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The miscibility of poly(methyl methacrylate) (PMMA) and styrene-acrylonitrile random copolymers (SAN)
blends was investigated on the basis of the Flory-Orwoll-Vrij equation of state theory. To obtain the
equation of state parameters (P*, V*,,, T*: characteristic parameters), the pressure—volume—temperature
(PVT) behaviour was measured for PMMA and a series of SANs with various acrylonitrile contents. The
exchange energy parameter X;; was also calculated by fitting the theory to some phase diagrams of PMMA/
SAN blends. The Flory—Huggins interaction parameter y was separated into two contributions based on
the equation of state theory for mixtures: the exchange energy term x;n.r and the free volume term yee.
Both the temperature and copolymer composition dependences of Xiger 8nd Xpee Were estimated by
calculations using the equation of state parameters. There exists a region in which x;u, is negative, leading
to a miscibility window in PMMA/SAN blends. However, the immiscibility at high temperatures in the
blends cannot be explained only by Xiu.r; it is caused by the free volume contribution, yy... The miscibility
window behaviour in PMMA/SAN blends may be explained within the framework of the equation of state
theory. Copyright © 1996 Elsevier Science Ltd.

(Keywords: miscibility window; equation of state; interaction parameter)

INTRODUCTION volume effect based on the equation of state (EOS)
theories of polymers. From these theories x can be
separated into two contributions; an interactional term
Xinter and a free volume term Xfree, Xinwer COrresponds to
the exchange energy term of van Laar-type and X
reflects the difference of the free volumes or thermal
expansions between components. Shiomi er al.’ investi-
gated the respective contributions of these terms to the

For the last decade, extensive study of the miscibility
window behaviour of blends containing random copoly-
mers has been carried out. A homopolymer might form a
miscible blend with random copolymer in a certain
copolymer composition and temperature range, when
there is a strong unfavourable interaction between

comonomer units of copolymer, although all segmental SR . .
interactions are positive. miscibility in homopolymer/copolymer blends in detail

The miscibility window behaviour has been reported by simulation based on Flory’s equation of state theory.

They indicated that the contribution of ., Was more
gct);rel:)xllzr-lssr}(f)lggi?gl(em:atgc}lll) :;11 ectgggrlﬁiz)s ((I;le%‘?) Iing important for the miscibility window behaviour but the

g LCST behaviour was driven by Yfee.
previous paper we reported the temperature dependence X el Y Adree .
of all three segmental (Flory—Huggins) interaction In this paper the miscibility in PMMA/SAN blends is

investigated by separating x into the two contributions

arameters, T, T) and 7, . .. .
(F:)alculated fr)(gfr/leérfa)lcile%/}éﬁﬁéss) dataz’%c.S/i\tN (wa?s on the basis of Flory-Orwoll-Vrij (FOV) theory6. Using

indicated that the phase behaviour of PMMA/SAN the equation of state parameters determined from
blends could be explained by a simple mean-field model E)}Iessurelz volume - temperature EP VTA), measl‘.urclemegtsf and
considering the difference of the temperature dependence € excnange energy parameters k;; calculated from
in x;;(T)*. There is a possibility of LCST (lower critical g%l a;e fllzgrams, dt?e phﬁse b ehaylourfolt; PMIXIA/ SAN
solution temperature) behaviour, which is not driven by ends 1s discussed trom the viewpoint of thermodynamics.

the free volume contribution.
Generally, LCST behaviour is explained by the free
THEORETICAL BACKGROUND

*To whom correspondence should be addressed Here we employ the equation of state theory of Flory,
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Orwoll, and Vrij (FOV)®. EOS is given by
AR A "
T VB_-1 TV
where P=P/P*, V=V /Vé and T=T/T" are
reduced pressure, volume (Vgp: specific volume) and
temperature, respectively. The quantities with asterisks
are the characteristic or hard-core parameters which can
be obtained from PV'T measurements.
For a mixture of polymers A and B, the theory can be
also applied and it is assumed that the hard-core mer
volumes are equal for both components, v* = v’y — vp.

