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A survey of the known structures of molecules containing two or more 

singly linked carbon atoms lias shown that the staggered bond configuration 

is favoured. It is suggested that these molecules may bo examples of a 

general rule—the ‘principle of staggered bonds’—which specifies the bond 

positions for successions of singly linked carbon atoms, just as the ‘tetra­
hedral principle’ specifies the bond positions on any one carbon atom.

If this is true, it is possible to predict molecular configurations. The 

number of alternative configurations, all obeying the principle of staggered 

bonds, increases rapidly with the number of carbon atoms, but the,most 

probable configuration of a particular molecule can sometimes be predicted 

on geometrical grounds.
The simpler types of carbon chain are described. The chain-type in a 

crystalline long-chain polymer may sometimes be deduced from a knowledge 

of the identity period of the molecules, which is readily found from X-ray 

or electron diffraction patterns.
The principle of staggered bonds is also obeyed in molecules containing 

singly linked nitrogen, oxygen and sulphur atoms. The configurations of 

lietero-atomic chains containing these atoms are therefore of the same 

types as carbon chains.
In molecules containing double bonds, the principle of staggered bonds 

may still be operative, a double bond being regarded in the familiar simple 

geometrical way as two distorted single bonds. The non-planar chain forms 

of gutta-percha, rubber and polychloroprene are attributed to the co­
operation of two influences: the principle of staggered bonds, and the 

repulsion between methyl or chlorine side substituents and particular 0H o 
groups in the chains.

I n  P a r t  I  o f  th i s  w o r k  ( B u n n  1941) th e  d e t e r m in a t i o n  o f  t h e  c r y s t a l  s t r u c ­

tu r e s  o f  th r e e  lo n g -c h a in  p o ly m e rs  b y  i n t e r p r e t a t i o n  o f  X - r a y  d if f r a c t io n  

p h o to g r a p h s  w a s  d e s c r ib e d .  I n  a l l  t h r e e  c r y s t a l s — /i  g u t t a - p e r c h a ,  r u b b e r  

a n d  p o ly c li lo ro p r e n e — th e  m o le c u le s  h a v e  n o n - p l a n a r  z ig z a g  c h a in  fo rm s  

a n d  a r e  a s y m m e tr ic .  I t  is  n o w  n e c e s s a ry  to  c o n s id e r  t h e  b e a r in g  o f  th e  n e w  

k n o w le d g e  o f  m o le c u la r  g e o m e t r y  o n  t h e  p o s s ib i l i ty  o f  u n d e r s t a n d in g  r u b b e r ­

l ik e  p r o p e r t i e s  in  t e r m s  o f  m o le c u la r  p h y s ic s . I t  is  w id e ly  b e lie v e d  t h a t  th e  

f le x ib il i ty , s o f tn e s s  a n d  o th e r  c h a r a c te r i s t i c  p r o p e r t i e s  o f  r u b b e r - l ik e  s u b ­

s ta n c e s  a re  in  s o m e  w a y  d u e  to  th e  f le x ib il i ty  o f  th e  m o le c u le s  th e m s e lv e s .

[ 6 7  ] 5-2
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6 8 C. W . B u n n

L o n g - c h a in  m o le c u le s  o w e  t h e i r  p o t e n t i a l  f l e x ib i l i ty  t o  t h e  s w iv e ll in g  o f  

t h e  c h a in  u n i t s  r o u n d  t h e  s in g le  b o n d s  a s  a x e s ,  a n d  i t  is  th e r e f o r e  n e c e s s a r y  

t o  c o n s id e r  w h ic h  b o n d  p o s i t io n s  a r e  t h e  m o s t  s t a b l e  a n d  w h a t  h in d r a n c e s  

t h e r e  a r e  t o  r o t a t i o n  a w a y  f r o m  t h e s e  p o s i t io n s .  T h e  p r e s e n t  p a p e r  d e a ls  

c h ie f ly  w i th  t h e  q u e s t i o n  o f  t h e  m o s t  s t a b l e  b o n d  p o s i t io n s .  T h e  e n q u i r y  

h a s  i n t e r e s t ,  n o t  o n ly  in  r e l a t i o n  t o  t h e  p r o b le m  o f  t h e  o r ig in  o f  r u b b e r - l i k e  

p r o p e r t i e s ,  b u t  a ls o  b e c a u s e  i t  o p e n s  t h e  w a y  t o  a  s y s t e m a t i c  c o n s id e r a t io n  

o f  c h a in  ty p e s .  T h e r e  is  a l r e a d y  e v id e n c e  t h a t  in  m a n y  c r y s t a l l i n e  lo n g - c h a in  

p o ly m e r s , s u c h  a s  r u b b e r  h y d r o c h lo r id e  ( G e h m a n , F ie ld  & D in s m o r e  

1 9 3 8 ), p o ly i s o b u ty le n e  ( F u l le r ,  F r o s c h  & P a p e  1 9 4 0 ) a n d  s o m e  o f  t h e  

p o ly e s te r s  ( F u l le r  1 9 4 0 ), t h e  c h a in s  h a v e k n o t  t h e  f u l ly  e x t e n d e d  p la n e  

z ig z a g  fo r m  o f  p o ly e th y le n e  ( B u n n  1 9 3 9 ) b u t  s o m e w h a t  s h o r t e n e d  (n e c e s ­

s a r i ly  n o n - p la n a r )  fo r m s .  I t  s h o u ld  b e  p o s s ib le  t o  d i s c o v e r  w h a t  t h e s e  f o r m s  

a r e  b y  i n t e r p r e t a t i o n  o f  X - r a y  d i f f r a c t io n  p h o to g r a p h s ,  b u t  t h e  d if f ic u l t i e s  

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

c ip le s  f o r  t h e  c o n s t r u c t i o n  o f  p o s s ib le  c h a in  t y p e s  is  d e s i r a b le .  I t  is  t h e  

p u r p o s e  o f  t h i s  p a p e r  t o  s h o w  t h a t  t h e r e  a l r e a d y  e x i s t s  s u f f ic ie n t  e v id e n c e  

t o  s u g g e s t  a  g e n e r a l  p r in c ip le  r e g u l a t i n g  b o n d  p o s i t io n s  i n  a l i p h a t i c  m o le ­

c u le s  c o n ta in in g  s e q u e n c e s  o f  s in g ly  l in k e d  a to m s .  I t  w il l  b e  c a l l e d  t h e  

p r in c ip le  o f  s t a g g e r e d  b o n d s .

I n  t h e  t h r e e  m o le c u le s  w h o s e  s t r u c t u r e s  w e re  d e t e r m i n e d  in  P a r t  I ,  e v e r y  

f o u r t h  c h a in  b o n d  is  a  d o u b le  b o n d ;  t h e  q u e s t i o n  o f  b o n d  p o s i t io n s  is  le s s  

s im p le  f o r  s u c h  m o le c u le s  t h a n  i t  is  f o r  th o s e  in  w h ic h  a l l  t h e  b o n d s  a r e  

s in g le . T h e  l a t t e r  w il l  t h e r e f o r e  b e  c o n s id e r e d  f i r s t .

B o n d  p o s i t i o n s  i n  s a t u r a t e d  m o l e c u l e s

A  s u r v e y  o f  a l l  t h e  w e l l - e s ta b l i s h e d  s t r u c t u r e s  o f  s im p le ,  s a t u r a t e d  o r g a n ic  

m o le c u le s , w h e th e r  in  t h e  g a s e o u s  s t a t e  o r  in  c r y s t a l s ,  h a s  b e e n  m a d e ,  a n d  

h a s  s h o w n  t h a t  t h e  f a v o u r e d  p o s i t io n s  o f  t h e  b o n d s  o f  tw o  s in g ly  l in k e d  

c a r b o n  a to m s  a r e  a s  s h o w n  in  f ig u re  1. T h e  t e t r a h e d r a l  a n g le s  b e tw e e n  t h e  

b o n d s  o f  a n y  o n e  c a r b o n  a t o m  a r e  p r e s e r v e d  ( w i th in  a  fe w  d e g re e s ) ,  a n d  t h e  

tw o  t r i o s  o f  b o n d s  abc a n d  a'b'c' o f  tw o  s in g ly  l in k e d  c a r

g e r e d  w i th  r e s p e c t  t o  e a c h  o th e r .  T h u s ,  f o r  e t h a n e ,  b o t h  t h e  e l e c t r o n  

d i f f r a c t io n  p a t t e r n  ( P a u l i n g  & B r o c k w a y  1 9 37) a n d  t h e  i n f r a - r e d  a b s o r p ­

t i o n  s p e c t r u m  ( B a r th o lo m e  & K a r w e i l  1 9 3 8 ) s u g g e s t s  t h a t  t h e  tw o  t r i o s  

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

u n d o u b t e d l y  r o t a t e  r o u n d  t h e  C — C b o n d  a s  a x is ,  b u t  t h e  r o t a t i o n  is  n o t  a  

r e v o lu t io n  a t  c o n s t a n t  s p e e d , o r  a  r a n d o m  r o t a t i o n ,  b u t  a  r a p i d  s w i tc h in g  

f r o m  o n e  t o  a n o t h e r  o f  t h e  t h r e e  e q u i v a l e n t  p o s i t io n s .
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Molecular structure and rubber-like elasticity 6 9

