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Abstract

Isothermal miscibility maps for blends of styrene–acrylonitrile (SAN) copolymers with methyl methacrylate (MMA) copolymers contain-
ing ethyl acrylate (EA) andn-butyl acrylate (nBA) have been determined. The miscibility region for MMA-nBA copolymers is larger than
that for MMA-EA copolymers. Binary interaction energies for monomer unit pairs were calculated from critical molecular weight experi-
ments and data from the miscibility maps using with the Flory–Huggins theory combined with the binary interaction model. Spinodal
temperatures predicted from the lattice-fluid theory of Sanchez and Lacombe, using these experimental interaction energies, are similar to the
experimental phase separation temperatures.q 1999 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

The energetic interaction between unlike polymer pairs is
a fundamental thermodynamic issue that governs the state of
miscibility of their blends or the nature of the interface
between domains when the blend is phase separated. It is,
therefore, crucial to quantify these interactions, and this work
contributes to a growing base of polymer–polymer interaction
energies for use in the rational design of multicomponent
polymer systems. One approach to obtaining this information
is to observe the boundaries (molecular weight, copolymer
composition, temperature) that divide miscible from immis-
cible blendsand interpret these results within the framework of
an appropriate thermodynamic theory.

Blends of poly(methyl methacrylate) (PMMA) with styr-
ene–acrylonitrile copolymers (SAN) form miscible blends
within a well-defined range of AN content and temperature
[1–7]. Thus, copolymers of methyl methacrylate with another
monomer X must have some region of miscibility with SAN
copolymers and several such systems have been studied pre-
viously in this laboratory. For example, Nishimoto et al. [7]
investigated blends of SAN copolymers with methyl metha-
crylate copolymerized with cyclohexyl methacrylate, CHMA,
phenyl methacrylate, PhMA, and tert-butyl methacrylate,
tBMA. Gan and Paul [8–10] also examined blends of SAN

copolymers with MMA-tBMA and methyl methacrylate-
glycidyl methacrylate copolymers, MMA-GMA. By mapping
the regions of AN and X comonomer compositions that divide
miscible from immiscible blends at a fixed temperature and
molecular weight of the components, it is possible to obtain
someinformationabout thebinary interactionenergiesbetween
thevarious repeat unit pairs.Thispaper continues the use of this
strategy to gain further knowledge about polymer–polymer
interactions for systems of some technological significance.

Methacrylate polymers are notorious for their tendency to
depolymerize by an unzipping mechanism at temperatures
near those used in processing. However, acrylate polymers
have much higher ceiling temperatures and do not unzip at
normal processing temperatures. Thus, small amounts of an
acrylate comonomer are incorporated in commercial MMA-
based polymers to increase their stability against depoly-
merization. Therefore, it is important to understand the
effect of the acrylate content of MMA-based polymers on
their miscibility with other polymers. Ethyl acrylate (EA)
andn-butyl acrylate (nBA) are typical acrylates used for this
purpose and were chosen for this study of blends of MMA-X
copolymers with SAN copolymers.

2. Theory

Three approaches to obtaining interaction energy infor-
mation will be used in this study, and all require the use of
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an appropriate thermodynamic theory of mixing. The
simplest theory for polymer mixtures is that of Flory and
Huggins [11,12] which gives the free energy of mixing for a
blend of polymers A and B as

Dgmix ¼ BfAfB þ RT
rA ln fA

MA
þ

rB ln fB

MB

� �
, (1)

where R is the universal gas constant, T is the absolute
temperature, andf i, r i, and M i are the volume fraction,
density, and molecular weight of component i, respectively.
According to the binary interaction model [13–15], the
interaction energy densityB of a polymer blend involving
copolymers can be expressed in terms of interactions
between the various pairs of monomer units present and
their volume fraction in the copolymer. For a blend of copo-
lymer A, consisting of monomers 1 and 2, and copolymer B,
consisting of monomers 3 and 4, this expression is

B¼ B13f19f30 þ B14f19f40 þ B23f29f30 þ B24f29f40

¹ B12f19f29 ¹ B34f30f40, ð2Þ

where f i9 is the volume fraction of monomeri in the
copolymer A,f j0 is the volume fraction of monomer j in
copolymer B, andBij is the interaction between monomer
units i and j. Isothermal miscibility mapping in conjunction
with Eq. (2) is one method of obtaining information about
the variousBij values.

Kambour et al. [14], and Callaghan and Paul [16,17],
have used a critical molecular weight method for determin-
ing positive interaction energies. The molecular weights of
the immiscible component polymers are reduced until the
blend becomes miscible due to the dominance of the favor-
able contribution of the entropy of mixing over the unfavor-
able enthalpy of mixing. The critical interaction energy at
this boundary between miscibility and immiscibility is
given by the following equation

Bcrit ¼
RTc

2
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r� �2

: (3)

A third approach to evaluating interaction energies is a
quantitative analysis of the phase diagram; polymer blends
often exhibit phase separation on heating or a lower critical
solution temperature (LCST). The Flory–Huggins theory
assumes incompressibility of the polymer mixture; there-
fore, it is unable to predict LCST behavior in a simple
way. Equation-of-state (EOS) theories, such as the lattice-
fluid theory proposed by Sanchez and Lacombe [18–22],
include compressibility and naturally predict LCST beha-
vior. The lattice-fluid equations are expressed in terms of
reduced pressure, temperature, and density (or volume), i.e.
P̃¼ P=Pp, T̃ ¼ T=Tp, r̃¼ 1=ṽ¼ r=rp, where the variables
with asterisks are characteristic parameters. The character-
istic parameters are calculated by fitting experimental PVT
data of the homopolymers to the lattice-fluid equation-of-
state and using mixing rules for copolymers. Because the
mathematical form of the equation-of-state does not
perfectly fit the experimental PVT data for polymers, the

parameters obtained depend to some degree on the details of
the curve fitting process and especially the temperature
range of the PVT data used. The significance of this fact
becomes evident in later discussions.

