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ABSTRACT: Polymer blends of poly(methyl methacrylate) (PMMA) and poly(styrene-co-acrylonitrile)
(SAN) with an acrylonitrile content of about 30 wt % were prepared by means of solution-casting and
characterized by virtue of pressure—volume—temperature (PVT) dilatometry. The Sanchez—Lacombe (SL)
lattice fluid theory was used to calculate the spinodals, the binodals, the Flory—Huggins (FH) interaction
parameter, the enthalpy of the mixing, the volume change of the mixing, and the combinatorial and
vacancy entropies of the mixing for the PMMA/SAN system. A new volume-combining rule was used to
evaluate the close-packed volume per mer, v*, of the PMMA/SAN blends. The calculated results showed
that the new and the original volume-combining rules had a slight influence on the FH interaction
parameter, the enthalpy of the mixing, and the combinatorial entropy of the mixing. Moreover, the
spinodals and the binodals calculated with the SL theory by means of the new volume-combining rule
could coincide with the measured data for the PMMA/SAN system with a lower critical solution
temperature, whereas those obtained by means of the original one could not.

Introduction

Quite a few polymer solutions and mixtures exhibit
lower critical solution temperature (LCST) phenomena,*~’
which has fascinated scientists for many years. Early
in 1942, Flory® and Huggins® gave the first description
of the statistical thermodynamics of the phase equilib-
rium of polymer solutions and mixtures. The classical
polymer solution theory, i.e., the Flory—Huggins (FH)
theory,'0 which ignores the equation of state properties
of the pure components, fails to describe the LCST
behavior unless the interaction energy is known as a
function of temperature and composition. To explain the
LCST behavior, Flory, Orwoll, and Vrij (FOV)!! devel-
oped a theory that incorporated the equation of state
properties of the pure components. In the 1970s, Sanchez
and Lacombe (SL) established the lattice fluid theory
of pure fluids,? their solutions,’® and their mixtures!4
which made allowances for empty lattice sites or free
volume.

It has been known that poly(methyl methacrylate)
(PMMA) and poly(styrene-co-acrylonitrile) (SAN) form
a miscible blend when the acrylonitrile content in SAN
is between about 9 and 33 wt %.1516 The miscible system
exhibits an LCST phenomenon and has aroused great
interest in scientists for both experiment and theory.15-34
The miscibility of PMMA and SAN in the blend has been
investigated by means of various methods such as
infrared spectroscopy,'”1® nuclear magnetic resonance,'%2
electron microscopy,?-2? laser light scattering,1623.24
neutron scattering,?>2% differential scanning calorim-
etry,1516.27-29 ghear measurement,3%3! and pressure—
volume—temperature (PVT) dilatometry.32:33

In this work, PMMA, SAN, and their blends were
characterized with the aid of PVT dilatometry, and the
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resulting PVT data in the melt state were fitted to the
SL equations of state. The spinodals, the binodals, the
FH interaction parameter, the enthalpy of the mixing,
the volume change of the mixing, and the combinatorial
and vacancy entropies of the mixing for the PMMA/SAN
system were calculated on the basis of the SL lattice
fluid theory. Temperature and blend composition de-
pendences of the calculated results are discussed in
detail.

Theoretical Background
According to the SL lattice fluid theory,’>71* the
equations of state and the Gibbs energy per mer, G,

can be respectively expressed, for component i (i = 1,
2), as
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where P;, T;, ¥, pi and P, T, 9, p are the reduced
pressure, temperature, volume, and density of compo-
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and for the binary mixture as
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nent i and the mixture, respectively, which are respec-
tively defined as

P,=P/P*, P =P/P* (5)
T,=T/IT T=T/IT* (6)
D, =VJIV* D =VIV* 7

pi=1, p=1 (8)

Scaling parameters P*;, T*;, V*; and P*, T*, V* can
also be expressed in terms of the total interaction energy
per mer and the close-packed volume per mer (the
volume of a lattice site)

