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a c i d s ,  w h i l e  P a r t  I I I  c o n t a i n s  t h e  r e s u l t s  o f  l e a s t -  

s q u a r e s  r e f i n e m e n t s  c a r r i e d  o u t  on c r y s t a l l i n e  p o l y 

p h o s p h a te  compounds.

I n  t h e  i n t r o d u c t o r y  c h a p t e r s  o f  P a r t  I  t h e  
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d i s c u s s e d .  T h e r e a f t e r  a re  g iv e n  th e  r e s u l t s  o f  s t u d i e s  
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u n s y m - d i m e t h y l h y d r a s i n e , compounds c o n t a i n i n g ,  r e s p e c t i v e l y ,  

P -  P and X -  IT s i n g l e  b o n d s .  V a lues  o f  2 .192A and 1 .4 5 5 A 

have b een  d e te r m in e d  f o r  th e  l e n g t h s  c f  t h e s e  b o n d s .

A p a r t  f rom  a c h a p t e r  r e v i e w i n g  hy d ro gen  bo n d in g  

w i t h  s p e c i a l  r e f e r e n c e  to  a c i d  s a l t s ,  P a r t  I I  c o n t a i n s  

t h e  r e s u l t s  o f  X - r a y  s t r u c t u r e  a n a l y s e s  o f  t h e  a c i d  s a l t s  

c ae s iu m  hydrogen  s u c c i n a t e  m onohydra te  and p o t a s s i u m  

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

s t u d y  o f  t h e  l a t t e r .  Both  compounds have b e en  shown t o  

p o s s e s s  Tv e ry  s h o r t 1 h y d ro g en  bonds  l y i n g  a c r o s s  

c r y s t a l i o g r a p h i c  e le m e n t s  o f  symmetry .
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P a r t  I I I  d e s c r i b e s  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  

t h e  c r y s t a l  s t r u c t u r e s  o f  two p o l y p h o s p h a t e  compounds which  

had p r e v i o u s l y  been  r e f i n e d  o n l y  by  e l e c t r o n - d e n s i t y  

d i f f e r e n c e  s y n t h e s e s  ( J o s t ,  1961 and 1 9 6 5 ) .  Some a p p a r e n t  

an o m a l ie s  i n  t h e  l e n g t h s  o f  P -  0 b r i d g e  bonds i n  one o f  

t h e s e  s t r u c t u r e s ,  K u r r o l ’ s sod ium  s a l t ,  Type A, have  been  

removed.

Three  a p p e n d i c e s  a r e  a l s o  i n c l u d e d .  Appendix  I  

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

geom etry  and i n t e r a t o m i c  d i s t a n c e s  I n  t e t r a m e t h y l d i p h o s p h i n e . 

The second  a p p e n d ix  c o n t a i n s  a p rog ram  f o r  r e f i n i n g  t h e  u n i t  

c e l l  d im e n s io n s  o f  a  c r y s t a l ,  g i v e n  t h e  h , k , £ ,  and s i n 0

t
v a l u e s  o f  a number o f  h i g h - o r d e r  r e f l e x i o n s .  Appendix  I I I  

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

s a l t ,  Type A, d e s c r i b e d  i n  P a r t  I I I .
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CHAPTER 1 

INTRODUCTION
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I t  has  been  known f o r  some t im e  t h a t  bond l e n g t h s

show marked d e v i a t i o n s  f rom  s im p le  a d d i t i v i t y .  F o r  i n s t a n c e ,

t h e  v a lu e s  f o r  t h e  h a l f - l e n g t h s  o f  the  C -  C bond i n  e th a n e
o o

and th e  F -  F bond i n  f l u o r i n e  a r e  0.77A and 0.72A r e s p e c t -
o

i v e l y .  However,  t h e  C - F bond l e n g t h  i s  n o t  1 .49A, as

one m ight  p r e d i c t  on a s im p le  a d d i t i v i t y  b a s i s .  I n  CFa t h e
o o

C F bond l e n g t h  i s  1 .32A, and i n  CH3 F i t  i s  1.39A.

T h e r e f o r e ,  n o t  o n l y  i s  i t  i m p o s s i b l e  t o  p r e d i c t ,  on a s imple

a d d i t i v i t y  b a s i s ,  t h e  l e n g t h  o f  a bond be tw een  two p a r t i c u l a r

atoms A and B, b u t  t h i s  A -  B bond l e n g t h  i s  i t s e l f  n o t

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

su ch  as the  i o n i c i t y  o f  t h e  bond f o rm e d ,  th e  bond o r d e r ,  and

th e  h y b r i d i s a t i o n  o f  t h e  two b o nd in g  o r b i t a l s  (W i lm s h u r s t ,

1 960) .  T h e r e f o r e ,  any t h e o r y  which  a t t e m p t s  to  p r e d i c t

bond l e n g t h s  must t a k e  such  f a c t o r s  i n t o  a c c o u n t .

The f i r s t  t h e o r y  t o  t r y  to  do t h i s  was t h a t  o f

Schomaker and S t e v e n s o n ,  (1 9 4 1 ) ,  who n o t e d  t h a t  s h o r t e n i n g s

i n  bonds o c c u r r e d  most f r e q u e n t l y  when t h e  atoms d i f f e r e d

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

an e q u a t i o n ,

r AB = r A + ^b “ ° « 0 9  1XA ~ XBl > 

where r ^ ,  rg  a r e  t h e  s i n g l e  c o v a l e n t  r a d i i  o f  atoms A and B, 

and X3  a re  t h e  e l e c t r o n e g a t i v i t i e s  ( P a u l i n g ,  1939) o f  

t h e  a tom s .  The v a lu e s  were d e r i v e d  f rom  t h e  bond l e n g t h s
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of  s y m m e t r i c a l  m o le c u le s  c o n t a i n i n g  A -  A homopolar  s i n g l e  

bonds such  as F2 , HgOg, $2^4* However, t h i s  r u l e  b r e a k s  

down i n  c a s e s  such as CF4  and CH3 F where b o t h  t y p e s  o f  C -  F 

bond would be p r e d i c t e d  to  have t h e  same l e n g t h .  I n  f a c t ,  

t h e  d i f f e r e n c e  i n  t h i s  c a se  may be a s c r i b e d  to  d i f f e r e n c e s  

i n  h y b r i d i s a t i o n  ( B e n t ,  1 9 6 0 ) .  The c a rb o n  atom i n  CF4  must 

u se  sp^ h y b r id  o r b i t a l s ,  w h i le  i n  CH3 F ,  t h e  l a r g e  d i f f e r e n c e  

i n  e l e c t r o n e g a t i v i t y  be tw een  hy drogen  and f l u o r i n e  c au se s  

t h e  c a rb o n  atom t o  c o n c e n t r a t e  s c h a r a c t e r  i n  t h e  C -  H b o n d s ,  

and t h e r e f o r e  th e  C ~ F bond becomes r i c h e r  i n  p c h a r a c t e r ,  

and c o n s e q u e n t ly  becomes l o n g e r .

A more r e c e n t  e m p i r i c a l  r e l a t i o n s h i p  beuween 

t e t r a h e d r a l  c o v a l e n t  r a d i u s  and e f f e c t i v e  n u c l e a r  c h a rg e  was 

d e r i v e d  by  B eag ley  ( 1 9 6 6 ) .  T here  was shown to  be a c l o s e l y  

l i n e a r  r e l a t i o n s h i p  b e tw een  t h e  r a d i u s  o f  t h e  atom and th e  

r e c i p r o c a l  o f  S l a t e r ’ s (1930) e f f e c t i v e  n u c l e a r  c h a r g e ,  Ze f f ,  

v i z . ,  f o r  bonds be tw een  f i r s t - r o w  e l e m e n t s ,

Rx4 (o a lo )  = 1 .2 3 4  ( l / Z e f f ) + 0 .387A.

However, t h e r e  a r e  c e r t a i n  r e s t r i c t i n g  f a c t o r s  a f f e c t i n g  th e

use  o f  t h i s  e q u a t i o n ,  v i z . ,
( i )  t h e  two atoms in v o lv e d  must be c o - o r d i n a t e d  

t e t r a h e d r a l l y ,
( i i )  o n e ,  b u t  n o t  b o t h  o f  th e  atoms may have lone  

p a i r s  i n  some o f  th e  p o s i t i o n s  o f  
t e t r a h e d r a l  c o - o r d i n a t i o n ,

( i i i )  i f  two o r  more atoms w i t h  l o n e  p a i r s  a r e  a t t a c h e d  
to  a g iv e n  atom, none o f  t h e  bond l e n g t h s  
i n v o lv e d  can  be p r e d i c t e d  on t h i s  s im ple  b a s i s .
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A s i m i l a r ,  much more t e n t a t i v e  e q u a t i o n  was a l s o  d e r i v e d  f o r  

bonds  be tw een  se co n d - ro w  e l e m e n t s .

The e f f e c t s  o f  s t e r i c  r e p u l s i o n  have a l s o ,  i n  

c e r t a i n  c a s e s ,  b een  r e d u c ed  to  a l i n e a r  e q u a t i o n .  Fo r  

e x am p le ,  t h e  e m p i r i c a l  r e l a t i o n s h i p
o

x = 0 .0 0 0 7 3  4) + 1.466A,

has  be en  p ro p o se d  (Chapman and S c h a ad ,  1966) t o  r e l a t e  t h e  

l e n g t h  o f  th e  c e n t r a l  C - C bond, i n  o r t h o - s u b s t i t u t e d  

b i p h e n y l s ,  t o  t h e  i n t e r p l s n a r  a n g le  4> • I n  t h i s  c a s e  th e  

m ost  i m p o r t a n t  e f f e c t  d e t e r m i n i n g  t h e  a n g le  <j> i s  t h e  n o n 

bonded i n t e r a c t i o n s  be tw een  o r t h o - s u b s t i t u e n t s  on the  two 

r i n g s .
However, i n  o r d e r  to  d e t e r m i n e  t h e  v a l i d i t y  o f  

such  l i n e a r  r e l a t i o n s h i p s ,  o r  i n d e e d ,  o f  any o t h e r  ty p e  o f  

r e l a t i o n s h i p ,  and t o  e x te n d  them to  p r e d i c t  a l l  t y p e s  o f  bond 

l e n g t h ,  one must o b v i o u s l y  a c q u i r e  c o n s i d e r a b l y  more a c c u r a t e  

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

o r d e r  to  d e te r m in e  t h e  s t e r e o c h e m i c a l  e f f e c t s  o f  such  f a c t o r s  

as  h y b r i d i s a t i o n ,  lo ne  p a i r  -  lo n e  p a i r  r e p u l s i o n s ,  non-bonded  

I n t e r a c t i o n s  and d n -  p n b o nd in g  one must  s t u d y  v e ry  

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

p r e f e r a b l y  I n  th e  gas phase  where  i n t e r m o l e c u l a r  i n t e r a c t i o n s  

a r e  a t  a minimum. At p r e s e n t  th e  two most  s u i t a b l e  t e c h n i q u e s  

f o r  making such  a c c u r a t e  s t u d i e s  a re  microwave s p e c t r o s c o p y  

and e l e c t r o n  d i f f r a c t i o n ,  b o t h  o f  which  can  d e t e r m i n e ,  i n



s u i t a b l e  c a s e s ,  bond l e n g t h s  to  a few t h o u s a n d t h s  o f  an 

Angstrom u n i t .  S i n c e ,  as m en t ion ed  i n  t h e  i n t r o d u c t i o n  t o  

C h a p te r  2 ,  microwave s p e c t r o s c o p y  i s  l i m i t e d  to  m o le c u le s  

h a v in g  an e l e c t r i c  d i p o l e  moment, and to  f a i r l y  s im p le  

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

d i f f r a c t i o n .

In  P a r t  I  o f  t h i s  t h e s i s ,  t h e  t e c h n i q u e  o f  

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  has  been  a p p l i e d  to  t h e  s tu d y  

o f  t h e  m o le c u le s  o f  t e t r a m e t h y l d i p h o s p h i n e  and u n sy m -d im e th y l -  

h y d r a z i n e .  O r i g i n a l l y  i t  had been  p la n n e d  to  s t u d y  and 

compare t h e  s t e r e o c h e m i s t r i e s  o f  t e t r a m e t h y l d i p h o s p h i n e  

(MeoPPMeg) , d im e t h y l  amino d im e th y lp h o s p h in e  ( I^ H P K e g )  , and 

t e t r a m e t h y l h y d r a z i n e  (MeglHTMeg) , and v a r i o u s  r e l a t e d  compounds 

However, once t h e  d a t a  f o r  t h e  two s t u d i e s  d e s c r i b e d  i n  

C h a p te r s  3 and 4 had b e e n  c o l l e c t e d ,  t h 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 t u s  was moved t o  M a n c h e s t e r ,  so on c o m p le t io n  o f  t h e s e  

s t u d i e s ,  t h i s  p a r t  o f  t h e  work  was t e r m i n a t e d .
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2 . 1  INTRODUCTION

G as-ph ase  e l e c t r o n  d i f f r a c t i o n  i s  a most im p o r t a n t  

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

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

One may o b t a i n  a v e r a g e  v a lu 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 ,  

and v a l u e s  f o r  t h e  c o r r e s p o n d i n g  r o o t  m e a n - sq u a re  a m p l i tu d e s  

o f  v i b r a t i o n  t o  an a c c u r a c y  o f  a few t h o u s a n d t h s  o f  an 

Angstrom u n i t .  I n f o r m a t i o n  may a l s o  be o b t a i n e d ,  i n  

f a v o u r a b l e  c a s e s ,  on c o n f o r m a t i o n a l  p rob lem s  and b a r r i e r s  

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

l i m i t a t i o n s  on th e  m ethod .  The most i m p o r t a n t  o f  t h e s e  

r e l a t e s  to  t h e  s i z e  and symmetry o f  th e  m o le c u le s  s t u d i e d ,  

which  must  be s m a l l  o r  m e d iu m -s iz e d ,  as t h e  methods u sed  

t o  d e r i v e  t h 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  

t r a c t a b l e  th e  g r e a t e r  t h e  number o f  i n d e p e n d e n t  d i s t a n c e s  

i n  t h e  m o le c u l e .  G rea t  d i f f i c u l t y  may a l s o  be e x p e r i e n c e d  

i f  s e v e r a l  o f  th e  i n t e r a t o m i c  d i s t a n c e s  i n  t h e  m o le c u le  a re  

a p p r o x i m a t e ly  th e  same. The m o le cu le  must a l s o  have q u i t e  

a  h i g h  vapo u r  p r e s s u r e  50mm o f  m e r c u r y ) , a t  some 

a c c e s s i b l e  t e m p e r a t u r e .  F i n a l l y ,  s e v e r a l  grams o f  m a t e r i a l  

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

ro u g h  s t r u c t u r e  may be o b t a i n e d  f rom  a s i n g l e  p l a t e .  Th is  

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

s m a l l  s u p p ly  o f  m a t e r i a l  i s  a v a i l a b l e ,  o r  i f  t h e  sample i s
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o f  an u n s t a b l e  n a t u r e .

The o n l y  o t h e r  g a s - p h a s e  t e c h n i q u e  o f  com parab le  

a c c u r a c y  i s  microwave s p e c t r o s c o p y ,  which s h o u l d ,  however ,  

be  t h o u g h t  o f  as a  complem enta ry  r a t h e r  t h a n  c o m p e t i t i v e  

t e c h n i q u e .  T h is  can p r o b a b l y  d e t e r m i n e  s t r u c t u r a l  p a r a m e t e r s  

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

a much s m a l l e r  s u p p l y  o f  m a t e r i a l .  However,  e l e c t r o n  

d i f f r a c t i o n  can  cope w i t h  much more complex m o le c u le s  more 

q u i c k l y  as i t  i s  n o t  r e s t r i c t e d  by t h e  t im e -c o n s u m in g ,  and 

o f t e n  d i f f i c u l t  p rob lem  o f  i s o t o p i c  s u b s t i t u t i o n .  Microwave 

s p e c t r o s c o p y  i s  a l s o  r e s t r i c t e d  t o  m o le c u le s  p o s s e s s i n g  an 

e l e c t r i c  d i p o l e  moment. However,  d e s p i t e  t h i s ,  i t  has  

c e r t a i n  o t h e r  i n h e r e n t  a d v a n ta g e s  i n  t h a t  i t  can d e te r m in e
i

d i p o l e  moments and q u a d ru p o le  c o u p l i n g  c o n s t a n t s ,  which 

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

i n  t h e  m o le c u l e .

G as-phase  e l e c t r o n  d i f f r a c t i o n  h a s ,  however ,  

d e v e lo p e d  c o n s i d e r a b l y  s i n c e  th e  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  were c a r r i e d  o u t  by W ie r l  (1 9 3 1 ) .  These were 

r a t h e r  i n a c c u r a t e ,  owing t o  th e  f a c t  t h a t  t h e  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  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 t h  s c a t t e r i n g  a n g le  ( see  s e c t i o n  2 . 2 ) and 

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

d i f f r a c t i o n  r i n g s ,  th e  a c c u r a t e  measurement  o f  which
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d e te r m i n e s  m o l e c u l a r  s t r u c t u r e ,  However, f o l l o w i n g  th e  

s u g g e s t i o n  c f  Debye (19 3 9 ) ,  t h e  i n t r o d u c t i o n  0 1  a r o t a t i n g  

s e c t o r  j u s t  above t h e  p h o t o g r a p h i c  p l a t e  e n a b le d  p a t t e r n s  

t o  be o b t a i n e d  which  had much l e s s  s t e e p  i n t e n s i t y  g r a d i e n t s ,  

and showed much c l e a r e r  d i f f r a c t i o n  r i n g s .  C o n s e q u e n t ly  th 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  which  depends  on m o l e c u l a r  

geom etry  and m o t io n  cou ld  be much mere a c c u r a t e l y  m ea su re d .

As t h e  e x p e r i m e n t a l  t e c h n i q u e  became more r e f i n e d ,  i t  was 

p o s s i b l e  to  a p p ly  t h e  t h e o r e t i c a l  work o f  K a r le  ( e . g . 1945) 

and Debye (1941) on t h e  e f f e c t s  o f  m o l e c u l a r  m o t io n  t o  th 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 .  S in c e  t h a t  

t im e  th e  t e c h n iq u e  o f  e l e c t r o n  d i f f r a c t i o n  has s t e a d i l y  

improved owing t o  improvements  i n  s c a t t e r i n g  t h e o r y ,  

c o m p u t a t i o n a l  m e tho d s ,  and e x p e r i m e n t a l  t e c h n i q u e .  P ro b a b ly  

t h e  g r e a t e s t  advance i n  t h e o r y  was t h e  r e a l i s a t i o n  t h a t  th e  

u se  o f  r e a l  a tomic  s c a t t e r i n g  a m p l i t u d e s ,  b a sed  on th e  f i r s t  

Born a p p ro x im a t io n ,  was i n a d e q u a t e  i n  many c a s e s ,  and t h a t  

i t  was n e c e s s a r y  to  use  a m p l i t u d e s  which  were complex 

f u n c t i o n s  o f  t h e  s c a t t e r i n g  a n g le  (Schomaker and G la u b e r ,  

1 9 5 2 ) .  There a r e ,  however ,  f a r  to o  many improvements  t o  

be c o v e red  f u l l y  h e r e .  A few o f  t h e  prob lem s a re  d i s c u s s e d  

i n  t h e  p a r t  o f  t h i s  c h a p t e r  d e v o te d  t o  t h e  t h e o r y  o f  

e l e c t r o n  d i f f r a c t i o n ,  b u t  f o r  a r a t h e r  more c o m p le te  r e v ie w  

one i s  r e f e r r e d  t o  C la r k  (.1963) and t h e  r e f e r e n c e s  c o n t a i n e d
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t h e r e i n .  One may a l s o  c o n s u l t  Bonham (1S68) and B a r t e l l  

( 1 9 6 8 ) .

The c o n t e n t s  o f  t h i s  c h a p t e r  have “been d i v i d e d  

I n t o  t h r e e  s e c t i o n s  d e v o te d  to  e l e c t r o n  d i f f r a c t i o n  t h e o r y ,  

e x p e r i m e n t a l  t e c h n i q u e ,  and d a t a - p r o c e s s i n g ,  r e s p e c t i v e l y ,  

and have b e en  w r i t t e n  i n  such a manner as to  a t t e m p t  t o  g iv e  

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

o f  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 .

2 . 2  THE THEORY UNDERLYING THE SCATTERING OP ELECTRONS BY MOLECULES

A v e r y  b r i e f  s y n o p s i s  o f  th e  q u a n tu m -m e c h a n ic a l  

t r e a t m e n t  o f  t h e  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  by f r e e  

m o le c u l e s  i s  g iv e n  i n  th e  f o l l o w i n g  s e c t i o n .  The d e f i n i t i o n s  

and e q u a t i o n s ,  p r e s e n t e d  w i t h o u t  p r o o f ,  a r e  s u f f i c i e n t  t o  ' 

d e s c r i b e  t h e  d i f f r a c t i o n  p r o c e s s  and to  d e m o n s t r a t e  how 

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

a m p l i t u d e s  i s  e x t r a c t e d  f rom  th e  e x p e r i m e n t a l  d a t a  which  

c o n s i s t  o f  m easurem ents  o f  t h e  d i f f r a c t e d  i n t e n s i t y  as a 

f u n c t i o n  o f  th e  a n g l e  o f  d i f f r a c t i o n .  The a n a l y s i s  i s  by- 

no means r i g o r o u s ,  and f o r  a much f u l l e r  d i s c u s s i o n  of t h e  

s u b j e c t 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 e  s t e p s  assumed 

w i t h o u t  p r o o f ,  one s h o u ld  c o n s u l t  C l a r k  (1968) and 

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

In  an 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 ,  a c y l i n d r i c a l  

m onochrom at ic  beam o f  e l e c t r o n s  c o l l i d e s  w i t h  a j e t  o f  gas



i s s u i n g  f rom  a n o z z l e  i n t o  a vacuum. The e l e c t r o n s  i n  th e  

i n c i d e n t  beam c o l l i d e  w i t h  th e  gas  m o l e c u l e s ,  and a p r o p e r :

: t i o n  of  t h e  e l e c t r o n s  a r e  s c a t t e r e d  i n  a l l  d i r e c t i o n s *

I n  th e  u s u a l  ty p e  o f  a p p a r a t u s  u s e d ,  a 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  i s  p l a c e d  a t  r i g h t - a n g l e s  t o  t h e  beam, 

as  shown i n  F i g u r e  2 . 1 .  I n  t h i s  d ia g r a m ,  th e  i n c i d e n t  beam 

i s  shown moving a lo n g  t h 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 

s t r i k i n g  a s m a l l  q u a n t i t y  o f  v a po u r  I s s u i n g  f rom the ' n o z z l e  

a t  0 .  The p l a t e  l i e s  i n  th e  p l a n e  w i t h  t h e  c e n t r e

a t  t h e  p o i n t  B, and t h e  e l e c t r o n s  im p ing ing  upon i t  have 

b e e n  d e f l e c t e d  t h r o u g h  an a n g le  0  , where t h e  v a lu e  o f  0 

r a n g e s  f rom  0 ° a t  B, t o  some l i m i t i n g  v a l u e ,  d e te r m in e d  by 

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  f rom  0 .  From t h e  

n a t u r e  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 ,  i t  i s  e v i d e n t  t h a t  

t h 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  in d e p e n d e n t  o f  

<|> , and t h e  p a t t e r n  o b t a i n e d  i s  c i r c u l a r l y  symmetr ic  about  B, 

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

i n t e n s i t y .

The v a r i a t i o n  i n  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  o f  t h e  p a t t e r n  may be m easured  e x p e r i m e n t a l l y  u s i n g  

a m i c r o d e n s i t o m e t e r  ( see  s e c t i o n  2 . 3 ) ,  and 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  s c a t t e r i n g  a n g le  0 . The pu rp o se  o f  

t h i s  s e c t i o n  i s  to  r e l a t e  t h i s  v a r i a t i o n  i n  i n t e n s i t y  w i t h  

t h e  s t r u c t u r e  o f  th e  d i f f r a c t i n g  m o l e c u l e .
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IT th e  i n c i d e n t  e l e c t r o n  beam has  i n t e n s i t y  I© 

t h e n  th e  s c a t t e r e d  i n t e n s i t y  a t  p o i n t  A w i t h  p o s i t i o n

v e c t o r  r ,  I ( r ) ,  I s  g iv e n  by th e  e q u a t i o n  

I ( r )  = I 0 a ( e ) / r 2 , 2 . 1

where a (8 ) i s  c a l l e d  th e  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s -  

s e c t i o n ,  and t h e  b a s i c  p rob lem  i s  to  d e t e r m i n e  t h i s  q uan t  i- 

quantum m e c h a n i c a l l y .  T h e o r e t i c a l l y  t h i s  c o u ld  be done by 

s o l v i n g  t h e  t im e - i n d e p e n d e n t  S c h r o d i n g e r  e q u a t i o n  a p p r o p r i a t e  

t o  t h e  c ase  o f  an  e l e c t r o n  moving i n  t h e  p r e s e n c e  o f  a 

m o l e c u l e ,  b u t  t h i s  i s  much to o  d i f f i c u l t  to  s o l v e  e x a c t l y ,  

so i n i t i a l l y  i t  i s  b e t t e r  t o  c o n s i d e r  t h e  c ase  o f  s c a t t e r i n g  

b y  a s p h e r i c a l  f o r c e  f i e l d  -  an atom, and t h e n  to  c o n s i d e r  

t h e  m o le cu le  as a s e t  o f  in d e p e n d e n t  a tom s.

e l a s t i c ,  t h e n  th e  p ro b lem  may be t r e a t e d  i n  te rm s  o f  an 

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

o r d i n a t e s .  I f  i t  i s  assumed t h a t  t h e  e l e c t r o n  comes from 

minus i n f i n i t y ,  t r a v e l s  a lo n g  t h e  + z d i r e c t i o n ,  i n t e r a c t s  

w i t h  th e  p o t e n t i a l  V ( r ) ,  and a f t e r  d e f l e c t i o n ,  moves o f f  to  

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

where  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 ,  and V (r )  

d epends  o n ly  on t h e  modulus o f  r .  An a s y m p to t i c  s o l u t i o n

I f  t h e  c o l l i s i o n s  a re  assumed t o  be c o m p l e t e ly

2 . 2
e

-p
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t o  t h i s  e q u a t i o n ,  v a l i d  when r  i s  l a r g e  compared to  th e  

ra n g e  o f  V ( r ) ,  and i f  V(r)  f a l l s  to  z e ro  f a s t e r  t h a n  a 

Coulomb f i e l d ,  i s

*“ ( r )  = A[e ik z  + i f ( 9 ) e i k r ] ,  2 .3

where  k 2  = 2mE/%2 , 2 .4

t h i s  s o l u t i o n  c o n s i s t i n g  o f  an i n c i d e n t  p l a n e  wave e ^ z 

and a s p h e r i c a l  s c a t t e r e d  wave.  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  s c a t t e r e d  e l e c t r o n s  a t  a p o i n t  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 ry  l a r g e ,  i t  can be  shown t h a t

X(r) = I o | f ( 9 ) |  2 / r 2 , 2 .5

and so <7 ( 6 ) = | f ( 9 ) | 2 . 2 , 6

C o n se q u e n t ly  th e  p ro b lem  i s  re d u c e d  t o  d e t e r m i n i n g  an 

e x p r e s s i o n  f o r  f ( ® ) ,  a q u a n t i t y  known as the  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 is  may be c a r r i e d  ou t  by a 

method f i r s t  i n t r o d u c e d  i n t o  s c a t t e r i n g  t h e o r y  by Faxen and 

H o l t sm a rk  (1927) -  t h e  p a r t i a l  wave m e th o d .  Using t h i s  

method i t  may be shown t h a t  t h e  s o l u t i o n  to  2 . 2  can be 

w r i t t e n  as
CO

t ( r )  = S a i P jt( c o s 9 ) R t ( r ) ,  2 .7
i - o

where  each  t e r m  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 . 2 , 

p r o v id e d  t h a t  each  H ^(r )  must  s a t i s f y  a  d i f f e r e n t i a l
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where U (r )  = ]V(r) .

I n  e q u a t i o n  2 . 7  t h e  a 4  a re  n o r m a l i s a t i o n  c o n s t a n t s  and the  

Px(cos  8 ) a r e  Legendre p o l y n o m i a l s .  By compar ing  e q u a t i o n s

2 .3  and 2 . 7  i n  t h e  r e g i o n  where r  i s  l a r g e ,  and by p e r f o r m in g  

some m a th e m a t i c a l  m a n i p u l a t i o n ,  F&xen and H o l t sm a rk  were 

a b l e  t o  d e r i v e  an e x p r e s s i o n ,

From t h i s  e q u a t i o n  i t  i s  e v i d e n t  t h a t  f ( 9 )  i s  a complex

can be c a l c u l a t e d  by a p p l y i n g  n u m e r i c a l  methods to  2 , 8  and 

summing th e  s e r i e s  2 . 1 0 .  However th e  s o l u t i o n  o f  2 . 8  i s  

u s u a l l y  r a t h e r  d i f f i c u l t ,  and Born showed t h a t ,  i n  t h e  c a se  

o f  weak p o t e n t i a l s  and g r e a t  e l e c t r o n  e n e r g y ,  6 ^ w i l l  be 

s m a l l ,  and i n  t h i s  s i t u a t i o n  a u s e f u l  r e a l  e x p r e s s i o n  f o r  

f (  8 ) i s  g iv e n  by

08

E (2 4 + 1 ) (e
4=o

2 . 1 0

number and th e  main d i f f i c u l t y  i n  e v a l u a t i n g  i t  i s  i n  d e te  

m in ing  th e  phase  s h i f t s  5  ̂ i n  th e  p a r t i a l  waves .  These

2 . 1 1

o
where s = s i n ( e / 2 ) ,  2

and th e  a p p ro x im a t io 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

2 . 1 2
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a s  t h e  f i r s t  Born a p p ro x i m a t i o n .  he  may f u r t h e r  e x p r e s s  

f  ( e )Born as

f ( 0 ) B° r n  _ 2_ ; Z -  P ( s p   ̂ 2<13
a d.o s

where  P ( s )  i s  t h e  a tom ic  s c a t t e r i n g  f a c t o r  a p p l i e d  i n  X - r a y  

s t r u c t u r e  a n a l y s i s ,  and Z i s  t h e  a to m ic  num ber .

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

i s  assumed t o  be 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  may be t r e a t e d  by  summing th e  

s p h e r i c a l  waves s c a t t e r e d  by  each  atom. T h is  a p p r o x i m a t i o n  

sh o u ld  be v a l i d ,  p r o v id e d  t h e  ra 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  each  atom, and th e  e l e c t r o n  w a v e l e n g th ,  a r e  

much s m a l l 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 .  T h is  a p p ro .x i 7  

m a t i o n  sh o u ld  t h u s  be most  s u i t a b l e  i n  t h e  c a se  o f  f a s t  

e l e c t r o n s  and l i g h t  a toms.  These a r e  a l s o  th e  most  f a v o u r a b l e  

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

Suppos ing  th e  m o le c u le  to  be a  r i g i d  sy s te m  o f  

a to m s ,  t h e  o r i e n t a t i o n  o f  which  i s  f i x e d  r e l a t i v e  to  a s e t  

o f  o r t h o g o n a l  c o - o r d i n a t e s ,  t h e  wave s c a t t e r e d  e l a s t i c a l l y  

f ro m  atom i ,  and t r a v e l l i n g  o u tw a rd s  t o  some p o i n t  A w i t h  

p o s i t i o n  v e c t o r  r ,  where I r l  i s  much l a r g e r  t h a n  t h e  i n t e r 

a to m ic  d i s t a n c e s  has  e q u a t i o n ,  

m i k r i
4 . ( r )  = -^ r—  2 . 1 41  — x 1 1
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and th e  r e s u l t a n t  wave r e c e i v e d  a t  A i s  t h e r e f o r e
N i k r p

'* 9 i l  2 . 1 5r e s u l t  i = l  i

where IT i s  t h e  number o f  atoms i n  t h e  m o l e c u l e .  I f  f i ( 8 i )  

i s  w r i t t e n  as a complex number o f  fo rm

f . ( e . )  = | f . ( 0 . ) | e l 11 i , 2 . 1 6
1 1  1 1  >

where 'Hp i s  a phase  a n g le  d e p e n d e n t  on q  ̂ and t h e  n a t u r e  o f  

th e  atom i ,  t h e n  we may r e w r i t e  e q u a t i o n  2 .1 5  as

N i k r i  j « ,
*" ( r )  = 2 1 — — | f , ( 8 , ) | e  1 2 .17

r e s u l t  i = l  i  •

Now, as  A i s  v e r y  d i s t a n t  f rom  th e  o r i g i n  we may a p p ro x im a te  

and r±  by 9 and r ,  and e q u a t i o n  2 .1 7  becomes

*" ( r ) = ± 2  U . ( 8 ) | e i ( k r i  + ^  2 .18
r e s u l t  i = l  *

00

The s c a t t e r e d  i n t e n s i t y  a t  A i s  p r o p o r t i o n a l  t o  'i' ( r )  x
~ r e s u l t

( r ) *  and t h e r e f o r e  we may w r i t e  
r e s u l t

N N
I ( r ) a “ 2 {s  l f , ( 0 ) l 2 + t  | f . ( e ) ! l f . ( e ) | o o s [ A ' n  + k ( r - r j ] }

r  h i  1 i , j = l  1 3 xj  i  7 -1,
( i ^ j )  2>19

where  i s  a f u n c t i o n  o f  th e  s c a t t e r i n g  ang le  9 , b u t

i s  in d e p e n d e n t  o f  t h e  r e l a t i v e  p o s i t i o n s  o f  th e  a tom s ,  and
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k ( r i  -  r j )  may be c o n s i d e r e d  as a d i f f e r e n c e  i n  phase

b e tw een  t h e  waves s c a t t e r e d  by atoms i  and j .  F u r t h e r

m a n i p u l a t i o n  o f  t h i s  e q u a t i o n ,  f o l l o w e d  by  a l lo w a n ce  f o r

t h e  f a c t  t h a t  th e  o r i e n t a t i o n s  o f  t h e  m o le c u le s  w i t h  r e s r e c t

t o  t h e  beam a r e  c o m p l e t e ly  random l e a d s  one t o  th e  e q u a t i o n

where  t h e  t e r m  Sp i s  i n c l u d e d  to  t a k e  i n t o  a ccou n t  a tom ic  

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

b e tw e e n  atoms i  and j .

However t h e  above e q u a t i o n  was d e r i v e d  by  assuming the  

m o le c u le  was r i g i d .  I n  r e a l i t y  m o le c u le s  a r e  n o n - r i g i d  and 

u nd e rgo  m o l e c u l a r  v i b r a t i o n ,  and so a t  any i n s t a n t  t h e r e  

w i l l  be  a l a r g e  number o f  m o le c u le s  d i s t o r t e d  f rom  th 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 e n e r g y .  C o n se q u e n t ly  

a t  any i n s t a n t  t h e r e  w i l l  be a r a n g e  o f  r q j  v a lu e s  s u r r o u n d i n g
e

t h e  e q u i l i b r i u m  v a lu e  r i j .  T h is  d i s t r i b u t i o n  may be 

d e s c r i b e d  b y  a p r o b a b i l i t y  f u n c t i o n  P p j ( r ) ,  where P q j ( r ) d r  

i s  t h e  f r a c t i o n  o f  m o le c u le s  h a v in g  a v a lu e  of r q j  i n  

t h e  r a n g e  o f  r  to  r  + d r .  I n  c o n s e q u e n c e ,  th e  t e r m
p i  3s

i n  e q u a t i o n  2 . 2 0  must  be r e p l a c e d  by th e  a v e ra g e  o f  t h i s

N
+ 2  1 f*i  ( 0 ) I l f j ( 9 )  l e o s A p ^ s i n ( r . . s ) / r . . s'} 2 . 2 0

13 13

f u n c t i o n  o v e r  a l l  v a lu e s  o f  r ,  t h i s  b e in g  p > . ( r )
o
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I f  one assume 8  t h a t  t h e  atoms o n ly  e x e c u te  sm a l l  harmonic

m o t i o n s ,  t h e n  each  P i j ( r )  f u n c t i o n  may be assumed t o  be a

g a u s s i a n  f u n c t i o n  symmetr ic  abou t  t h e  e q u i l i b r i u m  d i s t a n c e  

r  jfj , I n  t h i s  c a s e .

P.  . ( r )  = y -  • e x p [ - ( r - r . . ) 2 / 2u -  -2 ] 2 , 2 110 2tc 11 i j '  • i j  J

and i n t e g r a t i o n  o v e r  a l l  v a lu e s  o f  r  g i v e s  v a lu e s  o f  e i t h e r

s i n ( r . s)  _l u . ,2 S 2  , 9  9 -,
 —  e 2 1  ̂  or --------  s i n [ ( r . . - u . . / r . .  ) s ]r . . s  r . . s  1.1 i  i l  n

1 0  1 0

d e p en d in g  on t h e  a p p ro x i m a t i o n  made i n  e v a l u a t i n g  th e  i n t e g r a l .  

In  t h e  p r e s e n t  s t u d y  t h e  f i r s t  a p p ro x im a t io n  was s u b s t i t u t e d  

i n  2 . 2 0 .  F o l lo w in g  B a r t e l l  ( 1 9 5 5 ) ,  we may d e n o te  t h e  

d i s t a n c e s  o b t a i n e d  by  a p p l y i n g  t h e s e  e x p r e s s i o n s  i n  e q u a t i o n  

2 ,2 0  as r g ( l )  and **g(0) r e s p e c t i v e l y .  We see t h a t

r  ( 0 ) = r  ( 1 ) + u. .2 / r . . e , 2 . 2 2
g g i j

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

p on d in g  peak  i n  th e  r a d i a l  d i s t r i b u t i o n  c u rv e  c r ( r ) / p .  The 
/ - 2  hp a r a m e t e r  ( r a v ) which sh o u ld  be c l o s e  to  a s p e c t r o s c o p i c  

r 0  v a l u e ,  i s  g iv e n  a p p r o x i m a t e l y  by

( r  ~ 2 ) -  ̂ = r  ( 0 )  -  3u.  .2 / 2 r .  . 2 . 2 3
' a v  ' g '  ' i j  ' i j  .

u i j  i s  t h e  r o o t  m ean -squ a re  d e v i a t i o n  o f  the  r i j ’s f rom  the
e

e q u i l i b r i u m  d i s t a n c e  r-^j and i s  t e m p e r a t u r e  d e p e n d e n t .  S in ce  

t h e  o r d e r  o f  m agn i tude  o f  t h e s e  c o r r e c t i o n s  i s  o f t e n  o f  th e  

same o r d e r  as  th e  d i f f e r e n c e s  i n  b o n d - l e n g t h s  i n  r e l a t e d
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m o l e c u l e s ,  g r e a t  c a r e  sh o u ld  be t a k e n  i n  com par ing  bond-  

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

I n  th e  p r e s e n t  work ,  b e c a u s e  t h e  m o le c u l e s  were 

f a i r l y  l i g h t ,  and o f  s i m i l a r  a tom ic  number ,  th e  c o s i  rn j  t e rm  

o f  e q u a t i o n  2 . 2 0  was assumed t o  be a lways v e ry  n e a r  to  u n i t y  

and th e  a m p l i t u d e s  f  (3) and were assumed t o  be

g i v e n  b y  B o r n ’ s e x p r e s s i o n ,  2 . 1 3 .  C o n s e q u e n t ly  th e  e x p r e s s i o n  

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

N
h o t W  “  " h  { . i h w 2  + g ]

r  s i = l

N s i n ( r .  .s)
+ S (Z . - F . ) (Z F .) [- U   9  ]} 2 .24

1 , 3  J J 13
( i ^ . i ) _

I f  I ( r )  i s  r e p l a c e d  by I ( s ) ,  and t h e  l/r*2 i n c l u d e d  i n  t h e

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

Nsds i = lh o t ( s '> = M d d ( z i - h d  + s d

N s i n (  r . . s ) i u .  d s ^l \  o i u  \  l  . * o  y T U * . o

+ £ ( Z . - F . ) ( Z . - F . ) [ --------- U —  e_T 1J ]}
i , j  1 1 J 3 r i j s J-

( M j )
I t  i s  t o  be n o t e d  t h a t  t h e  r i j ’ s o b t a i n e d  f ro m  t h i s  e q u a t i o n  

a r e  r g ( l )  v a l u e s .  T h is  e x p r e s s i o n  d e s c r i b e s  t h e  i n t e n s i t y  of 

s c a t t e r e d  e l e c t r o n s  which  would i d e a l l y  be r e c e i v e d  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  c e n t r e d  a t  0 , t h e  p o i n t  o f  

s c a t t e r i n g  ( see  F i g u r e  2 . 1 ) .  I n  p r a c t i c e  th e  s c a t t e r e d

OC* • £ , k j
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e l e c t r o n s  a r e  r e c o r d e d  on a f l a t  p h o t o g r a p h i c  p l a t e  p l a c e d

p e r p e n d i c u l a r  to  the  e l e c t r o n  beam, and a m e t a l  s e c t o r  (see

s e c t i o n  2 .3 )  r o t a t e s  above th e  p l a t e ,  m u l t i p l y i n g  t h e

i n t e n s i t y  o f  th e  s c a t t e r e d  e l e c t r o n s  by a known f a c t o r  a ( s ) .

To c o r r e c t  t h e  o b s e r v e d  i n t e n s i t y  a t  e v e r y  p o i n t  t h e

e x p e r i m e n t a l  v a lu e  must be d i v i d e d  by  a ( s ) c o s ^ ( 8 ) .  The 
•2

cos  ( 9 ) t a k e s  i n t o  acco u n t  t h e  f a c t  t h a t  an a r e a  e le m e n t  on

t h e  s u r f a c e  o f  a s p h e re  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

o f  cos ( 0 ) and 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  by 

a f a c t o r  cos ( 0 ) .  The e x p e r i m e n t a l  d a t a  a re  a l s o  m u l t i p l i e d  

b y  s 4  i n  o r d e r  t o  g iv e  a f u n c t i o n  c a l l e d ,  b e c a u se  o f  i t s  

s h a p e ,  an ’upgoing* o r  u p h i l l  c u r v e ,  which  has  th e  fo r m ,

V (s) = K{ £ l (z i - Fi >2 + sd

N s i  n ( r  . . s ) i u . .^s^  ^
+ S [ ( Z . - F .)  ( Z .-F . ) --------U   e~ 2 1 3  2  0 26

i , j 1  1  3 3 r i j S J *
( i ^ d )

I t  i s  c l e a r  f rom t h i s  e q u a t i o n  t h a t  t h e  t e rm s  i n  th e  f i r s t  

summation a p p ly  o n l y  t o  a tom ic  s c a t t e r i n g ,  w h i l e  t h o s e  i n  

t h e  second summation a re  d e p e n d e n t  o n l y  on th e  geom e try  o f  

t h e  s c a t t e r i n g  m o le c u l e .  We may t h e r e f o r e  w r i t e

I Up (s )  = K [IAt ( s ) + E ( s )  + Imo4 ( s ) ] ,  2 . 2 7

where E ( s )  i s  an e x t r a  t e r m  i n c l u d e d  t o  accoun t  f o r  

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  by  th 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 .  The f i r s t  two te rm s  o f  t h i s  e q u a t i o n  a re



t h e  background  c u r v e , i s  u s u a l l y  assumed to  be a sm oo th , 

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 .  S in c e  E ( s )  i s  n o t  u s u a l !  

known v e ry  a c c u r a t e l y ,  t h i s  background  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  th e  u p h i l l  c u r v e ,  and s u b t r a c t e d  

•from i t  t o  l e a v e  a m o l e c u l a r  i n t e n s i t y  c u r v e ,  I r ; io^(s) ,  

w hich  has  t h e  form

I , ( s ) = K £ ( Z . - F . ) ( Z . - F . ) [  -^ 4 x , ( - l U. .2 s 2 ) 2 ,28E10* ,*_-i 1  1  J 3 r . . s  J - 2 i j
x  9 J x  J
( i £ j )

In  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  Im o^(s )  

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

s / { [ l - F  /Z ][  1-F /Z  ]}' m mJL n n JJ

where  m and n r e f e r  to  two commonly o c c u r r i n g  atom t y p e s  

i n  th e  m o le c u le .  The r e s u l t i n g  m o d i f i e d  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 ,  I m ( s ) ,  i s  g i v e n  by  t h e  e q u a t i o n

I m( s ) = K s  j  [ s i n ( r £ j s ) /r^^. ]exp(-iu^_.2 s 2 ) , 2 .29

where  A . .  = N. . Z . Z . ( 1 - F . / Z . ) ( 1 -F  J z ) / ( 1 - F / Z  ) ( 1 -F  /Z ) 2 .30wnere  ^  1 3  1  1  j  3 mm rr ir>

N i j  i s  th 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  ty 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 .

I f  i  and j  r e f e r  t o  t h e  atom t y p e s  m and n ,  t h e n  Apj i s

In d e p e n d e n t  o f  s ,  and even where t h i s  i s  n o t  s o ,  Apj i s

o n l y  a v e ry  s lo w ly  chan g in g  f u n c t i o n  o f  s ,  and i n  some
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j n  as i ; - s q u a r e s  r e f i n e m e n t s  Aj_j has  b een  t r e a t e d  as c o n s t a n t « 

I n  t h e  p r e s e n t  work ,  th e  m o d i f i e d  i n t e n s i t y  cu rve  Has 

assumed to  have t h e  t h e o r e t i c a l  fo rm ,  and th e  method o f  

l e a s t - s q u a r e s  r e f i n e m e n t  Has used  t o  c a l c u l a t e  th e  b e s t

v a l u e s  o f  t h e  F p j ’ s and u i j ! s .  The A p j ’ s were c a l c u l a t e d

as f u n c t i o n s  o f  s., and were n o t  assumed c o n s t a n t .

E q u a t io n  2 , 2 7  may be w r i t t e n  i n  t h e  more g e n e r a l

fo rm
00

I ( s )  = K S A. .Fs in( r s)  P. . ( r ) d r  2,31m . . i n ' ------ *---- u i n '  'i i  r  J •° o

T h i s  may be r e a r r a n g e d  to  g iv e
CO

I ( s )  = K ( S A . - P . . ( r ) / r ) s i n ( r s ) d r , 2 ,32m 13 13

and by  a F o u r i e r  t r a n s f o r m a t i o n  we o b t a i n

09

cLl L _ Y.A. .P. . ( r ) / r  « f I ( s ) s i n ( r s ) d s  2.33r  i y i ]  7 3 m •
o

T h is  f u n c t i o n  c r ( r ) / r  i s  known as 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 ,  and v i s u a l  e x a m in a t io n  o f  such  a c u r v e ,  which  i s  

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

i n f o r m a t i o n  no t  a p p a r e n t  when one examines  t h e  c o r r e s p o n d i n g  

Im (s)  c u r v e .  In  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  r u n  from a 

l o w e r  s l i m i t ,  s mj_n , t o  an u p p e r  l i m i t  s^ gx ,  so th e  i n t e g r a l  

i n  2 . 3 3  must  n e c e s s a r i l y  be an a p p r o x i m a t i o n .  The
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o m is s i o n  o f  d a t a  below s rain c a u se s  t h e  b a s e  l i n e  o f  the  

f u n c t i o n  t o  be cu rved  i n s t e a d  o f  s t r a i g h t  ( the  envelope  

e f f e c t ) ,  and o m is s io n  o f  d a t a  beyond smax i n t r o d u c e s  a 

n o i s e  r i p p l e .  The fo r m e r  e f f e c t  may be d e a l t  w i t h  

e m p i r i c a l l y  by  d raw in g  i n  an en ve lo p e  and s u b t r a c t i n g  

t h i s  f r o m  th e  o ( r ) / r  f u n c t i o n ,  o r  by  ad d ing  t h e o r e t i c a l  

i n t e n s i t y  d a t a  below s = smi n . The l a c k  o f  h ig h  s d a t a  

i s  compensa ted  f o r  by m u l t i p l y i n g  Im (s)  by  e “ k s 2  which  

h a s  t h e  e f f e c t  o f  damping down th e  n o i s e  r i p p l e ,  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  u s u a l l y  h a v in g  a v a lu e  o f  be tw een

0 .0 0 1  and 0 .0 0 5 ,  t h e  e x a c t  v a lu e  d e p en d in g  on th e  u p p e r  s 

l i m i t  o f  th e  d a t a  t r a n s f o r m e d ,  and th e  q u a l i t y  o f  t h e  d a t a .  

S i n c e ,  i f  c o m p le t e ly  harmonic  m o t io n  i s  assumed,  Im (s)  may 

be  w r i t t e n  i n  th e  form  2 . 2 9 ,  t h e 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  t h e  e q u a t i o n

“ 2

® ) oc I  ( s ) e ’"̂ 'S s i n ( r s ) d s  2 . 3 4
r «. m >

o
and i n t e g r a t i o n  pe rfo rm ed  t o  g iv e

a '<£> cc e { a . . / [ r .  . ( k  + u.  , 2 / 2 ) h } e x p [ - ( r  - r ) 2 / 4 ( k +u 2 / 2 ) l
r  . . e i  j i j  xj  j  -'-j ,

2 . 3 5

;h is  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  curve  b e in g  s u i t a b l e  f o r

co m p a r iso n  w i t h  t h e  e x p e r i m e n t a l  o n e .



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  th e  d i f f r a c t i o n  p a t t e r n  o b t a i n e d  

The m o le c u l a r  i n t e n s i t y  f u n c t i o n  which  depends  on th e  

g eo m e try  and v i b r a t i o n s  o f  th e  m o le cu le  has  been  assumed to  

be su p e rp o se d  on a smooth background  curve  which  depends  on 

th e  n a t u r e  o f  t h e  atoms 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  m o t io n .  Throughout  t h i s  work th e  s c a t t e r i n g  

a m p l i tu d e s  have b e en  d e r i v e d  a c c o rd in g  to  th e  f i r s t  Born 

a p p r o x i m a t i o n ,  and th e  v i b r a t i o n a l  a m p l i tu d e s  have been  

assumed to  be h a rm o n ic .  I t  i s  t o  be em phas ised  t h a t  t h e  

d i s t a n c e s  o b t a i n e d  by 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  Im(s)  

c u rv e  a r e  r g ( l )  d i s t a n c e s .

A l though  t h e  e q u a t i o n s  p r e s e n t e d  a re  s u f f i c i e n t l y  

e x a c t  f o r  many p u r p o s e s ,  t h e  t h e o r y  i s  n e c e s s a r i l y  approxima 

No a cc o u n t  has  been  t a k e n  o f  a n h a r m o n ic i ty  in  t h e  v i b r a t i o n s  

( B a r t e l l ,  1955) o r  o f  i n t e r n a l  r o t a t i o n ,  ( K a r l e ,  19 4 5 ) .

The in d e p e n d e n t  atom a p p ro x im a t io n  a l s o  makes no a l lo w an ce  

f o r  the  e f f e c t s  o f  c h e m ic a l  bond ing  on t h e  e l e c t r o n  

d i s t r i b u t i o n ,  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 ,  e t c . ,  and i t  i s  n e c e s s a r y  t o  assume 

t h e s e  e f f e c t s  a re  s m a l l .

D e s p i t e  t h e s e  s o u r c e s  o f  e r r o r ,  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  by  a p p ly i n g  th e  s im p le  t h e o r y  a re  u s u a l l y  

q u i t e  s a t i s f a c t o r y .
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2 . 3  EX PERIMB?ITAL TECHNIQUE

C o n ta in e d  i n  t h i s  s e c t i o n  i s  a b r i e f  d e s c r i p t i o n  of  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 t u s , and t h e  e x p e r i m e n t a l  t e c h n iq u e  

by  w h ic h  d i f f r a c t i o n  p a t t e r n s  a r e  r e c o r d e d  and m e a su re d .

G e n e r a l  D e s c r i p 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 e s c r i b e d  i n  C h a p te r s  

3 and 4 o f  P a r t  I  o f  t h i s  t h e s i s ,  t h e  i n t e n s i t y  o f  t h e  

s c a t t e r e d  e l e c t r o n s  was m easured  on a com m erc ia l  i n s t r u m e n t ,  

t h e  B a l z e r s  E l d i g r a p h  KD -  G2. A p h o to g ra p h  o f  t h i s  i s  shown 

i n  P l a t e  2 . 1  and a s c h e m a t i c  d i a g ra m  i n  F i g u r e  2 . 2 ,  As may 

be s e e n  f rom  t h i s  f i g u r e ,  t h e  E l d i g r a p h  c o n s i s t s  o f  two 

s e c t i o n s ,  t h e  s m a l l e r  o f  which i s  t h e  e l e c t r o n  gun a s se m b ly ,
c

w h i l e  t h e  l a r g e r  c o n s i s t s  o f  t h e  d i f f r a c t i o n  chamber and t h e  

h e a v y  t a b l e  s u p p o r t i n g  t h e  e n t i r e  a p p a r a t u s ,  t o g e t h e r  w i th  

t h e  gas  n o z z l e ,  c o l d - t r a p ,  s e c t o r  a s se m b ly ,  and p h o t o g r a p h i c  

p l a t e  b o x .  A b a l l  v a lv e  s e p a r a t e s  th e  two s e c t i o n s  so t h a t ,  

when t h e  v a lv e  i s  c l o s e d ,  t h e y  may be e v a c u a t e d  i n d e p e n d e n t l y ,  

t h e  e v a c u a t i o n  sy s te m  f o r  t h e  two s e c t i o n s  c o n s i s t i n g  o f  

s e p a r a t e  s e t s  o f  o i l  d i f f u s i o n  and r o t a r y  b a c k i n g  pumps.

The c o n t r o l  c o n s o le  shown i n  P l a t e  2 . 1  i s  u sed  to  c o n t r o l  

t h e  pumping sy s te m  and e l e c t r o n  beam.

E l e c t r o n  Beam and F o c u s s in g  Sys tem

The h ig h  t e n s i o n  s u p p ly  r e q u i r e d  to  a c c e l e r a t e  t h e
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e l e c t r o n s  was n o r m a l l y  a d j u s t e d  t o  a v a lu e  o f  about  50 K.V.,

and was h i g h l y  s t a b i l i s e 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
o

t h e  beam ( ~ 0 . 0 5 A )  d i d  n o t  v a ry  d u r i n g  the  c o u rs e  o f  the  

e x p e r i m e n t .

The e l e c t r o n s  a r e  g e n e r a t e d  a t  th e  c a th o d e  (2) -  a 

h e a t e d  f i l a m e n t  c h a rg e d  to  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 d  to w a rd s  an anode a t  z e ro  p o t e n t i a l .  The 

’w e h n e l t 1, a  s m a l l  m e t a l  c y l i n d e r  m a in t a in e d  a t  an even 

h i g h e r  n e g a t i v e  p o t e n t i a l ,  s u r r o u n d s  th e  c a th o d e  and a l lo w s  

a p r e l i m i n a r y  f o c u s s i n g  o f  the  beam on to  th e  anode .  An 

a d j u s t a b l e  a p e r t u r e  i n  t h e  anode (3) a l lo w s  t h e  e l e c t r o n s  

t o  p a s s  t h r o u g h  i n t o  a c o n d e n se r  l e n s  (4) where t h e y  are  

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

t h e  c o n d e n s e r  a p e r t u r e  ( 6 ) ,  and,  p ro v id ed  t h e  b a l l  v a lv e  (7) 

i s  o p e n ,  i n t o  t h e  d i f f r a c t i o n  chamber. I n s i d e  the  d i f f r a c t i o n  

cham ber  a f l u o r e s c e n t  s c r e e n  may be swung i n t o  p o s i t i o n ,  j u s t  

above t h e  s e c t o r  ( 1 8 ) ,  so as t o  view th e  b e h a v i o u r  o f  the  

beam d u r i n g  c e n t e r i n g ,  and to  view th e  d i f f r a c t i o n  p a t t e r n s  

b e i n g  o b t a i n e d  d u r i n g  an e x p e r i m e n t .  V a r io u s  c e n t e r i n g  

d e v i c e s  on t h e  o u t s i d e  o f  t h e  gun a re  a d j u s t e d ,  one by  on e ,  

t o  e n s u r e  t h a t  th 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  l e n s e s  

and a p e r t u r e s ,  and im pinges  on th e  s c r e e n .  F i n a l l y ,  one 

may a l l o w  t h e  beam t o  p a s s  th r o u g h  t h e  b e am -s to p  (17) a t  th e  

c e n t r e  o f  t h e  s e c t o r  on t o  a s m a l l  s c r e e n  u n d e r n e a t h ,  where
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f i n a l  con  Goring i s  c a r r i e d  c u t  by v iew ing  the  image of  the  

beam t h r o u g h  a m ic ro sc o p e  ( 2 0 ),

I n  t h e  two 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  

a beam c u r r e n t  o f  80 - 1 0 0  jiA was n o r m a l ly  u s e d ,  and th e  

beam i t s e l f  was u s u a l l y  abou t  0 . 2  mm i n  d i a m e t e r .  The beam 

v o l t a g e  was c o n t i n u o u s l y  m o n i to red  on a d i g i t a l  v o l t m e t e r ,  

and was c o n s t a n t l y  a d j u s t e d  so as to  m a i n t a i n  the  same 

s t a n d a r d  r e a d i n g .

N o s a le  Assembly and Cold T rap .

The gas  n o z z l e  c o n s i s t s  o f  a m e ta l  tu b e  w i th  a 

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  to  a 

g l a s s  sample  t u b e .  A n e e d le  v a lv e  r e g u l a t e s  t h e  f l o w  of gas  

t h r o u g h  t h e  j e t ,  and th e  i n l e t  tube  i s  su r ro u n d e d  by a m e ta l  

j a c k e t ,  t h r o u g h  which  h o t  w a t e r  o r  a i r  may be pumped, in  

o r d e r  t o  h e a t  t h e  incom ing  g a s .  There a re  f o u r  p o s s i b l e  

p o s i t i o n s  o f  t h e  n o z z l e  w i t h  r e s p e c t  t o  th e  p h o t o g r a p h i c  

p l a t e .  T h ree  o f  t h e s e  a re  i n d i c a t e d  i n  F i g u r e  2 . 2 ,  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  50, 25 ,  and 11 

c e n t i m e t r e s .  The 100 cm p o s i t i o n ,  shown i n  P l a t e  2 . 1 ,  can 

be s e t  up  by  b o l t i n g  an e x t r a  s e c t i o n  o f  c a s i n g  be tw een  t h e  

d i f f r a c t i o n  chamber and th e  gun.

The j e t - t o - p l a t e  d i s t a n c e s  a re  c a l i b r a t e d  b e f o r e  

e a c h  e x p e r i m e n t  by  s e t t i n g  up a  m e a su r in g  ro d  o f  s t a n d a r d  

l e n g t h ,  mounted on a t r i p o d ,  s t a n d i n g  on a p h o t o g r a p h i c



p l a t e  lo c k e d  i n  t h e  exposed p o s i t i o n .  A v e r t i c a l  ad r u s t  wen- 

on t h e  n o z z l e  a l lo w s  i t  to  be s e t  a t  th e  c o r r e c t  h e i g h t  and 

t h e n  f i x e d  i n  p o s i t i o n .  The s id e w ay s ,  r a d i a l ,  and i n - o u t  

a d j u s t m e n t s  a re  s t i l l  v a r i a b l e ,  and a re  r e q u i r e d  l a t e r  to  

c e n t r e  t h e  n o z z l e  and c o l l i m a t o r  r e l a t i v e  to the  e l e c t r o n  

beam. Also n e a r  t h e  t i p  o f  the  n o z z l e  a re  a the rm ocou p le  to  

m easure  t h e  t e m p e r a t u r e  o f  t h e  i s s u i n g  g a s ,  and 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  sample o f  t h a l l o u s  c h l o r i d e  

w h ich  may be r o t a t e d  i n t o  t h e  beam. S ince  th e  u n i t  c e l l  

d im e n s io n s  o f  t h i s  compound a re  known v e ry  a c c u r a t e l y  

(Hambling,  1 9 5 3 ) ,  measurement  o f  t h e  l i n e s  on a powder 

p h o to g r a p h  t a k e n  a t  t h e  1 0 0  era d i s t a n c e  e n a b l e s  one to  

d e t e r m i n e  th e  w a v e le n g th  o f  th e  beam w i th  c o n s i d e r a b l e  

a c c u r a c y .

D u r in g  th e  c o u rs e  o f  th e  e x p e r im e n t ,  t h e  gas 

c o n t i n u o u s l y  e n t e r i n g  the  d i f f r a c t i o n  chamber must be remove*; 

i m m e d ia te ly  s c a t t e r i n g  has  o c c u r r e d ,  i n  o r d e r  to  m a i n t a i n  t in  

n e c e s s a r y  h ig h  vacuum. C o n se q u e n t ly  t h e  gas i s  condensed  on 

t o  a  1 c o I d - t r a p *  -  a m e t a l  s u r f a c e  coo led  by l i q u i d  n i t r o g e n  

w h ich  s u r r o u n d s  th e  n o z z l e  as shown i n  F i g u r e  2 , 2 .  C i r c u l a r  

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

t o  avo id  i n t e r f e r e n c e  w i t h  th e  i n c i d e n t  o r  s c a t t e r e d  beams.

S e c t o r  Assembly

As m en t ioned  i n  t h e  i n t r o d u c t i o n ,  m i c r o d e n s i t o m e t e r  

t r a c e s  o f  e a r l y  d i f f r a c t i o n  p a t t e r n s  d id  n o t  g iv e  v e ry  c l e a r
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i n d i c a t i o n s  o f  t h e  d i f f r a c t i o n  r i n g s  n e c e s s a r y  f o r  th e  

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

t h e  s c a t t e r e d  i n t e n s i t y  I-fcotU) i s  a f u n c t i o n  o f  l / s 4 , and 

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

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

To m in im is e  t h i s  d i f f i c u l t y  a f l a t  m e ta l  p l a t e ,  

t h e  s e c t o r ,  must be r o t a t e d  j u s t  above the  p h o to g r a p h ic  p l a t e  * 

I f  t h e  s e c t o r  i s  c u t  i n  such a way t h a t  th e  s e c t i o n  c u t  f rom 

th e  p l a t e  i n c r e a s e s  w i t h  i n c r e a s i n g  r a d i u s ,  t h e n  t h i s  has  th e

e f f e c t  o f  m u l t i p l y i n g  t h e  i n t e n s i t y  by a f u n c t i o n  o f  s i n

such  a way t h a t  th e  p a t t e r n  r e c o r d e d  has  much l e s s  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 t y ,  and th e  d i f f r a c t i o n  r i n g s  a re  

c l e a r l y  v i s i b l e  on t h e  p l a t e .  N a t u r a l l y ,  one must know t h e  

p r e c i s e  f u n c t i o n  o f  s by  which  th e  i n t e n s i t y  i s  m u l t i p l i e d .

I n  t h e  p r e s e n t  work two s e c t o r s  were a v a i l a b l e ,  one f o r  u se  

a t  t h e  50 and 100 cm d i s t a n c e s ,  and th e  o t h e r  f o r  u se  a t

25 and 11 cm.

I n t r o d u c t i o n  o f  Sample

B e fo re  t h e  sample  i s  i n t r o d u c e d ,  i t  i s  n e c e s s a r y  

t o  e n s u r e  t h a t  t h e  beam has  been  c o r r e c t l y  c e n t r e d ,  and t h a t  

t h e  c o ld  t r a p  i s  a t  a s u f f i c i e n t l y  low t e m p e r a t u r e .  This  

h a v in g  b e e n  d o n e ,  t h e  d i f f r a c t i o n  chamber i s  i s o l a t e d  f rom  

t h e  e l e c t r o n  gun by  c l o s i n g  th e  b a l l  v a l v e ,  and the  sample 

i n t r o d u c e d .  A sample  tu b e  i s  a t t a c h e d  to  the  n o z z l e  a ssem bly
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r e d u c e  t h e  v a p o u r  p r e s s u r e  o f  t h e  s a m p l e  t o  a  n e g l i g i b l e  

v a l u e .  T he  n e e d l e  v a l v e  i s  t h e n  s l o w l y  o p e n e d  a n d  a l l  a i r  

a n d  v o l a t i l e  i m p u r i t i e s  a r e  pumped  o f f .  When t h e s e  h a v e  

b e e n  r e m o v e d  t h e  s a m p l e  i s  a l l o w e d  t o  warm u p ,  o r ,  i f  

n e c e s s a r y ,  h e a t e d  u n t i l  a  s u i t a b l e  v a p o u r  p r e s s u r e  50mm) 

i s  o b t a i n e d .  T h e  s a m p l e  i s  t h e n  a l l o w e d  t o  f l o w  t h r o u g h  

t h e  n o z z l e  a n d  c o n d e n s e  o n  t h e  c o l d  t r a p .

When t h e  p r e s s u r e  i n  t h e  chamber has f a l l e n  to 

a p p r o x i m a t e l y  5 x  1 0 - 5 rnm, t h e  b a l l  v a lv e  i s  opened ,  th e  

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

sh o u ld  be o b s e r v e d  on t h e  f l u o r e s c e n t  s c r e e n  above th e  

s e c t o r .  An e x a m in a t io n  o f  the  p a t t e r n  a l lo w s  a d ju s tm e n t s  

t o  th e  gas  f l o w ,  beam c u r r e n t ,  and c e n t e r i n g  u n t i l  a 

s u i t a b l e  p a t t e r n  i s  o b t a i n e d .  The s c r e e n  i s  t h e n  removed, 

a l l  windows s h u t t e r e d ,  and th e  c e n t e r i n g  o f  th e  b e a n  checked 

i n  t h e  m i c r o s c o p e .  I f  t h e  c e n t e r i n g  i s  c o r r e c t  an exposure  

s h u t t e r  i s  s w i t c h e d  on t o  p r e v e n t  th e  beam e n t e r i n g  th e  

d i f f r a c t i o n  chamber ,  and a p h o to g r a p h ic  p l a t e  wound out  o f  

a l i g h t - p r o o f  p l a t e  box i n t o  p o s i t i o n  u n d e r n e a th  the  s e c t o r .  

The r o t a t i n g  s e c t o r  i s  sw i tc h e d  o n ,  an exposu re  t i m e r  s e t  

f o r  a  s u i t a b l e  i n t e r v a l ,  and th e  s h u t t e r  opened .  A f t e r  

e x p o su re  t h e  s e c t o r  i s  s w i tc h e d  o f f  and th e  p l a t e  wound 

b a c k  i n t o  t h e  p l a t e  b o x .  T h is  p ro c e d u r e  i s  r e p e a t e d  as 

many t im e s  as i s  n e c e s s a r y .  On c o m p le t io n  o f  a ru n  th e



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

chamber  v e n te d  w i t h  d r y  n i t r o g e n ,  and the  p l a t e  box ' r emoved .

E xp o su re  t im e s  v a r y ,  d ep en d in g  on the  compound, th e  

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

i n  g e n e r a l ,  t h e  t im e  i n c r e a s e s  as one d e c r e a s e s  th e  j e t - t o -  

p l a t e  d i s t a n c e .  T y p i c a l  v a lu e s  f o r  u n s y m - d im e th y lh y d r a z in e , 

u s i n g  a beam c u r r e n t  o f  60 pA, were  2 m in u te s  f o r  t h e  100 cm 

d i s t a n c e ,  4 m in u te s  f o r  th e  50 cm d i s t a n c e ,  and about  6  m inu tes  

f o r  t h e  25 cm d i s t a n c e .  Examples o f  25 and 50 cm d i f f r a c t i o n  

p a t t e r n s  f o r  t h i s  compound a re  shown i n  P l a t e s  2 .2  and 2 . 3 .

M i c r o d e n s i t o m e t r y

The c o n v e r s i o n  o f  th e  d i f f r a c t i o n  p a t t e r n s  on th e  

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

p r o c e s s i n g  by  com pu te r  i s  c a r r i e d  o u t  by m i c r o d e n s i t o m e t e r .

I n  t h i s  i n s t r u m e n t ,  a beam o f  l i g h t  i s  s p l i t  by  p r i sm s  i n to  

two i d e n t i c a l  beams,  one o f  which p a s s e s  th r o u g h  th e  p h o t o 

g r a p h i c  p l a t e ,  w h i l e  t h e  o t h e r ,  p a s s e s  t h r o u g h  an o p t i c a l  

wedge -  a g l a s s  p l a t e  b l a c k e n e d  i n  such a way as t o  g iv e  a 

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 lon g  i t s  l e n g t h .  The two 

t r a n s m i t t e d  beams a re  compared,  and t h e  o p t i c a l  wedge moves 

t h r o u g h  t h e  beam u n t i l  t h e  two beams a re  o f  e q u a l  i n t e n s i t y .

D u r i n g  t h e  c o u rse  o f  t h e  p r e s e n t  work two m ic r o - 

d e n s i t o m e t e r s  were a v a i l a b l e  - a manual i n s t r u m e n t  i n  which 

t h e  movement o f  t h e  wedge c a u s e s  a pen to  t r a c e  o u t  a curve  on
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a c h a r t , and an aivncmatic i n s t r  ument i n  which th e  p o s i t i o n  o f  

• t h e  wedge i s  r e c o r d e d  by a p o t e n t i o m e t e r ,  and a v a lu e  punched 

o u t  on p a p e r  t a p e .  I n  b o th  c a s e s ,  a f t e r  c e n t e r i n g  o f  th 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  to  t h e  l i g h t  beam, th e  beam 

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

d a t a .  I n  t h e  c a s e  o f  t h e  a u to m a t i c  i n s t r u m e n t  t h e  beam does  

n o t  s c a n  c o n t i n u o u s l y ,  b u t  moves i n  e q u a l  s t e p s  o f  0 . 2  mm 

a c r o s s  t h e  p a t t e r n ,  and t h i s  g i v e s  about  750 r e a d i n g s  p e r  

d i a m e t e r .  I n  g e n e r a l ,  s e l e c t e d  d i a m e t e r s  o f  t h e  p l a t e s  were 

exam ined  on t h e  manual i n s t r u m e n t ,  and when a s u i t a b l e  

d i a m e t e r  had been  l o c a t e d ,  t h i s  was scanned a u t o m a t i c a l l y .  

Because  o f  the-  method o f  o p e r a t i o n ,  t h e  d a t a  f ro m  th e  

a u t o m a t i c  machine may be assumed to  be much l e s s  c o r r e l a t e d  

t h a n  d a t a  t a k e n  from a hand-sm oothed  pen t r a c e .  On a v e r a g e ,  

a b o u t  two t r a c e s  were t a k e n  f rom  e ach  o f  f o u r  p l a t e s  a t  each 

d i s t a n c e .

2 . 4  DATA-PROCESSING

The d a t a  p r o c e s s i n g  sy s te m  c o n s i s t e d  o f  a s e r i e s  o f  

p r o g r a m s ,  w r i t t e n  i n  A lgo l  by B e a g le y ,  C ru ic k s h a n k  and H e w i t t

( 1 9 6 7 ) ,  and e s t a b l i s h e d  on th e  KDF9 computer  i n  Glasgow.

