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PREFACE,

T h is  th e s i s  d e s c r ib e s  re se a rc h e s  c a r r ie d  ou t by th e  a u th o r ( some o f  
them in  c o lla b o ra tio n  w ith  o th e r s )  under th e  su p e r v is io n  o f  P ro fe sso r  J ,  M onteath  
R obertson , F ,R ,S , ,  in  th e  X -ra y  C ry s ta llo g ra p h ic  S e c t io n  o f  th e  C hem istry  
D epartment o f  Glasgow U n iv e r s ity  from  October 1956 to  December, 1959,

I t  i s  concerned w ith  th e  d e te rm in a tio n  o f  c r y s ta l  s tr u c tu r e s  u s ing  th e  
te ch n iq u es  o f  X—ra y  c r y s ta l lo g r a p h y . In  i t  th e  v a r ie ty  o f  th e se  tech n iq u es  i s  
o u tl in e d  by th e i r  enum eration in  th e  f i r s t  ch a p te r . The second ch a p ter  d e sc r ib e s  
th e  s u c c e s s fu l  a p p lic a tio n  o f  c r y s ta l lo g r a p h ic  methods to  th e  s o lu t io n  o f  the  
s tr u c tu r e  o f  lim o n in , th e  b i t t e r  p r in c ip le  o f  c i t r u s  f r u i t s ,  Limonin has been 
known fo r  some 1ST y e a r s , and has r e s i s t e d  th e  e f f o r t s  o f  many chem ical sch o o ls  
throughout th e  world to  e s ta b l is h  i t s  c o n s t i tu t io n  and c o n fig u ra tio n  by th e  methods 
o f  c la s s ic a l  o rgan ic  c h e m is try . I t  has been d esc r ib ed  by P ro fe sso r  D,H,R, Barton  
as th e  la 3 t  rem aining  major s tr u c tu r a l  problem  in  c la s s ic a l  n a tu ra l p roduct 
c h em is try .

The th i r d  chap ter in d ic a te s  th e  e f f o r t s  to  use th e  same in v e s t ig a t in g  
to o ls  to  in crea se  th e  s tr u c tu r a l  knowledge o f  a new c la s s  o f  a n t i b io t i c s  c a lle d  
m a cro lid es . These e f f o r t s  have no t y e t le d  to  a d e f i n i t i v e  c o n c lu s io n  and th u s  
Chapter ( I I I )  must wear th e  3ame u n s a t is fa c to r y  ch a ra c te r  th a t mast incom plete  
c r y s ta llo g r a p h ic  resea rch es  p o s s e s s .

A number o f  ta b le s  sum m arising r e s u l t s  a re  in te r p o la te d  in  th e  te x t  
which i s  supplem ented by fo u r  A ppend ices, The f i r s t  o f  th e se  d e a ls  w ith  th e  
computing a id s  used in  th e  work d e sc r ib e d ; th e  second i s  a l i s t  o f  c a lc u la te d  
s tr u c tu r a l  a m p litu d es  and p h a se -a n g les  fo r  th e  ep i-lim o n o l io d o a ce ta te  s tr u c tu r e  
a t i t3  l a s t  re fin em e n t s ta g e ;  th e  th ir d  c o n ta in s  a l l  th e  f ig u r e s  m entioned in  
th e  t e x t ;  and th e  fo u r th  shows s tr u c tu r a l  form ulae o f  major in te r e s t  to  th e  work 
undertaken .

The work on lim o n in  loas la r g e ly  a team e f f o r t .  The e a r ly  work thereo n  
was undertaken  by th e  au thor and has been p u b lish e d  (A rn o tt & R ob ertso n , 1959),
The two d im ensiona l work loas shared w ith  D. Watson and G.A, Sim  and fo r  th e  
th ree-d im en sio n a l work th e  team was jo in e d  by A,W, D avie, A l l  a s p e c ts  o f  th e  
work were in t im a te ly  shared excep t fo r  th e  com putations o f  th e  a -a x is  p r o je c t io n s  
and Barker s e c t io n  which were done by D.W. w h ile  th e  b -a x i3  p r o je c t io n s  and 
a tte m p ts  to  c o r r e la te  th e se  w ith  F I was la r g e ly  th e  a u th o r 's  r e s p o n s ib i l i t y ,

A p r e lim in a ry  re p o r t o f  th e  lim o n in  s tr u c tu r e  is to  appear in  
E x p e r ie n tia  in  February, 1960,
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1 .

C H A P T E R  I .  

The d e te r m in a t io n  o f  the chemical s t r u c t u r e  o f  
org a n ic  molecules by X - ra y  c r y s t a I l o q r a p h t c  methods.

I • I • 1n t r o d u c t  i on

A l t h o u g h  i t  i s  n o t  t h e  p u r p o s e  o f  t h i s  work t o  make 

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

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

t h e  v a r i o u s  a p p r o a c h e s  a v a i l a b l e  in t h e  X- r a y  c r y s t a  I I o g r a p h i c  

me t hod  o f  s t r u c t u r a l  s t u d y  whi ch  was u s e d  i n t h e  work l a t e r  

d e s c r  i bed.

S t r u c t u r e  I a n a l y s i s  in t h e  c l a s s i c a l  manner  i s  

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

i n v o l v i n g  t h e  unknown m o l e c u l a r  s p e c i e s  and i t s  d e r i v a t i v e s .

In c a r b o n  c h e m i s t r y  i n p a r t i c u l a r ,  e x p e r i m e n t s  ha ve  t o  be d e v i s e d  

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

e s t a b l i s h  t h e  c o n f i g u r a t i o n  o f  t h e  a t oms  a t  any a s y m m e t r i c  c e n t r e  

whi ch may be p r e s e n t .  The i n f o r m a t i o n  f r om p u r e l y  c h e m i c a l  

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

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

and u l t r a - v i o l e t  r e g i o n s  and o t h e r  p h y s i c a l  m e t h o d s .  Such means  

o f  i n v e s t i g a t i o n  a l l  d e p e n d  on r e l a t i n g  t h e  c h e mi c a l  and  p h y s i c a l  

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

d e t e r m i n e d  s t r u c t u r e s .  They a r e  e s s e n t i a l l y  i n d i r e c t  c ompar ed



* .

w i t h  t h e  me t h o d s  o f  s t u d y i n g  t h e  s u b - m i c r o s c o p i c  n a t u r e  o f  

m a t t e r  by c o n s i d e r i n g  t h e  i n t e r a c t i o n s  b e t we e n  m a t t e r  and  

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

s c a t t e r i n g  o f  a I p h a - p a r t i c  I e s  by m e t a l  f o i l s  l ed  t o  t h e  

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

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

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

phenomenon wh i c h  ha s  been  u t i l i s e d  in t h i s  wor k .

1 . 2 .  X - r a y  s c a t t e r i n g  and  c r y s t a l  s t r u c t u r e .

To u s e  t h e  s c a t t e r i n g  o f  X - r a y s  by c r y s t a l s  in 

s t r u c t u r e  d e t e r m i n a t i o n /  i t  i s  n e c e s s a r y  t o  r e l a t e  X- r a y  

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

Whi l e  t h e  c o n d i t i o n s  f o r  t h e  p r o d u c t i o n  o f  d i f f r a c t e d  beams 

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

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

a r r a n g e m e n t .

The s t r u c t u r e  f a c t o r / F ( h k I ) /  o f  a c r y s t a l  p l a n e  

whose  M i l l e r  i nd ? c e s  a r e  h,  k ,  and I i s  t h e  r e s u l t  o f  c o mb i n i n g  

t h e  waves  s c a t t e r e d  by t h e  who l e  c o n t e n t s  o f  t h e  u n i t  c e l l  and 

ha s  t h e  f o r m:

F ( h k l )  = %  f .  exp 2 T T i ( h x .  + ky .  + I z . )   ........... 1*1
L / J J * . J J P - .whe r e  ( x . /  y . /  z . )  a r e  a t o m i c  c o o r d i n a t e s  and  f .  i s  t h e

J J J J
s c a t t e r i n g  f a c t o r  f o r  t h e  j t h  a t om.  Th i s  s c a t t e r i n g  f a c t o r

can be r e s o l v e d  i n t o  two p a r t s :

f .  = f . °  exp ( - B s i n* 0 /  A  )   I • 2
J J



3.

wher e  f ?  i s  t h e  a t o m i c  s c a t t e r i n g  f a c t o r  wh i c h  i s  a f u n c t i o n  

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

o f  e l e c t r o n s  in t h e  a t o m i c  s p e c i e s  i n q u e s t i o n .  I t  c an  be 

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

f o r  an a tom i s  known.  At omi c  s c a t t e r i n g  f a c t o r s  so d e r i v e d  

by s e v e r a l  w o r k e r s  h a v e  been  c o l l e c t e d  in t h e  I n t e r n a t i o n a l  

T a b l e s  ( 1 9 3 5 ) .  The m o d i f y i n g  e x p o n e n t i a l  f u n c t i o n  in e q u a t i o n

1.2 i s  t h e  t e m p e r a t u r e  f a c t o r  wh i ch  t a k e s  a c c o u n t  o f  t h e  e f f e c t  

o f  t h e  t h e r m a l  m o t i o n s  o f  a t oms  in t h e  c r y s t a l .

E q u a t i o n  I . I  i m p l i e s  t h a t  a l l  t h e  s c a t t e r i n g  m a t t e r  

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

s y m m e t r i c a l  a t oms  s i t u a t e d  a t  p o i n t s  ( x . /  y #/ z . ) .  I t  r e q u i r e s  

t h a t  f o r  e a c h  at om t h e  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  i s  known 

so t h a t  t h e  a t o m i c  s c a t t e r i n g  f a c t o r  c an  be c a l c u l a t e d /  and 

f u r t h e r  t h a t  some e s t i m a t e  o f  t h e  t e m p e r a t u r e  f a c t o r  s h o u l d  be 

a v a l l a b l e .  T h e r e f o r e  i t  i s  s o me t i me s  more  c o n v e n i e n t  t o  u s e  a 

more g e n e r a l  e x p r e s s i o n  f o r  t h e  s t r u c t u r e  f a c t o r :

F(hk I ) a ( V / a b c )  . T f  J / K x , y , z ) e x  p 2 n i ( h x + k y + l z ) d x d y d z  . . .  1. 3
® O o

wher e  p  ( x ,  y ,  z)  i s  t h e  d e n s i t y  ( i n  e l e c t r o n i c  u n i t s )  o f  t h e  

s c a t t e r i n g  m a t t e r  a t  any p o i n t  ( x ,  y ,  z )  in t h e  u n i t  c e l l /  

i s  t h e  u n i t  c e l l  vo l ume /  a /  b/  and c t h e  l e n g t h s  o f  t h e  u n i t  

c e l l  e d g e s .  / F ( h k l ) /  i s  s i m p l y  t h e  r a t i o  o f  t h e  a m p l i t u d e  o f  

t h e  r a d i a t i o n  s c a t t e r e d  in t h e  o r d e r  ( h /  k/  I) by t h e  c o n t e n t s  

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

t h e  same cond i  t  i o n s .

S i n c e  a c r y s t a l  can be c o n s i d e r e d  as  a t r i p l y  

p e r i o d i c  and c o n t i n u o u s  d i s t r i b u t i o n  o f  e l e c t r o n  d e n s i t y  i t  can



4.

be r e p r e s e n t e d  by a t r i p l e  F o u r i e r  s e r i e s :

p  ( x , y , z )  = A ( p q r )  exp 2 TT i ( h p + k q + l r )  • • • •  1,4

I t  c an  be shown by c o m b i n i n g  e q u a t i o n s

1 . 3  and  1 . 4  . t ha t  
f ( x  y z )  = V Z Z l F ( h k l )  exp  2 T T i  ( h x + k y + l z ) ---------  1 .5

= V_ l Z 2 I / < r ( h k l ) / c o s  2TT ( hx+ky+ I z ) - « ( h k  I ) . . .  1 . 6

whe r e  f l C( hk l )  i s  t h e  p h a s e  a n g l e  g i v e n  by

d L ( h k l )  » t a n   ̂ (B/A)  . . . .  1.7

whe r e  A and B a r e  r e s p e c t i v e l y  t h e  r e a l  and  i m a g i n a r y  p a r t s  

o f  t h e  c ompl ex  number  F ( h k l ) .

I t  i s  in t h e  s o l u t i o n  o f  e q u a t i o n s  I . I  o r  1 . 3  t h a t

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

d i f f i c u l t y  a r i s e s  f rom t h e  f a c t  t h a t  o n l y  t h e  mod u l i  o f  t h e  

F o u r i e r  waves  can  be f o u n d  f r om t h e  X - r a y  d i f f r a c t e d  i n t e n s i t i e s  

whi ch  c o n t a i n  no d i r e c t  i n f o r m a t i o n  a b o u t  t h e  p h a s e s  o f  t h e  

waves .

1 . 3 .  S o l u t i o n  o f  t h e  p h a s e  p r o b l e m

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

by whi ch  t h e  p h a s e  p r o b l e m  can  be o v e r c o me  and t h e  d e t e r m i n a t i o n  

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

minimum o f  o t h e r  i n f o r m a t i o n .  The he avy  a t om and Pa t t e r s on  

t e c h n i q u e s  whi ch  we r e  o f  g r e a t e s t  u s e  in t h e  l a t e r  a n a l y s i s  

o f  l i mo n i n  w i l l  be d i s c u s s e d  in g r e a t e r  d e t a i l .

1 . 3 . 1 .  D i r e c t  M e t h o d s . Whi l e  d i r e c t  s o l u t i o n  o f  

e q u a t i o n s  I . I  i s  p o s s i b l e  o n l y  when b o t h  t h e  r e a l  and i m a g i n a r y  

componen t s  o f  t h e  F ( h k l ) ' s  a r e  known,  i t  i s  g e n e r a l l y  p o s s i b l e



t o  s o l v e  t h e  e q u a t i o n s

/ F ( h k l ) / ^  -  ^  f n  fm exp 2TTi  Z  h (x “ x ) f o rn, m i i r  V- n m
(x -  x ) e t c . ,  and f r om t h e s e  s o l u t i o n s  t o  d e t e r m i n e  t h e  n m

a t o m i c  c o - o r d i n a t e s .  E f f o r t s  begun by O t t  ( 1 9 2 7 )  and  Avrami  

( 1938)  t o  d e r i v e  g e n e r a l  p r o c e d u r e s  f o r  t h e  s o l u t i o n  o f  s uch  

e q u a t i o n s  h a v e  n o t  been  a t t e n d e d  by s u c c e s s  s u f f i c i e n t  t o  

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

A s e c o n d  d i r e c t  me t h o d  d e p e n d s  on t h e  r e c o g n i t i o n  

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

d i r e c t  s p a c e  i n f o r m a t i o n  a r e  s u f f i c i e n t  t o  i mpose  s e v e r e  

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

Such l i m i t a t i o n s  a r e  o f  mos t  u s e  in t h e  c a s e  o f  c e n t r o - s y m m e t r i c  

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 s  whe r e  t h e  v a l u e  o f  c M h k l )  

c a n n o t  be any v a l u e  b e t we e n  z e r o  and 2 TT, bu t  h a s  e i t h e r  o f  

t h e  d i s c r e t e  v a l u e s  0 (+)  o r  TT ( “ ) ,  whi ch  i s  e q u i v a l e n t  t o  

s i g n i n g  t h e  s t r u c t u r e  a m p l i t u d e s  in t h e  manner  i n d i c a t e d .

The m a t h e m a t i c a l  e x p r e s s i o n  o f  t h e s e  l i m i t a t i o n s  in t h e  f or m 

o f  i n e q u a l i t y  r e l a t i o n s  b e t we e n  s t r u c t u r e  f a c t o r s  i s  p a r t i c u l a r l y  

a s s o c i a t e d  w i t h  t h e  names o f  H a r k e r  and  Ka s p e r  ( 1948)  w h i l e  

S a y r e  ( 1 9 5 2 )  and Goedkoop ( 1 9 5 0 )  ha ve  d e r i v e d  e q u a l i t y  r e l a t i o n s .

1 . 3 . 2 .  Chemi ca l  c r y s t a  I l o q r a p h i c  m e t h o d s . Thes e  

u s u a l l y  i n v o l v e  p r o c e d u r e s  by whi ch  good a p p r o x i m a t i o n s  t o  t h e  

p h a s e  a n g l e s  a r e  d e r i v e d  and t h e n  c ombi ned  w i t h  t h e  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  t o  e n a b l e  an a p p r o x i m a t i o n  t o  t h e  t r u 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 o  be c a l c u l a t e d  ( u s i n g  e q u a t i o n  

1 . 6 ) .  From t h i s ,  new a t o m i c  c o - o r d i n a t e s  a r e  o b t a i n e d  whi ch  

a r e  u s e d  t o  c a l c u l a t e  b e t t e r  p h a s e - a n g l e s  and t h e  whol e



p r o c e d u r e  r e i t e r a t e d  u n t i  I a c o m p l e t e  and a c c u r a t e  s t r u c t u r e  

i s  o b t a i n e d .

1 . 3 . 2 a .  The me t h o d  o f  * t  r  i a I and  e r r o r 1 r e q u i r e s  

a f a i r l y  e x t e n s i v e  p r i o r  k n o wl e d g e  o f  t h e  c h e m i c a l  s t r u c t u r e .

Th i s  k n o wl e d g e  i s  u t i l i s e d  i n p l a c i n g  a t oms  and m o l e c u l e s  in 

p l a u s i b l e  p o s i t i o n s  in t h e  u n i t  c e l l  u n t i l  s u f f i c i e n t l y  good 

a g r e e me n t  b e t we e n  c a l c u l a t e d  and 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 l l o w s  t h e  me t h o d s  o f  F o u r i e r  a n a l y s e s  o r  l e a s t  s q u a r e s  

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

s t r u c t u r e .  T h i s  me t h o d ,  r e q u i r i n g  so much p r e v i o u s  s t r u c t u r a l  

i n f o r m a t i o n ,  i s  more  s u i t e d  t o  i n v e s t i g a t i o n s  whose  aim i s  t h e  

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

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

l a r g e l y  unknown s t r u c t u r e .

1 . 3 . 2 b .  The me t hod  o f  F o u r i e r  t r a n s f o r m s  r e q u i r e s  

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

F o u r i e r  t r a n s f o r m  o f  an atom o r  g r o u p  i s  a f u n c t i o n  r e p r e s e n t i n g  

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

d i r e c t i o n  by t h e  g r o u p .  I t  c an  be e v a l u a t e d  f r om a knowl e d g e  

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

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

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

u n t i l  a f i t  w i t h  t h e  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  i s  o b t a i n e d .

1 . 3 . 2 c .  I t  ha s  been by u s i n g  t h e  ' he a v y  a t o m 1 t e c h n i q u e  

( R o b e r t s o n ,  1935,  1936;  R o b e r t s o n  end Woodward,  1937,  1940)

t h a t  mos t  o f  t h e  t r i u m p h s  o f  X- r a y  c r y s t a  I I o g r a p h i c  s t r u c t u r e  

d e t e r m i n a t i o n  have  been a c h i e v e d .  In t h i s  me t hod  i n i t i a l
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a p p r o x i m a t i o n s  t o  t h e  p h a s e - a n g l e s  a r e  p r o v i d e d  by a s ma l l  

number  o f  a t oms  o f  d o mi n a n t  s c a t t e r i n g  power  whose  p o s i t i o n s  

in t h e  u n i t  c e l l  c an  be d e t e r m i n e d  by P a t t e r s o n  m e t h o d s .

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

can be c o mbi ne d  w i t h  t h e  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  i n a 

F o u r i e r  s y n t h e s i s  y i e l d i n g  an a p p r o x i m a t i o n  t o  t h 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  f r om wh i c h  t h e  s i t e s  o f  f u r t h e r  atoms 

can be o b t a i n e d .  B e t t e r  a p p r o x i m a t i o n s  t o  t h e  phase-angles  

can t h e n  be c a l c u l a t e d  and t h e  p r o c e s s  c o n t i n u e d  u n t i l  the  

whol e  s t r u c t u r e  i s  e l u c i d a t e d .

