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ABSTRACT: An extended and generalized Flory—Huggins model for calculating the
heats of mixing and predicting the phase stability and spinodal diagrams of binary
polymer—polymer mixtures is presented. In this model, the interaction parameter is
considered to be a function of both temperature and composition. It is qualitatively
shown that the proposed model can calculate the heats-of-mixing curves containing
exothermic, endothermic, and S-shaped or sigmoidal types and predict the spinodals,
including the upper and lower critical solution temperatures, and closed-loop miscibil-
ity regions. Using experimental results of analog calorimetry for four polymer mixtures
of polystyrene/poly(vinyl chloride) (PS/PVC), polycarbonate (PC)/poly(ethylene adipate)
(PEA), polystyrene/poly(vinyl acetate) (PS/PVAc), and ethylene vinyl acetate copolymer
(EVA Co)/chlorinated polyethylene (CPE), the capabilities of the proposed functionality
for the interaction parameter was studied. It is shown that this function can be used
satisfactorily for the heat-of-mixing calculations and phase-behavior predictions. © 2000

John Wiley & Sons, Inc. J Appl Polym Sci 78: 1328-1340, 2000
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INTRODUCTION

In polymer research, many studies have been de-
voted to the study of phase behavior and the mis-
cibility of polymer mixtures. Phase behavior and
miscibility regions of these mixtures are deter-
mined by spinodal-phase diagrams. In the field of
polymer miscibility, undoubtedly, the pioneering
work of Flory'~® and Huggins*® (FH) presents the
most familiar theory for predicting phase behav-
ior and spinodal curves. The interaction parame-
ter in the original version of the FH theory was
assumed to be independent of the mixture com-
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position. Because of its simplicity, this theory is
widely used to predict phase-separation phenom-
ena in binary polymer solutions and mixtures.
Much research has been done to improve the
shortcomings of the original FH theory, among
which we can mention the recent works of Kon-
ingsveld et al.,®” Painter et al.,®° and other work-
erg 10,11

There are a number of other theories such as
the equation of state,'>7'7 corresponding states,'®
and group contribution'® which have been em-
ployed for phase-behavior predictions in multi-
component polymer systems. Usually, pure com-
ponent characteristic properties, which are re-
quired by these models for phase-stability studies,
are not available and therefore employing these
models is limited to some particular cases.
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On the other hand, there are considerable ex-
perimental data about temperature and composi-
tion dependency of the interaction parameters in
polymer—solvent and polymer—polymer sys-
tems.2?~22 Various experimental methods can be
used to determine the composition and tempera-
ture dependency of the interaction parameter
such as osmotic pressure,?? light scattering,?® and
calorimetric measurements.?* Thus, it seems that
using these experimental data and fitting an em-
pirical form of the interaction parameter can pro-
duce exact results for predicting the thermody-
namic functions and phase behavior of polymer
systems.

In the present work, the basic FH lattice theory
is generalized by introducing an empirical expres-
sion for its interaction parameter, which is depen-
dent on the temperature and mixture composi-
tion. The form of this expression is a combination
of temperature and composition terms with five
constant coefficients. Evaluation of these coeffi-
cients is made by using experimental heat of mix-
ing data. The presented method can be used to
calculate the enthalpy of mixing and the miscibil-
ity or phase stability of polymer mixtures.

THEORY AND MODEL DESCRIPTION

To illustrate the stability of a binary polymer
mixture, we must consider the Gibbs free-energy
change of mixing versus mixture composition. A
negative free energy of mixing is a necessary but
not sufficient condition for phase stability or the
miscibility of components. In a two-component
polymer system at a given temperature and pres-
sure, phase stability is defined by the following
condition:

PAG™>
PP (1
where AG™* is the Gibbs free-energy change
upon mixing and ¢ is the volume fraction.
In the original FH~® lattice theory, the follow-
ing relation was obtained for the Gibbs free en-
ergy of mixing:

&mix = ﬁ ln + ﬁ ln + (2)
RT r P1 ry P2 T XPFrHP1P2

where r; and r, are the number of chain segments
for two components; and R and T, the universal
gas constant and temperature, respectively; and
Xxr, the FH interaction parameter. According to
FH lattice theory, each lattice site is occupied by
a segment. For polymer mixtures, an arbitrary
reference volume is chosen for the system as the
lattice cell volume and the number of chain seg-
ments for each component is obtained as follows:

_ V _ My,

Vref Vref

(i=1,2) (3)

r;

where V; and M, are the molar volume and mo-
lecular weight of “ith” component; v, ., the refer-
ence lattice cell molar volume; and v;, the specific
volume of “7th” component.

The FH interaction parameter is defined as®®

zZAwq,
XFH = RT 4)
where z is the coordination number of the lattice
and Aw,, is the change in energy for the forma-
tion of an unlike contact pair 1-2 between the
segments of the first and second components from
two like contact pairs of 1-1 and 2-2. The term
zAw, in eq. (4) is the energy associated with
mixing of the polymer segments and is considered
to be independent of temperature variations.

In eq. (2), the two logarithmic terms represent
the combinatorial entropy contribution to mixing.
The third term contributes to the heat effects due
to the interaction energy between the segments of
the two components. According to eq. (2), the en-
thalpy of mixing is obtained as follows:

AHmix
RT ~ Xruf192 (5)

From egs. (4) and (5), it is evident that the origi-
nal FH theory gives an enthalpy of mixing which
is independent of temperature. Experimental re-
sults for various mixtures show that this is not
generally true and AH™* must be a function of
temperature.26—31

On the other hand, it is known that molecular
interactions among polymer segments can lead to
the reorientation of the molecules in the mixture,
which differ from the orientation of molecules in
their pure state. Therefore, it was postulated by
Flory?® that a contribution to the entropy of mix-
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ing should be considered which comes from seg-
ment—segment interactions and was named the
noncombinatorial entropy of mixing. According to
this interpretation, the FH interaction parame-
ter, xpg, must be substituted by a temperature-
and composition-dependent interaction parame-
ter, x, which is written as the sum of two parts:
one part for the enthalpic effect, y;7, which is due
to the energy change upon mixing, and the other
part for the entropic effect, x5, which is due to
noncombinatorial entropy:

X=XxutXs (6)

where yz and xg are defined as®®

J
Xg = _T<8;) (7
a(xT
xS=( (aXT)) ®)

P2

It is worth noting that upon substituting eq. (4)
into eq. (8) we have yg = 0 and, therefore, the
noncombinatorial entropy contribution cannot be
taken into account, while for some polymer—poly-
mer systems, it was observed experimentally that
the noncombinatorial contribution to the interac-
tion parameter is significantly larger than is the
enthalpic contribution.??33 Thus, it seems that an
interaction parameter having the correct func-
tionality of temperature and composition may ef-
fectively eliminate shortcomings of the original
FH lattice theory.

Construction of the Heat of Mixing and Interaction
Parameter Function

Several attempts have been made to propose an
adequate form for the interaction parameter and
a number of expressions were suggested by vari-
ous investigators.®"10:34-37 Usually, the proposed
functions for the interaction parameter can be
classified in two types:

(a) It is assumed that y comprises the temper-
ature-dependent product, «(7), and the com-
position-dependent, B(¢,), terms.'!38

(b) A polynomial function of the mixture com-
position is proposed for y and the coefficients
of the polynomial are assumed to be a par-

ticular function of temperature, which, in its
general form, can consist of inverse, linear,
and logarithmic terms of temperature.®”’

According to the original FH lattice theory, in
eq. (4), only the inverse temperature functionality
was taken into account for y, but this is an over-
simplification, and for actual systems, comple-
mentary terms must be considered.!®3° In the
present article, at first, we proceeded by introduc-
ing a functionality form for the heat of mixing of
two components and then gathered a convenient
function for the interaction parameter.