Only  a b r i e f  d e s c r i p t i o n  i s  g iv e n  h e r e ;  f o r  a f u l l e r  a cc o u n t  

r e f e r e n c e  s h o u l d  be made to  t h e  o r i g i n a l  p a p e r ,  and to  C l a r k

( 1 9 6 8 ) .

The e x p e r i m e n t a l  d a t a ,  as m en t ioned  i n  t h e  p r e v i o u s  

s e c t i o n ,  c o n s i s t  o f  a number o f  s e r i e s  o f  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 ,  m easured  a'G i n t e r v a l s  o f  0 . 2  mm a c r o s s  th e  d i a m e t e r s  

o f  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  on p h o to g r a p h ic  p l a t e s .  

I n i t i a l l y ,  u s i n g  c a l i b r a t i o n  d a t a  a p p r o p r i a t e  t o  th e  o p t i c a l  

wedge u s e d , the  m ic r o d e n s ibom eto r  r e a d i n g s  were c o n v e r t e d  

i n t o  a b s o l u t e  o p t i c a l  d e n s i t i e s .  These o p t i c a l  d e n s i t y  

r e a d i n g s  were t h e n  u sed  to  f i n d  t h e  c e n t r e  o f  t h e  t r a c e .

S i n c e ,  i d e a l l y ,  t h e  t r a c e  shou ld  be sy m m etr ica l  about  i t s  

m i d - p o i n t ,  t h e  c e n t r e  i s  o b t a i n e d  by f i n d i n g  th e  mean o f  the  

d i s t a n c e s  betx-jeen s y m m e t r i c a l l y  e q u i v a l e n t  f e a t u r e s  such as 

maxima, m in im a,  and th e  edges  o f  th e  c e n t r a l  h o l e  i n  th e  

p a t t e r n  c a u se d  by t h e  beam s t o p .  S in ce  the  d a t a  f rom  th e  

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

o f t e n  more c o n v e n i e n t  to  f i n d  th e  c e n t r e  m a n u a l ly .

Once th e  c e n t r e  o f  t h e  t r a c e  had been  o b t a i n e d ,  

t h e  1 s -  S c a l e 1 p rogram  was used  to  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 th e  o p t i c a l  d e n s i t y  c u r v e .  A c o r r e c t i o n  

p rog ram  t h e n  a v e rag e d  th e  two s e t s  o f  d a t a  f rom  o p p o s i t e  s i d e s  

o f  t h e  t r a c e ,  m o d i f i e d  the  r e s u l t s  to  t a k e  i n to  a cc o u n t  th e  

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 to g r a p h ic  p l a t e  to  i n c i d e n t  

e l e c t r o n  d e n s i t y  ( b l a c k n e s s  c o r r e c t i o n ) ,  and th e  n o n - s p h e r i c a l  

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

i n t e n s i t i e s  by t h e  s e c t o r  f u n c t i o n  a ( s ) ,  and f i n a l l y  m u l t i p l i e d  

them by t o  o b t a i n  th e  1 u p h i l l * c u rv e .

I n  a l l  e x p e r im e n t s  numerous m i c r o d e n s i t o m e t e r  t r a c e s  

were  p r o c e s s e d  f o r  each  j e t - t o - p l a t e  d i s t a n c e ,  and th e
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r e s u l t i n g  u p h i l l  c u rv e s  av e raged  in  th e  program 1c o mb i n  a t  io n  

o n e 1 t o  fo rm  a ’ combined u p h i l l  c u r v e 1 f o r  each  d i s t a n c e *

As has  been  m en t ioned  p r e v i o u s l y  t h e  u p h i l l  c u rv e s  

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

a tom ic  e l a s t i c  and i n e l a s t i c  s c a t t e r i n g ,  and e x t r a n e o u s  

e x p e r i m e n t a l  s c a t t e r i n g ,  and i n  some manner one must e x t r a c t  

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

( B a r t e l l ,  1 9 6 8 ) .  I n  th e  p r e s e n t  work ,  a smooth background  

cu rv e  i s  d rawn th r o u g h  th e  u p h i l l  c u r v e ,  The f i r s t  e m p i r i c a l  

backg ro u n d  cu rv e  adop ted  i s  drawn by computer  by d r a s t i c a l l y  

sm oo th in g  t h e  combined u p h i l l  c u r v e .  To do t h i s  th e  u p h i l l  

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

a  p a r a b o l a  I s  f i t t e d  to  t h e  p o i n t s  i n  each  s e c t i o n ,  and th e  

p a r a b o l a s  a r e  combined to  g iv e  a smooth e m p i r i c a l  cu rve  

w hich  i s  t h e n  s u b t r a c t e d  from th e  u p h i l l  cu rve  to  p roduce  

on Imojfc(s) c u r v e .  I n  p r a c t i c e  i t  was u s u a l l y  found  n e c e s s a r y  

t o  a d j u s t  t h e  background  cu rv e  by h an d ,  e s p e c i a l l y  i n  th e  

low s r e g i o n ,  as t h e  computed cu rve  u s u a l l y  f a i l e d  t o  bend 

round  s h a r p l y  enough to  p a s s  th r o u g h  th e  p o i n t  a t  which 

ScrO.OA”1 . The m o d i f i e d  m o le c u l a r  I n t e n s i t y  f u n c t i o n ,

Ixn(s) was o b t a i n e d  by m u l t i p l y i n g  th e  ImoJt(s)  cu rv e  by 

s / ( l  -  F s i / z m H l  -  Fn/Z n )  as d i s c u s s e d  p r e v i o u s l y .  The 

r e q u i r e d  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  were t a k e n  from  

Hanson e t  a l . ,  (1 9 6 4 ) ,  and i n t e r p o l a t e d  f o r  each  s v a l u e .



A a t  n i s po i a t  g a e I rri ( s ) f  unc t  io ns pro d uc e d f o r  eac  h 

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  were s c a l e d  and combined 

t o g e t h e r  i n t o  a s i n g l e  s e t  o f  d a t a  by a program c a l l e d  

*c o m b in a t io n  tw o 1 . The f i r s t  two s i n g l e  d i s t a n c e  c u rv e s  

were compared i n  t h e  s r e g i o n  where th e y  o v e r l a p p e d ,  and 

t h e  s e t  w i t h  t h e  l a r g e r  s i n t e r v a l  was i n t e r p o l a t e d  t o  

g iv e  th e  same d a t a  p o i n t s  as in  th e  f i r s t  c u rv e .  The 

c u rv e s  were t h e n  s c a l e d  t o g e t h e r  and c o r r e s p o n d i n g  r e a d i n g s  

a v e r a g e d .  The t h i r d  curve  was t h e n  combined w i th  th e  

a v e ra g e d  c u r v e ,  and th e  p r o c e s s  r e p e a t e d  a g a in  i f  1 1  cm 

d a t a  were  a v a i l a b l e .  I n  t h i s  way a l l  th e  cu rv e s  were 

s c a l e d  t o g e t h e r ,  and th e  c o n n e c t in g  s c a l e  f a c t o r s  o b t a i n e d ,  

F o u r i e r  t r a n s f o r m a t i o n  o f  th e  combined m o le c u l a r  

i n t e n s i t y  cu rv e  by c a l c u l a t i n g  t h e  i n t e g r a l
smax

f l ( r )  = 
r

smin
I (s)exp(-ks^)sin(rs)d s ,

f o r  a s e r i e s  o f  e q u a l l y  spaced  r  valuevS p roduces  th e  

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 .  An e x a m in a t io n  o f  

t h i s  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  cu rve  g iv 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 cu le  b e in g  s t u d i e d ,  

and once a model  o f  t h e  m o lecu le  has  been  c o n s t r u c t e d  one 

may c a l c u l a t e  t h e o r e t i c a l  m o le c u l a r  i n t e n s i t y  and r a d i a l  

d i s t r i b u t i o n  c u r v e s ,  u s i n g  in te r a . to m ic  d i s t a n c e s  deduced 

f rom  t h e  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 rv e ,  and



c a 3. c u  1 a t  e ct v x o r  a t  :l o n a 1 anp 13.1- ud es . ? r  o v id  e d t  h s t  he o r  c tI.  c a 1

and e x p e r i m e n t a i  cu rv e s  ag ree  r e a s o n a b l y  w e l l ,  one may s t a r t  

t h e  p r o c e s s  o f  r e f i n e m e n t .

I n  t h e  p r e s e n t  c ase  t h e  method o f  i t e r a t i v e  l e a s t -  

s q u a r e s  r e f i n e m e n t  was used  t o  f i t  a t h e o r e t i c a l  cu rve  o f  

t h e  f o r m ,

1 2 2
I  ( s )  = KSA. . [ s i n ( r .  . s ) / r .  . ]e~^ *3 m i j L i j  "  i q J

t o  an e x p e r i m e n t a l  I m ( s )■c u r v e .  I n  th e  p r e s e n t  r e f i n e m e n t s ,  

a l t h o u g h  t h e  Im(s)  f u n c t i o n s  f o r  each  j e t - t o - p l a t e  d i s t a n c e  

w ere  s c a l e d  t o g e t h e r  i n  t h e  ’c o m b in a t io n  tw o ’ program , t h e  

d a t a  u s e d  i n  th e  r e f i n e m e n t  were n o t  combined.  C onsequent  i 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  was c a r r i e d  ou t  on many more 

d a t a  p o i n t s .  The Apj v a lu e s  were chosen  i n  t h e  manner 

d e s c r i b e d  i n  t h e  t h e o r e t i c a l  s e c t i o n  and t h e  program  

c a l c u l a t e d  them as f u n c t i o n s  o f  s by i n t e r p o l a t i n g  i n p u t  

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 .  The r p j  and u p j  p a r a m e t e r s  

w ere  r e f i n e a b l e ,  as was a s c a l e  f a c t o r ,  though  any r e q u i r e d  

number c o u ld  be h e ld  a t  a c o n s t a n t  va lue*  I n  most m o le c u le s  

t h e  r ^ j ’ s o f  t h e  above e x p r e s s i o n  f o r  Im(s)  a re  n o t  a l l  

i n d e p e n d e n t ,  c e r t a i n  o f  them b e i n g  e x p r e s s e d  i n  te rm s  o f  a 

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

o n l y  t h e  i n d e p e n d e n t  r p j ’ s were r e f i n e d ,  and t h e  r e m 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 p ro c e d u re
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* DiiHiiilDjidTTS * w m  Cu6ii j/ii'co t h e  3.e a s t  —souar© s p ro  groin t o "'5

e ac h  m o le c u le  s t u d i e d .  As an example the  p ro c e d u re  f o r

t e t r a m e th .y ld ip h o sp h . in e  i s  sho rn  i n  Appendix I I .  In

a d d i t i o n  t o  c a l c u l a t i n g  th e  dependen t  d i s t a n c e s ,  t h e

p r o c e d u r e  a l s o  c a l c u l a t e s  p a r t i a l  d e r i v a t i v e s  o f  t h e  type

^r dep^^ r i n d ’ a l s o  b e in g  r e q u i r e d  i n  th e  l e a s t - s q u a r e s

c a l c u l a t i o n .  I n  t h e  p r e s e n t  work t h e  u i j * s  were a lways

c o n s i d e r e d  to  be in d ep e n d en t  v a r i a b l e s ,  so no s i m i l a r

p ro b lem s  a r o s e .  The q u a n t j ^ r  m in im ised  i n  t h e  r e f i n e m e n t

was SwqAqS = £ w q ( I q o b s  - l o c a l e )  3 w h e r e  wq i s  a 
i  i

w e i g h t i n g  f a c t o r .  The form  o f  th e  w e i g h t i n g  f a c t o r  used  

f o r  e a c h  m o lecu le  i s  g iv e n  i n  th e  r e l e v a n t  c h a p t e r .

Once th e  r e f i n e m e n t  had c o n v e rg e d ,  t h e  o u t p u t  

p a r a m e t e r s  were u sed  to  c a l c u l a t e  a 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 rv e  which was s u b t r a c t e d  from th e  u p h i l l  c u rv e s  

IU p (s )  t o  g i v e  new unsmoothed background  c u r v e s ,  which  were 

h a n d -  o r  com puter -sm oothed  as b e f o r e .  T h is  p r o c e s s  was 

c a r r i e d  o u t  i n  a program * a d j u s t  b a ck g ro u n d * ,  and a f t e r  

t h i s  t h e  back g ro un d s  were s u b t r a c t e d  t o  g iv e  new I moi ( s )  

c u r v e s .  The whole r e f i n e m e n t  p ro c e d u re  was r e p e a t e d  u n t i l  

no f u r t h e r  improvement i n  th e  r e f i n e m e n t  was p o s s i b l e ,  as 

e v id e n c e d  by  a c o n s t a n t  s e t  o f  s c a l e  f a c t o r s ,  i n t e r a t o m i c  

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

r e f i n e m e n t  was c o n s i d e r e d  c o m p le te .

The m ic r o d e n s i t o m e t e r  d a t a  f o r  t h e  second m o le c u le



rv~ oo -

s t u d i e d  - unsym ~dim ethy lhydr  a z in e  were p r o c e s s e d  u s i n g  a 

co raprehens ive  program , w r i t t e n  by C l a r k  (1 9 6 8 ) ,  which, 

combined a l l  t h e  programs up to  t h e  F o u r i e r  t r a n s f o r m a t i o n  

s t a g e ,  and ,  p r o v id e d  th e  c e n t r e s  o f  t h e  t r a c e s  were  d e t e r 

mined by  h a n d ,  one cou ld  d e r i v e  an 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  curve  f rom  th e  i n p u t  d a t a  i n  one s t e p  -  a 

c o n s i d e r a b l e  s a v in g  i n  t ime and e f f o r t  compared w i t h  th e  

o r i g i n a l  sy s te m .



CHAPTER 3

THE MOLECULAR STRUCTURE OF 

TETRAI-ETHYEDIPHOSPHIME



lTTTRODUCT'ION

The l e n g t h s  o f  bonds be tween  phosphorus  atoms have 

b e en  o f  i n t e r e s t  e v e r  s i n c e  th e  f i r s t  s t r u c t u r a l  s t u d i e s  

were  c a r r i e d  o u t  on c r y s t a l l i n e  b l a c k  phosphorus  ( H u l tg r e n  

e t  a l 1 9 3 5 ) ,  S in ce  t h a t  t ime a c o n s i d e r a b l e  number o f  

v a l u e s  have been  o b t a i n e d  f o r  th e  P - P s i n g l e  bond l e n g t h ,  

and t h e s e  have b e en  r e c o r d e d  i n  T ab le  3 . 1 .

However, i n  most o f  th e  compounds so f a r  s t u d i e d ,  

t h e  t r i g o n a l  phosphorus  atoms a re  l i n k e d  t o g e t h e r  i n  a r i n g  

s y s te m ,  o r  i n  some ty p e  of  b r i d g e d  sys tem ,  i n  which t h e r e  

must  be c o n s i d e r a b l e  angle  s t r a i n .  I n  th e  a c y c l i c  sys tem s 

s t i i d i e d  t h e  p hosphorus  atoms a r e  u s u a l l y  t e t r a h e d r a l l y  

bound ,  as i n  the  t e t r a a l k y l  d ip h o s p h in e  d i s u l p h i d e s  (D u t t a  

and W oolfson ,  1961) .

W ith  th e  e x c e p t i o n  o f  an e a r l y  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 f  P4  vapour  (Maxwell e t  a l . ,  1955) ,  a l l  t h e s e  compounds 

have  b een  s t u d i e d  by s i n g l e - c r y s t a l  X - ra y  m ethods .  D e s p i t e  

t h e  v a r i e t y  o f  compounds,  and th e  v a r y i n g  d e g re e s  o f  s t r a i n  

i n h e r e n t  i n  many o f  them, the  average  v a lu e  of  t h e  P -  P 

s i n g l e  b o n d ,  i r r e s p e c t i v e  o f  th e  c o - o r d i n a t i o n  o f  t h e  

pho sp h o ru s  a tom ,  a p p ea rs  t o  l i e  i n  th e  r e g i o n  o f  2 . 2 1 $ ,
o

which  i s  i n  r e a s o n a b l e  ag reem ent  w i th  t h e  va lue  o f  2.20A 

p r e d i c t e d  by  P a u l in g  (1932) f rom  h i s  s t u d i e s  o f  c o v a l e n t  

r a d i i .

However, a l l  t h e s e  s t u d i e s  were c a r r i e d  o u t  i n  th e



c r y s t a l l i n e  s t a t e ,  and i t  was f e l t  t h a t  an e l e c t r o n  d i f f r a c t

s t u d y  o f  a g a seous  d i p h o s p h i n e ,  i n  which the  phosphorus  atom

were t r i g o n a l l y  c o - o r d i n a t e d ,  would e n ab le  a more a c c u r a t e

v a lu e  t o  be o b t a i n e d  f o r  t h e  s i n g l e  P -  P bond l e n g t h ,

e s p e c i a l l y  as t h e r e  would be no i n t e r m o l e c u l a r  f o r c e s  to  t a k

i n t o  a c c o u n t .  A c c o r d in g ly  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 seo u s  t e t r a m e t h y l d i p h o s p h i n e  was u n d e r t a k e n .

No a c c u r a t e  v a lue  has been  o b t a i n e d  f o r  t h e  P - P

d i s t a n c e  i n  m o le c u le s  o f  ty pe  P2 ^ 4 , where X r e p r e s e n t s  e i t h o

a h a lo g e n  a tom, o r  an a l k y l  o r  a r y l  g rou p .  Apart  from Pp I a ,
o

where  t h e  bond l e n g t h  o f  2„21A o b t a i n e d  by X - ray  c r y s t a l l o 

g ra p h y  (Leung and W aser ,  1956) has an e s t i m a t e d  s t a n d a r d
o

d e v i a t i o n  o f  0 .06A, th e  o n ly  v a lu e s  o b t a i n e d  have b een  f o r

s t r u c t u r e s  where- t h e  d ip h o s p h in e s  have been  c o - o r d i n a t e d  to

o t h e r  a to m s ,  as i n  t e t r a m e t h y l d i p h o s p h i n e  - b i s (m o no bo ran e )

( C a r r e l l  and Donohue, 1 9 6 8 ) ,  and i n  b r i d g e d  t r a n s i t i o n  m e ta l

c a r b o n y l  co m plexes ,  such as |i -  t e t r a m e t h y l d i p h o s p h i n e  -

b i s  ( t e t r a c a r b o n y l  i r o n )  ( J a r v i s  e t  a l . ,  1968) i n  which th e

d i p h o s p h i n e  a c t s  as a b i d e n t a t e  l i g e n d ,  l i n k i n g  th e  two

h a l v e s  o f  th e  complex .  The e x t r e m e ly  lo n g  P - P d i s t a n c e  
o

o f  2.28A i n  th e  c o r r e s p o n d i n g  n i c k e l  ana logue  o f  t e t r a -  

p h e n y ld ip h o s p h in e  (Mais e t  a l . ,  1967) may be e x p l a i n e d  m  

te rm s  o f  s t r a i n  caused  by s t e r i c  r e p u l s i o n  be tween th e  b u lk y

p h e n y l  g r o u p s .

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



was t o  t r y  to  d e te r m in e  t h e  r e l a t i v e  o r i e n t a t i o n s  o f  th e  

m e th y l  g r o u p s . With a compound o f  type  PgXq t h e r e  a r e  

s e v e r a l  p o s s i b l e  r o t a t i o n a l  i s o m e r s ,  some of  which c a n ,  

how ever ,  be e x c lu d ed  on th e  b a s i s  o f  s t e r i c  r e p u l s i o n  

b e tw e e n  t h e  X groups  (Cowley, 1 96 5 ) ,  even when X r e p r e s e n t s  

a h y d ro g en  atom. I n  c o n seq u e n ce ,  t h e  exp ec te d  c o n f i g u r a t i o n  

would be e i t h e r  t r a n s  o r  gauche .  F o r  s m a l l  r o t a t i o n a l  

b a r r i e r s  i t  sh o u ld  be p o s s i b l e  to  have an e q u i l i b r i u m  

m ix t u r e  o f  s t a g g e r e d  f o r m s ,  and f o r  ve ry  sm a l l  b a r r i e r s ,  

e s s e n t i a l l y  f r e e  r o t a t i o n  would l e a d  to  o v e r a l l  Cgv symmetry,

So f a r  i n v e s t i g a t i o n ,  m a in ly  by i n f r a r e d ,  Raman, 

and n u c l e a r  m a g n e t i c  r e s o n a n c e  s p e c t r o s c o p y ,  has  b e en  m a in ly  

c o n f i n e d  t o  t h e  compounds where X r e p r e s e n t s  I ,  C l ,  F ,  H, 

and Me r e s p e c t i v e l y .  I t  has  been  shown c o n c l u s i v e l y  t h a t  

b o t h  P2 l4  (Leung and Waser,  1956; F r a n k i s s  e t  a l . ,  1966) and 

P2 CI 4  ( F r a n k i s s  and M i l l e r ,  1965) adopt  a t r a n s  c o n f i g u r a 

t i o n  i n  a l l  t h r e e  p h a s e s ,  w h i l e  t h e r e  i s  some e v id e n c e  t h a t  

P2 F 4  (Rudolph ,  T a y lo r  and P a r r y ,  1966) a l s o  ad o p ts  t h i s  

c o n f i g u r a t i o n .  I n  P2 H4 , a gauche fo rm  has  b een  a s s i g n e d  on 

t h e  b a s i s  o f  th e  number o f  R am an-ac t ive  modes o f  v i b r a t i o n  

( B a u d le r  and S ch m id t ,  19 5 7 ) .  This  was a l s o  i n d i c a t e d  by 

i n f r a r e d  s t u d i e s  (Nixon,  1956) on th e  s o l i d  and gas p h a s e s ,  

and by an N.M.R. s t u d y  (L y n d e n -B e l l ,  19 61 ) .  However, th e  

N.M.R. r e s u l t s  were a l s o  c o n s i s t e n t  w i t h  f i x e d  c i s  and t r a n s  

f o r m s .
Not much i s  known about  the  c o n f i g u r a t i o n  o f



t  e t  r a r r i e th y Id ip h o sp h in e  excep t  t h a t  a N.I-l.R. s t u d y  or  th e  

l i q u i d  p h a se  ( H a r r i s  and H a y t e r ,  1964) i n d i c a t e s  t h a t  the  

m e t h y l  g r o u p s ,  a l t h o u g h  i n  s i m i l a r  e n v i r o n m e n t s , a r e  n o t  

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

fo r m .

3 *2 experim ental

A sample o f  t e t r a m e t h y l d i p h o s p h i n e  ( B . P t .  = 140°C) 

was p r e p a r e d  by d e s u l p h u r i s i n g  b i s ( d i m e t h y l t h i o p h o s p h i n e ) 

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

d e s c r i b e d  b y  P a r s h a l l  (1960) .  The p u r i t y  was c o n f i rm ed  by 

mass s p e c t r o s c o p y .  I  t h a n k  P r o f e s s o r  D .S .  Payne f o r  a 

g e n e r o u s  g i f t  o f  b i s ( d i m e t h y l t h i o p h o s p h i n e ) .

The e x p e r i m e n t a l  c o n d i t i o n s  a dop ted  d u r i n 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 re  summarised i n  

T a b le  3 . 2 .  Owing t o  a t e n d e n c y  f o r  t h e  d ip h o s p h in e  to  

co n d en se  on  t h e  t i p  o f  t h e  n o z z l e ,  c o n s i d e r a b l e  d i f f i c u l t y  

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

r u n s  were  c a r r i e d  o u t  a t  each j e t - t o - p l a t e  d i s t a n c e .  As 

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

s i n c e  c o n d e n s a t i o n  becomes more l i k e l y ,  t h e  l o n g e r  t h e  

d i p h o s p h i n e  i s  p a s s i n g  th r o u g h  t h e  j e t ,  t h e  25 cm 

d i f f r a c t i o n  p a t t e r n s  were r a t h e r  u n s a t i s f a c t o r y .  F o r  th e  

same r e a s o n ,  no 1 1  cm d a t a  were c o l l e c t e d .

I n  o r d e r  t o  t r y  t o  avo id  c o n d e n s a t i o n ,  t h e  n o z z l e  

was h e a t e d  t o  170°C by p a s s i n g  th r o u g h  the  o u t e r  c a s i n g  a



s t r e a m  o f  compressed  a i r ,  h e a t e d  by p a s s i n g  o v e r  an e l e c t r i c  

h e a t i n g  c o i l .  The t e m p e r a t u r e  o f  t h e  d i f f r a c t i n g  vapour  was 

assumed t o  be t h e  a r i t h m e t i c  mean o f  t h e  n o z z l e  and sample  

t e m p e r a t u r e s  ( C l a r k ,  1963) .

As shown i n  T able  3 . 2 ,  t h r e e  s e t s  o f  i n t e n s i t y  d a t a  

were  o b t a i n e d  a t  j e t - t o - p l a t e  d i s t a n c e s  o f  100, 50 and 25 cm, 

c o v e r i n g  th e  r a n g e s :
c

s = 0 .8 8  by  0 .0 2  to  9.08A
o

1 .95  by 0 .0 5  t o  1 7 .9 5 A“ a 
4 .8 0  by  0 .1 0  t o  54.40A- 1 .

However, owing t o  t h e  poor  q u a l i t y  o f  th e  25 cm p l a t e s ,  d a t a
° - lbeyond s = 2 5 . 0 A was d i s c a r d e d .

The v a r i a t i o n  of  o p t i c a l  d e n s i t y  a c r o s s  d i a m e t e r s  

o f  t h e  p l a t e s  was measured  on an au tom ated  Joyce  Loebl  

m i c r o d e n s i t o m e t e r  ( see  C h a p te r  2 . 3 ) ,  and r e c o r d e d  on punched 

t a p e .  T h is  d a t a  was r e d u c e d  to  u p h i l l  c u rv e s  by  t h e  no rm al  

Glasgow method (C h a p te r  2 . 4 ) ,  and t h e s e  c u rv e s  a r e  l i s t e d  i n  

T ab le  3 . 3 .  When t h e  e m p i r i c a l  background  o f  a tom ic  and 

e x t r a n e o u s  s c a t t e r i n g  had been  s u b t r a c t e d  from th e  u p h i l l  

c u r v e s ,  t h e  damped s 5.ne wave form  o f  t h e  m o le c u l a r  i n t e n s i t y  

c u r v e ,  I m ( s ) ,  was o b t a i n e d  by m u l t i p l y i n g  th e  I moJ6 ( s )  cu rve  

by  s / ( l - F/ 2 ) ? ( l - F/ 2 ) p ? and th e  d a t a  f o r  t h e  d i f f e r e n t  

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

‘ c o m b i n a t i o n  tw o ’ .

The t h e o r e t i c a l  form o f  th e  m o le c u l a r  i n t e n s i t y
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cu rve  on which  t h e  l e a s t - s q u a r e s  r e f in e m e n t  o f  th e  s t r u c t u r a l  

p a r a m e t e r s  was b a se d  i s

I m( s )  = KS Ai . e x p ( - i u ? . s 2 ) s i n ( r .  s ) / r  3 . 1

where A... = N. ^.Z.Zj ( l - F / z )  . ( l - F / Z )  ^ ( l - P / z ) ^  3 . 2

i s  a c o n s t a n t  when t h e  atoms i  and j  a re  phosphorus  a tom s,  

b u t  i s  o t h e r w i s e  a s lo w ly  v a ry in g  f u n c t i o n  o f  :s„ In  t h i s  

work t h e  A i j ’ s were c a l c u l a t e d  as f u n c t i o n s  o f  s w i t h i n  t h e  

l e a s t - s q u a r e s  p rog ram ,  and were  n o t  assumed c o n s t a n t .  The 

b ackground  a d j u s t m e n t s  were c a r r i e d  o u t  i n  th e  manner 

d e s c r i b e d  i n  C h a p te r  2 . 4 ,  th e  computer  drawn c u rv e s  b e in g  

a d j u s t e d  by  hand i n  t h e  low s r e g i o n .

3*3 IEAST-SQTJAH5S ANALYSIS

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

i s  f a i r l y  complex and c e r t a i n  s i m p l i f y i n g  a ssum p t io n s  were 

made. The d im e th y lp h o s p h in o  groups  were assumed to  p o s s e s s  

Cs (o r  m) symmetry,  t h e  m i r r o r  p l a n e s  c o n t a i n i n g  th e  P -  P 

bond ,  and th e  hydrogen  atoms o f  the  m e th y l  groups  b e in g  

s t a g g e r e d  w i t h  r e s p e c t  t o  t h e  o p p o s i t e  P - C bon d s .  The 

m e th y l  g ro u p s  were assumed to  have Cgv symmetry,  and th e  

t h r e e - f o l d  a x i s  o f  t h e  m e th y l  group  was assumed to  be 

c o i n c i d e n t  w i t h  t h e  C - P bond .  The m o lecu le  was a l s o  

assumed to  be c o n s t r u c t e d  o f  two i d e n t i c a l  d im e th y lp h o s p h in o  

g roups  r o t a t e d  about  a d i h e d r a l  a n g l e ,  <£> , f rom the  e c l i p s e d ,  

c i s  p o s i t i o n .
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Seven p a r a m e t e r s  a re  needed to  d e f i n e  t h i s  geom etry  

c o m p l e t e l y :  t h e  t h r e e  bond l e n g t h s  C - H, C - P, P - P, t h e  

t h r e e  bond a n g le s  CFG, PCH and CPF, and <J> , t h e  d i h e d r a l  a n g le  

d e f i n i n g  t h e  amount o f  r o t a t i o n  of  one d i m e th y lp h o s p h in o  g roup  

r e l a t i v e  to  th e  o t h e r ,  A d iag ram  o f  th e  m olecu le  i s  shown i n  

F i g u r e  3 . 1 .  S in c e  th e  l e a s t - s q u a r e s  program  i s  w r i t t e n  i n  

such  a manner as t o  r e f i n e  o n l y  i n t e r a t o m i c  d i s t a n c e s  t h e s e  

a n g l e s  must  be e x p r e s s e d  i n  te rm s o f  th e  d i r e c t l y - r e l a t e d  n o n 

bonded i n t e r a t o m i c  d i s t a n c e s  C( 1 ) • . -C(2) , P . . . H ,  C . . . P ,  and 

C ( 1 ) « . . C ( 3 ) .  These f o u r  non-bonded d i s t a n c e s ,  t o g e t h e r  w i t h  

t h e  bonded d i s t a n c e s  make up a s e t  o f  seven  in d e p e n d e n t  

d i s t a n c e s ,  ^ jnd* f rom  which a l l  the  a n g le s  and o t h e r  i n t e r 

a to m ic  d i s t a n c e s  i n  t h e  m olecu le  can  be c a l c u l a t e d .  The c

s i m p l e s t  method o f  c a l c u l a t i o n  was t o  s e t  up an o r t h o g o n a l  

c o - o r d i n a t e  sy s te m ,  w i t h  i t s  o r i g i n  a t  t h e  c e n t r e  o f  th e  P -  P 

b o n d ,  and to  e x p r e s s  th e  p o s i t i o n  o f  e ach  atom i n  t e rm s  o f  i t s  

c o - o r d i n a t e s  w i th  r e s p e c t  to  t h i s  o r i g i n .  T h is  was e a s i l y  

d o n e ,  e a c h  c o - o r d i n a t e  b e in g  e x p re s s e d  as a f u n c t i o n  o f  t h e  

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

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

v e r s i o n  o f  t h a t  used  by B eag ley  and H e w i t t  (1968) i n  t h e  

r e f i n e m e n t  o f  d i m e t h y la m i n e .

I n i t i a l l y ,  t h e  c o - o r d i n a t e s  o f  e ac h  o f  th e  atoms 

o f  one d im e th y lp h o s p h in o  group were e v a l u a t e d  w i t h  r e s p e c t  to  

an o r i g i n  l o c a t e d  a t  t h e  m id - p o i n t  o f  t h e  s t r a i g h t  l i n e  j o i n i n g
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atoms C (1) ana C(2 ) .  The o r i g i n  was t h e n  t r a n s f o r m e d  to  i t s  

x i n a l  p o s i t i o n  a t  ‘one c e n t r e  o f  th e  P - P "bond, snd th e  c o 

o r d i n a t e s  o f  th e  f i r s t  group r e - c a l c u l a t e d .  To c r e a t e  t h e  

s e co n d  h a l f  o f  th e  m o le c u le ,  th e  c o - o r d i n a t e s  o f  t h e  f i r s t  

n i n e  atoms were r e f l e c t e d  i n  a p l a n e ,  p e r p e n d i c u l a r  to  th e  

P -  P b o n d ,  snd th e  new group was t h e n  r o t a t e d  th r o u g h  th e  

d i h e d r a l  an g le  c|> to  o b t a i n  th e  f i n a l  c o - o r d i n a t e s  o f  t h e  

s e co n d  g r o u p .

For  the  geometry  assumed i n  t e t r a m e t h y l d i p h o s 

p h i n e  t h e r e  a re  f o r t y - f i v e  dependen t  d i s t a n c e s .  The most 

i m p o r t a n t  o f  t h e s e  c o n s i s t  o f  t h e  d i s t a n c e s  be tw een  the  

p h o sp h o ru s  and th e  ca rb o n  atoms i n  one d im e th y lp h o s p h in o  

g r o u p ,  and th e  hy drogen  atoms i n  t h e  o t h e r  g r o u p ,  t o g e t h e r
«

w i t h  i n t e r a c t i o n s  be tw een  th e  two m e th y l  g roups  i n  t h e  same 

d i m e t h y lp h o s p h in o  g ro u p .  There a re  a l s o  two lo n g  C!»««C 

i n t e r a c t i o n s ,  C ( 1 ) . « .C ( 4 )  and C ( 1 ) . . . C( 3 ) .  A l l  th e  

r e m a i n i n g  d ep en d e n t  d i s t a n c e s  a r e  be tw een  hydrogen  a tom s,  

and c o n t r i b u t e  l i t t l e  t o  the  e l e c t r o n  s c a t t e r i n g .  However,  

t h r o u g h o u t  th e  l e a s t - s q u a r e s  r e f i n e m e n t ,  t h e  t o t a l  s c a t t e r i n g  

Jfrom a l l  f i f t y - t w o  d i s t a n c e s  was c a l c u l a t e d  and compared 

w i t h  t h e  o b se rv e d  m o le c u l a r  i n t e n s i t y  d a t a .  At th e  end o f  

e a c h  c y c l e  o f  r e f i n e m e n t  th e  d ep en d e n t  d i s t a n c e s  were 

c a l c u l a t e d  f rom  t h e  in d ep e n d en t  o n e s .  The in d e p e n d e n t  

d i s t a n c e s  and th e  a m p l i tu d e s  a s s o c i a t e d  w i t h  t h e s e  d i s t a n c e s  

w ere  r e f i n e d ,  t o g e t h e r  w i th  a s c a l e  f a c t o r ,  u s i n g  t h e  f u l l -
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m a t r i x  l e a s b ~ s q u a r e s  program. C o n v e r g e n c e  w as  a c c e l e r a t e d

b y  c o n s i d e r i n g  a l l  i n t e r a c t i o n s  o f  t h e  t y p e  S r .  . / S r .
** i j  m d

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

o r d i n a t e  p a r t i a l  d e r i v a t i v e s  f o r  e a c h  a t o m ,  S x / S r .  ,9 m d  9
S y / 3 r i n d  , and S z / a r . ^ .

To i l l u s t r a t e  the  ty p e  o f  p ro c e d u re  u sed  t o  

e v a l u a t e  t h e  d ep en den t  d i s t a n c e s  and p a r t i a l  d e r i v a t i v e s ,  

t h e  p r o c e d u r e  *DEPENDENTS1 f o r  t h i s  m o le c u le  i s  i n c l u d e d  

as  Appendix  I I .  T h is  p ro c e d u re  was used  as p a r t  o f  th e  

f u l l - m a t r i x  l e a s t - s q u a r e s  r e f in e m e n t  program.

I n  t h e  two r e f i n e m e n t s  i n  t h i s  t h e s i s  t h e  

w e i g h t i n g  f u n c t i o n  w ( s ) ,  used to  w e igh t  each  i n t e n s i t y  

v a lu e  f i t t e d  by l e a s t - s q u a r e s ,  c o n s i s t e d  o f  a c e n t r a l
t

r e g i o n  where w = 1 , f l a n k e d  by two e x p o n e n t i a l  damping 

c u r v e s .  I n  t h i s  p a r t i c u l a r  r e f i n e m e n t  the  w e i g h t i n g  scheme 

u se d  w a s : -

s < 6 . 0 ; w = exp [ - 0 . 0 7 ( 6  -  s) ],
6  < s < 1 9 . 0 ;  w = 1,
s > 1 9 .0 ;  vT - exp [ - 0 . 1 1 ( s  -  19) ].

The e x p o n e n t i a l  a t  low s v a lu e s  i s  i n t e n d e d  to  w e ig h t  down

i n t e n s i t y  d a t a  s u b j e c t  t o  e r r o r s  f rom u n c e r t a i n t i e s  i n  t h e

b a c k g r o u n d ,  w h i l e  t h e  e x p o n e n t i a l  a t  h ig h  s v a lu e s  i s

i n t e n d e d  t o  damp o u t  the  p o o r e r  q u a l i t y  i n t e n s i t y  v a lu e s

d e r i v e d  f ro m  th e  25 cm p l a t e s .  The s l i m i t s  o f  th e  c e n t r a l

s e c t i o n  were o b t a i n e d  by a. c a r e f u l  c o n s i d e r a t i o n  o f  t h e
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e x p e r i m e n t a l  u p h i l l  and I m(s) c u r v e s .

I n  the  i n i t i a l  r e f i n e m e n t s  c a r r i e d  o u t ,  t h e  Apj

v a l u e s  were t r e a t e d  as 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 ,

w h ich  were c a r r i e d  o u t  i n  p a i r s ,  th e  d i h e d r a l  a n g le  was

e i t h e r  f i x e d  a t  180° ,  i . e .  t h e  m olecu le  was assumed t o  be

i n  a t r a n s  c o n f i g u r a t i o n ,  o r  was a l low ed  t o  r e f i n e .

However ,  i n  b o t h  t h e s e  r e f i n e m e n t s  th e  d i s c r e p a n c y  be tw een

t h e o r e t i c a l  and 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 rv e s  i n
c

t h e  r e g i o n  r  -  2 .0  - 3.0A was c o n s i d e r a b l e .  At t h i s  p o i n t ,  

i n  v iew o f  t h e  r a t h e r  h ig h  t e m p e r a t u r e  a t  which t h e  vapour  

was p a s s e d  t h r o u g h  th e  p l a t i n u m  n o z z l e ,  i t  was f e l t  t h a t  some 

o f  t h e  t e t r a m e t h y l d i p h o s p h i n e  might  have decomposed, and t h e r e  

m ig h t  p o s s i b l y  be a s i g n i f i c a n t  p r o p o r t i o n  o f  d im e th y lp h o s p h in e
t

i n  t h e  d i f f r a c t i n g  v a p o u r .  C o n se q u e n t ly ,  s e v e r a l  r e f i n e m e n t s  

were  c a r r i e d  o u t  i n  which th e  p r o p o r t i o n  o f  (KeJgPK was
p

v a r i e d .  However, t h e  v a lu e s  o f  a f o r  t h e s e  r e f i n e m e n t s  

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

a s s u m p t io n  t h a t  no d im e th y lp h o s p h in e  was p r e s e n t .

C o n s e q u e n t ly  one must assume t h a t  none was p r e s e n t .

However, once th e  Aj_jTs were c a l c u l a t e d  as f u n c t i o n s  

o f  s ,  and a n o t h e r  background  a d ju s tm e n t  c a r r i e d  o u t ,  some 

improvement  i n  t h e  d i s c r e p a n c y  be tw een  t h e o r e t i c a l  and 

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 rv e s  was o b t a i n e d .  The 

f i n a l  v a l u e s  f o r  th e  p a ra m e te r s  d e r i v e d  f rom t h e  r e f i n e m e n t s  

where  <$> was f i x e d  a t  180° ,  and where i t  was a l lo w e d  t o  v a r y ,
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ape l i s t e d  i n  T ab le  3 , 4 .  In  b o th  c a se s  a t t e m p t s  t o  r e f i n e

t h e  P « • *H and C(1)»*«C(2)  v i b r a t i o n a l  a m p l i tu d e s  were

u n s u c c e s s f u l  a s  t h e s e  a m p l i tu d e s  im m e d ia te ly  r e f i n e d  t o

u n r e a l i s t i c a l l y  h i g h  v a l u e s ,  and convergence  cou ld  n o t  be

o b t a i n e d .  C o n s e q u e n t ly  t h e s e  were f i x e d  a t  t h e  a v e ra g e  o f

th e  v a l u e s  o b t a i n e d  by B a r t e l l  (1960) f o r  d i m e t h y l -  and

t r i m e t h y l p h o s p h i n e , th o ug h  t h e s e  may be u n r e a l i s t i c a l l y  low

i n  v iew o f  t h e  t e m p e r a t u r e  a t  which the  e x p e r im e n t s  were

c a r r i e d  o u t . I n  t h e  c a se  where 0  was a l low ed  to  v a r y  t h e

P*«*H and C(1)*»*C(2)  d i s t a n c e s  th e m se lv e s  cou ld  n o t  be

p r o p e r l y  r e f i n e d ,  and so were h e ld  c o n s t a n t  a t  t h e  v a lu e s

o b t a i n e d  i n  t h e  r e f i n e m e n t  w i th  0  = 180°» A t tem pts  t o

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

d i s t a n c e s  C ( 1 ) • •  \C ( 3 ) ,  C ( 1 ) • • *C( 4 ) ,  C( 2 ) • • -C( 3 ) ,  and t h e

l o n g e r  P««»H d i s t a n c e s  a l s o  proved f r u i t l e s s ,  and t h e s e
o

were f i x e d  a t  v a l u e s  o f  0 . 1 3 8 ,  0 . 1 2 0 ,  0 .1 2 0 ,  and 0 . 1 4 0 A 

r e s p e c t i v e l y .  The i n t e r a t o m i c  d i s t a n c e s  i n  Table  3 . 4  a re  

r g ( 0 )  v a l u e s  ( B a r t e l l ,  1955) .

E q u a t i o n  3 , 1  assumes t h a t  the  c o s A ^ i j  f a c t o r ,  

which sh o u ld  be i n c l u d e d ,  i s  a lways c lo s e  to  u n i t y .  When 

atoms i  and j  d i f f e r  t h i s  a s su m p t io n  i s  n o t  s t r i c t l y  c o r r e c t ,  

and as  t h e  d i f f e r e n c e  i n  a tomic  number be tw een  th e  atoms 

i n c r e a s e s ,  t h e  e r r o r  becomes g r e a t e r ,  t h e  co n sequence  o f  

t h i s  b e i n g  t h a t  t h e  u p j  p a ra m e te r s  have a b n o rm a l ly  h i g h  

v a l u e s .  T h e r e fo r e , ,  t h e  v a lu e s  i n  Table  3 , 4  have b e e n
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c o r r e c t e d  a c c o r d i n g  to  th e  method of Bonham and U k a j i  (19 6 2 ) .  

The e s t i m a t e s  o f  r e p r o d u c i b i l i t y  i n  t h i s  Table  a re  r o u g h ly  

e q u i v a l e n t  (B e a g le y ,  C ru icksh an k  and H e w i t t ,  1967) to  t h r e e  

s t  and a rd  d e v i a t i o n s ,  and t a k e  i n to  e o n s 5.de r a t  ion  u n c e r t a i n 

t i e s  f ro m  a l l  s o u r c e s ,  s y s t e m a t i c  as w e l l  as random.

The f i n a l  e x p e r i m e n t a l  combined m o le c u la r  

i n t e n s i t y  c u rv e  i s  shown i n  F ig u r e  3 . 2 ,  t o g e t h e r  w i t h  a curve  

showing t h e  d i f f e r e n c e s  i n  i n t e n s i t y  be tween th e  e x p e r i m e n t a l  

c u rv e  and a t h e o r e t i c a l  curve  c a l c u l a t e d  on the  b a s i s  o f  t h e  

f i n a l  p a r a m e t e r s  o b t a i n e d  from th e  r e f in e m e n t  w i t h  <t>

v a r i a b l e .  The c o r r e s p o n d i n g  r a d i a l  d i s t r i b u t i o n  c u rv e s  a re
oo

shown i n  F i g u r e  3 . 3 ,  t h e  damping c o n s t a n t  k b e in g  0 .004A^.

The e x p r e s s i o n  f o r  the  m o d if ied  m o le c u la r

i n t e n s i t y  (Sqn 3 . 1 )  i s  ba sed  on th e  a s su m p t io n  t h a t  each

p a i r  o f  atoms ( i j )  may be t r e a t e d  as a harmonic o s c i l l a t o r ,

and t h i s  a p p ro x im a t io n  i s  u s u a l l y  q u i t e  a d equ a te  f o r  bond

d i s t a n c e s ,  b u t  may be r a t h e r  rough  f o r  non-bonded d i s t a n c e s ,

e s p e c i a l l y  i f  i n t e r n a l  r o t a t i o n  i s  i n v o lv e d .  To a n a l y s e  t h e

t o r s i o n a l  m o t io n  f o r  t h e  non-bonded d i s t a n c e s  d e p end en t  on

t h e  d i h e d r a l  a n g le  <$> , one sh ou ld  r e p l a c e

e x p ( - J u  . 2 s 2 ) s i n ( r .  . {<P) s ) / r  . • (0 )
13 J J

i n  e q u a t i o n  3 . 1  by

f e x p ( - J u „ 2 (4>)s2 ) s i n [ U l l l k ]  . p(<J>)d<t> ,
J t r  r .  . ( $ )

13



„ r.

where  P ( 0 )d 0  i s  t h e  p r o b a b i l i t y  t h a t  the  d i h e d r a l  a n g le  

i s  be tw een  0  and 0  + dct> , and uyr (0 ) j.s the  f ramework 

v i b r a t i o n  (Almenningen,  Hartmann and S e ip ,  1968) .  S ince  

t h i s  c o r r e c t i o n  was no t  made, th e  long  C ( 1 ) . . . C ( 3 )  d i s t a n c e  

which  d e f i n e s  t h e  a n g le  0  i s  p ro b a b ly  too s h o r t  owing to  

m o l e c u l a r  v i b r a t i o n .  T h e re fo re  t h e  va lue  o f  .163 .7°  o b t a i n e d  

f o r  0  i s  p r o b a b l y  too  s m a l l .

I n  an e f f o r t  to  make some c o r r e c t i o n  f o r  th e  

e f f e c t s  o f  t o r s i o n a l  o s c i l l a t i o n ,  t h e o r e t i c a l  s igma c u rv e s  

were c a l c u l a t e d  on t h e  f o l l o w i n g  b a s i s : ~

(a)  t h e  i n t e r a t o m i c  d i s t a n c e s  and v i b r a t i o n a l  p a r a m e te r s  

i n d e p e n d e n t  .o f  0  were kep t  a t  t h e i r  r e f i n e d  v a l u e s ,

(b) a p o t e n t i a l  f u n c t i o n  o f  the  form. V(0)= 7 5 ^ ( 1  -  c o s 2 0  ) 

was assumed,  and a sigma curve was c a l c u l a t e d  from

a sura o f  s igma cu rves  w e igh ted  a c c o rd in g  t o  

exp -V (0 ) /kT  .

U n f o r t u n a t e l y  t h e  r e s u l t s  o f  t h i s  c a l c u l a t i o n  were worse  t h a n

th e  s igma cu rv e  f o r  0  = 1 6 3 .7 ° ,  as shown i n  F i g u r e  3 . 4 .

I n  t h i s  f i g u r e  t h e  t h e o r e t i c a l  sigma cu rv es  c a l c u l a t e d  f o r

0  = 18 0 ° ,  163 .7°  and 0  o s c i l l a t i n g  about  180° ,  a re  compared
o

w i t h  t h e  e x p e r i m e n t a l  curve  i n  th e  r e g i o n  r  = 3 .0  -  5 . 0 A, 

where  t h e  main d i f f e r e n c e s  l i e .

3 .4  DISCUSSION
A com par ison  o f  t h e  m o le c u l a r  d im en s io ns  of  

t e t r a m e t h y l d i p h o s p h i n e  w i th  t h o s e  o f  t h e  m e t h y l - s u b s t i t u t e d
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A c o m p ar iso n o f  known P ~ P bond l e n g t h s .

Compoundx •
0

Bond leng th (A ) R e fe ren ce

P(B lack ) 2 .2 2 4 (2 )
2 .2 4 4 (2 )

Brown and R u ndqu is t  
(1965)

P4  v apour 2 . 2 1 (2 ) Maxwe11, He n d r  i  c k s 5 and 
Moseley (1935)

2 . 2 1 ( 6 ) Leung and Waser (1956)

P4 S7 2 .3 5 (1 ) Vos and Wiebenga (1956)

P4 S5 2 . 2 0 ( 2 ) van Houten and Wiebenga 
. (1957)

P4 S3 2 .2 3 ( 1 ) Leung e t  a l .  (1957)

P4 1 2 S3 2 .2 0 (5 ) Wright and P e n fo ld  (1959)

P4Se3 2 .2 5 (3 ) K e u le r  and Vos (1959)

(PSMePh) 2 2 . 2 1 Wheatley  (1960) .

P ( H i t t o r f  1 s ) 2 ,2 1 9 (4 ) Thurn and Krebs (1968)

P2 S2 ( E t ) 4 2 . 2 2 ( 1 ) D u t t a  and Woolfson (1961)

(PCF3 ) 4 2 .2 1 3 (5 ) P a l e n i k  and Donohue (1962)

(PCF3)5 2 .2 2 3 (1 7 ) Soencer  and Lipscomb 
(1961)

(PPh ) 5 2 .2 1 7 (6 ) Daly  (1964)

( PPh) 6 2 .2 3 7 (5 ) D aly  (1965)

P2 Me4 . 2 BH3 2 .2 0 4 (5 ) C a r r e 11 and Donohue (1968)

(0C)oHi(PPh 2 ) 2 H i(C 0 ) 3 2 .2 7 7 ( 4 ) Mais e t  a l .  (1967)

(0 C) 4Pe (Pi-Ie 2 ) 2Pe (CO) 4 2 .2 3 1 (7 ) J a r v i s  e t  a l .  (1968)

P2 Me4 2 .1 9 2 ( 9 ) T h is  work.



T a b le  5 . 2

A summary o f  t h e  e x p e r i m e n t a l  d e t a i l s  f o r  th e  
t e t r a m e t h y I d  ip h o sp h in e  i n v e s t i e a t i o n .

J e t - t o - p l a t e  
. d i s t a n c e 1 0 0  cm 50 cm 25 cm

W av e leng th  (A) 
e . s . d .

0 .051191
0 .0 0 0 0 2 2

0.051191
0 .0 0 0 0 2 2

0 .0 5 12 1 7
0 .000015

Sample
t e m p e r a t u r e

(°K) 331° 328° 315(

N ozz le
t e m p e r a t u r e

(°K)
448' 443.' 443 o

Gas t e m p e r a t u r e  
assumed (°K) 389 386° 378

No. o f  p l a t e s  
u s e d

No. o f  t r a c e s  
u s e d 4 6 6



Te trarne th y  Id  ipho  s p h in s  * Combined U p h i l l  C u rv e s ,
o - 1

r a n g e ( 1 ) :  s = 0 . 8 8  by C.C2  t o  8 . 9 8 a

9 .0 7 5 b  +2 9 .400 ,, +2 9 . 710,0 +2 9 . 995m +2 
1 .045io +3 1 .065b +3 1 .090b +3
1 .2c 810 +3 1 .248 ;o +3 1 .289b +3
1 .4 c 2 „  +3 1 .437b  +3 1 .472a +3
1 .569b  +3 1.597m +3 1 .624b +3
1 .710»  +3 1 .746 b +3 1.781 a +3
1 .8 9 2 m +3 1 .934 b +3 1 -975m +3
2 «096b +3 2 .l4 c ,o  +3 2 .l84io +3
2 , 326,0 +3 2 .381b +3 2 .4 3 9 a  +3
2 . 630a +3 2 . 700,5 +3 2.76910 +3
2 .9 8 5 m +3 3 . o66b +3 3 .1 5 3 b +3
3 .4 3 0 b +3 3 .5 2 1 b +3 3 .6 c7b +3
3 .8 9 1 a  +3 4.ooo,o +3 4 .1  io B +3
4 .4 2 4 b +3 4 .5 3 0 a  +3 4 .6 3 9 b +3
4 .9 9 2 a  +3 5 .1 1 4 b +3 5 .2 3 2 a  +3
5.585io +3 5 . 708,5 +3 5.837io +3
6 .2 1 7 a  +3 6 .3 3 7 a  +3 6 .4 5 6 a  +3
6 ,8 5 5 a  +3 6 .9 8 2 a  +3 7.1 H a  +3
7 .4 5 9 b +3 7 .5 7 4 b +3 7 .6 9 4 b +3
8 .0 6 5 a  +3 8 .1 7 5 a  +3 8 . 27c 10 +3
8 . 586,5 +3 8 . 698a +3 8 .81 Ca +3
9 .1 2 0 a  +3 9 .2 2 4 a  +3
9.61 5io +3 9 *702a +3

8 • 74Cio +2
1 .0 2 5 m +3
1 • 16610 +3
1 • 36?io +3
1 . 53810 +3
1 -679 io +3
1 .8 5 3 m +3
2 «O5410 +3
2 .274,0 -f*3
2 • 563 io +3
2 • 9o810 +3
3 .33820 -13
3 .78830 +3
4 0 320jO +3
4 .86710 -13
5 .4 6 2 d +3
6 o097 io +3
6 .727io +3
7 • 350io +3
7 • 94210 -i3
8 •473 io -13
9 ®oi 5xo +3
9 . 528x0 -13
9 .978x0 +3
1 .O45xo +4
1 • O92]o +4
1 • 146xo +4
1 .2O110 +4
1 • 264 io +4
1 • 333x0 +4
1 .4 o7io “i4
1 .47610 +4
1 • 554io +4
1 . 612x0 +4
1 , 660xo +4
1 0 70630 +4
1 .739io +4
1 .763x0 +4
1 .776xo +4
1 • 770 id +4
1 .7 6 7 xo +4
1 .757io +4

•o c8m +4 
•055a +4
• 1 o3b +4 
•157b +4 
.213a  +4 
. 276a +4 
•347a +4 
•423b +4 
,492» +4 
•563b +4 
.625b +4 
.671b +4
• 713b +4 
,7 4 4 b +4 
.7 6 6 b +4 
.778a  +4 
.770a  +4 
,7 6 4 b +4 
•757b +4

.0 1 8a +4 

.o65m +4
• 114a +4
• 169a +4
. 227,0 +4  
.289b +4
• 362,0 +4 
.435m +4 
•509a +4 
•572m +4 
.637a +4
. 6 8 1  a "*4 
. 720a +4 
•747a +4 
. 768,0 +4 
•777a +4
• 770:o +4 
. 760,5 +4
• 757b +4

9.328xo +3
9.790io +3
1 ,027io +4
1 ,0  /4xo +4
1 .1 25x0 +4
1.179x0 +4
1 . 239x0 +4
1 *303l0 +4
1 . 376x0 +4
1,448x0 +4
1 .525xo +4
1 . 582x0 +4
1 ,646xo +4
1 .69110 +4
1 *727x0 +4
1 .754io +4
1 .771x0 +4
1.774xo +4
1 .TTOio +4
1 .758xo +4
1.758x0 +4

1 .1 24m +3 
1 .329a +3 
1 .5 o 6 b +3 
1 . 65G» +3 
1 .817b  +3 
2 .0 1 4a +3 
2 . 228;o +3 
2.5GCm +3
2 . 838.0 +3 
3.242m +3
3.694.0 +3 
4 .2 1 8-0 +3 
4 .7 5 1 b  +3 
5 .3 4 7 a  +3 
5 .9 6 6 a  +3 
6 .5 9 0 a  +3 
7 .2 3 3 b  +3 
7 . 820m +3 
8 ,3 6 7 b  +3 
8 .9 1 4b +3 
9 .4 2 9 a  +3
9 . 880.0 +3 
1 .036b +4 
1 .c83»  +4 
1 .134b  +4 
1 • 1 9Cio +4 
1 .252b +4 
1 .318a  +4 
1.392m +4 
1 .4 6 l a +4 
1 .542a +4 
1 .596a +4 
1 .653a +4 
1 .699a +4 
1 .734b +4
1 .758.0 +4 
1 .773a +4 
1 .77110 +4 
1 .769a  +4 
1 .756k, +4 
1 .758b  +4



10 75820 +4 1 <>75830 44 1 °7 5 9 m 4-4 1 .7 5 9 * 4-4 1 .7 5 7 * 44
1 .7 5 5 » +4 1.75430 4-4 1 .755m 4-4 1 .7 5 6 * 4-4 1 .7 5 6 * +4
1 .7 6 g I0 +4 1 .7 6 4 * 4-4 1.76830 -r4 1 .7 6 9 * 4*4 1 .7 7 0 * 44
1 .7 7 3 io +4 1 0 7 7 9 * 4-4 1 . 786-0 +4 1 ® i 9  1 30 4-4 1 .7 9 7 * 4-4
1 . 8 0 2 * +4 1 . 808,0 44 1 0813)0 4-4 1 . 8 2 1 * 4-4 1 . 8 3 0 * 4-4
1 .8 3 9 io +4 10 848-0 4-4 1 .8 5 9 b 44 1 . 8 6 8 * 4-4 1 .877 :0 44
1 . 8 8 6 I0 +4 1 .894 ,0 4-4 1 «905io 44 1 .9 *  5io 4-4 1 .9 2 6 m 4.4
1 . 9 3 8 10 -i-4 1 . 9 4 8 * 1 . 965-0 4*4 1 .9 7 7 * 4-4 1 .9 8 7 * 44
1.99830 +4 2 .0 1  2 10 +4 2 . 0 2 6 * 44 2 0 04130 +4 2.05410 44
2 . 067*3 +4 2 0 0 '(8 * 4-4 2 .0 8 9 m - 4 2 . 101* 4-4 2 .1 1 4 * 44
2 . 1 2 9 m +4 2 . 1 4 5 m 4-4 2 .1  6 O-0 4-4 2 .1 7 4 * 4-4 2 b 190* +4
2 e 2083(3 +4 2 . 2 2 0 * 44 2 .2 3 1 :0 4-4 2 .2 4 1  * 4-4 2 .2 5 4 * 44
2 . 2 / 2 j) +4 2 . 2 8 9 m 4*4 2 . 3 0 1 30 4-4 2 .3 1 4 * 4-4 2 .3 2 6 * 4-4
2 • 3 4 0 * +4 2 .3 5 2 ,0 4-4 2 .3 6 3 m- 4-4 2 .3 7 9 m 4~4 2 .3 9 4 * 44
2.40630 +4 2 . 4 1 5 b 4-4 2 . 4 2 0 m 4-4 2 .4 3 0 * 4-4 2 .4 4 4 * 44
2 .45930 +4 2 .4 7 0 ,0 4-4 2 .4 7 9 m 4-4 2 .4 8 8 m 44 2 . 5 0 0 * 44
2 .5 1 1 )0 +4 2*521  20 4-4 2 .5 2 9 m 4-4 2 .5 4 0 * 44 2 .5 5 1 * 44
2 .  5 6 3 io +4 2 .5 7 4 m 4-4 2 .5 8 2 m 4-4 2 .5 8 9 * 44 2 .5 9 6 * +4
2 . 6 o  5io +4 2 «6 1 6 * 44 2 . 6 2 8 m 4-4 2 .6 3 3 * 44 2 .6 3 7 * 44
2  • 64  310 +4 2 . 6 4 7 m 4-4 2 .  6 5 5 io +4 2 . 662:0 44 2 . 6 6 9 * 44
2 .67610 +4 2 . 6 8 4 10 4-4 2 .6 9 1 10 4-4 2 .6 9 9 i0 44 2 . 7 0 8 * 44
2 .7 l5 io 4-4 2 .7 1 7 m 4-4 2 .7 1 9 * 4-4 2 .7 2 3 * 44 2 .7 2 8 * 4-4
2 . 7 3 4 k, +4 2 . 7 4 1 10 4-4 2 .7 5 0 m 4-4 2.75830 44 2 . 7 6 2 * 44
2 . 7 6 l » 4-4 2 . 7 6 2 b 4-4 2 0 767m 4-4 2 .7 7 3 * 44 O  r 7 r7 r 7^  • f  f  (10 44
2 . 7 8 2 10 4-4 2.78630 44 2 . 7 9 6 m 44 2 . 8 0 2 * 44 2 . 8 o5 b 44
2 . 80830 4*4 2 . 8 1 4 m 4-4 2 . 8 2 3 m 4-4 2 . 8 3 2 * 44 2 .8 3 9 b 44
2 . 8 3 7 m 4-4 2 . 8 3 9 io 4-4 2 * 8 4 6 * 4-4 2 .8 5 7 m 44 2.87110 4-4
2 . 8 8 3 m 4-4 2 .8 8 7 m 4 4 2.88630 4-4 2 . 8 8 2 * 44 2 .8 8 7 b 44
2 . 8 9 0  20 4-4 2 .9 0 9 * 4-4 2 0 941 30 4-4 2 e 969m 44 2 .9 7 3 b 44
2 . 9 5 4 m 4-4 2 . 937io 44 2.94630 4-4 2 . 9 6 0 * +4 2 .9 6 9 * 44
2 . 9 8 o 10 +4 2 . 9 9 0 m 4-4 2 .9 9 7 m 4-4 3 * 0 0 3 * 44 3 .0 1 0 * 4-4
3 * o i  830 4-4 3 . 0 2 5 m 44 3 .0 3 1 m 4-4 3 .0 3 9 * 44 3 .0 4 6 * 44
3 .05630 4-4 3.06130 44 3 . 0 6 4 io 4-4 3 . 0 6 6 * 44 3 . 0 6 8 * 44
3 . g 6 9 io 4-4 3 .07110 44 3 .0 7 5 m +2i 3 . 08  1 io 44 3 .0 8 9 * 4 4
3 .0 9 5 » 4 4 3 . 0 9 7 m 4*4 3 .0 9 3 m 4-4 3 .0 9 3 * 44 3 »1 0 3 * 44
3 . 1 18^ 4 4 3 . 1 3 2 m 44 3 .1 3 2 * 4-4 3 . 1 2 6 * 44 3 .1 1 9 * 4-4

3 . 1 1 630 +4 3.11810 4-4 3 .1 2 1 » 4-4 3 . 1 2 2 * 44 3 . 1 1 8 * 44
3 .1 1 4 » 4 4 3 » 1 O830 4-4 3.10820 4-4 3 .1 0 9 * 44 3 .1 1 2 * 44
3 .11635 4 4 3 .1 1 8 * 4-4 3 .1 2 1 * +4 3 .1 2 3 m 44 3 .1 2 3 * 44
3 . 1 2 2 jo 4-4 3 . 1 2 1 m 44 3 .1 1 7 m 4-4 3 . 1 1 3 m 44 3 . 1 1 0 * 44

3 . 1 1 1 m 4 4

0 “ 1
r a n g e ( 2 ) :  s  -  1 .9 5  b y  C .C 5  t o  1 7 .9 5 A

2 . 7 8 9 b  + 4  2 . 9 4 4 * ,  + 4  3 . 1 3 8 b

3 . 8 9 8 j, + 4  4 . 2 0 2 b  + 4  4 . 5 1 6 a
5 . 4 8 8 b  + 4  5 . 8 0 2 b  + 4  6 . 1 0 5 b  + 4
6 . 9 8 5 »  + 4  7 . 1 9 7 b  + 4  7 - 4 0 0 * ,
8 . 2 8 4 * ,  + 4  8 . 5 5 1 b  + 4

+>4

7 5 2 b  + 4

+ 4  3 . 3 7 2 »  + 4  3 . 6 2 4 , ,  + 4  
+ 4  4 . 8 3 9 b  + 4  5 . 1 6 5 »  * 4  

6 . 4 o o i q  + 4  6 . 7 0 8 3 0  
7 . 6 4 6 *  + 4  7 - 9 5 4 10 
8 . 9 6 7 b  + 4  9 . 1 7 8 3 0

44
+4
+4



9 .3 8 0 - 0 9 0369-) 44 9 ,7 5 0 - .
1 .039-0 +5 1 »C6~!v> + 5 1 0 091x9
1 .179 :0 1 © 21 C’9 4-5 1 .242-0
1 .3 4 2 ,0 +5 1 . 3 7 5 * 4-5 1 . 407*
1 . 4 9 2 b + 5 1 . 516 ,, 4*5 1.53811
1 . 5 8 2 a 1 .59O )0 4-5 1 . 596-0
1 .5S 9 io + 5 1 * 5 9 o 10 +5 1 . 5 9 3 m
1 . 5 5 5 a +5 1 *557,0 4-5 1 .553 io
1 . 5 3 6 , , + 5 1 ®535io 4-5 1.53610
1 . 5 4 8 * 4-5 1 <>35810 * «*•' 1 . 5 7 1 m
1 . 6 1 9 b + 5 1 o639:o 4-5 1 . 661,0
1 . 7 3 5 b +5 1 . 7 6 2 10 4-5 1 . 7 8 8 b
1 . 8 6 4 b +5 1 e 88810 4-5 1 . 9 1 2 b
1 .9 8 7 ® 4-5 2 .C C 9 m 4-5 2 . 0 3 0 io
2 . c 8 7 io +5 2 e 1 0 4 10 +5 2 . 1 1 9 m
2 . 1 5 8 b 4-5 2 .170> o + 5 2.18020
2 . 1 9 8 b +5 2 . 2 0 4 10 + 5 2 e 20 / 20
2 . 22db +5 2 . 2 3 2 10 + 5 2 . 2 3 7 m
2 . 2oOb +5 2 . 2 6 9 m 4-5 2 © 278>o
2 . 3 1 7 b +5 2 .3 3 0 i o +5 2 . 3 4 2 :o
2 .  joBCiq +5 2 . 3 8 9 io 4-5 2 . 3 9 %
2 . 4 2 3 b + 5 2 . 4 2 3 * +5 2 . 4 2 3 io
2 . 4 2 1 b +3 2 . 4 1 6i0 4*5 2 . 4 1 3 m
2 . 4 0 5 b +5 2o4o3 io 4-5 2 .403 io
2 . 4 g4 b 4-3 2 . 4 0 7 * +5 2 . 4 1 2 *
2 . 4 3 6 b 4 5 2 . 4 4 7 m + 5 2 .4 5 8 - 0
2 .  504jo +5 2 . 5 2 1 * 4-5 2 . 5 3 7 m
2 . 5 9 4 , , +5 2 . 617io -*-5 2 . 639:o
2 • 706,3 + 3 2 . 7 2 5 m 4-5 2 . 7 4 4 b

2 . 81 9b +3 2 .8 4 2 2 0 4-5 2 .861b
2 . 9 2 3 b + 5 2 . 939io -j.5 2 . 9 5 5 m
3 .00610 +5 3 . 02110 4-5 3 . 0 3 5 m
3.06610 + 5 3 .G 73 io 4-5 3 . g 8 1 b
3 . 1 0 7 b + 5 3 . 1 1 6 » 45 3 .1 2 4 ,0
3 . 1  4 3 b + 5 3o 146io •45 3 .1 5 2 ,0
3 . 1 7 6 b + 5 3 .1 8 4 ,0 45 3 . 1 9 0 *
3 . 2 0 5 b +3 3 .2 1 4 ,0 + 5 3 . 2 2 3 m
3 . 2 3 2 b + 5 3 .2 3 5 i o 4-5 3 . 2 4 5 b
3 . 2 7 7 b +5 3 «28210 4-5 3 . 2 8 5 m
3 . 3 1 3 b + 5 3 . 3 2 1 m + 5 3 .3 2 8 ,0
3 . 36o b + 3 3 . 3 7 5 m 4-5 3  • 386,0
3 . 4 3 C b +5 3 .4 4 5 ,0 4-5 3 . 4 6 0 *
3 . 5 1 4 b 4 5 3 - 53T k> 3 . 5 5 1 m

3 . 5 9 9 b + 5 3 . 614 la +5 3 .6 2 8 ,0
3 . 6 7 9 b + 5 3 . 6 9 1 M + 5  3 . 7 0 4 b

3 . 7 3 1 b + 5 3 . 7 3 9 i 0 + 5  3 . 7 4 8 b

3 . 7 6 6 b + 5 3 . 7 7 1 m + 5 3 . 7 7 2 m
3 . 7 8 6 b +5 3 . 7 8 8 10 + 5 3 . 7 9 0 m

3 . 7 9 4 b + 5 3 .7 9 0 ,0 4-5 3.78610

-i4 9 • 9 4 5 b 4-4 1 . 016 ,, +5
+5 1 . 12Oi0 4*5 1 .149:0 +5
4 5 1 , 2 7 5 m 4-5 1 . 3 0 9 b +5
4-5 1 0 4  3 {'0 45 1 .4 6 5 )0 + 5
4-5 1 *556 ;, 45 1 .5 7 0 )0 +5
4-5 1 6 OGOiQ 4.5 1 . 6 o i :0 4-5
4-5 1 • 5 7 7 m 4-5 1 .5 6 1 ) , J-K • ^
+5 1 e 544,0 4-5 1 . 5 3 9 b 4.5
4 5 1 .538 ,0 45 1 . 5 4 2 b 45
+5 1 . 5 8 5 m 45 1 . 60 1 io 45
4.5 1 . 6 8 4 m 45 1 - 7 0 9 b 45
+5 1 . 8 1 4 m 45 1 . 8 3 9 b 4-5
45 1 • 9 3 7 m 45 1 .9 6 2 )0 45
4 5 2 e 0 4  9,0 4-5 2 . 068)0 45
4 5 2 . 1 3 2 m 45 2 . 1 4 5 b 4.5
4 5 2 «18  ( m 4-5 2 . 1 9 2 ) , 45
+5 2 . 2 1 3 m 4-5 2 . 2 1 9 b 4-5
4-5 2 .242 ,0 +5 2 . 250)o 45
4-5 2 *28% 4.5 2 .3 0 4 )0 4-5
45 2 . 3 5 5 m 4-5 2 . 3 6 9 b 4-5
-1*5 2 • 4  09,0 45 2 . 4 1 8 b 45
+5 2 . 4 2 4 m 45 2 . 4 2 3 b 45
4,5 2 . 4 1 1 m 45 2 . 4 0 9 b 45
4-5 2 . 4 o 3 m 45 2 .4 o 4 )0 4,5
4*5 2 . 4 1 9 m 45 2 .4 2 7 )0 45
+ 5 2 • 4 7 1 m 45 2 . 4 8 7 b +5
4.5 2 c 553,0 45 2 . 5 7 2 b 4 5
45 2 .664 ,0 45 2 . 6 8 5 b 4 5
4 5 2 .7 66 ,0 45 2 . 7 9 3 b 4 5
4 5 2 . 880m 45 2 . 901b 4-5
4.5 2 .9 7 2 ,0 4.5 2 . 9 8 9 b 45
4 5 3 . o 4 8 1(> 45 3 . 0 5 8 m 4.5
4 5 3 . o8 9 m 45 3 . 0 9 9 b 4.5
4 5 3 . 1 3 2 m 45 3 . 1 3 9 m 4-5
4-5 3 • 1 6Cm 45 3 . 1 68b 45
4 5 3 . 1 9 5 m 45 3 . 1 9 9 b 4*5
4 5 3 .2 2 8 ,0 45 3 . 2 3 2 b 45
4 5 3 .2 57 ,0 45 3 . 2 6 7 b 45
4 5 3 .293 ,0 4-5 3  * 3 0 3 b 45
4 5 3 • 3 3 7 m 45 3 . 3 4 9 b 45
4~5 3 *4 02,0 45 3 . 4 1 7 b 45
45 3 . 4 7 9 m 45 3 . 4 9 8 b 45
45 3 .5 6 8 ,0 45 3 . 5 8 4 , o 45
+5 3 .  646,1) 45 3 . 6 6 4 b 4.5
4 5 3 .7 1 4 ,0 45 3 . 7 2 2 b 4.5
4 5 3 .7 5 5 ,0 45 3 . 7 6 1 b 45
4 5 3 • 7 7 5 m 45 3 . 7 8 1 b 45
4 5 3 .789 ,0 4-5 3 . 7 9 3 b 45
4*5 3 . 7 7 9 m 45 3 .7 7 8 ,o 45



