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P r e fa c e

T h is  t h e s i s  d e s c r ib e s  r e s e a r c h  in t o  c r y s t a l  and 

m o le c u la r  s t r u c t u r e s  o f  o r g a n ic  compounds w h ich  h as been  

c a r r ie d  o u t  s in c e  O ctober 1948  i n  th e  C h em istry  D epartm ent 

o f  th e  U n iv e r s i t y  o f  G lasgow . I t  i s  e x p e c te d  t h a t  th e  

work w i l l  be p u b lis h e d .

I  w ish  to  o f f e r  my s in c e r e  th an k s to  P r o f e s s e r  J .  
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f o r  h i s  c o n s ta n t  i n t e r e s t  and encouragem ent th ro u g h o u t th e  

w ork. I  w ould a ls o  l i k e  to  thank  Dr. E. C la r  f o r  th e  

c r y s t a l  sp ec im en s o f  o v a le n e  and P r o fe s s o r  J .  W. Cook f o r  

th e  c r y s t a l  sp ecim en s o f  p e r y le n e  and c c ta m e th y ln a p h th a le n e .

In  c o n c lu s io n  I  am in d e b te d  to  th e  D epartm ent o f  

S c i e n t i f i c  and I n d u s t r ia l  R esea rch  f o r  a m a in ten a n ce  

a llo w a n c e  d u rin g  th e  f i r s t  two y e a r s  o f  t h i s  r e s e a r c h .

D. M. D.
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Summary

D e sc r ib e d  i n  t h i s  t h e s i s  are  th e  r e s u l t s  c f  r e s e a r c h  

on th r e e  m ain p ro b lem s. T hese th r e e  p rob lem s are  s e p a r a te d  

in t o  P a r ts  I ,  I I  and I I I ,  w h ich  c o n ta in  r e p o r t s  on  

i n v e s t i g a t i o n s  in t o  th e  c r y s t a l  and m o le c u la r  s t r u c t u r e s  

c f  o v a le n e ,  p e r y le n e  and o c ta m e th y ln a p h th a le n e  r e s p e c t i v e l y ,  

tfy means o f  X -ra y  d i f f r a c t i o n  m eth od s. The ap p en d ix  

c o n ta in s  a s h o r t  acco u n t o f  th e  c r y s t a l  s t r u c t u r e  o f  

b e n z fu ra za n e  o x id e .

P a r t  I . 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  c f  o v a le n e  h as  

b een  d eterm in ed  by q u a n t i t a t iv e  X -ray  a n a l y s i s .  The 

m c n o c lin ic  c r y s t a l s ,  sp a ce  group Pa/a ,  h ave two c e n t r e -  

sy m m etr ica l m o le c u le s  c f  C3Z p er  u n i t  c e l l ,  and th e  

s t r u c t u r e  r e se m b le s  t h a t  o f  c c r o n e n e . The c e l l  d im en sio n s  

o f  a = 1 9 .4 7 A , b = 4 .7 0 A, c = 1 0 .1 2 A  and £  = 1 0 5 .0 ° b e a r  a 

rem arkable s i m i l a r i t y  tc  ccro n en e  in  th e  b and c a x ia l  

d i r e c t i o n s .  The t i l t  o f  th e  m o le c u la r  p la n e  to  th e  (010)  

c r y s t a l  p la n e ,  4 3 ° ,  and th e  d i s t a n c e  c f  d . 45 A b etw een  th e  

m o le c u la r  p la n e s  a re  a lm o st i d e n t i c a l  to  th e  c o rresp o n d in g  

v a lu e s  i n  th e  ccro n en e  s t r u c t u r e .  In  th e  (hO l) p r o j e c t io n ,  

a l l  o f  th e  16  carbon  atoms i n  th e  asym m etric u n i t  are c l e a r l y  

r e s o lv e d ,  and th e  m easured v a lu e s  o f  th e  bond d is t a n c e s  

betw een  t h e s e  atom s v a ry  from  1 .5 4 5 A  to  1 .4 5 A . R e feren ce
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i s  made to  th e  c a l c u la t io n s  on t h i s  problem by th e  m ethods  

o f  m o le c u la r  o r b i t a l s ,  and o f  s p in  s t a t e s .  The v a r ia t io n s  

in  bond d is t a n c e s  in  d i f f e r e n t  p a r t s  o f  th e  m o le c u le  have  

a ls o  b een  d is c u s s e d  in  term s o f  th e  50 s t a b le  v a le n c e -b o n d  

s t r u c t u r e s  f o r  o v a le n e .

P a r t  I I . 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  o f  p e r y le n e  

h as b een  d eterm in ed  by q u a n t i t a t iv e  X -ra y  a n a l y s i s .  The 

m o n c c l in ic  c r y s t a l s ,  sp a ce  group h ave fo u r  m o le c u le s

o f  C2oHI2. p er  u n i t  c e l l ,  and th e  s t r u c t u r e  r e se m b le s  th a t  

o f  1 :1 2  b e n z p e r y le n e . The m o le c u le  h a s  b een  shown to  be  

p la n a r  i f  o n ly  th e  carbon  atom s a re  c o n s id e r e d , and so 

h as a c e n tr e  o f  sym m etry. I t  i s  p o s s i b l e  th a t  some c f  th e  

hydrogen  atoms a re  n o t  in  th e  same p la n e ,  and so t h i s  may 

d e s tr o y  th e  c e n tr e  c f  sym m etry. The c e l l  d im en s io n s  

are  a = 1 1 .3 5 A , b = 1 0 .8 7 a ,  c  = 1 0 .3 1 A  and ft = 1 0 0 .8 ° .

The t i l t  o f  th e  m o le c u la r  p la n e  to  th e  (010) c r y s t a l  p la n e  

i s  55°> th e  d is t a n c e  b etw een  th e  m o le c u la r  p la n e s

i s  5 -47A . In  th e  (hO l) p r o j e c t io n  o n ly  11 o f  th e  20

c r y s t a l l o g r a p h i c a l l y  d i s t i n c t  carbon  atom s were r e s o lv e d ,  

and in  some c a s e s  th e  r e s o lu t io n  was p o o r . T hese 11  

r e s o lv e d  atoms w ere s u f f i c i e n t  to  g iv e  a m easure c f  e v er y  

c h e m ic a lly  d i s t i n c t  bond i n  th e  m o le c u le  e x c e p t  o n e . The 

m easured  v a lu e s  c f  th e  bond d is t a n c e s  v a ry  from  1 .3 7 5 A



to  I . 50A. T h is l a t t e r  v a lu e  i s  th e  lo n g e s t  bend w h ic h  has 

so f a r  b een  m easured i n  a p o l y c y l i c  a ro m a tic  h y d rocarb on . 

R e fe r e n c e  i s  made to  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  on t h i s  

p rob lem , and th e  bond le n g th  v a r ia t io n s  a re  d is c u s s e d  in  

term s o f  th e  9 n o n - e x c it e d  or  K ekule' s t r u c t u r e s .

P a r t  I I I . The c r y s t a l  and m o le c u la r  s tr u c tu r e  o f  

o c ta m eth y ln a p h th a le n e  h a s b een  i n v e s t i g a t e d  by X -ra y  

d i f f r a c t i o n  m eth od s. The orth o rh o m b ic  c r y s t a l s ,  sp a ce  

group C cca , have fo u r  m o le c u le s  o f  C fSH j^per u n i t  c e l l .  

S in c e  th e  sp a ce  group r e q u ir e s  16 asym m etric  u n i t s ,  th e  

asym m etric u n i t  c o n s i s t s  o f  o n e -q u a r te r  o f  th e  m o le c u le .

The c e l l  d im en sio n s  a re  a = 1 6 .6 6 a,  b = 1 1 .3 1 A  and 

c = 7 -64A . The m o le c u la r  p la n e  l i e s - i n  th e  (001 ) c r y s t a l  

p la n e . O nly 2 o f  th e  5 c r y s t a l l o g r a p h i c a l l y  d i s t i n c t  atom  

are r e s o lv e d  in  th e  (hkO) p r o j e c t io n .  A newr ty p e  o f  

d i f f e r e n c e  s y n t h e s is  h a s  b een  u se d  to  r e s o lv e  a n o th e r  atom  

i n  t h i s  zo n e . In  th e  (hO l) p r o j e c t io n  o n ly  one atom was 

r e s o lv e d .  T h is was th e  m eth y l group i n  th e  o C -p o s it io n ,  

and i t  d o es  n o t  l i e  in  th e  m o le c u la r  p la n e ,  b u t i s  

d is p la c e d  b y  0 .7 3 A . The rem ain in g  z c o - o r d in a t e s  wrere 

o b ta in e d  by t r i a l  and e r r o r  u s in g  th e  (hO l) and (O kl) 

r e f l e c t i o n s .  I t  has b een  shown t h a t  th e  m eth y l group in  

th e  B - p o s i t i o n  i s  v e r y  p ro b a b ly  d is p la c e d  from  th e
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m o le c u la r  p la n e  by about 0 .2 5 A  or O.^A. There i s  a ls o  

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

p la n a r , i . e .  i t  may be d i s t o r t e d .  I t  h a s  a ls o  b een  sh e m  

th a t  th e  c o n t r ib u t io n  o f  th e  hydrogen  atom s to  th e  s t r u c t u r e  

f a c t o r s  ca n n o t b e n e g le c t e d .  A f u l l  th ree -d im en sio n a l  

a n a ly s i s  o f  t h i s  s t r u c t u r e  vdLll be r e q u ir e d  b e fo r e  th e  

s tr u c t u r e  i s  c o m p le te ly  knoY/n.

A ppendix. The c r y s t a l  s t r u c t u r e  o f  b e n z fu r a z a n e  o x id e  has  

b een  d eterm in ed  by X -ra y  m eth od s. The t r i c l i n i c  c r y s t a l s ,  

sp a ce  group P I o r  P I , h a v e  fo u r  m o le c u le s  o f  C&Ĥ W2.0£ p e r  

u n i t  c e l l .  The m o le c u la r  symmetry i s  unknown. Sc a ls o  i s  

th e  s t r u c t u r e .  The c e l l  d im en sio n s  a re  a = 1 0 .7 6 A, 

b .=  7 .8 5 A , c = 7 -5 IA , £  = 9 9 .2 ° ,  & = 9 5 .5 ° a n d  £  = 9 4 . 0 ° .
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I n tr o d u c t io n

T here a re  many m ethods a v a i la b le  f o r  th e  p r e c i s e  

m easurem ents o f  bond le n g t h s  i n  m o le c u le s .  C a lc u la t io n s  b a sed  

on s p e c tr o s c o p ic  d a ta  u n d o u b ted ly  y i e l d  th e  m ost a c c u r a te  r e s u l t s  

f o r  s im p le  t y p e s .  T h is  m ethod how ever can o n ly  be a p p lie d  to  

g a se o u s  m o le c u le s  o f  th e  s im p le s t  ty p e , i - r - e ' .  d ia to m ic  o r  

t r ia to m ic  m o le c u le s  ( l )  . The r e s u l t s  o b ta in e d  h er e  a re  v e r y  

a c c u r a te  th o u g h , and g iv e  v e r y  r e l i a b l e  v a lu e s  f o r  th e  p u re  

ca rb o n -ca rb o n  s in g l e  and d o u b le  bond l i n k s .

D i f f r a c t i o n  m ethods how ever h ave a much g r e a t e r  ra n g e  o f  

a p p l ic a t io n .  B oth  g a s  d i f f r a c t i o n  and c r y s t a l  d i f f r a c t i o n  are  

now b e in g  w id e ly  em ployed . For th e  more com plex ty p e s  o f  

s tr u c t u r e s  now b e in g  i n v e s t i g a t e d  c r y s t a l  d i f f r a c t i o n  m ethods  

are  th e  m ost s u i t a b l e .  The d i f f r a c t i o n  o f  h ig h  v e l o c i t y  

e le c t r o n s  by g a s e s  and vap ou rs h a s b een  e x t e n s i v e l y  u se d  i n  th e  

a n a ly s i s  o f  s t r u c t u r e s .  A good a cco u n t o f  th e  d ev elo p m en t o f  

t h i s  m ethod and a l i s t  o f  s t r u c t u r e s  i n v e s t i g a t e d  h as b een  

p u b lish e d  by Brockway ( 2 ) .  T h is  m ethod o f  i n v e s t i g a t i n g  

s tr u c tu r e s  h ow ever , o n ly  a p p l ie s  to  compounds w hich e x i s t  in  th e  

g a se o u s  s t a t e  o r  to  s o l i d s  w ith  a h ig h  vapour p r e s s u r e ,  i . e .  

th e y  can be e a s i l y  c o n v e r te d  to  th e  v a p o u r . An exam ple o f  t h i s  

l a t t e r  ty p e  i s  th e  i n v e s t i g a t i o n  o f  th e  d im e th y lk e te n e  dim er  

where th e  m e lt in g - p o in t  o f  th e  compound was 1 1 5 ° -  114*y b u t ,  due
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to  i t s  h ig h  vapour p r e s s u r e  n ea r  th e  m e l t in g - p o in t ,  i t  p a sse d  

d i r e c t l y  i n t o  th e  vapour s t a g e .  E le c tr o n  d i f f r a c t i o n  m ethods  

d i f f e r  from  s p e c t r o s c o p ic  m ethods in  t h a t  a t r i a l  s t r u c t u r e  

o f  th e  compound under i n v e s t i g a t i o n  i s  r e q u ir e d  and a ls o  a 

t h e o r e t i c a l  cu rv e  to  compare w ith  th e  i n t e n s i t y  d a ta . In  a 

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

a c e t y le n e  ( 4 ) ,  b o th  th e  s p e c t r o s c o p ic  and e le c t r o n  d i f f r a c t i o n  

m ethods o f  a n a ly s i s  have b een  u se d . From a co m b in a tio n  o f  

b o th  r e s u l t s ,  th e  b e s t  agreem ent f o r  a s e t  o f  p a ra m eters  was 

o b ta in e d . The a d v a n ta g e s  a c c r u in g  from  t h i s  a re  a l e s s e n in g  

o f  th e  l i m i t s  o f  e r r o r .

One o th e r  m ethod o f  s t r u c t u r e  d e te r m in a t io n , w hich  i s  in  

th e  p r o c e s s  o f  d evelop m ent and i s  w orthy o f  m e n tio n , i s  

n eu tr o n  d i f f r a c t i o n .  Most o f  th e  work a ttem p ted  so f a r  h a s  

u t i l i s e d  th e  powder m ethod. H ow ever, th e r e  i s  a v e r y  good  

p r o b a b i l i t y  t h a t  th e  s i n g l e - c r y s t a l  m ethod w i l l  soon be  

d e v e lo p e d . One d i f f i c u l t y  i s  th e  co m p a ra tiv e  w eak n ess o f  

th e  a v a i la b le  s o u r c e s  o f  r ie u t r o n s .  The g r e a t e s t  

d isa d v a n ta g e  a t  th e  p r e s e n t  i s  t h a t ,  as th e  d im en s io n s  o f  th e  

c r y s t a l  in c r e a s e  so a ls o  do th e  e f f e c t s  o f  seco n d a ry  e x t in c t io n .  

B acon  and Lowde (5 ) have co n c lu d ed  th a t  w ith  c r y s t a l s  la r g e  

enough to  p erm it th e  o b s e r v a t io n  o f  many r e f l e c t i o n s ,  

seco n d a ry  e x t in c t io n  would b e o f  o v e r r id in g  im p o r ta n ce ,
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i n t e n s i t i e s  b e in g  more s t r o n g ly  d ep en d en t on th e  m o sa ic  

sp read  o f  th e  specim en  th an  on th e  s t r u c t u r e  f a c t o r s .  They 

a ls o  c o n c lu d e d  t h a t ,  in  g e n e r a l ,  c r y s t a l  sp ecim en s w ould have- 

to  be th in n e r  than  ab ou t 0 .1  mm. to  a v o id  th e s e  d i f f i c u l t i e s .  

P e te r s o n  and Levy ( 6) how ever, h ave shown t h a t  t h i s  i s  n o t  s o .  

C e r ta in ly  as th e  d im en sio n s  o f  th e  sp ecim en  in c r e a s e ,  th e  

e f f e c t  o f  e x t in c t io n  becom es g r e a t e r ,  b u t  i t  i s  n o t  g r e a t ly  so .  

A d van tages o f  t h i s  m ethod in c lu d e  g r e a t l y  in c r e a s e d  r e s o lu t io n  

and g r e a t ly  red u ced  sam ple s i z e .

For th e  com plex ty p e s  o f  s t r u c t u r e  now b e in g  i n v e s t i g a t e d ,  

by f a r  th e  b e s t  m ethod a t  p r e s e n t  i s  th e  d i f f r a c t i o n  o f  X -ra y s  

by a c r y s t a l .  A s h o r t  a cco u n t o f  th e  d evelop m en t o f  X -ra y  

a n a ly s i s  and th e  te c h n iq u e  em ployed i s  g iv e n  in  a p ap er by  

R o b ertso n  ( 7 ) .  T h is  m ethod can be u se d  to  i n v e s t i g a t e  th e  

s tr u c t u r e  o f  th e  s im p le s t  o f  m o le c u le s  i n  th e  c r y s t a l l i n e  

s t a t e  and to  o b ta in  an a c c u r a te  m easurem ent o f  th e  bond  

le n g t h s  w ith in  th e  m o le c u le  such  as i n  th e  s t r u c t u r e  o f  1

h ex a m eth y lb en zen e  ( 8) . Or i t  can b e u se d  in  th e  in v e s t ig a t io n

o f  an unknown s t r u c t u r e  o f  a v e r y  com plex  ty p e  as was th e  

c a s e  in  th e  s t r u c t u r e  o f  p e n i c i l l i n  ( 9 ) .  In  th e  i n v e s t i g a t i o n  

o f  th e  compounds r e p o r te d  in  t h i s  t h e s i s  th e  m ethod o f  

X -ray  d i f f r a c t i o n  was em ployed.

C arbon-carbon  bond l e n g t h  m easurem ents have b een  made by  

th e  m ethod o f  X -ray  c r y s t a l  a n a ly s i s  on v a r io u s  con d en sed
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r in g  h y d ro ca rb o n s. T hese are  p y ren e , C,to Hlo (1 0 ) ,  

l : 2 : 5 : 6 - d ib e n z a n t h r a c e n e ,  C2XHrv. ( l l ) ,  c o ro n e n e , C**,HIJt( 1 2 ) , 

l : 1 2 - b e n z p e r y le n e ,  C22HIJt (1 3 ) 9 w hich h ave b een  done by th e  

u su a l tw o -d im e n s io n a l m ethods o f  a n a l y s i s ,  and n a p h th a le n e ,  

Clo H* (1 4 , 15) 9 and a n th r a c e n e , Clfr H,e ( l 6 ,  17) w hich  h ave been  

in v e s t i g a t e d  more f u l l y  by  th e  t r i p l e  F o u re r  s e r i e s  m ethod .

In  a l l  t h e s e  c a s e s  e v id e n c e  h a s b een  o b ta in e d  th a t  th e  bond  

le n g t h s  v a ry  to  some e x t e n t  i n  d i f f e r e n t  p a r t s  o f  th e  m o le c u le .
I

P a r ts  I  and I I  o f  t h i s  t h e s i s  c o n ta in  a c c o u n ts  o f  

a n o th er  two a ro m a tic  h y d ro ca rb o n s, v i z .  o v a le n e  and p e r y le n e ,  

w hich  have b een  i n v e s t i g a t e d  f u l l y  by th e  tw o -d im e n sio n a l  

m ethods o f  a n a l y s i s .  The r e s u l t s  o b ta in e d  a re  in  f u l l  

agreem en t w ith  t h i s  v a r ia t io n  in  bond le n g th  w ith in  p o l y c y c l i c  

a ro m a tic  m o le c u le s .  In  th e  two c a s e s  r e p o r te d  th e  carb on -  

carbon  bond le n g t h  v a r ia t io n  i s  even  la r g e r  th an  h as b een  

o b se r v e d  i n  any o f  th e  compounds p r e v io u s ly  i n v e s t i g a t e d .

P a r t  I I I  o f  th e  t h e s i s  c o n ta in s  an a cco u n t o f  an i n v e s t i g a t i o n  

in t o  th e  s t r u c t u r e  o f  o c ta m e th y ln a p h th a le n e . In  t h i s  c a s e  no  

d e f i n i t e  m easurem ent o f  bond le n g t h s  can be m ade, b u t o n ce  

a g a in  i t  seem s h ig h ly  p r o b a b le  th a t  th e r e  i s  a v a r ia t io n  o f  

bond le n g t h  w ith in  th e  n a p h th a le n e  n u c le u s .  The s t r u c t u r e  

o f  o c ta m e th y ln a p h th a le n e  i s  o f  more im p o rta n ce  f o r  o th e r  

r e a s o n s , w h ich  w i l l  be d is c u s s e d  l a t e r .

The i n t e r e s t  c e n tr in g  around t h e s e  p o l y c y c l i c  a ro m a tic
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h yd rocarb on s l i e s  in  t h i s  v a r ia t io n  o f  bond d is t a n c e s  w ith in  

th e  m o le c u le .  There a re  s e v e r a l  m ethods o f  c a l c u la t in g  th e  

ca rb o n -ca rb o n  bond d is t a n c e  in  a p la n a r  m o le c u le ,  and w ith  th e  

a d v en t o f  X -ray  c r y s t a l  a n a l y s i s ,  a m ethod a r o se  by w hich  

e x p e r im e n ta l ly  o b ta in e d  v a lu e s  co u ld  b e compared w ith  th o se  

c a lc u la t e d .

P r o b a b ly  th e  b e s t  known m ethod o f  c a l c u la t io n  i s  t h a t  

d e r iv e d  from  th e  u se  o f  th e  Kekule"^ s t r u c t u r e s  o f  th e  m o le c u le  

in  c o n ju n c t io n  w ith  a cu rve  r e l a t i n g  d i s t a n c e  and d o u b le  bond 

c h a r a c te r  ( l 8) . The manner in  w hich  t h i s  m ethod o f  c a l c u la t io n  

i s  a p p lie d  i s  as f o l l o ? / s .  In  t h e s e  h y d ro ca rb o n s, f o r  a f i x e d  

p o s i t i o n  o f  th e  carbon  atom s th e  bonds can be arran ged  in  a 

d i s t i n c t  number o f  w ays. T hese d i f f e r e n t  arran gem en ts are  

th e  K ek u le7 o r  s t a b le - v a le n c e  bond s t r u c t u r e s .  F ig u r e  1 shows 

th e  s t a b le - v a le n c e  bond s t r u c t u r e s  f o r  th e  h yd rocarb on s  

p r e v io u s ly  m e n tio n e d (l|) - l^ ;  and a l s o  b e n z e n e . Thus b en zen e  

h a s  2 K ekule7 s t r u c t u r e s ,  n a p h th a le n e  3* coron en e 20 , and e t c .  

The p e r c e n ta g e  d o u b le  bond c h a r a c te r  i s  now o b ta in e d  by ta k in g  

l i n e a r  sum m ations o f  c o r re sp o n d in g  and c h e m ic a lly  e q u iv a le n t  

b o n d s. F or in s t a n c e ,  c o n s id e r  th e  ’’s p o k e s ” in  th e  co ro n en e  

m o le c u le  ( s e e  F ig .  1 ) •  There are  20 s t a b le - v a le n c e  bond  

s t r u c t u r e s  o f  w hich  each  c o n ta in s  6 ’’s p o k e s 11. H ence th e r e  i s  

a t o t a l  o f  120 b o n d s. Of th e s e  48 a re  d o u b le  b o n d s. Hence
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th e  " sp o k es” h ave  40% d o u b le  bond c h a r a c te r .  W ith p yren e  

th e r e  a re  6 s t a b le - v a le n c e  bond s t r u c t u r e s  o f  w h ich  each  

c o n ta in s  one c e n t r a l  bond. Hence th e r e  i s  a t o t a l  o f  6 

c e n t r a l  bonds o f  w h ich  2 are  d o u b le  bonds i n  th e  6 s t r u c t u r e s ,  

T h is  g i v e s  th e  c e n t r a l  bond o f  jfyrene  a 55% d o u b le  bond  

c h a r a c t e r .

F ig u r e  1 .

00 CO CO 00 000 COO 000 000
1 II I II III I II III IV

Benzene Naphthalene Anthracene

o? a? a? cc9 a? (§)(§)(§),§ )C& § )
I II III IV V

Phenanthrene

1,11* II, IV *

*  B y in v e rs io n  VIII IX
f  By r o t a t i o n

IV V VI
Pyrene

f ( p 9
V , V I*  VII, V III*  IX , X *

1 :2 :5  : 6-Dibenzanthracene
X I, X II*

IV V - X t
Coronene

X l - X l l l f  X lV -X IX f  X X

VI VII

X  X I XII
1 : 12-Benzperylene

XIII X IV
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The bond d is t a n c e  c o rr esp o n d in g  to  t h i s  d o u b le  bond  

c h a r a c te r  can now be found from  th e  e m p ir ic a l  P a u lin g  -  

Brockway c u r v e . T h is  cu rv e  i s  d e r iv e d  from  fo u r  v a lu e s  

o f  th e  ca rb o n -ca rb o n  bond.

The v a lu e  f o r  a ca rb o n -ca rb o n  s in g l e  bond h a s b een  

d e r iv e d  from  v a r io u s  h yd rocarb on s ( l 8 ) ,  and th e  r e s u l t s  are  

found  to  l i e  b etw een  1 .5 2  and 1 .5 5 A . T hese a re  a l l  eq u a l to  

th e  diamond v a lu e  o f  1 .542A  w it h in  t h e i r  p r o b a b le  

e x p e r im e n ta l e r r o r s .  The v a lu e  fo r  th e  ca rb o n -ca rb o n  d o u b le  

bond h as been  o b ta in e d  from  s p e c tr o s c o p ic  v a lu e s  o f  

1 . 5 2 5 -  0 .0 0 5 A  (1 9 ) and 1 . 5 5 1 -  0 .0 0 5 A  (20 ) f o r  e t h y le n e  and 

1 .5 5 0 ±  0 .005A  ( 1 9 ) f o r  a l l e n e .  The l e s s  a c c u r a te  e le c t r o n  

d i f f r a c t i o n  v a lu e s  a re  1 . 5 4 - 0 . 0 2 A  f o r  th e  two s u b s ta n c e s  ( l8 )  

The re so n a n c e  o f  th e  b en zen e m o le c u le  b etw een  th e  two 

K ek u le  s t r u c t u r e s  ( s e e  F ig .  l )  can  be c o n s id e r e d  to  g iv e  each  

o f  th e  s i x  ca rb o n -ca rb o n  bonds f i f t y  p e r c e n t  s in g le -b o n d  

c h a r a c te r  and f i f t y  p e r c e n t  d o u b le-b o n d  c h a r a c t e r .  The 

v a lu e  now a c c e p te d  f o r  t h i s  bond , r e p r e s e n t in g  50$  d o u b le

$a g e  d o u b le  bond c h a r a c te r Bond le n g t h  ( a)

0 (p u re s i n g l e  bond) 

55 (from  g r a p h ite )

50 (from  b en zen e)

100 (p u re d o u b le  bond) 1 .5 5  (o r  1 .5 4 )

1 .5 4

1 .4 2

1 .5 9
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bond c h a r a c te r ,  i s  1 .3 9 A . The same v a lu e  f o r  t h i s  bond h as  

been  o b ta in e d  from  v a r io u s  b en zen e  d e r i v a t iv e s  such as  

h ex a m eth y lb en zen e  ( 8 ) .  The fo u r th  p o in t  on th e  cu rv e  i s  

g iv e n  by th e  v a lu e  o f  1 .4 2 A  f o r  g r a p h i t e .  The s t r u c t u r e  o f  

th e  g r a p h it e  c r y s t a l  c o n s i s t s  o f  h ex a g o n a l la y e r s  o f  

m o le c u le s  w h ich  are  s e p a r a te d  by a d i s t a n c e  so la r g e  (3 .4 0 A ) ,  

t h a t  th e r e  can be no c o v a le n t  bonds b etw een  them. Each o f  

th e  l a y e r s  i s  a g ia n t  m o le c u le ,  and th e  su p erim p osed  la y e r  

m o le c u le s  a re  h e ld  to g e th e r  o n ly  by weak van d er W aalf s  

f o r c e s .  The fo u r  v a le n c e s  o f  each  carbon  atom a re  u se d  to  

form  bonds w ith  i t s  th r e e  n e ig h b o u r s . The la y e r  m o le c u le  

r e s o n a te s  among many v a le n c e  bond s t r u c t u r e s  as d e p ic t e d  i n  

F ig .  2 .

F ig u r e  2 .

- e ' '  c " ' \ -\  / C \  / C

\  / c  \
,c  C£ c — CX/ \  / \

In  t h i s  way ea ch  ca rb o n -ca rb o n  bond a c h ie v e s  o n e - t h ir d  

d o u b le-b o n d  c h a r a c te r  i . e .  33$ d o u b le  bond c h a r a c t e r .  T h is  

th en  le a d s  to  th e  v a lu e  o f  1 .4 2 A  f o r  a bond w ith  33$ d o u b le -
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bond c h a r a c te r .

As p r e v io u s ly  s t a t e d  th e  v a lu e  o f  any bond le n g t h  can  

now b e  o b ta in e d  from  a k n ow led ge o f  i t s  p e r c e n ta g e  d o u b le  

bond c h a r a c te r .  The ca rb o n -ca rb o n  bond d i s t a n c e s  f o r  a l l  

th e  p o l y c y c l i c  a ro m a tic  h y d ro ca rb o n s shown in  F i g .  1 have  

b een  c a lc u la t e d  by t h i s  m ethod and compared w ith  th e  v a lu e s  

o b ta in e d  from  th e  o b se r v e d  d a ta . Rem arkably good  agreem ent 

h a s b een  o b ta in e d  in  m ost c a s e s ,  ev en  more so than  w ould  

b e e x p e c te d  c o n s id e r in g  t h i s  m ethod ta k e s  no a cco u n t o f  th e  

num erous f i r s t  and secon d  e x c i t e d  s t r u c t u r e s  o f  w h ich  more 

w i l l  be s a id  l a t e r .  In  f a c t  i t  w ould n o t  be e x p e c te d  t h a t  

th e  n o n -e x c it e d  K ekule7 s t r u c t u r e s  a lo n e  w ould make a dom inant 

c o n t r ib u t io n  to  th e  la r g e r  m o le c u le s  and y e t  i t  i s  fou n d  

t h a t ,  i n  th e  la r g e  and h ig h ly  sy m m etr ica l m o le c u le s  o f  p y ren e  

and c o ro n en e , th e r e  i s  a d i s t i n c t  q u a l i t a t i v e  resem b la n ce  

b etw een  th e  m easured v a lu e s  and th o s e  p r e d ic t e d  by th e  

K ekule7, s t r u c t u r e s .  T h is  agreem ent b r e a k e s  down somewhat 

i n  th e  c a se  o f  1 : 2 : 5 : 6  d ib e n z a n th r a c e n e . In  th e  c a s e  o f  

o v a le n e  (P a r t I  o f  t h i s  t h e s i s ) ,  th e  agreem ent i s  ev en  more 

rem arkably  good , and h e r e  th e  m o le c u le  i s  even  la r g e r  than  

any o f  th o s e  p r e v io u s ly  m en tio n ed . W ith p e r y le n e  (P a r t  I I )  

h ow ever, th e  agreem ent i s  n o t  so g o o d . The agreem en t  

o b ta in e d  f o r  s i x  o f  th e  p o l y c y c l i c  a ro m a tic  h yd ro ca rb o n s in  

F ig .  1 i s  shown b e lo w
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A v e r a g eA Maximum A

p yren e

co ro n en e 0..013A

0 • 0 2 1 A 0 .0 4 A

o . o6 a

0 .0 5 A

0 .0  2 A

1 : 2 : 5 : 6  d ib e n z a n th r a c e n e  0 . 0 25A

1 :1 2  b e n z p e r y le n e

n a p h th a le n e

a n th ra cen e

0.015A

0 .009A
0 .0 1 2 A

0 .0 2 5 A

0 .0 4 5 A

A = th e  d i f f e r e n c e  b etw een  th e  m easured  and c a lc u la t e d  v a lu e s  

o f  th e  bond l e n g t h s .

A v e r a g e A = th e  sum o f  th e  d is c r e p a n c ie s  o f  a l l  th e  bonds in  th e

A n oth er m ethod o f  c a lc u la t in g  bond d is t a n c e s  in  m o le c u le s  

i s  th a t  o f  m o le c u la r  o r b i t a l s .  T h is  m ethod g iv e s  more w e ig h t  

to  th e  e x c i t e d  s t r u c t u r e s .  C ou lson  h a s  p u b lis h e d  a v e r y  good  

q u a l i t a t i v e  a cco u n t o f  th e  m o le c u la r  o r b i t a l  th e o r y  ( 2 1 ) .  Each 

e le c t r o n  i n  any in d iv id u a l  atom i s  a s s ig n e d  to  a d e f i n i t e  

p a r t ic u la r  o r b i t .  T h is  o r b i t  i s  no lo n g e r  p r e c i s e  a s  i n  th e  

o ld e r  quantum th e o r y  o f  B ohr, b u t i s  d e s c r ib e d  by a wave 

f u n c t i o n ^  w hich i s  term ed an a tom ic  o r b i t a l .  The v a lu e  

o f  ^  f o r  any e le c t r o n  v a r i e s  from  p o in t  to  p o in t ,  and th e  

v a lu e  o f  t/^ a t any £ la c e  m easu res th e  p r o b a b i l i t y  t h a t  th e  

e le c t r o n  w i l l  be fou n d  a t  t h a t  p la c e .  In  c o n s id e r in g  any atom  

th e  v a r io u s  a tom ic o r b i t a l s  to  be f i l l e d  a re  s ,  p , d , e t c .

The s ty p e  o f  a tom ic o r b i t a l  i s  s p h e r ic a l l y  sy m m e tr ic a l. The

m o le c u le  d iv id e d  by th e  number o f  bonds
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p ty p e  on th e  o th e r  hand e x h i b i t  d i r e c t i o n a l  p r o p e r t ie s  and 

h en ce  are  s e p a r a te d  i n t o  p* , py and p2 .

Now i t  i s  w e l l  known t h a t  th e  ground s t a t e  o f  th e  

carbon  atom i s  ( is ) * ’ ( 2 s ) 2 (2 p )2 i n  w hich  th e r e  a re  two 

u n p a ired  e l e c t r o n s  -  (2 p )2 . T hese e l e c t r o n s  w i l l  be in  th e

2px and 2py a to m ic  o r b i t a l s .  T h is  c o r r e sp o n d s  to  b iv a le n c y .

The c h a r a c t e r i s t i c  q u a d r iv a le n c y  can o n ly  be o b ta in e d  by  

s t a r t in g  from  a s t a t e  o f  fo u r  u n p a ired  e l e c t r o n s .  T h is  

s t a t e  may be a t t a in e d  by e x c i t i n g  one o f  th e  2 s e l e c t r o n s  to  

th e  empty 2pz o r b i t .  T h is  le a d s  to  th e  fo u r  v a le n c e  

e le c t r o n s  b e in g  one i n  ea ch  o f  th e  a to m ic  o r b i t a l s  2 s ,  2px ,  

2py , and 2pz , b u t th e y  a re  s t i l l  not e q u iv a le n t .  To g e t  

e q u iv a le n t  bonds th e s e  fo u r  !,p u r e ” o r b i t a l s  m ust be m ixed to  

g iv e  ’’h y b r id is e d ” o r b i t a l s .  There a re  t h r e e  l i n e a r  

co m b in a tio n s  o f  im p o rta n ce  -  t e t r a h e d r a l ,  t r ig o n a l  and 

d ia g o n a l .  In  d e a l in g  w ith  a ro m a tic  compounds th e  t r ig o n a l  

co m b in a tio n  i s  th e  one o f  im p o rta n ce . In  t r ig o n a l  

h y b r id is a t io n  2 s ,  2px and 2py a re  compounded to  g iv e  th r e e  

e q u iv a le n t  c o p la n a r  o r b i t a l s  p o in t in g  a t  a n g le s  o f  120° in  

th e  xy p la n e .  The compounded o r b i t a l  i s  g iv e n  from  th e  

e q u a t io n : -  p*). The rem a in in g  o r b i t a l

i s  th e  u n d is tu r b e d  2pz , u s u a l ly  r e f e r r e d  to  a s  th e  IT o r b i t a l .  

The en ergy  r e q u ir e d  to  c o n v e r t  th e  carbon  atom from  th e  

grcrnd s t a t e  i s  amply com pensated  by th e  c o r r e s p o n d in g ly
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g r e a t e r  g a in  i n  en erg y  th rou gh  th e  fo r m a tio n  o f  more 

s tr o n g e r  b o n d s.

The p e c u l ia r  s t a b i l i t y  o f  b en zen e  and o th e r  a ro m a tic  

h yd ro ca rb o n s l i e s  in  t h i s  t r ig o n a l  (o r  sp*) h y b r id i s a t io n .  

H ere th e r e  are  s i x  atom s in  th e  r in g  and th e  a tom ic  o r b i t a l s  

a re  a t  a n g le s  o f  120° -  an i d e a l  p o s i t i o n  f o r  c o m b in a tio n .

The m o le c u la r  o r b i t a l s  a re  o b ta in e d  b y  a l i n e a r  co m b in a tio n  

o f  th e  a tom ic  o r b i t a l s .  T h is  i s  o n ly  an a p p ro x im a tio n , b u t

i s  a c c u r a te  enough. The work in v o lv e d  in  c a l c u la t in g  th e

tr u e  m o le c u la r  o r b i t a l  i s  p r o h i b i t i v e .  T h is  p a ir in g  o f  two 

o v e r la p p in g  a tom ic o r b i t a l s  p r o v id e s  a m o le c u la r  o r b i t a l  

t h a t  w i l l  accommodate two e l e c t r o n s .  T h is  th en  l e a v e s  one  

u n u sed  e le c t r o n ,  th e  2pr e le c t r o n ,  on each  carbon  atom . Thus 

b en zen e  w ould have s i x  unused  e l e c t r o n s .  The o r b i t a l s ,

TT o r b i t a l s ,  o f  t h e s e  unu sed  e le c t r o n s  te n d  to  o v e r la p  

form in g  n o n - lo c a l i s e d  m o le c u la r  o r b i t a l s .  The e l e c t r o n s  i n  

th e sd  TT o r b i t a l s ,  th e  TT e l e c t r o n s ,  make a c o n t r ib u t io n  to  

th e  en erg y  o f  b in d in g . Hence th e r e  i s  n o th in g  in  th e

m o le c u la r  o r b i t a l  th e o r y  w hich  r e m o te ly  r e se m b le s  th e

in d iv id u a l  K ekule/ s t r u c t u r e s .

