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ABSTRACT: Phase diagrams were calculated based on Flory-Huggins solution thermo-
dynamics to investigate the effects of polydispersity of polymer molecules and interac-
tion parameter on the phase equilibria of crystallizable polymer solutions. The poly-
dispersity was modeled with blends of two monodisperse polymers differing in chain
lengths as a simplification. It was found that a longer chain length component could be
separated easily to a polymer-rich phase by liquid demixing, but a shorter chain length
component might exist at relatively constant concentration in each phase on fraction-
ation. The influence of polydispersity on the liquid–solid phase equilibrium was small,
and the phase boundary could be moved significantly in the region of low concentration
of polymer by a small change of temperature. Liquid–liquid phase separation was more
sensitive to the interaction between polymer and solvent than liquid–solid phase
transition. Numerical calculations showed that the temperature at which liquid–liquid
phase separation was coupled with liquid–solid phase equilibrium increased with a
lower concentration of the polymer due to polydispersity of polymer chain lengths, and
this phenomenon was observed at a lower temperature with more favorable interaction.
The results were consistent with the experimental observations of isotactic polypro-
pylene solutions. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 70: 849–857, 1998
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INTRODUCTION

Thermally induced phase separation (TIPS) is
one of the major processes to produce micro-
porous polymeric membranes.1– 4 In the TIPS
process a homogeneous polymer solution may

undergo phase separation into a polymer-rich
phase and a polymer-lean phase by lowering the
temperature, the system of which is termed as
an upper critical solution temperature (UCST)
type. The solidification of the solution to fix the
structure can be achieved by vitrification of the
polymer-rich phase,5 crystallization of the poly-
mer,6,7 and freezing of the solvent8 at a certain
stage during liquid–liquid (L-L) demixing. Con-
sequently understanding the interplay of L-L
demixing and these transitions is a key to con-
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trol the morphology and to interpret the mem-
brane structure.

In this study we are concerned with the inter-
ference of L-L phase separation and crystalliza-
tion of the polymer in polydisperse polymer solu-
tions. This work was motivated by the anomalous
phase behavior of isotactic polypropylene (i-PP)
solutions showing that melting temperatures
were elevated with decreasing polymer concen-
tration when L-L phase separation preceded crys-
tallization on cooling.9 The same phenomenon
was reported by Aerts et al. for polyethylene–
diphenyl ether systems.10 Similar elevation of vit-
rification curves due to polydispersity was ob-
served by Vandeweerdt et al. for atactic poly-
(methyl methacrylate) solutions.11

In this article, phase diagrams based on the
Flory-Huggins theory were calculated to investi-
gate the effects of the polydispersity of polymer
molecules and interaction parameter on the
phase equilibria of crystallizable polymer solu-
tions. The polydispersity was modeled with
blends of two monodisperse polymers differing in
chain lengths as a simplification. The interference
of L-L phase separation and crystallization of
i-PP solutions in dialkyl phthalate was qualita-
tively interpreted with the computed phase dia-
grams.

THEORY

The influence of the polydispersity of polymer
molecules on phase equilibria in this manuscript
was investigated by the Flory-Huggins lattice
treatment12,13 with ternary solutions comprising
blends of two monodisperse polymers differing in
only chain lengths, dissolved in one solvent. This
type of system was commonly used to model poly-
dispersity in phase behavior of polymer solu-
tions.14–16 Because the use of two monodisperse
fractions of different molecular weight is a sim-
plification to represent a polymer sample of broad
molecular weight distribution, the results ob-
tained with this model are not expected to fit the
experimental data quantitatively.15,17 Neverthe-
less ternary phase diagrams are very elucidative
and explicitly reveal the differences in behavior
between binary and ternary systems.

Liquid–Liquid Phase Equilibrium

If it is assumed that the interaction parameter
between two homologous polymers is zero and

that the interactions between each polymer and
the solvent are identical, the free energy of mix-
ing DGM in ternary solutions is given by

DGM

RT 5 n0ln f0 1 n1ln f1 1 n2ln f2

1 x n0~f1 1 f2! (1)

where ni are mol of component i, fi is the volume
fraction of component i, x is the interaction pa-
rameter between the solvent and polymer, and R
and T have the usual significance. The subscript 0
refers to the solvent, and subscripts 1 and 2 refer
to the polymer. The molecular weight of polymer2
is considered to be greater than that of polymer1
in the above equation. The interaction parameter
is assumed to be dependent only of temperature
and the relation of x 5 a 1 b/T is used, as is
often the case for polymer solutions.12 When the
proper derivatives of the free energy of mixing are
taken, the chemical potential of component i, Dmi
may be written as

Dm0

RT 5 ln f0 1 1 2 f0 2 f1Sn0

n1
D

2 f2Sn0

n2
D 1 x ~f1 1 f2!

