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S: U M M A R Y.

I s o c l o v e n e ,  C15 H24.J i s  a l i q u i d  s e s q u i t e r p e n e  o f  

h i t h e r t o  v i r t u a l l y  unknown c o n s t i t u t i o n .  I t  fo rm s two 

isom orphous  h y d r o h a l i d e  d e r i v a t i v e s ,  i s o c l o v e n e  h y d r o ­

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

i n  th e  m o n o c l i n i c  sp a ce  g ro u p ,  P g ^ , w i t h  two m o l e c u l e s  

p e r  u n i t  c e l l .

An a t t e m p t  was made i n i t i a l l y  to  c a r r y  t h r o u g h  a

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

th e  h e avy  atom t e c h n i q u e  and two d im e n s io n a l  F o u r i e r

m e th o d s .  O n ly  t h e  (010)  e l e c t r o n - d e n s i t y  p r o j e c t i o n ,

when c a l c u l a t e d  on th e  b a s i s  o f  t h e  heav y  atom p h a s e s ,

gave an unambiguous r e p r e s e n t a t i o n  o f  th e  m o l e c u l e ,  b u t
o

th e  p r o h i b i t i v e  l e n g t h  o f  p r o j e c t i o n  ( 1 3 .8  A) p r e v e n t e d  

any s i g n i f i c a n t  r e s o l u t i o n  b e i n g  a c h i e v e d .  The (001)  

e l e c t r o n - d e n s i t y  p r o j e c t i o n  p r o v i d e d  a r e p r e s e n t a t i o n  

o f  t h e  m o le c u le  and i t s  su p e r im p o s e d  m i r r o r  image due 

to  th e  e x i s t e n c e  o f  th e  w e l l  known f a l s e  symmetry c e n t r e  

which e x i s t s  b e tw ee n  two p h a s e - d e t e r m i n i n g  atoms i n  th e  

n o n - c e n t r i c  p r o j e c t i o n s  o f  sp ace  group  Po . F u r t h e r  

s p u r i o u s  symmetry was p r e s e n t  i n  th e  ( 1 0 0 ) e l e c t r o n -  

d e n s i t y  p r o j e c t i o n  b e c a u s e  th e  h eav y  atom p h a s e s  c o u ld  

o n l y  be  c o u p le d  w i t h  a b o u t  one h a l f  o f  the  o b s e r v e d  t e r m s ,  

t h o s e  s a t i s f y i n g  t h e  c o n d i t i o n  k  + X  -  2n. Attempts to
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c o r r e l a t e  t h e s e  t h r e e  p r o j e c t i o n s  o f  th e  m o le c u le  on th e  

b a s i s  o f  t e n t a t i v e  t r i a l  s t r u c t u r e s  were n o t  s u c c e s s f u l .

The s o l u t i o n  o f  the  s t r u c t u r e  r e s u l t e d  from th e  

a p p l i c a t i o n  o f  s u p e r p o s i t i o n  m ethods to  a t h r e e  d im e n s io 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  computed w i t h  d a t a  d e r i v e d  

from th e  h y d r o c h l o r i d e  d e r i v a t i v e .  A t h r e e  d im e n s io n a l  

r e p r e s e n t a t i o n  o f  th e  m o le c u le  and i t s  su p e r im p o sed  m i r r o r  

image was t h e r e b y  o b t a i n e d .  T h is  map was compared w i t h  

th e  e s s e n t i a l l y  a n a lo g o u s  d i s t r i b u t i o n  g iv e n  b y  a t r i p l e  

F o u r i e r  s y n t h e s i s  p h a s e d  s o l e l y  on th e  c h l o r i n e  atom 

p h a s e s .  The c o r r e s p o n d i n g  p r o m in e n t  p e a k s  on b o t h  maps 

were assumed to  i n d i c a t e  th e  m ost  l i k e l y  a tom ic  s i t e s .  

T h e r e a f t e r ,  t h e r e  e x i s t e d  th e  i n t e r p r e t a t i o n a l  p ro b lem  

o f  s e l e c t i n g  ’’t r u e  p e a k s ” from t h e i r  ’’m i r r o r  im age” 

c o u n t e r p a r t s .  Seven c a rb o n  atoms were l o c a t e d  and i n c l u d e d  

w i t h  c h l o r i n e  i n  th e  i n i t i a l  p h a s i n g  c a l c u l a t i o n s .  Four  

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

s t r u c t u r e .  Two f u r t h e r  F0 s y n t h e s e s  and tw e lv e  s u c c e s s i v e  

l e a s t  s q u a r e s  c y c l e s  r e d u c e d  th e  d i s c r e p a n c y  o v e r  976 

o b s e r v e d  te rm s  to  1 2 .5^6.

T h is  a n a l y s i s  h a s  l e d  to  a d e t e r m i n a t i o n  o f  the  

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

h y d r o c h l o r i d e .  From t h e s e  r e s u l t s  th e  s t r u c t u r e  o f  the

p a r e n t  compound, i s o c l o v e n e ,  h a s  b e e n  deduced .



P h o t o - i r r a d i a t e d  a c r i d i z i n i u m  b r o m id e ,  ^26^2H20B r2 9

h a s  b e e n  o b t a i n e d  i n  a c r y s t a l l i n e  form b e l o n g i n g  to  th e

m o n o c l i n i c  sp a ce  group  Pg . w i t h  two m o l e c u l e s  p e r  u n i t
m

c e l l .  The 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  f u n c t i o n  on th e  

t h r e e  m ain  zones  have  b e e n  examined b u t  i t  h a s  n o t  y e t  

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

s t r u c t u r e  f o r  th e  m os t  f a v o u r a b l e  ( lOO),  p r o j e c t i o n .
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CHAPTER I ,

Some Methods 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 .



I . SOME METHODS OF CRYSTAL STRUCTURE! ANALYSIS.

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

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

atoms and ,  a s  von Laue and h i s  c o l l a b o r a t o r s  f i r s t  

d e m o n s t r a t e d  i n  1912 ,  can t h e r e f o r e  a c t  a s  a t h r e e  

d i m e n s io n a l  d i f f r a c t i o n  g r a t i n g  f o r  X - r a d i a t i o n .  The 

s i z e  and shape o f  th e  u n i t  c e l l  a s  w e l l  a s  i n f o r m a t i o n  

c o n c e r n i n g  th e  p o s s i b l e  symmetry e le m e n t s  p r e s e n t  can  

be  deduced  from th e  g e o m e t r i c a l  d i s t r i b u t i o n  o f  th e  

d i f f r a c t e d  r a y s  ( 1 r e f l e c t i o n s ’ ) .  However, t h e  s c a t t e r e d  

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

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

beam depends  p r i n c i p a l l y  on the  s t r u c t u r e  f a c t o r ,  w h ich ,  

b e s i d e s  b e i n g  d e p en d e n t  on th e  d i r e c t i o n  o f  s c a t t e r i n g ,  

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

s c a t t e r i n g  m a t e r i a l  i n  th e  u n i t  c e l l .

The s t r u c t u r e  f a c t o r  can  be r e p r e s e n t e d  b y  a complex

p h a s e ,  cK ( h k i ) ,  o f  th e  d i f f r a c t e d  beam r e l a t i v e  to  t h a t  

o f  an i s o l a t e d  e l e c t r o n  a t  th e  o r i g i n  o f  c o - o r d i n a t e s  

u n d e r  th e  same e x p e r i m e n t a l  c o n d i t i o n s .  From th e

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

d u r i n g  th e  r e g i s t r a t i o n  o f  th e  i n t e n s i t i e s  e i t h e r

number, F(hk-C), g i v i n g  b o t h  th e  a m p l i tu d e ,

o b s e r v e d  i n t e n s i t i e s  can  be d e r i v e d  v a l u e s  o f  |F (hk£) j



- 2 -

pho to  g r a p h i c  a l l y  o r  h y  some o t h e r  means.  As a  g e n e r a l  

c o n se q u e n c e ,  no d i r e c t  pa thway e x i s t s  b e tw een  th e  X - ray  

i n t e n s i t i e s  and th e  a to m ic  d i s t r i b u t i o n ,  and  i t  i s  t h e  

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

c o n s t i t u t e s  th e  p h ase  p rob lem  -  th e  c e n t r a l  d i f f i c u l t y  

o f  X - ra y  s t r u c t u r a l  a n a l y s i s .

1 . 2 .  The S t r u c t u r e  F a c t o r :

The s t r u c t u r e  f a c t o r ,  F(hk>£), o f  a c r y s t a l  p l a n e

w i t h  d i f f r a c t i o n  i n d i c e s ,  (hk-£), may be e x p r e s s e d  i n  th e

form: N r 7
F(hk.£) = 2  f-i exP 27m hx-  + ky. + l z . f ............. ( l . l . )

where M i s  th e  t o t a l  number o f  atoms i n  th e  u n i t  c e l l ,

( x j  yj Sj ) a r e  th e  a to m ic  c o - o r d i n a t e s  e x p r e s s e d  a s  f r a c t i o n s

o f  t h e  c e l l  ed g es  and i s  t h e  s c a t t e r i n g  f a c t o r  ( a to m ic

form f a c t o r )  f o r  th e  atom. The t e rm ,  f . , can beJ
r e s o l v e d  i n t o  two components  t h u s

f j  = f °  exg?   ( l . 2 . )

f . °  b e i n g  th e  a to m ic  form f a c t o r  c a l c u l a t e d  t h e o r e t i c a l l y
tJ

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

r e s t .  The e x p o n e n t i a l  te rm  i s  i n c l u d e d  to  a l l o w  f o r  th e  

f a c t  t h a t  t h e r m a l  v i b r a t i o n s ,  h e r e  assumed to  be  i s o t r o p i c ,  

t e n d  to  make th e  e l e c t r o n  d i s t r i b u t i o n  more d i f f u s e  t h e r e b y  

d e c r e a s i n g  th e  s c a t t e r i n g  power o f  th e  atom. I n  e q u a t i o n  ( ' 

B = 87T2 I f8  (1 . 3 .)
—ry

where U i s  r e l a t e d  to  th e  mean s q u a r e  d i s p l a c e m e n t  o f  th e



atom i n  q u e s t i o n  from i t s  mean p o s i t i o n  i n  th e  c r y s t a l  

l a t t i c e .

1 . 5 .  The F our . ie r  S e r i e s  R e p r e s e n t a t i o n  o f  th e  
 ___________ E l e c t r o n  D e n s i t y .  __________

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

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

W.H.Bragg (1915)  f i r s t  s u g g e s t e d  t h a t  th e  e l e c t r o n

d e n s i t y , ( x y z ) , c o u ld  be  c o n v e n i e n t l y  e x p r e s s e d  i n  t h e

form o f  a t r i p l e  F o u r i e r  S e r i e s .  I t  can  be  shown t h a t

th e  c o e f f i c i e n t s  o f  such  a s e r i e s  a r e ,  i n  f a c t ,  t h e  v a r i o u s

s t r u c t u r e  f a c t o r s *
OO OO OO

xyz) ML,). eXp _27/i(hx + ky  + / z )  . . .  ( l , 4 .)
— 0 0  — 0 0  —0 0

V i s  th e  volume o f  the  u n i t  c e l l .

Because  the  F ( h k / )  v a l u e s  a r e  complex q u a n t i t i e s  

r e p r e s e n t i n g  b o t h  a m p l i tu d e  and p h a se  i t  i s  sometimes more 

c o n v e n i e n t  to  w r i t e  e q u a t i o n  ( 1 . 4 )  i n  th e  f o l l o w i n g  form:

^ j ( x y z )  = ^ h ^ k ^  eosjsTTXhx + ky  + £ z )  -oC(hk^)] . .
—  O O  —O O  —O O  '

cX(hk/) ,  t h e  j)hase a n g l e ,  i s  g i v e n  b y :

oc(hk^) = t a n  '  ( 1 . 6  )

where A = 2  f j  cos  2 l f ( h x j  + ky^ + £ z j ) ,  and

B = T f . s i n  27f( hx  . + ley. + £ %  + )
. 3  3 3 3
3a re  r e s i j e c t i v e l y  th e  r e a l  and i m a g in a r y  p a r t s  o f  the  

complex number,  F (h k £ ) .
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The p ro o lem  o f  phase  d e t e r m i n a t i o n  i s  s i m p l i f i e d  

i f  th e  s t r u c t u r e  i s  c e n t r o s y m m e t r i c , s i n c e  th e  phase  a n g l e s  

a r e  t h e n  r e s t r i c t e d  to  e i t h e r  0°  o r  1 8 0 ° ,  v a l u e s  which  can 

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

o r  a n e g a t i v e  s i g n  to  th e  F o u r i e r  c o e f f i c i e n t s .

W.L.Bragg (1929)  d e m o n s t r a t e d  how th e  c o m p u t a t i o n a l  l a b o u r  

can be  e a s e d  b y  ex am in in g  a  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  on to  an a x i a l  p l a n e :

A b e i n g  th e  a r e a  o f  th e  ( x , y )  p l a n e .

1 . 4 .  S o l u t i o n  o f  th e  Phase  P ro b le m .

From a knowledge o f  t h e  a m p l i t u d e s  and p h a s e s  o f  th e  

d i f f r a c t e d  beams i t  sh o u ld  t h e r e f o r e  be  p o s s i b l e  to  

d e te rm in e  th e  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  w i t h i n  th e  

u n i t  c e l l .  Some o f  the  i n d i r e c t  m ethods  whereby 

a p p r o x im a t io n s  to  th e  unknown p h a se  a n g l e s  may be  o b t a i n e d ,  

and which have p a r t i c u l a r  r e l e v a n c e  to  t h e  p r e s e n t  s t u d i e s ,  

w i l l  now be  o u t l i n e d .

1 . 4 . 1 .  T r i a l - a n d - e r r o r  M ethod .

T h is  m ethod can be employed when the  c h e m ic a l  s t r u c t u r e  

i s  s im ple  and n o t  i n  d o u b t .  S ince  th e  s o l u t i o n  o f  any

-  2 2 E
_ A O  ~ o O  — O O  V

COS 2 I f ( h x  + ley) -  (hkO )
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p a r t i c u l a r  c r y s t a l  s t r u c t u r e  depends  on f i n d i n g  a s e t  

o f  a tom ic  p a r a m e t e r s ,  which ,  a c c o r d i n g  to  c a l c u l a t i o n ,  

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

e x p e r i m e n t a l l y ,  a m o l e c u l a r  model  b a s e d  on th e  s t r u c t u r a l  

f o rm u la  can be  t e s t e d  p o s i t i o n a l l y  i n  th e  u n i t  c e l l  t i l l  

t h e r e  i s  s u f f i c i e n t l y  good ag reem en t  be tw ee 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 .  S u p p lem en ta ry  

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

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

a  F o u r i e r  S e r i e s  u s i n g  | f 0 | = |F0bs(frkJ?) v a l u e s ,  

i . e .  th 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 s  c o e f f i c i e n t s  

and th e  c o r r e s p o n d i n g  c a l c u l a t e d  p h a s e s  w i l l  t h e n  g iv e  an 

a p p ro x im a t io n  to  th e  t r u e  e l e c t r o n - d e n s i t y ,  and th e  u s u a l  

r e f i n e m e n t  p r o c e s s e s  may t h e n  be f o l l o w e d .  U n f o r t u n a t e l y ,  

where t h e r e  i s  no r i g i d  t r i a l  model  b e c a u s e  o f  th e  

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

b on d s  o r  where r i n g  c o n f o r m a t i o n s  a r e  l a r g e l y  unknown, 

t h i s  method i s  o f  s t r i c t l y  l i m i t e d  u t i l i t y .

1 . 4 . 2 .  The P a t t e r s o n  F u n c t i o n .

A F o u r i e r  s y n t h e s i s  may be  p e r fo rm e d  u s i n g  n o t  s t r u c t u r e

f a c t o r s  b u t  r a t h e r  |-3?(.hk<£)| ^ v a l u e s  a s  c o e f f i c i e n t s  whence 

th e  f o l l o w i n g  f u n c t i o n  can  be  d e f i n e d :
a 5 g

P(uvw) =. cos  2if (hu + kv  + £ w )  . . . ( l . 9 )
* - ©O - oO -OO
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As was shown "by A. L. P a t t e r  son (1934)  th e  map o f  t h i s  

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

p o s s i b l e  i n t e r a t o m i c  v e c t o r s  i n  th e  c r y s t a l .  The 

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

be u s e d  and ,  c o n s e q u e n t l y , t h e  f u n c t i o n  can a lw ays  be 

computed.  D i f f i c u l t i e s  a r i s e  when a t t e m p t s  a r e  made 

to  i n t e r p r e t  t h e  r e s u l t i n g  map f o r  th e  method i s  s u b j e c t  

to  th e  i n h e r e n t  l i m i t a t i o n  t h a t  a l l  t h e  v e c t o r s  a r i s e  

from th e  o r i g i n  p o i n t .  I n t e r p r e t a t i o n ,  t h e r e f o r e ,  

becomes more d i f f i c u l t  t h e  more complex th e  s t r u c t u r e .
p

I f  t h e r e  a r e  N p e a k s  i n  th e  r e a l  u n i t  c e l l  t h e n  11̂  p e a k s  

w i l l  e x i s t  i n  th e  c e l l  o f  th e  v e c t o r  d i s t r i b u t i o n  -

N o f  them su p e r p o s e d  a t  th e  o r i g i n  and fftlX ~ ^ r e l a t e d
N (N  -  l )  2to  th e  r e m a in in g  —-----------  by a  c e n t r e  o f  symmetry.

2
When o n l y  a p r o j e c t i o n  o f  th e  P a t t e r s o n  f u n c t i o n  i s  

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

e x p e r i e n c e d .  P a t t e r s o n  (1935)  and (1942)  have 

d i s c u s s e d  how th e  r e s o l u t i o n  o f  p e ak s  i n  th e  P a t t e r s o n  

f u n c t i o n  may be improved  b y  u s i n g  a m o d i f i c a t i o n  f u n c t i o n .

I t  can be  a p p r e c i a t e d ,  t h e r e f o r e ,  t h a t  maximum

i n f o r m a t i o n  w i l l  u s u a l l y  be  c u l l e d  from th e  t h r e e  dirnensio

s y n t h e s i s ,  b u t  H a rk e r  (1956)  d e m o n s t r a t e d  t h a t  w i t h  space  

g ro u p s  p o s s e s s i n g  c e r t a i n  symmetry o p e r a t o r s ,  e . g .  a two­

f o l d  screw  a x i s ,  c e r t a i n  s e c t i o n s  o f  t h e  t h r e e  d im e n s io n a l
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d i s t r i b u t i o n  -  i n  t h i s  c a se  v = -g -  c o n t a i n  u s e f u l  

i n f o r m a t i o n  c o n c e r n i n g  th e  v e c t o r s  "between e q u i v a l e n t  

a toms o f  th e  s t r u c t u r e .

I f  t h e r e  i s  a sm a l l  number o f  "heavy  atoms'* p r e s e n t  

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

them from th e  v e c t o r  d i s t r i b u t i o n  s i n c e  t h e i r  v e c t o r s  

w i l l  be  en h an c ed .  The f u r t h e r  u n r a v e l l i n g  o f  th e  

P a t t e r s o n  f u n c t i o n  to  r e v e a l  th e  p o s i t i o n  o f  th e  " l i g h t  

a to m sw can o f t e n  be  a c c o m p l i s h e d  by  th e  u se  o f  

" s u p e r p o s i t i o n  m e th o d s '1.

C l a s t r e  and Gay ( 1 9 5 0 ) ,G a r r id o  ( 1 9 5 0 ) ,B e e v e r s  and 

K o b e r tso n  (1950)  and McLachlan (1951)  i n d e p e n d e n t l y  

showed t h a t  v e c t o r  maps c o u ld  be s o l v e d  b y  a d e v ic e  

commonly c a l l e d  th e  v e c t o r  s h i f t  method.  I f  one o f  a 

p a i r  o f  d u p l i c a t e  P a t t e r s o n  maps i s  t r a n s l a t e d  a p p r o p r i a t e l y
i

w i th  r e s p e c t  to  t h e  o t h e r ,  e . g .  i f  a  "heavy  atom" v e c t o r  

p e ak  o f  one i s  s u p e r p o s e d  on t h e  o r i g i n  p eak  o f  t h e  o t h e r ,  

t h e n  t h e r e  i s  a  h i g h  p r o b a b i l i t y  t h a t  th e  atoms i n  th e  

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

b o t h  maps.  These m ethods  depend on t h e  f a c t  t h a t  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  to  r e p r e s e n t  a  

s u p e r p o s i t i o n  o f  N d i s p l a c e d ,  w e ig h te d  images  o f  th e  

c r y s t a l  s t r u c t u r e .  S i m u l t a n e o u s l y ,  B u e rg e r  (19 5 0 ,  1951)  

p r e s e n t e d  h i s  i m a g e - s e e k in g  method b a s e d  on v e c t o r  s e t  

t h e o r y ,  which c o v e r e d  s i m i l a r  g round  b u t  from a more



g e n e r a l  v i e w p o i n t .  He showed t h a t  "by u s i n g  some ty p e  

o f  im a g e - s e e k in g  f u n c t i o n ,  p r e f e r a b l y  a  minimum f u n c t i o n ,  

an a p p r o x im a t io n  to  th e  e l e c t r o n  d e n s i t y  can be  d e r i v e d  

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

s h i f t  m e t h o d s . .

1 . 4 . 3 .  I n  t h e  heav y  atom method o f  ph ase  d e t e r m i n a t i o n  

th e  p o s i t i o n s  o f  th e  few atoms h a v in g  dominant  s c a t t e r i n g  

f a c t o r s  can  u s u a l l y  be  d e t e r m i n e d  b y  P a t t e r s o n  m e th o d s ,  

and hence  t h e i r  c o n t r i b u t i o n s  to  th e  v a r i o u s  s t r u c t u r e  

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

d educed ,  when c o u p le d  w i t h  th e  a p p r o p r i a t e  |pd | v a l u e s  

and i n c o r p o r a t e d  i n t o  a F o u r i e r  s y n t h e s i s ,  y i e l d  an 

a p p ro x im a t io n  to  th e  e l e c t r o n - d e n s i t y  which w i l l  g e n e r a l l y  

i n d i c a t e  f u r t h e r  a tom ic  s i t e s .  B e t t e r  a p p r o x i m a t i o n s  to  

th e  p h ase  a n g l e s  can  t h e n  be e v a l u a t e d  and th e  whole p r o c e s  

r e c y c l e d  u n t i l  t h e  co m p le te  s t r u c t u r e  i s  r e v e a l e d .

The c l a s s i c a l  example o f  t h i s  t e c h n iq u e  i s  th e  a n a l y s i  

o f  p l a t i n u m  p h t h a l o c y a n i n e  b y  B o b e r ts o n  and Woodward (19 37) 

With one heavy  atom i n  t h e  asym m etr ic  u n i t  s i t u a t e d  a t  a 

c e n t r e  o f  symmetry and w i t h  t h i s  p o s i t i o n  t a k e n  a s  o r i g i n ,  

the  s i g n s  o f  th e  s t r u c t u r e  f a c t o r s  a r e  a l l  p o s i t i v e .  One 

tw o -d im e n s io n a l  E b u r i e r  s y n t h e s i s  t h e n  r e v e a l e d  the  e n t i r e  

s t r u c t u r e .
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Depending  on th e  ty pe  o f  c r y s t a l  s t r u c t u r e  s e v e r a l  

c i r c u m s t a n c e s  may a r i s e  which can l i m i t  th e  g e n e r a l  

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

( a )  I f  t h e  "heavy  atom" i s  l o c a t e d  a t  a  s p e c i a l  p o s i t i o n  

i n  the  a sym m etr ic  u n i t  t h e n  i t  may n o t  c o n t r i b u t e  to 

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

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

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

e l e c t r o n - d e n s i t y  map w i l l  t h e n  g iv e  an i m p e r f e c t  i m p r e s s io n  

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

w i l l  e x i s t .  The a n a l y s i s  o f  c o p p e r  t r o p o l o n e  by  

R o b e r t s o n  (1951)  was c o m p l i c a t e d  by  such  d i f f i c u l t i e s  

i n  th e  i n i t i a l  s t a g e s .

( b )  With n o n - c e n t r o s y m m e t r i c a l  c r y s t a l s  th e  phase  a n g l e s  

may v a r y  c o n t i n u o u s l y  b e tw een  0° and 560°.  A d d i t i o n a l  

c o m p l i c a t i o n s  can a r i s e  when th e  p o s i t i o n  o f  th e  "heavy  

atom" i n  the  asym m etr ic  u n i t  s i m u l a t e s  h i g h e r  symmetry 

t h a n  t h a t  p o s s e s s e d  b y  th e  space  group i t s e l f .  Such

a s i t u a t i o n  was e n c o u n t e r e d  b y  C a r l i s l e  and Crowfoot  

(1945)  i n  t h e i r  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 .  The 

two i o d i n e  atoms i n  th e  u n i t  c e l l  a r e  r e l a t e d  b y  a pseudo 

c e n t r e  o f  symmetry. C o n s e q u e n t ly ,  a F o u r i e r  s y n t h e s i s  

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

r e p r e s e n t  a c e n t r o s y m m e t r i c a l  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 ,
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namely t h a t  o f  th e  t r u e  s t r u c t u r e  and  i t s  sup e r im p o sed

m i r r o r  image.  The whole p rob lem  i s  t h e r e b y  r e d u c e d  to

a d i f f i c u l t  i n t e r p r e t a t i o n a l  one .

I t  i s  w o r th w h i le  h a v in g  some in d e x  f o r  a s s e s s i n g

th e  p r o s p e c t s  o f  s u c c e s s  u s i n g  t h i s  method o f  phase

d e t e r m i n a t i o n .  As a rough  g u i d e ,  L ip s o n  and Cochran

(1953)  s u g g e s t  t h a t  th e  sq u a re  o f  the  a tom ic  number o f

th e  "heavy  atom" s h o u ld  b e  a p p r o x i m a t e ly  e q u a l  to  th e

sum o f  th e  s q u a r e s  o f  th e  a tom ic  numbers o f  th e  " l i g h t
2 v -1 2a to m s" ,  i . e .  =2^  • A l t h o u g h  t h e  m a j o r i t y  o f

s u c c e s s f u l  a n a l y s e s  h a v e . b e e n  p e r fo rm e d  when the  r a t i o ,

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

l e s s  t h a n  u n i t y ,  e . g .  t h e  a n a l y s i s  o f  v i t a m i n  

Iiodgkin  e t  a l .  ( 1 9 5 7 ) .

