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ABSTRACT: The phase behavior of binary blends of styrene-acrylonitrile copolymers and methyl meth-
acrylate copolymers with cyclohexyl methacrylate, phenyl methacrylate, and tert-butyl methacrylate has been
determined as a function of composition of each copolymer. From these miscibility maps, binary interaction
energy densities, B;;, have been calculated for various monomer unit pairs. The interaction of acrylonitrile
with styrene, methyl methacrylate, cyclohexyl methacrylate, and phenyl methacrylate is strongly repulsive
(positive) in each case. The interaction of styrene with the methacrylate monomer units used here is weakly
repulsive except in the case of cyclohexyl methacrylate where it is very weakly negative—polystyrene is miscible
with the homopolymer of this methacrylate. Other recent reports have noted some miscibility of polystyrene
with poly(ethyl methacrylate) and poly(n-propyl methacrylate). Interactions between the various meth-
acrylate monomer units are modestly repulsive. The effects of these issues on phase behavior are discussed.

Introduction

Extensive observations over the years have shown that
blends of random copolymers often have more interesting
phase behavior than do the corresponding homopoly-
mers.1-€6 Simple binary interaction models28-30 with
various extensions provide a simple way to rationalize these
effects through the concept of intramolecular interactions
within copolymers and a framework for designing blends
with controlled phase behavior.57-6062 To accomplish the
latter requires quantitative information about binary
interaction energies for the various monomer unit pairs
involved. A fruitful route to this information turns out
to be the reverse procedure in which blend miscibility is
experimentally mapped as a function of copolymer
composition and then interaction energy values are

calculated by fitting model equations to this informa-
tion_34—36,57-60

In a recent paper,5” we demonstrate the usefulness of
a quantitative interaction energy database in searching for
all miscible binary blends formed from homopolymers,
copolymers, or terpolymers made from the monomers
styrene, acrylonitrile, and methyl methacrylate (MMA).
The interesting blends identified in that study all stem
from the basic fact that poly(methyl methacrylate) ho-
mopolymer forms miscible blends with styrene-acryloni-
trile copolymers (SAN) for a certain range of AN content.
In this paper, we expand on this general scheme by
examining the phase behavior of SAN copolymers with
some MMA-based copolymers. In each case the new
comonomer introduced is also a methacrylate. An
interesting result is that poly(cyclohexyl methacrylate) has
been found to form miscible blends with polystyrene. This
enriches the possibilities for achieving miscibility among
the various copolymers examined.

Background

The Flory-Huggins theory®” provides a simple expression
for the free energy of mixing of two polymers A and B (per
unit volume of mixture)
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where ¢; is the volume fraction and V; is the molar volume
of component i. In this model, the enthalpic contribution
is given by a Van Laar type expression with an interaction
energy density B for mixing of the segments of the
component polymers. A stability analysis shows that the
pair is miscible provided B is less than a critical value
defined as follows

Bcrit = (RT/2)[VA_1/2 + VB-1/2]2 (2)

which is zero in the limit of high molecular weights. If B
is temperature independent, then this model does not
predict the lower critical solution temperature, LCST,
behavior that is characteristic of most polymer blends. If
a temperature dependence is assigned to B, this limitation
can be overcome; however, we do not make any attempt
here to model phase diagrams. Rather we rely on the fact
that the LCST is such an extremely sensitive function of
the interaction energy that borders between miscible and
immiscible behavior in blends are a very strong function
of copolymer composition.

When a binary interaction model is used, the net
interaction energy, in the treatment outlined above, for
mixing a copolymer of monomers 1 and 2 with a copolymer
of 3 and 4 can be written as eq 63

B = (B¢ + Byey)ey” + (Byuey + Bywy)ey” -
Buaey'ey’ = Byeye)” (3)

where the B;js are parameters describing interactions
between various i and j monomer units and ¢; is the
volume fraction of i monomer units in the copolymer. This
manner of subdividing the net interaction energy into those
of groups comprising the polymers is not limited to the
Flory-Huggins theory but can be suitably incorporated into
more sophisticated models when actual prediction of phase
diagrams is the objective.14€® Here we are interested in
the case of blending two copolymers having no common
monomer, i.e., copolymer 1 + 2 and copolymer 3 + 4, where
1 = styrene, 2 = acrylonitrile, 3 methyl methacrylate, and
4 = the monomer to be varied. In the approach used here,
the boundary of copolymer compositions dividing those
that form miscible blends from immiscible ones, i.e., when

