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ABSTRACT The phase behavior of ternary polymer blends consisting of three miscible binary pairs is examined 
in terms of thermodynamic theories and by experiment. The local stability of these mixtures is analyzed 
by using the second variation of Gibbs free energy constrained by mass balance. This treatment considers 
copolymer systems by using a simple binary interaction model combined with the Flory-Huggins model having 
temperature-dependent interaction parameters and equation of state effects by using the lattice fluid theory. 
The predictions indicate that asymmetry in the binary interactions may lead to ternary-phase instability 
manifested as large decreases in the temperatures at which phase separation occurs on heating (LCST behavior) 
ternary compositions relative to the binaries and/or the appearance of ternary UCST behavior when none 
exist in the binaries. The experimentally determined phase behavior of a series of ternary blends based on 
styrene/maleic anhydride (SMA) copolymers, styrene/acrylonitrile (SAN) copolymers, and either poly- 
(methyl methacrylate), poly(ethy1 methacrylate), or a methyl methacrylate/acrylonitrile (MAN) copolymer 
is reported. In every case, each binary pair formed miscible blends because of favorable polymer-polymer 
interactions. Asymmetry of binary interactions can be produced by variation of copolymer mer content. This 
was found to lead to a large drop in the ternary cloud point associated with LCST behavior relative to that 
of the binaries for three of the ternary mixtures. UCST behavior was not observed for any of the reported 
blends. Ternary spinodal calculations based on previously determined Flory-Huggins interaction parameters 
are grossly inaccurate when the asymmetry of the binary interactions is a dominant effect, and explanations 
for this are given. 

Introduction 
As polymer blend technology becomes more sophis- 

ticated, there is growing interest in the equilibrium phase 
behavior of multicomponent mixtures of polymeric 
components. Already several reports on ternary-phase 
behavior have appeared in the Nearly all of 
these concern an interest in homogenizing two immiscible 
polymers by adding a third that  is miscible with both. 
Table I summarizes some important examples that have 
been studied. T o  our knowledge, only one ternary system 
has been examined to  data where all three binaries are 
reported to form miscible blends;*O however, we can now 
identify numerous ternary combinations where all three 
binary pairs are miscible (see Table 11). The fact that each 
binary is miscible does not guarantee tha t  all ternary 
compositions will be. Just like ternary solvent/polymer/ 
polymer mixtures, immiscibility can be driven by an 
asymmetry of binary interactions, t he  so-called A x  
e f f e ~ t . ~ * * , ~ ' j  For ternary polymer mixtures this  may 
manifest itself in two ways: (1) a large drop in the ternary 
lower critical solution temperature (LCST) relative to those 
of the binaries and/or (2) the appearance of upper critical 
solution temperature (UCST) phenomena. In the one case 
that has been studied experimentally,lO the ternary cloud- 
point surface (associated with LCST behavior) reported 
appears to vary monotonically between the three binary 
limits. The purpose of this paper is 2-fold. 

First, we examine theoretically the thermodynamic 
stability of multicomponent polymer mixtures in order to 
better understand the circumstances that can lead to their 
phase separation. The local analysis is presented as a 
second variation of the free energy constrained by mass 
balance.37 With this approach the relationship between 
multicomponent stability and the net interaction of the 
binary interaction mode138v39 becomes obvious. 

Second, we examine experimentally the phase behavior 
of several ternary blends, based on three miscible binaries 
made possible by our recent observations3* that  poly- 
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Table I 
Ternary Polymer Blends Having Two Miscible Binary 

Pairs 
immiscible 

pair 
solubilizing 

polymer ref 
poly(methy1 methacrylate) poly(viny1idene fluoride) 1 

poly(viny1 chloride) nitrile butadiene rubber 2 
poly(ethy1 methacrylate) 

vinyl chloride/vinylidene 
chloride copolymer 

polybutadiene styrene/butadiene copolymer 3 
polystyrene 
polycarbonate aliphatic polyester 
styrene/acrylonitrile 

copolymer 

4 

polyarylate 
phenoxy 

poly (c-caprolactone) 5 

poly(methy1 methacrylate) styrene/acrylonitrile 6 
poly(ethy1 methacrylate) copolymer (or 

a-methylstyrene/ 
acrylonitrile copolymer') 

polycarbonate 
phenoxy 
polystyrene 
polycarbonate 

poly( c-caprolactone) 8 

tetramethyl Bisphenol A 9 
polycarbonate 

(methyl methacrylate) (PMMA) and poly(ethy1 meth- 
acrylate) (PEMA) form miscible blends with styrene/ 
maleic anhydride copolymers (SMA) over certain ranges 
of copolymer compositions. Of course, it is well-known that 
PMMA and PEMA form miscible blends With styrene/ 
acrylonitrile copolymers (SAN) over certain ranges of 
copolymer compositions228 and that SAN copolymers form 
miscible blends with SMA copolymers within certain ranges 
of AN and MA contents.*O Thus, a multitude of ternary 
blends, all having miscible binaries, can be formed from 
PMMA or PEMA with various SAN and SMA copolymers. 
By manipulating mer content, we hoped to  observe the two 
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Table 11 
Ternary Polymer Systems Where All Three Binaries Are 

Reported To Be Miscible 

polymer 1 polymer 2 polymer 3 ref 
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surface encloses the spinodal surface, which contains all 
locally unstable points, a spinodal analysis yields bounds 
on UCST and LCST behavior and is used here for 
simplicity. I t  will be shown that  the addition of any 
number of components to an immiscible polymer pair will 
not homogenize the mixture unless a t  least one of the two 
polymers is present in small concentrations. Furthermore, 
if the combinatorial entropy is negligible, the multicom- 
ponent cloud point associated with LCST behavior is 
crudely bounded by those of the least stable binary when 
component isothermal compressibilities are similar. There 
is a simple thermodynamic argument for this using the 
Helmholtz free but attention will be focused here 
on the modified Flory-Huggins theory with a temperature- 
dependent interaction energy density42 and the more 
realistic lattice fluid theory of Sanchez and L a c ~ m b e . ~ ~ ~ ~  
Although both theories may describe binary LCST 
behavior reasonably, it will be shown that their multi- 
component predictions based on binary information can 
be quite different from each other. The same classes of 
phase behavior are generally described by both theories, 
but since enthalpic and entropic second variations are 
weighted differently by each, binary spinodal divergence 
or multicomponent UCST behavior may be predicted by 
one theory but not the other. The spinodal divergences 
of each are also qualitatively different but combinatorial 
entropy generally drives UCST behavior for both. General 
spinodal conditions will be developed next, followed by 
some details for each theory. 

