
Polymer Bulletin 8, 225-231 (1982) Polymer Bulletin 
�9 Springer-Verlag 1982 

Thermodynamics of Macromolecular Systems 
1. Swelling of Polystyrene Networks in Cyclohexane 
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SUMMARY 

Swelling of polystyrene networks has been studied within the range from 288 
to 323 K. Results are discussed following FLORY-HUGGINS and FLORY-REHNER 
approaches. Thermodynamic analyses with respect to the enthalpy and to the 
entropy part of the chemical potential of the solvent have been carried out. 
The volume fraction dependence of the thermodynamic properties derived could 
be cancelled applying the two-parameter KONINGSVELD-KLEINTJENS equation 
for polymer solutions to swollen gels. Thus, an unequivocal interpretation of swell- 
ing thermodynamics could be reached, irrespective crosslink density of the networks. 

INTRODUCTION 

Understanding problems of polymer miscibility is one of the challenges nowadays, 
Irom the scientific as well as from the applicational standpoint. The miscibility 
of polymers depends on competing contributions of dispersive and specific interact- 
ions as well as on the chain length of the components. Dispersive forces favour 
phase separation, specific favour miscibility. In order to realize miscible polymer 
blends it is favourable to design copolymers with a programmed amount of specific- 
ally interacting groups. Substantial experimental difficulties impede the direct 
investigation of the miscibility of polymers in the solid state. In order to approach 
the energetic part of the miscibility problem one may substitute macromolecular 
chains by representative low molecular weight models (LMWM). Such LMWM's 
could be for example members of a homologous series of components with one 
or more polar groups. It can also be a binary solvent mixture, in order to vary 
the ratio of "dispersive" and "specific" components. 

In a series of papers we will try to approach the problem of polymer miscibility 
with the philosophy to substitute macromolecular components as far as possible 
by  LMWM's. Besides studies in solution those in swollen state may be promising 
in this context, because by crossiinking of a polymer consequences of thermodyn- 
amic interactions are transduced into a macroscopic scale. 

Polystyrene will be treated as a macromolecular component in the first paper, 
with cyclohexane as the first LMWM for a second macromolecular component. 
It will turn out that even if the system polystyrene - cyclohexane is the classical 
system in polymer solution thermodynamics (KONINGSVELD, R. and STAVERMAN, 
A. J., 1968; JENCKEL, E. et al., 1956; REHAGE, G. et at., 1965; REHAGE, G. 
and KONINGSVELD, R., 1965; CANTOW, H.-3., 1956), there are still deficiencies 
in our knowledge. 

EXPERIMENTAL 

Polystyrene networks were prepared by crosslinking copolymerization in bulk 
of dried, freshly destilled and3degassed styrene with varying amounts of m-divinyl- 
benzene (m-DVB) with 2x10- mole % AIBN at 55~ under nitrogen, in sealed 
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glass tubes. Linear polystyrene with M w : 5.1xl04 and Mw/M n = 1.02 was used 
for light scat ter ing measurements.  

Cyclohexane was dried over molecular sieves (MERCK, 4 ~) and destilled over 
a column. 

Swelling measurements were carried out on cylindrical network samples with 
5 mm diameter and 10 mm length typically, which were sealed with the swelling 
agent  in glass tubes, excluding humidity. The degree of swelling, q, was measured 
during the swelling process by the length of the sam.Pie, with the aid of a horizont- 
ally travell ing microscope, within a relative error of- 3 %. A number of experim- 
ents carried out by the conventional weighing method shows up good agreement,  
the error of the weighing procedure being somewhat higher (= 6 %). With quasiel- 
astic l ight scattering i t  has been proved that there is no detectable anisotropy 
in the swollen samples. The diffusion constant derived is independent on the scatter- 
ing angle. 

For swelling experiments in mixed solvents measurements in sealed tubes are 
even more [avourable, because influences of dif fering boiling points are eliminated. 
The reproducibi l i ty of the temperature dependence of swelling was checked by 
up- and downwards change of temperature. An additional error of +- 2 % has 
been found. 

