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SUMMARY.

T h is  t h e s i s  d e a l s  w i t h  t h e  e l u c i d a t i o n  o f  t h e  

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

u s i n g  X -r a y  d i f f r a c t i o n  m e th o d s .  The t h e s i s  i s  d i v i d e d  

i n t o  f o u r  p a r t s .  In  P a r t  I  t h e  p r o c e s s  o f  X -r a y  c r y s t a l  

a n a l y s i s  i s  d e s c r i b e d  b r i e f l y ,  a n d  some m eth o d s  o f  o v e r 

com ing t h e  fu n d a m e n ta l  d i f f i c u l t y  i n  c r y s t a l  a n a l y s i s  -  the  

p h a se  p r o b le m  -  an d  o b t a i n i n g  an a p p r o x im a te  s t r u c t u r e  a r e  

o u t l i n e d .

Many i n v e s t i g a t i o n s  h o w e v e r  a r e  u n d e r t a k e n  w i t h  the  

o b j e c t  o f  o b t a i n i n g  a c c u r a t e  m o le c u la r  d i m e n s i o n s ,  an d  

m eth od s  o f  r e f i n i n g  a s t r u c t u r e  a r e  d e s c r i b e d  i n  P a r t  I I .

The u s e  o f  (F -  F ) s y n t h e s e s  i s  i l l u s t r a t e d  by  t h e  r e f i n e 

m en ts  o f  t h e  c r y s t a l  s t r u c t u r e s  o f  p -b e n z o q u in o n e  and  

c o r o n e n e .  More a c c u r a t e  v a l u e s  o f  th e  bond l e n g t h s  and  

v a l e n c y  a n g l e s  in  b e n z o q u in o n e  h a v e  b een  o b t a i n e d ,  and t h e s e  

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

d i f f r a c t i o n  I n v e s t i g a t i o n  o f  th e  v a p o u r ,  and  w i t h  t h o s e  in  

r e l a t e d  m o l e c u l e s .  In  t h e  c o r o n e n e  r e f i n e m e n t ,  th e  d i s 

c r e p a n c i e s  b e tw e en  m ea su red  a n d  c a l c u l a t e d  bond l e n g t h s  

have  b e e n  r e d u c e d ,  and  t h e  h y d ro g en  a tom s h a v e  b e e n  r e s o l v e d .

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

d in a p h t h o p e r o p y r e n e , an  uovercrow d ed "  p o l y n u c l e a r  a r o m a t ic  

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



i l l .

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

Out i n  s p i t e  o f  t h i s  t h e  m o le c u la r  d im e n s io n s  h ave  b e e n  

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

d i s t o r t e d  s o  t h a t  th e  d i s t a n c e  b e tw een  t h e  o v e rc r o w d ed  

ca rb o n  a tom s i s  2 . 9 5  A , b u t  t h i s  s e p a r a t i o n  i s  a c h i e v e d  

w i t h  l i t t l e  v a r i a t i o n  o f  t h e  v a l e n c y  a n g l e s  from  1 2 0 ° ,  and  

t h i s  p r o b a b ly  e x p l a i n s  th e  r e t e n t i o n  o f  a r o m a t ic  c h a r a c t e r  

in  s p i t e  o f  t h e  s e v e r e  d i s t o r t i o n .

P a r t  IV i s  an a c c o u n t  o f  t h e  d e t e r m in a t io n  o f  th e  

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

" sa n d w ic h 51 n a t u r e  o f  t h e s e  m o l e c u l e s  i s  w e l l  i l l u s t r a t e d  

i n  t h e  p r o j e c t i o n s  a l o n g  two c r y s t a l  a x e s .  The a r o m a t ic  

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

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

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

p r o b a b ly  t r a n s . W h ile  th e  p r e s e n t  a n a l y s i s  h a s  n o t  y i e l d e d  

a c c u r a t e  m o l e c u l a r  d im e n s io n s  (a t h r e e - d i m e n s i o n a l  a n a l y s i s  

w i l l  b e  r e q u i r e d ) , I t  d o e s  show d e f i n i t e l y  t h a t  th e  m o le 

c u l a r  c o n f i g u r a t i o n  i n  th e  c r y s t a l  i s  n o t  t r a n s , b u t  g a u c h e .
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PART I .

X-RAY CRTSTAL ANALYSIS.



1.

1 .  X-RAY DIFFRACTION.

The d i s c o v e r y  by von Laue in  1912 t h a t  th e  r e g u l a r l y -  

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

t h r e e - d i m e n s i o 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 y s  l e d  to  

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

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

m ent o f  X -r a y  s p e c t r o s c o p y  r e s u l t e d  in  fu n d a m e n ta l  a d v a n ces  

i n  t h e  t h e o r y  o f  th e  a t o m ic  s t r u c t u r e  o f  m a t t e r ,  and s e c o n d 

l y ,  a p o w e r f u l  m ethod  was p r o v id e d  f o r  i n v e s t i g a t i n g  c r y s t a l  

and m o l e c u l a r  s t r u c t u r e  on an a to m ic  s c a l e .

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

and m o le c u la r  s t r u c t u r e s  o f  some o r g a n i c  m o l e c u l e s  u s i n g  

X -r a y  d i f f r a c t i o n  m e th o d s .

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

t h e o r y  o f  m a t t e r  a r e  fo u n d  i n  th e  work o f  Hooke and H u ygen s;  

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

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

u n i t s .  The s e l f - c o n s i s t e n t  s e t s  o f  sym m etry o p e r a t i o n s  

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

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

w h ic h  a r e  i n f i n i t e  b u t  d i s c o n t i n u o u s ,  and t h e s e  are  c a l l e d  

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

o f  c r y s t a l  s t r u c t u r e  h a d  been d e v e lo p e d  and  p e r f e c t e d  some 

t im e  b e f o r e  t h e  d i s c o v e r y  o f  X - r a y s  in  1 8 9 5 ,  b u t  i t  was n o t
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u n t i l  1912  t h a t  i t  becam e p o s s i b l e  t o  v e r i f y  th e  c o n c l u s i o n s  

o f  s p a c e  g ro u p  t h e o r y  e x p e r i m e n t a l l y ,  and show t h a t  t h e  

t h e o r y  a p p l i e d  in  a l l  i t s  d e t a i l  t o  r e a l  c r y s t a l s .

When a m o n o ch ro m a tic  X -r a y  beam im p in g e s  upon a c r y s t a l  

w h ic h  i s  s l o w l y  r o t a t e d  a b o u t  some a x i s ,  one l a t t i c e  p la n e  

a f t e r  a n o t h e r  comes i n t o  a p o s i t i o n  s a t i s f y i n g  t h e  Bragg  

r e l a t i o n ,  nX = 2 d ^ ^ s i n  0 ,  and th e  beams r e f l e c t e d  fro m  

t h e  p la n e s  may be r e c o r d e d  on a p h o t o g r a p h ic  f i l m ,  o r  i n  a 

s u i t a b l y - p l a c e d  G e ig e r  c o u n t e r .  Prom th e  p o s i t i o n s  o f  t h e  

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

th e  l a t t i c e ,  t h e  u n i t  c e l l  p a r a m e t e r s ,  and  i n  many c a s e s  th e  

sp a c e  grou p  o f  t h e  c r y s t a l .  The a s s ig n m e n t  o f  i n d i c e s  

(hk£) t o  e a c h  r e f l e x i o n  i s  f a c i l i t a t e d  by  u s e  o f  th e  g e o 

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

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

m o le c u le  i n  t h e  u n i t  c e l l  ca n  be fo u n d  o n ly  by  a d e t a i l e d  

a n a l y s i s  o f  th e  i n t e n s i t i e s  o f  th e  d i f f r a c t e d  beam s. I f  

t h e  p o s i t i o n s  o f  th e  a to m s  in  t h e  u n i t  c e l l  a r e  known, th e  

s t r u c t u r e  f a c t o r  F ( h k t )  f o r  th e  p l a n e  (h k t )  , w h ic h  r e s u l t s  

fro m  c o m b in in g  t h e  w a v e s  s c a t t e r e d  by  t h e  c o n t e n t s  o f  t h e  

w h o le  u n i t  c e l l  i n  th e  d i r e c t i o n  r e q u i r e d  f o r  t h i s  r e f l e x i o n ,  

may be c a l c u l a t e d .  I t  I s  e x p r e s s e d  a s
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w here x . / a ,  y . / b ,  z . / c a r e  t h e  c o o r d i n a t e s  o f  th e  atom
3 3 3

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  u n i t  c e l l  s i d e s ,  and  n i s

th e  num ber o f  a tom s i n  th e  u n i t  c e l l .  f  . i s  th e  a t o m ic
3

s c a t t e r i n g  f a c t o r  f o r  t h e  a tom ; i t  i s  a f u n c t i o n  o f  th e

s c a t t e r i n g  a n g l e ,  and d ep e n d s  on th e  d i s t r i b u t i o n  o f  e l e c t r o n s  

in  t h e  a to m . T h ese  d i s t r i b u t i o n s  h ave  b e e n  c a l c u l a t e d  by  

H a r tr e e  (1928^ James and B r i n d l e y  ( 1 9 3 2 ) ,  McWeeny (1 9 5 1 ,

1 9 5 2 ) ,  H o e r n i  a n d  I b e r s  ( 1 9 5 4 ) ,  and  o t h e r s  f o r  a number o f  

a to m s ,  a n d  a t o m ic  s c a t t e r i n g  f a c t o r s  h a v e  b e e n  d e r i v e d .

T h ese  t h e o r e t i c a l  s c a t t e r i n g  f a c t o r s  a r e  c a l c u l a t e d  f o r  th e  

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

d i s t r i b u t i o n ,  and d e c r e a s e  th e  s c a t t e r i n g  f a c t o r .  I f  f  

i s  th e  f a c t o r  f o r  th e  atom  a t  r e s t ,  th en  th e  te m p e r a tu r e  - 

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

r r -0> 9 / x )
T -  . e

°  fcn

w here B i s  a  c o n s t a n t ,  r e l a t e d  to  t h e  mean sq u a r e  d i s p l a c e -  
—2ment u o f  t h e  a tom s from  t h e i r  mean p o s i t i o n s  b y  t h e  e x 

p r e s s i o n
B =• <&irx vLxi

In c r y s t a l  a n a l y s i s  an e m p i r i c a l l y - d e r i v e d  v a l u e  o f  th e  c o n 

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

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

'The s t i u c t u r e  f a c t o r  i s  c o m p le x ,  c h a r a c t e r i z e d  by  an
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a m p l i tu d e  If | ,  and  a p h a se  c o n s t a n t  <*. . The a c t u a l  c r y s t a l  

i n t e n s i t i e s  d ep en d  upon  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 

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

p o s t u l a t e d  s t r u c t u r e  b y  co m p a r in g  c a l c u l a t e d  a n d  m ea su r ed  

s t r u c t u r e  a m p l i t u d e s .

S in c e  a c r y s t a l  i s  p e r i o d i c  i n  t h r e e  d im e n s io n s ,  i t  

can be r e p r e s e n t e d  by  a  t h r e e - d i m e n s i o n a l  F o u r i e r  s e r i e s ,  

and t h e  e l e c t r o n - d e n s i t y  p ( x y z )  a t  t h e  p o i n t s  ( x , y , z )  may 

be e x p r e s s e d

• E * f
— oO

p , q , r  a re  i n t e g e r s  a n d  A (p q r)  th e  unknown c o e f f i c i e n t  o f  th e  

g e n e r a l  t e r m .  I t  can  be shown t h a t  A ( h k i )  = F (h k € .) /V ;  t h a t  

i s ,  th e  F o u r i e r  c o e f f i c i e n t s  a r e  d i r e c t l y  r e l a t e d  t o  the  

c o r r e s p o n d in g  s t r u c t u r e  f a c t o r s .  The F o u r i e r  s e r i e s  w h ic h

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

i n  t h e  c r y s t a l  may now be w r i t t e n

„  J _ £  L E
— oO '

The F o u r i e r  s e r i e s  (4 )  may be w r i t t e n  in  th e  fo rm  

+  cO
jF(hki) j . cos [2-n0”^ +ka4 +

~ ° ° ------------------------------------------------------ ----Cs)
w here ot (h.k£,) i s  th e  p h a se  c o n s t a n t  a s s o c i a t e d  w i t h  t h e
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a m p l i t u d e  | F ( h k £ ) | .  In a c e n t r o - s y m m e t r i c a l  c a s e  ot i s  

r e s t r i c t e d  t o  0 o r  TT , and (5 )  may be w r i t t e n

■+ oO

±  F(Wct). c s  •••<*»>
— oO

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

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

a n a l y s i s ,  a d o u b le  F o u r i e r  s e r i e s  i s  e m p lo y e d ;  t h i s  i s  o f  th e  

form
+Q0

m  ^  + F (hfco) . CoS 2tt 0 ^ +  kVb) . . .(n).
-<*0

A l l  t h e  d a t a  f o r  t h i s  s e r i e s  can be o b t a in e d  fro m  a s i n g l e  

zon e  o f  r e f l e x i o n s ,  w h ic h  can be c o n v e n i e n t l y  r e c o r d e d  on 

one Y tfe issenberg  m o v i n g - f i l m .

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

s t r u c t u r e  i s  q u i t e  s t r a i g h t f o r w a r d ;  th e  o b s e r v e d  s t r u c t u r e  

f a c t o r s  a r e  u s e d  a s  F o u r i e r  c o e f f i c i e n t s ,  th e  s e r i e s  i s  

summed, an d  th e  r e s u l t  i s  a 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  th r o u g h o u t  t h e  c r y s t a l .  The o b s e r v e d  i n t e n s i t i e s  

h o w e v e r  p r o v id e  n o  in f o r m a t i o n  a b o u t  t h e  p h a se  c o n s t a n t s  o f  

t h e  s t r u c t u r e  f a c t o r s ,  and t h i s  fu n d a m e n ta l  d i f f i c u l t y  p r e 

v e n t s  any d i r e c t  s o l u t i o n  o f  t h e  p ro b lem  o f  f i n d i n g  th e  

a t o m ic  p o s i t i o n s .



2 .  THE PHASE PROBLEM.

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

In g e n e r a l  an i n f i n i t e  number o f  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  may be o b t a i n e d  by a s s i g n i n g  p h a s e s  a r b i 

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

t h e  F o u r i e r  s e r i e s  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 .  Each  

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

m e a su red  s t r u c t u r e  a m p l i t u d e s ,  so  t h a t  t h e r e  i s  n o  u n iq u e  

m a t h e m a t ic a l  s o l u t i o n  t o  th e  p h a se  p r o b le m . There may how

e v e r  be a u n iq u e  p h y s i c a l  s o l u t i o n ,  s i n c e  t h e  e l e c t r o n  d en 

s i t y  m ust be e v e r y w h e r e  p o s i t i v e  (o r  z e r o ) ,  m ust c o n s i s t  o f  

a p p r o x im a t e ly  s p h e r i c a l l y - s y m m e t r i c a l  a t o m s ,  and  m u st be . 

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

o f  p o s s i b l e  c o m b in a t io n s  o f  p h a s e s .  Some o f  th e  more im

p o r t a n t  m eth od s  o f  o v e r c o m in g  th e  ,fp h a se  p r o b le m 11 a r e  o u t 

l i n e d  in  th e  f o l l o w i n g  s e c t i o n .

2 . 2 .  M ethods o f  s o l u t i o n .

The p r o c e s s  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  c a n n o t  in  

g e n e r a l  be d i r e c t ,  s i n c e  k n o w led g e  o f  t h e  p h a s e s  o f  t h e  

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

The p r o b le m  t h a t  h a s  t o  be s o l v e d  i s  t h e  d e t e r m in a t io n  o f  th e  

d i s t r i b u t i o n  o f  s c a t t e r i n g  m a t t e r  fr o m  th e  m ea su red  s t r u c t u r e  

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

a to m s .  The p r o b le m  i s  t h e n  a t t a c k e d  by p o s t u l a t i n g  an

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

c a l c u l a t e d  from  t h e s e  a t o m ic  p o s i t i o n s ,  | P  | ,  w i t h  idleo
m ea su red  s t r u c t u r e  a m p l i t u d e s ,  I^ qI . The a t o m ic  p o s i t i o n s  

a r e  a d j u s t e d  by t r i a l  u n t i l  r e a s o n a b le  a g r e e m e n t  b e tw e e n  th e  

v a l u e s  o f  P Q and F Q i s  o b t a i n e d ;  t h i s  i n d i c a t e s  t h a t  t h e  

p o s t u l a t e d  s t r u c t u r e  i s  p r o b a b ly  c o r r e c t ,  and r e f i n e m e n t  may 

p r o c e e d  by F o u r i e r  m e th o d s .

H arker  a n d  K a sp er  (1 9 4 8 )  h a v e  shown t h a t  th e  r e s u l t  o f  

th e  c o n d i t i o n  t h a t  t h e  e l e c t r o n  d e n s i t y  m ust be e v e r y w h e r e  

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

in g  t h e  s t r u c t u r e  f a c t o r s ,  and t h e s e  can be u s e d  t o  l i m i t  

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

h a v e  b e e n  d e r i v e d  by K a r le  and Hauptmann ( 1 9 5 0 ) ,  and  th e  

I ia r k e r -K a s p e r  i n e q u a l i t i e s  a r e  s p e c i a l  c a s e s  o f  t h e s e .  E q u a l 

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

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  have  b een  d i s c u s s e d  b y  S ayre  ( 1 9 5 2 ) ,  

Cochran ( 1 9 5 2 ) ,  and Z a c h a r ia s e n  ( 1 9 5 2 ) ,  and  t h e s e  a r e  d i r e c t e d  

p a r t i c u l a r l y  t o  th e  c a s e  o f  more com p lex  c r y s t a l s  w h ere  th e  

I ia r k e r -K a s p e r  i n e q u a l i t i e s  a r e  i n a d e q u a t e .

V ih ile  t h e  p o s i t i o n s  o f  t h e  a tom s i n  th e  u n i t  c e l l  a r e  

n o t  known i n  a d v a n c e ,  k n o w led g e  o f  th e  c h e m ic a l  s t r u c t u r e  

d e t e r m in e s  th e  d i s p o s i t i o n  o f  t h e  atom s w i t h  r e s p e c t  t o  e a c h



o t h e r ,  and t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  m o l e c u l e s  may be  

d e d u ced  by t h e  F o u r i e r  T ran sform  m eth od  ( K n o t t ,  1 9 4 0 ) .

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

c o v e r e d  b y  A .L .  P a t t e r s o n  ( 1 9 3 4 ;  1 9 3 5 ) ,  i s  one o f  t h e  m ost

p o w e r f u l  m eth ods  o f  c r y s t a l  a n a l y s i s .  From th e  s q u a r e s  o f  

t h e  s t r u c t u r e  a m p l i t u d e s ,  w h ic h  a r e  d i r e c t l y  d e r i v a b l e  fr o m  

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

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

o f  th e  c r y s t a l .  In  p r i n c i p l e  th e  a t o m ic  p o s i t i o n s  can be 

d e r i v e d  fro m  th e  v e c t o r  map, b u t  in  t w o - d im e n s io n s  t h e  d i f f i 

c u l t i e s  o f  th e  m ethod  a r e  c o n s i d e r a b l e  due t o  o v e r l a p  o f  

p e a k s ,  and  t h e  u s e  o f  t h r e e - d i m e n s i o n a l  s y n t h e s e s ,  w i t h  t h e i r  

g r e a t e r  r e s o l u t i o n ,  i s  o f  th e  g r e a t e s t  im p o r t a n c e .

I f  t h e  c r y s t a l  c o n t a i n s  one o r  more atom s o f  p red o m in 

a n t  s c a t t e r i n g  pow er  a t  known o r  e a s i l y - d e t e r m i n e d  p o s i t i o n s  

i n  t h e  u n i t  c e l l ,  t h e  v e c t o r s  b e tw e e n  th e  l i g h t  a tom s are  

r e l a t i v e l y  u n im p o r t a n t ,  and a F o u r i e r  s y n t h e s i s  w i t h  p h a s e s  

c a l c u l a t e d  fr o m  t h e  h e a v y  atom s a lo n e  s h o u ld  g i v e  a r e a s o n a b le  

r e p r e s e n t a t i o n  o f  th e  s t r u c t u r e .  There a re  h o w e v e r  many 

d i f f i c u l t i e s  a s s o c i a t e d  w i t h  th e  m eth od ; i f ,  f o r  e x a m p le ,  th e  

u n i t  c e l l  c o n t a i n s  more th a n  one h e a v y  a to m , th e  c o n t r i b u t i o n s  

from  th e  h e a v y  atom s may h a v e  o p p o s i t e  p h a s e s  f o r  some o f  th e  

r e f l e x i o n s ,  and c a n c e l  o u t .  I t  i s  th e n  n e c e s s a r y  t o  p r o c e e d  

w i t h  an a n a l y s i s  b a s e d  on t h e  p h a s e - d e t e r m in e d  s t r u c t u r e



f a c t o r s  a l o n e ,  and u s e  some t r i a l  m ethod  (b a s e d  on k n o w led g e  

o f  b on d  l e n g t h s  an d  s t e r e o c h e m i s t r y )  t o  i n t e r p r e t  th e  

F o u r i e r  s e r i e s .  The m eth od  i s ,  o f  c o u r s e ,  l i m i t e d  to  

s t r u c t u r e s  c o n t a i n i n g  a  h e a v y  a tom  o r  s t x u c t u r e s  i n t o  w h ic h  

one can be in t r o d u c e d  (R o b e r ts o n  and Woodward, 1 9 3 7 ,  1 9 4 0 ) .

A g o o d  ex a m p le  o f  a s t r u c t u r e  a n a l y s e d  b y  t h i s  m eth od  i s  

p r o v id e d  by d i i n d e n y l  i r o n ,  w h ic h  i s  d e s c r i b e d  i n  P a r t  IV.

A more p o w e r f u l  p h a s e - d e t e r m i n i n g  m eth od  i s  a v a i l a b l e  

i f  a s e r i e s  o f  iso m o rp h o u s  compounds i s  a v a i l a b l e ,  s i n c e  the  

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

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

much s m a l l e r  p r o p o r t i o n  o f  t h e  s c a t t e r i n g  m a t t e r  th a n  i s  

r e q u i r e d  f o r  th e  h e a v y  a tom  m eth o d . M ost o f  th e  tr iu m p h s  

o f  X -r a y  s t r u c t u r e  a n a l y s i s  h a v e  been  a c h i e v e d  b y  th e  a p p l i 

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

ment m eth od .

2 . 3 .  C o n c l u s i o n .

When a t o m ic  p o s i t i o n s  h a v e  b een  o b t a i n e d  w h ic h  g i v e  

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  g o o d  a g r e e m e n t  w i t h  t h o s e  

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

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

h a v e  b e e n  e s t a b l i s h e d .  Many i n v e s t i g a t i o n s  h o w ev er  a re  

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

bond l e n g t h s  and o t h e r  m o le c u la r  d i m e n s i o n s ,  f o r  c o m p a r is o n
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w i t h  t h o s e  c a l c u l a t e d  by w a v e - m e c h a n ic a l  m e th o d s ,  and f o r  

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

th e  a t o m ic  p a r a m e te r s  m ust be  o b t a i n e d  w i t h  g r e a t e r  p r e 

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

f in e m e n t  o f  th e  s t r u c t u r e .  M ethods o f  r e f i n i n g  a t r i a l  

s t r u c t u r e  a r e  d e s c r i b e d  In P a r t  I I .



FART I I .

REFINEMENT PROCEHJRES IN 

CRYSTAL ANALYSIS.



1 .  REFBIEMEKT PROCEDURES.

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

R e f in e m e n t  p r o c e d u r e s  a r e  u s e d  when we have  a r r i v e d ,  

by some m e th o d , a t  a t o m ic  p o s i t i o n s  w h ic h  a r e  w i t h i n  a b o u t  

0 . 1  -  0 . 2  A o f  t h e  t r u e  a t o m ic  p o s i t i o n s  in  t h e  c r y s t a l .

We m u st c o n s i d e r  w h e th e r  m o d i f i c a t i o n s  o f  t h e  F o u r i e r  s e r i e s  

m eth o d , o r  m eth od s  n o t  i n v o l v i n g  F o u r i e r  s e r i e s  w i l l  g iv e  

more a c c u r a t e  a to m ic  c o o r d i n a t e s  th a n  t h e  u s u a l  F Q s y n t h e s i s .

The c o o r d i n a t e s  a re  c o r r e c t e d  by s m a l l  am ounts  so  t h a t  

th e  new s e t  o f  c o o r d i n a t e s  g i v e s  im p ro v e d  a g r e e m e n t  b e tw e e n  

o b s e r v e d  and c a l c u l a t e d  s t r u c t u r e  f a c t o r s .  The s t r u c t u r e  

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

a m p l i t u d e s ,  and t h e  su m m ation s  a r e  ta k e n  o v e r  a l l  t h e  r e 

f l e x i o n s .  V a lu e s  o f  R a r e  u s e f u l  in  d e c i d i n g  w h e th e r  a  

change  i n  p a r a m e te r  h a s  l e d  to  b e t t e r  a g r ee m e n t  b e tw e en  o b 

s e r v e d  an d  c a l c u l a t e d  d a t a ,  b u t  t o o  much s i g n i f i c a n c e  m ust  

n o t  be a t t a c h e d  to  t h e  a c t u a l  n u m e r i c a l  v a lu e  o f  R. Some 

o f  th e  more w i d e l y - u s e d  m eth od s  o f  c r y s t a l  s t r u c t u r e  r e f i n e 

m ent a r e  o u t l i n e d  in  th e  f o l l o w i n g  s e c t i o n s .

R
E  IF .I

where | F q | and [ F ^  a r e  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
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1 . 2 . P Q sy n t h e s i s .

When a s t r u c t u r e  g i v i n g  r e a s o n a b l e  a g r e e m e n t  b e tw e en  

F 0 and. F c h a s  b e e n  o b t a i n e d ,  a F o u r i e r  s y n t h e s i s  i s  computed  

u s i n g  as  c o e f f i c i e n t s  th e  m e a su red  s t r u c t u r e  a m p l i t u d e s  w i t h  

th e  c a l c u l a t e d  p h a se  c o n s t a n t s .  From t h i s  F o u r i e r  s y n t h e s i s  

more a c c u r a t e  a t o m ic  p a r a m e te r s  may be  o b t a i n e d ,  and r e 

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

im p roved  a g r e e m e n t  w i t h  th e  m easu red  v a l u e s ,  and e n a b l e s  th e  

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

G e n e r a l l y  a number o f  s u c c e s s i v e  s y n t h e s e s  m u st  be co m p u ted ,  

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

a t e  t o  g i v e  t h e  c o r r e c t  p h a se  a n g l e  f o r  e v e r y  r e f l e x i o n .

A v a r i a n t  o f  th e  F Q s y n t h e s i s ,  th e  d i f f e r e n t i a l  s y n 

t h e s i s ,  was s u g g e s t e d  by B o o th  ( 1 9 4 6 a ,  b ) ; t h i s  i s  s u b j e c t  

to  t h e  same s o u r c e s  o f  e r r o r  as  t h e  F 0 s y n t h e s i s ,  and g r e a t e r  

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

d e n s i t y  are  p r e c i s e l y  l o c a t e d  w i t h o u t  i n t e r p o l a t i o n .

I t  h a s  b e e n  shown t h a t  random e r r o r s  in  th e  F Q v a l u e s  

h a v e  a r em a rk a b ly  s m a l l  e f f e c t  on t h e  a t o m ic  p o s i t i o n s  

(B o o th ,  1 9 4 6 c ;  R o b e r tso n  an d  W h ite ,  1 9 4 7 ) .  More s e r i o u s  

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

c o e f f i c i e n t s  a r e  s t i l l  l a r g e ;  e a c h  p e a k  i s  th en  su r r o u n d e d  

by d i f f r a c t i o n  " r i p p l e s " ,  and t h i s  d i s p l a c e s  t h e  p e a k s  from  

t h e i r  t r u e  p o s i t i o n s .  B ooth  ( 1 9 4 6 c ,  1 9 4 7 )  h a s  s u g g e s t e d



a s im p le  m ethod  o f  c o r r e c t i n g  t h e  a to m ic  c o o r d i n a t e s  f o r  t h e  

e f f e c t  o f  s e r i e s  t e r m i n a t i o n  -  " b a c k s h i f t "  m eth od .

l . o .  Method o f  l e a s t  s q u a r e s .

An a l t e r n a t i v e  r e f in e m e n t  m e th o d , th e  l e a s t  s q u a r e s

m eth o d , w h ic h  i s  f r e e  from  th e  i n h e r e n t  e r r o r s  o f  t h e  P ' o
s y n t h e s i s ,  was s u g g e s t e d  b y  H ughes ( 1 9 4 1 ) .  The " b e s t"  

a to m ic  p a r a m e te r s  a r e  t h o s e  w h ich  m in im iz e  t h e  f u n c t i o n

R = £ w  (iFol- iFcD*
w here th e  sum i s  t a k e n  o v e r  a l l  th e  term s w i t h i n  t h e  l i m i t 

in g  s p h e r e ;  w i s  a w e i g h t i n g  f a c t o r  d e p e n d in g  on t h e  r e 

l i a b i l i t y  o f  th e  P Q v a l u e .  E 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  e q u a t i o n ,  and t h e s e  a r e  r e d u c e d  t o  a s e t  

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

s h i f t s ,  A  x ^ ,  A  y n , A  zn .

1 . 4 .  (F 0 -  F ) s y n t h e s i s .

L e t  u s  now c o n s i d e r  t h e  f u n c t i o n

D  = f0 - f c -  y*  £  (Fo- Fd>. cos 2-n- kv b+ **/c)
*

Cochran (1 9 5 1 b )  h a s  shown t h a t  i f  we c h o o s e  a t o m ic  c o o r d i n a t e s  

w h ic h  make th e  s l o p e  o f  D v a n i s h  a t  a l l  a to m ic  c e n t r e s ,  th e n  

t h e s e  c o o r d i n a t e s  are  e x a c t l y  t h e  same a s  t h o s e  g i v e n  by th e  

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

t r a r y  w e i g h t  w = l / f .  Viihen th e  s l o p e  o f  13 i s  n o t  z e r o  a t  a



p o i n t  ta k e n  t o  be an  a t o m ic  c e n t r e ,  th e  c e n t r e  o f  th e  atom

w here r  d e n o t e s  a d i s t a n c e  m ea su red  in  th e  d i r e c t i o n  i n  

w h ic h  D i n c r e a s e s  m ost  r a p i d l y .  The (P Q -  F ) s y n t h e s i s  

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

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

t e m p e r a tu r e  p a r a m e te r s  h a v e  b een  g i v e n  by Cochran ( 1 9 5 1 a , b ) .  

The u s e  o f  (F0 -  F c ) s y n t h e s i s  in  c r y s t a l  s t r u c t u r e  r e f i n e 

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

s t r u c t u r e s  o f  tw o o r g a n i c  m o l e c u l e s  -  p - b e n z o q u in o n e  and  

c o r o n e n e  -  w h ic h  a r e  d e s c r i b e d  in  t h e  f o l l o w i n g  s e c t i o n s .

m u st be moved a d i s t a n c e  A r n  g i v e n  by
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2 .  REFINEMENT OF THE CRYSTAL STRUCTURE OF

p -  BEN ZOQ,U IN ONE.

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

The c r y s t a l  s t r u c t u r e  o f  p - b e n z o q u in o n e  w as d e te r m in e d  

by X -r a y  d i f f r a c t i o n  m eth o d s  in  1935 ( R o b e r t s o n ,  1 9 3 4 ,  1 9 3 5 )  

by t r i a l  and e r r o r ,  f o l l o w e d  by  t w o - d im e n s io n a l  F o u r i e r  

a n a l y s i s .  Due t o  o v e r l a p  i n  a l l  t h e  p r o j e c t i o n s  h o w ev er  

th e  a to m ic  p a r a m e te r s  can be c o n s i d e r e d  a s  o n ly  a p p r o x im a te 

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

t o  o b t a i n  more a c c u r a t e  p a r a m e te r s  b y  t w o - d im e n s io n a l  

(F 0 -  F c ) s y n t h e s e s .

The s t r u c t u r e  o f  v a p o u r i s e d  p - b e n z o q u in o n e  h a s  b een  

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

( S w i n g l e ,  1 9 5 4 ) ,  and th e  m o le c u la r  d im e n s io n s  o b t a i n e d  are  

compared in  F i g . l  w i t h  t h o s e  o b t a i n e d  i n  th e  X -r a y  d i f f r a c 

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

(b ) S w in g le  (1 9 5 4 )

1.14.

\%S

(a )  R o b e r tso n  (1 9 3 5 )

F i g .  1 .  Bond l e n g t h s  and v a l e n c y  a n g l e s  i n  p - b e n z o q u in o n e .



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

m o le c u la r  s t x u e t u r e  o b s e r v e d  a r e  s i m i l a r  -  t h e  bond l e n g t h s  

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

d i f f e r e n t  f r o m  t h e  r e g u l a r ,  h e x a g o n a l  a r ra n g em en t  i n  b e n z e n e .  

