7 5 jo +5; 2 .493io +5: 2  * 514io
2 . 5 7 0 b +5; 2«, 587io +55 2 ® 599io
2 . 6 3 7 io +5j 2 . 6 4 7 10 +55 2.65810
2 . 6 7 4 b 4*5 5 2*67810 : 2 ,67910
2 . 677,0 4- ^ : 2 .6 7 7 io +55 2 o 6 7 7 io

2 . 6 7 8 b +5; ■ 2 o 6 7 4 io +55 2 . 6 8 5 10
2 . 6 6 4 b +5; 2 . 6 6 3 io +55 2 . 6 5 8 b
2 . 660,0 +5; 2.66610 +55 2 ,  6 5 5 io
2 . 6 6 2 b +55 2 . 6 6 O10 +55 2 c 6 5 9 io
2 . 6 7 4 b +55 2 o 6 8 0 w +55 2 0 68610
2 . 702,0 +55 2 . 7 1 3 io +55 2 «7 2 2 io
2.73610 +55 2 . 7 4 1 10 +55 2 . 7 4 7 io
2.77110 +55 2 . 7 7 7 10 +55 2 o7 8 2 iq

2 . 7 9 7 , 0 +55 2,803io +55 2.8O310
2 . 8 1 4 , 0 +55 2 . 8 1  4 i 0 +55 2 .81310
2 . 826,0 +55 2.833io +55 2 . 8 4 1 10
2 . 8 5 1 » +55 2 .8 5 6 1 0 +55 2 . 86110
2  •  886,0 +55 2 .8 9 9 io +55 2 . 9^610
2 . 9 2 8 b +55

4 * 5 ' 2 .  16  910 + 5 5 2 . 1 7 0 i o 4 * 9
+ 5 5 2 018  610 + 5  5 2 . 2 0 0 io +5
+ 5  5 2 .2  4 0 10 j - c ;  • ' s  5 2 .25610 + 5
4 - 5  ‘ 2 •  3 2 2 10 2 » 3 4 8 10 4*5
+ 5 5 2 o 4 2  4 10 + 5 ; 2 . 4 5 2 io 4*5
+ 5 5 2 . 5 3 3 i o + 5 5 2 « 5 5 2 i o 4 - 5
+ 5 ; 2 o 6 1 2  10 +5  j 2 0 62510 4.5

+ 5 ; 2 ,66610 + 5 5 2 0 6 7 O 10 4 - 5
4 * 5 « 2 .67810 + 5 5 2 067710 +5
+ 5 5 2 o 6 7 7 n + 5 5 2 .67710 4-5
+ 5 5 2 . 66110 + 5 5 2 O6 6 4 i o 4-5
+ 5 5 2 e 6 3 9 io + 5 ; 2 0 6 4 1 10 + 5
4*5 * 2 .65610 + 5 5 2 .  66110 4 * 5
+ 5 5 2 .66310 + 5 ; 2 .66810 4 -5

4 - 5 ; 2 ,  69^10 + 5 5 2 C 69610 + 5
+ 5 5 2 .72910 + 5 ; 2 . 7 3 1  10 4-5
+55 2 .  7 5 6 l O +55 2 . 7 6 6 l 0 +5
+55 2 . 7 8 4 i o +55 2 . 7 8 8 1 0 +5
+55 2 0 CO c r— 0 4- 5 ; 2 •  8 1 010 4-5
+55 2 . 8 1 7 i o +55 2 0 8 2 2 10 +5
+55 2 « 8 4 6 i o +55 2 •  8 4 7 i o 4.5

+55 2 0 8 6 9 1 0 +55 2 0 8 7 6 1 0 +5
+55 2 •  9 1  ^10 +55 2 . 9 1 8 1 0 4-5

7 .6 0  b y  0 ,1 0  t o  3 4 .8 0  S.ra n g e

3.375io 
4,30010
5.05810 
5.308io 
5 • 24910 
5.295io 
5*555io 
5 o 69610

! 5) : s =

3 .6 9 1 10 4-6;
4 . 4  6 2 10 4-6;
5 .1 5 1 10 4-6;
5 .  3 0 3 io 4-6;
5 . 2 3 2 io 4-6;
5 . 3 3 1 io 4-6;
5 . 5 9 7 io 4-6;
5 . 6 9 4 io 4-6;

3 082710 +6 ;
4 0 62310 +6; 
5,23210 +6 ; 
5.27810  + 6 ; 
5,22810  + 6 : 
5* 3 8 7 10 + 6 ; 
5 . 6 4 5 10 + 6 ; 
5*683io  +65

3 . 9 7 4 io 4-6;
4  * 78610 4-6;
5 .2 7 6 1 0 4-6;
5 . 2 5 9 io 4-6;
5 . 2 3 5 io 4*6;
5 . 4 3 4 i0 4-6*.
5 .6 7 5 :0 + 6 ;
5  «6 4 9 io + 6 ;

4  O 1 41  10 +05 
4 . 9 3 4 io +6; 
5 . 3 0 1 1 0  + 6 ;
5,25110  4-6; 
5.26210  + 6 ; 
5 .4 8 8 io  + 6 ; 
5.704io +6 ; 
5.59210 +6 ;

4-6 ;
4-6 ;
4-6 ;
+6;
+63
+6 :
+6 :
+6 :

2 3 1



TABLE 1 1 *2. ( c o n t * d )

5 . 9 4 4 b +63 5 . 5 0 1  10 4-63 5 * 4 c.On 4-6 ; 5 .40710 4-63 5 0 3 6 2 :o 4-6
5 . 3 2 O10 + 6 : 5 . 2  9 3 10 4-63 5 . 2 8 7 m 4-63 5 *2 8 5 10 4-6 3 5 . 3 0 4 m 4-6
5 . 3 4 6 b + 6 ; 5 . 3 9 4 ;o 4-63 5 . 4 5 8 b 4-63 5 * 5 3 5 io 4-63 9  *622iq 4-6
5 . 7 1  4 10 +63 5 . 8 2 7 m 4-63 5 . 9 3 1 m 4-63 6 . o 4 o 10 +63 6 . 1 5 1 b 4-6
6 0 2 4 7 10 + 6 : 6 *3 3 6 io -1-63 6 * 4 1  810 4-63 6  0 4 7 110 4-63 6 . 5 0 3 m 4-6
60  5 3 1 10 + 6 : 6 . 5 1 9 io 4-63 6 3 5 17 10 4-63 6 * 9 0 1 b 4-63 6 *47610 4-6
6 .4 6 0 :o -1-6; 6 o 4 3 0 io 4-63 6 0 391  io 4-63 6 . 3 7 7 m 4-63 6 . 3 5 0 m 4-6
60  3 4 2 10 +63 6  *3 2 3 io 4*63 6 . 3 1 3 m 4-63 6 0 30613 4-63 6*30810 -1-6
6 * 3 3 4 10 4-63 6 *3 6 3 io 4*63 6 . 3 7 9 m 4-63 6 . 4 2 5 b 4-63 6 * 4 6 1  iq 4-6
6  * 4 8 0 10 +63 6  c 4 9 5 iq +63 6 . 5 2 2 b +63 6 *5 4 9 io 4-63 6 *5 7 7 io 4-6
6*39610 +63 6  0 60110 +63 6 *6 -1 310 4-63 6 . 6 0 3 b 4-6; 6*58610 4-6
6  *55910 + 6 : 6 . 5 4 0 b 4-6: 6 * 5 1 7 :o 4-6 ; 6*  4 9 7 io 4-63 6  *9 0 2 10 4-6
6 .5 2 8 1 0 +63 6 *5 3 8 io 4-63 6 . 5 7 5 m 4-6 ; 6*61610 4*63 6 .6 6 6 1 0 + 6
6 . 7 1 9 m +63 6*76910 4-63 6 . 8 2 7 m +63 6 . 8 9 4 b 4-63 6*96510 4-6
7 . 0 1 5 m -1-63 7 . 0 6 8 b 4-6: 7 .1 3 2 1 0 4-63 7 * 1 8 2 :0 4-63 7 . 2 2 8 io 4-6
7  0 25210 +63 7 .2 6 9 1 0 4-6; 7 . 2 8 5 io 4-63 7 . 3 0 6 b 4-63 7  0 29210 -f-6
7 - 2 7 9 io +63 7 . 2 4 4 b +63 7 . 2 1 5 m 4-63 7 .1 7 8 1 0 4-6* 7 . 1 3 8 b + 6
7 . 1 1 1 m +63 7 .07610 4-63 7 .  o 4 4 b 4-63 7 . 0 1 7 m +63 7 . 0 0 3 b 4-6
6 .9 8 2 1 0 4-63 6 *9 7 3 :o 4-6 3 6 . 9 9 3 m + 6 : 6*99810 4-63 7 . 0 0 2 m 4*6
7 .0 2 7 1 0 +63 7  0O6510 4-63 7 . 0 7 4 m 4-63 7 . 1 1 1 m 4-63 7 . 1 3 4 m +6
7 o l 6 4 i 0 +63 7 . 2 0 4 b +63 7 . 2 3 2 b 4-63 7 . 2 5 7 m 4*63 7 . 2 9 1 10 4-6
7 . 3 3 5 io +63 7 . 3 5 0 m +63 7 . 3 7 6 io 4-63 7 . 4 0 4 b 4-63 7 . 4 2 7 m 4-6
7  0 45810 +63 7 . 4 8 5 10 +63 7 . 5 2 4 b 4-63 7 . 5 7 0 b 4-63 7 . 6 0 2 m 4-6
7 .  6 4 5 io +63 7 . 6 6 3 b 4-63 7 .6 9 6 1 0 4-63 7 . 7 1 4 b 4-63 7 o7 5 7 io 4-6
7  - 7 9 8 io +63 7 . 8 2 3 10 4-63 7 . 8 4 3 m 4-63 7 . 8 5 3 m 4-63 7 . 8 6 8 m 4-6
7 .8 6 9 1 0 + 63 7 . 8 8 1 b 4-63 7 . 8 8 6 i0 4-63 7 . 8 8 6 b 4-63 7 . 8 6 7 b 4-6
7 .8 5 6 1 0 +63 7 . 8 4 7 b + 6  3 7 . 8 3 8 io 4-63 7 . 8 1 1 m 4-63 7 . 7 7 7 io 4-6
7 . 7 6 7 io + 63 7 . 7 5 6 io 4-63 7*75510 4-63 7 . 7 3 7 io 4-63 7 . 7 2 0 b 4-6
7 . 7 1 1 m 4-63 7 . 7 2 2 1 0 +63 7 . 7 2 5 io 4-63 7 . 7 4 3 iq 4-63 7 . 7 7 0 k> 4-6
7 .78210 4-63 7 . 8 1 7 io 4-63 7 . 8 4 0 b +63 7 .8 8 8 1 0 4-63 7 09 4 8 b 4-6
7 . 9 9 9 io 4-63 8 .0 2 7 1 0 4-63 8*07910 4-63 8 . 1 1 7 m 4-6; 8*16910 4-6
8 * 2 1 1  io 4-63 8  *25210 4-63 8 . 2 8 4 b 4-63 8 *3 1 4 io 4-63 8 . 3 5 4 b  + 0
8  * 3 8 1 10 4-63 8 . 3 7 8 io 4-63 8 . 3 8 6 b 4*63 8 . 4 1 5 m 4-63 8  *4 2 6 b 4-6
8 . 4 2 3 m 4-63 8*  4 5 9 io +63 8 . 5 2 7 io 4-63 8 *4 7 1 10 4-6 3 8 . 4 3 6 b + 6
8 *4 3 3 io 4-63 8 . 4 4 2 b 4-63 8 . 4 2 1 10 4-63 8 . 4 1 1 b 4-63 8 *4 1 5 B 4-6
8.40510 4-63 8 . 3 9 7 m 4-63 8 . 4 1 2 b 4*63 8  *4 2 5 10 4-63 8 . 4 3 7 m 4-6
8 . 4 3 4 b +63 8 *4 3 1 10 4-63 8 . 4 3 8 io 4-63 8* 4 3 9 m +63 8 . 4 4 1 10 4-6
8*45810 4-63 8  *4 7 9 io 4*63 8 *4 9 5 io 4-6 3 8 *5 1 4 10 4-63 8 . 5 2 7 m 4-6
8 *5 4 3 io 4-63 8  *5 7 5 10 4-63 8 .6 1  Ob 4-63 8*65810 4-63 8  ® 69.810 4-6
8*76210 4-63 8 . 8 2 4 b 4-63 8 *9 0 2 io 4-63 8 . 9 1 9 m 4-63 8 . 9 2 1 b 4-6
8 . 9 1 9 io 4-63 8 *9 7 0 :o 4-63 9 . 0 0 5 b 4-63 9 . 0 3 1 m 4-6 3 9 . 0 8 7 m 4-6
9 .1 5 2 1 0 4-63 9 . 1 6 2 io 4-63 9 . 1 9 8 io 4-63 9 . 2 3 2 m 4*6; 9 . 2 5 4 m + 6
9*26110 4-63 9 . 2 9 0 b 4-6; 9 . 3 1 9 m 4-63 9 . 3 0 3 m 4-63 9 . 3 3 2 b 4-6
9 ®3 3 6 io 4-63 9 «34610 +63 9 . 3 5 0 m 4-63 9 . 3 5 3 m 4-63 9 . 3 6 0 b 4-6
9 . 3 4 7 m 4*63 9 * 3 6 9 io 4-63 9 . 3 9 7 m 4-63 9 . 4 1 8 b 4-63 9  0 4 3 9 io -1-6
9 . 4 7 3 10 +63 9 . 4 8 8 b 4-6: 9 . 5 1 8 io 4-6: 9 . 5 5 7 m 4-63 9  0 58810 4-6
9 .6 0 7 1 0 4-63 9 . 6 3 4 b 4-63 9 .6 6 3 1 0 4-63

232



TABLE 11.2  ( c o n c lu d e d  )

o “ I
ra n g e  (1+): s = 26.81+ By 0 .2 2  t o  1+2.1+2 A

5 . 2 5 4 -a +75 5 .31210  + 7 ;  5 . 3 6 o !0 + 7 ; 5 .38810  + 7 :  5 . 4 0 1 , ,  + 7
5 . 4 2 0 , ,  + 7 ;  5 . 4 2 7 »  +75 5 .421'-io +.7 . 5 . 1+23+0 +75 5 . 4 2 5 a  +7
5 . 4 3 9 a  +75 5 . 4 6 2 a  +75 5 . 4 R 8 a  + 7 ;  5 . 4 7 1 a  + 7 ;  5 . 4 8 1 a  +7
5 . 4 8 5 a  + 7 ;  5 . 4 9 3 a  +75 5 - 5 2 7 a  + 7 ;  5 . 5 6 3 a  + 7 ;  5 . 6 2 5 a  + 7
5 . 6 7 5 a  +75 5 . 7 3 3 a  + 7 ;  5 . 8 1 2 ,, +7 ; 5 . 9 4 6 b  + 7 ;  5 .9 4 5 io  + 7
5 . 9 1 1 a  +7} 5 . 9 3 7 a  +11 5 . 9 4 4 a  + 7 ;  5 . 9 5 8 a  +1; 5 . 9 7 1 a  + 7
5 . 9 7 2 a  + 7 ;  6 . 0 1 4 a  +7 ; 5 . 9 9 5 a  + 7 ;  5 . 9 7 4 a  +75 6 . 0 1 9 a  +7
6 . 0 5 5 a  + 7 : 6 . 0 6 2 a  +7 ; 6 . 1 0 8 a  + 7 : 6 . 1 4 6 a  +7 ; 6 . 1 7 2 a  + 7
6 . 2 2 4 a  +T, 6 . 274,0 +75 6 . 290+0 +7; 6 . 3 1 7 a  +7; 6 . 3 7 9 a  +7
6 . '4 3 9 a  + 7 ;  6 . 453,0 +7 ;  6 . 4 7 4 , ,  + 7 ;  6 . 4 9 7 a  +1; 6 . 5 5 3 a  + 7
6 .5 8 5 1 0  +1 ] 6 . 5 9 0 a  +73 6 . 6 0 7 a  + 7 : 6 . 6 4 1 a  + 7 : 6 . 6 5 7 ,, + 7
6 . 6 8 1 a  +73 6 . 7 1 1a  +73 6 . 7 4 0 a  + 7 : 6 . 786,0 + 7 : 6 . 8 4 4 a  +7
6 . 8 7 5 „  + 7 : 6 . 929,0 +7 : 6 . 9 6 4 a  +75 7 .0 4 0 a  + 7 5  7 . 058,0 +7
7 . 1 0 4 a  +73 7 . 1 7 9 a  +73 7 . 1 4 0 a  +75 7 . 1 8 0 , ,  + 7 ;  7 . 2 1 3m +7
7 . 2 5 3 a  +75 7 . 2 8 9 a  +73 7 . 3 2 3 a  +75 7 . 3 6 4 a  +75 7 . 3 9 9 a  +7
7 . 4 4 8 a  +75 7 . 518,0 +75 7 . 5 5 8 a  +75 7 .6 o 6 ,0 +75 7 . 6 2 3 a  + 7
7 .6 7 1 m  +75 7 . 7 2 8 a  +73 7 . 7 8 0 a  + 7 : 7 . 8 2 4 ,0 +75 7.86o„ + 7
7 .9 1 5 m  + 7 :  7 . 9 8 9 a  +73 8 . 033,0 +73 8 . 0 7 1 a  +75 8 .1 3 3 m  + 7
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TABLE 1 1 ,3

R e s u l t s  o f  i n d i v i d u a l  d i s t a n c e  r e f in e m e n t s

f o r  POIO^,
3

j e t  t o  p l a t e  
d i s t a n c e 100  cm 50 cm 25 cm 11  cm

r Cl_Op (A) 1 . W>73 1 .4 0 2 0 1 .4 0 3 4 ■ 1 .4 0 3 4

O’ 0 . 000!+ 0 .0 0 0 4 0 .0 0 0 6 0 .0 0 1 6

r  0 
C l - F  ' (A) 1 .6 8 1 1 1 .6 1 8 1 1 .6 1 0 6 1 .6 3 2 9

<y 0 .0 0 2 3 0 .0 0 1 4 0 .0 0 2 1 0 .0 0 8 5

r 0 p . . 0 p  (A) 2 .4 2 8 5 2 .3 8 0 5 2 .3 7 3 1 2 .3 4 0 5

<y 0 .0 0 1 0 . 0 .0 0 2 4 0 .0 0 8 0 0 .0 3 1 8

R « ) 3 .1 2 5 .6 9 1 6 .5 9 6 2 .0 2

3 .3 0 5  
x 109

6 .8 0 3  
x 1010

1 .4 1 9  
x lO 1^

8 .0 9 7  
x 1015

R o te s :  ( l )  I n  t h e s e  r e f i n e m e n t s  th e  u  v a lu e s  w ere
h e l d  c o n s t a n t  a t  s p e c t r o s c o p i c  v a l u e s .

( 2 ) The r  d i s t a n c e s  a r e  t h e  t h r e e  in d e p e n d e n t  
p a r a m e te r s  c h o se n  t o  d e s c r i b e  t h e  FG1 0 -, 
t e t r a h e d r o n .  The v a lu e s  q u o te d  a r e  r ^ ( l )  
q u a n t i t i e s .  .

(3 )  The O7 v a lu e s  a r e  l e a s t  s q u a r e s  e . s . d . ' s ,

(4 )  The r e s u l t s  o f  th e  h u n d re d  c e n t i m e t r e  
r e f in e m e n t  may c o r r e s p o n d  t o  a f a l s e  
minimum o f  t h e  f u n c t i o n ,  a s  t h e y
a r e  d i s t i n c t l y  d i f f e r e n t  from  th o s e  o f  
th e  r e m a in in g  t h r e e  co lu m ns.
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T'ABLB 1 1 M

R e s u l t s  o f  1 a l l  d a ta -c o m b in e d  ! r e f i n e m e n t s

f o r  Pd1 0 *
3

p a ra m e te r combtwo comb-
s c a l e d

combtwo comb-
s c a l e d

r C l - 0 p  (A) 1.1+033 1.1+030 l.*4035 1.1+032

<y O.OOOli 0 .0 0 0 3 0.000*4 0.000*4

r C l-P  (A) 1 .6 1 2 2 1 .6 1 5 8 1 .6 1 8 3 1 .6 2 0 8

(V
0

0 .0 0 1 5 0 .0 0 1 2 0 .0 0 1 5 0.001*4-

r 0 p . ,0 p ( A ) 2 .3 7 5 3 2 .3 7 8 6 2 .3 8 6 3 2 .3 8 6 8

O' 0 .0 0 3 3 0 .0 0 2 2 0 .0 0 2 6 0 .0 0 2 3

0
'^ C l-O p  (A) s p e c t . s p e c t . 0.0*436 0.0*427

0J - - 0 .0 0 0 5 0 .0 0 0 5
0

^ C l-P  (A) s p e c t . s p e c t . 0 . 0*46*4 O.OU85

cv - - 0.001*4. 0.001*4

U0 p ..O p (A ) s p e c t . s p e c t . 0 .0 5 0 1 0 ,0 5 0 9

cy - - 0 .0 0 2 6 0 .0 0 2 3

u0 p . . F  (A) s p e c t . s p e c t . 0 . 06*4.8 0 .0 6 7 1

O' - - 0 .0 0 2 6 0.002*4

R(fo) 1 1 .5 5 1 1 .3 6 1 0 .0 6 10 .0 2

\
£_1

5.5&1 
x 1010

5 . *469 
x 1010

*4.213 
x  1010

5 .9 3 9  
x 1 0 10
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TABLE 1 1 .5

The f i n a l  s t r u c t u r a l  p a r a m e t e r s

f o r  5*010, 
j

p a r a m e te r f i n a l  r e s u l t r e p r o  d u c ib  i  l i  t y

r  / ° ;  r C l - 0 p  (A) 1.U03 0 .0 0 2

r  , o 
C l-F  (A) 1 .6 1 7 0 .0 0 5

r  , ° sO p..O p (A) 2 .3 8 2 0 .0 0 8

r  Ar 0 p . . F  (A) 2 . 3 & . 0 .0 2 0

OpClOp ( ° )  

OpCIF ( ° )

1 1 6 .2  

1 0 1 . h

0 . 7

1 .1

■“CX-Op (A) 0 .0 3 5 0 .0 0 2

UC1-J? (A) 0 . 01*2 0 .0 0 5

u 0 p . .O p  (A) 0 .0 5 1 0 .0 0 8
o

Op. .S' (A) 0 .0 6 6

. ...................... . . . .  . . . . . . .  . .

0 .0 0 8

N o te s :  ( i )  The a m p l i tu d e s  o f  v i b r a t i o n  h av e  b e e n
c o r r e c t e d  f o r  B orn  f a i l u r e  a c c o r d i n g  t o  
t h e  m etho ds  o f  C h a p te r  S i g h t ,

( 2 ) The above  r e s u l t s  w ere  o b t a i n e d  by* t a k i n g  
a  s t r a i g h t  a v e ra g e  o f  t h e  v a l u e s  g iv e n  
i n  t h e  f o u r  colum ns o f  t a b l e  ll.i-i-, t h e  
Cy  1 s b e i n g  a v e r a g e d ,  and  r e p r o d u c i b i l i t i e s  
c a l c u l a t e d  from  them

0
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CHAPTER TVvPJXjVS 

AN ELECTRON DI FFRACTION.INVESTIGATION 

OF GASEOUS CHLORINE DIOXIDE

1 ,  I n t r o d u c t i o n

C h l o r in e  d i o x id e  (CIO^) h a s  h e e n  e x t e n s i v e l y  s t u d i e d

h y  a number of' p h y s i c a l  m e th o d s .  The m o st r e c e n t
92:

e l e c t r o n  d i f f r a c t i o n  i n v e s t i g a t i o n  o f  th e  compound,

h y  D u n i tz  and  H e ib e r g  i n  1950 , d e te r m in e d  s t r u c t u r a l

p a r a m e te r s  f o r  t h e  m o le c u le  w i th  m o d e ra te  a c c u r a c y ,

h u t  d id  n o t  o b t a i n  v a l u e s  f o r  r o o t  mean s q u a re  a m p l i tu d e s

o f  v i b r a t i o n .

An i n f r a r e d  s tu d y  o f  g a s e o u s  c h l o r i n e  d i o x i d e ,  h y  
86

N i e l s e n  and  W o ltz  i n  1952'* e s t a b l i s h e d  t h e  h a rm o n ic

f r e q u e n c i e s  o f  v i b r a t i o n  o f  t h e  n o rm al i s o t o p i c  s p e c i e s ,

and  r e s o l v e d  r o t a t i o n a l  f i n e  s t r u c t u r e ,  b u t  a l a c k  o f
18s i m i l a r  i n f o r m a t i o n  a b o u t  t h e  0 s p e c i e s  p r e v e n t e d  a

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

d e f i n e  t h e  m o le c u le * s  h a rm o n ic  f o r c e  f i e l d .
100

I n  195b  Ward u s e d  t h e  r e s u l t s  o f  N i e l s e n  and

W o l t s ,  t o g e t h e r  w i th  u l t r a v i o l e t  s p e c t r o s c o p i c  d a t a
101

o b t a i n e d  b y  Coon , t o  c a l c u l a t e  a c c u r a t e  s t r u c t u r a l

p a r a m e te r s  f o r  CIO^, and  h i s  r e s u l t s  have  s u b s e q u e n t ly
102

b e e n  c o n f i rm e d  b y  a m icrowave s tu d y  p u b l i s h e d  b y
83

C u r l  e t  a l .  i n  196 l .  I n  1 962 , m icrow ave s p e c t r o s c o p y

21+0



was a l s o  u s e d  t o  p ro d u c e  r e l i a b l e  v a l u e s  f o r  t h e  f o u r  

f o r c e  c o n s ta n t s -  o f  t h e  ha rm o n ic  p o t e n t i a l  f u n c t i o n *

The p r e s e n t  e l e c t r o n  d i f f r a c t i o n  work was u n d e r t a k e n  

t o  c o n f i rm  t h e  s t r u c t u r a l  r e s u l t s  o f  r e f e r e n c e s  100  and  

102 ', and  a l s o  t o  o b t a i n  v a l u e s  f o r  th e  r o o t  mean s q u a re  

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

p r e s e n t ,  i n  CIO^. I t  was i n t e n d e d  t o  compare t h e s e  

a m p l i tu d e s  w i th  s p e c t r o s c o p i c  r e s u l t s  c a l c u l a t e d  from  

t h e  f o r c e  c o n s t a n t  d a t a  o f  r e f e r e n c e  8 3 .

2* E x p e r im e n ta l

C h l o r in e  d io x id e  was p r e p a r e d  b y  t h e  a c t i o n  o f  

s u l p h u r i c  a c i d  on p o ta s s iu m  c h l o r a t e  a s  d e s c r i b e d  i n  

r e f e r e n c e  103 ( s e c o n d  m ethod g i v e n ) .  A summary o f  

t h e  e x p e r i m e n t a l  c o n d i t i o n s  a d o p te d  d u r in g  t h e  e l e c t r o n  

d i f f r a c t i o n  s tu d y  i s  g iv e n  i n  t a b l e  1 2 . 1 . E le v e n  

c e n t i m e t r e  j e t - t o - p l a t e  d i s t a n c e  d a t a  w ere n o t  i n c l u d e d  

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

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

.d e te r m in in g  s t r u c t u r a l  p a r a m e t e r s .

The u p h i l l  c u r v e s  o b t a i n e d  a r e  l i s t e d  i n  t a b l e  1 2 . 2 , 

and  t h e  f i n a l  e x p e r im e n ta l  com bined I m( s )  c u rv e  i s  

p r e s e n t e d  g r a p h i c a l l y  i n  f i g u r e  1 2 . 1 . A F o u r i e r  

t r a n s f o r m  o f  t h i s  f u n c t i o n  i s  shown i n  f i g u r e  1 2 . 2 , 

and  t h e  e x c e s s i v e l y  l a r g e  1 n o i s e  r i p p l e  * v i s i b l e

2 l a



i n  t h i s  r a d i a l  d i s t r i b u t i o n  c u rv e  b e tw e e n  R = 0 and  
o

R = 1 A , may p re s u m a b ly  be  a s c r i b e d  to  t h e  d e v i a t i o n  

b e tw e e n  t h e  e x p e r i m e n t a l  and  t h e o r e t i c a l  I  ( s )  f u n c t i o n s-I - mv 1o ~ l
a t  s ^  18 A . F i g u r e  *12.2 im m e d ia te ly  c o n f i rm s  t h e  

a n g u la r  sym m etric  n a t u r e  o f  t h e  c h l o r i n e  d io x id e  

m o le c u le ,  and  th e  r a t h e r  s h o r t  0 1 -0  b o nds  p r e s e n t .

3 .  R e s u l t s

I n  l e a s t  s q u a r e s  r e f i n e m e n t s  t h e  m o le c u le  was 

d e f i n e d  b y  t h e  i n t e m u c l e a r  d i s t a n c e s  q a n & Rq q* 

and  t h e s e  were r e f i n e d  i n d e p e n d e n t ly  t o g e t h e r  w i t h  

t h e i r  c o r r e s p o n d i n g  r o o t  mean s q u a re  a m p l i tu d e s  o f  

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

l i s t e d  i n  t a b l e  1 2 .3  and  show a r e a s o n a b le  c o n s i s t e n c y  

fro m  one j e t - t o - p l a t e  d i s t a n c e  to  a n o t h e r .  R e s u l t s  o f  

combtwo a n d  c o m b sc a le d  a l l - d a t a - c o m b i n e d  r e f i n e m e n t s  

a r e  l i s t e d  i n  t a b l e  1 2 . l t ,  and  a f i n a l  s e t  o f  s t r u c t u r a l  

p a r a m e t e r s ,  o b t a i n e d  b y  a v e r a g i n g  t h e  colum ns o f  t h i s  

t a b l e ,  a r e  l i s t e d  i n  t a b l e  1 2 .5 .

i t .  D i s c u s s io n

The r e s u l t s  o b t a i n e d  by  t h e  p r e s e n t  work a r e
102 100 

com pared  w i th  t h o s e  o f  C u r l  and  Ward i n  t a b l e

1 2 .6 .  The a g re e m e n t  a c h ie v e d  i s  good , b u t  s i n c e  t h e

m icrow ave r e s u l t  i s  u n c e r t a i n ,  a t  l e a s t  by  n o rm al

2 it 2



m icrowave s t a n d a r d s ,  and  i s  n o t  i n  any c a s e  an  r  o rs
r  v a l u e ,  no d e f i n i t e  c o n c l u s i o n  c a n  "be r e a c h e d  a b o u t

th e  r e a l  a c c u ra c y  a c h ie v e d  by  th e  p r e s e n t  s tu d y .

C l e a r l y  any e r r o r  in v o lv e d  i n  t h e  C l-0  r  ( l )  d i s t a n c e ,
o

c a n n o t  be  i n  e x c e s s  o f  few  t h o u s a n d th s  o f  an  A ngstrom

u n i t y  b u t  more t h a n  t h i s  c a n n o t  b e  s a i d .  The v a le n c e

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

d e te rm in e d  on a c c o u n t  o f  th e  low A f a c t o r  o f  th e

0 . . 0  i n t e r n u c l e a r  d i s t a n c e .

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

w ork a r e  i n  f a i r l y  good a g re em e n t w i th  th o s e  c a l c u l a t e d

s p e c t r o s c o p i c a l l y ,  and  l i s t e d  i n  t a b l e s  8 .5  and  1 2 . 6 .
o

The d i f f e r e n c e  o f  O.OOli- A b e tw e e n  t h e  two Uq^ q r e  s u i t s

w hich  i s  l a r g e r  t h a n  w ould  b e  e x p e c te d  from  t h e  w e l l

d e te r m in e d  n a t u r e  o f  P ^ s r -m a b ly  a c o n seq u e n ce

o f  t h e  p o o r  tw e n ty f i v e  c e n t i m e t r e  R f a c t o r  o f  t a b l e  1 2 .3  
o

The 0 ,2 3  A s h o r t e n i n g  o f  t h e  C l -0  b o n d  l e n g t h  i n
o

ClOg r e l a t i v e  to  t h e  C l -0  s i n g l e  b o n d  v a lu e  ( l . 7 0  A)

i m p l i e s  a c o n s i d e r a b l e  amount o f  d o u b le  b o nd  c h a r a c t e r ,

and  i t  i s  e v id e n t  from  t h e  n a t u r e  o f  th e  m o le c u le ,  t h a t

any 7 7  b o n d in g  p r e s e n t  w i l l  b e  c o m p l ic a te d  by  t h e  f a c t

t h a t  b o t h  p and  d o r b i t a l s  on c h l o r i n e  may b e  in v o lv e d .
IOI4.

