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Compositional Variation of Glass-Transition Temperatures. 2. 
Application of the Thermodynamic 
Theory to Compatible Polymer Blends 
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ABSTRACT: The characteristic continuity of extensive thermodynamic parameters a t  glass-transition 
temperatures forms the basis for a theory to predict Tg in intimate mixtures of compatible high polymers 
from pure-component properties. A relation derived from the mixed system entropy in terms of pure component 
heat capacity increments and glass-transition temperatures is shown to arise as a consequence of the connectivity 
constraint on the excess mixing entropy in these blends. Four known essentially empirical relations for the 
effect, including a predictive version of the Wood equation, are obtained as special cases of this expression. 
A second mixing relation is derived in terms of pure component properties from the volume continuity condition 
at Tr Quantitative restrictions on excess mixing volumes associated with this relation suggest that the entropic 
expression may be of wider use. The derivation of relations for the effect of pressure on T ,  is touched on. 
Finally, for two related blends, the entropy-based relation is shown to predict glass-transition temperatures 
in very good agreement with experimental values. 

T h e  predic t ion  of glass-transit ion t empera tu res  i n  
compat ib le  mixtures  f rom pure-component  properties 
presents a problem of some technological and scientific 
interest .  Plasticized polymers and polymer blends find a 
wide var ie ty  of indus t r ia l  applications;  however, the 
compositional variation of glass-transit ion tempera tures  
i n  these  mixtures  is generally discussed i n  t e rms  of es- 
sentially empirical expressions.’ T h e  physically plausible 
“free volume” hypothesis has provided a rationalization 
of cer ta in  of these  Separa te ly ,  a statist ical  
mechanical interpretation of composition effects on  Tg has 
b e e n  g i v e n  in t e r m s  of  t h e  D i M a r z i o - G i b b s  
“configurational” en t ropy  hypothesis of glass f ~ r m a t i o n . ~  

0024-9297/78/ 221 1- 1156$01.00/0 

T h e  first  of these  approaches  is known to offer some 
basic difficulties and can  lead to relations which a r e  in- 
consistent wi th  exper imenta l  evidence, while t h e  Di- 
Marzio-Gibbs me thod  does no t  appear  t o  provide an 
explicit expression for Tg i n  t e rms  of composition. A 
quasi-macroscopic form of t h e  configurational en t ropy  
hypothesis of glass formation has been applied recently 
to the problem in ideal a n d  regular solutions6 but, nec- 
essarily, is couched i n  t e rms  of fictive r a the r  than ac tua l  
transit ion temperatures.  Its application t o  mixtures thus 
necessitates knowledge of the fusion entropy for each pure 
component,  assumes the compositional variation of fictive 
transit ion tempera tures  to reproduce that of Tg, and re- 
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quires the mixed-system crystalline entropy to mimic that 
of the amorphous mixture below Tr To consider the latter 
assumption, if a t  least one component is macromolecular, 
geometrical constraints imposed by a lattice could cause 
mixing behavior in the crystalline and disordered systems 
to differ considerably. Additionally, correct use of this 
description necessitates a knowledge of the conformational 
contribution to transition heat capacity increments, a 
further p r ~ b l e m . ~  

In recent publications, Couchman and K a r a ~ z ~ , ~  have 
outlined a classical thermodynamic theory of the relation 
between glass-transition temperatures and composition in 
compatible binary mixtures. For ideal and regular so- 
lutions, two particularly simple equations for the phe- 
nomenon may be derived in terms of pure-component 
properties. A relation formally identical to one of these 
expressions arises also in the context of the configurational 
entropy hypothesis of glass formation? The predicted and 
observed compositional variations of T,  were found to 
agree fairly well for several binary alcohol systems which 
conform moderately to ideal or regular solution behav- 
i 0 r . ~ 3 ~ J ~  It cannot though be assumed that the formalism 
for such simple solutions is applicable to compatible 
polymer systems. I t  is, therefore, the purpose of this paper 
to provide an analogous method for predicting the effect 
of composition on T,  for intimately miscible polymers, in 
which the influence of specific interactions, the role of 
connectivity, and so forth need be considered. 
Derivation of Formal Relations for the 
Compositional Variation of T, in Polymer 
Systems 

Two equations for the effect of mixing on glass-transition 
temperatures a t  constant pressure can be derived on the 
basis of classical thermodynamics. These arise, respec- 
tively, from the characteristic continuity of total system 
entropy and volume a t  Tg,  in conjunction with the use of 
recognized finite transition discontinuities in their de- 
rivatives. Since, generally, the entropy assumes a superior 
position in thermodynamics the derivation of a mixing 
relation from this variable is treated in some detail. There 
are, also, specific reasons which suggest that  in polymer 
systems this relation may find somewhat wider application 
than an analogous expression obtained from the system 
volume (see later). For simplicity, the theoretical relations 
are derived for binary mixtures, but can be generalized to 
n-component systems with no obvious difficulty. 