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

C — 0 bond and i n  t h e  v a l e n c y  a n g l e .  In th e

o r i g i n a l  X -r a y  i n v e s t i g a t i o n  h o w ev er  a c c u r a t e  a t o m ic  p o s i 

t i o n s  c o u ld  n o t  be fo u n d  b e c a u s e  o f  o v e r l a p ,  and th e  a t o m ic
A

p o s i t i o n s  w e re  c h o s e n  a s su m in g  C g ^ l ^ 1 t e t r a h e d r a l

v a l u e .

C r y s t a l  d a t a . p - B e n z o q u in o n e , m. 1 1 5 . 7 ° ;  a = 7 . 0 3 ,

b = 6 . 7 9 ,  c = 5 . 7 7  A, jj  = 1 0 1 . 0 ° .  Volume o f  t h e  u n i t  c e l l  

2 7 0 . 5  A3 . d ( o a l c . ) = 1 . 3 2 7 ,  d ( m e a s . )  = 1 .3 1 8  a t  2 0 ° .  

A b s o r p t io n  c o e f f t .  f o r  X - r a y s  ( X  = 1 .5 4 2  A) = 9 . 8 2  cm ,

A b s e n t  s p e c t r a :  (h 0 £ ) when h  i s  o d d , (OkO) when k i s  odd .
5Sp ace  g r o u p , -  P 2 ^ /a .  Two m o l e c u l e s  p e r  u n i t  c e l l ,

and h e n c e  e a c h  m o le c u le  p o s s e s s e s  a c e n t r e  o f  sym m etry .

F(000) = 112.

The i n t e n s i t y  d a t a  u s e d  i n  th e  p r e s e n t  t w o - d im e n s io n a l  

r e f in e m e n t  were t h o s e  c o l l e c t e d  i n  1 9 3 5 .

2 . 2 .  R e f in e m e n t  o f  t h e  (0 0 1 )  p r o j e c t i o n .

S t r u c t u r e  f a c t o r s  f o r  t h e  (hkO) zon e  r e f l e c t i o n s  w ere  

r e c a l c u l a t e d  fr o m  R o b ertso n *  s f i n a l  c o o r d i n a t e s ,  u s i n g  

McWeeny’ s s c a t t e r i n g  c u r v e s  (McWeeny, 1 9 5 1 ) ,  c o r r e c t e d  f o r
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t h e r m a l  v i b r a t i o n  by th e  f a c t o r  exp  { - B ( s i n  e /A  ) 2 } ,  w i t h  

B = 4 . 8 .  H ydrogen a tom s w ere  i n c l u d e d ,  a p p r o x im a te  c o 

o r d i n a t e s  b e i n g  o b t a i n e d  b y  a s s u m in g  C-H d i s t a n c e s  o f  1 . 0  A, 

and u s i n g  McWeeny’ s cu r v e  f o r  h y d r o g e n ,  w i t h  B s= 5 . 7 .  The 

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

R = 1 4 . 3 $  a t  t h i s  s t a g e .

F u r t h e r  r e f i n e m e n t  o f  a to m ic  c o o r d i n a t e s  and  te m p e r a 

t u r e  p a r a m e te r s  was now c a r r i e d  o u t  by e v a l u a t i n g  s u c c e s s i v e  

F o u r i e r  d i f f e r e n c e  s y n t h e s e s  w i t h  (F 0 -  F ) a s  c o e f f i c i e n t s .  

From t h e  s u c c e s s i v e  d i f f e r e n c e  m aps, w h ic h  r e p r e s e n t  t h e  

f u n c t i o n  (p 0 -  ^ - l ^ e r e n c e  b e tw e e n  o b s e r v e d  and c a l 

c u l a t e d  e l e c t r o n  d e n s i t y  a t  e a c h  p o i n t  on th e  (0 0 1 )  p r o 

j e c t i o n ,  c o o r d i n a t e  a d j u s t m e n t s  were made u n t i l  th e  e l e c t r o n  

d e n s i t y  s l o p e  a t  t h e  a to m ic  c e n t r e s  became z e r o .  The tem 

p e r a t u r e  f a c t o r s  B f o r  e a c h  atom  w ere  th e n  a d j u s t e d  u n t i l  

(̂ >0 -  p c ) was a p p r o x i m a t e l y  z e r o  a t  t h e  a to m ic  c e n t r e s .

The f i r s t  d i f f e r e n c e  s y n t h e s i s  i s  shown i n  F i g . 2 a ;  

a f t e r  t h e  c o r r e c t i o n s  h a d  been a p p l i e d  t h e  f i n a l  ^ c )

s y n t h e s i s  was com puted ( F i g . 2 b ) .  I t  r e p r e s e n t s  the  d i f f e r 

e n c e  b e tw e en  th e  e l e c t r o n  d i s t r i b u t i o n  e x i s t i n g  i n  t h e  

c r y s t a l , an d  t h a t  c a l c u l a t e d  f o r  c a r b o n ,  oxygen  and  h y d r o g e n  

atom s a t  t h e i r  a p p r o p r i a t e  p o s i t i o n s  i n  th e  u n i t  c e l l .

T h is  map i n d i c a t e s  a n i s o t r o p i c  th e r m a l  v i b r a t i o n s  o f  t h e  

ox y g en  a to m , b u t  t h e  e x t e n t  an d  a c c u r a c y  o f  t h e  d a t a  s c a r c e l y
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F i g . 2 .  (a )  I n i t i a l  and (b) P i n a l  (PQ -  P c ) s y n t h e s e s ,
(hkO) z o n e .  A l l  a to m s ,  i n c l u d i n g  h y d r o g e n ,
s u b t r a c t e d .  C ontour i n t e r v a l  0 . 2  e A - 2 ,
n e g a t i v e  c o n t o u r s  b r o k e n ,  z e r o  c o n to u r  d o t t e d .



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

been  I n t r o d u c e d .  The a r ra n g em en t o f  t h e  a n i s o t r o p i c  

v i b r a t i o n  p ea k s  d o e s  h o w ev er  show t h a t  th e  d i r e c t i o n  o f  

maximum v i b r a t i o n  o f  th e  o x y g en  atom  i s  a t  r i g h t  a n g l e s  t o  

th e  C -  0 bond d i r e c t i o n .

A h y d ro g e n  s y n t h e s i s  i s  shown in  P i g . 4 a ;  t h i s  

r e p r e s e n t s  t h e  d i f f e r e n c e  b e tw e en  t h e  e l e c t r o n  d i s t r i b u t i o n  

e x i s t i n g  i n  th e  c r y s t a l  and t h a t  c a l c u l a t e d  f o r  ca rb o n  and  

oxy g en  atom s o n l y .  I t  i s  n o t  p o s s i b l e  t o  make any  r e l i a b l e  

a s s ig n m e n t  o f  c o o r d i n a t e s  to  t h e  h y d ro g en  atom s from  t h i s  

map b e c a u s e  o f  th e  p o o r  r e s o l u t i o n ;  t h i s  i s  due t o  o v e r la p  

o f  h y d ro g en  atom s o f  n e i g h b o u r i n g  m o l e c u l e s ,  and to  th e  

s m a l l  number o f  term s i n c l u d e d  in  th e  s y n t h e s i s .

The f i n a l  v a lu e  o f  R f o r  t h e  (hkO) s t r u c t u r e  f a c t o r s  

was 1 0 . 7> .

2 . 3 .  R e f in e m e n t  o f  th e  (1 0 0 )  p r o j e c t i o n .

S t r u c t u r e  f a c t o r s  f o r  t h e  (0 k £ ) zone  w ere r e c a l c u l a t e d  

from  R o b e r tso n * s  c o o r d i n a t e s  u s i n g  McWeeny s c a t t e r i n g  c u r v e s  

and i n c l u d i n g  h y d ro g e n  a to m s ,  a s  f o r  t h e  (hkO) z o n e .  The 

v a lu e  o f  R a t  t h i s  s t a g e  was 12.9;^ . R e f in e m e n t  a g a i n  p r o 

c e e d e d  by (Fq -  F c ) s y n t h e s i s ,  w i t h  a d j u s tm e n t  o f  t h e  p o s i 

t i o n a l  and te m p e r a tu r e  p a r a m e te r s ;  th e  i n i t i a l  and f i n a l  

(p0 -  p c ) maps and th e  h y d ro g en  s y n t h e s i s  a re  shown in  

P i g . 3 a ,  b ,  4 b .  As in  th e  (0 0 1 )  p r o j e c t i o n ,  the  h y d ro g e n
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P i g . 3 . (a )  I n i t i a l  and (b) P i n a l  (PQ -  F c ) s y n t h e s e s ,  
(Okfc) z o n e .  C on tou rs  a s  i n  F i g . £ .
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F i g . 4 . Hydrogen s y n t h e s e s .  ( a ) ,  (hkO) z o n e ;
( b ) ,  (Ok-t) z o n e .  Only carbon  and o xygen  
atom s s u b t r a c t e d .  C ontou rs  a s  in  P i g . 2 .



atom s w ere p o o r ly  r e s o l v e d ,  and no a c c u r a t e  a s s ig n m e n t  o f  

c o o r d i n a t e s  was p o s s i b l e .  The f i n a l  v a lu e  o f  R f o r  t h i s  

zone  was 7 .7 )6 .

2 . 4 .  (0 1 0 )  p r o j e c t i o n .

Due t o  th e  g r e a t  amount o f  o v e r l a p  i n  t h i s  p r o j e c t i o n  

no d e t a i l e d  r e f in e m e n t  was a t t e m p t e d .  S t x u c t u r e  f a c t o r s  

w ere c a l c u l a t e d  from  t h e  x  a n d  z c o o r d i n a t e s  o b t a i n e d  fro m  

th e  (0 0 1 )  and (1 0 0 )  p r o j e c t i o n s ;  th e  d i s c r e p a n c y  was r e 

d u ced  from  2 1 0  ( R o b e r t s o n ’ s c o o r d i n a t e s  a n d  McWeeny s c a t t e r 

i n g  c u r v e s )  t o  15.3;&. I n c l u d i n g  th e  ( 2 0 l )  p la n e  a t  i t s  

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

R was 1 0 .9 /6 .

Compared w i t h  t h e  o r i g i n a l  X -r a y  s t r u c t u r e  d e t e r m in a 

t i o n ,  o n l y  one te r m  -  (2 4 0 )  -  h a s  ch a n g ed  s i g n .  • The v a l u e s  

o f  t h e  m easured  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  a r e  g i v e n  

in  T ab le  4 (page 3 2 ) .

2 . 5 .  C o o r d in a t e s ,  m o le c u la r  d im e n s io n s  and o r i e n t a t i o n .

The f i n a l  c o o r d i n a t e s  and t e m p e r a tu r e  p a r a m e te r s  o f  

th e  carb on  an d  oxygen  atom s a r e  g i v e n  i n  T ab le  1 .  The c o 

o r d i n a t e s  x ,  y ,  z a r e  r e f e r r e d  t o  th e  m o n o c l i n i c  a x e s  and  

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

c e n t r e  o f  sym m etry a s  o r i g i n ,  and th e  c o o r d i n a t e s  X ! , Y , Z ! 

t o  o r t h o g o n a l  a x e s  a ’ , b and c ,  a '  b e in g  ta k e n  p e r p e n d i c u l a r  

t o  th e  b and c c r y s t a l  a x e s ,  so  t h a t



2 3 .

X 1 = X. s i n  , Z* = Z + X . c o s | 3  .

These c o o r d i n a t e s  a r e  e x p r e s s e d  in  A ngstrom  u n i t s .

T ab le  1 .

C o o r d in a t e s  and te m p e r a tu r e  p a r a m e te r s .

Atom X J z X ’ Y Zl ^kO BOk t

0(1) 0 .0 6 6 9 0 .1 7 5 3 0 .1 4 1 0 0 .4 6 1 1 .1 9 0 0 .7 2 4 3 . 5

CO•

0(2) 0.1101 - 0 . 0 3 2 1 0 .2 2 4 0 0 . 7 6 0 - 0 . 2 1 8 1 .1 4 4 4 . 9 4 . 8

0 (3  1 ) - 0 . 0 4 2 0 0 .1 8 8 2 - 0 . 1 0 4 9 - 0 . 2 9 0 1 .2 7 8 - 0 . 5 4 9 4 . 8 4 . 8

0 0 .1 2 2 6 0 .3 1 7 5 0 .2 5 3 7 0 .8 4 6 2 . 1 5 6 1 .3 0 0 6 .0 4 . 8

I t  i s  fo u n d  t h a t  t h e  c o o r d i n a t e s  o f  th e  a tom s can be 

f i t t e d  t o  an e q u a t io n  o f  th e  fo rm

x» + m + cz» = o.

B and C w ere d e te r m in e d  by th e  m eth od  o f  l e a s t  s q u a r e s  t o  

be - 0 .0 1 5 3  and - 0 . 6 3 2 8  r e s p e c t i v e l y .  ' The p e r p e n d i c u l a r  

d i s t a n c e s  o f  t h e  atom s fro m  t h i s  mean m o le c u la r  p la n e  are  

g i v e n  in  T ab le  2 .

T ab le  2 .

D e v i a t i o n s  fr o m  t h e  mean p l a n e .

D is p la c e m e n t  fr o m  
Atom . ,

p la n e  (A) .

0 ( 1 )  - 0 . 0 1 3

C(2) 0 .0 3 3

C (3») 0 .0 3 2

0 - 0 . 0 0 8  L

The maximum d e v i a t i o n  i s  0 .0 3 3  A , an d  th e  mean d e v i a t i o n  i s



0 .0 2 2  A. These d e v i a t i o n s  from  s t r i c t  p l a n a r i t y  a r e  

p r o b a b ly  n o t  s i g n i f i c a n t  ( t h e  a c c u r a c y  o f  th e  s t r u c t u r e  

d e t e r m in a t io n  w i l l  be d i s c u s s e d  l a t e r ) .

The bond l e n g t h s  a n d  v a l e n c y  a n g l e s  in  th e  p - b e n z o -  

q u in o n e  m o l e c u l e ,  c a l c u l a t e d  from  t h e  c o o r d i n a t e s  o f  T a b le  1 ,  

a r e  shown in  P i g . 5 a ;  P i g .  5b show s th e  m o le c u la r  d im e n s io n s  

a f t e r  a v e r a g in g  o v e r  c h e m i c a l l y - e q u i v a l e n t  bonds and  a n g l e s .

The o r i e n t a t i o n  o f  th e  m o le c u le  in  th e  c r y s t a l  may be  

i n d i c a t e d  by g i v i n g  th e  a n g l e s  ^  , \|s and w  , w h ich  th e  

l i n e s  L , M ( P i g . 5 a )  and t h e  p la n e  n o rm a l N make w i t h  th e  

a x e s  a 1, b an d  c .  L and M are  ta k e n  t o  be in  th e  mean p la n e  

o f  th e  m o l e c u l e ,  L p a s s i n g  th r o u g h  th e  atom s Cl an d  Cl* , and 

M p e r p e n d i c u l a r  t o  L. T hese  v a l u e s  a r e  g i v e n  in  T a b le  3 .

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

f o r  c o m p a r is o n .



Table 5 .

O r i e n t a t i o n  o f  th e  m o le c u le  in  t h e  c i y s t a l .

Xu = 7 1 ° 14* ( 7 2 . 6 ° ) COS = 0 .3 2 1 7

' K = 3 5 ° 48* ( 3 6 . 9 ° ) COS 4 ^ = 0 .8 1 1 2

= 6 0 ° 44* ( 5 9 . 3 ° ) COS = 0 .4 8 8 8

X rt = 6 4 ° 42* ( 6 5 . 7 ° ) COS VAh = 0 .4 2 7 4

= 1 2 5 ° 48* ( 1 2 6 . 9 ° ) COS^M = - 0 . 5 8 4 9

s= 4 6 ° 2 4 1 ( 4 6 . 6 ° ) COS |Oĝ | = 0 .6 8 9 5

= 3 2 ° 2 0 ’ ( 3 0 . 5 ° ) cos  X* = 0 . 8 4 5 0

= 9 0 ° 44* ( 8 9 . 5 ° ) COS ^ = - 0 . 0 1 2 9

WN zz 1 2 2 ° 19* ( 1 2 0 . 5 ° ) c o s — - 0 . 5 3 4 7

2 . 6 .  D i s c u s s i o n  o f  s t r u c t u r e  and m o le c u la r  d i m e n s i o n s .

Due t o  t h e  g r e a t  amount o f  o v e r l a p  i n  a l l  t h e  p r o 

j e c t i o n s  t h e  fo r m u la e  d e v e lo p e d  by C ru ick sh a n k  ( 1 9 4 9 ,  1954 )  

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

t i o n  a r e  n o t  a p p l i c a b l e  h e r e .  However fro m  th e  c o n s i s t e n c y  

o f  th e  v a l u e s  o f  th e  bond l e n g t h s  an d  v a l e n c y  a n g l e s  o f  

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

and a n g l e s ,  i t  can be  e s t i m a t e d  t h a t  t h e  bond l e n g t h s  a re  

p r o b a b ly  a c c u r a t e  t o  w i t h i n  - 0 . 0 3  A , and th e  v a l e n c y  a n g l e s  

t o  w i t h i n  * 2 ° .

The maximum d i s p l a c e m e n t  o f  t h e  a tom s from  th e  mean
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p la n e  o f  th e  m o le c u le  i s  0 .0 3  A; t h i s  d i s p l a c e m e n t  i s  

p r o b a b ly  n o t  s i g n i f i c a n t ,  and  i t  i s  l i k e l y  t h a t  th e  m o le c u le  

i s  s t r i c t l y  p la n a r .  The bond l e n g t h s  and v a l e n c y  a n g l e s  

in  th e  p -b e n z o q u in o n e  m o l e c u l e s  are  v e r y  s i m i l a r  t o  t h o s e  in  

r e l a t e d  com pounds, some o f  w h ic h  a r e  shown i n  P i g . 5 c  ( s e e  

A l l e n  and  S u t t o n ,  1 9 5 0 ) .  The bond o r d e r s  in  p -b e n z o q u in o n e  

h ave  b e e n  c a l c u l a t e d  by m o le c u la r  o r b i t a l  m eth ods  (G oodw in,  

1 9 5 6 ) ,  b u t  t h e s e  bond o r d e r s  c a n n o t  e a s i l y  be  r e l a t e d  t o  

bond l e n g t h s  due t o  u n r e l i a b i l i t y  o f  t h e  bond o r d e r  -  bond  

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

v o l v e d .  T h is  i s  e s p e c i a l l y  t r u e  f o r  th e  C -  0 bond;

Cox and  J e f f r e y  (1 9 5 1 )  l i s t  C = 0 l e n g t h s  v a r y in g  b etw een

1 .1 4  A ( a c e t o n e )  an d  1 .2 2  A ( fo r m a ld e h y d e )  w i t h  a mean v a lu e  

o f  1 .1 8 5  A ( i n  go o d  a g r eem en t i n c i d e n t a l l y  w i t h  t h e  v a l u e  

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

c u r v e s  i s  r e q u i r e d  p a s s i n g  th r o u g h  d o u b le  bond p o i n t s  r a n g 

in g  from  1 .1 4  t o  1 .2 2  A , and c o n v e r g in g  to w a r d s  th e  s i n g l e  

bond e n d .  W alsh (1 9 4 7 )  h a s  a r r a n g e d  C = 0 bonds in  o r d e r  

o f  p o l a r i t y .

The c o r r e l a t i o n  c u r v e  f o r  C -  C bonds i s  more f i r m l y  

e s t a b l i s h e d ;  c a l c u l a t e d  bon d  o r d e r s  and b on d  l e n g t h s  a r e  

shown b e low  f o r  com p arison  w i t h  th e  o b s e r v e d  bon d  l e n g t h s :

Bond
Bond
o r d e r

Bond l e n g t h  
( c a l c . )

1 .1 4  -  1 .2 2

Bond l e n g t h  
( o b s . )

1 .1 9

0 .3 1 0 1 .4 8 5 1 .4 9

0 . 904 1 .3 5 1 . 3 1



2 8 .

131 p -b e n z o q u in o n e

H H
fo r m a ld eh y d e a c e t a l d e h y d e

H
M e

a c e t o n e

H

1.20

Me

123.SMe 1Z3T

G ly o x a l Dime t h y l g l y o x a 1

F i g . 5 c .  Bond l e n g t h s  and v a l e n c y  a n g l e s  in  p -b e n z o q u in o n e  

and r e l a t e d  m o l e c u l e s .



The o b s e r v e d  l e n g t h  o f  th e  C = C bond ( 1 . 3 1  A) i s  

r a t h e r  l e s s  th a n  th e  a c c e p t e d  v a lu e  f o r  a d o u b le  b o n d , and  

t h i s  may be due t o  s m a l l  e r r o r s  in  t h e  p o s i t i o n s  o f  atom s  

Gg and C^, w h ich  a l s o  d e v i a t e  by th e  g r e a t e s t  amount from  

th e  mean m o le c u la r  p l a n e .  In  t h e  p r e s e n t  r e f i n e m e n t ,  no  

a l lo w a n c e  h a s  b een  made f o r  a n i s o t r o p i c  th e r m a l  m o t io n  o f  

th e  a t o m s ,  a n d 'n o  r o t a t i o n a l  o s c i l l a t i o n  c o r r e c t i o n s  h a v e  

b een  a p p l i e d  ( C r u ic k sh a n k , 1 9 5 6 a ,  b ) . T hese  f a c t o r s  w ould  

h a v e  t o  be  ta k e n  i n t o  a c c o u n t  in  a f u l l  t h r e e - d i m e n s i o n a l  

r e f i n e m e n t ,  and t h e y  w o u ld  i n c r e a s e  a l l  t h e .b o n d  l e n g t h s  by 

s m a l l  am ou n ts . The m o le c u la r  d im e n s io n s  o b t a i n e d  in  th e  

p r e s e n t  i n v e s t i g a t i o n  are  i n  g o o d  a g ree m e n t  w i t h  t h o s e  o f  

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

( F i g . l ,  page 1 5 ) ;  th e  l a r g e s t  d i s c r e p a n c y  i s  i n  t h e  C -  0 

d i s t a n c e ,  but even  h e r e  th e  d i f f e r e n c e  a p p e a r s  t o  be w i t h 

in  th e  l i m i t s  o f  e x p e r im e n t a l  e r r o r .

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

n o rm a l van d e r  Waal is i n t e r a c t i o n s .  The c l o s e s t  d i s t a n c e  

o f  a p p ro a ch  b etw een  th e  o x y g en  a tom s o f  n e ig h b o u r in g  m o le 

c u l e s  o c c u r s  b e tw e e n  t h e  m o le c u le  a t  ( 0 ,  0 ,  0 )  and t h a t  a t  

(s'* 0 )9 w here th e  d i s t a n c e  I s  3 . 5 7  A. Between carbon

and oxy g en  atom s th e  d i s t a n c e s  a r e  s l i g h t l y  s m a l l e r ,  t h e  

c l o s e s t  a p p ro a c h  b e in g  3 . 3 2  A, and b e tw e e n  carb on  and  carb on  

th e  minimum d i s t a n c e  i s  3 . 4 5  A. T hese  i n t e r m o l e c u l a r  c o n 

t a c t s  a re  i l l u s t r a t e d  in  F i g . 6 .



T h is  c o m p le te s  th e  p r e s e n t  t w o - d im e n s io n a l  r e f i n e 

ment o f  th e  s t r u c t u r e  o f  p - b e n z o q u in o n e .  S in c e  t h e  

number o f  r e f l e x i o n s  in  th e  a x i a l  z o n es  i s  r a t h e r  s m a l l ,  

more a c c u r a t e  m o le c u la r  d im e n s io n s  c o u l d  be o b t a i n e d  o n ly  

by a t h r e e - d i m e n s i o n a l  a n a l y s i s .
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A rran gem ent o f  m o l e c u le s  In  th e  (0 0 1 )  p r o j e c t i o n .
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Table 4 .

O b served  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 .

p P h k t P0 c 0 c
- 112 031 8 . 9 9 .3

3 1 . 2 2 9 .3 2 < 5 . 6 - 1 . 2

1 2 . 1 - 1 4 . 9 3 7 . 3 - 6 . 5

4 . 6  ' - 4 . 8 4 < 7 . 3 - 1 . 9

2 ^ .0 - 2 1 . 7 5 < 7 . 3 1 .5

1 . 6 1 . 7 041 . < 6 . 2 - 0 . 6

1 0 . 0 9 . 1 2 < 6 . 7 - 1 . 9

2 8 . 6 3 1 . 4 3 < 7 . 3 - 0 . 2

3 3 . 8 - 3 4 . 3 4 < 7 . 3 1 . 5

1 5 . 6 - 1 3 . 6 051 7 . 8 8 . 1

< 2 . 2 2 . 4 2 <  7 . 3 1 . 8

2 . 2 - 2 . 0 3 < 7 . 3 - 3 . 9

061 < 7 . 3 3 . 1

2 0 . 2 - 2 0 . 6 2 < 7 . 3 - 3 . 4

4 . 3 2 . 9

1 2 .7 1 4 . 1 205 < 2 . 3 1 . 1

< 6 . 7 2 . 2 4 7 . 6 - 7 . 9

< 7 . 3 - 1 . 4 3 1 8 .8 - 2 0 . 7

1 3 .9 - 1 3 . 0 2 1 3 . 7 1 4 .9

< 5 . 0 1 . 8 I 5 9 . 6 7 4 . 9

< 6 . 2 2 . 7 1 3 1 . 4 - 3 1 . 4

< 7 . 3 3 . 4 2 1 9 . 5 - 1 4 . 1

< 7 . 3 4 . 1 3 < 2 . 3 3 . 0



lik P 0 P c

204 3 . 9 - 2 . 2

5 6 . 6 - 4 . 5

405 3 . 3 - 3 . 9

4 6 .2 - 9 . 2

3 4 . 4 5 . 0

2 2 8 . 0 2 9 .3

I 1 7 . 0 1 4 .4

1 1 1 .5 i CD • O

2 < 2 . 3 2 . 5

3 < 2 . 3 - 1 . 8

4 5 . 1 - 4 . 5

604 < 3 . 5 1 . 5

5 6 . 2 1 0 .9

2 5 . 9 6 . 3

1 2 . 8 - 5 . 9

1 < 2 . 3 1 . 4

2 < 3 . 5 - 1 . 1

110 2 3 . 7 2 2 . 7

2 1 2 .7 1 3 . 1

3 < 1 . 1 i o • CO

140 2 . 5 - 2 . 1

5 4 . 0 5 . 0

6 3 . 4 2 . 7

hk P0 P c

210 1 8 .5 •
COr—1 1

2 1 1 . 1 - 1 1 . 1

3 7 . 2 7 . 8

4 1 . 8 - 1 . 3

5 6 . 6 6 .8

6 4 . 1 4 . 0

3 1 0 2 . 1 2 . 9

2 5 . 6 6 .4

3 1 3 .9 - 1 4 . 9

4 < 1 . 7 0 . 2

5 3 . 6 3 . 9

6 1 . 4 2 . 3

4 1 0 2 . 0 - 1 . 0

2 2 . 3 - 0 . 4

3 <  1 . 7 0 . 3

4 <  1 . 7 - 1 . 7

5 1 . 7 1 . 7

510 2 . 9 - 2 . 6

2 1 . 9 - 3 . 4

3 2 . 6 - 3 . 7

4 < 1 . 7 1 . 5

610 < 1 . 7 3 . 2

2 < 1 . 7 0 . 7

3 < 2 . 3 - 2 . 0



3 .  REFINEMENT OP THE CRYSTAL STRUCTURE OF CORONENE.

3 . 1 .  I n t r o d u c t i o n .

The h i g h l y - s y m m e t r i c a l  a r o m a t ic  h y d ro c a r b o n  c o r o n e n e ,

024^ 2 > b a s  a b e a u t i f u l l y  s im p le  c r y s t a l  s t r u c t u r e ,  w h ich

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

s t r u c t u r e  w as d e te r m in e d  by R o b e r tso n  and W hite (1 9 4 4 ,  1 9 4 5 )

by t r i a l  m e th o d s ,  and r e f i n e d  by t w o - d im e n s io n a l  P Q s y n t h e s e s .

In th e  p r o j e c t i o n  down th e  s h o r t  b - a x i s  a l l  t h e  carb on  atom s

i n  t h e  m o le c u le  w ere  c l e a r l y  r e s o l v e d ,  and i t  was p o s s i b l e

t o  o b t a in  a c c u r a t e  m easu rem en ts  o f  th e  bond l e n g t h s  and o t h e r

s t r u c t u r a l  d e t a i l s .  The a g r ee m e n t  b e tw een  th e  o b s e r v e d

m o le c u la r  d im e n s io n s  and t h o s e  o b t a i n e d  from  t h e o r e t i c a l

i n v e s t i g a t i o n s  u s i n g  th e  m o le c u la r  o r b i t a l  m ethod (G o u ls o n ,

1 9 4 4 ;  M o f f i t t  and C o u ls o n ,  1 9 4 8 )  was e x t r e m e l y  g o o d .  The

p r e s e n t  I n v e s t i g a t i o n  d e s c r i b e s  some f u r t h e r  r e f i n e m e n t  o f

th e  carb on  atom  p a r a m e t e r s ,  and l o c a t i o n  o f  t h e  h y d r o g e n

a to m s ,  u s i n g  (F -  P ) s y n t h e s e s ,  o o

C r y s t a l  d a t a . C oron en e , G24P 1 2 * m-P .

4 3 4 - 4 3 6 ° ;  d , c a l c .  1 . 3 8 1 ,  fo u n d  1 .3 7 7 ;  m o n o c l i n i c ,

a = 1 6 .1 0  * 0 . 0 5 ,  b = 4 .6 9 5  * 0 . 0 0 5 ,  c = 1 0 .1 5  * 0 .0 5  A,

|U = 1 1 0 . 8 °  * 0 . 2 ° .  A b se n t  s p e c t r a ,  (hofc) when h  i s  odd;
5(OkO) when k i s  odd. Sp ace  g r o u p ,  C ( P 2 - i / a ) .  Two m o le -
212 x

c u l e s  p e r  u n i t  c e l l .  M o le c u la r  sym m etry , c e n t r e .  Volume  

o f  t h e  u n i t  c e l l ,  7 1 7 .1  A^# A b s o r p t io n  c o e f f i c i e n t  f o r
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X - r a y s ,  X = 1 .5 4 2  A, -  7 . 3 0  cm"* .̂ T o t a l  number o f  

e l e c t r o n s  p e r  u n i t  c e l l  = F (0 0 0 )  = 3 1 2 .

3 . 2 .  R e f in e m e n t  o f  (0 1 0 )  p r o j e c t i o n .

S t r u c t u r e  f a c t o r s  f o r  th e  (hOt) zone r e f l e c t i o n s  w ere  

r e c a l c u l a t e d  fro m  th e  f i n a l  c o o r d i n a t e s  o f  R o b e r tso n  and  

W h ite ,  u s i n g  McWeeny’ s s c a t t e r i n g  c u r v e  f o r  carb on  c o r r e c t e d  

f o r  th e r m a l  v i b r a t i o n  by t h e  f a c t o r  e x p ^ - B ( s i n  e / A ) 2) w i t h  

B = 3 . 5 .  In t h e  f i n a l  F Q s y n t h e s i s ,  t h e r e  i s  d i s t i n c t  

e v id e n c e  in  t h e  o n e - e l e c t r o n  c o n to u r  o f  r e s o l u t i o n  o f  

h y d ro g e n  a to m s ,  and a c o n t r i b u t i o n  from  t h e  h y d ro g en  atom s  

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

mate c o o r d i n a t e s  w ere  o b t a i n e d  by a ssu m in g  C -  H d i s t a n c e s  

o f  1 . 0  A , a n d  McWeeny1 s cu rve  f o r  h y d ro g en  w i t h  B = 4 . 2  was 

u s e d .  The a g r ee m e n t  b e tw e e n  th e  o b s e r v e d  and c a l c u l a t e d  

v a l u e s  o f  th e  s t r u c t u r e  f a c t o r s  was 1 2 . 2 /0, compared w i t h  

lA.Q/o  u s i n g  an e m p i r i c a l  c u r v e .

F u r t h e r  r e f i n e m e n t  o f  a to m ic  c o o r d i n a t e s  and te m p er a 

t u r e  p a r a m e te r s  o f  th e  carb on  atom s was now c a r r i e d  o u t  by  

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

(F0 -  F c ) a s  c o e f f i c i e n t s .  C o o r d in a te  a d j u s t m e n t s  were  

f i r s t  made u n t i l  th e  e l e c t r o n - d e n s i t y  s l o p e  a t  th e  a to m ic  

c e n t r e s  became z e r o ,  and the te m p e r a tu r e  f a c t o r s  B w ere  

th e n  a d j u s t e d  t o  d e c r e a s e  (p 0 -  p c ) a t  th e  a to m ic  c e n t r e s .