The characteristic pressure of the mixtureP* is related to
the bare interaction energyDP*:

P p ¼ f1P¬
1 þ f2P¬

2 ¹ f1f2DP¬, (4)

wherePi* is the characteristic pressure of the component i.
The bare interaction energy can be related to the Flory–
Huggins interaction energy density at the spinodal condition
as follows [23,24]:
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wherer is the chain length andv* is the characteristic hard
core volume per mer. Thus, by comparing experimental
phase separation temperatures of the LCST type to the lat-
tice-fluid theory, information about the interaction energy
density of a blend can be obtained.

3. Materials and procedures

Methyl methacrylate andn-butyl acrylate monomers were
washed with an aqueous sodium hydroxide solution, rinsed
with distilled water, and dried over calcium chloride. Ethyl
acrylate was used as received. Polymerization was performed
in bulk at 608C with AIBN as the initiator. Polymer was
recovered using an excess of methanol and was purified
using chloroform/methanol reprecipitation. Conversion was
kept less than 10% to avoidcomposition drift in thecopolymer.

Table 1
Acrylic polymers synthesized for this study

Abbreviation Wt%
Acrylate

M̄n M̄w Tg (8C)

PMMA 0 116 000 217 500 117
MMA-EA3 3 143 000 283 700 110
MMA-EA8 8 142 100 279 500 108
MMA-EA10 10 162 000 309 000 101
MMA-EA12 12 146 300 291 800 91
MMA-EA13 13 152 800 304 400 87
MMA-EA15 15 159 700 308 300 84
MMA-EA22 22 166 000 326 000 74
MMA-nBA7 6.9 172 700 374 400 106
MMA-nBA13 13 187 600 404 400 83
MMA-nBA18 18 205 500 413 500 65
MMA-nBA27 27 187 700 336 700 59
MMA-nBA32 32 167 600 314 000 48
MMA-nBA35 35 154 900 300 900 43
MMA-nBA40 40 205 500 413 500 35
PEA 100 34 500 395 000 ¹ 17
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The polymers synthesized in this study are described in
Table 1. The comonomer content of synthesized polymers
was determined by1H NMR. Molecular weight information
was obtained using gel permeation chromatography cali-
brated with polystyrene standards. These copolymers were
blended with the various SAN copolymers, listed in Table 2.
Table 3 contains information about the polymer standards
used in critical molecular weight experiments. All blends
were solution cast from dichloromethane at room tempera-
ture, then dried under vacuum while increasing the tempera-
ture 308C every day until 1208C. Glass transition
temperatures were determined using a Perkin-Elmer DSC-
7 at a scanning rate of 208C/min. A first scan was run to
1208C to erase thermal history and a second scan was run for
analysis. Fig. 1 shows the onset glass transition tempera-
tures for the synthesized copolymers. As the glass transition
temperatures of the copolymers were too close to observe
blend miscibility using DSC, phase behavior was
determined visually. Phase separation temperatures were

determined using a Mettler FP82HT Hot Stage equipped
with a Mettler FP80HT Central Processor. A Gnomix
PVT apparatus was used to obtain PVT data for PnBA
from which the characteristic Sanchez–Lacombe equa-
tion-of-state parameters were calculated.

4. Discussion of previously determined interaction
energies

A complete description of the phase behavior for the
blends of styrene–acrylonitrile (SAN) copolymers with
methyl methacrylate copolymers requires knowledge
about six different binary interaction energies for each set
of blends, as seen in Eq. (3). There are three common inter-
action energies for all blends of this type, viz.,BS/AN, BMMA/

AN, and BS/MMA, which have been evaluated previously in
other studies [8,16,25–32]; those results will be discussed
here.

In Figs 2 and 3, experimental values ofBij from the lit-
erature are plotted as a function of the temperature at which
they were determined. These data were obtained using var-
ious methods, such as concentrated ternary solution mea-
surements [25–27], small angle neutron scattering [28],
critical molecular weight technique [16], and copolymer

Table 3
Polymer standards used in this study

Polymer M̄n M̄w=M̄n Source

PS 580 580 1.18 Polymer Laboratories
PS 800 800 1.30 Pressure Chemical
PS 2000 2000 1.06 Pressure Chemical
PS 4000 4000 , 1.06 Pressure Chemical
PS 9000 9000 , 1.06 Pressure Chemical
PS 17 500 17 500 1.04 Pressure Chemical
PS 30 300 30 300 1.03 Polymer Laboratories
PS 400 000 400 000 # 1.06 Pressure Chemical
PMMA 1210 1210 1.16 Polymer Laboratories
PMMA 4250 4250 1.07 Polymer Laboratories
PMMA 10 550 10 550 1.11 Polymer Laboratories
PMMA 20 300 20 300 1.11 Polymer Laboratories
PMMA 265 600 265 600 # 1.14 Pressure Chemical
PnBA Mw ¼ 101 000 2.66 Aldrich Chemical

Table 2
SAN copolymers used in this study

Polymer wt% AN M̄n M̄w Source

SAN3.5 3.8 93 000 204 000 Asahi Chemical
SAN6.3 6.3 121 000 343 000 Dow Chemical

Co.
SAN9.5 10.0 94 700 195 600 Asahi Chemical
SAN11.5 12.9 68 300 151 400 Asahi Chemical
SAN13.5 15.2 56 300 149 000 Asahi Chemical
SAN15.5 17.7 65 300 144 300 Asahi Chemical
SAN16 15.9 – 173 900 Dow Chemical

Co.
SAN19.5 20.8 84 300 178 700 Asahi Chemical
SAN23 23 43 300 117 500 Daicel Chemical

Ind. Ltd.
SAN25 25 77 000 152 000 Dow Chemical

Co.
SAN28 28.4 52 900 143 800 Asahi Chemical
SAN30 30 81 000 168 000 Dow Chemical

Co.
SAN33 33 68 000 146 000 Monsanto Co.