1 . 4 . 4 .  The isom orphous  r e p l a c e ment  me th o d  o f f e r s  a s t i l l  

more p o w e r fu l  a p p ro a c h  to  d i r e c t  p h a se  d e t e r m i n a t i o n  i n  

t h a t  th e  phase  o f  any 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  b y  

c o n s i d e r i n g  t h e  d i f f e r e n c e  b e tw een  th e  c o n t r i b u t i o n s  

made to  a p a r t i c u l a r  r e f l e c t i o n  b y  two isom orphous  

heav y  atom d e r i v a t i v e s .  Two main c a s e s  can  be  r e c o g n i s e d ,  

( a )  C e n t r o s y m m e t r i e a l  space  g r o u p s .  With a p a i r  o f

r e p r e s e n t s  th e  o r g a n i c  p a r t  o f  th e  m o le c u le  and X- t h e

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

isom orphous c r y s t a l s  o f  compounds RX-, and RXQ, where RA.
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r e p l a c e a b l e  "heavy  a tom",  i n t e n s i t y  d a t a  from t h e s e  two 

c r y s t a l s  when p l a c e d  on th e  same b a s i s  can  e n a b le  m ost  

o f  th e  s i g n s  to  be  d e te r m in e d  t h u s :

-  F(RXg) = a * 1 = (Fx -  fxgJcos 2Jf(hx + ky + £z)

  ( 1 . 10)

The l o c a t i o n  o f  t h e  "heavy  atom" can  be d e t e r m i n e d  from 

a P a t t e r s o n  s y n t h e s i s .  C a l c u l a t i o n  o f  a F o u r i e r  s y n t h e s i s  

p h a se d  i n  t h i s  manner s h o u ld  r e v e a l  th e  g e n e r a l  o u t l i n e  

o f  th e  r e s t  o f  th e  m o le c u l e .  The c l a s s i c a l  example  o f  

t h i s  p r o c e s s  i s  t h e  two d im e n s io n a l  s t r u c t u r e  a n a l y s i s  

o f  th e  p h t h a l o c y a n i n e s  b y  R o b e r t s o n  (1935 ,  1936) and 

R o b e r t s o n  and Woodward ( 1 9 3 7 ) .

00 N o n - c e n t r o s y m m e t r i c a l  sp ace  g ro u p s .  I n  t h i s  c a s e  

changes  i n  th e  g e n e r a l  s t r u c t u r e  a m p l i tu d e  a r e  more 

d i f f i c u l t  to  i n t e r p r e t  when v a r i a b l e  phase  a n g l e s  a r e  

i n v o lv e d .  M oreover ,  w i t h  o n l y  a p a i r  o f  i som orphous  

c r y s t a l s  a v a i l a b l e  the  i som orphous  r e p l a c e m e n t  method 

does  n o t  p roduce  u n iqu e  v a l u e s  f o r  th e  phase  a n g l e s ,  

t h e r e  b e i n g  two p o s s i b i l i t i e s .  Such a c o m p l i c a t i o n  was 

e n c o u n t e r e d  b y  Bokhoven, Sclioone and B i j v o e t  (1951)  i n  

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

s e l e n a t e .  A F o u r i e r  s y n t h e s i s  computed u s i n g  b o t h  

v a l u e s  f o r  th e  phase  a n g l e s  r e s u l t s  i n  a c e n t r e  o f  

symmetry b e i n g  i n t r o d u c e d  a t  t h e  o r i g i n .  As i n  th e
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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  c h o l e s t e r y l  i o d i d e  

( C a r l i s l e  and Crowfoo t  ( 1 9 4 5 ) )  t h i s  c o r r e s p o n d s  to  a  

s u p e r p o s i t i o n  o f  t h e  t r u e  s t r u c t u r e  and i t s  i n v e r s e .

Hence,  th e  isom orphous  r e p l a c e m e n t  m ethod  i s  m ost  

v a l u a b l e  when a c e n t r e  o f  symmetry i s  p r e s e n t ,  i f  n o t  

f o r  the  s t r u c t u r e  a s  a w h o le ,  a t  l e a s t  f o r  a p r o j e c t i o n  

o f  th e  s t r u c t u r e .  I n  th e  l a t t e r  c a s e ,  r e s o l u t i o n  o f  

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

I t  may be  n o t e d  t h a t ,  i n  t h e o r y ,  to  f i x  ph ase  a n g l e s  

e x p e r i m e n t a l l y  a  minimum o f  t h r e e  i som orphous  c r y s t a l s ,

RX^Y^, RX^Yg, RXgY^ would be  r e q u i r e d ,  R r e p r e s e n t i n g  

t h e  o r g a n i c  p a r t  o f  t h e  m o l e c u l e ,  X th e  s i t e  o f  one ty p e  

and Y th e  s i t e  o f  a second  type  o f  "heavy  a tom".  T h is  

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

r e c e n t l y  u s e d  w i t h  m arked  success :  i n  th e  a n a l y s i s  o f  

p r o t e i n  s t r u c t u r e s  b y  Bragg and P e r u t z  (1954)  and Kendrew 

and c o -w o r k e r s  (Bluhm e t  a l .  ( 1 9 5 8 ) ) .

1 . 4 . 5 .  D i r e c t  M ethods .

I t  i s  p o s s i b l e  u s i n g  a m p l i tu d e  r e l a t i o n s h i p s  b e tw e e n  

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

m a t h e m a t i c a l  r e l a t i o n s h i p s  (H a r k e r  and K a sp e r  ( 1 9 4 8 ) ) .

These r e l a t i o n s  depend on th e  f a c t  t h a t  t h e  e l e c t r o n  

d e n s i t y  i s  n e v e r  n e g a t i v e  ( P e p in s k y  and M a c G i l l a v r y  ( 1 9 5 1 ) ,  

K a r l e  and Hauptman ( 1 9 5 0 ) ) .  Many more a n a l y t i c a l  a p p r o a c h e s
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have s u b s e q u e n t l y  b e e n  made on th e  phase  p rob lem  

(S a y r e  ( 1 9 5 2 ) ,  Z a c h a r i a s e n  (1952)  and o t h e r s )  which 

s u g g e s t  t h a t  t h e s e  m ethods  can  be o f  a d v a n ta g e  f o r  the  

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

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

l i k e l y  u n l e s s  c e n t r o s y m m e t r i c a l  p r o j e c t i o n s  a r e  a v a i l a b l e .

1 •5 • R e f in em en t  o f  C r y s t a l  S t r u c t u r e s .

Once th e  g e n e r a l  o u t l i n e  o f  a s t r u c t u r e  h a s  b e en  

s o l v e d  v a r i o u s  m ethods  can  be u s e d  i n  o r d e r  to  d e r i v e  

a c c u r a t e  p o s i t i o n a l  and th e r m a l  p a r a m e t e r s .  Of c o u r s e ,  

th e  f i n a l  a c c u r a c y  o f  any s t r u c t u r e  d e t e r m i n a t i o n  depends  

on th e  p r e c i s i o n  w i t h  which th e  s t r u c t u r e  a m p l i tu d e s  have 

b e en  found  e x p e r i m e n t a l l y .

I t  h a s  b e e n  found  c o n v e n i e n t  to  e x p r e s s  th e  o v e r a l l  

ag reem en t  be tw een  th 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  i n  te rm s  o f  th e  r e l i a b i l i t y  in d e x  o r  r e s i d u a l

T? -  Z l lP o l  -  |F C |1  

E M
E x p r e s s e d  as  a p e r c e n t a g e  R i s  u s u a l l y  c a l l e d  th e  d i s c r e p a :  

A l th ou g h  R i s  a u s e f u l  g u ide  i n  d e c i d i n g  w h e th e r  any 

p a r t i c u l a r  change i n  p a r a m e t e r s  h a s  p ro d u c e d  a b e t t e r  

ag reem en t  w i th  th e  o b s e r v e d  d a t a ,  i t  i s  n o t  e n t i r e l y  a 

s a t i s f a c t o r y  i n d e x  i n  t h a t ,  e s p e c i a l l y  when a '’heavy  atom"

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

and y e t  the  o v e r a l l  R v a lu e  may seem a c c e p t a b l e .
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While a low v a lu e  o f  R p r o v i d e s  some i n t e r n a l  e v id e n c e  

t h a t  th e  c r y s t a l  s t r u c t u r e  so d e r i v e d  i s  e s s e n t i a l l y  c o r r e c t  

o t h e r  f a c t o r s  need  to  he examined.  The deduced  s t r u c t u r e  

must  he c h e m i c a l l y  r e a s o n a b l e .  The bond  l e n g t h s  and 

bond  a n g l e s  t o g e t h e r  w i t h  th e  i n t e m o l e c u l a r  c o n t a c t s  

s h o u ld  be  b o t h  r e a s o n a b l e  and a c c e p t a b l e .  Also the  

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 h o u ld  n o t  c o n t a i n  r e g i o n s  

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

Among th e  more i m p o r t a n t  m ethods  o f  r e f i n e m e n t  may 

be m e n t io n e d  th e  Fo s y n t h e s i s ,  t h e  d i f f e r e n t i a l  s y n t h e s i s  

(B o o th ,  1 9 4 6 ) ,  the  method o f  s t e e p e s t  d e s c e n t s  ( B o o t h , 1947; 

Yand, 1948; Qurashi, 1 9 4 9 ) ,  t h e  d i f f e r e n c e  s y n t h e s i s  which 

h a s  b e e n  d i s c u s s e d  t h e o r e t i c a l l y - b y  Booth (1948)  and 

Cochran  (1951)  and th e  m ethod o f  l e a s t  s q u a r e s  (H u gh es ,1941)  

The two methods  o f  r e f i n e m e n t  u s e d  in  th e  p r e s e n t  s t u d i e s  

w i l l  now be d e s c r i b e d .

1 . 5 . 1 .  The Fo s y n t h e s i s .

The Fo s y n t h e s i s  was t h e  f i r s t  s y s t e m a t i c  m ethod  o f  

s t r u c t u r e  r e f i n e m e n t .  The 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 a l c u l a t e d  u s i n g  t h e  o b s e r v e d  a m p l i t u d e s ,  |po| , and 

p h a s e s  c a l c u l a t e d  on th e  b a s i s  o f  th e  a p p ro x im a te  t r i a l  

s t r u c t u r e .  Prom th e  r e s u l t i n g  map i t  s h o u ld  be  p o s s i b l e  

to  a l l o c a t e  improved c o - o r d i n a t e s  to  th e  a tom ic  p o s i t i o n s .
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C a l c u l a t i o n  o f  s t r u c t u r e  f a c t o r s  t h e n  p r o v i d e s  a new,

■better  s e t  o f  p h a se  a n g l e s  and th e  whole p r o c e s s  i s  

r e i t e r a t e d  u n t i l  th e h e  i s  no f u r t h e r  d e c l i n e  i n  th e  

E v a l u e .

The s u c c e s s i v e  F o u r i e r  r e f i n e m e n t  o f  a c e n t r o -  

sy m m et r ica l  s t r u c t u r e  h a s  con v e rg ed  c o m p l e t e l y  when t h e r e  

i s  no change i n  any o f  th e  s i g n s  a s  d e r i v e d  from th e  

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

any  change i n  th e  c o - o r d i n a t e s  n e c e s s a r i l y  b r i n g s  a b o u t  

a change i n  th e  p h a s e s  and so th e  p r o c e s s  o f  F o u r i e r  

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

l i m i t ,  how ever ,  may be r e a c h e d  more q u i c k l y  by a p p l y i n g  

c o - o r d i n a t e  s h i f t s  which a r e  between one and two t im e s  

th e  i n d i c a t e d  v a l u e s ,  t h e  e x a c t  f a c t o r  depend ing  on th e  

space  g ro u p .  T h is  i s  t h e  f,n - s h i f t  r u l e tf i n t r o d u c e d  b y  

Shoemaker e t  a l .  ( 1 9 5 0 ) .  T r u t e r  (1954)  h a s  p o i n t e d  o u t  

t h a t  i t  i s  o n l y  s t r i c t l y  a p p l i c a b l e  when no one atom 

p r e d o m i n a t e l y  d e t e r m i n e s  th e  p h a s e s .

The 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  d e r i v e d  u s i n g  

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

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

and ,  m o reo v e r ,  th e  F o u r i e r  c o e f f i c i e n t s  a r e  s u b j e c t  to  a t  

l e a s t  random e r r o r s .  Booth (1946)  h a s  s u g g e s t e d  a t e c h n i a u a  -  

the  b a c k - s h i f t  method -  f o r  th e  c o r r e c t i o n  o f  such s e r i e s
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t e r m i n a t i o n  e r r o r s .  O t h e r  i n h e r e n t  l i m i t a t i o n s  i n  th e  

Fo s y n t h e s i s  a r e  t h a t  some o f  th e  m ea su re d  c o e f f i c i e n t s  

may be more i n  e r r o r  t h a n  o t h e r s  and t h a t  e x c e s s i v e  w e ig h t  

i s  a s c r i b e d  to  h i g h  o r d e r  F v a l u e s .  These l a t t e r  

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

i n  th e  n e x t  s e c t i o n  i s  f o l lo w e d .

The Method o f  L e a s t  S q u a re s .

As was shown b y  B.W. Hughes (1941)  th e  method  o f  

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

m in i m i s in g  some f u n c t i o n  o f  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  w i t h  r e s p e c t  to  th e  s t r u c t u r a l  

p a r a m e t e r s , T h e  f u n c t i o n  m os t  commonly u s e d  i s : -

where Fo and Fc have  t h e i r  u s u a l  s i g n i f i c a n c e ,  th e  summation 

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

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

to  a l l o w  f o r  th e  f a c t  t h a t  th e  Fo v a l u e s  a r e  n o t  a n  

m easu re d  w i t h  th e  same a c c u r a c y .  The a b s o l u t e  v a l u e s  o f  

t h e  w e ig h t s  a r e  unknown, t h e s e  b e i n g  d e p e n d e n t  on t h e  

r e l i a b i l i t y  o f  th e  F v a l u e s .  T h is  b e i n g  th e  c a s e ,  r e l a t i v e

e s t i m a t i o n s  o f  the  w e i g h t s  a r e  u s u a l l y  made.

js«ach 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

(1 . 1 1 .)
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to  th e  l e a s t  s q u a r e s  m a t r i x .  A i  j  a r e  th e  c o r r e c t i o n s  

to  be s o l v e d  f o r  and a p p l i e d  to  th e  v a l u e s  o f  u s e d  i n  

c a l c u l a t i n g  |F c |  v a l u e s .  I f  th e  e r r o r s  i n  th e  p o s i t i o n a l  

p a r a m e t e r s  a r e  sm a l l  t h e n  t h e s e  p a r a m e t e r s  can he  r e f i n e d  

h y  t h e  s t a n d a r d  l e a s t  s q u a r e s  p r o c e d u r e  ( W h i t t a k e r  and 

E ob inson  (1944,)) o f  s u c c e s s i v e  s o l u t i o n  o f  N s i m u l t a n e o u s  

l i n e a r  e q u a t i o n s  i n  th e  H unknown p a r a m e t e r s  ( t h e  no rm al  

e q u a t i o n s ) .

The use  o f  t h e  l e a s t  s q u a r e s  method i s  n o t  r e s t r i c t e d  

to  th e  r e f i n e m e n t  o f  a tom ic  c o - o r d i n a t e s .  I t  may he  

a p p l i e d  to  th e  a d ju s tm e n t  o f  a tom ic  s c a l e  and t e m p e r a t u r e  

f a c t o r s  (Hughes and Lipscomb ( 1 9 4 6 ) ) ,  and r e f i n e m e n t  i s
Z p

• a r  a p p ro a c h  c o n s t a n c y .  The 

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

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

th e  c o r r e s p o n d i n g  s t a n d a r d  d e v i a t i o n s .

The r e l a t i o n  b e tw ee n  th e  F o u r i e r  and l e a s t  s q u a r e s  

methods o f  r e f i n e m e n t  was deduced  h y  Cochran (1948)  who 

showed t h a t  f o r  r e s o l v e d  p e a k s  th e  c o - o r d i n a t e s  found  by  

th e  l e a s t  s q u a r e s  p r o c e d u r e  w i t h  w = Vp e r e  th e  same as  

th o se  r e s u l t i n g  from a F o u r i e r  s y n t h e s i s  when b a c k - s h i f t  

c o r r e c t i o n s  f o r  f i n i t e  s e r i e s  a r e  a p p l i e d .
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1 1 . THE 0  HEM I S  THY OP IbO C LO V EIlI Aid) E L A T E D  COMPOUNDS.

2 . 1 .  I n t r o d u c t i o n :

The c l a s s i c a l  a p p ro a c h  to  s t r u c t u r a l  e l u c i d a t i o n  i n  

th e  t e r p e n e  f i e l d  was by  chem ica l  d e g r a d a t i o n ,  whereby 

sm a l l  f r a g m e n ts  o f  th e  o r i g i n a l  m o le c u le  were i s o l a t e d  

f o r  r e c o g n i t i o n .  D i f f i c u l t i e s ,  however ,  e x i s t  i n  t h i s  

s e r i e s  i n  t h a t  t h e s e  compounds a r e  l i q u i d s  w h i c h , i n  some 

c a s e s ,  have v e r y  s i m i l a r  p h y s i c a l  p r o p e r t i e s .  F u r t h e r m o r e ,  

th e  c h e m ic a l  i n v e s t i g a t i o n  can  be  c o m p l i c a t e d  due to  t h e  

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

o c c u r  i n  t h i s  s e r i e s  (de  Mayo ( 1 9 5 9 ) ) .

These s t r u c t u r a l  i n v e s t i g a t i o n s  have be en  g r e a t l y  

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

l . R .  and U.V. s p e c t r o s c o p i c  work have b e e n  o f  i n v a l u a b l e  

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

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

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

a p p l i c a t i o n  o f  X - ra y  c r y s t a l l o g r a p h i c  m e th o d s ,  which  c a n ,  

i n  f a v o u r a b l e  c a s e s ,  s o lv e  s t r u c t u r a l  p ro b lem s  d i r e c t l y .

Of p a r t i c u l a r  i n t e r e s t  i s  th e  a n a l y s i s  o f  l o n g i f o l e n e  

hydrobrom ide  and h y d r o c h l o r i d e  b y  M o f fe t t  and R ogers  ( 1 9 5 3 ) ,  

s i n c e  th e  s t r u c t u r e  d e r i v e d  b y  them h a s  s t i l l  to  be 

c o n f i rm e d  c h e m i c a l l y .



2 . 2 .  i s o c l o v e n e  and. t h e  C a ry o p h y l l e n e  
S e r i e s  o f  S e s q u i t e r p e n e s .

I s o c l o v e n e ,  0 ^5 i s  a v i s c o u s  l i q u i d  ( b . p t .  1 5 0 ° /1 2  mm. 

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

f i -  c a r y o p h y l l e n e , f i r s t  i s o l a t e d  by S t t l i n g  ( 1 8 3 4 ) ,  e x h i b i t s  

a r e m a rk a b le  v a r i e t y  o f  s k e l e t a l  r e a r r a n g e m e n t s ,  and w h i l s t  

i t s  a c t u a l  s t u d y  may be s a i d  to  d a te  from th e  i n v e s t i g a t i o n s  

o f  Church ( 1 8 7 5 ) ,  i t  i s  o n l y  c o m p a r a t i v e l y  r e c e n t l y  t h a t  

th e  n a t u r e  o f  i t s  s u b t l e  r e a r r a n g e m e n t s  h a s  b e en  u n d e r s t o o d .

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

to  th e  p r e s e n t  d i s c u s s i o n  may be i l l u s t r a t e d  i n  th e  f o l l o w i n g  

c h a r t : -
1

- c a r y o p h y l l e n e ---------->/ ^ - c a r y o p h y l l e n e  a l c o h o l  + c lo v e n e

s o l i d  C^p-Hgp-Cl

R e a c t i o n  1 , a h y d r a t i o n  s t e p  e f f e c t e d  by u s i n g  c o n c e n t r a t e d  

s u l p h u r i c  a c i d  and. d r y  e t h e r  a t  0°C. , was f i r s t  iDerformbd

2
h y d r o c a r b o n  m ix t u r e

l i q u i d  h y d r o c a r b o n ( ^ ) i s o c l o v e n e ,  C4 5 H24

by W allach  and w a lk e r  ( 1 8 9 2 ) .  H e n d erson ,  McCrone and
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R o b e r t s o n  (1929)  dehydra ted .  - c a r y o p h y l l e n e  a l c o h o l

u s i n g  p h o sp h o ru s  p e n t o x i d e .  T h is  i s  r e a c t i o n  2 .

They s e p a r a t e d  th e  h y d ro c a rb o n  m ix t u r e  so o b t a i n e d  by 

d i s t i l l a t i o n  u n d e r  reducted p r e s s u r e  i n t o  a new i s o m e r ,  

i s o c l o v e n e ,  and a n o t h e r  h y d r o c a r b o n ,  l A ) ,  which t h e y  

b e l i e v e d  to  be  c lo v e n e  b e c a u s e  o f  th e  s i m i l a r i t y  i n  

r e f r a c t i v e  i n d e x ,  b o i l i n g  p o i n t  and d e n s i t y .  L u t s  

and R e id  (1955 ,  1954) sho\?ed t h a t  h y d ro c a rb o n ,  (A ) ,  

d i f f e r e d  from c lo v e n e  i n  s p e c i f i c  r o t a t i o n  a s  w e l l  as  

i n  i t s  I .  R. sp e c t ru m .  T h is  new i s o m e r ,  A, t h e y  c a l l e d  

p s e u d o c l o v e n e .

I t  i s  o n l y  i n  th e  l a s t  decade  t h a t  I t  h a s  been  

p o s s i b l e  to  deduce the  s t r u c t u r a l  fo rm u lae  o f  t h e s e  

compounds. B a r to n  and L in d s e y  (1951)  p r o v i d e d  c o n v in c in g  

ch em ic a l  e v id e n c e  t h a t  ^ - c a r y o p h y l l e n e  had  c o n s t i t u t i o n  ( I ) .  

F u r t h e r  chem ica l  work b y  B a r to n ,  Bruun and L i n d s e y  (1952)  

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

s t r u c t u r e  ( I I )  w h i le  d e g r a d a t i v e  work by  th e  same group  

u n e q u iv o c a b l y  p r o v e d  t h a t  c lo v e n e  had  s t r u c t u r e  ( I I I ) .

The X -ray  c r y s t a l l o g r a p h i c  a n a l y s i s  o f  th e  i som orphous  

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

R o b e r t so n  and Todd (1955 ,  1955) n o t  o n l y  i n d e p e n d e n t l y  

co n f i rm e d  Barton* s chem ica l  work bu t  a l s o  gave p r o o f  o f  

th e  s t e r e o c h e m i s t r y  o f  th e  h a l i d e  WV).
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Qn th e  "basis  o f  r e l a t i v e  e l e c t r o p h i l i c i t y  and o t h e r  

c o n s i d e r a t i o n s ,  A e b i ,  B a r to n  and L in d s e y  (1955)  u s i n g  the  

r e s u l t  o f  R o b e r t s o n  and T o d d 's  X -ray  i n v e s t i g a t i o n  a s  a 

b a s i s  were a o l e  to  advance a r a t i o n a l  p r e s e n t a t i o n  o f  

a l l  th e  s t e r e o c h e m i c a l  r e l a t i o n s h i p s :

Formula ( V I I ) was a s c r i b e d  to  p se u d o c lo v e n e  by 

L u tz  and R e i d . ( 1 9 5 3 ) ,  No i n v e s t i g a t i o n s  were made by  

th e  l a t t e r  on t h e  p ro b lem  o f  th e  s t r u c t u r e  o f  i s o c l o v e n e .  

Some i n i t i a l  work h a s ,  how ever ,  b e e n  done b y  Money ( 1 9 5 7 ) .  

I n  th e  s h o r t  t ime a t  h i s  d i s p o s a l  Money showed:

( 1 ) t h a t  i s o c l o v e n e  p o s s e s s e d  a s e c o n d a r y - t e r t i a r y
"I

e t h y l e n i c  l i n k a g e  ( p e a k s  a t  795 cm. ( s )  and 

840 cm. (m) i n  th e  I .  R. s p e c t r u m ) .  I t  can

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

t r i e a r b © c y c l i c .

( 2 ) Kuhn-Eoth o x i d a t i o n  i n d i c a t e d  th e  p r e s e n c e  o f  

t h r e e  m e th y l  g ro up s  I n  th e  m o le c u le .

L i t t l e  e l s e  o f  any v a lu e  was deduced from t h i s  l i m i t e d  

d e g r a d a t i v e  a p p ro a c h .  N e v e r t h e l e s s ,  from l o g i c a l  

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

c lo v en e  a s  a n a l o g y ,  Money t e n t a t i v e l y  p r o p o s e d  two p o s s i b l e  

s t r u c t u r e s ,  ( V I I I )  and ( I X ) ,  f o r  i s o c l o v e n e .

For  th e  sake o f  c o m p a r iso n ,  th e  s t r u c t u r e  o f  

i s o c lo v e n e  h y d r o c h l o r i d e  as  e s t a b l i s h e d  b y  th e  subsequent



X -ray  i n v e s t i g a t i o n s  i s  c o r r e c t l y  r e p r e s e n t e d  a s  i n  (X).

The s t r u c t u r e  o f  i s o c lo v e n e  i s  t h e r e f o r e  r e p r e s e n t e d  hy  ( X I ) .

2 . 5 .  The X - ra y  C r y s t a l l o g r a p h i c  Approach 
to  S t r u c t u r e  D e t e r m in a t io n .

While s t r u c t u r e s  ( V I I I )  and (IX) can  be c o n s i d e r e d  

a s  p e r h a p s  u s e f u l  g u id e s  f o r  th e  p o s t u l a t i o n  o f  t r i a l  

s t r u c t u r e s ,  any X - ray  i n v e s t i g a t i o n  o f  a  c r y s t a l l i n e  

d e r i v a t i v e  o f  i s o c l o v e n e  m ust  embody a c o n s t i t u t i o n a l  a s  

w e l l  a s  a c o n f i g u r a t i o n a l  p ro b lem .  With a  m o d e r a t e l y  

complex m o le c u le  o f  th e  s e s q u i t e r p e n e  type  i t  i s  c l e a r  

t h a t  some phase  d e t e r m i n i n g  h e av y  atom t e c h n iq u e  i s  

r e q u i r e d  a l t h o u g h  i t  may be n o t e d  i n  th e  p a s s i n g  t h a t  

G r a n t ' s  (1957)  a n a l y s i s  o f  h y d ro x y d ih y d ro e re m o p h i lo n e  

d i s p e n s e d  w i t h  any such  a i d .

To d a t e ,  two main a p p ro a c h e s  have b e e n  employed i n

th e  a n a l y s i s  o f  t e r p e n e  d e r i v a t i v e s .  A f t e r  the  i n i t i a l

d e t e r m i n a t i o n  o f  th e  heavy  atom l o c a t i o n  i n  th e  c r y s t a l

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

p r o j e c t i o n s  have b e e n  d e te r m in e d  e i t h e r  by  com p ar iso n  o f

two isomorprious compounds a s  i n  th e  a n a l y s i s  o f

- c h l o r o  (bromo) camphor b y  Wiebenga and Krom (194-6) and

f t  - c a r y o p h y l l e n e  c h l o r i d e  (b ro m ide )  b y  R o b e r t s o n  and Todd

(1956 ,  1955) o r  from a s i n g l e  heavy  atom d e r i v a t i v e  a s  m

th e  c ase  o f  l a n o s t e n y l  i o d o a c e t a t e  ( F r i d r i c h s o n s  and 

M ath ie so n  ( 1 9 5 3 ) ) .



Since  Money, on tlie b a s i s  o f  a m ixed  m e l t i n g  p o i n t  

d e t e r m i n a t i o n ,  c la im e d  t h a t  i s o c l o v e n e  hydrobrom ide  and 

h y d r o c h l o r i d e  were i som orphous ,  i t  seemed p o s s i b l e  to  

f o l l o w  th e  same b ro a d  s t r a t e g y  i n  th e  p r e s e n t  s t r u c t u r a l  

d e t e r m i n a t i o n .  A ccess  to  a h i g h  speed  d i g i t a l  computer  

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

i n  c o n seq u e n ce ,  an a t t e m p t  was made i n i t i a l l y  to  c a r r y  

t h r o u g h  an a n a l y s i s  u s i n g  two d im e n s io n a l  d a t a .
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I I I .  THE STRUCTURE OF ISOCLOVENE:
THE TViO-DIMENSIONAL ANALYSIS.

3 . 1 .  The p r e l i m i n a r y  X -ray  c r y s t a l l o g r a p h i c  s u r v e y .