From eqs. (4) and (5), the heat of mixing can be
obtained as a function of Aw:

AHmiX = ZAw12<p1(p2 (9)

According to the original FH lattice theory, Aw,
is assumed to be independent of the temperature
and mixture composition and, therefore, the heat
of mixing will be independent of the temperature.
Furthermore, it has been proven that to achieve a
quantitative agreement with an experimental
heat-of-mixing data Aw;, in eq. (9) also must be a
function of the mixture composition.*®*!

Here, we constructed empirical equations for
the heat of mixing and the interaction parameter
of polymer mixtures as combined functions of the
temperature and mixture composition by intro-
ducing the following relation for Aw;:

zAwq,
RT

=A, +AT + Az, + Ay, T (10)

where the values of A;—A, are constant coeffi-
cients and they are independent of the tempera-
ture and mixture composition. Substituting for
zAw,5 in eq. (9) gives the heat of mixing as a
third-order polynomial with respect to ¢, with
temperature-dependent coefficients:

AHmix s
T =—(As+ ATz + [(A; — Ay

+ (A, —A)TTe5 + (A + AT, (11)

The relation between the heat of mixing and the
interaction parameter can be obtained by substi-
tuting AG™* from eq. (2) in the following equa-
tion:
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d(AG™/RT) AH™
o(UT)  ~ R

(12)

and replacing ypg by a temperature-dependent
interaction parameter y as follows:

. dJ
AH™ = R(Pﬂpg( X ) (13)
@2

a(1/T)

By substituting eq. (11) in eq. (13) and integrating
the results in the following relation for the inter-
action parameter,

X = A1 +A30)(UT) — (Ay + Aye)In(T) + A5 (14)

where Aj; is the integration constant. Comparing
eq. (14) with the original form of the y parameter
by FH, in eq. (4), it is seen that the inverse tem-
perature functionality term is held with a compo-
sition dependency.

Phase Stability

By introducing y from eq. (14) into eq. (2), the
following expression for the second derivative of
the Gibbs free energy of mixing, the spinodal
equation, is obtained:

92A G 1 1
7 = +
d 3 rigy  Ia@g
—2x+2(1 = 2@x)x" + @a(1 — 2¢5)x" (15)

where y' and Y’ are the first and second deriva-
tives of y with respect to the volume fraction , ¢,
at constant temperature:

8)()

"= 1

(8<P2 T (16)
62)(

X'=|-" 17
(M%)T am

As seen from eq. (14), the x function is linear with
respect to ¢,; thus, from eq. (17), we have y' = 0.
Later, it will be shown that a linear functionality
form for the interaction parameter is sufficient for
our heat-of-mixing and spinodal calculations.
Substituting the first and second derivatives of
the interaction parameter in eq. (15) gives the
following expression for the spinodal equation:

endothermic

AH™q

exothermic

(%)

Figure 1 For the exothermic heat-of-mixing curve,
I AH™)/9¢3 is positive, and for the endothermic case,
O2(AH™™)/9¢2 is negative.

% — 2[(A; — A)(UT) — (A; — AYIn(T) + A5] —
E ro;

i=1

6[As/T — Ay In(T)]e, =0 (18)

Considering the resulting equations for the heat
of mixing and the spinodal of the polymer mix-
tures, eqs. (11) and (18), a qualitative study on
the capabilities of these equations is presented
here. Usually, the heat-of-mixing curves can be
categorized to the exothermic, endothermic, and
S-shaped or sigmoidal types. In the exo- and en-
dothermic types, the heat of mixing is, respec-
tively, negative and positive in the entire range of
mixture composition at a definite temperature,
while in the sigmoidal type, the sign of the AH™*
function changes between negative and positive
values. In other words, at a constant temperature
for some compositions, heat is released during the
mixing of two components, and for the other com-
positions, heat is absorbed. It can be shown that
eq. (11) can be used to produce all types of the
above cases for the heat of mixing. For this pur-
pose, we consider the first and second derivatives
of AH™* with respect to ¢, at a constant temper-
ature. In Figure 1, typical forms of exothermic
and endothermic heat-of-mixing curves with re-
spect to the mixture composition are depicted.
This figure clearly shows that for exothermic and
endothermic mixings the second derivative of the
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Table I Dependency of Heat of Mixing on
Temperature and Composition for Exothermic
and Endothermic Mixings (¢« = A; + A, T and B
=A, + A,

