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Thermodynamics of Macromolecular Systems 
3. Equilibrium Swelling Measurements 
Polystyrene-Cyclohexane-Acetone 
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Stefan-Meier-StraBe 31, D-7800 Freiburg i. Br., Federal Republic of Germany 

Summary 

Equilibrium swelling measurements  in the system polystYrene cyclohexane 
acetone within the tempera ture  range from 288 to 323 K coniirm the conclusion 
drawn from light scat ter ing investigations (SCHUSTER, R. H., CANTOW, H.-3. 
and KLOTZ, S., 1952) that  the system exhibits the character is t ics  of cosolvency. 
A thermodynamic analysis of the exper imental  data following the FLORY-HUG- 
GINS-REHNER one-parameter  equation in terms of X, XHand •  compared with 
that  (CANTOW, H.-3. and SCHUSTER, R. H., 1982) based on the f ree  energy 
two-parameter  equation proposed by KON1NGSVELD and KLEINT3ENS. Thus, 
an unequivocal in terpreta t ion of the swelling thermodynamics of the ternary 
system could be reached, i r respect ive crosslink density of the network. The cosolv- 
ency e f fec t s  are discussed in relation to the heat  of mixing. The conclusion has 
been proved that  the cosolvency is caused by breakdown of acetone clustering 
by dilution with cyclohexane.  

Introduction 

In the course of the investigation on specific interactions in macromolecular  
systems in the foregoing paper (SCHUSTER, R. H., CANTOW, H.-3. and KLOTZ, 
S., 1982) it has been pointed out that  the thermodynamic solution propert ies 
of polystyrene in cyc lohexane-ace tone  mixtures measured via light scat ter ing 
show the charac ter i s t ics  of the cosolvency e f f ec t  (WOLF, B. A. and MOLINARI, 
R. 3., 1973). It was advanced for the explanation that  the observed e f f ec t  is 
caused by the special solvent s t ructure  generated,  i. e. by breakdown of acetone 
clusters caused by dilution with cyclohexane. In the following the thermodynamic 
interact ions in this system are studied at medium polymer concentrat ions by 
the isobaric swelling behaviour of polystyrene networks. Part icularly it is tes ted 
wether  an unequivocal description of such a ternary system, i r respect ive crosslink 
density, is possible, analogously like proved in the binary system polystyrene 
ne twork-cyc lohexane  ((CANTOW, H.-3. and SCHUSTER, R. H., 1982). 

Results and Discussion 

The solubilization of a high molecular weight compound by two non-solvents, 
or by a weak solvent and a non-solvent,  is a case of synergism being of scient i f ic  
as well as of pract ical  interest .  Focussing on variation of t empera ture  two groups 
may be distinguished: 
A. The solvent power of the two pure liquids increases until at least one of them 
becomes a solvent. 
B. The solvent power of the components never becomes high enough under isobaric 
conditions for complete  miscibility. 
The system po lys ty rene -cyc lohexane-ace tone  belongs to group A. 

The cosolvency e f fec t s  are invest igated by the procedure described in one of 
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the  foregoing  papers  (CANTOW, H.-3.  and SCHUSTER,  R. H.), with po lys ty rene  
ne tworks  exhibi t ing M c ' s  3300, #050, 5560, 7#30, 11400, 14800, 36500, 165000 
and 196000 in c y c l o h e x a n e - a c e t o n e  mixtures  wi th  the mole  f r ac t ion  of a c e t o n e  
x 2 - .000, .127, .268, .#95, .685, .g50 and 1.000 in the  t e m p e r a t u r e  range f rom 
288 up to 323 K. 
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Figure  1. Degree  of swell ing of poly-  
s t y r e n e  ne twork  as func t ion  of x2 , 
with M c a s  p a r a m e t e r ,  at  307.5 K 

Some typ ica l  plots of the degree  of swell ing,  
q, versus solvent  composi t ion ,  x 2 , a re  
p resen ted  in Fig.  i .  Independent ly  of the  
degree  of crossl inking,  the equi l ibr ium 
swell ing shows up a t y p i c a l  e x t r e m u m  in 
the compos i t ion  range . # 5 <  x 2 < . 5 5 ,  which 
emphas izes  a s t rong coso lvency  e f f e c t .  