Samples o f  i s o c l o v e n e  h y d r o c h l o r i d e  and l iy d ro b ro m ide , 

c r y s t a l l i s e d  from e t h y l  a c e t a t e  b y  Mr. T. Money, were k i n d l y  

s u p p l i e d  by  P r o f e s s o r  D. H. R. B a r to n .  The c o l o u r l e s s  

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

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

had  a l l  b u t  decomposed i n t o  a d a rk  g ree n  o i l .  A f r e s h  

sample o f  th e  hydrobrom ide  d e r i v a t i v e  was t h e r e f o r e  

p r e p a r e d ,  th e  scheme o r i g i n a l l y  a d o p te d  b y  Money b e i n g  

f o l lo w e d  ( s e e  Appendix l ) .  Both  d e r i v a t i v e s  were t h e n  

r e c r y s t a l l i s e d  from a c e to n e  s o l u t i o n s  a s  w e l l  formed 

p r i s m a t i c  n e e d l e s  which e x h i b i t e d  s t r a i g h t  e x t i n c t i o n  

when examined u n d e r  th e  p o l a r i s i n g  m ic r o s c o p e .

The u n i t  c e l l  d im e n s io n s  were o b t a i n e d  from r o t a t i o n  

p h o to g r a p h s  c a l i b r a t e d  b y  cop p e r  powder l i n e s ,  o s c i l l a t i o n  

p h o to g r a p h s  and e q u a t o r i a l  l a y e r - l i n e  W eissenb e rg
/X o.p h o t o g r a p h s .  Copper K r a d i a t i o n  ( A = 1 .5 4 2  A) was 

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

d e te r m in e d  b y  th e  f l o t a t i o n  m ethod ,  th e  m edia  b e i n g  

aqueous  s o l u t i o n s  o f  z in c  c h l o r i d e .

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

h y d r o h a l i d e  compounds a r e  l i s t e d  i n  Table  1 .  While 

th e  s y s t e m a t i c  a b s e n c e s  i n  s p e c t r a  -  (OkO) f o r  k  = 2n + 1 -



TABLE 1 .

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

and i s o c l o v e n e  h ydrobrom ide .

i s o c lo v e n e  
hydro  c h io  r i  de

i s o c l o v e n e
hydrobrom ide

m o l e c u l a r  fo rm u la G15H25C1 G15H25Br
m o l e c u l a r  w e ig h t 240 .8 285 .3

m e l t i n g  p o i n t 87° 74°

sys tem m o n o c l in ic
. 0 , 

a  (A) 6 .3 5  i  0 .0 1 6 .48  t  0 .0 1

t  (A) 1 3 .9 1  t  0 . 0 4 13 .81  + 0 .0 4

o (A) 7 .8 9  ±  0 . 0 2 7 .9 6  + 0 .0 1

9 5 .3 ° 9 1 .9 °
® 3u n i t  c e l l  volume(A ) 694 712

m o le c u l e s  p e r  c e l l 2 2

d ( f l o t a t i o n )  (g .cm .” ^ ) 1 .1 5 1 1 .3 2 3
rr

d ( c a l c . ) (g .cm .“ ) 1 .1 5 2 1 .3 3 0
- 1A b s o r p t io n  (cm. ) ,  

( ^ = 1 .5 4 2  A) 2 2 . 2 3 8 .6

A bsen t  S p e c t r a (OkO) when k  =- 2n + 1

Space g roup 0 1 CO ° 8  -  P 2,
S’ (0 0 0 ) 264 300
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a r e  c h a r a c t e r i s t i c  o f  two space  g r o u p s ,  P g f and P g t /  >
/m

th e  l a t t e r  i s  r e j e c t e d  s i n c e  t h i s  space  group  c a n n o t  

p o s s i b l y  accommodate two m o le c u l e s  p o s s e s s i n g  n e i t h e r  

a p l a n e  n o r  a c e n t r e  o f  symmetry. ( i s o c l o v e n e  i s  

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

r e g a r d e d  a s  th e  asym metr ic  u n i t .

3 . 2 .  Choice  o f  d e r i v a t i v e  f o r  s t r u c t u r e  d e t e r m i n a t i o n .

The isom orphism  o f  i s o c l o v e n e  h y d r o c h l o r i d e  and 

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

s e c t i o n  1 . 4 . 4 . ,  t h e  isom orphous  r e p l a c e m e n t  method i n  

th e  c a s e  o f  a n o n - c e n t r i c  sp ace  group such  a s  P g f , where 

t h e r e  i s  o n l y  a s i n g l e  c e n t r o s y m m e t r ic  p r o j e c t i o n  and

t h a t  one a lm o s t  14 A l o n g ,  h o l d s  no adv an tag e  o v e r  th e  

’’h e av y  a tom” t e c h n i q u e .  I n d e e d ,  th e  l a t t e r  i s  to  be 

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

no b e s e t t i n g  s c a l i n g  f a c t o r  d i f f i c u l t i e s .

i s  2 . 2  i n  th e  c a se  o f  th e  bromo compound b u t  o n l y  . 5  f o r  

th e  c h lo r o  d e r i v a t i v e ,  i s o c l o v e n e  hy d ro b ro m id e ,  d e s p i t e  

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

a s  b e i n g  the  more s u i t a b l e  d e r i v a t i v e  f o r  th e  i n i t i a l  

two d im e n s io n a l  a n a l y s i s .  F u r th e r m o r e ,  due to  th e

The com ple te  m o le c u le  i s  t h e r e f o r e

o

Q
S ince  th e  v a lu e  o f  t h e  r a t i o  ZHfl ( s e c t i o n  1 . 4 . 5 . )
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u n s t a b l e  n a t u r e  o f  t h i s  compound ( l i f e  t ime o f  a few 

days  when ex p o sed  to  a i r  and X - r a y s ) ,  i t  was p r e f e r a b l e  

to  c o l l e c t  i n t e n s i t y  d a t a  im m e d ia te ly .

3 . 3 .  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 .

I n t e n s i t y  d a t a  f o r  th e  (hkO),  (hCXf) and(Ok-f) zones  

o f  i s o c l o v e n e  hydrobrom ide  were r e c o r d e d  p h o t o g r a p h i c a l l y  

u s i n g  co pp er  Kc< r a d i a t i o n  ( X= 1 .5 4 2  $.). The c o r r e l a t i o n  

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

m u l t i p l e  f i l m  t e c h n iq u e  ( R o b e r t s o n  (1 9 4 3 ) )  w i th  a pack  

o f  5 f i l m s  ( I l f o r d  I n d u s t r i a l  -  G). A f i l m  f a c t o r  o f  3 .3  

was assumed. The i n t e g r a t e d  i n t e n s i t i e s  f i n a l l y  o b t a i n e d  

were th e  a r i t h m e t i c  a v e ra g e  o f  t h r e e  v i s u a l  e s t i m a t e s  e ac h  

made w i t h  the  a i d  o f  a d i f f e r e n t  s e r i e s  o f  c a l i b r a t e d

s p o t s  o f  known r e l a t i v e  i n t e n s i t y .

TABLE 2.

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

% o f  
t o t a l  

p o s s i b l e

r a t i o  o f  
s t r o n g e s t  to  
. w eak es t  
i n t e n s i t y

c r o s s -
s e c t i o n

o f
specim en

(0 k£) 123 82 1 1 ,0 0 0  : 1 . 2 x .2 mm.^

(h o e ) 118 81 2 ,800  s 1 . 2  x.3mm.^

(hfeO) 116 86 4 ,2 0 0  : 1
2

. 4  x.36mm.

The mean i n t e n s i t i e s  were c o n v e r t e d  i n t o  s t r u c t u r e  

f a c t o r s  ( l i s t e d  i n  T ab le  3 ) ,  a f t e r  t h e  u s u a l  L o r e n t z  and 

p o l a r i s a t i o n  c o r r e c t i o n s  h ad  b e e n  a p p l i e d .  No c o r r e c t i o n s  

were made f o r  a b s o r p t i o n  o r  e x t i n c t i o n .
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3 . 4  Two D im en s io n a l  S t r u c t u r e  A n a l y s i s  o f  I s o c l o v e n e
Hydro!) romi d e .

The c a l c u l a t i o n s  o f  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

d e s c r i b e d  i n  t h i s  c h a p t e r  were c a r r i e d  o u t  u s i n g  th e

B e e v e r s - L ip s o n  s t r i p  method w i th  i n t e r v a l s  o f

1 2 ° ( . 2 1 6  A) a lo n g  a ,  6 ° ( . 2 3 0  A) a lo n g  b ,  and 
o

6 ° ( . 1 3 3  A) a lo n g  c .  The c o m p u ta t io n  o f  s t r u c t u r e  

f a c t o r s  was p e r f o r m e d  u s i n g  a desk  c a l c u l a t i n g  m ach in e .  

The Thomas-Fermi s c a t t e r i n g  f a c t o r s  f o r  bromine  l i s t e d  i n  

I n t e r n a t i o n a l e  T a b e l l e n  ( Z w e i t e r  Band) (1935)  were u s e d ,  

w h i le  th e  a tom ic  form f a c t o r s  f o r  ca rb on  were t h o s e  

co m p i led  b y  H oe rn i  and Xbers  (1 9 5 4 ) .  E m p i r i c a l  

m o d i f y in g  t e m p e r a t u r e  f a c t o r s  o f  B = 4 . 4  f o r  b rom ine  

and B = 3 .5  i  ^ f o r  ca rb o n  were u s e d ,  t h e s e  b e i n g  t h e  

v a l u e s  deduced  b y  R o b e r ts o n  and Todd (1955)  f o r  th e  

h a lo g e n  and ca rb o n  atoms r e s p e c t i v e l y  i n  - c a r y o p h y l l e n e  

c h l o r i d e .

3 .5  The (100)  P r o j e c t i o n .

As th e  a a x i s  i s  th e  s h o r t e s t ,  a p r o j e c t i o n  o f  t h e  

s t r u c t u r e  o n to  th e  ( 1 0 0 ) p l a n e  would seem to  p r e s e n t  t h e  

m ost  open v iew o f  th e  m o le c u l e .  C l e a r l y ,  t h e  f i r s t  s t e p  

was to  f i n d  th e  l o c a t i o n  o f  th e  heavy  atom w i t h i n  th e  

asym metr ic  u n i t .  T h is  was a c h i e v e d  b y  com put ing  th e  

(100)  P a t t e r s o n  p r o j e c t i o n  u s i n g  a s  F o u r i e r  c o e f f i c i e n t s



'/3

, 1 . (100)  P a t t e r s o n  p r o j e c t i o n  f o r
i s o c l o v e n e  hydrohrom ide .
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t h e  s q u a r e s  o f  t h e  123 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 .

The v e c t o r  s e t  space  g ro up ,  P , (B u e rg e r  (1 9 5 0 ) )  h a s  

p mm. symmetry i n  t h i s  p r o j e c t i o n  and hence  th e  e x p r e s s i o n  

e v a l u a t e d  w a s : -

P(OVW) = Z |p( ° k^)| 2 cos  27T(kV + i w )  . . . . .  ( 3 . 1 . )

The r e s u l t i n g  P a t t e r s o n  map i s  d e p i c t e d  i n  F ig u r e  1 ,  

th e  f u n c t i o n  h a v in g  b e e n  e v a l u a t e d  from V = 0 to  V = |  

and from W = 0 to  W = .

S ince  th e  p o s i t i o n s  o f  th e  two b ro m ines  w i t h i n  th e  

r e a l  u n i t  c e l l  may be d e s i g n a t e d  b y  c o - o r d i n a t e s  ( x ,  y ,  z) 

and (x,  -§• + y ,  z )  t h e  e x p e c t e d  v e c t o r  be tw een  t h e s e  two 

atoms h a s  components  V = \  and W = 2z. The l a r g e s t  peak  

on th e  map, o t h e r  t h a n  th e  o r i g i n  p e a k ,  r e p r e s e n t s  th e  

b rom ine  -  b rom ine  v e c t o r .  U n f o r t u n a t e l y ,  t h i s  p eak  i s  

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

p eak  p ro d u c e d  b y  th e  o p e r a t i o n  o f  th e  symmetry c e n t r e  a t  

V =: -J, W =: -J. The f o l l o w i n g  c o - o r d i n a t e s  were b e l i e v e d  

to  r e p r e s e n t  a r e a s o n a b l e  a p p ro x im a t io n  f o r  th e  peak  maximum.

V = .500  W = .468

Hence th e  c o - o r d i n a t e s  o f  t h e  two b rom ine  atoms i n  th e  

u n i t  c e l l  were deduced  a s  b e i n g :

Br-j  ̂ ( y  = .2 5 0 ,  z- =: .2 3 4 )  Br^ ( y  = . 7 5 0 ,  z  = .7 6 6 )

I n  th e  d e r i v a t i o n  o f  t h e s e  p o s i t i o n a l  p a r a m e t e r s ,  i t  

sh o u ld  be  remembered t h a t  space  g ro u p ,  P2 t , p e r m i t s  an
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a r b i t r a r y  c h o ic e  o f  o r i g i n ,  and i t  i s  c o n v e n i e n t  f o r  

c a l c u l a t i o n  p u r p o s e s  to  choose  t h i s  o r i g i n  mid-way 

be tw ee n  th e  two b rom ine  a toms.

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

th e  e x p r e s s i o n s  e v a l u a t e d  were:

A = 2 co s  S'T/'ky cos  2 TT^z
f o r  k  =s: 2n

B = 2 s i n  2 7 f k y  cos  2 7f ^ z ;

A = -  2 s i n  2 7Tky s i n  2 ^  z
f o r  k  as 2n + 1

B = 2 cos  2 7Zky s i n  . . . . ( 3 . 2 )

Hence ,  n o t  o n l y  does  th e  b rom ine  atom i n  th e  asym m etr ic  

u n i t  have  zero  c o n t r i b u t i o n  to  th e  B p a r t  o f  e ach  s t r u c t u r e  

f a c t o r  b u t  a l s o  v e r y  sm a l l  c o n t r i b u t i o n s  to  th e  c l a s s  o f  

r e f l e c t i o n s  s a t i s f y i n g  th e  c o n d i t i o n  k  + ^  = 2n + 1 . 

T h e r e f o r e ,  p h a s e s  ( s i g n s  i n  t h i s  c a s e )  can o n l y  w i th  

c e r t a i n t y  be  a s c r i b e d  to  a b o u t  h a l f  th 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 ,  the  d i s c r e p a n c y  o v e r  t h o s e  te rm s  s a t i s f y i n g  

th e  c o n d i t i o n  k  + X  = 2n b e i n g  R = 36^.

An e l e c t r o n - d e n s i t y  p r o j e c t i o n  on (100)  was c a l c u l a t e d  

u s i n g  a s  F o u r i e r  c o e f f i c i e n t s  th o s e  68 F0 t e rm s  deemed to  

be  s i g n - d e t e r m i n e d  b y  th e  b rom ine  c o n t r i b u t i o n s .  F d t  a 

p r o j e c t i o n  w i th  p l a n e  group symmetry p g t h e  e x p r e s s i o n  

to  be  e v a l u a t e d  i s
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F ig .  2 . 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 ( 1 0 0 ) .
C on to u rs  a t  i n t e r v a l s  o f  l e
th e  o n e - e l e c t r o n  l i n e  "being d o t t e d .
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f f ~ k=2n v
^ o ( o y z )  & i  F (oo)  + jp(ok)j  cos^27Tky - o < ( o k ) j  +

c i^ .
ej) n r ^ 2, k = 2n

2 , I o ^ ) l  cos  STT/zj + 4 j / k  yZ  |F (k / ) |  cos  27r^z.
* co s ( 2 7f ky  -  c* ( k-£))

aO 00 k=2n+l  ‘
-  ^ k  ^ & | l ? ( k l ) |  s i n  27f / z  s i n ^ 2 / k y  -  oC (k£))j

As s i g n s  and n o t  g e n e r a l  phase  a n g l e s  a r e  u s e d  th e  

r e s u l t i n g  map p o s s e s s e s  pseudo m i r r o r  p l a n e s  a t  y  = J  

a n d .y  =r w h i le  a s  a consequence  o f  i n c l u d i n g  o n l y  t h o s e  

t e rm s  f o r  which k + ✓£ =t 2n,  f u r t h e r  pseudo m i r r o r  p l a n e s  

a r e  g e n e r a t e d  a t  z s  J  and z = - •

C o n s e q u e n t ly  th e  summation need  o n l y  he e f f e c t e d  f o r  

t h e  r an g e  y  =. ° / 60  to  15 / 60 and z = 1 5 / 60  t o  45^ 6 0 '  

Thus, th e  o r i g i n a l  n o n - c e n t r o s y m m e t r i c  p r o j e c t i o n  i s  

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

symmetry.  A f o u r - f o l d  a m b ig u i ty  i s  t h e r e b y  i n t r o d u c e d  

i n t o  th e  e l e c t r o n  d e n s i t y  p r o j e c t i o n  which i s  i l l u s t r a t e d  

i n  f i g u r e  2. Diagram I  s c h e m a t i c a l l y  i l l u s t r a t e s  the  

f a c t  t h a t  f o r  e v e r y  r e a l  atom a t  p o s i t i o n  1 , s p u r i o u s  

p e a k s  e x i s t  a t  p o s i t i o n s  2 ,  3 ,  4 .
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F i g .  5 . Second 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 ( 1 0 0 ) .
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Diagram I .

m

n V— ........... tr

i

rt ■

z

if 3

T h is  added  s p u r i o u s  symmetry p r e c l u d e s  any r e s o l u t i o n  

and i t  i s  d i f f i c u l t  to  e n v i s a g e  even how th e  m o le c u le  

may he  l y i n g  i n  t h i s  p r o j e c t i o n .

A second  F o u r i e r  p r o j e c t i o n  on (100)  was computed 

w i t h  33 a d d i t i o n a l  te rm s  i n c l u d e d  f o r  which k  + £  = 2n + 1.  

T h is  h e l p e d  p a r t i a l l y  to  d e s t r o y  th e  m i r r o r  p l a n e s  a t  

2 s  j  and z: = f  a s  i s  shown i n  f i g u r e  3 , h u t  the  c o m p l e x i t y  

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

i n t e r p r e t a t i o n .

3*6 The (001)  P r o j e c t i o n .

As th e  h a s i c  symmetry o f  t h i s  p r o j e c t i o n  i s  th e  same

a s  t h a t  p o s s e s s e d  h y  th e  a  a x i s  p r o j e c t i o n  , th e  

c o m p u ta t io n a l  e x p r e s s i o n s  a re  a n a lo g o u s  to  th o s e  

d e s c r i b e d  i n  s e c t i o n  3 . 5 .



• <

4 .  P r o j e c t i o n  o f  P a t t e r s o n  f u n c t i o n  on (OOI).
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F i g . 5 . P r o j e c t i o n  o f  th e  e l c t r o n
d e n s i t y  d i s t r i b u t i o n  on ( 0 0 1 ) .
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The P a t t e r s o n  p r o j e c t i o n ,  shown i n  f i g u r e  4 ,  was 

f i r s t  computed ,  whence th e  b rom ine  atom c o - o r d i n a t e s  

c o u ld  he  deduced  a s  b e i n g :

x  = .175 y  = .250

Br^ x =s .825 y  = .750

These r e s u l t s  when combined w i th  th o se  deduced from 

th e  ( 1 0 0 ) p r o j e c t i o n  y i e l d  th e  f o l l o w i n g  c o - o r d i n a t e s  

f o r  th e  p o s i t i o n s  o f  th e  two b rom ine  atoms i n  th e  u n i t  

c e l l ;

Brx (.175 . 250 . 234)

B r g (.825 .750 .7 6 6 )

The b rom ine  atom c o n t r i b u t i o n s  to  th e  s t r u c t u r e  

f a c t o r s  f o r  th e  (htoO) zone were c a l c u l a t e d ,  g i v i n g  an 

R f a c t o r  o f  3 4 .5 $ .  As p r e v i o u s l y ,  t h e  B p a r t s  o f  th e  

e x p r e s s i o n s  red uce  to  zero  b u t  no f u r t h e r  r e s t r i c t i o n s  

a r e  imposed. S ign s  were a l l o c a t e d  to  103 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  which were u s e d  i n  th e  c o m p u ta t io n  

o f  th e  (001)  e l e c t r o n  d e n s i t y  p r o j e c t i o n .  The r e s u l t i n g  

map i s  i l l u s t r a t e d  i n  f i g u r e  5.

As w i th  th e  (100)  p r o j e c t i o n ,  pseudo m i r r o r  p l a n e s  

e x i s t  a t  y  = J  and y =. f , w i th  a  r e s u l t a n t  symmetry c e n t r e  

a t  x  = i ,  y  = The symmetry o f  th e  p r o j e c t i o n  i s  no

l o n g e r  p g  b u t  p r a g ,  and the  e l e c t r o n - d e n s i t y  map may be 

s a i d  to  c o n t a i n  a t w o - f o l d  a m b ig u i ty ,  b e c a u s e  f o r  e v e r y  

r e a l  atom a t  ( x , y )  a s p u r i o u s  atom a p p e a r s  a t  ( x ,  \  -  y ) .
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I n  o r d e r  to  u n r a v e l  th e  c o r r e c t  s t r u c t u r e ,  j u d i c i o u s  

s e l e c t i o n  o f  one peak  from two p o s s i b i l i t i e s  had  to he  

made f o r  e v e r y  l i g h t  atom i n  t h e  s t r u c t u r e .  At t h i s  

s t a g e ,  t h e s e  a t t e m p t s  to  deduce an a c c e p t a b l e  t r i a l  

s t r u c t u r e  were n o t  s u c c e s s f u l .

3 . 7 .  The (OlO) P r o j e c t i o n .

Prom a p u r e l y  c r y s t a l l o g r a p h i c  a s p e c t ,  a 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  on to  th e  ( 0 1 0 ) p l a n e  h a s  the  

a d v an tag e  t h a t  no s p u r i o u s  symmetry w i l l  be i n t r o d u c e d  

i n t o  t h e  r e s u l t i n g  map, b e c a u s e  a l l  t h e  p h a s e s  a r e  0 o r  TT.
The b rom ine  c o n t r i b u t i o n s  to  the  s t r u c t u r e  f a c t o r s  

were c a l c u l a t e d  (R = 4 9 $ ) .  The e l e c t r o n - d e n s i t y  

p r o j e c t i o n  on ( 0 1 0 ) ,  shown i n  f i g u r e  6 , was computed 

u s i n g  77 t e r m s .  S ince  t h i s  p r o j e c t i o n  h a s  p l a n e  group 

symmetry V 9. t h e  e x p r e s s i o n  u s e d  was:

As was n o t  u n e x p e c t e d ,  the  p r o h i b i t i v e  l e n g t h  o f  

p r o j e c t i o n  d i d  n o t  p e r m i t  any a p p a r e n t  r e s o l u t i o n  o f  th e  

m o le c u le  to  be  a c h i e v e d .  No o b v io u s  c h em ica l  f r a g m e n t s  

c o u ld  be d i s c e r n e d ,  and a l t h o u g h  t r i a l  and e r r o r  m ethods  

were a t t e m p t e d  no s a t i s f a c t o r y  i n t e r p r e t a t i o n  o f  the  

e l e c t r o n  d e n s i t y  map i n  te rm s  o f  p l a u s i b l e  s t r u c t u r e s  

was o b t a i n e d .



a-

c

Z A
I i i i i I i i i i 1

F ig * 6 . P r o j e c t i o n  o f  th e  e le c r t ro n
d e n s i t y  d i s t r i b u t i o n  on ( 0 1 0 )..
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3 .8 .  A t te m p te d  C o r r e l a t i o n  o f  th e  
(hkO) and (hO ) Pro  . l e c t i o n s .

I t  a p p e a re d ,  a t  t h i s  s t a g e ,  t h a t  th e  "best hope f o r  

t r i a l - a n d - e r r o r  a n a l y s i s  l a y  in  s tu d y in g  two p r o j e c t i o n s  

s im u l t a n e o u s ly ,  th e  unam biguous "but u n r e s o lv e d  (hO f) 

p r o j e c t i o n  and th e  ambiguous (hkO) p r o j e c t i o n .

Two p r i n c i p a l  model compounds were s y s t e m a t i c a l l y  

s t u d i e d ,  s t r u c t u r e s  ( V I I I )  and ( I X ) ,  s e c t i o n  2 .2 .

S c a le ,  "ball and w i r e ,  m odels  o f  th e s e  m o le c u le s  were 

c o n s t r u c t e d  and shadows o f  them were thrown "by means o f  

two p a r a l l e l  l i g h t  "beams a t  r i g h t  a n g le s  o n to  th e  

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

o f  th e  s t r u c t u r e  o f  p e n i c i l l i n  h y  Crowfoot e t  a l .  (1 9 4 9 ) .  

When th e  "best f i t  was o b t a i n e d  th e  a tom ic  c o - o r d i n a t e s  

were r e c o r d e d  on a t r a c i n g  p a p e r  o v e r l a y  c o v e r in g  th e

(001) p r o j e c t i o n .  S t r u c tu r e  f a c t o r  c a l c u l a t i o n s  were 

p e rfo rm ed  f o r  a range  o f  r e f l e c t i o n s  in  th e  (hkO) zone.

A wide v a r i e t y  o f  d i f f e r e n t  c o n fo rm a t io n s  and 

o r i e n t a t i o n s  were t e s t e d ,  and an e x h a u s t iv e  t r i a l  o f  

a l l  p o s s i b l e  v a r i a n t s  was c o n d u c ted .

F or exam ple , in  s t r u c t u r e  (IX ) a f t e r  norm al a d d i t i o n  

o f  hydrogen  b rom ide  t h e r e  a re  t h r e e  asym m etric  ca rbo n  

atom s p r e s e n t  in  th e  m o le c u le .  There a r e ,  t h e r e f o r e ,

8 p o s s i b l e  i s o m e rs ,  b u t  s in c e  e n a n t io m e rs  a re  n o t  

d i s t i n g u i s h e d  b y  X -ray  m ethods u n le s s  u n d e r  s p e c i a l



B r

X IIIX

V II I X I I I



c i r c u m s ta n c e s  ( B i jv o e t  (1 9 4 9 ))  t h e r e  a re  4  d i s t i n c t  

p o s s i b i l i t i e s  to  be  i n v e s t i g a t e d .  These c o n s i s t  o f  

e s s e n t i a l l y  4  d i f f e r e n t  r i n g  fo rm s. N on-M arkownikoff 

a d d i t i o n  o f  hydrogen  b rom ide  to  th e  o r i g i n a l  do ub le  b o n d ,  

w h ile  h a v in g  a v e ry  sm a ll  p r o b a b i l i t y ,  was a l s o  

c o n s id e r e d .  An o v e r a l l  ag reem en t f a c t o r  f o r  th e  (hkO) 

zone o f  S = 2 9 .6 $  was o b t a i n e d  u s in g  s t r u c t u r e  (X II )  a s  

a b a s i s .

F or s t r u c t u r e  (V T Il)  a g a in  c o n s id e r in g  norm al 

h y d rogen  b rom ide  a d d i t i o n  t h e r e  a r e ,  i n  a l l ,  16 s t e r e o ­

i s o m e r s ,  o f  which th e  8 d i s t i n c t  (n o n -e n a n t io m o rp h o u s )  

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

R = 26 .2 $  f o r  th e  (hkO) zone o f  r e f l e c t i o n s  was o b t a i n e d  

w i th  s t r u c t u r e  ( X I I I ) .