A Hmix
Exothermic Endothermic
O2AH™™/9p3 >0 <0
a>0 ¢, > 1/3 — B3« ey < 1/3 — B3«

a<0 ¢, < 1/3 — B3« @y > 1/3 — B3«

heat of mixing with respect to mixture composi-
tion is positive and negative, respectively. Accord-
ing to eq. (11), the second derivative of AH™* with
respect to ¢, is obtained as follows:

0*(AH™™/R)

93

=—-6(A;+A, o,
+2[A;+AT) — (A, + AT (19)

Thus, related to the sign of A,, eq. (19) can pro-
duce both exothermic and endothermic heat-of-
mixing curves against ¢,. In Table I, the temper-
ature and composition dependency of AH™* and
the results of the sign determination of the second
derivative equation are summarized. For sigmoi-
dal heat-of-mixing curves, two possible states are
depicted in Figure 2, where we called them exo—
endothermic and endo—exothermic heats of mix-
ing. The third derivative of AH™* with respect to
¢, is negative for exo—endothermic and positive
for endo—exothermic mixing. According to eq.
(11), the third derivative equation is obtained as
follows:

> (AH™>/R)
- =—-6(A;+AT) (20)
2

Thus, depending on the sign of A,, we can have
exo—endothermic and endo—exothermic mixings.
In Table II, the temperature and composition de-
pendency of AH™X and the results of the sign
determination of the third derivative, eq. (20), are
summarized.

It is known that the spinodal curve in a phase
diagram determines the phase stability or misci-
bility region. Various types of spinodals have been
observed experimentally for polymer mixtures,
such as the lower and upper critical solution tem-

peratures (LCST and UCST) and closed-loop mis-
cibility. According to theoretical predictions, a
phase diagram of each polymer mixture must con-
tain both LCST and UCST.?? Here, we intend to
show that eq. (18) can produce all types of phase
diagrams. Also, we determined the temperature
limits in which these phase diagrams can be ob-
served. Equation (18) is composed of two parts:
The first part is related to the combinatorial en-
tropy contribution and is written as follows:

1 1

rier  TraPg

(21)

The second part is related to the energetic effects
of mixing, containing enthalpy and noncombina-
torial entropy contributions, which can be written
as a linear function of composition, ¢:

A
6(A4 InT - T) @
—2[(A; — A)(UT) — (Ay — AYIn(T) + A;] (22)

It is obvious that the combinatorial entropy con-
tribution, eq. (21), always satisfies the phase-sta-
bility condition, eq. (1). Therefore, only the second
part, eq. (22), can be the source of unstability in
the phase diagram. It must be noted that each
point on the spinodal curve is obtained by solving

endo-exothermic

AH™ =0

exo-endothermic

0 () 1

Figure 2 Two possible cases for sigmoidal heat-of-
mixing curves. The sign of the third derivative of the
heat-of-mixing curve is positive and negative for endo—
exothermic and exo—endothermic cases, respectively.
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Table II Dependency of Heat of Mixing on Temperature and Composition for Exo-Endo and Endo-

Exothermic Mixings (e« = A; + A,T and 8 = A, + A,T)

A Hmix

Exo—endothermic

Endo—exothermic

Exothermic Endothermic Endothermic Exothermic
[N < —Bla > —Bla < —Bla > —Bla
ZAH™™/9p3 >0 <0 <0 >0
SAH™™ /93 <0 <0 >0 >0

eq. (18) at a certain temperature. Thus, for a
temperature range, eq. (18) must be solved at
various temperatures. From eq. (21), it is seen
that the combinatorial entropy contribution is in-
dependent of the temperature. Therefore, to have
a qualitative argument on the presented spinodal
equation, it is sufficient to consider the tempera-
ture variation of the second part, eq. (22). It is
seen that eq. (22) shows a line with a tempera-
ture-dependent intercept and slope. The intercept
of this line is

A=A 0
T>-(Ay/Aq)
T>-(A1-As)/(Ax-Ay)

P2

Figure 3 UCST phase diagram and the temperature
range at which this type of phase behavior can be
observed.