* = e*v*, P = e*u* 9)
T = eryk T* = erlk (10)
VE = IONp*; V* = (5N, + BNU* = rNe (1)

where €*jj, v*; and €*, v* are the total interaction energy
per mer and the close-packed volume per mer of
component i and the mixture, respectively; k represents
the Boltzmann constant; r? and r; are the numbers of
the lattice sites occupied by a molecule of component i
in the pure fluid and the fluid mixture, respectively; r
is the average number of the lattice sites occupied by a
molecule in the fluid mixture; and N; and N are the
molecular numbers of component i and the mixture,
respectively. Parameters w? and wj (in egs 2 and 4) are
the numbers of the configurations available to a rf-mer
and a ri-mer in the close-packed states, respectively.
In the SL theory, the following energy-combining and
volume-combining rules are used to calculate the total
interaction energy per mer, €*, and the close-packed
volume per mer, v*, of a binary mixture, respectively

e = ¢12€*11 + 2010, 1, + ¢22€*22 (12)
1v* = ¢, lv*; + ¢ lv*, (13)

where ¢; stands for the close-packed volume fraction of
component i in the mixture and €*;, is the interaction
energy of a mer belonging to component 1 when it is
surrounded by z mers belonging to component 2.

The Gibbs energy of mixing per mer, AGy, is defined
as

AéM = éM - (¢1(=31 + ¢2C=':‘2) (14)

On the basis of the FH lattice model,’® the FH
interaction parameter, y, can be expressed as

AG&H— ﬁIn +ﬁln
kTv |V, Py e

= 15
v 19> (13)

where V is the total volume of a binary polymer system;
Vi and ¢ represent the molecular volume and the
volume fraction of component i, respectively; and AG,f,lH
is the Gibbs energy of mixing in the FH theory.
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Table 1. Materials’ Sources and Molecular
Characteristics

polymer supplier My (x10%) Mp (x10%)
PMMA Acros 38.7 10.4
SAN Aldrich 14.9 5.6

According to our previous assumptions,3>36 eq 15 can
be rewritten by means of the SL theory
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Experimental Section

Materials. The sources and molecular characteristics of
poly(methyl methacrylate) (PMMA) and poly(styrene-co-
acrylonitrile) (SAN) with an acrylonitrile content of about 30
wt % used in this work are listed in Table 1. The materials
were used as received without further purification. The weight
and number-average molecular weights were determined by
means of gel permeation chromatography relative to the
polystyrene standards.

Sample Preparation. The PMMA powder and the SAN
pellets were dried under vacuum at 80 °C for 24 h. The films
of PMMA, SAN and their various blends were respectively
prepared by casting from 5% (g/cm?®) 1,2-dichloroethane solu-
tions. After the evaporation of the solvent (at room tempera-
ture), the films were further dried under vacuum at 80 °C for
3 days and finally at 120 °C for 2 days to ensure the complete
removal of the solvent.

PVT Measurements. The PVT properties of all the samples
were determined with a commercial high-pressure piston-type
dilatometer, a PVT-100 apparatus (SWO Polymertechnik
GmbH), by means of an isothermal cooling procedure, in the
temperature and pressure ranges 30—180 °C and 200—1800
bar, respectively, with 3 °C temperature and 200 bar pressure
steps. The cooling rate was 1 °C min~. Every measured
temperature was kept for 15 min and then increasing pressure
measurements were performed. The data at 1 bar were
extrapolated from those at high-pressure by means of the Tait
equation of state.®”

Results and Discussion

PVT Diagram. The PVT properties of PMMA, SAN,
and their blends, similar to those shown in Figure 1,
were determined with a PVT-100 dilatometer. The
experimental data were determined as a series of
isotherms. Figure 1 presents the selected isobars with
the interval of pressure 600 bar and the so-called isobar
determined at 1 bar (open circles) is extrapolated one.
Figure 1 shows the specific volume, Vgp, of PMMA as a
function of temperature and pressure. The open squares
represent the experimental data, and the solid lines AB
and CD separate the diagram into three parts; with the
increase of temperature, the three parts are glassy,
exceptional, and melt states, respectively. In the excep-
tional area, a glass is reformed by pressurization from
the melt during isothermal compression.®® From Figure
1, it can be seen that the change of the specific volume
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Figure 1. Specific volume, Vg, of PMMA as a function of
temperature and pressure. The open squares and circles
represent the experimental data and the extrapolated 1 bar
data, respectively, and the solid lines AB and CD separate the
diagram into three parts: glassy, exceptional, and melt states.