T h is  l a t t e r  f i g u r e  a p p e a re d  p ro m is in g  b u t  th e  a c t u a l  

p la c e m e n t  o f  atoms on th e  e l e c t r o n - d e n s i t y  maps in v o lv e d ,  

i n  some c a s e s ,  d i s t o r t i o n  o f  th e  r e c o g n is e d  v a le n c y  a n g le s  

F u r th e rm o re ,  c a re  was n e c e s s a r y  in  gau g in g  th e  im p o r ta n c e  

to  be  a t t a c h e d  to  an R v a lu e  in  a c ase  where th e  "heavy  

atom" was dom inant and where some o f  th e  " l i g h t  a tom s" 

had  a lm o s t  c e r t a i n l y  b e en  p l a c e d  on th e  c o r r e c t  s i t e s .

I t  was f e l t  t h a t  th e  d eg re e  o f  a p p ro x im a t io n  a r r i v e d  a t  

d id  n o t  w a r r a n t  the  im m ediate  a p p l i c a t i o n  o f  th e  F o u r i e r  

m ethod o f  r e f in e m e n t .
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3 .9 .  Pseudo th r e e - d im e n s io n a l  a p p ro a c h .

I n  an a t t e m p t  to  c o r r e l a t e  th e  t h r e e  p r o j e c t i o n s  

a t  once and a l s o  to  t r y  and a s s i s t  i n  th e  breakdow n o f  

th e  c o n fu s in g  s p u r io u s  symmetry, a pseudo th r e e - d im e n s io n a l  

a p p ro a ch  was s u g g e s te d  b y  Dr. G. A. Sim. T h is  m ethod was 

u s e d  b y  h im , b u t  w i th o u t  s u c c e s s ,  i n  th e  a n a l y s i s  o f  

s e r i n e  p h o sp h a te  ( p e r s o n a l  com m unication; see  a l s o  

McCallum e t  a l .  (1 9 5 9 ))  and i s  p r i m a r i l y  o f  v a lu e  in  

overcom in g  d i f f i c u l t i e s  a s s o c i a t e d  w i th  th e  o v e r l a p p in g  

o f  atom s in  p r o j e c t i o n .  T h is  t e c h n iq u e  e n t a i l s  th e  

d e f i n i t i o n  o f  th e  fo l lo w in g  f u n c t i o n :

/O  jm in (xy z)J  = min | / > ( x y ) , ^ ( x z )  9 (y z )  j . . . . ( 3 . 5 )  

There were no s e r i o u s  s c a l i n g  p rob lem s in v o lv e d  s in c e  each  

zone o f  r e f l e c t i o n s  had  b e en  s c a l e d  to  th e  b rom ine  atom 

c o n t r i b u t i o n s .

A t h r e e - d im e n s io n a l  g r i d  was c o n s t r u c t e d ,  c o n s i s t i n g

o f  s e c t i o n s  from  x = ^ /3 0  to  30/ 3o each  s e c t i o n  c o v e r in g

th e  l i m i t s  y  = to  ^ / i s o  and z = ° / 5o to  ® °/3o«

By c o n s i d e r i n g  th e  t h r e e  p r o j e c t i o n s  s i m u l t a n e o u s ly  a

f i g u r e  c o u ld  be  a l l o c a t e d  f o r  th e  e l e c t r o n  d e n s i t y  a t

e ac h  g r i d  p o i n t  w i th in  th e  asym m etric  u n i t .  The r e s o l u t i o n

p ro v e d  to  be  v e ry  p o o r .  N e v e r t h e l e s s ,  a s e a r c h  was made
o

f o r  p e ak s  a t  a d i s t a n c e  o f  1 .9  A from th e  b rom ine  atom.
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These were m arked on s e p a r a te  s h e e t s  of* t r a c i n g  p a p e r
. . .  0and a s i m i l a r  s e a r c h  was made f o r  p e ak s  1 .5  A away from

and m aking s u i t a b l e  bond  a n g le s  w i th  th e s e  i n i t i a l l y  

s e l e c t e d  s i t e s .  T h e r e a f t e r ,  the  whole p r o c e s s  was 

r e p e a t e d  u s in g  th e s e  new l o c a t i o n s .

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

s e v e r a l  p l a u s i b l e  f i v e  membered r i n g s  a t t a c h e d  to  th e  

b rom ine  atom c o u ld  be s e l e c t e d  and , in d e e d ,  m ost had  

b e e n  c o n s id e r e d  in  th e  t r i a l  s t r u c t u r e s  a l r e a d y  

i n v e s t i g a t e d .  Lack o f  r e s o l u t i o n  p r e v e n te d  any o t h e r  

m o le c u la r  f e a t u r e s  from b e in g  d i s c o v e r e d .

3 .1 0 .  A p p r a i s a l  o f  th e  R e s u l t s  o f  
th e  tw o -d im e n s io n a l  A n a ly s i s .

A ltho ugh  i t  d id  n o t  p rove  p o s s i b l e  to  i n t e r p r e t  

th e  tw o -d im e n s io n a l  F o u r i e r  s y n th e s e s ,  c o m p u ta t io n  o f  

th e  l a t t e r  d id  l e a d  to  a u s e f u l  r e f in e m e n t  o f  th e  

b rom ine  p o s i t i o n s .

Brx ( . 1 7 7 ,  .2 5 0 ,  .242 )

A lso an e f f o r t  was made a t  t h i s  j u n c t u r e  to  

c irc u m v e n t  t h e s e  sp ace  group  d i f f i c u l t i e s .  I n  th e  

hope t h a t  i t  m ig h t  c r y s t a l l i s e  in  a form  b e lo n g in g  to  

a  d i f f e r e n t  sp ace  g ro u p , an a t t e m p t  was made to  p r e p a r e  

a h y d ro io d id e  d e r i v a t i v e  (A ppendix 2 ) ,  b u t  i t  p ro v e d  

too  u n s t a b l e  to  be i s o l a t e d  a s  a c r y s t a l l i n e  p r o d u c t .
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I t  was a t  t h i s  t im e ,  J u l y ,  1958 , t h a t  i t  became 

known t h a t  com puting  f a c i l i t i e s  would be  a v a i l a b l e  b y  

th e  end o f  t h a t  y e a r ,  m aking i t  p o s s i b l e  to  p l a n  a 

th r e e - d im e n s io n a l  ap p roach  to  th e  p ro b lem .



TABLE 5 .

O b serv ed  r e l a t i v e  s t r u c t u r e  f a c t o r s  f o r  th e  
t h r e e  p r i n c i p a l  zones o f  i s o c lo v e n e  h y d ro b ro m id e .
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TABLE 5 .

I s o c lo v e n e  H ydrobrom ide.

(Qk-e) zone. Fn on a r e l a t i v e  s c a l e .

h k ^ F0 bk£ Fo hk€ hk£ F

020 82 031 187 071 127 0 11 1 36
040 140 032 59 072 42 0 11 2 19
060 211 033 66 073 50 0 11 3 38
080 26 034 41 074 28 0 11 4 9

0 , 1 0 , 0 35 035 71 075 38 0 11 5 21
0 , 1 2 , 0 35 036 13 076 7 0 11 7 9
0 ,1 4 , 0 18 037 55 077 17 0 11 8 10
0 ,1 6 , 0 9 038 8 079 5

0 12 1 9
001 56 04-1 44 081 24 0 12 2 22
0 0 2 117 042 107 082 51 0 1 2 3 10
005 43 043 1 2 083 32 0 12 4 24
004 84 044 54 084 56 0 12 6 9
005 8 045 12 085 10
006 28 046 42 086 20 0 13 1 24
007 7 047 1 2 087 12 0 13 3 22
008 19 04-8 15 088 6 0 13 4 6
009 8 0

0
13
13

5
6

10
5

O il 194 051 1 0 2 091 69
0 1 2 72 052 40 092 18 0 14 1 5
013 86 053 105 093 66 0 14 2 18
014 46 055 4-1 094 18 0 14 3 8
015 57 056 22 095 32 0 14 4 14
016 24 057 26 096 10
017 27 058 6 097 11 0 15 1 16
018 8 098 7 0 15 2 8
019 8 061 51 0 15 3 15

062 75 0 , 1 0 ,1 33 0 15 4 6
021 50 063 26 0 , 1 0 ,2 41
022 172 064 52 0 ,1 0 ,3 9 0 16 1 6
023 45 065 18 0 ,1 0 ,4 19 0 16 2 10
024 106 066 22 0 , 1 0 ,6 13
025 42 068 9 0 , 1 0 ,8 5 0 ,17 ,1 8
026 68 069 6
027 17
028 17

-  C onV d -
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TABLE 5 . (C o n t’ d) 

(hkO) zo n e .

Ilk-? Fo hkf *0 hk£ *o hk-e ^0

100 74 210 43 410 72 640 29
200 66 220 167 420 29 660 39
300 109 230 86 430 48 670 21
400 55 240 77 440 15 680 23
500 24 250 89 450 66 690 12
600 58 260 52 460 37 6 , 1 0 ,0 13
800 4 270 72 470 40 6 , 1 1 ,0 4

280 39 480 16 6 , 1 2 ,0 12
020 82 290 62 490 56
040 154 2 , 1 0 ,0 19 4 ,1 0 ,0 7 710 31
060 227 2 , 1 1 ,0 70 4 ,1 1 ,0 38 720 9
080 24 2 , 1 2 ,0 17 4 ,1 2 ,0 10 730 27

0 , 1 0 ,0 36 2 ,1 3 ,0 20 4 ,1 3 ,0 23 750 19
0 , 1 2 ,0 36 2 ,1 4 ,0 11 4 ,1 4 ,0 8 760 9
0 ,1 4 ,0 18 2 ,1 5 ,0 17 4 ,1 5 ,0 16 770 26
0 ,1 6 ,0 10 2 ,1 6 ,0 7 780 8

2 ,1 7 ,0 9 510 46 790 9
110 149 520 52
120 136 310 50 530 50 810 9
130 111 320 139 540 33 820 10
140 44 330 12 550 37 830 11
150 108 340 112 560 23 840 1 2
160 74 350 7 570 31
170 94 360 66 580 10
180 47 370 37 590 32
190 78 380 79 5 ,1 0 ,0 19

1 , 1 0 ,0 23 390 15 5 ,1 1 ,0 16
1 , 1 1 , 0 59 3 ,1 0 ,0 36 5 ,1 2 ,0 15
1 , 1 2 ,0 18 3 ,1 1 ,0 12 5 ,1 3 ,0 12
1 ,1 3 ,0 41 3 ,1 2 ,0 37
1 ,1 4 ,0 15 3 ,1 3 ,0 8 610 16
1 ,1 5 ,0 18 3 ,1 4 ,0 21 620 34
1 ,1 6 ,0 7 3 ,1 5 ,0 10 630 12
1 ,1 7 ,0 12 3 ,1 6 ,0 9

-  C o n tf d -
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TABLB 5 . (Cont’ d) 

(hOl) zone .

hk£ ^0 YikJ? *0 *o *0

100 73 201 82 306 28 602 23
200 73 202 146 307 26 603 26
500 110 203 73 308 10 604 28
400 53 204 5 605 14
500 24 205 34 401 99 606 10
600 53 206 34 402 58
800 3 207 29 403 85 601 10

208 12 404 20 602 32
001 54 209 15 405 22 603 9
0 0 2 1 1 2 406 6 604 39
003 44- 201 115 407 15 606 15
004 86 202 47 607 4
005 10 203 100 4-01 78
006 33 204 16 402 80 701 35
007 8 205 64 403 68 703 20
008 22 206 40 404 10 704 9
009 8 207 44- 4-05 41 705 15

208 18 408 14
70T101 30 209 5 26

1 0 2 106 501 12 702 16
103 54 301 20 502 20 702 14
104 43 302 72 503 26 704 13
105 65 303 76 504 17 705 4
106 37 304 63 505 8
107 41 305 11 506 22 802 13
109 10 306 28 507 11 803 9

307 14
101 53 308 4 501 67 802 14
1 0 2 55 502 37 803 8
103 145 301 100 503 40
104 67 302 70 504 17
105 44 303 43 505 23
106 39 504 74 506 9
107 13 305 23 507 8
108 11 508 8



CHAPTER IV.

The T h re e -d im e n s io n a l  A n a ly s i s  
o f  I s o c lo v e n e  H y d ro c h lo r id e .
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IV. THE THEEE-DIMENSIONAL ANALYSIS 
OF ISOCLOVENE HYDROCHLORIDE.

4 . 1 .  I n t r o d u c t i o n .

A lth o u g h  th e  v a lu e  o f  th e  r a t i o  Z ^ / ^ Z ..2 ( s e c t i o n  3 . 2 ) 

s u g g e s t s  t h a t  th e  c h lo r i n e  atom would n o t  dom inate  th e  

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

i t  to  be u s e d  d i r e c t l y  a s  a ’’heavy  atom ” f o r  phase  

d e t e r m i n a t i o n ,  th e  c h l o r i n e - c h l o r i n e  v e c t o r  sh o u ld  s t i l l  

be e a s i l y  l o c a t e d  in  th e  th r e e - d im e n s io n a l  P a t t e r s o n  

f u n c t i o n  even w i th o u t  th e  p r i o r  knowledge s u p p l i e d  b y  

th e  i n i t i a l  s tu d y  o f  th e  bromo isom orph . The g e n e r a l  

p l a n  e v o lv e d  was to  o b t a i n  some a p p ro x im a tio n  to  th e  

e l e c t r o n - d e n s i t y  b y  o p e r a t i n g  on th e  th r e e - d im e n s io n a l  

P a t t e r s o n  f u n c t i o n  w i th  th e  B u e rg e r  minimum f u n c t i o n .

S e v e ra l  r e a s o n s  e x i s t  f o r  th e  c h o ic e  o f  th e  c h lo ro  

d e r i v a t i v e  r a t h e r  th a n  th e  bromo compound. The fo rm er  

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

t h a t  i t  sh o u ld  be p o s s i b l e  to  o b t a i n  a more a c c u r a t e  

i n t e n s i t y  r e c o r d .  D i f f r a c t i o n  e f f e c t s  due to  th e  h a lo g e n  

atom would be  l e s s  s e r i o u s .  In  a d d i t i o n ,  a b e t t e r  

r e f in e m e n t  o f  th e  l i g h t  atoms sh o u ld  be e f f e c t e d  b e c a u se  

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

f a c t o r .  T h is  sh o u ld  a l s o  a c c e l e r a t e  th e  breakdow n o f  

th e  i n h e r e n t  pseudosym m etry  r e s u l t i n g  from th e  p la c e m e n t



o f  th e  c h l o r i n e  atoms on th e  p lanes :  y  = i  and  y = f . 

F i n a l l y ,  and p e rh a p s  e q u a l l y  im p o r ta n t ,  i s o c lo v e n e  

h y d r o c h lo r id e  i s  th e  more s t a b l e  isom orph .

4 . 2 .  C o l l e c t i o n  and P r o c e s s in g  o f  th e  
 E x p e r im e n ta l  D a ta .________

P h o to g ra p h ic  r e c o r d s  o f  th e  i n t e n s i t i e s  s u p p l i e d

b y  th e  fo l lo w in g  l a y e r  l i n e s :

( O k ^ ) . . .  (5k-£), ( h k O ) . . .  ( h k 4 ) ,  (h0^£), were o b t a i n e d  

u s i n g  an e q u i - i n c l i n a t i o n  W eissenberg  g o n io m e te r .  The 

i n t e n s i t i e s  o f  th e  X -ray  r e f l e c t i o n s  were e s t im a t e d  

v i s u a l l y  u s in g  th e  m u l t i p l e  f i lm  te c h n iq u e  and s t a n d a r d  

s e r i e s  o f  c a l i b r a t e d  s p o t s .  For th e  f i lm  f a c t o r ,  a 

v a lu e  o f  3 .3  was assum ed, t h i s  b e in g  m o d if ie d  f o r  u p p e r  

l a y e r s  b y  an o b l i q u i t y  f a c t o r  due to  Rossmann (1 9 5 6 ) ,  

which  t a k e s  i n to  a c c o u n t  th e  v a r i a t i o n  o f  f i lm  f a c t o r  w i th  

a n g le  o f  i n c id e n c e .  F a r  e v e ry  zone each  i n d i v i d u a l  

i n t e n s i t y  was e s t im a t e d  a t  l e a s t  tw ice  u s in g  a d i f f e r e n t  

s tep -w ed g e  b e f o r e  th e  a v e ra g in g  p r o c e s s  was p e r fo rm e d .  

C r y s t a l  spec im ens c u t  to  th e  f o l lo w in g  d im e n s io n s  

( c r o s s - s e c t i o n  x l e n g t h )  were u se d :

. 2  x  .2  x  .4  mm.® f o r  th e  (nk£) s e t  o f  s e r i e s ,

.25  x .3  x .2  mm. f o r  th e  (hkm) s e t  and 

.4  x .3  x .15 mm.® f o r  th e  (h0£) s e r i e s .

In  T able  4 a re  l i s t e d  some o f  th e  d a ta  r e l e v a n t  

to  t h i s  s e c t i o n .
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TABLS 4 .

Zone
y^e  

( e q u i -  
i n c l i n a t i o n  

a n g l e )

No. o f  
r e f l e c t i o n s  

r e c o rd e d

No. o f  
po ss ib le  

reflections

F ilm  
f a c t o r

R a t io  o f  
s t r o n g e s t  
to  w e ak e s t  
i n t e n s i t y

OkX 0° 79 150 3 .30 5 ,5 0 0

l k € 6°  58 ' 192 298 3 .30 4 ,4 0 0

14° 3 ' 182 292 3 .4 0 1 ,8 0 0

3kf 21°  2 0 ' 142 280 3 .5 4 1 ,3 5 0

4k£ 29° 3 ' 158 264 3 .78 500

5k^ 37° 18 ' 124 240 4 .1 3 110

hkO 0 ° 113 121 3 .30 8 ,7 0 0

h k l 5° 36* 123 242 3 .30 6 ,9 00

h k 2 11°  16 ' 94 238 3 .3 6 700

hk3 17° 3 ' 113 233 3 .4 6 570

hk4 23° l 1 70 225 3 .5 3 50

TnD£ 0 ° 95 142 3 .3 0 4 ,5 0 0
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4 . 3 .  C o r r e d t io n  and C o r r e l a t i o n  o f  I n t e n s i t i e s .

The a v e ra g e d  o b se rv e d  i n t e n s i t i e s  were c o r r e c t e d  

f o r  th e  u s u a l  L o re n tz  and p o l a r i s a t i o n  f a c t o r s  a s  w e l l  

a s  f o r  th e  T u n e l l  (1939) r o t a t i o n  f a c t o r .  An " c ^ - c o d e ’1 

programme f o r  Deuce d e v is e d  b y  Dr. T.A.Hamor was u se d  

f o r  t h i s  p u rp o s e .  No a b s o r p t io n  c o r r e c t i o n s  were made.

There now e x i s t e d  s e t s  o f  d a ta  from d i f f e r e n t  zones 

o f  th e  r e c i p r o c a l  l a t t i c e ,  e ach  s e t  b e in g  on a d i f f e r e n t  

s c a l e .  P l a c i n g  th e s e  r e f l e c t i o n s  on th e  same s c a l e  

was a c h ie v e d  b y  f i r s t  c o r r e l a t i n g  eac h  s e r i e s  o f  th e  

(n k >0 g roup  u s in g  th e  a p p r o p r i a t e  members o f  th e  (hkm) 

g roup  o f  s e r i e s  t h u s :

d e te rm in e d  from th e  (nk£) s e r i e s  , and , s i m i l a r l y ,

Each K(nkO) 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  e a c h  (nk^f) 

s e r i e s  on th e  same s c a l e  a s  th e  (hkO) s e r i e s .

I n  th e  same way, u s in g  th e  (nk£) s e r i e s  w i th  th e

At , Bt and sy

K( n k l )  = K ( n k l )  x  Sq/ s |  so t h a t  th e  s c a l i n g  i s  

r e f e r r e d  to  th e  (hkO) s e r i e s .

A v a lu e f o r  each  n = 0 5 was
k

5 from th e  (hkO) d a t a ,  

were d e te rm in e d  and

( h k l )  zone t h e r e  were d e te rm in e d
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T h is  p ro c e d u re  was p e rfo rm ed  w ith  s u c c e s s iv e  

members o f  th e  (hkm) g roup , 5 F a c to r s  f o r  eac h  K (nk^) 

were o b t a i n e d .  I d e a l l y  th e s e  sh o u ld  have b e e n  e q u a l .

S i m i l a r l y ,  s c a l i n g  f a c t o r s  to  p l a c e  each  (hkm) s e t  

o f  d a ta  on th e  same s c a l e  a s  th e  (Ok-2 ) zone were d e r iv e d .  

These f a c t o r s  ^ '(h ia n )  were u se d  to  d e r iv e  f a c t o r s  

K(hkm) c o n s i s t e n t  w i th  th e  £(;□££) g roup .

The 1 ,4 8 5  m easu red  r e f l e c t i o n s  were th u s  p l a c e d  on 

th e  same r e l a t i v e  s c a l e .  Where more th a n  one e s t im a t e  

o f  a p a r t i c u l a r  F0 v a lu e  was made th e n  th e s e  v a lu e s  

were a v e ra g e d .  The 976 in d e p e n d e n t  r e f l e c t i o n s  so 

o b t a i n e d  were s e t  o n to  an a p p ro x im a te ly  a b s o lu te  s c a l e  

b y  com paring  th e  o b s e rv e d  v a lu e s  f o r  th e  (hkO) zone 

w i th  v a lu e s  c a l c u l a t e d  f o r  t h a t  zon e . The l a t t e r  were

computed on th e  a ssu m p tio n  t h a t  t h e r e  was s t r i c t  isom orph ism  

w i th  th e  t r i a l  s t r u c t u r e  deduced f o r  i s o c lo v e n e  h y d ro b ro m id s  

which gave an R v a lu e  o f  2 6 .2 $  f o r  th e  (hkO) zone o f  

r e f l e c t i o n s  ( s e c t i o n  5 . 8 ) .

<̂“ (F i ) v a lu e s  were e v a l u a t e d  f o r  th e  589 s t r u c t u r e  

a m p l i tu d e s  o b s e rv e d  more th a n  once (L ip so n  and Cochran 

(1 9 5 3 ) ,  p . 286) and the  mean s t a n d a r d  d e v i a t i o n  was found  

to  be an a p p ro x im a te ly  c o n s t a n t  p e r c e n ta g e  o f  i t s  

n u m e r ic a l  v a lu e ,  6“ (F. ) ^ . 0 9 | f . | .

An a v e ra g e  s c a l i n g  f a c t o r was u s e d .
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4 , 4 .  The T h re e -d im e n s io n a l  P a t t e r s o n  S y n t h e s i s .

S h a rp e n in g  o f  a P a t t e r s o n  f u n c t i o n  i s  a p r o c e s s  

w hereby g r e a t e r  w e ig h t  i s  a s c r i b e d  to  r e f l e c t i o n s  in  

th e  m id d le  and h ig h e r  r a n g e s  o f  s i n  0 , and l e s s  w e ig h t  

to  th e  low  o r d e r  te rm s .  The m o d i f i c a t i o n  f u n c t i o n  u se d  

i n  th e  p r e s e n t  work, shown in  P i g . 7 ,  was d e v is e d  and h a s  

b e e n  s u c c e s s f u l l y  u se d  b y  Dr. H.IT. S h r iv a s t a v a  ( i9 6 0 )  i n  

h i s  tw o -d im e n s io n a l  a n a l y s i s  o f  p o ta s s iu m  p - n i t r o b e n z o a t e . 

(To be p u b l i s h e d . )

The th r e e - d im e n s io n a l  sh a rp e n e d  P a t t e r s o n  f u n c t i o n  

was e v a l u a t e d  o v e r  th e  r e p e a t i n g  volume o f  a  x  ^ /g

a t  i n t e r v a l s  o f  a/go» an^ ° / z o '  T îe ^u n c tio r i

P(xyz;) was computed u s in g  e x p r e s s io n  ( 4 .1 )  i n  s e c t i o n s  

p e r p e n d i c u l a r  to  th e  un iq u e  b a x i s .
oO

P (x y z )  = cos27r(hs*-£z) +
°  —  2|P (hk^)| oos2Tr(hx-f z ) ! cos 2rTky . . . . ( 4 . l )

The v a lu e s  o f  th e  sh a rp e n e d  f u n c t i o n  a t  e ac h  p o i n t  

on th e  25 com puted s e c t i o n s  were r e c o rd e d  on a t r a c i n g  

p a p e r  g r i d .  C o n to u rs  a t  s p e c i f i c  l e v e l s  were drawn b y  

s u b j e c t i v e  i n t e r p o l a t i o n .  The H a rk e r  s e c t i o n  o f  t h i s

f u n c t i o n  i s  i l l u s t r a t e d  in  P i g . 8 . A lthou gh  th e  p e a k s  

due to  th e  c h l o r i n e - c h l o r i n e  v e c t o r s  were e a s i l y  d i s c e r n e d  

th e y  were s t i l l  u n r e s o lv e d  and a r e a s o n a b le  a p p ro x im a t io n



SIN ©

F i g . 7 . M o d i f ic a t io n ,  f u n c t i o n  u se d  in
3 -d im e n s io n a l  P a t t e r s o n  s y n t h e s i s .



0 • z  A
1 i i i i 1 i i  i i I

F i g . 8 . H a rk e r  s e c t i o n  o f  th e  th r e e - d im e n s io n a l  
P a t t e r s o n  f u n c t i o n .
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f o r  th e  c o - o r d i n a t e s  o f  th e  c h lo r i n e  atom i n  th e  

asym m etric  u n i t  had  to  he advanced . ,

C lx ( .1 6 8  .750 .2 4 5 )

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

from  t h a t  u se d  in  C h a p te r  I I I . )

4 . 5 .  The B u e rg e r  Minimum F u n c t io n .

P a t t e r s o n  s e c t i o n s  c o v e r in g  th e  a r e a  o f  s e v e r a l  u n i t  

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

c o lo u r e d  c ray o n  f o r  s p e c i f i c  l e v e l s .  S ince  th e  c h l o r i n e -  

c h lo r i n e  v e c t o r  was th e  m ost p ron oun ced  peak  t h i s  was 

u s e d  a s  a l i n e  image. Now, i f  th e  c o - o r d i n a t e s  o f  th e  

two c h lo r in e  atoms in  th e  r e a l  c e l l  a re  (x  y  z )  and 

( x > i  + s ) th e n  th e  v e c t o r  p ro d u ce d  b y  them w i l l  g iv e  

r i s e  to  a peak  on th e  P a t t e r s o n  map a t  (2 x ,  J ,  2 z ) .

Thus, when th e  c h l o r i n e - c h l o r i n e  v e c t o r  peak  i s  su p e rp o se d  

on th e  o r i g i n  p e a k ,  th e  o r i g i n  o f  th e  r e s u l t i n g  minimum 

f u n c t i o n  w i l l  be  p l a c e d  mid-way a lo n g  t h i s  d i s p la c e m e n t .  

Thus, when th e  P a t t e r s o n  s e c t i o n  y = ®/4s  > c o n ta in i n g  th e  

o r i g i n  peak  i s  su p e rp o se d  on th e  P a t t e r s o n  s e c t i o n  y  = 

c o n ta in i n g  th e  c h l o r i n e - c h l o r i n e  v e c t o r  p e a k ,  t h i s  g iv e s  

r i s e  to  s e c t i o n  y  = ^ / ^ g  in  th e  minimum f u n c t i o n .  A 

c o n to u re d  map o f  t h i s  l a t t e r  f u n c t i o n  was d e r iv e d  b y  

s u p e rp o s in g ,  w i th  th e  a p p r o p r i a t e  d i s p la c e m e n t ,  th e  two
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t r a n s p a r e n t  c o n to u re d  P a t t e r s o n  s e c t i o n s ,  y  = ° / 4 g and 

y = ^ / 4 g* A t h i r d  t r a n s p a r e n t  s h e e t  was l a i d  on to p  

and th e  d raw ing  o f  c o n to u r s  f o r  th e  minimum f u n c t i o n  was 

p e rfo rm e d  u s i n g  th e  t e c h n iq u e  a d v o c a te d  "by B u e rg e r  (1 9 5 1 ) .  