Now i n  .u s in g  t h i s  th e o r y  to  o b ta in  bond d i s t a n c e s ,  an 

ap p rox im ate  d e s c r ip t io n  o f  a p a r t ic u la r  l i n k  i s  g iv e n  by
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a s s ig n in g  to  i t  an o r d e r . T h is  o rd er  i s  th e  sum o f  two 

p a r t s ,  one from  th e  (T bonds (o b ta in e d  b y  th e  o v e r la p p in g  

o f  th e  a tom ic  o r b i t a l s  w hich  a re  a t  120° and in  th e  same 

p la n e ) ,  and th e  o th e r  from  th e  TT b o n d s. The f i r s t  

c o n t r ib u t io n  i s  assum ed to  have th e  v a lu e  o f  u n i t y  i n  a l l  

c a s e s ,  and th e  l a t t e r  c o n t r ib u t io n  i s  c a l l e d  th e  ”m o b ile  

order*1, p . For a p u re s in g l e  bond su ch  as e th a n e , th e  t o t a l  

o r d e r  i s  1 .  f o r  a p u re d o u b le  bond a s in  e t h y le n e ,  th e  t o t a l  

o r d e r  i s  2 and f o r  a p u re t r i p l e  bond as in  a c e t y le n e ,  th e  

t o t a l  o rd er  i s  5 . T h is  le a d s  to  co rr e sp o n d in g  v a lu e s  o f  

0 ,  1 and 2 r e s p e c t i v e l y  f o r  p . H ence f o r  bonds in te r m e d ia te  

b etw een  p ure s in g l e  ana pure d o u b le  b o n d s, th e  v a lu e  o f  p 

w i l l  b e  a f r a c t i o n .  T h is  id e a  h a s  b een  im proved b y  

C ou lson  ( 2 2 ) .  H ere th e  problem  o f  d e ter m in in g  th e  o r d e r  o f  

a g iv e n  bond r e s o lv e s  i t s e l f  in t o  th e  c a l c u la t io n  o f  th e  

p a r t i a l  o r d e r s  o f  th e  in d iv id u a l  e l e c t r o n s .  T h ese p a r t i a l  

o r d e r s  are  th en  added t o g e th e r  to  g iv e  th e  t o t a l  m o b ile  

o r d e r .  The -tech n iq u e in v o lv e d  i s  th e  s e t t i n g  up o f  th e  

e l e c t r o n i c  wave f u n c t io n  o f  th e  TT e l e c t r o n s ,  w hich  i s  

e x p r e s s e d  as a p r o d u c t o f  l i n e a r  c o m b in a tio n s  o f  a to m ic  

o r b i t a l s ,  and th u s  o b ta in in g  th e  c o n t r ib u t io n  o f  th e  7T 

e le c t r o n s  to  th e  bond o r d e r .  T h is  m ethod th u s  ta k e s  i n t o  

a c c o u n t th e  e x c i t e d  c a n o n ic a l s t r u c t u r e s .

The n e x t  p o in t  i s  to  o b ta in  th e  le n g t h  o f  th e  bond
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from  a k n ow led ge o f  th e  bond o r d e r . T h is  i s  done by u s in g  a 

cu rve  r e l a t i n g  bond o r d e r  and bond d i s t a n c e .  The c u rv e  i s  

o b ta in e d  b y  a k n ow ledge o f  c e r t a in  p o in t s  w hich l i e  on i t  

(som e h ave  b een  a lr e a d y  m en tio n ed  -  p u re  s i n g l e ,  d o u b le  and 

t r i p l e  b o n d s j . A l i s t  o f  p o in t s  on th e  cu rv e  i s  g iv e n  b elow .

T o ta l  u rd er  M ob ile  O rder Bond L en g th  (A)

e th a n e  (p u re  s in g l e  bond) l.OUO 0 1 .5 4

g r a p h ite  1 .5 3 5  0 .5 3 5  1 .4 2

b en zen e  1 .6 6 7  O. 6 6 7  1 .3 9

e th y le n e  (pure double bond) 2 .0 0 0  1 .0 0 0  1 .3 3

a c e t y le n e  (pure t r ip le  bond) 5 .0 0 0  2 .0 0 0  1 .2 0

T hese p o in t s  a re  fou n d  -to l i e  on a sm ooth c u r v e .

Two o f  th e  p o l y c y c l i c  a ro m a tic  h y d ro ca rb o n s p r e v io u s ly  

m en tio n ed  have b een  i n v e s t i g a t e d  by t h i s  m ethod , v i z .  p y ren e  (2 5 )  

and coron en e ( C o u ls c n ) . The agreem en ts between  th e  m easured  

and c a lc u la t e d  v a lu e s  o f  th e  bond le n g t h s  a re  g iv e n  b e lo w  

( A and a v era g e  A as b e f o r e ) .

A verage A Maximum A

p yren e 0 .0 2 0 A  O .058A

co ro n en e  0 .0 1 1 A 0 . 0 1 9 A

C a lc u la t io n s  o f  th e  bond l e n g t h s  o f  o v a le n e  and p e r y le n e  h ave  

a ls o  b een  made by t h i s  m eth od . T hese w i l l  b e  d is c u s s e d '  l a t e r
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in  th e  a p p r o p r ia te  s e c t i o n s .

The one o th e r  m ethod o f  c a l c u l a t i n g  bond d i s t a n c e s  i s  

t h a t  term ed th e  m ethod o f  " sp in  s t a t e s "  ( 2 4 ) .  T h is  m ethod  

c o r r e sp o n d s  to  th e  e a r l i e r  m ethod o f  Penney ( 2 5 ) ,  and 

p r o c e e d s  by m easu rin g  th e  bond o r d e r  i n  term s o f  e n e r g y . In  

t h e i r  p ap er V r o e la n t  and D audel h ave shown an a p p ro x im a tio n  

w hich  can b e u sed  and i s  s t i l l  s u f f i c i e n t l y  a c c u r a te .  T h is  

a p p ro x im a tio n , w hich  c l a s s i f i e s  a bond a cc o r d in g  to  th e  

bonds w hich  surround i t ,  h as b een  a p p lie d  to  a number o f  

c a s e s  in c lu d in g  n a p h th a le n e , a n th r a c e n e , p y ren e  and co ro n en e  

( 2 6 ) .  The agreem en ts a re  rem arkably  good , e s p e c i a l l y  in  th e  

c a s e  o f  co ro n en e , a lth o u g h  n o t  c o m p le te ly  s a t i s f a c t o r y  in  

th e  cases: o f  n a p h th a le n e  and a n th r a ce n e  where th e  m easured  

v a lu e s  w ere o b ta in e d  by th e  th r e e -d im e n s io n a l  m ethods o f  

a n a l y s i s ,  and so w ould b e e x p e c te d  to  b e v er y  a c c u r a te .  The 

a g reem en ts are shown b e lo w  ( A  and a v er a g e  A as b e f o r e ) .

A verage A Maximum A 

•n a p h th a len e  0 .0 1 4 A  0 .0  26 A

a n th ra cen e  0 .0 1 3 A  0 .0 2 0 A

p y ren e  0 .0 2 0 A  0 .0 4 5 A

coron en e 0 . 0 0 5 A 0 . 0 0 5 A

The bond le n g th s  o f  o v a le n e  have b een  c a lc u la t e d  b y  t h i s  

m ethod and w i l l  be d is c u s s e d  l a t e r  i n  th e  a p p r o p r ia te  

s e c t i o n .
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P a r t  I I I  o f  th e  t h e s i s  c o n ta in s  an a c c o u n t c f  th e  

i n v e s t i g a t i o n  i n t o  th e  s t r u c t u r e  o f  o c ta m e th y ln a p h th a le n e .

I t  w i l l  be o f  i n t e r e s t  h e r e  to  compare th e  v a lu e s  o f  th e  

bond le n g t h s  in  th e  n a p h th a le n e  n u c le u s  w ith  th o s e  o b ta in e d  

i n  th e  th r e e -d im e n s io n a l  a n a ly s i s  o f  n a p h th a le n e  and a ls o  

w ith  th o s e  p r e d ic t e d  f o r  n a p h th a le n e . No g r e a t  change  

w ould o r d in a r i ly  be e x p e c te d , s in c e  th e  o n ly  d i f f e r e n c e  

b etw een  th e  two m o le c u le s  ap p ears to  be t h a t  th e  e ig h t  

hyd rogen  atoms in  n a p h th a le n e  have b een  r e p la c e d  by m eth y l 

g ro u p s .

T h is  compound i s  much more i n t e r e s t i n g  how ever from  th e  

p o in t  o f  v iew  o f  s t e r i c  h in d r a n c e . The m eth y l grou p s  

s u b s t i t u t e d  i n  th e  o C -p o sit io n s  c f  n a p h th a le n e  w ould h ave a 

much c l o s e r  d is t a n c e  o f  approach th an  t h a t  b etw een  two- 

a d ja c e n t  m eth y l g rou p s in  h ex a m eth y lb en zen e  (a p p r o x im a te ly  

2 .4A  i n  th e  form er c a s e  and 2 .8 a in  th e  l a t t e r ) .  I t  h a s  

been  shown th a t  th e  m o le c u le  o f  h ex a m eth y lb en zen e  i s

c o m p le te ly  p la n a r  ( 27 ,  8 ) ,  b u t i t  i s  q u e s t io n a b le  i f  t h i s

w i l l  be so in  th e  c a s e  o f  o c ta m e th y ln a p h th a le n e .

U n d ou b ted ly  th e r e  w i l l  be r e s t r i c t i o n  o f  r o t a t io n  o f  th e

m eth y l g ro u p s, b u t th e r e  i s  a ls o  a p o s s i b i l i t y  t h a t  th e  

; m eth y l grou p s in  th e  06- p o s i t io n s  w i l l  n o t  be c o p la n a r  with, 

th e  n a p h th a le n e  r in g .  ;
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Cock h a s  g iv e n  a b r i e f  r e v ie w  o f  th e  s te r o c h e m is tr y  o f  

and s t e r i c  f a c t o r s  in v o lv e d  i n  p o l y c y c l i c  a ro m a tic  compounds 

( 28) ,  and d is c u s s e d  them in  term s o f  t h e i r  c h em ica l  

r e a c t i v i t y .  The compounds r e v iew ed  how ever have no d i r e c t  

b e a r in g  on th e  prob lem  h e r e .  One i n t e r e s t i n g  compound 

m en tio n ed  how ever i s  t h a t  o f  3 : 4 : 5 : 6-d ib e n z p h e n a n th r e n e  

( s e e  P ig .  3) • The atom s a t  A and B a re  n o t  jo in e d  by a bond

F ig u r e  3 . and y e t ,  i f  th e  m o le c u le  was

p la n a r , th e  d is t a n c e  b etw een  them  

would b e  o f  th e  o rd er  o f  1 .4 A . I t  

has now b een  shown th a t  t h i s  

m o le c u le . i s  n o t  p la n a r , b u t  

a c t u a l ly  r e se m b le s  a s p i r a l  so  

t h a t  A. and B. are  a lm o st 3*4A 

a p a r t (M cIn tosh  and R o b ertso n  -  

u n p u b lish e d  co m m u n ica tio n ).

A nother i n t e r e s t i n g  compound w hich  

h as r e c e n t ly  b een " p rep ared  i s  

4 :5  d im eth y lp h en a n th ren e  ( 29) F ig .  4 ) .  The s t r u c t u r e  o f  

t h i s  h a s  n o t  b een  s tu d ie d  by X -ra y  d i f f r a c t i o n ,  b u t i t s  

s p e c tr a  c o n s i s t s  o f  a b so r p t io n  c u r v e s  w hich  a re  d e f i n i t e l y  

ffp h e n a n th r b id * in  c h a r a c te r ,  a lth o u g h  some o f  th e  f i n e  

s t r u c t u r e  e x h ib i t e d  by p h en a n th ren e  i t s e l f  h a s  b een  sm oothed



o u t .  The d e t a i l s  o f  th e  s p e c tr a  a re  r a th e r  i n t e r e s t i n g .  The

w ould s t i l l  b e wp h en an th roid *  i n  c h a r a c t e r .  Thus no c o n c lu s io n s  

can b e a r r iv e d  a t  r e g a r d in g  th e  n a tu r e  o f  th e  p h en a n th ren e  r in g  

s t r u c t u r e . i n  4 :5  d im eth y lp h en a n th ren e  o th er] than  th e  f a c t  

t h a t ,  i f  i t  i s  n o t  c o m p le te ly  p la n a r , th en  th e  d i s t o r t i o n  i s  

s l i g h t .

At th e  p r e s e n t  moment a s im i la r  s t a t e  o f  a f f a i r s  e x i s t s  

in  th e  o c ta m e th y ln a p h th a le n e  s t r u c t u r e .  I t  h a s  b een  shown 

c o n c lu s iv e ly  th a t  th e  m eth y l grou p s i n  th e  ^ - p o s i t i o n s  are  

d is p la c e d  from th e  m o le c u la r  p la n e ,  and p ro v ed  t h a t  th e r e  i s  

a h ig h  p r o b a b i l i t y  t h a t  th e  m eth y l g ro u p s i n  th e  ^ - p o s i t i o n s  

a re  a ls o  d is p la c e d ,  a lth o u g h  in  t h i s  c a s e  th e  d isp la c e m e n t  i s

F ig u r e  4 m eth y l g ro u p s a re  u n d o u b ted ly  

d is p la c e d  from  th e  m o le c u la r  p la n e ,  

and t h i s  c o u ld  e x p la in  th e  sm ooth ing

o u t  o f  th e  f i n e  s t r u c t u r e .  However

t h i s  n eed  n o t  n e c e s s a r i l y  r u le  o u t  

th e  p o s s i b i l i t y  t h a t  th e  

p h en a n th ren e  group i s  n o t  c o m p le te ly  

p la n a r . Even w ith  th e  m eth y l 

grou p s d i s p la c e d  and th e  p h en an -  

: th ren e  s t r u c t u r e  b e in g  s l i g h t l y  

d i s t o r t e d ,  th e  a b so r p t io n  c u r v e s
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n o t  so g r e a t .  No in fo r m a t io n  i s  a v a i la b le  how ever r e g a r d in g  

th e  n a tu r e  o f  th e  n a p h th a le n e  n u c le u s ,  o th e r  th an  th e  f a c t  

t h a t  i t  i s  e i t h e r  p la n a r , o r  s l i g h t l y  d i s t o r t e d  from  th e  

m o le c u la r  p la n e .
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P a r t  1

The C r y s ta l  S tr u c tu r e  o f  O valen e (A Q u a n t i ta t iv e  X -ra y  I n v e s t ig a t io n )

I n tr o d u c t io n

O v a le n e , o r  o c ta b e n z o n a p h th a le n e  ( F ig .  5) 9 h a s  r e c e n t ly  been  

s y n t h e s is e d  by E. C la r  ( 3 0 ) .  I t  i s  a c o n d e n se d -r in g  h yd rocarb on  

a n a lo g o u s  to  co ro n en e  ( 1 2 ,3 1 ) .

F ig u r e  5 .

The symmetry o f  th e  m o le c u le  i s  lo w e r  than  t h a t  o f  co ro n en e , and 

a g r e a t e r  range o f  bond le n g t h  v a r ia t io n s  w ith in  th e  m o le c u le  i s  

p o s s i b l e .  I f  t h i s  i s  th e  c a s e ,  i t  w i l l  a f fo r d  a good  

e x p e r im e n ta l com p arison  o f  th e  m easured  bond l e n g t h s  w ith  th o s e  

p r e d ic t e d  by th e o r y .

S in c e  o v a le n e  h as o n ly  two c en tr e sy m m e tr ic  m o le c u le s  p er  

u n i t  c e l l  and a s h o r t  b - a x is  o f  4 .7 0 A , good r e s o l u t i o n  o f  a l l  

th e  atom s, as i n  th e  c a s e  o f  c o r o n e n e , may be e x p e c te d . H ence 

a b e t t e r  e s t im a t io n  o f  a l l  th e  a to m ic  c e n t r e s  sh o u ld  be o b ta in e d
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th an  in  th e  c a s e s  o f  o th e r  a ro m a tic  h y d rocarb on s such  as  

p y ren e  (1 0 ) ,  1 : 1 2  b e n z p e r y le n e  ( 1 3 ) , a n th r a cen e  ( l 6 ,  1 7 ) ,  e t c * ,  

due i n  t h e ' l a t t e r  c a s e s  to  la c k  o f  r e s o lu t io n  i n  th e  tw o -  

d im e n s io n a l F o u r ie r  m ethods o f  a n a ly s i s  em ployed . The 

a c c u r a c y  v a i l  n o t  be as g r e a t ,  h ow ever , a s  in  th e  co ro n en e  

s t r u c t u r e ,  w here, b e c a u se  o f  th e  h ig h e r  m o le c u la r  sym m etry, i t  

was p o s s i b l e  to  a v era g e  c e r t a in  c r y s t a l l o g r a p h i c a l l y  d i s t i n c t ,  

b u t c h e m ic a l ly  e q u iv a le n t  bonds w ith in  th e  m o le c u le .

The i n v e s t i g a t i o n  was c a r r ie d  o u t  w ith  th e  p u r p o se , a s  

p r e v io u s ly  s t a t e d ,  o f  o b ta in in g  e x p e r im e n ta l v a lu e s  o f  th e  bond  

l e n g t h s  f o r  com parison  -with th o se  p r e d ic t e d ,  and w ith  th e  v iew  

o f  o b ta in in g  a s u f f i c i e n t l y  good r e f in e m e n t  o f  th e  s t r u c t u r e  to  

e n a b le  a p o s s i b l e  a n a ly s i s  by th e  th r e e -d im e n s io n a l  F o u r ie r  

m eth od s.

C r y s t a l  D a t a .

O v a len e , C32H, ,̂ M, 39$ *4 m .p , 4 7 3 ° (u n c o r r e c te d )

d , c a l c .  1 .4 7 7  d , fou nd  1 .4 9 6

m o n o e lin ic  p r is m a t ic ,  a = 19*47  -  0 .0 5 A , b = 4 . 7 0 t 0 . 0 l A .

c = 1 0 .1 2  ±  0 .0 4 A , /S == 1 0 5 .0 ° ± 0 .3 °

A b sen t S p e c tr a  -  (hO l) when h i s  odd; (OkO) when k i s  odd .

Space Group -  (P2,/J

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

Volume o f  th e  u n i t  c e l l ,  8 9 4 . 3A3
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A b so rp tio n  c o e f f i c i e n t  f o r  X -r a y s , A =  1 .5 4 A ,^  -  7-7^  p er  cm. 

T o ta l number o f  e le c t r o n s  p er  u n i t  c e l l  = F (0 0 0 )  = 4 1 2 .

The c r y s t a l s  are  e lo n g a te d  i n  th e  b - a x ia l  d i r e c t i o n ,  w ith  

c le a v a g e  p a r a l l e l  to  th e  n e e d le  a x i s .  The (0 0 1 ) f a c e  i s  

w e ll-d e v e lo p e d  on m ost sp e c im e n s , b u t no end f a c e s  c o u ld  b e  

i d e n t i f i e d .  On some sp ec im en s th e  (101) f a c e  co u ld  be  

o b se r v e d .

C r y s t a l  S t r u c t u r e .

The m ost p rom in en t f e a t u r e  o f  th e  c r y s t a l  s t r u c t u r e  i s  th e  

r e l a t i v e l y  s h o r t  b - a x is  o f  4 . 70A. T h is  s h o r t  a x i s  i s  e x a c t ly  

th e  same le n g t h ,  w ith in  ex p er im en ta l, e r r o r , as th e  co rresp o n d ­

i n g  a x is  in  th e  coron en e s t r u c t u r e  ( 1 2 ) .  The c r y s t a l  h a b i t s  

are  v e r y  s im i la r  a l s o .  T h is  p e r i o d i c i t y  and c r y s t a l  h a b it  

a re  a ls o  c l o s e l y  s im i la r  to  th o s e  o f  p h th a lo c y a n in e  and many 

o f  i t s  m eta l d e r iv a t iv e s  (5 2 , 5 5 )•  The s i m i l a r i t y  b etw een  

o v a le n e  and co ro n en e  a ls o  e x i s t s  in  th e  c - a x i a l  d i r e c t i o n ,  

where on ce a g a in  th e  a x ia l  l e n g t h s  are  th e  sam e, w ith in  

e x p er im e n ta l e r r o r .  T hese d a ta  s u g g e s t  t h a t  th e  arrangem ent  

in  th e  c r y s t a l ,  e s p e c i a l l y  th e  i n c l i n a t i o n  o f  th e  m o le c u la r  

p la n e  to  th e  (0 1 0 ) c r y s t a l  p la n e ,  w i l l  be s im i la r  in  th e  two 

c a s e s .

For o v a le n e  i t  i s  n e c e s s a r y  to  p r o ce ed  by t r i a l  and e r r o r  

m ethods in  th e  f i r s t  in s t a n c e .  However i t  can  b e assum ed t h a t
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th e  m o le c u la r  p la n e  i s  t i l t e d  a t  ab ou t 44° to  th e  (0 1 0 )  

c r y s t a l  p la n e .  Two rem a in in g  d e g r e e s  o f  freedom  now rem ain  to  

be f i x e d  b e fo r e  th e  o r i e n t a t i o n  o f  th e  m o le c u le  i s  s p e c i f i e d .  

An i n v e s t i g a t i o n  o f  th e  (hO l) zo n e , by m oving f i l m  m eth od s, 

showed t h a t  th e  f o l lo w in g  s m a ll- s p a c in g  p la n e s  ga v e  s tr o n g  

r e f l e c t i o n s :  ( 20 , 00 ) ,  ( 20 , 01 ) ,  ( l 6 ,o H ) , ( 1 2 ,0 5 ) ,  ( 3 0 2 ) ,  ( 4 0 5 ) ,  

( 4 0 7 ) .  O nly one t r i a l  was n e c e s s a r y  to  o b ta in  th e  one  

p o s i t i o n  o f  th e  m o le c u le  w hich  w ould  s a t i s f a c t o r i l y  e x p la in  

th e  enhancem ent o f  t h e s e  r e f l e c t i o n s  ( s e e  F ig .  6) .

F ig u r e  6 .

a/2

Prom inent (hO l) r e f l e c t i o n s  f o r  o v a le n e .

The a tom ic  p o s i t i o n s  o f  th e  m o le c u le  w i l l  l i e  e i t h e r  on o r  

midway b etw een  th e  t r a c e s  o f  th e  above p la n e s ,  th u s  making th e  

s t r u c t u r e  f a c t o r s  o f  t h e s e  p la n e s  e i t h e r  s tr o n g  p o s i t i v e  o r
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s tro n g  n e g a t iv e .  Once a g a in , b e c a u se  o f  th e  s tr o n g  resem b la n ce  

to  co ro n en e , th e  p h a se  c o n s ta n t s  o f  t h e s e  s m a ll- s p a c in g  p la n e s  

w ere known, and h en ce  th e  n e c e s s i t y  f o r  o n ly  one a tte m p t. The 

co m p le te  o r i e n t a t i o n  o f  th e  m o le c u le  can now b e c a l c u la t e d ,  a s  

e x p la in e d  i n  th e  e x p e r im e n ta l s e c t io n .

and 9 Vri 9 tin > a re  th e  a n g le s  w h ich  

th e  m o le c u la r  a x e s  L and M ( F ig .  7) and t h e i r  p e r p e n d ic u la r  N 

make w ith  th e  a and b c r y s t a l lo g r a p h ic  a x es  and t h e ir  

p e r p e n d ic u la r  c T.

F ig u r e  7*

CH
CH

CH

CH
CH

CH

CH

CH
CH

CH

CH
CH

P r o j e c t io n  a lon g  b - a x i s  o f  o v a le n e
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Assum ing a r e g u l a r  h e x a g o n a l  s t r u c t u r e  f o r  t h e  m o l e c u l e ,  

a  t r i a l  s t r u c t u r e  c a n  now b e  o b t a i n e d .

From t h i s  p o in t  th e  r e f in e m e n t  o f  th e  a to m ic  p o s i t i o n s  

p r o ce ed e d  by a s tr a ig h t fo r w a r d  a p p l i c a t io n  o f  d o u b le  F o u r ie r  

S e r ie s  m eth od s. In  a l l ,  th r e e  F o u r ie r  S e r ie s  in  th e  (hO l) 

zone w ere c a r r ie d  o u t .  I n  th e  f i r s t  o n ly  80 r e f l e c t i o n s  w ere  

u se d , and o n ly  p a r t i a l  r e s o lu t io n  o f  th e  a tom ic  p o s i t i o n s  

o b ta in e d . For th e  m ost p a r t ,  th e  atom s appeared  on th e  

e le c t r o n  d e n s i t y  d iagram  in  p a i r s .  The d is c r e p a n c y , o b ta in e d  

in  th e  u su a l manner ( i . e .  th e  sum o f  a l l  th e  d is c r e p a n c ie s  

d iv id e d  by th e  t o t a l  o f  th e  m easured s t r u c t u r e  f a c t o r s )  f o r  th e  

80 p la n e s  in c lu d e d  was 2 6 . 1$ .

The r e s u l t  o f  th e  secon d  F o u r ie r  a n a ly s i s  and th e  

p r o j e c t io n  o f  th e  s t r u c t u r e  o b ta in e d  from  t h i s  r e f in e m e n t  have  

a lr e a d y  b een  rep ro d u ced  ( 5 4 ) .  146 r e f l e c t i o n s  w ere in c lu d e d

t h i s  t im e , th e  d is c r e p a n c y  f o r  t h i s  number o f  p la n e s  b e in g  

2 8 . 7$ ( t h e  d is c r e p a n c y  f o r  th e  80 s t r u c t u r e  f a c t o r s  p r e v io u s ly  

u sed  was now o n ly  2 1 .1 $ ) .  C om plete r e s o lu t io n  o f  a l l  atom s 

was o b ta in e d .

156  r e f l e c t i o n s  w e re  i n c l u d e d  i n  t h e  t h i r d  and  f i n a l  

r e f i n e m e n t .  T h is  r e p r e s e n t s  62 . 7$ o f  t h e  t o t a l  p o s s i b l e  

r e f l e c t i o n s  i n  t h e  (hO l)  z o n e .  The d i s c r e p a n c y  f o r  t h e s e  

p l a n e s  was 17 . 5$ .  T h is  s e r i e s  c o n t a i n e d  a lm o s t  a l l  t h e
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P r o j e c t io n  a lo n g  th e  b - a x i s ,  show ing one o v a le n e  
m o le c u le .  Each co n to u r  l i n e  r e p r e s e n t s  a d e n s i t y  
in crem en t o f  a p p ro x im a te ly  one e le c t r o n  p e r  A** 
th e  o n e - e le c t r o n  l i n e  b e in g  d o t te d .  The p la n e  o f  
th e  m o le c u le  i s  i n c l i n e d  a t  ab ou t 4 5 ° to  th e  
p r o j e c t io n  p la n e ,  ( 010) .



Figure 9*

A group o f  s i x  o v a le n e  m o le c u le s  in  th e  b a x is  
p r o j e c t io n  show ing th e  c o m p a r a tiv e ly  l a r g e  gap 
o f  lo w  d e n s i t y  around ea ch  m o le c u le .



r e f l e c t i o n s  o b ta in e d  from  th e  (hO l) zone w ith  cop p er r a d ia t io n .

A few  r e f l e c t i o n s  o f  v e r y  sm a ll g e o m e tr ic  s t r u c t u r e  f a c t o r  

w ere o m itte d  s in c e  th e  p h a se  c o n s ta n t s  w ould  b e d o u b t f u l .  The 

p r o j e c t io n  o f  th e  s t r u c t u r e  o b ta in e d  from  t h i s  f i n a l  s y n t h e s i s  

i s  rep rod u ced  in  F ig .  8 . T h is  i s  th e  p r o j e c t io n  o f  one 

co m p le te  m o le c u le  ( h a l f  th e  u n i t  c e l l )  on th e  (0 1 0 ) p la n e .

F ig .  9 shows how a group o f  s i x  o v a le n e  m o le c u le s  are  a rran ged  

in  th e  c r y s t a l ,  w ith  a c o m p a r a tiv e ly  la r g e  gap o f  low  d e n s i t y  

around each  m o le c u le .  As i n  th e  c a s e  o f  c o r o n e n e , t h i s  e x p la in s  

th e  w e l l -d e v e lo p e d  (0 0 1 ) p la n e  i n  th e  c r y s t a l ,  s in c e  F ig .  9  

shows t h a t  th e  m o le c u la r  a lin e m e n t in  t h i s  d i r e c t i o n  in v o lv e s  

v e r y  l i t t l e  i n t e r lo c k i n g .

C o -o r d in a te s  and D im en sion s

F ig .  8 ( th e  p r o j e c t io n  on th e  (0 1 0 ) p la n e )  a l lo w s  o f  

d i r e c t  m easurem ent o f  th e  x  and z c r y s t a l  c o - o r d in a t e s  w ith  

c o n s id e r a b le  a c c u r a c y . Assuming th e  m o le c u le  to  be p la n a r  

and knowing th e  o r i e n t a t i o n ,  th e  y  c o - o r d in a t e s  can be  

c a lc u la t e d .  The v a lu e s  o b ta in e d  f o r  th e  y  c o - o r d in a t e s  f o r  

v a r io u s  o r i e n t a t io n s  w ere t e s t e d  b y  c a lc u la t in g  s t r u c t u r e  

f a c t o r s  in  o th e r  z o n e s , v i z .  (hkO) and (O k l) , u n t i l  s a t i s f a c t o r y  

r e s u l t s  w ere o b ta in e d . The o r i e n t a t io n  f i n a l l y  a c c e p te d  i s  

shown i n  T ab le 1 .
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T ab le  1 .  *

%  = 4 4 . 90 c o s l  = 0 .7 0 7 8  
M V = 5 1 .3 °  cosM4.= 0 .6 2 5 7  
«Oi.= 70'. 9 ° cos<A,= 0 .5 2 7 8

%,= 7 8 . 4° cos%< = 0 .2 0 1 8
= 7 4 . 6° COS^h= 0 .2 6 5 6

u>M =1 6 0 . 5 ° co s toH= -o  • 9428

'U =1 5 2 . 6° c o s  ̂ = - 0 .6 7 6 9
Hfc = 4 2 .8 °  c o s ^  = 0 .7 3 3 4
uv= 8 6 . 5° cosU »= 0 .0 6 1 7

The m o le c u la r  a x es  ch o sen  f o r  co ro n en e  w ere n o t  s u i t a b l e  

in  th e  o v a le n e  m o le c u le .  F or co m p a riso n , h ow ever, th e  

o r ie n t a t io n  o f  th e  o v a le n e  m o le c u le  w ith  r e s p e c t  to  m o le c u la r  

a x es L ! and MT, c o rr esp o n d in g  to  th o s e  o f  co ro n en e , was 

c a lc u la t e d .  The o r i e n t a t i o n  w ith  r e s p e c t  to  t h e s e  a x e s  i s  

shown in  T a b le  2 . (c o r r e sp o n d in g  v a lu e s  f o r  coron en e i n  

b r a c k e t s ) .

T ab le 2 .

%U — 79. T  ( 8 4 . 8)  c o s %i= 0 .1 7 9 1  ( 0 . 0 9 1 2;
«fc = 8 5 . 2° ( 8 5 .6 7  cos«ftJ= 0 .0 8 2 9  ( 0 . 0 7 6 1
<>V = 1 1 .4 ° (  6 .95 cos*4! = 0 .9 8 0 5  ( 0 . 992!

<h‘= 4 4 .4 °  ( 4 4 .2 )  cos7«' = O.7 1 5 9  ( 0 . 7174;
î m1-  4 7 . 6 * (  4 6 .77  c o s w =  0 .6 7 4 7  ( 0 . 6 8 6 1
0 ^=1 0 0 .8  ( 9 6 .87  c o s u „ -= -o .i875  ( - 0 . 1 1 8 !

%  =1 5 2 . 6 ° (155 .7 7  cosX« = -0 .6 7 6 9  ( - 0 . 6905;
44* = 42.8 ( 45.75 cos<fr = 0.7554 ( 0.7255
Mi £ 8 6 . 5 ° (  8 9 .6 7  cos<Jh= 0 .0 6 1 7  ( 0 . 0 0 7 8 '

Wo d i r e c t  m easurem ent o f  th e  y  c o - o r d in a t e s  i s  p o s s i b l e ,

a s  in  th e  c a s e  o f  th e  x  and & c o - o r d in a t e s ,  s in c e  no

r e s o lu t io n  o f  th e  a tom ic p o s i t i o n s  can b e o b t a in e d ,  e i t h e r
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from  p r o j e c t io n s  o f  th e  (hkO) o r  o f  th e  (O kl) z o n e s .  For  

exam ple th e  s t r u c t u r e ,  v iew ed  a lo n g  c T ( i . e .  p e r p e n d ic u la r  

to  th e  a and b c r y s t a l  a x e s ) ,  w ould g iv e  an end v ie w  o f  th e  

m o le c u le s  a s  d e p ic t e d  r o u g h ly  i n  F ig .  10

F ig u r e  1 0 .

In  F ig .  7, R r e p r e s e n t s  th e  l i n e  o f  maximum i n c l i n a t i o n

o f  th e  m o le c u la r  p la n e  to  th e  p r o j e c t io n  p la n e ,  ( 0 1 0 ) ,  and

S l i e s  in  th e  (0 1 0 ) p la n e ,  i . e .  S r e p r e s e n t s  th e  l i n e  o f  z e r o

i n c l i n a t i o n .  S in c e  S i s  a lm o st p e r p e n d ic u la r  to  th e  a - a x i s

t h i s  e x p la in s  th e  above p r o j e c t io n  v iew ed  a lo n g  c * .

In  th e  (O kl) zo n e , s u c c e s s iv e  m o le c u le s  v iew ed  i n  th e

d ir e c t io n  o f  th e  a - a x i s ,  a lth o u g h  i d e n t i c a l  in  th e  p r o j e c t io n
Os

o f  F ig .  9 ,  are  i n c l i n e d  in  j fp p o s ite  d i r e c t i o n s  and may be  

d e r iv e d  by th e  o p e r a t io n  o f  a g l i d e  p la n e  o f  symmetry a . Hence 

no r e a s o n a b le  r e s o lu t io n  o f  th e  atom s can b e  e x p e c te d  i n  t h i s  

zo n e .

The c o - o r d in a t e s  o f  th e  atom s a re  c o l l e c t e d  in  T a b le  5*



F ig u r e  1 1 ( a ) ,

D im en sio n s o f  th e  o v a le n e  m o le c u le

F ig u r e  1 1 ( b ) ,
1*3^

l-W-f

i  ^

l-fc37

f-^20

^si^k
>3^9

Bond d i s t a n c e s  o b ta in e d  from  c o - o r d in a t e s  
b e fo r e  a v e r a g in g .
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Under th e  column headed  (b) are  th e  c o - o r d in a t e s  d i r e c t l y  

m easured  f o r  x  and z . As th e  m o le c u le  h as an e x a c t  c e n tr e  o f  

symmetry i t  i s  p o s s i b l e  to  a v era g e  th e  bond l e n g t h s ,  and 

h en ce  under column (a ) a re  th e  c o - o r d in a t e s  o f  th e  atom s  

a f t e r  t h i s  a v e r a g in g . T hese are  th e  c o - o r d in a t e s  f i n a l l y  

a c c e p te d , as th e y  a re  p r o b a b ly  more c o r r e c t .  A lso  s in c e  th e  

m o le c u le  h as an e x a c t  c e n tr e  o f  sym m etry w hich  l i e s  on th e  

o r ig in  o f  th e  u n i t  c e l l ,  o n ly  h a l f  th e  atom s, th o s e  o f  th e  

asym m etric c r y s t a l lo g r a p h ic  u n i t ,  a re  l i s t e d .  The p o s i t i o n s  

o f  a l l  th e  o th e r  atom s in  th e  u n i t  c e l l  may be d e r iv e d  from  

th e  o p e r a t io n s  ( x ,y ,  z , ) ;  ( - x , - y , - z , ) ;  ( x + a /2 , - y + b / 2 , z ) ; 

( - x + a /2 ,y + b /2, - z ) .

T a b le  3 .

Atom x ,  A x ,  A y ,A  z ,A  z ,A
( F ig .  7) (a)"' (b) ( a )  (a ) (b)

A 1 .1 1 8  1 .1 1 8  o . o i l  5 .1 9 2  5.197
B 2 .1 5 9  2 .178  0 .6 2 8  4 .2 6 4  4 .2 7 0
C 5.056  5.072  1.556  4.010  4.025
D 5.025  5.052  I . 9 4 8  2.652  2 .658
E 5.941  5.956  2.889 2.540  2.550
F 5 .8 7 2  5 . 877 5 .256  0.993  0 .9 8 8
G 2 .8 8 1  2 .871  2 .695  - 0.114  - 0 .114
H 2.767  2.751 5.045 - 1 . 5 2 6  - 1 . 5 2 6
x 1 . 8 0 4  1 .7 8 5  2 .489  - 2 . 5 7 4  - 2 . 5 8 5
J 0 . 8 2 9  O.850 1 .5 2 1  - 2.560 - 2 . 5 5 4
K - 0 .179  - 0.179  0.934  - 5.451  - 3.429
L 0 . 0 5 6  0.040  - 0.195  O.708 0.710
M 1 . 0 6 7  1 .0 6 8  0.407  I . 8 0 5  1 .8 0 0
N 2.017  2.025  1.567  1.547  1.540
0 1 . 9 4 5  1 .9 3 8  1 .7 4 9  0.143  0 .1 3 2
p 0 . 9 2 2  0 .9 20  1 .1 5 7  - 0 . 9 5 7  - 0 . 9 6 0



T ab le  3 ( c o n t d . )

Atom 2TTx/a 2TTx/a 2Ty/b  
(F ig .  7) (a ; (b) (a )

A 2 0 .7 °  2 0 .7 °  0 . 8 °
B 3 9 .9 °  40 * 3 ‘> 4 8 .1 °
c  5 6 .5 °  5 6 .8 °  1 1 7 . 7°
D 5 5 -9 °  5 6 . 1 ” 1 4 9 . 2 °
E 7 2 .9 °  7 2 . 8 ° 2 2 1 . 3 !
F 7 1 .6 °  7 1 -7 °  2 4 9 .4
G 5 5 -5 °  5 3 .1 °  206 . 4 °
H 5 1 .2 °  5 0 .9 * 2 3 3 .1
I  3 3 .4 °  3 3 .0 °  1 9 0 .7 °
J  1 5 .3 °  1 5 .3  1 1 6 . 5 °
K - 3 . 3 °  - 3 . 3 °  7 1 .5 :
L 0 . 7 ° 0 .7  - 1 4 .8
H 1 9 .7 °  1 9 .7 °  3 1 . 2 °
N 3 7 .3 °  3 7 .4 °  1 0 4 .7
0 3 6 .8 °  3 5 .8 °  1 3 4 . 0 :
P 1 7 . 1 °  1 7 . 0 ° 8 8 .6

F ig .  1 1 (a )  . e x p r e s s e s  th e  r e s u l t s  o f  th e  a v era g ed  

c o - o r d in a t e s  in  term s o f  a c t u a l  bond d i s t a n c e s ,  ta k in g  i n t o  

a cco u n t th e  o r i e n t a t i o n  o f  th e  m o le c u la r  a x es  L and M. F ig .  

1 1 (b) shows th e  bond d is t a n c e s  o b ta in e d  from  th e  c o - o r d in a t e s  

b e fo r e  a v era g in g  b u t  u s in g  th e  same o r i e n t a t i o n .  The a tom ic  

c o -o r d in a te s  w ith  r e s p e c t  to  t h e s e  m o le c u la r  a x es  a r e  g iv e n  

i n  T ab le  4 . For com parison  p u r p o se s , th e  a to m ic  c o - o r d in a t e s  

o f  a r e g u la r  m odel w ith  r e s p e c t  to  t h e s e  m o le c u la r  a x e s  a re  

l i s t e d  a lo n g s id e .

2'flz/c 27Tz/c
(a) (b)

1 1 5 . 6 ° 1 1 5 .7 °
1 5 1 .7 ° 1 5 1 .9 ;
1 4 2 .7 °

9 5 .6 ° 9 5 .8
8 5 . 2 ° 8 2 .9 °
5 5 .5 ° 5 5 .1 *
- 4 .1 ° - 4 . 1 °

“ 5 4 .3 ; - 5 4 . 5  °
- 9 1 .6 - 9 2 .0 °
- 8 4 .0 ° - 8 5 . 7 °

- 1 2 2 . 1 0 - 1 2 2 .0  0
2 5 . 2 ° 2 5 .5 °
6 4 .1 ° 6 4 . 0 0
5 5 .0  ° 5 4 . 8 ;

5 .1 ° 4 . 7
- 5 4 .0  ° - 5 4 .2 °
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T a b le  4 .

