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T h e  u l t im a te  g o a l in  s tu d y in g  th e  c ry s ta l  s t r u c tu r e s  o f  th e  p o ly iso p ren e s  
is  t h e  c o m p le te  p ic tu re  o f  th e  a to m ic  a r ra n g e m e n ts  in  t h e  c ry s ta l  la t t ic e s . 
T h is  c a n  b e  a t t a in e d  b y  th e  sy n th e s is  o f r e su lts  f ro m  e x p e r im e n ta l  o b se rv a ­
t io n s  on  th e  p o ly iso p ren e s  th e m se lv e s  a n d  o n  su b s ta n c e s  v a r io u s ly  r e la te d  
t o  th e m . F ro m  th e  d e ta ile d  X - ra y  a n a ly s is  o f  s im p le  c ry s ta l l in e  co m p o u n d s  
p re c ise  g e o m e tric a l d a ta  a b o u t  th e  m o lecu le s  b eco m e  a v a ila b le  w h ic h  p o in t  
t o  th e  p ro b a b le  s te re o c h e m is try  o f th e  p o ly m e rs . T h e  c r ite r io n  o f th e  
v a l id i ty  o f a  p ro p o se d  p o ly m e r s t r u c tu r e  is  t h a t  i t  sh a ll  b e  b a se d  o n  w ell- 
fo u n d e d  a n d  se lf-co n s is te n t p r in c ip le s  a n d  sh a l l  a c c o u n t  fo r  th e  X - r a y  
d if f ra c tio n  m e a su re m e n ts  f ro m  th e  p o ljm ie r  a s  r ig o ro u s ly  a s  th is  l im ite d  
in fo rm a tio n  w ill a llow .

T h e  c r y s ta l  s t r u c tu r e  a n a ly s is  o f a  s im p le  d i- iso p ren e  d e r iv a tiv e , 
g e ra n y la m in e  h y d ro c h lo r id e  (I),^ p ro v id e s  a  b a s is  fo r  a  m o d e l o f th e  t r a n s ­
l in k e d  p o ly iso p re n e  m o lecu le  ^ -g u tta p e rc h a . T h is  m o d e l d iffe rs  s ig n i­
f ic a n tly  in  th e  m o le c u la r  d e ta i l  f ro m  t h a t  p ro p o se d  b y  B u n n ,*  a lth o u g h  i t  
a c c o u n ts  e q u a lly  w ell fo r  h is  o b se rv e d  X - r a y  in te n s i t ie s  o n  th e  fib re  d ia g ra m . 
T h e  in te r p r e ta t io n  o f th e s e  in te n s t ie s  h a s  th e re fo re  b e en  re -e x a m in e d  a n d  i t  
h a s  b eco m e  c le a r  t h a t  su c h  d a t a  a lo n e  c a n n o t  d e te rm in e  m o le c u la r  d e ta ils  
o f  h ig h  p o ly m e rs  u n iq u e ly , a n d  so sh o u ld  n o t  b e  re lie d  u p o n  to  s u p p o r t  
s t r u c tu r e s  in v o lv in g  l ^ n d  d is to r tio n s  fo r  w h ic h  t||ie re  is  n o  o th e r  e v id en ce .

(I) CH>— C = C H — C H ,— C H ,— C = C H — C H .— N H ,C 1

CH3 CH,

T h e  ^ - G u t ta p e r c h a  M o d e l.— ^The ^  m o d if ic a tio n  o f  g u t ta p e rc h a  is 
t h e  s im p le s t  n a tu r a l  p o ly iso p re n e  to  co n s id e r sin ce  t h e  f ib re -a x is  le n g th  
o f 4 7  t o  4*8  A . re v e a ls  a  re p e a tin g  u n i t  a lo n g  th e  h y d ro c a rb o n  c h a in  
c o m p a tib le  o n ly  w ith  o n e  ‘ t r a n s  ' iso p re n e  g ro u p . A ssu m in g  th e  b o n d  
le n g th s  a n d  a n g le s  o f  th e  C H ,— C = C H — C H , g ro u p  to  b e  n o rm a l a n d