The f i r s t  (F -  F c ) s y n t h e s i s  i s  sh orn  i n  F ig u r e  7 a .



F i g . 7 a .  F i r s t  (FQ -  F ) s y n t h e s i s ,  (hO-fc) z o n e .
A l l  a t o m s ,  i n c l u d i n g  h y d r o g e n ,  s u b t r a c t e d .  
C ontour i n t e r v a l  0 , 2  eA“2 ,  n e g a t i v e  c o n t o u r s  
b r o k e n ,  z e r o  c o n t o u r  d o t t e d .



v-' fil

\ <

F i g . 7b. F i n a l  (F0 -  F c ) s y n t h e s i s ,  (ho£) z o n e .
A l l  a to m s ,  i n c l u d i n g  h y d r o g e n ,  s u b t r a c t e d .  
C ontours a s  i n  F i g . 7 a .
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An o u t s t a n d i n g  f e a t u r e  o f  t h i s  map i s  t h e  c l e a r  i n d i c a t i o n  

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

c e n t r e  o f  t h e  m o l e c u l e ,  show ing  t h a t  th e  m o le c u le  i s  v i b r a t 

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

s t a g e  (B = 3 . 5 )  i s  a p p r o p r ia t e  t o  th e  therm al v i b r a t i o n s  o f  

atom s A , D, and G-; atom s B, C, E , F , H, I  r e q u ir e  a l a r g e r ,  

and atom s J ,  K,' L a s m a l l e r  v a lu e  o f  B.

A f t e r  t h e  p o s i t i o n a l  and te m p e r a tu r e  p a r a m e te r s  o f  th e  

carb on  atom s h a d  been a d j u s t e d ,  th e  f i n a l  (p Q -  p^ ) map was  

com puted ( F i g . 7 b ) .  I t  r e p r e s e n t s  th e  d i f f e r e n c e  b e tw e en  

th e  e l e c t r o n  d i s t r i b u t i o n  e x i s t i n g  in  th e  c r y s t a l  and t h a t  

c a l c u l a t e d  f o r  carbon  and  h yd rogen  a to m s ,  a t  t h e i r  a p p r o p r i 

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

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

c h e m i c a l l y  i d e n t i c a l  a to m s, an d  no a l lo w a n c e  was made f o r  

a n i s o t r o p i c  th e r m a l  m o t io n ,  s o  t h a t  th e  e l e c t r o n  d e n s i t y  i s  

n o t  q u i t e  z e r o  a t  th e  p o s i t i o n  o f  e v e r y  carb on  a to m , and  

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

T h is  f i n a l  d i f f e r e n c e  map h a s  r e g i o n s  o f  p o s i t i v e  e l e c t r o n -  

d e n s i t y  a t  th e  c e n t r e  o f  e a c h  c a r b o n -c a r b o n  bon d , and  th e  

s h a r p n e s s  o f  t h e s e  p ea k s  i n d i c a t e s  t h a t  th e y  c a n n o t  be  

a s s i g n e d  t o  b o n d in g  e l e c t r o n s ,  bu t r a t h e r  a r e  due t o  a n i s -  

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

th e  n o rm a l t o  th e  m o le c u l a r  p l a n e .



F i g . 8 .  H ydrogen s y n t h e s i s .  D i f f e r e n c e - 3 y n t h e s i s
p r o j e c t i o n  on { 0 1 0 ) ,  sh o w in g  th e  e l e c t r o n  
d i s t r i b u t i o n  due to  h y d ro g en  a to m s .  C ontou rs  
a t  i n t e r v a l s  o f  0 . 2  eA“^ , s t a r t i n g  a t  0 . 4  eA~^
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A d i f f e r e n c e  s y n t h e s i s  p r o j e c t i o n  on (0 1 0 )  sh o w in g  

th e  e l e c t r o n  d i s t r i b u t i o n  due t o  h y d ro g e n  was com puted  

( P i g . 8 ) .  T h is  map r e p r e s e n t s  th e  d i f f e r e n c e  b e tw e e n  t h e  

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

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

t i o n s  i n  t h e  u n i t  c e l l .  A l l  t h e  h yd rogen  atom s i n  th e  

m o le c u le  a re  c l e a r l y  r e s o l v e d .

The f i n a l  v a l u e  o f  R f o r  the (h0€.) s t i n c t u r e  f a c t o r s  

was 1 0 , 2 $ .

3 . 3 .  C o o r d in a t e s ,  m o le c u l a r  d i m e n s i o n s ,  and o r i e n t a t i o n .

The p r o j e c t i o n  o f  t h e  s t r u c t u r e  on (0 1 0 )  a l l o w s  tw o  

c o o r d i n a t e s  f o r  e a c h  a tom  to  be d e t e r m in e d ,  bu t o f  c o u r s e  

g i v e s  no i n f o r m a t io n  a b ou t th e  t h i r d  c o o r d i n a t e  (y )  . I t  

im s  a ssu m ed  t h a t  th e  w hole m o le c u le  i s  p l a n a r ,  and t h e  

o r i e n t a t i o n  o f  th e  m o l e c u l e ,  t h e  t h i r d  c o o r d i n a t e ,  and the  

m o le c u la r  d im e n s io n s  w ere  d e te r m in e d  a s  i n  th e  o r i g i n a l  

in v e  s t i g a t i o n .

The o r i e n t a t i o n  o f  th e  m o le c u le  in  th e  c r y s t a l  may be  

i n d i c a t e d  by g i v i n g  th e  a n g l e s  v|/ and w  , w h ic h  t h e

d i r e c t i o n s  L, M ( P i g . 9 ,  page 43) and. th e  p la n e  n o r m a l  N 

make w i t h  th e  a and b c r y s t a l  a x e s ,  and t h e i r  p e r p e n d i c u l a r  

c* . These v a lu e s  a r e  g iv e n  in  T ab le  5 .  The p r e v i o u s  

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

The mean p la n e  o f  t h e  m o le c u le  h a s  e q u a t io n  o f  th e  form  

I  = AX * 4- BZ ’ ,
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O r i e n t a t i o n  o f  th e  m o le c u le  in  t h e  c r y s t a l .

X u
=: 8 4 . 4 ° ( 8 4 . 8 ° ) o o s  = 0 .0 9 7 1

t - = 8 5 . 9 ° ( 8 5 . 6 ° ) c o s  = 0 .0 7 1 4

U3U • CD O ( 6 . 9 ° ) COS - 0 .9 9 0 4

X m = 4 3 . 5 ° ( 4 4 . 2 ° ) 003 X"> = 0 . 7 2 5 0

4 7 . 3 ° ( 4 6 . 7 ° ) COS = 0 .6 7 8 2

**1 = 9 6 . 9 ° ( 9 6 . 8 ° ) COS U>p̂ = - 0 . 1 2 0 0

1 3 3 . 0 ° ( 1 3 3 . 7 ° ) 003 Xu = - 0 . 6 8 1 9

= 4 3 . 0 ° ( 4 3 . 7 ° ) COS ^ = 0 .7 3 1 5

- 8 9 . 9 ° ( 8 9 . 6 ° ) c o s = 0 .0 0 1 4

■where t h e  c o o r d i n a t e s  X 1 , Y a n d  Z 1 a r e  r e f e r r e d  t o  t h e  

o r t h o g o n a l  a x e s  a ,  b and c* . A and B w ere  d e t e r m in e d  fr o m  

th e  d i r e c t i o n  c o s i n e s  o f  th e  p la n e  n o rm a l t o  be 0 .9 3 2 2  and  

- 0 . 0 0 1 9  r e s p e c t i v e l y .  Y - c o o r d i n a t e s  f o r  t h e  a tom s w ere  

now c a l c u l a t e d  fro m  th e  e q u a t io n  o f  t h e  mean p la n e  o f  t h e  

m o l e c u l e .  The f i n a l  c o o r d i n a t e s  o f  th e  carb on  atom s a r e  

g iv e n  in  T a b le  6 .  The c o o r d i n a t e s  x ,  y ,  z a r e  r e f e r r e d  t o  

t h e  m o n o c l i n i c  c r y s t a l  a x e s ,  and a r e  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  u n i t  c e l l  e d g e s .  The t e m p e r a tu r e  f a c t o r  B f o r  

e a c h  atom  i s  a l s o  g i v e n .

The c o o r d i n a t e s  o f  T ab le  6 w ere  u s e d  f o r  c a l c u l a t i o n  o f
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th e  s t r u c t u r e  f a c t o r s  o f  th e  (hkO) r e f l e c t i o n s ,  u s i n g  B = 3 .9  

f o r  a l l  th e  carbon atom s and 4 . 2  f o r  th e  h y d ro g en  a to m s .

T ab le  6 .

C o o r d in a t e s  and  t e m p e r a tu r e  f a c t o r s .

A t om X y z X ’ Y Z' B

A - 0 .1 2 1 - 0 . 4 1 2 0 . 0 3 6 - 2 . 0 7 4 - 1 . 9 3 4 0 .3 4 5 3 . 5

B - 0 . 1 1 3 - 0 . 4 8 8 0 .1 7 5 - 2 . 4 5 6 - 2 . 2 9 2 1 .6 5 7 4 . 4

C - 0 . 0 4 9 - 0 . 3 6 7 0 .2 9 4 - 1 . 8 4 5 - 1 . 7 2 5 2 . 7 8 5 4 . 4

D 0 .0 1 3 - 0 . 1 5 7 0 .2 7 8 - 0 . 7 8 7 - 0 . 7 3 9 2 .  640 3 . 5

E 0 . 0 7 8 - 0 . 0 3 4 0 .3 9 4 - 0 . 1 6 3 - 0 . 1 5 9 3 . 7 3 9 4 . 4

P 0 . 1 3 6 0 .1 6 3 0 .3 7 8 0 . 8 3 0 0 .7 6 7 3 .5 8 3 4 . 4

C- 0 .1 3 2 0 . 2 5 1 0 .2 3 8 1 .2 6 9 1 .1 7 9 2 .2 6 2 3 . 5

H 0 .1 9 1 0 .4 5 2 0 .2 2 1 2 .2 8 0 2 .1 2 1 2 .0 9 3 4 . 4

I 0 .1 8 4 0 .5 3 1 0 .0 8 2 2 .6 7 4 2 .4 9 2 0 .7 7 8 4 . 4

J - 0 . 0 6 0 - 0 . 2 0 4 0 .0 1 8 - 1 . 0 2 8 - 0 . 9 5 8 0 .1 7 0 3 . 3 5

K 0 . 0 0 6 - 0 . 0 8 0 0 .1 3 8 - 0 . 4 0 0 - 0 . 3 7 5 1 .3 1 1 3 . 3 5

L, 0 .0 6 7 0 .1 2 9 0 .1 1 9 0 .  650 0 .6 0 4 1 .1 3 3 3 . 3 5

The d i s c r e p a n c y  R w as 1 0 .4 /? .  The o b s e r v e d  and  c a l c u l a t e d  

v a l u e s  o f  t h e  s t r u c t u r e  f a c t o r s  o f  th e  (hOfc) and(hkO ) r e 

f l e x i o n s  a r e  l i s t e d  in  T a b le  11 (p age  5 1 ) .

3 . 4 .  D i s c u s s i o n  of  s t r u c t u r e  and mo l e c u l a r  d i m e n s i o n s .

The bond l e n g t h s  in  th e  co ro n en e  m o le c u le  w ere  c a l 

c u l a t e d  fro m  t h e  p r o j e c t e d  bond l e n g t h s  on (0 1 0 )  and t h e
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m o le c u la r  o r i e n t a t i o n  a n g l e s .  T hese  v a l u e s  a f t e r  a v e r a g i n g  

o v e r  c h e m i c a l l y  e q u i v a l e n t  bonds a r e  shown i n  P i g . 9 .  The 

maximum d i f f e r e n c e  b etw een  an i n d i v i d u a l l y - d e t e r m i n e d  bond  

l e n g t h ,  and th e  mean v a l u e  f o r  t h a t  bond i s  0 .0 3  A , and th e  

a v e r a g e  d i f f e r e n c e  b e tw e e n  t h e  o b s e r v e d  and  mean v a lu e  o f  a 

bond l e n g t h  f o r  a l l  th e  bonds i s  0 .0 1 5  A.

F i g . 9 . D im e n s io n s  o f  t h e  c o ro n en e  m o l e c u l e .
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O b serv ed  a n d  c a l c u l a t e d  bond l e n g t h s  i n  t h e  co ro n en e

m o le c u le  (A) .

M.O. R.W. A , P r e s e n t A *

p 1 .3 7 2 1 .3 8 5 0 .0 1 3 1 .3 9 2 0 .0 2 0

§ 1 . 4 1 1  . 1 .4 1 5 0 .0 0 4 1 .4 0 9 - 0 . 0 0 2

R 1 .4 1 1 1 .4 3 0 0 .0 1 9 1 .4 2 0 0 .0 0 9

S 1 .4 1 5 1 .4 3 0 0 .0 1 5 1 .4 2 0 0 .0 0 5

Root mean s q u a r e d  
o v e r  t h e  w h o le
m o le c u le  0 .0 1 3 A  0 .009A

A ,  = (R o b e r ts o n  an d  W h ite )  -  (M o le c u la r  O r b i t a l ) .

A z  = ( P r e s e n t  i n v e s t i g a t i o n )  -  (M o le c u la r  O r b i t a l ) .

In  T a b le  7 t h e  o b s e r v e d  bon d  l e n g t h s  are  compared w ith  

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

c u l a t e d  by  th e  m o le c u l a r  o r b i t a l  m eth od . The a g reem en t  

b e tw e en  t h e  o b s e r v e d  and t h e o r e t i c a l l y - d e t e r m i n e d  bond  

l e n g t h s  i s  e x t r e m e l y  g o o d ,  and th e  p r e s e n t  r e f in e m e n t  p r o c e s s  

h a s  d e c r e a s e d  somewhat th e  d i s c r e p a n c i e s  b etw een  th e  o b s e r v e d  

and  c a l c u l a t e d  v a l u e s .

The c o o r d i n a t e s  o f  th e  h yd rogen  atom s are  g i v e n  in  

T ab le  8 .  T hese  c o o r d i n a t e s  were o b t a i n e d  by a s su m in g  C-H 

bond l e n g t h s  o f  1 . 0  A, and w ere  u s e d  in  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 .
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Table 8 .

C o o r d in a t e s  o f  th e  h yd rogen  a to m s .

Atom X y z

H B - 0 . 1 5 2 - 0 . 6 2 1 0 .1 8 7

C - 0 . 0 4 2 - 0 . 4 1 4 0 .3 8 8

E ' 0 .0 8 3 - 0 . 0 8 7 0 .4 9 1

P 0 .1 8 5 0 .2 5 6 0 .4 6 7

H 0 .2 3 9 0 .5 4 0 0 .3 1 0

I 0 .2 2 5 0 .6 6 6 0 .0 7 3

P i g . 8 show s f a i r l y  g o o d  r e s o l u t i o n  o f  t h e  h y d ro g en  a to m s ,  

b u t  r e s i d u a l  d e n s i t y  on t h e  f i n a l  d i f f e r e n c e  map ( P i g .7 b )  

d i s t u r b s  th e  p o s i t i o n s  o f  th e  h y d ro g en  p e a k s ,  and a c c u r a t e  

p a r a m e te r s  c a n n o t  be a s s i g n e d  from  th e  h yd rogen  map. The 

f i n a l  (F -  F } s y n t h e s i s  c o u ld  be f u r t h e r  im proved  by  

i n t r o d u c i n g  a n i s o t r o p i c  v i b r a t i o n  f a c t o r s ,  b u t  th e  hyd rogen  

p e a k s  w o u ld  p r o b a b ly  s t i l l  be d i s t o r t e d  by  s p u r io u s  r e s i 

d u a l  d e n s i t y ,  due to  random e r r o r s  i n  th e  PQ v a l u e s .

3 . 5 .  E s t i m a t i o n  o f  a c c u r a c y .

The s t a n d a r d  d e v i a t i o n  o f  an a to m ic  c o o r d i n a t e ,  <T( x ) ,  

was c a l c u l a t e d  by the  fo r m u la  g i v e n  by C ru ick sh an k  (1 9 4 9 ,  

1 9 5 4 )  :

Ztt i 7*  f o r  a tw o -
C^Yx-i -  -----------£ _ ---------------------d im e n s io n a l

a.. A . C y y .

s y n t h e s i s
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where i s  t h e  c u r v a tu r e  £  , a t  th e  c e n t r e  o f  the

n  a tom . The e l e c t r o n  d i s t r i b u t i o n  o f  th e  p eak s  i n  a 

F o u r i e r  s y n t h e s i s  may be r e p r e s e n t e d  by th e  e x p r e s s i o n  

( C o s t a i n ,  1 9 4 1 ) :

p s p„ • * +  [■ K l
w here p and- joQ a r e  c o n s t a n t s ;  t h e s e  c o n s t a n t s  w ere  d e t e r 

m in ed  fr o m  a p l o t  o f  l n p  a g a i n s t  r ^ ,  and th e  c e n t r a l  c u r 

v a t u r e  o f  t h e  atom s th e n  com puted fro m  th e  e x p r e s s i o n :

(%l.. ‘ " 2  ̂ r»
From t h e  f i n a l  F o u r i e r  s y n t h e s i s  f o r  t h e  (hOt)  z o n e ,

th e  mean v a l u e s  o f  p and were p = 3 . 8 ,  pQ = 7 . 2 .

From t h e  f i n a l  v a l u e s  o f  A F  = F* -  F f o r  th e  (hOfc) zone°  c
s t r u c t u r e  f a c t o r s ,  6~(x) an d  c r { z )  w ere  c a l c u l a t e d :

tf“ (x)  = 0 .0 0 8 1  A )
> Mean <T = 0 .0 0 9 4  A.

<S” ( z )  = 0 .0 1 0 7  A )

From t h e  (hkO) d a t a ,  <S~ ( y )  = 0 .0 4 9  A, w h ich  i s  much

g r e a t e r  th a n  t f~(x)  a n d  < r { z ) ,  ( G ru ick sh a n k 1 s fo r m u la e

h o w ev er  a r e  n o t  r e a l l y  a p p l i c a b l e  in  t h i s  z o n e ,  b e c a u se  o f

t h e  g r e a t  amount o f  o v e r l a p . )

h o w,  i n  com paring  th e  b on d  l e n g t h s  in  th e  coron en e

m o le c u le  w i t h  some s ta n d a r d  s e t  o f  bond l e n g t h s ,  the

a p p r o p r i a t e  <S” i s  t h e  r o o t  mean sq u are  o f  t f ' ( x ) , <r(y)  and

( z ) .  However th e  e r r o r s  i n  t h e  y - c o o r d i n a t e s  are n o t
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random an d  u n r e l a t e d ,  s i n c e  t h e y  h a v e  b een  c a l c u l a t e d  from  

th e  e q u a t i o n  o f  th e  m o le c u la r  p la n e  (making th e  r e a s o n a b le  

a s s u m p t io n  t h a t  th e  w hole  m o le c u le  i s  c o m p le t e ly  p l a n a r ) ; 

any s l i g h t  e r r o r  in  t h i s  e q u a t io n  i s  r e f l e c t e d  in  a l l  th e  

y - c o o r d i n a t e s , so  t h a t  <s~ (y )  m ig h t  be g iv e n  a r e d u c e d  w e ig h t .

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

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

a r e  s i g n i f i c a n t ,  and f o r  t h i s  p u rp o se  <r (y )  h a s  been n e g l e c t e d ,  

s i n c e  a s m a l l  ch an ge  i n  t h e  e q u a t io n  o f  t h e  m o le c u la r  p la n e  

w i l l  a l t e r  a l l  t h e  bon d  l e n g t h s  by s m a l l  a m o u n ts ,  and th e  

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

The s t a n d a r d  d e v i a t i o n  o f  an i n d i v i d u a l  bond l e n g t h  i s  

g i v e n  by (Mean ) = 0 .0 1 3  A. S in c e  th e  f i n a l

l e n g t h  o f  e a c h  b o n d  h a s  b een  d e te r m in e d  by a v e r a g in g  o v e r  

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

f i n a l  b o n d  l e n g t h s  i s  g iv e n  b y :

^12^mean ~

w here f o r  a n y  bond n = number o f  c h e m ic a l ly  e q u i v a l e n t  bu t  

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

v a l u e s  a r e  g i v e n  i n  T ab le  9 .
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Table 9.

S ta n d a r d  d e v i a t i o n  o f  bond l e n g t h s .

Bond n < r(d i 2 ) ^  d̂12^m
P 3 0 .0 1 3  A 0 .0 0 7 5  A

Q , 6 0 .0 1 3 0 .0 0 5 3

r . : 3 0 .0 1 3 0 .0 0 7 5

s 3 0 .0 1 3 0 .0 0 7 5

In  com p arin g  t h e  m easu red  l e n g t h s  o f  c h e m ic a l ly  n o n 

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

<T”( t )  was t a k e n  a s :

<J"(t) = {<j-2 (d 1 2 ) +  «"2 (d3 4 ) }

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

v a r i a t i o n s  w i t h i n  t h e  coron en e  m o le c u le  a r e  g iv e n  in  

T a b le  1 0 .

The f i n a l  tw o colum ns o f  T ab le  10 i n d i c a t e  t h a t  bonds  

o f  t y p e  P a r e  s i g a i f  i c a n t l y  s h o r t e r  than  th e  o t h e r  bonds in  

th e  m o l e c u l e .  The d i f f e r e n c e  b etw een  bonds Q, and bonds R 

o r  S i s  h o w e v e r  o f  d o u b t f u l  s i g n i f i c a n c e ;  th e  p r o b a b i l i t y  

t h a t  t h e s e  b on d s  s h o u ld  be s o  much d i f f e r e n t  by chance i s

0 . 1 1 5 1 .  Bonds R and  S a re  o f  co u r se  n o t  s i g n i f i c a n t l y  

d i f f e r e n t .  I t  seem s th en  t h a t  th e  o b s e r v e d  bond l e n g t h  

v a r i a t i o n s  w i t h i n  t h e  co ro n en e  m o le c u le  are  o f  some s i g n i -  

f  i  can c e .
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The f i n a l  (FQ -  F c ) map ( F i g . 7 b ,  page 3 7 )  shows  

p ea k s  c o r r e s p o n d in g  t o  r o t a t i o n a l  o s c i l l a t i o n s  o f  th e  m o le 

c u l e  a b o u t  t h e  n o r m a l t o  th e  m o le c u la r  p la n e .  S l i g h t  

c o r r e c t i o n s  are  n e c e s s a r y  t o  a l lo w  f o r  t h e s e  a n g u la r  o s c i l 

l a t i o n s ,  w h ic h  c a u se  t h e  atom s to  ap p ea r  t o o  c l o s e  t o  th e  

c e n t r e  o f  t h e  m o le c u le  ( C ru ic k sh a n k , 1 9 5 6 a ,  b ) .  S in c e  n o  

a n i s o t r o p i c  f a c t o r s  have  b een  in t r o d u c e d  in  th e  p r e s e n t  

a n a l y s i s ,  no  a l l o w a n c e  h a s  b een  made f o r  t h e s e  o s c i l l a t i o n s .  

The e f f e c t  o f  th e  s m a l l  c o r r e c t i o n s  i s  t o  i n c r e a s e  a l l  th e  

bond l e n g t h s  s l i g h t l y .

The p r e s e n t  r e f i n e m e n t  has l e d  t o  im proved agreem ent  

b e tw e e n  m e a su red  and  c a l c u l a t e d  m o le c u la r  d im e n s io n s ,  and  

t h e  h y d ro g e n  s y n t h e s i s  ( F i g . 8 ,  page 3 9 )  shows r e a s o n a b le  

r e s o l u t i o n  o f  a l l  t h e  h y d ro g en  atom s in  t h e  m o le c u le .
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T ab le  1 1 .

M easured 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

h k £ P 0 P c h k t P 0 P c
0 0 0 - 312 0011 2 -2

2 0 0 67 69 12 6 - 4

4 3 1 -3 3 1401 < 2 -3

6 77 6 12 5 -4

8 < 2 - 1 10 7 8

10 5 4 8 10 - 9

12 6 - 5 6 6 -5

14 6 7 4 23 21

16 17 16 2 33 -3 3

18 < 2 1 2 59 55

0 2 0 17 22 4 31 -3 0

4 < 8 - 1 6 13 14

0 0 1 61 60 8 < 2 0

2 30 - 3 0 10 < 2 3

3 8 10 12 < 2 - 1

4 2 - 1 14 < 2 -2

5 8 9 16 23 23

6 8 - 7 18 13 13

7 7 7 1802 < 1 1

8 13 11 16 < 2 2

9 7 -4 14 < 2 2

10 4 2 12 < 2 0
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h k i P o P c

1002 5 6

8 17 - 1 8

6 49 -5 2

4 4 - 4

2 12 12

2 29 - 3 0

4 24 - 2 6

8 21 21

8 8 - 9

To 21 -2 0

12 5 5

14 3 - 1

16 < 2 - 1

18 7 4

2U < 1 , 1

1603 < 2 0

14 < 1 1

12 < 2 0

10 < 2 1

8 < 2 -2

6 1 8 -1 8

4 16 -1 5

2 2 1

2 27 29

hk£ F0 Fv c
403 14 17

6 5 5

8 10 - 1 1

T® 40 -4 0

12 14 -1 5

14 4 3

16 < 2 2

18 < 2 2

1604 < 1 0

14 6 -7

12 10 -1 2

10 5 -3

8 < 2 2

6 6 7

4 10 11

2 5 4

2 18 -1 9

4 16 -1 7

6 3 0

8 < 2 - 1

10 3 -2

12 5 - 5

14 3 1

16 < 2 1



20
14 <

12
10

8
6

4

2

2
4

6

8

T o

12

1 4

16

18

20

12(
10
8

6
4

F 0 F c hk€ P 0
2 1 206 5

< 1 2 2 9

< 2 1 4 11

8 - 8 6 8

< 2 -2 8 8

* 2 3 To 6

6 - 7 12 6

7 - 7 14 4

5 - 8 16 < 2

14 - 1 1 18 < 2

5 6 -5 9 20 6

15 - 1 3 1207 < 1

7 7 10 < 2

4 1 8 <  2

3 5 6 6

< 2 3 4 20

< 2 1 2 47

< 2 - 4 2 6

4 - 5 4 6

< 2 0 6 < 2

< 2 2 8 6

< 2 3 To 6

< 2 - 5 12 7

11 11 14 15
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h k l F
0 P c

1607 < 2 -2

18 2 0

1008 2 - 2

8 < 2 1

6 < 2 1

4 5 - 2

2 16 20

2 2 - 6

¥ < 2 3

6 < 2 - 1

8 < 2 2

10 3 -3

12 6 4

l ¥ 28 28

16 12 12

18 < 2 - 2

8 0 9 7 - 6

6 < 2 1

4 < 2 - 1

2 7 - 4

2 4 - 4

4 3 4

6 3 -4

8 6 - 6

T o 2 3

h k e Fo c
1209 < 2 -3

14 5 3

16 5 6

18 3 -2

6010 5 -3

4 < 2 1

2 2 2

2 < 2 1

4 < 2  . 2

6 6 -5

8 15 -1 4

T o 4 -4

12 < 2 2

l ¥ 3 - 2

T e 2 -2

4 0 1 1 < 2 1

2 2 0

2 < 2 0

4 < 2 0

6 < 2 0

8 3 -4

To 3 -3

12 < 2 1

14 < 2 1

2012 10 - 9
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hkfc Px o F c h k i P0 F c
4012 4 -2 420 < 6 -2

6 < 2 1 5 6 6

8 2 1 6 5 0

To 2 2 7 < 7 4

110 11 13 8 8 -7

2 61 i G> CD 9 < 8 4

3 59 65 10 17 16

4 20 -2 0 11 15 12

5 < 5 -6 12 < 9 5

6 8 9 13 9 6

7 < 6 2 14 9 -6

8 < 7 • -5 15 < 7 -1

9 < 7 -1 130 16 -1 7

10 < 8 -2 2 < 7 -1

11 < 8 3 3 10 10

12 14- 14 4 < 7 0

13 21 21 14 < 7 4

14 14 14 15 7 -4

15 < 8 5 140 8 8

120 < 5 -2 2 10 -9

2 10 -9 3 10 9

3 6 6 4 8 -7



PART I I I . 

DINAPHTHOPEROFYRENE.
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1 .  O vercrow ded A ro m a tic  H y d ro ca rb o n s .

In  a r o m a t i c  m o l e c u l e s  e a c h  carb on  atom  form s t h r e e  

-b o n d s  w i t h  n e ig h b o u r in g  carb on  and h yd rogen  a to m s ,  u s i n g  

t h r e e  s p 2 h y b r i d  o r b i t a l s , w h ich  l i e  in  one p la n e  a t  120°  

t o  e a c h  o t h e r .  The a x i s  o f  th e  pz o r b i t a l  o f  e a c h  carbon  

atom  i s  n o rm a l to  t h i s  p l a n e ,  and o v e r la p  o f  t h e s e  pz o r b i 

t a l s  l e a d s  t o  fo r m a t io n  o f  IT  m o le c u la r  o r b i t a l s ;  d e l o c a l i s a 

t i o n  o f  th e  T T - e l e c t r o n s  g i v e s  t o  a r o m a t ic  compounds t h e i r  

c h a r a c t e r i s t i c  p r o p e r t i e s .  Maximum o v e r la p  o f  th e  p -a torn ic  

o r b i t a l s  and maximum a r o m a t ic  c h a r a c t e r  w i l l  be o b t a in e d  i f  

t h e  w h o le  m o le c u le  i s  c o m p le t e ly  p la n a r  and h en ce  th e  pz
a t o m ic  o r b i t a l s  e x a c t l y  p a r a l l e l .

I n v e s t i g a t i o n  o f  a r o m a t ic  m o le c u le s  by X -ra y  d i f f r a c t i o n  

and o t h e r  t e c h n i q u e s  h a s  d e m o n str a te d  th e  s t r i c t l y  p la n a r  

a r r a n g e m e n t  o f  a tom s in  th e  a r o m a t ic  r i n g .  Such m o le c u le s  

a s  b e n z e n e ,  n a p h t h a l e n e ,  a n t h r a c e n e ,  p y r e n e ,  coron en e  and  

o v a le n e  a r e  c o m p le t e ly  a r o m a t ic  and e x a c t l y  p la n a r .  These  

v ie w s  may h a v e  to  be m o d i f i e d  s l i g h t l y  in  v iew  o f  the r e 

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

s t r u c t u r e .  M a th ie s o n ,  R o b er tso n  and S i n c l a i r  (1950) c a r r i e d  

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

and fo u n d  v e r y  s m a l l  d e v i a t i o n s  o f  th e  atoms from  s t r i c t  

p l a n a r i t y ,  th e  maximum d e v i a t i o n  b e in g  ab ou t Q .010 A; a 

r e c e n t  a n a l y s i s  by O ruickshan k (1956b ) h a s  shown t h a t  t h i s
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d e v i a t i o n  i s  s i g n i f i c a n t ,  and t h i s  s l i g h t  m o le c u la r  d i s 

t o r t i o n  i s  due t o  th e  c l o s e  a p p ro a ch  o f  a hydrogen  atom  o f  

a n e ig h b o u r i n g  m o le c u le  in  th e  c r y s t a l ,  and so  i s  i n t e r -  

m o le c u la r  i n  n a t u r e .  The typ e  o f  m o le c u la r  d i s t o r t i o n  i n  

th e  m o le c u le  w h ic h  w i l l  be d e s c r i b e d  i n  t h i s  s e c t i o n  i s  v e ry  

much more s e v e r e  th a n  t h i s ,  and i s  in t r a m o l e c u l a r  i n  n a t u r e .

T here e x i s t  c l a s s e s  o f  a r o m a t ic  s t r u c t u r e s  in  w h ic h  

th e  d i s t a n c e  o f  c l o s e s t  ap p roach  b e tw een  n o n -b o n d ed  atoms  

o f  t h e  same m o l e c u l e ,  c a l c u l a t e d  on th e  b a s i s  o f  c o n v e n t io n a l  

bond l e n g t h s  and bond a n g l e s ,  and p la n a r  m o l e c u l e s ,  i s  

s m a l l e r  th an  t h e  sum o f  th e  van d e r  W a lls  r a d i i  o f  th e s e  

a to m s .  The s t r a i n  due t o  s u c h  abnorm al a p p roach  d i s t a n c e s  

i s  r e l i e v e d  by d i s t o r t i o n  o f  the  m o le c u le ;  3 :4 - b e n z -  

p h e n a n th r e n e s  (Newman and W h e a t le y ,  1 9 4 8 )  and 3 : 4 : 5 : 6 -  

d ib e n z p h e n a n t h r e n e s  ( B e l l  and 'Waring, 1 9 4 9 )  h a v e  b een  f u l l y  

o r  p a r t i a l l y  r e s o l v e d  i n t o  o p t i c a l  i s o m e r s ,  and can n ot t h e r e 

f o r e  be p la n a r  m o l e c u l e s .  B e l l  and Waring (1 9 4 9 ) have  

s u g g e s t e d  th e  term  11 in t r a m o l e c u l a r  o v ercrow d in g"  f o r  t h i s  

ty p e  o f  s t e r i c  e f f e c t .