I n  1, 2 - d ic h lo r e th a n e ,  C H 2C 1 . C H 2C 1, b o t h  X - r a y  d i f f r a c t io n  p a t t e r n s  

( E h r h a r d t  1932) a n d  e le c t r o n  d i f f r a c t io n  p a t t e r n s  ( B e a c h  & P a l m e r  1 9 3 8 ) 

i n d i c a t e  t h a t  t h e  h a lo g e n  a to m s  s p e n d  m o s t  o f  t h e i r  t im e  a t  t h e  m a x im u m  

p o s s ib le  d i s t a n c e  f r o m  e a c h  o th e r ,  t h a t  is , w i t h  t h e  C — C l b o n d s  a t  p o s i t io n s  

a, a' o f  f ig u re  1. T h e  s a m e  is  t r u e  f o r  t h e  c o r r e s p o n d in g  d i - b r o m o - e th a n e ,  

C H 2B r . C H 2B r ,  a n d  f o r  t h e  c h lo r o b r o m o  c o m p o u n d ,  C H 2C 1 . C H 2B r  ( B e a c h  

& T u r k e v i t c h  1 9 3 9 ). T h e r e  is  s o m e  i n d i c a t i o n  t h a t  t h e r e  m a y  b e  a l t e r n a t i v e  

p o s i t io n s  w i t h  t h e  C — C—X  p la n e s  a t  8 0 ° t o  e a c h  o th e r ,  in  a d d i t i o n  t o  t h e  

m o s t  f r e q u e n t  p o s i t io n  w i th  th e s e  p la n e s  a t  1 8 0 °. A n  a n g le  o f  8 0 ° m e a n s  

20° d e v i a t i o n  f r o m  a l t e r n a t i v e  s t a g g e r e d  p o s i t io n s  o r  ac' o f  f ig u r e  1; t h e  

d e v i a t i o n  m a y  b e  d u e  t o  m u t u a l  r e p u l s io n  o f  t h e  h a lo g e n  a to m s .  (T h e  

e le c t r i c  d ip o le  m o m e n t  o f  C — C l is  h ig h .)  T h a t  t h e r e  a r e  a l t e r n a t i v e  p o s i ­

t io n s  in  C H 2C 1 . C H 2C 1 is  a ls o  s h o w n  b y  t h e  a p p e a r a n c e  in  t h e  R a m a n  

s p e c t r u m  o f  a  d o u b le t  f o r  t h e  C — C l v i b r a t i o n ;  t h e  tw o  c o m p o n e n t s  o f  t h e  

d o u b l e t  h a v e  d i f f e r e n t  in t e n s i t i e s  a t  r o o m  t e m p e r a t u r e ,  s h o w in g  t h a t  o n e  

p o s i t io n  ( th e  1 8 0 ° p o s i t io n  a c c o r d in g  t o  X - r a y  a n d  e le c t r o n  d i f f r a c t io n  

p a t t e r n s )  is  f a v o u r e d ,  b u t  t h e  in te n s i t i e s  b e c o m e  m o r e  n e a r ly  e q u a l  w i t h  r i s e  

o f  t e m p e r a t u r e ,  s h o w in g  t h a t  t h e  s e c o n d  p o s i t io n  is  v i s i t e d  r e l a t i v e ly  m o r e  

f r e q u e n t l y  a t  h ig h e r  t e m p e r a t u r e s  ( K o h l r a u s c h  19 3 2 ).

F i g u r e  1. Bond positions in saturated molecules.

I n  1, 1, 2 - t r i c h lo r e th a n e ,  C H C 12 . C H 2C 1, t h e  a n g le  b e tw e e n  t h e  p la n e s  

C l— C 1— C 2 a n d  C 1— C 2— C l is  7 0 °— w i th in  10° o f  t h e  p re c is e  s t a g g e r e d  

p o s i t io n  ( T u r k e v i t c h  & B e a c h  1 9 3 9 ); a n d  in  B r ( C H .})C H — C H ( C H 3)B r  

t h e  s ta g g e r e d  p o s i t io n  is  a g a in  t h e  m o s t  s t a b l e ,  th e  b r o m in e  a to m s  b e in g  in  

p o s i t io n s  aa' o f  f ig u re  1 ( S te v e n s o n  & S c h o m a k e r  1 9 3 9 ). I n  c y c lo h e x a n e  

th e r e  a r e  o n ly  tw o  s t r u c t u r e s  w h ic h  a l lo w  t e t r a h e d r a l  a n g le s  b e tw e e n  t h e

c a r b o n  b o n d s ;  t h e  ‘ c h a i r ’ a n d  ‘b o a t ’ V— 1 fo r m s  o f  S a c h s e .  I t  is

i n te r e s t in g  t o  f in d  t h a t  in  g a s e o u s  c y c lo h e x a n e  t h e  m o le c u le s  h a v e  t h e  

‘ c h a i r ’ fo r m , in  w h ic h  a l l  t h e  b o n d s  a r e  s ta g g e r e d  (f ig u re  2 c ) ; t h e  ‘ b o a t ’ 

fo rm , in  w h ic h  t h e  b o n d s  a r e  o p p o s e d , d o e s  n o t  o c c u r  ( P a u l in g  & B r o c k ­

w a y  1937). I n  t r i m e t h y l  m e th a n e  (B e a c h  & S te v e n s o n  1938) a n d  in  

t e t r a m e t h y l  m e th a n e  (P a u l in g  & B r o c k w a y  1 9 3 7 ), th e r e  is  s o m e  in d ic a t io n
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7 0 C. W . B u n n

t h a t  t h e  h y d r o g e n  a to m s  o f  t h e  m e t h y l  g r o u p s  m a y  b e  m o s t  f r e q u e n t ly  

a t  p o s i t io n s  3 0 ° f r o m  t h e  s t a g g e r e d  p o s i t io n ,  t h a t  is  h a l f w a y  b e tw e e n  t h e  

s t a g g e r e d  a n d  o p p o s e d  c o n f ig u r a t io n s .  T h e  e v id e n c e  f o r  a l l  t h e s e  m o le c u le s  

is  p r o v id e d  b y  t h e  e l e c t r o n  d i f f r a c t io n  p a t t e r n s  o f  t h e  g a s e s .

F i g u r e  2. Structures of some singly-linked molecules. Normal paraffin 

hydrocarbons, (b) Penta-erythritol. (c) Cyclo-hexane, Diamond.

I n  c r y s ta l s ,  l ik e w is e , t h e  s t a g g e r e d  c o n f ig u r a t io n  is  f a v o u r e d .  T h e  p la n e  

z ig z a g  o f  c a r b o n  a to m s  in  lo n g - c h a in  n o r m a l  p a r a f f in  h y d r o c a r b o n s  s u c h  a s  

p o ly - e th y le n e  ( B u n n  1939) is  s im p ly  a  r e p e t i t i o n  o f  t h e  p la n e  z ig z a g  ada' 

(o r  bdb' o r  cdc') o f  f ig u r e  1, a n d  a s s u m in g  t h a t  t h e  h y d r o g e n  a to m s  a r e  in  

t h e  t e t r a h e d r a l  p o s i t io n s ,  a ll t h e  b o n d  o r i e n t a t i o n s  in  t h e  m o le c u le  (see  

f ig u re  2a) c o n fo rm  t o  t h e  m o d e l  o f  f ig u re  I . I n  p e n t a - e r y t h r i t o l ,  C ( C H 2O H ) 4 

(L le w e l ly n , C o x  & G o o d w in  1 9 3 7 ), a n d  i t s  t e t r a - a c e t a t e  (G o o d w in  & 

H a r d y  1938) w e  f in d  t h e  s a m e  s c h e m e  o f  b o n d  o r i e n t a t i o n  ( f ig u re  2 6 ), w h ile  

in  d ia m o n d  (B ra g g  1 9 13) t h e  s c h e m e  a t t a i n s  i t s  m o s t  e x t e n d e d  e x p r e s s io n ,  

a  p e r f e c t  d ia m o n d  c r y s t a l  ( f ig u re  2d) b e in g  s im p ly  a  g ig a n t i c  m o le c u le  c o m ­

p o s e d  o f  c a r b o n  a to m s  a l l  l i n k e d  t o g e t h e r  in  p re c i s e ly  t h e  m a n n e r  s h o w n  in  

f ig u re  1. T h e  c a r b o n  a to m s  o f  s u c c in ic  a c id ,  H O O C  . C H 2 . C H 2 . C O O H , 

fo rm  a  p la n e  z ig z a g  a s  in  t h e  n o r m a l  p a r a f f in  h y d r o c a r b o n s  (V e rw e e l  & 

M a c G il la v r y  1 938). T h e  s a m e  is  t r u e  fo r  t h e  t a r t r a t e  io n  in  R o c h e ll e  s a l t  

(B e e v e rs  & H u g h e s  1941).

