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Abstract

The thermodynamic phase behaviour of blends composed of two random copolymers of polystyrene-co-methyl methacrylate (SMMA)
and polystyrene-co-acrylonitrile (SAN) was studied using a modified Flory’s equation of state (EOS) theory. Light scattering measurements
indicated that SMMA and SAN are miscible within certain copolymer composition ranges and exhibit lower critical solution temperature
behaviour. The temperature, at which phase separation is observed, changes with the copolymer composition. The segmental interaction
energy parameters Xs_nyma» Xs—an and Xyva - an Were calculated using a binary interaction model by fitting the lowest temperature in the
calculated spinodal boundary from EOS theory to the experimental data for several copolymer compositions. It was found that EOS theory,
originally used for binary polymer solutions, could be modified and successfully extended to simulate the phase boundaries of random
copolymer blends, when using Flory’s mixing rule to calculate the equation of state parameters for the copolymers from those of the

constituent monomer segments. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Blending of existing polymers has now become a
common method used to produce materials with new or
improved properties compared to those of its constituents.
However, the number of miscible homopolymer pairs is
quite limited due to the generally unfavourable mixing
enthalpy between different monomer species and to the low
combinatorial entropy associated with mixing of the two
high molecular weight polymers. Addition of a copolymer
has been known to improve miscibility between polymer
blend components. Over the past two decades, extensive
studies of the miscibility window behaviour in blends
containing random copolymers have been carried out [1-8].
These studies are of technological interest: the synthesis of
random copolymers is relative inexpensive compared to the
preparation of block copolymers and therefore these
materials can be used in large-scale industrial processes.

* Corresponding author. Tel.: +44-207-594-5565; fax: +44-207-594-
5638.
E-mail address: j.higgins@ic.ac.uk (J.S. Higgins).

A homopolymer might form a miscible blend with a
copolymer in certain copolymer composition and tempera-
ture ranges, even if all segmental interactions are positive
(and therefore unfavourable to mixing). The driving force
for the miscibility resides in the so-called ‘intramolecular
repulsive interaction’ which exists between the components
of the same copolymer chain [1-3]. This provides an
alternative route to the establishment of a negative Xyjeng for
blends containing random copolymers. One typical example
is the blend of poly(methyl methacrylate) (PMMA)/
polystyrene-co-acrylonitrile (SAN). Although PMMA is
not miscible with either polyacrylanitrile (PAN) or
polystyrene (PS), miscible blends can be prepared with
SAN copolymers of limited AN content [9,10]. Within the
miscibility boundaries, the PMMA/SAN blends exhibit
lower critical solution temperature (LCST) behaviour, in
which phase separation occurs upon heating [11-16]. To
date, most of the theoretical work on polymer blends
comprising at least one copolymer has been carried out
using Flory—Huggins mean-field theory, mainly because of
its extreme simplicity. However, it is well known that the
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Table 1
Characteristics of the copolymers investigated

Polymer Molecular weight (M) DPI (M,,/M,) T," (°C) Refractive index” Copolymer composition Source
(S vol%)

SMMA40 122,500 2.0 111 1.5284 40 Synthesized in the lab
SMMA40S 55,760 1.8 107 1.5254 37 Synthesized in the lab
SMMAS 57,650 1.6 122 1.4956 8 Synthesized in the lab
SMMA30 66,700 1.8 112 1.5151 27 Synthesized in the lab
SANS7 371,000 1.8 97 1.5276 87 Synthesized in the lab
SANS3 349,800 1.8 106 1.5302 83 Synthesized in the lab
SAN75 150,000 2.2 113 1.5720 75 Aldrich
SAN70 137,000 2.4 115 1.5684 70 Aldrich

* T,s were obtained using a Perkin—Elmer Pyris 1 at a scanning rate of 20 K/min.

