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mofecalM eacmpiog into tolotion (as in metfajrl ethyl ketone) while not 
preventing a  le to ra  to  Tsndom orien tatiop loBowing tlie defonnatwo which 
accompnniw swelling.

I t  was naturally of interest to  make a  comparisoo with K ratky’s data, 
bat it is best not to  stress any apparent discf^Mncy ontil tlM pniimiaar)- 
resalts we have pceaented here h*\-r been repUced by the more accurate 
values which we hope to obtain.

THE INTERACTION BETWEEN RUBBER
AND LIQUIDS.

X. SOME NEW EXPERIMENTAL TESTS OF A 
STATISTICAL THERMODYNAMIC THEORY 
OF RUBBER.LIQUID SYSTEMS.

Bv Gkoffrky Gbb.

R tc tiv td  i<ftk J u tu ,  1946.

In recent years a number o( papers have been published, in which 
the thermodynamic properties of rubber liquid systems have been d«< 
duced by statistical methods. These theoretical treatm ents have on the 
whole been highly successful, but their critical evahiation is rsndetvd 
difficuit by the almost complete lack of reliable experimental data. Any 
reasonably comprehensive attem pt to fill this gap would be extrsoMly 
laborious. By concentrating attention on powts where, if a t all, weak­
nesses were likely to  be found, it has been possible to  review fairly qaickly 
the present position.

Calculations of the Gibbs free energy of dilution AC, of a polyoMr 
liquid mixture by the liquid have been based on a  lattice model of the 
system. A lattice point is assumed capable of accommodating either 
a molecule of solvent or a  '* segment " of the polymer chain equal in 
volume to a solvent molecule. An approximate treatm ent '• * leiuls to 
a result of the form

AG, =- R T  {In (I -  V,) + v, +  . . . (I)
where v, is the volume fraction of rubber in the mixture, and is a para­
meter given by

A + B / R T ..........................................(a)
where A and B  are constants, and Bv,* is the heat of dilution, AW,. The 
only extensive data a t present available to  test this result are those for 
the system rubber and tenzcne.*> * The results a t 2j* C. are represented 
by equation (1) with only small variations of ft over the whole range of 
composition, but A and B are both strongly dependent on v,. espedbUy 
when this js low.* Huggins * has shown tha t equation (i) d«*cribes the 
rather fragmentary data for a number of rubber-liquid systems a t a single 
temperature. As a result there is a growing tendency to  employ |> as a 
quantity characterising a particular polymer liquid mixture. The 
himplicity of such a procedure makes it very attractive; but it is clearly 
desirable to a{«piy Home critical experimental tests of its validity. This 
ih the pur|j<j«e of tlu: preiient paper and an experimental study has there­
fore l)e«n made of some two-phase equilibria.

‘ Klory, J . Chtm. Hhyttct, 1944, 10, 31.
'  HuKgina, Ann. S .Y . Acad. Set., 1.

and i reiusr, Tramt. Faraday Soe., IU44, j l .  147.
* (Mtt) sntl Orr, thtJ. (in proM).
* iiugg iiii, Ind. hng. CAVin., i<>4J, J f ,  i l 6 .



The expehm enUl work to  be described ta largely concerned with 
vulcanised natural rubber. I t  is assumed th a t the introduction of a few 
cross Unks into the rubber will have a  negligible effect on the heat and 
entropy of mixing. There will, however, be an additional term to  be 
added to  equation (i) representing the decrease of entropy resulting from 
the network deformation consequent upon imbibition of liquid. The 
correction has been evaluated by Flory and Rehner • in tem \s of the mole­
cular weight between junction pr>ints of the network. For isotropic 
swelling they obtain

AG, =-■ R T  | l n  (i — Vr) -{■ . v ,* | . (3)

where pf is the density of the rubber, and F , the molar volume of the 
liquid. If a piece of rubber is constrained to  a length /. compared with 
an initial length / ,  dry and unstrained, equation (3) must be replaced by

AG, =  JIT  (In (I -  Vf) +  Vr +  4  . . (4)
The elastic tensior /  in the swollen rubber is given by •• ’

-V //H ;r) /M , . (5)
where is the cross-section of the dry unstrained rubber. Equation {5) 
has been shown • to  hold for highly swollen rubbers, although it is less 
satisfactory when Vt is large. If. therefore, Af, is estimated from the tension 
in a  highly swollen rubber, there is good reason to  expect the last term of 
equations (3) and (4) to  be accurate for small Vr- Since this term  is only 
im portant when Vr is small, it is considered tha t data  on vulcanised rubbers 
may safely be u s ^  to  test equation (i)«

The quantity  measured in the experiments reported below is the 
equilibrium volume of liquid Qm im b ib ^  by unit volume of the rubber 
and three types of measurement are included. These give the dependence 
of Qm on the degree of cross Uoking, on the degree of extension /// ,  of the 
rubber, and on the temperature. Equations (3) and (4) readily lead to 
the following expressions for these quantities when the equilibrium con­
dition AG, ~  o is inserted.

