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ABSTRACT: When a polymer crystallizes from solution, it is well known that the resulting
morphology depends on whether any liquid–liquid phase separation (LLPS) has preceded
crystallization. In addition to the dense morphology that results when crystallization
occurs directly from a homogeneous solution, at least three other distinctly different
morphologies are produced if crystallization follows LLPS. Although much work has been
reported in this regard, a framework that can relate the path that a process might follow
across a phase diagram to the consequent morphology is lacking. We report here the
fundamental elements of a simple thermodynamic framework that serves to identify the
driving forces that produce these different morphologies. It is based on identification of the
nucleating phase, if any, in LLPS and coupling it with the domain in which nucleation of
crystallization occurs. The essential elements of the framework for morphological
evolution are demonstrated by relating the sequence of phase transitions to the mor-
phology which can result in the crystallized polymer when a polymer solution is cooled
from a homogeneous state at a high temperature. Four distinctly different morpholo-
gies are shown to evolve, depending on whether crystallization occurs (a) directly from
a homogeneous solution (dense); (b) following binodal liquid–liquid phase separation,
LLPS, with nucleation of the polymer-rich phase (GMP—globular microporous); (c)
following spinodal LLPS (FMP—fibrillar microporous); or (d) following binodal LLPS
with nucleation of the solvent-rich phase (CTMP—cell-tunnel microporous). An impor-
tant implication of the framework is that a predictable sequence of “dense 3 GMP 3
FMP 3 CTMP 3 dense” morphologies has to arise with increase in overall polymer
concentration in such solutions. The framework also serves to identify conditions, such
as passage through specific temperature/concentration regions in the phase diagram,
that would increase the likelihood of forming mixed or coexisting morphologies. How-
ever, it is still necessary to develop appropriate kinetic models to predict sizes of the
morphological components within each of the four morphologies. © 1999 John Wiley &
Sons, Inc. J Appl Polym Sci 73: 1343–1355, 1999
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INTRODUCTION

Knowledge of phase transitions in polymer solu-
tions can serve to identify mechanisms for simpli-

fication of processing paths and also for controlled
generation of useful morphologies. Extensive re-
search has been conducted in recent years on the
morphological implications of phase transitions.
Of significant interest in this regard are liquid–
liquid phase separation and solidification via
crystallization or glass transition.1,2,7–20 Mem-
brane technology is dependent on such phase
transitions in polymer solutions, induced either
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thermally1 or through diffusion of a nonsol-
vent.9,11 The phase transitions have been utilized
to generate spherical particles,1,11,12,15,17,18

closed-cell microporous morphology,10,11,18 open-
cell (denoted here as cell-tunnel) microporous
morphology,9,11,17,20 as well as bicontinuous mor-
phology.18 Kinetics of phase separation14,16,19 and
generation of morphological features14,16,20 have
been studied qualitatively, in semicrystalline9–17,20

as well as amorphous18 polymers. Binary solvent/
nonsolvent systems10–13 have been effectively
used to demonstrate the impact of thermody-
namic and kinetic aspects on the evolution of dif-
ferent morphologies. Although it is well known
that microporous morphologies with different
pore morphologies and sizes would result if crys-
tallization of a polymer from solution is preceded
by LLPS, the fundamental processes that lead to
the formation of different morphologies have not
been clearly enunciated. For example, we have
seen through an earlier study1 that solutions of
polyacrylonitrile in a binary solvent system [wa-
ter and dimethyl formamide (DMF)] exhibit one
or both of two phase transitions, liquid–liquid
phase separation (LLPS) and crystallization, as a
function of binary solvent composition, polymer
composition, and cooling rate. Three distinctly
different morphologies, cell-tunnel (CTMP), fibril-
lar (FMP), and globular (GMP), have been seen to
result if LLPS precedes crystallization. Relatively
denser morphologies are obtained if crystalliza-
tion occurs directly from a homogeneous polymer
solution. However, as with other studies, these
results were presented and discussed with re-
spect to their implications regarding process mod-
ifications and potential applications, but without
a clear enumeration of the path across a phase
diagram, which causes the evolution of each of the
microporous morphologies, especially CTMP and
GMP.