2 (2)

Dm1

RT 5 ln f1 1 1 2 f1 2 f0Sn1

n0
D

2 f2Sn1

n2
D 1 xf0

2Sn1

n0
D (3)

Dm2

RT 5 ln f2 1 1 2 f2 2 f0Sn2

n0
D

2 f1Sn2

n1
D 1 xf0

2Sn2

n0
D (4)

where ni is the molar volume of component i. The
condition for equilibrium between two liquid
phases I and II is

Dmi
I 5 Dmi

II ~i 5 0, 1, 2! (5)

and the material balance requires

O fi
I 5 O fi

II 5 1 (6)
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Superscripts I and II refer to polymer-rich and
polymer-lean phases, respectively.

Given the x value (or temperature), selection of
one of the compositions as an independent vari-
able leaves five coupled nonlinear equations to be
solved for the individual tie lines. In our calcula-
tion f2

II was selected as the independent variable.
The Newton-Raphson method, based on a least-
squares procedure, was employed to solve the si-
multaneous equations.18,19

Liquid–Solid Phase Equilibrium

Crystalline–liquid equilibrium requires that the
chemical potentials of each crystallizable compo-
nent for the crystalline phase and for the solution
phase are identical.

Dmi
C 5 Dmi

L ~i 5 1, 2! (7)

Superscripts C and L refer to crystalline and liq-
uid phases, respectively. Using the expressions
for the free energy of fusion with a certain approx-
imation,12 one can obtain the following expres-
sions for the chemical potentials of polymer1 and
polymer2 in the crystalline phase

Dm1
C 5 2f1

CDHuS1 2
T

T°m
DSn1

n0
D (8)

Dm2
C 5 2f2

CDHuS1 2
T

T°m
DSn2

n0
D (9)

where DHu is the heat of fusion of the polymer
repeating unit, and T and T°m are the melting
temperature of the polymer in the solution and of
the pure polymer, respectively. T°m is assumed to
be independent of the molar size of the polymer,
and the temperature dependence of x 5 a
1 b/T is used. From the material balance, one
has

f1
C 1 f2

C 5 1 (10)

The chemical potentials of polymer1 and poly-
mer2 for the liquid phase are evaluated by eqs. (3)
and (4), respectively.

Given temperature, one has four coupled equa-
tions, including two equations of material balance
and five variables of composition. Selection of one
of the compositions as an independent variable
allows one to solve the nonlinear algebraic equa-

tions, and the tie line of solid–liquid equilibrium
can be obtained. We selected f2

L as the indepen-
dent variable. The Newton-Raphson method was
again employed to solve the equations.

CALCULATION RESULTS AND DISCUSSION

The ternary phase diagrams showing L-L phase
equilibrium for hypothetical polymer solutions,
comprised of two monodisperse polymers differ-
ing in chain lengths and a solvent, are illustrated
in Figures 1–3. Each vertex denotes the pure com-
ponent; S for solvent, P1 for polymer1, and P2 for
polymer2. To investigate the effect of polydisper-
sity, the value of n2/n0 (molar volume ratio of
higher molecular weight polymer to solvent) was
increased from 200 to 20,000, with a value of 20
for n1/n0 (molar volume ratio of lower molecular
weight polymer to solvent) at given interaction
parameter x. The effect of temperature on L-L
phase separation could be explained in terms
of temperature dependence of the x value. For
a typical i-PP system20 exhibiting x 5 2 0.7
1 500/T, the corresponding temperature in Fig-
ures 1–3 is 350 K with x 5 0.7286 and 385 K with
x 5 0.5987.