For isotropic swelling, the effect of Af, is given by
In (I -h l/Qm) -(Q m  +  I)*^ -  MQm +  l)"* »  PfVJM.(Qm  4- I)*. (6)

The eftect of elongation is given by
In (I +  l / Q m )  -  (Qm - f  I)-*  -  A Q m  +  I ) '*  -  P f V J . / l M . .  . (7)

Reference will also be made to  some earlier data on the dependence of the 
ten s io n /o n  the degree of swelling Q( *  i/v , — i) ; an expression for this 
is obtained from equation (5) :

( ¥ / ^ Q ) i  «  P f A ^ T l . * / l K \ f e ....................................................................( 8 )

In discussing the experimental data, use will be made of the following
thermodynamic relations, derivations of which are given in Appendix I.

■ ■ ■ ■

X , /  T V S  ( . 1 )A //. T A S .- -  j)̂ ) j y -  i i f T  • • •  ̂ '

All the alxivf arc tru« only a t Q Qm I>» c«iuation (n )  Au' is llio wtij{ht
of Ih| ui(! inil>il>eHi by a fixed amount of rubber.

• and Kehncr, 7 . t  hem, Pkyius ,  H>4J, I I .  3-»>-
* jiiul tiu lh . ihiJ., U)4,\. I I .  4.S5**
• l . f f ,  irams. fantt iny  StK. (in prriu*)



EqM tioos (9) u id  ( i i)  show tb » t the  d fw ad —oe of the 
sweUinf on either l e o ^  or tem pentvre  is invcm ly  pniportioiial to  
^AGtpiQ. Altboagh the dependence ot Qm oa crom  linfcag is not strictly 
a thermodynamic problem a t all, a  simple analysis leads to  the ronrhMinn 
tha t this also is inversely proportional to  In  g e n c ^  thmliMre.
the variation of Qm with internal or external parameteis is determined 
by the shpg of the free energy-compositioa curve in the neighbooihood 
of the two phase eqoilibrinm. I t  is this fact which makes the ability oi 
an eqnatioa to  describe these phenomena such a  severe test of the theory 
on which the equation is based.

BflSct of GnMS-Unfclnt oa SwsBfait G apadly.—Several natural rubber 
vulcanisates were prepared; the compounds, whose compositions are 
given in Appendix II, being selected to  cover a  range of "  cure.*' The 
estimation of Af, was made by allowing a strip of rubber, carrying a  dead 
load, to swell to its maximum capacity in 40/60 petrol ether a t 3 3* C.

F ig. r.—Efiect of vukaniaation on awelling.
{a) Good swelling s ^ t a .  i. Carbon tetrachloride.

2. Cartma dltolphide. 3. Benceoe.
(Carves theoretical.)

When equilibrium wa» attained, the distance between two reference points 
on the strip was measured, and the degree of swelling estimated by cutting 
out the portion of the strip between the reference points and determining 
lU petrol content. The value of lo '*  A t, obtained in this way are given 
m Appendix 111 ; their reciprocals will be seen to  run rougUy parallel 
with the loads a t 300 % estension aa determined on a  standard tensile 
testing machine (the uo'Called “ modulus a t 300 % "). SwelHng measure­
ments were c a r r i^  out in a variety of liquids difiering widely butn iit chem­
ical type and in solvent power. Weighed samples of rubber (ra. 1 g.) 
were iinme-sed in excess liquid and maintained a t constant tem |ierature 
fur three duys, by which time vwellinK was sulMtantially uimplete, and 
th«*n quickly surfa< r  dried and w<*ighe4l. The results are shown 111 Imk.



> mmI in w hkh Qm ■  ptot txd m  •  function of i /M ,  for the varioos nibbers, 
witli the Mldition, ior tlw  non>Mi«entB. of anvafcaniaed robber. Data 
for the two p a in  of liqnidi. chloroform and carbon tetrachk>rkle, beniene 
and toluene, were ao ihm lar th a t only one of each pair is shown. In

order to  fit tiie (u ta  to  equation (6) 
a  valne of ft has to  be selected to 
give the best general representation 
of the points, it being aasomed that 
chemical differences among the 
rubbers would not be suffidrat to 
afiect significantly. The curves 
drawn in Fig. i and 2 were calcu­
lated from equation (6) by using 
the values of shown in Table I. 
and evidently give a  fairly good 
representation of the data for the 
g c ^  swelling agents, bearing in 
mind the difficulty of making satis­
factory comparisons of different 
rubbers. This is in agreement with 
the conclusion drawn by Flory * 
from his data  on the swelling 01 a 
range of butyl rubbers in cyclo- 
hexane. The data for methyl ethyl 
ketone and ethyl acetate show a 
systematic deviation from the calcu­
lated curve, the effect of cross 
linking in reducing the swelling 
power being more marked than

I t  is difficult to

Pio. 3 .— Effect of vulcanisation on 
■welling.

