
STUDIES IM CRYSTAL STRUCTURE

PART I  a-ETHYHYLACETIC ACID 

PART I I  n-HEXATRXACOMTAHE

TRESIS

PRESENTED EOR THE DEGREE OE 

DOCTOR OE PHILOSOPHY 

IK THE 

UKIVERSITY OE GLASGOW 

BY

H. M. M. SHEARER, B .S c .

U n iv e r s ity  o f  Glasgow  

F eb ru ary , 1954*



ProQuest Number: 13838834

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 13838834

Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



P re fa ce

T h is t h e s i s  d e s c r ib e s  r e se a r c h  in  ch em ica l 

c r y s ta l lo g r a p h y , w hich was c a r r ie d  o u t d u rin g  a th r e e  

y e a r  p e r io d  in  th e  C hem istry Departm ent o f  the, U n iv e r s i ty  

o f  G lasgow. I t  i s  e x p e c ted  th a t  th e  work w i l l  be 

p u b lish e d .

I  w ish  to  e x p r e ss  my s in c e r e  th an k s to  my s u p e r v is o r ,  

P r o fe s s o r  J . M. R o b ertso n , fo r  s u g g e s t in g  th e  t o p ic s  o f  

r e se a r c h  and fo r  h i s  c o n s ta n t  gu id an ce and encouragem ent.

I  am a ls o  much in d eb ted  to  Dr. V. Vand, a form er I . C . I .  

R esearch  F e llo w  in  t h i s  D epartm ent, f o r  h i s  many s u g g e s t io n s  

and a g r e a t  d e a l o f  h e lp f u l  d i s c u s s io n .  . In  a d d it io n ,  I 

would l i k e  to  thank Dr. Raphael o f  t h i s  Departm ent fo r  

a su pp ly  o f  b u t - 3 - y n e - l - o l  and Mr. C. W. Bunn o f  I . C . I .  

l t d .  fo r  some pure n -h e x a tr ia c o n ta n e .

In  c o n c lu s io n  I  am in d eb ted  to  th e  Departm ent o f  

S c i e n t i f i c  and I n d u s t r ia l  R esearch  fo r  a m a in ta in a n ce  

a llo w a n c e .



Summary

The f i r s t  p a r t  o f  t h i s  t h e s i s  d e s c r ib e s  an 

in v e s t i g a t io n ,  by X -ray  m eth od s, o f  e t h y n y la c e t ic  a c id  

(p r o p -2 -y n e - l - c a r b o x y l ic  a c id ) .  The a c id  was found to  

e x i s t  in  two c r y s t a l  form s and one o f  th e s e  -  th e  

a-form  -  was s tu d ie d  in  some d e t a i l .  The d im en sio n s  

o f  the two c r y s t a l lo g r a p h ic a l ly  in d ep en d en t m o le c u le s  

in  th e  u n i t  c e l l  w ere o b ta in e d  from p r o j e c t io n s  a lo n g  

two o f  th e  c e l l  a x es  and more a c cu ra te  v a lu e s  o f  th e  

m o lecu la r  param eters were found by a p r o c e s s  o f  a v e r a g in g .  

Am attem p t was th en  made to  d eterm ine th e  n a tu re  o f  th e  

a c e t y le n ic  carbon-hydrogen  bond a t  th e  end o f  th e  

m o lec u la r  chain*

P a rt 2 d e s c r ib e s  an i n v e s t i g a t io n  o f  th e  m o n o c lin ic  

form o f  n -h e x a tr ia c o n ta n e . The s ig n s  o f  th e  r e f l e c t i n g  

p la n e s  in  two o f  th e  . l a t t i c e  zo n es were o b ta in e d  by means 

o f  s u b - c e l l  th e o ry  and th e  m o lec u la r  s t r u c tu r e  was 

d eterm in ed  from p r o j e c t io n s  down two o f  th e  c e l l  a x e s .

By assum ing a r e g u la r  r e p e t i t i o n  a lo n g  th e  hydrocarbon  

c h a in , th e  m o lec u la r  d im en sion s w ere d eterm ined  w ith  

g r e a te r  a ccu ra cy .
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I n tr o d u c t io n

(a ) G eneral

The in tr o d u c t io n  o f  modern p h y s ic a l  m eihods o f  

s tr u c tu r e  a n a ly s is  h a s  tran sform ed  th e  in fo r m a tio n  

d e r iv e d  from c l a s s i c a l  ch em ica l and s te r e o c h e m ic a l  

th e o ry  from a q u a l i t a t i v e  to  a  q u a n t i t a t iv e  b a s i s .  I t  

i s  now p o s s ib le  to  d e ter m in e , n o t o n ly  th e  s p a t ia l  

arrangem ent o f  atom s in  a m o le c u le , but a ls o  th e  bond 

le n g t h s  and v a le n c e  a n g le s .

A number o f  m ethods are  a v a i la b le  f o r  t h i s  p u rp o se , 

o f  w hich the m ost a c c u r a te  i s  u n d ou b ted ly  the s p e c tr o s c o p ic  

m ethod^. T h is  i s  r e s t r i c t e d  however to  v e r y  sim p le  

m o le c u le s  in  th e  ga seo u s s t a t e  but p r o v id e s  th e  m ost 

r e l i a b l e  in fo r m a tio n  on stan d ard  in te r a to m ic  d i s t a n c e s .

M ethods based  on th e  d i f f r a t i o n  o f  e le c t r o n s  by 

g a se s  or c r y s t a l s  and X -ra y s by c r y s t a l s  are  l e s s  p r e c is e  

but can be a p p lie d  to  l e s s  sim p le  m o le c u le s .  Gas 

e le c t r o n  d i f f r a c t i o n  m ethods are a p p lie d  to  compounds 

w hich e x i s t  in  the g a seo u s s t a t e  or to  s o l i d s  w ith  a 

h ig h  vapour p r e s su r e . A good accou n t o f  th e  developm ent 

o f  t h i s  method and a l i s t  o f  s t r u c tu r e s  in v e s t ig a t e d
p

h as been p u b lish e d  by Brockway . E le c tr o n  d i f f r a c t i o n  

m ethods can a ls o  be a p p lie d , l i k e  X -r a y s , to  c r y s t a l s  and
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some im p o rta n t r e s u l t s  have r e c e n t l y  been  o b ta in e d ,

X—r a y s  c r y s t a l lo g r a p h ic  m eth od s, on th e  o th e r  hand , 

can he a p p lie d  to  v e r y  com plex m o le c u le s  and p r o v id e  

in fo r m a tio n  n o t o n ly  about in tr a m o le c u la r  d i s t a n c e s  and 

a n g le s  but a ls o  about th e  e le c t r o n  d e n s i ty  d i s t r i b u t io n  

and in te r m o le c u la r  d is t a n c e s .

A method o f  s tr u c tu r e  a n a ly s i s  a r i s in g  from th e  

d i f f r a c t i o n  o f  n e u tr o n s  by c r y s t a l s  i s  a l s o  b e in g  

d e v e lo p e d . T h e o r e t ic a l ly ,  t h i s  method i s  v e r y  s u i t a b le  

fo r  th e  d e te r m in a tio n  o f  the l i g h t  atom s in  a compound bu t  

th e  ex p er im en ta l d i f f i c u l t i e s  are c o n s id e r a b le  and i t  

h a s been  a p p lie d , a s  y e t ,  o n ly  to  v ery  s im p le  compounds,

(b) S tr u c tu r e  D eterm in a tio n  by X -ray  Methods:

I t  i s  som etim es p o s s i b l e ,  in  v ery  s im p le  c a s e s ,  to  

deduce th e  s tr u c tu r e  o f  a compound from th e  know ledge  

o f  i t s  sp ace  group and th e  i n t e n s i t i e s  o f  the X -ray  

r e f l e c t i o n s .  Such c a s e s  are e x trem e ly  r a re  and n orm ally  

s y s te m a t ic  m ethods o f  r e fin e m en t are r e q u ir e d . Of t h e s e ,  

th e  F o u r ie r  s y n t h e s is  h as proved th e  m ost v a lu a b le .

1 .  F o u r ier  S y n th e s is .
3

Wo H. Bragg in  1915 su g g e s te d  th e  a p p l ic a t io n  o f  

th e  F o u r ie r  s e r i e s  method to  th e  problem  o f  X—r a y  

a n a ly s i s  and in  1929 W. L. Bragg^ ex ten d ed  th e  trea tm en t
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and made th e  f i r s t  p r a c t i c a l  u se  o f  i t  in  th e  

d e te r m in a tio n  o f  th e  s t r u c t u r e  o f  d io p id e #  In  1933 > 

th e  f i r s t  C o u rier  a n a ly s is  o f  a com plex o r g a n ic  s t r u c tu r e

The e le c t r o n  d e n s i ty  a t  any p o in t  w ith in  a c r y s t a l  

can he e x p r e sse d  by means o f  th e  F o u r ie r  s e r i e s : -

w here p ( x ,y ,z )  i s  the e le c t r o n  d e n s ity  a t  th e  p o in t  

( x , y , z ) ;  V i s  th e  volum e o f  th e  u n i t  c e l l ,  a ,b  and c 

are th e  le n g t h s  o f  th e  c r y s t a l  a x e s  and F (h k l)  i s  th e  

s tr u c tu r e  f a c t o r  o f  th e  r e f l e c t i o n  h a v in g  M il le r  in d ic e s  

h k l .  The s t r u c tu r e  f a c t o r s  F (h k l)  are  in  g e n e r a l com p lex , 

and c o n ta in  b o th  a m agnitude and phase com ponent. The 

m agnitude o f  F (h k l)  in  th e  c a se  o f  m osa ic  c r y s t a l s  i s  

p r o p o r t io n a l to  th e  square r o o t  o f  th e  i n t e n s i t y  o f  th e  

r e f l e c t i o n  a f t e r  c o r r e c t io n  by L oren tz  and p o la r i s a t io n  

f a c t o r s  and h en ce  can be determ ined  e x p e r im e n ta lly . The 

p h a ses  o f  th e  s t r u c tu r e  f a c t o r s  must be found  by 

in d ir e c t  m ethods and-much o f  th e  work o f  s tr u c tu r e

5
was c a r r ie d  o u t by R ob ertson  on a n th ra cen e  .

-CP
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a n a ly s is  "by X -ra y  m ethods i s  con cern ed  w ith  d e te r m in in g  

t h e s e .

I f  th e  u n i t  c e l l  p o s s e s s e s  a c e n tr e  o f  symmetry 

and t h i s  i s  ch osen  a s  th e  o r ig in  o f  th e  c o o r d in a te s ,  

th en  th e  p h ase a n g le s  m ust be e i t h e r  0 or IT • The s ig n  

o f  th e  s t r u c tu r e  f a c t o r  i s  e i t h e r  p o s i t i v e  or n e g a t iv e  

and th e  d e te r m in a tio n  o f  th e  ph ase o f  each  o f  th e  term s  

o f  th e  s e r i e s  i s  red u ced  to  the d e te r m in a tio n  o f  th e  

s ig n  o f  i t s  s tr u c tu r e  f a c t o r .  The s e r i e s  may now b e  

w r it t e n :
<00

i> k e
~oo

and fo r  th e  p r o je c t io n  in  a d ir e c t io n  p a r a l l e l  to  b on  

to  th e  ac p l a n e ; .
00

p(X,£) = -£• cos 9J{^ + P)
-00

where A i s  th e  a rea  o f  p r o j e c t io n .

The s ig n s  o f  F , th e  s t r u c tu r e  f a c t o r s ,  are  

d eterm in ed  in  many c a s e s  by " t r i a l  and e r r o r ” m eth od s. 

Atomic p o s i t i o n s  are  ch osen  on th e  b a s i s  o f  th e  ch em ica l 

s t r u c tu r e  o f  th e  m o le c u le  and th e  p h y s ic a l  p r o p e r t ie s  o f
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th e  c r y s t a l s .  In  a d d it io n ,  c o n s id e r a t io n s  o f  p a ck in g  

and th e  s tr e n g th  o f  some o f  th e  r e f l e c t e d  p la n e s  are  

ta k en  in to  a c c o u n t. The s t r u c tu r e  f a c t o r s  a re  th en  

c a lc u la t e d  and th e  atom ic p o s i t i o n s  a d ju s te d  to  b r in g  

th e  c a lc u la t e d  v a lu e s  o f  th e  s t r u c tu r e  fa c to r s :  more 

in to  agreem ent w ith  th e  o b serv ed  v a lu e s .

When r e a so n a b le  agreem ent betw een  th e  two s e t s  o f  

v a lu e s  i s  o b ta in e d  a F o u r ier  s y n t h e s is  can be c a r r ie d  o u t ,  

u s in g  th e  s ig n s  o f  th e  c a lc u la t e d  s t r u c tu r e  f a c t o r s  o f  

th e  s tr o n g e r  r e f l e c t i o n s  to g e th e r  w ith  t h e i r  o b serv ed  

m agn itu d es . From th e  r e s u l t in g  e le c t r o n  d e n s ity  map 

more p r e c is e  v a lu e s  o f  th e  a to m ic  c o o r d in a te s  w i l l  

g e n e r a l ly  be o b ta in e d  and the s tr u c tu r e  f a c t o r s  a re  

th en  r e c a lc u la t e d .  S ig n s  can now be g iv e n  to  fu r t h e r  

r e f l e c t i o n s  and th e  p r o c e s s  r e p e a te d  w ith  a more com p lete  

F o u r ier  s e r i e s .  When s ig n s  have been  a t t r ib u t e d  to  a l l  

th e  o b serv ed  r e f l e c t i o n s  and rem ain u n a lte r e d  on th e  

co m p letio n  o f  a fu r th e r  F o u r ier  s y n t h e s i s ,  th e  p r o c e s s  

o f  r e fin e m en t by t h i s  method i s  a t  an end.

I f  a l l  th e  atoms are r e s o lv e d  in  th e  e le c t r o n  d e n s ity  

map, a c c u r a te  v a lu e s  o f  th e  atom ic c o o r d in a te s  are  

o b ta in ed  but i f ,  how ever, o v e r la p p in g  o f  th e  atom s o c cu rs  

i t  may be n e c e s s a r y  to  r e s o r t  to  wt r i a l Mi m ethods to  

o b ta in  t h e s e .
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D uring t h i s  p r o c e s s  o f  r e f in e m e n t , i t  i s  u s u a l to  

a c c e p t ,  a s  an in d ex  o f  r e l i a b i l i t y  o f  a p o s tu la te d  

s t r u c t u r e ,  th e  q u a n t ity  R, th e  d isc r e p a n c y  o r  f ig u r e  

o f  m e r it ,  g iv e n  by

R = l | F o | - | F c |

£  I Fo!

where Fo i s  th e  o b serv ed  v a lu e  o f  th e  s tr u c tu r e  f a c t o r  and 

Fc th e  c a lc u la t e d  v a lu e .

The equation- fo r  the e le c t r o n  d e n s i ty  g iv e n  on P .4 

i s  tru e  o n ly  fo r  an i n f i n i t e  s e r i e s  o f  term s. In  

p r a c t ic e  the s e r i e s  i s  term in a ted  a t  a l i m i t  f ix e d  by th e  

sphere o f  r e f l e c t i o n .  The e f f e c t  o f  t h i s  te r m in a t io n  o f  

th e  s e r i e s  i s  to  in tr o d u c e  e r r o r s  in to  th e  e le c t r o n  

d e n s ity  map and hence in to  th e  c o o rd in a tes , o b ta in e d  even  

fo r  w e l l  r e s o lv e d  atom s. Booth e s t im a te d  th a t  th e s e  

e r r o r s  w i l l  be o f  the ord er o f  + 0 .02A  and put forw ard  

th e  f o l lo w in g  method o f  c o r r e c t io n . The s t r u c tu r e  

f a c t o r s  are  c a lc u la te d  from th e  f i n a l  atom ic c o o r d in a te s  

and th e s e  c a lc u la te d  v a lu e s  u sed  a s  c o e f f i c i e n t s  in  a 

F o u r ier  s y n t h e s i s .  The c o o r d in a te s  o b ta in ed  from t h i s  

s y n th e s is  w i l l  be s l i g h t l y  d i f f e r e n t  to  th o s e  from which  

th e  s tr u c tu r e  f a c t o r s  were, c a lc u la t e d  and th e s e  d i f f e r e n c e s
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g iv e  th e  e r r o r s ,  w ith  r e v e r se d  s ig n ,  o f  th e  o r ig in a l  

c o o r d in a te s  and may be a p p lie d  a s  c o r r e c t io n s .

2 . (F o-F c) S y n th e s is .

A method o f  r e fin e m en t w hich h as been  d ev e lo p ed  

w ith in  r e c e n t  y e a r s  i s  th e  (F o-F c) or d i f f e r e n c e  

s y n t h e s i s .  T h is  i s  a F o u r ie r  s y n t h e s is  whose c o e f f i c i e n t s  

are th e  d i f f e r e n c e s  betw een  th e  o b served  and c a lc u la t e d  

v a lu e s  o f  th e  s tr u c tu r e  f a c t o r s ,  and fo r  th e  p r o je c t io n  

in  a d ir e c t io n  p a r a l l e l  to b on to  th e  ac p la n e  i t  i s  

r e p r e se n te d  by th e  e x p r e s s io n

T) = fo  = j  ^ {F o(w e) - Fcaoe)} air (*§■*• t?) .
k ^

T h is fu n c t io n  g iv e s  th e  d i f f e r e n c e  betw een th e  o b serv ed  

e le c t r o n  d e n s i ty  in  the u n it  c e l l  o f  the c r y s t a l  and 

th a t  c a lc u la t e d  fo r  a p o s tu la te d  arrangem ent o f  th e  

atom s.

The r e s u l t in g  d i f f e r e n c e  map th en  in d ic a t e s  

th e  c o r r e c t io n s  to  be a p p lie d  to  th e  a tom ic  co­

o r d in a te s  and s c a t t e r in g  c.unves to  b r in g  th e  

c a lc u la t e d  v a lu e s  o f  th e  s tr u c tu r e  f a c t o r s  more in t o  

agreem ent w ith  the ob served  v a lu e s .  I t  may a ls o
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r e v e a l  f i n e  d e t a i l s  o f  th e  c r y s t a l  s t r u c tu r e  such a s  

hydrogen atom s o r  bon d in g  e le c t r o n s .
7

The u se  o f  t h i s  f u n c t io n  was a d v o c a ted  by Booth

in  1 9 4 8 , bu t e s s e n t i a l l y  th e  same method was u sed  by
8Finbahfc and Forman i n  1948 in  an endeavour to  l o c a t e

th e  hydrogen atom s in  o x a l i c  a c id  d ih y d r a te  and a c l o s e l y
o

r e la t e d  m ethod was u sed  by B r in d le y  and Wood in  1929  

in  an i n v e s t i g a t io n  o f  th e  s tr u c tu r e  o f  th e  c h lo r in e  io n .  

I t  proved o f  v a lu e  in  e s t a b l i s h in g  the c r y s t a l  s tr u c tu r e  

o f  sodium b e n z y l p e n i c i l l i n 1  ̂ but th e  f u l l  p o t e n t i a l i t i e s
~j *| _ i i  p

o f  th e  method wars? e s t a b l i s h e d  by Cochran  ̂ o n ly  in  

1 9 5 1 .

The c o r r e c t io n s  to  th e  atom ic c o o r d in a te s  may b e  

d e r iv e d  a s  f o l l o w s .  The e le c t r o n  d e n s i ty  d i s t r ib u t io n  

o f  an atom , to  a f i r s t  a p p ro x im a tio n , i s  G aussian  and may 

be r e p r e se n te d  a s

-h r1
f o  W " f o ( o )  e

where p a (r ) i s  th e  e le c t r o n  d e n s i ty  a t  a d is ta n c e  r  from  

th e  c e n tr e  o f  th e  atom where th e  e le c t r o n  d e n s ity  i s  p&(o ) .  

T h is may be w r it te n

 }

f o r  sm a ll v a lu e s  o f  r
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I f  th e  o r ig in  i s  ta k en  a t  th e  p o in t  assum ed to  he  

th e  a tom ic  c e n tr e  in  c a lc u la t in g  th e  s t r u c t u r e  f a c t o r s ,  

th e n

h  M  = P o  ^  ~ f°c

=  f o  -  oc (0)^ \-

w here A  i s  th e  r e q u ir e d  c o r r e c t io n  to  th e  a tom ic  c e n tr e .  

I f  th e  c o r r e c t  s c a t t e r in g  curve h a s  been ch osen  so th a t  

p@(o) = p@(o) and ^ = p '  th e n

1> (-r) = 2lPo (0)

a n i  A  =  -Ad r /  r  = °
Z'rpoio)

The f a c t o r  p depends upon th e  therm al m otion  o f  th e  

atom s and i s  n orm ally  d e r iv e d  e x p e r im e n ta lly . i ’rom th e  

eq u a tio n  above
_ jpr2,

| ° 0 W  = f o l O  e

so thafe -?°'5e ~ ^°3e po1-0) -

£ 0 ^  p a ( .y ) = - ^ r 2+ c.
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An atom , w h ich  i s  w e l l  r e s o lv e d  in  p r o j e c t io n ,  i s  

ch osen  and w ith  i t s  c e n tr e  a s  o r ig in  th e  r a d iu s  r  o f  th e  

in n erm ost con tou r  l e v e l s  i s  found* The lo g a r ith m s  o f  

th e  v a lu e s  o f  th e s e  con tou r l e v e l s  are th en  p lo t t e d  a g a in s t  

th e  sq u a res  o f  th e  r a d iu s  and th e  s lo p e  o f  th e  l i n e  

th rou gh  th e s e  p o in t s  g iv e s  - p .

The d ir e c t io n  o f  s h i f t  o f  th e  a tom ic  c o o r d in a te  i s  

a lo n g  th e  l i n e  o f  s t e e p e s t  a s c e n t  and th e  m agnitude o f  

t h i s  i s  determ in ed  by m easu rin g  th e  g r a d ie n t  o f  th e  s lo p e  

a t  th e  atom ic s i t e  and d iv id in g  by th e  f a c t o r  2pp&(o) w hich  

can be tak en  a s  a c o n s ta n t  f o r  any one ty p e  o f  atom.

The p r o c e ss  o f  r e fin e m en t comes to  an end when th e  

fu n c t io n  D h a s zero  s lo p e  a t  th e  a tom ic  c e n tr e s .  These  

c o o r d in a te s  w i l l  be f r e e  from te r m in a tio n  o f  s e r i e s  

e r r o r s  e x c e p t  in  so fa r  a s  th e  s c a t t e r in g  cu rv es  u se d  to  

c a lc u la t e  th e  F e*s are in c o r r e c t .

The c o e f f i c i e n t s  o f  t h i s  F o u r ier  s e r i e s  are (F o-F e)  

and h ence i t  i s  d e s ir a b le  th a t  th e  m agn itu d es ( a s  w e l l  

a s  th e  s ig n s )  o f  b o th  Fo and Fe be o b ta in e d  w ith  a h ig h  

d eg ree  o f  p r e c i s io n .  To t h i s  end th e  in t e g r a te d  i n t e n s i t i e s  

o f  th e  X -ray r e f l e c t i o n s  are  som etim es m easured , on a 

r e l a t i v e  s c a l e ,  by means o f  G -eiger-cou nter t e c h n iq u e s ^
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sind t h i s  le a d s  to  v a lu e s  o f  3?o q u o te d , in  one in s t a n c e ,  

a s  b e in g  r e p r o d u c ib le  to  w it h in  2- 3$  w h i l s t  d i f f e r i n g  

from th e  v a lu e s  o f  Fo, r e s u l t i n g  from th e  v i s u a l  

e s t im a t io n  o f  th e  i n t e n s i t i e s ,  by 9 $ .

C o n sid era b le  accu racy  i s  a l s o  r e q u ir e d  in  th e  F e ! s  

and i t  i s  u s u a l ly  found n e c e s s a r y  to  in c lu d e  in  t h e s e ,  

th e  c o n tr ib u t io n s  o f  th e  hydrogen  atom s in  th e  s t r u c t u r e .

The atom ic s c a t t e r in g  f a c t o r s  are n o r m a lly  o b ta in e d  from  

t h e o r e t i c a l  s c a t t e r in g  cu rv es  m o d if ie d  by tem p era tu re  

f a c t o r s  to  a llo w  fo r  th e  therm al m otion  o f  th e  atom s.

These cu rv es  p o s s e s s  a c e r t a in  t h e o r e t i c a l  b a s i s  and may 

c o n v e n ie n t ly  be u se d , by th e  c h o ic e  o f  s u i t a b le  

tem p eratu re  f a c t o r s ,  to  a s s ig n  se p a r a te  s c a t t e r in g  c u r v e s  

to  d i f f e r e n t  atom s or groups o f  atom s and to  a llo w  fo r  

t h e ir  a n is o tr o p ic  m o tio n . C o r r e c t io n s  to  th e s e  

tem p erature f a c t o r s  may be o b ta in e d  from th e  d i f f e r e n c e  m aps.

One o f  th e  o u ts ta n d in g  exam ples o f  th e  a p p l ic a t io n  o f  

(F o-F c) s y n th e s e s  to th e  problem  o f  s tr u c tu r e  d e te r m in a tio n  

i s  th e  r e c e n t  work o f  Cochran on s a l i c y c l i c  a c i d ^ .  The 

in te g r a te d  v a lu e s  o f  th e  i n t e n s i t i e s  o f  th e  X -ray  

r e f l e c t i o n s  w ere m easured u s in g  G e ig e r -c o u n te r  te c h n iq u e s  

and th e  a tom ic  c o o r d in a te s  o b ta in e d  from p r o j e c t io n s  down
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two o f  th e  c e l l  axes:. A n is tr o p ic  s c a t t e r in g  cu rv es  

were a s s ig n e d  to  th e  carbon and oxygen  atom s and v e r y  

a c c u r a te  v a lu e s  o f  the bond le n g t h s  and e le c t r o n  d e n s ity  

d i s t r ib u t io n  o b ta in e d . Prom th e  d i f f e r e n c e  maps the  

p r e se n c e  o f  th e  hydrogen  atom s in  the m o le c u le  w as shown 

and c o o r d in a te s  were a ss ig n e d  to  them . The e le c t r o n  

d e n s ity  a t  or  n ear  th e  c e n tr e s  o f  the bonds betw een  

atom s was found to  be g r e a te r  than th a t  r e q u ir e d  fo r  

c ir c u la r ly  sym m etrica l atom s and th e  m agnitude o f  t h i s  

bonding e f f e c t  was e s t im a te d . Cochran a ls o  con clu d ed  a s  

a r e s u l t  o f  t h i s  work th a t  th e r e  was a t r a n s f e r  o f  a 

p a r t o f  an e le c t r o n  from the hydrogen atoms to  th e  oxygen  

atoms to  w hich th ey  were a t ta c h e d .

3 . Comparison o f  F o u r ier  and D if fe r e n c e  S y n th e s is  M ethods.

The u se  o f  (F o-F c) s y n t h e s is  m ethods p o s t u la t e s  th a t  

a good ap p roxim ation  to  the s t r u c tu r e  h as a lr e a d y  been  

o b ta in e d , and to  t h i s  end i t  i s  o f t e n  d e s ir a b le  to  u se  

th e  o rd in a ry  F o u r ie r  m ethods in  the i n i t i a l  s ta g e s  o f  

r e f in e m e n t. F urther r e fin e m e n t by d i f f e r e n c e  s y n th e se s  

m ethods com pensates fo r  te r m in a tio n  o f  s e r i e s  e r r o r s .

Another advantage a r i s e s  p a r t i c u la r ly  in  th e  c a se  

o f  tw o -d im en sio n a l m ethods o f  i n v e s t ig a t io n  where th e  

o rd in a ry  F o u r ie r  m ethods are  o f t e n  l im i t e d  in  a p p l ic a t io n  

by th e  poor r e s o lu t io n  o f  th e  atom s. W ith d i f f e r e n c e
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s y n t h e s i s  m eth od s, a la r g e  p a r t  o f  the e le c t r o n  

d e n s i t y  i s  su b tr a c te d  and the rem ainder shown up 

w ith  g r e a te r  c l a r i t y  so th a t  th e  p r o c e ss  o f  r e fin e m e n t  

may s t i l l  be c a r r ie d  on . A g a in , w ith  norm al F o u r ie r  

s e r i e s  m ethods t h i s  p r o c e ss  comes to  an end when, in  

the; cen tro sy m m etr ica l c a s e ,  th e  c o r r e c t  s ig n s  have  

been  a s s ig n e d  to  a l l  the p la n e s  but r e f in e m e n t  by 

d if f e r e n c e  s y n th e s e s  can be c a r r ie d  on beyond t h i s  p o in t .

With d i f f e r e n c e  s y n th e se s  m eth ods, how ever, th e  

c a lc u la te d  v a lu e s  o f  the s tr u c tu r e  f a c t o r s  are  in c lu d e d  

in  th e  c o e f f i c i e n t s  o f  th e  F o u r ie r  s e r i e s .  I f  th e  atom s 

a r e  assumed to  be s p h e r ic a l ly  sy m m e tr ic a l, to  undergo  

i s o t r o p ic  therm al m otion  and, fo r  any e le m e n t, to  p o s s e s s  

eq u al d i f f r a c t i n g  pow er, e r r o r s  w i l l  be in tr o d u ce d  in to  

th e s e  c a lc u la te d  v a lu e s .  These e r r o r s  are  sy s te m a t ic  

and t h e ir  so u r c e s  w i l l  be r e v e a le d  in  the f o l lo w in g  

d if f e r e n c e  maps. T h eir  e f f e c t  on th e  a tom ic  c o o r d in a te s  

o b ta in e d  from th e s e  maps i s  th ou gh t to  be s m a l l ^ .

The l im i t i n g  fa c to r  in  th e  accu racy  o f  th e  d i f f e r e n c e  

maps and hence o f  th e  atom ic c o o r d in a te s  o b ta in e d  from  

them I s  more l i k e l y  to be th e  accu racy  o f  th e  e x p e r im e n ta l  

v a lu e s  o f  th e  s tr u c tu r e  f a c t o r s  where v i s u a l  e s t im a t io n s
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o f  th e  i n t e n s i t i e s  o f  th e  X -rgy r e f l e c t i o n s  a re  em ployed . 

I f  th e  a ccu ra cy  o f  th e  i n t e n s i t y  m easurem ents i s  assum ed  

to  he o f  th e  o rd er  o f  10- 15$ ,  th e n  th e  a ccu ra cy  o f  any 

in d iv id u a l  Fo w i l l  he 5 -7 $  and th a t  o f  [F o -F c ]  

c o n s id e r a b ly  l e s s ,  even  n e g le c t in g  any so u rce  o f  e r r o r  

in  F c. R e f le c t io n s  fo r  w hich |F o-F cI i s  sm a ll m ust 

th en  he n e g le c t e d  s in c e  th e  s ig n s  o f  th e s e  may w e l l  he  

in c o r r e c t .  The e r r o r s  in  Fo a r e , h ow ever, random,, and 

w i l l ,  fo r  a la r g e  number o f  r e f l e c t i o n s ,  ten d  to  c a n c e l  

o u t when u sed  to  determ in e W ith F o u r ie r

s y n th e s is  m eth od s, th e  e r r o r s  in  a tom ic  c o o r d in a te s  due 

to  th is l cau se  have been shown to  he sm a ll and i t  i s  

presumed th a t  t h i s  w i l l  a ls o  h o ld  fo r  c o o r d in a te s  

o b ta in e d  a s a r e s u l t  o f  d i f f e r e n c e  s y n t h e s i s  m eth ods.

The m agn itu d es o f  th e s e  e r r o r s  can he d eterm in ed  by 

s t a t i s t i c a l  m eth ods.

4 . The A ccuracy o f  E le c tr o n  D e n s ity  Maps.

