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ABSTRACT: The perturbed hard-sphere-chain (PHSC) equation of state for copolymer systems is applied 
to binary polymer mixtures containing random copolymers. Intersegmental parameters are obtained for 
several pairs of segments, and theoretical miscibility maps are compared with experiment for systems 
containing two, three, and four kinds of segments. The PHSC equation of state is able to represent 
immiscibility caused by lower critical solution temperature (LCST) phase behavior as well as that  caused 
by upper critical solution temperature phase behavior. For the system poly(methy1 methacrylate)/poly- 
(acrylonitrile-co-styrene), theory represents the miscibility window caused by LCST behavior where 
miscibility changes from immiscible - miscible - immiscible as the composition of poly(acrylonitri1e- 
co-styrene) random copolymer becomes rich in acrylonitrile. Using the same set of intersegmental 
parameters, theoretical miscibility maps and experiment show good agreement for systems containing 
styrene, acrylonitrile, methyl methacrylate, and cyclohexyl methacrylate. 

Introduction 
Continuing demand for polymer blends with desired 

properties has been propelling extensive research on 
liquid-liquid equilibria of polymer blends. ld5 One 
motivation behind these studies is the search for 
miscible pairs of polymers, including copolymers, which 
could lead to novel materials. 

Miscibilities of copolymer blends have been often 
analyzed by the classical incompressible Flory-Huggins 
mode1,6-8 a binary interaction model where the in- 
tramolecular and intermolecular interaction energies 
are expressed in terms of segmental interaction energies 
and copolymer compositions. These parameters can be 
obtained from miscibility-immiscibility boundaries on 
experimental miscibility maps. Segmental interaction 
parameters are assumed to be independent of the type 
of mixtures. In principle, miscibilities of copolymers at  
constant temperature and pressure can be predicted by 
the Flory-Huggins model if the relevant segmental 
interaction parameters are known. 

Miscibilities in several binary copolymer mixtures at  
room temperature9-12 were successfully predicted by the 
classical Flory-Huggins modeP8 using the same set 
of segmental interaction parameters. In the copolymer 
systems where miscibilities are sensitive to  tempera- 
ture, however, the temperature dependence of phase 
behavior is difficult to predict by the Flory-Huggins 
model. The incompressible Flory-Huggins theory can 
represent only immiscibility caused by upper critical 
solution temperature (UCST) type phase behavior. 
Many copolymer blends, however, exhibit lower critical 
solution temperature (LCST) phase behavior at  elevated 
temperatures arising from the free-volume effect. In the 
systems where immiscibility is caused by UCST behav- 
ior, the miscible copolymer composition range increases 
as the temperature rises. In the systems where im- 
miscibility is caused by LCST behavior, however, the 
miscible copolymer composition range decreases as the 
temperature rises. Equation-of-state theories, rather 
than incompressible lattice theories, are appropriate for 
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representing liquid-liquid equilibria of systems where 
immiscibility is caused by LCST behavior due to the 
free-volume effect. However, equation-of-state theories 
are also able to predict immiscibility caused by UCST 
behavior. 

An equation of state applicable to copolymer systems 
is the perturbed hard-sphere-chain (PHSC) equation of 
state.13-17 The PHSC equation of statel3-l7 has been 
applied to homopolymer blends, homopolymer/copoly- 
mer mixtures, and mixtures of random copolymers 
containing two kinds of segments; these mixtures are 
denoted as AD,, &l/(CyB1-yh, and (AxBl-x),,I(AYBl-y)~, 
respectively, where ri is the number of effective hard 
spheres per molecule of component i and X and Y are 
segment number fractions for segments A and A or C 
in components 1 and 2, respectively. The screening 
effect was introduced into the PHSC equation of state 
for copolymer systems in the first paper of this series.18 

In the second paper of this series,lg the theoretical 
copolymer-composition dependence of LCST was com- 
pared with experiment for mixtures of type &J(CyB1-y)rZ 
containing poly(methy1 methacrylateco-styrene) (MMA- 
co-S) and poly(acrylonitri1e-co-styrene) (AN-co-S) ran- 
dom copolymers. These systems exhibit LCSTs in the 
experimentally accessible temperature range as the 
copolymer approaches polystyrene (i.e., as Y -. 0). The 
intersegmental parameters for the S-MMA pair were 
obtained from the styrene-rich region of the miscibility 
map for the system (AxB1-x),,l(AyB1-y),, containing 
MMAco-S random copolymers.18 Similarly, the inter- 
segmental parameters for the S-AN pairs were ob- 
tained from the miscibility map for mixtures of type 
(AXB1-X)rlI(AYBl-Y)rz containing ANco-S random copoly- 
m e r ~ . ~ ~  It was shown that unique intersegmental 
parameters can be assigned to  the S-MMA and S-AN 
pairs in the systems &1/(CyB1-y)r2 containing MMAco-S 
and AN-co-S random copolymers, respectively. 