The pure-component molar entropies are denoted as S1, 
S2 and their respective mole fractions (for polymers it is 
useful to consider a mole of mers) as X,, X 2 .  The mixed 
system molar entropy, S, can then be defined as 

where the excess entropy of mixing, AS,, includes all 
contributions arising from mixing the two pure compo- 
nents. For later convenience SI and S2 are referred to their 
respective pure-component glass-transition temperatures 
T,, and T,,, when their values are denoted as S:, S2.  At 
an arbitrary temperature T ,  use of these definitions and 
of the pure-component heat capacities Cpl, C,, leads di- 
rectly to the expression 

= Xl(Slo + JT>pl d In 2') + 
X2(S20 + JT>,. d In T )  + ASm (2) 

The mixed-system glass-transition temperature, T,, is 
defined by the requirement that  S for the glassy state is 
identical to that for the liquid state. This condition and 

use of appropriate superscripts g, 1 lead to the equation 

Xpl(SzoJ + JTFp:d In T )  + AS,' (3) 

Since the system composition is fixed, Xf = Xi' E Xi, where 
in turn i = 1, 2. More generally, this condition is a 
characteristic of transitions continuous in extensive var- 
iables (here, quasi-second-order transitions) and, con- 
veniently, allows the final theoretical relations for T,  to 
be written either in terms of mass fractions, Mi, or mole 
fractions. For the former, heat capacities are per unit mass, 
for the latter these are molar quantities. The choice of 
pure-component glass-transition temperatures as reference 
states provides the identity S:,g = S,O,I. This and the 
composition continuity relations simplify eq 3 to 

T 
X z { J  '(CpZg - Cpi) d In T )  + AS,, - AS,' = 0 (4) 

T% 

Derivation of an expression for mixed-system glass- 
transition temperatures from eq 4 turns primarily on 
considering the excess mixing entropy for the glassy and 
liquid states. The heat capacity increments occurring in 
eq 4 can be approximated to various degrees and present 
a secondary, later, question. 

The class of mixtures for which ASm and its behavior 
at  Tg offer no problem are the ideal and regular solutions. 
In small-molecule mixtures AS, would then be solely 
configurational and for segmentally mixed high molecular 
weight flexible polymers it would be conformational. In 
ideal and regular small-molecule mixtures ASm is pro- 
portional to X In X + (1 - X) In (1 - X ) ,  where X denotes 
X, or X 2 ;  since the composition is fixed, the excess mixing 
entropy is continuous at  T,. For such polymer solutions 
an analogous continuity of ASm arises a t  T,. Generally, 
for ideal and regular solutions eq 4 reduces to6z9 

where A denotes transition increments. 
In compatible polymer mixtures, the presence of specific 

interactions and, for example, the dependence of AS,,, on 
the intimacy of miscibility" render the excess mixing 
entropy problem more complex than that discussed above. 
Nevertheless, if mixing is relatively intimate, approaching 
the segmental level, the matter may be clarified sufficiently 
to yield a relation for the effect of composition on Tg in 
terms of pure-component properties. 

It is of central importance to the theme of this discussion 
that the long-chain nature of high-polymer molecules 
(connectivity) has a profound effect on the excess entropy 
of mixing when the two components are miscible in a 
detailed sense, reducing ASm to a value orders of mag- 
nitude below that if the mers were unconnected. Provided 
the severe connectivity constraint is maintained, factors 
such as the non-combinatorial "equation of state" con- 
tribution to specific interactions, non-random 
mixing, and so forth can be viewed as more or less 
moderate displacements of ASm from a reference value 
(that of an ideal or regular solution). In the presence of 



1158 Couchman Macromolecules 

secondary specific interactions, for which there is good 
evidence in at  least one blend,13J4 the connectivity property 
cannot but be maintained. Thus, to first order, the excess 
entropy of mixing for intimately mixed flexible high 
polymers can typically be considered negligible. Conse- 
quently, glass-transition temperatures in these blends are 
largely unaffected by ASm and its behavior a t  T,. This is 
particularly convenient as the influence of specific in- 
teractions, nonrandom mixing, and other effects render it 
unlikely that the excess mixing entropy is continuous a t  
T There is a quantitative argument concerning the 
reyative magnitudes of the two contributions to the total 
system entropy which may be offered in support of this 
conclusion. 