The correspondmg expressmn for the Gibbs free energy
of mixing is given by”

AGY
T = Nalngs + Nplngp

N e
+ 3¢APATA 11’1‘[}7771
Vi =1 ¢abaXan
+3¢BPBTBIH ~1/3 1+ V (2)

where the first two terms in equation (2) represent the
combinatorial entropy of mixing and N is the total
number of polymer chains given by N = N, + Ng. The
total number of segments r is given by r = xa7s + Xprp
with x4 = Np/N = 1 — xp. Furthermore, the following
relations are used

V* = rANAU*A+rBNBU*B :}’N’U* (3)
Oa = saralNa/(srN) =1—¢p (4)
5= GaSa + dpSp (5)

where ¢; and s, are the site fraction and the number of
contact sites per segment of component i respectively
The ratio sA/sB for the mixture is estimated by using
Bondi’s method’. X,y is the exchange energy parameter
and can be obtained by, e.g. calorimetric measurements
or fitting a calculated critical temperature to an experi-
mental one.

Comparing equation (2) with the Flory—Huggins (FH)
equation for the free energy of mixing, the interaction
parameter xap is given by

o fr3) o)
XAB = daduRT At 4 V.V BL'B 7 v
B I;.1/3_1

* A
+3¢APATAlnm

3
Vl/ ¢'A9BXAB:|

+3¢pP3T1n 1A 7 (6)
The last term in equation (6) represents the exchange
energy contribution and the other terms the free volume
contributions.

Shiomi er al.’ and Jo et al.'® suggested that X5 can be
calculated from segmental exchange energy parameters
X;; in the case of homopolymer A and random
copolymer B, where homopolymer A is composed of
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monomer | and copolymer B of monomers 2 and 3;

2 3 SA L (2) (3
Xap = 953)/\’12 + 9%)X13 - A¢£;)9§3)X23 (7

where ¢B 1s the copolymer composition of monomer
(qu + gbB 1) and HB is the site fraction of com-

ponent i (0(2) + 0(3) 1). They also suggested that the

characterlstlc parameters of copolymer B are given by

(2)

Pg = P2+¢BP3 ¢B X2z (8)
Vipn = my Vipy + my Vi3 (9)
P*
b= oo B<3> . T (10)
¢p (P3/T3) + g (Ps/T)
where m; is the mass fraction (m +m() 1). It is

important to note that equations (8) C)) and (10) for
copolymer are identical to the equations for binary
homopolymer blends consisting of components 2 and 3.

EXPERIMENTAL

The polymers used in this study are listed in Table I. The
densities of the samples at 25°C under atmospheric
pressure were measured by a density gradient column
prepared by aqueous potassium nitrate solution and a
specific-gravity bottle. The change in density with
temperature and pressure was measured using a PVT
apparatus from Gnomix Research''. The sample cell was
filled with approximately 1 g polymer and mercury as a
confining fluid. The cell was closed at one end by a
flexible bellows and the expansion was measured with
changing temperature and pressure in order to determine
the volume. In the isothermal mode, the volume
measurements were carried out at fixed pressure intervals
(10 MPa) in the range from 10 to 200 MPa. The process
was repeated for temperature intervals of approximately
10°C. The PVT apparatus had an absolute accuracy of
1-2x 10 em’ g~ but volume change in the order of
magnitude of 1-2 >< 107 cm? g 7! could be resolved. The
PVT behaviour was measured for all polymers in Table 1.

To obtain the characteristic or hard core parameters
P", Vg and T, the experimental PVT data were fitted to
the EOS (equatlon (1)) A nonlinear least s%uares fit was
carried out by minimizing the quantity d?

= Z{Pi(data) - P(fi)}?/(N =3)  (11)

where N is the number of data points, P;(data) is the

Table 1 Characteristics of polymer specimens

Polymer M, (g mol'l)b MW/M,,'7 Source

PS 185000 2.7 DIC

SAN-5.7¢ 259000 2.2 Mitsubishi Monsanto
SAN-22.4% 119000 2.1 Mitsubishi Monsanto
SAN-32.6° 107000 2.1 Mitsubishi Monsanto
SAN-50.1¢ 63 600 1.8 Mitsubishi Monsanto
SAN-59.3¢ 49 500 1.8 Mitsubishi Monsanto
SAN-73.67 51200 2.2 Mitsubishi Monsanto
PAN 150 000 - Polysciences

PMMA 75000 1.9 TOSOH

“ Number means weight fraction of acrylonitrile in SAN
® Determined by g.p.c.
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Figare 1 PVT data for SAN-32.6. Pressure-dependent glass transition
(full line) can be observed. The isobars range from 0 MPa at the top to
200 MPa at the bottom in steps of 20 MPa (data for 0 MPa are obtained
by extrapolation)

measured pressure at a given data set of (V,T) and
P; (fit) is the predicted value from the EOS.