3 . 7 8 1 * 4-5 3 • 7 8 7 : o 4-5 3
i“y Q r-r

® ^  (  30 4-5 3 * 7 8 9 * 4-5 3 * 7 9 1 * 4-5
3 . 7 9 4 * +5 00 . 7 9 2 * 4~5 ■46 ( b / O * 4-5 • 3 .=>793* 4-5 3 »o0G* 4-5
3 »807* 4-5 0 . 815* 4-5 3 Q  r.,-, 

o U c I . O * +5 3,, 8 2 7 * 4-5 3 o 8 3 4 * +5
3 . 8 4 5 * 4-5 3 . 8 5 4 * +5 3 0  4 9  C3 K .J -q 4"5 0 , ;.8 £3* 4.5 3 . 8 9 5 * 4-5
3 ®91810 4-5 3 . 9 3 7 * 4-5 3 *9 5 0 * 4*5 3 .» 961 * 4-5 3 * 9 7 6* 4-5
3 . 9 9 6 * 4-5 4 *017* 4-5 4 » o 4 o * 4-5 4 , » c 62j3 4-5 4 «0 8120 4-5
4 0 098* 4-5 4 . 1 1 5 * 4-5 4 * 13 4 * 4-5 4 «»147* 4-5 4 .  10120 4.5
4 . 181* 4-5 4 . 201 * 4-5 4 *219* 4-5 4 ,>237* 4-5 4 * 2 5 3 * +5
4 . 2 7 1 * 4-5 4 . 2 8 9 * 4.5 4 . 3 0 3 * 4-5 4 , , 3 1 9 * +5 4 * 3 3 5 * 4-5
4 . 3 4 6 * 4 * 3 5 5 * 4-5 4 . 3 7 0 * 4-5 4 ,>390* +5 4 . 4 1 4  20 4.5
4 . 4 2 8 * 4-5

r a n g e ( 3 ) i s

6 . c 6 6 io
6 . 785*  
7 . 661* 
8 .5 ^ 2 *  
9 .134*  
9 * 3 6 7 *  
9 .9 5 5 *  

.0 3 7 *  

.043* 

. 028* 

. 065*

. 142*

.  223*
• 268*  
. 276*  
.2 9 1 *  
. 316*  
. 368*  
.4 2 7 *  
.4 7 9 *  
«509*  
. 518*
• 5 3 1 *  
.5 7 2 *
• 6 2 4 *  
. 686* 
.7 4 9 *  
.7 9 2 *  
• 8 1 4* 
.8 4 3 *  
® 902 *  

.9 5 3 *
2 . 032*  
2 . 097*

+5 6 . 2 1 0 *
+ 5  6 . 908*
+ 5  7 . 8 7 0 *
+ 5 8 .6 7 7 *  
+ 5  9 . 2 1 1 *  
+ 5  9 .4 5 4 *

. 007*

. 0 4 4 *  

. 038*

.0 3 1  *  
•077io

+ 5
+6
-f6
+6
+ 6
4 - 6
4*6
+6
4-6
4-6
4-6
4-6
4-6
4-6
4-6
4-6
4-6
4-6
4-6
4-6
4-6
4-6
4-6
4-6
4-6
4-6

l 6 0 i10
• 235io  
. 2 7 6 *  
. 2 7 8 *  
.2 9 5 io
• 3 2 2 *  
.3 8 6 *  
. 4 3 6 *  
.4 8 8 *  
. 508* 
. 522*  
.539io  
.5 8 1 *  
.6 4 5 *  
.6 9 5 *  
. 760* 
.7 9 5 *  
. 8 2 O20 
.8 5 2 *  
.9 1 7 *  
. 968*

4*6 2 . 041* 
4*6 2 . 099*

O “ 1
4 . 8 0  by  0 . 1 0  t o  3 4 . 4 0 A

+ 5 6 . 369*
+5 7 .0 5 9 *  
4-5 8 .0 5 9 *  
4*5 8 0806*  
+5 9 .2 4 1 *  
+5 9 .5 6 9 *  
4-6 1 .0 1 7 *  
4-6 1 «o48* 
+ 6  1 . 0 3 %  
+6  1 .0 3 7 *  
4*6 1 . 092* 
+6 1 .1 7 7 *  
4-6 1 .2 4 3 *  
4-6 1 .2 7 8 *  
4-6 1 . 279*  
4-6 1 . 298*  
4-6 1 . 328*  
4-6 1 .3 9 8 *  
4-6 1 .4 4 8 *  
4-6 1 .4 9 7 *  
4-6 1 . 509*
4*6 1 . 5 2 4 *  
4-6 1 .5 4 9 *  
4-6 1 . 590* 
4*6 1«662  *
4-6 1 .7 0 9 *
4-6 1 .7 7 1 *  
4-6 1 .7 9 7 *  
4-6 1 .8 2 3 *  
4-6 1 . 865*
4-6 1 . 9 3 3 *  
4-6 1 . 9 9 0 *  
4*6 2 . 056*  
4*6 2 . 1  0 8 *

4-5 6 . 533* 4-5 6 .6 6 9 * 4-5
+5 7 . 237* 4-5 7 . 441* 4.5

+5 8 . 235* 4.5 8 . 397* +5
4.5 8 .9 2 0 * +5 9 .0 2  9* +5
4.5 9 *26o* +5 9*30020 4-5
4.5 9 ®702* 4-5 9 . 832* +5
4-6 1 .C24x> 4-6 1 o03o* 4-6
-1-6 1 .05O20 4-6 1.04820 +6
+6 1 . 039* 4-6 1 . 033* 4-6
4-6 1 *c45 io 4-6 1 . 055* 4*6
4-6 1 .1  o 8 10 4*6 1 * 125* 4-6
4-6 1 *194* 4-6 1 .2 0 9 * 4-6
4-6 1 . 2b 9* 4-6 1 .2 5 7 * 4-6
+6 1 *274 io 4-6 1 *273* 4-6
4-6 1 .2 8 2 * 4-6 1 .2 8 6 * 4-6
4-6 1 .3 0 2 * 4-6 1 .3 0 9 * 4-6
+6 1 . 338* 4-6 1 . 351* 4-6
4-6 1 . 4o 6* 4*6 1 . 416* 4-6
4-6 1 . 46o* 4-6 1 . 470* 4-6
4-6 1 . 504* 4-6 1 . 508* 4-6
4-6 1 . 509* 4-6 1 . 513* 4-6
4-6 1 . 525* 4*6 1 . 527* 4-6
+6 1 . 558* 4-6 1 . 566* 4-6
4-6 1 .6 0 0 * 4-6 1 .6 1 0 * 4-6
4-6 1 .6 7 1 * 4-6 1 . 677* 4-6
4-6 1 . 726* 4-6 1 . 739* 4-6
+6 l . 780* 4-6 1 . 788* 4-6
4-6 1.80120 4-6 1 .8 0 7 * 4-6
4-6 1 .8 2 9 * 4-6 1 . 835* 4-6
4-6 1 . Q ( b* 4-6 1 .8 8 8 * 4-6
4-6 1 . 944* 4-6 1 . 9^ 8* 4-6
4-6 2 « 0 0 6 * 4-6 2 .0 2 0 * 4-6
4-6 2 . 077* 4-6 2 . 093* 4-6
4-6 2 .1 1 8 * 4-6 2 . 1 2 8 10 4-6



2 . 1 3 6 ;0 + 6  2 . l 46 ;o +6  2 .155 -0  +6 2 .1 6 4 , ,  +6  2 .1 7 5 * ,  +6
2 . 1 8 6 a  +6  2 . 1 99a  +6 2 . 217a  +6  2 . 235a  +6  2 . 245a  +6
2 .250a  +6 2 .2 5 8 a  +6 2 . 273-0 +6 2 .290 ,, +6 2 .307a  +6
2 . 3 1 8 »  +6 2. 332:0 +6 2 . 3 4 7 a  +6 2 . 3 6 c »  +6 2 . 3 7 7 a  +6
2 . 3 9 6 a  +6 2 .4 1 1 ,0  +6 2 . 4 2 5 a  +6 2 . 445-0 +6 2 . 4 6 2 ,0 +6
2 . 4 7 9 a  +6 2 .4 9 4 - 0  +6 2 . 508 ,, +6 2 . 5 2 3 a  +6 2 . 5 3 7 »  +6
2 .5 5 C a  1*6 2. 566a +6 2 . 5 8 7 a  +6 2 . 606:0 +6 2 . 6 l 8a +6
2 . 636a  +6 2 . 6 5 7 a  +6 2 . 6 6 7 a  +6 2 . 666a +6 2 . 68 l ,0 +6
2.70613 +6 2. 720,0 +6 2 , 725-0 +6 2 .7 3 3 ,o  +6 2 . 755-0 +6
2 . 7 6 7 a  +6 2 . 7 7 7 a  +6 2 . 7 9 0 a  +6 2 . 815,0 +6 2 . 8 4 3 a  +6
2 . 868a  +6 2 . 874,0 +6 2 , 8 7 3 a  +6 2 . 8 7 5 a  +6 2 . 8 9 0 a  +6
2 . 9 0 9 a  +6 2 . 9 2 7 a  +6 2 . 9 4 5 a  +6 2 . 961,0 +6 2 . 977a  +6
2 .9 9 1 io  *1*6 3 . 0 0 3 a  1“6 3 . 0 1 5 a  1-6 3 . 0 2 3 , ,  +6 3.04-3:o +6
3 . 056a  +6 3 . 0 7 3 a  +6 3 . 1c 6;o +6 3 . 128,0 +6 3 . 1 3 5 a
3 . 1 4 2 a  +6 3. 152,0 +6 3 . 1 6 3 a  +6 3 . 1 7 7 a  +6 3 . 1 9 1 a  +6
3 .20610 +6 3 .2 2 1 -q  +6 3 . 2 3 1 a  1"6 3 .2 4 o ,o  +6 3 . 2 5 5 a  +6
3 . 2 7 2 a  +6 3 . 2 3 4 , ,  +6 3 . 2 9 7 a  +6 3 . 3 1  e »  +6 3 . 3 2 2 K +6
3 . 3 3 3 a  +6 3 . 3 4 7 a  +6 3 . 360 ,, +6 3 . 3 7 4 »  +6 3 . 3 8 7 a  +6
3 . 4 0 2 a  +6 3. 423-0 +6 3 . 4 5 3 a  +6 3 . 4 8 3 a  +6 3 . 4 9 7 a  +6
3 . 5 0 5 a  +6 3.522b  +6 3 . 5 3 6 I0 +6 3 . 5 4 7 a  +6 3 . 5 6 2 B +6
3 . 582a  +6 3 . 6 0 3 a  +6 3 . 6 2 4 a  +6 3 . 6 4 6 B +6 3 . 6 7 4 a  +6
3 . 700a  +6 3 . 7 2 3 ,o  +6 3 . 7 4 4 a  +6 3.761  k, +6 3 . 774a  +6
3 . 7 9 2 »  +6 3 . 8 1 5 a  +6 3 . 8 3 4 a  +6 3 . 8 4 9 a  +6 3 . 8 6 9 a  +6
3 . 8 9 5 a  +6 3 .9 2 6 ,o  +6 3 . 9 5 S »  +6 3 . 9 8 6 B +6 4 . 0 C 8 a  +6
4 . 0 2 7 a  +6 4.048m +6 4 . 0 7 1 B +6 4 . 0 9 8 B +6 4 .131b  +6
4 .155b  +6 4. 1 7 6 a  +6



The

P V P 

C -  P 

C -  H 

C- • -P 

P* • *H

c ( i ) . .

C ( l ) -•

CPC

CPP

PCH

0

£ w A 2

R

T a b l e  3*4

m o le c u la r ,  d i reens ions  of t e t r a m e t h y l d i p h o s p h i n e « 
A l l  d i s t a n c e s  a re  Pg(0) d i s t a n c e s , and the  
u i j r s have been  c o r r e c t e d  f o r  f a i l u r e  o f  the  
Born  a p p r o x i m a t i o n «

>C (2) 

• C(3)

(a) <f>= ISO0

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

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

1 .11 3 (9 )
0 .1 0 0 (1 5 )

3 .1 27 (12 )
0 .1 2 8 (1 5 )

2 .4 45 (15 )
0.112

2 .8 29 (24 )
0 .0 8 6

4 .6 46 (21 )
0 .1 3 8

9 9 . 4 ( 1 . 0 ) °

1 0 0 .7 ( 0 .8 )

1 0 8 .6 ( 2 . 5 )

180.0

1 .788  x  101 0  

0 .2 1 8

(b) 0  var5.able
o

2 . 1 9 2 ( 9 ) A 
0 .0 7 8 (9 )

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

1 .1 0 9 (9 )
0 .0 9 9 ( 1 2 )

3 .1 3 2 (1 2 )
0 .1 4 2 ( 1 5 )

2 .445
0 .1 1 2

2 .8 2 9
0 .0 8 6

4 .6 26 (21 )
0 .1 3 8

9 9 . 6 ( 1 . 0 ) °

1 0 1 .1 ( 0 .7 )

1 0 8 .8 ( 2 . 5 )

1 6 3 .7 ( 2 2 .5 )

1 .54 7  x  IO1 0

0 . 1 9 8



Tab le  3 , 5

A c o m p a r iso n ^ o f  the  m o le c u la r  d im ens ions  of t e t r a m a t h y l -  
dipo.ospnin-j  and foe t h r e e  msth.ylurj.03ch inos  as 
d e r i v e d  by e l e c t r o n  d i f f r a c t i o n . '  A l l  d i s t a n c e s  a re  
r g ( 0 ) d i s t a n c e s .

(Me)gPP (Me) 2 (>io)3P (Me) 0 PH Me PH 2

p - C r g
u

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

1 .847(3 )
0 .0 5 4 (3 )

1 * 8 5 3 ( 3 )  
0 .053. (3)

1 . 8 5 8 ( 3 )
0 , 0 5 5 ( 3 )

c  - H r g
u

1 .1 0 9 (9 )
0 .0 9 9 ( 1 2 )

1 .0 91 (6 )
0.075(6.)

1 , 0 9 7 ( 7 )
0 . 0 3 0 ( 7 )

1 .0 9 4 (8 )
0 . 0 3 2 ( 8 )

p - H r gu
- - 1 . 1 4 5 ( 2 0 )  

0 , 0 7 0 ( 2 0 )
1 . 4 2 3 ( 7 )
0 .0 7 7 ( 8 )

p - P r gu
2 .1 9 2 ( 9 )
0 .0 7 8 ( 3 )

- - -

c -  * •C r gu
2 .8 2 9 ( 2 4 )
0 .0 8 6

2 .8 0 0 (5 )
0 .0 8 4 (5 )

2 . 8 2 1 ( 1 0 )
0 . 0 8 8 ( 8 ) n (

p . . •H r gu
2 .4 4 5 (1 5 )
0 . 1 1 2

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

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

2 .4 5 2 ( 1 4 )  
0 .1 2 4 ( 1 0 )

CPC 9 9 . 6 ( 1 . 0 ) ° 9 8 . 6 ( 0 . 3 ) ° 9 9 . 2 ( 0 . 6 ) ° -

PGH 1 0 8 . 8 ( 2 . 5 ) ° 1 1 0 . 7 ( 0 . 5 ) ° 1 0 9 . 8 ( 0 . 7 ) ° 1 0 9 . 6 ( 1 . 0 ) °

CPP 1 0 1 . 1 ( 0 . 7 ) ° - - ~

CPH 96 .5° 9 6 .5 °



C(2)

P W'WM'll'1-1 'V' .<!»ifcfc

H(3)

C(4)

H(1)

F i g u r e  3 .1  The m o l e c u l a r  g eo m etry  

a n d  n u m b er in g  o f  t h e  a tom s in  

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





5 A

f i g u r e  3*3 F i n a l  e x p e r i m e n t a l  and d i f f e r e n c e

r a d i a l  d i s t r i b u t i o n  c u rv e s  f o r  t e l r a m e t h y l -
, 0 2d i p h o s p h i n e .  The damping f a c t o r  , k=C„CC4A .



- ou -

p h o s p h in e s  (B a r t e  ML, .I960) i s  g iv en  i n  Table 3 . 5 .  In  

genera l . ,  c o n s i d e r i n g  the  h i g h e r  s t a n d a r d  d e v i a t i o n s  o b t a i n e d  

in  t h e  p r e s e n t  s t u d y ,  th e  agreement i s  r e a s o n a b l y  good, th e  

s t e r e o c h e m i s t r y  round th e  phosphorus  atom b e in g  q u i t e  norm al  

The n u c l e a r  m a g n e t i c  r e s o n a n c e  c o u p l in g  c o n s t a n t s  jH«**P 

f o r  th e  moiMH, d i -  and t r i m e t h y l  phosph ines  a re  4 . 1 , 3 . 6 , 

and 2 , 8  c / s  r e s p e c t i v e l y  (G, K av e l ,  1966) ,  'and s i n c e  t h e s e  

a r e  r e l a t e d  t o  t h e  s - c h a r a c t e r  o f  th e  C - P bon d s ,  and 

c o n s e q u e n t l y  t o  t h e i r  l e n g t h ,  t h e  va lu e  of  2 . 9  c / s  found f o r

t e t r a m e t h y l d i p h o s p h i n e  i n d i c a t e s  a bond l e n g t h  o f  be tw een
c o

1 .8 4 7  and 1 .853A, and th e  measured va lue  o f  1 .8 53 A a g re e s

w i t h  t h i s .  S in c e  th e  e l e c t r o n e g a t i v i t i e s  o f  P and H a re

b o t h  2 . 1  ( P a u l i n g ,  1939) one would t h u s  e x p ec t  the  C -  P
i

bond l e n g t h  t o  be much the  same as i n  dime t h y  Ip h o sp h in e  0
o

The P -  P bond l e n g t h  o f  2.192A a g re e s  q u i t e  w e l l

w i t h  t h e  v a l u e s  r e c o r d e d  i n  Table  3 . 1 .  The most comparable

v a lu e  i s  p r o b a b l y  t h a t  o f  2 . 2 0 4 ( 5 ) A found by C a r r e l l  and

Donohue (1968) i n  Me4.P2 . 2 BH3 . I f  one u s e s  the  v a lu e  o f  
o

1.095A f o r  t h e  c o v a l e n t  t e t r a h e d r a l  r a d i u s  o f  phosphorus

p r e d i c t e d  f ro m  t h e  e m p i r i c a l  r e l a t i o n s h i p  o f  B eag ley  (1 9 6 6 ) ,
o

t h e n  t h e  p r e d i c t e d  P -  P bond l e n g t h  i s  2.190A. however ,  

as  B e a g le y  p o i n t s  o u t  t h i s  e m p i r i c a l  r u l e  has c e r t a i n  ve ry  

s t r i c t  l i m i t s  i n  t h a t  b o t h  o f  th e  atoms i n  th e  bond roust 

n o t  p o s s e s s  lon e  p a i r s ,  and. a l s o  th e  r a d i u s  ox P a p p r o p r i a t e  

t o  a 3 - c o - o r d i n a t e  phosphorus  atom w i t h  in b e r -b o n d  a n g le s



of  95 - 100° i s  n o t  n e c e s s a r i l y  e q u a l  to  a t e t r a h e d r a l

c o v a l e n t  r a d i u s  (B e a g le y ,  R o b i e t t e  and S h e l d r i c k ,  1968) .
o

I t  sh o u ld  a l s o  be n o te d  t h a t  the  va lue  of 1.C92A found 

f o r  the  c o v a l e n t  r a d i u s  o f  P i n  t h i s  compound does n o t  

a g ree  w i t h  t h e  v a lu e  o f  1.082A found i n  t r i s i l y l p h o s p h i n e  

(B e ag ley ,  R o b i e t t e  and S h e l d r i c k ,  1 968) ,  a l t h o u g h ,  s in c e  

e ach  p h osp ho rus  atom has  a lone  p a i r  o f  e l e c t r o n s ,  t h i s  

i s  n o t  n e c e s s a r i l y  t o  be e x p e c te d .

The v a lu e  o f  163 .7°  o b t a i n e d  f o r  th e  d i h e d r a l  

an g le  <$> i s  r a t h e r  p u z z l i n g  a l t h o u g h ,  i f  one were to  r e l y  

s o l e l y  on  th e  r e s u l t s  o f  th e  l e a s t - s q u a r e s  r e f i n e m e n t ,  t h e n  

th e  r e p r o d u c i b i l i t y  o f  2 2 .5 °  on <P i s  enough to  cover  a 

trains  c o n f i g u r a t i o n .  However, as shown in  F ig u r e  3 . 4 ,  t h e  

t h e o r e t i c a l  c u rv e  c a l c u l a t e d  f o r  <P's 180° has a s i g n i f i c a n t  

peak  a t  a p p r o x i m a t e ly  3 .7A,  caused by the  C(1)*»*C(4)  and 

C ( 2 ) • • -C( 3 ) d i s t a n c e s  b e in g  th e  same l e n g t h ,  and s in c e  no 

such p e ak  i s  p r e s e n t  i n  th e  e x p e r im e n ta l  c u rv e ,  th e  m o lecu le  

canno t  be lo c k e d  i n  t h e  t r a n s  c o n f i g u r a t i o n .

T here  i s ,  however ,  t h e  p o s s i b i l i t y  o f  t o r s i o n a l  

o s c i l l a t i o n  a b ou t  th e  P - P bond ,  and a consequen t  s h r in k a g e  

(Almenningen,  B a s t i a n s e n ,  and K unthe-K aas ,  1956) i n  th e  

C ( l ) - * - C ( 3 ) i n t e r a t o m i c  d i s t a n c e  used  to  d e te rm in e  <J> .

T h is  s h o r t e n i n g  o f  t h e  long  C - C d i s t a n c e s  has a l s o  been  

found i n  SigMeg, Snglieg (konaghan,  1969) as w e l l  as in  

Mng(CO)qo (Almenningen,  J a co b s e n ,  and S e ip ,  1969) ,  with  th e



r e s u l t  t h a t  t h e  va lu e  o f  cb d e te rm in e d  i n  th e  l e a s t - s q u a r e s  

r e f i n e m e n t  may he c o n s i d e r a b l y  i n  e r r o r .  The most

p l a u s i b l e  e x p l a n a t i o n  i s  t h a t  t h e  m olecu le  i s  i n  th e  t r a n s  

c o n f i g u r a t i o n ,  b u t  i s  no t  r i g i d l y  locked  i n  t h a t  c o n f i g u r a 

t i o n ,  and i s  u n d e rg o in g  t o r s i o n a l  o s c i l l a t i o n s  of  about  

± 3 0 ° .  T h i s  does n o t  e x p l a i n  why the  c a l c u l a t e d  s igma 

cu rve  b a s e d  on t o r s i o n a l  o s c i l l a t i o n  does no t  a g ree  w i t h  

t h e  e x p e r i m e n t a l  c u r v e ,  w h i l e  th e  f i t  i s  much b e t t e r  when 

4> = 1 6 3 .7 °  a l t h o u g h  th e  d i s c r e p a n c y  may s im p ly  be caused

by r a t h e r  p o o r  d a t a ,  as ev id en ced  by th e  f i n a l  R f a c t o r  

o f  0 . 1 9 8 .  The o s c i l l a t i o n  would a l s o  e x p l a i n  why an N.M.R. 

s t u d y  ( H a r r i s  and H a y t e r ,  1964) o f  t h e  d ip h o sp h in e  shows 

t h a t  t h e  m e th y l  g ro up s  a r e  m a g n e t i c a l l y  s i m i l a r  b u t  n o t  

e q u i v a l e n t .
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O r i g i n a l l y  ( see  Chapter’ 3.) i t  was in te n d e d  to  

p r e p a r e  and s t u d y  t e t r a m e t h y l h y d r a z i n e . However, s in c e  

. o t h e r  m e t h y l - s u b s t i t u t e d  h y d r a z in e s  a l s o  have i n t e r e s t i n g  

f e a t u r e s  , i t  was a l s o  d e c id ed  to  examine unsym-dimethy 1 - 

h y d r a z i n e .  E a r l y  t h e o r e t i c a l  c a l c u l a t i o n s  (Penney and 

S u t h e r l a n d ,  1934) p r e d i c t e d  t h a t  h y d raz in e  sh ou ld  have a 

d i h e d r a l  a n g le  (<j>) o f  a p p ro x im a te ly  90° ,  and HNH a n g le s  o f  

abou t  110 ° .  An e a r l y  e l e c t r o n  d i f f r a c t i o n  s tu d y  (C-iguere 

and Schomaker ,  1943) conf i rm ed  th e  v a lu e s  o f  th e  bond 

a n g le s  b u t  was u n a b le  to  p ro v id e  any in f o r m a t i o n  as to  

t h e  v a lu e  o f  t h e  d i h e d r a l  a n g le ,  A 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  s t u d y  by Beamer (1948) on sym- and unsym- 

d i m e t h y l h y d r a z i n e  was a l s o  u nab le  to  de te rm ine  t h e  ang le  

cj), a l t h o u g h  t h e r e  were d e f i n i t e  i n d i c a t i o n s  t h a t  sym- 

d i m e t h y l h y d r a z i n e  was no t  i n  the  c i s  c o n f i g u r a t i o n .

I n  1959 Yamaguchi e t  a l ,  s t u d i e d  th e  f a r - i n f r a r e d  

s p e c t ru m  o f  h y d r a z i n e  i t s e l f  and p r o v i s i o n a l l y  r e p o r t e d  a 

v a lu e  o f  90-95°  f o r  <j> . A sub seq u en 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 t  (Morino e t  a l . ,  1959) confi rm ed  th e  v a lu e s  f o r  

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

an g le  depends  on a v e ry  lo n g  and v e ry  weak H» • »H i n t e r 

a c t i o n ,  c o u ld  n o t  p ro v id e  c o n c l u s i v e  p ro o f  f o r  th e  va lue  

o f  cj) .



A lth o ug h  no none s t r u c t u r a l  work has been  c a r r i e d  

o u t  on h y d r a z i n e  i t s e l f , two o t h e r  s u b s t i t u t e d  h y d r a z in e s  

have b e e n  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 ,  v i z t e t r a k i s  

( t  r  i f  luo  ro n e  t h y  1) h y d r a z i n e ,  (CP3  ) 2 lli (CF3 ) 2  ( B a r t& l l  and 

H ig g in b o th a m ,  1965) and t e t r a s i l y l h y d r a z i n e  (B eag ley ,

R o b i e t t e  and S h e l d r i c k ,  19 6 9 ) .  I n  t h e  f i r s t  o f  t h e s e  t h e

v a lu e  o f  <}> was 8 3 ( 4 ) °  w h i le  the  second has a va lue  o f  9 7 .5 ° .

Recen t  t h e o r e t i c a l  c a l c u l a t i o n s  ( . V e i l l a r d ,  1966)

i n d i c a t e  t h a t  <j> sh o u ld  have a va lue  o f  94° in  h y d ra z in e

i t s e l f .

C o n s e q u e n t ly ,  as w e l l  as p r o v id in g  i n f o r m a t i o n  

about  c o v a l e n t  b o n d in g ,  i t  was hoped t h a t  .a s t u d y  o f  

u n s y m - d im e th y lh y d r a z in e  might  p ro v id e  some more i n f o r m a t i o n  

on t h e  v a lu e  o f  th e  d i h e d r a l  a n g le .

4 .2  EXPERIMENTAL

Commercial  u n sym -d im e th y lhy d raz ine  (Koch-Light  

L a b o r a t o r i e s )  was p u r i f i e d  by vacuum d i s t i l l a t i o n  b e f o r e  

u s e .  The e x p e r i m e n t a l  c o n d i t i o n s  adopted  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  i n v e s t i g a t i o n  a re  summarised i n  Table 4 , 1 .

As shown In  t h i s  t a b l e ,  t h r e e  s e t s  o f  i n t e n s i t y  d a t a  were 

r e c o r d e d  a t  j e t - t o - p l a t e  d i s t a n c e s  o f  100, 50 ,  and 25 cm 

c o v e r i n g  t h e  r a n g e s • -

s = 0 .8 6  x 0 .0 2  to  8 .98A"1

2 .4 5  x 0 .0 5  to  1 7 .85A’*1
7.70  x  0 .1 0  to  35.30S.”1 .



An at tem.pt  was made to  r e c o r d  th e  p a t t e r n  a t  t h e  11 cm

d i s  L an ce , ou t  th e  p l a t e s  proved too  l i g h t  to  he of  anv u s e .
0  -1D a ta  oeyona s -  ol .OA x was a l s o  d i s c a r d e d .  The v a r i a t i o n  

i n  o p t i c a l  d e n s i t y  a c r o s s  the  p l a t e s  was measured on t h e  

J o y c e - L o e b l  au tom ated  m ic r o d e n s i t o m e t e r ,  the  c e n t r e s  o f  

t h e  p l a t e s  were  d e te r m in e d  m a n u a l ly ,  and th e  o u t p u t  d a t a  

was p r o c e s s e d  i n  th e  u s u a l  way, ex cep t  t h a t  an i n t e g r a t e d  

p rogram  was u sed  which

(a )  p roduced  u p h i l l  cu rv e s  d i r e c t  f rom th e
m ic r o d e n s i t o m e t e r  t a p e s ,

(b)  f i t t e d  and s u b t r a c t e d  e m p i r i c a l  b a c k 
ground  c u r v e s ,

and .

(c )  c a r r i e d  o u t  th e  a p p r o p r i a t e  F o u r i e r
t r a n s f o r m a t i o n  to  produce a 
p r e l i m i n a r y  r a d i a l  d i s t r i b u t i o n  
cu rv e  f o r  the  m olecu le  ( C la r k ,  1968) .

The u p h i l l  c u r v e s  p roduced  a re  l i s t e d  i n  Table  4 . 2 .  The

^mo&(s) c u rv e  was m u l t i p l i e d  by s / ( l - F / z ) j \ j ( l - F / z ) p  t o

g iv e  t h e  Im ( s )  c u r v e ,  b u t  as i n  t h e  p r e v io u s  l e a s t - s q u a r e s

r e f i n e m e n t  t h e  A i j f s were c a l c u l a t e d  as f u n c t i o n s  o f  s

and were  n o t  assumed c o n s t a n t .  The background c u r v e s ,

a l t h o u g h  drawn by  co m pu te r ,  were a t  a l l  t im e s  a d j u s t e d

by hand  i n  t h e  low s r e g i o n .
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4.3 IB AST - SQUARES RE? Ih BI-iHHT

The m o l e c u l a r  geometry  o f  u n s y n -d im e th y lh y d ra z in e

i s  r a t  n e r  s i m i l a r  go t h a t  o f  t h e  d ip h o sp h in e  d i s c u s s e d  In

th e  p r e v i o u s  c h a p t e r ,  A d iag ram  o f  the  molecule  i s  shown i n

F i g u r e t 4 *1 .  I f  one does  n o t  c o n s i d e r  the  two hydrogen atoms

a t t a c h e d  t o  t h e  -NH2  g r o u p ,  t h e n  s a t i s f a c t o r y  agreement w i th

th e  o b s e r v e d  m o l e c u l a r  i n t e n s i t y  curve  was o b t a i n e d  by

assum ing  a s t r u c t u r e  p o s s e s s i n g  Cs (or  m) symmetry. The

m i r r o r  p l a n e  c o n t a i n s  t h e  II -  II bond ,  and th e  m ethy l  g roups

a re  s t a g g e r e d  w i t h  r e s p e c t  to  the  o p p o s i t e  II - C bo n ds .

The d i h e d r a l  a n g l e ,  <j) , i s  measured as th e  r o t a t i o n  o f  th e

NH2  g ro u p  f ro m  a c i s  c o n f i g u r a t i o n ,  when th e  m olecu le  as a

whole h a s  a  Cs c o n f i g u r a t i o n .  I f  t h e  d i h e d r a l  a n g le  <j) i s

f i x e d  t h e n  n i n e  p a r a m e t e r s  a re  r e q u i r e d  to  d e f i n e  th e  geom etry ;

t e n  i f  cj) i s  v a r i a b l e .  These p a ra m e te r s  a r e :  the  f o u r  bond

l e n g t h s  C -  H, G -  N, N - N, and N - H, th e  f i v e  a n g le s  CIIC,

CM , HCI'-I, HUH, and N1TH, and the  d i h e d r a l  ang le  cj) , i f  t h i s

i s  v a r i a b l e .  S in c e  i n  t h i s  l e a s t - s q u a r e s  program i t  i s  o n ly

p o s s i b l e  t o  r e f i n e  i n t e r a t o m i c  d i s t a n c e s ,  t h e s e  a n g le s  were

r e f i n e d  b y  a l s o  v a r y i n g  t h e  non-bonded. d i s t a n c e s  C . . . C ,

C - . - N ,  H * • • H (1) , H (7) • • *H ( 8 ) , M - * H ( 7 ) ,  and C ( 1 ) - - * H ( 7 ) .

These n on -bonded  d i s t a n c e s ,  t o g e t h e r  w i th  th e  bond l e n g t h s

make up a s e t  o f  In d ep e n d en t  d i s t a n c e s  from which a l l  o t h e r

d e p en d e n t  d i s t a n c e s  i n  the  m olecu le  may be c a l c u l a t e d .

For  t h i s  model, t h e r e  a r e ,  i n  a l l ,  34 d i f f e r e n t  d i s t a n c e s .
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The p r o c e d u r e  f o r  c a l c u l a t i n g  t h e  d e p en d e n t  d i s t a n c e s , and 

t h e  p a r t i a l  d e r i v a t i v e s  ^ j / t i g ^ i s  a m o d i f i e d  v e r s i o n  o f  

t h a t  V7r.itt e n  f o r  t e t r a m e t h y l d i p h o sp h in e  and which was 

d i s c u s s e d  i n  the  l a s t  c h a p t e r .  C o n s e q u e n t ly  i t  w i l l  n o t  

be d i s c u s s e d  h e r e .

T hroughou t  t h e  r e f i n e m e n t  s e t s  o f  d a t a  f ro m

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  were s c a l e d  t o g e t h e r ,  b u t

n o t  c o m bin ed ,  u s i n g  t h e  ’ c o m b in a t io n  tw o 1 p rogram .

A w e i g h t i n g  scheme o f  th e  fo rm ,

s < 7; w = exp [ - 0 . 0 7 ( 7  -  s ) ] ,

7 < s < 20; ■ w = 1 ,
s > 2 0 ; w = exp [ - 0 . 1 1 ( s -  2 0 ) ] ,

was u s e d  t h r o u g h o u t .

A s e t  o f  i n i t i a l  p a r a m e t e r s  was c hosen  f rom  a 

c a r e f u l  c o n s i d e r a t i o n  o f  th e  e x p e r i m e n t a l  s igm a c u r v e ,  and 

a knowledge  o f  t h e  p a r a m e t e r s  o b t a i n e d  f o r  d im e th y la m in e  

(B e a g le y  and H e w i t t ,  1968) and h y d r a z i n e  (Morino e t  a l . ,  

1 9 5 9 ) ,  t h e  i n i t i a l  v a lu e  o f  $ b e i n g  90° .  I n  th e  f i r s t  few 

r e f i n e m e n t s  t h e  A f j ’ s were k e p t  c o n s t a n t .  I n i t i a l l y ,  o n ly  

t h e  s c a l e  and C ( 1 ) . . . H ( 7 ) ,  t h e  d i s t a n c e  d e f i n i n g  t h e  a n g le  

<(> , were  r e f i n e d ,  th e  r e f i n e m e n t  c o n v e r g in g  w i t h  4* = 8 7 ° .  

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

i m p o s s i b l e ,  as  t h e  s h i f t s  were, t o o  l a r g e .  However,  once th e  

b a ck g ro u n d  had b e en  a d j u s t e d  and t h e  s c a l e  f a c t o r s ,  l i n k i n g  

t h e  t h r e e  s e t s  o f  d a t a  r e a s s e s s e d ,  r e f i n e m e n t  o f  most o f  t h e  

d i s t a n c e s  was s u c c e s s f u l ,  a l t h o u g h  th e  d i s t a n c e  H ( 7 ) . . . H ( 8 )



had t o  be k e p t  c o n s t a n t  a t  a s u i t a b l e  v a l u e .  However, onoe 

some o f  th e  v i b r a t i o n a l  a m p l i tu d e s  were r e f i n e d ,  s e v e r a l  o f

th e  v a lu e s  o f  t h e  p a r a m e t e r s  o b t a i n e d  were o b v i o u s l y  i n c o r r e c t
o

( e . g .  IT -  H = 1 , 0 6 ( 1 ) ,  il -  LI = 1 ,4 1  (2) A e t c , ) ,  a l t h o u g h  th e  

a n g le  cj> c o n t i n u a l l y  r e f i n e d  t o  a v a lu e  c l o s e  to  9 0° .  In  t h e  

b e s t  o f  t h e s e  r e f i n e m e n t s ,  t h e  r e s u l t s  o f  which a re  shown i n  

T able  4 , 3 ,  t h e  v a lu e  o b t a i n e d  f o r  4> wTas 9 4 ( 1 0 ) ° ,

At t h i s  p o i n t  t h e  l e a s t - s q u a r e s  program was r e 

w r i t t e n  w i t h  t h e  A j  1 s c a l c u l a t e d  as f u n c t i o n s  o f  s .  However,  

the  s t o r a g e  spa ce  a l lo w e d  f o r  th e  program i t s e l f  on t h e  KDP 9 

com puter  i s  8 K ( i , e .  8256 w o r d s ) ,  and w i th  t h e  fA~FACTOR1 

v a r i a t i o n  p r o c e d u r e  i n c l u d e d  the  program s i z e  was c o n s i d e r a b l y  

in  e x c e s s  o f  t h i s  f i g u r e .  C o n se q u e n t ly  i t  became n e c e s s a r y  to  

c u t  t h e  p rog ram  down to  i t s  e s s e n t i a l s ,  and u n f o r t u n a t e l y  i t  

p roved  n e c e s s a r y  t o  keep  t h e  d i h e d r a l  ang le  <(> f i x e d  a t  some 

v a l u e ,  c hosen  t o  be 90° .  The e v id e n c e  o f  t h e  p r e v i o u s  

r e f i n e m e n t ,  t o g e t h e r  w i t h  th e  s u b s e q u e n t  r e f i n e m e n t  o f  th e  

o t h e r  p a r a m e t e r s ,  and t h e  o v e r a l l  agreem ent  o f  th e  f i n a l  

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  cu rv e  w i t h  th e  e x p e r i m e n t a l  

one a p p e a r s  t o  i n d i c a t e  t h a t  t h i s  was a r e a s o n a b l e  c h o i c e .  

R ef inem en t  o f  t h e  r e s t  o f  th e  p a ra m e te r s  w i t h  

v a r i a b l e  A ^ j ’ s c o n t i n u e d ,  and t h e  f i n a l  r e s u l t s  a r e  a l s o  g iv e n  

i n  T ab le  4 . 3 ,  S ince  s e v e r a l  o f  t h e  i n t e r a t o m i c  d i s t a n c e s  a re  

v e ry  c l o s e l y  s i m i l a r ,  and o c c u r  as  o v e r l a p p i n g  peaks  i n  the



r a d i a l ,  d i s t r i b u t i o n  cu rve  , i s  was found n e c e s s a r y  to  f i x  

some o f  t h e  u p j  v a lu e s  i n  o r d e r  t o  converge  th e  r e f i n e m e n t .  

The u± j 1 s f o r  t h e  n ~ ri, G - K, and C - • • C d i s t a n c e s  were • 

f i x e d  -  th e  l a s t  two a t  th e  v a l u e s  a p p r o p r i a t e  to  

t r i m e t h y l a m i n e  (B eag ley  and H e w i t t ,  1 9 6 8 ) .  In  t h e  c a s e  o f  

u rT-N/ r e f i n e m e n t s  were c a r r i e d  ou t  w i t h  t h i s  p a r a m e t e r  

f i x e d  a t  v a l u e s  o f  0 . 0 4 7 ,  0 . 0 5 1 ,  and 0 . 0 5 5 a 2 , The 

r e f i n e m e n t  w i t h  upwy = 0 ,0 4 7  f a i l e d  to  c o n v e r g e ,  and t h o s e  

a t  0 . 0 5 1  and 0 ,0 5 5  were n o t  s i g n i f i c a n t l y  d i f f e r e n t .  I t  

m ig h t  a l s o  have b een  p o s s i b l e  to  have assumed t h a t  c e r t a i n  

p a i r s  o f  i n t e r a t o m i c  d i s t a n c e s ,  e .g „  N - N and C -  N had 

t h e  same v a l u e ,  and r e f i n e d  them as a s i n g l e  d i s t a n c e .  

E x p e r i m e n t a l  m o l e c u l a r  i n t e n s i t y  and r a d i a l  d i s t r i b u t i o n
c

c u r v e s  a re  shown i n  F i g u r e s  4 . 2  and 4 .3  r e s p e c t i v e l y .

I n c l u d e d  i n  b o t h  d iag ra m s  a r e  d i f f e r e n c e  c u rv e s  to  I n d i c a t e  

t h e  d i f f e r e n c e s  b e tw een  o b s e r v e d  and c a l c u l a t e d  v a l u e s .

4 .4  DISCUSSION

The agreem ent  ( see  T ab le  4 .4 )  o f  th e  p a r a m e t e r s  w i t h  

t h o s e  found  f o r  d im e th y la m in e  and t r im e t h y l a m i n e  (B eag ley  and 

H e w i t t ,  1968) -  e s p e c i a l l y  th e  l a t t e r ,  i s  r e a s o n a b l y  good,  

a l t h o u g h ,  b e c a u se  o f  o v e r l a p p i n g  p e a k s ,  th e  s t a n d a r d  

d e v i a t i o n  on some p a r a m e t e r s  i s  r a t h e r  h i g h ,  and b e c a u se  o f  

t h i s  i t  would be f o o l i s h  to  make s u b t l e  com par isons  o f  the  

bond d i s t a n c e s  and a n g le s  around th e  c e n t r a l  n i t r o g e n  atom.
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T a b l e  4 , 1

A summary o f  t h e  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  
i n v e s t i g a t i o n  o f  u n sy rn -d i rne th y lh yd raz in e  .

J e t - t o - p l a t e
d i s t a n c e 1 0 0  cm 50 cm 25 cm

W av e le n g th  (A) 
e . s . d .

0 .051170
0 .000015

0 .051170
0 .000015

0 .051170
0.000015

Sample
t e m p e r a t u r e(°K)

293° 293° 293°

t fo zz le
t e m p e r a t u r e

(°K)
343 343* .53°

Gas t e m p e r a t u r e  
assumed (°K) 318 318 323*

No. o f  p l a t e s  
u s e d 8

No. o f  t r a c e s  
u s e d 7 8 8



TABLE 4 .2

U n s y m - d i m e t h y l h y d r a z i n e *  C o m b in e d  U p h i l l  C u r v e s

r a n g e ( 1 ) s ~ Go 86 fey o* 02 t o 8 . 98a
-1

6 .7 3 2 ,o + 2 ; 7 *030,5 +2 3 7 • 3 3 7 m 4-2;
7 . 6 4 3 s +2 5 7 • 95O20 4*21 8 o 2 3 2 :0 4-2; 8 • 5 0 2 b + 2 ; 8 . 7 6 5 s j lQ  * < ^
9 .C 3 8 ]o + 2 ; 9 * 3 4 2 ;o 4 2 ; 9 e 690 io j-p <* * 1 o008b 4*3 1 0 05110 + 3 ;
1 .0 9 7 s +35 1 • 14 4 10 + 3 ; 1 • 1 9 0 10 4-3; 1 • 233:o 4-3 1 . 274,0 +35
1 . 3 1 1 s 4 3 ; 1 « 3 4 6 10 +3* 1 • 379:o + 3 ; 1 •411 i0 4*3 1 .4 4 1 ,0 O  9
1 . 4 7 0 s +35 1 •498:o + 3 ; 1 • 5 2 5 :o + 3 ; 1 O 53io 4-3 1 • 581,0 +35
1*61 Ojo + 3 ; l *639:0 + 3 ; 1 .669 :0 4*3; 1 *696,0 4-3 1 • 722,0 + 3 ,
1 -7 4 7 s + 3 ; 1 • 771 4-3 j 1 • 7 9 4 10 4-3; 1 .816 ,0 4-3 1 • 836,0 +35
1.85630 + 3 ; 1 • 8 7 3 a -4-2 ® 1 • 89110 4-3; 1 * 9 10,0 4-3 1 • 931,0 + 3 ,
1 .9 5 4 b + 3 ; 1 • 9 7 9 * j l O •' ~>3 2 * c o  5 id + 3 ; 2 • 032,3 4-3 2 • O59io +35
2 .C 8 6 » + 3 ; 2 • 1 1 3 b 4-31 2 0143:o 4-3; 2 • 1 7 4 m 4-3 2 0 208,0 +35
2 . 2 4 3 s 4 3 ; 2 * 2 7 8 10 4 3 ; 2 • 3 1 4 b 4-3; 2 • 348io +3 2 .3 8 2 ,0 43  •* J>3
2 . 4 1 6 s + 3 ; 2 • 4 5 4 b 4-3 j 2 • 4 9 3 b 4-3; 2 *535:o 4-B 2 • 579io 4 3 ;
2 .6 2 3 :o 4 3 ; 2 • 6 6 7 b 4-3; 2 • 71 2>o 4-3; p • 757io 4-3 2 • 8 g 3 m 4 3 ;
2 .8 5 0 m 4 3 ; 2 • 9 0 0 10 4-3; 2 . 950-0 4-3; 3 . 003,0 +3 3 .O57,o 4 3 ;
3 . 1 1 4 s 4 3 ; 3 • 1 7 1 b 4-3; 3 ® 230,0 4-3; 3 • 2 9 1 m 4-3 3 • 352,3 4 3 ;
3 . 4 1 3 s 4 3 ; 3 • 4 7 6 io 4-3 ; 3 • 54 0,0 4-3; 3 • 6O 5 i0 4-3 3 .673 ,0 4-3 ;
3 . 7 4 3 s + 3  ; 3 • 814,3 + 3 ; 3 c.8 8 6 b 4-3; 3 • 9 5 7 m 43 4 e 024,0 4 3 ;
4 . 0 9 1 s + 3 ; 4 *158-0 4-3; 4 • 22610 4-3; 4 . 2 9 7 m 4-3 4 • 370,o 4 3 ;
4 . 4 4 3 s 4 3 ; 4 • 5 1 8 b 4-3; 4 • 5 9 2 jo 4-3; 4 .664 ,0 4*3 4 .7 3 5 ,0 4 3 ;
4 . 8 0 3 s + 3 j 4 • 8 7 1 10 4-3; 4 *938:0 4-3; 5 .00  7,o 4.3 5 • 0  ( 8,0 +35
5 . 1 5 0 d -K3j 5 «22Oi0 4-3; 5 • 290,3 4-3; 5 0 36O10 4-3 5 •432,0 4 3 ;
5 * 5 0 2 » + 3 ; 5 • 573io 4-3; 5 0  641 iq 4-3; 5 • 7 1 0*) 43 5 • 774,0 4 3 ;
5 . 8 4 1 s + 3 ; 5 • 9 1 4 10 4-3; 5 • 991 io 4-3; 6 . 063,0 4-3 6 • 126*) + 3 ;
6 . 1 8 2 b + 3 j 6 • 230*3 4-3; 6 • 272io 4-3; 6 • 3 1 7 m 43 6 • 365,0 + 3 ;
6 . 4 1 6 s 4 3 ; 6 •4  [O iQ 4-3; 6 * 5 2 4 10 + 3 ; 6 . 576,0 43 6 0 628,0 4 3 ;
6 . 6 8 2 s + 3 ; 6 • 7 3 3 m 4-3; 6 • 7 8 2 iq 4-3; 6 • 827,0 43 6 • 8 6 7 i0 + 3 ;
6 .9 0 4 s + 3 ; 6 • 9 3 7 m 4-3; 6 • 976io 4-3 ; 7 * 015 :o 43 7 • 058,0 + 3 ;
7 . 1 0 6 s + 3 ; 7 • 1 5 6 b + 3 ; 7 • 2 0 4 10 4-3; 7 • 2 4 8 10 43 7 • 2 8 8 m + 3 ;
7 . 3 2 4 s + 3 ; 7 • 3 6 2 b 4-3; 7 •4o0io 4-3; 7 *439:o 43 7 •482*3 + 3 ;
7 .5 2 8 » + 3 ; 7 • 5 7 5 m 4-3; 7 .6 2 1  30 4-3; 7 . 665,0 43 7 . 707,0 + 3 ;
7 . 7 4 7 s 4 3 ; 7 • 7 8 7 » 4-3; 7 . 8 2 5 m 4-3; 7 .872 ,0 43 7 0 92610 +35
7 . 9 8 6 s 4 3 ; 8 • 056,5 4-3; 8 « 1 22:o + 3 ; 8 . l8 c ,o 43 8 • 226,0 4 3 ;
8 . 2 7 8 3 + 3 j 8 . 3 1 7 m 4-3; 8 .36610 + 3 ; 8 .427 ,0 43 8 e 4 9 4 IQ * 3 ;
8 . 5 5 7 s + 3 ; 8 . 6 2 5 m 4-3; 8 * 6 9 2 jq 4-3; 8 .7 6 4 i0 43 8 , 8 4 4 m + 3 ;
8 . 9 2 5 s 4 3 ; 9 • 0 0 8 * 3 4-3; 9 *o8 7 io + 3 ; 9 . 1 6 0 , 0 43 9 s 2 2 8 , 0 4 3 ;
9 . 3 o 6 s + 3 ; 9 •  3 9 4 b 4*3; 9 • 4 9 1 io 4-3; 9 • 5 9 4 m 43 9 . 694,0 4 3 ;
9 . 7 9 3 a + 3 5 9 •  89210 4-3; 9 • 994,0 1 » 0 1  O iq 44 1 • 0 2 2 * ) 4-4 ;

1 « 0 3 4 b + 4 ; 1 *g4 5 io 4 4 ; 1 • O57io 4-4 ; 1 . 069,0 4-4 1 a> 0 8 0 * 3 4 4 ;



092,:5 1 ̂-f 1 8 1 05'3 -iji * ‘ "'r ^ 1 1 1 2' l e t )  yJ]3
157:) +4 1 o17C* 4-4 ? 

O
1 1 Qo

226;, +4 1 .241-3 ' " ' a>
 ̂ r \ r -  r-71 c <4 ( 13

3o4a *f4 1 -319io 441 * • «biOio
38% -1-4 1 * 025:3 > t «r*r <) 1 .41 11D
4623 +4 1 .479:0 j ' i ; 1 l y  2 1 0 4 5 5 :o
5 4 1 b -1-4 1 .557io -f 4 ; 1 .574:3
621 B 44 1 .6 3 4 - +4; 1 .6 4 7 s
684)0 -{"4 1 . 697,0 4-4: 1 .710m
736)0 +4 1 .743x0 + 4 | 1 .747:0
7 5 9 a +4 1 .763xo 4-il •» 1 J 1 .7 6 9 s
786b 4-4 1 » 0 2 . i q 4-4; 1 .7 9 3 10
81 Cjo +4 1 08 l 2 v> 4-4 j 1 e 8 1 4 20
8183 +4 1 .819^ 44 «1 -r s 1 . 8 19s
8 1 7a +4 1 .81  6 r j « £t • ’’ } 1 . 8 1 5s
8 c5io +4 1 .801  a 4-41 1 .798:0
789b +4 1 .784:o 44 y 1 .7 7 8 s
758)o 4-4 1 .7 5 1 s 4-4; 1 0  4̂ 610
734;o +4 1 .7 2 9 s 44; 1 .7 2 2 I0
7C23 +4 1 . 6 9 6 ^ 4-4; 1 © 69110
674;o +4 1 c 66810 4-4J 1 ©662 io
64% 44 1 .646:0 4-4J 1 .6 4 3 s
632b +4 1 .62813 4-4 j 1 . 62^:0
617b 44 1*61 4 30 4-4 j 1 .6 1 1 10
6c5io +4 1 c 6c4:o 4-4J 1 . 6 0 3s
6c  l 3 +4 1 e 60  1 }0 4-4 j 1 .60030
60 1 3 +4 1 a 6C2-.0 4-4; 1 e 6 0 4 IQ
61 2h +4 1 .61 4k? 4*41 1 . 6 1 5:o
62 1 » +4 1 .624* 4-4 5 1 .629io
6 3 9 b +4 1 .643io +4: 1 .6 4 7 s
66 2 b +4 1 .66610 4-4; 1 .6 7 1 s
684B +4 1 . 68919 4-4 j 1 . 6 9420
71 Cb +4 1 .716» 4*4; 1 .722:o
737b +4 1 .74320 4-4; 1 . 7 5 G s
7 8 2 -, +4 1 .789=0 4-4; 1 .793:o
7 9 6 b +4 1 • 8 0 1 jo 4-4: 1 .8o7 io
8 2 6 b +4 1 .829-0 4-4; 1 .8 3 2 s
8 4 5 b +4 1.85210 4-4; 1 . 86o I0
877b +4 1.881  io 4-4; 1 . 8 8 3 s
8 9 5 b 44 1 . 90120 4-4; 1 .9 0 7 s
9 2 3 b + 4 1 .9 2 8 : 0 +4; 1 .9 3 4 ID
9 5 4 » +4 1 . 96G10 4-4; 1 -965s
9 7 9 » + 4 1 . 984io 4-4; 1 .9 8 9 s

r a n g e ( 2 ) :  s = 2*45 bj

• 1 24jo 44; 3.279io

4-4; 1 .1 31-o 44 5 1.144:0 44;
-»ji.* ~i' *> 1 .1 96s . h -f-u. } 1 v 21 Op 4-4;
+4- 1 .2 7 3 s -:-4 ; 1.28810 44;
+4; 1.35030 44 5 1 .365* -f-4;
4-4; 1 .428:0 44 ) 1 .4 4 5 s -f4;
4-ii * nr—? s 1 .51  Op 44 I 1.52620 44;
-f-4; 1 .5 9 1 s 44 ; 1 o 606:0 44;
4-4; 1 .659:0 44.; 1 .672:o -f-4;
4-4 *T f y 1 ® / 21 20 44 > 1 . /3G:g •f4;
4-/1 0 
^ <■ 3 1 .751 20 -1-4 ; 1 .754* 44;
4-4; 1 .774p 44; 1 ©78oi0 44;
4-4; 1 .803v> 44 5 1 .8 0 7 jo 44;
4-4; 1 .8 16p 44'; 1 . 8 1 7 * 4 4 ;
+4; 1 .81  8 y> 44; I .81810 44;
+4; 1 .8 1 2p 44; 1©809* 44;
4-4; 1 .7 9 5 s 44; 1 .792* 44;
4-4; 1 . 772:0 *4; 1 .765b 44;
4-4; 1 .7 4 3 s +4; 1 ©739io 44;
4-4; 1 .715:o 44; 1 . f O o i o -;4;
-f-4; 1 . 6 8 6 10 44; 1 . 6 8 O10 -i-4-;
4-4; 1 . 6 5 7 ^ 44; 1.653-0 ■rtj
4-4; 1 .639io +4; 1 .6 3 5 s ~!.jj •i ~r j

4-4; 1 . 6 2 2 p 4 4 1 1 . 6 2 O10 4-Zi *i t A

4-4; 1 *6c9io 44 1.60610 44;
4-4; 1 .6 o 3 s 44 1 . 6 0 2 io 44;
4-4; 1 . 600-0 44 1 0 60  1 jo 44;
+4; 1 .6o7 10 44 1 . 6 1 Cs +4;
4-4; 1.61710 44 1 .6 1 9 s 44;
44; 1 .633:0 44 1 . 636:0 44;
44; 1.65210 44 1 . 6 57s 44;
44; 1 .675:0 44 1 .6 7 9 s 44;
44; 1 .699:0 44 1 .7G5io 44;
44; 1 . 728-0 44 1 .7 3 3 s 44;
44; 1 .7  6 0 s 44 1 .771* 44;
44; 1 .7 9 5 s 44 1 .794* 44;
44; 1 .8 15 io 44 1 . 8 2 1 s 44;
44; 1 . 8 3 6 s 44 1 .8 4 c 10 44;
44; 1.86620 44 1 .873* 44;
44; 1 . 8 8 6a 44 1 089O10 44;
44; 1 e 9 1 3l0 44 1.91830 44;
44; 1 .941 30 44 1 .9 48 io 44;
44; 1.96910 44 1 .974* 44;
44; 1 .9 9 4 s 44

o  -1  
0 . 0 5  to  17*85A



3.436:3 44 ; 3 .590* +4 » ’" / U  r j . 1) e ( ‘- r U y j

4 . 194,o +4; 4 0 355* 44 ! 4 c P 1 O'.1)
4»970* 44 5 .1 0  94 +4; 5X39,o
5 .571* 44 5 .6 6 7 » +4: 5 .766*
6X74'., 44 6 .1 6  6 20 4-4 6 o253io
6.484a +4 6 . 568a 44' 6 .654*
6.91 c-a +4 7 . 005* +4; 7 . 111*
7*48320 +4 7 «6 2 la 4 4 , 7 .765*
8 .222a 44 8.401 a 44 8 .6 o 4 10
9 .3 1 2 10 +4 9 .550a 44 9 .790*
1 . o6 1 a +5 1.089* 4-5 1 . 117«
1 * 192a +5 1 . 216a 45 1 .239*
1.299* +5 1 .317* 4*5 1.331*
1 .368^ 4-5 1.376* 45 1 .379*
1 *38o* +5 1.379* 45 1.375*
1 • 3 5 120 +5 1.33810 4 . 5 1.322*
1.26910 4-5 1.251* +5 l . 236*
1.19830 4-5 1.186* 45 1.176*
1.147* 4-5 1 .140* 45 1.134*
1 .124^ +5 1.124* 45 1.125*
1.133* 4*5 1 .1 3 8 10 +5 1.144*
1 . 163a 4-5 10170* 45 1.177*
1 . 203a +5 1 .212a 45 1 .220*
1 .23820 +5 1 .244a 4-5 1 .250a
1 .265a 4-5 1 .2 7 0 10 4-5 1 .275*
1 .287a +5 1 . 290-0 4-5 1 .292*
1 .305* 4-5 1 . 307* 4-5 1 . 310*
1 .320a 4-5 1 .322* 4-5 1 .323*
1.325* 4-5 1.325* 4-5 1.327*
1 .330* +5 l . 33o10 4-5 1.327*
1.323a 4*5 1.323* 45 1 .322*
1 .322a 4-5 1.321* 4 5 . 1 .320*
1«3o6a 4*5 1 .30620 45 1 «3o8*
1.313* 4-5 1.312^ 1 .312*
1.311* +5 1 .3 1 0]o +5 1.307*
1.307* 4.5 1.307* 45 1 . 300*
1.308^ 4-5 1.309* 45 1 . 309*
1 .310a + 5 1.311* 1 .312w
1.318© + 5 1.319* 45 1 .319*
1 .33610 +5 1.339* 45 1 .342a
1 .365* + 5 1.376* 45 1.336*
1.414*, 4-5 1.427* 4-5 1.440*
1.469* 4-5 1.478* 45 1.489*
1.523* +5 1.533* 4-5 1.542*
1.565* +5 1.573* 45 1.579*
1.590* 4-5 1.591* 4-5 1.591*

JL.1t .1 ‘T ft 3 . 8 8 7 n 4 4 ; 4 e 0 3  ( a 4 '!
4 4 ; 4 . 6 7 3 , o 4 4 ; 4 • 824* 4 :: ;
4 4 ; J5 . * 0 * 4 4 ; 5 . 471* j l } '  ■■ ' ' .)

4 4 ; 5  0869* 4 4 ; 5 . 974* 4 4  ■}

4 4 : 6 . 3 3 1  * 4 4 ; 6 . 4 c 6* 4 4  S
4 4 ; 6 . 7 3 8 * 4 4 ; 6.821  * 44 *

+4 } 7 . 226-0 4 4 ; 7 . 3 5 1 * . !; '* -r-.' ?
4 4 : 7 . 9 1 2 * 4 4 ; 8 . 063* 44 1

1 Ji * 8 . 8 2 9 * 4 4 1 9 . 068* 4 4  -
4 4 ; 1 .00  4,0 4 5 ; 1 . 032* -»-0 " ■ —■ 3
45 j 1 . 1 4 3 * + 5 ; 1 . 168* + 5 ;
+ 5 ; 1 . 260,3 + 5 ; 1 . 281* 4'S *
4 5 ; 1 . 3 4 5 * 4 5 ; 1 . 3 5 7 * 4 5  “
4-55 1 . 3 7 9 * + 5 ; 1 . 3 7 9 * 4 3 ;
4 5 ; 1 . 3 6 9 * + 5 ; 1 . 3 6 1 * 4-9
4-5; 1 . 3 0 4 * + 5 ; 1 . 286* + 5 ;
+55 1 . 222* + 5 ; 1 *210* 40 ■;
+ 5 ; 1 . 166* 4 5 ; 1 . 15 6 * + 5 ;
+ 5 ; 1 . 13 0 * + 5 ; 1 . 12 7 * + 5 ;
4 5 ; 1 . 1 2 7 * 4 5 ; 1 . 1 2 9 * +55
4 5 ; 1 . 15 0 * 4 5 ; 1 . 1 5 6 * 4 *  ;
4 5 ; 1 . 1 8 5 * 4 5 ; 1 . 19 4 * 4 5 ;
4 5 1 1 . 226* 4 5 ; 1 . 2 3 2 * 4 3 j
4-5 ; 1 . 2 5 6 * + 5 ; 1 . 260* 4 5 ;
+ 5 ; 1 . 200* + 5 ; 1 . 2 8 4 -vn + 5 ;
+ 5 ; 1 . 2 9 6 * 4 5 ; 1 . 300* + 5 ;
+ 5 ; 1 . 3 1 2 * + 5 ; 1 . 316* 4 5 ;
4 5 ; 1 . 3 2 4 * + 5 ; 1 . 324* + 5 ;
+ 5 ; 1 . 3 2 8 * + 5 ; 1 . 329* + 5 ;
+ 5 ; 1 . 326* + 5 ; 1 . 325* + 5 ;
+ 5 ; 1 . 3 2 1 * + 5 ; 1 . 321* + 3 ;
+ 5 ; 1 . 3 1 7 * + 5 ; 1 . 310* + 5 ;
+ 5 ; 1 . 3 1 1 * + 5 ; 1 . 313* + 5 ;
+ 5 ; 1 . 3 1 2 * + 5 ; 1 . 3 1 1 * + 5 ;
+ 5 ; 1 . 306* 45 ; 1 . 3 0 6 * 4 5 ;
+ 5 ; 1 . 306* 4 5 ; 1 . 307* 4 5 .;
+ 5 ; 1 . 3 0 8 * + 5 ; 1 . 300* + 5 ;
4 5 ; 1 . 3 1 4 * + 5 ; 1 . 3 1 7 * + 5 ;
+ 5 ; 1 . 3 2 3 * 45 ; 1 . 3 3 0 * + 5 ;
+ 5 ; 1 . 3 4  6,0 + 5 ; 1 . 3 5 3 * + 5 ;
4 5 ; 1 . 3 9 4 * + 5 ; 1 . 4  0 3* 4 5 ;
+55 1 . 4 5 2 * + 5 ; 1 . 4  61 * + 5 ;
+ 5 ; 1 . 500* + 5 ; 1 . 5 1 2 * 4 5 ;
4 5 ; 1 . 5 5 1 * + 5 ; 1 . 5 5 8 * + 5 ;
+ 5 ; 1 . 5 8 4 * + 5 ; 1 . 588* + 5 ;
4 5 ; 1 . 5 9 3 * + 5 ; 1 . 5 9 6 * + 5 ;



1 * 6CC 1 c: r'-> ryI •5y/:: i + 5 j I c ^ 9

1 . 5 8 9 b +5 J 1 .594 :5 + 5 | 1 .597:o
1 . 5 8 8 b + 5  3 1 . 5 8 3 - j + 5  3 1 . 578:0
1 .57CW + 5 j 1 . 5 7 0 ; , + 5 j 1 . 5 6 8 b
1 *559]0 +53 1 . 580:5 + 5 ; 1 R -SO.
1 c565io + 55 1 . 5 6 8 ,, +53 1 . 5 7 ^ 0
1 . 5 8 1 b + 5  j 1 . 582 ;, +53 1 0 585:o
1 . 602a + 5 ; 1 . 60 3 a +53 1 . 6o 6i0
1 . 626a + 5 j 1.63110 + 5  3 1 e 63810
1.65130 +53 1 . 656 ,, +53 1 e6 6 l
1 . 6 8 4 B +53 1 . 692 :, +53 1 . 698;,
1 . 7 1 4 a + 5  s 1 . 7 2 3 ; , +53 1 .732:0

1 . 7 5 8 a + 55 1 . 7 6 7 a +53 1 »777io
1 . 8 1 7 b +55 1 . 8 2 7 a + 5 ; 1 . 833:0
1 .85720 + 55 1 , 868a + 5 j 1 . S B o *
1 . 9 0 6B + 5 j 1 . 9 0 9 a +55

r a n g e (3) s = 7 . 7 0

3 . 6 4 8 ^ +62 3 . 7 0 1 a 4-61 3 . 7 5 5 b
3 . 8 6 0 a 4-63 3 . 9 0 7 a 4-62 3 . 9 5 5 b
4 .  1 16a + 6 ; 4 . 1 5 3 a 4-6^ 4 . 1 7 6 b
4  O 2 0 7 10 4*6 2 4 . 2 0 7 a + 6 ; 4  0 21 6*
4 • 226k + 6 5 4 . 2 2 3 a +63 4 . 2 1 4 b
4 . 188a +63 4 . 18 3 a +6 2 4 . 18O10
4.17210 +65 4 . 1 7 1 a + 6 ; 4 . 1 69 i0
4 . 1 5 7 b +63 4 . 1 3 7 a +63 4 . 1 2 1 ^
4 .o 8 o » + 6 : 4 . o6 7 b 4-62 4 . 0 5 5 : o

4 . 0 5 9 a +62 4 . c 6 5 ;o 4-63 4 . 080*
4 . 1 7 5 a + 6 ; 4 . 2 1 4 a 4-62 4 . 266b
4 . 4 5 1 a + 6 : 4 . 50C10 + 6 ; 4 . 5 5 8 : 0
4 . 7 1 9 a 4-63 4 . 7 4 6 a 4-6 : 4 . 7 6 5 b
4 . 7 5 6 a 4-63 4 . 7 3 6 a 4-63 4 . 7 1 6»
4 . 614 » +6 ; 4 . 5 8 3 a 4-63 4 05 5 3 b
4 . 4 6 7 a 4-63 4 . 4 4 o a +62 4 . 4 2 0 b

4 . 3 9 4 a +63 4 . 4 g4b +65 4 . 4 2 2 b

4 . 4 5 9 a 4-63 4 . 4 8 1 10 + 6 ; 4 . 50010
4 . 5 7 0 a +63 4 . 5 9 2 a 4-6 y 4  • 6o3io
4 . 6 7 3 a 4-62 4 . 6 9 4 a 4-6 3 4 »  722*
4 . 8 1 2a + 6 ; 4 . 8 5 3 a 4-6 2 4 . 8 8 9 io

4 . 9 7 1 10 +63 4 . 9 9 8 a + 6 ; 5 . 022b
5 . 0 8 4 * +62 5 . 0 9 3 a 4-63 5*C99io
5 . 1 1 2 a +63 5 . 11Ca 4-63 5 . 1 0 5 b

5 . o4 5 b +65 5 .0 1 5 a + 6 ; 4 .99610
4 . 9 4 2 ^ 4-6 ; 4 . 9 3 5 a 4-63 4 . 9 4 3 io

+53 11 ojOvJK-o +53 1 .5 8 5 » +53
+53 j c 59^10 +53 1 *593io +53
+5 3 1 .5 7 5 b +53 1 .5 7 2 b +53
+55 1 . 5 6 5 : 0 +53 1 . 5 6 1 b j., r  «

1 j  5
4*cj " 1 .5 6 3 b +53 1 .563:0 4-5 2

+53 1 0  578iD +53 1 . 5 8 1 B +53
+53 1 *592* +53 1 0  5 9 8 1 0 +53
+53 1 • 6 1 2 i:) +53 1 «620 :o +53
+ 5j 1 . 6 4 4 b +53 1 .6 4 8 * +9 9

+53 1 c6 6 8 i0 +53 1 . 6 7 6 : 0 +5J

+53 1 . 7 0 3 b +53 1 . 7 0 8 : 0 +59
+53 1 • ^41 B +53 1 .7 5 0 * +5 3

+53 1 . 7 8 8 : 0 +53 1 . 8 0 2 :, +5 3

+53 1 e84 Ob +53 1 .8 4 8 I0 + 5 3

+53 1 0 8 9 2 ^ +53 1 .902:0 +53

o - 1

b y 0 . 10 t o 3 5 . 3 0 A

+62 3 .809:o 4-63
+63 4 • 0 1 3:q +63 4 eO f  Op) 4-63
4-63 4 • 1 9 5 b 4-6 3 4 • 202* +6 3
4-63 4 .2 2 1 b + 6 : 4 .2 2 5 io -{-63
4-63 4 .  204io +63 4 • 1 9 7 b +63
+63 4 .181 a +63 4 . 178a +63
+63 4 .  1 69m +63 4 • 1 6 7 a 4-6 3
+63 4 e 1 09m + 6 : 4 .0 94 )0 +63
4-63 4 0  050lO -1-6 ; 4r •  0^4jo + 6 ;

4-63 4 0 1 o4]o +63 4 . 1 3 9 b +63
+63 4 • 3 3 1 10 +6 4 • 3 9 5 b +63
+ 6 : 4 o621 jo 4-6 4 . 677b +63
+63 4 .773:0 4-6 4 • 7 7  Ojo 4-63
4-63 4 t 69013 4-6 4 065 2 : q 4-6 3
4-63 4 • 521 io 4-6 4 . 4 9 4 b 4-63
+63 4 c 4 0820 +6 4 • 4 0 0 * 4-6 3
+63 4 •440io +6 4 . 4 4 7 b +69
+63 4 . 5 1 7 m +6 4 • 5 3 9 b +69
4-63 4 e t>2 1 TQ 4-6 4 • 651  M 4-63
+63 4 • 750b 4*6 4 • 777io +69
+63 4 - 91 7 b +6 4 • 9 4 4 k, 4-6 3
+63 5 • o 4  7:o +6 5 «o 6 9 io + 6 ;
+63 5 01 c 8 i0 -{-6 5 . 11 3io +63
4-6 3 5

,_sOsOa +6 5 • O73io 4-6 3
+63 4 • 984 jq 4-6 4 • 9 6 3 io -1-63
+63 4 • 955:o 4*6 4 • 970b 4-63



4 . 9 8 o» 4  6 1 4.9'OD20 4 6 5 5 0 0 -.j ’xj :q 4 6 s 5 »0 2 5 a 4 6  s 5 . 0 5 8 a 40 j

5  *09230 4*6 ; 5 8  22a 4 0 1 5 . 1 5 5 a 4 0 ; 5 8  9 8 , 4 6  j 5 . 226a -J-O •1 U
5  0  253:3 TO 5 . 2 8 0 - 3 + 6 j 5 . 318 -a 46s 5 .3 4 6 a 4 6 j 5 . 3 6 5 a 46 j

5 . 3 8 3 a 4-6 5 ® Ô r1Q 4 6  s 5 . 4 2 6 : 0 -1-6 j 5 0 4 4 7 a 4 6 : 5 . 4 6 5 a +65
5 .4 7 9 » 4-6 5 8 '86 :o + 6 5 5 . 4 9 3 a 46 j 5 . 5 0 4 * 4 6 ; 5 . 5 1 4 a 4 6  s
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5 • 594io 46 50600^ 4 6 1 5 . 6 1 4 a 4 6 1 5 . 6 2 9 b 4 6  j 5 . 636a 4 6  j
5 .6 4 2 a 46 5 . 6 4 8 io 4 6  j 5 . 6 6 1 a 4 6  s 5 . 6 6 9 a 4 6  s 5 0 6?7:o 4 6  j

5 . 6 8 8 a 46 5 . 7 0 7 a 4 6 1 5 o 7 2 4 a 4 6 j 5 . 7 3 6 a 46 j 5 . 7 4 6 a 4 6 s
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5 . 8 9 5 id 46 5 . 9 1 3 a 4 6  j 5 . 9 3 4 a 4 6 1 5 . 9 6 4 a 4 6  j 5 . 9 9 5 b

, r  -
40 s

6 . 0 2 3 a 4-6 6 e 06 6n 4 6  j 6 oO68i0 4 6  s 6 • 0 8 4 a 4 6  j 6 . 0 8 7 a 4 6  s

6 . 0 9 2 a 46 6 . 101^ 4 6 : 6.1  o 8 I0 -f-6 j 6.11  if a 40 S 6 . 1 2 5 a 4 6 j

6 .13 5 :0 46 6 . 1 4 1  a + 6 j 6 015 4 a 4 6  s 6 . 163a 4 6 : 6 . 16 5 a 4 6]
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6 . 4 6 3 : o 46 6 . 4 9 5 a 4 6 ; 6 . 5 3 3 a 4 6 j 6 . 5 5 7 a 4 6 ; 6.56610 4 6
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6 . 7 1 7 a 46 6 . 7 4 5 a 4  6 ; 6 . 7 7 7 a 46S 6 . 8 o 3 i c 465 6 . 8 1 3i0 4 6
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7 . 4 3 1 a 46 7 . 4 5 2 a 4 6 : 7 . 4 7 0 b 4 6  j 7 . 5 0 7 i o 4 6 j 7 . 5 5 6 a 4 6
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The m o l e c u l a r  p a r a m e t e r s  o f  u n s y r a - d im e th y l h y d r a z i n e . 
The i n t e r a t o m i c  d i s t a n c e s  g iv e n  a re  r g ( l )  v a lu e s*  
R e p r o d u c i b i l i t i e s  a re  g i v e n  i n  p a r e n t h e s e s .