For ideal solutions of flexible high molecular weight 
polymers, AS, is typically less than - 2  X ca1g-l K-l 
a t  -300 K.15J6 If factors altering the excess mixing en- 
tropy from an ideal solution value were collectively to 
increase the absolute value of this property by as much 
as an order of magnitude, then ASm - 2 X cal g-' K-l. 
This, the maximum of AS,, would occur at  some inter- 
mediate system composition, when the absolute difference 
between T ,  and the pure-component transition temper- 
atures must also approach a maximum. At the appropriate 
Mi ( - ' /J  deliberate choice of a relatively low value of this 
absolute difference (20 K) and typical values for the ACpI 
(-0.06 cal g-' K-l) gives the heat capacity terms of eq 4 
as -2 X ca1g-l K-l. For consistency T,  was taken as 
300 K. This order of magnitude difference between the 
two terms would typically be maintained across the 
composition range. In the absence of primary interactions 
between molecules of the two components, the actual 
change in ASm from an ideal solution value is unlikely to 
be as large as that  given above. Further, a realistic 
maximum separation of Tg and the T,, could be consid- 
erably larger than 20 K. 

The preceding qualitative and quantitative discussion 
provides a basis for the neglect of excess mixing entropies 
for a t  least one class of compatible polymer pairs. For 
these blends, eq 5 may be used to describe the compo- 
sitional variation of T,. The formal equivalence thus 
established between the effect of composition on glass- 
transition temperatures in ideal and regular solutions and 
compatible polymer blends arises, though, from the 
connectivity property of high polymers and cannot be 
taken as evidence of any further connections between these 
mixtures. 

In view of the first-order nature of this theory it would 
seem inconsistent to derive explicit relations for the 
composition dependence of T, other than in first ap- 
proximation. Therefore, theoretical relations for the effect 
are given here on the basis of temperature-independent 
heat-capacity increments. Comparison between theory and 
experiment makes use of expressions so derived, the most 
general of which is 

XIACpl In ( T g / T g J  + X2AC,, In (T,/T,J = 0 (6) 

For later convenience the X, are exchanged for mass 
fractions (recall that the AC, are then per unit mass) and 
eq 6 becomes 

. 

M,AC,, In T,, + M2AC,, In T,, 
In T ,  = (7) 

MlAC,, + MZAC,, 
or, equivalently, 

Four particular nontrivial cases of the general mixing 

relation arise, as is discussed below. 
If the ratio Tgl/Tgz is not greatly different fron unity, 

the logarithmic terms of eq 8 may be approximated in the 
usual manner to give 

M l q , T g ,  + M * q J , ,  
MlAC,, + M2AC,, 

T ,  N (9) 

which is formally identical to the Wood equation17 (ori- 
ginally derived for random copolymers), but unlike the 
latter contains no adjustable parameters. Other familar 
expressions can be derived from eq 8 and 9. For example, 
the empirical rule AC, T,, N constant18 when substituted 
in eq 9 gives the famiiiar Fox equation2 

and is consistent with the observation that if Tgz is chosen 
as the higher pure-component transition temperature, Tg 
is typically a convex function of M2. 

This work presented here also provides a thermody- 
namic basis for the recent observation by Pochan, Beatty, 
and Hinmanlg that data on the composition dependence 
of T, for a number of polymer systems can be reproduced 
approximately by the equation 

(11) 

In the context of this theory eq 11 follows from eq 7 if AC 
= AC,,. Thus, the correlation observed by Pochan et a!. 
is not necessarily of kineticlg origin. A fourth version of 
eq 7 is obtained if both pure-component heat capacity 
increments have the same value and the logarithmic 
functions are suitably expanded. This expression 

