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SYNOPSIS

Morphological and calorimetric studies of phase separation have been carried out in solutions
of a crystallizable polymer in poor solvents. Hydrogenated polybutadiene with low branch
content was investigated in solutions with diphenyl! ether and diphenyl methane, in which
the equilibrium phase diagram exhibits both liquid-liquid phase separation and crystalli-
zation of the polymer. Emphasis is placed on sample preparation protocols using thermal
treatments at low concentrations where it is anticipated that both phase separation mech-
anisms may influence the resulting morphology. Samples prepared using either ramp cooling
or isothermal crystallization exhibit porous structures such as those seen in membrane
materials, that predominantly reflect liquid phase separation. However, the interplay be-
tween the different kinetics of liquid demixing and crystallization provides a mechanism
to control, for instance, pore size. DSC studies during ramp cooling showed evidence of
two discrete crystallization processes associated with the two liquid phases expected to be
present under these circumstances. Finally, high concentration samples showed morpho-
logical evidence of liquid phase separation induced at the growth front of spherulites in

otherwise single-phase polymer solutions. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

Phase separation processes and the resulting mul-
tiphase morphology play a critical role in determin-
ing the physical properties of polymeric materials.
In some cases, phase separation is directly respon-
sible for useful and / or unique properties for specific
applications. An outstanding example is the for-
mation of microporous polymer membranes from
polymer solutions. Liquid demixing can lead to a
porous, interconnected structure, where the open
pores in the final membrane product correspond to
the polymer-lean phase formed during phase sepa-
ration. Commercial membranes are typically pro-
duced by phase inversion,! in which a thin film of
polymer solution is coagulated by quenching into a
nonsolvent; exchange of solvent and nonsolvent by
diffusion within the film moves the solution into a
two-phase region on the ternary phase diagram. An
alternative strategy that has received much interest
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is the thermally induced phase separation (' TIPS)
process, 22! where thin films of polymer solutions in
marginal solvents are cooled from the one-phase to
the two-phase region of the phase diagram.
Greater understanding of the phase separation
phenomena that occur in membrane formation can
lead to improved processing strategies. Toward this
end, the TIPS procedure offers advantages for sys-
tematically probing the relationship between phase
separation and membrane morphology, since the
“process path” on the phase diagram is subject to
external control, through temperature. Conversely,
concentration profiles in phase inversion evolve via
mass transfer during the quench step without an
opportunity for direct intervention. Most studies
along these lines have focused exclusively on systems
which exhibit only one type of phase separation.
These include liquid-liquid demixing in amorphous
polymers,®'° in which the role of the phase sepa-
ration mechanism (spinodal decomposition vs. nu-
cleation and growth) is explored along with subse-
quent coarsening in the phase-separated solution to
determine membrane morphology and pore size.
Typically, evolution of the two-phase structure is
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arrested by a rapid temperature quench to a tem-
perature at which the solvent crystallizes, or the
polymer-rich phase vitrifies. Other studies have in-
vestigated liquid-solid phase separation during
crystallization of the polymer and/or the solvent
from a one phase solution.!'"!” Crystalline polymers
in marginal solvents provide yet another alternative
for the formation and solidification of membrane
structure.'6-2

The opportunity for polymer crystallization dra-
matically changes the nature of the equilibrium
phase diagram for membrane-forming systems with
limited liquid miscibility, both in ternary polymer—
solvent-nonsolvent?*? and binary polymer—solvent
systems.?* Figure 1 shows a schematic phase diagram
for a binary polymer solution that exhibits both lig-
uid-liquid demixing and polymer crystallization.
The crystal saturation curve representing melting
point depression defines a region of equilibrium be-
tween a pure polymer crystal and liquid phase. At
low concentrations, typical UCST phase behavior
is observed, where the binodal curve defines equi-
librium concentrations of two coexisting liquid
phases. At the intersection of the binodal and crystal
saturation curves, a three-phase point (monotectic)
emerges. Below this temperature, the lowest free
energy state is pure crystal in equilibrium with a
dilute polymer solution. Thus, the majority of the
equilibrium phase diagram is dominated by crystal-
liquid equilibrium.

There are extensive reports of phase diagrams
analogous to Figure 1 for solutions of crystallizable
polymers in poor solvents.?® % The shape of the
phase diagram is strongly influenced by solvent
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Figure 1 Typical solution phase diagram for crystalliz-
able polymer in a poor solvent, showing regions of liquid-
liquid (L-L) and crystal-liquid (C-L) equilibrium. Binodal
curve extended below the three phase point has no equi-
librium significance.

quality and molecular weight, primarily by shifting
the binodal vertically. These factors have relatively
little impact on the crystal saturation curve, how-
ever. Even though the equilibrium phase diagram is
dominated by crystallization, the dynamics of phase
separation may be strongly influenced by liquid
phase separation, since formation of a stable nucleus
for crystallization may be much slower than liquid
demixing. As an extreme example, Lee et al.®! ob-
served cloud points reflecting liquid phase separation
at temperatures below the crystal saturation curve
by systematically varying X in i-PP solutions. Al-
though there is no region of liquid-liquid coexistence
in the equilibrium phase diagram, a region of liquid
instability may be accessed by suitably fast cooling.
Similar “hidden” binodals may be responsible for
morphologies characteristic of liquid demixing ob-
served in rapidly quenched solutions of i-PP in ei-
cosanoic acid by Kim and Lloyd,'™** and have been
invoked by Aubert to explain peculiar morphologies
in physical gelation of i-PS solutions.®