PMMA/SAN

0.0 0.2 0.4 0.6 0.8 1.0
SAN

Figure 2. Interaction energy parameter, */k, as a function
of the blend composition for the PMMA/SAN system. The open
squares and the solid line represent the values evaluated with
the SL equations of state and eq 12, respectively.

Table 2. Scaling Parameters of PMMA and SAN

v* x 10%°
polymer P* (bar) 0* (kg m~3) T (K) (m3 mer-1)
PMMA 6713.9 1300.7 699.3 1.4381
SAN 5886.8 1174.2 731.3 1.7152

in the glassy state is much smaller than that in the melt
state with the changes of temperature and pressure. The
specific volume decreases rapidly with the increase of
pressure in the melt state. For all the samples, only the
data of the equilibrium melt state were used to obtain
the scaling parameters by fitting the PVT data to the
SL equations of state as described above.

Scaling Parameters. Fitting the PVT data of the
equilibrium melt state to the SL equations of state, i.e.,
egs 1 and 3, we obtained three scaling parameters P*,
p*, and T* (or €*, v*, and r) of all the samples. The
scaling parameters of PMMA and SAN are listed in
Table 2. In our previous paper,3® the only one adjustable
interaction energy parameter, €*1,/k, in the SL lattice
fluid theory was evaluated by comparing the theoretical
and the experimental phase diagrams. In this system,
however, e*15/k can be identified as 715.32 K by evalu-
ating the scaling parameter, T* (equals ¢*/k) of all the
samples with the SL energy-combining rule (eq 12).
Figure 2 shows €*/k as a function of the blend composi-
tion for the PMMA/SAN system. The open squares and
the solid line represent the values evaluated with the
SL equations of state and eq 12, respectively. During
the evaluation of the scaling parameters for all the
samples, the data of the equilibrium melt state within
the same range (from 1 bar (117—174 °C), 200 bar (120—
174 °C), and 400 bar (123—174 °C), to 1800 bar (144—
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Figure 3. Close-packed volume per mer, v*, as a function of
the blend composition for the PMMA/SAN system. The open
squares and the solid and dashed lines represent the values
evaluated with the SL equations of state, eq 17, and calculated
with eq 13, respectively.

174 °C)) were selected. From Figure 2, it can be seen
that the SL energy-combining rule fits very well with
the values evaluated from the PVT data. The adjustable
interaction energy parameter, €*12/k, supposed to be
independent of temperature, was further used to cal-
culate the spinodals, the binodals, the FH interaction
parameter, the enthalpy of the mixing, and the combi-
natorial and vacancy entropies of the mixing.

The close-packed volume per mer, v* (another scaling
parameter), as a function of the blend composition for
the PMMAJ/SAN system is shown in Figure 3. The open
squares and the dashed line represent the values fitted
with the SL equations of state and calculated with eq
13, respectively, which do not coincide well with each
other. Therefore, we replace the SL volume-combining
rule (eq 13) with the following equation which is similar
to the combining rules presented by Panayiotou3?=41 in
the SL lattice fluid theory and by Shiomi et al.*? in a
modified version of the FOV theory

v* = ¢12U*1 1 2¢,9,0* ), + ¢22v*2 (17)

where the adjustable volume mixing parameter, v*;,,
can be identified as 1.6897 x 1072° m3 mer—! by fitting
the values of the open squares to the new volume-
combining rule (eq 17). From Figure 3, it can be seen
that the open squares coincide very well with the solid
line (evaluated with eq 17), that is, the new volume-
combining rule is better than the original one for the
PMMA/SAN system.