Spinodal Condition. When the second variation of the 
Gibbs free energy is positive in all composition directions, 
a phase is locally stable. Any local phase separation 
increases the free energy. The second variation can be 
written as37 

bisphenol chloral 
polycarbonate 

aliphatic 
polyester 

aliphatic 
polyester 

aliphatic 
polyester 

imidized acrylic 

poly(methy1 
methacrylate) 

poly(methy1 
methacrylate) 

poly(methy1 
methacrylate) 

polyether sulfone 

poly(methy1 
acrylate) 

poly(methy1 
acrylate) 

poly(methy1 
acrylate) 

poly(ethy1ene 
oxide) 

polycarbonate 

polycarbonate 

polycarbonate 

poly(viny1 

poly(viny1 

poly(viny1 

poly(viny1 

phenoxy 

phenoxy 

polyepichloro- 

polyepichloro- 

polyepichloro- 

polyepichloro- 

chloride) 

chloride) 

chloride) 

chloride) 

hydrin 

hydrin 

hydrin 

hydrin 

tetramethyl 
polycarbonate 

tetramethyl 
polycarbonate 

vinyl chloride/ 
vinylidene 
chloride 
copolymer 

SAN copolymer 

SAN copolymer 

SAN copolymer 

a-methylstyrene/ 
AN copolymer 

poly(ethy1ene 
oxide) 

poly(ethy1ene 
oxide) 

poly(ethyloxazo1ine) 

poly(ethy1ene 

poly(viny1 acetate) 

poly(viny1 acetate) 

oxide) 

Table I11 
Florv-Humins Interaction Parameters 

11-13 

13-15 

15-17 

18-20 

20, 21 

21-23, 

23-25 

26-28 

28. 29 

36 

29-31 

10.32 

32-34 

10, 34, 
35 

S AN MA mono- 
meric 
unit BjPo Bi,J Bijh Bif B..h Bif 

MMA 0.181 0.0 5.00 0.0 11.68 7.85 X 
EMA -0.245 -6.9 X 5.33 0.0 13.40 9.91 X 
S 9.21 3.52 X 20.43 1.83 X lo-* 
AN -0.381 0.0 

0 In cal/cm3. b In cal/K.cm3. 

manifestations of ternary instability mentioned above. 
To  help identify these possibilities, a simple Flory- 

Huggins type free energy expression with a temperature- 
dependent interaction parameter was fitted to experimental 
cloud-point curves and the composition limits of copolymer 
miscibility windows.% By combining this with a copolymer 
interaction model,41 we were able to deduce interaction 
energies, Bij( T),  for any combination of acrylonitrile, ma- 
leic anhydride, styrene, and methacrylate (MMA or EMA) 
monomer units in terms of a linear temperature depen- 
d e n ~ e ; ~ ~  i.e. 

(1) 
These empirical parameters (see Table 111) were employed 
in spinodal calculations to locate unusual ternary-phase 
behavior for polymers composed of these monomers. 
Unfortunately, all of these include a binary located near 
a calculated spinodal divergence within the miscibility 
window, which may not have any physical basis. UCST 
behavior was predicted for some of these ternary blends, 
but this was not observed experimentally. In most cases, 
the cloud points associated with LCST behavior varied 
smoothly from the binary limits; however, in a few cases, 
a large reduction relative to binary cloud-point curves was 
observed. 

Background and Theory 
An equilibrium state is a global minimum of the free 

energy constrained by mass balance. Since the coexistence 

B m n ( T )  = B m n h  - T B m n 8  

where 4j is the volume fraction of component j, r is the 
number of components, Glij] = tYG/d&dr$j with each volume 
fraction treated as independent, and 64 = (841,642, ..., 64r) 
is the direction of the  derivative. The  vector 64 is 
normalized to exclude 64 = 0 (e.g., l64I2 = xf=l(64i)2 
constant > 0), avoiding the trivial zero 62G(64=0) = 0, but 
allowed to sample all directions on the surface C:=lS$i = 
0 (since Cf=l& = 1). With this precaution, the spinodal 
condition may be succinctly stated as min J2G = 0; the 
minimum value of the second variation of Gibbs free energy 
constrained by the normalization is zero. For a binary 
mixture, this reduces to 

min 62G(641,642) = min K+l l l (~41)2  + 2 G l 1 2 1 ( 6 ~ l ) ( ~ ~ 2 )  + 
G[22](642)21 

= min {Gll(~$l)21 
= G,, = 0 (3) 

where G1l = C[ l l~  - 2G[121 + Gpzl is d2G/d&2 with 
constrained variable 42 = 1 - 41 (641 = -842 # 0). Similarly 
the multicomponent second variation may be expressed 
as 

(4) 
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-xS{6@,. With the elimination of the constraint 
C:=164i = 0 the quadratic form may be diagonalized into 
any number of convenient forms, e.g., with coefficients of 
determinants of diagonal submatrices, second derivatives 
of Legendre transforms of G, or eigenvalues of the matrix.@ 
The determinant coefficients are most convenient for 
ternary spinodal calculations 

G,, 2 0 

Flory-Huggins Theory. In this theory, the Gibbs free 
energy of mixing per unit volume consists of two parts: 
combinatorial entropy approximated by 

and enthalpy given by the generalized van Laar expression 
. r  

( 7 )  

where Vi is the molar volume of component i and B(ij) is 
the interaction energy density between components i and 
j .  If these components consist of several mer units, Bo.) 
may be expressed in terms of their interactions Bmn3893$ 

m>n n 

where @mi is the volume fraction of mer m in polymer i. 
When 4mi = @mj (or @ni = @nj), there is no contribution from 
dilution or concentration of m-n interactions. 

