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SUMMARY 
The solubil i ty parameter  theory of Hi ldebrand and Sco t tex ten -  

ded for po lymer blends original ly has a c c o u n t e d  for dissimilarities 
only be tween con tac t  energies of the b lend components ,  neg lec-  
t ing free vo lume effects which are pred ic ted  by the correspon- 
d ing states theories. Biro~ et al., however, have shown that  using 
expressions of the Prigogine-Flory corresponding state theories for 
energy and volume, effects of free volume will be impl ic i t ly inclu- 
ded in the solubi l i ty parameter  app roach  too. The results are simi- 
lar then to those der ived by the corresponding state theories. In 
addi t ion,  it is shown that  in this case the temperature  and pressure 
dependenc ies  of the solubil i ty parameters are pred ic ted  qual i ta t i -  
vely correct .  

We per formed this procedure  with the Sanchez- Lacombe EOS 
theory instead of the Prigogine-Flory approach ,  Formally, ident ica l  
expressions result, and the ca lcu la ted  solubil i ty parameters evalu- 
a ted  acco rd ing  to the two EOS theories are in good agreement .  
However, because Sanchez-Lacombe's app roach  is not a corres- 
pond ing  state theory, it is able to pred ic t  add i t iona l ly  qua l i ta t ive ly  
cor rec t  the d e p e n d e n c e  of the solubil i ty parameters on chain  
length.  

INTRODUCTION 
A simple way of pred ic t ing miscibil ity has been suggested for 

small molecules by Hi ldebrand and Scott(~). Accord ing  to this the- 
ory the in teract ion parameter,  X, of a binary system, in the suppo- 
sition of ident ica l  molar volume, is related to the d i f ference 
be tween  the solubil i ty parameters of the two components  

~12 = Vm((~l -- ~2)2/RT ( 1 )  

The solubi l i ty parameters are def ined as 

8i = (AEvi/Vmi)1/2 (2) 

AEv~= NAZW~/2 is the molar energy of vapor izat ion,  and Vm~ the mol- 
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ar volume. N A is Avogadro 's  number, and wt~ the interact ion ener- 
gy be tween  binary contacts.  For polymer systems s o m e t i m e s  an 
empir ica l  constant  is added  to Z12. 

The d i f ference between the solubility parameters in equ. (1) re- 
f lects the d i f ference between the interact ion energy of the mean 
of the homo-con tac ts  (1-1) and (2-2) and the binary hetero-con-  
tacts (1-2) 

AWl2 = [(Wll + W22)/2] - W12 (3) 

In order to avo id t roublesome exper imenta l  determinat ions for 
blends, Berthelot's rule is used for the evaluat ion of w12 

W12 = (WllW22)1/2 (4) 

That means, the d i f ference be tween the interact ion energy of the 
mean of the homo-con tac ts  and of the he te ro-con tac t ,  ho-c and 
he-c, is a t t r ibuted to the d i f ference between the ar i thmet ica l  and 
geomet r i ca l  means of the interact ion energy of the ho-c's. There- 
fore, the interact ion energy of the he-c will be always smaller than 
the mean of the ho-c's. As a consequence  any interact ion in fa- 
vour of he-c format ion is neglected.  In addi t ion,  acco rd ing  to this 
presentat ion,  the solubility parameter  theory apparen t ly  is not ac-  
count ing for free volume effects and thus for possible di f ferences 
in the thermal expansion of the two components .  Biro~ et al. (2) 
have demonst ra ted,  however, that  the solubility pa ramete r  defi- 
ned by equ. (2), depends  in fac t  on the free volume through both, 
AE v and V m. 

The energy of vapor izat ion, unfortunately,  is not acces ib le  for 
polymers, but it can be substi tuted by the negat ive of the respec- 
t ive conf igurat iona l  energy, which can be d e d u c e d  for polymers 
using the corresponding relations of the EOS theories. 

in both the P r i g o g i n e - F l o r y  and S a n c h e z - L a c o m b e  EOS theory 
the conf igura t iona l  energy can be expressed as 

U = -p*V*/V (5) 

where p* is the reduct ion presure, V* the reduct ion volume, i. e. 
the 'hard core volume'  of the system and ~v the reduced volume. 
The reduct ion parameters,  p*, V* and T* can be used to eva lua te  
the reduced  pressure, ~, volume, V, and temperature ,  T. 