Fig. 1. Glass transition temperatures for synthesized copolymers deter-
mined by DSC (onset method) at 208C/min: (a) MMA-EA copolymers;
(b) MMA-nBA copolymers.
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miscibility boundaries [8,29–32]. The solid curves were
calculated from Eq. (5) using the characteristic parameters
found in Table 4 and the values ofDP* shown. TheDP*
values were selected so that the curves would roughly
bracket the data. The dotted curves show the values pro-
posed by Brannock et al. [29]. In the plots forBS/AN [Fig.
2(a)] andBMMA/AN [Fig. 2(b)] the temperature range of the
characteristic parameters used to calculate the curves was
1508C–2008C, which corresponds well to the experimental
temperatures used in this study. In Fig. 2, these curves and
the ones suggested by Brannock have similar shapes and

follow the trends shown by the data. The fact that the
temperature dependence of these Flory–Huggins based
interaction energies is well-described by the Sanchez–
Lacombe theory with constantDP*ij suggests that the origin
of the temperature dependence lies in equation-of-state
effects.

The corresponding plot forBS/MMA is shown in Fig. 3(a).
The curves calculated using equation-of-state parameters
evaluated over the temperature range of 1508C–2008C do
not agree well with the temperature dependence of
the experimentalBS/MMA values from the literature, i.e. the
data seems to have a positive temperature slope while the
calculated curves have a slight negative slope. However,
when using characteristic parameters evaluated over the
temperature range of 2208C–2708C, which differ slightly
from the characteristic parameters corresponding to the pre-
vious temperature range as seen in Table 4, the calculated
curves have a slope similar to that of the experimental data,
as shown in Fig. 3(b). Thus, the temperature range over
which the EOS parameters are evaluated can have an impor-
tant effect on the predicted temperature dependence of the
Flory–Huggins interaction energy,Bij , in some cases.

Fig. 2. Bij values as a function of temperature using characteristic para-
meters calculated directly from experimental data for the temperature range
1508C–2008C: (a)BS/AN; (b) BMMA/AN . The solid curves were calculated for
the value ofDP* shown. The dashed curves are those proposed by Bran-
nock [29]. The data are from (+ ) Brannock [29]; (•) Gan [8,30,31]; and (B)
Nishimoto [32].

Table 4
Sanchez–Lacombe characteristic parameters used in this study

Polymer T*(K) P*(MPa) r*(g cm¹3) Temperature
range (8C)

Reference

PS 751 397.0 1.109 150–200 [31]
PS 810 373.0 1.092 220–270 [31]
PMMA 728 503.0 1.2601 150–200 [33]
PMMA 742 509.0 1.2564 220–270 [33]
PAN 853 535.7 1.2299 150–200 [33]
PEA 640 401.4 1.1857 37–217 [34]
PnBA 646 378.8 1.1459 150–210 this study

Fig. 3.BS/MMA as a function of temperature using characteristic parameters
calculated for the temperature ranges: (a) 1508C–2008C; and (b) 2208C–
2708C. The solid curves were calculated for the value ofDP* shown. The
dashed curves are those proposed by Brannock [29]. The data are from (O)
Callaghan [16]; (3) Fukuda [25–27]; (•) Gan [8,30,31]; (P) Massa [16];
(B) Nishimoto [32]; and (A) Russell [16,28].
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To better understand the predicted temperature dependence
of B, the components of Eq. (5) used to develop the curves
shown in Figs 2 and 3 must be examined more closely. This
equation consists of two basic parts: the first term containing
the bare interaction energy, and the remaining terms in the
brackets which account for the equation-of-state effects.
Values for these two parts of the equation were calculated
for the various interaction pairs using characteristic para-
meters evaluated over different temperature ranges in the
PVT data. It was found for a givenDP* that the first term,
r̃DPp, decreases with temperature; whereas, the group of
remaining terms generally increases with temperature. For
large values ofDP*, the second term is not significant; how-
ever, for small values ofDP* the second term can be signifi-
cant enough to change the slope. Thus, for mostBij, the first
term dominates and there is an overall increase with tempera-
ture. However, withBS/MMA the magnitudes are small enough
that the second term of Eq. (5) can become dominant and
slight differences in the characteristic parameters can cause
significant changes in the predicted temperature dependence
of BS/MMA. The values used in this study were chosen using
the characteristic parameters from the logical temperature
range of 1508C–2008C.

