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ABSTRACT: Small angle light scattering, differential scanning calorimetry, and electron microscopy have
been used to quantify the kinetics of liquid-liquid phase separation and crystallization during thermal
quenching of a polyethylene copolymer in anisole solution. Measurements of the time dependence of the
position of the light scattering maximum were made following temperature quenching to various regions
of the phase diagram. For quenches to temperatures above the crystallization temperature, domain growth
rates increase with increasing quench depth and decreasing overall polymer concentration. Light
scattering and microscopy show that solutions quenched to regions below the crystallization temperature
show a brief coarsening period before structure growth is arrested by crystallization. Simultaneous
measurement of the transient solution temperature indicates that cessation of domain growth occurs
when the solution temperature crosses the crystallization line.

Introduction

Thermal induced phase separation (TIPS) of polymer
solutions is an important processing technique used in
the fabrication of microcellular foams1 and microporous
membranes.2-5 In this process, liquid demixing, in-
duced by thermal quenching, results in a two-phase
structure consisting of a polymer-rich matrix surround-
ing polymer-lean droplets. The droplets continue to
coarsen until their growth is arrested by solidification
of the polymer-rich phase via either gelation,6 glass
transition,7 or crystallization.8,9 The latter step is
critical since it freezes in the nonequilibrium morphol-
ogy that eventually serves as the final product.
Because of their ability to withstand high tempera-

tures, semicrystalline polymers are often used in the
TIPS process.10 In these systems, liquid-liquid or
crystal-liquid phase separation may occur separately,
or depending on the location in the phase diagram, both
transitions may occur simultaneously. In the latter
case, the relative phase transition rates apparently
determine whether a porous liquid-liquid morphology
will be locked-in by crystallization. Richards11 was
probably the first to show that the thermodynamic
phase diagram for polyethylene exhibits both liquid-
liquid phase separation and crystallization regions in a
number of poor solvents. Similar behavior has since
been reported for other crystallizable systems, including
hydrogenated polybutadiene,9 poly(vinyl chloride),12
poly(vinyl alcohol),13 and isotactic polypropylene.8,10 In
a number of studies of these systems, real space
microscopy has been used to provide evidence for the
role of the phase separation and crystallization kinetics
on the morphology development.8,9,10,14
Our recent study of amorphous PMMA solutions7 has

shown that small angle light scattering can be a very
useful technique for monitoring in situ the liquid-phase
transition kinetics and its arrest due to a glass transi-
tion. In this paper we wish to show the applicability of
the same technique to a crystallizable system, thereby
allowing quantification of the interplay between liquid-
liquid phase separation and its arrest due to crystal-
lization. Measurements were made on solutions of a

polyethylene copolymer in anisole which were quenched
to different regions of the phase diagram, above and
below the crystallization temperature.

Experimental Section

Materials and Methods. The polymer, poly(ethylene-co-
methyl acrylate-co-acrylic acid) (6.5 wt % methyl acrylate, 6.5
wt % acrylic acid) (Aldrich), and the solvent (reagent grade
anisole (Aldrich)) were used as received. Cloud points were
determined by measuring light transmission of slow-cooled (0.5
°C/min) solutions in rectangular glass cells (path length 0.4
cm). The cloud point was taken as the temperature at which
transmitted light intensity began to sharply decrease.
Crystallization experiments were performed on a Perkin-

Elmer DSC 7. Samples were fully homogenized in sealed glass
test tubes before being transferred into volatile sample pans.
Exact compositions were determined by puncturing the pans
after the experiment, heating them to above the melting
temperature, and measuring the mass loss on vacuum-drying
to constant weight.
The small angle light scattering (SALS) apparatus used for

the quenching experiments is the same as that described in
our earlier study.7 Solutions were enclosed in a rectangular
glass cell of path length ca. 0.05 cm and placed into a
thermostated water bath at the desired phase separation
temperature. Small angle scattering patterns from the sample
were video recorded and digitized using a frame grabber. In
all cases, the data to be shown are based on an average of
several runs. Solution temperatures during the transient
quench period were also separately monitored using a ther-
mocouple sandwiched between two glass plates containing the
solution. Figure 1 shows data for the solution temperature
for runs made at three different quench temperatures. In most
cases, thermal equilibration of the solution occurred on the
order of 20 s, while data (to be shown) indicate that the late
stages of liquid-liquid growth occur on time scales much
greater than this.
Morphologies of several of the quenched films were also