(i) Moderate and poor swelling agents.
X. 40/60 petrol ether. 2. »-Propyl ^___ _____ ^ ___
acetate. ^  Ethyl aceUte. 4. Methyl wouW be expected.

amount by which
Qm lowered by cross linking, but it would seem tha t the experimental 
value for ethyl acetate is a t least twice the calculated. I t  a j^ m rs  rather 
unlikely th a t any large part of this factor can arise from the term 

+  i)». since it has previously been found th a t rubbers swollen

haviour in tension.*
The ^.oatative conclu- 
sfon would therefore be 
th a t for poor
swelling agents is lower 
than would be expected 
on the basis of their 
swelling cap ac ity ; in 
other words, th a t equa­
tion (1) is only ^prox i*  
mately true, dis­
crepancy involves only 
s m ^  deviations in the 
value of I* given by 
equation (6) when applied to different rubbers. Thus. e.g. Table 1 gives 
^ «  0*78 for ethyl ace ta te ; the value calculated from the swelUng 
capacity of raw rubber is ^ ^ 0 7 1 .  Table I includes for comparison 

values calculated by Huggins * from vapour pressure data on raw 
rubbers, and the general order of agreement is fairly good, suggesting

Uqukd. p (V»p. Pntik).

Carbon tetrschlonde 0*29 0*28
Chloroform 0*34 0-37
Carbon disulphide 0425 049
Benseoe . . . . 0-395 0-43 •
Toluene . . . . 0*36 0-43-0-44
40/60 petrol ether 0-54 0-43 t
»-Propyl acetate 0*62 --
Ethyl acstats . 078 ---
Methyl ethyl ketone . 0*94 1
Acetone . . . . 1-37 1 -1

* Data of Gee sad Orr give 0*41.
• Hofy, IV44. M, 5*-

t  L ight petn>leum,



th a t for food swaOiiig agents «q«atioiM (i) aad  (6) am  pw>b«My koth 
rwaaooabty w tiifcrtnry.

-Tb0 MaawMMKt ol tfaa cflw t of
extcaaioa oo awdliBg it in principle m d i  n o n  i t i afcrtefy  tiMii tka 
comparieofi of different rubber*. In  practice it  ta ia a  o a t to  be very 

except for liquids of moderate swelUnf power. W ith food 
swelling agents, only very small extenaaoce can be applied w ithoat bneJdag 
the specimen, and it becomes neceseary to  measure relativ«ty small dlfler- 
ences in Qm- In some cases, notably chloroform and tolaene. the diffi­
culty is enhanced by failure to  attain  steady eqailibrram vahiee of 
the result obtained increasing very markedly w i^  ttne .*  Wittt acetone 
the cffect of extension on was very small, ba t with intermediate liqoids. 
■nch as ethyl acetate and methyl ethyl ketone, very satisfactory and 
reproducible results were obtained over a  wide range of extensions. Moet 
of the data reported were obtained by 
iitretching rings over glass formers, but 
for the better swelling agents, there was 
found to  be less danger of rupture if the 
rubber was stretched in the form of a 
strip. This latter procedure was more 
troublesome, as it was necessary to cut out 
the stretched portion when swollen to 
equilibrium and determine its swollen 
weight. The sample was then returned 
to the liquid to  determine its weight when 
swoljflii and unstrained, while finally the 
dry weight was obtained by removiiu the 
Uquid tn v»cuo. By this method 
is certainly underestimated for liq u id  in 
which Qai increases with time.

The results are shown in Fig. 3 and 4, 
in which the theoretical curves are calcu­
lated from equation (7), using values of it 
chosen to  give the observed swelling a t 
/  <i> o. Bearing in mind the above note 
about chloroform and toluene, equation (7) 
is satisfactorily confirmed for good swell* 
ing agents (Fig. 3). For poor swelling 
agents, the effect of extension is far larger 
than predicted. Flory and Rehner “  have 
shown th a t equation (7) describes accur* 
ately the effect of extension on the swelling 
of a  sample of butyl rubber in xylene.

