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Summary

The main p a r t  o f  th e  work d e s c r ib e d  i n  t h i s  t h e s i s  

i s  co n c er n e d  w i t h  th e  d e t e r m in a t io 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  p t e r i d i n e  by X -ra y  c r y s t a l l o g r a p h i c  

m ethods. The u n i t  c e l l  d im e n s io n s  and sp a ce  group o f  

• s u b s t a n c e  P ' , a d i p t e r i d y l  d e r i v a t i v e  o f  unknown s t r u c t u r e  

were a l s o  o b t a in e d .  An a d d i t i o n a l  p ap er  d e a l s  w i t h  an  

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

w ith  t h e  e l e c t r o n  m ic r o s c o p e .

P t e r i d i n e  c r y s t a l l i s e s  i n  th e  orth orh om bic  n o n -  

c e n tr o s y m m e t r ic a l  sp a ce  group Pna2-^ (C^Sy) f o u r  m o le c u le s

p e r  u n i t  c e l l .  The u n i t  c e l l  d im e n s io n s  a re  a = 2 4 .7 0 ,  

b = 3 .7 9 )  c = 6 .3 2  A. The c r y s t a l  and m o le c u la r  s t r u c t u r e  

has b e e n  d e ter m in e d  w ith  c o o r d in a t e  s ta n d a r d  d e v i a t i o n s  o f  

ab ou t 0 .0 3  A from  a s tu d y  o f  F o u r ie r  and F o u r ie r  d i f f e r e n c e  

s y n t h e s e s  p r o j e c t i n g  on (0 1 0 )  and ( 0 0 1 ) .  The m o le c u le  i s  

p la n a r  t o  w i t h i n  0 .0 6  A and th e  bond l e n g t h s  v a r y  b e tw een  

1 .2 8  and 1 .4 1  A f o r  c a r b o n - n i t r o g e n  bonds and b e tw e en  1 .3 5  

and 1 .4 2  A f o r  carb on—carb on  b on d s. The e x p e r im e n ta l  bond  

l e n g t h  m easurem ents are  compared w i t h  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  and a re  fo u n d  to  a g r e e  t o  w i t h i n  th e  l i m i t s  o f  

th e  e x p e r im e n ta l  e r r o r s .

The i n v e s t i g a t i o n  was hampered by th e  f a c t  t h a t  owing



i i i

t o  th e  n a tu r e  o f  th e  c r y s t a l s  o n ly  l e s s  th a n  h a l f  o f  th e

p o s s i b l e  r e f l e c t i o n s  c o u ld  be o b se r v e d  w ith  CuE# r a d ia t io n *

A d d i t i o n a l  d i f f i c u l t i e s  were ca u sed  by th e  non—c e n tr o s y m m e tr ic a l

n a tu r e  o f  th e  one p r o j e c t i o n  w hich  g i v e s  good r e s o l u t i o n  and

a l s o  by th e  d i f f i c u l t y  o f  d i s t i n g u i s h i n g  b etw een  carb on  and

n i t r o g e n  atoms*

The peak  h e i g h t s  i n  th e  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 o n f ir m  th e  p o s i t i o n  o f  th e  n i t r o g e n  a tom s, and th e

hyd rogen  atom s a re  a l s o  r e s o lv e d *

The c r y s t a l s  o f  1 s u b s ta n c e  P 1 d ih y d r o c h lo r id e  d ih y d r a te
/ 4 \a re  m o n o c l in ic ,  sp a ce  group l a  (C ) ,  w ith  f o u r  m o le c u le s  p e rs

u n i t  c e l l *  The u n i t  c e l l  d im e n s io n s  are  a = 1 2 * 1 2 ,  

b = 1 1 . 2 1 ,  c = 1 3 .4 6  k ;  P = 1 1 4 * .

Specim ens o f  s i s a l  f i b r e s  p r e p a r ed  by d e g r a d a t io n  and 

t h i n  s e c t i o n i n g  t e c h n iq u e s  have b e e n  exam ined w i t h  th e  e l e c t r o n

m icro sco p e*  Prom th e  d e g r a d a t io n s  p a r t i c l e s  o f  d ia m e te r  down
•  •

t o  abou t 90 A, and l e n g t h  500 -500 0  A were o b ta in ed *

S e c t i o n i n g  was n o t  s u c c e s s f u l  u n l e s s  non—c e l l u l o s i c  com ponents  

were f i r s t  rem oved, w h ich , how ever, may have ca u sed  some 

d e g r a d a t io n  o f  t h e  c e l l u l o s e  a t  th e  same t im e .  S e c t i o n s  o f  th e  

p u r i f i e d  m a t e r i a l  show c o n c e n t r i c  l a y e r s  o f  w id th  about 1400 A 

and l e n g t h  up t o  3 m ic r o n s .  The p a r t i c l e s  o f  th e  d e g r a d a t io n  

have ap p eared  o n ly  i n  s e c t i o n s  o f  su ch  m a t e r i a l .
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INTRODUCTION

The d i s c o v e r y  by von Laue i n  1912 t h a t  X -r a y s  are  

d i f f r a c t e d  by c r y s t a l s  has l e d  to  th e  d eve lo p m en t o f  a 

p o w e r fu l  method o f  s t r u c t u r e  a n a l y s i s *  The f i n a l  r e s u l t  

o f  a c o m p le te  X—r a y  c r y s t a l l o g r a p h i c  s t r u c t u r e  a n a l y s i s  o f  

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

th e  c o n s t i t u e n t  a tom s, r e l a t i v e  to  a x e s  w hich  are  d e term in ed  

b y  th e  symmetry o f  th e  c r y s t a l .

In  th e  f i e l d  o f  in o r g a n ic  c h e m is tr y  t h i s  l e d  to  th e  

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

fo rm u la  d o es  n o t  e x i s t  a s  su c h ,  th e  c r y s t a l s  c o n s i s t i n g  o f  

a r e g u la r  t h r e e - d i m e n s i o n a l  a ssem b la g e  o f  i o n s .  The s i z e  o f  

th e  v a r io u s  i o n s  can be m easured , and i t  was found  t h a t  th e  

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

th e  numbers and by  th e  r a t i o  o f  th e  r a d i i  o f  th e  d i f f e r e n t  

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

In  o r g a n ic  c r y s t a l s  th e  fu n d a m en ta l e n t i t y  i s  th e  

m o le c u le ,  and i n  su ch  c a s e s  i t  i s  g e n e r a l l y  p o s s i b l e  to  

d e ter m in e  th e  s p a t i a l  p o s i t i o n s  o f  th e  atoms w i t h i n  th e  

m o le c u le ,  i n  a r e l a t i v e  s e n s e ,  b y  c h e m ic a l  m ethods and 

o r d in a r y  v a le n c e  t h e o r y .  A p p l i c a t i o n  o f  th e  X—r a y  method 

w h ic h ,  i n  g e n e r a l , i s  o n ly  p o s s i b l e  a f t e r  t h i s  has b een  

a c h ie v e d ,  th e n  l e a d s  to  q u a n t i t a t i v e  m easurem ents o f  th e  bond



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

m o l e c u l e . I n t e r m o le c u la r  d i s t a n c e s  are  a l s o  o b t a in e d ,  and 

s p e c i a l  f o r c e s  l i k e  th e  hydrogen  bond can be d e t e c t e d .

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

b a s i s .

In  a s i m i l a r  way, th e  d i s c o v e r y  by  D a v i s s o n ,  G-ermer and 

Kunsman, t h a t  e l e c t r o n s  a l s o  are  d i f f r a c t e d  by c r y s t a l s ,  l e d  

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

w h ich  i s ,  h ow ever , o f  r a t h e r  more l i m i t e d  a p p l i c a t i o n .  E le c t r o n  

w a v e s ,  u n l ik e  X - r a y s ,  can  be f o c u s s e d  b y  means o f  m a g n e t ic  

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

e l e c t r o n  m ic r o s c o p e .  The r e s o l v i n g  power o f  t h i s  in s tr u m e n t  

i s ,  a t  p r e s e n t ,  o n ly  ab ou t 20 A and i t  has b e e n  employed  

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

s t r u c t u r e .

O ther p h y s i c a l  m ethods w h ich  may be  u sed  t o  d e term in e  

m o le c u la r  s t r u c t u r e s  q u a n t i t a t i v e l y  i n c lu d e  n e u tr o n  d i f f r a c t i o n  

and v a r io u s  t y p e s  o f  s p e c t r o s c o p y ,  b u t  t h e s e  are a l s o  more 

l i m i t e d  i n  t h e i r  a p p l i c a t i o n .
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I  INTRODUCTION

P t e r i d i n e  i s  th e  p a r e n t  su b s ta n c e  o f  a number o f

n a t u r a l l y  o c c u r r in g  compounds w hich  were f i r s t  d i s c o v e r e d

i n  1 8 8 9 , when E.G-. Hopkins^ i s o l a t e d  a y e l lo w  and a w h ite

p igm ent from b u t t e r f l y  w in g s .  At t h a t  t im e  t h e i r  s t r u c t u r e s
2 ^were n o t  known. However i n  19 4 0 , Purrmann ’ s y n t h e s i z e d  t h e  

two p ig m e n ts ,  w h ich  had b e e n  named x a n t h o p t e r in  and l e u c o p t e r i n ,  

and showed t h a t  th e y  were d e r i v a t i v e s  o f  p yr im id o  [ 4 : 5—b] 

p y r a z in e .  T h is  compound, t o  w h ich  t h e  name p t e r i d i n e  was g i v e n ,  

rem ained  unknown t i l l  1948 when i t  was s y n t h e s i z e d  by J o n e s ^ .

P t e r i d i n e

A number o f  grow th  f a c t o r s ,  w hich  are  d e r i v a t i v e s  o f  

p t e r i d i n e ,  have r e c e n t l y  b een  d i s c o v e r e d .  These a re  composed  

o f  th e  u n i t s  2 - a m in o - 4 - h y d r o x y - 6 - m e t h y lp t e r id in e ,  p -a m in o b en zo ic  

a c i d  and a  v a r y in g  number o f  g lu ta m ic  a c id  r e s i d u e s .  They  

in c lu d e  p t e r o y l g l u t a m i c  a c i d ,  th e  f e r m e n t a t io n  L. c a s e i  f a c t o r ,  

r h i z o p t e r i n  and th e  c itr o v o r u m  f a c t o r .  The t h r e e  f a c t o r s



w hich  were o r i g i n a l l y  known as f o l i c  a c i d ,  v i t a m in  Bc and

th e  l i v e r  L. c a s e i  f a c t o r  were l a t e r  shown t o  he i d e n t i c a l
12

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

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

d i v i s i o n  i n  mammals, as su c h ,  th e y  would be o f  g r e a t  

im p o r ta n c e  i n  th e  s tu d y  o f  grow th and r e p r o d u c t io n .

P t e r i d i n e  may be c o n s id e r e d  as d e r iv e d  from n a p h th a le n e  

by  s u b s t i t u t i o n  o f  n i t r o g e n  f o r  carbon  and hydrogen a t  th e  

l - , 3 - > 5 - ,  and 8 - p o s i t i o n s .  In  g e n e r a l  t h i s  ty p e  of. r e p la c e m e n t  

i n  a r o m a tic  hyd rocarb on s l e a d s  to  h e t e r o c y c l i c  compounds 

w h ich  a l s o  show a h ig h  d e g r ee  o f  a r o m a tic  c h a r a c t e r .  Thus 

p y r i d i n e ,  p y r im id in e ,  p y r a z in e  and q u i n o l in e  are  s t a b l e  

a r o m a t ic —ty p e  s u b s t a n c e s .
*

T h is  can be e x p la in e d  i n  term s o f  s im p le  v a le n c e  t h e o r y ,  

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

i s  v e r y  s i m i l a r  to  t h a t  o f  th e  c o r r e s p o n d in g  a ro m a tic  

h y d ro ca rb o n . However, owing t o  th e  g r e a t e r  e l e c t r o n e g a t i v i t y  

o f  th e  n i t r o g e n  a tom s, t h e r e  i s  a te n d e n c y  f o r  th e  rr e l e c t r o n s  

t o  c o n c e n t r a t e  on them . A p a r t i a l  n e g a t i v e  charge  i s  t h e r e f o r e  

a s s o c i a t e d  w i t h  e a ch  n i t r o g e n  atom, b a la n c e d  by p o s i t i v e  

c h a r g e s  on t h e  carb on  a to m s. In  g e n e r a l  t h i s  l o c a l i s a t i o n  

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

i n t e r f e r e  w i t h  th e  a r o m a tic  s t a b i l i s a t i o n .



In th e  c o u r se  o f  an e x t e n s i v e  s tu d y  o f  th e  s im p le r
5 - 1 3

n a t u r a l  and s y n t h e t i c  p t e r i d i n e s ,  A lb e r t  has found  t h a t

t h e y  a re  u n s t a b le  u n l e s s  e l e c t r o n —r e l e a s i n g  s u b s t i t u e n t s ,

su c h  as  h y d r o x y l  or  amino groups* are p r e s e n t*  P t e r i d i n e

i t s e l f  i s  h i g h l y  u n s t a b l e ,  b e in g  r a p i d l y  decomposed by
7

d i l u t e  a c id  and a l k a l i  even  a t  room tem p era tu re*  In  s o l u t i o n
5

i t  i s  decomposed on e x p o su re  to  day—l i g h t *

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

compared to  th e  mono—, or d ia z a n a p h th a le n e s  su ch  as  q u in o l in e

or q u i n a z o l i n e ,  i s  due to  th e  g r e a t e r  d e g r ee  o f  l o c a l i s a t i o n

o f  th e  rr e l e c t r o n s ,  ca u sed  by th e  h ig h  n i t r o g e n  t o  carbon

r a t i o  o f  4 : 6  in  i t s  r i n g  system * The a ro m a tic  s t a b i l i s a t i o n

to  be e x p e c t e d  from  th e  p r e s e n c e  o f  th e  rr e l e c t r o n s  i s

t h e r e f o r e  much d im in i s h e d ,  and i t  i s  s u g g e s t e d  t h a t  p t e r i d i n e

may, i n  c o n s e q u e n c e ,  be non—p la n a r*  S u b s t i t u t i o n  o f  th e

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

t h e  l o c a l i s a t i o n  o f  th e  rr e l e c t r o n s  and th u s  i n c r e a s e s  th e
7 ,12

a r o m a t ic  s t a b i l i s a t i o n .

A s i m i l a r  c a s e  i s  th e  i n s t a b i l i t y  o f  1 : 3 : 5 —'t r i a z i n e  

compared t o  i t s  t r ia m in o —, and t r ih y d r o x y — d e r i v a t i v e s ,  

m elam ine and c y a n u r ic  a c id *

The o b j e c t  o f  t h i s  i n v e s t i g a t i o n  was t o  d e term in e  

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  p t e r i d i n e  b y  X—r a y  

d i f f r a c t i o n  methods*



No s t r u c t u r a l  i n v e s t i g a t i o n  by X -ra y  m ethods o f  a

P y r i d i n e ,  or  o f  any o t h e r  a z a n a p h th a le n e , has so  f a r  b een

r e p o r t e d .  The r e l a t e d  p y r im id in e ,  p y r a z in e  and p u r in e  r in g

sy s te m s  h a v e ,  how ever, b een  exam ined by X—ra y  and e l e c t r o n

d i f f r a c t i o n  m eth od s .

The X—r a y  work on th e  p y r im id in e s  i n c l u d e s  a  t h r e e -

d im e n s io n a l  d e t e r m in a t io n  o f  th e  s t r u c t u r e  o f  4— amino—

2 : 6 -  d i c h l o r o p y r i m i d i n e ^  and l e s s  a c c u r a t e  t w o -d im e n s io n a l

s t u d i e s  o f  c e r t a i n  o t h e r  t r i s u b s t i t u t e d  d e r i v a t i v e s  su ch
15a s  2 -am ino- 4 :  6 -  d ic h lo r o p y r im id in e  and 4 : 6 -  d im e th y l  - 2 -  

h y d ro x y p y r im id in e  d ih y a r a t e 1 ^. The p y r im id in e  r in g  was 

fou n d  t o  be p la n a r ,  w i t h i n  th e  l i m i t s  o f  th e  e x p e r im e n ta l  

e r r o r s ,  b u t  i t  d oes  n o t  have th e  r e g u la r  h a x a g o n a l shape

o f  t h e  b en zen e  r i n g .  F or p y r im id in e  i t s e l f ,  C lew s and
14. * *Cochran* have s u g g e s t e d  l e n g t h s  o f  1 .3 6  A and 1 .3 3  A

r e s p e c t i v e l y ,  f o r  th e  carb on—ca rb o n  and c a r b o n - n i t r o g e n
•  •  •

bonds and v a l e n c y  a n g l e s  o f  130*, 1 1 4 ,  124 and 114  f o r  th e

NCN, CNC, NCC and CCC a n g l e s .  T hese  v a l u e s  w ere , how ever ,

deduced  from  th e  r e s u l t s  o f  th e  i n v e s t i g a t i o n s  o f  th e

s u b s t i t u t e d  p y r im id in e s  and a r e ,  t h e r e f o r e ,  o n ly  a p p r o x im a te .

Only one s t r u c t u r a l  i n v e s t i g a t i o n  by X—r a y  m ethods o f

a  p y r a z in e  d e r i v a t i v e  has b een  r e p o r t e d .  Cromer, Ihde  
17and R i t t e r  , u s i n g  t h r e e - d i m e n s i o n a l  d a t a ,  fo u n d  t h a t  th e  

p y r a z in e  r in g  i n  t e t r a m e t h y l  p y r a z in e  i s  p la n a r ,  th e  c a r b o n -



carb on  and th e  two c r y s t a l l o g r a p h i c a l l y  in d e p e n d e n t  carbon— 

n i t r o g e n  bonds h a v in g  l e n g t h s  o f  1*44 A, 1 .3 0  A and 1 .3 2  A 

r e s p e c t i v e l y *  A l l  th e  v a le n c y  a n g le s  were found  to  be 1 2 0 * ,  

t o  w i t h in  2 .

P y r a z in e  i t s e l f  has b e e n  exam ined i n  th e  g a s  p h ase  by
28

e l e c t r o n  d i f f r a c t i o n  m eth ods. I t s  s t r u c t u r e  was found to  be  

s i m i l a r  t o  t h a t  o f  b e n z e n e ,  th e  atoms o f  th e  r i n g  form in g  a 

p la n a r  h exagon . By assum ing a l e n g t h  o f  1 .3 9  A f o r  th e  

c a r b o n -c a r b o n  b o n d s ,  th e  carb on—n i t r o g e n  bond l e n g t h s  were  

m easured a s  1 .3 5  A.

Of s u b s t a n c e s  c o n t a i n i n g  th e  p u r in e  r i n g  sy s tem  th e
19  20 21h y d ra te d  h y d r o c h lo r id e  s a l t s  o f  ad en in e  ’ and guan ine

have b een  s t u d i e d  by X -ra y  d i f f r a c t i o n  m eth od s , u s in g  tw o -

d im e n s io n a l  d a t a .  In b o t h  s u b s t a n c e s ,  th e  p u r in e  £ in g  was

fou n d  t o  be p la n a r ,  w i t h i n  th e  l i m i t s  o f  th e  e x p e r im e n ta l

e r r o r s .  In t h e s e  i n v e s t i g a t i o n s ,  how ever, poor  r e s o l u t i o n

i n  some o f  th e  p r o j e c t i o n s  p r e v e n te d  th e  a c c u r a te  d e t e r m in a t io n

o f  a l l  th e  a to m ic  c o o r d in a t e s .  In  th e  c a s e  o f  ad en in e

h y d r o c h lo r id e  h e m ih y d ra te ,  a c c u r a te  m o le c u la r  d im e n s io n s  were
20d e ter m in e d  on th e  a ssu m p tio n  o f  a p la n a r  r i n g  sy s te m . The 

carb on—n i t r o g e n  bond l e n g t h s  were found  t o  v a r y  from  1 .3 0  A
o o

t o  1 .3 8  A and th e  carb on—carbon bond l e n g t h s  from 1 .3 7  A to  

1 .4 0  A.
22 23 1 : 3 : 5 -  T r ia z in e  and i t s  d e r i v a t i v e s  melamine and



24-cyan u r i c  a c id   ̂ have a l s o  h een  examined b y  X—ray  m eth od s .

A l l  th r e e  m o le c u le s  were found  to  be p la n a r ,  in. th e  c a se  o f

1 : 3 : 5 -  t r i a z i n e  an a c c u r a t e l y  p la n a r  s t r u c t u r e  b e in g

n e c e s s i t a t e d  by symmetry c o n s id e r a t io n s *  In th e  i n v e s t i g a t i o n

o f  1 : 3 : 5 -  t r i a z i n e  t h r e e  d im e n s io n a l  d a ta  were em ployed and

th e  carb on—n itr o g e n ,  bond was found to  have a l e n g t h  o f

1*319 A + 0 .0 0 5  A, th e  v a l e n c y  a n g le s  b e in g  126*8* and 113*2°

( b o t h - 0 . 4  ) a t  carbon  and n i t r o g e n  r e s p e c t i v e l y .  The melamine

m o le c u le  has s i m i l a r  d im e n s io n s ,  b u t  i n  c y a n u r ic  a c id  th e

r e l a t i v e  m a g n itu d es  o f  th e  a n g le s  a t  carbon  and n i t r o g e n  are

r e v e r s e d .  The a n g l e s ,  a vera ged  ov er  c h e m ic a l ly  e q u i v a l e n t

p o s i t i o n s ,  are g iv e n  as 115* f o r  a carbon  v a le n c y  a n g le  and

125* f o r  a n i t r o g e n  v a le n c y  a n g l e .

The e x p e r im e n t a l  work quoted  abo ve , and o th e r  work su ch
25as th e  X -r a y  i n v e s t i g a t i o n  o f d\ — p h en a z in e  and th e  e x a m in a t io n

2 6
o f  p y r id in e  by m icrowave s p e c t r o s c o p y  and e l e c t r o n

18d i f f r a c t i o n ,  i n d i c a t e s  t h a t  th e  arrangem ent o f  th e  atoms i n  

th e  s ix -m em bered  n i t r o g e n  c o n t a i n i n g  a ro m a tic  r in g  sy s te m s  

i s  i n  th e  form o f  a p la n a r  hexagon w h ich , how ever, u n l ik e  

th e  b en zen e  r i n g  i s  n o t  r e g u l a r .  In g e n e r a l  th e  carbon— 

n i t r o g e n  bonds are  somewhat s h o r t e r  th a n  th e  carbon—carbon  

b on ds and th e  v a l e n c y  a n g le s  a t  th e  n i t r o g e n  atoms are s m a l le r  

th a n  a t  th e  carbon a tom s. The d i f f e r e n c e s  a r e ,  how ever, 

s m a l l  and th e r e  i s  o n ly  a s l i g h t  d i s t o r t i o n  o f  th e  r e g u la r  

h e x a g o n a l  shape o f  th e  b e n zen e  r i n g .



f h e s e  r e s u l t s  were o b ta in e d  m a in ly  from i n v e s t i g a t i o n s

o f  r i n g  sy s te m s  c o n t a i n i n g  a lo w e r  n i t r o g e n  to  carb on  r a t i o

th a n  th e  p t e r i d i n e  sy s te m , and e x c e p t  i n  th e  c a s e  o f

1 : 3 : 5 — t r i a z i n e ,  e l e c t r o n - r e l e a s i n g  s u b s t i t u e n t s  were p r e s e n t*

Any d e v i a t i o n s  from a p la n a r  s t r u c t u r e  would be s m a l l ,  and

would n o t  have b e e n  d e t e c t a b l e  by  th e  m ethods em p loyed .

In  1 : 3 : 5 -  t r i a z i n e  th e  n i t r o g e n  to  carbon r a t i o  i s  h ig h e r

th a n  i n  p t e r i d i n e  and no s u b s t i t u e n t s  are p r e s e n t .  The

arrangem ent o f  th e  n i t r o g e n  and carbon atoms i s  however

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

s i n g l e  r i n g .  The non—p la n a r  s t r u c t u r e  s u g g e s t e d  f o r  
7 U 2

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

e x c lu d e d .  I t  i s  o f  i n t e r e s t  t h a t  i n  th e  r e c e n t  v e r y  a c c u r a te
27

X—r a y  i n v e s t i g a t i o n  o f  a c r i d i n e ,  th e  m o le c u le  was fou n d

t o  be n o n - p la n a r ,  w i t h  th e  atoms s i t u a t e d  a t  d i s t a n c e s  o f  up

t o  0 .0 5 1  A from  th e  mean m o le c u la r  p la n e .  The ca rb o n -ca rb o n
•  •

b on ds i n  a c r i d i n e  v a r y  from  1 .3 6 4  A to  1 .4 3 9  A and th e
® «

c a r b o n - n i t r o g e n  bond l e n g t h s  are  1 .3 4 2  A and 1 .3 4 7  A.