} + Beyep (1)
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Table I
Interaction Energy Density, By, of Various Monomer Pairs

interaction energy density, cal/cm?
this Nishimoto

Brannock Cowie

monomer pair work et al.57 et al.58 et al.52
S-AN 6.7 6.74 8.14 4.99
S-MMA 0.18 0.181¢ 0.181 0.1812
AN-MMA 4.1 4,11 5 2.78
CHMA-S -0.03

CHMA-AN 5.9

CHMA-MMA 0.8

PhMA-S 0.2

PhMA-AN 4.0

PhMA-MMA 0.3

@ Note that the S-MMA interaction energy is from the work of
Fukuda et al.®"1 in all cases.

Table II
Miscibility of Polystyrene with Various Methacrylate
Polymers
polymer CH,/COO miscibility cloud point, °C B, cal/cm3
PMMA 4 immiscible 0.181¢
PEMA 5 miscible 100-110 -0.036
PnPrMA 6 miscible 100-110 -0.031%
PnBMA 7 immiscible
PCHMA 9 miscible 230-240 -0.03¢

& At 30 °C from Fukuda et al.58-7! & From the cloud point temp-
erature. See Brannock et al.?® ¢ From analysis of the miscibility region
of blends of SAN with MMA-CHMA copolymer in this work.

B = Brit, can be used to obtain information about the B;;.
In principle, these boundaries depend on temperature, but
as stated earlier this is usually ignored since the limitations
of the techniques employed do not readily encourage such
refinement.

The first three rows in Table I summarize B;; values from
various sources for binary pairs of styrene (S), methyl meth-
acrylate (MMA), and acrylonitrile (AN). A key issue here
is the small but repulsive interaction between the S-MMA
pair. The interaction energy for this pair, given in Table
I, was determined by Fukuda et al.¢%-71 from concentrated
ternary solution measurements. Recently we found5859
that the styrene-methacrylate interaction becomes weakly
negative when the alkyl group is an ethyl or an n-propyl
unit. Thus, polystyrene is miscible with poly(ethyl meth-
acrylate) and poly(n-propyl methacrylate); although, the
LCST is very low in each case (see Table II). However,
polystyrene appears to be immiscible®0:58.59 with poly(n-
butyl methacrylate), which means the B;; for this pair is
positive. In what follows we find that poly(cyclohexyl
methacrylate) is miscible with polystyrene and that the
B;; is slightly negative. At this point, there are some
interesting questions about how the size or structure of
the methacrylate alkyl group affects the interaction energy
with styrene monomer units (see Table II).

Experimental Section

The SAN copolymers, including the polystyrene, used in this
work are described in Table III while the MMA-based polymers
are listed in Table IV. The former were all obtained from
industrial sources while most of the latter were synthesized in
this laboratory. The MMA-based polymers were prepared by free-
radical polymerization at 75 °C using azobis(isobutyronitrile) as
initiator. All of the copolymers contain 2-4% of methyl acry-
late to help prevent depolymerization by unzipping. Copolymer
compositions shown in Table IV were determined by *H NMR
and are expressed on an acrylate-free basis. As an indicator of
molecular weight, viscosities of their solutions (10% by weight)
in methyl ethyl ketone were measured.

Blends of the copolymer were prepared by solution casting from
tetrahydrofuran onto glass plates. The cast films were dried under
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a stream of dry nitrogen at ambient temperature for 1 day followed
by further drying at 130 °C for 2 days under vacuum. This
condition proved adequate to remove the solvent as confirmed
by various thermal analyses while also serving to establish blend
phase equilibrium at this temperature, which is above the glass
transition temperature of all the polymers used in this
investigation.