—2[(A; — Ap)(UT) — (A — AYIn(T) + A;]
(23)

i

A variation of i with respect to the temperature is
obtained by differentiating eq. (23) as follows:

o
('T:Lr = 2(A, — Ay + (A, — AYTYT®  (24)

From eq. (24), it is seen that when A, > A, in the
temperature range of T'> — [(A; — A3)/(A, — A,
increasing temperature enhances the miscibility
of the mixture components, and if 7' < — [(4;
— A I(A, — Ayl increasing temperature reduces
the miscibility. For the case of A, < A,, the tem-
perature ranges for increasing or decreasing mis-
cibility are reversed.

In addition to the intercept of the line of eq.
(22), the slope of this line must also be considered
for the phase-stability studies. We represent the
slope of this line with s:

s=6A,InT - AJT) (25)
The variation of I, with respect to the tempera-
ture can be obtained by differentiating eq. (25):

[

From eq. (26), it is deduced that when A, > 0 if T
> —(A5 /A,), increasing temperature makes the
system more stable, and if T’ < —(A5 /A,), increas-
ing temperature reduces the phase stability. For
the case of A, < 0, these temperature ranges are
reversed.

It is worth noting that for phase-stability pre-
dictions, the temperature variations of i and s,

Js
) =(A;+ AT)/T?

oT (26)
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A>As0
“(A1-A3)/(A2-Ag)<T<-(A3/Ay)

P2

Figure 4 LCST phase diagram and the temperature
range at which this type of phase behavior can be
observed.

eqs. (24) and (26), must be considered simulta-
neously. When both of 9i/0T and ds/0T are positive
and initially we have a single-phase mixture, the
phase stability of the system will increase with
increasing temperature and any immiscibility re-
gion will not be appear in the phase diagram. This
is consistent with the conditions of A, > A, >0, T
> —(A; /Ay, and T > —[(A; — A)/(A, — A)]. For
appearing as an UCST-type phase behavior, as
seen from Figure 3, we must initially have an
immiscible mixture with the above conditions.

For the case of 9i/0T > 0 and 9 s/0T < 0, if
initially we have a miscible mixture, increasing
temperature can produce an LCST-type phase be-
havior. This is consistent with the conditions of A,
>A,>0and —[(A; —A)/Ay —API < T < — (Ag
/A,), as shown in Figure 4.

If we have a miscible mixture with 9i/0T < 0
and ds/0T > 0, then increasing temperature can
produce a closed-loop phase behavior. These con-
ditions are consistent with A, > A, > 0 and — (A4
[A) <T < —[(A; — ADIA, — Ay]. Figure 5 shows
this type of phase behavior. In closed-loop phase
diagrams, the LCST is lower than is the UCST of

the mixture. When the LCST of the mixture is
higher than the UCST, as seen from Figure 6, we
must initially have an immiscible mixture with
di/oT > 0, 9s/dT < 0 conditions. Increasing tem-
perature at first causes the system to be miscible.
Further increasing the temperature makes the
system unstable again. These conditions are con-
sistent with A, > 0, A, > A,, and —[(A; — A3)/(A,
—AYl < T < —(Ag /A. It is emphasized again
that other combinations of the A; coefficients can
be used to produce various types of phase diagrams
and only some typical cases were studied above.

RESULTS AND DISCUSSION

Here, using the proposed expressions for the in-
teraction parameter and enthalpy of mixing pre-
sented above, we derive appropriate values for
the interaction parameter coefficients of various
polymer mixtures, and then we employ these re-
lations for phase stability predictions.