( a )  P a ra m e te r s  a t  an e a r l y  (b) P i n a l  p a r a m e t e r s
s t a g e  o f  r e f i n e m e n t

r i j u i  j r i j u i  j

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

C - H 1 . 1 0 ( 2 ) 0 .1 2 6 ( 1 2 ) 1 . 1 1 2 (8 ) 0 .078

N - H 1 . 0 7 ( 2 ) 0 . 0 4 ( 2 ) 1 . 0 1 ( 1 ) 0 . 0 5 ( 2 )

C - N 1 .4 4 3 ( 1 2 ) 0 .0 4 6 1 .4 4 8 (1 5 ) 0 . 0 3 9 ( 5 )

c • • • H 2 . 4 1 ( 2 ) 0 .0 6 ( 3 ) 2 .4 0 6 ( 5 ) 0 .0 5 1 ( 7 )

c • • • C 2 . 3 1 ( 3 ) 0 . 0 5 ( 7 ) 2 .2 9 9 ( 1 7 ) 0 .0 5 9

H. • •H(l) 2 . 1 2 ( 3 ) 0 . 1 1 ( 4 ) 2 . 1 3 ( 3 ) 0 .1 4 3 ( 2 1 )

N (l )  • • • H (7) 1 . 9 4 ( 8 ) 0 . 1 1 ( 8 ) 2 . 0 8 ( 8 ) 0 .1 0 3

CHC 106.5° 105.2(2.3)°

CHH 112.1 112.0(2.0)

NCH(l) 112.2 112.0(2.7)

HCH 106.6 106.9(2.7)

HHH 101.4 110.5(1.4)

HMN 109.0 114.0(7.5)

0 93.7 90 .0

E wA2 1.086 x 1010 4.520 x 109

R 0.167 0.121
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N(2)

N(1)

H(3)H(7)

H(8)
H(2) C(1)

H(1)

F i g u r e  4 .1  The m o l e c u l a r  geom etry  

and num ber ing  o f  t h e  atoms in  

unsym - d i m e t h y l h y d r a z i n e .
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F i g u r e  4 . 3  F i n a l  e x p e r i m e n t a l  and d i f f e r e n c e

r a d i a l  d i s t r i b u t i o n  c u rv e s  f o r  unsym -

d i m e t h y l h y d r a z i n e . The damping f a c t o r  , 
o 2

k = C.CC2A .



The e x p e r i m e n t a l  m o l e c u l a r  i n t e n s i t y  and r a d i a l  d i s t r i b u t i o n

c u rv e s  a r e ,  as e x p e c t e d ,  v e ry  s i m i l a r  to  t h o s e  found  f o r
o

t r i m e t h y l  a m in e . The v a lu e  o f  1 .455  (32) A found f o r  t h e  IT -  N

bond l e n g t h  i s  i n  ag reem ent  w i t h  v a lu e s  o f  1 . 4 4 9 ( 4 ) A found

i n  h y d r a z i n e  (Norino e t  a l . ,  1959) and 1 .4 5 7 ( 1 1 ) 5  found i n

t e t r a s i l y l h y d r a z i n e  (B eag ley  e t  a l . ,  19 6 9 ) .  One would

e x p e c t  t h e  IT -  N bond l e n g t h  to  be s l i g h t l y  s h o r t e r  t h a n
°t h e  C -  IT l e n g t h  o f  1 , 4 4 8 ( 1 5 ) A, b u t  t h e  r e l a t i v e l y  h ig h  

s t a n d a r d  d e v i a t i o n s  c o v e r  the  anomaly.  The en v i ro n m en t  o f  

t h e  c a r b o n  and n i t r o g e n  atoms i s ,  as e x p e c t e d ,  t e t r a h e d r a l  

w i t h i n  e x p e r i m e n t a l  e r r o r .

Of some i n t e r e s t  i s  t h e  v a lu e  of th e  d i h e d r a l  

a n g l e .  As m en t io n ed  i n  t h e  i n t r o d u c t i o n ,  t h e o r e t i c a l  work 

on h y d r a z i n e  i t s e l f  ( V e i l l a r d ,  1966;  P e d e rs e n  and Morokume,,

1967) h as  p r e d i c t e d  t h a t  t h e  most s t a b l e  c o n f i g u r a t i o n  

o c c u r s  when = 9 4 ° .  A l though  t h e r e  i s  some e v id e n c e  

(Yamaguchi e t  a l . ,  1959) f o r  assuming th e  a n g le  i n  h y d r a z i n e  

i t s e l f  i s  a p p r o x i m a t e l y  9 0 ° ,  t h e  o n ly  e x p e r i m e n t a l  v a lu e s  

a re  9 7 .5 °  i n  t e t r a s i l y l h y d r a z i n e  ( 3 e a g le y  e t  a l . ,  1969) and 

8 8 ( 4 ) °  i n  t e t r a k i s  ( t r i f l u o r o m e t h y l )  h y d r a z i n e  ( B a r t e l l  and 

H ig g in b o th a m ,  1 9 6 5 ) ,  i n  b o t h  o f  w h ic h ,  how ever ,  t h e  e n v i r o n 

ment o f  t h e  n i t r o g e n  atom i s  a p p r o x i m a t e ly  p l a n a r .  There

i s  a l s o  some i n f r a r e d  s p e c t r o s c o p i c  e v id e n c e  (A n thon i  e t  a l . ,

1968) f o r  d e u t e r i u m - s u b s t i t u t e d  d i m e t h y l h y d r a z i n e s  b e i n g  i n



t h e  same c o n f i g u r a t i o n  as h y d r a z in e  i t s e l f .  The f a c t  t h a t ,  

i n  t h e  i n i t i a l  r e f i n e m e n t s  d u r i n g  t h i s  work ,  <|> r e f i n e d  to  

a p p r o x i m a t e l y  90° ,  and th e  o v e r a l l  ag reem ent  b e tw ee n  

t h e o r e t i c a l  and e x p e r i m e n t a l  c u rv e s  when <j> was assumed to  

be  S0° p r o v i d e  u s e f u l  e v id e n c e  f o r  a v a lu e  o f  90° i n  t h i s  

m o le c u le  a l s o .  However,  one sh o u ld  n o t e  t h a t  t h i s  a n g le  i s  

d e f i n e d  by a lo n g  C. * . H( 7)  i n t e r a c t i o n  which  does  n o t  

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

S in c e  t h e  e x p e r i m e n t a l  d a t a  o b ted n ed  i n  t h i s  

s t u d y  ane o f  good q u a l i t y ,  i t  would be o f  i n t e r e s t  t o  r e f i n e  

cf> by e s t a b l i s h i n g  a m o d i f i e d  l e a s t - s q u a r e s  p rogram  on a 

l a r g e r  c o m p u te r ,  and ,  i d e a l l y ,  u s i n g  complex a tom ic  

s c a t t e r i n g  f a c t o r s ,  a l t h o u g h  th e  f a i l u r e  o f  th e  Born 

a p p r o x i m a t i o n  i s  n o t  to o  g r e a t  a p rob lem  i n  t h i s  s t r u c t u r e  

where  t h e  h e a v i e s t  atom has  an a tom ic  number o f  o n l y  s e v e n .
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The work d e s c r i b e d  i n  -P a r t s  I I  and I I I  o f  . th i s  

t h e s i s  was c a r r i e d  o u t  d u r i n g  th e  p a s t  two y e a r s  ( 1 9 6 7 - 6 9 ) .  

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

hy d ro g en  b o n d i n g ,  f o l l o w e d  by t h r e e  c h a p t e r s  d e s c r i b i n g  

s t r u c t u r a l  s t u d i e s  c a r r i e d  o u t  on t h e  a c id  s a l t s  o f  

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

s i n c e  t h e y  c o n t a i n  ’ v e r y  s h o r t 1 hydrogen  b o n d s .  C h a p te r  2 

d e s c r i b e s  an X - ra y  i n v e s t i g a t i o n  i n t o  t h e  s t r u c t u r e  o f  

c ae s iu m  hy d ro g en  s u c c i n a t e  m ono hy d ra te ,  w h i le  C h a p te r s  3 

and 4 d e s c r i b e ,  r e s p e c t i v e l y ,  X - r a y  and n e u t r o n  d i f f r a c t i o n  

s t u d i e s  o f  t h e  c r y s t a l  s t r u c t u r e  o f  p o ta s s iu m  hydrogen  

s u c c i n a t e .  P a r t  I I I  c o n t a i n s  d e t a i l s  o f  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  t h e  s t r u c t u r e s  o f  two p o ly p h o sp h a te  

compounds, t h e  c r y s t a l  s t r u c t u r e s  o f  which had p r e v i o u s l y  

b een  s o l v e d ,  b u t  n o t  to  a h ig h  d e g re e  o f  a c c u r a c y .

F o r  a d e t a i l e d  d i s c u s s i o n  o f  th e  t h e o r y  o f  X - r a y  

and n e u t r o n  d i f f r a c t i o n ,  t h e  . r e a d e r  i s  r e f e r r e d  to  t h e  

f o l l o w i n g  r e v i e w  a r t i c l e s  and t e x t b o o k s :

X - r a y  d i f f r a c t i o n :
H. L ip s o n  and W. Cochran (1 9 6 6 ) ,  "The D e t e r m i n a t i o n  

o f  C r y s t a l  S t r u c t u r e s " ,  3 rd  e d i t i o n ,  B e l l  and 
S o n s ,  London.

C.H. S t o u t  and L.H. J e n s e n  (1 9 6 8 ) ,  " X -ray  S t r u c t u r e  
D e t e r m i n a t i o n " , M a cm il lan ,  New York.
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e u t r c n  d i f f r a c t i o n :

C-. S .  Bacon (1S 6 2 ) ,  " N e u t ro n  D i f f r a c t  i o n ” ,
2nd e d i t i o n ,  Oxford U n i v e r s i t y  P r e s s .

G.E. Bacon ( 1 9 6 3 ) ,■ " A p p l i c a t i o n s  of  N e u t ro n  
D i f f r a c t i o n  i n  C h e m is t r y " ,  Pergamon 
P r e s s ,  London.

Ge W i l l  ( 1 9 6 9 ) ,  " C r y s t a l  S t r u c t u r e  A n a l y s i s
by N e u t ro n  D i f f r a c t i o n ,  I " ,  Angew. Chem. 
i n t e r n a t .  E d i t . ,  8 , 356 .



PART I I

CRYSTAL-STRUCTURE ANALYSES, BY X-RAY 

AND NEUTRON DIFFRACTION, OF COMPOUNDS 

CONTAINING 1 VERY SHORTf HYDROGEN BONDS



CHAPTER 1 

THE HYDROGEN BOND
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1 .1  INTRODUCTION

Towards t h e  end o f  th e  l a s t  c e n t u r y  i t  was r e c o g n i s e d  

( N e r n s t  , 1891) t h a t  s p e c i a l  c o n c e p t s  were n e c e s s a r y  t o  

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

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

c e r t a i n  f u n c t i o n a l  g r o u p s ,  such  as  h y d r o x y l  and amino 

g r o u p s ,  made a s s o c i a t i o n  more p r o b a b l e .  I n  1903,  Werner 

p r o p o s e d  t h a t  h y d ro gen  b o n d in g  o c c u r r e d  I n  ammonium s a l t s ,  

and a  few y e a r s  l a t e r ,  i n  1906, Oddo and Puxeddu p ro p o se d  

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

aao d e r i v a t i v e s  o f  e u g e n o l .  However,  i t  was n o t  u n t i l  

1920 t h a t  t h e  co nce p t  o f  t h e  h yd ro g en  bond was e x p l i c i t l y  

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

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

p h y s i c a l  and c h e m ic a l  p r o p e r t i e s  c o n n e c te d  w i t h  t h i s  

a s s o c i a t i o n ,  such  as  i t s  r e l a t i v e l y  h i g h  m e l t i n g  and 

b o i l i n g  p o i n t s .

S in c e  t h a t  t i m e ,  hy d ro g en  b o n d in g  has  b e en  found  i n  

a l l  s t a t e s  o f  m a t t e r ,  and i n  many d i f f e r e n t  e n v i r o n m e n t s ,  

o f  w h ic h  p r o b a b l y  th e  most i m p o r t a n t  i s  i n  b i o l o g i c a l  

s y s t e m s ,  i n  which  hy drogen  bonds a r e  o f  ex trem e  im p o r tan c e  

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

and shape  o f  p r o t e i n  m o l e c u l e s ,  and p l a y  an e s s e n t i a l



d e o x y r i b o n u c l e i c  a c i d  (DNA) and r i b o n u c l e i c  a c i d  (RNA)

( C r i c k  and W atson ,  1 9 5 4 ) 0

1 . 2  PROPERTIES o f  HYDRQGSH BOIIDS

A h y d ro g en  bond e x i s t s  be tw een  a f u n c t i o n a l  g roup  

A-H and an a tom, o r  g roup  o f  atoms B i n  th e  same o r  a 

d i f f e r e n t  m o le c u le  when:

(a)  t h e r e  i s  e v id e n c e  o f  bond f o r m a t io n

( a s s o c i a t i o n  o r  c h e l a t i o n ) ,  and

(b) t h e r e  i s  e v id e n c e  t h a t  t h i s  new bond l i n k i n g

A-H and B s p e c i f i c a l l y  i n v o l v e s  t h e  

hy d ro g en  atom a l r e a d y  bonded to  A 

( P im e n te l  and M c C le l l a n ,  1 9 6 0 ) ,

Hydrogen bonds may be e i t h e r  i n t e r  -  o r  i n t r a m o l e c u l a r ,  

and a r e  u s u a l l y  formed o n ly  when th e  atoms A and B a re  

v e r y  e l e c t r o n e g a t i v e ,  e . g .  f l u o r i n e ,  oxygen,  n i t r o g e n ,  

c h l o r i n e .  O c c a s i o n a l l y ,  as i n  p r o t e i n  s t r u c t u r e s ,  

s u l p h u r  can  a l s o  fo rm  b o n d s .  The en e rg y  of th e  bond i s  

u s u a l l y  o f  th e  o r d e r  o f  a few k i l o c a l o r i e s  p e r  m o l e , and 

as  su c h  i s  i n t e r m e d i a t e  i n  s t r e n g t h  be tw een  c o v a l e n t  bonds 

w i t h  e n e r g i e s  o f  30-100 k .c a l .m o le " * 1 , and t h e  v e ry  weak 

van d e r  Waals i n t e r a c t i o n s  i n v o l v i n g  e n e r g i e s  of a few 

t e n t h s  o f  a k i l o c a l o r i e .  However,  t h e r e  a re  a  f e w  v e r y



s t r o n g  h yd ro g en  bonds - i n  the  b i f l u o r i d e  io n  th e  e n e rg y  

o f  t h e  F • • «H*• *F bond i s  h i g h ,  b e in g  i n  th e  r e g i o n  of  

40 k . c a l . m o l e ” ^ ( H a r r e l l  and McDanie l ,  1964) .

As H -bond ing  may a l t e r  t h e  s i z e ,  s h a p e ,  and 

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

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

such  bonds  u s u a l l y  m o d i f i e s  a g r e a t  many o f  t h e  p h y s i c a l  

and a few o f  t h e  c h e m ic a l  p r o p e r t i e s  o f  th e  compound.

The most commonly o b s e rv e d  changes  a re  i n  th e  f r e q u e n c y  

s h i f t s  o f  t h e  i n f r a r e d  and Raman b a n d s ,  i n  t h e  a l t e r a t i o n  

i n  f r e e z i n g  and b o i l i n g  p o i n t s ,  i n  d e v i a t i o n  from  i d e a l  

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

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

1 .3  DETECT 10IT o f  HYDROGEN BONDS

O r i g i n a l l y ,  hy d ro gen  bonds were d e t e c t e d  i n d i r e c t l  

by  t h e  m ethods  o f  c l a s s i c a l  p h y s i c a l  c h e m i s t r y ,  such  as 

m o l e c u l a r  w e ig h t  d e t e r m i n a t i o n .  However, a t  t h e  p r e s e n t  

t i m e ,  th e  means o f  d e t e c t i o n  u sed  r e l y  m a in ly  on 

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

work on h y d ro g e n  b o n d in g  i n  t h i s  t h e s i s  i s  c o n f i n e d  to  

s i n g l e  c r y s t a l s ,  we s h a l l  r e s t r i c t  o u r  rem arks  to  t h e  

u s e  o f  t h e s e  t e c h n i q u e s  i n  t h e  s o l i d  s t a t e .



O I

I n f r a r e d  s p e c t r o s c o p y  i s . q u a l i t a t i v e  r a t h e r  t h a n  

q u a n t  i t  a t  i v e  , t h e r e  b e in g  c h a r a c t e r i s t i c  s h i f t s  i n  t h e  

A-H b e n d in g  and s t r e t c h i n g  f r e q u e n c i e s  when a bond 

i s  fo rm ed ,  n e v e r t h e l e s s ,  t h e r e  have b een  

s e v e r a l  a t t e m p t s  a t  e l u c i d a t i n g  a r e l a t i o n s h i p  b e tw ee n  

t h e  l o w e r i n g  i n  th e  s t r e t c h i n g  f r e q u e n c y ,  A v s and th e  

A*• -B d i s t a n c e  i n  th e  c r y s t a l l i n e  s t a t e .  I n  th e  most  

r e c e n t  o f  t h e s e  c o r r e l a t i o n s  (Bellamy and Owen, 1969) 

i t  i s  c o n c lu d e d  t h a t  f o r  each  ty p e  o f  atom p a i r ,  A*».B, 

t h e r e  i s  su ch  a r e l a t i o n s h i p ,  and f ro m  t h i s  i t  i s  

p o s s i b l e  to  p r e d i c t  t h e  A . . . B  d i s t a n c e  b u t  n o t  t h e  A-H 

bond l e n g t h .

However, most  o f  t h e  a c c u r a t e  i n f o r m a t i o n  about  

t h e  d im e n s io n s  o f  h y drogen  bonds has come f rom  X - r a y  and 

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

t h e i r  r e l a t i v e l y  lew s c a t t e r i n g  power,  t h e  h y d rog en  atoms 

c a n n o t  e a s i l y  be d e t e c t e d  by. X - r a y s , b u t  t h e  atoms A and 

B c a n ,  and hence  t h e  l e n g t h  o f  th e  bond .  Us ing  th e  much 

more e x p e n s i v e  method o f  n e u t r o n  d i f f r a c t i o n ,  even  t h e  

h y d ro g e n  atoms may be l o c a t e d  v e r y  a c c u r a t e l y .  T h is  

s u b j e c t  h a s  b e e n  rev ie w ed  by H a m il to n  ( 1 9 6 2 ) ,  I b e r s  

( 1 9 6 5 ) ,  and H a m il to n  and I b e r s  (1 9 6 8 ) .
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1 .4  0 • « »H « » »0 BO IT'D S .

Not o n l y  a r e  th e  l e n g t h s  o f  t h e  bends

o f  i n t e r e s t ,  b u t  a l s o  t h e  p o s i t i o n s  o f  t h e  H atoms w i t h i n  

t h e s e  b o n d s .  There  may be s a i d  to  e x i s t  t h r e e  p o t e n t i a l  

f u n c t i o n s  f o r  t h e  bond ( I b e r s ,  19 6 5 ) .  The f i r s t  f u n c t i o n  

c o n s i s t s  o f  an a sym m etr ic  d oub le  minimum, w i t h  one 

minimum s u b s t a n t i a l l y  lo w er  than, t h e  o t h e r ,  t h i s  p o t e n t i a l  

c o r r e s p o n d i n g  t o  t h e  sy s tem  AO-H«***OB, and to  an 

a sy m m e tr ic  h y d ro g en  bond .  The second p o s s i b l e  p o t e n t i a l  

f u n c t i o n  i s  sy m m et r ic ,  has  a s i n g l e  minimum, and 

c o r r e s p o n d s  to  a t r u l y  symmetr ic  hydrogen  bond .  The 

t h i r d  p o s s i b l e  f u n c t i o n  has  a sym m etr ic  doub le  minimum, 

and i f  t h e  b a r r i e r  i s  w e l l  above t h e  l e v e l  o f  t h e  ground 

s t a t e ,  c o r r e s p o n d s  t o  b o n d in g  i n  which  t h e r e  i s  an e q u a l  

d i s t r i b u t i o n  o f  and i . e .  t o  a s i t u a t i o n

where  t h e r e  i s  an e q u a l  chance  o f  f i n d i n g  t h e  p r o t o n  i n  

e a c h  o f  t h e  minima.

One would e x p e c t  t h a t ,  when i s  l a r g e ,

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

t y p e ,  b u t  as  t h e  d i s t a n c e  d i m i n i s h e s ,  t h e  0 -H

d i s t a n c e  would i n c r e a s e ,  and as s u g g e s t e d  by  g ra p h s  o f

^0-H vs Rq . . . O  (Nakamoto, M argoshes ,  and Rundle 1955;

P i m e n t e l  and M c C le l l a n ,  1 9 6 0 ) ,  a t  some 0 . . » 0  d i s t a n c e ,
o

p o s s i b l y  a b o u t  2 .35A ,  a t r u l y  s y m m e t r i c a l  h y d ro g en  .bond



would "be o b t a i n e d .  However,  t h e  q u e s t i o n  o f  what 0  ♦ • » 0  

d i s t a n c e  sh o u ld  c o r r e s p o n d  t o  a t r u l y  sy m m e t r i c a l  hydrogen  

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

(M a n o j lo v ic  and Speakman, 1967) f e e l i n g  t h a t  s y m m e t r i c a l

bonds sho u ld  be found  i n  t h e  r e g i o n  o f  a l o n g e r  0 « * * 0

o
d i s t a n c e  o f  be tw ee n  2 . 4  and 2*5A. Some r e c e n t  a d d i t i o n a l  

d a t a  ( C u r r i e ,  Speakman, and C u r ry ,  1967) s u g g e s t  t h a t  t h e  

P i m e n t e l  end M c C le l l a n  c u rv e  shou ld  r i s e  more s t e e p l y ,  

and t e n d  t o  s u p p o r t  t h i s  view o f  s l i g h t l y  l o n g e r  

symme t  r  i c  a l  hydro gen bond s •

Most o f  t h e  1 s h o r t f hydrogen  bonds which  have 

b e en  m easu red  c r y s t a l i o g r a p h i c a l l y  have been fo u nd  i n  th e  

a c i d  s a l t s  (MHXg) o f  t h e  monobasic  c a r b o x y l i c  a c i d s  (HX). 

I t  has  b e en  fou n d  ( S h r i v a s t a v a  and Speakman, 1961) t h a t  

t h e s e  a c i d  s a l t s  may be c l a s s i f i e d  i n t o  two t y p e s ,  A and 

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

as  a co nsequence  o f  t h i s ,  a c c o r d i n g  t o  t h e i r  i n f r a r e d  

s p e c t r a .  I n  Type A, t h e  r e s i d u e s  a r e  c r y s t a l l o g r a p h i c a l l y  

e q u i v a l e n t ,  and a r e  l i n k e d  by  a hydrogen  bond l y i n g  a c r o s s  

a  c r y s t a l l o g r a p h i c  symmetry e l e m e n t .  I n  Type B t h e  a c i d  

r e s i d u e s  a re  n o n - e q u i v a l e n t ,  one b e i n g  r e c o g n i s a b l e  as 

t h e  a n io n  (X~) and t h e  o t h e r  as t h e  f r e e  a c i d .  Subsequ en t  

i n v e s t i g a t i o n  by  i n f r a r e d  s p e c t r o s c o p y  has shown t h a t  t h e  

s p e c t r a  o f  t h e s e  two ty p e s  o f  s t r u c t u r e  f i t  i n t o  a much



b r o a d e r  c l a s s i f i c a t i o n  o f  t y p e s  o f  CHQ b o n d s .  This

c l a s s i f i c a t i o n  by Hadzi  and h i s  c o -w o rk e rs  ( B l i n e ,  Had s i ,

and Novak, 1960) d i v i d e s  th e  bonds i n t o  f o u r  t y p e s

a c c o r d i n g  t o  th e  o b s e r v e d  0-H s t r e t c h i n g  f r e q u e n c y .  F o r
o

0 #**p d i s t a n c e s  o f  l e s s  t h a n  2 , 6 0 A th e  r e s u l t a n t  

f r e q u e n c i e s  f a l l  i n t o  two d i s t i n c t  g r o u p s ,  one h a v in g  an 

a v e r a g e  0-H s t r e t c h i n g  f r e q u e n c y  o f  a b ou t  1700cm"-*-, and 

t h e  o t h e r  h a v in g  0-H s t r e t c h i n g  f r e q u e n c i e s  l y i n g  b e tw een  

2200 and 2500cm"'". These w o rk e rs  a s c r i b e  th e  f i r s t  o f  

t h e s e  g r o u p s ,  w hich  c o n t a i n s  a l l  Type A a c i d  s a l t s ,  to  

s t r u c t u r e s  h a v in g  a sym m etr ic  s ing le -m in im u m  p o t e n t i a l  

f u n c t i o n .  I t  has  a l s o  b e e n  s u g g e s t e d  (M a n o j lov ic  and 

Speakman, 1967) t h a t  t h e  symmetry o f  t o t a l  en v i ro n m en t  

i n  t h e s e  Type A a c i d  s a l t s  m ight  f a v o u r  t h e  e s t a b l i s h m e n t  

o f  i n t e r n a l  symmetry i n  th e  H b o n d s .

U n f o r t u n a t e l y ,  i n  t h e  c a se  o f  a c i d  s a l t s  o f  Type A, 

a s im p le  d e t e r m i n a t i o n  o f  th e  '0 * « * 0  d i s t a n c e  i s  n o t  enough 

t o  e v a l u a t e  t h e  0-H d i s t a n c e ,  and c o n s e q u e n t l y  to  

d i s t i n g u i s h  b e tw ee n  a doub le  minimum p o t e n t i a l  w i t h  low 

b a r r i e r ,  and a s ing le -m in im um  p o t e n t i a l .  S in c e  b o th  

p o t e n t i a l s  a r e  e q u a l l y  c o n s i s t e n t  w i t h  th e  c r y s t a l l o g r a p h i c  

sym m etry ,  t h e  t y p e  o f  p o t e n t i a l  f u n c t i o n  c a n n o t  be 

d e t e r m i n e d  by  X - r a y  o r  n e u t r o n  d i f f r a c t i o n  m ethods  a l o n e .

I n  one a n a lo g o u s  c a s e ,  t h e  b i f l u o r i d e  i o n ,  however ,  f rom
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s p e c t r o s c o p i c  f r e q u e n c i e s ,  i t  eras p o s s i b l e  to  c a l c u l a t e  th e  

d i f f e r e n c e  i n  t h e  a m p l i tu d e s  o f  v i b r a t i o n  o f  H and P a lo n g  

th e  b o n d 5 and f rom  t h i s  i t  mas co nc lud ed  t h a t  th e  HP2 " io n  

has  a s i n g l e  minimum., and t h a t  t h e  bond i s  t r u l y  s y m m e t r i c a l  

( I b e r s ,  1 9 6 4 ) .

The c h i e f  d i f f i c u l t y  about  s t u d y i n g  t h e  s h o r t

h yd ro g en  bonds i n  Type A a c id  s a l t s  by d i f f r a c t i o n  methods

i s  t h a t  c r y s t a l l o g r a p h i c  symmetry i s  imposed on th e  p o s i t i o n

o f  t h e  h y d rog en  a tom. However, i f  t h e r e  i s  no c r y s t a l l o -

g r a p h i c  symmetry imposed on th e  bond ,  t h e n  t h e

s i t u a t i o n  i s  s i m p l i f i e d  s i n c e  t h e  hydrogen  atoms a re  n o t

c o n s t r a i n e d  t o  any p a r t i c u l a r  p o s i t i o n .  Up t i l l  t h e  p r e s e n t

t im e  t h e r e  has  been  found  o n ly  one such c a se  -  p o t a s s i u m

h ydrogen  c h l c r o m a l e a t e  ( E l l i s o n  and Levy, 1 9 65 ) ,  i n  which

t h e  c a rb o x y l& te  g roups  a re  a lm o s t  i d e n t i c a l ,  and i n  which

th e  p r o t o n  i s  n o t  s i g n i f i c a n t l y  removed f rom  t h e  m i d - p o i n t
o

o f  t h e  0• • • 0 d i s t a n c e  o f  2 .4 1 1 (5 )A .  This  sys tem  was 

i n v e s t i g a t e d  by  n e u t r o n  d i f f r a c t i o n ,  b u t  even h e re  th e  

e r r o r s  i n  t h e  l e n g t h s  o f  0*»«0 and 0-H do no t  a l l o w  one 

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

i t  a p p e a r s  v e r y  l i k e l y .  I n  th e  o t h e r  c a s e s  where  t h e  

h yd ro g en  bond l a c k s  c r y s t a l  symmetry e . g .  p o t a s s iu m  

h yd ro g en  o x a l a t e  ( P e d e r s e n ,  1 9 6 8 ) ,  and ammonium t e t r o x a l a t e  

( C u r r i e ,  Speakman and C u r ry ,  1967) t h e r e  i s  d e f i n i t e



e v id e n c e  t h a t  t h e  bond i s  a sy m m e t r i c ,  a l t h o u g h  i n  t h e s e
o

c a s e s  t h e  0  • • * 0  d i s t a n c e s  t e n d  to  be l o n g e r  t h a n  2 . 5 0 A.

I n  th e  work on hydrogen  b o n d ing  p r e s e n t e d  i n  

t h i s  t h e s i s ,  t h e  s t u d y  o f  a c i d  s a l t s  was e x te n d e d  i n t o  

the- a c i d  s a l t s  o f  th e  d i b a s i c  c a r b o x y l i c  a c i d s ,  i n  o r d e r  

t o  see  i f  t h e  s i t u a t i o n  was a n a lo g o u s  to  t h e  m onobas ic  

c a s e .  T h is  has  i n  f a c t  p roved  to  be so i n  t h e  examples  

s t u d i e d .



CHAPTER 2

THE CRYSTAL STRUCTURE OF CAESIUM 

HYDROGEN SUCCINATE MONOHYDRATE



The c r y s t a l  s t r u c t u r e s  o f  many of  t h e  a c i d  s a l t s  o f  

m onobas ic  c a r b o x y l i c  a c i d s  have b e en  s t u d i e d  by  Speakman 

(1.967), and o t h e r s .  However, when t h i s  a n a l y s i s  was 

u n d e r t a k e n ,  l i t t l e  i n f o r m a t i o n  was a v a i l a b l e  on  t h e  a c i d  

s a l t s  o f  d i b a s i c  c a r b o x y l i c  a c i d s ,  th e  most  a c c u r a t e  

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

m a l e a t e  (Darlow and C och ran ,  1 9 6 1 ) ,  and p o t a s s i u m  h y d ro g en  

c h l o r o m a l e a t e  ( E l l i s o n  and Levy, 1 9 6 5 ) ,  i n  w h ich  t h e r e  

a r e  v e r y  s h o r t ,  s y m m e t r i c a l ,  i n t r a m o l e c u l a r  h yd ro g en  

b o n d s .

Caesium h y d ro gen  s u c c i n a t e  m onohydra te  was t h e  

f i r s t  o f  t h e  a c id  s a l t s  o f  t h e  lo n g  c h a i n  s a t u r a t e d  

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

when t h e  a n a l y s i s  was s t a r t e d ,  t h e  c r y s t a l s  were  th o u g h t  

t o  be t h o s e  o f  t h e  anhydrous  m a t e r i a l .  The a n a l y s i s  was 

o r i g i n a l l y  c a r r i e d  o u t  i n  o r d e r  t o  t r y  to  d e te r m in e  

w h e t h e r  t h e  s i t u a t i o n  was a n a lo g o u s  to  t h a t  found  i n  

t h e  Type A a c i d  s a l t s  o f  t h e  m onobas ic  a c i d s  i n  which  

t h e  r e s i d u e s  a r e  c o n n ec te d  by  Tv e r y  s h o r t 1 h y d ro g en  

b o n d s ,  and i n  w h ich  b o t h  c a r b o x y l  g ro up s  a re  e q u i v a l e n t ,



o r  t o  t h a t  found  i n  Typo B a c id  s a l t s  i n  t h a t  th e  s a l t  

sho u ld  be r e p r e s e n t e d  by t h e  f o rm u la

Cs+ “ O2 C - CK2  -  CHg -  CO2 H .#2°  > 

i n -which t h e  c a r b o x y l  g roups  a r e  n o t  e q u i v a l e n t  

( S h r i v a s t a v a  and Speakman, 1 9 6 1 ) ,

I n  f a c t  t h e  s i t u a t i o n  i s  found  to  be  a n a lo g o u s  

t o  t h a t  I n  Type A a c i d  s a l t s ,  t h e  c a r b o x y l  g roups  b e i n g  

c r y s t a l l o g r a p h i c a l l y  e q u i v a l e n t .  The a n io n ,  which  i s  

b e t t e r  r e p r e s e n t e d  as  i n  t h e  sequence

O2C " CH2 — CH2 “ CO22 

i s  l i n k e d  i n t o  i n f i n i t e  c h a i n s  by  hydrogen  bonds l y i n g  

a c r o s s  c e n t r e s  o f  i n v e r s i o n .

2 . 2  EXPERIMENTAL 

P r e p a r a t i o n

C r y s t a l s  o f  c ae s iu m  hy drogen  s u c c i n a t e  

m onohydra te  (CESUC), were  p r e p a r e d  i n  much t h e  same way 

as  t h o s e  o f  p o t a s s i u m  h y drogen  s u c c i n a t e  ( M a r s h a l l  and 

Cameron, 1 9 0 7 ) ,  e x c e p t  t h a t  c ae s iu m  c a r b o n a t e  was 

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

t o  b o i l  o f f  a l l  t h e  c a r b o n  d i o x i d e  which  was e v o lv e d .



Caesium hyd rog en  s u c c i n a t e  m o n o h y d ra te ,  

CSHC4 H4 Q4 .H2 O. F.W. = 268*0 ,  M o n o c l in i c ,

a  s 5 . 8 2 ( 2 ) ,  b = 1 3 . 6 7 ( 4 ) ,  c = 4 .7 8 ( 1 ) A ,
.  o

P = 9 8 . 2 ( 0 . 5 ) ° ,  U = 3 7 6 .4  A3 , Dm = 2 . 3 6 ,

Z = 2 ,  Dc = 2 . 3 7 ,  F(000) = 252 ,  L i n e a r  a b s o r p t i o n

c o e f f i c i e n t  f o r  Cu -  Ka X - r a y s ,  |i = 385 cm"-*-.

Space  Group P2i /m  (No. 1 1 ) .

C r v  s t  a l i o  g ra p h  1c Me as u r  eirtent s

R o t a t i o n ,  o s c i l l a t i o n ,  and e q u i -

i n c l i n a t i o n  W e is s e n b e rg  p h o t o g r a p h s ,  t a k e n  w i t h  Cu - K a 
o

( X -  1.5418A) r a d i a t i o n ,  i n d i c a t e d  t h a t  t h e  c r y s t a l  

b e lo n g e d  t o  t h e  M o n o c l in ic  s y s t e m ,  and t h e  s y s t e m a t i c  

a b se n c e  o f  Old) r e f l e x i o n s  when k was odd i n d i c a t e d  t h a t  

t h e  c r y s t a l  b e lo n g e d  t o  one o f  two p o s s i b l e  sp a ce  g r o u p s ,  

P 2 i  (No. 4) o r  P2q/m (No. 1 1 ) .  I n  an e f f o r t  t o  

d i s t i n g u i s h  s t a t i s t i c a l l y  b e tw een  t h e  sp a ce  g r o u p s ,  

W i l s o n  Ratio T e s t s  were  c a r r i e d  o u t  on th e  hkO and Oki 

r e f l e x i o n s  s e p a r a t e l y ,  and on a l l  r e f l e x i o n s  t o g e t h e r ,  

and t h e  r e s u l t s  compared w i t h  t h e  v a l u e s  p r e d i c t e d  by 

Sim (1 9 5 8 ) ,  b u t  t h e  r e s u l t s  were  i n c o n c l u s i v e .

T h e r e f o r e  t h e  more sy m m e t r i c a l  o f  t h e  two sp a ce  g ro up s ,



P2i/ra  was c h o s e n ,  end th e  c h o ic e  a p p e a r s  t o  have "been 

b o rn e  o u t  by  t h e  r e f i n e m e n t .  S in c e  t h e r e  a r e  two 

f o r m u la  u n i t s  p e r  u n i t  c e l l ,  send th e  space  g roup  ch o sen  

has  f o u r  e q u i v a l e n t  p o s i t i o n s ,  a consequence  o f  t h i s  

c h o ic e  i s  t h a t  t h e  asym m etr ic  u n i t  o f  the  c e l l  must  

c o n t a i n  h a l f  a  s u c c i n a t e  r e s i d u e ,  and th e  cae s iu m  io n  

and th e  w a t e r  m o le c u le  must  l i e  i n  s p e c i a l  p o s i t i o n s ,  

i n  t h i s  c a s e  t h e  m i r r o r - p l a n e .

D a t a  C o l l e c t i o n

A c r y s t a l  o f  d im e n s io n s  1 .4  x  0 .2  x  0 , 2  mm3  was 

s e l e c t e d  f o r  t h e  d a t a  c o l l e c t i o n ,  and was mounted abou t  

t h e  n e e d l e - a x i s , U n f o r t u n a t e l y ,  c r y s t a l s  o f  t h i s  

compound t e n d  t o  be e l o n g a t e d  a lo n g  th e  1 0 1  a x i s ,  as 

i n  t h i s  i n s t a n c e .  However,  s i n c e  a b s o r p t i o n  o f  X - ra y s  

by  t h e  c r y s t a l  c o u ld  n o t  p o s s i b l y  be n e g l e c t e d  3 , 9 ) ,

i t  was d e c i d e d  t o  c o l l e c t  e q u i - i n c l i n a t i o n  W e is s e n b e rg  

d a t a  a b o u t  t h i s  a x i s ,  and to  a p p ly  a r a t h e r  rough  

a b s o r p t i o n  c o r r e c t i o n ,  assuming t h a t  th e  c r y s t a l  c o u ld  

be  c o n s i d e r e d  as a p p ro x im a t in g  to  a c y l i n d e r  o f  r a d i u s  

0 . 1  mm ( B u e rg e r ,  1 9 6 7 ) ,

To f a c i l i t a t e  d a t a  c o l l e c t i o n ,  t h e  r e f l e x i o n s  

were i n i t i a l l y  in d e x e d  i n  t h e  B - c e n t r e d ,  n o n - s t a n d a r d  

sp ace  g ro up  B2 q/m, [ T r a n s f o r m a t i o n  m a t r i x  f rom  P2i /m  =



( 1 0 1 , 0 1 0 , 1 0 1 ) ]  and t lie r e c i p r o ca  1  - 1  a t t i c e  n e t s  0 k I  t o  

6 k^ were  r e c o r d e d  u s i n g  Cu - Ka r a d i a t i o n .  I n t e n s i t i e s  

were  e s t i m a t e d  v i s u a l l y  f rom  m ult  i p  l e - f i  Ira p h o t o g r a p h s ,  

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

f a c t o r  A*, w hich  i s  g i v e n  by th e  e q u a t i o n ,

A* = co s v [ A* ( pR secV,  y / 2 ) ]  ,
2 2 —i n  w h i c h  s i n y / 2  = s e c v  ( s i n  9 -  s i n  v ) 2 ,

v i s  th e  e q u i - i n c l i n a t i o n  a n g l e ,  and A* i s  th e  a b s o r p t i o n  

c o r r e c t i o n  f a c t o r  r e c o r d e d  i n  I n t e r n a t i o n a l  T a b le s  f o r  

X - r a y  C r y s t a l l o g r a p h y  (1962) V o l .  I I .

The i n t e n s i t i e s  o f  a l l  r e f l e x i o n s  were  c o n v e r t e d  

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

L o r e n t z ,  p o l a r i s a t i o n ,  and r o t a t i o n  f a c t o r s  ( T u n e l l ,  1 9 3 9 ) .  

The n e t s  were  t h e n  p l a c e d  on a common s c a l e  by  c o m p a r iso n  

w i t h  common r e f l e x i o n s  f rom  an hkO n e t  ( o f  space  g roup  

P2 i / m ) , r e c o r d e d  f ro m  a d i f f e r e n t  c r y s t a l .

S t r u c t u r e  D e t e r m i n a t i o n

The s t r u c t u r e  was o r i g i n a l l y  s o lv e d  i n  th e  c - a x i s  

p r o j e c t i o n  o f  th e  sp ace  g roup  P2q/m (MeAd am, 1 9 6 6 ) .

The p o s i t i o n  o f  t h e  c ae s iu m  i o n  was found  f ro m  

a  sh a rp e n e d  P a t t e r s o n  map. A s e t  o f  s t r u c t u r e - f a c t o r s ,  

p ha sed  on t h e  p o s i t i o n  o f  t h e  c ae s iu m  io n  r e s u l t e d  i n  an 

R - f a c t o r  o f  0 . 3 1 .  The o b s e r v e d  s t r u c t u r e  f a c t o r s  were



t h e n  c o u p le d  w i t h  s i g n s  a s s o c i a t e d  w i t h  th e  cae s iu m  io n  

i n  a two -d im ens  i o n a l  F o u r i e r  summation,  and t h e  r e s u l t i n g  

e l e c t r o n - d e n s i t y  p r o j e c t i o n  r e v e a l e d  a l l  t h e  o t h e r  n o n 

h y d ro gen  atoms e x c e p t  th e  oxygen o f  th e  w a t e r  m o le c u l e ,  

t h e  e x i s t e n c e  o f  which  was n o t  s u s p e c t e d  a t  t h a t  t i m e .

A d i f f e r e n c e  s y n t h e s i s ,  ba sed  on th e  a m p l i tu d e s  

o f  ( |Fo| -  |Fcs |  ) ,  and p h a se s  a p p r o p r i a t e  to  t h e  c a e s iu m  

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

oxygen atoms more c l e a r l y ,  i n c l u d i n g  th e  oxygen o f  th e  

w a t e r  m o le c u le  l y i n g  on t h e  m i r r o r - p l a n e  a t  y  = -J-, and 

which  h a d ,  up t i l l  t h a t  t i m e ,  b een  assumed t o  be a 

d i f f r a c t i o n  r i p p l e  a s s o c i a t e d  w i t h  th e  caes ium  i o n .

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

(611 p l a n e s ) ,  a t h r e e  d i m e n s i o n a l  P a t t e r s o n  s y n t h e s i s ,  i n  

t h e  s p a c e - g r o u p  B2 ]y m, r e v e a l e d  t h e  z - c o - o r d i n a t e  o f  t h e  

c ae s iu m  i o n ,  and a s e t  o f  s t r u c t u r e  f a c t o r s . ,  phased  on t h e  

p o s i t i o n  o f  t h i s  i o n  a l o n e ,  r e s u l t e d  i n  an o v e r a l l  R -va lue  

o f  0 . 2 7 .  A F o u r i e r  summation,  b a s e d  on t h e s e  s t r u c t u r e -  

f a c t o r s  r e v e a l e d  t h e  tx^o oxygens o f  t h e  c a r b o x y l  g r o u p .  

Three  f u r t h e r  c y c l e s  o f  s t r u c t u r e  f a c t o r s  and F o u r i e r  

s y n t h e s e s  r e v e a l e d  a l l  t h e  o t h e r  oxygen and c a r b o n  a tom s ,  

and r e s u l t e d  i n  a f i n a l  R -v a lu e  o f  0 . 2 1 .

The i n d i c e s  and c o - o r d i n a t e s  o f  the  atoms were
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t h e n  t r a n s f o r m e d  t o  t h o s e  a p p r o p r i a t e  to  t h e  s t a n d a r d  

space  g ro u p  and r e f i n e m e n t  c o n t i n u e d  by  l e a s t -

s q u a r e s  n e t h o d s ,

S t r u c t u r e  R ef inem en t

R ef in em en t  o f  one s c a l e  f a c t o r  and t h e  p o s i t i o n a l

and v i b r a t i o n a l  ( i s o t r o p i c  and a n i s o t r o p i c )  p a r a m e t e r s ,

by  f u l l - m a t r i x ,  l e a s t - s q u a r e s  m e th o d s ,  converged  a f t e r

e i g h t  c y c l e s ,  w i t h  R and R 5 h a v in g  f i n a l  v a lu e s  o f  0 .1 4 5

and 0 . 0 3 4  r e s p e c t i v e l y .  I n i t i a l l y ,  two c y c l e s  o f

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

p a r a m e t e r s  o f  a l l  a to m s ,  and u s i n g  a u n i t a r y  w e i g h t i n g

scheme,  r e d u c e d  R to  0 . 1 8 8 .  Three  more c y c l e s  o f

i s o t r o p i c  r e f i n e m e n t  r e d u c e d  R t o  0 . 1 7 0 ,  and t h e

r e f i n e m e n t  f i n a l l y  converged  to  an R v a lu e  o f  0 .1 4 5  a f t e r

a  f u r t h e r  t h r e e  c y c l e s  o f  r e f i n e m e n t  i n  w hich  t h e  t h e r m a l

p a r a m e t e r s  were v a r i e d  a n i s o t r o p i c a l l y .

A w e i g h t i n g  scheme' o f  t h e  fo rm ,

J v  = { [ l  -  e x p ( - p 1 ( s i n S / h ) 2 ) ] / [ l  + P2 I I ] } 2 »

was u se d  t h r o u g h o u t  t h e  l a s t  s i x  c y c l e s  o f  r e f i n e m e n t ,

t h e  p a r a m e t e r s  pq and pg b e i n g  a d j u s t e d  so t h a t
2

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

b a t c h e d  a c c o r d i n g  t o  s i n  8 A  and 1F | , were  o b t a i n e d .

The f i n a l  v a l u e s  o f  pq and pg were  5 and 0 . 1  r e s p e c t i v e l y .
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The o b s e r v e d  s t r u c t u r e  a m p l i tu d e s  and f i n a l  

c a l c u l a t e d  s t r u c t u r e  f a c t o r s  a re  g iv e n  i n  Table  2 . 3 , and 

an a n a l y s i s  o f  th e  agreem ent  i s  t a b u l a t e d  i n  Table  2 . 4 .

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

s c a t t e r i n g  f a c t o r s  f o r  oxygen and ca rb o n  were  t a k e n  f rom 

I n t e r n a l 5 . o n a l  T a b le s  (1962) , and t h a t  f o r  Cs+ f rom  S a g e l  

( 195S) .

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

and 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  f o r  a l l  atoms a r e  g iv e n  

i n  T ab le  2 . 1 ,  and v i b r a t i o n a l  p a r a m e te r s  I n  T ab le  2 , 2 .

The l a t t e r  a r e  t h e  v a l u e s  o f  T3h j  i n  t h e  e x p r e s s i o n ,

exp[-2V!2 (Ui:ih 2a + U22k 2b * 2 + U3 U 2 c*2 + 2U23k«b*c*

+ 2U-, Ahc*a* + 2 b ' h k a * b * ) ]31  12  J •

2 .3  RESULTS and DISCUSSION

The s t r u c t u r e  i s  shown i n  F i g u r e s  2 . 1 ,  and 2 . 2 ,  

w h ich  show th e  £  and b a x i a l  p r o j e c t i o n s  r e s p e c t i v e l y .

I n  th e  second  f i g u r e ,  i n  o r d e r  to  avo id  c o n f u s i o n ,  o n ly  

t h e  s u c c i n a t e  r e s i d u e  a t  y  = 0 , t o g e t h e r  w i t h  t h e  w a t e r  

m o le c u le  and c a e s iu m  io n  l y i n g  on t h e  m i r r o r - p l a n e  a t  

y  = i ,  a r e  shown. These f i g u r e s  show th e  num ber ing  o f  

t h e  atoms i n  t h e  c r y s t a l - c h e m i c a l  u n i t ,  and t h o s e  atoms 

o f  th e  s u c c i n a t e  r e s i d u e  which  a re  c o n t a i n e d  i n  t h i s  

a r e  j o i n e d  by  shaded  b o n d s .  Table  2 . 6  l i s t s  th e  more
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( 4 \ / ‘CXSUC: fractional (x, y, z , x 10 ) and orthogonal (X , Y, Z
0 3 1 1in A, x 10 ) co-ordinates. (X and Z are, respectively,

parallel to a* and _c; X is perpendicular to them both).

X Z  ' z_
tX I

tZ

Cs,4' 533 2500 7524 307(2) 3420 3552(3)

0(1) 2628 1089 2695 1514(22) 1489(20) 1070(26)
0(2) 1151 -391 3421 663(19) -535(17) 1540(22)

0(3) 5953 2500 2779 3429(27) 3420 834(29)
c(D 2729 196 2279 1572(36) 268(28) 863(32)
G(2) 4042 -318 450 2328(34) -435(25) -120(32)



Table  2 ,2

0 2 4CESUC: v i b r a t i o n a l  p a ra m e te r s  (A x 10 ) .

S t a n d a r d  d e v i a t i o n s  a r e  g iv e n  i n  

p a r e n t h e s e s .

U 1 1 U 2 2 U33 2U23

1—
1

!=>CM

2 U 1 2

Cs+ 628(18) 466(12) 683(21) 0 303(28) 0

0 ( 1 ) 574(106) 576(99) 950(160) -134(189) 686(231) -7 9 (1 6 5 )

0 ( 2 ) 461(89) 507(82) 779(128) -129(163) 1153(218) -2 0 4 (13 8 )

0(3) 637(134) 244(82) 806(187) 0 17(285) 0

C(l ) 882(196) 586(130) 530(165) 140(213) -3 1 6 (32 2 ) 181(258)

C(2 ) 764(178) 509(112) 5 7 8 ( 1 6 8 ) -9 0 (2 0 4 ) 456(338) 134(234)



T a b le  2 L3

CESUC: Observed s t r u c t u r e  a m p l i t u d e s  and 

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

B X L Po Pc

- 5  y 1 17.° *17.5
-5 1 1 9.8 - 4 . 9
-5 2 1 34.4 31.9
-5 3 1 5.7 1.3
-5 4 1 21.0 -25.3
-5 5 1 11.0 -8.7
-5 6 1 23.2 21.6
-5 7 1 5-J -1.3
-5 3 1 11.6 -14.8
-5 9 1 7.6 -5.1
-5 to 1 13.4 I6 . 0
-5 tl 1 3.3 1.9
-5 12 1 6.7 -12.1
-4 u 0 15.1 5.2
.4 U 1 3U5 -28. *

0 2 20.0 -19.5
-4 1 0 *3.9 43.4
-4 1 1 8.9 4 .5
-4 1 2 y y . s - 3 4 .4
-4 2 u *§•2 -11.9
-4 2 1 3 6 .6 42.0
-4 2 2 12.1 2.3
-4 3 0 37.0 -35*4
-4 3 1 27.4 -23.5
-4 3 2 *0.4 41.1
-4 4 0 6.9 -3.7
.4 4 1 30.3 - 3 0 .6
.4 4 2 7.9 -4.3
-4 5 O 3**3 35.3
-4 5 1 3.3 6.2
-4 5 2 25.3 - 2 2 .6
.4  o 0 13.1 -7.1
.4 6 1 2 3 .6 23.3
.4 6 2 9*3 6.8
-4 7 0 2 6 .0 -29.1
-4 7 1 U . 8 -7*9
-4 7 2 3 6 .6 33.5
•4 8 0 15.2 10.1
-4 8 1 22.2 -23.4
.4  3 2 13.2 -9.4
-4 9 C 22.2 24.4
-4 9 1 4.6 4.3
-4 9 2 21.3 -17.0
-4 JO 3.3 3*3
-4 JO 1 13.0 17.3
-4 10 2 4.7 1.1
-4 11 0 15.9 -15.5
-4 11 1 12.3 -3.6
-4 11 2 16.4 17.9
-4 12 0 3.6 5*2
-4 12 1 14.5 -15.1
-4 12 2 3.6 - 2 . 0
-4 13 J 13.1 14.5
-4 13 1 2.9 3.5
-4 13 2 1 0 ,9 -li /
-4 14 1 9.4 6.7
-4 14 2 3.3 4.3
-3 y 1 5 2 .0 -53.3
-3 1 1 2 9 .2 2 d.*
-3 1 2 15.4 - 2 6 .0
-3 2 1 56.4 63.1
-3 2 2 18.3 2 0 .5
-3 3 1 *3.6 - 3 6 .0
-3 3 2 40.1 *9.7
- 3  4 1 36.5 -31.3
- 3  4 2 27.2 -27.4
-3 5 1 25.7 20.0
-3 5 2 2 6.5) -24.2
-3 6 1 *3.2 *5.3
-3 6 2 21.3 1^».1
-3 7 1 32.1 -2 6 .2
-3 7 2 29.5 25.3

" 2  §
1 *o.2 —42.8
2 21.2 - 1 6 .8

-3 9 1 13.5 13.4
•3 9 2 21.7 -17.3
-3 *> 19.2 Ib.o
-3 to 2 16,4 13.9
-3 11 1 21.0 -lo.o
•3 11 2 22.6 19.5
•3 12 1 24.8 -23.5
-3 12 2 10.0 -9*1
-3 13 I 11,8 8.2
-3 13 1 0 .3 -10.6
-3 14 1 14.5 12.6
-3 14 2 7,(| 7.6
-3 15 1 7.0 -7*0
-3 15 2 5.5 5.9
-2 0 3 2 6 .5 24.1
•2 1 1 70.3 75.4
-2 1 2 37.3 -37.9
.2 1 3 33*2 -3o.3
-2 2 1 *9.8 48.6
*2 2 2 32.7 43.^
-2 2 3 2«.9 -19.3
-2 3 1 16.7 -18.2
-2 3 2 *7.8 45.9
-2 3 3 19.9 17.9
•2 4 1 31.5 -27.d
-2 4 2 58.3 -61.5
«2 4 3 23.* 2 j .2
-2 5 I .67.1 6 1 .2

K X L 7o Pc

-2 5 2 23*5 -22.6
-2 § 3 29.5 -30.6
-2 1 33*4 23.5
•2 6 2 39.3 36.1
-2 6 3 .13.4 -15.3
-2 7 1 37.o -29.9
.2 7 2 *«.7 37*6
-2 7 3 23.2 21.8
-2 5 1 23.9 -2 7 .2
-2 8 2 24.7 -22.6
.2 8 3 17.6 U.4
-2 3 1 *3.2 40.)
_2 2 19.1 - 1 5 .0
-2 9 3 19.5 -20.1
-2 lo 1 13.0 13.5
-2 10 2 37.4 34.4
-2 10 3 13.7 -11.6

11 t 13.9 -11.1
-2 11 25.9 20.4
-2 11 3 9.7 VO.5
-2 12 1 2C.1 -16.5
-2 12 2 17.3 -15.1
-2 12 3 9.3 8.4
-2 13 1 22.t> 20.3

13 2 12.2 -10.3
-2 13 3 9.8 - 1 0 .5
-2 14 1 9*0 7.4
-2 14 2 13.6 14.3
-2 14 3 4.6 -5*6
-2 15 1 11.6 -11.9
-2 1; 2 9.0 9.1

16 1 6.7 -7.1
-2 16 2 4.9 -8.2

a 59.2 -75.2
u 3 11.2 8.3
0 29.8 2 3 .6
1 2 3i.o -33*7_ 1 3 4 9 .5 -*3.4_ 1 4 17*5 10.2_ 2 1 36.3 *5.0_ 2 39.9 41.2
2 3 1 6 .1 -11.9
2 4 27.S -24.1
3 1 64.8 -79.2
3 2 13.4• 3 3 40,3 38.7
3 4 4.0 -2.1

1 3 3 .6 -40.5.. 6 2 6 0 ,1 -56.2
3 23.0 1 7 .a

4 4 13,5 18.9
73.3 86.3

5 2 34.3 - 2 7 .2
5 3 -4.3.5

1 0 ,5
'6 22.9 15.8
6 2 44,6 43.9_ 3 13.9 -9.6
6 4 1 7 .2 -20.3
7 •=,3 .6 -52.1• 7 2 11.3 7.9
7 3 22.8 23.1
7 -5.2
3 10,8 -9 . 0
8 2 32.7 -32.0
0 3 4.9 2.1
8 4 13.1 14.9
9 54.2 5 1 .6„ 9 2 10.0 -13.3
3 3 30.3 -33.0_ 9 4 7.6 S.*

10 23.6 20.8
10 2 31 .c 31.2
10 3 14.5 -12.0
10 4 9 .3 -12.2
11 3 6 .6 -34.4
11 2 4.3 -1.3
n 3 1 6 .0 17.1
11 3.o -1.3
12 17.2 -10.9
12 2 I0 . 9 - 1 6 .0
12 3 6.6 S3
12 4 5.9 0.7
13 2 7 .6 24.9
t3 t 11.3 -9.1
13 3 15.2 -16.3
13 3.0 2.8
1c 1 7.5 5*5
14 2 15.6 17.4
14 3 -3.5
18 1 21.5 -13.9
15 2 2.7 4.3
15 3 5.7 10.3
16 1 -*.?
16 2 6 . 0 -8.1
17 1 1 0 .7 11.5
u 2 9*.5 -V 0.0
G 3 15.5 12.5

> .5 3’V9
I 1 1 *2.8 69*3

1 2 IS.*
1 3 3 1 . a -33*7

H K L Po Pc

0 1 4 4 .9 -2.1
0 2 1 1 3 .1 5.3
0 2 2 59.1 63.6
0 3 12.8 8.3
0 2 4 23.1 -23.2
0 2 5 3'. 8 0 . 6
0 3 1 6 9 .4 -54.6
0 3 2 1*.2 -£.1
0 3 3 42.9 43.5
u 3 «.9 5.1

3 5 13.0 -12.9
0 4 93.2 113.4
0 4 1 5.7 6.2
0 4 2 54.3 - 6 0 .5
0 3 4.4 2.5
u 4 19.9 23.7
0 4 5 3.7 1.9
0 5 1 6 9 .8 73.3
0 2 7.3 - 4 .0
G 5 3 2 6 .2 -23.3
0 5 4 4.7 2.3
0 5 5 9*9 9.9
0 u 8 0 .1 -73.7
0 1 7.0 5.7
0 6 2 *9,6 57.6
0 6 3 4 .5 - 1 .0
0 6 4 1 6 .0 -19.5
0 6 5 3.3 0.9

1 33.9 -33.2
0 7 2 13.8 -10.3
0 7 3 2 6 .9 30.7
0 7 4 4.5 7.6

7 5 8.7 -9.0
0 5 0 63.4 71.5
0 3 1 «.t 2.1
u a 2 48.7 -51.0
0 3 3 4.5 -1.3
0 3 4 14.6 20.1

3 5 2.8 0 . 7
0 9 t 42.3 44,6
u 9 2 0 .0 -1.2
0 1 6 .1 -15.0
0 9 4 3.9 2.3
0 9 5 5.9 6,9
u to 0 51.7 -45.9
0 10 1 0 .0 1.1
0 10 2 31.0 30.3
0 10 3 4.1 -2.6
0 10 4 3.6 -11.7
0 11 1 33.3 -35.8
0 11 2 0 . 0 - 2 .0
0 11 3 16.1 9 ; ,1

11 3.o 3.2
0 12 0 25.2 26.7
c 1 0 , 0 0.2
u 12 2 27.9 -25.2
u 12 3.5 -3.2
0 12 7.o 1 0 .6
u 13 1 19.5 16.3
0 13 2 0 , 0 2 . 0
0 13 3 7.3 -10.4
0 14 36.3 -33.5
u 14 1 0 , 0 -0 .0
0 14 2 2 2 .3 2 0 .1
0 14 3 2.4 -2*9
0 15 15.9 - 1 6 .1
u 15 2 G.O -0 .6
0 15 3 4.9 s.o
0 16 14.7 1 3 .7
0 15 0 . 0 - 0 .8

16 2 9.1 -13.0
0 17 6.1 ^9.0
1 36.5
1 0 2 4 9 .8 -55.4
1 3 1 0 .9 -7*7
1 4 13.1 14.6
1 1 u 28.3 -37.6
1 1 6 9 .2 32.8
1 1 2 23.3 21.7
1 1 3 *3*2 -37*2
1 1 1 0 .7
1 £ c 84.1 -77.7
1 2 79.9 -8«.o
1 2 43.5 fto.u
1 2 3 2 9 .1 22.4
1 2 1 8 .9 -22.0
1 3 G 13.6 11.7
1 3 6c.3 -71.2
1 3 2 14.1 -9 .4
I 3 3 37.2 35.2
1 3 4 4 .3 2.9
1 a 57.3 7o .2
1 24, 1 2- . 2
1 4 2 * 9 .3 -54 ,;-
1 - 16 ,1
1 4 4 14.1 16.9
1 4 G 7 . - - 3 . 0
1 5 71.5 7 4 ,3
1 2 10,2 7.0
1 5 3 2 9 .0 -27.6
1 'tr 4 1U.2
1 . 0 51.6 -53.3

E K I. Po Pc

6 31.5 -29.2
6 2 32.4 34.4
6 3 17*1 13.8
6 4 13.4 -14,5
7 0 35»4 3t>.2
7 44.4
7 22.0 -19*4
7 3 2d.1 29.9
7 3.9 3 .4

0 4l.y 41.9
8 17.2 15.1
3 27.5 -33.0
8 3 1 0 .0 —6.0
8 4 10.8 13*7
9 0 11.3 -8.2
9 1 45.5 46.5
9 2 I0 . 9 3.3
9 3 13.3 - 1 9 .2
9 4 6.6

10 0 38.9 -38.1
10 20.1 -15.5
10 2 27.1 2 5 .6
10 3 14.1 1 0 .8
10 4 7*7 -8.7
11 u 7*4 4.0
11 31.8 -29.9
11 2 7.o -2.5
11 3 15.5 1 6 .2
11 4 2.4 0.7
12 U 24.7 24.2
12 19.7 18.4
12 2 16.8 -13.1
12 3 8.2 -7.0
12 4 6.3 9.5
13 0 13.2 -io.3
13 23.9 24.3
13 2 9-1 7.7
13 3 11.2 -12.3
14 0 19.5 -13.2
14 2.6 -1.7
14 2 13.9 13.5
14 3 4.3 4.2
15 0 5-4 3.3
15 1 1 6 .7 - 1 6 .8
16 0 1 2 .5 12.6
16 1 9.2 6.7
16 2 5.4 -8.3
17 0 3.9 -4.0
17 1 9.6 1 0 .7

2 0 0 35.0 40.7
2 0 1 33.7 3 2 .3
2 0 2 11.3 -9.5
2 3 2 0 .5 -15*3
2 0 42.3 -53.3
2 1 1 53.7 57.6
2 2 35*7 32.7
2 3 27.2 -25.3
2 15*3 -12.2
2 2 0 5 6 .8 -72.1
2 2 1 33.2 -37.0
2 2 2 54.9 5 4 .6
2 2 3 22.3 19.7
2 2 4 10.9 -1«.2
2 3 0 55.0 64.9
2 3 1 2 5 .2 -40,2
2 3 2 39.4 -41,A
2 3 3 23.o 19.3
2 3 4 15*5 11.8
2 0 5 6 .8 63.0
2 4 1 21.2 25.1
2 2 23.9 -27.4
2 3 I0 . 9 -11.0
2 4 4 14.7 10.0
2 5 0 37.6 -37.7

5 1 34.6 32.3
2 5 2 25.1 24.3
2 5 3 Id.b -19.2
2 5 4 12.4 -11.7
2 6 U 41.7 -43.6
2 1 2 5 .2 -27.0

6 2 2 5 . y
2 6 3 2 0 .6 1 6 .1
2 6 4 12.* - 1 0 .4
2 7 0 3 0 .9 42.6
2 7 1 41.6 - 4 4 .9
2 7 2 24.8 -23.3
2 7 3 2<:.4 17.6
2 7 4 9.3 7.7
2 5 29.6 3 0 .0
2 0 1 2*.9
2 2 17.7 -19.9
2 6 3 11.9 - 1 0 .0
2 8 4 8.4 6.6
2 9 U 27.7 -26.7
2 9 1 25.7' 25.1
2 9 2 16*4 16.9
2 9 3 1 2 .7 -U .9
2 9 4 8.5 -6.3
2 10 0 35.9 -35.7
2 10 1 13.3 - 1 3 .0
2 10 2 17*9 18.2
2 10 3 9.9 6 .0

H K L Po Pc

2 10 4 6 .4 -7.2
2 11 0 2 6.2 23.4
2 11 1 19*2 -16.3
2 11 2 17.3 -18.2
2 11 3 7.^ 7.6
2 11 4 4.2 5.8
2 12 0 24.9 21.6
2 12 1 15.5 13.4
2 12 2 17.0 -16.9
2 12 3 8.4 -6.7
2 »3 0 18.9 - 1 6 .5
2 13 1 18.7 17.4

13 2 10.6 10.2
2 13 3 8 . 0 -9.6
2 14 17.o -14,0
2 14 1 1 0 .3 -8.4
2 14 2 6*9 6.3
2 14 3 4.2 4.4
2 15 12.3 10.3
2 15 1 11.4 -9.6
2 15 2 7*2 -7.9
2 16 u 10.7 10,2
2 16 1 5*8 5*5
3 0 36.9 32.7
3 0 1 48.4 58.7
3 2 21.9 -19.6
3 0 3 23.7 -2 9 .1
3 u 4 6.1 5*7
3 1 0 23.7 -29.3
3 1 1 23.4 2 0 .0
3 1 2 29.7 24,5
3 1 3 11.2 -7.8
3 1 1 J*0 -9*2
3 2 0 38*6 -33.4
3 2 1 37.6 -41.4
3 2 2 23*4 21.0
3 2 3 14.5 13.7
3 2 4 6*9 -7*8
3 3 0 53.2 6 3 .0
3 3 1 24.6 -28.1
3 3 2 3 0 .2 -28.2
3 3 3 13.9 12.3
3 3 4 1 0 .8 1 0 .8
3 4 U 31.2 2 6 .2
3 4 1 34.0 36.6
3 4 2 17.3 -14.8
3 4 3 22.8 -21.2
3 4 3*9 4.3
3 5 23.9 -22.6
3 5 1 15.5 1 6 .1
3 5 2 31.1 24.9
3 5 4 1 0 .6 -7.5
5 6 •L) 30.4 -24.5
3 6 1 32.1 -36.6
3 2 17.9 16.5
3 6 3 15.8 14.4
3 6 5.4 -6.5
3 7 0 35.2 35.6
3 7 1 1 7 .8 -17.1

7 2 21.3 -16.1
3 7 3 9.4 8.7
3 7 4 7.3 8.3
3 8 0 2 7 .6 2 3 .1
3 6 1 31.7 33.8
3 6 2 1 6 .2 -14.2
3 8 3 15*5 -15.1
3 8 4 4.3 4.2
3 9 u 1 6 .1 -14.5
3 9 1 15.6 12.4
3 9 2 19*5 15.3
3 9 3 5.6 -3*7
3 9 4 4.9 -4.5
3 10 15.S -12.5
3 lo 1 19*9 -18.7
3 10 9.0 8.2
3 10 3 12*0 10.4
3 11 0 20,4 2 6 .6
3 11 1 11.6 - 1 0 .7
3 11 2 1 6 .6 -14.2
3 11 3 7.1
3 12 J4.6 12.8
3 12 1 13,4 17.3
3 12 a.a -8.3
3 12 3 6 ,8 -7.2
3 13 9.2 -9.4
3 13 1 8.7 7.4
3 13 2 7.7 7.1
3 14 8.3 -8 . 4
3 14 I 12.3 - 1 3 .1
3 1* 2 5 .0 5.7
3 15 7*6 a .4
3 15 1 5*2 -4.2
3 16 3.6 5*6

U 1 31.1 26.6
0 2 12.8 -7 . 2

3 1 4 .4 - 1 3 .9
A 4 3.4 3.3
A 1 1 7.7 4,4
4 1 2 25.1 25.1
4 1 3 1 3 .3 -3.3
4 1 4 6.6 -8.4

H K L Po Pc

4 £ 1 32.7 - 3 1 . s
4 2 0 . 0 0.2
4 2 3 13*4 13*3
4 2 4 6.3 1.5
4 3 1 22.8 -1£,3
4 3 2 20.4 - 2 0 .3
4 3 3 12.4 4.7
4 3 4 B.o 6.3
4 1 3 0 .u 27.4
4 4 2 0 . 0 -2.0
4 k 3 10.4 -13.7
4 4 4 5*6 2.0
4 5 1 *.5 2.3

5 2 18.5 21 .0
4 5 3 11.5 -3.5
4 6 1 24.2 -23.9

6 2 0,0 1.5
4 7 1 13*7 -10.7
4 19.0 - 17*6

8 1 17.9 1'J .O
2 6.7 -3*9

4 9 1 4.0 0 .7
4 9 2 13.6 la.y
4 10 1 15*2 -16.6
4 10 2 -0.4

11 1 -9.2
4 11 2 1 6 .1 - 1 0 .6
4 12 1 9.9 11.9
4 12 2 0 . 0 - 1 .0
4 13 1 2.3 1.4
4 13 2 4.1 S.2
4 14 1 4.4 -7*4
5 0 0 6.8 -6.2
5 0 1 22.3 20. 6
5 u 2 3*9 3.4
5 0 3 8 . 0 - 0 .6
5 1 28.3
5 1 1 4.7 -3*3
5 1 2 14.5 16.2
5 1 3 8.8 1.7
5 2 0 4.3 -3.3
5 2 1 22.6 -18.3
5 2 2 3.8 1.2
5 2 3 9.3 9*8
5 3 19.0 17*9
5 3 1 4.6
5 3 2 11.3 - 1 1 .0
5 3 3 8 . 0 -2.7
5 4 u 4.7 -1.1
5 4 1 21.9 21.5
5 4 2 3.6 1.0
5 4 3 5*3 -7 . 0
5 5 20.1 -22.6
5 5 1 4.4 -3.3
5 5 2 13.9 14.7
5 4.5 o.7
5 6 1 1 6 .6 - 1 5 . a
5 6 2 3.3 -0.2
5 7 0 1 7 .0 18.6
5 7 1 4.0 2.3
5 7 2 7*9 -9*2
5 8 0 4.0 -0.4
5 8 1 10,5 I j .7
5 6 2 2.7 0.9
5 9 0 1 3 .6 - 1 5 .6
5 9 1 3.4 -2*7
5 9 2 6.9 1 0 .9
5 10 3.3 0.4
5 10 1 11.4 -13.7
5 11 0 6.9
5 11 1 2.4 2.9
5 12 2.2 1.0
5 12 1 4.5 6.9
5 13 4.6 -8.7
6 0 15.1 -12.8
6 0 1 1 0 .3 14.U
6 0 2 4.1 4.6
6 1 0 11.6 -12,3
6 I 1 5.1 -3*3
6 1 2 7.1 6 .0
6 2 0 4.7 4 .1
6 2 1 8.7 -9.7
6 2 2 4.8
6 3 O 10.2 12.1
6 3 1 6.0 6.1
6 3 2 6.0 -7.1 •
6 4 0 8.8 -7.1
6 4 1 8.5 10.5
6 4 2 3.6 3*4
6 5 11.8 - 1 3 .0
6 5 1 6.3 - 3 .3
6 5 2 4.5 6.1
6 6 5-5 5*6
6 6 1 7.6 -9*5
6 2 2.7 -3*3
6 6.2 7.6
6 7 1 4 .4 3.o
6 7 2 2.4 - 4 .7
6 3 6*3
6 a 1 5.3 !•§
6 9 0 5.9 -a.o



Table 2 .4

CESUC: analysis of the agreement of |EqI and at the
end of the refinement. N is the number of reflexions. 
Structure factors are on the absolute scale.

