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SYNOPSIS 

The phase behavior of blends of styrene/maleic anhydride copolymers (SMA) with styrene/ 
methyl methacrylate copolymers (SMMA) , styrene/acrylonitrile copolymers (SAN) , tet- 
ramethyl bisphenol-A polycarbonate (TMPC) , and poly( 2,6-dimethyl-1,4-phenylene oxide) 
( PPO ) have been determined. Tentative binary interaction energies were evaluated from 
mapping the copolymer composition miscibility boundaries using the Flory-Huggins theory 
combined with the binary interaction model. Data on phase-separation temperatures were 
too sparse for these systems to obtain refined estimates using the Sanchez-Lacombe theory. 
A negative interaction energy was obtained for the MA/AN pair; however, the MA unit 
showed strong repulsive interactions with all other monomer units examined here. 0 1994 
John Wiley & Sons, Inc. 

INTRODUCTION 

Miscible blends in which one component contains 
reactive functional groups are of interest as a route 
to controlling morphology and strengthening the 
interfacial zone, via reactive compatibilization, in 
multiphase polymer alloys.l-16 Styrenic copolymers 
containing acid, anhydride, and epoxy units have 
been used for this purpose. In this article, the phase 
behavior of blends of styrene/maleic anhydride co- 
polymers ( SMA ) with styrene/methyl methacrylate 
copolymers ( SMMA) , styrene / acrylonitrile copoly- 
mers ( SAN ) , tetramethyl bisphenol-A polycarbonate 
(TMPC) , and poly (2,6-dimethyl-l,4-~henylene 
oxide) (PPO) have been examined. Quantitative in- 
formation about polymer-polymer interactions were 
evaluated where possible from the phase behavior of 
these blends using either the Flory-Huggins theory or 
the lattice fluid theory of Sanchez and Lacombe 17-19 

combined with the binary interaction model. Ex- 
pansion and refinement of the matrix of binary in- 
teraction energies 1-4,20-27 is needed for the rational 
design of such multicomponent blend systems. 

~ 
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THEORY 

Certain aspects of the experimental phase behavior 
for polymer blends can be analyzed to obtain inter- 
action energies using the elementary Flory-Huggins 
theory; however, some features commonly observed 
are thought to be better described by equation-of- 
state approaches like the Sanchez-Lacombe theory. 
For the former, the free energy of mixing per unit 
volume is given by 

where R is the universal gas constant; T ,  the absolute 
temperature; and $i and v, , the volume fraction and 
molar volume of component i, respectively. The first 
term represents the combinatorial entropy, whereas 
the second term includes the enthalpic and excess 
entropic contributions expressed in a van Laar form. 
If the interaction energy in eq. ( 1) does not depend 
on composition, differentiation leads to the familiar 
spinodal equation 
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where B,, is the interaction parameter at the spi- 
nodal condition. When the interaction energy de- 
pends on composition, eq. (2)  amounts to the defi- 
nition of a new interaction energy. The subscript sc 
will be omitted in the following discussions. The 
condition for miscibility is 

The boundary between regions of miscibility and 
immiscibility is defined by B = Bcrit. 

For a binary blend of a random copolymer A 
composed of units 1 and 2 and a homopolymer com- 
posed of unit 3, the net interaction energy according 
to the binary interaction model is given by 

where 4; is the volume fraction of i in the copolymer. 
For blends of copolymer A ,  composed of units 1 and 
2, and copolymer B ,  composed of units 1 and 3, the 
net interaction energy is given by 

where the 4; and 4; denote the volume fraction of 
unit i in copolymers A and B ,  respectively. 

For blends of two copolymers that do not have a 
common monomer, e.g., copolymer A is composed 
of units 1 and 2 and copolymer B is composed of 
units 3 and 4, there are altogether six Bij values. 
When the weight-average molecular weights or mo- 
lar volumes of the components are fixed for this sys- 
tem, this theory predicts an elliptical, a parabolic, 
or a hyperbolic isothermal map of copolymer com- 
positions dividing miscible from immiscible mix- 
tures. Fitting the theory to an experimentally de- 
termined copolymer-copolymer isothermal misci- 
bility map can give some information about the Bij 
set; however, generally at least one Bij value has to 
be obtained from another experiment in order to 
determine all the Bij values. For copolymer-copol- 
ymer blends where there is a common monomer, as 
examined here, there are only three Bij and, in prin- 
ciple, absolute values of all of these can be deduced 
from mapping the copolymer-copolymer composi- 
tion miscibility boundaries." 

Equation-of-state theories are able to predict 
LCST behavior stemming from the compressible 
nature of materials, which is not taken into account 
in the simple Flory-Huggins theory. Thus, such 

theories are able to make more use of phase diagram 
information than can the simple isothermal mapping 
of the boundary between miscible and immiscible 
regions. The lattice-fluid theory of Sanchez-La- 
combe can be employed to describe such effects. De- 
tailed descriptions of this theory and its application 
to polymer blends are available el~ewhere. '*'~-~~ The 
lattice-fluid equation of state has the following sim- 
ple closed form: 

;)+ 1--  ?, = O  ( 6 )  ( 31 
where the reduced properties are defined as P = P/ 
P*, F' = T / T * ,  ; = u * /  u ,  and r is a chain length 
given by 

P*, T*,  p*, u* ,  and M a r e  the characteristic pres- 
sure, temperature, density, hard core volume per 
mer, and weight-average molecular weight, respec- 
tively. Mixing rules for the characteristic parameters 
used here are the ones given by Sanchez and La- 
combe." 