5. Critical molecular weight experiments

There are three remaining binary interaction energies for
each of the current blend systems:BS/EA, BMMA/EA , and
BEA/AN for the MMA-EA/SAN blends, andBS/nBA, BMMA/

nBA, and BnBA/AN for the MMA-nBA/SAN blends. In
principle, information about the interaction of styrene,
S, and methyl methacrylate, MMA, units with each of
these acrylate monomer units, EA or nBA, can be obtained

by the so-called critical molecular weight technique
[14,16,17]. For some immiscible polymer pairs, decreas-
ing the molecular weight of one or both components can
lead to miscibility; thus, Eq. (3) can be used to calculate
the interaction energy from these observed critical mole-
cular weights that define the boundary between miscibility
and immiscibility. Blends of high molecular weight
homopolymers of PEA and PnBA with homopolymers
of PS and PMMA of various molecular weights were
used in such experiments; the results are shown in Tables
5 and 6. Since the necessary polyacrylonitrile polymers
are not available, this approach could not be used to obtain
information aboutBEA/AN or BnBA/AN.

Blends of PEA with monodisperse polystyrenes with
molecular weights ranging from 580 to 400 000 were all
found to be immiscible. This indicates thatBS/EA is
greater than 0.76 cal/cm3. Blends of PEA with PMMA
polymers havingMn ¼ 10 500 and higher were cloudy,
but those with molecular weights below 4250 were
clear, which suggests 0.058, BMMA/EA , 0.13 cal/cm3.
Cowie et al. [35] also obtained miscibility data using
blends of PMMA with PEA of various molecular weights.
Evaluating these data in the same manner using Eq. (3),
gives BMMA/EA ¼ 0.13 cal/cm3, which is similar to the
findings in this study.

BlendsofPnBAwithPShavingMn ¼ 2000 and higher were
all immiscible, but the blend with PS havingMn ¼ 800 was
found to be miscible; thus, 0.27, BS/nBA , 0.61. Blends of
PnBA with PMMA having molecular weights greater than
4250 were cloudy; however, the PnBA blend with PMMA
having Mn ¼ 1,210 were clear, which leads to 0.15,
BMMA/nBA , 0.46. This information is useful in conjunction
with the isothermal miscibility maps described below for
determining values of all relevant binary interaction energies.

Table 5
Results from critical molecular weight experiments using PEA

PS molecular weight Film appearance BS/EA (cal/cm3) PMMA
molecular weight

Film appearance BMMA/EA (cal/cm3)

400 000 cloudy . 0.0042 265 600 cloudy . 0.0055
30 300 cloudy . 0.022 20 300 cloudy . 0.033
17 500 cloudy . 0.034 10 550 cloudy . 0.058
9 000 cloudy . 0.060 4 250 clear , 0.13
4 000 cloudy . 0.12 1 210 clear , 0.41
2 000 cloudy . 0.23

800 cloudy . 0.56
580 cloudy . 0.76

Table 6
Results from critical molecular weight experiments using PnBA

PS molecular weight Film appearance BS/nBA (cal/cm3) PMMA
molecular weight

Film appearance BMMA/nBA (cal/cm3)

9000 cloudy . 0.077 10 550 cloudy . 0.074
4000 cloudy . 0.15 4 250 cloudy . 0.15
2000 cloudy . 0.27 1 210 clear , 0.46
800 clear , 0.61

2691J.H. Chu, D.R. Paul/Polymer 40 (1999) 2687–2698



6. Isothermal miscibility maps and evaluation of
interactions

Copolymer composition miscibility maps for MMA-EA/
SAN and MMA-nBA/SAN blends at 1208C are shown in
Figs 4 and 5, respectively; both systems show a closed loop
region of miscibility. Miscibility of pure PMMA is observed
with SAN copolymers containing between 12.9 and 30 wt%
AN as reported previously [1–7]. The addition of acrylate
comonomer causes the AN limits to narrow and eventually
vanish. MMA-EA copolymers containing 13 wt% EA or
greater were immiscible with all SAN copolymers. The mis-
cibility region for MMA-nBA/SAN blends is also a closed
loop, but it includes a larger acrylate range as shown in Fig.
5. Some region of miscibility was found for all blends with
MMA-nBA copolymers containing up to 35 wt% nBA,
while the copolymer containing 40% nBA was found to
be immiscible with all SAN copolymers. In contrast to
EA, addition of nBA tends to skew the miscible region
towards lower AN content of the SAN copolymer. These

results show that the low levels of acrylate, either EA or
nBA, content used in commercial PMMA materials should
have minimal effect on the region of miscibility with SAN
copolymers.

A set of interaction energies for each blend system can be
obtained by fitting Eqs. (2) and (3) to the miscibility maps;
however, values for at least one of the sixBij required for
each system must be fixed [9]. Since there is extensive data
available in the literature for the S/MMA pair and it is one of
the three pairs common to both systems,BS/MMA was
selected to be the fixed parameter, and the value of
0.22 cal/cm3 determined at 1208C by Gan and Paul [30]
was selected for this purpose.

To fit the theory to the experimental miscibility maps
requires aBcrit value, defined by Eq. (3), for each blend
system. Since the molecular weight varies some among
the various copolymers, the actualBcrit value is not strictly
the same for each blend composition as shown in Fig. 6. The
unshaded boxes represent miscible blends, while the shaded
boxes indicate immiscible blends. The averageBcrit value
for the MMA-EA/SAN blends along the miscibility border
is 0.0085 cal/cm3 and the average value for the correspond-
ing MMA-nBA/SAN blends is 0.0076 cal/cm3. Deviations
from the averageBcrit value must be considered in the fitting
of interaction parameters determined in this manner.