It is possible to  determine whether 
the unexpectedly large dependence of 
on extension arises mainly from anomalies 
in the elastic behaviour or in the state of mixing, by tnmking um of equa* 
tion (9), but to do so it is necessary to  estimate (d //^)i*  I ^ t a  have been 
reported previously ■ on the effect of toluene 00 ^  tenaion of stretched 
rubber strip s; from these (d//H?)i >> readilvobtained by grairiiical interpola­
tion. The resulting figures have been apfJied to  the present daU , this being 
justified by two facu ; (a) th a t similar samples of rubber were used in the 
two investigations ; and (b) th a t unpublished work f has shown that the

* Scott ** has rsportsd that this is a normal fsaturs of swslUaf, and has 
termad this ralativsly alow nss of the " iacrsmsnt By workiag ia nitroasa. 
and rastrictiog tta« duration of ejcpsnmcata, no troubJs has bsM eaoounlMvd 
with most of the liquids ussd.

* Both by tho sutfaor sad by Ur. L. K. G. Treloar
*• Scott, Trmnt. Imt. Hubb4r Ind., lyjv, §, yj.
"  Flory stul Kehner, J. Cktm I'kyuci, ly^^, la, ^ ti

Fm . 3.—Bflset d  sstsaslon on 
sweUkif.

(a) Good swelUng afMts. 
Ckloroform. s. Bsnssas. 
Tolnene. 4. 40/60 p e t ether. 

(Curves tboorstical.)

I.
3 .



t— ioB a t  cfiBiH B tl n t f a o f  n KoliM nrtibew deiW Pda.toaintappttM LnM i 
tk n ,  only ob the dogiw  of swettng, and no t oa flio o t t t e
I t  M i t  iM w nrhiiitw l tk a i  the  H pum  triH not necr<^aray b* w y  pradM. 
iiaoa •  coaiMw bte w ow it of gnpiucal mtprpbiataoa has been n e c o n ry . 
SooM typical rw oita are ghwn in  Table H . in  iducli

a n  compared w ith values competed from the  above statistical eqaatiaos. 
In  coosiderinf tiisse raanha. i t  moat be b o n e  in mind th a t and

a n  both d if ism tia l qnantitiea, not measurad d inctly . so tha t

2*6

.  / ■1 3  /
/

\
M

m•••• • _

^ •5 ----------^

low vahaes of An

both a n  liable to  considenble expecimental error. None the less, it is 
claar from the table, th a t the high values of iQ m f^  arise mainly from very

( ^ ) .  
im portant observatian is th a t
th M  low values a n  not 
essentially dependent on ex- 
tension, the discrepancy be­
tween tiieory and experinunt 
being of the same order a t 
diliwent extensions. This 
cOQohision is confirmed by 
extrapolating the data  to  
/- ■  o, and employing equa­
tion (io)to calculate 
for m  nnstretched ru b b er; 
the results a n  set out in 
Table III . The figures for 
methyl ethyl ketone and 
ethvi acetate a n  consistent 
with the observed relatively 
large effect of vulcanisation 
on the swdHng in these two 
liquids (Fig. 2).

By considering the magni- 
tudes of the separate terms 
in equation (3) it is easily 
seen th a t is
determined essentially by 
the free energy of mixing, 
no important contribution 
arising from network de-

Flo. 4.—Eflsct of extnsioa on maximum 
■wslUag.

Poor sweiUag sflSDts.
I .  a-PKM^ acetate (add 0*5 to ocdiaatas). 
s. Bthjd scetats. 3. Ifetiiyl ethyl kstooe. 

4. Ethyl fomate.
(Dotted corvM theoretical.)

iormation. I t  follows tha t the last column of Table I I I  gives an estimate 
of tiie ratio between the true and calculated values of (dAG,/X?)r 
rubber a t the values of Q shown in column 2. I t  is known ^  direct 
maaaarement th a t this ratio is close to unity for benaene.** * a t aU values 
of p . The saooess of the statistical equations in desc^bing both the 
alam c behaviour and the effect of extension on swelling for a  series of good 
s««Biag agents shows th a t the same must be true of these. In contrast, 
tha  n sa lts  of Table II I  s u f m t  th a t as the limit of imbiUtion is approached 
far poor swalling agsnts,M C «/H 7 below its calculated value. This 
haa ahaady been shown to be the case for r a e t^ l  akobol ** where, in the 
Migbboarhood of maximum swelling. falls to  not m on than
ooa-tweotisth of the value to be expected from equation (4) and the

M Ferry, Gee sad Tiekwr, Ttmu, Pm»d»y Soc., 1945. 41, 340.



OMi ^  n w T i i — i L w *  d a t e  f a r  w o t  w r f fc i t n t f y
p i e d M  t o  w t i i B t w  t h *  r a t io  < o b M rw < /r« ]c» iiit» d ) w it h  a a y  p n d W o tt , 
b a t  i t  is  c e r t a in ly  lo w  («% ok>s). T lie s e  v a r i o w  o b M r v m tk n s  a r e  c o lto c t td

T A B L E  I I .— R k la t io m  b s t w b s ii  S w atx iM o , T bm siom  a m d  E x tb m sio m .
( R v a a a a  A .)