I n  1, 2 - d i - io d o - e th a n e , C H 2I . C H 2I ,  t h e  d i s t a n c e  b e tw e e n  t h e  io d in e  

a to m s  ( K lu g  1935) le a v e s  l i t t l e  d o u b t  t h a t  t h e y  a r e  a t  t h e  m a x im u m  p o s ­

s ib le  d i s t a n c e  f r o m  e a c h  o th e r ,  t h a t  is , t h e  C— I  b o n d s  a r e  a t  p o s i t io n s  aa'

(a) (d)

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

4
 A

u
g
u
st

 2
0

2
2
 



Molecular structure and rubber-like elasticity 71

o f  f ig u re  1. S im ila r ly ,  t h e  p o s i t io n s  o f  t h e  h a lo g e n  a to m s  in  t h e  c r y s t a l l i n e  

l i e x a c h lo r o  a n d  h e x a b r o m o  d e r iv a t i v e s  o f  c y c lo h e x a n e  ( D ic k in s o n  & 

B il ic k e  1928) in d ic a te  s t r o n g ly  t h a t  t h e  c a r b o n  r in g  ( l ik e  t h a t  o f  g a s e o u s  

c y c lo h e x a n e )  h a s  t h e  ‘ c h a i r ’ f o r m , in  w h ic h  t h e  b o n d s  o f  l in k e d  c a r b o n  

a to m s  a r e  s t a g g e r e d  ( f ig u re  2 c ) .*

R e a s o n  f o r  t h e  s t a g g e r e d  c o n f ig u r a t io n

T h e  n u m b e r  o f  in s t a n c e s  in  w h ic h  t h e  s t a g g e r e d  c o n f ig u r a t io n  is  t h e  m o s t  

s t a b l e  is  s u f f ic ie n t  t o  s u g g e s t  t h a t  i t  m a y  b e  a  q u i t e  g e n e r a l  r u le  w h ic h  

r e g u la te s  t h e  b o n d  p o s i t io n s  o n  s u c c e s s io n s  o f  s in g ly  l in k e d  c a r b o n  a to m s ,  

j u s t  a s  V a n  ’t  H o f f ’s t e t r a h e d r a l  m o d e l  s p e c if ie s  t h e  b o n d  p o s i t io n s  o n  a n y  

o n e  c a r b o n  a to m .  I n  t h i s  c o n n e x io n  i t  is  r e l e v a n t  t o  e n q u i r e  i n to  t h e  r e a s o n  

fo r  t h e  s ta g g e r e d  c o n f ig u r a t io n . T h e  t e t r a h e d r a l  d i s p o s i t io n  o f  t h e  b o n d s  o f  

a n y  o n e  c a r b o n  a to m  is  p r im a r i ly  d u e , n o t  t o  m u t u a l  r e p u ls io n  o f  t h e  a to m s  

o r  g r o u p s  h e ld  b y  t h e  b o n d s ,  b u t  t o  a  s t r o n g  o r i e n t in g  t e n d e n c y  o f  t h e  b o n d s

F i g u r e  3. Molecular structure of 1, 1 , 2 trichlorethane CHC12.CH2C1.

th e m s e lv e s  ( th e  s h a r e d  e le c t r o n  l in k s  b e in g  m o s t  s t a b l e  w h e n  t e t r a h e d r a l l y  

d is p o s e d ) , a n d  i t  m a y  b e  t h a t  t h e  s ta g g e r e d  c o n f ig u r a t io n  o f  t h e  b o n d s  o f  

l i n k e d  c a r b o n  a to m s  is  d u e  t o  a  s im ila r  o r i e n t in g  t e n d e n c y  o f  t h e  b o n d s  

th e m s e lv e s . A l th o u g h  t h e r e  is  n o  c le a r  e v id e n c e  o n  t h i s  p o in t ,  o n e  in f lu e n c e  

— th e  e f fe c t  o f  e le c tr ic  d ip o le  m o m e n t  s— m a y  b e  d i s c o u n t e d  ; in  t h e  m o le c u le  

o f  1, 1, 2 - t r i c h lo r e th a n e ,  C H C 12 . C H 2C 1, a l l  t h e  e le c t r i c  d ip o le  m o m e n ts  

H + — C ~ a n d  C +— C l-  f a v o u r  t h e  o p p o s e d  c o n f ig u r a t io n ;  t h a t  is  to  s a y ,  i f  

t h e  c o n f ig u r a t io n  w e re  d e te r m in e d  m a in ly  b y  t h e  d ip o le  m o m e n ts ,  t h e  a n g le  

b e tw e e n  t h e  p la n e s  C l— C 1— C 2 a n d  C 1— C 2— C l w o u ld  b e  120°, g iv in g  t h e  

m a x im u m  d i s t a n c e s  b e tw e e n  t h e  c h lo r in e  a to m s .  A c tu a l l y  ( f ig u re  3) t h e  

a n g le  is  7 0 °, w i th in  1 0 ° o f  t h e  s ta g g e r e d  b o n d  p o s i t io n ;  t h e r e  a r e  tw o  7 0 °

* Since this paper was first written, Schomaker & Stevenson (J. Chem.

1940, 8 , 637) have also pointed out that the staggered configuration is favoured, 
citing some of the evidence given here.
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7 2 C . W . B u n n

p o s i t io n s ,  b e tw e e n  w h ic h  o s c i l l a t io n  o c c u rs . E v i d e n t l y  t h e  e le c t r i c  d ip o le  

e f fe c t  is  s m a l l ;  t h e  s t a g g e r e d  b o n d  c o n f ig u r a t io n  is  th e r e f o r e  d u e  e i t h e r  t o  a n  

o r i e n t in g  t e n d e n c y  o f  t h e  b o n d s  th e m s e lv e s  o r  t o  a to m ic  i n t e r a c t i o n s  n o t  

a t t r i b u t a b l e  t o  e le c t r i c  d ip o le  e f fe c ts ,  o r  t o  b o t h  th e s e  f a c to r s .  K i s t i a k o w s k y ,  

L a c h e r  & R a n s o m  (1 9 3 8 ) h a v e  s u g g e s te d  t h a t ,  q u i t e  a p a r t  f r o m  t h e  q u e s ­

t i o n  a s  t o  w h ic h  c o n f ig u r a t io n  is  t h e  m o s t  s t a b l e ,  t h e  p o t e n t i a l  b a r r i e r  t o  

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

b o n d s . I t  s h o u ld  p e r h a p s  b e  m e n t io n e d  t h a t  q u a n tu m - m e c h a n i c a l  c a l c u l a ­

t io n s  o f  t h e  fo r c e s  in  t h e  e t h a n e  m o le c u le  h a v e  r e c e n t l y  b e e n  m a d e  b y  s e v e r a l  

i n v e s t ig a to r s .  S o m e  o f  t h e s e  a p p e a r  t o  p o i n t  t o  t h e  o p p o s e d  c o n f ig u r a t io n  

a s  t h e  m o re  s t a b l e ;  b u t  t h e  p r o b le m  is  a  c o m p le x  o n e , a n d  d i f f e r e n t  a u t h o r s  

d o  n o t  a g re e  a b o u t  t h e  c o n t r i b u t i o n s  o f  v a r io u s  f a c to r s  (see  G o r in ,  W a l t e r  

& E y r in g  1 9 3 9 ; E u c k e n  & S c h a f f e r  1 9 3 9 ). T h e  t h e o r e t i c a l  t r e a t m e n t  

m u s t  th e r e f o r e  b e  r e g a r d e d  a s  t e n t a t i v e .  M e a n w h i le , t h e  e x p e r i m e n t a l  

e v id e n c e  m u s t  b e  a c c e p te d ,  w h ic h  is  s t r o n g ly  in  f a v o u r  o f  t h e  g e n e r a l  

s t a b i l i t y  o f  t h e  s t a g g e r e d  c o n f ig u r a t io n .  T h e  b a r r i e r  t o  r o t a t i o n  is  3 0 0 0  c a l .  

i n  e t h a n e  ( P i t z e r  1937) a n d  a t  l e a s t  5 0 0 0  c a l .  i n  1 , 1 - d i c h lo r e th a n e  a n d  

s im i la r  m o le c u le s  (B e a c h  & P a l m e r  1 9 3 8 ; B e a c h  & T u r k e v i t c h  1 9 3 9 ).

D e v ia t i o n s  f r o m  t h e  s t a g g e r e d  p o s i t io n s  m u s t  b e  e x p e c t e d  w h e n  t h e  b o n d s  

h o ld  a to m s  o r  g r o u p s  o f  v e r y  d i f f e r e n t  s iz e s , o r  s t i l l  m o r e  w h e n  t h e  a t o m s  

t a k e  p a r t  in  c e r t a in  r in g  s t r u c t u r e s .  T h u s ,  in  c y c lo p e n ta n e ,  t h e  c a r b o n  

a to m s  f o r m  a  p la n e  r in g ,  in  w h ic h  t h e  b o n d s  a r e  o p p o s e d ,  n o t  s t a g g e r e d  

( P a u l i n g  & B r o c k w a y  1 9 3 7 ). T h e  r e a s o n  is , n o  d o u b t ,  t h a t  t h e  p r e s e r v a t i o n  

o f  t h e  t e t r a h e d r a l  a n g le s  b e tw e e n  t h e  b o n d s  o n  a n y  o n e  c a r b o n  a t o m  is  a  

m o re  u r g e n t  n e c e s s i ty  t h a n  t h e  m a i n t e n a n c e  o f  t h e  s t a g g e r e d  b o n d  s c h e m e  

f o r  s u c c e s s iv e  c a r b o n  a to m s .

