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ABSTRACT: Small-angle light scattering and scanning electron microscopy (SEM) have been used to
study morphology development in poly(methyl methacrylate) membranes formed by the thermal inversion
method. Analysis of the early time behavior of the scattered intensity in terms of Cahn—Hilliard theory
establishes spinodal decomposition as the mechanism of phase separation for the conditions studied.
The intensity maximum position for late-stage growth follows a power law dependence with a time
exponent of approximately one-third, which is consistent with diffusive coarsening mechanisms. Solutions
guenched to regions of the phase diagram below the glass transition temperature show an immediate
arrest in the location of the scattered intensity maximum, indicating a locking-in of the phase-separated
structure. Domain sizes obtained from SEM measurements of annealed, quenched samples are shown

to be consistent with light scattering measurements.

Introduction

Thermal-induced phase separation (TIPS) has been
shown to be an excellent way to make microporous
polymeric membranes.™* In this process, a homog-
enous polymer solution is cooled to a temperature below
the binodal line, where the solution phase separates into
a polymer-rich phase and a polymer-lean phase. Phase
separation continues until the polymer-rich phase be-
comes immobilized by gelation, glass transition, or
crystallization. Once this occurs, the structure is ef-
fectively frozen into place and the solvent can be
removed from the film. The dried film can then serve
as a microporous membrane. The morphology of the
film determines the separation power of the membrane,
and therefore, its control is crucial to the production of
useful membranes.

Membrane morphology is controlled by the mecha-
nism of the initial phase separation, the kinetics of
domain growth following phase separation, and the
exact way in which the solidification process interrupts
domain growth. Light scattering has been used exten-
sively to study both the initial phase separation process
and the subsequent late-stage coarsening in many
polymer solutions.>~* Many of these studies have
shown that spinodal decomposition plays an important
role in off-critical quenches and that late-stage coarsen-
ing is often faster than that predicted by diffusive
coarsening mechanisms. Several studies have shown
that late-stage coarsening can be monitored using real
space microscopy.’2=16 While reports of initial phase
separation and late-stage coarsening abound, studies
that show the cessation of domain growth by solidifica-
tion are quite scarce. Bansil et al.” used light scattering
to show how late-stage coarsening can be interrupted
by gelation in a swine skin gelatin solution; however,
there have been no studies reported that directly
examine the vitrification process in membrane-forming
systems.

This paper presents the results of an investigation of
the initial phase separation process, the kinetics of
domain growth, and the cessation of domain growth by
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Figure 1. Schematic of the SALS apparatus.

solidification and their role in the morphological devel-
opment of membranes made from poly(methyl meth-
acrylate) (PMMA)/cyclohexanol solutions. Analysis of
the time progression and the angular distribution of
scattered light is used to establish the phase separation
mechanism. Late-stage coarsening behavior is studied
both by monitoring the progression of the scattering
maximum and by analyzing scanning electron micro-
graphs of membranes allowed to coarsen for different
amounts of time. The results of the scattering mea-
surements and the real space analysis show good
guantitative agreement. The light-scattering experi-
ments also show that glass transition locks in certain
morphologies in membrane-forming systems.

Experimental Section

Atactic PMMA (M, ~ 15 000) was purchased from Aldrich.
Solutions made from the as-received polymer appeared cloudy,
indicating the presence of an impurity. To remove the
impurity, solutions of PMMA in dichloromethane were cen-
trifuged, the clear top layer was decanted, and the solvent was
allowed to evaporate. Reagent grade cyclohexanol (Aldrich)
was used as received.

The cloud point curve was determined by making PMMA/
cyclohexanol solutions of several different compositions. Solu-
tions were placed into test tubes (diameter 0.5 cm) and
annealed to ensure sample uniformity before being cooled at
a rate of 0.5 °C/minute. The cloud point was taken as the
temperature at which the sample became opaque. Reproduc-
ibility of the cloud point measurements was within + 0.1 °C.

Figure 1 shows a schematic of the small-angle light-
scattering (SALS) apparatus. The incident beam (10 mW He—
Ne laser) passes through a spatial filter to increase beam
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Figure 2. Cloud point curve (®) and glass transition curve
(©) (from Vandeweerdt et al.'8) for PMMA/cyclohexanol sys-
tem.

homogeneity before being focused to a diameter of ~1 mm.
The circular aperture just prior to the sample is used to
eliminate parasitic scattering. Scattered light from the sample
falls onto an opal glass viewing screen, and the resultant
pattern is recorded by a video camera and digitized by a frame
grabber card.

