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The swelling of a vulcanised rubber in a wide range of liquids has 

been studied by Whitby and co-workers,' and a number of interesting 
regularities pointed out. It been suggested * that a correlation should 
exist between the swelUng power of a liquid for rubber and its cohesive 
e n e i^  density. The purpose of the present paper is to develop this idea 
a little further, and to show how it can be used to interpret Whitby’s data.

I t  has already been pointed out • th a t the swelling and dissolution of 
raw rubber is best considered as the problem of the miscibility of two 
liquids. Vulcanised rubber differs from raw essentially in th a t i t  possesses 
a  structure which cannot be broken down completely by any so lven t: 
the taaterial therefore swells bu t cannot be dispersed unchanged.* In 
order to  describe this behaviour thermodynamically we require to  know 
the partial molar entropy AS, and heat AHo of swelling of the rubber by 
liquid. No thermodynamic study has yet been made of the system 
v^caaised rubber liquid, bu t it  is reasonable to  assume th a t vulcanised 
rubber will differ from raw only when a considerable amount of liquid 
has been imbibed. This is confirmed by the very similar swelling of raw 
and vulcanised rubbers in liquids of no t too great swelling power. At low 
solvent.concentrations, AS, is therefore taken to have the values foun^ for 
raw rubber -f- beruene.* As before,* we assume AS, to be the.same for all 
liquids, and seek to explain their different swelling powers in terms of their 
heats of swelling. Clearly— îf we neglect any liquids which may evolve 
heat on swelling— t̂he maximum degree of swelling will be found when 
AH, =  o. Since the condition for equihbrium between swollen rubber 
and pure liquid is th a t  th e  Gibbs free energy of swelling AG, =  o, i t  follows 
tha t, for the best swelling agent, the equilibrium condition may also be 
written AS, =  o. W hitby's data  * suggest a  maximum swelling g  of ca 5 
(c.c. liquid/c.c. rubber) and we therefore take AS, =  o when u, (vol. 
fraction of liquid) *= 0 *8 3 3 . One other point on the entropy curve for 
vulcanised rubber is obtained by making the further aissumption th a t the 
heat of swelling of vulcanised rubber by benzene is the  same as th a t of 
raw rubber. Taking Q =  3 * 9 4  for the  maximum sweiling of benzene,* we

* Whitby, Evans and Pasternack. This vol., 2 6 9 . * Gee, ibid., 282.
* Gee, ibid., 2 7 6  ; cf. also Flory. J. Chem. Physics, 1 9 4 2 , 10, 51.
* Examples quoted by 'Whitby of the ultimate dissolution oi vulcanised 

rubber must be ascribed to degradation—probably by oxidation—unless evidence 
f-an be brought to  show tha t the vulcanised rub ter can be recovered unchanged 
from solution.

* Gee and Treloar, Trans. Faraday Soc. This vol., 1 4 7 .
* W hitby’s data do not give any equilibrium values of Q. If the p r ^ n t  

thepry is correct there must be a  d ^ u ite  limit to swelling, and our experience 
suggests tha t for the small specimens used by Whitby equihbrium. would be 
attained within a  day or so. We therefore accept Scott's suggestion * tha t 
further swelling is spurious, arising most probably from oxidation, and estimate 
equilibrium values of Q by extrapolating Q roughly to / ^  o. Values obtained 
in this way are used throughout this paper.
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c a lc u la te  fro m  o u r  p re v io u s  d a ta  ‘ AHo =  T A Se =  2 -6 c a l /m o le a tK g = 0 ' 7 9 8 . 
T h e se  th r e e  c o n c lu s io n s  a b o u t  th e  e n tr o p y  o f sw e llin g  h a v e  b e e n  co m b in e d

a s  “sh o w n  in  F ig . I ,  in  w h ic h  is p lo t t e d  a s  a  fu n c tio n  o f fo r  ra w

a n d  v u lc a n ise d  ru b b e r .  T h e  c u rv e  fo r  t h e  l a t t e r  is  d ra w n  th r o u g h  t h e  a b o v e  
tw o  p o in ts  so  a s  to  m erg e  w i th  th e  c u rv e  fo r  r a w  r u b b e r  in  b e n z e n e  a t  low  
v a lu e s  o f v^. I t  is  c le a r  t h a t  t h e  r e s u ltin g  c u rv e  i s  o n ly  a  f i r s t  a p p ro x im a ­
t io n  a n d  t h a t  i t  a p p lie s  o n ly  t o  t h e  sp e c im e n  o f v u lc a n ise d  r u b b e r  u se d  b y  
W h itb y .^