M o le c u la r  o r b i t a l  c a l c u l a t i o n s  b y  Wagner , h av e  

c o n f i rm e d  t h e s e  i d e a s ,  and  have  p r e d i c t e d  t h a t  t h e  b o n d s  

i n  0 1 0 o p o s s e s s  c o n s i d e r a b l e  T Y  b o n d  o r d e r s ,  f i f t y  

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



A summary o f  e x p e r im e n ta l  d e t a i l s  

f o r  t h e  c h l o r i n e  d io x id e  i n v e s t i g a t i o n

j e t  t o  p l a t e  
d i s t a n c e 100  cm 50 cm 25 cm

. .  _

w a v e le n g th
(A) 0 ,0 5 1 1 7 2 0 ,0 5 1 1 7 2 0 .05 117 2

e* s .  d . 0 ,0 0 0 0 2 0 0 .0 0 0 0 2 0 0 .0 0 0 0 2 0

sam ple  
t e m p e r a t u r e  
( K ) 233 233 233

n o z z l e  
t e m p e r a tu r e  
( K ) 333 333 333

g a s
t e m p e r a tu r e  
assum ed  
(°K ) 283 283 283

num ber o f  
p l a t e s  u s e d 6 6 2

q u a l i t y good good good t o  
l i g h t

num ber o f  
t r a c e s  
m ea su re d  
(AKDK) 6 6 10



TABLB 1 2 . 2

C102 i n t e n s i t y  d a t a  a s  com bined  u p h i l l  c u r v e s

r a n g e C l ) : s  = 0 .8 6  b y  0 .0 2 0  t o  9
00• r

6 . 5 0 7 a +2 6 . 9 0 7 io +25 7 « 3 4 0 io 4-2 7 . 752:0 + 2 ; 8 . 1901Q 4-2
8 .5 9 9 io +2 80 989iq + 2 ; 9 . 3 8 8 io +2 9 . 8 2 5 b + 2 ; 1.03310 4-3
1 . 0 9 0 13 +3 1*15510 + 3 , 1.22710 + 3 1 . 304-0 + 3 ; 1 *380  io 4-3
1 . 4 6 1 n +3 1 .5 42k , + 3 : 1 o6 2 ho + 3 1 *69910 + 3 ; U 7 7 7 io +3
1 .854 io +3 1 .929 :o +31 2 , 00110 +3 2 . 0 7 0 ,, + 3 ; 2o137io +3
2 .2 0 7  jo + 3 2  c 2 7 5 10 + 3 ; 2 „ 3 4 8 io + 3 2 . 426,0 + 3 ; 2,50710 + 3
2 . 5861, + 3 2 . 6 6 7 k, + 3 ; 2 . 7 4 5 io +3 2 . 8 2 1 b + 3 ; 2 .894 io  + 3
2.96610 + 3 3 . 0 3 8 b + 3 ; 3 c 10 7 n +3 3 . 1 7 4 b + 3 ; 3 o 2 4 0 10 +3
3 . 304io +3 3 . 3 7 1 10 + 3 : 3 0 438io -1-3 3 . 5 0 8 b + 3 ; 3 * 5 8 4 i0 +3
3 . 6 6 2 >o +3 3 . 7 3 9 m +3- 3 . 8 1 7 io + 3 3 . 8 9 3 b + 3 ; 3.96610 + 3
4 . 0381, + 3 4 . 1 0 8 b +35 4.17910 +3 4 . 2 4 9 b + 3 j 4 0 31910 4-3
4 . 3 8 7 10 + 3 4 . 4 5 5 b + 3 : 4 o5 2 3 io + 3 4 . 5 9 1 b + 3 ; 4 065910 4-3
4 . 7 2 8 n + 3 4 . 7 9 5 b +35 4 . 8 5 8 io -1-3 4 . 9 2 1 b +31 4 0 98^10 4-3
5 .03710 +3 5 . 0 9 5 b + 3 ; 5 . l 5 5 i o -i-3 5 0 21610 + 3 ; 5 0 279io 4-3
5 . 3 4 1 b + 3 5 .4 0 1 1 , +35 5 c4 6 3 io +3 5 . 5 2 6 b + 3 : 5 . 5 8 9 io +3
5 . 6 5 5 b +3 5 . 7 2 2 i , + 3 : 5 - 7 8 8 io + 3 5 . 8 5 1 b + 3 ; 5 . 9 l ^ : o + 3

5 . 9 7 4 b +3 - 6.03510 + 3 ; 6 .1 0 2  io +3 6 . 1 7 4 b +31 6 , 2 4 7 10 4*3
6 . 3 2 5 b +3 6 . 4 0 2 10 +35 6 . 4 7 7 10 + 3 6 . 5 5 0 b + 3 ; 6 0623io +3
6 . 6 9 7 b +3 6.77010 + 3 ; 6 . 8 4 2 io + 3 6 . 9 1 5 b +3* 6 o9 9 0 io 4-3
7 . 0691, +3 7 . 1 5 0 ,, + 3 ; 7 .2 3 3 io +3 7 . 3 2 0 „ + 3 j 7 . 4 o 8 io +3
7 . 4 9 3 io +3 7 . 5 7 8 i , + 3 ; 7 . 6 6 o 10 + 3 7 . 7 4 4 - , + 3 ; 7 . 8 3 2 io 4-3
7 . 9 2 4 b +3 8 . 0211, + 3 ; 8 .123 io +3 8 . 232-0 + 3 ; 80 3 ^ 2 10 4-3
8 . 4551, +3 8 . 5 6 7 b +35 8 .6 8 3 io +3 8 . 7 9 9 b + 3 ; 80 9^810 4*3
9 . 0 1 2 b + 3 9 . 1 1 6 ;, + 3 : 9 . 2 2 7 10 +3 9 . 3 3 9 m + 3 ; 9 0 45810 4-3
9 . 5 8 0 b +3 9 .7 0 4 > o + 3 ; 9 » 82619 + 3 9.94510 + 3 ; 1,00610 4-4
1 . O I 810 4-4 1 . 032,0 + 4  ; 1 .0 4 5 w + 4 1 . 0 6 0 i, 4-4; 1 0 07  4 10 4-4
1 . 0 8 9 b +4 1 . 1 0 3 b + 4 : 1011810 + 4 1 . 13 2 b 4-4: 1 0147io 4-4
1 .1  6 2 b + 4 1 . 1 7 7 b + 4 : 1o 1 9 3 io + 4 1 . 209-0 4-4: 1.22710 4-4
1 . 2 4 5 b + 4 1 . 262-0 + 4 ; U  27910 4-4 1 . 29610 4-4: 1 . 3 l 3 i o 4-4
1 . 3 3 0 b + 4 1 . 3 4 8 b + 4 : 1 *36910 4-4 1 . 3 9 0 b +4.; 1 0 4 1 0io 4-4
1 . 4 3 0 b + 4 1 . 4 4 9 b + 4 ; 1 . 4 6 8 10 4-4 1 . 4 8 7 b 4-4: 1,50710 4-4
1 . 5 2 7 b + 4 1 . 5 4 8 b + 4 : 1 . 5 7 1 10 4-4 1 . 5 9 5 b + 4 ; 1 .6 2 O i0 4-4
1 , 6 4 4 b + 4 1 . 668:1 + 4 ; 1.69110 4-4 1 . 7 1 4 b 4-4; 1.738-10 + 4
1.76210 +4 1 . 7 8 5 b 4-4; 1.80910 4-4 1 . 8 3 3 b 4-4: 1 .8 5 8 io 4-4
1 . 8 8 4 m + 4 1 . 910-0 + 4 ; 1 c937io 4-4 1 . 9 6 4 b 4-4; 1 .98910 + 4
2 . 0 1 5 b +4 2 . 0 4 1 b +45 2 0o67io 4-4 2 . 0 9 2 , , 4-4: 2  0 1 1 3 10 + 4
2 . 1 4 3 b +4 2 . 16 9 b 4-4; 2 . 1 9 5 io + 4 2 . 2 2 1 b + 4 : 2 ,2 4 8 io 4-4
2 . 2 7 3 b +4 2 . 2 9 9 b + 4 ; 2,32610  + 4 2 . 3 5 3 b + 4 :y 2 . 3 8 1 10 4-4
2 . 4 0 9 b + 4 2 . 4 3 5 b 4-4; 2 . 4 6 1 10 4-4 2 . 4 8 5 b 4-4; 2 , 5 ° 9 io 4-4
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2*533a +4: 2 .5 5 8 a +4: 2 * 584 a
2 .6 5 3 a 4-4; 20 6T4iq +4; 2 s 696a
2 e77lio +IL.; 2 .7 9 7 io +4: 2 * 622 a
2 „ 887 io 4*4: 2 .9 0 5 a 4-4; 2 0924a
2 * 977 io 4-4: 2„9 9 il,, 4-4: 3 . 011™
3 o057 w 4-4: 3 .0 7 0 b 1 ii» . 3 c 08510
3 .1 2 8 a 4-4: +4; 3 «> 1 5 2 10
3 .1 8  4 a 4-4: 3.19'ho 4-4; 3 .2 0 4 a
3.217io 4-4; 3.220,3 4-4; 3 .2 2 1 a
3 .2 3 0 a 4-4; 3 .2 3 3 k 4-I1;1 J 3 *23610
3 .2 3 8 a 4*4: 3 .2 3 7 » +4; 3c236a
3 o 22810 4-4; 3 .2 2 5 io 4-4: 3 .2 2 0 a
3 . 19910 4-4; 3 . 192'.o 4-4; 3 .1 8 7 id
3o 16610 4-4; 3.157io 4-4; 3 .  147io
3 0122a 4-4; 3-11 1̂0 4-4: 3 .1 0 3 a
3-*066a 4-4; 3 .« 5 Jho -1-4; 3 .0 4 4 a
3 .0 1 4 a 4-4: 3 .o o 3 ;, 4-4 ; 2 0 992io
2 .9 6 4 a 4-4*1 *T •) 2 . 956:0 4-4; 2 0 948a
2.92910 4-4; 2.91610 4-4: 2.90710
2 .8 8 7 10 4-4; 2 . 8813 4-4; 2 .8 7 4 a
2 0858a 4-4; 2 .8 5 3 k 4-4; 2 .8 5 0 a
2084oa 4-4; 2 . 836n 4-4; 2 .8 3 3 a
2 .8 2 4 a 4-4: 2 .82 4 :, 4-4: 2.824io
2 o829 iq 4-4; 2.83OI0 4-4; 2 .8 3 3 a
2 • 846a 4-4; 2 , 8521, -1-4; 2.85710
2 .8 7 0 a 4*4: 2 . 874 ,, -f-4; 2 .8 7 9 a
2 c9 ° 3 io 4-4; 2 .9 1 3 i, +4j 2 .923io
2 .9 5 4 a 4-4; 2 . 965 ,, 4-4; 2 .9 7 5 a
3 .0 0 9 a 4-4; 3 . 020 ;, 4-4; 3 c 031 io
3 . 070a 4*4; 3 .0 8 5 10 4-4; 3c 101 a
3 . 1 45a 4-4; 3 , 160;, 4-4; 3* 177io
3-23110 4-4; 3 .2 4 7 10 +4; 3c262a
3 c 30710 4-4: 3 .3 2 2 k 4-4; 3 .3 3 7 10
3 c 37610 4-4: 3 . 392 ,, 4-4: 3 .4 1 1 a
3 0 48110 4-4; 3 . 504,0 4-4; 3 0 52510
3.582io 4-4; 3 . 598 :, 4-4; 3 .6 1 4a
3 066910 4-4; 3 .688 :, 4-4; 3 c 709:o
3 .7 7 4 a 4-4; 3 .79 5 :, 4-4; 3 c817 io
3 .8 8 4 a 4-4; 3 . 9061, 4-4; 3 c 928a
3 0 989io 4-4; 4 .0 11 ,, 4-4; 4*036a
4 .1 1 1 a 4-4: 4 .1 3 1 10 4-4; 4 .1 5 0 a
4 .2 0 5 io 4-4; 4 .2 2 7 10 4-4: 4 .2 5 0 a
4 .3 1 4 a 4*4; 4 .3 3 6 ,, 4-4; 4.359io

TABL3 1 2 ,2  ( c o n t 'd  )

+6 :

+4; 2*64  
+4:

+4

+4;

608a +4; 2,.6 3 2 a +4;
7 19 10 +4: 2,>749-0 +4;
845 a 4-4* <2. <,867  a +4:
941 a 4-4: 2,»959a +4:
027a 4-4: 3-,042 a +4;
1 OO10 4-4* •3-9 «.115n +4;
163a 4-il; 3-. 17 -̂-, +4:
21 la 4-4; 3 ..2 1 5i, +4;
2 2 3 10 4-4: 3..226 ,, 4-4:
238a 4-4; 3<.2 3 9 ’, 4-4;
233a 4-4: 3<,2 3 1 k 4-4;
21 4a 4-4; 3..206„ 4-4;
18010 4-4; 3..174,0 4*4;
1 38a 4-4; 3<.129:, 4-i.L;
091a 4-4; 3 <.1179io +4;
034a 4-4; 3<,024,, 4-il T* J
982 a 4-4; 2 ,,9 7 3 k 4-4;
942 a 4-4: 2 ,,934,0 4-4:
9 0 0 a -f-4; 2 ,.894,0 4-4;
867a 4-4; 2 ,, 862„ 4-4;
847a -(-4; 2 ,.843,, 4-4:
830a 4-4; 2 ,, 827,0 4-4:
82610 4-4; 2 ,. 827,0 4-4;
83610 4-4; 2 ,,841 „ 4-4;
861  10 4-4: 2 ,>865 ,, +4;
8 8 6 a 4-4; 2 ,,893a 4-4;
933a 4-4; 2 ,,9 4 3 m 4-4*

98710 4-4:j 2 ,, 998,, 4-4;
043a +45 3«,056 :, 4-4;
11 6a 4-4; 3<, 130,o 4-4;
19 510 4-4; 3, ,214,, 4-4 ;
27610 4-4; 3«,291 k 4-4:
349a 4-4; 3<,361 ,, 4-4:
433a 4-4; 3<,456 ,, 4-4:
54510 4-4; 3«,564,, 4-4:
632a 4-4; 3«,651,0 4-4;
730a 4-4; 3 <,753 k 4-4;
839io 4-4; 3,,8611, 4-4;
948a 4-4; 3., 969 ,, 4-4;
•063 a 4-4: 4,, 088,, 4*4;
167a 4-4; 4,.185 io 4-4;
272a 4-4: 4,,293 k 4-4;
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TABL3 1 2 .2  ( c o n t 'd  )

range ( 2 ) : s = 2 . 4-0 by 0 • 0 Ul

1068210 +4: 1 C738d 4-4; 1*7 94a -f-4; 1
1 0 9 5 1 10 4-4; 10 99810 4-4; 2- .247d 4-4: 2
2o233io +4: 2 . 3 0 2 10 4-4; 2 0 36810 4-4 ; 2
2 . 5 7 7 !0 +4: 2 . 6 5 4 io +4; 2 .7 2 8 1 0  4-4 ; 2
2 . 9 7 2 io 4-4; 3o066:o 4-4; 3 . 1 6 7 a  +4; 3
3 . 5 1 5io +4: 3 . 6 2 3 d 4-4; 3 . 7 3 2 d 4-4; 3
4 o H i i o +4; 4 .25210 -1-4; 4 . 3 9 3 a -f-4; 4
4.833io +4; 4 0 98910 +4; 5 . 1 4 4 a 4-4; 5
5 * 6 2 3 io 4-4: 5 . 7 6 4 a 4-4; 5 .9 2 6 1 0  4-4 ; 6
6 . 4 1 610 4-4; 6 . 5 5 9 a 4-4; 6 . 7 1 1 a -f-4:j 6
7.175io 4-4; 7.315x0 4-4: 7 . 4 4 9 a ••*-41 r 7

i

7 . 8 1 610 4-4; 7 * 9 1 6 d 4-45 7 * 9 9 3 d -f-4; 8
8 c 159io 4-4: 8 . 2 1 1 a 4*4; 8 .2 3 8 1 0 4-4: 8
8 « 29210 4-4; 8 . 2 6 1 D 4-4; 8 . 2 1 0 a 4-4; 8
8 .2 7 8 1 0 4-4; 8.OO910 4-4: 7 c948a 4-4: 7
7 .6 9 7 1 0 4-4: 7 . 6 1 2 a 4-4; 7 . 5 2 6 a -f-4:✓ 71
7 .2 6 8 1 0 4-4; 7 * 183 d 4-4: 7 .2 9 3 1 0 4-4; 6
6 . 7 7 5 io 4-4; 6 .7 2 8 1 0 4-4: 6 . 6 4 3 d 4-4; 6
6 .5 2 6 1 0 4-4: 6 . 4 5 3 d 4h4; 6 . 4 0 7 a 4-4; 6
6.312io 4-4; 6 .3 2 9 1 0 4-4; 6 . 3 1 8 a 4-4: 6
6  0 4o 1 :o 4-4; 6 . 4 5 1 10 4-4: 6 „ 49610 -f-4; 6
6  0 62810 4-4; 6 . 6 8 1 10 4-4; 6 . 7 5 2 a 4-4; 6
6 . 9 8 1 a 4-4; 7 . 2 4 2 a 4-4: 7 .0 9 5 a 4-4; 7
7.357io 4-4; 7 . 4 4 5 a 4-4; 7 * 5 3 1 10 4-4: 7
7.802:0 4-4; 7 . 8 7 2 a +4; 7 * 9 2 2 d -f-4; 7
8 . 0 5 1 D +4; 8 . 1 2 7 a 4-4; 8 014 5 d -f-4; 8
8 . 3 0 9 io 4-4; 8 . 3 5 2 d 4*4; 8 . 4 1 2 a 4-4; 8
8 0 5 6 O10 4-4; 8 c607a -f-4; 8 C6 4 5 d -f-4; 8
8 . 7 5 9 k 4-il; 8 . 8 0 9 a 4-4; Be 8 4 7 id +4; 8
8 o8 6 3 id 4-4; 8 . 8 4 9 D 4-4; 8  *87010 +4; 8
8 . 8 4 3 d 4*4; 8 . 8 4 3 d -f-4; 8 .8 6 8 1 0 4-4; 8
8 . 7 8 3 d 4-4; 8 . 7 7 2 d 4-4; 8*76510 4-4; 8
8 . 6 4 3 d 4*4; S .  5 7 2 d •4*4; 8 * 475:0 4-4; 8
8 . 3 2 2 a 4-4; 8 . 2 5 7 d 4-4: 8  c 186:o 4-4: 8
7 . 9 8 8 d 4-4; 7 . 9 5 3 a 4-4; 7 * 8 7 6 d -f-4; 7
7 . 6 7 0 d 4*4; 7 . 6 4 3 d -f-4; 7 «6 1 6 d 4-4; 7
7 . 5 6 0 io 4-4: 7 . 5 4 4 a 4-4: 7 c 527io 4-4; 7
7 . 5 1 6 d 4-4; 7 . 5 3 7 a 4-4: 7 . 5 3 2 a 4-4: 7
7 . 6 9 3 d 4-4; 7 * 7 6 7 d 4-4; 7 * 7 8 3 d 4-4; 7

>848d 4-4 
1102 r) +4 
,4 3 2  io + 4

,331 10 -f-4

, 377 d +4

I’D

7 . 44? 10

ho +4 
ID +4

ID

+4
4-lL

+4

ho +4  
)10 +4  
)io +4 
710 4-4 

+4

73O10 +4

-1

1 o 9 0  1 10 +4 ;
2 .1 6 6 1 0  +4;
2  e 50110 +4;  
2.885io +4j 
3» 396io +4;  
3.975io +4; 
4 067310 +4; 
5 . 4 7 4 io +4;  
6 .2 6 3 1 0  +4; 
7  q 0 2  4 10 +4;  
7 , 700,0 +4; 
8 .0 9 3 1 0  -1-4: 
80  277io +4;  
80 1  38d +4; 
7.784k; +4: 
7 . 3 5 4 a  +45
6 .8 6 7 1 0  +4;  
6 .551 id +4; 
6o333io +4:  
6 . 3 6 5  id +4:  
6 . 5 7 3 a  +4;  
60  90610 +4;
7  c 26710 + 4 ;
7 . 7 1 1 10 +4:  
7 *99310 +4:  
8.255id +45 
8 .5 2 5 1 0  +4:  
8 .7 2 5 1 0  +4:  
8 » 8 8 1 10 +4:
8 .8 6 7 1 0  +4:
8 . 8 3 0 »  +4:  
8 .6 8 9 1 0  +4:  
8 .3 6 8 1 0  +4;  
8 .0 2 9 1 0  +4]
7*723io +4;  
7* 587io +4:  
7 . 4 8 5 a  + k : 
7 . 5 8 6 :o +4;
7 o 84910 +4
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TABLE! 1 2 .2  ( c o n t ' d  )

7 . 967 io +4 
8 .2 3 2 a  +>+ 
8.66910 +̂ 1 
8.973m +4 
9 . 3 0 5 io + 4  

9.56810 +4 
9«799io +A 
9.83610 +4 
9.785io +4 
9 . 666» +4 
9 .6 4 6 10 +4 
9 .601  a +4 
9 . 4 2 8 io +4 
9.40610 +4 
9 .3 2 9 a  +4 
9’. 369io +4 
9.49610 +4 
9 .651  a +4 
9 . 9 6 4 b  +4 
i „034io +5
1 .0 9 1  a  + 5  
1 .1 5 h o  +5 
1 .1 99io +5 
1 .2 49b  +5

8 . 0 4 2 b  + 4 ; 
8.30910 +4} 
8 . 7 2 2 b  + 4 ;
9 . 0 9 2 . ,  + 4 : 
9 . 3 8 0 b  + 4 ;

9 . 615.0  + 4 : 
9 . 7 9 6 b + 4 ;
9 . 846 .0  + 4 ;  
9 «7 9 3 io + 4 j  
9 . 6 4 9 b  + 4 ;  
9 .6 1 9 1 0  + 4 ;  
9 « 5 9 7 10 + 4 : 
9 - 3 8 7 10 + 4 ; 
9 .3 4 9 1 0  + 4 ; 
9 . 3 5 0 io + 4 ; 
9 . 3 5 5 m  + 4 ; 
9 . 5 4 7 i o  + 4 :
9 . 7 2 0 . ,  + 4 ; 
1 . 0011, + 5 ;  

1 . o 4 3 b  + 5 :  

1.09910 + 5 ;  
1 . 1 6 2 b  + 5 ;  

1 . 2 0 5 io + 5 ,  
1 . 2 5 9 io +55

8 * 0 6 3 io + 4 :

8 0 3 6 9 1 0 + 4 :

8 • 80110 + 4 :

9 •  1 5 9 i o + 4 :

9 » 437io + 4 ;

9 ♦ 6 8 1  io + 4 :

9 •  7 9 5 10 + 4 ;

9 0 8 5 1 1 0 + 4 ;

9 •  7 8 5 1 0 + 4 j

9 0 6 4 4 w + 4 ;

9 •  5 9 1 i o + 4 ;

9 •  554io + 4 ;

Q • 3 4 9 io + 4 ;

9 •  3 1 9 10 + 4 ;

9 •  3 7 1 10 + 4 ;

Q * 3 6 4 10 + 4 1

9 •  565io + 4 :

9 •  7 9 9 i o + 4 :

1 . 007,0 + 5 ;

1 • 051 10 +5 :
1 «10910 +55
1 •  174m +5:
1 • 2 161 0 + 5 5

8 . 062.0  + 4 :  

80 490,0 + 4 1 
8 . 8 5 5 b  + 4 ;  

9 . 1 7 5 b  +4: 
9 . 4 8 5 b  +4; 
9 .741  so +4; 
9 .8 0 7 b  +4- 
9.83610 +4j 
9 . 7 5 5 b  +4;
9 .6 5 1 .0  + 4 i 
9 . 5 8 9 b  +4; 
9 .4 9 1 10 + 4 ;  

9 .3 7 4 b  +4-1 
9 . 3 2 5 b  +4: 
9 . 3 7 8 b  +4; 
9 . 3 8 2 b  + H ;  

9 . 5 9 9 b  +4: 
9 . 8 5 5 b  +4;
1 . 0 16 .0 +51
1 . 062.0  + 5 ;  

1 .123io + 5 ;
1 . 185.0 +5; 
1 . 2 2 7 b  +51

8 . 1 3 1 b  + 4 :

8 . 603 ., +4 i
8 . 8 9 4 b  + 4 ;  

9 . 22110 +4: 
9.527io + 4 :  

9 . 7 8 9 b  +4; 
9082610 + 4 | 
9.79810 + 4 }  

9.791io +4j 
9 .6 6 1 10 +4;
9 .5 9 0 b +4;
9 .4 5 1 00 +4; 
9 .4 2 0 b  +4; 
9 . 3 2 9 b  +4: 
9 > 3 8 3 b  +4:
9 .4 4 0 .,  +4:
9 . 609,0 +4, 
9.91610 +4; 
1 . 0 2 5 b  +5j 
1 . 0781,  +5; 
1 . 1 3 8 b  +5; 
1 . 1 93io +5? 
1 «239io +51

7 .6 0  by  0 .1 0  t o  3 5 .0 0  % 

5 .1 4 1 b  +51

ra n g e '

4 . 7 3 9 i o

5 •  4 3 5 d +5
6 •  1 2 7 i o +5
6 •  5 3 7 10 + 5
6 . 7 5 0 i o + 5
6 • 7 2 2 i o + 5
6 .86610 + 5
6 •  2 6 3 i o + 5

5 .94910 *4* S

6 .13110 +5
6 •79210 + 5
7 •  4 4 4 10 +5

( 3 ) :  s =

4 . 8 8 6 b  + 5 1  

5 . 5 5 2 „  + 5 1
6 .30110  + 5 ;  

6 . 5 9 3 i o  + 5 ?
6 . 806 ., +5 j
6 . 7 1 5 b  + 5 :
6 . 6 1 0 ,o + 5 ;

6 . 2 0 3 . ,  + 5 :

5 . 9 5 3 b  + 5 1  
6 . 282:0  + 5 :  

6 . 8 2 3 i ,  + 5 1  
7 . 5 8 6 b  +51

4 c 992 io +55
5.732io +5:
6.36110 +5;
6062710 +55
6 .8 4 7 10 +55
6 .6 9 3 10 +55
6 . 429 io
6 o 09810 +55
5 • 958io +55
6 .3 9 1 10 +5 J
7 c O o 4 i o + 5 5

7 . 7 5 7 i o + 5 5

5 . 8 5 9 b  + 5 j
6 . 4 1 2 , ,  + 5 1  

6 . 6 4 9 b  + 5 1  
6 . 7 8 0 b  + 5 ;  

6 . 6 7 7 b  + 5 1  

6 . 3 9 5 b  + 5 j  
6 . 0 2 4 ; ,  + 5 : 

6 . 0 1 4 b  + 5 ;  

6 . 3 8 9 m  + 5 1  

7 . 1 9 1 10 + 5 5  

7 . 8 5 7 b  + 5 1

5 . 310.0 + 5 ;
6 . 0 0 5 . ,  + 5 ;

6 . 495.0  + 5 :  

6 . 688:0  + 5 j

6 . 765,-0 + 5 1  

6 . 655,-0 + 5 !  

6 . 3 4 8 b  + 5 1  

5 » 9 9 3 i o  + 5 1
6 . 0 8 1 . ,  + 5 1
6 . 6 4 6 . ,  +51 
7 . 3 6 3 b  + 5 1  

7 . 8 7 7 b  + 5 1
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TABLE 1JAJ4 ( c o n c lu d e d  )

7 a 9 8  510 + 5 : 8 .08910 +53 8 . 0 9 0 : ,
8 c 15510 + 5 ; 8 ©17610 +53 8 .1
8 o Q8 9 io 4-9 ; 8 „ O o9 io +53 8 ,0 0 3 ,3
7 o 9 0 6  io + 5 ; 7 0 9 0  510 +53 7 .  q o i i !0
7 . 7 9 1  io -J- c, • 1 J ) 7 ©8 5 3 10 +53 7 «8 5 1 n
7 ©88810 + 5 ; 7 ©9 0 7 io +53 7 . 956:3
8 02 6 4 d + 5 - 8 ©3 7 6 io +53 8  0 40613
8 «9 1 8 io + 5 ; 8 ©87810 +53 8 .8 8 5 1 0
9 .22110 +53 9 ©27 5 10 +53 9 . 4 2 8 :o
9 . 5 5 5 » +53 9 . 5 3 4 io +53 9 .4 7 2 ,3
9 0 5 0 7 io +53 9 o4 6 4 io +53 9 .4 0 2 ,3
9 ©3 5 zb +53 9 © 3 2 5 io +53 9 . 242:3
9 . 2 4 0 io +53 9 • 21  3 d +53 9 . 268 ,3
9 .23610 +53 9 • 2 4 3 d +53 9 . 274:3
9 © 4 4 1 10 +53 9 ©47110 4-5: 9 . 9 4 8 :o
9 ©67010 + 5 j 9 ©82810 +53 9 .9 0 2 :3
1 ©01110 + 6 ; 1 .0 1 3  io 4-6} 1 . 0 2 4 I3
1 © 04510 +63 1 ©048  20 4-6: 1 . 059:3
1 ©06 3 d + 6 ; 1 .07510 + 6 : 1 .0 8 2 1 3
1 ©06710 + 6 ; 1 © 07010 4-6: 1 .0 7 2 ,3
1 . 0 7 0 * +61 1 0 0 6  910 4-6 : 1 .06613
1 .07/210 +63 1 © O7 O10 4-6: 1 .0 7 4 1 3
1 .O 8 5 :o + 6  ; 1 © 09720 4-6; 1 .1 1 0 :3
1 0 12 3 io + 6 ; 1 • 12810 4-6; 1 . 17°!3

. 1 6 0 13 +65 1 016820 4-6 ; 1 . 179:3
1 ©20920 + 6 ; 1 e 20810 4-6: 1 . 208,3
1 .21620 + 65 1 ©22 4 10 4-6; 1 . 2 3 3 o
1 c 23210 4-6"; 1 ©2 3 4 10 4-6: 1 .2 2 5 ,3
1 ©23620 4-6; 1 ©2 4 1 10 4-6: 1 . 2 3 9 b
1 ©23610 + 6 ; 1 . 2 3 9 io 4-6; 1 . 248,3
1 ©26610 + 6 ; 1 .26610 4-6: 1 .26813
1 . 2 8 0 » 4-6; 1 ©28610 4-6; 1 .2 8 8 0
1 ©3 1 3 10 + 6 ; 1 ©3 2 5 io + 6  3 1 . 3 3 3 :o
1 ©34710 4-6; 1 .35710 4-6; 1 .3 7 0 :0
1 .38610 + 6 : 1 . 3 9 7 io 4-6; 1 .4 1 0 1 3
1 . 4 1 510 4-6; 1 • 4 3 3 10 4-6; 1 . 440,3
1 . 4 6 3 10 + 6 : 1 ©475 io 4-6: 1 . 4 8 2 13
1 . 4 8 0 io + 6? 1 ©4 8 7 io 4-6: 1 . 5 0 3 :o
1 .52110 ■4*6 * 1 ©5 2 1 10 +63 1 .5 2 1 ,3
1 ©5 5 3 io + 6 : 1 ©5 7 1 10 4-6; 1 B 588,3
1 „ 60910 4*6; 1 . 6 2 3 d 4-6: 1 . 632:3
1 .66610 4*6: 1 ©68910 4-6 ; 1 . 6 9 0 , ,
1 ©729d + 6 : 1 ©7 2 7 io 4-6:✓ 1 . 7 3 7 o

+ 5  = 8 ©11810 + 5 ; 8 0VO0 +59
+ 5 : 8 © 14 2 *o + 5 ? 8 ©08 4 io 4-9 :
4-9 * 8 c, OCX) io + 5 « 7 • 9 2 3 io +55
+ 5 ? 7 o8 5 0 d + 5 ; 7 0 82810 +55
+ 5 s 7 085610 + 5 ; 7 . 97^10 + 5 ;
+ 5 ; 9 0 O0 8 io + 5 j 8 .09710 +59
+ 5 ; 8 • 5 0 2 io + 5 ; 8 ©6 3 5 io + 5 '
+  5 ; 9 © 0 0 5 10 +53 9 • 13610 + 5 ;
4-5 j 9 ©95 4 10 + 5 ; 9 ©48 210 + 5 :
4-9 1 9 ©5 5 2 io + 5 : 9 ©58610 + 5 ;
+55 0 • 3 3 8 d + 5 ; 9 © 3281O + 5 ;
+ 5 ; 9 ©23210 + 5 ? 9 ©262l0 +55
+53 9 ©25810 + 5 ] 9 0 2 3 8 l0 + 5 ;
+53 9 © 3 7 2 io + 5 ; 9 ©36910 + 5 1
+ 5 ; 9 ©6 3 4 io +55 9 .75210 > C *

+53 1 .0 0  4  d 4-6: 1 ©O0 9 io + 6 ;
4-65 © 0  3 0  D 4-6: 1 © 04 1  10 4-6;
4-6: 1 e o 6 4 io 4-6; 1 ©O7 2 l0 + 6 ;
+ 6 ; 1 C 0 7  1 13 + 6 ; 1 ©O6 9 l0 4-6;
4-6; 1 • 07310 4-6: 1 0 O68l0 4-6;
+ 6 ; 1 e O68l0 -1-6; 1 ©O68l0 4-6;
4-6; 1 .O 7 8 l0 4-6; 1 .08010 4-6;
4-6; 1 © 1 2 7 10 4-6; 1 ©12610 4-6;
4-6; 1 © 1 3 9 d 4-6; 1 © 1 5 °io 4*6 ;
4-6; 1 .18713 4-6: 1 . 19 3 10 4-6;
+ 6 ; 1 e 2 08lO 4-6; 1 ©20510 4-6;
4-6; 1 ©2 3 8 l0 + 6 : 1 ©23210 + 6 ;
+ 6 ; 1 ©228l0 + 6 ; 1 ©23610 4-6;
4*6 ; 1 ©2 3 6 l0 4-6; 1 ©23820 4-6:
4-6; 1 . 254*0 4-6: 1 ©25210 4-6;
4-6; 1 ©266l0 4-6; 1 ©26610 + 6 :
4-6: • 2 8 7 » 4-6; 1 ©29810 4-6 ;
4-63 1 »3 3 2 10 + 6 : 1 .33713 4-6:
4-6: 1 ©3 7 8 io + 6 ; 1 ©38610 + 6 :
4-6; 1 © 4 2 8 d 4*6 ; 1 ©4 1 7 d 4-6;
4-6 ; 1 .4 5 0 ,0 4-6: 1 . 4 5 1 10 4*6 :
4-6; 1 . 4 8 0  !o 4-6: 1 .47713 4-6:
+ 6 ; 1 © 49810 + 6 ; . 51 Od 4-6;
4-6: 1 .52513 4-6; 1 ©5 3 5 d 4*6 ;
+ 6 ; 1 . 5 9 0 n + 6 ; 1 ©5 9 3 d 4-6;
4*6; 1 o6 3 8 d + 6 ; 1 © 65O10 4-6 ;
4*6 ; 1 © 6 9 8  D 4*6 : 1 . 701:3 4-6;
4-6 ; 1 © 7 5 1 10 4-6 ; 1 ©764 io 4-6;

2i±9
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TABLE 125J>

R e s i i l t s  o f  i n d i v i d u a l  d i s t a n c e  r e f i n e m e n t s

f o r  CIO

j e t  to  p l a t e  
d i s t a n c e 100 cm 50 cm 25 cm

c? H I O > 
O

1.1+773 1.1+759 1.1+731

o' 0.0001+ 0 .0 0 0 6 0.0011+

r O ..O  (A) 2 .5 2 5 5 2 .5 3 6 5 2 .5 0 6 1

O’ 0 .0 0 2 7 0.001+2 0.0131+

R(D 1+.1+1+ 8 .6 3 3 7 .5 8

J} a 1
2.991+ 

x  109 .
5 .1 3 5  

x  1010
2.191+ 

x  1013

N o te s :  CD u  v a l u e s  w ere  h e l d  c o n s t a n t  a t
s p e c t r o s c o p i c  v a l u e s ,

(2 )  O' ' s  a r e  l e a s t  s q u a r e s  e , s , d , r s ,

( 3 ) r  v a l u e s  a r e  d i s t a n c e s ,o



T A B L E  1 2 , b

R e s u l t s  o f  * a l l  d a t a  001111311161 1 r e f i n e m e n t s

f o r  CIO^

p a r a m e t e r combtwo comb-
s c a l e d

r C l-0
0

(A) 1 . 1+750 I . b 7 b 3

O' 0 .0 0 0 8 0 .0 0 0 6

r o . . o
0

(A) 2 .5 2 5 1 2 .5 2 1 0

& 0 .0 0 7 0 0 .0 0 5 1

uC l -0
O

(A) 0 . 01+29 0 . 01+26

& 0 .0 0 1 0 0 .0 009

0%•02 0
(A) 0 .0 6 2 9 0 .0 5 9 5

0J 0 .0 0 7 7 0 .0 0 6 0

R (%) 11+.70 13 .2 9

1 .0 5 5  ' 
x 1011

1 .1 0 0  
x  IO1 -1*

R o te s :  ( l )  The d i s t a n c e s  a r e  r  (p )  v a l u e s
2>

(2 )  The Cf ’ s a r e  l e a s t  s q u a r e s  e . s
(3 )  The a m p l i tu d e s  h av e  n o t  h e e n  

c o r r e c t e d  f o r  f a i l u r e  o f  t h e  
B orn  a p p r o x im a t io n .



TABLE

The f i n a l  s t r u c t u r a l  p a r a m e te r s  

f o r  ClO^

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

rCX-0 o
(A)

•

rg(l) l . k 7 5 0.003
r e (0) 1.U7S .0.003

re l . k l l 0.003

r o . . o
0

(A)

rg(x) 2.523 0.019
*g(0) 2.525 0.019

0010 ( ° ) 117.6(rg(l)) 1.3

uCl-0
O

(A) 0.035 0.003

u o . . o
o

(A) 0.06X 0.021

N o te s :  ( i )  T h ese  r e s u l t s  we r e  o b t a i n e d  by* t a k i n g
a  s t r a i g h t  a v e r a g e  o f  t h e  r e s u l t s  
p r e s e n t e d  i n  t h e  two colum ns o f  t h e  
p r e v i o u s  t a b l e .  The O' ’ s  were a v e r a g e d  
and  r e p r o d u c i b i l i t i e s  c a l c u l a t e d  from  
t h e m 'a c c o r d in g  t o  t h e  m ethods o f  C h a p te r  
P o u r .

(2 )  The Hq-, $ v a lu e  h a s  b e e n  c o r r e c t e d  f o r  
f a i l u r e  o f  t h e  B o m  a p p ro x im a t io n .
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TABLE 1 2 .6  

A com parison , o f  

t h e  s t r u c t u r a l  p a r a m e te r s  o b t a i n e d  f o r  010^ 

w i th  v a l u e s  d e r i v e d  b y  o t h e r  m ethods

p a r a m e te r p r e s e n t  
s tu d y  
r  ( l )  
v a lu e  s

m icrow ave
s tu d y
r e f . 1 0 2

UV + IR 
s t u d i e s
r e f . 1 0 0

m icrow ave 
fo rce .. .  
f i e l d "  
r e f .8 3

°
-

1.472C l - 0  (A) 1.475 1*473 -

e s t i m a t e d - -
e r r o r 0.003 0.01 0.005 -

o c io  (° ) 117.6 117.6 117.4 -

e s t i m a t e d -
e r r o r 1*3 1 .0 0.2 -

0" c i - 0  (A) 0.035 - - 0.039

e s t i m a t e d
e r r o r 0.003 - - 0.001

n 0
0 . . 0  (A) 0 . 0 6 1 - - 0.063

e s t i m a t e d
e r r o r 0.021

...... .... . --1

0.003

* The a m p l i tu d e s  w ere  c a l c u l a t e d  b y  t h e  a u t h o r  f ro m  
t h e  f o r c e  c o n s t a n t s  p u b l i s h e d  i n  t h i s  r e f e r e n c e .  
T hese  r e s u l t s  a r e  a l s o  i n c l u d e d  i n  t a b l e  8 .5 *  The 
e r r o r s  q u o te d  a r e  e s s e n t i a l l y  s u b j e c t i v e  and  a r e  
n o t  b a s e d  on e x a c t  c a l c u l a t i o n .



CHAPTER THIRTEEN 

M  ELECTRON DIFFRACTION INV33TIQATI0N 

Q£ GASEOUS SULPHUR DIOXIDE

1 . I n t  ro  d u c t io n

I n  19^-0, an  e l e c t r o n  d i f f r a c t i o n  s tu d y  o f  g a s e o u s
105

sn.lph.ur d io x id e  b y  Schom aker a n d  S te p h e n s o n  ,'

e s t a b l i s h e d  th e  d im e n s io n s  o f  t h e  SÔ . m o le c u le  w i t h

m o d e ra te  p r e c i s i o n ,  b u t  d i d  n o t  d e te rm in e  v a l u e s  f o r

r o o t  mean s q u a re  a m p l i tu d e s  o f  v i b r a t i o n , ,  S u b s e q u e n t ly ,

s e v e r a l  m icrow ave i n v e s t i g a t i o n s  o f  th e  compound h av e

b e e n  c a r r i e d  o u t ,  and  among t h e s e  may b e  m e n t io n e d  t h e
106 107 

s t u d i e s  o f  D a i l e y  e t  a l . ,  C r a b le  and  S m ith ,
108 109 

S i r v e t z ,  K iv e l s o n  and  t h e  m ost r e c e n t  i n v e s t i g a t i o n
'  110

b y  M orino e t  a l .  I n  m ost o f  t h e s e  p u b l i c a t i o n s

a c c u r a t e  m o le c u la r  d im e n s io n s  a r e  s t a t e d ,  and  i n  M orino 1s

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

a c c u r a t e l y  d e te r m in e d .

The i n f r a r e d  i n v e s t i g a t i o n  o f  g a s e o u s  S0o b y
87

S h e l t o n ,  N i e l s e n  a n d  F l e t c h e r  i n  1953? e s t a b l i s h e d  

t h e  h a rm o n ic  f r e q u e n c i e s  o f  v i b r a t i o n  o f  t h e  n o rm a l
824-

i s o t o p i c  s p e c i e s ,  b u t  i t  rem ained, f o r  P o lo  an d  W ilso n
•i-.Q

t o  s tu d y  t h e  0 s u b s t i t u t e d  compound b y  th e  same 

t e c h n iq u e  and  so d e te rm in e  t h e  f o r c e  c o n s t a n t s  o f  t h e  

h a rm o n ic  p o t e n t i a l  f u n c t i o n .  T h e i r  r e s u l t s  a r e  i n
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e x c e l l e n t  ag re em e n t w i th  c o r r e s p o n d in g  v a lu e s
109

d e te rm in e d  h y  K iv e l s o n  b y  m icrow ave s p e c t r o s c o p y .