I t  was hoped t h a t  th e  p r e s e n t  i n v e s t i g a t i o n  would  

p r o v id e  r e l i a b l e  meas.urements o f  th e  shape and d im e n s io n s  

o f  th e  p t e r i d i n e  m o le c u le .  T h is  would s e t t l e  th e  q u e s t io n  

o f  i t s  p l a n a r i t y  and a l s o ,  by  com p arison  w i t h  th e  a c c u r a t e l y
o p  O O

d e ter m in e d  d im e n s io n s  o f  n a p h t h a le n e ,  * g i v e  a q u a n t i t a t i v e  

m easurem ent o f  th e  e f f e c t  on. th e  d im e n s io n s  o f  an a rom atic



s y s te m ,  o f  s u b s t i t u t i n g  n i t r o g e n  f o r  carbon  and hydrogen  

a t  a r e l a t i v e l y  l a r g e  number o f  p o s i t i o n s .  Com parison o f  

th e  g e n e r a l  arrangem ent o f  th e  m o le c u le s  i n  th e  two c r y s t a l s  

would i n d i c a t e  th e  e f f e c t  o f  t h i s  s u b s t i t u t i o n  on p a c k in g .  

Bond l e n g t h s  have b een  c a l c u l a t e d  f o r  p t e r i d i n e  by  th e  

method o f  m o le c u la r  o r b i t a l s ^  and i t  was hoped to  compare 

t h e s e  w i t h  th e  e x p e r im e n ta l  v a l u e s .

The in fo r m a t io n  d e r iv e d  from t h i s  i n v e s t i g a t i o n  would  

a l s o  be o f  v a lu e  i n  th e  s tu d y  o f  th e  s t r u c t u r e s  o f  th e  

n a t u r a l l y  o c c u r r in g ,  b i o l o g i c a l l y  a c t i v e  p t e r i d i n e s ,  w h ich  

are  t h e m s e lv e s  r a t h e r  com plex f o r  a n a l y s i s  by  X -ra y  m eth od s .



I I  CRYSTAL DATA

P t e r i d i n e ,  C^H^N^. M o le c u la r  w e ig h t ,  1 3 2 .1 .

M e l t in g  p o i n t ,  139*C.

D e n s i t y  c a l c u l a t e d ,  1 . 483gnu/cm . D e n s i t y  fo u n d , 1 .4 8 7 gnu/cm .  

The c r y s t a l  i s  orth orh om bic  w ith

a = 2 4 .7 0  -  0 .0 5  A,

= 3 .7 9  -  0 . 0 1  A, 

c = 6 .3 2  £  0 .0 1  A.

Volume o f  th e  u n i t  c e l l ,  5 9 1 .6  A.

A b sen t s p e c t r a ,  (O kl) when k + JL i s  odd.

(hOX) when h i s  odd.
Q 1

Space grou p , Pna21 or  ?na331 (■D2h^#

S t r u c t u r e  a n a l y s i s  i n d i c a t e s  Pna2-^.

Pour m o le c u le s  p e r  u n i t  c e l l .

No m o le c u la r  symmetry r e q u ir e d .

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 ,  Cu&a, r a d i a t i o n , jll = 9 . 7 4CIH71 

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  = P (0 0 0 )  = 2 7 2 .



I l l  EXPERIMENTAL

P r e p a r a t io n  o f  th e  C r y s t a l s .

The sam ple o f  p t e r i d i n e  u sed  i n  t h i s  i n v e s t i g a t i o n  

was p r o v id e d  by P r o f e s s o r  A. A lb ert-* . The c r y s t a l s ,  

p r e p a r e d  by vacuum s u b l im a t io n  a t  1 25—1 3 0 * C/20mm., were i n  

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

o f  t h e s e  was o n ly  abou t 0 . 0 2 - 0 . 03mm., and a t t e m p t s  to  

o b t a in  b e t t e r  c r y s t a l s  by v a r y in g  th e  e x p e r im e n ta l  c o n d i t i o n s  

w ere n o t  s u c c e s s f u l .  Owing to  th e  v e r y  g r e a t  s o l u b i l i t y  

o f  p t e r i d i n e  i n  most s o l v e n t s ,  no s u i t a b l e  c r y s t a l s  c o u ld  

be o b t a in e d  by c r y s t a l l i s a t i o n  from  s o l u t i o n .

The p l a t e s  a r e  d e v e lo p e d  on th e  (1 0 0 )  f a c e  w i t h  th e  

b and c a x e s  l y i n g  i n  th e  p la n e  o f  th e  p l a t e  p a r a l l e l  to  

i t s  e d g e s .

S t a b i l i t y .

P t e r i d i n e  was fou n d  t o  be s t a b l e  t o  X—r a y s  and t o  th e  

a tm o sp h e re .  I t  i s  how ever s l i g h t l y  v o l a t i l e ,  a c r y s t a l  o f  

th e  d im e n s io n s  u s e d  i n  th e  i n v e s t i g a t i o n  v o l a t i l i s i n g  

c o m p le t e ly  i n  one to  t h r e e  w eeks d ep en d in g  on th e  tem p era tu re  

o f  th e  l a b o r a t o r y .  At 0 C th e  l i f e - t i m e  o f  a c r y s t a l  was  

g r e a t l y  i n c r e a s e d ,  and by k e e p in g  th e  tem p era tu re  o f  th e  

l a b p r a t o r y  a s  low a s  p o s s i b l e  ( 0 —5 #C ), th e  n e c e s s a r y  X -ray  

d i f f r a c t i o n  p i c t u r e s  c o u ld  be ta k e n  b e f o r e  a l a r g e  p a r t  o f



th e  c r y s t a l  had v o l a t i l i s e d .  No a t t e m p t s  were made to  

p r e s e r v e  th e  c r y s t a l s  hy s e a l i n g  them i n s i d e  a c a p s u le  a s  

t h i s  w ould  have in t r o d u c e d  e r r o r s  due to  th e  a b s o r p t io n  

o f  t h e  X -r a y s .

D e te r m in a t io n  o f  C r y s ta l  D a ta .

Copper Ka r a d i a t i o n ,  A = 1*54-2 A, was e m p lo y e d ,th e  

r a d i a t i o n  b e in g  e l im in a t e d  by means o f  a n i c k e l  f i l t e r .  

R o t a t i o n ,  o s c i l l a t i o n  and e q u a t o r i a l  l a y e r  l i n e  moving f i l m  

p h o to g r a p h s  were ta k e n  abou t ea ch  o f  th e  u n i t  c e l l  a x e s .

In  a d d i t i o n ,  a f i r s t  l a y e r  l i n e  m oving f i l m  ab ou t b was  

ta k e n  t o  r e c o r d  th e  g e n e r a l  r e f l e c t i o n s  o f  form  ChlJt). The 

a x i a l  l e n g t h s  w ere m easured from  th e  r o t a t i o n  p h o to g r a p h s .

The o s c i l l a t i o n  p h o to g ra p h s  ta k e n  abou t th e  c e l l  a x e s  showed 

symmetry, i n d i c a t i n g  t h a t  th e  c r y s t a l  sy s tem  was o i th o r h o m b ic .  

T h is  was a l s o  e v id e n t  from  th e  m oving f i l m  p h o to g r a p h s ,  from  

w h ich  th e  s y s t e m a t i c  a b s e n c e s  were d e te r m in e d .

The d e n s i t y  o f  th e  c r y s t a l s  was d e term in ed  by f l o t a t i o n  

i n  a  m ix tu r e  o f  p e t —e t h e r  and n - p r o p y l  i o d i d e  c o n t a i n i n g  

a t r a c e  o f  d e t e r g e n t .

M easurement o f  th e  I n t e n s i t i e s  o f  th e  X—r a y  R e f l e c t i o n s .

The m oving f i l m  p h o to g ra p h s  were em ployed t o  r e c o r d  

th e  (0  k £ ) , (h(X£) and ChkO) r e f l e c t i o n s  w h ich  were used  i n  

Mte s t r u c t u r e  d e t e r m in a t io n .  The i n t e n s i t i e s  were e s t im a t e d  

v i s u a l l y  on a r e l a t i v e  s c a l e  by th e  m u l t i p l e  f i l m  t e c h n i q u e ^



F or th e  (hO£) and (hkO) z o n e s ,  t h e  c r y s t a l s  em ployed had  

c r o s s - s e c t i o n s  p e r p e n d ic u la r  t o  t h e  x *o ta tion  a x e s  o f  abou t  

0 . 5  x  0 .02m m ., and a b s o r p t io n  c o r r e c t i o n s  v/ere worked out  

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

c e n t r e  o f  t h e  c r y s t a l  f o r  ea ch  r e f l e c t i o n ^  The c o r r e c t i o n  

f a c t o r  v a r i e d  from  1 .0 2  t o  1 * 5 1 .  F or  t h e  (OkX) zone t h e  

c r y s t a l  c r o s s - s e c t i o n  was more u n ifo rm  and a b s o r p t io n  

c o r r e c t i o n s  were n o t  a p p l i e d .  The i n t e n s i t i e s  were c o r r e c t e d  

f o r  L o r en tz  and p o l a r i s a t i o n  f a c t o r s ,  and th e  r e s u l t i n g  

s t r u c t u r e  a m p l i tu d e s ,I  F o I , s c a l e d  b y  com p arison  w i th  t h e  

c a l c u l a t e d  v a l u e s ,  are  g iv e n  i n  T a b le  8 .  In  T a b le  I  a re  

shown th e  d im e n s io n s  o f  th e  c r y s t a l s  em ployed and a l s o  t h e  

number o f  r e f l e c t i o n s  o b se r v e d  i n  e a ch  zone a t  t h e  commencement 

o f  th e  i n v e s t i g a t i o n .

T a b le  I .

Zone o f  C r o s s - s e c t i o n  ^ R e f le c t io n s  R e f l e c t i o n s  Range o f
r e f l e c t i o n s  o f  c r y s t a l  o b s e r v e d  p o s s i b l e  i n t e n s i t i e s

p e r p e n d ic u la r  f o r  CuKs-
t o  r o t a t i o n  a x i s  r a d i a t i o n

( 0 t £ )  0 .7 0  x  0 .6 0  mm. 9

(fcOX) 0 .5 0  x  0 .0 5  mm. 50

(hkO) o .5 0  x  0 .0 2  mm. 53

18 670:1

110  2700:1

120  2000:1



An a d d i t i o n a l  16 (hkQ) r e f l e c t i o n s  were l a t e r  r e c o r d e d  

by means o f  a  v e r y  lo n g  ex p o su re  t o  u n f i l t e r e d  r a d i a t i o n ,  

making a t o t a l  o f  49 (hkO) r e f l e c t i o n s  o b s e r v e d .  The range  

o f  i n t e n s i t i e s  was th e r e b y  e x te n d e d  t o  5 0 0 0 :1 .

The extrem e t h i n n e s s  o f  t h e  c r y s t a l s  was a  so u r c e  o f  

c o n s i d e r a b l e  d i f f i c u l t y .  Even w i t h  t h e  v e r y  lo n g  X -r a y  

e x p o s u r e s  o f  up t o  55 hou rs w hich  were em ployed , o n ly  abou t  

45$ o f  t h e  p o s s i b l e  r e f l e c t i o n s  c o u ld  be r e c o r d e d .  There  

was a l s o  a  t e n d e n c y  f o r  t h e  c r y s t a l s  t o  bend when mounted  

on a  g l a s s  f i b r e .



IV STRUCTURE DETEBMINATIOIT

(a )  C h o ice  o f  Space Group,

A s t a t i s t i c a l  e x a m in a t io n  o f  th e  i n t e n s i t i e s  o f  th e  

r e f l e c t i o n s  by means o f  th e  * r a t i o r t e s t ‘d  and t h e  ' NCz)'  

t e s t ^  f a i l e d  t o  d i s t i n g u i s h  b e tw een  t h e  two p o s s i b l e  sp a ce  

g r o u p s ,  Pna2-^ w hich i s  n o n -c e n tr o s y m m e tr ic a l  and Pnam w hich  

i s  c e n tr o s y m m e t r ic a l .  The r e s u l t s  o b ta in e d  were in t e r m e d ia t e  

b e tw e en  th e  two c a s e s .  A p o s s i b l e  e x p la n a t io n  f o r  t h i s  i s  

g i v e n  l a t e r  ( s e e  page 3 3 ) .  The N( z)  d i s t r i b u t i o n  f o r  th e  

(h 0£ )  r e f l e c t i o n s  o f  p t e r i d i n e  i s  shown i n  P i g . l ,  and i t  

may be s e e n  t h a t  i t  i s  in t e r m e d ia t e  b e tw een  th e  t h e o r e t i c a l  

• a c e n t r i c *  and ' c e n t r i c '  c u r v e s .  P o l a r i t y  t e s t s  were a l s o  

i n c o n c l u s i v e .

S in c e  t h e r e  a re  f o u r  m o le c u le s  i n  th e  u n i t  c e l l ,  th e  

h ig h e r  symmetry sp a ce  group Pnam, r e q u i r i n g  e i g h t  asym m etric  

u n i t s ,  w ould  be p o s s i b l e  o n ly  i f  th e  m o le c u le s  p o s s e s s e d

e i t h e r  a m irr o r  p la n e  or  a c e n t r e  o f  symmetry and o c c u p ie d
✓

s p e c i a l  p o s i t i o n s .  The p t e r i d i n e  m o le c u le  w ou ld , i f  p lan a r ,  

p o s s e s s  a  mlnror p la n e  and m ight a l s o  a c h ie v e  cen trosym m etry  

by random p a c k in g .  However, c o n s i d e r a t i o n s  o f  p a c k in g  

r e q u ir e m e n ts  show t h a t  i t  i s  n o t  p o s s i b l e  t o  f i t  th e  

m o le c u le s  i n t o  th e  u n i t  c e l l  on th e  b a s i s  o f  t h i s  sp a ce  group*



The n o n -c e n tr o s y m m e tr ic a l  sp ace  group Pna2^, r e q u ir in g  

f o u r  asym m etric  u n i t s  was t h e r e f o r e  assumed* No m o le c u la r  

symmetry n eed  th e n  be p o s t u l a t e d  and th e  fo u r  m o le c u le s  

occupy g e n e r a l  p o s i t i o n s  i n  th e  u n i t  c e l l .

C e n tr ic

A c e n t r ic
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F ig .  1.

N( z )  D i s t r i b u t i o n  f o r  p t e r i d i n e  compared w ith  t h e o r e t i c a l  

c u r v e s  f o r  n o n -c e n tr o s y m m e tr ic a l  and sy m m e tr ic a l  s t r u c t u r e s ,  

where N( z )  i s  th e  f r a c t i o n  o f  th e  r e f l e c t i o n s  whose 

i n t e n s i t i e s  a re  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  i n t e n s i t y .



(b )  G en era l C o n s i d e r a t i o n s .

I n  o rd er  to  o b t a in  a t r i a l  s t r u c t u r e  i t  was n e c e s s a r y  

t o  p o s t u l a t e  d im e n s io n s  f o r  th e  p t e r i d i n e  m o le c u le .  Ho 

a t te m p t  was made to  d i s t i n g u i s h  b e tw e en  carbon  and n i t r o g e n  

or  to  ta k e  i n t o  a c co u n t  any v a r i a t i o n s  i n  th e  bond l e n g t h s *

I t  was assum ed t h a t  th e  m o le c u le  c o n s i s t s  o f  i d e n t i c a l  atoms  

(ca r b o n )  p o s i t i o n e d  a t  th e  v e r t i c e s  o f  two r e g u la r  c o p la n a r  

h exagon s w i t h  one s i d e  i n  common. T aking i n t o  c o n s i d e r a t i o n
o Q  O Q

th e  d im e n s io n s  o f  th e  n a p h th a len e  m o le c u le ,  9 a  bond l e n g t h  

o f  1 .4 0  A was assum ed. The hydrogen  atoms were not  

c o n s id e r e d  a t  t h i s  s t a g e .  The p o s t u l a t e d  m odel, u n l ik e  th e  

a c t u a l  m o le c u le ,  th u s  c o n t a i n s  a c e n t r e  o f  symmetry and  

m ir r o r  p l a n e s .

A lth o u g h  sp a ce  group Pna2-^ d oes  n o t  p o s s e s s  a c e n tr e  

o f  symmetry, th e  (0 0 1 )  p r o j e c t i o n ,  b e in g  p e r p e n d ic u la r  to  

th e  t w o f o ld  a x i s ,  i s  e f f e c t i v e l y  c e n tr o s y m m e t r ic a l .  However, 

ow ing to  th e  s h o r t n e s s  o f  th e  b a x i s  th e  m o le c u le s  must 

l i e  v e r y  n e a r ly  i n  th e  (0 1 0 )  p la n e  and t h i s  p r o j e c t i o n  o f  

th e  s t r u c t u r e  sh o u ld  be w e l l  r e s o l v e d .  The r e s o l u t i o n  i n  

t h e  (0 0 1 )  p r o j e c t i o n  would be much i n f e r i o r  and i t  was 

t h e r e f o r e  d e c id e d  t o  c o n s id e r  f i r s t  th e  n o n -c e n tr e d  (0 1 0 )  

p r o j e c t i o n .  The symmetry e le m e n t s ,  c o o r d in a t e s  o f  e q u i v a l e n t  

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

fo rm u la e  f o r  sp a c e  group Pna2^ are  g i v e n  i n  I n t e r n a t i o n a l



35T a b le s  . The o r i g i n  o f  c o o r d in a t e s  i s  on t h e  t w o f o ld  screw

a x i s  p a r a l l e l  t o  c ,  th e  o r i g i n  o f  th e  z c o o r d in a t e s

b e in g  t h e r e f o r e  a r b i t r a r y .

( c )  I n v e s t i g a t i o n  o f  th e  (0 1 0 )  P r o j e c t i o n .

E x a m in a tio n  o f  th e  (hO l) zone o f  r e f l e c t i o n s  showed

t h a t  th e  a x i a l  r e f l e c t i o n s  (hOO) were p r e s e n t  o n ly  when 

h = 4n, th e  h i g h e s t  o r d e r  r e f l e c t i o n  o b se r v e d  b e in g  2 4 , 0 , 0 .  

The symmetry o f  th e  sp a ce  group however p e r m it s  a l l  th e  (hOO) 

r e f l e c t i o n s  w ith  h = 2n t o  be p r e s e n t .  The m ost p r o b a b le  

i n t e r p r e t a t i o n  o f  t h i s  q u a r t e r in g  i s  t h a t  th e  f o u r  m o le c u le s  

i n  t h e  u n i t  c e l l  a re  sp a ced  e q u a l l y  a lo n g  th e  a  a x i s  and t h a t  

th e  m o le c u le s  a re  sy m m e tr ic a l ,  or  a t  l e a s t  n e a r ly  s o ,  w i th  

r e s p e c t  t o  t h e  x - c o o r d i n a t e s .  T h is  i s  o b v io u s ly  i n  agreem ent  

w it h  th e  c e n tr o s y m m e tr ic a l  t r i a l  m odel w hich had b een  

p o s t u l a t e d .

The x  c o o r d in a te  o f  th e  c e n tr e  o f  th e  r e f e r e n c e  

m o le c u le  i s  t h e r e f o r e ,  t o  a f i r s t  a p p r o x im a t io n ,  a / 8 .  The 

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

c o o r d in a t e  o f  t h e  c e n tr e  o f  t h i s  m o le c u le  was ta k e n  t o  be  

z e r o .  The 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  th u s  c o n s i s t s  

o f  a c e n tr o s y m m e tr ic a l  m odel w i th  i t s  c e n tr e  a t  th e  p o i n t  

x  ss a / 8 ,  z = Oo

I n  sp a ce  group Pna21 , 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



21 .

f o r  a r e f l e c t i o n  (hO,£) i s  g iv e n ,  i n  term s o f  i t s  a m p litu d e  |F| 

and p h a se  c o n s t a n t  be ,b y

F (h O i)  = (A2 + B2 ) * ,

< * (h o l)  = ta n " 1 B/A,

w h ere , when X  i s  e v e n ,

A = 4^ f  cos2TThx cos2Triz,

B =s 4 1 f  cos2rThx sin2TT^z,

and when X  i s  odd ,

A = -4 -Z f  sin2nhx sin2TTiz,

B = 4 - I f  sin2rrhx c o s  2tt1 z .

I n  t h e s e  e q u a t io n s  x  and z a re  th e  a to m ic  c o o r d in a t e s  

e x p r e s s e d  a s  f r a c t i o n s  o f  th e  c o r r e sp o n d in g  c e l l  a x e s  and 

f  r e p r e s e n t s  th e  a p p r o p r ia te  a tom ic  s c a t t e r i n g  f a c t o r .  The 

summation i s  ta k e n  o v er  a l l  th e  atoms i n  th e  asym m etric  u n i t ,  

w h ich  i n  t h i s  c a s e  i s  one m o le c u le .  However, f o r  th e  s p e c i a l  

c a s e  o f  th e  c e n tr o s y m m e tr ic a l  t r i a l  s t r u c t u r e  w h ich  has b e e n  

p o s t u l a t e d ,  th e  e x p r e s s i o n s  g i v e n  above s i m p l i f y  f u r t h e r .

When X  i s  e v e n ,

A = 8 Z f  cos2TThx cos2rri!z

B = 0 when h = 4n,
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and 

A = 0

B = 8 1 f  cos27Thx sin27Tiz when h = 4n + 2 ,

and when JL i s  odd,

A = - 8 2  f  sin27Thx sin27riz

B = 0 when h =r 4n,

and

A = 0

B = 8 2  f  sin2rrhx cos2ttJ!z when h = 4n *  2 ,

th e  summation b e in g  ta k e n  o v e r  h a l f  t h e  m o le c u le .  I t  f o l l o w s

t h a t  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  a r e  r e s t r i c t e d  t o

m u l t i p l e s  o f  90*• Thus by p o s t u l a t i n g  a c e n tr o s y m m e tr ic a l  

m odel w ith  i t s  c e n t r e  a t  th e  p o s i t i o n  ( a / 8 , 0 ) ,  a  c e n t r o -  

sy m m e tr ic a l  p r o j e c t i o n  h a s ,  i n  e f f e c t ,  b e e n  o b t a in e d .

The prob lem  o f  d e te r m in in g  th e  o r i e n t a t i o n  o f  th e  model 

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

p r o j e c t i o n  a x i s ,  b = 3*79 A, s i n c e  i f  th e  norm al van  der  W aals 

d i s t a n c e  o f  3*4  A i s  to  be m a in ta in e d  b e tw e en  m o le c u le s

s e p a r a te d  by a b t r a n s l a t i o n ,  th e  maximum p o s s i b l e  t i l t  o f

th e  m odel ou t  o f  th e  (0 1 0 )  p la n e  i s  26* . The p e r m it t e d  

o r i e n t a t i o n s  a re  th u s  l i m i t e d .

F or th e  p u rp ose  o f  t h i s  i n v e s t i g a t i o n ,  th e  r in g  atoms



o f  th e  m o le c u le  were numbered 1 ,  2 , 3 ,  4 ,  5, l 1 , 2 ' ,  3* ,

4 ! , and 5 1 , su ch  t h a t  atoms 1 and l 1 , 2 and 2* , 3 and 3* e t c ,  

a re  r e l a t e d  by t h e  p s e u d o - c e n t r e .

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  v a r io u s  

o r i e n t a t i o n s  o f  th e  t r i a l  m odel. I t  was e v e n t u a l ly  fou n d  

t h a t  th e  b e s t  agreem ent b e tw een  th e  observed 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 ,  F and F , r e s u l t e d  when th e  lo n g  a x i s
f U  V

o f  th e  m o le c u le  (L) was a t  an a n g le  o f  about 45* t o  th e  

a a x i s  i n  th e  (0 1 0 )  p la n e  and th e  norm al to  th e  m o le c u la r  

p la n e  (N) was i n c l i n e d  a t  about 26* to  b i n  (1 0 0 )*  T h is

o f  21„8$ f o r  th e  50 o b se r v e d  (hO i) s t r u c t u r e  f a c t o r s .  The 

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

were d e r iv e d  from  th e  e m p ir i c a l  s c a t t e r i n g  curve  u s e d  i n  th e

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

p h a se  c o n s t a n t s  were now em ployed to  e v a lu a t e  a F o u r ie r  

s y n t h e s i s  (FQl )  p r o j e c t i n g  on ( 0 1 0 ) .