In this work, we attempt to  apply the PHSC equation 
of state to  more complicated systems using the same 
set of intersegmental parameters. Theoretical miscibil- 
ity maps are compared with experiment for mixtures 
of random copolymers containing two, three, and four 
kinds of segments; these mixtures are denoted by 
(AxB1-xlrlI(AYB1-Y)rz, (AxBl-X)r1I(CYBl-Y)rz, and (AxB1-x)rJ 
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(4) nu + nAB + nBA + nBB = r - 1 Table 1. PHSC Equation-of-State Parameters for 
Hornop~lyrners~~J~ 

polymer rNM (mollg) u (A) E / ~ B  (K) 
polystyrene 0.011 17 5.534 724.7 
polyacrylonitrile 0.010 57 5.414 769.5 
poly(a-methylstyrene)a 0.011 91 5.446 731.4 
cis-1 ,.l-polybutadiene 0.01499 5.264 611.8 
poly(methy1 methacrylate) 0.014 32 4.850 655.9 
poly(cyclohexy1 methacrylate) 0.014 82 4.889 607.2 
poly(buty1 methacrylate) 0.018 99 4.550 510.8 

Parameters for poly(o-methylstyrene). 

(CyD1-y)r2, respectively. Comparison of a theoretical 
miscibility window with experiment was made for the 
system poly(methy1 methacrylate)/poly(acrylonitrile-co- 
styrene), a mixture of type Arl/(CyB1-y)r2, where the 
mixture is miscible over a limited copolymer composition 
range even though none of the three binary mixtures 
of relevant homopolymers is miscible. Attention is also 
given to the screening effectls in the system poly(methy1 
methacrylate-co-styrene)/poly(acrylonitrile-co-sty- 
rene), a mixture of type (AxB1-X)rlI(CYBl-Y)r2. 

Theory 
Equation of State for Copolymer Mixtures. De- 

tails of the PHSC equation of state for copolymer 
systems are given in refs 13 and 17. 

Table 1 gives PHSC equation-of-state parameters for 
homopolymers used in this work. The equation-of-state 
parameters for copolymer systems are computed as 
discussed in the first paper of this series.18 The weight- 
average molecular weight of component i, Mi (i = 1, 2 
for a binary system), is used to compute equation-of- 
state parameters. 

As discussed previously,18J9 the PHSC equation of 
state requires a t  least one adjustable intersegmental 
parameter, K M ,  for a given pair of dissimilar segments 
a and p. An additional adjustable intersegmental 
parameter, (M, can also be introduced to relax the 
additivity of effective hard-sphere diameters of unlike 
segments a and p. 

Screening Effect. A simple method to introduce the 
screening effect into the PHSC equation of state is 
discussed in the first paper of this series.18 The model 
first replaces a copolymer molecule consisting of seg- 
ments A and B, (AxBl-x),, by a terpolymer consisting 
of segments A, B, and C, which represent AA, BB, and 
AB and BA sequences, respectively, of a copolymer. To 
keep the hard-core volume of a terpolymer equal to that 
of a copolymer, the diameter of segment C is given by 

0; + 0; 1'3 
0c = [4 

where a, (a = A, B, C) is the hard-sphere diameter of 
segment of type a. We then introduce an adjustable 
parameter v, such that the fractions p and 1 - p of 
segments C are replaced by segments B and A, respec- 
tively. The copolymer of type (AXBl-x), is therefore 
assumed to have the number of segments of type A and 
B given by r"A and r"B, respectively: 

(3) 

where ngo (a,P = A,B) is the number of a-p hard-sphere 
sequences of the copolymer of type (AxB1-xIr and 

In this model, p = 1 represents complete screening 
of segment A by segment B in AB and BA sequences. 
Conversely, p = 0 represents complete screening of 
segment B by segment A in AB and BA sequences. 
When p = (a~/u3/2,  the screening effect vanishes. 

Calculation Procedure. To perform phase equilib- 
rium calculations, expressions for the spinodal and 
critical conditions as well as those for the chemical 
potential are required; they are given in ref 17. Details 
of phase equilibrium calculations are given in the first 
paper of this series.ls 

Results and Discussion 
Systems Containing Styrene, Acrylonitrile, and 

a-Methylstyrene. We first consider the miscibility 
map of the mixture of type (AxB1-x)r,l(CyB1-y)r2 contain- 
ing poly(styrene-co-acrylonitrile) (S-co-AN) and poly(a- 
methylstyrene-co-acrylonitrile) (MS-co-AN) random co- 
polymers. Let segments A, B, and C represent styrene, 
acrylonitrile, and a-methylstyrene, respectively. In the 
miscibility map of the mixture of type (AxBl-x),,/ 
(CyB1-y)r2 there is always a miscible region near the 
origin X = Y = 0. When X = Y = 0, there is complete 
miscibility because component 1 is identical to compo- 
nent 2. 

For the system (S-co-AN)/(MS-co-AN), the interseg- 
mental parameters for the S-MS pair can be obtained 
from the accurate cloud-point curves for the system 
polystyrene/poly(a-methylstyrene) (PSPMS). The in- 
tersegmental parameters for the S-AN pair were 
obtained in the second paper of this serieslg from the 
miscibility map of the mixture of type (AxB1-x),/ 
(AYB1-Y))r2 containing S-co-AN random copolymers; they 
are KS-AN = 0.050 55 and &-AN = 0. The remaining 
intersegmental parameters for the AN-MS pair are 
determined from the miscibility-immiscibility boundary 
on the miscibility map of the system (S-co-AN)/(MS-co- 
AN). 