: p/p* ~v = V/W T = T/T* 

They are in te rconnec ted  by the respect ive equat ions of state. 
The EOS of the P r i g o g i n e - F l o r y t h e o r y  is of the form 

~)~vlT = v1131(vl13 - 1 ) - 1 I I~T (6PF) 

whereas the EOS of the S a n c h e z - L a c o m b e  theory is given by the 
expression 
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(6SL) 

where r is the number of segments per polymer chain. Using the 
above  expression (5) for the conf igurat ional  energy, relat ion (2) 
for the solubil ity parameter  can be reformulated as follows 

6 = ( - U / V )  1/2 = p '1 /2 /~7 (7) 

Starting with this last expression of the solubility parameter ,  the 
tempera tu re  and pressure dependenc ies  are given by the expres- 
sions 

(0 In 6/cqT)p = - ( z  (o q In 8 /c )p )  T : K: ( 8 )  

The reduct ion parameters are accessible via expansion coef f ic i -  
ent, o~, compressibi l i ty, ~: and specif ic volume at p=O, by using the 
respect ive equat ion  of states. 

In both EOS theories the reduct ion pressure is related via the ra- 
tio be tween  expansion coef f ic ient  and compressibi l i ty with the re- 
duced  vo lume of the polymer 

p* = ~?2T/x: (9) 

The reduced  volume and temperature,  however,  are de termined 
di f ferent ly in the two models. 

The Prigogine-Flory EOS theory (~) assumes all la t t ice sites to be 
o c c u p i e d  by polymer-segments,  The reduced volume is given ac- 
cord ing ly  by the ratio between the volume and the 'hard core vo- 
lume', the lat ter being corre la ted to the coord ina te  of the mini- 
mum of the Lennard- Jones potent ia l  of the system. The reduced  
vo lume can be eva lua ted  from the expansion coef f ic ient  for p:O, 
using the expression 

V t/3 - 1 = o~T/3(1 +c~T) (1 O) 

Knowing the reduced volume, the reduced temperature ,  T, can 
be ca l cu la ted  using the EOS for p=O 

T = (V 3Is - 1)IV 4/3 (10a) 

With these reduced quanti t ies the corresponding reduct ion para- 
meters can be determined.  The Prigogine-Flory EOS theory pre- 
dicts, that  the polymer characterist ics, i.e. expansion coef f ic ient ,  
compressibi l i ty, and specif ic volume do not depend  on chain 
length. Experimental ly, however,  it has been shown that  higher 
molecu lar  weight  polymers pack  denser (i.e. exhibit  smaller speci- 
fic vo lume)  and show smaller values of c~ and •. 

Conversely, if the reduct ion parameters of a series of homolo-  
gues are eva lua ted  from the respect ive pVT-data using the appro-  
pr iate expressions of the EOS, they turn out to vary with chain 
length. In addi t ion,  because of varying free volumes, nonvanishing 
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va lues are o b t a i n e d  for the d i f fe rence  b e t w e e n  the solubi l i ty  pa-  
rameters  (81-82) 2 . Furthermore, since the d i f ferent  mo lecu la r  w e i g h t  
po lymers show d i f fe rent  coe f f i c ien ts  of expans ion,  the decreases  
of the solubi l i ty  parameters  wi th t empe ra tu re  might  also be di f fe-  
rent. This can  lead to phase separa t ion  wi th increas ing t empe ra -  
ture, i.e. LCST-behaviour, a p h e n o m e n o n  wh ich  is not  p r e d i c t e d  
by the or ig ina l  H i ldebrand  solubi l i ty  p a r a m e t e r  theory.  

The Sanchez-Lacombe EOS theory  is a la t t i ce  theory  too,  where  
the  unde r l ay ing  la t t i ce  compr ises v a c a n t  sites. Thus, the  r e d u c e d  
vo lume  is de f i ned  by the rat io b e t w e e n  the overa l l  vo lume  and  
the vo lume  o c c u p i e d  by the mers of the po lymer  

9 = (No + rN)/rN (1 1 ) 