In order  to pe r fo rm a t he rmodynamic  
analysis ,  at  f i rs t  the well  known one-pa r -  
a m e t e r  f r ee  energy equat ion  of FLORY and 
REHNER for equi l ibr ium swell ing of a ne t -  
work can be applied 

P 2 v 1 
X = [In (1 - 0 2  ) +02  + Mc 

( m - 2 / 3 ~ 2 1 / 3  - 2t2)]~2-2 , ( I ) 

with 02 the vo lume f rac t ion  of the ne twork ,  
~ l  the  par t ia l  molar  volume of the  solvent  

[ cm3mol - l ] ,  P2 the  densi ty  of the po lymer  in 
the  mix tu re ,  m the  m e m o r y  t e rm and f the func t iona l i ty  of the crossl inks.  

Because  of the  crossl inking copo lymer i za t i on  with m-DVB in bulk f=4 and m=l 
was inse r ted  for the  ca lcu la t ion  of X. 

The i n t e r ac t i on  p a r a m e t e r s  a re  funct ions  of 02,  T and x 2. The single liquid approx-  
ima t ion  (SCOTT, R. L., 1949) has been applied in order  to reduce  the number  
of independent  var iables .  Threedimens iona l  r ep resen ta t ions  of the in t e rac t ion  
p a r a m e t e r  as func t ion  of 02 and T are  p resen ted  in Figure  2, with the solvent  
compos i t ion  indica ted .  The t rends  of the t h e r m o d y n a m i c a l  behaviour  in the inves t i -  
ga t ed  sys tem are  ev ident .  F i rs t ly ,  the  x -va lues  at  given 02 and T are  funct ions  
of x 2. They diminish with  increas ing a c e t o n e  concen t r a t i on ,  pass through a mini-  
mum around x 2 = .50 and rise to high values,  accord ing  to the  p rec ip i t an t  cha r ac -  
te r  of a s soc ia ted  a c e t o n e .  These findings ex tend  the l ight s ca t t e r ing  resul ts  f rom 
the  foregoing  paper  to vo lume f rac t ions  up to .7. 

The best  solut ion qual i ty  f rom the t h e r m o d y n a m i c  s tandpoint  is a t t a ined ,  when 
the  so lvent  s t ruc tu re  becomes  c r i t i ca l  in a way. It has been argued (WOLF, B. 
A., 1978) tha t  the  assumption of a ce r t a in  " incompat ib i l i ty"  be tween  both the 
so lvent  componen t s  suf f ices  to explain the  coso lvency  phenomenon.  For  the  present  
sys tem this i n t e r p r e t a t i o n  as well  as a t t e m p t s  of explanat ions  given in t e rms  
of cohes ive  energy  densi t ies  have shor tcomings .  Indicat ions are  given f rom the 
m e a s u r e m e n t s  of excess  volumina and v iscos i t ies  of pure c y c l o h e x a n e - a c e t o n e  
mix tu res  (CANTOW, H.-3.  and SCHUSTER,  R. H., 1982) tha t  the breakdown of 
a c e t o n e  c lus te r s  by di lut ion with cyc lohexane  may be the major  cont r ibu tor  of 
the  observed  e f f e c t .  