The homopolymers of the various methacrylate monomers used
here all have glass transitions in the range 105-120 °C,; thus, the
methacrylate copolymers have glass transition temperatures that
are not far enough separated from those of the SAN copolymers
to make this a uniformly useful way of exploring phase behavior
for their blends. Fortunately, the refractive indices are different
enough in most of the cases considered that optical methods yield
equivalent information. Depending on the compositions of the
copolymers, films cast from their blends proved to be essentially
transparent or opaque after the thermal treatment at 130 °C.
Many of the transparent blends underwent reversible phase
separation on heating and cooling above 130 °C. This behavior
was especially prominent near the border of the composition
boundaries between transparent and opaque blends; whereas, well
inside these regions, no indication of phase separation could be
detected up to temperature where decomposition became severe.
These simple observations indicate that the boundaries between
the transparent and opaque blends are caused by lower critical
solution temperatures, LCST, that drop below the equilibration
temperature of 130 °C as copolymer compositions are changed.
Cloud points were quantitatively determined by isothermally
annealing samples for 15 min in the sample holder of a Perkin-
Elmer DSC-7 at various temperatures followed by observation
for clarity or by DSC for glass transition behavior. In this way,
the coexistence temperature could be bracketed.

Results and Discussion

PS-P(MMA-CHMA). Blends of polystyrene (PS) and
poly(cyclohexyl methacrylate) (PCHMA) were transparent
as prepared. They became cloudy when heated to 240 °C
or above. This phase-separation process could be reversed
by cooling. Similar behavior was found for a wide range
of P(IMMA-CHMA) copolymers when blended with
polystyrene. Figure 1 illustrates phase diagrams,
determined in the manner described above, for two
particular copolymers. Figure 2 shows how the cloud points
for blends containing 50% PS vary with the composition
of the P(IMMA-CHMA) copolymer. Interestingly, as
MMA is introduced into PCHMA, the cloud point first
increases, then declines very steeply, and evidently goes
to some value below Ty in the limit of pure PMMA.

SAN-P(MMA-CHMA). Figure 3 shows how the
miscibility of as-cast blends of SAN and P(MMA-
CHMA) copolymers depends on the composition of the
two copolymers. This map may be interpreted as an
isothermal plane, T' = 130 °C, defined by the drying
temperature. For 0% CHMA, the well-known miscibility
window for SAN copolymers with PMMA42-45.49.62 jg
observed. PS is miscible with a very wide range of
P(MMA-CHMA) copolymers, while, some SAN
copolymers, including PS, are miscible with PCHMA.

Following previous examples, we assume here that the
styrene-methyl methacrylate interaction is well-
represented by the value Bz = 0.18 cal/cm?, given by
Fukuda et al.-71 Furthermore, we use the results of an
analysis of phase behavior of polymers based on styrene,
methyl methacrylate, and acrylonitrile®” to set Byz = 6.7
and Bys = 4.1 cal/cm3. Thus, only three other parameters
in eq 3 are unknown. These can be estimated by fitting
eqgs 2 and 3 to the miscibility boundaries observed for
blends of SAN copolymers with P(IMMA-CHMA)
copolymers, i.e., 4 = CHMA, and the results are listed in
Table I. The following gives some physical feel for what
experimental facts are involved in the fitting process to
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Table 111
Styrene-Acrylonitrile Polymers Used in This Study
polymer descriptn MW informn® designatn source

polystyrene 0% AN M,, = 350 000 PS Cosden
M., = 100 000

poly(styrene-co-acrylonitrile) 3.5% AN M, =211 000 SAN3.5 Asahi
M, =96 400

poly(styrene-co-acrylonitrile) 6.3% AN M, = 343 000 SANG6.3 Asahi
M, = 121000

poly(styrene-co-acrylonitrile) 9.5% AN M, =195 600 SAN9.5 Asahi
M, = 94700

poly(styrene-co-acrylonitrile) 14.7% AN M., =182 000 SAN14.7 Asahi
M, = 83000

poly(styrene-co-acrylonitrile) 19.5% AN M, =178700 SAN19.5 Asahi
M, = 84 300

poly(styrene-co-acrylonitrile) 25% AN M,, =152 000 SAN25 Dow
M, = 177000

poly(styrene-co-acrylonitrile) 30% AN M, = 168 000 SAN30 Dow
M, = 81000

poly(styrene-co-acrylonitrile) 34% AN M, = 145 000 SAN34 Asahi
M, = 73000

poly(styrene-co-acrylonitrile) 40% AN M, =122 000 SAN40 Asahi
M, = 61000

o From GPC calibrated by using polystyrene standards.