A number o f  s t a t i s t i c a l  m ethods have b een  d e v ise d  

f o r  a s s e s s in g  th e  accu racy  o f  th e  e le c t r o n  d e n s i ty  maps 

o b ta in e d  in  X -ray  s tr u c tu r e  a n a ly s i s .  In  com parison  

w ith  th e  tr u e  e le c t r o n  d e n s i t y ,  th e  v a lu e s  o f  th e  

e le c t r o n  d e n s ity  c a lc u la t e d  w ith in  a  u n i t  c e l l  by m eans
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o f  a F o u r ier  s e r i e s  are  l i a b l e  to  th r ee  so u r c e s  o f  e r r o r :

( I )  e r r o r s  in  th e  e x p e r im en ta l I F| v a lu e s ,

( I I )  e f f e c t s  o f  te r m in a t io n  o f  th e  s e r i e s  a t  a 

f i n i t e  (h k l)  v a lu e ,  and

( I I I )  co m p u ta tio n a l e r r o r s .

B ooth1  ̂ d is c u s s e d  th e  f i r s t  two o f  t h e s e .  He 

c o n s id e r e d  th a t  th e  e le c t r o n  d e n s ity  d i s t r i b u t io n  o f  an 

atom may be r e p r e se n te d  by a G-aussian e q u a tio n  o f  th e  

form g iv en  e a r l i e r  and d e r iv e d  e x p r e s s io n s  fo r  th e  

d e v ia t io n  in  c o o r d in a te  r e s u l t in g  from th e  e f f e c t s  o f  

random e r r o r s  in  th e  e x p er im en ta l |F | v a lu e s .  For th e  

two d im en sio n a l ca se  t h i s  was g iv e n  a s

where t W  I s  th e  stan d ard  d e v ia t io n  o f  th e  x - c o o r d in a t e  

o f  th e  atom , Hr i s  i t s  atom ic number, A i s  th e  a r e a  

o f  p r o je c t io n  and cr(Fo) i s  the stan dard  d e v ia t io n  o f  th e  

e x p er im en ta l v a lu e s  o f  ( F | . Booth argued th a t  th e  v a lu e  

o f  cr(Fo) would be g r e a t ly  o v e r e s t im a te d  by d e r iv in g  

i t  from th e  v a lu e s  o f  (Fo-Fc( s in c e  Fc i s  g e n e r a l ly  

c a lc u la t e d  fo r  non-bonded atom s and makes no a llo w a n ce  

fo r  t h e ir  a n is o tr o p ic  therm al m otion . In  a sm a ll
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number o f  c a s e s  lie o b ta in ed  a v a lu e  fo r  cr(Fo) by>

a com parison o f  two s e t s  o f  F ol s  e s t im a te d  by  

in d ep en d en t w o rk ers . B ooth a ls o  c o n s id e r e d  t h a t  th e  

sta n d a rd  d e v ia t io n  o f  th e  c o o r d in a te s  in  th e  one—* two— 

and th r e e -d im e n s io n a l c a se s  are  in  th e  r a t io  10:3*1*

The e f f e c t  o f  th e  te r m in a tio n  o f  the s e r i e s  was 

a ls o  d is c u s s e d  and th e  method o f  c o r r e c t io n ,  w hich h as  

a lre a d y  been  m en tioned  fo r  a p o ly a to m ic  s t r u c t u r e ,  was 

put forw ard .

The a ccu ra cy  o f  the e le c t r o n  d e n s i ty  maps was a ls o
17d is c u s s e d  by CJruikshank , who c a lc u la t e d  th e  e f f e c t s  

o f  random e r r o r s  in  th e  e x p er im en ta l v a lu e s  o f lF la n d  

found th a t  in  th e  two d im en sio n a l c a se :

summation i s  c a r r ie d  ou t over  th e  p la n e s  w ith  due reg a rd  

to  t h e i r  m u l t i p l i c i t y ,

where c ( p )  i s  the stan d ard  d e v ia t io n  in  e le c t r o n  d e n s i t y ,  

A i s  th e  a rea  o f  p r o je c t io n  and in d ic a t e s  th a t  th e
X

Also, "frow Vus voork it can skoi»n tkcrt

3L{>p(0)
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where <r(x) i s  th e  stan d ard  d e v ia t io n  in  th e  x -c o o r d in a te  

o f  th e  atom and h i s  th e  M il le r  in d e x  r e la t e d  to  th e  a 

c r y s t a l  a x i s .

In  g e n e r a l

^  cr(^)

and th e  R .M .S. r a d ia l  e r r o r  o f  p o s i t i o n  w i l l  he  

a (r) = ^3^ crau) +

Cruikshank argued th a t  the d i f f e r e n c e  b etw een  

two e q u a lly  r e l i a b l e  s e t s  o f  e x p e r im en ta l |3P| v a lu e s  w i l l  

le a d  to  v a lu e s  o f  A3? w hich are to o  low  s in c e  no a llo w a n ce  

w i l l  be made fo r  s y s te m a t ic  e r r o r s  common to  b o th  s e t s  

o f  o b s e r v a t io n s ;  w h i l s t  th e  d i f f e r e n c e s  b etw een  a s e t  

o f  1* v a lu e s  c a lc u la te d  fo r  a p o s tu la te d  s t r u c tu r e  and 

th e  e x p e r im e n ta lly  o b ta in e d  v a lu e s  w i l l  r e s u l t  in  

v a lu e s  o f  A^ w hich are  too  h ig h . The l a t t e r  b a s i s  

was recommended as b e in g  the more r e l i a b l e  and i t  w i l l  

a ls o  a llo w  fo r  r e s id u a l  f i n i t e  s e r i e s  e r r o r s  due to  

im p e r fe c t io n s  in  th e  c a lc u la te d  v a lu e s  o f  th e  s t r u c tu r e  

f a c t o r s .



E rro rs o f  com p u tation  were a ls o  d is c u s s e d  and 

found to  be so  sm a ll a s  to  be n e g l i g i b l e  w ith  th e  

u s u a l m ethods o f  c a lc u la t io n #

F urth er  e q u a tio n s  were g iv e n  in  a p ap er by Ahmed
1 Q

and Cruikshank .  I f  th e  p o s i t i o n s  o f  two atom s 

form in g  a bond a re  in d ep en d en t th e  sta n d a rd  d e v ia t io n  

o f  th e  bond le n g th  i s  g iv e n  by

o-2(je) -  ^r2(̂ -v- or2(xi')\  ̂ cos2,

w here (*■} > are  th e  sta n d a rd  d e v ia t io n s

o f  th e  c o o r d in a te s  o f  th e  f i r s t  atom and cos<X, cos(3 and 

c o s  X a r e  th e  d ir e c t io n  c o s in e s  o f  th e  l i n e  j o in in g  th e  

atom s.

I f  th e  p o s i t i o n s  o f  th e  th r e e  atom s 1 ,  2 ,  ^ form ing  

an a n g le  a t  2 are  in d ep en d en t th e  sta n d a rd  d e v ia t io n  

o f  th e  a n g le  i s  g iv e n  by

cT (©) = () | siy\ o) -v- C"31» + ■ * $ )  c r +

where 1 and m a r e  th e  le n g t h s  o f  th e  two b on d s, 0  i s  

th e  a n g le  and x ,  y  and z are  th e  c o o r d in a te s  r e f e r r e d  to  

o r th o g o n a l a x e s .
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The o rd er  o f  m agnitude o f  th e s e  e r r o r s  can  he se en

in  th e  c a se  o f  h y d r o x y l - i - p r o l in e  w hich  was s tu d ie d  by

Zussman*^ who e x p lo r e d  two p r o j e c t io n s  in v o lv in g  220

r e f l e c t i o n s  w ith  th e  a id  o f  (F o -F e) s y n t h e s e s .  I t
20was a ls o  in v e s t ig a t e d  by Donohue and T rueblood who

c a r r ie d  o u t a th r e e -d im e n s io n a l su rv ey  w ith  th e  a id  o f

650 r e f l e c t i o n s  and o b ta in ed  th e  a tom ic  c o o r d in a te s  by

l e a s t  sq u a r es  m eth ods. A com parison o f  th e  two s e t s

o f  a tom ic  p era m eters r e v e a le d  an average  d i f f e r e n c e  o f

0 .02A  and a maximum d i f f e r e n c e  o f  0 .08A j f o r  th e  n in e

in tr a m o le c u la r  bond d is ta n c e s  and th e  th r e e  hydrogen

bond d is ta n c e s  th e  average  d i f f e r e n c e  i s  0 .018A  and th e

maximum 0.074A ; and fo r  th e  tw e lv e  in te r -b o n d  a n g le s

th e  average  d i f f e r e n c e  i s  2 . 1 ° and th e  maximum 5 *1 ° .

The number o f  e le c t r o n s  a s s o c ia t e d  w ith  each  atom
11may be e v a lu a te d  a s  f o l lo w s .  ■,I j . I f  n© and n@ a re

th e  numbers o f  e le c t r o n s  in  an a r ea  S* where th e  e le c t r o n  

d e n s i t i e s  a r e  and

YU,-r\c
s s

or ap p rox im ate ly  n0 = n*

where th e  sum i s  tak en  o v er  th e  p o in t s  i n s id e  S a t  w hich
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D ( = |°o— pc) was e v a lu a te d  and 

88 = fl Sx.S^/ac.

I f  th e  a r e a  i s  hounded by th e  l i n e s  x  = and 

8 = 8 ., 8a ., th en

5 . T e s ts  o f  S ig n i f ic a n c e .

When the s t r u c tu r e  o f  a compound h a s  b een  d eterm in ed  

by X -ray m eth od s, i t  i s  o f t e n  w ish ed  to  make a com parison  

w ith  some t h e o r e t i c a l  s t r u c tu r e  and f in d  o u t w hether th e  

two are c o m p a tib le . S im ila r ly  i t  may be d e s ir e d  to  

compare d i f f e r e n t  ex p er im en ta l d e te r m in a tio n s  o f  th e  

same ch em ical compound or group o f  atom s. n orm ally  th e  

m o lecu la r  d im en sion s w i l l  be d i f f e r e n t  and th e s e  

d i f f e r e n c e s  may be so sm all a s  to  be r e a d i ly  e x p la in e d  

by th e  ex p er im en ta l e r r o r s  or la r g e  enough to  su g g e s t  

th a t  th e y  are r e a l .  A method o f  e f f e c t i n g  t h i s  com parison

i
t̂rtTTX. (fra-SMc

■n"k(-xarx,)/a J  ̂ (&a-5‘)/c
tf-fao) = N/aotFo’)

where <r(Fo) i s  th e  stan dard  d e v ia t io n  o f  | Fo| and i s

g iv e n  by
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and t e s t s  o f  s i g n i f i c a n c e h a v e  been  pu t forw ard

21by O ruikshank and R ob ertson

The e x p e r im en ta l d a ta  w i l l  g iv e  an e s t im a te d  bond 

le n g th  l a ,  w ith  an e s t im a te d  stan dard  d e v ia t io n  s© , h a v in g  

v  d e g r e e s  o f  freedom ; where v i s  th e  d i f f e r e n c e  b etw een  

th e  number o f  c r y s t a l lo g r a p h ic a l ly  in d ep en d en t p la n e s  

o b served  and th e  number o f  in d ep en d en t p aram eters  

d e r iv e d  from th e  d a ta . In  a la r g e  number o f  c a s e s  v  

i s  la r g e  and f o r  t h i s  a v a lu e  o f  v  )  30 i s  put forw ard , 

so th a t  s© may be regarded  a s  a r e a so n a b ly  a c c u r a te  

e s t im a te  o f  or©, th e  tru e  stan d ard  d e v ia t io n  o f  th e  

bond le n g th  1©. I f  i t  i s  d e s ir e d  to  compare th e  iralue  

1 © w ith  th e  t h e o r e t i c a l  v a lu e  X© th e n , on th e  s u p p o s it io n  

th a t  Xo i s  th e  tr u e  v a lu e ,

t© = Cl© — X©) /  cr©

w here t© i s  a v a lu e  o f  th e  random v a r ia b le  t  h a v in g  a  

S tu d en t d i s t r ib u t io n  w ith  v d e g r e e s  o f  freed om .

The p r o b a b i l i t y  P th a t  ( t | ^ |ta| can be found from  

th e  t a b le s  o f  t h i s  d i s t r ib u t io n .  When P i s  s m a ll ,  th e  

s u p p o s it io n  th a t  X© i s  th e  tru e  v a lu e  o f  th e  bond le n g th  

i s  ren d ered  u n l ik e ly  on th e  b a s i s  o f  th e  ex p er im en ta l 

r e s u l t s  and may be d en ied ; when P i s  l a r g e ,  th e



s u p p o s it io n  may w e l l  be tru e  a lth o u g h  th e  s t a t i s t i c a l  

ex am in ation  d o es n o t p r o v id e  e v id en ce  o f  t h i s .

The d e g r e e s  o f  s ig n i f i c a n c e  to  be a tta c h e d  to

d i f f e r e n t  v a lu e s  o f  P are a r b it r a r y  b u t th e  f o l lo w in g

ta b le  was put forw ards

P > 0 .0 5

0 .0 5  > P > 0 .0 1

0 .0 1  > P > 0 .0 0 1

0 .0 0 1  > P

When v i s  l a r g e ,  the v a lu e  o f  t@ a t  th e  va r io u s, 

s ig n i f i c a n c e  p o in t s  are

P = 0 .0 5  t© = 1 .9 6 0

P = 0 .0 1  t© = 2 .5 7 6

P = 0 .0 0 1  t© = 5 .2 9 1

By s im ila r  m eans, i t  i s  p o s s ib le  to  compare two

e x p e r im e n ta lly  determ ined  bond le n g th s  and to  exam ine  

th e  s u p p o s it io n  th a t  the tr u e  le n g t h s  are  th e  same.

In  t h i s  c a se  th e  e x p er im en ta l d a ta  w i l l  g iv e  th e  

e st im a te d  bond le n g th s  11 and 1 2 , w ith  th e  e s t im a te d

n o t  s i g n i f i c a n t  

p o s s ib ly  s i g n i f i c a n t  

s i g n i f i c a n t  

h ig h ly  s i g n i f i c a n t .



stan d ard  d e v ia t io n s  ej_ on ^  d e g r e e s  o f  freedom  and 

&2 on Vg d e g r e e s  o f  freed om . When h o th  and 

are la r g e  * and may be tak en  a s  cr^ and CTg and

to= Ur «*) /Uf + 'Tj)*

when th e  two d e te r m in a t io n s  are tak en  a s  in d ep en d e n t.

(c )  The D eterm in a tio n  o f  th e  Hydrogen Atom s.

The m ost r e l i a b l e  method f o r  d e ter m in in g  in te r a to m ic

d is ta n c e s  and bond a n g le s  i s  the s p e c tr o s c o p ic  and by means

o f  t h i s  th e  carbon-hydrogen  bond d is ta n c e s  are known w ith
22c o n s id e r a b le  accu racy  and are shown in  T able I  .

T ab le  I

S tr e tc h in g  
C■ — H bond fo r c e  c o n s ta n t  Bond energy  

H y b r id isa t io n  M olecu le  le n g th  (A) (10  dynes/cm ) (k c a l/m o leT j

sp A c e ty le n e  1 .0 5 7  5 .8 8  ~  121
2sp E th y len e  1 .0 7 9  5 .0 5  ~  106
5sp*̂  Methane 1 .0 9 4  4 .8 8  ~  103

The in c r e a s e d  bond le n g th  and d e c r e a se d  f o r c e  c o n s ta n t ,
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a lo n g  th e  s e r i e s  a c e t y le n e ,  e th y le n e  and m ethane are  

r e la t e d  to  th e  d e c r e a se  in  bond en ergy  and th e  sm a lle r  

o v e r la p  o f  th e  atom ic o r b i t a l s .

X -ray d i f f r a c t i o n  m ethods may a l s o  be u sed  to  

determ ine th e  lo c a t io n  o f  the hydrogen atom s in  a 

c r y s t a l  s t r u c t u r e .  T h eir  d i f f r a c t i n g  power i s  much 

l e s s  than  th a t  o f  th e  atoms w ith  which th e y  are n o rm a lly  

a s s o c ia t e d  and t h e ir  c o n tr ib u t io n  to  the t o t a l  d i f f r a c t i n g  

power o f  a m o lec u le  may n o t  be g r e a t .  N e v e r th e le s s  a 

c a r e fu l  stu d y  o f  the e le c t r o n  d e n s ity  in  th e  neighbourhood  

o f  the p o s i t i o n s  o f  th e  o th e r  atoms w i l l  o f t e n  r e v e a l  

in d ic a t io n s  o f  th e  p resen ce  and p o s i t i o n  o f  th e s e  

hydrogen atom s.

With tw o -d im en sio n a l m ethods o f  i n v e s t i g a t io n ,  the  

hydrogen atom s, in  th e  p o s i t i o n s  c a lc u la t e d  by assum ing  

normal bond le n g th s  and v a le n c e  a n g le s ,  are  found o f t e n  

to  p r o je c t  more or l e s s  d i r e c t ly  on to the h e a v ie r  atom s 

to  w hich th e y  are a tta c h e d . In  o th e r  c a s e s  how ever  

t h i s  d oes n o t happen and much o f  th e  f in e  d e t a i l  o f  th e  

e le c t r o n  d e n s ity  d i s t r ib u t io n  o f  th e s e  compounds can  

be e x p la in e d  in  t h i s  way. T h is can be se en  in  the  

c a s e s  o f  s e b a c ic  a c id  and o f  h ex a m eth y len ed ia m in e , 

e s p e c i a l ly  o f  th e  l a t t e r  where o v e r la p p in g  o f  th e
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23hydrogen atoms o c c u r s  •

As h a s  “been s e e n ,  th r e e -d im e n s io n a l  a n a l y s e s  p r o v id e  

much more a c c u r a te  v a lu e s  o f  th e  e l e c t r o n  d e n s i t y  and 

p o s s e s s  th e  a d d i t io n a l  advantage i n  t h a t  t h e  e f f e c t s  o f  

o v e r la p p in g  a r e  much red u ced . More a c c u r a te  v a l u e s  

o f  th e  carbon-hydrogen  bond d i s t a n c e s  can th u s  be  

o b ta in e d  by t h i s  method and t h e s e  were found to  a v e ra g e

1.08A  i n  the  case  o f  n ap hth a len e*^  and 1 .10A  f o r
o p r  .

an th racen e  . The r e s u l t  o f  th e  work on hydroxy—£ - p r o l in e  

which c o n ta in s  a s a t u r a t e d  r i n g  system  gave an a vera g e  

v a lu e  o f  1 .10A  f o r  t h i s  d i s t a n c e .

Param eters have a l s o  been a s s ig n e d  to  th e  hydrogen  

atoms on th e  b a s i s  o f  d i f f e r e n c e  maps o b ta in e d  by  

(Fo-Fe) s y n t h e s e s  where the  c o n t r ib u t io n  o f  a l l  th e  atoms 

o th e r  than  th e  hydrogens h as  been  s u b t r a c te d .  The 

carbon-hydro gen bon ds, i n  th e  c a se  o f  s a l i c y c l i c  a c id * ^ ,  

have an average  l e n g t h  o f  0 .89A w i t h  a s tan dard  d e v i a t io n  

o f  about 0 .1 A . ’ This i s  c o n s id e r a b ly  s m a l le r  than  th e  

a c ce p ted  d i s ta n c e  but Cochran p o in t s  ou t  t h a t  t h e r e  i s  no 

rea so n  to  suppose i n  t h i s  c a se  t h a t  th e  p o in t  o f  maximum 

e l e c t r o n  d e n s i t y  c o in c i d e s  w ith  th e  p r o to n .  The 

oxygen-hydrogen  bond d i s t a n c e  o f  the  c a rb o x y l  group was 

found to  be  0 .9 1A ,w h ich  i s  a l s o  l e s s  than t h e  omcd'ae t  

Y v Q - r V n  & : i .  e w  i f O T . r " b o w d ; : :  / .  ; . : . t o n  w b J ’ o h .  c i t



P a r t  I The C r y s ta l  and M o lecu la r ’ S t r u c tu r e  o f '

f f i -E th y n y la c e t ic  A c id ,

(a ) I n tr o d u c t io n

H H
•\

0
/  \  /

H C
II
0  c

\
B

E t h y n y la c e t ic  a c id  (pr o p -2 -y n e -1—ca rb o xy l i c  a c id )  

p o s s e s s e s  th e  s t r u c t u r e  shown above , and the  aim o f  

t h i s  i n v e s t i g a t i o n  was to  determ ine th e  p o s i t i o n  o f  th e  

hydrogen atom a t  th e  end o f  th e  carbon ch a in  and i f  

p o s s i b l e  th e  n a tu re  o f  i t s  bonding  to  th e  a d ja c e n t  

carbon atom.

The c o n f ig u r a t io n  o f  t h i s  a c id  made appear  

fa v o u r a b le  th e  d e te r m in a t io n  o f  th e  p o s i t i o n  o f  t h i s  

hydrogen atom by X-ray methods u s in g  tw o -d im e n s io n a l  

m ethods o f  i n v e s t i g a t i o n .  The sp h y b r i d i s a t io n  o f  th e  

two carbon atoms o f  the t r i p l e  bond r e s u l t s  i n  t h e s e  

two atom s, th e  carbon atom o.f the  m eth ylen e  group and th e  

te r m in a l  hydrogen atom b e in g  c o l l i n e a r .  Thus i n  a



p r o j e c t i o n  i n  which t h e s e  carbon atoms are  r e s o l v e d ,

the  te r m in a l  hydrogen atom w i l l  be f a i r l y  w e l l  d i s p la c e d

from the  a d ja c e n t  carbon atom.

The n a tu re  o f  a carbon-hydrogen  bond depends upon

th e  typ e  o f  m o lec u le  i n  w hich i t  i s  p r e s e n t .  Methane would
+  —

seem to  have a sm a ll  bond d ip o le  i n  the  d i r e c t i o n  G E .

In  e t h y le n e ,  th e  hydrogen atom becomes more p o s i t i v e  so

th a t  th e  C -  H bonds appear to  p o s s e s s  zero d i p o le  moment

or a sm a ll  one o f  s ig n  C H .  In a c e t y l e n e ,  t h i s  e f f e c t

i s  con tin u ed  so t h a t  th e  C -  H bonds have a f a i r l y  l a r g e
+bond d ip o le  o f  s ig n  0 H .

W alsh ^  h as su g g e s te d  t h a t  t h e s e  changes in  th e  bond 

d ip o le s  can be e x p la in e d  by th e  d i f f e r i n g  ty p e s  o f  th e  

hybrid  o r b i t a l s  o f  carbon. The s-com ponent o f  th e  carbon  

o r b i t a l s  i n c r e a s e s  in  th e  r a t i o  ^ and ^ on g o in g  a lo n g  

the  above s e r i e s .  In  an s - o r b i t a l  th e  e l e c t r o n s  are  more 

c lo s e  to th e  carbon n u c le u s  than in  a p - o r b i t a l .  S i m i la r l y  

in  an s-com ponent o f  a h yb r id  o r b i t a l  th e  e l e c t r o n s  w i l l  

be n ea rer  to  th e  carbon n u c le u s  than i n  a p-com ponent.

The e l e c t r o n  p a ir  form ing the  bond i s  th u s  i n c r e a s i n g l y  

d is p la c e d  towards the  carbon n u c le u s  and away from th e  

hydrogen on p r o c ee d in g  a lo n g  the  above s e r i e s  and hence  

th e  hydrogen atom becomes i n c r e a s i n g l y  p o s i t i v e .  In  t h i s
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way i t  i s  p o s s i b l e  to  e x p la in  th e  a c i d i c  n a tu r e  o f

a c e t y le n e  and th e  in c r e a s e d  e l e c t r o n - a t t r a c t i n g  n a tu re

o f  the  e th y n y l  group a s  compared w ith  th e  e t h y l e n i c ,  a s

i s  shown by th e  d i s s o c i a t i o n  c o n s t a n t s  o f  th e  s u b s t i t u t e d
27a c id s  and a s tu d y  o f  r e a c t i o n  v e l o c i t i e s  •

There are th u s  fou r  main ty p e s  o f  carbon-hydrogen  

bon ds, th e  th r ee  k in d s  m entioned  above p lu s  th e  arom atic

ones which are thou ght to  be s im i la r  to th o s e  i n  e t h y l e n e .

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

d e n s i t y  d i s t r i b u t i o n  but the  e f f e c t  i s  somewhat obscured  

by the d i f f e r i n g  therm al m o tio n s  o f  th e  atom s.

E th y n y la c e t ic  a c id  was chosen  as  th e  m o n o -s u b s t i tu te d  

a c e t y l e n ic  compound most s u i t a b l e  f o r  ex a m in ation  by 

X -ray  methods and i t  was hoped th a t  a c a r e f u l  stu dy  

o f  i t s  e l e c t r o n  d e n s i t y  would r e v e a l  to  what e x t e n t  

th e  term in a l 0 -  H bonds, had become p o l a r i s e d .  

A l t e r n a t i v e l y ,  t h i s  bond may be c o n s id e r e d  a s  a r i s i n g  

from reson an ce  betw een th e  s t r u c t u r e s

— +  —

R - C = C - H a - C s C s .  I R - C 2 C  :H

I II III
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The c o n t r ib u t io n  o f  form I I I  i s  l i k e l y  to  be so 

sm all t h a t  t h i s  s t r u c t u r e  can be n e g l e c t e d  and th e  h y b r id  

c o n s id e r e d  a s  a r i s i n g  from reson an ce  betw een  th e  c o v a le n t  

form I  and th e  i o n i c  form I I .

(b) C r y s ta l  D ata .

a - E t h y n y la c e t i c  Acid  M 8 4 .0 7 ;  m .p . 8 3 .5 °C j

d , c a lc  1 .2 9 3 ,  found 1 .3 0 6 .  Mono c l i n i c ,  p r i s m a t i c ,  

a = 8 .0 6  + 0 . 0 2 ,  h = 4 .2 0  + 0 . 0 1 ,  c = 25 .78 - + 0 .0 6 A ,

(3 = 9 8 ° 8 ' £  5 0 ' .  Absent s p e c t r a ,  (hQl) when h i s  od d ,  

(OkO) when k i s  odd, and (Okl) when 1 i s  odd. Space  

Group Gph — P 2 l / a .  E ig h t  m o le c u le s  per  u n i t  c e l l .  

M olecu lar  symmetry, n i l .  "Volume o f  th e  u n i t  c e l l  

864.0A^. 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 2 )  

u a* 10.37'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 ,  

P(000) = 352 .

(c )  Polymorphism.

The 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  t h i s  a c id  was 

hampered by th e  p r e s e n c e ,  a t  f i r s t  u n r e c o g n is e d ,  o f  a  

second c r y s t a l  form. T h is  form , th e  (3-form, h a s  a  u n i t  

c e l l  w ith  th e  d im e n sio n s ,

a = 8 . 0 6 + 0 . 1 ,

b  = 4 .2 0  ±  0 .0 3 ,

c = 25*55 + 0 .06A . (3 = 9 0 + 1 ° .



I t  w i l l  be n o te d  t h a t  the  a and b axe© i n  b o th  th e  

a and (3 form s are  e q u iv a le n t  i n  l e n g t h  w h i l s t  th e  c 

a x i a l  l e n g t h s  correspond  c l o s e l y  on a l lo w in g  fo r  th e  

change i n  the  v a lu e  o f  the a n g le  (3. Other s i m i l a r i t i e s  

betw een th e  two forms are ap p aren t. The two s e t s  o f  

(hOl) r e f l e c t i o n s , a s  ob serv ed  on r o t a t i o n  ph otographs  

about the  b a x e s ,a p p e a r  i n d i s t i n g u i s h a b l e  a lth o u g h  

c o n s id e r a b le  d i f f e r e n c e s  were n o t i c e d  in  the  ca se  o f  th e  

( h l l )  r e f l e c t i o n s .  The s t r u c t u r e s  o f  th e  two form s  

must agree  c l o s e l y  i n  p r o j e c t io n  a lo n g  th e  b a x e s  but  

th e y  w i l l  d i f f e r  c o n s id e r a b ly  i n  sp a ce .  The (3-form was 

not however s tu d ie d  in  any d e t a i l .

The d i f f i c u l t y  in  r e c o g n i s in g  the e x i s t e n c e  o f  t h e s e  

polym orphic form s was due l a r g e l y  to  t h e i r  c o n s id e r a b le  

s i m i l a r i t y .  I t  was in c r e a s e d  by the  v o l a t i l e  n a tu re  

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

was r e c o g n is e d ,  i n  fragm ents  o f  d i f f e r e n t  c r y s t a l s  b e in g  

examined a t  su c c e e d in g  s t a g e s  o f  the work and, i n  some 

c a s e s ,  b e in g  u sed  to  c o l l e c t  a l l  the  d a ta  about one a x i a l  

d i r e c t i o n .

In th e  i n i t i a l  X -ray ex a m in a t io n , c r y s t a l s  were s e t  

up about a x e s  which were l a t e r  found to  be the  a and b a xes  

o f  the a-form  and the c a x i s  o f  th e  (3-form. As th e  two 

forms are v e ry  s im i la r  th e  a x i a l  r e f l e c t i o n s ,  which are
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common to  two o f  th e  zones*  appeared to  c o rr esp o n d .

On t h i s  b a s i s ,  th e  £ a x i s  was 2 5 . 6A i n  l e n g t h  t h e

p a n g le  v e r y  n e a r ly  9 0 ° and th e  u n i t  c e l l  p seu d o -

orthorhom bic w ith  th e  apparent space  group P c a n - h ^
Sco r  C£v  A ttem pts were made to  d e r iv e  a t r i a l  s t r u c t u r e  

u s in g  m ethods s i m i la r  to  th o s e  o u t l i n e d  below  f o r  th e  

&-form b u t w ith o u t  s u c c e s s .  The r ea so n  f o r  t h i s  

became apparent on s o l v i n g  the  l a t t e r  s t r u c t u r e .

In  th e  c o n t in u a t io n  o f  th e  ex p er im en ta l  work, a 

f i r s t - l a y e r  W eissenberg  f i lm  was o b ta in e d  about th e  

b a x i s .  T h is  in d ic a t e d  th a t  the  s m a l le s t  u n i t  c e l l  

would have a lo n g  a x i s  o f  l e n g th  2 5 . 9A and an a n g le  p 

o f  99° a p p ro x im a te ly ,  whereas a v a lu e  o f  the  p a n g le  o f  

90° would correspond to  a c e l l  o f  tw ic e  t h i s  s i z e  w ith  

an a x i s  51A i n  l e n g t h .  The u n i t  c e l l  d im en s io n s  were  

r e i n v e s t i g a t e d  to  e x p la in  t h i s  d is c r e p a n c y  and a 

r o t a t i o n  photograph about th e  b a x i s  was o b ta in e d  w h ich ,  

when compared w ith  a p r e v io u s  photograph su p p o sed ly  about  

th e  same a x i s ,  was found to  be v e ry  s im i la r  i n  th e  zero  

la y e r  l i n e  but d i f f e r e d  in  a number o f  r e s p e c t s  i n  the  

f i r s t  l a y e r  l i n e .  Polymorphism was im m ed ia te ly  su g g e s te d  

and was borne out by th e  d i s c o v e r y ,  f o r  one ty p e  o f  

c r y s t a l ,  o f  an a x i s  o f  l e n g t h  51A and normal to  b oth  

the  a and b a x i s .  The tru e  c a x i s  o f  t h i s  c r y s t a l  was
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found to "be d i s p la c e d  from t i l l s  “by about 9 ° i n  th e  

d i r e c t i o n  o f  th e  a a x i s .

The e x p e r im e n ta l  d a ta  f o r  t h i s  form , w hich waft 

named the o - fo r m , was th en  o b ta in e d  u s i n g  p o r t i o n s  o f  

one la r g e  c r y s t a l .

(d) G eneral Arrangement o f  th e  M o le c u le s .

The a -form  i s  m o n o c l in ic  but p o s s e s s e s  a p seu d o -  

orthorhom bic s t r u c t u r e .  T h u s , in  the  (hOl) s e r i e s  o f  

r e f l e c t i o n s , th e  ( 2 0 1 ) i s  an approxim ate p la n e  o f  symmetry.