Combinatorial entropy always favors miscibility because 
-TASm(') 0 and 

(9) 

where vi = l /@iVi > 0. In the high-temperature limit, 1/T - 0, this becomes the dominant contribution to the free 
energy, bu t  most often enthalpy determines blend 
miscibility. Its second variation is 

An immiscible binary region, B(i,, > 0, is propagated 
through most of the multicomponent phase diagram 

min 62G < b2G(b@i=-b@j,b@,,i,j=0) = [RT(qi + v j )  - 

Only at  dilute concentrations where combinatorial entropy 
becomes important can two polymers become solubi- 
lized. 

Equation 10 is completely analogous to eq 8 with the 
substitution 84, = - &j ( E m 6 @ ,  = Em@,, - 

= 1 - 1 = 0) and -2B(m,) replacing Bmn- Polymer 
Interactions, i?(ij), may be negative although all mer 
interactions are positive (ref 39 discusses several examples). 
Similarly, b2H may be negative, although all B(ij) are 
negative. Assuming Ib2HI >> IT62S(e)l, copolymer(l-2)/ 
homopolymer(3) miscibility resuits from a small deviation 
from regular  interaction^^^ 

2B(ij)1(64i)2 (11) 

(12) 
and similarly, even though all B(i,) are negative, ternary 

3 

Figure 1. Simple example of ternary instability. Shown here 
are three binary pairs all having exothermic (convex) heats of 
mixing but with the 1-2 interaction being much stronger than 
the 1-3 and 2-3 interactions. This asymmetry can cause the 
ternary heat of mixing surface to form a saddle that has a concave 
component also (as predicted by eq 7). If the combinatorial 
entropy is relatively small, this will lead to a region of immi- 
sicibility within the ternary diagram. At sufficiently dilute 
concentrations of one or more components, ternary compositions 
are locally stabilized. 

Table IV 
Comparison of Thermodynamic Terms 

approximate approximate 
abs value, abs value, 

cal/cm3 term cal/cm3 term 

An extreme example of ternary instability is represented 
in Figure 1 with 4 1 2 )  = -1 and 4 1 3 )  = 4 2 3 )  = -e (0 < E << 
l ) ,  1 > 2v'e. Here the addition of component 3 dilutes 
the more exothermic 1-2 random interactions as AH, - 
(1 - 43)2AH,,,(@3=0), and the directional second derivative 
a2/a432AHm191,9z=constent - 2AHm(43=0) is negative. 
Although 1a2HI >> IT62S(c),I is usually correct for all binary 
polymer pairs, it is often not for the ternary instability. 

Table IV compares the approximate sizes (absolute 
values) of combinatorial entropy and enthalpy terms. Ho- 
mopolymers of units m and n with repulsive interaction 
Bmn > 0 are immiscible because combinatorial entropy is 
negligible. Although the relative size of polymer- 
polymer interaction may decrease 1 or 2 orders of 
magnitude when miscibility is driven by a dilution of 
repulsive mer interactions B(,j) < 0 (see eq 8), combina- 
torial entropy is still negligible. However, it becomes 
important when a local enthalpic instability, 62H 0, is 
then created by an analogous procedure. A t  some 
reasonable temperature combinatorial entropy could induce 
miscibility (upper critical solution temperature, UCST, 
behavior). Theoretically the mer composition of a 
copolymer can be finely adjusted to produce binary UCST 
behavior with a h o m ~ p o l y m e r . ~ ~  However, mer disper- 
sity is a dominant factor in this region of mer composition, 
and the spinodal conditions for this mixture and the 
ternary discussed above are eq~ivalent .~e 

In the Flory-Huggins model 6*G increases linearly with 
temperature for each vector bd, (Figure 1, diagram a); thus, 
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( a )  ( b  1 
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Exper imen ta l  

( C )  

S2G I ( d )  
S2G 1 

Figure 2. Location of multicomponent spinodal temperatures 
by minimizing the second derivative of Gibbs free energy (6%) 
along the composition vectors 64: (a) describes a Flory- 
Huggins mixture, Rijh - TB$, with Bd = 0; (b) and (c) have at 
least one RiF < 0; and (d) represents a lattice fluid. 

min 6% increases monotonically with temperature,  
implying phase homogenization on heating or USCT 
behavior. This is driven by enthalpy 

for all linearly independent vectors 64 that satisfy min cI2G 
= 0. In contrast, phase separation on heating (LCST 
behavior) is driven by entropy 

for all linearly independent vectors 64 that satisfy min a2G 
= 0. The subspace spanned by vectors for which the 
temperature derivative is zero requires higher order 
derivative conditions. 