(a) As a f u n c t i  on o f  s i n 6 A

s !p 0 1 S | F CI Z | a | N R e M / n

0*0 - 0*1 25 38 12 1 0*488 12*3
0-1 - 0*2 945 1134 208 19 0*220 10*9
0*2 - 0*3 2611 2670 305 64 0*117 4*8
0-3 - 0*4 3318 3176 387 121 0*117 3*2
0*4 - 0*5 2758 2516 387 158 0*140 2*4

0*5 - 0*6 1862 1736 319 187 0*172 1-7
0*6 - 0*8 331 401 96 60 0*291 1*6

(b) As a f u n c t i o n o f  | f  ' o 1

0 - 6 414 380 183 111 0*442 1*6
6 - 12 1230 1132 264 138 0*214 1*9
12 - 20 2208 1998 367 138 0*166 2*7
20 - 30 2400 2278 291 97 0*121 3*0
30 - 45 2973 2995 292 82 0*098 3*6

45 - 60 1533 1674 176 29 0*115 6*1
60 - 75 746 833 106 11 0*142 9*6

75 - 90 160 163 5 2 0*034 2*5
90 -105 188 218 31 2 0*164 15*5

All 11851 11671 1715 610 0-145 2*8



Table 2„5

Equivalent Positions

I  x ,  y ,  z;

I I  1 - x ,  - y ,  - z ;

I I I  x ,  y ,  1+z;

IY  ~ x ,  - y ,  1 - z ;

V 1 - x ,  - y ,  1 - z ;

VI - 1 + x ,  y ,  z;

Y II  - 1 + x ,  y ,  1+z;

V I I I  x ,  f - y ,  z;

IX X* J - y ,  1+z;

X —x , i+y».  1 - z*



Table 2*6

Principal bond lengths and angles in the succinate 
residue, together with details of hydrogen bonding.

C ( l )  -  0 ( 1 )  1 - 2 4 ( 4 )  A

C ( l )  -  0 ( 2 )  1 - 3 9 ( 4 )

C ( l )  -  C(2)  1 - 4 3 ( 5 )

C(2)  -  C ( 2 ) I:C 1 - 5 2 ( 5 )

0 ( 2 ) - * - 0 ( 2 ) IV 2 - 4 1 ( 4 )

0(1)  -  C(1) -  0 (2 )  1 1 7 - 2 ( 2 - 8 ) °

0 ( 1 )  -  C ( l )  -  0 ( 2 )  1 2 8 - 7 ( 3 - 0 )

0 ( 2 )  -  C ( l )  -  0 ( 2 )  1 1 3 - 5 ( 2 - 4 )

0 ( 1 )  -  C(2)  -  C ( 2 ) n  1 1 7 - 7 ( 3 - 0 )

0 ( 3 ) • • * 0 ( 1 ) ,  0 ( 1 ) VI11 2 - 7 3 ( 3 )  A

0 ( l ) - - - 0 ( 3 ) - - - 0 ( l ) VI11 9 0 - 0 ( 2 - 6 ) °



Coordination sphere of the caesium iorw The angles listed are 
those between an oxygen atom and its neighbouring oxygen atoms 
Angles between o x y ge n atoms lying on opposite sides of the 
caesium ion, e.g. 0(3)^*•0Cs*a*0(3)^^ , have not been included

Cs+ •*0(2)IV, 0(2)X 03 o cr 2 )

Cs+ • • o ( i ) 1 1 1 , 0(l)IX 3*23 2)
Cs+ ••0(3)VI 3*24 3)
Cs+ ••0(1), 0(l)v m 3*37 2)
Cs+ * *0(3) 111 3*74 3)
Cs+ ••0(3)VI1 3*91 3)
Cs+ ••0(3) 4-14 3)

0(3 - • • Cs** * • 0 3)111 74*5 6)
0(3 • * * Cs** • • 0 3)VI 103*4 6)
0(3 VI n +•• • Cs * * 0 ( 3 )VII 83*2 7)
0(3 I I I  P +• * •Cs• •0(3)VI1 98*9 6)

0(3 • * * Cs"1* * * 0 1), 0(1)VI11 41*4 4)

0(3 • * * Cs** * * 0 D m , 0 ( 1 ) IX 100*7 5)

0 ( 3 I I I  p + * - • Cs • • o ( i ) 1 1 1 , o ( i j IX 4 5 - 4 4)

0(3 I I I  n + • * * Cs• •0 (1) ,  o ( i ) v m 96*2 5)

0 ( 1 • • • Cs"** * * 0 1 ) VI11 70*0 6)
0 ( 1 • • * Cs"** * * 0 I ) 111 92-7 6)
0 ( 1 I I I  n +* * •Cs * •0(1)IX 73*3 6)

0 ( 1
•j-•**Cs***0 2 ) IV 59-9 7)

0 ( 1 I I I  „ + • • • Cs • • 0 ( 2 ) IV 68*2 6)
0 ( 2 IV n +• * * Cs * * 0(2)X 141*1 6)

0(3 VI -  +•• • Cs * * 0(2)IV, 0(2)X 71-5 4 )

0(3 VII p +* * * C s  * •0(2)IV, 0(2)X 82*0 4 )



Table  2 „8

Non-bonded distances between adjacent succinate residues

0( 1)<  • • C ( 2 ) V 3*71( 4

c ( i ) v 3*78( 4

0 ( 2 ) V 3*94(3

0 ( 2) ** ■C( 2) U I 3*5 4( 4

C ( 2 ) V 3*87( 4

o ( D v 3*94(3

c ( i ) v 3*8 6( 4

c(x) - - • C ( 2 ) m 3 *9 3( 4

C ( 2 ) V 3*71(5

c ( D v 3*48(5

0 ( 1 ) V 3* 78( 4

0 ( 2 ) V 3*86( 4

C(2) • • *c( i )v 3*71(5

o ( D v 3*71( 4

0 ( 2 ) V 3* 87( 4
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✓
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fc(2)

— O  0(3)
0 (1)

0 (2)

Cs

F i g u r e  2 . 2  S t r u c t u r e  shown in  p r o j e c t i o n  down th e  

b - a x i s . N . 3 *  Only th e  r e s i d u e s  a t  y=C,and th e  a toms 

l y i n g  on th e  m i r r o r - p l a n e  a t  y  = 1/4 a r e  shown.



m

0 ( 1 )
I I I 0 ( 3 )

I I I , V I I

IX

c sin £

Cs

0 (2 )

V I I I
VI

b,

X

F i g u r e  2 . 3  The en v i ro n m en t  o f  t h e  caes ium  io n  a s
, NI

v i e w e d  dow n t h e  a - a x i s .  T h e  o x y g e n  a t o m s  0 ( 3 )  a n d  

0 ( 3 ) ^ ’1" l i e  o n  ^ ° P  ° ?  a t o m s  0 ( 3 ) V I  a n d  0 ( 3 )



i m p o r t a n t  ‘bond l e n g t h s  and a n g l e s  i n  th e  s u c c i n a t e  

r e s i d u e ,  t o g e t h e r  w i t h  s t a n d a r d  d e v i a t i o n s  d e r i v e d  f rom  

t h e  l e a s t - s q u a r e s  r e s i d u a l s , .  The Roman n u m e ra ls  i n  

a l l  f i g u r e s  and t a b l e s  r e f e r  to  th e  e q u i v a l e n t  p o s i t i o n s  

w hich  a re  shown i n  T ab le  2 .5*

The s t r u c t u r e  i s  a n a lo g o u s  t o  t h a t  o f  an 

a c i d  s a l t  o f  Type A, and c o n s i s t s  o f  i n f i n i t e  c h a i n s  o f  

a lm o s t  p l a n a r  s u c c i n a t e  r e s i d u e s ,  l i n k e d  by  1 v e r y . s h o r t  * 

h yd rog en  bonds o v e r  c r y s t a l l o g r a p h i c  c e n t r e s  o f  symmetry 

Each s u c c i n a t e  r e s i d u e  c o n s i s t s  o f  two ( -  CH2 -CO2  

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

mid p o i n t  o f  t h e  c e n t r a l  C(2) -  0 ( 2 ) ^  bon d .  The c a r b o n  

and oxygen atoms o f  each  o f  t h e s e  g ro u p s  a r e  c o - p l a n a r ,  

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

must  be p a r a l l e l ,  b u t  n o t  n e c e s s a r i l y  c o - p l a n a r .  The 

e q u a t i o n  o f  th e  mean p l a n e  t h r o u g h  t h e  atoms 0 ( 1 ) ,  0 (2 ) ,  

0 ( 1 ) ,  and 0 (2 ) ,  o f  t h e  c r y s t a l - c h e m i c a l  u n i t  i s
o

-  0 . 7 0 3 1 X 1 + 0 . 1 3 5 5 Y -  0 .69 8 0  Z 5 = -1 .6 2 6 5  A,

and t h a t  o f  t h e  p l a n e  t h r o u g h  th e  r e m a in in g  f o u r  oxygen

and c a r b o n  atoms o f  th e  s u c c i n a t e  r e s i d u e  i s

” 0 .7 0 3 1  X1 + 0 . 1 3 5 5 Y -  0 .69 8 0  Z ! = -1 .8445A ,

none o f  t h e  atoms d e v i a t i n g  s i g n i f i c a n t l y  f rom  t h e s e

p l a n e s ,  t h e  r o o t  mean s q u a re  d i s p l a c e m e n t  o f  th e  atoms
o

f ro m  the  p l a n e s  b e in g  0 . 0 3 A. T h e r e f o r e  t h e  two p l a n e s
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a rc  almcs t , b u t  n o t  q u i t e  , c o - p l a n a r , t h e  r> e rp e n d ic u la r
o

d i s t a n c e  b e tw een  them b e in g  a p p r o x i m a t e l y  0 .22A.

Owing to  t h e  h ig h  s c a t t e r i n g  power o f  t h e  

ca e s iu m  i o n ,  r e l a t i v e  to  t h e  c o n t e n t s  o f  t h e  u n i t  c e l l ,  

and th e  r a t h e r  ro u g h  a b s o r p t i o n  c o r r e c t i o n  which  was 

a p p l i e d ,  t h e  v a l u e s  o f  th e  bond l e n g t h s  i n  t h e  s u c c i n a t e  

r e s i d u e ,  a s  shown i n  Table  2 . 6  a r e  o f  r a t h e r  p o o r
o

p r e c i s i o n .  I n  p a r t i c u l a r ,  t h e  v a lu e s  o f  1 .4 3  and 1.39A

f o r  th e  bond l e n g t h s  C (1) - 0 ( 2 )  and C ( l )  - 0 ( 2 )

r e s p e c t i v e l y ,  a re  f a r  removed f rom  t h e  a v e rag e  v a l u e s  o f  
o

1 .5 2  and 1.291A d e r i v e d  f rom  more a c c u r a t e  c r y s t a l  

s t u d i e s  o f  a c i d  s a l t s  (Macdonald,  1 9 6 9 ) .  However,  t h e  

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 ,  d e r i v e d  f rom  t h e  l e a s t -  

s q u a r e s  r e s i d u a l s ,  a r e  a l s o  c o r r e s p o n d i n g l y  h i g h ,  and 

none o f  t h e  bond l e n g t h s  i n  t h e  r e s i d u e  d e v i a t e  by  more 

t h a n  t h r e e  s t a n d a r d  d e v i a t i o n s  f rom  t h e i r  e x p e c te d  v a l u e s .

The bond l e n g t h s  and a n g le s  a round  C ( l )  a r e ,  

i n  f a c t ,  c o n s i s t e n t  w i t h  t h e  s t r u c t u r e  b e in g  t h a t  o f  an 

a c i d  s a l t  i n  which  th e  atoms 0 (2 ) and 0 (2 )*^  a re  l i n k e d  

o v e r  a c e n t r e  o f  symmetry by  a s h o r t  hyd rog en  bond o f  

l e n g t h  2 .4 1 ( 4 ) A .  The C ( l )  - 0 ( 2 )  • • • 0 ( 2 ) IV a n g le  o f  

1 1 6 . 6 °  i s  f a v o u r a b l e  f o r  s t r o n g  h y d ro g en  b e n d i n g .

As shown i n  F i g u r e s  2 , 1  and 2 .2  th e  s u c c i n a t e  

r e s i d u e s  a re  l i n k e d  i n t o  c h a in s  r u n n i n g  diagona?MLy a c r o s s



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

t h e  y - a x i s . There  a re  two r e s i d u e s  p e r  u n i t  c e i l ,  a t  

y  = 0  and y = r e l a t e d  by m i r r o r - p l a n e s  a t  y = i  and

y  = f  •
As shown i n  F i g u r e  2 . 2 ,  c h a i n s  h a v in g  th e  same

v a l u e  o f  y  a r e  p a r a l l e l  to  e ach  o t h e r ,  and a r e  s t a c k e d

one on  t o p  o f  t h e  o t h e r .  The d i s t a n c e  b e tw een  atoms i n
o

n e i g h b o u r i n g  r e s i d u e s  r a n g e s  f rom  3 C43 t o  4 .00A. A l i s t

o f  t h e  c o n t a c t s  i s  g iv e n  i n  T ab le  2*8 .  There  a r e  no

n o t a b l y  s h o r t  c o n t a c t s ,  none o f  th e  i n t e r a t o m i c  d i s t a n c e s

b e i n g  s h o r t e r  t h a n  t h e  sura o f  t h e  van d e r  Waals r a d i i

( P a u l i n g ,  1960) o f  th e  atoms i n  q u e s t i o n .

The r e s i d u e s  a r e  l i n k e d  l a t e r a l l y  by  a c ae s ium

i o n  and a w a t e r  m o le c u le  l y i n g  on each  o f  t h e  m i r r o r -

p l a n e s .  The oxygen a tom, 0 ( 3 ) ,  o f  th e  w a t e r  m o le c u le
o

makes a  c o n t a c t  o f  2 . 7 3 (3)A w i t h  t h e  oxygen atoms 0 ( 1 ) 

and 0 ( 1 ) ^ ^ ^  o f  t h e  c a r b o n y l  g r o u p s ,  and t h i s  d i s t a n c e ,  

t o g e t h e r  w i t h  t h e  0 ( 1 )  • • *0 (3) • • *0 ( l ) " ^ ^  a n g le  o f  90 ° ,  

i m p l i e s  t h a t  t h e r e  i s  h y d ro g en  b o n d in g  b e tw ee n  t h e  w a t e r  

m o le c u l e  and t h e  two c h a i n s .  I n  F i g u r e  2 . 1 ,  t h e  p r o j e c t e d  

h y d r o g e n  bonds  a re  shown by b r o k e n  l i n e s .

As shown i n  F i g u r e s  2 . 1  and 2 . 2 ,  t h e  c ae s iu m  io n  

l i e s  i n  an  i n t e r s t i c e  b e tw een  f o u r  c h a i n s  o f  a n i o n s ,  

m ak ing  c o n t a c t s  w i t h  s i x  oxygen atoms f rom  d i f f e r e n t



r e s i d u e s ,  and a l s o  w i t h  th e  oxygen atoms o f  t h e  four- 

m o le c u l e s  w h ic h ,  l y i n g  on th e  m i r r o r - p l a n e , s u r ro u n d  

The c o - o r d i n a t i o n  s p h e r e  o f  t h e  caes ium  Ion  I s  shown 

F i g u r e  2 . 3 ,  and i t  sh o u ld  be n o t e d  t h a t ,  i n  t h i s  d r a g  

t h e - o x y g e n  atoms o f  t h e  w a t e r  m o le c u l e s  o c c u r  i n  p a i r  

o f  w h ic h  o n l y  t h e  one n e a r e s t  t h e  o b s e r v e r  can  be see  

The a p p r o p r i a t e  i n t e r a t o m i c  d i s t a n c e s  and a n g le s  a re  

i n  T a b le  2 . 7 .
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AH X-RAY DIFFRACTION STUDY OF THE 

CRYSTAL STRUCTURE OF 

POTASSIUM HYDROGEN SUCCINATE



3 . 1  INTRODUCTION

A par t  f rom t h e  s t r u c t u r e  o f  c aes iu m  hydrogen  

s u c c i n a t e  m o n o h y d ra te 5 d i s c u s s e d  i n  th e  l a s t  c h a p t e r ,  t h e  

o n l y  c r y s t a l  s t r u c t u r e  o f  an a c id  s a l t  o f  a lo n g  c h a i n  

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

e l u c i d a t e d  i s  t h a t  o f  p o t a s s i u m  h y d ro g en  m a lo n a te  

(F e rg u so n  e t  a l . ,  19 6 8 ) .  In  b o t h  t h e s e  s t r u c t u r e s  t h e  

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

. h y d ro g en  bonds l y i n g  a c r o s s  c r y s t a l l c g r a p h i c  c e n t r e s  o f  

sym m etry .

Because  o f  th e  r e l a t i v e l y  low a c c u r a c y  o f  t h e  

c r y s t a l  s t r u c t u r e  a n a l y s i s  o f  th e  caes iu m  compound, owing 

t o  t h e  l a r g e  s c a t t e r i n g  power of  t h e  c ae s iu m  i o n ,  i t  w as ,  

f e l t  d e s i r a b l e  to  d e te r m in e  th e  s t r u c t u r e  o f  an a c i d  s a l t  

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

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

s u c c i n i c  a c i d  s e r i e s .

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

s u c c i n a t e  was s i m i l a r  t o  t h a t  o f  a Type A a c i d  s a l t ,  

( S h r i v a s t a v a  and Speakman, 1 9 6 1 ) ,  and s u g g e s t e d  t h a t  i t ,  

a l s o ,  c o n t a i n e d  s h o r t  h y d ro g en  b o n d s .  T h e r e f o r e  t h i s  

compound was s e l e c t e d  f o r  X - r a y  s t r u c t u r e  a n a l y s i s .  

E l u c i d a t i o n  o f  t h e  s t r u c t u r e  has  c o n f i rm e d  t h e  p r e s e n c e  

o f  s h o r t  hy d ro g en  b o n d s ,  a l t h o u g h  i n  t h i s  i n s t a n c e  t h e



a l l o g r a p h i c  t w o - f o l d

r a t h e r  t h a n  c e n t r e s  o f  symmetry

P r e p a r a t i o n

C r y s t a l s  were p r e p a r e d  a c c o r d i n g  t o  th e  l i t e r a t u

( M a r s h a l l  and Carnerona 1 9 0 7 ) .  I t  i s  fo un d  t h a t  t h e  a c i d  

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

r a t i o  o f  p o t a s s i u m  to  hy drogen  t h a n  t h a t  which  i s  p r e s e n t  

i n  t h e  s a l t s  t h e m s e l v e s .  C o n s e q u e n t ly ,  i n s t e a d  o f  u s i n g  

a  l j l  m o la r  r a t i o  o f  p o t a s s i u m  h y d ro x id e  t o  s u c c i n i c  a c i d ,  

a  r a t i o  o f . 3 :2  was u s e d ,  w i t h  s a t i s f a c t o r y  r e s u l t s .

As t h e r e  a l s o  e x i s t s  a h y d r a t e d  fo rm  o f  t h e  s a l t ,  

w h ich  c r y s t a l l i s e s  f rom  c o ld  s o l u t i o n s ,  c a r e  was t a k e n  t o  

c r y s t a l l i s e  t h e  s a l t  f ro m  warm aqueous s o l u t i o n .  The 

c r y s t a l s  g e n e r a l l y  fo rm  t h i n  m i c a - l i k e  p l a t e s  composed o f  

t h e  b a s a l  p i n a c o i d  bounded by  t h e  { l i o }  and { d o }  f a c e s .  

C r y s t a l  D a ta

P o ta s s iu m  hy d rog en  s u c c i n a t e ,  KHC4 H4 O4  

F.W. = 1 5 6 . 2 ,  m .p .  = 240 -  242°C. M o n o c l i n i c , 

c = 15 .895 (2 ) Aa  = 6 . 1 0 2 ( 1 ) ,  

P = 9 1 . 7 4 ( 1 ) °  

Dc = 1 . 7 7 0 ,

b = 6 .0 4 1 ( 6 )  

U = 5 8 6 . 1A3 Dm = 1 . 7 7 ,  Z = 4 ,

P (000)  = 320= 3 2 0 .  Space g r o u p ,

L in e a r  a b s o r p t i o n  c o e f f i c i e n t  

8.28cm'"'1-.

I 2 / a  (N o .15) o r  I a (N o .9 )

f o r  Mo -  Kq X - r a y s ,



C T>y-- t a l l o

o O
t a k e n  w i t h  Cu -  KQ (X = 1 .5 4 1 3 A) and Mo - KQ ( X = 0.7107A) 

r a d i a t i o n  i n d i c a t e d  t h a t  t h e  c r y s t a l s  b e lo n g e d  to  th e

m o n o c l i n i c  sy s te m .  The s y s t e m a t i c  ab sen c es  (hkX p r e s e n t  

o n l y  when h + k+ l  * 2 n ,  and h0 .£ p r e s e n t  o n l y  when h = 2 n) 

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

assum ed,  and seems t o  be b o rne  o u t  by  th e  a n a l y s i s .  S in c e  

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

sp ace  g ro u p  has  e i g h t  e q u i v a l e n t  p o s i t i o n s ,  th e  a sym m etr ic  

u n i t  must  c o n t a i n  h a l f  a s u c c i n a t e  r e s i d u e ,  and th e  

p o t a s s i u m  i o n  and a c i d i c  h ydrogen  atom must l i e  i n  s p e c i a l  

p o s i t i o n s .

A c c u ra te  c e l l  d im e n s io n s  were d e r i v e d  by  a l e a s t  - 

s q u a r e s  p r o c e d u r e  b a se d  on a com p ar ison  o f  t h e  c a l c u l a t e d  

s i n 0  v a l u e s  o f  h i g h - o r d e r  r e f l e x i o n s  w i t h  t h o s e  m easured  

on  a H i l g e r  and W at ts  f o u r - c i r c l e  d i f f r a c t o m e t e r  ( see  

Appendix I I ) .  These were c o n f i rm ed  by  a s i m i l a r  p r o c e d u r e  

(Speakman, 1 9 6 2 ) ,  i n  which t h e  o b se rv e d  sinG v a l u e s  were 

o b t a i n e d  by  a c o m p ar iso n  w i t h  th e  p o s i t i o n s  o f  powder

l i n e s  due t o  Aluminium w i re  (a  = 4.04SQ7A) su p e rp o se d  on 

hkO and hCU W e is sen b e rg  p h o to g ra p h s  t a k e n  w i t h  Cu -  Ka 

r a d i a t i o n .  The a x i a l  r a t i o s  o b t a i n e d  f rom  t h e s e  c e l l

/ o . 4.
sp a ce  g r o u p s ,  I 2 / a  (C2 h) or  l a  (Cg) .  The f o r m e r  was

o



d i m e n s i o n s  a g re e  q u i t e  w e l l  w i t h  t h e  v a lu e s  r e c o r d e d  by 

G ro th  ( 1 9 1 9 ) ,  p r o v id e d  t h a t  t h e  v a lu e  o f  c i s  h a l v e d .  

The t r a n s f o r m a t i o n  m a t r i x  from- t h e  c e l l  d e t e r m i n e d  by 

X - r a y s  t o  t h a t  d e te r m in e d  by Groth  i s  lOO/OlO/OOj.

A c o m p a r i s o n  o f  t h e  r a t i o s  i s  r e c o r d e d  be low;

G r o th :  a ; b ;  c = 1 .0081  ; 1 :  1 .3 1 0 2 ,  p = 91.80°;

X - r a y s :  a : b ; c/ 2  = 1 . 0 1 0 1  : 1 : 1 .3 1 5 6 ,  P = 91 .75° .

Dg.ta C o l l e c t i o n

A c r y s t a l  o f  d im e n s io n s  0 . 2  x  0 . 3  x  0 . 5  mm?, 

c o a t e d  w i t h  c o l l o d i o n  t o  p r e v e n t  e x p o su re  to  t h e  

a t m o s p h e r e ,  was mounted abou t  th e  £ ~ a x i s ,  and p l a c e d  on 

a  H i l g e r  and W at ts  Y 2 9 0 ,  c o m p u t e r - c o n t r o l l e d ,  f o u r -  

c i r c l e  d i f f r a c t o m e t e r .

I n t e n s i t y  d a t a  were  c o l l e c t e d  u s i n g  t h e  m oving-  

c r y s t a l ,  m o v in g - c o u n te r  t e c h n i q u e  ( cj -  2 0  s c a n ) , 

s c a n n i n g  t h r o u g h  0 . 8 ° o f  to i n  f o r t y  s t e p s  o f  0 . 0 2 ° ,  

c o u n t i n g  f o r  two seconds  a t  e ac h  p o i n t ,  and m e a s u r in g  

the b a ck g ro u n d  r a d i a t i o n  on e a c h  s i d e  o f  t h e  r e f l e x i o n  

b y  means o f  a s t a t i o n a r y  c o u n t  o f  t e n  s e c o n d s .

I n i t i a l l y  t h e  d a t a  were  c o l l e c t e d  u s i n g  

molybdenum r a d i a t i o n  w i t h  b a l a n c e d  f i l t e r s  o f  z i r c o n iu m

and y t t r i u m ,  i n  two ‘ s h e l l s 1, c o m p r i s i n g :

( i )  r e f l e x i o n s  w i t h  0 . 5 ° ^ 8 ^  2 5 . 0 ° } 

and ( i i )  r e f l e x i o n s  w i t h  2 5 .0 ° < 9 ^  3 5 . 0 ° .



- 89 -

S u b s e q u e n t l y y as t h e  r e f i n e m e n t  p r o c e e d e d ,  i t  was 

fo u nd  n e c e s s a r y  t o  r e - c o l l e c t  th e  i n t e n s i t i e s  o f  r e f l e x i o n s  

w i t h  low v a l u e s  o f  |Fo| ( |Fo |  < 6 .0 )  w i t h o u t  b a l a n c e d  

f i l t e r s ,  and w i t h  l o n g e r  c o u n t i n g  t i m e s ,  i n  an a t t e m p t  to  

improve t h e  ag reem en t  - f o r  t h o s e  weaker  r e f l e x i o n s  - 

b e tw een  o b s e r v e d  and c a l c u l a t e d  s t r u c t u r e  a m p l i t u d e s .

A l l  r e f l e x i o n s  were red u c ed  t o  s t r u c t u r e  a m p l i tu d e s  

by  a p p ly i n g  t h e  a p p r o p r i a t e  L o r e n t z ,  p o l a r i s a t i o n  and 

r o t a t i o n  f a c t o r s  (Tune 11 ,  1 9 3 9 ) ,  As |iR = 0 . 4 1 ,  a b s o r p t i o n  

c o r r e c t i o n s  were n o t  c o n s i d e r e d  n e c e s s a r y .

I  sh o u ld  l i k e  t o  t h a n k  my c o l l e a g u e ,  Mr. M. C u r r i e ,

f o r  c o l l a b o r a t i n g  w i t h  me i n  t h e  c o l l e c t i o n  o f  t h e

d i f f r a c t o m e t e r  d a t a .

S t r u c t u r e  D e t e r m i n a t i o n

D u r in g  t h e  c o l l e c t i o n  o f  i n t e n s i t y  d a t a  be tw een  

0 = 25° and 0 = 3 5 ° ,  t h e  d i f f r a c t o m e t e r  became i n o p e r a b l e  

f o r  a p e r i o d  o f  s e v e r a l  weeks..  C o n se q u e n t ly  i t  was

d e c i d e d  to  t r y  t o  s o lv e  t h e  s t r u c t u r e  on th e  b a s i s  o f  th e

1006 r e f l e x i o n s  a l r e a d y  o b t a i n e d .

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

deduced  f rom  a  t h r e e - d i m e n s i o n a l  P a t t e r s o n  f u n c t i o n .  The 

f i r s t  s e t  o f  s t r u c t u r e  f a c t o r s ,  phased  on th e  heavy  atom 

a l o n e ,  r e s u l t e d  i n  an R - f a c t o r  o f  0 . 5 5 .  The o b se rv e d  

s t r u c t u r e  a m p l i tu d e s  were t h e n  c o u p led  w i t h  p h a se s



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

t h r e e - d i m e n s i o n a l  F o u r i e r  summation ,  and t h e  r e s u l t i n g  

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

t h e  oxygen and c a rb o n  atoms*

Three  more c y c l e s  o f  s t r u c t u r e  f a c t o r s  and e l e c t r o n -  

d e n s i t y  s y n t h e s e s  r e d u c e d  R t o  0 . 2 7 .

S t r u c t u r e  Ref inement

I t  was d e c i d e d ,  f o r  p u r p o s e s  o f  c o m p a r i s o n ,  t o  c a r r y  

o u t  two l e a s t - s q u a r e s  r e f i n e m e n t s .

( i )  A l l  r e f l e x i o n s  w i t h  IFcJ > 6 ,0  (697 r e f l e x i o n s )  

w ere  s e l e c t e d  f rom  t h e  d a t a .

R ef inem ent  o f  one s c a l e  f a c t o r  and t h e  p o s i t i o n a l  and 

v i b r a t i o n a l  ( i s o t r o p i c  and a n i s o t r o p i c )  p a r a m e t e r s ,  by  f u l l -  

m a t r i x  l e a s t - s q u a r e s  m e th o d s ,  c o n v erged  a f t e r  n i n e  c y c l e s  

w i t h  R = 0 . 0 4 6 .  D e t a i l s  o f  th e  r e f i n e m e n t  a re  g i v e n  i n  

T ab le  3 . 1 ,  and i t  r a n  as f o l l o w s

I n i t i a l l y ,  t h r e e  c y c l e s  o f  l e a s t - s q u a r e s  r e f i n e m e n t ,  

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

p a r a m e t e r s  o f  th e  p o t a s s i u m ,  oxygen ,  and c a rb o n  atoms 

r e d u c e d  R t o  0 . 1 0 8 ,  At t h i s  p o i n t  an  e l e c t r o n - d e n s i t y  

d i f f e r e n c e  map r e v e a l e d  s i x  o r  s e v e n  i n d e p e n d e n t  p e ak s  o f  

h e i g h t  0 . 5  t o  1 .2A^.  Two o f  t h e s e  l a y  i n  r o u g h l y  t h e  

c o r r e c t  p o s i t i o n s  f o r  t h e  m e t h y l e n i c  hy d ro g en  atoms* 

T h e r e f o r e  t h e s e  p o i n t s  were t a k e n  as  i n i t i a l  c o - o r d i n a t e s
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f o r  t h e  hy d ro gen  a tom s,  and i s o t r o p i c  t h e r m a l  p a r a m e t e r s
Or}

of  0  b03A^ were assumed.

A f u r t h e r  s i x  c y c l e s  o f  r e f i n e m e n t ,  i n  which  t h e

p o s i t i o n a l  and v i b r a t i o n a l  p a r a m e t e r s  o f  a l l  atoms were

v a r i e d ,  t h e  h y d ro g en  atoms i s o t r o p i c a l l y , and t h e  r e s t

a n i s o t r o p i c a l l y ,  r e d u c e d  R t o  0 . 0 4 8 .  F i n a l l y ,  t h e  a c i d i c

h yd ro g en  atom was f i x e d  i n  a c a l c u l a t e d  p o s i t i o n ,  and o n l y

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

o f  R ( = JLIa 1) and R' ( = £va2/E (p „ |) a r e  0 .0 4 6  and 0 .0 0 4  
SlFo!

r e s p e c t i v e l y .

A w e i g h t i n g  scheme o f  t h e  fo rm ,

J \r  = C [ l - e x p ( - p 1 ( s i n O A ) 2 ) ] / [ l + P 2  l F0 l ] 3 2 , 

was u s e d  t h r o u g h o u t  t h e  r e f i n e m e n t .  I n i t i a l l y ,  pp was s e t  

a t  1 0 0 0  and pg a t  zero  -  t h i s  i s  e q u i v a l e n t  t o  u s i n g  u n i t  

w e i g h t s ,  b u t  t h e r e a f t e r  t h e  p a r a m e t e r s  were  a d j u s t e d  so 

t h a t  a p p r o x i m a t e l y  c o n s t a n t  a v e r a g e s  o f  Eva2  f o r  r e f l e x i o n s  

b a t c h e d  a c c o r d i n g  to  IFof and s i n  e/X v a l u e s ,  itfere o b t a i n e d  

( C r u i c k s h a n k ,  1 9 6 4 ) .  The f i n a l  v a l u e s  o f  pp and pg were  

1 0  and 0  r e s p e c t i v e l y .

( i i )  A r e f i n e m e n t  was c a r r i e d  o u t  on a l l  a v a i l a b l e  d a t a .  

T h is  c o m p r ised  1272 in d e p e n d e n t  r e f l e x i o n s ,  t h e  i n t e n s i t i e s  

o f  w h ic h  had b e e n  m easured  u s i n g  b a l a n c e d  f i l t e r s ,  t o g e t h e r  

w i t h  an a d d i t i o n a l  693 i n t e n s i t y  v a l u e s  o b t a i n e d  by  m e a s u r in g  

r e f l e x i o n s  w i t h  |Fo| < 6 . 0 ,  w i t h o u t  t h e  u se  o f  b a l a n c e d  f i l t e r s .



A s c a l e  f a c t o r  was a s s i g n e d  to  each  b a t c h .

I n i t i a l l y , ,  h y drogen  atoms were  e x c lu d ed  from th e  

r e f i n e m e n t .  R ef inem ent  o f  two s c a l e  f a c t o r s ,  and t h e  

p o s i t i o n a l  and i s o t r o p i c  v i b r a t i o n a l  p a r a m e t e r s ,  by  f u l l -  

m a t r i x  l e a s t - s q u a r e s  m e th o d s ,  converged  a f t e r  s i x  c y c l e s ,  

t h e  f i r s t  t h r e e  w i t h  u n i t  w e i g h t s ,  R and R* b e i n g  red u c ed  

t o  0*15 and 0 .0 3 9  r e s p e c t i v e l y .  At t h i s  p o i n t  a l l  r e f l e x i o n s  

were p l a c e d  on a common s c a l e ,  m u l t i p l e  o b s e r v a t i o n s  b e in g  

a v e r a g e d ,  g i v i n g  1272 in d e p e n d e n t  r e f l e x i o n s  on which to  

b a se  t h e  r e f i n e m e n t •

The f i n a l  p o s i t i o n a l  and a n i s o t r o p i c  v i b r a t i o n a l  

p a r a m e t e r s  o b t a i n e d  f rom  th e  f i r s t  r e f i n e m e n t  were  t a k e n  

as  i n i t i a l  p a r a m e t e r s  f o r  t h i s  s econd  r e f i n e m e n t ,  and t h e  

same p a r a m e t e r s  were r e f i n e d  i n  th e  same manner as b e f o r e .  

Convergence  o c c u r r e d  a f t e r  f o u r  c y c l e s  o f  l e a s t - s q u a r e s  

r e f i n e m e n t .  The f i n a l  v a lu e s  o f  R and R* a r e  0 .0 7 5  and 

0 .0 0 8  r e s p e c t i v e l y .  P i n a l  v a lu e s  o f  pq and p 2  a r e  8  and 

0 .0 5  r e s p e c t i v e l y .  The p r o g r e s s  o f  t h i s  r e f i n e m e n t  i s  

c h a r t e d  i n  th e  second  p a r t  o f  T ab le  3 , 1 .

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

p a r a m e t e r s  o f  th e  two r e f i n e m e n t s  o c c u r  i n  t h e  p o s i t i o n a l  

and v i b r a t i o n a l  p a r a m e t e r s  o f  t h e  hy d ro gen  a to m s .  I n  th e  

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

H ( 1 ) and H(3 ) i n c r e a s e d  from t h e i r  p r e v i o u s  v a l u e s  o f



0  o
0 . 0 1  and O.GSA^ to  v a lu e s  o f  0 .0 3  and 0 . 05A^ , which, would

a p p e a r  to  be more r e a s o n a b l e  v a l u e s , c o n s i d e r i n g  th e  n a t u r e

o f  t h e  s t r u c t u r e .

S in c e  t h e  number o f  r e f l e x i o n s  i n c l u d e d  i n  th e

second  r e f i n e m e n t  was a lm o s t  tw ic e  t h a t  used i n  th e  f i r s t

c a s e ,  and s i n c e  most  o f  t h e s e  had v e r y  much lo w e r  v a lu e s

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

p a r a m e t e r s  was to  be e x p e c t e d ,  and t h i s  t u r n s  o u t  to  be

th e  c a s e ,  t h e r e  b e i n g  a d e c r e a s e  o f  be tween  1 0 %' and 15%

i n  t h e  s t a n d a r d  d e v i a t i o n s  o f  t h e  c o - o r d i n a t e s .  As th e

f i n a l  p a r a m e t e r s  d i f f e r  by  so l i t t l e  f rom  t h e  p r e v i o u s

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

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

f o r  a l l  a toms a r e  g iv e n  i n  Table  3 . 2 ,  and v i b r a t i o n a l

p a r a m e t e r s  i n  T ab le  3 . 3 .  The l a t t e r  a r e  th e  v a l u e s  o f

XJij i n  t h e  e x p r e s s i o n ,
exp[-2TT2 (Un h 2 a * 2  + U2 2 k 2 b * 2  + U ^ l * 2  + 2U2 ,kXb*c*

+2 U3 1 ihc*a*  + 2 U1 2 h k a * b * ) ] .
E s t im a te d  s t a n d a r d  d e v i a t i o n s  d e r i v e d  from 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 r e  g iv e n  i n  b o t h  t a b l e s .

The o b se rv e d  s t r u c t u r e  a m p l i tu d e s  and f i n a l  

c a l c u l a t e d  s t r u c t u r e  f a c t o r s  a r e  l i s t e d  i n  T ab le  3 . 4 ,  and 

an a n a l y s i s  o f  t h e i r  agreem ent  i s  g iv e n  i n  T a b le  3 . 5 .

The t h e o r e t i c a l  s c a t t e r i n g  f a c t o r s  used  i n  a l l  s t r u c t u r e -
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f a c t o r  c a l c u l a t i o n s  were t a k e n  f rom  a s e t  o f  a tom ic  

s c a t t e r i n g  f a c t o r s  c a l c u l a t e d  by  Hanson e t  a l .  ( 1 9 6 4 ) .

3 .3  RESULTS and DISCUSSION

The s t r u c t u r e  i s  shown i n  F i g u r e s  3 . 1  and 3 . 2  

w h ic h  show t h e  a and b a x i a l  p r o j e c t i o n s , ,  as  w e l l  as  t h e  

n um b er in g  o f  th e  atoms i n  t h e  c r y s t a l -  c h e m ic a l  u n i t .

I n  b o t h  c a s e s  t h e  r e s i d u e s  drawn w i t h  shaded  bonds a re  

n e a r e r  t h e  v ie w e r  t h a n  t h o s e  which a r e  u n s h a d e d .  T ab le  

3 . 7  l i s t s  t h e  more i m p o r t a n t  bond l e n g t h s  and a n g l e s  i n  

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

f ro m  th e  l e a s t - s q u a r e s  r e s i d u a l s .  The env iro n m en t  o f  t h e  

p o t a s s i u m  i o n  i s  shown i n  F i g u r e  3 . 3 ,  and t h e  a p p r o p r i a t e *  

i n t e r a t o m i c  d i s t a n c e s  and a n g le s  a r e  l i s t e d  i n  T ab le  3 . 8 .  

The Roman n u m e ra ls  i n  a l l  t a b l e s  and f i g u r e s  r e f e r  t o  t h e  

e q u i v a l e n t  p o s i t i o n s  l i s t e d  i n  T ab le  3 . 6 .

As was i n d i c a t e d  by  th e  i n f r a r e d  sp e c t r u m ,  

p o t a s s i u m  h ydrogen  s u c c i n a t e  i s  an a lo g o u s  t o  a Type A a c i d  

s a l t  o f  a m onobas ic  a c i d ,  w i t h  i t s  a c id  r e s i d u e s  c o n n e c te d  

’v e r y  s h o r t 1 b o n d s ,  l y i n g  a c r o s s  t w o - f o l d  axes

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

£  a x i s .
I n  most o f  t h e  s t r u c t u r e s  o f  t h e  a c i d  s a l t s  o f  

Type A so f a r  s t u d i e d ,  the. s h o r t  hy d ro gen  bonds l i e  a c r o s s  

c e n t r e s  o f  symmetry,  and n o t  t w o - f o l d  a x e s .  I n  o n l y  two
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Table 3.1

P r o g r e s s  o f  r e f i n e m e n t

s U I
No.  o f  C y c l e s  R

2  |P o s k 0T

R e f i n e m e n t  1

1 - 3

4 - 6

7 - 9  

10  -  12

0 * 0 9 4  0 *0106  I s o t r o p i c  r e f i n e m e n t

o f  K+ , 0 ( 1 ) ,  0 ( 2 ) ,

C ( l )  and C( 2 ) .

0*082  0 *0087  A n i s o t r o p i c  r e f i n e m e n t
o f  above  atoms®
I s o t r o p i c  r e f .  o f  two Hf

0*048  0*0039  Same as  a b o v e .

0*046  0*0037  Same + i s o t r o p i c  r e f i n e
ment o f  f i x e d  p r o t o n .

R e f i n e m e n t  2

1 -  6

7 - 1 0

0 * 150  0*029  I s o t r o p i c  r e f i n e m e n t
o f  2 s c a l e  f a c t o r s

+  /  \  and atoms K , 0 ( 1 ) ,

0 ( 2 ) ,  C ( l )  and C ( 2 ) .  

0*075  0*008  R e f i n e m e n t  o f  1 s c a l e ,
K 2 0 ,  2C a n i s o t r o p i c a l
2 H*s i s o t r o p i c a l l y .



Table 3 .2

KHSucc: f r a c t i o n a l  ( y ,  z , x 1 0 ^) and
!

o r t h o g o n a l  (X , Y,
t o

Z i n  A, x  1 0 3 ) c o o r d i n a t e s . (X and Z a r e ,  r e s p e c t i v e l y

p a r a l l e l  t o  a* and c ; Y i s p e r p e n d i c u l a r  t o  them b o t h ) .

X y z
t

X Y
*

z

K+ 25000 20596 0 1524 1 2 4 4 ( 1 ) - 4 7

0 ( 1 ) 42122 87302 11623 2 5 6 8 ( 2 ) 3 2 7 4 ( 3 ) 1 7 7 0 ( 2 )

0 ( 2 ) 15901 64690 6745 9 6 9 ( 2 ) 3 9 0 8 ( 3 ) 1 0 4 3 ( 2 )

0 ( 1 ) 2 6 8 6 4 74605 12797 1 6 3 8 ( 2 ) 4 5 0 7 ( 3 ) 1 9 8 5 ( 2 )

0 ( 2 ) 18705 69327 21452 1 1 4 0 ( 3 ) 4 1 8 8 ( 3 ) 3 3 7 7 ( 2 )

H ( l ) 18410 51964 22561 1 1 2 2 ( 7 0 ) 3 1 3 9 ( 7 9 ) 3 5 5 4 ( 7 4 )

H(2) 3149 758 5 4 21329 1 9 2 ( 5 5 ) 4 5 8 2 ( 5 9 ) 3 3 8 6 ( 5 6 )

H(3) 25000 64690 0 1524 3908 - 4 7



T a b l e  3 , 3

0 2 AKHSucc: vibrationa-1 pa.rameters (A x 10 ) ,

Standard deviations are given in parentheses.

U11 U22 U33 2U23 2U3 i 2U12

K+ 2 1 2 ( 3 ) 3 0 6 ( 4 ) 3 1 0 ( 4 ) 0 6 7 ( 5 ) 0

0 ( 1 ) 3 7 0 ( 1 0 ) 3 9 6 ( 1 1 ) 2 4 1 ( 8 ) - 5 ( 1 5 ) 1 5 0 ( 1 4 ) - 2 3 3 ( 1 7 )

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

C ( l ) 2 4 0 ( 9 ) 2 7 6 ( 1 0 ) 1 7 8 ( 8 ) 1 4 ( 1 4 ) 5 1 ( 1 3 ) 2 2 ( 1 5 )

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

U.

H ( l )  2 5 3 ( 1 6 7 )  

H(2)  1 5 6 ( 1 1 2 )

H(3)  4 8 3 ( 2 9 9 )



T a b l e  3.4

KHSUCC: O b s e r v e d  s t r u c t u r e  a m p l i t u d e s  a n d  

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

B K L Po F c . U K L Fo Fo H K L Fo Fc

-9 1 2 2 .8 1 .8 - 6 1 3 0 .2 0 . 4 -5 6 5 5 . 9 6 .2
-9 I 4 1 2 .4 1 1 .1 - 6 1 5 1 .4 2 .1 - 5 6 7 1 4 .5 1 4 .4
-9 1 6 9 . 8 9 . 5 - 6 1 7 C .4 C .5 -5 6 9 9 .5 8 . 7
-9 1 8 1 1 .8 1 1 .4 - 6 1 9 7 . 4 - 7 . 9 - 5 6 11 1 .3 2 . 7
- 9 1 1C 1 1 .9 9 . 8 - 6 1 11 4 . 7 -5 .1 -5 6 13 7 . 6 8 . 6
-9 2  1 1 2 .1 1C. 6 - 6 1 13 0 . 9 - 1 . 3 -5 6 15 6 .6 8 . 5
- 9 2  3 9 . 2 8 .4 - 6 1 15 6 . 9 - 7 . 6 - 5 7 2 1 .8 3 .6
-9 2  5 3 . 7 2 .4 - 6 1 17 5 . 0 - 5 .4 - 5 7 4 3 .4 - 3 .2
- 9 2  7 5 .1 6 . 3 - 6 1 19 2 . 8 - 3 .9 - 5 7 6 4 .1 4 . 7
-9 2  9 3 . 7 2 . 9 - 6 2 2 2 3 .4 2 4 .1 -5 7 8 5 .8 4 . 8
-9 3 2 3 .4 - 2 . 7 - 6 2 4 1 1 .2 1 1 .7 - 5 7 10 4 . 3 4 .0
-9 3  4 1 4 .7 - 1 1 .7 - 6 2 6 9 - 3 9 .5 -5 7 12 4 . 8 - 3 .6
- 2 3  6 9 . 9 - 7 . 9 - 6 2 8 2 4 .2 2 5 .7 -5 8 1 8 . 6 - 8 .9
-8 C 2 3 2 . C 2 7 .7 - 6 2 10 l t . 7 1 2 .4 - 5 8 3 7 . 3 - 6 .2
-8 C 4 1 8 .3 1 5 .3 - 6 2 12 3 .4 9 . 7 - 5 8 5 1 .6 - 1 .9
-8 C 6 1 3 .1 n . 3 - 6 2 14 0 . 7 1 .9 -4 c 2 1 2 .0 - 1 4 .4
-8 c  8 ’ M 1 1 .6 - 6 2 16 1 2 .0 1 3 .3 -4 c 4 1 8 .8 2 0 . C
-8 C 1C 9 . 8 9 . 3 - 6 2 18 8 . 0 9 .9 -4 0 6 3 2 .3 3 4 .7
-8 0  12 1 2 .5 1 0 .6 -6 3 1 2 6 . 5 2 7 .3 -4 C 3 5 7 .5 6 4 .6
-8 C 14 2 .1 C .4 - 6 3 3 5 . 2 5 . 8 -4 0 10 1 5 .4 1 7 .5
-8 1 1 4 . 8 3 . 5 - 6 3 5 6 . 6 6 .8 -4 0 12 1 4 .4 1 7 .7
-8 1 3 3 . 7 2 . 9 - 6 3 7 C .3 1 .3 -4 0 14 1 6 .6 2 1 .0
-8 1 5 4 .3 2 . 8 - 6 3 9 1 2 .1 13 .1 -4 C 16 1 1 .6 1 3 .8
-8 1 7 3 .c - 2 . 2 - 6 3 11 1 2 . C 1 2 .6 -4 0 18 3 .6 4 . 7
-8 1 9 5 . 3 4 .4 - 6 3 13 5 . 8 6 .6 -4 c 20 9 .1 - 8 . 2
-8 1 11 8 . 5 6 . 8 - 6 3 15 1 2 .2 1 3 .3 -4 c 22 2 1 .3 2 0 .7
-8 I 13 7 . 5 6 , 6 - 6 3 17 5 - 8 6 . 6 -4 1 1 1 3 .4 1 4 .6
-8 1 15 2 . 8 0 . 8 - 6 3 19 6 . 8 8 .4 -4 1 3 9 .5 9 .2
-8 2  2 2 0 . 9 - 1 7 .8 - 6 4 2 1 1 .4 - 1 2 .5 -4 1 5 2 6 .5 2 6 .0
- 8 2  4 7 . 5 - 6 . 5 - 6 4 4 4 .3 - 4 .6 -4 1 7 i c .6 9 . 8
-8 2  6 1 1 .0 - 8 . 7 - 6 4 6 1 .3 -1 .2 -4 1 9 1 2 .3 - 1 2 .2
-8 2  8 1 5 .C - 1 2 . c - 6 4 8 2 . 6 - 2 .1 -4 1 11 4 . 9 - 5 .3
-8 2  1C 1 0 .7 - 8 .4 - 6 4 1C 1 .8 - 2 .7 -4 1 13 4 . 9 5 .4
-8 2  12 6 . 9 - 6 .7 - 6 4 12 5 - 5 - 6 .7 -4 1 15 1 6 .7 1 7 .C
-8 2  14 3 .3 - 2 . 0 - 6 4 14 7 . 4 - 8 . 2 -4 1 17 4 . 9 4 .4
-8 3  1 8 .C - 6 . 8 - 6 4 16 7 . 7 - 9 .0 -4 1 19 1 .8 1 .9
-8 3 3 5 - 8 - 5 . 2 - 6 5 1 1 1 .6 - 1 1 .9 -4 1 21 1 .6 1 .9
-8 3 5 1 1 .5 - 9 .4 - 6 5 3 8 . 8 - 9 . 7 -4 1 23 0 . 3 1 .3
-8 3  7 2 .1 - 1 .1 - 6 5 5 1 7 .9 - 1 8 .6 -4 2 2 21 .0 - 2 1 .0
-8 3  9 1 3 .7 - 1C .C - 6 5 7 5 . 5 - 6 .0 -4 2 4 1 5 .2 - 1 4 .3
- 8 3  11 l c . 7 -1 C .5 - 6 5 9 7 . 7 - 8 . 9 -4 2 6 1 3 .9 - 1 2 .5
-8 3  13 1 2 .9 - 1C .4 - 6 5 11 1 0 .1 - 1 0 .6 -4 2 8 4 2 .1 - 4 2 .2
-8 4  2 3 .4 4 . 5 - 6 5 13 8 . 9 - 9 .9 -4 2 10 1 9 .2 - 1 3 .5
-8 4 4 4 . 9 - 4 . 8 - 6 5 15 8 .1 - 8 .5 •4 2 12 1 0 . C - 9 . 9
-a 4 6 1 . 0 1 .9 - 6 6 2 C . 6 c .9 -4 2 14 9 .8 - 1 0 .3
-8 4 8 8 . 7 9 .5 - 6 6 4 6 . 9 - 6 .7 -4 2 16 1 5 .2 - 1 4 .5
-8 4 1C 6 . 7 7 . 2 - 6 6 6 2 .1 - 2 .6 -4 2 18 1 1 .7 - 1 1 .9
-8 5  1 4 .6 7 .1 - 6 6 a c . 3 -C .4 -4 2 20 3 .4 3 . 3
-8 5  3 4.C 5 .1 -6 6 10 0 . 8 1 .5 -4 2 22 9 . 7 - 1 0 .5
-8 5 5 1 C .9 11 .0 - 6 6 12 3 . 7 - 4 .5 -4 3 1 3 C .9 - 2 9 .6
-8 5 7 6 . 9 6 . 9 -6 7 1 2 . 7 3 .4 -4 3 3 1 9 .2 - 1 7 .5
-7 1 2 2 . 0 - 1 . 5 - 6 7 3 5 .1 6 .2 -4 3 5 3 3 .8 - 3 2 .3
-7 1 4 21 . 2 - 1 7 .8 - 6 7 5 1 2 .9 1 3 .9 -4 3 7 1 8 .5 - 1 7 .2
- 7 1 6 2 3 .1 - 1 9 .2 -6 7 7 6 . 9 7 .1 -4 3 9 3 . 5 4 .5
- 7 1 8 5 . 5 - 4 . 9 - 5 1 2 3 5 - 6 3 7 .2 -4 3 11 4 . 8 - 4 . 7
- 7 1 1C 1 3 .2 - 1 1 .6 - 5 1 4 3 5 -5 3 8 .4 -4 3 13 7 .4 - 6 .8
-7 1 12 1 5 .5 - 1 3 - 5 - 5 1 6 2 1 . 6 2 3 .0 -4 3 15 2 6 .6 - 2 4 .9
- 7 I 14 2 7 . 7 - 2 3 .3 - 5 1 8 1 3 .7 - 1 4 .5 -4 3 17 8 . 2 - 3 .6
- 7 1 16 4 .4 - 4 .4 - 5 1 10 1 7 -3 19.1 -4 3 19 8 . 9 - 7 . 9
- 7 1 18 2 . 8 - 2 . 6 - 5 1 12 2 3 .1 2 5 .5 -4 3 21 4 . 8 - 4 .5
- 7 2  1 2 .4 C .9 - 5 1 14 2 2 .4 2 3 .9 - 4 4 2 3 1 .9 3 3 -5
-7 a  3 1 3 .5 - 1 1 .0 -5 1 16 4 . 3 6 .1 -4 4 4 4 . 6 5 . 3
- 7 2  5 1 7 .3 - 1 4 .2 - 5 1 18 6 .1 7 .4 -4 4 6 5 . 9 - 6 .3
- 7 2  7 2 4 .6 - 1 9 .5 - 5 1 20 1 6 .4 2 0 .0 -4 4 8 1 1 .2 IC . 0
- 7 2  9 4 .1 - 2 .2 - 5 1 22 C .3 0 . 2 -4 4 10 9 .7 9 . 6
-7 2  11 3 .0 1 . 2 - 5 2 1 5 . 3 -5 .C -4 4 12 C .8 - C .7
- 7 2  13 3 . 7 - 3 . 3 - 5 2 3 2 2 .  C 2 3 .8 -4 4 14 C .9 - 0 . 8
- 7 2  15 4 . 4 - 5 .1 - 5 2 5 1 1 .4 12 .1 -4 4 16 1 2 -5 12 .1
- 7 2  17 6 . 9 - 6 . 6 - 5 2 7 1 1 .2 12.0 -4 4 18- 1 3 .2 1 2 .3
-7 3 2 8 .4 6 .1 - 5 2 9 1 4 .2 1 6 .3 -4 4 20 c .6 1 .8
- 7 3 4 1 8 .2 1 4 .8 - 5 2 11 1 5 .3 1 7 .3 -4 5 1 1 8 .8 2 7 .2
- 7 3  6 1 2 .4 1 0 .6 - 5 2 13 1 1 .1 12 .1 -4 5 3 1 1 .6 1 1 .9
-7 3 8 5 . 9 5 .C - 5 2 15 8 . 7 - 9 . 5 -4 5 5 1 3 .7 1 3 .3
- 7 3 10 M . 5 9 . 2 - 5 2 17 l . C c .3 -4 5 7 1 1 .9 1 1 .3
-7 3 12 9 . 2 7 . 4 - 5 2 19 3 - 8 4 .4 _4 5 9 1 6 .2 15 .C
-7 3 14 6 .6 6 . 5 -5 2 21 8 . 2 11 .4 -4 5 11 2 1 .2 1 9 .7
-7 3 16 2 . 6 - 1.1 - 5 3 2 c .5 C .6 -4 5 13 3 .2 3 .6
-7 4 1 1 1 .5 9 . 2 - 5 3 4 1 3 -0 - 1 3 - 9 -4 5 15 1 0 .8 1 0 . c
-7 * 3 1 3 .7 1 4 .5 -5 3 6 2 4 . 3 - 2 6 .3 -4 5 17 4 . 5 4 . 8
-7 *  5 6 . 4 7 . 3 - 5 3 8 3 . 5 - 9 .7 -4 5 19 1 1 .4 1 0 .4
-7 * 7 1 5 .C 1 6 .2 - 5 3 10 9 . 5 - I C .4 -4 6 2 6 . 9 - 7 .9
-7 i 9 7 .1 7 . 7 - 5 3 12 S .c * 8 .5 -4 6 4 4 . 9 5 .1
-7 4 11 5 .8 6 . 5 -5 3 14 1 0 .2 - 1 1 .3 -4 6 6 C .3 1 .5
-7 f 13 3 . 5 5 .1 -5 16 1 . 3 - 3 . 2 -4 6 8 1 .3 2 . 9
-7 4 1 5 2 .3 4 .2 -5 3 18 1 .4 - 2 . 5 -4 6 10 2 . 3 C .o
-7 5 2 1 .2 -2 .C - 5 3 20 6 . 7 - 8 . 0 -4 6 12 4 .6 6 . 1
-7 5  4 8 . 9 - 9 .1 -5 4 1 3 . 7 - 3 .9 -4 6 14 c .e c .9
-7 5  6 3 .3 -4 .C - 5 4 3 1 3 .9 - 2 0 .0 -4 6 16 5 . 3 - 6 .C
-7 5  8 1 .2 c .3 -5 4 5 1 2 .7 - 1 3 .3 -4 7 1 9 .2 -1C* 1
-7 5 ic c .8 c .5 - 5 4 7 2 0 . C - 2 0 .7 -4 7 3 5 .9 - 6 .6
-7 5 12 3 . 2 - 3 .8 -5 4 9 1 4 .4 - 1 5 .3 -4 7 5 7 . 9 -S .c
-7 6 1 1 0 .7 - 1 1 .7 - 5 4 11 8 . 2 - 9 .1 -4 7 7 6 . 5 - 6 .it
-7 6  3 1C .1 - 1 1 .3 - 5 4 13 1 2 .3 - 1 3 .7 -4 7 9 1 1 .3 - i c . 9
-7 6  5 0 .4 - 1 .2 -5 4 15 1 .8 - 2 . 2 -4 7 11 1 4 .6 - 1 4 . C
-7 § ? 5 . 7 - 6 . 2 - 5 4 17 6 . 7 - 9 .7 -4 7 13 4 . 3 -5 .1
-7 6 9 6 .4 - 6 . 7 -5 4 19 1 .9 - 1 .8 -4 8 2 5 .4 - 5 .3
-6 c  2 2 5 .2 - 2 7 .6 - 5 5 2 8 . 7 -9 .C -4 8 4 8 . 7 -1 C .3
- 6 c  4 8 . 7 - 9 . 7  • -5 5 4 4 .1 3 .8 -4 8 6 C.6 - c .3
-6 c  6 1 3 .9 - 1 5 .6 - 5 5 6 8 . 8 9 .1 -4 8 8 1 .5 - 2 .6
-6 c 8 4 2 . 2 - 4 6 .8 - 5 5 8 7 . 7 8 . 0 -4 8 10 2 .1 - 2 .3
-6 c  1C 1 3 .5 - 1 9 .7 -5 5 10 0 .4 2 .2 -3 1 2 7 4 .2 - 7 1 .5
-8 C 12 4 .4 - 5 . 6 -5 5 12 0 . 9 2 . 7 - 3 1 4 4 4 .7 -4  3 .3
-6 C 14 7 . 6 6 . 5 -5 5 14 C .4 -C .4 -3 1 6 5 5 .2 - 5 2 .3

C 16 1 5 .1 - 1 6 .8 - 5 5 16 1 .3 -4 .C -3 1 8 1 2 .7 - i c . 3
-6 0 18 15 .C - 1 5 .9 - 5 5 15 C .4 C .3 -3 1 IC 2 4 .2 - 2 2 .9
-6 0  2C 1 . 9 - 2 . 9 - 5 6 1 11 .9 1 1 .3 - 3 1 12 1 2 .3 - 12 .1
*6 1 1 1 7 .4 - 18 .1 -5 6 3 1 2 .4 1 1 .8 - 3 1 14 7 . 5 - 6 .3

H K L Fo ?c K X L Fo Fc H K L Fo Fc

- 3 1 16 ? ' . 3 - 2 0 . 7 - 2 2 16 1 5 .7 1 5 .0 4 9 2 7 .6 - 2 6 .6
- 3 1 13 1 3 .1 -"1716 - 2 2 18 1 3 .7 1 3 .2 -1 4 11 1 1 .2 - 1 0 .2

1 20 2 6 .2 - 2 4 .6 - 2 2 20 4 .9 - 4 . 5 -1 4 13 2 4 .7 - 2 2 .7
-3 1 22 1 .3 1 .7 . 2 2 22 ? .§ S . i -1 4 15 1 5 .5 - 1 5 . -
- 3 1 24 .3 - 0 .9 _o 2 24 5 . 7 -1 4 17 S . 3 - 9 . 3

2 2 .0 - 1 9 .2 - 2 3 1 3 ? ! o 3 3 .0 -1 4 19 9 . 0 - 8 . 7
- 3 2 3 T 3.9 1 3 .4 -2 3 3 6 0 .5 6 0 .9 - 1 4 21 2 . 2 1 .8

2 5 2 2 ,6 2 5 ,4 - 2 ■3 5 4 3 .7 -1 4 23 6 . 9 - 7 . 6
- 3 2 7 2 0 .6 - 1 S .4 -2 3 7 2 4 .3 2 4 .  1 -1 5 2 1 4 .6 1 3 .9
- 3 2 9 5 - 0 - 5c . c -2 2 9 0 .0 - 0 .2 -1 5 4 5 . 7 4 .3
- 3 2 11 1 3 .0 - 1 7 .3 - 2 3 11 2 2 ,4 2 2 .0 -1 5 6 1 6 .7 -  1d .  4
- 3 2 13 10.3 - 1 0 .5 «2 3 13 0 . 4 1 .0 -1 5 3 1 3 .0 - 1 2 ,4

2 15 c . 5 - c . 3 -2 3 15 5 .5 5 .3 -1 5 10 1 2 .3 1 1 .9
. 3 2 17 ' 1*4 - 10.  1 -2 17 7 .1 7 . 2 -1 5 12 1 6 .7 1 6 .2
-3 2 19 c .5 - 0 .5 - 2 3 19 1 5 .6 1 4 ,9 -1 5 14 3 .9 4 .4
- 3 2 21 5 .2 4 . 6 - 2 3 21 i? .S 1 7 .3 -1 5 16 4 .  1 - 3 . 7