The s t r u c t u r e  f a c t o r  f o r  a c r y s t a l  w i t h  one heavy 

atom in t h e  u n i t  c e l l  can  be w r i t t e n

F ( hk I ) - Z f H exp 2 T T i ( h x H + kyH + l z H)

+ Z  f .  exp 2 T T i  ( h x .  + ky . + I z . )  . . .  1 . 8
' J J J J

I f  t h e  heavy  a t om s c a t t e r i n g  f a c t o r /  f ^ ,  i s  much g r e a te r  than

any l i g h t  a t om s c a t t e r i n g  f a c t o r ,  f . ,  t h e n  t h e  f i r s t  term wi l l

be g r e a t e r  t h a n  t h e  s e c o n d .  I t  i s  n o t  n e c e s s a r y  th a t  f

s i n c e  t h e  s e c o n d  t e r m i s  a s umma t i on  i n v o l v i n g  a number  o f

a t oms  whose  c o n t r i b u t i o n s  may be o p p o s e d  t o  one  a n o t h e r .  I t

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

r e q u i r e d  by t h e  heavy  at om f o r  s u c c e s s  in t h i s  me t hod  t o  be

a s s u r e d .  The mean v a l u e  o f  t h e  d e a l  i n t e n s i t y  i s  g i v e n  by

I ( h k l )  = / F ( h k l ) / 2 = L  f  . . .  1. 9 ( W i l s o n ,  1949)n n
I f  an a t o m i c  s c a t t e r i n g  f a c t o r ,  f n , can  be c o n s i d e r e d  t o  be 

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

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

o f  t h e  h e avy  a tom s h o u l d  be a t  l e a s t  e q u a l  t o  t h e  c o l l e c t i v e



s c a t t e r i n g  power  o f  t h e  l i g h t e r  a t o m s ,  t h a n  a l ower  l i m i t i n g
2 2c a s e  woul d  e x i s t  when Zu / 7 Z .  ■ I (Z.  i s  a t o m i c  number  o f
H J J

j t h  atom and Z^ t h a t  o f  t h e  d o mi n a n t  s c a t t e r e r ) .  The f a c t  

t h a t  in g e n e r a l  t h e  r e l a t i v e  s c a t t e r i n g  power  o f  a he avy  a t om 

i s  g r e a t e r  t h a n  t h a t  i n d i c a t e d  by i t s  a t o m i c  number  s u g g e s t s  

t h a t  ZH / I Z ?  can  ha v e  v a l u e s  r a t h e r  l e s s  t h a n  u n i t y  w i t h o u t  

i m p a i r i n g  t h e  s u c c e s s  o f  t h e  me t h o d .  In mos t  o f  t h e  p u b l i s h e d  

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

g r e a t e r  t h a n  u n i t y ,  bu t  in t h e  n o t e w o r t h y  c a s e  o f  t h e  s u c c e s s f u l l y

s o l v e d  v i t a m i n  B12 s t r u c t u r e  p r o b l e m  ( d o m i n a n t  s c a t t e r e r  u s e d  

was - S e  CN) t h e  r a t i o  had a v a l u e  o f  0 . 4 7  i n d i c a t i n g  t h a t  u n i t y  

was c e r t a i n l y  n o t  t h e  u s e f u l  l ower  l i m i t  ( C r o w f o o t  Hodgki n  

e t

T h i s  me t h o d  i s  a t t r a c t i v e  b e c a u s e  o f  t h e  p o s s i b i  l i t y  

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

no more c h e mi c a l  i n f o r m a t i o n  t h a n  t h e  m o l e c u l a r  f o r m u l a .  I t  

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

but  r a r e l y  i m p o s s i b l e  t o  p r e p a r e  a s u i t a b l e  heavy  a t om d e r i v a t i v e  

o f  a s t r u c t u r a l l y  unknown o r  l i t t l e - k n o w n  m o l e c u l e .  P a r t i c u l a r  

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

t h e  c a s e  whe r e  o n l y  one  heavy  at om i s  p r e s e n t  in t h e  a s y m m e t r i c  

c r y s t a l  u n i t  o f  a n o n - c e n t r e d  m o l e c u l a r  a r r a n g e m e n t  such  a s  

e x i s t s  in s p a c e  g r o u p  P2j  t h e  p h a s e - a n g l e s  c a l c u l a t e d  on t h e  

b a s i s  o f  t h e  he avy  atom wi I I be t h o s e  whi ch  o b t a i n  i n a 

c e n t r o s y m m e t r i c  c a s e ,  and any a p p r o x i m a t e  e l e c t r o n  d e n s i t y  

f u n c t i o n  c a l c u l a t e d  f rom them w i l l  show two s u p e r p o s e d  a r r a n g e m e n t s  

one  o f  whi ch  i s  s p u r i o u s .  When t h i s  o c c u r s  ( a s  in t h e  c a s e
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o f  c h o l e s + e r y l  i o d i d e  -  C a r l i s l e  & C r o w f o o t /  1945) c o n s i d e r a b l e  

d i f f i c u l t y  i n r e s o l v i n g  t h e  two i mages  i s  u s u a l l y  e x p e r i e n c e d .  

S i m i l a r  a d d i t i o n a l  p s u e d o - ' s y mme t r y  may be i n t r o d u c e d  when t h e  

heavy  s c a t t e r e r ( s )  l i e ( s )  in a s p e c i a l  p o s i t i o n  i n t h e  u n i t  

c e l l /  o r  when,  by t h e  c h a n c e  o f  i t ,  i n d e p e n d e n t  h e a v y  a t oms  

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

I . 3 . 2 d .  In t h e  i s o mo r p h o u s  r e p l a c e m e n t  me t hod  t h e  

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

d i f f r a c t i o n  p a t t e r n s  o f  two i s o mo r p h o u s  he a v y  a t om d e r i v a t i v e s .

I t  ha s  t h e  a d v a n t a g e  o v e r  t h e  s i m p l e  he avy  a t om me t hod  in t h a t  

c o m p a r i s o n  o f  t h e  i n t e n s i t i e s  f r om t h e  two s t r u c t u r e s  r e s u l t s  

in a more  a c c u r a t e  i n i t i a l  p h a s e  d e t e r m i n a t i o n s  whi ch  a t  l e a s t  

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

can be a c h i e v e d  in t h e  f i n a l  r e f i n e m e n t ,  s i n c e  i t  can  be 

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

wher e  a b s o r p t i o n  e r r o r s  a r e  s m a I I e r  and t h e  p h a s e - a n g l e s  more 

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

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

d e t e r m i n a t i o n  o f  c K ( h k l )  wh i c h  may r e q u i r e  t h e  s t r u c t u r e  t o  be 

d i s e n t a n g l e d  f r om t h e  image o f  i t s  s p u r i o u s  i n v e r s i o n .  In 

e f f e c t  t h e  me t hod  i s  s i mi  l a r  t o  t h e  heavy  a t om t e c h n i q u e  s i n c e  

one  o f  t h e  r e p l a c e a b l e  a t oms  r e q u i r e s  t o  be a more  d o mi n a n t  

s c a t t e r e r  t h a n  t h e  o t h e r  a t oms  so t h a t  i t s  p o s i t i o n  can  be 

d e t e r m i n e d .  However  p r o b l e m s  can  be s o l v e d  whe r e  t h e  e l e c t r o n  

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

n o r m a l l y  r e q u i r e d  in t h e  c a s e  o f  t h e  heavy  atom me t h o d .

I . 3 . 2 e .  A n o t h e r  me t hod  o f  s o l v i n g  t h e  p h a s e  p r o b l e m
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f o r  n o n - c e n t r i c  c r y s t a l s  h a s  been  d e s c r i b e d  ( P e p i n s k y ,

1956a/  b and 1957)  wh i c h  u t i l i s e s  t h e  a n o ma l o u s  s c a t t e r i n g  

o f  X - r a d i a t i o n  by an a t om whose  a b s o r p t i o n  e d g e  i s  n e a r  t h e  

v a l u e  o f  t h e  w a v e l e n g t h  o f  t h e  r a d i a t i o n  e mp l o y e d  ( s e e  J ame s /  

1950) .  When t h i s  a n o ma l o u s  d i s p e r s i o n  o c c u r s  t h e  a t o m i c  

s c a t t e r i n g  f a c t o r  becomes  c o mp l e x ,  f .  = f .  + i f . ,  and  t h e
l i MM MM *

normal  F r i e d e l ' s  law e q u a l i t y , | F  ( h k l ) |  = |F (h k 1)1 no l o n g e r  

h o l d s .  P e p i n s k y  ( l oc .  c i t . )  shows how t h e  d i f f e r e n c e s ,
n   o

A  = / F ( h k I ) /  -  / F ( h  k I ) /  / c an  be u s e d  t o  s o l v e  t h e  p h a s e

p r o b l e m.  The o b v i o u s  d r a wb a c k  i s  t h a t  t h e  a n o ma l o u s  

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

be me a s u r e d  w i t h  r e a s o n a b l e  a c c u r a c y .  The same phenomenon 

was u s e d  by B i j v o e t  ( 1 942)  in a r a t h e r  d i f f e r e n t  way.  He 

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

t h e  f a c t  t h a t  / F ( h k I ) /  /  / F ( h  k I ) /  a f t e r  whi ch  p a i r s  o f

F ( h k l )  and F ( F  TT T)  wer e  e x a mi n e d  t o  p e r m i t  t h e  a s s i g n m e n t  

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

I • 3 . 2 f . The P a t t e r s o n  f u n c t i o n  o f  an 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  f*  ( x ,  y ,  z )  i s  d e f i n e d  a s :

>  ..............   ■ f l t >  ( x , y , z )  ( x +u , y + v , z + w ) Vdx dy dz . . .  1. 10

I t  can  be r e p r e s e n t e d  by t h e  F o u r i e r  s e r i e s

P ( u ,  V ,  w) a  ^  / F  ( hk I exp-2TT i (hu+kv+ Iw) . .  I . I I

and ha s  t h e  e nor mous  a d v a n t a g e  o f  b e i n g  i n d e p e n d e n t  o f  p h a s e .  

P a t t e r s o n  ( 1 9 3 5 )  ha s  shown t h a t  t h e  summat i on  c o r r e s p o n d s  t o  

t h e  t o t a l  o f  a l l  t h e  i n t e r a t o m i c  v e c t o r s  in t h e  c r y s t a l  

s t r u c t u r e .  The s e  a r e  e x t r e m e l y  numer ous  f o r  a s t r u c t u r e  o f  

any c o m p l e x i t y  and i t  may be i m p o s s i b l e  t o  d i s e n t a n g l e  them
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e x c e p t  when p r o m i n e n t  maxima r e p r e s e n t i n g  v e c t o r s  b e t we e n

he avy  a t o ms  a r e  p r e s e n t .

B a r k e r  (1 9 3 6 )  f i r s t  p o in te d  out t h a t  the  p r o p e r t i e s  

o f  a x e s  o r  planes  o f  symmetry in  a c r y s t a l  conc e ntra tes

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

Mar ke r  s e c t i o n s /  o f  t h e  P a t t e r s o n  f u n c t i o n .  The commones t  

symmet ry  e l e m e n t  a v a i l a b l e  f o r  t h i s  p u r p o s e  i s  t h e  t wo—f o l d  

s c r e j f - a x i s  (2 j ) .  I f  two a t oms  ( x j / y j , z | ) a n d  ( x ^ r  ^ 2 * z 2^ 

occupy  s i t e s  in t h e  s p a c e  g r o u p  P2 j (_b u n i q u e  a x i s ) #  among 

t h e  v e c t o r s  f r om t h e s e  a t oms  w i l t  be o n e s  a c c o u n t i n g  f o r  

maxima i n t h e  P a t t e r s o n  f u n c t i o n  a t  ( 2 x j /  i ,  2 z j )  a n d  

(2x^ ,  2y^)  so t h a t  e v a l u a t i o n  o f  t h e  P a t t e r s o n  f u n c t i o n

a t  y = i  c o u l d  be e x p e c t e d  t o  show p e a k s  a t  ( 2 x | / 2 Z | )  a nd  

( 2 x ^ /  2 z 2 ) -  T h e r e  can  be a c c i d e n t a l  c o m p l i c a t i o n s  f o r  i f ,

Yf = y 2  t ^ e r e  w ' l l  he p e a k s  o f  t y p e  ( x j  + C2 j ♦ z ^ )  on

t h e  I eve  I y = j .

A f u r t h e r  e x t e n s i o n  o f  t h e  P a t t e r s o n  me t hod  ha s  

been s u g g e s t e d  by R o b e r t s o n  & B e e v e r s  ( 1951)  and by B u e r g e r  

( 1 9 5 1 ) .  S i n c e  t h e  P a t t e r s o n  f u n c t i o n  can  be c o n s i d e r e d  a s  

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

each  o f  i t s  component  a t o ms /  a p l o t  o f  t h e  P a t t e r s o n  f u n c t i o n  

w i t h  i t s  o r i g i n  c h a n g e d  t o  a known a t o m i c  s i t e  in t h e  u n i t  

ce  I I w i l l  h a v e  maxima a t  o t h e r  ( unknown)  a t o m i c  s i t e s .  I f  

a number  o f  s uch  p l o t s  can be made w i t h  s e v e r a l  heavy  a t oms  

in t h e  u n i t  c e l l  a s  o r i g i n s /  and f rom t h e s e  p l o t s  a f u n c t i o n  

d e r i v e d  whose  v a l u e  a t  any l a t t i c e  p o i n t  i s  t h e  minimum



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

t h e  maxima in t h i s  f u n c t i o n  w i l l  h a v e  a h i g h  p r o b a b i l i t y  o f  

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

1 . 4 .  The r e f i n e m e n t  o f  c r y s t a l  s t r u c t u r e s .

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

by whi ch  t h e  b e s t  v a l u e s  o f  t h e  a t o m i c  p o s i t i o n s  in t h e  u n i t  

c e l l  can be d e t e r m i n e d  a f t e r  f a i r l y  a c c u r a t e  c o - o r d i n a t e s  f o r  

t h e  a t o m i c  s i t e s  ha ve  been e s t a b l i s h e d .  R e f i n e m e n t  p r o c e d u r e s  

a r e  p a r t i c u l a r l y  i m p o r t a n t  when t h e  aim o f  an i n v e s t i g a t i o n  i s  

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

a n g I e s .

I t  h a s  been f o u n d  c o n v e n i e n t  t o  e x p r e s s  t h e  o v e r a l l  

a g r e e me n t  be t we e n  a p o s t u l a t e d  s t r u c t u r e  and  t h e  e x p e r i m e n t a l  

d a t a  in t e r ms  o f  a r e l i a b i l i t y  i ndex* R = £ ^ I F o l  — I Fc I I / Z I F 0 I ,  

whe r e  IF0 I and I Fc l a r e  r e s p e c t i v e l y  t h e  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 .  Wh i l e  R i s  a u s e f u l  g u i d e  in d e c i d i n g  

w h e t h e r  any c h a n g e  i n  p a r a m e t e r s  ha s  p r o d u c e d  i mpr oved  a g r e e m e n t  

w i t h  t h e  o b s e r v e d  d a t a *  i t s  v a l u e  in i s o l a t i o n  i s  no me a s u r e  

o f  a s t r u c t u r e d  a c c e p t a b i l i t y .  P l a u s i b l e  bond l e n g t h s  and 

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

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

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

The f o l l o w i n g  s u b - s e c t i o n s  d e s c r i b e  b r i e f l y  t h e  

two s t a n d a r d  me t h o d s  e mpl oyed  in t h e  r e f i n e m e n t  o f  t h e  s t r u c t u r e  

o f  e p i - l i m o n o l  i o d o a c e t a t e  on c e  i n i t i a l  a t o m i c  p o s i t i o n s  had 

been e s t a b l i s h e d  by t h e  e a r l y  F o u r i e r  and P a t t e r s o n  s y n t h e s e s .



1 . 4 . 1 .  The Fo S y n t h e s i s . In t h i s  me t h o d  t h e  

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

( s a y  1/60 o f  u n i t  c e l l  e d g e s )  u s i n g  t h e  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 t h e  p h a s e - a n g l e s  c a l c u l a t e d  f r om t h e  a p p r o x i m a t e l y  

d e t e r m i n e d  s t r u c t u r e .  P o i n t s  o f  maximum e l e c t r o n  d e n s i t y  a r e  

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

o f  Boot h  ( 1 9 4 8 )  t o  c a l c u l a t e  t h e  peak  p o s i t i o n  f r om v a l u e s  o f  

t h e  e l e c t r o n  d e n s i t y  a t  p o i n t s  n e a r  t h e  s ummi t .  New p h a s e  

a n g l e s  can  be c a l c u l a t e d  u s i n g  t h e  newl y  d e t e r m i n e d  c o - o r d i n a t e s  

and t h e  who l e  p r o c e s s  r e i t e r a t e d  u n t i l  no f u r t h e r  d e c l i n e  in R 

i s  o b s e r v e d .

T h e r e  a r e  d i s a d v a n t a g e s  i n h e r e n t  in t h i s  me t h o d .

In t h e  f i r s t  p l a c e  a F o u r i e r  s e r i e s  i s  r a r e l y  c o m p l e t e  in 

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

( 1946)  h a s  s u g g e s t e d  t h a t  t h i s  may be p a r t l y  c o r r e c t e d  by 

e mp l o y i n g  ( i n  an Fc s y n t h e s i s ) t h e  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  

in a F o u r i e r  s y n t h e s i s  in whi ch  t e r ms  o m i t t e d  in t h e  o r i g i n a l  

Fo s y n t h e s i s  a r e  l e f t  o u t .  The c o - o r d i n a t e s  d e r i v e d  f rom t h i s  

new c a l c u l a t i o n  w i l l  show d e v i a t i o n s  f rom t h o s e  p r e v i o u s l y  

o b t a i n e d ;  t h e s e  d e v i a t i o n s *  w i t h  s i g n s  r e v e r s e d *  a r e  t h e  e r r o r s  

in t h e  o r i g i n a l  c o - o r d i n a t e s .  A f u r t h e r  o b j e c t i o n  a r i s e s  in 

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

o f  t h e  I e s s  a c c u r a t e  c o e f f i c i e n t s  on t h e  r e s u l t .

1 . 4 . 2 .  The me t hod  o f  l e a s t  s q u a r e s . Th i s  l a s t  

o b j e c t i o n  can b e s t  be ove r c o me  by t h e  me t hod  o f  l e a s t  s q u a r e s



( Hughe s ,  1941;  Bo o t h ,  1947) .  I f  t h e  e r r o r s  in t h e  m e a s u r e d  

s t r u c t u r e  a m p l i t u d e s  f o l l o w  t h e  norma I o r  G a u s s i a n  l aw,  t h e  

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

R 1 “ w ( h k l )  ( / F 0 ( h k I ) /  -  / F c ( h k I ) / ) 2 

whe r e  w ( h k l )  i s  a w e i g h t i n g  f a c t o r  i n v e r s e l y  p r o p o r t i o n a l  t o  

t h e  p r o b a b l e  e r r o r  in ( h k l )  and t h e  s umma t i on  i s  o v e r  a l l  

i n d e p e n d e n t  t e r m s  whi ch  l i e  w i t h i n  t h e  l i m i t i n g  s p h e r e .  The 

a t o mi c  p a r a m e t e r s  on whi ch  R d e p e n d s  i n c l u d e  q u a n t i t i e s  l i k e  

t h e  t e m p e r a t u r e  f a c t o r  a s  we I I a s  t h e  a t o m i c  p a r a m e t e r s .  Each 

s t r u c t u r e  f a c t o r  s u p p l i e s  one  o b s e r v a t i o n a l  e q u a t i o n  f r om 

whi ch s u i t a b l e  l i n e a r  e q u a t i o n s  a r e  d e v e l o p e d  and r e d u c e d  t o  

t h e  a p p r o p r i a t e  number  o f  nor ma l  e q u a t i o n s  whi ch  can  be s o l v e d  

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

p a r a m e t e r s  whi ch  m i n i m i s e  R^.  S t r i c t  a d h e r e n c e  t o  t h e  

r e q u i r e m e n t  t h a t  w ( h k l )  s h o u l d  de pend  on an o b j e c t i v e  e s t i m a t e  

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

s i n c e  any r e a s o n a b l e  w e i g h t i n g  s y s t e m  w i l l  l e a d  t o  c o - o r d i n a t e s  

whi ch d i f f e r  by a mount s  s ma l l  compar ed  w i t h  t h e  random e r r o r s  

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

Such a p r o c e d u r e  wi I I u s u a l  ly y i e l d  t h e  b e s t  

a g r e e me n t  be t wee n  t h e  s t r u c t u r e  f o r m u l a t e d  and t h e  o b s e r v e d  

d a t a  bu t  wi I  I n o t  n e c e s s a r i  ly g i v e  a b e t t e r  a c c o u n t  o f  t h e  

t r u e  s t r u c t u r e .  T h i s  i s  b e c a u s e  t h e  s t r u c t u r e  p r o p o s e d  w i l l  

g e n e r a l l y  be c o n c e i v e d  in term' s o f  s p h e r i c a l  a t oms  w i t h  e ac h  

atom o f  t h e  same s p e c i e s  h a v i n g  e q u a l  s c a t t e r i n g  powe r .  The s e  

a r e  c i r c u m s t a n c e s  whi ch  r a r e l y  o b t a i n .



1 . 5 .  REFERENCES

AVRAML, M ., (1 9 3 8 ), Phya. R e v .,  54, 300.

BOOTH, A .D ., (1 9 4 6 ), P roc . R oy. S b c . A, 188, 77 .
(1 9 4 7 ), ib id ,  190. 482.
(1 9 4 8 ), rF ourier  T echn iq u es , '  p . 64 (C .U .P .)

3IJV0ET, J .M .,  (1949 ), K o n in k l. N eder, A ka d ., 52 , 313.

BUERGER, M .J .,  (1951 ), A c ta  C r y a t. ,  4 , 531, ,

CARLISLE, C .H ., and CROWFOOT, D ., (1945), P roc . Roy. S o c . 1 , 16*. 6. 

CROWFOOT HODGKIN, D. e t  a l . ,  (1 9 5 5 ), N a ture , 176, 325.

GOEDKOOP, J . A . ,  (1 9 5 0 ), A cta  C r y a t.,  3 , 374.

HARKER, D. (1936), J .  chem. P h ya ., 4 , 831.

HARKER, D ., and KASPER, J . S . ,  (1 948 ), A cta  C r y a t. ,  1_, 70.

JAMES, R.W. (1950 ), 'The C r y s ta l l in e  S t a t e 9, Vol I I ,  ( B e l l ,  Louden).

OTT, H. (1927 ), Z e i t .  K r i s t ,  66, 136.

PEPINSKY, R . , and OKAYA, Y . ,  ( 1956a), P roc. N a t. Acad. S c i . ,  42, 5 .
(1956b), Phya. R e v .,  103. 1645.
(1957 ), ib id ,  108. 1231.

ROBERTSON, J .H . ,  and BEEVERS, C .A ., (1951), A c ta . C r y a t.,  4 , 270.

ROBERTSON, J .M .,  (1935 ), J .C .S . ,  615.
(1936 ), ib id ,  1195.

and WOODNARD, I .  (1937 ), ib id ,  219.
(1940 ), ib id ,  36.

SAYRE, D .M ., (1952), A c ta . C r y a t.,  5 , 60.



16 .

C H A P T E R  I I .

The S t r u c t u r e  o f  L i m o n i n .

2 . 1 .  Pr eemb 1 e .

I t  i s  i n t e n d e d  t o  d e s c r i b e  in t h i s  c h a p t e r  t h e  

e v o l u t i o n  and s u c c e s s f u l  c o n c l u s i o n  o f  t h e  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  o f  I i mo n i n  t h r o u g h  an X- r a y  c r y s t a I l o g r a p h i c

s t u d y  o f  t h e  i o d o - a c e t a t e  e s t e r ^ o f  e p i -  I ?mono I : t h e  n a t u r e  o f

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

f a c t s  known a t  t h e  o u t s e t  o f  t h e  p r o j e c t  e n u m e r a t e d ;  t h e  

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

and t h e  p r o g r e s s  o f  i t s  r e f i n e m e n t  wi I I be d e s c r i b e d ;  some 

s p e c u l a t i o n s  on t h e  b i o g e n e t i c  s i g n i f i c a n c e  o f  t h e  l i mo n i n  

s t r u c t u r e  s o l v e d  by X- r a y  me t h o d s  w i l l  be i n c l u d e d *

2 . 2 .  The S t r u c t u r a l  P r o b l e m .