I n  an a n a lo g o u s  m anner P a t t e r s o n  s e c t i o n s  y  = ^ / 4 g and 

y  = ^ V ^ g  were su p e rp o se d  g iv in g  s e c t i o n ,  y  = ^ V 4 g > o f  

th e  minimum f u n c t i o n .  T h i r t e e n  s e c t i o n s  i n  a l l  were 

o b t a i n e d ,  y  = Q/ ^ q . . .  1 S/ 4 g*

Now, th e  minimum f u n c t i o n ,  M, so form ed i s  b a s e d  on 

a p a i r  o f  atoms r e l a t e d  by  a symmetry o p e r a t i o n  o t h e r  

th a n  a c e n t r e ,  and i t  i s  a consequence  o f  v e c t o r  s e t  

t h e o r y ,  t h a t ,  i f  th e  c r y s t a l  i s  n o n -c e n t ro s y m m e tr ie , 

th e n  a c e n t r e  o f  symmetry i s  added to  the  symmetry o f  

th e  e l e c t r o n - d e n s i t y  a s  a p p ro x im a te d  to  b y  th e  minimum 

f u n c t i o n .  In  o t h e r  w ords , b y  u s i n g  a l i n e  image o f  th e  

above ty p e  a " re d u c e d  map" i s  o b t a in e d  p o s s e s s i n g  a 

pseudo m i r r o r  p la n e  a t  y  = \  (an d  y -  § ) .  The o v e r a l l  

a sym m etric  u n i t ,  t h e r e f o r e ,  c o n t a in s  an ap p ro x im a te  

r e p r e s e n t a t i o n  o f  th e  m o le cu le  and i t s  su p e r im p o sed  

m i r r o r  image w i th  " r e a l "  l i g h t  atoms a t  ( l )  x  y  z

( 2 ) x ,  J  + 7 9 3  accom panied  b y  s p u r io u s  atom s a t  

(5 )  x y  z  (4 )  x ,  \  -  y ,  z* Of t h e s e ,  atoms ( l )  and 

(4 )  and atoms (2 )  and (5 )  a re  r e l a t e d  b y  th e  pseudo 

m i r r o r  p l a n e s  s i t e d  a t  y  = J  and y = f , so t h a t  s e l e c t i o n
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o f  a y  c o - o r d i n a t e  f o r  any l i g h t  atom i n  th e  s t r u c t u r e  

i s  r e s t r i c t e d  to  c h o o s in g  be tw een  J  + Y and ^  -  Y, 

where Y =: J  — y .

4 . 6 .  I n t e r p r e t a t i o n  o f  th e  Minimum F u n c t io n .

I n  an a t t e m p t  to  u n ra v e l  t h i s  a m b ig u i ty  a t h r e e -  

d im e n s io n a l  model was c o n s t r u c t e d .  A l a r g e  s h e e t  o f  

c a rd b o a rd  was ta k e n  to  r e p r e s e n t  th e  (xOz) p l a n e .  On 

t h i s  were m arked th e  x  and z c o - o r d i n a t e s  o f  th e  p e a k s  

i n  th e  minimum f u n c t i o n  u n i t  c e l l .  H o les  were b o r e d  

a t  th e s e  s i t e s  and th ro u g h  th e s e  h o le s  were th r e a d e d  

l e n g t h s  o f  s t r i n g  w e ig h te d  a t  t h e i r  lo w er  e x t r e m i t i e s  

b y  p i e c e s  o f  l e a d .  For each  ( x ,  z) p a i r  o f  c o - o r d i n a t e s  

t h e r e  were two p o s s i b l e  y  c o - o r d i n a t e s ,  r e p r e s e n t e d  b y  

p i e c e s  o f  p l a s t i c i n e  s tu c k  to  th e  s t r i n g .  The whole 

a rra n g em e n t  was th e n  s u p p o r te d  on a m e ta l  fram ework 

th e r e b y  g iv in g  a th r e e - d im e n s io n a l  r e p r e s e n t a t i o n  o f  

th e  whole u n i t  c e l l  which i n c o r p o r a te d  th e  two sc rew - 

a x i s  r e l a t e d  m o le c u le s  and t h e i r  m i r r o r  im ages . A tte m p ts  

were made to  r e c o g n is e  p o s s i b l e  r i n g  sy s tem s an d , a l th o u g h  

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

c o u ld  be  i s o l a t e d ,  t h i s  ap p ro ach  p ro v e d ,  on th e  w ho le , 

more c o n fu s in g  th a n  h e l p f u l  and was abandoned in  f a v o u r  

o f  an a l t e r n a t i v e  s t r a t e g y .
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A com pos ite  d iagram  was c o n s t r u c t e d  b y  p r o j e c t i n g

th e  th r e e - d im e n s io n a l  s e c t i o n s  o n to  th e  b a s a l ,  ( 0 1 0 ) ,

p la n e  and th e  two p o s s i b l e  y  c o - o r d i n a t e s  f o r  e a c h  peak

were n o te d  on th e  d iag ram . S e v e ra l  u n i t  c e l l  a r e a s

were drawn o u t  and c o n s i d e r a t i o n  o f  th e  van d e r  Waals

d i s t a n c e s  e n a b le d  th e  p r o j e c t e d  r e g io n  o c c u p ie d  b y  two

m o le c u le s  (an d  t h e i r  m i r r o r  im ages) to  be d e l i n e a t e d .

T h is  i s  shown in  F ig u re  9 .

A l l  p re c o n c e iv e d  n o t io n s  r e g a r d in g  th e  p o s s i b l e

m o le c u la r  s t r u c t u r e  were i g n o r e d ,  and i n t e r p r e t a t i o n  was

a t te m p te d  m e re ly  b y  r e c o g n i s in g  th e  r e s t r i c t i o n s  imposed

b y  ad h eren ce  to  p r o p e r  bond l e n g t h s  and a n g le s .  An

obvious f iv e  membered r in g  (0£ , C£>, C$, O4, Cg in d ic a te d

i n  o v e r l a y  to  f i g . 9) c o u ld  be  p ic k e d  o u t  on f i g . 9.

C a l c u l a t i o n  o f  t h r e e  d im e n s io n a l  s t r u c t u r e  f a c t o r s

(S. F. 2) b a s e d  on th e  c o n t r i b u t i o n s  o f  th e  c h lo r i n e  atom

and  th e  c a rb o n  atom s o f  t h i s  r i n g  gave an R v a lu e  o f  58.8%.

The s c a t t e r i n g  f a c t o r s  o f  Jam es and B r in d le y  (1932) f o r

c h l o r i n e  and B e rg h u is  e t  a l .  (1955) f o r  ca rb o n  were u s e d ,
o 2

w h ile  i s o t r o p i c  te m p e ra tu re  f a c t o r s  o f  4 .4  A f o r  c h l o r i n e
o 2

and 3 .5  A f o r  ca rb on  were assumed.

S in ce  th e  R v a lu e  f o r  th e  c h lo r i n e  c o n t r i b u t i o n s  

a lo n e  i s  47.4% (S. F. l )  i t  was d e c id e d  to  c a l c u l a t e  a 

t r i p l e  F o u r i e r  s y n t h e s i s ,  ^ o l ,  on th e  b a s i s  o f  th e s e



O v e r la y  to  F i g . 9 .
Ô flfUKPa r̂jforg a d o p ted  in  S e c t io n s  4 .6  and 4 .7 .

R e c o rd -o f  t¥o  " n o s s io le  y  dB-otdfe' '■ f  iW’ a l lt-'ny f W iQp -• • ' r" Pf''ri " 'M « ^ ;
p e a k s  in  the, a& pin^t^ip, # n i t ? “ .. ' .v, ... \ " \1[ ”1_.
The y c o -o rd s  o f  th f r 'b t t id r  -peaks ‘a r e 1 6t>t;hih£&r by 
o a e r a t i o n  o f  the  sc rev/ a x i s .
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O v e r la y  to  Fi g . 9 .

• 4&£ t&e f t e e e - a im e i i s io n a l  s e c t i o n s  o f  the
The y
o p e r a t io n  o f  th e  screw  a x i s .
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F i g . 9 . Com posite d iagram  i l l u s t r a t i n g  th e  p r o j e c t i o n  
o f  th e  th r e e - d im e n s io n a l  s e c t i o n s  o f  th e  
minimum f u n c t io n  o n to  th e  ( 0 1 0 ) p l a n e .
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p h a s e s  c a l c u l a t e d  in  (S .F .  2 ) i n  s e c t i o n s  p e r p e n d i c u l a r  

to  th e  h a x i s  a t  i n t e r v a l s  o f  ^/^.g from  y = 0 to  y  = 

w i th  i n t e r v a l s  o f  s u b d i v i s i o n  o f  1/ 3Q a lo n g  th e  e n t i r e  

l e n g t h s  o f  a  and c .  The map o f  / > 1 ,  l i k e  a l l  su b se q u e n t  

m aps,w as drawn o u t  on t r a c i n g  p a p e r  s h e e t s  b y  s u b j e c t i v e  

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

f i e l d .  A su rv e y  o f  th e  25 s e c t i o n s  r e v e a l e d  t h a t  a l l  

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

were accom panied  b y  t h e i r  m i r r o r  image p e a k s .  F u r t h e r ,  

o n ly  o f  th o s e  atoms i n s e r t e d  d id  n o t  p o s s e s s  a 

s p h e r i c a l  sh a p e .  A l l  5 carbon  atoms ro se  to  peak h e i g h t s  

o f  a b o u t  5 e l e c t r o n s / ^ 3 . Two a d d i t i o n a l  a tom s, C’g and 

, were i n c lu 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 ,

(S. F. 3 ) ,  p r i o r  to  the  c o m p u ta t io n  o f  a f u r t h e r  t h r e e -  

d im e n s io n a l  e l e c t r o n  d e n s i t y  map, yO 2. In  t h i s  map t h e r e  

were no f u r t h e r  s i t e s  i n d i c a t i n g  th e  p o s i t i o n  o f  " r e a l "  

c a rb o n  a to m s, each  u n in c lu d e d  peak  b e in g  accom panied  b y  

a  m ir r o r - im a g e  peak  o f  e q u a l  h e i g h t .  0*5 s t i l l  had  an 

u n a c c e p ta b le  sh a p e .

S in c e  t h e r e  was no f u r t h e r  breakdown i n  th e  p seu d o ­

sym m etry, an ab i n i t i o  app roach  was p re fe rred  to  th e  

p o s s i b i l i t y  o f  p h a s in g  o t h e r  F o u r i e r  s y n th e s e s  on th e  

b a s i s  o f  an a l t e r n a t i v e  f i v e  membered and s i x  membered

r i n g .  R e t r o s p e c t iv e  e x a m in a t io n  i n d i c a t e d  t h a t  t h e s e  

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

s t r u c t u r e .  _________ _______— —---------



CL

0 I 2 A
1 I I I I I I I I I I

Com posite d iagram  o f  t r i p l e  F o u r i e r  s e r i e s  
computed on heavy atom p h a s e s .
X m arks p o s i t i o n  o f  th e  c h lo r i n e  atom.

D o t te d  c o n to u r s  i n d i c a t e  peaks  w i th  h e ig h t s  
^1  e X 3 "but (  2 e i  ^ . F u l l  c o n to u r s  

i n d i c a t e  p eak s  w i th  h e i g h t s  > 2 eA ” 5 .
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4 . 7 .  O b j e c t iv e  ApT)roach to  S t r u c tu r e  E l u c i d a t i o n .

T h is  e n t a i l e d  co m p u ta t io n  o f  th e  t h r e e  d im e n s io n a l  

5b s y n t h e s i s ,  F I ,  u s in g  885 te rm s "based s o l e l y  on th e  

c h l o r i n e  atom p h a s e s .  The r e s u l t ,  shown in  F i g . 10 as  

a co m p o s ite  d iag ra m , i s  e s s e n t i a l l y  an a lo g o u s  to  th e  

minimum f u n c t i o n  " re d u c e d  map" o n ly  th e  w e ig h tin g  system  

may he s a i d  to  d i f f e r  and th e  maxima, as  e x p e c te d ,  were 

l e s s  w e l l  r e s o l v e d  and more s p u r io u s  peak s  e x i s t e d .  As 

an a i d  i n  r e j e c t i n g  s u s p e c te d  s p u r io u s  peaks  th e  c e n t r o -  

sym m etric  (hO^) p r o j e c t i o n  was computed on th e  "basis o f  

th e  c h l o r i n e  s ig n s  ( F i g . 1 1 ) .  As a , r e s u l t  o f  com paring  

th e  (010 )  p r o j e c t i o n  and FI s e v e r a l  peak s  in  th e  l a t t e r  

c o u ld  he  l a b e l l e d  a s  d u b io u s .

The com pos ite  d iag ram s o f  FI and th e  " red u c ed  map"

o f  th e  minimum f u n c t i o n ,  M, were th e n  c a r e f u l l y

s c r u t i n i s e d  and th e  c o r re sp o n d e n c e s  were r e c o rd e d  on

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

g r e a t e s t  peak  h e ig h t  and b e s t  app roach  to  s p h e r i c a l  shape

were th e n  u se d  i n  s e l e c t i n g  th e  m ost p ro m in e n t  c o r r e s p o n d in g

p e a k s  a s  r e p r e s e n t i n g  th e  m ost l i k e l y  a tom ic  s i t e s .

O f c o u r s e ,  f o r  each  peak  t h e r e  s t i l l  e x i s t e d  two p o s s i b l e

y  c o - o r d i n a t e s .  From th e  s p a t i a l  d i s t r i b u t i o n  o f  th e

s e l e c t e d  p eak s  i t  a p p e a re d  t h a t  th e  m o le cu le  d id  n o t

s t r a d d l e  th e  pseudo m i r r o r  p l a n e s ,  a f e a t u r e  which a id e d  

i n  th e  u l t i m a t e  s o l u t i o n  o f  th e  p rob lem .



0 i z A
1 i i i i I i i i i -  I

F i g . 11. E l e c t r o n  d e n s i t y  p r o j e c t i o n  on (OlO)..
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Two l i n e s  o f  app roach  were th e n  i n s t i t u t e d .

1 )  A t te m p ts  were made to  d i s c o v e r  how, a l l  p eak s  c o n s id e r e d ,  

t h e s e  p l a u s i b l e  s i t e s  c o u ld  he l i n k e d  t o g e t h e r  w h ile  

p a y in g  p r o p e r  a t t e n t i o n  to  bond l e n g t h  and bond a n g le  

r e s t r i c t i o n s .  I t  was p o s s ib l e  i n  t h i s  way to  deduce

a p a r t i a l  s t r u c t u r e  i n c o r p o r a t i n g  th e  fo l lo w in g  atom s:

01  G1 ° 2  C3 C4 C5 ° 6  C7 °8  °12  G13 C15
( F i g . 9 and F ig .  12)

C a l c u l a t i o n  o f  s t r u c t u r e  f a c t o r s  f o r  th e  976 

o b s e r v e d  te rm s  gave an R f a c t o r  o f  3 8 .8 ^ ,  a v a lu e  e q u a l  

to  t h a t  o b t a i n e d  w i th  th e  o r i g i n a l l y  c o n s id e r e d  f i v e  

membered r i n g  and c h l o r i n e .  S ince  t h i s  p r e v io u s  work 

h ad  shown t h a t  th e  i n c o r p o r a t i o n  o f  r e c o g n i s a b le  ch em ica l  

f e a t u r e s  i n t o  th e  p h a s in g  c a l c u l a t i o n s  te n d e d  to  r e t a r d  

r a t h e r  th a n  a c c e l e r a t e  p ro g ress -  i t  was c o n s id e r e d  p r e f e r a b l e  

to  a d o p t  th e  m ost o b j e c t i v e  app roach  a v a i l a b l e .

2) The 5 m ost p ro m in en t  peaks  on b o th  M and F I ,  v i z .

c 6 > c i 5 > c 9 ( F i g . 9 and F i g . 12) were s e l e c t e d  a s  

b e in g  th e  m ost l i k e l y  l o c a t i o n s  f o r  carb on  a tom s. From 

a  c o n s i d e r a t i o n  o f  th e  d im ensions  o f  p o s s ib l e  m o le c u la r  

m odels  and from th e  d i s p o s i t i o n  o f  th e s e  p eak s  i t  seemed 

e v id e n t  t h a t  th e y  w e r e , s i t e d  e n t i r e l y  on th e  same s id e  

o f  th e  m i r r o r  p la n e  a t  y = J .  I t  was a l s o  p o s s ib l e  to



s e l e c t  two f a r t h e r  a tom s, CQ and C1 2 , which though

s l i g h t l y  l e s s  p ro m in e n t  c o u ld  p o s s i b l y  he bonded to

members o f  th e  o r i g i n a l l y  s e l e c t e d  s e t .

These 7 c a rb o n  atoms p lu s  th e  c h lo r in e  atom were

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

F o u r i e r  s y n t h e s i s ,  F2. E xam ina tion  o f  t h i s  map r e v e a l e d

t h a t  th e  i n s e r t e d  ca rb o n  atoms had  peak  h e ig h t s  o f
o 3

b e tw ee n  5 and  6 e l e c t r o n s / A  and were a l l  o f  a c c e p ta b le

sh a p e .  There was v i r t u a l l y  no t r a c e  o f  t h e i r  m i r r o r

image p e a k s .  The n e x t  h i g h e s t  group o f  p e a k s ,  h a v in g
o 3

peak  h e i g h t s  o f  be tw een  1 and 2 e l e c t r o n s / A  and 

accom panied  b y  t h e i r  m i r r o r  im ages , was th en  exam ined 

i n  th e  l i g h t  o f  t h i s  s h a p e - h e ig h t  c r i t e r i o n .

For th e  n e x t  c y c le  o f  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 u r  a d d i t i o n a l  ca rbo n  atoms seemed w orthy  o f  i n c l u s i o n .

The v a lu e  ta k e n  f o r  th e  y c o - o r d in a te  depended on th e  

s l i g h t  d i f f e r e n c e  in  peak  h e ig h t  betw een th e  ’’r e a l "  and 

th e  " s p u r io u s "  p e a k ,  e . g .  th e  atoms chosen  had  th e  

f o l lo w in g  peak  h e i g h t s  ( m i r r o r  image peak h e i g h t  in

' •  0 1 .7  e l e c t r o n s / A  ( u n s p e c i f i e d  due to
p ro x im i ty  to  m i r r o r  planfc)

Cg 1 .5  e l e c t r o n s / ^ .3 ( l . l  e l e c t r o n s / ^ 3)



Atom Cg was e x c lu d e d  from t h i s  c y c le  b e c a u se  t h e r e  was

a c o r r e s p o n d in g  m i r r o r  image peak  1 .1  e l e c t r o n s /^ .3 i n

h e i g h t .  T here  was a l s o  a n o th e r  r e a so n  f o r  o m i t t i n g

t h i s  peak  ( v id e  s e q . ) .

A su rv e y  o f  th e  r e s u l t s  a t  t h i s  s ta g e  seemed to

i n d i c a t e  t h a t  th e  p re s e n c e  o f  a s i x  and a f i v e  membered

r i n g  was w e l l - n i g h  c e r t a i n .  S p e c u la t io n  r e g a r d in g  th e

n a tu r e  o f  th e  t h i r d  r i n g  was now r e s t r i c t e d  to  th e

b e l i e f  t h a t  r i n g  c lo s u r e  m ust be  e f f e c t e d  beyond th e

l i n e  :£ = 0 ( P i g . 9 ) .  I f  the  rem a in in g  r i n g  were s i x

membered th e n  p o s s i b l e  bond l e n g t h s  would be  o f  th e  
o

o r d e r  o f  1 .8  A, a  v a lu e  much g r e a t e r  th a n  t h a t  e x p e c te d ,  
o

vizr. 1 .5 4  A; a  seven  membered r i n g  seemed d i s t i n c t l y

p o s s i b l e  i f  an atom were l o c a t e d  a t  th e  m i r r o r  image

p o s i t i o n  to  Cg. To t e s t  t h i s  l a t t e r  h y p o th e s i s ,  Og

was o m i t t e d  from th e  n e x t  c y c l e .

Hence 10 ca rb o n  atoms were in v o lv e d  i n  th e  p h a s in g

c a l c u l a t i o n s  p r e c e d in g  th e  e v a l u a t i o n  o f  F3. A su rv e y

o f  th e  r e s u l t i n g  map showed t h a t  the  f o l lo w in g  atoms

s h o u ld  b e  in c lu d e d  in  th e  n e x t  c y c le .
o3 o3

C i #i  e l e c t r o n s / A  ( . 9  e l e c t r o n s / A  )
5
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I n  F2 and F3 i t  was o b se rv e d  t h a t  a s p u r io u s  

c y l i n d e r  o f  e l e c t r o n  d e n s i t y  r i s i n g  to  two e l e c t r o n s / A  

e x i s t e d  on s e c t i o n  y = 12/ 4 8 .  The m ain a x i s  o f  t h i s  

c y l i n d e r  was a lo n g  th e  l i n e  zr = f  and ra n  f o r  th e  

e n t i r e  l e n g t h  o f  x . A s i m i l a r  e f f e c t  h a s  been  o b se rv e d  

b y  P i t t  (1952) i n  h i s  r e f in e m e n t  o f  th e  p e n i c i l l i n  

s t r u c t u r e ,  and  i s  p ro b a b ly  a d i f f r a c t i o n  e f f e c t .

A n o th e r  i n t e r e s t i n g  f e a t u r e  i n  F3 i s  t h a t  (w hich  was 

n o t  i n c lu d e d  in  th e  n e x t  c y c l e )  had  a m i r r o r  image peak  

1 . 2  e / i  i n  h e i g h t  w h ile  th e  t r u e  peak  o n ly  ro se  to  

1 .0  e/^. . Rossmann and Lipscomb (1958) have r e p o r t e d  

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

The r e s u l t s  a t  t h i s  s ta g e  seemed to  i n d i c a t e  t h a t  

a sev en  membered r i n g  was p r e s e n t  b u t  th e  p o s i t i o n s  o f  

th e  m e th y l  g ro u p s  were s t i l l  u n c e r t a i n .

Two f u r t h e r  F o u r i e r  s y n th e s e s  F4 and F5 s u f f i c e d  to  

i n d i c a t e  th e  com ple te  m o le c u la r  s t r u c t u r e .  The c o u rse  

o f  th e  s t r u c t u r e  d e te r m in a t io n  i s  i l l u s t r a t e d  in  Table  5 .

From F5 a c c u r a t e  c o - o r d i n a t e s  f o r  a l l  th e  ca rb o n  

atom s and th e  c h lo r i n e  atom were o b ta in e d  b y  B o o th 1 s 

(1942) m ethod o f  i n t e r p o l a t i n g  in  a f i g u r e  f i e l d .  A 

f u r t h e r  t r i p l e  F o u r i e r  s e r i e s ,  F6 , was computed u s in g  

th e  p h a s e s  c a l c u l a t e d  from th e s e  new p a ra m e te r s .



Figure 1 2 .

10

F i g . I S . Numbering o f  the  atoms in  th e
m o le cu le  o f  i s o c lo v e n e  h y d r o c h lo r id e .

The draw ing  i l l u s t r a t e s  th e  p r o c e s s  o f  s e l e c t i o n  

o f  th e  a tom ic  p o s i t i o n s .  Atoms shaded  a c c o rd in g  to  

th e  s t a g e s  a t  which th e y  were a c c e p te d  in to  th e  

s t r u c t u r e  f a c t o r  c a l c u l a t i o n s  ( s e e  Table 5 . ) .



-6 9 -

TABLE 5 .

Wo. o f  atom s 
in c lu d e d  in  

S. F. c a l c u l a t i o n s
Symbol 
( f i g .  12 ) R

Wo. o f  te rm s 
used  in  F o u r ie r  

S y n th e s i s .
F o u r ie r

S y n th e s i s

01 01 47 .4 $ 885 FI

(C l)  + 7 0 o 4-0. 2$ 614 F2

(C l + 7C -  Cg )+4C O 38 .7% 776 F6

(C l +10C + C9 )+2G 3 3 .8 % 788 F4

(C l + 13'C ) + SC • 2 7 .9% 882 F5

F u l l  complement 2 3 .4 $ 976 F6

F u l l  complement 20.4$o 976 F7
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I n  th e  r e s u l t i n g  map t h e r e  were no o t h e r  s i g n i f i c a n t  

p e a k s  save  th e  s p u r io u s  c y l i n d e r  o f  h e ig h t  1 .7  e l e c t r o n s / i 3 . 

There  were no l a r g e  n e g a t iv e  r e g io n s  i n  th e  e l e c t r o n  

d e n s i t y .

To th e  new c o - o r d i n a t e s  c a l c u l a t e d  from F6 , th e  

"n s h i f t " r u l e  o f  Shoemaker e t  a l .  (1950) w i th  n = 1 .6  

was a p p l i e d .  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  showed 

t h a t  R h a d  d ropped  to  23 .4 $

4*8 . R e f in em en t o f  the  S t r u c t u r e .

4 . 8 . 1 .  Fo s y n t h e s i s .

The r e f in e m e n t  o f  th e  c r y s t a l  s t r u c t u r e  o f  i s o c lo v e n e

h y d r o c h lo r id e  was c o n d u c ted  h y  p e rfo rm in g  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  -  t h r e e  d im e n s io n a l  Fo

s y n t h e s i s  c y c l e .  The mean s h i f t  in  carbon  atom
o

c o - o r d i n a t e s  a t  t h i s  s t a g e ,  F7, was .03  A; maximum 
o

s h i f t  = .08  A.

C a l c u l a t i o n  o f  "bond l e n g t h s  gave a mean c a rb o n -
Q °  0ca rb o n  d i s t a n c e  o f  1 .5 5  A (maximum 1 .6 8  A, minimum 1 .4 0  A)

o
and a c a r b o n - c h lo r in e  d i s t a n c e  o f  1 .8 4  A.

The c o n to u re d  s e c t i o n s  o f  F7 were redraw n on 

p e rsp e x :  s h e e t s  which were s t a c k e d  ahove each  o t h e r  w i th  

p e r s p e x  s p a c e r s  i n s e r t e d  "between them so as  to  m a in ta in  

th e  p r o p e r  i n t e r v a l  "between th e  s e c t i o n s .  E xam ina tion
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o f  t h i s  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  showed t h a t  th e  

p a c k in g  o f  th e  two m o le c u le s  i n  th e  u n i t  c e l l  was 

a c c e p t a b l e .

The a to m ic  c o - o r d i n a t e s  d e r iv e d  from F7 a re  l i s t e d  

i n  T ab le  6 .

4 . 8 . 2 .  L e a s t  S q u a res  R e f in e m e n t .

F u r t h e r  r e f in e m e n t  o f  the  s t r u c t u r e  was accom plished  

b y  th e  i t e r a t i v e  l e a s t  sq u a re s  p ro c e d u re ,  u s in g  th e  

programme d e v is e d  f o r  Deuce b y  Dr. J .  S. R o l l e t t .  T h is  

program m e, w hich  n e g l e c t s  th e  o f f - d i a g o n a l  te rm s in  th e  

m a t r i x  o f  norm al e q u a t io n s ,  r e f i n e s  b o th  the  i n d iv i d u a l  

a tom ic  p o s i t i o n a l  p a ra m e te r s  and a n i s o t r o p i c  te m p e ra tu re  

f a c t o r s  a s  w e l l  a s  th e  s c a l e  f a c t o r .