F ig .1 1 a
R eg u la r  Model ( 1 .3 9 A) 

Atoms L, A M,A L,A M,A

A and.....J ............  1 .2 2 4  2 .8 4 4  1 .2 0 4  2 .7 8 0
B and 1 ............  2 .4 9 1  5 .-503 2 .4 0 7 5 .4 7 5
C and H  3 .6 5 9  2 .8 3 6  3 .6 1 1  2 .780
D and.....G............  3 -7 1 0  1 .4 0 6  3 . 6 l l  1 .3 9 0
E and.....P ............  4 .9 1 0  O .69O 4 .8 1 4  0 .6 9 5
K and  K  0 3 .5 1 5  0 3 .4 7 5
L and.....L ............  0 0 .7 2 6  0 O.6 9 5
M and P ............  1 .2 5 0  1 .4 1 3  1 .2 0 4  1 .3 9 0
N a n d '0 ...............  2 .4 9 0  0 .7 1 9  2 .4 0 7  0 .6 9 5

I n t e r m o l e c u l a r  D i s t a n c e s

The s h o r t e s t  d i s t a n c e  b e tw e e n  two m o l e c u l e s  i s  t h e  

p e r p e n d i c u l a r  d i s t a n c e  b e tw e e n  t h e i r  p l a n e s  i . e . 3 . 4 5 A . ( = b  c o sH i)  

S in c e  t h e  i n d i v i d u a l  a tom s do n o t  o c c u r  v e r t i c a l l y  o v e r  e a c h  

o t h e r  ( s e e  F i g .  1 2 , w h ic h  shows t h e  n o rm a l  p r o j e c t i o n  o f  two 

p a r a l l e l  m o le c u l e s  s e p a r a t e d  by t r a n s l a t i o n  b ) ,  t h e  s h o r t e s t  

d i s t a n c e  b e tw e e n  c a r b o n  a tom s o f  two a d j a c e n t  m o l e c u l e s  i s  

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

b e tw e e n  a tom s A and  D, ,  L and  0, , and  j '  and  M, , w h e re  t h e  

d i s t a n c e  i s  3*48a . i b e tw e e n  N and Ft and  b e tw e e n  P and  H , ,  i t  

i s  3 .49A . The o t h e r  p a i r s  o f  a tom s a r e  s e p a r a t e d  b y  more th a n  

3 .5A . B etw een  o t h e r  m o l e c u l e s  t h e  s e p a r a t i o n  i s  g r e a t e r .

From atom  B on th e  s t a n d a r d  m o le c u le  t o  K on  t h e  m o le c u le  one  

t r a n s l a t i o n  a lo n g  t h e  c - a x i s  ( F i g s .  7 and  9) t h e  d i s t a n c e  i s



3 .7 9 A. On th e  same p a ir  o f  m o le c u le s  th e  d i s t a n c e  from  B to  

I  i s  3 .8 7 A . , and from  K to  K1 i t  i s  3*85A. From atom F on

th e  s ta n d a rd  m o le c u le  to  H* on th e  r e f l e c t e d  m o le c u le  a t

( i a , ib )  th e  d is t a n c e  i s  On t h i s  same p a ir  th e  d i s t a n c e

from F to  G* i s  3 .7 7 a . ,  and from  F to  F 1 i t  i s  3 .9 3 A . A l l

e th e r  d is t a n c e s  b etw een  atom s on n e ig h b o u r in g  m o le c u le s  appear  

to  be g r e a te r  than  4A.

F ig u r e  1 2 .

*s-

Normal p r o j e c t io n  o f  two p a r a l l e l  m o le c u le s

D is c u s s io n  o f  R e s u l t s .

The m ost s t r i k i n g  r e s u l t  o f  t h i s  a n a ly s i s  i s  t h e  la r g e

v a r ia t io n  in  bond le n g t h  w ith in  th e  m o le c u le  (F ig .  1 1 a ) .  The
( 9 '1s i x  ex p o sed  bonds BC, lE Fy HI, e t c . ,  a re  a l l  c o n s id e r a b ly  # 

s h o r te r  th an  any o f  th e  o t h e r s ,  e s p e c i a l l y  s h o r t  are  th e



bonds BC, HI, e t c . ,  w h ich  a re  o n ly  1 . 34yA. A l l  th e  rem a in in g  

bonds a re  1 .4 0 A  o r  m ore. The v a r ia t io n  o f  bond l e n g t h s  in  

th e  n a p h th a le n e  n u c le u s  i s  n o t  so p ron ou n ced  -  th e  h exagon  

c o u ld  a lm o st be r e g u la r .  H owever, th e  c e n t r a l  bond LL1 i s  

p ro b a b ly  lo n g e r  th an  any o f  th e  o t h e r s .

In  th e  c a s e  o f  o v a le n e ,  i t  was p o s s i b l e  to  a v e r a g e  th e  

bond le n g t h s  o f  th e  asym m etric  u n i t  i n  p a i r s ,  e . g .  due to  th e  

symmetry o f  th e  m o le c u le ,  bonds BC and HI sh o u ld  be i d e n t i c a l .  

Hence any v a r ia t io n s  in b o n d s , w hich  sh o u ld  be i d e n t i c a l ,  h a v e  

been  assum ed to  be due to  e x p e r im e n ta l e r r o r s .  In  a l l  c a s e s  

t h i s  d i f f e r e n c e  in  bond l e n g t h  i s  0 . 0 2A o r  l e s s ,  e x c e p t  on  

com paring b'cnds AB and I J  w here th e  d i f f e r e n c e  i s  0 .0 3 sA  

( s e e  F i g . l i b ) .  T h e r e fo r e , in  a l l  c a s e s ,  b u t th e  one  

e x c e p t io n  m en tio n ed , th e  a v era g e  v a lu e s  have a v a r ia t io n  o f  

0 .01A  or  l e s s .

Many o th e r  f a c t o r s  m ust b e  ta k en  i n t o  a c c o u n t, b e fo r e  

th e  a ccu ra cy  o f  th e  r e s u l t s  o b ta in e d  can b e d i s c u s s e d .  The 

a ccu racy  m ust o b v io u s ly  depend on th e  ran ge and a c c u r a c y  o f  

th e  i n t e n s i t i e s ,  th e  s i z e  o f  th e  c r y s t a l  sp e c im en s , e t c .  

R e c e n t ly  a d i r e c t  approach  to  th e  a ccu ra cy  o b ta in a b le  by  

F o u r ie r  s e r i e s  m ethods h as been  a ttem p ted  ( 3 5 ) .

B ooth  h as e s t im a te d  t h a t  th e r e  a re  p r o b a b le  e r r o r s  o f  

± 0 .0 0 3 A  i n  th e  c o - o r d in a t e s  o b ta in e d  from  a th r e e -d im e n s io n a l
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s y n t h e s i s ,  due to  th e  u s u a l e x p e r im e n ta l e r r o r s  ( 3 6 ) .  A p p lie d  

to  th e  tw o -d im e n s io n a l c a s e  t h e s e  e r r o r s  a r e  e s t im a te d  a t  

t h r e e  t im es  t h i s  v a lu e ,  i . e .  ± 0 .0 1 A  ( 3 7 ) .  T h is  h a s  b een  

b o rn e  o u t  by ch eck in g  th e  tw o -d im e n s io n a l a n a ly s i s  o f  < 

o x a l i c  a c id  (38).
A g r e a t e r  so u rce  o f  e r r o r  h ow ever, i s  d u e t e r m in a t io n  

o f  s e r i e s ,  i . e .  an in c o m p le te  s e r i e s .  In  t h i s  c a s e  e r r o r s  

i n  c o - o r d in a t e s  o f  th e  o r d e r  o f  ± Q.02A may b e  en c o u n te r ed  

(3 6 , 3 7 ) .  The c o r r e c t io n  s u g g e s te d  by B o o th  to  a l lo w  f o r  

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

so c e r t a in  e r r o r s  due to  t h i s  ca u se  p r o b a b ly  s t i l l  rem ain . 

However s in c e  th e  s e r i e s  was f a i r l y  co m p le te  up to  a 

2 s in 0  = 2 .0 ,  t h e s e  e r r o r s  a re  p r o b a b ly  s m a l l .  In  th e  

p r in c ip a l  p r o j e c t io n  zo n e , i . e .  th e  (hO l) z o n e , 62 . 7$  o f  th e  

p o s s i b l e  term s were in c lu d e d .  Of th e  p la n e s  w hich  had a 

2 s in 0  b etw een  1 .9  and 2 . 0 ,  46% w ere o b se r v e d , and o f  th o s e  

w hich  had a 2s in 8 b etw een  1 .8  and 1 . 9 ,  33% w ere o b se r v e d .

A lso  th e  f i n a l  agreem ent b etw een  th e  o b se r v e d  and c a lc u la t e d  

v a lu e s  o f  th e  s t r u c t u r e  f a c t o r s  was v er y  g o o d , v i z .  1 5 . 2%.

I t  seem s p ro b a b le  h ow ever, t h a t ,  though  th e  a ccu ra cy  

w i l l  n o t  b e  a s g r e a t  as i n  th e  co ro n en e s t r u c t u r e ,  th e  

a ccu ra cy  o f  th e  bond le n g t h s  o b ta in e d  w i l l  b e  b etw een  £ 0 .0 2 A  

and ± 0 .0 3 A .
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Figure 15.

mi t II. IV t

V I, V * t

XXI.XXII t - - *

XXIX. XXX t

IX-XII t •

XXI, XXIV

XXXI.XXXII t

XVII-XX tx*-xvt r-»

XXV, XXVI t

xxxin-xxxvi t - *

XXVI, XXVI *

XXXVI-XL t - .

B d e n o te so
0 d e n o te s

P d e n o te s

XX
T d e n o te s

Ox
H d e n o te s

XU-XLIV t-» XLV.XLVI t XLVII.XL.VII t XLIX.L t« - *

The 50 K ekule' s t r u c t u r e s  o f  o v a le n e .

F ig u r e  14  (a)  
.so «n

F ig u r e  1 4  (b) 
l-5<f

P e r c e n ta g e  d o u b le  bond 
c h a r a c te r . C orresp on d in g  bond  

l e n g t h s .
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T h ese r e s u l t s  h ave b een  compared w ith  th o s e  o b ta in e d  

from  v a r io u s  t h e o r e t i c a l  m ethods o f  c a l c u l a t i o n ,  and i n  each  

c a s e  th e  agreem ent i s  fa v o u r a b le *

R em arkably good agreem en t w ith  th e  e x p e r im e n ta l r e s u l t s  

i s  o b ta in e d  from  a tr e a tm e n t o f  th e  p rob lem  i n  term s o f  th e  

s t a b le  v a le n c y  bond s t r u c t u r e s  f o r  o v a le n e .  For a f i x e d  

p o s i t i o n  o f  th e  carbon atom s th e  bonds can be a rran ged  i n  50 

d i s t i n c t  ways ( F ig .  15)*  The d o u b le -b o n d  c h a r a c te r  f o r  any 

p a r t ic u la r  s e t  o f  l i n k s  may now b e com puted by summing th e  

number o f  d ou b le  bonds o c c u r r in g  i n  them and d iv id in g  by th e  

t o t a l  number o f  th e s e  l i n k s  i n  a l l  th e  s t r u c t u r e s .  The 

d o u b le -b o n d  c h a r a c te r s  o b ta in e d  f o r  th e  bonds a re  shown i n  

F i g .  1 4 a . On th e  b a s i s  o f  P a u lin g  and Brockw ay1s 

e m p ir ic a l  cu rve r e l a t i n g  d o u b le-b o n d  c h a r a c te r  and d is t a n c e  

( 18 ) ,  th e  bond le n g t h s  c o r r esp o n d in g  to  t h e s e  v a lu e s  a r e  

shown i n  F ig .  14b . The mean d e v ia t io n  c f  t h e s e  p r e d ic t e d  

v a lu e s  from  th e  e x p e r im e n ta l v a lu e s  i s  0 .0 1 0 A. The 

maximum d e v ia t io n  o f  any one bond i s  0 .0 2 5 A  ( c . f .  F i g s .  11a  

and 14b)

The bond le n g t h s  o f  o v a le n e  h ave a ls o  b een  o b ta in e d  

t h e o r e t i c a l l y  by th e  m ethod o f  s p in  s t a t e s  ( 39) and b y  th e  

m ethod o f  m o le c u la r  o r b i t a l s  ( 4 0 ) .  Once a g a in  th e  

ag reem en ts  betw een p r e d ic t e d  v a lu e s  and e x p e r im e n ta l v a lu e s  

are  rem arkably good . The v a lu e s  o f  th e  in d iv id u a l  b onds by
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t h e s e  m ethod a re  shown i n  T ab le 5*

T a b le  5*

Bond S n in  S t a t e s  M o lec u la r  O r b i t a l s  X -ra y  I tesu ltg

m
BC
CD
DE
EF
M !
AM
m

1.420A 1 , 427A 1 .4 3  A
1 .3 8 0 1 .3 8 0 1 .3 4 5
1 .4 2 0 1 .4 2 5 1 .4 3
1 .4 2 0 1 .4 1 8 1 .4 0
1 .3 8 0 1 .3 8 7 1 .3 8
1 .4 1 0 1 .4 1 0 1 .  40
1 .4 3 6 1 .4 2 8 1 .4 3
1 .4 3 6 1 .4 2 2 1 .4 0
1 .4 2 5 1 .4 2 1 1 .4 3
1 .4 2 5 1 .4 2 4 1 .4 2
1 .4 2 5 1 .4 2 5 1 .4 4
1 .4 2 5 1 .4 3 0 1 .4 5

seen  from  t h i s t a b le ,  i n  th e c a s e  o f  th e  bond

NO
LL1

le n g t h s ,  c a lc u la t e d  by th e  m ethod o f  s p in  s t a t e s ,  th e  mean 

d e v ia t io n  from  th e  e x p e r im e n ta l v a lu e s  i s  0 .0 1 5 A , and th e  

maximum d e v ia t io n  f o r  any on e  bond i s  0 . 0 36A. In  th e  c a s e  

o f  th e  bond l e n g t h s  o f  o v a le n e  c a l c u l a t e  d by th e  m ethod o f  

m o le c u la r  o r b i t a l s ,  th e  mean d e v ia t io n  from  th o s e  o b ta in e d  

e x p e r im e n ta lly  i s  0 .0 1 2 A .,  and th e  maximum d e v ia t io n  f o r  any  

on e bond i s  0 .0 3 5 A .

E x p er im en ta l 

D e te rm in a tio n  o f  C r y s ta l  D a ta .

Copper Koc r a d ia t io n ,  A =  1 .5 4 A , was em ployed  i n  a l l  th e  

m easurem ents, f lo t a t io n ,  o s c i l l a t i o n  and m oving—f i l m



p h o to g ra p h s  w ere u se d , th e  l a t t e r  to  d e term in e  th e  sp a ce  

group and f o r  i n t e n s i t y  p u r p o se s . The sp a ce  group was 

e s t a b l i s h e d  as P2,/a,  s in c e  th e r e  was no e x c e p t io n  to  th e  (hO l) 

a b se n c e s  when'll was odd . Of th e  (OkO) r e f l e c t i o n s ,  b o th  

(0 2 0 ) and (040) w ere o b se r v e d .

M easurem ent o f  D e n s ity  and Number o f  M o le c u le s  p er  U n it  C e l l .

The d e n s i t y  (d) was found  by f l o t a t i o n  o f  sm a ll c r y s t a l s  

i n  a s o lu t io n  o f  s i l v e r  n i t r a t e  a t  2 0 °C. The v a lu e  

o b ta in e d  was I . 4 9 6 . The number o f  m o le c u le s  (n ) p er  u n i t  

c e l l  can now be c a lc u la t e d  u s in g  th e  fo rm u la  n = VdN/M, 

where V i s  th e  volum e o f  th e  u n i t  c e l l ;  N i s  A vogadro»s  

number = 6 .0 2 3  x  1G23 ; M i s  th e  m o le c u la r  w e ig h t  o f  th e  

compound. In  t h i s  way n  i s  c a lc u la t e d  a s  2 .0 2 4 ,  and rolanded 

o f f  to  th e  n e a r e s t  w h ole  number i . e .  2 . The c a l c u la t e d  

v a lu e  o f  th e  d e n s i t y ,  u s in g  n  = 2 , i s  fou n d  to  b e 1 .4 7 7  w h ich  

i s  in  good agreem ent w ith  th e  m easured  v a lu e  o f  I . 4 9 6 .  

M easurem ent o f  I n t e n s i t i e s .

A l l  th r e e  z o n e s , i . e .  (h O l) , (hkO) and (O k l) ,  w ere  

e x p lo r e d  in  d e t a i l  by m o v in g -f ilm  m eth od s. Long e x p o su r e s  

o f  th e  e q u a to r ia l  la y e r  l i n e s  f o r  c r y s t a l s  r o t a t e d  ab ou t th e  

a , b and c a x es  w ere o b ta in e d . The m u lt ip le  f i l m  te c h n iq u e  

(41 ) was u sed  i n  th e  c o r r e la t io n  o f  th e  i n t e n s i t i e s ,  a l l  o f  which 

w ere e s t im a te d  v i s u a l l y .  The t o t a l  ra n g e o f  i n t e n s i t i e s



-  42 -

co v er e d  was about 6 ,0 0 0  to  1 .  The a b s o lu te  s c a l e  o f  F 

v a lu e s  was n o t  o b ta in e d  d i r e c t l y ,  b u t  by c o r r e l a t i o n  w ith  th e  

c a lc u la t e d  F v a lu e s .  S in c e  t h i s  in v o lv e s  a s c a t t e r i n g  c u r v e ,  

th e  s c a le  may n o t  b e  q u i t e  a c c u r a te .  T h is , h o w ev er , w i l l  

n o t  a f f e c t  th e  p o s i t i o n s  o f  th e  a to m ic  c e n t r e s ,  b u t o n ly  th e  

v e r t i c a l  s c a le  o f  th e  c o n to u r  m aps. The a to m ic  s c a t t e r in g  

f a c t o r  u sed  was b a se d  m a in ly  on a b s o lu te  m easu rem en ts o b ta in e d  

from  a n th ra cen e  ( 4 2 ) .

Sm all c r y s t a l  sp ec im en s w ere em p loyed . The two 

sp ecim en s u sed  i n  th e  (hO l) zone had c r o s s - s e c t i o n s  o f  

0.19mm by 0.22mm, and 0 .3 1  mm by 0.45mm. T h ese  c r y s t a l s  w ere  

b o th  s u f f i c i e n t l y  lo n g  to  c u t  c o m p le te ly  th rou gh  th e  X -ra y  

beam. In  th e  (hkO) and (O kl) zo n es  th e  c r y s t a l  sp ecim en  

had th e  more ex trem e c r o s s - s e c t i o n  o f  0 .2 5  mm by 0 .91m m . I n  

th e s e  c a s e s ,  th e  c r y s t a l  was c o m p le te ly  b a th e d  i n  th e  X -ra y  

beam. No a b so r p t io n  c o r r e c t io n s  w ere a p p l ie d .  jftn 

a b so r p t io n  c o r r e c t io n  was a p p lie d  to  th e  (hkO) zon e  

o r i g i n a l l y ,  b u t th e  d is c r e p a n c y  i n  t h i s  zone im proved  con­

s i d e r a b l y  on rem oval o f  t h i s  c o r r e c t io n  f a c t o r .

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

p la n e s  ( 200) ,  (001 ) and ( 201 ) a re  c o n s id e r a b ly  lo w e r  th a n  th e  

c a lc u la t e d  v a lu e s .  T h is  i s  p r o b a b ly  due to  e x t i n c t i o n .
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The (OOl) p la n e  o b se r v e d  i n  th e  (O kl) zon e g a v e  a. b e t t e r

agreem en t, and t h i s  was ad o p ted  as m ost l i k e l y  to  b e  c o r r e c t .

In  th e  (hO l) zon e n o t  o n ly  had th e  (001 ) p la n e  a lo w e r  

o b se rv ed  v a lu e  o f  th e  s t r u c t u r e  f a c t o r  th an  i n  th e  (O kl) 

z o n e , b u t a l l  th e  (001) p la n e s  were d e c id e d ly  lo w e r . S in c e  

th e  agreem ent i n  th e  ' (O kl) zon e b etw een  F o b s .  and F c a l c ,  

was b e t t e r ,  i t  was d ec id e d  to  adopt t h e s e  o b se r v e d  v a lu e s  a s  

c o r r e c t .  However th e  f i n a l  F o u r ie r  a n a ly s i s  had in c lu d e d  

th e  v a lu e s  o b ta in e d  from  th e  (hO l) zo n e . I n s t e a d  o f  

r e p e a t in g  th e  a n a l y s i s ,  th e  maximum p o s s i b l e  s h i f t  o f  any  

a to m ic  c o - o r d in a t e  was c a l c u la t e d ,  assum ing t h a t  t h i s  w ould  

a r i s e  when a l l  th e  in c r e a s e s  c o n tr ib u te d  i n  th e  same 

d ir e c t io n  a t  one p o in t .

t  o b s .  f o r  (O kl) -  F o b s . f o r  (hOl) »
Thus  -------      - - -  = 0 .0 2 1  e le c tr o n  p er A

Area o f  p r o j e c t io n

Taking th e  g r e a t e s t  d i s t a n c e  b etw een  two su b se q u en t co n to u r

l i n e s  a t  a peak  on th e  e l e c t r o n  d e n s i t y  d iagram  ( t h i s  v a lu e

b e in g  0 . 116a ) ,  th e  g r e a t e s t  p o s s i b l e  s h i f t  o f  any in d iv id u a l

a tom ic c e n tr e  o f  th e  16 atom s i n  th e  asym m etric  u n i t  w ou ld  b e

0 ,1 1 6 x  0 .0 2 1 A  = 0 .0 0 2 4 A . T h is  i s  w e l l  w ith in  th e  p r o b a b lf

e x p e r im e n ta l e r r o r  in  th e  p o s i t i o n  o f  a to m ic  c e n t r e s ,  w h ich

w i l l  b e  o f  th e  o r d e r  0 .0 2  o r  0 .0 3 A .

T r ia l  A n a ly s is

From th e  tr a c in g  o f  th e  sm a ll—sp a c in g  p la n e s  o f  s tr o n g



i n t e n s i t y ,  an ap p rox im ate e s t im a te  o f  th e  a tom ic  p o s i t i o n s  was 

o b ta in e d . From t h i s  th e  o r i e n t a t i o n  o f  th e  m o le c u le  was 

c a lc u la t e d .  The f i r s t  t r i a l  s t r u c t u r e  was o b ta in e d  by assu m in g
l

th e  o v a le n e  m o le c u le  to  b e  p la n a r ,  and to  c o n s i s t  e n t i r e l y  o f  

r e g u la r  h exagon s o f  s id e  1 . 39A. Knowing th e  o r i e n t a t i o n  o f  th e  

m o le c u le  and th e  m o le c u la r  d im e n s io n s , th e  c o - o r d in a t e s  o f  th e  | 

atom s can  be c a lc u la t e d .  A r e f in e m e n t  o f  t h e s e  a to m ic  

p o s i t i o n s  was c a r r ie d  o u t ,  u s in g  th e  d o u b le  F o u r ie r  S e r ie s  

m eth od s.

F o u r ie r  A n a ly s is

The e le c t r o n  d e n s i t y  on th e  ac p lane (0 1 0 ) ,  was com peted  

a t  1 ,8 0 0  p o in t s  on th e  asym m etric  u n i t  from  th e  s e r i e s

The a - a x is  was d iv id e d  i n t o  120 p a r t s ,  and th e  c - a x i s  i n t o  60 

p a r t s ,  th e  i n t e r v a l s  a lo n g  a b e in g  0 .1 6 2 A . , and a lo n g  £

O .169A ., and th e  summation was c a r r ie d  o u t  by  means o f  t h r e e -
;

f ig u r e  s t r i p s  ( 4 3 ) .  The p o s i t i o n s  o f  th e  co n to u r  l i n e s  

were o b ta in e d  by g r a p h ic a l  i n t e r p o l a t i o n  o f  th e  sum m ation
i

t o t a l s ,  b y  making s e c t io n s  o f  th e  rows and co lu m n s. The f i n a l  j 

con tou r map o b ta in e d  i s  shown i n  F ig .  8 

C a lc u la t io n  o f  th e  O r ie n ta t io n

In  o r d e r  to  c a l c u l a t e  th e  o r i e n t a t i o n  i t  i s  n e c e s s a r y  to
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assum e some d is t a n c e  i n  sp a c e  o f  th e  m o le c u le .  In  t h i s  c a s e  

i t  was assum ed th a t  th e  d is t a n c e  LN was t h a t  o f  a s im i la r  

d is t a n c e  in  a r e g u la r  h exagon  o f  s id e  1.45A; i . e .  LN = 1. 4 3 / 5  A. 

I t  i s  a ls o  n e c e s s a r y  to  know th e  a n g le s  w hich  th e  L and M 

m o le c u la r  a x es  make w ith  th e  a c r y s t a l lo g r a p h ic  a x i s ,  i . e .

%  and . The co m p le te  o r i e n t a t io n  o f  th e  m o le c u le  may th en  

b e o b ta in e d  from  th e  r e l a t i o n s

(1 ) c o s 2Xt.+ c o s ^  + c o s 2̂ =  1 (7) c o s ^ =  c o s X l  t a n ^

( 2) cos*Xm+ c o s Zifrt+ c o s 8̂ =  1 ( 8 ) c o s c o s X w t a n ^ w

( 5) c o s % *  c o s %  + co s* W =  1 ( 9 ) = 5 1 . 5 °

(4) cos^L COS% M +  COS COS +  C O S ^ C O S ^ n  = 0

( 5 )  COS X ^ C O s X n +  COS tyL C O S^ iV  +  C O S ^  C O S =  0

( 6 ) COsX-hCOsXh + c o s  c o s  + cos^MCOs^w = 0

The v a lu e  o f  ^ i s  o b ta in e d  from  th e  r e l a t i o n  s in  Vi. = r /R ,

where r  = l e n g t h  o f  LN in  p r o j e c t io n  and R = th e  r e a l  l e n g t h  o f  

LN. In  a c t u a l  f a c t  th e  d is t a n c e  u se d  was t h a t  J o in in g  th e  mid­

p o in t s  o f  LL1 and NO, s in c e  t h i s  l i n e  w i l l  l i e  a lo n g  th e  L 

m o le c u la r  a x i s .

Ih e n  e q u a t io n s  ( 7) and ( 8 ) a re  tak en  i n  c o n ju n c t io n  w ith  

th e  e q u a t io n s  r e l a t i n g  o r i e n t a t i o n ,  mono c l i n i c  c o - o r d in a t e s  and 

r e c ta n g u la r  c o - o r d in a t e s  ( s e e  l a t e r ) ,  and a l s o  th e  f a c t  t h a t  

L* (L m o le c u la r  c o - o r d in a t e  o f  a) = L T and M* = -  Mr due to
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th e  m o le c u la r  sym m etry, th e  f o l lo w in g  r e l a t i o n s  may be  

d e r iv e d .

ta n '1? = ( z r+ z g) s i n ^  tan"ZM= ( z r-  z a) s i n l
(Xr + X,J + (Zr + ZjCOSfl (Xj.- x fl) + ( z , -  z^jccs^

From th e s e  r e l a t i o n s  i t  i s  p o s s i b l e  to  c a l c u l a t e  s e v e r a l  v a lu e s

o f  ^  and^M f o r  d i f f e r e n t  p a ir s  o f  atom s ( e . g .  A and J ;  B and I ;

e t c . )  The mean v a lu e  was th e  on e f i n a l l y  u se d . Thus % ±B

fou n d  to  be 2 4 .8 5 ° -  0 .2 5 %  and to  b e  -  77*9° -  0 . 4 5 ° .

The r e s u l t s  o f  th e  c a l c u l a t i o n ,  i . e .  th e  o r i e n t a t i o n  o b ta in e d ,

a re  g iv e n  in  T ab le 1 .

C o -o r d in a te s  o f  Atoms and M o lec u la r  D im en sion s

I f  a l l  th e  h ex a g o n s  i n  o v a le n e  w ere r e g u la r ,  no d i s t o r t i o n  

e f f e c t s  w ould be s e e n . T h is  i s  n o t  s o ,  h o w ev er . Atom s, w h ich  

w ould be e x p e c te d  to  l i e  on a s t r a i g h t  l i n e ,  i f  th e  h ex a g o n s  

w ere r e g u la r , a re  c o n s id e r a b ly  d i s p la c e d .  T h is  e f f e c t  was 

a l s o  n o t ic e d  i n  c o r o n e n e . The f i n a l l y  a c c e p te d  m odel o f  

o v a le n e  was th a t  whose m o le c u la r  c o - o r d in a t e s  a re  g iv e n  i n  

T a b le  4 . Ih e n  t h e s e  c o - o r d in a t e s  a r e  com bined w ith  th e  

o r ie n t a t io n  a n g le s  a c c o r d in g  to  th e  r e l a t i o n s

x»= L c o s )(t  + M cos'Xh x  = x* -  z * c o t3

y  = L c o s Ift, + M c o s 9 ii  z = e o s e c $

z ! = L c o s t f u +  M cos^i-i

we o b ta in  th e  r e c ta n g u la r  c o - o r d in a t e s  ( x 1,  y ,  z f ) r e f e r r e d
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to  th e  a and b c r y s t a l  a x es  and t h e ir  p e r p e n d ic u la r  c ' ,  o r  th e  

m o n o c lin ie  c r y s t a l  c o - o r d in a t e s .  The l a t t e r  a re  c o l l e c t e d  i n  

T a b le  5 under coluinn ( a ) ,  and a ls o  p l o t t e d  i n  F ig .  1 5  w h ich  i s  

th e  c o n to u r  map o f  th e  asym m etric  u n i t .

F ig u r e  1 5 , __

120'

—3 0 <-fo‘

S tr u c tu r e  F a c to r s .
■ )    ■"..............

The c o - o r d in a t e s  o f  F ig .  15 and T a b le  5 (a ) w ere u se d  i n

t h e  f i n a l  c a lc u la t io n  o f  th e  s tr u c t u r e  f a c t o r s ,  w hich  a r e

shown i n  th e  f o l lo w in g  T a b le  under F c a l c .  The agreem en t

b etw een  th e  o b se rv e d  and c a lc u la t e d  v a lu e s  o f  F , e x p r e s s e d

i n  th e  u s u a l  way as a sum o f  a l l  th e  d is c r e p a n c ie s  d iv id e d  by

th e  sum o f  th e  m easured s t r u c t u r e  f a c t o r s ,  i s  1 5 -2 $  f o r  th e

(hO l) r e f l e c t i o n s ,  1 4 .5 $  f o r  th e  (hkO) r e f l e c t i o n s  and 1 2 .9 $

f o r  th e  (O kl) r e f l e c t i o n s .  The o v e r a l l  agreem ent b etw een  th e

o b se r v e d  and c a lc u la t e d  v a lu e s  o f  F f o r  th e  th r e e  z o n e s  i s

1 4 .8 $ .  T h is  i s  o f  ab ou t th e  o rd er  u s u a l ly  e n c o u n te re d  i n

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



Measured and calculated values ©f the structure factor# (Ovalene)

h k l 2 s i n 0
P

me a s
2 0 0 0 . 1 6 4 5 5 . 5
4 0 0 0 . 3 2 8 4 - 4 .9
6 0 0 0 . 4 9 2 2 0 . 6
8 0 0 0 . 6 5 6 2 . 5
1 0 , 0 0 0 . 8 2 0 2 . 0
1 2 , 0 0 0 . 9 8 4 4 . 0
1 4 , 0 0 1 . 1 4 8 4 . 3
1 6 ? 0 0 1 . 3 1 2 7 . 0
1 8 , 0 0 1 . 4 7 6 1 2 . 3
2 0 , 0 0 1 . 6 4 0 2 9 . 3
2 2 , 0 0 1 . 8 0 4 3 . 0
2 4 ,  @0 1 . 9 6 8 < 1 . 2
0 0 1 0 . 1 5 8 6 7 . 1
0 0 2 0 . 3 1 6 3 2 . 0
0 0 3 0 . 4 7 4 8 . 5
0 0 4 0 . 6 3 2 3 . 4
0 0 5 0 . 7 9 0 1 1 . 1
0 0 6 0 . 9 4 8 1 2 . 3
0 0 7 1 . 1 0 6 8 . 7
0 0 8 1 . 2 6 4 6 . 6
0 0 9 1 . 4 2 2 5 . 6
0 0 , 1 0 1 . 5 8 0 < 2 . 7
0 0 , 1 1 1 . 7 3 8 4  2 . 3
0 0 , 1 2 1 . 8 9 6 1 9 . 5
2 0 , 1 2 1 . 9 4 9 7 . 6
2 0 , 1 1 1 . 7 8 9 2 . 1
2 0 , 1 0 1 . 6 3 1 6 . 6
2 0 9 1 . 4 7 7 1 0 . 5
2 0 8 1 . 3 1 8 2 1 . 1
2 0 7 1 . 1 6 1 9 . 7
2 0 6 1 . 0 0 3 7 . 0
2 0 5 0 . 8 4 9 7 . 8
2 0 4 0 . 6 9 4 3 . 9
2 0 3 0 * 5 4 0 5 . 8
2 0 2 0 . 3 9 4 1 4 . 4
2 0 1 0 . 2 5 7 2 7 . 6
2 0 T 0 . 1 9 6 4 3 . 3
2 0 £ 0 . 3 1 7 4 2 . 7
2 0 F 0 . 4 6 0 3 4 . 3
2 0 ? 0 . 6 1 0 2 1 . 7
2 0 F 0 . 7 6 4 1 2 . 5
2 0 F 0 . 9 2 0 1 0 . 3

P
c a l c . h k l

+ 6 9 . 6 2 ® 7
- 4 4 . 9 2 0 F
+ 1 9 . 3 2 0 F
-  2 . 7 2 0 I F
+  0 . 1 2 0 T T
-  5 . 0 2 0 T 2
+  6 . 0 4 0 , 1 1
-  6 . 8 4 0 , 1 0
+ 1 0 . 2 4 0 9
+ 2 9 . 1 4 0 8
+  1 . 5 4 0 7
-  2 . 8 4 0 6

+ 7 4 . 2 4 0 5
- 3 7 . 9 4 0 4

+  8 . 6 4 0 3
+  2 . 4 4 0 2
+ 1 1 . 4 4 0 1
- 1 1 . 2 4 0 1
+ 8 . 3 4 0 2
+  9 . 2 4 0 F
+  5 . 6 4 0 ?
-  1 . 1 4 0 F
-  0 . 2 4 0 F

+ 1 5 . 4 4 0 7
+• 5 . 1 4 0 2
-  0 . 3 4 0 2
-  4 . 3 4 0 l 0

+  7 . 9 4 0 T T
- 1 8 . 8 4 0 T 2
-  9 . 1 4 0 I F
+  6 . 7 6 0 , 1 1
-  7 . 2 6 0 , 1 0
+ 4 . 1 6 0 9
-  6 . 5 6 0 8

+  1 4 . 6 6 0 7
—3 1 . 6 6 0 6
+ 5 9 . 1 6 0 5
- 4 3 . 1 6 0 4
+ 3 4  . 9 6 0 3
- 1 9 . 9 6 0 2
- 1 3 . 3 6 0 1  *
+ 1 1 . 3 6 0 T

P F
2 s i n © m e a t . c a l c
1 . 0 7 8 6 * 4 -  6 . 8
1 . 2 3 3 2 . 7 -  4 . 7
1 . 3 9 0 4 . 8 -  6 . 6
1 . 5 4 8 <  2 . 7 -  1 . 3
1 . 7 0 1 <  2 . 4 +  0 . 8
1 . 8 6 0 5 . 0 +  5 . 0
1 . 8 5 4 < 1 . 9 +  0 . 1
1 . 6 9 8 <  2 . 4 -  0 . 8
1 . 5 4 2 1 0 . 2 +  8 . 2
1 . 3 8 8 2 4 . 2 - 2 6 . 2
1 . 2 3 4 6 1 . 2 - 6 6 . 5
1 . 0 8 2 3 . 5 -  3 . 0
0 . 9 3 2 5 . 9 +  5 * 6
0 . 7 8 6 5 . 2 -  4 . 5
0 . 6 4 5 2 . 4 -  6 . 3
0 . 5 1 3 7 . 5 -  2 . 8
0 . 4 0 1 2 5 . 7 + 2 3 . 4
0 . 3 2 6 2 7 . 3 - 3 1 . 0
0 . 3 9 2 1 9 . 9 - 2 6 . 6
0 . 5 0 2 1 9 . 3 + 1 8 . 5
0 . 6 3 4 2 4 . 1 - 1 9 . 3
0 . 7 7 3 6 6 . 4 - 7 2 . 8
0 . 9 2 0 1 1 . 4 - 1 1 . 1
1 . 0 7 1 6 . 2 +  5 . 4
1 . 2 2 0 <  2 . 7 +  2 . 4
1 . 3 7 6 3 . 5 +  4 . 7
1 . 5 2 8 <  2 . 7 +  2 . 2
1 . 6 8 2 <  2 . 5 +  0 . 7
1 . 8 4 0 <  1 . 9 -  2 . 7
1 . 9 9 2 <  0 . 9 -  3 . 2
1 . 9 2 9 <  1 . 5 -  0 . 1
1 . 7 7 8 < 2 . 2 +  0 . 3
1 . 6 2 3 <  2 . 6 -  0 . 9
1 . 4 7 4 6 . 0 +  5 . 5
1 . 3 2 5 2 2 . 6 - 1 8 . 0
1 . 1 7 9 1 0 . 4 — 5 . 0
1 . 0 3 7 1 0 . 5 +  9 . 4
0 . 9 0 0 1 6 . 4 - 1 6 . 0
0 . 7 7 1 2 5 . 4 +  2 6 . 0
0 . 6 5 4 1 . 7 -  2 . 7
0 . 5 5 7 2 0 . 6 - 1 3 . 1
0 . 4 7 8 2 1 . 3 + 1 7 . 5
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P P P F
h k l 2 s i n 0 m e a s . 0 8 1 0  • h k l 2 s l n © m e a s . e a l e