Spinodals and Binodals. Just as the spinodals and
binodals of ternary and quaternary polymer blends were
calculated with the method*3#* (the knowledge of the
first and second derivatives of AG with respect to the
composition variables is not required), the spinodals and
the binodals of the PMMAJ/SAN system were calculated
with the SL theory by means of the two different
volume-combining rules. Figure 4 shows the calculated
results of the spinodals and the binodals compared with
the experimental data obtained from references.164> The
dashed and the solid lines represent the spinodals and
the binodals calculated with the SL theory by means of
the new and the original volume-combining rules,
respectively; the open and the solid squares represent
the experimental spinodals and binodals, respectively,
which were determined by Song et al.*®> for a PMMA/
SAN system with an acrylonitrile content of 30 wt %,
and the solid circles represent the experimental binodals
determined by Suess et al.16 for a PMMA/SAN system
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Figure 4. Spinodals and binodals of the PMMA/SAN system.
The dashed and the solid lines represent the spinodals and
the binodals calculated with the SL theory by means of the
new (eq 17) and the original (eq 13) volume-combining rules,
respectively; the open and the solid squares represent the
experimental spinodals and binodals, respectively, which were
determined by Song et al.,*®> and the solid circles represent the
experimental binodals determined by Suess et al.'6

-3

5

X 107/mol cm

W
f
Aed
=3
1=
/

0.0 0.2 0.4 0.6 0.8 1.0
¢SAN
Figure 5. Temperature and blend composition dependences
of the FH interaction parameter, y, for the PMMA/SAN blends.
The solid and the dashed lines represent the values calculated
with eq 16 by means of the new (eq 17) and the original (eq
13) volume-combining rules, respectively.

with an acrylonitrile content of 30.5 wt %. From Figure
4, it can be seen that the critical temperature (T;)
calculated by means of the new volume-combining rule
(446 K) is close to those determined by Song et al. (436
K) and by Suess et al. (447 K). However, the T,
calculated with the aid of the original volume-combining
rule (329 K) is far from the experimental data. That is
to say, the spinodals and the binodals calculated via the
new volume-combining rule can be used to describe the
phase diagrams for the PMMA/SAN system with LCST,
whereas those calculated with the original one cannot.
Moreover, according to our calculations, the phase
diagram for the PMMAJ/SAN system is very sensitive
to the adjustable volume mixing parameter, v*1,.

FH Interaction Parameter. The FH interaction
parameter, y, was calculated with eq 16 by means of
the two different volume-combining rules. Figure 5
shows the temperature and blend composition depend-
ences of y for the PMMA/SAN blends. The solid and the
dashed lines represent the values calculated with eq 16
by using the new and the original volume-combining
rules, respectively. From Figure 5, it can be seen that
the two different volume-combining rules have a little
influence on y. The values of y calculated with eq 16 by
means of the new rule decrease with the increase of the
SAN content in the blends under the isothermal condi-
tions and are a little smaller than those calculated with
eq 16 by means of the original rule under the same
conditions. As shown in Figure 5, the lower the tem-
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Figure 6. Temperature and blend composition dependences
of the enthalpy of the mixing, AHwm, for the PMMAJ/SAN blends.
The solid and the dashed lines represent the values calculated
with eq 18 by means of the new (eq 17) and the original (eq
13) volume-combining rules, respectively.

perature, the smaller the values of the FH interaction
parameter; that is to say, the miscibility of the PMMA/
SAN blends can be improved by decreasing the temper-
ature. Frezzotti et al.*6 gave the values of the interaction
parameters, y,2), for a 50:50 (by weight) PMMA/SAN
(containing 24 wt % acrylonitrile) blend, approaching
—2.9 x 107* and —2.7 x 107° at 29.4 and 49.3 °C,
respectively, and the corresponding values of the FH
interaction parameter, y, are calculated to be about
—2.75 x 107% and —2.56 x 1078 mol cm~3, respectively,
which are close to our calculated results.