Li moni n  i s  a n e u t r a l /  a l i c y c l i c  b i t t e r  p r i n c i p l e  

f ound  in t h e  f r u i t s  o f  c i t r u s  s p e c i e s  and s e v e r a l  o t h e r  

R u t a c e a e .  I t  was f i r s t  i s o l a t e d  by Ber nay  ( 18 4 1) and so 

named.  A number  o f  s u b s e q u e n t l y  i s o l a t e d  n a t u r a l  p r o d u c t s  -  

e v o d i n  f rom e v o d i a  r u t a e c a r p a  ( K a t m a t s u /  1902) /  d i c t a m n o l a c t o n e  

f rom d i c t a m n u s  a l b u s  (Thoms/  1923) /  o b a k u I a c t o n e  f rom 

phe I I o d e n d r o n  a mu r e n s e  ( F u j i t a /  19 3 I ) -  we r e  shown in 1940 

( S c h i c h t e r  and H a l l e r ) /  t o  be i d e n t i c a l  w i t h  l i mo n i n  and  i t  

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

by c l a s s i c a l  c h e m i c a l  me t h o d s  commenced.

By t h e  b e g i n n i n g  o f  t h e  p r e s e n t  i n v e s t i g a t i o n
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l i mo n i n  had been  c h a r a c t e r i s e d  a s  h a v i n g  a m o l e c u l a r  w e i g h t  

o f  4 7 0 ,  m o l e c u l a r  f o r m u l a  C 0 g ,  m e l t i n g  p o i n t  

3 0 3 - 5 °  C, and p o s s e s s i n g  o p t i c a l  a c t i v i t y  ( i n  a c e t o n e

■ — 12 9 ° • )  Most  i n v e s t i g a t o r s  had  a s s i g n e d  f o u r  o f  

t h e  e i g h t  oxyge n  f u n c t i o n s  t o  two l a c t o n e  r i n g s  whose  

c o r r e s p o n d i n g  f r e e  c a r  boxy I , g r o u p s  we r e  d e t e r m i n e d  t i t r a m e t r i c a I  lyj 

t o  have  a c i d  s t r e n g t h s  (pKa s ) o f  2 . 7  and 4 . 7  in w a t e r  

( Emer s on ,  1952) .  The f i f t h  oxyge n  f u n c t i o n  was s i t e d  in a 

/& -  s u b s t i t u t e d  f u r a n  r i n g  ( F u j i t a  & H i r o s e ,  1954;

Kubo t a  & Tokor oyema ,  1957;  Cor ey  e t  a I . ,  1958) a f e a t u r e  

whi ch  s e r v e d  a l s o  t o  a c c o u n t  f o r  t h e  u n s a t u r a t i o n  in 

l i m o n i n .  The s i x t h  o x y g e n  f u n c t i o n  had  been c h a r a c t e r i s e d  

as  k e t o n i c  by t h e  f o r m a t i o n  o f  an ox i me  and a 2 : 4  -  

d i n i t r o p h e n y I h y d r a z o n e  ( K e f f o r d  & C h a n d l e r ,  195 I )• E x a m i n a t i o n  

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

oxygen  i s  a t t a c h e d  t o  a s i x  ( o r  h i g h e r )  membered r i n g .  Th i s  

c a r b o n y l  g r o u p  c o u l d  be r e d u c e d  t o  e i t h e r  o f  two e p i m e r i c  

l i m o n o l s ;  r e d u c t i o n  by t h e  Meer we i n  -  P o n n d o r f f  me t hod  y i e l d s  

I impno I ( C h a n d l e r  & K e f f o r d ,  195 I , )  w h i l e  b o r o h y d r i d e  o r  

s odi um amal gam r e d u c t i o n  g i v e s  ep ?-  Ii mono I ( Me l e r a  e t  a l . ,  1957;  

F u j i t a  & H i r o s e ,  1954,  1956) .  The l a s t - n a m e d  me t h o d  o f

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

c o n f i g u r a t i o n s  ( B a r t o n ,  1953) and a c c o r d i n g l y  l i monol  and 

e p i - l i m o n o l  we r e  a s s i g n e d  a x i a l  and e q u a t o r i a l  c o n f i g u r a t i o n s  

r e s p e c t i v e l y ,  a s i t u a t i o n  l a t e r  c o n f i r m e d  by t h e  X- r a y  a n a l y s i s  

o f  e p i - l i m o n o l  i o d o a c e t a t e .  Nei ther  t h e  Z e r e w i t i n o f f  me t hod  

o f  d e t e c t i n g  a c t i v e  h y d r o g e n  a t oms  ( K o l l e r  & C z e r n y ,  1936) 

nor  t h e  a n a l y s i s  o f  t h e  i n f r a - r e d  a b s o r p t i o n  s p e c t r u m  o f



l i mo n i n  ( R o s e n f e l d  & Hof  fmann,  195 I ) , i n d i c a t e d  t h e  p r e s e n c e  

o f  h y d r o x y l  g r o u p s  and a c c o r d i n g l y  t h e  two r e m a i n i n g  oxyge n  

f u n c t i o n s  we r e  c o n s i d e r e d  t o  e x i s t  in two c y c l i c  e t h e r s  

( Ge i s s ma n n  & T u l e g i n ,  1946) .

The mode o f  f o r m a t i o n  o f  t e t r a h / d r o I i m o n i n  ( i n  

whi ch s a t u r a t i o n  o f  t h e  f u r a n  r i n g  h a s  o c c u r r e d )  and  

h e x a h y d r o I i m o n i n i c  a c i d  ( wh e r e  h y d r o g e n o I y s i s  o f  a l a c t o n e  

r i n g  ha s  a l s o  o c c u r r e d )  l ed  t o  t h e  c o n c l u s i o n  t h a t  t h e  a l l y  I 

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

r i n g  ( I I ) .  The a d d i t i o n a l  o x y g e n  shown ( I I )  p l a u s i b l y  

e x p l a i n e d  t h e  a b nor ma l  a c i d  s t r e n g t h  o f  h e x a h y d r o I i m o n i n i c  

a c i d  ( Me l e r a  e t .  a l . ,  1957) .

I t  c o u l d  be i n f e r r e d  f rom t h e  m o l e c u l a r  f o r m u l a  

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

b i c a r b o c y c I i c .  A Kuhn- Rot h  e s t i m a t i o n  o f  t h e  number  o f  

me t hy l  g r o u p s  p r e s e n t  s u g g e s t e d  t h e y  we r e  t h r e e  in number ,
4

w h i l e  a z i n c  d u s t  d i s t i l l a t i o n  o f  l i mo n i n  f o l l o w e d  by 

s e l e n i u m  d e h y d r o g e n a t i o n  had y i e l d e d  1 : 2 : 5  -  t r i m e t h y l  

n a p h t h a l e n e  ( K o l l e r  & C z e r n y ,  1936) .

2 . 3 .  The P r e l i m i n a r y  C r y s t a  I I o q r a p h i c  S u r v e y  o f  
Li moni n  and i t s  D e r i v a t i v e s .

2 . 3 . 1 .  I n t r o d u c t  i o n . Th i s  s e c t i o n  d e s c r i b e s  t h e  

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

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

c o n t a i n s  a r e p o r t  o f  t h e  X- r a y  c r y s t a  I l o g r a p h i c  d a t a  o b t a i n e d  

f o r  some o f  them ( See  T a b l e  2 . 1 ) .  The u n i t  c e l l  p a r a m e t e r s
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f o r  t h e  c r y s t a l s  o f  e a c h  s u b s t a n c e  named In T a b l e  2 . 1  we r e  

o b t a i n e d  by t h e  me a s u r e me n t  o f  zer fc- l ayer  B u e r g e r  p r e c e s s i o n  

came r a  p h o t o g r a p h s  t a k e n  w i t h  Mo X - r a d i a t i o n ( A  * 0 . 7  1078) .  

Th i n  f i  Ims o f  z i r c o n i u m  me t a l  we r e  u s e d  t o  m o n o c h r o m a t i s e  t h e  

X - r a y  beam.  The back  o f  t h e  c ame r a  f i l m - h o l d e r  c o n t a i n e d  

two p i n h o l e s  o f  known s e p a r a t i o n  by whi ch  two p a i r s  o f  f i d u c i a l  

s p o t s  c o u l d  be p r i n t e d  on e a c h  f i l m  i n a manner  whi ch  gave  

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

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

p a r a m e t e r s  f r om t h e  f i  Im d a t a  a l s o  i n v o l v e d  an i n s t r u m e n t a l  

p r o p o r t i o n a l i t y  c o n s t a n t  F whi ch  was c o n f i r m e d  t o  be a c c u r a t e l y  

60 cms.  by m e a s u r e m e n t s  u s i n g  a c a l c i t e  c r y s t a l  a s  s t a n d a r d .

2 . 3 . 2 .  Li moni n  and i t s  s o l v a t e s . Li moni n  

c r y s t a l l i s e s  f rom m e t h a n o l ,  e t h a n o l ,  a c e t o n e ,  m e t h y l e n e  

d i c h l o r i d e ,  m e t h y l e n e  d i b r o m i d e  and b r o mo c h I o r o me t h a n  in l a r g e  

s i x - s i d e d  p l a t e s  in t h e  o r t h o r h o m b i c  s y s t e m when t h e  h o t  

c o n c e n t r a t e d  s o l u t i o n s  a r e  a l l o w e d  t o  c o o l ,  o r  when t h e  co Id 

s o l u t i o n s  a r e  a l l o w e d  t o  c o n c e n t r a t e  by e v a p o r t i o n .  W i t h i n  

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

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

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

p l a t e s ,  so t h a t  in t h e ' c a s e  o f  m e t h y l e n e  d i b r o m i d e  s o l u t i o n s  

t h e  c r y s t a l s  r e c o v e r e d  a r e  t a b l e t s ,  h e x a g o n a l  in p l a n  and wi t h  

bevf e l I ed  e d g e s .

T h r e e  s o l v a t e s  o f  l i mo n i n  ha v e  been  r e p o r t e d :  

l i mo n i n  a c e t i c  a c i d  s o l v a t e  c r y s t a l l i s e s  w i t h  a p r i s m a t i c  h a b i t
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f rom a c e t i c  a c i d  s o l u t i o n s  o f  l i mo n i n  ( Ge i s s ma n n  & T u l e g i n /  

1946) ;  l i mo n i n  c r y s t a l l i s e s  f r om s o l u t i o n s  i n m e t h a n o l  -  

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

more s t a b l e  o f  wh i c h  Emer son ( 1 9 4 8 )  c h a r a c t e r i s e d  a s  a 

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

hem? -  ( m e t h y l e n e  d i c h l o r i d e )  s o l v a t e .

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

l i mo n i n  ha s  been  p u b l i s h e d  by W i n c h e l l  ( 1 9 4 3 )  and t h i s  ha s  

been e l a b o r a t e d  by t h e  work o f  J o n e s  and P a l me r  ( 1 9 4 9 )  who 

e xami ned  n o t  o n l y  l i mo n i n  bu t  a l s o  i t s  a c e t i c  a c i d  s o l v a t e  

and t h e  more  s t a b l e  o f  Emer s on*s  m e t h y l e n e  d i c h l o r i d e  s o l v a t e s .  

They d e t e r m i n e d  t h a t  a l l  t h r e e  s u b s t a n c e s  c r y s t a l l i s e d  in t h e  

o r t h o r h o m b i c  s y s t e m  c l a s s  6 ( e t c h  f i g u r e s  c o n f i r m e d  t h e  

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

p a r a m e t e r s  and  s p a c e  g r o u p s  f o r  t h e  f i r s t  two c r y s t a l  s p e c i e s  

( t h e i r  r e s u l t s  a r e  t h o s e  shown i n p a r e n t h e s i s  in T a b l e  2 . 1 ) .  

T h e i r  me ag r e  c o n c l u s i o n s  on t h e  s t r u c t u r e  o f  t h e  l i mo n i n  

m o l e c u l e  we r e  t h a t  i t  was c o m p a r a t i v e l y  f l a t  ( t h e  c - e x i s  was 

s h o r t )  and p o s s e s s e d  no e x t e n s i v e  c o n j u g a t i o n  ( r e f r a c t i v e  

i nd i c e s  we r e  Iow) .

The u n i t  cel  I d i m e n s i o n s  and s p a c e  g r o u p s  o f

l i mon i n  and i t s  a c e t i c  a c i d  s o l v a t e  we r e  r e d e t e r m i n e d  ( s e e

T a b l e  2 . 1 )  and  r e s u l t s  o b t a i n e d  in good a g r e e m e n t  w i t h  t h o s e

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

c o n d i t i o n s  we r e  t h a t  ( h o o ) ,  ( oko)  and ( o o l )  we r e  p r e s e n t

o n l y  f o r  h = 2n ,  k = 2n ,  and I = 2n r e s p e c t i v e l y  ( s p a c e
4

gr oup P2 |  2 |  2j  -  D^) .  C r y s t a l  d e n s i t i e s  we r e  o b t a i n e d  by
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m e a s u r i n g  p y k n o m e t r i c a I l y  t h e  d e n s i t i e s  o f  a q u e o u s  p o t a s s i u m  

i o d i d e  s o l u t i o n s  i n  whi ch  t h e  c r y s t a l s  c o u l d  be s u s p e n d e d  

w i t h o u t  e i t h e r  s i n k i n g  o r  f l o a t i n g  t o  t h e  s u r f a c e .  Thes e  

d e n s i t i e s  i n d i c a t e d  in b o t h  c a s e s  a u n i t  c e l l  c o n t e n t  o f  

f o u r  f o r m u l a  w e i g h t s .

The compl e x  n a t u r e  o f  a c r y s t a I  I o g r a p h i c  s t r u c t u r e  

d e t e r m i n a t i o n  f o r  l i mo n i n  i n v o l v i n g  a s  i t  wou l d  t h e  s i t i n g  o f  

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

and o x y g e n  a t oms  in t h e  u n i t  c e l l  made i t  o b v i o u s  t h a t  

p r o c e d u r e s  s u c h  a s  t h e  ' h e a v y  atom* o r  * i s o mo r p h o u s  r e p l a c e m e n t *  

me t h o d s  wo u l d  h a v e  t o  be u t i l i s e d  i f  u s e f u l  i m a g e - s e e k i n g  

f u n c t i o n s  we r e  t o  be c a l c u l a t e d .  A c c o r d i n g l y  i n t e r e s t  

d e v o l v e d  on t h e  s t r u c t u r e  o f  Emerson * s m e t h y l e n e  d i c h l o r i d e  

s o l v a t e  whose  c o n t e n t  o f  two heavy  s c a t t e r e r s  ( t h e  two 

c h l o r i n e  a t o ms )  was deemed t o  ha ve  s u f f i c i e n t  s c a t t e r i n g  

power  2 Z c r  0 . 3 8 ^ ( 2 7 Z ^  + 8 Zq)  t o  p r o v i d e  -  o n c e  t h e i r  

p o s i t i o n s  In t h e  u n i t  c e l l  had been d e t e r m i n e d  -  s u f f i c i e n t l y  

good a p p r o x t m a t i o n s  t o  t h e  c o r r e c t  p h e s e - a n g l e s  t o  a l l o w  

F o u r i e r  and  o t h e r  i m a g e - s e e k i n g  me t hods  t o  be u n d e r t a k e n  w i t h  

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

E m e r s o n ' s  s o l v a t e  woul d  be a c o n s i d e r a b l e  d r a wb a c k ,  a t  t h e  

same t i m e  a s  E m e r s o n ' s  e x p e r i m e n t s  we r e  r e p e a t e d  a s e a r c h  f o r  

a n a l o g o u s  a n d ,  f t  was h o p e d ,  more  s t a b l e  c o mp l e x e s  i n v o l v i n g  

h a f o g e m a i e d  (Wefhanes was u n d e r t a k e n .

C o n s i d e r a t i o n  o f  t h e  X- r a y  d i f f r a c t i o n  s p e c t r a  o f

c r y s t a l s  grown f r o ® s o l u t i o n s  o f  l i mo n i n  in me t h a n o l  o r  in 

any o f  t h e  p u r e  h a l o —iwefhemes a v a i l a b l e  showed t h a t  t h e y  wer e
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i n v a r i a b l y  u n s o l v a + e d  l i m o n i n .  However  when l i m o n i n  was 

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

s o l u t i o n s /  two c r y s t a l  s p e c i e s  c o u l d  be o b t a i n e d :  on t h e

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

h e x a g o n a l - s h a p e d  p l a t e s  o f  p u r e  l i m o n i n /  w h i l e  i n t h e  body 

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

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

t h e i r  t h i c k n e s s .  The s e  l a t t e r  c r y s t a l s  r a p i d l y  became 

opa que  even  in c o n t a c t  w i t h  t h e i r  m o t h e r -  I i q u o r /  and when 

dry and e x p o s e d  t o  t h e  a i r  f o r  a few days  became p o l y c r y s t a l l i n e  

p s u e d o m o r p h s . From no o t h e r  me t h a n o  l - h a I o m e t h a n e  s o l v e n t  

c o m b i n a t i o n  was any c r y s t a l  s p e c i e s  o t h e r  t h a n  p u r e  l i mo n i n  

r e c o v e r e d .  The l a t h e - s h a p e d  c r y s t a l s  we r e  a s s umed  t o  be 

t h e  more  s t a b l e  o f  E m e r s o n f s two s o l v a t e s  and t h e  o b s e r v a t i o n  

o f  J o n e s  and P a l me r  t h a t  t h e y  b e l o n g e d  t o  t h e  o r t h o r h o m b i c  

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

p a r a m e t e r s  and  s p a c e  g r o u p  ( s e e  T a b l e  2 . 1 ) .  The d e n s i t y  

c o r r e s p o n d e d  t o  a u n i t  c e l l  c o n t e n t  o f  f o u r  l i mo n i n  and f o u r  

me t hanoI  m o l e c u l e s .  Tha t  t h e  i n c l u d e d  m o l e c u l a r  s p e c i e s  

was me t h a n o l  and n o t  m e t h y l e n e  d i c h l o r i d e  was c o n f i r m e d  by 

c a r b o n /  h y d r o g e n  and h a l o g e n  a n a l y s i s .

The hope  o f  b a s i n g  a s t r u c t u r e  a n a l y s i s  on E m e r s o n ’ s 

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

t o  show t h a t  a c ompl ex  c h e mi c a l  s t r u c t u r e  mi g h t  be s o l v e d  by 

X- r ay  d i f f r a c t i o n  me t h o d s  u s i n g  no more  c h e mi c a l  i n f o r m a t i o n  

t ha n  t h e  m o l e c u l a r  f o r m u l a /  i t  was d e c i d e d  t o  s e e k  h a l o - a c e t i c  

a c i d  c o mp l e x e s  a n a l o g o u s  w i t h  t h e  s t a b l e  l i mo n i n  a c e t i c  a c i d



s o l v a t e  b e f o r e  c o n s i d e r i n g  ' h e a v y  atom* d e r i v a t i v e s  i n v o l v i n g  

f u n c t i o n a l  g r o u p s  in t h e  unknown s t r u c t u r e .  No s u c c e s s  

a t t e n d e d  e f f o r t s  t o  c r y s t a l l i s e  l i mo n i n  s o l v a t e s  f r om e i t h e r  

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

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

a c e t i c  a c i d  s o l v a t e ,  no c o r r e s p o n d i n g  compounds  we r e  o b t a i n e d  

f rom m e t h a n o l - h a I o a c e t i c  a c i d  s o l u t i o n s  o f  l i m o n i n .

2 . 3 . 3 .  The s a l t s  o f  l i m o n i n . Th e r e  now f o l l o w e d  

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

f u n c t i o n s  known t o  be p r e s e n t  in l i m o n i n .  The t i t r a t i o n  

e x p e r i m e n t s  o f  Emerson ( 1 9 5 2 )  s u g g e s t e d  t h e  p r e p a r a t i o n  o f  

a l k a l i  me t a l  s a l t s  o f  t h e  p o t e n t i a l  c a r b o x y l  g r o u p s  o f

I imon i n.

A c c o r d i n g l y ,  m e t h a n o l i c  s o l u t i o n s  o f  l i mo n i n  wer e  

t r e a t e d  w i t h  s l i g h t l y  e x c e s s  t h e  t h e o r e t i c a l  vol ume o f  6N 

sodi um and p o t a s s i u m  h y d r o x i d e .  From t h e  c l e a r  r e a c t i o n  

m i x t u r e s  t h e  s a l t s  o f  l i mo n i n  c o u l d  be p r e c i p i t a t e d  as  

g r a n u l e s  by t h e  a d d i t i o n  o f  e x c e s s  a c e t o n e .  I t  was n o t  

f ound  p o s s i b l e  t o  grow s i n g l e  c r y s t a l s  o f  t h e s e  s a l t s  whose  

c o n c e n t r a t e d  s o l u t i o n s  wer e  i n v a r i a b l y  v e r y  v i s c o u s  and 

y i e l d e d  g l a s s - l i k e  s o l i d s  when t h e  s o l v e n t  was r emoved .

O p t i c a l  e x a m i n a t i o n  o f  a s a m p l e  o f  o ne  o f  t h e s e  g l a s s e s  

showed t h a t  i t  was s t i l l  i s o t r o p i c  a f t e r  two  y e a r s  e x p o s u r e  

i n  t h e  l a b o r a t o r y .

2 . 3 . 4 .  S a l t s  o f  l i m o n i l i c  a c i d . Aqueous  

e t h a n Q| ic s o l u t i o n s  o f  l i m o n i l i c  a c i d  ( I I I )  wer e  r e f l u x e d



f o r  24 h o u r s  w i t h  e x c e s s  r u b i d i u m  c a r b o n a t e  and  t h e n  a l l o w e d  

t o  c o n c e n t r a t e  by e v a p o r a t i o n .  S y r o p s  we r e  o b t a i n e d  f rom 

whi ch o n l y  c r y s t a l s  o f  h y d r a t e d  r u b i d i u m  c a r b o n a t e  wer e  

r e c o v e r e d .