In this theory, a bare interaction energy density, 
AP*, replaces the B in the Flory-Huggins theory. 
The net interaction energies for copolymer-copol- 
ymer blends can be expanded, via the binary inter- 
action model, in terms of monomer unit pair inter- 
actions, APG , in analogy with eq. ( 4 ) :  

A P *  = AP&4; + A P j 4 ;  - APT24l,4; 

and in analogy with eq. (5) : 

A P *  = APT24;( 4; - 4;) 

+ A P a J $ ( d $  - 4;) + u ; 3 4 ; 4 5  

where 4; and 4; refer to hard-core volume fractions. 
The spinodal condition for a binary mixture is given 
by 

where I) is a dimensionless function described 
elsewhere l9 and p is the isothermal compressibility. 
The Flory-Huggins interaction energy, defined by 
eq. ( 2  ) , can be expressed in terms of the bare in- 
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Table I SMMA and SMA Copolymers Used in This Study 

Molecular Weight 
Polymer W t  % MMA or MA Information" Tg ("0 Source 

SMMA4.5 

SMMA9 

SMMA12.8 

SMMA20.5 

SMMA38.5 

SMMA45.9 

SMMA50.3 

SMMA58.5 

SMMA69.3 

SMMA85.1 

SMA2 

SMA4.7 

SMA6 

SMA8 

S M A ~ O ~  

SMA12' 

SMA14 

SMA18 

SMA25 

SMA33 

SMA48 

4.5 

9.0 

12.8 

20.5 

38.5 

45.9 

50.3 

58.5 

69.3 

85.1 

2.0 

4.7 

6.0 

8.0 

10.7 

12.2 

14.0 

18.1 

25.0 

48.5 

[q] = 0.32 dl/g 

Mn = 44,000 
Mw = 96,000 

Mn = 67,000 
Mw = 164,000 

Mw = 270,000 

Mn = 67,000 
MW = 130,000 

Mw = 150,000 

Mn = 120,000 

Mn = 91,000 

Mn = 98,000 
Mw = 200,000 

Mn = 120,000 

Mn = 81,000 
Mw = 180,000 

Mn = 100,000 
Mw = 200,000 

Mw = 240,000 

an = 183,000 
Mw = 319,500 

Mn = 94,000 
Mw = 179,000 

Mn = 152,000 
Mw = 273,000 

Mn = 100,000 
Mw = 200,000 

Mn = 100,000 
Mw = 210,000 

Mw = 190,000 

Mn = 90,000 
Mw = 180,000 

Mn = 90,500 

Mn = 91,500 
Mw = 260,000 

Mn = 69,700 
Mw = 252,000 

Mn = 50,000 
Mw = 278,000 

98 

98 

98 

98 

103 

104 

102 

105 

105 

108 

104 

104 

113 

116 

120 

123 

126 

137 

149 

155 

178 

Synthesized 

Synthesized 

Synthesized 

Richardson Polymer [NOAN 811 

Synthesized 

Synthesized 

Synthesized 

Richardson Polymer [RPClOO] 

Synthesized 

Synthesized 

Arco Chemical Co. 

Dow Chemical Co. 

Arco Chemical Co. 

Arco Chemical Co. (Dylark 232) 

Arco Chemical Co. (Dylark 238) 

Arco Chemical Co. (Dylark 480) 

Arco Chemical Co. (Dylark 332) 

Dow Chemical Co. 

Monsanto Co. 

Dow Chemical Co. 

Scientific Polymer Products 

a From GPC analysis using polystyrene standards. 
5 wt % rubber particles were removed by a centrifugal separater using methyl ethyl ketone as the solvent. 
' 16 wt % rubber particles were removed by a centrifugal separater using methyl ethyl ketone as the solvent. 
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teraction energy in the Sanchez-Lacombe theory, 
as shown previously, 1,24 by the relation 

2RT 2 ln (1  - j) 1 + [uI[ 5 3  j 2 ( 1  - j) 

Table I1 Other Polymers Used in This Study 

MATERIALS A N D  PROCEDURES 

The chemical composition, molecular weights, and 
Tg information for the polymers used in this study 
are given in Tables I and 11. The SMA copolymers 
were obtained from other sources, whereas the 
SMMA copolymers were mostly synthesized in this 
laboratory via radical polymerization using azobis- 
isobutyronitrile ( AIBN ) at 75OC. Methyl acrylate 
(2-4 wt % of the monomer mixture) was added to 
prevent unzipping at  elevated temperatures. Copol- 
ymer compositions were determined by 'H-NMR, 
on a acrylate-free basis. Molecular weight infor- 
mation for the copolymers were obtained using gel 
permeation chromatography based on polystyrene 
standards. 