Enthalpy of Mixing. It is known that the Gibbs
energy can be split into its enthalpic and entropic parts
in_the SL theory.*®14 The enthalpy of mixing per mer,
AHy, is given by

AH,, - = = . =
W: Hy — ¢:H; — ¢,H, = €*(— p + P?) —

Pre*11(— Py + P1Dy) — dpe*,5(— B, + Pyy) (18)

AH,, =

where Hy and H; are the enthalpies per mer of the
blend and component i, respectively. Figure 6 shows the
temperature and blend composition dependences of AHwm
for the PMMAJ/SAN blends. The solid and the dashed
lines represent the values calculated with eq 18 by
means of the new and the original volume-combining
rules, respectively. From Figure 6, it can be seen that
the values of AHy calculated with eq 18 by means of
the original volume-combining rule are a little more
negative than those calculated with eq 18 by means of
the new rule under the same conditions. Moreover, the
higher the temperature, the more negative the enthalpy
of the mixing. In the whole blend composition range,
the enthalpy of the mixing is negative, which is favor-
able for the mixing of PMMA and SAN. It is generally
recognized that an exothermic (negative) enthalpy of
mixing between two polymers with a high molecular
weight is a requirement for their miscibility.1547.48
Frezzotti et al.*¢ determined the enthalpy of the mixing
for forming a 50:50 (by weight) PMMA/SAN (containing
24 wt % acrylonitrile) blend by the Hess law on dilute
polymer solutions and gave the values of AHy, —1.94
x 1072 and —2.00 x 10~* J g~%, approach at 29.4 and
49.3 °C, respectively. The absolute values of AHy we
calculated are approximately 1 order of magnitude
higher than the experimental values obtained by Frez-
zotti et al. The reason for this difference appears to be
the limited precision of the two methods. Moreover,
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Figure 7. Temperature and blend composition dependences
of the fractional volume change of the mixing, AVu/V, for the
PMMA/SAN blends. The solid and the dashed lines represent
the values calculated with eq 20 by means of the new (eq 17)
and the original (eq 13) volume-combining rules, respectively.

according to our calculations, the enthalpy of the mixing
for the PMMAJ/SAN blends is not sensitive to the
adjustable volume mixing parameter, v*i,.

Volume Change of Mixing. In the SL theory,1314
volume changes upon mixing are calculable. The volume
change of mixing, AVy, and the fractional volume
change of mixing, AVu/V, are respectively given by

AV =V =V, =V, = V* — V¥, 5, — V5,5, (19)

AV
o= 1= 200+ 6,7) (20)

where Vj and V are the volumes of component i (before
blending) and the blend, respectively. Figure 7 shows
the temperature and blend composition dependences of
AVmIV for the PMMA/SAN blends. The solid and the
dashed lines represent the values calculated with eq 20
by means of the new and the original volume-combining
rules, respectively. The calculated results suggest that
the two different volume-combining rules do not nearly
have influence on AV/V. From Figure 7, it can be seen
that the values of AVy/V are negative, which favors the
mixing of PMMA and SAN. Moreover, the higher the
temperature, the more negative the values of AV\/V are;
that is, increasing temperature is favorable for the
mixing of PMMA and SAN.

Combinatorial and Vacancy Entropies of Mix-
ing. The entropic part of the Gibbs energy can be
further split into the combinatorial and the lattice
vacancy entropies.*® The combinatorial entropy of mix-
ing per mer, ASmcomb, and the vacancy entropy of
mixing per mer, ASwuvac, Can be respectively expressed
as follows

a ASM,comb = = =
ASM,comb = T = SM,comb - ¢lsl,comb - ¢252,comb
(21)
- AS,, - - -
ASM,vac = vaaC = SM,vac - ¢lSl,vac - ¢282,vac (22)