We report here the results from an extensive
study of phase transitions and the consequent
morphologies in solutions of polyacrylonitrile in
binary solvents, comprising of water with N,N-
dimethyl formamide (DMF), N-methyl pyrroli-
done (NMP), or dimethyl sulfoxide (DMSO). The
emphasis is on relating the morphological fea-
tures in the solidified polymer to the sequence of
observed, or inferred, phase transitions that occur
when these solutions are cooled to room temper-
ature from a homogeneous single phase at a
higher temperature. Well-established theories
are used to identify the nucleating phase in LLPS
and to incorporate these in a generally consistent

framework for prediction of morphological fea-
tures. This framework can be used to simplify
solution-based processing of polymers, while si-
multaneously offering pathways for versatile gen-
eration of useful morphologies. It should be noted
here that the morphological features in this re-
gard are on a scale from ; 0.01 to ; 10 mm,
pertaining to features that would be governed by
the presence or absence of LLPS prior to crystal-
lization of the polymer.

The likelihood of formation of different mor-
phologies through LLPS followed by crystalliza-
tion has been widely observed.5–28 However, with
the exception of the consequences of spinodal de-
composition, the underlying nucleation process in
LLPS and how it dictates, in combination with
crystallization, the class of microporous morphol-
ogy that evolves through these phase transitions
have not been reported.

FRAMEWORK FOR THE EVOLUTION OF
MORPHOLOGY

Overall Phase Diagram

A typical Gibbs free-energy–polymer concentra-
tion relationship that can lead to the formation of
two solution phases is shown in Figure 1. Sepa-
ration of a homogeneous polymer solution3 into
two liquid phases (LLPS) can occur in the compo-
sitional range from A to B via one of two mecha-
nisms: nucleation and growth (for polymer con-
centration between A and C; between D and B)
and spinodal decomposition (between C and D).
The latter consists of spontaneous decomposition
of the homogeneous solution into two liquid
phases. The necessary condition for each of the
two mechanisms of LLPS is that the change in
Gibbs free energy with concentration of the poly-
mer solution should be negative. This condition
tends to be inherently satisfied in spinodal decom-
position. It is met in the case of nucleation and
growth only when a fluctuation larger than a cer-
tain critical size is formed.

At a critical temperature, the spinodal (locus of
points C and D for different temperatures) and
binodal curves (locus of points A and B for differ-
ent temperatures) have the same solution compo-
sition (Fig. 2). Because the spinodal process is
spontaneous, a solution of this composition, which
passes through the critical temperature, invari-
ably undergoes phase separation via this mecha-
nism under all conditions. When the polymer con-

1344 AKKI, DESAI, AND ABHIRAMAN



centration is not at the critical point, the solution
has to pass through the nucleation and growth
regime before it can enter the spinodal regime,
causing the homogeneous solution to phase sepa-
rate via nucleation and growth prior to entering
the spinodal regime. Thus, unless the cooling
rates are high enough to render the nucleation
and growth process negligible, spinodal decompo-
sition does not occur in solutions of such compo-
sition.

If a polymer solution does not undergo LLPS
prior to crystallization of the polymer, the crys-
tallization temperature would increase with poly-
mer concentration. However, if a polymer–solvent
system exhibits LLPS prior to crystallization, the
phase with the higher polymer concentration in-
variably reaches its crystallization temperature
first. As a consequence, an invariant crystalliza-
tion temperature is observed within the range of
polymer concentration in which LLPS precedes
crystallization (Fig. 2). At polymer concentrations
that are below or above those corresponding to
LLPS, crystallization occurs from a homogeneous
solution and an increase in crystallization tem-
perature is observed with polymer concentration.
Thus, by examining for invariance in the crystal-
lization curve, it is possible to predict whether
LLPS precedes crystallization in these solutions.