I n  sp a ce  group Pna2-^, t h s  p r o j e c t e d  e l e c t r o n  d e n s i t y  

a t  p o i n t s  ( x z )  i s  g i v e n  by

s t r u c t u r e  gave  a d i s c r e p a n c y ,  e x p r e s s e d  a s

i n v e s t i g a t i o n  o f  th e  n a p h th a len e  s t r u c t u r e 28

sin2rrhx s i n



where x  and z a re  e x p r e s s e d  a s  f r a c t i o n s  o f  th e  c e l l  a x e s .

In  t h i s  s p e c i a l  c a s e ,  how ever, th e  p h a se  c o n s t a n t s  are  

r e s t r i c t e d  t o  m u l t i p l e s  o f  90* and th e  e l e c t r o n  d e n s i t y  i s  

g i v e n  by th e  s i m p l i f i e d  s e r i e s :

^O(xz) = 1 / a c ^ I I  A (h 0 l) c o s 2 n h x  cos2Triz+ £5.B(h0j2) cos2irhx s in 2rr iz

The summation was c a r r i e d  ou t o v er  one q u a r te r  o f  th e  u n i t

c e l l ,  a / 4  by c ,  th e  a x i a l  s u b d i v i s i o n s  b e in g

a /1 2 0  = 0 .2 0 5 8  A and c / 3 0  = 0 .2 1 0 7  A.

T h is  s y n t h e s i s  w h ich  c o n t a in e d  46 s t r u c t u r e  f a c t o r s

ga v e  good r e s o l u t i o n  o f  a l l  th e  r in g  atom s. The e l e c t r o n  

d e n s i t y  d i s t r i b u t i o n  w as, how ever, c e n tr o s y m m e tr ic a l  about  

( a / 8 , 0 ) .  The F o u r ie r  p ea k s  r e p r e s e n t i n g  atoms 1 ,  2 ,  3 ,  4 and 

5 were m ere ly  r e f l e c t i o n s  a c r o s s  t h i s  p o i n t  o f  th e  p ea k s  

r e p r e s e n t i n g  atoms 1 * ,  2* , 3% 4% and 5*. Each o f  th e  f i v e  

in d e p e n d e n t  p ea k s  may th u s  be c o n s id e r e d  a s  r e p r e s e n t i n g  th e  

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

two a to m s, r e a l l y  in d e p e n d e n t ,  w h ich  a re  r e l a t e d  by th e  

p s e u d o - c e n t r e .

B e fo r e  t h e  p r o j e c t i o n  c o u ld  be r e f i n e d  i t  was n e c e s s a r y  

t o  e l i m i n a t e  t h i s  c e n tr e  o f  symmetry and s e p a r a te  atoms  

1 and 1 * ,  2 and 2* , 3 and 3' e t c .  One way o f  a c h i e v i n g

• •  K* fn. * o  Jh2n+l,Ji*4h.+2. . .

AlA(hOx)sin2nhx sin2rriz+ I lB (hO i ) sin2Trhx cos2tt£zj



t h i s  w ould be by s h i f t i n g  i n d i v i d u a l  atoms or  th e  w hole  

m o le c u le  i n  su ch  a way t h a t  th e  atom ic  c o o r d in a t e s  would  

no lo n g e r  be c e n tr o s y m m e tr ic a l  about th e  p o s i t i o n  ( a / 8 , 0 ) .  

T h is  p r o c ed u r e  w ou ld , how ever, be r a t h e r  a r b i t r a r y  and was 

n o t a d o p te d .  I n s t e a d ,  i t  was d e c id e d  t o  i n s e r t  i n t o  t h e  

t r i a l  m odel t h e  n i t r o g e n  and hydrogen  atoms w h ich  a r e  p r e s e n t  

i n  th e  p t e r i d i n e  m o le c u le .  By d i s t i n g u i s h i n g  b e tw een  carb on  

and n i t r o g e n  and by t a k in g  i n t o  a cco u n t  th e  hydrogen  

c o n t r i b u t i o n s  th e  c e n tr e  o f  symmetry i s  e l im in a t e d  w ith o u t  

n e c e s s i t a t i n g  any a r b i t r a r y  s h i f t s  o f  t h e  a tom ic  p o s i t i o n s *  

I h e r e  a r e ,  how ever, now f o u r  p o s s i b l e  o r i e n t a t i o n s  o f  th e  

asym m etric  m odel i n  th e  u n i t  c e l l ,  a s  shown i n  P i g . 2 .

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

and d i f f e r  o n ly  i n  th e  p o s i t i o n s  o c c u p ie d  by th e  n i t r o g e n  and  

hyd rogen  a to m s. I n  th e  f o u r  s t r u c t u r e s  w hich  a re  d e s ig n a t e d  

A, B , C, and D, th e  n i t r o g e n  atom s occupy th e  f o l l o w i n g  

p o s i t i o n s : -

S t r u c t u r e  A 1 3  1 * 4 *

S tr u c t u r e  B 2 4 1 * 4 *

S t r u c t u r e  C 1  4 1 * 3 *

S t r u c t u r e  D 1  4 2 * 4 *

C o r re sp o n d in g  to  t h e s e  arran g em en ts  o f  th e  n i t r o g e n  a tom s,  

hyd rogen  atom s a r e  l in k e d  to  th e  f o l l o w i n g  p o s i t i o n s



o c c u p ie d  by carb on  a t o m s ; -

S t r u c t u r e  A 

S t r u c t u r e  B 

S t r u c t u r e  C 

S t r u c t u r e  D

f *

A

2 4 2* 3*

1 3 2* 3*

2 3 2* 4* 

2 3 I 1 3*

Sl

£. £

Big* 2 ,

P r o j e c t i o n  o f  one q u a r te r  o f  th e  u n i t  c e l l  on ( 0 1 0 ) ,  showing  

t h e  f o u r  p o s s i b l e  o r i e n t a t i o n s  o f  th e  asym m etric  m odel i n  

r e l a t i o n  to  th e  symmetry e le m e n t s .

I n  th e  d iagram s •  r e p r e s e n t s  n i t r o g e n .



The s t r u c t u r e s  A, B, C, and D a re  c h e m ic a l ly  i d e n t i c a l  

and m er e ly  r e p r e s e n t  fo u r  o r i e n t a t i o n s  o f  th e  same m o le c u le  

i n  th e  u n i t  c e l l *  As shown i n  B i g , 2 ,  th e y  a r e  r e l a t e d  to  

ea ch  o t h e r  by r o t a t i o n s  o f  180* about a x e s  p a s s i n g  th ro u g h  

t h e  m o le c u la r  c e n t r e .  These s t r u c t u r e s  are  however  

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 .  The c h o ic e  o f  th e  c o r r e c t  

s t r u c t u r e  depends o n ly  on th e  d i f f e r e n c e  i n  th e  s c a t t e r i n g  

power f o r  X -r a y s  o f  carb on  and n i t r o g e n ,  and on th e  hydrogen  

c o n t r i b u t i o n s ,  s i n c e  th e  p o s i t i o n s  o f  th e  t e n  r in g  atoms

a r e  t h e  same i n  ea ch  c a s e .  I t  was t h e r e f o r e  a m a t te r  o f  some

d i f f i c u l t y  t o  c h o o se  th e  c o r r e c t  s t r u c t u r e  and t h i s  

c o n s t i t u t e d  one o f  th e  main problem s o f  th e  i n v e s t i g a t i o n .

An a d d i t i o n a l  d i f f i c u l t y  was e n c o u n te r e d  when a t t e m p ts  

were made to  d i s t i n g u i s h  b e tw een  t h e s e  s t r u c t u r e s  u s i n g  th e  

(h o£ )  s t r u c t u r e  f a c t o r s .  In  th e  (0 1 0 )  p r o j e c t i o n  th e  2-̂  

screw  a x i s  and th e  n g l i d e  p la n e  can n ot be d i s t i n g u i s h e d ,  

and th e  o r i g i n  o f  c o o r d in a t e s  i s  t h e r e f o r e  n o t  u n iq u e ly  

d e ter m in e d  by c o n s i d e r in g  t h i s  p r o j e c t i o n  a l o n e .  Thus, s t n c e  

s t r u c t u r e  A w ith  r e s p e c t  t o  2^ a s  o r i g i n  i s  th e  same a s

s t r u c t u r e  C w i t h  r e s p e c t  to  n a s  o r i g i n ,  th e y  can n ot be

d i s t i n g u i s h e d  on th e  b a s i s  o f  th e  (0 1 0 )  p r o j e c t i o n .  These  

s t r u c t u r e s  g i v e  i d e n t i c a l  v a l u e s  f o r  |B (h O i) | .  S i m i l a r l y  

s t r u c t u r e s  B and D a r e  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 .

T h is  i s  th e  c a s e  o n ly  f o r  th e  s y m m e t r ic a l ly  shaped



m odel a t  th e  p s e u d o - s p e c i a l  p o s i t i o n  ( a / 8 , 0 ) ,  and a d i s t i n c t i o n  

c o u ld  have b een  a c h ie v e d  by a r b i t r a r i l y  s h i f t i n g  atom ic  

c o o r d i n a t e s .  T h is  p r o c e d u r e ,  w h ich  would have b e e n  r a th e r  

u n s a t i s f a c t o r y ,  was i n  f a c t  u n n e c e s s a r y ,  s i n c e  i n  th e  (0 01 )  

p r o j e c t i o n  a l l  these s t r u c t u r e s  can  be d i s t i n g u i s h e d .

W ith in  th e  l i m i t a t i o n s  s t a t e d  a b o v e ,  in f o r m a t io n  

r e g a r d in g  th e  p o s i t i o n s  o f  th e  n i t r o g e n  and hyd rogen  atoms  

c a n ,  how ever, be o b ta in e d  from th e  (0 1 0 )  p r o j e c t i o n  d a ta .

I t  was fou n d  t h a t  i n  th e  (0 1 0 )  F o u r ie r  s y n t h e s i s ,  ^ 01> 

b a s e d  on t h e  sy m m e tr ic a l  t r i a l  m od el, th e  e l e c t r o n  d e n s i t y  

p e a k  v a l u e s  were

Atoms 1 and 1» . . . .

Atoms 2 and 2* . . . . ___ 4.8 e / i 2

Atoms 3 and 3* ------

Atoms 4 and 4* . . . . -----  5.5 e / i 2

Atoms 5 and 5f . . . .

I t  would seem p r o b a b le  t h a t  th e  h i g h e s t  p eak  r e p r e s e n t s  

two n i t r o g e n  a tom s, and th e  l o w e s t ,  two carb on  a to m s. I f  

t h i s  i s  a c t u a l l y  th e  c a s e ,  t h e n  atoms 1 and 1* a re  n i t r o g e n ,  

and atom s 2 and .2* a re  c a r b o n ,c o r r e s p o n d in g  to  s t r u c t u r e s  

A o r  C.

A l s o ,  when th e  (hO i) 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  t h e  f o u r  c a s e s ,  th e  d i s c r e p a n c i e s  were 1 8 .3 $  f o r



s t r u c t u r e s  A and C, and 2 1 .7 $  f o r  B and D.

The e v id e n c e  o b t a in a b le  from  t h e  (0 1 0 )  p r o j e c t i o n  i s  

th u s  i n  fa v o u r  o f  s t r u c t u r e s  A or  C.

I n  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 ,  t h e  

h yd rogen  c o n t r i b u t i o n s  were i n c lu d e d .  I t  was assum ed t h a t  

t h e  h yd rogen  atoms a re  s i t u a t e d  r a d i a l l y  a t  a  d i s t a n c e  o f  

1*09  A from  th e  carbon  a tom s, th e  carb on—hyd rogen  bond
pO

l e n g t h  b e in g  b a sed  on th e  v a l u e s  fou n d  i n  t h e  n a p h th a le n e
•3 c

and a n th r a c e n e -5 s t r u c t u r e s .  The a to m ic  s c a t t e r i n g  f a c t o r s  

f o r  n i t r o g e n  and h yd rogen  were ta k e n  a s  7 / 6  and 1 / 6  

r e s p e c t i v e l y ,  o f  th e  c o r r e sp o n d in g  v a l u e s  f o r  ca rb o n . When 

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

t h e o r e t i c a l  ca rb o n , n i t r o g e n  and hydrogen  s c a t t e r i n g  c u r v e s ,  

i t  was fou n d  t h a t  th e  d i s c r e p a n c y  f i g u r e s  g i v e n  above had  

n o t  a l t e r e d  a p p r e c ia b ly .

m .  I n v e s t i g a t i o n  o f  th e  (0 0 1 )  P r o j e c t i o n .

On th e  b a s i s  o f  th e  t r i a l  s t r u c t u r e  o b t a in e d  by 

c o n s i d e r a t i o n  o f  th e  (0 1 0 )  p r o j e c t i o n ,  y c o o r d in a t e s  f o r  th e  

atom s were c a l c u l a t e d  w ith  r e s p e c t  t o  th e  c e n tr e  o f  th e  m odel  

a s  o r i g i n .  The y c o o r d in a t e  o f  t h e  c e n tr e  o f  th e  m o le c u le ,  

u n l i k e  t h e  z c o o r d in a t e ,  i s ,  how ever , n o t  a r b i t r a r y  and th e  

p o s i t i o n  o f  t h e  m o le c u le  a lo n g  th e  b a x i s  has t o  be  

d e te r m in e d .



E x a m in a tio n  o f  t h e  (hkO) zone o f  r e f l e c t i o n s  showed  

t h a t  th e  r e f l e c t i o n s  040) were a b s e n t  when h = 4n, and 

t h e  r e f l e c t i o n s  (h20) were c o m p a r a t iv e ly  v e r y  weak when 

h =s 4nrf2. I t  was n o t  foun d  p o s s i b l e  to  make d i r e c t  u s e  o f  

t h e s e  o b s e r v a t i o n s ,  bu t th e y  seem ed t o  i n d i c a t e  t h a t  th e  

m o le c u le  m ig h t ,  t o  a f i r s t  a p p r o x im a t io n ,  be i n  some p s e u d o -  

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

I n  sp a c e  group Pna2^, th e  (0 0 1 )  p r o j e c t i o n  i s  

c e n tr o s y m m e tr ic a l  and 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  f o r  

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

a to m ic  c o o r d in a t e s  x  and y ,  by

F(hkO) ss 4 l f  eos2TThx cos2TTky, when h+k i s  even

and

F(hkO) = - 4 £ f  sin2Trhx sin 2n ky, when h fk  i s  odd.

The summ ation i s  ta k e n  o v e r  a l l  th e  atom s i n  th e  asym m etric  

u n i t  (one  m o le c u le  i n  t h i s  c a s e ) .

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  v a r io u s  p o s i t i o n s  

o f  t h e  sy m m e tr ic a l  t r i a l  m odel a lo n g  t h e  b a x i s ,  th e  b e s t  

agreem en 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  s t r u c t u r e  

f a c t o r s  b e in g  o b t a in e d  when t h e  c e n t r e  o f  t h e  m odel had t h e  

y  c o o r d in a t e  b / 4 .  The d is c r e p a n c y  f o r  t h e  33 o b s e r v e d  (hkO) 

s t r u c t u r e  f a c t o r s  was 2 1 .5 $ .  As a d d i t i o n a l  e v id e n c e  f o r  t h e  

c o r r e c t n e s s  o f  t h i s  s t r u c t u r e ,  i t  was fo u n d  t h a t  a  v a lu e  o f



ze r o  was o b t a in e d  f o r  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  f o r  

t h e  r e f l e c t i o n s  (h lO ) when h=-4n, and (h 20) when h=4n+2. 

The a to m ic  s c a t t e r i n g  f a c t o r s  f o r  t h e s e  c a l c u l a t i o n s  were  

d e r iv e d ,  a s  b e f o r e ,  from  th e  s c a t t e r i n g  c u r v e  u s e d  i n  t h e
pQ

i n v e s t i g a t i o n  o f  n a p h th a le n e  .

On t h e  b a s i s  o f  t h i s  sy m m e tr ic a l  t r i a l  s t r u c t u r e  a  

F o u r ie r  p r o j e c t i o n  on ( 0 0 1 ) ,  ? Q2 , was e v a lu a te d *  T h is

s y n t h e s i s  c o n t a in e d  29 s t r u c t u r e  f a c t o r s *

The (0 0 1 )  p r o j e c t i o n  b e in g  c e n tr o s y m m e t r ic a l  and t h e  

p h a se  c o n s t a n t s  a c c o r d i n g l y  r e s t r i c t e d  t o  0* o r  l 8 0 # , t h e  

p r o j e c t e d  e l e c t r o n  d e n s i t y  a t  p o i n t s  (x y )  i s  g i v e n

p — K ♦ k * ih K+lf« 2n+l
|0(x y )  = V a t i ^ l P  (hkO)cos2TThx cos2TTky- IB? (hkO) sin2TThx sin2TTkyj

where x  and y 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  th e  c e l l  axes*  

The summation was c a r r i e d  o u t  o v e r  one q u a r te r  o f  th e  u n i t
o

c e l l ,  a / 4  by b ,  th e  a x i a l  s u b d i v i s i o n s  b e in g  a /1 2 0 = 0 * 2 0 5 8  A 

and b /1 5 = 0 * 2 5 2 7  A.

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

p o o r  and o n ly  th e  atom s 2 and2* were r e s o lv e d *  The r e m a in in g  

atom s o v e r la p p e d  i n  p a ir s *  I t  was how ever fo u n d  t h a t  t h e  

e l e c t r o n  d e n s i t y  peak  v a l u e s  on t h e s e  two atom s were  

a p p r o x im a te ly  th e  same. T h is  w ould seem t o  i n d i c a t e  t h a t  

atom s 2 and 2* a re  o f  th e  same t y p e ,  w h ich  a g a in  c o r r e sp o n d s  

t o  s t r u c t u r e s  A o r  C.



The s t r u c t u r e  w hich  h a s  so  f a r  b e e n  d e r i v e d ,  c o n s i s t i n g  

o f  a c e n t r o  sy m m e tr ic a l  m odel w i t h  i t s  c e n t r e  a t  ( a / 8 , b / 4 , 0 )  

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

ab o u t 2 2 %  f o r  78  (hoX ) and (hkO) s t r u c t u r e  f a c t o r s ,  and a  

p r e l im in a r y  c o n s i d e r a t i o n  o f  i n t e  m o l e c u l a r  ap p roach  d i s t a n c e s  

showed no a b n o rm a lly  c l o s e  c o n t a c t s .

That t h e  cen tro sym m etry  o f  t h e  m odel and i t s  s p e c i a l  

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

c e r t a i n  r e f l e c t i o n s ,  su ch  a s  6 2 0  and 1 0 , 2 , 0 ,  and a l s o  4 1 0  

and 8 1 0 ,  w h ich  were r e c o r d e d  l a t e r  by  means o f  a v e r y  lo n g  

e x p o s u r e .  As m en tio n e d  a b o v e ,  t h e s e  r e f l e c t i o n s  c a l c u l a t e  

z e r o  f o r  th e  sy m m e tr ic a l  s t r u c t u r e .

The r e s t r i c t i o n  on t h e  p h a s e s  o f  t h e  (hOZ) r e f l e c t i o n s  

i s  t h e r e f o r e  n o t  due t o  symmetry r e q u ir e m e n t s , a s  i s  t h e  

c a s e  f o r  t h e  (hkO) r e f l e c t i o n s .  The v a l u e s  o f  0 * ,  9 0 * ,

180* and 270* fo u n d  f o r  i\(hQjl) m e r e ly  r e p r e s e n t  a f i r s t  

a p p r o x im a t io n  t o  t h e  t r u e  p h ase  c o n s t a n t s  w h ich  a r e  p e r m it t e d  

t o  h a v e  any v a lu e  b e tw e en  0* and 3 8 0 * .  The p h a se  c o n s t a n t s  

w h ich  were f i n a l l y  o b ta in e d  a r e  shown i n  T a b le  8 .  I t  may 

be s e e n ,  t h a t  a l t h o u g h  t h e  ( h o £ )  r e f l e c t i o n s  h ave  g e n e r a l  

p h a s e s ,  th e  m a j o r i t y  o f  t h e s e  a r e  i n  f a c t  m u l t i p l e s  o f  9 0 * ,  

t o  w i t h i n  ab ou t 1 0 * .

The s t a t i s t i c a l  t e s t s  w h ich  had b e e n  em ployed t o  

d i s t i n g u i s h  b e tw e e n  t h e  p o s s i b l e  sp a ce  grou p s ( s e e  page 17 )



depended on th e  f a c t  t h a t  i n  t h e  n o n - c e n tr o s y m m e tr ic a l  sp a ce  

group Pna2^, th e  ( h o i )  s t r u c t u r e  f a c t o r s  a r e  com plex  

q u a n t i t i e s ,  w h ereas  i n  th e  c e n tr o s y m m e t r ic a l  sp a c e  group Pnarn, 

t h e y  a r e  r e a l .  The c l o s e  a p p r o x im a t io n  o f  t h e  (0 1 0 )  p r o j e c t i o n

t o  cen tro sym m etry  may t h e r e f o r e  a c c o u n t  f o r  th e  f a i l u r e  o f

t h e  s t a t i s t i c a l  t e s t s  i n  t h i s  c a s e .

( e )  R e f in em en t  o f  th e  (OOl) P r o j e c t i o n .

I n  th e  (0 0 1 )  p r o j e c t i o n  o f  th e  s t r u c t u r e ,  th e  atoms  

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

d e n s i t y  p r o j e c t i o n  FQ2 w hich  had b e e n  e v a lu a t e d ,  r e s o l v e d  

o n ly  atom s 2 and 2* . D e t a i l e d  r e f in e m e n t  was t h e r e f o r e  

n o t  p o s s i b l e  by means o f  o r d in a r y  F o u r ie r  s y n t h e s e s  and u se  

was a c c o r d i n g l y  made o f  th e  F o u r ie r  d i f f e r e n c e  s y n t h e s i s ,  by 

means o f  w h ich  u n r e s o lv e d  p r o j e c t i o n s  may be  r e f i n e d  t o  a  

somewhat h ig h e r  d e g r e e .

S t a r t i n g  w i th  th e  sy m m e tr ic a l  t r i a l  s t r u c t u r e ,  two 

s u c c e s s i v e  (0 0 1 )  d i f f e r e n c e  s y n t h e s e s ,  D l and D2, were  

e v a lu a t e d .  The d is c r e p a n c y  f o r  th e  33 (hkO) s t r u c t u r e  f a c t o r s  

was th e r e b y  r e d u c e d  from  2 1 .5 ^  t o  1 5 .1

I n  t h e s e  s y n t h e s e s ,  s i n c e  a l l  th e  r in g  atom s were  

t r e a t e d  a s  b e in g  i d e n t i c a l  ca rb on  atom s and t h e  h yd rogen  

c o n t r i b u t i o n s  were o m it te d ,  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  showed th e  d i f f e r e n c e  b e tw e e n  th e  o b s e r v e d



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

o n ly  o f  ca rb o n  a tom s. The n i t r o g e n  and hyd rogen  atom s  

sh o u ld  t h e r e f o r e  ap p ear  a s  e l e c t r o n  d e n s i t y  p e a k s .  Uhese  

w o u ld , how ever, be o b scu re d  t o  some e x t e n t  b e c a u s e  o f  e r r o r s  

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

m o tio n  o f  th e  atom s w hich  had n o t  b e e n  a l lo w e d  f o r  a t  t h i s  

s ta g e *

The e x p e c te d  e l e c t r o n  d e n s i t y  p e a k s  d id  n o t  i n  f a c t  

a p p e a r ,  b u t  i t  was fou n d  t h a t  b o th  i n  D1 and D2 fehe 

e l e c t r o n  d e n s i t y  was p o s i t i v e  a t  atom s 1 ,  4 , 1 * ,  3* and 4* 

and n e g a t i v e  a t  th e  o t h e r  r in g  a tom s. S in c e  i t  i s  u n l i k e l y  

t h a t  a n i t r o g e n  atom would be i n  a r e g i o n  o f  n e g a t i v e  e l e c t r o n  

d e n s i t y ,  th e  s t r u c t u r e s  A ,B , and D a re  e x c lu d e d .  The

hyd rogen  a tom s, h ow ever, c o u ld  n o t  be l o c a t e d .