6 0 F 0 . 5 1 3 2 2 . 3 +  2 2 . 5 1 0 OF 0 . 9 8 0 3 . 4 -  2 . 4
e o y 0 . 5 8 8 < 1 . 6 +  1 . 5 1 0 OF 1 . 0 8 4 7 . 4 -  8 . 9
6 0 ? 0 . 6 9 4 < 1 . 8 -  1 . 4 1 0 0 7 1 . 1 9 7 5 . 7 -  6 . 5
6 0 5 0 . 8 0 8 1 7 . 3 - 2 1 . 3 1 0 OF 1 . 3 1 9 <  2 . 8 -  3 . 0
6 0 6 0 . 9 5 1 1 1 . 1 - 1 0 . 1 1 0 OF 1 . 4 4 8 4 . 2 +  6 * 8
6 0 T 1 . 0 9 0 4 . 3 +  2 . 3 1 0 O I F 1 . 5 8 5 7 . 6 -  4 . 8
6 0 F 1 . 2 3 3 <  2 . 7 -  1 . 6 1 0 o n 1 . 7 1 9 4 . 1 -  4 . 6
6 0 F 1 . 3 8 0 2 . 8 -  1 . 9 1 0 O l F 1 . 8 6 3 5 . 3 +  5 . 5
6 0 T F 1 . 5 3 0 5 . 9 -  1 . 5 1 2 0 9 1 . 9 3 5 1 1 . 4 -  9 . 1
6 o i x 1 . 6 7 9 <  2 . 5 +  0 . 7 1 2 0 8 1 . 8 0 1 <  2 . 1 +  1 . 0
6 0 l F 1 . 8 3 0 < 2 . 0 +  0 . 1 1 2 0 7 1 . 6 7 0 < 2 . 5 -  0 . 4
6 0 l 3 1 . 9 8 4 < 1 . 0 +  2 . 3 1 2 0 6 1 . 5 4 2 <  2 . 7 +  2 . 6
8 0 , 1 0 1 . 8 6 4 <  1 . 9 +  1 . 3 1 2 0 5 1 . 4 2 2 2 . 8 +  3 . 7
8 0 9 1 . 7 0 9 <  2 . 4 -  2 . 2 1 2 0 4 1 . 3 0 8 3 . 9 +  3 . 7
8 0 8 1 . 5 7 2 2 . 7 -  1 . 3 1 2 0 3 1 . 2 0 3 <  2 . 7 — 2 . 4
8 0 7 1 . 4 2 9 8 . 4 +  1 0 . 9 1 2 0 2 1 . 1 1 4 9 . 5 — 8 . 8
8 0 6 1 . 2 9 0 3 . 5 +  6 * 5 1 2 0 1 1 . 0 4 2 7 . 2 -  9 . 0
8 0 5 1 . 1 5 6 5 . 6 +  5 . 9 1 2 OT 0 . 9 5 9 3 . 9 -  3 . 8
8 0 4 1 . 0 2 8 1 0 . 5 - 1 1 . 9 1 2 02* 0 . 9 5 6 2 9 . 9 + 2 6 . 9
8 0 3 0 . 9 0 8 3 0 . 8 + 2 7  . 4 1 2 OF 0 . 9 7 8 5 2 . 5 + 4 6 . 7
8 0 2 0 . 8 0 2 6 4 . 8 +  5 9 . 1 1 2 OT 1 . 0 2 6 <  2 . 4 +  1 . 5
8 0 1 0 . 7 1 8 <  1 . 8 +  1 . 4 1 2 OF 1 . 0 9 4 3 . 5 -  5 . 0
8 0 T 0 . 6 3 7 8 . 9 -  7 . 4 1 2 OF 1 . 1 7 6 4 . 5 +  3  . 5
8 0 F 0 . 6 5 2 1 5 . 6 • 1 2 . 8 1 2 O f 1 . 2 7 9 6 . 7 +  6 . 8
SOS’ 0 . 7 0 6 8 . 0 — 8 . 8 1 2 OF 1 . 3 8 8 3 . 5 +  3 . 1
8 0 ? 0 . 7 8 4 <  1 . 9 +  1 . 2 1 2 O F 1 . 5 0 6 2 . 8 -  4 . 2
8 0 F 0 . 8 8 7 1 0 . 0 +  1 1 . 6 1 2 o T F 1 . 6 1 6 <  2 . 6 +  3 . 1
8  0 5 1 . 0 0 4 7 . 0 +  1 0 . 6 1 2 OTT 1 . 7 6 3 2 . 2 +  0 . 7
QOW 1 . 1 3 1 3 . 6 +  5 . 0 1 2 o I F 1 . 9 0 2 l . f c : +  2 . 3
8 0 F 1 . 2 6 8 <  2 . 7 +  1 . 7 1 4 0 8 1 . 9 2 5 3 . 5 -  2 . 2
8 0 F 1 . 4 0 7 6 . 9 -  7 . 9 1 4 0 7 1 . 7 9 9 < 2 . 1 -  0 . 1
8 0 1 0 1 . 5 4 6 2 2 . 2 - 1 8 . 5 1 4 0 6 1 . 6 7 8 <  2 . 5 +  1 . 5
8 0 I T 1 . 6 8 9 3 . 8 -  3 . 8 1 4 0 5 1 . 5 6 2 2 . 7 -  2 . 6
8 0 I F 1 . 8 4 0 <  1 . 9 +  2 . 6 1 4 0 4 1 . 4 5 3 2 . 8 -  3 . 5
8 oT F 1 . 9 8 8 <  1 . 0 -  1 . 0 1 4 0 3 1 . 3 5 8 <  2 . 8 -  0 . 3
1 0 , 0 , 1 0 1 . 9 6 5 6 . 2 -  5 . 7 1 4 0 2 1 . 2 7 4 3 . 9 +  3 . 6
1 0 , 0 9 1 . 8 2 2 2 . 0 +  3 . 4 1 4 0 1 1 . 2 0 5 8 . 0 +  7 . 5
1 0 , 0 8 1 . 6 8 1 <  2 . 5 +  0 . 5 1 4 OT 1 . 1 2 1 <  2 . 5 +  0 . 3
1 0 , 0 7 1 . 5 4 7 4 . 2 -  4 . 0 1 4 O F 1 . 1 1 2 4 . 4 -  7 . 4
1 0 , 0 6 1 . 4 1 3 2 . 8 £  5 . 4 1 4 O F 1 . 1 1 5 1 9 . 2 + 1 7 . 7
1 0 , 0 5 1 . 2 8 5 4 . 8 -  5 . 2 1 4 o T 1 . 1 5 8 2 . 6 +  1 . 01 0 , 0 4 1 . 1 6 1 2 . 6 -  1 . 3 1 4 O F 1 . 2 1 4 4 . 6 -  7 . 3
1 0 , 0 3 1 . 0 5 2 < 2 . 4 — 0 . 3 1 4 O F 1 . 2 8 6 8 . 2 +  9 . 21 0 , 0 2 0 . 9 5 7 1 8 . 4 + 1 6 . 0 1 4 0 7 1 . 3 7 2 1 0 . 5 - 1 0 . 21 0 , 0 1 0 . 8 7 8 6 . 4 '"+ 8 . 9 1 4 OF 1 . 4 7 0 4 . 8 +  0 . 41 0 , o T 0 . 7 9 8 2 . 0 -  0 . 7 1 4 O F 1 . 5 7 9 <  2 . 7 +  2 . 01 0 , 0 2 0 . 8 0 3 8 . 4 +  5 . 1 1 4 o l o 1 . 6 9 5 <  2 . 5 — 2 . 81 0 , OF 0 . 8 3 8 6 . 5 +  7 . 2 1 4 o T T 1 . 8 1 8 <  2 . 1 +  0 . 91 0 ,  ©¥ 0 . 8 9 9 <  2 . 1 + 0 . 1 1 4 o I F 1 . 9 4 4 <  1 . 4 -  0 . 7
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F P
h k l 2 s  in j0 m e a s . c a l c

1 6 0 7 1 . 9 3 0 < 1 . 5 ■+ 1 . 8
1 6 0 6 1 . 8 1 6 < 2 . 1 +  0 . 9
1 6 0 5 1 . 7 0 3 1 2 . 6 - 1 4 . 2
1 6 0 4 1 . 6 0 4 1 7 . 1 - 1 7 . 0
1 6 0 3 1 . 5 1 3 <  2 . 8 +  2 . 1
1 6 0 2 1 . 4 3 6 < 2 . 8 -  0 . 1
1 6 0 1 1 . 3 6 9 5 . 0 -  2 . 9
1 6 OT 1 . 2 8 8 < 2 . 7 +  1 . 2
1 6 0 2 1 . 2 7 4 4 . 7 + 4 . 8
1 6 OS 1 . 2 8 0 8 . 2 -  7 . 2
1 6 0 * 1 . 3 0 4 3 . 9 -  3 . 0
1 6 OF 1 . 3 4 9 <  2 . 8 -  3 . 1
1 6 OF 1 . 4 1 4 6 . 9 ‘♦‘ 8 . 2
1 6 0 7 1 . 4 8 4 2 5 . 1 - 2 4 . 2
1 6 OF 1 . 5 6 8 4 0 . 3 - 3 6 . 4
1 6 OF 1 . 6 6 9 <  2 . 5 + 0 . 6
1 6 O l F 1 . 7 7 4 3 . 1 +  2 . 4
1 6 o i x 1 . 8 8 8 <  1 . 7 + 0 . 1
1 8 0 6 1 . 9 6 2 <  1 . 3 +  1 . 1
1 8 0 5 1 . 8 5 5 < 1 . 9 +  0 . 5
1 8 0 4 1 . 7 5 7 1 0 . 6 -  8 . 5
1 8 0 3 1 . 6 7 1 <  2 . 5 + 4 . 0
1 8 0 2 1 . 5 9 7 <  2 . 7 + 0 . 8
1 8 0 1 1 . 5 3 2 4 . 8 - 4 . 4
1 8 0 1 1 . 4 4 8 4 . 0 -  2 . 9
1 8 0 2 1 . 4 3 2 <  2 . 8 +  1 . 0
1 8 0 3 1 . 4 3 4 2 . 8 +  1 . 7
1 8 O l 1 . 4 5 0 <  2 . 8 -  0 . 3
1 8 OF 1 . 4 8 7 <  2 . 8 +  0 . 5
1 8 OF 1 . 5 3 9 <  2 . 7 +  0 . 4
1 8 0 7 1 . 6 0 2 < 2 . 7 +  1 . 8
1 8 OF 1 . 6 7 8 1 8 . 9 - 1 7 . 3
1 8 0 2 1 . 7 6 4 3 . 9 -  3 . 6
1 8 o lo 1 . 8 6 5 2 . 6 + 3 . 5
1 8 OTT 1 . 9 6 9 4 . 9 -  4 . 2
2 0 0 4 1 . 9 1 4 2 . 8 + 3 . 0
2 0 0 3 1 * 8 3 0 <  2 . 0 +  1 . 1
2 0 0 2 1 . 7 5 6 <  2 . 3 -  0 . 4
2 0 0 1 1 . 6 9 4 <  2 . 5 -  4 . 8
2 0 O l 1 . 6 1 4 3 4 . 5 +  2 8 . 2
2 0 0 2 1 . 5 9 6 <  2 . 7 -  4 . 5
2 0 03 1 . 5 9 2 <  2 . 7 + 0 . 4
2 0 04* 1 . 6 0 6 <  2 . 6 -  0 . 4
2 0 OF” 1 . 6 3 0 <  2 . 6 +  1 . 8
2 0 0 6 1 . 6 7 6 <  2 . 5 -  2 . 6
2 0 0 7 1 . 7 3 0 - — 2 . 3 -  0 . 3
2 0 O F 1 . 7 9 8 6 . 4 +  7 . 4
2 0 OF 1 . 8 7 5 4*4 +  3 . 7

h k l 2  s i n ©
P

me a s .
P

c a l c
2 0 , 0 T F 1 . 9 6 0 5 . 8 +  3 . 7
2 2 , 0 3 1 . 9 8 8 < 1 . 1 — 0 . 8
2 2 , 0 2 1 . 9 1 9 <  1 . 6 +  0 . 4
2 2 , 0 1 1 . 8 6 0 <  1 . 9 -  2 . 3
2 2 , 0 1 1 . 7 8 0 1 7 . 8 +  1 6 . 0
2 2 ,  OF 1 . 7 6 0 <  2 . 3 -  1 . 4
2 2 , OF 1 . 7 5 0 <  2 . 3 -  0 . 7
2 2 , 0 ? 1 . 7 5 8 <  2 . 3 +  2 . 4
2 2 , OF 1 . 7 7 8 6 . 0 -  6 . 1
2 2 , 0 6 1 . 8 1 0 <  2 . 1 +  3 . 4
2 2 , OF 1 . 8 5 9 <  1 . 9 -  0 * 9
2 2 ,  O F 1 . 9 1 8 < 1 . 6 -  1 . 9
2 2 , OF 1 . 9 5 6 <  1 . 0 -  2 . 3
2 4 ,  OT 1 . 9 4 2 5 . 7 -  6 . 2
2 4 ,  OF 1 . 9 1 8 4 . 8 — 3  . 9
2 4 , OF 1 . 9 1 1 <  1 . 6 -  1 . 8
2 4 , 0 ¥ 1 . 9 1 2 <  1 . 6 +  4 . 1
2 4 ,  OF 1 . 9 2 8 1 0 . 8 - 1 1 . 5
2 4 , OF 1 . 9 5 6 8 . 4 -  9 * 3
0 2 0 0 . 6 5 6 7 . 9 -  5 . 7
0 4 0 1 . 3 1 2 5 . 4 -  6 . 5
0 6 0 1 . 9 6 8 <  2 . 4 +  2 . 1
1 1 0 0 . 3 3 9 5 . 2 -  7 . 3
2 1 0 0 . 3 6 7 2 9 . 6 - 4 0 . 4
3 1 0 0 . 4 1 2 8 1 . 6 +  8 2 . 6
4 1 0 0 . 4 6 4 5 3 . 3 - 5 6 . 0
5 1 0 0 . 5 2 5 1 2 . 0 +  1 1 . 2
6 1 0 0 . 5 9 2 1 1 . 6 +  9 . 0
7 1 0 0 . 6 6 1 7 . 2 -  8 . 1
8 1 0 0 . 7 3 3 8 . 6 -  6 . 6
9 1 0 0 . 8 0 6 3 . 9 +  2 . 3
1 0 , 1 , 0 0 . 8 8 3 5 . 1 +  2Q
1 1 , 1 , 0 0 . 9 5 9 < 4 . 4 -  0  S
1 2 , 1 , 0 1 . 0 3 8 < 4 . 7 +  0 . 3
1 3 , 1 , 0 1 . 1 1 8 4 . 9 -  4 . 1
1 4 , 1 , 0 1 . 1 9 3 <  5 . 1 -  1 . 6
1 5 , 1 , 0 1 . 2 8 0 1 2 . 5 + 1 1 . 7
1 6 , 1 , 0 1 . 3 5 4 2 9 . 8 +  2 8  . 0
1 7 , 1 , 0 1 . 4 3 5 2 8 . 3 +  2 4 . 1
1 8 , 1 , 0 1 . 5 0 8 1 1 . 4 +  9 . 9
1 9 , 1 , 0 1 . 5 9 7 5 . 2 +  0 . 9
2 0 , 1 , 0 1 . 6 7 0 < 4 . 9 -  3 . 3
2 1 , 1 , 0 1 . 7 5 8 <  4 . 4 -  3 . 5
2 2 , 1 , 0 1 . 8 3 1 <  3 . 9 +  0 . 1
2 3 , 1 , 0 1 . 9 1 9 2 . 9 +  3 . 4
2 4 , 1 , 0 1 . 9 8 8 <  2 . 0 +  0 . 3
1 2 0 0 . 6 6 4 1 3 . 9 —1 5 . 9
2 2 0 0 . 6 7 7 6 . 0 +  3 . 9
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h k l 2  s i n ©
3 2 0 0 . 7 0 3
4 2 0 0 . 7 3 4
5 2 0 0 . 7 7 6
6 2 0 0 . 8 2 3
7 2 0 0 . 8 7 4
8 2 0 0 . 9 2 8
9 2 0 0 . 9 8 9
1 0 , 2 , 0 1 . 0 5 0
1 1 , 2 , 0 1 . 1 1 4
1 2 , 2 , 0 1 . 1 8 4
1 3 , 2 , 0 1 . 2 4 9
1 4 , 2 , 0 1 . 3 2 2
1 5 , 2 , 0 1 . 3 9 3
1 6 , 2 , 0 1 . 4 6 6
1 7 , 2 , 0 1 . 5 3 8
1 8 , 2 , 0 1 . 6 1 2
1 9 , 2 , 0 1 . 6 8 9
2 0 , 2 , 0 1 . 7 6 6
2 1 , 2 , 0 1 . 8 4 2
2 2 , 2 , 0 1 . 9 1 8
2 3 , 2 , 0 1 . 9 9 0
1 3 0 0 . 9 9 2
2 3 0 0 . 9 9 8
3 3 0 1 . 0 1 6
4 3 0 1 . 0 4 0
5 3 0 1 . 0 6 6
6 3 0 1 . 1 0 1
7 3 0 1 . 1 3 8
8 3 0 1 . 1 8 5
9 3 0 1 . 2 3 5
1 0 , 3 , 0 1 . 2 8 2
1 1 , 3 , 0 1 . 3 3 4
1 2 , 3 , 0 1 . 3 9 2
1 3 , 3 , 0 1 . 4 5 0
1 4 , 3 , 0 1 . 5 1 6
1 5 , 3 , 0 1 . 5 7 5
1 6 , 3 , 0 1 . 6 4 6
1 7 , 3 , 0 1 . 7 0 4
1 8 , 3 , 0 1 . 7 7 6
1 9 , 3 , 0 1 . 8 4 2
2 0 , 3 , 0 1 . 9 1 3
2 1 , 3 , 0 1 . 9 8 3
1 4 0 1 . 3 1 7
2 4 0 1 . 3 2 8
3 4 0 1 . 3 3 8
4 4 0 1 . 3 5 4
5 4 0 1 . 3 7 5
6 4 0 1 . 4 0 6
7 4 0 1 . 4 3 2

F P
me a s  • c a l c

4 . 3 +  6 . 5
6 . 8 -  4 . 6
3 . 8 + 2 . 2
7 . 4 -  5 . 2

<  4 . 1 + 0 . 8
< 4 . 3 -  0 . 9

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

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

< 5 . 4 + 3 . 6
< 5 . 4 + 2 . 3

1 0 . 6 -  8 . 0
< 5 . 1 + 1 . 2
< 4 . 8 + 3 . 5
<  4 . 3 -  0 . 6
< 3 . 8 -  1 . 2
< 2 . 9 + 0 . 6
<  0 . 9 -  0 . 4

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

<  4 . 7 -  1 . 7
6 . 5 + 8 . 8

<  4 . 9 -  0 . 8
<  5 . 0 -  3 . 2
<  5 . 1 -  0 . 5

8 . 3 -  9 . 1
<  5 . 3 + 2 . 6

5 . 4 -  7 . 1
<  5 . 4 -  1 . 6
< 5 . 4 -  2 . 0
< 5 . 4 -  0 . 9
<  5 . 2 + 3 . 0
<  6 . 0 + 2 . 5
< 4 . 7 -  3 . 1

6 . 7 -  4 . 4
8 . 0 + 6 . 0
4 . 3 -  5 . 2

<  1 . 2 + 5 . 0
6 . 6 -  4 . 3

1 2 . 1 + 1 1 . 2
1 2 . 7 - 1 2 . 5
1 1 . 5 + 1 1 . 5

5 . 4 -  5 . 5
< 5 . 4 -  3 . 8
<  5 . 4 -  1 . 0

h k l 2  a in ©
8 4 0 1 . 4 6 8
9 4 0 1 . 5 0 5
1 0 , 4 , 0 1 . 5 5 2
1 1 , 4 , 0 1 . 5 9 1
1 2 , 4 , 0 1 . 6 4 6
1 3 , 4 , 0 1 . 6 9 0
1 4 , 4 , 0 1 . 7 4 8
1 5 , 4 , 0 1 . 7 9 8
1 6 , 4 , 0 1 . 8 5 6
1 7 , 4 , 0 1 . 9 1 6
1 8 , 4 , 0 1 . 9 7 8
1 5 0 1 . 6 4 5
2 5 0 1 . 6 5 4
3 5 0 1 . 6 6 1
4 5 0 1 . 6 7 7
5 5 0 1 . 6 9 3
6 5 0 1 . 7 2 0
7 5 0 1 . 7 3 8
8 5 0 1 . 7 7 2
9 5 0 1 . 7 9 8
1 0 , 5 , 0 1 . 8 3 5
1 1 , 5 , 0 1 . 8 7 3
1 2 , 5 , 0 1 . 9 0 6
1 3 , 5 , 0 1 . 9 5 6
O i l 0 . 3 6 5
0 1 2 0 . 4 5 7
0 1 3 0 . 5 7 8
0 1 4 0 . 7 1 5
0 1 5 0 . 8 5 6
0 1 6 1 . 0 0 2
0 1 7 1 . 1 5 6
0 1 8 1 . 3 0 7
0 1 9 1 . 4 6 0
0 , 1 , 1 0 1 . 6 1 4
0 , 1 , 1 1 1 . 7 7 0
0 , 1 , 1 2 1 . 9 2 9
0 2 1 0 . 6 7 7
0 2 2 0 . 7 3 0
0 2 3 0 . 8 1 4
0 2 4 0 . 9 1 4
0 2 5 1 . 0 3 0
0 2 6 1 . 1 5 6
0 2 7 1 . 2 9 0
0 2 8 1 . 4 3 0
0 2 9 1 . 5 6 8
0 , 2 , 1 0 1 . 7 1 2
0 , 2 , 1 1 1 . 8 6 0
0 3 1 1 . 0 0 0
0 3 2 1 . 0 3 7

P P
me a s . c a l c

< 5 . 4 — 3 . 6
< 5 . 4 — 2 . 9
< 5 . 3 + 0 . 3
<  5 . 2 + 1 . 4
<  5 . 0 +  2 . 8
<  4 . 8 -  2 . 8
<  4 . 4 -  0 . 5
<  4 . 1 -  0 * 5

5 . 2 + 4 . 2
5 . 6 + 5 . 0

<  1 . 4 +  2 . 6
< 5 . 0 + 0 . 5
< 5 . 0 + 2 . 8
< 4 . 9 + 1 . 2
< 4 . 9 + 2 . 0

4 . 8 + 5 . 1
4 . 6 -  5 . 1
4 . 5 +  5 . 2

< 4 . 3 -  3 . 0
<  4 . 1 +  0 . 1
<  3  *9 -  0 . 1
<  3 . 5 +  0 . 1
< 3 . 2 + 4 . 2
<  2 . 2 + 6 . 5
< 2 . 5 -  1 . 3

9 . 3 + 1 0 . 8
8 . 2 -  8 . 7

3 6 . 7 + 3 6 . 3
1 3 . 8 + 1 1 . 3

<  4 . 7 + 1 . 6
9 . 9 - 1 1 . 2

2 9 . 6 - 3 2 . 9
<  5 . 6 -  5 . 4
<  5 . 2 +  2 . 4
< 4 . 4 +  0 . 3
<  2 . 8 + 1 * 3

7 . 1 -  1 . 0
7 . 9 -  8 . 0

1 7 . 9 +  1 7 . 4
2 7 . 4 + 3 0 . 6

<  4 . 7 +  1 . 6
< 5 . 1 + 1 . 5
<  5  . 5 + 3 . 0
<  5 . 6 -  3 . 7
<  5 . 6 -  3 . 2
<  4 . 8 -  1 . 6
< 3 . 7 +  0 . 8

1 7 . 0 - 1 7 . 9
<  4 . 8 — 1 . 8
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h k l 2 sin©
0 3 3  1 . 0 9 5
0 3 4  1 . 1 7 5
0 3 5  1 . 2 6 6
0 3 6  1 . 3 7 1
0 3 7  1 . 4 8 6
0 3 8  1 . 6 0 7
0 3 9  1 . 7 3 4
0 , 3 , 1 0  1 * 8 6 6
0 , 3 , 1 1  1 . 9 9 7
0 4 1  1 . 3 2 9
0 4 2  1 . 3 5 4
0 4 3  1 . 4 0 4
0 4 4  1 . 4 6 0
0 4 5  1 . 5 4 0
0 4 6  1 . 6 2 8
0 4 7  1 . 7 2 5
0 4 8  1 . 8 2 8
0 4 9  1 . 9 4 2
0 5 1  1 . 6 5 7
0 5 2  1 . 6 7 8
0 5 3  1 . 7 1 6
0 5 4  1 . 7 6 9
0 5 5  1 . 8 2 5
0 5 6  1 . 9 0 0
0 5 7  1 . 9 8 6
0 6 1  1 . 9 8 2

p
m e n s .  

< 5 . 0

P
c a l c

2 * 5
<  5 . 2 - 3 . 5
< 5 . 4 - 3 . 0
<  5 . 6 + 2 . 3
<  5 . 5 + 0 . 8
< 5 . 3 - 1 . 9
< 4 . 7 * 0 . 6
< 3 . 7 - 0 . 4
<  1 . 8 - 0 . 6
<  5 . 6 + 0 . 5
< 5 . 6 — 1 . 7
-*■ 5 . 6 + 3  . 6

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

<  5 . 2 - 0  . 9
< 4 . 7 - 5 . 7

4 . 0 - 4 . 1
<  2 . 5 •Hi 0 . 1
< 5 . 1 - 1 . 3
<  5 . 0 + 0 . 7

1 3 . 4 + 1 2 . 9
< 4 . 4 + 1 . 1
< 4 . 0 - 2 . 1
< 3 . 4 0 . 6
<  2 . 1 + 0 . 4

2 . 1 • 5 . 0
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P a r t  2 .

The C r y s ta l  S tr u c tu r e  o f  P e r y le n e  (A Q u a n t ita t iv e  X -ray I n v e s t ig a t io n )

I n tr o d u c t io n

P e r y le n e  ( F ig .  1 6 ) ,  i s  a c o n d e n se d -r in g  h y d ro ca rb o n . The

c e l l  d im e n s io n s  and sp a c e  group h ave a lr e a d y  b een  re c o r d e d  (44 ) •

T h is  work h as s in c e  b een  r e p e a te d  by W hite and s e p a r a t e ly  by th e

a u th o r . A s im p le r  u n i t  c e l l  h a s  now b een  c h o sen .

The m o le c u le ,  p resum ing i t  to  be p la n a r , h a s  a c e n tr e  o f  

symm etry and th r e e  p la n e s  o f  symmetry a t  r ig h t  a n g le s .  S in c e  

F ig u r e  1 6 . th e r e  a re  fo u r  m o le c u le s  o f

p e r y le n e  p er  u n i t  c e l l  and th e  

sp a ce  group i s  P^y* ( a x i a l  le n g t h s

11 .3 5 A ; 1 0 .8 7 a; 1 0 .3 3 * )  th e

m o le c u la r  c e n tr e  d o es  n o t  l i e  a t  

th e  o r i g i n  o f  th e  u n i t  c e l l .

B eca u se  o f  t h i s ,  good  r e s o lu t io n  o f  

a l l  th e  atom s a s in  th e  c a s e s  o f  

coron en e (1 2 , 31) and o v a le n e ,  

ca n n o t b e e x p e c te d . The 

r e s o lu t io n  o f  th e  atom s on the* m ost fa v o u r a b le  p r o j e c t io n  w i l l  be  

o n ly  p a r t i a l l y  co m p le te  due to  o v e r la p p in g  o f  m o le c u le s ,  a s  i n  

th e  p y ren e  (1 0 ) and 1 :1 2  b e n z p e r y le n e  s t r u c t u r e s  (1 '3 ). Hence 

th e  e s t im a t io n  o f  th e  a tom ic c e n t r e s  w i l l  p ro b a b ly  n o t  be a s  

a c c u r a te  as th o s e  i n  th e  p r e v io u s  s t r u c t u r e  a n a ly s i s  ( i . e .



o v a le n e ) ,  and i t  i s  d o u b tfu l i f  i t  w i l l  be p o s s ib l e  to  o b ta in  

v a lu e s  f o r  a l l  th e  bond d i s t a n c e s .

The i n v e s t i g a t i o n  was c a r r ie d  o u t  w ith  th e  p u rp o se  o f  

o b ta in in g  e x p e r im e n ta l v a lu e s  o f  as many o f  th e  bond le n g t h s  

as p o s s i b l e  fo r  com p arison  w ith  th o s e  p r e d ic t e d .  A ls o , i f  a 

s u f f i c i e n t l y  good r e f in e m e n t  o f  th e  s t r u c t u r e  i s  o b ta in e d  by  

th e  tw o -d im e n s io n a l F o u r ie r  m ethods o f  a n a ly s i s ,  i t  w i l l  

e n a b le  a p o s s i b l e  a n a ly s i s  by  th e  th r e e -d im e n s io n a l  F o u r ie r  

m eth o d s.

C r y s ta l  D ata

P e r y le n e ,  CjoHijt, , M, 2 5 2 .3  m .p . ,  26 6 ° -  268°

d . c a l c .  1 .3 4 1  d , fou n d  1 .3 2 2

m o n o c lin ic  p r is m a t ic ,  a = 1 1 .3 5 - 0 .0 2 A ,  ]§ = 1 0 . 8 7 - 0 .0 3 A ,

c = 10 . 31*  0 .0 3 A , 3  = i o o . 8 ° i o . 2 ° .

A b sen t S p e c tr a  -  (hO l) when h i s  odd; (OkO) when k i s  odd .

Space Group -  cffc (P2ljJ  .

Four m o le c u le s  p er  u n i t  c e l l .  M o lecu la r  symmetry c e n t r e .

Volume o f  th e  u n i t  c e l l ,  1 ,2 4 9 A5

A b so rp tio n  c o e f f i c i e n t  f o r  X -r a y s , A = 1 .5 4 A ,^ t = 6 .9 6  p e r  cm.

T o ta l number o f  e le c t r o n s  p er  u n i t  c e l l  = F (0 0 0 ) = 5 2 8 .

The c r y s t a l s  a re  sq u are p l a t e s  w hich  c le a v e  p a r a l l e l  to  

th e  s i d e s .  The a and b c r y s t a l  a x e s  are  th e  d ia g o n a ls  o f  

t h e  sq u a re , and th e  c c r y s t a l  a x is  i s  a lm o st p e r p e n d ic u la r  to



th e  p la n e  o f  th e  p l a t e s .  T h ese sp ec im en s w ere m ost 

u n s u i t a b le  f o r  i n t e n s i t y  m easurem ents i n  th e  i n v e s t i g a t i o n  o f  

th e  (hO l) z o n e . By e x tr e m e ly  s lo w  c r y s t a l l i s a t i o n  from  

amyl a c e t a t e ,  i t  was p o s s i b l e  to  grow a c r y s t a l  c o n s id e r a b ly  

t h ic k e r  in  th e  e - a x i a l  d i r e c t i o n ,  and w hich c o u ld  be c u t  to  

g iv e  an a lm o st r e g u la r  p ie c e  o f  c r y s t a l  s u i t a b l e  f o r  i n t e n s i t y  

m easu rem en ts.

C r y s ta l  S t r u c t u r e .

The asym m etric  c r y s t a l  u n i t  c o n s i s t s  o f  one co m p le te  

m o le c u le ,  and i t  i s  r e a s o n a b le  to  assum e, a s  a f i r s t  

a p p ro x im a tio n , a r e g u la r  p la n a r  s t r u c t u r e  i n  a cco rd a n ce  w ith  

th e  c h e m ica l e v id e n c e .  Now th e  b - a x i s  in  p e r y le n e  i s  

a p p r e c ia b ly  la r g e r  than th e  c o r re sp o n d in g  a x i s  in  p y ren e  

(9 .2 4 A ) and s m a lle r  than  th e  b - a x i s  o f  1 :1 2  b e n z p e r y le n e  

( 1 1 . 8 8 a ) .  T h is  s u g g e s t s  t h a t  th e r e  a re  two p e r y le n e  

m o le c u le s  accom modated i n  one b - a x i s  t r a n s l a t io n  a s  in  th e  

c a s e  o f  t h e s e  two com pounds, b u t  t i l t e d  a t  an a n g le  to  th e  

(0 1 0 ) p la n e  w hich  I s  r a th e r  more than  th e  c o r r e sp o n d in g  t i l t  

i n  th e  p y ren e  s t r u c t u r e  and s l i g h t l y  l e s s  th an  in  th e  1 : 1 2  

b e n z p e r y le n e  s t r u c t u r e .

I t  i s  n e c e s s a r y  now to  p r o c e e d  by t r i a l  and e r r o r  

m ethods i n  th e  f i r s t  in s t a n c e .  A t i l t  o f  th e  m o le c u la r  p la n e  

to  ( 0 1 0 ) o f  ab ou t 5 6 ° b e in g  assum ed, th e r e  rem ain  f i v e  more
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d e g r e e s  o f  freed om  to  be f i x e d ,  v i z . ,  two more o r i e n t a t io n  

a n g le s  and th e  f r e e  t r a n s l a t io n s  x 0,  yu and z„ o f  th e  m o le c u la r  

c e n t r e  a lo n g  th e  th r e e  c r y s t a l  a x e s  from  th e  o r i g i n  ( th e  

m o le c u le  b e in g  assum ed p la n a r , th e  m o le c u la r  c e n t r e  i s  th en  

th e  c e n tr e  o f  sym m etry, i . e .  th e  c e n tr e  o f  th e  c e n t r a l  

h e x a g o n a l r i n g ) .

An in s p e c t i o n  o f  th e  (hO l) zo n e , by m o v in g -f ilm  m eth o d s, 

showed th a t  th e  f o l lo w in g  s m a ll- s p a c in g  p la n e s  ga v e  s tr o n g  

r e f l e c t i o n s : -  (2 0 4 );  (8 0 0 );  ( 1 0 ,0 0 0 ) ;  ( 8 0 5 ) ;  ( 809) .

I t  was a l s o  n o t ic e d  th a t  th e  r e f l e c t i o n  from  th e  la r g e - s p a c in g  

(201) p la n e s  was a lm o st to o  weak to  b e  v i s i b l e .  S in c e  th e  

p e r y le n e  m o le c u le  p ro b a b ly  c o n ta in s  an in h e r e n t  c e n tr e  o f  

sym m etry, i t  seem s th a t  th e  m o le c u la r  c e n tr e  a lm o st l i e s  on a 

l i n e  o n e -q u a r te r  o f  th e  way b etw een  th e  (2 0 1 ) p la n e s .  U se  

was made o f  t h i s  f a c t  i n  i n v e s t i g a t i n g  th e  s tr u c t u r e  o f  

1 :1 2  b e n z p e r y le n e  (13) ( F ig .  17)*  R o ta t io n  p h o to g ra p h s ta k en  

F ig u r e  1 7 . ab ou t th e  c o r r e sp o n d in g  a x e s  o f

t h i s  compound and p e r y le n e  show a  

rem ark ab le s i m i l a r i t y  in  i n t e n s i t y  

d i s t r i b u t i o n ,  w hich  can  o n ly  be  

due to  a v e r y  c l o s e ,  t h r e e -  

d im e n s io n a l s i m i l a r i t y  i n  s t r u c t u r e .  

I n  1 :1 2  b e n z p e r y le n e  th e  (2 0 1 )
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r e f l e c t i o n  was r e c o r d e d , s in c e  th e  two a d d i t io n a l  carb on  atom s 

make a p p r e c ia b le  c o n t r ib u t io n s  to  t h i s  r e f l e c t i o n ,  b u t  i t  was 

assum ed t h a t  th e  m o le c u la r  c e n tr e  o f  1 : 1 2  b e n z p e r y le n e  w ould  

a ls o  l i e  i n  th e  same r e l a t i v e  p o s i t i o n  as t h a t  o f  p e r y le n e ,  i . e .  

on a l i n e  o n e -q u a r te r  o f  th e  way b etw een  th e  ( 201) p la n e s .

An ap p rox im ate  o r i e n t a t io n  o f  th e  p e r y le n e  m o le c u le  can  

be o b ta in e d  from  th e  s m a ll- s p a c in g  p la n e s ,  w hich  g a v e  s tr o n g  

r e f l e c t i o n s .  The c o n t r ib u t io n s  from  m ost o f  th e  atom s m ust 

be in  p h a se  f o r  t h e s e  p la n e s  and, from  a diagram  s im i la r  to  

th a t  u se d  f o r  coron en e and o v a le n e ,  an o r i e n t a t io n  o f  th e  

m o le c u le  was o b ta in e d  w hich  a cco u n ted  f o r  th e  enhancem ent o f  

th e s e  r e f l e c t i o n s .  T h is  f a c t  tak en  i n  c o n ju n c t io n  w ith  th e  

m o le c u la r  c e n tr e  l y in g  o n e -q u a r te r  o f  th e  way b etw een  th e  ( 201) 

p la n e s  f i x e s  th e  rem a in in g  f i v e  d e g r e e s  o f  freed o m . Assum ing  

r e g u la r  h ex a g o n s o f  1 .4 1 A  f o r  th e  m o le c u la r  m odel to  b e g in  w ith ,  

v a lu e s  o f  3 7 *5 ° f o r  x w and 8 . 0° f o r  z u a r e  o b ta in e d .

C a lc u la t io n s  o f  th e  (hO l) s t r u c t u r e  f a c t o r s  on th e  above  

b a s i s  l e d  to  f a i r l y  good  agreem en ts w ith  th e  o b se r v e d  v a lu e s ,  

and i t  was p o s s i b l e  to  r e f i n e  th e  a to m ic  p a ra m eters  from  t h i s  

s ta g e  b y  th e  a p p l ic a t io n  o f  d ou b le  F o u r ie r  s e r i e s  m eth o d s.

Three s u c c e s s iv e  F o u r ie r  a n a ly s e s  o f  th e  (hO l) zone w ere  

c a r r ie d  o u t .

The f i r s t  a n a ly s i s  was c a r r ie d  o u t  by  W h ite. 57
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r e f l e c t i o n s  w ere in c lu d e d .  The d is c r e p a n c y  b etw een  th e  ' 

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

t h e s e  57 p la n e s ,  a f t e r  th e  a n a ly s i s  had b een  c o m p le te d , was 

a p p r o x im a te ly  1 9 $ . The c r y s t a l  u se d  by W hite had th e  

ex trem e d im en s io n s  o f  0 . 8 5  mm. by 0 .2 4  mm. I t  was now  

t h a t  th e  a ttem p t to  grow  b e t t e r  c r y s t a l s ,  i n  o r d e r  to  o b ta in  

a b e t t e r  m o v in g -f ilm  s e r i e s  f o r  i n t e n s i t y  e s t im a t io n ,  was 

m ade. A more u n ifo rm  c r y s t a l  (d im e n s io n s  o f  0 .5 5  imn. by  

O.5 8  mm.) was o b ta in e d . A n oth er m o v in g -f ilm  s e r i e s  was 

ta k e n , and th e  i n t e n s i t i e s  r e - e s t im a t e d .  T h is  tim e 80 

r e f l e c t i o n s  w ere o b se r v e d , and th e  d is c r e p a n c y  b etw een  th e  

c a lc u la t e d  and o b se r v e d  v a lu e s  o f  th e  s t r u c t u r e  f a c t o r s  f o r  

t h e s e  80 r e f l e c t i o n s  was 2 2 . 5$ .

In  th e  sec o n d  F o u r ie r  a n a ly s i s  74 r e f l e c t i o n s  w ere  

in c lu d e d ,  6 b e in g  o m it te d  b e c a u se  th e  v a lu e s  o f  th e  p h a se  

a n g le  w ere d o u b t f u l .  The d is c r e p a n c y  b etw een  th e  o b se r v e d  

and c a l c u la t e d  v a lu e s  o f  th e  s t r u c t u r e  f a c t o r s ,  a f t e r  t h i s  

r e f in e m e n t  had beeri c o m p le ted , was 2 2 .5 $ .  S in c e  th e r e  

was no r e d u c t io n  i n  th e  d is c r e p a n c y , and th e  r e s o l u t i o n  o f  

th e  atom s was n o t  v e r y  g o o d , l e a v in g  am ple sco p e  f o r  

a l t e r n a t i v e  p o s i t i o n s  o f  th e  a to m ic  c e n t r e s ,  o th e r  e s t im a t e s  

o f  th e  p o s i t i o n s  o f  th e  c e n t r e s  had to  be m ade. B o o th * s  

M ethod o f  l o c a t in g  maxima (4 5 ) was u se d .
i

1



The f o l lo w in g  i s  a s h o r t  a cco u n t o f  t h i s  m ethod . S in c e

F o u r ie r  s y n t h e s e s  g iv e  d e n s i t y  v a lu e s  a t  e q u id i s t a n t  p o i n t s ,

u s u a l ly  X ,-/6o th  o f  th e  u n i t - c e l l  s id e ,  th e  in fo r m a t io n  can

b e assum ed to  be i n  th e  form  x  I 0 1 1 1  2 1
d I 0 I d,| dj

w here d r e p r e s e n t s  e le c t r o n  d e n s i t y ,  and d ^ d ^ O  

Assume t h a t  d = a x a + bx

th e n  a = (d z-  2dt) / 2  and b = -  (d * -  4di ) / 2 .

The v a lu e  o f  x  w h ich  makes d a maximum i s  g iv e n  by  

x  = -  b /2 a  ( d 2 -  4d, )/(2d*- 4d, )

= ( r  -  4 ) / ( 2 r  -  4) w here r  = da/d«

S in c e  dz $  d, ,  th en  0 ^ r ^  1 .