(The analysis presented here is valid only for
systems in which the composition of the binary
solvent is the same in both the solution phases
that form through LLPS, i.e., systems that be-
have as pseudobinary solutions. Such behavior
arises, at least as an approximation, usually
when the two solvent components, for example,
DMF and water, are miscible in all proportions. If
the binary solvent should tend to have different
compositions in different phases of the polymer
solution, LLPS would no longer lead to the same
two compositional pathways. Invariance of crys-
tallization temperature may not arise in such so-
lution systems. An example of this kind has been
seen in solutions of a PAN terpolymer in succino-
nitrile and water.5)

Evolution of Morphology

An important aspect in morphological evolution,
if LLPS occurs by nucleation and growth mecha-
nism, is the phase that nucleates.4 The nucleating
phase is dictated by the change in molar Gibbs
free energy as a function of polymer concentra-
tion. If a tangent is drawn on the molar Gibbs
free-energy curve at an overall concentration of
the solution in this compositional range (Fig. 1), it

Figure 2 Typical phase diagram of a solution exhib-
iting liquid–liquid phase separation and crystalliza-
tion. Binodal curve is obtained from the common tan-
gent construction and spinodal from the locus of inflex-
ion points in the Gibbs free energy vs. concentration
curves (Fig. 1). Arrows represent the path taken by a
solution across the phase diagram and the resulting
morphologies. (a–c) These represent typical cell-tunnel
microporous (CTMP), globular microporous (GMP), and
fibrillar microporous (FMP) morphologies, respectively.

Figure 1 Typical Gibbs free energy of the two-phase
region. A and B are the equilibrium compositions based
on the common tangent construction. Points C and D
are the inflexion points representing metastable states
at the boundary of the spinodal region. The tangent at
M corresponds to the path for local fluctuations at
constant chemical potential. The point N, situated in-
side the spinodal and having the same chemical poten-
tial as M, represents the critical composition for a so-
lution of composition corresponding to M. (Hillert et
al.4).
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represents the free energy of an infinite solution
whose local concentration fluctuations can adopt
various configurations without changing the
chemical potential of the solution. Consider phase
separation of such a solution into the equilibrium
concentrations denoted by the two points, A and
B, of the common tangent to the free energy–
composition curve. The point N, situated inside
the spinodal, has the same chemical potential as
M. In a solution of overall composition corre-
sponding to M, if a compositional fluctuation
should exceed that corresponding to N, it will
grow spontaneously. Also, when the overall con-
centration (point M) is below that of the lower
spinodal point, C, a decrease in Gibbs free energy
results if the higher concentration phase (B) nu-
cleates from a local fluctuation. On the other
hand, nucleation of the lower concentration phase
(A) would lead to an increase of Gibbs free energy
in this case. Thus, when the overall concentra-
tions are below the lower spinodal point (point C),
the higher concentration phase, B, nucleates. The
distance between the two parallel lines, measured
along the free energy axis, represents the activa-
tion energy for nucleation in a solution of compo-
sition corresponding to M. A similar analysis
shows that the lower concentration phase nucle-
ates when the overall concentrations are above
the higher spinodal point (point D). However, if
the overall solution concentration is anywhere
between the spinodal points, both the phases form
spontaneously (Fig. 1).

Thus, we see that the path traversed with re-
spect to the phase diagram would dictate the evo-
lution of morphology. It can range from micro-
porous to dense, depending on whether LLPS pre-
cedes crystallization or crystallization occurs
from a homogeneous phase. The nature of micro-
porous morphology that evolves would depend on
the nature of LLPS, which can be either spinodal
or binodal. If LLPS should occur via binodal de-
composition, the resulting morphology would also
be determined by whether the higher or lower
polymer concentration phase nucleates as the dis-
crete phase.

Solutions that have concentrations below the
critical concentration (in the range from A to C in
Fig. 1), phase separate such that the polymer-rich
phase nucleates. Upon further cooling of this so-
lution, crystallization is initiated in the higher
polymer concentration phase, i.e., in the same
phase that nucleated in LLPS, and gives rise to
globular microporous (GMP) morphological fea-
tures (Fig. 2).