® Refractive indices are interpolated from data of PMMA, PS and PAN using appropriate weight fractions.
traditional Flory—Huggins (F—H) model does not explain, following relationship [21]:
even qualitatively, many of the most important thermodyn-
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amic features of polymer blends, such as the LCST m/0 %% (2)

behaviour. In order to overcome this drawback of the
original F—H theory, Flory’s equation of state (EOS) theory
introducing the free volume effect on the entropy and
enthalpy of mixing was used to understand quantitatively
both the LCST and UCST behaviour of polymer blends
[17-22]. This model has been able to predict successfully
the phase behaviour of binary systems comprising copoly-
mers mixed with homopolymers [23-28]. To date,
however, there is a shortage of investigations dealing with
the phase behaviour of blends of two copolymers.

In this paper we present a light scattering study of the
phase behaviour of polystyrene-co-methyl methacrylate
(SMMA)/SAN blends as a function of copolymer compo-
sition and temperature. The experimental data are compared
to the calculated spinodal curves with X;; obtained from
fitting the calculated phase diagrams to the experimental
ones on the basis of a modified EOS theory.

2. Theory

Using the notation of Flory and his collaborators
[29-31], the equation of state for pure polymers as well
as polymer blends is given by

piv; v 1

— = — — = l
Ti \7-1/3 - 1 f)iTi ( )

1

where p; = plp}, v = v;/v{, and T = T,/T; are the reduced
pressure, volume and temperature, respectively, and the p;,
vi and T; are the equation of state or characteristic
parameters of component i, which are constant for any
given polymer species. #; and p; are obtained from the
thermal expansion coefficient and the thermal pressure
coefficient, respectively, whereby T} is derived from Eq.
(D).

For a binary blend, the spinodal is defined by the

namely,

—L—k(l—ﬁ)—p’i‘vl* v 1

b, r RT 9@, v — 73
RT,, ¥ 9D, RT,, v RT,, v 0,
=0. (3)

Note that Eq. (3) neglects both the effect of pressure and
molecular weight distribution on the phase diagram. The
literature research results showed that the binodal is greatly
affected by the polydispersity whereas the spinodal is not
[17,21]. Furthermore, the copolymers used in this study are
not very polydisperse as seen in Table 1, and hence using
Eq. (3) to calculate the spinodal boundary is reasonable. In
Eq. (3), r; is segmental fraction of component i, V| is molar
characteristic volume of component i, ¥ the reduced volume
of the blend, knowing that p and 7, which are given

p=plp" = ®p) + Pp5 — P16:,X), €]

piTi @, + psT, D,

T=—— -
D pi + Drp; — D16:X,

4)
and hence ¥ can be determined from Eq. (1). The parameter
0, represents the site fraction

0; = sil(s; Py + 5,D,) (6)

where s; is the segmental contact area, which can be
obtained from Bondi’s method [32]. Characteristic par-
ameters for the copolymer 1 (A,B(;—,)) can be evaluated
from the usual combining or mixing rules [23]:

pi=axpa + (1 —x0)pp — x(1 — )Xap (7)

UT} = (xpa/Ta + (1 — )pp/Tg)/pi (®)
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According to Flory’s binary interaction model based on the
assumption of random mixing [23,25], the interaction
parameter Xpenq between copolymer 1 (A,B;_,) and
copolymer 2 (C,D, _,) is given by

Xplend = X0cXac + x0pXap + (1 — X)0cXpc

+ (1 = x)O0pXpp — xO05Xap — (51/52)y0pXcp  (10)

where x and y are the volume fraction of A and C in the
A,B;_, and C,D,_, copolymers, respectively.

3. Experimental
3.1. Materials

Copolymers of SMMA and SAN were synthesised by
free radical polymerisation in toluene solution for 3—4 h at
343 K using AIBN as initiator. The monomers, i.e. styrene
and MMA purchased from Aldrich, were freed from
inhibitor and distilled prior to use. The resulting polymer
solutions were precipitated into a large excess of methanol,
purified and then dried in vacuum for over one week. The
degree of conversion was kept below 30% in order to avoid
copolymer composition drifts.

The molecular weights of SMMA and SAN samples
were estimated by gel permeation chromatography (GPC)
using polystyrene standards from Rapra Technology Ltd.
The composition of SMMA was determined by 'H NMR.