C H 3

t h e  d is t r ib u t io n  o f C— C  v a len c ie s  a b o u t  th e  d o u b le  b o n d  to  b e  p la n a r ,  in  
a g re e m e n t w i th  b o th  th e  g e ra n y la m in e  s t r u c tu r e  a n d  g e n e ra l c h em ica l 
th e o ry ,  th e r e  re m a in  tw o  v a r ia b le s , t h e  o r ie n ta t io n  a n d  le n g th  o f th e  
C H ,— C H , b o n d . A s th e  s te r ic  e n v iro n m e n t  is  th e  sam e , w i th  t h e  sa m e  
b a r r ie r s  t o  f ree  r o ta t io n  a b o u t  t h e  C— C H , b o n d , a s  in  th e  g e ra n y la m in e  
m o lecu le , th e  sa m e  a n g le  o f 8 0 ° t o  th e  iso p re n e  p la n e  c a n  b e  e x p e c te d  in  
t h e  c ry s ta l l in e  s t a te .  A lth o u g h  th is  m a y  b e  in flu e n ce d  to  so m e  e x te n t  b y  th e  
in te rm o le c u la r  p a c k in g  in  t h e  c r jrs ta l  la t t ic e ,  t h e  d e v ia t io n  m u s t  b e  sm a ll  
t o  a v o id  u n b a la n c e d  re p u ls io n s  b e tw e e n  th e  C H , a n d  th e  C H  o r  C H , g ro u p s . 
T h is  fa c to r  w as a p p re c ia te d  b y  B u n n  w h en , se lec tin g  fo r  h is  m o d e l a  sm a lle r  
v a lu e  o f  th is  a n g le  (6 3 ®) h e  a lso  in tro d u c e d  a  la rg e  b o n d  d is to r t io n  o f  th e  
m e th y l  g ro u p  o u t  o f  t h e  p la n e  o f  th e  d o u b le  b o n d  v a le n c ie s  (2 4 °) a n d  
a sc r ib e d  i t  t o  j u s t  su c h  a  s te r ic  repulsion.®

T h e  le n g th  o f t h e  C H ,— C H , l ^ n d  in  t h e  g e ra n y la m in e  h y d ro c h lo r id e

 ̂ Jefirey , Nature, 1 9 4 3 , 1 5 a , 4 4 6  and  P a r t  I  of th is  series, in press.
* B unn , Proc. Roy. Soc., A, 1 9 4 2 . i8o, 4 0 .
• B unn , Trans. Faraday Soc., 1 9 4 2 , 3 8 , 3 8 4 .



m o le c u le  w a s  o b se rv e d  to  b e  s h o r te r  t h a n  n o rm a l.  A s t h e  e le c tro n ic  
p ro c ess  re sp o n s ib le  fo r  th is  b o n d  sh o r te n in g  is  a s  y e t  im p e r fe c t ly  u n d e rs to o d , 
i t  c a n n o t  b e  a p p lie d  d ire c tly  t o  t h e  p o ly m e r. H o w ev e r, fo r  t h e  p u rjk )se  of 
th is  e x p lo ra to ry  a p p ro a c h  to  th e  in te r p r e ta t io n  o f t h e  f ib re -d ia g ra m , tw o  
m o d e ls  w e re  c o n s id e re d  ; o n e  in  w h ic h  th e  C H ,— C H , le n g th  w a s  1 * 4 5  a . 
a n d  th e  C— C H ,— C H , a n g le  1 1 2 ® a s  in  g e ra n y la m in e , a n d  a  se c o n d  w i th  a  
n o rm a l C— C  v a lu e  o f 1*5 4  a . a n d  th e  t e t r a h e d r a l  a n g le .