(12) 

therefore can also be obtained from eq 11 
As both total entropy and total volume are continuous 

a t  glass-transition temperatures there are two, comple- 
mentary, bases for the derivation of mixing relations. 
Consequently, the derivation of a relation for T g  in terms 
of pure-component properties from the mixed-system 
volume is outlined below. The volume analogue of eq 1 
is defined in terms of mole fractions, pure-component 
molar volumes, V,, and the molar excess mixing volume, 
AVm; molar volumes referred to the T,, are denoted by V:, 
and isobaric volume thermal expansivities a,  E ( l /V?)*  
(aV , /an ,  are introduced, leading to (cf. eq 4) 

In Tg = M I  In Tgl + M2 In T,, 

Tg = MlT,, + K T , ,  

X,VIOAal(Tg - Tgl )  + X2V20.h2(Tg - Tg2) + AVm' - 
AV,g = G (13) 

where A again denotes transition (glass to liquid) incre- 
ments. In terms of pure-component volume fractions, 4; 
= XIVIo / (XIV lo  + X,V,O), and the excess volume fractions, 
4,g E Avmg/(xlv: + X,V,O), 4; E AV,'/(X1V,O + XZV,",, 
eq 13 may be written as 

41°Aal(Tg - Tg,) + 42OAaz(Tg - TgJ + 4,' - d m g  = 0 
(14) 

For mixtures in which either AVmg AV,' or the excess 
mixing volumes are finite but negligible compared to 
+,OAa,(T, - T,,), glass-transition temperatures are given by 

T ,  = (15) 

This equation is formally identical to an expression ob- 
tained from the linear additivity of pure-component free 
volumes, though the definitions of the a, and 4: differ 
s o m e ~ h a t . ~ ~ ~  

410Aa1Tg, + 42°A~2T,, 
41OAa1 + 4z0.1% 
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Ideal mixtures are necessarily described by eq 15. Its 
suitability for mixtures with nonzero excess mixing vol- 
umes is, however, a matter for enquiry. The relative 
magnitudes of the two types of terms in eq 14 may be 
estimated readily. A typical value for the Act, is taken to 
be - 5  x K-I. If, as before, Tg - Tgb - 20 K and @Lo - 1 /2 ,  the terms in Act, are - 5  X Taking as a rough 
guide to the validity of eq 15 the condition that $,OAct,(T, 
- T,) estimated from values given above should exceed the 
absolute value of 4"; - ~$,g by an order of magnitude, the 
latter term must not exceed 5 X (0.05%) a t  T,. I t  is 
important to note that connectivity should not affect AV, 
to the extent it influences 2 3 ,  and, further, that (negative) 
volumes of mixing reported for several blends16,20 (though 
not a t  T g )  typically exceed -1%. Moreover, the free- 
volume expression formally identical to eq 15 does not 
predict T correctly when specific interactions are pres- 
ent.16 Tais seems to suggest that  eq 8 might be of 
somewhat more general use than eq 15, although a more 
definite statement must await careful experimentation and 
further theoretical enquiry. 

Formal considerations have thus far been limited to 
blends a t  constant pressure. Conveniently, the derived 
mixing relations can be readily adapted to include the 
effect of pressure. Subject to the reasonable neglect of 
terms in dAC,,/dp as second-order effects, eq 7 and 9 yield, 
respectively, the expressions 

d In T,, d In T,, 
d In Tg MIACP1 dp + M&,, dp 

E (16) 
dP MIAC,, + M2AC,, 

and 

Four other predictive relations for the pressure dependence 
of Tg can be derived, one from each of eq 10-12 and 15. 

Comparison of Predicted and Observed 
Composition Dependence of T, 

A critical test of the theoretical relations requires, 
generally, t,hat the principal and subsidiary conditions 
necessary for their derivation be met. The blends con- 
sidered should of course be largely, if not entirely, 
amorphous, in order to obviate the possible influence of 
crystallinity. Further, those relations derived from the 
entropy require that miscibility approach the segmental 
level. If a principal condition is departed from signifi- 
cantly, comparison of observed and predicted values of T, 
may be advantageous, though of supplementary usefulness. 