Figure l a  compares theoretical coexistence curves 
with measured phase diagrams for the system PSPMS. 
Because the pure-component PVT data for PMS are not 
available, we use the equation-of-state parameters of 
poly(o-methylstyrene) as those for PMS. The experi- 
mental data are from Lin and Roe,20 who used mono- 
disperse polymers. The characterizations of polymer 
samples used in ref 20 are given in Table 2. The phase 
diagram for the system PS58PMS62 and that for the 
system PS49PMS56 were determined by differential 
scanning calorimetry (dsc) and by cloud-point measure- 
ments, respectively. Using the same set of interseg- 
mental parameters, theory is able to  represent the 
molecular weight dependence of the UCST. The inter- 
segmental parameters for the S-MS pair are given in 
Table 3. 

Figure l b  compares a theoretical miscibility map with 
experiment for the system (S-co-AN)/(MS-co-AN). Data 
are from Cowie et who used dsc t o  determine the 
miscibility of copolymer blends. The open circles are 
the miscible blends, which have only one glass-transi- 
tion temperature. The blends having two glass transi- 
tion temperatures of the components are considered 
immiscible. The theoretical miscibility map is a t  25 "C 
for M1 = 350000 and Mz = 8000. Good agreement 
between theory and experiment is obtained with the 
intersegmental parameters KAPU'-MS = 0.064 and CAN-MS 
= 0 for the AN-MS pair. Theory predicts that im- 
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Figure 1. (a) Comparison of theoretical coexistence curves 
with experimental phase diagrams for the system PSIFMS:~O 
(-1 PS58PMS62; (- * -1 PS49PMS56; KS-MS = 0.000 153 and 
CS-MS = 0.000 110. (b) Miscibility map for the system (S-co- 
ANY(MS-co-ANP (0) miscible; (0) immiscible. Theoretical 
miscibility map is at 25 "C for M I  = 350 000 and M2 = 8000; 
KS-AN = 0.050 55, &.-AN = 0, KS-MS = 0.000 153, (S-MS = 
0.000 110, KAN-MS = 0.064, and CAN-MS = 0. 

Table 2. Characterizations of Polymer Samples Used in 
Reference 20 

sample Mw MwlMna 
PS58 58 400 1.07 
PS49 49 000 1.06 
PMS62 62 100 1.05 
PMS56 56 100 1.07 

a M,, number-average molecular weight (glmol); Mw, weight- 
average molecular weight (g/mol). 

miscibility is caused by UCST-type phase behavior. 
Although experimental data are not available for the 
entire copolymer composition range, theory predicts that 
the system PS/(MS-co-AN) is miscible when the MS-co- 
AN copolymer contains 78-98% a-methylstyrene by 
weight. 

Systems Containing Styrene, Acrylonitrile, and 
Butadiene. A miscibility map similar to that shown 
in Figure l b  is also reported for mixtures of type 
(AxB1-x)rl/(CyB1-y)rz containing S-co-AN and poly(buta- 
diene-co-acrylonitrile) (BD-co-AN) random copolymers.22 
In this system, the intersegmental parameters for three 
pairs of segments can be obtained from the systems 

Table 3. Intersegmental Parameters 

binary pair K t 
styrene - acrylonitrilea 
styrene-a-methylstyrene 
acrylonitrile- a-methylstyrene 
butadiene- styreneb 
butadiene-acrylonitrile 

methyl methacrylate-styrene 
methyl methacrylate-acrylonitrile 
cyclohexyl methacrylate -styrene* 
cyclohexyl methacrylate-acrylonitrilea 
cyclohexyl methacrylate-methyl 

butyl methacrylate-methyl 

butyl methacrylate-styrene 

butyl methacrylate-acrylonitrile 

methacrylate 

methacrylateb 

0.050 55 
0.000 153 
0.064 
0.005 44 
0.012 22 

(0.029) 
-0.002 73 

0.032 49 
0.001 936 
0.042 17 
0.015 07 

-0.001 58 

0.010 85b 
(0.012 5) 
0.063 95 

(0.045 08) 

~ 

0 
0.000 110 
0 
0.001 17 
0 

(0)  

0 
-0.003 5 

-0.001 718 
-0.003 17 

0.008 06 

-0.001 

-0.0026 
-0.002 

0 
0 

a Reference 19. Reference 17. 

containing two kinds of relevant segments. In addition 
to the intersegmental parameters for the S-AN pair 
obtained in the second paper of this series,lg those for 
the BD-S pair are KBD-S = 0.00544 and CBD-S = 
0.001 17, determined from mixtures of oligomers of 
polystyrene (PSI and polybutadiene (PBD) in ref 17. The 
oligomer systems PSPBD exhibit UCST phase behavior, 
The remaining intersegmental parameters for the BD- 
AN pair are obtained from the miscibility map for 
mixtures of type (AXB1-X)rJ(AYB1-Y)rz containing poly- 
(acrylonitrile-co-butadiene) (AN-co-BD) random copoly- 
mers. 