In  d i r e c t i o n s  c l o s e  to  th e  a l r e a d y  e x i s t i n g  bond  

d i r e c t i o n s  h o w e v e r ,  th e  minimum a p p ro a ch  d i s t a n c e s  are  l e s s  

th an  t h e  van der  W a lls  d i s t a n c e ,  and i n  p a r t i c u l a r ,  atoms  

w h ic h  are  bon ded  t o  th e  same atom can ap p ro a ch  e a c h  o th e r  

much more c l o s e l y  th a n  t h e  sum o f  th e  van der Waals r a d i i  

w i t h o u t  undue s t r a i n  ( P a u l i n g ,  1 9 3 9 ) .





In  n a p h t h a le n e  ( i )  , f o r  e x a m p le ,  th e  d i s t a n c e  b etw een  

atom s 1 an d  8 i s  o n ly  a b o u t  2 . 4  A , b u t  t h i s  d oes  n o t  d i s t u r b  

th e  s t a b i l i t y  or  p l a n a r i t y  o f  th e  m o le c u le ;  a l s o  atom s 1 

and 4 a r e  o n l y  a b o u t  2 . 8  A a p a r t ,  b u t  t h e s e  atoms a r e  p a r t  

o f  t h e  r i g i d  a r o m a t ic  frame'work, and do n o t  ca u se  any undue  

s t r e s s .  In  p h en a n th re n e  ( I I )  atom s 4 and 5 are  a l s o  

s e p a r a t e d  by a b o u t  2 . 8  A, b u t  in  t h i s  c a s e  th e  hyd rogen  

atom s a t t a c h e d  to  t h e s e  ca rb o n s  w ou ld  be o n ly  1 .8  A a p a r t  on 

th e  b a s i s  o f  a p la n a r  m o l e c u l e .  The van der Waals r a d iu s  

o f  h y d ro g en  i s  a b o u t  1 .2  A, so  t h a t  we m igh t e x p e c t  t h a t  

t h e s e  h y d ro g e n  atoms a t  l e a s t  w ou ld  d e v i a t e  f r o m  th e  p la n e  

o f  t h e  m o l e c u l e ;  th e  carb on  fram ew ork how ever d o es  ap p ea r  

t o  be p l a n a r .  S i m i l a r  c o n s i d e r a t i o n s  a p p ly  t o  p e r y le n e  

( I I I )  a n d ,  s i n c e  t h i s  m o le c u le  has  a d i p o l e  moment, th e  carbon  

s k e l e t o n  may be s l i g h t l y  d i s t o r t e d  from  s t r i c t  p l a n a r i t y ;  

X -r a y  i n v e s t i g a t i o n  (D o n a ld so n ,  R o b er tso n  and Vi/hite, 1953)  

i n d i c a t e s  t h a t  any s u c h  d e v i a t i o n  m ust be v e r y  s m a l l .

In  3 :4 -b e n z p h e n a n th r e n e  ( I V ) , 3 :4 ;5 :6 -d ib e n z p h e n -  

a n t h r e n e  (V) and t e t r a b e n z n a p h t h a l e n e  ( V I ) ,  m o le c u la r  o v e r 

c ro w d in g  i s  s t i l l  more s e v e r e ,  and  d e t a i l e d  X -ra y  a n a l y s i s  

( H e r b s t e i n ,  S ch m id t e t  a l . , 1 9 5 4 ;  M cIn to sh , R ob ertson  and  

V and, 1 9 5 2 )  h as  shown t h a t  t h e s e  m o le c u le s  are  v e r y  m arkedly  

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

t h a t  th e  d i s t a n c e s  b e tw een  the o v ercro w d ed , n o n -b o n d ed  carbon
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atom s are  a b o u t  3 . 0  A , r e p r e s e n t i n g  a c o n s i d e r a b l e  com

p r e s s i o n  b e lo w  th e  u s u a l  van  der V/aals d i s t a n c e .  The i n 

c r e a s e  i n  i n t r a m o l e c u l a r  d i s t a n c e  compared w ith  the p la n a r  

m od el i s  a c h i e v e d  w i t h  l i t t l e  change in  the  v a le n c y  a n g l e s ,  

and t h i s  p o s s i b i l i t y  e x p l a i n s  th e  r e t e n t i o n  o f  a r o m a tic  

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

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

th e  c r y s t a l  and m o le c u la r  s t r u c t u r e  o f  d in a p h th o p e r o p y r e n e , 

an o v e r c r o w d e d  a r o m a t ic  h y d r o c a r b o n ,  in  w h ich  th e  d i s t a n c e s  

b e tw e e n  th e  o v e rc r o w d ed  a to m s ,  on th e  b a s i s  o f  a p la n a r  

m o d e l ,  a r e  s i m i l a r  t o  t h o s e  in  3 :4 -b e n z p h e n a n th r en e  and  

t e t r a b e n z n a p h t h a l e n e , a l t h o u g h  th e  m o le c u le  i s  c o n s id e r a b ly  

l a r g e r .

2 . D in a p h th o p e r o p y r e n e .

When d ip e r in a p h t h a le n e a n t h r a c e n e  (V II)  i s  b o i l e d  w i t h  

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

a g e n t ,  two m o l e c u l e s  a r e  f u s e d  to  i t ,  in  th e  same way a s  

p e r y l e n e  r e a c t s  w i t h  one m o le c u le  o f  m a l e i c  a n h y d r id e  (C la r ,  

K e l l y ,  R o b e r ts o n  and Rossmann, 1 9 5 6 ) .  D e c a r b o x y la t io n  o f  

th e  a d d u c t  ( V I I I )  w i t h  copper powder in  b o i l i n g  q u in o l in e  

g i v e s  t h e  o r a n g e - r e d  d in a p h th o p e r o p y r e n e  ( I X ) .  The a d d i t i o n 

a l  two b e n zen e  r i n g s  compared w ith  the s t a r t i n g  m a t e r i a l  c a u se  

a s t r o n g  v i o l e t - s h i f t  o f  the  lo n g -w a v e  l e n g t h  bands o f  th e  

a b s o r p t i o n  s p e c tr u m , t h i s  s h i f t  b e in g  a b o u t  t w ic e  t h a t  fou n d
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i n  th e  p a s s a g e  fr o m  p e r y le n e  t o  1 : 1 2 - b e n z p e r y l e n e .

I f  th e  adctuct i s  t r e a t e d  w i t h  s o d a - l im e  a t  4 0 0 °  how

e v e r ,  t h e r e  r e s u l t s ,  a s  w e l l  as  th e  d in a p h th o p e r o p y r e n e ,  a 

h i g h e r - m e l t i n g ,  l e s s  v o l a t i l e  h y d ro c a r b o n , w h ich  su b lim es  in  

dark  n e e d l e s .  The p r o p e r t i e s  o f  t h i s  new hyd rocarbon  i n d i 

c a t e  t h a t  i t  m ig h t  be fo rm ed  by " c o n t r o l l e d  g r a p h i t i s a t i o n "  , 

and th e  s t r u c t u r e  (X) was p ro v ed  by X -ra y  i n v e s t i g a t i o n .

T h is  new h y d r o c a r b o n ,  w h ic h  i s  th e  t h i r d  member o f  a s e r i e s  

b e g i n n i n g  w i t h  co ro n en e  and o v a l e n e ,  has b een  named "c ircu m -  

a n t h r a c e n e " .

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

a n t h r a c e n e  (V I I )  and  c ir c u m a n th r a c e n e  (X) have  been d e term in ed  

fey X -r a y  a n a l y s i s  (Rossm ann, 1 9 5 6 a ) .  In  b o th  t h e s e  s t r u c t u r e  

a n a l y s e s  h o w ev er  th e  a c c u r a c y  w i t h  w hich  th e  m o le c u la r  

d im e n s io n s  h ave  been  d e te r m in e d  i s  n o t  a s  good  a s  m ight be  

e x p e c t e d ,  due t o  a r a p i d  d e c r e a s e  in  the i n t e n s i t i e s  o f  th e  

h i g h - o r d e r  s p e c t r a ,  w h ic h  a p p e a r s  to  be due to  u n u s u a l ly  

h i g h  te m p e r a tu r e  f a c t o r s .  Rossmann (195 6b) has r e l a t e d  the  

i n c r e a s e  i n  te m p e r a tu r e  f a c t o r  to  i n c r e a s e  in  amount o f  im

p u r i t y  i n  th e  c r y s t a l s  -  d e te r m in e d  by mass s p e c t r o m e tr y .

The p r e s e n t  i n v e s t i g a t i o n  was u n d e r ta k e n  i n  an e f f o r t  to  

d e f i n e  th e  m o le c u la r  g eo m etry  o f  l a r g e  b u c k le d  m o le c u le s  o f  

t h i s  t y p e ,  and t o  o b t a in  an a c c u r a t e  a c c o u n t  o f  the m o le c u la r  

d i m e n s i o n s ,  p a r t i c u l a r l y  th e  i n t r a m o le c u l a r  overcrow d ed  

d i s t a n c e s .



B o th  d ip e r in a p h t h a le n e a n t h r a c e n e  and d in a p h th o p e r o 

p y r e n e  c o u ld  t h e o r e t i c a l l y  he b u c k le d  in  e i t h e r  o f  two ways -  

so  t h a t  th e  m o l e c u l e s  have  e i t h e r  c e n t r e s  o f  symmetry or tw o

f o l d  a x e s  o f  sym m etry . C o n s t r u c t io n  o f  w ire  m odels  showed  

t h a t  th e  s t r a i n  was much more e v e n l y  d i s t r i b u t e d  in  the tw o

f o l d  a x i s  ty p e  o f  d i s t o r t i o n , and t h i s  m o le c u la r  c o n f ig u r a 

t i o n  h a s  a l r e a d y  b een  c o n f ir m e d  in  th e  c a s e  o f  d ip e r in a p h t h -  

a l e n e a n t h r a c e n e .

N o te  on n o m e n c la t u r e .  M o lecu le  IX i s  a d e r i v a t i v e  o f  

p e r o p y r e n e ,  w h ich  i s  th e  l a r g e s t  h y d ro ca rb o n  w i t h  a t r i v i a l  

name w h ich  can be c h o sen  from  th e  s t r u c t u r a l  fo r m u la ;  so  

IX i s  named d in a p h th o p e r o p y r e n e  ( F i g . 1 0 a ) ,  I t  m igh t a l s o  

be c o n s i d e r e d  a s  a d e r i v a t i v e  o f  a n t h r a c e n e ,  and named 

d ip y r e n o a n t h r a c e n e  ( F i g .  1 0 b ) .

3 • X -r a y  a n a l y s i s :  E x p e r im e n t a l .

3 . 1 .  P r e p a r a t io n  o f  c r y s t a l s .

The c r y s t a l s  u s e d  in  the  p r e s e n t  i n v e s t i g a t i o n  w ere  

o b t a i n e d  by  s u b l i m a t i o n  in  a h ig h  vacuum. E x a m in ation  o f  

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

h e x a g o n a l  p r is m s  w h ic h  w ere  d a r k -r e d  in  c o l o u r .  There was 

h o w ev er  a s m a l l  q u a n t i t y  o f  p a l e - r e d  m a t e r i a l ;  t h e s e  

c r y s t a l s  w ere  g e n e r a l l y  a g g r e g a t e s  o f  v e r y  s m a l l  c r y s t a l s ,  

and i n i t i a l l y  i t  was th o u g h t  the  d i f f e r e n c e  i n  c o lo u r  was due 

t o  the d i f f e r e n t  s i z e s  o f  th e  c r y s t a l s .  A f t e r  c a r e f u l



(a )  D in a p h t h o ( 7 ! : 1 1 - 1 : 1 3 )  ( l n :7 u-6  :8 ) - p e r o p y r e n e

IO

(b) D i p y r e n o ( 3 ! : 1 ! - 2  :9) (3 n : l n- 6 : 1 0 ) - a n t h r a c e n e .

F i g . 1 0 . Nomen c la tu r  e .
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e x a m in a t io n  o f  th e  b a t c h  o f  c r y s t a l s  how ever  a very  s m a l l  

s i n g l e  c r y s t a l  o f  th e  p a l e - r e d  form  was s e p a r a t e d  by hand-  

p i c k i n g ;  t h i s  c r y s t a l  was r a t h e r  s m a l le r  than t h o s e  u s e d  

f o r  th e  X -r a y  p h o to g r a p h s  o f  th e  d a r k - r e d  c r y s t a l s ,  b u t  i t  

n e v e r t h e l e s s  h a d  a b o u t  th e  same d im en s io n s  a s  some o f  th e  

s m a l l e r  d a r k - r e d  c r y s t a l s ,  so  t h a t  th e  c o lo u r  d i f f e r e n c e  d id  

n o t  seem  t o  be due t o  d i f f e r e n t  p a r t i c l e  s i z e .

B o th  the d a r k - r e d  c r y s t a l s  (w h ich  w i l l  be c a l l e d  th e  

ot —form ) an d  th e  s i n g l e - c r y s t a l  sp ec im en  o f  th e  p a l e - r e d  

form  ( p - f o r m )  h a v e  b een  exam in ed  and t h e  u n i t  c e l l  and  

s p a c e  g r o u p  o f  e a c h  d e te r m in e d .

3 . 2 .  o( -D in a p h t h o p e r o p y r e n e .

C r y s t a l s  o f  th e  ot - fo r m  w e r e . d a r k - r e d  in  c o lo u r ,  and  

c o n s i s t e d  o f  e l o n g a t e d  p r is m s  w i t h  { l 0 0 } , { 0 0 l }  and i lO l'J  

f a c e s  d e v e l o p e d .  The d e n s i t y  was d e te r m in e d  by f l o t a t i o n  

in  a q u eo u s  p o t a s s iu m  i o d i d e  s o l u t i o n .  The u n i t  c e l l  

d im e n s io n s  and s p a c e  grou p  w ere  d e te r m in e d  from  r o t a t i o n  and  

o s c i l l a t i o n  p h o to g r a p h s  a b o u t  th e  a ,  b ,  c ,  [ l O l ] ,  [ l i o ]  and  

[ l l l j  a x e s ,  and m o v in g - f i l m  p h o to g ra p h s  o f  th e  (h O t ) , ( h i t ) ,  

(hkO) and (0k €) z o n e s .

C r y s t a l  d a t a : o t -D in a p h th o p e r o p y r e n e , 63 qH1 8 ; ivi = 4 7 4 .5 ;

m. 3 3 8 - 3 3 9 ° C .  M o n o c l in i c ,  a = 3 0 .7 3  t  0 . 0 5 ,  b = 3 .8 5 5  

± 0 . 0 1 ,  c = 1 9 .8 7  -  0 .0 3  A , p =  1 1 3 .0 °  t  0 . 5 ° .  Volume o f

th e  u n i t  c e l l  = 2 1 6 6 ,7  A^. D e n s i t y ,  c a l c u l a t e d  ( w i t h  fo u r
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m o l e c u l e s  p e r  u n i t  c e l l )  = 1 . 4 4 6 ,  fo u n d  1 .4 4 7 .  A b s o r p t io n  

c o e f f i c i e n t  f o r  X - r a y s ,  X =  1 .5 4 2  A, jx  = 7 . 6 5  cm '1 . T o ta l  

number o f  e l e c t r o n s  p er  u n i t  c e l l  = P (0 0 0 )  = 9 8 4 .

A b s e n t  s p e c t r a :  (h k t )  when (h + k) i s  odd; no o th e r
3s y s t e m a t i c  a b s e n c e s .  Snace group i s  C -  0 2 ,  C3 -  Cm, or
2 s

C2 h  “ G2/ m*

r e n e .

Only one s m a l l  s i n g l e  c r y s t a l  o f  the  p a l e - r e d  m o d i f i 

c a t i o n  w as a v a i l a b l e ,  and  a l l  th e  X -r a y  d a ta  f o r  t h i s  form  

w ere o b t a i n e d  from  t h i s  one c r y s t a l ,  which was a p l a t e  o f  

d im e n s io n s  0 . 5 2  x  0 . 0 7  x  0 . 2 6  mm., and w e ig h in g  about 0 .0 1  mg. 

The d e n s i t y  was d e te r m in e d  by f l o t a t i o n  in  aqueous p o ta s s iu m  

i o d i d e  s o l u t i o n ;  a l a r g e r  p o l y c r y s t a l l i n e  a g g r e g a te  was 

u s e d  f o r  t h e  d e n s i t y  d e t e r m i n a t i o n ,  so  t h a t  th e  o b s e rv e d  

d e n s i t y  may be i n  e r r o r  due to  in c lu d e d  a i r  p o c k e t s .  The 

u n i t  c e l l  d im e n s io n s  and s p a c e  group  w ere d e te r m in e d  from  

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

c r y s t a l  a x e s ,  and m o v in g - f i l m  p h o to g ra p h s  o f  th e  (h O t ) ,

( h i t ) ,  (hkO) z o n e s .

C r y s t a l  d a t a : ^ - D in a p h t h o p e r o p y r e n e , C38H18> M = 4 7 4 .5 ;  

m. 3 3 8 - 3 3 9 ° C .  M o n o c l in i c ,  a = 1 6 .0 1  t  0 . 0 8 ,  b = 7 .4 8  -  0 . 0 2 ,  

c = 2 1 . 5 1  i  0 . 0 5  A , ^  = 1 1 8 .6 °  t  0 . 5 ° .  Volume o f  the  u n i t  

c e l l  = 2263  A3 . D e n s i t y ,  c a l c u l a t e d  ( w i t h  f o u r  m o le c u le s  

p e r  u n i t  c e l l )  = 1 . 3 9 ,  fo u n d  /v /1 .4 1 .  A b s o r p t io n  c o e f f i c i e n t

3 . 3 .  D inaph th o p e  ro]
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f o r  X - r a y s ,  \  = 1 .5 4 2  A, p. = 7 .3 5  cm"1 .

T o t a l  number o f  e l e c t r o n s  in  the u n i t  c e l l  = 9 8 4 .

A b sen t  s p e c t r a :  (hOfc) when i  i s  odd , (OkO) when k i s  odd. 

S p ace  g ro u p  i s  -  P 2 ^ /c .

3 . 4 .  I n t e n s i t y  d a t a .

<* - D in a p h t h o p e r o p y re n e . The i n t e n s i t i e s  o f  a l l  th e  r e 

f l e x i o n s  o b s e r v a b le  w i t h  CuKot, r a d i a t i o n  w ere r e c o r d e d  on 

m o v i n g - f i l m  e x p o s u r e s  f o r  c r y s t a l s  r o t a t i n g  about th e  b and 

c a x e s ,  t h e  m u l t i p l e - f i l m  te c h n iq u e  (R o b e r ts o n ,  1943) b e in g  

u s e d  to  c o r r e l a t e  s t r o n g  and weak r e f l e x i o n s .  For the  

c r y s t a l  r o t a t i n g  a b o u t  th e  b - a x i s ,  l a y e r s  w i t h  k = 0 -3  were  

r e c o r d e d ,  and f o r  t h e  c r y s t a l  r o t a t i n g  a b o u t  th e  c - a x i s ,  

l a y e r s  w i t h  £  = 0 - 1 4 ,  t h e  e q u i - i n c l i n a t i o n  m ethod b e in g  u s e d  

f o r  a l l  n o n - e q u a t o r i a l  l a y e r s .  The ra n g e  o f  i n t e n s i t i e s  

m e a su red  was a b o u t  7 0 ,0 0 0  to  1 ,  th e  e s t i m a t e s  b e in g  made 

v i s u a l l y .  The c r o s s - s e c t i o n s  o f  th e  c r y s t a l s ,  norm al t o  

th e  r o t a t i o n  a x e s ,  were 0 .2 5  x  0 . 1 8  mm., and 0 .5 3  x  0 .4 4  mm. 

f o r  t h e  b - a x i s  and  c - a x i s  c r y s t a l s  r e s p e c t i v e l y ;  e r r o r s  due 

t o  a b s o r p t i o n  a r e  n e g l i g i b l e ,  and no a b s o r p t io n  c o r r e c t i o n s  

w ere a p p l i e d .

The v a l u e s  o f  th e  s t r u c t u r e  a m p li tu d e s  w ere d e r iv e d  by 

th e  u s u a l  fo r m u la e  f o r  a m o sa ic  c r y s t a l ;  L o re n tz  and 

p o l a r i s a t i o n  c o r r e c t i o n s  were a p p l i e d ,  t o g e t h e r  w i t h  the  

r o t a t i o n  f a c t o r  a p p r o p r ia t e  to  e q u i - i n c l i n a t i o n  W eisse n b e r g
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p h o to g r a p h s  ( T u n e l l ,  1 9 3 9 ) .  An a p p r o x im a te ly  a b s o l u t e  s c a l e  

was d e r i v e d  by  W i l s o n ' s  m ethod (W ilso n ,  1 9 4 2 ) ,  and t h i s  s c a l e  

was l a t e r  a d j u s t e d  b y  c o r r e l a t i o n  w i t h  th e  P v a l u e s  o f  th e  

(hO t) zon e  r e f l e x i o n s ,  c a l c u l a t e d  from  the f i n a l  c o o r d i n a t e s .

In  e s t i m a t i n g  th e  i n t e n s i t i e s ,  th e  i n t e n s i t y  o f  th e  

Bragg r e f l e x i o n s  o n ly  was c o n s i d e r e d ,  and no e s t i m a t i o n  was 

made o f  t h e  i n t e n s i t y  v a r i a t i o n  in  th e  r e g i o n s  o f  d i f f u s e  

s c a t t e r i n g  ( s e e  s e c t i o n  4 . 1 ,  page 7 2 ) .

^  - D in a p h t h o p e r o p y r e n e . The i n t e n s i t i e s  o f  th e  (hOfc) and  

(h l€ .)  zon e  r e f l e x i o n s  were r e c o r d e d  on m o v in g - f i lm  e x p o su r e s  

f o r  th e  c r y s t a l  r o t a t i n g  a b o u t  th e  b - a x i s ,  th e  e q u i - i n c l i n a -  

t i o n  m eth od  b e in g  u s e d  f o r  th e  ( h i t )  z o n e .  The m u l t i p l e -  

f i l m  t e c h n iq u e  w as u s e d  t o  c o r r e l a t e  s t r o n g  and weak r e 

f l e x i o n s .  The c r o s s - s e c t i o n  o f  the  c r y s t a l  norm al to  th e  

r o t a t i o n  a x i s  was 0 . 3 2  x  0 . 0 7  mm. , and a b s o r p t io n  e r r o r s  a r e  

n e g l i g i b l e .

3 . 6 .  G e n e r a l  s u r v e y  o f  i n t e n s i t i e s .

E x a m in a t io n  o f  t h e  i n t e n s i t y  r e c o r d s  o f  -d in a p h th o 

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

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

a n a lo g o u s  t o  th e  e f f e c t  fo u n d  f o r  d ip e r in a p h t h a le n e a n t h r a c e n e  

and c i r c u m a n t h r a c e n e . A s im p le  e x p la n a t io n  o f  th e  r a p id  

d e c r e a s e  i n  i n t e n s i t y  m ig h t  be t h a t  th e  c r y s t a l  i s  r a th e r  

s m a l l ,  and p e r h a p s  a l a r g e r  c r y s t a l ,  or  a m ic r o fo c u s  tu be



w o u ld  r e v e a l  weak h i g h - o r d e r  r e f l e x i o n s .  However t h e s e  r e 

f l e x i o n s  m u st be w ea k , and the  s u g g e s t i o n  t h a t  t h i s  d e c r e a se  

in  i n t e n s i t y  i s  r e l a t e d  to  the amount o f  im p u r ity  in  th e  

c r y s t a l  seem s  a v e r y  p l a u s i b l e  e x p l a n a t i o n  o f  th e  e f f e c t  in  

t h i s  c a s e .  The p r e s e n c e  o f  th e  s m a l l  q u a n t i t y  o f  the p a l e -

r e d  c r y s t a l s  ( p - f o r m )  among th e  l a r g e r  p r o p o r t io n  o f  dark-

r e d  ( ©i - fo r m )  s u g g e s t s  t h a t  th e  fo rm er  may be s u b l im in g  e i t h e r  

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

l y  lo w e r  or  s l i g h t l y  h ig h e r  te m p era tu re  than  th e  main b u lk .

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

f o r  b y  t h e  p r e s e n c e  o f  a s m a l l  amount o f  im p u r i t y ,  w h ich  su b 

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

The p a l e - r e d  c r y s t a l s  how ever do n o t  ap p ear  to  be 

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

th e  m easured, d e n s i t y  a g r e e s  r e a s o n a b ly  w e l l  w i t h  t h a t  c a l c u l a t 

ed  a s su m in g  t h a t  th e  c r y s t a l s  c o n s i s t  e n t i r e l y  o f

m o l e c u l e s .  The c r y s t a l s  are  p r o b a b ly  p o ly m o rp h ic  m o d i f i c a 

t i o n s  o f  d in a p h t h o p e r o p y r e n e .  I t  a p p ea rs  r e a s o n a b le  t o  

p o s t u l a t e  t h a t  t h e  d a r k - r e d  c r y s t a l s  (w hich  show no marked de

c r e a s e  i n  i n t e n s i t y  in  th e  h ig h e r - o r d e r  s p e c t r a )  are  c r y s t a l s  

o f  pure d in a p h t h o p e r o p y r e n e ,  w h i l e  th e  p a l e - r e d  c r y s t a l s  a re  

c h i e f l y  d in a p h t h o p e r o p y r e n e ,  b u t  w i th  a s m a l l  amount o f  im p u r ity .

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

by h a n d - s o r t i n g ,  and th e  a b s o r p t io n  sp ectru m  o f  ea ch  typ e  in



th e  v i s i b l e  r e g i o n  was exa m in ed  (x y le n e  was u s e d  a s  s o l v e n t ) .  

The two a b s o r p t i o n  s p e c t r a  w ere i d e n t i c a l ;  t h e r e  was no  

e v id e n c e  o f  b r o a d e n in g  o f  th e  bands o f  th e  p a l e - r e d  c r y s t a l s .  

T h is  e v id e n c e  seem s t o  i n d i c a t e  t h a t  any nim p u r i ty ” in  th e  

p a l e - r e d  c r y s t a l s  i s  n o t  a d i f f e r e n t  m o le c u la r  s p e c i e s ,  but  

p e r h a p s  d i s o r i e n t e d  m o l e c u l e s ,  so  t h a t  th e r e  i s  p o s s i b l y  some 

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

mens o f  t h e  ot and ^  fo rm s were m easu red . The o t - fo r m  m e lte d  

a t  3 4 0 °C , and th e  m e l t i n g  p o i n t  o f  th e  p - f o r m  a p p ea red  to  be 

s l i g h t l y  h i g h e r  th an  t h i s  (a b o u t  3 4 3 ° C ) ,  so  t h a t  i t  p r o b a b ly  

d o e s  n o t  c o n t a i n  any im p u r i t y .

I t  h a s  a l r e a d y  b een  p o i n t e d  o u t  (page 63) t h a t  the  

m o l e c u l a r  o v e r c r o w d in g  can be r e l i e v e d  by d i s t o r t i n g  the  

m o le c u le  in  e i t h e r  o f  two w a y s ,  and i t  i s  p o s s i b l e  t h a t  th e  

d i s t o r t i o n  i s  d i f f e r e n t  in  the two ty p e s  o f  c r y s t a l .  T his  

how ever  i s  u n l i k e l y ,  a s  th e  s t r a i n  i s  much more e v e n l y  d i s 

t r i b u t e d  in  t h e  2 - f o l d  a x i s  b u c k l i n g ,  and th e  m o le c u le  would  

p r o b a b ly  n o t  e x i s t  in  th e  c e n t r o s y m m e t r ic a l  form .

In  v ie w  o f  th e  f a c t  t h a t  th e  v i s i b l e  a b s o r p t io n  s p e c t r a  

o f  th e  two fo rm s  a r e  i d e n t i c a l ,  the  d i f f e r e n c e  in  c o lo u r  

p e r h a p s  seem s r a t h e r  s t r a n g e .  However many p o ly n u c le a r  

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

s o l i d  s t a t e ,  due to  th e  p r e s e n c e  o f  m o le c u le s  in  d i f f e r e n t  

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

i s  p r o b a b ly  due to  th e  11 f r e e z i n g - i n  u o f  some t r i p l e t  s t a t e  in



one o f  t h e  c r y s t a l s .

The c e l l  d im e n s io n s  and sp a ce  group o f  th e  ot and  

fo r m s  a r e  com pared i n  T ab le  1 2 .

T a b le  12 .

U n i t  c e l l  d im e n s io n s  and sp a ce  group .

ot - f  orm p - fo r m

M o n o c l in ic  M o n o c l in ic

a 3 0 .7 3  A 1 6 .0 1  A

b 3 . 8 5 5  7 .4 8

c 1 9 .8 7  2 1 .5 1

1 1 3 . 0 °  1 1 8 .6 °

S p ace  g ro u p  0 2 ,  Cm, or  P 2 ^ /c

0 2 /  m

Z 4 4

The s h o r t  b - a x i s  i n  th e  o t - fo r m ,  t o g e t h e r  w i t h  th e  

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

form  i s  much more s u i t a b l e  f o r  s t r u c t u r e  a n a l y s i s ,  in  s p i t e  

o f  th e  f a c t  t h a t  th e  s p a c e  group  may be n o n - c e n t r e d .  No 

s t r u c t u r e  a n a l y s i s  o f  th e  |3 - fo rm  h a s  y e t  been  a t t e m p te d ,  

and  a l l  t h e  f o l l o w i n g  d e s c r i p t i o n  o f  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  d in a p h th o p e r o p y r e n e  r e f e r s  to  th e  - fo rm .
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^ • s t r u c t u r e  A n a ly s i s .

4 . 1 .  Space g r o u p :  d i f f u s e  s ca t t e r i n g .

The o n ly  s y s t e m a t i c a l l y  a b s e n t  r e f l e x i o n s  are  (h k t)  

when (h +  k )  i s  od d , so  t h a t  the s p a c e  group i s  C2, Cm or  

6 2 /m . In  th e  l a t t e r  two s p a c e  g r o u p s ,  th e  e x i s t e n c e  o f  a 

m ir r o r  p la n e  p e r p e n d ic u l a r  to  th e  b - a x i s  r e q u i r e s  e i t h e r  the  

p r e s e n c e  o f  two m o l e c u le s  w i t h i n  one u n i t  t r a n s l a t i o n  a lo n g  

b ,  o r  a m ir r o r  p la n e  w i t h i n  th e  m o le -cu le .  The f i r s t  o f  

t h e s e  a l t e r n a t i v e s  i s  e x c l u d e d  by th e  s h o r t  b - a x i s  ( 3 .8 5 5  A ) ,  

w h i l e  th e  s e c o n d  r e q u i r e s  t h a t  th e  m o le c u le  i s  p l a n a r ,  and 

t h i s  i s  u n l i k e l y .  The s p a c e  grou p  m u st t h e r e f o r e  be C2.

F u r t h e r  e x a m in a t io n  o f  th e  p h o to g r a p h s  how ever r e v e a l s  

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

T h ese  c o n s i s t  o f  d i f f u s e  r o d s  in  r e c i p r o c a l  sp a c e  p a r a l l e l  to  

a * ,  and p a s s i n g  th r o u g h  th e  Bragg r e f l e x i o n s ,  and t h e s e  rods  

a r e  p r e s e n t  f o r  a l l  v a l u e s  o f  k and t  , e x c e p t  when k = 0 .

In  t h e  (hO t) zon e  t h o s e  r e f l e x i o n s  w ith  t  ev en  a re  a l l  q u i t e  

s h a r p ,  and n o t  j o i n e d  by d i f f u s e  s t r e a k s ;  th o s e  w i t h  t  odd  

a r e  a l l  e x t r e m e l y  weak maxima on the d i f f u s e  rod s  p a r a l l e l  

t o  a * .  T hese d i f f r a c t i o n  f e a t u r e s  are  shown in  F i g . 11 .



7 3 .

F i g . 1 1 a .  Norm al-beam  W e isse n b e r g  p h o to g ra p h  
(hOfc) z o n e ,  show ing  d i f f u s e  ro d s  p a r a l  
t o  a’* when I  -  2n + 1 .
N o te  a l s o  the th erm al d i f f u s e  r e g i o n s  
su r r o u n d in g  the  i n t e n s e  h ig h e r - o r d e r  
r e f l e x i o n s .