If the overall polymer concentration is higher
than the critical polymer concentration (C to B in
Fig. 1), the solvent-rich phase nucleates and the
morphologies resulting from subsequent crystal-
lization of the polymer-rich phase have “cell-tun-
nel” microporous (CTMP) characteristics (Fig. 2).
(This morphology was termed “cell-pore” micro-
porous (CPMP) morphology in a previous report.1

It has been changed here to provide a more ap-
propriate name, and to eliminate the confusions
that arise with “cell-pore” terminology.) The tun-
nels, i.e., the connection between cells, in CTMP
morphology evolve subsequent to LLPS, i.e., dur-
ing crystallization. In this case, the “solvent
fronts,” which are produced during the propaga-
tion of crystallization in the continuous polymer-
rich phase, connect the discrete solvent-rich cells,
previously formed during LLPS (Fig. 3). This
mechanism has been verified through measure-
ment of electrical conductivity in a polymer–sol-
vent system with a substantially higher conduc-
tivity of the solvent.6 A pronounced drop in con-
ductivity occurs in this case with the onset of
predominantly solvent-nucleated (T . Tcritical)
LLPS. It is followed by a sharp reversal with the
onset of crystallization, due to the connecting sol-
vent-rich tunnel-like structures that are estab-
lished between the initially discrete cells.

Figure 3 Mechanism of formation of the cell-tunnel
microporous morphology from an initially homoge-
neous solution. LLPS with nucleation of a solvent-rich
phase (step 1) produces the cell domains; initiation and
propagation of crystallization in the polymer-rich
phase (step 2) leads to a solvent-rich front that forms
the connecting tunnels between the cells (step 3).
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When the polymer concentrations are around the
critical point, LLPS occurs via spontaneous spi-
nodal decomposition, with subsequent crystalliza-
tion leading to the formation of fibrillar microporous
(FMP) morphologies. Even at a concentration other
than the critical concentration, kinetic limitations
with nucleation and growth can cause the solution
to enter the spinodal regime and phase separate
spontaneously, with little or no prior binodal decom-
position. This can happen especially if the cooling
rate is high. On the other hand, if the cooling rate is
low enough, the same solution would undergo phase
separation via nucleation and growth, and the two
polymer concentrations that evolve would follow the
binodal curve until the onset of crystallization. The
scale on which LLPS-dictated evolution of morphol-
ogy occurs is determined by its nature, i.e., spinodal
or binodal, with nucleation of the polymer-rich or
solvent-rich phase. The globular structures that
evolve through nucleation of the polymer-rich phase
in LLPS are on a finer scale (; 0.01 to ; 0.1 mm)
than the cells that arise through nucleation of the
solvent-rich phase (; 1 to ; 10 mm), due to the
much slower diffusion rates associated with the
former process.

Summary of Framework

It is clear from the preceding analysis that the fol-
lowing morphological sequence has to evolve, if so-
lutions of successively increasing polymer concen-
tration are cooled at a slow rate from a homoge-
neous single phase (Fig. 2). (a) At very low polymer
concentrations, crystallization occurs directly from
a homogeneous solution (Region I), leading to rela-
tively dense morphological features. (b) In the re-
gime where LLPS precedes crystallization (Region
II): (i) Globular Microporous (GMP) morphologies
evolve when the polymer concentration is below the
critical point (Region IIG), through nucleation of
the polymer-rich phase in LLPS, followed by crys-
tallization of this phase. (ii) Fibrillar Microporous
(FMP) morphologies arise when polymer concentra-
tions are close to the critical point (Region IIF),
through spontaneous spinodal decomposition into
polymer-rich and solvent-rich phases, followed by
crystallization of the former. (iii) Cell-Tunnel Micro-
porous (CTMP) morphologies are formed when
polymer concentrations are above the critical point
(Region IIC), through nucleation of the solvent-rich
phase in LLPS, followed by crystallization of the
polymer-rich phase. It is known that the cells in this
microporous morphology result from the discrete
spherical domains of the solvent-rich phase that

form during LLPS, while the tunnels (connection
between cells) are formed by the solvent front that
arises during subsequent crystallization (Fig. 3). (c)
At polymer concentrations that are above the region
where LLPS precedes crystallization, i.e., where
crystallization occurs directly from the homoge-
neous phase (Region III), relatively dense morphol-
ogies are again produced.