2 23 4 .4 - 6 .5 -2 3 22 1 .2 -C .7 -1 5 15 4 . 6 4 .7
- 3 3 2 1 4 .3 12 .3 - 2 4 2 4 .1 - 5 . 2 -1 5 20 2 . 4 2 .5
-3 3 4 3 5 .9 3 3 .2 - 2 4 4 3 .5 - 3 .0 -1 6 2 1 ,9 2 1 .9
-3 3 6 2 7 .4 2 6 .0 - 2 4 0 2 7 .5 - 2 7 .4 -1 6 3 2 0 ,2 1 9 .5
-3 3 8 5 .7 - 5 . 5 -2 4 3 3 6 .2 - 3 5 .1 -1 6 5 1 7 .9 1 6 .2
- 3 3 10 < '4 . 9 _o 4 10 3 .1 3 .6 -1 6 7 1 0 .6 1 0 .3
- 3 12 3 c . 3 2 0 .0 -2 4 12 1 9 .5 1 3 .6 -1 6 5 2 6 .0 211.4
- 3 3 14 1 5 .8 1 5 .0 - 2 4 14 3 .4 -3 * 5 -1 6 11 1 0 .0 9 . 3
-3 3 16 1 .5 - 1 .9 - 2 4 16 1 9 .4 - 1 3 .6 -1 6 13 5 .9 5 .6
- 3 3 18 2 .4 - 2 .1 - 2 4 '3 3 . 5 - 0 .3 -1 6 15 2 . 0 2 . 0
- 3 3 20 13*3 1 4 .0 -2 4 20 3 . 7 2 .7 -1 6 17 7 . 7 8 . 0
-3 3 22 5 .1 5 .2 -2 4 22 4 .3 - 5 .4 -1 6 19 1 2 ,9 1 3 .6
- 3 4 1 3 .5 12 .3 - 2 5 1 2 3 .1 - 2 2 .7 -1 7 2 1 2 .3 1 1 .3
- 3 4 T, 1 9 .2 1 9 .7 - 2 5 3 1 2 .9 - 1 1 .5 -1 7 4 5 .1 - 5 . 3
- 3 4 5 1 3 .0 1 2 .6 -2 5 5 1 7 .4 - 1 5 .9 -1 7 6 4 .1 3 .6
-3 4 1 5 .3 1 4 .4 -2 5 7 2 9 .5 - 2 5 .4 -1 7 8 1 0 .0 9 . 6
- 3 4 9 2<?.7 2 2 .3 - 2 3 0 1 0 .2 - 5 .7 -1 7 10 4 .8 5 .1
- 3 4 1 i i . 3 1 2 .0 - 2 5 1*1 1 3 .0 - 1 6 .9 -1 7 12 0 .3 0 . 4
- 3 4 13 2 * .5 2 1 .1 - 2 5 13 6 . ' - 6 .2 -1 7 14 2 . 1 - 2 . 2
- 3 4 15 1 4 .2 -2 = 15 1 6 .6 - 16.1 -1 7 16 7 . 4 7 . 5
-3 4 17 1 0 .9 9 -6 - 2 5 17 3 . 9 - 8 . 5 -1 3 6 .2 - 6 . 4
- 3 4 19 4 .7 4 .5  - - 2 3 19 3 .3 - 3 .5 -1 5 3 S . 5 - 7 . 7
- 3 4 21 - . 3 2 .9 -2 5 21 5 .1 - 6 , 0 -1 8 5 i c . 6 - 3 .  1
- 3 5 2 1 0 .7 1 1 .8 -2 6 2 5 .5 6 .3 -1 8 7 5 . 9 - 3 . 3
- 3 5 4 12*2 - 1 1 .0 -2 0 4 7 . - - 7 . 9 -1 3 9 3 .1 - S . o
-3 5 6 3 .9 - 3 . 7 - 2 6 6 3 .3 4 .2 -1 3 1 3 .0 - 3 . 6
-3 5 s 5*6 5 .3 - 2 0 3 5 .3 5 .6 -1 8 13 1 .2 - 2 . 4
- 3 5 10 4 .3 - 4 .1 -2 6 10 3 .5 - 2 .5 - 1 9 2 1 1 .1 - 1 0 .2
- 3 3 12 1 7 .6 - 1 6 .9 - 2 6 12 1 0 .6 -9 * 7 -1 9 2 . 5 1 .6
- 3 5 14 3*1 - 8 .4 -2 6 14 5 . 6 - 5 .7 -  T 9 6 1 .5 - 2 . 5
- 3 5 16 9 .2 -2 c '6 6 .5 6 .3 -1 9 8 § •7
- 3 5 13 4 .0 5 .0 -2 6 13 c .3 - 0 . 5 C 0 2 6 6 .1 6 4 .4
-3 5 20 2 .3 - 2 .1 -2 7 1 1 3 .3 1 2 .2 0 0 b 6 .2 - 4 . 7
- 3 6 3 .5 - 7 .3 -2 7 3 3 .1 3 .6 0 0 8 5 8 .2 5 6 .3
- 3 6 3 2 3 .0 - 2 4 .5 - 2 7 3 5 .3 5 .3 0 u 12 6 . 6 - 3 . 2
- 3 6 5 2 2 ,9 - 2 1 .6 - 2 7 7 1 2 .3 i i . 9 0 0 14 4 5 .0 4 2 .3
- 3 6 7 n . o - ' 0 . 4 -2 7 9 9 . 0 3 . 6 0 n 16 3 7 .4 3 5 .9
- 3 6 9 7 .S - 7 .2 - 2 7 1 1 2 .9 1 1 .4 0 0 IS 2 3 .3 2 6 .9
- 3 6 t 3 .3 - 3 .5 - 2 7 13 6 . 4 7« 1 0 0 20 7 . 5 - 6 .6
- 3 5 13 ’ 6 .3 - 1 5 .3 -2 7 15 io . 3 1 0 .2 0 0 22 4 .2 - 3 . 4
- 3 6 6 .9 - 6 .4 - 2 7 17 4 .2 4 .4 0 0 2 4 1 2 .2 " . 3
- 3 6 '7 7 . 6 - 3 .0 - 2 3 2 1 .3 - 0 .3 0 1 1 0 .6 10.  1
- 3 7 2 '0 . 4 - 9 . 5 -2 .3 4 1 2 .5 ' 0 , 0 0 1 3 3 .3 - 4 . 5
- 3 7 4 * .4 0 . 6 - 2 3 6 7 . 2 6 .1 0 1 5 1 2 .9 - t o . 3
- 3 7 6 = ,  7 —6 .2 - 2 c s 6 ,0 4 .0 c 1 7 5 6 .6 5 4 .1
- 3 7 3 ■*. 1 - 2 .4 -2 8 10 c . 4 1 ,T 0 1 9 3 3 .7 3 5 .0
- 3 7 10 3 .6 -•J.O 3 12 1 .7 2 . 6 0 1 1 1 0 ,1 9 .8
- 3 7 12 c .9 - c . 3 - 2 9 ?*7 - 4 .  1 0 1 13 1 5 .6 - 1 5 .1
- 3 7 14 1 .4 - 2 .0 - 2 9 3 4 . 7 - 5 . 0 0 1 15 4 .  1 - 5 . 0
- 3 7 16 0 .6 - 5 .5 - 2 9 5 3 .4 - 3 .5 0 1 ’ 7 3 . 5 8 . 5
- 3 S 7 . c 6 .9 - 2 9 7 0 . 3 - 0 ,9 0 1 19 2 . 9 3 .7
- 3 3 9 .4 8 . 5 -1 1 2 5 1 .1 5 0 .5 0 1 21 5 .5 5 .2
- 3 8 5 3 .2 7 . 5 -1 1 4 5 2 .5 3 5 .1 0 23 2 . 4 1 .9
- 3 3 7 7 . 0 7 . 0 -1 1 6 1 0 7 .0 1 2 1 .6 0 1 25 4 .  1 5 .9

8 9 3 .7 4 . 4 -1 1 2 2 3 .7 2 7 .8 0 2 0 9 4 .6 - 1 1 6 .7
- 3 3 1 c .5 1.1 -1 1 10 9 . 7 3 .1 0 2 2 3 4 .3 - 3 3 .9
- 3 9 2 4 .3 4 .9 .  1 1 12 2 9 . S 2 9 .8 0 2 4 2 7 .4 - 2 6 .2
- 3 9 4 o . 3 - 0 . 2 -1 1 14 7 - 5 5 .7 c 2 6 2 9 .2 - 2 3 .2
-3 9 6 5 .9 5 .7 -1 16 1 4 .2 1 4 .3 0 2 3 3 7 .6 - 3 7 .1
- 2 0 2 5 0 .9 - 5 0 .5 -1 12 3 .7 3 .9 0 2 10 2 6 .3 - 2 6 .2
• 2 0 4 4 9 .1 - 4 5 .1 20 2 4 .3 2 4 .5 0 12 0 . 9 -O '. 3
. 2 0 6 2 5 .0 2 2 .7 22 1 3 .5 1 2 .9 0 2 14 ’ 0 . 2 - 3 0 .4
-2 0 3 ^ 2 . 0 - ^  = .5 -1 24 3 .7 4 .2 0 2 16 I S . 7 - 1 3 .2
- 2 0 10 5 * .3 - 5 2 .7 -1 2 7 . 9 9 .6 0 2 13 1 2 -7 - 1 3 .  1
- 2 0 12 4 7 .2 - 4 6 .2 -1 2 3 7 .3 2 20 1. 1 - 0 . 0
- 2 0 l4 3 5 .4 - 3 3 .5 -1 2 5 3 4 .5 3 2 .7 0 2 22 6 . 4 - 5 .7
- 2 0 16 - 4 .2 . 1 i 7 i . 3 1 .5 0 2 24 t o , 3 - 1 1 .0
- 2 0 13 1 4I 4 - 1 2 .9 2 9 4 .  1 3 .0 0 3 1 1 6 .5 - 1 5 .9
-2 0 20 4 . a 3 .2 -1 2 1 0 . 6 0 .3 0 3 3 18. 4 - ' 7 . 3
- 2 0 2 2 *2 .  l - 1 0 .7 -1 2 13 3 9 .3 3 3 .2 0 3 5 1 0 .3 - 1 0 .2
- 2 0 2 4 7 . 6 - 7 .9 -1 2 15 2 3 .3 2 3 .3 0 3 7 6 1 .3 - 6 9 .6
. 2 2 5 .9 - 2 5 .2 .1 2 17 3 .2 3 .7 0 9 3 8 .3 - 3 5 .7
- 2 3 6 2 .0 -5 -3 .7 -1 2 19 4 .0 - 4 .5 0 3 1 1 2 1 .3 - 2 1 .7
«2 1 5 3 4 .7 - 2 2 .3 - 1 2 21 5 . 4 - 5 .3 0 3 13 4 .5 5 . 5
- 2 7 5 .2 - 4 , 7 -1 2 23 7 . 3 9 .2 0 15 0 . 8 1 .4
- 2 9 5 .4 7 . 9 - 1 3 2 5 5 .4 - 3 s * 4 0 3 17 '3 . 3 - 1 3 .0

1 1 - .3 - 1 4 .7 -1 3 2 4 .3 - 2 2 ,1 0 3 19 3 . 6
- 2 13 1 .8 1.3 -1 3 6 3*6 - 2 ,4 c 3 21 1 2 .6 - 1 2 . 5
- 2 15 2 .2 3 .2 -1 3 3 0 .2 0 .3 0 3 23 ' . 9 - 3 . 3
- 2 1 17 * .0 - 1 .9 -1 10 2 3 .3 - 2 5 .7 0 4 2 4 .4 - 7 .1
- 2 19 1 * .9 -1  ' . 6 -1 3 12 3 2 .9 - ’ £ .4 c 4 4 2 3 .5 2 3 .2
- 2 21 1 3 . 1 - 1 1 .4 -1 14 3 .1 - 2 , 7 0 4 6 3 1 .0 3 0 .4
- 2 23 1.  1 1.3 -1 3 16 4 .2 - 4 .7 0 4 3 2 0 .3 '9 . 5
- 2 25 2 . 4 ’ .7 -1 3 13 9 .3 - 3 .7 c 4 10 6 ,0 6 .3
-2 2 2~*7 2 6 .7 - ) 20 1 4 .5 4 12 1. 1
-2 2 4 2 2 .4 2 1 .5 - 1 3 22 1 .9 i . 5 0 4 14 3 . 6 8 .1
.2 2 6 '4 . 2 12.  * .1 24 2 .0 2 .9 0 4 16 0 .7 0 . 5
- 2 2 3 47 . 0 5o*7 -1 4 3 1 .7 - 3 1 .9 c 4 *3 ? .3 - 2 .8
- 2 2 10 25*3 2 4 .2 - 1 4 3 1 3 .7 - 1 7 .9 0 4 20 3 .3 3 .7
- 2 2 '2 •2 . 6 1 0 .6 - 1 4 5 2 4 .3 - 2  .  0 c 4 22 1 2 .0 '2 . 3
-2 2 14 2 2 .1 2 3 .7 -1 4 7 7 .1 - 6 . 4 e 5 1 1 4 .4 1 3 .3



H K L Fo Po

0 5 3 3 4 .8 3 3 .9
0 5 5 2 0 .  1 1 9 .7
0 5 7 2 3 .7 2 2 . 0
0 5 9 3 .1 2 . 6
0 5 1 2 1 .9 2 1 . 2
0 5 13 1 7 .5 1 7 .2
0 5 15 1 0 .3 9 . 5
0 5 17 8 . 8 7 . 7
0 5 19 1 .2 1 .9
0 5 21 11 .1 T 2 .i
0 6 0 3 .2 4 .  1
0 6 2 3 .2 3 .1
0 6 4 1 0 .3 1 0 .2
0 6 6 4 . 4 - 4 . 3
0 6 8 1 1 .0 - 1 0 . 5
0 6 10 1 .9 1 .7
0 6 12 5 .5 5 . 1
0 6 14 5 .4 5 . 0
0 6 16 2 .1 - 2 . 5
0 6 10 4 .3 4 . 9
0 6 20 1 .7 2 . 0
0 7 1 2 .7 - 1 2 . 2
0 7 3 1 9 .3 - 1 8 .2
0 7 5 1 0 .5 - 1 0 .3
0 7 7 6 . 5 - 6 . 0
0 7 9 0 .3 0 . 1
0 7 1 1 1 .0 - 1 0 .7
0 7 13 1 3 .4 - 1 2 .5
0 7 15 9 . 0 - 8 . 3
0 7 17 5 .6 - 5 . 4
0 3 0 0 . 4 1 .0
0 8 2 3 ,4 - t . 6
0 8 4 1 6 .1 - 1 5 . 3
.0 8 6 6 ,1 - 6 . 2
0 3 8 1 .3 1 .5
0 3 10 5 .4 - 5 . 2
0 8 12 5 . 6 - 6 . 5
0 8 14 5 . 2 - 5 . 0
0 9 5 . 9 5 . 3
0 9 3 4 .5 4 .  1
0 9 5 2 . 8 3 . 0
0 9 7 2 .1 2 . 7
0 9

i
9
0 e l l 7 * 1

1 2 7 2 . 4 - 7 3 . 9
l 4 7 9 . 0 - 7 9 . 7

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

1 10 4 7 .6 - 5 1 .8
1 12 6 3 .3 - 6 2 . 9
1 14 4 .8 5 . 2
1 16 4 .1 4 . 6
1 18 8 . 4 - 7 . 7

1 2 0 2 0 .2 - 1 8 . 3
22 1 3 .0 - 1 2 . 5

1 2 4 1 .6 1 .0
2 8 5 .9 - 9 0 . 5
2 3 7 6 .9 - 7 9 .1
2 5 4 0 .3 - 3 7 .7
2 7 4 1 .6 3 9 - 9
2 9 , 3 . o
2 11 1 7 .6 - 1 6 . 0
2 13 1 9 .3 - 1 8 .8
2 15 1 3 .6 - 1 3 . 3
2 17 7 . 4 - 6 . 3
2 19 1 9 .0 - 1 7 - 5
2 21 1 .3 - 1 .0
2  2 3 1 .5 2 . 0
3 0 1 9 .4 1 9 .4
3 2 2 9 .2 2 3 . 2
3 4 3 3 .4 3 2 .4
3 6 2 1 .2 2 2 . 6
3 8 1 4 .0 1 4 .1
3 10 5 .7 3 . 9
3 12 1 9 .6 1 9 .6
3 14 8 . 3 8 . B
3 16 1 2 .7 1 3 .0
3 18 1 1 .4 1 0 .7
3 2 0 5 . 9 5 . 5
3 2 2 0 .4 1 .1
3 24 0 . 4 - 1 . 6
i 4 7 .3 4 7 . 0
4 3 2 4 .7 2 4 . 0
k 5 3 4 .5 3 4 .0
4 7 6 .6 6 . 7
4 9 1 9 .5 1 3 .9
4 1 1 1 .1 9 - 2
4 13 1 2 .5 1 1 .8
4 15 1 9 .2 1 3 .4
4 IT 9 . 0 3 . 1
4 19 15 . s 1 4 .2
4 21 0 . 8 0 . 5
4 23 4 .1 5 . 2
5 0 1 0 .2 - 1 0 .9
5 2 - 3 . 3
5 4 1 4 .5 - 1 4 . 3
5 6 3 .3 - 3 . 0
5 8 9 . 9 3 . 7
5 10 6 . 2 5 . 2
5 12 0 . 3 - 1 . 5

t 5 i4 5 .3 - 6 . 5
T 5 16 4 .6 - 5 . 1
1 5 13 7 . 7 - 7 - 3

5 20 o . f - 2 . 0
1 6 1 1 4 .7 - 1 3 . 4
1 6 3 0 . 6 1 .7
1 6 5 2 1 .5 - 2 0 . 4

L Fo Fc H K L Fo ■Fc

7 2 1 .2 - 2 1 .3 2 6 12 0 . 4 - 0 . 6
9 2 3 .9 - 2 1 .9 2 6 14 0 . 4 - 0 . 6

11 6 .2 - 5 . 9 2 6 16 2 . 5 2 .6
13 5 . 0 - 5 .1 2 6 18 6 .2 - 5 . 6
15 1 1 .3 -1  1 .2 2 7 1 1 5 .3 1 5 .3
17 3 .3 - 3 .0 2 7 3 1 9 .5 1 9 .7
19 6 .3 - 5 . 3 2 7 5 7 . 4 7 . 5
0 8 . 3 - 3 .1 2 7 7 7 . 6 7 . 6
2 1 .1 - 2 . 6 2 7 9 6 .9 6 . 6
4 5 .9 5 .9 2 7 11 6 .2 5 .9
6 6 .1 - 6 . 7 2 7 13 5 .1 5 . 4
3 1 4 .3 - 1 3 .3 2 7 '5 3 .0 3 .5

10 1 .6 0 . 9 2 8 0 4 . 5 4 .5
12 2 .3 - 0 .2 2 3 2 7 . 3 6 .7
14 1 .5 - 1 . 9 2 8 4 6 ,2 6 .6
16 8 . 9 - 9 . 0 2 3 6 2 ! 1 1 .9

1 6 .1 5 .1 2 a 3 1 .4 0 . 2
3 2 . 7 3 . 0 2 5 10 1 1 .9 12 . 1
5 7 - 5 I' 2 2 3 12 4 .7 4 .4
7 6 . 8 3 . 4 2 9 1 2 . 6 - 2 .8
9 9 .1 8 . 7 2 9 3 4 .2 - 4 . 5

1 1 6 .3 6 .1 2 9 5 5 .6 - 6 .3
13 3 .0 3 .5 2 9 7 2 .3 - 3 . 4
0 9 . 2 9 . 2 3 1 0 4 1 .3 4 1 .5
2 6 .3 6 .6 3 1 2 2 9 .5 2 3 .4
4 0 . 9 1 .0 3 1 4 13 . 7 13 .0
6 5 .6 6 . 0 3 1 6 3 . 4 - 5 .5
8 7 . 3 3 1 8 4 1 .5 4 0 .  1
0 9 1 .1 - 1 0 4 . s 3 1 10 3 7 .4 3 4 .0
2 4 7 .0 - 4 5 .1 3 1 12 3 9 .0 3 7 .6
4 7 1 .3 - 6 3 .4 3 1 14 3 . 3 3 .1
6 1 0 1 .2 - 1 0 0 .9 3 1 16 8 . 3 7*5
8 1 4 .4 - 1 4 .4 3 1 13 1 4 .4 1 4 .2

10 4 .6 5 .5 3 1 20 1 .0 1 .0
12 1 1 .8 1 2 .5 3 1 22 3 .3 4 .0
14 4 5 .3 - 4 3 .7 3 2 1 5 7 .1 5 6 .7
16 3 2 .9 - 3 1 .2 3 2 3 1 4 .5 1 3 .9
18 9 . 7 - 9 . 9 3 2 5 2 7 .1 3 0 .9
20 9 .8 - 3 . 7 3 2 7 2 6 .4 2 5 .2
22 8 . 3 - 7 . 0 3 2 9 19.1 1 8 .1
24 1 1 .4 - 1 2 .0 3 2 11 1 .4 - 3 .6

1 4 7 .3 4 6 .5 3 2 13 1 4 .6 - 1 3 .9
3 1 0 .0 9 : 2 3 2 15 1 2 .5 1 2 .2
5 1 1 .2 3 2 17 1 3 .2 1 3 .0
7 3 3 .1 - 3 1 .3 3 2 19 1 4 .S 1 4 .7
9 7 . 6 - 6 . 6 3 2 21 i . 3 1 .6

11 9 . 2 - 9 . 0 3 2 23 0 . 3 0 .9
13 1 7 .2 - 1 5 .2 3 3 0 7 . 0 7 . 2
15 3 . 4 - 3 - 8 3 3 2 2 3 .3 - 2 7 .4
17 0 . 3 2 . 0 3 3 4 5 1 .6 - 5 1 .2
19 8 . 2 7 . 6 3 3 6 1 5 .1 - 1 4 .6
21 4 .1 - 4 . 4 3 3 3 0 . 3 - 0 .1
23 6 .4 - 6 . 5 3 3 10 7 . 2 - 5 . 7

0 6 6 .9 7 0 .3 3 3 12 2 1 .9 - 2 0 .9
2 4 l .  8 3 9 .4 3 3 14 7 . 3 - 7 . 0
4 2 2 .9 2 0 .7 3 3 16 1 .2 - 1.1
6 4 3 .8 4 6 ,6 3 3 13 1 0 .2 - 1 0 .  S
8 2 6 .6 2 5 .  a 3 3 20 8 . 7 - 3 . 6

10 1 9 .2 1 9 .3 3 3 22 • 3 .7 - 4 .5
12 0 . 3 - 1 .5 3 4 1 3 2 .9 - 3 1 .  S
14 2 3 .5 2 2 .7 3 4 3 1 6 .7 - 1 5 .2
16 19 .1 1 3 .2 3 4 5 3 3 .1 - 3 2 .5
13 7 . 5 6 .3 3 4 7 2 0 .6 - 1 9 .7 -
20 7 . 0 6 .8 3 4 9 1 3 .6 - 1 3 .7
2 2 6 . 0 5 .3 3 4 11 1 2 .3 - 1 0 .2
24 6 . 9 9 . 7 3 4 13 2 .2 - 2 . 0

1 2 3 .3 - 2 2 .0 3 4 15 1 5 .0 - 1 5 .0
3 9 . 9 9 .9 3 4 17 5 . 0 - 4 .3
5 1 6 .3 16 .1 3 4 19 1 1 .2 - 1 1 . 1
7 3 3 .3 3 6 .5 3 4 21 5 .1 - 4 . 6
9 1 9 .9 1 7 .5 3 5 c 1 1 .3 - 1 1 .3

11 2 0 .4 2 0 .3 3 5 2 1 3 .4 13 .1
13 2 6 .3 2 4 .3 3 5 4 2 6 .9 2 6 ,4
15 < 5 .7 4 .3 3 5 6 7 . 3 6 .9
17 4 . 0 4 .2 3 5 8 1 1 .4 - 1 0 .9
19 7 . 6 - 6 . 7 3 5 10 0 .8 0 .3
21 8 .1 9 . 5 3 5 12 3 .7 3 .4
23 3 .6 7 .1 3 5 14 2 .  1 - 1 . 2

0 2 9 .3 - 2 3 .0 3 5 16 3 .5 - 3 .5
2 1 0 .7 - 1 0 .6 3 5 18 6 .1 6 .5
4 1 7 .9 1 8 .6 3 5 20 6 .5 8 . 3
6 1 .3 - 0 . 3 3 6 1 1 4 .3 1 3 .5
8 2 6 .1 - 2 5 .4 3 6 3 £ . 2 8 .7

10 2 5 .2 - 2 5 .4 3 6 5 1 3 .2 1 7 .4
12 5 .1 - 4 .9 3 6 7 8 . 3 3 .6
14 0 . 3 - 1 . 3 3 6 9 3 . 0 8 . 7
16 4 .1 - 3 . 3 3 6 11 1 4 .9 1 5 .2
18 0 . 7 0 . 4 3 6 13 1 0 .6 1 0 .4
20 0 . 4 - 0 . 0 3 6 14 9 . 5 9 .9
2 2 2 . 9 - 3 .2 3 6 17 1 . 1 - 1 .5

1 2 0 .6 - 2 1 .2 3 7 0 4 .  1 4 .6
3 3 3 .8 - 3 3 .5 3 7 2 1 .0 t . l
5 7 . 0 - 5 . 7 3 7 4 2 . 2 2 . 4
7 1 6 .6 - 1 5 .3 3 7 6 3 .4 3 .6
9 1 5 .2 - 1 4 .5 3 7 3 I ' 2 7 . 2

11 1 7 .4 - 1 6 .7 3 7 10 4 .0 - 3 . 5
13 1 4 .4 - 1 3 .4 3 7 12 4 .4 3 . 3
15 3 .1 - 2 . 7 3 7 14 5-Z 5 .6
17 1 3 .6 - 1 3 .2 3 n 1 7 . 4 - 7 . 7
19 4 .1 - 5 .2 3 8 3 3 .7 - 3 . 7
21 5 .5 - 6 . 6 3 3 5 1 .5 - j j . 3

0 1 .7 1 .6 3 g 7 4 .5
2 6 .9 - 6 .7 3 3 9 5 .5 - e i  1
4 1 4 .2 - 1 4 .3 3 3 11 £ . i - 7 .0
6 2 .3 - 1 . 9 3 9 0 4 .5 - 4 . 3
3 1 0 .3 1 0 . 1 3 9 2 4 .  1 - 4 . 7

10 0 . 9 - 1 .6 3 9 4 5 .4 - 5 .3

H K L Fo Fc K * L Po

4 0 0 2 8 .1 2 7 .1 5 2 1 5 o
4 0 ' 2 4 4 .2 6 i .2 5 2 13 0 . 3
4 0 4 7 7 ,7 3 3 .2 5 2 15 0 .2
4 0 6 5 3 ,7 5 2 .3 5 2 17 1 .3
4 0 8 2 1 .3 1 9 .3 5 2 15 2 .5
4 0 10 2 4 .7 2 3 .5 5 3 0 S . i
4 0 12 4 .0 3 .6 5 3 2 2 1 .2
4 0 14 3 .1 S . 3 5 3 4 2 3 .4
4 0 16 1 1 .4 n . 5 5 3 6 2 . 5
4 0 18 5 .1 5 .7 5 3 6 9 . 9
4 0 20 1 3 .5 1 3 .3 5 3 10 17*7
4 0 2 2 8 . 9 9 . 2 5 3 12 1 0 .3
4 1 1 9 .5 1 0 .0 5 3 14 0 .9
4 1 3 1 9 .7 1 9 .6 5 3 16 1 .0
4 1 5 7 . 3 - 5 .S 5 3 18 1 .8
4 1 7 1 1 .0 - 1 0 .7 5 3 20 5 .6
4 1 9 6 . 1 5 o 5 5 1 1 7 .2
4 1 11 1 6 .0 1 5 .0 5 4 3 ’ 2 . 1
4 1 13 1 5 .6 1 5 .0 5 4 5 1 8.1
4 15 1 .2 - 0 .3 5 4 7 1Q.2
4 1 17 1.7 i . 3 5 4 9 9 .2
4 1 19 0 .3 0 . 0 5 4 1 1 1 4 .5
4 1 21 1 .3 0 .3 5 4 13 2 . 6
4 2 0 3 6 .5 - 3 4 .7 5 4 ’ 5 7 .1
4 2 2 2 3 .4 - 2 2 .7 5 4 17 2 .3
4 2 4 1 0 .8 - 9 .3 5 5 3 .7
4 2 6 3 3 .1 5 5 2 6 .6
4 0 8 2 4 .4 - 2 1 I 2 5 b 4 5 .8
4 i 10 1 5 .4 - 1 3 .2 5 5 6 2 . 3
4 2 12 3 .2 5 8 2 .9
4 2 14 1 2 .4 - 1 2 .5 5 5 10 1 0 .2
4 2 16 1 4 .5 - 1 4 .5 5 5 12 0 . 4
4 2 IS 2 .  1 - 1 . 3 5 5 14 7 . 3
4 2 20 6 .9 - 7 .4 5 5 16 2 . 2
4 2 22 5 .5 - 5 . 4 5 6 1 0 .6
4 3 1 1 3 .4 - 1S . 6 5 6 3 9 . 3
4 3 3 2 " .7 - 2 7 .6 5 6 5 3 .4
4 3 5 1 .2 1 .2 5 6 7 6 .8
4 7 7 0 .3 2 . 0 5 6 9 7 . 2
4 3 9 1 5 .0 - 1 4 .6 5 6 1 1 2 .1
4 3 11 1 9 .0 —1,3.5 5 6 13 4 .1
4 3 13 2 3 .0 - 2 3 .2 7 0 7 . 7
4 3 15 3 .6 - 3 .0 7 2 2 .9
4 3 17 7 . c - 7 .7 5 7 4 1 .7
4 3 '3 c .3 - 1 . 7 $ 7 6 0 .5
4 3 21 0 .5 - 1 .6 5 7 S 5 .3
4 4 0 2 6 . S 2 7 .3 $ 7 10 0 . 6
4 4 2 4 ,6 - 5 .3 5 8 6 . 5
4 4 4 1 3 .6 - 1 3 .5 5 8 3 3 . *
4 4 6 1 2 .5 12 .1 5 5 5 .0
4 4 3 1 5 .5 1 5 .3 6 0 0 2 0 .7
4 4 10 ? .  1 1 .6 6 0 2 1 3 .5
4 4 12 1 .7 1 .6 6 c 4 4 .4
4 4 14 1 3 .2 1 3 .5 6 u 6 3 5 .*
4 4 16 1 2 .1 1 2 .0 6 c 8 3 3 .2
4 4 IS 3 .5 - 4 .  1 6 0 10 1 6 .5
4 4 20 5 .7 - 5 .3 6 0 12 5 .1
4 5 1 1 0 .1 1 0 .0 6 0 14 3 .*
4 5 3 1 7 .7 1 7 .2 6 0 16 1 .8
4 5 5 1 3 .3 1 2 .7 6 c 1S 1 .3
4 5 7 1 7 .0 1 6 .3 o 1 1 3 .*
4 5 9 1 4 .5 1 4 .4 6 t 3 5*5
4 5 11 3 . 0 3 .4 6 T 5 0 . 3
4 5 13 1 ! .  1 1 1 .4 6 t *7 0 . 3
4 5 15 5 .9 5 .4 6 1 9 5 .2
4 17 1 0 .5 1 1 .8 6 1 0 . 5
4 6 0 4 .7 - 5 .1 € 13 4 .2
4 6 2 4 .7 5 .8 6 1 15 4 .6
4 6 4 6 . 2 6 .0 6 1 17 5 .9
4 6 6 2 .7 2 .9 6 1 19 2 . 5
4 6 8 3 .2 - 2 . 9 6 2 0 16.1
4 6 10 6 .1 6 .3 6 2 2 1 2 .0
4 6 12 . 0 . 5 - 0 .1 6 2 4 3 .5
4 6 14 ■ 4 .1 - 5 .1 6 2 6 2 5 .2
4 6 16 ' . 3 - 2 . 7 6 2 S 1 6 .3
4 7 1 4 .5 - 4 . 2 6 2 10 6 .9
4 7 3 9 . 9 - 1 0 .2 2 12 7 . 0
4 7 5 1 2 .0 - 1 2 .7 6 2 14 8 . 2
4 7 7 n . 5 - 1 1 .3 6 2 16 1 0 .3
4 7 9 7 . 6 - 7 .5 6 2 13 2 .1
4 7 11 i . 9 -'1.0 6 3 1 3 .4
4 7 13 4 .  1 - 4 . 4 6 3 3 1 3 .5
4 3 0 3 .2 - 3 . 0 6 3 5 3 . 6
4 3 2 4 .0 - 4 . 3 6 3 7 3 .4
4 8 4 2 .2 - 2 . 5 6 3 9 9 .S
4 8 6 3 .9 - 5 . 5 6 3 1 0 .3
4 8 0 .8 - 0 . 6 6 \ 13 9 . 6
5 1 0 21 .8 - 2 3 .6 6 3 13 8 .1
5 1 2 2 0 .3 - 2 0 .9 6 3 17
5 l 4 4 c .  2 - 3 9 .1 4 0 c .7
5 t 6 4 .  1 -3 * 7 6 4 2 7 . 6
5 1 8 3 . 9 - 3 . 4 6 4 4 6 .1
5 t 10 1 1 .7 - 1 0 .5 6 4 6 7 .0
5 1 12 2 3 .9 - 2 3 .0 6 4 5 0 .3
5 1 14 - 13 .1 6 4 10 4 . 0

1 16 6 .7 - 6 .3 6 4 12 4 .3
5 1 13 1 3 .0 - 1 2 .9 6 4 14 9 .7
5 1 20 0 .4 - 0 .9 6 4 16 5 .9
5 2 1 3 . 4 3 .2 6 5 5 .4
5 2 a 5 .2 - 5 . 0 6 5 3 1 3 .0
5 2 5 3 0 .0 - 2 9 .7 6 5 5 1 4 .9
5 2 7 2 7 .1 - 2 5 .2 6 7 6 .0
5 2 9 * .9 - 4 .5 6 5 9 9 .3

Fc H K L Fo Fc

- 4 . 9 6 5 11 2 .8 - 4 .0
0 . 3 6 5 13 9 . 2 - 1 0 .5

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

- 3 . 4 6 6 It 0 . 3
3 .1 6 6 6 2 . 4

2 1 .3 6 6 5 0 . 9 0 . 3
2 3 .5 6 6 10 3 . 3 - 5 .2

1 .5 6 6 12 1 .7 - 2 .0
9 .3 6 7 1 3 .1 3 .7

1 6 .7 6 7 3 6 . 9 7 . 9
V J.3 6 7 5 8 .1 9 .3
- 0 . 9 6 7 7 4 .3 “ .3
- 1 .1 7 1 o 2 3 .3 19 .1
12 . S . 7 1 2 2 2 .7 2 4 .  1

6 .3 7 1 It 2 7 .0 2 3 .1
1 6 .6 7 1 6 2 . 0 2 . 5
1 2 .0 7 1 £ 2 . 0 3 .3
1 7 .4
1 8 .0

7
7

1 10
12

1 2 .5
7 . 7

1 3 .7
5 . 4

9 .4 7 1 14 6 .8 7 .1
1 4 .8 7 1 16 1 .6 3 .2

2 .5 7 2 1 5 . 4 5 . 6
7 . 9 7 2 3 6 .9 7 . 52. 1 7 2 5 2 . 4 2 .7
4 . 3 7 2 7 7 . 6 2 . 0

- 7 . 0 7 2 9 7 . 6 " . 6
- 5 . 3 7 1 1 1 3 .5 1 3 .5
- 1 .7 7 2 13 2 . 3 3 .3
- 3 .1 7 2 15 0 . 3 - 0 . 4

-1  j  0 7 3 0 9 . 0 - 8 . 2
- 0 . 7 7 3 2 5 .2 - 6 . 3

7 . 2 7 3 It 1 0 .0 - 1 0 . 4
3 .7 7 3 6 4 .9 - 5 . 6

- 2 0 .3 7 3 8 7 . i - 7 . 9
- 9 . 6 7 3 10 1 0 .3 - 1 1 .3
- 3 . 4 7 3 12 3 . 9 - 4 .  1
- 7 . 2 7 3 lit 2 . 5 - 2 . 5
- 7 . 7 7 it 1 10.  1 - 1 0 .9

- 1 2 .3 7 it 3 7 . 5 - 3 . 0
- 4 . 7 7 it 5 3 .5 - 4 . 4
- 3 .1 7 it 7 1 2 .5 - 1 2 .6
- 2 . 2 7 it 9 6 . 7 - 7 .  I
- 2 .5 7 it 11 1 1 .1 - 1 1 .7
- 0 . 5 7 £ 13 3 .3 - 3 . 9
- 6 .0 7 5 0 3 . 4 - 3 . 50.6 7 5 2 0 . 3 - 0 . 4

3 .1 5 It 1.1 0 . 5
3 .9 7 5 6 1 .6 1.82.1 7 5 £ 1 .7 2 . 0

- 2 1 .0 7 5 10 5 .3 5 .7
- 1 3 .1 7 6 1 8.1 9 . 4

4 .5 7 6 3 5 .9 7 . 5
- 3 4 .0 7 6 5 4 .9 6.1
- 3 1 .2 7 6 7 9 . 3 9 . 5
- 1 6 .9 0 0 ?.£ 8 . 2

- 5 . 4 3 0 2 4 . 0 5 .1
- 4 .0 8 0 It 3 .2 4 .2

- 1 2 .1 ' 8 0 6 1 5 .9 1 6 .7
1 .0 g 0 8 1 2 .7 1 3 .5

- 1 4 ,2 3 010 3 .3 4 . 0
- 5 . 2 3 012 1 1 .3 13 . 1

0 . 6 8 014 8 . 7 3 . 8
- 0 . 3 s 1 1 1 .3 2 . 5
- 5 . 5 8 1 3 4 .3 M

0 . 5 8 1 5 S . o 8 . 4

:s:Z 3
11 7

9
2 .9
1 .3

2 . 3
0 . 4

- 6 . 7 3 111 1 .9 - 2 . 0
- 2 .1 8 113 2 .9 2.  1
1 6 .1 3 2 0 1 0 .4 - 9 . 712.0 a 2 2 7 .1 - 3 . 0

3 .3 3 2 4 3 . 9 - 4 . 9
2 4 .5 5 2 6 1 0 .4 - n . 5
1 6 .5 g 2 £ 9 . 2 - 1 0 .0
7 . 3 9 210 2 . 3 - 2 .8
7 . 6 5 212 7 . 3 - 7 . 3
i . 7 5 3 1 7 .1 - 7 . 5

1 0 .6 5 3 3 9 . 4 - 9 . 8 -
- 2 .0 8 3 5 1 3 .9 - 1 4 .4
1 8 .7 8 3 7 2 . 9 - 4 . 2
1 3 .1 8 3 9 4 . 0 - 4 . 6
£ . 3 a 3 11 0 . 7 - 0 . 4
4 .1 3 4 0 8 . 7 8.6

1 0 .3 £ 4 2 5 .5 5 . 6
c . 7 g U 4 2 . 9 3 .7
9 .5 3 4 £ 4 .3 4 .9
7 . 7 5 4 £ 4 . 3 4 .8

1 0 .0 3 5 1 8.6 1 0 .1
- 9 .2 g 5 3 6 . 0 6 .7

g 5 5 7 . 3 3 .1
- 6 .5 9 1 0 n . 7 - 1 1 .4
- 7 . i t 9 1 1 0 .0 - ’ 2 .0
- 0 .2 9 1 4 1 1 .0 - 1 2 .3

3 .7 9 1 6 7 . 3 - 8 .3
- 5 . 5 9 1 £ 5 .9 - 6 . 2

- t o . 5 9 2 1 4 .5 - 5 . 7
- 6 .1 9 2 3 2.  1 - 2 .1
—6 ’. 3 9 2 5 1 .4 1 .9

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

* - l ‘ s 9 3 2 6 .7 6 .9
- 9 . “ 9 3 < 6 .3 6.6



T e j e l e ^ o

KHSucc: analysis of the agreement of |f I and F I at theJ o c
end of the refinement. N is the number of reflexions. 
Structure factors are on the absolute scale.

2(a) As a function of sin 8

(b)

N R SUI/N
0*00 - 0*04 229 5*55 1-55
0* 04 - 0*08 161 5*83 0-79
0-08 - 0*13 125 . 6-49 0*79
0*13 - 0*17 124 7*82 0*67
0*17 - 0*21 128 9*88 0*75
0*21 - 0*23 113 9*37 0* 66
0*25 - 0*30 103 10*82 0*66
0*30 - 0*34 102 13*42 0*78
0*34 - 0*38 104 15*87 0*81
0*38 - 0*42 83 16*82 0*78

As a function of If 11 o'
0*0 - 5*5 458 22*61 0*63
5*3 - 11*0 345 8*12 0 • 64

11*0 - 16*5 201 6*78 0*90
16*5 - 22*0 96 5*60 1*07
22*0 - 27*5 59 5*63 1*39
27*5 - 38*5 57 3*99 1*30
38*5 - 49*5 25 5*27 2*30
49*5 - 77*0 24 4*39 2*66
77*0 -110*0 7 8*83 8*38

A l l 1272 7*56 0*89



Table 3„6

E q u i v a l e n t  P o s i t i o n s

I X, y» z

I I 2 + X , l - y , z

I I I i - x , >»iCM ? ~ Z

IV 2-X, y» - z

V - i + x , i -y> z

VI 1 —X , i -y» - z

VII 2-X, - i+y» - z

V I I I x , - i + y , z

IX - x , i - y , - z

X - 2 + X , 2- y , z

XI i + x 2- y , z



T a b l e  3*7

Bond lengths and angles vithin the succinate residue.

c ( l -  0(1 1*225 (4)  A

c ( l -  0 ( 2 1*301 (2)

C(1 -  C (2 1*512 (3)

C(2 -  C (2 I I I 1*510 (5)

C(2 -  H( 1 1*06 (8)

C(2 -  H(2 1*03 (6)

0 ( 2 • • - 0 ( 2 IV 2*446 (4)

0 ( 1 )  - C ( l )  - 0 ( 2 123*5 (2)

0 ( 1 )  - 0 ( 1 )  - 0( 2 122*9 (2)

0 ( 2 )  - 0 ( 1 )  - 0 ( 2 113*6 (2)

C ( l )  - 0 ( 2 )  - 0 ( 2 I I I 114*3 (2)

H ( l )  - 0 ( 2 )  - H(2 111 ( 5 )

H ( l )  - 0 ( 2 )  - 0 ( 2 I I I 110 (4)

H ( l )  - 0 ( 2 )  - 0(1 112 (4)

H(2) - 0 ( 2 )  - 0 ( 1 103 (4)

H(2) - 0 ( 2 )  - 0 ( 2 I I I 107 (3)

0 ( 1 ) * * * 0 ( 2 )  • • • 0 ( 2 IV 114*3 (2)



T a b l e  3 .8

Environment of the potassium ion; the standard deviations 
of all angles lie in the range 0*06-0*07 degrees. Only 
the values for the more meaningful angles are quoted.

K+---0(l)V, 0(1)VI 2*808(2) A
K+***0(2)11, 0(2)IX 2-828(2)
K+ - • * 0 ( l ) VI1, 0 ( 1 ) VI11 2 -904(2)

K+---0(2), 0(2)IV 2-931(3)

0(1)V---K+•••0(1)^ 92-91
0(1)V---K+---0(1)VI11 73-38
0(l)V--*K'f---0(2) 76*52
0(l)V---K+--*0(2)i;i: 116-31
0(1)VI---Kf***0(2)11 70-34
0(i)v i i.-.k+.--0(i)VI11 92-32
0(l)VIII--*K+---0(2) 117-73
0(l)VIII-**K+*--0(2)I]C 71-37
0(2)---K+---0(2)11 75-54
0(2)---K+---0(2)IY 49*29
0(2)-*-K+---0(2)IX 71-24



C l o s e s t  c o n t a c t s  be tween atoms 

i n  d i f f e r e n t  s u c c i n a t e  r e s i d u e s .

H ( l ) 1 1 - • •H(2 ) 1 1 1  2 -29 (10 )

0 ( l ) - - - 0 ( 2 ) XI 3*345(3)

0 ( 1 ) X 3*416(4)

C (2 )XI 3*433(3)

0(2 )  3*555(3)

0 ( 2 ) -  - - C(1 ) V 3*518(3)

0 ( 2 ) 3 * 5 3 1 ( 3 )

C (1 )* * * 0 (1 )X 3*131(4)



T a t ^ j h i q

A comparison of bond lengths and angles in molecules 

containing the basic succinic acid skeleton.

(3 Succinic

Acid
Succinamide KHSucc Succinimide

C(l) - 0(1) 
(carbonyl)

0(1) -  0(2)

C(1) - N

C(1) - C(2)

C(2) - C(2)IIX 
(central G-C bond)

1.252(12)51 1.238(2)51 1.225(4)51 1.227(15)A

1 . 322 ( 12)

1.485(13)

1.533(19)

1.333(2)

1. 512(2 )

1.501(3)

1.301(3)

1.512(3)
1.510(5)

1.385(15)

1.506(15)

1.505(11)

0(1) -  C(1) -  0 ( 2 )  

0(1) - C(1) - N 

0(1) - C(1) - C(2) 

0(2) - C(1) - C(2) 

N - C(1) - C(2) 

0(1) - C(2) - C(2)III

122.7

124.4

112.9

113.1

122.0

122.4

115.6,

113.9

123.5

122.9
113.6

114.3

123.9

127.9
/

/

108.3

107.6

Succinic

Anhydride

1. 19( 1)°

1.38(1)

1.51(1)
1.48(1)

119.4°

130.4

110.3

104.7
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F i g u r e  3*4- E l e c t r o n - d e n s i t y  s e c t i o n  t h r o u g h
, , 1 1  , .VI

th e  p l a n e  c o n t a i n i n g  atoms 0 ( 2 ) and 0 ( 2 )
o~ 3

The c o n t o u r s  r u n  a t  i n t e r v a l s  o f  C . l e . A
o - 3  o _3

from C .2e .A  t o  C . 6 e.A



O R  „

o t h e r  c a s e s  -  sodium h y drogen  d i a c e t a t e  (Speakrnan and

M i l l s ,  1 9 6 1 ) ,  and p o t a s s iu m  hydrogen  d i a n i s a t e  (McGregor

and Speakman,  1 9 6 8 ) ,  does  t h i s  ty p e  o f  h y d ro g en  bond o c c u r ,
o

I n  t h e  p r e s e n t  s t u d y ,  t h e  bond i s  o f  l e n g t h  2 . 4 4 6 ( 4 ) A,

w hich  a g r e e s  v e r y  w e l l  w i t h  t h e  a v e ra g e  v a lu e  o f  2 . 4 4 6 ( 3 ) 1

c i t e d  by  D r .  J .  C. Speakman ( 1 9 6 7 ) ,  i n  h i s  X - r a y  d i f f r a c t i o n

s t u d i e s  o f  t h e  a c i d  s a l t s  o f  m onobas ic  a c i d s .

As shown i n  F i g u r e  3 . 3 ,  t h e  p o t a s s i u m  i o n s  l i e  on

t w o - f o l d  symmetry a x e s .  Each i o n  l i e s  i n  t h e  i n t e r s t i c e

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

where  t h e  c h a i n s  a re  l i n k e d  by  h y d ro g en  b o n d s .  C o n s e q u e n t ly

th e  p o t a s s i u m  i o n  l i e s  a t  t h e  c e n t r e  o f  what m igh t  b e s t  be

d e s c r i b e d  as  a d i s t o r t e d  cube o f  oxygen a tom s,  e ach

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

o c c u r  i n  f o u r  p a i r s ,  r a n g i n g  i n  l e n g t h  f ro m  2 .8 1  t o  2 .93A, 

There  a r e  c e n t r e s  o f  symmetry a t  t h e  m i d - p o i n t s  

o f  t h e  c e n t r a l  C-C bonds i n  t h e  s u c c i n a t e  r e s i d u e s .  Atoms 

0 ( 1 ) ,  0 ( 2 ) ,  C(1) and C(2) a r e  found  t o  be s t r i c t l y  p l a n a r ,  

t h e  sum o f  th e  a n g l e s  round G(1) b e i n g  3 6 0 . 0 ° .  The mean 

p l a n e  t h r o u g h  th e  f o u r  atoms i s  r e p r e s e n t e d  by t h e  

e q u a t i o n ,

- 0 . 6 3 6 7  X 1 + 0 .7 6 9 7  Y -  0 . 0 4 5 9  Z* = 2 .341A.

Because  o f  t h e  p o s i t i o n  o f  th e  c e n t r e  o f  symmetry ,  t h e  

o t h e r  f o u r  n o n -h y d ro g e n  atoms o f  t h e  r e s i d u e  n o t  o n l y  l i e  

i n  one p l a n e ,  b u t  t h i s  p l a n e  must  a l s o  be p a r a l l e l  to  th e
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f i r s t  o n e .  However, a l t h o u g h  t h e s e  p l a n e s  must be p a r a l l e l ,

th e  symmetry o f  t h e  space  g roup  does n o t  r e q u i r e  them to  be

c o “- p l a n a r .  In  f a c t ,  t h e y  a r e  c o - p l a n a r ,  t h e  e q u a t i o n  o f

th e  mean p l a n e  t h r o u g h  a l l  e i g h t  atoms b e in g

-  0 .6 3 6 7  X’ + 0 .7 6 9 9  Y -  0 .0 4 4 0  Z* = 2 .345A,

which  d i f f e r s  o n l y  v e r y  s l i g h t l y  f rom  t h e  p r e v i o u s  e q u a t i o n .

None o f  th e  atoms d e v i a t e  s i g n i f i c a n t l y  f rom t h i s  p l a n e ,

t h e  r o o t  mean sq u a r e  d i s p l a c e m e n t  o f  t h e  atoms from  t h e
o

p l a n e  b e i n g  0 .004A ,  and t h e  maximum d i s p l a c e m e n t  b e i n g  
o

0 . 0 0 5 A f o r  atom 0 ( 1 ) .

A l i s t  o f  t h e  c l o s e r  non-bonded  a p p ro a c h  d i s t a n c e s  

b e tw ee n  th e  r e s i d u e s  i s  g iv e n  i n  T ab le  3 . 9 .  The s h o r t e s t
O - r  - r

a p p ro a c h  o f  2 .29A i s  be tw een  hy d ro gen  atoms H ( 1 ) ±J- and

H ( 2 ) ^ - ^ .  Two o t h e r  H***H d i s t a n c e s  a re  i n  t h e  r e g i o n  o f  
o

2 ..70 A. N e g l e c t i n g  c a r b o n - h y d r o g e n  and ox y gen -hy d ro gen

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

3 . 6 0 A.
I t  i s  i n t e r e s t i n g  to  compare t h e  m o l e c u l a r  

s t r u c t u r e s  o f  a l l  th e  compounds so f a r  s t u d i e d  by  X - ra y  

d i f f r a c t i o n  which  c o n t a i n  th e  s u c c i n i c  a c i d  s k e l e t o n ,  

e i t h e r  i n  i t s  e x te n d e d  o r  c y c l i c  f o r m s .  A c o m p ar ison  o f  

t h e  bond l e n g t h s  and a n g le s  I n  t h e s e  compounds i s  g iv e n  i n  

T ab le  3 . 1 0 .  The num ber ing  o f  th e  atoms c o r r e s p o n d s  to  t h a t  

u s e d  i n  F i g u r e  3 . 1  to  d e s c r i b e  p o t a s s i u m  hydrogen  s u c c i n a t e .
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Vie s h a l l  c o n c e rn  o u r s e l v e s  m a in ly  w i t h  th e  e x te n d e d  

s t r u c t u r e s  which a r e  hy d ro g en  bonded i n t o  chains-* So f a r ,  

o n l y  two o t h e r s ,  a p a r t  f rom  p o ta s s iu m  hydrogen  s u c c i n a t e ,  

have been  s t u d i e d  a c c u r a t e l y  -  p -  s u c c i n i c  a c i d  (B ro a d le y  

e t  a l ,  1 9 5 9 ) ,  and su c c in a m id e  (D av ies  and P a s t e r n a k ,  19 5 6 ) .  

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

i n  th e  c a se  o f  P~ s u c c i n i c  a c i d ,  t h e  d im e n s io n s  o f  t h e  t h r e e  

compounds a g re e  f a i r l y  w e l l ,  e x c e p t  f o r  two i m p o r t a n t  

f e a t u r e s  -  t h e  p l a n a r i t y  o f  t h e  s u c c i n a t e  r e s i d u e  as a w hole ,  

and th e  l e n g t h  o f  t h e  c e n t r a l  C - C b o n d .

I n  a l l  t h r e e  s t r u c t u r e s  t h e  r e q u i r e m e n t s  o f  space

g roup  symmetry impose a c e n t r e  o f  symmetry a t  th e  m id - p o i n t

o f  t h e  c e n t r a l  C - C bon d ,  b u t ,  as m en t io n ed  p r e v i o u s l y ,

t h i s  o n l y  r e q u i r e s  t h e  c a r b o x y l  g roups  to  be p a r a l l e l ,  b u t

n o t  n e c e s s a r i l y  c o - p l a n a r .  I n  su c c in a m id e  and t h e  a c i d  s a l t

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

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

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

c a rb o n  atoms by  abou t  1 1 ° ,  e ach  o f  t h e  oxygen atoms b e in g
o

d i s p l a c e d  f rom th e  p l a n e  by  a b o u t  0 .20A .  A l th o u g h ,  i n  

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

bonds l y i n g  a c r o s s  c e n t r e s  o f  symmetry,  th e  symmetry e lem en t  

r e q u i r i n g  t h e  f o u r  oxygen atoms o f  the  two l i n k e d  c a r b o x y l  

g ro u ps  t o  be c o - p l a n a r ,  t h i s  i s  a l s o  t h e  c a se  in. t h e  p l a n a r



su c c in a m id e  r e s i d u e  , so one can n o t  a rg u e  t h a t  t h e  n o n 

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

o f  s t e r i c  s t r a i n  caused  by  the  oxygen atoms b e i n g  lo c k e d  

i n  p o s i t i o n .  I n  th e  c a se  o f  p o t a s s i u m  h y d ro g en  s u c c i n a t e ,  

t h e  s u c c i n a t e  r e s i d u e s ,  a l t h o u g h  l i n k e d  by s h o r t  hy d rogen  

b o n d s ,  a r e  l i n k e d  a c r o s s  t w o - f o l d  symmetry a x e s ,  w hich  do 

n o t  demand t h a t  t h e  ends  o f  th e  a n io n s  s h o u ld  be c o - p l a n a r .  

I n d e e d ,  t h e  a n g le  be tw een  th e  m e a n -p la n e s  o f  c a r b o x y l  

g r o u p s  i n  a d j a c e n t  r e s i d u e s  i s  about  7 9 ° .

The second p o i n t  o f  i n t e r e s t  I s  th e  l e n g t h  o f  t h e

c e n t r a l  C - C  bond .  I n  p - s u c c i n i c  a c i d  th e  c e n t r a l  C -C
o

bond l e n g t h  o f  1 . 5 3 3 . ( 1 9 ) A does  n o t  d i f f e r  s i g n i f i c a n t l y
o

f ro m  t h e  s t a n d a r d  C -  C s i n g l e - b o n d  l e n g t h  o f  1 .5 4 4 5 A i n

diam ond .  However i n  th e  two o t h e r  p l a n a r  r e s i d u e s  t h e r e
o

i s  a  s i g n i f i c a n t  s h o r t e n i n g  o f  t h e  bond l e n g t h  t o  1 . 5 0 1 ( 2 ) A
o

i n  su c c in a m id e  and 1 . 5 1 0 (5)A i n  t h i s  s t u d y .  T h is  i s  a l s o

found  t o  be th e  c a se  i n  t h e  two,  a lm o s t  p l a n a r ,  c y c l i c

m o l e c u l e s  w h ich  have b e en  s t u d i e d  -  s u c c i n i c  a n h y d r id e

( E h r e n b e r g ,  1 9 6 5 ) ,  and s u c c i n i m i d e  (Mason, 1961) -  which
o o

have  C -  C c e n t r a l  bond l e n g t h s  o f  1 .5 1 ( l ) A a n d  1 . 5 0 6 ( 1 5 ) A 

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

d e v i a t i o n  on th e  b o n d - l e n g t h  i n  p - s u c c i n i c  a c i d ,  b u t  i f  

t h e  r e s u l t s  a r e  t a k e n  a t  t h e i r  fa.ce v a l u e ,  t h e y  Imply a 

p o s s i b l y  s i g n i f i c a n t  s h o r t e n i n g  o f  t h e  bond i n  g o in g  f rom 

a n o n - p l a n a r  t o  a p l a n a r  c o n f i g u r a t i o n .



N e i t h e r  th e  s u c c in a m .d e  o r  s u c c i n i m i d e  s t r u c t u r e s

were  c o r r e c t e d  f o r  r i g i d “body l i b r a t i o n ,  b u t  i t  i s  d i f f i c u l t

t o  see  how t h i s  cou ld  inc rea .se  tn e  l e n g t h  o f  the  c e n t r a l
o

0 -  C bond by  more t h a n  about  0 .007A, th e  i n c r e a s e  found  on 

c o r r e c t i n g  p - s u c c i n i c  a c i d .  The changes  i n  bond l e n g t h  

fo u n d  f o r  p o t a s s i u m  hydrogen  s u c c i n a t e  were o f  t h e  o r d e r  

o f  one t h i r d  o f  a  s t a n d a r d  d e v i a t i o n  and were  n o t  a p p l i e d . .  

T h i s  i s  t h e  r e s u l t  t o  be e x p e c te d  i n  such a sy s te m ,  i n  which 

t h e  r e s i d u e s  a r e  r i g i d l y  l i n k e d  i n t o  c h a in s  by  h ydrogen  

b o n d i n g .
o

The a v e rag e  v a lu e  o f  1.504A found  f o r  th e  0 (1 )  - 0 ( 2 )

bond i n  t h e s e  s t r u c t u r e s  i s  a b o u t  what i s  e x p e c te d  f o r  a bond

b e tw e e n  an sp^  and an sp^ h y b r i d i s e d  c a r b o n  atom ( S t o i c h e f f ,

1 9 6 2 ) ,  t h e r e  b e i n g  no need  to  invoke  any i d e a s  o f  r e s o n a n c e

o f  h y p e r c o n j u g a t i o n  to  e x p l a i n  th e  s h o r t n e s s  o f  t h e  bond
o

compared w i t h  t h e  C -  C bond l e n g t h  o f  1.545A found i n  

d iam ond .  However i t  i s  much more d i f f i c u l t  to  u n d e r s t a n d  

t h e  s h o r t e n i n g  o f  t h e  c e n t r a l  C - C bond .  E x p l a n a t i o n s  

i n v o l v i n g  h y p e r c o n j u g a t i v e  e f f e c t s  o f  t h e  CHg groups  seem

i m p r o b a b le ,  t h e r e  b e i n g  no e l e c t r o n e g a t i v e  oxygen atoms
o

f ro m  o t h e r  r e s i d u e s  n e a r e r  t h a n  3 . 3 2 A. These would have 

t h e  e f f e c t  o f  h e l p i n g  t o  d e l o c a l i s e  c h a rg e  o u t  o f  t h e  C - II 

b o n d s .
The r i g i d - b o d y  m o t io n s  o f  p o t a s s i u m  hy drogen  

s u c c i n a t e  a r e ,  as e x p e c t e d ,  v e r y  s i m i l a r  to  t h o s e - f o u n d



i n  p - s u c c i n i c  a c i d  i t s e l f *  The a x i s  R o f  minimum i n e r t i a ,  

r u n s  a lo n g  t h e  l e n g t h  o f  the  p l a n a r  r e s i d u e , p a s s i n g  v e ry  

c l o s e  t o  atoms C ( l )  and C ( I ) ~ ~ ,  w i t h  t h e  o t h e r  two i n e r t i a l  

a x e s  p e r p e n d i c u l a r  t o  t h i s ,  Q l y i n g  i n  th e  m o l e c u l a r  p la n e  

and P p e r p e n d i c u l a r  t o  i t .  The a n a l y s i s  i n d i c a t e s  t h a t  

t h e  a n g u l a r  m o t io n  a b ou t  axes P and Q, i s  n e g l i g i b l e  and th e  

m o l e c u l a r  o s c i l l a t i o n  o f  abou t  2 °  a round R i s  c o v e red  by  th e  

s t a n d a r d  d e v i a t i o n .  The r i g i d - b o d y  t r a n s l a t i o n  v i b r a t i o n s ,  

T i j ,  o f  t h e  m o le cu le  a r e  d e f i n e d  as th e  t e n s o r - c o m p o n e n t s  o f  

t h e  sym m etr ic  t e n s o r  T, g i v i n g  t h e  mean s q u a re  a m p l i tu d e  o f  

t h e  t r a n s l a t i o n a l  v i b r a t i o n s  o f  t h e  c e n t r e  o f  mass o f  th e  

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

i n d i c a t e d  by  th e  a n a l y s i s  a r e  a  minimum, v i b r a t i o n  o f  mean
o p

s q u a r e  a m p l i tu d e  Tpp = 0 .1 8 A °  a lo n g  t h e  l e n g t h  o f  th e

m o l e c u l e ,  r o u g h l y  i n  th e  d i r e c t i o n  o f  t h e  c - a x i s ,  a v i b r a t i o n  
° pTpp = 0 .026A  p e r p e n d i c u l a r  to  t h e  m o l e c u l a r  p l a n e ,  and a

o 2v i b r a t i o n  Tqq = 0.036A l y i n g - i n  t h e  m o l e c u l a r  p l a n e ,  

p e r p e n d i c u l a r  t o  R.

An e l e c t r o n - d e n s i t y  d i f f e r e n c e  s y n t h e s i s ,  c a r r i e d  

o u t  a t  t h e  end o f  th e  a n i s o t r o p i c  l e a s t - . s q u a r e s  r e f i n e m e n t ,  

i n  w h ic h  t h e  c o n t r i b u t i o n s  o f  a l l  a to m s ,  w i t h  t h e  e x c e p t i o n  

o f  t h e  a c i d i c  hy d ro g en  atom, were  s u b t r a c t e d  o u t ,  r e v e a l s  a 

r a t h e r  i n t e r e s t i n g  s i t u a t i o n .  The l a r g e s t  p e a k s ,  o f  h e i g h t  

0 .6 2 e A “^ (<t( a p) = Q .3 3eA "^ ) ,  a r e  found  t o  l i e  s y m m e t r i c a l l y  

on e a c h  s i d e  o f  t h e  t w o - f o l d  a x i s ,  i n  th e  ne igh b o u rh o o d  o f
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t h e  a c i d i c  hydrogen  atom. This  s i t u a t i o n  i s  shown i n  F i g u r e  

3 . 4 ,  which shows th e  e l e c t r o n - d e n s i t y  d i s t r i b u t i o n  t h r o u g h  

t h e  p l a n e ,  p e r p e n d i c u l a r  to  th e  b a x i s ,  which c o n t a i n s  th e  

a toms 0 ( 2 ) - ^  and 0 ( 2 ) ^ “ . 'The c o n t o u r s  ru n  a t  i n t e r v a l s  o f  

O . le . 'A  f rom  0 . 2  t o  O .S e .A ’"0 . An i d e n t i c a l  s i t u a t i o n  has  

a l s o  b e e n  found  by  K a n t e r s  and Kroon,  (1969) i n  a v e r y  

a c c u r a t e  low t e m p e r a t u r e  s t u d y  o f  t h e  s t r u c t u r e  o f  p o t a s s i u m  

h y d ro g e n  m e s o t a r t r a t e .

I f  vie i n t e r p r e t  t h e s e  r e s u l t s  t o  i n d i c a t e  a 1 : 1

d i s o r d e r i n g  o f  hy d ro gen  a tom s ,  th e  p o s i t i o n s  o f  t h e  atoms

b e i n g  t a k e n  from a p e ak  s e a r c h  o f  t h e  d i f f e r e n c e  map, t h e n

t h e  i n t e r a t o m i c  d i s t a n c e s  and a n g l e s  p e r t i n e n t  t o  th e

s i t u a t i o n  a r e  shown i n  t h e  d ia g ra m  be low :
0 ( 2 ) IV

H J -6 9 * 5 0
c ( l )

1 . 53' ^
\  \

V* V

The p o s i t i o n  o f  th e  p e a k  found  f rom  t h e  d i f f e r e n c e  
o

map l i e s  1 .00A f rom  t h e  oxygen atom -  r a t h e r  a s h o r t  d i s t a n c e

f o r  such  an 0 -  H b o n d .  However, i f  t h i s  were  a h y d ro gen

a tom ,  t h e n  HOG = 1 0 7 . 5 ° ,  t h e  p e r p e n d i c u l a r  d i s t a n c e  o f  t h e

h yd ro g en  f rom  th e  p l a n e  o f  th e  a d j a c e n t  s u c c i n a t e  r e s i d u e  
o

b e i n g  0 .09A .  Thus,  s u p e r f i c i a l l y ,  t h e  s i t u a t i o n  would ap p ea r  

t o  be one o f  s t a t i s t i c a l  d i s o r d e r ,  w i t h  an e q u a l  number o f
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p r o t o n s  o c c u p y in g  s i t e s  on e i t h e r  s i d e  o f  th e  a x i s . However, 

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

t a t i o n  i s  i n c o r r e c t ,  o r  a t  l e a s t  open to  c o n s i d e r a b l e  d o u b t .  

F i r s t l y ,  i n  t h i s  s t r u c t u r e  ( though  n o t  n e c e s s a r i l y  i n  t h e  

m e s o t a r t r a t e ) ,  t h e  s t a n d a r d  d e v i a t i o n  on th e  e l e c t r o n -  

d e n s i t y ,  e v a l u a t e d  a c c o r d i n g  t o  the  method o f  C r u i c k s h a n k
f  \ • o“O( 1 9 4 9 ) ,  i s  0 ,3oeA , which  means t h e r e  i s  c o n s i d e r a b l e

d o u b t  as  t o  th e  p o s i t i o n s  o f  th e  maxima. S e c o n d ly ,  t h e

c u rv e  o f  Hakamoto, Margoshes and Rundle (1955) s u g g e s t s
o

t h a t ,  f o r  bonds as s h o r t  as 2 .446A, th e  0 - H d i s t a n c e
0 , 0s h o u ld  be a t  l e a s t  1.15A ( i f  n o t  1.225A f o r  a g e n u i n e l y

s y m m e t r i c a l  b o n d ) .  T h i r d l y ,  i t  seems e x t r e m e l y  l i k e l y

t h a t ,  where  a symmetr ic  double-minimum does  e x i s t ,  t h e
o

two p o t e n t i a l  w e l l s  would b e ,  a t  m o s t ,  0 .2A a p a r t ,  and
o

c e r t a i n l y  n o t  0 .6A a p a r t ,  as t h e s e  r e s u l t s  im p ly .  

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

r e s u l t s  i n  te rm s  o f  1 : 1  d i s o r d e r ,  a l l  one i s  r e a s o n a b l y  

j u s t i f i e d  i n  c l a im i n g  i s  t h a t  t h e r e  i s  a r e g i o n  o f  

r e l a t i v e l y  h ig h  e l e c t r o n - d e n s i t y  smeared a c r o s s  t h e  two

f o l d  a x i s ,  b u t  t h a t  one i s  u n a b le  t o  d i s t i n g u i s h  by X - r a y  

c r y s t a l l o g r a p h y  be tw een  th e  s i t u a t i o n  where t h e  p r o t o n

l i e s  i n  a s i n g l e ,  symmetr ic  p o t e n t i a l  w e l l ,  and t h e

s i t u a t i o n  where two h a l f - p r o t o n s  l i e  i n  th e  two w e l l s  o f  

a  sym m etr ic  double-minimum p o t e n t i a l .
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INTRODUCTION

A lth o ug h  th e  n e u t r o n  was d i s c o v e r e d  by  Chadwick i n  

1932 ,  and n e u t r o n  d i f f r a c t i o n  was d e m o n s t r a t e d  by H a lban  

and P r e i s w e r k  i n  1936,  i t  was n o t  u n t i l  1945 t h a t  n u c l e a  

r e a c t o r s  f rom  which  a s u f f i c i e n t l y  h ig h  f l u x  o f  t h e r m a l  

n e u t r o n s  o f  t h e  a p p r o p r i a t e  w a v e le n g th  c o u ld  be o b t a i n e d  

were  a v a i l a b l e .  C o n s e q u e n t ly  i t  was n o t  u n t i l  1948 t h a t  

n e u t r o n  d i f f r a c t i o n  was f i r s t  u se d  as an e x p e r i m e n t a l  

t o o l  f o r  s t u d y i n g  c r y s t a l  s t r u c t u r e  (Wollan and S h u l l 5 

1 9 4 8 ) .  . S in c e  t h e n ,  i t  has  become a t e c h n i q u e  o f  

c o n s i d e r a b l e  im p o r ta n c e  f o r  s u p p le m e n t in g  and 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  by  X -ra y  d i f f r a c t i o n .  At p r e s e n t ,  

how ever ,  th e  use  o f  n e u t r o n  d i f f r a c t i o n  i s  v e r y  l i m i t e d ,  

owing to  t h e  s m a l l  number o f  s u i t a b l e  n u c l e a r  r e a c t o r s  

a v a i l a b l e ,  and th e  c o n se q u e n t  g r e a t  exp en se  i n v o l v e d .

F o r  t h i s  r e a s o n  t h e  use  o f  n e u t r o n  d i f f r a c t i o n  sh o u ld  

o n l y  be  c o n s i d e r e d  when o t h e r  methods o f  s t u d y i n g  

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

a r e  i n a d e q u a t e .

The a d v a n ta g e s  o f  u s i n g  n e u t r o n s  i n s t e a d '  o f  X - ra y s  

n e a r l y  a l l  a r i s e  f rom  th e  d i f f e r e n c e s  b e tw een  t h e  

n u c l e a r  s c a t t e r i n g  l e n g t h  b and th e  X - ra y  s c a t t e r i n g  

f a c t o r  f x • These d i f f e r e n c e s  a r e  d i s c u s s e d  i n  Bacon

( 1 9 6 3 ) .  A b r i e f  l i s t  o f  t h e  m ain  a d v a n ta g e s  i s  g i v e n
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(a)  D e t e r m i n a t i o n  o f  t h e  c o - o r d i n a t e s  o f  l i g h t  e l e m e n t s ,

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

h e a v i e r  e l e m e n t s .

(b) D i f f e r e n t i a t i o n  "between i s o t o p e s ,  o r  e l e m e n t s  o f

n e i g h b o u r i n g  a tom ic  number .

(c)  D e t e r m i n a t i o n  o f  t h e  s t r u c t u r e s  o f  compounds

c o n t a i n i n g  e l e m e n t s ,  such  as m e rc u ry  and l e a d ,  

w h ich  a b s o r b  X - ra y s  s t r o n g l y .

(d) S t u d i e s  o f  m a g n e t i c  e f f e c t s .

(e)  Therm al  v i b r a t i o n s  o f  n u c l e i .

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

d i f f r a c t i o n  was u n d e r t a k e n  i n  o r d e r  to  supp lem en t  th e  X - r a y  

a n a l y s i s  d e s c r i b e d  i n  th e  p r e v i o u s  c h a p t e r .  One o f  th e  

m ain  o b j e c t s  was to  s t u d y  th e  s h o r t ,  s y m m e t r i c a l  hy d rog en  

bond l y i n g  a c r o s s  t h e  t w o - f o l d  a x i s  o f  symmetry.

4 .2  EXPERIMENTAL

P r e p a r a t i o n  o f  c r y s t a l s

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

o f  p o t a s s i u m  h y d ro g en  s u c c i n a t e .  However,  t h e  method used

was as  f o l l o w s : -
A s a t u r a t e d  s o l u t i o n  o f  s u i t a b l e  c o m p o s i t i o n

was p r e p a r e d  as  d e s c r i b e d  i n  t h e  p r e v i o u s  c h a p t e r ,  and

f i l t e r e d  i n t o  a 5 ml b e a k e r  p l a c e d  i n  a g l a s s  s t a n d  i n  a



l a r g e r  beaker c o n t a i n i n g  a s n a i l  amount o f  c o n c e n t r a t e d  

s u l p h u r i c  a c i d  as  a d e h y d r a t i n g  agen t*  A s m a l l ,  u e l l -  

fo rm ed  seed  c r y s t a l  o f  p o t a s s i u m  h ydrogen  s u c c i n a t e  was 

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

was t h e n  s t o p p e r e d  and immersed i n  a t h e r m o s t a t  a t  50°C, 

The b e a k e r  was t h e n  l e f t  s t a n d i n g  f o r  a  few d ays  to  a l i o  

c r y s t a l  g row th  t o  t a k e  p l a c e  as  t h e  w a t e r  v a po u r  d i s t i l l  

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

T h is  p r o c e d u r e  was c a r r i e d  o u t  many t im e s  w i th  

v a r y i n g  d e g r e e s  o f  su c c e s s *  S e v e r a l  t im e s  a l a r g e  numbe 

o f  s m a l l  c r y s t a l s  were  f o rm e d ,  and no growth  t o o k  p lac e*  

On o t h e r  o c c a s i o n s  a l a r g e  tw inned  c r y s t a l  o f  p o o r  q u a i l  

was o b t a i n e d *  I n  g e n e r a l ,  i t  was found  t h a t  t h e  c r y s t a l  

fo rm ed  were l o z e n g e - s h a p e d ,  t h e  b a s a l  p i n a c o i d  b e i n g  th e  

0 0 1  f a c e ,  and g e n e r a l l y ,  t h e  l a r g e r  t h e  c r y s t a l ,  t h e  

p o o r e r  t h e  q u a l i t y .  E v e n t u a l l y ,  h ow ever ,  a  few s u i t a b l e  

c r y s t a l s  were  o b t a i n e d ,  and. two o f  t h e s e  were mounted fo  

d a t a  c o l l e c t i o n .

D a t a  C o l l e c t i o n

N e u t r o n - d i f f r a c t i o n  d a t a  were c o l l e c t e d  i n  t h e

D ID O  r e a c t o r  a t  A .E .R .E . ,  H a r w e l l ,  f rom  which  a n e u t r o n
o

beam, m onochrom at ised  to  1 .171A, was o b t a i n e d .