The poly(2,6-dimethyl-l,4-phenylene oxide) (PPO) and 
polystyrene (PS) system is probably the most studied 
compatible polymer blend. It has been judged compatible 
by a variety of methods,21 exhibiting a single composition 
dependent Tg for all relative proportions according to 
differential scanning calorimetry (DSC),16!22s23 thermo- 
m e ~ h a n i c a l , ~ ~  dynamic m e c h a n i ~ a l , ~ ~ ! ~ ~  thermal optical 
analysis,22$26 and dielectric rneth0ds.l' Additionally, there 
is direct calorimetric evidence for the expected negative 
heat of mixing, AH,, across the range of c o m p ~ s i t i o n , ~ ~  a 
sufficient but not necessary criterion for compatibility (the 
mixing is sufficiently intimate that AS, is considered 
negligible27). This negative value of AH, is consistent with 
evidence for phenyl-group coupling14 and, certainly, the 
formation of these secondary bonds must be considered 
suggestive of interaction a t  a somewhat detailed level, and 

I I I I 
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Figure 1. Glass-transition temperatures, Tg, of PPO/PS blends 
vs. mass fraction of PPO, Mppo. The full curve was calculated 
from eq 8. Fried's experimental values of T are represented 
as circles. Datal6 for eq 8: ACP1 = 0.0671 cal K5 g-', AC, = 0.0528 
cal K-' g-'; T,, = 378 K, Tg = 489 K. PPO was designated as 
component 2. All calculated temperatures were rounded to the 
nearest degree. 

possibly intimate mixing. Also, DSC thermograms for 
these blends show less than the considerable thermal 
broadening vis-6-vis pure components observed for a 
related compatible polymer pair.I6BZ8 The existence of local 
concentration variations for the PPO/PS blend cannot, 
though, be excluded. This blend therefore seems suitable 
for application of those theoretical relations derived from 
the entropy continuity condition; there are definite in- 
dications of rather intimate mixing, and the PPO/PS 
interaction is secondary (the presence of substantial in- 
teractions between the two components is a topic for later 
discussion). Turning now to the validity of a relation such 
as eq 15, based on the neglect of AV,, it should be noted 
that this quantity has been observed as significant for the 
PPO/PS blend.16 

In order to compare theory and experiment in a self- 
consistent manner, it is necessary to seek blend data 
determined in the same manner as for the pure-component 
transition heat capacity increments and glass-transition 
temperatures. This is to ensure that any significant 
differences between predicted and observed values of Tg 
can be ascribed to genuine discrepancies and, similarly, 
agreement can be taken as genuine. FriedI6 has recently 
studied several properties of two largely amorphous 
polymer blends, PPO/PS and PPO/poly(styrene-co-4- 
styrene). The pure component and blend glass transitions 
were determined in a Perkin-Elmer DSC I1 at  a heating 
rate of 20 K min-'. The PPO was additive free; details of 
sample preparation and other relevant experimental data 
are given elsewhere.16 The glass-transition temperature 
was in all cases taken at  the midpoint of the transition heat 
capacity increment. The associated uncertainty in Tg was 
estimated as 2 K. 

Theoretical values for the compositional variation of Tg 
for PPO/PS blends were calculated from eq 8 and, as 
Figure 1 demonstrates, these agree well with Fried's ex- 
perimental results. The accuracy of various approxima- 
tions to eq 8 has also been considered. Table I lists 
predicted values of Tg from, in order, eq 8-12. As expected, 
the predictions of eq 8 are closest to the experimental 
values. For the PPO/PS blend, eq 9 also predicts values 
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Table I 
Comparison of Predicted and Observed Values of T ,  for 

Various Compositions of PPO/PS Blends 
" - " I  I 

glass transition temp,  T,, in K mass fraction of 
PPO (Mppg) exptlI6 eq 8 e q  9 eq 10  e q  11 e q 1 2  

0 378 378 378 378 378 378 
0.2 394 394 396 396 398 400 
0.4 413 413 416 416 419 422 
0.6 431 434 438 438 441 445 
0.8 458 460 462 462 465 467 
1.0 489 489 489 489 489 489 

of T ,  close to the observed results. Further, since the 
product X,T,, for the two components is respectively 25.8 
cal g-' (PPO) and 25.4 cal g-' (PS), the predictions of eq 
9 and 10 differ little. Both of these expressions are 
somewhat more accurate than the logarithmic rule of 
mixtures applied to glass-transition temperatures. Clearly, 
however, the combination of circumstances necessary for 
these results will not invariably arise. 