A>A0
(A A)<T<-(A1-A3)/(As-As)

02

Figure 5 Closed-loop phase diagram and the temper-
ature range at which this type of phase behavior can be
observed.
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A0
As~A,
~(A1~A3)/(Ar-A4)<T<-(A3/Ay)

02

Figure 6 UCST-LCST phase diagram and the tem-
perature range at which this type of phase behavior can
be observed.

Polycarbonate (PC)-Poly(ethylene adipate) (PEA)
Mixture

For polymer—polymer systems, the calorimetric
measurements are difficult because of high vis-
cosity effects.*? However, the energy change due
to mixing is primarily dependent on the energy
change associated with change in nearest-neigh-
bor contacts during mixing and much less depen-
dent on molecular lengths.*® Thus, for these sys-
tems, experimental data resulting from analog
calorimetric measurements obtained by mixing
low molecular weight analogs can be used for the
enthalpy of mixing of polymers provided that the
values of the heat of mixing per unit volume of the
solution are available. Analog calorimetric mea-
surements for study of the heat of mixing of sev-
eral polymer mixtures were accomplished by Cruz
et al.?” Also, they studied experimentally the tem-
perature variation of AH™ for PC and PEA, us-
ing diphenyl carbonate (DPhC) and diethyl adi-
pate (DEA) as two reasonable analogs for PC and
PEA repeating units. Figure 7 shows the experi-
mental results of analog calorimetric measure-

ments for the mixture of DPhC and DEA at tem-
peratures of 358, 418, and 455 K. As seen from
this figure, the mixing process is exothermic and
the released heat due to mixing decreases as the
temperature of mixing increases. This is one of
the characteristics of systems that can exhibit
LCST behavior in their phase diagram.

For this system, the interaction parameter co-
efficients are calculated by fitting eq. (11) to the
experimental data of Cruz et al.?’ and they are
reported in Table III. By using these coefficients
to calculate the heats of mixing, excellent agree-
ment with the experimental data are obtained as
shown by the solid lines in Figure 7.

For spinodal calculations, eq. (18) is solved for
the phase-stability condition, eq. (1). Values of r;
and r, for two components are obtained by divid-
ing the molar volumes of polymer molecules by a
segment volume. Here, an arbitrary segment vol-
ume equal to the volume of a carbonate group,
—O0C(0O)O—, in PC repeating units was chosen.
The resulting values of r; and r, depend on the
molecular weights of PEA and PC. For low molec-
ular weight analogs of PEA and PC (DEA and
DPhC), molar volumes are equal to 175.8 and
188.4 cm®/mol, respectively, and the volume of a

0«

-0.2 1

AH™ (Cal/Cm®)
=
-

-0.6

-0-8 i T 1 T
0 0.2 0.4 0.6 0.8 1

Oopic

Figure 7 Enthalpy change of mixing for DPhC-DEA
mixture. (—) represents the calculated values accord-
ing to eq. (11). (O), (A), and () represent the experi-
mental data®? at 358, 418 and 455 K, respectively.



1336 TAIMOORI, MODARRESS, AND MANSOORI

Table III Interaction Parameter Coefficients for Polymer Mixtures According to Eq. (14)

Mixture A, A, Ag A, Ay
PC-PEA —44.402 0.1054 22.5469 —0.0497 0.0025
PVC-PS 7.625 —0.037 44.83 —-0.137 0.0121
PVAc-PS 68.900 -0.216 —118.773 0.372 0.0067
EVA Co-CPE —6.9636 0.01087 —-1.4771 0.0041 —0.0150

carbonate group is equal to 31.4 cm®mol. Thus,
values of r; and r, are equal to 5.6 and 6, respec-
tively (PC is the second component). Solving eq.
(18) for these values of r; and r, satisfies the
phase-stability condition, eq. (1), in all composi-
tion ranges, that is, the DPhC and DEA mixture
is miscible in the temperature range of 280-350
K as indicated by the experimental observations
of Cruz et al.?” Using higher molecular weight
components corresponding to r; = ry = 20 leads to
a narrow immiscibility region in this mixture. In
Figure 8, the results of spinodal calculations are
reported for this mixture. Prediction of an immis-
cible phase region in Figure 8 could be attributed
to the high molecular weights of polymers, as was
pointed out by other workers.?®

360

355 A

(98]

w

<
.