Right angle l ight scattering measurements were performed within thg temperature 
range from 2gg to 323 K with~solut io~ of polystyrene (M w = 5.lxt0~), with conc- 
entrat ions 2, #, 6, g and 10x l0" -g  cm- ' ) .  

The density of cyclohexane was measured with a KRATKY apparatus. 

RESULTS AND DISCUSSION 

The experimental  results of the equilibrium swelling measurements of polystyrene 
networks in cyclohexane over a temperature  range from 2gg to 323 K are pres- 
ented in Fig. 1, with the molecular weight of the chains between two crosslinks, 
Mc, as parameter .  

The dependence of q on M at constant  temperature  is evident. In cyclohexane 
the temperature  dependence c~ the equilibrium swelling is remarkable. 

f 
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Figure h Degree of swelling of polystyrene 
ne tworks  as function of temperature,  
with M c as parameter  

In the  thermodynamic t rea tment  
of swollen networks it is assumed~ 
that the equilibrium is determined 
by the balance of the free energy 
of mixing with the solvent (AC_~) 
and the elast ic  or conformational 
free energy (AG el) 

(&~GM/Onl)p,T = (0AGel/Onl)p,T . (1) 

To derive thermodynamic inform- 
a t ion  from the data FLORY's- 
equation (1942) has been applied 
first. This equation implies a con- 
t r i b u t i o n  of the la t t ice  model 
entropy of mixing with a single 
VAN L A A R  te rm represent ing 
the free energy contribution aris- 
ing from the pair interactions. 
Assuming that no sol macromolec- 
ules are present in the liquid and 
applying the usual expression for 
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the free energy ot elastici ty (FLORY, P. and REHNER JR., 3., 19#3) condition 
(1) yields explicitly the interaction parameter  x 

X = [In ( i  -@2 ) +02 + vevl (m -2/3 01/3 2@2 -2 
v - ~- -  )] @2 (2) 

O 

-09 the volume fraction of the network polymer in the system 
v=/v the molar concentration of the network chains [mole cm "~] 

e . . ~  ~1. 
v I the partial molar volume of the solvent [cm mole ] 
m the memory term 

- f the funct ional i ty of the crosslinks. 

In deriving Equ. (2) i t  is anticipated that X is a concentration independent param- 
eter and that the crosslinks have negligible influence on the free energy of mixing. 

In the present work, because oi crosslinking copolymerization with m-DVB in 
bulk, I = # and m = 1 may be inserted. 
From the experimental results (Fig. 1) the X-parameters for crosslinked polysty- 

u,u u,I u,z U,J (},1+ 0,5 0,6 0,7 

Figure 2: @Z'. and T-dependence of the -X 
parameter.L ine a for constant M c 
The basic trend of the x-parameters vs. 
O2 does not chan~e i f  for the free conforrnat- 
ional energy either the equation proposed 
by J. J. HERMANS (1947) 

(m-2/302 I/3 _ @2 ) (#) (0AGel/0nl)p,T = Vo 

or that derived by JAMES and GUTH (1956) 

~eVl (m -2/3 O21/3) (5) (aAGel/0n l)p)T = 
v O 

rene-cyclohexane have been calc- 
ulated following Equ. (2). The 
three-dimensional graph of the ~)2- 
and T-dependence of X is presented 
in Figure 2. It turns out that 
at all temperatures the x-values 
exhibit a pronounced concentration 
dependence. The x-values at 
@2 = 0 were taken from light 
scattering data using the transfor- 
mation 

X = 0.5 - A2P2z~v I (3) 

The values for the density of 
polystyrene ( / )2) ,  part ial molar 
volume of cyclohexane and the 
second viriaJ coeff ic ient of the 
osmotic pressure are summarized 
in Table I. 