I n t e n s i t y  m easurem ents  were made on a F e r r a n t i  

Mark I I  a u to m a t i c  d i f f r a c t o m e t e r  (Bunce and VTheeler, 1S6
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Dye r , 1966;  Arnd t  and vJ 1111s , 1 9 6 6 ) .  T h is  In s  t  ru ne  n t  

p e r m i t s  t h e  c r y s t a l  to  be r o t a t e d  t h r o u g h  th e  t h r e e  

E u l e r i a n  a n g le s  § , X , end u> , find r o t a t i o n  o f  t h e  c o u n t e r  

t h r o u g h  2  0  abou t  an a x i s  c o i n c i d e n t  w i t h  t h a t  o f  w .

U n l ik e  t h e  c o m p l e t e l y  a u to m a t i c  X - r a y  d i f f r a c t o m e t e r  

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

c o n t r o l l e d  by  5 - h o l e  punched t a p e  which c o n t a i n s  

i n s t r u c t i o n s  f o r  r o t a t i n g  t h e  s h a f t s  so as  t o  b r i n g  each  

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

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

r e f l e x i o n .  The number o f  n e u t r o n s  d e t e c t e d  a t  e ach  s t e p ,  

d u r i n g  a f i x e d  m o n i t o r  c o u n t  o f  th e  main  beam, i s  r e c o r d e d  

on  a  t e l e p r i n t e r ,  and on p a p e r  t a p e .  The p r e p a r a t i o n  and 

p r o c e s s i n g  o f  t a p e s  ( C u r r i e ,  1 9 6 9 ) ,  was c a r r i e d  o u t  u s i n g  

p rog ram s w r i t t e n  by  M .J .D .  Pow el l  (1965) and N.A. Curry  

(1 9 66 ,  1 9 6 7 ) .

Two v i s i t s  t o  H a rw e l l  were  n e c e s s a r y  t o  c o l l e c t  

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

i n  t h e  w i n t e r  o f  1968, a p p r o x i m a t e ly  600 in d e p e n d e n t  

r e f l e x i o n s  were  m e a su re d ,  b u t ,  on s u b s e q u e n t  r e f i n e m e n t  

o f  t h e  d a t a ,  t h e  c r y s t a l  was found  to  be tw in n e d .

A s e c o n d ,  much s m a l l e r  l o z e n g e - s h a p e d  c r y s t a l ,  o f  

d im e n s io n s  4 . 5  x  2 , 5  x  0 . 7  mm°, was t a k e n  to  H a r w e l l  i n  

J u n e ,  1969 ,  and s u f f i c i e n t  t h r e e - d i m e n s i o n a l  d a t a  was
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c o l l e c t e d ,  m  all*, n e u t r  o n - s  c a t  t  e r i n g  s t r u c t u r e  a m p l i tu d e s  

were  m easu red  f o r  478 in d e p e n d e n t  r e f l e x i o n s .  Of t h e s e  *

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

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  a ( I ) ,  b a se d  on 

c o u n t i n g  s t a t i s t i c s ,  and t h e s e  were  used  i n  t h e  s u b s e q u e n t  

l e a s t - s q u a r e s  r e f i n e m e n t .

I  sh o u ld  l i k e  to  t h a n k  H r .  S .A .  W ilson  f o r  

h e l p f u l  a d v i c e ,  and M e s s r s .  M, C u r r i e  and A.L.  Macdonald 

who c o l l a b o r a t e d  d u r i n g  the  c o l l e c t i o n  o f  d a t a .

S t r u c t u r e  R ef inem en t

Up to  t h e  p r e s e n t ,  o n l y  t h e  283 n e u t r o n  

d i f f r a c t i o n  d a t a  o u t  t o  0  = 5 5 ° ,  n o t  y e t  c o r r e c t e d  f o r  

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

s t a r t i n g  p o i n t  o f  which  was th e  s e t  o f  p a r a m e t e r s  o b t a i n e d  

b y  t h e  r e f i n e m e n t  o f  1272 X - r a y  d i f f r a c t i o n  d a t a  to  

R =■ 0 .0 7 5  (T ab le s  3 . 1  and 3 . 2 ) .  E i g h t  c y c l e s  o f  f u l l -  

mat r i x  l e a s t - s q u a r e s  r e f i n e m e n t ,  w i t h  a n i s o t r o p i c  

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

c o n s t r a i n e d  to  l i e  on th e  t w o - f o l d  axis) ,  conv erged  w i t h  

R and R* h a v in g  f i n a l  v a lu e s  o f  0 ,0 9 2  and 0 .0 1 0  r e s p e c t i v e l y .  

The r e f l e x i o n s  were i n d i v i d u a l l y  w e i g h t e d ,  w i t h  w -  1 /  o2 ( F ) .

I t  i s  i n t e n d e d  to  a p p ly  a b s o r p t i o n  c o r r e c t i o n s ,  

and to  i n c l u d e  i n  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  t h o s e  weaker  

r e f l e x i o n s  a s s i g n e d  i n t e n s i t i e s  e q u a l  t o  o n e - h a l f  o f  a
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t h r e s h o l d  v a lu e  (ch o sen  to  be 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  on t h e  i n t e n s i t y  cr (X) 1 .

The f i n a l  p o s i t i o n a l  and v i b r a t i o n a l  p a r a m e t e r s  

a r e  g i v e n  i n  T a b le s  4 , 1  and 4 .2  r e s p e c t i v e l y *  F o r  

c o m p a r i s o n ,  t h o s e  fo u n d  f rom  t h e  X - r a y  a n a l y s i s  a re  a l s o  

shown. S t a n d a r d  d e v i a t i o n s  d e r i v e d  from t h e  i n v e r s e  l e a s t -  

s q u a r e s  m a t r i x  a re  g iv e n  i n  p a r e n t h e s e s .  Observed  

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

a r e  g iv e n  i n  T ab le  4 . 3  and t h e i r  ag reem ent  i s  a n a l y s e d  i n  

T ab le  4 . 4 ,  N u c le a r  s c a t t e r i n g  l e n g t h s  u sed  i n  th e  s t r u c t u r e -

f a c t o r  c a l c u l a t i o n s  w e r e : -  K, 0 . 3 5 ;  0 ,  0 . 5 7 7 ;  C, 0 . 6 6 1 ;
-12and H, - 0 . 3 7 3  x  10 cm.

t

4 .3  DISCUSSION

The s t r u c t u r e  has  b e e n  f u l l y  d i s c u s s e d  I n  th e  

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

be  d i s c u s s e d  h e r e .  Bond l e n g t h s  and a n g l e s  i n  t h e  s u c c i n a t e  

r e s i d u e  a re  l i s t e d  i n  Table  4 . 5 ,  and t h e  K+ ***0 d i s t a n c e s  

and 0»**K+*»»0 a n g le s  i n  Table  4 . 6 .  I n  b o t h  t a b l e s  t h e  

X - r a y  v a l u e s  a r e  g i v e n  f o r  com p a r iso n .  Owing t o  t h e  much 

s m a l l e r  number o f  r e f l e x i o n s  used  i n  t h e  n e u t r o n  r e f i n e m e n t  

t h e  s t a n d a r d  d e v i a t i o n s  on t h e s e  p a r a m e t e r s  a re  much h i g h e r  

t h a n  t h o s e  o b t a i n e d  by  X - r a y  r e f i n e m e n t ,  b u t  t h e  r e s u l t s  

o f  th e  two r e f i n e m e n t s  a re  i n  r e a s o n a b l e  a g re e m e n t .  I t  i s



TABLES



T a b l e _ j a

F r a c t i o n a l  ( X ’ £ x IQ'*) and o rth o g o n a l ( ? ' »  I ’ I x 104 )

CO-- o r d i n a t e s . (x' - ax s i n 8 ; v „ u , r , 7 =  ax c o s P -1 c z . )

(a) Neutron s t r u c t u r e a n a l y s i s

X y z
\

X Y
t

Z

K+ 25000 20649 0 1524 1247(21) - 4 7

0 ( 1 ) 42119 87215 11641 2 5 70(11 ) 5269(11) 1 7 7 2 ( 1 0 )

0 ( 2 ) 16237 64315 6659 9 9 1 (1 2 ) 3885(12) 1 0 29(10 )

C ( l ) 26733 74389 12898 1 631(9 ) 4 494(9 ) 2 001(9 )

C(2) 18907 69337 21443 1 1 54(10 ) 4189(10) 3373(9)

H ( l ) 18935 52063 22007 1 1 55(24 ) 3145(22) 3463(21)

H(2) 1170 73038 21476 7 1 ( 2 0 ) 4412(26) 3 411(21)

H(3) 25000 67415 0 1524 4073(32) - 4 7

(b) X -ray  s t r u c t u r e  a n a l y s i s

I I
X 1 z X Y Z

K+ 25000 20596 0 1524 1244(1) - 4 7

0 ( 1 ) 42122 87302 11623 2 5 6 8 (2 ) 5274(3) 1770(2)

0 ( 2 ) 15901 64690 6745 9 6 9 (2 ) 3908(3). 1043(2)

C ( l ) 26864 74605 12797 1 6 3 8 (2 ) 4507(3) 1985(2 )

C(2 ) 18705 69327 21452 1140(3 ) 4188(3 ) 3377(2)

H ( l ) 18410 51964 22561 1 122(70 ) 3139(79) 3554(74)

H(2) 3149 75854 21329 1 9 2 (5 5 ) 4582(59) 3385(56)

H(3) 25000 64690 0 1524 3908 -4 7



Vi b r a t i ona1 Par am eters 

(a) Neutron structure analysis

H n H2 2 - 3 3

K+ 2 6 8 ( 1 7 6 ) 6 1 ( 1 4 7 ) 2 5 8 ( 1 1 9 )

0(1) 1 9 1 ( 7 2 ) 2 2 2 ( 6 4 ) 1 7 2 ( 5 0 )

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

C(l) 1 1 0 ( 5 3 ) 1 0 1 ( 3 6 ) 1 1 0 ( 3 6 )

C (2) 3 2 ( 5 9 ) 2 1 9 ( 6 9 ) 9 5 ( 3 9 )

H(l) 7 2 7 ( 1 7 4 ) 1 7 1 ( 1 3 1 ) 2 9 0 ( 9 7 )

H(2) 0 ( 1 0 9 ) 8 4 0 ( 1 6 1 ) 4 8 5 ( 1 0 2 )

H( 3) 1 1 1 ( 1 9 3 ) 3 5 5 ( 1 8 9 ) 7 2 8 ( 2 5 7 )

(b) X-ray structure analysis

H n ^22 H33
K+ 2 1 2 ( 3 ) 3 0 6 ( 4 ) 3 1 0 ( 4 )

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

0(2) 3 1 9 ( 9 ) 4 2 3 ( 1 1 ) 1 7 2 ( 7 )

C(l ) 2 4 0 ( 9 ) 2 7 6 ( 1 0 ) 1 7 8 ( 8 )

0(2) 2 8 9 ( 1 0 )

U.
- I S O

3 6 2 ( 1 2 ) 1 4 5 ( 7 )

H( l ) 2 5 3 ( 1 6 7 )

H( 2) 1 5 6 ( 1 1 2 )

8 (3) 4 8 3 ( 2 9 9 )

reCM

CM

% 1 2Hl2

0 - 1 6 4 ( 2 1 2 ) 0

+ 4 0 ( 8 5 ) 8 0 ( 8 6 ) - 1 9 8 ( 1 0 1 )

■106(89) 5 1 ( 1 0 6 ) - 6 2 ( 1 0 1 )

1 2 ( 6 9 ) - 3 ( 6 1 ) 2 4 ( 7 4 )

2 5 ( 5 8 ) 8 9 ( 8 1 ) - 1 0 2 ( 6 4 )

6 2 ( 1 5 5 ) - 1 0 0 ( 1 9 3 ) - 2 2 3 ( 1 8 9 )

1 ( 2 3 6 ) 1 0 8 ( 2 0 2 ) - 8 8 ( 2 2 5 )

0 1 0 3 ( 3 4 0 ) 0

2H23 22 31 2N 2
0 6 7 ( 5 ) 0

- 5 ( 1 5 ) 1 5 0 ( 1 4 )  - 2 3 3 ( 1 7 )

8 0 ( 1 3 ) 3 4 ( 1 2 )  - 1 0 3 ( 1 6 )

1 4 ( 1 4 ) 5 1 ( 1 3 ) 2 2 ( 1 5 )

■18(15) 7 0 ( 1 3 )  - 1 3 5 ( 1 8 )



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

H K L Fo Fc H K L Fo Fc H K L Fo Fc H K o Vo =

- 4 1 3 1 . 7 1 . 5 - 2 2 6 7 . 1 - 6 . 2 0 2 16 1 . 9 - 1 . 5 2 6 3 5 . 7 8 7
- 4 1 c 4 . 9 4 . 3 - 2 2 3 7 . 5 7 . 4 0 7 3 . 9 3 . 5 3 1  ̂< 8 4 5
- 4 1 7 i . a 1 . 5 _2 2 12 5 . 6 - 5 . 4 0 3 7 1 0 . 5 - 1 1 . 6 3 1 6 8 u 7 - 6 2
- 4 1 9 4 . 1 - 4 . 0 - 2 2 14 5 . 6 6 . 0 0 3 11 5 . 4 - 5 . 7 1 8 7 o 7 o
- 4 1 11 i . a - 2 . 4 - 2 3 1 5 . 9 4 . 7 0 3 13 5 . 5 4 . 8 3 1 12 8*4 5 c
- 4 1 15 4 . 5 4 . 3 - 2 3 3 8 . 2 7 . 7 0 4 0 4 . 6 - 4 . 2 3 1 U 3 .1 - 3 }
- 4 2 6 6 . 0 5 . 9 - 2 5 5 . 1 3 . 5 0 4 4 1 . 7 - 1 . 7 3 2 1 7 . 8 7 0
- 4 2 6 11 . 0 - 1 1 . 4 - 2 3 7 5 . 7 5 . 4 0 4 6 6 . 5 6 . 3 3 2 3 3 , 6 C
- 4 2 10 3 . 6 3 . 3 - 2 3 9 5 . 6 - 6 . 1 0 4 8 4 . 9 5 . 1 1 2 11 3 ♦ 9 - 3
- 4 2 14 1 . 9 1 . 9 - 2 3 11 6 . 7 7 . 1 0 5 4 4 . 0 4 . 9 3 2 1 3 7 . 2 - 7 6
- 4 2 16 4 . 2 - 3 . 4 - 2 3 13 5 . 2 - 4 . 9 0 5 7 1 . 8 1 . 0 3 3 u 1 2 . y — 1 "i 3
- 4 3 1 7 . 4 - 7 . o - 2 4 0 6 . 5 - 6 . 2 0 5 13 3 . 5 4 . 0 3 3 6 4 3 4
- 4 3 5 7 . 4 - B .1 - 2 4 4 4 . 0 3 . 9 0 6 6 3 . 5 - 2 . 5 3 3 10 2 6
- 4 3 7 i . a - 1 . 5 - 2 4 6 6 . 3 - 6 . 2 0 6 8 6 . 1 - 6 . 3 3 3 12 ' M - 7
- 4 3 9 5 . 3 - 2 4 8 7 . 2 - 7 . 9 1 1 0 1 1 . 3 11 . 1 3 4 1 c o 2 - 1 4

3 15 a . 5 - 8 . 6 - 2 4 12 8 . 7 1 0 . 0 1 1 2 7 . 7 - 6 . 8 O 4 3 4 -9 p. 3
- 4 4 0 6 . 5 5 . 8 - 2 4 16 6 . 9 - 6 . 6 1 1 4 6 . 4 - 4 . 9 4 5 6*0 - 6 5
- 4 4 2 9 . 4 1 0 . 0 - 2 5 1 1 . 8 - 1 . 6 1 1 6 1 . 5 - 1 . 8 3 4 13 4 5
- 4 4 4 3 . 7 - 3 . 2 - 2 5 7 5 . 6 - 4 . 9 1 1 10 6 . 5 - 5 . 8 3 5 2 1 *9 3 2
- 4 4 6 2 . 8 - 3 . 3 - 2 c, 11 1 . 9 - 3 . 1 1 1 12 1 1 . 6 - 1 2 . 2 3 5 li 6 , 9 c 4
- 4 4 a 3 . 1 2 . 8 - 2 6 0 4 . 4 4 . 5 1 1 14 6 . 6 6 . 3 3 5 8 6 • 8 - 7 1
- 4 4 12 3 . 1 - 3 . 1 - 2 6 2 3 . 0 2 . 1 1 1 16 5 . 2 4 . 6 3 7 o 3 . 8 8
- 4 4 14 2 . 9 - 3 . 0 - 2 6 e 4 . 8 5 . 2 1 2 1 6 . 7 - 5 . 8 4 0 2 6*9 b 2
- 4 4 16 5 . 2 5 . 4 - 2 6 12 4 . 7 - 4 . 8 1 2 3 5 . 4 - 5 . 0 n 0 4 9 . 9 - 3 9

- 4 c; 1 5 . 4 5 . 5 _ 1 1 0 1 0 . 3 - 11. 1 1 2 7 8 . 7 9 . 0 4 0 6 6 * O' 7 3
- 4 5 11 3 . 9 5 . 2 _ 1 1 4 8 . 8 8 . 9 1 2 9 3 . 2 2 . 8 4 0 12 3 - 0 “ 3 1
- 4 6 0 3 . 4 - 3 . 9 _1 1 6 8 . 3 8 . 5 1 3 0 4 . 5 - 3 . 9 4 1 1 8o9 1 8
- 4 6 2 4 . 2 - 5 . 0 -1 1 10 4 . 1 - 3 . 3 1 3 2 4 . 4 4 . 2 L 1 7 3 a 9 9
- 3 1 0 1 . 6 1 . 6 1 12 8 . 0 6 . 9 1 3 6 2 . 7 1 . 9 4 1 Q K 7 V 1

1 2 9 . 6 - 9 . 6 _1 2 1 2 . 3 - 1 . 5 1 3 8 3 . 5 - 3 . 0 4 1 13 9 O 0 3 7
- 3 1 6 1 0 . 0 - 1 0 . 5 _1 2 3 5 . 2 - 4 . 9 1 3 12 4 . 5 4 . 8 4 2 0 3*0 -  T 6
- 3 1 a 7 . 4 7 . 2 _ 1 2 7 4 . 4 - 3 . 7 1 4 1 5 . 6 4 . 9 4 2 4 6 , 7 8 3
- 3 1 10 3 . 5 - 3 . 6 _ 1 2 9 1 . 7 - 1 . 3 1 4 3 3 . 1 - 3 . 1 4 2 6 0 .  2 - 9 1
- 3 1 14 3 . 7 4 . 0 _ 1 2 11 3 . 5 - 3 . 3 1 4 5 4 . 9 4 . 9 4 2 8 1 . 9 6 3
- 3 1 16 4 . 2 - 3 . 4 _ 1 2 13 6 . 3 6 . 1 1 4 7 5 . 5 - 5 . 2 4 2 10 1 . 3 -1 l
- 3 2 3 6 . 0 5 . 1 _1 2 15 b.O 6 . 5 1 5 4 4 . 3 - 4 , 0 4 2 12 4 . 5 6
- 3 2 5 7 . 6 7 . 2 _ 1 3 0 4 . 4 3 . 9 1 5 8 6 . 0 6 . 6 4 3 8 7 . 6 - 7 r;

- 3 2 9 8 . 7 - 9 . 6 _  1 3 2 6 . 0 - 6 . 0 1 6 3 5 . 6 5 . 2 4 3 3 4 ,  6 3 0
- 3 2 15 3 . 0 2 . 6 _1 3 4 3 . 0 - 2 . 5 1 6 9 4 . 3 - 4 . 7 4 3 13 7 . 4 - c 3
- 3 3 0 7 . 5 - 7 . 4 _ 1 3 6 3 . 3 3 . 6 2 0 0 9 . 4 - 9 . 4 4 4 o 6 . 3 3 0
- 3 3 4 3 . 1 2 . 1 _ ] 3 a 3 . 8 4 . 1 2 0 2 4 . 8 4 . 8 4 4 M 8 , 7 - 8 0

- 3 3 6 6 . 7 6 . 3 -1 3 14 3 . 5 3 . 2 2 0 4 1 . 5 - 1 . 7 4 4 8 b „ 4 3 d
- 3 3 a a .a - 9 . 5 4 i 2 . 5 - 1 . 0 2 0 t> 7 . 5 - 7 . 3 4 4 14 3 . 3 4 6
- 3 3 10 3 . 1 3 . 4 _ 1 4 3 2 . 7 2 . 8 2 0 10 5 . 6 5 . 8 4 4 1c 6 0

- 3 3 12 6 . 1 6 . 3 4 5 1 . 7 - 2 . 1 2 0 12 9 . 7 1 0 . 2 5 1 4 8 o 6 - 6 3
- 3 3 14 3 . 1 1 . 5 _ 1 4 9 4 . 6 - 4 . 8 2 0 14 8 . 6 - 9 . 6 5 1 6 4 . 2 3 2

- 3 3 16 3 . 4 - 3 . 7 _ 1 4 11 4 . 2 4 . 2 2 0 16 5 . 3 - 6 . 0 5 1 12 4 . 1 - 4 6
- 3 4 1 4 . 8 - 4 . 6 _1 4 13 3 . 7 - 3 . 9 2 1 1 4 . 6 3 . 5 5 2 1 8 , 9 3 3
- 3 4 5 1 . 8 - 2 . 7 C 4 4 . 0 4 . 2 2 1 3 3 . 9 3 . 1 5 2 5 3 , 7 - 4 a

- 3 4 y 5 . 9 5 . 7 _ 1 5 b 7 . 1 - 8 . 1 2 1 5 3 . 7 - 2 . 7 5 2 7 3 . 5 - 5 3
- 3 4 13 4 . 4 5 . 6  . _1 5 8 5 . 5 - 5 . 4 2 1 7 3 . 7 - 2 . 5 5 3 4 6 . c 6 0

- 3 4 15 4 . 0 - 3 . 6 _ 1 5 12 5 . 9 5 . 3 2 1 13 4 . 7 - 3 . 3 5 3 6 3 . 4 - 3 6
- 3 5 0 6 . 4 6 . 4 _ 1 5 16 5 . 1 - 4 . 2 2 2 0 1 2 . 9 1 2 . 3  . 5 3 10 4 . 9 6 4
- 3 5 2 b.O 5 . 6 _ 1 6 1 3 . 4 3 . 6 2 2 2 5 . 2 - 4 . 8 5 4 7 3 . 7 3 2
- 3 5 4 3 . 2 - 4 . 2 _ 1 6 9 4 . 9 5 . 6 2 2 6 5 . 4 4 . 4 5 4 13 3 . a - 3 5
- 3 5 a 4 . 3 4 . 7 0 0 2 3 . 6 3 . 9 2 O 12 9 . 3 - 1 0 . 0 5 5 o 4 . 7 4 2

- 3 5 12 6 . 2 - 7 . 4 0 0 4 8 . 1 - 1 0 . 8 2 2 14 7 . 7 7 . 7 t. c 10 4 • 5 _ a 9
- 3 5 16 6 . 0 5 - 9 0 0 6 3 . 9 - 3 . 5 o 3 1 9 . 4 - 8 . 9 6 6 4 . 9 6 )
- 3 6 3 5 . 1 - 4 . 6 0 0 8 4 . 0 3 . 9 2 3 3 4 . 9 4 . 7 6 0 4 6*9 7 0
- 3 6 5 4 . 4 - 4 . 2 0 0 12 7 . 9 - 7 . 2 2 3 5 4 . 2 - 3 . 5 6 0 6 5 . 7 - 6 9
- 2 0 0 9 . 9 - 9 . 4 0 0 14 4 . 4 4 . 5 2 3 7 9 . 4 8 . 7 6 0 6 5 . 7 - 6
- 2 0 6 8 . 8 9 . 3 0 0 16 9 . 6 8 . 6 2 3 11 4 . 5 3 . 8 6 1 1 3.8 -3 :>
- 2 0 12 1 . 7 0 . 4 0 1 1 1 . 0 6 . 9 2 3 13 5 . 6 5 . 7 6 2 9 4 . 8 - 6 i
- 2 0 14 7 . 9 - 7 - 5 0 1 7 4 . 0 3 . 4 2 4 0 6 . 9 - 6 . 2 6 2 6 6 - 4 5
- 2 u ! o 4 . 3 3 . 2 0 1 9 7 . 6 6 . 6 2 4 4 7 . 2 6 . 8 6 4 0 4 . c i
_2 1 3 7 . 2 - 6 . 7 0 1 15 3 . 2 - 2 . 9 2 4 3 7 . 3 - 7 . 7 6 4 10 4 , 0 4
- 2 1 5 3 . 9 - 3 . 2 0 2 0 10. 1 - 1 0 . 9 2 4 10 5 . 2 - 4 . 3 0 5 5 4 . 0 -  4 7'
- 2 1 15 3 . 4 3 . 3 0 2 2 3 . 6 3 . 6 2 5 3 5 . 7 - 6 . 5 6 6 0 4 . 6 5
- 2 2 0 1 1 . 7 1 2 . 3 0 2 6 1 . 5 1 . 1 2 5 13 3 . 3 - 2 . 2 7 2 11 4 . 0 6 2
- 2 2 2 7 . 2 - 7 . 1 0 2 a 4 . 8 - 4 . 2 2 6 0 4 . 6 4 . 5 7 3 4 3 . 4 - 4 1

- 2 2 4 1 . 5 2 . 1 0 2 12 7 . 7 b . 9 2 6 4 4 . 1 - 4 . 6



KHSucc (Neutron Data): analysis of the agreement of I? I and
Ip I at the end of the refinement. N is the number of c
reflexions. Structure factors are on the absolute scale.

(a) As a function of s inQ/N

>:If 1 0 s I f  1c sLI N R 21 A 1 /:

o • 0 1 o • ro 111*8 110*0 11*0 17 0*099 0*6
0-2 - 0*3 201*3 189*3 17*5 36 0*087 0*5

•oI•O 311*2 290*0 28*4 56 0*091 0*5
0-4 - 0-5 459*3 455*6 38*0 85 0*083 0*4
0*5 — 0*6 311*6 314*9 29*8 66 0*096 0*5
0*6 — 0*8 105*5 110*6 13*1 23 0*124 0*6

(b)  As a function of Ip 1 0

0 - 2 41*1 39*4 12*7 24 0*308 0*5
2 - 3 24*8 20*7 5*3 9 0*216 0*6

3 - 4 202*3 192*6 29*1 57 0*144 0*5
4 - 6 473*4 459*4 44*0 97 0*093 0*5
6 - 8 405*9 397*1 27*1 59 0*067 0*5
8 -13 353*4 361*1 19*6 37 0*056 0*5

All 1500*8 1470*4 137*8 283 0*092 0*5



Bond le n g th s  (A) and a ng les  ( °) .  in  the su c c in a te  r e s id u e .

Neutron X-ray
c 1 - 0 1 1-238 14) 1*225(4)

c 1 - 0 2 1*314 14) 1*301(3)

c 1 - c 2 1*485 13) 1*512(3)

c 2 — c 2 I I I 1*500 13) 1*510(5)

c 2 - H 1 1*047 24) 1*06(8)

c 2 - H 2 1-106 24) 1*03(6)

0 2 • • •0 2 I V 2-401 15) 2-446(4)

0 1 - C 1 -  0(2 121*5 10) 123*5(2)

0 1 - C 1 -  C (2 122*9 9) 122*9(2)

0 2 - C 1 -  C (2 115*6 9) 113-6(2.)

c 1 - C 2 -  C(2 I I I 115*5 8) 114-3(2)

H 1 - C 2 -  H( 2 101*5 20) 111(5)

H 1 - C 2 -  C(2 I I I 113*0 14) 110(4)

H 1 — C 2 -  C( 1 106*5 14) 112(4)

H 2 - C 2 -  C(2 I I I 111*6 14) 103(4)

H 2 - C 2 -  c ( i 107*8 14) 107(3)

C 1 0 2 • - • 0 ( 2 IV 116*5 8 ) 114*3(2)



.+ . 'PC •*•0 distances (A) and 0***K+**°0 angles (°)
Neutron X-ray

K+ *• *0 ( l ) V 2*811(11) 2*808(2)

K+ *• • 0 ( 2 ) 1 1 2*850(14) 2*828(2)

K+ * * * 0 ( l ) V I 1 2*912(18) 2*904(2)

K+ •* • 0 ( 2 ) 2*898(23) 2*931(3)

0 ( 1 ) V. . . K + . . . 0 ( 1 ) V I 1 93*0(5) 92*91

0 ( l ) V***K+ ***0 ( l ) V I 1 1 73*4(4) 73*38

0 ( l ) V*.*K+ * * *0 ( 2 ) 76*7(4) 76*52

0 ( 1 ) V***K+ * * * 0 (2 ) I:C 116*7(3) 116*31

0 ( 1 ) V I*• *K+ ***0(2 ) 1 1 70*0(3) 70*34

0 ( l ) V I I . . . K + * . * 0 ( l ) V m 92*2(7) 92*32

0 ( l ) V I I I ***K+ ***0 ( 2 ) 117*8(3) 117*73

0 ( l ) V I I I ***K+ ***0 ( 2 ) 1 1 71*9(3) 71*37

0(2)***K+ * * * 0 (2 ) I:r 75*2(5) 75*54

0(2)***K+ * * * 0 (2 ) IV 48*9(5) 49*29

0 ( 2 )***K+***0 ( 2 ) IX 71*0(5) 71*24



-  109 -

n o t e w o r t h y ,  however ,  t h a t  the  U i j ’ s d e r i v e d  f rom  t h e  n e u t r o n  

d i f f r a c t i o n  a n a l y s i s  a re  c o n s i s t e n t l y  lo w e r  t h a n  t h o s e  from 

t h e  X - r a y  a n a l y s i s  (T ab le  4 * 2 ) .  T h is  i s  g e n e r a l l y  t h e  c a s e ,  

t h e  p o s i t i o n a l  p a r a m e t e r s  o f  a l l  n o n -h y d ro g e n  atoms b e i n g  

found  e q u a l l y  w e l l  by  X - r a y  o r  n e u t r o n - d i f f r a c t i o n ,  b u t  t h e  

v i b r a t i o n a l  a m p l i tu d e s  found  by n e u t r o n - d i f f r a c t i o n  b e in g  

c o n s i s t e n t l y  low er  (H a m i l to n ,  1-969). T h is  may be a cc o u n te d  

f o r  b y  t h e  f a c t  t h a t  no a b s o r p t i o n  c o r r e c t i o n s  have y e t  b een  

a p p l i e d  to  t h e  n e u t r o n  d a t a ,  b u t  cou ld  be i n d i c a t i v e  o f  t h e  . 

i n a d e q u a c y ,  when h ig h  a c c u r a c y  i s  r e q u i r e d ,  o f  u s i n g  

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

on  t h e  b a s i s  o f  f r e e ,  non-bonded  atoms (Coppens,  1 9 6 9 ) .

As e x p e c t e d ,  th e  p o s i t i o n s  o f  t h e  m e t h y l e n i c  hy drogen  atoms 

have b e en  s i g n i f i c a n t l y  improved .

The 0 * * '0  d i s t a n c e  a c r o s s  t h e  s h o r t  h y d ro gen  bond
o o

h as  b e e n  red u c ed  f rom  2 . 4 4 6 ( 4 ) A t o  2 . 4 0 1 ( 1 5 ) A, b u t  i n  view

o f  th e  r e l a t i v e l y  h i g h  s t a n d a r d  d e v i a t i o n  on t h e  l a t t e r ,

t h e  s h o r t e n i n g  c an n o t  be s a i d  t o  be s i g n i f i c a n t .  However
o

one sh o u ld  n o t e  t h a t  t h i s  v a lu e  o f  2 .401A i s  t h e  same as
o

t h e  v a lu e  o f  2 . 4 0 3 ( 3 ) A found i n  p o t a s s i u m  hy drogen

c h l o r o m a l e a t e  ( E l l i s o n  and Levy, 1 9 6 5 ) .  N e u t r o n - s c a t t e r i n g

d e n s i t y  and d i f f e r e n c e  s y n t h e s e s  computed a f t e r  c o m p le t io n

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

n e u t r o n - s c a t t e r i n g  d e n s i t y ,  w i t h  t h e  maximum d e n s i t y  c e n t r e d
o

a t  th e  r e f i n e d  p o s i t i o n  o f  th e  p r o t o n ,  w h ich  l i e s  0 .19A



hydrogen  bo n d ,  such  t h a t  t h e  a n g le  0 ( 2 )  • • «H. • • 0 ( 2 ) ^  = 

1 6 2 . 3 ° ,  and t h e  0 -  H bond l e n g t h  i s  1 . 2 1 5 ( 1 1 ) A. These 

v a l u e s  compare w e l l  w i t h  t h e  a n g le  o f  1 7 5 ,4 °  and t h e  0 ~ H 

d i s t a n c e s  o f  1 .2 0 6 ( 5 )  and 1 .1 9 9 (5 )A  found  i n  t h e  c e n t r e d  

hydrogen  bond i n  th e  c h l o r o m a l e a t e . A l though  t h e  n e u t r o n  

s c a t t e r i n g  d e n s i t y  i s  e l l i p s o i d a l  i n  s h a p e ,  th e  maximum 

s c a t t e r i n g  d e n s i t y  l i e s  a c r o s s  t h e  t w o - f o l d  a x i s ,  j u s t  a s ,  

i n  p o t a s s i u m  h y d rog en  m a lo n a te  ( C u r r i e ,  1969) t h e  maximum 

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

T h is  c o n t r a s t s  somewhat w i t h  t h e  a p p a r e n t  double-minimum 

found  by X - r a y  d i f f r a c t i o n ,  th o u g h  one must  p o i n t  o u t  t h a t  

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

n u c l e u s ,  w hereas  i n  t h e  X - r a y  c a se  one i s  d e t e r m i n i n g  th e  

mean p o s i t i o n  o f  th e  s u r r o u n d i n g  e l e c t r o n s .

4 . 4  FUTURE WORK.

Once a l l  th e  n e u t r o n - d i f f r a c t i o n  d a t a  have b e en  

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

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

s y n t h e s i s  w i l l  be computed u s i n g  t h e  o b se rv e d  X - ra y  

s t r u c t u r e  a m p l i tu d e s  and s t r u c t u r e  f a c t o r s  c a l c u l a t e d  

f rom  t h e  n e u t r o n - d i f f r a c t i o n  p a r a m e t e r s  and s p h e r i c a l l y  

s y m m e t r i c a l  X - ra y  s c a t t e r i n g  f a c t o r s .



I l l

I n  such  a s y n t h e s i s ,  i t  sh o u ld  be p o s s i b l e  to  

l o c a t e  th e  b o n d in g  e l e c t r o n s ,  as Has s u c c e s s f u l l y  don© 

by Coppens (1967) i n  a s i m i l a r  s t u d y  o f  j s - t r i a z i n e .



PART I I I

REFINEMENT OF THE STRUCTURES OF TV/O 

CONDENSED PHOSPHATES



In  th e  c o u r s e  o f  th e  l a s t  lew y e a r s  s t r u c t u r e s

have b e en  r e p o r t e d  f o r  a number o f  condensed  p h o s p h a te s

( J o s t ,  1 9 6 4 ) ,  i . e .  p o ly m e r ic  p h o s p h a t e s  h a v in g  more t h a n

one phosp h o rus  a tom and c o n t a i n i n g  P~Q~P b o n d s .  These

p h o s p h a te s  may be d i v i d e d  i n t o  t h r e e  d i s t i n c t  c a t e g o r i e s

( C o t to n  and W i l k i n s o n ,  1 9 6 6 ) ,  v i z : -

( i )  f i n i t e  c h a i n  p h o s p h a t e s ,  t h e  c h a i n s  o f  which  may

c o n t a i n  b e tw ee n  two and t e n  pho sph o ru s  a tom s;

( i i )  i n f i n i t e  c h a i n  p h o s p h a te s  -  p o l y p h o s p h a t e s ;

( i i i )  r i n g  -  o r  m e t a p h o s p h a t e s .

I n  g e n e r a l  t h e s e  compounds c o n s i s t  o f  PO4  t e t r a h e d r a  l i n k e d

t o g e t h e r  by  b r i d g i n g  oxygen atoms to  fo rm  c h a i n s  o r  r i n g s .

I n  c o n se q u e n c e ,  t h e r e  a r e  two d i s t i n c t  t y p e s  o f  phosphorus

oxygen bonds  - a t e r m i n a l  P -  0 bond o f  a v e ra g e  l e n g t h  
o

1 ,4 7  -  1 .48A, c o n t a i n i n g  a f a i r  d e g re e  o f  m u l t i p l e  bond
o

c h a r a c t e r ,  and a b r i d g i n g  P -  0 bond o f  l e n g t h  1.61A 

a p p r o x i m a t e l y ,  which  i s  e s s e n t i a l l y  a s i n g l e  bond .  The 

tt -  bond o r d e r s  o f  t h e  two t y p e s  o f  bond p r e d i c t e d  by 

C r n ic k s h a n k  (1961) a r e  0 . 7  and 0 , 3  r e s p e c t i v e l y .

I n  a r e v i e w  o f  t h e  c h a i n  s t r u c t u r e s  known, many 

o f  which had been  r e f i n e d  by two d i m e n s i o n a l  e l e c t r o n -  

d e n s i t y  s y n t h e s e s ,  K.H. J o s t  (1964) n o t e d  t h a t ,  

s t a t i s t i c a l l y ,  t h e r e  was some e v id e n c e  f o r  su p p o s in g  t h a t



the  b r i d g i n g  P -  0 b o n d s , though  much l o n g e r  t h a n  th e  P -  0

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

i n  l e n g t h  a lo n g  th e  c h a i n . Pie p o i n t e d  out  t h a t  i n  t h i r t y

known c a s e s  o f  P -  0 t r i p l e t s  ( t h r e e  P - 0 b r i d g e  bonds i n

s e q u e n c e ) ,  t w e n t y - f i v e  o f  t h e s e  showed t h i s  f e a t u r e  o f  a

! s h o r t ,  l o n g ,  s h o r t*  s e q u e n c e ,  and co nc lud ed  t h a t  t h i s

c o u ld  n o t  be a random e f f e c t ,  as th e  p r o b a b i l i t y  o f  t h i s

was much to o  low. S in c e  t h e  c o - o r d i n a t i o n  o f  th e  PO4

t e t r a h e d r a  to  t h e  c a t i o n s ,  i n  t h e  s t r u c t u r e s  rev ie w ed

v a r i e d  c o n s i d e r a b l y  a c c o r d i n g  t o  th e  c a t i o n ,  J o s t  c o n c lu ded
o

t h a t  th e  v a r i a t i o n  o f  lo n g  (1 .6 2  -  1.63A) and s h o r t  ( 1 .5 7  - 
o

1 .5 8 A) b r i d g e  bonds was i n h e r e n t  i n  P - 0 - P c h a i n s  and 

r i n g s ,  though  i t  c o u ld  be a f f e c t e d  by  th e  n a t u r e  o f  t h e  

c a t i o n s  i n  the  s t r u c t u r e ,  and by  th e  d e g re e  o f  hydrogen  

b o n d in g .

However, i n  a 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  on 

(X0 4 )n “ t e t r a h e d r a  i n  g e n e r a l ,  and w h ich  i n c l u d e d  

phosphorus  t e t r a h e d r a l l y  bound to  f o u r  oxygen a tom s ,  

C ru ic k s h a n k  ( 1 9 6 1 ) ,  c a l c u l a t e d  t h a t ,  i n  t h e  m e t a p h o s p h a t e s ,  

t h e  t t  -  sys tem  sh o u ld  be e f f e c t i v e l y  c o n t in u o u s  around t h e  

r i n g ,  and t h a t  a l l  t h e  P -  0 ( b r i d g e )  bonds sh o u ld  have th e  

same b o n d - o r d e r ,  an d ,  i n  c o n seq u e n ce ,  th e  same l e n g t h .  

V a r iou s  r e f i n e m e n t s  o f  th e  t h e o r y  p roved  e q u a l l y  

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



d i f f e r e n c e s  i n  the  bond l e n g t h s  o f  s e v e r a l  o f  th e  

m e ta p h o s p h a te s  which  had been  s t u d i e d  c r y s t a l l o g r a p h i c a l l y  

a t  t h a t  t ime ( e . g .  C n d ik ,  B lo c k ,  and M a c G i l l a v r y ,  1 9 6 1 ) .  

However,  i n  more r e c e n t  r e f i n e m e n t s  o f  some o f  t h e s e  

s t r u c t u r e s  ( e . g .  O nd ik ,  1963 and 1964) th e  l e n g t h s  o f  t h e  

b r i d g e  bonds  have b e e n  found  to  be th e  same, w i t h i n  

e x p e r i m e n t a l  e r r o r .  T h is  anomaly o f  a l t e r n a t i o n  i n  bond 

l e n g t h  was a l s o  found  i n  t h e  C -  C bond l e n g t h s  i n  

p o ly m e th y le n e  c h a i n s  when a n a l y s e s  were b a se d  on two-  

d i m e n s i o n a l  p r o j e c t i o n s ,  b u t  d i s a p p e a r e d  when t h r e e -  

d i m e n s i o n a l  a n a l y s e s  were  c a r r i e d  o u t  (Speakman, 1 9 5 4 ) .

I t  would seem t h a t  t h i s  sh o u ld  a l s o  be th e  c a se  

i n  t h e  i n f i n i t e  c h a i n  p o l y p h o s p h a t e s ,  and so a l e a s t -  

s q u a r e s  r e f i n e m e n t  o f  K u r r o l ’s sodium s a l t  HaCPOgJx 

was c a r r i e d  o u t ,  t h i s  b e in g  one o f  t h e  compounds on 

which J o s t  had b a s e d  h i s  t h e o r y .  A r e f i n e m e n t  was a l s o  

c a r r i e d  o u t  on sodium h e x am e tap h o sp h a te  h e x a h y d r a t e ,  

Ha6(P6°18^ a  z*in E p h o s p h a t e .



INTRODUCTION

I n  1951 J o s t  s t u d i e d  t h e  s t r u c t u r e  o f  K u r r o l ’s 

sodium s a l t ,  Type A, which i s  a p o ly p h o s p h a te  o f  f o r m u la  

(NaP03)xr c o n t a i n i n g  i n f i n i t e  h e l i c a l  c h a in s  o f  PO4  

t e t r a h e d r a  s p i r a l l i n g  up b ,  w i t h  f o u r  PO4  t e t r a h e d r a  

p e r  s p i r a l .  P a r t  o f  J o s t ’ s e v id e n c e  f o r  a l t e r n a t i n g  

bond l e n g t h s  came f ro m  t h i s  s t r u c t u r e  which  he found  t o

c o n t a i n  f o u r  c r y s t a l l o g r a p h i c a l l y  d i s t i n c t  P -  0 ( b r i d g e )
o

bonds  o f  l e n g t h s  1 , 6 2 ,  1*57, 1 .6 4  and 1 .60A, r e s p e c t i v e l y

However, a l t h o u g h  t h e  s t r u c t u r e  was so lv e d  by  d i r e c t

m e th o d s ,  r e f i n e m e n t  was c a r r i e d  o u t  by means o f  d i f f e r e n c

s y n t h e s e s  u s i n g  o n l y  h04 and hkO d a t a ,  and c o n s e q u e n t l y

t h e  s t a n d a r d  d e v i a t i o n s  f o r  t h e  P -  0 bonds  a re  r a t h e r
o

l a r g e  (0 .0 1 5  t o  0 .0 1 8 A ) .

A l though  o n l y  hOi- and hid) d a t a  were used  i n  th e  

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

l a y e r s  h i  I to  h54 ,  and so i t  was f e l t  t h a t  a  t h r e e -  

d i m e n s i o n a l  r e f i n e m e n t  by  t h e  f u l l - m a t r i x  l e a s t - s q u a r e s  

m ethod ,  u s i n g  d a t a  f rom  t h e  l a y e r s  hOI t o  h5 4 would 

improve t h e  a c c u r a c y  o f  th e  a n a l y s i s ,  and h e l p  t o  s e t t l e  

t h e  q u e s t i o n  as  t o  w h e th e r  o r  n o t ,  i n  t h i s  compound a t  

l e a s t ,  t h e  a l t e r n a t i o n  i n  b o n d - l e n g t h  i s  r e a l .



A b s o r p t io n  c o r r e c t i o n s  were n o t  a p p l i e d ,  and ,  as 

i t  was f e l t  t h a t  t h e  hkC r e f l e x i o n s  were more a f f e c t e d  by 

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

r e f i n e m e n t .

1 .2  EXPERIMENTAL 

C r y s t a l  D a ta

K u r r o l ’ s sodium s a l t ,  Type A, (NaF03)x.

F.YJ. = 1 0 2 .0 ,  M o n o c l in i c ,

a  = 1 2 . 1 2 ( 4 ) ,  b = 6 . 2 0 ( 2 ) ,  c = 6 .9 9 ( 3 ) A ,

p = 9 2 . 0 ( 5 ) ° ,  U = 5 2 4 . 9 ,  Dm = 2 . 5 4 ,  Z = 8 ,

De = 2 . 5 8 ,  P(000)  = 592 ,  Space g roup  P 2 i / n (No. 1 4 ) .

S t r u c t u r e  Refinement

The r e f i n e m e n t  was c a r r i e d  o u t  on th e  760 o b se rv e d  

r e f l e x i o n s  i n  t h e  l a y e r s  hOI t o  h 5 f ,  which had b e e n  c o l l e c t e d  

b y  J o s t ,  and th e  i n i t i a l  p a r a m e t e r s  were t a k e n  f rom  th e  

r e s u l t s  o f  t h e  o r i g i n a l  r e f i n e m e n t ,  w hich  was c a r r i e d  o u t  

means o f  e l e c t r o n - d e n s i t y  d i f f e r e n c e  s y n t h e s e s .

I n i t i a l l y ,  t h r e e  c y c l e s  o f  l e a s t - s q u a r e s  r e f i n e m e n t ,  v a r y i n g  

a to m ic  c o - o r d i n a t e s ,  i s o t r o p i c  v i b r a t i o n a l  p a r a m e t e r s ,  and 

l a y e r  s c a l e  f a c t o r s  converged  w i t h  H and R 1 h a v in g  v a lu e s  

o f  0 .0 9 0  and 0 .0 1 2  r e s p e c t i v e l y .  The o b se rv e d  s t r u c t u r e  

a m p l i t u d e s  were t h e n  p l a c e d  on one s c a l e ,  and co nv erg en c e  

was o b t a i n e d  a f t e r  s i x  c y c l e s  o f  r e f i n e m e n t  i n  which  th e



v i b r a t i o n a l  p a r a m e t e r s  were a l low ed  to  v a ry  a n i s o t r o p i c a l l y .  

The f i n a l  v a l u e s  o f  R and RJ were- 0 .0 7 6  and 0 .0 0 9  r e s p e c t i v e

T hroughout  t h e  r e f i n e m e n t  a w e i g h t i n g  scheme of

t h e  f o r m ,

Vv = '{ [ l - e x p ( - p 1( s i n 8 / \ ) “ ) ] / [ l  + P2 IF0 I + ^3  ̂F0 • 2 + P4 1  F0 I 3 ] 3̂ " 

was u s e d ,  and t h e  f i n a l  v a lu e s  o f  t h e  c o n s t a n t s  w ere :

Pq = 500 ,  p2 = 0 . 0 1 ,  Pg = 0 , 0 0 1 ,  and p^ = 0 .0 0 0 0 1 ,

The r e s u l t s  o f  t h e  r e f i n e m e n t  have b e en  p u b l i s h e d  

(McAdam, J o s t ,  and B e a g le y ,  1 9 6 8 ) ,  and a copy o f  t h e  p a p e r  

i s  i n c l u d e d  as Appendix I I I  o f  t h i s  t h e s i s .  The f i n a l  

f r a c t i o n a l  and o r t h o g o n a l  c o - o r d i n a t e s  a re  g i v e n  i n  Table

1 . 1 ,  and v i b r a t i o n a l  p a r a m e t e r s  i n  T ab le  1 . 2 .  E s t im a te d  

s t a n d a r d  d e v i a t i o n s  d e r i v e d  f rom  th e  l e a s t - s q u a r e s  r e f in o m e n  

a r e  g i v e n  i n  b o t h  t a b l e s .  S in c e  l a y e r  s c a l e  f a c t o r s  were 

a l s o  r e f i n e d ,  t h e  v i b r a t i o n a l  p a r a m e t e r s  a lo n g  b w i l l  be 

s u b j e c t  t o  a d d i t i o n a l  e r r o r s ,  owing to  t h e i r  c o r r e l a t i o n  

w i t h  t h e  l a y e r  s c a l e  f a c t o r s .  The o b s e r v e d  s t r u c t u r e  

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

l i s t e d  i n  T ab le  1 . 3 ,  and an a n a l y s i s  o f  t h e i r  agreem ent  i s  

g i v e n  i n  T ab le  1 . 4 .  Atomic s c a t t e r i n g  f a c t o r s  f o r  n e u t r a l  

atoms were  t a k e n  f rom  I n t e r n a t i o n a l  T a b le s  f o r  X - r a y  

C r y s t a l l o g r a p h y  (1 9 6 2 ) .

Note t h a t  i n  o r d e r  to  e n s u r e  t h a t  th e  c o - o r d i n a t e s  

o f  a l l  atoms l i s t e d  i n  T ab le  1 . 1  r e f e r  t o  th e  atoms o f  t h e



c ry s t a l - ^ c h e m i c a l  u n i t  * th e  y c o - o r d i n a t e s  o f  0 (2 1 ) and 

0 (23 )  have b e e n  t r a n s f o r m e d  f rom  t h o s e  l i s t e d  by d o s t  

( and t  ho se  pub 1 i  sh e d by  u s ) ,

1 * 3  RESULTS and DISCUSSION

The s t r u c t u r e  I s  shown i n  F i g u r e s  1 , 1  and 1 , 2 ,  wh 

show, r e s p e c t i v e l y ,  t h e  b and _c a x i a l  p r o j e c t i o n s .  The 

atoms which a re  l e t t e r e d  c o r r e sp o n d  to  th e  c r y s t a l - c h e m i c  

u n i t .  The e q u i v a l e n t  p o s i t i o n s  r e f e r r e d  to  i n  a l l  t a b l e s  

f i g u r e s ,  and d i s c u s s i o n  a re  l i s t e d  i n  Table  1 , 5 .  F o r  

p u rp o se s  o f  c l a r i t y ,  t h e s e  have b een  renu m bered ,  compared 

to  th e  sy s tem  u se d  b y  J o s t .  The bond l e n g t h s  and a n g le s  

a s s o c i a t e d  w i t h  t h e  p h o sp h a te  c h a i n s  a r e  l i s t e d  i n  Table  

1 , 6 , and t h o s e  p e r t a i n i n g  t o  t h e  e n v i ro n m e n ts  o f  t h e  s o d l  

io n s  i n  T ab le  1 . 7 .  The p o l y h e d r a  s u r r o u n d i n g  t h e  sodium 

io n s  a re  a l s o  i l l u s t r a t e d  i n  F i g u r e  1 . 3 .

The s t r u c t u r e  has  b e e n  d i s c u s s e d  by  J o s t ,  and 

t h e r e  i s  no need  to  e l a b o r a t e  on t h i s  e x ce p t  i n  t e rm s  o f  

t h e  d i f f e r e n c e s  w hich  have b e en  fo u n d .  The p u rp o se  o f  t h  

i n v e s t i g a t i o n  was t o  s t u d y  t h e  a l t e r n a t i o n  I n  th e  bond-  

l e n g t h s  o f  th e  P -  0  ( b r i d g e )  b o n d s ,  and a com p ar iso n  o f  

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

found by J o s t ,  i s  g iv e n  i n  T able  1 . 8 .  W hi le ,  p r e v i o u s l y  

th e  bonds c e r t a i n l y  a p p e a re d  to  a l t e r n a t e  i n  l e n g t h ,  the  

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



TABLES AND FIGURES



Table 1.1

KURROLs fractional (x,y, z x 10^) and orthogonal

( x '

0
in A, x 10^) co-ordinates (x' = ax sin|3;

T =03 by;
tZ = ax cos(3 4- cz.)

X y z iX
WO

T 1
z

Na(l) 1310 8688 6287 1586(3) 5387(4) 4339(3)
Na(2) 56 3790 7636 68(3) 2350(4) 5336(3)

P(l) 2154 3624 4914 2609(2) 2247(2) 3343(2)

P(2) 1102 1266 1823 1335(2) 785(2) 1228(2)
0 ( 1 1 ) 2285 2087 6511 2 7 68( 6 ) 1294(7) 4455(6)
0 ( 1 2 ) 2169 2370 2884 2627(5) 1470(6) 1924(5)
0(13) 1199 5124 4952 1452(5) 3177(7) 3411(5)
0 ( 2 1 ) 1711 -73 215 2073(5) 6155(6) 78(5)
0 ( 2 2 ) 416 2942 865 504(6) 1824(7) 587(6)

0 ( 2 3 ) 566 -222 3158 6 85 ( 6 ) 6062(7) 2183(5)



T a b l e  1 .2

0 2  3KURROL: anisotropic vibrational parameters (A x 10 ).

-11 V- 2 2 -33 2-23 2-31 2H12
Na(l) 25(2) 20(2) 23(2) -2(3) -5(3) -1(3)
Na (2) 30(2) 19(2) 17(2) -0(3) 3(2) 3(3)

P(D 13(1) 10(1) 7(1) 1(2) ' 6(1) -5(2)
P(2) 12(1) 10(1) 8(1) -3(2) 7(1) 0(2)
0(11) 34(3) 22(4) 16(3) 15(5) 4(5) -23(6)
0(12) 18(3) 13(4) 13(2) -8(5) 5(4) -2(5)
0(13) 17(3) 25(4) 20(3) -11(5) 11(4) 4(5)
0(21) 18(3) 14(4) 10(2) -4(4) 4(4) 1(5)
0(22) 22(3) 23(4) 18(3) 2(5) -7(4) 18(5)
0(23) 22(3) 22(4) 14(3) 4(5) 19(4) -12(5)
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Gbser l i t u o l e s  and

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

K L ro P.- H K L ?z H K L. r-c- ?- H K p- T: K X L ?o P;r
0 2 7.3 -6,5 2 1 O 4U4 -52.3 2 6.1 6.3 6 2 - - 6 4 6 3-1 36 .1 41 C42.1 4-. 2 2 1 I of.7 2 11.2 8 2 -1 82.9 1?.? 1 ?.£o 6 53.0 34.1 2 1 3 3 .1 3.6 13 12 2 0 C 3 2 21 .4 -20.1
0 6 14.4 14.0 2 -31 .4 13 3 2 1 -17.5 25 .0 -23. 10 -7 10.1 8.6 2 6.'. -6 5 e 2 2 il*s 6 3 5 16.?o -5 3 3.5 34.9 2 3J.2 -26.3 3 1 -2 21 .4 2 0 . 6 a 2 2J.C 2?.'. 1 6 3 6 6 . 3 * 5 ! 4
0  -3 38.-- -36.3 2 5 T 3 0 . 2 - 3 2 6 3 2 6 59.20  -t 25.4 25.4 2 15.3 16 .3 15 .0 2 -7 -f i7 7 3-6 22.9 - 2 2 . 00 1 3.3.5 3 13.1 -14.3 1 3 1 1 5 9 9 2 -6 9 . 2 9 .5 7 3-4 1 3.7 - 13.1o 3 14.2 11.3 10.1 11.5 13 1 2 12.0 11.7 9 2 -4 -32.3 13. 1o 5 2o.6 -26.4 3 1 -5 38.6 -36.3 13 l 3 6.9 -6.5 9 2 -3 7 3 . 1
o 7 53.2 -5 8 . 6 3 -5.3 3 7.-J 9 2 C 1 0 .3 *0*6o -o 13-5 - 1 2 .8 3 6 3 . 3 14 1 -3 29.9 9 2 2 3516 -23-6 7 3 1 u .6 1 6 .6
o - 6 47.7 - 5 1 . 4 1 - 2 41 .4 14 1 -2 17.7 2 3 7 3 2 6 8 . =0 -4 29.7 -29.9 3 I -1 1 10 .7 -134.2 14 1 0 7.7 2 6 26! 5 -20.3 23 .1 -22.50 *2 5.3 2.3 3 1 0 42.3 -«6 .o 14 1 2 13.9 16 .4 10 21 .2 -22.2 1 6 . 6
() 0 25.4 -26.3 3 3 3 . 2 -31.5 14 1 3 12.1 1 3 . 2 10 2 - 12.6 7 3 6 2« .2 -24 .4
0 2 110.5 -132.3 3 1 2 23-2 23.2 5 1 - > 16.O 10 2 -3 13.1 -19.6 11.3 14.90 4 4.0 -2.3 3 1 3 4.9 4 .1 15 1 0 10.1 - 10 .3 10 2 i -5?.6 21.6 21.5
0 6 39.3 -33-5 3 1 4 21 -7 20.6 15 ; 1 29.7 2 5 . 0 10 2 2 ?2.6 13.9 S 3 -5 7.9 -6.5
0 8 28.7 -26 .1 3 l 5 26.9 -25.2 0 2 1 6.J.: 10 2 3 14.3 U.6 15.6 17.4
O -7 36.2 33.3 3 1 6 15.3 14.7 0 2 2 33.9 10 2 5 13.3 -14.6 24.6 25.4
0 -5 35.5 -30.4 3 -6.5 2 3 39.7 10 2 6 c.l lb.7 16 .s
o -3 5.3 5.5 1 5 . 0 2 4 35.2 11 2 -6 7.7 -313 21 .2 21 .2
0 -1 84.4 97.7 1 -7 23.0 23.1 0 2 5 1 4 .9 11 2 -4 9 3-6 7.5
0 1 8.8 7.3 4 1 -6 17.6 -17.3 0 2 6 15.5 15.5 11 2 -3 7̂ 9 9-5 9 3-5 19.9 -?c!;
o 5 2 5 . 6 20.9 4 1 -5 45.3 1 2 -8 34.0 33.5 11 2 -2 .40.3 39.3 9 3-4 29.7 26.5
o 7 12.9 -11.9 50.5 1 2 -7 11 .0 1 1.2 1 5 2 1 16.5 9 3 -3 10.3
o -8 13.5 14.4 1 -2 15.1 1 8 .3 1 2 -6 37.9 35 1 1 1 2 2 3.1 5 3 o 25.? -27^2
o -6 18.5 -17.8 4 1 -l 1 1 .< 12.1 1 2 -5 9.6 -it i 1 1 2 4 16.1 15.3 17. c -17.«
o -4 42.4 47.0 4 1 0 15.6 1 8 .2 1 2 -4 19.1 - 17 .3 12 2 -6 1 3 . 0 13.2 9 3 2 21.3 20.4
0 -2 23.1 -21.7 4 1 1 47.2 -47.5 1 2 -3 26.3 24.5 12 2 -3 2 0 . u 20.4 9 3 3 15 .8 - 1 6 . 2
0 0 5.3 5.4 4 1 2 -8.6 1 2 -2 67.6 12 2 0 11 .5 9 3 4 1 3 . 0 1s. 6
0 2 24 .6 -23.4 4 2 6 . 2 2 5 . 2 1 2 -1 17.9 -22.5 12 2 1 1 .7 9.2 9 3 5 12.0 1 2.4
0 4 31.9 34.0 4 1 5 - 16 .2 1 2 0 26.1 2*.7 12 2 3 26.1 25.5 9 3 6 15.6
o 6 39.5 -33.2 54.9 52. u 1 2 1 26.1 12 2 5 -2C. 0 10 3 - 6 7.0 -9.2
o 3 26.9 25.9 4 1 3 7.7 10.1 1 2 2 57.2 52.7 13 2 -4 5*.e 10.3 9.“
o -7 17.7 -17.4 5 l -7 13.1 1 2 3 10. 0 13 2 -2 2*;. 6 - 19 .C 10 3 -4 24.e -22.5
o -5 41.8 -4 2 . 9 5 1 -6 1 3.3 -15.2 1 2 4 6 5 . 6 13 2 -1 11.5 12.4
0 -3 36.7 37.9 5 37.3 1 2 5 13 2 0 3U3 -30*0 8.5
0 -1 16.7 14.6 5 6.7 6.6 1 2 6 22.4 -21.8 13 2 1 5.6 12.7 10 3-1 25.7 -24 .3
0 1 35.7 -35.9 5 1 -3 6.4 -6 . 5 1 2 8 31.6 13 2 2 14.1 -1-4.7
o 5 38.3 -35.2 5 l -1 14.9 - 16 .0 2 2 -7 7.7 13 2 4 15.3 - 16 .2 10 3 2
o -8 9.4 10.1 5 1 0 46.2 -51.4 2 2 -6 20.2 21 .3 14 2 -3 12.2 -12.4 12.6
o -6 47.6 -52 . 1 5 56.2 6 0 . 9 2 2 -5 8.3 -9.5 14 2 0 1C*.4 -So 10 3 4 6.6 ~C'.2
0 -4 6 0 . 3 6 5 . 9 5 1 2 6 5 . 6 72.2 2 2 -4 8.1 JJ.O 14 2 1 10.0 10 .9 7.5
0 -2 35.5 -36.3 5 1 3 27.2 -27.1 2 2 -3 lo.i 16 .0 14 2 2 2.5 -6.2 11 3 - 2 22.5 -21 .3
0 0 7.6 -3.0 5 13.7 -13.6 2 -2 63-* 14 2 3 9.2 -12.6 11 3 3 22.4 21 .0
0 2 45.4 43.9 5 1 6 -6.1 2 2 -1 a.c 15 2 -I 5.0 -10.2 1 1.0 -51.1
0 4 30.5 -24.2 5 1 7 17.9 2 2 0 40.3 15 2 C 15.1 25.2 11 3 5 6.2
0 6 9.2 -3.2 6 1 -S -29.0 2 2 1 7 6 . 0 -79.2 0 3 1 2; .6 22.5 12 3 -4 ' -13.3 17.8
o 6 1 9 . 6 20.S 6 1 -7 6.1 -9.3 2 2 2 2 6 . 3 -25.7 0 3 2 11.1 12 3 -3 9.6 10.2
o -7 1 0 . 9 - 1 0 . 6 6 1 -5 6 0 -7.6 2 2 3 71.9 0 3 4 3o.I 12 3 -2 2 6 . 9 21.5
0 -5 5 5 . 3 53.2 6 1 -4 5.7 9.4 2 2 5 42.5 -29.1 0 3 5 -35.1 12 3 - 1 10.0 - 1 0 . 7
o -3 3 4 .3 33.0 6 1 -3 15.3 14.0 2 2 6 5.9 0 3 6 -15.2 12 3 0 15.4
0 -1 24.8 1 -2 5 2 . 6 -48.9 2 2 7 15.7 -1 £ 1 1 3 -7 25 .0 24.6 12 3 1 33.4 26.1
0 1 33.2 33.1 6 1 -1 12.6 11 .0 3 2 -5 5.7 3 -6 12 3 2 1 9 . 0 17.3
o 3 3 2 .0 -26.2 6 1 0 69.5 -69.3 3 2 -7 7.5 1 3 -5 -29.6 12 3 * 6 .4 -6.3
o 5 43.3 43.7 6 1 3 lo .2 2 -6 47.t 1 3 -4 *6.2 43.1 13 3 -1 13.2 - 18 .6
o 7 18.7 17.6 6 1 4 25.7 -22.9 3 2 -« 43.7 1 71 .4 67.6 13 3 0 21.8 20.3
o -6 U.7 10.9 6 1 7 16 .5 3 2 -3 12.0 -52.2 1 3 -i -33.1 13 3 1 9.2
0 >4 3 2 . 2 29.4 6 21 .1 -21 .5 3 2 -2 11 .8 -12.0 1 3 -1 - 16 .4 13 3 3 19.4 -•9.7
0 -2 29.1 -3U1 7 1 -6 12.1 12.5 3 2 -1 lfi.3 1 3 0 7*9 11 .5 17.3
0 0 43.1 46.2 1 -5 14.9 -15.3 2 0 13.7 1 3 1 2.4 2.3 14 3 1 9.c -915
0 2 32 . 2 -23.5 7 23.9 23.4 3 2 1 46.6 -45.3 1 3 2 3 1 . 0 0 4 0 37.3 -4 3 . 6
0 4 37.0 -35.3 7 I -3 3 2 2 24.2 -22.5 3 3 44.7 4 0.7 0 4 2 17.5 17.9
0 -7 3o.o -32.7 7 1 -2 7.2 3 2 3 33.0 3 3.5 1 3 5 21.3 2-.6 0 4 3 13.6 - 1 3 . 6
o -3 57.1 -53.5 7 1 -1 9.1 -9.3 3 2 4 33.5 -35.1 1 3 0 21 .4 - 2 0 .5 0 * 6 17.3 -15.2
0 -1 6 0 . 0 -67.9 7 1 0 5.1 4.9 3 2 5 -12.5 1 3 8 14.5 15.7 29.9 -25.6
0 1 29.7 -25.1 7 1 1 6.9 7.2 3 2 6 22.6 -23-3 2 3 -3 25.2 27.9 10.2 - 1 G . 6

55.6 -53-2 7 1 2 6o. 2 64. t 3 2 8 13.4 2 3 -6 20.1 -20.2 39.3 3.J.7
7.9 -6.5 7 1 3 42.6 -37.5 2 -7 12.8 2 3 -5 U.7 10.2 -6 . 0

o 7 21.5 -23.0 7 29.4 -23.1 4 2 -6 29.1 -29.3 2 14.5 -14.1 I 4-1 llo 7.1
0 -4 lu.9 1 0 . 0 7 1 5 4s .6 42.3 2 -5 44 . 4 2 3 -3 £-.3 63.3 1 4 2 3 0 .6
0 -2 1 7 .2 1 5 . 6 7 14.7 15.5 2 -4 10.8 -12.4 2 3 -2 5.6 7.7 1 4 3 23.3 24.1
0 ’0 30.4 3u.6 8 I -6 3 5 . 3 42.9 4 2 -2 49.7 2 3 -1 1 6 . 5 19.7 1 4 4 10.2 -10.2

3o.8 -33.8 8 1 -5 32.4 2 -1 5.5 2 3 0 10.4 1 4 5 40.9
0 4 45.1 45-2 8 1 -3 -8.1 4 2 0 56.2 2 3 1 6 .3 1 * 7 3 3 .0 29.3
0 6 26.9 3 0 .8 3 I -1 5.6 -5.1 2 1 57. b 5”.l 2 3 2 2 4 -6 20.4 19.1
0 -5 32.7 23.3 8 1 0 55.0 46.7 2 2 4.7 2 3 3 9.2 9.1 2 * - 5 15.5 13.7
o -3 9.7 -9.0 3 1 1 4 .4 7.5 4 2 3 77.0 72.9 2 3 4 12.9 -13.4 2 4 - 4 40.9 37.3
0 -1 50.5 52.4 8 1 3 10.7 - 10 .5 2 4 13.3 2 3 6 7.1 -7.5 2 4 -3 12.5 12.2
0 1 26.9 20.8 a 1 4 25.7 4 2 5 35.2 2 3 7 13.5 14.5 2 4 -2 8.9 1 - .7
o 5 30.4 3 1 . 8 3 1 6 20.4 20.7 2 7 41.3 37.3 2 3 8 6.6 -7.4 2 4 0 7.1 -10.1
0 -4 2 2 .0 -21.7 8 4.6 -5.5 2 3 6.7 3 -8 -7.2 2 4 1 4.2 5.6
0 0 37.5 -*2 . 6 9 19 .4 19-7 5 2 -7 10 .0 3 10.1 2 4 2 65.1 39.1
0 2 3 0 . 2 -25.7 9 13 .7 -14.5 2 -5 6 . 5 3 1.6 . 3 -1 0.4 2 * 3 7.9
0 4 1 8 .0 lo.O 9 5 2 -4 57.2 3 5?.7 -13.7 2 4 4 *0 . 6

2 1 . 8 -22-5 9 4 9 . 0 -u6.8 5 2 -3 7.3 -6.9 3 12.3 11 .7 2 * 6 20.5
o -3 33.4 27.7 9 1 - 2 21 1 -20.£ 5 2 -2 5.5 5.9 3 c9.9 -6*U5 2 4 7 12.0 13.3
0 -1 15.0 -12.0 9 1 -I 7 .1 -7.4 2 -1 36.7 36.1 3 5C.9 -53.9 3 4 . 7 23.6 -24.3
0 1 11.9 -11 .4 9 1 O 3 4 . 0 -27.4 2 0 15.1 14.5 3 37.2 *2 . 0 3 4 - 6 10.2 5.3
o 3 6.8 7.6 9 1 1 2 9 . 0 -32.7 5 2 1 23.3 2 9 . 6 3 3 21.0 20.1 3 4 . 4 16.5 16.3
0 -4 13.2 18.5 9 1 2 39.2 -36.2 5 2 2 9.3 3 3 25.0 -29.2 3 4 - 2 11 .9
0 -2 5.4 4.7 9 35.6 -33.6 5 2 3 15.3 1 6 .9 3 -54." 3 4 - 1 29.5
0 2 1 6 .5 14.3 9 1 5 7.1 5 2 5 40.9 3 3 23.7 -21 .0 3.6 -9.8
0 -1 3 1 . 0 -31.1 9 1 7 19.3 - 2 0 .4 5 2 6 14.1 15.9 3 3 u .9 -11.5 3 * «
0 1 3.5 -2.6 10 1 - 6 2*0.1 -20.1 5 2 8 3.5 3 3 -*o.9 3 * 2 5.5
1 1 54.2 6 2 . 2 10 1 -5 15.0 6 2 -7 33. C 33.0 -35-5 3 * 3

27.6 -25.4 10 1 -4 32.4 - 3 1 .6 6 12.2 *2.3 *2 . 0 -12.0 3 4 * 9*2
1 3 75.3 80.7 1C 1 -3 30 .2 -25.0 6 2 -4 6.3 20.0 3 * 5 -9.J
1 4 0.1 10 1 -1 23.- 23.1 6 2 -3 54.9 -52.9 5U 5

54!? 4 9 . 4 10 1 0 4 ' .2 -33.4 ? -2- -6 1 17.5 16 .3 5 2 . 6 --9.6
1 7 22.4 22.4 10 1 1 23.3 2 1 .5 6 2 -1 20.o -29.5 9.7 1 c . 6

6.3 -6.2 10 1 3 1 0 . 6 7.2 / 2 0 20.4 3 2U6 -30.3 25.0 -24.7
25.9 25.9 10 5.7 -5.3 6 2 1 4 3 39-3 24.a -2- . 2
34.3 32.3 10 1 5 16 .6 16.3 6 2 2 25.9 22.6 3
7.1 7.9 10 l 6 9.7 -10.4 * 2 3 60.5 -5 6 . 6 «. 3 -7.2 54.2 -?€ .2

39.5 -37.5 11 2 6 .2 23.0 2 4 4 3 15.5 19.1 i3.o
59.7 64.8 11 1 -5 7.3 -9.1 6 2 5 26.7 -29.2 a 3 -13.4 5 •* -7 21 .7 2 5 .2
14.1 1 5 .0 11 -3.7 2 -7 5.1 5 ? *5 2 . 0 55.3 1 1 » -3 25.» 24.1 7 2 -6 22.4 23.0 5 '•5.0 14.9 r . ? 36.5
22.9 25.0 11 1 - 2 45.4 7 2 -5 5.9 5 >4 .9 5 4-2 17.u

i l 3.5 3.2 11 1 -l -11.5 2 -4 4 . 7 —e .6 29-4 5 4 - 1
53.2 - 6 0 . 6 11 lo.o 1 6 . 2 2 -3 9 . 0 -10.5 5 25.2 24.3 24. i 26.4

i 3 13.7 -U.3 11 1 2 5.7 9-2 2 -2 41 .9 - 3,6 . 4 5 25.2 -27.7 3 * 2 10 . 5 - 11 .2
1 4 37.9 -37.1 11 I 3 27.0 25.3 7 2 -1 9.6 5 3 5 * 3 *- • 3

54.3 *3.o 11 1 *- 32.3 29.1 7 2 0 37.5 5 3 6 1 .5 5 * 5 34 . 3 32.9
1>.9 16.7 1 1 1 5 1 3 . 0 7 2 1 5.9 5 3 3.0 5 * 7 12 . 3
3 2 . 6 -35.3 12 19.3 -20.3 2  2 3*° 5 3 15.6 -U.5 6 * -6 20.7 21.3
10 .6 H.3 12 1 0 .5 1 1 .6 7 2 4 l'J.O 12.0 5 3 25.9 6 * - 3 10.7 10.3
17.4 19-2 12 i i . 3 -11.2 7 2 5 10 .6 5 3 33.3 33.6 6 * -2 53.7
3 2 .6 -2 9 .fi 12 1 -2 2 7 9.0 5 3 6 * - 1
3.3 12 -3.7 6 2 -7 15.3 2X.5 2o.6 6 * 1 £.* -5.6

51 .4 12 2?.9 -21 .1 2 -6 11.3 -11.4 6 * 2 9u
2 9 .4 2o.5 1 2 1“.l 15.3 2 -5 31 .2 22.3 6 * 3 19 . 6 21.3

1 -1 20.7 -13.6 12 l 3 S.? -8.5 3 2 -4 5.1 5.7 6 3 - 2 4".? -47.2



Tab l e  1 .4

KURROL: 

th e  end

a

of

.n a ly s i s  of the  agreement  between [f J  and | Fc | a t  

th e  r e f i n e m e n t ,  N i s  the  number of r e f l e x i o n s .