Temperature ( K )
®

340 1

335 T T T [
0.47 0.48 0.49 0.5 0.51 0.52

Opc

Figure 8 Predicted miscibility boundaries for PC—
PEA mixture according to eq. (18). The interaction pa-
rameter coefficients are given in Table III.

Poly(vinyl chloride) (PVC)-Polystyrene (PS)
Mixture

For this system, we measured the heat of mixing
values, using low molecular weight analogs of
dichloropentane (DCP) and ethylbenzene (EB) for
PVC and PS, respectively. The measured values
are related to two temperatures of 27 and 37°C in
the entire composition range and they are shown
in Figure 9. The method of the experiments was
described elsewhere.** As seen from Figure 9,
mixing of DCP and EB is exothermic and the
released heat of mixing increases with increasing
temperature. It is well known that increasing
temperature reduces the density of both the mix-
ture and the pure components. Thus, the strength

AH™ (J/ Cm?)

PeB

Figure 9 Experimental heats of mixing for the mix-
ture of DCP-EB at two temperatures of (A) 27 and ( m)
37°C. Solid curves are the results of calculations ac-
cording to eq. (11).
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of the molecular interactions would be reduced
because of increasing distances between the in-
teracting molecules. Increasing the released heat
of mixing at elevated temperatures for the EB/
DCP mixture is maybe due to that interactions
of molecules in a pure-component state are
more sensitive to temperature than are the in-
teractions among the dissimilar molecules in
the mixture.

To obtain the coefficients of the empirical heat
of mixing equation, which was introduced in the
previous section, we used the experimental re-
sults with a least-mean-square data-fitting
method. The values of these coefficients are given
in Table III. In Figure 9, heats of mixing at two
temperatures of 27 and 37°C calculated by eq.
(11) are depicted by solid curves. In Figure 10, the
results of spinodal calculations according to eq.
(18) for this mixture are presented. As seen from
this figure, the spinodal curves are dependent on
the values of r; and r, for the two components.
Experimental observations showed that PVC and
PS are immiscible and this is in agreement with
the calculated results for r; and r, > 20. Another
important point about this mixture is that for low
molecular weight analogs of PVC and PS with r

450

400

w

[$)]

o
1

Temperature (K)
w
8

N

[6)]

(@)
L

200 f » ‘ T
068 07 072 074 076 078

OrB

Figure 10 Predicted miscibility boundaries for
PVC-PS mixture according to eq. (18). The interaction
parameter coefficients are given in Table III.

0.5

04 -

0.3 -

0.2 1

0.1 1

AH™™ (J/Cm®)

-0.1 1

-0.2 1

'0.3 ] 1 1 T
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Figure 11 Experimental heats of mixing for the mix-
ture of EA-EB at two temperatures of (A) 27 and (m)
37°C. Solid curves are the results of calculations ac-
cording to eq. (11).

= 2 and r, = 1.5 an UCST-LCST-type phase
behavior is obtained. For explaining this phenom-
enon, some reasons can be established: Low mo-
lecular weight analogs like EB or DCP have spa-
tial freedom to align with each other and they
interact in any desired state. Thus, they can pro-
duce molecular complexes, maybe due to hydro-
gen-bonding formation between the 7 electron of
the aromatic and the a-hydrogen of DCP* or a
dipole-induced dipole interaction,*® while macro-
molecules of PS and PVC have long chains that
considerably reduce the free motion of their re-
peating units and they cannot completely interact
to realize the exothermic mixing.