2 . 3 . 5 .  H a l o - a c e t i c  e s t e r s  o f  e p i - l i m o n o l . The

k e t o n i c  c a r b o n y l  f u n c t i o n  o f  l i mo n i n  can be r e d u c e d  by

b o r o h y d r i d e  in a s t e r e o s p e c i f i c  way y i e l d i n g  e p i - l i m o n o l

f rom whi ch  a c h l o r o a c e t i c  e s t e r  can  be p r e p a r e d  by t h e  a c t i o n

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

be p r e p a r e d  by t r e a t i n g  t h e  ch I o r o a c e t a t e  w i t h  p o t a s s i u m

i o d i d e  s o l u t i o n  bu t  no e q u i v a l e n t  r e a c t i o n  o c c u r s  w i t h

br omi de  i o n s  n o r  can  t h e  b r o m o a c e t a t e  be p r e p a r e d  d i r e c t l y

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

Sampl es  o f  t h e  two h a l o - a c e t i c  e s t e r s  wer e  p r o v i d e d  by

P r o f e s s o r  D. H. R.  B a r t o n  and  b o t h  wer e  r e c r y s t a  I I i s e d  f rom

a que o u s  a c e t o n e  s o l u t i o n s .  The c r y s t a l  h a b i t  o f  t h e  f o r me r

i s  l ong p r i s m a t i c  n e e d l e s ,  and o f  t h e  l a t t e r  t h i n  f l a k y

p l a t e s  w i t h  in t h e  ( 001 )  f a c e  we l l  d e v e l o p e d .  The

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

b e l o n g e d  t o  t h e  m o n o c l i n i c  s y s t e m .  For  b o t h  t h e  o n l y

d i f f r a c t i o n  c o n d i t i o n s  we r e  t h a t  ( oko)  was p r e s e n t  o n l y  f o r
2

k = 2n ,  h e n c e  t h e i r  s p a c e  g r o u p s  wer e  e i t h e r  P2 |  “  o r  

P2j / m -  ^2h* ^a ^ e r  was r e j e c t e d  a s  b e i n g  i n c o m p a t i b l e

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

ch l o r o a c e t a t e  was known t o  be a m o n o - h y d r a t e  and t h i s  was 

c o n f i r m e d  by d e n s i t y  m e a s u r e m e n t s  whi ch  r e q u i r e d  a u n i t  c e l l  

c o n t e n t  o f  two e s t e r  and two w a t e r  m o l e c u l e s .  The



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

two in t h e  a s y m m e t r i c  c r y s t a l  u n i t .

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

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

a r g y m e n t s :  In l i n e a r  a b s o r p t i o n  o f  Mo X - r e d i a t i o n

t h e  ch l o r o a c e t a t e  had an a d v a n t a g e  by a f a c t o r  o f  s i x ,  bu t

t h i s  was more  t h a n  o f f s e t  by t h e  g r e a t e r  p h a s e - d e t e r m i n i n g
2 V  2

power  o f  i o d i n e  o v e r  c h l o r i n e  -~Z- r  . = ( 0 .  I 7 ) Z-  Z* ;
2 2 

Z.  » ( 1 . 7 4 )  2.. 2.  . ( I t  was u n f o r t u n a t e  t h a t  t h e
2 2 b r o m o a c e t a t e  was n o t  a v a i l a b l e  f o r ,  s i n c e  « ( 0 * 7 4 ) ]T Z^ ,

a s a t i s f a c t o r y  c o mp r o mi s e  b e t we e n  a b s o r p t i o n  and s c a t t e r i n g

r e q u i r e m e n t s  woul d  ha ve  been  a c h i e v e d ;  mo r e o v e r  s i n c e  t h e

a b s o r p t i o n  e dge  f o r  b r o mi n e  i s  n e a r  t h e  w a v e l e n g t h  o f  Cu

X - r a d i a t i o n  i t  m i g h t  ha ve  been p o s s i b l e  t o  u s e  t h e  p h a s e -

d e t e r m i n i n g  me t h o d s  a v a i l a b l e  when a noma l o u s  d i s p e r s i o n

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

i o d o a c e t a t e  ( t wo m o l e c u l e s  in t h e  a s y m m e t r i c  c r y s t a l  u n i t

compar ed  w i t h  one  in t h e  c a s e  o f  t h e  ch l o r o - d e r i v a t i v e )

woul d r e q u i r e  t h e  d e t e r m i n a t i o n  o f  d o u b l e  t h e  number  o f

i n d e p e n d e n t  a t o m i c  p o s i t i o n s .  Th i s  d i s a d v a n t a g e  i s  more

a p p a r e n t  t h a n  r e a l :  t h e  two c h l o r i n e  a t oms  in t h e  u n i t  c e l l

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

s c r ew a x i s  o f  s p a c e  g r o u p  P 2 j . In t h i s  s p a c e  g r o u p  t h e

o r i g i n  may l i e  a n y wher e  on t h e  s c r ew a x i s  and t h e r e  woul d  be

no l o s s  o f  g e n e r a l i t y  i f  i t  wer e  c h o s e n  t o  be midway be t ween

t h e  two c h l o r i n e  a t o ms .  Ap p r o x i ma t e  p h a s e - a n g l e s  c a l c u l a t e d

from t h e  c h l o r i n e  a t om c o - o r d i n a t e s  woul d  have  v a l u e s  0 o r  T7,
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p r e c i s e l y  t h e  s i t u a t i o n  f o r  a c e n t r o s y m m e t r i c  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 .  A F o u r i e r  s y n t h e s i s  u s i n g  t h e s e  

p h a s e - a n g l e s  wou l d  p r o v i d e  an a p p r o x i m a t i o n  t o  t h e  e l e c t r o n  

d e n s i t y  s u p e r p o s e d  on i t s  s p u r i o u s  i n v e r s i o n  i mage .  The 

p r ob l e m o f  u n r a v e l l i n g  t h e  two i mages  wou l d  be t h e  same as  

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

Cr owf oo t  ( 1 9 4 5 ) ,  whe r e  e x t e n s i v e  u s e  o f  t h e  c h e m i c a l l y  

d e t e r m i n e d  s t r u c t u r e  had t o  be made.  Whi l e  t h e  p r o b l e m  

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

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

woul d be i n i t i a l l y  f o r m i d a b l e  t h e  f i n a l  c o n c u r r e n c e  o f  t h e  

s t r u c t u r e s  o f  two c h e m i c a l l y  i d e n t i c a l  but  c r y s t a  I I o g r a p h i c a  1 ly 

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

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

2 . 4 .  The c o l l e c t i o n  and p r o c e s s i n g  o f  t h e  e x p e r i m e n t a l  d a t a .

2 . 4 . I . The 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  f o r  c r y s t a l s
o f  e p i - l i m o n o l  i o d o a c e t a t e . The e p i - l i m o n o l

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

were  t h i n  f r a g i l e  p l a t e s  w i t h  t h e  ( 001)  f a c e s  w e l l - d e v e l o p e d .

Al t h o u g h  o c c a s i o n a l l y  f o r ms  s uch  as  ( I I I )  we r e  o b s e r v e d ,  t h e

p l a t e s  u s u a l l y  had  i r r e g u l a r  b o u n d a r i e s .

For  t h e  p u r p o s e  o f  X- r a y  p h o t o g r a p h y  r e c t a n g u l a r  

p a r a  I IeI  o p i p e d s  o f  d i m e n s i o n s  1. 0  x 0 . 2  x 0 . 0 2  mms. wer e  c u t  

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

were  p a r a l l e l  t o  t h e  o p t i c a l l y  d e t e r m i n e d  e x t i n c t i o n  a x e s .

In g e n e r a  I i t  was n o t  p o s s i b l e  t o  p r e d e t e r m i n e  w h i t h e r  t h e

a r t i f i c i a l  n e e d l e  a x i s  so c r e a t e d  was t h e  a o r  b c r y s t a  I I o g r a p h i c



28.

a x i s .  T h i s  ha d  t o  be d e t e r m i n e d  by o s c i l l a t i o n  p h o t o g r a p h s  

t a k e n  a b o u t  t h e  n e e d l e  a x i s  ( u n l i k e  t h o s e  a b o u t  t h e  a - a x i s ,  

b - a x i s  p h o t o g r a p h s  showed m symmet r y  s i n c e  _b r e p r e s e n t s  t h e  

t w o - f o l d  s c r e w - a x i s ) .

I t  was o b s e r v e d  t h a t  t h e  n o r m a l l y  s t a b l e  i o d o a c e t a t e  

c r y s t a l s  on e x p o s u r e  t o  X - r a y s  became y e l l o w ,  t h e n  brown,  and 

f i n a l l y  d i s i n t e g r a t e d  a f t e r  a few d a y s .  Once t h i s  d e c o m p o s i t i o n  

had been i n i t i a t e d  i t  a p p a r e n t l y  c o n t i n u e d  e ven  in t h e  a b s e n c e  

o f  X - r a d i a t i o n .  S i n c e  h owe ve r  t h e  l i f e t i m e  o f  a c r y s t a l  was 

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

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

The i n t e n s i t y  d a t a  was r e c o r d e d  u s i n g  two mo v i n g -  

f i l m  t e c h n i q u e s :  s u c c e s s i v e  l e v e l s  a b o u t  b o t h  t h e  a_ and Jb

axes  wer e  p h o t o g r a p h e d  u s i n g  an e q u i - i n c I i n a t i o n  W e i s s e n b e r q  

q o n j o m e t e r / whi le t h o s e  a b o u t  t h e  j c - a x i s  we r e  o b t a i n e d  u s i n g  

a Bu e r g e r  p r e c e s s i o n  g o n i o m e t e r . For  t h e  f i r s t  me t hod  a 

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

s t a t i o n a r y  c r y s t a l  p r o c e d u r e  o f  Weisz & Co l e  1948.  The a r c s  

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

g o n i o m e t e r  o f  t h e  e q u i - i nc  I i n a t i o n  t y p e  whe r e  i t  can  be 

a r r a n g e d  t h a t  t h e  d i r e c t  X- r a y  beam and t h e  d i f f r a c t e d  beam 

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

p h o t o g r a p h e d .  The v a l u e  o f  t h e  e q u i - i n c I i n a t i o n  ang l e ( ^ )  

was d e t e r m i n a b l e  f rom t h e  u n i t  c e l l  p a r a m e t e r s ,  and f rom i t ,  

and c h a r t s  a p p r o p r i a t e  t o  t h e  g o n i o m e t e r  in q u e s t i o n ,  t h e  

s c r e e n  s e t t i n g  n e c e s s a r y  t o  i s o l a t e  t h e  zone  o f  r e f l e x i o n s  

b e i ng  r e c o r d e d  was o b t a i n e d  and v e r i f i e d  by a t a k i n g  a 5
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o s c i l l a t i o n  p h o t o g r a p h .  S i n c e  t h e  f i l m - h o l d e r  c o u l d  o n l y  

t r a v e r s e  a d i s t a n c e  e q u i v a l e n t  t o  some 20 0 °  r o t a t i o n  o f  t h e  

c r y s t a l  s p e c i m e n  and f o r  u p p e r  l e v e l  a - a x i s  p h o t o g r a p h s  ( n k l )  

woul d t h e r e f o r e  a l l o w  t h e  r e c o r d i n g  o f  o n l y  ( n k l )  and (nk I) 

o r  ( n k l )  and (nk I) r e f l e x i o n s  and s i n c e  f o r  t h i s  s p a c e  

g r oup  I F ( n k l )  = I F ( n k I ) I + I F ( n k I } I , i t  was d e s i r a b l e

t o  a r r a n g e  t h a t  t h e  f o r m e r  s e t  we r e  p h o t o g r a p h e d  by a d j u s t i n g  

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

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

s t r o n g e s t  and w e a k e s t  r e f l e x i o n s .  At t h e  b e g i n n i n g  o f  t h e  

i n v e s t i g a t i o n  Cu r a d i a t i o n  f r om a P h i l i p ' s  PW 1010 X- r a y

g e n e r a t i n g  s e t  r u n  a t  30 k i l o v o l t s  and 12 m i l l i a m p e r e s  was 

u s e d ,  bu t  l a t e r  a l I  t h e  d a t a  was o b t a i n e d  u s i n g  Mo 

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

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

a b s o r p t i o n  o f  t h e  Mo K ^ r a d i a t i o n  be t ween  s u c c e s s i v e  f i l m s  t o  

a d e g r e e  s i m i l a r  t o  t h a t  f o r  Cu X - r a y s .  In t h i s  way 

s i x t e e n  f i v e - p a c k  f i l m  s e r i e s  -  ( n | k I ) ,  nj  = 0 . . . 6  and 

( h n ^ l ) ,  n^ = 0 . . .  8 -  we r e  o b t a i n e d .  The r e m a i n i n g  f i l m  

s e r i e s  o f  t y p e  ( h k n ^ ) ,  n^ = 0 . . .  2,  we r e  o b t a i n e d  u s i n g  t h e  

v e r s a t i l e  p r e c e s s i o n  me t h o d  ( B u e r g e r ,  1944) in whi ch  

d i f f r a c t i o n  i s  c a u s e d  t o  o c c u r  by an u n u s u a l  mo t i o n  o f  a 

s i n g l e  c r y s t a l  in a monochramat i c  X- r a y  beam.  The c r y s t a l  

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

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

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

r e c o r d e d  a s  an u n d i s t o r t e d  s c a l e d  p h o t o g r a p h  o f  t h e  r e c i p r o c a l
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c r y s t a l  l a t t i c e .  A p a r t  f r om t h e  c o n v e n i e n c e  o f  s uch  an 

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

r e f l e x i o n s /  t h e  s h a p e  o f  t h e  d i f f r a c t i o n  s p o t s  r e m a i n s  

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

e s t i m a t i o n  o f  i n t e n s i t i e s .  The p r i n c i p a l  d i s a d v a n t a g e s  

o f  t h e  p r e c e s s i o n  me t h o d  a r e  t h a t  i n  c o m p a r i s o n  w i t h  t h e  

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

o n l y  a l i m i t e d  p a r t  o f  t h e  r e c i p r o c a l  l a t t i c e  and t h a t  in 

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

o f  t h e  f i l m  i s  c h a r a c t e r i s t i c a l l y  m i s s i n g .  Thes e  o b j e c t i o n s  

were  no t  o f  c o n s e q u e n c e  in t h e  p r e s e n t  i n v e s t i g a t i o n  s i n c e  

such a w e a l t h  o f  i n t e n s i t y  d a t a  was a v a i l a b l e  f r om t h e  

We i s s e n b e r g  s e r i e s .  Mor e o v e r  t h e r e  was a p a r t i c u l a r  

a d v a n t a g e  in r e c o r d i n g  _c~axi s  d a t a  by a me t hod  whi ch  d i d  no t  

r e q u i r e  ( a s  W e i s s e n b e r g  r e c o r d i n g  o f  t h e  ( h k n ^ )  z o n e s  woul d 

have)  mo u n t i n g  t h e  f r a g i l e /  p l a t y  c r y s t a l s  on s u p p o r t i n g  

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

r e q u i r e d  c r y s t a l s  w i t h  t h e  same s e t t i n g  as  f o r  t h e  

W e i s s e n b e r g - r e c o r d e d  s e r i e s .  P r e c e s s i o n  camer a  t e c h n i q u e s  

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

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

m u l t i p l e  pack  s e r i e s .  I n s t e a d  s a t i s f a c t o r y  c o r r e l a t i o n  

o f  t h e  s t r o n g  and weak r e f l e x i o n s  i s  a c h i e v e d  by m u l t i p l e  

e x p o s u r e  s e r i e s  -  a s e r i e s  o f  f i  Ims w i t h  t h e  same r e c o r d  

but  d i f f e r e n t  ( a n d  known) e x p o s u r e  t i m e s .

2 . 4 . 2 .  The e s t i m a t i o n  and c o r r e c t i o n  o f  i n t e n s i t i e s . 

The s c a l i n g  f a c t o r s  f o r  r e f l e x i o n s  on d i f f e r e n t  f i l m s  o f
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each o f  t h e  n i n e t e e n  s e r i e s  c o u l d  be p r e d e t e r m i n e d :  f o r

t h e  W e i s s e n b e r g  f i l m  s e r i e s  t h e  f a c t o r s  we r e  o b t a i n e d  f rom 

a p l o t  o f  t h e  s c a l i n g  f a c t o r  a s  a f u n c t i o n  o f  t h e  e q u i -  

i n c l i n a t i o n  a n g l e  ( Rossmann 1956)  and f o r  t h e  p r e c e s s i o n  

f i l m  s e r i e s  t h e y  we r e  p r e d e t e r m i n e d  by t h e  e x p o s u r e  t i m e s  

c h o s e n .  The i n t e n s i t i e s  o f  t h e  d i f f r a c t i o n  s p o t s  we r e  e s t i m a t e d  

v i s u a l l y  u s i n g  e i t h e r  t h e  ’ s t a n d a r d  s p o t *  t e c h n i q u e /  o r  by 

c o mp a r i s o n  w i t h  a s e r i e s  o f  c a l i b r a t e d  s p o t s .  The f i r s t  

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

on one  f i l m  o f  a s e r i e s  as  a s t a n d a r d  whi ch  i m m e d i a t e l y  

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

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

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

t h e  s e r i e s  c an  be a s s i g n e d .  In t h e  s e c o n d  t e c h n i q u e  on 

e x t e r n a l  s t a n d a r d  s e r i e s  o f  s p o t s  i s  p r e p a r e d  by r e c o r d i n g  

a c r y s t a l  r e f l e x i o n  s e v e r a l  t i m e s  but  w i t h  d i f f e r e n t  e x p o s u r e  

t i m e s .  I t  h a s  t h e  a d v a n t a g e s  t h a t  t h e  number  o f  o p e r a t i o n s  

r e q u i r e d  t o  ma t c h  a r e f e r e n c e  and unknown r e f l e x i o n  i s  l e s s  

and t h a t  an a r i t h m e t i c  s e r i e s  o f  c a l i b r a t e d  s p o t s  c an  be 

p r e p a r e d  so p r o v i d i n g  more  a c c u r a t e  m a t c h i n g  t h a n  can  t h e  

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

’s t a n d a r d  s p o t ’ me t h o d .

The i n t e n s i t i e s  o f  t h e  r e f l e x i o n s  f o r  e ac h  s e r i e s  

were  m e a s u r e d  t w i c e  and  by a d i f f e r e n t  o p e r a t o r  on e ach  

o c c a s i o n  u s i n g  d i f f e r e n t  s t a n d a r d s .  The two e s t i m a t i o n s  

were  p l a c e d  on t h e  same s c a l e  and compar ed .  When i n d i v i d u a l
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e s t i m a t e s  d i f f e r e d  by more  t h a n  15% f u r t h e r  i n d e p e n d e n t  

e s t i m a t i o n s  we r e  made when,  i n g e n e r a l ,  t h e  r e q u i r e d  

a g r e e me n t  was o b t a i n e d .  Each r e f l e x i o n  was t h e n  a s s i g n e d  

an i n t e n s i t y  e q u a l  t o  t h e  a r i t h m e t i c  mean o f  t h e  two 

a p p r o x i m a t e I y  c o n c u r r i n g  e s t i m a t i o n s .

The i n t e n s i t y  f o r  an X- r a y  r e f l e x i o n  c o r r e c t e d

f o r  e x t i n c t i o n ,  a b s o r p t i o n ,  g e o m e t r i c a l  f a c t o r s  ( T u n e l l

1939) and t h e  e f f e c t s  o f  p o l a r i s a t i o n  o f  t h e  X- r a y  beam

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

f o r  t h e  c r y s t a l  p l a n e  i n  q u e s t i o n .  The X - r a d i a t i o n  (Mo KcU

and c r y s t a l  d i m e n s i o n s  had  been c h o s e n  so as  t o  m i n i m i s e

a b s o r p t i o n  and t h i s  e f f e c t  and t h a t  o f  e x t i n c t i o n  we r e

a s sumed t o  be n e g l i g i b l e  and no c o r r e c t i o n s  we r e  made f o r
2 - 1

them.  The p o l a r i s a t i o n  c o r r e c t i n g  f a c t o r  2 ( 1 +  c o s " 2 0 )  

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

whi ch a l s o  v a r i e s  f rom r e l f e x i o n  t o  r e f l e x i o n ,  and d e p e n d s  

on t h e  r e l a t i v e  t i m e  d u r i n g  whi ch  t h e  c o n d i t i o n s  f o r  

r e f l e x i o n  r e ma i n  s a t i s f i e d .  I t  i s  c o n s e q u e n t l y  i n v e r s e l y  

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

c o n d i t i o n s  i . e .  ( f o r  W e i s s e n b e r g - r e c o r d e d  r e f l e x i o n s )
— I 2 2 2"

i n v e r s e l y  p r o p o r t i o n a l  t o  ( s i n  0)  ( cos  co<s ® )

where  i s  t h e  a n g l e  made by t h e  r e f l e c t i n g  c r y s t a l  p l a n e

and t h e  r e f l e c t e d  beam,  and i s  t h e  equ i -  i nc I i n a t  i on

a n g l e  ( T u n e l l ,  l o c .  c i t . )  W a s e r ’ s a n a l y s i s  ( 19-51 a ,  b)

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

i t s  v e l o c i t y  was d e p e n d e n t  on t h e  a c t u a l  p o s i t i o n  in s p a c e

o f  t h e  p r e c e s s i n g  c r y s t a I  I o g r a p h i c  a x i s .  The v a l u e s  o f
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t h e  c o r r e c t i n g  f u n c t i o n  ( p o I a r i s a t  i on f a c t o r  i n c l u d e d )  

f o r  0 . 0 5  r e c i p r o c a l  l a t t i c e  u n i t  i n t e r v a l s  o f  E,  ha v e  

been r e p r e s e n t e d  by c o n t o u r s  on c h a r t s  p u b l i s h e d  by 

Gr envi  I Ie-WeI Is and Abr ahams  ( 1 9 5 1 ) .  The c h a r t s  a r e  

t r a n s p a r e n t  and when t h e  one  a p p r o p r i a t e  t o  t h e  l e v e l  

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

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

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

a p p l i e d  t o  e a c h  r e f l e x i o n .