Figure 2a compares a theoretical miscibility map with 
experiment for the system (AxB1-x)r1I(AyB1-y)rz contain- 
ing AN-co-BD random copolymers. Data are from Cowie 
et ~ 1 . ~ ~  obtained by dsc. Unfortunately, the AN-co-BD 
copolymers used by Cowie et al. are highly polydisperse 
(M,  GZ 284 000 g/mol, M,/M,, = 1.5-11; M,, number- 
average molecular weight). I t  is therefore difficult to 
determine the intersegmental parameter for the BD- 
AN pair accurately from the data shown in Figure 2a. 
We obtain two sets of intersegmental parameters QD-W 
= 0.012 22 and 0.029 by assuming C B D - ~  = 0. Theo- 
retical miscibility maps in Figure 2a are at 25 "C for 
MI = M2 = 284 000. The miscible area predicted by the 
theory with KBD-AN = 0.029 is slightly smaller than that 
predicted by theory with K B D - ~  = 0.01222. 

Figure 2b compares a theoretical miscibility map with 
experiment22 for the system (S-co-AN)/(BD-co-AN). The 
theoretical miscibility map is a t  25 "C for M I  = 324 000 
and M2 = 284 000. Theory predicts that immiscibility 
is caused by UCST phase behavior. The theoretical 
miscibility map is very sensitive to the intersegmental 
parameter for the BD-AN pair, KBD-AN. Theory pre- 
dicts that the system (S-co-AN)/(BD-co-AN) becomes 
immiscible as KBD-AN varies from 0.012 22 to 0.029, 
although the miscibility map in Figure 2a does not vary 
significantly in this range for KBD-AN. Agreement 
between theoretical miscibility map and experiment 
cannot be obtained by simply adjusting KBD-M. 

In the system (S-co-AN)/(BD-co-AN), the deviation of 
theoretical miscibility map from experiment may be 
caused by the polydispersity effect as well as by the 
probability that polybutadiene can assume several 
microstructures. The intersegmental parameters for 
the BD-S pair may also be inaccurate because they are 
obtained from data for mixtures of oligomers. 

The origin of immiscibility in this system also needs 
to be clarified. Cowie et a1.22 mentioned that, in the 
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Figure 2. (a) Miscibility map for mixtures of type (AxB1-~),,l 
(AyB1-yIrz containing AN-CO-BD:~~ (0) miscible; (0) immiscible. 
Theoretical miscibility map is at 25 "C for M I  = Mz = 284 000: 

(-1 KBD-AN = 0.012 22, &X-AN = 0; (- - -) K B D - ~  = 0.029, and 
~ B D - A N  = 0. (b) Miscibility map for the system (S-co-AN)/(BD- 
C O - A N ) : ~ ~  (0) miscible; (A) partially miscible; (0) immiscible. 
Theory is at 25 "C for M I  = 324 000 and MZ = 284 000; K S - ~  

= 0.050 55, ~ S - A N  = 0, KBD-s = 0.005 44, ~ B D - S  = 0.001 17, and 
~ B D - A N  = 0. 

system (S-co-AN)/(BD-co-AN), miscible blends exhibit 
LCST phase behavior at  elevated temperatures. In 
addition, Ougizawa and InoueZ3 reported that the 
system (S-co-AN)/(BD-co-AN) containing 75% styrene 
and 60% butadiene by weight in S-co-AN and BD-co- 
AN, respectively, shows both an UCST and a LCST in 
the temperature-composition phase diagram with com- 
plete miscibility between UCST and LCST. The simul- 
taneous occurrence of an UCST and a LCST is also 
reported for the high-molecular-weight system polybuta- 
diene/poly(styrene-co-butadiene) containing 45% sty- 
reneZ4 by weight in the copolymer. The phase behavior 
of the system (S-co-AN)/(BD-co-AN) appears to be very 
complicated. 

An important conclusion from the theoretical calcula- 
tions shown in Figure 2a,b is that, in the system having 
limited miscibility, the theoretical miscibility map can 
be very sensitive to slight changes in intersegmental 
parameters. 

System Poly(methy1 methacrylate)/Poly(acryl- 
onitrile-co-styrene). The phase behavior of copolymer 

systems containing methyl methacrylate, styrene, and 
acrylonitrile has been extensively s t ~ d i e d . ~ ~ - ~ ~  The 
mixture poly(methy1 methacrylate) (PMMA)/(AN-co-S) 
is known to exhibit a miscibility window caused by 
LCST phase behavior. In this system, miscibility 
changes from immiscible - miscible - immiscible as 
the copolymer content of acrylonitrile in AN-co-S rises, 
even though none of the three relevant binary mixtures 
of homopolymers is miscible. The system PMMA/(AN- 
co-S) is miscible at  room temperature when the copoly- 
mer contains approximately 9-35% acrylonitrile by 
weight. Suess et ~ 1 . ~ ~  and Cowie and Lathz7 reported 
that the LCST in the system PMW(AN-co-S) contain- 
ing approximately 10-25% acrylonitrile by weight lies 
above the thermal degradation temperature of the 
mixture. The exact miscible copolymer composition 
range and phase separation temperatures, however, 
may depend on the sample preparation and the heating 
rates of cloud-point measurements as well as on the 
molecular weight and polydispersity of the polymer 
samples. 

Three mixtures of type (AxB1-x),l/(CyB1-y)r, can be 
obtained from MMA, S, and AN segments: the systems 

(MMA-co-S)/(AN-co-S). We attempt to fit the miscibility 
maps of these systems using the same set of interseg- 
mental parameters. The intersegmental parameters for 
the S-AN pair are KS-AN = 0.050 55 and &-AN = 0, 
obtained from the miscibility map of the mixture of type 
(AxB1-x)rl/(AyB1-y)r~ containing S-co-AN random copoly- 
m e r ~ . ~ ~  Because of the screening effect discussed in the 
first paper of this series,18 however, the intersegmental 
parameters for the MMA-S pair cannot be obtained 
from the miscibility map of the mixture of type (AxB1-x)rll 
(AyB1-y)r2 containing Sco-MMA random copolymers. 
We obtain the intersegmental parameters for the 
MMA-S and MMA-AN pairs from the miscibility 
window of the system PMMA/(AN-co-SI. 