N O is the number  of v a c a n t  la t t i ce  sites and  rN the number  of 
l a t t i ce  sites o c c u p i e d  by the segments of the N po lymer  cha ins  
c o n t a i n i n g  r segments,  respect ive ly ,  Since this theory  is not  a cor-  
respond ing  states theory,  the state parameters  are p r e d i c t e d  to 
vary  wi th cha in  length.  Ca lcu la t ions  have  shown C5) tha t  expans ion  
coef f ic ients ,  compressib i l i t ies and  free vo lumes are p r e d i c t e d  by 
the S a n c h e z - L a c o m b e  EOS to dec rease  with increas ing d e g r e e  of 
po lymer iza t ion ,  in a c c o r d a n c e  with the exper iment .  The dec rease  
of the free vo lume  with increas ing mo lecu la r  we igh t  is suppo r t ed  
by the observa t ion  tha t  the glass t empera tu re  increases with in- 
c reas ing  mo lecu la r  we igh t  (6) 

For the e v a l u a t i o n  of the reduc t i on  paramete rs  from pVT-data  
the e q u a t i o n  of s tate (6SL) for p=0 and  inf in i te mo lecu la r  w e i g h t  
(r~oo) are used 

(1/9 2) + ~, +T[In { 1 - (1/9)} + (1/9)] = 0 ( 1 2) 

as wel l  as the  co r respond ing  expression for the expans ion  coef f i -  
c i e n t  

oE = 1 lET / (1  - 1 iV )  - 2 ) ]  (1 3 )  

Start ing wi th these two expressions the r e d u c e d  quant i t i es  9 and  
can  be c a l c u l a t e d  numer ica l ly ,  and  from them v* and  T*, re- 

spec t i ve ly .  
As the  theory  assumes a d e p e n d e n c e  of the vo lume on cha in  

length,  expressed by r, bes ide the expans ion  coe f f i c i en t  and  com-  
pressibi l i ty, the so lub i l i ty  pa rame te r  depends  on the cha in  l eng th  
t oo  

(~) In ~/()r)p, T : - ( 1 / 9 ) ~ 9 / ~ r  ( 1 4) 

Since the free vo lume decreases  with increas ing deg ree  of po ly-  
mer izat ion,  the  solubi l i ty  pa rame te r  will increase with increas ing 
c h a i n  length .  

Taking into a c c o u n t ,  tha t  the Sanchez -Lacombe  theory  p red ic ts  
a d e p e n d e n c e  of the po lymer  charac te r i s t i cs  on cha in  length,  in 
p r inc ip le  it is possible to e v a l u a t e  the EOS paramete rs  for po lymers 
of any  mo lecu la r  w e i g h t  of a homo logous  series, star t ing wi th  the  
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co r respond ing  d a t a  of a po lymer  of any g iven mo lecu la r  we igh t .  
The e f fec ts  p r e d i c t e d  by theory  are, however ,  too  small. Thus, in 
real i ty the  pa ramete rs  for polymers of d i f fe ren t  cha in  lengths have  
to be d e t e r m i n e d  separate ly ,  similar as in the Prigogine-Flory EOS 
theory .  

An empi r i ca l  w a y  for the eva lua t ion  of the solubil i ty pa ramete rs  
has b e e n  sugges ted  by Smal l (7)  A c c o r d i n g  to Small, the solubi l i ty 
p a r a m e t e r  can  be c a l c u l a t e d  knowing the density, p, and  the mo- 
lecu lar  we igh t ,  M, of the repea t i ng  unit and  using molar  a t t rac t i on  
constants,  F~, of the chem ica l  structural  units i nc l uded  in the  poly-  
mer r e p e a t i n g  unit 

= p ~(F~/M) (1 5) 

The a t t r ac t i on  constants have been  e v a l u a t e d  and  t a b u l a t e d  
using molar  energ ies  of vapor iza t ion  of co r respond ing  low mole-  
cu la r  mode l  compounds .  

The m e t h o d  of Small accoun ts  thus only for the d i f fe ren t  inter- 
ac t ions b e t w e e n  the chem ica l  units of the polymer.  Effects of the  
f ree vo lume,  wh ich  can  be p r e d i c t e d  by the EOS theories, are not  
cons ide red .  

Solubil i ty pa ramete rs  of d i f fe rent  polymers were  c a l c u l a t e d  
start ing wi th exper imen ta l  pVT-data  and  using the respec t i ve  ex- 
pressions of the two a b o v e  discussed EOS theories. They are sub- 
sequent l y  c o m p a r e d  with the values o b t a i n e d  by Small's m e t h o d  
of the  a t t r ac t i on  constants.  