The simple Flory-Huggins theory may be modified to 
predict LCST behavior by adding excess entropy terms 
R(ij,s4i4j*2 to  the Gibbs free energy of mixing 

A G ~  = mm - TAS,(~) - TAS,") 

This nomenclature follows from the thermodynamic 
relations dG/dT = -Sand d ( G / T ) / d ( l / n  = H used in the 
previous paragraph. Again a2G is linear in temperature 
for each vector bg but may increase or decrease depending 
on the vector and B(ij)s terms. The three types of phase 
behavior that this theory predicts are shown in diagrams 
a-c of Figure 2. Either the mixture is miscible a t  all 
temperatures, has a UCST, is immiscible a t  all tem- 
peratures, has an LCST, or has both UCST and LCST. 
An LCST cannot occur a t  a lower temperature than a 
UCST because min PG decreases a t  least linearly with 
temperature after an LCST. The general condition for 
LCST behavior may be restated as > -62S(c) > 0. For 
a binary mixture this is -2B1zs > R(71 + 72). A spinodal 
temperature divergence occurs whenever both sides are 

Degrada t ion  

~ 0 1 %  .AN in  S A N  

Figure 3. Schematic of spinodal divergence predicted by 
modified Flory-Huggins theory for SMA/SAN binary blends. 

equal. This may result from the quadratic dependence 
of Bizs on mer volume fractions 4 m l  and 4n2 (eq 8) or of 
q1 and q2 on polymer volume fraction 41. Correlation of 
cloud points in a previous paper38 produced the former 
divergence within the SMA/SAN miscibility window 
(Figure 3). If combinatorial entropy is negligible, min a2G 
is bounded above by the smallest binary value (substitute 
B(ij) = B(rj)h - TB(ijf into expression 11). Therefore, mul- 
ticomponent cloud-point temperatures associated with 
LCST behavior should be bounded by the smallest binary 
values. On the other hand, binary cloud-point tem- 
peratures associated with UCST behavior temperature may 
either decrease within the multicomponent diagram if 
dilution of the binary is dominant or increase if the 
interaction of the components is a~ymmetr ic .~  

Lattice Fluid Theory. LCST behavior can result from 
chemical association49 and specific interactions6Im where 
heat capacity destabilizes the mixture51 or from fluid 
compres~ibility.~~ Sanchez53 has given general arguments 
for the latter by expanding the density basis of the Gibbs 
free energy G(4)  to the basis of the potential G(+,f ) ,  
which is equal to the free energy a t  its minimum 

where j5 = p/p*  is a reduced density. Essentially an excess 
entropy term derived from lattice vacancies 

S(e) 1 - j5 1 In (1 - f )  + -In f --=- 
k j 5  r 

where l / r  = xi(c#Ji/ri) (ri and 4i are the chain length and 
hard-core volume fraction of polymer i, respectively) is 
added to a Flory-Huggins formulation of free energy. 

H = -if* 

r r  

= $?r4i4miemm* - x Y Y y 4 i 4 m i 4 j 4 n j A t m n *  
i l l  m i=l  j=l m>n n 

r q5i In q5i --=E- (19) 
k ill ri 

Both characteristic polymer interactions At(i,)* and energies 
e(ii)* (=Evap/fr)i44 contribute to the cohesiveness of the 
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mixture. Polymer and mer interactions Ae(ij)* and Atmn* 
are related as B(ij) and B,, are in eq 8. For an incom- 
pressible fluid (j = I ) ,  S ( e )  = 0 and H = - e * .  I t  is 
straightforward to show that Se) is truly an entropy. 
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where = l / $ i r i .  Multicomponent cloud-point tem- 
peratures associated with LCST behavior bounded by the 
smallest binary values are a corollary of this. Binary spin- 
odal temperatures diverge for very large molecular weights 
when t(ii)* - tGj)* -- 0 corresponding to B(ij)s % 0 of the 
modified Flory-Huggins theory. The former is bounded 
by the liquid-gas spinodal temperature, 1 / ~  - 0; a sharp 
peak forms instead of a hyperbolic asymptote (Figure 3) 
of mer content or polymer composition. If the spinodal 
divergence is located near a miscibility boundary, 
compressibility terms may be small enough to allow a 
UCST to merge with an LCST there. Although this may 
not be observable because the spinodal temperature is 
below the glass transition, it makes multicomponent UCST 
behavior more likely. Crude Ti* = tii*/k mer estimates40a 
predict that a spinodal divergence lies within the SMA/ 
SAN miscibility diagram but closer to  the opposite 
miscibility boundary than cloud-point observations or 
excess entropy parameters, B(ij )S,  in Table I11 would 
indicate. However, these estimates (T*sAN, T*SMA > 
T*PMA, where PMA = PMMA or PEMA) also indicate, 
as do cloud-point observations and excess entropy 
parameters, that there are no such divergences within the 
miscibility windows of SAN/polymethacrylate or SMA/ 
polymethacrylate blends. 

If combinatorial entropy is negligible and (5G,p)-l can 
be approximated by the same linear function of tem- 
perature over the interval from Tg to the temperature 
where chemical degradation occurs for each binary, the 
modified Flory-Huggins theory can accurately describe the 
second variation of Gibbs free energy, a2G, as well as en- 
thalpy 

62H = [6;H + 26,HF(65) + H,,(b5)2]8G5=,, + H,a2F 

= 6 t H  + 2TS,,'"(65)' + H,6'j5 (26)  
for multicomponent mixtures with the same mer units 
when excess entropy parameters are approximately related 
"regularly" 

= G $ T  + G T  

= -(S(C) + S'") (20)  
The first equality is a thermodynamic relation; what follows 
is the use of potential G and its restriction to  the  
thermodynamic surface Gi, = 0. 

The second variation of the Gibbs free energy, J2G, is 
also more easily derived by using the potential. From the 
first variation bG = G p @  + 6*G, where 6,G indicates the 
volume fraction variation of the potential a t  constant T ,  
P, and j5 

(21)  

follows the second variation 

h2G = [6;G + 26,G,(65) + G,,(6i)2] + G,b2i (22)  

The last term of relation 22 is zero on the free energy 
surface, GP = 0, but the first is also restricted by 6G; = 
Gb$j5 + 6,Gp = 0 or 65 = -6+G,/GP;. With these substi- 
tutions eq 22 becomes 

= 6,'G - G , , ( ~ j 5 ) ~  (23)  

For an incompressible fluid this equation reduces to the 
Flory-Huggins formulation 62G = 6,2G since G66-l - K = 
045 where K is the isothermal compressibility -1/ V aV/  