The (200) and (202) r e f l e c t i o n s  are  o f  n e a r ly  equal  

i n t e n s i t y  and sp a c in g  as are  a l s o  the  ( 201.) and ( 2 0 3 ) , 

the  (202) and (204)*  T h is  approxim ate symmetry b rea k s  

down to  some e x te n t  w ith  th e  h ig h  order r e f l e c t i o n s *  th e  

most n o t i c e a b le  example b e in g  the  (8 0 5 ) p la n e  which i s  

weak w h i l s t  th e  (80^L3) i s  o f  medium s t r e n g t h .  T h e se  

diffe fe n c e s  between ibese ref lections / he\̂ > to dvsbvn ̂  uTsV\ ? b etwe^ y\ 

tbe tw o  j D e s \ w \ ?!<vr c t  i^ttaI r.dlf e ctions in; u*Vsch ithe ;c axis'could €ie. 

Thus i f  t h i s  were taken  in  the  (202) p la n e  i t s  l e n g t h  

would be 25*90A in s t e a d  o f  25*78A and the  a n g le  (3 9 9 ° 4 7 '  

in s t e a d  o f  9 8 °8 ' .
5The space  group C2h — P2'j./a p o s s e s s e s  fo u r  asym m etric  

u n i t s  in  th e  u n i t  c e l l  w h ich  c o n t a in s  in  t h i s  c a se  e ig h t  

m o le c u le s  i . e .  two m o le c u le s  in  the asym m etric u n i t .
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Normally c a r b o x y l ic  a c i d s  are  grouped i n  d im ers round a  

c e n tr e  o f  symmetry betw een  the c a rb o x y l  groups b u t  o th e r  

arrangem ents §,re p o s s i b l e  and th r e e  c a s e s  a r i s e .

1 .  The m o le c u le s  may n o t  be arranged i n  d im ers  

in v o lv in g  th e  u se  o f  any o f  the e le m en ts  o f  symmetry.

2 . The m o le c u le s  may be arranged  i n  d im ers w hich  

p o s s e s s  an e lem en t or e le m en ts  o f  symmetry which do n o t  

c o in c id e  w ith  any o f  th e  c r y s t a l  e le m e n ts  o f  symmetry.

The f u l l  symmetry o f  th e  m o lec u la r  grou p in g  i s  n o t  used  i n  

form ing the c r y s t a l l i n e  arrangem ent. I t  i s  n o t  uncommon 

f o r  m o le c u le s ,  which appear to  p o s s e s s  p la n e s  or  a x e s  o f  

symmetry, to f a i l  to u se  them in  b u i ld in g  up th e  c r y s t a l .  

Examples o f  t h i s  are seen  i n  n a p h th a len e  and a n th r a c e n e .

In g e n e r a l ,  u se  i s  made o f  a c e n tr e  o f  symmetry i f  t h i s  i s  

p resen t  or can r e a d i l y  be produced by a s u i t a b l e  arrangem ent  

o f  the  m o le c u le s  but pyrene and 1 : 2 : 5 : 6—d ib en za n th ra cen e  

appear to  be e x c e p t io n s .

~3. The m o le c u le s  are arranged in  dim ers about a 

c en tr e  o f  symmetry which c o in c id e s  w ith  a c e n tr e  o f  

symmetry w i th in  th e  c r y s t a l .  The u n i t  c e l l  o f  th e  space  

group 02^ -  P2‘J./a c o n ta in s  e ig h t  c e n t r e s  o f  symmetry o f  

which o n ly  two are norm ally  o ccu p ied  by c e n tr o -sy m m e tr ic a l  

m o le c u le s  or grou p in gs o f  m o le c u le s .  T h is  i s  s u f f i c i e n t
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to  f u l f i l  th e  symmetry o f  the  space  group hu t t h e r e  

i s  no r e a so n  to  suppose  t h a t  t h i s  number cannot be 

exceed ed  so t h a t  fo u r  c e n tr e s  may be o c cu p ied  by c e n t r o -  

sym m etrica l g r o u p in g s .  In  many c a s e s  t h i s  w i l l  l e a d  

to  the  fo rm a tio n  o f  a space  group o f  h ig h e r  symmetry but  

t h i s  cannot be assumed i n  ev ery  c a s e .

a - E t h y n y la c e t i c  a c id  has  now been shown to  b e lo n g

to  t h i s  l a s t  group. The e ig h t  m o le c u le s  in  the u n i t

c e l l  are arranged in  dim ers round c e n t r e s  o f  symmetry

which c o in c id e  w ith  the  c r y s t a l  c e n t r e s .  T h is  arrangem ent

perm its  an e x p la n a t io n  o f  the pseu do-orthorhom b ic

s tr u c tu r e  o f  the compound and can be used  to  a cco u n t

fo r  the n o n -sp a ce  group a b s e n c e s .  S im i la r  arrangem ents

have been ob served  in  th e  case  o f  s t i l b e n e ,  azobenzene  
28and to la n e

In a d d i t io n  to th e  s p e c tr a  r e q u ir e d  to be a b sen t  

by the symmetry o f  th e  space  group, the (Okl) r e f l e c t i o n s ,  

w ith  the  p o s s i b l e  e x c e p t io n  o f  th e  (OIL) which i n  any c a se  

would be v e r y  weak, were found to be a b se n t  when 1 i s  odd. 

These a b se n c e s  can be e x p la in e d  by th e  mutual i n t e r a c t i o n  o f
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m o le c u le s  are  so arranged t h a t ,  when an atom o f  th e  

f i r s t  m o le c u le  i s  in  th e  p o s i t i o n  ( y ,  z )  $ th e  

c o rr esp o n d in g  atom o f  the second  m o lec u le  i s  a t  e i t h e r  

C- i  — z)  or  (-J- + y ,  -J- -  z) then  the 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  the (Okl.) p la n e s  w i l l  be zero  when 

1 i s  odd. With the  c a x i s  chosen as  above the  atoms o f  

th e  second m o le c u le  were found to be in  th e  g e n e r a l

p o s i t i o n  (-J- + y ,  -J- -  z)  from a stu dy  o f  the  i n t e n s i t i e s

o f  the(hkO) r e f l e c t i o n s .  Ead the  c a x i s  been  chosen  to  

l i e  a lo n g  th e  ( 2 0 2 ) p la n e ,  the  o th e r  r e l a t i o n s h i p  would  

have a p p l ie d .

The p r o j e c t i o n  o f  the  u n i t  c e l l  on th e  (100) th u s  

c o n ta in s  e ig h t  asym metric u n i t s  i . e .  one m o le c u le  per  

asym m etric u n i t  and th e re  i s  in tr o d u ce d  an a d d i t io n a l  

c e n tr e  o f  symmetry one q u a rter  way a lo n g  th e  c a x i s  in  

t h i s  p r o j e c t i o n .  The s t r u c t u r e  f a c t o r  e q u a t io n s  f o r  th e  

(Okl) p la n e s  w ith  1 even th en  s im p l i f y  to

A = 8 co s  2:TT. ky c o s  2 TT. 1 z  when k  = 2n,

and A = —8 s i n  2lH ky s i n  2IT  I z  ■■ k = 2n -t 1 .

and th e  summation i s  c a r r ie d  out over  one m o lecu le*
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The pseu do-orthorhom b ic  s t r u c t u r e  can be e x p la in e d  

by a d o p t in g  an arrangem ent o f  th e  m olecu le©  s i m i l a r  to  

t h a t  found f o r  s t i l b e n e .  The e ig h t  m o le c u le s  i n  th e  

u n i t  c e l l  are  grouped i n  d im ers round the  c e n t r e s  o f  

symmetry a t  ( 0 0 0 ) ,  (-J-J-0). (0-J-J-) and (-J-0 -̂). A l t e r n a t i v e l y  

the  l a s t  two d im ers m ight be p la c e d  a t  ( 00 -̂) and (iHri") 

but t h i s  i s  r u le d  out by a c o n s id e r a t io n  o f  the  i n t e n s i t i e s  

o f  th e  (hikO) r e f l e c t i o n s .  The dim er a t  (0 -̂J-) can , to  a 

f i r s t  a p p rox im a tio n , be d e r iv e d  from th e  one s i t u a t e d  a t  

( 0 0 0 ) by a r o t a t i o n  o f  180° about th e  a a x i s ,  a 

t r a n s l a t i o n  o f  ^  and r e f l e c t i o n  i n  a p lan e  p a r a l l e l  

to  th e  ( 0 1 0 ) but w ith  a d isp la c e m e n t  o f   ̂ b . T h is  

movement i s  not a r e a l  symmetry o p e r a t io n  o f  th e  c r y s t a l  

and th e  v a r i a t i o n s  i n  the i n t e n s i t i e s  o f  th e  (hOl) 

r e f l e c t i o n s  show th a t  i t  cannot be q u i t e  e x a s t .

The a x e s  a ,  h and c ' were chosen  to  corresp ond  w ith  

th e  pseu do-orthorhom b ic  s t r u c tu r e  o f  th e  c r y s t a l .  Thus 

c '  l i e s  i n  the  ( 20 1 ) p la n e  and w i l l ,  to  a f i r s t  

ap p rox im a tion , be p e r p e n d ic u la r  to  th e  c r y s t a l  a x e s  a 

and b. and o f  l e n g th  c s i n  p. The p o s i t i o n s  o f  the  

atoms o f  th e  two m o le c u le s  in  th e  asym m etric u n i t  a r e ,  

to  a f i r s t  ap p rox im ation , g iv e n  by the r e l a t i o n s h i p  

(x '* 3Tf z ' )  and (x'-JL , -J- + y ,  ■§• — z ' ) .  S tr u c tu r e

f a c t o r  e q u a t io n s  fo r  th e  (h O l')  s e r i e s  o f  r e f l e c t i o n s



37

o f  t h i s  pseu do-orthorhom b ic  c e l l  were e v a lu a te d  and i t  

was found t h a t :

A = 8 c o s  2 H h x '  co s  2 TT l z '  when -J-h + 1 '  = 2n,

and A = - 8  s i n  2 IT h x '  co s  2 TT l z '  •• -J-h + 1 ' = 2n + 1 ,

when the  summation i s  c a r r ie d  ou t over  one m o le c u le .  The

i n d i c e s  (h O l')  are  r e l a t e d  to the  (hOl) by 1 '  = -J-h + 1 .

( e ) A n a ly s i s  o f  th e  S t r u c t u r e .

From the s i z e  and shape o f  the  u n i t  c e l l ,  th e  

p o s t u la t e d  grou p in g  o f  th e  m o le c u le s  and ta k in g  in t o  

account c o n s id e r a t io n s  o f  p ack in g  i t  appeared t h a t  th e  

l e n g th  o f  the  m o lec u le  la y  ap p ro x im ate ly  a lo n g  the  lo n g  

c a x i s  w ith  th e  p la n e  o f  th e  m o lec u le  i n c l i n e d  a t  about  

30- 4 0 ° to  th e  ( 0 1 0 ) .

The p r o j e c t io n  a lo n g  th e  sh o r t  b a x i s  was s tu d ie d  

f i r s t .  The a x i a l  p la n e s  ( 0 , 0 , 3 2 ) ,  ( 0 ,0 ,3 0 )  and ( 0 ,0 ,2 2 )  

are v e ry  s tr o n g  and assum ing a m o lecu la r  s t r u c t u r e  w ith  

normal bond l e n g t h s  and v a le n c e  a n g le s  and, a s  a  f i r s t  

ap p rox im a tio n , a p lan a r  c o n f ig u r a t io n ,  i t  was soon p o s s i b l e  

to  p o s i t i o n  the  m o lec u le  i n  the  asymm etric u n i t  o f  th e  

pseu do-orthorhom b ic  c e l l  so t h a t  good agreem ent was 

o b ta in e d  between th e  c a lc u la t e d  and o b served  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  the  (001) p la n e s .  By c a r r y in g  out
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a o n e -d im e n s io n a l  F o u r ie r  s y n t h e s i s  t h e  z - c o o r d i n a t e s  

o f  the  atoms were o b ta in e d  w ith  g r e a t e r  p r e c i s io n *

With t h e s e  c o o r d in a t e s  and t a k in g  i n t o  a c c o u n t  th e  

approxim ate  t i l t  o f  the  p la n e  o f  th e  m o le c u le  and th e  

s tr o n g  v a lu e s  o f  th e  ( 2 0 2 ) ,  ( 20?) and ( 2 , 0 , 2 2 ) p la n e s  — 

r e f e r r e d  to  th e  a ,  h> and c /  a x es  -  a t r i a l  s t r u c t u r e  f o r  

th e  p seu do-orthorhom b ic  c e l l  was soon o b ta in e d  w hich  

gave a d is c r e p a n c y  o f  34*4$ o v e r  th e  112 o b serv ed  (h O l')  

p la n e s .  S ig n s  were a t t r i b u t e d  to  96 o f  t h e s e  and a 

F ou r ier  s y n t h e s i s  FI was c a r r ie d  out o v e r  th e  p s e u d o - c e l l ,  

ta k in g  lF ( h 0 1 ' ) l  = | F ( h 0 1 ' ) | .  A l l  the  atoms e x c e p t  C-̂  

wero r e s o l v e d .  Few atom ic  p o s i t i o n s  were o b ta in e d  and 

the  d is c r e p a n c y  was found to  have f a l l e n  to  2 5 . 4$ .

The second  F o u r ie r  s y n t h e s i s  F2 was c a r r ie d  ou t  ov er  

the  tru e  m o n o c l in ic  c e l l .  The (h O l')  r e f l e c t i o n s  were  

in c lu d e d  a t  t h e i r  o b serv ed  v a l u e s  w hich in c r e a s e d  th e  

d is c r e p a n c y  to  2 6 ,6 ^ ,  The s i g n s  o f  t h e s e  p la n e s  were  

o b ta in e d  by means o f  th e  tr a n s fo r m a t io n ,

F (h O l')  = F (h O l')  

and F (h O l')  = - F ( h O l ' )

when -|-h + 1 ' = 2n

» -J-h + 1 ' = 2n + 1

The p la n e s  were r e in d e x e d  to  accord  w ith  th e
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T h is  F o u r ie r  s y n t h e s i s  and th e  i n t r o d u c t i o n  o f  an 

e m p ir ic a l  co m p osite  s c a t t e r i n g  curve f o r  th e  carbon  

and oxygen atom s r e s u l t e d  i n  th e  d is c r e p a n c y  f a l l i n g  

to  2 1 .1 $ .  The number o f  p la n e s  to  w hich s i g n s  w ere  

g iv e n  was 1 9 3 .

A d i f f e r e n c e  s y n t h e s i s  1)1 was th en  c a r r ie d  o u t .

P la n e s  w ith  a v a lu e  o f  2 s i n  0 < 0 . 4  were o m it te d  from t h i s  

s in c e  they  w ere m ost l i k e l y  to  be a f f e c t e d  by th e  f a c t  t h a t  

th e  c o n t r ib u t io n s  o f  th e  hydrogen atoms w ere n o t  

in c lu d e d  in  th e  c a lc u l a t e d  v a lu e s  o f  the  s t r u c t u r e  f a c t o r s .  

P la n e s  w ith  a v a lu e  o f  |F o -F c |<  I were a l s o  o m itte d  from  

t h i s  and a l l  su b seq u en t d i f f e r e n c e  s y n t h e s e s .  The 

d iscr ep a n c y  was found to  be  1 8 .6 $ .

The (1 0 0 ) p r o j e c t io n  was then  exam ined. Approxim ate  

v a lu e s  o f  th e  x— and z—c o o r d in a t e s  o f  th e  atoms were  

known and from th e s e  and th e  e x p e c ted  v a lu e s  o f  the  bond 

l e n g t h s  v a lu e s  o f  th e  y —c o o r d in a te s  were deduced. T h is

s t r u c tu r e  gave a d is c r e p a n c y  o f  36$ o v er  th e  (O kl) 

r e f l e c t i o n s  and a llo w ed  s i g n s  to  be a s s ig n e d  to  43 o f  th e  

51 p la n e s  o b ser v ed . The s c a t t e r i n g  curve  d e r iv e d  i n  th e  

(010) p r o j e c t i o n  was a l s o  a p p l ie d  h e r e .  A F o u r ie r  

s y n t h e s i s  F3 was c a r r ie d  ou t  but th e  r e s o l u t i o n  o f  the
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atoms was v e r y  poor owing to the  o v e r la p p in g  o f  th e  atoms 

and O2 and the m erging o f  the atoms C^, 0^ and 0  ̂ w ith  

s im i la r  atoms o f  a d ja c e n t  m o le c u le s .  C o o rd in a te s  were  

a s s ig n e d  to  th e  atoms and th e  d is c r e p a n c y  was found to  have  

f a l l e n  to  31 • S ig n s  were g iv e n  to  45 p la n e s .

As th e  r e s o l u t i o n  o f  the atoms in  t h i s  zone was v e ry  

p o o r , i t  was d e c id e d  to  r e f i n e  t h i s  p r o j e c t i o n  by means

o f  (Fo-Fc) s y n t h e s e s .  A c co r d in g ly  two d i f f e r e n c e  s y n t h e s e s

1)2 and 13 were c a r r ie d  out from which were o m itte d  th e

c o n t r ib u t io n s  o f  the p la n e s  w ith  2 s i n  0 < 0 . 4 . The

z - c o o r d in a t e s  o b ta in ed  from the  ( 0 1 0 ) p r o j e c t i o n  were

m ainta ined  u n a l t e r e d .  As a r e s u l t  o f  th e s e  s i g n s  cou ld

be g iv e n  to  a l l  the  o b served  p la n e s  and th e  v a lu e  o f  the

d iscr ep a n c y  was reduced to  1 5 . 3$ .

At t h i s  s ta g e  i t  was thou ght d e s i r a b l e  to  adopt atom ic

s c a t t e r in g  c u rv es  w ith  some t h e o r e t i c a l  fo u n d a t io n  and th o s e
29d e r iv e d  by McWeeny were u s e d .  These t h e o r e t i c a l  cu rv es  

are then  m o d if ie d  by a tem perature  f a c t o r  to  a l lo w  f o r  

the  therm al m otion  o f  th e  atom s, as  f o l lo w s :

where £ i s  the d e s ir e d  atom ic  s c a t t e r i n g  f a c t o r  f o r  a 

g iv en  v a lu e  o f  s i n  0 , |-t* i s  th e  t h e o r e t i c a l  v a lu e  a t  the

same s i n  0 and B i s  a c o n s ta n t  depend ing  on th e  therm al  

m otion o f  the  atom s. For the carbon a tom s, th e  v a lu e s
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o f  the  v a le n c e  s t a t e  were taken  and f o r  th e  oxygen a tom s,  

th o s e  g iv e n  by , where | n and ^  are  th e

s c a t t e r i n g  f a c t o r s  p a r a l l e l  and p e r p e n d ic u la r  to  th e  

symmetry a x i s  o f  an unbonded n e u tr a l  atom (d e f in e d  by t h a t  

2p o r b i t a l  which c o n ta in s  a d i f f e r e n t  number o f  e l e c t r o n s  

from th e  o th e r  2p o r b i t a l s ) .  Prom t h e s e  a co m p osite  

s c a t t e r i n g  curve fo r  th e  carbon and oxygen atoms was 

d e r iv e d  by w e ig h t in g  t h e i r  c o n t r ib u t io n s  i n  the p r o p o r t io n  

o f  t h e i r  s c a t t e r i n g  power i n  the  m o lecu le*

The d i f f e r e n c e  maps o b ta in e d  above showed, in  some 

i n s t a n c e s ,  th e  p resen ce  o f  peaks co rr esp o n d in g  to  th e  

expected, p o s i t i o n s  o f  th e  hydrogen atoms* These peaks  

were, l i a b l e  to  cau se  i n c o r r e c t  s h i f t s  to  be a p p l ie d  to  the  

carbon and oxygen atom s. To guard a g a in s t  t h i s  th e

p o s i t i o n s  o f  th e  hydrogen atoms were c a l c u l a t e d  assum ing  

normal v a le n c e  a n g le s  and a carbon-hydrogen  bond l e n g t h  

o f  1 .09A  e x c e p t  fo r  and Cg — HQ where a l e n g t h  o f

1*061 was ta k e n .  The c o n t r ib u t io n s  o f  t h e s e  atoms to  

the stru c tu re , f a c t o r s  o f  t h e  p la n e s  w ith  a v a lu e  o f  

2 s i n  0 < 1 .2  were c a lc u l a t e d  as beyond t h i s  t h e i r  

c o n t r ib u t io n s  were n ot thought to  be s i g n i f i c a n t  due to  

th e  r a p i d  f a l l i n g  o f f  o f  t h e  s c a t t e r i n g  cu rve . The 

t h e o r e t i c a l  atom ic s c a t t e r i n g  curve due to  McWeeny was 

used  w i t h  an a r b i t r a r y  v a lu e  o f  2 . 0  x 10 b e in g  assumed
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fo r  B.

From th e  o b serv ed  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  the  (hOl) r e f l e c t i o n s  were s u b tr a c te d  th e  c a l c u l a t e d

v a lu e s  o f  the hydrogen c o n t r ib u t io n s ;  th e  rem aind er  

r e p r e s e n t s  th e  c o n t r ib u t io n s  o f  the carbon and oxygen

a c c o r d in g  to  t h e i r  v a l u e s  o f  2 s i n 0 .  The mean v a lu e  

o f  th e  s c a t t e r i n g  f a c t o r s  in  each o f  th e  groups i s  g iv e n  by

where Fr i s  the c o n t r ib u t io n  o f  the  carbon and oxygen  

atoms to  th e  ob served  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  the; v *  r e f l e c t i o n ,  Gr i s  th e  v a lu e  o f  th e  g e o m e t r ic a l  

stru c tu re , f a c t o r  o b ta in e d  by w e ig h t in g  th e  c o n t r ib u t io n s  

|  o f  th e  carbon and oxygen atoms in  th e  r a t i o  6 :8  and n  

i s  th e  npmber- o f  r e f l e c t i o n s  i n  th e  group.

atom s. The r e f l e c t i o n s  were th en  d iv id e d  i n t o  groups

h  + * 2 .+  — + Fn

+ an

For each group,

•e° 3 e ' f i =!
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By g r a p h ic a l  methods i t  was p o s s i b l e  to  o b ta in  the  

v a lu e  o f  B w hich gave th e  b e s t  f i t  o f  t h e s e  mean values;

o f  th e  s c a t t e r i n g  f a c t o r s  to  th e  t h e o r e t i c a l  c u r v e .
-•1 6

T h is  method gave a v a lu e  o f  B = 4*0 x 10 f o r  

th e  com p osite  carb on-oxygen  curve and t h i s  v a lu e  was. a lso  

assumed f o r  th e  hydrogens;. The s t r u c t u r e  f a c t o r s  were  

r e c a lc u l a t e d  u s i n g  these- s c a t t e r i n g  cu rv es  and in c lu d in g

th e  c o n t r ib u t io n s  o f  the hydrogen atoms. The

d i s c r e p a n c ie s  were found to  be 1 6 .8 $  f o r  th e  (hOl) s e r i e s

o f  r e f l e c t i o n s  and 1 3 .6 $  f o r  the  (O k l) .

D i f f e r e n c e  s y n th e s e s  D4 and D5 were c a r r ie d  ou t in  

th e se  p r o j e c t i o n s  r e s p e c t i v e l y .  The c o n t r ib u t io n s  o f  

a l l  th e  p la n e s ,  to  which s ig n s  had been g iv e n ,  were 

in c lu d e d  e x ce p t  ( 0 0 2 ) which was ob served  low  p o s s i b l y  

due to  e x t i n c t i o n .  Few atom ic  p o s i t i o n s  were o b ta in e d  

f o r  th e  atom s, th e  z - c o o r d in a t e s  from th e  two p r o j e c t i o n s  

b e in g  averaged  w i t h - g r e a t e r  w e ig h t  g iv e n  to  th o s e  o b ta in e d  

from th e  (010) p r o j e c t i o n .  Almost a l l  th e  atoms were 

seen  to  l i e  i n  r e g io n s  o f  the d i f f e r e n c e  map where (ps -  pe)  

was n e g a t iv e  i n d i c a t i n g  t h a t  the  chosen  v a lu e  o f  B was taro

sm a l l .  Cochran*^ has shown th a t  th e r e  i s  a d i f f e r e n c e  o f
~20 .15eA  a t  the  atom ic c en tr e  betw een  th e  e l e c t r o n  d e n s i t i e s  

o f  two carbon atoms whose tem p erature  f a c t o r  B d i f f e r s  by 

0 1  x 1 0 " ^ .  The a p p l i c a t io n  o f  th is ,  methdd o f  c o r r e c t io n
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i n d ic a t e d  a mean v a lu e  o f  B o f  4*2 x 10 . This.

change, i n  m ost i n s t a n c e s ,  gave an e s t im a te d  v a lu e  o f

-  p%) which was n e g a t i v e  a t  th e  c e n t r e s  o f  th e

carbon atoms and p o s i t i v e  a t  the c e n t r e s  o f  th e  oxygen

atom s. An e f f e c t  o f  t h i s  n a tu re  would be in tr o d u c e d

by th e  c h o ic e  o f  a com p osite  s c a t t e r i n g  curve i n  p la c e

o f  s e p a r a te  ones f o r  the  carbon and oxygen atoms* I t

was d e c id ed  t h e r e fo r e  to in tr o d u c e  se p a r a te  s c a t t e r i n g
—16cu rv es  f o r  t h e s e  atoms w ith  a v a lu e  o f  B o f  4*2 x  10

i n  b o th  c a s e s .  A s i m i la r  v a lu e  o f  B was a s s ig n e d  to

the hydrogen atom s. The d i s c r e p a n c ie s  were th en  14*3$

fo r  th e  (hOl) s e r i e s  o f  r e f l e c t i o n s  and 12*2$ f o r  the  (O k l)»

A nother s e t  o f  d i f f e r e n c e  s y n t h e s e s  1)6 and D7 were

c a r r ie d  o u t .  The s h i f t s  i n  atom ic c o o r d in a te s  were f a i r l y

sm all h a v in g ,  in  the  ( 0 1 0 ) p r o j e c t i o n  an average  v a lu e  o f

0 .009A  and a maximum o f  0 .015A  f o r  0-̂  and 0^ and i n  th e

(100) p r o j e c t i o n  an average  o f  0 .008A  and a maximum o f

0.014A f o r  0^. The therm al m otion  o f  the  oxygen atoms

v a r i e s  c o n s id e r a b ly  from one atom to  an oth er  b u t a mean
—1 6v a lu e  o f  B o f  4*4 x 10 was ta k e n .  For th e  o t h e r  atoms

—16the  v a lu e  o f  B was m a in ta in ed  unchanged a t  4*2 x  10 *

The d i s c r e p a n c ie s  were e v a lu a te d  and found to  b e  13*1$ f o r  

the  (hOl) r e f l e c t i o n s ,  1 1 . 8$  f o r  the (Okl) and 18*0$  f o r



tiie  (hkO) , th e  o v e r a l l  d is c r e p a n c y  b e in g  1 3*7# . I f  th e  

unobserved  p la n e s  are  in c lu d e d  w ith  v a lu e s  o f  Fo eq u a l to  

z e r o ,  the  d i s c r e p a n c ie s  are  16#3#  f o r  th e  (hOl) r e f l e c t i o n s  

and 1 4 .9 #  f o r  th e  (O k l) .

S ig n s  had now been g iv e n  to  a l l  but two o f  th e  (hOl) 

p la n e s  and a l l  but one o f  th e  (O k l) .  F o u r ie r  s y n th e s e s  

F4 and F5 were c a r r ie d  o u t  w ith  (0 0 2 ) in c lu d e d  a t  i t s .  

c a lc u la t e d  v a lu e  and r e v e a l  the  e l e c t r o n  d e n s i t y  i n  the  

p r o j e c t i o n s  on the  (010) and ( 1 0 0 ) .  These are shown in  

F ig s .  1 and 3 r e s p e c t i v e l y  w h i l s t  F ig .  2 i n d i c a t e s  th e  

arrangement o f  th e  m o le c u le s  in  th e  p r o j e c t i o n  on th e  ( 0 1 0 ) .  

The two c r y s t a l i o g r a p h i c a l l y  in d ep en d en t m o le c u le s  i n  the  

asym m etric u n i t  in  th e  p r o j e c t i o n  on th e  ( 0 1 0 ) are  shown 

s id e  by s id e  i n  F ig .  4 and th e  v e ry  g r e a t  s i m i l a r i t y  

betw een them i s  e a s i l y  s e e n .

The (Fo~Fc) s y n t h e s i s  D8 was e v a lu a te d  fo r  the

p r o j e c t io n  on th e  (010) in  which Fd r e p r e s e n te d  the

c a lc u la t e d  c o n t r ib u t io n s  o f  the  carbon and oxygen atoms

and t h i s  i s  in c lu d e d  a s  F ig .  5 .  T h is  d i f f e r e n c e  map

shows th a t  p a r t  o f  the  e l e c t r o n  d e n s i t y  which i s  due

to  th e  hydrogen atom s. I t  a l s o  r e v e a l s  th e  im p e r f e c t io n s

o f  the  model used  in  c a l c u l a t i n g  the F c * s .  Thus sm a ll

s h i f t s  in  the atom ic c o o r d in a te s  o f  the  atoms C.-.0 , and 0 ~5 '  1 3
are i n d ic a t e d .  The map a l s o  r e v e a l s  th e  therm al m o tio n s
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F ig .  1 .  . F .4 .  E le c t r o n - d e n s i t y  p r o j e c t i o n  a lo n g  th e

h a x i s  on the  ( 0 1 0 ) .  Each contour l i n e

r e p r e s e n t s  a d e n s i t y  increm ent o f  one e l e c t r o n  
2p er  A % the  one e l e c t r o n  l i n e  b e in g  d o t t e d .



45 B

1343

& I 2 3*45

F ig .  2 .  P r o j e c t io n  a lo n g  th e  b a x i s  on th e  (0 10 )  showing  

th e  g e n e r a l  arrangement o f  th e  m o le c u le s#
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F ig .  3 . (a )  F .5  E le c tr o n  d e n s i t y  p r o j e c t i o n  a lo n g  th e

a a x i s  on the ( 1 0 0 ) .  Each contour  l i n e

r e p r e s e n t s  a d e n s i t y  increm ent o f  one e l e c t r o n  
2

per A , the one e l e c t r o n  l i n e  b e in g  d o t te d .

(b) Same p r o j e c t io n  showing th e  arrangement o f  

th e  atom s.
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P ig .  4 . Comparison o f  th e  two m o le c u le s  in  th e  asym m etric  

u n i t  in  the p r o j e c t i o n  on th e  ( 0 1 0 ) and shown 

in  P ig .  1 .  M olecu le  I  i s  s i t u a t e d  a t  c e n tr e  

o f  symmetry a t  (000) and m o le c u le  I I  a t  (0-J-J-).
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P ig .  5 .  D .8 . D i f f e r e n c e  betw een e l e c t r o n  d e n s i t y

p r o je c te d  on the  (0 1 0 ) and t h a t  c a l c u l a t e d  f o r

i s o l a t e d  carbon and oxygen atom s. Each contour

l i n e  r e p r e s e n t s  a d e n s i t y  increm ent o f  0 .2 5
2

e l e c t r o n s  per A w ith  the  n e g a t iv e  co n to u rs  

d o tte d  and the zero l i n e  o m itte d .
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o f  th e  m o le c u le s .  The atoms and 0 and, to  a l e s s e r

e x t e n t  C- and are se e n  to he v i b r a t i n g  i n  a d i r e c t i o n  
?' 4

more or l e s s  p e r p e n d ic u la r  to the carbon c h a in s  w h i l s t  

th e  la r g e  peaks i n  th e  map a d ja c e n t  to  0 -̂  and 0  ̂ show 

t h a t  t h e s e  atoms p o s s e s s  c o n s id e r a b le  a n i s o t r o p i c  m otion  

i n  a d i r e c t i o n  a lm o st  p a r a l l e l  to  the  a a x i s .