Turning to the mixing relation derived from the volume 
continuity condition, FriedI6 has considered the reported 
.laL and shown that Tg is predicted to be a concave function 
of the variable Mppo, whereas Figure 1 illustrates that T 
is actually a convex function of Mppo. Thus the observec! 
and predicted compositional variation of T, disagree even 
qualitatively. This fundamental difference is consistent 
with earlier comments on the possible inadequacy of eq 
15. 

Since the PPO/PS compatible pair seems appropriate 
for realistic application of the theory and good agreement 
is found with experiment, the theory might be applied 
usefully to other compatible polymer mixtures and to the 
parallel phenomenon when two pure components are made 
into a random copolymer. For blend systems other than 
PPO/PS there is relatively less information concerning the 
type and level of compatibility. For example, DSC evi- 
dence is generally available, allied perhaps with the results 
of dielectric measurements and the rough guide of optical 
clarity. To seek limits of the theory a blend derived from 
the PPO/PS system but known to be less compatible is 
considered next. 

Random copolymers of styrene (S) and p-chlorostyrene 
(pC1S) blended with PPO have been found compatible by 
DSC, thermal optical analysis, dielectric, dynamic me- 
chanical, and density r n e a s ~ r e m e n t . ' ~ , ~ ~  For copolymers 
containing 567.1 mol% of pClS, compatibility occurs for 
all relative proportions of the pure components. DSC 
thermograms show considerable transition broadening 
compared with the parent copolymer and PPO compo- 
nents.16 Dielectric studies demonstrate a parallel relative 
broadening of the relaxation spectra in the compatible 
blend, which can be interpreted as arising from a range 
of local concentrations.28 A second peak generally observed 
in phase-separated mixtures is not seen in the region of 
compatibility. Further, the compatibility/incompatibility 
transition is rather clear on the DSC thermograms. 
Outside the region of compatibility two largely constant 
glass transitions characteristic of the pure components are 
observed.16 In summary, there would seem to be distinct 
miscibility, but it is somewhat unlikely that this extends 
to the segmental level. 

The compositional variation of T ,  for a PPO/S-pC1S 
copolymer blend has been calculated from eq 8 for the 
copolymer with 58.5 mol 9'0 p-chlorostyrene. The pre- 
dicted and observed relations between blend glass-tran- 
sition temperatures and mass fraction of PPO are depicted 
in Figure 2. Equation 8 predicts the observed behavior 

4 8 0  i 
460 t / i  
440 1 

Y 

e 400 420v 1 

I 1 I I I 
0 2  0 4  0 6  0 8  1 0  

360' 
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Figure  2. Glass-transition temperatures of PPO/poly(sty- 
rene-co-p-chlorostyrene) blends vs. mass fraction of PPO. The 
full curve was calculated from eq 8. The circles represent data 
taken from Fried.l6 For the copolymer,16 ACp, = 0.0593 cal K-' 
g-l, T,, = 398 K. Data for PPO as for Figure 1. 

very well.% Thus, although the transitions at  intermediate 
compositions are rather broad, the theory is quite ac- 
ceptable for a composition which approximates the ma- 
croscopic mass proportions. 

Concluding Remarks 
It  has been demonstrated that an elementary relation 

for the effect of composition on glass-transition temper- 
atures in compatible polymer mixtures, based on the mixed 
system entropy continuity a t  Tg,  serves to describe the 
phenomenon from pure-component properties. This re- 
lation arises in part from a special property of polymer 
molecules (specifically, their long chain nature (connec- 
tivity)) which reduces the excess mixing entropy to a 
typically negligible value. The final theoretical relations 
predict the observed effect of composition on glass- 
transition temperatures surprisingly well for two polymer 
blends, a result which may be considered to reflect suc- 
cessfully on the neglect of excess mixing entropy. Further, 
the central predictive relation serves to unify the basis for 
the form of four equations for the phenomenon and can 
be extended to predict the pressure dependence of Tg for 
polymer blends. In view of the success of such a simple 
treatment the theory might be usefully extended. 

Acknowledgment. I would like to thank F. E. Karasz 
and W. J. MacKnight for encouraging my interest in 
compatible polymer blends. Much of this work was 
completed during my recent stay in the Department of 
Macromolecular Science, Case Western Reserve University. 

References and  Notes 
(1) A useful review of the topic is given by A. J. Kovacs, Adu. Polym. 