R e c e n t l y ,  w h i le  t h e  p r e s e n t  work was i n  p r o g r e s s ,

H aase  and  W in n e w isse r  p u b l i s h e d  a h ig h  a c c u r a c y  e l e c t r o n
111

d i f f r a c t i o n  i n v e s t i g a t i o n  o f  SO^ , and  o b t a i n e d  an 

e q u l ib r iu m  S-0 b o n d  l e n g t h  i n  e x c e l l e n t  a g re em e n t w i th  

M orino*s r e s u l t .

The p r e s e n t  i n v e s t i g a t i o n  was o r i g i n a l l y  u n d e r t a k e n  

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

p a r a m e te r s  and  a m p l i tu d e s  o f  v i b r a t i o n  f o r  t h e  m o le c u le ,  

i t  b e i n g  i n t e n d e d  t o  compare t h e  a m p l i tu d e s  d e te r m in e d  

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

c o n s t a n t  d a t a  o f  P o lo  an d  Y /i iso n , •

2 ,  E x p e r im e n ta l

A com m ercial"  sam ple  o f  s u lp h u r  d io x id e  was u s e d  t o  

o b t a i n  d i f f r a c t i o n  p a t t e r n s ,  and  a summary o f  t h e  

e x p e r i m e n t a l  c o n d i t i o n s  em ployed  i s  g iv e n  i n  t a b l e  13 .1#  

Owing t o  a t e c h n i c a l  f a u l t ,  t h e  e l e c t r o n  beam showed 

a  s l i g h t  t r e m o r ,  and  f o r  t h i s  r e a s o n  d a ta  w ere  n o t  

c o l l e c t e d  a t  t h e  h u n d re d  c e n t i m e t r e  j e t - t o - p l a t e  

d i s t a n c e .  F o r  t h e  same r e a s o n  s o l i d  sam ple  p a t t e r n s  

w ere  r e c o r d e d  a t  t h e  f i f t y  c e n t i m e t r e  d i s t a n c e .

U p h i l l  c u r v e s  a r e  l i s t e d  i n  t a b l e  1 3 .2 ,  and  t h e  

e x p e r im e n ta l  com bined I m( s ) f u n c t i o n  i s  shown i n  f i g u r e

2 5 7



13*1 . A c o r r e s p o n d i n g  F o u r i e r  t r a n s f o r m  i s  p r e s e n t e d  

i n  f i g u r e  1 3 .2 ,  and  i n d i c a t e s  t h e  a n g u la r  sym m etr ic

n a t u r e  o f  t h e  m o le c u le  'and  t h e  r a t h e r  s h o r t  S -0  b o n d s

p r e s e n t .  The * n o i s e  r i p p l e  1 p ro m in e n t  i n  ' t h i s
o

O ' (R ) /R  c u rv e  a t  R ^  0 .5  A i s  p re s u m a b ly  a  c o n se q u e n c e

o f  t h e  d e v i a t i o n  b e tw e e n  t h e  t h e o r e t i c a l  an d  e x p e r i m e n t a l
o - l '

I  ( s )  f u n c t i o n s  w h ich  o c c u r s  n e a r  s  = 10 A . m' '

3 .  R e s u l t s

F o r  t h e  p u r p o s e s  o f  l e a s t  s q u a r e s  r e f in e m e n t  t h e  

m o le c u le  was d e f i n e d  b y  t h e  i n t e m u c l e a r  d i s t a n c e s

RS-0  and  R0 .  Q* a n d  t h e s e  w ere  v a r i e d  in d e p e n d e n t l y  

t o g e t h e r  w i th  t h e i r  c o r r e s p o n d i n g  r o o t  mean s q u a r e  

a m p l i tu d e s  o f  v i b r a t i o n .  R e s u l t s  o f  s i n g l e  d i s t a n c e

r e f i n e m e n t s  a r e  p r e s e n t e d  i n  t a b l e  13 .3V  w h i l s t  t h o s e  

o b t a i n e d  b y  comib'two an d  comb s c a l e d  a l l - d a t a - c o m b i n e d  

r e f i n e m e n t s  a r e  l i s t e d  i n  t a b l e  1 3 . U. The f i n a l  

p a r a m e t e r s  f o r  t h e  SO^ sy s te m , o b t a i n e d  b y  a v e r a g i n g  

t h e  co lum ns o f  t a b l e  1 3 .U* a*1© p r e s e n t e d  i n  t a b l e  1 3 .5 .

4 .  D i s c u s s io n

I f  a l l  r e l e v a n t  e r r o r  l i m i t s  a r e  t a k e n  i n t o  a c c o u n t ,  

t h e  m o le c u la r  d im e n s io n s  o b t a i n e d  b y  t h e  p r e s e n t  work 

a r e  i n  s a t i s f a c t o r y  ag reem en t w i th  c o r r e s p o n d in g  r e s u l t s  

p ro d u c e d  b y  t h e  e l e c t r o n  d i f f r a c t i o n  s tu d y  o f  r e f e r e n c e



1 0 5 , as Y/ell as the results of the early microwave 
106-108

i n v e s t i g a t i o n s .  I n  v ie w , h o w ev er ,  o f  t h e

c o n s i d e r a b l e  a c c u ra c y  o f  t h e  most r e c e n t  p u b l i s h e d
111

e l e c t r o n  d i f f r a c t i o n  work b y  Haase an d  W in n e w isse r  ,
'  110

and  o f  t h e  m icrow ave s tu d y  b y  M orino e t  a l , ,  i t  i s

o f  i n t e r e s t  t o  com pare t h e  r e s u l t s  o f  t h e s e  a u t h o r s

( *g .(l)  from  r e f .  I l l  and  vr e from  r e f .  110 ) w i t h  th e

r o-(l) and  r  S-0  b on d  l e n g t h s  d e t e m i n e d  b y  t h e  p r e s e n t  g  - e
w ork . Such a c o m p a r iso n  i s  made, i n  t a b l e  13*6 , and

t h e  f o l l o w i n g  re m a rk s  may b e  made on th e  a g re e m e n ts

e v i d e n t  i n  t h i s  t a b l e .

The SO^ v a le n c e  a n g le  o b t a i n e d  b y  t h e  p r e s e n t

s tu d y  i s ,  w i t h i n  i t s  r a t h e r  l a r g e  b u t  u n d e r s t a n d a b l e

e r r o r  l i m i t  o f  1 . 2 ° ,  i n  a g re em e n t w i th  t h e  c o r r e s p o n d i n g

v a l u e s  g iv e n  b y  M orino and H aase  an d  W in n e w is s e r ,  b u t

i n  v ie w  o f  th e  e r r o r  l i m i t  m e n t io n e d ,  th is -  c o m p a r is o n

i s  n o t  a p a r t i c u l a r l y  c r i t i c a l  o n e .  I t  i s  o f  much

g r e a t e r  s i g n i f i c a n c e  t o  c o n s i d e r  t h e  S-0 b ond  l e n g t h s

l i s t e d  i n  t a b l e  13*6 , The r  d i s t a n c e s  o b t a i n e d  f o r6

t h e  S -0  b o n d s  b y  t h e  e l e c t r o n  d i f f r a c t i o n  s tu d y  o f

r e f e r e n c e  111 and  th e  m icrow ave work o f  M orino a r e  i n

v e r y  good a g re em e n t  w i th  . e a c h o th e r ,  b u t  a r e  b o t h  a b o u t  
o

0 .0 0 ip A g r e a t e r  t h a n  t h e  c o r r e s p o n d i n g  v a lu e  d e te r m in e d

by  th e  p r e s e n t  i n v e s t i g a t i o n .  Of t h i s  d i f f e r e n c e ,  o n ly  
o

a b o u t  0 .0 0 3  A c a n  b e  j u s t i f i e d ,  i f  t h e  random and

259



s y s t e m a t i c  e r r o r s  n o rm a l ly  assum ed ( w hich  i n  t h i s
o

c a s e  amount t o  0 ,0 0 2  A ) have  ad d ed  to  them  an  e x t r a  
o

0 ,0 0 1  A, t o  t a k e  i n t o  a c c o u n t  t h e  o m is s io n  o f  h u n d re d

c e n t i m e t r e  d a t a ,  an d  t h e  e r r o r  o f  a b o u t  t w e n t y f i v e

p e r c e n t  w hich  t h e  ! a ! f a c t o r  o f  t h e  Morse p o t e n t i a l

i s  s u b j e c t  t o .  The f a c t  t h a t  a d i f f e r e n c e  o f  a s  much 
o

a s  0 .0 0 4  A i s  o b s e r v e d  seem s t o  s u g g e s t  t h a t  th e  

s y s t e m a t i c  e r r o r  o f  t h e  d i f f r a c t i o n  e x p e r im e n t  i s  

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

t h a t  b o t h  s i n g l e  d i s t a n c e  r e f i n e m e n t s  p ro d uce ' an  r  ( i )c>
S-0  b on d  l e n g t h  w hich  i s  lo w e r  t h a n  I iaase  and  W in n e w is s e r1 s 

r „ ( l )  r e s u l t  ( s e e  t a b l e  13*6 ) and  t h e r e f o r e  i t  seemso
l i k e l y  t h a t  t h e  beam w a v e le n g th  h a s  b e e n  s u b j e c t  t o

a  g r e a t e r  e r r o r  t h a n  t h e  one p a r t  i n  two th o u s a n d  n o r m a l ly

a s c r i b e d  to  i t .  I t  i s  a l s o  p o s s i b l e ,  h o w ev er ,  t h a t

t h e  beam t r e m o r  m e n t io n e d  p r e v i o u s l y  gave r i s e  t o

s y s t e m a t i c  e r r o r  i n  t h e  m ic r o d e n s i to m e te r  t r a c e s  m ea su re d .

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

good  a g re em e n t  w i th  t h e  s p e c t r o s c o p i c  v a l u e s  l i s t e d

i n  t a b l e s  8 .5  an d  1 3 .8 .  H aase  and  W in n e w is s e r1s

a m p l i tu d e  r e s u l t s  a r e  n o t  i n  q u i t e  such  good a g re e m e n t

e v en  a f t e r  B orn  c o r r e c t i o n  h a s  b e e n  a p p l i e d .

As f o r  010 , t h e  c o n s i d e r a b l e  bond  s h o r t e n i n g  o f  
0

0 .2 6  A o f  t h e  S-0 b o n d  r e l a t i v e  t o  a s i n g l e  bond
o 95

e s t i m a t e  o f  1 .6 9  A , i n d i c a t e s  c o n s i d e r a b l e  d o u b le  

b o n d  c h a r a c t e r .  T h is  c o n c l u s i o n  h a s  b e e n  c o n f i r m e d
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111A
■by M o f f i t t  ? vho h a s  c a r r i e d  o u t  m o le c u la r  o r b i t a l  

c a l c u l a t i o n s  on SO,-, and  h a s  p ro p o s e d  a h ig h  IT  "bond 

o r d e r ,  b o t h  & and  p o r b i t a l s  on s u lp h u r  b e i n g  in v o lv e d  

i n  t h i s  b o n d in g .
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TABLE 1 3 .1  

A summary o f  e x p e r im e n ta l  d e t a i l s  

f o r  t h e  s u l p h u r  d io x id e  i n v e s t i g a t i o n

j e t  t o  p l a t e  
d i s t a n c e - 50 cm 25 cm -

w a v e le n g th
(A)

e,. s . d .

0 .0 5 1 1 8 3

0 .0 00 015

0 .0 51 183

0 .0 00 015 '

sam ple  
t e m p e r a t u r e  
(°K  ) 213 213

n o z z l e  
t e m p e r a t u r e  
( §K ) 293 293

g a s
te m p e r a t u r e  
assum ed  
(°K  ) 253 253

num ber o f
p l a t e s
u s e d h 5

q u a l i t y good r a t h e r
l i g h t

num ber o f  
t r a c e s  
m e a su re d  
(AMDM) 8 10
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TABLE 1 3 .2

SOg.i n t e n s i t y  d a ta  a s  combined u p h i l l  c u r v e s

o “ T
range ( 1 ) :  s = 2 . 4 0  hy 0 , 0 5  t o  17*85  A

2 . 6 o 4 a +4; 2 . 6 9 4 a +4; 2 . 785io
3 . 0 2 8 a +4; 3 . 1 0 5 a +4: 3 . 1 8 7 a
3 e4 6 6 a +4: 3 c 56710 +4: 3 . 6 7 3 a
3 0 9 8 7 10 +4: 4 .0 9 8 1 0 +4] 4 .1 9 9 a
4 o 5 4 o 10 +4: 4 . 6 6 9 a 44; 4 . 8 1 5 a
5 .26913 +4; 5 0 425io +4: 5-592:0
6 .1 3 2 1 0 +4; 6 . 3 2 2 a +4: 6 . 5 1 4 a
7 -  13830 44; [  0 34930 4-4: 7 -5 6 7 1 0
8  0.2 6 2 a 1 4: 8 . 495io 4-4; 8o721io
9 .  W 3n +4: 9 . 694a +4; 9 . 9 2 9 a
1 .0 6 3 a +55 1 e O8 6 l0 +5; 1 .1 0 8  20
1 . 1 7 3 a +55 K  19210 +5 5 1 .20923
1 .25220 +5; 1 . 2 6 4 a 4-5 : 1 .2 7 5 1 0
1 . 3 Q0a 455 1 .3 0 6 a +55 1 .3 1 2 a
1 .3 1 2 a +5; 1 .3 1 1 a +55 1.310:3
1 .2 9 5 a 49: 1 0 2 8 8 a +55 1 . 2 8 0 a
1 . 2 5 5 io +5; 1 .2 4510 +55 1 .2 3 5 a
1 . 2 0 6 a +5; 1019813 +55 1 . 1 89a
1 . 1 6 8 a +5: 1 . 164a +55 1 . 1 6 0 a
1 .15^io +5; 1 -153io +55 1.153io
1 0 1 6 1  id +5: 1 . 16 6 a +5: 1 .1 7 1 a
1 0 194a >5.? 1 .2 0 3 a +55 1 .213:o
1 .2 4 5 a +5; 1 .2 5 7 a +55 1 . 2 6 9 io
U305io 4.^ * 1 .3 1 8 a +55 1 .332:0
U372io +55 1 .3 8 3 a +55 1 .395io
1 .436io + 5 : 1 0 447io +55 1 © 4 6 113
1 C 497l0 +5; 1 c509io +5 * 1 . 5 2 2 a
1 .5 5 2 1 0 +5; 1 . 5 6 2 a +55 1 .57210
1 . 6 0 3 a  +5: 1 . 6 1 3 io + 5  5 1 . 6 2 4 a
1 .6 4 6 a 435 1 . 6 5 4 a +55 1 • 664a
1 .6 8 4 a +5 ̂ 1 .6 8 9 a +5:. 1 .69810
1 . 7 1 5 a + 5  ; 1 .7 1510 +55 1 .72810
1 . 7 4 2 a +55 1 .7 3 3 a +55 1 .7 4 0 a
1 , 7 2 0 a +5; 1 =71510 j-c . 1 »712io
1 .7 0 4 a +5; 1069910 -j—£-> * 1 .6 9 3 a
1 . 67010 + 5 1 1 .674:3 +55 1 .66913
1 .6 5 5 a +55 1065310 +55 1 c6 8 4 : o

1 .6 4 5 a +55 1 .645io +5: 1 ,6 4 4 a
1 .6 5 7 a + 5 : 1 .6 5 6 1 0 +55 1 0 6^9^
1 .6 7 5 a I c • 1 .6 8 3 a +55 1.691 13

' s 2 , 8 7 2 10 4 4 ; 2 . 9 5 2 i o + 4 ;

+ 4 ; 3 . 2 7 7 : o 4 4 ; 3 . 3 7 1 a + 4 ;

+ 4 : 3 . 7 7 7 : 0 4 4 ; 3 . 8 7 9 : o 4 4 ;

+ 4 ; 4 . 3 0 2 a 4 4 : 4 0 4 l 6 i o 4 4 ;

+ 4 : 4 . 9 6 8 1 0 + 4 ; 5 . 1 1 8 a + 4 ;

+ 4 5 5 . 7 6 6 1 3 4 4 : 5 - 9 4 5 : 0 + 4 ;

+ 4 : 6 . 7 1 5 a 4 4 : 6 . 9 2 8 1 0 + 4 ;

4 - 4 : 7 . 7 9 0 a 4 4 ; 8 . 0 2 5 a 4 4 ;

4 - 4 ; 8 . 9 5 4 a - f - 4 ; 9  0 1 9 6 1 0 4 4 ;

+ 4 5 1 0 6 1 6 a + 5 5 1 . 0 4 0 a + 5 ;

_ LK •
1 . 1 3 0 a + 5 5 1 . 1 5 2 i o + 5 ;

+ 5 5 1 . 2 2 9 2 3 + 5 5 1 0 2 3 9 : 0 4 5 ;

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

+ 5 5 1 . 3 1 4 a + 5 5 1 . 3 1 3 a 4 5 '
+ 5 . 5 1 . 3 0 7 1 0 - + 5 5 1 . 3 0 1 10 + 5 5

+ 5 5 1 . 2 7 2 1 3 + 5 5 1 . 2 6 4 a + 5 5

+ 5 5 1 •  2 2 4 13 _l K  • 1 1 . 2 1 4 a + 5 5

+ 5 5 1 . 1 8 0 a + 5 5 1 .174io + 5 5

+ 5 5 1 - 1 5 7 10 + 5 5 1 o 1 5 6 :o + 5 ;

+ 5 5 1 0 1  54io 1 . 1 5 7 a + 5 5

+ 5 5 1 . 1 7 8 1 0 + 5 5 1 . 1 8 7 a + 5 5

+ 5 1 1 . 2 2 4 13 + 5 5 1 . 2 3 4 a + 5 :

+ 5 5 1 0  2 8 1 1 0 + 5 5 1 .293io + 5 5

+ 5 5 1 . 3 4 7 a + 5 ; 1 . 3 6 0 a + 5 5

+ 5 5 1 « 4 1 0 i o + 5 5 1 . 4 2 4 a + 5 5

+ 5 5 1 . 4 7 3 io + 5 5 1 . 4 8 5 a + 5 :

+ 5 5 1 . 5 3 4 a + 5 5 1 . 5 4 4 a 4 8 :

+ 5 5 1 o583io 4 5 : 1 . 5 9 3 a + 5 5

+ 5 " U 6 3 3 io + 5 5 1 0  6 4 0 a + 5 5

+ 5 5 1 . 6 7 3 : 0 + 5 5 1 . 6 7 9 1 0 4 9 :

+ 5 5 1 . 7 0 7 a + 5 ; 1 » 7 1 3 : o + 5 5

+ 5 5 1 0 7 4 8 : 0 + 5  5 1 . 7 5 4 a + 5 5

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

4 5 : 1 . 7 1 0 : 0 + 5 5 1 . 7 0 8 : 0 4 5 :

+ 5 : 1 . 6 8 7 : 0 + 5 5 1 c 6 8 3 : o + 5 5

+ 5 5 1 «663:o + 5 5 1 0 6 5 8 1 0 + 5 5

+ 5 5 1 . 6 5 2 1 0 + 5 5 1 e 6 4 8 a + 5 5

+ 5 5 1 . 6 4 5 a + 5 5 1 . 6 5 3 1 0 + 5 ;

jlc; • 1 o 6 6 0 : o + 5 5 1 . 6 6 7 1 0 + 5 5

+  5 5 1 . 7 0 1 10 + 5 5 1 . 7 0 9 : 0 + 5 5
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TABLE 1 ^ 2 .  ( c o n t ’ d )

1.71710 +5 ; 1 .72810 +55 1 . 74 4 b +55 1 . 7 5 7 io +5 1 „7 6 6 v> +5
1.77610 +5 ; 1 . 790 b +53 0 CO c u> 0 +55 1 . 8 1 610 +5 1 . 832a +5
1 . 8 4 7 io +5 ; 1 08 6 0 10 +55 1 . 874 :, +55 1 . 890b +5 1.90510 +5
1.91610 +55 1 0928 io +55 1 ° 9 2+3’;0 +55 1 . 959 io +5 1 =971io a . 4-; 1 ^
1 . 983)0 +55 1 «995a . c: « *  ̂2 2 .003;, +55 2 «012 io +5 2 . 023 -= +5
2  *03210 2 .038a +5 s 2 «04610 +55 2 o053b +5 2.06013 +5
2 . 0 6 8 ) 0 +55 2.07610 +55 2 .0 8 2  vo +55 2 . 0841q +5 2 . 0 3 8 b +5
2 .09 1  io +55 2 o 09410 +55 2 0 100  io +5 - 2 , 10 5 )o +5 2 . 1 0 5 b -j-
2 . 1 0 1 b +55 2 01 02  io +55 2 . IO610 +55 2 . 1 0 8 b +5 2 . 1 0 6 b +5
2 . 1 0 5 b +55 2 . 103a +55 2 . 1 0 1 b +55 2 . 10 0 m +5 2 . 0 9 9 b +5
2 . 0 9 7 b +55 2 *09610 +55 2.o O9 5 10 +55 2 . 0 9 2 b +5 2 . 0 9 1 b +5
2 .0 8 9 a +55 2 . 0 8 6 )0 +55 2 . 0 8 2 b +55 2 . O78a 4*5 2 . 0 7 4 b + 5
2 . 0 7 2 io +55 2 . 0 7 2 a +55 2 . 0 7 1 b - i - R : 2 . 0 7 1 b +5 2 . 070,3 +5
2 . O 6610 +55 2 . 0 6 4 b +55 2 . 0 6 3 b +55 2 . 0 6 1 b +5 2 .0 5 8 1 0 +5
2 .0 5 7 a  + 5 ; 2 . 0 5 6 b +55 2 . 0 5 8 b +55 2.05810 +5 2 . 0 5 6 b +5
2«O5310 +55 2 . 0 5 2 b +55 2 . 0 5 5 b +55 2 .05910 +5 2 . 061-3 +5
2 . 0 6 4 b ' +55 2 . 0 6 9 b +55 2 . 0 7 4 b +55 2 0 07810 +5 2 . 082,3 +5
2 .O 8910 +51 2 . 0 9 7 b +55 2 .1 0 2 10 +55 2 0 10810 +5 2 .1  15 ia +5
2  .123)0 +55 2 . 1 3 2 b +55' 2  0 14320 +55 2 . 1 5 3 )0 +5 2 . 16  310 +5
2 . 1 7 3 ) 0  +5 ; 2 . 183io +55 2 . 194)0 -i-c;»

2 . 2 1 1 b +5 2 .2 3 1 10 +5
2 . 2 4 6 10 +55 2 . 2 5 5 io +55 2  . 26-2 io +55 2.26910  +5 2 .27910 + 5
2.293io +55 2 . 3 0 6 10 +55 2 .3 1 9 a +55 2 . 330 io +5- 2 . 3 4 4 b +5

r a n g e  ( 2 ) :  s = 7 .6 0  By 0 .1 0  t o  3 4 .7 0  £

1 o 1 0 8 i o  + 6 ;
1 , 2 2 4 k) + 6 j  

1 . 3 5 4 b  +6; 
1 . 4 6 6 b  + 6 ;  

1. 541b +6;
1 . 6 0 3 b  +6 ;
1 © 6 3 4 b  + 6 ;  

1 . 5 9 2 i o  +65 
1 . 5 4 8 b  +63 
1 . 544 a  +63 
1 * 6 1 4 10 +63 
1 . 7 3 6 io +63

1 .1 2 8 1 0  + 6

1 . 247 io +6 
1 . 3 8 2 b  + 6  

1 « 479 10 + 6

1 . 559a +6
1 .6 1  Ojo +6 
1 .63510  + 6  
1 *583io +6 
1 . 535 io +6 
1 0  5 4 7 i o  + 6  
1 . 631 10 +6 
1 . 759 io +6

1 .1 5 1 10 + 6 3
1 O 2 7 2 l0  +63
1 .40610 +63 
1 o 49610 +62 
1 . 575 io +63 
1 o 612 io +6 3 
1062510 +63 
1 .5 6 9 1 0  +6; 
1 . 529 io +63 
1 . 55710 +63 
1 .6 5 6 1 0  + 6 3  
1 . 7 8 3 a +63

1 . 173a +6 
1 © 304 io +6 
1 . 425a +6 
1 . 511a  +6
1o 582b +6 
1 .61810 +6
1 e 6 1 1 10 +6
1 . 559a +6 
1 o 5 3 4 io +6  
1 . 577a +6
I.68O10 +6 
1.80510 +6

1 .20O10 +6 
1 o 32910 +6 
1 o 4 4 6 b  + 6

1 • 530 ]o +6 
1 o 58810 +6
1 . 6 2  410 +6 
10 60210 +6
1 ° 5 4 9 io +6 
1 . 534-10 +6 
1 . 5 9 4 i o  + 6  

1.70710 +6 
1 o 82610 +6
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TABl B ( c o n c lu d e d  )

1 e 8  4  4 10 4 6 ; 1 .86110 4-6; 1 ,»88010
1 • 9 1 7 10 -I -6 : 1 .91610 4-65 1,.91610
1 *  91610 + 6 ; 1 . 9 1 6 io 4-6; 1,. 91  1:9
1 0 90610 4-6; 1 . 9 0 0 w + 6 ; 1.> 9 8 2 10
1 .89610 + 6 ; 1 088710 4-6; 1,.88610
1 088110 + 6 ; 1 0 8 8 0 10 4-6: 1 ,»8 9010
1 o8 9 9 io 4 6 ; 1 0 90610 4-6; 1 ,. 9*1910
1 o9 6 3 10 + 6 : 1 0 9 7 8 io 4-6; 1,. 9 9 9 :o
2 «0 3 2 10 4 6 ; 2 & 06810 4-6; 2 ,. 0 8 9 io
2 .  1 4 8 10 4 6 ; 2 . 1 9 2 io . +  6 ; 2 ,. 16310
2 C 1 8 2  IQ •1-6; 2 «, 1 9 0 n 4-6; 2 ,. 19610
2 . 1 9 1 10 + 6^ 2 . l 8 2 io 4-6; 2 ,»18 4 io
2 .  17 110 + 6 ; 2 0 1 70io -1-6 ■ 2 .. 16310
2 . 18810 +63 2 *• 1 9 4 10 4-6; 2 <114  910
2 . 1 5 9 m + 6 : 2 • 161-0 4-6: 2 ,. 17 2 10
2 *200io + 6 : 2 o2 1 4 19 4-6; 2 ,f 23210
2 0 26810 + 6 ; 2 o2 7 4 io -1-6; 2 ,f 28610
2 . 3 3 2 io 4 6 ; 2 . 3 3 7 * 4-6; 2 ,. 334:0
2 0 3 8 9 io + 6 : 2 . 3 9 2 io 4-6; 2 ,>40 J 10
2 0 4 2 9 io + 6 ; 2 C 4 4 0  10 4-6; 2  <. 4 4 4 19
2 « 4 4 6 vo + 6 : 2 .49010 4-6; 2 ,a 4  4  1 10
2 . 4 3 7 io + 6 ; 2 . 4 4 1 10 4-6; 2 ,  ̂4 3 6 l0
2 c 4 3 7 io 4-6; 2 .43810 4-6; 2 ,t, 4  4  1 10
2 . 4 8 0 io + 6 : 2 , 4 9  4 10 4-6; 2 ,P 4 6 4 10
2 .90O10 +65 2 . 9 1 1 10 4-6; 2 ,, 3 l 9 io
2 088810 4 6 ; 2 c 9 7 4 19 4-6: 2 ,> 98810
2 <5 62110 + 6 ; 2 . 6 4 3 10 4-6; 2 ,e 66O10
2 0 6 7 2 10 + 6 ; 2 .  6 7  9 m 4-6; 2 , a 6 P)9 iO
2 . 7 1 2 * + 6 ; 2 0 7 19 m 4-6 :

j 2 ,j ^20
2 .72310 + 6 ; 2 . 7 3 0 io 4-6 ; 2 , .73210
2 0 74710 -1-6; 2 . 7 9 8 m 4*6; 2 ..75O1.0
2 o7 4 3 io + 6 ; 2 . 7^219 4-6: 2 ,. 7 4 9 io
2 . 7 6 2 1? + 6 ; 2 *76610 4-6; 2 .. 7 7 1 10
2 0 7 9 8 io 4-6; 2 o8 0 9 D 4-6 ; 2 , . 8 1 9 io
2 0 89210 4-0; 2 c 83810 4-6; 2 , , 8 7 3 io
2 0 8 9  9  io 4-6: 2 «9 1 4 10 4-6; 2 ,. 9 2 3 io
2 0 948io 4-6; 2 •  96710 + 6 ; 0 

c .  (>9 7 3 10
2 0 98O10 4-6; 2 0 9 8 3 10 4-6; 3 ,>00110
3 , 0 1 4 ’o 4*6 : 3 .02210 4-6; 3 ..03810
3 .06210 4-6: 3 . 061-9 4-6; n̂ -,0 6 8 :0
3 c 0 8 1 10 4-6 : 3 ,0 8 8 io 4-b ; 3 .> 1 0 2 ’9
3 . 120-9 + 6 ; 3 , 1 2 9 io 4-6: 3 .f 1 4 3 10
3 . 143:9 4-6: 3 0 1 9 8 19 4-6;

4-6; 1 . 8 9 1 ’o 4-6; 1 o9 0 4 io -i-6
4-6; 1 , 924)0 4-6; 1 0 91 619 + 6
4-6; 1 .9 0 8 )0 4-6; 1 . 9 0 7 10 4 6
4-6; 1089710 + 6 ; 1 089^10 4-6
4-6: 1088710 4-6; 1 0 8 8 2  30 4-6
4-6; 1089110 4-6: 1 e 9 0 8 )Q + 6
4-61 1 . 9 3 0 io 4-6; 1 » 9 ^ 3 io 4-6
4-6; 2  „01 4 10 4-6; 2 .0 3 6 :0 4-6
4-6; 2 , 1  1O)0 4-6 ; 2 .1 2 2 :o 4 6
4-6 ; 2 . 173)0 4-6: 2 , 180)0 4 6
4-6 ; 2 . 1 9 1  19 4-6; 2 0 2 0 0 ’o 4 6
4-6; 2 ,1 7 8 1 0 4-6; 2 , 1 7 1ho 4 6
4-6: 2 . 1 6 7 ^ ■4-6: 2 . 133:0 4 6
4-6: 2 , 1 9 3 :o 4-6; 2 . 1 5 3 io 4-6
I n : 2 . 1 7 7 *) 4-6; 2 . 1 8 9 x0 46)
4-6; 2 , 231:0 4-6; 2 0 262m 4 6
4-6; 2 . 291)0 4-6; 2  * 3 0 8 :o 4 6
4-6; 2 , 3 6 4 :o 4-6: 2  o3 7 6 io 4 6
4-6: 2 . 420:9 4-6; 2  0 4 2 5 x9 4 6
4-6; 2 0 4 4 3 io 4-6; 2 . 4 4 5 io 4 6
4-6; 2 . 4  4 8 19 4-6; 2 * 4 4 4 )o 4 6
4-6; 2  0 433:9 4-6; 2 .4 3 3 1 0 4 6
4-6: 2 * 4 4 3 ,0 + 6  * 2 . 446)0 4-6
+ 6 : 2 . 4 8 1 19 4-6; 2 , 4 8 9 io 4 6
4-6: 2 0 939:0 4-6 * 2 . 632)0 4-6
4-6; 2 .39O 10 + 6 ; 2 0 6 1 0:o 4 6
4-6: 2 .6 3 3 1 9 4-6: 2 , 66O )0 4-6
4-6; 2 , 7 0 0 )o 4-6: 2 . 7 1 0 :o 4 6
4-6; 2  c 7 2 0 )o 4-6; 2 , 726)0 4 6
4-6; 2 a7 3 8 io 4-6; 2 .7 3 8 :0 4 6
4* 6 * 2 , 746)0 4-6; 2 , 742)0 4 6
t O ? 2 . 7 9 3 io 4-6; 2 . 732)0 4 o
4-6; 2 . 7 8 2 :o 4-6; 2*78710 4-6
4-6; 2 . 8 2 7 id 4-6; 2 08 3 9 w 4 6
4-6; 2 .88610 4-6; 2 * 8 9 2 m 4 6
4-6: 2 o 9 3 3 io 4-6; 2  • 9 4 7 io 4 b
4-6; 2  e 9 7 1 10 4-6; 2  * 9 7 8 :o

1
t D

4-b ; 3 0 01219 4*6 * 3 .O 13-.0 4 0
4-6; 3 , 0 9 2  ;o 4-6 : 3 , 048:9 4  b
4-6 « 3  , 0 7 S-o 4-6 : 8 .0 7 6 -0 -p i "5
4-6 : 3 .1 3 9 1 0 4-6; 3 . 1 2 7  :o 4 6
4-6; 3  - 1 4 0 -j 4- b ; 3  31 6 0 :, 4 6
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TABLE 1 5 .3

R e s u l t s  o f  i n d i v i d u a l  d i s t a n c e  r e f i n e m e n t s

f o r  SO^

j e t  t o  p l a t e  
d i s t a n c e 50 cm 25 cm

r S-0 (A) 1.1+331 1.1+307

cy 0 .0 0 0 7 0 .0 0 0 6

0 . . 0  (A) 2 .  lj.712 2.1+520

O’ 0 .0 0 5 6 0 .0 0 6 3

R(fc) 1 2 .6 3 1 9 .3 7

V - * z
/  MVJ A

1 .8 9 8  
x  1011

1 .3 2 2  
x  1013

R o te s :  ( l )  u  v a l u e s  v/ere h e l d  c o n s t a n t  a t
s p e c t r o s c o p i c  v a l u e s .

(2 )  O' f s  a r e  l e a s t  s q u a r e s  e . s . d . f s .

(3 )  r  v a lu e s  a r e  r  ( 1 ) d i s t a n c e s .s
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TABLE 1 3 , b

R e s u l t s  o f  * a l l  d a t a  com bined  * r e f i n e m e n t s

f o r  SO^

pa-rameter combtwo comb-
scaled

r S-0
0
(A) 1.U310 1.1+309

o' 0 .0 0 0 5 0 .0 0 0 5

r o . . o
0
(A) 2.1+61+7 2 . 1+661

<y 0.001+0 0 .0 0 3 8

^ S -0
0
(A) 0.01+23 0.01+13

cy 0 .0 0 0 8 0 .0 0 0 9

uo . . o
O
(A) 0.01+81 0.01+59

<y 0.001+3 0.001+5

R(fo) 1 2 .5 7 1 5 .0 8

3 .1 8 1 11x 10 x
1+.781+ 
x IO11

N o te s :  ( l )  The d i s t a n c e s  a r e  r  ( l )  v a l u e s .
(2 )  The O' ! s a r e  l e a s t  s q u a r e s  e . s . d .  s .
(3 )  The a m p l i tu d e s  have  n o t  "been 

c o r r e c t e d  f o r  f a i l u r e  o f  t h e  
B o m  a p p r o x im a t io n .
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TABLE 1 3 c 5 

The f i n a l  s t r u c t u r a l  p a r a m e te r s  

f o r  S02

p a ra m e te r f i n a l  r e s u l t r e p r o d u c i b i l i t y *

r S -0  (A)

r g CD 1.1+31 0 .0 0 2

r g ( ° ) 1.1+32 0 .0 0 2

e 1.1+27 0 .0 0 2

' 0  
0 . . 0  (A)

V D 2.1+65 0 .0 1 3

* $ ( o ) 2.1+66 0 .0 1 3

o so  ( ° ) l l 8 . 9 ( r g ( l ) ) 1 .2

US -0  (A) 0 .0 3 5 0 .0 0 3

U0 . . 0  (A) 0.01+7

g . -......--- ■ ■ — ■■ ■ ■ -■ —»

0 .0 1 2

F o t e s :  CD T hese  r e s u l t s  w ere  o b t a i n e d  b y  t a k i n g
a s t r a i g h t  a v e ra g e  o f  th e  r e s u l t s  
p r e s e n t e d  i n  t h e  two co lum ns o f  t h e  
p r e v i o u s  t a b l e .  The 0J ’ s  w ere  a v e r a g e d  
and  r e p r o d u c i b i l i t i e s  c a l c u l a t e d  from  
them a c c o rd in g  t o  t h e  m ethods o f  C h a p te r  I4-, 

(2 )  The u g q v a lu e  h a s  b e e n  c o r r e c t e d ' f o r  
f a i l u r e  o f  t h e  B o m  a p p r o x im a t io n .
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TABL3 12J5  

A c o m p a r iso n  of' 

t h e  s t r u c t u r a l  p a r a m e te r s  o b t a i n e d  f o r  SO^ 

w i th  v a l u e s  d e r i v e d  b y  o t h e r  m ethods

p a ra m e te r p r e s e n t
s tu d y

m icrow ave 
s tu d y  
r e f .  110

r e c e n t  
e . d . s t u d y  
r e f .  I l l

IR 
fo rce ,. ,  
f  ield**’ 
r e f .  81+

r S-0 (A)

r g (X) 1.1+31 1.U361

e r r o r 0 .0 0 2 0 .0 0 1

r e 1 . 1+27 1.1+308 1 .W 0 9

e r r o r 0 .0 0 2 0 .0 0 0 2 0 .0 0 1

mx - 
030 • ( ) 1 1 8 .9  

( r  g( D )
1 1 9 .3 2
( r e)

11 8 .9 8
( * g ( D )

e r r o r 1 .2 0 .0 3 0 .5

US-0  (A) 0 .0 3 5 0 . 01+1+ 0 .0 3 5

e r r o r 0 .0 0 3 0 .00 2 0 .0 0 1

U0 . . 0  (A) 0.0U7 0 .0 7 2 0 .0 5 5

e r r o r 0 .0 1 2 0 .0 0 2 0 .0 0 3

❖ The a m p l i tu d e s  were c a l c u l a t e d  h y  th e  a u th o r  fro m  
th e  f o r c e  c o n s t a n t s  p u b l i s h e d  i n  t h i s  r e f e r e n c e .  
The e r r o r s  a u o te d  a r e  e s s e n t i a l l y  s u b j e c t i v e .  