Unless vectors 69, and e ( , , ) *  are nearly perpendicular 

6,G, i= 6,H, i= - C C ( ~ ~ ) * ( ~ @ ~ )  (24)  

since vaporization energy terms (c(ii)*) are 2-3 orders of 
magnitude larger than interaction energy (At(i,i*) and excess 
entropy ( l / r i )  terms. As temperature increases, so 
generally does G5c-l and, therefore, the compressible term 
driving phase separation on heating (LCST behavior). The 
combinatorial entropy 6,2S = 62S(c) is still important for 
describing USCT behavior. Generally, modified Flory- 
Huggins and lattice fluid theories describe the same phase 
stability-temperature behavior; for example, USCT 
followed by LCST behavior for the latter is depicted in 
diagram d of Figure 2. Similarly, if combinatorial entropy 
is negligible and the compressibilities of component 
polymers are similar, the addition of any number of 
components to an immiscible binary (i-j) does not solu- 
bilize it 

dP) T. 

r 

i = l  

min 6 ' ~  5 b 2 ~ ( 6 9 i = - b 9 j , b $ , , i , j = ~ )  

An accurate b2H value is necessary to calculate ternary spin- 
odal temperatures far different from the binaries, a 
common trait of a large LCST drop, or the appearance of 
a UCST. For an incompressible fluid (65 = b27, = 0) the 
formal Flory-Huggins relation is retrieved. Because nearly 
every Bmns value in Table I11 is positive, relation 27 is never 
satisfied. Furthermore, - 6 W e )  and -(b+G;)* have opposite 
curvature as a function of mer content over the homopoly- 
mer/copolymer miscibility windows; the first is convex and 
the second concave. Such considerations are especially 
important when 642H of eq 26 is driven near zero by 
asymmetry of binary interactions to produce interesting 
multicomponent phase behavior. 

Selection of Ternary Blends 
The purpose of the experimental part of this work has 

been to examine some ternary blends to see if examples 
can be found of the ternary instability discussed above in 
the form of either a large decrease in the ternary LCST 
or the appearance of a ternary UCST. As mentioned 
before, combinations of a polymethacrylate with SAN and 
SMA copolymers offer unique opportunities for exploring 
this possibility since the  polymer-polymer binary 
interaction energies, B(ij), can be manipulated by varying 
the AN and MA contenb of the copolymers. An exhaustive 
search of all possibilities is impractical so we restricted the 
study to  a few ternaries tha t  might offer interesting 
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Table V 
Ternary Blends Studied Here 

MA content AN content blend 
hlend ofSMA, of SAN, third preparn 
svst W t  :c. w t  % oolvmer method 

1 14 9.5 PMMA melt 
2 25 25 PMMA solution 
3 25 30 PMMA melt 
4 14 9.5 PEMA melt 
5 17 11.5 PEMA melt 
6 25 25 PEMA solution 
I 25 20.5 MAN12 melt 

behavior. In this section we review the rationale for 
selecting the systems we used (see Table VI. These choices 
are summarized graphically in Figure 4. 

Figure 4a shows the approximate regions of copolymer 
composition where each binary pair in the system SMA/ 
SANIPMMA forms miscible blends while Figure 4b 
replaces PMMA by PEMA. In Figure 4c, the third 
material is a copolymer of methyl methacrylate and acry- 
lonitrile. Within the shaded common region all three 
binary pairs are miscible. More specifically, the dotted 
lines define boundaries where the polymer-polymer binary 
interaction energy density, &,,I, is zero a t  Tg. These 
correspond to the miscibility-immiscibility boundaries 
except for a small widening from either the combinato- 
rial entropy contribution when molecular weights are finite 
or the observed cloud-point tail near the upper AN 
boundary of SANIPMMA miscibility.22 T h e  upper 
boundaries of MA content for SMA/polymethacrylate 
miscibility are experimentally bounded by 33 and 47 wt 
F, MA.38 The B(,,) are related to the monomer unit pair 
interactions, R,,, and to copolymer composition by 
appropriate versions of eq 8 for the various homopolymer/ 
copolymer or copolymer/copolymer mixtures.39 The  
boundaries shown in Figure 4 were computed by using the 
B,. values in Table 111. The shaded regions are where the 
polymer-polymer interaction energies for all three binary 
pairs are negative. As one of the miscibility boundaries 
is approached, the cloud point of the corresponding binary 
converges toward T,. Near the upper SMA/SAN bound- 
ary, the temperature-dependent B,.s in Table I11 result 
in a calculated divergence of the spindal  temperature. No 
LCST behavior has been experimentally found in this 
region, and from the results available it is estimated that 
the cloud-point surface must have a slope greater than 150 
“C/wt  50 MA content. 

From the analysis described above, we know that when 
all three binary polymer-polymer intactions are compa- 
rable, 62H is similar for binary and ternary. This is the 
situation in the middle of the shaded regions. Systems 
2 and 6 (see Figure 4 and Table VI) are of this type and 
cloud points would be expected to vary smoothly over these 
ternary regions. Ternary instabilities are driven by 
asymmetry in the polymer-polymer interaction energies 
for the binaries, and this would he more likely to exist near 
one of the miscibility boundaries or a corner where two 
intersect. The  other systems shown (see Figure 4 and 
Table VI) were selected, within the constraints of available 
copolymer compositions, to probe these areas for examples 
of ternary instability. 