Polymer 
~ 

SAN3.5 

SAN6.3 

SAN9.5 

SAN13.5 

SAN14.7 

SAN15.5 

SAN19.5 

SAN25 

SAN28 

SANS0 

SAN33 

SAN34 

SAN40 

PMMA 

TMPC 

PPO 

~ 

Molecular Weight 
Information Description Source 

M,, = 93,000 3.5% AN Asahi 
A?w = 204,000 

Mn = 121,000 6.3% AN Dow Chemical Co. 
Mw = 343,000 

Mn = 94,700 9.5% AN Asahi 
Mw = 196,000 

- 13.5% AN Ashai 

Mn = 83,000 14.7% AN Asahi 
Mu = 182,000 

- 15.5% AN Asahi 

M,, = 84,300 19.5% AN Asahi 
MW = 179,000 

M,, = 77,000 25% AN Asahi 
Mw = 152,000 

- 28% AN Asahi 

A?,, = 81,000 30% AN Dow Chemical Co. 
Mw = 168,000 

M,, = 68,000 33% AN Monsanto Co. 
Mw = 146,000 

M,, = 73,000 34% AN Asahi 
Mw = 145,000 

M,, = 61,000 40% AN Ashai 

M,, = 52,900 - Rohm & Hass V(8ll)lOO 
MW = 105,400 

Mw = 122,000 

Bayer AG Mw = 33,000 - 

Mn = 29,400 - General Electric Co. 
Mu = 39,000 



BEHAVIOR OF STYRENE/MALEIC ANHYDRIDE BLENDS 32 1 

Blend films were prepared mainly by hot casting 
from different solvents into a Petri dish heated to 
60°C. The cast films were dried at  60°C for 10 min 
in a circulating oven until most of the solvent evap- 
orated before further drying in a vacuum oven at  
170"C, unless mentioned otherwise. Most of the 
phase-separation temperatures reported here reflect 
an equilibrium phase diagram of the LCST type.1724,26 

The Tg of the blends were measured using a Per- 
kin-Elmer DSC-7 at  a scanning rate of 20"C/min. 
The onset of the change in heat capacity is defined 
as the Tg. Phase-separation temperatures, i.e., LCST 
behavior, were estimated by isothermal annealing 
in the DSC sample holder at various temperatures 
for 4-5 min, after which the sample was quickly 
quenched to room temperature before running the 
DSC scan, as described in previous  article^.^*-^^ 
Phase-separation temperatures were also estimated 
by observing where films first turn cloudy during 
annealing blend samples on a hot stage (Mettler, 
FP82 H T )  equipped with a temperature controller 
(Mettler, FP80 H T )  . 

The density of the SMA copolymers were deter- 
mined at 30°C by a density gradient column using 
calcium nitrate solutions. The pressure-volume- 
temperature (PVT) properties for the SMA copol- 
ymers were obtained using the Gnomix P V T  ap- 
paratus by measuring the changes in specific volume 
as a function of pressure and temperature. The 
sample was compressed along 31 isotherms from 30 
to 27OoC, spaced about 15-20°C apart, with volume 
data recorded from 10 to 200 MPa at pressure in- 
tervals of 10 MPa. 

RESULTS AND DISCUSSION 

Blends of SMA Copolymers with SMMA 
Copolymers 

Figure 1 shows the miscibility map for 50/50 wt % 
blends of SMA copolymers with SMMA copolymers 
with the miscible and immiscible blends, as pre- 
pared, indicated by open and closed points, respec- 
tively. As expected, blend films prepared by solution 
casting from tetrahydrofuran (THF) were trans- 
parent for miscible blends and cloudy for immiscible 
blends. Since the Tg and refractive indices for SMA 
and SMMA copolymers with low comonomer con- 
tents are very close, difficulty arises in distinguishing 
whether their blends are miscible or not, as indicated 
by the symbol ( + ) in Figure 1. The numbers beside 
the open points refer to the phase-separation tem- 
peratures observed. Thus, Figure 1 is more than a 
simple isothermal phase map at  the drying temper- 

ature of 170°C. Miscible blends that appeared to 
have phase-separation temperatures lower than 
170°C were dried at  temperatures about 20°C above 
the Tg. Those with phase-separation temperatures 
above 170°C were tested for phase reversibility to 
reflect the equilibrium phase diagram by annealing 
the samples 20°C below the phase-separation tem- 
peratures for 1 day. After this treatment, the samples 
were transparent and DSC thermograms showed a 
single Tg behavior. Blends with cloud points lower 
than 170°C did not become homogeneous after the 
same thermal treatment, possibly because of kinetic 
factors. As a consequence, the phase-separation 
temperatures below 170°C must be regarded as 
somewhat tentative. Note that for a fixed MA con- 
tent in the SMA copolymer the phase-separation 
temperatures generally increase as the MMA con- 
tent in the SMMA copolymer increases. On the 
other hand, the phase-separation temperatures tend 
to decrease as the MA content in the SMA copol- 
ymer increases for fixed MMA content of the SMMA 
copolymer. Figure 2 illustrates the Tg behavior of 
blends of SMA14 with selected SMMA copolymers. 

The miscible region shown in Figure 1 encom- 
passes the previously reported miscibility window 
for blends of PMMA with SMA copolymers. Bran- 
nock et al.29 found that these blends exhibited mis- 
cibility for MA contents ranging from 8 to 33 wt % 
MA. These homogeneous blends were obtained by 
melt mixing of the polymers. Cloud points were also 
observed for some of these miscible blends. Figure 
1 shows that PMMA blends with SMA copolymers, 
prepared using the hot-casting method described 
previously, are miscible from 10 to 33 wt % MA in 
SMA copolymers; the blend of PMMA with SMA8 
was judged immiscible in this work. The discrepancy 
in the miscibility region reported here compared to 
that reported by Brannock et al. is most likely re- 
lated to some difficult issues of achieving equilibrium 
mixing discussed previ0usly.2~ The phase-separation 
temperatures for all of the miscible blends of PMMA 
with SMA copolymers prepared here were judged to 
be above the thermal degradation limit, which differs 
somewhat from the results reported by Brannock et 
al.29 In any case, the phase-separation temperatures 
reported are only approximate values. 