Samples used for the light-scattering experiments were
prepared by first applying an epoxy adhesive around the
perimeter of a large (50 mm x 75 mm) microscope slide. A
small amount of PMMA/cyclohexanol solution was placed in
the center of the slide and a second slide, used to cover the
solution, was pressed firmly into place. Care was taken to
avoid bubbles during the casting procedure. Samples prepared
in this way had thicknesses of ~0.2 mm.

Samples used for scanning electron microscopy (SEM)
analysis were prepared by placing PMMA/cyclohexanol solu-
tions into clear glass vials (diameter 0.5 cm). Before perform-
ing any membrane-casting experiments, the cloud point of all
of the samples was measured. Some of the samples had a
cloud point that was lower than the rest. The hygroscopic
nature of cyclohexanol is thought to be the cause of this
variation. During the loading procedure, small amounts of
water may have been absorbed by the solution and slight
additions of water are known to drastically lower the cloud
point of these solutions.’” Any sample with a lower cloud point
was discarded. The remaining samples were allowed to
homogenize at 75 °C before being placed into a temperature-
controlled water bath set to the desired phase separation
temperature. Samples were allowed to phase separate for
differing amounts of time before being quenched in ice/water.
Following removal from the test tubes, the samples were
fractured to expose their cross sections and vacuum-dried for
at least 24 h. Samples were sputter coated (Emscope SC400
Sputter coater) and imaged using a Hitachi S-530 scanning
electron microscope.

Results and Discussion

Phase Diagram. Figure 2 shows the cloud point and
glass transition curves for the PMMA/cyclohexanol
system. The glass transition temperatures are those
reported by Vandeweerdt et al.1¥ The most important
feature of the phase diagram is that the cloud point and
the glass transition curves intersect, which implies that
there are regions where glass transition can interfere
with phase separation. At temperatures in the two-
phase region above the intersection point, the solution
will separate into a viscous polymer-rich liquid and a
much less viscous polymer-lean phase. The mobility of
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Figure 3. Scattered light intensity vs wavenumber following
a quench of a 35 wt % PMMA solution to 50 °C: (@) 10, (a)
20, (<) 30, (*) 50, and (O) 100 s.
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Figure 4. Initial time dependence of scattered intensity at
several wavenumbers for 35 wt % solution quenched to 50 °C:
(@) 3.36, (A) 4.51, and () 5.54 um™.

both of the liquid phases is high enough that domain
growth will continue until the domains have become
quite large. At temperatures below the intersection
point, the polymer-rich phase undergoes a glass transi-
tion, which can serve to kinetically freeze the morphol-
ogy.

Light Scattering Results. Figure 3 shows the
scattered intensity (1) vs wavenumber (q = 4nz/A sin
012, where 0 is the scattering angle, 1 is the wavelength
in vacuo, and n is the solution refractive index) at
several times for an initially homogenous 35 wt %
PMMA/cyclohexanol solution quenched to 50.0 °C. Al-
though the run lasted several hours, only the data for
the first few minutes are shown in order to make the
early-stage behavior as clear as possible. The presence
of a maximum in the I vs g plot and its progressive shift
to lower wavenumbers are characteristics of phase
separation by spinodal decomposition.1®2! Standard
Cahn—Hilliard analysis®20 predicts that the intensity
at a given wavenumber should grow exponentially with
time. To illustrate this, Figure 4 shows the logarithm
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Figure 5. Scattered light intensity vs wavenumber following
a quench of a 50 wt % PMMA solution to just below cloud
point: (®) 30, (A) 90, (<) 135, (x) 195, and (O) 315 s.

of the intensity plotted vs time for three representative
wavenumbers. The excellent fit demonstrates that, for
the indicated time scale, spinodal decomposition is the
phase separation mechanism.