W e  h a v e  n o w  to  c o n s id e r h o w  t h e  h e a ts  o f  sw e llin g  o f r u b b e r  b y  t h e  
v a r io u s  liq u id s  m a y  b e  r e la te d  w i th  so m e  k n o w n  p r o p e r ty  o f t h e  liq u id s . 
T h e  h e a ts  o f  m ix in g  o f  m o s t  n o r^p a l l iq u id s  a r e  r e la te d  t o  t h e  d iffe ren ce  
b e tw e e n  th e i r  c o h es iv e  e n e rg y  d e n s itie s  ’ b y  a n  e q u a t io n  o f  t h e  fo rm

(I)

w h e re  AH^ is  th e  p a r t i a l  m o la r  h e a t  o f  d i lu t io n  of*the m ix tu r e  (c o m p o s itio n  
»o) b y  liqu ido , F ,  F j  a r e  th e  m o la r  v o lu m e s  o f  th e  liq u id s , a n d  E i a re  
t h e  m o la r  c o h es iv e  e n e rg ie s  o f th e  liq u id s .
A c co rd in g  to  t h e  s im p le  th e o r y  k =  i, 
b u t  la rg e r  v a lu e s  a r e  u s u a l ly  fo u n d  e x p e r i­
m e n ta lly .  e v e n  fo r  m ix tu re s  of h y d ro ­
c a rb o n s .*  V a lu e s  o f  a re  o b ta in e d  fro m  
E ^ s i tL ^  — R T ,  w h e re  is  th e - m o la i '  
l a t e n t  h e a t  o f  e v a p o ra tio n , a n d  is  t o  b e  
c a lc u la te d  f ro m  t h e  te m p e ra tu r e  co effic ien t 
o f t h e  v a p o u r  p re s su re  a t  th e  te m p e ra tu r e  
T ( = : 2 9 8 ° K ) .  P re c is e  v a lu e s  o f £ #  a re  
k n o w n  fo r  v e ry  few  liq u id s , so  t h a t

(V S -V S ) '

F ig . I . — E n tro p y  of d ilu tio n  of 
ru b b e r b y  liquids.

is  s u b je c t  t o  la rg e  u n c e r ta in t ie s .  I f  w e  
a s su m e  e q u a t io n  ( i)  to  a p p ly  t o  sw ellin g  of 
v u lc a n ise d  ru b b e r ,  w h e re  th e  s u b s c r ip t  j is 
t a k e n  to  d e n o te  ru b b e r ,  i t  is  e v id e n t  t h a t  
y/E-ijV^ m u s t  b e  t r e a te d  a s  a  c o n s ta n t  a, 
in d e p e n d e n t  o f  th e  n a tu r e  o f th e  l iq u id , a n d
h a v in g  a  v a lu e  o f th e  o rd e r  8  (ca l./c .c .)* '*  t o  b r in g  i t  in  linie w i th  k n o w n  
V E lV  v a lu e s  fo r  h y d r o c a r b o n s ;   ̂ k  m a y  b e  re g a rd e d  a s  a n  a d ju s ta b le  
p a ra m e te r ,  b u t  m u s t  b e  o f t h e  o rd e r  o f m ^ n i t u d e  o f u n i ty .

T h e  c o n d itio n  fo r  t h e  e q u ilib r iu m  sw ellin g  o f v u lc a n ise d  r u b b e r  in  a  
liq u id  0 is  n o w  w r i t te n  T A S q =  A H j, o r  :

t  T h e  h e a t  a n d  en tro p y  of d ilu tion  of raw  ru b b e r b y  benzene used  in  deriv ing 
Fig . I  differ som ew hat from  those  given previously,* owing to  th e  correction  of 
th e  la t te r  fo r th e  d e p a rtu re  of benzene v ap o u r from  p erfec t gas behaviour. 
E m ploying  th e  correcting  factors of E uck en  a n d  M ayer * th e  G ibbs free energy of 
d ilu tio n  rem ains su b s tan tia lly  unchanged, b u t  th e  h e a t  of d ilu tio n  is consider­
ab ly  reduced. T he revised values can  be  represen ted  b y  =  7 8 AA0 *  1 5 6  
/ j y  \ s

------- J  j  , w here W f == w eight frac tio n  of rubber. T h is eq u atio n  h as been

used in  p lace  of no. (2 0 ) in  ref. 4 . T he conclusions d raw n  th e re  are, of course 
unchanged  b y  th e  correcliion.