determined using scanning electron microscopy (SEM). Fol-
lowing removal from the glass cells, the samples were im-
mersed in isopropyl alcohol to extract the anisole and then
vacuum-dried for at least 24 h. Samples were freeze-fractured
in liquid nitrogen and sputter coated (Emscope SC400 Sputter
coater), for imaging on an Hitachi S-530 scanning electron
microscope.
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Results and Discussion
Phase Diagram. Figure 2 shows the cloud point and

crystallization curves for our poly(ethylene-co-methyl
acrylate-co-acrylic acid) (co-PE)/anisole system. Regions
I, II, and III denote, respectively, liquid-liquid phase
equilibrium, liquid-crystal equilibrium, and three-
phase liquid-liquid-crystal equilibrium. The charac-
teristics shown here are typical of other crystallizable
polymer/poor solvent systems.9,15,16 In our case, crystal-
lization temperatures were conveniently determined by
cooling solutions in the DSC at 10 °C/min and noting
the temperature at which the thermogram first deviated
from the baseline value. A number of DSC runs showed
that rapid quenches to the same temperatures, followed
by continuous monitoring of the heat flux, gave the same
results. Figure 3 shows an example of the fractional
crystallization based on such runs for a 10 wt % co-PE/
anisole solution. The trend of increasing crystallization
rate with increasing quench depth results from both
increased supercooling and an increase in the polymer

concentration in the polymer-rich phase that forms.
These data indicate that measurable crystallization
begins on the same time scales as those of the solution
temperature transients shown in Figure 1, and as will
be shown, crystallization is nearly complete on the same
time scales as those for late-stage coarsening of the
liquid-liquid structures determined from light scatter-
ing.
Phase Separation Kinetics. The time dependence

of the position of the small angle light scattering
maximum was used to quantify the dominant length
scale in the phase-separating system, D. The latter can
be directly related to the scattering vector, qm ()4nπ/λ
sin (θm/2), where θm is the angular position of the light
scattering intensity maximum, λ is the wavelength in
vacuo, and n is the solution refractive index), by7,17,18,19

Analyses have shown that the kinetics remain relatively
constant whether one bases them on the intensity
maximum or the first moment of the distribution.24
Numerical simulations of the late stages of spinodal
decomposition24 as well as several models for domain
growth, including droplet coalescence20 and Ostwald
ripening,21 predict that the domain size, D, should scale
with t1/3 or

where Do is the length scale at the end of the early stage
time period, to, and K is the growth rate. Figures 4 and
5 illustrate how the growth rate, K, changes as the
temperature and concentration are varied within region
I of the phase diagram. In the first case, Figure 4, the

Figure 1. Transient solution temperatures measured in situ
following quenches to temperatures indicated.

Figure 2. Cloud point curve (b) and crystallization temper-
atures (]) for the co-PE/anisole system. Region I corresponds
to the liquid-liquid equilibrium, II corresponds to the crystal-
line-liquid equilibrium, and III corresponds to the coexistence
of two liquid and one crystalline phase.

Figure 3. Time dependence of the fractional crystallization
for 10 wt % co-PE/anisole solution quenched to three temper-
atures; (thin line) 47 °C; (medium line) 49 °C; (thick line) 51
°C.

Figure 4. Domain growth kinetics for 10 wt % co-PE solutions
quenched to three temperatures in region I of the phase
diagram.

Figure 5. Domain growth kinetics for two concentrations
quenched to 58.6 °C (Region I of phase diagram).