The a tom ic  p a ra m e te r s  l i s t e d  in  Table 6 were u se d  

a s  i n p u t  d a t a  f o r  th e  f i r s t  c y c l e .  The w e ig h tin g  system  

em ployed was a s  f o l lo w s :

I f  |Fo| <  | ^ l  , Jwi = 1

I f  \Fo\ y  15*:| , Vwt = 1̂ *1 / |5 b |

where |f#I = 8 1 F mi n I

The a tom ic  form f a c t o r s  u se d  were th o se  o f  B e rg h u is

e t  a l .  (1955) f o r  carbo n  and James and B r in d le y  (1932)

f o r  c h l o r i n e .

For th e  i n i t i a l  4 c y c le s  o f  r e f in e m e n t  o n ly  th e  a tom ic
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TABLE 6 .

F r a c t i o n a l  Atomic C o - o r d in a te s  d e r iv e d  from F7 .

V a V b / c

Cl -  .04751 -  .05405 .16430

0 2 -  .15716 -  .11055 .00345

°3 -  .20159 -  .20990 .06859

°4 -  .11476 -  .21069 .25588

% -  .11470 -  .09577 .31960

° 6 -  .34904 -  .07884 . 37042'

°7 -  . 3B980 .02765 .37621

° 8 -  .33446 .08702" .21147

°9 -  .49373 .06977 .05149

° 1 0 .49885 -  .03170 -  .03590

-  .30046 -  .06432 -  .12593

C1 2 -  .13163 .05190 .18714

to 
1—1 

o -  .20675 -  .29082 .36760

° 1 4 .03479 -  .09363 .49313

C15 -  .52686 .19653 .26026

Cl .16188 -  .25000 .24886
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p o s i t i o n a l  p a ra m e te r s  were r e f i n e d ,  th e  e m p i r ic a l  

i s o t r o p i c  t e m p e ra tu re  f a c t o r s  o f  B = 4 .4  A2 f o r  

c h l o r i n e  and  B = 3 .5  &2 f o r  carb on  and th e  s c a le  

f a c t o r  b e in g  k e p t  c o n s t a n t .  Throughout th e  l e a s t  

s q u a re s  r e f in e m e n t  p r o c e s s ,  th e  co u rse  o f  which i s  

shown i n  T ab le  7 ,  o n ly  \  s h i f t s  were a p p l i e d  to  the  

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

O ver th e  n e x t  4 c y c le s  th e  f u l l  d a ta  a v a i l a b l e  

were u s e d  and th e  c a l c u l a t e d  a n i s o t r o p i c  te m p e ra tu re  

f a c t o r s  and  th e  s c a l e  f a c t o r  were a llow ed  to  v a ry .

I n  th e  s u c c e e d in g  2 c y c l e s  th e  hydrogen atom c o n t r i ­

b u t i o n s  to  th e  s t r u c t u r e  f a c t o r s  were in c lu d e d ,  th e  

hy d ro g en  s c a t t e r i n g  curve  o f  McWeeny (1952) b e in g  u se d .

The h y d rog en  atom p a ra m e te r s  were n o t  r e f i n e d .

The hydrogen  atom p o s i t i o n a l  p a ra m e te rs  were 

r o u g h ly  d e te rm in e d  b y  c a s t i n g  shadows o f  a s c a le  model

o n to  th e  b a s a l  ( h 0 £ )  p l a n e ,  assum ing a ca rb o n -h y d ro g en
o

bond  l e n g t h  o f  1 .0 5  A. Of th e  25 hydrogen atoms m  

th e  m o le c u le ,  16 a re  f i x e d  in  space b y  th e  geom etry  o f  

th e  m o le c u l a r  s k e l e to n ;  the  9 o t h e r s  b e lo n g in g  to  th e

3 m e th y l  g ro u p s  were p la c e d  in  t h e i r  fa v o u re d  c o n fo rm a tio n s  

-  s t a g g e r e d  w i th  r e s p e c t  to  the  s u b s t i t u e n t s  on the  

a d j a c e n t  ca rb o n  a tom s. Thus two c o - o r d i n a t e s ,  x and z ,
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TABLE 7 .

C ourse  o f  L e a s t  S qu ares  R e f in e m e n t.

L. S. c y c l e D a ta  u se d Remarks E Z > A 2

1

2

5

60$ o f  
' a v a i l a b l e  
o b s e r v e d  d a ta

x i z i v a r i a b l e  
e m p i r ic a l  Be 
c o n s ta n t  
( 3 .5  f o r  carbon  

f 4 .4  f o r  c h lo r in e )

18 .9 #  

16 .4 #  

15 .3 #

4 80$ o f  
a v a i l a b l e  
o b s e rv e d  d a ta

1 6 .7 #

5 15 .6 # 259

6

7

x. y L ZE. B;. 
v a r i a b l e

1 4 .6 #

1 5 .7 #

221

209

8 ) F u l l  d a ta 1 3 .3 # 194

9

1 0

11

H atom c o n t r i -  [ 
b u t i o n s  in c lu d e d  1 
in  S . P . ’ s b u t  ) 
n o t  v a r i e d  \(

13 .0 #

12 .9 #

1 2 . 6#

191

185

179

1 2 / 12 .5 # 179

£ w A 2  i s  th e  q u a n t i t y  m in im ised  i n  the  l e a s t

s q u a r e s  p r o c e s s  where ur = a w e igh t and k I Pol -  I Pel
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TABLE 8 .

T ab le  o f  zonal s c a l i n g  f a c t o r s .

S e a l in g  
f a c t o r  (k ) Z a ZN k Z | Fo|

O k J .8978 136 .88 1033.99 1033.99

I k * .954 2 214.90 2002.47 2002.39

2k 6 .9481 180 .81 1595.59 1595.65

3k € .9443 157 .99 1232.91 1232.88

4 k f .9220 117*00 1019.80 1019.82

5k € .8908 107 .23 633.63 633.63

6k  € .9829 4 8 .9 0 186 .06 186 .06

7k .8327 16 .58 71.28 71 .28

O v e r a l l  s c a l i n g  f a c t o r  
which  had  h e e n  u s e d  = .9365
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f o r  e a c h  h y d ro g en  atom were o b ta in e d .  The t h i r d  

c o - o r d i n a t e  was deduced b y  c a l c u l a t i o n .

No a l lo w a n c e  was made f o r  u n o b se rv ed  r e f l e c t i o n s
/

in  any o f  th e  c y c l e s  u n d e r ta k e n .  Over th e  i n i t i a l

10 c y c l e s  th e  d i s c r e p a n c y ,  R, f e l l  from 20 .4 % to  1 2 .9 $ .  

A lth o u g h  th e  o v e r a l l  s c a l i n g  f a c t o r  ap pea red  to  be 

s a t i s f a c t o r y ,  i n d i v i d u a l  zona l d i s c r e p a n c i e s  betw een 

Z k  M  and |Pc | e x i s t e d  ( s e e  Table 8 ) .  A f t e r  

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

s q u a re s  c y c l e s  were u n d e r ta k e n .  The a lm ost c o n s t a n t  

v a lu e  o f  R and  Z « A 8 i n  th e  f i n a l  2 c y c le s  i n d i c a t e d  

t h a t  th e  r e f in e m e n t  p r o c e s s  w i th in  the  scope o f  th e  

p r e s e n t  d a t a  and fo l lo w in g  th e  p r e s e n t  mode o f  

r e f in e m e n t  was now c o m p le te .  F u r th e r ,  e x am in a t io n  o f  

th e  c o - o r d i n a t e  s h i f t s ,  ( = .0 0 2  A ), o f  th e  l a s t

c y c le  and  th e  c o r r e s p o n d in g  s ta n d a r d  d e v ia t i o n s  o f  

th e s e  c o - o r d i n a t e s ,  ( < r = .03  2.), r e v e a le d  t h a t  the  

fo rm er  were n o t  s i g n i f i c a n t .

A f i n a l  t h r e e - d im e n s io n a l  Fo s y n t h e s i s ,  F8 , has  

b e e n  e v a l u a t e d  u s in g  th e  p h a se s  o b ta in e d  from th e  1 2 t h  

c y c le  o f  l e a s t  s q u a re s .  F i g . 13 r e p r e s e n t s  a com posite  

d iag ram  o f  th e  m o le c u le ,  o b ta in e d  by  s e l e c t i n g  t h a t  

s e c t i o n  o f  th e  th r e e - d im e n s io n a l  map n e a r e s t  to  each  

a tom ic  c e n t r e  and p r o j e c t i n g  th e  c o n to u r s  on to  th e



F i g . 1 5 . P a r t  o f  th e  e l e c t r o n  d e n s i ty  d i s t r i b u t i o n ,  Fg, 
r e p r e s e n t e d  by  superim posed  c o n to u r s  showing 
th e  m o lecu le  in  th e  a sy n m e tr ic  u n i t .



P i g . 1 4 . i^rrangem ent o f  th e  atoms in  (010) p r o j e c t i o n .



b

F i g , 1 5 * Arrangem ent o f  th e  atoms in  ( 0 0 l )  p r o j e c t i o n .

9
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b a s a l  (OlO) p l a n e .  The s p u r io u s  c y l i n d e r  o f  e l e c t r o n  

d e n s i t y  on s e c t i o n  y = 1 s / 48  s t i l l  e x i s t e d  h u t  h a r e l y

F i g . 14 i l l u s t r a t e s  th e  s t r u c t u r e  p r o j e c t e d  on to  

th e  (OlO) p l a n e ,  w h ile  f i g .  15 shows th e  a rran gem en t o f  

th e  atom s in  th e  (001) p r o j e c t i o n .  In  Appendix 3 a re  

l i s t e d  v a lu e s  f o r  o b se rv e d  and 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 .

4 . 9 .  C o - o r d i n a t e s  and M o le c u la r  D im ensions.

The f r a c t i o n a l  a tom ic  c o - o r d i n a t e s  and the  a n i s o ­

t r o p i c  th e rm a l  p a ra m e te r s  r e s u l t i n g  from the  1 2 t h  l e a s t  

s q u a r e s  c y c le  a re  l i s t e d  in  T ab les  9 and 10 r e s p e c t i v e l y .  

T ab le  11 g iv e s  th e  f i n a l  av erage  p a ra m e te r  s h i f t s .

The s t a n d a r d  d e v ia t i o n s  in  th e  p o s i t i o n a l  c o - o r d i n a t e s ,  

l i s t e d  i n  Table  12 , were c a l c u l a t e d  d i r e c t l y  from th e  

l e a s t  s q u a r e s  o u tp u t  u s in g  a s ta n d a rd  p ro c e d u re ,  v i z .

where m i s  th e  number o f  o b s e r v a t io n a l  eq.uat i o n s ,  and

£> i s  th e  number o f  in d ep e n d en t  p a ra m e te rs  to  be d e te rm in e d .

The o v e r a l l  p o s i t i o n a l  s t a n d a rd  d e v ia t i o n  i s

o *
r o s e  above 1 e l e c t r o n / A  in  h e ig h t .

±
2

(4 .S )
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TABLB 9 .

F i n a l  f r a c t i o n a l  a tom ic  c o - o r d i n a t e s .

Atom x/ a V-b * /c

c i - .04-595 -  .04699 .17250

C2 - .12750 -  .10549 .00741

C3 - .20270 -  .20452 .07624

c4 - .11567 -  .21104 .25955

C5 - .11790 -  .10477 .52671

° 6 - .55160 -  .08061 .56708

c7 - .59717 .02740 .57046

C8 - .55162 .08694 .21512

°9 - .49471 .07558 .05551

° 1 0 .49607 -  .02741 -  .04019

- .29800 -  .05780 -  .11928

C12 - .10692' .06067 .17455

toI—1
o - .22076 -  .28955 .56594

Q H .02285 -  .08780 .48870

C15 - .55449 .19599 .26528

Cl .16498 -  .25120 .24992



Hydrogen Atom C o - o r d in a t e s .

Atom No, X/ a Z/ c

16 - .3 4 8 - .2 2 8 - .0 1 8
17 - .2 5 2 - .1 5 4 - .1 3 0
18 +. 362 - .0 7 7 - .0 7 3
19 - .4 3 8 - .0 4 9 + .0 0 1
20 - .1 4 0 - .0 0 1 +. 269
21 - .0 3 0 - .0 6 9 - .0 5 8
22 .391 .1 0 0 - .0 2 5
23 .536 .087 - .0 9 9
24 - .3 5 2 .067 - .2 4 4
25 - .1 5 3 .049 .109
26 .116 .164 - .0 1 3
27 .0 2 2 .226 .105
28 - .4 4 8 .295 - .1 3 3
29 - .5 3 0 .44-1 .058
30 - .2 8 8 .449 .067
31 - .3 4 5 .492 - .1 1 3
32 .665 .150 .241
33 .526 .333 .218
34 .800 .345 .208
35 .636 .347 .752
36 .841 .350 .639
37 .838 .497 .724
38 .881 .560 .926
39 .970 .586 .862
40 .132 .492 .945
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F i n a l  a n i s o t r o p i c  te m p e ra tu re  f a c t o r s .

Atom ^ 1 1 / * 2 2 23 /* 3 1 /^ 1 2

.03260 .00692 .0 2 2 2 1 -  .00429 .01739 -  .00534

° 2 .04236 .00970 .02613 .0 0 0 2 0 .03058 .00634

C3 .03936 .00641 .02788 -  .00104 -  .00105 .00085

C4 .04056 .00624 .02548 -  .00092 -  .00067 .0 0 0 2 2

°5 .03037 .00749 .02209 .00033 .00936 .01026

C6 .01995 .01070 .02540 .00821 .00312 -  .00364

c7 .04065 .00881 .02472 .00067 .00932 .00714

C8 .04161 .00687 .02891 -  .00068 .01984 -  .00206

°9 .03309 .00920 .03094 .00474 .00181 -  .00725

C10 .03871 .00846 .02246 -  .00481 -  .00496 .0 0 0 2 0

I—1HO

.04376 .00988 .02185 .00403 -  .00539 -  .00313

C1 2 .03310 .00674 .02549 -  .00108 • .00986 -  .00250

°13 .05135 .00857 .03294 .00952 -  .0 1 0 1 0 -  .00358

C14 .03419 .01016 .02672 .00063 -  .01193 -  .00166

LOi—1
o

.06149 .00839 .03842 -  .00267 .00599 -  .00189

Cl .03413 .00869 .03468 -  .00427 .00488 .00761

Thermal p a ra m e te r s  o f  the  carbon  and c h lo r in e  atoms 

as  d e te rm in e d  from th e  a n i s o t r o p i c  d iag o n a l  l e a s t  sq u a re s

a n a l y s i s ,  c y c le  1 2 .
" ( A l h 2  + / J22k 2 + / ,33 2+/31 2 h k  +/<?23k +/ 4 l  h )X sr /O

Hence y S  = 1 .4427  B±1 e t c .
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TABLE 1 1 .

P a ra m e te r  S h i f t s  i n d i c a t e d  "by 
a n i s o t r o p i c  d ia g o n a l  l e a s t  sq u a re s  a n a l y s i s .

Average s h i f t  
Cycle  1

P in a l  
average  s h i f t  

Cycle 1 2
o

Ax (A) .0718 .0 0 2 7

A y (A) .0396 .0019

A z (A) .0474 . 0024
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TABLE 1 2 .

S ta n d a rd  D e v ia t io n s  i n  th e  -p o s i t io n a l  c o - o r d i n a t e s .

Atom O-(x) X cr (y )  a
/ \ ° ° “ ( z )  A / i O 4

^ ( r )  A

° i .0116 .0116 .0118 .0234

C2 .0125 .0129 .0147 .0266

C3 .0131 .0140 .0127 .0266

C4 .0131 ..0129 .0133 .0262

C5 .0 1 1 1 .0117 .0123 .0234

° 6 .0 1 0 2 .0126 .0154 .0258

C7 .0133 .0131 .0143 .0272

C8 .0 1 2 1 .0129 .0130 .0254

C9 .0126 .0136 .0146 .0272

C10) .0133 .0 1 2 0 .0139 .0262

G11 .0140 .0133 .0152 .0284

° 1 2 .0115 .0125 .0130 .0248

to 
1—1 

o

.0148 .0157 .0149 .0302

°1 4 .0132 .0154 .0153 .0294

°15 .0161 .0166 .0163 .0326

Cl .0029 .0037 .0048 .0078

* F a c to r  o f  2 i n c lu d e d  to  
n o n -c e n tro sy m m e try .

a l lo w  f o r
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TABLE 1 5 ,

M o le c u la r  d im e n s io n s : th e  hond l e n g t h s  w i th in  a
m o le c u le  o f  i s o c lo v e n e  h y d ro c h lo r id e  t o g e t h e r  
w i th  th e  c o r r e s p o n d in g  s ta n d a r d  d e v i a t i o n s .

Bond Bond l e n g t h  (2.)

e i  - ° 2 1 .60 0  ± .036

Cl - °5 1 .5 4 7  t .033

Cx - ° 1 2 1 .5 5 0  i .034

° s  - C3 1 .563  t .038

0 CO 1

° 1 1 1 .5 8 3  ± .039

c 5 ~ °4 1 .5 2 7  + .037

0 1

C5 1 .57 0  + .035
1o

°13 1 .550  t .040

°5  " ° 6 1 .56 8  t .035

C5 " c 14 1 .5 40  t .038

C6 - CV 1 .531  + .038

®7 - °8 1 .56 1  + .037

C8 - c 9 1 .59 0  ± .037

<% - ° 1 2 1 .51 8  t .036

Cg - Cl5 1 .568  + .041

c 9 - °io 1 .590  t .038

°X0- Oil 1 .533  + .039

c 4 - Cl 1 .860  + .027
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TABLE 1 4 .

M o le c u la r  d im e n s io n s : th e  v a le n c e  a n g le s  w i th in
th e  m o le c u le  o f  i s o c lo v e n e  h y d r o c h lo r id e  t o g e t h e r  
w i th  th e  c o r r e s p o n d in g  s t a n d a r d  d e v i a t i o n s .

C2 —Gl - C5

02 - Cl - Cl 2

C5 - Cl - Cl 2

Cl - °2 - c3

Cl - cs - Cll

c3 - ©2 - Cll

02 . C3 - C4

C3 - C4 - c5

c3 - C4 - Cl 3

c3 - 04 - Gl

C5 - c4 - Cl

c5 - c4 - c13

C1S c4 - Cl

Cl - Cs - C4

°1 - C5 - C6

C1 - C5 - °7
04 - c5 - Cl4

C6 - °5 - °14
C5 Ce - c?

°6 - C7 - C8

1 0 5 .7 ° + 1 .9 °

1 1 3 .9 ° + 1 .9 °

1 1 5 .1 ° t 1 .9 °

1 0 5 .2 ° + 2 .0 °

1 1 9 .2 ° + 2 .1 °

1 1 2 .1 ° + 2 .1 °

1 0 5 .9 ° + 2 .1 °

1 0 4 .5 ° + 2 .0 °

1 1 3 .5 ° + 2 .2 °

1 0 6 .9 ° + t-
1

00
o

1 0 9 .2 ° + 1 .6 °

1 1 7 .7 ° + 2 .2 °

1 0 4 .7 ° +

oCO•
1—1

1 0 2 .4 ° + 1 .9 °

1 1 1 .8 ° + 1 .9 °

1 1 2 .6 ° + 2 .0 °

1 1 3 .8 ° + 2 .0 °

otoCOo
 

1—1 + 2 .0 °

1 1 3 .3 ° +

o 1—103

0
1 1 6 .7

+ 0
2. 2

-  C o n t’ d -
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TABLE 14 . (O ont'd)

0 1 0 00 1 012 1 0 8 .6 °  + 2 .1 °

c 7 -  c 8 - 015 1 0 7 .9 °  + 2 .2 °

Cg -  C8 - C12 1 1 3 .5 °  + 2 .1 °

a <£> 1 Q 00 1 °15 1 0 7 .2 °  + 2 .1 °

c 1 5 -  c 8 “ 012 1 0 7 .8 °  + 2 .2 °

a 00 i Q 1 010 1 1 8 .8 °  t  2 .1 °

eg -  O io- 011 1 1 4 .9 °  t  2 .2 °

c 2 -  ou - 010 1 1 5 .6 °  + 2 .2 °

°1  -  c 12" 08 1 1 8 .7 °  1 2 .1 °
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These c a l c u l a t e d  v a lu e s  have b e e n  i n c r e a s e d  h y  a

f a c t o r  o f  2 to  a l lo w  f o r  n o n -ce n tro sy m m e try

(C ru ic k s h a n k  (1 9 5 0 ) ) .

The bond  l e n g t h s  and bond a n g le s  w i th in  one m o le cu le

a r e  shown i n  T a b le s  13 and 14 r e s p e c t i v e l y ,  th e s e

d im e n s io n s  h a v in g  b e e n  computed from th e  a tom ic

c o - o r d i n a t e s  l i s t e d  i n  T able  9 . The s t a n d a r d  d e v i a t i o n s

i n  t h e s e  v a lu e s  a re  a l s o  in c lu d e d  in  th e s e  T a b le s .  The

s t a n d a r d  d e v i a t i o n ,  o f  th e  d i s t a n c e  be tw een  two

atom s whose p o s i t i o n s  have b e en  d e te rm in e d  in d e p e n d e n t ly

w i th  s t a n d a r d  d e v i a t i o n s  in  p o s i t i o n  o f  G ' ( k )  and 0“ (B)

i s  g iv e n  b y  :

c r ( Z )  = [<r2 (A) + crS( B ) j 4   ( 4 .3 )

The s t a n d a r d  d e v i a t i o n ,  <T ( 9 ) o f  th e  in te r b o n d  a n g le

b e tw een  t h r e e  atoms was computed by  the  e q u a t io n  g iv en  b y

C ru ic k sh a n k  and R o b e r tso n  (1 9 5 3 ) .

The mean s t a n d a r d  d e v i a t i o n  o f  a carbon  atom ’ s

p o s i t i o n  i s  .027  8 .  T h is  g iv e s  a v a lu e  f o r  th e  mean
o

s t a n d a r d  d e v i a t i o n  o f  a c a rb o n -c a rb o n  bond o f  .037  A

and  a  mean s t a n d a r d  d e v i a t i o n  o f  2 .2 °  in  th e  in te rb o n d  a n g le .
o

The i n t e r m o l e c u l a r  d i s t a n c e s  l e s s  th a n  4 A in  t h i s  

c r y s t a l  were a l s o  d e te rm in e d  and a re  l i s t e d  in  Table 15.

There  a r e  no c o n t a c t s  l e s s  th an  th e  e x p e c te d  van d e r  Waals 

d i s t a n c e s .
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TABLB 15.

I n t e r m o l e c u l a r  D i s t a n c e s : atoms i n  th e  r e f e r e n c e
m o le c u le  a r e  unprim ed  w hereas  th o s e  i n  o t h e r  
m o le c u le s  a re  d e s ig n a t e d  h y  o n e ,  two o r  t h r e e  
p r im e s  r e s p e c t i v e l y .

R e fe re n c e  m o le c u le X y  2

M olecu le I 1  + X , 7 ,  z

M o lecu le I I 1  + %

M o lecu le I I I 1  - x , i  + y .  *'

M olecu le IV X , 2 + y» *

I n t d ? s t a n c e l a r  &
01 -  C 3 .85 6  ± .036

°1 “ °10 3 .495  + .035

Cl -  0 6 1 3 .9 8 2  + .027

Cl -  C ig1 3 .959  t  .031

° 1 4 -  O n 11 3 .8 80  ± .041

C15“ 01 111 5 .96 0  ± .034

Cg -  C3 I v  3 .7 3 4  ± .038
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4 .1 0 .  D i s c u s s io n  o f  th e  S t r u c t u r e .

13

IZ

( I I

( I I I )

The s t r u c t u r e  ( I )  a s  deduced  from th e  X -ray  a n a l y s i s  

o f  i s o c lo v e n e  h y d r o c h lo r id e  ( I I )  a g re e s  w ith  th e  known 

c h em ica l  e v id e n c e ,  in  t h a t  i t  c o n ta in s  t h r e e  m ethy l g roups 

and p o s s e s s e s  a s e c o n d a r y - t e r t i a r y  double  bond . In  

a d d i t i o n ,  th e  s t r u c t u r e  o f  i s o c lo v e n e  can be shown to  

obey  th e  i s o p r e n e  r u l e  ( I I I ) .

P r o f e s s o r  D. H. P. B a r to n ,  in  r e c o n c i l i n g  th e  f i n a l  

s t r u c t u r e  w i th  t h a t  o f  i t s  known p r e c u r s o r ,

/ 3 - c a r y o p h y l l e n e  a lc o h o l  (IV ) has  c o n s id e r e d  the  p o s s ib l e  

m echanism  o f  fo rm a t io n .  In  th e  p r e l i m i n a r y  comm unication 

on t h i s  work (G lu n ie  and R o b e r tso n  ( i9 6 0 ) )  P r o f e s s o r  B a r to n  

s t a t e d  t h a t  th e  c o n v e rs io n  o f  / 3 - c a r y o p h y l l e n e  a lc o h o l



HQ

IV.
doubly 

^ P«fmd<or\

H
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i n t o  i s o c lo v e n e  r e p r e s e n t e d  ’’an u n u su a l  p rob lem  in  

carbon ium  io n  m echanism ” . While two schemes c o u ld  he 

p ro p o se d  a s  shown o p p o s i t e  b o th  r o u t e s  in v o lv e d  

i n t e r m e d i a t e s  which would have to  be e x c lu d e d  i f  B r e d t ’ s 

Rule were s t r i c t l y  a p p l i e d .  I t  i s  known, how ever, t h a t  

th e  r u l e  b r e a k s  down i n  th e  r e a c t i o n s  o f  /& - c a r y o p h y l le n e  

a l c o h o l  and th e  r e a r r a n g e m e n ts  in v o lv e d  h e re  a re  

c o n s id e r e d  b y  P r o f e s s o r  B a r to n  to  be o f  a s i m i l a r  d eg ree  

o f  u n e x p e c te d n e s s .

To d e s c r ib e  p i c t o r i a l l y  th e  o v e r a l l  shape o f  

m o le c u le  I I  i s  n o t  e a s y  b u t  th e  t h r e e  r i n g s  can be c o n s id e re d  

to  form  a b a s k e t - l i k e  a r ra n g e m e n t.  P e rh ap s  the  b e s t  v iew  

o f  th e  s t r u c t u r e  i s  p r e s e n t e d  in  th e  (001) p r o j e c t i o n ,

( s e e  P i g . 1 5 ) .  A l l  t h r e e  r i n g s  a re  p r e s e n t  in  t h e i r  

p r e f e r r e d  c o n fo rm a t io n s .  The f ive-m em bered  r i n g  i s  

h in g e - s h a p e d ;  th e  six-m em bered  r in g  h a s  th e  c h a i r  

c o n fo rm a tio n ;  th e  seven-membered r i n g  i s  a l s o  in  the  

c h a i r  fo rm , b u t  i n  t h i s  case  the  c h a i r  i s  o b v io u s ly  

d i s t o r t e d  f o r  a l l  the  a n g le s  a re  c o n s i s t e n t l y  g r e a t e r  

th a n  th e  t e t r a h e d r a l  v a lu e .  T h is  r i n g  can be s a i d  to  

have become somewhat f l a t t e n e d ,  a s i t u a t i o n  p ro b a b ly  due

to  s t e r i c  r e p u l s i o n .  For exam ple , in  an i d e a l  s t r u c t u r e
o

Cg and C1Q would be a b o u t  2 .6  A a p a r t  t h e r e b y  b r in g in g  

th e  two hydrogen  atoms a t t a c h e d  to  th e s e  atoms to  w i th in
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o

a b o u t  1 A o f  eac h  o t h e r .  I n  th e  a c t u a l  m o le cu le

Cg and  C10 a re  3 .38  2  a p a r t .