S t r u c t u r e f a c t o r s  a r e on th e a b s o l u t e s c a l e •

(a )  As a f u n c t i o n  of s i n  B/K

Z|*0 I e |*cI s |aJ N R s | a)/

o • 0 1 o • 2 1219 1340 160 33 0-131 4*8

•o1CM•o

3 2287 2280 160 78 0 - 0 7 0 2 - 1

0 • 1 o * 4 3985 3899 313 142 0 - 0 7 8

CM•CM

•o1*o

5 4804 4675 307 192 0-064 1 - 6

0 * 5  — 0 *6 3794 3748 242 218 0-064 1 - 1

0 * 6  — 0  * 7 1381 1466 141 97 0 - 1 0 2 1*5

( b) As a f u n c t i o n  of IfgI

0  -  7 664 738 1 2 2 80 0-184 1-5

7 - 1 2 1466 1540 148 157 0 * 1 0 1 0-9

1 2  -  18 2 1 7 2 2233 146 147 0-067 1 - 0

18 -  27 3193 3150 177 143 0 - 0 5 6 1 - 2

27 -  35 2466 2361 1 7 2 80 0 - 0 7 0 2 - 1

35 -  45 2 9 6 2 2861 227 75 0-077 3-0

45 -  60 2 7 8 1 2753 183 53 0-066 3-4

60 -105 1 7 6 6 1771 148 25 0-084 5*9

A l l 17470 17407 1323 7 6 0 0 - 0 7 6 1*7



Table 1„5

E q u i v a l e n t  P o s i t i o n s

I  x > y*

I I  x ,  1-hy,

I I I  x ,  y ,

IV - x ,  1 - y ,

V - x ,  - y ,

VI i ~ x ,  f l y ,

VII  £ - x ,  i + y ,

V I I I  J ~ x f i - y ,



Int eratornic distances (a ) and angles (°) 
i n  polyphosphate chains.

P — 0 ( p e r i p h e r a l ) P -  0 ( b r i d g i n g )

P ( l )  -  0 (1 1 ) 1*472(7) P ( l )  -  0(12) 1*619(6)

P ( l )  -  0 (1 3 ) 1*486(6) P ( l )  -  0 ( 2 1 ) V I 1 1*600(6)

P(2) -  0 (2 2 ) 1*477(7) P(2)  -  0(12) 1*620(6)

P(2)  -  0 (2 3 ) 1*479(6) P(2)  -  0(21) 1*599(6)

Mean 1*479 Mean 1*610

B r id g in g  oxygen a to m s :

p ( D -  0 (12)  -  P(2) 1 24*8(3)°

P (2 ) -  0 (21 )  -  P ( l ) V I 1 1  136*1(4)°

PO. t e t r a h e d r a :  4

0(11) - P(l) - 0(12) 110*5(4) 0(12) - P(2) - 0(21) 99*2(3)

0(11) - P(l) - 0(13) 117*1(3) 0(12) - P(2) - 0(22) 109*8(4)

0(11) - P(l) - 0(21)VI1 107*4(4) 0(12) - P(2) - 0(23) 109*7(3)
0(12) - P(l) - 0(13) 110*4(3) 0(21) - P(2) - 0(22) 108*3(3)

0(12) - P(l) - 0(2l)VI1 99*1(3) 0(21) - P(2) - 0(23) 110*1(3)

0 (13) - P(l) - 0(21)VI1 110*9(3) 0(22) - P(2) - 0(23) 118*2(3)
Mean 109*2 Mean 109*2



Tab 1 e 1.7 

oInteratomic distances (A) and angles (°) in the polyhedra 
surrounding the sodium ions. The estimated standard 

deviation on each angle is . approximately 0*2°.

Na(1)•* •0 13) 2*401(7) Na (2) • •0(22)XI1 2*343(7)
Na(l)•••0 ll)11 2*419(7) Na(2) • *0(22)IY 2*360(7)
Na(1)•* • 0 23)11 2*432(7) Na(2)• •0(23)V 2*396(7)
Na(l) • ••0 ll)VI 2*464(7) Na(2)• -0(13)IV 2*419(7)
Na(l)•••0 23)IV 2*506(7) Na(2)• *0(13) 2*511(6)
Na(l)•••0 21)IX 2*876(7)

0( 13)••*Na(1)•• O(ll)11 148 0 O(ll)11**-Na(l)•**0(21)IX 68*
0(l3)***Na(l)** 0 { 2 3 ) X1 83 8 0(23)II- *-Na(l)***0(11)VI 154*

0(13)* * *Na(1) • * 0(ll)YI 84 3 o(2 3 )11 **•Na(1)• •*0(23)IV 74*

0(13)••*Na(l) • • 0(23)IV 111 8 0(23)I][*• * Na(1)• • *0(21)IX 146*

0(13)*•*Na(1)* * 0(21)IX 128 5 0(11)VI*•*Na(l)••*0(23)IV 131*
0(ll)I3:***Na(l) * * o(2 3 )11 88 9 . 0(11)VI*••Na(1)• •*0(2l)IX 5 4 .

0(11)11••*Na(l) ..odi)71 89 1 0(23)IV*•*Na(l)••*0(21)IX 82-
O(ll)11*•*Na(l) **0(23)IV 95 9

0( 22) I1CI* * *Na(2 ***0(22)IV 78 8 0(22)IV*• * Na(2)* **0(13)IV 86*

0(22)II1[* • *Na( 2 •**0(23)V 93 6 0(22)IV*•*Na(2)•••0(13) 101*

0(22)I]CI*-*Na(2 * * *0(13)IY 150 9 0(23)V ••*Na(2) •••0(13)IY 84*

0(22)II1*•*Na(2 **•0(13) 134 8 0(23)V** •Na(2)* •*0(13) 108*

0(22)IV***Na(2) ••0(23)V 144 7 0(13)IV** * Na(2) ••*0(13) 72 •

9
2

0

0

8

6

8

4

4
2

0

4



Table 1 .8

A comparison  of P-0  ( b r i d g i n g )  bond l e n g t h s  ( i n  A) 

(a)  p r e s e n t  v o r k ,  (b) J o s t  (1961) .

(a)  (b)

P ( l )  -  0 ( 2 l ) y l 1  1*600(6) 1*57(2)

P ( l )  -  0(12)  1*619(6) 1*64(2)

P(2)  -  0(12)  1*620(6) 1*60(2)

P ( 2 ) -  0(21)  1*599(6) 1*62(2)

mean 1*610 1*61
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I I
0 ( 2 3 )

IV

1 I 1 I I I I ,
0 1 2 3A

F i g u r e  1 .3  The c o - o r d i n a t i o n  s p h e r e s  

o f  th e  sodium i o n s .



- 119 -

l e a s t ,  t h e  e f f e c t  was n o t  genuine, .  A l l  t h e  c r y s t a l l o -

g r a p h i c a l l y  d i f f e r e n t  P - 0 ( b r i d g e )  and P ~ 0 ( t e r m i n a l )
o

bond l e n g t h s  a r e  w i t h i n  about  0 .01A o f  t h e i r  r e s p e c t i v e
o

mean v a l u e s  o f  1 .610  and 1 .479A, t h e s e  v a l u e s  b e i n g  v e ry

s i m i l a r  t o  t h e  c o r r e s p o n d i n g  bond l e n g t h s  o f  1 .616  and 
o

1.488A in(PibP03)x ( C r u i c k s h a n k ,  1 9 6 4 a ) .

The o n l y  o t h e r  s i g n i f i c a n t  d i f f e r e n c e  f rom  t h e
o

p r e v i o u s  r e f i n e m e n t  i s  t h a t  t h e r e  i s  a c o n t a c t  o f  2 .88A
tv

b e tw ee n  N a ( l )  and 0 ( 2 1 ) which  we c o n s i d e r  s h o r t  enough 

t o  be i n c l u d e d  i n  t h e  c o - o r d i n a t i o n  sp h e r e  o f  th e  sodium 

i o n .
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(2)- R e f i n ement o f  th e  S t r u c t u r e  o f  Sodium 
Hexametapho sp h a t e  HeTxahydrate 
H ag(PqOib) . oHpO.

2 * 1 INTRQDUGTION

T h is  s t r u c t u r e  c o n t a i n s  d i s c r e t e  h e x a m e ta p h o s p h a te
P  —

(^6^18)  ~ i o n s ,  and was o r i g i n a l l y  r e f i n e d  by  J o s t  ( 1 9 6 5 ) ,  

b y  means o f  e l e c t r o n - d e n s i t y  s y n t h e s e s ,  t o  an R - f a c t o r  o f  

0 . 1 6 .  The bond l e n g t h s  and a n g l e s  d e te r m in e d  i n  t h e  

o r i g i n a l  s t r u c t u r e  a p p e a re d  to  be q u i t e  n o r m a l ,  b u t  in  

v iew  o f  t h e  r e l a t i v e l y  h i g h  R - f a c t o r ,  a l e a s t - s q u a r e s  

r e f i n e m e n t  was f e l t  d e s i r a b l e .  I t  was a l s o  hoped t o  

d e t e r m i n e  t h e  p o s i t i o n s  o f  th e  h y d rog en  atoms a t t a c h e d  t o  

t h e  two c r y s t a l l o g r a p h i c a l l y  in d e p e n d e n t  w a t e r  m o l e c u l e s .

2 . 2  EXPERIMENTAL 

C r y s t a l  D a t a

Sodium h e x am e tap h o sp h a te  h e x a h y d r a t e ,  Na6P6°18* 6 H2 O. 

F.W. = 7 1 9 .9 ,  O r th o rh o m b ic .

a  = 1 1 . 5 8 ( 2 ) ,  b = 1 8 . 5 4 ( 4 ) ,  c = 1 0 .4 8 ( 2 ) A ,

U = 2 2 4 9 . 4A3 , Dm = 2 . 1 0 ,  Z = 4 ,  Dc = 2 . 1 2 ,

F (000)  = 1440 ,  L i n e a r  a b s o r p t i o n  c o e f f i c i e n t  f o r  Cu-Ka 

X - r a y s ,  | i= 10.99cm“^-. Space g ro u p  Ccma (No. 6 4 ) .

S t r u c t u r e - S o l u t i o n  and Ref inem ent

The s t r u c t u r e  was o r i g i n a l l y  s o lv e d  by  J o s t  (1965) 

u s i n g  d i r e c t  m e th o d s ,  and r e f i n e d ,  by  means o f  e l e c t r o n -



u n iq u e  r e f l e x i o n s  e s t i m a t e d  f rom  W e is s e n b e rg  p h o to g r a p h s  

o f  t h e  l a y e r s  hkO-7 and. 0 ~7 k t a

I n  o r d e r  t o  d e t e r m i n e  th e  s t r u c t u r e  more a c c u r a t e l  

a  f u l l - m a t r i x  l e a s t “ s q u a r e s  r e f i n e m e n t  was c a r r i e d  o u t  on 

t h e  828 n o n - z e r o  r e f l e x i o n s  r e c o r d e d  "by J o s t ,  i n i t i a l  

c o - o r d i n a t e s  and i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  b e i n g  t a k e n  

f ro m  t h e  o r i g i n a l  p a p e r .  F iv e  c y c l e s  o f  r e f i n e m e n t  o f  t h e  

a to m ic  c o - o r d i n a t e s ,  i s o t r o p i c  v i b r a t i o n a l  p a r a m e t e r s ,  and 

one s c a l e  f a c t o r  r e d u c ed  R and Rf to  v a l u e s  o f  0 .0 9 7  and 

0*015 r e s p e c t i v e l y .

At t h i s  p o i n t  i t  was d e c id e d  to  a t t e m p t  to  l o c a t e  

t h e  h y d ro g e n  atoms a t t a c h e d  t o  t h e  two w a t e r  m o l e c u l e s .  

A c c o r d i n g l y ,  a  d i f f e r e n c e  e l e c t r o n - d e n s i t y  map was computed 

and s e a r c h e d .  T h is  r e v e a l e d  s e v e r a l  peaks  o f  a p p r o x i m a t e l y  

t h e  c o r r e c t  h e i g h t ,  b u t  none o f  t h e s e  could  p o s i t i v e l y  be 

i d e n t i f i e d  as  hyd rog en  a toms.  The p r o c e s s  was t h e n
° - lr e p e a t e d  u s i n g  low o r d e r  d a t a  o u t  t o  s i n  3 / \  -  0 .24A

T h is  a l s o  p ro d uced  no u n e q u i v o c a l  p o s i t i o n s  f o r  t h e  

h y d ro g e n  a to m s ,  and i n c l u s i o n  o f  th e  most p r o b a b l e  p o s i t i o n  

i n  a l e a s t - s q u a r e s  c a l c u l a t i o n  p roved  e q u a l l y  u n s u c c e s s f u l .  

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

p a r a m e t e r s  o f  a l l  n o n -h y d ro g en  atoms b e i n g  a l low ed  to  v a r y  

a n i s o t r o p i c a l l y .  Three more c y c l e s  o f  r e f i n e m e n t  r e d u c e d
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R and R! to  f i n a l  v a lu e s  o f  0 ,0 8 4  and 0 ,0 1 2  r e s p e c t i v e l y .

Throughout  th e  r e f i n e m e n t  a w e i g h t i n g  scheme o f  fo rm

Vw = { [ l - c x p ( - p 1 ( s i n 9 / \ ) 2 ) ] / [  1 + p 2 ]Fo | ] p

was u s e d ,  t h e  f i n a l  v a l u e s  o f  t h e  c o n s t a n t s  pq and pg 

b e i n g  15 and 0 .0 1 5  r e s p e c t i v e l y .

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

a l l  atoms a re  g i v e n  i n  T ab le  2 . 1 ,  and v i b r a t i o n a l  p a r a m e t e r s  

i n  Table  2 . 2 .  I n  o r d e r  t o  comply w i t h  t h e  modern p r a c t i c e  

t h a t  a l l  t h e  c o - o r d i n a t e s  l i s t e d  i n  T ab le  2 .1  sh o u ld  r e f e r  

to  atoms o f  t h e  c r y s t a l - c h e m i c a l  u n i t  (C .C .U ) ,  s e v e r a l  

changes  i n  c o - o r d i n a t e s  have b e e n  made from t h o s e  qu o ted  

by  J o s t ,  E s t im a te d  s t a n d a r d  d e v i a t i o n s  d e r i v e d  f rom  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 r e  g iv e n  I n  b o t h  t a b l e s .  The 

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

f a c t o r s  a r e  l i s t e d  i n  T ab le  2 . 3 ,  and an a n a l y s i s  o f  t h e i r  

ag reem ent  i s  g i v e n  i n  T ab le  2 . 4 .  Atomic s c a t t e r i n g  f a c t o r s  

f o r  n e u t r a l  atoms were t a k e n  from I n t e r n a t i o n a l  T ab le s  f o r  

X - ra y  C r y s t a l l o g r a p h y  (1 9 6 2 ) .

2 .5  RESULTS and DISCUSSION

A g e n e r a l  view o f  th e  s t r u c t u r e  i s  shown i n  F i g u r e

2 . 1 , which  shows p a r t  o f  t h e  c a x i a l  p r o j e c t i o n ,  t h e  atoms 

which  a re  l e t t e r e d  b e i n g  t h o s e  o f  t h e  c r y s t a l - c h e m i c a l  u n i t .  

E q u i v a l e n t  p o s i t i o n s  r e f e r r e d  to  i n  t h e  t e x t  and t a b l e s  a r e



TABLES AND FIGURES



Table 2„1

Atomic co-ordinates, fractional (x, y, z x 10^) and absolute
O o

(X, Z in A, x 10 ). Standard deviations of X, Y, and Z
are given in parentheses •

Atom X y z X Y Z

N a ( l ) 1226 1 7 2 0 3083 1420(4) 3189(4) 3231(4)

Na(2) 1114 0 3166 1290(6) 0 3318(5)

P ( l ) 1883 774 213 2181(2) 1436(2) 230(2)

P ( 2 ) 0 1827 0 0 3387(3) 0

0 ( 1 ) 3020 9 0 8 -402 3497(7) 1684(7) - 4 2 1 (7 )

0 ( 2 ) 1758 832 1597 2036(8) 1542(7) 1674(7)

0(3) 1401 0 -263 1623(10) 0 -2 7 6 ( 9 )

0 (4 ) 423 2216 1123 490(8) 4109(7) 1177(7)

0 (5 ) 968 1 2 7 0 -524 1121(7) 2355(6) - 5 4 9 (6 )

0 ( 6 ) 4614 922 1669 5343(8) 1710(9) 1749(9)

0 (7 ) 2922 2 5 0 0 2 5 0 0 3383(14) 4635 2620



0 2 4Vibrational parameters (A x 10 ). Standard 
deviations are given in parentheses.

Atom
2 i i

CMCMI 2 33 2 H2 3 2 2 3 1 2 2 l 2

N a ( l ) 366(22) 189(17) 262(19) 1 7 ( 3 0 ) 5(35) 39(30)

Na(2) 360(30) 245(25) 231(27) 0 108(50) 0

P ( l ) 214(11) 1 7 1 ( 1 0 ) 173(10) 11(17) - 6 ( 1 9 ) 22(17)

P ( 2 ) 234(15) 153(13) 180(15) 0 -9 0 (2 7 ) 0

0 ( 1 ) 253(32) 287(32) 308(38) 209(59) 46(62) 108(57)

0 ( 2 ) 402(40) 212(30) 256(34) 44(54) -7 5 (6 5 ) - 2 ( 6 1 )

0 (3 ) 245(44) 261(42) 205(44) 0 -1 8 5 (8 5 ) 0

0 (4 ) 392(37) 285(32) 239(33) -1 0 9 (5 8 ) -2 0 8 (6 3 ) 5(61)

0 (5 ) 294(33) 227(29) 202(29) - 3 0 (5 1 ) -7 1 (5 9 ) 119(55)

0 ( 6 ) 341(41) 423(42) 456(48) -5 4 (7 2 ) -4 5 (7 9 ) 9(69)

0 (7 ) 439(73) 5 5 0 (7 4 ) ' 870(104) 626(75) 0 0



Table  2 ,3  
Observed  s t r u c t u r e  a m p l i t u d e s  and 

f i n a l  c a l c u l a t e d  s t r u c t u r e  f a c t o r s *
H K L Yo Fc

o ? « 75.'» M.3
0  4  0  W . 6  - 1 t J 9 . 5
U 6 O alti.d
c  :\ U wy.  1 - l u j . s
o iu o a*.-' .!)
o la u 311.0 3ftT;.4 
o 14 u 6 2 . 3  c 1 . 5

1* .̂3
10*3 .4  - 1 2 4 .3  
24.4 lt>.9

=12:?

11 K ,
11 7 1
11 n  1 
11 11 1 
11 15 1
U» u 1
1c 2 1
12 la 1

'I i

! , ?  
1 17

! 23

40.6 -39.«
11 1 .1  1 1 3 .5
157.2 l?o.6

fcii 3?:3

11y.2 1ij.fi

Sri

34.0 79.?

p jjs
S:? -£? 
it! 1 ;

-Si

i

S

8-.;

4

y
9
9

12
12

1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2

k:?

2?i7

f

K
K»
10

11
11
11
11
12
12
12

0

0

1
1
1
1
1
1
1
1

I 1

- z i

-&9

s
1H

?. ! !

I Ui
a lo 10
4 12 lu
5 1 10

I I

& IT
5 6 .9  ol.S

IT

is;



Table 2 » 4

Na6 (P6° 1 8 )
a t  th e  end

.6H20:
o i  the :

A n a ly s i s  o f  
r e f i n e m e n t «.

the agreement o f  |F and F 1 ° o c
N i s  the number o f  r e f l e x i o n s

S t r u c tu r e f a c t o r s  are on the a b s o l u t e s c a l e ft

(a)  As a f u n c t i o n of  s i n Q / \

S | P 0 I d F c l

55<3

W

R e U I / n

0*0 -  0*1 799 813 113 6 0 -1 5 0 1 8-3
0*1 -  0 -2 3880 4092 339 37 0-087

CM•cn

re•o1CM•o

7169 7162 531 84 0 -0 7 4 . 6 -3

•O1re•O

10264 9952 770 138 0*075 5*6
0*4 -  0-5 12152 11894 917 216 0 -0 7 6 4-2
0*5 -  0 - 6 9919 9452 911 240 0*092

CO•re

0
 

• ce 1 o • CO 3270 3475 383 107 0-1 1 7 3-6

(b) As a f u n c t i o n o f  i F j

0 - 21 759 671 178 46 0 -2 3 4 3-9
21 - 25 2116 2025 380 91 0 -180 4 -2

25 - 30 2907 2743 361 101 0 -1 2 4 3-6
30 - 35 780 751 91 24 0 -117 3-8

35 - 42 5210 4991 484 139 0 -093 3-5
42 - 50 3346 3293 286 73 0-085 3-9
50 - 60 5536 5367 426 100 0 -077 4-3
60 - 75 4576 4479 276 69 0*060 4 -0

75 - 95 6021 5942 320 72 0 -053 4*4

95 - 120 5032 5055 350 47 0 -070 7*4
120 - 160 5767 5810 417 42 0 -073 9*9
160 - 300 4809 5046 343 24 0-071 1 4-3

A l l 47445 46782 3962 828 0 -084 4*8



Table 2 ,5

E q u i v a l e n t  P o s i t i o n s

I  x ,  y ,  z

I I  - x ,  y ,  - z

I I I  - x ,  - y ,  - z

IV x ,  - y ,  z

V J - x ,  y ,  i+z

VI - i + x ,  y ,  f - z

VII  f - x ,  - y ,  i+ z

V I I I  - i + x  - y ,  f - z



• Table 2 .6

Principal interatomic distances in (P6°18^
0

Distances are given in A; 

standard deviations in parentheses.

P — 0 (peripheral)

P(l) - 0(1) 1*486(7)
P(l) - 0(2) 1*462(7)
P(2) - 0(4) 1*465(7)

Mean ' 1*471

P - 0 (bridging)

P(l) - 0(3) 1*619(5)
P(l) - 0(5) 1*601(7)
P(2) - 0(5) 1*620(7)

Mean 1*613

ring„



Table 2 .7

6—P r in c ip a l  bond ang les  in  (FgOig) ” r i ng

P ( l )  t e t r a h e d r o n :

0 ( 1 )  -  P ( l )  -  0 ( 2 )  1 2 0 * 4 ( 0 * 4 ) 0

0 ( 1 )  -  P ( l )  -  0 ( 3 )  1 0 8 * 7 ( 0 * 4 )

0 ( 1 )  -  P ( l )  -  0 ( 5 )  1 0 6 * 3 ( 0 * 4 )

0 ( 2 )  -  P ( l )  -  0 ( 3 )  1 0 9 * 6 ( 0 * 4 )

0 ( 2 )  -  P ( l )  -  0 ( 5 )  1 1 1 * 8 ( 0 * 4 )

0 ( 3 )  -  P ( l )  -  0 ( 5 )  9 7 * 6 ( 0 * 4 )

Mean 109*1

P ( 2 )  t e t r a h e d r o n :

0 ( 4 )  -  P ( 2 )  -  0 ( 4 ) n  1 2 1 * 0 ( 0 * 4 ) °

0 ( 4 )  -  P ( 2 )  -  0 ( 5 )  1 1 0 * 8 ( 0 * 4 )

0 ( 2 )  -  P ( 2 )  -  0 ( 5 ) 11 1 0 5 * 9 ( 0 * 4 )

0 ( 5 )  -  P ( 2 )  -  0 ( 5 ) 11 1 0 0 * 8 ( 0 * 4 )

Mean 109*2

B r id g in g  oxygen a toms:

P ( l )  -  0 ( 5 )  -  P ( 2 )  1 3 1 * 3 ( 0 * 4 ) °

P ( l )  -  0 ( 3 )  -  P ( 1 ) IV 1 2 4 * 9 ( 0 * 4 )



Table 2 ,8

I n t e r a t o m i c  d i s t a n c e s  i n  t h e  c o - o r d i n a t i o n  s p h e r e s  

o f  t h e  sodium i o n s .  S t a n d a rd  d e v i a t i o n s  

a r e  g i v e n  i n  p a r e n t h e s e s .

N a ( l )  p o l y h e d r o n :

N a ( l

N a ( l

N a d

N a d

N a ( l

N a ( l

0 ( 4 )

0 ( 2 )

0(1)
0 (6 )

0 ( 4 )

0 ( 7 )

I I

VI

2 * 3 3 4 ( 8  

2 * 3 4 9 ( 8  

2 * 3 5 5 ( 8  

2 * 3 9 6 ( 8  

2 * 4 3 6 ( 8  

2 * 5 1 4 ( 1 1 )

Na( 2 )  p o l y h e d r o n :

N a ( 2 ) * * * 0 ( 2 ) I , I V

N a ( 2 ) . . * 0 ( 6 ) V I - VI11

N a ( 2 ) * * * 0 ( l ) V,VI1

2 * 3 7 4 ( 8 )

2 * 4 4 4 ( 9 )

2 * 4 6 9 ( 8 )
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l i s t e d  i n  T able  2 . 5 .  The bond l e n g t h s  and a n g le s  

a s s o c i a t e d  w i t h  th e  (Pg^ I s )^ "  a n io n s  a re  l i s t e d  i n  T a b l e s  

2 . 6  and 2 . 7  r e s p e c t i v e l y ,  and th e  i n t e r a t o m i c  d i s t a n c e s  

p e r t a i n i n g  to  t h e  e n v i ro n m en ts  o f  t h e  two sodium i o n s  i n  

T ab le  2 . 8 .

A p a r t  f rom  t h e  e x p e c te d  r e d u c t i o n  i n  t h e

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

th e  atoms a r e  n e g l i g i b l e ,  so o n l y  t h e  v a l u e s  d e t e r m i n e d

i n  t h e  p r e s e n t  r e f i n e m e n t  a r e  q u o t e d ,  and no c o m p a r i s o n

i s  made w i t h  p r e v i o u s  v a l u e s .

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

P -  0 ( p e r i p h e r a l )  and P -  0 ( b r i d g e )  bonds a r e  w i t h i n
o

a b o u t  0 . 0 1A o f  t h e i r  r e s p e c t i v e  mean v a l u e s  o f  1 .4 7 1  and 
o

1 .613A. These a r e  v e ry  s i m i l a r  t o  t h e  v a l u e s  o f  1 .4 7 9  
o

and 1.610A found  i n  t h e  p o ly p h o s p h a te  c h a i n  i n  K u r r o l fs

s a l t  (MeAdam, J o s t ,  and B e a g le y ,  1968) and 1 ,4 7 1  and
o

1.601A found  i n  t h e  t r i c l i n i c  fo rm  o f  t h e  t e t r a m e t a -

p h o s p h a t e ,  X a ^ T ^ O ^ .  4^2°  (Ondik,  1 9 6 4 ) .  The e q u a t i o n  o f

th e  mean p l a n e  t h r o u g h  th e  six: oxygen and s i x  p h o sp h o ru s

atoms f o rm in g  t h e  r i n g  i n  t h e  (PsOqg) “ i o n  i s  
-  0 .0 5 0 7  X - 0 .9 9 8 7  Z = 0 ,

t h e  r o o t  mean s q u a re  d e v i a t i o n  o f  t h e  atoms f ro m  t h e  p l a n e
o o

b e i n g  0 .35 A ,  and th e  maximum d e v i a t i o n  b e i n g  0 .49A  f o r

atom 0 ( 5 ) .  The p la n e  makes an a n g l e  o f  2 . 9 °  x^ith t h e

a b p l a n e  o f  th e  c r y s t a l .



A c a r e f u l  e x a m in a t io n  o f  th e  v i b r a t i o n a l  p a r a m e t e r s
o

r e v e a l e d  one anomaly.  The U3 3  v a lu e  o f  0 .087A2 f o r  0 ( 7 ) ,  

t h e  oxygen atom i n  one o f  t h e  w a t e r  m o l e c u l e s ,  i s  r a t h e r  

h i g h  compared w i t h  th e  o t h e r  U n  v a lu e s  o b t a i n e d  f o r  th e  

two w a t e r  m o l e c u l e s .  T h is  s u g g e s t e d  t h a t  t h e r e  m ight  be 

some s l i g h t  d i s o r d e r  i n  th e  p o s i t i o n  o f  t h e  w a t e r  m o l e c u l e .  

C o n s e q u e n t l y ,  a d i f f e r e n c e  e l e c t r o n - d e n s i t y  map, i n  which  

t h e  c o n t r i b u t i o n s  o f  a l l  o t h e r  atoms e x c e p t  0 (7 )  had b e en  

o m i t t e d ,  was c a l c u l a t e d .  T h is  app ea re d  to  s u g g e s t  t h a t  t h e  

ox y gen  a to m ,  which  l i e s  i n  a t w o - f o l d  a x i s  m igh t  be s l i g h t l y  

d i s o r d e r e d ,  b u t  when t h e  atom was s l i g h t l y  d i s p l a c e d  f rom  

t h e  a x i s ,  and i n c l u d e d  i n  th e  r e f i n e m e n t  as two h a l f  a tom s,  

t h e  p o s i t i o n a l  p a r a m e t e r s  cou ld  n o t  be p r o p e r l y  r e f i n e d .

The i n c l u s i o n  o f  two hydrogen  atoms i n  p o s i t i o n s  s u g g e s t e d  

b y  t h e  d i f f e r e n c e  map d id  n o t  p rove  any more s u c c e s s f u l .

I n  c o n c l u s i o n ,  t h e  s t r u c t u r e  has been  r e f i n e d  t o  

an  R - v a lu e  o f  0 . 0 8 4 ,  and t h e  p a r a m e t e r s  o f  a l l  t h e  n o n 

h y d r o g e n  atoms e x c e p t  0 (7 )  have b een  s u c c e s s f u l y  r e f i n e d .  

Hoxtfever, t h e  hydrogen  atoms have n o t  b e e n  l o c a t e d  as was 

p r e v i o u s l y  h o p e d ,  and i n  o r d e r  t o  s o l v e  t h e s e  two an o m a l ie s  

more a c c u r a t e  d i f f r a c t o m e t e r  d a t a  w i l l  have t o  be c o l l e c t e d  - 

p r e f e r a b l y  n e u t r o n  d i f f r a c t i o n  d a t a .
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APPENDIX I

PROCEDURE 'DEPENDENTS*. FOR 
TETRAMETHYIDIFHOSPHINE.



DEPENDENTS

, r b , r c , r h , r l , r m , r p , r d , r g ,  
fea . c o s b e t a  , sinsramma.

c i  -a . w  $  x  w  $  x  l i .  j  ±  JL  ^  x

s in b e  t a , c o s be t a , s in
n n o r r a  m m  a  o  ■*! v> r V f i  -t r> r\ a

f i o n a [  i ; / j , g a m  i : / j i
M[1 s 1 8 , 1  s 3 , l  : 7 ]5

i n t e g e r  k , l , f , p , q , t ;  
p r o c e d u r e  d i s t a n c e ( a * b , c ) ! 

v a l u e  a , b , c |  I n t e g e r  a * b * c j  
b e g i n
i f r T a ] ~ 1  t h e n  

bee* i n
R r f ] 7 = ( G [ b , 1 ] - G [ c , 1 ] )

T 2 + (G [b J2 ] - G [ e , 2 ] )
T 2 + ( G [ b , 3 ] - G [ o , 3 ] ) T 2 ;

R [ a ] : = s q r t ( R [ a ] ) J 
en d  j 

e n d  o f  d i s t a n c e j  
p r o c e d u r e  d i f f e r e n t i a l ( a a , b b , c c ) j  

v a l u e  a a , b b * c c !  i n t e g e r  a a ^ b b ^ c c ;  
b e g i n
f o r  j  := 1 s t e p  1 u n t i l  7 do 

C[aa* j  ] .*=1 . G/R [ a a  Jx  (TO [ b b ,
1 ] - G [ c o , 1 ] ) x ( M t b b , 1  , J ]
- M [ c o , 1 , j ] ) + ( G [ b b , 2 ] - G [ c c ,
2 ] ) x ( M [ b b , 2 , j ] - M [ c c , 2 , j ] )  
+ ( G [ b b , 3 ] - G [ c c , 3 ] ) x ( M [ b b , 3 ,  
j J - M t c o , 3 < j ] ) )  >

e n d  o f  d i f f e r e n t i a l !  
f : = f  o r m a t  ( _[_-nd. ddddc2) I r a : =R [ 2 ]; 
r b : = R [ 3 ]I r c : = R [ l ] !  r m : = R [ 4 ] !  r h : = R [ 5 l j
r l : = R [ 6 ] !  r p : = R [ 7 ] j
r d : = ( r a x r a + r b x r b - r h x r h ) /  ( 2 . G x r a x r b ) 
r d : = 3 . 0 x r a x r a x ( 1 . G - r d x r d );



r g : ~ s q r t ( r a x r a - r d / 3 . 0 ) ; r d : « s o r t ( r d )  : 
i f  r [ 8 ] - 1  t h e n  R l 8 ] : « r d j  
sincefca:  “ G o X r l / r  bs 
c o s b e t a : - s o r t ( 1  . C - s inbe  t  axs  in be  t a ) ;  
cosgamma: ~ ( rmxrm-r  b x r b - r c x r c ) 

/ ( 2 . G x r b x r c x c o s b s t a )  j 
s  ingamma : q r  t (1 . C - c osgammaxco sganxia) $ 
x p : r  bxs in b e  t a  j y p : = - r  bxc o s be t a x s  i  a gamma j 
z p : ~~r bxc o s be t a x e o  sgamma~rc/ 2 *0 j 
cos  ph i : = 1 • 0  - ( r  p x rp  - 4 • Gx zpxzp)

/ ( 2 . Gx(xpXxp+ypxyp) ) }  
s i n p h i : = s q r t ( 1 . G - c o s p h i x c o s c h i ) $
H [ 1  , 1  ]s=H[1 , 3 ] : « H [ 2 , 2 ] : = H [ 2 ‘, 3 J :  =

H [3 ,3 ] := B [1  ,2 ] :=B [1  ,3 ] := B [ 2 ,1  ] : -  
B [3 ,1 ] := G .G ;

H [1 * 2 ] : = r b x c o s b e t a j  H[ 2 1 ] : = r b x s i n b e t a :
x s : = ( r b + r g ) x s i n b e t a ;
xc : - r d x c o s b e t a / s q r t f  3  *>0 ) ;
x i : = r  d x s in b e  t a / s q r t ( 3 • 0 }j H [ 3 * 1 ] : ~ xs+ xc I
H[3 ^2 ] : = x i - r g x c o s b e t a j
H [4 ,1 ]: =H[5 j 1 ] s =xs-*G. 5xxc j y c : - r g x e o s b e t a j  
H [ 4 , 2 ] : = - x i x 0 . 5 “y c j  H [4 ,3 ] :« -0 .5><rd$
H [ 5 , 2 ] : = H [ 4 , 2 ] :  H[ 5 ^3 ] :  =C-.5xrd:
H[6,1 ] : = - H [ 2 , 1 H [ 6 , 2 ] : = H [ 2 , 2 J ;  
H [ 6 , 3 ] : = H [ 2 , 3 ] ;  H [ 7 , 1 ] : = - H [ 3 , l ] j
H [ 7 ,2 ] : = H [ 3 , 2 ] s  H [ 7 * 3 J : =H[3 , 3 ] S
H [ 8 , 1 ] : = - H [ 4 , 1 J ;  H [ 8 , 2 ] : = H [ 4 ,2 ] j  
H [8 ,3 ] :== H [4 ,3 l ;  H [ 9 , l  ] : = - H [ 5 , l  ] ;  
H [ 9 , 2 ] : = H [ 5 , 2 ] ;  H [ 9 , 3 J : = H [ 5 , 3 l j
B [ 1 , 1 ] := 1 .C j  B [ 2 , 2 ] : =singammaj 
B [ 2 , 3 ]  :-=+cosgammaj B [ 3 ^2 J :=-cosgemmaj 
B[ 3  > 3  3 : =singammaj 
f o r  p :=  1 s t e p  1 u n t i l  9  do 

f o r  t  :=» 1 s t e p  1 u n t i l  X~do 
b e g in
5Tp7t]:=o;
f o r  q := 1 s t e p  1 u n t i l  3  do 

J [ p , t ] : = j T p 7 t ] + H T p 7 q T x B [ q ^ f ];  
end  ,

q ; —1 5
f o r  p s= 1 s t e p  1 u n t i l  9  do 

D [ p ,q ] : = - J T p 7 q J j  
q:=2;
f o r  p := 1 s t e p  1 u n t i l  9  do

D[P j q ] •“ JTpTq] - r  bxc o s be t a x s  ingammaj 
q : - 3 j



E[ 1,31  
E[1 ,1 ] 
E[2,1  ] 
E[3>3]
f o r  p 

f o r

:S [ 2 ,3  ]» ~;2 [3*1  ] i ~:E [ 3 *2 ] : “0 
'][) , 2 ]: = s i n p h i ;  
E [ 2 , 2 ] : = c o s p h i ;

,C

do
3  do

=cospn;
- ~ s i n p h  
= - 1 . 0  j
= 1 s t e p  1 u n t i l  9 

t  := T  s t e p  1 un t i l  
begin  
PTpTtJ-Oj
f o r  q : = 1 s t e p  1 u n t i l  3 do 

F [ p * t  ]: “F Lp7t J +Dlp , q JfxE [ q , t  ];  
end ,
: ~~ 1 s t e p  1 u n t i l  9 do

u n t i l  3 do

do
do

f o r  p : ____
f o r  q :=  1 .step 1  ____

G [p,q]:«D Lp,q];  
f o r  p := 10 s t e p  1 u n t i l  1 3 
~ f o r  q : -  1 s t e p  1^u n t i l  3 

G[p,q]:=FLp-9*q]j
d i s t a n c e ( 9 *1 *1 2 ) ;

11*5*9);
13*10 ,5 ) ;
15 * 2 ,7 ‘

d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e
d i s t a n c e

d i s t a n c e (10*10*4);  
d i s t a n c e ( 1 2 , 2 , 8 )

17*3 
19*6 
21 y2  
23*2 
25*2 
27*6 
29*6 
31*6 
33*7 
35*8 
37*3  
39*7 

;4 1 ,3 
.43 ,4  
,43*7 
,47*3 
,49*5 
,51*3

7

d i s t a n c e ^ 14 ,4 ,9 ^  
d i s t a n c e ( 1 6 , 3 *8 ) ;  
d i s t a n c e ( 18*2,15)

1
3,
6  

8 );
3,
6  
8 '
8 '
4 
2 :
7.
6 '
4 
2 
4 
8 '

8 '

d i s t a n c e ( 2 0 , 2  
d i s t a n c e ( 2 2 ,2  
dis ta n ced  2 4 ,2  
d i s t a n c e ( 2 6 , 6  
d i s t a n c e ( 2 8 ,6  
d i s t a n c e ( 3 0 ,6  
d i s t a n c e ( 3 2 ,7  
d i s t a n c e ( 3 4 ,9  
d i s t a n c e ( 3 6 , 5  
d i s t a n c e ( 3 8 ,7
d i s t a n c e ( 4 0 ,5  
d i s t a n c e (4 2 ,4  
d i s t a n c e ( 4 4 , 8  
d i s t a n c e ( 4 6 ,3  
d i s t a n c e (4 8 ,4  
d is ta n ce d  5 0 ,4  
d i s t a n c e ( 5 2 , 3

12
14
17
12
14
17
14
14
14
13
13
13
13)
13)
17
18 
17

w r i t e  t e x t
(DV, XTETRAT-1ETHYLDIPH0SPHINE* - * 
model*k [, 3 c ] 3 ) j

write t ex t  (DV,£cos*CPC*=2) I 
write(DV,f , 1 , C~2 . Oxsinbetaxsinbeta); 
write text(DV,2.cos*CPP*~2) 5
w r i t e ( D V , f , -cosbetaXcosgamma);



w r i t e  t e x t  (DV,£co 3 *PCH*=J[) j
w r i t e ( D t p f  3 ( r a x r a + r b x r  b ~ r h x r h ) / ( 2 * C x r a x rb ) ) :
w r i t e  t e x t  (DV% [eos-HCH-=J_) *
w r i t e ( D V , f , 1 . C - r d x r d / ( 2 e0 x r a x r a ) ) j
w r i t e  t e x t  (DV5 [ cos*g3ixna*«2) J
w r i t e ( D V , f , c o s g a m m a ) 7
w r i t e  t e x t  (DVj2 c o s * d i h e d r a l * a n g l e * ~ * 2 ) j
w r i t e ( D V ^ f ^ c o s p h i ) ; 
comme n t  c a l c u l a t i o n  o f  C-m atr ix$  
p h i f 2  J T = p h i [ 5 ] : =\phi[ 6 ] : ~G.G; 
a l p h a : -  (2  c Gx (r  bT 2x ( rcT2-frmT2)

+rcT2xrm T2)-( rm T4+rbT4+rcT4)) j 
be t a : = ( rpT 2x rc  T 2 ~ rmT4- rbT 4 + 2 .OxrmT 2 x r  dT 2 ) ; 
ph i [ 7 ]:=■- 4 *C x rpx rc 1 2 / a l p h a j  
p h i [ 4 ] : = - 8 .Gxrmx((rbT2-rmT2)

X a lp h a - b e t a x ( r b T 2 + r c T 2 - r m T 2 ) ) / a lp h a T 2 j  
p h i [ 1J := - 4 .G x rc x ( rp T 2 x a lp h a -

2 . Gx(rbT 2 - r  cT 2-frmT2 ) Xbe t a ) / aIphaT 2 j 
p h i [ 3 ] : = - 8  8 GXrbx(a Ip h a X (rmt 2 -rbT 2) 

-b e ta x ( rm T 2 - f r c T 2 - r b T 2 ) ) / a lp h a T 2 j  
f o r  i  :=  1 s t e p  1 u n t i l  7  do

p h i [ i + 7 ] : =T- c o s p h i / s  i n p h i j x p h i [ i ] j

f o r  i  := 2 s t e p  1 u n t i l  7 do M[1 , 3 * i ] •= 0 oGj
f o r  i  :=  1 s t e p  1 u n t i l  2  do

f o r  j  1 s t e p  'I u n t i l  7  do
M[1 , i ,  j  ] :=G.'G; 

f o r  i  :=  1 s t e p  1 u n t i l  5 do M [2 ,1 , i ] :=C .G $
M[2,1 , 6 ] s= -G .5 ;  M'L2,1 ,7 ] := G .G j
. M [ 2 , 2 ,2 ] : = M [ 2 ,2 ,5 ] := M [ 2 ,2 ,7 ] := C .0 j  
n u : = ( 4 . G x r b T 2 - r l T 2 ) ; 
gamrna: = ( rm T 2 - rb T 2 - rcT 2 ) ;

m

M[2^2^6 ] :  = ( r l x r e ) / ( 2 . 0 X d e l t a )  ;
M [ 2 , 2 , 1 ] : = d e l t a / ( 2 . 0 x r c T 2 )

- ( 2 . G x ( r m T 2 + r b T 2 - r c T 2 ) - r l T 2 ) / ( 2 . G x d e l t a )I 
M [ 2 ^ 3 ^ 3 ] : = r b / r c ;  M[2,3j>4] : = - r m / r c ;
M[2 * 3 * 1 ] : ” G. 5+gam ma/(2 .GxrcT2); 
M [2 ,3 ,2 ] s = * M [ 2 ,3 ,5 ] := M [ 2 ,3 ,6 ] := M [ 2 ,3 ,7 ] := !0.G 
dee[  1 ] := dee[4 ]  : = d e e [ 6 ] := d e e [7 ]  :=G.O* 
d e e [ 2 ] : = 3 . 0 X r a x ( l . G - ( r a T 2 - r h T 2 )  

/ r b T 2 ) / ( 2 . G X r d ) ;  
d e e [ 3 ] :=3«Gx(raT4-2,GXraT2xrhT2+ 

rhT4-rbT4)/(4 .GxrdxrbT3 ) ;  
d e e [ 5 ] : = 3 • C xrhx( raT 2+rbT 2 ~rhT 2) 

/ ( 2 . 0 x r d x r b T 2 ) ;



RESTART:

g e e [ l ] : - ~ r d / (3 * O x r g ) x d e e [ 1 ] •  
g e e [ 2 ] : - / r a - r d / 3 . CXdee[ 2 ] ) / r g • 
f o r  i  :=  3  s_t--P "i u n t i l  7 do 

gee [ i ] : ~~rd7'["3 xxrg)>7 teeT T]  j 
b e t a l [ l  ] : - b e t a l [ 2 ]  : ~ b e t a l [ 4 ]  : = 

be t a l [ 5 ] : - b e  t a 1 [ 7 ] : = 0 . 0 :  
b e t a l [ 3 ] : =-1*1/(2 .GxrbT2) j b e t a l [ 6  J : = 0 . 5 / r b j  
t a n  b e t a :  - s i n  be ta . /  cos  be tag 
f o r  J :=  1 s t e p  1 u n t i l  7 do 

be t a l  [ j+ 7 1 7 -  *• pan be pax be t a  1 [ j  ] j 
gamma1 [2  J : =^amma1 [ 5 ] • “ gamma1 [ 7 1 - =0»0 ; 
gamma1[1 ] : = ( rb ? 2 - rm T 2 - rcT 2 )

/ ( 2 . GxrbxrcT2xco s be t a ) ;  
gamma1 [ 4 ] : ~ r m / ( r bxr c x c o s b e t a ) j  
gammal[3]:=-cosgamma/c o s be ta x  

be ta  1 [ 10 ] + ( r e t  2 -rmt 2 - r  bT 2)
/ ( 2  •CxrbT2xrcxcosbeta ) ;  

gammal[6]:=-cosgamma/co s be taXbe t a 1[ 1 3 ] j 
c o t  gamma.: =c o s gamma/s ingamma j 
f o r  j := 1 s t e p  1 u n t i l  7 do

gamma1 [ j  +777=- cotgammaxgammal[ j ] J 
i : = 3 j c o sd e l t a :™ !e G j  
s i n d e l t a : = s q r t ( 1 • 0 ~ c o s d e l t a T 2 ) j  
d e l t a l : = c o s d e l t a / s q r t ( 3 «0 ) ; 
d e l t a m : = s i n d e l t a / s q r t ( 3 *0 ; j  
f o r  j  : -  1 , 2  * 4 ,  5 * ^  7  do 

h a z [ j ] : =s i n b e t a x g e e [ j  ] $ 
h a z [ 3 ] : = s i n b e t a x ( g e e [ j ] + 1  . 0 ) ;  
f o r  j  :=  1 s t e p  1 un t i l  7  do 

M [ i , 1  ] : ^ T X r b + r g ) x b e t a T T j ]
+haz[ j J + d e I t a l x ( r d x b e t a l [ j +7]
+ d e e [ j j x c o s b e t a ) ) j 

f o r  j  :=  1 , 2,  4 ,  3 , 6 , 7  do 
f i o n a [ j ] : = g e e [ j j x e o s b e t a j  

f i o n a [ 3 ] : = ( g e e [ j J+1Oo ) x c o s b e t a :  
a l i s : - d e l t a l x r d x s i n b e t a - ( r b + r g ) x c o s b e t a j  
f o r  j  :=  1 s t e p  1 u n t i l  7  do 

M [ i , 2 , j ] :  =gamma 1*[ j+7T*Xalis+ 
s i n g a m m a x ( d e l t a l x ( s i n b e t a x d e e [ j J  

+ r d x b e t a l [ j J ) - ( r b + r g ) x b e t a l [ j + 7 ]
- f iona[jJ)+deltam x(cosgam m aX  
d e e [ j]+rdxgammal[ j J) ;  

f o r  j := 1 s t e p  1 u n t i l  7 do
g a i l [  j ]:  = -d e l ta m x (rdxgamrnal[ j + 7 ]
+s ingammaxdee[ j ] ) +gammal[ j ]
Xa1i  s+c o sgammaX( d e 1taIX ( s inbe ta x  
d e e [ j ] + r d x b e t a l [ j ] ) ~(rb+rg)  
xbe t a l  [ j + 7 ] - f i o n a [ j ] ) j



f o r  j 2 s t e p  1 u n t i l  7  do

M [ i* 3 * lJ : ~ g a i I L l j - 0 0 5 j c o s d e l t a :~ ~ C .5 j  
i : = i + l ;
if- i < 6  t h e n  g o t o  RESTART; 
f o r  i  1 s t e p - 7 u n t i l  4 do

f o r  j  2  s t e o  T" u n t i l  3  ~do
f o r  1  : -  'i s t e p  1 u n t i l  7  do

M[i+5*j ^lTF=M[i+1 , j  / I ] ; 
f o r  i  : — 1 s t e p  1 u n t i l  4 do

f o r  j  :=  1 s t e p  T u n f i t  J do
M[ i+5 j 1 * jTT=r M[ i+ l  71 3j ] ; ~  

f o r  i  : -  1 s t e p  1 u n t i l  9  do
f o r  j  : =  l s t e p  1 u n t i l  7  do

beg i n
Mfi+9,1 * j ] 1 , j ]

x c o s p h i + G [ i , 1 ] x p h i [ j ] ~ G [ i ,
2 ]x p h i [ j + 7 ] -M[ i  * 2 , j J x s i n p h i  j 

M [ i + 9 * 2 , j ] : = M [ i , 1 , j ]  
x s i n p h i + G [ i , 1 ]x p h i [ j+ 7 ]
+ G [ i , 2 ] x p h i [ j ] + M [ i , 2 , j I x c o s p h i j  

M[i+9* 3 ,  j ] : =-M[i* 3 * j 1 j
end ;

f o r  k 1 s t e p  1 u n t i l  7 do
f o r  1 := 1 s t e p  1 u n t i l  7 do

i f  k= l  th e n C[k,T]7=l".G e l s e  
(TTk, 1 ]: “07 G i 

d i f f e r e n t i a l ! 8 , 3 * 4 ) :  d i f f e r e n t i a l ^ *  1 512) j 
d i f f e r e n t i a l ! 1G,1G,4)j
d i f f e r e n t i a l ! 1 1 , 5 *9 ) J d i f f e r e n t i a l ! 1 2 , 2 , 8 ) j 
d i f f e r e n t i a l ! 13 * 1G,5J j
d i f f e r e n t i a l ! 1 4 , 4 , 9 ) j d i f f e r e n t i a l ! 1 5 *2 , 7 ) 
d i f f e r e n t i a l ! 1 6 , 3 *8 ) :  d i f f e r e n t i a l ! 17*3*7)
d i f f e r e n t i a l ! 1 8 , 2 , 15 ) j 
d i f f e r e n t i a l ! 1 9 *6 , 1 1 ) j

d i f f e r e n t i a l ! 49*5*18)\ 
d i f f e r e n t i a l ! 5^*4,18)j 
d i f f e r e n t i a l ! 5 1 *3*1 8 ) ;  
d i f f e r e n t i a l ! 5 2 , 3 * 17)*  
end  o f  DEPENDENTS,*



APPENDIX I I

A LEAST-SQUARES PROGRAM TO 

CALCULATE THE UNIT CELL DIMENSIONS 

OP A MONOCLINIC CRYSTAL



DDC51 SDCCWP4-rLC3C-633 -PS?">
b e g in  comment  T h i s  p r o g r a m ,g iv e n  v a l u e s  o f  h j k j l  

ancl t h e  t a  f o r  a monoc l i n i c  c r y s t a l  yu i l l  
c a l c u l a t e  t h e  u n i t  c e l l  d im e n s io n s  and 
t h e  s t a n d a r d  d e v i a t i o n s  on t h e s e  v a l u e s .
The summations h i t k i t . I t 4 , and h?2k?2 
m us t  a l l  be n o n - z e r o .  The p rog ram ,w h ich  
i s  an  e x t e n s i o n  o f  t h o s e  w r i t t e n  by 

.Dr. J .C .Speakman* and m o d i f i e d  by L j . M, 
an d  M.C. t o  d e a l  w i th  hOl and hkC 
r e f l e x i o n s j f i t s  v a l u e s  o f  h ^ k . l  and 
s i n e t h e t a  t o  t h e  e q u a t i o n : -

s i n e t h e t a T 2  ~ AhT2 + BkT2 + C1T2 + Dhl .

A le x a n d e r  Me Adam 1 1 / 7 / 6 8 j
r e a l  lambda^Sum3M D . s p s y , s t a i q b s t a r ; C 3 t a r ; 

c be t  s t a r , be t  s t a r * be t a , a a , b b , c c ; s i g c  b s t a r , 
s igmaa ̂  s igmab, s ig m a c 5 s be t  s t a r  ̂  s i g b e t a ; 

i n t e g e r  num ber , i , j  z n  ̂  f , f  a f  b , f  c , f  d r  r z  z ; 
a r r a y  A * i n t  j IIWA. U. UDAG j, kk [ 1 : A j 1 : b ]

, x , b , y [ 1 : 4 ] , x x [ C : 1 G ] : 
p r o c e d u r e  MULT(A«BjC^v) :  r e a l  a r r a y  A. B^C; I n t e g e r  vj 
b e g in  i n t e g e r  1 3 j  3\<z;

f o r  i : =’ 1 s t e p  1 u n t i l  v do 
f o r  k: = 1 s t e p  1 u n t i l  V do 

b e g in  C [ i  , k ]: =G. Cj
for j: = 1 step 1 until v do 
C[i,k]:=Clijk]+ALij j]xBTj,k] ;

end i
end ;
i n t e g e r  p r o c e d u r e  T R (p jq ) j  v a lu e  p , q ;  i n t e g e r  p , q j  
b e g in  i n t e g e r  min;

min:  =O H-q-abs(p-q)  ) / 2 ;
T R := (m in ~ 1 )x (2 x n -m in + 2 ) /2 + a b s (p -q ) j

end  l
p r o c e d u r e  JA COBI(n ,eps3S 3U) ; v a lu e  n , e p s ;

i n t e g e r  n j  r e a l  e p s j  a r r a y  S,Uj 
b e g i n  i n t e g e r  i , j * r , s ;

r e a l  a * s i n v j c o s v * s i n 2 v , c o s 2 v , s i n v 2 ,
c o s v 2 ^ c o t 2 Vj b ^ c i

PROGRAM: f o r  r : =  1 s t e p  1 u n t i l  n do
f o r  s : =  1  s t e p  1 u n t i l  n do 

U [ r , s ] : = i f  r ^ s  t h e n  1 e l s e  Cj
B i g g e s t  e l e m e n t :

a := 0 J i : = 1 ;
f o r  r : =  1 s t e p  1 u n t i l  n - 1  do 

f o r  s :=  r + 1  s t e p  1 u n t i l  n do 
b e g in  i f  a b s ( a ) /  a b s ( S [TR(r , sJT)

t h e n  g o to  SLIP e l s e  a : = S [ T R ( r , s ) ] j



SLIP: 
end  ;
i f  a b s ( a ) < e p s  th en  g o to  UD:
cot2v :  = (STT R(i , iJT-B'lTR ( j , j ) J)/ 2 . c /S [TR( i , j ) ] ;
b : " IP a b s ( s ign^  c o t 2 v ) ) < 0 .5 t h a n  1 

e l s e  s i g n ( c o t 2 v ) ;  
s i n 2 v : =  b / s q r t (1+co t2vT 2) j  co s2 v := s in 2 v X c o t2 v
c o s v 2 : = ( 1 + c o s 2 v ) / 2 .Cj c o s v : - s q r t ( c o s v 2 ) j  
s i n v : - s i n 2  v / 2 . C/c o s v j s i n v 2 := s invT 2 ] 
f o r  r : -  1 s t e p  1 u n t i l  n do 
b e g in  i f  r = i  t h e n  g o to  FINISj 

i f  r = j  t h e n  g o to -F IN IS ;  
b : =S [T‘R~[Tjr)7 f  c : -S [T R ( j  , r )  ] ;
S[TR( i , r ) ] : =bxcosv+ cxs inv ;
S [ T R ( j , r ) ] : =bX sinv-cxcosv j

F IN IS : 
end ;
a : = S [ T R ( i , i ) ];  b := S [T R ( j , j ) ] j
o : = S [ T R ( i , j ) ] j
S [ T R ( i . i ) ] := ax co sv2 + bx s in v2 + cxs in 2v ;
S [ T R ( j , j j j : =aX3 i n v 2 +bXcosv2 - c X s in 2 vj
S [ T R ( i j j ) ] :=C;
f o r  r := 1 s t e p  1 u n t i l  n do
b e g in  b : = U L i , r ] j  c : = U [ j , r j ]

U [ i , r ] := b xco sv + c x s in v j  
U[ j , r ] : = b x s in v -c x c o s v ]

end i
g o to  B i g g e s t  e lem en t ]

UD: 
end j
o p en (2 C );  o p e n (7 0 ) ]  v/ritetext(7C,_[_[_pJJ_) ]

s t a r t :
copy t e x t  ( 2 0 ,7 0  ; f : = f  ormat (Jy}.ddddd10+nd2) j
f a := fo r m a t (  [ ssd .dddddi0+ndJJ ]
fb:  =format  (I s  s d . dddd s sj_) 5 f  c: =format(_[snd.ddddss2)
fd := form at(T ssndd .ddddc2;j  number:=read(2 0 ) j 
lambda:=r ea d ( 2 0 ) j 
f o r  i : =  1 s t e p  1 u n t i l  4 do 

Tor j := 1 s t e p  1 u n t i l  T~do A[ i , j ] : = 0 . 0 j
b e g in  a r r a y  H ,K ,L ,S o ,S cL 1 :number]

f o r  i : = 1 s t e p  1 u n t i l  number do 
b e g in  H[ i ] : = r e a d ( 20) ] K[ i ] : =read(2C) ;*

L [ i ] : = r e a d ( 2 C)j S o [ i ] : = r e a d ( 2 C ; ; 
S o [ i ] : =  s i n ( S o [ i ] x O . 0 1 ? 4 p ) j  
A[1 , 1 ] : -A [ 1 ,1 ]  + H [ i ]T 4 j  
A[ 2 , 2 ] :  =A[ 2 ,2 ]  4- K [ i ] r 4 ;
A[3,3]i=A[3,3l  + L[i]?4;



A [4 . A ]: “ A [ 4 , 4  ] -f H [ i ]T 2  x L [ i ] T 2 ;
A[ 1 ,2  j : = a 1 1 ?2 j 2 - H| l ]T 2  x K.[ 1 1T 2:
A[ 2 j 33 J=A1 2 , 3 ] + K f i ] T 2  x I J  i ] ? 2 ; 
A [1 , -4 ] :=A [1 ,4 ]  + H [ l ] f 3  X L [ 1  ] :
A [3 jA ] := A [3 j4 ]  + H[ i ] X Li 1 ] T3 j 
A [ 2 , 4 ] : = A t 2 j 4 ]  + H [ i ] x K [ i ] T 2 x L f i ] j  
A[1 , 3 ] : = A [ M  ■];

end ;
f o r  i : -  1 s t e p 1 u n t i l  4 do b [ 1 j : = c . C;
f o r  i : -  1 s t e p 1 u n t i l  number do
b e g in  b [ l ] ; = b f l  ] + H[T]T2  x SoTTUS;

b [ 2 ] : = b [ 2 ]  + K [ i ] T 2  x S o [ i ] T 2 ;
t)[3l - = ’o[33 + L[ i3 l '2  X Soir i j T 2 ;
b [ 4 ]: = ’o [ 4 1 + H [ i ]  x L [ l ]  x S o [ i ] T 2 ;

end ;
z:=Gj n :~ 4 ;  e p s : = r e a d ( 2 0 ) ;  
f o r  i :  = 1 s t e p 1 u n t i l  n do 

f o r  j : = i  s t e p  1 u n t i l  n do 
b e g in  x x [ z ] : =A L i  * j ] J • z : =z+ 1 ; 
end  ;
JACOBI(n,eps*xx,UDAG)j 
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 un t i l  n "do 
U [ j , i ] : =UDAG[ i  j j  j j 

f o r  i :  = 1 s t e p  1 u n t i l  n do
b e g in  f o r  j : =  1 s t e p  1 u n t i l  n do k k [ i , j ] : =.G; 

kkL 1  j, l ] : = 1  V c / x x [TRTTTI) ] ;
end :
MULT( kk j UDAG, i n  t  ̂  n ) ;  MULT(U,int ,INVA.n); 
f o r  i : =  1 s t e p  1 u n t i l  n do 
b e g in  x [ i ] : = G ;

f o r  j := 1 s t e p  1 u n t i l  n  do 
x [ i ]: = x [IlTlNVATiTTTxb[ j  J;

e n d  ;
f o r  i : =  1 s t e p  1 u n t i l  number do 
b e g in  Sc [ iT:  = ~x[ 1 ] X H [ i ]T 2  + 3TT2] X

K [i ]T 2  + x [ 3 ]  X L [ i  ] T 2 + x [ 4 ]  X 
H [ i ]  X L [ i ] 5 

Sum:=Sum + ( S o [ i ] T 2  - S c [ i ] ) T 2 ;
end ;
MD:= Sum/(number - 4 ) ;  
f o r  i :  = 1 s t e p  1 u n t i l  4 do 

y [ i ] : = s q r t [ M D  X IN V A [i ,T J) ;  
a s  t a r : =2 .GXsqrt  f x[ 1 ] ) / l a m b d a ;  
b s t a r : = 2  .C x s q r t f  x[ 2 ] ) / lambda; 
c s t a r : =2. GXsqr t  (x [ 3 1) / lam bda : 
c b e t s t a r : = x [ 4 ] / ( 2 . G X s q r t ( x [ 1J x x [ 3 ] ) ) ;  
s b e t s t a r : = s q r t ( 1 .G - c b e t s t a r T 2 ) ;



b e t s t a r : •-•i.r ab s  ( c be t s t a r ) > 0 . OCC01

G/ «293xar\ ; tan  ( s q r t (  1 ~c be t  s t a r ? 2 ) / c b e t s t a r )
e l s e  11*000:; 

be ta  : -■ ( 1 OG »C -* be t  s t a r ) ;
aa:~1  « G / / a s t a r x s b e t s t a r ) ; b b : - l  . c / b s t a r ; 
c c : =-1 «G/ :v c s t-arxs oeos bar) » 
s i g c b s t a r : ~ G . 5 x s q r t ( y [ 4 ] T 2 / ( x [ 1] X 

x [ 3 l )  + x [ 4 ] T 2 / ( 4 . G x x [ 1 ] x x [ 3 l )  x 
( y [ l ] T 2 / x [ i ] T 2  + y [ 3 ] T 2 / x [ 3 ] t 2 ) ) j  

s ig m ab : “ ( la n b a a x y  [ 2 ] /4  *C) X s q r t (  1 , o / x [ 2 ] ? 3 ) ; 
s ig m aa : = _ lam b d a /2 • G X

s q r t (y L1 ]T2 / ( 4 , GXx[1 ]?  3 x (1 ,  0 - c be t  s t a r T 2 ))  -f 
c b e t s t a r ? 2 x s i g c b s t a r ? 2 / ( x [ 1 ] x  
( 1 . G - c b e t s t a r ? 2 ) ? 3 ) ) j 

s ig m ac : = r lam b a a / 2 . C x
s q r t ( y ;  3 j?2, / (4 »GXx[3]?3x( 1 , 0 - c b e t s t a r ? 2 ) ) + 
c b e t s t a r ? 2 x  s  i g c  b s  t a r ?  2 / ( x [ 3 ]  
x ( 1 . G ~ c b e t s t a r ? 2 ) ? 3 ) ) j 

s  i  g  b e  t a : -■= s  i  g c b s t a  r /  s b e t s t a r :  
w r i t e  t e x t  ( 7 0  *_[ [2c_]*V7ave l e n g t h *  * = * / )  I 
w r i t e  (70 , f o r m a t  ( / e n d . d d d d d / )  , l a m b d a )  ;  
w r i t e t e x t ( 7 0 , X ' - A n y s t r o m * Td n i t s * / )  ; 
wr  i  t e  t e x  t  ( 'JO 3 L l 2 c J  ^ C o n s t a n t s  *o f  -

e q u a t i o n  [ c J s i n e 77 sq uared*  the ta*=*A h?2* 
+*Bk?2 -+TCl?2 -+-DhlX2 c ] ] ) :  

w r i t e t e x t ( 7 C , / [ 4 s J a / 1  2 s / B p  2 s M l  2s ]D/2c/]_); 
wr i t e  ( 70 «f , x [ 1~T) ? w r i t e  ( 7G . f a  3 x [ 2"J) \
wr i  t e ( 70 , fa  , x [ 3 ] 5 ; wr i t e ( 7G, f a , x [ 4 ] ) ;  
w r i t e t e x t ( 7 0 , [ [2 e  I [ s ]SIGMA*A[6s]

SIGMA*B[6s/S IGMA -C/6  s / S  IGMV*Dl _  2 c ] ] )  ;  
w r i t e  (70  j f ,  yTl ]) ; wr i t e  (70 ,  f  a , y [ 2 J ) : 
wr i t e  (70  3 f a  , y [ 3 J / * ■ w r i t e ( 7 0 , f a , y [ 4 ] ) ;  
w r i t e t e x t ( 7 0 , j [5c/*UNIT*CELL*

DIMENSIGdS7/HD*STANDARD*DEVIATI0NS*/2c/Z) j 
w r i t e t e x t (70 ,  [ [2c ] [2s ] a 77s t a r / 7 s /

b* s tar  1 7  s / c  * s t a r / 4  s/";f be t a 7r s tar  [2c ] ]) : 
wr 11e ( 70", f , a s t a r ) : wr i  te  ( 7 0 , f  a , bs ta r  j ;
wr i  te  (7 0 , f a , c s t a r ) : wr i t e  ( 7 0 , f  d , be t s  t a r ) ;
wr i  te  tex  t  (7 0 . L [ c ] [4 s / a / 9  s / b / 9  s / c / 9  s /b e  ta / 2  c] ]) : 
wr i t e  (7 0 , f  c , aaj": wr i  te  ( 7~0 , f c ,  bb) j
w r i t e ( 7G , f c , c c ) j  wr i t e ( 7 0 , f d , b e t a ) ;
wr i t e  t ex  t (70  * [ [ c ] -f * s igma* a***s igma * b* * * 

s igma * c :r *-•' s igma * be ta  j 2c ] ]) j 
w r i t e  (7 0 , f  0 , s igmaa) j wr i t e  ( 7 0 , f  b , sigmab) : 
w r i t e ( 7 0 , f b , s i g m a c ) ; w r i t e ( 7 0 , f d , s i g b e t a ) ; 
w r i te  t e x t  (70* f [2 c ]R .M .S .D ev tn .*o f*

s in e * s q r d .* - * * lT ;  ”



w r i t e  (7C, f o r m a t  ( J j i .d dd d dccJJ  
, s q r t  ( Sum/number ) ) : 

v/r i t e  t e x t  ( 7 0 [ 5 a ]h 14 s ]k [4 s j  1 [ 4 sj[
s i n  .o b s  J 3 s ]_sin. c a l c  6 s _ ] p i f f . [ 2 c ] ]) j 

f o r  i :  = 1 _stea 1 u n t i l  number do 
b e g in  v/r i t  e T 7 0  3 f  orrn a t Q  s s s - nd ]) ,H[ i ] ) j 

v/r i t e  ( 7 0 , f o rm a t  ( L s s -nd_]_) .? K [ i  ]} ] 
w r i t e ( 7 0 , f o r m a t ( T s s - n d J ) , L [ i ] ) : 
v/r i t e  (70 9 forma t  ( [ s s s s s*a. dddddj_ j * S o [ i ] ) ]  
w r i  t e ( 7 0 , f  ormat  (Ts s s s d . ddddd j j  

} s q r t ( S c [ i ] ) ) 4  
wr i t e  ( 7 0  y  forma t  (j^s s s s s s+

d.ddddcj_) , ( S o [ i ] - s q r t ( S c [ i ] ) ) ) ]
end ]
w r i t e t e x t ( 7 0 , [ [ c ]* n u m b e r* o f* d a ta* p o in t s* = * ]_ ) ] 
v/r i t e  ( 7 0  y  forma t  (J j iddJ) * n u m b er ) ] 
r r : =  r e a d  ( 2 0 ) ]  z z :=  i n  b a s i c  sym bo l( 2 0 ) ]  
v/r i t e  t e x t  (70* [ [ P J ]) j

end j
i f  r r  = 1 t h e n  g o to  s t a r t ]  
c l o s e  ( 2 0 ) ]  c l o s e ( 7 0 ) ]

end  ->
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