Qm A

/>A C,\
V »  u

A
UvM. (M* l/t«.

A
Cd.M-K«btar. Cy./kMliUfiML

1 TbMTT. Ttaory.

Ethyl
formate

0*447 1*5
3*0
a-5

0*0J6
0-025
0-019,

0-0105
0*006t
0HM40

0-051,
0^36,
0 ^ 7 ,

0*0310 
0^*75  
0-0112 **»

«37
■y>
*»7

Methyl
«thyi

ketooe
073

a*o
0144
0 -II9
0093

00348 
0-0 318 
0*0138

0 -043,
OH»5,
0-017,

0*0310
oh>I75
0*0112

*7
as
*7

So-i
75-«
7 3 *

Ethyl
acetate

0-96

2-3

0*22|
0-|8y
0*15,

0-074
0-047.
0-032,

o ^ S 9t
0*092,
O-OIJ,

0-0310
0*0175
0*0tl2

IT
IS
10

40-I
3« a
33-7

»-PMpyt
aoetaw

1*86 >•5
2*0
a-3

0*54
0*43
0-36

0*40
o-jo,
o-a4.

o-osj,
o«oi8
O^SI,

0-0310
0*0175
0*0112

r »
<*•
3*f

• 5
5**«

in Fig. 5, in which the ratio of ob«ervation to  calculation a t the point of 
maximom swelling it plotted as a  function of Q^. TlMra is no reason to 
expect all the points to  lie on a  smooth carve, but it  seems extramaly 
probable th a t the curve drawn will furnish a t  least a  rough estimate of 
the ratio for other liquids. T k s r t is . in  o tk tr  w ords, strong th a t
equ a tion  ( i )  fa ils  to g iv t tk s co rrtct d e p t n it n u  o f  the f r t4 em rg y  o f  iU n H o n  
on  co m p o sitio n  fo r  liq u id s  o f  lim ite d  sw ellin g  pow er.

T A B L E  I I I .— E v a lu a t io n  o r  ( R u s s n  A ).

U v b d . Qm

E th y l form ate 
Ifeth irl e th y l ketone 
E th y l a ce U te  
M-Prop3rl aceta te  .

0 - 4 4 7
0 7 3
0-96
1-a6

IIU

> » 3
i-ao
115
1 4 a

CI0./OC.
Rvbbw.

A j Jt W *  
• • CaL/Mli UqnAd.

i
ftMt. TlMocy.

0 0 75
0*063,
0055
0 0 37,

0-04,
0 1 5 ,
0*24,
0-55

120
34
21

Vt

• 3-9
4* »

«-I,

0*30
••41

The way in which this failure accounts for some of the anomalous 
eflecU of vulcanisation and extension un swelling is shown schematically 
in Fig. 6, which relates to  a  liquid in which raw rubber is swoUeo 
to I'OO’ Curves 1 and a represent the " experimental “ and

*• Laos, Hu. trav. eMm., 193a. | l ,  971.



olcalB tod carves of while 3 and 4 give (a iiau ) tiie increment doe 
to  valcaniMtkm, sM tietched and •tretclied to  / / / ,  2. The points of

Fio. 5.—Ratio (y) of experimental to tbeoretical values of 
1. Methyl alcohol. 2. Acetone.

intersection of curves 3 and 4 with i and 2 give for the maximum swelling 
of the vulcanised r u b ^ r :

unstretched,
stretched.

experiment o-SaS, calculated 0-902
experiment 0-876 calculated 0-930

(These figures are, of course, only illutitrative, and have no quantiU tive 
significance.)

Tha Bllsct of TM iiparatur* on Sw slU nt.—^The temperature dependence 
of the maximum swelling of several natural rubber vulcanisates was 
determined in a  range of liquids, employing the technique already de­
scribed. In most cases measurements were carried out in duplicate, 
the first sample being allowed to swell successively a t  o” c., 23° c., o” c. ; 
and the second sample a t  25° c.. 0° c., 25° c. In  this way an adequate 
check was obtained on the attainm ent of equilibrium, and the a b m c e  
of any im portant drift of with time. The results may be expressed

Fio. 6.—Tbeoretical and experimental dependence of Qm on vulcanitstioa and
eztensioa.