where Sw comb, Si.comb @Nd Smvac, Sivac are the combina-
torial and the vacancy entropies per mer of the blend
and component i, respectively. According to egs 2, 4, and
14, the combinatorial and the vacancy entropies of
mixing per mer contributing to the Gibbs energy of
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Figure 8. Temperature and blend composition dependences
of —TASmcomb for the PMMAJ/SAN blends. The solid and the
dashed lines represent the values calculated with eq 23 by
means of the new (eq 17) and the original (eq 13) volume-
combining rules, respectively.
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Figure 9. Temperature and blend composition dependences
of —TASmyac for the PMMA/SAN blends. The solid and the
dashed lines represent the values calculated with eq 24 by
means of the new (eq 17) and the original (eq 13) volume-
combining rules, respectively.

mixing per mer can be respectively calculated by the
following equations:

—TASy comp = e*'T'(ﬁlnﬁ + ﬁInﬁ) -
’ rn o, I, w
=P 1 =P 1
e T 0t — e, T, 240t (23)
R > W

— TASy v = e*'i'[(f) ~1)In(L - ) + %In ,a] -

o ~ 1, .
¢1€*11T1’(U1 —1)In(1 —py) + Fln pl] —
1

¢ze*22f2[(az ~1)In(L - )+ in 52] (24)
2

Figure 8 shows the temperature and blend composition
dependences of —TASw comp for the PMMA/SAN blends.
The solid and the dashed lines represent the values
calculated with eq 23 by means of the new and the
original volume-combining rules, respectively. In Figure
8, there exhibits an influence of the two different
volume-combining rules on —TASpm comb. The tempera-
ture and blend composition dependences of —TASwm vac
for the PMMAJ/SAN blends are shown in Figure 9. The
solid and the dashed lines represent the values calcu-
lated with eq 24 by means of the new and the original
volume-combining rules, respectively. The calculated
results suggest that the two different volume-combining
rules do not nearly have influence on —TASpm vac.
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From Figures 8 and 9, it can be seen that, in the whole
blend composition range, —TASm comb iS Negative, which
is favorable for the decreasing of the Gibbs energy of
mixing, whereas —TAS vac IS just opposite to —TASwm comb-
Moreover, the absolute value of —TASwm comp IS sSmaller
than that of —TASyvac Under the same conditions.
Therefore, the total entropy of mixing contribution,
—TASw, is positive, which is unfavorable for the de-
creasing of the Gibbs energy of mixing. As shown in
Figure 9, the higher the temperature, the more positive
the value of —TASmyae. That is to say, the vacancy
entropy of mixing is more unfavorable for the decreasing
of the Gibbs energy of mixing with the increase of
temperature. From the comparison of Figure 6 with
Figure 9, we can see that the absolute value of AHy is
a little smaller than that of —TASmvac. Considered the
contribution of the combinatorial entropy of the mixing,
however, the Gibbs energy of mixing is negative, which
is a necessary condition for the miscibility of PMMA and
SAN.

Conclusions

According to the results obtained and the above
discussion, some conclusions can be drawn, as follows.

(1) The new volume-combining rule presented in this
paper can replace the original one, and the former
coincides with the values (of v*) evaluated with the SL
equations of state better than the latter does. These two
volume-combining rules have a slight influence on the
FH interaction parameter, the enthalpy of mixing, and
the combinatorial entropy of mixing.

(2) The spinodals and the binodals calculated with the
SL theory by means of the new volume-combining rule
can be used to describe the phase diagrams for the
PMMAJ/SAN system with an LCST, whereas those
calculated with the SL theory by means of the original
one cannot.

(3) The FH interaction parameter indicates that the
miscibility of the PMMA/SAN system can be improved
by decreasing the temperature.

(4) In the whole blend composition range, the enthalpy
of mixing and the volume change of mixing are negative,
which is favorable for the mixing of PMMA and SAN.

(5) The combinatorial entropy of mixing is favorable
for the decreasing of the Gibbs energy of mixing,
whereas the vacancy entropy of mixing is just opposite
to the former.
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