F rom Fig. 2 it  is ev iden t  tha t  the synerg is t ic  solution proper t ies  of the mixed sol- 
vent  a re  r e f l e c t e d  also in the O 2 - d e p e n d e n c e  of X. The minimum dependence  is 
observed  in the  t he rmodynamica l l y  most  favourab le  solvent  mix ture .  At cons tan t  x2 
the  02 dependence  of the  i n t e r ac t ion  p a r a m e t e r  is more pronounced,  genera l ly ,  at 
lower  t e m p e r a t u r e s .  No synergism is observed concern ing  the t e m p e r a t u r e  depend-  
ence  of)~, which dec rease s  cont inuously with the a c e t o n e  concen t r a t ion .  
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The s u r f a c e s  p r e s e n t e d  in F igure  2 can be exp res sed  by an empi r i ca l  func t ion  

~ ( x 2 )  -- a t  + (a2  + a3T) + (a# + a.5 r 1 6 2  (a6 + a7T + a g r  + a 9 r 1 6 2  T 

The c o e f l i c i e n t s  a re  given in Table I. ( 2 ) 

Table I. C o e f f i c i e n t s  of Equat ion 2, po ly s ty r ene  n e t w o r k - c y c l o h e x a n e - a c e t o n e  

x 2 a t a 2x t02  a3xlO # a# a 5 a6xlO 2 a7xlO # agxlO 1 a9 xlO# 

�9 000 3 .203 - 1 .6#7  
�9 127 2.261 - 1 . 0 6 8  
�9 268 2 .827 - 1 . # # 9  
�9 #95 t , 9 2 2  .903 
.685 1.#58 .5777 
. g s o  1.967 .g958 
.000 .8598 - .1733 

250 -7 .351  3# .g3  # .g69 - .7gO 
1605 - 2 . 9 7 9  13.#1 1.886 - , 2 7 #  
2236 - 5 . 8 1 2  17.32 3.90# - . 6 3 1 7  
1#02 -2 .8#2  11.02 1.98# - . 3 2 2 #  
085# .92#4 5.171 .7656 - . 1 2 5 6  
1393 -1 .151  6 . 6 1 6  . g i g #  - . 1 2 7 9  

.0252 - 1 . 828  .6727 1.182 - . 1 8 6 #  

-2 189 
- 7703 
- I  071 
- 669 
- 3023 
- 3730 

1065 

3.#78 
1.121 
1.679 
1.028 

.#601 

.5662 

.1779 

It can be seen easily that the thermodynamic description of the system polystyrene 
ne two rk -cyc lohexane -ace tone ,  even in the single l iquid approximation~ runs 
somewhat into d i f f icu l t ies ,  in as much as the physical meaning of the coef f ic ients 
is vague. Simi lar observations concerning polynomial  expansions of % have been 
made recent ly for polystyrene networks swollen in cyclohexane (BORCHARD 
W., 19g2, and CANTOW, ]4.-3. and SCHUSTER, R. H., 1982). 

A consequent spl i t  of the interact ion parameter into an enthalpic and an entropic 
term leads from Fqu. (2) to the empir ica l  expressions 

(~LH)x2 -- T( a 1 ( / a T ) p , r  2 = -T [ (a  2 + 2a3T) �9 (a6 + ag r r 

+ 2(a7 + a9 r  r T] ( 3 ) 

(1~S)x2 = ( a ( T ~ . ) /  a T ) p , r  2 = (a t + a# r + a5 r 

+ 2(a2 + a6 02 + ag r  + 3(a 3 + a 7 r + a9 022) ,T2 ( 4 ) 

The calculated XH-  and ~ts -surfaces for x 2 = .000, .#95 and 1.000 are presented 
in Figure 3. No synergistic e f fec t  is observed for 1(.S versus the acetone concentrat-  
ion. There are general ly more posit ive I(5 values at higher x2. In the same way 
the temperature dependence of 1(5 at constant r  is more pronounced at lower 
acetone concentrat ions. Focussing at the r  of the &S [sotherms, the 
most interest ing fact  seems to be the switch of the surface from negative towards 
positive~.s values at high x2 .  