B o o th  h a s  t a b u la t e d  v a lu e s  o f  x  f o r  th e  w h ole  ran ge o f  r ,  

and h e n c e , i f  d , and d 2 a re  known th en  x  i s  o b ta in e d  from  a 

T a b le . I t  can  be s e e n  from  th e  above e x p la n a t io n ,  t h a t  th e  

m ethod s im p ly  makes u se  o f  th e  g r a d ie n t s  a t  e i t h e r  s id e  o f  th e  

p e a k . The p ro c ed u r e  th e n , to  o b ta in  th e  p o s i t i o n  o f  th e  

c e n t r e ,  i s  to  ta k e  th r e e  e l e c t r o n  d e n s i t i e s  a lo n g  a row  

d i ; d2 ; d3 ( i n  t h a t  o rd er ) su ch  t h a t  d* i s  th e  g r e a t e s t .  Then 

s u b t r a c t  th e  s m a l le s t  v a lu e  ( d r o r  d ,)  from  th e  th r e e  v a lu e s

le a v in g  one v a lu e  z e r o . The maximum p o in t  can  th en  b e

o b ta in e d  as a b o v e . T h is  i s  th en  r e p e a te d  f o r  a n o th e r  row  

and two co lu m n s, and so fo u r  p o in t s  a re  o b t a in e d .  The



i n t e r s e c t i o n  o f  th e  two l i n e s  j o in in g  th e  two p o in t s  on th e  

rows and th e  two p o in t s  on th e  colum ns i s  th en  ta k en  a s  th e  

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

New v a lu e s  f o r  th e  c e n t r e s  o f  th e  atom s w ere o b ta in e d .

The new z c o - o r d in a t e s  im proved th e  d is c r e p a n c y  b etw een  th e  

o b se r v e d  and c a lc u la t e d  v a lu e s  o f  th e  s t r u c t u r e  f a c t o r  o f  th e  

(0 0 1 ) p la n e s  b u t  th e  new x  c o - o r d in a t e s  c o n s id e r a b ly  w orsened  

th e  d is c r e p a n c y  b etw een  th e  o b se r v e d  and c a lc u la t e d  v a lu e s  o f  

th e  s t r u c t u r e  f a c t o r s  o f  th e  (hOO) p la n e s .  T h ese  new z 

c o - o r d in a t e s  w ere adopted  as b e in g  c o r r e c t ,  b u t  th e  new  

x  c o - o r d in a t e s  w ere abandoned f o r  th e  o ld  v a lu e s .  T h is  

a c c e p te d  s e t  o f  c o - o r d in a t e s  was now u sed  f o r  c a l c u la t in g  

s t r u c t u r e  f a c t o r s  i n  th e  (hO l) z o n e , and th e  d is c r e p a n c y  

b etw een  t h e s e  c a lc u la t e d  v a lu e s  and th e  o b se r v e d  v a lu e s  f o r  

th e  80 p la n e s  o b se r v e d  became 1 9 .1 $ *  There w ere s e v e r a l  

s ig n  ch a n g es i n  th e  80 s tr u c tu r e  f a c t o r s  c a l c u la t e d ,  b u t  o f  th e  

74 in c lu d e d  in  th e  F o u r ie r  a n a ly s i s  o n ly  o n e , ( 4 0 5 ) ,  changed  

in  s ig n .

In  th e  f i n a l  r e f in e m e n t  o f  th e  s t r u c t u r e  79 r e f l e c t i o n s  

were in c lu d e d  in  th e  F o u r ie r  s e r i e s ,  r e p r e s e n t in g  a l l  th e  

r e f l e c t i o n s  w hich  c o u ld  b e o b se r v e d  w ith  copper-K ^  r a d ia t io n ,  

e x c e p t  o n e . In  th e  m o v in g -f ilm  s e r i e s  u sed  f o r  e s t im a t in g  

i n t e n s i t i e s  tow ard s th e  l a t t e r  p a r t  o f  th e  work, th e  ( 201)



p la n e s  a p p ea red  v e r y  w eakly* The c a l c u la t e d  v a lu e  o f  th e  j 

s t r u c t u r e  f a c t o r  f o r  t h e s e  p la n e s  was e x tr e m e ly  s m a ll ,  and 

h en ce  i t s  s ig n  was v e r y  d o u b t fu l .  T h is  was th e  one o b se r v e d  I 

r e f l e c t i o n  w hich  was o 'm itted . The d is c r e p a n c y  b etw een  th e  

o b se r v e d  and c a lc u la t e d  v a lu e s  o f  th e  s t r u c t u r e  f a c t o r s ,  a f t e r  h 

t h i s  r e f in e m e n t  had b een  co m p le ted  and th e  p o s i t i o n s  o f  th e  

atom ic  c e n t r e s  r e - e s t im a t e d ,  was 1 6 . 9$ .  The p r o j e c t io n  o f

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

rep ro d u ced  i n  F ig .  l 8 .

F ig u r e  l 8 .
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O nly 11 o f  th e  20 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 en t  

atom s a re  s e p a r a t e ly  r e s o lv e d ,  th e  o t h e r s  b e in g  o b sc u r ed  by  

o v e r la p p in g  e f f e c t s  o f  a d jo in in g  m o le c u le s ,  a s  shov.m in  

F ig .  19*

F ig u r e  1 9 .

o  a

Scale.

P r o j e c t io n  on (0 1 0 ) p la n e  show ing o v e r la p p in g  
o f  p e r y le n e  m o le c u le s .



B ec a u se  - o f  th e  c e n tr e  o f  symmetry i n  th e  m o le c u le  th e  

x  and z c o - o r d in a t e s  o f  th e  u n r e s o lv e d  atom s can  be o b ta in e d  

from  a k n ow led ge o f  th e  c o - o r d in a t e s  o f  th e  r e s o lv e d  atom s 

( s e e  e x p e r im e n ta l s e c t i o n ) .  T h ese  p o s i t i o n s  a r e  i n  

a cco rd a n ce  w ith  th e  o b se r v e d  d o u b le  p eak s i n  F i g .  l 8 . 

O r ie n t a t io n .  C o -o r d in a te s  and D im en sio n s .

By assum ing a p la n a r  m o le c u le ,  w ith  m o le c u la r  a x e s  

L and M a t  r i g h t  a n g le s  and m ee tin g  a t  th e  m o le c u la r  c e n t r e ,  

( s e e  F i g .  19) i t  i s  p o s s i b l e  to  c a l c u l a t e  th e  o r i e n t a t io n  o f

th e  m o le c u le  a s  e x p la in e d  i n  th e  e x p e r im e n ta l s e c t i o n .  The

f i n a l l y  a c c e p te d  o r i e n t a t io n  i s  shown in  T ab le  6 , where

; are  th e  a n g le s  w hich  

th e  m o le c u la r  a x e s  L and M and t h e i r  p e r p e n d ic u la r  N, make 

w ith  th e  a and b c r y s t a l  a x e s  and t h e ir  p e r p e n d ic u la r  c 1.

T ab le 6 .

<X a = 8 5 . 3 °  co sj(i.= 0 .1 1 7 5  5 5 .4 °  cos%r= 0 .5 6 8 1

W . ^ 8 9 . 2 0 c o s ^ =  0 .0 1 5 8  co s<&= 0 .8 1 9 2

W u  =  6 . 8 ° c o s ^ t=  0 .9 9 3 0  ^ m =  9 4 .5°  c o s * J m - ~ 0  .0 7 8 5

"jilt = 1 4 4 .5 *  c o sJ (tf= -0 .8 1 4 6

5 5 .0 *  co s% =  0 .5 7 3 3

( =  8 4 . 9° c g s *4# =  0 .0 8 8 5

F ig .  18  ( t h e  p r o j e c t io n  on th e  (010) p la n e )  a l lo w s c £  a  

d i r e c t  m easurem ent o f  th e  x  and z c r y s t a l  c o - o r d in a t e s  o f



some o f  th e  atom s, v i z . ,  A, B, C, D, E, F , H, I ,  J ,  P , Q.

(S e e  F i g .  1 9 )*  T h ese  a re  th e  atom s w hich  a re  s e p a r a t e ly  

r e s o lv e d ,  and bond d i s t a n c e s  b etw een  th e s e  atom s a lo n e  can  

b e m easured  d i r e c t l y .  Due to  th e  h ig h  m o le c u la r  symmetry 

h o w ev er , t h e s e  are  s u f f i c i e n t  to  g iv e  a m easure o f  e v er y  ty p e  

o f  c h e m ic a l ly  e q u iv a le n t  bond i n  th e  m o le c u le ,  e x c e p t  GH and 

QH. The rem a in in g  u n r e s o lv e d  atom s can be a s s ig n e d  

c o - o r d in a t e s  u s in g  th e  m o le c u la r  sym m etry. T h is  th e n  a llo w s  

o f  a m easure o f  t h e s e  two bond l e n g t h s ,  b u t  th e  a ccu ra cy  o f

t h i s  m easurem ent w i l l  be much l e s s  than  f o r  th e  o t h e r s .  J
The y  c o - o r d in a t e s  can be c a l c u la t e d  by assum ing th e  

m o le c u le  to  be p la n a r  and knowing th e  o r i e n t a t io n  and a ls o  j

th e  f r e e  t r a n s l a t io n ,  y„ ,  o f  th e  m o le c u la r  c e n tr e  a lo n g  th e  j
b c r y s t a l  a x i s .  T h is  l a t t e r  was found  by t r i a l  and e r r o r .  |

The v a lu e s  o b ta in e d  f o r  th e  y - c o - o r d in a t e s  w ere t e s t e d  by ]

c a l c u la t in g  s t r u c t u r e  f a c t o r s  in  th e  (hkO) z o n e . T h is  

zone i s  e x tr e m e ly  s e n s i t i v e  to  th e  t i l t  o f  th e  p la n a r  j
- ' j

m o le c u le  and y - c o - o r d in a t e s  w ere c a lc u la t e d  f o r  v a r io u s  

v a lu e s  o f  t h i s  t i l t .  At a t i l t  o f  5 4 .7 ° (MO* th e  

d is c r e p a n c y  b etw een  th e  o b se r v e d  and c a lc u la t e d  s t r u c t u r e  

f a c t o r s  in  th e  (hkO) zone was 1 6 .5 ^ .  T r ia l s  o f  making 

t h i s  t i l t  1° more and 1° l e s s  made t h i s  d is c r e p a n c y  w o rse .

One t r i a l ,  h o w ev er , w h ich  made t h i s  t i l t  g r e a t e r  by 0 . 5 ° ,  j



-  65 -

red u ced  th e  d is c r e p a n c y  i n  th e  (hkO) zone to  1 4 .1 $ .  T h is  

was th e  r e s u l t  f i n a l l y  a c c e p te d .

No d i r e c t  m easurem ent o f  th e  y - c o - o r d in a t e s  i s  p o s s i b l e ,  

s in c e  no r e s o l u t i o n  o f  th e  a to m ic  p o s i t i o n s  can  b e  o b ta in e d ,  

e i t h e r  from  p r o j e c t i o n s  o f  th e  (hkO) or  o f  th e  (O kl) z o n e s .

F or exam ple t h e  s t r u c t u r e ,  v iew ed  a lo n g  c* ( i . e .  p e r p e n d ic u la r  

to  th e  a and b c r y s t a l  a x e s ) ,  w ould g iv e  an ..end v ie w  o f  th e  

m o le c u le s  a s  d e p ic t e d  r o u g h ly  i n  F ig .  20 .

The c o - o r d in a t e s  o f  th e  atom s a re  c o l l e c t e d  i n  T ab le  7* 

F ig u r e  2 0 . Under th e  column h ead ed  (b) a re

th e  x  and z c o - o r d in a t e s  d i r e c t l y  

m easured  f o r  th e  11 r e s o lv e d  a tom s. 

As th e  m o le c u le  h a s  a c e n tr e  o f  

sym m etry, i t  i s  p o s s i b l e  to  

a v e ra g e  th e  le n g t h s  o f  c h e m ic a lly  

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

d i s t i n c t  b on d s, and h e n c e , under  

column ( a ) ,  a r e  th e  c o - o r d in a t e s  o f  th e  atom s a f t e r  t h i s  

a v e r a g in g . T h ese a re  th e  c o - o r d in a t e s  f i n a l l y  a c c e p te d  

as th e y  a re  p r o b a b ly  more c o r r e c t .  S in c e  th e  m o le c u la r  

c e n tr e  d oes n o t  l i e  on th e  o r ig in  o f  th e  u n i t  c e l l ,  th e  

asym m etric u n i t  c o n s i s t s  o f  one co m p le te  m o le c u le  i . e .  20 

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

may be d e r iv e d  from  th e  o p e r a t io n s : -



-  66

( x , y , z ) ;  ( - x , - y , - z ) ; (x  + a / 2, - y  + b / 2 , z) j ( - x + a / 2 , y + b / 2 , - z )  .

Atom x , A. 
(a )

A 2 . 9 2 2  
B 5 . 4 1 0
c  2 .9 8 0
D 2 .0 9 7  
E I .6 3 6  
F 0 .7 6 4  
G 0 .2 8 7  
H 0 .7 3 0  
I  1 .6 4 6  
J 2 .1 0 5
K - 0 . 5 8 2  
L - 1 .0 7 0  
M - 0 .6 4 0  
N 0 .2 4 3
0 0 . 7 0 4
P 1 .5 7 6  
Q 2 .0 5 3
R 1 .6 1 0
s  0 . 6 9 4  
T 0 .2 3 5
u 1 .1 7 1

(m o le c u la r

2lTx/ a 
(a )

9 2 .7 °  
108.2  

9 4 .5 °  
6 6 .5 °  
5 1 .9 °  
2 4 .2 °

2 3 .2  
5 2 . 2 ° 
66. 8 ° 

- 1 8 .5 °  
- 3 3 . 9 “ 
- 2 0 . 3 “ 

7 . 7 “ 
2 2 . 3“ 
50. 0 ° 
6 5 . 1 “
5 1 .1 °  
22 . 0 °

7 'K  37.1
c e n tr e )

T a b le  7 .

y ,A .
(a )

-0 .5 0 0  
0 .4 9 9  
0 .5 0 2  
0 .4 6 3  
0 .4 2 0  

•0
•1.5* 
-1 .5 6 6  
•0 .5 1 0  
•0 .4 9 0  
-2 .5 9 3  
•3 .5 9 1  
•3 .5 9 4  
•3 .5 5 4  
•3-511  
•2 .4 9 4
■1 .5 0 6  
-1 .5 2 6  
-2 .5 8 1  
-2 .6 0 2
•1 .5 4 6

-  1 6 . 6 “ 
1 6 .5 °  
1 6 .6 °  
1 5 .3 °  
1 3 .9 “

-  1 9 . 8 “
-  5 2 .5 “
-  5 1 - 9 “
-  1 6 .9 °
-  1 6 . 2 “
-  8 5 . 9 '  
- 1 1 8 . 9 °  
- 1 1 9 . 0 °  
- 1 1 7 .7 °  
- 1 1 6 . 3 °
-  8 2 . 6 “
-  49. 9°
-  5 0 .5 °
-  § 5 * 5 !
-  8 6 . 2
-  5 1 .2

T ab le 7 ( c o n td .)

Atom x , A.
(b)

z • A*
(b)

A 2 .9 2 8 3 .8 9 0
B 3 .4 1 1 3 .1 5 3
C 2 .9 7 9 1 .6 9 0
D 2 .1 0 0 - 1 .2 2 0
E 1 .6 3 3

O.7 5 8
- 2 .6 9 2

F - 3 .2 2 2
H 0 .7 3 0 - 1 .0 2 0
I 1 .6 4 5 - 0 .4 3 0
J 2 .1 0 6 I .0 8 5
P 1 .5 8 2 4 .0 8 1
Q 2 .0 5 2 3 .3 3 9

Zj A.
(a)

5.889

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

-3 .0 3 0
•2 .2 9 8
•0 .8 2 8
2 .0 8 2
3 .5 4 7
4 .0 8 3

^ 1I .2 8 8
-0 . 2 2 6
0 .4 2 9

2 l T z / c
(a)

1 3 5 . 8 “ 
110. 2° 

5 9 . 9 “
- 4 2 .7 °  
’ 9 3 . 9 “ 
-112 . 6 °
- 86 . 6 °
- 3 5 .6 °
- 15 . 0 ° 

- 105.8  “

- 8 0 . 2 °
- 2 8 . 9 “ 

7 2 .7 °
1 2 3 . 9 °
1 4 2 .6 °
1 1 6 . 6 “

6 5 . 6 “
4 5 .0  “

• 7 . 9 :
1 5 .0
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The m olecular dimensions and bond d ista n ces can be 

ca lcu la ted  from the observed c r y s ta l co -ord in ates by 

combination w ith the o r ien ta tio n  angles o f  Table 6 . Below 

are the bond d ista n ces obtained between the reso lved  atoms 

before corresponding p a irs  o f  bonds were averaged.

AB = 1 .378 a EF = 1.384A

BC = 1 .446a DE = 1.459A

CJ = 1.380A DI = 1 .386a

AQ = 1 .386a PQ = 1 .367a

IJ = 1.499A

HI = 1 .448 a

The mean va lu es o f  these bonds are c o lle c te d  in  F ig . 2 1 (a ).  

These bond d ista n ces are the values obtained from the averaged 

co -o rd in a tes .

The apparently good agreement i s  r e a lly  spurious. Use 

was made o f  t h is  m olecular symmetry in  p lo tt in g  the  

co-ord in ates in  the f in a l  contour diagram (F ig . l 8 ) ,  sin ce  

even the re so lu tio n  o f  the separate ly  reso lved  atoms was 

not very good, and i t  was d i f f i c u l t  to decide the exact 

centres o f  the peaks. F ig . 21 (b) shows the bond len g th s  

ca lcu la ted  from the Kekule/ stru ctu res, but these w il l  be 

discussed  la t e r .



F igure 2 1 (a ). F igu re 21(b)

IK

J-38
1-37,

1-44, 1-45

1-38

1-50

1-38

1-44, 1-45

1-37.
1-38

Distances found.

1*42 

•42 

> 4 2

>36^

1*42

1-42 

1-42 

142

Distances calculated.

> 3 6 *  

•54 

*36*

1*42

The atomic co -ord in ates with resp ect to the molecular 

axes L, M and N are given in  Table 8 . Also in  Table 8 are 

the atomic co -ord in a tes with resp ect to another s e t  o f  

m olecular axes L! and M1. For ease o f  working (as 

explained in  the experimental sec tio n ) i t  was found u sefu l 

to im agine the m olecule moved p a r a lle l  to i t s e l f  down the  

b -a x is , u n t il  the plane o f the m olecule passed through the 

o r ig in  o f  the u n it  c e l l .  Then m olecular axes L! and Mf were 

chosen p a r a lle l  to L and M r e sp e c t iv e ly , but meeting a t the



c e l l  o r ig in  in stea d  o f  a t the m olecular centre,

Table 8 .

Atom

A
B
C
D
E
P
G
H
I
J
K
L
U
N
0
P
Q
R 
S 
T 
TJ

L; A.

5.518
2.891
1 .459  

-1 .4 5 9  
- 2 .8 9 1  
- 5 .5 1 8  
- 2.878  
-1 .4 5 4  
-0 .7 4 9

O .7 4 9
- 5 .5 1 8
- 2 .8 9 1
-1 .4 5 9

1 .459
2 .8 9 1
5.518
2 .8 7 8
1 .454
O.7 4 9

-0 .7 4 9
0

M, A. N, A

1.218 0
2.448 0
2.476 0
2.476 0
2.448 0
1.218 0
0 0
0 0
1.277 0
1.277 0

- I .218 0
-2 .4 4 8 0
-2 .4 7 6 0
-2 .4 7 6 0
-2 .4 4 8 0
- 1.218 0

0 0
0 . 0

- 1.277 0
- 1.277 0

0 0

L*,A. M',A.

(m olecular centre)

4 .0 8 5
5.45§
2 .0 0 6

- 0 .8 7 2
-2 .5 2 4
-2 .951
- 2 .5 1 1
-O .8 6 7
- 0 .1 8 2

1.516  
-2 .9 5 1  
-2 .5 2 4
-O .8 7 2

2 .0 0 6
5.458
4 .0 8 5  
5.445  
2 .001
1.516  

- 0 .1 8 2
0.567

5.020
4.250
4.278
4.278
4.250  
5.020  
1 . 8 0 2  
1 .8 0 2  
5.079
5.0  79 
0 .5 8 5

- 0 . 6 4 5  
- 0 . 6 7 4  
- 0 . 6 7 4  

- 0 . 6 4 5  
0 . 5 8 5
1 .8 0 2
1 .8 0 2  
0 . 5 2 6  
0 .5 2 6
1 . 8 0 2

The m olecular co-ord inates in  the above Table are 

obtained from the averaged c r y s ta l co -o rd in a tes , i . e .  the 

co-ord in ates under heading(a) in  Table 7*

Interm olecular D istances

The c lo s e s t  approach o f  adjacent m olecules occurs along 

the b -a x is , where there i s  a perpendicular d istan ce  o f  

3.47A between the two m olecules r e la ted  by the centre o f

symmetry at the o r ig in . F ig . 22 shows the normal
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p ro jectio n  o f  one o f th ese  m olecules in  the plane o f the other.

F igure 22.

N .

The normal p ro jectio n  o f two p a r a lle l  m olecules.

This diagram has a sim ilar  staggered arrangement o f  the 

atoms as in  the corresponding p ro jectio n s fo r  other  

hydrocarbons such as coronene, ovalene and 1:12 benzperylene. 

The c lo s e s t  approaches between atoms o f  d iffe r e n t  m olecules  

l i e  in  th is  d ire c tio n . The c lo s e s t  approaches are from 

atom D on the standard m olecule to ST on the in verted  m olecule,



and from H to J ’ where the d istance i s  3-49A. Between atoms j

F and Q! , and between atoms K and BT the d istan ce i s  3*50A. j

A ll other p a irs o f  atoms are separated by very much more 

than 3.5A. ;

In other d ir e c tio n s  the d istan ces are greater. Along 

the a -a x is , from L on the standard m olecule to E,on the

m olecule at (x  -  § ) ,  ( -y  -  § ) ,  z and from M on the standard j
?,

m olecule to D, , the d ista n ces are 3*70A. From B on the j|
11

standard m olecule to on the m olecule at (§ -  x ) , (J 4- y ) , - z  | 

the d istan ce i s  3-71A. In the c -a x is  tra n s la tio n , P on the |
3i!

standard m olecule i s  J*Q6a from F3 on the m olecule at $

x , y, (z  + 1 ) .  Some other in term olecular d istan ces are
Itf;

tabulated  below. A ll these d ista n ces are taken from the
$

atom on the standard! m olecule to the atom on the tran sla ted  

m olecule (denoted by su b scr ip t),

M o lecttle  a t  ( I  -  x); ( i  + y ) i -  z .  M olecule at(x-jr); ( - y - j-); z . j

A part from  t h e s e  and a few  o th e r  d i s t a n c e s  b etw een  atom s on  

th e  sta n d a rd  m o le c u le  and th e  m o le c u le  r e la t e d  by th e  c e n tr e  

o f  symmetry a t  th e  o r i g i n ,  a l l  o th e r  in te r m o le c u la r

d is t a n c e s  appear to  b e  g r e a t e r  th an  4A. T h ese  in te r m o le c u la r

B to  L, = 3 .85A
C to  1 ,  = 3-95A
C to  M«. = 3*o5A
C to  I ,  = 3 .89A
D to  n» = 3 .8 8 a
D to  Sj = 3 .7 6 a
E to  Oi = 3.91A
E to  P* = 3 .9 8 a

1 to  ft = 3 .7 3 a 
I  t o p ,  = 3 . 9 8 a 
M to  X, = 3-73A
N to  B, = 3 .7 7 a
N to  C,
0 to  A,
0 to  B, = 3 .79A



d is t a n c e s  a re  o f  ab ou t th e  same m agn itu d e a s  i s  u su a lly -  

e n c o u n ter ed  in  hydrocarb on  s t r u c t u r e s  

D is c u s s io n  o f  R e s u l t s .

T here w ere d i s c r e p a n c ie s  b etw een  th e  u n i t  c e l l  ch o sen  

by H e r te l  and B ergk (44 ) and th e  s im p le r  u n i t  c e l l  ch o sen  

f o r  t h i s  w ork. The c - a x i s  p r e v io u s ly  ch o sen  was m easured  

a s  13.&5A. T h is  a x is  c o r re sp o n d s  to  th e  [lQ lj d ia g o n a l i n  

th e  s im p le r  u n i t  c e l l ,  and i t s  le n g t h  was m easured  a s  

13-84A  (± 0 .0 5 A ) . A summary o f  th e  a x ia l  l e n g t h s  o b ta in e d  

a re  shown b e lo w .

H e r te l  and Bergk  

a - a x is  1 0 . 3A

b - a x i s  1 0 . 8 a  

c - a x i s  1 3 .6 5 A

[lQ]J 1 1 .2 A ( c a l c . )
-  d iagon al 1 1 . 5A (fo u n d )

A ch eck  on th e  s im p le r  u n i t  c e l l  was made by m easu rin g  th e

[ l io ]  d ia g o n a l .  T h is  was fou nd  to  b e 1 5 - 7 5 - 0 . 0 5A.> and

a g reed  v e r y  w e l l  w ith  th e  a and b a x i a l  m easu rem en ts, from

w hich  [ l i o ]  c a l c u l a t e s  to  15-72A . The new v a lu e s  were

th o s e  a c c e p te d .

T here i s  -a la r g e  v a r i e t y  o f  bond le n g t h s  found  w ith in

t h i s  m o le c u le ,  b u t  th e  m ost s im k in g  r e s u l t  i s  th e  le n g t h  o f

S im p ler  U n it  C e l l  

c - a x i s  1 0 . 51A 

b - a x i s  1 0 .8 7 A  

[ lO l]  -d ia g o n a l 1 5 - 84A. 

a - a x i s  1 1 .5 5 A .
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th e  bonds j o in in g  th e  two n a p h th a le n e  g ro u p s , i . e .  1 .5 0 A . 

U n fo r tu n a te ly  th e r e  i s  o n ly  One m easurem ent a v a i la b le  f o r  t h i s  

bond. Atoms I  and J a re  c o m p le te ly  r e s o lv e d ,  b u t atom s S 

and T a re  c o n c e a le d  by th e  o v e r la p p in g  e f f e c t s .  Houre v e r  th e  

r e s o lu t io n  o f  atom s I  and J i s  v e r y  good and th e  e r r o r  in  

th e  e s t im a t io n  o f  t h i s  bond le n g th  i s  p ro b a b ly  no m ere than  

+ 0 .0 3 A .

However due to  th e  o v e r la p p in g  e f f e c t s  and su b seq u en t  

bad r e s o lu t io n  o f  th e  atom s, th e  a c c u r a c y  o f  t h i s  a n a ly s i s  

w i l l  n o t  be as good  a s th a t  o f  th e  o v a le n e  a n a l y s i s .  

N e v e r t h e le s s  th e  e s t im a te d  v a lu e s  o f  th e  bond le n g t h s  can be., 

a v era g ed  i n  v a r io u s  p a r t s  o f  th e  m o le c u le ,  and a lth o u g h  th e  

a p p a ren t agreem ent i s  s p u r io u s , th e  e r r o r s  in  th e  f i n a l l y  

a c c e p te d  v a lu e s  o f  th e  bond le n g t h s  a re  p ro b a b ly  no more than  

t 0 .0 3 A  o r  + 0 .0 4 A .

The B ooth  c o r r e c t io n  has n o t  b een  a p p lie d  to  t h i s  

compound. S in c e  th e  r e s o lu t io n  was n o t  v e r y  good i t  i s  

d o u b tfu l i f  th e  F o u r ie r  s y n t h e s is  on th e  c a lc u la t e d  v a lu e s  

o f  th e  s t r u c t u r e  f a c t o r s  would g iv e  r e s o lu t io n  much b e t t e r  

th an  t h i s .

The r e s u l t s  o b ta in e d  in  t h i s  i n v e s t i g a t i o n  h ave b een  

com pared w ith  th o s e  p r e d ic t e d  by th e o r y .  The a g reem en ts  

i n  th e  c a s e  o f  p e r y le n e  a re  n o t  n e a r ly  as good as th o s e



o b ta in e d  Ydth p r e v io u s  h y d ro ca rb o n s.

The bond d i s t a n c e s  h ave been  c a lc u la t e d  from  th e  

n o n - e x c i t e d  K ekule7 s t r u c t u r e s  ( s e e  F i g .  2 3 ) .

F ig u r e  23*

The 9  K ekale  s t r u c t u r e s  o f  p e r y le n e

T here a re  n in e  o f  t h e s e  s t a b le  valense-bond s t r u c t u r e s ,  

and i t  i s  c l e a r l y  see n  th a t  in  no s t r u c t u r e  i s  th e  bond  

j o in in g  th e  n a p h th a le n e  groups a d o u b le  bond. H ence t h i s  

bond h a s  zero  d o u b le  bond c h a r a c te r ,  i . e .  i t  i s  a p u re  s i n g l e  

bond (1 .5 4 A ) T h is  a g r e e s  rem arkably  w e l l  w ith  th e  

o b se r v e d  v a lu e  o f  1 .5 0 A . I t  i s  a l s o  o b v io u s  t h a t  th e
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K ekuW  s t r u c t u r e s  f o r  p e r y le n e  are  s im p ly  a co m b in a tio n  o f  

th e  K ekulex s t r u c t u r e s  f o r  two n a p h th a le n e  grou p s ( s in c e  

t h e s e  grou p s a re  jo in e d  by an in v a r ia n t  s in g l e  bond , th e  

n o n - e x c it e d  s t r u c t u r e s  are  in d ep e n d en t)  . Thus th e  

c a lc u la t e d  bond le n g t h s  o f  p e r y le n e  b y  t h i s  m ethod a re  

s im i la r  to  th o s e  c a lc u la t e d  f o r  n a p h th a le n e  w ith  a p u re  

s i n g l e  bond j o in in g  th e  two n a p h th a le n e  g r o u p s . F ig  21 (bj; 

shows th e  v a lu e s  o b ta in e d  f o r  th e  bond d i s t a n c e s  in  p e r y le n e  

( c a lc u la t e d  from  a k n ow led ge o f  th e  p e r c e n ta g e  d o u b le  bond  

c h a r a c t e r ,  and th e  P a u lin g -B ro ck w a y  cu rve) . T hese may 

b e compared w ith  th e  m easured v a lu e s  ( F ig .  2 1 a ) .  The 

mean d e v ia t io n  o f  th e s e  p r e d ic t e d  v a lu e s  from  th e  

e x p e r im e n ta l v a lu e s  i s  0 .0 2 8 a . The maximum d e v ia t io n  

o f  any on e  bond i s  0 .0 4 5 A .

A com p arison  o f  th e  m easured bond l e n g t h s  in  th e  

n a p h th a le n e  group o f  p e r y le n e  w ith  th o s e  o b ta in e d  from  th e  

th r e e -d im e n s io n a l  a n a ly s i s  o f  th e  n a p h th a le n  s t r u c t u r e  (1 5  ) 

i s  g iv e n  b e lo w . Bonds w hich are  c h e m ic a l ly  d i f f e r e n t ,  in  

p e r y le n e  a re  c h e m ic a lly  e q u iv a le n t  i n  n a p h th a le n e , and 

so  have th e  same v a lu e  f o r  th e  bond le n g t h  i n  th e  l a t t e r  c a s e .

The agrem en t i s  v e r y  p o o r , and even  th ough  th e  

a cc u r a c y  in  th e  p e r y le n e  m easurem ents i s  n o t  v e r y  h ig h ,  th e  

m agnitude o f  th e  d is c r e p a n c ie s  i n d i c a t e s  t h a t  th e s e



d i f f e r e n c e s  a re  r e a l .

P e r y le n e  N a p h th a len e

AB = 1 .5 8 a
CJ = 1 .5 8 a 1 .554A  o r  1 .5 6 5 A .

AQ = 1 .5 7 5 A
JR = 1 .4 5 A  1 .4 2 0 A o r  1 .4 2 1 A .

BC = 1 . 45A 1 .595A
QR = 1 .4 4 5 A

1 .5 9 5 A

The bond le n g t h s  o f  p e r y le n e  have a l s o  b een  o b ta in e d  

t h e o r e t i c a l l y  b y  th e  m ethod o f  m o le c u la r  o r b i t a l s  

(C o u lso n , C .A . -  u n p u b lish e d  com m unication) . Once a g a in  

th e  agreem ent i s  v e r y  p o o r . The r e s u l t s  a re  shown b e lo w  

a lo n g s id e  th e  e x p e r im e n ta l v a lu e s .

Bond M o lecu la r  O r b it a ls  X -ray  R e s u l t s

AB 1 .5 8 7 A  1 .5 8 a
BC !* 4 5
CJ 1 .5 9 8  1 .5 8
JR 1 .4 2 5  1 .4 5

*QR 1 .4 2 2  1 .4 4 5
AQ 1 .4 1 6  1 .5 7 5
IJ  1 .4 4 4  1 .5 0

*  bond w h ich  c o u ld  n o t  b e  d i r e c t l y  m easured

The mean d e v ia t io n  o f  t h e s e  p r e d ic t e d  v a lu e s  from  th e  

e x p e r im e n ta l v a lu e s  i s  0 . 0 5 0 A, and th e  maximum d e v ia t io n  o f  

any one bond i s  0 . 0 5 6 A.

The d ia m a g n e t ic  s u s c e p t i b i l i t y  o f  p e r y le n e  in  powdered  

form  h as b een  m easured  ( 4 6 ) .  Two v a lu e s  were o b ta in e d ,
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u s in g  th e  m ass s u s c e p t i b i l i t y  o f  n a p h th a le n e  and t h a t  o f  

p u r i f i e d  w a ter  as s ta n d a r d s , and th e  two r e s u l t s  g a v e  th e  

s u s c e p t i b i l i t y  p e r  m o le c u le  o f  p e r y le n e  a s -  (171  ± 1 ) x  10 * . ;

Now i f  th e  m o le c u le  o f  p e r y le n e  i s  c o n s id e r e d  to  c o n s i s t  o f  j

two n a p h th a le n e  n u c l e i  com bined a t  b o th  th e  p e r i—p o s i t i o n s ,

t h e  m a g n etic  s u s c e p t i b i l i t y  o f  th e  p e r y le n e  m o le c u le  may be |

c a lc u la t e d  from  t h a t  o f  n a p h th a le n e  and h y d ro g en . ;

T h u s:-  'X n (P ery len e) = 2 %i (N a p h th a len e) -  4 1  (H ydrogen) 

w here = d ia m a g n e tic  s u s c e p t i b i l i t y  p e r  m o le c u le  

T h is  v a lu e  i s  th e n  o b ta in e d  as - 1 7 1 .8 ,  w hich  i s  i n  co m p le te  

agreem ent w ith  t h e  m easured  v a lu e .  T h is  i n d i c a t e s  t h a t  th e  

p e r y le n e  m o le c u le  c o n s i s t s  o f  two n a p h th a le n e  n u c l e i  p la y in g  

a predom inant r o l e ,  and th e  c e n t r a l  r in g  form ed b y  j o in in g  

th e  p e r i - p o s i t i o n s  h as a s p e c ia l  s t r u c t u r e  f o r  w hich  no 

c o r r e c t io n  to  th e  d ia m a g n e tic  s u s c e p t i b i l i t y  h a s  to  be made.

I t  seem s p r o b a b le  th e n , t h a t  th e  bonds j o in in g  th e  p e r i -  

p o s i t i o n s  a re  lo n g e r  than u s u a l ly  o b se r v e d  in  p o l y c y c l i c  

a ro m a tic  h y d ro ca rb o n s . T h is  l a t t e r  p o in t  i s  i n  k e e p in g  w ith  

th e  r e s u l t s  o b ta in e d  from  th e  X -ray  i n v e s t i g a t i o n ,  and th e  

r e s u l t s  o b ta in e d  from  th e  d ia m a g n e tic  s u s c e p t i b i l i t y  su p p o rt  

th e  i n t e r p r e t a t i o n  o f  th e  p e r y le n e  m o le c u le  by  th e  non­

e x c i t e d  K ekule/ s t r u c t u r e s .



P e r y le n e  h a s  a ls o  been  shorn  to  h ave  a s m a ll d ip o le  

moment (47 ) in d ic a t in g  t h a t  th e r e  i s  no t r u e  c e n tr e  o f
I

sym m etry. The a b s e c t i o n  sp ectru m  o f  p e r y le n e  (4 8 ) a l s o  J

te n d s  to  i n d i c a t e  t h a t  th e  p e r y le n e  m o le c u le  i s  n o t  c o m p le te ly  j
|

p la n a r . No e v id e n c e  h as b een  o b ta in e d  i n  th e  i n v e s t i g a t i o n  j

o f  p e r y le n e  b y  X -ra y  d i f f r a c t i o n  m ethods to  su p p o rt th e  i d e a  I

o f  a n o n -p la n a r  s t r u c t u r e .  On th e  c o n tr a r y , th e  v e r y  good  j
agreem ent b etw een  th e  o b se r v e d  and c a lc u la t e d  v a lu e s  o f  th e  

s t r u c t u r e  f a c t o r s  i n  th e  (hkO) z o n e , su p p o r ts  th e  f a c t  t h a t  

th e  p e r y le n e  m o le c u le  i s  p la n a r ,  a s  f a r  a s  th e  carbon  atom s  

a re  c o n cern ed . No in fo r m a t io n  can  b e o b ta in e d  r e g a r d in g  ; 

p o s i t i o n s  o f  h yd rogen  atom s h ow ever, and i t  may w e l l  h e  t h a t  

th e  h ydrogen  atom s a d ja c e n t  to  th e  bonds j o in in g  th e  two 

n a p h th a le n e  g rou p s a re  f o r c e d  o u t  o f  th e  p la n e .  T h is  

c o u ld  th en  e x p la in  th e  sm a ll d ip o le  moment, and th e  r e s u l t s  

from  th e  a b s o r p t io n  s p e c tr a .

E x p er im en ta l 

D e te r m in a tio n  o f  C r y s ta l  D ata  and I n t e n s i t i e s .

The X -ra y  work was c a r r ie d  o u t  p h o to g r a p h ic a l ly  b y  

means o f  r o t a t i o n ,  o s c i l l a t i o n  and m o v in g -f ilm  m eth od s, 

cop p er  K* r a d ia t io n  b e in g  em ployed th r o u g h o u t. The w ew in g- i 

f i lm  p h o to g ra p h s w ere u sed  to  d e te r m in e  th e  sp a c e  groniip, and | 

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



a s  PZl/a i  s in c e  th e r e  was no e x c e p t io n  to  th e  (hO l) a b se n c e s  

when h was od d . Of th e  (OkO) r e f l e c t i o n s ,  s i x  w ere o b se r v e d  

and th e r e  was no e x c e p t io n  to  th e  (OkO) a b se n c e s  when k  was 

od d .

The d e n s i t y  was fou n d  by f l o t a t i o n  o f  sm a ll c r y s t a l s  

i n  a s o lu t io n  o f  s i l v e r  n i t r a t e .  The h ig h e s t  v a lu e  o b ta in e d  

was 1 . 522 , and was i n  good agreem en t w ith  th e  v a lu e  o f  

1 .5 4 1  c a lc u la t e d  f o r  fo u r  m o le c u le s  in  th e  u n i t  c e l l .

Two z o n es  (hO l) and (hkO) w ere e x p lo r e d  i n  d e t a i l  by  

m o v in g -f ilm  m eth o d s. Long ex p o su r e s  o f  th e  e q u a t o r ia l  la y e r  

l i n e s  f o r  c r y s t a l s  r o t a te d  ab ou t th e  b and c c r y s t a l  a x es  

w ere o b ta in e d . The e s t im a te s  o f  th e  i n t e n s i t i e s  were made 

v i s u a l l y  and th e  m u lt ip le - f i lm  te c h n iq u e  (4 1 ) was u sed  i n  th e  

c o r r e la t io n  o f  i n t e n s i t i e s .  The t o t a l  ra n g e  o f  i n t e n s i t i e s  

c o v e r e d  was 5>000 to  1 , w hich i s  j u s t  about th e  o rd er  u s u a l ly  

e n co u n tered  i n  th e i n v e s t i g a t i o n  o f  h yd rocarb on  s t r u c t u r e s .

An a p p r o x im a te ly  a b s o lu te  s c a le  o f  F v a lu e s  was o b ta in e d  by  

c o r r e la t io n  o f  th e  o b se r v e d  d a ta  w ith  th e  c a lc u la t e d  F v a lu e s .  