It should be noted that not all quenches resulted in a
scattering pattern with an intensity maximum. For
example, Figure 5 shows a plot of | vs g for a 50 wt %
solution quenched just below its cloud point. As time
proceeds, the intensity of the scattered light increases,
but there is never any sign of a maximum. This type
of scattering pattern has been seen in previous studies
of phase separation in polymer blends?! and polymer
solutions?? and has been attributed to phase separation
by nucleation and growth. In our system, nucleation
and growth was only observed to occur in a very small
temperature range (undercoolings less than 0.5 °C) for
the more concentrated solutions. For this reason, the
remainder of this paper discusses exclusively experi-
ments conducted in the spinodal region of the phase
diagram.

For later stages of phase separation by spinodal
decomposition, the position of the intensity maximum
generally obeys a growth law of the form,

G O @

where g is the wavenumber of the intensity maximum
and a is the growth exponent. As shown by theoretical
considerations?® and direct experimental evidence,21.24
gm can be inversely related to the dominant size scale,
Dis, in the phase-separating system,

D,, = 2a/q,, 2

Therefore, any process that affects the ability of the
domains to coarsen should also affect the time progres-
sion of the scattering maximum.

To determine whether the value of a is different in
regions of the phase diagram where glass transition is
important, two separate experiments were conducted.
In the first, initially homogenous solutions were quenched
to two-phase regions of the phase diagram above the
intersection of the cloud point curve and the glass
transition curve and held there for the duration of the
experiment. The closed symbols in Figure 6 illustrate
an example of the time behavior of g, for a 35 wt %
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Figure 6. Position of scattering maximum as a function of
time for isothermal phase separation at 50 °C (@); and for a
guench to 25 °C following 30 min at 50 °C (A).

solution that was quenched from 80 to 50 °C. The data
are linear with a slope of —0.36, indicating that domains
grow with the same time dependence for the entire
experiment. The value of the exponent is roughly
consistent with diffusive coarsening by either coales-
cence?® or Ostwald ripening.26

In addition to isothermal phase separation, we also
conducted experiments where the solution was allowed
to phase separate for a fixed time in a region above the
intersection of the cloud point and the glass transition
before being rapidly quenched to a region where glass
transition can occur. The open symbols in Figure 6
show the results of an experiment in which the 35 wt
% solution was allowed to phase separate at 50.0 °C for
30 min before quenching to room temperature. On
guenching, the position of the scattering maximum
immediately stops moving inward, indicating the arrest
of domain growth and consequent locking in of the
morphology. To eliminate the possibility that the arrest
of domain growth is related to the freezing of the
cyclohexanol (melting temperature ~22 °C) we have
conducted experiments that show the structure is locked
in by a quench to 35 °C.

Thus, in Figure 6 it is clearly shown that light
scattering provides a direct way to probe exact condi-
tions under which phase separation is arrested and
certain morphologies are frozen into place. Not only
does this process play a crucial role in the morphological
development of membranes formed by thermal inver-
sion, but the structures formed by non-solvent-induced
phase inversion are also believed to result from a
combination of phase separation and vitrification.2728

Combined Light Scattering and Real Space
Microscopy. As shown in Figure 6, there is no change
in the dominant structure once the samples have been
guenched to room temperature. Therefore, samples
allowed to phase separate under a variety of conditions
can be quenched to room temperature and prepared for
SEM observation. These morphologies can then be
related to the position of the scattering maximum for a
film processed under identical conditions. For example,
Figure 7 shows SEM sample cross sections and corre-
sponding light-scattering patterns for a 35 wt % solution
allowed to coarsen for three representative time periods
at 50 °C. Qualitatively, it is clearly seen that the
scattering maximum occurs at smaller angles (smaller
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Figure 7. Light scattering patterns and corresponding sample
cross sections for several times following quench of a 35 wt %
solution to 50 °C: (a) 15, (b) 30, and (c) 60 min.

gq) as the morphology coarsens. A limitation of the
experimental procedure is that the scattering patterns
and real space data are obtained from different samples.
Although both samples were prepared from identical
solutions, it was nearly impossible to prepare scattering
samples and real space samples having exactly the same
cloud point. It has been shown that a slight variation
in the cloud point can dramatically affect the position
of the scattering maximum, without altering the growth
exponent.l” Therefore, a growth rate comparison is
valid; however, it is impossible to determine quantita-
tively a relation between the domain size predicted by
light scattering and measured in real space. For this
reason, we choose to treat eq 2 as a proportionality
between Djs and gm rather than an equality.