* * T h is  a m p l i tu d e  h a s  n o t  b e e n  c o r r e c t e d  b u t  i s  t h e  
p u b l i s h e d  v a l u e .
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CHAPTER FOURTEEN 

AN ELECTRON DIFFRACTION INVESTIGATION 

OF SULPHUR TRIOXIDE VAPOUR

1 ,  I n t r o d u c t i o n

I n  1938 P a lm e r  p u b l i s h e d  a I oy/ a c c u r a c y  e l e c t r o n  
112

d i f f r a c t i o n  s tu d y  o f  s u lp h u r  t r i o x i d e  v a p o u r ,  and  

shov/ed, t h a t  w i t h i n  t h e  e r r o r  l i m i t s  o f  h i s  e x p e r im e n t ,  

t h e  m o le c u le  i s  p l a n a r  w i th  a  t h r e e f o l d  a x i s  o f  

sym m etry . I n  t h i s  i n v e s t i g a t i o n  v a l u e s  w ere  n o t  

o b t a i n e d  f o r 1 t h e  r o o t  mean s q u a r e  a m p l i tu d e s  o f  

v i b r a t i o n ,
85

A r e c e n t  i n f r a r e d  s tu d y  o f  th e  v a p o u r ,  c a r r i e d

o u t  b y  Krakow and  L o rd ,  h a s  d e te rm in e d  t h e  f o r c e

c o n s t a n t s  n e c e s s a r y  t o  d e f i n e  t h e  m olecu le*  s  h a rm o n ic

p o t e n t i a l  f u n c t i o n ,  and  t h e s e  r e s u l t s  h av e  b e e n  s l i g h t l y
88

m o d i f i e d  b y  S t ^ l e v i k  e t  a l ,  , and  u s e d  t o  c a l c u l a t e  

r o o t  mean s q u a re  a m p l i tu d e s  o f  v i b r a t i o n ,  and  t h e

e x p e c t e d  s h r in k a g e  e f f e c t .

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

was u n d e r t a k e n  t o  o b t a i n  a more a c c u r a t e  S-0  b o n d  l e n g t h  

t h a n  was d e te r m in e d  b y  P a lm e r ,  and  a l s o  r o o t  mean 

s q u a r e  a m p l i tu d e s  o f  v i b r a t i o n  f o r  c o m p a r iso n  w i t h  t h e  

r e s u l t s  o f  r e f e r e n c e  88 ,
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2', E x p e r im e n ta l

A com m erc ia l  sam ple  o f  s u lp h u r  t r i o x i d e  was u s e d  

t o  o b t a i n  d i f f r a c t i o n  p a t t e r n s ,  and  a summary o f  t h e  

e x p e r im e n ta l  c o n d i t i o n s  a d o p te d  i s  g iv e n  i n  t a b l e  12+.1. 

Owing t o  a  s l i g h t  t r e m o r  i n  t h e  e l e c t r o n  beam , d a t a

w ere  n o t  c o l l e c t e d  a t  t h e  h u n d re d  c e n t i m e t r e  j e t - t o - p l a t e  

d i s t a n c e ,  and  th e  w a v e le n g th  was d e te rm in e d  from  pow der 

p a t t e r n s  r e c o r d e d  a t  f i f t y  c e n t i m e t r e s .  The sam p le  

showed a m arked te n d e n c y  to  co n d en se  o u t  on t h e  n o z z l e  

t i p ,  d e s p i t e  t h e  h i g h  n o z z l e  t e m p e r a tu r e  a d o p te d ,  and  

t h e  sam ple t e m p e r a tu r e  h a d  t o  be  c a r e f u l l y  r e g u l a t e d  

t o  p r e v e n t  t h i s  o c c u r r i n g .  A c c o r d in g ly ,  l o n g  

e x p o s u re  t im e s  w ere  i m p o s s i b l e ,  and  t h e  t w e n t y f i v e  

c e n t i m e t r e  p l a t e s  o b t a i n e d  w ere  u n d e re x p o s e d  and  

somewhat u n s a t i s f a c t o r y .

U p h i l l  c u r v e s  a r e  l i s t e d  i n  t a b l e  124, 2 , a n d  t h e  

e x p e r i m e n t a l  com bined  ^ ( s )  f u n c t i o n  i s  shown

g r a p h i c a l l y  i n  f i g u r e  124. 1 , I t s  F o u r i e r  t r a n s f o r m  

i s  p r e s e n t e d  i n  f i g u r e  l i | , 2 ,  and  i n d i c a t e s  t h e  p l a n a r ,  

sy m m e tr ic a l  n a t u r e  o f  t h e  m o le c u le ,

5* R e s u l t s

I n  l e a s t  s q u a r e s  r e f i n e m e n t s  SO^ w as t r e a t e d -  a s  

a n  XY^ sys tem  w i th  a t h r e e f o l d  a x i s  o f  sym m etry , b u t  

was n o t  assum ed p l a n a r .  The two i n t e m u c l e a r  d i s t a n c e s



S~0 and  0 .  .0  were- r e f i n e d  a s  in d e p e n d e n t  p a ra m e te r s *  

t o g e t h e r  w i th  t h e i r  c o r r e s p o n d in g  r o o t  mean s q u a r e  

a m p l i tu d e s  o f  v i b r a t i o n .

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

o u t  a r e  l i s t e d  i n  t a b l e  I d .  3 ,  and  show good c o n s i s t e n c y ,

w h i l s t  r e s u l t s  o b t a i n e d  b y  combtwo an d  c o m b s c a le d

r e f i n e m e n t s  o f  t h e  a l l - d i s t a n c e s - c o m b i n e d  i n t e n s i t y

d a t a ,  a r e  g iv e n  i n  t a b l e  I d . d .  The r e s i d u a l s  q u o te d

i n  t h i s  l a t t e r  t a b l e  a r e  u n u s u a l l y  low , and  t h i s  i s  a

c o n se q u e n c e  o f  th e  f a c t  t h a t  p o o r  q u a l i t y  d a ta  b e y o n d  
o - l

t h e  s  = 25 A l i m i t  w ere  o m it te d *  F i n a l  s t r u c t u r a l  

p a r a m e t e r s  f o r  t h e  m o le c u le  a r e  p r e s e n t e d  i n  t a b l e  I d . 5 .

d .  D i s c u s s io n

The p l a n a r  n a t u r e  o f  t h e  s u lp h u r  t r i o x i d e  m o le c u le  

i s  c o n f i rm e d  w i t h i n  t h e  e x p e r im e n ta l  e r r o r  l i m i t s

i n v o l v e d .  No s h r in k a g e  e f f e c t  i s  o b s e r v e d ,  b u t  t h e

u n c e r t a i n t y  i n  Rn n i s  a good  d e a l  l a r g e r  t h a n  t h eu .
a n t i c i p a t e d  0 ,0 0 2  A c a l c u l a t e d  f o r  t h i s  e f f e c t  i n  

r e f e r e n c e  8 8 ,

The S -0  b o n d  l e n g t h  a g r e e s  w i th  t h e  c o r r e s p o n d in g
o

r e s u l t  o b t a i n e d  b y  P a lm e r  o f  l . d 3  A, i f  h i s  e r r o r  l i m i t  
o

o f  0 ,0 2  A i s  t a k e n  i n t o  a c c o u n t ,  and  i s  e v i d e n t l y  a b o u t  
o

0 .0 1 5  A s h o r t e r  t h a n  t h e  3 -0  d i s t a n c e  i n  SO,-,. Such 

a  r e s u l t  i s  c o n s i s t e n t  w i th  t h e  f o r c e  c o n s t a n t  o f
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o
1 0 .6  mcl/A c a l c u l a t e d  f o r  th e  S-C h o nd  i n  SO^ b y  Krakow

an d  L o r d ,  when t h i s  l a t t e r  r e s u l t  i s  com pared  w i t h  t h e
o 81+

v a lu e  o f  1 0 .0 2  md/A o b t a i n e d  f o r  BO^ b y  P o lo  a n d  W ilso n .  

The d i f f e r e n c e  b e tw e e n  t h e s e  two f o r c e  c o n s t a n t s  i s  

j u s t  w hat w ould  be  e x p e c te d  f o r  t h e  b o nd  s h o r t e n i n g
o

o f  0 .0 1 5  A o b s e r v e d .

The a m p l i tu d e s  o f  v i b r a t i o n  d e te r m in e d  b y  t h e

p r e s e n t  work a r e  i n  e x t r e m e ly  p o o r  ag reem en t w i t h  th e
o

s p e c t r o s c o p i c  r e s u l t s  ( 0 .0 3 5  and  0.051+ A ) o f

r e f e r e n c e  8 8 , and  a l s o  w i th  t h e  r e s u l t s  o b t a i n e d  f o r  SO^

i n  t h e  p r e v i o u s  c h a p t e r .  Such d i f f e r e n c e s  a r e  to o

l a r g e  t o  b e  e x p l a i n e d  i n  t e r m s  o f  t h e  p o o r  q u a l i t y  o f

t h e  t w e n ty f i v e  c e n t i m e t r e  d a t a ,  and  i t  seems l i k e l y  t h a t

t r a c e s  o f  some i m p u r i t y ,  such  a s  s u lp h u r  d i o x i d e ,  must

h av e  b e e n  p r e s e n t  i n  th e  v a p o u r  s t u d i e d .

I t  i s  e v id e n t  from  th e  s h o r t n e s s  o f  t h e  S-0  d i s t a n c e
o 95

o b t a i n e d  f o r  SO^ ( s i n g l e  b o n d  v a lu e  1 .6 9  A ) t h a t  t h i s

b o n d  i n v o l v e s  a  c o n s i d e r a b l e  amount o f  d o u b le  b o n d

c h a r a c t e r .  T h is  h a s  b e e n  c o n f i rm e d  by  m o le c u l a r  o r b i t a l
111A

c a l c u l a t i o n s  c a r r i e d  o u t  i n  1950 by  M o f f i t t  , who 

c o n c lu d e d  t h a t  th e  s u lp h u r  d o r b i t a l s  a r e  i n v o lv e d  to  

a  c o n s i d e r a b l e  e x t e n t  i n  T? b o n d in g  t o  oxyg en . M o f f i t t  

p r e d i c t e d  t h a t  th e  bon d  o r d e r  o f  t h e  S-0 b o n d  i n  SO^ 

s h o u ld  b e  g r e a t e r  t h a n  t h a t  o f  th e  c o r r e s p o n d in g  b o n d  

i n  SOg. , a c o n c l u s i o n  w hich  i s  c o n f i rm e d  b y  th e  p r e s e n t  

w ork .
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TABLE H k l  

A summary o f  e x p e r i m e n t a l  d e t a i l s  

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

j e t  t o  p l a t e  
d i s t a n c e - 50 cm 25 cm —

w aveleng th*
(A)

e .  s .  a .

0 .0 5 1 1 8 3

0 .00 001 5

0 .05 118 3

0 .0 00 015

sam ple  
t e m p e r a tu r e  
(°K  ) 268 268

n o z z l e  
t e m p e r a tu r e  
( 5K ) 353 353

gas
te m p e r a tu r e  
assum ed 
(°K ) 310* 310

number o f
p l a t e s
u s e d h 5

q u a l i t y good v e ry
l i g h t

number -of 
t r a c e s  
m easu red  
(AMDM) 8 10
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TABLE 1U.2

8 0 -r intensity data as combined uphill curves
D

range ( 1 ) : s  = 2 . b 0  h y  0 . 0 5  t o  1 7 . 8 5 l

1 . 6 1 3 : 0 +  4 ; 1 0 6 6 8 : 0 4-4: 1 , 7 2 2 d 4*4: 1 . ? 7 2 ’o 4-4; 1 . 8 1 9 : o 4-4;
1 * 8 64-0 + 4 ; 1 * 9 1 1 D 4-4: 1 - 9 6 5 a 4-4: 2 , 0 2 7 ’: 4-4; 2  «0 8 4 :o 4-4;
2  « 1 4 7  :o + 4 : 2 *2 1 5 d 4-4: 2 *2 8 6 d 4-4; 2 . 3 5 3 b 4-4: 2 . 4 1 8 a 4*4:. y
2  . 4 8 9 a 4-4; 2  * 8 5 5 d 4-4: 2  5 6 Q6 d 4-4; 2 . 6 0  3  io 4-4: 2 . 7 1 7 : o 4-d;

2 . 7 ^ 1 0 + 4 : 2 . 8 6 2 a 4-4; 2 . 9 3 6 d 4-4; 3 . 0 1 4 b 4-4; 3 . 0 9 3 : 0 4-4;
3 . 1 7 3 i o + 4 ; 3 . 2 5 5 m 4-4: 8 * 3 4 0 a 4-4; 3 . 4 2 3 b + 4 :y 3 . 5 1 5 : 0 4-4:
3 . 6 l 2 n + 4 * 3 . 7 1  3:o 4-4: 3 . 8 2 0 a 4-4; 3 . 9 3 4 b 4-4; 4 . 0 5 7 a t 4 ;
4  0 1 8  8 ’o + 4 : 4 . 3 1 9 io 4-4; 4 . 4 5 6 1 0 + 4 ; 4 . 5 9 5 b 4-4: 4 e7 3 9 : o 4-4;
4 PQ 0 b n + 4 : 5 « 0 7 1  :o + 4 : 5 . 2 4 3 : 3 4-4: 5 . 4 1 2 b 4-4: 5 0 5 8 6 d 4-4;
8 c 7 7 0 : o + 4 ; 5 , 9 7 4 d 4-4; 6 . 1 8 6 1 0 4-4: 6 . 3 8 9 b 4*4; 6 . 8 8 9 a 4-4;
6 «7 9 8 i o + 4 : 7  * 0 0 3 1 0 4-4: 7 . 2 1 0 a 4-4: v , 4 0 6 b 4-4: 7 * 5 8 7 1 0 4-4:
7 * 7 5 7 d + 4 : 7  * 9 2 6 1 0 4-4: 8 . 0 8 3 m 4-4: 8 . 2 3 4 b -f-4; 8 . 3 6 5 1 0 4-4;
8  0 4 7 110 + 4 : 8 . 5 6 o 10 4-4; 8 . 6 4 7 m 4-4; 8 . 7 2 8 b 4-4; 8 . 7 8 6 a 4-4:
8 . 8 2  4 10 4*4 * 8  0 8 4 3 10 4-4; 8  *853i o 4-4; 8 . 8 5 4 b 4*4; 8 , 8 3 7 i o 4-4:

8 . 7 9 l i o 4-4: 8 . 7 2 4 d 4-4; 8 . 6 5 8 1 0 4-4; 8 . 5 8 7 b 4*4; 8 o 5 ° 3 i o 4-4;
8 . 4 0 3 d 4*4; 8 . 2 9 7 10 4-4; 8 . 1 Q 1 10 4-4: 8 . 0 7 7 b 4-4; 7 . 9 5 5 m 4-4;
7 . 8 2 8 d 4-4: 7 . 6 9 0 d 4-4; 7 . 5 5 7 m 4-4; 7 . 4 2 5 b + 4 ; 7 , 2 9 4 d + 4 :
7 . 1 5 7 m 4*4: 7 . 0 2 8 d 4-4: 6  e 9 2 5 l0 4-4: 6 . 8 3 2 b 4*4:

y 6 . 7 4 0 a -1-4:

6 . 6 5 4 a + 4 : 6 . 5 8 9 a + 4 ; 6  0 5 3 0 10 4*4; 6 . 4 6 o b 4-4; 6 . 3 9 7 10 + 4 ;
6 . 3 5 6 1 0 4-4; 6 0  3 4 1 10 + 4 ; 6 o3 3 5 io 4-4: 6 . 3 3 6 b 4-4: 6 . 3 5 2 : 0 4-4;
6 . 3 6 6 1 0 4-4: 6 . 3 9 3 i o 4-4; 6  a 4 3  510 4*4; 6 . 4 9 5 b 4-4; 6 . 55 7 io 4-4;
6 . 6 1 6 1 0 4-4; 6  o6 8 6 d 4-4: 6 * 7 5 7 io 4-4: 6 . 8 3 2 b 4-4: 6  a 9 O6 i0 4-4;
6  0 9 8  4  d 4-4: 7  0 ° 7 1 :o 4-4: 7 . 1 6 4 a + 4 : 7 . 2 4 8 b + 4 : 7 * 3 1 9 ’o 4-4;

7 . 4 0 3 d 4-4: 7  * 8 0 1 d 4-4: 7  * 5 9 7 10 4-4; 7 . 6 7 3 d 4-4: 7 . 7 4 0 a 4-4:
7 . 8 1 0 d 4-4: 7 * 8 9 6 1 0 + 4 : 7  * 9 8 1 1 0 4-4: 8 . 0 5 5 b -i-4; 8 0 1 1 6:0 4-4;
8 0 I 7 O 1 0 + 4 : 8 . 2 0 5 3 4-4: 8 0  2 6 2 d 4-4; 8 . 3 3 3 b 4-4: 8 . 3 9 8 1 0 4*4;
8 0  4 6 9 10 4-4; 8 c 5 2 7 : o 4-4; 8 . 5 6 6 10 + 4 : 8 „ 6 0 2 d + 4 ; 8 . 6 5 4 a 4-4:

8 . 7 1 7 : o 4-4: 8 . 7 6 O10 4-4: 8 e 8 2 5 :o 4-4: 8 . 9 0 1 b 4*4; 8 . 9 6 0 a 4-4:
9 , 0 0 7 : 0 4-4: 9 . 0 8 0 a 4-4; 9 . 0 9 1 10 4-4: 9 . 1 3 6 b 4-4; 9 * 2 0 1  a 4-4;
9 * 2 7 3 i o 4-4; 9 . 3 2 2 a 4-4; 9 * 3 7 5 1 0 4-4:y 9 . 4 5 2 b 4-4; 9 . 5 1 0 a 4-4;
9 - 5 5 5 1 0 4-4 ; 9 * 6 1 4 d 4-4; 9 . 6 8 6 1 0 4-4; 9 . 7 3 0 b 4-4; 9 . 7 5 0 : 0 4-4;
9 . 7 9 O10 4-4; 9 * 8 5 3 : o 4-il; * 2 9 . 9 1 0 a 4-4; 9 . 9 2 2 b 4-4; 9 . 9 2 2 : 0 4-4:
9 . 9 3 0 m 4-4; 9 . 9 6 7 i o 4-4; 9 . 9 9 9 : o 4-4: 9 . 9 9 2 b 4-4: 9 , 9 7 5 1 0 4-4;
9 . 9 5 8 i o  4-4: 9 * 9 4 5 io 4-4; 9« 91 °:o 4-4; 9 . 8 6 2 b 4-4; 9 * 8 1 5 io 4-4:
9 . 7 8 3 : o 4-4; 9  * 7 4 1 10 4-4; 9  ° 6 6 9 : 0 4-4: 9 . 5 9 8 b 4-4; 9 . 5 4 0 a +4;
9 . 4 8 8 io 4-4: 9 .  4 3 5 io +4: 9 . 3 6 2 d 4-4: 9 . 2 8 8 b 4-4: 9.212a 4-4;
9 * 1 3 8 d  + 4 ; 9 . 979d 4-4; Q . 0 4 0 a 4-4;y 8 . 9 9 2 b +4: 8 o 9 3 0 : o 4-4;
8 . 8 7 4 i o  + 4  5 8 . 8 3 8 10 4*4; 8 . 7 9 9 1 0 +4 5 8 . 7 6 4 a  4-4 ; 8 . 7 4 4 a  + 4 ;
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TABLS 1 4 . 2  ( c o n t ' d  ) ■

7 4 4 m 4-4; 80  777-m 4-43 8 0 8 7 0 m 4-4; 8 .9 0 6 1 0 4-4; 8 ,8 5 1 1 0 4-4;
7 9 2 m +4; 8081910 4-4: 8 o8 9 5 io 4-4: 8 . 9 6 4 m 4-4; 9 » ° 3 9 io 4-4;
0 9 2 io +4: 9 . 1 4 0 io +4 3 9* 185 io 4-4; 9 0 26510 4-4: 9 0 372io 4-4;
487 io +4; 9 0 9 8 0 io 4-4; 9 . 6 7 0 m 4-41 9 0 784io 4-4; 9 . 9 1 7 m +4;
004 io +5; 1 , 0 1 2 m 4*5 : 1 , 0 2  210 -L. •r -o 1 , 0 3 3 m -LC, • 1 .046io +51
09 8  io +5l 1 c 0 6 9 10 j 1 .07810 +51 1 .0 8 6 1 0 +51 1 ,094m +51
1 0 6 io +51 1 . 1 1 5 io +51 1 , 1 2 2 m 4-5 : 1 0 128m 4-9; 1 . 1 3 7 m +51
146 io 1 . 1 5 1 m ■4* 5 : 1 .1 55io +51 1 . 16 2 m +51 1 0 169m +51
174 10 +5; 1 0 177io 4-R *

j 1 .180m +51 1.184)0 +51 1 , 1 9 1 10 +51
1 94iq +5; 1 . 1 9 3 m -1-5 : 1 .1 9 3 10 -LK » ‘ -J: 1.199)0 +51 1 , 2 0 6 m +51
2 0 8 m +51 1 ,209m 4-5 : 1 , 2 0 2 v> j .c; • 1 .203)0 +51 1 ®204io +51
20610 +51 1 0 20810 +51 1 , 2 1 0 m +51 1 , 2 1 Ol0 +51 1 ,213m + 5 ;
215io +51 1 021 9 10 +51 1 .215io +5: 1 , 2 2 0 io +51 1 ,224io +51
22210 +55 1 .217io +51 1 . 2 2 0 m +51 1 ,224m +51 1 ,22610 +51
225io +51 1 , 2 2 6 iq + 5 : 1 .225io 4-5 * 1 , 2 2 6 m +51 1 , 2 2 7 io +51
228 io +51 1 .232io +51 1 ,239io 4-5: 1 . 2 4 1 10 +51 1 , 2 3 5 m +51
2 2 9 io +51 1 , 2 2 9 m +51 1 . 2 2 8 m +51 1 , 2 2 8 m + 5 : 1 , 2 3 0 m +51
232io +51 1 .232)0 4-5 ; 1 0 228io +51 1 n 228)0 4-51 1 , 2 2 6 m 4-51
225io +9: 1 . 2 2 5 ^ 4-5 : 1 . 2 2 8 m +5l 1 c 22710 +51 1 . 2 3 0 m +51
2 3 8 io +5; 1 .244io + 5 ? 1 .242m 4-5: 1 e 240 JO +51 1 , 2 4 4 m +51
2  4710 +51 1 c2 5 2 io + 5 : 1 .258)0 +51 1.265)0 +51 1 . 2 7 1 10 +51
2 7 7 m +51 1 , 2 8 2 m +51 1 , 2 9 1 m +5; 1 , 2 9 9 m +51 1- ,  303m + 5 1
31210 +51 1 , 3 2 5 m 4-5 : 1.332)0 +51 1 .336)0 +51 1 . 3 4 5 io +51
3 6 O10 +5l 1 o37°!0 4-5: 1.378)0 +51 1 0 384m +51 1 . 3 8 7 m +51

range (2): s = 7.60 By

5 , o 4 6 i o + 5 1 5 . 185m + 5 1 5 . 3 5 0 ) 0

5 o8 6 Oi0 4-R; 5 .99610 + 5 1 6 . 1 9 1 m
6 . 5 5 4 m + 5 1 6 . 6 8 3 m + 5 1 6 . 7 5 0 m
6  0 9 8 7  M + 5 : 7 .05610 + 5 1 7 . 1 0 3 m

7 . 3 3 1 m + 5 1 7 . 4 7 1 m + 5 1 7 . 5 8 3 m
7 . 8 8 0 m + 5 1 7 . 8 8 7 m + 5 : 7 . 9 4 4 m

8 . 0 8 5 m + 5 1 8 . 0 1 3 m + 5 1 8 . 0 2 0 m

7 . 7 6 7 m + 5 1 7 . 5 7 2 m + 5 1 7 0484m
7 . 0 6 0 m + 5 ; 6 .  934io 4 - 5 1 6 . 7 9 5 io

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

8 . 8 1 3 m + 5 1 8  0 9 1 7 io + 5 1 9 • 094m
9 . 28010 + 5 1 9 . 2 1 6 m 4-8; 9 . 2 3 3 ) 0

9 . 3 0 4 ) 0 +51 9 - 3 3 8 m + 5 1 9.27610

0.10 to 34.7 £

4*5 : 5 .4 9 0 m  4-5 5 . 6 7 4 b 4-5:
+51 6 , 3 0 9 m + 5 6 . 4 2 5 b + 5 }
+ 5 : 6 , 8 3 5 m + 5 6 . 9 5 2 b +51
4-9 : 7 . 1 9 9 m 4-5 7 . 2 4 5 b +51
+51 7 .63810 + 5 7 . 7 9 1 B +51
4-5: 7 . 9 9 6 m  4-5 8 , 0 6 8 m  4*5 :
+51 7 . 9 4 3 10 + 5 7 . 8 4 9 m  +51
4-5 ; 7 . 5 1 2 m +5 7 . 1 2 7 m + 6 :
+51 6 , 7 3 5 m + 5 6 . 699m 4-5:
+ 9 : 6 ,  9 0 2  m +5 7 . 0 1 3 m 4-9 ;
+51 7 . 6 9 1 M 4-9 7 . 8 8 3 m +51
4-9 ; 8 , 9 8 8 m +5 8 , 6 8 9 m 4-5:
+51 9 . 1 9 9 m +5 9 , 2 4 4 m 4-9 :
+51 9 . 2 7 5 m + 5 9 . 3 0 2 m + 5 ;
+51 9 , 2 8 3 m + 5 9,30010  +91
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TABLE llj- ,2 ( c o n c lu d e d  )

9 . 3 2 5 1 0 + 5 : 9 « 2 2 3 io 4 5 ; 9 o 1 6 2 io 4 5 3 9 o2 4 2 io 4 5 ; 9 *  4 4 7 io  4 5 3
9 • ̂  17 io 4 5 3 9 o 1 6 4 d + 5 3 9 °  1 53io 4 5 3 9 * 0 7 8 1 0 4 5 3 9 . 0 5 6 1 0 +  5 ;
9 . 0 6 4 i o 4 5 3 9 0 104io 4 5 3 9 *  0 7 7 10 4 5 3 9 . 0 0 0 1 0 + 5 3 9  • 0 6 1 1 0 4 5 3
9 . 151 io 4 5 3 9 o  175io 4 5 3 9*249-10 + 5 ; 9  0 2 7 5 1 0 + 5 3 9 »3 0 1 10 4 5 3
9 . 414 m 4 5 * 9 « 5 ^ 5 10 4 5 3 9  • 6 1710 4 5  3 9 «7 ^ 1 10 + 5 3 9 « 8 8 2 10 4 5 3
1 . 0 1 1 ,, 4 6 : 1 . 0 2 6 1 0 4 6 3 1 . 0 4 6 i o 4 6 3 1 c 0 5 9 u 4 6 3 1 0 0 7  310 4 6 :
1 . 0 9 4 r > 4 6 3 1 o 1 1 619 4 6 3 1 a 1 2  5 10 4 6 3 1 . 1  3  2  io 4 6 3 1 0 138 1 0 4 6 :
1 . 1 4 7 d 4 6 3 1 . 1 5 O10 4 6 3 1 0 1 6 110 4 6 : 1 . 1 6 7 1 0 4 6 3 1 0 1 63io 4 6 3
1 . 1 6 9 1 0 + 6 : 1 . 1 7910 4 6 3 1 . 1 9 2 i o 4 6 3 1 . 1 7 5 1 0 4 6 3 1 * 183 io 4 6 3
1 . 1 7 8 i o + 6 1 1 01?5 io 4 6 3 1 . 1 8 O10 4 6 3 1 . 1 8 1 10 4 6 3 1 . 1 8 3 i o 4 6 3
1 . 1 8 9 i o 4 6 1 1 o 1 8 5 i o 4 6 3 1 . 183 io 4 6 3 1 . 1 8 0 1 3 4 6 3 1 - 1 8 5 io 4 6 3
1 . 1 9 7 10 4 6 3 1 0 1 9 8 1 0 4 6 3 1 . 2 1 0 1 0 4 6  3 1 . 2 1 5 1 0 4 6 3 1 . 2 2 6 1 0 4 6 3
1 i 2 4 9 v ) + 6 1 1 . 2 5 8 1 0 4 6 3 1 c 2 6 5 i o 4 6 3 1 , 2 7 6 1 0 4 6 3 1 . 2 8 4 k , 4 6 3
1 . 2 8 4 ] , + 6 1 1 c 3O3l0 4 6 3 1 . 3 1 6 1 0 4 6  3 1 . 3 4 3 1 0 4 6 3 1 * 3 5 1 10 4 6 ?
1 . 3 4 7 * > 4 6 1 1 0 36510 4 6 3 1 . 3 7 5 i o 4 6 3 1 , 3 8 9 io 4 6 : 1 o 4 0 4 id 4 6 ?
1 . 4 1 7 d + 6 ; 1 *43210 4 6 3 1 . 4 4 9 i o 4 6 3 1 . 4 7 1 10 4 6 3 1 * 4 7 6 1 0 4 6 ?
1 . 4 9 0 m 4 61 1 . 5 1 4 i o  + 6 3 1 0  5 2  4 10 4 6 3 1 . 5 2 1  10 4 6 3 1 * 5 3 1 10 4 6 :
1 . 5 4 4 m 4 6 3 1 0  5 4 9 io  + 6 : 1 • 5 5 3 io 4 6 3 1 . 5 5 9 i o 4 6 3 1 . 5 5 9 i o + 6 ;
1 . 5 6 2 m + 6 } 1 . 5 8 6 1 0 4 6 : 1 * 573 io 4 6 3 1 * 5 8 5 io + 6 j 1 . 5 8 8 1 0 4 6 ;
1 . 5 8 4 n + 61 1 0 5 9 1 10 4 6 3 1 . 5 9 6 io 4 6 3 1 . 6 I O 10 46: . 1 0 6 0 9 1 0 4 6 :
1 . 6 1 8 >o + 61 1 * 6 3 5 io  + 6 ; 1 . 6 5 O10 4 6 3 1 0  664 io +  63 1 0 6 6 7 1 0  4 6 ?
1 . 6 7 9 1 0 4 6 3 1 o T W h o 4 6 3 1 « 7 2 4 io  4 6 3 1 . 7 2 6 w 4 6 3 1 . 7 3 5 1 0 4 6 3

1 . 7 5 O10 4 6 3 1 . 7 7 2 i o 4 6 3 1 . 7 8 4 1 0 4 6 3 1 . 7 9 4 i o 4 6 ? 1 . 8 0 9 1 0 4 6 3
1 . 8 2 5 1 0 4 6 3 1 0 8 4 7 10 4 6 : 1 0 8 6 O10 4 6 3 1 . 8 7 7 i o 4 6 3 1 . 8 9 5 1 0 4 6 ?
1 . 8 9 6 1 0 4 6 1 1 • 90610 4 6 3 1 . 9 1 9 i o 4 6 3 1 * 9 2 9 1 0 4 6 3 1 0 9 4 oio 4 6 3
1 . 9 4 4 b 4 6 3 1 . 9 4 9 i o 4 6 3 1 o 9 5 9 i o 4 6 3 1 * 972 io 4 6 3 1 . 9 8 1 , 0 4 6 3

1 . 9 9 3 i o 4 6 3 2 . 0 0 2 1 0 4 6 3 2  O0 1  3  io 4 6 3 2  . 0 1  610 4 6 3 2 . 0 2 9 , 0 4 6 3
2 . 0 3 4 a + 6 : 2 . 0 4 0 i o 4 6 3 2 . 0 5 1 10 4 6 3 2 . 0 5 7 : 0 4 6 3 2 . 0 5 8 1 , 4 6 3

2 . 0 6 4 i o 4 6 3 2 . 0 5 9 io 4 6 3 2 0o 6 7 io 4 6 3 2 . 0 8 2 1 0 4 6  3 2 . 0 9 4 i, 4 6 :
2 . 0 8 6 , 0 4 6 3 2 . O 9 O10 4 6 3 2  0 1 04io 4 6 3 2 o 1 0 6 i0 4 6 3 2 . 1 1 2 ,, 4 6 :
2 . 1 0 9 ,, 4 6 3 2 . 1 2 2 io 4 6 3 2 . 1 46io 4 6 : 2 . 1 7 0 i o 4 6 3 2 . 1 7 1 10 4 6 3
2 . 2 0 3 i o 4 6 3 2 « 1 8  4 10 4 6 3 2  O2 0 5 io 4 6 3 2 o 21 0 d 4 6 3 2 . 2 1 8 ] , 4 6 3

2 . 2 3 1  10 4 6 3 2  0 2 5 6 io 4 6 3 2 . 2 5 3 1 0 4 6 3 2  0 26 5 io 4 6 3 2 . 2 8 0 i, 4 6 3

2 .  3 0 5 1 0 4 6 3 2 . 3 0 7 10 4 6 3 2 . 3 2 7 1 0 4 6 3 2 . 3 4 1 10 4 6 3 2 . 3 5 5 , 0 4 6 3

2 . 3 7 1 10 + 6 3 2 . 3 7 3 10 4 6 ; 2 . 4 0 3 io 4 6 3 2 . 4 1 6 io 4 6 3 2 . 4 2 0 , , 4 6 3

2 . 444 i, + 6 3 2  0 445 io 4 6 3 2 . 4 6 2 10 4 6 3 2 . 4 7 6 io 4 6 3 2 . 4 9 5 10 4 6 3

2 . 5 1 5 1 0 + 6 3 2  0 5,22io 4 6 3 2 . 5 3 2 1 0 4 6 3 2 . 5 3 6 1 0 +6 : 2 . 563 io +6 :
2 . 5 9 5 1 0 + 6 3 2 o 606 io 4 6 : 2 . 6 1  1 10 4 6 3 2  . 6 3 O10 + 6 3 2 . 646 m 4 6 3

2 . 6 5 0 , 0 + 6 3 2 . 6 6 4 i o . 4 6 3 2  0 682 io 4  63 2 . 7 0 1 1 0 4 6 3 2 . 7 2 1 1 0 4 6 3

2 . 7 2 5 1 0 ■163 2 . 7 3 9 io 4 6 3
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TABLE 1U.3

R e s u l t s  o f  i n d i v i d u a l  d i s t a n c e  r e f i n e m e n t s

for SO*D

j e t  t o  p l a t e  
d i s t a n c e 50 cm 25 cm

r S-0 (A) 1.14158 1.14-153

O' 0 .0 0 0 8 0 .0 0 1 7

r O. .O  (A) 2.1+589 2.1+1478

O' 0 .0 0 2 8 0 .0 0 8 1

R (^ ) 1 1 .8 6 14-5.37

T̂—' 2, 
y  w ^

1 .2 3 3  
x 1011

14.976 
x 1013

R o t e s :  ( l )  u  v a l u e s  y/ere h e l d  c o n s t a n t  a t
s p e c t r o s c o p i c  v a lu e s *

( 2 )  O' * s a r e  l e a s t  s q u a r e s  e . s . d ^ s ,
( 3 )  r  v a l u e s  a r e  r  (1 )  d i s t a n c e s *o

2 8 2



TABLE l l i . k

R e s u l t s  o f  * a l l  d a t a  combined  ’ r e f i n e m e n t s

f o r  SO-,
o - l

( d a t a  l i m i t e d  t o  smax = 25 A )

p a r a m e t e r combtwo comb-
s c a l e d

r S-0
0

(A) 1.1+170 1 . 14.160

o' 0 .0 0 0 5 0 .0 0 0 5

ro..o
0

(A) 2.1+561+ 2.14551

o' 0 .0 0 2 1 0 .0 0 2 1

u S-0
0

(A) 0 .0 5 3 6 0 .0 5 1 6

O' 0 .0 0 0 9 0 .0 0 1 0

uo..o
0

(A) 0 .0 7 1 2 0 .0 6 3 6

0' 0 .0 0 2 3 0 .0 0 2 3

R(fo) 9 , 9 7 1 0 .1 9

9.051+ ^

i n 10x 10
1 .5 9 8  

x IO11

R o t e s :  ( l )  The d i s t a n c e s  a r e  r g ( l )  v a l u e s .
(2 )  The (y  1 s a r e  l e a s t  s q u a r e s  e . s . d . f s .
(3 )  The a m p l i t u d e s  h a v e  n o t  b e e n  

c o r r e c t e d  f o r  f a i l u r e  o f  t h e  Born  
a p p r o x i m a t i o n .  0_-j_

(1+) The i n t e n s i t y  d a t a  h eyon | .  s  = 25 A 
was o m i t t e d  i n  t h e s e  r e f i n e m e n t s  
"because o f  i t s  e x t r e m e l y  p o o r  q u a l i t y ,  
an d  hen ce  t h e  R f a c t o r s  a r e  l o w e r  t h a n  
n o r m a l .