3.2. Preparation of blends

For light scattering experiments, copolymer blends of
SMMA and SAN were prepared at various weight fractions
by solution casting from THF (5% w/v). The solutions were
cast on a 16 mm diameter microscope glass cover slip and
kept at room temperature for one day in order to evaporate
the solvent slowly. The samples were then further dried in a
vacuum oven in which the temperature was raised gradually
until at least 20 K above the glass transition temperatures of
the blend during a period of ca. 2 weeks.

3.3. Light scattering measurements

The cloud points of SAN/SMMA were measured using a
home-built light scattering apparatus for which details of
design have been described elsewhere [36,37]. A He—Ne
laser of 633 nm wavelength is directed onto the sample and
the scattered light detected by an array of 32 photo-diodes
aligned above the sample in an arc from 5 to 67°.

4. Results and discussion

4.1. Cloud point curves of SMMA/SAN

In a homogeneous system, the refractive index is uniform
throughout and, hence, light can pass through unaffected. As
a blend undergoes phase separation, however, light scatter-
ing results from the variation of the refractive index in the
sample, provided that there is a reasonable difference
between the refractive indices of the components and that
the size of the dispersed phase is comparable to the
wavelength of light. Values of the refractive indices of SAN
and SMMA listed in Table 1, suggest that light scattering is
a suitable technique for detecting the phase separation of
this system.

In this work, the copolymer systems selected for light
scattering measurements, e.g. as SMMAS/SAN7S5 and
SMMA30/SAN7S5, formed transparent films at room
temperature. To determine the cloud points of the
SMMA/SAN blends, a series of light scattering measure-
ments were carried out as a function of heating rate. As
shown in Fig. 1, the cloud point coincides with the
temperature at which a sudden increase in the intensity of
scattered light is observed. Due to the viscous and highly
entangled nature of polymeric materials, values of cloud
point temperature (7.) depend upon heating rate. T,
increases with increasing heating rate and, consequently,
the intensity change detected does not represent the true
phase boundary.

To overcome this problem, in this work, we carried out
measurements at three different heating rates: 0.2, 0.5 and
1 K/min. Phase boundary temperatures corresponding to
zero heating rate were determined by extrapolation, as
shown in Fig. 2 for samples with different blend ratios. In a
few cases only two heating rates were used because SMMA
and SAN degrade at high temperature, especially if held
there for long time, and, as a consequence, the cloud point

1 5 3o
30 F 9=0.0169nm" g

Intensity(au)

150 160 170 180 190

Temperature (OC)

Fig. 1. Dependence of cloud point temperatures on heating rate for a
SMMA30/SAN75 (50/50) blend. 7. values are marked by arrows and
values of heating rates are reported: (A) 0.2 K/min; (O) 0.5 K/min, (O)
1.0 K/min.
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Fig. 2. Cloud point temperatures as a function of heating rate for (a)
SMMAS8/SANT5: (V) 80/20, (O) 60/40, (A) 50/50; (b) SMMAS8/SANTS:
(M) 85/15, (O) 30/70, (<) 20/80; (c) SMMA30/SAN7S: (W) 85/15, (V)
80/20, (O) 60/40, (A) 50/50, (O) 30/70, (<) 20/80. The lines indicate
extrapolation to zero heating rate. In (a) cloud point temperatures are
reported without showing error bars, for clarity.

temperatures could not be detected for the lowest heating
rate. In Fig. 2(a), cloud point temperatures are reported for a
series of SMMAS8/SAN75 (80/20, 60/40 and 50/50) and, for
clarity of presentation we do not show the corresponding
errors. The large error bars for the sample with 15% SAN
(Fig. 2(b)) and for the 10% SAN blend (Fig. 2(c)) indicate
that the phase transition temperature could not be detected
precisely at these particular compositions. One of the
reasons for this may be due to the very high phase separation

temperature at which the blends would degrade. That is why
only two heating rates of 0.5 and 1.0 K/min were used for
light scattering measurements at these particular compo-
sitions. The slope of the apparent cloud point temperatures
vs. heating rate curve is seen to be somewhat steeper for
those compositions, which phase separate at lower tem-
peratures. This is probably, due to the very slow response of
these high molecular weight systems when the temperature
lowers towards the glass transition. However, the stronger
heating rate effect observed in this work is attributed to the
molecular weight of SAN used in this experiment.