P i g . l i b .  E q u i - i n c l i n a t i o n  W e issen b erg  
p h o to g r a p h ,  (hl-fc) z o n e ,  showing  
d i f f u s e  rod s  p a r a l l e l  to  a* f o r  a l l  
v a lu e s  o f  €  .
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The d i f f r a c t i o n  p a t t e r n  i s  t y p i c a l  o f  an o r d e r -  

d is o r d e r '  s t r u c t u r e  -  0 D s t r u c t u r e  ( D o r n b e r g e r - S c h i f f , 1 9 5 6 ) ,  

b u i l t  o f  l a y e r s  p a r a l l e l  bo th e  b c - p l a n e .  W ith in  ea ch  l a y e r  

th e  m o le c u la r  a r ra n g em en t i s  p e r f e c t l y  o r d e r e d ,  b u t th e  sequence  

o f  l a y e r s  i s  s u c h  t h a t  t h e r e  i s  no tr u e  p e r i o d i c i t y  in  the  

a d i r e c t i o n .  The d i s o r d e r  i n  th e  s t a c k in g  r e s u l t s  from  the  

f a c t  t h a t  t h e r e  a r e  two or more e n e r g e t i c a l l y  e q u i v a l e n t  ways 

in  w h ic h  n e ig h b o u r in g  l a y e r s  may be p l a c e d  w i t h  r e s p e c t  to  

one a n o t h e r .  P r e l im in a r y  e x a m in a t io n  o f  th e  d i f f r a c t i o n  

d a t a  i n d i c a t e s  t h a t  t h e r e  are  two s e t s  o f  l a y e r s ,  A and B; 

s i n c e  (h 0 € )  r e f l e x i o n s  w i t h  fc = 2n a r e  s h a r p ,  l a y e r  B can be 

made c o i n c i d e n t  w i t h  l a y e r  A in  p r o j e c t i o n  down th e  b - a x i s ,  

s im p ly  b y  t r a n s l a t i o n  J c .  U s in g  D o r n b e r g e r - S c h i f f  ’ s sp a ce  

gro u p  n o t a t i o n ,  th e  t r u e  sp ace  g ro u p  o f  th e  d i s o r d e r e d  

c r y s t a l  i s  C ( l ) 2 1 .  The / \  symmetry o f  each  la y e r  i s  C2.

In  a d d i t i o n  to  th e  d i f f u s e  r o d s ,  t h e r e  a r e  r e g io n s  o f  

th e r m a l  d i f f u s e  s c a t t e r i n g  su r ro u n d in g  th e  i n t e n s e  h i g h e r -  

o r d e r  ( n o t )  r e f l e x i o n s  ( P i g . 1 1 a ) .

The p rob lem  o f  c o m p le te  s o l u t i o n  o f  the  s t r u c t u r e  w i l l  

now be a p p r o a c h e d  by c o n s i d e r i n g  i n i t i a l l y  th e  p r o j e c t i o n  

down t h e  s h o r t  b - a x i s ,  in  w hich a l l  th e  atoms in  the m o le c u le  

w i l l  p r o b a b ly  be w e l l  r e s o l v e d .
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4 . 2 .  (QIC) p r o j e c t i o n .

•E x a m in a t io n  o f  th e  (h 0£) zone i n t e n s i t i e s  r e v e a l s  t h a t  

o f  a b o u t  3 6 0  in d e p e n d e n t  r e f l e x i o n s  w i t h  Z  = 2n w h ich  are  

t h e o r e t i c a l l y  o b s e r v a b le  w i t h  CuK«* r a d i a t i o n ,  2 6 0  have been  

o b s e r v e d  (72%) ;  o f  a s i m i l a r  number o f  t h e o r e t i c a l l y  o b s e r 

v a b l e  r e f l e x i o n s  w i t h  Z  odd , o n ly  20 w eak, d i f f u s e  r e f l e x i o n s  

h a v e  b een  o b s e r v e d .  S in c e  a l l  th e  (h0£) r e f l e x i o n s  w i th  €  

odd a r e  e x t r e m e l y  w eak , t h e r e  m ust be two m o le c u le s  which a re  

a lm o s t  i d e n t i c a l  i n  p r o j e c t i o n  and s e p a r a t e d  by -J-c, and the  

p ro b lem  o f  o b t a i n i n g  a t r i a l  s t r u c t u r e  can b e s t  be approached  

by n e g l e c t i n g  th e  Z  odd r e f l e x i o n s ,  so  t h a t  the  p r o j e c t i o n  

c o r r e s p o n d s  t o  th e  (h 0£) p r o j e c t i o n  o f  s p a c e  group C 2 /c .

c .

S in c e  r e f l e x i o n s  w i t h  Z  even  a r e  a l l  sh a r p ,  t h e r e  w i l l  be 

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

s u p e r - p o s i t i o n  o f  l a y e r s  A and B.
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As an i n i t i a l  a p p r o x im a t io n ,  we may assume t h a t  the  

m o le c u le  i s  c o m p le t e ly  p l a n a r ,  and c o n s i s t s  o f  r e g u la r  

h e x a g o n s  o f  s i d e  1 .4 0  A. ( I f  th e  m o le c u le  was r e a l l y  p la n a r ,  

th e  s p a c e  g ro u p  c o u ld  o f  c o u r s e  he Cm or C2/m. The assu m p tion  

o f  p l a n a r i t y  h ow ever  i s  b e in g  u s e d  o n ly  to  e s t a b l i s h  a p l a u s 

i b l e  t r i a l  s t r u c t u r e ,  and i t  w i l l  th en  be d i s c a r d e d ,  so  th a t  

Cm and C2/m a r e  u n t e n a b l e . )  The d i s t a n c e  betw een  the  m ole

c u l a r  p l a n e s  i n  c r y s t a l s  o f  l a r g e  p la n a r  a r o m a t ic  hyd rocarb on s  

( c o r o n e n e ,  f o r  exam p le)  i s  a b o u t  3 . 4  A -  e q u a l  t o  th e  i n t e r -  

p la n a r  s p a c i n g  in  g r a p h i t e .  S in c e  d in a p h th o p ero p y ren e  i s  

a lm o s t  c e r t a i n l y  b u c k le d ,  we m ig h t  e x p e c t  a r a t h e r  l a r g e r  

s e p a r a t i o n  b e tw e e n  mean p la n e s  drawn th ro u g h  th e  m o le c u l e s ,  

and  i t  i s  l i k e l y  t h a t  a mean p la n e  th rou gh  th e  m o le c u le  i s  

a lm o s t  p a r a l l e l  to  (0 1 0 )  -  t h i s  a l s o  means t h a t  the a ssu m p tion  

o f  p l a n a r i t y  o f  th e  m o le c u le  w i l l  g i v e  q u i t e  a r e a s o n a b le  

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

th e  a p p r o x im a te  p o s i t i o n s  o f  the  carbon atom s then r e d u c e s  to  

f i n d i n g  t h e  d i r e c t i o n s  o f  th e  m o le c u la r  a x e s  L and M in  the  

p r o j e c t i o n .  a **

I n 4



In  a m o le c u le  c o n s i s t i n g  o f  r e g u l a r  h e x a g o n s  of s id e

1 . 4  A , a l l  th e  carb on  atom s l i e  on p la n e s  o f  s p a c in g  1 .2  A, 

and c l o s e  t o  p l a n e s  o f  s p a c in g  2 , 1  A, and i f  t h e s e  p la n e s  

c o i n c i d e  w i t h  p la n e s  i n  th e  c r y s t a l ,  then th e  c r y s t a l  p la n e s

w i l l  have la r g e  v a lu e s  o f  th e  

s t r u c t u r e  a m p l i t u d e s .  In an 

i d e a l  c a s e  ( p e r f e c t l y  r e g u la r  

h ex a g o n s  o f  s id e  1 .4 0  A ) ,  p la n e s  

o f  s p a c in g  1 .2  A w ould  have u n i t a r y  

s t r u c t u r e  f a c t o r s  1 . 0 ,  and th o se  

o f  s p a c in g  2 . 1  A u n i t a r y  s t r u c t u r e  

f a c t o r s  0 . 5 .  The s p a c in g s  and  

u n i t a r y  s t r u c t u r e  f a c t o r s  (b ased  

on th e  ap p ro x im a te  a b s o lu t e  s c a l e )  

o f  a fe w  r e f l e x i o n s  o f  s p a c in g s  a p p r o x im a te ly  1 .2  A and 2 . 1  A 

a r e  g i v e n  i n  T ab le  1 3 ;  t h a t  t h e s e  p la n e s  a re  o f  o u t s ta n d in g  

i n t e n s i t y  i s  im m e d ia te ly  o b v io u s  from  e x a m in a t io n  o f  th e  

( h o t )  zon e  p h o to g r a p h  ( P i g . 1 1 a ,  page 7 3 ) .



Tab l e  1 3 .

O u t s t a n d in g ly  s t r o n g  h ig h .-o r d e r  r e f l e x i o n s .

P la n e d(A) i m

24  0 2 1 .2 4 0 .8 5

6 0 12 1 .3 1 0 .3 2

8 0 12 1 .2 4 0 .4 1

6 0  14 1 . 1 6 0 .6 9

18 0 1 6 1 .1 6 0 .9 5

10 0 4 2 . 0 9 0 .4 2

14 0 6 2 . 1 1 0 .4 5

4 0 1 0 1 .9 7 0 .4 5

I f  th e  o r i g i n  o f  t h e  p r o j e c t i o n  i s  tak en  a t  th e  c e n tr e  

o f  one o f  th e  m o l e c u l e s  ( t h i s  w i l l  be e i t h e r  a t  a c e n tr e  o f  

sym m etry o r  on a t w o - f o l d  a x i s  in  0 2 / c ,  and t h e s e  are  i n d i s 

t i n g u i s h a b l e  i n  t h i s  p r o j e c t i o n ) ,  th en  i t  i s  a s im p le  m a tter  

t o  a d j u s t  th e  o r i e n t a t i o n s  o f  the  m o le c u la r  a x e s  L and M so  

t h a t  a l l  the atom s l i e  c l o s e  t o  th e  t r a c e s  o f  t h e s e  p la n e s .  

T here a r e  s i x  p o s s i b l e  m o le c u la r  o r i e n t a t i o n s ,  b u t  th e  m o le 

c u le  i s  c o n s i d e r a b l y  e l o n g a t e d ,  and p a c k in g  c o n s i d e r a t i o n s  

r e d u c e  th e  p o s s i b i l i t i e s  to two ( o r i e n t a t i o n s  I and I I  in  

P i g .  1 6 ,  page 8 8 ) ,  w h ich  a r e  r e l a t e d  by a r o t a t i o n  o f  18 0 °  

a b o u t  e i t h e r  L or  M. In t h i s  p r o j e c t i o n  the two o r i e n t a t i o n s  

d i f f e r  o n l y  in  th e  p o s i t i o n  o f  one atom -  atom 11 .

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  f o r  about 90 o f  the



s t r o n g e r  r e f l e x i o n s ,  u s i n g  McWeeny*s s c a t t e r i n g  curve  f o r  

carb on  w i t h  B = 3 . 5  (d e te r m in e d  by W i l s o n ’ s m ethod; W ilso n ,  

1 9 4 2 ) .  The d i s c r e p a n c y  b e tw een  m easured  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  was 38.2% f o r  o r i e n t a t i o n  I ,  and 44.7% f o r  

o r i e n t a t i o n  I I .  A F o u r i e r  s y n t h e s i s  was com puted, u s in g  

a b o u t  60 t e r m s ,  whose s i g n s  d i d  n o t  depend on the p o s i t i o n  

o f  a tom  11 an d  were m o st  p r o b a b ly  c o r r e c t .  A l l  the  carbon  

atom s w ere w e l l  r e s o l v e d ,  e x c e p t  11 and 1 1 ’ -  which w ere  

r a t h e r  p o o r l y  d e f i n e d .  More a c c u r a t e  a to m ic  p a ra m eters  were  

o b t a i n e d  from  t h e  F o u r ie r  map, and r e c a l c u l a t i o n  o f  the  

s t r u c t u r e  f a c t o r s  l e d  to  im p roved  agreem en t betw een  F q and  

F , b u t  i t  w as n o t  p o s s i b l e  t o  d e c id e  b etw een  o r i e n t a t i o n sC/

I  and I I .  I t  was h ow ever  n o t e d  t h a t  a s t r u c t u r e  c o n s i s t i n g  

o f  I  +  I I  ( i n  t h e  p r o p o r t i o n s  1 : 1 )  gave c o n s id e r a b ly  b e t t e r  

a g r e e m e n t  th a n  e i t h e r  o r i e n t a t i o n  s e p a r a t e l y ,  and t h i s  

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

B.

R e f in e m e n t  was c o n t in u e d  by com puting  a s e c o n d  FQ s y n 

t h e s i s ,  a g a i n  u s i n g  o n ly  term s whose s i g n s  d id  n o t  depend on 

th e  p o s i t i o n  o f  atom  11 (215 t e r m s ) ,  and c h o o s in g  new c e n t r e s .  

S t r u c t u r e  f a c t o r s  w ere r e c a l c u l a t e d  w ith  the  i n c l u s i o n  o f  a 

c o n t r i b u t i o n  from  th e  hydrogen  atom s; hyd rogen  c o o r d in a t e s  

w ere a s s i g n e d  a s su m in g  C-H bond l e n g t h s  o f  1 .0  A. The p r o 

c e s s  o f  r e f i n e m e n t  i s  o u t l i n e d  in  T able  1 4 ,  in  term s o f  the
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d i s c r e p a n c y  R

Table 14 .  

R e fin e m e n t  p r o c e s s  (R%),

I I I I  + I I

T r i a l  s t r u c t u r e  3 8 . 2  4 4 . 7

1 s t  F Q s y n t h e s i s  2 6 . 5  2 9 .9

2nd  s y n t h e s i s  2 0 . 1

2 0 .3

11.1

The low  v a lu e  o f  th e  d i s c r e p a n c y  o f  O r ie n t a t io n  ( I + I I )  

l e a v e s  no  d ou b t t h a t  t h i s  i s  th e  tr u e  m o le c u la r  arrangem ent  

i n  the  d i s o r d e r e d  s t r u c t u r e .  U s in g  th e  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  c a l c u l a t e d  from  th e  c o o r d in a t e s  o f  th e  

s e c o n d  F 0 s y n t h e s i s ,  a t h i r d  F o u r ie r  s y n t h e s i s  (260  term s)  

was com pu ted  ( F i g .  1 2 ) .  In t h i s  map a l l  th e  carbon atoms  

a r e  v e r y  w e l l  r e s o l v e d ;  atom s 11 and 11* have peak h e i g h t s  

c o r r e s p o n d in g  t o  o n ly  o n e - h a l f  o f  a carbon atom (p lu s  a con

t r i b u t i o n  fro m  a p ea k  w here two " h a I f -h y d r o g e n  atoms'* o v e r 

l a p )  . The p e a k  h e i g h t s  o f  atoms 11 and 11* a re  n o t  q u i t e  

e q u a l ,  b u t  t h i s  i s  due to  th e  chance o c c u r r e n c e  t h a t  th e  

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

h a v e  more s i g n s  c o r r e c t  than th o s e  c a l c u l a t e d  from  o r i e n t a t i o n

I I .  The p o s i t i o n s  o f  th e  carbon atoms a re  shown in  F i g .  13 ,  

A l l  t h e  h yd rogen  a to m s ,  e x c e p t  th o s e  a t t a c h e d  to  

c a r b o n s  11 and 11* are  r e a s o n a b ly  w e l l  r e s o l v e d ;  th o s e  in  

th e  o v e r c r o w d e d  p o s i t i o n s  are o f  co u r se  o b sc u r ed  by carb on s  

11 an d  l l 1 .



m )A

F i g . 1 2 . F i n a l  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 ) .  
C on tou rs  a t  i n t e r v a l s  o f  1 eA~ , w ith  th e  
o n e - e l e c t r o n  l i n e  d o t t e d .



F i g .  1 5 . P r o j e c t i o n  o f  th e  s t r u c t u r e  o n to  ( 0 1 0 ) .



F i n a l l y  an (FQ -  F c ) s y n t h e s i s  was com puted ( E ' ig .1 4 ) ,  

and 10 of' th e  carb on  atom s were s h i f t e d  by s m a l l  am ounts to  

m in im iz e  th e  s l o p e s  a t  th e  a to m ic  c e n t r e s .  The map r e v e a l s  

a l s o  t h a t  th e  atom s a t  th e  p e r ip h e r y  o f  th e  m o le c u le  a r e  

e x e c u t i n g  l a r g e r  th er m a l v i b r a t i o n s  th an  th o s e  n e a r e r  the  

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

b u t  n o  c o r r e c t i o n  f o r  t h i s  v a r i a t i o n  o f  tem p eratu re  p a ra 

m e te r  h a s  been  a p p l i e d .  The x  and z p a ra m eters  o f  the carbon  

atom s h a v e  b een  d e te r m in e d  w i t h  c o n s i d e r a b l e  p r e c i s i o n ;  s in c e  

h ow ever  t h e  s t r u c t u r e  i s  a d i s o r d e r e d  o n e ,  e a c h  a to m ic  p o s i 

t i o n  i s  t h e  mean o f  two p o s i t i o n s  w h ich  a r e  e x tr e m e ly  c l o s e ,  

b u t  n e v e r t h e l e s s  p r o b a b ly  d i s t i n c t .  The co m p le te  d e s c r i p t i o n  

o f  t h e  a r r a n g e m e n t  o f  m o le c u le s  i n  l a y e r s  A and B r e q u i r e s  

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

in  the f o l l o w i n g  s e c t i o n .

4 . 3 .  M o le c u la r  a r ra n g em en t in  th e  (010) p r o j e c t i o n .

From th e  r e s u l t s  so  f a r  o b t a in e d  a b ou t th e  d i s o r d e r e d  

s t r u c t u r e  b y  a c o n s i d e r a t i o n  o f  th e  sh a rp  (hOC) r e f l e x i o n s ,  

e a c h  l a y e r ,  A and  B, may be c o n s t r u c t e d  in  two p o s s i b l e  way s :

(a )  L a y er  A c o n s i s t i n g  e n t i r e l y  o f  m o le c u le s  o f  o r i e n t a t i o n  I  

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

( b ) Each l a y e r ,  A or  B, c o n t a i n i n g  m o le c u le s  i n  b o th  o r i e n n a 

t i o n s  .



F i g . 1 4 . D i f f e r e n c e  s y n t h e s i s  p r o j e c t i o n  on ( 0 1 0 ) .  
C on tou rs  a t  i n t e r v a l s  o f  0 , 2  n e g a t i v e
c o n to u r s  b r o k e n ,  z e r o  c o n to u r  d o t t e d .
Carbon and hyd rogen  atoms s u b t r a c t e d .
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E x a m in in g  a rra n g em en t (a) f i r s t ,  c o n s id e r a t io n  o f  the  

f o l l o w i n g  e v id e n c e  shows t h a t  t h i s  m o le c u la r  arran gem en t i s  

u n t e n a b l e .

( i )  S in c e  th e  s p a c e  group i s  G2 and th e  u n i t  c e l l  c o n 

t a i n s  f o u r  m o l e c u l e s ,  th e  a sy m m etr ic  u n i t  i s  one m o le c u le ,  

and t h e  m o le c u la r  c e n t r e s  are  i n  g e n e r a l  p o s i t i o n s  and 

s e p a r a t e d  b y  -J-c. I f  th e  o r i g i n  i s  ta k en  a t  a p o in t  on a 

t w o - f o l d  a x i s ,  t h e  m o le c u la r  c e n t r e s  are  a t  e i t h e r  (G, 0 ,  J )  

o r  ( x ,  0 ,  i )  -  t h e s e  a r ra n g em en ts  a re  shown in  P i g .  15a and b .

o

§

9

F i g .  1 5 . P o s s i b l e  m o le c u la r  arra n g em en ts  ( o r i g i n  a t  0 ) .



The f i r s t  o f  t h e s e  arran gem en ts  would r e s u l t  i n  a l l  r e f l e x i o n s  

w i t h  odd b e i n g  weak, and the sec o n d  In a l l  r e f l e x i o n s  w ith

(k + £ )  odd b e in g  w eak. E x a m in ation  o f  th e  i n t e n s i t i e s  o f  

th e  g e n e r a l  r e f l e x i o n s  im m e d ia te ly  r e v e a l s  t h a t  n e i t h e r  o f  

t h e s e  i n t e n s i t y  v a r i a t i o n s  i s  o b s e r v e d ,  so t h a t  t h e s e  

m o le c u la r  a r ra n g em en ts  a re  u n t e n a b l e .

A f u r t h e r  p o s s i b i l i t y  i s  t h a t  t h e  m o le c u le s  are s i t u a t e d  

on th e  t w o - f o l d  a x e s ;  t h i s  w ou ld  r e q u ir e  e a c h  m o le c u le  to  

p o s s e s s  a t w o - f o l d  a x i s ,  c o i n c i d e n t  w i t h  the sp a c e  group  

t w o - f o l d  a x i s  ( F i g #1 5 c ) .  The m o le c u le s  a r e  then s i t u a t e d  

a t  ( 0 ,  0 ,  0 ) and  ( 0 ,  d , ■§•), and. s i n c e  d can have  any v a l u e ,  

no m arked s y s t e m a t i c  i n t e n s i t y  v a r i a t i o n s  w ould  be o b se rv e d  

( o t h e r  th a n  i  odd r e f l e x i o n s  weak when k = 0 ) .  The two 

m o l e c u l e s  a r e  in d e p e n d e n t ,  and th e  tr u e  a sym m etr ic  u n i t  con

s i s t s  o f  h a l f  o f  e a c h  m o l e c u l e .  I t  m igh t be n o t e d  t h a t  in  

s p i t e  o f  th e  f a c t  t h a t  sp a ce  group C2 i s  one o f  th e  Sohncke  

”r e g u l a r  p o i n t  s y s te m s '1, th e  two m o l e c u l e s ,  s in c e  th e y  are  

n o t  r e l a t e d  by  any symmetry e le m e n t ,  c o u ld  be o p t i c a l  

e n a n t io m o r p h s .

( i i )  S in c e  th e  (h0€) r e f l e x i o n s  w ith  t  even  are  sh a r p ,  

l a y e r  B c a n ,  i n  p r o j e c t i o n  down b , be made i d e n t i c a l  w i t h  

l a y e r  A by t r a n s l a t i o n  - |c .  In any o f  the  arrangem ents  

d e s c r i b e d  a b o v e ,  w ith  e a c h  la y e r  composed o f  a s i n g l e  m ole 

c u l a r  o r i e n t a t i o n ,  t h i s  i s  n o t  p o s s i b l e ;  in  any o f  th e s e  the
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(hO t) r e f l e x i o n s  w i t h  t  = 2n w ould  a l s o  he d i f f u s e .

The tru e  a rran gem en t o f  m o le c u le s  then m ust be ( b ) ;  

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

th e  a rra n g em en t i n  any one l a y e r  must be o f  the  same typ e  a s  

th e  t h i r d  a r ra n g em en t d e s c r i b e d  above f o r  (a )  , w ith  the  m o le 

c u l e s  s i t u a t e d  on t w o - f o l d  symmetry a x e s ,  the asym m etr ic  u n i t  

b e i n g  h a l f  o f  e a c h  m o le c u le .  The arran gem en t o f  m o le c u le s  

in  t h e  tw o l a y e r s  A and B i s  shown in  P i g .  1 6 .

A  B

P i g .  1 6 .  True a rran gem en t o f  m o le c u le s  in  l a y e r s  A and B.

S u p e r p o s i t i o n  o f  th e  l a y e r s  g i v e s  an a c c u r a te  a c co u n t  

o f  th e  i n t e n s i t i e s  o f  th e  (h0£) r e f l e x i o n s  w i t h  £  even  (sharp  

r e f l e x i o n s )  -  v a lu e s  o f  m easured  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  a r e  l i s t e d  in  A ppendix  I  (page 1 3 7 ) .  An o r d e re d  

s t r u c t u r e  c o n s i s t i n g  o f  e i t h e r  l a y e r  A or l a y e r  B w ould g iv e



sh a r p  (hOt) r e f l e x i o n s  w i t h  €  odd , and the s t r u c t u r e  

f a c t o r s  f o r  t h i s  typ e  o f  c r y s t a l  may be c a l c u l a t e d  from  the  

a t o m ic  c o o r d i n a t e s  -  F C(A ). In a " p e r f e c t l y  d iso r d e re d "  

s t r u c t u r e ,  t h e s e  s t r u c t u r e  f a c t o r s  would be zer o  -  F (AB). 

V a lu e s  o f  F Q(A) and F q (AB) a re  compared w ith  th e  m easured  

v a l u e s  i n  A p p en d ix  I  (page 141) ; t h i s  com parison  r e v e a l s  

t h a t  th e  tr u e  s t r u c t u r e  may be d e s c r i b e d  a s  a " p a r t i a l l y -  

o r d e r e d  s u p e r l a t t i c e "  , w i t h  o r d e r  e x t e n d in g  o v er  o n ly  a 

fe w  u n i t  c e l l s .

T h is  c o m p le te s  the d e s c r i p t i o n  o f th e  p r o j e c t i o n  o f  the  

s t r u c t u r e  o n to  ( 0 1 0 ) .  A co m p le te  d e s c r i p t i o n  o f th e  m o le 

c u l a r  g e o m e tr y  and d im e n s io n s  r e q u i r e s  th e  e x a m in a t io n  o f  

f u r t h e r  d a t a ,  t o  d e te r m in e  th e  t h i r d  c o o r d in a t e s  o f  th e  atom s.

4 . 4 .  y - c o o r d i n a t e s .

No r e s o l u t i o n  o f  th e  i n d i v i d u a l  atoms in  the  m o le c u le  

can be e x p e c t e d  i n  p r o j e c t i o n s  down the  lo n g  a or  c a x e s ,  

more e s p e c i a l l y  s i n c e  th e  s t r u c t u r e  i s  d i s o r d e r e d .  The 

p r o b le m  o f  f in d _ in g  th e  y - c o o r d i n a t e s  w i l l  t h e r e f o r e  be 

a p p r o a c h e d  by c o n s i d e r i n g  the ( h i t )  zone s t r u c t u r e  f a c t o r s .

A p p ro x im a te  y - c o o r d i n a t e s ,  which m ust be found by t r i a l ,  

may be r e f i n e d  by th e  u s e  o f  g e n e r a l i z e d  p r o j e c t i o n s .  A l l  

r e f l e x i o n s  a r e  d i f f u s e ,  so  t h a t  we can n ot hope to  o o t a in  

p e r f e c t  a g reem en t b e tw een  c a l c u l a t e d  and m easured s t r u c t u r e  

a m p l i t u d e s  o f  th e  Bragg r e f l e x i o n s  (B a rk er ,  Lucht and n a s p e r ,
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1 9 5 0 ) .  A r e a s o n a b le  m easure o f  a g reem en t m ig h t  be o b t a in e d  

h o w ev er  i f  we can f i n d  an a c c u r a t e  d e s c r i p t i o n  o f  th e  

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

A p la n a r  w ir e  model o f  th e  m o le c u le  was c o n s t r u c t e d  and 

b u c k le d  s o  t h a t  t h e  d i s t a n c e  betw een  th e  overcrowded carbon  

atom s was 3 . 0 5  A. A pproxim ate  y - c o o r d i n a t e s  w ith  r e s p e c t  to  

th e  c e n t r e  o f  th e  m o le c u le  w ere d e te r m in e d  from t h i s  model by  

p r o j e c t i n g  a lo n g  th e  m o le c u la r  a x i s  M. I t  now rem ains to  

f i n d  the  p o s i t i o n s  o f  th e  two m o le c u la r  c e n t r e s ,  w h ich  are

n o t  r e l a t e d  by any symmetry e le m e n t .  These two c e n t r e s  l i e ,

one on th e  t w o - f o l d  a x i s  a t  x  = 0 ,  z = 0 ,  the o th e r  on th e  

t w o - f o l d  a x i s  a t  x  = 0 ,  z =? One m o le c u la r  c e n tr e  was

ta k e n  a t  ( 0 ,  0 ,  0 ) ,  and t h i s  m o le c u le  was a r b i t r a r i l y  b u c k le d  

i n  one s e n s e  -  l e t  u s  c a l l  i t s  c o n f ig u r a t io n  D. Then th e  

c e n t r e  o f  t h e  s e c o n d  m o le c u le  i s  a t  ( 0 ,  d ,  •§■). The 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 s  f o r  th e  sp ace  group C2:

^  _ Z*. E  cos ^irC^ac. *♦- £ x ) .  cos2 irk ij

B  = 4* E cos 2tt . s.v» 2xrk«j.

may be w r i t t e n

I a

g  _ ^  2.TT (jn-x~4- iz .') . Sfn2irktj + Cos2-TT (>«X.+£x) - &irx2.TT k )
I X



w here th e  + and -  s i g n s  c o r r e sp o n d  to  L and X) c o n f i g u r a t i o n s  

o f  m o le c u le  2 -  t h a t  i s  th e  m o le c u le  a t  ( 0 ,  a ,  J) . On e x 

p a n s io n  t h e s e  e x p r e s s i o n s  red uce  to

A  = A  | +  A x- CoS 2.7rk<i +

B  = B ,  +■ A j . s i n l i r k A  ±  6 a . C o s ^ h rk i

w here A1 i s  th e  r e a l  p a r t  o f  th e  s t r u c t u r e  f a c t o r  f o r  m o le 

c u le  1 ,  e t c .

Ph k d  + B2 ) was com puted f o r  a number o f  r e -

f l e x i o n s  (h lO , and h l 2 )  f o r  v a l u e s  o f  d from   > -qq y ,

u s i n g  B e e v e r s - L ip s o n  s t r i p s .  Only f o r  th e  -I- s ig n  was any

g e n e r a l  m easure  o f  a g reem en t b etw een  F q and F c o b t a in e d ;  b e s t

a g r e e m e n t  was o b t a i n e d  when a was ta k en  a s  —  y .  S tr u c tu r e
60

f a c t o r s  w ere  c a l c u l a t e d  f o r  a b o u t  270  ( h i* )  r e f l e x i o n s  (425  

w ere o b s e r v e d  o f  a p o s s i b l e  o f  a b o u t  650 in d ep en d e n t  r e 

f l e x i o n s ) ;  th e  d i s c r e p a n c y  b etw een  m easured and c a l c u l a t e d

v a l u e s  was 2 9 . 8 ^  -  an e n c o u r a g in g ly  low v a lu e  c o n s id e r i n g  

t h a t  t h e  s t r u c t u r e  i s  d i s o r d e r e d  and th e  r e f l e x i o n s  a re  

d i f f u s e .  S c a l i n g  th e  P Q v a lu e s  by making e q u a l  to  £ f c

g a v e  a s c a l e  a b o u t  14^ h ig h e r  than t h a t  from  th e  (hOt.) 

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

r e a l ,  b u t  due to  the f a c t  t h a t  some o f  th e  s c a t t e r e d  r a d i a t i o n  

i s  d i f f u s e ,  and n o  e s t i m a t e  h a s  been made o f  th e  i n t e n s i t y  o f  

th e  d i f f u s e  s c a t t e r i n g .  This means t h a t  i t  w ou ld  be e x 

p e c t e d  t h a t  in  g e n e r a l  F c would be g r e a t e r  than  F q .
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In t h i s  s t r u c t u r e  th e  two m o le c u le s  have o p p o s i t e  

c o n f i g u r a t i o n s ,  in  s p i t e  o f  th e  f a c t  t h a t  the space group  

i s  one o f  t h e  Sohncke g r o u p s ;  w h i le  t h i s  ty p e  o f  a r r a n g e 

ment i s  u n u s u a l  I t  I s  m a t h e m a t ic a l ly  q u i t e  sound, and th ere  

a re  o t h e r  e x a m p le s  o f  s t r u c t u r e s  w hich  c o n t a in  two n on 

r e l a t e d  m o l e c u l e s ,  and in  w hich  th e  a sym m etr ic  u n i t  i s  h a l f  

o f  e a c h  m o l e c u l e .  A s i n g l e  c r y s t a l  w e ig h in g  a b ou t 0 .5  mg. 

was d i s s o l v e d  in  d - m e t h y ln a p h t h a le n e  and exam ined  in  a 

p o l a r i m e t e r ,  b u t  no  r o t a t i o n  was o b s e r v e d ,  in  agreem ent w i t h  

th e  d ed u ced  c r y s t a l  s t r u c t u r e .

R e f in e m e n t  o f  th e  y -p a r a m e te r s  p r o c e e d e d  by computing  

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

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

4 . 5 .  G e n e r a l i z e d  p r o j e c t i o n s .