The f i v e  and six-m em bered  r i n g s  a re  c i s  f u s e d  as

a re  th e  f i v e  and  th e  seven-m embered r i n g s .  The s i x

and seven-m em bered r i n g s  a re  l i n k e d  v i a  a m e th y len e

b r i d g e  i n  th e  c i s  p o s i t i o n  r e l a t i v e  to  and c h l o r i n e .

The bond  l e n g t h s  and  bond a n g le s  t o g e t h e r  w ith

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

to  p e r m i t  d e t a i l e d  d i s c u s s i o n  b u t  i t  may be n o te d  t h a t
o

th e  c a r b o n - c h l o r i n e  d i s t a n c e  o f  1 .8 6  A can be p e rh a p s

c o n s id e r e d  a s  b e in g  s i g n i f i c a n t l y  lo n g e r  th a n  th e
o

e x p e c te d  v a lu e  o f  1 .7 8  A o b t a i n e d  from a mere c o n s i d e r a t i o n
o

o f  a to m ic  r a d i i .  A v a lu e  a s  h ig h  a s  1 .8 2  A f o r  an

e q u a t o r i a l  c a r b o n - c h lo r in e  bond  h a s  b een  quo ted  f o r

gammexane (van  V lo ten  e t  a l .  ( 1 9 5 0 ) ) ,  w h i l s t  P a s te r n a k
o o

(1951) h a s  r e p o r t e d  v a lu e s  o f  1 .8 5  A and 1 .8 4  A f o r

s i m i l a r  d i s t a n c e s  i n  p e n ta e h lo ro c y c lo h e x e n e .  Por an ?

a x i a l  c a r b o n - c h lo r in e  bond  in  1 ; 2 : 3 : 4  t e t r a c h l o r o - 1 : 2 : 3 : 4 ~

te t r a h y d r o n a p h th a l e n e  (L ash e en , 1952) a v a lu e  o f  1 .81  2

i s  c i t e d .  Por f t  - c a ry o p h y l le n e  c h lo r id e  th e  c o r re s p o n d in g

bond  l e n g t h  was 1 .7 9  2. The bond le n g th e n in g  found  in

th e  p r e s e n t  c a se  may be s im p ly  a s t e r i c  e f f e c t  due to

th e  p r o x im i ty  o f  two m ethy l and one m eth y lene  group-.
o

The a v e rag e  c a rb o n -c a rb o n  d i s t a n c e  i s  1 .5 5  A w ith  a 

maximum s p re a d  o f  .05  2 which i s  v e ry  s l i g h t l y  g r e a t e r
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o
th a n  th e  a v e ra g e  s t a n d a r d  d e v i a t i o n  o f  .0 4  A. These 

v a r i a t i o n s  a re  w i t h in  th e  l i m i t s  r e p o r t e d  i n  th e  a n a l y s i s  

o f  h y d ro x y d ih y d ro e rem o p h ilo n e  by  G ran t  (1958) and o f  

/ 3 - c a r y o p h y l l e n e  c h l o r i d e  ( l o c . e i t . ) ,  b o th  a n a ly s e s  

b e in g  r e s t r i c t e d  to  tw o -d im e n s io n a l  m ethods and l e s s  

h i g h l y  r e f i n e d .  N e v e r t h e l e s s ,  th e  v a lu e s  o f  the  

s t a n d a r d  d e v i a t i o n s  a re  o f  th e  o r d e r  o f  m agnitude  

g e n e r a l l y  foun d  in  th e  a n a l y s i s  o f  a n o n - c e n t r i c  

s t r u c t u r e  o f  s i m i l a r  c o m p le x i ty  w i th  a heavy atom 

p r e s e n t ,  e . g .  ib o g a in e  hydrobrom ide (A ra i  e t  a l . ( l 9 6 0 ) )  

and i r e s i n  (Bossmann and Lipscomb (1 9 5 8 ) ) .

As f o r  th e  d i s p o s i t i o n  o f  s u b s t i t u e n t  g roups in  

i s o c lo v e n e  h y d r o c h lo r id e  i s  e q u a t o r i a l ,  i s  a x i a l ,

Cp3 q u a s i - e q u a t o r i a l  and c h lo r i n e  q u a s i - a x i a l .

E q u iv a le n t  i s o t r o p i c  te m p e ra tu re  f a c t o r s  have been  

deduced  b y  th e  m ethod due to  H i r s h f e l d  e t  a l . ( l 9 5 9 ) .

were a v e ra g e d  and c o n v e r te d  in to  v a lu e s  

whence r e s u l t i n g  i s o t r o p i c  te m p e ra tu re  f a c t o r s ,  B0, o f  

4 . 4  P  f o r  th e  a v e rag e  ca rbon  atom and 4 .4 5  P  f o r  th e  

c h l o r i n e  atom were o b ta in e d .

The r e l i a b i l i t y  o f  th e  s t r u c t u r e  a n a l y s i s  i s  co n firm ed  

b y  th e  v a lu e  f o r  R o f  1 2 .5 $  which i s  low enough to  p ro v id e  

some i n t e r n a l  e v id e n c e  t h a t  th e  s o l u t i o n  o f  t h i s  c r y s t a l  

s t r u c t u r e  i s  e s s e n t i a l l y  c o r r e c t .  The agreem ent c o u ld

The A



p e rh a p s  he  im proved  s l i g h t l y  i f  a more r e c e n t  s c a t t e r i n g  

f a c t o r  cu rv e  f o r  c h l o r i n e ,  e . g .  t h a t  o f  V i e r v o l l  and 

Sg rim  (1949) o r  B e rg h u is  e t  a l .  (1955) had  b e e n  u s e d .



CHAPTER V.

A tte m p ts  to  Solve  th e  C r y s t a l  S t r u c tu r e  
o f  P h o t o - i r r a d i a t e d  A c r id iz in iu m  Bromide.
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V ' ATTEMPTS TO SOLVE TIE CRYSTAL STRUCTURE 

OP PHOTO-IRRADIATED ACRIBIZIHIUM BROMIDE.

5 . 1 .  I n t r o d u c t i o n :

B ra d s h e r  and B eav e rs  (1955) have r e c e n t l y  s y n t h e s i s e d  

a new h e t e r o c y c l i c  a ro m a tic  compound ( i )  c l o s e l y  r e l a t e d  

i n  s t r u c t u r e  to  a n th ra c e n e  h u t  d i f f e r i n g  o n ly  i n  h a v in g  

a q u a t e r n a r y  n i t r o g e n  a t  one o f  th e  b r id g e h e a d  p o s i t i o n s .  

L ik e  a n th r a c e n e ,  when c r y s t a l s  o f  a c r id iz in iu m  brom ide  

a r e  ex p o sed  to  i r r a d i a t i o n  by  s u n l i g h t  o r  from a sun lamp 

t h e y  a re  c o n v e r t e d  i n t o  a h ig h e r  m e l t in g ,  l e s s  s o lu b le  

compound ( i i )  l a c k i n g  th e  y e l lo w  c o lo u r  and f lu o r e s c e n c e  

c h a r a c t e r i s t i c  o f  th e  s t a r t i n g  m a t e r i a l .  The U.V. 

a b s o r p t i o n  sp ec tru m  o f  th e  new compound i n d i c a t e s  t h a t  

i r r a d i a t i o n  h a s  d e s t r o y e d  th e  c o n ju g a t io n  o f  the  

a c r i d i z i n i u m  sy s tem . B ra d s h e r ,  Beavers and Jo n es  (1957) 

c la im  t h a t  p h o to d im e r i z a t i o n  h a s  o c c u r r e d  and from the  

U. V. a b s o r p t io n  sp ec tru m  i t  a p p e a rs  to  them t h a t ,  l i k e  

a n th r a c e n e ,  c o n n e c t io n  i s  th ro u g h  th e  meso p o s i t i o n .

The p o s s i b i l i t y  t h a t  p h o t o - o x id a t io n  has  ta k e n  p la c e  i s  

e l i m i n a t e d  b y  th e  o b s e r v a t i o n  t h a t  th e r e  i s  no change 

i n  w e ig h t  d u r in g  i r r a d i a t i o n .

( i ) ( i i )
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A p r e l i m i n a r y  i n v e s t i g a t i o n  h a s  b e e n  c a r r i e d  o u t  on

( i )  ( C l u n i e , ( 1 9 5 7 ) ) .  The u n i t  c e l l  d im e n s io n s  were 

r e p o r t e d .  The c r y s t a l s  were found  to  b e lo n g  to  th e  

t r i c l i n i c  sy s tem  and to  he tw in n ed  a lo n g  a d ia g o n a l  

a x i s .

L i t t l e  a t t e n t i o n  had  b e en  d i r e c t e d ,  a t  t h i s  s t a g e ,  

to  th e  p h o t o - i r r a d i a t e d  d im er b e c a u se  th e  m a t e r i a l  

s u p p l i e d  b y  P r o f e s s o r  B ra d sh e r  was i n  th e  form o f  

w h i t e ,  o p a q u e ,  m icaceo u s  c r y s t a l s  which gave X -ray  

r o t a t i o n  p h o to g ra p h s  i n d i c a t i n g  a l a r g e  d eg ree  o f  

d i s o r d e r .  R e c r y s t a l l i s a t i o n  from  v a r io u s  common 

s o l v e n t s  d id  n o t  f u r n i s h  m ark ed ly  b e t t e r  form ed c r y s t a l s .

5 . 2 .  P r e p a r a t i o n  o f  C r y s t a l s .

F u r t h e r  a t t e m p t s  a t  r e c r y s t a l l i s a t i o n  from m ixed 

s o l v e n t s  u s in g  th e  te c h n iq u e  o f  slow  e v a p o ra t io n  a t  

room te m p e ra tu re  have s in c e  b een  u n d e r ta k e n .  Well 

sh a p e d ,  a lm o s t  c o l o u r l e s s ,  c r y s t a l s  were o b ta in e d  from 

a 5 0 :50  m ix tu re  o f  m e th a n o l /d io x a n .  E xam ina tion  u n d e r  

th e  p o l a r i s i n g  m ic ro sc o p e  i n d i c a t e d  t h a t  some s u r f a c e  

d e p o s i t i o n  o f  s e c o n d a ry  m a t e r i a l  had  o c c u r r e d .  T h is  

e f f e c t  c o u ld  be  r e n d e re d  more a p p a re n t  b y  w ashing  th e  

c r y s t a l s  w i th  m ethano l whence com plete  s u r f a c e  

d e c o m p o s i t io n  seem ed-to  o c c u r  and th e  c r y s t a l s  became
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op aq u e . By v a r y in g  th e  p r o p o r t i o n s  o f  th e  two s o l v e n t s  

two d i f f e r e n t  ty p e s  o f  c r y s t a l s  c o u ld  he grown.

(1 )  The i n i t i a l  m a t e r i a l  was d i s s o l v e d  i n  c o ld  

m e th a n o l ,  d io x a n  was added  d ropw ise  t i l l  a s l i g h t  

p r e c i p i t a t e  was p ro d u c e d . H eat was s u p p l i e d  u n t i l  a 

c l e a r  s o l u t i o n  was o b t a i n e d .  (H e a t in g  to  b o i l i n g  p o i n t  

gave r i s e  to  a r e d  s o l u t i o n . )  A f t e r  s e v e r a l  days 

t a b u l a r  c r y s t a l s  o f  m o d i f i c a t io n  (A) were d e p o s i te d .

They were u s u a l l y  w h ite  and opaque .

(2 )  To a s o l u t i o n  o f  th e  m a t e r i a l  i n  c o ld  m e th a n o l ,  

s e v e r a l  d ro p s  o f  d io x an  were added . The c r y s t a l l i s i n g  

v e s s e l  was l i g h t l y  c o rk e d  to  e n su re  s lo w er  e v a p o r a t io n .  

T r a n s l u c e n t ,  p l a t e y ,  c r y s t a l s  o f  m o d i f i c a t i o n  (B) were 

d e p o s i t e d  a f t e r  a few d ay s .

The f a c t  t h a t  d im orphs o c c u r r e d  was co n firm ed  b y  

th e  su b s e q u e n t  d e te  m i  n a t i o n  o f  u n i t  c e l l  p a ra m e te r s .

A p l a u s i b l e  e x p la n a t i o n  can  p e rh a p s  be g iv en  by  

c o n s i d e r i n g  th e  ap£>earance o f  th e  c r y s t a l s  o f  

m o d i f i c a t i o n  (A ). These were p ro d u ced  b y  more r a p i d  

c r y s t a l l i s a t i o n  and th e  q u ic k e r  th e  c r y s t a l l i s a t i o n  th e  

more e v id e n c e  t h e r e  was o f  a se c o n d a ry  d e p o s i t i o n  on 

th e  s u r f a c e  o f  th e  c r y s t a l s  a s  shown b y  m ic ro s c o p ic  

e x a m in a t io n .  M oreover, t h e s e  c r y s t a l s  gave e x tre m e ly  

p o o r  X -ra y  p h o to g ra p h s ,  u n s u i t a b l e  f o r  th e  c o l l e c t i o n
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o f  i n t e n s i t y  d a ta  b o th  due to  th e  p o o r ,  d ra w n -o u t ,

shape o f  th e  r e f l e c t i o n s  and to  th e  p a u c i t y  in  t h e i r

number. For exam ple , on a W eissen b erg  p h o to g ra p h

expo sed  f o r  25 h r s .  to  u n f i l t e r e d  co p p er  r a d i a t i o n

f o r  a  f a i r l y  l a r g e  c r y s t a l  r o t a t e d  ab o u t  i t s  n e e d le  
o

a x i s  ( 7 .9  A i n  l e n g t h )  o n ly  30 r e f l e c t i o n s  were

r e c o r d e d .  A s i m i l a r  ty p e  o f  W eissenberg  p h o to g ra p h

r e s u l t e d  when a second  c r y s t a l  was r o t a t e d  a b o u t  an
o

a l t e r n a t i v e  a x i s ,  1 1 .0  A lo n g .

F u r t h e r  work was c o n f in e d  to  m o d i f i c a t io n  (B) 

w h ich , f o r t u n a t e l y ,  gave p h o to g ra p h s  s u i t a b l e  f o r  

m e a su r in g  i n t e n s i t y  d a ta .

5*3. U n i t  C e l l  D im en s io n s .

The u n i t  c e l l  p a ra m e te r s  have b e en  d e te rm in e d  b y  

means o f  r o t a t i o n ,  o s c i l l a t i o n  and W eissenberg  p h o to ­

g r a p h s ,  u s in g  c o p p e r  Koc r a d i a t i o n ,  and th e  v a lu e s  

o b t a i n e d  a re  l i s t e d  i n  Table 16 .

5 . 4 .  M easurem ent o f  I n t e n s i t i e s .

D e t a i l e d  e x p l o r a t i o n  o f  th e  (0 k £ ) ,  (b0-6) an(3- (hkO) 

250n e s  h a s  b e en  made b y  moving f i lm  e x p o su re s  o f  th e  

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

ff, b  and c a x es  r e s p e c t i v e l y .
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TABLE 1 6 .

U n i t  C e l l  P a r a m e te r s  o f  
p h o t o - i r r a d i a t e d  a c r id iz in iu m .  b ro m id e .

M o le c u la r  fo rm u la  

M o le c u la r  w e ig h t  

M e l t in g  p o i n t  

System

a (%)
, o .

13 (A )

c (A)

/ *
Oiz

U n i t  c e l l  volume(A )

M o le c u le s  p e r  u n i t  c e l l

d ( f l o t a t i o n )  (g .cm 7B)

d ( c a l c . )  (g .cm T3 )

A b s o rp t io n  c o e f f i c i e n t  
( \ =  1 .5 4 2  &)

A b sen t S p e c t r a  

Space Group

C26N2H20B r2
5 1 9 .8

240° C'.

n on oclin ic

7 .75  + .01

1 7 .0 8  t .0 4

9 .8 8  ±  .0 2

99° 1 8 ’

1 ,3 0 8

2

1 .5 2 9  

1 .4 8 0  

4 1 .7  cmT1

0k© f o r  k  es 2n + 1 

P2 , (G |) or PS%1 ( c ih )
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TABLB 17 .

Zone O r o s s - s e c t i o n  
o f  c r y s t a l

I n t e n s i t y
ran g e

Number
o f

re flec tions
re c o rd e d

Maximum 
number o f  
p o s s i b l e  
r e f l e c t i o n s

Ok* .2 3  x .1 6  mm? 3 ,5 0 0 :1 146 225

hkO .1 6  x .30  mm? 3 ,0 0 0 :1 132 176

hO*
o

.1 6  x .10  mm. 4 ,0 0 0 :1 124 185

The m ain  r e c o r d  o f  i n t e n s i t i e s  was ta k e n  b y  th e  

m u l t i p l e  f i l m  t e c h n iq u e ,  a l l  th e  i n t e n s i t i e s  o f  th e  

X -ra y  r e f l e c t i o n s  h a v in g  b e e n  e s t im a te d  v i s u a l l y  b y  

co m parison  w i th  a s t a n d a r d  s e r i e s  o f  s p o ts  o f  known 

e x p o s u re .  Each zone was e s t im a t e d  tw ic e ,  u s in g  a 

d i f f e r e n t  a r i t h m e t i c  s te p -w e d g e .  To th e s e  a v e rag e d  

i n t e n s i t i e s  c o r r e c t i o n s  f o r  the  u s u a l  L o re n tz  and 

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

f a c t o r s  were e v a l u a t e d .  No c o r r e c t i o n s  f o r  e x t i n c t i o n  

o r  a b s o r p t io n  were a p p l i e d .  The r e l a t i v e  s t r u c t u r e  

f a c t o r s  a re  l i s t e d  i n  A ppendix 4 .

5 . 5 .  N(Z) D i s t r i b u t i o n .

In  o r d e r  to  a s c e r t a i n  th e  c o r r e c t  space  group th e  

N(Z) t e s t  f o r  cen tro sym m etry  was p e rfo rm ed  on th e  (hkO) 

and (Ok£ )  zones o f  i n t e n s i t i e s .



- 8 8 -

H o w e lls ,  P h i l l i p s  and R ogers  (1950) have shown 

t h a t  th e  f r a c t i o n ,  N (Z ), o f  a l l  th e  r e f l e c t i o n s  ( o t h e r  

th a n  th o s e  s y s t e m a t i c a l l y  a b s e n t )  o f  which th e  

i n t e n s i t i e s  a re  l e s s  th a n  o r  e q u a l  to  Z  t im e s  th e  

a v e ra g e  i n t e n s i t y  i s  f o r  th e  n o n -c e n tro sy m m e tr ic

c a se

N(Z) = 1 ~ exp ( -Z )    (5 .1 .)

and  f o r  th e  c e n t r o s y m m e t r ic a l  c a se
—  1 '

N(Z) = 2 f  ( % )  e x p ( - x s )dx: = e r f ( z/pO^ • • •  ( 5 .2 )  
J0

These f u n c t i o n s  have been  t a b u l a t e d  and show t h a t  t h e r e  

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

c e n t ro s y m m e t r ic a l  c a s e .

The i n t e n s i t i e s  o f  th e  two zones c o n s id e r e d  were 

d iv id e d  i n to  3 r a n g e s  a s  shown in  T able  18 and th e  

r e s u l t s  a re  shown in  P i g . 16.

S in ce  th e  h eav y  atom s p r e s e n t  i n  th e  m o lecu le  

p o s s e s s  a c o n s id e r a b le  f r a c t i o n  o f  th e  t o t a l  s c a t t e r i n g
Q / _  g

power (Zg ^  =; 1 .9 5 )  r e s e r v a t i o n s  m ust be

e n t e r t a i n e d  c o n c e rn in g  th e  v a l i d i t y  to  be  a t t a c h e d  to  

th e  c o n c lu s io n  t h a t  th e  space  group i s  more l i k e l y  to

b e  P g f i n  which c a se  th e  m o le cu le  sh o u ld  p o s s e s s  
/m

a c e n t r e  o r  a p la n e  o f  symmetry.



70

5 0

30

2 0

Z

F i g . 1 6 . R e s u l t s  o f  N(Z) t e s t  p e rfo rm ed  on (hkO) 
and (Ok<£) d a ta  a re  d e n o te d  "by X and 0 
r e s p e c t i v e l y .
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TABLB 18 ,

Zone Range I ' Range I I Range I I I

hkO
2 s in O

number o f  
r e f l e c t i o n s  

in c lu d e d

. 4 — » .9

30

. 9 ----> 1 .2 5

32

1 • 25—>1 • 60

34

2 s i n £

number o f  
r e f l e c t i o n s  

i n c lu d e d

. 4 - —* .9

33

. 9 — > 1 .2 0

33

1•20—>1.50 

35

5 . 6 .  A t tem p ted  S t r u c t u r e  D e te rm in a t io n  
u s in g  T w o-d im ensional m ethods.

5 . 6 . 1 .  The (1 00) P a t t e r s o n  P r o j e c t i o n .

W ith th e  s q u a r e s  o f  th e  s t r u c t u r e  a m p l i tu d e s  o f

th e  (Ok^) zone a s  c o e f f i c i e n t s ,  a P a t t e r s o n  s y n t h e s i s

was p e r fo rm e d ,  g iv in g  a p r o j e c t i o n  o f  the  i n te r a to m ic

v e c t o r s  o n to  th e  (100) p l a n e .  Both m o n o c l in ic  space

g ro u p s  *31 and have v e c t o r  s e t  space  group

C o n s e q u e n t ly ,  th e  symmetry o f  th e  c o n s id e r e d  p r o j e c t i o n

i s  p mm and e x p r e s s io n  ( 5 .3 )  was e v a lu a t e d  u s in g  B e e v e rs -

L ip s o n  s t r i p s  f o r  y from to  3% o  an<3- f,° r

z, from  ° / 60 to  3d/60*

P(0 y Z) = H  |FC0«>| 2 c o s  2 i f ( k y  + ■£&) ........... ( 5 . 3 . )



F i g . 1 7 . P r o je c t io n  o f  P a tte r so n  fu n c t io n  on (lOO).
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A c o n to u r  map on an a r b i t r a r y  s c a l e  showing t h i s  

p r o j e c t i o n  o f  th e  P a t t e r s o n  f u n c t i o n  was c o n s t r u c t e d .  

( F i g . 17.)

The c o n c e n t r a t i o n  o f  h ig h  p e ak s  (assum ed to  be  

b ro m in e -b ro m in e  v e c t o r s )  a lo n g  th e  l i n e s  y  at 0 and 

y  s  ^  seemed to  v e r i f y  th e  c h o ic e  o f  a s  th e  t r u e

sp ace  g ro u p .

I f  th e  f o u r  b rom ine  io n s  in  th e  u n i t  c e l l  have 

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

(X) yj_ (2 )  i  + y1( \

(3 )  y 2 %z  (4 )  |  + y 2,, Zg

th e n  th e  e x p e c te d  v e c t o r s  a r e :

(-A-) z.9 ^ z jj 2 ^ 2

(s) (yx- y2)>(zi" zg) (D;) (i - y2+yi)» + z2)
(A)  and (B) a re  s i n g l e  p e a k s ;  (C) and (D) a re  double  

p e a k s .

S in ce  no l a r g e  p e ak s  a re  o b se rv e d  in  th e  i n t e r i o r  

o f  th e  map, o t h e r  th a n  a lo n g  th e  l i n e  y  =- J ,  i t  may be

deduced t h a t  y^ -  y^ = 0 o r  J .  A lso ,  s in c e  t h e r e  a re

two m o le c u le s  i n  a u n i t  c e l l  whose symmetry demands 

f o u r  asym m etric  u n i t s ,  h a l f  a m o le cu le  m ust be the  

asym m etric  u n i t .  At f i r s t  a t t e m p ts  were made to  p la c e  

th e  c e n t r e  o f  th e  o rg a n ic  p a r t  o f  th e  m o lecu le  on a 

c e n t r e  o f  symmetry and th e  brom ine  io n s  on th e  m i r r o r  

p l a n e s .  T hat i s ,  i t  was assumed t h a t  y-  ̂ -  y^  = J .
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D i f f i c u l t i e s  a r i s e  from  t h i s  i n t e r p r e t a t i o n  in  

t h a t  th e  peak  a t  (-g, 0 ) i n  t h i s  P a t t e r s o n  p r o j e c t i o n  

would he  e x p e c te d  to  he  e l l i p t i c a l  on th e  h a s i s  o f  

th e  s o l u t i o n s  a t t e m p te d  h u t ,  i n  f a c t ,  t h i s  peak  i s  

a lm o s t  s p h e r i c a l .  T h is  would seem to  i n d i c a t e  t h a t  

Z1 = z 2* i n c o n g r u i t i e s  e x i s t e d  i n  t h i s  case  to o .

T h is  i n t e r p r e t a t i o n  d id  n o t  e x p la in  th e  e l l i p t i c a l l y  

sh ap ed  p eak  a t  y  = - | ,  z  = ^ 6 0 *

The h e s t  s o l u t i o n  o b t a i n e d  a t  t h i s  s ta g e  a p p e a re d  

to  h e :  zx = 8#5/ 60 > = - S5°J z 2 = 2 9 ' % 0 >  V 2 = • 750,

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

c a l c u l a t i o n  o f  a h rom ine  p h a sed  P o u r i e r  s y n t h e s i s  

were d e f e r r e d  u n t i l  th e  o t h e r  P a t t e r s o n  p r o j e c t i o n s  

were computed.

5 . 6 . 2 .  The (OOl) P a t t e r s o n  P r o j e c t i o n .

The symmetry o f  t h i s  p r o j e c t i o n  i s  p mm so t h a t  

th e  e x p r e s s io n  e v a l u a t e d  was e x a c t l y  an a lo g o u s  to  t h a t  

u s e d  f o r  th e  (100) p r o j e c t i o n .  The s e r i e s  was computed 

u s in g  B e e v e rs -L ip s o n  s t r i p s  f o r  th e  i n t e r v a l s  

x  = ° / 60 to  30/ 60 and y  =- ° / Q0 to  ^ ° / 6 0 - The p r o j e c t i o n  

o f  th e  P a t t e r s o n  f u n c t i o n  on (OOl) i s  i l l u s t r a t e d  in  

P i g . 18 .
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F i g . 1 8 . P r o je c t io n  o f  P a tte r so n  fu n c t io n  on (OOl).
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I f  th e  c o - o r d i n a t e s  o f  th e  b rom ine  io n s  a r e :

t 1 ) x i  y i  (2 )  X1? J  + yx

(3 )  X g  y g  (4 )  X g ,  -g +  y g

t h e n  th e  e x p e c te d  v e c t o r s  b e tw een  th e  brom ine io n s  a r e :

( C X ^ -  X g X y ^ y g )  (D )  (»!_+ X2 ) ( i  + 3j_- y g )

(A) and  (B) a re  s i n g l e  p e a k s ;  (C) and (D) a re  double  

pe a k s .