Spinodal temperatures were calculated from eq 5 by 
using the modified Flory-Huggins theory with tem- 
perature-dependent E,,, (Table 111). molar volume V = 
lo5 cm3/mol and mer volume fractions based on van der 
Waals volumes” inserted into expression 8 for each binary. 
Larger molar volumes depress the predicted LCST and 
enhance the UCST but essentially do  not change the 
character of the predictions. Three of these predictions, 
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a LSMAISANIPMMa 

7 32 
wl% AN in SAN 

32 
wl% AN io SAN 
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Miscibility+ 

~ Window j 

c .- 

18 40 
wl% AN in SAN 

Figure 4. Diagrams defining the regions of SMA and SAN 
copolymer compositions (between dashed line pairs) where each 
binary interacts exothermically and is miscible in the high 
molecular weight limit (1/ V = 0). The third polymer is PMMA 
in (a), PEMA in (b), and MAN copolymer is (c). Within the 
shaded regions, where all binary pairs are miscible, the circled 
numbers represent the placement of the ternary systems listed 
in Table V. 
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immiscibility region is traversed on solvent evaporation.36.58 
On the other hand, we have recently shown that some 
solution preparation methods can trap an immiscible pair 
into a homogenous, but nonequilibrium, state.59 Melt 
mixing above an LCST (or below a UCST) phase boundary 
can lead to the conclusion that a pair is not miscible, when 
at another temperature they may be fully so. The converse 
situation of achieving a nonequilibrium homogenous state 
by melt mixing seems much less likely.60 Being aware of 
these possibilities, we have been very diligent to ensure 
that the observations reported here do reflect, in our 
opinion, equilibrium results. 

All of the binary pairs considered here gave equilibrium, 
homogenous blends by solvent casting from MEK except 
for one. As described p rev iou~ ly ,~~  PMMA forms miscible 
blends with SMA14, but solvent casting may not give a 
homogenous mixture. In the present case, this pair was 
melt blended. 

Ternary systems 2 and 6 were solution cast because any 
asymmetry of solvent-polymer interactions was thought 
to be minor compared to the combinatorial entropy of 
adding the liquid. All other ternary systems were melt 
blended because the addition of solvent could easily 
exacerbate the local ternary instability sought. Melt 
temperatures of 170-180 "C seemed sufficient for good 
mixing. Inhomogenous samples remained so after mixing 
a t  200 "C. Where a large decrease in the cloud-point 
temperature (relative to binary values) was recorded within 
the ternary region, samples were annealed in 40 "C intervals 
above this temperature for 10 min each. If kinetics were 
not limiting, the absence of any indication of phase 
homogenization would serve as a crude verification that 
UCST phenomena are not observed at  higher temperatures 
than the LCST for any of these systems. 

Next, we describe the observations made for each system. 
For ease of presentation, the glass transitions and cloud 
points found for each system are shown on adjacent 
triangular diagrams with the values located according to 
composition. Some blends did not phase separate prior 
to severe decomposition (usually 300 "C or above), and 
these cases are noted by the symbol D. Cloud points are, 
of course, meaningless for pure components, and in other 
cases they were not measured. Both cases are denoted by 
an asterisk. 

Figure 5 shows the results for system 1. Each blend has 
a single T,, but owing to the closeness of the values for 
PMMA and SAN, this is not adequate proof of a single 
phase. All blends were clear following melt blending 
(contrary to results obtained by solvent casting) but phase 
separated on heating as shown in Figure 5 except for the 
SMA/SAN binary that remained transparent and had one 
Tg to decomposition. This is, of course, proof of miscibility 
for the entire ternary composition spectrum. It is 
interesting to note that the cloud points of the ternary 
compositions are always lower than those of the binaries 
falling as low as 211 "C at one composition. 

Results for system 2 are shown in Figure 6. Again, each 
composition shows a single T,, and the blends were 
transparent following melt mixing. Only the PMMA/ 
SAN binary exhibits phase separation on heating while 
the other two remained clear to  decomposition. Most 
ternary compositions did phase separate on heating but 
a t  progressively higher temperatures as the composition 
moved away from the PMMA/SAN binary leg. This 
simple behavior is what one might expect of a ternary well 
within the miscibility regions for each binary (see Figure 
4). 

Table VI 
Polymers Used in This Study 

polymerD mol wt info T., "C source 
SMAI4 M ,  = 90 OOO 128 Arc0 Chemical Co. 

SMA17 ndd 132 Arc0 Chemical Co. 
SMA25' 7 = 4.73b 149 Monsanto Co. 
SAN9.5 nd 103 Asahi Chemical 
SAN11.5 nd 104 Asahi Chemical 
SAN20.5 M ,  = 193 800 107 Dow Chemical Co. 
SANZS M ,  = 75 800 109 Dow Chemical Co. 

SAN3O M ,  = 81 000 109 Dow Chemical Co. 

MAN12 7 = 3.40b nd Asahi Chemical 
poly(methy1 M ,  = 52 900 108 Rohm & Haas 

methacrylate) M ,  = 130 000 V( 81 1 ) 100 
poly(ethy1 M ,  = 438 000 71 Du Pont, Elvacite 2042 

methacrylate) 

(I SMA denotes styrene/maleic anhydride copolymer, SAN styrene/ 
acrylonitrile copolymer, and MAN methyl methacrylate/acryloni- 
trile copolymer. The number following each acronym denotes weight 
percent of second monomer. b Viscosity of a 10 wt % solution in me- 
thyl ethyl ketone at 25 "C in mPe.s. SMA25 contains 25 wt ';. ma- 
leic anhydride and a small amount of a third monomer in addition 
to styrene. nd = not determined. 

M ,  = 180 000 (Dylark 332) 

M ,  = 160 OOO 

M ,  = 168 000 

shown in Figure 12, proved to be qualitatively wrong. For 
the other systems the spinodal temperature associated with 
the LCST varied smoothly as did the experimental cloud 
point. T h e  lower binary cloud-point tempera ture  
propagates through much of the ternary, but combina- 
torial entropy is an important factor. 

Materials a n d  Experimental  Procedures 
Table VI lists the various polymers used in this work and their 

sources. Seven ternary blends were prepared from various 
combinations of these materials as described in Table V. For 
each ternary, the three corresponding binary blends are miscible 
as described elsewhere.z2*a*a Two blend preparation techniques 
were used in this work: solution casting from methyl ethyl ketone 
with final drying in a vacuum oven for 2 days at 20 "C above Tg 
and melt mixing in a Brabender or in a CSI Mini-Max molder. 
All binary blends were made by solvent casting except for SMA14 
and PMMA, which were made by melting mixing.38 Similarly, 
all ternary compositions except those of systems 2 and 6 were 
melt mixed. The explanation for this is given in the next section. 