S in c e  t h i s  i n v o lv e s  a s c a t t e r in g  c u r v e , th e  s c a l e  may n o t  be  

q u it e  a c c u r a te .  T h is , h ow ever, w i l l  n o t  a f f e c t  th e  

p o s i t i o n s  o f  th e  a tom ic c e n t r e s  s in c e  a l l  th e  atom s a re  o f  

th e  same k in d , b u t  o n ly  th e  v e r t i c a l  s c a le  o f  th e  co n to u r  

m aps. The a to m ic  s c a t t e r in g  f a c t o r  u sed  was b a se d  m a in ly
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on a b s o lu te  m easurem ents o b ta in e d  from  a n th r a cen e  ( 4 2 ) .

The c r y s t a l  sp ecim en  u sed  i n  th e  i n v e s t i g a t i o n  o f  th e  

(hO l) zon e was sm a ll and u n ifo rm . I t  had a c r o s s - s e c t i o n  o f  

0 * 5 5  mm. by O.5 8  mm. No a b so r p t io n  c o r r e c t io n  was a p p l ie d .

In  th e  i n v e s t i g a t i o n  o f  th e  (hkO) zone th e  c r y s t a l  was i n  th e  

form  o f  a sq u are  p l a t e  -  th e  c r o s s - s e c t i o n  was O.8 5  mm. by

0 .9 0  m i. S in c e  th e  d im en sio n s  w ere u n iform  and th e  a b so r p t io n  

c o e f f i c i e n t  was sm all (A  = 6 .9 6  p er  c m .) ,  no a b so p r t io n  

c o r r e c t io n  was a p p l ie d .

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

p la n e s  ( 0 0 1 ) and ( 0 0 2 ) a re  r a th e r  lo w e r  than  th e  c a lc u la t e d  ■ 

v a lu e s  (1 0 #  and 20% lo w e r  r e s p e c t i v e l y ) .  T h is  i s  p ro b a b ly  

due to  e x t i n c t i o n ,  and so  i n  th e  f i n a l  F o u r ie r  a n a l y s i s ,  

t h e s e  p la n e s  wre r e  in c lu d e d  as t h e i r  c a lc u la t e d  v a lu e s .  In  

th e  (hkO) zon e one p la n e  h as p r o b a b ly  an in a c c u r a te  m easured  

F v a lu e .  The (1 1 0 ) p la n e ,  v/hich h a s  a v e r y  sm a ll 2 s in 0 ,  was 

p a r t i a l l y  c u t  o f f  th e  f i lm  u se d . Due to  t h i s  and a l s o  to  

th e  f a c t  t h a t  th e  i n t e n s i t y  i s  s tr o n g , th e  m easurem ent o f  th e  

i n t e n s i t y  i s  p ro b a b ly  in a c c u r a t e .

T r ia l  A n a ly s is  and F o u r ie r  .A n a ly sis

From a t r a c in g  o f  th e  s m a ll- s p a c in g  p la n e s  o f  h ig h  

i n t e n s i t y  and th e  a b sen ce  o f  th e  ( 201) p la n e s ,  an ap p rox im ate  

e s t im a te  o f  th e  a tom ic  p o s i t i o n s  was o b ta in e d . The



o r ie n t a t io n  o f  th e  m o le c u le  and th e  f r e e  t r a n s la t io n  o f  th e  

m o le c u la r  c e n tr e  from  th e  o r ig in  in  th e  ac p la n e  ( x 0 and z 0) 

w ere o b ta in e d . The f i r s t  t r i a l  s t r u c t u r e  was o b ta in e d  from  

t h e s e  d a ta  and th e  assu m p tio n  th a t  th e  p e r y le n e  m o le c u le  was 

p la n a r  and c o n s is t e d  o f  r e g u la r  h ex a g o n s o f  s id e  1 .4 1 A . A 

r e f in e m e n t  o f  th e  a to m ic  p o s i t i o n s  o b ta in e d  was c a r r ie d  o u t  

u s in g  th e  d o u b le  F o u r ie r  S e r ie s  m eth od s.

The e le c t r o n  d e n s i t y  on th e  ac p la n e  was com puted a t  

900 p o in t s  on th e  asym m etric  u n i t  from  th e  s e r i e s

The a - a x is  was d iv id e d  in t o  60 p a r t s  ( i n t e r v a l s  o f  O .1 8 9 A) ' 

and th e  c - a x i s  in t o  60 p a r t s  ( i n t e r v a l s  o f  0 .1 7 2 A ). The 

sum m ations w ere c a r r ie d  o u t  by means o f  t h r e e - f ig u r e  s t r i p s  

( 4 5 ) .  The p o s i t i o n s  o f  th e  c o n to u r  l i n e s  were o b ta in e d  by 

g r a p h ic a l  i n t e r p o la t io n  o f  th e  summation t o t a l s  by m aking  

s e c t io n s  o f  b o th  rows and co lu m n s. The co n to u r  map 

r e s u l t i n g  from  th e  f i n a l  r e f in e m e n t i s  shown in  F ig .  l 8 ,  

th r e e -q u a r t e r s  o f  th e  u n i t  c e l l  b e in g  in c lu d e d .

C a lc u la t io n  o f  M o lecu la r  O r ie n ta t io n  and C o -o r d in a te s .

In  o r d e r  to  c a l c u l a t e  th e  o r i e n t a t io n  i t  i s  n e c e s s a r y  

to  assum e some d is t a n c e  i n  sp a ce  o f  th e  m o le c u le . In  t h i s  

c a s e  i t  was assum ed th a t  th e  d is t a n c e s  BO and CN w ere th e  

same as in  a r e g u la r  h ex a g o n a l s t r u c tu r e  o f  s id e  1 .4 1 A . The



mean p r o j e c t io n  d is t a n c e  o f  BO and CN was m easured  as  

2 .8 2 5 A , and i n  sp a ce  i t  would be 4 .8 8 4 A . S in c e  BO and CN 

a re  p a r a l l e l  to  th e  M m o le c u la r  a x i s ,  s in  ^ h =  2 .8 2 5 /4 .8 8 4  

( i s  th e  a n g le  w hich th e  M m o le c u la r  a x i s  makes w ith  th e  

b c r y s t a l  a x i s ) .  Hence ^  = 55* 3° * I t  i s  a ls o  n e c e s s a r y  . 

to  know th e  ta n g e n ts  o f  th e  a n g le s  w hich th e  L and M 

m o le c u la r  a x e s  make w ith  th e  a c r y s t a l  a x i s  (tan'V*. and tan^M 

r e s p e c t i v e l y ) .  I f  th e  m o le c u le  has a c e n t r e  o f  symmetry 

and i s  p la n a r , i t  i s  u n n e c e ssa r y  to  m easure th e s e  a n g le s .

The ta n g e n ts  o f  th e s e  a n g le s  can be c a lc u la t e d  from  th e  

r e c ta n g u la r  c o - o r d in a t e s  ( s e e  l a t e r )  o f  c e r t a in  p a ir s  o f  

atom s. The l i n e s  j o in in g  su ch  atom s as AF, I J ,  e t c .  sh o u ld  

b e  p a r a l l e l  to  th e  L m o le c u la r  a x i s ,  and h en ce  th e  ta n g e n t  

o f  th e  a n g le  w hich  th e s e  l i n e s  make w ith  th e  a - a x is  sh o u ld  

b e th e  same as th e  ta n g e n t  o f  th e  a n g le  w hich  th e  L m o le c u la r  

a x i s  makes w ith  th e  a - a x i s .

e . g .  from  atoms A and F , t a n ^ L = (z* -  z  ̂ ) / ( x »  -  xJL) 

S im i la r ly  f o r  th e  tan^M * ta k e  atom s such  ,as A and P , w hich  

when jo in e d  g iv e  a l i n e  p a r a l l e l  to  th e  M m o le c u la r  a x i s  

Thus from  atom s A and P , tan"?M = (x^ -  z } ) / ( x j  -  x £ )

In  t h i s  way a s e r i e s  o f  v a lu e s , a re  o b ta in e d  w hich  can be  

a v er a g e d . Thus t a n ^ i s  fo u n d  to  be 8 .4 6 4 6  — 0 . 1 l 8 l ,  

and tan  to  b e -O .1 5 8 2  + 0 .0 0 2 4 .  W ith t h e s e  d ata  and th e



n in e  t r ig o n o m e t r ic a l  r e l a t i o n s  g iv e n  i n  P a r t  I  ( s e e  page 45) |
5|

th e  c o m p le te  o r i e n t a t i o n  o f  th e  m o le c u le  can h e c a lc u la t e d  I

W ith r e s p e c t  to  th e  c r y s t a l lo g r a p h ic  a x es  a and b and t h e ir  f
|

p e r p e n d ic u la r  c ! . I

The r e c ta n g u la r  c o - o r d in a t e s  ( x ! , y ,  z f )> r e f e r r e d  to  th e  

a and b c r y s t a l  a x es  and t h e ir  p e r p e n d ic u la r  o f  th e  :!

r e s o lv e d  atom s can b e o b ta in e d  from  th e  c r y s t a l  c o - o r d in a t e s  j . j

u s in g  th e  e q u a t io n s

x  = x 1 -  z ! c o t $  and z -  z ! c o s e c  & ;|

U sing  t h e s e  r e c ta n g u la r  c o - o r d in a t e s  i n  c o n ju n c t io n  w ith  

th e  o r i e n t a t i o n ,  th e  O Q -ordinates o f  th e  atom s w ith  r e s p e c t 1 

to  m o le c u la r  a x es  L 1 and Mf ( p r e v io u s ly  d e f in e d ) ,  can  b e  j

o b ta in e d  from  th e  f o l lo w in g  e q u a t io n s : -

x 1 = L f e o s  + Ml c o s % m  |

z f = L 1 c o s + M! coscJm  

The LT and Mf c o - o r d in a t e s  o f  U ( th e  m o le c u la r  c e n tr e )  j

can now be o b ta in e d  by o n ce  a g a in  u s in g  th e  m o le c u la r  j

sym m etry. I t  i s  o b v io u s  from  a s tu d y  o f  th e  m o le c u le  t h a t  j

th e  f o l lo w in g  r e la t i o n s h i p s  w i l l  h o ld .  j

From atom s A and F : -  L !w = (L* -  L *.)/2  + LJ. = (L^ + L ^ ) /2

From atom s A and P MJ, = (M£ -  M'p) / 2  + = (MJ, + M*p) / 2

A lso  n o te  th a n  MJ; = MJ. ; MJ, ; MJ, ; .

Thus u s in g  o n ly  th e  c o - o r d in a t e s  o f  th e  r e s o lv e d  atom s, and



o b ta in in g  f i r s t  t h e i r  r e c ta n g u la r  c o - o r d in a t e s  and th e n  t h e ir  

L T and Mf m o le c u la r  c o - o r d in a t e s ,  a s e t  o f  v a lu e s  can be  

o b ta in e d  f o r  L* and M*. Thus LJ, i s  fou nd  to  be

0 .5 6 7 ±  0 .0 0 4 A  and MJ to  b e 1 .8 0 2  ±  0 .0 1 0 A . From t h e s e

v a lu e s  th e  c r y s t a l  c o - o r d in a t e s  o f  th e  m o le c u la r  c e n tr e  can  

be o b ta in e d . The v a lu e s  o b ta in e d  a r e  x u = 1 .1 7 1 A  and 

z d = 0 .4 2 9 A .

By s u b t r a c t in g  th e  v a lu e s  o f  LJ and Ml from  th e  L ?

and M1 c o - o r d in a t e s  o f  th e  r e s o lv e d  a tom s, th e  L and M

m o le c u la r  c o - o r d in a t e s  o f  t h e s e  atom s can b e  o b ta in e d  (n o te  

t h a t  th e  L and M m o le c u la r  c o - o r d in a t e s  o f  th e  m o le c u la r  • 

c e n t r e  a re  z e r o ) .  From a s tu d y  o f  th e  m o le c u le  i t  can be  

se e n  t h a t  th e r e  i s  a d i s t i n c t  r e la t io n s h ip  b etw een  th e  

m o le c u la r  c o - o r d in a t e s  o f  some o f  th e  a tom s.

Thus Lfl = Lp = -L P =-Lk and Iff* == JSp = -Mp = -M k• T h is  can  

be r e p e a te d  f o r  s e v e r a l  s e t s  o f  a tom s. The v a lu e s  o b ta in e d  

f o r  th e  r e s o lv e d  atoms can  be a v era g ed , and v a lu e s  o f  th e  

L and M m o le c u la r  c o - o r d in a t e s  o f  u n r e s o lv e d  atom s can be  

o b ta in e d  from  th e  u se  o f  th e  symmetry e le m e n ts  shown ab o v e .

In  t h i s  way th e  L and M m o le c u la r  c o - o r d in a t e s  o f  a l l  th e  

atom s a re  o b ta in e d , and from  them th e  c r y s t a l  c o - o r d in a t e s  

o f  a l l  th e  atom s a re  o b ta in e d  u s in g  th e  f o l lo w in g  e q u a t io n s .
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x ! =  L c o s ' X l  +  M CO s X m  +  N e o s X *  +  X*, X =  X* -  z * c o t ^

y = L costyL + M cob^h + N c o s + y j  z = z f coseCyS

z 1 = L c o s ^  + M cos^Jm + N coscu* + z f0

N o te  t h a t  s in c e  th e  m o le c u le  i s  p la n a r  th e N m o le c u la r  

c o - o r d in a t e s  are  a l l  z e r o . The f r e e  t r a n s la t io n  a lo n g  th e  

b - a x i s  ( i . e .  yu ) was fo u n d  by t r i a l  and e r r o r .  The v a lu e  

f i n a l l y  ad op ted  was yv -  -1 .5& 4A . The m o n o c lin ic  c r y s t a l  

c o - o r d in a t e s  f i n a l l y  ad op ted  a re  c o l l e c t e d  i n  T a b le  7 under  

colum n (a ) and th e  p o s i t i o n s  o f  th e  r e s o lv e d  atom s a re  

p l o t t e d  i n  F i g .  2 4 , th e  p r o j e c t io n  on th e  ac p la n e .

S tr u c tu r e  F a c to r s

The c o - o r d in a t e s  c o l l e c t e d  i n  T ab le  7 under colum n (a)  

w ere u se d  i n  th e  f i n a l  c a l c u la t io n  o f  th e  s t r u c t u r e  f a c t o r s ,  

w h ich  a re  shown i n  th e  f o l i c  wing p a g es  under F c a l c .  The 

agreem en t b etw een  th e  o b se r v e d  and c a lc u la t e d  v a lu e s  o f  F , 

e x p r e s se d  in  th e  u s u a l  way as a sum o f  a l l  th e  d is c r e p a n c ie s  

d iv id e d  b y  th e  sum o f  th e  m easured s tr u c tu r e  f a c t o r s ,  i s  

1 6 . 9$  f o r  th e  (hO l) r e f l e c t i o n s  and 14.1% f o r  th e  (hkO) 

r e f l e c t i o n s .  In  th e  (hO l) zone 8o p la n e s  w ere o b se r v e d  o u t  

o f  a t o t a l  p o s s i b l e  o f  1 5 0 , and i n  th e  (h k O )  zon e 50 p la n e s  

w ere o b se r v e d  o u t  o f  a t o t a l  p o s s i b l e  o f  l 6 o .
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F ig u r e  24.

•so*1

120* '

90*

60*

30*

- 3 o n

- 6 0

o

30* 60* 90*

P r o j e c t io n  on th e  (010.) p la n e  show ing  
c o - o r d in a t e s  a s s ig n e d  to  th e  r e s o lv e d  

atom s.
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M easured  and c a l c u l a t e d  v a lu e s  o f  F

F
( t e k l ) 2 s i n 0 m e a s .
2 0 0 0 . 2 7 7 3 4 . 4
4 0 0 0 . 5 5 3 1 0 . 7
6 0 0 0 . 8 3 0 7 . 3
8 0 0 1 . 1 0 6 2 7 . 3
1 0 , 0 0 1 . 3 8 3 2 0 . 0
0 0 1 0 . 1 5 2 7 8 . 4
0 0 2 0 . 3 0 5 8 7 . 7
0 0 3 0 . 4 5 7 3 0 . 2
0 0 4 0 . 6 0 9 3 4  . 0
0 0 5 0 . 7 6 2 1 8 . 6
0 0 7 1 . 0 6 6 4 . 5
0 0 9 1 . 3 7 1 9 . 1
0 0 , 1 0 1 . 5 2 3 1 2 . 0
0 0 , 1 1 1 . 6 7 5 4 . 0
2 0 9 1 . 4 4 9 1 8 . 2
2 0 8 1 . 2 9 9 6 . 9
2 0 7 1 . 1 5 1 4 . 4
2 0 6 1 . 0 0 4 1 7 . 4
2 0 5 0 . 8 5 8 2 1 . 5
2 0 4 0 . 7 1 5 6 0 . 0
2 0 3 0 . 5 7 7 3 . 1
2 0 2 0 . 4 4 9 7 . 0
2 0 1 0  .3 4 0 3 . 5
2 0 T 0 . 2 9 0 6 0 . 8
2 0 2 0 . 3 7 2 1 8 . 2
2 0 2 0 . 4 8 8 2 4 . 0
2 0 T 0 . 6 2 0 2 . 9
2G F 0 . 7 6 0 1 9 . 7
2 0 7 1 * 0 5 0 9 . 9
2 0 F 1 . 1 9 7 7 . 7
4 0 6 1 . 1 5 4 6 . 5
4 0 5 1 . 0 2 2 5 . 9
4 0 4 0 . 8 9 6 3 . 7
4 0 3 0 . 7 8 2 2 . 5
4 0 2 0 . 6 8 0 8 . 9
4 0 1 0 . 6 0 0 2 6 . 8
4 0 T 0 * 5 4 5 3 7 . 0
4 0 2 0 . 5 8 0 1 6 . 5
40*5" 0 * 6 4 8 4 . 6
4 0 F 0 . 8 5 4 2 . 7
4 0 F 0 . 9 7 6 8 . 8
4 0 F 1 . 2 4 0 7 . 8
4 0 3 1 * 3 7 9 1 0 * 8
6 0 8 1 . 5 9 7 3 . 5
6 0 6 1 . 3 4 7 7 . 0

( P e r y l e n e ) . 

F
c a lc *  
+ 3 4 * 9  
+ 5 * 8  
+ 4 * 4  
- 2 1 . 8  
- 20*1 
+ 7 7 . 5  
- 8 5 * 5  
+ 2 8 * 0  
•“3 0 * 1  
• 2 1 . 8
-  3 * 9  
+ 8 *4 
+ 1 1 . 9
•  3 * 6  
+ 1 9 . 4  
+ 8 . 9
•  8 .0  
-2 0 .G 
+ 2 0 . 4  
+ 5 6 . 5
-  2 . 3
-  3 . 1
-  1.0 
+ 6 4  . 6  
- 1 6 . 4  
+ 1 7 . 9  
+ 9 . 6  
- 2 4 . 8  
- 1 1 . 7  
- 1 4 . 2  
+ 11.6 
+  3 . 5
-  5 . 2  
+  4 . 3  
- 1 1 . 3  
- 2 4 . 1  

+  3 5 . 4  
+ 9 . 5
-  4 . 8  
+ 2.0 +10.1 
+ 6 . 5  
+  7 . 1  
+  4 . 3  
+ 2.0



00

f h k l ) 2sln@
6 0 5 1 * 2 2 7
6 0 1 0 . 8 7 1
6 0 X 0 . 8 1 5
6 0 S 0 . 8 2 9
6 0 F 0 . 8 7 0
6 0 * 0 . 9 3 3
6 0 F 1 . 0 1 6
6 0 F 1 . 1 1 6
6 0 T 1 . 2 2 2
605" 1 . 3 3 9
6 0 F 1 . 4 6 4
e o T T 1 . 7 2 4
8 0 6 1 . 5 6 4
8 0 5 1 . 4 5 6
8 0 4 1 . 3 6 0
8 0 3 1 . 2 7 3
8 0 2 1 . 2 0 0
8 0 1 1 . 1 4 4
8 0 F 1 . 1 1 5
801* 1 . 1 6 0
8 0 F 1 . 2 2 0
8 G F 1 . 2 9 6
8 0 7 1 . 3 8 5
80ST 1 . 5 9 2
8 0 I F 1 . 7 0 8
8 0 I T 1 . 8 2 6
1 0 ,© 4 1 . 6 1 2
1 0 , 0 3 1 . 5 3 6
1 0 , 0 1 1 . 4 1 9
10,  o T 1 . 3 6 3
1 0 , OF 1 . 4 5 0
1 0 , OF 1 . 5 0 8
1 2 , 0 4 1 . 8 7 2
1 2 , 0 3 1 . 8 0 0
1 4 ,  o T 1 . 9 1 3
0 2 0 0 . 2 8 4
0 4 0 0 . 5 6 7
0 6 0 0 . 8 5 1
0 8 0 1 . 1 3 5
0 , 1 0 , 0 1 . 4 1 9
0 , 1 2 , 0 1 . 7 0 2
1 1 0 0 . 1 9 8
1 2 0 0 . 3 1 6
1 3 0 0 . 4 4 8
1 4 0 0 . 5 8 4
1 5 0 0 .7 2 3

F P
m e a s . c a l c .

4 . 3 +  2 . 0
1 1 . 5 + 1 4 . 2

7 . 7 * 7 * 6
9 . 7 t  9 . 5
3  . 3 +  4 * 6

3 9 . 4 +  3 9 . 6
1 1 . 9 + 1 2 . 2

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

3 6 . 4 * 5 0 , 4
2 0 . 0 + 1 8 . 8
1 1 . 9 - 1 5 . 6

9  . 4 + 9  *6
1 4  *0 —1 4  *8

3 . 3 — 4 . 1
1 4 * 6 + 1 6 . 0
3 0 . 0 + 2 7 . 2

4 . 4 — 6 . 5
3 . 6 + 4 . 8

3 1 . 4 —3 5 . 9
1 3 . 1 - 1 7 . 3

4 . 1 + 7 . 2
8 . 5 + 1 1 . 7
3 . 6 -  3 . 5
4 , 4 +  4 . 7

1 5 . 2 -  8 . 0
7 . 7 -  3 , 2
4 . 7 -  1 , 0
5 . 7 -  2 . 9
3 . 3 +  1 . 5
7 . 8 -  3 . 3
7 . 0 -  5 . 8

2 3 . 1 + 2 2 . 7
1 0 . 8 + 1 3 . 7
1 0 . 0 - 1 3 . 0
4 8 . 8 —4 6 . 5

7 . 3 -  6 . 7
4 9 . 2 + 5 4  # 8
4 4 . 2 +  4 5 . 5
2 9 . 4 +  2 4 . 3
2 9 . 4 - 2 3 . 3
1 2 . 5 - 1 3 . 2
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( h k l ) 2  s in ©
1 6 0 0 . 8 6 2
1 9 0 1 . 2 8 4
1 , 1 1 , 0 1 . 5 6 7
1 , 1 2 , 0 1 . 7 0 8

k o 5 * 0
1 , 8 5 0
0 . 3 1 1

2 2 0 0 . 3 9 6
2 3 0 0 . 5 0 8
2 4 0 0 . 6 3 2
2 6 0 0 . 8 9 6
2 8 0 1 . 1 6 8
2 9 0 1 . 3 0 7
2 , 1 2 , 0 1 .7 2 4
3 1 0 0 . 4 3 9
3 2 0 0 .5 0 3
3 5 0 0 .8 2 3
3 8 0 1 . 2 0 8
3 9 0 1 . 3 4 4
3 , 1 2 , 0 1 . 7 5 2
5 3 0 0 . 8 1 3
5 4 0 0 . 8 9 5
6 1 0 0 . 8 4 2
6 2 0 0 * 8 7 8
6 3 0 0 .9 3 3
6 7 0 1 . 2 9 5
7 1 0 0 . 9 7 8
7 2 0 1 . 0 0 9
7 5 0 1 . 2 0 0
7 6 0 1 . 2 8 9
7 9 0 1 . 6 0 2
8 1 0 1 , 1 1 5
8 2 0 1 . 1 4 2
8 5 0 1 . 3 1 4
9 1 0 1 . 2 5 3
1 0 , 2 , 0 1 . 4 1 4

P P
m e a s . c a l c .

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

2 9 . 6 - 2 7  .3
1 0 . 2 -  ' 8 . 8

5 . 8 + 5 . 8
6 1 . 9 + 6 0 . 7

1 0 1 , 0 - 1 1 7 . 2
1 5 . 3 1 5 . 7
1 2 , 2 1 4 . 1
1 3 . 0 + 1 2 . 4
1 1 . 1 + 1 2 . 8
1 7 . 3 + 1 2 . 2
1 6 * 4 + 1 9 . 2
4 6 . 2 ■ 4 7 .6
4 8 . 7 + 4 2 . 2

7 . 9 - 9 . 0
6 , 5 + 9 . 5

1 2 . 8 + 1 0 * 8
8 . 8 9 * 0

2 2 . 6 4m 1 4 . 9
7 . 5 + 7 . 6

2 2 . 6 1 6 , 3
8 . 2 + 7 . 0

1 0  , 9 + 1 3  . 2
8 . 3 + 1 1 . 3

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

6 . 8 , 9 . 9
9 . 8 9 . 0

2 1 . 0 + 2 0 . 1
8 . 9 4  . 6
8 » 3 • 1 2 . 8

1 9 . 4 1 8 . 9
6 . 9 + 4 . 5
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P a r t  5 . |

The C r y s ta l  S tr u c tu r e  o f  O cta m eth y ln a p h th a len e  (A Q u a n t ita t iv e  jj
X -ra y  I n v e s t i g a t i o n ) |

I n t r o d u c t io n .  I
“ ' 11

O cta m eth y ln a p h th a len e  ( F ig .  2 5 ) ,  C/y H2JM h a s  r e c e n t ly

b een  s y n t h e s is e d  by A b id ir  and Cook (u n p u b lish e d ) . The

s tr u c t u r e  o f  t h i s  compound was s tu d ie d  w ith  a v ie w  to

i n v e s t i g a t i n g  th e  p la n a r i t y  o f  th e  m o le c u le .  H exam eth ylb en zen e

h a s  b een  shown to  b e  p la n a r  by L o n sd a le  ( 2 7 ) ,  and Brockway and

R o b ertso n  ( 8) .

F ig u r e  25*

CMCH.,

CHCH;

However th e  in tr a m o le c u la r  d i s t a n c e  b etw een  th e  m eth y l grou p s  

a t ta c h e d  to  th e  a t - p o s i t io n s  in . o c ta m e th y ln a p h th a le n e  i s  

c o n s id e r a b ly  l e s s  th an  th e  in tr a m o le c u la r  d i s t a n c e  b etw een  two 

a d ja c e n t  m eth y l g ro u p s in  th e  h ex a m eth y lb en zen e  m o le c u le ,  

and i t  i s  d o u b tfu l i f  th e s e  two m eth y l grou p s can be



accom modated in  th e  same p la n e  as th e  n a p h th a le n e  n u c le u s .

The m o le c u le ,  presum ing i t  to  be c o m p le te ly  p la n a r ,  

w ould  have a  c e n t r e  o f  symmetry and th r e e  t w o - f o ld  a x es  o f  

symm etry a t  r i g h t  a n g le s .  I f  h ow ever, th e  m eth y l grou p s  

i n  th e  o c -p o s it io n s  a re  d is p la c e d  from  th e  p la n e ,  one up 

c u t  o f  th e  p la n e  and th e  o th e r  down o u t  o f  th e  p la n e  

( s e e  F ig .  25; (+) d e n o te s  up and ( - )  d e n o te s  dow n), th e  

c e n t r e  o f  symmetry i s  d e s tr o y e d  b u t  th e  th r e e  tw o fo ld  a x es  

o f  symmetry rem ain . There i s  a n o th e r  p o s s i b i l i t y  where 

two m eth y l grou p s d i r e c t l y  o p p o s i t e  ea ch  o th e r  a re  b o th  up 

o u t  o f  th e  p la n e  and th e  o th e r  two down, b u t  th e  form er . 

p r o v e s  to  b e  th e  c a s e .

S in c e  th e  o n ly  d i f f e r e n c e  b etw een  n a p h th a le n e  and 

o c ta m e th y ln a p h th a le n e  i s  in  th e  s u b s t i t u t io n  o f  a l l  th e  

h yd rogen  atom s by m eth y l g r o u p s , i t  wTi l l  be o f  i n t e r e s t  to  

compare th e  r e s u l t s  o b ta in e d  f o r  th e  bond le n g t h s  in  b o th  

c a s e s .

The p u rp o se  o f  th e  i n v e s t i g a t i o n  h as a lr e a d y  been  

m en tio n ed , b u t  i t  was a l s o  in te n d e d  to  r e f i n e  th e  s tr u c t u r e  

s u f f i c i e n t l y  by th e  u su a l tw o -d im e n s io n a l m ethods o f  

a n a ly s i s  to  e n a b le  a p o s s i b l e  a n a ly s i s  by th e  t h r e e -  

d im e n s io n a l F o u r ie r  m eth od s. In  t h i s  c a s e  i t  h a s  b een  

shown t h a t  a f u l l  th r e e -d im e n s io n a l  a n a ly s i s  w i l l  be
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n e c e s s a r y  b e fo r e  th e  s tr u c t u r e  i s  c o m p le te ly  known.

C r y s ta l  D a ta .

O c ta m e th y ln a p h th a len e , C tsK2u,, M, 2 4 0 .4 .  m .p . 1 # 4 °

d , c a l c .  1 .1 0 9  d , fou n d  1 .0 8 9

o r th o  rh om b ic, a = 1 6 .6 6  t  0 . 0 5A, b = 1 1 .5 1  -  0..Q1A,

c = 7 .6 4  ± 0 .0 5 A .

A bsent S p e c tr a  -  (h k l)  when h + k i s  odd

(hO l) when h i s  odd and 1 i s  odd

(hkO) when h i s  odd and k i s  odd

(O kl) when k i s  odd and 1 i s  odd

Space Group -  Ccca (D jj ) .

Four m o le c u le s  p er  u n i t  c e l l .

M o lecu la r  symmetry -  th r e e  tw o fo ld  a x es  a t  r ig h t  a n g le s .  

Volume o f  th e  u n i t  c e l l ,  1 ,4 5 9 * 6A3

A b so rp tio n  c o e f f i c i e n t  f o r  X -r a y s , A= 1 .5 4 A , J t  = 5*44  p er  cm. 

T o ta l number o f  e l e c t r o n s  p er  u n i t  c e l l  ** F (0 0 0 ) = 5 2 8 . 

i The c r y s t a l s  ten d  to  b e f l a t  p l a t e s  w ith  no w e l l - d e f in e d  

! c le a v a g e .

T h ese  w ere th e  b e t t e r - d e v e lo p e d  c r y s t a l s .  The o t h e r s  

w ere s im p ly  c l u s t e r s  o f  v e r y  sm a ll n e e d le s ;  One o f  th e
I

sp ec im en s u se d  was a s m a ll ,  a lm o st sq u are  p l a t e ,  w ith  th e  

c - a x i a l  d i r e c t io n  p e r p e n d ic u la r  to  th e  p l a t e .  The o n ly  

f a c e  w hich  was w e l l - d e v e lo p e d  and c o u ld  b e i d e n t i f i e d  was
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th e  ( 0 0 1 ) f a c e .

C r y s ta l  S tr u c tu r e

The m ost p rom in en t f e a tu r e  o f  th e  c r y s t a l  s t r u c t u r e  

i s  th e  sp a ce  g ro u p , C cca , w hich h a s  1 6 asym m etric u n i t s .  

S in c e  th e r e  a re  o n ly  4  m o le c u le s  in  th e  u n i t  c e l l ,  t h i s  

means t h a t  th e  asym m etric  u n i t  i s  o n e -q u a r te r  o f  a m o le c u le ,

i . e .  carbon  atom s and 6 h ydrogen  a tom s. In  t h i s  sp a c e  

group i f  th e r e  a re  o n ly  4 m o le c u le s  p er  u n i t  c e l l ,  th e n  th e  

m o le c u le s  l i e  a t  s p e c ia l  p o s i t i o n s .  The m o le c u la r  c e n tr e  

o f  o c ta m e th y ln a p h th a le n e  i s  th e  c e n t r e  o f  th e  c e n t r a l  bond  

in  th e  n a p h th a le n e  n u c le u s .  T h is  m o le c u la r  c e n t r e  m ust 

l i e  a t  th e  o r ig in  o f  th e  u n i t  c e l l ,  i . e .  a t  ( 0 0 0 ) .  Then to  

o b t a in  th e  p o s i t i o n  o f  a n o th er  m o le c u la r  c e n t r e ,  th e  

o p e r a t io n  ( H o )  i s  a p p l ie d .  Now to  o b ta in  th e  p o s i t i o n s  

o f  th e  rem ain in g  two m o le c u la r  c e n t r e s ,  th e  o p e r a t io n  

( o i i )  i s  a p p lie d  to  each  o f  th e  f i r s t  tw o.

Now f o r  o c ta m e th y ln a p h th a le n e  i t  i s  n e c e s s a r y  to  

p r o c e e d  by t r i a l  and e r r o r .  I f ,  as a f i r s t  a p p r o x im a tio n , 

th e  m o le c u le  i s  assum ed to  be p la n a r , th en  i t  i s  a p p a ren t  

from  p a ck in g  c o n s id e r a t io n s  t h a t  th e  m o le c u la r  p la n e  m ust 

l i e  i n  th e  (001) p la n e .  The m o le c u la r  p la n e  ca n n o t b e  

t i l t e d  o u t  o f  th e  c r y s t a l  p la n e  b e c a u se  o f  th e  sp a c e  group  

sym m etry, a s  w i l l  be shown, and s in c e  th e  le n g th  o f  th e



c_ -sx is  i s  o n ly  7*6 lA , th en  i t  i s  o b v io u s  th e  m o le c u le  ca n n o t  

be accommodated e i t h e r  in  th e  (100) o r  in  th e  (010) p la n e s .  

I f  th e  symmetry o f  th e  sp a c e  group around th e  o r i g i n  i s

up c u t  o f  th e  p la n e  end ( - )  down c u t  o f  th e  p la n e . Now 

c o n s id e r  th e  m o le c u le  whose m o le c u la r  c e n tr e  l i e s  a t  th e  

o r i g i n .  T h is  s u p p l ie s  fo u r  asym m etric u n i t s .  I f  t h a t  

m o le c u le  was t i l t e d  in  any way, th e  symmetry r e q u ir e d  b y  th e  

sp a ce  group c o u ld  n o t  be r e t a in e d .

H aving d e c id e d  t h a t  th e  m o le c u le  p ro b a b ly  l i e s  i n  th e  

(001 ) p la n e ,  th e n , in  o r d e r  to  f u l f i l  th e  req u ire m en ts  o f  th e  | 

sp a c e  group and h ave con e?-q u arter o f  th e  m o le c u le  a s  th e  

asym m etric u n i t ,  th e  c e n t r a l  bond o f  th e  n a p h th a le n e  n u c le u s  

m ust l i e  a lo n g  e i t h e r  th e  a a x is  o r  th e  b a x i s  ( s e e  F ig .  (2 6)

-  th e  d o t te d  l i n e s  r e p r e s e n t  th e  a and b c r y s t a l  a x e s ) .

c o n s id e r e d , th en  i t  i s  as shorn w here (+) d e n o te s

F ig u r e  26



T h is  g iv e s  two p o s s i b l e  p o s i t i o n s  o f  th e  m o le c u le  -  Jj

on e i n  w hich  bond AF l i e s  ..a long th e  a c r y s t a l  a x i s ,  and one M 

i n  w hich  bond AF l i e s  a lon g  th e  b c r y s t a l  a x i s .  The |

asym m etric u n i t  th en  c o n s i s t s  o f  th e  fo u r  carbon  atom s |

a t  B , C, K and L, o n e - h a lf  th e  carbon atom a t  A and th e  jj

s i x  hydrogen atom s from  th e  m eth y l grou p s a t  K and L. | !

Assum ing r e g u la r  h ex a g o n s o f  s id e  1 .4 0 A f o r  th e  jj-

n a p h th a le n e  n u c le u s  and a l e n g t h  o f  1 *50A f o r  th e  bonds jj

BK and CL, a t r i a l  s t r u c t u r e  was o b ta in e d  w ith  bond AF j

ly in g  a lo n g  th e  b c r y s t a l  a x i s .  The c o - o r d in a t e s  o f  th e  

carbon  atom s w ere fo u n d , and s t r u c t u r e  f a c t o r s  c a lc u la t e d  

f o r  th e  8 a x ia l  p la n e s  (200) -  ( l 6 , 0 0 ) .  No good agreem ent  

was o b ta in e d  b etw een  th e  o b se r v e d  and c a lc u la t e d  v a lu e s  o f  

F , b u t  a l i n e  s y n t h e s is  was done u s in g  th e s e  8 p la n e s  and
i ;

th u s  p r o j e c t in g  th e  c o n te n ts  o f  th e  u n i t  c e l l  on to  th e  ;

a - a x i s .  No p eak  was o b se r v e d  a t  th e  o r i g i n ,  a s  sh o u ld  j
h ave b een  th e  c a s e .  j

The m o le c u le  was now tu rn ed  th ro u g h  90°> i . e .  bond  

AF l a y  a lo n g  th e  a - a x i s .  U sing  th e  same d im en s io n s  f o r  I
j,

th e  m o le c u le ,  s t r u c t u r e  f a c t o r s  f o r  th e  8 a - a x ia l  p la n e s  j
. j

w ere a g a in  c a l c u la t e d .  T h is tim e  th e  agreem en t b etw een  ;

th e  o b se rv e d  and c a lc u la t e d  v a lu e s  o f  th e  s t r u c t u r e  f a c t o r  !

was 22^. The a to m ic  s c a t t e r in g  cu rv e  u se d  was t h a t  b a se d  I
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m a in ly  on a b s o lu t e  measuremen  

( 4 2 ) .  The l i n e  s y n t h e s is  ob 

F ig .  27 and th e  F v a lu e s  u sed  

d e c id e d  t h a t  t h i s  was th e  c o r  

m o le c u le .

P la n e s  in c lu d ed , (2 0 0 ) (4 0 0 )

F c a l c .  + 1 5 4 .8  - 4 1 .9

F o b s . 1 6 6 .8  7 0 .9

F ig u r e  27

F ig u r e  28 shows th e  p r o je c t io :  

c e l l  on to  th e  (0 0 l )  p la n e ;  

b rok en  l i n e s  b e in g  o u t  o f  th e

o b ta in e d  from  a n th ra cen e  

ned i s  rep ro d u ced  in  

e shown b e lo w . I t  was 

t  p o s i t i o n  f o r  th e

( 6 0 0 ) ( 8 0 0 ) ( 1 0 , 0 0 )

- 5 6 .3 - 1 0 5 .3 - 1 2 .5

4 2 .6 1 0 0 .9 2 0 .9

( 1 2 , 0 0 ) (1 4 ,0 0 ) ( 1 6 , 0 0 )

+ 3 3 -4 - 2 3 .1 - 2 1 . 4

2 2 .0 1 4 .2 1 0 .7

th e  c o n te n ts  o f  th e  u n i t

9 m o le c u le s  drawn w ith  

Lane by a t r a n s l a t io n  o f  c / 2 .



I t  i s  ap p a ren t from  t h i s  diagram  t h a t  a l l  th e  atom s o f  th e  

asym m etric u n i t  w i l l  n o t  be r e s o lv e d  i n  th e  e le c t r o n  d e n s i t y  

diagram  due to  o v e r la p p in g  e f f e c t s  o f  d i f f e r e n t  m o le c u le s .

F ig u r e  28 .
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A F o u r ie r  S e r ie s  i n  th e  (hteO) zon e was now c a r r ie d

o u t .  55 r e f l e c t i o n s  w ere in c lu d e d  i n  t h i s  r e f in e m e n t , o u t

o f  a t o t a l  p o s s i b l e  o f  71* S in c e  t h e r e  a re  so fe w

p a ra m eters  to  be fo u n d  (tw o f o r  each  atom e x c e p t  A, w hose  

y c o - o r d in a t e  i s  z e r o , i . e .  n in e  in  a l l ) ,  th e  atom s w ere  

moved u n t i l  th e  b e s t  agreem en t b etw een  th e  o b se r v e d  and
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c a lc u la t e d  v a lu e s  o f  th e  s tr u c t u r e  f a c t o r s  was o b ta in e d .