P r e d i c t io n - o f  s t r u c t u r e s  o f  s a t u r a t e d  m o l e c u l e s

I f  t h e  p r in c ip le  o f  s ta g g e r e d  b o n d s  is  o f  g e n e r a l  v a l i d i t y  ( w i th  t h e  r e s e r ­

v a t io n s  m e n t io n e d  in  t h e  l a s t  p a r a g r a p h ) ,  i t  c a n  b e  u s e d  f o r  p r e d i c t i n g  t h e  

p o s s ib le  c o n f ig u r a t io n s  o f  s a t u r a t e d  m o le c u le s . I t  w il l  n o t ,  i n  g e n e r a l ,  

i n d i c a t e  o n ly  o n e  p o s s ib le  s t r u c t u r e  f o r  a n y  p a r t i c u l a r  m o le c u le ,  b e c a u s e  

a l t e r n a t i v e  b o n d  p o s i t io n s  w il l  ( e x c e p t  i n  t h e  s im p le s t  m o le c u le s )  g iv e  r is e  

to  d i f f e r e n t  c o n f ig u r a t io n s ;  b u t  i t  w il l  u s u a l l y  i n d i c a t e  a  l im i t e d  n u m b e r  o f  

p o s s ib le  s t r u c t u r e s ,  e a c h  o f  w h ic h  c a n  b e  t r i e d  o u t  in  t u r n .  A  u s e f u l  w a y  o f  

r e g a r d in g  t h e  p o s s ib le  s in g le - b o n d e d  s t r u c t u r e s  c o m e s  f r o m  t h e  r e a l i z a t i o n  

t h a t  a l l  s in g le - b o n d e d  c a r b o n  s t r u c t u r e s  w h ic h  c o n f o r m  t o  f ig u r e  1 a r e  

p o r t i o n s  o f  t h e  d ia m o n d  s t r u c t u r e  ( f ig u re  I t  is  n o t  t o  b e  e x p e c t e d  

t h a t  t h e  p r e c is e  g e o m e t r y  o f  a n y  p a r t i c u l a r  s t r u c t u r e  c a n  b e  p r e d i c t e d ,
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Molecular structure and rubber-like elasticity 7 3

b e c a u s e  th e  i n t e r a c t i o n  o f  d i f f e r e n t  g r o u p s  w il l  g iv e  r i s e  t o  d i s t o r t i o n s  

o f  t h e  ‘i d e a l ’ m o d e l;  b u t  a n  a p p r o x i m a t e  p r e d i c t i o n  is  b e t t e r  t h a n  n o  

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

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

w ill b e  n e c e s s a r y  t o  c o n s id e r  f i r s t  t h e  p o s s ib le  a l t e r n a t i v e  b o n d - s e q u e n c e s ,  

to  s e le c t  i f  p o s s ib le  t h e  m o s t  p r o b a b l e  o f  t h e s e ,  a n d  t h e n  t o  c o n s id e r  w h a t  

d i s t o r t i o n s  o f  t h e  id e a l  m o d e l  a r e  l ik e ly  t o  o c c u r .

F o r  l a r g e  m o le c u le s  t h e r e  m a y  b e  m a n y  p o s s ib le  b o n d  s e q u e n c e s ,  b u t  i t  

w ill o f t e n  h a p p e n  t h a t  c o n s id e r a t io n  o f  a to m ic  r a d i i  a n d  t h e  c le a r a n c e s  

b e tw e e n  d i f f e r e n t  p a r t s  o f  t h e  m o le c u le  w il l  s h o w  t h a t  o n e  b o n d  s e q u e n c e  is  

m o re  p r o b a b l e  t h a n  a l l  o th e r s .  A s  a n  e x a m p le ,  c o n s id e r  h o w  t h e  s im p le  

p la n e  z ig z a g  c h a in  o f  t h e  n o r m a l  p a r a f f in  h y d r o c a r b o n s  a r i s e s .  A n y  tw o  

c h a in  b o n d s  s u c h  a s  a' a n d  d i n  f ig u r e  1 a r e  a t  t h e  t e t r a h e d r a l  a n g le  t o  e a c h  

o th e r .  F o r  t h e  n e x t  c h a in  b o n d  t h e r e  a r e  t h r e e  p o s s ib le  p o s i t io n s ,  a, b a n d  c. 

I f  i t  t o o k  u p  p o s i t io n  6, t h e  c a r b o n  a to m s  o n  a' a n d  b w o u ld  b e  o n ly  2 -9  A  

a p a r t ;  s in c e  t h e  r a d iu s  o f  a  C H 2 g r o u p  is  1 -8 - 2* 0 5  A , i t  is  e v id e n t  t h a t  t h e r e  

w o u ld  b e  c o n s id e r a b le  r e p u l s io n  b e tw e e n  t h e  g r o u p s  in  t h e s e  p o s i t io n s .  T h e  

s a m e  is  t r u e  fo r  b o n d  p o s i t io n  c, w h ic h  is  e x a c t l y  e q u i v a l e n t  t o  b in  t h i s  

r e s p e c t .  I n  p o s i t io n  a, h o w e v e r ,  t h e  c a r b o n  a to m s  o n  a' a n d  a a r e  a t  t h e  

m a x im u m  p o s s ib le  d i s t a n c e  f r o m  e a c h  o t h e r  (3 -9  A ) ; t h i s  p o s i t io n  is  th e r e f o r e  

m o r e  p r o b a b le  t h a n  t h e  o t h e r  tw o . T h e  s a m e  a p p l ie s  t o  a l l  t h e  c h a in  b o n d s ,  

h e n c e  t h e  m o s t  p r o b a b le  c h a in  c o n f ig u r a t io n  is  t h e  p la n e  z ig z a g  ( f ig u re  

T h i s  is  t h e  s t r u c t u r e  w h ic h  c h a in s  o f  C H 2 g r o u p s  a r e  l ik e ly  t o  h a v e  a t  lo w  

t e m p e r a t u r e s ,  a n d  t h u s  i t  is  n o t  s u r p r i s in g  t h a t  t h i s  is  t h e  s t r u c t u r e  w e  f in d  

in  c r y s ta l l in e  n o r m a l  p a r a f f in  h y d r o c a r b o n s .

N o m e n c l a t u r e  o f  c h a in  t y p e s

W h e n  s id e  s u b s t i t u e n t s  a r e  p r e s e n t  o n  a  c a r b o n  c h a in , t h e  p la n e  z ig z a g  

m a y  n o t  b e  t h e  m o s t  p r o b a b le  fo r m  o f  c h a in .  I t  w il l  b e  u s e f u l  t o  h a v e  a  

s im p le  w a y  o f  r e f e r r in g  t o  d if f e r e n t  c h a in  ty p e s .  F o r  a n y  t h r e e  c h a in  b o n d s ,  

w e  h a v e  s e e n  t h a t  t h e r e  a r e  t h r e e  d if f e r e n t  c o n f ig u r a t io n s ,  a n d

th e s e  w ill  b e  c a l le d  A , B  a n d  C r e s p e c t iv e ly .  R e p e t i t i o n  o f  A  g iv e s  t h e  p la n e  

z ig z a g  (f ig u re  2a) w h ic h  h a s  a n  i d e n t i t y  p e r io d  o f  2 -5 3  A ; t h i s  c h a in  is  b e s t  

s y m b o liz e d  A A  o r  A 2, s in c e  t h i s  in d ic a te s  t h e  tw o - a to m  i d e n t i t y  p e r io d  a s  

w e ll a s  t h e  b o n d  s e q u e n c e .  O th e r  c h a in  t y p e s  a r e  i l l u s t r a t e d  in  F ig .  4. 

R e p e t i t i o n  o f  B  g iv e s  r is e  t o  a  r i g h t - h a n d e d  s p i r a l  c h a in  B B B B  o r  Bi w i th  

a  f o u r - a to m  p e r io d  o f  3 -6  A ; in  t h e  e n d -v ie w  o f  t h i s  c h a in ,  t h e  a to m s  fa l l  a t  

t h e  c o rn e rs  o f  a  s q u a r e .  R e p e t i t i o n  o f  C g iv e s  t h e  c o r r e s p o n d in g  l e f t - h a n d e d  

s p i r a l  64.
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7 4 C. W . B u n n

A l te r n a t i o n  o f  A  a n d  B  g iv e s  r is e  t o  a  l e f t - h

a  s ix - a to m  p e r io d  o f  6*2 A ; in  t h e  e n d - v ie w , t h e  c h a in  a to m s  fa l l  a t  t h e  

c o rn e rs  o f  a n  e q u i l a t e r a l  t r i a n g le .  A l t e r n a t i o n  o f  A  a n d  C g iv e s  t h e  c o r r e ­

s p o n d in g  r i g h t - h a n d e d  s p i r a l  (AC)3. A l t e r n a t i o n  o f  B  a n d  C g iv e s  t h e  c y c lo ­

h e x a n e  r in g  (BC)3, a l r e a d y  i l l u s t r a t e d  in  f ig u r e  2 c . O th e r  s im p le  c h a in  t y p e s  

w h ic h  a r e  n o t  s p ir a ls ,  b u t  m e r e ly  n o n - p l a n a r  z ig z a g s ,  a r e  a l s o  s h o w n  in  

.figu re  4 .