2 8 3



TABLE I k .  5 

The f i n a l  s t r u c t u r a l  p a r a m e t e r s  

f o r  SO.,

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

r S -0  (A)

r g( l ) 1.U17 0 . 0 0 2

r g ( ° ) m i s 0 . 0 0 2

r e 1 .U13 0 . 0 0 2

r 0 „ . 0  (A)

r gU ) 2 . W 6 0.007

r g ( ° ) 2 . b 5 7 0.007

oso (° )
V

1 2 0 . 1 0 . 6

Us ~ 0  (A) 0 .0 1 $ 0.003

U0 . . 0  (A) 0 . 0 6 7 0.007

N o te s :  Ci) T hese  r e s u l t s  were o b t a i n e d  b y  t a k i n g
a s t r a i g h t  a v e r a g e  o f  t h e  r e s u l t s  
p r e s e n t e d  i n  t h e  two columns o f  t h e  
p r e v i o u s  t a b l e .  The O’* s were a v e r a g e d  
an d  r e p r o d u c i b i l i t i e s  c a l c u l a t e d  f rom  
them a c c o r d i n g  t o  t h e  m ethods  o f  C h a p t e r  
F o u r .

(2 )  The v a l u e  h a s  b e e n  c o r r e c t e d  f o r
f a i l u r e  o f  t h e  Born  a p p r o x i m a t i o n .

* T h i s  a n g le  c a n n o t  i n  a c t u a l  f a c t  have  a va lue)*  120° 
f o r  an  XY^ model .
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SOME GENERAL CONCLUSIONS

BASED OF THE RESULTS OF CHAPTERS 

FIFE TO FOURTEEN

1.  I n t r o d u e  t  i o n

I n  t h i s  c h a p t e r  a d i s c u s s i o n  i s  g iv e n  o f  t h e  

p r i n c i p a l  s o u r c e s  o f  e r r o r  l i k e l y  t o  have  a f f e c t e d  t h e  

a c c u r a c y  o f  t h e  r e s u l t s  p r e s e n t e d  i n  C h a p t e r s  F i n e  t o  

F o u r t e e n ,  and  t h i s  d i s c u s s i o n  i s  f o l l o w e d  h y  an 

a t t e m p t  t o  make an  e m p i r i c a l  e s t i m a t e  o f  t h e  o v e r a l l  

m a g n i tu d e s  o f  t h e s e  e r r o r s ,  hy  com par in g  c e r t a i n  o f  

t h e  R . . ,  and  a l l  o f  t h e  u .  . v a l u e s  o b t a i n e d ,  w i t h
X  J  X J

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

m e th o d s .  F i n a l l y ,  s e v e r a l  m o d i f i c a t i o n s  t o  t h e  

e x p e r i m e n t a l  and  c o m p u t a t i o n a l  p r o c e d u r e s  o f  C h a p t e r s  

T h ree  an d  F o u r  a r e  s u g g e s t e d ,  t h e s e  h e i n g  i n t e n d e d  t o  

r e d u c e  h o t h  t h e  s y s t e m a t i c  and  t h e  random e r r o r s  

i n v o l v e d .

2 .  S y s t e m a t i c  e r r o r  s o u r c e s

A s i n g l e  j e t —t o - p l a t e  d i s t a n c e  T*m( s ) c u rv e  c o n s i s t  

o f  two m a tc h in g  s e r i e s  o f  s - s c a l e  and  i n t e n s i t y  r e s u l t s  

and  i f  i t " i s  assum ed t h a t  t h e  m ethods  o f  C h a p t e r  T h ree  

an d  o f  C h a p t e r  F o u r  h ave  h e e n  employed  t o  d e t e r m i n e  t h i



f u n c t i o n ,  t h e n  e a c h  o f  t h e  two s e t s  o f  numbers  v / i l l  he  

s u b j e c t  t o  b o t h  random and s y s t e m a t i c  e r r o r s .  Of  t h e s e  

two c l a s s e s  o f  e r r o r ,  o n ly  t h e  random u n c e r t a i n t i e s  

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

F o u r ,  such  a s  p r o c e s s i n g  a l a r g e  number o f  m i c r o d e n s i t -  

o m e te r  t r a c e s ,  and  r e c o r d i n g  t h e s e  l a t t e r  f rom  s e v e r a l  

p h o t o g r a p h i c  p l a t e s .

I n  t h e  p r e s e n t  work ,  t h e  I  ( s )  i n t e n s i t i e s  o b t a i n e dST ’ mv '

were  s u b j e c t  t o  e r r o r s  o f  t h e  f i r s t  t y p e  a s  a r e s u l t  

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

r e a d i n g s ,  an d  random ly  d i s t r i b u t e d  i r r e g u l a r i t i e s  on 

t h e  p h o t o g r a p h i c  p l a t e s  s c a n n e d .  They were a l s o  l i a b l e  

t o  e r r o r s  o f  t h e  s e c o n d  ty p e  f rom  c o r r e l a t i o n  o f  

m i c r o d e n s i t o m e t e r  m ea su re m e n ts ,  and  f rom  p o s s i b l e  

s y s t e m a t i c  e r r o r s  i n  t h e  b a c k g r o u n d ,  s e c t o r  c o r r e c t i o n ,  

an d  b l a c k n e s s  c o r r e c t i o n  f u n c t i o n s  assum ed.

S i m i l a r l y ,  t h e  s - s c a l e  v a l u e s  o b t a i n e d  v/ere 

s u b j e c t  t o  e r r o r s  o f  t h e  f i r s t  t y p e  from random 

u n c e r t a i n t i e s  i n  t h e  m i c r o d e n s i t o m e t e r  s c a n  m o t i o n ,  

f fom  random e r r o r s  i n  t h e  c e n t r e s  c a l c u l a t e d  f o r  t h e  

m i c r o d e n s i t o m e t e r  t r a c e s ,  and  f rom  random e r r o r s  

i n v o l v e d  i n  c e n t e r i n g  t h e  d i f f r a c t i o n  p a t t e r n  r e l a t i v e

t o  t h e  l i g h t  beam o f  t h e  m i c r o d e n s i t o m e t e r  e ac h  t im e  

a  t r a c e  was r e c o r d e d .  The s - s c a l e  r e s u l t s  were  a l s o  

s u b j e c t  t o  u n c e r t a i n t i e s  o f  t h e  se c o n d  ty p e  from
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s y s t e m a t i c  e r r o r  i n  t h e  m i c r o d e n s i t o m e t e r  s c a n  

i n t e r v a l ,  e r r o r  i n  t h e  assumed heam w a v e l e n g th ,  and  

e r r o r  i n  t h e  assumed j e t - t o - p l a t e  d i s t a n c e .

I n  a d d i t i o n  t o  u n c e r t a i n t y  f rom t h e  above s o u r c e s ,  

t h e  R. .. and  u . . p a r a m e t e r s  o b t a i n e d  by  f i t t i n g  a s i n g l e
•L J  -L J

d i s t a n c e  ^m( s ) c u r v e  b y  e q u a t i o n  2 .U6 , were  s u b j e c t  t o  

s y s t e m a t i c  e r r o r s  f rom t h e  a p p ro x im a te  n a t u r e  o f  t h i s

t h e o r e t i c a l  i n t e n s i t y  f u n c t i o n ,  a s  i t  n e g l e c t s  ( a )  t h e  

c o s  A 7 . ‘ f a c t o r ,  (b )  sample  s i z e  and  beam w i d t h  e f f e c t s *

and  ( c )  t h e  e f f e c t s  o f  a n h a r r a o n i e i t y  o f  v i b r a t i o n ,  i . e . -
2n e g l e c t  o f  t h e  - x . ._.s t e rm  o f  e q u a t i o n  2 . 2+2 .

The above s o u r c e s  o f  s y s t e m a t i c  e r r o r  w i l l  now be  

c o n s i d e r e d  i n  t u r n .

( 1 ) E r r o r s  a r i s i n g f rom  m ic r o d e n s i t o m e t e r  m easurem ent  

I t  may b e  assumed t h a t  i n t e n s i t i e s  m ea su re d  by  

means o f  t h e  a u t o m a t i c  i n s t r u m e n t  v/ere s u b j e c t  t o  a . 

minimum amount o f  c o r r e l a t i o n  e r r o r ,  and  a l s o ,  s i n c e  

t h e  s c a n  i n t e r v a l  o f  t h i s  i n s t r u m e n t  was c h e c k e d  and 

f o u n d  t o  b e  f r e e  f rom  s y s t e m a t i c  e r r o r ,  i t  may b e

assumed t h a t  t h e  m i c r o d e n s i t o m e t e r  c o n t r i b u t i o n  t o  

s - s c a l e  s y s t e m a t i c  u n c e r t a i n t y  was n e g l i g i b l e .

T h i s  d i d  n o t  seem t o  b e  a l s o  t r u e  o f  t h e  

manual  m i c r o d e n s i t o m e t e r  m e a s u r in g  p r o c e d u r e .  The 

r e s u l t s  p r e s e n t e d  i n  C h a p t e r  Nine show, t h a t  i n  t h e  c a s  

o f  t h e  Gl^O i n v e s t i g a t i o n ,  t h e  manual  i n s t r u m e n t ,  and



t h e  t r a c i n g  and  r e a d i n g - o f f  p r o c e d u r e s  a s s o c i a t e d  with, 

i t ,  seemed t o  i n t r o d u c e  f a i r l y  l a r g e  s y s t e m a t i c  

u n c e r t a i n t i e s  i n t o  t h e  I m( s ) f u n c t i o n s  d e t e r m i n e d .

( 2 ) B ackground  e r r o r s

S in c e  t h e  b a c k g r o u n d s  a d o p t e d  i n  t h e  i n v e s t i g a t i o n s  

o f  C h a p t e r s  Nine  t o  F o u r t e e n  were  a l l  r i g o r o u s l y  

h a n d - s m o o th e d ,  i t  i s  l i k e l y  t h a t  t h e  c o r r e s p o n d i n g  ^m( s ) 

c u r v e s  o b t a i n e d  were  s u b j e c t  t o  s y s t e m a t i c  e r r o r s ,  and  

i n d e e d  d e v i a t i o n s  b e tw e e n  e x p e r im e n ta l -  an d  t h e o r e t i c a l  

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

p r e s e n t e d  i n  C h a p t e r s  Nine t o  F o u r t e e n ,  and  t h e s e  may 

i n  most  c a s e s  be  a s c r i b e d  t o  i n c o r r e c t l y  drawn 

b a c k g r o u n d  c u r v e s .  I t  Biay b e  assumed,  ho w e v e r ,  t h a t  

a l t h o u g h  t h e  a m p l i t u d e s  o f  v i b r a t i o n  were a lm o s t  

c e r t a i n l y  a f f e c t e d  by  t h e s e  e r r o r s ,  t h e  R. , d i s t a n c e s  

were u n l i k e l y  t o  have  b e e n  s u b j e c t  t o  any  r e a l  e r r o r  

f rom  t h i s  s o u r c e .

(3 )  E r r o r s  i n  t h e  s e c t o r  c o r r e c t i o n  f u n c t i o n

As. f o r  t h e  b a c k g r o u n d  e r r o r ,  t h e  a m p l i t u d e s  o f  

v i b r a t i o n  were  p r o b a b l y  t h e  o n l y  p a r a m e t e r s  a f f e c t e d  

b y  s y s t e m a t i c  e r r o r s  i n  t h i s  f u n c t i o n .

(I4.) E r r o r s  i n  t h e  b l a c k n e s s  c o r r e c t i o n  f u n c t i o n

A g a in  i t  may b e  assumed t h a t  o n l y  t h e  a m p l i t u d e s  

o f  v i b r a t i o n  were a f f e c t e d .

288



The w a v e l e n g th  y/as p r o b a b l y  s u b j e c t  t o  a random

e r r o r  o f  a b o u t  one p a r t  i n  two t h o u s a n d ,  and  i t  may be

assum ed t h a t  any a d d i t i o n a l  s y s t e m a t i c  e r r o r  i n  t h i s

q u a n t i t y  was a good d e a l  s m a l l e r .  The w a v e l e n g th  e r r o r

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

t r a n s m i t t e d  d i r e c t l y  i n t o  t h e  R. .. p a r a m e t e r s  m e a su re d .
IDcm The . j e t - t o - p l a t e  d i s t a n c e  e r r o r

The j e t ~ t o ~ p l a t e  d i s t a n c e  was s u b j e c t  t o  a random

r e l a t i v e  e r r o r  which  n a t u r a l l y  i n c r e a s e d  a s  t h e  camera  .

d i s t a n c e  d e c r e a s e d .  Even f o r  t w e n t y f i v e  c e n t i m e t r e  

d a t a ,  t h i s  e r r o r  may b e  c o n s i d e r e d  t o  h av e  b e e n  

c o n s i d e r a b l y  l e s s  t h a n  one p a r t  i n  a t h o u s a n d .  The 

j e t - t o - p l a t e  e r r o r  i s  p a r t i c u l a r l y  s e r i o u s  t o o ,  f o r  l i k e  

t h e  w a v e l e n g th  i t  a f f e c t s  t h e  R . . d i s t a n c e s  f a i r l y1 J
d i r e c t l y .  U n l i k e  t h e  w a v e le n g th  e r r o r ,  h o w e v e r ,  t h i s  

s o u r c e  o f  u n c e r t a i n t y  i s  a v e r a g e d  o u t  somewhat b y  

r e f i n i n g  d a t a  c o l l e c t e d  a t  more t h a n  one camera  d i s t a n c e  

S y s t e m a t i c  e r r o r  • a r i s i n g  f rom  e x p a n s i o n  o r  c o n t r a c t i o n ,  

o f  t h e  m e a s u r in g  r o d s  was assum ed n e g l i g i b l e .

(7 )  F a i l u r e  o f  t h e  f i r s t  Born  a p p r o x i m a t i o n

I t  was r e a l i s e d  t h a t  f o r  t h e  compounds s t u d i e d ,  

t h e  C l -O ,  01-F  and  S-0 a m p l i t u d e s  o f  v i b r a t i o n  o b t a i n e d  

b y  l e a s t  s q u a r e s  r e f i n e m e n t ,  were s u b j e c t  t o  

s y s t e m a t i c  e r r o r s  o f  b e tw e e n  t e n  and  t w e n ty  p e r c e n t



( see  r e f .  lh. f o r  d i s c u s s i o n  ) and  a f t e r  r e f i n e m e n t  

t h i s  e r r o r  was e l i m i n a t e d  a s  d e s c r i b e d  i n  C h a p t e r  E i g h t ,  

The R. . p a r a m e t e r s  c o r r e s p o n d i n g  t o  t h e s e  a m p l i t u d e sJ- J
were  n o t  s u b j e c t  t o  e r r o r  f rom  t h i s  s o u r c e ,

(8)  Sample s i  me an d  h e  am w i d t h  e f f e c t s .

I n  t h e  a b s e n c e  o f  e x p e r i m e n t a l  i n f o r m a t i o n  a b o u t  

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

beam s,  no r e l i a b l e  e s t i m a t e  o f  t h e s e  e f f e c t s  c a n  be  

made. I t  i s ,  p r o b a b l e ,  h o w ev er ,  t h a t  o n ly  t h e  

a m p l i t u d e s  o f  v i b r a t i o n  were s i g n i f i c a n t l y  a f f e c t e d ,
p

(9)  N e g l e c t  o f  t he. ~ x . , s  t e rm
1 J -

As a r e s u l t  o f  t h i s  n e g l e c t ,  e a c h  d i s t a n c e
e>

o b t a i n e d ,  s h o u l d ,  i f  x .  . i s  p o s i t i v e ,  b e  a l i t t l e  s h o r t ,i  j
b u t  c a l c u l a t i o n  showed, t h a t  f o r  most  o f  t h e  b o n d e d  

d i s t a n c e s  p r e s e n t  i n  t h e  m o le c u l e s  s t u d i e d  i n  C h a p t e r s  

N ine  t o  F o u r t e e n ,  t h e  e r r o r  i n t r o d u c e d  i n  t h i s  way 

ought  t o  have  b e e n  a good d e a l  s m a l l e r  t h a n  one p a r t  

i n  a t h o u s a n d ,  p a r t i c u l a r l y  f o r  t h e  s h o r t e s t  C l - 0  and  

S-0  b o n d  l e n g t h s  m ea su re d .

The f o l l o v / i n g  g e n e r a l  r em ark s  may b e  add ed  t o  t h e  

above comments;-

( a )  t h e  R. . r e s u l t s  o b t a i n e d  i n  p r e v i o u s  c h a p t e r s  werei  j
most  l i k e l y  t o  h a v e  b e e n  a f f e c t e d  b y  e r r o r  s o u r c e s  (5)  

and  (6)  a b o v e ,  and  t h e  a m p l i t u d e s  o f  v i b r a t i o n  by  

s o u r c e s  ( 2 ) ,  ( 3 )?  (k )  and  ( 8 ) ,  t h a t ,  i s  i f .  s y s t e m a t i c



e r r o r s  a r e  a l o n e  c o n s i d e r e d ,  an d  (b)  i n  v iew  o f  t h e  

f a c t s  ( i )  t h a t  d a t a  c o l l e c t e d  a t  s e v e r a l  j e t - t o - p l a t e  

d i s t a n c e s  were u s e d  i n  t h e  f i n a l  l e a s t  s q u a r e s  

r e f i n e m e n t s ,  and  ( i i )  t h a t  many o f  t h e  s y s t e m a t i c  

e r r o r s  d i s c u s s e d  above must  t o  some e x t e n t  c a n c e l  o u t ,  

i t  may b e  c o n c l u d e d  t h a t  t h e  p a r a m e t e r s  o b t a i n e d  b y  

a l l - d a t a - c o m b i n e d  r e f i n e m e n t s  w i l l  be  s u b j e c t  t o  

s m a l l e r  s y s t e m a t i c  u n c e r t a i n t i e s  t h a n  would  b e  e x p e c t e d  

b y  s im p ly  a d d in g  a l l  o f  t h e  s i n g l e  j e t - t o ~ p l a t e  d i s t a n c e  

s y s t e m a t i c  e r r o r s  t o g e t h e r .  I t  s h o u l d  b e  a d d e d ,  

how ever ,  t h a t  any s c a l e  f a c t o r  e r r o r s  made when
i

co m b in in g  t h e  s i n g l e  d i s t a n c e  d a t a  s e t s ,  ( w i l l  a f f e c t  

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

I t  was d e c i d e d  a t  t h e  o u t s e t  o f  t h e  work d e s c r i b e d  

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

s q u a r e s  r e f i n e m e n t  s t a n d a r d  d e v i a t i o n s  t o  each  o f  t h e  

R . . p a r a m e t e r s  o b t a i n e d ,  and  t o  combine t h i s  w i t h  a 

t o t a l  s y s t e m a t i c  e r r o r  o f  one p a r t  i n  two t h o u s a n d  

p resum ed  t o  a r i s e  m a in ly  f rom  s o u r c e s  (5 )  an d  ( 6 ) ,

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

t h e  s y s t e m a t i c  e r r o r  a p p r o p r i a t e  t o  t h e  a m p l i t u d e s  

o f  v i b r a t i o n  i t  was d e c i d e d  t o  q u o te  a t h r e e  s t a n d a r d  

d e v i a t i o n s  e r r o r  a l o n e .

I n  t h e  above d i s c u s s i o n  a number o f  a s s u m p t i o n s  

h av e  b e e n  made a b o u t  e r r o r  s i z e s , ,  and  i n  t h e  s e c t i o n



which f o l l o w s , an  a t t e m p t  i s  made t o  j u s t i f y  o r  t o

c o n t r a d i c t  t h e s e  a s s u m p t i o n s ,  b y  t h e  e m p i r i c a l  a p p ro a c h

o f  c o m p ar in g  c e r t a i n  o f  t h e  R. . and  u .  . p a r a m e t e r s  l i s t e dID ID
i n  C h a p t e r s  Nine  t o  F o u r t e e n  w i t h  c o r r e s p o n d i n g  r e s u l t s  

o b t a i n e d  by  o t h e r  p h y s i c a l  m ethods  such a s  microwave  

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

5 .  The s u c c e s s  o f  t h e  p r o c e d u r e s  f o l l o w e d . i n  C h a p t e r s  _ 

N in e t o  F o u r t e e n

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

i n  C h a p t e r  F o u r  i s  j u d g e d  i n  t e r m s  o f  t h e  R f a c t o r s  

( r e s i d u a l s  ) a t t a i n e d  i n  c a r r y i n g  o u t  s i n g l e  d i s t a n c e  

l e a s t  s q u a r e s  r e f i n e m e n t s ,  t h e n  t h e  summary o f  such  

r e f i n e m e n t s ,  g i v e n  i n  t a b l e  15*1? e n a b l e s  t h e  

f o l l o w i n g  g e n e r a l  r e m a rk s  t o  b e  made.

(1 )  I t  becomes i n c r e a s i n g l y  d i f f i c u l t  t o  a v e r a g e  o u t  

random e r r o r s  a s  t h e  j e t - t o - p l a t e  d i s t a n c e  d e c r e a s e s ,  

p a r t i c u l a r l y  v/hen t h e  a u t o m a t i c  m i c r o d e n s i t o m e t e r

i s  u s e d  ( Note :  a l l  o f 1 t h e  r e s u l t s  o f  t a b l e  1 5 .1  were

o b t a i n e d  from  a u t o m a t i c a l l y  c o l l e c t e d  d a t a ,  ) .

(2 )  U n d e rex p osed  p h o t o g r a p h i c  p l a t e s  l e a d ,  a s  m ig h t  be  

e x p e c t e d ,  t o  h i g h  r e s i d u a l s ,  and  s h o u l d  b e  o m i t t e d  

f rom s t u d i e s  w h e r e v e r  p o s s i b l e .

(3)  The s u c c e s s  o f  u s i n g  a s  many p l a t e s  a s  p o s s i b l e  

f o r  any one j e t - t o - p l a t e  d i s t a n c e  i s  i n d i c a t e d .

(Il) I t  i s  c l e a r l y  more i m p o r t a n t  t o  a v e r a g e  s e v e r a l

292



t r a c e s  r e c o r d e d  f rom  s e v e r a l  p l a t e s  t h a n  t o  a v e r a g e  

a s i m i l a r  number o f  t r a c e s  r e c o r d e d  from a s i n g l e  p l a t e .

I t  s h o u l d ,  h o w e v e r ,  h e  commented t h a t  t h e  v e r y  

h i g h  Cl^O t w e n t y f i v e  c e n t i m e t r e  r e s i d u a l  i s  n o t  e n t i r e l y  

c o n s i s t e n t  v / i th  t h e  above c o n c l u s i o n s ,  a s  f o u r  t r a c e s  

were a v e r a g e d  f rom f o u r  good q u a l i t y  p l a t e s ,  and  a 

somewhat l o w e r  R f a c t o r  s h o u l d  have  h e e n  a c h i e v e d .  I t

seems l i h e l y  t h a t  t h e  s m a l l  number o f  t r a c e s  t a k e n ,  

t o g e t h e r  v / i th  a p o o r  c h o i c e  o f  o p t i c a l  wedge were  ,t h e  

c a u s e s  o f  t h i s  h a d  r e s u l t ,  and  i f  t h i s  e x p l a n a t i o n  i s  

c o r r e c t ,  an  a d d i t i o n a l  c o n c l u s i o n  may h e  w r i t t e n  a s ,
I

(5 )  C are  s h o u l d  h e  o b s e r v e d  when c h o o s i n g  an  o p t i c a l  

wedge b e f o r e  t r a c e  r e c o r d i n g .

T u r n in g  now t o  w a v e le n g th  e r r o r s ,  t a b l e  15*2

c o l l e c t s  t o g e t h e r  a s e r i e s  o f  wavelength m ea su rem en ts

made f o r  t h e  p u r p o s e s  o f  t h e  s i x  i n v e s t i g a t i o n s . d e s c r i b e d

i n  t h i s  t h e s i s *  As t h e s e  i n v e s t i g a t i o n s  o c c u p i e d  a b o u t

one y e a r ,  i t  i s  e v i d e n t  f rom  t h i s  t a b l e ,  t h a t  t h e

wavelength ,  d r i f t  i s  s m a l l ,  and  o c c u r s  f a i r l y  s l o w l y .

I t  seems l i k e l y  f rom  t h e  f i g u r e s  q u o t e d ,  t h a t  t h e

random e r r o r  a t t r i b u t a b l e  t o  any one m easurement  i s  i n

t h e  o r d e r  o f  one p a r t  i n  two t h o u s a n d ,  and  a l t h o u g h

s y s t e m a t i c  e r r o r  i n  t h i s  q u a n t i t y ,  a r i s i n g  f rom  an

i n c o r r e c t  T1C1 l a t t i c e  p a r a m e t e r  c a n n o t  be  c o m p l e t e l y
58

e x c l u d e d ,  p u b l i s h e d  r e s u l t s  f o r  t h i s  compound . seem
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t o  sugges t ,  t h a t  i t s  l a t t i c e  s p a c i n g  i s  v e r y  a c c u r a t e l y  

d e te rm ined *

The g e n e r a l  c o n s i s t e n c y  o f  t h e  r e s u l t s  l i s t e d

i n  t h e  columns- o f  t h e  s i n g l e  dis t a n c e  r e f i n e m e n t  t a b l e s  

o f  C h a p t e r s  Nine  t o  F o u r t e e n ,  s u g g e s t s  t h a t  random 

e r r o r s  i n  t h e  j e t - t o - p l a t e  d i s t a n c e s  were s a t i s f a c t o r i l y  

sm all*

Y/hen a t t e m p t i n g  t o  a s s e s s  t h e  r e l a t i v e  e r r o r s

a p p r o p r i a t e  t o  t h e  b e s t  d e t e r m i n e d  b o n d  l e n g t h s  o f

C h a p t e r s  Nine  t o  F o u r t e e n ,  i t  i s  u n f o r t u n a t e  t h a t  o n ly

i n  t h e  c a s e  o f  t h e  SO^ i n v e s t i g a t i o n  i s  i t  p o s s i b l e  t o

compare a n  e l e c t r o n  d i f f r a c t i o n  bond, l e n g t h  ( t h e  r  . * . e
S-0 d i s t a n c e :  see  C h a p te r  T h i r t e e n ' )  w i t h  an a c c u r a t e ,  

an d  e x a c t l y  e q u i v a l e n t  microwave r e s u l t *  S i m i l a r  

c o m p a r i s o n s  made i n  o t h e r  c h a p t e r s  ( f o r  an d  CIO

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

e q u i v a l e n c e  o f  t h e  d i s t a n c e s  i n v o l v e d ,  e .g*  an r  ( i )
o

p a r a m e t e r - h a s  b e e n  compared  w i t h  an  r e s u l t  e t c . ,  and  

i n  v ie w  o f  t h e  u n c e r t a i n t y  i n v o l v e d ,  t h e  o n l y  m e a n in g f u l  

g e n e r a l  c o n c l u s i o n  which  c a n  b e  reached,  f rom  t h e  

p r e v i o u s  s i x  c h a p t e r s  i s  t h a t  t h e  e r r o r  a p p r o p r i a t e  t o  

a w e l l  d e t e r m i n e d  bond  l e n g t h  m e a su re d  b y  t h e  t e c h n i q u e  

o f  C h a p t e r s  T h ree  and. F o u r ,  does  n o t  seem t o  b e  g r e a t e r  

t h a n  one p a r t  i n  f o u r  thousand*  I n  t h e  c a s e  where  a 

d e f i n i t e  c o m p a r iso n  i s  p o s s i b l e  ( i*e*  f o r  SO p. ) t h e
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d i f f e r e n c e  b e tw e e n  t h e  r  S~0 d i s t a n c e s  m easu re d  .by 

t h e  p r e s e n t  work and  b y  microwave s p e c t r o s c o p y ,  i s  i n  

f a c t  a b o u t  t h r e e  p a r t s  i n  a . t h o u s a n d ,  a n d  s i n c e  t h e  

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

two p a r t s  i n  a t h o u s a n d  ( s e e  C h a p t e r  T h i r t e e n  ) t h e  

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

a s  a n  i n d i c a t i o n  t h a t  t h e  s y s t e m a t i c  e r r o r  e s t i m a t e  o f  

t h e  p r e v i o u s  s e c t i o n  i s  a good d e a l  to o  s m a l l .  I t  i s  

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

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

s p e c i a l  c i r c u m s t a n c e s  o f  t h e  30^ i n v e s t i g a t i o n  d i s c u s s e d  

i n  C h a p t e r  T h i r t e e n .

I f  t h e  30^ r e s u l t s  a r e  i g n o r e d  ( see  C h a p t e r  

F o u r t e e n  ) t h e n  t h e  a g re em e n t  b e tw e e n  t h e  e l e c t r o n  

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

s h o r n  i n  t a b l e  15*3 C composed o f  d a t a  t a k e n  f rom  

C h a p t e r s  S i x  t o  F o u r t e e n  ) i s  v e r y  good b y  n o rm a l  

e l e c t r o n  d i f f r a c t i o n  s t a n d a r d s .  I t  a p p e a r s ,  ho w e v e r ,  

t h a t  even  a w e l l - d e t e r m i n e d  a m p l i t u d e  i s  s u b j e c t  t o  an 

e r r o r  o f  a t  l e a s t  t h r e e  p e r c e n t ,  and  such  a c c u r a c y  i s  

n o t  r e a l l y  good  enough t o  e n a b l e  m o l e c u l a r  f o r c e  f i e l d s  

t o  b e  a c c u r a t e l y  d e t e r m i n e d .  The r e s u l t s  o b t a i n e d  

do,  h o w e v e r ,  c o n f i r m  e a r l i e r  a s s u m p t io n s  t h a t  t h e  

b a c k g r o u n d ,  s e c t o r  c o r r e c t i o n ,  b l a c k n e s s  c o r r e c t i o n  

and  sample  s i z e  e r r o r s  a r e  n o t  u n u s u a l l y  l a r g e .
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b .  S u g g e s t i o n s  f o r  f u r t h e r  Improvement

As a r e s u l t  o f  t h e  p r e v i o u s  d i s c u s s i o n s ,  t h e  

f o l l o w i n g  s u g g e s t i o n s  may "be p u t  f o r w a r d  f o r  r e d u c i n g  

t h e  random and s y s t e m a t i c  e r r o r s  l i k e l y  t o  a f f e c t  

p a r a m e t e r s  d e t e r m i n e d  by  t h e  m ethods  o f  C h a p t e r s  T h ree  

an d  F o u r .

(1 )  Measurement  o f  t h e  w a v e le n g th  by  means o f  a t  l e a s t  

two d i f f e r e n t s o l i d  sample  s u b s t a n c e s  i n  o r d e r  t o  

i n v e s t i g a t e  and  r e d u c e  s y s t e m a t i c  e r r o r  i n  ^  ,

(2 )  C o l l e c t i o n  o f  t w e n t y f i v e  and  e l e v e n  c e n t i m e t r e  

p l a t e s  i n  b a t c h e s  o f  two,  e ac h  b a t c h  b e i n g  o b t a i n e d  by
1

a s e p a r a t e  e x p e r im e n t  i n v o l v i n g  a s e p a r a t e  c a l i b r a t i o n  

o f  t h e  j e t - t o - p l a t e  d i s t a n c e .

( 3 ) A d o p t io n  o f  a more s t r i n g e n t  a v e r a g i n g  p r o c e d u r e  

f o r  t w e n t y f i v e  and  e l e v e n  c e n t i m e t r e  d a t a ,  i n  v/hich a t  

l e a s t  two t r a c e s  a r e  t a k e n  from  each, o f  a minimum o f  

s i x  p l a t e s .

Improvement  o f  e q u a t i o n  2.1+6 b y  i n c l u d i n g  t h e  B o m  

f a i l u r e  c o s i n e  t e r m ,  and  t h e  a n h a r m o n i c i t y  c o n s t a n t  x .  . .
J- J

(5 )  I n . c a s e s  where ex t re m e  a c c u r a c y  i s  r e q u i r e d ,  an  

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

p h o t o g r a p h i c  p l a t e s  we r e  o b t a i n e d .  Thus two s e p a r a t e  

u p h i l l  and  b a c k g r o u n d  c u r v e s  would  b e  o b t a i n e d  f o r  e ach  

camera  d i s t a n c e ,  and  f i n a l  a l l - d a t a - c o m b i n e d  l e a s t  

s q u a r e s  r e s u l t s  c o u l d  b e  a v e r a g e d .

(6 )  R e g u l a r  c h e c k i n g  o f  t h e  s e c t o r  and  b l a c k n e s s  

c o r r e c t i o n  f u n c t i o n s  i s  o b v i o u s l y  d e s i r a b l e .
2 9 6



o i 2o HClO^ p g i o 3 o io 2 S02 SO*

d i s t a n c e
cm 100 100 100 100 * » m

number
o f

p l a t e s b b 14- 6

q u a l i t y good good good
t o
d a rk

•.good mm **•

number
o f

t r a c e s b b b 6 1 — —

R(fo) k . 6 3 7 . 7 7 3 .1 2 b . b b

d i s t a n c e  
. cm 50 50 50 50 50 50

number
o f

p l a t e s 14- b h 6 14- b

q u a l i t y good good good good gOOd good

number
o f

t r a c e s  • k Ur b 6 8 8

R(fo) 1 2 .9 1 7 . 5 5 5 . 6 9 8 . 6 3 1 2 .6 3 1 1 .8 6

c o n t i n u e d  on n e x t  p a g e .



TABLE 1 5 ,1

( c o n t i n u e d  )

g i 2o HClO^ f g i o 3 c i o 2 s o 2 s o 3

d i s t a n c e
era 25 25 25 25 25 25

number
o f

p l a t e s k 1 6 2 5 5

q u a l i t y good v e r y
l i g h t

good good
t o

l i g h t

l i g h t v e r y
l i g h t

number
o f

t r a c e s 4 8 6 10 10 10

n(%) 4 1 .7 2 3 4 .7 16 ,5 9 37 .58 1 9 .3 7

----------  .

4 5 . 3 7

TABLE 1 5 ,2

i n v e s t i g a t i o n v/ave l e n g t h e . s . d .

C120

HCXOk

FC10,
. J

C102 

SO2 , S03

0
0 ,051162  A 

0
0 ,0 5 1 1 9 0  A 

0
0,0512.05 A 

0
0 .0 5 11 7 2  A 

0
0 .0 5 11 8 3  A

0 .000015

0 .000022

0 .000020

0 .000020

0 .000015
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TABL3 1 5 . 5

m o le c u le
a n d
d i s t a n c e

e .  d.  u  
v a l u e

t f )

e r r o r
l i m i t

s p e c ,  u  
v a lu e  

(A)

e r r o r
l i m i t

2 i ?o

C l - 0 0 .0 5 2 O.OOij. 0 .0 5 1 0 .0 0 1

C l . . C l 0 .0 6 3 0 .0 0 6 0 .0 6 8 0 .0 0 2

HC10,

C1-0H 0 .0 6 2 0 .0 1 3 0 .0 4 6 0 . 0 0 4

Cl-Op 0 .0 3 6 o.oou 0 .0 3 6 0 .0 0 2

Op..Op 0 .0 7 7 O.Oli-8 0 .0 5 4 0 .0 0 3

O d • o 0 . 0 6 5 0 .0 2 2 . 0 .0 6 4 0 .0 0 4

FC103

C l-F 0 . 042 0 .0 0 5 0 .0 4 3 0 .0 0 3

Cl-Op 0 .0 3 5 0 .0 0 2 O.036 0 .0 0 2I
Op..Op 0 .0 5 1 0 .0 0 8 0 .0 5 3 0 .0 0 3

0p . . F 0 .0 6 6 0 .0 0 8 0 .0 6 1 0 . 0 0 k

C102

C l - 0 0 .0 3 5 0 .0 0 3 0 .0 3 9 0 .0 0 1

0 . . 0 0 .0 6 1 0 .0 2 1 0 .0 6 3 0 .0 0 2

— 2 .
S-0 0 .0 3 5 0 .0 0 3 0 .0 3 5 0 .0 0 1

0••0

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

30*— 3

S-? 0 .0 4 8 0 .0 0 3 0 .0 3 5 0 .0 0 1

0t.•0

0 .0 6 7 0 .0 0 7 0 .0 5 4 0 .0 0 2
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CHAPTER SITRRRII 

FORGB CONSTANT -  BOND LENGTH AND

FOR THB CHLORINE -  OXYGEN BOND

1 .  I n t r o d u c t i o n

I n  t h i s  c h a p t e r  a r e v i s i o n  i s  made o f  c e r t a i n  f o r c e

c o n s t a n t  « 'bond l e n g t h ,  f o r c e  c o n s t a n t  -  h o n d  o r d e r  add

"bond l e n g t h  — "bond o r d e r  r e l a t i o n s h i p s  o r i g i n a l l y  s t a t e d
75

f o r  t h e  C l - 0  Bonded d i s t a n c e  "by R o b in so n  i n  19&3.