To quantitatively compare the time dependence of the
position of the scattering maximum and the domain
growth observed in real space, a series of micrographs
were analyzed. The domain size is related to the
number of pores, Np, and the area of the micrograph,
Am, by,

Drs = AN, 3)

Figure 8 compares the time evolution of the real space
domain size, Dys, and light-scattering domain size, D,
for a 35 wt % solution quenched to 50 °C. The results
of two separate real space experiments are shown to
confirm the reproducibility and precision of the experi-
mental procedure. The linearity of the data verifies that
domain growth is well described by a power law. Also
included are data from light scattering showing the rate
of growth under identical conditions. The scattering
data have been shifted arbitrarily so that they can be
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Figure 8. Time dependence of domain size for a 35 wt %
solution quenched to 50.0 °C. The closed symbols show the
results of two separate real space experiments; the open
symbols show light-scattering results.
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Figure 9. Domain size vs phase separation time for 35 wt %
solutions quenched to three temperatures: (®) 47, (H) 50.0,
(®) 54.0 °C. The closed symbols are real space measurements,
Drs; the open symbols are scattering measurements, Dis.

easily compared to the real space measurements. The
slopes of the two lines are quite close, indicating the
correspondence between the light-scattering and real
space quantification of the growth rate. In previous
studies,’2-16 general trends observed using real space
microscopy have been compared to separate light-
scattering results of different systems, the implicit
assumption being that the exponent determined from
real space microscopy is exactly equivalent to that
determined by light scattering. Our results provide an
experimental justification for such an assumption.
Figure 9 compares light-scattering and real space
measurements of 35 wt % solutions quenched to three
different temperatures. The temperature-dependent
separation of gm vs time plots has been shown to be
independent of cloud point variation.1” It is therefore
reasonable to compare the light-scattering prediction of
the separation with the real space measurements.
Values of Dis for all of the results shown in Figure 9
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Figure 10. Domain size vs phase separation time for two
concentrations, (®) 35 and (¢) 42.5 wt %, quenched to 50.0 °C.
The closed symbols are real space measurements; the open
symbols are scattering measurements.

have been determined using the proportionality of eq 2
with a constant of 8.15 replacing 2z. Since eq 3 is
strictly true only for monodisperse square phases, this
agreement can be considered satisfactory. Itis apparent
from Figure 9 that the temperature-dependent separa-
tion of the real space results is well predicted by light-
scattering experiments. The results shown in Figure 9
also demonstrate that, for the same annealing time, the
domain size decreases with decreasing quench temper-
ature. Consistent with our results, other light-scatter-
ing studies of polymer solutions show that the position
of the initial intensity maximum increases as the
guench temperature is decreased.® However, the elec-
tron microscopy data of Song and Torkelson!?13 and the
optical microscopy data of McGuire et al.16 both show
the reverse trend. All of the quenches reported in this
study were to regions of the phase diagram where the
concentrated phase that forms is quite close to its glass
transition temperature. As the phase separation tem-
perature is lowered, the polymer-rich phase is expected
to be closer to its glass transition temperature where
the mobility will be drastically lower. This decrease in
mobility is believed to account for the fact that our
domains are smaller at the lower phase separation
temperatures.

Figure 10 compares light-scattering and real space
measurements of 35 and 42.5 wt % solutions quenched
to 50 °C. The constant used to calculate D;s was 7,
which is slightly lower than that used in Figure 9
because of slight cloud point variation. The results in
Figure 10 show that the spacing between light scatter-
ing measurements at different concentrations is roughly
equivalent to the spacing between the real space mea-
surements. Both light-scattering and real space experi-
ments show that domain size decreases with increasing
concentration. This general trend has been observed
in several real space studies.12-1416
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Conclusions

We have shown that the combination of small-angle
light scattering and real space microscopy can be used
to quantify the kinetics of two-phase domain growth
during thermally induced phase inversion of PMMA/
cyclohexanol solutions. The position of the maximum
in the small-angle scattering intensity can be used to
conveniently monitor the time and temperature depen-
dence of the size scale of the two-phase structure, as
well as its arrest due to glass transition. Domain sizes
obtained from SEM measurements of annealed, quenched
samples show a one-to-one correlation with size scales
obtained by light scattering. To our knowledge, ours is
the first study demonstrating the quantitative link
between arrested phase separation, light scattering, and
the size scale of the resultant phase-separated structure.
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