Figure 3a compares the theoretical miscibility window 
with experimental data by Suess et a1 .25 for the system 
PMMA/(AN-co-S). The solid circles are the LCSTs 
determined by cloud-point measurements. The open 
and solid squares are the miscible and immiscible 
blends, respectively, containing 60% PMMA by weight 
at  50 "C. Curves are the theoretical LCSTs for MI = 
43 000 and M2 = 162 000. The intersegmental param- 
eters for the MMA-S and MMA-AN pairs were ob- 
tained by assuming that, at  166 "C, the immiscibility- 
miscibility and miscibility-immiscibility boundaries lie 
at  9.4 and 34.6% acrylonitrile by weight, respectively. 
For given intersegmental parameters for the S-AN 
pair, KS-M and &-AN, it was found that there is only 
one set of intersegmental parameters KMMA-s and 
KMMA-AN for ~ M M A - S  = CMMA-AN = 0 which satisfy the 
above-mentioned conditions. Additional intersegmental 
parameter CMMA-S was introduced to change the width 
of the miscibility window. The intersegmental param- 
eters for the MMA-AN pair are the same (KMMA-W = 
0.032 49 and {MMA-AN = 0) in the three curves shown 
in Figure 3a. 

The experimental data in Figure 3a show that the 
LCST does not vary significantly between 25 and 35 wt 
% acrylonitrile and that the width of the miscibility 
window is almost independent of temperature below 
about 170 "C. On the other hand, the theoretical 
miscibility window is a smooth curve. It is therefore 
not possible to obtain good agreement between theory 
and experiment over a wide temperature range. 

(MMA<o-AN)/(Sco-AN), (AN-co-MMA)/(SCO-MMA), and 
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Figure 3. Miscibility window for the system PMMA/(AN-eo- 
S):25326 KMMA-AN = 0.032 49, <MMA-AN = 0, K S - ~  = 0.050 55, and 
&-AN = 0. (-) KMMA-S = -0.002 73, <MMA-S = -0.0035; (- - -1 
KMMA-S  = -0.004 31, <MMA-S = -0.0045; ( - * - I  KMMA-S  = 
-0.006 69, <,MA-, = -0.006 (a) Theoretical LCST for M1 = 
43 000 and MZ = 162 000: (0) LCST,15 (0) miscible,15 and (I) 
imrnis~ible.'~ (b) Theoretical spinodal for equimass mixtures 
of M1 = 100000 and M2 = 150000: (0) cloud points of 
equimass mixtures.16 

A miscibility window for the system PMMA/(AN-co- 
S) is also reported by Fowler et aZ.,z6 who used the 
PMMA of higher molecular weight (M,  = 105 400 g/mol, 
Mw/Mn = 2.0) than that used by Suess et ~ 1 . ~ ~  (M,  = 
43 000 g/mol, Mw/Mn = 1.72). The molecular weight and 
polydispersity factor of AN-co-S copolymers are roughly 
the same for both experiments. Figure 3b compares the 
cloud points from Fowler et aZ.26 with the theoretical 
spinodal for equimass mixtures. The theoretical spin- 
odal is calculated using the intersegmental parameters 
obtained in Figure 3a with M I  = 100 000 and M2 = 
150 000. Theory predicts that in the system PMMA/ 
(AN-co-S) the LCST increases as the molecular weight 
of PMMA, MI, rises. Theory also predicts that the LCST 
decreases as the molecular weight of AN-co-S copolymer, 
Mz,  rises. Although the cloud points for MI = 100 000 
from Fowler et a1.26 are higher than those for M I  = 
43 000 from Suess et it is not clear whether the 
LCST indeed increases with rising molecular weight of 
PMMA in the system PMW(AN-co-S) because the 
measured phase separation temperature could depend 
on sample preparation and polydispersity. Equation- 
of-state theories, however, are able to represent such a 
molecular weight dependence of LCST because the 

Data (T=130 'C) are from Nishimoto et al. (1989) 
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MMA wt fraction in MMA-co-AN 
Figure 4. Comparison of theoretical miscibility map with 
experiment for the system (MMA-~O-AN)/(S-~O-AN):~~ (0) 
miscible at 130 "C; (0) immiscible at 130 "C. Theory is for M1 
= Mz = 150 000: K M M A - s  = -0.002 73, <MM-S = -0.0035, 
KMMA-AN = 0.032 49, <MMA-AN = 0, KS-AN = 0.050 55, and <s-m 
= 0. 

unfavorable equation-of-state effect, which results from 
compressibility disparities, could decrease as the dif- 
ference in molecular sizes declines. 

We use KMIMA-s = -0.002 73 and [MIMA-S = -0.0035 
as the intersegmental parameters for the MMA-S pair. 
With these parameters, theory slightly overestimates 
the miscible copolymer composition range near the 
immiscibility-miscibility boundary at  room tempera- 
ture. 