EXPERIMENTAL 

Using the  GNOMIX pVT-apparatus,  measurements  have  been  per-  
f o rmed  for several  polymers, in order  to de te rm ine  their  expans ion  
coef f i c ien ts ,  compressibi l i t ies and  spec i f ic  volumes at var ious tern- 

polymer M n [g/tool] Mw/M n 

polystyrene 2.1 2117 1.08 

polystyrene 6 5966 1.12 

polystyrene 102 102000 1.05 

polyisoprene 2.6 ~ 2594 1.08 

poly(methylphe- 1682 b 1.35 b 
nylsiloxahe) 1.7 

poly(cyclohexyl- 80740 1.26 
methacrylate) 114 c 114000 ~ 

poly(vinylmethyl- 48140 1,62 
ether) 48 

~ anionic polymerization in cyclohexane, Initiator sec-butyllithium, 90% cis 1,4 -content 
b Aldrich c anionic polymerization in THF, initiator 1,1-diphenyl-3-methylpentyllifhium 
d from membrane osmosis 

Table I: Characterist ics of  the polymers used for pVT-measurements 
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peratures.  The measurements  were  carr ied out  in the  isothermal 
mode,  in steps of 10 ~ C, for the po lymer  melts a b o v e  their  glass 
transi t ion tempera tu re .  

Start ing with these pVT-data  the reduc t ion  pa ramete rs  have  
been  e v a l u a t e d  using the expressions of the Prigogine-Flory and  of 
the S a n c h e z - L a c o m b e  theory,  respect ively,  The expans ion  coef f i -  
c ients were  a v e r a g e d  over the who le  t e m p e r a t u r e  range.  Com-  
pressibil it ies and  spec i f ic  volumes were  d e t e r m i n e d  for e a c h  tem- 
p e r a t u r e  separa te ly  and  then used to e v a l u a t e  the  co r respond ing  
reduc t i on  parameters .  Since the parameters  resulted t e m p e r a t u r e  
d e p e n d e n t ,  they  were  f inally a v e r a g e d  over  the respec t i ve  tem- 
pe ra tu re  ranges of interest. The character is t ics  of the polymers 
used for the pVT-studies are shown in tab le  I. Unless o therwise sta- 
ted  Mn and  Mw/M n were  de te rm ined  by GPC, ca l i b ra ted  with stan- 
da rd  polystyrenes. 

RESULTS AND DISCUSSION 

The reduc t i on  pa ramete rs  e v a l u a t e d  using the  respec t i ve  ex- 
pressions of the two EOS theor ies emp loyed ,  are p resen ted  in 
tab le  Ila for the Prigogine-Flory and in tab le  lib for the  Sanchez-  
L a c o m b e  theory,  For the reduc t ion  vo lume the co r respond ing  spe- 
c i f ic  vo lumes are listed. 

PS 2.1 

PS 6 

PS 102 

PI 2.6 

PMPS 1,7 

PCHMA 114 

PVME 48 

p* [MPa] 

559.1 

566,8 

574,8 

469,7 

519,3 

511,4 

450.8 

vs* [cmS/g] 

0.8141 

0,8436 

0.8194 

0.9396 

0.7583 

0.7791 

0.8295 

T* [K] 

7090 

7728 

7913 

6713 

6459 

8115 

7395 

Table lta: Reduct ion parameters of the Prigogine-Flery theory 

PS 2.1 

PS 6 

PS 102 

p* 4Pa] 

i,5 
L0 

~.0 

vs* (oreS/g) 

0.8996 

0.9282 

0,9028 

T* (K] 

661.4 

715.2 

729,9 

631.2 PI 2.6 t.0 1,0405 
PMPS 1,7 L6 0,8389 606.7 

PCHMA 114 41 7.6 0.8620 760.8 

PVME 48 7.5 0.9165 699.7 

Table lib: Reduct ion parameters of the Sanchez-Lacombe theory 
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Except of the reduct ion temperatures,  the ob ta ined  values of 
the reduct ion parameters are quite similar. Especially the trends in 
the observed changes of the reduct ion pressures and speci f ic vo- 
lumes are the same. Taking into accoun t  that  the SL-theory ad- 
mits holes, the corresponding specif ic reduct ion volumes are by a 
fac tor  of abou t  10% larger than those of the PF-theory. Accord ing -  
ly the reduct ion pressures are the smaller, 

The solubil ity parameters were then eva lua ted  by equ. (7) for 
25~ and p=0, In tab le  III the ob ta ined  8 are c o m p a r e d  with the 
values ca l cu la ted  accord ing  to Small's rude using the respect ive 
a t t rac t ion  constants. They are of about  10-15% smaller than the 
values ob ta ined  by the two EOS-theories. While the Small solubil ity 
pa ramete r  da ta  for the polystyrenes of di f ferent molecular  mass 
are constant ,  they show a slight molecular  weight  d e p e n d e n c e  in 
both EOS theories used. 