F u r th e r  in f o r m a t io n  c o n c e r n in g  th e  p o s i t i o n s  o f  th e  

n i t r o g e n  and h yd rog en  atom s was o b t a in e d  by c a l c u l a t i n g  

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

b a s i s  o f  th e  a to m ic  c o o r d in a t e s  d e r iv e d  from  D2. The 

d is c r e p a n c y  f i g u r e s  o b t a in e d  w ere ,

S t r u c t u r e  A . . . . . . . . .  15*2^ ,

S t r u c t u r e  B ........   14 .9$>

S t r u c t u r e  0 ......... ..  1 3 .9 $ ,

S t r u c t u r e  D  ............... 1 7 * 3$*



The l o w e s t  d is c r e p a n c y  i s  th u s  g i v e n  by s t r u c t u r e  C, w hich  

i s  i n  agreem ent w i t h  t h e  r e s u l t s  p r e v i o u s l y  o b t a in e d  b o th  

from  t h i s  and th e  (0 1 0 )  p r o j e c t i o n .

As a f i n a l  t e s t ,  th e  f i v e  (0 0 1 )  d i f f e r e n c e  s y n t h e s e s ,

D3 -  D7, c o r r e s p o n d in g  to  th e  a l l - c a r b o n  m odel and th e  

s t r u c t u r e s  A, B, C and D were e v a lu a t e d .  C o n s id e r a t io n  o f  

t h e  e l e c t r o n  d e n s i t i e s  a t  t h e  a to m ic  p o s i t i o n s  i n  t h e s e  

s y t h e s e s  showed q u i t e  c o n c l u s i v e l y  t h a t  atom s 1 ,  4 , 1* and 3* 

a r e  n i t r o g e n s ,  c o r r e s p o n d in g  to  s t r u c t u r e  C.

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

t h e o r e t i c a l  a to m ic  s c a t t e r i n g  c u r v e s  f o r  ca rb o n , n i t r o g e n
XIand h yd rogen  g i v e n  by McWeeny*' were em ployed , m o d i f i e d  by

[ Pi 0 P- B ( s in 0 /X )  j ,  where B = 4*8 A •

T h is  v a lu e  f o r  B was o b t a in e d  from  a com p a rison  o f  th e

o b s e r v e d  (hkO) s t r u c t u r e  f a c t o r s  w i t h  t h o s e  c a l c u l a t e d  f o r

s t r u c t u r e  C on t h e  b a s i s  o f  th e  c o o r d in a t e s  d e r iv e d  from  1)2.

As s t a t e d  a b o v e ,  th e  d i s c r e p a n c y  a t  t h i s  s t a g e  was 13*9$»

The v a l i d i t y  o f  t h i s  te m p e r a tu r e  f a c t o r  was shown by th e

r e s u l t s  o f  su b se q u e n t  d i f f e r e n c e  s y n t h e s e s ,  and t h e s e

s c a t t e r i n g  c u r v e s  were u s e d  i n  a l l  f u r t h e r  work.

S t r u c t u r e  C h a v in g  th u s  b e e n  e s t a b l i s h e d ,  th e

r e f in e m e n t  p r o c e s s  was now c o n t in u e d  w i t h  t h e  i n c l u s i o n  o f

th e  n i t r o g e n  and hyd rogen  a tom s. The a to m ic  p o s i t i o n s  were

s h i f t e d  a c c o r d in g  to  th e  d i f f e r e n c e  s y n t h e s i s  c o r r e s p o n d in g



t o  s t r u c t u r e  C, and t h r e e  f u r t h e r  d i f f e r e n c e  s y n t h e s e s ,

3)8 -  DIO, t h e n  r e d u c e d  th e  d i s c r e p a n c y  f o r  t h e  33 (hkO) 

s t r u c t u r e  f a c t o r s  t o  9*4$* The c o o r d in a t e  s h i f t s  i n d i c a t e d  

by DIO were v e r y  s m a l l ,  and on t h e  b a s i s  o f  t h e  e x p e r im e n t a l  

d a ta  a v a i l a b l e ,  t h e  p r o j e c t i o n  seem ed to  have b e e n  r e f i n e d  

t o  t h e  l i m i t *

At t h i s  s t a g e ,  how ever , a n o th e r  16 (hkO) r e f l e c t i o n s  

were r e c o r d e d  by means o f  a v e r y  lo n g  e x p o su re  t o  u n f i l t e r e d  

co p p e r  r a d i a t i o n .  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  th e  

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

f o r  t h e  (hkO) zone had r i s e n  t o  13*1^ . The a to m ic  c o o r d in a t e s  

were now r e f i n e d  f u r t h e r  by means o f  two s u c c e s s i v e  d i f f e r e n c e  

s y n t h e s e s ,  D l l  and D12. The s h i f t s  i n d i c a t e d  by D12 were  

a l l  q u i t e  s m a l l  and th e  r e s u l t i n g  c o o r d i n a t e s ,  w h ich  a r e
TO

c o r r e c t e d  f o r  t e r m i n a t i o n  o f  s e r i e s  e r r o r s  , were ta k e n  a s  

t h e  f i n a l  a to m ic  c o o r d in a t e s  f o r  th e  (0 0 1 )  p r o j e c t i o n .  The 

f i n a l  d i s c r e p a n c y  f o r  th e  49 (hkO) s t r u c t u r e  f a c t o r s  was 1 2 .2 ^ .

D u rin g  t h e  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  i t  had b e e n  

n o t i c e d  t h a t  a  s m a l l  number o f  low  a n g le  r e f l e c t i o n s  w h ich  

w ere to o  weak t o  be o b s e r v e d ,  c a l c u l a t e d  c o m p a r a t iv e ly  h ig h ,  

and term s c o r r e s p o n d in g  t o  t h e s e  were in c lu d e d  i n  t h e  l a s t  

two d i f f e r e n c e  s y n t h e s e s  ( D l l  and D 1 2 ) .  The o b s e r v e d  s t r u c t u r e  

a m p l i tu d e s  f o r  t h e s e  v a n i s h i n g l y  s m a l l  r e f l e c t i o n s  were takefc. 

a s  h a l f  t h e  e s t im a t e d  maximum v a lu e *  A j u s t i f i c a t i o n  o f  t h i s



p r o c ed u r e  i s  g i v e n  i n  A ppendix  I I .

The 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 0 1 ) ,  FQ3 ,  

c o n t a i n i n g  46 o b s e r v e d  s t r u c t u r e  f a c t o r s  i s  shown i n  F i g . 4© 

Each o f  th e  f o u r  p a i r s  o f  u n r e s o lv e d  atoms c o n s i s t s  o f  one  

carb on  and one n i t r o g e n  atom. I n  e v e r y  c a s e  t h e  e l e c t r o n  

d e n s i t y  i s  g r e a t e r  a t  n i t r o g e n  th a n  a t  ca rb o n  and th e  p eak  

d e n s i t i e s  on th e  r e s o l v e d  atom s 2 and 2* are  a g a in  

a p p r o x im a te ly  th e  same. T h is  seem s to  c o n f ir m  th e  v a l i d i t y  

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

s t r u c t u r e  C.

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

s h i f t s  were i n v o l v e d  i n  th e  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
© ,

(up t o  0 .1 4  A i n  x and 0 .1 6  A i n  y ) ,  t h e r e  had b e e n  no

a l t e r a t i o n  i n  th e  p h a se  c o n s t a n t s  o f  th e  29 l a r g e s t  s t r u c t u r e  

f a c t o r s  w h ich  had b e e n  d e ter m in e d  on th e  b a s i s  o f  th e  

sy m m e tr ic a l  t r i a l  m odel. The i n i t i a l  (0 0 1 )  F o u r ie r  p r o j e c t i o n ,  

F q2 , w h ich  c o n t a in e d  o n ly  t h e s e  29 s t r u c t u r e  f a c t o r s  i s ,  i n  

f a c t ,  v e r y  s i m i l a r  t o  F Q3 ,  th e  p r o j e c t i o n  f i n a l l y  o b t a in e d .

( f )  R e f in em en t  o f  th e  (0 1 0 )  P r o j e c t i o n .

The p r e v io u s  work i n  t h i s  and i n  t h e  (0 0 1 )  p r o j e c t i o n  

had e s t a b l i s h e d  q u i t e  c o n c l u s i v e l y  t h a t  th e  atoms 1 ,  4 , l f , 

and 3* are  n i t r o g e n s  and t h a t  th e  hyd rogen  atoms a re  l in k e d  

to  th e  carb on  atom s 2 , 3> 2*., and 4* , c o r r e s p o n d in g  to



s t r u c t u r e  C. By i n s e r t i n g  th e  n i t r o g e n  and hydrogen  atoms  

i n t o  th e  sy m m e tr ic a l  t r i a l  m odel i n  t h i s  way, an  asym m etric  

m odel was o b t a in e d .  The p se u d o -c en tro sy m m e try  o f  t h e  (0 1 0 )  

p r o j e c t i o n  was th u s  e l i m in a t e d  and i t  was now p o s s i b l e  to  

p r o c e e d  w i t h  t h e  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  o f  t h e  s t r u c t u r e .

The (hO i) s t r u c t u r e  f a c t o r s  f o r  s t r u c t u r e  C, w hich  

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

( s e e  page  29) and showed a d i s c r e p a n c y  o f  1 8 .3 $ .  U s in g  

t h e s e  c a l c u l a t e d  p h a se  c o n s t a n t s  and th e  o b s e r v e d  am plitud es^  

a F o u r ie r  s y n t h e s i s  (F Q4) p r o j e c t i n g  on (0 1 0 )  was e v a lu a t e d .  

U n lik e  E01> t h i s  s y n t h e s i s ,w h i c h  c o n t a in e d  48 te r m s ,w a s  n o t  

c e n t r o s y m m e t r ic a l ,  and in d e p e n d e n t  e l e c t r o n  d e n s i t y  p ea k s  

w ere o b t a in e d  f o r  a l l  t h e  atom s i n  t h e  m o le c u le .

The c o o r d in a t e s  o f  t h e  e l e c t r o n  d e n s i t y  maxima w ere  

d e te r m in e d  by means o f  two d i f f e r e n t  a n a l y t i c a l  m eth od s , a
"2 Q

s im p le  tr e a tm e n t  due t o  B o o th ,   ̂ and a more a c c u r a te  b u t
40l a b o r i o u s  l e a s t  s q u a r e s  t r e a tm e n t  due t o  Shoemaker e t  a l .

A lm ost i d e n t i c a l  r e s u l t s  w ere o b t a in e d  and i n  a l l  su b seq u e n t  

work th e  B o o th  t r e a tm e n t  was u s e d  t o  l o c a t e  th e  p o s i t i o n s  o f  

t h e  e l e c t r o n  d e n s i t y  maxima o f  th e  r i n g  a to m s. The p o s i t i o n s  

o f  t h e  hyd rogen  atom s were c a l c u l a t e d  on t h e  a s su m p t io n  t h a t  

t h e y  a r e  s i t u a t e d  r a d i a l l y  a t  a  d i s t a n c e  o f  1 .0 9  A from  t h e  

carb on  atom s.

The s t r u c t u r e  d e r iv e d  i n  t h i s  way from  t h e  F o u r ie r



s y n t h e s i s  FQ4 g ave  a  d i s c r e p a n c y  o f  1 1 .3 $  f o r  th e  50 (hoi) 
s t r u c t u r e  f a c t o r s .

The f u r t h e r  r e f in e m e n t  o f  th e  (0 1 0 )  p r o j e c t i o n  was
41c a r r i e d  o u t by means o f  a  method d e s c r ib e d  by Donohue.

Two F o u r ie r  s y n t h e s e s  are  em ployed a t  e a ch  s t a g e ,  one  

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

(F q s y n t h e s i s ) ,  and th e  o t h e r , t h e  c o r r e s p o n d in g  c a l c u l a t e d  

a m p l i t u d e s  (F s y n t h e s i s ) ,  th e  p h a se  c o n s t a n t s  b e in g  t h e
w

same f o r  b o th  s y n t h e s e s .

The a tom ic  p o s i t i o n s  d e r iv e d  from  th e  F Q s y n t h e s i s

a r e  f i r s t  c o r r e c t e d  f o r  t e r m i n a t i o n  o f  s e r i e s  e r r o r s  by
42a p p l i c a t i o n  o f  t h e  b a c k - s h i f t  r u l e  o f  B o o th !  S i n c e ,  

how ever , th e  p r o j e c t i o n  i s  n o n - c e n tr o s y m m e t r ic a l ,  th e  

c o o r d in a t e  s h i f t s  w h ich  a re  i n d i c a t e d ,  a f t e r  t h i s  c o r r e c t i o n  

has b e e n  a p p l i e d ,  a re  th e n  i n c r e a s e d  by a f a c t o r ,  n ,  i n  o r d e r  

t o  o b t a i n  a  more r a p id  r e f in e m e n t  o f  t h e  s t r u c t u r e . ^  

T h is  p r o c e d u r e  l e a d s  t o  th e  e q u a t io n

x 2  = x 1 + n ( x 0 -  x c ) ,

where X£ i s  t h e  r e f i n e d  c o o r d in a t e  o f  an atom ,

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

s t r u c t u r e ,

x Q i s  th e  c o o r d in a t e  o f  th e  c o r r e s p o n d in g  e l e c t r o n  

d e n s i t y  p eak  i n  t h e  FQ s y n t h e s i s ,



x  i s  t h e  c o o r d in a t e  o f  th e  same e l e c t r o n  d e n s i t y
v

peak  i n  t h e  1 Q s y n t h e s i s ,  

n i s  a  c o n s t a n t .

P r o v id e d  t h a t  th e  s h i f t s  i n v o l v e d  a r e  n o t  t o o  l a r g e ,  t h i s  

t r e a tm e n t  a l l o w s  f o r  s im u lta n e o u s  r e f in e m e n t  o f  a s t r u c t u r e  

and c o r r e c t i o n  f o r  t e r m i n a t i o n  o f  s e r i e s  e r r o r s  ( s e e  

A ppendix  I . ) .

The v a lu e  o f  th e  c o n s t a n t  n may v a r y  from two f o r

a p u r e ly  asym m etric  s t r u c t u r e  w i th  a l l  s t r u c t u r e  f a c t o r s

h a v in g  g e n e r a l  ph ase  c o n s t a n t s ,  t o  u n i t y  f o r  th e

c e n tr o s y m m e tr ic a l  c a s e .  In  any p a r t i c u l a r  c a s e  i t s  v a lu e

depends on th e  r e l a t i v e  numbers o f  t h e  two t y p e s  o f  s t r u c t u r e

f a c t o r s  w h ich  a re  c o n t a in e d  i n  th e  F o u r ie r  s y n t h e s e s .

Of th e  50 o b se r v e d  (hO i)  s t r u c t u r e  f a c t o r s ,  th e  f i v e

o f  ty p e  (hOO) have r e s t r i c t e d  p h a s e s  and t o  be on t h e  s a f e

s i d e ,  t h e  p o s s i b l y  r a t h e r  low  v a lu e  o f  1 . 5  was ta k e n  f o r  n .

T h is  a s su m p t io n  seem ed, how ever, to  be j u s t i f i e d  by th e

r a p id  c o n v e r g e n c e  o f  th e  r e f in e m e n t  p r o c e s s .

The above c y c l e  was c a r r i e d  ou t  t w i c e .  I n  t h e  f i r s t ,

49 s t r u c t u r e  f a c t o r s  were em ployed i n  t h e  e v a l u a t i o n  o f  ea ch

(0 1 0 )  F o u r ie r  s y n t h e s i s  (F _ 5 and F I )  and a t  t h i s  s t a g e  th eo c
d is c r e p a n c y  f i g u r e  was 1 0 .5 $ .  I n  t h e  se co n d  c y c l e ,  th e  

F o u r ie r  s y n t h e s e s  (F 6 and F 2} c o n t a in e d  term s c o r r e s p o n d in gU w



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

by t h e s e  were s m a l l  and th e  r e s u l t i n g  c o o r d in a t e s  were ta k e n  

a s  th e  f i n a l  a tom ic  c o o r d in a t e s  f o r  th e  (0 1 0 )  p r o j e c t i o n .

The f i n a l  d is c r e p a n c y  f o r  th e  50 (hOj?) s t r u c t u r e  f a c t o r s  

was 9*1$*

The f i n a l  F o u r ie r  p r o j e c t i o n  on ( 0 1 0 ) ,  I*0 6 , i s  shown

i n  F i g . 5* I t  g i v e s  good  r e s o l u t i o n  o f  a l l  th e  r i n g  a to m s,

and t h r e e  o f  t h e  f o u r  hydrogen  atom s ap p ear  a s  b u l g e s  i n  t h e
• p

one e l e c t r o n  p e r  A c o n to u r  l i n e .  The n i t r o g e n  atom s a re  

m arked, and i t  may be s e e n  t h a t  th e  e l e c t r o n  d e n s i t y  p ea k  

v a l u e s  on t h e s e  a r e  h ig h e r  th a n  on th e  o t h e r  a tom s. These  

r e s u l t s  seem t o  c o n f ir m  t h a t  t h e  n i t r o g e n  and hydrogen  atoms  

have b e e n  l o c a t e d  c o r r e c t l y .  I t  m ust, how ever, be remembered  

t h a t  th e  p o s i t i o n s  o f  th e  n i t r o g e n  and hydrogen  atom s had 

b e e n  assum ed i n  th e  c a l c u l a t i o n  o f  th e  p h a se  c o n s t a n t s ,  th e  

m a j o r i t y  o f  w h ich  have g e n e r a l  v a l u e s ,  and t h a t  a F o u r ie r  

s y n t h e s i s  e v a lu a t e d  w i t h  su ch  p h a s e s  w i l l  t e n d  t o  rep rod u ce  

th e  s t r u c t u r e  from  w hich  t h e y  were d e r iv e d .

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

on th e  o u t e r  atom s o f  th e  m o le c u le  a re  lo w e r  th a n  on t h o s e  

n e a r e r  th e  c e n t r e .  T h is  e f f e c t  was a l s o  n o t i c e d  i n  th e  

n a p h th a le n e  and a n th r a c e n e  s t r u c t u r e s  and was s u g g e s t e d  t o  

be due t o  a th e r m a l o s c i l l a t i o n  o f  th e  m o le c u le  abou t i t s  

c e n t r e ? ^ * ^



(g )  I n v e s t i g a t i o n  o f  t h e  (1 0 0 )  P r o j e c t io n *

S in c e  o n ly  n in e  (O ki) r e f l e c t i o n s  c o u ld  h e  r e c o r d e d  

no a t te m p t  was m ad e 'to  r e f i n e  t h i s  p r o j e c t i o n  o f  t h e  

s t r u c t u r e .  U s in g  t h e  y and z c o o r d in a t e s  d e r iv e d  from  t h e  

i n v e s t i g a t i o n s  o f  t h e  (0 0 1 )  and (0 1 0 )  p r o j e c t i o n s ,  

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  f o r  t h e s e  r e f l e c t i o n s ,  

a  d i s c r e p a n c y  o f  1 7 .8 ^  b e in g  o b ta in e d *



V RESULTS

The atoms o f  th e  m o le c u le  a re  numbered i n  th e  same

way a s  b e f o r e ,  i e „ , a s  i n  E ig .  2 ,  S t r u c t u r e  C, and a l l

su b se q u e n t  d iag ra m s. The c o n v e n t io n a l  num bering, g i v e n  i n  
45R ing  In d e x  and u s e d  i n  th e  r e c e n t  l i t e r a t u r e ,  i s  shown 

on page  4 .

(a )  C o o r d in a te s  and M o le c u la r  D im en sions .

The c o o r d in a t e s  o f  th e  atoms o f  t h e  m o le c u le ,  r e f e r r e d  

t o  th e  u n i t  c e l l  a x e s  w i t h  o r i g i n  on th e  t w o f o ld  screw  a x i s ,  

a r e  g i v e n  i n  T ab le  2 . The c o o r d in a t e s  o f  t h e  r i n g  atom s  

were o b t a in e d  from  th e  i n v e s t i g a t i o n s  o f  th e  (0 1 0 )  and (0 0 1 )  

p r o j e c t i o n s ,  th e  x c o o r d in a t e s  b e in g  th e  mean o f  t h e  v a l u e s  

d e r iv e d  from  th e  two p r o j e c t i o n s .  The p o s i t i o n s  o f  th e  

hyd rogen  atom s were c a l c u l a t e d  on t h e  a s su m p tio n  t h a t  t h e y  

a r e  s i t u a t e d  r a d i a l l y  a t  a d i s t a n c e  o f  1 .0 9  A from  th e  

carb on  a tom s. The c e n t r e  o f  th e  m o le c u le  was c a l c u l a t e d  

from  t h e  c o o r d in a t e s  o f  th e  r in g  a tom s.

The o b s e r v e d  bond l e n g t h s  and v a l e n c y  a n g l e s , d e r i v e d  

from  th e  a tom ic  c o o r d in a t e s  g i v e n  i n  T ab le  2 , a re  shown i n  

E ig .3 >  and c o l l e c t e d  i n  T a b le s  3 and 4. The bond l e n g t h s  

a re  compared w ith  t h o s e  c a l c u l a t e d  by means o f  wave m ach an ics  

u s i n g  a m o le c u la r  o r b i t a l  a p p ro x im a tio n * ^  T hese  c a l c u l a t e d



bond l e n g t h s ,  w h ich  are  b a sed  on th e  a ssu m p tio n  o f  a 

s t r i c t l y  p la n a r  m o le c u le ,  are  shown i n  g i g . 3 and T a b le  3 .

N 4
l*4<1-41nr

CS)l24'

nr114*

C4‘Nl

N4
I-3L I-35 J*3t

C3 C5

1-341-435

C2 C5‘

1-3? 1-35 1-42! 1-31

<*> (ii)

g ig *  3 .

( i )  O bserved  d im e n s io n s  o f  th e  p t e r i d i n e  m o le c u le ,

( i i )  C a lc u la t e d  bond le n g t h s *
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Table 2.

P i n a l a tom ic c o o r d in a t e s

Atom x(A ) y(A) z(A ) x / a y A z / c

N ( l ) 3 .3 2 0 .1 3 - 1 . 6 3 0 .1 3 4 4 0 .0 3 4 - 0 .2 5 8

C (2) 2 .0 0 0 .1 1 - 1 . 9 6 0 .0 8 1 0 0 .0 2 9 - 0 . 3 1 0

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

N (4) 1 .2 6 1 .1 6 0 .0 1 0 .0 5 1 0 0 .3 0 6 0 .0 0 2

C (5 ) 2 .6 1 1 .1 8 0 .4 2 0 .1 0 5 7 0 . 3 H 0 .0 6 6

H ( l ' ) 2 .8 6 1 .8 3 1 .6 3 0 .1 1 5 8 0 .4 8 3 0 .2 5 8

C(2* ) 4 .1 6 1 .9 2 1 . 9 4 0 .1 6 8 4 0 .5 0 7 0 .3 0 7

N ( 3 ' ) 5 .1 6 1 .3 5 1 .1 5 0 .2 0 8 9 0 .3 5 6 0 .1 8 2

C(4* ) 4 .9 3 0 .8 2 0 .0 1 0 .1 9 9 6 0 .2 1 6 0 .0 0 2

C ( 5 ' ) 3 .5 8 0 . 7 4 - 0 . 4 1 0 .1 4 4 9 0 .1 9 5 -  0 .0 6 5

H (2) 1 .7 6 - 0 . 3 0 - 2 . 8 9 0 .0 7 1 3 - 0 .0 7 9 - 0 . 4 5 7

H (3) - 0 . 0 3 0 . 4 4 - 1 . 3 9 - 0 .0 0 1 2 0 .1 1 6 - 0 .2 2 0

H (2' ) 4 .3 9 2 .3 8 2 .8 6 0 .1 7 7 7 0 .6 2 8 0 .4 5 2

H(4* ) 5 .7 4 0 .4 3 - 0 . 6 2 0 .2 3 2 4 0 .1 1 3 - 0 .0 9 8

M o le c u la r
c e n t r e

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



Table 3*

O bserved  and c a l c u l a t e d bond l e n g t h s .

Bond L ength  ( o b s . ) L en gth  (c a lc .) D isc r e p a n c y

N ( l ) -  C(2 ) 1 .3 6  A 1 . 3 1  A 0 .0 5  A

C (2) -  0 ( 3 ) 1 .3 9 1 .4 1 0 .0 2

0 ( 3 ) -  N (4) 1 .3 2 1 .3 1 0 . 0 1

N (4) -  0 ( 5 ) 1 .4 1 1 .3 5 0 .0 6

0 ( 5 ) -  N ( l * ) 1 .4 0 1 .3 5 0 .0 5

N ( l ' -  0 ( 2 * ) 1 .3 4 1 .3 1 0 .0 3

C (2' -  N (3») 1 .4 0 1 .3 4 0 .0 6

N (3' -  0 (4*  ) 1 .2 8 1 . 3 1 0 .0 3

C(4' -  C ( 5 ' ) 1 .  42 1 .4 2 5 0 .0 0 5

C(5' -  N ( l ) 1 .3 9 1 .3 5 0 . 0 4

C(5* - 0 ( 5 ) 1 .3 5 1 .4 3 5 0 .0 8 5

Hoot mean sq u are  d i s c r e p a n c y  = 0*047 A



Table 4.