Table IV
Methyl Methacrylate Copolymers Used in This Study
solution
polymer® descriptn viscosity? designatn

poly(methyl Plexiglas V811¢ 3.3 PMMA

methacrylate)
poly(MMA-co-CHMA) 6.1% CHMA 10.3 MCHS.1
poly(MMA-co-CHMA) 11.2% CHMA 7.5 MCH11.2
poly(MMA-co-CHMA) 14.7% CHMA 5.3 MCH14.7
poly(MMA-co-CHMA) 21.1% CHMA 4.0 MCH21.1
poly(MMA-co-CHMA) 28.5% CHMA 3.8 MCH28.5
poly(MMA-co-CHMA) 34.4% CHMA 3.0 MCH34.4
poly(MMA-co-CHMA) 43.8% CHMA 3.7 MCH43.8
poly(MMA-co-CHMA) 56.7% CHMA 3.2 MCH56.7
poly(MMA-co-CHMA) 64.1% CHMA 2.5 MCHs64.1
poly(MMA-co-CHMA) 80.7% CHMA 2.1 MCHS80.7
poly(MMA-co-CHMA) 83.4% CHMA 3.0 MCHS83.4
poly(MMA-co-CHMA) 86.8% CHMA 4.2 MCHS86.8
poly(MMA-co-CHMA) 91.4% CHMA 4.0 MCH91.4
poly(cyclohexyl 5.1 PCHMA

methacrylate)
poly(MMA-co-CHMA) 16.0% PhMA 5.0 MPhi6.0
poly(MMA-co-CHMA) 28.3% PhMA 3.4 MPh28.3
poly(MMA-co-CHMA) 39.2% PhMA 2.7 MPh39.2
poly(MMA-co-CHMA) 51.1% PhMA 2.2 MPh51.1
poly(MMA-co-CHMA) 63.0% PhMA MPh63.0
poly(MMA-co-CHMA) 81.0% PhMA MPh81.0
poly(pheny! PPhMA

methacrylate)
poly(MMA-co-tBMA) 10.6% tBMA 16.8 MtB10.6
poly(MMA-co-tBMA) 21.9% tBMA 31.2 MtB21.9
poly(MMA-co-tBMA)  33.8% tBMA 28.7 MtB33.8
poly(MMA-co-tBMA)  45.0% tBMA 16.9 MtB45.0

@ MMA = methyl methacrylate. CHMA = cyclohexyl meth-

acrylate. PhMA = phenyl methacrylate. tBMA = tert-butyl meth-
acrylate. ® Viscosity of 10 wt % solution in methyl ethyl ketone (cP).
¢ Commercial product of Rohm and Haas Co.

yield these parameters. One of these parameters is
essentially specified by the percent of AN at which SAN
copolymers become immiscible with PCHMA while a
second is fixed by the percent of CHMA at which P(MMA-
CHMA) copolymers become immiscible with polystyrene.
The third unknown parameter relates to the curvature of
the borders of the miscibility map. It is hard to place
meaningful error limits on parameters obtained by fitting
the model to the experimental data; however, a
perturbation analysis that varies one parameter at a time
showed that relatively small changes led to unacceptable
fits of the data. The solid lines in Figure 3 correspond to

]

the calculated loci of compositions where B = By, using
the B;; values listed in Table I. The S-CHMA interaction
energy is a small negative value while the MMA-CHMA
interaction is repulsive but not to the extent observed for
AN with S or with MMA. This interaction is the reason
for the concave shape of the upper line in Figure 3. This
line would be linear if the MMA—~CHMA interaction energy
were zero.