~Prigogine Fiery ~$anchez-Lacombe ~Small 
((J/cm3) ~/2) ((J/cm3) u2] ((J/cm3) ~I2) 

PS 2.1 20.34 20.40 18.52 

PS 6 20.78 20.71 18.52 
PS 102 21.02 20.90 18.52 
PI 2.6 18.45 18.38 16.76 

PMPS 1.7 19.25 19.27 - 
PCHMA 114 19.90 19.71 18.45 
PVME 48 18.41 18.35 16.65 

Table II1: Solubi l i ty pa ramete rs  f rom EOS-theories a n d  Small's tab le  

The d e p e n d e n c e  of the solubility parameter  on the rec iproca l  
chain length as p red ic ted  by SL is shown in Fig. 1 (full lines). The 
ca lcu lat ions were per formed by using the parameters of the three 
di f ferent PS. The ca lcu la ted  chain length inf luence is much smaller 
than that  p red ic ted  using reduct ion parameters of PS of di f ferent 
chain lengths. For comparison, the values ob ta ined  for the respec- 
t ive PS are shown as well, for both the SL- (full circles) and the PF- 
theory (full tr iangles). It is evident,  that  the d e p e n d e n c e  on mole- 
cular mass M n as p red ic ted  by the SDtheory is too small. Thus, it is 
impossible to eva luate  the M n d e p e n d e n c e  of the parameters 
start ing with the respect ive EOS-parameters c o m p u t e d  from pVT- 
d a t a  of a single polymer. 

The pVT-behavior  is descr ibed bet ter  by PF than by SL. For high- 
er pressures the compressibi l i ty ~: is p red ic ted too low by both mo- 
dels, with higher deviat ion from exper imenta l  d a t a  in the SL- 
theory  (5). Thus, it is expec ted ,  that  the pressure d e p e n d e n c e  of the 
parameters  p red ic ted  by the PF-theory is the more realistic one. 

The pressure d e p e n d e n c e  of the PS solubility parameters as cal- 
cu la ted  with the two theories is i l lustrated in Figure 2. Since ~: is 
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p red ic ted  to be lower for SL, the pred ic ted pressure inf luence is 
lower too, PF, however,  also predicts too low ~:, Thus, the pressure 
d e p e n d e n c e  given by this theory might be too small too, 
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Figure 1: Solubi l i ty  p a -  
r a m e t e r  o f  po l ys t y rene  
vs. inverse cha in  leng th  
- ful l  l ines SL-theory 
- po in ts  e x p e r i m e n t a l  
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Figure 2: Solubi l i ty  p a -  
r a m e t e r  o f  po l ys ty rene  
vs. pressure 
- d o t t e d  lines SL-theory 
- full l ines PF-theory 

22.0 

�9 S L  

�9 P F  

21.5 

E 21.0 
o 

20.5 

20.0 

I I 

0.0010 0.0015 0 6 0 2 0  

(molar mass) "Emol /g ]  

i i i 

I I I 

0 50 100 150 200 
pressure [MPA] 

ACKNOWLEDGMENT - We are obl iged to the DFG, Deutsche For- 
schungsgemeinschaf t ,  for f inancial  support  within the SFB 60. 

REFERENCES 
1 Hi ldebrand JH, Scott RL (1950) The Solubility of Nonelectro ly tes 

3rd ed,, van Nostrand-Reinhold, Princeton, N J 
2 Biro~ J, Zeman L, Patterson D (1971) Macromolecu les  4 :30 
3 Flory P J, Orwoll RA, Vrij A (1964) J Am Chem Soc 86:3507 
4 Sanchez IC, Lacombe RH (1976) J Phys Chem 80:2352 
5 Rudolf B, PhD, Thesis, University of Freiburg 1994 
6 Cowie JMG (1975) Europ Polym J ] 1:297 
7 Small PA (1953) J Appl Chem 3:71 