O bserved  v a le n c y  a n g l e s .

N ( l )  - C (2 ) --  C (3 ) = 1 2 3 .9 * N ( l ' ) - C(2' -  N (3*) •OJCMHII 4

C(2 )  - C (3 ) •-  N (4) = 120 .4 * 0 ( 2 ' ) - N(3' -  0 ( 4 ' ) = 123. 0

C (3 )  - N (4) ■- 0 ( 5 )  = 1 1 7 .2 * N ( 3 ' ) - 0 ( 4 ' -  0 ( 5 ' ) = 117 . 3

N(4)  - C(5)  •-  C (5* )= 1 2 0 .3 * 0 ( 4 ' ) - 0 ( 5 ' -  0 ( 5 ) = 119 . 0

0 ( 5 ' ) - C( 5)  •-  N ( l ' ) = 12 3 .7 * 0 ( 5 )  - 0 ( 5 ' -  N ( l ) = 123 . 2

0 ( 5 )  - N ( l '  )•-  C ( 2 ' ) = 113 .9 * 0 ( 5 ' ) - N ( l ) -  0 ( 2 ) II H H Uo * 6

JJlL  Geometry o f  th e  M o le c u le .

I f  t h e  atom s o f  th e  m o le c u le  a r e  s t r i c t l y  c o p la n a r  

th e n  t h e i r  c o o r d in a t e s  x ,  y ,a n d  z sh o u ld  s a t i s f y  an  

e q u a t io n  o f  th e  form

x  + qy + r z  + s  0 .

The c o e f f i c i e n t s  q, r ,  and s were d e ter m in e d  by t h e  method  

o f  l e a s t  sq u a r e s  from  th e  c o o r d in a t e s  o f  th e  r i n g  a tom s,  

g i v i n g  a s  t h e  e q u a t io n  o f  th e  mean p la n e  o f  th e  m o le c u le

x  + 1 1 .9 1 9 y  -  6 .0 b 2 z  -  1 4 .7 0 1  = 0 .

The d i s p la c e m e n t s  o f  th e  r in g  atom s from  t h i s  p la n e  a r e  

g i v e n  i n  T a b le  5 .



Table 5.

D is p la c e m e n ts  from  th e  mean p la n e .

Atom D isp la c e m e n t Atom D isp la c e m e n t

N ( l ) 0 . 0 1  A N ( l ' ) 0 .0 0  A

C( 2) 0 . 0 4 C(2«) 0 . 0 4

C( 3) - 0 . 0 6 N( 3») - 0 . 0 3

N (4) 0 .0 2 C ( 4 ' ) 0 .0 0

C( 5) - 0 . 0 4 C ( 5 ' ) 0 .0 1

Root mean sq u are  d is p la c e m e n t  = 0 .0 3 1  A 

( c )  O r i e n t a t i o n  and I n t e r m o le c u la r  D i s t a n c e s .

M o le c u la r  a x e s ,  OL, OM and ON were c h o se n ,  t h e  o r i g i n  

0 b e in g  th e  c e n t r e  o f  th e  m o le c u le .  The a x e s  OL and OM l i e  

i n  t h e  mean p la n e  o f  th e  m o le c u le  and a r e  d i r e c t e d  a s  shown 

i n  D i g . 3 .  The a x i s  ON i s  norm al t o  t h i s  p la n e .  The 

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

i n  term s o f  th e  a n g l e s  w h ich  t h e s e  m o le c u la r  a x e s  make w i t h  

t h e  c r y s t a l l o g r a p h i c  a x e s  a ,b  and c .  T hese  a n g le s  a r e  g i v e n  

i n  T a b le  6 .

The i n t e r m o l e c u l a r  ap p roach  d i s t a n c e s  o f  l e s s  th a n  

3 . 7 5  A b e tw e en  th e  r e f e r e n c e  m o le c u le ,  c o o r d in a t e s  ( x , y , z ) ,  

and t h e  n e ig h b o u r in g  m o le c u le s  d e r iv e d  from  i t  by o p e r a t i o n
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o f  th e  screw  a x i s ,  c o o r d in a t e s  ( x , y , J - + z ) ,  and by o p e r a t io n  

o f  th e  n g l i d e  p l a n e ,  c o o r d in a t e s  ( t - x , t + y , i + z ) , and by  

u n i t  t r a n s l a t i o n s  a lo n g  b and c a re  g i v e n  i n  T a b le  7 .

The c l o s e r  c o n t a c t s  a re  i n d i c a t e d  i n  F i g s , 6 and 7 ,  w h ich  

show t h e  g e n e r a l  arrangem ent o f  th e  m o le c u le s  i n  th e  c r y s t a l  

v ie w e d  i n  p r o j e c t i o n  a lo n g  th e  b and c a x e s .

T ab le  6 .

O r i e n t a t i o n  o f  th e  m o le c u le .

LOa = 4 6 . 9 * , c o s LOa = 0 . 6 8 3 8

LOb = 7 3 . 3 * , COS LOb = 0 .2 8 7 5

LOc = 4 7 . 9 * , COS LOc = 0 .6 7 0 7

MOa 1 3 5 . 6 * , COS IviO a — - 0 .7 1 4 2

MOb = 6 8 . 6 * , COS MOb = 0 .3 6 4 4

MOc 5 3 . 3 ' , COS noo

0 .5 9 7 6

NOa = 8 5 . 7 * ,  c o s  NOa = 0 .0 7 4 5

NOb = 2 7 . 3 * ,  c o s  NOb = 0 .8 8 8 2

NOc = 1 1 7 .0 * ,  c o s  NOc = - 0 .4 5 3 2
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Table 7.

I n t e r m o le c u la r d i s t a n c e s U ) .

M o le c u le U > y > z ) - ............... , M o le c u le  ( x , y , i + z K

N (4) .................. . . .  0 ( 3 )  = 3 .4 6

N(4)  .................. . . .  C( 2 )  - 3 .7 0

M o le c u le ( x . y . z ) ................... . .  M o le c u le  ( x , l - y , 4 + z ) .

N( 4)  ................... . .  0 ( 3 )  - : 3 .6 9

M o le c u le ( x , y , z ) ------ , . .  M o le c u le  ( i - x , § + y , § + z ) .

» ( 3 * )  ................... . .  C ( 4 * ) = 3 .3 3

C( 2 ’ ) ................... . .  C( 4*) = 3 . 5 8

M o le c u le ( x , y , z ) ................... . .  M o le c u le  ( x , l + y , z ) .

f (4 )  ................... . .  C( 3) = 3 .3 6

N ( l ’ ) ................... . .  C( 5) = 3 .3 7

C ( 2 ' )  ................... . .  C( 4*) = 3 .4 0

C ( 5 ‘ ) ................... . .  5 ( 1 ) = 3 . 4 2

N ( 3 ' )  ................... . .  C ( 4 ' ) = 3 .4 6

C( 2*)  .................. . .  5 ( 3 ' ) = 3 .4 6

H(4)  ................... . .  C( 2 ) = 3 .4 6

N ( l ' )  ................... . .  0 ( 5 ' ) = 3 .4 6



C( 5)  .......................  N ( l )  = 3 .4 9

C(2'  ) .......................  C( 5 ' )  = 3 . 5 6

C( 3)  .......................  C ( 2) = 3 . 6 3

C ( 5) .......................  C (2)  = 3 . 6 6

D is t a n c e  b e tw e en  mean m o le c u la r  p la n e s  = 3 .3 6

M o le c u le  ( x , y , z )  ....................... M o le c u le  ( x ,y , l - t - z ) .

N ( l ’ ) .......................  C( 2)  = 3 . 3 4

C( 2 ' )  .......................  N ( l )  = 3 . 3 9

N ( l ' )  .......................  N ( l )  = 3 . 5 3

C(2'  ) .......................  C( 2)  = 3 .7 1

M o le c u le  ( x t y , z )  .......................  M o le c u le  ( x , l + y , l + z )

C (2 '  ) .......................  IT(1) = 3 . 5 0

N ( l ' )  .......................  0 ( 2 )  = 3 . 5 3

N ( l ' )  .......................  N ( l )  = 3 . 7 3



i
a/4  i

3 j  2 5 A°

1 I 1 11 I H 111_______|_______1_______|_____J

E ig*  4>

E l e c t r o n  d e n s i t y  and diagram ma t i c  p r o j e c t i o n s  a lo n g  th e  

c a x i s  on (0 0 1 )  show ing  one m o le c u le *  Each c o n to u r  l i n e
• p

r e p r e s e n t s  a  d e n s i t y  in c re m en t  o f  one e l e c t r o n  p e r  A ’ 

th e  o n e - e l e c t r o n  l i n e  b e in g  d o tte d *  (Eo3)
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P i g .  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  a lo n g  th e  b a x i s  on (0 1 0 )  

show ing  one m o le c u le *  C ontour s c a l e  a s  i n  P i g * 4. (Po6)
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VI ACCURACY OF THE RESULTS

The s ta n d a r d  d e v i a t i o n s  o f  th e  a tom ic  c o o r d i n a t e s ,  

6 ( x ) ,  rf’( y ) ,  and <T(z) were e s t im a t e d  by th e  method o f

c o o r d in a t e  d e r iv e d  from  a w e l l  r e s o l v e d  p r o j e c t i o n ,  a f t e r  

c 0r r e c t i o n  f o r  t e r m i n a t i o n  o f  s e r i e s  e r r o r s ,

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

com bined e x p e r im e n ta l  and r e s i d u a l  t e r m i n a t i o n  o f  s e r i e s  

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

The v a l u e s  w hich  were u s e d  f o r  -|Fo| and |Fc | a r e  g i v e n  i n  

T a b le  8 .

The c e n t r a l  c u r v a tu r e  was d e ter m in e d  by assu m in g  t h a t

t h e  e l e c t r o n  d e n s i t y  i n  th e  v i c i n i t y  o f  an a to m ic  c e n t r e
42can  be r e p r e s e n t e d  by t h e  e x p r e s s i o n

AC
C ru ick sh an k  . A c co r d in g  to  t h i s  t r e a t m e n t ,  f o r  an a tom ic

where A i s  th e  a r e a  o f  th e  c e l l  i n  p r o j e c t i o n

P / d *  i s  th e  c u r v a tu r e  o f  th e  e l e c t r o n  d e n s i t y  peak  

a t  th e  c e n t r e  o f  th e  atom,

H  d e n o t e s  summation o v e r  a l l  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 F  was ta k e n  a s  | | F o | - | F c | | ,  w h ich  g i v e s  an e s t i m a t e  o f  th e
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P  = p Q exp [  -  p r 2] ,

where p  i s  th e  e l e c t r o n  d e n s i t y  a t  a d i s t a n c e  r  from  

t h e  c e n tr e  o f  t h e  atom ,

i s  th e  d e n s i t y  a t  th e  c e n t r e  o f  th e  atom, 

p i s  a c o n s t a n t .

I t  f o l l o w s  t h a t  a t  th e  c e n t r e  o f  t h e  p e a k ,

=  _ 2 p / * > -

The 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 ) ,  E o6 , was 

u s e d  t o  o b t a i n  g rap h s o f  in p  a g a i n s t  f o r  t h e  v a r io u s

a to m ic  p e a k s .  From t h e s e  , th e  a v e r a g e  v a l u e s  o f  p and p Q
* 4 * 4were d e r iv e d ,  g i v i n g  - 3 9 * 7 e . / A  and - 4 7 .2 e / A  a s  th e

c e n t r a l  c u r v a tu r e s  f o r  carb on  and n i t r o g e n  r e s p e c t i v e l y .

The s ta n d a r d  d e v i a t i o n s  o b t a in e d  i n  t h i s  way were

i n c r e a s e d  by a f a c t o r  [u / ( u - v ) ] ^  t o  a l lo w  f o r  th e  r a t h e r

s m a l l  number, u , o f  in d e p e n d e n t  o b s e r v e d  s t r u c t u r e  f a c t o r s
47compared w i t h  th e  number, v ,  o f  unknown p a r a m e te r s .

48A l s o ,  i t  has b e e n  shown by C ru ick sh a n k  t h a t  f o r  a  

n o n -c e n tr o s y m m e tr ic a l  p r o j e c t i o n ,  th e  s ta n d a r d  d e v i a t i o n s  

g i v e n  by t h e  fo rm u la  must be i n c r e a s e d  by a f a c t o r  o f  two 

t o  a l lo w  f o r  e r r o r s  i n  t h e  p h ase  c o n s t a n t s .  More g e n e r a l l y ,  

a f a c t o r ,  n ,  o f  v a lu e  in t e r m e d ia t e  b e tw e en  one and two i s  

a p p l i c a b l e ^  n b e in g  th e  same c o n s t a n t  w hich  was u s e d  i n



t h e  r e f in e m e n t  p r o c e s s  ( s e e  page 4 0 ) .

I n  th e  r e f in e m e n t  o f  th e  (0 1 0 )  p r o j e c t i o n  n  had b een  

ta k e n  a s  1 . 5 ,  b u t  t h i s  v a lu e  may have b e e n  r a t h e r  low  s i n c e  

t h e  m a j o r i t y  o f  th e  ( h o i )  s t r u c t u r e  f a c t o r s  have g e n e r a l  

p h a se  c o n s t a n t s .  A c c o r d in g ly ,  to  be on th e  s a f e  s i d e ,  th e  

v a l u e s  o f  6  (x )  and <f(z)  o b ta in e d  from  th e  (0 1 0 )  p r o j e c t i o n  

d a ta  were i n c r e a s e d  by a f a c t o r  o f  tw o .

The y c o o r d in a t e s  were d e r iv e d  from  th e  l a r g e l y  

u n r e s o lv e d  (0 0 1 )  p r o j e c t i o n  f o r  w hich  C ru ick sh a n k *s  

t r e a tm e n t  i s  n o t  s t r i c t l y  a p p l i c a b l e ,  and th e  v a l u e s  o f  (y )

w h ich  were o b t a in e d ,  were in c r e a s e d  by a  f a c t o r  o f  1 .2 5 *

There i s ,  how ever, no t h e o r e t i c a l  b a s i s  f o r  t h i s  p r o c ed u r e  

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

on th e  a c c u r a c y  o f  th e  y c o o r d in a t e s  may have b e e n  

u n d e r e s t im a t e d .

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

are

Carbons £ ( x )  = 0 .022 A ; 6 ( y )  = 0 .0 3A ; 6*(z) = 0 .0 2 3 A .

N itr o g e n :  ^ ( x )  = 0 .01 8A ; ^ ( y )  = 0 .025 A ; <T(z) = 0 .0 1 9 A .

The s ta n d a r d  d e v i a t i o n  o f  a  c a r b o n -c a r b o n  bond i s  th e n
• .

0 .0 3 5  A and o f  ,a c a r b o n - n i t r o g e n  bond 0 .0 3 3  A. The s ta n d a r d

d e v i a t i o n  o f  a v a le n c y  a n g l e ,  c a l c u l a t e d  by th e  fo rm u la



g i v e n  by C ru ick sh an k  and R o b e r t s o n ^  i s  abou t 2*3* , and th e
• p

e l e c t r o n  d e n s i t y  s ta n d a r d  d e v i a t i o n s  a r e  0 * 4 2 e /A  f o r  th e
• p

(0 1 0 )  p r o j e c t i o n  and 0 .2 7 e /A  f o r  th e  (0 0 1 )  p r o j e c t i o n .
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V II  DISCUSSION

The e r r o r s  i n  th e  o b se r v e d  r e s u l t s  h a v in g  b een

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

f o l l o w s  a p p r o x im a te ly  th e  G a u ss ia n  e r r o r  law ?  th e  o b s e r v e d

r e s u l t s  may be compared w i t h  th e  t h e o r e t i c a l  or  p o s t u l a t e d

v a l u e s  by means o f  s t a t i s t i c a l  s i g n i f i c a n c e  t e s t s ®  A c co r d in g
49t o  th e  tr e a tm e n t  o f  C ru ick sh an k  and H o b e r tso n 7  th e  

s i g n i f i c a n c e  o f  a d i f f e r e n c e ,  A, b e tw e en  an o b s e r v e d  v a lu e  

w it h  e s t im a t e d  s ta n d a r d  d e v i a t i o n  €  and a t h e o r e t i c a l  v a l u e ,  

w h ich  i s  assum ed to  be th e  t r u e  v a lu e  w ith  zer o  s ta n d a r d  

d e v i a t i o n ,  i s  e s t im a t e d  i n  term s o f  th e  p r o b a b i l i t y ,  P ,  

t h a t  su ch  a d i f f e r e n c e ,  or  one g r e a t e r ,  c o u ld  be due t o  random 

e r r o r s  a l o n e .  I t  i s  assum ed t h a t  i f

P ^  0 .0 5 *  A i s  n o t  s i g n i f i c a n t .

0 .0 5  > P > 0 . 0 1 ,  A  i s  p o s s i b l y  s i g n i f i c a n t .

0 . 0 1  i-  P , A  i s  s i g n i f i c a n t .

When t h e  number o f  d e g r e e s  o f  freed o m , ( u - v ) ,  i s  l a r g e ,

€  may be c o n s id e r e d  a s  an a c c u r a t e  e s t im a t e  o f  th e  s ta n d a r d  

d e v i a t i o n  and t h e  v a l u e s  o f  t  = A / V  c o r r e s p o n d in g  t o  th e  

above v a l u e s  o f  P a r e

P = 0 . 0 5 ,  

P = 0 . 0 1 ,

t  = 1 .9 6 0 ,  

t  = 2 . 576 .



I f ,  how ever, th e  number o f  d e g r e e s  o f  freed om  i s  s m a l l  

( <  3 0 ) ,  (S’ i s  an u n c e r t a i n  e s t i m a t e  o f  th e  s ta n d a r d  d e v i a t i o n ,  

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

ar e  g r e a t e r f ^

The bond l e n g t h s  o b s e r v e d  i n  p t e r i d i n e  t o g e t h e r  w i t h  

t h o s e  c a l c u l a t e d  by t h e  m ethod o f  m o le c u la r  o r b i t a l s ^  are  

shown i n  F i g . 3 and T a b le  3 .  The l a r g e s t  d i s c r e p a n c y  

b e tw e e n  th e  o b s e r v e d  and t h e o r e t i c a l  v a l u e s ,  0*085 At o c c u r s  

i n  t h e  c a s e  o f  t h e  c e n t r a l  bond, 0 ( 5 ) -  0 ( 5 ' ) >  where th e  

o b s e r v e d  l e n g t h  i s  to o  s m a l l .  Here t  = 2 . 4 3 ,  and t h i s  

d i f f e r e n c e  i s  t h e r e f o r e  p o s s i b l y  s i g n i f i c a n t .  F or  a l l  th e  

o t h e r  bonds th e  d i s c r e p a n c i e s  a re  n o t  s i g n i f i c a n t .  The r o o t  

mean sq u are  d i s c r e p a n c y ,  0 .0 4 7  A, i s  a l s o  w i t h i n  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 .  $ h u s ,  owing t o  th e  c o m p a r a t iv e ly  

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

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

bond l e n g t h s  ca n n o t be r e g a r d e d  a s  r e a l .

I t  i s ,  how ever , o f  i n t e r e s t  t h a t  i n  th e  c a s e  o f  th e  

c e n t r a l  bond and i n  s i x  o f  th e  o t h e r  t e n  b o n d s ,  th e  o b s e r v e d  

v a l u e s  d e v i a t e  from  th e  c a l c u l a t e d  v a l u e s  i n  th e  d i r e c t i o n  

o f  t h e  sy m m e tr ic a l  K ek u le  s t r u c t u r e .  S im i la r  th o u g h  s m a l le r  

d i s c r e p a n c i e s  a re  fou n d  a l s o  i n  t h e  c a s e  o f  n a p h th a le n e
0 O  O  Q

where much more a c c u r a te  bond l e n g t h s  a r e  a v a i l a b l e .  9 

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



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

c a l c u l a t e d  v a l u e ? ^ * ^  A lth o u g h  t h e r e  d oes  n o t  seem t o  be

any t h e o r e t i c a l  b a s i s  f o r  t h i s ,  i t  would ap p ear  t h a t  i n
50p t e r i d i n e ,  a s  has b e e n  s u g g e s t e d  f o r  n a p h th a le n e ,  th e  

sy m m e tr ic a l  K ekule  s t r u c t u r e  s h o u ld ,  i n  some way, be g i v e n  

g r e a t e r  w e ig h t  i n  th e  c a l c u l a t i o n s *

The o b s e r v e d  l e n g t h  o f  1 , 3 5  A f o r  t h e  c e n t r a l  bond  

i n  p t e r i d i n e  i s ,  how ever , o n ly  0 .0 1  A g r e a t e r  th a n  th e  

a c c e p t e d  v a lu e  f o r  a c a r b o n -c a r b o n  pure  d ou b le  bond. I t  

seem s u n l i k e l y  t h a t  su ch  a bond sh o u ld  o c c u r  i n  th e  m o le c u le  

and a t  l e a s t  p a r t  o f  th e  d i s c r e p a n c y  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  l e n g t h s  i s ,  i n  t h i s  c a s e ,  o b v i o u s l y  due t o  an  

e r r o r  i n  th e  o b s e r v e d  v a l u e .

The s h o r t e s t  o b s e r v e d  bond l e n g t h  o c c u r s  i n  th e  

p y r im id in e  r i n g ,  IT(3*)  —C ( 4*)  = 1 .2 8  A. T h is  would c o r r e sp o n d  

v e r y  n e a r ly  t o  a carb on —n i t r o g e n  pu re  d ou b le  bond w h ich  h a s ,  

how ever, n e v e r  b e e n  m easured  d i r e c t l y ,  b u t  whose l e n g t h  has
• 51 *5p

b e e n  e s t im a t e d  by d i f f e r e n t  w orkers  a s  1 . 2 4  A,  1 . 2 6 5  A,

1 .2 7  or  1 .2 8  A ? ^ * ^  I t  d oes  seem t h e r e f o r e ,  t h a t  th e

o b s e r v e d  l e n g t h  i s  r a t h e r  t o o  low  a l s o  i n  t h i s  c a s e .  A v e r y

s h o r t  bond i n  th e  p y r im id in e  r in g  w ou ld , how ever , a c co u n t

f o r  th e  f o r m a t io n  o f  2 - a m in o p y r a z in e -3 - a ld e h y d e  when p t e r i d i n e
7i s  t r e a t e d  w ith  d i l u t e  a c id j  s i n c e  r in g  f i s s u r e  w ould te n d  t o  

ta k e  p l a c e  a t  su ch  a bond . T h is  would a l s o  a c co u n t  f o r  th e



5 7g e n e r a l  i n s t a b i l i t y  o f  p t e r i d i n e .  *

The o b se r v e d  v a le n c y  a n g le s  a r e  shown i n  T ab le  4 and 

f i g . 3.  Three o f  th e  f o u r  n i t r o g e n  v a le n c y  a n g l e s  are  l e s s  

th a n  1 2 0 * , f o r  two o f  t h e s e ,  C( 5 ) - N ( l ' ) - C ( 2 * ) = 1 1 3 .9 *  and 

C( 5 1 ) - N ( l ) - C ( 2 )  = 113 .6* , th e  d i f f e r e n c e  b e in g  s i g n i f i c a n t .

The f o u r t h  n i t r o g e n  v a le n c y  a n g l e ,  w hich  i s  1 2 3 . 0 * ,  i s  n o t  

s i g n i f i c a n t l y  g r e a t e r  th a n  1 2 0 * . The a n g l e s  a t  th e  carb on  

atom s a r e  g e n e r a l l y  g r e a t e r  th a n  120* b u t i n  no c a s e  i s  th e  

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

t h u s  show v a r i a t i o n s  s i m i l a r  to  t h o s e  fo u n d  i n  o t h e r  n i t r o g e n  

c o n t a i n i n g  a r o m a tic  r in g  s y s te m s .