RESULTS AND DISCUSSION
Equation of state parameters

Figure 1 shows an example of PVT measurements
(SAN-32.6). It indicates a typical behaviour of amor-
phous polymer, showing a change of the slope in V-T
relation at the glass transition temperature 7,. The
pressure-dependent 7, (solid line) can also be distin-
guished clearly. For all samples only the data of the
liquid state were used to obtain the characteristic
parameters by fitting the PVT data to the EOS as
described above. The temperature range of PVT data
used for fitting was taken from 7, to 200°C for SAN, to
190°C for PAN. The pressure range was taken from
0 MPa to 200 MPa except for the data below T5,.

In Figure 2 the experimental values of P* and Ve are
plotted against the core volume fraction of acrylomtnle
in SAN, ¢,:
mZV;pZ

¢y =

=1- 12
ms V:pZ + ny :1:’3 ¢3 ( )
The dotted curves in Figure 2 depict the P* and Vg, as a
function of ¢,, calculated by equations (8) and (9),
respectively. P* may be related to the mean intermol-
ecular energy per contact pair. The calculated curve
exhibits a slightly negative deviation from additivity.
This is due to the unfavourable interaction between
different comonomers in SAN, Xgan(= X»3). The
stronger unfavourable interaction renders more negatlve
deviation according to equation (8). As can be seen in
Figure 2, the values of P* estimated from PVT
measurements are almost on the dotted curve calculated
by using the value of X5/an in Table 2. Equation (8),
which is obtained from the assumption of random
mixing may be applicable to SAN, although the
experimental error is large. The contribution of large
positive Xs,4n for the copolymer composition depen-
dence of P” is not so large because the dotted curve is
close to a straight line.
The calculated line for the ¢, dependence of the

800 0.86
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Figure 2 Copolymer composition dependence of P* and Vg, in SAN
estimated from PVT measurements (@; P*; O; V). Dotted curves are
calculated from equations (8) and (9), respectlvely

Table 2 Values of segmental exchange energy parameters used for
calculation of Xap

S/MMA MMA/AN S/AN

X; Jem™) 3.4 249 45.1

hard-core volume, Vp — ¢,, from equation (9) is
straight as shown by the dotted line, while the values of
Vo estimated from PV'T measurements are lower than
that line.

Kubota et al. showed that the concentration depen-
dence of Vg, deviated from an additivity in pol}'(dlmethyl
sﬂoxane)/benzene mixture'>. Shiomi er al.'* assumed
that the core volumes per segment were different between
unlike segments, i.e., v] # v5, and that the core volume
per segment in mixtures was given by

v = gul + 201050%, + 303 (13)
where

viy = €[} +v3'%) 2 (14)

where ¢ is unity for rigid spheres. They also used
equatlon (13) for random copolymers'>'®. In order to
obtain v}s, one has to use some assumptlon Even if one
applies Vsp,s to equatlon (13) instead of v}'s (§ 1), the
large deviation of V', from the dotted line in Figure 2
cannot be explained. Sh10m1 et al.'* indicated that the
result of Kubota er al.'> could be explained by the
deviation from an additivity in the external degree of
freedom with respect to the segment fraction. However,
there is presently no obvious reason for the large
deviation in SAN. The fact that different segments are
linked by covalent bonds may have an effect.

Figure 3 shows the ¢, dependence of T, which is a
parameter reflecting the flexibility of the polymer chain.
The values of T* determined from PV'T measurements
are much smaller than those indicated by the dotted
curve calculated from equation (10). T* is related to
other parameters by the following equation,

PV
S (15)
R(c/M,)
where 3¢ is the number of external degrees of freedom
per segment and M, is molecular weight of segment.

From equation (15) and the results of Figure 2, the lower
T* of SAN cannot be explained only by effect of smaller

T* = P*v*/ck =
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Figure 3 Copolymer composition dependence of 7* in SAN estimated
from PV'T measurements (@). Dotted curve is calculated from equation

(10)

V- A larger ¢ in the copolymer chains leading to the
increase of flexibility is expected'’. Equation (10) is
derived by assuming an additivity of ¢ with respect to the
copolymer composition. However, in general, ¢ of
mixtures is given by'®

Cc=@c) + 90 — P12 (16)

¢ in copolymers should be also expressed by equation
(16)!>1° and ¢, is generally non-zero. Though the values
of ¢; depend on the size of segment, it is clear that ¢, in
SAN is large and negative. This may result from the fact
that the different segments are linked by covalent bonds
as in the case of P*, but the details are not clear. The
detailed investigation of this behaviour will be presented
in a later paper. The behaviour of T™ could affect the free
volume terms of the free energy of mixing.