Each m e a s u r e d  i n t e n s i t y  o f  e ac h  p l a n ’ s r e f l e x i o n  

was c o r r e c t e d  t o  g i v e  a r e l a t i v e  v a l u e  f o r  t h e  s q u a r e  o f  

t h e  s t r u c t u r a l  a m p l i t u d e  f r om whi ch  t h e  s t r u c t u r a l  a m p l i t u d e  

i t s e l f  was d e r i v e d .

2 . 4 . 3 .  D e t e r m i n a t i o n  o f  f ? Im—t o —f i I m  s c a l i n g  

c o n s t a n t s . Th e r e  now e x i s t e d  e x p e r i m e n t a l  v a l u e s  o f  some 

t h r e e  t h o u s a n d  i n d e p e n d e n t  s t r u c t u r e  a m p l i t u d e s  ( I F  l *S)  

d e r i v e d  f r om t h e  movi ng f i l m  s e r i e s  (nj  k I ) ,  nj  ■ 0  . . .  6,

(h n ^ l ) ,  n^ = 0  , , , . 8 ,  ( h k n ^ ) ,  n^ = 0 . . .  2.  In g e n e r a  I 

t h e  s e t s  o f  d a t a  f r om e ac h  s e r i e s  we r e  on d i f f e r e n t  s c a l e s  

and t h e  p r o b l e m was t o  p l a c e  t h e  o b s e r v e d  r e s u l t s  on a 

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

I n v o l v e d  t h e  c h o i c e  o f  t h e  (Ok I ) s e r i e s  as  t h e  a r b i t r a r y  

s t a n d a r d .  The (h n^ I) s e r i e s  wer e  t h e n  c o r r e l a t e d  u s i n g  

t h e  a p p r o p r i a t e  members  o f  t h e  (n,|  k l )  g r o u p  in t h i s  w i s e :

X * F (0 n2 I) I f o r  e ach  n^ = 0 . . .  8 was d e t e r m i n e d

from t h e  (h n^ I) s e r i e s  and £  I F (Ok I ) I f o r  e ac h  

k = 0 . . .  8 f r om t h e  ( o k l )  s e r i e s  d a t a ,  t h e  s umma t i ons  

i n c l u d i n g  f o r  e ac h  k = ° n l y  t h o s e  I F I ’ s common t o  t h e



(Ok I ) and ( h n 2 I ) z o n e s .  Eve r y  K ( 0  n^ I) ■

2  I F ( Ok l )  I /  IF CO I)  I k = n^ = 0 . . .  8 was d e t e r m i n e d

and was a f a c t o r  s u i t a b l e  f o r  p l a c i n g  t h e  I F I ' s  d e r i v e d  f r om

t h e  (h n^ I) s e r i e s  on t h e  same s c a l e  a s  thofs e  f r om t h e  ( Okl )

s e r i e s .  T h e r e  was a l s o  d e t e r m i n e d  R ( 0 )  = IF ( Ok l )  I /

2jL IF ( 0  n^ I)  I R e p e t i t i o n  o f  t h i s  p r o c e d u r e  u s i n g

t h e  (h n^ I) s e t s  o f  I F I ' s  and s u c c e s s i v e  ( n j k l )  s e t s

d e t e r m i n e d  K'  ( n j  n^ I) -  2!  *F ( n | k I ) I / 2 !  IF ( n j  n^ I) I

k = n^ = 0 . . .  8 and R C n j * = IF ^n i k l ) 5  IF ( n , n  1)1

and K ( n j  n^ I) = R ( 0 ) .  K'  ( n j  n I) /  R ( n j ) ,  so t h a t  a g a i n

t h e  K ' s  r e l a t e d  t h e  d a t a  t o  t h e  ( Ok l )  s t a n d a r d .  In t h i s  way

.seven ( n j  = 0 . . .  6) s c a l i n g  f a c t o r s  K ( n  ̂ n^ I) wer e  o b t a i n e d

f o r  e ach  n_ = 0 . . .  8 and K (h n_ I) = ~  2 1  K ( n .  n_ I) was
2 2 /  nt I 2

c h o s e n  as  t h e  s c a l i n g  f a c t o r  f o r  e a c h  (h n^ I) s e t .

S i m i l a r l y  s c a l i n g  f a c t o r s  t o  p l a c e  e ach  (n j  k l )  s e t

o f  d a t a  on t h e  ^ame s c a l e  as  t h e  ( h o i )  s e t  wer e  d e r i v e d .

These  f a c t o r s  K ( n .  k l )  wer e  u s e d  t o  d e r i v e  f a c t o r s  K ( n .  k l )
—i —» * —

= K ( n j  k l )  /  K ( Ok l )  c o n s i s t e n t  w i t h  t h e  K (h n^ I) g r o u p .

The £ - a x i s  d a t a  (h k n^)  was s i m i l a r l y  c o r r e l a t e d  

w i t h  t h e  r e s t ,  u s i n g  (h n^ I) d a t a .  More d i r e c t  s c a l i n g  

u s i n g  ( n | k I ) d a t a  was no t  u n d e r t a k e n  b e c a u s e  o f  t h e  g r e a t e r

q u a n t i t y  o f  (h n^ I) d a t a  a v a i l a b l e #

I t  was t h e n  p o s s i b l e  t o  p l a c e  e v e r y  s t r u c t u r a l  

a m p l i t u d e  d e t e r m i n e d  on t h e  same s c a l e  and t o  a v e r a g e  t h e  

v a l u e s  o b t a i n e d  f r om more  t h a n  one  s e r i e s .

I t  i s  c e r t a i n  t h a t  t h e  v a l u e s  o f  K o b t a i n e d  a r e  no
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more t h a n  good a p p r o x i m a t i o n s  t o  t h e  b e s t  v a l u e s  whi ch  c o u l d
2be d e r i v e d  by m i n i m i s i n g  t h e  f r e s i  d u a l • E = Z  £  ( K . J .  . -  K. J  . T

1 J 1 1J J j *
wher e  K. i s  t h e  s c a l i n g  c o n s t a n t  f o r  t h e  i - t h  f i l m  and Jj  j

i s  t h e  sum o f  a l l  r e f l e x i o n s  on f i l m  i common t o  f i l m  j and

J . . S  0 .  An e q u i v a l e n t  r e s u l t  c o u l d  be o b t a i n e d  by r e f i n i n g
w  2

t h e  c o n s t a n t s  u s i n g  t h e  e q u a t i o n s  K. = . K ' J . . J . . /  *r J . .
. J 1 J J 1 J 1 J

wher e  t h e  p r i m e d  K s a r e  t h e  i n i t i a l  v a l u e s  and t h e  new

v a l u e s  ^ r e  n o r m a l i s e d  a f t e r  e a c h  c y c l e  by d i v i s i o n  by some

K. -  s ay  K ( Ok l )  . ( D i c k e r s o n ,  1959) .

The p r o c e d u r e  d e s c r i b e d  by D i c k e r s o n  whe r e  t h e  

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

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

o f  t h e  s t r o n g  r e f l e x i o n s  in c o n t r a s t  t o  t h a t  d e s c r i b e d  by 

Kr a u t  ( 1958)  whe r e  u s e  o f  t h e  a v e r a g e  v a l u e s  o f  t h e  r a t i o s  

o f  t h e  i n t e n s i t i e s  o f  c o r r e s p o n d i n g  r e f l e x i o n s  gave  g r e a t e r  

w e i g h t  t o  t h e  weak r e f l e x i o n s .  In t h e  p r e s e n t  wor k ,  u s i n g  

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

an e f f e c t i v e  w e i g h t  o f  J  2 t o  D i c k e r s o n ’ s me t hod  and 

t h e r e b y  gave  s a t i s f a c t o r y  w e i g h t  t o  a l l  r e f l e x i o n s .

I t  was n o t  c o n s i d e r e d  n e c e s s a r y  t o  i mpr ove  t h e
 t

v a l u e s  o f  t h e  K s a t  t h a t  s t a g e  s i n c e  i t  was e x p e c t e d  t h a t  

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

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

c a l c u l a t e d  when t h e  s t r u c t u r e  r e a c h e d  an a d v a n c e d  s t a g e  o f  

r e f i  n e m e n t .

2 . 5 .  The 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  o f  l i m o n i n .
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At  v a r i o u s  s t a g e s  i n  t h e  l o n g  p r o c e s s  o f  r e c o r d i n g ,  

e s t i m a t i n g  and  c o r r e c t i n g  t h e  i n t e n s i t y  d a t a  t h e  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 v a i l a b l e  w e r e  u s ed  i n  a s s a u l t s  on 

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

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

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

2 . 5 . I .  The t w o - d i m e n s i o n a l  i n v e s t i g a t i o n . A t  an 

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

f o r  t h e  ( h o i )  a nd  ( o k l )  z o n e s  w e r e  a v a i  l a b l e .  W i t h  t h e  

s q u a r e s  o f  t h e  ( h o i )  s t r u c t u r e  a m p l i t u d e s  as c o e f f i c i e n t s  

a P a t t e r s o n  F o u r i e r  s e r i e s  was c o m p u t e d  t o  g i v e  t h e  

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

t o  t h e  s c r e w  a x i s  o f  t h e  c r y s t a l .  No s h a r p e n i n g  m o d i f i c a t i o n s  

o f  t h e  P a t t e r s o n  f u n c t i o n  w e r e  made and  t h e  v e c t o r  d i s t r i b u t i o n  

( f i g .  2 .  I ) was u s e d  t o  a s s i g n  _x -  & _z -  c o - o r d i n a t e s  t o  t h e  

two i o d i n e  a t o ms  i n  t h e  c r y s t a l  a s y m m e t r i c  u n i t .  U s i n g  

t h e s e  c o - o r d i n a t e s  s t r u c t u r e  f a c t o r s  f o r  t h e  ( h o i )  z one  

wer e  c a l c u l a t e d  a s s u m i n g  a mean t e m p e r a t u r e  f a c t o r  o f  4.

S i n c e  t h e  b -  ( s c r e w )  a x i s  p r o j e c t i o n  o f  t h 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  i s  c e n t r e d  t h e  p h a s e - a n g l e s  f o r  t h e  ( h o i )  z o ne  

a r e  e i t h e r  z e r o  o r  TT and  t h e  g r e a t  r e l a t i v e  s c a t t e r i n g  p o w e r  

o f  i o d i n e  a t o ms  w o u l d  r e s u l t  i n  some 80% o f  t h e  p h a s e - a n g l e s  

c a l c u l a t e d  b e i n g  c o r r e c t .  The c a l c u l a t e d  p h a s e - a n g l e s  w e r e  

c o mb i n e d  w i t h  t h e  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  i n  a F o u r i e r  

c a l c u l a t i o n  o f  a s u b s t a n t i a l l y  c o r r e c t  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  p r o j e c t e d  on ( O l O ) .  F i g .  2 . 3 a .  shows  s u c h  a 

d i s t r i b u t i o n  s u b s e q u e n t l y  c a l c u l a t e d  u s i n g  Mo K ^ -  d e r i v e d  

d a t a ,  a t e m p e r a t u r e  f a c t o r  o f  4 . 9 4  and  p h a s e - a n g l e s  f r o m
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more a c c u r a t e  i o d i n e  c o - o r d i n a t e s ^  Th i s  p r o j e c t i o n  

p e r p e n d i c u l a r  t o  an a x i s  some 12 A long d i d  n o t  ( a s  i n d e e d  

i t  was n o t  e x p e c t e d  t o )  r e v e a l  any s t r u c t u r a l  f e a t u r e s /  

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

r e s u l t e d .  F i g .  2 . 3 b  shows  t h e  I a t e r - d e t e r m i n e d  a t o m i c

p o s i t i o n s  p r o j e c t e d  on (OlO)  and  i t  i s  n o t e w o r t h y  t h a t  c a r b o n  

a t oms /  6,  16/ 28 ,  29 / 3^ ,  16^,  2 2^ ,  28^ and oxygen  a t oms

2,  7,  8,  2 , 7 a r e  we l l  r e s o l v e d  in F i g .  2 . 3 a  and  c a r b o n s  

17,  23,  13 , 20 and  o x y g e n s  5 and  3 p a r t i a l l y  s o .

In a s i m i l a r  f a s h i o n  t h e  ( 100)  P a t t e r s o n  v e c t o r  

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

atoms ( F i g .  2 . 2 ) .  P h a s e - a n g l e s  c a l c u l a t e d  f rom t h e s e  

c o - o r d i n a t e s  we r e  u s e d  in a F o u r i e r  s y n t h e s i s  o f  t h e  ( I00)  

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 .  The n o n - c e n t r e d  n a t u r e  o f  

t h i s  p r o j e c t i o n  me an t  t h a t  t h e  p h a s e - a n g l e s  c o u l d  p o s s e s s  

any v a l u e  b e t we e n  z e r o  and 2 TT so t h a t  t h e  ( I00)  p r o j e c t i o n  

is i n h e r e n t l y  l e s s  a c c u r a t e  t h a n  t h e  ( 0 1 0 ) .  ^As F i g .  2 . 4  

shows t h i s  n o n - c e n t r e d  p r o j e c t i o n  down a 16 A a x i s  i s  

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

r e f i n e m e n t  o f  t h e  i o d i n e  a t om c o - o r d i n a t e s *

2 . 5 . 2 .  The H a r k e r  S e c t i o n  a t  y « ? . When a c r y s t a l  

has  a t w o f o l d  s c r e w  a x i s  ( b ) ,  v e c t o r s  be t ween  s y m m e t r y - r e I a t e d  

atoms f a l l  on s e c t i o n  y = i  o f  t h e  P a t t e r s o n  f u n c t i o n .  Such 

a s e c t i o n  i s  known as  t h e  H a r k e r  s e c t i o n  ( H a r k e r ,  1936) .  When 

r e f l e x i o n  d a t a  f o r  l e v e l s  (n,| k l ) ,  n,j = 0 , 1 ,  (h n^ I ) ,  

r>2 = 0 . . .  7 ,  and  ( hko )  had  been  col  l e c t e d  and p r o c e s s e d ,
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c o m p u t a t i o n  o f  t h e  H a r k e r  s e c t i o n  a f  y = 5 ,  P (x  5 z)  «

V I F ( h k l )  c o s  2 TT ( hx  + I z ) , was u n d e r t a k e n

t o  p r o v i d e  more  a c c u r a t e  c o - o r d i n a t e s  f o r  t h e  i o d i n e  a t om

p o s i t i o n s .  Some 2 , 0 0 0  c o e f f i c i e n t s  ( IF ( h k l )  I s )  we r e

i n c l u d e d  in t h e  s e r i e s .  To r e d u c e  t h e  n e g a t i v e  r e g i o n s  
2F ( 000)  was a r b i t r a r i l y  a s s i g n e d  a v a l u e  o f  4 0 0 .  The 

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

t o  be compu t e d  and i t  was f o u n d  c o n v e n i e n t  t o  c a l c u l a t e  i t s  

v a l u e  a t  i n t e r v a l s  o f  a / 3 0  In t h e  _a - ax i s  d i r e c t i o n  and  c / 3 0  

in t h e  £ - a x i s  d i r e c t i o n .  When t h e  H a r k e r  p e a k s  had  been 

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

t h e  p e a k s  was r e c o m p u t e d  a t  i n t e r v a l s  o f  1/60 o f  t h e  u n i t  

c e l l  edge  in b o t h  a x i a l  d i r e c t i o n s ,  and a c c u r a t e  c o - o r d i n a t e s  

f o r  t h e  p e a k s  d e t e r m i n e d  by g r a p h i c a l  i n t e r p o l a t i o n .  F i g .  

2 . 5 a  shows t h e  H a r k e r  p e a k s ,  r e p r e s e n t i n g  v e c t o r s  be t ween  

i od i ne  a t oms  in t h e  u n i t  c e l l  r e l a t e d  by t h e  s c r e w - a x i s ,  and 

a p s u e d o - H a r k e r  p e a k ,  r e p r e s e n t i n g  a v e c t o r  b e t wee n  n on -  

symmet r y - r e  I a t  ed i o d i n e  a t oms  whose  y -  c o - o r d i n a t e s  d i f f e r  by 

F i g .  2 . 6 .  shows s e c t i o n  y = 1 o f  t h e  l a t e i — c a l c u l a t e d  

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

1 , 000 / F /  t e r ms  h a s  r e s u l t e d  in a d e c l i n e  in t h e  p r o mi n e n c e

o f  t h e  p s u e d o - H a r k e r  p e a k .  From t h e  work d e s c r i b e d  in s u b ­

s e c t i o n s  2 . 5 . 1  and 2 t h e  c o - o r d i n a t e s  i n Ta b l e  2 . 2  wer e  

a s s i g n e d  t o  t h e  two i n d e p e n d e n t  i o d i n e  a t oms  and wer e  no t  

v a r i e d  in t h e  s u b s e q u e n t  a n a l y s i s  u n t i  I a l a t e  s t a g e  o f  t h e  

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

T a b l e  2 . 2 .  C o - o r d i n a t e s  o f  i o d i n e  a t oms  

x y z

I 0 . 0 6 1 7  0 . 0 3 6 7  0 . 0 2 9 2

I 0 . 1 3 3 3  0 . 0 3 6 7  0 . 3 6 5 8
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2 . 5 , 3 .  The t h r e e - d i m e n s i o n a l  I n v e s t i g a t i o n .

. Us i ng  a M e r c u r y *  e l e c t r o n i c  d i g i t a l  c o mp u t e r

t h r o u g h  t h e  a g e n c y  o f  Dr .  O . S .  M i l l s  ( M a n c h e s t e r  U n i v e r s i t y ) ,

s t r u c t u r e  f a c t o r s  ( S F l )  we r e  c a l c u l a t e d ,  on t h e  b a s i s  o f  t h e

i o d i n e  c o - o r d i n a t e s  in T a b l e  2 . 2 ,  f o r  t h o s e  p l a n e s  f o r  whi ch

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

d a t a .  The r e l i a b i l i t y  i n d e x ,  R = I IF I -  IF I I /  IF I,o c c
( I F  I and IF I a r e  r e s p e c t i v e l y  t h e  o b s e r v e d  and c a l c u l a t e d  

o c
s t r u c t u r e  a m p l i t u d e s ,  t h e  f o r m e r  b e i n g  on t h e  same s c a l e  as  

t he  l a t t e r )  was f o u n d  t o  h a v e  t h e  low v a l u e  o f  0 . 3 5  i n k e e p i n g  

both w i t h  t h e  n o n - c e n t r o s y m m e t r i c  s p a c e  g r oup  and t h e  domi nance  

o f  t h e  i o d i n e  a t oms  a s  X- r a y  s c a t t e r e r s .  The p h a s e - a n g l e  

a p p r o x i m a t i o n s  f r om SFl  and t h e  2 , 9 5 0  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  ( I  F I s ) w e i g h t e d  a c c o r d i n g  t o  t h e  methodcf Sim 

( 1959) wer e  u s e d  t o  c a l c u l a t e  t h e  c o r r e s p o n d i n g  t h r e e - d i m e n s i o n a l  

a p p r o x i m a t i o n  o f  t h e  e I 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  ( F I )• The 

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

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

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

more s u b j e c t i v e  a s s e s s m e n t s  o f  t h e  r e l i a b i  l l t y  o f  p h a s e - a n g l e  

i n f o r m a t i o n .  The symmet ry  e l e m e n t  i n t h e  s p a c e  g r oup  o f  

e p i - l i m o n o l  i o d o a c e t a t e  r e q u i r e d  t h a t  t h e  e I e c t r o n - d e n s i t y  

f u n c t i o n  was c o mp u t e d  f o r  o n l y  h a l f  t h e  u n i t  c e l l  vol ume and 

in t h a t  vo l ume t h e  f u n c t i o n  was e v a l u a t e d  a t  i n t e r v a l s  o f  1 / 48 

° f  t h e  c e l l  edge  in a l l  t h r e e  p r i n c i p a l  d i r e c t i o n s .  A m a s t e r  

9r Id w i t h  t h e s e  i n t e r v a l s  on a s c a l e  o f  2 cms t o  t h e  Angs t r om
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was c o n s t r u c t e d  on p a p e r  f o r  s e c t i o n s  o f  t h e  u n i t  c e l l  

p e r p e n d i c u l a r  t o  t h e  s c r e w a x i s  and f r om t h i s  m a s t e r  c o p i e s  

were  made.  The c a l c u l a t e d  v a l u e s  f o r  t h e  e l e c t r o n  d e n s i t y  

were  i n s e r t e d  a t  t h e  a p p r o p r i a t e  g r i d - p o i n t  on t h e  c o r r e c t  

s e c t i o n  s h e e t .  Over  e a c h  s e c t i o n  t h u s  p r e p a r e d ,  a p e r s p e x  

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

t h e  e l e c t r o n  d e n s i t y  was drawn in wax p e n c i l .  The p e r s p e x  

s h e e t s  we r e  t h e n  s t a c k e d  and t h e  r e s u l t i n g  model  e x a mi ne d  

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

atoms a p p e a r e d  in t h e  same s i t e s  a s c r i b e d  t o  them by t h e  

p r e v i o u s  work b u t  we r e  s u r r o u n d e d  by s u c c e s s i v e  s h e l l s  o f  

n e g a t i v e  e l e c t r o n  d e n s i t y .  In a d d i t i o n ,  t h e  number  o f  

p r o mi n e n t  maxima whi ch  mi g h t  c o r r e s p o n d  t o  t h e  p o s i t i o n s  o f  

t he  c a r b o n  and oxyg e n  a t oms  in t h e  m o l e c u l e  was some t h r e e  

t i me s  g r e a t e r  t h a n  t h e  number  o f  a t oms  b e i n g  s o u g h t ,  and no 

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

were a p p a r e n t .  At t h i s  s t a g e  i t  was f e a r e d  t h a t  d i f f r a c t i o n  

e f f e c t s  i n t r o d u c e d  by t h e  d o mi na n t  s c a t t e r s  ( t h e  i o d i n e  a t o ms )  

and t h e  p o s s i b l e  a d d i t i o n a l  f a l s e  symmet ry r e s u l t i n g  f rom t h e  

s i m i l a r i t y  o f  t h e  i o d i n e  a t o m s '  y - c o - o r d i n a t e s  wer e  r e s p o n s i  b l e  

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

s t r u c t u r e  p r o b l e m  woul d  be u n u s u a l l y  d i f f i c u l t .