The o th e r  l a r g e  peaks i n  t h i s  map a r e  se en  to  be  

a s s o c i a t e d  w ith  th e  p o s i t i o n s  o f  the  hydrogen atoms but  

i n  v ie w  o f  the  l i k e l y  accu racy  o f  (p@ — pg) no a ttem p t was 

made to  p o s i t i o n  t h e s e  atoms from the  map. The e l e c t r o n  

d e n s i t y  peaks due to  and E  ̂ are  seen  to  be l i a b l e  to  

c o n s id e r a b le  d i s t o r t i o n  due to  the  c h o ic e  o f  in c o r r e c t  

s c a t t e r i n g  c u rv es  f o r  0  ̂ and 0  ̂ and th e  atoms E^ and 

and Hg and E^ o v e r la p  c o n s id e r a b ly .  Atoms E^ and Eg a r e  

r e v e a le d  m ost c l e a r l y ; Eg i s  s e e n  to  corresp on d  v e ry  

c l o s e l y  w ith  i t s  c a lc u la t e d  p o s i t i o n  but E  ̂ i s  d i s p la c e d  

s l i g h t l y  i n  th e  d i r e c t i o n  o f  the  a a x i s .

The c o o r d in a t e s  o f  the  atom s i n  the  asym m etric c r y s t a l  

u n i t  are  g iv e n  i n  Table I  where x ,  y  and z are  r e f e r r e d  

to  th e  m o n o c l in ic  c r y s t a l  a x e s  and x% y  and z '  to  th e  

o r th o g o n a l a x e s  a ,  b and c ' ,  where c '  i s  p e r p e n d ic u la r  to  

a and b .

Then x '  = x + z c o s 6 , 

z '  = z s i n  p.



47

The d im en sion s  o f  the two m o le c u le s  i n  th e  asym m etric  

c r y s t a l  u n i t  a s  shown i n  T ab le  I I .  I t  w i l l  be seen  

t h a t  good agreem ent i s  o b ta in e d  betw een  th e  two s e t s  o f  

v a l u e s , t h e  g r e a t e s t  d i f f e r e n c e  b e in g  0 .024A  betw een  

C2 — Ĝ  and Cg -  and 0 . 8 ° between 0  ̂ -  C-̂  -  and 

0  ̂ — — Og and a l s o  betw een  0  ̂ -  C-̂  — Ĝ  and 0  ̂ -  0  ̂ -  C^.

The average  d i f f e r e n c e  i s  Q„012A i n  l e n g t h  and 0 .6 °  in  

a n g le .  The averaged  m o le c u la r  d im en sion s  are  shown i n  

Table I I I .

The number o f  e l e c t r o n s  a s s o c i a t e d  w ith  the  atoms  

Ĝ ., Gq, and Hg were th en  determ ined  from the d i f f e r e n c e  

map D8 . The l i m i t s  o f  th e  a r e a s  over  w hich  the  e l e c t r o n  

c o u n ts  were made were f i x e d  by p e r p e n d ic u la r s  drawn through  

th e  mid p o in t s  o f  th e  bonds — G^, — K^, — Cg and

Cg -  Eg and by a c i r c l e  o f  r a d iu s  X.1A drawn w ith  th e  

atom ic  s i t e  a s  c e n t r e .  The a r e a s  a l l o t t e d  to  th e  atom s  

and Gg w ere 2„18A^ and to  and Hg 3 <>34A^.
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Table I .
... Centre o f  symmetry a s  o r ig i n ;

Atomic C o o rd in a te s  ^  x 'an d  z '  ±n A.

Atom |  \  x  y  z  x '  z '

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

2 —0 .1 0 6 1 0 .0 9 0 0 0 .1 2 3 6 • 0 .8 5 5 0 .3 7 8 3 .1 8 7 - 1 .3 0 6 3 .1 5 5

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

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

!5 - 0 .1 1 6 4 0 .5 3 4 7 0 .4 3 0 3 - 0 .9 3 8 2 .2 4 6 1 1 .0 9 3 • 2 .5 0 7 10.98.2

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

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

8 —0 .0 8 9 7 0 .3 3 1 9 0 .2 9 8 9 - 0 .7 2 3 1 .3 9 4 7 .7 0 6 - 1 .8 1 3 7 .6 2 9

°1 - 0 .1 4 8 6 0 .1 8 4 7 0 .0 3 3 3 - 1 .1 9 8 0 .7 7 6 0 .8 5 9 • 1 .3 1 9 0 .8 5 0

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

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

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

H1 0 .1 1 3 - 0 .1 6 8 0 .0 0 6 0 .9 1 - 0 .7 0 0 .1 5 0 .8 8 0 .1 5

H2 - 0 .2 3 0 - 0 .0 1 3 0 .1 2 4 - 1 .8 6 • 0 .0 5 3 .1 9 • 2 . 3 1 3 .1 5

BL3 - 0 .1 1 2 0 .3 4 6 0 .1 3 1 • 0 .9 0 1 .4 5 3 .3 7 • 1 .3 8 3 .3 3

H4 0 .1 8 9 - 0 .2 7 2 0 .2 3 2 1 .5 2 - 1 .1 4 5 .9 9 0 .6 8 5 .9 3

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

H6 • 0 .3 4 5 0 .4 8 8 0 .3 7 6 - 2 .7 8 2 .0 5 9 .7 0 - 4 . 1 6 9 .6 1

H7 • 0 .2 3 3 0 .8 4 6 0 .3 6 9 - 1 .8 7 3 .5 5 9 .5 2 - 3 .2 2 9 .4 3

% . - 0 .0 3 6 0 .2 2 8 0 .2 6 8 • 0 .2 9 0 .9 6 6 .9 1 - 1 . 2 7 6 .84
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Table I I  

M olecu lar  D im ensions#

°1 -  °2 1 .5 2 6 *1*

oCMO•o

° 5  ~  °6
1.538: Hr 0.02Q A

c 2 -  c 5 1 .4 6 2 4* 0#024 C6 “  °7 1 .4 3 8 ■f 0 .0 2 4

Q 1 a 1 .2 0 2 0 .0 2 4 °1  ~  C8 1 .1 8 8 + 0 .0 2 4

° i  ■  % 1 .2 9 8 + 0 . 022: °5 ~  °1 1 .2 9 1 4" 0 .0 2 2

CX - ° 2 1 .2 1 7 4* 0 .0 2 5 °5 ~ °2 1 .2 1 4 4- 0 .0 2 5

CA
alCM
O1H
O

1 X2 .6 + 1 . 3 ° g5- g6- o7 1 1 3 .0 + 1 . 3 °

C2 - C3 - C4 1 7 8 .9 C6- C7“ C8 1 7 8 .4

1 1 2 .0 4* 1 .6 % ‘"a5'"a6 1 1 1 .2 4- 1 .6

° 2- ° l - C2 1 2 3 .6 + 1 .3 o 4 - a 5 - a 6 124o4 -H 1 .3

01- G1- 0 2 1 2 3 .8 1 .5 O ^ - C ^ - O ^ 1 2 4 .4 + 1 .5

Table I I I

Averaged M olecu lar  D im en sions.

0
 

H

1 Q ro 1 . 5 3 2 + o . o H CO >

O1CM
0

 11 
:iH

 
O

1 1 2 . 8 4- 1.1

C2 -  c3 1 . 4 5 0 0 . 0 2 2
c a - S - ° 4

1 7 8 . 8

c3 -  c4 1 . 1 9 5 + 0 . 0 2 1 0
H

1 0
 

H
1 O ro 1 1 1 . 6 + 1 . 4

a
H

1 o H 1 . 2 9 4 +* 0 . 0 2 0
° 2 - ° l - C 2

1 2 4 . 0 4* 1 . 2

0 H
1 O

ro

1 . 2 1 6 + 0 . 0 2 2 CM
O1i—1
oIHO

1 2 4 . 1 1 . 3



The number o f  e l e c t r o n s  a s s o c i a t e d  with, t h e s e  atoms i s  

(see n)

n© = ng SS.2lE.

where th e  summation i s  c a r r ie d  out over  .th e  p o i n t s  i n s i d e

S a t  w hich D was e v a lu a te d .  The s y n t h e s i s  was e v a lu a te d

a t  i n t e r v a l  o f  a^30 and c^120 so t h a t  SS = A /3 6 0 0 . The

v a lu e s  o f  n§ were tak en  a s  0 f o r  the  hydrogen atoms and

5*95© f o r  the  carbon atom s, th e  l a t t e r  v a lu e  b e in g  due 
30to  Cochran^ . The r e s u l t s  are  shown i n  Table IV.

Table IV 

Fumber o f  E le c tr o n s

n§ Average m@.

6*22
6*23

6 .2 4  

0 .7 3
0 . 7 8

0 .8 2

averaged  group C4H4 i s  7 *O le .

Geometry o f  th e  M o le c u le s .

The e q u a t io n  o f  th e  p lan e  through th e  po in ts;  C -^ ^ an d

Atom n@

C4 5 .9 5

°8 5 .9 5

E4 0

% 0

The t o t a l fo r  th e



r e f e r r e d  to  the o r th o g o n a l  a x e s  a y b and c ' ,  where 

o '  i s  p e r p e n d ic u la r  to  a and t ,  i s  g iv e n  by

x '  + 1 .6 2 7 y  + 0 . 1 7 5 z ' + 0 .1 3 9  = 0 , 

and t h a t  through  th e  p o i n t s  C- ,̂ 0 -̂  and O2 i s

x '  + 1 . 2 2 + 0 . 1 5 0 z '  + 0 .2 4 2  *  0 .

The a n g le  betw een  t h e s e  p la n e s  i s  7 . 6 ° .

The e q u a t io n  to  th e  p lan e  through th e  p o in t s  C^, Cg

and Cg i s  g iv e n  by

x '  + 1 .6 0 6 y  -  0 . 201z ' + 1 . 10? = 0 , 

and th a t  through the  p o i n t s  C^, 0  ̂ and 0  ̂ i s

x '  + 1 .2 2 3 y  -  0 .1 4 3 z '  + 1 .3 3 1  = 0 .

The a n g le  betw een th e s e  p la n e s  i s  7 . 4 ° .

The p lan e  o f  the carb oxy l group i s  i n c l i n e d  to  the

p lan e  through the  carbon atoms by an a n g le  o f  7 . 5 ° ,  on

a v e ra g in g  th e  above r e s u l t s .

In te r m o le c u la r  D is t a n c e s .

The more im portant in te r m o le c u la r  d i s t a n c e s  are



in d ic a t e d  by d o t te d  l i n e s  i n  Fig., 2 .  The c l o s e s t  

approach betw een  m o le c u le s  o c c u r s  in  th e  hydrogen  

b r id g e s  o f  l e n g t h  2.66A which con n ect the  oxygen atoms 

o f  a d ja c e n t  carb ox y l groups . C erta in  o th e r  oxygen-oxygen  

d i s t a n c e s  e s p e c i a l l y  th o s e  o f  3*04 and 3*21A are s h o r te r
i

than i s  u s u a l ,  a lth ou gh  d i s t a n c e s  o f  3#11A have been
31r e p o r te d  for (3 -su cc in ie  a c id  • The o th e r  d i s t a n c e s  are  

a l l  g r e a t e r  than 3*4A. The f i g u r e s  are c o l l e c t e d  in  

Table T where A r e f e r s  to  the  stan dard  m o le c u le s ,  B 

th e  r e f l e c t e d  m o le c u le s ,  C th e  m o le c u le s  one t r a n s l a t i o n  

a lo n g  th e  C a x i s  and D th e  m o le c u le s  one t r a n s l a t i o n  

a lo n g  th e  b a x i s .



T ab le  7

I n te r m o le e u la r  D istan ce® .

0X(A) • 0- 0 0j2 (a) 2.66A

o2 (a ) 0 0 0 o { U ) 2.66

o3 Ca ) 0 0 0 o*(c) 2.66

° 4 Ca) 0 0 0 0 3 (c) 2.66

01 (B) 0 0 0 o { U ) 3.04

o 3 (b) 0 0 0 0 3 (c) 3.04

02 (a ) 9 0 0 01 (B) 3.21

° 4 Cd) 0 0 0 o3 (b ) 3.21

02 Cd) • 0 0 01 CB) 3.43

° 4 CA) 0 0 0 o3 CB) 3.43

V A) 0 0 0 c 6 (b) 3.46

02 (D) 0 0 0 02 (b ) 3.48

0 2 (d) 0 0 0 c1 (b) 3.51

o4U ) •  * c 5 (B) 3 . 5 1

04 U ) •  0 OgCB) 3 . 5 6

°4Cd) 0 0 c3 (b ) 3 . 1 0

04 (d) 0 0 o6 ( b ) 3 . 1 2

Cg(A) 0 0 C? (B) 3 . 1 3

o4 ( d ) 0 0 c2 ( b ) 3 . 1 3

o2 ( a ) 0 0 o2 (b ) 3 * 1 4

Cg(A) 0 0 c6 (b) 3 . 1 8

c4 ( a ) 0 0 08 (a) 3 . 1 9

c4 (d) 0 0 08 ( A) 3 . 1 9

c 4 (A) 0 0 C? (B) 3 . 8 3

c3 (a ) 0 0 o2 (b ) 3 . 9 4

c? ( d) •  • 0 0 0 6 (b ) 3 . 9 8



( | )  A ccuracy o f  th e  R e s u l t s .

The e s t im a te d  standard  d e v i a t io n  o f  the  atom ic  

c o o r d in a t e s  i s  (see |x Ik)

a |p (q)

By ta k in g  AE = |P o -P c | an o v e r e s t im a te  o f  th e  

combined ex p er im en ta l  and r e s i d u a l  f i n i t e - s e r i e s  e r r o r s  

i s  o b ta in e d .  The v a lu e  o f  p was found to  be 3*9 from 

measurements o f  w e l l  r e s o lv e d  atoms i n  th e  f i n a l  p r o j e c t i o n  

on th e  ( 0 1 0 ) .  The v a lu e s  o b ta in e d  are  shown i n  Table VI.

E stim a ted  Standard D e v ia t io n s  o f  the  Atomic C o o r d in a te s .

Table VI

<r(x),A  <r(y),A  cr(ss) ,A

(010) p r o j e c t i o n  Carbon 0*019

Oxygen 0 .0 1 4  

(100) p r o j e c t io n  Carbon

Oxygen

0 .0 2 3  0 .0 1 7

0 .0 1 7  0 .0 1 2

0 .0 1 3

0 .0 1 0



Taking fo r  th e  carbon atom® a- (x )  = 0 .0 1 9 ,  ^r(y) = 0 .0 2 3  

and cr(z) = 0.013A  th e  VL S. r a d i a l  err o r  o f  p o s i t i o n  

was found to  be 0 .019 A . Por th e  oxygen atoms tr(x) = 0 .0 1 4 ,  

a" Cy) = 0 .0 1 7  and <r(z) = 0.010A g i v in g  the R. M. S. r a d i a l  

err o r  o f  p o s i t i o n  as  0 .014A . 1'he mean stan dard  d e v ia t io n  

fo r  a carbon-carbon  bond i s  th u s  0 .027A  and f o r  a 

carb on-oxygen  bond 0 .0 24A . The standard  d e v i a t io n  o f  

the  i n d iv id u a l  bond l e n g t h s  and a n g le s  were c a lc u l a t e d  

by means o f  the form ulae a lr e a d y  quoted and are  shown in  

Table I I .

The s tan dard  d e v i a t io n  i n  th e  e l e c t r o n  d e n s i t y  i s  g iv e n  

by (see y tt.)

<r(po) = <r(j>a- f Q) =

Por th e  p r o j e c t i o n  on the  (010 ) <r(yo&) = 0 .2 4 e .A  l  and

f o r  t h a t  on th e  (100) <r(p&) = 0 .30e.A*”2 .

The peaks i l l  th e  d i f f e r e n c e  map D8 co rr esp o n d in g  to  

and Kq are  se en  to be s i g n i f i c a n t  and may be a t t r i b u t e d  

to  t h e s e  atom s.



The s t a n d a r d  d e v i a t i o n  i n  t h e  n um ber o f  e l e c t r o n s  i n

a  g i v e n  a r e a  i s  (see sio)

X/} ”“X T Z n “  Z-y
(n$) = v/2ar(Fo) ____ _  __ _

a  C:

where t ( P o )  ^ ^ (AFo)^ = 2 *2 2 .

and (x 2~ x ^ ) /a  s  -3- and ( z ^ Z j ) /  °  = ThEo l a t t e r
2corresp o n d s to  an a r ea  o f  2 ,9 4  A , which i s  about eq u a l  

to  th e  a v era g e  a r e a  over  which th e  e l e c t r o n  c o u n ts  were 

made.

Then or(n0 ) = 0 .1 8 e .

A comparison o f  the  r e s u l t s  o b ta in e d  f o r  the  two s e t s  

o f  c r y s t a l l o g r a p h i c a l l y  ind ep en dent m o le c u le s  w i t h in  th e

u n i t  c e l l  r e v e a le d  t h a t  the  d i f f e r e n c e s  betw een  them were

n o t  s i g n i f i c a n t  so f a r  a s  the bond l e n g t h s  and a n g le s  

betw een  th e  carbon and oxygen atom s, and th e  p o s i t i o n s ,  

maximum e l e c t r o n  d e n s i t y  and number o f  e l e c t r o n s  i n  th e  

atoms 0^ and Cg and E^ and Eg were concerned . There

(s in  II h ( x 2~x1 ) / a l ^  jsinT I l ( z 2*-z-^)/cj

~ Y \ .  TTh(x2- x 1 ) / a |  I Tf l ( z 9-z-, ) / c



may "be some v e r y  sm all r e a l  d i f f e r e n c e s  i n  t h e i r  

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

environm ent b u t th e  d e v i a t io n s  o b ser v ed  are  n o t  

s i g n i f i c a n t .  More a c c u r a te  v a lu e s  o f  th e  m o lec u la r  

param eters may then  be o b ta in e d  by a p r o c e s s  o f  

a v e r a g in g  and t h e s e  v a lu e s  o f  the  bond l e n g t h s  and a n g le s  

are g iv e n  i n  Table I I I ,  Other averaged  v a lu e s  a r e  as
- 2f o l l o w s :  th e  maximum e le c t r o n  d e n s i t y  o f  i s  0 ,7 0 e .A  ,

th e  number o f  e l e c t r o n s  in  i s  0 . 7 8 e and in  0  ̂ i s  6 . 2 3 e .

The standard  d e v i a t io n s  o f  t h e s e  mean v a lu e s  may now be 

e s t im a te d .

The bond l e n g t h s  o f  th e  two s e t s  o f  m o le c u le s  i n  

th e  u n i t  c e l l  are  n o t  ind ep en dent s in c e  th e  y -  and z -  

c o o r d in a te s  o f  s im i la r  atoms are r e l a t e d  by the  pseudo­

symmetry. I f  t h i s  r e l a t i o n s h i p  i s  an e x a c t  one and 

the  two ty p e s  o f  m o le c u le s  are  in d eed  i d e n t i c a l  so f a r  

a s  t h e i r  i n t e r n a l  arrangem ents are concerned then  th e  

x—components o f  s im i la r  bonds must be e q u a l  in  l e n g t h .

The standard  d e v ia t io n  i n  the d i s t a n c e  in  the  

d i r e c t i o n  o f  the  a a x i s  betw een  two sy m m e tr ic a l ly  

ind ep en dent atoms i s  g iv e n  by

i

I f  two ind ep en dent measurements o f  t h i s  are  made w ith



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

(dx) = ^ f 2(xi) + <r(x2) |

o - (x x ) 2 cr (x 2 )

>12

The two e s t im a t io n s  o f  the d i f f e r e n c e s  in  the  x - c o o r d in a t e s

betw een  p a ir s  o f  s im i la r  atoms in  the  two ty p e s  o f

m o le c u le s  were regarded as  independent but not th o se

b etw een  the  y -  and z -c o o r d in a t e s  which were ob ta in ed

by means o f  th e  apparent symmetry between th e se  m o le c u le s .

The mean standard d e v ia t io n  fo r  the averaged

carb on-carbon  bond was found to  be 0.024A and fo r  the

averaged  carbon-oxygen  bond 0.021A. in  comparison w ith

the v a lu e s  o f  0 .0 2 7  and 0.024A found r e s p e c t i v e l y  fo r  the

n o n -averaged  bond l e n g t h s .  The standard d e v ia t io n s  o f

the  averaged  bond le n g th s  and a n g le s  were a ls o  c a lc u la t e d

and are  shown in  Table I I I .  A lso a t  p o i n t s ,  in  the

p r o j e c t i o n  on the  ( 0 1 0 ) ,  s i m i la r l y  s i t u a t e d  w ith  regard

to  th e  two ty p e s  o f  m o lec u le s  the standard d e v ia t io n  o f
0 .2 4  o

the  averaged  e le c t r o n  d e n s i t y  w i l l  be ^  .

s in c e  th e  two e s t im a t io n s  o f  t h i s  may be co n s id ered  as  

in d ep en d en t .  S im i la r ly  the standard d e v ia t io n  o f  the  mean 

o f  the  number o f  e le c t r o n s  i s  a g iv en  area  w i l l  be 0 .1 3 e .



(g) D i s c u s s i o n .

The s t r u c tu r e  o f  c c -e th y n y la c e t ic  a c id  i s  unusual  

i n  t h a t  i t  p o s s e s s e s  th e  space group -  P 2^/a  w ith  

e ig h t  m o le c u le s  in  th e  u n i t  c e l l , b u t  s im i la r  arrangements
po

have been  observed  f o r  s t i l b e n e ,  azobenzene and t o la n e  • 

I t  i s  presumed th a t  th e  in te r m o le c u la r  f o r c e s ,  in  

p a r t i c u l a r  th o se  due to the e th yn y l groups a t  the  end o f  

the carbon c h a in s ,  and the requirem ents o f  good pack ing  

are  b e t t e r  s a t i s f i e d  by t h i s  arrangement than by one 

composed o f  c r y s t a l l o g r a p h i c a l l y  e q u iv a le n t  m o le c u le s .

The v a lu e s  o f  th e  bond l e n g t h s  (Table I I I )  ob ta in ed

by a v e r a g in g  over th e  two m o lec u le s  in  the asymmetric u n i t

are  se e n  to  be in  good agreement w ith  th o se  o b ta in ed  fo r

s i m i la r  compounds. The le n g th  o f  the t r i p l e  bond

was found to  be 1.20A compared w ith  the v a lu e  o f  1.204A
32found f o r  a c e ty le n e  by s p e c tr o s c o p ic  methods <, The 

a d ja c e n t  bond C2 -  i s  1.45A lo n g  and t h i s  c o n tr a c t io n  

from th e  normal s i n g le  bond le n g th  o f  1.54A i s  h ig h ly  

s i g n i f i c a n t .  Dor a l l y l e n e ^  the  e q u iv a le n t  bond le n g th  

was found to  be I . 46OA by s p e c tr o s c o p ic  m ethods. The 

bond C1 -  02 w ith  a le n g th  o f  1.53A does not d i f f e r  

s i g n i f i c a n t l y  from th e  standard carbon-carbon s i n g l e  bond 

l e n g t h .  The ang le  — C2 — i s  1 1 2 .8  but t h i s



in c r e a s e  o v er  th e  normal t e t r a h e d r a l  an g le  o f  1 0 9 .5 °  i s  

n o t  s i g n i f i c a n t  a lth ou gh  s im i la r  v a lu e s  have been observed  

f o r  o th e r  compounds e . g .  (3 -su cc in ic  a c id '51. The 

d im en sio n s  o f  the carboxyl group agree  c l o s e l y  w ith  th o se  

found f o r  o th e r  a c id s  in  s im i la r  arrangem ents and a number o f  

th e  m ost a c c u r a te  examples are shown in  T ab le  VII*

Table VII  

Dim ensions o f  the  Oarboxyl Group.

c - ^  c- g2

O x a lic  a c id  1*29A 1*19A
d e h y d r a te (18)

a-Anhydrous 1 .2 9  1 .1 9
o x a l i c  a c id (3 4 )

S a l i c y l i c  Acid 1*33 1 .2 4
(.14)

a-E th y  hy l a  c e t l c ; l  * 2 9 1*22
A cid

The sum o f  the  a n g le s  round i s  359*7° i n d ic a t in g  

th a t  C2 , 02  and 02 are very  n e a r ly  p la n a r .

As a r e s u l t  o f  the  sp h y b r id is a t io n  a s s o c ia t e d  w ith  

th e  t r i p l e  bond the  atoms C2 , and should be c o l l i n e a r  

as sh o u ld  a ls o  be 0g s. and Cg. The atom was found

C—C—G1 c- g- o2 ol- c- ĉ  o1 . .  h  * . o2

1 1 2 . 6 ° 1 2 1 *6 ° 1 2 5 . 8 °

109*2 1 2 2 .7  1 2 8 .2  2*71

117*0 1 2 2 .7  1 2 0 .2  2 .6 5

1 1 1 .6  1 2 4 .0  1 2 4 .1  2 .6 6



to  l i e  on th e  l i n e  C2 -  and 0^ on the  l i n e  Gg -  Cg

to  w i t h in  l e s s  than 0 .01A . The a n g le s  Co-C^-C, and
 ̂ P 4

Gg-Cy-0g and t h e i r  averaged v a lu e  do n o t  d i f f e r  

s i g n i f i c a n t l y  from 1 8 0 ° .  These atoms may th e n  he  

ta k en  a s  c o l l i n e a r  w ith in  the l i m i t s  o f  ex p er im en ta l  

e r r o r .

The mean maximum e le c t r o n  d e n s i ty  o f  the  averaged
— Patoms E^ and Eg was found to  be 0 o70e.A  from the

d i f f e r e n c e  map D8 and comparison w ith  the standard

d e v i a t io n  o f  the  averaged e l e c t r o n  d e n s i ty  shows th a t

t h i s  v a lu e  i s  h ig h ly  s i g n i f i c a n t .  The e le c t r o n .

d i s t r i b u t i o n  o f  an i s o l a t e d  hydrogen atom was c a lc u la t e d
a o(sin  9 ]

by form in g  the  tw o-d im en sion a l transform  o f  f th  6 X
—2and the maximum e le c t r o n  d e n s i ty  found to  be 0 .6 6  e*A 

T h is  c a lc u l a t e d  e le c t r o n  d i s t r i b u t i o n  w i l l  be o n ly  

ap p ro x im a te ly  c o r r e c t  s in c e  i t  assumes i s o t r o p i c  thermal  

m otio n s  o f  th e s e  atoms and the d i f f e r e n c e  map r e v e a l s  

t h a t  th ey  are v ib r a t in g  in  a d i r e c t io n  a lm ost p e r p e n d ic u la r  

to  th e  bonds w ith  the carbon atoms.

The number o f  e le c t r o n s  a s s o c ia t e d  with the  atoms 

C4 , Cg, H and Eg was e s t im a te d  by an e le c t r o n  count  

in  t h e i r  a r e a s  and i s  shown in  Table IT. The averaged  

v a lu e  o b ta in e d  fo r  the group a g r ee s  c l o s e l y  w ith  the



t h e o r e t i c a l  v a lu e  but th ere  i s  a t r a n s f e r  o f  about

0 .2 e  from to  C^. The d i r e c t i o n  o f  t h i s  e l e c t r o n  

t r a n s f e r  i s  i n  agreement w ith  th a t  demanded by t h e o r e t i c a l  

c o n s id e r a t io n s .  Thus the term in a l carbon-hydrogen bond 

i s  m a in ly  c o v a le n t  but would appear to  p o s s e s s  about 20$  

i o n i c  c h a r a c te r .

The deter w i Y\ati on of the wuember o f : e lectron s •/ ,

a s s o c  iated with a b a. yT\cuIar ‘atoim is , 1 \ab 1 e to a ■ .nuvnbet 

ot eTYidTS i it addition to the exh^timental one” a lre a d y  T

d iscu ssed . The areas a l lo c a te d  t o  the atoms are  to • sowe , 

extent aYbitraTLj so  that, electrons U3 hi c h r e a l b e l o n g  

to1 o .one’ a tom  Yha ty be counted :' as belo n^in^ to  a n o th er  

a n d  th is  d if f icu lty  a r i s e s  es^ec i a 11  ̂ w h ere  the: atorhs lie 

ether^:■ in Ipro je c t io n .  A lso  the e l e c t r o n

d i s t r i b u t i o n  o f  the hydrogen atoms w i l l  spread to  some 

e x te n t  o u t s id e  the boundaries  o f  the  areas  a s s ig n e d  to them. 

T his w i l l  r e s u l t  in  the  v a lu e s  o f  nQ fo r  and Hg b e in g  

too  s m a l l .  In  a d d i t io n ,  the u se  o f  in c o r r e c t  s c a t t e r in g  

cu rv es  f o r  the carbon atoms must be c o n s id er ed . The change 

from i s o t r o p i c  to a n is o tr o p ic  s c a t t e r in g  cu rves  fo r  th e se  

atoms to  a llow , f o r  t h e i r  therm al m otion b e in g  m ain ly  in  

a d i r e c t i o n  a lm ost p erp en d icu lar  to  the carbon cha in  

w i l l  r e s u l t  i n  a tr a n s fe r e n c e  o f  e le c t r o n  d e n s i t y  from the



d ir e c t io n ,  p e r p e n d ic u la r  to the  c h a in  to  t h a t  a lon g  the  

c h a in .  Thus t h e  e l e c t r o n  d e n s i t y  w i l l  he in c r e a s e d  in  

th e  r e g io n  between the  atoms Ĉ . and and Cg and Hg and 

t h i s  m ight r e s u l t  i n  an apparent t r a n s f e r  o f  e l e c t r o n s  

from th e  carbon to  the  hydrogen atoms. As a r e s u l t  o f  

t h e s e  f a c t o r s  th e  standard d e v i a t io n  o f  th e  mean, o f  

th e  number o f  e l e c t r o n s  w i l l  be in c r e a se d  from 0.1.3 

to  about 0*25©* The observed  t r a n s f e r  o f  Q*2e from 

CT̂ to  i s  t h e r e f o r e  not s i g n i f i c a n t .



(h) E xp erim enta l

1 .  P r e p a r a t io n  o f  the  ac id

E t h y n y la c e t ic  a c id  was prepared by th e  o x id a t io n  in

a c e to n e  s o l u t i o n  o f  b u t -3 -y n e —l - o l  by means o f  chromic 
35a c id  s o l u t i o n  . E x tr a c t io n  w ith  e th e r  fo l lo w e d  by 

d i s t i l l a t i o n  and r e p e a te d  c r y s t a l l i s a t i o n  o f  the  e x tr a c t  

from l i g h t  petro leum  (4 0 -6 0 ° )  gave the a c id  as  t h in  

p l a t e s ,  m.p» 8 3 .5 °0 *

A n a ly s i s  showed the  a c id  to  be 0 57*15$ , H 4*8$. 

C4K4Q2 r e q u ir e s  C 5 7 .2 3 $ ,  E 4*77$.

2 . S t a b i l i t y

E t h y n y la c e t ic  a c id  was found to be q u i t e  s t a b le  

b u t some d eco m p o sit io n  w as'ob served  in  the s o l i d  s t a t e  

on lo n g  s ta n d in g  and in  s o lu t io n  on c r y s t a l l i s i n g  out  

on the  s i d e s  o f  the beaker in  c o n ta c t  w ith  the  a i r .

I t  was however found to be very  v o la t i le * ;  a c r y s t a l  

o f  s i z e  s u i t a b l e  fo r  X-ray i n v e s t i g a t i o n  d isa p p ea r in g  

w it h in  a few h ou rs . Various methods o f  p r o t e c t in g  the  

c r y s t a l  was t r i e d ,  the most e f f e c t i v e  b e in g  to  s e a l  the  

c r y s t a l  i n s id e  a th in -w a l le d  c a p i l l a r y  tube* Tubes made 

o f  l i t h iu m  b o rate  g l a s s  were used  on account o f  t h e i r  

low  a b s o r p t io n  o f  X -rays .