The d is c r e p a n c y  f o r  th e  55 p la n e s  in c lu d e d  was 2 5 •*?%•

The a to m ic  s c a t t e r in g  c u r v e  u sed  was t h a t  u sed  in  th e  

i n v e s t i g a t i o n  o f  n a p h th a le n e  (15) • The p r o j e c t io n  o f  th e  

s t r u c t u r e  o b ta in e d  from  t h i s  s y n t h e s is  i s  rep ro d u ced  in  

F ig .  29 . T h is  i s  th e  p r o j e c t io n  o f  o n e - h a l f  th e  u n i t  c e l l .  

The k ey  diagram  to  t h i s  p r o j e c t io n  i s  shown in  F ig .  50 .

As wras e x p e c te d  o n ly  two o f  th e  f i v e  carbon atoms w ere  

r e s o lv e d .  N ote t h a t  th e  carbon atom a t  C, h ow ever, i s  

b lo c k e d  by C' -  th e  e q u iv a le n t  atom on sm other m o le c u le .  

S in c e  th e  x - c o - o r d in a t e s  o f  th e s e  atom s a re  e q u a l, a r id g e  

i s  form ed b etw een  them ( s e e  F ig .  2 9 ) ,  from  w hich th e  

r id g e  peak  can be a c c u r a t e ly  m easured , th u s  g iv in g  th e  

x - c o - o r d in a t e  o f  C. The rem a in in g  c o - o r d in a t e s  were 

s im p ly  fou n d  by p u t t in g  th e  atoms in  v a r io u s  p o s i t i o n s  in  

a cco rd a n ce  w ith  th e  o b se r v e d  d o u b le  p ea k , u n t i l  th e  

b e s t  agreem en t was o b ta in e d  b etw een  th e  o b se r v e d  and 

c a lc u la t e d  v a lu e s  o f  th e  s t r u c t u r e  f a c t o r s .  I t  was 

assum ed how ever th a t  bond BK would be p a r a l l e l  to  th e  

a - a x i s ,  i . e .  th e  y - c o - o r d in a t e s  o f  atom s B and K a re  th e  

sam e. The agreem ent b etw een  th e  o b se r v e d  and c a l c u la t e d  

F v a lu e s  was now 21%. T here w/ere two s ig n  ch a n g es . The 

p la n e s  (4 2 0 ) and ( 460) changed s ig n .  F u r th e r  

i n v e s t i g a t i o n  o f  t h i s  zone was c a r r ie d  o u t ,  and w i l l  be
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Figure 29.

P r o j e c t io n  on to  th e  (0 0 1 ) p la n e .  The 
c o n te n ts  o f  h a l f  th e  u n i t  c e l l  are  
in c lu d e d . C ontours a t  i n t e r v a l s  o f  
l e l e c t r o n  p e r  A2 . The on e  e le c t r o n  

l i n e  i s  b ro k en .



Figure 30.

*2

Scale.
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P r o j e c t io n  d o m  th e  c - a x i s  show ing p o s i t i o n s  
o f  atom s and o v e r la p p in g  e f f e c t s .
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d e s c r ib e d  l a t e r  under th e  h ea d in g  ^ D iffe r e n c e  F o u r ie r  

S y n th e s e s 0 .

An i n v e s t i g a t i o n  o f  th e  (hO l) zone by th e  d o u b le  

F o u r ie r  S e r ie s  m ethods was now c a r r ie d  o u t .  I f  th e  

m o le c u le  i s  c o m p le te ly  p la n a r , and l i e s  in  th e  (0 0 1 ) p la n e ,  

th en  no r e s o lu t io n  o f  any o f  th e  atom s may be e x p e c te d , w ith  

th e  e x c e p t io n  o f  th e  m eth y l group in  th e  o C -p c s it io n s .

23 p la n e s  w ere in c lu d e d  in  th e  F o u r ie r  a n a ly s i s  o f  th e  

(hO l) zo n e , w hich  h a s a maximum p o s s i b l e  number o f  p la n e s  

o f  4 6 up to  a 2 s in 0  = 2 . Assum ing th e  m o le c u le  i s  

c o m p le te ly  p la n a r , i . e .  th e  z c o - o r d in a t e s  o f  a l l  th e  atoms 

w ere z e r o , no good agreem ent c o u ld  be o b ta in e d  b etw een  th e  

o b se r v e d  and c a lc u la t e d  v a lu e s  o f  th e  s t r u c t u r e  f a c t o r s  f o r  

th e  23 o b se r v e d  p la n e s .  Now, as was s t a t e d  p r e v io u s ly ,  

t h e r e  I s  a p o s s i b i l i t y  t h a t  th e  m eth y l group in  th e  

o C -p o s it io n  i s  d i s p la c e d  from  th e  m o le c u la r  p la n e .  A 

t r i a l  s t r u c t u r e ,  g iv in g  t h i s  m eth y l group a z c o - o r d in a t e  

o f  3 2 ° b u t  l e a v in g  th e  rem ainder o f  th e  s t r u c t u r e  p la n a r ,

i . e .  z c o - o r d in a t e s  z e r o ,  ga v e  a d is c r e p a n c y  o f  7A$ b etw een  

F o b s . and F c a l c ,  f o r  th e  23 o b se r v e d  p la n e s .  The s ig n s  

o f  th e  term s f o r  th e  s y n t h e s is  i n  th e  (hO l) zone w ere  

ta k en  from  t h e s e  v a lu e s .  The p r o j e c t io n  o f  th e  s t r u c t u r e  

o b ta in e d  from  t h i s  s y n t h e s is  i s  shown i n  F ig .  31 -  fo u r
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asym m etric  u n i t s  b e in g  shown. D ir e c t l y  above th e  e l e c t r o n  

d e n s i t y  diagram  i s  a k e y  diagram  show ing how one co m p le te  

m o le c u le  o f  o c ta m e th y ln a p h th a le n e  i s  p r o j e c te d  in  t h i s  zon e;  

th e  l e t t e r s  d e n o tin g  th e  p o s i t i o n s  on w h ich  th e  v a r io u s  

carbon  atom s f a l l .  I t  i s  q u it e  ap p a ren t from  t h i s  p r o je c tio n  

t h a t  th e  m eth y l group in  th e  o C -p o sit io n  i s  d is p la c e d  from  

th e  m o le c u la r  p la n e . In  a c tu a l  f a c t  th e  z c o - o r d in a t e  

ad op ted  f o r  th e  carbon  atom a t  K was 3 4 * 2 ° . U sin g  t h i s  

v a lu e  f o r  t h i s  c o - o r d in a t e ,  and n o t  ch an gin g  any o f  th e  

o t h e r s ,  th e  d is c r e p a n c y  b etw een  th e  o b se r v e d  and c a lc u la t e d  

v a lu e s  o f  th e  s t r u c t u r e  f a c t o r s  f o r  th e  23 p la n e s  o b se r v e d  

i n  th e  (hO l) zone was red u ced  to  2 0 .6 ^ .

C o n s id e r in g  th e  number o f  p a ra m eters  in v o lv e d  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 ,  and th e  number o f  

p la n e s  o v e r  w h ich  th e  d is c r e p a n c y  was ta k e n , th e  v a lu e  

q u oted  seem s r a th e r  h ig h .  A t te n t io n  was tu rn ed  to  th e  

m eth y l group a t ta c h e d  to  th e  ^ - p o s i t i o n  o f  th e  n a p h th a le n e  

n u c le u s .  T h is  group  was u n r e s o lv e d  on b o th  th e  e le c t r o n  

d e n s i t y  maps w hich  h a v e  b een  rep ro d u ced . T r ia l s  w^ere now  

made o f  m oving t h i s  m eth y l group o u t  o f  th e  m o le c u la r  p la n e ,  

and i t  was found  t h a t  t h i s  movement c o n s id e r a b ly  red u ced  th e  

d is c r e p a n c y  b etw een  F o b s .  and F c a l c ,  in  th e  (hO l) z o n e .  

E v e n t u a l ly ,  a t  a p o s i t i o n  where th e  z c o - o r d in a t e  o f  t h i s
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Figure 31*

P r o j e c t io n  down th e  h - a x is  show ing one co m p le te  
m o le c u le  of* o c ta m e th y ln a p h th a le n e . Each co n to u r  
l i n e  r e p r e s e n t s  a d e n s i t y  in c r e m e n t o f  approx­
im a t e ly  one e le c t r o n  p er  A*, th e  one e le c t r o n  
l i n e  b e in g  d o t t e d .  The diagram  above th e  co n to u r  
map shows th e  a l t e r n a t e  d isp la c e m e n t  o f  th e  
m eth y l g r o u p s , th e  n a p h th a le n e  n u c le u s  b e in g  

assum ed p la n a r .
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group ( i . e .  a t  L) was l 8° ,  th e  d is c r e p a n c y  b etw een  th e  

o b se r v e d  and c a lc u la t e d  v a lu e s  o f  th e  s t r u c t u r e  f a c t o r s  f o r  

th e  23 p la n e s  o b se rv ed  i n  th e  (hO l) zone dropped from  

2 0 .6 #  to  1 1 .8 #  T h is  u n d o u b ted ly  s u g g e s t s  th a t  t h i s  m eth y l 

group i s  d is p la c e d  from  th e  m o le c u la r  p la n e  a l s o .  So f a r  

th e  p la n a r i t y  o f  th e  n a p h th a le n e  n u c le u s  h a s b een  r e t a in e d .  

T h is  may n o t  b e  s o ,  h o w ev er , and w i l l  b e  d is c u s s e d  l a t e r .

The e le c t r o n  d e n s i t y  was com puted a t  225 p o in t s  i n  th e  

(O kl) zone by th e  u s u a l  F o u r ie r  m eth od s. V j r e f l e c t i o n s  

w ere o b se r v e d  in  t h i s  zo n e , o u t  o f  a t o t a l  p o s s ib l e  o f  3 3 . 

No good r e s o lu t io n  o f  th e  atom s was o b ta in e d  in  t h i s  

p r o j e c t io n ,  e x c e p t  o f  th e  carbon  atom a t  A. The rem a in in g  

fo u r  atom s p r o je c te d  to  g iv e  one la r g e  e le c t r o n  d e n s i t y  

m ass. The y  and z c o - o r d in a t e s  o f  th e  r e s o lv e d  atom A 

a r e  (Zero, i . e .  atom A l i e s  a t  th e  o r i g i n  in  t h i s  z o n e .

H ence no in fo r m a tio n  was o b ta in e d  from  t h i s  p r o j e c t io n ,  and. 

i t  ,has n o t  b een  rep ro d u ced .

D i f f e r e n c e  F o u r ie r  S y n th e s e s  and E f f e c t s  o f  Hydrogen A tom s.

The d is c r e p a n c y  o f  21# b etw een  th e  o b se r v e d  and 

c a lc u la t e d  v a lu e s  o f  th e  s tr u c t u r e  f a c t o r s  in  th e  (hkO) 

zone was c o n s id e r e d  to  b e r a th e r  h ig h .  So f a r  o n ly  th e  

carb on  atom s have b een  p o s i t io n e d ,  b u t th e r e  a re  a l s o  s i x  

h yd rogen  atom s in  th e  asym m etric u n i t .  T hese h y d ro g en s
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th e n  c o n s t i t u t e  lS% o f  th e  s c a t t e r in g  m a t e r ia l ,  and w i l l  

u n d o u b ted ly  h ave some m ea su rea b le  e f f e c t  on th e  s t r u c t u r e  

f a c t o r s .

I t  was d e c id e d  th e n  to  do a d i f f e r e n c e  o r  e r r o r  

s y n t h e s is  on th e  (hkO) z o n e , i . e .  a F o u r ie r  s y n t h e s is  u s in g  

a s  c o e f f i c i e n t s  (Fo -  Fc)* w here F0 i s  th e  m easured v a lu e  o f  

th e  s t r u c t u r e  f a c t o r  and Fc i s  th e  c a lc u la t e d  v a lu e  o f  th e  

s t r u c t u r e  f a c t o r  f o r  a l l  th e  carbon  a tom s. T h is  i s  

e q u iv a le n t  i n  e f f e c t  to  a F o u r ie r  s y n t h e s i s  on F0 ( c a l c u la t e d  

th e  u su a l way) from  w h ich  th e  e le c t r o n  d e n s i t y ,  po ,  i s  

o b ta in e d  a t  a number o f  p o i n t s .  From t h i s ,  p o in t  f o r  p o in t  

h a s  b een  s u b t r a c t e d ^ ,  th e  e le c t r o n  d e n s i t y  o b ta in e d  from  a i

F o u r ie r  s y n t h e s is  on Fc . \

i.e  t . Y . ( F 0- F c ) ^ 2 r ( ^ ) ^ ! n r & )  “ /0o - , g  I
- p a -oo

Thus from  th e  e le c t r o n  d e n s i t i e s  a t  a number o f  p o in t s  

o b ta in e d  from  o b se rv e d  d a ta  h a s  b een  s u b tr a c te d  th e  e l e c t r o n  

d e n s i t i e s  a t  t h e s e  same p o in t s  due to  th e  c o n t r ib u t io n  o f  th e  j

carb on  a tom s. S in c e  no a c co u n t h as b een  ta k e n  o f  th e  

hyd rogen  a to m s, th e  r e s u l t i n g  e le c t r o n  d e n s i t y  diagram  sh o u ld  

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

d i s t r i b u t i o n .  T h is  m ethod h a s  b een  em ployed by Cochran (4 9 )  

i n  th e  r e f in e m e n t  o f  a d en in e  h y d r o c h lo r id e . Cochran (5 0 )  

h a s  a l s o  g iv e n  an a c c o u n t o f  some p r o p e r t ie s  o f  th e  (F0 -  Fc ) j



s y n t h e s i s .

I t  can a l s o  h e  shown t h a t  w ith  a w e l l  r e s o lv e d  atom , 

w hose ch o sen  c o - o r d in a t e s  a r e  in  e r r o r , th e  d i f f e r e n c e  !9 i
s y n t h e s is  w i l l  g iv e  two a r e a s ,  one o f  p o s i t i v e  and on e o f  

n e g a t iv e  d e n s i t y .  In  o r d e r  to  m in im ize  th e  d i f f e r e n c e  !
i . !

b etw een  th e  m easured and c a lc u la t e d  v a lu e s  o f  th e  s t r u c t u r e  |l
Hf a c t o r s ,  th e  a tom ic  c o - o r d in a t e s  m ust be moved away from  th e

n e g a t iv e  a r e a  tow ard th e  p o s i t i v e  a r ea . Thus th e  d i f f e r e n c e  jj
- !

s y n t h e s i s  can  a l s o  b e  u sed  to  r e f i n e  a to m ic  p o s i t i o n s .  The j

d i f f e r e n c e  s y n t h e s i s  a l s o  h a s th e  p r o p e r ty  o f  g iv in g  - j

c o - o r d in a t e s  c o r r e c t e d  f o r  th e  te r m in a t io n  o f  s e r i e s  e r r o r ;  j:

I t  sh o u ld  b e n o te d  how ever t h a t  wrong s c a l in g  o r  a wrong jj
i j

s c a t t e r in g  c u rv e  w i l l  in tr o d u c e  sp u r io u s  e f f e c t s  in  a |;

d i f f e r e n c e  s y n t h e s i s .

An (F0 -  Fc ) s y n t h e s i s  was done in  th e  (hkO) zon e o f  

o c ta m e th y ln a p h th a le n e . The p r o j e c t io n  ( o f  th e  asym m etric  j

u n i t )  o b ta in e d  i s  rep rod u ced  i n  F ig .  52C. T here a re  some 

f a i r l y  w e l l - d e f in e d  p eak s a t  th e  1 -  1 .5  e l e c t r o n  l e v e l  

w h ich  w i l l  p ro b a b ly  be due to  hydrogen a tom s. A part from  

t h e s e  h ow ever, th e  e le c t r o n  d e n s i t y  diagram  i s  c o m p a r a t iv e ly  j1

f l a t ,  in d ic a t in g  t h a t  th e r e  a re  no g r e a t  e r r o r s  i n  a tom ic  

c o - o r d in a t e s .  I t  i s  p o s s i b l e  th ough , t h a t  some e f f e c t s  

h a v e  b een  b lo c k e d  b y  th e  e f f e c t  o f  th e  h yd rogen  atom s.
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Figure 32.
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A The p r o j e c t io n  o f  th e  asym m etric u n i t  on to  
- th e  (OOl) p la n e , show ing p o s i t i o n s  ch o sen  

f o r  th e  r e s o lv e d  a tom s.

B P r o j e c t io n  on th e  (0 0 1 ) p la n e , w ith  th e  
~  c o n t r ib u t io n  due to  carbon  atom a t  L rem oved. 

P o s i t i o n s  ch o sen  f o r  r e s o lv e d  atom s a re  shown.

C D if f e r e n c e  s y n t h e s is  o f  (hkO) z o n e , show ing
p o s i t i o n s  ch o sen  f o r  hydrogen  a tom s. C ontours  
a t  i n t e r v a l s  o f  0 .5  e le c t r o n  p er  A.



Wo d i r e c t ,  a c c u r a te  m easurem ent c o u ld  b e o b ta in e d  f o r  

th e  p o s i t i o n s  o f  th e  h yd rogen  a tom s. H ow ever, ap p roxim ate  

p o s i t i o n s  w ere o b ta in e d  i n  th e  f o l lo w in g  m anner. I t  was
f

assum ed t h a t  t h e r e  w ould b e  no f r e e  r o t a t io n  o f  th e  m eth y l ! 

g r o u p s , due to  s t e r i c  h in d r a n c e . I t  was a l s o  assum ed t h a t  

th e  O H  bonds o f  th e  m eth y l grou p s would b e 1 . o8 a lo n g ,  and 

t h a t  th e  fo u r  bonds ( i . e .  5 O H  bonds and 1 O C  bond) on  

th e  m eth y l group w ould a d ep t t e t r a h e d r a l  p o s i t i o n s .  T hese j
j j

l a t t e r  a re  p ro b a b ly  n o t  c o m p le te ly  a c c u r a te ,  b u t are  a !

s u f f i c i e n t  a p p ro x im a tio n . The p o s i t i o n s  o f  th e  h yd rogen  j

atom s w ere now o b ta in e d , u s in g  t h e s e  a ssu m p tio n s  and a t  j

th e  same tim e a t te m p tin g  to  f i t  th e  p o s i t i o n s  to  b e o b se r v e d  j

p ea k s  on th e  e le c t r o n  d e n s i t y  d iagram . The p o s i t i o n s  I
r

a d o p ted  f o r  th e  s i x  hydrogen  atom s a re  shown on F ig .  32 C . j: 

The c o n t r ib u t io n s  o f  th e  hydrogen  atoms to  th e  s t r u c t u r e  

f a c t o r s  w ere c a lc u la t e d  i n  a s im i la r  manner to  t h a t  ad o p ted  j 

i n  th e  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  h ex a m eth y len ed ia m in e  ; 

( 51) i . e .  o n ly  r e f l e c t i o n s  w ith  a s i n 0  l e s s  th an  0 .6  w ere  

c o n s id e r e d  to  have an a p p r e c ia b le  c o n t r ib u t io n  from  th e  

hyd rogen  atom s. F or la r g e r - a n g le  r e f l e c t i o n s  th e  

c o n t r ib u t io n  w i l l  be sg n ea r  to  z e r o , t h a t  i t  may b e  

n e g le c t e d .  In  t h e s e  c a l c u l a t i o n s  a s c a t t e r in g  cu rv e  f o r  

h yd rogen  was assum ed o f  s im i la r  shape to  th e  s c a t t e r i n g



cu rv e  u sed  in  c o n s id e r in g  th e  c o n t r ib u t io n s  o f  th e  carb on  

atom s, b u t o f  o n e - s ix t h  th e  h e ig h t .

The e f f e c t  o f  in c lu d in g  th e  hydrogen  c o n t r ib u t io n s  

i n  t h i s  manner p rod u ced  two p h ase  ch an ges i n  th e  s t r u c t u r e  

f a c t o r s .  T hese w ere i n  th e  p la n e s  (420) and ( 460) .  

h o w ev er , th e  s tr u c t u r e  f a c t o r s  o f  t h e s e  two p la n e s  had  

ch an ged  s ig n  a f t e r  th e  F o u r ie r  s e r i e s  perform ed  on th e  

(hkO) zo n e , so t h a t  th e  e f f e c t  o f  th e  hydrogen  atom s was 

s im p ly  to  change th e  s ig n  back to  th e  o r i g i n a l .  The e f f e c t  

o f  in c lu d in g  th e  hydrogen  atom c o n t r ib u t io n s  l e d  to  a v e r y  

marked r e d u c t io n  in  th e  d is c r e p a n c ie s  b etw een  th e  o b se r v e d  

and c a lc u la t e d  v a lu e s  o f  th e  s tr u c t u r e  f a c t o r s  in  th e  

(hkO) zone -  a r e d u c t io n  o f  5*5# o v er  th e  55 o b se r v e d  p la n e s .  

T h is  u n d o u b ted ly  i n d i c a t e s  t h a t  th e  h ydrogen  atom s do h ave  

a c o n s id e r a b le  e f f e c t  on th e  s t r u c t u r e  f a c t o r s ,  and t h i s  

r e d u c t io n  o f  5*5$ w ould p ro b a b ly  b e even  g r e a t e r  i f  more 

a c c u r a te  p o s i t i o n s  w ere o b ta in e d .

In  th e  p r o j e c t io n  on th e  (001) p la n e ,  th e  carb on  atom  

a t  B was n o t  r e s o lv e d ,  due to  th e  c l o s e  approach  o f  th e  

m eth y l g ro u p , L T, from  a n o th e r  m o le c u le  ( s e e  F ig s .  29 and  

5 0 ) .  Now th e  d is c r e p a n c y  in  t h i s  zone i s  21# o f  w h ich  i t  

h a s  b een  shown t h a t  a t  l e a s t  5 . 5#  i s  c o n tr ib u te d  by th e  

h ydrogen  a tom s. T h is  lo w  d isc r e p a n c y  means t h a t  th e
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p o s i t i o n s  o f  th e  carb on  atom s a re  p la c e d  f a i r l y  a c c u r a t e ly .  

H owever, i t  had been  assum ed t h a t  th e  y - c o - o r d in a t e s  o f  B 

and K w ere th e  same. T here i s  a p o s s i b i l i t y  th a t  th e  

m eth yl’ grou p s in  th e  o t - p o s i t io n s  a re  fo r c e d  s l i g h t l y  

ou tw ard s (a s  w e l l  as up and dow n), in  w hich  c a s e  th e  y  

c o - o r d in a t e s  o f  B and K w ould n o t  be th e  sam e.

To i n v e s t i g a t e  t h i s  p o s s i b i l i t y ,  i t  was assumed t h a t  

th e  p o s i t i o n  s e le c t e d  f o r  th e  m eth y l group a t  Lwas c o r r e c t .  

Now i n  o r d e r  to  r e s o lv e  th e  atom B, th e  atom L (o r  L*) 

m ust be rem oved from th e  s t r u c t u r e .  I f  FL i s  th e  

c o n t r ib u t io n  o f  atom L to  th e  s t r u c t u r e  f a c t o r  ( c a lc u la t e d )  

and F0 i s  th e  m easured v a lu e  o f  th e  s t r u c t u r e  f a c t o r ,  th en  

(F 0 -  FL ) i s  th e  s t r u c t u r e  f a c t o r  o f  a s t r u c t u r e  from  

w h ich  atom L h as b een  rem oved. I f  a F o u r ie r  s y n t h e s is  i s  

now p erform ed  on (F0 -  Fl ) ,  th en  an e le c t r o n  d e n s i t y  

diagram  sh o u ld  be o b ta in e d  in  w hich  atom B i s  r e s o lv e d .

T h is  d iagram  i s  rep rod u ced  in  F ig .  52 B a lo n g s id e  th e  

a c t u a l  p r o j e c t io n  on th e  (hkO) zone 52 A .

T h is  m ethod i s  v e r y  s im i la r  to  one u se d  by W h itta k er  

(52 ) i n  th e  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  B o l iv ia n  

C r o c id o l i t e .  In  t h i s  c a s e  th e  c o n t r ib u t io n s  to  th e  

e le c t r o n  d e n s i t y  o f  two oxygen  atoms w ere rem oved i n  o r d e r  

to  r e s o lv e  two s i l i c o n  a tom s. The m ethod em ployed h e r e



h ow ever , was to  a s s ig n  c o - o r d in a t e s  to  th e  oxygen  atom s, 

and th en  to  assum e t h a t  t h e s e  atom s w ould  h ave c i r c u la r  

symm etry i n  p r o j e c t io n ,  w ith  a r a d ia l  d i s t r i b u t i o n  o f  

e le c t r o n  d e n s i t y  s im i la r  to  t h a t  o f  a n o th er  r e s o lv e d  oxygen  

atom i n  th e  s t r u c t u r e .  The d i s t r i b u t i o n  o f  e l e c t r o n  

d e n s i t y  due to  t h e s e  oxygen  atom s was th en  s u b tr a c te d  from  

th e  p r o j e c t io n  p o in t  by p o in t  i n  th e  v i c i n i t y  o f  th e  

s i l i c o n  atom s. T h is  d i f f e r s  from  th e  m ethod ad op ted  h e r e  

i n  t h a t ,  o n ce  th e  c o - o r d in a t e s  o f  L had b een  d e c id e d , th e  

e le c t r o n  d e n s i t y  a t  p o in t s  due to  L wras o b ta in e d  by  

p erfo rm in g  a F o u r ie r  sum m ation. T h is d o es  in v o lv e  a 

s c a t t e r in g  cu rv e  h ow ever, and some e r r o r s  may be in tr o d u c e d  

h e r e .  The s c a t t e r in g  cu rv e  u se d  how ever g a v e  rem arkably  

good a g reem en ts , and so t h e s e  e r r o r s  are  p r o b a b ly  s m a ll .  

N o te  th a t  t h i s  i s  e x a c t ly  th e  same as th e  d i f f e r e n c e  

s y n t h e s i s  t e c h n iq u e . T h u s:-

fc » I I  a ,

f ,> a jr X n  «« Z7r £  ^jt v

Hence p0 ~ f >̂  3 I  %,

The y  c o - o r d in a t e  o b ta in e d  f o r  atom B i n  t h i s  

p r o j e c t io n  on th e  (001 ) f a c e  d id  show a s h i f t - ( s e e  F ig .  

3 2 B ) ,  w hich  was o f  th e  o rd er  o f  0 .0 6 a ,  i . e .  th e  d i f f e r e n c e  

b etw een  th e  y  c o - o r d in a t e s  o f  B and K, w hich  had b een
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assum ed to  b e e q u a l, was 0 .0 6 a . The c o - o r d in a t e s  o f  th e  

r e s o lv e d  atoms A and d id  n o t  change by any more than

0 .0 1 A  i n  th e  two p r o j e c t io n s  ( c . f .  F i g s .  52A and 52B) i . e .  

rem oving th e  c o n t r ib u t io n  o f  atom L h a s n o t  g r e a t ly  a f f e c t e d  

th e  c c - c r d in a t e s  o f  th e  p r e v io u s ly  r e s o lv e d  atom s. T h is  

i s  to  be e x p e c te d  h ow ever , s in c e  atom L i s  a t  a c o n s id e r a b le  

d is t a n c e  from  atoms A and K. The rem oval o f  th e  

c o n t r ib u t io n  o f  L w i l l  h ave more in f lu e n c e  on th e  atom  

n e a r e s t  i t ,  i . e .  atom B . However i t  i s  d o u b tfu l i f  a s  

l a r g e  an e r r o r  a s  0 .0 6 a  w ould be in tr o d u c e d . One o th e r  

p o in t  to  n o te  i s  t h a t  i f  th e  c o - o r d in a t e s  o f  L are  

a c c e p te d -a s  b e in g  c o r r e c t ,  th en  t h e s e  new c o - o r d in a t e s  o f  

B a re  more in  a cco rd a n ce  w ith  th e  p o s i t i o n  o f  th e  d o u b le  

peak ( F ig .  52A ), than w ere th e  p r e v io u s  c o - o r d in a t e s .  I f  

t h e s e  new c o - o r d in a t e s  o f  B are a d o p ted , th en  th e  

d is c r e p a n c y  betw een  th e  o b se r v e d  and c a l c u la t e d  v a lu e s  o f  

th e  s t r u c t u r e  f a c t o r  f o r  th e  55 p la n e s  o b se r v e d  in  th e  

(hkO) zone f a l l s  from  21% to  20$.

C o -o r d in a te s  and D im e n sio n s .

F ig .  52A ( th e  p r o j e c t io n  on th e  (0 0 1 ) p la n e )  a l lo w s  

o f  d i r e c t  m easurem ent o f  th e  x  and y  c r y s t a l  c o - o r d in a t e s  

o f  two o f  th e  atom s, v i z .  A and K. As p r e v io u s ly  

m en tio n ed , i t  a ls o  a llo w e d  o f  d i r e c t  m easurem ent o f  th e  x



c r y s t a l  c o - o r d in a t e  o f  atom C. The x  and y  c o - o r d in a t e s  o f  

atom B w ere th o s e  o b ta in e d  from  F ig .  32B -  th e  rem ain in g  

th r e e  p a r a m e ter s , i . e .  th e  y  c o -o r d in a te  o f  atom C and th e  

x  and y  c o - o r d in a t e s  o f  atom L h a v in g  b een  o b ta in e d  by t r i a l  

and e r r o r . T hese c o - o r d in a t e s  are  ta b u la te d  b e lo w .

Atom x . A. 27Tx/a. A. 27Ty/b

A 0 .6 9 0 1 4 .9 ° 0 0
B 1 .3 1 9 2 8 . 5° 1 .2 4 1 3 9 .5 °
C O.7 0 8 1 5 .3 ° 2 .4 0 0 7 6 .4 °
K 2 .7 9 5 6 0 . 4 ° 1 .3 0 1 4 1 .4 °
L 1 .4 3 0 5 0 .9 ° 3 .7 4 5 1 1 9 . 2 °

No d i r e c t  m easurem ent o f  th e  z c o - o r d in a t e s  o f  th e  |

atom s i s  p o s s i b l e ,  e x c e p t  in  th e  c a s e s  o f  th e  carbon atom s |

a t  A and K, due to  th e  la c k  o f  r e s o lu t io n  i n  th e  p r o j e c t io n s  |

on th e  (0 1 0 ) and (100) p la n e s .  The z co -o rd in a te  o f  atom j|

A m ust be zero  due to  th e  symmetry r e q u ir e d  by th e  sp a c e  jj !

g ro u p . T h is  atom was th e  o n ly  one r e s o lv e d  in  th e  !!

p r o j e c t io n  on th e  (100) p la n e  (p r e v io u s ly  m e n tio n e d ) . The j

x  and z c o - o r d in a t e s  o f  atom K may be d i r e c t l y  m easured  l!

from  th e  p r o j e c t io n  on th e  (0 1 0 ) p la n e  ( s e e  F ig .  3 1 ) .  The |

z c o - o r d in a t e s  o f  th e  rem a in in g  carbon a tom s, i . e .  B , C and j

L, can o n ly  be o b ta in e d  by t r i a l  and e r r o r .  |

As h a s  b een  m en tio n ed  a lr e a d y , th e  d is c r e p a n c y  

b etw een  th e  o b se rv ed  and c a l c u la t e d  v a lu e s  o f  th e  s t r u c t u r e  

f a c t o r s  f o r  th e  23 p la n e s  o b se r v e d  in  th e  (hO l) zone was f
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20.6% , when atom K was g iv e n  a m easured z c o - o r d in a t e  o f  

3 4 .2 °  and th e  rem ain in g  fo u r  carbon  atom s w ere assum ed to  

l i e  i n  th e  (OGl) p la n e ,  i . e .  t h e i r  z c o - o r d in a t e s  w ere z e r o .  

I f  th e  m eth y l group a t  L ( i . e .  a t ta c h e d  to  th e  ^ - p o s i t i o n  

o f  th e  n a p h th a le n e  r in g )  was moved o u t  o f  th e  (001) p l a n e ,* 

g iv in g  i t  a z c o - o r d in a t e  o f  - l 8 ° ,  t h i s  d isc r e p a n c y  was 

r e d u c e d .to  1 1 .8 $ .  S in c e  th e  e x p r e s s io n  u se d  f o r  c a l c u la t in g  

s t r u c t u r e  f a c t o r s  in  th e  th r e e  p r in c ip a l  z o n e s ,  i . e .

(hkO ), (O kl) and (hOl) i s  a p ro d u ct o f  c o s in e s ,  i t  i s  

im p o s s ib le  to  d i f f e r e n t i a t e  b etw een  a c o -o r d in a te  o f  -  l 8 °  

and +18° w ith o u t  u s in g  th r e e -d im e n s io n a l  d a ta . H ow ever, 

i t  seem s more f e a s i b l e  f o r  th e  m eth y l group in  t h e ^ p o s i t i o n  

to  be d is p la c e d  i n  th e  o p p o s it e  d i r e c t i o n  to  th a t  i n  th e  

o C -p o sitio n  th u s  g iv in g  an a l t e r n a t e  up and down arran gem en t 

o f  m eth y l g ro u p s.

F u r th e r  i n v e s t i g a t i o n  i n t o  th e  z c o - o r d in a t e s  o f  th e  

u n r e s o lv e d  atoms u s in g  t r i a l  and e r r o r  m eth od s, showed t h a t  

a n o th e r  s i t u a t io n  was p o s s i b l e  -  on e in  w hich  th e  

n a p h th a le n e  group i s  t w is t e d .  I f  th e  m eth y l group i n  th e  

j f i -p o s it io n  i s  o n ly  d is p la c e d  by an amount e q u iv a le n t  to  

- 1 2 . 2 ° ,  and th e  n a p h th a le n e  group i s  t w is t e d  in  su ch  a way 

t h a t  atom A rem ain s i n  th e  (001) p la n e ,  atom B i s  moved up 

o u t  o f  th e  p la n e  b y  an amount e q u iv a le n t  to  1 2 .2 °  and atom
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C i s  moved down o u t  o f  th e  p la n e  by an amount e q u iv a le n t  

to  - 4 .5 ° >  th en  t h i s  a g a in  le a d s  to  a r e d u c t io n  in  th e  

d is c r e p a n c y  b etw een  th e  o b se rv ed  and c a l c u la t e d  v a lu e s  o f  th e  

s t r u c t u r e  f a c t o r s  i n  th e  (hO l) zone from  2 0 .6 $  to  1 1 .8 $ .

T h is  i s  e q u iv a le n t  to  s a y in g  t h a t  th e  m eth y l group in  th e  

© (-p o s it io n  i s  p u l l in g  th e  carbon atom to  w hich  i t  i s  a t ta c h e d ,

i . e .  atom B, up o u t  o f  th e  (001) p la n e  w ith  i t ;  and t h a t  

th e  m eth y l group i n  th e  /3 -p o s it io n  i s  p u l l in g  th e  carb on  atom  

to  w hich  i t  i s  a t ta c h e d , i . e .  atom C, down o u t  o f  th e  (0 0 1 )  

p la n e  w ith  i t .  In  o t h e r  words th e  s t r a i n  due to  th e  

d isp la c e m e n t  o f  th e  m eth y l grou p s i s  b e in g  d i s t r ib u t e d  

th ro u g h o u t th e  n a p h th a le n e  n u c le u s .  T h is  p o s s i b i l i t y  i s  

p e r f e c t l y  f e a s i b l e ,  and more p ro b a b le  than  t h a t  th e  s t r a i n  

i s  c o n f in e d  to  th e  ca rb o n -m eth y l b o n d s .

A n oth er p o s s i b i l i t y ,  w hich  was fo u n d  t o  red u ce  th e  

d is c r e p a n c y  betw een  th e  o b se rv ed  and c a lc u la t e d  v a lu e s  o f  

th e  s t r u c t u r e  f a c t o r s  in  th e  (hO l) zon e to  1 2 .2 $ ,  was on e  

i n  w h ich  th e  d isp la c e m e n t  o f  th e  n a p h th a le n e  group was n o t  

so  g r e a t .  The z c o - o r d in a t e s  f o r  t h e s e  d i f f e r e n t  p o s i t i o n s  

a re  t a b u la te d  b e lo w  under th e  h ea d in g s  s t r u c t u r e  1 ,  

s t r u c t u r e  2 and s t r u c t u r e  3 and w i l l  be r e f e r r e d  to  a s  

such  from  now o n . The p o s i t i o n s  o f  th e  carb on  atom s, i n  

ea ch  o f  t h e s e  s t r u c t u r e s ,  a r e  c o m p le te ly  d e f in e d  by t h e i r



z c o - o r d in a t e s  com bined w ith  th e  x  and y  c o - o r d in a t e s  

p r e v io u s ly  t a b u la te d .

S tr u c tu r e  1 . S tr u c tu r e  2 . S tr u c tu r e  5 .

. Atom z , A. 2TTz/c z , A. 2TTz/c z , A. 27Tz/c

A 0 0 0 0 0 0
B 0 0 0 .2 5 9 1 2 .2 ° 0 . 1 2 7 6 .0 °
C 0 0 -O .O 95 - 4 . 5 ° - 0 .0 4 9 - 2 .5 °
K 0 .7 2 6 5 4 .2 ° 0 .7 2 6 5 4 .2 ° 0 .7 2 6 5 4 .2 °
L - 0 .5 8 2 - 1 8 . 0 ° - 0 .2 5 9 - 1 2 .2 ° - 0 .5 1 8 - 1 5 . 0 0

On th e  b a s i s  o f  t h e s e  c o - o r d in a t e s ,  th e  bond l e n g t h s  w ith in

th e  m o le c u le  w ere c a l c u la t e d .  T h ese  are  ta b u la te d  b e lo w ,

a lo n g  w ith  some in tr a m o le c u la r  d i s t a n c e s .

Bond ( s e e  F ig .  50) S tr u c tu r e  1 . S tr u c tu r e  2 . S tr u c tu r e  5 .

AF 1 .3 8 a 1 .38 a 1 .38 a
AB l . 39A 1 .42A  1 .4 0 A
BC 1 .3 1 A  1 .3 6 A  1 .3 2 A
CD 1 .4 2 A  1 . 43A 1 .4 2 A
BK 1 .6 5 A  1 .55A  1 .5 9 A
CL 1 .5 7 A  1 .5 4 A  1 .5 5 A

Intram olecular D istance

KR (<=l-CH3 to»c-C H i ) 2 .9 8 a  2 .9 8 a  2 .9 8 a
KL U-CH3 to  & -CH j) 3 .01A  2 .97A  2 .99A
LM C S-C H jto/S-C H ,) 2 .96A  2.91A  2 .93A

The bond AF h a s  th e  same le n g t h  in  a l l  th r e e  s t r u c t u r e s ,

a s  h a s  th e  in tr a m o le c u la r  d is t a n c e  KR. T h is a r i s e s  b e c a u se

th e  x , y  and z c o - o r d in a t e s  o f  atom s A and K a re  d i r e c t l y

m ea su ra b le  from  th e  p r o j e c t io n s  on th e  th r e e  m ain z o n e s .

The c o - o r d in a t e s  o f  atom s F and R ( t h e s e  atoms a re  s im p ly  in

a n o th e r  asym m etric u n i t )  may be d e r iv e d  from  th e  sp a c e



group sym m etry. T hese d i s t a n c e s  are  th e  o n ly  o n e s  w hich  

can  h e  a c c u r a t e ly  d e term in ed .

S in c e  th e  z c o - o r d in a t e s  o f  th e  atom s a r e  n o t  

c o m p le te ly  f i x e d ,  no in te r m o le c u la r  d i s t a n c e s  have b eeni

c a lc u la t e d .

P o s i t i o n s  o f  th e  Hydrogen A tom s.