C o r r e sp o n d in g  to  the e l e c t r o n  d e n s i t y

= —  Z  Z  E  F ( k k t )  . £ - 2 i r L  (h a t+ k i ,  +  **."))
1 V  h k t
th e  g e n e r a l i z e d  p r o j e c t i o n  o f  t h i s  d i s t r i b u t i o n  on a p la n e

p e r p e n d i c u l a r  t o  th e  b - a x i s  i s

p  ( * , 0  = —  E Z  f O i K O  • **t> +  ex ')}

K *  h t
I t  can be shown t h a t

P̂  (at,*-) = CKX*»*0 + i-. $ ,< (*•,Z-)

whe re



Cfc £  2  { A(HKt). c06air(K3C4.ez) + B&K*). $m2ir(h3c+ex)}
A h t

S K (x * X )  = ~  E  s  { B ( M t t ) .  co^a-rrC h^+ eO  -  ACk K *). s !n n r ( K x + £ t ) |
^  K t

F o r  s p a c e  g ro u p  02 :

For a l l  s t r u c t u r e  f a c t o r s

CK (* .* x ) = 2L E  E  A (uK O  • Coslrr(u*--v €aL) = 1\ E E  |F|.c«s«c. co^airC^3c.+ fct) 
A o ©

4  <o
Sfc C*,*-) = | S  E B (hK O . co sn r^+ t* .-) = 1  £  5 |F I,4;^<. coslTrCk^+e*-)

n o A a

by c o s  2TTKy. I f  th e  p h a se s  o f  th e  s t r u c t u r e  f a c t o r s  o f  

th e  K^*1 l a y e r  l i n e  can be fo u n d  from  a t r i a l  s t r u c t u r e ,  a 

c o s i n e  o r  s i n e  g e n e r a l i z e d  p r o j e c t i o n  may be computed, and  

th e  v a l u e  o f  c o s  2TTKy or s i n  2TTKy can be fou nd  f o r  e a ch  

a to m . S e r i e s  t e r m in a t io n  can however produce c o n s id e r a b le  

e r r o r s  in  th e  v a lu e s  o f  y ,  and t h e s e  e r r o r s  can be e l im in a t e d  

by co m p u tin g  a “d i f f e r e n c e  g e n e r a l i z e d  p r o j e c t io n "  (Rossmann,

A = A-E «•* JirChso + fc*.). eo S lT k y  \ ô dL A (kk.e') = A ( U k l )

 ̂ BCKkt'i = B C k k D

Hen ce

O0

C^-(xz) r e p r e s e n t s  a p r o j e c t i o n  o f  the s t r u c t u r e  on 

( 0 1 0 ) ,  w i t h  t h e  e l e c t r o n  d e n s i t y  in  th e  n^*1 atom m u l t i p l i e d
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1 9 5 6 a ) ,  u s i n g  a s  c o e f f i c i e n t s  th e  terms

{l F0I " l F c l } . c o s « X  or {|F0| -  | F o | ] . s i n o t .

T h is  f u n c t i o n  n e e d  n o t  be computed over th e  w hole  a r ea  o f

th e  p r o j e c t i o n , b u t  o n ly  a t  th e  a to m ic  c e n t r e s ,  and t h i s

g r e a t l y  r e d u c e s  the  amount o f  c o m p u ta t io n a l  work i n v o l v e d .

The s i n e  d i f f e r e n c e  g e n e r a l i z e d  p r o j e c t i o n ,  Ds , was

com puted a t  th e  a to m ic  c e n t r e s  f o r  th e  ( h l£ )  zone u s in g

th e  v a l u e s  { l p 0 i -  l p c l }  o f  th e  t r i a l  s t r u c t u r e .  I f  y Q

i s  t h e  t r u e  c o o r d in a t e  o f  an atom , y  th e  c o o r d in a te  i n -o
e lu d e d  i n  th e  s t r u c t u r e  f a c t o r  e a l e u l a t i o n ,  and p 0 th e  peak

h e i g h t  in  th e  (hOfc) zone P Q s y n t h e s i s ,  then

Ds = . S»*r» Sm 2.Trk»jc

Hence
Sin -  Ds /  +

To

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

a l l  t h e  a to m s;  t h e s e  s h i f t s  were how ever a p p l i e d  w i th  

c a u t i o n ,  s i n c e  th e  s t r u c t u r e  i s  a d i s o r d e r e d  o n e ,  and th e  

m a g n itu d e  o f  a s h i f t  may be th e  mean o f  two a to m ic  s h i f t s .  

G e n e r a l l y  h ow ever  t h e  s h i f t s  were v e r y  r e a s o n a b le ,  and r e 

c a l c u l a t i o n  o f  th e  s t r u c t u r e  f a c t o r s  l e d  to  im proved a g r e e 

m ent b e tw een  F 0 and F c . The d i s c r e p a n c y  was red u ced  to  26p 

o v e r  th e  425  o b s e r v e d  r e f l e x i o n s ;  v a lu e s  o f  th e  m easured  

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 ,  and the c a l c u l a t e d  phase  

c o n s t a n t s  a r e  l i s t e d  in  A ppendix  I I .  The agreem ent oetw een
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o b s e r v e d  an d  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  i s  n o t  a s  good  

a s  in  t h e  (h o£) z o n e ,  b u t i t  i s  b e t t e r  than m ig h t  be e x p e c t e d  

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

t h a t  th e  y - c o o r d i n a t e s  have b een  d e te r m in e d  f a i r l y  a c c u r a t e l y .

Sum m arizing  th e n ,  l a y e r  A c o n s i s t s  o f  one m o le c u le  

s i t u a t e d  on the  t w o - f o l d  a x i s  a t  x  = 0 ,  z = 0 ,  and th e  

c e n t r e  o f  t h i s  m o le c u le  may be ch o sen  a s  th e  o r i g i n  o f  t h e
p

s p a c e  g r o u p ;  a sec o n d  m o le c u le  h a s  i t s  c e n t r e  a t  (u ,  — , ,

and i s  t h e  o p t i c a l  en a n t io m o r p h  o f  t h e  f i r s t .  The a r r a n g e 

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

i n  l a y e r  A , o r  r e l a t e d  to  i t  by some symmetry o p e r a t i o n ,  

s u c h  a s  i n v e r s i o n  i n  a c e n t r e  o f  symmetry (D —* L, L —> D ) . 

However i t  d o e s  n o t  seem  to  b e  p o s s i b l e  t o  d e s c r i b e  e x a c t l y  

how A an d  B a r e  r e l a t e d  in  t h e  c r y s t a l ,  s i n c e ,  ev en  i f  t h e  

t r u e  a r r a n g e m e n t  w ere  f o u n d ,  p e r f e c t  ag reem en t betw een  P Q 

and F c f o r  t h e  g e n e r a l  r e f l e x i o n s  c o u ld  n o t  be o b t a i n e d ,  

s i n c e  t h e y  a re  a l l  d i f f u s e .  The a g reem en t f o r  th e  (hl-C) 

r e f l e x i o n s  i s  r em a rk a b ly  g o o d , and c o u ld  s c a r c e l y  be im proved.

Sharp r e f l e x i o n s  a r e  r e q u ir e d  to  g i v e  an a c c u r a t e  

a c c o u n t  o f  t h e  r e l a t i o n  b etw een  th e  l a y e r s ;  from  the  o n ly  

s h a r p  r e f l e x i o n s  o b s e r v e d  -  (hG,C) w i t h  £  even  -  i t  h a s  been  

p o s s i b l e  to  d e s c r i b e  the  r e l a t i o n  b e tw een  l a y e r s  A and B in  

p r o j e c t i o n  down th e  b - a x i s .



5 .  C o o r d in a te s  and m o le c u la r  d im e n s io n s .

The f i n a l  c o o r d i n a t e s  o f  th e  carbon atom s are l i s t e d  

in  T a b le  1 5 ,  e x p r e s s e d  a s  f r a c t i o n s  o f  the u n i t  c e l l  e d g e s ,  

x  and z h a v e  b e e n  d e te r m in e d  from  th e  (hOfc) zone r e f in e m e n t ,

and y from  the d i f f e r e n c e  g e n e r a l i z e d  p r o j e c t i o n , u s i n g  tb

(hie) zone d a ta' «

T ab le 1 5 .

C o o r d in a te s  o f  

I

the carbon a to m s . 
I I

Atom X 1 z X y z

C 1 0 .0 7 3 5 - 0 . 3 2 2 - 0 . 1 1 0 1 0 .1 0 1 4 0 .1 4 1 0 .6 7 5 4

2 .1 1 2 3 - 0 . 4 3 9 - 0 .1 2 8 7 .1 4 8 4 .0 1 5 .7 2 5 3

3 .1 5 8 4 - 0 . 3 7 2 - 0 . 0 7 7 0 .1 8 6 5 .0 7 1 .7 0 6 6

4 .1 6 4 8 - 0 . 2 0 5 - 0 . 0 0 6 0 . 1795 .2 0 7 .6 3 7 4

5 .2 1 1 5 - 0 . 1 3 9 0 .0 4 7 2 .2 1 9 1 .3 0 1 .6 1 7 8

6 .2 1 9 1 - 0 .0 0 3 0 .1 1 7 8 .2 1 1 5 .4 3 1 .5 4 7 2

7 .1 7 9 5 0 .0 7 0 0 .1 3 7 4 .1 6 4 8 .5 0 9 .4 9 4 0

8 .1 8 6 5 0 .2 0 3 0 .2 0 6 6 .1 5 8 4 .6 4 0 .4 2 3 0

9 .1 4 8 4 0 .2 5 0 0 .2 2 5 3 .1 1 2 3 .6 9 0 .3713

10 .1 0 1 4 0 .1 9 2 0 .1 7 5 4 .0 7 3 5 .623 .3 8 9 9

11 .0 6 2 5 0 .2 2 6 0 .1 9 7 2 .0 2 5 6 .6 3 7 .3 3 5 9

12 .0 1 4 9 0 .1 0 5 0 .1 4 8 6 - 0 .0 1 4 9 .523 .3 5 1 4

13 . 0077 0 .0 0 5 0 .0 7 4 5 - 0 .0 0 7 7 .4 2 6 .4 2 5 5

14 .0 4 7 0 0 .0 1 0 0 .0 5 3 4 0 .0 3 9 3 .443 .4 7 8 8

15 .0 9 4 0 0 .0 7 0 0 .1 0 6 0 .0 7 9 7 .5 1 0 . 4599



Atom X y z X y z

16 0 .1 3 2 6 0 .0 1 3 0 .0 8 4 5 0 .1 2 6 1 0 .4 5 0 0 .5 1 2 5

17 .1 2 6 1 - 0 . 1 1 5 0 .0 1 2 5 .1 3 2 6 .3 3 1 .5 8 4 5

18 .0 7 9 7 - 0 . 1 5 5 - 0 . 0 4 0 1 .0 9 4 0 .297 . 6060

19 .0 3 9 3 - 0 . 0 4 7 - 0 .0 2 1 2 .0 4 7 0 .3 5 6 .5534

The bond l e n g t h s  and v a le n c y  a n g le s  in  th e  d in a p h th o -  

p e r o p y r e n e  m o le c u le  w ere c a l c u l a t e d  from  t h e s e  c o o r d i n a t e s .  

Two in d e p e n d e n t  v a l u e s  o f  e a c h  bond l e n g t h  and v a le n c y  

a n g le  w ere  o b t a i n e d  -  one from  ea ch  m o le c u le  -  and th e  mean 

v a l u e s  ( t o  th e  n e a r e s t  0 . 0 1  A in  bond l e n g t h  and th e  n e a r e s t  

d e g r e e  i n  bon d  a n g l e )  a r e  shown in  F i g .  17 . The maximum 

d e v i a t i o n  o f  any i n d i v i d u a l l y - d e t e r m i n e d  bond l e n g t h  from  

t h e  mean v a l u e  f o r  t h a t  bond i s  0 .0 2 7  A, and th e  r o o t  mean 

sq u a r e  d e v i a t i o n  f o r  a l l  t h e  bonds i s  0 .0 1 1  A. The c o r 

r e s p o n d in g  d i f f e r e n c e s  f o r  th e  v a l e n c y  a n g l e s  are  1 . 8 °  and  

0 . 9 ° .  The a v e r a g e  v a lu e  o f  th e  ca rb o n -ca rb o n  bond le n g t h s  

i s  1 .4 3 1  A.

The o v ercro w d ed  n o n -b o n d ed  d i s t a n c e s  (1 -  12) a re  

2 . 9 7 5  A a n d  2 . 9 3 0  A, mean v a lu e  2 .9 5 3  A.

The m o le c u le  has an e x a c t  t w o - f o l d  symmetry a x i s  ( 2 ) ,  

and i s  p r o p e l l e r - s h a p e d .  I f  the w hole carbon s k e l e t o n  was 

c o m p l e t e l y  p l a n a r ,  th e  sum o f  th e  v a le n c y  a n g l e s  around each  

carb on  atom  w o u ld  be 3 6 0 ° .  The s m a l l  d e v i a t i o n s  from 360
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( P i g .  1 7 )  show t h a t  th e  th r e e  bonds around  e a ch  carbon atom

a r e  n e a r l y  c o p la n a r .  The carbon atom  h y b r id  o r b i t a l s  are  
2

n e a r l y  p u re  sp  , and th e  s t r a i n  due t o  m o le c u la r  d i s t o r t i o n  

i s  e v e n l y  d i s t r i b u t e d  o v e r  th e  w hole  m o le c u le ,  w h ich  r e t a i n s  

i t s  a r o m a t ic  c h a r a c t e r .  These a n g le  sums are  however  

r a t h e r  i n s e n s i t i v e  to  s m a l l  d e v i a t i o n s  from  a p la n a r  a r r a n g e 

m ent o f  b o n d s .

The s ix -m em b ered  r i n g s  w hich  a r e  f u r t h e s t  from  the  

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

fr o m  p l a n a r i t y ;  t h e  two r i n g s  c o n s i s t i n g  o f  atom s 4 ,  5 ,  6 ,

7 ,  8 ,  9 ,  1 0 ,  1 5 ,  1 6 ,  17 a re  f a r  from  th e  m o le c u la r  c e n t r e ,

an d  t h e  mean p la n e s  o f  t h e s e  atoms i n  th e  two m o le c u le s  

w ere  fo u n d  by t h e  l e a s t  s q u a r e s  m ethod:

I  : 0 .0 6 4 7  X 1 -  0 .9 3 4 5  Y + 0 .3 4 9 9  Z* -  0 .2 8 2 6  = 0

I I  : 0 .0 6 5 2  X ’ -  0 .9 4 1 2  Y + 0 .3 3 7 9  Z* -  4 .7 6 9 7  = 0

X ! , Y , Z* a r e  c o o r d i n a t e s  e x p r e s s e d  i n  A , and r e f e r r e d  t o  

o r t h o g o n a l  a x e s  a 1 , b ,  c ,  where a* i s  p e r p e n d ic u la r  to  b 

and  c .

The d e v i a t i o n s  o f  a l l  th e  atom s in  one h a l f  o f  e a ch  

m o le c u le  fro m  t h e s e  mean p la n e s  are g iv e n  in  T able  16 .

The a tom s u s e d  t o  d e term in e  the e q u a t io n s  a l l  l i e  c l o s e  in 

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

o f  t h e  m o l e c u l e .  The v a l u e s  f o r  c h e m i c a l l y - i d e n t i c a l  atoms
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P i s  17 Bond l e n g t h s  and v a l e n c y  a n g l e s  in  
— “ — * D in a p h th o p e ro p y re n e .
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o u g h t  t o  have th e  same m agn itud e  b u t  o p p o s i t e  s i g n s .  

G e n e r a l l y  th e  two d i s p la c e m e n t s  a g r e e  c l o s e l y ,  e x c e p t  f o r  

atom s 1 ,  1 1 ,  1 2 ,  1 3 ,  1 9 .  These atom s are  f u r t h e s t  from  

th e  atom s u s e d  to  d e te r m in e  th e  mean p l a n e s ,  and q u i t e  s m a ll  

c h a n g e s  i n  th e  o r i e n t a t i o n  o f  th e  p la n e s  c o u ld  improve the  

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

T ab le  1 6 .

D e v i a t i o n s  from  mean p l a n e s .

Atom I I I Atom I I I

C 1 - 0 . 1 2 3 A -0 .0 0 3 A C 11 0.125A -0 .2 6 0 A

2 0 .1 3 6 * - 0 . 1 7 3 12 0 .3 3 7 - 0 . 4 8 1

3 0 . 1 4 6 - 0 . 1 8 1 13 0 .1 9 9 - 0 . 3 5 1

4 0 .0 2 3 - 0 . 0 6 9 . 14 - 0 . 0 5 9 - 0 .0 3 5

5 0 . 0 4 4 - 0 . 0 1 5 15 - 0 . 0 2 1 - 0 .0 0 9

6 0 .0 2 7 0 . 0 0 0 16 - 0 . 0 5 8 0 .0 2 4

7 - 0 . 0 0 6 0 .0 2 9 17 - 0 .0 8 1 0 .0 6 1

8 - 0 . 0 2 0 0 .0 4 1 18 - 0 . 1 9 2 0 .1 6 8

9 0 .0 3 1 - 0 . 0 2 2 19 - 0 .3 5 4 0 .2 4 3

10 0 .0 0 4 - 0 .0 5 5

An i d e a l i z e d  v iew  o f  th e  m o le c u le  a lo n g  th e  m o le c u la r  

a x i s  L i s  shown in  P i g .  1 8 a , and th e  shape o f  th e  c e n t r a l

r i n g  i n  P i g . 1 8 b .

A l l  i n t e r m o l e c u l a r  d i s t a n c e s  c o r r e sp o n d  to  norm al van  

d e r  W aals i n t e r a c t i o n s .  The d i s t a n c e  b e tw een  any atom and
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aN

M

(3i) Cb)

F i g . 18 (a )  I d e a l i z e d  v ie w  a lo n g  m o le c u la r  a x i s  L.

(b ) Atoms o f  th e  c e n t r a l  r i n g  ( th e  p u c k e r in g  i s  

e x a g g e r a t e d  f o r  c l a r i t y ) .

th e  c o r r e s p o n d in g  atom  in  th e  m o le c u le  one t r a n s l a t i o n  a lo n g  

b i s  3 . 8 5 5  A ( th e  b - a x i s  r e p e a t  d i s t a n c e ) .  The mean p e r 

p e n d i c u l a r  d i s t a n c e  b e tw een  th e  mean p la n e s  th rou gh  th e  

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

3 . 6 2  A , s o  t h a t  no  i n t e r m o le c u la r  d i s t a n c e  in  the b d i r e c t i o n  

i s  l e s s  th a n  t h i s .  The s h o r t e s t  l a t e r a l  c o n t a c t ,  w i t h in  

e i t h e r  l a y e r  A o r  l a y e r  B, i s  3 . 6 6  A.  A l l  the s h o r t e r  i n t e r -  

m o le c u la r  c o n t a c t s  a r e  shown in  F i g .  1 9 .  E xam in ation  o f  th e  

i n t e r m o l e c u l a r  d i s t a n c e s  p r o j e c t e d  o n to  (010) shows t h a t  th e r e  

can be n o  u n u s u a l l y  s h o r t  d i s t a n c e s  b etw een  th e  m o le c u le s  o f  

l a y e r  A , and t h o s e  o f  an a d j a c e n t  l a y e r  B, s o  t h a t  the  two 

l a y e r s  a r e  b u i l t  i n t o  th e  c r y s t a l  w i t h o u t  any undue s t r a i n .
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P i g . 1 9 ,  I n t e r m o le c u la r  d i s t a n c e s  in  & ( f i g u r e s  
a t  th e  c e n t r e  o f  e a c h  m o le c u le  are  th e  y -  
c o o r d i n a t e s  o f  t h e  m o le c u la r  c e n t r e s  in  

t * / 60 t h s . ) .
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6 . D i s c u s s i o n  o f  th e  m o le cu l a r  d im e n s io n s and th e

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

6 . 1 .  M o le c u la r  d im e n s i o n s .

I t  i s  r a t h e r  d i f f i c u l t  t o  e s t im a t e  th e  a c cu ra c y  w ith  

w h ic h  the  bond l e n g t h s  and v a l e n c y  a n g le s  have  been d e t e r 

m in ed  in  t h i s  a n a l y s i s .  Cruickshank* s form u lae  (C ru ickshan k ,  

-1949, 1 9 5 4 )  c o u ld  be a p p l i e d  t o  th e  (hO-fc) zone d a ta ,  b u t  t h i s  

w o u ld  g i v e  a f a l s e  im p r e s s io n  o f  th e  a c c u r a c y ,  s i n c e ,  a l 

th o u g h  th e  s t r u c t u r e  f a c t o r  ag reem en t i s  e x tr e m e ly  g o o d ,  each  

a t o m ic  p o s i t i o n  i s  r e a l l y  d ie  mean o f  two e x t r e m e ly  c l o s e  

a to m s .  The c l o s e  a g reem en t o f  th e  in d e p e n d e n t  v a lu e s  o f  

c h e m i c a l l y - i d e n t i c a l  bonds (R .M .S. d e v i a t i o n  from  th e  mean 

0 . 0 1  A) s u g g e s t s  t h a t  th e  m o le c u la r  d im en sio n s  h ave  been  

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

o r d e r .

S in c e  h ow ever  th e  a c c u r a c y  i s  r a t h e r  d o u b t f u l ,  no  

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

m o le c u le  w i l l  be a t t e m p t e d ,  b u t some g e n e r a l  t r e n d s  may be  

d i s c u s s e d .  S in c e  th e  th r e e  bonds from e a c h  carbon atom  

a r e  a l m o s t  c o p la n a r  and th e  s t r a i n  i s  d i s t r i b u t e d  over  the  

w h o le  m o l e c u l e ,  i t  m ig h t  be h op ed  t h a t  m o le c u la r  o r b i t a l  

c a l c u l a t i o n s ,  a ssu m in g  t h a t  th e  w hole  m o le c u le  i s  p la n a r ,  

■would g i v e  r e a s o n a b le  e s t i m a t e s  o f  the  bond o r d e r s  and bond  

l e n g t h s .  T hese  c a l c u l a t i o n s  are a t  p r e s e n t  b e in g  c a r r ie d
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o u t  (Goodwin and R o ch e , 1 9 5 7 ) ,  h u t  a t  th e  tim e o f  w r i t i n g ,  

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

C o n s id e r a t io n  o f  th e  K ekule  s t r u c t u r e s  o f  m o le c u le  

XI s u g g e s t s  t h a t  th e  bond l e n g t h s  s h o u ld  i n c r e a s e  a lo n g  the  

c e n t r e  o f  th e  m o l e c u l e ,  and t h i s  i s  in  a g reem en t w i t h  th e  

f a c t  t h a t  t h i s  m o le c u le  add s m a l e i c  a n h y d r id e .  rIhe c r y s t a l  

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

( T r o t t e r ,  1 9 5 7 ) .

< -------

XI

A s i m i l a r  b u t  l e s s  e x t e n d e d  s y s t e m  i s  p r e s e n t  i n  d in a p h th o -  

p e r o p y r e n e ,  and t h e  bonds 8 - 9 ,  1 5 - 1 6 ,  1 8 -1 9  i n c r e a s e  in  

l e n g t h  a s  e x p e c t e d  ( 1 .3 8 7  —» 1 .4 2 3  —> 1 .4 7 2  A ) .

The bonds i n v o l v i n g  the  o v e r c r o w d e d  atom s a r e  r a t h e r  

l o n g  —i n d i c a t i n g  maximum b reak -d ow n  o f  a r o m a t ic  c h a r a c t e r  

a ro u n d  t h e s e  p o s i t i o n s .  The mean bond l e n g t h  i s  1 .4 3  A, 

r a t h e r  g r e a t e r  than th e  a v e r a g e  v a l u e  f o r  p la n a r  a r o m a t ic  

h y d r o c a r b o n s  (c o r o n e n e  = 1 .4 1 0  A , o v a le n e  = 1 .4 1 2  A ) ,  a g a in  

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

b u c k l i n g .  The mean bond l e n g t h  in  d i p e r i n a p h t h a l e n e -  

a n t h r a c e n e  i s  a l s o  1 .4 3  A.
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The d i s t a n c e  b e tw e en  th e  o v e rcro w d ed  carbon  atom s  

i n  d in a p h th o p e r o p y r e n e  ( 2 .9 5  A) i s  a lm o s t  i d e n t i c a l  w i t h  th e  

mean d i s t a n c e  in  d ip e r in a p h t h a l e n e a n t h r a c e n e  ( 2 . 9 7  A ) .  The 

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

m od el i s  a c h i e v e d  by  b u c k l in g  th e  m o le c u la r  fra m ew o rk , w i t h  

th e  s t r a i n  d i s t r i b u t e d  o v e r  the  w hole  m o le c u le  and  w i t h  v e r y  

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

v a l u e s .  T h is  r e s u l t s  i n  r e t e n t i o n  o f  a r o m a t ic  c h a r a c t e r  in  

s p i t e  o f  th e  s e v e r e  m o le c u la r  d i s t o r t i o n .

6 . 2 .  C r y s t a l  s t r u c t u r e .

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

s e c t i o n  4 . 5  (p age 95) l e a d s  t o  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  

f o r  t h e  s h a r p  r e f l e x i o n s ,  w h ic h  a r e  in  e x c e l l e n t  a g r e e m e n t  

w i t h  t h o s e  o b s e r v e d .  F or th e  d i f f u s e  r e f l e x i o n s  t h e  

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

e x p e c t e d ,  as  good  a s  f o r  th e  sh a r p  s p e c t r a .  The a c c o u n t  

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

n o t  h ow ever  q u i t e  c o m p le t e .  The p o s i t i o n s  o f  a l l  th e  atom s  

i n  e a c h  m o l e c u l e ,  and th e  arra n g em en t o f  m o le c u le s  i n  ea ch  

l a y e r  h ave  b een  o b t a i n e d  fr o m  a c o n s i d e r a t i o n  o f  s h a r p  and  

d i f f u s e  r e f l e x i o n s .  I t  h a s  n o t  b een  p o s s i b l e  h ow ever  to  

d e s c r i b e  how th e  two l a y e r s  A an d  B a r e  p a ck ed  t o g e t h e r  in  

th e  c r y s t a l ,  e x c e p t  t h a t  t h e y  a r e  r e l a t e d  by t r a n s l a t i o n  -J-c.



S i n c e  t h e  s t r u c t u r e  f a c t o r  a g r ee m e n t  i s  so  g o o d ,  ev en  f o r  

th e  d i f f u s e  r e f l e x i o n s ,  th e  l a y e r s  A and B p r o b a b ly  s c a t t e r  

n e a r l y  i n  p h a s e .  I f  th e  c o m p le te  a r r a n g e m e n t  o f  l a y e r s  

was f o u n d ,  th e  a g r e e m e n t  b e tw een  m ea su red  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  f o r  th e  d i f f u s e  r e f l e x i o n s  w o u ld  n o t  

be much b e t t e r  than a t  p r e s e n t  ( i f  in d e e d  i t  im p roved  a t  a l l )  ; 

i t  w ould be e x t r e m e ly  d i f f i c u l t  to  d e c id e  w h e th e r  a p o s t u l a t e d  

a rra n g em en t  g i v i n g  r e a s o n a b le  a g r e e m e n t  was th e  t r u e  o n e ,  and  

v e r y  l i t t l e  u s e f u l  a d d i t i o n a l  in f o r m a t io n  w o u ld  be o b t a i n e d .  

W ith th e  l a r g e  number o f  p a r a m e te r s  i n v o l v e d ,  th e  g r e a t  

amount o f  work (and i t  w ould  be l a r g e l y  t r i a l  and e r r o r )  r e 

q u ir e d  t o  o b t a i n  an y  f u r t h e r  i n f o r m a t io n  s c a r c e l y  j u s t i f i e s  

th e  s m a l l  im p rovem en t in  th e  d e s c r i p t i o n  o f  the s t r u c t u r e  

w h ic h  w ould  r e s u l t .

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

p r e c i s i o n  th e  m o le c u la r  d im e n s io n s  and s t e r e o c h e m i s t r y  o f  

t h i s  l a r g e  o v e rc r o w d ed  m o l e c u l e ,  and  h a s  d e m o n s tr a te d  how 

th e  s t r a i n  c a u s e d  by m o le c u la r  d i s t o r t i o n  i s  e v e n l y  d i s t r i 

b u t e d  o v e r  th e  m o l e c u l e ,  w h ich  r e t a i n s  i t s  a r o m a t ic  

c h a r a c t e r .
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1 .  I n t r o d u c t i o n .

Ir o n  b i s c y c l o p e n t a d i e n y l  ( f e r r o c e n e ) ,  FefC gH gJg,  

th e  f i r s t  o f  a new ty p e  o f  o r g a n o m e t a l l i c  compound w i t h  an  

u n u s u a l  m o le c u la r  s t r u c t u r e ,  was o b t a i n e d  i n  1951  by  K e a ly  

and P au son  ( 1 9 5 1 ) ,  and i n d e p e n d e n t l y  by M i l l e r ,  T eb both  

and Trem aine ( 1 9 5 2 ) .  The c h e m ic a l  and p h y s i c a l  p r o p e r t i e s  

l e d  W i l k i n s o n ,  R osenblum , W h it in g  and Woodward (1 9 5 2 )  t o  

p r o p o s e  a h i g h l y  sy m m e tr ic  ” sa n d w ic h ” m od el f o r  i t s  s t r u c t 

u r e ,  h a v in g  or  sym m etry. A number o f  a n a lo g o u s  

b i s c y c l o p e n t a d i e n y l  com pounds, i n  w h ic h  th e  i r o n  atom  i s  

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

been  p r e p a r e d  by  W i lk in s o n ,  F i s c h e r  and o t h e r s .  A r e v i e w  

o f  th e  w ork done i n  t h i s  f i e l d ,  w i t h  a co m p r e h e n s iv e  l i s t  

o f  r e f e r e n c e s ,  h a s  b een  g iv e n  by Pauson ( 1 9 5 5 ) .

X -r a y  s t u d i e s  on f e r r o c e n e  by a number o f  i n v e s t i 

g a t o r s  ( s e e  P a u so n ,  1 9 5 5 )  have v e r i f i e d  th e  s t r u c t u r e  w i t h  

D^d (5m) sym m etry; th e  i r o n ,  c o b a l t  and n i c k e l  compounds 

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

( F i s c h e r  a n d  P f a b ,  1 9 5 2 ) .  A c o m p le te  a c c o u n t  o f  the  m o le 

c u l a r  d im e n s io n s  o f  f e r r o c e n e  h as  b een  o b t a i n e d  by an a c c u r 

a t e  t h r e e - d i m e n s i o n a l  a n a l y s i s  ( B u n i t z ,  O rg e l and  R ic h ,  1 9 5 6 ) .

The f i r s t  member o f  a new ty p e  o f  com p lex  o f  in d en e  

w i t h  t h e  t r a n s i t i o n  m e t a l s ,  a n a lo g o u s  t o  bu t r a t h e r  l e s s  

s t a b l e  th a n  th e  c y c l o p e n t a d i e n y l  com pounds, was o b t a in e d
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in  1953 by F i s c h e r ,  S eu s  an d  J i r a  ( 1 9 5 3 ) ,  who p r e p a r e d  d i -  

i n d e n y l  c o b a l t  ( d i b e n z o c o b a l t o c e n e ) by r e a c t i o n  o f  the  

p o t a s s iu m  s a l t  o f  in d en e  w i t h  Co (NH^ ) ^ (SON )g  in  l i q u i d  

amm onia, an d  d e c o m p o s i t i o n  o f  th e  p r e c i p i t a t e d  Co(NHg) Q(CgH^) . 

Co(Cg H7 ) 2 i s  a b l a c k ,  p a r a m a g n e t ic  s u b s t a n c e  w h ic h  may be  

c r y s t a l l i s e d  from  p e t r o le u m  e t h e r .  M easurem ent o f  th e  

m a g n e t ic  moment o f  Co(CgH7 ) 0 i n d i c a t e s  a s t r u c t u r e  s i m i l a r  

t o  t h e  c y c l o p e n t a d i e n e  c o m p le x ,  CotCgH^)^, w i t h  th e  c e n t r a l  

C o ^  s i t u a t e d  b e tw een  th e  f iv e -m e m b e r e d  r i n g s ,  w h ich  are  

p a r a l l e l  an d  a r r a n g e d  a n t i p r i s m a t i c a l l y , w h i l e  t h e  s i x -  

membered r i n g s  a r e  p r o b a b ly  in  the t r a n s - c o n f i g u r a t i o n .

D i in d e n y 1 i r o n ,  F e (C QH7 ) 2 , w h ich  i s  d e e p - v i o l e t  in  

c o l o u r ,  s u b l im a b le  in  h ig h  vacuum , and d i a m a g n e t i c ,  was  

o b t a i n e d  by F i s c h e r  an d  Seus  (1 9 5 3 )  by t r e a t m e n t  o f  in d e n e  

m agnesium  brom ide w i t h  f e r r i c  c h l o r i d e ,  and b y  Pauson and  

W ilk in s o n  (1 9 5 4 )  by r e a c t i o n  o f  i n d e n y l l i t h i u m  w i t h  f e r r i c  

c h l o r i d e .  D i i n d e n y l  i r o n  i s  r e a s o n a b ly  s t a b l e  i n  a i r ,  

s o l u b l e  in  o r g a n ic  s o l v e n t s  g i v i n g  a r e d - v i o l e t  s o l u t i o n ,  

and i n s o l u b l e  i n  w a t e r .  Powder p h o to g r a p h s  show t h a t  th e  

i r o n  and c o b a l t  compounds h a v e  s i m i l a r  s t r u c t u r e s .