F i g u r e  4. S o m e  o f  t r i e  s im p le r  s in g l e - b o n d e d  c h a in - t y p e s .

D e t e r m in a t io n  o f  c h a in  t y p e  i n  c r y s t a l l i n e  p o l y m e r s

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

s e q u e n c e s  a r e  th o s e  l ik e ly  t o  b e  f o u n d  in  c r y s t a l l i n e  c h a in  p o ly m e r s .  E a c h  

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

o f  t h e  s im p le r  t y p e s  a r e  q u i t e  d i f f e r e n t  f r o m  e a c h  o t h e r  (see  f ig u r e  4 ). 

E v i d e n t l y  i t  s h o u ld  b e  p o s s ib le  t o  f in d  t h e  t y p e  o f  c h a in  in  a  p o ly m e r  m o le ­

c u le  b y  m e re  d e t e r m i n a t i o n  o f  t h e  i d e n t i t y  p e r io d  o f  t h e  m o le c u le ;  t h i s  is
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Molecular structure and rubber-like elasticity 7 5

q u i t e  e a s i ly  f o u n d  f r o m  t h e  X - r a y  (o r  e le c t r o n )  d i f f r a c t i o n  p a t t e r n s  o f  

c r y s ta l l in e  c h a in  p o ly m e r s ,  s in c e  in  a  s t r e t c h e d  o r  r o l l e d  o u t  s p e c im e n  t h e  

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

( c a lc u la te d  d i r e c t l y  f r o m  t h e  d i s t a n c e  b e tw e e n  t h e  l a y e r  l in e s  o n  t h e  

d i f f r a c t io n  p a t t e r n )  is  t h e  i d e n t i t y  p e r io d  o f  t h e  m o le c u le s  th e m s e lv e s .  T h e  

f ig u r e s  g iv e n  a r e  ‘ i d e a l ’ i d e n t i t y  p e r io d s ,  b a s e d  o n  t h e  p re c is e  s t a g g e r e d  

b o n d  m o d e l  o f  f ig u r e  1. S o m e  d e p a r t u r e  f r o m  th e s e  f ig u re s  m a y  b e  e x p e c te d ,  

t h o u g h  n o t  e n o u g h  t o  l e a d  t o  u n c e r t a i n t y  f o r  t h e  s im p le r  c h a in  t y p e s .

W h e n  a  c h a in  p o ly m e r  is  f o u n d  t o  h a v e  a  lo n g  i d e n t i t y  p e r io d ,  m o r e  t h a n  

o n e  c h a in  t y p e  m a y  a p p e a r  e l ig ib le ; fo r  w i th  in c r e a s e  in  t h e  n u m b e r  o f  a to m s  

p e r  p e r io d  t h e  n u m b e r  o f  d i f f e r e n t  b o n d  s e q u e n c e s  ( s o m e  w i th  s im i la r  

i d e n t i t y  p e r io d s )  in c r e a s e s  r a p id ly .  I n  s u c h  c a s e s , k n o w le d g e  o f  t h e  c h e m ic a l  

s t r u c t u r e  o f  t h e  c h a in  m o le c u le s  m a y  h e lp  to w a r d s  t h e  s e le c t io n  o f  t h e  

c o r r e c t  c h a in  t y p e ;  e a c h  c h e m ic a l  u n i t  in  t h e  c h a in  w o u ld  b e  e x p e c te d  t o  

h a v e  a  s im i la r  c o n f ig u r a t io n , a n d  t h u s  t h e  c h e m ic a l  s t r u c t u r e  o f  t h e  c h a in  

w o u ld  b e  r e f le c te d  in  t h e  b o n d  s e q u e n c e .  ( F o r  t h i s  p u r p o s e ,  e n a n t i o m o r p h i c  

c o n f ig u r a t io n s  s u c h  a s  ABan d  AC  a r e  e q u iv a l e n t . )  A s  a n  e x a m p le ,  r u b b

h y d r o c h lo r id e ,  w h ic h  is  b e l ie v e d  t o  b e  c h e m ic a l ly

(— C H 2— C H 2— C H 2— C (C H 3)C 1—

is a  c r y s ta l l in e  s u b s ta n c e  w i th  a  m o le c u la r  i d e n t i t y  p e r io d  o f  9 T  A  (G e h m a n ,  

F ie ld  & D in s m o r e  1 938). T h e  c h a in  s t r u c t u r e  A^BA^C  ( f ig u re  4 ) is  s u g ­

g e s te d  f o r  t h i s  m o le c u le , s in c e  O T A  is  s u f f ic ie n t ly  n e a r  t h e  ‘ i d e a l ’ p e r io d  

o f  8-8 A , a n d  t h e  b o n d  s e q u e n c e  is  c o m p a t ib le  w i th  t h e  c h e m ic a l  s t r u c t u r e  

o f  t h e  m o le c u le .*

S t r u c t u r e s  c o n t a in in g  p o l y v a l e n t  a t o m s  o t h e r  t h a n  c a r b o n

T h e  a m o u n t  o f  e v id e n c e  o n  m o le c u le s  c o n ta in in g  n i t r o g e n ,  o x y g e n  a n d  

s u lp h u r  a to m s  b o n d e d  w i th  c a r b o n  is  le s s  t h a n  t h a t  r e l a t i n g  t o  c a r b o n -  

c a r b o n  l in k s , b u t  w h a t  e v id e n c e  t h e r e  is  s u g g e s ts  t h a t  in  th e s e  m o le c u le s  

a lso  t h e  p r in c ip le  o f  s ta g g e r e d  b o n d s  is  o b e y e d . T h i s  w o u ld  p e r h a p s  b e  

e x p e c te d ,  b e c a u s e  th e s e  a to m s  a r e  s te r e o c h e m ic a l ly  s im i la r  t o  c a r b o n ,  

h a v in g  t h e i r  b o n d s  f ix e d  a t  th e  t e t r a h e d r a l  a n g le  to  e a c h  o th e r ,  a n d  t h e r e ­

fo re  t h e  i n t e r a c t i o n s  o f  t h e  b o n d s  o f  s u c c e s s io n s  o f  a n y  o f  th e s e  a to m s  m ig h t  

b e  e x p e c te d  to  b e  s im i la r  t o  th o s e  o f  c a r b o n  s e q u e n c e s .

T h e  o n ly  e v id e n c e  o n  n i t r o g e n  c o m p o u n d s  is  t h a t  t h e  i d e n t i t y  p e r io d s  o f

* Since this was written, the crystal structure of rubber hydrochloride has been 

determined by interpretation of X-ray diffraction patterns. The predicted molecular 

structure has proved to be correct.
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7 6 C . W . B u n n

p o ly - h e x a m e th y le n e  a d ip a m id e  (— N H ( C H 2)6 . N H  . C O  . ( C H 2)4 . C O — )n 

( F u l le r  1 9 4 0 ), a n d  n a t u r a l  s i lk  (— C H i 2 . C 0 . N H — )n ( K r a t k y  & K u r i -  

y a m a  1931) a r e  s u c h  t h a t  t h e  c h a in s  m u s t  b e  p l a n e  o r  n e a r l y  p la n e  z ig z a g s  

s im ila r  t o  t h e  c a r b o n  c h a in  in  n o r m a l  p a r a f f in  h y d r o c a r b o n s ;  a n d  t h e  b o n d  

s t r u c t u r e  o f  h e x a m e th y le n e  t e t r a m i n e ,  ( C H 2)6N 4, is  t h e  s a m e  a s  t h a t  o f  a  

p o r t i o n  o f  t h e  d ia m o n d  s t r u c t u r e  ( D ic k in s o n  & R a y m o n d  1 9 2 3 ; W y c k o f f  

k  C o re y  1 9 34).