It is seen in Figures 1–3 that the L-L phase
separation gap is decreased with a smaller x
value for given values of n1/n0 and n2/n0. The re-
gion of two phases is enlarged with greater value
of n2/n0 for constant x, and this is more pro-
nounced with a strong solvent power, i.e., for a

Figure 1 Binodal compositions and tie lines for x
5 0.7286 (a) and x 5 0.5987 (b) with n1/n0 5 20 and
n2/n0 5 200.
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smaller x value. The effect of n2/n0 on the binodal
curve becomes apparently small when the value
of n2/n0 is large, as can be observed in Figures 2
and 3. The critical composition in ternary phase
diagrams becomes located closer to the axis of
lower molecular weight polymer–solvent with
larger n2/n0, which indicates that the component
of longer chain length can be separated easily to
the polymer-rich phase by liquid demixing for a
mixture of dissimilar chain lengths. However, the
shorter chain length component would exist at
relatively constant concentration in each phase
on fractionation because the tie line is almost
parallel to the axis of higher molecular weight
polymer–solvent.

The cloud–point curve of a pseudobinary solu-
tion may be constructed from ternary phase dia-
grams. The line between the vertex S and a point
at P1–P2 axis in Figure 1 represents a constant
ratio of the two polymers at varying total polymer
concentrations. The intersections of this line and
binodal curves with varying x values (varying
temperatures) constitute the phase diagram of
the pseudobinary solution. In general the highest
precipitation temperature is not the critical point,
as it is in a truly binary system.15,21

The composition curves for liquid–solid equilib-
rium as a function of temperature are shown in
Figures 4 and 5, in which the relevant parameters
were taken from typical values for i-PP sys-
tems.20,22 The overall feature is that the phase
transition curve is parallel to P1–P2 axis in the
region of high concentration of the polymer, and

the location of the phase boundary changes sig-
nificantly with a small drop of temperature in less
concentrated solution. In a pseudobinary solution
of 50/50 P1/P2, which is represented by the line
connecting the center of P1–P2 axis and the ver-
tex S, for instance, the melting point is 333 K for
50 vol % of total polymer concentration and 315 K
for 10 vol % of total polymer concentration, with x
5 2 0.7 1 400/T in Figure 4(a). Thus, the dilu-
tion to 50% gives rise to a melting point depres-
sion of 114 K and the dilution to 10% does of 132
K (the melting temperature of the pure polymer is
447 K).

Comparison between Figures 4 and 5 reveals
that the melting point of the polymer blend is
influenced by interaction parameter. When tem-
perature dependence of interaction parameter is
x 5 2 0.7 1 500/T in Figure 5(a), the melting
point is 347 K for 50 vol % of total polymer con-
centration and 342 K for 10 vol % of total polymer
concentration in the pseudobinary solution of a
50/50 P1/P2 blend, which indicates that the unfa-
vorable interaction gives rise to a less amount of
melting point depression at a given concentration
of total polymer. The location of the phase tran-
sition curve changes negligibly when the value of
n2/n0 is increased from 200 to 20,000, as can be
observed in Figures 4 and 5. This suggests the
effect of the polydispersity of polymer chain
lengths on liquid–solid phase equilibrium is
small, which is in accord with the experimental
observations of linear polyethylene systems.23,24

It should be noted that interaction parameter
influences L-L phase separation temperature

Figure 3 Binodal compositions and tie lines for x
5 0.7286 (a) and x 5 0.5987 (b) with n1/n0 5 20 and
n2/n0 5 20,000.

Figure 2 Binodal compositions and tie lines for x
5 0.7286 (a) and x 5 0.5987 (b) with n1/n0 5 20 and
n2/n0 5 2000.
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more significantly than liquid–solid phase transi-
tion temperature, as summarized in Table I. The
binodal concentration of the 50/50 P1/P2 blend
with n1/n0 5 20 and n2/n0 5 200 in Figure 1 is 38
vol % for x 5 0.7286, which is higher than the
critical concentration of the polymer solution
(fcr), and the corresponding higher value of the
polymer solution is 9 vol % for x 5 0.5987, which
is less than fcr. The difference in L-L phase sep-
aration temperature due to change in tempera-
ture dependence of the interaction parameter
from x 5 2 0.7 1 400/T to x 5 2 0.7 1 500/T is

in the range of 70–77 K for the range of x values
considered in Figure 1. The corresponding values
for the liquid–solid equilibrium are 14 K for 50%
solution and 27 K for 10% solution, as indicated in
Table I. Similar trends in binary system were
reported by Burghardt.25

In simultaneous phase transitions L-L phase
separation and liquid–solid phase transition may
take place competitively. Such a situation can be
readily achieved where the concentration of the
total polymer is less than ca. 50% by properly
selected temperature dependence of x for given

Figure 4 Crystalline–liquid phase equilibrium composition curves as a function of
temperature for DHu 5 8790 J/mol, T°m 5 447 K, and x 5 2 0.7 1 400/T with n1/n0

5 20 and n2/n0 5 200 (a), and with n1/n0 5 20 and n2/n0 5 20,000 (b).