■ Scott. This vol., 2 8 4 .
* E ucken  a n d  M ayer, Z. pJ^sik. Chem. B. 1 9 2 9 , 5 , 4 5 2 .
’ H ildebrand , Solvi^iiy  (Reinhold, 1 9 3 6 ), p . 7 3  ; Scatchard , Chem. Rev., 

1 9 3 1 . 8 , 3 2 1  : J.A.C .S., 1 9 3 4 , 5 6 , 9 9 5 .
• Sca tchard , J. Physic. Chem., 1 9 3 9 , 4 3 , 1 1 9 .
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T ^S ,

(2)

Where • • • • • 0 )

a n d  Wo* is  t h e  v o lu m e  f r a c t io n  o f l iq u id  w h e n  th e  ru b b e r  is  fu lly  sw o llen  b y  
t h a t  l iq u id . F ig . i  g iv es  d i r e c tly  .r a s  a  fu n c tio n  o f  v ,*  fo r  a  se rie s  o f 
liq u id s , a n d  i t  is  e v id e n t  f ro m  (2 ) t h a t  sh o u ld  b e  a  l in e a r  fu n c tio n  of

W h i tb y ’s d a ta  g iv e  Q a n d  th e re fo re  ^ ^ 'q ) so  t h a t  th e y

c a n  b e  u se d  to  t e s t  t h e  v a l id i ty  o f  e q u a t io n  (2 ). T h e  r e s u l ts  axe sh o w n  in  
F ig . 2 , w h ic h  in c lu d e s  t h e  w h o le  o f  W h itb y 's  d a t a  o n  liq u id s  fo r w h ic h  
E J V ,  c o u ld  b e  c a lc u la te d , w i th  t h e  e x c e p tio n  of t h e  a lc o h o ls  a n d  ac id s . 
T h e se  a r e  o m it te d ,  s in ce  i t  is  c le a r  t h a t  t h e  a b o v e  t h e o r y  c a n n o t  b e  e x p e c te d  
to  a p p ly  t o  su c h  h ig h ly  a s so c ia te d  liq u id s . I t  is  e v id e n t  t h a t  e q u a t io n  (a) 
d o es  n o t  h o ld  p re c ise ly  fo r  t h e  w h o le  ra n g e  o f  l iq u id s  e x a m in e d , b u t  th e  
m o re  n o rm a l a h p h a t ic  l iq u id s  lie  re a s o n a b ly  wfell o n  a  lin e . In d e e d ,
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Fig. 2.— Entropy of dilution as a  function of cohesive energy.

b e a r in g  in  m in d  th e  u n c e r ta in t ie s  b o th  in  Q (a n d  th e re fo re  in  x) a n d  in  
£ , / 7 o ,  t h e  a g re e m e n t m u s t  b e  re g a rd e d  a s  s a t is f a c to ry .  D r . W h itb y  h a s  
v e ry  k in d ly  a llo w e d  m e  t o  e x a m in e  h is  u n p u b lis h e d  d a ta  c o v e rin g  a  f u r th e r  
se rie s  o f  liq u id s . F e w  o f th e s e  h a v e  k n o w n  c o h e s iv e  en erg ies , b u t  th e  lin e  
d ra w n  in  F ig . 2 A is  in  g o o d  a g re e m e n t w i th  h is  r e s u l ts  fo r  so m e  s im p le  
e s te rs , fo r  e th y l  e th e r  a n d  fo r  iso b u ty la m in e . I t  m a y  th e re fo re  b e  ta k e n  
a s  r e p re s e n ta t iv e  o f th e  n o rm a l b e h a v io u r  o f  a lip h a tic  liq u id s , a n d  a  sp ec ia l 
e x p la n a t io n  m u s t  b e  so u g h t  fo r  a n y  large d e v ia t io n  fro m  i t .  T h e  c o n s ta n ts  
g iv e n  b y  th is  l in e  a re  o f th e  e x p e c te d  o rd e r  ; a  =  8 ’i 5 , k  =  3 ' 0 , t h e  fo rm er  
g iv in g  a  co h es iv e  e n e rg y  d e n s i ty  fo r  ru b b e r  o f 6 6  c a l/c .c . W h itb y  h a s  
p o in te d  o u t  ‘ t h a t  a ro m a tic  l iq u id s  sh o w  m u c h  la rg e r  sw ellin g  t h a n  a li ­
p h a t i c  c o m p o u n d s  c o n ta in in g  th e  sa m e  p o la r  g ro u p . I t  is  n o w  fo u n d  t h a t  
t h e  sw e llin g  is  a lso  la rg e r  a t  a  g iv e n  E J V , .  T h is  d if ie ren c e  m a y  a r is e  
e i th e r  f ro m  a  d iffe re n t e n tr o p y  o r  a  d if fe re n t  h ^ t  o f  sw ellin g , o r  b o th .  
H a v in g  a ssu m e d  A S , to  b e  t h e  sa m e  fo r  a ll  liq u id s , th e  w h o le  o f t h e  d is ­
c re p a n c y  h a s  t o  b e  a sc rib e d  to  A J /, .  I n  F ig . 2b i t  is  se e n  t h a t  e q u a tio n  (2) 
h o ld s  q u i te  w ell fo r  a ro m a tic  liq u id s , w i th  th e  s a m e  v a lu e  o f a  =  8 -1 5 , b u t  
g iv in g  th is  t im e  k  =  0 -6 5 . T h e re  is  a s  y e t  n o  e x p e r im e n ta l  e v id e n c e  a s  to  
th e  v a l id i ty  o f th is  m e th o d  o f s e p a ra t in g  a lip h a tic  a n d  a ro m a tic  c o m p o u n d s .