Table I: Temperature dependence 
of p~ ~/ and A~ from light sca t te r -  
ing - an~d dens i ty  measuremen~,s 
on polystyrene (M = 5.1xlO ) 

h ' x  

- cyclohexane solutioWs 

T 92 Vl A2xI0-O 

[K] [gcm -3] [cm3mole -3] [molecm-3g -2] 

288 1.060 107.20 - 2.66 
293 1.058 107.91 - 1 . 7 5  

298 1.056 108.55 .99 
303 1.054 109.21 .33 
308 1.052 109.87 * .0$ 
313 1.050 110.71 + .33 
318 1.0#8 111.21 + .66 
323 1,0#6 111,73 + ,98 
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is applied instead of the FLORY-REHNER equation (see Fig. 3). 

The concentra t ion dependence of the ){-parameters has been predicted theoret ical ly  
by HUGGINS (1955) for polymer solutions, and is it evident that  this #2-dependence 
is caused by 

1,0 / / / 7 / / /  

,r O,B . ~ /  

0,7 / "  

0,6 

0,5 /' , ' ~2' -"~ ' 
0,0 0,~ 0,2 0,3 0,~ O,S %6 03 0,8 0,9 1,0 

Figure 3: Comparison of the  ~ 9  d e p e n d -  
ence  of X calculated using the-equations 
of HERMANS (H), FLORY - REHNER(F-R) 
and 3AMES - GUTH (3-G) 

Ilex,bility blocking e f fec t s  
imperfec t  randomness of mixing 
(orientation effects)  
change of tightness of coiling 
with concentrat ion.  

By osmotic pressure (KRIGBAUM, 
W. R. and GEYMER, D. O., 1959, 
REHAGE, G. and MEYS H., 1958, 
REHAGE, G., 196#), vapour press- 
ure  m e a s u r e m e n t s  (KRIGBAUM, 
W. R. and GEYMER, D. O., I959) 
and pulse induced cr i t ical  light 
s c a t t e r i n g  s t ud i e s  (SCHOLTE,  
T. G., 1971) on polystyrene - 
cyclohexane solutions it has been 
demonstrated that such a ~2- 
dependence is effective, irresp- 
ective the molecular weight of 
the polymer. X is shifted, hoverer, 
s l igh t ly  towards  h igher  values 
with increasing molecular weight.  

The dotted line b in Fig. 2 at307.5 K 
represents the trend o~ the X - 

parameter  derived from these measurements  in solutions. There is a good agreem- 
ent  - within experimental  error - in the concentrat ion range up to ~2 ~ .t~5. 
At h igher~ 2 the concentrat ion dependence of X becomes more significant. Formally 
the x-values calculated from swelling data with the aid of Equ. (5) show up the 
best agreement  with those derived from solution. 

It has to be noted that  no correct ions for entanglement e f fec t s  have been made. 

Assuming thus that the influence of crosslinks is not negligible at all, we may 
offer  a plausible qual i ta t ive explanation by supposing res t r ic ted conformations 
of the chains in the near vicinity of the crosslinks. A smaller mixing entropy 
contribution would be one of the possible consequences. Therefore the f ree  energy 
parameter  increases - more than in solution - in a @2 region, where the e f fec t ive  
volume fract ion of crosslinks is no more negligible compared with the volume 
fract ion of chains. 

However,  the ~9-dependence of the •  makes it problematical  to compare 
x-values wi thoJ t  indicating the M c of the network as well as the temperature .  

Focusing now to the tempera ture  dependence of X it is useful to t rea t  the single 
parameter  • not as the exchange enthalpy parameter ,  but rather as an excess 
free energy so that:  

X= (A/~Ie/RTq~221 = (Ahl/RTq~22)-(Asle/a*22) (6) 

Consequently, • can be split up into an enthalpy and an entropy term X = XH + XS (7) 

were XH = (&hl/RT@22) = - T (0x/0T)p,~2 (g) 

X S = (AslE/R~b22) = (O(Tx)/0T)p,@2 (9) 
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For the calculat ion of the enthalpy and entropy contributions of )~ the exper im- 
ental  points presented in Fig. 2 were replaced by smoothed curves, wich were 
considered to f i t  the data  best. In order to charac ter ize  these curves~ the coef f -  
icients of the polynomial are given in Table II. 