An approximate set of Flory-Huggins interaction 
energies, B , ,  can be obtained by fitting eqs. ( 4 )  and 
( 5 ) to the experimental copolymer-copolymer com- 
position miscibility map shown in Figure 1 using a 
computer that minimizes an objective 
function defined as the sum of the square of the 
orthogonal distances of the experimental data points 
to the theoretical boundary curve. As mentioned 
earlier, for copolymer-copolymer blends containing 
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Figure 1 Miscibility map for 50/50 wt % blends of SMA copolymers with SMMA co- 
polymers: (0) miscible; (0) immiscible; (+) TB and refractive indices of the two copolymers 
are too close to judge whether these blends were miscible or immiscible. The numbers 
beside the open points refer to phase-separation temperatures observed for the miscible 
blends. The solid lines were calculated with BSIMMA = 0.22, BMMAIMA = 7.18, and BS/MA 
= 10.7 cal/cm3, whereas the dashed lines were calculated with BS/MMA = 0.22, B M M A / M A  

= 10.6, and B s / M A  = 15 cal/cm3 using eqs. ( 6 )  and (7 )  and Mu = 200,000 for SMMA 
copolymers and Mw = 180,000 for SMA copolymers. 

a common monomer, all the absolute Bij values can, 
in principle, be extracted without prior knowledge 
of any Bij values.*' The set of interaction energies 

= 7.18, and &/MA = 10.7 cal/cm3. This set of B i j  

values reproduces the experimental miscibility re- 
gion fairly well, as seen by the solid line in Figure 
1. Note that the value of B S / M M A  deduced here cor- 
responds well to previous estimates from other blend 
systems.1,22*24*30 Ki m et al.31 reported a value of 7.32 
cal/cm3 for the S/MA pair, obtained from heat of 
mixing measurements using appropriate liquid an- 
alogs. On the other hand, Brannock et al.29 found 

the miscibility boundaries of blends of PMMA with 
SMA copolymers. The set of Bij values estimated 
here predicts negative net interaction energies (as 
low as -0.01 to -0.11 cal/cm3) within the region 

found by this procedure is B S f M M A  = 0.22, &MA /MA 

that &/MA = 14.9 a n d B M M A / M A  = 9.30 Cal/Cm3 from 

encompassed by the two solid lines. Because of this, 
blends within this region are predicted to be miscible 
regardless of the molecular weight of the compo- 
nents. 

Brannock et al.29 reported a much higher value 
for B S I M A  (i.e., 14.9 cal/cm3) than found by the fit- 
ting procedure described above. It is instructive to 
explore the sensitivity of these boundaries to the B i j  

values. As an alternative, we set Bs /MMA = 0.22 and 
&/MA = 15 cal/cm3. Assuming that SMA9 repre- 
sents the edge of the miscibility boundary with 

dashed lines in Figure 1 show the miscibility region 
predicted by this set of interaction energies. Note 
that this miscibility region is smaller than that pre- 
dicted above. The upper boundary is shifted down- 
ward significantly; however, there is little change in 
the lower boundary line. For this set of interaction 

PMMA leads to &MAIM* = 10.6 cal/cm3. The 
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SMA14 

130 - 
at 

for SMA copolymers had to be determined. Figure 
3 shows the experimental PVT data for SMA14, 
measured for this purpose. The bold line refers to 
the pressure dependence of Tg,  defined as the inter- 

140 

130 

parameters are obtained depending on the temper- 
ature range over which the data are fitted. The pa- 
rameters deduced for two separate temperature 
ranges are shown in Table 111. The phase-separation 
temperatures in Figure 1 fall primarily within the 
150-200°C range, so for consistency, these values 
were used to evaluate the interaction energies from 
the experimental observations. Figure 4 shows how 
the characteristic parameters for the temperature 
range of 150-200°C change with the MA content of 
the SMA copolymers. Prior work with other 
copolymersz5 has shown that the effect of comono- 
mer content on the characteristic parameters is well 
described by the mixing rules mentioned earlier.25 

. SMA14 

- 

1 0 0 ' .  " " " " I The closed-points in Figure 4 represent the char- 
acteristic parameters determined by a nonlinear 0 20 4 0  6 0  80 100 

W h  SMMA50.3 

Figure 2 
for SMA14 blends with selected SMMA copolymers. 

Glass transition temperatures (onset method) 

energies, there are three blends (MA content 18 wt 
?6 and higher) declared miscible by experiment that 
are not included in the predicted miscible zone. 
However, the slight shift in the lower limit of MA 
content gives better agreement with the experiment. 
Both sets of interaction energies describe the mis- 
cibility region fairly well, and with the data available, 
we cannot come to a conclusion as to which set of 
interaction energies is more nearly correct. 