S a . ,  3, 394 (1963). See also references therein. 
(2) T. G. Fox, Bull. Am.  Phys. SOC., 1, 123 (1956). 
(3) M. Gordon and J. S. Taylor, J .  Appl .  Chem., 2, 493 (1952). 
(4) F. N. Kelley and F. Bueche, J .  Polym. Sci., L549 (1961). 
(5) E. A. DiMarzio and J. H. Gibbs, J .  Poljm. Sci., Part A-1,  1417 

(1963). 
(6) J. M. Gordon, G. B. Rouse, J. H. Gibbs, and W. M. Risen, Jr., 

J .  Chem. Phys., 11, 4971 (1977). 
(7) M. Goldstein, J .  Chem. Phys., 64,4767 (1976); J .  M. O'Reilly, 

J .  Appl. Phqs., 48, 4048 (1977); R.-J. Roe and A. E. Tonelli, 
Macromolecules, 11, 114 (1978). 

(8) P. R. Couchman and F. E. Karasz, J.  Polym. Sci., Polym. Symp., 
in press. 



11, No. 6, November-December 1978 Phase Separation in Macromolecular Multicomponent Systems 1161 

P. R. Couchman and F. E. Karasz, Macromolecules, 11, 117 
(1978). 
A. V. Lesikar, to be published. 
W. J. MacKnight, J. Stoelting, and F. E. Karasz, Adu. Chem. 
Ser., No. 99, 29 (1971). 
P. J. Flory, J.  Am. Chem. SOC., 87,1833 (1965); B. E. Eichinger 
and P. J. Flory, Trans. Faraday SOC., 64, 2035 (1968). 
A. F. Yee, Polym. Eng. Sci., 17, 213 (1977). 
S. T. Wellinghoff, J. L. Koenig, and E. Baer, J .  Polym. Sci., 
Polym. Phys. Ed.,  15, 1913 (1977). 
G. Gee, Q. Reu. ,  Chem. SOC., 1, 265 (1947). 
J. R. Fried, Ph.D. Dissertation, Polymer Science and Engi- 
neering, University of Massachusetts, 1976; see also J. R. Fried, 
F. E. Karasz, and W. J. MacKnight, Macromolecules, 11, 150 
(1978). 
L. A. Wood, J .  Polym. Sci., 28, 319 (1958). 
R. F. Boyer, J .  Macromol. Sci., Phys., 7, 487 (1973). 
J. M. Pochan, C. L. Beatty, and D. F. Hinman, to be published. 
J. J. Hickman and R. M. Ikeda, J .  Polym. Sci., Polym. Phys. 
Ed., 11,1713 (1973); G. A. Zakrzewski, Polymer, 14,347 (1973); 
B. G. Rinby, J .  Polym. Sci., Polym. Symp. ,  51, 89 (1975); Y.  
J. Shur and B. Rinby, J .  Appl. Polym. Sci., 19, 2143 (1975); 

T. K. Kwei, T. Nishi, and R. F. Roberts, Macromolecules, 7,  
667 (1974). 
W. J. MacKnight, F. E. Karasz, and J. R. Fried in “Polymer 
Blends”, S. Newman and D. R. Paul, Eds., Academic, New York, 
N.Y., 1977. 
A. R. Shultz and B. M. Gendron, J .  Appl. Polym. Sei., 16, 461 
(1972). 
J. Stoelting, F. E. Karasz, and IV. J. MacKnight, P o l ~ m  Eng. 
Sci., 10, 133 (1970). 
W. M. Prest, Jr., and R. S. Porter, J .  PolJrn. Sci.. Polym. Phys. 
Ed., 10, 1639 (1972). 
A. R. Shultz and B. M. Beach. Macromolecules. 7.  902 (1974). 
A. R. Shultz and B. M. Gendron, J .  Macromol. SCL., Chem., 8, 
175 (1974). 
N. E. Weeks, F. E. Karasz, and W. J .  MacKnight, J .  Appl .  Phjs , 
48, 4068 (1977). 
R. E. Wetton, W. J. MacKnight, J. R. Fried, and F E. Karasz, 
Macromolecules, 11, 158 (1978). 
The theoretical predictions for the other compatible PPO/ 
copolymer blend (67.1 mol 5‘0 pC1S) investigated l)> Fried16 are 
very close to those for the blend of Figure 2, a> are the ex- 
perimental results. 