1. AG, raw rubber (exptl.). a. Do. (tbeoretkal).
3. — vulcanised mober at /  »  o. 4. Do. at ///, — 3.

in the form — d In I w m i fT ) ,  where Aw is the weight of liquid imbibed, 
bu t in order to use them to evaluate the heat of dilution from equation 
(11), it is also necessary to  estimate A statistical expression
for this quantity obtained from equation (4) may be used for th« good 
swelling agents. In general, it is necessary to intnxluce the factor y



determined in the last acctioa. m  tKe mtk> be to wm tree  and c«l- 
cvlated valaee of From eqw tion  ( i i) ,  in trodadag tiM
(actor y. and dividing by *r* gives

where iB the mean maximum swelling over the ranne of temperature 
considered and »  determined by eqnatfaMi (6). The applicatioci of 
th k  eqoation to a  single rubber in a  raniee of ttqukla is uluatrated in 
Table IV, values of y being read from Fig. 5. Very similar resufts have 
been obtained for other rubbers.

TABLE IV.—H k a t  Ain> Eftrftorr o r DtLimoM paoii TaaiPsaAivaa 
DamtOENca o r Swatxnro. (Ruaaaa B.)

C a r t^  tetrmchlohde 
Chloh>fonn 
Carbon disulphtde 
Toluene 
Cyclohexane

«-Butyl a-butyrate 
«-Heptaae. 
di-uopcopyl ketone 
a-Featane 
a-Butyi acetate . 
a -P r o ^  acetate 
Ethyl acetate 
Memyl ethyl ketone 
Methyl acetate . 
Acetone

0 -

6 * 9 0
6 *8i
5 - 8 7
3*3
3-05
4 ^
3 * 3 5
3 * 9 0
s*Sa
a-58
*•39
1 - 6 3
0*34
o*6a
o-jo
018

AH,

A
C a lT M to  U f M .

-  1*3 - 1 0 3 - 0 3-  185 -4 3 0
33 n •5
30 ao *3
73 50

*33 « 3* JIO*
100 63
73

330 rU,
133

-  1*3 “  43
73 ISO

6so S05
1010 *30
1000 *13
905 153 •

9*3 lao 950

* Direct meaanrement on nw  rubber * gives AH^/rr* 310 at Q ""O',
16S at 0  — 4*96.

Several features of this table call for conunent. In  the first place 
the results for the last two members of the series a n  very deter>
mined Ly y, and it is clear from Fig. s th a t this may be quite ■erionsly 
in error. For the next three members there are direct experimental 
measurements of y ; for the remainder y i is likely to  be very neaity 
accurate.

At first sight the values of SJi^/v,* estimated here, do not agree a t  all 
well with those based on calorimetric data  (cotnpare tohimns 4 and 5). 
The diecrepancy is always in the direction making the numerical value 
calculated from the tem ^ra tu re  coefBcient the smidler of the two. Now 
I t  has been shown by direct meas».’*tment * in the case of raw rubber and 
benxefle that A//,/vr* falls as the b«.;.'*ne content iacfeaaea, and the 
value of c*. i6S cal./mole found a t Q i-  4 96 is in (air agreement with 
the estimate of 135 obtained here.

Fur this system the cak>rimetric sstimate, which was baaed on the 
heau  of mixing of bennme with dihydromyrcene,** is equal to  the exnari* 
m enul value * a t O o. Since both columns 4 and s are «aaentiaUy



•BpwteM rtalthiirdinfPM aHafcitvvidcaoetfaafc not independent
a t th* dagvM of tmtUmg. Lm. t l a t  «vco if ^  >  independent of compoaition. 
the  "  cooalaats "  A  and B of eqnation (2) are not.

Tha f n e r a l  cooclnaion which emeiges from these experiments is th a t 
tha  eqoatioa (i) propoaed by Huggins is m a n  limited in a{^dication
th aa  haa b M  previooaly soppoMKL I t  gives cocractiy the iaothennal 
dapaodflooe on compodtion of w  free energy of a  paiymer-liqaid mixture 
whoae beat of m i x ^  is small, ^ being treated as an omprifail parameter. 
I t  is therefore poastble to  calculate the coOigative properties of the mixture 
a t a  fixed temperatore with fair precision nsing only the one ad jusuble  
parameter. Since tha iadapeodenoe of ^  on is foond to  arise only from 
an approximate canoeOation of the concentration dependence of A and B  
(equation 3), the  equatiaa cannot be sately used to  discuss heats and 
entropies of dilution. If there is an appreciable heat of mixing, equation 
(1) is no longer strictly accurate even a t a  fixed te n ^ ra tu re . As the 
polymer approaches saturation, the dependence of AG, on composition 
becomes considerably leas than  expected. The direct consequence of 
this is th a t th e o r e t i^  treatm ents bo«ed on equation (i) underestimate 
the extent to  which the swelling capacity of a polymer depends on external 
conditions or structural changes.

Discussion of the origin of these anomalies requires a  critical examina­
tion of the basis of equation (i) and of other statistical theories of polymer 
solatioos. This lies beyond the scope of the present paper, and will be 
conaldered in a  further communication.