When applicable, miscibility was judged by the Tg behavior 
of' the mixtures using a Perkin-Elmer DSC-2 or DSC-7 at a heating 
rate of 20 OC/min. Glass transitions reported are from second 
heats and were calculated by the onset method. In several cases, 
miscibility was confirmed by the occurrence of phase separation 
on heating, indicative of LCST behavior. In most of these cases, 
a visual cloud point was measured at a heating rate of 2 "C/ 
min over a restricted temperature interval initially defined by 
a scan at 10 OC/min." For SMA/SAN binary blends, when both 
components have similar refractive indices,40a the phase- 
separation temperature was estimated as the average of adjacent 
annealing temperatures (10 "C increments) that produced one 
or two glass transitions.56 

Densities of selected samples were measured at 30 O C  by using 
a density gradient column based on calcium nitrate. Specific heats 
were measured at 5 OC/min with the DSC-7 using a sapphire 
standard.57 Since all excess volumes and heat capacities were 
found to be zero within experimental error, these results will not 
be discussed in further detail. 

Experimental  Results 
Considerable care must be exercised in the preparation 

of some polymer blends if one wishes to be sure that the 
state of mixing achieved represents the equilibrium one. 
Solution-casting techniques can lead to phase-separated 
mixtures from miscible pairs because a closed-loop 
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PMMA 
1 0 7  

114 1 0 8  

121 (a) 1 0 8  

131 114 (b) 1 0 8  

137 122 110 (c) 1 0 9  

147 136 125 118 114 1 0 9  

PMMA 
1 0 7  

111 1 0 7  

115 108 1 0 5  

119 115 105 1 0 4  

122 116 105 104 1 0 3  

1 2 1  116 113 108 107 1 0 3  

SMA14 SAN9.5 

PMMA 
* 

298 2 9 1  

304 246 2 9 5  

316 243 223 2 8 9  

314 232 218 211 3 0 6  
* D D D D * 

SMA14 SAN9.5 
Figure 5. System 1: Tg (above) and cloud-point temperature 
(below) all in degrees Celsius shown on a triangular diagram to 
indicate ternary compositions. All compositions are equally 
spaced on this and subsequent diagrams. An asterisk is used to 
indicate that the value does not exist (e.g., cloud point for pure 
component) or was not measured. System 1 is defined in Table 
V. D indicates that degradation occurs before cloud-point 
temperature is reached. 

PMMA 
1 0 9  

119 1 0 9  

126 116 1 0 8  

130 121 114 1 0 8  

142 130 121 111 1 0 9  

149 136 128 120 115 1 1 0  

SMA25 SAN25 

PMMA 
* 

D 2 6 0  

D 270 2 5 3  

D 296 268 2 5 9  

D D 301 267 263 
* D D D D * 

SMA25 SAN25 
Figure 6. System 2: T, (above) and cloud-point temperature 
(below) all in degrees Celsius. See Figure 5 for notation. 

System 3 has three ternary compositions, which are not 
transparent when melt mixed at  180 O C  and have two glass 
transitions (Figure 7). The cloud points for the PMMA/ 
SAN binary are just over 200 OC, whereas the other two 
binaries do not phase separate prior to decomposition. 
Evidently, the ternary cloud-point surface dips below the 
180 O C  mixing temperature near the PMMA/SAN binary 
leg (the cause for two glass transitions) and then climbs 

SMA25 SAN30  

( a )  (b) (c)  
Two T,'s 1 1 0  1 0 4  1 0 5  

Observed:  1 4 0  1 4 0  1 4 1  

PMMA 
* 

D 2 0 7  

D 4 8 0  2 0 8  

D 222 4 8 0  2 0 7  

D 231 218 <180 2 0 6  

* D D D  D * 

SMA25 SAN30 
Figure 7. System 3: Tg (above) and cloud-point temperature 
(below) in degrees Celsius. Three ternary compositions had two 
glass transitions as shown; D indicates degradation of polymers 
before cloud point; <180 indicates that cloud-point temperature 
is below a melt mixing temperature of 180 "C. 

PEMA 
7 0  

81 7 9  

93 76 8 0  

105 92 89 8 9  

115 106 102 99 9 7  

128 116 113 108 107 1 0 3  

SMA14 SAN9.5 
Figure 8. System 4: TB ("C); all cloud points above 300 O C .  

above this level toward the SMA apex. Thus, this system 
seems to demonstrate that the ternary LCST decreases 
toward TB in the right-hand limit of the shaded region of 
Figure 4a. On the basis of these observations, we cannot 
say that the coexistence surface drops below the glass 
transition surface, but with increasing AN content in the 
SAN, this is likely (replace SANS0 by SAN34, for example). 
Since melt mixing a t  lower temperatures is not practical 
and solvent casting may lead to nonequilibrium mixed or 
unmixed states, we did not pursue this question further. 

All of the ternary blends based on PEMA as the third 
component, systems 4-6, exhibited a single Tg everywhere 
as seen in Figures 8-10. Because of the large differences 
in the glass transitions of the three components, this fact 
is good evidence for a single phase. All binary and ternary 
compositions for systems 4 and 5 remained transparent 
on heating to 300 "C, beyond which degradation was a 
significant factor. However, for system 6 the PEMA/ 
SAN and PEMAISMA binaries show phase separation at  
measurable temperatures as seen in Figure 10, whereas the 
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PEMA 
7 0  

82 7 8  
96 72 

107 95 91 

118 107 99 
132 123 116 114 

SMA17 

8 5  

9 0  

Q9 9 8  

110 1 0 4  

S A N l l . 5  
Figure 9. System 5: T,  ("C); all cloud points above 300 "C. 
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116 107 98 9 4  

131 120 114 110 101 

147 136 128 124 116 1 0 8  

SMA25 SAN25 
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MAN 12 
* 

* * 

* 110 * 
340 * * 284  

* 238 * <180 * 
D D D D * * 

SMA25 SAN20.5 
Figure 11. System 7:  Selected cloud-point temperatures (OC); 
Tg not determined; D indicates degradation of polymers before 
cloud point; <180 indicates that cloud point is below a melt mixing 
temperature of 180 OC. 