Thermodynamic Perturbation Theory of Phase Separation 
in Macromolecular Multicomponent Systems. 2. 
Concentration Dependenceil 

Hans Craubner 
Znstitut fur Physikalische Chemie der Uniuersitat Dusseldorf, 
Dusseldorf, West Germany. Received October 4 ,  1977 

ABSTRACT: A perturbation-theoretical approach to the concentration dependence of phase separation in 
quasiternary macromolecular solutions consisting of polymer, solvent, and nonsolvent is developed. It results 
in a linear semilogarithmic phase equation yF* = A ,  - u,* In c,,, where yF* denotes the precipitant fraction 
(volume fraction of the precipitant a t  the cloud point) and co the initial polymer concentration in g/cm3. Here, 
A, and crc* are constants with A, as the precipitant fraction at  co = 1 g/cm3 and ut* the inverse value of the 
change of the relative perturbation density (Ap*?F,,). The theory is verified experimentally at 25 “ C  by 
investigation of the three different systems: (a) polystyrene-benzene-methanol; (b) poly(methy1 meth- 
acrylate)-benzene-cyclohexane; ( c )  poly(t-caprolactam)-m-cresol-petroleum ether. Fast turbidimetric titration 
measurements on the basis of the dynamic volume pulse technique were used. The perturbation-theoretical 
approach is confirmed furthermore by numerous experimental results taken from the literature. The results 
are compared critically with the earlier approaches on the basis of statistical thermodynamics, partition equilibria. 
and solution equilibria. In this context, the effect of the constant ratio of the solvent/nonsolvent in the gel 
phase is interpreted theoretically. 

I. Introduction 
This paper  is concerned with a perturbation-theoretical 

approach to the initial concentration dependence of phase 
separation in macromolecular mul t icomponent  sys tems 
af ter  the addi t ion  of nonsolvent (precipitant) ,  and wi th  
appl ica t ions  of the theory .  The approach  is based  on  
concepts that I have developed in  previous T h e  
assumpt ions  and basic equations have been se t  out in the 
first pape r  of t h i s  ~ e r i e s . ~  

Firstly,  it is shown how t h e  per turba t ion  relations can  
be  applied t o  calculating t h e  functional dependence of t h e  
prec ip i tan t  fraction (volume fraction of the nonsolvent at 
the precipitation threshold, yp*) from the original polymer 
concent ra t ion ,  tak ing  in to  account  t h e  macromolecular 
phase  concentrations.  T h e n ,  t h e  theory  is appl ied  to 

‘This paper is dedicated to Professor Maurice L. Huggins on the 
occasion of his 80th birthday, but publication unfortunately had to 
be delayed. 

*Presented at the 76th Annual General Meeting of the Deutsche 
Bunsen-Gesellschaft fur Physikalische Chemie in Braunschweig, May 
19-21, 1977. 
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various mul t icomponent  macromolecular systems. T h e  
results obtained a r e  scrutinized and compared  critically 
wi th  earlier a t t e m p t s  at problem solution such  as, e.g., 
par t i t ion  equilibria4,j  and solution equilibria.61i 

11. Fundamentals: The Perturbation-Theoretical 
Approach of Phase Separation in Fluid 
Macromolecular M u l t i c o m p o n e n t  S y s t e m s  

Addi t ion  of nonsolvent to a homogeneous macromo- 
lecular solution may  cause i ts  disintegration b y  polymer 
precipitation. T h e  s imples t  sys tem here  is now a fluid 
heterogeneous te rnary  one. Generally, however. solutions 
of macromolecules i n  solvent/nonsolvent mixtures  a r e  
quas i te rnary  mul t icomponent  systems. In  t h e  following, 
the assumpt ions  and t h e  nota t ion  of ref 3 a re  used ,  

L e t  the finite set of a multicomponent macromolecular 
solution of nonelectrolytes IK0 = (1, 2 ,  ..., LA, ..., P,, ..., F,,, 
F,+l, ..., r) be per turbed  by  t h e  admixture  of a nonsolvent 
F, @ IKo. Then,  t he  system passes from the  reference state 
IKo - IK = (1, 2 ,  ..., LA, ..., P,, ..., F d ,  ..., r ]  = IKO + { F J ,  F,  
E IK 3 IK,J(i,X,x) E N,b,A,,l). Le t  t h e  statistical polymer 
componen t  in  t h e  prec ip i ta t ion  equi l ibr ium which  is 
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