Two p r o j e c t s  t o  h e l p  t o  u n r a v e l  Fl  wer e  t h e n  

u n d e r t a k e n .  S i n c e  t h e  (OlO)  p r o j e c t i o n  o f  t h 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  was c e n t r e d ,  p h a s e - a n g l e s  f o r  t h e  ( h o i )  

zone c o u l d  o n l y  t a k e  v a l u e s  o f  z e r o  o r  TT in c o n t r a s t  t o  t h e



v a r i a b l e  v a l u e s  b e t we e n  z e r o  and 2 TT a l l o w e d  by a n o n - c e n t r i c  

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

s i n c e  t h e  r e l a t i v e  s c a t t e r i n g  poiwer o f  t h e  i o d i n e  a t oms  was so 

g r e a t ,  more  t h a n  h a l f  o f  t h e  p h a s e - a n g l e s  a s s i g n e d  t o  t h e  ( h o i )  

zone by c o n s i d e r i n g  o n l y  i o d i n e  c o n t r i b u t i o n s  woul d  be c o r r e c t ,  

wh i l e  h a l f  t h e  r e m a i n d e r  woul d  be c o r r e c t  by c h a n c e .  I t  

c o u l d  t h e r e f o r e  be c l a i m e d  t h a t  t h e  p r o j e c t e d  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  shown in F i g .  2 . 3 a  was i n h e r e n t l y  more  c o r r e c t  

t han  t h e  t h r e e - d i m e n s i o n a l  d i s t r i b u t i o n  even  i f  i t  was l e s s  

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

For t h e s e  r e a s o n s  i t  was c o n s i d e r e d  t h a t  maxima i n Fl whi ch 

c o r r e s p o n d e d  t o  maxima in t h e  p r o j e c t i o n  wer e  more l i k e l y  t o  

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

was hoped t h a t  i n c l u s i o n  o f  t h e  f o r me r  in a p h a s e - a n g l e  

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

s u c c e s s f u l  i n t e r p r e t a t i o n  o f  f u r t h e r  F o u r i e r  s y n t h e s e s .  Some 

40 a t o mi c  p o s i t i o n s  we r e  c h o s e n  by c o mp a r i n g  Fl and t h e  

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

( h o i )  z o n e ,  made u s i n g  t h e  s e t s  o f  c o - o r d i n a t e s  in d i f f e r e n t  

g r oups  o f  t w e n t y .  (The c a l c u l a t i o n s ,  l i k e  a l l  s u b s e q u e n t  o n e s ,  

were made on t h e  Gl asgow U n i v e r s i t y  DEUCE c o m p u t e r ) .  In no 

c a s e  d i d  t h e  a g r e e m e n t  i n d e x  ( R) ,  whi ch  f o r  t h i s  zone  was 0 . 4 8  

when o n l y  i o d i n e  p a r a m e t e r s  wer e  u s e d ,  f a l l  be l ow 0 . 4 3 .

The f u r t h e r  p o s s i b i  l i t i e s  o f  t h i s  p r o c e d u r e  wer e  

not  e x p l o r e d  s i n c e  o t h e r  l i n e s  o f  a t t a c k  wer e  s howi ng more 

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

somewhat  more  t h a n  h a l f  o f  t h e  p o s i t i o n s  c h o s e n  c o r r e s p o n d e d  

t o r e a l  a t o m i c  s i t e s *



42.

The s e c o n d  me t hod  o f  a t t a c k  i n v o l v e d  t h e  

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

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

o r i g i n  t o  e a c h  o f  t h e  i o d i n e  a t oms  in t u r n ,  and  t h e n  t h e  

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

minimum f u n c t i o n  ( s e e  S u b - S e c t i o n  1. 3 . 2 f ) •  The minimum 

f u n c t i o n  d e r i v e d  ( Pm; n ) p o s s e s s e d  a number  o f  maxima o f  

t he  same o r d e r  as  t h e  number  o f  unknown a t o m i c  p o s i t i o n s .

At  t h i s  t i m e  i t  was d i s c o v e r e d  t h a t  a s u b t l e  

p r ogr ammi ng e r r o r  in t h e  M a n c h e s t e r  c o m p u t a t i o n  o f  Fl  had 

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

c o r r e c t e d  F o u r i e r  s y n t h e s i s  ( F2)  o f  t h 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  r e v e a l e d  an a r r a n g e m e n t  o f  maxima r e a d i l y  

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

The a c c u r a t e  c o n c u r r e n c e  o f  t h e  m a j o r i t y  o f  t h e  maxima in 

Fmin and F2 a l l o w e d  t h e  c o n f i d e n t  a s s i g n m e n t  o f  c o - o r d i n a t e s  

to some f i f t y  e i g h t  a t o ms .  The c o - o r d i n a t e s  wer e  c h o s e n  

by v i s u a l  i n t e r p o l a t i o n  f r om t h e  c o n t o u r s  on a p e r s p e x  s h e e t  

r e p r e s e n t a t i o n  o f  F2 and c o n s e q u e n t l y  had an a c c u r a c y  no 

g r e a t e r  t h a n  0 . 0 1  o f  a c e l l  e d g e .  These  c o - o r d i n a t e s  were  

i n c l u d e d ,  w i t h  t h e  o r i g i n a l  i o d i n e  c o - o r d i n a t e s ,  in a 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  (SF2)  whe r e  an a r b i t r a r y  mean t e m p e r a t u r e  

f a c t o r  (B) o f  4 . 9 4  was u s e d ,  and a l l  t h e  l i g h t  a t oms  were  

assumed t o  be c a r b o n s .  U n s a t i s f a c t o r y  s c a l i n g  o f  t h e  

meant  t h a t  no v a l u e  f o r  R was o b t a i n e d  but  t h e  p h a s e - a n g l e s ,  

which a r e  i n d e p e n d e n t  o f  s uch  c o n s i d e r a t i o n s  were  i n c l u d e d  

wi t h  t h e  ( u n w e i g h t e d )  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  i n a new 

F o u r i e r  s y n t h e s i s  ( F 3 ) ,  f r om whi ch  c o - o r d i n a t e s  f o r  a l l  t h e



l i g h t  a t oms  we r e  o b t a i n e d .  The c o - o r d i n a t e s  o b t a i n e d  by 

v i s u a l  i n t e r p o l a t i o n  we r e  i n c l u d e d  in a 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  (B = 4 . 9 4 )  wh e r e  i t  was f o u n d  t h a t  R -  0 . 2 6 .

A f u r t h e r  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  (SF3)  u s i n g  more 

a c c u r a t e  c o - o r d i n a t e s  o b t a i n e d  by t h e  me t hod  o f  Boot h ( 1948)  

but  e x c l u d i n g  t h e  c o n t r i b u t i o n  o f  C l 7 and t h e  a t oms  o f  t h e  

f u r a n  r i n g  a t t a c h e d  t o  i t  ga ve  R = 0 . 2 4 .  The e x c l u d e d  a t oms  

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

a l l o c a t i o n  o f  a c c u r a t e  c o - o r d i n a t e s  d i f f i c u l t .  The r e l a t i v e  

h e i g h t s  o f  t h e  maxima in F3 a l l o w e d  u s e  o f  t h e  c o r r e c t  form 

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

09 whi ch was s t i  I I t r e a t e d  as  a c a r b o n ;  03 and 03 d i d  no t  

e n j oy  g r e a t e r  p e a k  h e i g h t  in F3 bu t  wer e  r e q u i r e d  t o  be o x yge ns  

by t h e  c h e m i c a l  e v i d e n c e  ( p r i v a t e  c o mmu n i c a t i o n  f rom D.H.R.  B a r t o n ) .

2 . 5 . 4 .  The r e f i n e m e n t  o f  t h e  s t r u c t u r e . The 

r e l u c t a n c e  t o  d e f i n e  09 a s  an oxygen  r a t h e r  t h a n  a c a r b o n  atom 

and t h e  e x c l u s i o n  o f  s i x  a t oms  f rom o u r  c a l c u l a t i o n s  was no t  

due t o  any i g n o r a n c e  o f  t h e i r  k i n d  and p o s i t i o n  but  r e s u l t e d  

from a d e s i r e  t o  a s s ume  o n l y  t h a t  whi ch  was c e r t a i n  and no t  

mer e l y  t h a t  wh i c h  was h i g h l y  p r o b a b l e .  T h e r e f o r e  i t  can be 

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

( s e e  F i g .  2 . 7 )  and  h e n c e  o f  l i mo n i n  was e s t a b l i s h e d  and t h a t  

t he  s u c c e e d i n g  o p e r a t i o n s  we r e  r e q u i r e d  o n l y  t o  impr ove  t h e  

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

The p h a s e - a n g l e s  f r om SF3 wer e  i n c l u d e d  in a new 

F o u r i e r  s e r i e s  ( F4)  and t h e  r e f i n e d  c o - o r d i n a t e s  o f  t h e  l i g h t  

atoms d e t e r m i n e d  by B o o t h ’ s me t h o d .  I t  was c o n s i d e r e d
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n e c e s s a r y  t o  r e p r e s e n t  t h e  e I e c t r o n - d e n s i t y  f u n c t i o n  by 

c o n t o u r s  o n l y  i n t h e  r e g i o n  o f  t h e  s i x  a t oms  whi ch  had 

s t i l l  t o  be a s s i g n e d  a c c u r a t e  c o - o r d i n a t e s .  C o n s i d e r a t i o n  

o f  F4 s t i l l  d i d  n o t  a l l o w  t h e s e  c o - o r d i n a t e s  t o  be c h o s e n  

a c c u r a t e  l y •

I t  was now hope d  t o  a c c e l e r a t e  t h e  s t r u c t u r a l  

r e f i n e m e n t  by t h e  me t h o d  o f  L e a s t  S q u a r e s  (Hughes  1941;

Booth 1947)  i n t h e  f o r m p r o v i d e d  by a s t a n d a r d  N . P . L .  DEUCE 

programme.  T h i s  pr ogr amme f u r n i s h e s  s t r u c t u r e  f a c t o r s  ( f o r  

t he  c o - o r d i n a t e s  p r o v i d e d ) ,  t h e  s h i f t s  t o  be a p p l i e d  t o  

a t omi c  c o - o r d i n a t e s ,  and t h e  opt i mum a n i s o t r o p i c  t e m p e r a t u r e  

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

p r ob l ems  i n v o l v i n g  64 a t o ms ,  and Ol ,  2,  3,  4 ,  5 ,  6,  7,  8,  9 

were e x c l u d e d  in a d d i t i o n  t o  C17 and i t s  a t t a c h e d  f u r a n  r i n g .  

Even t h e n  i t  was n o t  f o u n d  p o s s i b l e  t o  s o l v e  t h e  normal  

e q u a t i o n s  f r om some o f  t h e  s e t s  o f  d a t a  and n e v e r  p o s s i b l e  t o  

s o l v e  any f o r  t h e  i o d i n e  p a r a m e t e r s .  R was n o t  e v a l u a t e d  

but  new c o - o r d i n a t e s  we r e  d e r i v e d  f o r  62 l i g h t  a t oms  and i t  

was d e c i d e d  t o  r e s u me  r e f i n e m e n t  by t h e  p r e v i o u s  ' F^ ‘s y n t h e s i s 1 

met hod.  The l a t e r  t r e n d  o f  t h e  r e f i n e m e n t  makes i t  mos t  

d o u b t f u l  t h a t  u t i l i s a t i o n  o f  t h e  l e a s t  s q u a r e s  programme was 

wi se  a t  t h i s  s t a g e .

The new c o - o r d i n a t e s  p r o v i d e d  by t h e  l e a s t  s q u a r e s  

c a l c u l a t i o n s ,  t h e  o r i g i n a l  i o d i n e  co—o r d i n a t e s  and t h e  F4 

c o - o r d i n a t e s  f o r  O l ,  . . . ,  9 wer e  u s e d  t o  c a l c u l a t e  s t r u c t u r e  

f a c t o r s  ( S F 5 ) . B was g i v e n  a v a l u e  o f  4 . 6 6  and R was f ound  

+0 be 0 . 2 2 .  F o u r i  e r  s e r i e s  ( F5)  u s i n g  t h e  p h a s e - a n g l e s  f rom



TABLE A.

R e la tio n s h ip  between c o -o rd in a te s  
l i s t e d  in  Table 2 .3  and atom s in  

Ft a* ( e )  e t c .

The atom, numb e r in g ' i s  th e  ro v -i e e d -v e r s io n  doeen ib s d - in  
th e  addend um*

For u n l is te d  atom s th e  i d e n t i t y  o p era tio n  (x ,  y ,  z )  has 
to  be assumed•

Atom Qperat ion  Atom Operation

C 3 1-x, i  * y -  1 , - z C 5 f 2-x, £ + y  - 2, i n
4 X, y , z - l 6 f 2-x, £■ + y - 2, 2-i

19 l —X, i  * V, i - z 7f 1+x, y> *
81 1-x, & * y> i - z 9 f 2 -x , i + y - 2 , 1-e
88 X, H’ z - 1 10f 2—x , i + y  - 2 , 1-x
89 l —X, i  + v-i> - z 19f 1+x, y> i

0 1 X , H* z - 1 28f 2-x, i + y - 2 , l-i
8 l —X, i  * y-i> - z 29 f 2-x, i + y  - 2 , 1-e
3 l —X, J  + y  2- z 30r 1+x, y> e
9 l —X, J  + y  i - z 31f 1+x, y> e

32 f 1+x, y> e
I ' 1+x, y , z
C i f l —X, i  * y - 2 ,  i - z 0 l f 2-x, i + y - 2, 1-e

8 1 l —X, J  + y  - 2 ,  i - z 2 f 2-x, i + y  - 2, 1-e
3 f 8 -X , y  - 2 ,  2 - z 3f 2-x, + y  - 2, 1-e
4r 2-x, J  + y - 2 ,  2 - z 4 r 1+x, y> e

5» 1+x, y> 1+e
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( SF5)  a l l o w e d  c o - o r d i n a t e s  t o  be a l l o t t e d  t o  a l I  a t o ms  i n 

t h e  two m o l e c u l e s  i n t h e  a s y m m e t r i c  c r y s t a l  u n i t .  At  a nd  

f r om t h i s  s t a g e  s h i f t s  i n t h e  i o d i n e  c o - o r d i n a t e s  we r e  a l s o
i

d e t e r m i n e d .  09 was c o n f i r m e d  t o  be an o x y g e n  a t om b u t  i t  

was n o t  c e r t a i n  t h a t  t h e  ne wl y  i n t r o d u c e d  09 was s o .

The wh o l e  p r o c e d u r e  was r e i t e r a t e d  i n  SF6 

(B = 4 . 6 6 ,  R = 0 .  198)  and  F6,  f o I  l owed by 5F7 (B = 4 . 9 4 /

R = 0 . 1 9 7 )  and  F7 wh i c h  c o n f i r m e d  09 a s  an o x y g e n  a t o m.

The p r o g r e s s  o f  t h e  r e f i n e m e n t  i s  o u t l i n e d  i n  T a b l e  2 . 3 .

I t  i s  h o p e d  t h a t  in t h e  i n t e r v a l  s i n c e  t h i s  was

w r i t t e n  f i n a l  r e f i n e m e n t  by t h e  e l i m i n a t i o n  o f  s e r i e s

t e r m i n a t i o n  e r r o r s  by an F s y n t h e s i s  ( B o o t h  1946,  1 9 4 7 b ) ,
c

by i mp r o v e me n t  o f  t h e  t e m p e r a t u r e  f a c t o r ( s )  u s e d /  and  p e r h a p s  

by mor e  s a t i s f a c t o r y  c o r r e l a t i o n  o f  t h e  o r i g i n a l  sd 's o f  

i n t e n s i t y  d a t a ,  wi I I h a v e  been  a c h i e v e d .

2 . 6 .  The n a t u r e  o f  t h e  s t r u c t u r e .

The i n v e s t i g a t i o n  j u s t  d e s c r i b e d  r e v e a l e d  l i m o n i n  

t o  be a h i g h l y  o x y g e n a t e d  t r i t e r p e n o i d  compound w i t h , t h e  

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

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

F i g .  2 . 8 .  I t  was  p o s s i b l e  t o  d e f i n e  n o t  m e r e l y  t h e  p o s i t i o n s  

o f  a l l  t h e  a t o ms  in t h e  two i n d e p e n d e n t  m o l e c u l e s  i n t h e  

a s y m m e t r i c  c r y s t a l  u n i t /  bu t  a l s o  t o  d e s c r i b e  t h e  a t o m i c  

s p e c i e s  o f  e a c h  a t om by c o n s i d e r i n g  r e l a t i v e  p e a k  h e i g h t s  

i n t h e  s u c c e s s i v e  F o u r i e r  s y n t h e s e s .
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At t h e  p o i n t  w h e r e  t h e  X - r a y  work was a b l e  t o  

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

s t e r e o c h e m i c a l  p r o b l e m ,  p a r t i a l  s t r u c t u r e  ( IV) ha d  b e e n  

u n a m b i g u o u s l y  e s t a b l i s h e d  by t h e  mor e  c l a s s i c a l  m e t h o d s  

o f  o r g a n i c  a n a l y s i s  ( D. H. R.  B a r t o n ,  p r i v a t e  c o m m u n i c a t i o n  

I 959) «  S i n c e  t h a t  t i m e ,  P r o f e s s o r  B a r t o n  and  h i s  a s s o c i a t e s  

h a v e  b e en  a b l e  t o  r a t i o n a l i s e  t h e  g r e a t  mas s  o f  c h e m i c a l  

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

a b o v e .  ( A r r i g o n i  e t .  a l . ,  19-59) •

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

y i e l d e d  t h e  e q u a t o r i a l l y  c o n f i g u r a t e d  e p i m e r i c  l i mo n o l  was 

c o n f i r m e d .  The r i n g  j u n c t i o n s  A/A shows  c i s ,  A / B  t r a n s ,

B/C t r a n s  and  C/D t r a n s  f u s i o n ,  w h i l e  t h e  a n g u l a r  m e t h y l  

g r o u p s  (C 18 and  C 30)  h a v e  a x i a l  c o n f o r m a t i o n s .  In t h e  

d e c a l i n  p a r t  o f  t h e  m o l e c u l a r  s k e l e t o n  r i n g s  B and  C h a v e  

' c h a i r '  a nd  ' b o a t '  c o n f o r m a t i o n s  r e s p e c t i v e l y .

B i o g e n e t i c a I  Iy l i m o n i n  i s  a b i c a r b o c y c I i c  

t r i t e r p e n o i d  r e l a t e d  t o  eupho  I (V) B a r t o n  e t  a l .  1954,  1955/

A r r i g o n i  e t  a l . ,  1954)  f r om whi ch  t h e  f o u r  a t o ms  t e r m i n a t i n g  

t h e  me t hy  I - i s o h e p t e n y  I s i d e c h a i n  h a v e  been  r e mo v e d  and  t h e  

r e m a i n d e r  c o n v e r t e d  i n t o  a f u r a n  r i n g .  Ri ng  A h a s  b e e n  

o x i d a t i v e l y  c l e a v e d  b e t w e e n  C 3 a nd  C 4 and  t h e  C 3 c a r b o n y l  

t h u s  f o r m e d  o x i d a t i v e l y  eye  I i s e d  on t o  C 19 ~ t h e r e  a r e  

t w i n  p r e c e d e n t s  f o r  t h i s  C 3 -  C 4 b i o g e n e t i c  c l e a v a g e  i n  a 

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

o f  d e m m a r e n o l i c  a c i d  ( V l )  a nd  n y c a n t h i c  a c i d  ( VI I )

( A r r i g o n i  e t c .  a l . ,  I959> Whi t ham,  1959)* The l i m o n i n



s t r u c t u r e  wo u l d  f u r t h e r  r e q u i r e  a B a e y e r - V i  I I i g e r  o x i d a t i v e  

c l e a v a g e  o f  a r i n g  D 16 -  k e t o n e ,  f o l l o w e d  by r e c y c  I i s a t i o n  

t o  g i v e  t h e  r i n g  D l a c t o n e ;  one  m e t h y l  g r o u p  wo u l d  r e q u i r e  

t o  m i g r a t e  f r om C 14 t o  C 8 .  S i n c e  o x i d a t i o n  o f  

d i h y d r o b u t y r o s p e r m o I  ( VI I I ) by c h r o m i c  a c i d  y i e l d s  a 

7 -  k e t o n e  ( I X)  ( L a w r i e  e t  a l . ,  1 9 5 6 ) ,  i t  i s  n o t  i n c o n c e i v a b l e  

t h a t  f u r t h e r  o x i d a t i o n  a n d  B a e y e r - V i  I I i g e r  r e a c t i o n  wo u l d  

y i e l d  s u c c e s s i v e l y  t h e  16 -  k e t o n e ,  t h e  e p o x i d i s e d  k e t o n e ,  

and  f i n a l  ly an e p o x y —I a c t o n e  o f  t h e  same p a r t i a l  s t r u c t u r e  

as  l i m o n i n  -  s e e  (X) -  (XI I )•

The n u m b e r i n g  c o n v e n t i o n  f o r  t h e  a t o ms  i n  l i m o n i n  

f o l l o w s  f r o m t h e s e  b i o g e n e t i c  h y p o t h e s e s .  Wher e  i t  h a s  b e e n  

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

a s y m m e t r i c  c r y s t a l  u n i t  p r i m e d  n u mb e r s  h a v e  b e en  us e d *

2 . 7 .  Cone 1 us  i o n .
\

Thus  t h e  127 y e a r s  o l d  p r o b l e m  o f  t h e  s t r u c t u r e  o f  

l i m o n i n  h a s  been  s o l v e d ,  and  in t h e  p r o c e s s  i t  h a s  b e e n  shown 

t h a t  a 70 -  a t om s t r u c t u r a l  p r o b l e m  ( t wo  c h e m i c a l  m o l e c u l e s  

wer e  c o n c e r n e d ,  h y d r o g e n s  w e r e  i g n o r e d )  c an  be s u c c e s s f u l l y  

e l u c i d a t e d  by t h e  m e t h o d s  o f  X - r a y  a n a l y s i s ,  u s i n g  no mor e  

c h e mi c a l  i n f o r m a t i o n  t h a n  a m o l e c u l a r  f o r m u l a ,  and  t h e  

k n o wl e d g e  t h a t  an a l c o h o l i c  h y d r o x y l  f u n c t i o n  c o u l d  be p r o d u c e d  

in e a c h  m o l e c u l e .  I t  c an  p r o b a b l y  be a s s e r t e d  t h a t  t h i s  l a t e r  

i n f o r m a t i o n  wo u l d  h a v e  been  u n n e c e s s a r y ,  a nd  t h e  c r y s t a I l o g r a p h i c  

p r o b l e m no mor e  d i f f i c u l t  i n e s s e n c e ,  ha d  t h e  c r y  s t  a I I o g r a p h  i cal ly 

s u i t a b l e  s o l v a t e s  wh i c h  we r e  s o u g h t  be en  a v a i l a b l e *
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C H A P T E R  I I I .