The d is p la c e m e n t s  o f  th e  r in g  atom s from  th e  c a l c u l a t e d  

mean m o le c u la r  p la n e  a re  g i v e n  i n  T ab le  5. T hese  a r e  

m easured a lm o st  e n t i r e l y  by th e  y c o o r d in a t e s  and th e  

a p p r o p r ia t e  c o o r d in a t e  s ta n d a r d  d e v i a t i o n  i s  g i v e n  by <T ( y ) .  

The y c o o r d in a t e s  were d e ter m in e d  from  th e  (0 0 1 )  p r o j e c t i o n  

on t h e  b a s i s  o f  o n ly  49 in d e p e n d e n t  s t r u c t u r e  f a c t o r s .  The 

number o f  d e g r e e s  o f  freed om  i s  t h e r e f o r e  2 9 ,  and th e  v a lu e s  

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

P = 0 . 0 5 ,  t  = 2 . 0 4 5 ,

P = 0 . 0 1 ,  t  = 2 . 7 5 6 .

The maximum d is p la c e m e n t  o f  a ca rb on  atom from  t h e  mean p la n e  

i s  0 .0 6  A, f o r  w h ich  t  = 0 . 0 6 / 0 . 0 3  = 2 . 0 0 .  T h is  d is p la c e m e n t



can n ot t h e r e f o r e  he r e g a r d e d  as  ev en  p o s s i b l y  s i g n i f i c a n t .

The maximum d is p la c e m e n t  o f  a n i t r o g e n  atom i s  0 .0 3  A, f o r

w h ich  t  = 0 . 0 3 / 0 . 0 2 5  = 1 .2 0  and t h i s  i s  n o t  s i g n i f i c a n t .

The r o o t  mean sq uare  d is p la c e m e n t  i s  a l s o  n o t  s i g n i f i c a n t .

I t  may t h e r e f o r e  be c o n c lu d e d  t h a t  w i t h i n  th e  l i m i t s

o f  th e  e x p e r im e n ta l  e r r o r s ,  th e  p t e r i d i n e  m o le c u le  i s  p la n a r .

I t  c a n n o t ,  how ever , be c la im e d  t h a t  th e  q u e s t i o n  o f  i t s

p l a n a r i t y  has b e e n  s e t t l e d ,  s i n c e ,  owing t o  th e  c o m p a r a t iv e ly

l a r g e  e r r o r s  i n  th e  e x p e r im e n ta l  m easurem ents , d e v i a t i o n s

o f  up to  0 .0 6  A from a s t r i c t l y  p la n a r  s t r u c t u r e  w ould  be

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

u s i n g  t h r e e - d i m e n s i o n a l  d a ta  w ould  o b v io u s ly  be d e s i r a b l e .

I n  c o n n e c t io n  w i th  t h i s ,  i t  i s ,  how ever, o f  i n t e r e s t  t h a t  i n
25t h e  (X -p h e n a z in e  s t r u c t u r e ,  w h ich  was shown t o  be p la n a r

©

t o  w i t h i n  0 .0 1 4  A i n  a t h r e e - d i m e n s i o n a l  i n v e s t i g a t i o n ,  

d e v i a t i o n s  o f  up to  0 . 0 6  A from  a p la n a r  s t r u c t u r e  were  

fou n d  on t h e  b a s i s  o f  tw o - d im e n s io n a l  d a ta .

The arrangem ent o f  th e  m o le c u le s  i n  th e  c r y s t a l  and  

t h e  s h o r t e r  i n t e r m o l e c u l a r  d i s t a n c e s  are  shown i n  P i g s . 6 and 7 

As i n  th e  c a s e  o f  o i —p h e n a z in e ,  th e  c r y s t a l  s t r u c t u r e  a p p ea rs  

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

t r a n s l a t i o n s  a lo n g  th e  b a x i s ,  th e  p e r p e n d ic u la r  d i s t a n c e  

b e tw e en  th e  mean m o le c u la r  p l a n e s  b e in g  3 . 3 6  A. Some o f  

th e  atom s i n  t h e s e  m o le c u le s  o v e r l i e  ea ch  o t h e r  c l o s e l y ,



and many o f  th e  c l o s e s t  c o n t a c t s  (minimum 3 . 3 6  A) o c cu r

b etw een  su ch  m o l e c u l e s .

The s h o r t e s t  i n t e r m o l e c u l a r  approach  d i s t a n c e ,  3 .3 3  A,

i s  b e tw e en  th e  r e f e r e n c e  m o le c u le  and th e  one d e r iv e d  from

i t  by o p e r a t i o n  o f  t h e  n g l i d e  p la n e .  A n other  v e r y  c l o s e

c o n t a c t  o f  3 . 3 4  A o c c u r s  b e tw een  m o le c u le s  s e p a r a t e d  by a

t r a n s l a t i o n  c .  The s h o r t e s t  d i s t a n c e  o f  ap p roach  b e tw een

atom s i n  m o le c u le s  r e l a t e d  by th e  t w o f o ld  screw  a x i s  i s  3 .4 6  A.

I t  may be n o te d  t h a t  a l l  th e  i n t e r m o l e c u l a r  c o n t a c t s

o f  l e s s  th a n  3 . 4 0  A i n v o l v e  a carb on  atom o f  one m o le c u le

and a n i t r o g e n  atom o f  a n o t h e r ,  th e  s h o r t e s t  non -bon ded

c a rb o n  carb on  d i s t a n c e  b e in g  3 . 4 0  A. None o f  th e

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

sum o f  th e  van  d er  W aals r a d i i  o f  th e  atom s c o n c e r n e d .  The

i n t e r p l a n a r  d i s t a n c e  o f  3 . 3 6  A i s  s i m i l a r  t o  t h a t  fou n d  i n

g r a p h i t e  ( 3 . 3 5 - 3 . 4 0  A ) ,  b e n z p e r y l e n e ^  ( 3 . 3 8  A) and 
56 *co ro n en e  ( 3 . 4 0  A) ,  b u t  i s  r a t h e r  l e s s  th a n  th e  c o r r e s p o n d in g

57 27 25d i s t a n c e s  i n  o v a le n e  /  a c r i d i n e  and fc -p h e n a z in e  w h ich

a r e  3 * 45 ,  3 .4 7  and 3 . 4 9  A r e s p e c t i v e l y .
q Q  c O

O om parison w i t h  th e  n a p h th a le n e  s t r u c t u r e ,  9 showB 

t h a t  t h e  p a c k in g  o f  th e  m o le c u le s  i n  p t e r i d i n e  i s  much c l o s e r .  

The volume o c c u p ie d  by a p t e r i d i n e  m o le c u le  i s  148 A 

compared to  181  A f o r  n a p h th a le n e ,  th e  c o r r e s p o n d in g



c r y s t a l  d e n s i t i e s  b e in g  1 .4 8  and 1.15gm ./cm;? The minimum
#

i n t e r m o l e c u l a r  d i s t a n c e  o f  3 . 6 0  A i n  n a p h th a le n e  may be

compared w i th  th e  many c o n s i d e r a b l y  s h o r t e r  c o n t a c t s  i n  th e

p t e r i d i n e  s t r u c t u r e .

The more e f f i c i e n t  ida c k in g  found  i n  p t e r i d i n e  may be

p a r t l y  due to  a t t r a c t i v e  f o r c e s  b e tw e en  th e  ca rb o n  and

n i t r o g e n  atoms o f  d i f f e r e n t  m o le c u le s  a s  shown by th e  l a r g e

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

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

hyd rogen  atoms fe w e r  th a n  th e  n a p h th a le n e  m o le c u le  must a l s o

be o f  im p o rta n ce  i n  t h i s  r e s p e c t .  The ‘ p a r a l l e l  d is c *  ty p e  
59o f  p a c k in g   ̂ shown by p t e r i d i n e  i s ,  how ever, b a s i c a l l y  

d i f f e r e n t  from  t h e  p a c k in g  foun d  i n  n a p h th a le n e ,  and no 

d i r e c t  co m p a riso n  can  be made.



V I I I  FINAL STRUCTURE FACTORS

The f i n a l  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  t h e

a to m ic  c o o r d in a t e s  g i v e n  i n  T ab le  2 ,  a re  shown i n  T ab le  8

u n d er  iFcJ and t o g e t h e r  w ith  t h e  o b se r v e d  s t r u c t u r e

a m p l i t u d e s ,  |Fo| , w h ich  have b e e n  s c a l e d  by co m p a riso n  w i th

t h e  c a l c u l a t e d  v a lu e s *  I n  t h e  c a l c u l a t i o n  o f  t h e s e  s t r u c t u r e
XIf a c t o r s ,  th e  t h e o r e t i c a l  s c a t t e r i n g  c u r v e s  o f  M c¥eenyJ f o r  

ca rb o n , n i t r o g e n  and h yd rogen  were em ployed , th e  v a lu e  o f  

t h e  c o n s t a n t  B i n  th e  tem p er a tu r e  f a c t o r  b e i n g ,  a s  b e f o r e ,  

4*8 A^. The f i n a l  d is c r e p a n c y ,  e x p r e s s e d  a s  I |f£ o | - l l ’oll / I | E o |  , 

was 1 1 .1 $  f o r  th e  1 0 1  o b s e r v e d  (Ok.?), (h 0£ )  and (hkO) 

s t r u c t u r e  f a c t o r s .  The d i s c r e p a n c i e s  f o r  th e  s e p a r a t e  zo n es  

w ere 17*8^ , and 1 2 .  2f® r e s p e c t i v e l y .
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Table 8 .

O bserved  and c a l c u l a t e d  s t r u c t u r e  a m p l i tu d e s  and

p h a se  c o n s t a n t s .

hk£ 2 s i n 0 |Po| E£| a *

000 - — 2 7 2 .0 -

200 0 .1 2 5 < 0 .6 0 . 2 180

400 0 .2 4 9 7 3 . 5 6 3 .1 180

600 0 .3 7 4 < 1 . 1 0 . 0 —

800 0 .4 9 9 1 1 .7 1 1 .2 180

1 0 , 0 , 0 0 .6 2 4 < 1 . 6 0 . 3 0

1 2 , 0 , 0 0 .7 4 8 4 1 .0 3 7 .7 180

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

1 6 , 0 , 0 0 .9 9 8 < 2 . 3 1 . 1 180

1 8 , 0 , 0 1 .1 2 2 < 2 . 5 1 . 1 0

2 0 , 0 , 0 1 .2 4 7 9 . 0 7 . 9 0

2 2 , 0 , 0 1 .3 7 2 < 3 . 8 0 . 9 180

2 4 , 0 , 0 1 .4 9 6 4 .9 6 .2 0

020 0 .8 1 3 < 1 .8 5 .2 0

040 1 .6 2 6 < 2 .3 4 .2 0

002 0 .4 8 7 2 7 .2 2 5 .1 180

00 4 0 .9 7 5 2 9 . 4 2 6 .2 357

006 1 .4 6 2 < 3 .8 3 . 4 14

O i l 0 .4 7 4 6 4 . 2 7 5 . 4 87

013 0 . 8 3 6 1 3 .0

in•oH

93
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Table 8,  (contd}

K k l 2 s i n 0 g o | l lcj &
015 1 - 2 8 5 8 . 7 7 . 7 91

022 0 -9 4 8 3 6 . 4 4 0 .8 181

024 1 . 2 6 9 4 .8 3 . 1 13

0 31 1 . 2 4 3 5 .9 7 . 1 296

033 1 - 4 2 1 9 . 0 5 .9 256

201 0 .2 7 7 4 4 . 9 5 3 .9 93

401 0 - 3 5 3 4 1 .5 4 5 .7 2

601 0 . 4 4 9 3 2 . 5 2 8 . 9 96

801 0 .5 5 8 2 7-9 2 7 . 7 1

1 0 , 0 , 1 0 . 6 7 1 2 1 . 5 2 0 .8 92

1 2 , 0 , 1 0 .7 8 7 2 4 - 1 2 4 - 1 ' 186

1 4 , 0 , 1 0 .9 0 8 1 9 . 2 1 8 -3 277

1 6 , 0 , 1 1 -0 2 7 1 4 . 5 1 5 . 7 355

1 8 , 0 , 1 1 - 1 5 3 1 6 . 6 1 4 . 7 276

2 0 , 0 , 1 1 . 2 7 1 1 8 . 1 2 0 . 3 179

2 2 , 0 , 1 1 . 3 9 5 9 . 3 8 - 7 90

202 0 . 5 0 4 4 . 4 6 . 4 307

402 0 . 5 4 8 2 0 . 9 2 3 . 6 356

602 0 . 6 1 6 2 7 -7 2 8 .8 263

802 0 . 6 9 8 2 4 . 0 2 3 .8 188

1 0 , 0 , 2 0 . 7 9 3

CMS3 2 7 . 9 102

1 2 , 0 , 2 0 . 8 9 5 < 2 . 9 1 . 9 286

1 4 , 0 , 2 1 - 0 0 3 6 . 6 7 . 2 104



7 1 .

hkZ 2 s i n 0

Tab le  8 .  ( e o n t d . ) 

l l£ l @£l £

1 6 , 0 , 2 1 . 1 1 1 < 3 . 4 0 . 8 2 1

1 8 , 0 , 2 1 .2 2 7 < 3 .6 1 . 1 326

2 0 , 0 , 2 1 . 3 4 1 1 3 . 4 1 3 . 3 2

2 2 , 0 , 2 1 .4 5 8 3 . 7 3 . 5 282

2 4 , 0 , 2 1 .5 7 7 7 . 3 7 . 9 179

203 0 . 7 4 2 2 4 .3 2 5 . 1 87

403 0 . 7 7 5 1 5 . 4 1 3 . 8 157

603 0 . 8 2 2 6 . 7 6 . 9 285

803 0 . 8 8 7 4 . 7 4 .7 38

1 0 , 0 , 3 0 . 9 6 3 1 4 . 4 1 4 . 3 273

204 0.9&5 1 0 . 2 9 . 9 82

404 1 .0 0 8 1 1 .8 1 1 . 0 183

604 1 . 0 4 6 < 3 . 3 2 . 7 84

804 1 . 0 9 8 < 3 . 4 1 . 7 40

1 0 , 0 , 4 1 . 1 5 9 < 3 . 5 1 . 9 242

1 2 , 0 , 4 1 . 2 3 0 9 . 4 1 0 . 3 175

1 4 , 0 , 4 1 . 3 1 3 1 6 . 6 1 6 . 7 272

1 6 , 0 , 4 1 . 3 9 6 6 . 7 6 . 8 3

1 8 , 0 , 4 1 . 4 9 2 7 . 9 8 . 0 86

205 1 . 2 2 7 5 .8 3 . 5 262

405 1 . 2 4 6 1 0 . 9 1 0 . 3 181

605 1 .  278 1 4 . 3 1 6 . 3 92

805 1 .3 1 9 6 , 0 5 . 4 356
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Table 8.  ( c o n t d . )

h k l 2 s i n 6 l£o) |Fc| £
1 0 , 0 , 5 1 . 3 7 4 < 3 . 9 4 . 9 90

1 2 , 0 , 5 1 .4 3 3 9 . 9
CM•oo 181

1 4 , 0 , 5 1 .  504 7 . 6 8 . 6 271

1 6 , 0 , 5 1. 577 7 . 8 7 . 7 5

1 8 , 0 , 5 1 . 6 6 2 3 . 5 4 . 6 270

206 1 .4 6 8 < 3 . 8 0 . 7 45

406 1 .  485 1 1 . 4 1 0 . 5 3

606 1 . 5 1 1 6 . 3 5 . 0 268

806 1 . 5 4 7 1 2 . 9 1 2 . 3 183

1 0 , 0 , 6 1 . 5 9 3 4 . 4 3 . 8 93

110 0 . 4 1 0 < 3 . 0 8 . 4 0

210 0 . 4 2 4 6 9 . 9 7 3 . 8 180

310 0 . 4 4 6 2 3 . 3 2 2 .9 0

410 0 . 4 7 7 1 . 2 2 . 0 180

510 0 . 5 1 2 1 1 . 8 1 2 . 2 180

610 0 . 5 5 0 2 8 . 9 2 8 . 3 180

710 0 . 5 9 7 1 . 4 5 . 6 0

810 0 . 6 4 4 i . 8 3 . 2 0

910 0 . 6 8 9 1 2 . 7 9 . 2 180

1 0 , 1 , 0 0 . 7 4 0 2 0 . 1 1 8 . 3 180

1 1 , 1 , 0 0 . 7 9 1 1 0 . 3 1 1 . 0 180

1 2 , 1 , 0 0 . 8 5 2 < 1 . 8 2 . 8 0

1 3 , 1 , 0 0 . 9 0 1 1 5 . 0 1 5 . 1 0



£

0

0

180

180

0

180

0

0

180

0

180

0

0

180

180

0

0

180

0

180

0

0

Table 8. ( c o n t d . )

2sinG \ m l i £ |

0*958 1 8 . 1 1 6 . 2

1*022 9 . 6 1 1 . 8

1*078 < 2 . 1 1 . 7

1 .1 2 7 1 5 . 3 1 4 . 2

1*186 1 6 . 2 1 4 . 8

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

1 . 3 1 0 < 2 . 5 0 . 1

1 . 3 6 0 5 .7 8 . 7

1 . 4 2 0 4 .8 4 . 7

1 . 4 9 2 3 . 0 3*6

1 . 9 1 6 2 . 1 2 . 7

0 . 8 1 4 < 1 . 8 1 . 4

0 .  $20 < 1 . 8 0 . 6

0 . 8 3 0 6 . 1 3 . 9

0 . 8 4 7 1 9 . 0 2 1 . 0

0 .8 6 7 8 . 4 7 . 7

0 . 8 9 2 3*0 0 . 1

0 . 9 1 9 7 . 1 6 . 9

0 . 9 5 0 1 2 . 7 1 2 . 7

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

1 . 0 2 1 4 . 1 0 . 0

1 . 0 6 0 7 . 5 7 . 4

1 .1 0 0 9 . 0

CM*Oi—I
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Table 8. ( c o n td . )

hkjE 2 s i n 9 \ l S i IFcJ

1 3 , 2 , 0 1 . 1 5 4 < 2 . 3 1 . 8 180

1 4 , 2 , 0 1 . 2 0 0 < 2 . 3 0 . 3 180

1 5 , 2 , 0 1 . 2 4 0 2 . 7 2 . 9 180

1 6 , 2 , 0 1 .2 8 8 2 .8 3 . 3 0

1 7 , 2 , 0 1 . 3 2 9 6 . 1 5 . 4 180

oC\J0%00 
1—1 1 . 3 8 0 < 2 . 5 0 . 3 0

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

2 0 , 2 , 0 1 . 4 8 1 9 . 8 1 2 . 0 180

2 1 , 2 , 0 1 . 5 3 1 7 . 3 6 . 2 0

2 2 , 2 , 0 1 . 6 0 0 < 2 . 3 0 . 0 —

2 3 , 2 , 0 1 . 6 5 4 < 2 . 3 0 . 0 -

2 4 , 2 , 0 1 . 7 0 5 3 . 2 4 . 4 0

130 1 . 2 2 3 < 2 . 3 2 . 1 0

230 1 .2 2 7 < 2 . 3 3 . 4 0

330 1 . 2 3 5 < 2 . 3 3 . 5 0

430 1 . 2 4 6 3 . 0 2 . 4 180

530 1 . 2 6 0 3 . 5 4 . 1 180

630 1 .2 7 7 3 . 0 2 . 1 0

730 1 .2 9 7 6 . 0 8 . 9 180

830 1 . 3 1 9 3 . 9 1 . 0 • 0

930 1 . 3 4 4 3 . 2 3. 4 0

2 2 , 3 , 0 1 .8 3 7 2 . 5 3 . 3 0



INVESTIGATION OP THE STRUCTURE 

* SUBSTANCE P *



I  INTRODUCTION

I t  was found t h a t  when 6 - h y d r o x y p t e r i d i n e  i s

d i s s o l v e d  i n  sodium h y d r o x id e  s o l u t i o n  a s m a l l  q u a n t i t y11
o f  a  d i p t e r i d y l  d e r iva t ive  i s  formed* T h is  was named 

‘ s u b s t a n c e  P* by A l b e r t  who showed t h a t  i t  i s  form ed i n  

25^ y i e l d  when 7 : 8 - d i h y d r o - 6 - h y d r o x y p t e r i d i n e  and 

6—h y a r o x y p t e r i d i n e  a r e  a l l o w e d  t o  r e a c t  i n  d i l u t e  sodium  

h y d r o x id e  s o l u t i o n .  Under t h e s e  c o n d i t i o n s ,  n e i t h e r  o f  th e  

s t a r t i n g  m a t e r i a l s  w i l l  g i v e  r i s e  t o  ‘ s u b s t a n c e  P* a l o n e ,  

and i t  has b e e n  s u g g e s t e d  t h a t  t h e  NH group o f  

7 : 8 - d i h y d r o - 6 - h y d r o x y p t e r i d i n e  has added a c r o s s  t h e  

7 : 8 - d o u b l e  bond o f  6—h y d r o x y p t e r i d i n e .  A c c o r d in g  t o  t h i s  

mechanism, ‘ s u b s t a n c e  p 1 i s  7 : 8 : 7 * : 8 * —t e t r a h y d r o —6 : 6 ‘ -  

d i h y d r o x y - 7 : 8 ’ - d i p t e r i d y l .  On t h e  b a s i s  o f  s p e c t r o s c o p i c  

e v i d e n c e  t h e  c o r r e s p o n d i n g  8 : 8 * - d i p t e r i d y l  w h ich  i s  a 

s y m m e t r i c a l  h y d r a z in e  was c o n s i d e r e d  t o  be l e s s  l i k e l y .

Other p o s s i b l e  s t r u c t u r e s  f o r  ‘ s u b s t a n c e  P* are  t h e  6 : 6 ‘ -  

and t h e  7 : 7 ‘ - d i p t e r i d y l  which are  a l s o  s y m m e t r i c a l .

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  a t  t h e  

s u g g e s t i o n  o f  P r o f e s s o r  A l b e r t  i n  o r d e r  t o  d e te r m in e  t h e  

s t r u c t u r e  o f  ‘ s u b s t a n c e  P*.  The f r e e  b a s e  i s  m i c r o c r y s t a l l i n e  

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

c r y s t a l l i s a t i o n  from h y d r o c h l o r i c  a c i d  s o l u t i o n  were em ployed .



I I  CRYSTAL DATA

‘ S u b s ta n c e  P* d i h y d r o c h l o r i d e  d i h y d r a t e ,  ^12^10^2^8*^HCl.2H2O. 

M o le c u la r  w e i g h t ,  4 0 7 , 2 .

Decomposes b e lo w  m e l t i n g  p o i n t  a t  abou t  280*C.

D e n s i t y  c a l c u l a t e d  l*620gm ./cm ^ D e n s i t y  fo u n d ,  1 . 597gm./cm*^  

The c r y s t a l  i s  m o n o c l i n i c  w i t h

a  = 1 2 . 1 2  0 . 0 4  A,

b = 1 1 . 2 1  -  0 . 0 2  A,
c = 1 3 . 4 6  0 . 0 3  A,

P  = 1 1 4 .2 *  — 0 .5 *

• -3
Volume o f  t h e  u n i t  c e l l ,  1668*1  A.

A b se n t  s p e c t r a ,  ( h k i ) when h •f k + I

(hO i) when h or I

(OkO) when k i s odd

Space  group I a ( c f )  or I 2 / a ( C ^ h ) •

P o l a r i t y  t e s t s  i n d i c a t e l a .

Pour m o l e c u l e s  p e r  u n i t c e l l .

No m o l e c u l a r  symmetry r e q u ir e d *

A b s o r p t i o n  c o e f f i c i e n t  f o r  X - r a y s ,  CuKc* r a d i a t i o n , ^  = 39*4cmr^  

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  = P ( 0 0 0 )  = 840*



I l l  EXPERIMENTAL

The sample  o f  t h e  d i h y d r o c h l o r i d e  o f  * s u b s t a n c e  P ! 

u sed  i n  t h i s  i n v e s t i g a t i o n  was o b t a i n e d  from P r o f e s s o r  

A. A l b e r t ^ .  The l a r g e ,  b u t  i r r e g u l a r  shaped c r y s t a l s  are  

s t a b l e  and u n l i k e  p t e r i d i n e  a r e  no t  v o l a t i l e  a t  room
o

t e m p e r a t u r e .  N i c k e l  f i l t e r e d  copper  Kot r a d i a t i o n  ( k  =1*542 A) 

was employed i n  t h e  d e t e r m i n a t i o n  o f  t h e  c r y s t a l  d a t a .  