Thus, the sequence of morphologies that should
arise with increasing polymer concentration in bi-
nary solution systems that contain a LLPS regime
is “dense–GMP–FMP–CTMP–dense.” The range of
polymer concentration corresponding to each of
these morphologies would depend on the phase di-
agram for the specific solution system. It is possible
that certain regimes, especially the spinodal, might
be too narrow, requiring finely spaced experimen-
tation in polymer concentrations to see the manifes-
tation of their corresponding morphological fea-
tures. Some of the typical phase diagrams that can
arise are shown in Figure 4. It can be seen clearly
that each of these conditions can lead to the pre-
dominance of a different morphological feature
within the prescribed sequence.

EXPERIMENTAL

The following is a brief description of the materi-
als and the experimental methods. Additional de-
tails can be found in ref. 1.

Figure 4 Typical phase diagrams of solutions exhib-
iting LLPS and crystallization. The consequences, vis-
à-vis morphological evolution, of these phase diagrams
are discussed in the text.

PHASE TRANSITIONS IN POLYMER SOLUTIONS 1347



The acrylonitrile-based terpolymer (PANt) used
in this research contained 1% itaconic acid and 6%
methyl acrylate (Mv 5 117,000 g/mol). The solvents
in this study were N,N-dimethyl formamide (DMF),
N-methyl pyrrolidone (NMP), and dimethyl sulfox-
ide (DMSO). Each of these solvents was combined
with water to generate a series of binary solvents,
with diminishing solvent power for PANt as the
water concentration was increased.

Calorimetric measurements were carried out
in hermetically sealed high-pressure stainless
steel pans. The polymer was packed in the pans
and a known quantity of solvent was added. Heat-
ing and cooling rates of either 20°C/min or 5°C/
min were used. Each thermal analysis experi-
ment consisted of two cycles of heating and cooling.

The samples obtained from DSC pans at the
end of the second cooling cycle were used to de-
termine the morphological features of the crystal-
lized polymer. Transverse sections of the dried
polymer were examined with a Hitachi Model 800
high-resolution SEM at accelerating voltages
ranging from 5 to 20 kV.

Direct visual monitoring of LLPS in these poly-
mer solutions is difficult due to the degradation

that occurs when the solutions are held for a long
time at high temperatures. Therefore, only a lim-
ited set of experiments were conducted to observe
LLPS and crystallization directly, primarily to
verify the inference from calorimetric experi-
ments regarding the occurrence of LLPS prior to
crystallization. These experiments were set up in
a high-pressure vessel (70 mL) with borosilicate
glass windows. The vessel containing the polymer
and solvents was immersed in a silicone oil bath,
for controlled heating and cooling. The bath had
coils for water cooling and cooling rates up to
5°C/min could be achieved. The large difference in
polymer concentrations, and in the corresponding
densities of the two liquid phases produced by
LLPS, led to gross separation of the two phases in
these relatively large scale experiments. In every
case that was studied, the development of a dis-
tinct interface between the two phases could be
observed visually when LLPS occurred.

RESULTS AND DISCUSSION

Direct Verification of Inferences Regarding LLPS
from Calorimetric Results

Because PAN solutions undergo detectable deg-
radation when kept at high temperatures

Figure 5 Results from direct visualization of homo-
geneous phase, LLPS, and crystallization in solutions
of PANt in 25 : 75 w/w of water/DMF at different
temperatures upon cooling. A temperature range has
been specified when transitions were observed to indi-
cate the uncertainty in recording the onset tempera-
tures; Cooling rate 5 5°C/min; Crystallization temper-
atures obtained from visual recording of solution are
compared with the onset of crystallization tempera-
tures obtained from DSC, indicated by F.