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

3 ,  I • I n t r o d u c t  i on

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

t h e r a p e u t i c a l l y  and  b i o g e n e t i c a I  Iy i m p o r t a n t  a n t i b i o t i c s  

c h a r a c t e r i s e d  by a l a c t o n e  m o i e t y  o f  l a r g e  r i n g  s i z e * .  

Me t h y my c i n  ( X I I I )  was t h e  f i r s t  a n t i b i o t i c  o f  t h i s  c l a s s  

f o r  wh i c h  a c o m p l e t e  s t r u c t u r e  c o u l d  be p r e s e n t e d  ( Do n i n  

e t  a l . ,  1954;  D j e r a s s i  e t  a l . ,  1956a ,  b ,  c ,  d ) .  Me t h y my c i n  

i s  p r o d u c e d  in a f e r m e n t a t i o n  p r o c e s s  by a S t r e p t o m y c e s  

s t r a i n  ( D j e r a s s i  e t  e l . ,  1 9 5 6 a ) ,  and  f r om t h e  m o t h e r - I i q u o r s  

a f t e r  i t s  r e mo v a l  t h e  i s o m e r i c  ne ome t hymyc  i n (XIV) can  be 

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

s e c o n d  m a c r o l i d e  h a s  b e en  d e s c r i b e d  by D j e r a s s i  ( 1 9 5 7 ,

1958a ,  b ) .  A f u r t h e r  i s o me r  pyk r omyc  i n a l s o  p r o d u c e d  by a 

S t r e p t o m y c e s  s t r a i n  c a n ,  on t h e  b a s i s  o f  r e p o r t e d  d e g r a d a t i o n s ,  

( A n l i k e r ,  I 9 5 7 e ,  b;  Br ockmann  1 9 5 7 ) ,  o n l y  h a v e  s t r u c t u r e  

( X I I I )  ( E p i m e r i c  a t  C -  3 w i t h  me t h y my c i n )  o r  (XV) .  O t h e r  

a n t i b i o t i c s  in t h i s  s e r i e s  whos e  s t r u c t u r e s  h a v e  b e en  

d e t e r m i n e d  i n c l u d e  maqnamyc i n (XVI)  (Woodward 1957)  and  

e r y t h r o m y c  i n ( XVI I )  ( W i l e y ,  1 9 5 7 ) .

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

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

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

s t a t i s t i c a l  v a l i d i t y  o f  t h e  b i o g e n e t i c  s p e c u l a t i o n s  o f
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Woodward ( 1 9 5 7 )  a n d  B i r c h  ( 1 9 5 7 )  i s  e n h a n c e d .  F u r t h e r  

o b s e r v a t i o n s  o f  b i o g e n e t i c  s i g n i f i c a n c e  c a n  be made by 

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

c e n t r e s  i n  t h e s e  m a c r o l i d e s  and  some p r o g r e s s  t o w a r d s  t h i s  

end h a s  b e e n  r e p o r t e d  ( D j e r a s s i ,  1 9 5 8 b )•

3*2 .  The X - r a y  c r y s t a  I I o q r a p h i c  i n v e s t i g a t i o n  
o f  t h e  m a c r o l i d e  a n t i b i o t i c s .

X - r a y  work in t h i s  f i e l d  h a s  b e e n  u n d e r t a k e n  

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

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

a t  e a c h  a s y m m e t r i c  c e n t r e  i n  m e t h y m y c i n ,  n e o m e t h y m y c i n ,  and  

p y k r o my c i n ,  and  o f  d e f i n i n g  t h e  c o n f o r m a t i o n  o f  t h e s e  

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

3 . 2 . I.  M a c r o l i d e s  and  m a c r o l i d e  d e r i v a t i v e s . The 

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

f o r mul a  C ^H ^I 0^ S a mp l e s  o f  e a c h  we r e  a v a i l a b l e ,  t h a t  o f  

neomet hymycI n  i n t h e  f or m o f  i t s  m e t h y l e n e  d i c h l o r i d e  s o l v a t e .  

Each ma c r o  I i d e  c o n t a i n s  t h e  a m i n o - s u g a r  g r o u p ,  o f  d e s o s a m i n e ,  

and f o r  me t h y m y c i n  and  n e o m e t h y m y c i n  t h e  a g l y c o n e s  ( s u g a r - f r e e  

r e s i d u e s )  m e t h y n o l i d e  and  n e o me t h y n o  I i d e  we r e  a l s o  a v a i l a b l e .

I t  was f e l t  t h a t  t h e  s u c c e s s f u l  a c h i e v e m e n t  o f  s t r u c t u r e  

d e t e r m i n a t i o n  i n t h i s  f i e l d  wo u l d  l i e ,  a s  w i t h  l i m o n i n ,  i n  

the i n v e s t i g a t i o n  o f  s u i t a b l e  h e a v y  a t om d e r i v a t i v e s .  

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

d e r i v a t i v e  a nd  i t  was d e c i d e d  t o  u n d e r t a k e  a c r y s t a  I l o g r a p h i c  

study o f  t h i s  compound s i m u l t a n e o u s l y  w i t h  a t t e m p t s  t o  p r e p a r e  

o t h e r s  o f  a s i mi  l a r  n a t u r e #
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The c h I o r a c e t f c  e s t e r s  o f  t h e  a g l y c o n e s  and  a 

q u a t e r n a r y  m e t h i o d i d e  o f  p y k r o m y c i n  h a v e  b e e n  made b u t  I t  

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

them s u i t a b l e  f o r  X - r a y  d i f f r a c t i o n  s t u d i e s .  In a d d i t i o n  

t h e  n e o me t h y my c I n  m e t h y l e n e  d l c h l o r l d e  s o l v a t e  h a s  b e en  

d e s o l v a t e d  by h e a t i n g  t o  I00°C a t  5 mm p r e s s u r e  f o r  24 h o u r s .  

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

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

s o l v a t e s  wh i c h  a r e  a t  p r e s e n t  b e i n g  i n v e s t i g a t e d .

3 . 2 . 2 .  C r y s t a I  I o q r a p h I c  d a t a  f o r  p y k r o m y c i n  e nd  

n e o me t h y my c i n  m e t h y l e n e  d i c h l o r i d e  s o l v a t e . P y k r o m y c i n  and  

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

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

s y s t e m,  t h e  f o r m e r  w i t h  a p r i s m a t i c  h a b i t  and  t h e  l e t t e r  In

s i x - s  i ded pI a t  e s .

Z e r o - l a y e r  p r e c e s s i o n  c a me r a  p h o t o g r a p h s  t a k e n

wi th Mo X - r a d i a t i o n  y i e l d e d  t h e  u n i t  c e l l  p a r a m e t e r s

shown in T a b l e  3 . 1 .  In b o t h  c a s e s  t h e  s o l e  d i f f r a c t i o n

c o n d i t i o n s  we r e  t h a t  ( h o o ) ,  ( o k o ) ,  end ( o o l )  we r e  p r e s e n t

on l y  f o r  h ,  k ,  I e v e n  so  t h a t  t h e  s p a c e  g r o u p  was P2.  2.  2,  -  
4 I I I

D2* C r y s t a l  d e n s i t i e s  we r e  d e t e r m i n e d  i n t h e  u s u a l  way 

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

f our  m o l e c u l a r  f o r m u l a  w e i g h t s .

3 . 2 . 3 .  Ne o me t h y my c j n  m e t h y l e n e  d i c h l o r i d e  s o l v a t e . 

F u r t h e r  s t u d y  o f  t h i s  s o l v a t e  i s  b e i n g  u n d e r t a k e n  a t  t h e  same 

t ime as  o t h e r  d e r i v a t i v e s  a r e  b e i n g  p r e p a r e d  and  e x a m i n e d .

In n e o m e t h y m y c i n  m e t h y l e n e  d i c h l o r i d e  s o l v a t e  t h e



TABLE 3 . 1 .

C rv a ta llo  g ra p h ic  d a ta  fo r  neom ethim vcin and ovkrom ucin.

Neomethymycin m ethylene  
d ic h lo r id e  s o lv a te

Pykrom ycin

Molecular form ula

D (gm. cm."3) 
D (gm. cm. JX

Molecular weight 
Space group

CM 07-CH2C12

1 .1 9

1.22
5 5 4 .4

PW l  -  D2
4

° 2 ^ ° 7

o (A) 1 2 .4 2  -  0 .0 2 1 1 .2 6  -  0 .0 2
b (A)0 2 0 .9 2  -  0 .0 2 25.71  -  0 .0 2
c  (A) 1 1 .5 7  t  0 .0 2 1 0 .4 8  -  0 .0 2
U (A3 ) 3008 .8 303 6 .6
Z 4 4

1.01
1 .0 3

4 6 9 .5
4
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s c a t t e r i n g  power  o f  t h e  c h l o r i n e  a t o ms  i s  by no means  
2 2

d o m i n a n t ,  Zq j /  21 Z|_ B 0 , 4  / so a f u r t h e r

p u r p o s e  was a d d e d  t o  o u r  i n v e s t i g a t i o n ,  v i z . ,  t h e  p o s s i b l e  

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

whe r e  t h e  ’ he avy*  a t om was r a t h e r  l e s s  d o m i n a n t  t h a n  u s u a l *

M u l t i p l e  e x p o s u r e  s e r i e s  f o r  f i v e  l e v e l s  ( 0  • • •  4 )  

a l o n g  t h e  c - a x i s  and  f o r  t h e  ( h o i )  z o n e  we r e  o b t a i n e d  u s i n g  

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

a l o n g  t h e  a - a x i s  we r e  o b t a i n e d  u s i n g  an e q u i - i n c  I i n a t i o n  

W e i s s e n b e r g  g o n i o m e t e r .  Mo r a d i a t i o n  was  u s e d  i n  e a c h  

c a s e .  The i n t e n s i t i e s  o f  t h e  r e f l e c t i o n s  we r e  e s t i m a t e d  

by c o m p a r i s o n  w i t h  a s e r i e s  o f  c a l i b r a t e d  s p o t s .  The 

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

and s u c h  was t h e  q u a l i t y  o f  t h e  r e f l e x i o n s  r e c o r d e d  t h a t  f o r  

t he  W e i s s e n b e r g  s e r i e s  t h e  d i s c r e p a n c y  b e t w e e n  s u c c e s s i v e  

e s t i m a t i o n s  n e v e r  e x c e e d e d  12% and  f o r  t h e  p r e c e s s i o n  s e r i e s  

t hey d i d  n o t  e x c e e d  8%. The e x p e r i m e n t a l  d a t a  was p r o c e s s e d  

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

i o d o a c e t a t e  d a t a  y i e l d i n g  a g r o u p  o f  some 1 , 7 0 0  i n d e p e n d e n t  

s t r u c t u r a l  a m p l i t u d e s .  T h i s  number  i s  r a t h e r  l e s s  t h a n  

might  h a v e  b e e n  e x p e c t e d  and  i s  a p p a r e n t l y  c a u s e d  by t h e  

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

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

angl e  i s  i n c r e a s e d .

P r o j e c t i o n s  o f  t h e  P a t t e r s o n  v e c t o r  d i s t r i b u t i o n  

down a l l  t h r e e  p r i n c i p a l  c r y s t a  I I o g r a p h I c  a x e s  w e r e  c o mp u t e d  

on DEUCE b o t h  w i t h  a nd  w i t h o u t  s h a r p e n i n g  m o d i f i c a t i o n .  A
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s h a r p e n e d  t h r e e - d i m e n s i o n a I  P a t t e r s o n  d i s t r i b u t i o n  h a s  a l s o  

been c o mp u t e d  u s i n g  a l l  t h e  d a t a .  The t h r e e  H a r k e r  s e c t i o n s  

o f  t h i s  l a s t  f u n c t i o n  i . e .  a t  x *= i ,  y = i  a n d  z = i  a r e  

shown i n F i g s .  3 . 1 /  3 . 2 /  a nd  3 . 3 .  As t h e s e  f i g u r e s  show, 

t h e  ch I o r i n e - c h I  o r i n e  v e c t o r s  a r e  n o t  s u f f i c i e n t l y  domi han ' t  

f o r  t h e  maxima due  t o  t hem t o  be i m m e d i a t e l y  i d e n t i f i e d .  At  

p r e s e n t  t h e  maxi ma o f  t h e  P a t t e r s o n  f u n c t i o n s  ( b o t h  two -  and  

t h r e e  -  d i m e n s i o n a l )  a r e  b e i n g  i n v e s t i g a t e d  i n t e n s i v e l y  i n  an 

a t t e m p t  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  t h e  two c h l o r i n e  a t o ms  

in t h e  a s y m m e t r i c  c r y s t a l  u n i t .  Use  i s  b e i n g  made o f  t h e  

f a c t  t h a t  t h e  Cl -  Cl d i s t a n c e  in m e t h y l e n e  d i c h l o r i d e  i s  

known.  When t h e  c h l o r i n e  p o s i t i o n s  h a v e  b e e n  d e t e r m i n e d  i t  

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

s i m i l a r  t o  t h o s e  d e s c r i b e d  i n  C h a p t e r  ! l #
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APPENDIX I .  j

The c o m p u t a t i o n  o f  F o u r i e r  s e r i e s .

I .  I n t r o d u c t i o n---------------------------------------------------------------------------------------------------------------------------------------  i!
i'

Two o f  t h e  a l ms  o f  X - r a y  c r y s t a I  I o g r a p h I c  s t r u c t u r a l  |

s t u d i e s  v i z .  s t r u c t u r e  d e t e r m i n a t i o n  f o r  l a r g e  and  c o mp l e x  m o l e c u l e s !  

whi ch h a v e  d e f i e d  t h e  c l a s s i c a l  me t h o d s  o f  s t r u c t u r a l  a t t a c k ,  and  I

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

e f f i c i e n t l y  t h a n  by t h e  o r d i n a r y  t e c h n i q u e s ,  r e q u i r e  t h e  a i d  o f  1

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

These  a r e  r e n d e r e d  l e n g t h y  by t h e  g r e a t  w e a l t h  o f  d a t e  i n v o l v e d  o r  |

by c o m p l e x i t y  o f  t h e  c a l c u l u s  o f  t h e  p r o c e d u r e s  o r  b o t h ,
I

The c o l l e c t i o n  a nd  e s t i m a t i o n  o f  i n t e n s i t i e s  w i l l  

n o r m a l l y  be f o l l o w e d  by t h e i r  c o r r e c t i o n  a nd  s c a l i n g  and  by t h e  j

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

may t h e n  be  e v a l u a t e d  a n d  s t r u d u r a l  f e a t u r e s  e s t a b l i s h e d .  T h i s  

wl I I u s u a l l y  be s u c c e e d e d  by many 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  I

end F o u r i e r  s y n t h e s e s  i n v o l v i n g  t h e  e v a l u a t i o n  o f  many -  t e r m e d  j

F o u r i e r  s e r i e s  a t  many p o i n t s  in s p a c e  ( i n  t h e  s t u d y  o f  e p i - l i m o n o l '  

i o d o a c e t a t e  some 3 ,0 0 0  t e r m s  we r e  i n c l u d e d  a nd  t h e  f u n c t i o n  I

e v a l u a t e d  a t  49 x 49 x 25 p o i n t s )  and  p e r h a p s  l e a s t  s q u a r e s  |

r e f i n e m e n t  c y c l e s .

The r e c e n t  i n t r o d u c t i o n  o f  a DEUCE g e n e r a l  p u r p o s e  1

d i g i t a l  c o m p u t e r  in Gl a s g o w h a s  c o n s i d e r a b l y  e x p e d i t e d  c o m p u t a t i o n  

l e a v i n g  t h e  c o l l e c t i o n  a n d  e s t i m a t i o n  o f  i n t e n s i t i e s  a s  t h e  !

' s l ow s t a g e 1 in s t r u c t u r e  a n a l y s i s .  I n p u t  a nd  o u t p u t  on DEUCE 

ere in t h e  f o r m o f  p u n c h e d  c a r d s ,  a nd  i t  i s  now p o s s i b l e  by means
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o f  s t a n d a r d  p r o g r a m s  t o  p r o c e e d  w i t h  t h e  s u c c e s s i o n  o f  c o r r e c t i o n  

and  c o r r e l a t i o n  o f  e x p e r i m e n t a l  d a t a ;  end  i t s  u s e  in v a r i o u s  

:cb I cu I a t  i o n s  a f t e r  o n e  i n i t i a l  p u n c h i n g  o f  d a t e  c a r d s  b e a r i n g  t h e  

ra d e x  end i n t e n s i t y  o f  e a c h  r e f l e x i o n .  O n l y  a r e l a t i v e l y  s me l l  

m em ber o f  f u r t h e r  p a r a m e t e r s  h a v e  t o  be  p u n c h e d  e n d  i n t r o d u c e d  

•dur i ng t h e  s u b s e q u e n t  a n a l y s i s .

S i n c e  i t  was o n l y  a t  a l a t e  s t a g e  o f  t h e  a n a l y s i s  o f  

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

*were a v a i l a b l e ,  a l l  t h e  i n i t i a l  c a l c u l a t i o n s  b a d  t o  be e f f e c t e d  

swith o n l y  t h e  a i d  o f  d e s k  c a l c u l a t o r s .  The e v a l u a t i o n  o f  F o u r i e r  

a e r i e s  was t h e r e f o r e  o n e  o f  t h e  ma i n  p r e o c c u p a t i o n s  and  was t h e

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

a p p e n d  i x.

2.  The e v a l u a t i o n  o f  F o u r i e r  s e r i e s .

2 . 1 .  The n a t u r e  o f  t h e  f u n c t i o n  t o  be e v a l u a t e d .

The  mos t  g e n e r a l  f o r m f o r  t h e  F o u r i e r  s e r i e s  in t h r e e  d i m e n s i o n s  

i s  f  ( x ,  y,  z) * F ( h k l )  exp~2TTi  ( hx  + ky + l z ) .  In

-general  t h e  F o u r i e r  c o e f f i c i e n t s  a r e  c o mp l e x  

F ( h k l )  = A ( h k l )  + i B ( h k l )

The  d e t e r m i n e t i o n  o f  t h 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  ( ) in a 

x r y s t e l  i s  s omewha t  s i m p l i f i e d  by t h e  f a c t  t h a t  t h e  f u n c t i o n  -

f i  ( x ,  y,  z) = F ( h k l )  e x p -2 T T i (h x  + ky + l z )  . . .  ( I )
■ sPO

ts r e e  I and  t h e r e f o r e

F ( h k l )  .  F 11T_TT_T) 
i . e .  A ( h k l )  -  A ( h  k I)  a n d  B ( h k l )  -  - B  ( h k l )

S q u a t i on ( I )  can  a l s o  be  s i-tap I i f  i # d  w h e r e  t h e  s y mme t r y  p r o p e r t i e s



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

c l a s s e s  o f  c o e f f i c i e n t s *  For  i n s t a n c e /  in s p a c e  g r o u p  Pm, u n i q u e

a x i s  b,  t h e  e I e c t  r o r i ^ d e n s  i t y  I s  g i v e n  by

Y/ z )  / 4  CCC ( h k l )  c c c  + SCS ( h k l )  s c s  +

SCC ( h k l )  s e e  + CCS ( h k l )  c c s

wh e r e  CCC ( h k l )  e t c .  a r e  r e s p e c t i v e l y

A ( h k l )  + A ( h k l )
-  A ( h k l )  + A (h k l )

B ( h k l )  -  B (h k l )
B ( h k l )  + B (h k l )

and c c s  e t c .  a r e  ( c o s  2 TT hx c o s  2 TT ky s i n  2 TT I z )  e t c *
o o

( x ,  y ,  z )  / 4 «  q C (x y k)  c o s  2 TT ky

o o  r  o g
T  I fL. CC( x ,  Ik)  c o s  2 TT Iz +
k = o 1 = 0

CS ( x ,  k l )  s i n  2 TT l z ) J  cos  2TT ky

-  T  I  ?  f  I .  CCC ( h k l )  c o s  2 TT hx
'  |?=o V  iTTb L  ITTo

SCC

CCS(hk I ) c o s  2 TT hx + ^ ! S C S ( h k  I ) s i n  2 T T h x ) J s i n  2 T T I z J . ( 2 )

Thi s  e x p a n s i o n  h a s  shown t h a t  t h e  t h r e e - d i m e n s i o n a l  F o u r i e r  s e r i e s  

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

o n e - d i m e n s i o n a l  c o s i n e  a nd  s i n e  s e r i e s ,  t a k i n g ,  i n  t h i s  c a s e ,  t h e  

s u mma t i ons  o v e r  h f i r s t ,  t h e n  o v e r  I ,  a n d  f i n a l l y  o v e r  k* G r e a t e r  

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

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

( h k l )  s i n  2 TT h x ^ ]  c o s  2 TT Iz
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In c a l c u l a t i n g  t h e  e l e c t r o n  d e n s i t y  o r  t h e  c o m p l e t e  

a s y m m e t r i c  u n i t  (X = 0  t o  I ,  Y * 0  t o  Z = 0  t o  I) in t h e  

s p a c e  g r o u p  Pm t h e  f o l l o w i n g  s e q u e n c e  o f  o p e r a t i o n s  m i g h t  be 

f o I  I owed.

a)  The d e t e r m i n a t i o n  f r o m A ( h U I ) e t c .  o f  t h e  v a l u e s  

o f  t h e  F o u r i e r  c o e f f i c i e n t s  l i k e  CCC ( h k l )

b) The s e p a r a t i o n  o f  t h e  c o e f f i c i e n t s  CCC ( h k l )  e t c .  

i n t o  g r o u p s  w i t h  i n d e x  h e v e n  and  h odd

c)  The e v a l u a t i o n  f o r  X * 0  t o  i  a t  som e i n t e r v a l  o f  

t h e  e i g h t  s u m m a t i o n s  l i k e

o o
CCC ( h k l )  coo  2 TT h x ,  h e ven

h=o

o o
y  CCC ( h k l )  c o s  2 TT h x ,  h odd  

h=l

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

to o b t a i n  CC ( x ,  k l )  and  CS ( x ,  k l )  f o r  X = 0  t o  I

e)  D i v i s i o n  o f  t h e s e  new f u n c t i o n s  i n t o  g r o u p s  w i t h  I e ven  

odd and  t h e  e v a l u a t i o n  o f  t h e  f o r  z * 0  t o  i

f o u r  s u m m a t i o n s  l i k e  zL. CC ( x ,  k l )  coo  2 n  i z
I =o

f )  C o m b i n a t i o n  o f  t h e  new s u m m a t i o n s  t o  g i v e  C ( x z ,  k)

for  Z = 0  t o  I and  a I I X

g) E v a l u a t i o n  f o r  Y = 0  t o  i  s n d  a l I  x end  a l I  z o f

C ( x y ,  k)  c o s  2 TT ky , k e ven

C ( x z ,  k)  c o s  2 TT ky ,  k oddo o

E



h) C o m b i n a t i o n  o f  t h e s e  r e s u l t s  t o  g i v e  V ^ ( x , y , 2 ) /  4 

f o r  a l l  Xt a l l  Z,  and  Y = 0  t o  7 .