PMMA 
* 

362 361  

346 335 3 1 0  

346 339 327 3 1 0  
362 362 361 360 361 

* D D D D * 

SMA14 SAN9.5 
PEMA 

* 

238 201  

2 3 7  215 197  

240 222 213 199 

242 227 219 203 200  
* D D D D  * 

SMA2.5 SAN25 
Figure 10. System 6: T, (above) and cloud point temperature 
(below) in "C. 

SAN/SMA binary decomposes first. For this system, the 
cloud-point surface in the  ternary region is always 
intermediate to values shown on the PEMA/SAN and 
PEMA/SMA binary legs; however, the surface evidently 
must rise steeply as the SMA/SAN binary leg is ap- 
proached since it presumably has a very high cloud- 
point curve. All in all, there is no real evidence that the 
ternaries involving PEMA are more prone to  phase 
separation than are the respective binaries. 

Recently, we have studieds1 blends involving methyl 
methacrylate/acrylonitrile copolymers, MAN, and found 
them to be interesting candidates for inclusion in the 
present investigation. Figure 11 shows sparse cloud- 
point results for ternary blends involving one of these MAN 
materials, system 7. The blends were melt mixed at  180 
"C. As shown, the MAN/SAN and MAN/SMA binaries 
phase separate on heating only at very high temperatures 
while SMA/SAN binary blends decompose first. All 
ternary compositions tested had very significantly lower 
cloud points, and one composition was cloudy as prepared, 
indicating possibly that  the cloud point is <180 "C. 
Unfortunately, glass transition behavior would not be very 
informative about the state of mixing, owing to  the 
similarity of the SAN and MAN T, values. This system 
seems to be an example of ternary instability and deserves 
further study. 

( 3 )  

PMMA 
* 

347 2 3 3  

337 I 2 0 0  

337 I I 2 0 0  

347 I I I 233  
* D 351 351 D * 

SMA25 SAN30 

( 7 )  

MAN12 
* 

360 2 8 6  

347 328 2 8 6  

347 333 315 286  

360 355 353 353 370  
* D D  D D  * 

SMA2.5 SAN20.5 
Figure 12. Predicted spinodd temperatures ("C) associated with 
LCST calculated by using Flory-Huggins mer interaction 
parameters, B$ - TB,:, of Table I11 and molar volume = 1@ cm3/ 
mol; D indicates temperatures above 300 "C or that polymer 
degradation is likely to occur before phase separation; I indicates 
that blend is predicted to be immiscible within the temperature 
range from Tg up to degradation. 

The miscalculations presented in Figure 12 illustrate 
several points. First, the predicted spinodal temperatures 
of the MAN12 binaries of system 7 are quite close to  the 
experimental cloud-point temperatures (Figure ll), closer 
in fact than some of the correlated binaries. For example, 
correlation is poor for the binary blend SMA141PMMA 
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because the cloud point decreases sharply as MA content 
decreases toward the miscibility boundary.38 Second, 
uniform cloud-point variation far above ternary UCST (not 
shown) is calculated for blends 1 and 7 when in fact a large 
decrease of cloud point to  the temperature range of 
predicted UCST was observed within the ternary region. 
The incorrect weighting of 62H and h2S at  the spinodal 
temperature could be largely affected by the placement 
of the SMA/SAN binaries near the calculated spinodal 
divergence (Figure 3). Finally, for system 3 the ternary 
cloud point is predicted to fall below Tg, rendering most 
compositions immiscible a t  all temperatures while 
experimentally only a small decrease below binary values 
is observed. Perhaps the discrepancy stems from the 
poorly established upper MA miscibility boundary of the 
binary SMA/PMMA and the opposite curvature of -62S(e) 
and -(66G;)2 for this binary as a function of mer content. 

Conclusion 
Cloud points of various ternary blends consisting of three 

miscible binary pairs have been compared. Both a large 
drop and smooth variation of cloud-point temperatures 
between binary values were observed. The former occurred 
when binary pairs were located near the corner of the three 
intersecting miscibility windows. 

Although all binaries are miscible and have exothermic 
interactions, immiscibility of multicomponent polymer or 
solvent-polymer mixtures can result from an asymmetry 
of binary interactions, the A x  effect.36 In addition to the 
large drop in cloud point that  has been observed, the 
appearance of a ternary UCST can result from this effect. 
Although the combinatorial entropy that is responsible for 
the latter is much smaller than the enthalpy a t  large 
molecular weights, similar second variations can be 
obtained (Table IV). Note that between every two points 
on a phase diagram that are in equilibrium with each other 
there must be a t  least two spinodal points defined by a 
minimum second variation of Gibbs’s free energy of zero. 
Alternatively, asymmetric interactions may cause a binary 
UCST to increase to observable temperatures. The spin- 
odal condition for this and a mixture of a homopolymer 
and copolymer with distribution in mer content are 
equivalent.48 With the appropriate choice of molecular 
weight and mer content (and distribution), there is reason 
to believe that UCST behavior can occur. 

Interesting spinodal calculations (Figure 12), which 
included UCST predictions, were uniformly inaccurate. 
Although the binary spinodal temperature root of a2H = 
Tb2S may be accurately correlated over the various 
miscibility windows, the size dependence as a function of 
mer content may be incorrect. This can lead to (1) artificial 
spinodal temperature divergences and (2) false multicom- 
ponent predictions. None of this proves that the modified 
Flory-Huggins appr0ach4~ is necessarily inaccurate for the 
class of ternary blends considered here. 
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