The derived )~H and ){S parameters  Table l I :  Coeff ic ients  of the polynomia~l 
are not unequivocally determined ~ d e n c e  o:[ x .  ( X = a + b~ 2 + c~2 ~) 
for the system. They also are 
functions of ~ and of the temp-  
erature.  Above~308 K, at  constant  T a b c 
~ ,  the variation of XM with the 
t~mperature  is not so '~ ronounced  288 .533 .21t~3 .6172 
as that of X S .  Thus XS shows 
up to be the major contributor 293 .522 .2107 .55#3 

29g .513 .2232 .~899 
to the thermodynamic behaviour 

303 .507 .2308 .~433 
of the studied system. Under 308 .500 .262i .3771 
30g K the temperature dependence 313 .~97 .2625 .3668 

of both, )C H and ~S' is somewhat 318 .~9# .2399 .3930 
enhanced as a consequence of 323 .~89 .23#9 .~-093 
beginning phase separation. Fur-  
ther~ the ~2-dependence of Z H 

and )~S is of interes t  too. Below the (~-temperature the re la t ive  increase of )fH 
and Xswith the volume fract ion of the polymer in the swollen network is higher 
than above @, as shown in Fig. #. 

,,0, 
_ [..,,o 290~ 

0,8 ~ ~ ~ o  TIK ~ _ ~ Z  'I~'~~ 

0,6 = ~"~290 ~ 

3~176 

~  0,2 ' n \ 
0,0 0,I 0,2 0,3 0,4 0,5 

Figure 4" c~ 2 -dependence of • and 
Y.S at temperatures indicated 

The quanti ty X H appears to undergo 
c,38 l i t t le  change with 02 up to ~2" .4 ,  

but seems to increase significantly' 
beyond this point. A comparison 

0,i0 of ~H and XS values at the l imit  
~2--* 0 with those obtained by light- 
scat ter ing(CANTOW, H . -3 ,  1956) and 

1,00 by osmotic pressure measurements 
(KRIGBAUM, W. R. and GEYMER, D. 
O., 1959) shows good agreement ,  as 
shown in Table III, lit .  a and b, resp. 

'0,20 
Recal l ing  that  the combinatorial  
entropy of dilution, -As I comb/R~22 
contributes to the total  chemical  

-0,~0 potential  with - .5  at t h e  limit 
�9 2-- '07 it  can be seen from Table III 
that  the excess part ial  molar en- 

.0~0 tropy ZS is dominated by the comb- 
0,6 inatorial term over the entire temp- 

erature range. 

The thermodynamic behaviour can 
be described for the equil ibrium 

swelling of polystyrene networks in cyclohexane indicating only M , ~ and the �9 c z corresponding temperature. Because of the~2 dependence of Z zt seems that the 
applicabil i ty of semiempiricaI free energy expressions involving only one adjust- 
able parameter is somewhat l imited. 

To overcome these dif f icult ies i t  seems to be promising to use an expression 
for the lef t  side of condition (I); which takes account for the concentration dep- 
endence of the interaction enthalpy term. Such an equation for the chemical 
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Table IIh X H and • values atq~ 2 --*0 derived from 
I 

data  of this  work and from l i t e ra tu re  

T XH XS 
this work Hterat .  this work l i t e ra t .  

293 .60 .82 a - . 0 7 8  - . 2 8 5  a 
.61 a - . 0 9 6  a 

298 .#5 + .063 
.30 b + .020 b 

303 .36 .47 a + .146 + .036 a 
.38 a + .12 a 

308 .30 + .20 .20 b + .30 b 
313 .25 .34 a + .25 + .15 a 
318 .22 .31 a + .27 * .18 a 

potent ia l  of the  solvent  has 
been proposed by KONINGS- 
VELD and KLEINTJENS (1971) 

( 0 A G M /  Onl)p, T = 

RT[In( 1 - ~2 ) + ( l  - 1) q~2 

~o(1 -3") 
+ (% + (j _?-]-f~--~) ) 8#22] (I0) 

with 
- a ~ excess entropy p a r a m e t e r  

flo in te rac t ion  entropy 
p a r a m e t e r  

3"= 2/z ; - z coordinat ion 
number  of the  l a t t i ce .  