5 .  P r e p a r a t io n  o f  the  c r y s t a l s

The a c id  c r y s t a l l i s e d  from a m ixture  o f  equal p a r t s  

o f  benzene  and l i g h t  petroleum  (6 0 -8 0 ° )  in  f l a t  diamond­

shaped p l a t e s  w ith  th e  a and b c r y s t a l  a x e s  l y i n g  in  

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

a n g le s*  The c r y s t a l s  show w e l l -d e v e lo p e d  (001) and 

(110) f a c e s  w ith  marked c lea v a g e  on the l a t t e r .  C r y s t a l s ,  

s u i t a b l e  f o r  X-ray work could  be ob ta in ed  from th e s e  

by c u t t i n g .

4 .  D e term in a tio n  o f  c r y s t a l  d a ta .

U i c k e l - f i l t e r e d  copper Ka r a d i a t io n ,  A = 1 .542 A , was

employed i n  a l l  the  measurements. R o ta t io n ,  o s c i l l a t i o n  

and m o v in g -f i lm  photographs o f  a l l  the  p r in c ip a l  zon es  

were ta k e n .  The a x i a l  l e n g th s  were o b ta in ed  from th e  

r o t a t i o n  photographs on which were superim posed powder 

l i n e s  from a p ie c e  o f  copper w ir e .  The l a t t i c e  c o n s ta n ts  

o f  th e  l a t t e r  are very  a c c u r a te ly  known and t h i s  a llow ed  

the  r a d iu s  o f  th e  camera and hence the a x i a l  l e n g t h  to  

be determ ined  w ith  some p r e c i s i o n .

5 .  Measurement o f  th e  d e n s i ty .

The d e n s i t y  was found by f l o t a t i o n  methods u s in g  a 

m ixture  o f  l i g h t  petroleum  and carbon t e t r a c h l o r i d e .



The v a lu e  o b ta in ed  was 1 .3 0 6  gm s/cc which would 

corresp on d  to  a c e l l  c o n ta in in g  8 .0 8  m o le c u le s .

The number o f  m o le c u le s  in  the c e l l  was taken as  

8 and th e  d e n s i ty  was c a lc u la t e d  to be 1 .2 9 3  g m s/cc .

6 . I n t e n s i t y  measurements and c o r r e c t io n s

The ( O k l ) , (hOl) and (hkO) r e f l e c t i o n s  were

o b ta in e d  from W eissenberg f i lm s  o f  the  z e r o - la y e r

l i n e s  o f  c r y s t a l s  r o ta te d  about th e  a , b and c a x e s .

The i n t e n s i t i e s  were measured on a r e l a t i v e  s c a l e

by th e  method o f  v i s u a l  e s t im a t io n  by means o f  the
36m u l t ip l e  f i lm  tech n iq u e  .

T able  Y III  shows the d im ensions o f  the c r y s t a l s  

used  and i t  w i l l  be seen  th a t  the c r y s t a l  specim ens  

were q u i t e  uniform in  c r o s s - s e c t i o n .  No c o r r e c t io n s  

were a p p l ie d  to the observed  i n t e n s i t i e s  fo r  the  

a b s o r p t io n  o f  the  X-ray beam in  th e  c r y s t a l .  The 

i n t e n s i t i e s  were however c o r r e c te d  by th e  normal 

l o r e n t z  and p o l a r i s a t io n  f a c t o r s .
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Table T i l l

C r o s s - s e c t io n  Ho. o f  
R e f l e c t i o n s .  o f  r e f l e c t i o n s  rfo o f  Range o f

c r y s t a l  i n  mm. ob served . t h e o r e t i c a l . i n t e n s i t i e s .

(O&L) 0 .2 7  x  0 .2 4  51 6 4 .6  8 , 000:1

0 .2 4  x  0 .2 1
' 0*0 1 ) 204 7 9 .1  6 ,6 0 0 :1

0 .5 2  x 0 .3 6

0 .2 5  x 0 .2 8  23 5 1 .1  8 4 0 :1

. As can be seen  from the above t a b l e ,  two d i f f e r e n t ,  

c r y s t a l s ;  were u sed  fo r  the (hOl) r e f l e c t i o n s .  A 

com parison o f  th e  two s e t s  o f  r e f l e c t i o n s  r e v e a le d  th a t  

th e  i n t e n s i t i e s  were i d e n t i c a l  w i t h in  the l i m i t  o f  

o b s e r v a t io n a l  e r r o r .  The a b so rp t io n  e f f e c t s  o f  the  

l i t h iu m  b o r a te  c a p i l l a r y  tu b e s  were c o n s id ered  uniform  

in. a l l  d i r e c t i o n s  and were ig n o r e d .  The u se  o f  the two 

c r y s t a l s  in c r e a s e d  the range o f  i n t e n s i t y  which cou ld  be 

a c c u r a t e ly  measured and the l a r g e r  c r y s t a l  was used  fo r  

the  weak r e f l e c t i o n s .

The observed  v a lu e s  o f  the  s tr u c tu r e  f a c t o r s  were 

l a t e r  p la c e d  on an a b so lu te  s c a le  by comparison w ith  the  

c a lc u l a t e d  v a lu e s .



7 .  F o u r ie r  a n a ly s e s .

For the p r o j e c t i o n  on the ( 0 1 0 ) ,  the  e l e c t r o n

d e n s i t y  was computed a t  900 p o in t s  on the  asym metric

u n i t ,  th e  a a x i s  b e in g  su b d iv id ed  in to  30 p a r t s  o f

0 .269A  and th e  c in t o  120 p a r ts  0 .215A . The summations;
“57w ere c a r r ie d  ou t  u s in g  t h r e e - f ig u r e  s t r ip s ^  and th e  

r e s u l t s  were p l o t t e d  on a s c a le  o f  5 cm per A. by 

g r a p h ic a l  i n t e r p o l a t i o n  from the summation t o t a l s .

The p r o j e c t i o n  on the (100) was computed s i m i l a r l y  

a t  450 p o in t s  in  the  asymmetric u n i t  the summation 

i n t e r v a l s  b e in g  ^ /3 0  =s 0.140A and c s in p /l .2 0  = 0 .213A .
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Table jX

Observed. and C a lc u la te d  v a lu e s  o f  the  S tr u c tu r e  F a c to r s .  

P la n e s  marked were om itted  from f i n a l  s y n th e s e s  owing 

to  u n c e r ta in ty  o f  s ig n .

h k l 2 s in 0 Fa Fc h k l 2 s in 0 Fa> Fc

200 0o386 43*9 +45*0 0 0 ,3 0 1 .8 1 0 15*1 + 1 2 .8

400 0 .7 7 2 1 9 .0 - 2 1 .1 0 0 ,3 2 1*931 5 .3 + 4*3

600 1 .1 5 8 5*4 + 5 .6

800 1*544 4*1 + 3 .6 020 0 .7 3 3 5 .7 * -  0 .2

1 0 ,0 0 1*930 < 1 .6 + 1 .0 040 1*467 < 2 .9 -  8 .2

002 0 .1 2 1 6 2 .9 +71*5 20 ,33 1 .9 7 5 2*8 -  3 .9

004 0 .2 4 1 19*3 - 1 7 .8 20 ,3 2 1 .9 1 5 2*4 + 2 .0

006 0 .3 6 2 5*3 -  5 .0 2 0 ,3 1 1 .8 5 7 < 2 .1 + 0*4

008 0 .4 8 3 7 0 .0 - 7 2 .6 2 0 ,3 0 1 .7 9 6 6*8 + 4*3

0 0 ,1 0 0 .6 0 3 4 0 .0 - 4 2 .9 20 ,29 1 ,7 3 9 2 .9 + 1 .8

0 0 ,1 2 0 .7 2 4 35*9 - 3 6 .2 2 0 ,2 8 1 ,6 7 9 1 0 .1 — 6 .8

0 0 ,1 4 0 .8 4 5 4*8 + 7*3 20 ,27 1 .6 2 2 < 3 .0 -  0 .8

0 0 ,1 6 0 .9 6 5 2 0 .4 +20.6 2 0 ,2 ^ 1 .5 6 3 4*3 -  2 .0

0 0 ,1 8 1 .0 8 6 5*4 + 3*7 20 ,2 5 1*505 1 2 .5 + 10 .1

0 0 ,2 0 1 .2 0 7 17*3 - 1 5 .9 20 ,2 4 1 .4 4 6 1 6 .1 - 1 2 .1

0 0 ,2 2 1 .3 2 7 25*3 -24*8 20 ,23 1*387 2 3 .3 + 20 .3

0 0 ,2 4 1 .4 4 8 7*1 + 5*7 2 0 ,2 ? 1 .3 3 0 6 .7 -  5 .8

0 0 ,2 6 1 .5 6 9 3 .1 + 1 .1 2 0 ,2 1 1 .2 7 1 3 .2 + 3*2

0 0 ,2 8 1 .6 9 0 2 .8 + 1 .3 2 0 ,2 0 1 .2 1 3 17*8 + 15.6
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i ik l 2 s in© Wo

2 0 ,1 9 1 .1 5 7 5 .1

2 0 ,  .18 1 .1 0 1 1 4 .4

2 0 ,1 7 1 .0 4 6 5 .5

2 0 ,I T 0 .9 8 8 3 0 .4

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

2 0 ,1 4 0 .8 7 9 2 7 .8

2 0 ,1 3 0 .8 2 6 1 3 .2

20,,12 0 .7 7 2 2 0 .1

2 0 , . l l 0 .7 2 1 2 0 .5

2 0 ,To 0 .6 6 9 56 .5

209 0 .6 2 1 5 1 .1

2 0 ? 0 .5 7 5 8 1 .3

207 0 .5 3 1 6 .9

2 0 ? 0 .4 9 1 2 4 .7

205 0 .4 5 6 2 3 .7

2 0? 0;426 2 8 .9

2 Q j 0 .4 0 3 8 2 .1

202 0 .3 8 9 4 1 .2

201 0 .3 8 2 5 .0

201 0 .3 9 9 7 9 .4

202: 0 . 4 2 2 2 8 .4

203 0 .4 5 0 23 .5

2 0 4 0 .4 8 5 2 4 .5

ln 
O

 
CJ 0 . 5 2 4 5 . 1

2 0 6 0 . 5 6 6 7 7 . 8

(Table IX ( c o n t d . )

Wo hEL

-  4 .3 20?

* 1 2 .5 208

+ 4 .9 209

+ 30.3 2 0 ,1 0

-  4 .9 20 ,,11

+2 7 .6 20 ,1 2

- 1 2 .0 20 ,1 3

+ 16 .8 20 ,1 4

-19 .9 20 ,15

- 4 5 .8 20 ,1 6

- 4 5 .1 20 ,17

- 7 7 .3 20 ,18

-  4 .9 20 ,19

+ 19 .8 2 0 ,2 0

- 2 1 .7 2 0 ,2 1

- 3 0 .3 20 ,2 2

- 8 2 .9 20 ,2 3

+ 40.6 2 0 ,2 4

-  3 .7 20 ,2 5

+ 81.4 20 ,2 6

- 2 9 .3 20 ,2 7

+ 26.6 20 ,2 8

+ 23.6 20 ,29

+ 3 .5 20 ,3 0

- 7 4 .7 20 ,31

2 s in 0 Fo Fc

0 .6 1 2 4 7 .7 + 44 .9

0*660 5 3 .3 - 5 1 .2

0 .7 1 1 2 0 .4 + 21 .0

0 .7 6 1 1 6 .8 + 13.6

0 .8 1 4 1 1 .8 + 13 .0

0 .8 6 9 2 5 .7 + 26 .1

0 .9 2 2 3 .9 + 5 .5

0 .9 7 9 2 9 .2 + 31 .2

1 .0 3 2 4 .7 -  5 .3

1 .0 8 9 1 3 .8 + 13 .3

1 .1 4 6 3 .6 + 4 .1

1 .2 0 3 1 6 .9 +16 0 8

1 .2 6 1 < 3 .1 -  1 .8

1 .3 1 9 4 0 4 -  4 .5

1 .3 7 7 20 .5 I H 0 M
D

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

1 .4 9 3 1 2 .5

O
•

HH1

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

1 .6 1 0 < 3 .0 + 0 . 5

1 .6 6 9 9 .0 -  7 .4

1 .7 2 7 < 2 .7 + 1 .9

1 .7 8 6 6*4 + 3 .9

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

1 .9 0 4 2 .6 + 2 . 5

1 .9 6 2 4 .3 + 3 . 7
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Table  ]X

h k l 2 sin© Fo Fc

4 0 ,3 2 1 .9 7 4 < 0 .9 + 0 . 1

4 0 ,3 1 1 .9 2 2 1 .9

CT\
H1

4 0 ,3 0 1 .8 6 6 3 .9 ~  2 .8

4 0 ,2 9 1 .8 1 2 < 2 .3 + 0 .2

4 0 ,2 8 1 .7 5 7 5 .4 -  3 .9

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

4 0 ,2 ? 1 .6 5 0 5 .3 -  4 .3

4 0 ,2 5 1 .5 9 7 < 3 .0 + 0 .1

4 0 ,2 4 1 .5 4 4 4 .5 -  3 .9

4 0 ,2 T 1 .4 9 2 4 .7 -  3 .6

4 0 ,2 2 1 .4 4 0 1 4 .2 + 13 .2

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

4 0 ,2 0 1 .3 3 8 4 .4 + 3 .5

4 0 ,19 1 .2 8 9 5 .2 + 4 .0

4 0 ,1 8 1 .2 4 2 1 0 .1 + 8 .8

4 0 ,1 7 1 .1 9 5 1 0 .7 “1 0 .5

40 ,1 ? 1 .1 4 9 1 2 .4 + 1 4 .7

40 ,1 5 1 .1 0 5 1 9 .0 - 1 6 .4

4 0 ,1 ? 1 .0 6 3 3 .9 -  1 .4

4 0 ,1 3 1 .0 2 2 27 .5 + 25 .6

4 0 ,1 ? 0 .9 8 3 9 .0 + 9 .3

40 , H 0 .9 4 7 25 .9 + 26.6

4 0 ,1 0 0 .9 1 2 23 .3 “ 25 .6

409* 0 .8 8 1 < 2 .5 + 5 .9

408 0 .8 5 2 9 .1 “1 1 .7

( c o n t d . )

h k l 2 sin© Fo Fc

407 0 0.827 2 8 .1 + 32 .2

4 0 ? 0 .8 0 ? 8 .5 + 6 .2

405 0 .78 9 2 5 .5 + 26 .8

40 ? 0 .7 7 7 1 9 .1 - 2 0 .7

403 0 .7 6 9 6 .6 + 9 .1

40? 0 .766 4 .0 C\J.ts~\I

401 0 .7 6 7 5 .8 -  5 .7

401 0 .7 8 4 2 2 .3 “ 2 5 .0

402 0 .7 99 6 .7 + 4 .5

403' 0 .819 27*9 - 3 4 .3

404 0 .842 3 .7 -  7 .1

405 0 .8  70 < 2 .5 -  5 .8

406 0 .89 9 2 4 .3 0
CDCM1

407 0 .932 2 1 .2 “ 2 4 .2

408 0 .9 6 8 8 .6 + 8 o 4

409 1 .0 0 6 27 .1 “ 3 0 .3

40 ,10 ..1 .045 3 .8 -  1 .9

40 ,1 1 1 .0 8 9 1 2 .6 + 13 .3

40 ,12 1 .1 3 2 10.8. + 13 .2

40 ,13 1 .1 7 8 1 2 .5 + 12 .5

40 ,1 4 1 .2 2 4 1 0 .5 + 10 .4

40 ,1 5 1 .2 7 1 4 .9 -  3 .7

40 ,16 1 .3 1 9 4 .4  . +  2 . 6

40 ,1 7 1 .3 6 9 5 .5 +  6 . 0

40 ,18 1 .4 2 1 1 3 .1 + 1 4 . 2



72

i ik l 2sinQ Pa

4 0 ,1 9 1 .4 7 1 5 .5

4 0 ,2 0 1 -5 2 3 4 .4

4 0 ,2 1 1 .5 7 6 < 3 .1

4 0 ,2 2 1*6.28 5 .1

4 0 ,2 3 1*683 3 .4

4 0 ,2 4 1 .7 3 6 4 .2

4 0 ,2 5 1 .7 9 3 < 2 .5

4 0 ,2 6 1 .8 4 8 3 .4

4 0 ,2 7 1*900 < 1*8

4 0 ,2 8 1 .9 5 1 < 1 .3

6 0 ,2 9 1 .9 6 0 1 .2

6 0 ,2 5 1 .9 1 0 2*1

6 0 ,2 7 1 .8 6 3 2*4

6 0 ,2 5 1 .8 1 6 < 2 .3

60 ,2 5 1 .7 7 1 3 .0

6 0 ,2 4 1 .7 2 4 3 .0

60 ,2 3 1 .6 7 9 3 .2

6 0 ,2 5 1 .6 3 5 3 .2

6 0 ,2 1 1 .5 9 2 3 .7

6 0 ,5 5 1 .5 5 0 5 .7

60 ,1 9 1 .5 1 0 4 .6

6 0 ,1 8 1 .4 7 3 3 .9

6 0 ,1 7 1 .4 3 6 7 .1

6 0 ,1 5 1 .4 0 0 1 8 .8

T a b le  _1X (co n td . )

Pc hb3L

+ 4 .1 60 ,15

-  2 .2 60 ,1 4

-  0*7 60 ,13

-  4 .5 6 0 , l 5

+ 2 .1 6 0 ,1 1

-  3 .9 6 0 ,1 5

+ 0 .1 609

-  3 .5 608

+ 0*7 60?

+ 0 .4 605

605

-  1 .9 604

+ 3 .2 603

-  1 .1 602

+ 0*4 601

+ 3 .1 601

+ 2 .4 602

+ 2*6 603

~  2 .6 604

+ 3 .1 605

-  7 .5 606

+ 4 .0 607

+ 3 .9 608

-  8 .7 609

-21*4 60 ,10

2 s in 0 Po Pc

1 .3 6 7 7 .1 -  7 .5

1 .3 3 5 1 4 .8 —16*6

1 .3 0 5 3 .7 -  2 .6

1 .2 7 8 1 2 .0 + 11.2

1 .2 5 1 4 .9 -  4 .5

1 .2 2 9 3 .7 + 1*7

1 .2 0 8 6*4 + 9 .8

1 .1 9 0 5 .2 + 7 .1

1 .1 7 6 1 5 .3 + 15 .4

1 .1 6 2 3 .9 + 5 .0

1 .1 5 4 1 0 .1 + 10 .5

1 .1 4 9 8 .5 + 14 .6

1 .1 4 6 < 3 .0 + 1 .7

1 .1 4 7 9 .6 + 15 .8

1 .1 5 0 8 .5 -  8 .3

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

1 .1 8 0 5 .4 + 7 .1

1 .1 9 6 1 0 .3 -12*1

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

1 .2 3 6 4 .8 + 2 .3

1 .2 6 0 1 2 .7 + 14 .0

1 .2 8 6 3 .7 + 2 .0

1 .3 1 5 8 .8 - 1 0 .8

1 .3 4 7 7 .1 + 6 .3

1 .3 7 9 20 .5 - 2 5 .0
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h k l 2 sin© Fo>

60*11 1 .4 1 3 8 .7

60*12 1 .4 5 0 < 3 .2

60*13 1 .4 8 6 3 .8

60*14 1 .5 2 8 4 .4

60*15 1 .5 6 7 3 .7

60 *16 1 .6 0 9 3 .6

6 0 ,1 7 1 .6 5 1 3 .6

60*18 1 .6 9  6 3 .1

6 0 ,1 9 1 .7 4 0 3 .2

6 0 ,2 0 1 .7 8 6 < 2 .5

6 0 ,2 1 1 .8 3 2 < 2 .2

6 0 ,2 2 1 .8 8 0 2 .4

6 0 ,2 3 1 .9 3 0 2 .3

6 0 ,2 4 1 .9 7 8 < 0 . 8

8 0 ,2 4 1 .9 6 2 2 .8

8 0 ,2 3 1 .9 2 6 3 .3

8 0 ,2 2 1 .8 8 9 < 1 .9

80 ,2 1 1 .8 5 4 < 2 .1

8 0 ,7 5 1 .8 2 0 < 2 .3

8 0 ,1 9 1 .7 8 8 < 2 .5

8 0 ,1 8 1 .7 5 9 2 .5

8 0 ,1 7 1 .7 2 9 2 .7

8 0 ,1 5 1 .7 0 1 2 .9

(Fable iX (co n td .

Fc h k l

+10 *7 80 ,1 5

+ 2 .1 8 0 ,1 4

-  2 .1 80,13'

-  6 .7 80,12"

-  3 .3 8 0 ,1 1

-  5 .8 - 8 0 , To
-  2 .4 809

+ 2 .4 808

-  3 .9 807

0 .0 805

+ 0 .4 805

+ 4 .0 804

+ 1 .9 80 7

-  0 .5 802

801

+ 5 .2 801

+ 4 .5 802

CO<>C
M+ 803

+ 2 .8 804

+ 0 .5 805

+ 2 .4 806

+ 3 .2 807

-  3 .4 808

-  4 .8 809

2 sin© Fo Fc

1 .6 7 6 1 1 .6 —1 2 .2

1 .6 5 1 4 .8 + 6 .3

1 .6 3 0 1 1 .3 - 1 4 .2

1 .6 1 0 < 3 .0 + 0 .2

1 .5 9 2 4 .8 * + 0 .4

1 .5 7 6 < 3 .1 -  2*6

1 .5 6 2 6 .4 + 5 .5

1 .5 5 1 4 .3 + 4 .8

1 .5 4 2 4 .7 + 2 .4

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

1 .5 3 0 5 .4 + 3 .6

1 .5 2 9 6 .6 - 6 . 2

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

1 .5 3 1 < 3 .2 -  5*7

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

1 .5 5 3 6*4 -  5 . 4

1 .5 6 4 < 3 .1 -  1 .2

1 .5 7 9 6 .1 -  4 .8

1 .5 9 4 < 3 .0

000H1

1 .6 1 3 6 .3 + 10 .9

1 .6 3 3 5 .3 + 7*5

1 .6 5 5 10*8 +14*0

1 o 681 < 2*9 -  4 .0

1 .7 0 6 4 .7 + 6*4
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T a b le  IX (con td . )
h k l 2 s  inO Fo Fc

8 0 ,1 0 1 .7 3 3 < 2 .7 + 2 .1

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

8 0 ,1 2 1 .7 9 4 3 .4 + 2 .1

8 0 ,1 3 1 .8 2 6 3 .6 -  2 .4

8 0 ,1 4 1 .8 6 1 < 2 .1 -  4 .1

8 0 ,1 5 1 .8 9 5 3 .5 -  2 .8

8 0 ,1 6 1 .9 3 2 2 .9 + 4 .8

8 0 ,1 ? 1 .9 7 1 3 .3 — 6 .6

, 0 , 1 ? 1 .9 9 5 < 0 . 3 + 0 .8

y* O H
I

\ji
\

1 .9 7 9 < 0 . 8 + 0 .8

,0 ,1 2 1 .9 6 3 < 1 .0 -  1 .9

,0 ,1 1 1 .9 5 1 < 1 .3 + 1 .6

,0 ,1 0 1 .9 4 0 < 1 .5 + 0 .5

lO jog 1 .9 3 0 < 1 .6 + 0 .9
ledo«K
Qi—1 1 .9 2 2 < 1 .7 -  0 .3

1 0 ,0 7 1 .9 1 8 4 .8 + 8 .7

10 9oZ 1 .9 1 2 < 1 .8 -  2 .2

10,0*5 1 .9 1 1 < 1 .8 + 2 .2

1 0 ,0 4 1 .9 1 0 < 1.8. -  2 .0

1 0 ,0 3 1 .9 1 2 5 .1 1 00 * o

1 0 ,0 2 1 .9 1 6 < 1 .8 -  0 .7

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

h k l 2 s in 0 Fo Fc

1 0 ,0 1 1 .9 3 9 < 1 .5 -  1 .8

1 0 ,0 2 1 .9 5 0 < 1 . 3 -  1 .7

1 0 ,0 3 1 .9 6 3 < 1 .1 -  1 .5

1 0 ,0 4 1 .9 7 8 < 0 .8 -  0 .1

1 0 ,0 5 1 .9 9 4 < 0 .3 + 0 .6

012 0 .3 86 9 .8 + 9 .7

014 0 .439 4 4 .6 - 4 1 .5

016 0 .516 2 7 .2 + 29 .3

018 0 .606 3 6 .9 - 4 1 .5

01 ,1 0 0 .707 54 .3 - 5 4 .9

01 ,1 2 0 .81 1 2 5 .2

o00CVl1

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

01 ,1 6 1 .03 2 6 .1 + 7 .4

0 1 ,1 8 1 .14 7 2 .6 + 3 .1

01 ,2 0 1 .2 6 1 2 0 .2 + 18 .9

01 ,22 1 .3 7 7 1 8 .5 + 1 7 .1

01 ,2 4 1 .49 3 4 .3 + 3 .7

0 1 ,2 6 1 .6 1 1 4 .8 + 4 .5

0 1 ,2 8 1 .7 2 9 5 .0 -  4 .7

0 1 ,3 0 1 .8 4 7 < 2 .0 + 0 .1

01 ,3 2 1 .9 6 6 < 1 .1 0 .0



5 a b le  ( c o n td , )

h k l 2 s in 0 1*0 F© h k l 2 s in 8 Fo Fc

022 0 ,7 4 2 6 .6 - 1 1 .1 03 , i a 1 .5 1 3 6 .9 -  7 .6

024 0 .7 7 1 39-4 - 3 9 - 5 0 3 ,2 0 1 .6 3 1 < 2*6 -  0 .4
026 0 .8 1 7 7 -8 -  4 -0 03 ,2 2 1 .7 2 2 < 2 .4 -  0 .4
028 0 .8 7 7 < 2 .2 + 1 .0 0 3 ,2 4 1 .8 1 7 < 2 .1 -  0 -3

0 2 ,1 0 0 .9 4 9 3-2 —■ 4-4 0 3 ,2 6 1 .9 1 5 < 1 .6 + 0 .1

0 2 ,1 2 1 .0 3 0 24-5 + 23 .2

0 2 ,1 4 1 .1 1 7 1 1 .8 + 10 .4 042 1 .4 7 1 < 2 .9 -  1 -3

0 2 ,1 6 1 .2 1 0 1 1 .1 + 9 -8 044 1 .4 8 4 < 2 .9 + 0 .8

0 2 ,1 8 1 -3 09 1 0 .1 + 12 .0 046 1 .5 0 9 < 2 .9 + 1 .7

oCU*CMO

1 .4 1 1 1 1 .2 -  8 .8 048 1 .5 4 1 < 2 . 8 + 1 .0

0 2 ,2 2 1 -5 1 4 6 .1 + 3 .4 04 ,1 0 1 .5 3 2 < 2 .8 + 0 .1

02 ,24 1 .6 2 1 < 2 .7 + 0 .5 04 ,1 2 1-634 < 2 .7 + 1 .7

0 2 ,2 6 1 .7 2 9 < 2 .4 I o • ro 0 4 ,1 4 1-690 < 2 .5 -  0 .2

0 2 ,2 8 1 .8 3 9 < 2 .0 -  0 .3 04 ,16 1 .7 5 4 < 2 .3 -  1 -1

0 2 ,5 0 1 .9 4 8 < 1 .4 0 .0 04 ,1 8 1 .8 2 1 < 2 .0 -  0 -2

04 ,2 0 1 .8 9 7 < 1 -7 — 0 .3

032 1 .1 0 5 < 2 .5 -  0 .5 0 4 ,22 1 .9 7 7 < 1 . 0 + 0 - 2

0M 1 .1 2 3 3 .3 -  1 .9

036 •1.155 1 0 .3 + 14 .1 052 1 .8 3 6 2-3 -  3-3

038 1 .2 0 0 1 1 .7 +13-5 054 1 .8 4 9 3-4 -  4 .5

03 ,10 1 .2 5 2 6 .4 -  8 .3 056 1 .8 6 8 < 1 .9 -  3 -3

0 3 ,1 2 1 .3 1 3 < 2 .9 0 .0 0 5 8 1 .893 1-7 + 5 - 6

0 3 ,1 4 1 .3 8 4 7 .6 + 9-1 0 5 , 1 0 1 .9 29 < 1 .5 -  0 .5

03 ,1 6 1 . 4 6 0 6 .6 -  6 . 0 05 ,12 1 . 9 6 9 < 1 . 1

CO.01
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T a b le  IX (con td . )

h k l 2 sinO Fa Fc

110 0 .4 1 5 3 0 .2 + 20 .4

210 0 .5 3 3 53*3 + 49 .4

310 0 .6 8 5 2 3 .3 + 23.3

410 0 .8 5 6 2 7 .0 + 28 .0

510 1*033 8 .4 — 8 .6

610 1 .2 1 5 4 .3 -  8 .3

710 1*399 4 .5 -  3 .4

120 0 .7 5 8 2 8 .7 +32*8

220 0*829 6 .3 + 8*3

320 0 .9 3 4 9 .3 •+16*4

420 1 .0 6 ? 4 .9 + 4 .8

520 1 .2 1 2 4 .3 + 3 .5

620 1 .3 7 1 4 .0 -  2 .1

130 1*116 4 .0 + 1 .4

230 1 .1 6 6 4 .3 + 6 .6

330 1 .2 4 3 7 .7 +11 .0

430 1 .3 4 4 4 .9 + 5 .3

530 1 .4 6 3 7 .3 + 10 .4
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P a r t  I I  The C r y s ta l  and Molecular' S tr u c tu r e  o f

n -H ex a tr ia co n ta n e .

(a) H i s t o r i c a l

The a l i p h a t i c  p a r a f f i n s  have lo n g  been  s t u d i e d  by 

X - ra y  d i f f r a c t i o n  m ethods s in c e  th e y  co m p rise  th e  

s i m p l e s t  hom ologous s e r i e s  o f  compounds i n  o r g a n ic  

c h e m is t r y  and  t h e i r  h y d ro ca rb o n  c h a in s  o c cu r  i n  many o t h e r  

t y p e s  o f  compounds. T h is  work however h a s  been  hampered 

by t h e  l a r g e  s i z e  o f  the  u n i t  c e l l s ,  the  polym orphism  o f  

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

s u i t a b l e :  s i n g l e  c r y s t a l s ,

A num ber o f  po ly m o rp h ic  fo rm s o f  th e  n - p a r a f f i n s

a r e  known. The o nes  which e x i s t  a t  room te m p e ra tu re  a r e

th e  t,o r th o r h o m b ic n , m o n o c l in ic  and t r i c l i n i c  fo rm s . In

a d d i t i o n ,  th e  e a r l y  members o f  th e  s e r i e s  behave

d i f f e r e n t l y  and t h e r e  i s  a  h e x ag o n a l  form a t  t e m p e r a tu r e s  

j u s t  u n d e r ,  th e  m e l t i n g - p o i n t  due to  r o t a t i o n  o f  th e  

m o le c u l a r  c h a in s  a b o u t  t h e i r  lo n g  a x e s .

The **o r t h o r h o m b i c f o r m  i s  th e  m ost common and h a s  

th e  a p p ro x im a te  d im e n s io n s ,  th e  p a ra m e te r s  v a r y in g  

s l i g h t l y  w i th  th e  c h a in  l e n g th :

a = 7*4 5 , b = 4 -9 6 ,  c = 2 .5 4 n  + 4°0 A
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w here  n  i s  t h e  number o f  c a rb o n  atoms i n  th e  m o le c u le .  

The p a r a f f i n  c h a in s  l i e  p e r p e n d i c u l a r  to  (001) and 

t h i s  form  o c c u r s  o n ly  f o r  th e  h ig h e r  members o f  the  

s e r i e s .  I t  i s  a l s o  known a s  th e  norm al o r  h ig h  

t e m p e r a t u r e  o r  A form .