A p p l ic a t io n  to  th e  C r y s ta l  S t r u c tu r e .— A c ce p tin g , a s  c o n s is te n t  
w i th  th e  b e s t  a v a i la b le  e x p e r im e n ta l  e v id en ce , th e  cell d im e n sio n s , sp a c e

g ro u p  a n d  g e n e ra l c ry s ta l  s t r u c tu r e  p ro p o se d  b y  B u nn ,*  t h e  tw o  m o d e ls  
d e sc rib e d  a b o v e  w ere  a d ju s te d  in  th e  u n i t  c e ll t o  p o s it io n s  in  w h ic h  th e  
a to m ic  c o -o rd in a te s  g a v e  a  s a t is f a c to ry  a g re e m e n t b e tw e e n  t h e  c a lc u la te d  
a n d  o b se rv e d  in te n s itie s . T h e  in te n s i t ie s  w e re  c a lc u la te d  fro m  th e  fo r ­
m ulae fo r  th e  sp a c e  g ro u p  w ith  a p p r o p r ia te  g e o m e tric a l fa c to rs .
T h e  c a rb o n  a to m ic  s c a tte r in g  fa c to rs  u se d  w ere  th o s e  d e r iv e d  e x p e r im e n t­
a l ly  f ro m  th e  g e ra n y la m in e  s t r u c tu r e ,  a n d  a lth o u g h  th e  tw o  s t ru c tu re s  a re  
f ro m  th e  p o in t  o f v iew  o f  th e r m a l  a g ita t io n  n o t  s t r i c t ly  c o m p a ra b le , th e s e

a re  c o n s id e re d  a d e q u a te  
T A B L E  I.— A t o m ic  C o - o r d i n a t e s . f o r  t h e  p u rp o se  o f c o m ­

p a r is o n  w i th  o b se rv a tio n s  
o f a  q u a li ta t iv e  n a tu re .

T h e  (fc. c u rv e  w as

s im ila r  in  sh a p e  to  th e  
th e o re tic a l  o n e  c o m p iled  
b y  J a m e s  a n d  B r in d le y  * 
w i th  a  D e b y e -W a lle r  
te m p e ra tu re  fa c to r  o f 
B  X lo '*  =  2-0.

T h e  a to m ic  p a r a ­
m e te rs  fo r  t h e  n o rm a l

----------------- ---------------------------------------------  m o d el a re  g iv en  in
T a b le  I  to g e th e r  w ith  

t h e  in te ra to m ic  d im en sio n s. T h e  in te n s i ty  v a lu e s  c a lc u la te d  fro m  th e se  
p a ra m e te r s  a re  sh o w n  in  T a b le  I I  fo r  c o m p a riso n  w ith  th e  o b se rv ed  
in te n s it ie s  re co rd e d  b y . B u n n . T h e  c o rre sp o n d in g  figures fo r  th e  m o d el 
c o n ta in in g  th e  s h o r te r  CH*— C H , b o n d  a re  v e ry  s im ila r  a n d  th e  sm a ll 
d iffe ren ces in  th e  c a lc u la te d  in te n s it ie s  w o u ld  b e  o f sig n ifican ce  o n ly  w h e n  
c o m p a re d  w ith  a c c u ra te  m e a su re m e n ts .