The Bij values a t  170°C can be used to calculate 
the Sanchez-Lacombe interaction energies, AP; , 
using eq. ( 11) once the characteristic parameters 
for the copolymers are known. The characteristic 
parameters for SMMA copolymers were calculated 

least-squares fit of the experimental PVT data to 
eq. ( 6 ) ,  whereas the lines correspond to the best fit 
of these points to the mixing rules. As seen in Figure 
4 (c  ) , p* follows a well-defined trend; however, more 
scatter is noted in the T* and P* plots. The level 
of uncertainties that exists for the latter have been 
shown to be rather unimportant for present pur- 
poses.20 In the following interaction energy calcu- 
lations, the T* values for SMA copolymers obtained 
via fitting of the copolymer characteristic parame- 
ters to the mixing rules will be used. 

The Sanchez-Lacombe A€'; deduced from the 
original set of Bij values at 17OOC using eq. ( 11 ) and 
characteristic parameters for SMA and SMMA co- 
polymers are as follows: A P & M M A  = 0.23, 
A P & M A / M A  = 7.28, and A P g / M A  = 10.9 cal/cm3. Bare 
interaction energies, AP*, calculated from the 
AP; values above are all negative and showed the 
same trend as that observed for net interaction 
energies calculated using the Bij values deduced pre- 
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Figure 3 Specific volume of SMA14 as a function of temperature and pressure. 

viously. However, the AP* calculated from these 
AP: predict phase-separation temperatures that are 
about 200°C higher than that observed. This no 
doubt reflects some inaccuracy in the Bij values on 
which the estimates of AP: are based. The predicted 
phase-separation temperatures are extremely sen- 
sitive to the values of AP* used in the calculation; 
an increase in the AP* by only 0.02 cal/cm3 would 
lower the phase-separation temperatures by 200OC. 

The A€'$ values evaluated from the alternate Bij set 
mentioned above (i.e., BS/MMA = 0.22, BMMA/MA 
= 10.6, and BSm = 15 cal/cm3) are A P ~ / M M A  = 0.23, 
@&/MA = 10.9, and @;/MA = 15.5 cal/cm3. The 
AP* values deduced using this AP: set are more 
negative within the miscible region than are those 
determined from the former APG set. These AP* 
predict phase-separation temperatures about 350°C 
higher than those observed experimentally. Since 

Table I11 Sanchez-Lacombe Equation-of-state Parameters for PS and SMA Copolymers 

Temperature Range 150-20Ooc Temperature Range 220-270°C 

Polymer P* (g/cm3) P* (bar) T* (K) P* (g/cm3) P* (bar) T* (K) 

PS 1.109 3970 751 1.092 3730 810 
SMA2 1.119 4180 735 1.095 3900 793 
SMAS 1.150 4250 741 1.137 4220 796 
SMA14 1.171 4220 754 1.146 3880 818 
SMAlS 1.186 4560 757 1.155 3860 830 
SMA25 1.213 4370 786 1.221 5150 775 

Characteristic parameters obtained over the range of 0-50 MPa. 
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h 

wt% MA in SMA 
WWo MA In SMA 

. 
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0 2 0  4 0  6 0  8 0  100 

wt% MA in SMA 

Figure 4 Lattice fluid characteristic parameters for SMA copolymers for the temperature 
range of 150-200°C: (a) characteristic temperature; (b) characteristic pressure; ( c )  char- 
acteristic density. Lines show the best fit of experimental characteristic parameters to the 
mixing rule equations. 

the information on phase-separation temperatures 
for this system is so sparse and limited in accuracy, 
a more refined estimate of AP: values from phase 
diagram information is not justified. 

Blends of SMA Copolymers with SAN Copolymers 

Blends of SMA copolymers with SAN copolymers 
have been examined by several a ~ t h o r s . ~ l - ~ ~  The 
miscibility region of the blends prepared by Kressler 
et al.34 and A ~ k i ~ ~  were analyzed by differential 
scanning calorimetry and dynamic mechanical test- 
ing, respectively. Kim et al?l reported that misci- 

bility is aided by a weak exothermic interaction be- 
tween the MA and AN units. The value of the pair 
interaction energies in this blend system were ob- 
tained by measuring the heats of mixing for appro- 
priate liquid analogs of the monomer units using 
both the Flory-Huggins theory and the Sanchez- 
Lacombe theory. In this study, the miscible/im- 
miscible boundaries were redetermined and attempts 
were made to determine phase-separation temper- 
atures for all miscible blends. A consistent set of 
binary interaction energies should describe the ob- 
served miscibility boundaries in the copolymer- 
copolymer composition map and give the correct 
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phase diagram for each blend. Figure 5 shows the 
miscibility region for blends of SMA with SAN co- 
polymers observed in this study. The miscible and 
immiscible blends, prepared by hot casting from 
THF, were judged by T8 and blend film clarity. 
Blends of the two copolymers are miscible when 
their MA and AN comonomer contents are not too 
different, indicating that there is an exothermic in- 
teraction between the MA and AN monomer units.31 
Table IV shows the phase-separation temperatures 
obtained for the miscible blends. However, most of 
these blends did not phase-separate on heating prior 
to thermal decomposition. 