For the 1(]ssurface i t  turns out that the T-dependence o f~H at constantr  2 becomes 
smaller at higher x2-va lues,  interesting to note the tendency of ther 
of the%H isotherms. They run towards smaller values with growing x 2. It is evident, 
however, that they never switch to the negat ive side. 

i t  is wor thwi le  to analyze the complementary e f fec t  of the'~]4 and 3(.S surfaces. 
In cyclohexane, at low temperatures, large posit ive X]4 values are counteracted 
by large negative XS values, whereas at higher temperatures low posit ive %[-t's 
are added to low posit ive 3(. S 's. The tendency towards phase separation causes 
an increasing number of interact ions between chain segments, For the mixture 
wi th  the pronounced cosolvency ef fect  the si tuat ion is complex: Positive3(6 {approx- 
imate ly  for the ent i re surface wi th in the range .2 - .#5) are added to lower% H 
(around .0 - .#). In the non-solvent acetone an approximately "athermic"3(, H - 
(.0g - .2) and a pronunced posit ive %S-surface exists. These results make conspi- 
cuous that the thermodynamic solution qual i t ies of the solvent mixture are gover- 
ned in an accentuated mode by the entropic contr ibut ion to %. 
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Figure 3. 3LS and ~H as function 0502, T and x2, polystyrene- cyclohexane- acetone 
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R e c e n t l y  we have  repor t ed  (CANTOW, H.-3.  CANTOW and SCHUSTER,  R. H., 
1982) tha t  applying the  t w o - p a r a m e t e r  KONINGSVELD-KLEINT3ENS equat ion  for 
po lymer  solut ions (1971) to gels an unequivocal  i n t e rp re t a t i on  of swell ing t he rmody-  
namics  for the  binary sys tem - po lys tyrene  ne twork  - cyc lohexane  - could be 
r eached ,  i r r e s p e c t i v e  crossl ink densi ty  of the  ne tworks .  In the  fol lowing it  is dem-  
o n s t r a t e d  tha t  this approach enables  a thoroughgoing the rmodynamic  analysis  of 
the  t e rna ry  sys tem under inves t iga t ion  too.  On the  basis of the  equi l ibr ium swel l -  
ing condi t ion  

( 0 A G M / 0 n l )  p,T ; (oz~el/Onl)p,T ( 5 ) 
an express ion for  the  chemica l  po ten t i a l  of the  solvent  in a swollen gel fol lows with  

1 ]30 (1 - ~ )  
( a A G M / a n l ) p , t  : R T [ I n  1 - 0 2 )  + 1 - ~ ) ~ 2  + (C~o + ~1_6~ 2 ) 2  )022]  6 )  

]3o(1 - ~ )  
c~~ + (1 -gq )2 )2  - 0 2 2 [ 1 n ( 1  -4~2] +~2  + (421/3  - 2~2f ) ]  7 )  

~=C~o +]30 (1 - ( I ) / ( l  -1I~2 )2  8 ) 

C~o is the  excess  en t ropy  pa r ame te r , / 3  o the  i n t e r ac t ion  entha lpy  p a r a m e t e r ,  (I = 2 / z  
the  coord ina t ion  number  of the  l a t t i c e  and X the  degree  of po lymer i za t ion  of the  
dissolved polymer .  

For  the  t e rna ry  swell ing sys tem under inves t iga t ion  it  has been assumed tha t  z 
does not  change  with  x 2 and T. z = 8.# was choosen,  as der ived  for po lys tyrene  

cyc lohexane  a t  O-condi t ions  (SCHOLTE, T. G., 1971). This s impl i f ica t ion  implies  
some uncer ta in ty  with r e spec t  t o ~  o and ]30. It appears  to be unrea l i s t i c  to e l imin-  
a t e  the  coso lvency  e f f e c t  arising at  medium x2 by a coord ina t ion  number  z<  
2.5. Consequen t ly ,  cons tancy  os z has been main ta ined ,  because  the  e f f e c t i v e  
t rend  with x 2would  not  in f luence  the  conclusions c r i t i ca l ly .  F igure  # d e m o n s t r a t e s  
tha t  the  t w o - p a r a m e t e r  approach is succesful ly  appl icable  for the  t h r e e - c o m p o n e n t  
sys tem studied.  Excess en t ropy  OZo and the  entha lpy  p a r a m e t e r  ]3o are  p lo t t ed  
versus T and x 2. " 