T h e  o x y g e n  a n d  s u l p h u r  c o m p o u n d s  w h ic h  h a v e  b e e n  e x a m i n e d  a r e  

p e n t a - e r y t h r i t o l  t e t r a - a c e t a t e ,  C ( C H 20  . C O  . C H 3)4, in  w h ic h  t h e  s in g ly  

l in k e d  o x y g e n  a to m s  p a r t i c i p a t e  i n  p l a n e  z ig z a g  c h a in s  (G o o d w in  & 

H a r d y  1 9 3 8 ); t r i m e t h y l e n e  o x id e  ( C H 20 )3 a n d  t h e  c o r r e s p o n d in g  s u l p h u r  

c o m p o u n d  ( C H 2S )3 w h ic h  h a v e  r in g  s t r u c t u r e s  w i t h  c h a i r  f o r m s  l ik e  

c y c lo h e x a n e  (M o e rm a n  1 9 3 7 ; M o e r m a n  & W ie b e n g a  1 9 3 7 ); p a r a l d e h y d e  

( C H 3 . C H O )3, w h ic h  p r o b a b l y  h a s  t h e  s a m e  r in g  s t r u c t u r e  ( C a r p e n t e r  & 

B r o c k w a y  1 9 3 6 ). I n  a l l  th e s e ,  t h e  b o n d s  a r e  s t a g g e r e d .  I n  m e t a l d e h y d e  

( C H 3C H O )4 t h e  m o le c u le s  a r e  n o n - p l a n a r  e ig h t - a to m  r in g s  i n  w h ic h  t h e r e  

is  s o m e  d e v i a t i o n  f r o m  t h e  s t a g g e r e d  b o n d  p o s i t io n s .  T h e  i d e n t i t y  p e r io d s  o f  

s o m e  o f  t h e  p o ly e s t e r s  (— C O — ( C H ^ — C O — O — ( C H 2)y— O —  in d i c a t e  

t h a t  t h e  c h a in s  a r e  n e a r ly  f u l ly  e x t e n d e d  z ig z a g s  l i k e  ( C H 2)n ( F u l l e r  1 9 4 0 ); 

th e r e  c a n n o t  b e  m u c h  d e v i a t i o n  f r o m  t h e  s t a g g e r e d  p o s i t io n s  h e r e .

A s s u m in g  t h a t  t h e  s ta g g e r e d  p o s i t io n s  a r e  f a v o u r e d  in  s u c h  m o le c u le s , 

c o n f ig u r a t io n s  f o r  m o le c u le s  c o n ta in in g  t h e s e  a t o m s  c a n  b e  p r e d i c t e d .  T h e  

c h a in  fo r m s  i l l u s t r a t e d  in  f ig u re  4  a r e  v a l i d  f o r  c h a in s  c o n ta i n in g  th e s e  

a to m s ,  t h o u g h  t h e  i d e n t i t y  p e r io d s  w il l  n e c e s s a r i ly  b e  d i f f e r e n t .  I t  h a s  b e e n  

r e m a r k e d  ( F u l le r  & E r ic k s o n  1 9 37) t h a t  t h e  i d e n t i t y  p e r io d s  o f  c e r t a i n  

lo n g - c h a in  p o ly e s t e r s  i n d i c a t e  t h a t  t h e  c h a in s  c a n n o t  b e  p la n e  z ig z a g s ;  f o r  

in s t a n c e ,  p o ly e th y le n e - s u c c in a te ,

(— C O — C H 2— C H 2— C O — O — C H 2— C H 2— 0 )n ,

h a s  a n  i d e n t i t y  p e r io d  o f  8 -3  A , w h e r e a s  a  p la n e  z ig z a g  c h a in  w o u ld  h a v e  a  

p e r io d  o f  9*8  A . T h e  n o n - p l a n a r  z ig z a g  c h a in  fo r m  w h ic h  h a s  b e e n  s u g g e s te d  

fo r  t h i s  m o le c u le  b y  F u l l e r  & E r i c k s o n  is  a c t u a l l y  i l l u s t r a t e d  in

f ig u r e  4 . (T h e  p e r io d  f o r  t h e  m o le c u le  is  n e c e s s a r i ly  tw ic e  A BA C o n  a c c o u n t  

o f  t h e  c h e m ic a l  c o n s t i t u t i o n  o f  t h e  m o le c u le .)  T h e s e  a u t h o r s  c o n s id e r  t h a t  

t h i s  c h a in  c o n f ig u r a t io n  r e s u l t s  s im p ly  f r o m  a t t r a c t i o n s  o f  a to m s  o r  d ip o le s  

p la c e d  a t  i n t e r v a l s  a lo n g  t h e  c h a in .  T h e  p r e s e n t  p o i n t  o f  v ie w  is  t h a t  t h e  

p o s s ib le  c h a in  fo r m s  a r e  d e t e r m in e d  b y  t h e  p r in c ip le  o f  s ta g g e r e d  b o n d s ,  

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

a n o t h e r  n o  d o u b t  d e p e n d s  o n  a t t r a c t i o n s  o r  r e p u ls io n s  o f  c e r t a i n  a to m s  o r  

g r o u p s  n o t  o n ly  in  t h e  s a m e  m o le c u le  b u t  a l s o  in  n e ig h b o u r in g  m o le c u le s  in
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t h e  c r y s t a l .  A B A C  is  n o t  t h e  o n ly  c h a in  f o r m  p o s s ib le  f o r  t h i s  m o le c u le ;  

(AB)2(AC)2 ( f ig u re  4 ) s e e m s  a ls o  e l ig ib le .

T h e  c o m p le x  c h a in  f o r m s  o f  p o ly - o x y - m e th y le n e ,  (— C H 2— O — )n, a n d  

p o ly - o x y - e th y l e n e ,  (— C H 2— C H 2— 0 — )n, p r o b a b l y  a ls o  r e s u l t  f r o m  t h e  

o p e r a t i o n  o f  t h e  p r in c ip le  o f  s t a g g e r e d  b o n d s ,  c o m b in e d  w i t h  t h e  e f fe c t s  o f  

t h e  i n t e r a c t i o n s  o f  p a r t i c u l a r  a t o m s  o r  d ip o le s . T h e  i d e n t i t y  p e r io d s — 1 7 - 3 5  

a n d  1 9 -5  A  r e s p e c t iv e ly ,  e a c h  c o n t a i n in g  n in e  c h e m ic a l  u n i t s  ( S a u t e r  1 9 3 2 , 

1 9 3 3 )— s e e m  r e m a r k a b l y  lo n g  f o r  m o le c u le s  o f  s u c h  e s s e n t i a l l y  s im p le  

c h e m ic a l  s t r u c t u r e ;  b u t  i t  m u s t  b e  r e m e m b e r e d  t h a t  c o m p a r a t i v e l y  s im p le  

b o n d  s e q u e n c e s  m a y  l e a d  t o  lo n g  i d e n t i t y  p e r io d s .  R e p e t i t i o n  o f  

l e a d s  t o  a n  1 8 - a to m  p e r io d  (A B A B A C )3 o f  a b o u t  1 7 -5 A ; t h i s  s e e m s  a  

p o s s ib le  c h a in  fo r m  f o r  p o ly - o x y - m e th y le n e .

Molecular structure and rubber-like elasticity 7 7

B o n d  p o s i t i o n s  i n  u n s a t u r a t e d  m o l e c u l e s

T h is  e n q u i r y  s t a r t e d  a s  a n  a t t e m p t  t o  u n d e r s t a n d  t h e  n o n - p l a n a r  c h a in  

fo r m s  o f  t h r e e  u n s a t u r a t e d  p o ly m e r  m o le c u le s ;  i t  w a s  u n d e r t a k e n  a s  a  

n e c e s s a r y  s t e p  in  t h e  a p p r o a c h  t o  t h e  q u e s t i o n  o f  m o le c u la r  f l e x ib i l i ty .  

N o w  r e t u r n  t o  th e s e  u n s a t u r a t e d  c h a in s ,  a n d  c o n s id e r  t h e m  a g a i n s t  t h e  

b a c k g r o u n d  o f  t h e  p r in c ip le  o f  s ta g g e r e d  b o n d s .  T h e  i n t e r e s t  c e n t r e s  o n  t h e  

p o s i t io n s  o f  t h e  s in g le  b o n d s  ( C H 2— C H 2) w h ic h  j o in  i s o p r e n e  o r  c h lo r o p r e n e  

u n i t s  (— C H 2— C R = C H — C H 2— ). B u t  f i r s t  o f  a l l  t h e  c o n f ig u r a t io n  o f  t h e  

is o p r e n e  a n d  c h lo r o p r e n e  u n i t s  th e m s e lv e s  n e e d s  s o m e  c o m m e n t .

E a c h  s u c h  u n i t  is  r o u g h ly  p l a n a r  (see  f ig u re s  2 , 4  a n d  7 

o f  P a r t  I ) .  T h is  is  in  a c c o r d a n c e  w i th  e x p e c t a t i o n ,  s in c e  in  

e th y le n e  (T h o m p s o n  1939) a n d  i t s  c h lo ro  s u b s t i t u t i o n  p r o ­

d u c t s  (B ro c k w a y , B e a c h  & P a u l in g  1 9 3 5 ), a l l  t h e  a to m s  

lie  in  a  p la n e — a  c o n f ig u r a t io n  c o n s i s t e n t  w i th  t h e  s im p le  

g e o m e t r ic a l  c o n c e p t io n  o f  t h e  d o u b le  b o n d  s h o w n  in  F ig u r e  5. Bond 

f ig u re  5. T h e r e  a r e ,  h o w e v e r , s o m e  la rg e  d i s to r t io n s ,  t h e  positions in group 

g r e a t e s t  b e in g  th o s e  o f  t h e  b o n d s  h o ld in g  m e th y l  g r o u p s  ^>C=C<^ 

o r  c h lo r in e  a to m s .  T h u s ,  in  /? g u t t a - p e r c h a  t h e  b o n d  

h o ld in g  t h e  m e th y l  g r o u p  l ie s  o v e r  20° o u t  o f  t h e  p la n e  C H 2— C = C H  (see  

f ig u re  6). I n  r u b b e r ,  t h e  d i s to r t io n s  a r e  d if f e r e n t  in  t h e  tw o  is o p r e n e  u n i t s  

w h ic h  m a k e  u p  t h e  m o le c u la r  i d e n t i t y  p e r io d ;  t h e  g r e a t e s t  is  a s  m u c h  a s  3 5°. 