Poly(vinyl acetate) (PVAc)-PS Mixture

Heat of mixing values for this system were mea-
sured by the authors** using low molecular
weight analogs of EA and EB for PVAc and PS,
respectively. The results of the experiments are
shown in Figure 11. It is seen that the sign of
AH™* switches between the positive and negative
values and the released or absorbed heat in-
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creases with increasing temperature. This type of
AH™* s called the S-shaped or sigmoidal heat-of-
mixing curve and it is observed for some mixtures
of ketons with chlorinated compounds*” and chlo-
rinated paraffins with oligomeric poly(methyl
metacrylate).*® This phenomenon is consistent
with the UCST-LCST phase behavior.?” For spi-
nodal calculations according to eq. (18), we used
the values of the A, coefficients which were deter-
mined from the experimental heat-of-mixing
data. These values are given in Table III. The
results of spinodal calculations with r; = 1.1 for
PVAc and r, = 1.3 for PS are shown with solid
curves in Figure 12. In actual cases, values of r;
and r, for polymers are much greater than are
their values for the low molecular weight analogs,
and for a typical case of r; = r, = 100, the results
of spinodal calculations are shown with dashed
curves in Figure 12. To our knowledge about this
mixture, only the phase behavior of PS with alkyl
acetates, such as methyl acetate, ethyl acetate
and tert-butyl acetate, exists in the literature.*’

450
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200 ‘ <
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Figure 12 Predicted miscibility boundaries for
PVAc-PS mixture according to eq. (18). Solid curves
are the results of calculations withr; = 1.1 and r, = 1.3
and dashed curves show the results of calculations with
ry = ro = 100. The interaction parameter coefficients
are given in Table III.
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Figure 13 Enthalpy change of mixing for the mixture
of 20A-C52. (—) represents the calculated values ac-
cording to eq. (11). (O) and (A) are the experimental
data®* for temperatures 337.5 and 357.5 K, respec-
tively.

All these mixtures show the UCST-LCST-type
phase behavior, which is in agreement with the
results of our spinodal calculatiuons for low mo-
lecular weights of PVAc and PS.

Ethylene Vinyl Acetate Copolymer (EVA
Co)—Chlorinated Polyethylene (CPE)

For this system, Walsh et al.?® recommended us-

ing an oligomer mixture of cereclor-52 (C52), a
commercial chlorinated paraffin, with 2-octyl ac-
etate (20A) as low molecular weight analogs for
EVA Co and CPE, respectively. Experimental val-
ues for the heat of mixing of C52 + 20A at tem-
peratures of 337.5, 346, and 357.5 K are shown in
Figure 13. Using the model proposed in this work,
the interaction parameter coefficients are calcu-
lated and reported in Table III. The results of the
calculations for the heat of mixing based on the
fitted interaction parameter coefficients are also
shown, as solid curves, in Figure 13. The good
agreement between the results of the calculations
and the reported experimental values is another
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Figure 14 Predicted miscibility boundaries for the
EVA copolymer—CPE mixture according to eq. (18). The
interaction parameter coefficients are given in Table
I1I.

indication of the appropriateness of the derived
functionality for the interaction parameter. Val-
ues of r; = 23.1 and r, = 20 are used for phase-
stability predictions. The calculated spinodal
curve for this polymer mixture is shown in Figure
14, which indicates the appearance of phase sep-
aration with increasing temperature, according to
Walsh et al.?® This is due to the noncombinatorial
entropy contribution.

CONCLUSIONS

A general approach for obtaining the enthalpy
change upon mixing and predicting the phase sta-
bility for polymer—polymer mixtures was pre-
sented. To achieve this, an appropriate tempera-
ture and composition-dependent expression for
the interaction parameter was proposed. The co-
efficients of the proposed interaction parameter
expression are evaluated from the experimental
data for several mixtures. Good agreement be-
tween the calculated results and experimental
data for the enthalpy of mixing was obtained.
Also, it was demonstrated that the proposed
model has the capability of predicting spinodal
curves and phase-stability conditions for any kind

of polymer mixture irrespective of the kind of
polymers in the systems. The applicability of the
present model for mixtures containing polymer
chains with different functional groups indicated
that it can be used for mixtures with both physi-
cal interactions, such as dispersion forces, and
chemical associations that arose from hydrogen
bonding.
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