The t h r e e - d i m e n s i o n a l  X -r a y  i n v e s t i g a t i o n  o f  f e r r o c e n e  

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

member ed  r i n g s  a re  f i x e d  i n  th e  s t a g g e r e d  c o n f i g u r a t i o n ;  

e l e c t r o n - d i f f r a c t i o n  i n v e s t i g a t i o n  o f  th e  v ap ou r  show s t h a t
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in  t h e  v a p o u r  s t a t e ,  th e  r i n g s  a r e  r o t a t i n g  f r e e l y ,  and t h i s  

i s  a l s o  th e  c a s e  i n  s o l u t i o n ,  s i n c e  o n ly  one iso m e r  can be  

o b t a i n e d  on d i s u b s t i t u t i o n .  I t  i s  p r o b a b ly  s a f e  t o  assume  

t h a t  t h e  a r o m a t ic  r i n g s  in  d i i n d e n y l  i r o n  a re  a l s o  r o t a t i n g  

f r e e l y  i n  s o l u t i o n ,  b u t  t h a t  th e  m o le c u le  h a s  a f i x e d  co n 

f i g u r a t i o n  in  th e  s o l i d  s t a t e .  The p r e s e n t  i n v e s t i g a t i o n  

was d e s i g n e d  t o  i l l u s t r a t e  th e  11 s a n d w ic h ” n a t u r e  o f  th e  

m o l e c u l e ,  and to  exam ine w h e th e r  th e  c o n f i g u r a t i o n  i s  t r a n s  

a s  p o s t u l a t e d .

2 .  E x p e r i m e n t a l .

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

i n v e s t i g a t i o n  w ere  p r e p a r e d  by  P .L .  P a u so n ,  and r e c r y s t a l 

l i s e d  b y  d i s s o l v i n g  i n  b o i l i n g  e t h e r ,  and c o o l i n g  i n  a Dry 

I c e - a c e t o n e  b a t h .  S in c e  t h e  m a t e r i a l  i s  r a t h e r  u n s t a b l e  

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

a v o i d  e x c e s s i v e  d e c o m p o s i t i o n ,  and ho i ce th e  c r y s t a l s  w ere  

g e n e r a l l y  s m a l l  (a v e r a g e  d im e n s io n s  0 . 5 0  x  0 . 2 0  x  0 . 0 6  mm .). 

C r y s t a l s  w ere  a l s o  grown by h ig h -v a c u u m  s u b l i m a t i o n  (120°C  

a t  1 0 ~ 4mm. Hg) b u t  t h e s e  c r y s t a l s  w ere r a t h e r  p o o r  and  

g e n e r a l l y  p o l y c r y s t a l l i n e  s p e c im e n s .

The c r y s t a l s  a r e  d e e p - p u r p le  i n  c o l o u r ,  r e a s o n a b ly  

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

t h e  b - a x i s ,  w i t h  { o o i }  d e v e lo p e d .  The d e n s i t y  was d e t e r 

m in ed  by f l o t a t i o n  in  aq u eou s  p o t a s s iu m  i o d i d e  s o l u t i o n .
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The d a t a  r e q u ir e d  f o r  th e  X -r a y  i n v e s t i g a t i o n  were  

c o l l e c t e d  u s i n g  CuKci ( X= 1 .5 4 2  A) and CoKd ( X =  1 .7 9 0  A) 

r a d i a t i o n s ,  th e  l a t t e r  when i n t e n s i t y  m easu rem en ts  w ere  

r e q u i r e d .  The f o l l o w i n g  d im e n s io n s  w ere  o b t a i n e d  by u s e  

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

p h o to g r a p h s  a b o u t  th e  a ,  b ,  c and [ l O l J  a x e s :

C r y s t a l  d a t a . D i i n d e n y l  I r o n ,  C ^ H  P e ; M = 2 8 6 . 1 ;  

m. 1 8 4 ° -1 8 5 ° C  ( i n  an e v a c u a t e d  t u b e ) .  M o n o c l in ic

a = 1 1 .3 2  -  0 . 0 3 ,  b = 7 . 8 5  ±  0 . 0 2 ,  c = 8 . 0 9  -  0 . 0 2  A,
jj _ r?

8  = 1 1 5 . 3 °  -  0 . 5  . Volume o f  th e  u n i t  c e l l  = 6 5 0 . 0  A . 

D e n s i t y ,  c a l c u l a t e d  (a s su m in g  two m o l e c u l e s  p e r  u n i t  c e l l )

= 1 . 4 6 2 ,  fo u n d  1 . 4 5 7 .  A b s o r p t io n  c o e f f i c i e n t s  f o r  X - r a y s :

X = 1 .7 9 0  A, y- = 2 6 . 4  cm” ^; X = 1 .5 4 2  A, yu = 9 8 . 5  cm"'*'.

T o t a l  number o f  e l e c t r o n s  p e r  u n i t  c e l l  = 2 9 6 .  When t h i s  

v a l u e  i s  c o r r e c t e d  f o r  th e  an om alou s  d i s p e r s i o n  o f  th e  CoK«t 

r a d i a t i o n  by th e  K - e l e c t r o n s  o f  th e  i r o n  a tom , F ( 0 0 0 )  = 2 8 8 . 5 .

A b s e n t  s p e c t r a :  (h 0 £ ) vi?hen h i s  odd; p o s s i b l y  (OkO) when
o 4 /

k i s  od d . Sp ace  g r o u p  i s  e i t h e r  Ĉ  -  P a , Cg^ -  P 2 / a ,  or
5 /C -  P2-1/ a .  The c h o i c e  o f  s p a c e  grou n  w i l l  be d i s c u s s e d  2h 1

l a t e r .

The i n t e n s i t i e s  w ere m easu red  on m o v in g - f i l m  e x p o s 

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

th e  b and c a x e s ,  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 ,

1 943) b e i n g  u s e d  to  c o r r e l a t e  s t r o n g  and weak r e f l e x i o n s .

The r a n g e  o f  i n t e n s i t i e s  m ea su red  was a b o u t  1600 t o  1 ,  th e
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e s t i m a t e s  b e in g  made v i s u a l l y .  The c r o s s - s e c t i o n s  o f  the  

c r y s t a l s ,  n o rm a l to  th e  r o t a t i o n  a x e s ,  w ere 0 . 2 0  x  0 . 0 6  rum. 

and 0 . 4 0  x  0 . 2 0  mm. f o r  th e  (hO-t) and (hkO) z o n e s  r e s p e c t i v e 

l y ,  a n d  a p p r o x im a te  a b s o r p t i o n  c o r r e c t i o n s  w ere a p p l i e d  by  

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

f l e c t e d  from  t h e i r  c e n t r e s  ( A l b r e c h t ,  1 9 3 9 ) .  The v a l u e s  o f  

th e  s t r u c t u r e  f a c t o r s  w ere d e r iv e d  by th e  u s u a l  fo r m u la e  f o r  

a m o s a ic  c r y s t a l  and a r e  l i s t e d  in  T a b le  20  (p age  1 3 4 ) .  The 

a b s o l u t e  s c a l e  was d e r i v e d  by c o r r e l a t i o n  w i t h  th e  F v a l u e s  

c a l c u l a t e d  from  th e  f i n a l  c o o r d i n a t e s .

The i n t e n s i t i e s  o f  th e  (h 0€) zone r e f l e x i o n s  w ere  r e 

m ea su red  u s i n g  z i r c o n i u m - f i l t e r e d  MoIi«t r a d i a t i o n  ( f o r  d i 

in d e n y l  i r o n ,  j*. = 1 1 .7  cnT^ f o r  X  = 0 .7 1 0 7  A ) ;  w i t h  th e  

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

sp h e r e  o f  r e f l e x i o n  i s  i n c r e a s e d ,  a n d ,  more im p o r t a n t ,  e r r o r s  

due t o  a b s o r p t i o n  a r e  g r e a t l y  r e d u c e d .  U n f o r t u n a t e l y  many 

o f  t h e  w eak er  r e f l e x i o n s  r e c o r d e d  w i t h  CoKot r a d i a t i o n  w ere  

t o o  weak t o  o b s e r v e  on t h e s e  f i l m s  t a k e n  w i t h  molybdenum  

r a d i a t i o n ,  b u t  i t  was p o s s i b l e  t o  rem ea su re  t h e  i n t e n s i t i e s  

o f  th e  s t r o n g e r  r e f l e x i o n s .

A sam p le  o f  d i i n d e n y l  c o b a l t  was made a v a i l a b l e  by  

E . 0 ,  F i s c h e r ,  and th e  u n i t  c e l l  d im e n s io n s  w ere o b t a i n e d  from  

a pow der p h o to g r a p h ;  th e  l i n e s  w ere in d e x e d  by  t r i a l ,  and 

co m p a r iso n  w i t h  th e  s i n g l e - c r y s t a l  r o t a t i o n  and o s c i l l a t i o n
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p h o to g r a p h s  o f  th e  i r o n  a n a lo g u e .  The powder p h o to g r a p h  

was o f  r a t h e r  p o o r  q u a l i t y ,  and th e  c e l l  d im e n s io n s  o f  th e  

c o h a l t  a n a lo g u e  a re  p r o b a b ly  o n ly  a p p r o x im a t e ly  d e te r m in e d ;  

t h e r e  i s  n o  d o u b t  h ow ever  t h a t  th e  i r o n  and c o b a l t  compounds 

a r e  i s o m o r p h o u s .  The c e l l  d im e n s io n s  a r e  com pared in  

T a b le  1 7 ;  t h e  c e l l  d im e n s io n s  o f  the  c o r r e s p o n d in g  c y c l o -  

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

T a b le  1 7 .

U n i t  c e l l  d im e n s io n s .

P e (C gH7 ) 2 Co (C9H7 ) 2 ? e (C 5H5 ) 2 Co(C5H5 ) 2

a 1 1 .3 2  A 1 1 .4 9  A 1 0 .5 6  A 1 0 .6 0  A

b 7 . 8 5  7 . 9 4  7 . 6 0  7 . 7 1

o 8 . 0 9  8 . 1 5  5 . 9 5  5 . 9 0

1 1 5 . 3 °  1 1 5 . 3 °  1 2 1 . 0 °  1 2 1 . 1 °

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

o f  o x y g e n ,  due t o  o x i d a t i o n  o f  Co*^ t o  Co^*^^, and a l l  th e  

s i n g l e - c r y s t a l  i n v e s t i g a t i o n  was c o n f i n e d  t o  th e  ir o n  

a n a l o g u e .

3 .  S t r u c t u r e  A n a l y s i s .

3 . 1 .  Space  g ro u p .

Of t h e  (h 0 £ )  r e f l e x i o n s  w i t h  h  = 2 n ,  55 in d e p e n d e n t  

r e f l e x i o n s  h a v e  b een  o b s e r v e d  o u t  o f  a p o s s i b l e  81  o b s e r v a b le
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w i t h  CoKd r a d i a t i o n ;  c a r e f u l  e x a m in a t io n  o f  th e  (h0£)  

zo n e  p h o to g r a p h s  r e v e a l s  n o  p l a n e s  w i t h  h  = 2n + 1 ,  s o  t h a t  

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

and  th e  s p a c e  g ro u p  i s  P - / a . On th e  p h o to g r a p h s  o b t a in e d  

w i t h  th e  u s e  o f  CoK<* r a d i a t i o n ,  o n ly  (0 4 0 )  o f  th e  (OkO) r e 

f l e x i o n s  i s  o b s e r v e d ;  w i t h  CuKot r a d i a t i o n  a weak (0 2 0 )  r e 

f l e x i o n  h a s  a l s o  b e e n  o b s e r v e d .  No (OkO) r e f l e x i o n s  w i t h  

k odd h a v e  b een  o b s e r v e d ,  and t h e s e  a b s e n c e s  e s t a b l i s h  the  

s p a c e  g ro u p  a s  P 2 j / a .  H ow ever, s i n c e  o n ly  two (OkO) r e 

f l e x i o n s  a re  o b s e r v a b l e ,  some f u r t h e r  e v i d e n c e  f o r  c e n t r o -  

sym m etry i s  d e s i r a b l e ,

H o w e l l s ,  P h i l l i p s  and R ogers  (1 9 5 0 )  h a v e  shown t h a t  

th e  f r a c t i o n s  N ( z )  o f  r e f l e x i o n s  whose i n t e n s i t i e s  a r e  e q u a l  

t o  or  l e s s  th a n  a f r a c t i o n  z o f  th e  l o c a l  a v e r a g e  a r e  g i v e n ,  

f o r  a c e n t r o s y m m e t r ic a l  c r y s t a l  or  p r o j e c t i o n ,  by  th e  

f u n c t i o n

N ( z )  = e r f  ( i z ) 3  

and f o r  a 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 ,  by  th e  f u n c t i o n

N ( z ) = 1 -  ex p  ( - z )

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

i n t e n s i t i e s  p ro d u ced  by a random a rra n g em en t o f  a to m s ,  so  

t h a t  th ey  m ig h t  n o t  be e x p e c t e d  t o  a p p ly  r i g o r o u s l y  t o  a 

s t r u c t u r e  c o n t a i n i n g  an atom  o f  p r e d o m in a n t  s c a t t e r i n g  p ow er ,  

s u c h  a s  th e  i r o n  atom i n  th e  p r e s e n t  c a s e .  'The two
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d i s t r i b u t i o n  f u n c t i o n s  are  shown i n  P i g . 2 0 ,  an d  compared  

w i t h  t h e  v a l u e s  o f  II ( z )  f o r  th e  (h0€) and (hkO) r e f l e x i o n s  

o f  d i i n d e n y l  i r o n .  In  b o t h  z o n e s  th e  v a l u e s  o f  M (z) l i e  

c l o s e  to  th e  c e n t r o s y m m e t r i c a l  c u r v e  a t  v a lu e s  o f  z from  

0 t o  0 . 5 ;  a t  h ig h e r  z ,  n e i t h e r  curve  f i t s  c l o s e l y .

A l l  t h i s  e v id e n c e  a p p e a r s  to  l e a v e  l i t t l e  d o u b t t h a t  

th e  s p a c e  g r o u p  i s  P 2 j / a ,  and s t r u c t u r e  a n a l y s i s  p r o c e e d e d  

on t h i s  b a s i s .  I t  i s  a s  w e l l  t o  b ea r  in  m ind h ow ever  t h a t  

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

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

t h a t  t h e  s p a c e  g ro u p  may s t i l l  be Pa or  P 2 / a .

3 . 2 .  (0 1 0 )  p r o j e c t i o n .

The s p a c e  group P 2 j / a  r e q u i r e s  f o u r  a s y m m e tr ic  u n i t s  

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

m o l e c u l e s ,  e a c h  m o le c u le  h a s  a c e n t r e  o f  sym m etry a t  th e  

i r o n  a to m , and th e  two i r o n  atom s in  th e  c e l l  a r e  s i t u a t e d  

a t  ( 0 ,  0 ,  0 )  and (-J-, 0 ) .  The m o le c u la r  c e n t r e  o f  sym

m etry  d e f i n e s  th e  c o n f i g u r a t i o n  o f  th e  m o l e c u l e ;  t h e  s i x -  

membered r i n g s  m ust be  t r a n s .

The i r o n  atom s c o n t r i b u t e  2 f ^  or  0 to w a r d s  th ePe
s t r u c t u r e  f a c t o r s  a c c o r d i n g  a s  (h  + k) i s  e v e n  o r  odd , and  

u s i n g  th e  h e a v y  atom  t e c h n i q u e  ( s e e  page  8 ) ,  p r e l i m i n a r y  

a n a l y s i s  may be c a r r i e d  o u t  i n  a d i r e c t  m anner. In th e  

(hOfc) z o n e  t h o s e  r e f l e x i o n s  to  w h ic h  th e  i r o n  atom s do n o t
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2o  -

-u 1 .0

Ooo

t o

(hkO)

2o

i.o•a
F l f t . 2 0 . I n t e n s i t y  d i s t r i b u t i o n s  f o r  d i i n d e n y l  i r o n ,

com pared w i t h  t h e o r e t i c a l  c u r v e s  f o r  1 an d  1 .



c o n t r i b u t e  a r e  f o r b id d e n  by th e  s p a c e  g r o u p ,  so t h a t  a

F o u r i e r  s y n t h e s i s  may be com puted w i t h  th e  p h a s e s  o f  a l l

th e  (hOt) term s b a s e d  on th e  i r o n  atom s a lo n e  -  z e r o  p h a se

a n g le  or p o s i t i v e  s i g n .

Fbe f u n c t i o n  p ( x z )  was com puted u s i n g  p o s i t i v e  s i g n s

f o r  a l l  F (h O t)  ; t h i s  f u n c t i o n  i s  shown i n  F i g . 2 1 .  The
-2i r o n  atom s a r e  w e l l  r e s o l v e d ,  w i th  p eak  h e i g h t  33 eA ;

t h i s  p eak  h o w ev er  r e p r e s e n t s  one i r o n  atom and tw o carbon

a to m s ,  one from  e a c h  f iv e -m e m b e r e d  r i n g ,  w h ich  a r e  o b s c u r e d

by th e  h e a v y  ir o n  p e a k .  The o t h e r  fo u r  atom s o f  e a c h  f i v e -
- 2membered r i n g  are  c l e a r l y  r e s o l v e d ,  p eak  h e i g h t s  6 -  8 eA 

The p o s i t i o n s  o f  th e  s ix -m e m b er ed  r i n g s  a r e  l e s s  c e r t a i n .  

P o s i t i o n s  h a v e  to  be c h o se n  f o r  e i g h t  carb on  a to m s;  t h e r e  

a r e  how ever  f o u r t e e n  a v a i l a b l e  p e a k s ,  two o f  t h e s e  b e in g  

much h e a v i e r  th an  th e  o t h e r s ,  and p r o b a b ly  c o r r e s p o n d in g  t o  

two o v e r l a p p i n g  carb on  a to m s .  I f  th e  m o le c u le  h a s  a t r a n s -  

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

p r e t e d  o n ly  by  o v e r la p  o f  two m o le c u l e s  w i t h  d i f f e r e n t  

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

o r i e n t e d  m o le c u l e s  a lo n g  the b - a x i s  w ou ld  l e a d  to  a b - a x i s  

o f  d o u b le  th e  p r e s e n t  l e n g t h .  C a r e fu l  e x a m in a t io n  o f  th e  

r o t a t i o n  and o s c i l l a t i o n  p h o to g r a p h s  f o r  c r y s t a l s  r o t a t i n g  

a b o u t  th e  b - a x i s  r e v e a l s  n o  i n t e r m e d i a t e  l a y e r  l i n e s ,  an d  so  

th e  two t y p e s  o f  m o le c u la r  o r i e n t a t i o n  m ust be  a r r a n g e d  

random ly  a lo n g  th e  b - a x i s .  T h is  ty p e  o f  s t a c k i n g  w ould  be
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F i g . 3 1 . 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 ) ;  
p h a s e - a n g l e s  b a s e d  on i r o n  atom s o n l y .  
C on tou rs  a t  i n t e r v a l s  o f  1 eA~^, o n e - e l e c t r o n  
l i n e  d o t t e d ,  e x c e p t  on th e  i r o n  a to m , w here  
c o n to u r s  a r e  6 ,  l u ,  1 5 ,  20  . . .  eA-2^



1 1 8 .

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

a l l  th e  p h o to g r a p h s  show ed o n ly  sh a r p  r e f l e x i o n s ,  w i t h  no  

t r a c e  o f  d i f f u s e n e s s .  A l s o  any  s t a c k i n g  d i s o r d e r  i n  th e  

a c  p la n e  w o u ld  l e a d  t o  i m p o s s i b l y  s h o r t  in t e r m o le  c u la r  

d i s t a n c e s ,  so  t h a t  o n l y  in  t h e  b - d i r e c t i o n  i s  any s t a c k i n g  

d i s o r d e r  p o s s i b l e .

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

i s  c r y s t a l l o g r a p h i c a l l y  much more r e a s o n a b le  can be g i v e n  i f  

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

c a r d e d .  L e t  u s  assume t h a t  th e  t r u e  s p a c e  g ro u p  o f  th e  

c r y s t a l  i s  P a ,  and  h en ce  n o  m o le c u la r  symmetry i s  r e q u i r e d .  

When t h e  s p a c e  g ro u p  i s  n o t  d e te r m in e d  u n a m b ig u o u s ly ,  i t  i s  

alvi/ays a w is e  p o l i c y  t o  c h o o s e  t h e  one o f  lo w e r  sym m etry ,  

and any a d d i t i o n a l  sym m etry w i l l  em erge d u r i n g  th e  c o u r s e  o f  

th e  a n a l y s i s .  In th e  p r e s e n t  c a s e  th e  a b s e n t  s p e c t r a  

d e te r m in e  t h e  s p a c e  grou p  u n a m b ig u o u s ly  a s  P 2 ^ /a ,  b u t t h e r e  

i s  some d o u b t  a b o u t  th e  (OkO) h a l v i n g s .

how i n  th e  b - a x i s  p r o j e c t i o n  the  i r o n  atom s h ave  

p o s i t i o n s  s u c h  t h a t ,  i f  th e  o r i g i n  o f  th e  p r o j e c t i o n  i s  ch o sen  

a t  one o f  th e  i r o n  a to m s ,  t h e  p h ase  a n g l e s  o f  t h e i r  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  a r e  0 .  I f  t h e s e  p h a se  

a n g l e s  a r e  u s e d  to  compute th e  e l e c t r o n  d e n s i t y ,  t h e y  m u st  

i n e v i t a b l y  g i v e  a c e n t r o s y m m e t r ic a l  s t r u c t u r e ,  and i f  th e  

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

map r e p r e s e n t s  a s u p e r p o s i t i o n  o f  two s t r u c t u r e s  -  th e  c o r r e c t
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o n e ,  and a n o t h e r  r e l a t e d  to  i t  by  c e n t r e s  o f  symmetry a t  th e  

i r o n  a to m s ,  and midway b e tw e en  th e  i r o n  a to m s .  In o th e r  

w o r d s ,  o f  e a c h  p a i r  o f  c e n t r o s y m m e t r i c a l l y - r e l a t e d  p ea k s  

o n ly  one  i s  c o r r e c t ;  t h e  t r u e  s t r u c t u r e ,  c h o s e n  w i t h  th e  

h e l p  o f  c h e m ic a l  e v i d e n c e ,  i s  shown in  P i g . 2 2 .  S t r u c t u r e  

f a c t o r s  w ere c a l c u l a t e d  fr o m  t h e s e  ir o n  and carb on  p o s i t i o n s ,  

u s i n g  t h e  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 s  a p p r o p r ia t e  to  s p a c e  

g ro u p  P a :
i«

A * 2. H fc  • co& 2.Tr(hx.j + ) -+- 2
»

t«
B * 2 E  fC' 6in2Tr(h*ji

In g e n e r a l  the  B p a r t s  are  s m a l l  in  c o m p a r iso n  w i t h  

A , s i n c e  th e  c o n t r i b u t i o n  o f  th e  two Pe atom s t o  B i s  z e r o .  

The a g r e e m e n t  b e tw een  m easu red  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  was e n c o u r a g i n g l y  g o o d ,  e x c e p t  f o r  a fe w  r e f l e x i o n s  

( p a r t i c u l a r l y  201  and 2 0 2 ) .

A s e c o n d  F o u r i e r  s y n t h e s i s  was com puted u s i n g  t h e s e  

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

d i s t r i b u t i o n  i s  shown i n  P i g . 2 3 .  Only one atom  o f  e a c h  

p a i r  o f  c e n t r o s y m m e t r i c a l l y - r e l a t e d  p ea k s  i s  now p r e s e n t ,  

e x c e p t  t h a t  t h e r e  i s  a s i x - e l e c t r o n  p ea k  in  a p o s i t i o n  r e 

l a t e d ,  b y  a c e n t r e  o f  symmetry a t  th e  i r o n  a to m , to  th e  p ea k  

where two carb on  atom s o v e r l a p .  In s p i t e  o f  th e  h e i g h t  o f  

t h i s  p e a k ,  i t  i s  p r o b a b ly  s p u r io u s  and due to  e r r o r s  in  p h a se
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g ig * 22. P r o j e c t i o n  o f  th e  s t r u c t u r e  o f  d i i n d e n y l  
i r o n  o n t o  ( 0 1 0 ) .
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F i g . 2 5 . 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 ) ,  u s i n g
p h a s e - a n g l e s  c a l c u l a t e d  from  th e  p o s i t i o n s  o f  
i r o n  and carb on  a to m s .  C ontou rs a t  i n t e r v a l s  
o f  1 eA"^, w i t h  the o n e - e l e c t r o n  l i n e  d o t t e d  
e x c e p t  on th e  i r o n  atom , where th e  c o n to u r s  are  
8 ,  1 0 ,  1 5 ,  20 . . .  eA "2. and on th e  d o u b le  p e a k ,  
where d ie  c o n t o u r s  a r e  5 ,  1 0 ,  1 5 ,  18 eA~%m



a n g l e .  New carb on  p o s i t i o n a l  p a r a m e te r s  w ere  c h o s e n  from  

t h i s  map, a d o u b le  s h i f t  c o r r e c t i o n  b e in g  a p p l i e d .  Re

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

im p rovem en t i n  th e  a g r e e m e n t  b e tw e en  th e  o b s e r v e d  and c a l 

c u l a t e d  v a l u e s  , b u t  th e  (2 0 1 )  and  (202*) p la n e s  w ere s t i l l  

g r o s s l y  i n  e r r o r .

A d i f f e r e n c e  s y n t h e s i s  p r o j e c t i o n  on (0 1 0 )  was now 

com puted ( F i g . 2 4 ) ;  a f e a t u r e  o f  t h i s  map i s  th e  a c c u m u la t io n  

o f  d e n s i t y  b e tw e en  th e  carbon a to m s ,  p o s s i b l y  due t o  a n i s o 

t r o p i c  v i b r a t i o n s  o f  th e  a r o m a t ic  r i n g s  a b o u t  an a x i s ,  w h ich  

p a s s e s  th r o u g h  th e  m e t a l  a to m , and i s  p e r p e n d ic u l a r  to  the  

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

carb on  atom  may be r e p r e s e n t e d  b y :

•f = f„ .  exj> [ -  { o i+ p .s iw ’-pjj-vJ/') |

w here oi and a r e  c o n s t a n t s ,  i s  th e  a n g le  b e tw e en  th e  

d i r e c t i o n  o f  maximum v i b r a t i o n  and th e  c a x i s ,  and (2 s ,< |> )  

a r e  th e  p o l a r  c o o r d i n a t e s  o f  a p o i n t  i n  th e  k = 0 p la n e  o f  

th e  r e c i p r o c a l  l a t t i c e .  oC and p  were c a l c u l a t e d  from the  

s l o p e s  o f  th e  f u n c t i o n  (p Q -  p c ) a t  th e  a to m ic  c e n t r e s  

(C o ch ra n , 1 9 5 1 )  : aL = 2 . 6 ,  p  = 2 . 6 .  I t  was n o t  t o  be

e x p e c t e d  h ow ever  t h a t  t h e s e  a n i s o t r o p i c  f a c t o r s  w ould  p r o 

duce much change in  th e  l o w e r - o r d e r  r e f l e x i o n s ,  and  r e c a l c u l a 

t i o n  o f  th e  s t r u c t u r e  f a c t o r s  o f  th e  (2 0 1 )  and (2 0 2 ) p l a n e s  

show ed t h a t  th e  ch a n g es  in  the c a l c u l a t e d  v a l u e s  o f  t h e s e
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F i g . 2 4 . D i f f e r e n c e  s y n t h e s i s  p r o j e c t i o n  on ( 0 1 0 ) ,  
i r o n  and ca rb o n  atom s s u b t r a c t e d .  C ontours  
a t  i n t e r v a l s  o f  0 . 5  eA“2 , n e g a t i v e  c o n to u r s  
b r o k e n ,  z e r o  c o n to u r  d o t t e d .
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s t r u c t u r e  f a c t o r s  w ere n e g l i g i b l e .

The 4 - e l e c t r o n  p ea k s  a t  t h e  p o s i t i o n  o f  t h e  two 

o v e r l a p p i n g  a to m s ,  and a t  th e  p o s i t i o n  r e l a t e d  to  t h i s  by  

i n v e r s i o n  i n  th e  i r o n  a to m , a r e  p r o b a b ly  due t o  p h a s e - a n g le  

e r r o r s . .  In  a P a t t e r s o n  s y n t h e s i s ,  many o f  th e  C-C v e c t o r s  

o v e r l a p  h e r e ,  so  t h a t  we m ig h t  e x p e c t  an a c c u m u la t io n  o f  

e r r o r s  in  t h e s e  p o s i t i o n s .

A t  th e  moment l i t t l e  f u r t h e r  in f o r m a t io n  can be g a in e d  

by f u r t h e r  r e f in e m e n t  o f  t h i s  p r o j e c t i o n ;  th e  b e s t  m ethod  

o f  p r o c e e d in g  i s  t o  o b t a i n  a p p r o x im a te  y - c o o r d i n a t e s  and 

p r o c e e d  w i t h  a t h r e e - d i m e n s i o n a l  a n a l y s i s .  The d i s c r e p a n c y  

b e tw e en  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  f a c t o r s  o v er  th e  

o b s e r v e d  r e f l e x i o n s  (and i n c l u d i n g  th e  u n o b s e r v e d  2 0 1  r e 

f l e x i o n )  i s  24/b, and  o v er  a l l  th e  r e f l e x i o n s  29/6, V a lu e s  

o f  m ea su red  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  a r e  l i s t e d  in  

T ab le  20  (p age 1 3 4 ) .

3 . 3 .  (0 0 1 )  p r o j e c t i o n .

S in c e  th e  a b s e n t  s p e c t r a  c o r r e sp o n d  to  s p a c e  g ro u p  

P 2 ] / a ,  th e  i r o n  atom s a r e  p r o b a b ly  s i t u a t e d  e x a c t l y  h a l f - w a y  

b e tw e en  the g l i d e - p l a n e s , and i f  t h e  o r i g i n  i s  ta k e n  a t  one  

o f  t h e  i r o n  a to m s ,  the c o o r d i n a t e s  o f  th e  h e a v y  a tom s a r e  

( 0 ,  0 ,  0 )  and ( | ,  J-, 0) . In th e  p r o j e c t i o n  down th e  c - a x i s ,  

th e  a r o m a t ic  r i n g s  w i l l  be v ie w e d  a lm o s t  e n d - o n ,  and th e
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p r o j e c t i o n  w i l l  be n e a r l y  c e n t r o s y m m e t r ic .

In  co m p u tin g  p ( x y )  a l l  term s w i t h  (h + k) e v e n  were  

i n c l u d e d  w i t h  4 -  s i g n ;  o f  t h o s e  w i t h  (h 4 *  k) odd o n ly  F ( 1 2 0 )  

and F ( 2 1 0 )  a r e  o f  c o n s i d e r a b l e  m a g n itu d e ,  and s i n c e  F (1 1 0 )  

i s  l a r g e  and n e c e s s a r i l y  p o s i t i v e ,  i t  f o l l o w s  from  th e  s i g n  

r e l a t i o n .  (C och ran , 1 9 5 2 ) :

s ( h )  ■= s ( h ' )  . s (h + h* ) 

t h a t  t h e s e  two term s h a v e  th e  same s i g n ,  w h ich  may be ta k en  

a s  e i t h e r  p o s i t i v e  or  n e g a t i v e .

E x a m in a t io n  o f  th e  F o u r i e r  map i n d i c a t e s  t h a t  th e  

i n d e n y l  r a d i c a l s  a r e  a lm o s t  n o rm a l to  the  p r o j e c t i o n  p l a n e ,  

and n o n e  o f  t h e  i n d i v i d u a l  a tom s i s  r e s o l v e d .  The ns a n d 

w ic h ” n a t u r e  o f  th e  m o le c u le  i s  h o w ev er  w e l l  i l l u s t r a t e d .

Owing t o  th e  ex trem e  o v e r l a p  i n  t h i s  p r o j e c t i o n ,  y - c o -  

o r d i n a t e s  c a n n o t  be a c c u r a t e l y  d e te r m in e d ;  t h e y  w ere  a d j u s t e d  

by t r i a l  on th e  F o u r i e r  map, a s su m in g  p la n a r  I n d e n y l  r a d i c a l s ,  

u n t i l  s a t i s f a c t o r y  a g r e e m e n t  b e tw e e n  m ea su red  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  was o b t a i n e d .

The 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  f a c t o r s  a r e  

l i s t e d  i n  T ab le  20  (page 1 5 4 ) ;  t h e  d i s c r e p a n c y  o v e r  t h e  

o b s e r v e d  p la n e s  i s  23%.  The f i n a l  F o u r i e r  s e r i e s  was com

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

o r d i n a t e s  ( F i g . 2 5 ) .
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P i g . 2 5 .  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 0 1 ) ,  
w i t h  p h a se  a n g le s  from  ir o n  and carbon  
p o s i t i o n s .  Contour i n t e r v a l  1 eA 
w i t h  th e  o n e - e l e c t r o n  l i n e  d o t t e d .

si
n0
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3 . 4 .  S c a t t e r i n g  f a c t o r s .