The p o s i t i o n s  ch o sen  f o r  th e  hydrogen atom s a re  

t a b u la t e d  b e lo w . H, , Hz and H3 are  th e  h yd rogen  atom s on 

th e  m eth y l group a t  K, and Hr, H. a re  th e  hydrogen  atom s

z . A. 27Tz/c.

on th e m eth y l group a t L.

Atom x .A . 2T x /a y ,A .. 2TTy/b

H, 2 .9 7 1 6 4 .2 ° 2 .1 8 3 6 9 .5
Ha 2 .9 /1 6 4 .2 “ 0 .40 .8 1 3 .3 '
h3 3 .4 6 6 74 .9° 1 .3 0 1 4 1 .4 '
H* 0 .7 9 6 1 7 . 2° 4 .4 2  7 1 4 0 .9 '
Hr 2 .3 5 1 5 0 . 8 ° 3 .5 9 4 1 1 4 .4 '
Hto 1 .6 5 2 35-7° 4 .1 5 6 1 3 2 .3 '

1 .3 6 2  6 4 . 2 °
1 .5 6 2  6 4 . 2 °

•0 .083 - 3 . 9 0
-0 .8 0 4  - 3 7 . 9 a
-0 .8 0 4  - 3 7 .9 °
0 .7 1 5  3 3 .7°

T h ese p o s i t i o n s  w ere o b ta in e d  in  th e  manner a lr e a d y  

e x p la in e d .  The c o n t r ib u t io n s  o f  th e  h ydrogen  atom s to  

th e  s t r u c t u r e  f a c t o r s  in  th e  (O kl) and (hO l) zo n es  h ave  n o t  

b een  c a lc u la t e d .

D is c u s s io n  o f  R e s u l t s .

The m ost s t r ik in g  r e s u l t  o f  t h i s  a n a ly s i s  i s  th e

undoubted  n o n -p la n a r it y  o f  th e  o c ta m e th y ln a p h th a le n e

s t r u c t u r e .  T here i s  no doubt t h a t  th e  m eth y l g r o u p s ,

a t ta c h e d  to  th e  06- p o s i t io n s  o f  th e  n a p h th a le n e  n u c le u s ,  a re

d is p la c e d  from  th e  m o le c u la r  p la n e . T h is  d isp la c e m e n t



i s - c o n s id e r a b l e  -  th e  m eth y l group b e in g  d is p la c e d  by

0 .7 2 6 a . I f  th e  n a p h th a le n e  n u c le u s  was p la n a r , th en  th e  

bond BK, i . e .  th e  bond j o in in g  th e  m eth y l group to  th e
o°^ - p o s i t i o n , ■w ould make an a n g le  o f  ab ou t 2o w ith  th e  

m o le c u la r  p la n e .  I t  h a s  a ls o  b een  shown t h a t  th e r e  i s  

p r o b a b ly  a s l i g h t  s t r a i n  o u tw a rd s, i . e .  th e  bonds j o in in g  

th e  m eth y l grou p s to  th e  carbon  atoms in  th e  ^ - p o s i t i o n s  

a re  n o t  p a r a l l e l .

I t  i s  a l s o  h ig h ly  p r o b a b le  t h a t  th e  m eth y l grou p , 

a t ta c h e d  to  th e  /3 -p c s it io n  o f  th e  n a p h th a le n e  n u c le u s ,  i s  

a l s o  d is p la c e d  from  th e  m o le c u la r  p la n e .  C o -o r d in a te s ,  

f o r  th r e e  p o s s i b l e  p o s i t i o n s  o f  th e  m o le c u le  h ave b een  

q u o te d , w h ich  red u ce  th e  d is c r e p a n c y  in  th e  (hO l) zone by  

ab ou t 9$• In  each  o f  t h e s e  th r e e  s t r u c t u r e s  th e  m eth y l

group a t  th e  ^ - p o s i t i o n  i s  d is p la c e d  by a t  l e a s t  0 . 26a .

No d e c i s io n  can b e a r r iv e d  a t  r e g a r d in g  th e  n a tu r e  o f  

th e  n a p h th a le n e  n u c le u s .  S tr u c tu r e s  1 ,  2 and 3 g iv e  

d is c r e p a n c ie s  o f  1 1 .8 $ ,  1 1 .8 $  and 1 2 .2 $  r e s p e c t i v e l y  

b etw een  o b se r v e d  and c a lc u la t e d  v a lu e s  o f  th e  s t r u c t u r e  

f a c t o r s  i n  th e  (hO l) z o n e , and d is c r e p a n c ie s  o f  10 .5$>  

1 3 .9 $  and 12 .'2$  r e s p e c t i v e l y  In  th e  (O kl) z o n e . T here  

w ere no ch a n g es in  th e  p h a se  a n g le s  o f  th e  s t r u c t u r e  

f a c t o r s  b etw een  any o f  t h e s e  t h r e e  s t r u c t u r e s .  A f u l l
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th r e e -d im e n s io n a l  a n a ly s i s  o f  t h i s  compound w i l l  he  

r e q u ir e d  b e fo r e  th e  s t r u c t u r e  i s  c o m p le te ly  d e f in e d .  

U n d ou b ted ly  a com p arison  b etw een  th e  o b se r v e d  and c a lc u la t e d  

v a lu e s  o f  th e  s t r u c t u r e  f a c t o r s  f o r  th r e e -d im e n s io n a l  d a ta  

w i l l  in d ic a t e  w h ich  s t r u c t u r e  i s  th e  more p r o b a b le , b u t  

th e  f u l l  th r e e -d im e n s io n a l a n a ly s i s  w i l l  b e  n e c e s s a r y  to  

o b t a in  a c c u r a te  c o - o r d in a t e s  and bond le n g t h s .

The bond le n g t h s  o b ta in e d  from  com bining th e  th r e e  

d i f f e r e n t  s e t s  o f  z c o - o r d in a t e s  w ith  th e  x  and y  

c o - o r d in a t e s  h ave b een  ta b u la te d  b e lo w . A lo n g s id e  are  

th e  v a lu e s  o b ta in e d  f o r  th e  bond le n g t h s  in  th e  t h r e e -  . 

d im e n s io n a l a n a ly s i s  o f  th e  n a p h th a le n e  s t r u c t u r e  (1 5 ) .

A lso  a lo n g s id e  a re  th e  bond le n g t h s  p r e d ic t e d  f o r  

n a p h th a le n e  u s in g  th e  p e r c e n ta g e  d ou b le  bond c h a r a c te r ,  i . e .  

o b ta in e d  from  th e  th r e e  K ekule7 s t r u c t u r e s .  The c a rb o n -  

m eth y l group bonds h ave b een  assum ed to  be 1 .5 4 A , w hich  i s  

th e  u su a l v a lu e  f o r  a ca rb o n -ca rb o n  s in g l e  bond.

S tr u c tu r e
K ek u le

Bond 1 2 I N a p h th a len e S tr u c tu r e s

AF 1 .3 8  a 1 . 38A 1 .3 8  a 1 .3 9 5 A 1 .4 2 A
AB 1 .3 9 A 1 .4 2 A 1 .4 0 A 1 .4 2 0 A 1 .4 2 A
BC 1 . 31A 1 .3 6  a 1 .3 2 A 1 .359A 1.3-7 A
CD 1 .4 2 A 1 .4 3 A 1 .4 2 A 1 .3 9 5 A 1 .4 2 A
BK I . 6 5 A 1 .5 5 A 1 .5 9 A 1 .5 4 A
CL 1 .5 7 A 1 .5 4 A 1 .5 5 A 1 .5 4 A



I t  can b e  seen  th a t  th e  agreem ent b etw een  th e  bond 

l e n g t h s  o b ta in e d  u s in g  th e  z c o - o r d in a t e s  a s s ig n e d  to  

s t r u c t u r e  2, g iv e  rem ark ab ly  good agreem ent b etw een  th o s e  

m easured  f o r  n a p h th a le n e , and t h o s e  p r e d ic t e d  by th e  K ekule7 

s t r u c t u r e s .  T h is  i s  th e  s t r u c t u r e  in  w hich th e  r in g  h a s  

i t s  maximum t w i s t .  The d is c r e p a n c y  b etw een  th e  o b se r v e d  

and c a lc u la t e d  v a lu e s  o f  th e  s t r u c t u r e  f a c t o r s  in  th e  (O kl) 

zon e i s  g r e a t e s t  u s in g  th e  z c o - o r d in a t e s  o f  s t r u c t u r e  2 ,  

v i z .  1 3 .9 $ .  However o n ly  17 r e f l e c t i o n s  o u t  o f  a maximum 

p o s s i b l e  o f  33 w ere o b se rv ed  in  t h i s  zon e, and to o  much 

s t r e s s  can n ot b e  l a i d  on t h i s  d is c r e p a n c y .

An e x a m in a tio n  o f  s t r u c t u r e  1 ,  i . e .  th e  s t r u c t u r e  in  

w hich  th e  n a p h th a le n e  n u c le u s  i s  assum ed p la n a r , shows t h a t  

th e  bond le n g t h s  w hich  g iv e  e x tr e m e ly  bad agreem en t a re  BC 

and BK -  ea ch  bond in v o lv in g  atom B. In  o r d er  to  im prove  

t h i s  agreem en t, i . e .  to  make th e  le n g th  o f  bond BC I . 36A 

and th e  co rresp o n d in g  le n g t h  o f  bond BK 1 .5 6 a *  th e  x  

c o - o r d in a t e  o f  B w ould h ave  to  b e  in c r e a s e d  by 0 .1 A . Such  

a s h i f t  i s  h ig h ly  im p ro b a b le , s in c e  th e  a cc u ra cy  o f  th e  

a to m ic  c o - o r d in a t e s  sh o u ld  b e w e l l  w ith in  t h i s  l i m i t .

No c o r r e c t io n s ,  such  as th e  c o r r e c t io n  f o r  te r m in a t io n  

o f  s e r i e s ,  e t c .  h ave b een  a p p lie d  as y e t  f o r  o b v io u s  r e a s o n s  

and so no e s t im a t io n  o f  th e  a c cu r a c y  o f  th e  c o - o r d in a t e s  and



h en ce  o f  th e  bond le n g t h s  can be m ade. The lo w  

d is c r e p a n c y  b etw een  o b se r v e d  and c a lc u la t e d  v a lu e s  o f  th e  

s t r u c t u r e  f a c t o r  in  th e  (hkO) zone p ro b a b ly  means t h a t  

t h e r e  i s  a h ig h  d e g r e e  o f  a ccu ra cy  i n  th e  x  and y  

c o - o r d in a t e s .  S in c e  th e  z c o - o r d in a t e s  h ave n o t  b een  

d eterm in ed  p o s i t i v e l y ,  i t  i s  o b v io u s  t h a t  l i m i t s  o f  e r r o r  

ca n n o t b e  a s s ig n e d  to  them .

The c o - o r d in a t e s  q u oted  f o r  th e  hydrogen  atom s are  

p r o b a b ly  I n a c c u r a te .  No a tte m p t was made to  o b ta in  

r e a l l y  a c c u r a te  c o - o r d in a t e s ,  s in c e  th e  p u rp o se  o f  

p o s i t io n in g  them h as b een  a t t a in e d ,  i . e .  in  show ing t h a t  

th e  c o n t r ib u t io n  o f  th e  h yd rogen  atom s t o  th e  s t r u c t u r e  

f a c t o r s  in  th e  (hkO) zone was c o n s id e r a b le .

E x p er im en ta l 

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

Copper r a d ia t io n ,  A = 1 .  54A, was em ployed in  a l l  

th e  m easu rem en ts. R o ta t io n , o s c i l l a t i o n  and m o v in g -f ilm  

p h o to g r a p h s w ere u se d , th e  l a t t e r  to  d e te r m in e : th e  sp a c e  

group and f o r  i n t e n s i t y  p u r p o se s . The sp a ce  group was 

e s t a b l i s h e d  as C cca . The g e n e r a l  a b se n c e s  r e q u ir e d , i . e .  

(h k l)  a b se n t when h + k i s  odd, w ere d eterm in ed  from  

m c v in g - f i lm  p h o to g ra p h s ta k en  ab ou t th e  f i r s t  la y e r  l i n e s  

o f  c r y s t a l s  r o t a te d  about th e  a and b c r y s t a l  a x e s .  Thus
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( h i l )  i s  a b se n t when h i s  even  and ( I k l )  i s  a b se n t  when 

k i s  e v e n .

The d e n s i t y  was fou n d  b y  f l o t a t i o n  o f  sm a ll c r y s t a l s  

in  a s o lu t io n  o f  s i l v e r  n i t r a t e  a t  20^ 0. The v a lu e  o f  

I .0 8 9  fou n d  was in  good agreem ent w ith  th a t  o f  1 .1 0 9  

c a lc u la t e d  f o r  fo u r  m o le c u le s  p er  u n i t  c e l l .

M easurem ent o f  I n t e n s i t i e s .

A l l  th r e e  z o n e s , i . e .  (hkO ), (hO l) and (O k l) ,  w ere  

e x p lo r e d  i n  d e t a i l  by m o v in g -f ilm  m eth o d s. Long 

e x p o su r e s  o f  th e  e q u a t o r ia l  la y e r  l i n e s  f o r  c r y s t a l s  r o t a t e d  

about th e  a , b and c a x e s  were o b ta in e d . The m u lt ip le  

f i lm  te c h n iq u e  (41) was u se d  in  th e  c o r r e la t io n  o f  th e  

I n t e n s i t i e s ,  a l l  o f  w hich  w ere e s t im a te d  v i s u a l l y .  . The 

t o t a l  ran ge o f  i n t e n s i t i e s  co v ered  was 7*500 to  1 .  I f  

two p la n e s ,  ( 200) and (0 0 2 ) a re  o m itte d  h ow ever , t h i s  

ran ge f a l l s  to  about 2 ,0 0 0  to  1 .

An a p p r o x im a te ly  a b s o lu te  s c a le  o f  F v a lu e s  was 

o b ta in e d  by c o r r e la t io n  o f  th e  o b se r v e d  v a lu e s  w ith  th e  

c a lc u la t e d  v a lu e s .  S in c e  t h i s  in v o lv e s  a s c a t t e r in g  c u r v e ,  

th e  s c a le  may n o t  b e q u i t e  a c c u r a te ,  b u t t h i s  w i l l  o n ly  

a f f e c t  th e  v e r t i c a l  s c a le  o f  th e  c o n to u r  m aps. The 

a to m ic  s c a t t e r in g  f a c t o r  u se d  was t h a t  u se d  i n  th e  t h r e e -  

d im e n s io n a l a n a ly s i s  o f  th e  n a p h th a le n e  s tr u c t u r e  ( 1 4 ) .



An e x p e r im e n ta l s c a t t e r in g  cu rve  was made by d iv id in g  

th e  o b se r v e d  F v a lu e s  by th e  g e o m e tr ic  s t r u c tu r e  f a c t o r s  

f o r  th e  p la n e s .  T h is  was fou nd  to  be a lm o st i d e n t i c a l  

to  t h a t  u sed  f o r  n a p h th a le n e , and so th e  l a t t e r  was u se d .

S m all c r y s t a l  sp ecim en s w ere em ployed th ro u g h o u t.

The specim en  u se d  in  th e  (hkO) zone had a c r o s s - s e c t i o n  

o f  0 .1 2  mm by 0 .3 5  nmi, and t h a t  u sed  i n  th e  (hOl) zone  

a c r o s s - s e c t i o n  o f  0 .4 2  mm. by 0 . 46. mm. No a b so r p t io n  

c o r r e c t io n s  w ere a p p lie d ,  s in c e  th e  v a lu e  o f  th e  a b so r p t io n  

c o e f f i c i e n t  was so sm a ll (= 5 .4 4  p er  cm .)
ij

T r ia l  A n a ly s is  and F o u r ie r  A n a ly s is .

The t r i a l  a n a ly s i s  o f  o c ta m e th y ln a p h th a le n e  has  

a lr e a d y  b een  f u l l y  d e a l t  w ith . I

The e le c t r o n  d e n s i t y  on th e  ab p la n e ,  (001) was \
I

com puted a t  450 p o in t s  on th e  asym m etric u n i t  from  th e
-*.oo !

s e r i e s  p  (*,]/) “ ^Tio 21  X  F ( ltk Q )  <̂ oZTT<  ̂ c*3%~IT'£

The e le c t r o n  d e n s i t y  on th e  ac p l a n e , ( 0 1 0 ) ,w as  

com puted a t  450 p o in t s  on th e  asym m etric u n i t  from  th e  

s e r i e s .  ôOxps) = P( h 01) Tpjgr

The a - a x is  was d iv id e d  in t o  120 p a r t s ,  th e  b - a x i s  in t o  

60 p a r t s  and th e  c - a x i s  in t o  60 p a r t s .  The i n t e r v a l s  a lo n g  

a w ere 0 .1 3 9 A., th o s e  a lon g  b w ere O .1 8 9 A and th o s e  a lon g  

c 0 .1 2 7 A . The sum m ations were c a r r ie d  o u t by means o f  3
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t h r e e - f ig u r e  s t r i p s  ( 4 3 ) .  The p o s i t i o n s  o f  th e  co n to u r  

l i n e s  w ere o b ta in e d  by g r a p h ic a l  i n t e r p o la t io n  o f  th e  

summation t o t a l s ,  by making s e c t io n s  o f  th e  rows and 

co lu m n s. The co n to u r  maps o b ta in e d  have a lr e a d y  b een  

rep ro d u ced .

C o -o r d in a te s  o f  Atoms and M o lecu la r  D im en sio n s.

The c o - o r d in a t e s  o f  th e  r e s o lv e d  atoms w ere d i r e c t l y  

m easu red , and th e  rem ain in g  o n e s  o b ta in e d  by t r i a l  and 

e r r o r .  S in c e  th e  c r y s t a l  a x es  are o rth o rh o m b ic , th e  

m o le c u la r  d im en sio n s can b e c a lc u la t e d  from  th e  c r y s t a l  

c o - o r d in a t e s  by a s tr a ig h t fo r w a r d  a p p l ic a t io n  o f  th e  

d is t a n c e  fo rm u la , i . e .  i f  R i s  th e  d is t a n c e  b etw een  atoms 

A and B, whose c r y s t a l  c o - o r d in a t e s  are  known, t h e n : -  

R* = (£ „ -  x„)2 + (y« -  y » f  + ( z fl -  ze f  

S tr u c tu r e  F a c t o r s .

The x  and y  c o - o r d in a t e s  o f  th e  carbon  atom s l i s t e d  

on p age 113 were u se d  in  th e  f i n a l  c a lc u la t io n  o f  th e  

s t r u c t u r e  f a c t o r s .  C o n s id er in g  th e  carbon atom s a lo n e ,  

th e  agreem ent b etw een  th e  o b serv ed  and c a lc u la t e d  v a lu e s  

o f  F , e x p r e s se d  in  th e  u s u a l manner as a sum o f  a l l  th e  

d is c r e p a n c ie s  d iv id e d  by th e  sum o f  th e  m easured s tr u c tu r e  

f a c t o r s ,  i s  20$ f o r  th e  (hkO) r e f l e c t i o n s .  When th e  

c o n t r ib u t io n  from th e  hydrogen  atom s, whose c o - o r d in a t e s
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a re  l i s t e d  on page 1 1 J . 9 a re  in c lu d e d  t h i s  d is c r e p a n c y  

becom es 14+/%• The a greem en ts b etw een  o b se rv ed  and 

c a lc u la t e d  v a lu e s  o f  F f o r  th e  (hO l) and (Okl) zo n es  

depend on th e  s e t  o f  z c o - o r d in a t e s  (p age  l l 6 ) u sed  in  

c o n ju n c t io n  w ith  th e  x  and y  c o - o r d in a t e s  ch osen  (p a g e  1 1 5 ) .  

T hese agreem en ts are  as shown.

Zone S tr u c tu r e  1 . S tr u c tu r e  2 . S tr u c tu r e  5 . 

(hO l) 1 1 .8 #  1 1 .8 #  1 2 .2 #

(O kl) 1 0 ,5 #  -1 5 .9 #  1 2 .2 #

T hese c a lc u la t e d  s t r u c t u r e  f a c t o r s  a re  l i s t e d  i n  th e

f o l lo w in g  p a g e s . The F v a lu e s  f o r  th e  (hkO) zone are

l i s t e d  f i r s t .  F (c )  c a l c ,  means F c a lc u la t e d  f o r  carbon  

c o n t r ib u t io n s  a lo n e , andF(C,H) c a l c ,  means F c a lc u la t e d  f o r  

b o th  carbon  and hydrogen  c o n t r ib u t io n s .  The v a lu e s  o f  F 

m eas. q u oted  are s c a le d  u s in g  F(C) c a l c ,  and are  n o t  

a b s o lu t e ly  c o r r e c t  f o r  com parison  w ith  F(C,,H) c a l c .  The 

F v a lu e s  fo r  th e  (O kl) and (hOl) zo n es are  th en  l i s t e d  as  

f o l l o w s ; F  ( l )  c a l c ,  means F c a lc u la t e d  u s in g  th e  

z c o - o r d in a t e s  f o r  s t r u c t u r e  1 , F (2 )  c a l c ,  means F 

c a lc u la t e d  u s in g  th e  z c o - o r d in a t e s  f o r  s t r u c tu r e  2 and 

so on . The v a lu e s  o f  F m eas. q u oted  are  s c a le d  u s in g  

F (2 ) c a l c ,  and are n o t  a b s o lu t e ly  c o r r e c t  f o r  com p arison  

w ith  F ( l )  c a l c ,  and F (5 ) c a l c .
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M e a s u r e d  a n d  c a l c u l a t e d  v a l u e s  o f  7  ( O c t a m e t h y l n a p h t h a l a n e )

F F ( C ) F ( C
( h k l ) 2 s  in © m e a s . c a l c . c a l c .
2 0 0 0 . 1 8 5 1 6 9 . 7 + 1 7 7 . 1 +  1 6 1 . 5
4 0 0 0 . 3 7 0 7 0 . 1 -  5 3 . 5 -  6 7 . 1
6 0 0 0 . 5 5 5 4 3 . 1 -  5 7 . 1 -  4 6 . 7
8 0 0 0 . 7 3 9 1 0 0 . 4 -  9 7 . 5 - 1 0 9 . 3
1 0 , 0 0 0 . 9 2 4 2 2 . 6 -  2 5 . 3 -  2 3 . 5
1 2 , 0 0 1 . 1 0 9 2 1 . 9 +  2 9  . 3 -  2 7 . 6
1 4 , 0 0 1 * 2 9 4 1 4 . 2 -  1 2 . 3
1 6 , 0 0 1 . 4 7 9 1 0 . 8 -  2 0 . 2
1 8 , 0 0 1 . 6 6 4 < 6 . 3 -  6 . 7
2 0 , 0 0 1 . 8 4 9 < 4 . 8 -  4 . 2
0 2 0 0 . 2 7 2 5 8 . 8 -  5 4 . 0 -
0 4 0 0 . 5 4 5 8 2 . 4 -  7 2 . 0 -  8 9 . 7
0 6 0 0 . 8 1 7 2 0 . 5 + 1 5 . 9 + 2 0 . 2
0 8 0 1 . 0 8 9 23  . 3 + 2 4 . 7 +  2 5 . 5
0 , 1 0 , 0 1 . 3 6 2 1 9 . 3 + 3 1 . 6
0 , 1 2 , 0 1 . 6 3 4 <  5 . 5 -  5 . 1
0 , 1 4 , 0 1 . 9 0 6 <  4 . 1 -  4 . 3
2 2 0 0 . 3 2 9 4 8 . 3 -  4 4 . 4 -  4 3 . 3
4 2 0 0 . 4 5 9 5 . 0 -  0 . 6 + 6 . 5
6 2 0 0 . 6 1 8 1 0 . 7 + 2 5 . 3 + 2 3 . 8
B 2 0 0 . 7 8 7 7 . 0 + 9 . 4 + 5 . 3
1 0 , 2 , 0 0 . 9 6 3 < 5 . 7 + 0 * 8 + 2 . 2
1 2 , 2 , 0 1 . 1 4 2 < 6 . 4 + 3 . 2 +  3 . 1
1 4 , 2 , 0 1 . 3 2 2 < 7 . 0 + 3 . 1
1 6 , 2 , 0 1 . 5 0 4 < 6 . 9 + 4 . 1
1 8 , 2 , 0 1 . 6 8 6 <  6 . 2 + 2 . 7
2 0 , 2 , 0 1 . 8 6 9 < 4 . 6 — 2 . 1
2 4 0 0 . 5 7 6 2 9 . 9 + 4 0 . 2 + 3 5 . 2
4 4 0 0 . 6 5 9 6 9 . 3 + 7 6 . 4 +  7 5 . 9
5 4 0 0 . 7 7 8 3 3 . 7 + 1 4 . 8 + 2 3 . 1
8 4 0 0 . 9 1 8 2 6 . 0 + 2 2 . 7 4  2 3 . 2
1 0 , 4 , 0 1 . 0 7 3 2 1 . 8 -  2 2 . 6 -  2 4 . 5
1 2 , 4 , 0 1 . 2 3 6 5 0 . 1 •  5 5 . 6
1 4 , 4 , 0 1 . 4 0 4 1 3 . 8 -  1 4 . 5
1 6 , 4 , 0 1 . 5 7 6 < 6 . 7 +  2 . 4
1 8 , 4 , 0 1 . 7 5 1 <  5 . 7 + 1 . 8
2 0 , 4 , 0 1 . 9 2 8 6 . 7 + 7 . 4
2 6 0 0 . 8 3 8 1 9 . 3 + 2 3 . 6 +  2 0 . 5
4 6 0 j 0 . 8 9 7 5 *4 +  0 . 6 -  5 . 8
6 6 0 0 . 9 8 8 1 5 . 9 — 2 1  *0 -  1 7 . 5
8 6 0 1 . 1 0 2 <  6 . 3 0 f  1 . 8
1 0 , 6 , 0 1 . 2 3 3 1 3 . 2 +  5 . 6
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( h k l )  2 s i n e
1 2 . 6 . 0  1 . 3 7 7
1 4 . 6 . 0  1 . 5 3 0
1 6 . 6 . 0  1 . 6 9 0
1 8 . 6 . 0  1 . 8 5 4
2 8 0  1 . 1 0 6
4 8 0  1 . 1 5 0
6 8 0  1 . 2 2 2
8 8 0  1 . 3 1 6
1 0 . 8 . 0  1 . 4 2 8
1 2 . 8 . 0  1 . 5 5 4
1 4 . 8 . 0  1 . 6 9 1
1 6 . 8 . 0  1 . 8 3 7
1 8 . 8 . 0  1 . 9 8 9
2 . 1 0 . 0  1 . 3 7 4
4 . 1 0 . 0  1 . 4 1 1
6 . 1 0 . 0  1 . 4 7 1
8 . 1 0 . 0  1 . 5 5 0
1 9 . ,  1 0 , 0  1 . 6 4 6
1 2 . 1 0 . 0  1 . 7 5 6
1 4 . 1 0 . 0  1 . 8 7 9
2 . 1 2 . 0  1 . 6 4 4
4 . 1 2 . 0  1 . 6 7 5
6 . 1 2 . 0  1 . 7 2 6
8 . 1 2 . 0  1 . 7 9 3
1 0 . 1 2 . 0  1 . 8 7 7
1 2 . 1 2 . 0  1 . 9 7 5

F  F ( C )
meas • c a l e .

1 3  *7 •* 3 . 4
< 6 . 9 - 2 . 2
< 6 . 2 M i 5 . 3

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

< 6 . 5 *• 5 . 2
< 6 . 7 + 1 2 . 7

1 3 . 9 - 1 1 . 3
1 1 . 1 — 8 . 3

< 6 . 8 + 7 . 5
< 6 * 2 - 2 . 3
< 4 . 9 •a* 0 . 7
<  1 . 3 + 0 . 8

9 . 3 ■+ 1 3 . 6
< 7  *0 + 2 . 3
< 7 . 0 + 1 . 6
<  6 . 8 1 2 . 6
<  6 . 5 - 1 1 . 1
< 5 . 7 - 1 . 2
< 4 . 4 - 4 . 1
< 6 . 5 + 1 . 9
< 6 . 3 mt 2 . 1
<  5  . 9 - 8 . 4
< 5  f 3 + 2 . 8
< 4 . 5 + 5 . 8
< 2 . 0 + 0 . 7

( b k l ) 2  s  i n ©
P

m e a s  •
0 0 2 0 . 4 0 3 2 9 0 . 7
0 0 4 0 . 8 0 6 7 6 . 1
0 0 6 1 . 2 1 0 2 0 . 4
0 0 8 1 . 6 1 3 < 9 . 0
2 0 2 0 . 4 4 4 1 5 6 . 4
4 0 2 0 . 5 4 7 1 0 . 7
6 0 2 0 . 6 8 6 6 4 . 5
8 0 2 0 . 8 4 2 6 0 . 6
1 0 , 0 2 1 . 0 0 8 1 6 . 2
1 2 , 0 2 1 . 1 8 0 <  9 . 0
1 4 , 0 2 1 . 3 5 5 <  9 . 7
1 6 , 0 2 1 * 5 3 2 <  9 . 5
1 8 , 0 2 1 . 7 1 1 ^  8 . 3
2 ® , 0 2 1 . 8 9 1 <  5 . 8

F ( l ) F ( 2 ) F ( 3 )
e a l e . c a l c . s a l e .

+ 2 6 5 . 9 + 2 6 5 * 9 + 2 6 8 . 8
+ 7 4 . 8 +  7 3 . 4 +  7 8 . 1
+ 2 1 . 9 + 1 8 . 2 + 2 3 . 4
+ 1 4 . 5 + 9 . 0 + 1 3 . 9
+ 1 3 7 . 1 + 1 3 6 . 5 + 1 3 8 . 6
-  1 6 . 4 -  1 7 . 7 -  1 8 . 2
-  6 5  . 7 -  6 6 . 1 •  6 7 . 5
-  6 6 . 7 -  6 5 . 3 -  6 7 . 0
-  1 7 . 5 *  1 6 . 3 -  1 6 . 8
+  1 0 . 7 +  1 1 . 1 +  1 1 . 4
-  6 . 9 -  7 . 3 -  6 . 9
-  1 4 . 0 -  1 4 . 6 -  1 4 . 4
-  8 . 9 -  9 . 0 9 . 2
-  2 . 1 -  1 . 9 -  2 . 1

F ( C , H )  
c a l c  •

. 0.6 
-  2 , 4
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F
( b k l ) 2 s  i n © m e a s .
2 0 4 0 * 8 2 7 7 7 . 5
4 0 4 0 . 8 8 7 1 6 . 4
6 0 4 0 . 9 7 9 4 2 . 1
8 0 4 1 . 0 9 4 1 7 . 1
1 0 , 0 4 1 . 2 2 6 <  9 . 7
1 2 , 0 4 1 . 3 7 1 9 . 7
1 4 , 0 4 1 . 5 2 4 <  7 . 7
1 6 , 0 4 1 . 6 8 4 <  8 . 5
1 8 , 0 4 1 . 8 4 8 <  6 . 5
2 0 6 1 . 2 2 4 2 3 . 8
4 0 6 1 . 2 6 5 1 4 . 3
6 0 6 1 . 3 3 2 <  9 . 7
8 0 6 1 . 4 1 8 <  9 . 7
1 0 , 0 6 1 . 5 2 2 < 9 . 5
1 2 , 0 6 1 . 6 4 1 < 8 . 8
1 4 , 0 6 1 . 7 7 2 <  7 . 4
1 6 , 0 6 1 . 9 1 0 <  5 . 3
2 0 8 1 . 6 2 4 <  9 . 0
4 0 8 1 . 6 5 4 < 8 . 8
6 0 8 1 . 7 0 5 < 8 . 3
8 0 8 1 . 7 7 4 <  7 . 4
1 0 , 0 8 1 . 8 5 9 <  6 . 3
0 2 2 0 . 4 8 6 3 9 . 4
0 4 2 0 . 6 7 8 2 5 . 7
0 6 2 0 . 9 1 1 9 . 0
0 8 2 1 . 1 6 1 1 7 . 2
0 , 1 0 , 2 1 . 4 2 0 1 8 . 7
0 , 1 2 , 2 1 . 6 8 3 <  1 0 . 1
0 , 1 4 , 2 1 . 9 4 8 <  5 . 1
0 2 4 0 * 8 5 1 1 4 . 4
0 4 4 0 . 9 7 3 2 4 . 6
0 6 4 1 . 1 4 8 < 1 0 . 9
0 8 4 1 . 3 5 5 < 1 1 . 7
0 , 1 0 , 4 1 . 5 8 3 1 1 . 7
0 , 1 2 , 4 1 . 8 2 2 <  8 . 6
0 2 6 1 . 2 4 0 < 1 1 . 3
0 4 6 1 . 3 2 7 1 5 . 6
0 6 6 1 . 4 6 0 < 1 1 . 7
0 8 6 1 * 6 2 8 < 1 0 . 9
0 , 1 0 , 6 1 . 8 2 2 <  8 . 6
0 2 8 1 . 6 3 6 <  1 0 . 9
0 4 8 1 . 7 0 3 < 1 0 . 1
0 6 8 1 . 8 0 8 <  8 . 6
0 8 8 1 . 9 4 6 <  5 . 1

F ( l ) F ( 2 ) F ( 3 )
c a l e . c a l c  . €s a l e .

8 2 . 2 + 8 0 . 0 +  8 3 . 1
+ 1 5 . 5 + 1 3 . 0 4> 1 3  . 4

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

8 . 9 6 . 1 mm 7 . 1
1 3 . 1 mm 1 2 . 0 m 1 1 . 6

- 0 . 1 - 1 . 0 + 0 . 2
— 5 . 8 - 7 . 3 - 6 . 8

8 . 7 mm 8 . 8 • 9 . 2
3 5 . 5 + 3 2 . 6 + 3 5 . 8

+ 1 4 . 3 + 1 2 . 9 1 2 . 7
_ 2 2 . 6 « • 2 1 . 2 - 2 4 . 2
- 9 . 8 • 6 . 1 • 9 . 4
- 8 . 0 - 5 . 2 <M 6 . 3
- 1 4 . 5 - 1 4 . 3 m 1 3 . 2

0 . 3 - 2 . 0 0 . 5
- 0 . 8 - . 2 . 0 - 1 . 6

1 1 . 7 + 7 . 9 + 1 1 . 0
+ 6 . 2 6 . 3 + 5 . 8

mm 0 . 9 + 2 . 4 - 0 . 8
mm 6 * 7 0 . 5 - 6 . 0
- 7 . 6 - 6 . 1 m 6 . 8
- 3 7 . 2 m 4 0 . 9 m 3 9 . 2
- 2 5 . 5 m 2 4  . 7 - 2 6 . 2

1 4 . 6 + 1 9 . 0 + 1 6 . 6
1 3 . 6 1 1 . 4 * 1 2 . 9
2 3 . 1 + 2 1 . 7 + 2 2 . 6

- 2 . 8 - 1 . 6 - 2 . 2
- 1 . 1 1 . 0 - 1 . 1
- 1 5 . 0 - 2 2 . 1 -  1 9 . 1

1 9 . 1 2 2 . 5 + 1 8 . 6
7 . 5 + 1 7 . 6 + 1 1 . 9

+ 1 . 0 mm 5 . 0 - 1 . 5
+ 1 2 . 3 + 7 . 7 + 1 1 . 0

0 . 2 + 2 . 3 + 0 . 9
2 . 8 - 8 . 1 mm 5 . 3

♦ 1 6 . 5 2 1 . 2 . + 1 6 . 8
- 1 * 7 + 1 0 . 0 3 . 1
+ 2 . 3 4 . 4 0 . 3
+ 7 . 5 3 . 4 4- 6 . 2
+ 2 . 0 - 1 . 4 + 0 . 5
+ 3 . 2 7 . 0 + 4 . 3
- 4 . 8 + 1 . 4 2 . 4
+ § * o + L .O 3 . 7



A ppendix,

The U n it C e l l  D im en sion s and Space Group o f  B en zfu ra za n e  Oxide, jl

The s t r u c t u r e  o f  b e n z fu r a z a n e  o x id e ,  i s

unknown,- I t  i s  known t h a t  th e  n i t r o g e n  atom s are  a t ta c h e d  

to  th e  o r th o  p o s i t i o n s  o f  th e  b en zen e r in g ,  b u t no e t h e r  

in fo r m a t io n  was a v a i l a b l e .  I t  was p ro p o sed  to  I n v e s t i g a t e  

th e  c r y s t a l  s t r u c tu r e  u s in g  X -ray  d i f f r a c t i o n  m eth od s, w ith  

a v ie w  to  o b ta in in g  th e  m o le c u la r  s t r u c t u r e .

Copper r a d ia t io n ,  X  = 1 .5 4 A , was em ployed in  a l l  

th e  m easu rem en ts. R o t a t i o n ,o s c i l l a t i o n  and m oving- f i l m  

p h o to g ra p h s w ere u se d , th e  l a t t e r  to  d e term in e  th e  sp a c e  

grou p , w hich  was e s t a b l i s h e d  as PI o r  P I .  The d e n s i t y  o f  

th e  C r y s ta ls  was m easured by f l o t a t i o n  o f  sm a ll c r y s t a l s  in  

a s o lu t io n  o f  s i l v e r  n i t r a t e  a t  20°C . The d e n s i t y  fo u n d ,

1 .4 6 6  was i n  o x tr em e ly  good agreem ent w ith  th a t  o f  1 .4 5 9  

c a lc u la t e d  f o r  fo u r  m o le c u le s  in  th e  u n i t  c e l l .

C r y s ta l  D a ta .

B en zfu ra za n e  O xid e , C^ 0 X

d ,c a l c .  1 .4 5 9

t r i c l i n i c ,  a = 1 0 . 7 6 iO .O 2A 

b = 7 .8 5  ±  0 .0 5 A  

c = 7 .5 1  ±  0 .0 1 A  

Space Group -  PI o r  P I

M, 1 5 6 .1  m .p . 6 9 ° -  70°  

d ,fc p n d  1 .4 6 6

oL = 9 9 .2 °

^  = 95 .5°  

i  = 9 4 .0 0
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Four m o le c u le s  p er  u n i t  c e l l .  M o lecu la r  sym m etry, n o t  known.

T o ta l number o f  e le c t r o n s  p er  u n i t  c e l l  = F (0 0 0 ) = 2 8 0 .

The v a lu e s  o f  th e  a n g le s  o f  th e  u n i t  c e l l  w ere o b ta in e d  

from  a d i r e c t  m easurem ent o f  th e  ab, be and ac d ia g o n a ls  

o f  th e  u n i t  c e l l .  R o ta t io n  p h otograp h s w ere o b ta in e d  ab ou t  

t h e s e  th r e e  d ia g o n a ls ,  from  w hich  t h e ir  l e n g t h s  were 

m easured .

T hese w ere fou n d  to  b e : -  [101]  = 1 3 .7 0  ±  0 .0 3 A

[ lie ]  = 1 3 .7 4  ±  0 .0 3 A

[oil] = 1 1 .6 8  ±  0 .0 4 A

The v a lu e s  f o r  th e  a n g le s  o b ta in e d  u s in g  t h e s e  v a lu e s  f o r  

th e  d ia g o n a ls  h ave a lr e a d y  b een  l i s t e d .  T hese w ere in  good  1 

agreem ent w ith  th e  r e c ip r o c a l  v a lu e s  o b ta in e d  from  th e  

m o v in g -f ilm  p h o to g ra p h s. The r e c ip r o c a l  v a lu e s  f o r  th e

u n i t  c e l l  a re  l i s t e d  b e lo w .

S in c e  th e r e  a re  fo u r  m o le c u le s  p e r  u n i t  c e l l ,  and th e  

c r y s t a l  i s  t r i c l i n i c ,  no f u r th e r  work h as b een  a ttem p ted  on  

t h i s  compound a s y e t .

Volume o f  th e  u n i t  c e l l ,  6 1 9 . 5A3

a *  = 0 .0 9 3 7 .  

tf* = 0 .1 2 9 8  

c *  = 0 .1 3 5 7

=<*= 8 0 .4 °  

/S*= 8 3 . 9 ° 

tf*= 8 5 . 1 0
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