D ) 2π
qm

(1)

D3 ) Do
3 + K(t - to) (2)
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phase separation dynamics were monitored for a 10 wt
% co-PE anisole solution at three temperatures progres-
sively closer to the crystallization temperature. The
linearity of the data at all three temperatures shows
that the coarsening kinetics are well-described by a
power law with a time exponent of one-third. Equally
important is the fact that the growth rate, K, increases
with increasing quench depth. While this is a commonly
observed trend in phase separating polymer solu-
tions,10,22,23 it contrasts rather dramatically with the
behavior of the atactic PMMA/cyclohexanol system,7
described in our earlier study, where the growth rate
sharply decreased with increasing quench depth. In the
latter case, the quench temperatures were all close to
the glass transition temperature. Our calculations,
based on the Cahn-Hilliard formalism,24 demonstrate
that, in the region of a glass transition, the system
mobility can dominate the kinetics, leading to a lowering
of the growth rates at lower temperatures. As the glass
transition temperature of the polyethylene copolymer
used in this study is presumably quite low (Tg of PE ∼
-80 °C25), the present results represent a case where
the increase in the thermodynamic driving force for
coarsening clearly dominates the slight changes in
transport kinetics that occur for systems far removed
from the glass transition.24

In addition to the effect of quench temperature on the
phase separation dynamics, small changes in the overall
polymer concentration can result in relatively large
changes in the growth rate. Figure 5 demonstrates that
the coarsening kinetics at 58.6 °C decrease on changing
the initial composition from 10 wt % to 12.5 wt %. A
similar pattern has been observed in the coarsening
kinetics of fractionated polystyrene solutions in cyclo-
hexane and quantitatively interpreted in terms of a
diffusive coarsening model.26 Although our sample is
polydisperse, this correspondence would suggest that a
similar explanation may hold.
Figures 6-9 show how the confluence of liquid-liquid

phase separation and crystallization affects the phase
separation kinetics and final morphology. Figure 6
shows growth rate data for 10 wt % solutions which
were quenched to three different temperatures in region
III, below the crystallization line. One sees that the
liquid-liquid phase separated structure coarsens for a
brief period before being abruptly arrested by crystal-
lization. The times in Figure 6 corresponding to the
point at which structure locks in for each of the three
temperatures are shown as dotted lines in Figure 1.
From this we conclude that cessation of domain growth
occurs when the solution temperatures reaches 55 °C,
a value slightly higher than that shown of the phase

diagram. The slight difference, we believe, reflects
differences in the heat transfer characteristics of the two
experiments. Nevertheless, these data clearly indicate
that cessation of domain growth occurs essentially
immediately once the solution temperature crosses the
crystallization line. Thus, the decrease in final domain
size with decreasing quench temperature results pri-
marily from a decrease in the time spent in region I,
rather than from the faster crystallization kinetics at
the lower temperatures. Moreover, these data illustrate
that changes in the processing that affect the time spent
above the crystallization temperature will be directly

Figure 6. Domain growth kinetics for 10 wt % co-PE/anisole
solutions quenched to three temperatures below the crystal-
lization temperature (region III).

Figure 7. Morphologies of 10 wt % co-PE/anisole solutions
quenched to the three temperatures shown in Figure 6.

Figure 8. Domain growth kinetics for two concentrations
quenched to 44.0 °C in region III.
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manifested as a change in the pore size of the final
product. This is further shown in the SEMmicrographs
in Figure 7 of the samples prepared under the conditions
given in Figure 6. The cellular morphologies are
characteristic of liquid-liquid phase separation, indi-
cating that crystallization locks in the structure rather
than contributing new morphological characteristics.
Figure 8 shows the evolution of structure for two
concentrations quenched to region III, below the crys-
tallization temperature. Comparison of these data to
Figure 5 clearly suggests that, in regions above the
crystallization temperature, the liquid phase growth
rate decreases with increasing concentration. This is
also evidenced in the smaller pore sizes at the higher
concentration shown in Figure 9. These results clearly
suggest that varying the overall polymer concentration
can provide an effective means to control the pore size
of membranes made from crystallizable solutions.
In summary this study demonstrates that crystal-

lization is a viable mechanism for locking in the two-

phase structure in thermal induced phase separation.
Furthermore, the precise size scale one sees in the
morphology will depend on the balance between the heat
transfer kinetics during quenching and the growth
kinetics of the two-phase structure. As such, these
results suggest a way to predict and control the struc-
ture formation process.
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Figure 9. Morphologies of films that were quenched under
the same conditions as Figure 8.
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