Figure 6 Crystallization curves of PANt–DMF–wa-
ter solutions at 5°C/min cooling rate, depicting the re-
gions where dense, GMP, FMP, or CTMP morphologies
were observed. (a) 80% water–20% DMF, (b) 60% wa-
ter–40% DMF, (c) 40% water–60% DMF, (d) 20% wa-
ter–80% DMF.
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(above 200°C) in a relatively short time (; 15
min), direct observation of the onset of LLPS
prior to crystallization was precluded in most
cases. As discussed earlier, much of the evi-
dence for occurrence of LLPS prior to crystalli-
zation came from observed invariance of crys-
tallization temperature with polymer concen-
tration. Verification of this inference was
obtained with solutions of PANt, for example, in
25 : 75 of water : DMF. Formation of two dis-
tinct phases with a clear-cut interface was seen

because global phase separation occurred in
these solutions under gravity, due to the large
size of the high pressure cell. The regions cor-
responding to crystallization from two-phase
and single phase solutions in this experiment
were seen to correspond to those obtained via
calorimetric measurement of crystallization
(Fig. 5). This provided direct validation for as-
sociating prior LLPS in the range of polymer
concentration that exhibited invariance of crys-
tallization temperature.

Figure 7 SEM micrographs corresponding to Figure 6, depicting the typical morphol-
ogies of (a) GMP (2% PANt), (b) CTMP (40% PANt), and (c) relatively dense regions
(77% PANt) in 80 : 20 water : DMF.
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Morphological Evolution

Verification of the framework relating the phase
transitions to the consequent morphologies has
been obtained from solutions of PANt in different
binary solvent systems. One such solvent system,
as discussed in the previous report,1 is DMF
1 water, which allows versatile manipulation of
phase transitions by changing the ratios of water
to DMF.

Because the experimental observations have
been made only at discrete polymer concentra-
tions, there are sequences in which one or more of

the morphological features may be missing in the
results. In the absence of rate effects, the FMP
morphology can evolve only if the solution is al-
most exactly of the critical concentration. It is
thus likely to be absent in experiments that are
conducted at low rates of cooling. Also, the poly-
mer concentration range corresponding to the
evolution of a particular morphology can be so
narrow as to be not seen in these experiments.
This can be seen in the results from experiments
with a series of solutions in 80/20 water/DMF at
different polymer concentrations, even with

Figure 8 (a) Crystallization curve of PANt–water solutions at 5°C/min cooling rate.
(b–d) SEM micrographs depicting the typical morphologies; (b) GMP (31% PANt), (c)
FMP (65% PANt), and (d) relatively dense regions (95% PANt).
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closely spaced experiments in the appropriate
polymer concentration range, i.e., at low polymer
concentrations in this solvent system (Figs. 6 and
7). At 2 and 5% polymer concentrations, traces of
GMP and FMP were observed along with CTMP
morphological features. As the polymer concen-
tration was increased further, only CTMP struc-
tures were observed. Upon increasing the poly-
mer concentration to 80%, dense morphological
features were seen.

Significant changes occur in the phase diagram
and the consequent “dominant” morphology when
the solvent power of a binary solvent is changed
through its composition. For example, solutions of
PANt in water (Fig. 8) produced predominantly
GMP structures in the range from ; 4 to ; 85%
polymer concentration. Traces of FMP appeared
along with the GMP morphology in a broad range
from 39 to 85% polymer concentration. CTMP
morphology was not observed in these solutions,
even at polymer concentrations as high as 85%,
indicating that the corresponding region between
spinodal and binodal is extremely narrow. Rela-
tively dense morphologies were formed from a
95% polymer solution, which depicted crystalliza-
tion from a homogeneous solution. The crystalli-
zation data showed that PANt–water solutions
have a broad invariant region, from ; 2 to ; 85%

in polymer concentration, where LLPS precedes
crystallization. Much of this broad region is at
polymer concentrations lower than that of the
critical point, thus producing a GMP morphology.
Existence of a broad range in which FMP is mixed
with GMP also showed that the binodal and spi-
nodal curves are both relatively flat. The inferred
phase diagram in this case corresponds to that
shown in Figure 4(a), with the critical point
around 90% polymer concentration.