I t  is n o w  p o ss ib le  t o  c a lc u la te  t h e  sw e llin g  p o w e r g  o f a  l iq u id  f ro m  i ts  
c o h es iv e  e n e rg y  a n d  m o le c u la r  v o lu m e , f r o m 'th e  e x p re ss io n

f{Q) (4)

w h e re  k  — 3 -0  f o r  a lip h a tic ,  0 *6 5  fo r  a ro m a tic  l iq u id s , a n d  x  =.f{Q) is  
d e fin e d  b y  F ig . i .  I n  F ig .  3  (A) a n d  (B ) t h e  l in e s  ^ a w n  g iv e  v a lu e s  o f  Q 
c a lc u la te d  in  t h i s  w a y  a s  fu n c tio n s  o f Vt{VEJV~c — 8 *1 5 }*, w h ile  th e  
p o in ts  sh o w  t h e  e x te n t  o f th e  a g re e m e n t w i th  e x p e r im e n t.  O n  t h e  w h o le , 
th is  is  c o n s id e re d  s a t is fa c to ry ,  e sp e c ia lly  w h e n  w e  n o te  t h e  s e n s i t iv i ty  
(e x c e p t fo r  sm a ll  Q) o f Q t o  sm a ll  e r ro rs  in  I t  is  c le a r  t h a t  th e r e  is  a t  
l e a s t  a  c lo se  c o rre la t io n  b e tw e e n  Q a n d  V ,{V E ^/V g  — 8 *i5 )*. T h is  is  a ll 
t h a t  w o u ld  b e  e x p e c te d  f ro m  th is  t r e a tm e n t .  •

The causes of some of the major discrepancies may now be briefly 
considered. Most striking is the anomalously high swelling power of 
acids and alcohols, which undoubtedly arises from their high degree of 
association. The full effect of the polar group is not shown, since the 
liquids tend to remain associated even when present in quite low con-

Fio. 3.—Swelling as a function of cohesive energy,
centration in the rubber.* W hitby’s unpublished data show that 
chlorinated hydrocarbons also possess high swelling powers, and here 
the explanation probably lies in a smaller than would be calculated 
from the cohesive energy. It is well known that chlorinated hydro­
carbons (especially CHClg) tend to show negative, or only slightly 
positive, values of Aifj, on mixing with a wide range of liquids, including 
hydrocarbons.

Summary.
T h e  e n tr o p y  o f  sw ellin g  o f  v u lc a n ise d  r u b b e r  is  e s t im a te d , a n d  a ssu m e d  

in d e p e n d e n t  o f  t h e  n a tu r e  o f  th e  sw e llin g  l iq u id . T h e  h e a t  o f  sw e llin g  is 
r e la te d  t o  t h e  c o h es iv e  e n e rg y  of t h e  l iq u id ,  a n d  a  v a lu e  o f 6 6  c a l ./c .c . 
d e d u c e d  fo r  t h e  co h es iv e  e n e rg y  d e n s i ty  o f  ru b b e r .  T h e  sw e llin g  p o w e r 
o f a  l iq u id  c a n  b e  a p p ro x im a te ly  c a lc u la te d  if  i t s  co h es iv e  e n e rg y  a n d  
m o le c u la r  v o lu m e  a re  k n o w n . S u b s ta n t ia l  a g re e m e n t w i th  th e o r y  is

•  This behaviour is shpwn very strikingly by a  thermodynamic study of the 
system rubber +  MeOH which has been carried out by Dr. Treloar. The results 

be described in a  suteequent paper of this series.
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found in most cases, although it  is necessary to consider aliphatic and 
aromatic liquids separately. The anomalously high swelling power of 
acids and alcohols ajises from their association.

I am grateful to Dr. Whitby for permission to refer t© his unpublished 
results in this paper, which is based on work carried out under the 
programme of fundamental research on rubber undertaken by the 
Board of the British Rubber Producers’ Research Association.

48 Tewin Road,
Welwyn Garden City, 
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