4.2. Calculation of phase boundary

As mentioned in Section 2, in order to evaluate
thermodynamic quantities for binary system, we need to
determine values of the characteristic parameters, e.g. v}, p;
and T; for the respective copolymers. In this paper, we
assumed that the characteristic parameters of the monomers
in copolymers are equal to those of the corresponding
homopolymers. Values of the characteristic parameters are
taken from Won Ho Jo’s study [25] and these are listed in
Table 2.

In addition to the parameters mentioned above, the
binary segmental interaction energy parameters X;; are also
required in order to calculate phase boundaries. For low
molecular weight analogues, X;; can be obtained from
measurements of heat of mixing. However, it has been
shown that X, values obtained from this method are
generally too large [21]. In this paper, values of X;; were
obtained by fitting the calculated phase diagrams derived
from EOS theory to the experimental data under the
assumption that the minimum of the cloud point tempera-
ture coincides with the critical temperature of the phase
diagram. Once Xpjeng 1S known for several of copolymer
compositions, we can calculate X;; using the binary
interaction model (Eq. (10)). The resulting segmental
interaction energy parameters are Xg s = 3.4 Jem®,
XyvMa_an = 254 J/cm?, and Xg_ oy = 44.8 J/cm®. There
are only three values here unlike Eq. (10) since our
copolymers are AB and BC containing the same co-
monomer.

Using the method introduced in Section 2, the spinodal
curves were calculated using Eq. (3) and the Xj; values
determined as described above. Numerical solutions of the
spinodal equation for SMMA/SAN obtained by plotting the
left side values of Eq. (3) as a function of SAN volume
fraction at various spinodal temperatures, are shown in

Table 2

Characteristic parameters of the polymers used in this study

Polymer Vep (ecm®/g) p* (Jlem?) T" (K)
PS 0.8466 453 8982
PMMA 0.7643 562 8474
PAN 0.7798 810 11,680
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Fig. 3. Calculated azAGm/ad)% versus SAN content, @,, at different
temperatures. (a) SMMA30/SAN7S5 and (b) SMMAS/SANTYS.

Fig. 3. For convenience, a horizontal dashed line represent-
ing the miscibility limit was drawn at 9>AG,,/0 @3 = 0. The
intersection of the d?AG,/0®3 curve and the horizontal
dashed line represents the spinodal compositions at the
corresponding spinodal temperatures. The resulting spino-
dal curves are reported in Fig. 4 together with the
experimental cloud points.

These blends exhibit LCST behaviour within certain
copolymer composition ranges, just as the case of a blend of
PMMA/SAN as is observed from both calculations and
experiment. According to EOS theory, there are three
contributions influencing the miscibility of polymer blends
[28]: a combinatorial entropy term, an interaction term and
the free volume term. For the SMMA/SAN system, negative
Xblena Values between SMMA and SAN within a certain
range of copolymer compositions are the main factor
leading to LCST behaviour.
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Fig. 4. Phase boundaries versus blend composition: (a) SMMA30/SAN75
and (b) SMMAS8/SAN75. The symbols indicate the experimental cloud
points extrapolated to zero heating rate whereas the solid lines are the
calculated spinodal curves using data reported in Fig. 3.

As shown in Fig. 4, although the agreement between
experimental data and theoretical calculations is very good,
at low SAN content, the calculated spinodal temperatures
are lower than the experimental cloud points extrapolated to
zero heating rate. On the contrary, at higher SAN content,
the calculated curves are higher than the experimental
values. There are several possible reasons for this but
mainly we have to note that for off critical blends, where
there is a large metastable gap to pass through before the
spinodal temperature is reached, the cloud points may
represent something closer to the binodal temperature. This
issue can be resolved by careful light scattering experiments
during phase separation kinetics after a jump inside the
spinodal [38].