2 . 2 . 1 .  The B e e v e r s - L i p s o n  s t r i p  me t h o d  o f  c o m p u t a t i o n . 

T h i s  d e v i c e  was f i r s t  p r o d u c e d  by L i p s o n  & B e e v e r s  ( 1 9 3 6 )  and  i t s  

newer  v e r s i o n  was i n t r o d u c e d  by B e e v e r s  ( 1 9 5 2 ) .  V a l u e s  o f  t h e  

f u n c t i o n s  C c o s  2 TT n h x a n d  C s i n  2 n n h x a r e  p r i n t e d  on 

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

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

and a l l  v a l u e s  o f  n .  The n e we r  s t r i p s  h a v e  x = 1 / 1 2 0  and

n = 0 . . .  30 w i t h  odd  v a l u e s  on b a c k  o f  t h e  s t r i p  and  e v e n  v a l u e s  

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

number a nd  C ha s  v a l u e s  r a n g i n g  f r o m - I t o  -  100 a t  u n i t  i n t e r v a l s  

and t h e n c e  t o  -  900 a t  i n t e r v a l s  o f  a h u n d r e d .

For  c o m p u t a t i o n  t h e  s t r i p s  f o r  t h e  a p p r o p r i a t e  C and  

h a r e  s e l e c t e d  f r o m a box and  t h e  a r g u m e n t s  summed f o r  e a c h  nx 

us i ng  a d e s k  a d d i n g  m a c h i n e .  Fo r  work in l / 6 0 t h s  i t  i s  o n l y  

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

s+r i p s .

An a c c u r a c y  o f  t h e  o r d e r  o f  0 . 2 $  c an  be o b t a i n e d  

us ing t h e  s t r i p s  a l t h o u g h  t h i s  may be  i n c r e a s e d  e s p e c i a l l y  when 

l a rge  v a l u e s  o f  t h e  a m p l i t u d e  C o c c u r  s i n c e  two s t r i p s  r e q u i r e  t o  

be used  and  t h e  r o u n d i n g - o f f  e r r o r s  may be c o m b i n e d .

2 . 2 . 2 .  The u s e  o f  R o b e r t s o n * s  F o u r i e r  S y n t h e s i s e r  (RUFUS) 

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

d e s c r i b e d  by R o b e r t s o n  ( 1 9 5 4 ,  1 9 5 5 ) .  I t  i s  a m e c h a n i c a l  a n a l o g u e  

of t he  s t r i p  me t h o d  in wh i c h  s u i t a b l e  g e a r  r a t i o s  e r e  e mp l o y e d  t o  

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



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

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

o u t p u t  s h a f t s  a r e  c o u n t e d  and  t h e  g e a r  r a t i o s  c h o s e n  t o  p r o d u c e
—8

an e r r o r  l e s s  t h a n  5 x 10 % i . e .  f i v e - f i g u r e  a c c u r a c y .

The i n t e r v a l s  c h o s e n  In t h e  m a c h i n e  a v a i l a b l e  i n t h e  

C h e m i s t r y  D e p a r t m e n t  a t  G l a s g o w U n i v e r s i t y  we r e  a t  6°  ( l / 6 0 t h s ) .

A row o f  g e n e r a t o r s  f o r  e a c h  t e r m  c o r r e s p o n d e d  t o  a s e t  o f  

B e e v e r s - L i p s o n  s t r i p s .  The n e c e s s a r y  a m p l i t u d e  C f o r  e a c h  row 

can be a p p l i e d  by e f f e c t i n g  C r e v o l u t i o n s  t o  t h e  a p p r o p r i a t e  

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

l e v e l  and  t h e  power  p r o v i d e d  by a r e v e r s i n g  e l e c t r i c  m o t o r  

c a p a b l e  o f  o p e r a t i n g  a t  h i g h  s p e e d s  so  t h a t  a c o e f f i c i e n t  may be  

s e t  in a f ew s e c o n d s .

2 . 2 . 3 .  The u s e  o f  t h e  DEUCE e l e c t r o n i c  d i g i t a l  c o m p u t e r .

Much u s e  was made o f  a F o u r i e r  s y n t h e s i s  p r o g r a m  p r o v i d e d  by t h e

Met i o n a l  P h y s i c a l  L a b o r a t o r y .  The d a t a  u s e d  a r e  s e p a r a t e d  c a r d s

b e a r i n g  i n d e x  and  t h e  r e a l  (A) and  i m a g i n a r y  (B) p a r t  o f
2

F ( o r  F , o r  F -  F , o r  IF I ) .  The d a t a  i s  i n d e x e d  s o  t h a t  
o c o c o

t he  number  o f  d i f f e r e n t  h v a l u e s  i s  l e a s t ,  a nd  t h e  number  o f  k 

v a l u e s .  n e x t  l o w e s t .  The d a t e  c a r d s  ( p u n c h e d  in d e c i m a l )  we r e  

used a s  i n p u t  b e h i n d  a b i n a r y  c o n v e r t e r  p r og r amme  whose  v a r i a b l e s  

i n c l u d e d  a)  t h e  c o m b i n a t i o n  o f  i n d i c e s  hkl  wh i c h  s h o u l d  be  t e s t e d  

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

f u n c t i o n s  f o r  e a c h  r e f l e x i o n ,  b)  t h e  c o n t r i b u t i o n  o f  A and  B t o  

the s e r i e s  f o r  e a c h  c l a s s  o f  r e f l e x i o n  ( t h e  p o s s i b l e  c o n t r i b u t i o n s  

ore any  o r  a l l  o f  A c c c ,  -  A c s s ,  — A s c s ,  -  A s s c ,  B s c c ,  B c s c ,

S ees, -  B s s s ) ,  c)  an i n d i c a t i o n  o f  w h e t h e r  r e f l e x i o n s  w i t h  k < o 

a n d /o r I <  o we r e  i n c l u d e d ,  d)  t h e  v o l u me  (V) o f  t h e  u n i t  c e l l ,  and
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e) a s u i t a b l e  s c a l i n g  f a c t o r  ( K) .  The b i n a r y  o u t p u t  o b t a i n e d  

by u s e  o f  t h e  c o n v e r t e r  p r og r amme  i s  p l a c e d  b e h i n d  a 

• s e c t i o n  c a r d *  wh i c h  g i v e s  t h e  l i m i t i n g  v a l u e s  o f  x,  y ,  z f o r  

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

s u c c e s s i v e  s u mma t i o n  p o i n t s .  T h i s  p a c k  r e a d  i n t o  t h e  c o m p u t e r  

b e h i n d  t h e  ma i n  F o u r i e r  p r o g r a mme .  The o u t p u t  c a r d s  c o n t a i n  

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

e q u a l l y  s p a c e d  v a l u e s  o f  x.  The c o m p u t a t i o n  o f  F^ s y n t h e s e s  

f o r  l i m o n i n  in wh i c h  some 3 ,0 0 0  t e r m s  we r e  i n v o l v e d  t o o k  a b o u t  

f i f t e e n  h o u r s  when t h e  i n t e r v a l s  o f  s u mma t i o n  we r e  l / 4 8 t h s  i n 

a l l  d i r e c t i o n s  a nd  wh e r e  s u mma t i o n  c o v e r e d  h a l f  t h e  u n i t  c e l l .
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A P P E N D I X  I I

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

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

u s i n g  t h e  l a s t  s e t  o f  c o - o r d i n a t e s  In T a b l e  2 . 3  w i t h  t h o s e  

wh i c h  w e r e  o b s e r v e d  e x p e r i m e n t a l l y .  The p h a s e - a n g l e  f o r  e a c h  

r e f l e x i o n  i s  g i v e n  i m p l i c i t l y  by t h e  v a l u e s  o f  c o s  ©** a nd  

s i n o U  At  t h i s  s t a g e  o f  t h e  r e f i n e m e n t  t h e  r e l i a b i l i t y  i n d e x  

was 0 . I 9 -  0 * 20 .
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dtti+dii gS*̂^̂'ĉ îicict(î 3it:̂ 555̂ :$j£5&e2«$

j?5cm sqsmHEE sjasiffH. ebsebc wsjbhi ks^.h iiiiiiiiiiiiiiiiiiiiiiiiiiii KKamiâ ro
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i££c*z i ?» ctRSjarsîî»J2ss» Rĵra2W«'iScit«??ri6cftt«atiEwidsms rsrxirtvistxcciizisic j ' *c £?>BU5»i»-?ii*tjr!si52'»=si?‘s
a*t£» i+iisif rt̂'̂mcR*~iact:Rss6i<i!s2V̂*tHK»wiSm5K*'5E2it;x''' îiw§mrwjtfŝ5tKsi»R25»*i5ift

m  jm.iKiKiKKE j s a g s a y n  aaaEH mn ssr= s pj.iisitii.iiiiiti.iiiissisp.p. **^EHRHaHSEHE5;B y

J did KdSSidsd&ddd iSddKdd&'iJi dddddsddd ddddd didi i > idiSi3|'di£ddSiHikdanid f3 fc ^ S S v a tw trd 5 » K isd  is

! did sVtddrtsdddddsdd ddidirdidddddd ddddidddi ddd-v  dddd d p ; ^ ^ a 5 J i 5 5 i 3 ; 5;-:,=v:̂  ij i i 5 8 » i i i is » >' ?' i r> :.' i  «  &i =' H H



E
pi

-l
im

on
ol

 
io

do
ac

et
at

e 
: 

F
(c

al
c)

, 
F(

m
ea

s)
 

an
d 

ph
as

e-
an

gl
es

.

7 5 ,

: n ^^R «& n.m E U fE s sr5»k»kh
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coCOr'H
CD;C

i ¥»• MM.MIU OTipB? uuu;a.t»E!s ukirjck lEHttttu
j SBSBS9B S u ita  8B B B  iwwwiwiS; S S I  T&SiZ  Jiwww*; KS3S35S3S W SB B Si i&SSSSi 
] £5331221! 222312 K 2 3  2S3S33323 32 23 3 PM253 7223222 3938X80328 22335222 Z Z iiiiii

••Ml —— •—■

aasaaaaaaaaaa essaaaaa aasaaaaaa aaaaaaaaaassas sa aa a 333355333 33333333333

c;

o
c3O

CO-K>
+i
COOc3o
o

] 1 H a m E fisu  1 u t 1 iiiiim iiiiii i  eittiEaHiKai. sy i;3^ fK H H in  iin isH a em  a i a ^ i t i a n  n

I t f*»tu'v,UEH s tv, i i i iii iii iii iii i  E cneiK m na H sihiuhhkhhee iH Hsainm i n in fn sesn jB t st* . . . ........ . . . . . ’iiii'iiii'Hivs-ii .77.7 .'.7 .'..'.77,'.777.'.‘.77 ..777'.77.7'.7777 7.'777.'.'.77'.'.777' .7'
j 1 W W W W W iiiis ■ We s W « iit5 iiw 3 iiw  is iW W iiiT w iS K  TWBSiJSSSSSSE 2 5 3 3 2 2 2 2 2 2  222232222232123!: 32

]  5 «• e se t 5 «w5i^wJcWe'Je' WWWi22i2222t?2 3w 5K W ti2i2322212i «2322322352223 13is3w SS2iiw 233 22'

“  * ssssssssesssssj : u u s u : s s : ! » !  u u u » u » e e s s : » i >  u i n i . u n u u  u u u u u a s i i i s .  »

IsKlKTEESilU IHKEMHW1SUH? B1H0HEfK«K mESE|mU!l«a IIBUEEI HSHEUHH
15E3i.a5IEI.EJ SntKmm.HHiHH KKlS;nEtniE! EHHaiBHlHte «Hltm«KEHHtl EHtUEtHS iUKBIKJI
2253252332£33 2 w 3w 52«25223«22 i w 3 8 2 3 5 3 "w 3 5 5  i w w w S S w w iw  22223725255222553222 2522'222222! 33221323532 

22a2522322Hs2s W aW i2i2£2stW W W t W W WisWWilWs 3siiWw2«Wt222w2 isWWWWWWWHW WW*2252w i W-':JH2353i<

r'Ho
£

I
•K>

I smtusm i«ZK̂Effiu.qHaHfKu hsshhehe ̂ wfflaBsi raama; ii 11 iiiiiiiiiiiiiii oh2

SJSK H .K iE  tK H iK K H K H K iS U E E H  RKSSE’ EHIS H E K H tfH B E E H  M JH .SH 3.K ai, ( U S !  m i l l l i i l i H i l  HIESfHHH
aW W n tiiW  We^'KWWiaiWrWWet'eWae W isscescHW  :Wn!fW2WWW:> WWsWeWWSW 3 i s  a i W KW W W suiis I n s :

*i?W < titW i S 5 w 5sW W »5iS 5« iW sees ' cKWW5Wi«s W ti i t t a i ia t s iW t  «i(W W sHiW s£ s' e s 's  * iiiiiiiiiiiiHi Wise'



E
pi

-l
im

jo
no

l 
io

do
ac

et
at

e 
: 

F
(c

al
c)

, 
FC

m
ea

s)
 

an
d 

ph
as

e-
an

pl
es

.
7 9 .

M U I Kt ? *

J W U

2322 2 2 252 2 2
255 2 2 2 52 3 3

m r  rasas s  a a *ra ts r

j M.M.M.I.M*. K ftgBB 8 i S . l l  Eliltll M UW E£ HV«a « U'

1 2323 552 2 3232232 252525 3225223332 22323 3  2225222 22 S3 I i 22253 3  S32 5  2 2232 2 32
|  3 3 3  55P5 2 =3333; S3333 3333533!; 3323 3  23323 3 2 3  = 2 23232 5  332 3  2 3 3 2 : 23

**w wwwb «m «»** Hjwwffi * *. «««««. vmm wwim «m« m «

**? **!W *S ** **?$*: •; ***“”*! *5** 95**!* *5*? *H* *?***?!*:
3332 5222332 3 3 3  2232 23232323 2 2 33232! 232222222 23333325 23222223 233322 32332332 ■ 
22332 532332 2325 5222 32=322252 2 2 23333  22222323 22223323222 2322323 2222332 3222222255



A P P E N D I X  I I I .

agrams and I l l u s t r a t i o n s .



I l l u s t r a t i o n s  o f  the s t r u c t u r e  o f  e p i - 1 i m o n o l  i o d o a c e t e t e  

I t  should be emphasised t h a t  the s t r u c t u r e  

d ep i c t e d  in Figs 2 . 3 b ,  2 . 7 ,  2 . 8  is what i t  was conceived to  

be at  the e a r l i e s t  stages o f  our knowledge.

As soon as i t  was p o s s i b l e  to assign p o s i t i o n s  to the  

atoms, a working model of  the asymmetr ic  c r y s t a l  u n i t  and 

i t s  cont ent s  was c r e a t e d  by e r e c t i n g ,  on a cork base,  b a l l s  

on wi res  showing the d i s p o s i t i o n  o f  the  atoms.  F i g .  2 . 8 .  

is a view o f  t h i s  model a t  the begi nn i ng  o f  the r e f i n e m e n t .

By using t h i s  model as a t e mp l a t e  f o r  F i g .  2 . 3 b . ,  two 

e r r o r s  were p e r p e t u a t e d

( i )  C 32 was wrongly assumed to be bounded to t h e  

i o d i n e  atom appe ar ing  in . b - a x i s  p r o j e c t i o n  a t  

x » 0 . 9 3 7 8 1 ,  z *  1 .02719  i n s t e ad  o f  ( c o r r e c t l y )  

t o i t s  symmetry analogue a t  x *  1 .0 6 2 1 9 /  

y -  0 . 4 5 9 5 1 ,  z -  0 . 9 7 2 8 1 .

' ( »» )  % ( O ' ) ,  x ( C l ' ) ;  ^  ( C l )  Here 9 i ver\ wron^



81.

F ig .  2 .1 .  P a t te r s o n  v e c to r  d i s t r i b u t i o n  p r o je c t e d  
on (010)  w i th  th e  io d in e - io d in e  v e c to r s  
shown bear ing  a c r o s s .
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c sm/3

b_
2

O I 2. 3

l i ■■ 1 1 1  n  ■ I ■ ■ ■ 11  ■ 1 1 1 11 1 1 1 1 1 1 1 1 1 A

F igure  2 .2 .  (100 )  p r o j e c t i o n  o f  th e  P a t te r s o n  vec to r
d i s t r i b u t i o n  f o r  e p i - l i m m o l  io d o a c e ta te .
The io d in e - io d in e  v e c to r s  are  shown by c r o s se s .



The fOlO) F our ie r  p r o j e c t i o n  o f  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  f o r  e p i- l im o n o l  io d o a c e ta te  
c a lc u la te d  w ith  p h a se -a n g le s  d e r iv e d  from  iod ine  
c o -o r d in a te s  a lo n e . The zero  con tour  i s  d o t t e d . 
(See  a l s o  F ig . 2 .3 b ) .



Fig . 2 ,3 b .  Th.e u n i t  c e l l  c o n te n ts  o f  ep i—lim onol io d o a c e ta te  
p r o je c te d  on (010 ) .
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c smp

0 1 1 3
 A

Fig. 2 .4 .  (1 0 0 ) .  F ourie r  p r o j e c t io n  o f  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  f o r  e p i - l im o n o l  io d o a c e ta te  c a lc u la te d  
u s in g  p h a se -a n g le s  d e r iv e d  from  th e  iod ine  c o -o r d in a te s  
a l o n e .



F ig . 2 .5 a . / ’ip . 2 .5 b .

F ig .  2 .5 a .  A Harker s e c t i o n  a t  y  = f o r  e p i - l im o n o l  io d o a c e ta te .

F ig .  2 .5 b .  T h is  hey  3hows th e  t r u e  Harker io d in e  peaks  ( c i r c l e s )  
and th e  psuedo—Harker iod in e  peak  ( shaded c i r c l e ) .
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c
T

O 1 2 3
 I — A

F ig .  S . 6. The Harker s e c t i o n  a t  y  = £  f o r  ep i- l im o n o l
io d o a c e ta te . Th is  i s  a s e c t i o n  o f  the  f i n a l  
th r e e -d im e n s io n a l  P a tte rso n  u ec to r  d i s t r i b u t i o n  
c a lc u la te d  u s in g  a l l  th e  3 ,000 experim enta l / F / rs



F ig .  2 .7 .  The two m o lecu les  o f  e p i - l im o n o l  io d o a c e ta te  in  the  
asym m etric  c r y s t a l  u n i t  shown by means o f  superposed  
c o n to u rs .



Q§) carbon

o oxygen

O io d in e

F igure  2 .8 .  Model o f  th e  two m o lecu le s  o f  e p i - l im o n o l  io d o a c e ta te  
in  th e  asym m etric  c r y s t a l  u n i t  showing th e  r e l a t i v e  
d i s p o s i t i o n s  and con form ation  o f  each m o le c u le .
( The m o lecu le  d e p ic te d  on th e  r i g h t  i3 d e sc r ib e d  by  
th e  primed c o -o r d in a te s  in  Table 2 . 3 . )



3 c

o  e  •
, o  03

r1|Cy *rO + 5

i, 3  §•Q ^
H  ,i0  o(L 03 +a +a

CO 03•io ^
£ *03 •**O •"» fL. 

-K> O O io 
03 O

L O
2  o
•rO

'S
03 
£  
03

2) ii
03

03
(L
03
a;IL
*

4



H7

F i g . 5.>8. 27ie Harker s e c t i o n  a t  y  = £  
o f  th e  th r e e  d im ensiona l  
P a t te r s o n  v e c to r  d i s t r i b u t i o n  
o f  neomethymycin m ethy lene  
d ic h lo r id e  s o l v a t e .
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APPENDIX IV .

S t r u c t u r e  I Formu lee .
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