In  th e  c a l c u l a t i o n  o f  th e  s t r u c t u r e  f a c t o r s  th e  

s c a t t e r i n g  c u r v e  u s e d  f o r  i r o n  was t h a t  g iv e n  f o r  Fe i n  the  

" I n t e r n a t i o n a l  Tables*' ( 1 9 3 5 ) ,  th e  cu rv e  f o r  Pe b e in g  u s e d  

in  p r e f e r e n c e  t o  t h a t  f o r  Pe^4* on e v id e n c e  f o r  th e  ch a rg e  

d i s t r i b u t i o n  in  t h i s  t y p e  o f  m o le c u le  ( M o f f i t t ,  1 9 5 4 ) ,

T h is  c u r v e  h ow ever  had to  be c o r r e c t e d  f o r  th e  anom alous  

d i s p e r s i o n  o f  th e  CoEct r a d i a t i o n  by th e  K e l e c t r o n s  o f  th e  

i r o n  a to m . A v a r i a t i o n  o f  the  s c a t t e r i n g  f a c t o r  w i t h  

w a v e le n g t h  o c c u r s  when t h e  w a v e le n g t h  o f  th e  i n c i d e n t  r a d i a 

t i o n  i s  n e a r  th e  a b s o r p t i o n  ed g e  o f  th e  s c a t t e r i n g  atom .

When t h e  quantum o f  e n e r g y  o f  th e  i n c i d e n t  r a y s  i s  n e a r  to  

t h a t  r e q u i r e d  t o  e j e c t  th e  K e l e c t r o n s ,  th en  th e  K e l e c t r o n s  

s c a t t e r  w i t h  a d i f f e r e n c e  o f  p h a se  w i t h  r e s p e c t  to  t h e  r e s t  

o f  th e  e l e c t r o n s  i n  th e  a tom . D e t a i l s  o f  th e  c o r r e c t i o n s  

h a v e  b een  g iv e n  by James (1 9 5 0 )  who t a b u l a t e s  anc -̂

A f  1 1 , th e  r e a l  and  im a g in a r y  p a r t s  o f  th e  c o r r e c t i o n  t o  be  

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

th e  K e l e c t r o n s ,  a s  f u n c t i o n s  o f  and , where

'X = w a v e le n g t h  o f  r a d i a t i o n  s c a t t e r e d  = 1 .7 9 0  A,

X K = w a v e le n g th  o f  K a b s o r p t i o n - e d g e  o f  s c a t t e r i n g  

e le m e n t  = 1 .7 4  A, 

i s  a p a r a m e te r  c h a r a c t e r i s t i c  o f  t h e  s c a t t e r i n g  

e le m e n t .

Prom th e  t a b l e s :  A f ^  = - 3 . 7 7

A f K"  = o.
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McWeeny* s s c a t t e r i n g  curve  was u s e d  f o r  th e  carbon  

atom s (McWeeny, 1 9 5 1 ) .

B oth  c u r v e s  were c o r r e c t e d  f o r  th erm a l v i b r a t i o n s  

a c c o r d in g  t o  th e  u s u a l  D e b y e -W a lle r  e x p r e s s i o n :

f  = f  e x p  £ - B  ( s i n  6 / >  .
*1

B was ta k en  as  3 . 8 6  x  1 0 ” , an a v e r a g e  v a l u e  e s t i m a t e d  f o r

th e  c r y s t a l  b y  W i l s o n ’ s m ethod (W il s o n ,  1 9 4 2 ) .

In th e  F o u r i e r  su m m ation s , th e  a x i a l  s u b d i v i s i o n s  

w ere  a / 60 = 0 . 1 8 9 ,  b / 3 0  = 0 . 2 6 2 ,  c /3 0  = 0 .2 7 0  A.

4 .  D i s c u s s i o n .

A t  th e  moment p r o j e c t i o n s  o f  t h e  s t r u c t u r e  down two  

c r y s t a l  a x e s  (b and c )  h a v e  b een  e x a m in e d ,  and th e  c r y s t a l  

and m o le c u la r  s t r u c t u r e  h a s  been e s t a b l i s h e d  f a i r l y  c l e a r l y .  

The a g r e e m e n t  b e tw e en  m ea su red  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 s  on th e  w h o le  q u i t e  e n c o u r a g in g ;  t h e r e  are  

h ow ever  a fe w  p o o r  a g r e e m e n ts  among th e  (h o€ ) r e f l e x i o n s , 

and t h e s e  do c a s t  some d o u b t  on th e  v a l i d i t y  o f  th e  p r o p o s e d  

s t r u c t u r e .  The f i r s t  F o u r i e r  s y n t h e s i s  on th e  (hOt) zone  

h a s  b een  com puted d i r e c t l y  fr o m  th e  X -r a y  d a t a ,  w i t h o u t  mak

in g  any a s s u m p t io n s  a b o u t  th e  g eo m e try  o f  the m o l e c u l e ,  and  

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

F o u r i e r  map, o t h e r  than th e  one w h ic h  h as  b een  f o l l o w e d .  The 

r a t h e r  l a r g e  v a r i a t i o n  in  peak  h e i g h t  d o e s  s u g g e s t  t h a t  a b 

s o r p t i o n  and e x t i n c t i o n  e r r o r s  a r e  q u i t e  s e v e r e ,  a s  i n  th e
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c a s e  o f  f e r r o c e n e  (D u n itz  e t  a l . ,  1 9 5 6 ) .

The p r e s e n t  d o u b ts  a b o u t  th e  s t r u c t u r e  may be overcom e  

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

w i l l  be r e q u i r e d  e v e n t u a l l y  i n  an y  c a s e ,  i f  a c c u r a t e  m o le 

c u l a r  d im e n s io n s  a r e  t o  be o b t a i n e d .  A b s o r p t io n  e r r o r s  

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

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

th e  u s e  o f  s t o u t e r  c r y s t a l s  w ould  p r o b a b ly  p rod u ce  b e t t e r  

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

f u n c t i o n  may th e n  be com p u ted , and i n t e r p r e t e d  on th e  b a s i s  

o f  th e  p r e s e n t  s t r u c t u r e ;  s i n c e  th e  Fe-C  p ea k s  a re  much 

h e a v i e r  th an  th e  G-C, th e  i n t e r p r e t a 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  s h o u ld  be f a i r l y  s t r a i g h t f o r w a r d .  A t th e  moment 

h o w ev er  t h e  f o l l o w i n g  f a c t s  h a v e  been e s t a b l i s h e d :

( i )  C o n s id e r a t io n  o f  th e  two p r o j e c t i o n s  l e a v e s  n o  

d o u b t t h a t  th e  m o le c u le  h a s  a "sa n d w ic h ” s t r u c t u r e .  T h is  

i s  p a r t i c u l a r l y  w e l l  i l l u s t r a t e d  i n  th e  c - a x i s  p r o j e c t i o n ,  

where th e  a r o m a t ic  r i n g s  a r e  v ie w e d  e n d - o n ,  w i t h  th e  m e t a l  

atom  "sandw iched"  b e tw e e n .  The b - a x i s  p r o j e c t i o n  c l e a r l y  

show s t h a t  th e  i r o n  atom  i s  bonded t o  th e  f iv e -m e m b e r e d  

r i n g s .

( i i )  A t te m p ts  t o  i n t e r p r e t  th e  o b s e r v e d  X -ra y  d a t a  in

term s o f  a t r a n s - c o n f i g u r a t i o n  o f  th e  m o le c u le  w ere  u n s u c c e s s 

f u l .  The p l a n e s  o f  th e  tw o a r o m a t ic  r a d i c a l s  a r e  p a r a l l e l ,

and F i g . 26  show s th e  m o le c u le  vievi/ed a lo n g  th e  n o rm a l t o  the
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F i g . 2 6 .  P r o j e c t i o n  o f  th e  d i in d e n y l -  i r o n  m o le c u le  a lo n g  

th e  n o rm a l to  th e  p l a n e s  o f  th e  a r o m a t ic  r i n g s .



p la n e s  o f  the  a r o m a t ic  r i n g s ,  from  w h ic h  i t  i s  e v i d e n t  t h a t  

th e  m o le c u la r  c o n f i g u r a t i o n  i s  " g a u ch e" .

( i i i )  In  t h e  (hO*t) z o n e ,  36  ca rb o n  p a r a m e te r s  have t o  

be d e te r m in e d  fr o m  o n l y  55 in d e p e n d e n t  o b s e r v e d  r e f l e x i o n s ,  

and  in  th e  (hkO) zone t h e r e  a r e  o n ly  21 in d e p e n d e n t  o b s e r v e d  

r e f l e x i o n s ,  so  t h a t  th e  d im e n s io n s  o f  th e  m o le c u le  can be 

d e te r m in e d  a c c u r a t e l y  o n ly  by e x t e n d i n g  th e  a n a l y s i s  to  

t h r e e - d i m e n s i o n a l  d a t a .  The c o o r d i n a t e s  o b t a i n e d  fro m  th e  

two p r o j e c t i o n s  may n e v e r t h e l e s s  be u s e d  as a s t a r t i n g  p o in t  

f o r  a t h r e e - d i m e n s i o n a l  r e f i n e m e n t ,  and t h e s e  a r e  l i s t e d  i n  

T a b le  1 9 .  The c o o r d i n a t e s  x ,  y ,  z a r e  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  u n i t  c e l l  e d g e s ,  th e  i r o n  atom  b e in g  ta k e n  a s  o r i g i n .

( i v )  W hile  no  a c c u r a t e  d e t e r m i n a t i o n  o f  th e  d im en s io n s  

o f  th e  m o le c u le  i s  p o s s i b l e  by c o n s i d e r a t i o n  o f  t w o - d im e n s io n 

a l  d a ta  o n l y ,  th e  Fe-C  and  C-C bon d  l e n g t h s  have b een  c a l 

c u l a t e d  from  the c o o r d i n a t e s  o f  T ab le  1 9 ,  an d  th e  mean bond  

l e n g t h s  a re  com pared in  T able  18 w i t h  th e  c o r r e s p o n d in g

mean bond l e n g t h s  in  f e r r o c e n e .

T ab le  1 8 .

Mean bon d  l e n g t h s  i n  Fe ( 05115)2 and Fe(C gH y)2 .

Fe(C5H5 )2 Fe ( C9H7 ) 2

Mean F e-C  2 .0 4 5  A 2 . 1 3  A

Mean C-C 1 .4 0 3  1 . 4 6

P e r p e n d i c u la r  d i s t a n c e

b e tw een  p l a n e s  o f  r in g s  3 . 3 2  3 . 4



1 3 2 .

The p e r p e n d ic u l a r  d i s t a n c e  b e tw e en  th e  p l a n e s  o f  th e  

a r o m a t ic  r i n g s  i s  a b o u t  3 . 4  A , i d e n t i c a l  w i t h  th e  i n t e r -  

p la n a r  s p a c i n g  in  g r a p h i t e ,  and th e  m o le c u le  i s  p r o b a b ly  

f i x e d  In  t h e  g a u ch e  c o n f i g u r a t i o n  by weak van d e r  W aals  

f o r c e s  b e tw e e n  th e  s ix -m e m b e r e d  r i n g s ,  w h ich  s t a b i l i z e  th e  

g a u ch e  c o n f i g u r a t i o n  w i t h  r e s p e c t  to  th e  t r a n s .

A l l  t h e  i n t e r m o l e c u l a r  d i s t a n c e s  c o r r e s p o n d  to  norm al  

van d e r  Ytfaals a t t r a c t i o n s .
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T ab le 19 •

C o o r d in a t e s o f th e  a to m s .

Atom X 1 z

Fe 0 0 0

C l 0 .0 0 5 0 .2 6 5 0 .0 0 0

2 0 .0 3 7 0 .1 6 4 - 0 . 1 4 1

3 0 . 1 7 4 0 .0 7 0 - 0 . 0 4 5

4 0 . 2 8 6 0 .0 5 3 0 .2 9 3

5 0 . 2 7 8 0 .1 4 3 0 .4 5 7

6 0 .1 8 5 0 . 2 4 0 0 . 4 8 9

7 0 . 0 7 9 0 . 3 0 0 0 .3 3 8

8 0 .0 9 9 0 .2 2 1 0 .1 6 3

9 0 .2 0 0 0 .1 1 0 0 .1 3 9

C l ’ - 0 . 0 0 5 - 0 . 2 6 5 0 .0 0 0

2 1 - 0 . 1 0 6 - 0 . 2 2 7 - 0 . 1 5 7

3 1 - 0 . 1 9 8 - 0 .1 1 0 - 0 . 1 2 9

4* - 0 . 1 7 9 - 0 . 0 2 9 0 .2 1 4

5 * - 0 . 0 7 2 - 0 . 0 5 0 0 .4 0 0

6 ’ 0 .0 4 1 - 0 . 1 4 9 0 . 4 6 8

7' 0 . 0 7 9 - 0 . 2 4 6 0 . 3 3 8

8 1 - 0 . 0 2 6 7 - 0 . 1 9 5 0 . 1 4 1

9 1 - 0 . 1 5 7 - 0 .1 0 0 0 . 0 6 0
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Table 20 .

M easured 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 .

P la n e | f  i
1 ol ' P J oC° P la n e Ip 0 i ► „ i o < °

000 - 289 - 205 28 31 3 4 6

001 87 88 38 6 13 20 24

2 75 63 3 3 0 7 < 4 6 343

3 16 13 31 4 08 < 6 8 324

4 < 6 14 343 7 21 29 353

5 7 12 11 6 19 24 25

6 20 24 354 5 20 28 340

7 6 14 21 ¥ 60 44 8

8 5 8 331 S' 20 19 11

208 <  5 7 7 2 3 1 33 327

7 13 16 354 I 47 4 6 355

6 18 14 27 0 41 43 29

5 < 7 9 3 5 6 1 21 16 347

¥ 14 10 342 2 62 39 345

3 38 40 3 5 1 3 17 19 7

2 17 48 20 4 12 10 343

1 68 64 3 5 0 5 7 2 338

0 61 50 6 6 < 5 4 332

1 - < 4 35 3 40 608 < 6 5 19

2 37 32 3 5 8 7 < 8 7 356

3 41 32 18 6 8 12 24

4 < 7 15 11 5 25 20 340
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P la n e i * g oC ° P la n e l p ol |F0I o < °
604 48 38 9 1008 4 ' 9 1

3 < 6 22 3 7 < 5 9 354

2 44 35 3 5 0 6 20 22 348

T ; 46 33 . 13 5 22 18 30

0 7 24 3 4 <  7 .6 1

1 39 38 355 3 < 7 8 1

2 21 27 30 2 < 7 9 357

3 8 9 325 T < 7 9 3 5 6

4 10 12 349 0 18 14 343

5 < 4 5 10 1 14 11 14

808 < 5 3 322 1206 4 5 309

7 9 12 28 F 12 10 19

6 < 8 7 348 4 < 5  ' 6 18

5 24 30 353 3 13 15 358

4 11 I 5 8 2 < 5 8 27

3 7 14 338 T < 3 9 333

2 < 7 2 263

T < 7 9 2

0 < 8 2 56 \

1 24 25 338

2 20 20 22

3 < 6 10 353
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P la n e l p 0i lp oi P la n e lp 0 l b 0l o<°

010 < 5 5 90 3 1 0 7 22 3 1 7

2 < 7 4 180 2 < 7 12 17

3 < 8 2 270 3 17 16 356

4 3 6 29 0 4 9 6 69

5 17 16 357

110 61 79 4 4 1 0 < 7 5 64

2 46 52 202 2 < 8 16 347

3 13 17 33 6 3 19 12 32

4 12 13 175 4 19 10 33 6

5 15 14 3 5 1 510 17 27 14

210 53 49 ■209

2 30 30 249 *

3 10 5 211

4 34 33 7



A f  F E K D i m



A P P E N D I X -  - I.
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D in a p h th o p e r o p y r e n e .

M easured and c a l c u l a t e d  (hQ«fc) s t r u c t u r e  f a c t o r s .

( i ) Sharp r e f l e x i o n s  2 n ) .

h 1 F F h F
0 c 0 c

0 0 +984 3 6 2 2 -  1
2 0 86 + 85 34 3 + 6
4 111 -1 1 2 32 2 -  3
6 50 +  57 30 8 + 8
8 16 -  17 28 19 -  18

10 27 + 31 26 < 4 + 5
12 10 + 11 24 162 +155
14 11 + 10 22 3 6 + 3 6
16 21 -  26 m 30 -  29
18 21 + 22 18 20 + 19
20 14 -  12 16 12 -  6
22 16 + 8 14 19 + 20
24 19 + 10 12 10 + 10
26 < 4 0 10 29 + 27
28 15 + 9 8 28 -  30
3 0 12 -  12 6 68 + 62
32 6 + 7 4 84 -  87
34 21 -  21 2 146 +141
36 14 -  14 2 48 -  4 6

0 2 164 + 158 4 70 + 72
4 70 -  74 6 75 -  74
6 6 + 3 8 32 + 34
8 16 +  20 10 95 -  92

10 22 + 16 12 62 -  64
12 14 -  16 14 18 + 22
14 7 +  16 16 21 -  21
16 < 4 +  6 18 12 + 14
18 4 + 10 20 12 -  8
20 < 4 -  3 22 15 -  17
22 < 3 -  3 24 4 -  7

26 5 + 2
28 < 4 -  3
30 6 + 7
32 < 3 -  6
34 29 -  26



h

34
30
28
26
24
22
20
IS
1 6
14
12
10

8
5
i
2
2
4
6
8
10
12
14
16
18
20
22
24
26

H
36
34
32
3 0
28
26
24
22
20
18
i i
2A
12
10

p P h I0 c 0

3 4 -  3 8 6 14
14 4- 11 6 21
25 -  28 4 25
49 4 - 45 2 87
71 4 - 69 2 23
19 -  18 4 7
20 4 -  24 6 9
24 -  23 8 2

< 3 4 -  1 10 5
41 -  39 12 4
55 -  52 14 12
27 4 -  28 20 27
72 -  68 22 28
65 4 -  66 24 5
20 -  12 28 3

122 - 1 1 7
41 4 -  34
20 -  27
39 4 -  39 38 8 28
19 -  20 3 6 9

197 - 1 9 6 34 3
22 -  19 32 . 4
36 4 -  37 26 11

9 -  8 22 3
< 4 -  8 20 8

5 4 -  8 18 25
9 4 -  14 16 24
5 -  3 14 3 1
4 -  4 12 9

10 < 3
8 9
6 2

6 -  5 4 67
5 -  3 2 81

< 3 4 -  2 2 < 3
11 -  11 4 21
17 4 -  12 6 < 3

< 4 4 -  2 8 19
16 -  19 12 5
25 -  29 14 5

9 4 -  14 18 4
5 -  5 20 4 7

19 + 10 22 3
< 3 -  1 24 3

198 -1 9 6 26 2
47 -  49
49 4 - 44
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h I Pr o P c
38 10 16 -  12
28 12 -  7
26 12 -  9
24 < 4 -  1
22 7 -1- 4
20 16 -  8
18 6 -  10
16 25 4  23
14 20 4  18
12 13 -  13
10 21 -  22

8 18 +  16
6 7 4 7
4 192 - 1 8 1
2 35 -  29
2 13 -  14
4 20 4 24
6 15 -  15
8 16 -  16

10 8 -  4
12 22 4  20
14 4 -  8
16 2 + 2
24 3 -  4
26 4 + 8

38 12 4 +  6
34 5 -  7
32 9 4 9
3 0 < 4 4-  4
m 57 -  58
2B 20 -  21
2 4 7 4-  11

< 4 -  8
2U 12 4-  9
18 6 -  8
IB 26 -  25
l ¥ 7 -  15
12 25 4-  26
10 13 -  18

8 10 4*  8
6 < 3 -  1
4 21 -  18
2 14 4-  21

h I F o Fc

2 12 19 4-  25
4 5 - 10
6 75 4-  77
8 83 4-  83

10 8 -  19
12 3 4 7
14 2 4 1
18 4 4 2

38 14 2 -  5
XB 3 4 4
M 4 -  6
32 3 4  7
I B < 4 -  6
28 21 -  20
26 5 4  13
M 9 -  11
22 9 4  11
20 5 -  1
18 49 4 48
16 71 4 67
14 4 -  10
12 15 4  17
10 < 4 -  9

8 3 4 4
6 21 4 15
4 14 4 15
2 4 -  4
2 15 -  17
4 < 4 -  10
6 121 41 2 4
8 25 4 23

10 27 -  26
12 4 4 4
14 5 -  7
18 5 -  6
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h i h e F P0 c 0 c
36 16 7 4  9 32 20 13 -  10
30 5 4  5 3U 17 -  15
28 5 4 10 28 < 3 4 3
26 < 4 -  1 26 9 -  10
24 7 4  13 24 7 4  9
22 13 -  12 22 < 4 4 6
20 < 4 -  15 20 16 -  12
18 138 41 3 5 18 15 — 14
16 51 4  44 16 3 4 7
14 30 -  28 14 3 0
12 4 4 6 12 4 4 6
10 5 -  10 8 41 -  42

8 < 4 4 2 6 15 -  15
6 11 -  12 4 11 4 12
4 < 4 4  3 2 ' < 4 4 2
2 8 -  11 2 < 3 -  1
2 5 -  3 4 4 4 8
4 5 -  9 6 2 0
6 3. -  3
8 5 -  9

10 12 4  11
12 5 -  9 3 0 22 13 -  11
16 16 -  17 28 6 4 5
18 18 -  20 20 9 4 10

2 < 3 -  2
2 14 -  14
4 17 -  20

28 18 < 3 4  2
26 < 4 -  4
24 6 4  9
22 11 -  15 22 24 14 -  10
20 < 4 4  4 20 16 -  16
18 13 4  14
16 9 -  17
14 .. 7 4  13
12 8 -  12
10 < 4 4  3

8 22 -  24
6 31  ̂ 34
4 < 4 4  7
2 4 -  8
2 < 4 4  4
4  1 0 - 9
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D i f f u s e r e f l e x i o n s ( £ =  2n + 1 ) .

h I P0 F o (A) F c (AB)

6 1 4 +17 0
4 5 +21 0
2 N o t  o b s . ' +14 0
2 = < 1 -2 3 0
4 ’ 6 -3 4 0
6 , 6 - 3 0 0
8 5 -1 8 0

10 5 -  5 0
10 3 2 +12 0

8 4 +14 0
2 < 1 -  2 0
2 2 +16 0
4 6 +24 0
6 5 +23 0
8 5 +13 0

10 < 2 + 1 0
12 3 -  8 0
10 5 2 -2 0 0

8 5 - 2 5 0
6 5 -2 1 0
4 < 2 -1 0 0
8 7 2 +17 0
6 5 +15 0
2 , 2 - 1 4 0
4 2 -1 1 0
6 2 -  6 0



I P ?  B N  D I  X I I .
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D in a p h th o p e r o p y r e n e .

M easured  and c a l c u l a t e d  ( h i t )  s t r u c t u r e  f a c t o r s .

h I F o |F |
c

h 1 F o | P CI <*°

1 0 41 39 105 5 1 31 23 345
3 29 44 212 7 8 8 48
5 41 3 6 46 9 17 11 3 5 0
7 ' 16 18 232 11 78 7 6 142
9 17 23 70 13 4 5 339

11 18 16 60 15 4 5 268
13 29 36 232 17 4 10 222
15 5 4 22 19 11 20 179
17 < 3 8 71 21 9 11 227
19 4 7 166 23 34 39 312
21 59 50 55 25 6 10 181
23 8 18 43 27 < 4 9 182
25 50 43 238 29 3 4 217
27 < 4 3 332 31 < 4 4 204
29 < 4 0 . . 33 14 9 177
3 1 4 3 7 6 35 15 12 167
33 12 10 48
35 7 6 239

ST 2 4 4 219
S3* 11 11 39

313* 1 20 15 145 ST* 15 14 228
33 < 2 1 118 S5 8 14 209
ST < 3 2 354 S3* 22 23 73
29 4 2 307 21 6 7 110
27 9 8 135 19 8 8 67
25 38 35 3 3 6 17 < 3 5 213
S3* 76 55 338 1 3 5 13 70
ST 8 18 100 1 3 7 13 56
19 16 20 348 I T 26 29 234
T7 6 18 108 9 18 9 39
15* 2 16 349 7 8 8 127
13 15 9 302 5 23 27 176
11 16 14 300 3 232 236 56

9 25 32 34 1 1 93 111 53
7 21 39 105 1 261 239 235
5 60 71 3 5 0 3 17 28 280
3 44 67 79 5 < 2 12 13
1 267 244 345 7 < 2 8 142
1 169 183 345 9 77 70 53
3 26 29 78 11 29 30 240



143.

h t P n IF 1 h I F_ If  I0 c ‘ 0 c
13 2 71 56 2 3 6 23 4 59 60 232
15 < 3 7 318 21 9 15 255
17 5 7 13 19 6 7 358
19 14 18 233 17 3 9 207
21 4 3 82 15' 68 55 56
23 7 5 29 13 17 21 235
25 10 9 40 11 79 75 236
27 ' < 4 1 180 9 6 11 330
29 3 4 227 7 4 8 33 4
31 3 2 330 5 48 36 232
33 9 8 242 3' 15 45 53

1 6 15 312
1 50 31 20

29 3 13 12 352 3 2 13 67
w r 9 13 67 5 19 24 219
25 77 53 348 7 10 18 34
23 61 45 3 5 4 9 39 32 248
21 5 15 3 6 11 9 18 34
19 15 17 352 13 14 11 45
T7 7 9 94 15 5 4 213
15 14 16 3 3 4 17 4 3 84
13 60 57 142 19 < 4 3 163
11 10 13 342 21 6 4 133

9* 7 1 65 23 5 11 228
7 3 15 2 6 6 29 2 1 286
5 43 53 171 31 12 10 232
3 50 42 188
1 162 213 315
1 43 36 210 3T 5 8 6 143
3 27 55 179 35 ‘ 4 4 332
5 21 23 2 29 29 4 7 163
7 3 16 225 27 4 9 161
9 68 56 167 25 52 56 319

11 97 71 161 23 4 9 2 62
13 8 15 253 21 9 18 181
15 15 12 182 19 7 10 227
17 4 5 300 17 7 9 257
19 < 3 2 37 15 48 43 160
21 7 12 118 13 102 83 154
23 8 12 115 11 8 19 260
33 11 7 158 a 2 8 24 190

7 8 18 275
5 . 7 13 173

29 4 5 6 187 3 17 15 117
27 51 43 58 1 21 29 112
25 38 33 57 1 4 12 96



114.

h t P o |F 1 c*
h e F

0
1F C|

3 5 22 23 331 3 7 7 22 15. 150
5 16 22 137 29 5 8 170
7 15 19 288 23 6 11 142
9 66 4 0 171 21 7 8 315

11 45 33 161 19 15 12 150
13 9 8 334 17 10 11 261
15 4 9 93 15 69 42 175
17 7 8 1 13 61 40 174
±9 < 4 2 104 11 12 8 261
21 18 24 151 9 9 23 119
23 6 2 204 7 24 34 349
25 3 4 341 5 4 14 51

3 68 83 137
1 11 13 118

SF 6 13 11 304 1 18 32 342
33 5 2 0 3 7 18 90
3 1 < 4 3 62 5 18 29 349
29 5 4 32 7 8 12 57
27 19 22 308 9 3 1 43 126
25 8 6 2 7 6 11 < 3 9 80
SF 6 7 297 13 10 18 334
21 6 10 .46 15 4 9 156
19 18 15 217 17 < 4 8 212
1 7 15 19 49 19 16 15 188
I F 9 13 269 21 27 22 172
13 8 8 325. 23 < 4 7 211
11 <2 5 284 25 3 6 173

9 9 2 289
7 23 11 29
F 30 29 217 3 F 8 7 4 243
F 2 19 186 33 3 1 336
1 8 19. 223 29 11 10 225
1 9 8 52 27 8 10 211
3 < 2 5 247 19 3 5 17
5 7 6 348 17 63 43 238
7 65 57 233 15 41 36 232
9 17 25 225 13 72 60 54

11 58 45 58 11 19 21 68
13 7 9 76 9 7 15 184
15 4 6 185 7 4 7 107
17 < 4 2 82 5 89 78 51
19 15 24 48 3 21 16 245
21 12 8 247 1 92 78 232
23 21 16 239 1 8 5 330



145.

h €. F
0 1F c \ h £ F o |F CI o<°

3 8 4 3 225 17 10 3 4 245
5 13 18 52 13 17 21 219
7 9 7 29 7 18 18 250
9 12 7 204 5 12 9 281

11 22 21 226 3 7 • 10 275
13 3 4 290 1 27 28 47
15 < 4 5 5 1 12 12 218
17 12 11 243 7 19 14 260
19 7 8 2 4 6 9 23 38 50
21 < 4 3 19 11 11 7 75
23 11 10 55 15 6 6 41
25 2 5 225 17 8 13 233

21 12 13 58

37 9 13 8 181
31 5 9 3 4 1 l i 14 13 171
27 15 24 128 27 26 23 174
25 4 10 111 £ F 4 10 248
23 9 17 345 SF 4 11 168
21 < 4 9 76 13 9 11 190
19 10 15 3 5 6 11 4 12 254
17 9 10 9 9 12 15 187
15 40 46 131 7 12 14 291
13 < 3 15 97 F 66 45 151
11 17 24 343 F 47 44 148

9 10 13 134 1 9 4 297
7 < 3 11 230 1 < 3 7 288
5 62 43 182 7 62 76 3 2 6
3 97 65 176 9 22 12 346
1 11 23 229 11 7 11 127
1 13 23 168 13 7 7 348
3 5 11 256 17 7 11 3 3 6
5 9 14 178
7 < 3 9 288
9 12 20 305 27 12 3 6 289

11 3 14 178 25 5 8 34
13 3 7 255 21 6 2 200
15 < 4 5 187 19 5 6 0
17 6 6 315 15 17 27 49
19 17 18 144 13 4 4 210
21 10 13 143 11 < 3 1 347
27 6 1 168 9 9 12 36

7 45 36 234
5 47 26 232

37 10 11 11 51 3 54 38 56
29 19 21 55 1 5 5 139
25 20 28 235 5 53 61 230
19 11 6 44 7 20 14 75

9 59 49 58



146.

h t Po | p c i <*° h I Po lF c l c<°

29 13 18 17 161 7 15 35 32 3 2 6
27 19 19 158 9 8 8 165
17 56 68 3 2 1 17 13 17 148
15 15 17 318 19 < 2 4 163
13 9 17 148
11 8 5 335

9 4 5 57 31 16 5 6 234
7 19 20 340 27 4 5 73
5 18 23 135 23 9 8 49
3 10 10 343 ■ ST 9 3 112
1 3 7 45 19 11 11 86
1 . 10 13 8 15 15 20 2 2 6
3 4 14 40 9 3 6 72
5 40 3 6 3 7 8 11 54
7 79 60 347 F 12 18 23 6
9 9 16 45 3 4 6 256

11 7 3 323 1 < 4 4 43
1 5 10 217
3 34 31 54

3 1 14 15 14 234 5 14 25 47
29 11 14 236 7 36 31 239
27 11 17 55 17 < 4 - 3 254
19 59 59 234
15 61 66 57
13 6 10 100 23 17 7 9 337

9 10 7 63 21 9 10 61
1 4 7 64 19 36 28 3 4 1
3 13 10 80 17 42 35 334
5 27 27 65 15 5 3 138
9 35 26 232 11 5 5 166

15 5 5 75 7 20 30 147
5 9 9 155
1 5 9 192

W 15 12 5 166 3 12 15 168
3 1 4 7 337 5 10 20 310
29 10 14 133 15 6 5 189
23 8 8 3
21 < 4 9 68
19 38 33 3 5 6 29 18 4 7 232
17 82 66 345 27 4 2 270
15 14 20 53 23 5 9 215
13 10 20 356 21 39 30 55

7 4 6 300 19 26 24 48
1 6 13 135 17 38 37 237
1 4 10 322 15 15 13 252
3 13 16 141 9 13 20 53
5 36 26 3 3 0 5 14 19 235



147.

h t  p Ip I /  h  i  p | f  | u°o 1 c 1 o c*
1 18 6 9 2 3 6  3 1  21  17 15 155
3 4 5 207  15 4 8 347
5 < 3  0 243 11 3 5 331
7 10 8 42  9 5 6 168

7 8 10 152
  3 10 14 157
3 1  19 : 12 12 149 5 6 6 184
23 3 6 199
21  12 16 166 __
19 13 25  309  11  22 9 10 238
15 7 12 170 9 6 12 230

9 10 10 178 7 9 11 62
7 27  25 159 5 2 2 85
5 4 11 116 1 3 9 44

33 20  7 9 53 21  23 10 13 144
29  12 12 2 3 6  19 7 7 159
2 3  8 7 234
2 1  3 2 94 __
17 5 6 27  23 24 7 10 49
13 4 7 2 1 6  19 9 11 238

9 7 11  2 4 6  7 3 6 223
F  7 10 55
7 3 3 248
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