Systems Containing Methyl Methacrylate, Sty- 
rene, and Acrylonitrile. We next compare theoretical 
miscibility maps with experiment for various systems 
containing methyl methacrylate, styrene, and acryloni- 
trile segments using the intersegmental parameters 
obtained from Figure 3a. 

Figure 4 compares a theoretical miscibility map with 
experiment for mixtures of the type (AxB1-x)r1I(CyB1-y)rz 
containing MMA-co-AN and S-co-AN random copoly- 
mers. Data at  130 "C are from Nishimoto et aZ.z8 A 
similar miscibility map is also reported at  room tem- 
perature by Cowie and Lath.27 As expected from the 
temperature dependence of the miscibility window in 
the system PMMA/(AN-co-S) shown in Figure 3a, the 
theoretical miscibility map is not sensitive to the tem- 
perature between 25 and 130 "C. Theory and experi- 
ment are in good agreement. 

Figure 5 compares a theoretical miscibility map with 
experiment for mixtures of the type (AxB1-x)rlI(CyB1-y)rz 
containing AN-co-MMA and S-co-MMA random copoly- 
m e r ~ . ~ ~  In the theoretical miscibility map, there is a 
small miscible area near the origin X = Y = 0. Theory 
predicts that this system is essentially immiscible, 
consistent with experiment. 

Figure 6 compares a theoretical miscibility map with 
experiment at  room temperature for mixtures of the 
type (AxB~-x)rl/(CyBl-y)~z containing MMA-co-S and AN- 
co-S random  copolymer^.^^,^^ In this system, miscibility 
changes from immiscible - miscible - immiscible as 
the acrylonitrile content in component 2 rises from zero 
wt % acrylonitrile. As expected from Figure 3a, theory 
overestimates the miscible area near the immiscibility- 
miscibility boundary. The intersegmental parameters 
were obtained at  166 "C; better agreement between the 
theoretical miscibility map and experiment at  25 "C is 
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MMA-S sequences by the MMA-MMA sequences, i.e., 
v, = 0 in eqs 2 and 3, with segments A and B represent- 
ing methyl methacrylate and styrene, respectively. As 
discussed in ref 18, to use the number of monomer 
sequences calculated from the measured reactivity 
ratios of copolymerization as the number of hard-sphere 
sequences, ng (a$ = A,B) in the model, the equation- 
of-state parameters must be obtained such that one 
monomer is represented by a single sphere in the model. 
The equation-of-state parameters used in this work, 
however, are those that give the best fit to the pure- 
component PVT data; these parameters do not assume 
that one monomer corresponds to a single sphere in the 
PHSC equation of state, Therefore, we assume that the 
number of hard-sphere sequences of a copolymer of type 
(AxBl-x), are given by that of a truly random copolymer: 

6 

e 
.I 

Miscible 

0.0 
0.00 0.05 0.10 0.15 0.20 

AN wt fraction in AN-eo-MMA 
Figure 5. Comparison of theoretical miscibility map with 
experiment at room temperaturez7 for the systelri (AN- 
co-MMA)lS-co-MMA): (0) immiscible. Theory is at 25 "C for 
M1 = Mz = 150 000. Intersegmental parameters are the same 
as those used in Figure 4. 

0 0 Data from Kammer et al. (1989) 
0 . 5  A A Data from Braun et al. (1992) 

- without screening effect 
with screening effect 
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MMA wt fraction in MMA-eo-S 
Figure 6. Comparison of theoretical miscibility map with 
experiment at room temperature for the system (MMA-co-S)I 
( A N - C O - S ) : ~ ~ ~ ~ ~  (0, A) miscible; (0, A) immiscible. Theory is at 
25 "C for M I  = 43 000 and M Z  = 162 000. The screening effect 
is introduced by replacing the MMA-S and S-MMA se- 
quences with the MMA-MMA sequence as discussed in the 
text. Intersegmental parameters are the same as those used 
in Figures 4 and 5. 

obtained if the intersegmental parameters are obtained 
at  25 "C. "he predicted miscibility-immiscibility bound- 
ary agrees well with experiment. 

An interesting question is whether the system (MMA- 
co-S)/(AN-co-S) exhibits the screening effect. As dis- 
cussed in the first paper of this series,18 mixtures of type 
(AxB 1 -x),l(AyB 1- yIrz containing S-co -MMA random co- 
polymers exhibit the screening effect. In this system, 
a simple model proposed in ref 18 indicates that the 
styrene segment is screened by the methyl methacrylate 
segment in the S-MMA and MMA-S sequences; these 
sequences behave essentially as MMA-MMA sequences. 
It is therefore possible that a similar screening effect is 
observed in the MMA-co-S copolymer in the system 

The first paper of this seriesls gives details of the 
method to include the screening effect into the PHSC 
equation of state. We replace all of the S-MMA and 

(MMA-co-S)/(AN-co-S). 