Copolymers of MMA-CHMA containing 21.6% or more
of CHMA are miscible with PS. Since the B;; values for
all three monomer pairs involving S-MMA-CHMA are
small, the net B for mixing PS with MMA-CHMA
copolymers containing 21.6% or more CHMA is negative
but small in magnitude. Therefore, the cloud point curve
for 50/50 PS-P(MMA-CHMA) blends shown in Figure
2 is not as steep as that for SAN-PMMA blends5° even
though the miscibility window is wider in the present case.

Figure 4 shows how the AN content of SAN copolymers
affects the cloud point for 50/50 blends, with P(MMA-
CHMA) copolymers having the compositions shown.
These diagrams might be compared with the well-
known limiting case (% CHMA = 0) of PMMA-SAN
mixtures.*2-454952 For 21.1% CHMA the right edge of the
miscibility window occurs at almost the same location as
that for PMMA; however, the left edge is shifted to lower
AN levels. As the level of CHMA in the copolymer
increases, the miscibility window shifts to the left (lower
AN levels) and eventually includes pure polystyrene since
the latter is miscible with pure poly(cyclohexyl methacry-
late). In all cases, the edges of the miscibility window are
quite steep because of the strong repulsion (6.7 cal/cm?)
between styrene and arylonitrile units in SAN. The MMA-
CHMA intramolecular repulsion is considerably smaller
at 0.8 cal/cm3. The interaction of styrene units with MMA
units is weakly repulsive (0.18 cal/cm3) while that with
CHMA is weakly attractive (-0.03 cal/cm3). It is
interesting that Goh et al.6! estimated the interaction
between methyl methacrylate and ethyl methacrylate units
to be about +3.25 cal/cm3.

SAN copolymers have been found to be miscible with
certain poly(n-alkyl methacrylates)® and certain aliphatic
polyesters.8 The limits of miscibility in these systems have
been mapped two dimensionally in terms of the number
of aliphatic carbons (CH,) per ester group (COO) in the
repeat units of the methacrylate and the esters versus the
percent of AN of the SAN (see Figure 5). For comparison,
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Figure 1. Cloud point curves for blends of polystyrene and
}\4MA—CHMA copolymer: (O) clear, (®) cloudy after annealing
or 15 min.

we have made a similar map for SAN blends with P(MMA-
CHMA) copolymers. There are some broad similarities
of the three maps as seen in Figure 5, which reflects the
extent that miscibility (or polymer—polymer interactions)
is determined solely by the content of CH,, COO, AN, and
styrene units in the polymers. There are some striking
differences, which no doubt reflect issues of placement (in-
chain vs pendent), structure (linear vs cyclic), etc. Perhaps
the most noteworthy difference is that for the PIMMA-
CHMA) copolymers the region of miscibility extends to
higher CH,/COO ratios and lower percent of AN levels
than found for the polymethacrylates or the polyesters.
The reasons for this are not clear at the present time, and
a better understanding of such effects is needed in order
to enhance our ability to forecast phase behavior from
molecular structure. Any thorough approach to this
question ought to focus on comparison of the quantitative
features of the interaction energy surface®s rather than
simply a certain projection on to the composition plane,
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Figure 3. Miscibility map of 50/50 SAN copolymer and MMA-
CHMA copolymer blends at 130 °C: (O) clear, (®) cloudy.

i.e., the miscibility envelope.

SAN-P(MMA-PhMA). Copolymers of methyl meth-
acrylate and phenyl methacrylate (PhMA) were also
blended with the SAN copolymers. The miscibility map
is shown in Figure 6. No cloud point curves were
determined for these blends. The dotted line in Figure
6 approximates the loci of copolymer compositions that
have identical refractive indices. Therefore, near this line
it is difficult to determine blend phase behavior by optical
observations.