As exemplified earlier in solutions of PANt in
80 : 20 of water : DMF (Fig. 6), the dominant
morphology changed from GMP to CTMP as DMF
was added to water, beginning with a relatively
low ratio of DMF to water. Thus, addition of DMF
to water dramatically alters the phase transitions
in these polymer solutions by changing the rela-
tive positions of binodal and spinodal curves and
the associated critical point.

As the ratio of DMF to water was further in-
creased, the range of polymer concentration
where LLPS preceded crystallization decreased
consistently, with the dominant morphology
within this regime remaining as CTMP (Fig. 6).
The crystallization curves and the predominance
of CTMP structures observed in these systems
imply together that the phase diagram is skewed
towards lower polymer concentration, with a nar-
row spinodal region, as shown in Fig. 4(c). Solu-
tions of PANt in DMF exhibit only crystallization
from a homogeneous solution, resulting in a mono-
tonic increase of crystallization temperature with
polymer concentration and a dense morphology.

Phase behavior was also studied in solutions of
PANt in binary solvent systems of water with
NMP and DMSO. As seen with DMF, they also
exhibit a decrease in crystallization temperature
as the ratio of NMP or DMSO to water is in-
creased. Invariance of crystallization tempera-
ture, exhibiting the presence of LLPS, was also
observed in these solvent systems (Figs. 9–12).
The range of polymer concentration over which
this invariance was observed depended, as with
DMF, on the composition of the binary solvent.
However, unlike DMF, the polymer crystallized
from these solutions exhibited a predominance of
GMP morphology over much of the binary solvent
composition. FMP structures were seen, but only
in trace quantities at certain compositions, only
in combination with GMP structures. The NMP–
water system exhibited CTMP along with GMP at
certain concentrations and CTMP along with
dense structures at higher concentrations, both
conforming to the sequence in the framework out-

Figure 9 Crystallization curves depicting the regions
where dense, GMP, FMP, or CTMP morphologies were
observed for PANt–water–NMP solutions with varying
ratios of water to NMP. (a) 80% water–20% NMP, (b)
60% water–40% NMP, (c) 40% water–60% NMP, (d)
20% water–80% NMP.
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lined earlier. The inference from the observed
crystallization temperatures and the correspond-
ing morphologies is that solutions of PANt in
binary solvents of water with NMP and DMSO
produce, respectively, phase behaviors that corre-
spond to Figure 4(b) and (d).

The crystallization and morphological data
pertaining to solutions of PANt in water, and in
binary solvents containing water, show how the
solvent system controls the thermodynamics of
phase transitions and causes the relative posi-
tions of binodal and spinodal to shift. Four dis-

tinctly different phase diagrams have been in-
ferred to exist in these solutions. The inferences
are that a solution of PANt in (a) water has a flat
binodal curve and a broad spinodal along with it
[Fig. 4(a)]; (b) DMF with water shifts the spinodal
to a significantly lower polymer concentration
[Fig. 4(c)]; (c) water–DMSO moves the spinodal
towards the higher end of polymer concentrations
[Fig. 4(d)]; (d) water–NMP exhibits an intermedi-
ate spinodal regime [Fig. 4(b)]. Thus, it can be
seen that the solvent interactions play an impor-
tant part in dictating the phase transitions. All

Figure 10 SEM micrographs corresponding to Figure 9(a), depicting the typical
morphologies of (a) GMP (20% PANt), (b) FMP (49% PANt), and (c) relatively dense
regions (79% PANt) in 80% : 20% water : NMP.
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the solutions follow the general framework that
has been proposed for generation of morphologi-
cal features (Fig. 2). The morphological features
are formed in a well-defined specific sequence as
the polymer concentration is changed in these
solutions. If LLPS precedes crystallization of the
polymer, the progression occurs from GMP to
FMP to CTMP as the polymer concentration is
increased within the range of LLPS. Changing
the solvent system changes the breadth of the
regimes of polymer concentration where each of
these morphologies is generated.