The mono c l i n i c  form can be r e g a rd e d  a s  h a v in g  t h e  

same p a c k in g  o f  th e  c h a in s  a s  th e  o r th o  rhom bic  form 

b u t  t h e  ab p l a n e  i s  t i l t e d  w i th  r e s p e c t  to  th e  c a x i s  

so t h a t  a p p r o x im a te ly :

a  = 5 .6 0 ,  b = 7 . 4 5 ^ . ,  6 = 62°.

I t  h a s  b e e n  o b s e rv e d  o n ly  f o r  th e  h ig h e r  members o f  th e  

s e r i e s  when n  i s  even .

The t r i c l i n i c  form h a s  been  found o n ly  f o r  th e  lo w e r  

members o f  t h e  s e r i e s .  Two o t h e r  fo rm s have been  

o b s e rv e d  a t  l i q u i d  a i r  t e m p e r a tu re s  f o r  members o f  the  

s e r i e s  when n  i s  v e ry  s m a l l .

The O r th o rh o m b ic  Form.

T h is  a p p e a r s  to  be th e  m ost commonly o c c u r r i n g  form 

o f  th e  n - p a r a f f i n s  and i s  the  one on which m ost o f  th e  

work o f  s t r u c t u r e  d e te r m in a t io n  h a s  been  c a r r i e d  o u t .

I t  was f i r s t  d e s c r ib e d  by M u lle r  who o b ta in e d  

good s i n g l e  c r y s t a l s  o f  R -nonacosane  (n -^ g H g Q ) a s  t h i n
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diam ond sh a p e d  p l a t e s  w i t h  an i n t e r f a c i a l  a n g le  o f

65—66 * R o t a t i o n  and o s c i l l a t i o n  p h o to g ra p h s  gave

t h e  d im e n s io n s  o f  th e  u n i t  c e l l  a s

a  = 7*46 b. = 4*98., a = 77*4 A*» a l l  w i t h in  + 0 .5 ^ .

T h is  c e l l  was shown to  he o r th o  rhom bic w i t h in  1 °  and

to  c o n t a i n  f o u r  m o le cu le s*  M u lle r  d e r iv e d  th e  sp a ce

g ro u p  w h ich  i n  m odern p a r l a n c e  c o r r e s p o n d s  to
16^2h ~ P,;a;am w i t h  th e  o r i g i n  t r a n s f e r r e d  to  00^. T aking  

t h e  o r i g i n  i n  th e  m i r r o r  p la n e  a s  chosen  by M u l l e r ,  t h e  

e i g h t  e q u i v a l e n t  p o s i t i o n s  a r e ;

x ,  y ,  +. n z ;  i + x ,  4 - y ,  + nz; x ,  y ,  i  +nz; i - x ,  i + y ,  i± n z .

w here  n  = 0 -  14 f o r  the  atoms i n  th e  c h a in  numbered 

o u tw a rd s  from  th e  c e n t r a l  atom which l i e s  i n  th e  m i r r o r  

p la n e *  The c o o r d i n a t e s  x and y  o f  th e  atom s w ith  n even 

d i f f e r  from  t h o s e ,  x '  and y ' ,  o f  th e  atoms w i th  n  odd so 

t h a t  f i v e  p a r a m e te r s  have to  be de te rm ined*

The r e f l e c t i o n s w i t h  1 = 0 , 1 ,  30 , 31 , 60 , 61 and 62 

a r e  s t r o n g  i n d i c a t i n g  th e  r e p e t i t i v e  n a tu r e  o f  th e  c h a in  and 

from  th e  i n t e n s e  (00,60) and (00,62) p l a n e s  M u lle r
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o b t a i n e d  z = 0 ,03286  £  0 ,00002  i n  f r a c t i o n a l  c o o r d in a te s  

g i v i n g  th e  v a lu e  o f  2.542A a s  th e  p e r i o d i c i t y  a lo n g  th e  

c h a in  w i t h  a h ig h  d e g re e  o f  a c c u ra c y .  The o t h e r  

p a r a m e t e r s  w ere  d e te rm in e d  w i th  l e s s  a c c u ra c y .  Taking  

y  = - y '=  0 ,0 6 3  , x  = 0 .2 69  £  0 .0 1 4 ,  x '  = 0 .0 9 8  + 0 .0 1 4  i n  

f r a c t i o n a l  c o o r d i n a t e s ,  the  c a rb o n -c a rb o n  bond l e n g t h  

a lo n g  t h e  c h a i n  was found  to  be 1 .9  £  0.1A and th e  v a le n c e  

a n g le  a s  84 £  8° w hich may be compared w ith  th e  v a lu e  o f  

1 .54A  f o r  d iam ond and th e  t e t r a h e d r a l  a n g le  o f  1 0 9 .5 ° .  

M u l le r  s u g g e s t e d  t h a t  th e  s c a t t e r i n g  c e n t r e s  chosen  above 

r e p r e s e n t e d  m e th y le n e  groups and t h a t  th e  p re s e n c e  o f  th e  

h y d ro g e n  a to m s  would s h i f t  th e  rows o f  c e n t r e s  f u r t h e r  

a p a r t .  The i n t r o d u c t i o n  o f  th e  t e t r a h e d r a l  a n g le  i n t o  

th e  c h a i n  a l t e r e d  th e  c a rb o n -c a rb o n  bond l e n g t h  to  1.55A  

and M u l l e r  s u g g e s te d  t h a t  th e  p a r a f f i n  c h a in  was i n  f a c t  

t e t r a h e d r a l . The d i s t a n c e  o f  n e a r e s t  app roach  o f  two 

m e th y le n e  g ro u p s  was 3.75A and betw een  th e  end g ro u p s  o f  

two m o le c u le s  a c r o s s  th e  c e n t r e  o f  symmetry 4.0A .

T h is  w ork , a l th o u g h  b a sed  on o n ly  a  few o f  t h e  

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

s t r u c t u r e  o f  th e  m o lecu le  and th e  r e g u l a r  z ig - z a g  n a t u r e  

o f  th e  c h a i n .
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39H e n g s te n b e rg  a r r i v e d  a t  s i m i l a r  c o n c lu s io n s  a s  a 

r e s u l t  o f  M s  work on n -h e x a c o n ta n e  (n  -  C60H1 2 2 ^  The

l e n g t h  o f  th e  lo n g  s p a c in g  was found  to  be 7 8 . 4A b u t  

i n  a d d i t i o n  a  p s e u d o - c e l l  o r s u b - c e l l  was p o s tu l a t e d -  

o f  t h e  d im e n s io n s

a = 7 .4 5 ,  b = 4 .9 6 ,  c = 2.55A.

T h is  c e l l  i s  o r th o rh o m b ic  o f  space  group and

c o n t a i n s  f o u r  m e th y len e  g ro u p s  w hich  l i e  on th e  m i r r o r  p l a n e s .  

T’rom an  e x a m in a t io n  o f  th e  (hkO) s e r i e s  o f  r e f l e c t i o n s  

E e n h s te n b e r g  foun d  th e  c a rb o n -c a rb o n  bond d i s t a n c e  to  be 

1 .5 2 A , th e  a n g le  o f  the  z ig - z a g  114° and th e  d is ta n c e ©  

b e tw e e n  n e ig h b o u r in g  atoms i n  d i f f e r e n t  m o le c u le s  a b o u t  

4 .1 A .

I n  a  f u r t h e r  p a p e r  M u l l e r ^  d i s c u s s e d  th e  c o n se q u e n c e s  

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

w i t h  t h i s  c r y s t a l  form* He a rg u e d  t h a t  th o s e  w i th  an 

odd num ber o f  ca rb o n  atoms w i l l  be t r u l y  o r th o rh o m b ic  

w i t h  two m o le c u le s  l y in g  a lo n g  th e  c a x i s  so t h a t  c i s  

e q u a l  t o  tw ic e  th e  lo n g  s p a c in g ,  w h i l s t  th e  even numbered 

members w i l l  r e a l l y  be mono c l i n i c  w ith  c e q u a l  to  th e  l o n g  

s p a c i n g  and th e  a n g le  (3 v e ry  n e a r l y  r e c t a n g u l a r  b u t  

d e te rm in e d  i n  m agn itude  by th e  r e l a t i v e  d i s p la c e m e n ts  o f  

c o n s e c u t iv e  m o le c u le s  a lo n g  th e  cd a x i s .
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The p a r a f f i n s  w i th  an  odd number o f  c a rb o n  atom s 

a r e  p a c k e d  p a r a l l e l  to  one a n o th e r  so t h a t  t h e  p la n e  o f  

sym m etry , p a s s i n g  th ro u g h  th e  c e n t r a l  c a rb o n  atom o f  

e ac h  m o le c u l e ,  becomes a  m i r r o r  p la n e  o f  th e  u n i t  c e l l . 

The p a c k in g  a l s o  p ro d u c e s  c e n t r e s  o f  symmetry be tw een  th e  

l a y e r s  o f  m o le c u le s  and th e s e  . t o g e t h e r  w i th  th e  m i r r o r  

p l a n e  and  th e  g l i d e  p la n e  p a r a l l e l  to  th e  ( 0 1 0 ) , c au se  

t h e  sp a c e  g roup  to  be “  Pnam.

M u l l e r  th o u g h t  t h a t  the  p a r a f f i n s  w ith  an even 

num ber o f  c a rb o n  atom s would have c e n t r e s  o f  symmetry 

b e tw e e n  th e  l a y e r s  a s  w e l l  a s  a t  th e  m id - p o in t  o f  th e  

m o le c u l e s .  T h ese , t o g e t h e r  w i th  t h e  g l i d e  p l a n e ,  would

g iv e  r i s e  to  th e  sp ace  group 0 ^  -  P 2 i / a .

T h is  i d e a  was c o n t r a d i c t e d  by t h e  work o f  K ohlhaus 

and Sorem ba^1 who examined n - t r i a c o n t a n e  (h-C ^qH ^ )  by  

m eans o f  r o t a t i o n ,  o s c i l l a t i o n  and S c h ie b o ld - S o u te r  

m oving f i l m  p h o to g ra p h s .  The c e l l  c o n s t a n t s  w ere 

fo u n d  to  be

a  = 7 .4 6 ,  b = 4 .9 7 ,  c = 8 1 .8A.

The sp a c e  group was chosen a s  Dph — ^>rLaJI1 f ° n r

m o le c u le s  p e r  u n i t  c e l l  and th e  r e p e a t  d i s t a n c e  a lo n g
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t h e  c a x i s  was found to  be 2.53A. An e x a m in a t io n  of. 

t i ie  (iikO) s e r i e s  o f  r e f l e c t i o n s  g a v e ,  i n  f r a c t i o n a l  

c o o r d i n a t e s ,

x = 0 .0 5 6  + 0 .0 0 6 ,  y = 0 .046  + 0*004 ,

from  w hich  th e  c a rb o n -c a rb o n  bond l e n g t h  was found  to  be 

lo 5 7  +. 0.05'A and th e  z ig - z a g  a n g le  o f  th e  c h a in  106 + 4 ° .  

The n e a r e s t  d i s t a n c e  o f  ap p ro ach  be tw een  n e ig h b o u r in g  

m o le c u le s  was found to  be 3A and be tw een  m o le c u le s  i n  

d i f f e r e n t  l a y e r s  4 .2A.

F o r  t h i s  s t r u c t u r e  th e  m i r r o r  p l a n e s  a re  a g a in  

p e r p e n d i c u l a r  to  th e  m o le c u la r  c h a in s  b u t  l i e  midway 

b e tw ee n  th e  l a y e r s .  The c e n t r e s  o f  symmetry i n  th e  

m o le c u le s  th e n  c o in c id e  w i th  the  c e n t r e s  o f  symmetry i n  

t h e  u n i t  c e l l .  However t h e r e  a p p ea r  to  be d i s c r e p a n c i e s  

i n  t h i s  work r e g a r d in g  th e  c h o ice  o f  space  group and th e  

s t r u c t u r e  q u o ted  above can no t be r e g a rd e d  a s  d e f i n i t e l y  

s e t t l e d .

C. W. .Bunn42 showed t h a t  th e  X -ray  d i f f r a c t i o n  

p a t t e r n s  o f  lo n g  ch a in  p a r a f f i n s  rem a in ed  a lm o s t  u n a l t e r e d  

once th e  c h a in  c o n ta in e d  more th an  130 ca rb o n  a tom s.

Thus t h e s e  m o le c u le s  can be re g a rd e d  a s  i n f i n i t e l y  lo n g
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and t h e  end to  end p a c k in g  o f  t h e  c h a in s ,w h ic h  h a s  to  be 

t a k e n  i n t o  a c c o u n t  w i th  c h a in s  o f  30 c a r b o n s ,c a n  be s a f e l y  

i g n o r e d .

F or sam p les  o f  p o ly th e n e  which c o n ta in s  c h a in s  o f  

a b o u t  1000 c a rb o n  atom s he fo u n d :

a  = 7 .4 1 ,  b = 4 .9 4 ,  c = 2*539A*

16The compound i s  o r th o rh o m b ic  w i th  space  group  — Pnam 

a s  fo u n d  by H e n g s te n b e rg  and th e  atom s l i e  i n  t h e  s p e c i a l  

p o s i t i o n s :

x ,  y , ^ ;  x ,  y ,  ^  ; x  + -J, y  + i ,  \  ; x  + i ,  y  + .

By m eans o f  a  t h r e e - d im e n s io n a l  F o u r i e r  a n a l y s i s ,

Bunn fo u n d  t h a t

x = 0 .0 3 8 ,  y  = 0 .0 6 5 ,

i n  f r a c t i o n a l  c o o rd in a te s *

T h is  gave th e  c a rb o n -c a rb o n  bond l e n g t h  a s  1 .53A  

and th e  z i g - z a g  an g le  o f  th e  c h a in  a s  112 •

The n e a r e s t  d i s t a n c e  o f  a p p ro a ch  be tw een  c a rb o n  

atom s i n  d i f f e r e n t  m o le c u le s  was 4 .13A .



The e l e c t r o n  d e n s i t y  m aps, i n  s e c t i o n s  th ro u g h  th e  ■

m o le c u l a r  c h a i n ,  r e v e a l e d  t h a t  th e  m e th y le n e  g ro u p s  were

c o n s i d e r a b l y  e lo n g a te d  i n  th e  p la n e s  o f  th e  t h r e e  a tom s.

Some o f  t h i s  d i s t o r t i o n  may he due to  th e  a n i s o t r o p i c

m o t io n s  o f  th e  atoms and to  a  r e a l  d i s t o r t i o n  o f  th e

m e th y le n e  g ro u p s  h u t  i t  may a ls o  a r i s e  from  th e  im p u r i ty

c o n t e n t  o f  p o ly th e n e .  I t  h a s  heen  shown hy i n f r a - r e d  
43s p e c t r o s c o p y  t h a t  p o ly th e n e  c o n ta in s  a number o f  m e th y l  

s i d e  c h a in s  and i t  h a s  heen  e s t im a te d  t h a t  one m e th y l  

g roup  i s  p r e s e n t  p e r  50 m e th y len e  g r o u p s ^ .  I t  t h e r e f o r e  

seem s p o s s i b l e  t h a t  some o f  th e  d i s c r e p a n c i e s  e n c o u n te re d

hy  Bunn may he due to  t h i s .
v 45Y a i n s h t e i n  and P in s k e r  s t u d i e d  n - p a r a f f i n  o f  m .p .

5 3 .5 ° 0  hy means o f  e l e c t r o n  d i f f r a c t i o n  and o b ta in e d  f o r

t h e  s u b - c e l l

a = 7 .4 1 ,  b = 4 .9 6 ,  c = 2 .54A.

1 £
The sp a c e  g roup  was ®2h “  Pnam a s  b e f o r e .

E l e c t r o n  d i f f r a c t i o n  r e v e a l s  th e  e l e c t r o s t a t i c  

p o t e n t i a l s  a round  th e  atoms so t h a t  i t  i s  s u i t a b l e  f o r  

r e v e a l i n g  th e  h y d ro g en s .  E o u r ie r  p r o j e c t i o n s  o b ta in e d



86

from  th e  e l e c t r o n  d i f f r a c t i o n  d a t a  show th e  c a rb o n  and 

h y d ro g e n  atom s r e s o lv e d  and s e c t i o n s  th ro u g h  r e v e a l  

t h e  c a rb o n -h y d ro  gen peak  r a t i o  a s  a b o u t  3*5 s i  and n o t  

6 :1  ( t h e  r a t i o  o f  n u c l e a r  c h a r g e s ) .  T h is  may be due 

to  t h e  s c r e e n i n g  e f f e c t s  o f  th e  e l e c t r o n s .

The p a p e r  a p p e a rs  to  c o n ta in  a number o f  e r r o r s  b u t  

t h e  a to m ic  p a ra m e te r s  m easured  d i r e c t l y  from th e  F o u r i e r  

p r o j e c t i o n  ( p r i v a t e  com m unication: V .V a n d J a r e  g iv en  b y :

X
a

Z
b X T

G 0 .0 3 9 0 .063 0 .2 9 0 .3 1

*L 0 .1 9 7 0 .0 4 0 1 .4 6 0 .2 0

h 2 0 .0 1 4 0 .290 0 .1 0 1 .4 4

The i n t e r a t o m i c  d i s t a n c e s  th e n  a r e :

O-C 1 . 5 3 ,  C-H, 1 .1 7 ,  G-M2 1 .15*  1 *84' and 2 *6^A-

and th e  i n t e r m o l e c u l a r  d i s t a n c e s  a re  g iv e n  b y :

C . . .  C 4-.18, 4*20 , H-j_ • • •  2 .5 0 ,  2 . 7 4 % 2.49A

The a n g le  C— 0—C i s  112 .5  and th e  a n g le  0— i s  105 •
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The i n t e r a t o m i c  d i s t a n c e s  a r e  s a i d  to  be a c c u r a t e  

i .  0.02A  b u t  th e  C-H d i s t a n c e s  a r e  c o n s i d e r a b ly  g r e a t e r  

t h a n  t h e  v a l u e s  found  f o r  m eth an e , e th a n e  e tc *  by 

e l e c t r o n  d i f f r a c t i o n  and s p e c t r o s c o p i c  m e th o d s .

The M o n o c l in ic  Form

P i p e r  and M a l k in ^  i n  1930 found t h a t  n - t e t r a t r i a -

c o n ta n e  (n-O ^H gQ ) and n -h ex a co san e  (n -0 g QH1 2 2 ) e x i s t e d

a t  room te m p e r a tu r e  i n  two s t a b l e  form s and p o s t u l a t e d

th e  e x i s t e n c e  o f  a  m o n o c l in ic  fo rm , which th e y  named th e

C fo rm , to  a c c o u n t  f o r  th e  second o f  t h e s e .
4-7I t  was f i r s t  d e s c r ib e d  by Schoon i n  an e l e c t r o n  

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

and t h e  d im e n s io n s  o f  th e  u n i t  c e l l  o f  th e  m o n o c l in ic  

form  w e re  compared w ith  th o s e  o f  th e  o r th o rh o m b ic  form 

o f  t h e  same compounds a s  d e te rm in e d  by X -ray  m e th o d s .

a b c s in p

Orthorhombic Porm. 4*9?A. 7.53A . 40.02A.

M o n o c l in ic  Porm. 3*59 7*49 3 5 .2 7

Schoon th e n  showed how a number o f  mono c l i n i c  form s 

c o u ld  be d e r iv e d  from th e  o r th o rh o m b ic  form  by th e

P
90°

61*9°



d i s p l a c e m e n t  o f  t h e  lo n g  c a x i s  w i th  r e l a t i o n  to  e i t h e r  

t h e  a  o r  b a x i s  by ah amount e q u i v a l e n t  to  a  w hole  

num ber o f  z i g - z a g  u n i t s .  For th e  form above he 

o b t a i n e d  t h e o r e t i c a l l y :

a  = 5 .5 9 ,  b = 7.48A. (3 = 6 2 .9 °

on a s su m in g  a v a lu e  o f  2.54A a s  th e  r e p e a t  d i s t a n c e  

a lo n g  th e  c a x i s .

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

a s  73*5° compared w i th  67° f o r  the  o r th o rh o m b ic  fo rm .

The T r i c l i n i c  Form

M u l l e r 48 i n  1930 o b se rv e d  t h a t  n - p a r a f f i n s  w i th  

1 8 ,2 0  and 22 c a rb o n  atoms e x i s t e d  n e a r  th e  m e l t i n g  p o i n t  

i n  th e  n o rm al o r  o r th o rh o m b ic  form b u t  t h a t  a t  lo w e r  

t e m p e r a t u r e s  t h e r e  a p p e a re d  a n o th e r  form w hich he named 

t h e  B form  and su g g e s te d  was t r i  c l i n i c .

The f u l l e s t  a cc o u n t  o f  a p a r a f f i n  o f  t h i s  form was 

g iv e n  by M u l le r  and L o n sd a le 49 f o r  n - o c ta d e c a n e  (n-C^BL^g) 

b u t  a s  y e t  no d e t a i l e d  work h a s  been done on t h i s .

The h e x a g o n a l  Form.

I n  1932 , M u l le r 90 found t h a t  n - p a r a f f i n s  c o n ta in i n g  

"1̂ 0 @]̂  21 and 29 carbon  atoms ad op ted  h e x a g o n a l  p a c k in g
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on a p p ro a c h in g  t h e i r  m e l t in g  p o i n t s .  O u ts id e  t h i s

r a n g e  t h e  p a r a f f i n s  app ro ach  t h i s  s t a t e  o f  p a c k in g  h u t

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

i n  sym m etry , M u lle r  su g g e s te d  t h a t  th e  m o le c u la r  c h a in s

w ere  r o t a t i n g  a b o u t  t h e i r  lo n g  a x es  i n  a  m anner s i m i l a r  to

t h a t  fo u n d  f o r  a number o f  p r im a ry  a l k y l  ammonium h a l i d e s  
51by K e n d r ic k s  .

O c c u r re n c e  o f  the  D i f f e r e n t  Dorms.
52P i p e r  e t  a l i a  examined th e  form s i n  w hich  a  ra n g e  

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

w o rk s ,  i t  a p p e a rs  t h a t :

1 .  t h e  odd-membered n - p a r a f f i n s  c o n ta in i n g  11 o r  

m ore c a rb o n  atoms c r y s t a l l i s e  i n  th e  o r th o rh o m b ic  

fo rm , a s  do th e  even members o f  th e  s e r i e s  w i th  18 o r  

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

2* th e  even-membered n - p a r a f f i n s  c o n ta in i n g  26 o r  

more c a rb o n  atoms n o rm a l ly  ad op t th e  m o n o c l in ic  form 

b u t  on h e a t i n g  th e y  p a s s  i n to  th e  o r th o rh o m b ic  form  

a t  a  t e m p e r a tu r e  ab ou t 5° below t h e i r  m e l t in g  p o in ts ;  and 

do n o t  u s u a l l y  r e v e r t  to  th e  m o n o c l in ic  form on c o o l in g .  

Thus i f  t h e s e  p a r a f f i n s  have p r e v io u s ly  been  m o lte n  th e y  

te n d  to  a p p e a r  as th e  o r th o rh o m b ic  form b u t  c r y s t a l l i s e  

from  s o l u t i o n  a s  th e  m o n o c l in ic .



% The even  members o f  the s e r i e s  c o n ta in in g  up to  

24 carbon atoms and the odd members w ith  9 or l e s s  

carbons c r y s t a l l i s e  in  the  t r i c l i n i c  form. At 

tem p er a tu r es  near t h e i r  m e lt in g  p o in t s  th ey  change 

to  the  orthorhom bic form but revert, to the  t r i c l i n i c  

on c o o l i n g .

4 . The hexagonal form, obtained  on h e a t in g  to j u s t  

below  th e  m e lt in g  p o in t ,  occurs on ly  fo r  th o se  p a r a f f in s  

w ith  betw een  21 and 29 carbon atoms.

("b) S u b - c e l l  Theory

The p r e v io u s  i n v e s t i g a t i o n s  o f  th e  s t r u c t u r e  o f  th e  

n - p a r a f f i n s  have d e m o n s tra te d  th e  e s s e n t i a l l y  r e p e t i t i v e  

n a t u r e  o f  th e  m o le c u la r  c h a in  and such  a r e p r e s e n t a t i o n  

h a s  b e e n  u s e d ,  s in c e  th e  b e g in n in g  o f  t h i s  w o rk ,a s  a  means 

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

th e o r y  o f  t h i s  h a s  r e c e n t l y  been  more f u l l y  worked o u t  

by V a n d ^ .

The r e p e t i t i v e  n a tu r e  o f  th e  m o le c u la r  c h a in  means 

t h a t ,  i n  a  c r y s t a l  o f  a n - p a r a f f i n ,  th e  e l e c t r o n  d e n s i ty  

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

r e o e a t  u n i t  i s  known a s  th e  sub—c e l l  and t h i s  sub—c e l l  

( a x e s  s ^ ) w i l l  be much sm all© r i n  volume th a n  t h e  m ain 

c e l l ( a x e s  a ^ ) .  The s u b - c e l l s  w i l l  r e p e a t  th e m s e lv e s



o n ly  o v e r  a  p a r t  of* th e  main c e l l  and t h i s  p a r t  i s  hnown 

a s  t l ie  su b —c e l l  r e g i o n .  The u n i t  c e l l  may c o n ta in  

more t h a n  one o f  th e s e  r e g i o n s .  I f  t h e  c e n t r e  o f  each  

sub—c e l l  i s  chosen  a s  i t s  o r i g i n  th e n  t h e  c e n t r e  o f  th e  

sub—c e l l  r e g i o n  w i l l  be found a t  th e  c e n t r e  o f  g r a v i t y  

o f  t h e  s u b - c e l l  o r i g i n s .

The number o f  s u b - c e l l s  i n  th e  s u b - c e l l  r e g i o n  i s  

f i n i t e  and t h i s  g iv e s  r i s e  to  an i n t e r f e r e n c e  f u n c t i o n  

o f  t h e  form

~r   sinTTU *y
Io  = |J -------------- J

3 s i n  IT E

where r e p r e s e n t s  t h r e e  i n t e g e r s  d e s c r i b i n g  th e  number 

o f  s u b - c e l l s  i n  th e  s u b - c e l l  a x i a l  d i r e c t i o n s  and H*3 a re  

th e  M i l l e r  s u b - c e l l  i n d i c e s .  T h is  o s c i l l a t i n g  f u n c t i o n  

e x te n d s  th ro u g h o u t  th e  r e c i p r o c a l  sp ace  b u t  i t s  maxima 

c o in c id e  w i th  th e  s u b - c e l l  r e c i p r o c a l  l a t t i c e  p o i n t s .

The c e n t r e  o f  th e  s u b - c e l l  r e g io n  need  n o t  c o in c id e  

w i th  t h e  o r i g i n  o f  th e  main c e l l .  Tne s t r u c t u r e  f a c t o r s  

o f  th e  a tom s i n  th e  sub—c e l l  r e g io n  w i l l  be r e f e r r e d  to  

th e  m ain  c e l l  o r i g i n  by in c lu d in g  i n  t h e i r  e q u a t io n s  th e  

e x p r e s s i o n  e x p ( 2 TTixffih) where h i s  th e  o r d e r  v e c t o r

( e q u i v a l e n t  to  th e  M i l l e r  in d ic e s )  o f  th e  m ain c e l l  and

a r e  t h e  c o o r d in a te s  o f  th e  c e n t r e  o f  th e  s u b - c e l l  

r e g i o n  r e f e r r e d  to  th e  main c e l l  o r i g i n .



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

g i v e n  by

o sinTT
Fh = \  + ¥  --------7 T ~-T %  e sp (2 T I ix  It)

n i sinTT H*1 a

w h ere  i s  t h e  c o n t r i b u t i o n  o f  th e  atoms o u t s i d e  th e  

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

s u b - c e l l .

The p r i m i t i v e  t r a n s l a t i o n s  ( s 1 ) o f  th e  s u b - c e l l
/ k\may b e  r e f e r r e d  to  those, ( a  ) o f  th e  m ain c e l l  by th e  

t r a n s f o r m a t i o n  m a t r i x

1 JLJs:a = eka

The same m a t r ix  th e n  d e s c r i b e s  th e  r e l a t i o n s h i p  

b e tw e e n  th e  M i l l e r  i n d i c e s  (BE1 ) o f  th e  s u b - c e l l  and 

t h o s e  (h^1) o f  th e  m ain  c e l l .

H1 =

(T h e re  i s  an e r r o r  i n  TTand*s p a p e r j  t h e  m a t r i c e s  b e in g  

r e v e r s e d ) .



S im i la r ly  the  (sm a ll)  c r y s t a l  r e c ip r o c a l  c e l l  can 

"be expressed , in  terms o f  the ( la r g e )  r e c ip r o c a l  e u b - c e l l  

by a m a tr ix  which i s  the same as g^ on r ea d in g  from 

top  to  bottom  in s te a d  o f  from l e f t  to  r i g h t .

(c )  n -H e x a tr ia c o n ta n e .

As has been seen a grea t  d ea l o f  work has been  

c a r r ie d  out on the s t r u c tu r e s  o f  the n - p a r a f f in s  but  

the  in fo r m a tio n  a v a i la b le  i s  fa r  from com plete . In  

some c a s e s  the m olecu lar  packing i s  s t i l l  u n c e r ta in  and 

m ost o f  th e  s t r u c tu r e s  have been obta in ed  by a study o f  

a few  r e f l e c t i n g  p la n e s .  In a d d it io n  no e l e c t r o n  d e n s i ty  

map o f  a member o f  t h i s  s e r i e s  apart from p o ly th en e  has  

y e t  been  o b ta in ed .

An exam ination  o f  c e r ta in  s u b s t i tu t e d  members o f  t h i s

s e r i e s ,  such as the d ic a r b o x y l ic  a c id s  w ith  an even number
5 4. 55o f  carbon atoms and hexam ethylene diamine , h a s

i n d i c a t e d  an a l t e r n a t io n  o f  the carbon-carbon bond le n g th s

a lo n g  th e  ch a in . This e f f e c t  i s  thought to be r e la t e d

to th e  p resen ce  o f  the s u b s t i t u e n t s  a t  the ends o f  the

c h a in s  and should th e re fo re  occur to a much l e s s e r  e x te n t ,

i f  a t  a l l ,  in  an n - p a r a f f in  but no in fo rm a tio n  about t h i s

i s  a v a i la b le . .
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An e le c t r o n  m icroscope i n v e s t i g a t i o n  o f  the c r y s t a l  

growth o f  n - h e x a t r ia c o n t a n e ^  was r e c e n t ly  c a r r ie d  out  

in  t h i s  Department and i t  was f e l t  th a t  a more d e t a i le d  

i n v e s t i g a t i o n  o f  t h i s  compound by X—ray methods would 

be o f  i n t e r e s t .

(d) C r y sta l  Data. 

n -h e x a t r ia c o n ta n e , °36E7 4 l M ~ 507.0;; m.p. 75 .5°C ;  

d c a lc  0 .9 6 4 ,  found 0 .9 6 1 .  Mono c l i n i c  p r i s m a t ic ,

a = 5*57 + 0 .0 1 ,  b = 7*42 + 0 .0 1 ,  c = 4 8 .35  + 0.08A.

P = 1 1 9 ° 6 '  + 4 ' .  Absent s p e c tr a ,  (hOl) when h i s  odd,
C

(OkO) when k i s  odd. Space group C ^  -  P 2 j /a .  Two 

m o le c u le s  per u n i t  c e l l .  M olecular symmetry, c e n tr e .  

Volume o f  the u n i t  c e l l ,  1746A . A bsorption  c o e f f i c i e n t  

f o r  X -ra y s  ( X =  1 .5 4 2 ) ,  u = 4 .5 2  cm"1 . T o ta l  number 

o f  e l e c t r o n s  per u n i t  c e l l ,  F(000) = 580.

( e ) D eterm in ation  o f  the S u b - c e l l .