When eqs 2 and 3 plus the first three B;; values in Table
I were used the data in Figure 6 were fitted as mentioned
earlier to obtain the estimates of the interaction energies
for PhMA with styrene, MMA, and AN listed at the
bottom of Table I. The curvature of the upper boundary
in Figure 6 is somewhat less than that in Figure 3, which
leads to the conclusion that the repulsion between MMA
and PhMA is somewhat weaker than that with CHMA (0.3
vs 0.8 cal/cm?). The styrene-PhMA interaction is repulsive
and slightly larger than that for S-SMMA. Consequently,
PPhMA is not miscible with polystyrene, a fact that greatly
restricts the region of miscibility seen in Figure 6 compared
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to that in Figure 3. There is, however, a region of AN
contents where SAN copolymers are miscible with
P(MMA-PhMA) copolymers regardless of the composition
of the latter. The miscibility window for PPhMA is rather
similar to that for PMMA with SAN copolymers since the
interactions of S and AN with PhMA are very similar to
those for MMA. The miscibility window with SAN
copolymers is not much broader for P(MMA-PhMA)
copolymers than it is for PMMA or for PPhMA homopoly-
mers simply because the MMA-PhMA interaction is only
weakly repulsive (0.3 cal/cm?3).

The consequences of the different interactions of CHMA
and of PhMA with the other units in this system are quite
striking and need to be understood at a more fundamental
level.

SAN-P(MMA-tBMA). Four copolymers of tert-
butyl methacrylate (tBMA) and MMA were made and
blended with SAN copolymers. The results are shown in
Figure 7. With these limited data, it is not possible to
evaluate interaction parameters with any certainty. On
the basis of previous work,59:58.59 we do not believe that
poly(tert-butyl methacrylate) has any region of miscibility
with SAN copolymers. The shape of the data in Figure
7 suggests that a pinch off of the miscibility region will
occur prior to reaching the limit of PtBMA; however,
unfortunately the available copolymer compositions did
not extend to high enough tBMA levels to encompass the
proposed pinch off.

Summary

It is clear that the styrene-methacrylate interaction is
weak and may be positive or negative depending on the
structure of the methacrylate pendent group. Similar
conclusions may be reached by examining the heats of
mixing for liquids having molecular structures analogous
to these monomer units.58:52 The homopolymer of cy-
clohexyl methacrylate has a small favorable interaction
with polystyrene, and miscible blends are formed. For
n-alkyl methacrylate, these appear to be an optimum alkyl
size for favorable interaction with polystyrene that contains
fewer carbons than the cyclohexyl unit. When the cyclic
pendent group is aromatic, the methacrylate-styrene

Macromolecules, Vol. 23, No. 15, 1990
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3) and MMA (monomer 2)-CHMA (monomer 1) copolymers.
Calculated from eq 3 by using B;; values from Table 1.

interaction is unfavorable; thus, polystyrene and poly-
(phenyl methacrylate) are not miscible.

Because of the above, SAN copolymers exhibit strikingly
different miscibility maps with MMA-CHMA copolymers
compared to MMA-PhMA copolymers. The former has
a broad band of miscibility that connects the PMMA-
SAN miscibility window to the PS-PCHMA apex. For
the latter, there is a PPhMA~-SAN miscibility window
similar to that for PMMA-SAN and the two connect with
only minor broadening as the proportion of MMA and
PhMA is varied in the copolymers. Tentative data for
MMA copolymers with tert-butyl methacrylate suggest a
more limited range of miscibility with SAN copolymers,
but further work is needed for this system.
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Binary interaction energy densities, without temperature
dependence, were deduced from these miscibility-
composition diagrams. These values should be useful in
the design of other copolymer and terpolymers for blending
and should help sharpen our understanding, even if only
intuitively, of polymer—polymer interactions.

The present results confirm in a more quantitative
way, a notion we have suggested in other recent
papers.23-25.62.8465 Blends of polystyrene and poly(cy-
clohexyl methacrylate) exhibit LCST behavior. Adding
methyl methacrylate to the cyclohexyl methacrylate
polymer raises the cloud point for blends with polystyrene
even though the interaction of MMA units with polystyrene
is unfavorable. The issue is the larger effect of the in-
tramolecular repulsion between MMA and CHMA that
makes the net interaction more favorable and the cloud
point higher. The net interaction can be calculated by
using eq 3 and appropriate parameters from Table I. The
result of this calculation is shown in Figure 8. This
variation in B is no doubt the cause for the trends in phase
behavior shown in Figure 2.
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