Since there were few miscible blends that show 
phase-separation temperatures, the Flory-Huggins 
binary interaction energies were obtained by map- 
ping the copolymer-copolymer composition misci- 
bility boundaries. As mentioned previously, the ab- 
solute Bij values can be obtained, in principle, with- 
out prior knowledge of any one of these values for 
blends of copolymer-copolymer systems containing 
a common monomer. Using the computer program 
previously mentioned, the set of Bij values that 
best separate the miscible and immiscible regions 
were found to be Bs/AN = 6.8, BMA/AN = -0.31, and 
BS/MA = 10.6 cal/cm3. The current Bij values agree 
rather well with those from other sources. For ex- 

loo 2 

z 
v) 
a 
C 

2 
4: 

- 
t s 

0 10 2 0  30 4 0  5 0  

wt% MA in SMA 

Figure 5 Miscibility map at  170°C for 50/50 wt % 
blends of SMA copolymers with SAN copolymers: (0) 
miscible; ( 0 )  immiscible. The solid lines were calculated 

cm3, whereas the dashed lines were calculated with BSIAN 
= 6.8, B M A / A N  = 0.29, and B S / M A  = 15 cal/cm3 using eqs. 
(6)  and (7)  and Mw = 180,000 for SMA copolymers and 
Mw = 150,000 for SAN copolymers. 

with &/AN = 6.8, B M A / A N  = -0.31, and BSIMA = 10.7 Gal/ 

Table IV Phase-separation Temperatures 
for the Miscible Blends of 50150 Wt % SMA 
with SAN Copolymers 

Wt % MA Wt % AN Phase Separation 
Temperature ("C) in SMA in SAN 

14 

18 

25 

9.5 
11.5 
13.5 
15.5 

13.5 
15.5 
19.5 
25 

19.5 
25 
33 
34 

> 300 
285 
250 
240 

> 300 
> 300 
> 300 

250 

> 300 
> 300 

260 
270 

47 40 > 300 

48.5 40 > 300 

Miscible blends of SAN copolymers with SMA copolymers 
containing less than 14 wt % MA did not phase-separate upon 
heating prior to thermal degradation. 

ample, the BANIMA is weakly attractive, which cor- 
responds well to BMA/AN = -0.34 cal/cm3 from heats 
of mixing of liquid analogs31 and -0.38 cal/cm3 from 
a previous analysis of the miscibility boundaries for 
blends of SMA with SAN  copolymer^.^^ However, 
positive interaction energies were reported for the 
MA/AN pair by Kressler et al.34 and A ~ k i ~ ~  based 
on studies of SMA/SAN blends. The Bs/AN obtained 
here matches quite well the value of 7.02 cal/cm3 
determined from analysis of the phase behavior of 
blends of TMPC with SAN  copolymer^.^^ The Bsl 
M A  deduced here matches the value of 10.7 cal/cm3 
estimated from blends of SMA with SMMA copol- 
ymers. On the other hand, Brannock et al.29 and 
A ~ k i ~ ~  reported higher values for the S/MA pair 
interaction. The solid lines in F i b r e  5 were com- 
puted from the set of Bij values above. Note that the 
calculated lines separate the miscible and immiscible 
blends quite well. Net interaction energies calculated 
were mostly negative except for some points near 
the edge of the miscibility window. As seen in Figure 
5, there are some immiscible blends that fall in the 
predicted miscibility region. For these cases, the 
proposed set of Bij values do predict immiscibility 
when the actual weight-average molecular weights 
of the components are taken into consideration. 

As mentioned previously, a value of Bs/MA ap- 
proaching 15 cal/cm3 has been reported and it is 



BEHAVIOR OF STYRENE/MALEIC ANHYDRIDE BLENDS 327 

interesting to see whether this value is consistent 
with the experimental observations reported here. 
For this exercise, we will retain B s / A N  = 6.8 cal/cm3 
since this value has been repeatedly found or con- 
firmed in previous s t ~ d i e s . ' , ~ ~ , ~ ~  The resulting best 
fit with these values fixed obtained by the computer 
program previously mentioned'*20 gives B M A / A N  

= 0.29 cal/cm3. This positive interaction is in con- 
trast to the negative value obtained from heat of 
mixing measurernent~~~ and from analysis of co- 
polymer composition boundaries for blends of SMA 
with SAN  copolymer^.^^ In addition, the predicted 
miscibility region (see dashed lines in Fig. 5) does 
not match the experimentally observed region very 
well. Some blends declared immiscible experimen- 
tally fall in the predicted miscible zone and vice 
versa. Retaining B S / A N  = 6.8 and B s / M A  = 15 cal/ 
cm3, a negative interaction of BMAIAN = -0.1 or 
-0.31 cal/cm3 would shift the upper boundary line 
higher than the dashed line in Figure 5 and the lower 
boundary line would lie in between the lower dashed 
and solid lines in Figure 5. Again, the predicted mis- 
cibility region using these interaction energy values 
would not match the experimentally observed region 
very well. It appears that the set of interaction ener- 
gies with B S / M A  = 10.6 cal/cm3 gives a better rep- 
resentation of the miscibility region for this blend 
system. 