Summary.
Experimental data  a re  re]X )rted  on the effects of vulcanisation, e x ­

tension and temperature on th e  swelling of rubber. These, although 
in qualitative agreement with a  simple equation derived from a statistical 
t h e ^  of polymer solutions, reveal quantitative discrepancies which are 
im portant in discussions of two-phase equilibria.

The author's thanks are due to  Miss P. Gamham for experimental 
assistance, to  Mr: S. C. Stokes for the preparation of the rubber samples, 
and to  Mr. T. A. Sharpley for the '* modulus ” determinations. The 
work described in this paper forms part of the programme of fundamental 
research on rubber undertaken by the Board of the British Rubber Pro­
ducers' Research Association.

British Rubber Producers' Rtsearch Associafion,
48 Tewim Romd,

Wtlwyn Garden City. Herts.

A PPE N D IX  I.
Tharm odynam ic Ralattons.

(i) Dapaodaoca at Qm on  Extansioa.—Considering a ttfetcbed, swoUea 
rubbw maintained at constant temperature and pressure; by mathematic*! 
identity

w h e n  /  ithtf tension in the rubber and  the  num ber of nu>lea of liqukl in the 
rubber.



G. GEE 4J
............................................... (15)

■ ■ <■••
A puticalar case of equatioa (16) is obtained by pattiiig AG» ■■ o, when Q 
Jiving

. . . . < «  

where the terms on the right are to be given their valnee a t 0  ■■ Qm-
(ii) SweUlag at CoMtnnt Tension and nt Constant Lsngth.—Equation

(9) may be used to derive the limiting value of (dAG,/)0 )| a t /  ■■ o. To obtain 
from this the slightly different function we use the identity

Now at /  o, / — so that

-  “ "W +  ■>-'.................................."•>
Combining this with the value of obtained from (14) and (15), and of

from the hnal result is

where the quantities on the right are to be given their valuss at /  «  o. Q m
(iii) Tem perature Dependence of Qn.—Considering a swoOen r^ b e r  at 

constant pressure, and free from mechanical restraint; by identity

If is the weight fraction of liquid in the mbber, the entropy of dilotkMi AS^ 
is given by the well-known relatlM

— A5 ,  ■« (dAG^fiT)w^

. . .  (to)

by identity. If and sr ere the coefBdeots of thermal expansion of Uqnld and 
rubber, it is easily seen that

( s t L " ' - ” " ’ ®.......................................................
Subetitotin^ in (a6) and combining with (35)

In the particular case of maximum swelling. AG« ■> o, 0  «■ 0 b  uid

. . (13 )

In using expedmentai data obtained by «veigkiag, it is simpler to evaluate the 
temperatun coeAcient the weight iocreaae An. and rep lm  equation (sj) by 
the equivalent expressioa

A / / . -  / A . S .  -  -  • w m '  • •
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COMPOSmOlf OW VVLCAMISBD Rl

A. A'. C. a

SaMhedsheet . . . 100 100 100 ICO
Stilfbm  . . . . 2 3 3 5Seleniaw (Vaadex) . . — 2
ZincoKide . . . a a 2 2
Sisartcacid . . . 0-5 0-5 0*5 0-5
Modox . . .* . 0-5 0*5 0*5 0-5M B T 8 . . . . I
Z D C  . . . . ■ I I I

APPENDIX III. 
Curb '* o r Rubbbu .

A. A'. B. r . B*. c D.

Core (Min.) . . .
a t re .) . . 

ModaJas Uoo %) 
(kg./cm.*) . 

io“* Afc . . 
10-* Modulus X Me

30
142

9
8*0

(7*)

30
142

II*1

60
ICO%
*55

*5
142

*4
7-9

n o

30
142

■i-3
n o

60
ICO

28
' 3 >.

*45

60
100

30
4-5

*35

A aad A' xUfiered in tl)e amount of milling received daring mixing; A had 
a bare minimum and waa 6l Mooney viaooafty 75: A' was heavily milled to a 
Mooney viacoaity of 15.

G E N E RA L D ISCUSSIO N  •
D r. R. F . TttdMCt (Wthvym) aaid : Gee’s rem its on the swelling of 

stretched rubber show th a t the FSory-Hnggins equatioa witii its single 
arbitrary constant m is not adequate in the phase separation region where 
A//« is relatively large. This is not unexpected, and it is of interest to 
examine a  system whose apparent properties correspond very closdy to 
the simple model on which the whole theory is baaed. This is so if the

p<^ymer unit and the solvent molecuks 
are geometrically and chemicalfy almost 
identical so th a t the heat of dilution is 
zero ; in such a system B ■» o and ^ 
becomes independent of temperature, 
being a function of m only, where m ia 
the coKMndinatkm number of the lattice 
on which the mcdecules are arranged. 
As -  J?T In />//>,. then, for long 
chains, the relation between p ip , and 

Wf, the weight fraction of polymer, can be calculated from G ug^nheim ’s 
equtttion as a  function of s <^y.» For such an " ideal "  prfymer-solvent 
system, the following theoretioal figures for pip , are obtained for three
values oi w,. . ^  .