Figure 5 Crystalline–liquid phase equilibrium composition curves as a function of
temperature for DHu 5 8790 J/mol, T°m 5 447 K, and x 5 2 0.7 1 500/T with n1/n0

5 20 and n2/n0 5 200 (a), and with n1/n0 5 20 and n2/n0 5 20,000 (b).
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crystallizable polymer blends where the liquid–
solid phase boundary can be extensively moved
with a change of a few degrees of temperature, as
shown in Figures 4 and 5. This may be experi-
mentally realized by controlling the interaction
between the polymer and solvent through proper
selection of the solvent in binary polymer–solvent
mixtures,9 or by controlling the composition of
solvent mixtures in ternary polymer solutions,7

because the L-L phase boundary is more sensitive
to solvent power than the liquid–solid phase
boundary.

Phase diagrams as a function of temperature
in which binodal curves were superimposed upon
liquid–solid phase transition curves with x
5 2 0.7 1 480/T for n1/n0 5 20 and n2/n0 5 200
are shown in Figure 6. At 341 K the two types of
phase transition curves do not cross, but do inter-

sect each other below 339 K. As the temperature
decreases, the solvent concentration where two
types of phase transitions coincide decreases in
Figure 6. This can be interpreted that the tem-
perature at which liquid–solid phase transition
coupled with liquid demixing increases with a
decrease of total polymer concentration. The liq-
uid–solid phase transition curve inside the L-L
phase separation gap is not valid and should be
replaced by the tie line located at the intersection
of the two types of phase transitions.

With more favorable interaction between poly-
mer and solvent, the onset temperature to obtain
the coupled phase separation shifts to a lower
value, as shown in Figure 7. The simultaneous
phase separation starts to occur at 339 K, with x
5 2 0.7 1 480/T in Figure 6, and at 335 K with
x 5 2 0.7 1 470/T in Figure 7. When the value

Table I Effects of Interaction Parameter on L-L Phase Equilibrium and Liquid–Solid (L-S) Phase
Equilibrium Temperatures for Pseudobinary Solution of 50/50 P1/P2 Blend
with DHu 5 8790 J/mol, T°m 5 447 K, n1/n0 5 20 and n2/n0 5 200

Volume % of
Polymer Blend

T1 (K) in
x 5 20.7 1 400/T1

T2 (K) in
x 5 20.7 1 500/T2

T2 2 T1

(K)

L-L 38 ~f1 1 f2 . fcr! 280 350 70
9 ~f1 1 f2 , fcr! 308 385 77

L-S 50 333 347 14
10 315 342 27

Figure 6 Binodal compositions and crystalline–liq-
uid phase equilibrium compositions as a function of
temperature for DHu 5 8790 J/mol, T°m 5 447 K,
and x 5 2 0.7 1 480/T with n1/n0 5 20 and n2/n0

5 200.

Figure 7 Binodal compositions and crystalline–liq-
uid phase equilibrium compositions as a function of
temperature for DHu 5 8790 J/mol, T°m 5 447 K,
and x 5 2 0.7 1 470/T with n1/n0 5 20 and n2/n0

5 200.
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of n2/n0 is increased to 20,000 at the same inter-
action parameter, the simultaneous phase transi-
tion starts to occur on cooling at 337 K in Figure
8, which is a slightly higher temperature than for
the case of n2/n0 5 200. This phenomenon is op-
posite to the effect of the favorable interaction. A
higher molecular weight of polymer2 enlarges liq-
uid demixing gap and shifts liquid–solid phase
transition to the region of lower concentration of
polymer blends.