The broken curves in Figure 6 are calculated by 
assuming that the S-MMA and MMA-S hard-sphere 
sequences of MMA-co-S copolymer behave as the MMA- 
MMA sequences, i.e., ip = 0 in eqs 2 and 3, with 
segments A and B representing methyl methacrylate 
and styrene, respectively. For a given methyl meth- 
acrylate content in the MMA-co-S copolymer, agreement 
of the theoretical immiscibility-miscibility boundary 
with experiment seems t o  be improved as the screening 
effect is included. The difference between the solid and 
broken curves, however, is small. In addition, the 
theory with screening effect clearly overestimates the 
miscible area near the miscibility-immiscibility bound- 
ary. Therefore, the screening effect in the MMA-co-S 
copolymer in the system (MMA-co-S)/(AN-co-S) is not 
as apparent as that in the system (AxB1-x),,l(AyBl-y)rZ 
containing S-co-MMA random copolymers. The screen- 
ing effect in the system (MMA-co-SMAN-co-S) may be 
important only when the AN-co-S copolymer contains 
a very small amount of acrylonitrile. 

The results shown in Figures 4-6 imply that the 
intersegmental parameters do not depend on the type 
of mixture in the systems, (MMAco-ANMS-co-AN), (AN- 
co-MMA)/(S-co-MMA), and (MMA-co-SMAN-co-SI. A 
question, however, still remains regarding the inter- 
segmental parameters for the MMA-S pair obtained in 
Figure 3a. Figure 7 compares a theoretical miscibility 
map with screening effect with experiment for mixtures 
of the type (AxB~-x)~~/(AYB~-YI,, containing S-co-MMA 
random  copolymer^.^^ The screening effect is introduced 
by the same procedure used to include the screening 
effect in the system (MMA-co-SMAN-co-S); the S-MMA 
and MMA-S sequences are replaced by the MMA- 
MMA sequences. The number of specific sequences is 
given by eq 5 with segments A and B representing 
styrene and methyl methacrylate segments, respec- 
tively. The complete screening of styrene by methyl 
methacrylate in the S-MMA and MMA-S sequences 
corresponds to ip = 1 in eqs 2 and 3. The screening 
effect is included in both components 1 and 2. Although 
the temperature dependence of the miscibility map is 
not correctly predicted, the parameters used in Figure 
7 seem to be of the correct order of magnitude. 

We next consider mixtures of the type (AxBI-x),.,~ 
(CYD1-Y)rZ containing four kinds of segments which 
requires six sets of intersegmental parameters. 

Systems Containing Cyclohexyl Methacrylate, 
Methyl Methacrylate, Acrylonitrile, and Styrene. 
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Figure 7. Miscibility maps with screening effect for mixtures 
of type (AxB~-x)~,/(A~B~-Y),, containing S-co-MMA random 
copolymers30 (M,  iii 150 000 g/mol, M J M n  = 1.7): (0) miscible 
at 25 and 180 "C; (A) miscible at 25 "C but immiscible at 180 
"C; (0) immiscible at 25 and 180 "C. Theoretical miscibility 
maps are for M I  = M2 = 150 000 with KS-MMA = -0.002 73 
and (s-MMA = -0.003. The screening effect is introduced by 
replacing the MMA-S and S-MMA sequences with the 
MMA-MMA sequences as discussed in the text. 

A miscibility map for mixtures of poly(cyclohexy1 meth- 
acrylate-co-methyl methacrylate) (CHMA-co-MMA) and 
AN-co-S random copolymers is reported by Nishimoto 
et ~ 1 . ~ ~  In this system, all of the necessary six sets of 
intersegmental parameters can be obtained from the 
following three mixtures of type &J(CyB1-y)r2: P M W  

The intersegmental parameters for the CHMA-S and 
CHMA-AN pairs were obtained in the second paper of 
this series;lg they are given in Table 3. The mixture of 
PCHMA and PS is miscible up to about 240 0C.31 The 
mixture of PCHMA and AN-co-S copolymer also shows 
LCST phase behavior. The intersegmental parameters 
among methyl methacrylate, acrylonitrile, and styrene 
segments are the same as those used in Figures 4-7. 
The remaining intersegmental parameters for the 
CHMA-MMA pair are obtained from the copolymer- 
composition dependence of phase separation tempera- 
tures in the system PS/(CHMA-CO-MMA).~~ 

Figure 8 compares the copolymer-composition depen- 
dence of theoretical LCST with the cloud points of 
equimass mixtures31 for the system PS/(CHMA-co- 
MMA). Although the molecular weights of copolymers 
and complete phase diagrams are not reported, this 
system is shown to exhibit LCST phase behavior. The 
theoretical curve is for MI = MZ = 200 000. The 
intersegmental parameters for the CHMA-MMA pair 
were obtained by assuming that, for the copolymer 
containing 28.5% cyclohexyl methacrylate by weight, the 
critical temperature and mixture composition are 150 
"C and 13 wt % PS, respectively. Under these assump- 
tions, the calculated critical compositions may not agree 
with the measured critical compositions. The difference 
between the calculated LCST and the measured phase 
separation temperature for equimass mixtures, how- 
ever, would be small because the phase diagram in this 
system is flat near the LCST. 

Figure 9 compares a theoretical miscibility map with 
experiment31 for the system (CHMA-co-MMA)/(AN-co- 
S). Theory and experiment are in excellent agreement. 
Theory predicts that the miscible area decreases with 

(ANco-S), PCW(ANCO-S) ,  and PS/(CHMA<o-MMA). 

o clear after annealing for 15 min 
0 cloudy afte.r annealing for 15 min 

1 Data are from Nishimoto et al. (1990) i 

CHMA wt fraction in CHMA-co-MMA 
Figure 8. Comparison of theoretical LCST with the phase 
separation temperatures of equimass mixtures for the system 
PSI(CI-IMA<O-MMA):~~ Mi = M2 = 200 000, K S - ~  = -0.002 73, 
(s-MMA = -0.0035, KCHMA-s = 0.0019 36, (c-+ = -0.001 718, 
KCHMA-MMA = 0.01507, and (CHMA-MMA = 0.008 06. 