R o t a t i o n ,  o s c i l l a t i o n  and e q u a t o r i a l  l a y e r  l i n e  moving f i l m  

p h o to g r a p h s  about  each  o f  t h e  u n i t  c e l l  a x e s  and a f i r s t  

l a y e r  l i n e  moving f i l m  about  b were t a k e n .  The a x i a l  

l e n g t h s  were m easured from t h e  r o t a t i o n  p h o to g r a p h s  and t h e  

j a n g l e  was e s t i m a t e d  a p p r o x i m a t e ly  from t h e  moving f i l m  

t a k e n  about  t h e  b a x i s .

The s y s t e m a t i c  a b s e n c e s ,  d e te r m in e d  from th e  moving  

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

Ia (C g )  or  I 2 / a ( C 2 h ) .  A p p l i c a t i o n  o f  p y r o e l e c t r i c  t e s t s ° 6 , 

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

c e n t r o s y m m e t r i c a l  sp a c e  g r o u p .

The d e n s i t y  o f  t h e  c r y s t a l s  was d e te r m in e d  by f l o t a t i o n  

i n  a  m ix t u r e  o f  c a rb o n  t e t r a c h l o r i d e  and b e n z e n e  c o n t a i n i n g  

a t r a c e  o f  d e t e r g e n t .
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APPENDIX I

The R e f in em e n t  o f  N Q n-C en trosym m etr ica l  S t r u c t u r e s  by  

P o u r i e r  S y n t h e s i s .

S i n c e  a c r y s t a l  s t r u c t u r e  i s  p e r i o d i c ,  i t  may be  

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

by a P o u r i e r  s e r i e s .  I n  t h e  u s u a l  n o t a t i o n ,

^O(xyz) = 1 / v I  rZ|P(hkj2)|cosC2TThx+2TTky+2rriz-en(hk£)] .

S o t  c e n t r o s y m m e t r i c a l  s t r u c t u r e s ,  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 se  c o n s t a n t  a r e  r e s t r i c t e d  t o  0* or  1 8 0 * .  I f  t h e s e  

v a l u e s  can be c o r r e c t l y  d e te r m in e d ,  t h e  r e s u l t i n g  P o u r i e r  

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

a p a r t  from e r r o r s  due t o  t h e  i n a c c u r a c i e s  i n  t h e  o b s e r v e d  

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

I n  t h e  n o n - c e n t r o s y m m e t r i c a l  c a s e ,  however,  t h e  ph a se  

c o n s t a n t s  have u n r e s t r i c t e d  v a l u e s ,  and e v en  s l i g h t  e r r o r s  

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

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

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

p h a s e s  w i l l  t h e r e f o r e  be i n  e r r o r  and w i l l  t e n d  t o  rep ro d u ce  

t h e  s t r u c t u r e  from w hich  t h e  p h a s e s  were d e r i v e d .  The 

r e f i n e m e n t  p r o c e s s  i s  th u s  s lo w  and i n  t h e o r y  n e v e r  r e a c h e s  

c o m p l e t i o n .



I t  has  b e e n  shown by C r u i c k s h a n k ^  t h a t  when t h e

s h i f t s  i n d i c a t e d  by su ch  a P o u r i e r  s y n t h e s i s  are  l e s s  t h a n

0*10 A, t h e y  s h o u ld  be d ou b led  i n  o r d e r  t o  com pensate  f o r

t h i s  e f f e c t  and t h u s  o b t a i n  more r a p i d  r e f in e m e n t*  More

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

symmetry, bu t  i t s  p r o j e c t i o n  on c e r t a i n  p l a n e s  or  l i n e s  i s

c e n t r e d ,  a f a c t o r  n i s  appl icable**^ The v a l u e  o f  n i n

any g i v e n  c a s e  depends on t h e  r e l a t i v e  numbers o f  r e a l  and

com plex  s t r u c t u r e  f a c t o r s  which  are  b e i n g  u s e d ,  and may v a r y

from two f o r  t h e  p u r e l y  asym m etric  c a s e  t o  u n i t y  f o r  a

c e n t r o s y m m e t r i c a l  s t r u c t u r e *  A p r o o f  o f  t h e  v a l i d i t y  o f  t h i s
44*n—s h i f t *  r u l e  has  b e e n  g i v e n  by C ru ick sh a n k .

Owing t o  t h e  e x p e r i m e n t a l  c o n d i t i o n s ,  t h e  P o u r i e r  

s e r i e s  w i l l ,  i n  g e n e r a l ,  be t e r m i n a t e d  when i t s  c o e f f i c i e n t s  

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

summation o v e r  an i n f i n i t e  number o f  term s i s ,  t h e r e f o r e ,  

n o t  e v e n  a p p r o x i m a t e ly  f u l f i l l e d *  S y s t e m a t i c  e r r o r s  t h e n  

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

s y n t h e s i s ,  e a ch  e l e c t r o n  d e n s i t y  peak  b e i n g  d i s p l a c e d  from  

i t s  t r u e  p o s i t i o n  by d i f f r a c t i o n  r i p p l e s  from t h e  o t h e r  peaks*  

The f o l l o w i n g  method o f  c o r r e c t i n g  a to m ic  c o o r d i n a t e s  

f o r  t e r m i n a t i o n  o f  s e r i e s  e r r o r s ,  known a s  t h e  ‘ b a c k - s h i f t *  

method, has  b e e n  s u g g e s t e d  by B o o t h ^ * ^  and v e r i f i e d
C a

t h e o r e t i c a l l y  by Cochran* ‘Having c a l c u l a t e d  t h e  s t r u c t u r e
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f a c t o r s  from t h e  f i n a l  a tom ic  c o o r d i n a t e s ,  a s y n t h e s i s  i s  

computed u s i n g  t h e s e  c a l c u l a t e d  v a l u e s  a s  c o e f f i c i e n t s .

Any term s n o t  i n c l u d e d  i n  t h e  o r i g i n a l  s y n t h e s i s  w i t h  

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

s y n t h e s i s .  The c o o r d i n a t e s  d e r i v e d  w i l l ,  i n  g e n e r a l ,  d e v i a t e  

s l i g h t l y  from t h o s e  u s e d  i n  c a l c u l a t i n g  t h e  F v a l u e s ;  t h e s e  

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

c o o r d i n a t e s  and may i f  d e s i r e d  he a p p l i e d  a s  c o r r e c t i o n s . 1

T h is  s im p le  p r o c e d u r e  i s  g e n e r a l l y  a p p l i e d ,  a s  su c h ,  

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

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

and r e f i n i n g  s t r u c t u r e s  w i t h  no c e n t r e  o f  symmetry has  b e e n
41

d e s c r i b e d  by Donohue .

L et  t h e ' c o o r d i n a t e s  o f  an atom i n  a n e a r l y  c o r r e c t  

t r i a l  s t r u c t u r e  be ( x 1 , y 1 , z 1 ) .  On t h e  b a s i s  o f  t h i s  s t r u c t u r e  , 

s t r u c t u r e  f a c t o r s  are  c a l c u l a t e d  and t h e  r e s u l t i n g  ph ase  

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

c o n t a i n i n g  t h e  o b s e r v e d  am pli tudes  a s  c o e f f i c i e n t s  

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

(Fc s y n t h e s i s ) .  I f  t h e  c o o r d i n a t e s  o f  t h e  c o r r e s p o n d i n g  

e l e c t r o n  d e n s i t y  peak  i n  t h e  Fc s y n t h e s i s  a r e  ( x c >yc »z 0 )> 

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

( f o r  t h e  x  c o o r d i n a t e )  by



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

peak  i n  t h e  Fo s y n t h e s i s  ( c o o r d i n a t e s  x 0 >y0 >z 0 )> g i v i n g

xo -  ( xc"xl )

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

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

The s h i f t  i n d i c a t e d  by t h e  Fo s y n t h e s i s ,  a f t e r  i t  has  

b e e n  c o r r e c t e d  i n  t h i s  way by t h e  b a c k - s h i f t  m ethod,  i s  

t h e r e f o r e

x0 -  ( x c“ x i>  -  X1*

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

ntx0 - -  xl l
The r e f i n e d  c o o r d i n a t e  i s  t h e n  g i v e n  by

x 2 = x 1 + n [ x 0 - ( x 0- x 1 ) - x 1]

= x l  +

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

These  c o o r d i n a t e s  a r e ,  how ever,  s u b j e c t  t o  e r r o r s  due 

t o  t h e  a p p r o x im a t io n s  i n  t h e  n - s h i f t  r u l e ,  and a s i n g l e  

c y c l e  w i l l ,  i n  g e n e r a l ,  n o t  g i v e  t h e  t r u e  a to m ic  p o s i t i o n s .  

The method may be c o n s i d e r e d  a s  p r o v i d i n g  a means o f  r e f i n i n g  

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



APPENDIX I I

The Treatm ent  o f  A c c i d e n t a l l y  A bsent  R e f l e c t i o n s  i n  

F o u r i e r  K e f i n e m e n t s .

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

a b s e n t  r e f l e c t i o n s  i n  ' e r r o r  s y n t h e s e s '  had b e e n  p o i n t e d
65out  by Crowfoot  e t  a l ,  i n  most s t r u c t u r e  a n a l y s e s ,  a b s e n t  

r e f l e c t i o n s  a r e  n o t  c o n s i d e r e d  d u r in g  t h e  r e f i n e m e n t
6 1  C n

p r o c e s s  9 and s t r u c t u r e  f a c t o r s  c o r r e s p o n d i n g  t o  t h e s e  

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

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

e s t i m a t e d  on t h e  b a s i s  o f  t h e  minimum v a l u e  t h a t  i t  h as  b e e n  

fo u n d  p o s s i b l e  t o  o b s e r v e  a t  t h e  c o r r e s p o n d i n g  a n g l e .  T h is  

a m p l i tu d e ,  | F o max|,  t h e n  m easures  t h e  maximum p o s s i b l e  v a l u e  

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

g e n e r a l  agreem ent  b e tw e e n  t h e s e  a m p l i t u d e s  and t h e  c a l c u l a t e d  

v a l u e s ,  w h ich  i n  t h i s  c a s e  i m p l i e s  t h a t  |FcJ s h o u ld  be l e s s  

t h a n  |Fomaz| ,  i s  t a k e n  t o  d e m o n s tra te  t h e  v a l i d i t y  o f  t h e  

s t r u c t u r e ,  wh ich  has  b e e n  d e r i v e d  o n l y  from t h e  d a t a  a c t u a l l y  

o b s e r v e d .  When, how ever ,  t h e  number o f  o b s e r v e d  r e f l e c t i o n s  

i s  s m a l l  owing t o  t h e  e x p e r i m e n t a l  c o n d i t i o n s ,  su ch  a s  t h e  

n a tu r e  o f  t h e  c r y s t a l ,  i t  would  ap p ear  t o  be d e s i r a b l e  t o  

e x t e n d  t h e  a v a i l a b l e  i n f o r m a t i o n  by making u s e  o f  v a n i s h i n g l y  

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

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



I n  t h e  c a s e  o f  r e f i n e m e n t  by d i f f e r e n c e  s y n t h e s e s ,  

t h e  c r i t e r i o n  f o r  t h e  u s e  o f  a b s e n t  r e f l e c t i o n s  would be  

t h a t  t h e  c o r r e s p o n d i n g  v a l u e s  t a k e n  f o r  (Fo — Fc)  s h o u ld  be  

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

t e r m s ,  w h ich  i m p l i e s  t h a t  fFol — |F c I = 0.  I f  |Pc |  i s  

c o n s i d e r a b l y  g r e a t e r  t h a n  lFomaxl , sa y  by a f a c t o r  o f  two,  

th e n  i t  may be assumed t h a t  Fc d e f i n e s  t h e  p h a se  c o n s t a n t  

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

I t  f o l l o w s  t h a t  by t a k i n g  t h e  o b s e r v e d  a m p l i tu d e  o f  t h e  

v a n i s h i n g l y  s m a l l  r e f l e c t i o n  as  j - |Fomaxl , t h e  maximum 

p o s s i b l e  e r r o r  i n  t h e  v a l u e  o f  (Fo -  F c )  i s  e q u a l  t o  i | F o max| .  

I n  g e n e r a l  t h i s  would be s m a l l  and i t  can  be shown t h a t  i f  

|F c |  > 3 / 2 | F o Diax| , t h i s  p ro c ed u r e  w i l l  l e a d  t o  a b e t t e r  v a l u e  

f o r  (Fo -  F c)  th a n  i s  o b t a i n e d  by making i t  e q u a l  t o  z e r o .

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

s t r u c t u r e  a m p l i tu d e  f o r  an u n o b s e r v e d  r e f l e c t i o n  i s  more th a n  

t w i c e  a s  g r e a t  a s  t h e  e s t i m a t e d  maximum v a l u e ,  t h e n  a term  

f o r  su c h  a r e f l e c t i o n  may be i n c l u d e d  i n  t h e  d i f f e r e n c e  

s y n t h e s i s  a s  ( j F o max-  F c ) .

The c o r r e s p o n d i n g  p r o c e d u r e  i n  t h e  o r d i n a r y  F o u r i e r  

method, u s i n g  s e p a r a t e  Fo and Fc s y n t h e s e s ,  would be t o  i n c l u d e  

i n  t h e  Fo s y n t h e s i s  t h e  v a l u e s  j F o nlax f o r  a l l  t h o s e  u n o b s e r v e d  

r e f l e c t i o n s  where I F c |  > 2 |F o 2iax| .  The 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  c o r r e s p o n d i n g  t o  t h e s e  would be i n c l u d e d  i n  t h e  

Fc s y n t h e s i s .
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ADDITIONAL PAPER

INVESTIGATION OP THE STRUCTURE 

CELLULOSE FIBRES



I  I N T R O D U C T I O N

The chem ical work o f Haworth, I r v in e , H irst and others  

during the years 1920 to  1930 showed th a t c e l lu lo s e  i s  a 

l in e a r  macromolecule c o n s is t in g  o f  a la rg e  number o f  ^ -g lu c o -  

pyranose u n its  lin k ed  through 1 :4 -  g lu c o s id ic  bonds. The 

m olecular w eight o f  c e l lu lo s e  has been estim ated  by variou s  

chem ical and p h y s ic a l methods as about 500,000 corresponding  

to  about 3 ,000  g lu co se  r e s id u e s .

E arly  X-ray in v e s t ig a t io n s  o f c e l lu lo s e  f ib r e s  by 

Ni8hlkawa and Ono  ̂ in  1913 and by Herzog and Jancke^ in  1920 

dem onstrated th a t they are c r y s t a l l in e  and th a t d if fe r e n t  

f ib r e s  have id e n t ic a l  c r y s t a l l in e  s tr u c tu r e s , but th a t  t h is  

c r y s t a l l in i t y  i s  d isco n tin u o u s. L ater X-ray s tu d ie s  by  

Meyer and co-workers®, ^, ® determ ined the u n it  c e l l  d im ensions, 

and a s tru ctu re  was put forward in  which the chain  m olecu les  

l i e  on the tw ofo ld  screw a x is  p a r a l le l  to  b o f  a m onoclln ie  

c e l l  co n ta in in g  four g lu co se  r e s id u e s . Two g lu co se  u n its  

account e x a c t ly  fo r  the f ib r e  p er io d  o f 1 0 .3A and th e chain  

le n g th  corresponding to  a m olecular w eigh t o f 500 ,000  i s  thus  

about 15,000A .

The X-ray in v e s t ig a t io n s  had shown th a t th e f ib r e  i s  

not a s in g le  c r y s ta l  but th a t the reg u la r  th ree-d im en sion a l 

arrangement o f  g lu co se  u n i t s ,  as d efin ed  by th e u n it  c e l l ,  

i s  b u i l t  up to  form sm all c r y s t a l l in e  r e g io n s , or c r y s t a l l i t e s ,



separated  by more amorphous m a te r ia l. In  a d d it io n , non- 

c e l lu lo s lo  components are a ls o  always p r e se n t. The dimen

s io n s  o f  th e se  c r y s t a l l in e  reg io n s have been e x te n s iv e ly  

s tu d ied  by X -ray and chem ical methods and more r e c e n t ly ,  by 

means o f  the e le c tr o n  m icroscope.

X-ray measurements by Herzog6 , Hengstehberg and Mark?,

and Kratky8 appeared to  show th a t th e  c r y s t a l l i t e s  in  ramie
• •

are approxim ately 5 0 -1 00A wide and a t  l e a s t  500-60GA lo n g ,

but ra th er  low er v a lu es fo r  the w idths were obtained  by
Q

Heyn fo r  a number o f d if f e r e n t  f ib r e s .  However, owing to  

variou s u n c e r ta in t ie s  and assum ptions, th e se  v a lu e s  may r e 

p resen t on ly  an order o f  m agnitude.

Chemical methods are based  on degree o f  p o ly m erisa tio n  

measurements a f te r  p a r t ia l  a c id  h y d r o ly s is , i t  b e in g  assumed 

th a t only the amorphous reg io n s have been  h yd ro lysed , the  

c r y s t a l l i t e s  rem aining in ta c t .^ 0 This has been ca rr ied  o u t, 

among o th e r s , by N ickerson and H a b r le^  and Morehead***2 who 

rep o rt le n g th s  o f  about 1 ,2 0 0 - 1 ,500A fo r  th e  c r y s t a l l i t e s  

o f  n a tiv e  f ib r e s *  Ranby and R ib l *  however found th a t a f te r  

v igorou s h y d r o ly s is ,  most o f  the c e l lu lo s e  has a degree o f  

p o ly m er isa tio n  o f  about 100 , corresponding t o  a c r y s t a l l i t e  

le n g th  o f  about 500A.

E lec tro n  m icroscop ic in v e s t ig a t io n s  o f  c e l lu lo s e  have 

been l im ite d  by th e  n e c e s s ity  o f  ob ta in in g  s u f f i c i e n t l y  th in  

specim ens. To ach ieve t h i s ,  th e  f ib r e s  have been  broken down



by chem ical and p h y s ica l methods such as p a r t ia l  a c id  or 

a lk a l i  h y d r o ly s is  or by b e a t in g , grin d in g  or u ltr a s o n ic  i r 

r a d ia t io n . A lte r n a te ly  r e p l ic a s  o f  the su r fa ces  and o f  

s e c t io n s  o f f ib r e s  have been employed.

A la rg e  number o f  In v e s t ig a t io n s  have been reported  

in  v h ich  f ib r e s  d is in te g r a te d  by such treatm en ts have been  

examined in  the e le c tr o n  m icroscope. The r e s u l t s  o f  the  

e a r l ie r  s tu d ie s  are in  agreement th a t the f ib r e s  break down 

in to  very  lon g  f in e  f i b r i l s  but d i f f e r  con sid erab ly  in  the  

a ctu a l dim ensions measured. More recen t in v e s t ig a t io n s  

have shown th a t  the apparently  in ta c t  c e l l  w a lls  o f  both  

p la n t and b a c te r ia l  c e l lu lo s e s  seem to  c o n s is t  la r g e ly  o f  

very lon g  " m ic ro fib r ils  " 250-40QA w id e ,14"1? w h ile  d r a s t ic  

d isp e r s io n  y ie ld s  sm aller  u n its  o f  approxim ately the same 

dim ensions as the c r y s t a l l i t e s  p o s tu la te d  from X-ray measure

m ents. These sm aller  u n it s  have r e c e n t ly  been e x te n s iv e ly  

In v e s t ig a te d  w ith  the e le c tr o n  m icroscope. Morehead18  

found th a t c o tto n , wood and ramie on a c id  h y d r o ly s is  fo llo w ed  

by u ltr a so n ic  I r r a d ia t io n  y ie ld e d  p a r t ic le s  which have w idths  

o f  6 4 , 45 and 4QA r e s p e c t iv e ly  and le n g th s  in  c lo s e  agree

ment w ith  th ose  c a lc u la te d  from degree o f p o ly m erisa tio n  

experim ents (1 ,2 0 0 -1 ,500A) .  Ranby and R ib l examined co tto n

and wood c e l lu lo s e  d is in te g r a te d  by washing w ith  d i s t i l l e d  

w ater to  a pH o f  about 3 .5 ,  a f te r  treatm ent w ith  su lp h u ric



a c id . Under th e se  co n d itio n s  a c o l lo id a l  s o lu t io n  of c e l lu 

lo s e  i s  formed, which was found to  c o n s is t  o f  p a r t ic le s

50-10OA wide and 500-600A lo n g . U sing s im ila r  m ethods,
18Mukherjee, S ik o r sk i and Woods showed th a t ram ie, co tto n

and ju te  d is in te g r a te d  in to  p a r t ic le s  which are 155 , 130 
♦

and 85A wide r e s p e c t iv e ly  and which vary in  le n g th  from 
• * * .

100A to  2,500A . Very lon g  stra n d s, 50-100A w id e, have heen
19observed by Hodge and Wardrop in  s e c t io n s  o f d e l ig n i f ie d

wood which had been  d is in te g r a te d  in  a Waring Blendor and by  
13 20Ranby and R ib i 9 in  co tto n  and wood broken down by u l t r a 

so n ic  ir r a d ia t io n , and a ls o  in  s e c t io n s  o f variou s n a tu ra l 

and sy n th e t ic  f ib r e s .  I t  was fu r th er  found th a t th e se

p a r t ic le s  are in  the form o f  f l a t  f ila m e n ts , about 30A th ic k ,
18developed on th e  (101) f a c e ,  and th a t the la r g e r  m icro-

21f i b r i l s  have a ls o  a s im ila r  shape.

A ccording to  Eratky® and P rey -W y sslin g ^  th e  sm all 

p a r t io le s ,  a l l  o f  about the same dim ensions obtained  in  

th ese  in v e s t ig a t io n s  from a number o f  d if f e r e n t  c e l lu lo s e s ,  

are "elem entary f i b r i l s ” which correspond to  th e  c r y s t a l l i t e s  

p o stu la ted  from the e a r l ie r  X -ray s tu d ie s .  The m ic r o f lb r i ls  

o f  about 250A w idth are con sid ered  to  be made up o f th e se  

c r y s t a l l in e  u n i t s ,  a w id th  o f  about 70A and a th ic k n e ss  o f
•  0 9

30A b ein g  p o s tu la te d . I t  i s  assumed th a t the elem entary  

f i b r i l s  are surrounded by im p erfec tly  c r y s t a l l in e ,  or 

" p a ra cry sta H in e11, c e l lu lo s e  which i s  r e sp o n sib le  fo r  th e ir



aggregation  in to  the la r g e r  m ic r o f ib r i ls ,  th e  c r y s ta l l in e  

core o f  which i s ,  in  tu rn , embedded in  a co r te x  o f para- 

c r y s t a l l in e  c e l lu lo s e  • The c e l l  w a ll i s  then  b u i l t  up o f  

th e se  m ic r o f ib r i ls .

The c r y s t a l l i t e s  or elem entary f i b r i l s  are not sharp ly  

d efin ed  e n t i t i e s  in  th e ir  n atu ra l s t a t e . 3 , 2 3 , 2 4  j t  ia  b e -  

l i e v e d 2 ^ > 2 5 ,2 6  th a t  they m erely rep resen t randomly d i s t r ib 

u ted  re g io n s  o f good c r y s t a l l i s a t io n  in  a coherent th r e e -  

dim ensional network in  which th ere  i s  a gradual t r a n s it io n  

from reg io n s o f h igh  l a t t i c e  order to  re g io n s  o f low l a t t i c e  

order where the m olecular chains are on ly  approxim ately par

a l l e l .  A s in g le  c e l lu lo s e  m olecule w i l l ,  in  g en e r a l, p ass  

through se v e r a l c r y s t a l l in e  and in term ed iate  p a r a c r y s ta llin e  

a re a s , thus ho ld ing  the stru c tu re  to g e th e r .

Ordinary l ig h t  m icroscopy has shown th a t most c e l lu lo s e

f ib r e s  are made up o f many In d iv id u a l c e l l s ,  which in  th e
27case o f  s i s a l  have a diam eter o f  about 24 m icrons. These 

c o n s is t  o f  a th in  ou ter primary w a ll and a th ic k e r  secondary  

w a ll which co n ta in s th e bulk  o f  the c r y s t a l l in e  c e l lu lo s e .  