EXPERIMENTAL

A commercial grade of i-PP (Exxon PD020) with
Mw of 4.4 3 105 and Mw/Mn of 6.8 was used. A
series of 1,2-dialkyl phthalates, designated as C4
(dibutyl), C6 (dihexyl), C7 (diheptyl), and C8b
(di-2-ethylhexyl) was used to control the interac-
tion between polymer and solvent. Observation of
L-L phase separation temperature (TL-L) was fol-
lowed by optical microscopy (Nikon HFX II) with
a hot stage (Mettler FP82) at a cooling rate of
10°C/min. Peak-melting temperature (Tm) and
onset-crystallization temperature (Tcry) were de-
termined by differential scanning calorimetry
(Perkin-Elmer DSC-7) at a scanning rate of 10°C/
min. The experimental details were described
elsewhere.9

Melting temperature curves for i-PP solutions
in a series of phthalates are shown in Figure 9. In

a good solvent of C8b phthalate the melting tem-
perature decreased monotonically with dilution,
as is the usual case, but in worse solvents con-
taining a shorter alkyl chain in phthalate the
melting temperature started to increase at a cer-
tain concentration of i-PP. Figure 10 indicates
that the region where melting point deviates from
expectation corresponds to the region where L-L
phase separation precedes crystallization on cool-
ing. Optical microscopy confirmed that in the C8b
system L-L phase separation was not observed
before crystallization. It is understood that the
anomalous melting behavior may be related to
the effect of polydispersity of polymer molecules
on the coupled phase transition. Thus, during a
DSC run a high molecular weight fraction is pre-
cipitated from the mother solution and, subse-
quently, the polymer-rich phase is crystallized.
The deviation of the melting point was not ob-
served for the i-PP samples of narrow molecular
weight distribution when the L-L phase separa-
tion preceded crystallization on cooling.9 The ele-
vation of crystallization temperature with dilu-
tion is not clearly observed for i-PP solutions in
C6 and C7 phthalates in Figure 10. In these cases
the L-L phase separation might not give rise to a
sufficient fractionation prior to the onset of crys-
tallization because liquid demixing and crystalli-
zation occurred in narrow temperature ranges.

Figure 9 Peak-melting temperature curves mea-
sured by DSC at a heating rate of 10°C/min for solu-
tions of i-PP and phthalates of dibutyl (C4), dihexyl
(C6), diheptyl (C7), and di-2-ethylhexyl (C8b).

Figure 8 Binodal compositions and crystalline–liq-
uid phase equilibrium compositions as a function of
temperature for DHu 5 8790 J/mol, T°m 5 447 K,
and x 5 2 0.7 1 470/T with n1/n0 5 20 and n2/n0

5 20,000.

LIQUID–LIQUID PHASE SEPARATION 855



The phenomenon may be interpreted with the
calculated phase diagrams of ternary solution, as
shown before. The total polymer concentration of
the polymer-rich phase at which melting point
and binodal curves coincide decreases as the tem-
perature increases in Figures 6–8. The increas-
ing melting point with dilution is observed at a
lower temperature for a given concentration of
polymer with more favorable interaction in Fig-
ure 9, which can be explained by comparison be-
tween Figure 6 and Figure 7. The temperature at
which L-L phase separation intersects the liquid–
solid phase transition is lower at a given concen-
tration of total polymer with a smaller x.

CONCLUSIONS

Phase diagrams were calculated to investigate
the effects of polydispersity of polymer molecules
and interaction on the phase behavior of polydis-
perse i-PP solutions based on Flory-Huggins so-
lution thermodynamics. The polydispersity was
modeled with blends of two monodisperse poly-
mers differing in chain lengths. It was found that
the temperature at which L-L phase separation

was coupled with liquid–solid phase equilibrium
increased with decreasing concentration of total
polymer due to polydispersity of polymer chain
lengths, and this phenomenon was observed at a
lower temperature with a more favorable interac-
tion. The results were consistent with the exper-
imental observations of i-PP solutions.

The simple model employed in this work explic-
itly explains the essential feature of the effect of
polydispersity on the interference of the L-L
phase separation and crystallization in i-PP solu-
tions. The fractionation due to liquid demixing in
the coupled phase transitions may significantly
influence the complexity of multiphase structures
in polymer–solvent mixtures for a polymer of
broad molecular weight distribution. The pore
size and its distribution of microporous polymeric
membranes would be controlled more effectively
by understanding these phenomena related to
polydispersity.

H. K. Lee would like to thank Chungnam Sanup Uni-
versity for partial financial support of this study.
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