A computer program was written to determine the set of
interaction energies [see Eq. (2)] which best fit the experi-
mental data to the Flory–Huggins based criteria for misci-
bility. The user specifies an upper and lower limit for each
interaction energy. The information found by the critical
molecular weight experiments and in the literature was
used to constrain the possibleBij values in this study. For
each set of interaction energies within the constraints, the
program first determines the curve represented by the inter-
action energies, as defined by Eq. (2). Then, the sum of the
orthogonal distance between this curve and the data points
along the miscibility border is calculated. The program also
includes an arbitrary penalty for each data point on the
wrong side of the boundary, such as a miscible data point
located in the immiscible region. The sum of the orthogonal
distances and the penalties comprise an objective function.
The program determines the set ofBij values for which this
objective function is minimized.

The five Bij values found by fitting the theory indepen-
dently to the data for both blend systems are shown in Table
7. The corresponding values ofDPij* computed from these
values using Eq. (5) are also shown. Both systems yield a
value ofBMMA/AN ¼ 4.51 cal/cm3 which agrees well with the
literature results shown in Fig. 2(b). For the S/AN interac-
tion, the EA results lead to a value of 7.13 cal/cm3 while the
nBA results give a slightly lower value of 7.05 cal/cm3, both
of which fall within the range of prior results as seen in Fig.
2(a). Table 7 also shows the interaction energies for EA and
for nBA with S, AN and MMA. The trend of these values
with repeat unit structures will be discussed in a subsequent
section. The confidence limits for the calculated interaction

Fig. 4. Copolymer miscibility map at 1208C for 50/50 wt% blends of
MMA-EA copolymers with SAN copolymers: (+ ) miscible; (•) immiscible.
The solid curve was calculated from theBij set obtained from the best fit of
the miscibility map (see Table 7 for values).

Fig. 5. Copolymer miscibility map at 1208C for 50/50 wt% blends of
MMA-nBA copolymers with SAN copolymers: (+ ) miscible; (•) immisci-
ble. The solid curve was calculated from theBij set obtained from the best
fit of the miscibility map (see Table 7 for values).
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energies, given in Table 7, were found by adjusting each
interaction parameter and determining the limit where a fit
to the miscibility data could be found by changing the other
parameters [36].

7. Phase separation behavior

Another method of gaining information about interaction
energies is to analyze the observed phase diagram using the
lattice-fluid theory. New experimental PVT data for PnBA
developed for this purpose are reported in Table 8. The
Sanchez–Lacombe characteristic parameters deduced
from these data are listed in Table 4 along with the other
relevant characteristic parameters given in the literature.

Fig. 6. Bcrit values (cal/cm3) as a function of blend composition: (a) MMA-EA/SAN; (b) MMA-nBA/SAN. Shaded boxes correspond to immiscible blend
compositions and unshaded boxes correspond to miscible blends.

Table 7
Interaction energies (cal/cm3) at 1208C

Interaction
pair

MMA-EA/SAN MMA-nBA/SAN Confidence limits
for Bij (cal/cm3)

DP* ij Bij DP* ij Bij

S/MMA 0.23 0.22 0.23 0.22 6 0.02
MMA/AN 4.55 4.51 4.55 4.51 6 0.33
S/AN 7.49 7.13 7.40 7.05 6 0.43
MMA/EA ¹0.11 0.11 6 0.10
S/EA 0.64 0.86 6 0.10
EA/AN 4.43 5.01 6 0.11
MMA/nBA 0.31 0.45 6 0.05
S/nBA 0.04 0.28 6 0.05
nBA/AN 6.29 6.63 6 0.05
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Only two of the MMA-EA/SAN blends and one MMA-
nBA/SAN blend were found to exhibit LCST behavior
within the accessible temperature ranges between the glass
transition and the thermal degradation limit. The
experimental phase separation temperatures are shown in
Table 9. The calculated spinodal temperatures for each of
these blends predicted by the interaction energies found
from the copolymer miscibility maps are also in Table 9.
While the experimental phase separation temperatures do
not necessarily correspond to the spinodal temperatures,
they are expected to follow a similar trend.

The experimental phase separation temperature for the
MMA-EA3/SAN30 blend was found to be between 1908C
and 2008C. This is similar to the spinodal temperature of
1908C predicted by the interaction energies determined from
the miscibility map. The MMA-EA8/SAN28 blend exhibited
phase separation between 1208C and 1308C, which is close to
the predicted spinodal temperature of 1378C. The only butyl
acrylate copolymer to show any phase separation was MMA-
nBA7; its blend with SAN28 phase separated between 1808C
and 1858C. This also is similar to the spinodal temperature of

1838C predicted by the interaction energies. Thus, all of the
experimental phase separation temperatures are close to those
predicted by the interaction energies from the isothermal mis-
cibility maps.

8. Trends in interaction energies

The interaction energies for various methacrylate and
acrylate repeat units, including ethyl methacrylate (EMA),
n-propyl methacrylate (nPMA), andn-butyl methacrylate
(nBMA), with styrene, acrylonitrile, and methyl methacry-
late repeat units are shown in Table 10. This table includes
interaction energies from previous studies of blends of
MMA-X copolymers with SAN copolymers, where X¼
tert-butyl methacrylate (tBMA) [9,10], phenyl methacrylate
(PhMA) [9,32], and cyclohexyl methacrylate (CHMA)
[9,32]. For consistency, these data have been reevaluated
via the computer program described previously using the
parameters fixed in this study; the recalculated interaction
energies are included in Table 10. The corresponding mis-
cibility maps are shown in Fig. 7. The interaction energies
determined here differ only slightly from those determined
previously; as seen in Table 10, most of these interaction
energies are within or just outside of the range of values
found formerly. DiPaolo-Baranyi and Degre´ [37] blended a
high molecular weight poly(n-butyl methacrylate)
(PnBMA) with two monodisperse PS homopolymers, one
of high molecular weight and the other of low molecular
weight. The blend with the PS of higher molecular weight
was found to be immiscible, while that with the lower mole-
cular weight PS was miscible. These data were analyzed