The map r e v e a l e d  th e  p re s e n c e  o f  th r e e  p ro m in en t 

p e a k s  a lo n g  th e  l i n e  y = -J* F u r t h e r ,  s in c e  the  l a r g e

p e ak s  a t  x = 25*5/ q o ’ ^  = 0 and x = 2 2 *^ / qo > ^  =  i  

would be  e x p e c te d  to  have th e  same x v a lu e  i f  

yx = yg = 0 ,  t h i s  would seem to  l e n d  su p p o r t  to  th e  

v iew  t h a t  y^ -  ys  = g .  A t e n t a t i v e ,  b u t  n o t  e n t i r e l y  

s a t i s f a c t o r y  s o l u t i o n  o f  th e  brom ine v e c to r  s e t ,  was 

a d v an ced , v i z .

5 , 6 . 3 .  The P a t t e r s o n  P r o j e c t i o n  on (O lO ).

T h is  summation was c a r r i e d  o u t  u s in g  R o b e r ts o n ’ s 

U n iv e r s a l  F o u r i e r  S y n t h e s i s e r ,  ’’RUFUS” (R o b e rtso n  1954, 

1955) w i th  i n t e r v a l s  o f  x from ^ / s o  an<̂

shown in  F i g . 19 and s in c e  t h e r e  i s  more th a n  one

(A) 2x;l i  (B) 2x2 i

z: from ° /eo  t o  30/60* T*16 maP o f  tLlis P r o j e c t i o n  i s



0 i a 4
1 i i i i I i i i i I

F i g . 1 9 . P r o je c t io n  o f  P a tterso n  fu n c t io n  on (0 1 0 ) .
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p ro m in e n t  peak  in  th e  i n t e r i o r  o f  t h i s  map t h i s  would 

seem to  s u p p o r t  th e  i n t e r p r e t a t i o n  t h a t  y^ -  y 2 \

An a c c u r a t e  s o l u t i o n  o f  th e  v e c t o r  s e t  o f  th e  brom ine 

io n s  was n o t  p o s s i b l e  i n  t h i s  p r o j e c t i o n .

5 . 6 . 4 .  A n a ly s i s  o f  ( loo)  p r o j e c t i o n .

The f i r s t  s t e p  e n t a i l e d  th e  c a l c u l a t i o n  o f  b rom ine  

io n  c o n t r i b u t i o n s  to  th e  s t r u c t u r e  f a c t o r s  f o r  t h i s  zone 

on th e  b a s i s  o f  th e  f o l lo w in g  c o - o r d i n a t e s  

B rx ( . 0 2 5 ,  .2 5 0 ,  .4 92 )

B r2 ( . 4 0 8 ,  .7 5 0 ,  .1 4 2 )

An R f a c t o r  o f  47% was o b t a i n e d .  83 te rm s were th en  

i n c o r p o r a t e d  i n to  a F o u r i e r  s e r i e s  which was computed on 

"RUFUS’1. A r e p r e s e n t a t i o n  o f  th e  e n t i r e  e l e c t r o n - d e n s i t y  

p r o j e c t e d  o n to  th e  (100) p la n e  was drawn o u t  on t r a c i n g  

p a p e r .  I t  a p p e a re d  t h a t  th e  r e q u i s i t e  number o f  carbon  

atom p e a k s  was p r e s e n t  t o g e t h e r  w i th  s e v e r a l  peaks  c lo s e  

to  th e  b ro m ine  p o s i t i o n s  a t  y  = J  and y = ~ . These were 

s u s p e c te d  to  b e lo n g  to  s o l v e n t  m o le c u le s ,  an i n d i c a t i o n  

o f  t h e i r  p o s s i b l e  p r e s e n c e  h a v in g  been  g iv en  b y  th e  

d i s c r e p a n c y  b e tw een  o b se rv e d  and c a l c u l a t e d  d e n s i t i e s  

(T a b le  1 6 ) .  These l a t t e r  p eak s  were ig n o re d  f o r  th e  

p r e s e n t ,  a t t e n t i o n  b e in g  c o n c e n t r a t e d  on th e  maxima due 

to  th e  c a rb o n  s k e l e t o n .

Atomic c o - o r d i n a t e s  were a l l o c a t e d  to  th e  14 l i g h t  

atom s in  th e  asym m etric  u n i t .  S t r u c tu r e  f a c t o r s  were



o

o

F i g . 20 . P r o j e c t i o n  o f  e l e c t r o n  d e n s i t y  on (1 0 0 ) .
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re  c a l c u l a t e d  g i v i n g  an R f a c t o r  o f  32$ b u t  th e  ag reem ent  

f o r  s e v e r a l  r e f l e c t i o n s  was p o o r ,  p a r t i c u l a r l y  so f o r  

th e  (020)  r e f l e c t i o n  where | f c | = 79 and | f 0 | = 1 5 .  

N e v e r t h e l e s s ,  a s econd  F o u r i e r  s y n t h e s i s  was computed 

u s i n g  102 t e r m s .  The r e s u l t i n g  e l e c t r o n - d e n s i t y  

p r o j e c t i o n ,  shown i n  F i g . 20,  r e v e a l e d  l i t t l e  s i g n i f i c a n t  

improvement .  A second  c a l c u l a t i o n  o f  s t r u c t u r e  f a c t o r s  

gave an R f a c t o r  o f  3 0 .6 $ ,  s o l v a t i o n  a g a in  b e i n g  n e g l e c t e d .  

On i n c l u d i n g  th e  s o l v e n t  m o l e c u l e s ’ c o n t r i b u t i o n s  i n t o  

th e  s t r u c t u r e  f a c t o r  c a l c u l a t i o n s  t h e r e  ?/as no n o t i c e a b l e  

d i f f e r e n c e .  A d i s q u i e t i n g  f e a t u r e  i s  t h a t  i f  the  s o l v e n t  

m o le c u le  i s  assumed to  be m ethano l  th e n  th e  oxygen atom 

o f  t h i s  m o le c u le  o c c u p i e s  a p o s i t i o n  on y = \  w i th  a 

2Z c o - o r d i n a t e  o f  ( l  -  zr^) i f  z^ i s  the  c o - o r d i n a t e  o f  the  

bromine  i o n  s i t e d  on t h i s  m i r r o r  p l a n e .  F u r th e rm o re ,  the  

(0k4)  s e t  o f  r e f l e c t i o n s  a l l  c a l c u l a t e d  too low, p r i n c i p a l l y  

due to  th e  v e r y  sm a l l  b rom ine  io n  c o n t r i b u t i o n s  b u t  s t i l l  

t h e  (0k4)  f e s t o o n  was o b s e r v e d  a s  b e i n g  weak on th e  

W eis sen b e rg  f i l m .

No r e a l l y  s a t i s f a c t o r y  s t r u c t u r e  emerged from the  

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

on th e  s u p p o s i t i o n  t h a t  the  bromine io n s  were s i t e d  on 

the  m i r r o r  p l a n e s .

A sh a rp e n e d  P a t t e r s o n  p r o j e c t i o n  on (100) h a s  s i n c e  

b e e n  computed on ’Deuce’ . T h is  i s  shown in  F i g . 21 and



o

F i g . 2 1 . P r o je c t io n  o f  Sharpened P a tte r so n  on (lOO).
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c o n t a i n s  i n t e r e s t i n g  d e t a i l .  T h is  p r o j e c t i o n  would 

seem to  i n d i c a t e  t h a t  the  o r g a n i c  p a r t  o f  th e  m o le c u le  

i s  s i t e d  on th e  m i r r o r  p l a n e  and t h a t  the  bromine io n s  

l i e  on th e  l i n e  y  = 0. T h is  b e i n g  s o ,  t h e  bromine i o n s  

do n o t  c o n t r i b u t e  to  r e f l e c t i o n s  f o r  which k = 2n + 1 

and th e  o r g a n i c  p a r t  o f  th e  m o le cu le  does n o t  c o n t r i b u t e  

s u f f i c i e n t l y  to  r e f l e c t i o n s  ( 0 3 2 ) ,  ( 0 5 2 ) ,  ( 0 5 5 ) ,  (092) 

i n  o r d e r  to  g iv e  good agreem ent  be tw een  c a l c u l a t e d  and 

o b s e r v e d  v a l u e s .

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

i s  th e  e x i s t e n c e  o f  a d i s o r d e r e d  s t r u c t u r e .  T r o t t e r  (1958) 

c l a im s  t h a t  e v id e n c e  o f  weak i n t e r m e d i a t e  l a y e r  l i n e s  

(which  do e x i s t  i n  th e  b  a x i s  r o t a t i o n  p ho to g rap h )  

i n d i c a t e s  an o r d e r e d  a r ra n g em e n t  o f  two d i f f e r e n t  

o r i e n t a t i o n s .  S u b s t i t u t i o n  o f  bromine io n  c o - o r d i n a t e s  

i n t o  the  t h r e e  d im e n s io n a l  s t r u c t u r e  f a c t o r  e x p r e s s i o n  

a l s o  shows t h a t  t h i s  e f f e c t  c o u ld  r e s u l t  from the  

p l a c e m e n t  o f  th e  b rom ine  i o n s  a t  y  =  0 b u t  n o t ,  on f i r s t  

s i g h t  a t  any r a t e ,  a t  y = i*

A x ia l  r e f l e c t i o n s  have b e en  c a l c u l a t e d  w i th  the

f o l l o w i n g  c o - o r d i n a t e s  f o r  Br^ : y  = Q, % = .179 and

w i th  p o s t u l a t e d  ca rbon  atom c o - o r d i n a t e s .  The agreem ent  

b e tw een  c a l c u l a t e d  and o b s e r v e d  v a l u e s  was n o t  p a r t i c u l a r l y

p r o m is in g .
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A f a r t h e r  b u t  l e s s  l i k e l y  p o s s i b i l i t y  i s  t h a t  

t h e  space  group may, i n  r e a l i t y , b e  Pg, and t h a t  the  

b rom ine  i o n s ,  b u t  n o t  the  r e s t  o f  th e  s t r u c t u r e ,  occupy  

p o s i t i o n s  e q u i v a l e n t  to  p 2 y m • S p u r io u s  symmetry 

would t h e n  be  p r e s e n t  i n  P i g . 20.

I n  v iew o f  t h e s e  a fo r e m e n t io n e d  c i r c u m s ta n c e s  i t  

i s  c o n s i d e r e d  t h a t  th e  b e s t  a pp roach  to  s t r u c t u r e  

d e t e r m i n a t i o n  w i l l  r e s u l t  from th e  a p p l i c a t i o n  o f  

t h r e e - d i m e n s i o n a l  m ethods .
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1 .  P r e p a r a t i o n  o f  / 3 - c a r y o p h y l l e n e  a l c o h o l .

The m ethod employed h y  L u tz  and R e id  (1954)  was 

a d o p te d .  C o n c e n t r a t e d  s u l p h u r i c  a c i d  (1 0 .5  g . ) was 

added  d ropw ise  to  anhydrous  e t h e r  (20 m l . )  i n  a 500 m l.  

r o u n d - h o t  tome d f l a s k  a t  0°C. 36 g. o f  commercial

c a r y o p h y l l e n e  ( p r e v i o u s l y  e x t r a c t e d  w i th  d i l u t e  aqueous 

c a u s t i c  soda )  were added dropw ise  a t  such a r a t e  t h a t  

th e  t e m p e r a t u r e  r em ained  be low  10°C.

The d a rk  r e d  m ix t u r e  which r e s u l t e d  was k e p t  

o v e r n i g h t  a t  0°C. and t h e n  n e u t r a l i s e d  w i th  20$ c a u s t i c  

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

sodium h y d r o x id e  ( 7 . 5  g . ) . T h is  m ix tu r e  was e x h a u s t i v e l y  

d i s t i l l e d  i n  s team  f o r  a h o u t  10  h o u r s .  k  y i e l d  o f  

1 2 .2 5  g. o f  c ru d e  z3 - c a r y o p h y l l e n e  a l c o h o l  was o b t a i n e d .  

T h is  was r e c r y s t a l l i s e d  from a c e to n e  s o l u t i o n ,  m .p t .  9 1 ° .

2 .  D e h y d r a t io n  o f  /3 - c a r y o p h y l l e n e  a l c o h o l .

The method  o f  H enderson ,  McCrone and R obe r tson  (1929)

was r e p e a t e d .  P hosphorus  p e n to x i d e  (10 g . ) was added

dropw ise  to  a m e l t  o f  / ^ - c a r y o p h y l l e n e  a l c o h o l  ( 7 .5  g . ) 

and th e  d a rk  r e d  r e s i n o u s  m a t e r i a l  which r e s u l t e d  was 

n e u t r a l i s e d  w i t h  sodium c a r b o n a t e  s o l u t i o n .  The 

r e s u l t a n t  m ix t u r e  s e p a r a t e d  i n t o  an aqueous l a y e r  w i th  

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



Steam d i s t i l l a t i o n  p r o v i d e d  a p a l e  y e l lo w  o i l  which 

was e x t r a c t e d  w i th  e t h e r ,  the  e t h e r e a l  s o l u t i o n  b e i n g  

d r i e d  o v e r  an hydrous  sodium s u l p h a t e .  The y e l lo w  o i l ,  

i s o c l o v e n e ,  was n o t  i s o l a t e d .

3. P r e p a r a t i o n  o f  I s o c l o v e n e  Hydrobrom ide .

Dry hydrogen  b rom ide  g a s  was p a s s e d  th ro u g h  th e  

e t h e r e a l  s o l u t i o n  o f  i s o c lo v e n e  a t  0°C. u n t i l  t h e r e  was 

a v e r y  s l i g h t  r e d  t i n g e  i n  the  s o l u t i o n .  The m ix tu r e  

was t h e n  k e p t  a t  0 ° 0 . f o r  t h r e e  d a y s ,  d u r in g  which t ime 

i t  changed  to  a deep r e d  c o l o u r .  The hydrogen brom ide  

was removed b y  w a t e r ,  the  e t h e r e a l  s o l u t i o n  d r i e d ,  the  

e t h e r  removed u n d e r  r e d u c e d  p r e s s u r e  and on f r e e z i n g  

an e t h y l  a c e t a t e  s o l u t i o n  a t  -60°C. a sm a l l  d e p o s i t  o f  

y e l l o w  c r y s t a l s  was o b t a i n e d .  Some o f  t h e s e  c r y s t a l s  

were r e c r y s t a l l i s e d  from an a c e to n e  s o l u t i o n .  The r e s t  

o f  the  m a t e r i a l  was d i s s o l v e d  i n  an a c e t o n e - e t h e r  

s o l u t i o n .  With exp osu re  to  the  a i r ,  the  l a t t e r  r a p i d l y  

t u r n e d  d a rk  g r e e n  and v i s i b l e  g l o b u l e s  o f  a da rk  g ree n  

o i l  s t i l l  r em a ined  a f t e r  a  p e r i o d  o f  two weeks a t  -17°C.
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A ttem p ted  P r e p a r a t i o n  o f  I s o c l o v e n e  H y d r o i o d i d e .

I s o c l o v e n e  h y d r o c h l o r i d e  (50 mg.)  and sodium 

i o d i d e  (33 m g.)  were d i s s o l v e d  i n  anhydrous  a c e to n e  

(10 m l . )  to  g iv e  a c o l o u r l e s s '  s o l u t i o n  which was 

h e a t e d  on a  s team  h a t h  f o r  a b o u t  5 m in u t e s .  A 

v i o l e t  r e s i d u e  r e s u l t e d  when the  s o l u t i o n  was v e r y  

c a r e f u l l y  e v a p o r a t e d  to  d r y n e s s .  E x t r a c t i o n  b y  

common s o l v e n t s  such  a s  p e t r o l e u m  e t h e r  (60 -80°  

f r a c t i o n )  and a c e to n e  m e r e ly  p ro d u ced  d a rk  t a r s .

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

i o n i c  c h l o r i n e .  I t  would t h u s  a p p e a r  t h a t  r e a c t i o n  

h a d  o c c u r r e d  b u t  t h a t  th e  h y d r o i o d id e  i s  even more 

u n s t a b l e  t h a n  th e  hydrobrom ide .

The e n t i r e  e x p e r im e n t  was r e p e a t e d  u s i n g  an 

e l e c t r i c  m a n t l e  a s  th e  h e a t i n g  a g e n t .  The s o l u t i o n  

was v e r y  g e n t l y  r e f l u x e d  f o r  an h o u r  b u t ,  a g a i n ,  no 

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



APPEIEDIX 5.

I s o c l o v e n e  h y d r o c h l o r i d 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 tu d e s  

t o g e t h e r  w i t h  c a l c u l a t e d  phase  a n g l e s ,  •
U nohserved  te rm s  a re  n o t  i n c l u d e d .  _____
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APPENDIX 4 .

O b se rv e d  s t r u c t u r e  f a c t o r s  f o r  
th e  t h r e e  p r i n c i p a l  zones  o f  

p h o t o - i r r a d i a t e d  a c r i d i z i n i u m  b r o m id e .



(Okl) Zone.

hk-6 P hk€ t?■*■0 hk-0 ^0 hk€ *0 hk£ Fo

020 1 1 . 4 023 6 3 .3 058 4 .5 091 1 1 .9 0 , 1 3 , 1 5 .9
040 1 14 .5 024 23.9 059 9 . 4 092 34.8 0 , 1 3 , 2 1 0 .4
060 1 3 0 .0 025 5 0 .8 0 , 5 , 1 0 6 .8 094 1 2 .0 0 , 1 3 , 4 2 0 .2
080 31 .6 026 31 .2 095 5 .0 0 , 1 3 , 5 1 1 .2

0 , 1 0 , 0 65 .8 028 37 .4 061 25.1 097 8 . 4 0 , 1 3 , 6 7 .9
0 , 1 2 , 0 4 5 .0 0 , 2 , 1 0 1 0 .4 062 1 8 .1 099 5 .4 0 , 1 3 , 7 4 .7
0 , 1 4 , 0 26 .8 063 4 3 .2 0 , 9 , 1 0 6 .5 0 , 1 3 , 8 12.4-
0 , 1 6 , 0 1 8 .4 051 23 .0 064 8 .7 0 , 9 ,1 1 2. 2
0 , 1 8 , 0 1 1 .4 032 4 6 .0 065 4 6 .3 0 , 1 4 , 2 6 .6
0 , 2 0 , 0 7 .0 033 3 .5 066 31.5 0 , 1 0 , 1 7 .8 0 , 1 4 , 3 2 1 .4

034 13 .9 067 1 0 .0 0 , 1 0 , 2 1 5 .6 0 , 1 4 , 4 1 1 .0
001 5 7 .6 035 8 .7 068 23 .3 0 , 1 0 , 3 3 7 .4 0 , 1 4 , 5 1 2 .1
002 3 6 .7 036 10 .1 0 , 6 , 1 0 3 .5 0 , 1 0 , 4 18 .9 0 , 1 4 , 6 8 .8
005 9 7 . 3 037 9 .8 0 ,1 0 , 5 18.9
004 2 2 .3 0 , 3 , 1 0 9 . 6 071 3 .9 0 , 1 0 , 6 12 .6 0 , 1 5 , 1 3 .2
005 27 .9 072 2 0 .3 0 , 1 0 , 7 3 .9 0 , 1 5 , 2 1 0 .7
006 25.5 041 5 .8 074 1 4 .6 0 , 1 0 , 8 8 .7 0 , 1 5 , 4 1 0 .8
007 1 7 .4 042 22 .3 075 7 .7 0 ,1 0 , 9 5 .2 0 , 1 5 , 5 1 3 .0
008 1 5 .4 043 71,1 076 7 .3 0,15,6 9 . 4
009 2 0 .7 044 26.9 077 6 .9 0 , 1 1 ,1 7 .5

0 , 0 , 1 1 1 4 .2 045 1 5 .6 078 3.9 0 , 1 1 , 2 1 4 .4 0 , 1 6 , 2 8 .9
046 1 9 .7 079 4 .8 0 , 1 1 , 3 1 4 .0 0 , 1 6 , 3 1 0 .7

O i l 1 1 .2 047 10 .1 0 , 7 , 1 1 6 .9 0 , 1 1 ,4 14 .5 0 , 1 6 , 4 9 .1
012 33.8 048 1 6 .9 0 ,1 1 , 5 26.5 0 ,1 6 , 5 1 0 .0
013 1 8 .1 049 1 1 .4 081 7 .2 0 , 1 1 , 6 1 5 .0 0 , 1 6 , 7 7 .9
015 1 4 .9 0 , 4 , 1 1 7 .0 082 9 .8 0 , 1 1 , 7 1 1 .3
016 1 7 .9 083 4 6 .0 0 , 1 7 , 2 8 .6
017 1 7 .5 051 6 .6 084 13 .5 0 ,1 2 , 1 3 .5 0 , 1 7 , 7 6 .7
018 8 .7 052 4 0 .6 085 24 .6 0 , 1 2 , 2 8 .1

0 , 1 , 1 0 6 .8 053 11 .5 086 1 6 .2 0 , 1 2 , 3 17 .3 0 , 1 8 , 4 6 .5
055 30.9 087 4 .5 0 , 1 2 , 5 1 4 .7 0 , 2 0 , 4 6 .5

021 4 4 .5 056 1 8 .6 088 21 .0 0 , 1 2 , 6 3 .9
022 4 0 .7 057 15 .8 0 , 1 2 , 8 8 .9

-  C o n t ’ d



(hkQ) Zone.

hk£ P hk-e hk-e *0 hk-e *0 hk£ Fo

0 2 0 1 0 .5 620 1 6 .6 760 7 .5 1 , 1 1 , 0 21.0 5 , 1 5 , 0 4 .1
040 1 1 0 .0 720 9 .0 2 ,1 1 , 0 19 .9 7 , 1 5 , 0 4 . 7
060 1 2 3 .0 920 4 .9 170 36,0 3 , 1 1 , 0 1 0 .2
080 33 .5 270 4 4 .4 4 , 1 1 , 0 26.8 1 , 1 6 , 0 5 . 4

0 , 1 0 , 0 6 8 .1 130 1 3 .5 370 1 1 .4 6 ,1 1 , 0 6.4- 2 , 1 6 , 0 9 .7
0 , 1 2 , 0 4 5 .2 230 7 2 .2 470 2 7 .2 7 , 1 1 , 0 8 .4 3 ,1 6 ,0 5 .8
0 ,1 4 ,0 3 1 .6 330 5 .6 670 6 .1 4 , 1 6 , 0 6 .7
0 ,1 6  ,C 20 .5 430 4 6 .3 770 1 0 .7 1 , 1 2 , 0 5 .4 5 ,1 6 , 0 8 . 4
0 , 1 8 ,C 1 3 .7 530 1 0 .6 2 ,1 2 ,0 28 .6
0 , 2 0 ,  C 7 .1 630 3 .6 180 1 0 ,2 3 , 1 2 ,0 17 .1 1 , 1 7 , 0 7 .9

730 9 .7 280 4 9 .0 4 , 1 2 , 0 7 .4 2 ,1 7 , 0 15.5
100 4 5 .1 930 4 . 3 380 35 .3 5 , 1 2 , 0 1 3 .3 3 ,1 7 ,0 5 .5
200 1 0 .8 480 9 .5 6 ,1 2 , 0 9 .1
300 21 .8 140 4 .9 580 23 .6 7 , 1 2 , 0 5 . 4 1 , 1 8 , 0 4 . 3
400 4 4 .6 240 4 3 .3 680 1 7 .4 2 ,1 8 ,0 8 .1
500 4 6 .9 340 20.4- 780 9 .3 1 , 1 3 , 0 4 . 4
600 8 .1 440 1 0 .7 2 ,1 3 ,0 2 4 .4 1 , 1 9 , 0 7 .6
700 1 2 .6 540 4-5.6 190 1 9 .6 3 ,1 3 ,0 6 .0 2 ,1 9 , 0 4 .9
900 3 .4 640 8 .6 290 4 1 .3 5 , 1 3 , 0 5 .3 3 ,1 9 , 0 5 .6

740 8 .1 390 9 .1 6 ,1 3 ,0 6 .2 5 , 1 9 , 0 2 .6
110 1 3 .6 490 20.1 7 , 1 3 , 0 3 .3
210 50 .5 150 8 .0 590 3 .8
310 13 .5 250 4 9 .7 690 6 .1 1 , 1 4 , 0 5 .9
410 31 .6 350 2 1 .4 790 7 .5 2 ,1 4 , 0 9 .6
610 6 .6 450 38.1 3 ,1 4 ,0 7 .2
710 1 9 .8 750 1 7 .2 1 , 1 0 , 0 9 .9 5 , 1 4 ,0 8 .9
910 6 .7 950 6 .7 2 ,1 0 , 0 1 9 .9 6 ,1 4 ,0 4 .1

3 ,1 0 , 0 8 .0 7 , 1 4 , 0 4 .5
120 30.9 160 2 9 .2 4 , 1 0 , 0 1 3 .3
220 103 .9 260 36.0 5 , 1 0 , 0 22. 6 1 , 1 5 , 0 1 0 .1
320 77 .3 360 26.5 6 , 1 0 ,0 3 .8 2 ,1 5 ,0 7 . 4
4-20 1 4 .6 460 21 .8 7 , 1 0 , 0 3 .4 3 ,1 5 ,0 3 .8
520 25 .0 560 1 7 .1 4 , 1 5 , 0 1 7 .3

-  C o n t ’ d -



(h.01) Zone.

hk£ Fo *0 P .hk£ P hk£ P

100 4 5 . 2 102 8 5 .3 304- 1 2 .6 106 7 .4 109 1 3 .3
200 8 .8 202 63. 6 404 9 .8 206 17 .9 209 3.8
300 2 1 .4 302 54 .1 504 6 .4 406 22.9 309 13 .1
400 4 9 .6 402 36 .6 604 1 2 .5 . 506 1 1 .9 509 4 .1
500 4 7 .0 502 2 .9 606 1 0 .7
600 7 .5 602 3.9 104 31.9 706 7 .0
700 1 0 .8 702 6 .7 204 4 . 7
800 3 .8 802 1 3 .0 304

504
1 9 .1
30.1

107
207

1 1 .6
1 8 .1

001 5 6 .8 102 22 .6 504 6 .7 307 15 .0
002 2 8 .4 202 2 2 .4 704 9 .0 407 21.6
003 1 00 .0 302 8 2 .3 607 4 .6
004 23 .8 402 29 .8 205 30 .6 707 7 .7
005 27.5 502 1 2 .2 305 3 .5
006 2 9 .2 602 3 .8 405 29.1 107 6 .2
007 1 9 .3 702 24.1 505 6 .4 407 3 .7
008 1 8 .3 802 3 .2 605 7 .6 507 7 .4
009 1 9 .6

203 4 5 .3
705
805

7 .6
6 .0

707 3 .7

101 5 1 .3 303 71 .9 108 1 5 .2
201 9 6 .5 403 10 .9 105 1 0 .2 208 3 .8
301 4 3 .0 503 1 3 .2 £05 5 .4 308 7 .9
401 1 7 .5 703 4 .6 £05 29 .7 408 4 .5
501 8 . 2 803 11 .5 405 1 2 .8 508 1 0 .0
601 1 4 .1 505 1 3 .2 608 5 .1
701 3 .5 103 4 .6 605 1 0 .0

103 3 1 .4 705 6 .2 208 1 4 .4
Toi 4 . 6 303 4 .8 308 2 7 .2
201 2 9 .4 503 1 3 .5 106 4 2 .2 408 6 .9
301 1 7 .2 603 9 . 2 306 27.0 508 3 .0
401 5 6 .6 703 1 8 .2 406 21 .8 608 2 .8
F01 14 .5 506 5 .1
601 21.9 104 59 .1 606 12 .5 109 1 0 .6
701 2 .9 204- 4 0 .2 209 4 . 2
801 7 . 4