Another possible reason for the discrepancy is that the
characteristic parameters used for the monomers in the
copolymers refer to literature data and these may differ from
the experimental values. Furthermore, the simple mixing
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rule, i.e. Egs. (7)—(9), used to obtain the characteristic
parameters for the copolymers may need to be modified,
since, in some cases, deviations between calculations and
experimental results have been found [28].

The phase separation temperature changes with copoly-
mer compositions. For example, the LCST of SMMAS/-
SANT75 is higher than that of SMMA30/SAN75 (Fig. 4), due
to the more negative Xyjeng between SMMAS and SANT7S.
Comparing with the LCST of other blends, PMMA/SAN
samples at the same SAN copolymer composition showed a
higher LCST than SMMA/SAN because of the more
negative Xpena values between PMMA and SAN, i.e.
using SMMA instead of PMMA will decrease the LCST of
the blend of PMMA/SAN.

4.3. Miscibility window

Since SMMA and SAN copolymers contain a common
monomer, there are only three different interaction energy
parameters, which are the same as those of a blend of
PMMA and SAN. Ougizawa et al. [28] studied the phase
behaviour of PMMA/SAN blends and reported the follow-
ing X;; values: Xg_yma = 3.4 Jiem®, Xyva_an = 24.9 X
J/em® and Xg_sn = 45.1 J/em?®. These values are very close
but not identical to those we reported above from fitting data
for our blends. It is interesting, therefore, using PMMA/
SAN literature values, to calculate the miscibility window
for our copolymer/copolymer blends based upon a binary
interaction model. The results can then be compared to
those obtained using calculated X;; values, as explained
earlier in this work. The miscibility window where Xy, =
0 (Eq. (10)) is described by a function of the copolymer
composition x and y, and the solution can be readily
obtained in the x—y plane. The enclosed area is the miscible
area in Fig. 5. Visual inspection of the turbidity of the
samples, as well as light scattering measurements, was
employed to obtain the miscibility region experimentally.

The calculated miscible window is wider than the
experimental one. Several factors may contribute to this
discrepancy: (a) the segmental interaction parameters, X;;
are assumed to be composition- and temperature-indepen-
dent; (b) both components are assumed to be randomly
mixed, and hence the influence of sequence distribution of
the copolymer on the miscibility is ignored. However, some
literature results have shown that the sequence distribution
of the copolymer will affect the charge distribution and the
probability of contact between interaction sites and thereby
affect the miscibility [33-35]; (c¢) Any free-volume
contributions to the mixing process are neglected in Eq.
(10) based upon the random mixing assumption. The X;
obtained in this work from fitting the simulated phase
diagram to the experimental data using Flory EOS theory,
may solve this problem to some extent since this theory
considers the free volume effect. However, the calculated X;;
obtained from fitting the data for the composition at the
lowest temperature of the phase diagram should correspond
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Fig. 5. Miscibility window of SMMA/SAN blends. The symbols represent
experimental points: ((J) immiscible blends, (<) miscible blends and (O)
partially miscible systems. The solid lines refer to calculations using
literature X;; values whereas the dashed lines represent calculated curves
using values reported in this work.

to consideration of the free volume effect only at this
particular composition, i.e. the changes of the free volume
with blend composition are ignored. The Xj; values obtained
in this way cannot therefore completely account for the
effect of free volume on the miscibility at other blend
compositions.

5. Conclusions

The results presented in this work demonstrate that
blends containing two copolymers may be miscible within
a certain copolymer composition range even where the
corresponding homopolymers are immiscible. The phase
boundary at different blend ratios was calculated as a
function of temperature, based upon a modified Flory EOS
theory. The required segment—segment interaction para-
meters X;; and the EOS parameters for the copolymers were
obtained from suitable mixing rules. The extent of the
agreement between calculated phase boundaries and
experimental data depends on the accuracy of the values
of X; and EOS parameters used. The binary interaction
model based upon the mean-field theory cannot completely
account for the miscibility of the blends containing two
copolymers.
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