Such a r e v i s i o n  seems w o r t h w h i l e  n o t  o n l y  i n  v ie w  o f  

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

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

p a p e r s  on 0 1 -0  c o n t a i n i n g  compounds,  p a r t i c u l a r l y  

r e f e r e n c e  82 on  t h e  i n f r a r e d ,  sp e c t ru m  o f  d i c h l o r i n e  

m onoxide ,

2 •_Th e  f o r c e  c o n s t a n t  -  b on d  l e n g t h  r e l a t i o n

The p ro b lem  o f  r e l a t i n g  f o r c e  c o n s t a n t  t o  b o n d
113

l e n g t h  i s  a  f a i r l y  o l d  o ne .  I n  193^4- B a d g e r  proposed .
-T

t h e  r e l a t i o n s h i p  k  = A /(R  ~B) f o r  d i a t o m i c  m o l e c u l e s ,

where  k  i s  t h e  s t r e t c h i n g  f o r c e  c o n s t a n t ,  and  R^ i s  t h e

e q u i l i b r i u m  i n t e m u c l e a r  d i s t a n c e .  I n  t h e  same y e a r  
I l k

C l a r k  s u g g e s t e d  an  a l t e r n a t i v e  r e l a t i o n  f o r  d i a t o m i c s  

t h i s  b e i n g  k = C /R ^# I n  t h e s e  two e x p r e s s i o n s  A, B
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and  0 a r e  c o n s t a n t s  which  depend  on t h e  n a t u r e  o f  t h e

atom p a i r  f o r m i n g  t h e  m o l e c u l e ,  C l a r k * s  e q u a t i o n  h a s

i n  f a c t  h e e n  a p p l i e d  w i t h  some s u c c e s s  t o  l i n k a g e s

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

c o n n e c t i o n  w i t h  t h i s  l a t t e r  a p p l i c a t i o n  L i n n e t t  h a s  
115

p r o p o s e d  t h e  m o d i f i e d  v e r s i o n  o f  t h i s  f u n c t i o n ,  
n

k  = C/R where  n  i s  a c o n s t a n t  which  a l s o  d e o en d s  on e _
t h e  n a t u r e  o f  t h e  atom p a i r  f o r m in g  t h e  b o n d  c o n c e r n e d .

I n  t h e  p r e s e n t  work ,  an  a t t e m p t  was made t o  a p p ly  

t h e  l a s t  o f  t h e  above e q u a t i o n s  t o  t h e  c a s e  o f  t h e  C l -0  

b o n d e d  d i s t a n c e ,  b y  p l o t t i n g  l o g ^ o ^ d - O '  a g a i n s t  lo g q o ^g q  q 

f o r  f o u r  key  m o l e c u l e s .  C l e a r l y , . i f  L i n n e t t 1s  f u n c t i o n  

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

o f  g r a d i e n t  ( - n )  and  i n t e r c e p t  l o g 1QC. C o n s i d e r a b l e  

c a r e  was t a k e n  i n  d e c i d i n g  which  m o l e c u l e s  t o  s e l e c t  

f o r  t h e  p u r p o s e s  o f  making  t h i s  p l o t ,  b u t  t h e  f i n a l  

c h o i c e  was b a s e d  on  t h e  f o l l o w i n g  r e q u i r e m e n t s ,

( a )  t h e  m o le c u l e s  c o n s i d e r e d  were  r e q u i r e d  t o  h a v e
o

C l - 0  b o n d  l e n g t h s  a c c u r a t e  t o  a t  l e a s t  0 , 0 1  A, a n d

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

b e t t e r  t h a n , t e n  p e r c e n t ,  a n d  t h e  C l -0  b o n d  l e n g t h s

s e l e c t e d  were r e q u i r e d  t o  b e  d i s t r i b u t e d  a t  a p p r o x i m a t e l y

e q u a l  i n t e r v a l s  a c r o s s  t h e  d i s t a n c e  r a n g e  o f  l . U  t o  1 , 7  
o
A c o n s i d e r e d .  I n  v i e w  o f  c o n d i t i o n  ( a )  i t  i s  h a r d l y  

s u r p r i s i n g  t h a t  o n l y  s m a l l  m o l e c u l e s  w e r e ^ i n c l u d e d  i n
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t h e  f i n a l  s e t  o f  f o u r  c h o s e n .  T h i s  k e y  s e t  o f  C l -0  

c o n t a i n i n g  sy s te m s  i s  l i s t e d  i n  t a b l e  1 6 . 1 , t o g e t h e r  

w i t h  c o r r e s p o n d i n g  assumed b o n d  l e n g t h s  and  f o r c e  

c o n s t a n t s .

F o r  FC K U , t h e  Cl-Op b o n d  l e n g t h  i s  an  r  ( i )  v a l u e  3 &
s e l e c t e d  f rom  t h e  r e s u l t s  p r e s e n t e d  i n  C h a p t e r  E l e v e n ,  

a n d  t h e  f o r c e  c o n s t a n t  a s s i g n e d  t o  i t  was t a k e n  f rom  

C h a p t e r  S i x ,  The b o n d  l e n g t h  assum ed f o r  OlO^ i s  t h e  

r  r e s u l t  g i v e n  i n  C h a p t e r  Tw elve ,  an d  t h e  C l -0  

s t r e t c h i n g  f o r c e  c o n s t a n t  a d o p te d  was t a k e n  f rom

r e f e r e n c e  83 .  I n  t h e  c a s e  o f  t h e  CIO r a d i c a l  t h e
■ !

i n t e m u c l e a r  d i s t a n c e  q u o t e d  i s  an  r  v a l u e  o b t a i n e d
0 123

f ro m  an  e l e c t r o n  s p i n  r e s o n a n c e  s t u d y  b y  C a r r i n g t o n  e t  a l . ,

a n d  d i f f e r s  c o n s i d e r a b l y  f rom  t h e  e a r l i e r ,  and.
o

a p p a r e n t l y  e r r o n e o u s  r e s u l t  o f  1 . 5 ^ 6  A g i v e n  b y  D u r i e  
117 *

a n d  Ramsay , a s  a  r e s u l t  o f  an  u l t r a v i o l e t  s t u d y .

The CIO s t r e t c h i n g  f o r c e  c o n s t a n t  assumed i n  t a b l e  1 6 .1

was c a l c u l a t e d  f rom  a  m easurement  o f  t h e  f u n d a m e n t a l

f r e q u e n c y  o f  v i b r a t i o n  o f  t h e  r a d i c a l  p u b l i s h e d  b y  
'116

P o r t e r .  F o r  d i c h l o r i n e  m onoxide ,  t h e  b o n d  l e n g t h

a d o p t e d  was c a l c u l a t e d  b y  a v e r a g i n g  t h e  r  r e s u l tv?
o b t a i n e d  i n  C h a p t e r  N ine  w i t h  t h e  microwave r g v a l u e  o f  

r e f e r e n c e  93 .  The C l - 0  s t r e t c h i n g  f o r c e  c o n s t a n t  was 

t a k e n  f ro m  r e f e r e n c e  82 ,  I t  s h o u l d  b e  n o t e d  t h a t  a l l  

o f  t h e  e r r o r  l i m i t s  q u o t e d  i n  t a b l e  1 6 . 1  were  a s s i g n e d
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by  t h e  p r e s e n t  w r i t e r ,  and  some o f  them a r e  s u b j e c t i v e ,  

n o t  b e i n g  b a s e d  on s y s t e m a t i c  c a l c u l a t i o n .

A p l o t  o f  a g a i n s t  i s  shown i n  f i g u r e

1 6 . 1 , and  i n  t h i s  d iag ra m  t h e  f o u r  p o i n t s  o b t a i n e d  l i e  

c l o s e  t o  a smooth c u r v e .  A c o r r e s p o n d i n g  g ra p h  o f  

log^Qk^-^Q a g a i n s t  l ° S q o RCl~0 -̂n P i g n r e

1 6 . 2 , and  t h e  p o i n t s  i n d i c a t e d  i n  t h i s  f i g u r e  confo rm  

r e a s o n a b l y  w e l l  t o  t h e  s t r a i g h t  l i n e  r e l a t i o n s h i p  

p r e d i c t e d  b y  C l a r k  and  L i n n e t t ,  The amount o f  l i n e a r i t y  

a c h i e v e d  i s  i n  f a c t  s u r p r i s i n g l y  good  when i t  i s  r e c a l l e d  

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

c o n s t a n t s  have  t o  t a k e  i n t o  a c c o u n t  t h e  f o r c e  r e q u i r e d

t o  a l t e r  no n -b o n d ed  d i s t a n c e s ,  a s  w e l l  a s  t o  s t r e t c h

t h e  v a l e n c e  bon d s  p r i n c i p a l l y  c o n c e r n e d .  The s u c c e s s

a t t a i n e d  i n  f i g u r e  1 6 .2  p r o b a b l y  i n d i c a t e s  t h a t  t h e

c o n t r i b u t i o n s  f rom  no n -b o n d ed  i n t e r a c t i o n s  a r e  s m a l l ,

f o r  t h e  m o le c u l e s  c o n s i d e r e d  i n  t h e  p r e s e n t  work .

A s t r a i g h t  l i n e  was f i t t e d  t o  t h e  f o u r  p o i n t s  p l o t t e d

i n  f i g u r e  1 6 , 2 , by  means o f  t h e  l e a s t  s q u a r e s  a p p r o a c h ,

an d  t h e  e q u a t i o n  o b t a i n e d  w as ,

l O  8-J^Q^Q •  ^ 3 }  1 * 8 9  ,  .  l 6 . 1 .

75The c o r r e s p o n d i n g  l i n e a r  f u n c t i o n  g i v e n  b y  R o b in so n  

i s  a l s o  p r e s e n t e d  g r a p h i c a l l y  i n  f i g u r e  1 6 .2  ( b r o k e n  

l i n e ,  an d  may be  s e e n  t o  d e v i a t e  c o n s i d e r a b l y  f ro m  

e q u a t i o n  1 6 .1  a b o v e .



E q u a t i o n  1 6 , 1  was. u s e d  t o  c a l c u l a t e  "bond l e n g t h s

f o r  t h e  i o n s  010“ , 010“  and  ClOj^ u s i n g  f o r c e

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

f o r c e  c o n s t a n t  r e s u l t s  c o l l e c t e d  f o r  t h e s e  s p e c i e s  
75

b y  R o b in s o n ,  and  s e t  o u t  i n  T a b l e  1 o f  h i s  p a p e r .  No 

o b s e r v e d  i n lb e r n u c l e a r  d i s t a n c e  seems t o  b e  a v a i l a b l e  

f o r  t h e  010“  i o n ,  b u t  t h e  b o n d  l e n g t h s  c a l c u l a t e d  f o r  

t h e  o t h e r  sy s te m s  ( s e e  t a b l e  1 6 ,2  ) a r e  i n  good 

a g re em e n t  w i t h  o b s e r v e d  r e s u l t s  t a k e n  f rom  r e f e r e n c e  

9 5 .  A b o n d  l e n g t h  c a l c u l a t e d  f o r  H001 u s i n g  an  

a v e r a g e  f o r c e  c o n s t a n t  e s t i m a t e d  f rom  r e s u l t s  p r e s e n t e d  

i n  r e f e r e n c e s  80 an d  81A, i s  a l s o  g i v e n  i n  t a b l e  1 6 , 2 ,  

b u t  d o e s  n o t  a g r e e  a t  a l l  well ,  w i t h  an  o b s e r v e d  v a l u e
1 2 k

o b t a i n e d  b y  Ashby,  a s  a  r e s u l t  o f  a h i g h  r e s o l u t i o n

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

t h e  0-H s t r e t c h i n g  f r e q u e n c y .  T h i s  l a c k  o f  a g re em e n t

s t r o n g l y  s u g g e s t s  t h a t  t h e  C l - 0  s t r e t c h i n g  f o r c e
80

c o n s t a n t  o b t a i n e d  by  H edberg  a n d  B a d g e r  , and  a l s o  by
8lA o

Schwager  a n d  A r k e l l  , o f  v e r y  n e a r l y  3 ,9  md/A , i s

t o o  h i g h ,  and  i s  p re s u m a b ly  b a s e d  on  a  w ro ng ly  a s s i g n e d

0 1 - 0  s t r e t c h i n g  f r e q u e n c y .  The v a l u e  o f  a p p r o x i m a t e l y

720  wave num bers  m ea su re d  b y  b o t h  s e t s  o f  a u t h o r s  c an
o

b e  shown t o  b e  t o o  high, f o r  a b o n d  l e n g t h  o f  1 .6 8 9  A,

a s  t h i s  d i s t a n c e  s h o u l d  p re s u m a b ly  h ave  a  f o r c e
o

c o n s t a n t  o f  a ro u n d  2 ,9  md/A, and  a  s t r e t c h i n g  f r e q u e n c y
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o f  a b o u t  650 wave num bers .

The r a t h e r  l o n g  G l -0  d i s t a n c e s  e v i d e n t l y  

a p p r o p r i a t e  t o  CIO" an d  t o  H0C1 a r e  d e f i n i t e l y  t o  h e  

e x p e c t e d  i n  v iew  o f  t h e  l o n e  p a i r s  o f  e l e c t r o n s  on  

c h l o r i n e  w h ic h ,  a s  i s  s t a t e d  i n  r e f e r e n c e  9 5 , s h o u l d  

h ave  t h e  e f f e c t  o f  i n h i b i t i n g  drr-prr b o n d i n g  b e tw e e n  

t h i s  a tom and  oxyg en .  The f a c t  t h a t  t h e  b o n d  l e n g t h  o f  

CIO" i s  s h o r t e r  t h a n  t h e  C l - 0  d i s t a n c e  f o u n d  i n  HOCl 

o r  f o r  t h a t  m a t t e r  i n  m e th y l  h y p o c h l o r i t e  ( CH^OCl)^ 

may be  r a t i o n a l i s e d  i n  t e r m s  o f  a change i n  

h y b r i d i s a t i o n  o f  t h e  oxygen atom i n  g o in g  f rom  a n  sp^  

s t a t e  i n  HOCl t o  a n  sp s t a t e  i n  CIO", and  i n  t e r m s  o f

t h e  i n c r e a s e d  a v a i l a b i l i t y  o f  p  e l e c t r o n s  on t h e  0 atom

-of  t h e  i o n ,  f o r  b a c k - b o n d i n g  t o  c h l o r i n e .

I n  t h e  above c a l c u l a t i o n s ,  t h e  e r r o r s  q u o t e d  f o r

t h e  f o r c e  c o n s t a n t s  o f  t h e  s p e c i e s  HOCl, CIO",  CIO^,

CIO3 and  CIO^ were  e s t i m a t e d  f rom  t h e  s p r e a d  o f  d a t a  

( s e e  t a b l e  1 o f  r e f .  75 ) u s e d  t o  make t h e  a v e r a g e s  

m e n t io n e d  abo v e .
o

I f  a  f o r c e  c o n s t a n t  o f  3*9 md/A i s  a c c e p t e d  f o r

t h e  O^Cl-OH b on d  i n  p e r c h l o r i c  a c i d  ( see  C h a p t e r
o

Seven  ) t h e n  a bo n d  l e n g t h  o f  1 .6 2  A i s  p r e d i c t e d  f o r

t h i s  m o le c u le  b y  e q u a t i o n  1 6 , 1 . T h i s  r e s u l t  i s  i n

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

* See r e f .  120  f o r  HG1-0 = 1 . 6 7 ( 0 . 0 2 )  A. -

305



1 , 6 3 5 ( 0 . 0 1 1 )  X o b t a i n e d  i n  C h a p te r  Ten,  i f  t h e  e r r o r  
o

o f  0 . 5  md/A a p p r o p r i a t e  t o  t h i s  f o r c e  c o n s t a n t  i s  

c o n s i d e r e d .

3 .  The f o r c e  c o n s t a n t  -■ “bond o r d e r  r e l a t i o n

As i s  w e l l  known, C-C "bonds i n  a l a r g e  number o f

compounds ( e . g .  b e n z e n e ,  n a p h t h a l e n e  etc-.. ) may b e

a s s ig n e d ,  n o n - i n t e g e r  b o n d  o r d e r s  l a r g e r  t h a n  o n e ,  t h e

b o n d i n g  involved-  i n  such  c a s e s  b e i n g  i n t e r p r e t e d  i n  a

wave m e c h a n ic a l  s e n s e  i n  t e r m s  o f  a sigma and  TT

component .  Of t h e s e  two , t h e  TT b o n d in g  i s  n o r m a l l y

d e s c r i b e d  i n  t e r ra s  o f  s id e w ay s  o v e r l a p  o f  p a to m ic

o r b i t a l s  on a d j a c e n t  c a r b o n  a to m s .  I n  a s i m i l a r  way

g e n e r a l i s e d  b o n d  o r d e r s  c an  b e  a s s i g n e d  t o  C l -0  b o n d s ,

b u t  owing t o  t h e  f a c t  t h a t  t h e  d o r b i t a l s  021 c h l o r i n e

can  i n  c e r t a i n  c a s e s  become i n v o l v e d  i n ' f o r m i n g  t h e  ff

component  o f  any p a r t i c u l a r  b o n d ,  a s  w e l l  a s  p o r b i t a l s ,

t h e  TT b o n d i n g  i n  C l -0  c o n t a i n i n g ,  m o l e c u l e s  t e n d s  t o

b e  f a i r l y  complex .  Thus f o r  C10~ , C r u i c k s h a n k  h a s  
95

a s s i g n e d  a H  b o n d  o r d e r  o f  0.,5 t o  e a c h  o f  t h e  C l - 0  

b o n d s  p r e s e n t  i n  t h i s  i o n ,  a n d - h a s  i n t e r p r e t e d  t h e  

b o n d i n g  i n v o l v e d  i 2i t e r m s  o f  o v e r l a p  o f  two p o r b i t a l s  

on e a c h  d i g o n a l l y  h y b r i d i s e d  oxygen a tom , w i t h  t h e  

d ^  a n d  <3.X2_y2 o ^ i ^ a l s  on c h l o r i n e .  I n  ClO^, h o w e v e r ,
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10k
Y/agner h a s  c o n c l u d e d  t h a t  h o t h  t h e  d a n d  p o r b i t a l s  

on c h l o r i n e  a r e  i n v o l v e d  i n  TT b o n d i n g .

I n  t h e  p r e s e n t  work a f o r c e  c o n s t a n t  -  "bond o r d e r  

r e l a t i o n s h i p  was s e t  up h y  m aking f o u r  a s s u m p t i o n s .

The f i r s t  o f  t h e s e  was t h a t  t h e  r e l a t i o n s h i p  "between 

f o r c e  c o n s t a n t  and  "bond o r d e r  i s  l i n e a r ,  an  a s s u m p t io n

w hich  h a s  "been d i s c u s s e d ,  an d  t o  some e x t e n t  j u s t i f i e d  

i n  r e f e r e n c e  118 ,  w h i l s t  t h e  r e m a i n i n g  t h r e e  Yieve t h e  

a s s u m p t i o n s  o f  "bond o r d e r s  o f  1*67 a n d  1 f o r  t h e  Cl-Op 

an d  C1- 0 C1 "bonds i n  C l^P y  ( s e e  r e f ,  81 ) and  1 , 5  t o r  

t h e  C l - 0  d i s t a n c e  i n  ClOj^, The f o r c e  c o n s t a n t s  

a s s i g n e d  t o  t h e s e  "bonds i n  s e t t i n g  up  t h e  l i n e a r  

r e l a t i o n s h i p  be tv /een  1 n  f t h e  b on d  o r d e r  and  k  t h e  

C l - 0  s t r e t c h i n g  f o r c e  c o n s t a n t ,  a r e  shown i n  t a b l e  1 6 3 , 

and  t h o s e  q u o te d  f o r  ClgOy were o b t a i n e d  b y  c a r r y i n g  

o u t  a s i m p l i f i e d  n o rm a l  c o o r d i n a t e  a n a l y s i s  on an  

a p p r o x i m a t e  C^v model o f  t h e  h e p t o x i d e  b a s e d  on t h e  

s t r u c t u r a l  r e s u l t s  o f  r e f e r e n c e  8 1 , The s p e c t r o s c o p i c  

i n f o r m a t i o n  assum ed was o b t a i n e d  f rom  r e f e r e n c e  1 1 9 •

A p l o t  o f  n ,  t h e  b o n d  o r d e r  a g a i n s t  k  i s  g i v e n  i n  

f i g u r e  1 6 , 3 ? and  t h e  t h r e e  p o i n t s  o b t a i n e d  con fo rm  

w e l l  t o  a s t r a i g h t  l i n e ,  th o u gh  when e r r o r s  i n  k  a r e  

c o n s i d e r e d ,  t h i s  a g re e m e n t  i s  s e e n  t o  b e  p o s s i b l y  

f o r t u i t o u s .  The e q u a t i o n  o b t a i n e d  i s ,

n  = ( O . l l ) k  + O. 6 9 .......................... . . . . 1 6 . 2 ,
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an d  "by e l i m i n a t i n g  k  b e tw e e n  e q u a t i o n s  1 6 ,1  and  1 6 ,2  

a b o v e ,  t h e  r e l a t i o n s h i p

n  = (8.51*)R~q £ 1  + O.6 9  .  1 6 . 3 ,

a g r a p h i c  r e p r e s e n t a t i o n  o f  v/hich i s  shown i n  f i g u r e  

1 6 .1+, c a n  b e  d e r i v e d .

E q u a t i o n  1 6 ,2  c a n  be  u s e d  t o  c a l c u l a t e  b o nd  o r d e r s

f ro m  f o r c e  c o n s t a n t  d a t a  p e r t a i n i n g  t o  C l - 0  c o n t a i n i n g

compounds, an d  some r e s u l t s  o f  t h i s  k i n d  a r e  l i s t e d  i n

t a b l e  1 6 , 14., The t r e n d  o f  i n c r e a s i n g  b o n d  o r d e r

e v i d e n t  i n  t h i s  t a b l e  f o r  t h e  i o n s  CIO” , CIO”  a n d  CIO*,
10k  d 5

i s  t h a t  p r e d i c t e d  by  Wagner,  a s  a r e s u l t  o f  m o l e c u l a r  

o r b i t a l  c a l c u l a t i o n s ,  V/agner c o n c l u d e d  i n  f a c t  t h a t  

t h e  C l - 0  b o n d s  . i n  t h e  above s p e c i e s  i n v o l v e  dir-pcr 

m u l t i p l e  b o n d i n g  o n l y ,  and  i n d e e d  such  b o n d i n g  w ou ld  

b e  e x p e c t e d  t o  i n c r e a s e  a s  t h e  c e n t r a l  c h l o r i n e  a tom 

becom es more and  more p o s i t i v e l y  c h a r g e d  b y  t h e  a d d i t i o n  

o f  oxygen  a toms t o  i t .  I t  s h o u l d  be  commented,  how ever ,  

t h a t  Wagner1s b o nd  o r d e r s  d i f f e r  n u m e r i c a l l y  f rom  

t h o s e  o f  t a b l e  1 6 , 24., w h ich  a r e  e s s e n t i a l l y  v a l e n c e  

b o n d  r e s u l t s  ( see  r e f e r e n c e  95 ' ) . '

I t  i s  a l s o  o f  i n t e r e s t  t h a t  f o r  CIO and  CIO^, t h e  

n  v a l u e s  d e t e r m i n e d  b y  t h e  p r e s e n t  work ,  f i t  i n t o  t h e  

g e n e r a l  scheme o f  t a b l e  l 6 . k ,  i n  a manner e n t i r e l y  

c o n s i s t e n t  w i t h  V/agner1 s s e t  o f  c a l c u l a t e d  r e s u l t s ,  and  

t h a t  f o r  HCIO^ and FCIO^, t h e  b on d  o r d e r s  l i s t e d  i n
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t a b l e  1 6 ,L\. a r e  c o n s i s t e n t  w i t h  t h e  a rg u e m e n t s  o f

C h a p t e r s  Ten and  E l e v e n .  F o r  t h e  C l - 0  b o nd  i n  HOCl,

hov/ever ,  i t  i s  q u i t e  c l e a r  t h a t  t h e  b o n d  o r d e r  g i v e n

i n  t a b l e  l6.li- i s  h i g h e r  t h a n  would  be  e x p e c t e d  f o r  a
o

C l - 0  d i s t a n c e  o f  1 .6 8 9  A, b u t  t h i s  1 anomaly  * c a n  be

e x p l a i n e d  i n  t e r m s  o f  an  e r r o n e o u s  s t r e t c h i n g  f o r c e  

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

s e c t i o n .  Some c a l c u l a t e d  b o n d  o r d e r s  a r e  p l o t t e d  

a g a i n s t  o b s e r v e d  b o n d  l e n g t h  i n  f i g u r e  16.1+, and  a l l  

l i e  c l o s e  t o  t h e  t h e o r e t i c a l  f u n c t i o n ,  e q u a t i o n  1 6 . 3 #

i , .

U. C o n c l u s i o n  I ■

L i n e a r  l o £qokC l - 0  v e r s u s  ^-OS^o^Cl-O 9 an<3, 1111 v e r s u s

r e l a t i o n s h i p s  have  b e e n  e s t a b l i s h e d  f o r  C l - 0  bonds .

i n  g e n e r a l ,  and  c a n  b e  u s e d  t o  p r e d i c t  C l - 0  d i s t a n c e s

a n d  b o n d  o r d e r s  f rom  f o r c e  c o n s t a n t  d a t a .  Thus A r k e l l  
121

. a n d  Schwager have  s u g g e s t e d  a  f o r c e  c o n s t a n t  o f  1 .2 9  
0

md/A f o r  t h e  C l - 0  b o n d  i n  C l - 0 - 0  and  r e l a t i o n s  1 6 .1
o

an d  1 6 .2  above p r e d i c t  a  bon d  l e n g t h  o f  1 . 9 3  A , an d  a

b o n d  o r d e r  o f  0 . 8 3  f o r  t h i s  s p e c i e s .  A s i m i l a r

t r e a t m e n t  o f  su ch  m o le c u le s  a s  CH-.0C10, and  F0C 10 ,  would
3 3 3

b e  i n t e r e s t i n g  f rom  t h e  p o i n t  o f  v iew  o f  t h e  d rr -p T T

b o n d i n g  t h e o r y ,  b u t  u n f o r t u n a t e l y  no d e t a i l e d  

s p e c t r o s c o p i c  d a t a  seem t o  b e  a v a i l a b l e  f o r  t h e s e  

s y s te m s  a t  p r e s e n t .
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TABLE 1 6 .1  

Key d a t a  u s e d  t o  c o n s t r u c t  

f i g s *  1 6 . 1  an d  l 6 . 2

m o le c u le k c i - O0
md/A

e s t i m a t e d
e r r o r

b o n d
l e n g t h

<£)

e r r o r  
w i t h  
r e s p e c t  
t o  r e

FCIO, 9 . 3 0 . 5 1.U03 1 0 .0 0 5

c i o 2 7 . 0 0 . 3 1.U71 1 0 . 0 0 3

CIO U.9 . 0 . 2 1 .5 7 1 0 .0 0 8

C120 2 , 8 0 . 1 I . 69U 0 .0 0 5

For the origins of the data presented in this table, 
see text.
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TABLE, 16 „ 2 

Some C l - 0  "bond l e n g t h s  

c a l c u l a t e d  u s i n g  

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

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

m o le c u le  
o r  i o n

0 1 - 0 " H0C1 C10~ 010“ CIO-

^Gl-O
assum ed
md/S 3 . 3 3 .9 k . s 6*8 7 . 4

e s t i m a t e d  
e r r o r  i n  
k 0*1 0 . 2 ' 0 . 6 0 . 2 0*8

c a l c u l a t e d  
C l - 0  b o n d  
l e n g t h 1 . 6 6 1 .6 2 1 . 5 7 1.1*8 1 . 4 6

c a l c u l a t e d  
e r r o r  i n
RC l - 0

HO»O

0 .0 2 0 . 0 3 0 . 0 1 0 . 0 3

o b s e r v e d  
v a l u e  f o r
RC l - 0 1 .6 8 9 1 . 5 7 1.1*6 1 .4 6

e r r o r  i n  
o b s e r v e d  
RC l - 0 - 0*006

$
0 ,0 3 ❖0 . 0 1 0 .0 1 *

F o r  t h e  o r i g i n s  o f  t h e  d a t a  p r e s e n t e d  i n  t h i s  t a b l e ,  
s e e  t e x t *
* T hese  a r e  X - r a y  e . s . d . 1s*
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3? ABLE 1 6 .5  

Key d a t a  u s e d  t o  c o n s t r u c t  

fig. 16.3

m olecule 
or ion ^b i-o

assumed
(md/A)

estim ated
error

assumed 
■bond 
order V

— 2—7
Cl-Op 8 .8 0 .5 1 .6 7

Ol-OCl 2 .7 0 .2 1 .0
1

gioj; l.h 0 .8 1 .5

For the origins of the data presented in this tahle, 
see text.
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TABLE 16. k  

Some 0 1 -0  "bond o r d e r s  

c a l c u l a t e d  u s i n g  

t h e  f o r c e  c o n s t a n t  -  h o n d  o r d e r  

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

molecule 1:01-0
assumed
(ma/£)

calculated 
bond order 

(n)
observed
bond
length (a )

H0X %
C1-0H 3.9(0.5) 1.12(0.06) 1 .635(0 .0 1 1)
Cl-Op 9.2(0.5) 1.70(0.06) 1 .1+07(0 .0 0 5)

FC10, 9.3(0.5) 1.71(0.06) 1 .4 0 3(0 .0 0 5)
0102 7.0(0.3) 1 .14.6(0 .0 2) 1 .47 1(0 .003)
010“ 6.8(0.2) 1.144(0.03) 1 .4 6 (0 .0 1)
CIO 4.9(0.2) 1.23(0.02) 1.571(0.008)
ClOg Lt. 6(0.6) 1.20(0.07) 1.57 (0.03)
H001 3.9(0.2) 1.12(0.02) 1.689(0.006)
CIO" 3.3(0.1) 1.05(0.01) -

F o r  o r i g i n s  o f  t h e  d a t a  p r e s e n t e d  i n  t h i s  t a b l e ,  s e e  
t e x t *
E r r o t  l i m i t s  a r e  w r i t t e n  i n  p a r e n t h e s i s *
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a p p e n d i x  one

THE g  MATRIX COMPUTER PROGRAMME

1 ,  I n t r o d u c t i o n

I f  t h e  v i b r a t i o n a l  m o t io n  o f  a m o l e c u l a r  s y s te m  

i s  t r e a t e d  c l a s s i c a l l y ,  i n  t h e  manner o u t l i n e d  i n  

C h a p t e r  F i v e ,  an d  i f  t h e  c p o r d i n a t e s  u s e d  t o  d e s c r i b e  

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

s ^ ,  t h e n  t h e  m o l e c u l a r  k i n e t i c  e n e r g y  o f  v i b r a t i o n  T,
•  -I  t

i s  g i v e n  b y  2T = s ! (g~ ) s., and  t h e  s e c u l a r  d e t e r m i n a n t  

which  em erges  on a p p l i c a t i o n  o f  Lagrange* s e q u a t i o n s ,  

i s  | g £  ~ E > |  = 0 .  T hese  r e s u l t s  have  a l r e a d y  b e e n  

q u o t e d  i n  C h a p t e r  F i v e ,  and  i t  i s  t h e  p u r p o s e  o f  t h i s  

a p p e n d ix  t o  d i s c u s s  a method o f  com p u t ing  t h e  i n v e r s e  

k i n e t i c  e n e r g y  m a t r i x  £  f rom  d e t a i l s  o f  t h e  m o l e c u l a r  

g e o m e try  and  t h e  a to m ic  m a s se s .

2 .  T h eo ry
—3The o r i g i n  o f  t h e  m a t r i x  £ ,  ' a n d  h e n c e  o f  £ ,  h a s  b e e n  

d i s c u s s e d  i n  t h e  f o u r t h  c h a p t e r  o f  r e f e r e n c e  ( 6 2 ) ,  

where  g ^ i s  o b t a i n e d  b y  c o n s i d e r i n g  a l i n e a r  

t r a n s f o r m a t i o n  f ro m  C a r t e s i a n  d i s p l a c e m e n t  c o o r d i n a t e s ,  

t o  a s e t  o f  s^ v a l u e s .  F o r  t h e  p u r p o s e s  o f  t h e  p r e s e n t  

a p p e n d i x ,  i t  w i l l  s u f f i c e  t o  sa y  t h a t  t h e  e l e m e n t s  g ^ i  

o f  £  a r e  g i v e n  b y ,
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______ J

, ~ /  ( ~ m )   A ' l - l ,

oC

where  t h e  summation  e x t e n d s  o v e r  a l l  a toms i n  t h e

m o l e c u l e ,  and  t h e  v e c t o r s  s ^  and  depend  on which

atom °< i s  c o n c e r n e d ,  and  on t h e  n a t u r e  o f  t h e  i n t e r n a l

c o o r d i n a t e s  s^ a n d  s^ t  t o  w h ich  t h e  e le m e n t  g ^ t

c o r r e s p o n d s .  T h e s e  v e c t o r s  a r e  d i s c u s s e d  and

f o r m u l a t e d  f o r  c e r t a i n  t y p e s  o f  i n t e r n a l  d i s p l a c e m e n t
122

c o o r d i n a t e ,  i n  a p a p e r  "by D e c i u s ,  i n  which  t h e y  a r e

Y / r i t t e n  i n  t e r m s  o f  u n i t  v e c t o r s  d i r e c t e d  a l o n g

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

f u n c t i o n s  o f  "bond l e n g t h s  and  v a l e n c e  a n g l e s .

The f o r m u la e  g i v e n  i n  t h i s  p a p e r  a r e  r e s t r i c t e d

t o  t h r e e  c o o r d i n a t e  t y p e s ,  t h e s e  h e i n g  r e - s p e c t i v e l y ,  a

change  i n  a b o n d e d  d i s t a n c e ,  r .  . , a change  i n  a
3-

v a l e n c e  a n g l e ,  , and  a ch ange  i n  a t o r s i o n a l  a n g l e ,

"^ i jk l*  *̂o r  a 3-e s c  O p t i o n  t h e s e ,  and  o f  t h e  i n t e r n a l

c o o r d i n a t e s ,  ^ i^ k *  an<  ̂ ^ i j k l  wk i c h  c o r r e s p o n d  t o

them , r e f e r e n c e  s h o u l d  he  made t o  C h a p t e r  P o u r  o f  

t e x t b o o k  ( 6 2 ) .  The s u b s c r i p t  c o d in g  sy s te m  u s e d  i s  

s e l f - e v i d e n t ,  a s  t h e  i n t e g e r  num bers  i , j  e t c . ,  s im p ly  

r e f e r  t o  t h e  a to m s ,  i n  t e r m s  o f  w hich  t h e  c o o r d i n a t e s  

a r e  d e f i n e d .  Som etim es ,  i f  t h e r e  i s  no a m b i g u i t y  

p r o d u c e d ,  an  a b b r e v i a t e d  fo rm  a ^  i s  u s e d  f o r

* X = vnass o c .
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and  s i m i l a r l y  f o r  Examples o f  t h i s

a l t e r n a t i v e  symbolism a r e  g i v e n  i n  T a b l e  6 . 3 , a n d  i n

s e v e r a l  o t h e r  t a b l e s  o f  C h a p t e r s  S ix  and  Seven .  The

i n t e r n a l  c o o r d i n a t e s  R . . ,  A. / .n, , and  T . /  .. v_ v/hich
1 3 i ^ j ; k  3k ; 1

a r e  t h e  a c t u a l  e q u i l i b r i u m  d i s t a n c e s  and  a n g l e s  

t h e m s e l v e s ,  s h o u l d  b e  d i s t i n g u i s h e d  from  t h e  c h a n g e s  

r . . e t c . ,  which  c o r r e s p o n d  t o  them. The s p e c i a l  

s i g n  c o n v e n t i o n  a p p l i c a b l e  t o  t h e  w hich  i s

d e f i n e d  i n  C h a p t e r  P o u r  o f  r e f e r e n c e  ( 62 ) ,  on  p ag e  6 0 , 

s h o u l d  a l s o  b e  c a r e f u l l y  n o t e d .

The co m p u te r  programme d e s c r i b e d  b e lo w  c a l c u l a t e s

e ach  g ^ t  e le m e n t  a c c o r d i n g  t o  e q u a t i o n  A l . l  a b o v e ,  and

a s  a good many o f  t h e  s ^ v e c t o r s  a r e  a lw ay s  z e r o ,  i t

i s  o n l y  n e c e s s a r y  t o  sum s c a l a r  p r o d u c t s  o v e r  t h o s e

atoms common t o  b o t h  c o o r d i n a t e s  s^ and  s^ r  . T h us ,

i f  s.  and  s . j  a r e  t h e  c o o r d i n a t e s  r .  . and  a .  , t  t '  13 13k
summation o v e r  a tom s i  and  3* i s  a l l  t h a t  i s  r e q u i r e d .

The s t a n d a r d  f o r m u la e  f o r  t h e  s ^  v e c t o r s ,  a d o p t e d  

a s  p a r t  o f  t h e  p r e s e n t  c o m p u te r  programme, were t a k e n  

f rom  p a p e r  O2.2. ) , an d  n o t  f rom  C h a p t e r  P o u r  o f  r e f e r e n c e  

( 62 ) ,  a s  one o f  t h e  t o r s i o n a l  f o r m u la e  g i v e n  t h e r e  

i s  i n  e r r o r

The g  m a t r i x  programme n o t  o n l y  com putes  t h e  g ^ t  

e l e m e n t s ,  b u t  t r a n s f o r m s  t h i s  a r r a y  t o  t h e  b l o c k -  

d i a g o n a l  fo rm  C, u s i n g  t h e  m a t r i x  U* a p p e a r i n g  i n  t h e
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t r a n s f o r m a t i o n  t o  symmetry c o o r d i n a t e s ,  S = U1 s .

The t r a n s f o r m a t i o n  t o  G i s  s t a t e d  m a t h e m a t i c a l l y  i n  

e q u a t i o n  5 . 9  o f  C h a p t e r  F i v e .