0.4  0 0 0  0 0 i 
0.3 

0 0  
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CHMA wt fraction in CHMA-co-MMA 
Figure 9. Comparison of theoretical miscibility map with 
experiment for the system (CHMA-~O-MMA)/(AN<O-S):~~ (0) 
miscible at 130 "C; (0) immiscible at 130 "C. Theory is for M1 
= Mz = 200000. Intersegmental parameters are given in 
Table 3. 

temperature because in this system immiscibility is 
caused by LCST phase behavior. 

Systems Containing Butyl Methacrylate, Methyl 
Methacrylate, Acrylonitrile, and Styrene. A partial 
miscibility map for mixtures of poly(buty1 methacrylate- 
co-methyl methacrylate) (BMA-co-MMA) and AN-co-S 
random copolymers is reported by Kammer and Pig- 
10wski .~~ The system (BMA-co-MMA)/(AN-co-S) is ob- 
tained by simply replacing cyclohexyl methacrylate 
segment by butyl methacrylate in the system (CHMA- 
co-MMA)/(AN-co-S) shown in Figure 8. Poly(buty1 
methacrylate) (PBMA) and PS are known to  be im- 
miscible. PBMA and AN-eo-S random copolymer are 
also reported to be immiscible.26 Therefore, it is ex- 
pected that the miscible area is smaller in the system 
(BMA-co-MMA)/(AN-co-S) than in the system (CHMA- 

The intersegmental parameters for the BMA-MMA 
and BMA-S pairs were obtained in ref 17 from the 
miscibility maps of mixtures of type (AxBl-x),,/(AyBl-y),, 
containing BMA-co-MMA and S-co-BMA random co- 

CO-MMA)/( AN-COS) . 
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pared with experiment for binary mixtures of copoly- 
mers containing two, three, and four kinds of segments. 

For the systems (AxB1-x),,/(CyB1-y),, studied in this 
work, intersegmental parameters for as many as two 
pairs of segments are obtained from the systems con- 
taining two kinds of relevant segments. The remaining 
intersegmental parameters are obtained from data for 
the system ArlI(CYB1-Y)rz. For the system (AXB1-x)ql 
(CYBI-Y),~, theoretical miscibility maps are in good 
agreement with experiment except for the system poly- 
(styrene-co-acrylonitrile)/poly(butadiene-co-acryloni- 
trile). The theoretical miscibility map and experiment 
show excellent agreement for the system (AxB1-x)rl/ 
(CyD1-y),2 containing poly(cyclohexy1 methacrylate-co- 
methyl methacrylate) and poly(acrylonitri1e-co-styrene) 
random copolymers, where intersegmental parameters 
are obtained from three mixtures of type Ap1/(CyB1-y),,. 

In the copolymer systems studied in this work, 
theoretical miscibility maps and experiment show good 
agreement using the same set of intersegmental pa- 
rameters. Total prediction using the intersegmental 
parameters obtained from the system containing two 
kinds of segments only, however, remains to be carried 
out together with the measurements of miscibility maps 
and phase diagrams of relevant copolymer systems 
using monodisperse copolymers. 

Acknowledgment. This work was supported by the 
Director, Office of Energy Research, Office of Basic 
Energy Sciences, Chemical Sciences Division of the US. 
Department of Energy under Contract DE-AC03- 
76SF0098. Additional funding was provided by E.I. du 
Pont de Nemours & Co. (Philadelphia, PA) and Konin- 
klijke Shell (Amsterdam, The Netherlands). 

References and Notes 

2 0.4  1 
0 
0 

0 0 

Data are from Kammer and Piglowski (1989). 

0.0 0.2 0.4  0.6 0.8 1 .o 

BMA wt fraction in BMA-co-MMA 
Figure 10. Comparison of theoretical miscibility map with 
experiment at room temperature for the system (BMA-co- 
MMA)/(AN-CO-S):~~,~~ (0) miscible; (0) immiscible. Theory is 
at 25 "C for MI = 100 000 and Mz = 150 000: (-) KBMA-s = 
0.0125, [BMA-s = -0.002, KBMA-AN = 0.063 95, and [ B U - ~  = 
0; (- - -1 KBU-S = 0.010 85, CBMA-S = -0.002, K B M A - ~  - 
0.045 08, and [BMA-AN = 0. 
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in Figure 7. Theory, however, was able to obtain 
semiquantitative agreement with experiment without 
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AN pair) are now obtained. We obtain the interseg- 
mental parameters for the BMA-AN pair by using the 
partial information of the miscibility map for the system 
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the BMA-AN pair were obtained by assuming SBMA-AN 
= 0 and that the miscibility-immiscibility boundary lies 
at WBMA = 0.5 and WAN = 0.085, where OBMA and OM 
are the weight fractions of butyl methacrylate and of 
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the system PBMA/(AN-co-S) is immiscible, consistent 
with the experiment of Fowler et a1.26 
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