The Bij set with BSIMA = 10.6 cal/cm3 at  170°C 
were used to calculate, using eq. ( 11 ) and the char- 
acteristic parameters for SMA copolymers and SAN 
 copolymer^,^^ the following: A P ~ / A N  = 7.37, 
@&AN = -0.36, and A P ~ / M A  = 10.9 cal/cm3. Bare 
interaction energies calculated from these @: val- 
ues are negative for blends bounded by the solid lines 
in Figure 5. The points in Figure 6 are the observed 
phase-separation temperatures (part a )  and the bare 
interaction energies (part b )  calculated from them 
for blends of SMA 14 with SAN copolymers of vary- 
ing AN content. The AP* calculated from the 
@: values given above [solid line in Fig. 6 (b)  ] are 
approximately 0.02-0.03 cal/ cm3 lower than those 
deduced from the experimental phase-separation 
temperatures. The open points with arrows in Figure 
6 ( b )  are for immiscible blends whose phase-sepa- 
ration temperatures must lie below 170°C. Note that 
the curve separates the miscible and immiscible 
blends quite well. The spinodal values [solid line in 
Fig. 6( a ) ]  deduced using this set of AP; predicts 
higher phase-separation temperatures than observed 
experimentally; however, the spinodal line defines 
the miscibility boundary fairly well. The predicted 
phase-separation temperatures are extremely sen- 
sitive to the value of AP* used in the calculations, 

wt% A N  in SAN 

wt% AN in SAN 

Figure 6 (a)  Phase-separation temperatures and (b)  
bare interaction parameters for 50/50 blends of SMA14 
with SAN copolymers. The arrows indicate phase-sepa- 
ration temperatures above the thermal degradation limit. 
The points in (b)  were calculated from the experimental 
phase diagram using the lattice fluid theory. The solid 
lines were calculated from U&AN = 7.37, APGAIAN 
= -0.36, and A P & M A  = 10.9 cal/cm3. 

e.g., an increase in AP* by approximately 0.02 cal/ 
cm3 will lower the phase-separation temperatures 
by about 200°C and better match what is observed 
experimentally. Because the observed phase-sepa- 
ration temperatures are so sparse, it is not possible 
to use this approach to get more refined estimates 
of the AP; values. 

Blends of SMA Copolymers with TMPC 

Blends of TMPC with polystyrene and its copoly- 
mers with MMA and AN are miscible, within certain 
limits of comonomer contents, and show LCST be- 
havior at elevated temperatures.26 Binary pair in- 
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Figure 7 
ymers determined by DSC (onset method) at 20"C/min. 

Glass transition temperatures for blends of TMPC with selected SMA copol- 

teraction energies for each monomer unit pair have 
been obtained by analysis of various experimental 
data for these systems using the Sanchez and La- 
combe theory.25 

A similar analysis of blends of TMPC with SMA 
copolymers is presented here. Blend films of TMPC 
with SMA copolymers, prepared by hot casting from 
THF and dried at 180"C, were transparent when 
the SMA copolymer contained 12 wt % MA or less. 
These blends showed a single Tg by DSC, as illus- 
trated in Figure 7, for selected SMA copolymers. 
Blends of TMPC with SMA copolymers with 14 wt  
% or more MA showed cloudy films and two Tg's 
were observed by DSC. Phase separation on heating 

was observed for blends of TMPC with the SMA 
copolymer containing 2 wt % MA as shown in Figure 
8. Miscible blends with SMA copolymers of other 
MA contents did not phase-separate upon heating 
prior to thermal decomposition. 

From the value of AP; /TMPc  = -0.17 cal/cm3 ob- 
tained in a prior analysis of blends of TMPC with 
polystyrene,26 we calculated via eq. ( l l ) ,  that 
B S / T M p c  = -0.14 cal/cm3 at 18OoC. From the value 
of ~ P ; / M A  = 10.9 cal/cm3 obtained from the analysis 
of blends of SMA copolymers with SMMA copoly- 
mers described earlier, we calculated via eq. ( 11 ) , 
that = 10.7 cal/cm3 at  180°C. Using these 
values and the observed miscibility limit for blends 
of SMA copolymers with TMPC at 180°C, we es- 
timated from eq. (3)  that 11.3 < B T M P C / M A  -= 11.7 
cal/cm3. The corresponding A P & ~ c / M A ,  from eq. 
( l l) ,  ranges from 11.6 to 11.9 cal/cm3. We believe 
that the bare interaction energy for the TMPCIMA 
pair is closer to 11.9 cal/cm3 (the corresponding 
Flory-Huggins parameter B T M ~ C / M A  = 11.7 cal/cm3 
at 180°C) since this better matches the experimental 
phase-separation temperature observed for TMPC 
blends with SMAB. 

Blends of SMA Copolymers with PPO 

Blends of PPO and polystyrene are miscible and do 
not phase-separate on heating prior to decomposi- 
tion.24,36-39 Ble nds of PPO have been reported to be 

0 2 0  4 0  6 0  8 0  100 miscible with SAN copolymers containing less than 
12.4 wt %.24,40 Fried and Hanna41 examined blends 
of PPO with SMA cor>olymers containing 8 and 14 

270- 

' SMA2 

260 

wt% TMPC - -  
Figure 8 
TMPC with SMA2. 

Phase-separation temperatures for blends of wt % MA by DSC and dynamic mechanical analysis. 
The phase behavior of blends of PPO with other 
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Figure 9 
determined by DSC (onset method) at 20°C/min. 

Glass transition temperatures for blends of PPO with selected SMA copolymers 

SMA copolymers was examined more thoroughly 
here to obtain better estimates of the interaction 
energies that describe the phase behavior of these 
blends. 

Blends of PPO with SMA copolymers containing 
10 wt % MA and less, solution-cast from chloroform, 
were found to be transparent and exhibited a single 
Tg. Figure 9 shows the Tg behavior for blends of 50/ 
50 wt % PPO with polystyrene and with selected 
SMA copolymers. SMA copolymers containing 12 
wt % MA or more were found to be immiscible with 
PPO. None of the miscible blends phase-separated 
on heating prior to thermal decomposition. 