3. The g m a t r i x  c o m p u te r  -programme

The t e x t  o f  t h e  g  m a t r i x  programme f o l l o w s  a t  

t h e  end  o f  t h i s  s e c t i o n .  The programme i s  w r i t t e n  

i n  A l g o l ,  f o r  u s e  on an  E n g l i s h  E l e c t r i c  K .D .F .9  

c o m p u te r ,  an d  i n  t h e  p r e s e n t  w ork ,  was c o m p i l e d  "by a

W hets to n e  c o m p i l e r .

C a l c u l a t i o n s  f o r  C l^O^,  i n v o l v i n g  tw e n ty o n e  

i n t e r n a l  d i s p l a c e m e n t  c o o r d i n a t e s  i n c l u d i n g  two 

t o r s i o n a l  o n e s ,  r e q u i r e d  a b o u t  tw e lv e  m i n u t e s  f o r  

c o m p l e t i o n .  . The n a t u r e  o f  t h e  d a t a  i n p u t  t o  t h e  

programme f o r  u s e  i n  t h e s e  c a l c u l a t i o n s ,  i s  b e s t  

d e s c r i b e d  b y  t a k i n g  p e r c h l o r y l  f l u o r i d e  ( s e e  C h a p t e r  

S i x  ) a s  a n  exam ple .

The a to m ic  n u m b er in g  sy s te m  c h o se n  f o r  t h i s  

m o le c u le  i s  shown i n  f i g u r e  6 . 1 ,  and  t h e  c h o i c e  o f  

i n t e r n a l ,  and  i n t e r n a l  d i s p l a c e m e n t ,  c o o r d i n a t e s  i n  

T a b le  6 . 3 .  The d a t a  i n p u t  s e q u en c e  b a s e d  on t h e s e

c o o r d i n a t e s ,  must  t a k e  t h e  f o l l o w i n g  form  ( see  

programme t e x t  f o r  t h e  symbolism u s e d  ) .

; T i t l e  = The g an d  G- m a t r i c e s  f o r  p e r c h l o r y l  f l u o r i d e  

n  = t h e  number o f  a tom s i n  t h e  m o le c u le  =q5 ;



m = t h e  number o f  i n t e r n a l  c o o r d i n a t e s  = 10 ;

0 (n x 3 )  = t h e  m a t r i x  o f  C a r t e s i a n  c o o r d i n a t e s  f o r  

t h e  a toms 1 -5  o f  p e r c h l o r y l  f l u o r i d e ,  t h e  m o le c u le  

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

c h o ic e  h e i n g  a r b i t r a r y  = x l ; y l ; z ’l ;  x 2 ; y 2 ; z 2 ;  x 3 ; y 3 ; z 3 ;  

z b ;  x 5 ; y 5 ; z 5 ;

M(nxl)  = t h e  m a t r i x  o f  a to m ic  m asse s  = 3 5 ; 1 9 ; l 6 ; l 6 ; l 6 ;  

l(mxi+) = t h e  code d e s c r i p t i o n  m a t r i x , a  code h e i n g  

n e c e s s a r y  t o  d e f i n e  t h e  t e n  i n t e r n a l  d i s p l a c e m e n t  

c o o r d i n a t e s .  Each row o f  t h e  m a t r i x  c o r r e s p o n d s  t o  

one o f  t h e  c o o r d i n a t e s ,  and  f o u r  i n t e g e r  num bers  a r e  

r e q u i r e d .  T h us ,  f o r  an  r .  . t y p e ,  t h e  row r e a d s  

i ; j ; 0 ; 0 ;  f o r  an  a i t ype  i ;  j ; k ; 0 ;  and  f o r  a 

t y p e  i ; j ; k ; l ;  F o r  p e r c h l o r y l  f l u o r i d e ,  a n d  t h e  s e t  

o f  s^ v a l u e s ,  r 13 e ^ c * » m a t r i x  i s :

1;  2;  0;  0;  1;  3; 0; 0;  1;  U; 0;  0; 1;  5; 0;  0;  3; 1;  U; 0;

3 ; 1 ; 5 ; 0 ;  U ; l ; 5 ; 0 ;  2 ; 1 ; 3 ; 0 ;  2;  1 ;2+;0 ;  2 ; 1 ; 5 ; 0 ;  where

e ac h  s e t  o f  f o u r  numbers  i s  a row o f  I ,  a n d  t h e  o r d e r  

o f  rows i s  t h a t  o f  t h e  c o o r d i n a t e s .

The n e x t  s t e p  i s  t o  f e e d  i n  v a l u e s  f o r  t h e  

i n t e r n a l  c o o r d i n a t e s  ^ 3  e t c . ,  and  h e n c e  t h e  d a t a

i n p u t  sequ en c e  c o n t i n u e s ,

p  = a r e t u r n  t o  l a b e l ,  o r  c o n t in u e ^  d i r e c t i v e  ( e q u a l  

t o  z e r o  f o r  r e t u r n ,  and  1 f o r  c o n t i n u e  ) = 0 • 

i ; j ; t h e  i n d i c e s  which  l a b e l  t h e  f i r s t  c o o r d i n a t e
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r e q u i r e d  a r e  i k  a n d  i l ,  a s  two numbers  a r e  r e q u i r e d  

t o  d e f i n e  t h e  e l e m e n t s  o f  t h e  m a t r i c e s  PR (n x n ) ,P A (nx n )  

an d  PT(nxn) which  s t o r e  t h e  d i s t a n c e  and a n g le  

p a r a m e t e r s ,  and  w hich  a r e  now i n  p r o c e s s  o f  h e i n g  

f i l l e d . )
o

P R ( l , 2 )  = m a g n i tu d e  o f  i n  A = 1 . 6 l  ;

Now, a s  p i s  z e r o  t h e  com p u te r  r e t u r n s  t o  L I  and  

c o n t i n u e s  r e a d i n g  i n  d i s t a n c e s ,  

p = 0;  i  = 1;  j  = 3;  P R ( l , 3 )  = 1.1+02;

p = 0;  ■ i  = 1 ;  3 = b;  PR(l ,l+). = 1.1+02;

P = 1 ;  i  = 1;  3 = 5;  P R ( l , 5 )  = 1.1+02;

Now, s i n c e  p = 1 ,  t h e  c o m p u te r  moves t o  L2 an d  r e a d s  

i n  a n g l e  p a r a m e t e r s ,

p = °? i  - 3 3 = b; PA(3,1+) = 1 1 5 .1 ;

p  = 0; i  = 3 3 = 5; P A (3 ,5 )  = 1 1 5 .1 ;

p = 0; i  = b 3 = 5; PA(l+,5) = H 5 . 1 ;

P =: 0; i  = 2 . 3 = 3; P A (2 ,3 )  = 1 0 3 ,0 ;

P = °? i  = 2 3 = b; PA(2,U) = 1 0 3 .0 ;

P = l ; i  = 2 3 = 5; P A (2 ,5 )  = 1 0 3 ,0 ;

S in c e  p = 1 ,  t h e  c o m p u te r  moves t o  X»3> a n d  r e a d s  i n  

t o r s i o n  p a r a m e t e r s .  T h ere  a r e  none f o r  F G 1 0 , .  h u t
y

a t  l e a s t  one dummy p a r a m e t e r  must  h e  i n c l u d e d  b e f o r e  

p a s s i n g  on t o  t h e  n e x t  i t e m  o f 1 i n p u t .  T h i s  p a r a m e t e r

3 2 3



c o u ld  toe w r i t t e n ,

p = X; i  = 1;  j  = b;  PT ( l , l+ )  = - 1 0 0 . 0 ;  T h i s  

s e t  o f  v a l u e s  ( w i t h  t h e  e x c e p t i o n  o f  p ) i s  q u i t e  

a r b i t r a r y .

I n  o r d e r  t o  f a c t o r  t h e  £  m a t r i x ,  t h e  e l e m e n t s  

o f  t h e  ^ t r a n s f o r m a t i o n  m a t r i x  a r e  r e q u i r e d ^  and  t h e s e  

a r e  i n d i c a t e d  i n  Tatole 6.5* o f  C h a p t e r  S i x .  S i n c e  

most  o f  t h e s e  a r e  z e r o ,  t h e  co m p u te r  f i r s t  z e r o s  a l l  t h e  

U! ( l , s )  q u a n t i t i e s ,  a n d  t h e n  r e a d s  i n  t h e  n o n - z e r o  

e l e m e n t s  a c c o r d i n g  t o  t h e  scheme,

k  = r e t u r n  o r  c o n t i n u e  d i r e c t i v e  ( compare w i t h  p ) = 0; 

l ; s ;  t h e  i n d i c e s  o f  t h e  f i r s t  e l e m e n t .  Hence 1 = 1 ;  

an d  s = 1;

U! ( l , l )  = the. f i r s t  e le m e n t  = 1 . 0 ;  The i n p u t

c o n t i n u e s ,

o;  2 ;  2 ;  0 .5 7 7 3 ;

•  •  •  •

1 ;  10;  10;  0 .7 0 7 0 ;

The f i n a l  v a l u e  o f  k i n d i c a t e s  t h a t  t h e  p r o c e s s  

o f  r e a d i n g  i n  U1 m a t r i x  e l e m e n t s  h a s  toeen c o m p l e t e d ,  

an d  t h e  a r r o w  i n d i c a t e s  t h a t  t h e  d a t a  i n p u t  h a s  a l s o  

come t o  a n  e n d . .

The co m p u t in g  p r o c e d u r e  w hich  f o l l o w s ,  may toe 

summarised:

( a )  t h e  e l e m e n t s  a r e  c o n s i d e r e d  i n  t u r n ,  a n d  f o r
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each, p a i r  o f  i n t e r n a l  d i s p l a c e m e n t  c o o r d i n a t e s  a n d  

s^.t , t h e  i n t e g e r  l a b e l s  o f  t h e  common a toms a r e  

d e t e r m i n e d  f rom  t h e  rows o f  t h e  I  m a t r i x .

(b )  t h e  v e c t o r s  f o r  s^ a r e  t h e n  computed  f o r  e ac h  

o f  t h e s e  common a to m s ,  b y  r e s o l v i n g  t h e  l i t e r a t u r e  

v e c t o r  f o r m u la e  i n t o  com ponen ts  a l o n g  t h e  d i r e c t i o n s  

o f  t h e  a x e s  u s e d  t o  d e f i n e  t h e  a to m ic  c o o r d i n a t e s .  

P a r a m e t e r s  s t o r e d  i n  t h e  m a t r i c e s  PR and  PA a r e  r e q u i r e d  

f o r  t h i s  c a l c u l a t i o n .  The same p r o c e d u r e  i s  t h e n  

c a r r i e d  o u t  f o r  t h e  s ^ tc< v e c t o r s .

( c )  t h e  sum o f  s c a l a r  p r o d u c t s  l/m^C s t * j s t k   ̂

c a r r i e d  o u t  o v e r  a l l  o f  t h e  common atoms,!  an d  t h i s  sum 

i s  t h e  r e q u i r e d  e le m e n t  g ^ t «

(a). t h e  £  m a t r i x  i s  o u t p u t  i n  row s ,  t h e  o r d e r  o f  t h e  

e l e m e n t s  c o r r e s p o n d i n g  t o  t h a t  o f  t h e  i n p u t  s^ e l e m e n t s ,  

( e )  t h e  £  m a t r i x  i s  t r a n s f o r m e d  b y  t h e  m a t r i c e s  Uf and  

t o  t h e  b l o c k - d i a g o n a l  m a t r i x  C, and  t h i s  i s  a l s o  

o u t p u t  i n  ro w s ,  t h e  o r d e r  o f  t h e  b e i n g  t h a t  i m p l i e d  

b y  t h e  fo rm  o f  u!

The £  m a t r i x  c o m p u te r  programme was t e s t e d  b y  

c a l c u l a t i n g  t h e  £  and  Or m a t r i c e s  f o r  01^0^  ( a  0 model  

was u s e d  a s  d e s c r i b e d  i n  C h a p t e r  S i x t e e n )  f o r  w hich  

t h e  e l e m e n t s  g ^ t  and  b a d  p r e v i o u s l y  b e e n

c a l c u l a t e d  b y  h a n d .  S i m i l a r  t e s t s  were made f o r  HClO^ 

and s e v e r a l  o t h e r  m o l e c u l e s .  A l l  t e s t s  were  f o u n d  

t o  b e  s a t i s f a c t o r y .
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b e g i n  comment T h i s  p rog ram  f i n d s  t h e  g m a t r i x  f o r
a n y  m o l e c u l e .  A s e t  o f  i n t e r n a l  
d i s p l a c e m e n t  c o o r d i n a t e s  i s  u s e d .  
These  c o o r d i n a t e s  c an  be  o f  t h r e e  
k i n d s .  A change  i n  a n  i n t e r a t o m i c  
d i s t a n c e . ,  a  ch ange  i n  a  v a l e n c e  
a n g l e ,  a  ch ange  i n  d i h e d r a l  a n g l e .  
The g m a t r i x  i s  t h e n  t r a n s f o r m e d  
i n t o  t h e  G m a t r i x  by t h e  m a t r i x  U 
w h ic h  i s  fo rm ed  by c o n s i d e r i n g  t h e  
symmetry  p r o p e r t i e s  o f  t h e  m o le c u l e ;

r e a l  SX1,SY1,SZ1,SX2,SY2,SZ2,C1,C2,EX,EY,
E Z , e x , e y , e z,VX,VY,VZ, VTX,VTY,VTZ;

i n t e g e r  m , n , a , b , c , d , i , j , k , l , p , q , r , s , i n t , x ;

o p e n ( 2 0 ) ;  o p e n ( 1 0 ) ;  o p e n (3 ° ) ?
copy  t e x t ( 2 0 ,3 0 ,^ 5 5 1 ) 3
n : s= r e a d ( 2 0 ) ;  m:= r e a d ( 2 0 ) :

.n r e a l  a r r a y  C[ 1 : n ,  1 :3 ]  *M[ 1 : n ] ,
_  —  — *  PR[ 1 : n ,  1 : n j ,

PA[1 : n , 1 : n ] , P T [ 1 : n ,  1 : n ] , 
g*U ,V ,U g ,G [1 : m , 1 :m ] ,
SCALAR[ 1 : 4 ] ; 

i n t e g e r  a r r a y  I [ 1 : m , 1 : 4 ] , N [ 1 : 4 ] ;

r e a l  p r o c e d u r e  COT(aa);
v a X u ^ ^La;

b e g i n  C0T: = c o s ( a a ) / s i n ( a a ) ;
end p r o c e d u r e ;

r e a l  p r o c e d u r e  COSEC(bb);
v a l u e  bbj  
r e a l  bb j
b e g i n  COSEC: - 1 . 0 / s  i n (b b ) j
e n a p r o c e d u r e j

p r o c e d u r e  U N IT V E C ( c a x ,c a y ,c a z ,c b x ,c b y ,
cb z , e a b x , e a b y , eab z , 
a a a , b b b ) ;

v a l u e  c a x ,  c a y ,  c.a z ,  c b x ,  cby ,  cb z , a a a  ,  bbbj  
r e a l  c a x , c a y , ca  z , c b x , c b y , c b z , e a b x , e a b y ,

e a b z ;  
i n t e g e r  a a a , bbbj
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b e g i n  e a b x : = f c b x ~ c a x ) x P R [ a a a j b b b ] ; 
e a b y : = ( c b y ~ c a y ) x P R [ a a a , b b b ] ;  
e a b z : = ( c b z ~ c a z ) x P R [ a a a , b b b ] ;  

end p r o c e d u r e j
p r o c e d u r e  V P ( a x , a y ^ a z (Jb x 3b y (>bz ,vp X j  

v p y * v p z ) ;  
v a l u e  a x <9a y j>a z j?b x , b y <?bz j  
r e a l  a x <?a y 5a z <,b x « b y j b z jv p x j v p y * v p z ;  
b e g i n  v p x : ~ ( a y x b  z ) - ( a z x b y ) ; 

v p y : - Ia z x b x ) - ( a x x b z ); 
vp z : = ( a x x b y ) - ( a y x b x ) ;  

end  p r o c e d u r e j
p r o c e d u r e  VTP(ax5a y 5a z , b x 5b y , b z 5cx«

c y * c z j v t p x * v t p y , v t p z ) ; 
v a l u e  a x j a y j a z j b x j b y j b z j c x j c y j c z ;  
r e a l  a x ^ a y ^ a z ^ b x ^ b y ^ b z ^ c x ,  o y s o z s vtpx*  

v t p y ^ v t p z ;  
b e g i n  v t p x : = ( a y x b x x c y ) - ( a y x b y x c x } ~

(a z x b z x c x )+(a z x b x x c z ); 
v t p y : = (a  zxbyxc z ) -  (a  zxb z x c y ) ~

(axxbxxcy  j -H axxby  Xcx); 
v t p  z : = f axxb  z x c x ) -1 faxxbxxc z ) -  

(ayxby  Xc z ) -1* (ayxb z x c y ) ; 
end p r o c e d u r e j  
p r o c e d u r e  Mj>lULT(A)?B ,C ,y )5

i n t e g e r  y ;
r e a l  a r r a y  A^B^C;
b e g i n  i n t e g e r  u . v , w ;
f o r  u : = i  s t e p  1 u n t i l  y  do
f o r  v:=1 s t e p  1 u n t i l  y  do
b e g i n
TTTuJv] : ~ 0 . 0 ;
f o r  w:~1 s t e p  1 u n t i l  y  do 
TTTu,v] : - cT ^ ] + A I ^ wJ xB[w7 v ] 
end;
end p r o c e d u r e ;  
p r o c e d u r e  TRANS(A,B,y); 
v a l u e  ATy;

r ' e a ' l ^ a r r a y  A,B; 
b e g i n  i n t e g e r  u . ,v ;  
f o r  u : = T ~ s t e p  1 u n t i l  y  do 
f o r  v:=1 s t e p  1 u n t i l  y  clb
s ,n r , v ] : - A T 7 7 § ]  “ ~  ~
end p r o c e d u r e ;
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f o r  i :~ 1  s t e p  1 u n t i l  n  do
•  " J l T I  IM l l ■ ■  *  ■ ■ iB ffli r a .il —  — M M W M iM w a i U i  _  ■! M W I U

f o r  j 1 s t e p  1 u n t i l  3 do
T T IT , j ] - s= re ia r2 0 )“   ~

f o r  i :~ 1  s t e p  1 u n t i l  n  do 
W ± ] : - readX^tT) 3 -----~  _

f o r  i :=1 s t e p  1 u n t i l  m do
7 3 7  j := 1  sTep 1 u n T i l  4 Ho.
T [ T , j l * = r e a a t 2 0 ) l   ~

L I :  p:=read(80) j i:=read(20) •, j:=read(20);
P-R[i,jJ:=read(20)j PR[l, j] :=1.0/FR[ 1, j];
P R [ j , l ] : = P R [ i , j ] jif p=0 then goto LI 3 

L2: p: -read’C^J I i:=read(20)3 j:=read(20)3
PA[l,j]:=read(20)j PA[i,j]:=PA[l,j1/57.29577955 
PAtj,i]:=PA[l,j]j 
if p- 0  then goto L23 1

L3: p: ~r eadX2trj3 i:-read(20)3 j:=rlead(20)3
PT[lj J]:=read(2 0)j PT[iaj]:=PT[i,jJ/57.2957795J
PT[j,i]:=PT[i,j]j
if p~0 then goto L33

for i:=1 step 1 until m do 
for j:=i step 1 until m do 
begin
for p :=1 step 1 until 4 do 

begin FTfp] :=£>;
if i T i j p 3 = l [ ] then N[p]:=l[i*p] 3 

,ijp3~l[ Jj2 jffiien N[p] :«l[i,p]3
if 1"
17 l[
if ILif I[
i f  l [ i j p ] « l [ J j 3 ] th en  N [ p ] ; ~ l [ i j p ] j  
_  : [ i , p ] = l [ j , 4 ] t h e n  N[p] := * l[i ,p3  j 
end;

f o r  p := l  s t e p  1 u n t i l  4 do
I 7 ^ I p ] ^ 0 “T h e n  --- ”  ”

b e g in  r : = 0 ;  f o r  q:=1 s t e p  1 u n t i l  4 do
— Te g i n if" ^ T I ,q ]F tr7 H en  ~

r : = r + l 3
end;

i n t :=23  a s = l [ ’f / 1  jj 3 b : - l [ i * 2 ]3  c : ~ l [ i , 3 ] j
d : = l [ i J4]3
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i f  r*=2 t h e n  g o t o  RJ 
i f  r~ 3  t h e n  g o to  A:—mtja i -M- ir ~ ■
i f  r - 4  t h e n  g o to  T$

R: I f  N[p] "a. th en  _goto RAj
I F  N[p]=b th en  g o to  RBJ

RA: U N X T V E C C c t b ^ l j ^ t b ^ J ^ C t b ^ l i C t a ^ U ^ C t a ^ ] ,
C [& j3 ] jE X jE Y ,E Z ,b ,a ) j  

SX2: =EX; SY2.:=EYj SZ2:=EZj 
g o t o  FIN;

RB: x i s a j  a : = b j  b := x j
g o to  RA$

A; i f  N [p]=a  t h e n  g o to  AA;
i f  M[p ] =b th e n  g o to  AB; 
i f  N[p]=c  th en  g o to  AC;

AA: U N I T V E C ( C [ a , 1 ] , C [ b , 2 ] ,
C [ b ,3 ] ,E X ,E Y ,E Z ,a ,b 1 j  

U N IT V E C (c [b * 1 b C [b ,2 ]5C L b ,3 J ,C [ c ,  1 
C t c ,3 ] * e x * ey * e z 5b * c );  

VTPfEX.EY^EZjEXjEYjEZ^ex.ey.ez.VTX.VTYjVTZ) 
C 1 :-PR lb ,a3 xC 0 S E C (P A [a ,o1 ) j
SX2:=C1xVTX; SY2:=ClxVTY; SZ2:=C1xVTZ; 
g o t o  FIN;

AC: x : = a ;  a : = c ;  c : ~ x ;  g o to  AA;
AB: • UNITVEC(C[a,1]J C [ a J 2 ] , C T a , 3 ] , C [ b , 1 ] , C [ b , 2 ] ,

C [ b ,3 ] , E X ,E Y , E Z ,a ,b ) :
UNXTVEC ( C [ b , 1 ] , C [ b , 2 ] , C t b , 3 b c [ o , 1 j , C [ c , 2 ]  

C [ c , 3 ] , e x , e y , e z , b , c ) J  
VTP(EX.EY,EZ.EX,EY,EZ,ex.ey,ez,VTX,VTY,VTZ) 
C l :=PRtb ,a ]xCOSEC(PA[ajC j )•
SX2:=-C1xVTX; SY2:=-C1xVTY: SZ2:=-C1XVTZ;

' U N I T V E C ( C [ c , 1 ] , C [ c , 2 ] , C [ c , 3 ] , C [ b , 1 ] , C [ b , 2 ] ,  
C [ b ,3 ] * E X ,E Y ,E Z ,c ,b ) j  

UNITVEC(C[b,1] ,C[bJ 2 ] , C [ b , 3 ] , C [ a , 1 ] , C [ a , 2 ] J 
C [ a J 3 ] i e x J e y J e z , b Ja ) ;  

VTP(EX.EY,EZJ EX,EY,EZ,ex,ey,ez,VTX,VTY,VTZ) 
C1:=.PR[bJ c ]xC O SE C (PA [a ,c ] ) j  
SX2: =SX2-C1XVTXj SY2:=SY2-C1xVTYj 
SZ2: =SZ2-C1XVTZj 
g o t o  FINJ
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U N I T V E C ( C [ a , 1 ] , C [ a , 2 ] , C [ a , 3 ] , C [ b , 1 ] , C [ b , 2 ] ,  
C [ b , 3 ] , E X , E Y , E Z , a , b ) j  

U N I T V E C ( C [ b , 1 ] , C [ b , 2 ] , C [ b , 3 J , C [ c , 1 ] , C [ c , 2 ] ,  
C [ c , 3 ] , e x , e y , e z , b , c ) j  

VP(EX,EY,EZ,ex ,ey ,ez ,VX,VY,VZ ) ; 
C 1 := - P R [ a ,b ] x C 0 S E C ( P A [ a ,c ] ) T 2 .0 j  
SX2:=C1xVXj SY2:=C1xVYj SZ2:=C1xVZ| 
goto FINj
t ! M ? F V E C ( C [ a , 1 ] , C [ a , 2 ] , C [ a , 3 ] , C [ b , 1 ] , C [ b , 2 ] ,  

C [ b ,3 ] , E X , E Y , E Z , a , b ) ;
UNITVEC(c[b,1 ] , C [ b , 2 ] , C L b , 3 J , C [ c , 1 ] , C [ c , 2 ] ,  

C [ c , 3 ] , e x , e y , e z , b , c ) j  
VP(EX ,EY ,EZ,ex ,ey ,ez ,VX ,VY,VZ)j  
V T P (ex ,ey ,ez ,E X ,E Y ,E Z ,e x ,e y ,ez ,V T X ,V T Y ,V T Z ) ; 
C l : i ( P R [ a 'b ] x C 0 S E c f p A f a , S ] ) - P R f b , c 1 x

c o s ( P T [ a , d ] ) x C 0 T ( P A [ b , d ] ) - P R [ b , c ] x  
C 0T (PA [a ,c ] ) )xC O SE C (PA [a ,c ] )}

C 2 : = - P R [ b , c ] x C 0 T ( P A [ b , d ] ) x s i n ( P T [ a , d ] ) x  
• COSEC(PA[a,c]) ;

SX2: =C 1 xVX+C2xVTX} SY2: =C 1XVY+C2XVTY 
SZ2 :=C 1XVZ+C2XVTZ; 
goto FIN5
x := a j  a := d j d:~Xj x :~ b j  b := c j  c : - x j
goto TBj . . .  
x := a j  a := d j d:=xj x := b j b := c j  c :~ x j
goto TAj

i n t : = i n t - 1 j  i f  i n t^ O  t h e n
b e g i n  SX1:=SX2j 
'SY1:^SY2; SZ1:=SZ2J 
r : ~ 0 j
f o r  q : - 1  s t e p  1 u n t i l  
T ^ o  ------- -----------
b e g i n

i r j , q ] ^ o
t h e n  r : ~ r + 1 ;



i f  r= 2  t h e n  g o to  Rj 
i f  r ~ 3  Tihen g o t o  A; 
i f  r= 4  t h e n  g o to  T; 
end;

SCALAR[p] :~SX1XSX2+SY1XSY2+SZ1XSZ2; 
SCALAR[p] := SCALAR[p]/M[N[p]] j

end
e l s e  SCALAR[p]:=0o0;

g [ i *  j ]  :=SCALAR[ 1 ]-fSCALAR[2]-{-SCALAR[3] +
SCALAR[ 4 ] ;

end;

f o r  i :~ 1  s t e p  1 u n t i l  m do
CEM pW M * MWaNMBW(S«| _ —— i ir will igi. i 11 »J — M x-.O

r o r  j : = i  s t e p  1 u n t i l  m do
gFj* i  ] • i “g T ii  j ] j

g a p ( l o , 3 o o ) ;
w r i t e  t e x t (3 0 ,  [ [ ccjUNFACTQRSD**G**MATRIX[i>cc(]J[) j 
f o r  i:= 1  s t e p  T u n t i l  m do 
b e g in  f o r  j:==1 sd ep ”T  un t i l  m do 

b e g in  ~~
w r i t e (3 0 ,  forma, t ( [ - n d .d d d d d d d d d ; s s ] ) , g [ i , j ] ) ;  
w r i t e (10^fo rm a t(T -n d eddddddddd;ssT), g [ i , j ] ):  
i f  j«10  th en  

b e g in
w r i t e  t e x t ( 3 ° , [ [ c ] ] ) ;
w r i t e  t e x t ( lO ,t r c T T )3
end;

i f  j=20 th en  
b e g in
w r i t e  t e x t ( 3 0 , [ [ c ] ] );  
w r i t e  t e x t  (1 0 ,  m n i i  
end;

end;
w r i t e  t e x t ( 3 0 , [ [ c c c c ] ] );  
w r i t e  t e x t (1 0 jTTccccTT); 
end;

f o r  i:= 1  s t e p  1 u n t i l  m do 
f o r  is=1 s t e p  1 urrbiT m do
T JT T jjls-oT U r "— ~  “
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L4: k : = r e a d ( 2 0 ) ;  l : = r e a d ( 2 0 ) ;  s : = r e a d ( 2 0 ) ;
U [ l 5s ] : ~ r e a d ( 2 0 ) ;  i f  k=0 t h e n  g o to  L4;
TRANS (U 9 V j m) j MMULT ( U, g ,  tfgjiiij j 
Mt4ULT(Ug^V^ G^m) j

gap(10a 3 0 0);
w r i t e  t e x t  (3 0 ,  [ [_cc]FACTDRED»*G**MATRIX[ c c ] ] ) j
f o r  i := 1  s t e p  1 u n t i l  ra do ,
b e g in
T o r  Tj : “ 1 s t e p  1 u n t i l  m do 

b eg in
wr.ftre(3 0 , f o r r n a t (  [ - n d . d d d d d d d d d j s s ] ) *G[i* j ] ) ;  
w r i t e ( 1 0 , f o r m a t ( T - n d «d d d dd d dd d js  s 7 ) , G [ i , j ] ) 5  
i f  j=10 t h e n  

b e g i n
w r i t e  t e x t  (3 ° j [ [ c ] ] ) ;
w r i t e  t e x t (1 0 ,I T c ]T 7 5
end;

i f  j=20 m e n  
b e g in
w r i t e  t e x t  (3 °  j [ [ c ] ] ) ;  
w r i t e  t e x t ( 1 0 j [ L c J lT f  
e n d ;

end;
w r i t e  t e x t (3 0 , [ [ c c c c ] ] ) ;  
w r i t e  t e x t  (1 0 *tTccccTT) ; 
end;

end;
close(20); close(3G); close(10);
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APPSTTDIX two 

THE EIGrENVALTJE S PROGRAMME

1 . I n t  ro  d u e t  i o n

I n  C h a p t e r  P i v e  i t  was s t a t e d  t h a t  t h e  b a s i c  

e q u a t i o n  o f  t h e  c l a s s i c a l  a p p ro a c h  t o  m o l e c u l a r  

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

u n s y m m e t r i c a l  m a t r i x  g f  ( o r  GP ) ,  and  t h e  p r e s e n t  

a p p e n d i x  d e s c r i b e s  a c o m p u te r  programme w r i t t e n  t o  

car ry -  o u t  t h i s  c a l c u l a t i o n  f o r  m a t r i c e s  o f  low o r d e r .

2 .  T h eo ry

The m ethod o f  s o l u t i o n  a d o p t e d  i s  t h a t  known a s  

t h e  t r a c e  m e th o d ,  and  i t  i s  d e s c r i b e d  i n  r e f e r e n c e  ( 62 ) ,  

on p ag e  2 l 6 . T h i s  method  i n v o l v e s  f i n d i n g  t h e  

c o e f f i c i e n t s  o f  t h e  p o l y n o m i a l  i n  ^  , o b t a i n e d  b y  

e x p a n d in g  t h e  d e t e r m i n a n t a l  e q u a t i o n  | GP -  E.A| = 0 , and  

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

pow ers  o f  t h e  m a t r i x  GP. The programme t h e n  f i n d s  

t h e  r e q u i r e d  z e r o s  o f  t h e  p o l y n o m i a l  by  Newton! s
67 '

i t e r a t i v e  method . The l o w e s t  r o o t  i s  f o u n d  f i r s t ,  

an d  t h e n  d i v i d e d  o u t  t o  p r o d u c e  a nev/ p o l y n o m i a l  i n  ^  >

whose o r d e r  i s  one l e s s  t h a n  t h a t  o f  t h e  o r i g i n a l  o n e .  

The new p o l y n o m i a l  i s  t r e a t e d  i n  t h e  same way. The 

l o w e s t  z e r o  i s  f o u n d ,  d i v i d e d  o u t ,  and  a p o l y n o m i a l  o f
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o r d e r  two l e s s  t h a n  t h e  o r i g i n a l ,  i s  p r o d u c e d .  T h i s  

p r o c e d u r e  i s  r e p e a t e d  u n t i l  a l l  t h e  e i g e n v a l u e s  o f  t h ei
GF m a t r i x  h a v e  "been i s o l a t e d ,

A number o f  d i s a d v a n t a g e s  o f  t h e  above p r o c e d u r e  

s h o u l d  b e  m e n t i o n e d .  F i r s t l y ,  i t  i s  r a t h e r  t i m e -  

c o n sum in g ,  an d  t h e  t im e  r e q u i r e d  f o r  c o m p le te  s o l u t i o n  

i n c r e a s e s  d r a m a t i c a l l y  w i t h  i n c r e a s i n g  o r d e r  o f  t h e  

m a t r i x  t o  b e  s o l v e d .  S e c o n d ly ,  t h e  m ethod i s  s u b j e c t  

t o  e r r o r  f rom  a number o f  s o u r c e s ,  t h e s e  e r r o r s  b e i n g  

a l s o  a c c e n t u a t e d  a s  t h e  o r d e r  i n c r e a s e s .  Thus t h e  

c o e f f i c i e n t s  o f  t h e  o r i g i n a l  p o ly n o m ia l  e q u a t i o n ,  must
i

b e  s u b j e c t  t o  n u m e r i c a l  r o u n d - o f f  e r r o r s , |  a s  t h e y  a r e  

c a l c u l a t e d  b y  c a r r y i n g  o u t  a l a r g e  number o f  m a t r i x  

m u l t i p l i c a t i o n s .  I n  a d d i t i o n ,  t h e  method o f  d i v i d i n g  

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

c o m p l e t e l y  s a t i s f a c t o r y ,  f o r  any  e r r o r  i n  t h e  f i r s t  

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

p o l y n o m i a l  o b t a i n e d  on d i v i s i o n ,  and  t h i s  e r r o r  i s  

t r a n s m i t t e d  t o  t h e  s e c o n d  r o o t .  I n  t h i s  way e r r o r s  

must  a c c u m u la t e  a s  s u c c e s s i v e  r o o t s  a r e  c a l c u l a t e d .

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

e r r o r  s o u r c e s  d i s c u s s e d ,  v a r i o u s  m a t r i c e s  o f  o r d e r  

l e s s  t h a n  e i g h t ,  whose e i g e n v a l u e s  were  a c c u r a t e l y  

known, were u s e d  t o  t e s t  t h e  programme, and  even  f o r  

a m a t r i x  o f  o r d e r  s e v e n ,  a l l  e i g e n v a l u e s  Y/ere o b t a i n e d
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a c c u r a t e  t o  a t  l e a s t  t h e  f i f t h  p l a c e  o f  d e c i m a l s .  I n  

t h e  i t e r a t i v e  p r o c e s s  t h e  a c c u r a c y  t o  which  e ach  r o o t  

was c a l c u l a t e d  was k e p t  c o n s t a n t  a t  10*“"̂ . I t  i s  

n o t  o f  c o u r s e  p o s s i b l e  t o  make t h i s  q u a n t i t y  

i n d e f i n i t e l y  s m a l l ,  a s  s o u r c e s  o f  n u m e r i c a l  e r r o r  i n

t h e  i t e r a t i v e  p r o c e s s  c a u se  t h e  l a t t e r  t o  d i v e r g e ,  i f  

t h e  a c c u r a c y  r e q u i r e d  i s  s e t  a t  t o o  h i g h  a v a l u e .

As a r e s u l t  o f  t h e  t e s t s  i t  was assumed t h a t  t h e  

method was a d e q u a te  f o r  t h e  p u r p o s e s  o f  t h e  c a l c u l a t i o n s  

d e s c r i b e d  i n  C h a p t e r s  S i x  an d  Seven .

2 .  The d a t a  i n p u t  r e q u i r e m e n t s  .

The t e x t  o f  t h e  e i g e n v a l u e s  programme f o l l o w s  a t  

t h e  end  o f  t h i s  s e c t i o n .  The programme i s  w r i t t e n  

i n  A l g o l  f o r  u s e  on an  E n g l i s h  E l e c t r i c  K .D .E .9  

c o m p u te r .  I n  t h e  p r e s e n t  work i t  was c o m p i l e d  b y  

a W h e ts ton e  c o m p i l e r ,  an d  t o o k  o n l y  a few s e c o n d s  t o  

s o l v e  a m a t r i x  o f  o r d e r  f o u r ,  b u t  a ro u n d  t w e lv e  m in u t e s  

f o r  one o f  o r d e r  s e v e n .  The sequ en ce  o f  d a t a  

n e c e s s a r y  f o r  t h e  c a l c u l a t i o n ,  i s  a s  f o l l o w s ,

DV = o u t p u t  d e v ic e  number = 10 o r  30;

y & t h e  number o f  GE m a t r i c e s  t o  b e  s o l v e d ;  

t o l  = t h e  e r r o r  p e r m i t t e d  i n  e a c h  r o o t  e x t r a c t e d  b y  

Newton’ s m ethod .  T h i s  was h e l d  a t  10*“^ ;

*n = t h e  o r d e r  o f  t h e  m a t r i c e s  G ,E ,  and  GE.
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t r i a l  = a v a lu e  lo w e r  t h a n  th e  lo w e s t  r o o t ,  e x p e c te d .  

T h is  m ig h t ,  f o r  ex am p le ,  he  s e t  a t  - 0 . 5  f o r  t h e  

v i b r a t i o n a l  p ro b lem :

Or (nxn) = t h e  e le m e n ts  o f  t h e  Or m a t r ix  i n  row s;

F (nxn) = t h e  e le m e n ts  o f  t h e  F m a t r ix  i n  row s;

F o r  more s e t s  o f  d a t a  r e t u r n  t o  * .