Table 8
Specific volume (cm3/g) of PnBA as a function of pressure and temperature

P (MPa) T (8C)

30 60 90 120 150 180 210

10 0.9137 0.9356 0.9546 0.9745 0.9976 1.0192 1.0415
20 0.9076 0.9285 0.9468 0.9654 0.9866 1.0067 1.0266
30 0.9026 0.9227 0.9406 0.9581 0.9786 – 1.0161
40 0.8980 0.9177 0.9347 0.9515 0.9710 0.9888 1.0066
50 0.8939 0.9127 0.9292 0.9453 0.9641 0.9813 0.9982
60 0.8899 0.9081 0.9242 0.9396 0.9576 0.9743 0.9906
70 0.8861 0.9038 0.9194 0.9343 0.9516 0.9680 0.9834
80 0.8825 0.8992 0.9149 0.9296 0.9455 0.9614 0.9765
90 0.8788 0.8955 0.9106 0.9246 0.9408 0.9556 0.9704

100 0.8753 0.8918 0.9064 0.9204 0.9358 0.9502 0.9648
110 0.8722 0.8885 0.9026 0.9160 0.9309 0.9452 0.9593
120 0.8691 0.8850 0.8987 0.9118 0.9266 0.9404 0.9539
130 0.8663 0.8817 0.8950 0.9080 0.9221 0.9359 0.9488
140 0.8633 0.8789 0.8917 0.9040 0.9182 0.9311 0.9441
150 0.8604 0.8755 0.8884 0.9004 0.9140 0.9271 0.9394
160 0.8577 0.8724 0.8853 0.8966 0.9102 0.9230 0.9352
170 0.8553 0.8698 0.8822 0.8934 0.9065 0.9189 0.9309
180 0.8524 0.8669 0.8788 0.8900 0.9030 0.9150 0.9266
190 0.8500 0.8641 0.8758 0.8866 0.8993 0.9113 0.9228
200 0.8476 – 0.8729 0.8835 0.8959 0.9077 0.9187

Table 9
Predicted spinodal temperatures and experimental phase separation tem-
peratures for blends in this study

Blend (50/50 wt%) Predicted spinodal tem-
perature (8C)

Experimental phase
separation temperature
(8C)

MMA-EA3/SAN30 190 190–200
MMA-EA8/SAN28 137 120–130
MMA-nBA7/SAN28 183 180–185
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using Eq. (3) to obtain the range of values listed in Table 10
for BS/nBMA. Similarly, Cowie et al. [35] blended PMMA
polymers of various molecular weights with poly(methyl
acrylate) (PMA) and poly(ethyl acrylate) (PEA) of various
molecular weights. Analysis of the reported phase behavior
of these blends using Eq. (3) gives 0.19, BMMA/MA , 0.22
andBMMA/EA ¼ 0.13 cal/cm3, which differ slightly from the
values reported by Cowie et al. [35]

The first section of Table 10 deals with the interaction of
MMA units with other methacrylate and acrylate units. The
interaction energy of MMA with each of the methacrylates
and acrylates of interest here is positive. The interaction of
MMA with each of these acrylates is a small, positive value.
As the length of the pendantn-alkyl group in the acrylate
repeat unit increases, the interaction energy of the acrylate
with MMA initially decreases then increases; the interaction
with EA has the smallest value. The interaction energies of
MMA with methacrylates listed in Table 10 are all larger
than the interaction energies of MMA with acrylates. Other
values for the interaction of MMA with somen-alkyl

methacrylates [38,39] are not given in Table 10 because
the methods employed to evaluate them are not as reliable
as those used here. The interaction energy for MMA with
tBMA is larger than that with CHMA which is larger than
that with PhMA.

The interaction energies for the acrylonitrile unit with the
methacrylate and acrylate units shown in Table 10 are all
positive and much larger than those for methyl methacrylate
units with other methacrylate and acrylate units. The

Table 10
Interaction energy densities (cal/cm3)of methacrylates and acrylates

Interaction pair B DP* T (8C) Reference

MMA-tBMA 1.35 130 this studya

1.36–1.67 130 [9]
MMA-CHMA 0.73 130 this studya

0.80–0.87 130 [9]
MMA-PhMA 0.23 130 this studya

0.20–0.30 130 [9]
MMA-MA 0.19–0.22 30 [35]b

MMA-EA 0.11 ¹ 0.11 120 this study
0.13 30 [35]b

MMA-nBA 0.45 0.31 120 this study
AN-MMA 4.51 4.55 120 this study
AN-EMA 5.33 30 [29]
AN-nPMA 5.85 30 [29]
AN-tBMA 6.42 130 this studya

6.05–6.40 130 [9]
AN-CHMA 6.66 130 this studya

6.56–6.90 130 [9]
AN-PhMA 4.47 130 this studya

4.35–4.42 130 [9]
AN-EA 5.01 4.43 120 this study
AN-nBA 6.63 6.29 120 this study
S-MMA 0.22 0.23 120 [30]
S-EMA ¹ 0.0361 ¹ 0.061 30 [29]
S-nPMA ¹ 0.0309 ¹ 0.151 30 [29]
S-nBMA 0.01–0.27 140 [37]c

S-tBMA 0.75 130 this studya

0.97–1.01 130 [9]
S-CHMA ¹ 0.03 130 [9]
S-PhMA 0.20 130 this studya

0.33–0.39 130 [9]
S-EA 0.86 0.64 120 this study
S-nBA 0.28 0.04 120 this study

aRecalculated from data in Ref. [9].
bRecalculated from data in Ref. [35].
cCalculated from data in Ref. [37].