The interaction energy densities were calculated 
using the same method of analysis for blends of 
TMPC with SMA copolymers since one miscibility 
boundary is observed. Gan et al.24 calculated that 
APglpp0 < -0.42 cal/cm3 based on the fact that 
PPO/PS blends do not phase-separate on heating 
to temperatures of a t  least 300" C; this corresponds 
to BsjppO < -0.37 cal/cm3 at 180°C. From analysis 
of blends of SMA with SMMA copolymers, B S / M A  

= 10.7 cal/cm3 at 180°C. From these two values and 
the miscibility limit for blends of PPO with SMA 
copolymers, it is estimated that BPPO/MA must lie in 
the range from 14.2 to 15.1 cal/cm3. The corre- 
sponding AP&OIMA ranges from 14.7 to 15.3 
cal/ cm3. 

CONCLUSIONS 

Miscibility regions for blends of SMA copolymers 
with styrenic copolymers containing MMA and AN 
were examined. Some miscible blends of SMA co- 

polymers with SMMA copolymers phase-separate 
upon heating, whereas others did not prior to ther- 
mal degradation. Blends of SMA copolymers with 
SAN copolymers show miscibility when the MA and 
AN contents are not too different, as shown by oth- 
e r ~ . ~ ~ - ~ ~  Most of the miscible blends did not phase- 
separate before the thermal degradation tempera- 
ture. Blends of SMA copolymers with TMPC and 
PPO were also investigated here, and in essentially 
all cases, the miscible blends did not phase-separate 
prior to thermal degradation. 

Approximate Flory-Huggins interaction energies, 
B i j  , were obtained from mapping the copolymer-co- 
polymer miscibility regions using the binary inter- 
action model for blends of SMA copolymers with 
SMMA copolymers and with SAN copolymers. 
Sanchez-Lacombe interaction energies, AP; , cal- 
culated from the Bi, values in these cases, do not 
predict the phase diagrams very well due to the ex- 
treme sensitivity to the AP* values used. For both 
blend systems, the observed phase-separation tem- 
peratures were too sparse to obtain refined estimates 
using this information. Because of the limited ob- 
servable LCST behavior for blends of TMPC or PPO 
with SMA copolymers, it was only possible to obtain 
upper or lower bounds on certain pair interaction 
energies for these systems. 

Table V lists the interaction energy densities for 
the various monomer pairs determined from this 
analysis along with values obtained from other blend 
systems using various techniques. As shown, the in- 
teraction energies determined from this study cor- 
respond quite well to previously reported interaction 
energy values. A negative interaction energy was 
obtained for the MA/AN pair; however, strong re- 
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Table V Interaction Parameters (cal/cm3) for Various Monomer Pairs 

This study 
Other Sources 

Bij 
Interaction Pair bpi: (at T'C) *$ Bij X System Methoda Refs. 

S-MMA 0.23 0.22 
(170) 

S-MA 

MMA-MA 

S-AN 

10.9 10.7 
(170) 

7.28 7.18 
(170) 

7.37 6.80 
(170) 

MA-AN -0.36 -0.31 
(170) 

TMPC-S -0.17 -0.14 
(180) 

TMPC-MA 11.6-11.9 11.3-11.7 
(170) 

(180) 

(180) 

PPO-s < -0.42 < -0.37 

PPO-MA 14.7-15.3 14.2-15.1 

0.23 

0.15 
0.13 

7.52 

7.37 

5.91 

-0.36 

-0.17 

< -0.42 

0.30-0.36 
0.19 

0.18 

14.9 

7.32 
13.0 

9.30 

7.02 
6.74 
8.14 
8.02 

6.8 
3.17 
4.99 
8.0 
6.9 

8.41 

-0.38 

-0.34 
0.49 

PMMA/SAN 
PMMA/PS 
TMPC/SMMA 
MMA/ChMA copolymers/PS 
PMMA/PS/solvent 

0.01 PMMA/SAN 

PMMA/SMA 
0.18 SMA/SAN 

PMMA/SMA 
0.2 SMMA/SMA 

TMPC/SAN 
PMMA/SAN 
PMMA/SAN 
SAN/MMA copolymers with 

PhMA, ChMA or tBMA 
SAN/ChMA/MMA copolymers 

PMMA/SAN 
SAN/SAN 

0.1 SMA/SAN 

SMA/SAN 
4 x 10-4 SMA/SAN 

TMPC/PS 

PPO/SAN 
-0.1 PPO/PS 

A 24 
c 22 
A 25 
B 42 

B 46 

B 29 
B 34 
E 31 
F 54 

B 29 
B 47 

A 25 
B 48 
B 49 
B 20 

B 50 
E 31 
B 51 
B 52 
E 53 
B 34 
F 54 

B 28 
B 34 
E 31 
F 54 

A 26 

D 43-45 

B 24 
B 36 

a A = Analysis of LCST-type phase diagram. B = Analysis of copolymer miscibility boundaries. C = Critical molecular weight 
method. D = Light scattering from polymer/polymer/solvent mixtures. E = Heats of mixing of low molecular weight analogs. F 
= Solubility parameter theory using group contribution methods developed by H O ~ . ~  

pulsive interactions were obtained for the MA unit 
with all other monomer units examined here. The 
interaction energy values reported here will be useful 
in the design of multicomponent polymer systems. 
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