I n  p o ly  c h lo ro p re n e ,  w h o s e  m o le c u la r  s t r u c t u r e  is  a n a lo g o u s  to  t h a t  o f  fi g u t t a ­

p e r c h a ,  t h e  c o r r e s p o n d in g  d i s t o r t i o n  o f  t h e  C — C l b o n d  is  e v e n  h ig h e r_ 4 0 °.

T h e s e  d i s to r t io n s  a p p e a r  t o  b e  d u e  c h ie f ly  t o  r e p u ls io n  b e tw e e n  t h e  m e th y l  

o r  c h lo r in e  s id e - s u b s t i t u e n t  a n d  o n e  o f  t h e  c h a in  C H 2 g r o u p s  (5  a n d  4 6  in  

f ig u re  6). B u t  in  r u b b e r ,  s in c e  t h e  c o n f ig u r a t io n s  o f  t h e  tw o  is o p r e n e  u n i t s
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7 8 C . W . B u n n

in  i t s  p e r io d  a r e  d if f e r e n t ,  t h e  d i s t o r t i o n s  m u s t  b e  d u e  p a r t l y  t o  t h e  e f fe c t  o f  

p a c k in g  t o g e t h e r  t h e  a w k w a r d ly  s h a p e d  m o le c u le s ;  e a c h  m o le c u le  is  d i s ­

t o r t e d  b y  t h e  o t h e r  m o le c u le s  s u r r o u n d in g  i t ;  t h e  V a n  d e r  W a a l s ’ fo rc e s  o f  

a t t r a c t i o n  r e s p o n s ib le  f o r  h o ld in g  t h e  m o le c u le s  t o g e t h e r  in  a  p r e c is e  c r y s t a l ­

l in e  f o r m a t i o n  a r e  s t r o n g  e n o u g h  t o  g iv e  r is e  t o  v e r y  a p p r e c ia b le  d i s t o r t i o n s  

o f  b o n d  p o s i t io n s .

T h e s e  d i s t o r t i o n s  a r e  s u r p r i s in g ly  la rg e .  I t  is  w e ll  e s t a b l i s h e d  (b y  t h e  

g r e a t  s t a b i l i t y  o f  cisan d  trans is o m e rs )  t h a t  r o t a t i o n  r o u n d  a  d o u b le

r e q u i r e s  a  h ig h  e n e r g y — a  s t a t e  o f  a f fa ir s  w e ll  i l l u s t r a t e d  b y  t h e  t r a d i t i o n a l  

s im p le  g e o m e t r ic a l  p i c tu r e  o f  t h e  d o u b le  b o n d  s h o w n  in  f ig u re  5 — a n d  

th e r e f o r e  i t  m ig h t  h a v e  b e e n  e x p e c te d  t h a t  t h e  s in g le  b o n d  p o s i t io n s  w o u ld  

b e  s e v e re ly  r e s t r i c t e d .  T h is  is  n o t  s o ;  e v i d e n t l y  d i s t o r t i o n s  u p  t o  4 0 ° a r e  

f a i r ly  e a s i ly  b r o u g h t  a b o u t .

F i g u r e  6. Bond positions in /? gutta-percha.

N o w  r e t u r n  to  t h e  m a in  q u e s t i o n — t h e  r e a s o n s  fo r  t h e  p o s i t io n s  o f  t h e  

s in g le  C H 2— C H 2 b o n d s  w h ic h  jo in  is o p r e n e  o r  c h lo r o p r e n e  u n i t s  to g e th e r .  

T h e s e  b o n d s  m a k e  la rg e  a n g le s  w i th  t h e  C H 2= C — C H  p la n e s , a n d  g iv e  t h e  

c h a in s  t h e i r  p r o n o u n c e d ly  n o n - p l a n a r  c h a r a c t e r .  I n  /? g u t t a - p e r c h a ,  p la n e  

C H 2— C H 2— C m a k e s  a n  a n g le  o f  1 1 5 ° w i th  p la n e  C H 2— C = C H  a n d  8 9 ° 

w i th  p la n e  C H 2— C — C H 3 (see  f ig u re  6 6 ). I n  p o ly c h lo r o p r e n e  t h e  a n g le s  

a r e  n o t  v e r y  d i f f e r e n t .  I n  r u b b e r ,  t h e  tw o  is o p r e n e  u n i t s  in  t h e  p e r io d  h a v e  

d i f f e r e n t  c o n f ig u r a t io n s ;  in  o n e  o f  t h e m ,  t h e  a n g le s  s p e c if ie d  a r e  1 0 9  a n d  

8 6 °; in  t h e  o t h e r  t h e y  a r e  1 6 9 4  a n d  4 5 ^° . T h e s e  b o n d  p o s i t io n s  a r e ,  n o  d o u b t ,  

p a r t l y  d u e  t o  t h e  p re s e n c e  o f  t h e  s u b s t i t u e n t  m e th y l  g r o u p  o r  c h lo r in e  a t o m ;  

o w in g  t o  i t s  p r e s e n c e ,  t h e  C H 2 c h a in  g r o u p  c a n n o t  b e  in  t h e  p la n e  o f  t h e  

is o p re n e  u n i t ,  b u t  is  p u s h e d  to  o n e  s id e . T h u s  t h e  s a m e  r e p u l s io n  w h ic h  is  

re s p o n s ib le  fo r  p u s h in g  t h e  m e th y l  g r o u p  a w a y  f r o m  t h e  C H 2— C = C H  

p la n e  ( th e  r e p u ls io n  b e tw e e n  C H 3 g r o u p  5  a n d  C H 2 g r o u p  4 6  in  f ig u r e  6) is  

a ls o  re s p o n s ib le , a t  a n y  r a t e  p a r t l y ,  f o r  t h e  p r o n o u n c e d ly  n o n - p l a n a r  

c h a r a c t e r  o f  t h e  c h a in . B u t  in  v ie w  o f  t h e  p r e f e r e n c e  fo r  t h e  s t a g g e r e d  b o n d  

c o n f ig u r a t io n  in  s in g ly  l in k e d  m o le c u le s — a  p r e f e r e n c e  w h ic h , i t  is  s u g g e s te d ,
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Molecular structure and rubber-like elasticity 7 9

is  d u e  l a r g e ly  t o  a n  o r i e n t in g  t e n d e n c y  o f  t h e  b o n d s  th e m s e lv e s  r a t h e r  t h a n  

t o  i n t e r a c t i o n s  b e tw e e n  t h e  a to m s  h e ld  b y  t h e  b o n d s — t h e  q u e s t i o n  a r i s e s  

w h e th e r  t h e r e  is  a  s im i la r  in f lu e n c e  in  t h e  u n s a t u r a t e d  m o le c u le s  u n d e r  

d is c u s s io n .  F r o m  t h i s  p o i n t  o f  v ie w , i t  is  i n t e r e s t i n g  t o  n o t e  t h a t  in  /} g u t t a ­

p e r c h a ,  i f  t h e  d o u b le  b o n d  is  r e p r e s e n t e d  in  t h e  s im p le  g e o m e t r i c a l  w a y  

s h o w n  in  f ig u r e  6 , t h e n  t h e  t h r e e  b o n d s  o f  a t o m  2 a r e  s t a g g e r e d  w i th  r e s p e c t  

t o  th o s e  o f  a to m  1; t h i s  is  s h o w n  m o s t  c le a r ly  in  f ig u r e  6 6 . T h e r e  is  s o m e  

d i s t o r t i o n ,  b u t ,  n e v e r th e le s s ,  a n  a p p r o x im a t io n  to  t h e  s t a g g e r e d  c o n f ig u r a ­

t io n ,  i f  i t  is  ju s t i f i a b le  to  r e g a r d  t h e  d o u b le  b o n d  a s  tw o  d i s t o r t e d  s in g le  

b o n d s . I n  p o ly c h lo r o p r e n e ,  t h e  b o n d  p o s i t io n s  a r e  v e r y  s im i la r  t o  th o s e  in  

fj g u t t a - p e r c h a .  I n  r u b b e r ,  t h e  b o n d  o r i e n t a t i o n  f o r  h a l f  t h e  is o p r e n e  u n i t s  

is  a g a in  s im ila r ,  b u t  in  t h e  o t h e r  h a l f  t h e  a n g le s  (g iv e n  a b o v e )  a r e  c o n s id e r ­

a b ly  d if f e r e n t  f r o m  th o s e  in  / i  g u t t a - p e r c h a .  I t  is  e v id e n t  t h a t ,  i f  w e  a r e  r i g h t  

in  s u p p o s in g  t h a t  t h e r e  is  s o m e  t e n d e n c y  to w a r d s  t h e  s t a g g e r e d  b o n d  

c o n f ig u r a t io n  (w h ic h , t o g e th e r  w i th  t h e  r e p u ls io n s  b e tw e e n  a to m ic  g r o u p s ,  

is  r e s p o n s ib le  f o r  t h e  n o n - p l a n a r  c h a r a c t e r  o f  t h e  c h a in )  n e v e r th e le s s  t h i s  

c o n f ig u r a t io n  is  e a s i ly  d i s t o r t e d ;  in  r u b b e r  c r y s ta l s ,  t h e  d i s t o r t i o n  is  b r o u g h t  

a b o u t  b y  t h e  V a n  d e r  W a a l s ’ fo r c e s  b e tw e e n  a d j a c e n t  m o le c u le s .