Fig. 7. Copolymer miscibility map at 1308C for 50/50 wt% blends of SAN
copolymers with: (a) MMA-tBMA; (b) MMA-PhMA; and (c) MMA-
CHMA copolymers: (+ ) miscible; (•) immiscible. Data taken from Ref.
[9]. The solid curve was calculated from theBij set obtained from the best fit
of the miscibility map (see Table 10 for values).
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interaction energy of AN with nBA is greater than that with
EA. The interaction energies for AN withn-alkyl methacry-
lates increase with increasingn-alkyl group length. The
interaction energy of AN with tBMA is greater than with
then-alkyl methacrylates, and the interaction energy of AN
with CHMA is even greater. The interaction energy of AN
with PhMA, the only repeat unit with an aromatic group, is
the smallest of the interaction energies with AN listed in
Table 10.

The last section of Table 10 lists the interaction energies
of styrene units with several methacrylate and acrylate
repeat units. The absolute values of all of these interaction
energies are relatively small compared to the interaction of
these units with acrylonitrile; most are positive, but a few
are slightly negative. The interaction energies of styrene
with nBA is less than with EA, but bothBS/EA and BS/nBA

are positive. Brannock et al. [29] proposed the following
trend for the interaction of styrene with methacrylates con-
tainingn-alkyl groups:BS/MMA is slightly positive, but as the
length of then-alkyl group increases, the interaction energy
decreases to negative values, then increases again to posi-
tive values after reaching a minimum. The values in Table
10 are consistent with this trend, with the S/EMA interaction
representing the minimum value. The branching of butyl
methacrylate (tBMA vs nBMA) appears to increase the
interaction energy with styrene. The interaction energy of

styrene with CHMA is a small negative number, but the
interaction energy with PhMA is positive.

Table 10 shows that the interaction energy for methacry-
lates or acrylates with styrene, acrylonitrile and methyl
methacrylate depend on the nature of the pendant alkyl
group. In some cases it is possible to rationalize the trends
in Bij values using the method developed by Ziaee and Paul
[40–42] which involves dividing monomer repeat units into
smaller groups and using the binary interaction model to
develop an expression for the interaction energy density
for a monomer pair. The monomer repeat units were divided
into electroneutral groups as suggested by Wu and Sandler
[43]; the repeat units and their divisions are shown in Fig. 8.
The following discussion concerns the interaction energy
between a repeat unit in Fig. 8(a) with a repeat unit in
Fig. 8(b). Since each of the repeat units consists of two
groups, the interaction energy between the two monomer
units can be represented by Eq. (2), where nowf i9 is the
volume fraction of group i in repeat unit A,f j0 is the volume
fraction of group j in repeat unit B, andBij is the interaction
between groups i and j. The bold numbers in Fig. 8 indicate
the subscript assigned to each group which will be used in
the binary interaction model. Because some of the interac-
tion energies between these groups are known, this proce-
dure can allow a semi-quantitative analysis of the trends in
interaction energy seen in Table 10.

Using the procedure described above, acrylate and metha-
crylate repeat units can be divided as shown in Fig. 8(a)
where subunit 1 includes the ester group and subunit 2 are
the alkyl groups. The divisions of the particular repeat unit
of MMA are shown in Fig. 8(b). The acrylonitrile repeat unit
can be divided into the two groups shown in Fig. 8(b), where
the cyano group and the adjacent alkyl group form subunit 3
and the remaining alkyl group is subunit 4. Also in Fig. 8(b)
is the repeat unit of styrene, which is divided into its aro-
matic and alkyl components. It is assumed in all calculations
that the interaction between alkyl groups is zero, i.e.B24 ¼

0. It is also assumed that the interaction between the units
that include the ester group of the acrylates and the ester
group of the methacrylates, which differ only by an alkyl
hydrogen, is zero; thus all ester group/alkyl group interac-
tions are equal, i.e.B12 ¼ B14.

The interaction between MMA and acrylates provides the
simplest case for this type of analysis. Since each of these
repeat units consists of similar ester and alkyl groups, the
assumption that all ester/alkyl interactions are equal
includes four group interactions:B12 ¼ B14 ¼ B23 ¼ B34.
Also, the assumption that the interaction between the metha-
crylate ester group and the acrylate ester group is zero gives
B13 ¼ 0. These assumptions combined with Eq. (2) lead to

B¼ B12(f19f40 þ f29f30 ¹ f19f29 ¹ f30f40): (6)

Although the value ofB12 is not known, the volume frac-
tions in parenthesis on the right side of Eq. (6) can be cal-
culated using Van der Waals volumes. SinceB12 is assumed
to be constant, the terms in parenthesis for the different

Fig. 8. Structures of polymer repeat units divided into electroneutral groups
as indicated by the dashed lines. The bold numbers are assigned to represent
a particular group in the binary interaction energy equation [Eq. (2)]. The
repeat units represented are: (a) acrylates and methacrylates; and (b) methyl
methacrylate, acrylonitrile, and styrene.
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acrylates should reflect the variations in the overall interac-
tion energy values. Calculating the appropriate volume frac-
tions shows that the value in parenthesis is a small positive
number forBMMA/MA , is equal to zero forBMMA/EA and is
another small positive number forBMMA/nBA. Obviously,
sinceBMMA/EA is not zero, this method cannot be used to
determine exact quantities. However, it is interesting to see
the same general trend in these quantities as is seen in the
overall interaction energies; the values are positive and have
a minimum value corresponding to the MMA/EA interac-
tion. The semi-quantitative analysis is not provided for the
interactions between MMA and methacrylates as the pen-
dant groups of the methacrylates in this section of the table
do not have then-alkyl group structure. Thus, it is likely that
the differences in the interactions involving a tertiary butyl
group, cyclohexyl group and aromatic group are significant
and do not allow the same monomer group divisions and
simplifying assumptions.