On r a c in g  the observed v a lu e s  o f  the s tr u c tu r e

f a c t o r s  a g a in s t  the p o in ts  o f  the r e c ip r o c a l  l a t t i c e  i t

was found th a t  a th ree -d im en sion a l r e c ip r o c a l  s u b - l a t t i c e

c o u ld  be drawn up with the sub—l a t t i c e  p o in t s  in  the

r e g io n s  o f  the la r g e  s tr u c tu r e  f a c t o r s .  The sub—c e l l

ax es  were d es ig n a ted  a0 , b^ and. c^ and i t  was seen  th a t

th e  b and b* axes co in c id ed  in  magnitude and d i r e c t i o n ,  
s
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vr
th e  c g and e g axes c o in c id e d  in  d i r e c t io n  w h i l s t  th e

-X5- •  .  -H .

as was d is p la c e d  from the a~ » The symmetry o f

t h i s  mono c l i n i c  c e l l  r e q u ir e s  th a t  th e  a and a axes ares
i d e n t i c a l  and a l s o  the to and to axes tout p erm its  the cs s
a x i s  to  toe i n c l i n e d  to the c a x i s .  Trans form at! on o f  

t h e s e  in to  r e c ip r o c a l  space g iv e s  the r e l a t io n s h ip s  

found atoove.

An exam ination  o f  th e  su to -ce ll  system in  n - h e x a t r ia -  

con tan e  r e v e a le d  th a t  -  the number o f  su to -c e l ls  -  i s  

18 i n  th e  c g a x i a l  d ir e c t io n  and u n i ty  in  the d i r e c t io n  o f  

th e  o th e r  two a x e s .  The va lu e  o f  the in t e r f e r e n c e
XMnTT 18 L

f u n c t io n  then toe came I 0 = when the  M il le r

i n d i c e s  HITT, were a ss ig n ed  t o  the su to -ce ll  p la n e s .

T h is  i n t e r f e r e n c e  fu n c t io n  extends over the th r ee  

d im en sion s  i n  space tout i s  a fu n c t io n  on ly  o f  L.

The c en tr e  o f  g r a v ity  o f  the su to -ce ll  r e g io n  c o in c id e s  

w ith  th e  o r ig i n  o f  the main c e l l  so  th a t  x^ = 0 .  A l l  

th e  atoms i n  the m olecu lar  chain are in c lu d ed  in  th e se  

18 suto—c e l l s  except f o r  one hydrogen atom o f  each o f  the  

m eth yl groups a t  the ends o f  the  ch a in . I f  the  d i f f r a c t i o n  

e f f e c t  o f  th e se  two hydrogen atoms i s  ign ored  the  

s t r u c t u r e  f a c t o r  equation  o f  the main c e l l  toecomes

s in l8  TT L Fg-

s in  TTI
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From t h i s  eq u ation  i t  i s  seen  th a t  f o r  two p la n e s

d i f f e r i n g  in  t h e i r  in d ic e s  only  in  1 by u n i t y ,  the

term which w i l l  cause the g r e a te s t  change in  the

magnitude, o f  t h e i r  s tr u c tu r e  f a c t o r s  w i l l  be the

i n t e r f e r e n c e  fu n c t io n  I o .  The l e n g t h  o f  c was founds
ap p ro x im a te ly  from the observed v a lu e s  o f  the s tr u c tu r e  

f a c t o r s  o f  the (001) p la n es  and a graph o f  Io a g a in s t  

S n c o n s tr u c te d .  The v a r ia t io n  in  the  m agnitudes o f  

the  ob serv ed  v a lu e s  o f  the s tr u c tu r e  f a c t o r s  f o r  planes, 

o f  the  ty p e  mentioned above were taken as due s o l e l y  to  

th e  ch an ges  in  I o .  Using t h i s  graph and the approximate  

l e n g t h  o f  c.§ , coordinates: were a s s ig n e d  to the s u b - c e l l  

r e c ip r o c a l  l a t t i c e  p o in ts  in  the (hkO) and Okl) zones: 

and th e  d im ensions o f  the r e c ip r o c a l  s u b - c e l l  ob ta in ed  by 

g r a p h ic a l  m ethods. The dim ensions o f  the s u b - c e l l  were 

th en  c a l c u l a t e d  and found to be

a = 5*57 A.
S

h g = 7 .4 2  A.

c = 2 .548  A. P = 1 1 7 °2 6 'S b

V a lu es  o f  Io were then g iven  to the s tro n g  main c e l l  

p la n e s  and the magnitudes o f  the "observed" values, o f  the  

s u b - c e l l  p la n e s  obta in ed .
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The s u b - c e l l  al s o  p o s se s se d  the space group
3

a con^ai ne(i fou r  m ethylene groups i . e .  

one m eth y len e  group in  the asymmetric u n i t .  The

carbon ch a in s  were taken to l i e  a lon g  the c a x i s  w iths
th e  p o in t s  midway between the carbon atoms l y in g  on the

c e n tr e s  o f  symmetry o f  the c e l l  a t  (000) and (0 0 ^ ) . T h is ,

t o g e th e r  w ith  the stro n g  (201) and (202)  s u b - c e l l  p la n es

i n  th e  p r o j e c t io n  on the (010) and the very  s tr o n g  (020)

p la n e  in  the  p r o je c t io n  on the  (1 0 0 ) ,  was s u f f i c i e n t  to

a l lo w  a t r i a l  s tr u c tu r e  to be p o s t u la t e d .  A f te r  some

d eg ree  o f  re f in em en t by t r i a l  and error  methods the

d i s c r e p a n c ie s  fo r  the (H01) and (OKI) r e f l e c t i o n s  were

r e s p e c t i v e l y  1 6 .4 $  and 1 2 .0 $ .  The s c a t t e r in g  curve was
29o b ta in e d  from the t h e o r e t i c a l  curve d er ived  by McWeeny J

f o r  the v a le n c e  state: o f  carbon by ap p ly in g  to  i t  a
—16tem perature  f a c t o r  o f  B. = 3*0x10 •

P o u r ier  s y n th e s is  PI and P2 were c a r r ie d  out in

the  p r o j e c t i o n s  a long  the bg and ag axes and are shown in

P ig .  1 .  A l l  the "observed” r e f l e c t i o n s  -  the  14 (H0L) 

and I?  (OKI) -  were in c lu d ed  in  t h e s e .  Hew c o o r d in a te s  fo r  

the  carbon atom were obta in ed  and on r e c a l c u l a t i o n  o f

the  s t r u c t u r e  fa c t o r s  the d is c r e p a n c ie s  were found to  have

r i s e n  to  1 9 .1 $  and 13*5$ r e s p e c t i v e l y  fo r  the (HOI) and 

(OKI) r e f l e c t i o n s .  The e le c tr o n  d e n s i ty  maps showed stron g
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P ig .  1 .  E le c t r o n -d e n s i ty  p r o j e c t io n s  o f  the s u b - c e l l  (a)  
El a lo n g  th e  b a x i s ,  (h) E2 a long  the ag a x i s .  Each 
contour  l i n e  r fp r e s e n t s  a d e n s i ty  increm ent o f  one e le c t r o n  
per A , th e  one e le c tr o n  l i n e  b e in g  d o t te d .



i n d i c a t i o n s  o f  th e  p r e se n c e  o f  the  hydrogen atoms; and 

a c c o r d in g ly  the  p o s i t i o n s  o f  t h e s e  two atoms i n  the  

m eth y len e  group were c a lc u la t e d  assum ing a carbon— 

hydrogen bond l e n g t h  o f  1 .09A  and th e  normal v a le n c e  a n g le s  

The i n c l u s i o n  o f  th e  c o n t r ib u t io n s  o f  t h e s e  atoms to  the  

s t r u c t u r e  f a c t o r s  o f  the p la n e s  w ith  a v a lu e  o f  2 s in 0  4.1*2  

reduced  the  v a lu e s  o f  th e  d i s c r e p a n c ie s  f o r  t h e  (KOL) and 

(OKL) r e f l e c t i o n s  to  1 2 .7 $  and 9*3$ r e s p e c t i v e l y .  None o f  

th e  p la n e s  were found to have changed s i g n s .

The atom ic  c o o r d in a te s  r e f e r r e d  to  th e  s u b - c e l l  axes  

and w i t h  th e  s u b - c e l l  c e n tr e  as  o r i g i n  are shown i n  T ab le  I

Table  I .

C o o rd in a tes  o f  the S u b - c e l l  Atoms, r e f e r r e d  

to  th e  s u b - c e l l  a xes  and c e n tr e .

%

H2

(’£) A n a ly s i s  o f  the S tr u c tu r e  o f  th e  Main C e l l .

V a lu es  o f  Io were a s s ig n e d  to  a l l  th e  o b served  

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

i n d i c e s  o f  the  p la n e s  b e in g  s u i t a b l y  tran sform ed  by a 

m a tr ix  d e r iv e d  from th e  known r e l a t i o n s h i p s  betw een  th e

X
as

JL
b s

r» 2 T Z
c s

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

0 .0 6 1 0.18-3 - 0 .1 8 8 0 .3 4 1 .3 6 - 0 . 4 8

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



c r y s t a l  r e c ip r o c a l  c e l l  and th e  r e c ip r o c a l  s u b - c e l l *  

The m a tr ix  was

1 0 0

II 0 1 0

0 .0 1 5 2 6 0 0 .0 5 3 5 2

The d i s c r e p a n c ie s  f o r  th e  (hOl) and (Okl) r e f l e c t i o n s  were 

found to  he 28*7$ and 21*5$ r e s p e c t i v e l y  hut the  agreem ent  

betw een the  observed  and c a lc u la t e d  v a lu e s  o f  th e  s t r u c tu r e  

f a c t o r s  was b e s t  f o r  the  p la n e s  w ith  v a lu e s  o f  L — the  

s u b - c e l l  in d ex  -  approach ing  whole numbers and the  c a l c u l a 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  the  p la n e s  w ith  

i n c r e a s i n g  f r a c t i o n a l  v a lu e s  o f  L som etim es bee aw e  

a smet 11; w h i l s t  the ob serv ed  v a lu e s  d id  n o t  and v i c e  v e r s a .

On s tu d y in g  the p r e v io u s  s te p  i t  became apparent th a t  

the  s u b - c e l l  co n ta in ed  two c e n tr e s  o f  symmetry a t  (000) and 

(00-g-) f e i t h e r  o f  which cou ld  be taken  as the o r i g i n  when 

the  s u b - c e l l  was c o n s id e r e d  on i t s  own. Only one o f  

t h e s e  how ever w i l l  c o in c id e  w ith  the  s u b - c e l l  c e n tr e  which  

must be tak en  as the o r i g i n  on b u i ld in g  up th e  m o le c u le .

The c h o ic e  o f  the second s u b - c e l l  c e n tr e  as th e  o r i g i n  

w i l l  g iv e  a d i f f e r e n t  structure: t o . th e  hydrocarbon ch a in  

but w i l l  change o n ly  s l i g h t l y  the  m agnitude o f  the  s t r u c tu r e
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f a c t o r s  o f  the  p la n e s  w ith  s u b - c e l l  i n d i c e s  approaching  

whole numbers. As t h e s e  p la n e s  in c lu d e  a l l  the  

s t r o n g ly  r e f l e c t i n g  o n e s ,  i t  w i l l  be seen  t h a t  r e a so n a b le  

agreem ent between, the  ob serv ed  and c a lc u la te d ,  s t r u c t u r e  

f a c t o r s  may s t i l l  be o b ta in e d .

The s u b - c e l l  c e n tr e  was t r a n s f e r r e d  to  the  c e n tr e  o f  

symmetry p r e v io u s ly  a t  (00-J-) and the atom ic c o o r d in a te s  

shown i n  Table  I  are r e f e r r e d  to t h i s  c e n tr e  a s  o r i g i n .

The s t r u c t u r e  f a c t o r s  o f  th e  main c e l l  p la n e s  were  

r e c a l c u l a t e d  w ith  t h e s e  new c o o r d in a t e s .  The d i s c r e p a n c ie s  

f e l l  to  1 9 .1 $  and 1 4 •9 $  r e s p e c t i v e l y  i n d i c a t i n g  t h a t  t h i s  

c h o ic e  o f  th e  o r i g i n  was c o r r e c t .

S ig n s  were, now g iv e n  to  a l l  th e  observed  r e f l e c t i o n s

and F o u r ie r  s y n th e s e s  F3 and F4 were c a r r ie d  o u t  in  the  

p r o j e c t i o n s  on the  (010) and (100) r e s p e c t i v e l y .  These  

are shown in  F ig s .  2 and 4 r e s p e c t i v e l y  and th e  numbering  

o f  th e  atoms in  F ig s .  3 and 5* The ( 0 0 1 ) ,  ( 0 0 2 ) ,  ,' 

and (003) p la c e s  were n o t  ob served  b e in g  obscured  by the  

beam tr a p  and th e y ,  t o g e t h e r  w ith  the  (021) p la n e  which  

was obscu red  by the  v e r y  i n t e n s e  (020) , were in c lu d e d  

a t  t h e i r  c a lc u la t e d  v a l u e s .  The r e s u l t i n g  e l e c t r o n  

d e n s i t y  maps show a l l  the carbon atoms r e s o lv e d  and g iv e  

some i n d i c a t i o n s  o f  th e  p o s i t i o n s  o f  th e  hydrogen atoms.

The e l e c t r o n  d e n s i t y  a t  the  c e n tr e  o f  the  p e a k s ,  which
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Pig* 2* P3. E l e c t r o n - d e n s i t y  p r o j e c t io n  o f  th e  main c e l l
a lo n g  the  b a x i s  on th e  (010;*  Each con to u r  l i n e  p 
r e p r e s e n t s  a d e n s i t y  increm ent o f  one e l e c t r o n  per A , 
th e  one e l e c t r o n  l i n e  b e in g  d o t te d .
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F ig .  3 .  Numbering o f  the  atoms in  the  p r o j e c t i o n  o f  
th e  main c e l l  a lo n g  the b a x i s  on the ( 0 1 0 ) .
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P ig .  4« P4. E l e c t r o n - d e n s i t v  p r o j e c t io n  o f  the  main c e l l
a lo n g  th e  a a x i s  on the ( 1 0 0 ) .  Each contour  l i n e   ̂
r e p r e s e n t s  a d e n s i t y  increm ent o f  one e l e c t r o n  per  A , 
th e  one e l e c t r o n  l i n e  "being d o t t e d .
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P ig .  5 . lu m b er in g  o f  the atoms in  the  p r o j e c t i o n  o f  
th e  main c e l l  a lo n g  the  a a x i s  on the  ( 1 0 0 ) .
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i s  due to  a carbon and a superim posed hydrogen atom, f a l l s
- 2f a i r l y  r e g u la r ly  from over  8 e .A  . a t  th e  c e n tr e  o f  the

- 2c h a in  to  over  6eA . a t  th e  ends and t h i s  d e c l i n e  i n  

e l e c t r o n  d e n s i t y  can be e x p la in e d  by the i n c r e a s i n g  

therm al m otion  o f  th e  atoms tow ards th e  end o f  the  c h a in .  

C o o rd in a te s  were a s s ig n e d  to th e  carbon atom s, and are  

shown i n  Table I I  where x ,  y  and z are r e f e r r e d  to  th e  

mono c l i n i c  c r y s t a l  a x e s  w ith  a c e n tr e  o f  symmetry as  the, 

o r i g i n  and x ' ,  y  and z '  are  r e f e r r e d  to  th e  o r th o g o n a l  

a x e s  a ,  b and c ' .  The m o le c u la r  d im en sio n s  are  shown 

i n  Table  I I I  and i t  w i l l  be seen  t h a t  th e  carbon-carbon  

bond, l e n g t h s  vary  c o n s id e r a b ly  amongst th e m se lv e s  b u t  

n o t  in  a sy s tem a tic ,  manner a lo n g  th e  c h a in .

(g )  R ed e term in a tio n  o f  th e  S tr u c tu r e  o f  the  S u b - c e l l .

In  a compound o f  t h i s  n a t u r e ,  i t  i s  o f  i n t e r e s t  to  

d eterm in e  a c c u r a t e ly  the  s t r u c t u r e  o f  th e  s u b - c e l l ,  

e s p e c i a l l y  a s  t h i s  may le a d  to  more p r e c i s e  v a lu e s  o f  th e  

m o le c u la r  p aram eters .

I f  a r e g u la r  s t r u c tu r e  i s  assumed fo r  th e  p a r a f f i n  

c h a in ,  th e  p o s i t i o n s  o f  the carbon atoms w i l l  l i e  on a  

s t r a i g h t  l i n e  on tr a n s p o s in g  those, w ith  an even  in d e x  

a c r o s s  th e  c e n tr e  o f  symmetry a t  ( 0 0 0 ) .  The atom ic  

c o o r d in a t e s ,  i n  each  o f  th e  a x i a l  d i r e c t i o n s ,  can th en  be 

e x p r e s s e d  by th e  e q u a t io n

u = mv + w



102

T able  I I  

Atomic C o o r d in a te s  

Centre o f  symmetry as  o r i g i n ,  x , y ,  z , ;

X x
Atom a b

°1 0 .0 7 0 0 0 .0 3 8 4

C2 ’-0 .0 5 5 7 -0 .0 2 8 4

'°3 0 .0 8 4 4 0 .0 3 7 1

C4 '-0 .0 4 1 3 - 0 .0 4 0 4

°5 0 .1 0 2 2 0 .037 7

°6 --0 .0 2 5 1 - 0 .0 4 0 4

C7 0 .1 1 4 9 0 .0 3 6 4

°8 --0 .0 0 9 0 - 0 .0 4 0 4

°9 0 .1 3 1 1 0 .0 3 7 7

°10 0 .0 0 5 4 - 0 .0 4 0 4

C11 0 .1 4 5 4 0 .0 3 6 4

C12 0 .0 1 9 7 - 0 .0 3 7 7

°X3 0.1598. 0 .0 3 8 4

° I 4 0 .0 3 9 5 - 0 .0 2 9 1

°15 0 .1 7 7 7 0 .0 3 9 1

C16 0 .0 5 7 4 - 0 .0 2 6 4

°X7 0 .1 9 5 7 0 .0 3 7 7

COH
O

0 .0 7 3 6 - 0 .0 2 2 7

2
e X Y

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

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

0 .0 7 0 5 0 .4 7 0 .2 8

0 .0 8 9 8 - 0 .2 2 - 0 . 3 0

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

0 .1 4 3 2 - 0 .1 4 - 0 . 3 0

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

0 .1 9 7 0 - 0 .0 5 - 0 . 3 0

0 .2 3 1 2 0 .7 3 0 .2 8

0 .2 5 0 6 0 .0 3 - 0 . 3 0

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

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

0 .3 3 7 7 0 .8 9 0 .2 8

0 .3 5 8 0 0 .2 2 - 0 . 2 9

0 .3 9 1 1 0 .9 9 0 .2 9

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

0 .4 4 4 4 1 .0 9 0 .2 8

0 .4 6 4 7 0 .4 1 - 0 .2 5

x 'an d  z '  i n  A.

z '

0 .7 3  

1*54  

2 . 9 8  

3 .7 9  

5*25  

6 .0 5  

7*50  

8 .5 2  

9*77  

1 0 .5 9  

1 2 .0 1  

1 2 .8 4  

14*27  

15*12  

1 6 .5 2  

17*28  

1 8 .7 7  

19*62

z x '

0 .8 4  -  0 .0 2

1 .7 6  -  1 .1 7

3 .4 1  -  1 .1 9

4 .3 4  -  2 .3 4  

6 . 0 1  -  2 .3 5  

6 .9 2  -  3*51

8 .5 8  -  3*53

9 .5 2  -  4*68

1 1 .1 8  -  4*71  

1 2 .1 2  -  5*86 

13*75 -  5*87

1 4 .7 0  -  7 .0 4

1 6 .3 2  -  7*05  

1 7 .2 1  -  8*20  

1 8 .9 1  -  8 .2 1  

1 9 .8 9  -  9*35

21 .4 9  -  9 .3 6

2 2 .4 7  - 1 0 .5 2



1 0 3

T a b l e  I I I  

D im ensions o f  th e  M o le cu le s

/
°1 - °1 1 .5 7  A 1

iS 
rH 

O

° 1 - C2 112.3

C2 1.52 ci - C2 - °3 111.7

°2 ~ °3 1.55 °2 - C3 “ C4 111.8

° 5 - °4 1 .52  . °3 - ° 4 ~ C5 111.3

°4 - °5 1.57 ° 4 ~ ° 5 " °6 110.6

° 5 - C6 1.52 °5 - C6 - °7 111.0

°6 ~ °7 1 .56 °6 - C7 " °8 112.1

C7 C8 1.52 C7 " °8 - °9 112.1

°8 ~ °9 1 .56 ca - ° 9 ‘
0 „ 10 1 11 .?

C9 - C10 1.53 ° 9 ~ a
H O 1 °12 110.9

°10~ 1 .53 Q
H O I

° n ~ °12 111.6

0
 

H
 

H
1

°12 1 .55 en - °1 2 - °13 111.7

ci i “ °13 1.53 °12~ °13- °14 112.5

°13“ °14 1.55 °13“ C1 4 - °15 1 1 2 .0

Q M 1

°15 1 .5 1 °1 4 - °15“ ° 1 6 112.5

0
 

H

1 C16 1 .53 °15_ °16~ °1T 113*1

ai6 ~ c17 1 .5 0 °16” C17- aX8 113*3

0 -
17 °18 1 .5 4



where u  i s  th e  o b serv ed  v a lu e  o f  the c o o r d in a te  i n  t h a t  

a x i a l  d i r e c t i o n ,  m i s  th e  d isp la c e m e n t  o f  each su c c e e d in g  

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

ra n g in g  in  v a lu e  from - 9  to  +8 and w i s  the c o o r d in a te  

o f  th e  atom w it h in  the  s u b - c e l l .

The c o o r d in a te s  o b ta in e d  from the  e l e c t r o n  d e n s i t y  

contour  maps were e x p r e sse d  as  f r a c t i o n a l  v a lu e s  o f  the  

c e l l  ed ges  and the v a lu e s  a lo n g  the  c a x i s  were o b ta in e d  

by a v e r a g in g  over  the  two p r o j e c t i o n s .

The e ig h te e n  e q u a t io n s  in  each  o f  the a x i a l  d i r e c t i o n s ,  

were th en  s o lv e d  by th e  l e a s t  sq u a res  method l a t e r  

d e s c r ib e d  d u rin g  th e  e v a lu a t io n  o f  th e  (3 a n g le  and the  

f o l lo w in g  v a lu e s  o f  m and w were o b ta in e d .

m:x 0*01549 £  0*00010 ws 0 .0 6 9 7 8  + 0 .0 0 0 5 5

m% 0 .0 0 0 0 1  + 0 .0 0 0 0 5  wy. 0 .0 5 8 1 1  + 0 .0 0 0 4 4

m§ 0*055496 + 0 .0 0 0 0 1 4  w  ̂ 0 .0 1 6 9 2 b  + 0 .0 0 0 0 7 7

These v a lu e s  were e x p r e sse d  in  Angstrom u n i t s  by 

m u l t i p l y i n g  by the  a x i a l  l e n g t h s ,  so t h a t

x  = a .

where a i s  the  a x i a l  l e n g t h .  The stan d a rd  d e v i a t i o n  of 

x  i s  g iv e n  by~



1 0 5

where er(a} i s  th e  s ta n d a rd  d e v ia t io n  o f  th e  a a x i s .

0 .3 8 8 7  £  0 .0 0 3 0  

0 .2 8 2 8  £  0 .0 0 3 3  

0 .8 1 8 4  £  0 .0 0 4 0  

- 0 .0 0 9 3  £  0 .0 0 3 7

0 .7 1 5 1  £  0 .0 0 3 5

where (x^ y x  z^) are  t h e  c o o r d in a te s  o f  the s u b - c e l l  

p o i n t  (001} and (x 2 y 2 z2  ̂ c o o r ^ in a t e s  o f  th e  carbon

atom i n  th e  asym m etric u n i t  o f  th e  s u b - c e l l ,  b o th  b e in g  

r e f e r r e d  to  the main c e l l  a x es  and o r i g i n .  These p o i n t s  

were, th en  r e f e r r e d  t o  the o r th o g o n a l  axes  a ,  b and c1 ,
I

where e i s  p e r p e n d ic u la r  to  a and b ,  by means o f  th e  

tr a n s fo r m a t io n

x.
x1 = x  + z c o s (3 , (T.(xO = jcr + c o s 2 (3*<r̂ ) + (z s in (3 )2 ,

_l
z l  = z s in p  * q r $  = { s i n 2 ( 3 ^ +  (zcosf^ - (T?(|i)j- .

The p o s i t i o n s  o f  a l l  the  carbon atoms were th en  

c a lc u l a t e d  b y  means o f  t h i s  d a ta  and th u s  assum ing a 

r e g u la r  s t r u c t u r e  f o r  the c h a in .  A com parison w ith

T h is  gave

xx 0.08630 £  0.00058 x2

0 .0 0 0 0 8  £  0 .0 0 0 3 9  J 2

z-j. 2 .5 8 6 5  £  0 .0 0 4 4  z 2

x* - 1 .1 7 1 5  + 0 .0 0 3 4  x |

4  2 .2 6 0 1  + 0 .0 0 4 1  Zp



1 0 6

th e  o b ser v ed  v a lu e s  r e v e a le d  th a t  th e  average d i s t a n c e  

between the  two s e t s  o f  a tom ic  c o o r d in a te s  was 0 .02A  and 

the  g r e a t e s t  d is c r e p a n c y  was o f  0 .04A  fo r  0-^g. These  

d i f f e r e n c e s  would appear- to  w ith in  the  l i m i t s  o f  

ex p er im en ta l erro r  so no a ttem p t was made to f i t  the  

observed  c o o r d in a te s  in to  a h ig h e r  order  curve which  

would be r eq u ire d  fo r  a b e n t  or drawn out ch a in ,
*|Q

With the  a id  o f  th e  form ulae g iv e n  e a r l i e r  the

d im en sion s o f  the  s u b - c e l l  were found to be

a o = 5 . 5 7  + 0 * 0 1  A

b = 7 .4 2  + 0 .0 1  AS "*■
c  = 2 .5 4 6  + 0 .0 0 4  A B = 1 1 7 ° 2 4 ' + 5 ' .

S ;  S

The carbon atoms in  th e  s u b - c e l l  in  th e  m o le c u la r

ch a in  p a s s in g  through th e  o r ig i n  were c a l l e d  an(* @2 *

i n  agreement w ith  th e  n o t a t io n  p r e v io u s ly  u se d .  The
Ie rr o r  i n  th e  l e n g th  o f  the bond 0-̂  — was taken  a s  

tw ice  t h a t  o f  the  d i s ta n c e  o f  from th e  c e n tr e  o f

symmetry a t  the main c e l l  o r ig i n  and gave

°1 " °1  = 1 '528  + 0 .0 0 7  A.

S i m i la r l y  C-̂  -  C2 = 1 .5 2 9  +. 0 .0 1 0  A.



f o r  the  in te r a to m ic  d i s t a n c e s  w i th in  the  s u b - c e l l .

The z ig - z a g  a n g le  o f  the  ch a in  was found to be 1 1 2 °1 2 1 ' .  |

The p o s i t i o n s  o f  the hydrogen atoms were r e c a lc u l a t e d  

assum ing the same d im ensions as p r e v io u s ly  and the  

c o o r d in a te s  o f  th e  atoms o f  the m ethylene group  in  the  

asymm etric u n i t  o f  the s u b - c e l l ,  but r e f e r r e d  to  th e  main 

c e l l  a x es  and o r i g i n ,  are shown in  Table 17 .

Table IT.

C oord in a tes  o f  the S u b - c e l l  Atoms, r e f e r r e d  to  the main

c e l l  a xes  and o r i g i n .

a © X y z

c 0 .0 6 9 8 0 .0 3 8 1 0 .0 1 6 9 0 .3 8 9 0 .2 8 3 Q. 818

*L 0 .0 5 3 0 .1 7 9 0 .0 1 6 0 0 .3 0 1*33 0 .7 8

% 0 .2 8 1 0 .0 1 0 Q.Q281 1*57 0 .0 7 1 .3 6

These p o s i t i o n s  were th en  r e f e r r e d  to  th e  sub—c e l l  axes: 

and to  s u b - c e l l  c en tr e  as  o r i g i n  and the  c o o r d in a te s  

o b ta in ed  are shown i n  Table T.



T a b le  V

C oord in ates  o f  the S u b - c e l l  Atoms, r e f e r r e d  to  th e  

s u b - c e l l  ax es  and c e n tr e .

X
a s

Y
b S',

Z
c s

X T Z

c 0*0649 0 .0 3 8 1 -0 * 1 8 3 6 0 .3 6 1 0*283 -0*467

% Go 049 0*179 —0 * 200 0 .2 7 1 .3 3 - 0 .5 1

ht2 0*273 0 .0 1 0 0*026 1 .5 2 0 .0 ? 0 .0 7

The arrangement o f  th e s e s u b - c e l l
Sl

atom s in the

p r o j e c t i o n s a lon g  the b and a s ax es  are showns in  F ig .

In th e  p r o j e c t io n  a lo n g  the  a a x i s  a l t e r n a t e  carb on-

carbon bonds are o m itted  fo r  the  sake o f  c la r i t y *

The m a tr ix  g^ f o r  e x p r e s s in g  the  d i f f r a c t i o n  o rd ers  

Bl o f  the  sub—c e l l  i n  term s o f  h^ o f  th e  main c e l l  i s

the  same a s  th a t  fo r  e x p r e s s in g  the  s u b - c e l l  t r a n s l a t i o n s
i  k

b in  term s o f  the c r y s t a l  t r a n s l a t i o n s  a • The m a tr ix

then i s

1 0 0

i»i
H

Aj 0 1 0

0 .0154 94 0 0 .053 496
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P ig .  6* Arrangement o f  th e  atoms in  the  p r o j e c t io n s  
o f  the s u b - c e l l  (a ) a lon g  the b s a x i s ,  (b) a lon g  th e  
a s a x i s .  In  l a t t e r  case  a l t e r n a t e  G-C bonds are  
o m itte d .



The stru ctu re , f a c t o r s  were r e c a lc u la t e d  and the

d i s c r e p a n c ie s  were found to  have f a l l e n  to 1 6 .7 $  and

13*8$ fo r  the (hOl) and (Okl) r e f l e c t i o n s .  None o f

the  p la n e s  was found to have changed s i g n s .  For the

two zones the  b e s t  v a lu e  o f  B, th e  tem p erature  f a c t o r ,
-1 6was found to  he 3 .0 x 1 0  and t h i s  v a lu e  was a l s o  taken  

f o r  th e  hydrogen atom s.

The standard  m o lecu le  a t  the o r ig i n  o f  the main 

c e l l  was c a l l e d  A and the  r e f l e c t e d  m o le c u le  a t  (-J- -§• 0) 

B, and th e  s h o r t e s t  d i s t a n c e s  o f  approach betw een non­

bonded atoms assum ing the  p o s i t i o n s  c a lc u la te d ,  fo r  the  

r e g u la r  s t r u c t u r e  were found to  be

C1 (A) ...........  0 ,  (B) 4 .1 4  A.

O-l (A)  ........  0X (B) 4 .2 0

C1 (A)   C, (B ) 4 .2 0

The hydrogen atoms a t ta c h e d  t o  C-̂  were d e s ig n a te d

and and the s h o r t e s t  hydro gen-hydro gen d i s t a n c e s  

were c a lc u la t e d  as
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H u (A) . . . . . .  e 22 (B) 2 .6 1  A

h12 (A) . . . . . . (B) 2 .9 6

=11 (A) . . . . . .  h31 (B) 2 .9 7

(A) . . . (B) 2 .9 7

*11 (A) . . . (B) 2 .9 8

The d is ta n c e  betw een  the ob served  p o s i t i o n s  o f  the  

carbon atoms o f  the  m ethyl groups a c r o s s  the cen t r e  o f  

symmetry a t  (00-J-) was found to be 4 .19A .

(h) Comparison w ith  th e  Orthorhombic Form.