The success  of this  equat ion had been proved in the  case of polystyrene - cyclohex-  
ane  solutions,  when it  was shown tha t  the  concen t r a t ion  dependence  of the  excess 
chemica l  po ten t i a l  can be well descr ibed.  The 3"-value had been de te rmined  from 
the  binodal and spinodal condi t ions by pulse induced cr i t ica l  l ight sca t t e r ing .  
For polys tyrene  - cyc tohexane  solutions 3' = .238 has been found. 

Introducing Equ. (10) a f t e r  prel iminary t r ans fo rma t ion  for network forming 
- into the  left  side of condi t ion (1) instead of the  FLORY expression, a two-pa ram-  
e t e r  equat ion  for equil ibrium swelling is obtained:  

#o(i 2@ 2 
In(l -~2 ) + !}2 + %r + (1-3,~2 )-------------~ #22 + v o (@21/3 f ) = 0 (11) 

Solving Equ. (11) for the  ~2's de te rmined  from equilibrium swelling at  cons tan t  
t e m p e r a t u r e  the  entha lpy  p a r a m e t e r  /~o and the  excess entropy p a r a m e t e r  a ~ 
a re  avai lable .  

The iden t i ty  of the  coef f ic ien t s  of Equ. ( l l )  and (2) permi ts  to write:  

X= a o + 8 o (1 -3')/(I -~'@2 )2 (12) 

representation of x-values versus (I -3' )/(I -3' 62 )2 allows to receive the en- A 
thalpy term from the slope and the excess entropy term from the intercept. 
The experimental data yield the expected straight lines (Table IV). 

Table IV:.Enthalpy p a r a m e t e r  flo and entropy 
p a r a m e t e r  a_ der ived from the  exper imen ta l  
da ta  following Equ. (12) 

regress .  
T + flo - eo coeff .  

288 1.1692 .3577 .995 
293 1.1111 .3249 .995 
298 1.0782 .308# .996 
303 1.0~51 .2896 ,997 
308 1,0311 .2854 .997 
313 1.0106 .2733 ,997 
318 .9986 .2671 .998 
323 .9851 .2616 .998 

The t e m p e r a t u r e  

The two dimensionless parameters 
derived in this way are represent- 
ative for the solvent solute 
interaction at a given temperature. 
They have no concentration depend- 
ence. They may serve as a good 
base for comparat ive  studies 
of di f ferent solvent - solute syst- 
ems. Decreasing ~i have to be 
interpreted as a C~rend towards 
exothermic solute - solvent inter- 
actions, whereas a smaller value 
of the module of ao indicates 
a trend towards the maximal entro - 
pic function, the combinatorial one. 

dependence of ao and floshows a pronounced curvature below 308 
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K. This may be caused by beginning phase separation. Above this temperature 
/~o can be described by a linear function of l/T: 

B ~ = .0558 + 298.85/T (13) 

The comparison of our ~ and ~ values with those published by KONINGSVELD 
and KLEINTJENS (1971)C~or the~ - cycJohexane solutions shows that 
the parameters measured from the network swelling are somewhat higher than 
those ~rom solutions of Enear polymers. 

The pseudoideal conditions in the system, when entropy and enthalpy term cancel, 
corresponding to the GIBBS - HELMHOLTZ equation, are satisfied i f  

.5 - % = ~o(i -~) (i4) 

This equality is satisfied at 307.5 K with a relative error of -+.I %. 

The application of the two-parameter equation (I0) proposed by KONINGSVELD 
and KLEINTJENS to swelling thermodynamics offer an unequivocal description 
of the system. 

Thus it seems to be a ~airly good base for the study of swelling as well as of 
solution properties o5 polystyrene in binary solvents containing cyclohexane. 
Hopefuly it will be able to describe other three-component systems too, offering 
a chance in this manner to make progress in interpreting miscibility problems 
in macromolecular systems. 
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