The interaction energies between methacrylates and acry-
lates with acrylonitrile can be analyzed similarly. Using the
general simplifying assumptions discussed above with Eq.
(2) gives

B¼B13f19f30 þ B14f19(f40¹ f29) þ B23f29f30 ¹ B34f30f40:

(7)

Again this analysis was limited to then-alkyl acrylates and
methacrylates. Ziaee and Paul [42] found the interaction
between the cyano containing group (subunit 3) and a
non-bonded alkyl group (subunit 2) to be strongly repulsive,
or B23 ¼ 23.5 6 3.8 cal/cm3; whereas, the interaction
between the cyano containing group and a bonded alkyl
group (subunit 4) to be much smaller:B34 ¼ ¹ 0.3916
2.390 cal/cm3. The intramolecular cyano/alkyl term of Eq.
(7), B34f30f40, is a small positive number and depends only
upon the acrylonitrile repeat unit. It will not vary with dif-
ferent acrylate and methacrylate repeat units. The coeffi-
cients for B13 are small positive values while the
coefficients forB14 are small negative numbers; however,
both coefficients have decreasing values as the length of the
pendantn-alkyl group increases, for both the acrylates and
methacrylates. This suggests that ifB13 andB14 are positive
values, as they likely are, these terms decrease as the length
of the n-alkyl group increases, which is the opposite trend
seen in the overall interaction energies. The coefficients for
B23 are positive and increase with increasingn-alkyl group
length. SinceB23 has been determined to be a large positive
number, it is known that this intermolecular cyano/alkyl
term also increases with the length of the alkyl group.
Because this term is large and is the only term that follows
the same trend as the overall interaction energies between
the monomer pairs, it suggests this is the dominant term for
these interaction energies.

The same analysis can be performed for the interaction
energies for styrene with methacrylates and acrylates.
Assuming the alkyl/aromatic ring interactions are equal
(B23 ¼ B34) along with the general assumptions stated

earlier leads to the following equation

B¼ B13f19f30 þ B14f19(f40 ¹ f29) þ B23f30(f29f40): (8)

Ziaee and Paul [40] determined that the interaction energy
for a phenyl group and an alkyl group is positive:B23 ¼

7.74 cal/cm3. With these interaction energies, the terms in
Eq. (8) show different trends for acrylates and methacry-
lates. The calculations for the interaction energies of styrene
with the two acrylates show the coefficients forB23 are small
positive values and the value for nBA is larger than that for
EA. As B23 is known to be a positive number, this alkyl/
aromatic ring term is greater for nBA than for EA. The
coefficients forB13 are positive and those forB14 are nega-
tive, but both are smaller for nBA than EA. Again, assuming
the these interaction energies are positive, these terms exhi-
bit the same trend as the overall interaction energies. For the
interaction energies of styrene with methacrylates theB23

andB13 terms show the same trends as with the acrylates;
both terms are positive and theB23 term increases with
increasing length of then-alkyl group while theB13 term
decreases with increasingn-alkyl group length. However,
for the methacrylate interactions, theB14 terms are negative
and initially decrease then increase as the length of then-
alkyl group increases, with the minimum value correspond-
ing to the S/nPMA interaction. This trend is similar to that
of the overall interaction energies, which decrease then
increase as the length of then-alkyl group increases, but
the minimum value for the overall interaction energies cor-
responds to the S/EMA interaction. Thus, there is not one
group interaction, or term in Eq. (8), which clearly domi-
nates the others in determining the overall interaction ener-
gies for styrene with methacrylates.

9. Summary

The miscibility regions for styrene–acrylonitrile copoly-
mers with methyl methacrylate copolymers containing ethyl
acrylate andn-butyl acrylate were determined. The misci-
bility window for PMMA with SAN copolymers is well-
defined [1–7] and has a larger miscibility range than the
MMA-acrylate copolymers have with SAN. The miscibility
region for then-butyl acrylate copolymers is larger than that
for the ethyl acrylate copolymers. The copolymer miscibility
maps were used, along with other information, to determine
the relevant interaction energy densities. The MMA/styrene
interaction,BS/MMA, was equated to 0.22 cal/cm3 based upon
information in the literature [30]. The remaining interaction
energy densities were determined using the critical molecular
weight method and data from the miscibility maps in conjunc-
tion with the Flory–Huggins theory and the binary interaction
model. A computer program was used to facilitate this analy-
sis. All Bij values were found to be positive; these interaction
energy densities are consistent with values reported pre-
viously, where comparisons can be made. A few miscible
blends exhibited phase separation upon heating. Spinodal
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temperatures predicted from the lattice-fluid theory using
these interaction energies are similar to the experimental
phase separation temperatures. Table 7 lists the interaction
energy densities evaluated in this study, and Table 10 includes
interaction energy densities obtained from other sources.
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