The a g a x i s  o f  the s u b - c e l l  was d is p la c e d  in  the

d i r e c t i o n  o f  th e  c a x i s  by an amount e q u iv a le n t  tos
one z ig - z a g  u n i t  o f  the c h a in .  T h is  o p e r a t io n  produced  

a s u b - c e l l ,  which however i s  n o t  a tr u e  s u b - c e l l  o f  the  

s t r u c t u r e ,  o f  the d im ension s

aQ = 4*945 ±. 0*01 A

h0 = 7 .4 2  + 0 .0 1  A

c 0 = 2 .5 4 6  + 0.004A p0 = 9 0 ° l i '  + 7 '

The s id e s  o f  t h i s  s u b - c e l l  agree  c l o s e l y  w ith  th o se  

found f o r  a number o f  n - p a r a f f in s  o f  the orthorhom bic  

form and the ang le  (S does n o t  d i f f e r  s i g n i f i c a n t l y  from 

one r ig h t  a n g le .



The c o o r d i n a t e s  o f  t h e  a toms o f  th e  m e th y le n e  group

in  the asymm etric u n i t  o f  the s u b - c e l l  were r e f e r r e d  to

th e  o r th o g o n a l axes  a ' ,  b g and c g where a g was p e r p e n d ic u la r

to  h  and e • These atoms w i l l  then  be e x p ressed  in  terms  s  s *
o f  th e  s u b - c e l l  g iv e n  above i f  the  d ep a r tu re  o f  (3 from 

o r th o g o n a l i ty  i s  ign ored  and t h e i r  c o o r d in a te s  are  g iv e n  

in  T ab le  ¥ 1 ,

T able  ¥1

C o ord in ates  o f  the S u b - c e l l  Atoms, r e f e r r e d  to  the  

o r th o g o n a l axes  a ' ,  b and c where a '  i s  p e r p e n d ic u la r8 S- S S
b and c s s

X' X 1 ' X' T Z'
ao

C 0 .06 49

b0
0 .0 3 8 1

e0
- 0 .2 4 8 9 0 .3 2 1 0 .2 8 3 - 0 .6 3 4

0 .0 4 9 0 .1 7 9 - 0 .2 4 9 0 .2 4 lc 3 3 - 0 . 6 3

W0 0 .2 7 5 0 .0 1 0 —0 .2 4 9 1 .3 5 0 .0 7 - 0 .6 3

'The above v a lu e s  correspond very  c l o s e l y  w ith  t h o s e ,  

found by Bunn and a l s o  by Y a in s t e in  and B in s k e r ,  p r e v io u s ly  

quoted f o r  the  orthorhom bic form. I t  would appear th a t  

th e  s idew ays packing  o f  th e  c h a in s  i s  th e  same i n  th e  

orthorhom bic ahd m o n o c lin ic  form s. Schoon*s c o n te n t io n



as: to  the  way in 'w h ic h  the mono c l i n i c  u n i t  c e l l  can 

he d e r iv e d  from the orthorhom bic i s  th u s v ery  n e a r ly  

true: s in c e  the (3 a n g le  o f  the  s u b - c e l l  i s  very  n e a r ly  

equal to  the (3 angle, o f  the  mono c l i n i c  c r y s t a l  c e l l o

The p lan e  c o n ta in in g  the  carbon atoms o f  the chain  

passes- through the  main c e l l  o r i g i n ,  th e  s u b - c e l l  o r i g i n  

and th e  p o in t  and i t s  e q u a t io n 9. r e f e r r e d  to  the  

o r th o g o n a l a xes  a ' ,  b and c i s  g iv e n  by

-  1.-347T = 0 .

The plane: then  makes- an a n g le  o f  41*4° w ith  the  b a x i s .

( i )  D is c u s s io n

The r e s u l t s  o f  t h i s  work are i n  g en era l  agreement  

w ith  the  c o n c lu s io n s  o f  the e a r l i e r  i n v e s t i g a t o r s .  The 

sidew ays packing  o f  the  m o lecu la r  c h a in s  was found to be  

v ery  s im i la r  to th a t  shown f o r  th e  orthorhom bic form. 

Schoon* s c o n te n t io n  a s  to  the way i n  which the m o n o c l in ic  

form o f  the  n - p a r a f f i n 1s i s  d er iv ed  from the orthorhom bic  

form i s  very  n e a r ly  tru e  but the v a lu e  o f  the m o n o c l in ic  

an g le  depends not on ly  on t h e  len gth , o f  the  z ig - z a g  u n i t  

bu t on the  end to  end p ack in g  o f  the m o le c u le s  and hence



t h e  l e n g t h  o f  t h e  h y d r o c a r b o n  c h a i n .

In the  case  o f  n -h e x a tr ia c o n ta n e  th e  c o n s id e r a b le  

l e n g t h  o f  the m o lec u le  p r e v e n ts  the  a c c u r a te  d e ter m in a t io n  

o f  the  peram eters o f  in d iv id u a l  atoms but th e  v a lu e s  

o b ta in e d  show t h a t  the  ch a in  i s  r e g u la r  w i t h in  the  l i m i t s  

o f  exp er im en ta l erro r  w ith  perhaps some s l i g h t  d i s t o r t i o n  

a t  the  ends where the e f f e c t s  o f  the end to  end pack ing  

w i l l  be g r e a t e s t .  * This r e g u l a r i t y  o f  th e  cha in  p erm its  

more a c cu ra te  v a lu e s  o f  th e  atom ic peram eters to  be  

o b ta in ed  and g i v e s  the l e n g t h  o f  the z ig - z a g  o f  the ch a in  

as 2 .5 4 6  + 0 .0 0 4  A, the  carbon-carbon  bond l e n g t h s  as  

a l t e r n a t i v e l y  1*538 + 0 .0 0 7  and 1 .5 2 9  +. 0 .0 1 0  A and th e  

a n g le  o f  the z i g - z a g  as 1 1 2 °1 2 '(+ 2 1 ' .  These r e s u l t s  do 

n o t  d i f f e r  s i g n i f i c a n t l y  from the  v a lu e s  o b ta in ed  by Bunn 

f o r  p o ly th e n e .  The v a lu e s  o f  th e  carbon-carbon bond 

l e n g t h s  are n o t  s i g n i f i c a n t l y  d i f f e r e n t  from one anoth er  

or the v a lu e  o f  1 .5 4  A found fo r  th e  carbon-carbon s i n g l e  

bond le n g t h  i n  diamond, a lth ou gh  some d e v ia t io n  in  

bond le n g t h  a lo n g  the  ch a in  m ight be e x p e c te d .

The z ig - z a g  an g le  o f  the  chain  i s  in c r e a se d  over  

the  t e t r a h e d r a l  angle  o f  1 0 9 ° 2 8 '  and i t  would appear th a t  

th e  mutual r e p u ls io n  betw een a l t e r n a t e  carbon atoms i s  

s u f f i c i e n t  to  fo r c e  them fu r th e r  a p a r t .



(3) Experim ental

1 .  P re p a r a t io n  o f  the c r y s t a l s .

C r y s ta ls  o f  n -h e x a tr ia c o n ta n e  were grown from a 

s o l u t i o n  in  l i g h t  petro leum  by slow  e v a p o r a t io n  a t  room 

tem p era tu re , the tem perature b e in g  m a in ta in ed  c o n s ta n t  

by immersing th e  v e s s e l  in  w ater  i n s id e  a Dewar f l a s k .

The c r y s t a l s  were o b ta in e d  as f l a t  diamond shaped  

p l a t e s  w ith  an i n t e r f a c i a l  an g le  o f  about 7 5 ° .  The 

a and b a x e s  la y  in  the  p lan e  o f  the p la t e  a lo n g  th e  

b i s e c t o r s  o f  th e  i n t e r f a c i a l  a n g le s  w ith  the  (001) and 

(110) f a c e s  w e l l  d ev e lo p ed . Most o f  the  c r y s t a l s  were  

twinned about th e  (001) but a number o f  untwinned o n e s  

were s e l e c t e d  w ith  the  a id  o f  the p o l a r i s i n g  m icr o sc o p e .

2 .  D eterm in ation  o f  th e  u n i t  c e l l .

R o ta t io n ,  o s c i l l a t i o n  and zero — and f i r s t - l a y e r  

W eissenberg photographs were taken about the  a and b 

axes  u s in g  n i c k e l - f i l t e r e d  copper Ka r a d ia t io n  

( X =  1 .5 4 2  A ). The a and b a x i a l  l e n g t h s  were measured  

from the r o t a t i o n  photographs on which copper powder l i n e s ,  

o f  known sp a c in g ,  had been superim posed to  g iv e  an a c cu ra te  

v a lu e  o f  the camera r a d iu s .

On the  b a x i s  W eissenberg photograph, sodium c h lo r id e  

powder l i n e s  were superim posed a t  the two ends o f  t r a v e r s e .  

The v a lu e s  o f  the Bragg a n g le s  0 are a c c u r a te ly  known 

f o r  th e se  l i n e s  and a graph was drawn r e l a t i n g  P , the



1 1 5

d isp la c e m e n t  from the  c e n tr e  o f  the f i l m ,  to 0„ In

p r a c t i c e  the  second powder l i n e  was taken as an 

a r b i t r a r y  zero and the  d isp la cem en t  measured from t h i s .  

T his curve i s  v e ry  n e a r ly  a s t r a i g h t  l i n e  and a l lo w s  

fo r  any n o n - c i r c u l a r i t y  o f  the  camera. For any  

r e f l e c t i o n  the  v a lu e  o f  P was measured from the f i l m ,

0 found from the graph, and i t s  D'v v a lu e  determ ined w ith  

a h ig h  degree  o f  accu ra cy . -̂s d i s ta n c e  o f  the

p o in t  h a v in g  M i l l e r  i n d ic e s  h k l from the  o r ig i n  o f  th e  

r e c ip r o c a l  l a t t i c e .

The a x i a l  p la n e s  (0018) and (0019) were in d exed  by  

in s p e c t i o n  and an approxim ate v a lu e  found f o r  0'c. The

h ig h e r  order p la n e s  were then in d exed  and a more

T h is  form ula g iv e s  a w e igh t 1 to  each r e f l e c t i o n  i . e .  

g r e a te r  w e igh t to the h ig h  order  r e f l e c t i o n s .

The standard d e v ia t io n  o f  c" i s  g iv e n  by

a c c u r a te  v a lu e  o f  cT determ ined u s in g  th e  form ula

2 1 sin©  
i l



where 6 i s  the  d i f f e r e n c e  between the  observed  and 

c a lc u la t e d  v a lu e s  o f  D" fo r  each p la n e .

Thus a* = 0 .036 50  +. 0 .00006

and csin(3 = 42 .2 5  ±  0 .0 7  A.

where csin(3 = and a"(csinjB-) =

The (hOl) s e r i e s  o f  r e f l e c t i o n s  were ind exed  to

g iv e  sm all 1 num erals to  the  in t e n s e  r e f l e c t i o n s  and

th e  s t r o n g e s t  p lane was c a l l e d  the  (201) and n o t  the

(200) by comparison w ith  th e  ( h H )  r e f l e c t i o n s .  The

v a lu e  o f  the m o n o c l in ic  a n g le  p was determ ined by a
57method due to  Vand and summarised below .

For a m o n o c l in ic  c e l l ,

,2  ,,2  2 2 2
+  +  2K^ l c *  + l 2

« t T a  a v > a .  "Q/v
h k l  I s  the d i s ta n c e  o f  the  p o in t  h a v in g  Miller*  

i n d i c e s  h k l  from the o r ig i n  o f  the  r e c ip r o c a l  l a t t i c e ,



hT, and KT, are c o n s ta n t  fo r  a band o f  r e f l e c t i o n s  o f  nk: nk
g iv en  i n d i c e s  h and k .

. / *)?• N p
3y w r i t in g  (B^V1 J t  J -  1  = j ± , 1  = x^,

n  l i n e a r  e q u a t io n s  are o b ta in ed  o f  th e  form

Y± = +' q , 1 = 1 , 2  n .

where x.. are whole numbers and y .  a r e  known from x  ̂x
measurement*

To determ ine p and q w ith  the  g r e a t e s t  a c c u r a c y ,  

a G-aussian method o f  l e a s t  sq u ares  was u s e d ,  assum ing  

th a t  a l l  the eq u a t io n s  have equal w e ig h t

TKfa b =  -  i x j i ^
n  £  x? - (l *i)Z

<J =  ^  act £  'ii " ^  *t i *i *41

- U * < f

and the  standard d e v ia t io n s  o f  p and q are g iv e n  by
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y \ i £
( t v -  2 .)  [ * £  * i  “ ( 5  * * ) * * ]

<x y \ cI

where 4^ = y l  — yv

and where y l  are th e  v a lu e s  c a lc u l a t e d  u s i n g  th e  above  

v a lu e s  o f  p and ! •

Then

h k;  = c v * ^  .

( Hu)  +

â \tl G ^
H*h

<r(tf> = ^ ^ - T ( H C k)
Hkk

which g iv e s  a = 5*512 +. 0 .0 1 1  A.



whence 0*r = 6Q°54 r +. 4 * 

p = 1 1 9 °6 '  + 4 \

c sm p 
sm js 5

| — L - <r2(csm&) -v- — ~  ̂ cr2^ !
[ s m ap r T a n 2p> ' j

whence c = 4 8 ,3 5  + .0 .0 8  A.

3» D e n s ity  d e te r m in a t io n .

The d e n s i t y  o f  n -h e x a tr ia c o n ta n e  was found by

e x t r a p o la t io n  from the data  g iv e n  by P a terso n * ^ ,

4* I n t e n s i t y  measurements and c o r r e c t io n s .

The (Okl) and (hOl) r e f l e c t i o n s  were o b ta in ed  by

W eissenberg f i lm s  o f  the z e r o - la y e r  l i n e s  o f  c r y s t a l s

r o t a t e d  about the a and b a x i s .  The i n t e n s i t i e s  were

measured on a r e l a t i v e  s c a l e  by v i s u a l  e s t im a t io n  u s in g
36the  m u lt ip le  f i lm  tech n iq u e  .

and  ar(c) =



T a b le  V I I

G r o s s - s e c t io n  ITo. o f  $  o f  Range
R e f l e c t i o n s  o f  c r y s t a l  r e f l e c t i o n s  t h e o r -  o f

in  mm. o b serv ed  e t i c a l  i n t e n s i t i e s

0.24- x  0 .0 9 88 2 7 . 2 8 0 0 :1

Okl 0 .3 0  x 0 .0 9 2 0 .5  9 ,5 0 0 :1

Table VT1 shows t h a t  the  c r y s t a l s  used  were f a r  

from uniform  but i n  v iew  o f  the low  a b s o r p t io n  c o e f f i c i e n t  

no a ttem pt was made to  c o r r e c t  fo r  the  a b s o r p t io n  o f  th e  

X-ray beam in  th e  c r y s t a l . The i n t e n s i t i e s  were 

c o r r e c te d  by the u su a l  L oren tz  and p o l a r i s a t i o n  f a c t o r s  

and the  observed  v a lu e s  o f  the s t r u c tu r e  f a c t o r s  were 

l a t e r  p la c ed  on an a b s o lu te  s c a l e  by com parison w ith  th e  

c a lc u la t e d  v a l u e s .

5® F o u r ier  a n a l y s i s .

For the s u b - c e l l  p r o j e c t io n  a lo n g  th e  b a x i s  the  

e l e c t r o n  d e n s i ty  was computed a t  225 p o in t s  on the  

asym m etric u n i t ,  the  a and c a x e s  b e in g  su b d iv id ed  in t o3 S
30 p a r t s  o f  0 .1 8 6  and 0 .085A . r e s p e c t i v e l y .  The

summations were c a r r ie d  out by th r ee  f i g u r e  m e th o d s ^  and

th e  r e s u l t s  were p l o t t e d  on a s c a le  o f  5 cm. per A. by

g r a p h ic a l  i n t e r p o la t i o n  from the summation t o t a l s .  The

e le c t r o n  d e n s i t y ,  in  th e  p r o j e c t io n  a lo n g  th e  a a x i s ,s
was computed a t  300 p o i n t s , t h e  summation i n t e r v a l s  b e in g  

h s/ 6 0  = 0 .124A  and 0 s s i n S a/ 2 0  = 0 .113A .



For the  main c e l l  p r o j e c t io n  a lon g  th e  h a x i s  

the  e l e c t r o n  d e n s i t y  was computed a t  900 p o in t s  on th e  

asym metric u n i t ,  the  a a x i s  b e in g  su b d iv id ed  in to  30 

p a r t s  o f .0 .1 8 6 A  and the c a x i s  in to  120 p a r t s  o f  

0 .403 A . The r e s u l t s  were, p l o t t e d  on a s c a l e  o f  4cm. 

per A. by g r a p h ic a l  i n t e r p o l a t i o n  from the summation 

t o t a l s .  The e le c t r o n  d e n s i t y  in  the  p r o j e c t io n  a lo n g  

th e  a a x i s  was computed a t  1 ,8 0 0  p o i n t s , t h e  summation 

i n t e r v a l s  b e in g  h /6 0  = 0 .124A  and c s in p / l .2 0  = 0 .352A .



T a b le  VIII

Observed and C a lc u la te d  V alues  o f  t h e  S tr u c tu r e  F a c to r s .

M d 2 sin© Fo Fc h k l 2 s in© Fo Fe
200 0 .6 3 3 77 +84 00*20 0 .7 3 0 14 +17

400 1 .2 6 4 < 6 0 00*21 0 .7 6 7 7 -  7

600 1 .8 9 7 < 4 + 4 0 0 ,2 2 0 .8 0 3 < 5 + 3

00*23 0 .8 4 0 < 5 ~  2

001 0 .0 3 7 (?) 21. 0 0 ,2 4 0 .8 7 6 < 5 + 1

002 0 .0 7 3 (?) —22 0 0 ,2 5 0 .9 1 3 < 5 0

003 0 .1 1 0 (?) •+-22 00*26 0 .9 4 9 < 5 0

004 0 .1 4 6 18 -2 2 00*27 0 .9 8 6 < 6 0

005 0 .1 8 3 18 +21 00*28 1 .0 2 2 < 6 0

006 0 .2 1 9 17 -2 1 00*29 1 .0 5 9 < 6 0

007 0 .2 5 6 17 +21 00 *30 1 .0 9 5 < 6 + 1

008 0 .2 9 2 17 -2 0 00*31 1 .1 3 2 < 6 -  1

009 0 .3 2 9 16 +20 0 0 ,3 2 1 .1 6 8 < 6 + 1

0 0 ,1 0 0 .3 6 5 16 - 1 9 00*33 1 .2 0 5 < 6 -  2

00 *11 0 .4 0 2 16 +18 0 0 ,3 4 1 .2 4 1 < 6 + 3

0 0 ,1 2 0 .4 3 8 14 - 1 8 0 0 ,3 5 1 .2 7 8 9 -  5

00*13 0 .4 7 5 15 +18 00*36 1 .3 1 4 13 + 9

00*14 0 . 5 H 16 -1 9 0 0 ,3 7 1 .3 5 1 43 - 3 7

00*15 0 .5 4 8 18 +21 0 0 ,3 8 1 .3 8 7 25 -2 4

00*16 0 .5 8 4 24 -2 2 0 0 ,3 9 1 .4 2 4 10 +10

00 *1? 0 .6 2 1 31 +28 0 0 ,4 0 1 .4 6 0 8 -  7

00 *18 0 .6 5 7 57 -55

0 0 ,1 9 0 .6 9 4 100 -9 6 020 0 .4 1 5 324 +300
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Table VIII (co n td . )

h k l 2 sinQ Fo Fc h k l 2s.in0 Fo> Fc

040 0 .8 3 0 110 +104 2 0 ,TO 1 .1 5 0 11 + 7

000 1 .2 4 5 20 + 23 2 0 ,3 5 1 .1 1 7 8 — 6

080 1 .6 6 0 13 ~ 16 2 0 ,3 4 1 .0 8 5 8 + 6

2 0 ,3 3 1 .0 5 4 7 — 6

20 ,5 7 1 .8 5 9 12 + 11 2 0 ,3 2  ' 1 .0 2 3 8 + 6

2 0 ,TO 1 .8 2 3 12 + 7 2 0 ,3 1 0 .9 9 3 9 — 7

20 ,5 5 1 .7 8 8 8 — 4 20 ,3 0 0 .9 6 4 10 + 7

20 ,5 4 1 .7 5 4 < 5 + 3 20 , 29 0 .9 3 4 10 — 7

20 ,5 3 1 .7 2 0 < 6 — 3 2 0 ,TO 0 .9 0 5 11 + 8

2 0 ,5 2 1 .6 8 5 < 6 + 2 20 ,2 7 0 .8 ? 6 11 — 8

20 ,5 1 1 .6 5 2 < 6 — 2 2 0 ,TO 0 .8 4 8 12 9

2 0 ,5 0 1 .6 1 8 < 6 + 2 2 0 ,TO 0 .8 2 1 13 — 10

2 0 ,4 0 1 .5 8 3 < 7 - 2 2 0 ,2 4 0 .7 9 3 15 + 11

20 , 1 .5 4 9 < 7 + 2 2 0 ,TO 0 .7 6 9 16 — 14

20 ,TO 1 .5 1 5 < 7 — 2 2 0 ,9 2 0 .7 4 4 21 + 16

2 0 ,TO 1 .4 8 0 < 7 + 2 2 0 ,TO 0 .7 2 0 25 — 23

20 , T O 1 .4 4 7 < 7 — 2 2 0 ,2 0 0 .6 9 8 44 + 48

2 0 ,4 4 1 .4 1 3 < 7 + 2 2 0 ,1 9 0 .6 7 5 1.10 +108

2 0 ,TO 1 .3 7 8 < 7 — 3 2 0 ,1 8 0 .6 5 6 17 19

20 ,4 2 1 .3 4 4 < 7 + 3 2 0 ,1 7 0 .6 3 6 8 + 9

2 0 ,4 1 1 .3 1 1 < 7 — 2 2 0 ,1 5 0 .6 2 0 7 — 4

2 0 ,TO 1 .2 7 8 < 7 + 2 2 0 ,1 5 0 .6 0 3 5 2

20 ,39 1 .2 4 7 < 7 0 20,14' 0.5&9 < 4 — 1

20 ,38 1 .2 1 3 110 — 99 2 0 ,1 5 0 .5 7 7 < 4 0

20 ,3 7 1 .1 8 2 16 — 9 2 0 ,TO 0 .5 6 8 < 4 0



Table  V111 ( c o b  t d . )

i ik l 2 s in 0 F0; Pa b k l 2 sin© F© Fc

2 0 ,1 1 0 .5 6 1 < 4 0 . 2 0 ,1 4 0 .9 8 7 < 6 + 1

2 0 ,1 0 0 .5 5 6 < 4 0 2 0 ,1 5 1 .0 1 6 < 6 + 1

209 0 .5 5 5 < 4 + 1 20 ,1 6 1 .0 4 9 < 6 — 2

20F 0 .5 5 2  . < 4 — 1 20 ,1 7 1 .0 7 9 < 6 + 7

207 0 .5 5 5 < 4 + 2 20 ,1 8 1 .1 1 0 74 — 95

20*5 0 .5 5 9 5 — 4 20 ,19 1 .1 4 2 18 — 16

205 0 .5 6 7 7 + 6 2 0 ,2 0 1 .1 7 5 8 9

2 0 ¥ 0 .5 7 6 12 — 9

203 0 .5 8 7 20 +■ 1.5 4 0 ,5 T 1 .8 3 7 17 - 15

202 0 .6 0 0 36 - 28 4 0 ,5 5 1 .8 0 9 < 5 + 2

201 0 .6 1 5 114 +107 '40*55 1 .7 7 9 < 5 1

201 0 .6 5 1 24 — 33 4 0 ,4 3 1 .4 6 1 < 7 — 2

202 0 .6 7 0 1.5 + 21 4 0 ,4 2 1 .4 3 9 < 7 + 3

205 0 .6 9 1 12 — 16 4 0 ,4 1 1 .4 1 6 9 - 4

204 0 .7 1 4 11 + 13 4 0 ,4 0 “ 1 .3 9 4 11 + 8

205 0 .7 5 8 9 — 10 4 0 ,5 9 1 .3 7 3 37 — 30

206 0 .7 6 2 8 9 40 J B 1 .3 5 2 34 — 28

20? 0 .7 8 8 7 — 7 4 0 ,5 7 1 .3 3 0 10 + 11

208 0 .8 1 4 6 + 6 4 0 ,3 5 1 .3 1 0 8 — 7

209 0 .8 4 2 5 — 6 4 0 ,3 5 1 .2 9 0 < 7 + 6

20 ,1 0 0 .8 6 9 < 5 + 4 40*34 1 .2 7 1 < 7 5

20 ,1 1 0 .8 9 8 < 5 — 4 4 0 ,2 ? 1 .1 2 1 < 6 + 3

2 0 ,1 2 0 .9 2 8 < 5 + 3 4 0 ,2 1 1 .1 1 5 < 6 — 6

20 ,1 3 0 .9 5 7 < 6 — 2 40 ,2 0 1 .1 1 3 79 + 94
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T able  viil feon t'd .)

i ik l 2 s in 0 l a l o Xkl 2 s in S

40*13 1 .1 0 9 23 21 019 0 .3 8 9 < 3 + 3

40 * I i 1.1Q7 < 6 — 11 0 1 ,1 0 0 .4 1 9 < 3 -  4

40Jtl f 1 .1 0 5 < 6 + 8 0 1 ,1 1 0 .4 5 2 4 + 4

403 1 .2 1 4 < 6 + 2 0 1 ,1 2 0 .4 8 5 4 -  5

402 1 .2 3 1 < 6 — 3 0 1 ,1 3 0 .5 1 8 5 + 5

4 OX 1 .2 4 6 16 — 7 0 1 ,1 4 0 .5 5 2 6 -  6

401.__ 1
(Ml 
CO 1 
<M| *1 
HI1t _<_7_____ _ 0 0 1 ,1 5 0 .5 8 ? 9 + 7

4 0 ,1 4 1 .5 7 8 < 7 2 0 1 ,1 6 0 .6 2 1 12
. ~  9

40*15 1 .6 0 2 < 6 — 3 0 1 ,1 7 0 .6 5 4 17 +12

4 0 ,1 6 1 ,6 2 8 10 + 9 0 1 ,1 8 0 .6 8 9 34 - 2 8

4 0 ,1 7 1 .6 5 5 21 — 24 0 1 ,1 9 0 .7 2 4 62 -5 4

4 0 ,1 8 1 .6 8 2 22 — 28 0 1 ,2 0 0 .7 5 9 11 +11

4 0 , IS 1 .7 0 8 8 + 9 0 1 ,2 1 0 .7 9 3 7 -  6

0 1 ,2 2 0 .8 2 9 5 + 3

6 0 ,2 1 1 .6 6 5 27 Hr 22 0 1 ,2 3 0 .8 6 5 < 5 -  2

6 0 , 'SB 1 .6 6 9 27 + 29 01*24 0 .8 9 9 < 5 + 1

60,,I ? 1 .6 7 1 < 6 — 9 0 1 ,3 5 1 .2 9 4 < 7 + 2

60_s| f _ _

\D 
1 1

v
! i ■b ...5 0 1 ,3 6 1 .3 3 1 < 7 -  3

604 1 .8 2 8 < 5 — 3 0 1 ,3 7 1 .3 6 ? 13 +11

603 1 .8 4 3 < 5 -1“ 5 0 1 ,3 8 1 .4 0 2 11 + 7

602 1.86J> 14 — 28

601 1.87?1 8 — 10 021 0 ,4 1 8 . (?) +11

022 0 .4 2 1 9 -1 2

018 0 .3 5 9  < 3 3 023 0 .4 3 0 9 +12
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nutbi® vui (e o n td . )

M il 2 sin© Fo FC h k l 2 s in 0 Fo Fc

024 0*440 8 -1 1 0 2 ,3 9 1 .4 8 3 8 + 8

025 0*453 8 +■11

026 0 .4 7 0 8 -1 1 03 ,12 0 .7 6 1 < 5 — 5

02? 0 .4 8 ? 7 +11 0 3 ,1 3 0 .7 8 3 < 5 + 5

028 0 .5 0 7 7 -1 1 0 3 ,1 4 0 .8 0 6 6 — 6

029 0 .5 3 0 7 +11 0 3 ,1 5 0 .8 3 0 8 + 8

02 *10 0 .5 5 2 7 -1 0 0 3 ,1 6 0 .8 5 4 12 — 10

0 2 ,1 1 0 .5 7 8 6 +10 0 3 ,1 7 0 .8 7 9 17 + 15

02 *12 0 .6 0 3 6 —11 0 3 ,1 8 0 .9 0 4 37 — 33

02*13 0 .6 3 0 7 +10 0 3 ,1 9 0 .9 3 1 77 — 68

0 2 ,1 4 0 .6 5 9 9 - 1 1 03 ,2 0 0 .9 5 9 12 + 15

0 2 ,1 5 0 .6 8 8 10 +12 0 3 ,2 1 0 .9 8 8 7 7

0 2 ,1 6 0 .7 1 8 14 -1 3 0 3 ,2 2 1 .0 1 6 < 6 + 4

0 2 ,1 7 0 .7 4 6 20 +18 03*25___ _1.044_ J L § _ —- 2

02 ,18 0 .7 7 7 39 -3 5 0 3 ,3 5 1 .4 2 1 < 7 + 4

02*19 0 .8 0 9 64 -6 3 0 3 ,3 6 1 .4 5 4 < 7 — 7

02 ,2 0 0 .8 3 9 7 +11 0 3 ,3 7 1 .4 8 8 22 + 24

0 2 ,2 1 0 .8 7 1 < 5 -  5 0 3 ,3 8 1 .5 2 1 15 + 14

02^22 0 .9 0 3 < 5 + 2 0 3 ,3 9 1 .5 5 4 9 — 5

02 ,3 4 1 .3 0 9 < 7 + 2

02 ,35 1 .3 4 3 < 7 -  4 0 4 ,1 5 0 .9 9 4 < 6 + 5

02 ,3 6 1 .3 7 8 7 + 6 0 4 ,1 6 1 .0 1 5 < 6 — 6

0 2 ,3 7 1 .4 1 3 31 -2 7 0 4 ,1 7 1 .0 3 4 7 + 8

0 2 ,3 8 1 .4 4 7 20 -1 7 0 4 ,1 3 1 .0 5 8 15 — - 15
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l a b l e Vill ( c o n t d . )

h k l 2 sin© Jo ML. 2®in© 1*0; Jo

0 4 ,1 9 1*081 24 — 27 0 7 ,1 8  1 .5 9 2 12 -  19

0 4 ,2 0 1 .1 0 5 < 6 5 0 7 ,1 9  1 .6 0 8 29 -  40

__1*123_ —__2

0 4 ,3 5 1 .5 2 4 < 7 — 2

0 4 ,3 6 1 .5 5 5 < 7 + 4

0 4 ,3 7 1 .5 8 5 14 — 16

0 4 ,3 8 1 .6 1 6 8 — 10

05*14 1 .1 5 5 < 6 5

0 5 ,1 5 1 .1 7 8 < 6 +• 6

0 5 ,1 6 1.189. 7 — 8

0 5 ,1 7 1 .2 0 6 11 12

0 5 ,1 8 1 .2 2 5 28 — 28:

0 5 ,1 9 1 .2 4 7 55 — 59

0 5 ,2 0 1 .2 6 6 < 7 + 13

05*21_ __1 .2 8 9 _ i
fM!
vj ..-1

05 ,3 5 1 .6 4 4 < 6 + 4

0 5 ,3 6 1 .6 7 3 < 6 — 7

0 5 ,3 7 1 .7 0 1 18 -t- 25

0 5 ,3 8 1 .7 3 0 12 + 15

0 7 ,1 5 1 .5 5 2 < 7 +• 4

0 7 ,1 6 1 .5  65 < 7 6

0 7 ,1 7 1 .5 7 7 8 +• 9
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