Coexisting Morphologies

In solutions that exhibit LLPS prior to crystalli-
zation, up to three phases can coexist at certain
temperatures and overall concentrations. The
phases that coexist are obtained through a hori-
zontal line drawn at a given temperature. The
phases that correspond to the intersection of this
line with the phase diagram can coexist. If the
overall concentration of the polymer is such that
it is very close to the boundary of two adjacent
regions, then concentration fluctuations could
cause the typical morphologies of these two re-
gions to coexist. Another mechanism by which
two morphologies that are typical of two different

regions can coexist is when the already formed
phases undergo phase separation within their do-
mains, thus giving rise to phases within phases.5

Here, the microstructure can appear as patches of
regions of very different morphological features.
It should be noted that most of the solutions stud-
ied here produced only the morphology dictated
by a single sequence of phase transitions at a
given overall polymer concentration. It is, how-
ever, important to recognize the solution compo-
sitions that can result in mixed morphologies in
the crystallized polymer so that they can be
avoided in processes where a single uniform mor-
phology is desired. An example of PANt solution
in a binary solvent that has a propensity to form
mixed morphologies is described by Akki.5

SUMMARY AND CONCLUSIONS

Polymer solutions that undergo LLPS and crys-
tallization generate morphological features that
depend on the sequence and magnitude, i.e., time
duration and temperature range, of transitions
that lead to a solidified polymer. Depending on
the polymer–solvent system, the underlying
phase diagram can have distinctly different char-
acteristics pertaining to the binodal and spinodal
(flat or narrow, symmetric, or asymmetric with a
skew towards low or high polymer concentrations,
etc.) as well as crystallization transitions. A
framework has been developed here to relate the
path of a process across the phase diagram for a
polymer solution to the resulting morphology in
the crystallized polymer. The morphological fea-
tures of interest are in the range of 0.01 to 10 mm,
features that arise from any LLPS that might
precede crystallization of the polymer. Four dis-
tinctly different morphologies result from crystal-
lization (a) directly from a homogeneous solution
(dense), (b) following binodal LLPS with nucle-
ation of the polymer-rich phase (globular micro-
porous—GMP), (c) following spinodal LLPS
(fibrillar microporous—FMP), or (d) following
binodal LLPS with nucleation of the solvent-rich
phase (cell-tunnel microporous—CTMP). The un-
derlying nucleation processes dictate that the
morphologies that arise from increasing the over-
all polymer concentration in such solutions follow
the sequence, “dense3 GMP3 FMP3 CTMP3
dense.” The framework also serves to identify con-
ditions (narrow temperature/concentration re-
gions in the phase diagram) that can increase the

Figure 11 Crystallization curves depicting the re-
gions where dense, GMP, FMP, or CTMP morphologies
were observed for PANt–water–DMSO solutions with
varying ratios of water to DMSO. (a) 80% water–20%
DMSO, (b) 60% water–40% DMSO, (c) 40% water–60%
DMSO, (d) 20% water–80% DMSO.
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likelihood of forming mixed or coexisting phases
and the consequent morphologies.

PANt solutions in binary solvents, containing
water and DMF, NMP, or DMSO, showed that the
solvents affect the phase behavior significantly.
The evolution of morphology in these different
binary solvent systems has been seen to be con-
sistent with the proposed thermodynamic frame-
work. This framework can be used for rational
design of processes to generate suitable morphol-
ogies for specific applications.

The morphologies that evolve in these solutions
also differ in sizes. The scale of morphological fea-

tures in GMP are smaller than CTMP morphology
by at least an order of magnitude, again consistent
with the inferred mechanisms of phase separation
in their formation, namely, nucleation and growth
of polymer- or solvent-rich phases, respectively, in
LLPS. To make quantitative predictions of these
morphological features, it is necessary to analyze
the underlying kinetics of nucleation and the trans-
port processes during LLPS and any subsequent
structural coarsening26,27 that can occur. The ther-
modynamic framework presented here can serve to
formulate appropriate kinetic models for quantita-
tive modeling of these processes.

Figure 12 SEM micrographs corresponding to Figure 11 depicting the typical mor-
phologies of (a) GMP (28% PANt), (b) FMP (68% PANt), and (c) relatively dense regions
(79% PANt) in 80 : 20 water : DMSO.
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