Exchange energy parameter

In order to calculate x the values of the exchange energy
parameter Xp are also necessary. The segmental X;;s
can be obtained by measurements of the heat of mixing
for low molecular weight analogues'®?. However, it is
difficult to measure for polymer—polymer mixtures. In
this work we obtained them by fitting the calculated
phase diagrams to the experimental one. It is possible to
calculate the binodal curve within the framework of the
EOS theory by using the expression of the chemical
potentials derived from equation (2). For this calcula-
tion, the values of the characteristic parameters and Xp
are necessary. As described above, the characteristic
parameters can be determined from PV'T measurements.
Where the phase diagram is known we can use X,p for
the calculation of phase diagrams as the only fitting
parameter. Because the shape of the phase diagram
calculated by EOS theory is often different from the
experimental one, we find the values of X;; matching the
bottom (or top) temperature of the two-phase region in
the calculated phase diagram with that of the experi-
mental cloud point curve®?!. For example, using the
values of 588.5 (MPa), 0.7241(cm’ g™!) and 7925.7(K)
for P*, Vgp and T™ in PMMA, respectively, the value of
Xs/mma Was determined to be 3.0 to 3.8 (J em > In
order to calculate X p from equation (7) in PMMA/
SAN blends, the values of Xg/snx and Xyma,an are also
necessary. However, the values of X5 an and Xyma/an
could not be calculated from phase diagrams by fitting
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Figure 4 Copolymer composition dependence of Xgan/pmma calcu-
lated from equation (7) by using each segmental exchange energy
parameters listed in Table 2

calculated results to experimental ones because the phase
diagrams of PS/PAN and PMMA/PAN cannot be
measured experimentally, even for low molecular weight
mixtures.

Some phase diagrams of PMMA with SANs which
have different AN contents have been reportedzz. From
those phase diagrams, one can obtain the values of
Xmma/san-i by the fitting procedure indicated above. By
using the values of Xyma san.; estimated from the phase
diagrams of PMMA/SAN-28.2 and PMMA/SAN-34.4
in the literature?, we can obtain the values of X /an and
Xmma/an from equation (7) and Xg/mma = 3.4 (J em ™).
Table 2 shows the values of X;; obtained. We use them
for the calculation of the copolymer composition
dependence of Xap. Xs/an is the largest of the three
segmental contact pairs and it implies that there exists a
strong unfavourable interaction between styrene and
acrylonitrile segments in SAN copolymer.

Figure 4 shows the copolymer composition depen-
dence of Xymassan calculated from equation (7) by
using the values in Table 2. This curve does not depend
on temperature according to Flory’s EOS. Although all
X;;s are positive, there appears a region in which
XMMA/SAN IS negative. The negative XMMA/SAN is
caused by repulsion between S and AN in SAN
copolymer. Thus, the miscibility window appears in the
T — ¢, phase diagram because of the segmental
exchange energy effect.

X parameter

For a comprehensive discussion on the miscibility of
PMMA/SAN blends, one has to come back to the x
parameter given by equation (6). The last term in the
bracket of equation (6) represents the effect of the
exchange energy (X5g) and we denote this term as Xjye;.
The other terms which vanish at V' = V), = Vg corre-
spond to the free volume effect and are denoted as xree.
In the calculations we use the values of the characteristic
parameters for each SAN determined by fitting to PVT
data (Figures 2 and 3). Since x depends on ¢ from
equation (6), we calculate x for PMMA/SAN = 50/50
in Figures 5 to 7.

Figure 5 shows Xiner calculated as a function of
copolymer composition {core volume fraction) of AN in
SAN at three temperatures, using the copolymer com-
position dependence of Xyma san shown in Figure 4.
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Figure 5 Copolymer composition dependence of x;,., at 400 K, 500 K
and 600K
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Figure 6 Copolymer composition dependence of xg., at 400K, 500 K
and 600K