The e ig e n v a l u e s  a r e  o u tp u t  i n  o r d e r  o f

i n c r e a s i n g  m a g n i tu d e ,  and  e a c h  i s  c o n v e r t e d  to  a  

wavenumber v a lu e  u s i n g  t h e  r e l a t i o n  w = 1302 . 9A2 , 

w hich  i s  g iv e n  i n  r e f e r e n c e  ( 62 ) on page  2 6 6 . T hese  

wavenumbers were o u tp u t  f o r  c o m p a r iso n  w i th  o b s e r v e d  

s p e c t r a l  v a l u e s .

The above programme d o es  n o t  o f  c o u r s e  c a l c u l a t e  

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

t r a n s f o r m a t i o n  to  n o rm al  c o o r d i n a t e s .  I n  s im p le  

C a se s ,  t h e s e  w ere fo u n d  b y  h a n d ,  w h i l s t  f o r  m a t r i c e s  

o f  o r d e r  - g r e a t e r  t h a n  f o u r , ,  t h e y  w ere fo u n d  u s i n g  a 

s t a n d a r d  l i n e a r  e q u a t i o n s  c o m p u te r  program m e.

I f  f o r  any  r e a s o n  t h e  i t e r a t i v e  p r o c e s s  d i v e r g e s  

a  f a i l u r e  m essage ROOTS COMPLEX i s  o u t p u t ,  and  t h e  

. c a l c u l a t i o n  i s  t e r m i n a t e d .
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b e g in  comment T h is  p ro g ram  r e a d s  i n  two m a t r i c e s  G a n d
F an d  fo rm s from  them  t h e  p r o d u c t  m a t r ix  
A e q u a l  t o  GF„ I t  t h e n  f i n d s  t h e  
e ig e n v a l u e s  o f  A by t h e  t r a c e  m ethod a n d  
c o n v e r t s  t h e s e  i n t o  wavenumber v a lu e s ]

r e a l  r ^ s ^ f u n c ^ d i f f  ,  t o l . ,  t r i a l *  c o r r e c t  *waves j

i n t e g e r  y ,n * a * b * c , i* j* D V ]

o p e n (2 0 ) ]  DV:= r e a d (2 0 ) ]  open(DV)] 
y : = r e a d ( 2 0 ) j  t o l : =  r e a d ( 2 0 ) ]

REPEAT:
n :~  r e a d (2 0 ) ]  t r i a l : =  r e a d ( 2 0 ) j

b e g in  r e a l  a r r a y  A*B*E«G*F[1 : n * 1 :n ]* C I* C * D [0 :n ] ,
T L 1 :nJ]

p r o c e d u r e  MMULT(X*YjZ*x); 
v £ r d T T*Y*x] 
i n t e g e r  x] 
r e a l  a r r a y  X^Y^Z] 
b e g in  i n t e g e r  u .v .w :

• M f M M b M a M a  ■ ■ ew iw w g e3 c i!!t«>wi»i«CT ^  '

f o r  u:*=l s t e p  1 u n t i l  x  do
■■jjan— —  — ■ 1 n  l y r o i  — ■ ■ iw 11 war immi m  — wmmm—m

f o r  v :~1 s t e p  1 u n t i l  x  do
b e g in  • Z [u5vr^oTU J* 
f o r  w:=1 s t e p  1 u n t i l  x  do 
zTu*v] :  = Z l u ^ ]  +XluJwTxY[w jv ] 
end]
end  p r o c e d u r e  ]

p r o c e d u r e  TRACE(X*x*p)] 
va lue^T jX ] 
i n t e g e r  x] 
r e a l  p] 
r e a l  a r r a y  X]
*5eg in~ in tege_r u ] p : = 0 .0 j  
f o r  u s ^ r ^ s te p  1 u n t i l x  do 
p := p + X [u ,u I ]  
end p ro c e d u r e ]

) ro c e d u re  FUNCTION(P*t*p*x)] 
" v a lu e  F * t* p ]  

i n t e g e r  p] 
r e a l  t , x ]  
rea l"  a r r a y  P]
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b e g in  i n t e g e r  u ;  x : = 0 o0;
M a a a n M B M M i  ■■■Kyayru«ui.w V |fai>i» »uw '  ~

f o r  u :~ u  s t e p  1 u n t i l  p do
x : - x + P [ u ] x t f u j
end  p r o c e d u r e ;

p r o c e d u r e  DIFFERENTIATE( P^Q^p) j 
m 'lu e P ji) ;
I n t e g e r  p ;  
r e a f  a r r a y  P*Q; 
b e g in  i n t e g e r  u :
? o r u :  - 0  s t e p  1 ' u n t i l  p do 
SHI] :« P [ u + T J x ( u + T 7 J ~  ~  :
Q [p + 1 ]:= 0e0;
end  p r o c e d u r e  ;

p r o c e d u r e  D IV ID E (P jt* p ) ;  
v a lu e  t 3p ;  
i n t e g e r  p ;  

re a f l  t ;  
r e a l  a r r a y  P; 
b e g in  i n t e g e r  u , v ;  
f o r  u :~ 0  s t e p  1 u n t i l  p do 
b e g in  
p [ u j : = 0 . 0 ;
f o r  v := u P l s t e p  1 u n t i l
P [u ]  : - p [ u ] + p [ 7 T x t T T ^ : i
end ;
F [ p + 1 ] : = 0 . 0 ;

end  p r o c e d u r e ;

f o r  i := 1  s t e p  1 u n t i l  n  do
' f o r j : -  1 s t e p  1 u n t i l  n  Ho
G T i j j ]  := rea d (2 0 7 1  
f o r  i :~ 1  s t e p  1 u n t i l  n  do
J Z r  j  : =1 1 u n t i l  n  3 o

TR A C E (A ,n ,T [1])j MMULT (A, A ,B , n )  

TRACE(B,n,T[2] ) ;

F T T , j ] : = r  2 0 )7  

MMULT(G,F,A,n)j
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L is  a := a + 1 ;  MMULT(A,B,E,n); T R A C E (E ,n ,T [a]) j
i f  a< n  t h e n  g o to  L2 e l s e  go toL 3 ;

L2: a := a + 1 ;  f4WLaTA*E5B37 0 V  rM A C E (B ,n ,T [a ] ) ;
i f  a< n  t h e n  g o to  L1 e l s e  g o to  L3;

L3: CJI[0] s«TTUf ~
f o r  i :~ 1  s t e p  1 u n t i l  n  do
b e g in  CT[T T: = 0 7 tJ J~ “
f o r  j := 0  s t e p  1 u n t i l  i - 1  do
cTTiJ •:« c r r m  + T [ P j  ]x c T T j] ;
Cl[i]:— C l [ i ] / i ;  
end;
f o r  i : = 0  s t e p  1 u n t i l  n  do
d T ] : - C l [ n = l T $  ~ ~  ~

b:=n; c:=n-1;
L4: DIFFERENTIATE (C ,D ,c ) ;

c o r r e c t : -  + 1 0 0 .0 ;
L 5 : FUNCTION( C, t r i a 1 , b , f u n c };

FUNCTION ( D , t r i a l , c , d i f f ) ;  
r : « - f u n c / d i f f ;  s : - c o r r e c t - r ;  
if s<0 t h e n  g o to  FAIL; 
c o r r e c t : = r ;  
t r i a l : = t r i a l + c o r r e c t ;
i f  a b s ( c o r r e c t ) < t o l  t h e n  g o to  L6 e l s e  g o to  L5;

L6 :  w r i t e  t e x t  (DV, [ [  cjETdKTvStTDE**IS*"*ESUAly^'^TO***^) ;
w r i t e  (DV, fo rm a  t 7 T " n d .d d d d d ; J J , t r i a l ) ;  
w r i t e  t e x t  (DVjjL^^QR***^); 
w a v e s : = s q r t ( t r i a l ) x 1 3 C 2 „ 9 ;  
w r i t e ( D V , f o r m a t ( [ - n d d d „d d ; ] ) , w a v e s ) ;  
w r i t e  t e x t  (DV, L3F***WAVE**TTUMBERS**lt) j 
b :~ b ~ 1 ;  c : - c ~ 1 ;
i f  b=0 t h e n  g o to  L8 e l s e  g o to L 7 ;

L7: UXVIDE C n T u ria lJH); ---- ----
g o to  L4;

L8: end;
y := y ~ 1 ;  i f  yj^O t h e n  g o to  REPEAT; 
g o to  h9s

FAIL: w r i t e  t e x t  (DV, U^cjR00TS*C0MPLEX]_);

L9: close(20); close(DV);

end-*
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APPENDIX THREE 

THE FORCE CONSTANT VARIATION PROCEDURE

B e fo re  a v i b r a t i o n a l  s e c u l a r  e q u a t io n  c a n  b e  s e t  

up* t h e  m a t r i x  f  m ust b e  known, and  u n l i k e  t h e  g  m a t r i x ,  

t h i s  c a n n o t  b e  c a l c u l a t e d  f o r  a m o le c u le  f rom  a 

know ledge o f  i t s  s t r u c t u r e ”. In d e e d ,  t h e  w hole  o b j e c t  

o f  no rm al c o o r d i n a t e  c a l c u l a t i o n s  i s  to  f i n d  f ,  u s i n g  

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

S in c e  th e  number o f  o b s e r v e d  f r e q u e n c i e s  I s  

u s u a l l y  s m a l l e r  t h a n  t h e  num ber o f  f  m a t r ix  e le m e n ts  

t o  b e  d e te r m in e d ,  even  when d a t a  f o r  s e v e r a l  i s o t o p i c  

s p e c i e s  a r e  a v a i l a b l e ,  i t  i s  n e c e s s a r y  t o  make t h e  

a p p r o x im a t io n  o f  v a le n c e  f o r c e s  ( see  C h a p te r  F i v e  ) ,  

and  t o  l i m i t  t h e  num ber o f  n o n - z e r o  f  m a t r i x  e le m e n ts  

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

c o n s t a n t s  a r e  t h e n  assum ed z e r o .

Even when t h i s  a p p ro x im a t io n  i s  made, i t  i s  n o t  

u s u a l l y  p o s s i b l e  t o  w r i t e  down e q u a t i o n s  f o r  th e  

n o n -z e ro  c o n s t a n t s  i n  te rm s  o f  t h e  o b s e r v e d  f r e q u e n c i e s ,  

and  h e n ce  t o  c a l c u l a t e  them d i r e c t l y .  I n s t e a d ,  

r a t h e r  i n d i r e c t  m ethods m ust b e  a d o p te d  to  d e te r m in e  

t h e s e  c o n s t a n t s ,  and  t h e  p r e s e n t  a p p e n d ix  d e s c r i b e s  

one o f  t h e s e ,  an  i t e r a t i v e  p r o c e d u r e ,  w hich  was u s e d  

i n  t h e  c a l c u l a t i o n s  o f  C h a p te r s  S ix  and  S even .
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In. t h i s  p r o c e d u r e ,  a t r i a l  m a t r ix  f  i s  s e t  u p ,  

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

a nd  th o s e  c r o s s - t e r m s . w hich hav e  "been assum ed  n o n - z e r o .

The v a l u e s  c h o se n  f o r  t h e s e  e le m e n ts  a r e  t h e n  f e d  i n t o  

t h e  f o r c e  c o n s t a n t  v a r i a t i o n  program m e, t o g e t h e r  w i th

t h e  e le m e n ts  o f  e a c h  b l o c k  o f  t h e  Cr m a t r i x ,  and  

wavenumber v a l u e s  f o r  t h e  o b s e r v e d  s p e c t r a l  f r e q u e n c i e s .  

T hese  l a t t e r  a r e  g ro u p e d  a c c o r d i n g  t o  t h e i r  symmetry 

s p e c i e s ,  e ac h  g ro up  c o r r e s p o n d i n g  t o  a  p a r t i c u l a r  

b l o c k .  The i n p u t  f  e le m e n ts  a r e  t h e n  u s e d  b y  t h e  

programme t o  c o n s t r u c t  t h e  b l o c k s  o f  F ,  and  th e
i

s e c u l a r  e q u a t i o n s  d e f i n e d  b y  t h e  p ro  d u c t  Sj o f  e a c h  O 

b l o c k ,  w i th  i t s  c o r r e s p o n d in g  F b l o c k ,  a r e  s o lv e d  u s i n g  

t h e  m ethods d e s c r i b e d  i n  A ppend ix  Two. I n  f a c t  th e  

e ig e n v a l u e s  programme o f  A ppend ix  Two i s  i n c l u d e d  i n  

t h e  v a r i a t i o n  programme a s  a s p e c i a l  s u b r o u t i n e .

The c a l c u l a t e d  f r e q u e n c i e s  a r e  com pared  w i t h  t h e  

o b s e rv e d  v a l u e s ,  and  t h e  q u a n t i t y ,

c a l c u l a t e d  b y  summing o v e r  a l l  f r e q u e n c i e s .  A s m a l l

change  i s  t h e n  made to  one o f  t h e  n o n - z e r o  f  e l e m e n t s ,  

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

The s e c u l a r  e q u a t io n s  a r e  r e c o n s t r u c t e d  and  s o l v e d  

a g a in  t o  e n a b le  t h e  sum A 3.1  t o  b e  r e - e v a l u a t e d .  I f  

* I n  th e  p r e s e n t  work t h i s  h a d  t h e  v a lu e  0 .0 5 .
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t h i s  sum i s  fo u n d  to  he  l e s s  t h a n  i t s  p r e v i o u s  v a l u e ,  

a se co n d  s m a ll  change  o f  e q u a l  m ag n itu d e  and  s i g n  i s  

made t o  t h e  f  m a t r i x  e le m e n t  p r e v i o u s l y  v a r i e d .  I f ,  

on  t h e  o t h e r  h a n d ,  i t  i s  i n c r e a s e d ,  t h e  change  i s  s t i l l

made, h u t  i t s  s i g n  i s  r e v e r s e d .  Vttien a  p o i n t  i s  

r e a c h e d  a t  w hich  i t  i s  im p o s s ib l e  t o  re d u c e  t h e  sum 

A 3.1  by  m aking  a change  i n  e i t h e r  d i r e c t i o n ,  t h e n  t h e  . 

f  m a t r ix  e le m e n t  v a r i e d  i s  a l lo w e d  to  rem a in  c o n s t a n t  

a t  i t s  new optimum v a l u e ,  an d  t h e  p r o c e d u re  r e p e a t e d  

f o r  a s e c o n d  f o r c e  c o n s t a n t ,  an d  so on , f o r  a l l  o f  

t h e  n o n - z e ro  f  m a t r ix  e l e m e n t s .  T h is  p r o c e s s  i s- i
t h e n  r e p e a t e d 'b y  r e t u r n i n g  to  t h e  f i r s t  f lo rae  c o n s t a n t  

v a r i e d  and  w o rk in g  th ro u g h  a l l  o f  th e  c o n s t a n t s  

a g a i n .  T h us , b y  a c y c l i c  p r o c e s s ,  t h e  f u n c t i o n  A 3 .1  

i s  m in im is e d  a f i n a l  s e t  o f  optimum v a l u e s  b e i n g  

o b t a i n e d  f o r  t h e  n o n - z e r o  f o r c e  c o n s t a n t s .  A t t h i s

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

an d  t h e  c o r r e s p o n d i n g  c a l c u l a t e d  f r e q u e n c i e s ,  a r e  

o u tp u t  b y  t h e  program m e.

The programme t e x t  i s  n o t  i n c l u d e d  i n  t h i s  

a p p e n d ix ,  a s  i t  i s  r a t h e r  l o n g ,  a n d  c o n s t i t u t e s  a  

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

ab o v e .  F o r  FGIO^ and  HCIO^ a s i x  c o n s t a n t  f o r c e  f i e l d  

was u s e d  and  c o n v e rg e n c e  a c h i e v e d  a f t e r  f o u r  f u l l  

c y c l e s  o f  v a r i a t i o n .  The c r o s s - t e r m s  w ere  i n i t i a l l y

s e t  e q u a l  t o  z e r o .
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APPENDIX’ POUR 

A COMPUTER PROGRAMME FOR THE 

XOX ANGULAR SYMMETRIC SYSTEM

I n  t h i s  a p p e n d ix  th e  t e x t  i s  g iv e n  o f  a c o m p u te r  

programme used, t o  c a l c u l a t e  f r e q u e n c y  and  r o o t  mean 

s q u a re  a m p l i tu d e  v a l u e s  f o r  v a r i o u s  XOX a n g u l a r  

sym m etric  m o le c u le s  ( see  C h a p te r  E ig h t  ) .  The 

programme i s  v / r i t t e n  i n  A lg o l  f o r  u s e  on t h e  K ,D .F ,9  

c o m p u te r ,  and  i n  t h e  p r e s e n t  w ork was c o m p i le d  "by a

W hets tone  c o m p i l e r .  C a l c u l a t i o n s  r e q u i r e d  o n ly  a
!

few  se c o n d s  f o r  c o m p le t io n  and  t h e  programme was
2 7 '

t e s t e d  u s i n g  r e s u l t s  p u b l i s h e d  f o r  NO^ b y  C yv in  ,

The programme assum es a s  i n t e r n a l  d i s p la c e m e n t  

c o o r d i n a t e s ,  c h a n g e s  i n  t h e  two b o n d e d  d i s t a n c e s ,  a n d  

a change  i n  t h e  v a le n c e  a n g le .  I t  f o l l o w s  t h e  t h e o r y  

o u t l i n e d  i n  C h a p te r  F iv e  and  i n  r e f e r e n c e  ( 2 7 ) ,  an d  

c a l c u l a t e s  t h e  e le m e n ts  o f  t h e  £  m a t r ix  from  i n p u t  

s t r u c t u r a l  d a t a .  I t  a l s o  i n p u t s  t h e  f o u r  c o n s t a n t s  

r e q u i r e d  to  d e f i n e  t h e  f  m a t r i x ,  and  b y  t r a n s f o r m i n g  

t o  symmetry c o o r d i n a t e s  c o n s t r u c t s  t h e  G and  F m a t r i c e s ,  

and  f i n d s  t h e  e ig e n v a l u e s  o f  t h e  two  b l o c k s  a p p e a r i n g  

i n  t h e  GF m a t r i x .  The t h r e e  v i b r a t i o n a l  f r e q u e n c i e s  

w hich  r e s u l t  a r e  o u tp u t  i n  wavenumber v a l u e s .  The 

t r a n s f o r m a t i o n  r e l a t i n g  t h e  symmetry c o o r d i n a t e s  to
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t h e  n o rm al  c o o r d i n a t e s ,  i s  n e x t  c a l c u l a t e d  from

a . s e t  o f  e i g e n v e c t o r s ,  and  t h i s  i s  u s e d  t o  d e te rm in e

t h e  t r a n s f o r m a t i o n  o f  t h e  i n t e r n a l  d i s p la c e m e n t

c o o r d i n a t e s  t o  t h e  n o rm al c o o r d i n a t e s .  F o l lo w in g

t h i s  t h e  two c h a n g e s  i n  i n t e r a t o m i c  d i s t a n c e  f o r  an

XOX m o le c u le ,  t h a t  i s  t h e  chan ge  i n  OX w hich  i s  a l r e a d y

a c h o se n  i n t e r n a l  c o o r d i n a t e ,  and  th e  change  i n  t h e

X ..X  n o n -b o n d ed  d i s t a n c e ,  a r e  r e l a t e d  l i n e a r l y  t o  t h e

n o rm al c o o r d i n a t e s ,  and  t h e  a m p l i tu d e  v a l u e s  Uq^  and
o

u  v  c a l c u l a t e d ,  and  o u t p u t  i n  A ngstrom  u n i t s .
jL0 + A

The d a ta  se q u en c e  r e q u i r e d  i s ,

DV = o u tp u t  d e v ic e  number = 10 o r  30;

T i t l e ;  p = t h e  number o f  s e p a r a t e  c a l c u l a t i o n s  t o

h e  c o m p le te d ;  MX = t h e  mass o f  X i n  a . m . u . ’ s ;

MO -  t h e  mass o f  0 i n  a . m . u . ' s ;  A = th e  v a l e n c e  a n g le
o

i n  d e g r e e s ;  R = t h e  OX b o n d  l e n g t h  i n  A ;

T = t h e  a b s o l u t e  t e m p e r a t u r e ;  

f l  = f o r c e  c o n s t a n t  f  ; 

f 2 = f o r c e  c o n s t a n t  

t 3  = f o r c e  c o n s t a n t  f

fij. = f o r c e  c o n s t a n t  f  q ; N o te : f o r  t h e  m ean ing  and  

u n i t s  o f  t h e s e  l a t t e r  f o u r  q u a n t i t i e s ,  s e e  C h a p te r  

E i g h t .
R e tu r n  t o  * f o r  more s e t s  o f  d a t a .



b e g in  comment T h is  p ro g ram  f i n d s  t h e  fu n d a m e n ta l
f r e q u e n c i e s  a.nd mean a m p l i tu d e s  o f  
v i b r a t i o n  f o r  a  s y m m e t r ic a l* a n g u la r*
XOX m o le c u le  a t  t e m p e r a t u r e  T d e g re e s  
K e lv in o  I t  u s e s  a  v a r i a b l e  f o r c e  
f i e l d  f  a n d  a  f i x e d  m o le c u la r  g e o m e try .
I t  o u t p u t s  p r i n c i p a l l y  t h e  fu n d a m e n ta l  
f r e q u e n c i e s  i n  cm~1 * an d  t h e  mean 
a m p l i tu d e s  o f  v i b r a t i o n *  UQX a n d  UX„eX 
i n  A ngstrom  u n i t s *

r e a l  MX*M0*A*R*T*g1,g2*g3*g4*G11*G12*G22*
~ G33*f1*f2*f3*f4*F11*F12*F22*F33*GF11*

GF12*GF21*GF22*GF33*D5E*X*Y*Z*L11*L12*
L21*L22*L33*N1*N2*N3*N11*N12*N21,N22*
N33*WN1*WN2*VW3*K11*K12*K13*K31*K32,
beta*C1*C2*C3*U0X*UXX;

i n t e g e r  D V *p*g*G *N *K *eigs*fr1*fr2*fr3 j

r e a l  p r o c e d u r e  s i n h ( a ) * v a lu e  a* r e a l  a :  
b e g in  r e a l  S * te rm j i n t e g e r  n ;

n : = 0 * te r m := a ;  S := a j  a := a T 2 ; 
f o r  n := n +2 w h i l e  a b s ( t e r m ) >10-6 do 
b e g in  t e r m := te r m x a /n / (n + 1  )* S:=S+’5erm* 
end;
s in h := S ;

end ;

r e a l  p r o c e d u r e  c o s h ( b ) ;  v a lu e  b j  r e a l  b ;  
b e g in  r e a l  C*TERM; i n t e g e r  m;

. mSas2. T E R M s^B W 2.0 ;
C := 1 ,0+TERM; 
b := b T 2 *

f o r  m:~m+2 w h i l e  a b s  (TERM)>10-6 do 
b e g in  TERM : ==" T ® M xb/m /(m -1) ;

. C:=C+TERM;
end ;
cosh := C ;

o p e n ( 2 0 ) ;  DV:= r e a d ( 2 0 ) j  open{DV); 
copy  t e x t  (20jDV,_[_j j
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p :=  r e a d ( 2 0 b  MX:= r e a d ( 2 0 ) j  M0: = r e a d ( 2 0 ) j
A:= r e a d ( 2 0 ) j  R:= r e a d ( 2 0 ) j  T:= r e a d ( 2 0 ) j
A:=A/57..30j
g 1 1 . 0 / M X  + 1.0/MO;
g 2 :=  cos(A)/MO;
g 3 :=  -s in (A )/(R x M O );
g 4 :  = 2 .0 /(MXxR T 2)+2 .0 x ( 1 - c o s (A )) / (R T 2 xM0);

G11 : = g1+g2;
G12:= s q r t ( 2 . 0 ) x g 3 j  
G22:= g4 ;
G33:= g1~g2;

RETURN: g:— rea d ^SO-)-;— 6-t=3?ea44StX)-j—-N; - p-ead-(-2-Q/j- 
K4~gead-(20-) ; e-ig-a+^peetd-fso/; 
f 1 : = r e a d ( 2 0 l ;  f 2 : = r e a d ( 2 0 ) ;  f 3 : = r e a d ( 2 0 ) ;  
f 4 : = r e a d ( 2 0 ; ;
F11 := f 1 + f 2 ;
F12: = s q r t ( 2 . 0 ) x f 3 j
F 2 2 :=  f 4 ;  i
F 3 3 :=  f 1 - f 2 ;  ,
GF11 :=G1IxFI1+G12XF12; '
GF1 2 :=G11XF12+G12XF22 ;
GF21:=G12xF11+G22XF12;
GF22: =G12xF12+G22XF22;
GF33:=G33XF33J 
D: =GF11+GF22J
E:=(GF11xGF22)-(GF12xGF21) j 
X: = (D + sq r t  (DT2-4 .OxE ) ) / 2 ;  
Y := (D ~ s q r t (D T 2 -4 .0 x E )} /2 ;
Z:=GF33j 
L11 :=1j 
L 1 2 := 1 ;

N 1 : = s q r t (X / (F 11+ 2 . O x F 12 X L 2 1+ F 2 2 X L 2 1T 2 ) h  
N 2 : = s q r t ( Y / ( F 1 1 + 2 . O x F 1 2 X L 2 2 + F 2 2 X L 2 2 T 2 ) ) J  

N 3 : = s q r t ( Z / F 3 3 ) j  
N 1 1 :=N1;
N12:=N2;
N21:=N1xL21;
N22:=N2XL22;
N33:=N33

L21:=(X-GF11)/G F12 
L22:=(Y~GF11)/GF12 
L 3 3 := 1 :
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K 1 1 := N 1 1 /s q r t{ 2 .0 ) ;
K12 : =N12/ s q r t (2 , 0 ) ;
K 13:“ N 3 3 / s q r t ( 2 . 0 ) ;
K 3 1 : = ( s q r t ( 2 .0 ) x s i n ( A / 2 ) x N 1 1)+ (R x co s(A /2 )x N 2 1 ) ;  
K 3 2 := ( s q r t (2 .0 )x s in ( A /2 )x N 1 2 ) + ( R x c o s (A /2 ) x N 2 2 ) ;  
b e t a : =  (2 . 998x6 , 6 2 5 2 ) / ( 20x 1 . 3805XT) ;

Cl :=  co sh (b e tax W N 1 V sin h (b e tax W N 1 );
C2 :== c o sh (b e ta x W N 2 )/s in h (b e ta x W N 2 ) ;
03 s= cosh(betaxWN3}/sinh(betaxWN3);

UOX :=  s q r t ((K11T2X16 . 866x01)/WN1 +
(K12T2X16.866x02)/WN2+
(K13t2x16.866xC3)/WN3)|

EXX := s q r t ( ( K 3 1 T 2 x l 6 .86 6x0 1 )/WN1 +
(K32T2X16.866x02)/WN2);

w r ite  t e x t  (DV,JJcjRESULTS*FOR*RUN****]_)i
w r i te  (DV,fornatf[cTdd;c] ) , p ) j  r 
w r i t e  t e x t  (DV, [ [c ]FORCE*FIEID*USED***

f l 7 T 2 7 f 3 , f 4 ; * I c i i ) j

f  r  1: = f  ormat ( [ -n d . dd j cj_) ; 
w r i t e ( D V ,f r1 i f 1 ) j 
w r i t e ( D V i f r 1 , f 2 n  
w r i t e ( D V i f r l , f 3 ; j  
w r i t e ( D V j f r l i f 4 ) ;
w r i t e  te x t(D V j[ [c]FUNDAMENTAL*FREQUENCIES*W1,W2,W3

* in '?fWa7E*numbers ; [ c 1 ] ) ;  
f r 2 := fo rm a t( [ -n d d d „ d jc ] ) ;  
w rite (D V ,fr27 W N 1 ) ;  
w ri te (D V ,f r2 ,W N 2 ) j 
v ;r i te (D V ,f r2 iW N 3 )i
w r i t e  t e x t ( D V , [ [c]THE*MEAN*AMPLITUDES*OF*VIBRATION 

UOX*and*UXX;U] ] ) j 
f  r 3  • “ f o r m a t  (_[_-nd. dddddd ; cT 7; 
w r i te (D V ,f r3 > U 0 X ) ;  
v ir i te (D V ,f r3 jU X X ) ;
p:=p~1; if p?0 then Koto RETURN; 
ciose(20); cXose(WJJ"



APPENDIX FIVE . 

PROCEDURE DEPENDENTS FOR

PERCHLORIC ACID

T h is  a p p e n d ix  c o n t a i n s  t h e  t e x t  o f  a s u b r o u t i n e

w hich  fo rm ed  p a r t  o f  t h e  l e a s t  s q u a r e s  r e f in e m e n t

programme u s e d  t o  o b t a i n  R». . and  u .  . p a r a m e te r s  f o r  * J J
HClO^. The p u rp o s e  o f  t h e  r o u t i n e  i s  t o  c a l c u l a t e

c e r t a i n  d e p en d e n t  i n t e r n u c l e a r  d i s t a n c e s  from  a s e t

o f  f i v e  in d e p e n d e n t  v a l u e s ,  nam ely  t h o s e  r e f i n e d  h y

t h e  l e a s t  s q u a r e s  p r o c e d u r e .  A s e t  o f  p a r t i a l

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

t h e  l e a s t  s q u a r e s  m ethod , a r e  a l s o  c a l c u l a t e d .

The n u m b ering  sy s tem  c h o se n  f o r  t h e  C m odel- s
o f  p e r c h l o r i c  a c i d  i s  shown i n  f i g u r e  7 . 1 .  T h is  

m odel c o n t a i n s  f i f t e e n  i n t e r a t o m i c  d i s t a n c e s  and  

t h e s e  may b e  c l a s s i f i e d  a s  f o l lo w s  i n t o  e i g h t  n o n -

e q u i v a l e n t  t y p e s ,

S = m ag n itu d e o f S12*
U ~ m ag n itu d e o f UX6-
D = m ag n itu d e o f D2 6 *
R s= m ag n itu d e o f ^ 1 3 * Ri 5*
P = m ag n itu d e o f P 3 V P3 5 ,a n d
X = m ag n itu d e o f ^ 2 3 5 ^ 2 5 *
Y = m ag n itu d e o f Y6 i | ,a n d  Y6 3 .

Z = m agn itud e o f z 63*
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O nly  t h e  f i r s t  f i v e  o f  t h e  e i g h t  Q u a n t i t i e s  

S ,U ,D ,R ,P ,X ,Y ,a n d  Z a r e  in d e p e n d e n t  o f  o n e a n o t h e r ,  

and  t h e  t h r e e  r e m a in in g  v a l u e s  X,Y, and  Z may he  

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

X = f - ^ S .U .D .R .P )  ; Y = f 2 (S ,U ',D ,R ,P ) : Z = f , ( S , tT ,D ,R ,P )  ;

The p r o c e d u r e  whose t e x t  i s  g iv e n  "below u s e s  

i n p u t  v a l u e s  f o r  S ,U ,D ,R  and  P to  c a l c u l a t e  X,Y a n d  

Z, f o rm u la e  d e r i v e d  from  g e o m e t r i c a l  c o n s i d e r a t i o n s  

"being a p p l i e d .  Xn a d d i t i o n  t h e  c o s i n e s  o f  t h e  t h r e e  

v a le n c e  a n g le s  p o s s i b l e  f o r  t h i s  m odel a r e  a l s o  

c a l c u l a t e d  and  o u t p u t .  F i n a l l y  t h e  s e r i e s  o f  p a r t i a l  

d e r i v a t i v e s ,

3 x ,  d x ,  .........  3 z ,  d z ,
a s  a u  a n  a p

a r e  c a l c u l a t e d  from  a n a l y t i c a l  fo rm u la e  o b t a i n e d  b y

d i f f e r e n t i a t i n g  t h e  f u n c t i o n s  f  , t  , and  f ,  a b o v e ,1 z
T hese  te rm s  rare  s t o r e d  a s  t h e  e le m e n ts  o f  a m a t r i x  

0 .
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p r o c e d u r e  DEPENDENTS5
I n  comment T h is  p r o c e d u r e  c a l c u l a t e s  t h e  d e p e n d e n t  

d i s t a n c e s  f o r  t h e  f i v e  p l u s  t h r e e  m odel 
o f  p e r c h l o r i c  a c i d  a s  w e l l  a s  t h e  
p a r t i a l  d e r i v a t i v e  m a t r i x  C3 

r e a l  S<s,U5D5HR5P 5XJ YJ ZJ
a ^ b ^ m ^ n ^ q ^ e ^ f^ g ^ h j i j  
a s  j a u j a d j b s j b u ^ b d j  
ms)Smu5md5n s 5n u ,n d 5q r <jq p 5 
cosA^cosB^cosGj 

i n t e g e r  k , l , f 1 , f 23-

f 1 : » f o r m a t ( [ ~nd e d d d d c ])3  f  2 ; - f o r m a t ( [ ~ n d »d d d d s ])3  
S:=R[1]j  U7=R[2]j D :=R[3 ] j RR:=R[4Tj P:=R[5Tj 
comment C a l c u l a t i o n  o f  t h e  d e p e n d e n t  d i s t a n c e s  3' 
i:=SxTTf ;
as»2xST2XDT2+2XaT2xST2+2>dJT2xDT2-ST4-DT4-UTj 
b :=ST 2+DT2 ~UT23 m : = s q r t ( a ) / ( 2 x i ) $  
n : = b / ( 2x i )3 q := s q r t (R R T 2 -P T 2 /3 ) 3 e:= S + q j 
fs«S -D xn + q 5
g : “ D x m + P /sq r t(3 ) j h : -D x m -P /( s q r t ( 3 ) x 2 ) j 
X :~ s q r t (P T 2 /3 + e T 2 ) 3 
Y s q r t ( gT2+fT 2 )3 
Z :^sqrt(PT2/4+hT2-f-fT2)3  
i f  r [ 6 ] - 1  t h e n  R [6 ]:=X$
I T  r [ 7 ] ~ 1  t h e n  R[7 J : "Y; 
i f  r [ 8 ] - 1  t h e n  R [8 ] := Z j
comment C a l c u l a t i o n  o f  t h r e e  a n g l e s  a s  c o s i n e s 3 
c o s A :~ ( 2xRRT2~P?2) / ( 2XRRT2)3 
c o sB :—(RRT2+ST2~XT2J/(2xRRxS)3 
c o s G : - (ST24-DT2-UT2) /  ( 2xSxD)3
w r ite  t e x t ( 3 0 ,  [ [ c c cjPERCHLORIC*ACID* MODEL* A_[cccjj_) 
w r ite  t e x t ( 3 0 jTXNGLE^COSINES[ c ] ] ) 3 
w r ite  t e x t  (3 0 j TcQS*OPCLDP*EQITALS*****2<) j 
w r ite (3 C ^ f1* co sA )3
w r ite  t e x t (3 0 , [C0S*0PCL0B*EQUALS*****]-)* 
w r i t e (3 0 * f 1 5co sB )3
w r i t e  t e x t (3 0 ,£COS*CLOBH**EQUALS*****i): 
w r i t e ( 3 0 , f 13cosG )3 
w r i t e t e x t  (3 0 j L [ GGC0 J .)  I 
comment C a lc u la t io n  o f  th e  C m a trix 3  
asT^IX SX (DT2+UT2- ST2‘ 
a u : =4xUX( ST2+DT2-UT2 
a d : =4XDx( ST2+UT2-DT2, ,  
b s := 2 x S ] bu:=-2xU 3 bd:=2XD$



m s : - ( a s x O ffi2 5 ) / ( s q r t ( a ) x S x D )~ (0 « 5 x s q r t ( a ) ) / (S ? 2 x D )  
mu: - fauxO e 2 5 ) / ( s q r t ( a ) xSxD )5
md: = (adxO• 2 5 } / ( s q r t  (a )xSxD) - ( 0 . 5 x sq r t  ( a ) ) / (DT2xS) 
n s : - (  b s x o . 5 y ± -  (bxO . 5 5 /  (DxST2) j 
n u : —(bux0 o5 ) / ± $
n d s « ( b d x 0 .5 ) / i - ( b x 0 .5 ) / ( D T 2 x S ) j  
q r :« R R /q !  q p : ^ - P / ( 3 x q ) ;  
f o r  k : - 1  s t e p  1 u n t i l  8  do 
T5F 1 : - 1  1 urTBTT 5 Ho

• i ? ”k r l  th en  (?[k*TT7^D e l s e  C [ k , l ] : = 1 oO;
T T 6 ,1 ] C I6 ,2 ]  :«T 5T "C [6 ,3 ]  :« 0 ;
C [6 ,4 ]  : = ( e x q r ) / X 3 C [6 ,5 ]  : = ( P / 3+ e x q p ) /X 3 
C[ 7 j 13 J = ( gxDxms+fX(1 -D x n s ) ) / 'Y3 
C [ 7 ,  2 ] :  = (gxDxmu-fxDxnu ) /Y j 
C [ 7 ,3 ]  := lgx(D xm d+ m )-fx (ndxD + n))/Y 3 
C [ 7 j 4 ] s « ( f x q r ) / Y ;
C [ 7 ,5 ] : = ( g / s q r t ( 3 ) + f x q p ) / Y ;
C [8 ,1  ] :==(hxDxms+fx(l“D x n s ) ) /Z 3 
C[ 8 , 2 ] : - ( hxDxmu-fxDxnu)/ Z 3 
C [8 ,3 ]  :=(hx(Dxmd+m)«fx(Dxnd+n) ) /Z ;
C [ 8 ,4 ]  s - ( f x q r ) / Z 3
C [8 ,5 ]  s « ( P / 4 - h / ( 2 X s q r t ( 3 ) ) + ( f X q p ) ) / Z j

end  DEPENDENTS!
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