The secondary w a ll i s  b u i l t  up o f  la y e r s  o f  w idth  estim ated  

as 0 .1 - 0 .5  m icrons, which are arranged in  the form o f  con

c e n tr ic  tu b es . .T h is co n fig u r a tio n  i s  apparently  due to  the
«

a lte r n a t io n  o f  la y e r s  o f m a ter ia l o f  h igh  and low c e l lu lo s e  

co n ten t. The la y e r s  o f  c e l lu lo s e  a r e , in  tu rn , b u i l t  up o f



f i b r i l s ,  a few ten th s  o f  a micron in  d iam eter, which are 

o r ien ted  in  a s p ir a l  a t  an angle o f up t o  about 45° to  the  

main f ib r e  a x is -

The o r ie n ta t io n  o f  the c r y s t a l l i t e s  w ith  r e sp ec t  to  

th e  f ib r e  a x is  may be determ ined by X-ray m ethods, and by 

comparing the r e s u l t s  o f  th ese  measurements w ith  m icroscop ic  

measurements o f  f i b r i l  o r ie n ta t io n , i t  has been shown th a t  

th e  long axes o f  the c r y s t a l l i t e s  (or elem entary f i b r i l s )  are 

a lig n ed  p a r a l le l  to  the lon g  a x is  o f  the f i b r i l .  I t  i s  

th u s p o s s ib le  t o  r e la t e  X-ray measurements o f  c r y s t a l l i t e  

o r ie n ta t io n  t o  f i b r i l  o r ie n ta t io n  as observed in  the l i g h t  

m icroscope. S in ce  the elem entary f i b r i l s  are presumably 

o r ien ted  p a r a l le l  to  the len g th  o f the m ic r o f ib r i l ,  i t  would 

appear th a t th e  m ic r o f ib r i ls  a r e , th em se lv es , o r ien ted  par

a l l e l  to  th e  much la r g e r  f i b r i l s .  This has been confirm ed  

in  th e  case o f  the marine a lg a  V alon la  v e n tr ic o sa  by P reston

and co-w orkers, who found th a t the m ic r o f ib r i ls  observed in
14th e  in ta c t  c e l l  w a ll w ith  the e le c tr o n  m icroscope showed 

th e same o r ie n ta t io n  as had p re v io u s ly  been determ ined fo r  

th e  c r y s t a l l i t e s  and the f i b r i l s  from X-ray and l ig h t  m icro

sco p ic  s t u d ie s .22 By means o f e le c tr o n  d if f r a c t io n  measure

ments i t  has been shown th a t the m olecular ch ain s l i e  p ar

a l l e l  t o  the le n g th  o f the m ic r o f ib r i l .29

Other e le c tr o n  m icroscop ic in v e s t ig a t io n s^ 2 ,^^ o f  t h i s  

nature have in v o lv ed  th e  use o f m a ter ia l d is in te g r a te d  by



ra th er  d r a s t ic  procedures and the in te r p r e ta t io n  o f  the r e 

s u lt in g  m icrographs i s  d i f f i c u l t .  Com paratively l i t t l e  

d ir e c t  ev idence i s  thus a v a ila b le  concerning th e arrangement 

o f the m ic r o f ib r i ls  in  the c e l l  w a ll .

In  t h is  in v e s t ig a t io n  the s tru ctu re  o f  the hard l e a f  

f ib r e  s i s a l  has been s tu d ie d , f i r s t l y ,  by applying the d i s 

in te g r a t io n  tech n iqu es developed by the e a r l ie r  in v e s t i 

g a to r s , and seco n d ly , by attem pting to  cu t s e c t io n s  o f  the  

in ta c t  m a ter ia l s u f f i c i e n t ly  th in  fo r  d ir e c t  exam ination in  

th e  e le c tr o n  m icroscope.

S i s a l  has not been  in v e s t ig a te d  in  th e  p a st to  the  

same ex ten t as o ther f ib r e s ,  due, no doubt, to  the h igh  pro

p o r tio n  o f  n o n -c e l lu lo s lc  components which i t  co n ta in s-  

However, Mflhle th a ler^  6 found th a t a f te r  removal o f  im p u r itie s  

and d is in te g r a t io n  in  a Waring B lendor, s i s a l  shows m icro- 

f i b r i l s  250-400A wide, s im ila r  to  o ther f ib r e s .  The o r ie n ta 

t io n  o f  the c r y s t a l l i t e s  has been  measured by X -ray m ethods,
fs

a va lu e  o f  about 18 fo r  th e  s p ir a l  angle b e in g  g iv e n . *

Ho e le c tr o n  m icrographs o f  s e c t io n s  o f a n a tiv e  c e l lu 

lo s e  f ib r e  have apparently  been p u b lish ed . Hodge and 
19War dr op have however used s e c t io n s  o f d e l ig n i f ie d  wood

d is in te g r a te d  in  a b lendor and a ls o  r e p l ic a s  o f  s e c t io n s ,  

w h ile  R ib i ,20 although not showing any m icrographs, s t a t e s  

th a t  microtome s e c t io n s  have been  examined.

I t  was hoped th a t the p resen t in v e s t ig a t io n  would con-



firm  the p resen ce o f  elem entary f i b r i l s  in  s i s a l  and th a t  

th e ir  dim ensions could  be measured. E lec tro n  micrographs 

o f  s u f f i c i e n t l y  th in  s e c t io n s  should re v ea l the o rg a n isa tio n  

o f  the c e l l  w a ll ,  from the elem entary f i b r i l ,  through the  

m ic r o f ib r i l ,  to  the coarser  f i b r i l s  and la y e r s  v i s i b le  in  

the l ig h t  m icroscope. T h is would, n a tu r a lly , a ls o  d e te r 

mine what degree o f  in d iv id u a lity  th e se  p o stu la te d  u n it s  

p o sse s s  in  th e  in ta c t  f ib r e .



I I  E X P E R I M E N T A L

The m a ter ia l employed throughout t h is  in v e s t ig a t io n  

was s i s a l  f ib r e  su p p lied  by the Gouroek Rope Work Co. The 

m icrographs were obtained  w ith  a P h ilip s  M eta lix  e le c tr o n  

m icroscop e.

(a ) In v e s t ig a t io n  o f F ib res D is in te g r a te d  by Acid H y d ro ly s is .
18F ollow ing  th e  procedure o f Mukherjee e t  a l . ,  the  

h y d r o ly s is  was ca rr ied  out a t room tem perature w ith  s o lu t io n s  

o f  su lp h u ric  a c id  o f  co n cen tra tio n s varying from 950 t o  

1 ,0 0 0  g m . / l i t r e ,  a c tin g  fo r  p er io d s o f  one to  th ree  w eeks.

The tr e a te d  f ib r e s  were cen tr ifu g ed  and the supernatant a c id  

removed. Further washings by c e n tr ifu g a tio n  a f te r  adding 

d i s t i l l e d  w ater were continued t i l l  n e u tr a lity  was reached , 

th e  supernatant b ein g  r e je c te d  each tim e . As had been ob

served  in  p rev iou s in v e s t ig a t io n s ,1 3 ,18  Wken pjj 

supernatant approached a va lu e o f  about 3 - 3 .5 ,  the f ib r e s  

d is in teg ra ted ,fo rm in g  a s o lu t io n  o f  c o l lo id a l  c e l lu lo s e .  

Specimens fo r  exam ination in  the e le c tr o n  m icroscope were 

prepared by evaporating drops o f  the s o lu t io n  on Formvar 

covered mounts and shadowing w ith  p a lla d lu m -n iek e l a t 1 5 ° .

When s i s a l  i s  p la ced  in  su lp h u ric  a c id  o f such concentra

t io n s  the s o lu t io n  remains c o lo u r le s s  fo r  24 hours, but during  

the next 24 hours the s o lu t io n  and the f ib r e s  them selves  

become co loured  a deep re d , presumably due to  th e  e x tr a c t io n



o f some im purity in  the f ib r e .  Washing w ith  d i s t i l l e d  water  

d id  not s u f f ic e  to  remove t h i s  im pu rity , and th e  e le c tr o n  

micrographs obtained  from the exam ination o f such so lu t io n s  

were n ot s a t is f a c t o r y .

T his red  co lo u r a tio n  reaches a maximum a f t e r  about two 

days and i f  the d isco lo u red  a c id  i s  then removed and rep laced  

by fr e s h  a c id , no fu rth er  d isc o lo u r a tio n  ta k es p la c e . T his  

was ca rr ied  o u t, the fr e s h  a c id  being allow ed  to  a c t fo r  

se v e r a l d ays. Much more s a t is f a c t o r y  r e s u l t s  were ob ta in ed .

S in ce  s i s a l  has a r e la t iv e ly  h igh  conten t o f  n o n -c e llu -  

l o s i e  m a te r ia ls , p a r t ic u la r ly  l lg n in ,  a la r g e  p rop ortion  o f  

t h i s  part o f the work was concerned w ith  the problem o f  ob

ta in in g  a c lea n  sample o f c o l lo id a l  c e l lu lo s e .  S ev era l d i f 

f e r e n t  methods o f a ch iev in g  t h i s  were attem pted. F in a lly  a
32r igorou s e x tr a c t io n  p ro cess  d escr ib ed  by P reston  was em

p lo y ed , in  which p e c t in s  are removed by trea tm en t, f i r s t ,  

w ith  a 50% s o lu t io n  o f  h yd roch loric  a c id  in  a lco h o l and then  

w ith  ammonium o x a la te  s o lu t io n , h e m ic e llu lo s e s , by e x tr a c t io n  

w ith  hot d i lu te  sodium hydroxide s o lu t io n  and l l g n in ,  by 

treatm ent a lt e r n a te ly  w ith  ch lo r in e  water and hot d i lu te  

sodium su lp h ite  s o lu t io n  t i l l  no co lo u r a tio n  r e s u l t s .  A 

w h ite , c lea n -lo o k in g  product was obtained  which gave no 

d isc o lo u r a tio n  on su lp h u ric  a c id  h y d r o ly s is .

P la te  1 i s  a micrograph o f a specimen prepared in  t h i s



way. I t  shows the c h a r a c te r is t ic  c e l lu lo s e  p a r t ic le s  sim 

i l a r  to  those obtained  in  p rev iou s in v e s t ig a t io n s  on other  

f i b r e s . There does not appear to  be any contam ination by  

im p u r it ie s .

(b) I n v e s t ig a t io n  o f  F ib res U sing a T h in -S ectio n in g  Technique.

The main d i f f i c u l t y  o f  cu ttin g  s e c t io n s  fo r  examina

t io n  in  the e le c tr o n  m icroscope i s  th e n e c e s s ity  o f  making 

th e se  s u f f i c i e n t l y  th in . I d e a lly  th e ir  th ick n ess  should  

not exceed  0 .1  m icrons, and although t h i s  was not in  fa c t  

a ch iev ed , a number o f  s e c t io n s  were obtained  which gave q u ite  

in te r e s t in g  e le c tr o n  m icrographs. 1 am indebted  t o  D r. 1 .  

Hossack o f  t h i s  Department fo r  the c u tt in g  o f  the s e c t io n s .

S in ce  s i s a l  i s  a s ta b le  m a ter ia l no f ix a t io n  was r e 

q u ired . The f ib r e s  were dehydrated in  a b so lu te  a lc o h o l and 

impregnated w ith  monomeric n -b u ty l m ethacrylate co n ta in in g  

5%  m ethyl m eth acry la te . The b lo c k s , prepared by h eat p o ly 

m er isa tio n  a t 60° C. were cu t on a Spencer Botary Microtome 

m odified  by th e  in c lu s io n  o f a Pease and Baker adaptor, u sin g  

g la s s  k n iv e s . The s e c t io n s  were f lo a te d  on aqueous a le o h o l  

and p icked  up on Formvar covered specimen mounts.

S ta in in g  o f c e l lu lo s e  has not been very s u c c e s s fu l in  

th e  p a st and In ste a d , the p l a s t i c  was d is s o lv e d  out w ith  

acetone and the specim ens shadow -cast w ith  p a lla d iu m -n iek a l 

in  the usual way. The removal o f  the p la s t i c  appears t o  be



n ecessary  s in c e  e le c tr o n  micrographs o f  u nextracted  s e c t io n s  

show extrem ely poor c o n tr a s t .

P la te  2 which i s  a micrograph o f  an unshadowed s p e c i

men shows p art o f  a s l i g h t ly  ob lique c r o s s - s e c t io n  o f  a f ib r e ,  

p a r ts  o f se v e r a l o f the in d iv id u a l c e l l s  b e in g  v i s i b l e .

I t  was found th a t b lo ck s prepared In  th is  way from

in ta c t  f ib r e s  d id  not cut w e l l .  T his was probably due t o

th e  fa c t  th a t  the f ib r e s ,  having a hard c lo s e  te x tu r e , had

not been impregnated s u f f i c i e n t l y  w e ll  w ith  monomer. I t

was th ere fo r e  d ecided  t o  use m a ter ia l from which the non-

c e l lu lo s i c  components had been  removed. The p u r if ic a t io n

was ca r r ied  out in  the same way as fo r  the su lp h u ric  a c id

d egrad ations (see  page 1 0 0 ) . The c lean ed  m a ter ia l was

p laced  in  d i s t i l l e d  water and shaken up fo r  a few m inu tes,

when i t  d is in te g r a te d  in to  a lo o se  pulp c o n s is t in g  o f  s m a l l e r

f ib r e s ,  presumably the in d iv id u a l c e l l s  o f  which s i s a l  i s  
27composed. This was prepared fo r  c u tt in g  in  the same way

as b e fo r e . The b lo ck s thus con ta in  a randomly o r ien ted

mass o f sm all f ib r e s  which cou ld  be cut much b e t t e r .

However, owing to  the random o r ie n ta t io n  o f  th e  sm all 

f ib r e s  in  the b lo ck , i t  was a m atter o f  some d i f f i c u l t y  t o  

determ ine the angle a t  w hich a g iv en  f ib r e  was b e in g  e u t .

A lso , s in c e  th e p u r if ic a t io n  p ro cess  i s  o f  such a d r a s t ic  

n atu re , some degradation  o f  the c e l lu lo s e  and con sid erab le  

sw e llin g  and d is t o r t io n  probable tak e p la c e .



P la te s  3 - 7  are e le c tr o n  m icrographs o f  shadow-cast 

s e c t io n s  o f  p u r if ie d  s i s a l  prepared in  t h i s  way.



I l l  R E S U L T S

P la te  1 i s  a micrograph o f  s i s a l  d is in te g r a te d  by

treatm ent w ith  1 ,0 0 0  g m ./ l i t r e  su lp h u ric  a c id  s o lu t io n  at

18° C. fo r  13 days a f t e r  r igorou s e x tr a c t io n  o f  im p u r it ie s .

The w idth  o f the sm a lle st p a r t ic le s  v i s ib le  i s  about 
•  *

90A. A la r g e r  number have a w idth  o f about 17QA, w h ile  th e

m ajority  o f  the p a r t ic le s  have a w idth o f around 300A. A l

though in term ed iate v a lu es  a lso  occur i t  does appear th a t a 

la r g e  p rop ortion  o f th e  p a r t ic le s  obtained  have one o f  th e se  

th ree  w id th s. The th ick n ess o f  th e  p a r t i c l e s ,  measured from

th e  le n g th  o f  th e  shadows, was found to  vary co n sid era b ly ,
♦

th e  minimum b ein g  about 20A. The le n g th s  o f  the p a r t ic le s
•  •  

vary from approxim ately 500A t o  5,00QA.

P la te  2 i s  a micrograph o f  a s e c t io n  o f  an in ta c t  f ib r e ,  

showing the in d iv id u a l c e l l s .  Some d e t a i l  i s  v i s i b l e  in  

the c e l l  w a ll ,  but i t s  in te r p r e ta t io n  does not seem p o s s ib le .

P la te s  3 - 7  show s e c t io n s  o f  p u r if ie d  s i s a l  f ib r e s  

out a t variou s a n g le s . P la te  3 i s  a m icrograph o f  a lo n g i t 

u d in a l s e c t io n . The approxim ately p a r a l le l  la y e r s  which
*

are v i s i b l e  have a w idth  o f about 1,40QA and appear t o  be 

broken up in to  len g th s  varying from about 3 /4  to  2 m icrons. 

A lso  v i s ib le  are some very f in e  lo n g  strands about 300A wide 

and o f  le n g th  o f the order o f one m icron. P la te  4 shows a 

c r o s s - s e c t io n .  The diam eter o f  the c e l l  shown i s  about 20



microns* I t  can be seen  th at the la y e r s  are arranged in  

co n cen tr ic  r in g s , which are however not continuous* The 

w idth o f  the edge o f  the r in g s  i s  about 1,40QA.

P la te s  5 and 6 show the same ob lique s e c t io n , P la te  

6 b e in g  a tw ofo ld  enlargem ent o f  p art o f  P la te  5 . Here 

th ere  i s  con sid erab ly  g rea ter  d isord er in  th e  arrangement o f  

th e  la y e r s ,  due perhaps to  a g rea ter  degree o f  degradation  

during the p u r if ic a t io n  p r o c e ss . The w idth  o f th e la y e r s  

i s  ra th er  v a r ia b le , but the average seems t o  be ag a in  about 

1 , 40GA. The len g th s  vary co n sid era b ly , go in g  up to  about

3 microns*

In  P la te  7 ,  the la y e r s  have been cut o b liq u e ly  and 

something o f  th e ir  in te r n a l stru ctu re  i s  v is ib le *  A few  

p a r t ic le s  o f about 10QA w idth  are p r e s e n t . However, the  

m ajority  o f  the u n its  have a g rea ter  w id th , o f  th e  order o f  

300 -  500 A, w ith  q u ite  a la r g e  number having a w idth o f  

about 30QA. The p a r t ic le s  seem to  l i e  more or l e s s  perpend 

lc u la r  to  the p lane o f  th e s e c t io n ,  and th e ir  le n g th  appears 

t o  be equal to  the h e ig h t o f  the s e c t io n .  T h is would sug

g e s t  th a t  they are p a r ts  o f  a lo n g er  system .



I V  D I S C U S S I O N

The 90A w idth  o f the sm a lle s t  p a r t ic le s  obtained  in  

the su lp h u ric  a c id  degradations agrees f a i r l y  w e ll  w ith  

the determ in ation  o f c r y s t a l l i t e  s iz e  f r o m  X-ray measure

m ents, and a ls o  w ith  the r e s u l t s  o f o ther e le c tr o n  m icro

sco p ic  in v e s t ig a t io n s .  I t  would thus appear th a t th e se  

p a r t ic le s  correspond to  the p o stu la ted  elem entary f i b r i l s  o f  

s i s a l .  The measurements a r e , however, on ly  approximate 

and sm a ller  p a r t i c l e s ,  i f  p r e se n t, may not be r e so lv a b le  

by the m icroscope.

Attem pts to  cu t s u f f i c i e n t ly  th in  s e c t io n s  o f  in ta c t  

f ib r e s  have not been s u c c e s s fu l ,  and in  th e  micrographs 

o b ta in ed ,v ery  l i t t l e  d e t a i l  i s  v i s i b l e  in  the c e l l  w a l l .  

Comparison w ith  the m icrographs o f s e c t io n s  o f  p u r if ie d  

m a ter ia l shows th a t a g rea t d ea l o f  n o n -c e llu lo s lc  m atter  

i s  p r e se n t.

On the assum ption th a t the s e c t io n  i s  o b liq u e , the  

diam eter o f the c e l l  shown on P la te  2 appears to  be approxi

m ately  9 m icrons, con sid erab ly  l e s s  than the va lu e  obtained  

from l ig h t  m icroscop ic s tu d ie s .  The circum ference o f  the  

c e l l ,  however, would correspond t o  a d iam eter o f about 2 5  

m icrons, in  e x c e lle n t  agreement w ith  the o p t ic a l  measurements, 

su g g estin g  th a t i t  i s  r e a l ly  a c r o s s - s e c t io n , w ith  th e  f ib r e



having been squashed during th e  e u t t in g . The c e l l  shown 

on P la te  4 ,  which i s ,  however, a micrograph o f p u r if ie d  

m a te r ia l, a ls o  has a diam eter of about t h is  le n g th .

Much more in te r e s t in g  r e s u lt s  have been ob ta in ed  w ith  

the p u r if ie d  m a te r ia l. The la y e r s  o f  c e l lu lo s e ,  whose w idth  

could  m erely be estim ated  as b e in g  o f th e  order o f  0 .1 -0 * 5  

micron from l ig h t  m icroscop ic s tu d ie s  have been found, in  

a c tu a l f a c t ,  to  be 1,400A wide in  s i s a l .  In  ob lique and 

lo n g itu d in a l s e c t io n  th e se  la y e r s  appear to  be broken up 

in to  le n g th s  varying  from about 3 /4  to  3 m icrons. T his  

may be due to  degradation  o f  the c e l lu lo s e  in  the p u r if ic a t io n  

p r o c e ss , or to  the r e s o lu t io n  o f  the in d iv id u a l f i b r i l s  o f  

which th e  la y e r s  are composed. The d is c o n t in u ity  o f the  

la y e r s  seen  in  c r o s s - s e c t io n  on P la te  4 , could  a ls o  be due 

t o  f i b r i l s  o f  about 1,40QA diam eter ly in g  roughly perpendicu

la r  to  th e  plane o f  the s e c t io n .

P la te  7 shows th a t the la y e r s  o f  1,40QA w idth are b u i l t

up o f  sm all p a r t i c l e s ,  th e  m ajority  o f which appear to  have
«

approxim ately the same w idth  (300 - 500A) as the m ic r o f ib r i ls
14-17d iscovered  in  the e a r l ie r  e le c tr o n  m icroscop ic s tu d ie s .

The f u l l  len g th  o f  th ese  p a r t ic le s  cannot be estim ated  from 

t h i s  p la t e ,  but they  appear to  be a t  l e a s t  as long  as the  

s e c t io n  i s  th ic k  (probably about 0*2 m icron}. On P la te  3 

can be seen  stran d s o f  about the same w idth which have len g th s



o f  the order o f  one m icron. However, s in c e  in  every case 

one end o f  th e se  merges in to  th e  la y e r s ,  t h i s  va lue a ls o ,  

rep resen ts  on ly  a lower l im it  fo r  th e ir  le n g th , in  agreement 

w ith  th e  in d e f in it e  le n g th  found fo r  the m ic r o f ih r i ls  in  the  

e a r l ie r  in v e s t ig a t io n s .  I t  i s  o f in te r e s t  th a t  p a r t ic le s  

which are 30QA wide c o n s t itu te  th e  main product o f the chem

i c a l  d egrad ations (see  P la te  1 ) .

The p a r t ic le s  o f  100A w idth  a ls o  v i s i b le  on P la te  7 ,  

may correspond to  the elem entary f i b r i l s  which have p r ev io u s ly  

been found on ly in  m a ter ia l which has undergone d r a s t ic  d i s 

in te g r a t io n . They cou ld , however, rep resen t edge-on  view s  

o f  the la r g e r ,  ribbon-shaped m ic r o f ib r i ls .

The r e s u l t s  o f  t h i s  in v e s t ig a t io n  are thus in  agree

ment w ith  the recen t th e o r ie s  o f  Kratky2 and F rey-W ysoling .22 

The p o stu la te d  elem entary f i b r i l s  and m ic r o f ib r i ls  h ave, 

however, been v i s i b l e  on ly  in  s e c t io n s  o f  m a ter ia l which may 

have undergone con sid erab le  degrad ation .



1 0 9 .

P la te  1 .

S i s a l  d i s in te g r a te d  w ith  su lp h u ric  a c id .  Shadowed w ith  

Pd -  Ni a t  1 5 ° . M ag n if ic a tio n  x 4 f,,800 .



1 1 0 .

P la te  2 .

S e c tio n  o f  i n t a c t  f i b r e .  Unshadowed. M ag n if ic a tio n  x  7 ,3 0 0 .



ir*
. 

•

1 1 1 .

P la te  3 .

L o n g itu d in a l s e c t io n  o f  p u r i f i e d  m a te r ia l .  Shadowed w ith  

Pd -  Ni a t  1 5 ° . M ag n if ic a tio n  x  9 ,2 0 0 .



1 1 2 .

P la te  1 .

C ro s s -s e c t io n  o f  p u r i f i e d  m a te r ia l .  Shadowed w ith  Pd -  Ni 

a t  1 5 ° . M ag n if ica tio n  x  5 ,800 .



P la te  5*

O blique s e c t io n  o f  p u r i f i e d  m a te r ia l .  Shadowed w ith  pd -  Ni 

a t  15°• M ag n if ic a tio n  x  7 ,7 0 0 .
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P la te  6 .

P a r t  o f P la te  5 e n la rg e d . M ag n if ic a tio n  x 15 ,3 0 0 .



P la te  7.

S l ig h t ly  o b liq u e  c r o s s - s e c t io n  o f  p u r i f i e d  m a te r ia l .  Shadowed 

Pd -  Ni a t  15°• M ag n if ic a tio n  x  2 4 ,0 0 0 ,
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