1 IB «o corresponds to the simple Flory-Huggins expreaaion (Gee s 
equation (i)) and * — 6 seems to be the smallest value of i  which is phy*i. 
cally satisf^ng. The table shows, therefore, the plausible limits inside 
which PIP0 should fall.

*. • r -©•*5. • f -0-50.

P/H- P/P*'-
6 0 5 1 0*73 0*87
8 0-49 0-71 0-85
00 0-45

1
o-6j 0’8a

* On preceding paper.
' (iuggenheim, Ftoc. Hoy, Soc. A, ltM4>
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to tfa* tlMontical wyriwi— lU am thoM M «Mdi th* n l M  is 
tlw ■nnn«Mr or tlM mn«n»w of tk» nooad i i i i l inh
poaeat. Th« wiiyyfayi ■ceUte th y i ■ c r tf  to w p B y ijllalili
a* ita heat of dilatkia aaa beM ifcow to ba awo bjr direct aMaaaraaaaat.* 
Wattng. M « i  and Mayo • atao give kinetic and activity naaHa froai wMck 
^  p ip ^ f  lelaticMi can be obt^ned for the poiyatyfeoe ity w e  ajralaai. 
Reaaha, which w4H be reported more fnfiy tin  where, are aa foQowt; 

Theae vahiea fall quite
m -to.

IV>lyvinyl ac«tate-ethyl
acetate . 0-59 o*®3

Poly*tyrene-«tyieiie o*6o 0*80 0^3

outside thoee of the 
pievioaa table : to  ob­
tain agreeoieat, x vahiea 
of the Older of three are 
Decenary, which aeem 
physically impcaaible.
Similar diacrepandes are 
found in the oanMCic 
pressure region and have 
been explained by Flory * ba t his modified theory is restrict ed to  vary 
dilute solotions. I t  seems unUkaly th a t any sod eOscts are signiAcant lor 
really long chains, and the results suggest th a t the whole t h e ^  reqains 
re-examinatioa.

Prof. B. A. GwijanW Im  (RtmUng) sa id : Just aa the axparimairtsr. 
in choosing the materials and details of his research, is laxfsly guldod by 
m atters of convenience, so the theoretician in his research wiaaly bsfiiM 
by coaaidering the simplest possible models before attempting to  tackle 
more complicated ones. I t  is important to  bear this in mind when making 
a  comparison between experimental data  and theoretical formuhB.

Up to  the present, all the theoretical formutae are baaed on the following 
assumptions (i) Each type of molecule occupies a  definite integral num* 
ber ot sites on a  lattice, (a) The energy of interaction is the sum of terms 
contributed by each pair of neighboanng sites. (3) The m u r y 'a t  inter­
action contributed by each pair of sites depends only on w m t spedas 
occupies each of the sites and not on which element of a molecule occnpiss 
either site.

Assumptions (i) and (2) are probably good enough for the porpoaa ot 
comparison with the available experimental d a ta ; but in my op tek a  / 
assumption (3), which means regarding each molecule as completely ' 
homogeneous, is seriously wrong. UnpuMished experimental data from 
Professor Brensted’s laboratory in Copenhagen show th a t two difiam it 
normal paraffins have small, but far from negligiUe, heata of mixing. 
Since the middle portion of two difierent normal paraffins are indistinguish­
able, It seems obvious th a t the beat of mixing must be due to  the and 
groups. I t  is therefore my opini<m tha t the next s t ^  in inm oving tha 
theory shouM be a  study of arrangemenU on a  lattice of molacales with 
distinguishable elements and I hope to  attack this problem in the near 
future.

From these considerations it would a t first appsar th a t the models 
alrsady investigated would a t least be sufficient in tlM case of aero soargy 
of mixing. This, however, is not necessarily true for it is coocsivabis that 
the energy of interaction between two moleculss may be noo-aaro, b«it 
may change sign when one of the molecules is reversed. In this caaa, 
a resultant zerr> energy of mixing may well be due to  a balance bstwasa 
equal positive and negative contributiona from varioua pairs of sitas.

Dr. M. Magat (Paris) la id : I shonkl like to  comment on the detar- 
minatitm of the heat of mixing from swelling experiments and to  give a

• y  Mcares (private comronatcatoin).
• WsUinf, Briggs sod Mayo, J. Amur. Cktm. S t . ,  194 .̂ M, 1143.
• Flory, / .  Cktm  I4i 45J.