The blend should be miscible in the range where x is
smaller than x. which is x at the critical point in the
phase diagram. x., can be found from equation (2) by the
condition that the second and third derivatives of AGM

with respect to the composition are zero. Although it is a
very complex equation because x depends on the
composition, it is clear that x. depends on ry and rs
as well as a case that y is composition mdependent - Xeor
is always positive and decreases with increasing mole-
cular weight of the components, becoming zero for a
mixture of infinite molecular-weight polymers. The
copolymer composition dependence of x;,., is parabolic
owing to the strong unfavourable interaction between S
and AN segments in SAN copolymers. For the particular
composition for which xp vanishes (0.17 and 0.37, core
volume fraction of AN in SAN), Xinwer also vanishes and
does not depend on temperature. In the copolymer
composition range from 0.17 to 0.37, Xiner 1S negative
and increases with increasing temperature, but the sign
never changes from negative to positive. This means that
X never becomes greater than ., when x increases with
increasing temperature; therefore, the miscibility window
can be explained, but the LCST behaviour observed in
some PMMA/SAN blends cannot. Conversely, outside
the negative x region, Xine is positive and decreases with
increasing temperature. This leads to UCST (upper
critical solution temperature) behaviour if the value of y
Crosses x.. Lhis agrees with the experimental finding
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-0.01! 1 L L | 1 L I
01 015 02 025 03 035 04 045 05
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Figure 7 Copolymer composition dependence of total x parameter at
400K, 500K and 600K

that the lower molecular weight mixtures of PMMA with
SAN that have low AN content (and PS) show UCST
behaviour?.

In Figure 6 the copolymer composition dependence of
Xfree is shown. The values of xs.. were calculated by
using the values of 7" in Figure 3 for each PMMA/SAN-
i and curves were drawn by a nonlinear least-squares fit.
For all copolymer compositions X is positive and
increases monotonically with increasing temperature. At
an AN content of about 60% it increases suddenly. This
is caused due to the ¢, dependence of T in SAN as
shown in Figure 3.

Figure 7 shows the copolymer composition depen-
dence of total x (X = Xinter + Xiree) at three temperatures.
There is a copolymer composition range in which x
increases with increasing temperature and its sign
changes from negative to positive. In the region where
X increases, x crosses the value of x., and LCST
behaviour can appear—the LCST behaviour can be
explained only by considering both xipier and Xfree-

Both the LCST and UCST behaviour of PMMA/SAN
blends can be explained qualitatively by Figure 7,
although the calculated results deviate slightly from the
experimental ones. This deviation may be due to a small
error included in the values of x; in Table 2.

CONCLUDING REMARKS

The contributions of the exchange energy and free
volume terms to the y parameter in PMMA/SAN
blends were discussed by the FOV equation of state
(EOS) theory. It was shown that the miscibility in the
limited copolymer composition range was explained by
the copolymer composition dependence of only Xinter,
but xfe Was necessary to explain the LCST behaviour.
The results indicated in this paper were qualitatively
similar to those calculated by other EOS theorles—a
lattice fluid model by Sanchez and Lacombe 3 the cell
and modified cell model by Dee and Walsh' 26 and the
model by Simha and Somcynsky?’.

We discussed the miscibility by using the description
for homopolg/mer/copolymer mixtures suggested by
Shiomi et al> and Jo et al.'°, and the miscibility of
PMMA/SAN blends was consistent with results simu-
lated by Shiomi er al>. As more general expression,
however, xap of homopolymer/copolymer mixtures is

POLYMER Volume 37 Number 26 1996 5881
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given by

2 3 3
XAB = ¢§;)X12 + ¢§3)X13 - ¢§32)¢§3)X23 (17)

Each segmental interaction x;; can be also given by the
expression shown in equation (6)—one can estimate the
temperature and copolymer composition dependences of
xap from the temperature dependence of each x;;. We
also calculated x5 for PMMA/SAN blends in this way.
The result was similar to that indicated in this paper and
the free volume term was also necessary to explain the
LCST behaviour. However, the effect that the different
comonomers are randomly linked in copolymer is not
taken into account in y g calculated from the tempera-
ture dependence of each x;; by equation (17): it is not
reflected in x 55 that the values of 7™ in SAN copolymers
deviate remarkably from the additivity for the copolymer
composition, as shown in Figure 3. The contribution of
the free volume term to x obtained from the experi-
mental result of Figure 3 is different from the one
obtained by equation (17). This implies that the proper-
ties of random copolymers do not always exhibit simple
additivity for copolymer composition and it should be
considered carefully for the discussion of the miscibility.
Where ¥ is calculated by equation (17) it is possible that
the LCST behaviour appears by considering only the
exchange energy term without the free volume effect
since equation (7) is not used.
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