a~ o shows up nega t i ve  values  ind- 
ica t ing  r e l a t ive ly  ordered  s t a t e s  on 
the  l imi ts  of the  binary mix ture .  
In the  c e n t e r  of the  x2- in te rva l  the  
excess  en t ropy  develops  towards  
low nega t i ve  values,  which ind ica te  
tha t  the  mix tu re  with max imal  co-  ,4 
so lvency  has a global  en t ropy  nea r -  
es t  the combina to r i a l  one.  

.2 
The ]30 - p a r a m e t e r  su r face  shows a 
c h a r a c t e r i s t i c  d e e p  e x o t h e r m i c  
val ley a t  x 2 ~ .5. The so lvent  e f -  ,0 

d o / d x 2  and f e c t ,  expressed  as ]3 
c k r o / d x 2 ,  is in the  module  higher  
towards  pure a c e t o n e  than towards  ),8 
cyc lohexane .  It is ev iden t  tha t  ),7 
non-assoc ia t ed  a c e t o n e  con t r ibu tes  
more  to the  coso lvency  than the  0,0 
weak  so lvent  cyc lohexane .  The 
amb iva l en t  na tu re  ol  a c e t o n e  - .0,2 

F i g u r e  #. ]30 and C~o versus x and T 
fo r  p o l y s t y r e n e  ne twork  - cyc lo-  
hexane - a c e t o n e  0,~ 

0,5 
0,0 0,2 0,4. 0,6 0,8 1,0 
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non-solvent when associated, and relatively good solvent as free molecule - 
shows up clearly. 

The hypothesis that the structure of the solvent mixture is determining the 
cosolvency effect  through breakdown of acetone clusters by dilution with an 
inert  solvent is consolidated further by measurements of the heat of mixing 
of the solvent components.  The excess heat of mixing of cyclohexane with ace t -  
one (Figure 5) exhibits an endothermic maximum of 1.65 k3mol -1 at x 2 - - . 5 .  
It coincides with the maximum cosolvency composition. The positive excess 
volumina as well as the viscosity of the solvent mixture being lower than the 
ideal one (SCHUSTER, R. H., CANTOW, H.-3. and KLOTZ, S., 1992) support 
the conclusion: Because of the breakdown of the acetone clusters by dilution 
the free energy of the pure solvent mixture rises, and in parallel the solvatation 
power of the mixture is enhanced. Even when the action of a certain "incompatibi-  
lity" of the components (WOLF, B. A., 1978) may assist the ef lec t ,  non-associated 
acetone molecules exhibiting high "activity" dominate the solution qualities 
ol mixtures around x 2 = .5. 

AHI.  102[ J mot "l) 

12 

8 

X 2 - 
O{ I I I I ~ I i , i 

0,2 0,4 0,6 0,8 1,0 

Figure  5. Excess hea~ ol mixing of cy- 
hexane - acetone 

In conclusion, an unequivocal in terpret -  
ation of the swelling behaviour of 
a ternary system could be reached 
by applying the two-parameter  KO- 
NINGSVELD-KLEINT3ENS equation. 
I t  has been proven tha t  this approach 
not only cancels the concentrat ion 
effect  in solutions of linear macromo- 
lecules. It can be applied successfuly 
to swollen binary (CANTOW, H.-3. 
and SCHUSTER, R. H., 1982) and 
t e r n a r y  systems also, where the 
topology of the networks induces 
conformat ional  effects  additionally. 
Light scattering measurements have 
yielded the respective information 
for infinite dilution. Work is in progr- 
ess to study the thermodynamical  
data of pure polystyrene by inverse 
gas c h r o m a t o g r a p h y  investigations. 

Hopefully these studies will contribute to build up a basis for understanding prob- 
lems of polymer compatibil i ty by the concept to substi tute macromolecular 
components by representat ive low molecular weight models. 
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