E a s e  o f  d i s t o r t i o n  is  b o u n d  u p  w i th  t h e  m a g n i tu d e  o f  t h e  p o t e n t i a l  b a r r i e r  

to  r o t a t i o n ;  t h e r e  is  s o m e  e v id e n c e  o f  th i s  m a g n i tu d e  in  s im p le  g a s  m o le ­

c u le s , a n d  i t  is  i n t e r e s t i n g  t o  f in d  t h a t  in  th o s e  c o n ta in in g  t h e  b o n d  s e q u e n c e  

— C — C ==C , t h e  b a r r i e r  to  r o t a t i o n  is  m u c h  lo w e r  t h a n  in  s a t u r a t e d

m o le c u le s . T h u s , in  p r o p y le n e ,  C H 3— ( K i s t i a k o w s k y ,  L a c h e r  &

C H
R a n s o m  1938), a n d  in  a c e to n e ,  '3\ C = 0  ( S c h u m a n n  & A s to n  1938),

t h e  b a r r i e r  o f  r o t a t i o n  o f  t h e  m e th y l  g r o u p  is  n o t  m o re  t h a n  1 000  c a l .— o n ly  

o n e - th i r d  t h e  f ig u re  fo r  e th a n e  a n d  o th e r  s a t u r a t e d  m o le c u le s . I t  h a s  b e e n  

s u g g e s te d  ( K is t ia k o w s k y  et at. 1938) t h a t  t h i s  i n d ic a te s  t h a t  t h e  d o u b le  

b o n d  h a s  n o  o r ie n t in g  in f lu e n c e ;  th e  r o t a t i o n  o f  e a c h  m e th y l  g r o u p  in  

p r o p y le n e  a n d  a c e to n e  is  p e r h a p s  r e s t r i c t e d  b y  o n ly  o n e  s in g le  b o n d — th e  

H — C b o n d  in  p r o p y le n e  (a s  c o m p a r e d  w i th  t h r e e  in  s a t u r a t e d  m o le c u le s ) ,  

a n d  t h i s  m a y  b e  t h e  re a s o n  w h y  t h e  r e s t r i c t i n g  p o t e n t i a l  h a s  o n ly  o n e - th i r d  

t h e  v a lu e  f o u n d  in  s a t u r a t e d  m o le c u le s . H o w e v e r  t h i s  m a y  b e , t h e  s m a l ln e s s  

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

r e a s o n  w h y  th e  s ta g g e r e d  b o n d  c o n f ig u r a t io n  is  so  e a s i ly  d i s t o r t e d  in  r u b b e r  

m o le c u le s .

I n  v ie w  o f  t h e  e x p e r im e n ta l  e v id e n c e  o n  r u b b e r  a n d  t h e  th e r m o c h e m ic a l  

e v id e n c e  j u s t  m e n tio n e d ,  i t  is  to  b e  e x p e c te d  t h a t  in  g e n e r a l ,  m o le c u le s  

c o n ta in in g  d o u b le  b o n d s  a r e  l ik e ly  to  e x h ib i t  m u c h  g r e a t e r  d e v ia t io n s  f r o m
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8 0 C . W . B u n n

t h e  s ta g g e r e d  b o n d  p o s i t io n s  t h a n  a r e  s a t u r a t e d  m o le c u le s .*  T h i s  w il l  n o t  

a lw a y s  b e  so , a s  is  e v i d e n t  f r o m  t h e  e x a m p le s  o f  /? g u t t a - p e r c h a  a n d  p o ly -  

c h lo r o p r e n e ;  p r e s u m a b ly  in  t h e s e  c r y s t a l s  t h e  / a n  d e r  W a a l s ’ fo r c e s  a r i s in g  

f r o m  t h e  m a n n e r  o f  p a c k in g  o f  t h e  m o le c u le s  h a p p e n  t o  f a v o u r  t h e  s t a g g e r e d  

p o s i t io n ,  w h e r e a s  in  r u b b e r  t h e  p a c k in g  is  s u c h  t h a t  i n  s o m e  p la c e s  t h e  V a n  

d e r  W a a l s ’ fo r c e s  o p p o s e  t h e  s t a g g e r e d  c o n f ig u r a t io n .

T h e  n o m e n c l a tu r e  a l r e a d y  d e s c r ib e d  f o r  s a t u r a t e d  c h a in s  m a y  a ls o  b e  

u s e d  f o r  c h a in s  c o n ta in in g  d o u b le  b o n d s ,  p r o v id e d  t h a t  a d d i t i o n a l  i n f o r m a ­

t i o n  o n  t h e  cis o r  trans c o n f ig u r a t io n  o f  t h e  d o u b le - b o n

T h u s  /? g u t t a - p e r c h a  ( f ig u re  2 o f  P a r t  I )  is  {trans) o r  {trans) CAB,

a g u t t a - p e r c h a  ( f ig u re  5aof  P a r t  I )  is  {trans) BA C  {trans) 

y  f o r m  o f  trans c h a in  ( f ig u re  5 6  o f  P a r t  I )  is  {trans) B A B  {trans) CAC. 

R u b b e r  is  {cis) BAC {cis) BAC. T h e  o t h e r  f o r m  o f  cis c h a in  s h o w n  in  t h i s  

d ia g r a m  is  {cis) BAC {cis) CAB.

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

b a r r i e r  t o  r o t a t i o n  b r in g s  u s  t o  t h e  q u e s t i o n  o f  m o le c u la r  f l e x ib i l i ty ,  a n d  i t s  

c o n n e x io n  w i th  r u b b e r - l ik e  p r o p e r t i e s .  T h i s  to p i c  w il l  b e  t a k e n  u p  in  P a r t  

I I I  o f  t h i s  w o rk ,  b u t  m e a n w h i le  i t  m a y  b e  r e m a r k e d  t h a t  m o le c u le s  c o n ­

t a in in g  d o u b le  b o n d s  i n  t h e  c h a in  a r e  l ik e ly  t o  b e  m o r e  f le x ib le  ( o th e r  t h in g s ,  

s u c h  a s  s id e - c h a in  h i n d r a n c e s  t o  r o t a t i o n ,  b e in g  e q u a l )  t h a n  s a t u r a t e d  

m o le c u le s , s im p ly  b e c a u s e  t h e  p o t e n t i a l  b a r r i e r  t o  r o t a t i o n  r o u n d  t h e  s in g le  

b o n d s  d u e  t o  t h e  o r i e n t in g  t e n d e n c y  o f  t h e  b o n d s  t h e m s e lv e s  is  lo w e r  w h e n  

d o u b le  b o n d s  a r e  p r e s e n t  i n  t h e  c h a in  t h a n  i n  s a t u r a t e d  c h a in s ;  a n d  t h e r e ­

fo r e , i f  w e  a c c e p t  in  a  g e n e r a l  w a y  t h e  id e a  t h a t  r u b b e r - l i k e  p r o p e r t i e s  a r e  

l ik e ly  t o  b e  s h o w n  o n ly  b y  s u b s t a n c e s  h a v in g  v e r y  f le x ib le  m o le c u le s ,  t h e n  

t h i s  c o n s t i t u t e s  a  s p e c ia l  r e a s o n  w h y  p o ly m e r s  h a v in g  d o u b le  b o n d s  in  t h e i r  

c h a in s  a r e  l ik e ly  t o  h a v e  r u b b e r - l i k e  p r o p e r t i e s .  P e r h a p s  t h i s  is  w h y  so  

m a n y  1 : 4  p o ly m e r s  o f  b u t a d i e n e  d e r iv a t i v e s ,  b o t h  n a t u r a l  a n d  s y n t h e t i c ,  

h a v e  r u b b e r - l ik e  p r o p e r t i e s — s im p ly  b e c a u s e  e v e r y  f o u r t h  c h a in  b o n d  is  a  

d o u b le  b o n d .  T o  g o  a n y  f u r t h e r  i t  is  n e c e s s a r y  t o  c o n s id e r  b o t h  t h e  p r e f e r r e d  

b o n d  p o s i t io n s  ( a n d  t h e  p o t e n t i a l  b a r r i e r s  a s s o c ia te d  w i t h  t h e m )  a n d  t h e  

e f fe c t  o f  s id e  g r o u p s  in  in c r e a s in g  o r  d e c r e a s in g  t h e  h e ig h t s  o f  t h e  b a r r i e r s  

t o  r o t a t i o n .  T h i s  w il l  b e  d o n e  in  P a r t  I I I .

* This refers only to molecules which, like rubber, contain straightforward double 

bonds. Resonating systems exhibiting bonds of intermediate character are ex­
cluded from consideration.
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