* Lonsdale, Structure Factor Tables, 1 9 3 6 .
® Internatiorial Tables for the Determination of Crystal Structures, Vol. II, 5 7 1 .
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0 -9 8 7 0 -2 7 4 0-995 CH3
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c=c 1-33 A. 
1 0 9 ®.
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1 1 2
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C o n c lu s io n s .— A lth o u g h  th e  g e n e ra l p o s it io n  o f  th e  m o le c u le  in  t h e  u n i t  
c e ll  is  n e c e ssa r ily  s im ila r ,  t h e  n o rm a l  m o d e l d iffe rs  s te re o c h e m ic a lly  f ro m  
t h a t  p ro p o se d  b y  B u n n  in  tw o  im p o r ta n t  re s p e c ts  ; (i) t h e  p la n a r  d is t r ib u ­
t io n  o f t h e  C—C  b o n d s  a b o u t  th e  d o u b le  b o n d  w ? th  n o  d is to r t io n  o f  th e  
m e th y l  g ro u p  o u t  o f t h e  p la n e , (ii) t h e  o r ie n ta t io n  o f  th e  C H ,— C H , b o n d  
a t  8 0 ® a s  a g a in s t  6 3 ° t o  th e  p la n e  o f  th e  d o u b le  b o n d . D e sp ite  th e s e  
d iffe ren ces  t h e  a g re e m e n t b e tw e e n  th e  o b se rv e d  a n d  c a lc u la te d  d iffra c tio n  
d a t a  is  a t  le a s t  a s  good . T h is  r e s u l t  sh o w s t h a t  th e r e  is  n o  ju s t if ic a t io n  fo r  
t h e  p re m ise  t h a t  th e  X - r a y  d a ta  d e m a n d  a n  u n u s u a lly  la rg e  d is to r t io n  in  
t h e  m o lecu le  o f  j8-g u tta p e rc h a ,*  a n d  a ls o  s u p p o r ts  t h e  c r it ic ism s  « a d v a n c e d  
o n  m o re  g e n e ra l c o n s id e ra tio n s  o f B u n n 's  c r y s ta l  s t r u c tu r e  o f ru b b e r.*  
S im ila r ly , th e  b o n d  a n g le  d is to r tio n s  re c o rd e d  fo r  jw ly c h lo ro p re n e  * a n d  
r u b b e r  h y d ro c h lo r id e  '  c a n n o t  b e  re g a rd e d  a s  re a l  in  th e  a b se n c e  o f  c o n ­
f i rm a to ry  ev id en ce .

T h e  s t r u c tu r e  fo r  j8-g u t ta p e rc h a  d isc u sse d  a b o v e  a l th o u g h  in h e re n tly  
m o re  p ro b a b le  th a n  t h a t  p ro p o se d  b y  B u n n  is  n o t  re g a rd e d  a s  a  fin a l 
so lu tio n . T o g e th e r  w i th  f u r th e r  e v id e n ce  f ro m  in d ir e c t  sou rces, i t  w ill 
p ro v id e  a  s t a r t in g  p o in t  fo r  a  p re c ise  X - ra y  in v e s tig a tio n  o f th e s e  p o ly m e rs  
w h en  th e  te c h n ic a l d iff icu ltie s  o f  e x te n d in g  th e  d if f ra c tio n  d a t a  f ro m  fib re -  
d ia g ra m s  a n d  e x p re ss in g  th e m  m o re  q u a n t i t a t iv e ly  h a v e  b e e n  o v e rco m e.

Sum m ary.
T h e  X - r a y  d iffra c tio n  d a ta  a t  p re s e n t  a v a i la b le  f ro m  /3 -g u tta p erc h a  

a re  sh o w n  to  b e  in su ffic ien t t o  d is t in g u ish  fin e  d e ta i ls  o f m o le c u la r  s t r u c tu r e .

• Jeffrey, Trans. Faraday Soc.. 1 9 4 2 , 3 8 , 3 8 2 .
 ̂B unn, J. Chem. Soc., 1 9 4 2 , 6 5 4 .



S in ce  a  q u a l i ta t iv e  e s t im a te  o f  t h e  in te n s i t ie s  o n  th e  f ib re -d ia g ra m  c a n  b e  
a d e q u a te ly  sa tis f ie d  b y  a  m o d e l l ia v in g  n o rm a l  in te r a to m ic  d is ta n c e s  a n d  
v a le n c y  an g le s , n o  e v id e n ce  e x is ts  fo r  t h e  im p ro b a b le  d is to r t io n  o f  th e  
m e th y l  g ro u p  o u t  o f t h e  p la n e  o f t h e  d o u b le  b o n d  p re v io u s ly  a sc rib e d  t o  
t h e  m o lecu le .

T h e  a u th o r  is  g ra te fu l  t o  D r. E . G . C o x  fo r  v a lu a b le  c r it ic ism  o f th is  
p a p e r  w h ic h  is  p a r t  o f t h e  p ro g ra m m e  o f fu n d a m e n ta l  re s e a rc h  u n d e r ta k e n  
b y  th e  B o a rd  o f  t h e  B r i t is h  R u b b e r  P ro d u c e rs ' R e se a rc h  A sso c ia tio n .
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