More generally, in the presence of two competing
phase separation mechanisms it is expected that ki-
netic effects may have a dramatic influence on the
resulting morphology. Since crystallization rates are
strongly dependent on undercooling, it is possible
that subtle changes in thermal history may result
in significant changes in morphology or pore size of
the resulting porous structure. In this work we sys-
tematically study the competition between these two
phase separation mechanisms, and its influence on
phase-separated morphology. We study an analog
of polyethylene, hydrogenated polybutadiene with
low branch content, since anionic synthesis allows
for control over molecular weight and polydispersity.
Polyethylene solutions formed in diphenyl ether and
diphenyl methane are known to exhibit phase be-
havior illustrated in Figure 1.2 Our approach is to
subject homogeneous solutions to well-defined ther-
mal histories and to study the resulting phase-sep-
arated structures using optical and electron micros-
copy. In addition, DSC is used to study the crystal-
lization and melting behavior, both during and
following the prescribed thermal treatments. Lim-
ited experiments were also performed using xylene
as a solvent to examine crystallization in a system
that does not exhibit liquid demixing.

EXPERIMENTAL

Materials

Polybutadiene was anionically polymerized in cy-
clohexane. The reaction was performed at room



temperature with sec-butyl lithium as the initiator
using a “capped bottle” technique as previously de-
scribed.® Characterization of the polybutadiene was
carried out prior to hydrogenation. Gel permeation
chromatography (GPC) was performed at 40°C in
THF. Analysis using Mark-Houwink parameters®’
K = 3.23 X 107 g/dL and a = 0.72 yielded M,
= 60,000 with a polydispersity of 1.2. The branch
content (due to 1-2 additions) was determined using
infrared spectroscopy (IR) to be approximately 17
ethyl branches per 1000 main chain C atoms. Hy-
drogenation was performed in cyclohexane at 500
psi with palladium on calcium carbonate as the cat-
alyst using established procedures.® Saturation was
confirmed using IR. Diphenyl ether and diphenyl
methane solvents (99% + purity) were purchased
from Aldrich Chemical Co., and xylene (certified
ACS grade) was purchased from Fisher Scientific.
All solvents were used as received.

Methods

Phase transitions were measured using a cloud point
procedure, optical microscopy, and differential
scanning calorimetry (DSC). The cloud point curves
for samples of less than 20% polymer were found
by measuring intensity of laser light transmitted
through the solutions during slow cooling (0.5°C/
min). Solutions were prepared by adding polymer
and solvent to a test tube, sealing to prevent evap-
oration, and mixing at 150°C using a hot plate and
magnetic stir bar. The cloud point was taken as the
onset of a decrease in laser intensity. For solutions
of polymer greater than 20%, the cloud point was
determined using optical microscopy. Samples were
prepared by mixing the two components in DSC
pans at 150°C, quenching the sample in liquid ni-
trogen, opening the pan, placing the sample between
a glass slide and cover slip, and sealing with tape.
Samples were cooled at rates between 1 and 10°C/
min in a Mettler FP82 hot stage and were examined
in a Nikon polarizing microscope under white light.
The cloud point was taken as the temperature where
the first sign of phase separation occurred under a
magnification of 125. An intermediate concentration
was studied using both cloud point methods with
consistent results.

Crystallization and melting transitions were
measured at cooling and heating rates of 10°C /min
using a Perkin-Elmer DSC 7 calibrated with indium.
Crystallization temperature varies significantly with
cooling rate and 10°C/min was arbitrarily chosen
to guide later morphology studies as to the temper-
ature and composition ranges where both liquid-
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liquid phase separation and crystallization are likely
to occur. Equilibrium melting temperatures could
not be obtained due to difficulties in determining
these temperatures in random copolymers.?®* DSC
samples were prepared by sealing appropriate
amounts of polymer and solvent in volatile sample
pans. Each component was weighed on a balance
with a resolution of 0.01 mg, facilitating accurate
measurements of composition on small samples.
Samples were held at 150°C for 10 min prior to cy-
cling to ensure mixing. All compositions are reported
on a volumetric basis.

SEM samples were prepared in sealed DSC pans.
Ramp-cooled samples were prepared in the DSC,
while isothermal crystallizations were performed by
quickly immersing heated, single-phase samples into
a thermostated oil bath held at the appropriate tem-
perature. After treatment, the samples were removed
from the pan, frozen in liquid nitrogen, fractured,
and placed into benzene for about 4 days to extract
the diphenyl methane and diphenyl ether. Following
drying of the samples, they were sputter-coated with
gold and examined in a Hitachi S-570 SEM. Optical
microscopy was also performed on ramp-cooled
samples. Samples were prepared as described for
cloud point experiments, and were ramped one time
only in the hot stage. Subsequent weighing after
cooling revealed minimal solvent loss due to the high
boiling points of the solvents. The maximum ramp
speed was limited to 10°C/min in the hot stage.
Samples were examined in a Nikon polarizing mi-
croscope under crossed polarizers and white light.
Optical microscopy has the advantages that struc-
tures may be examined with the solvent present,
and crystal structures may be observed under crossed
polarizers. Duplicate ramp-cooled and isothermal
samples were left in DSC pans unopened and heated
at 10°C /min in the DSC to study melting behavior.

RESULTS AND DISCUSSION

Figure 2 shows temperature-composition diagrams
for HPB in diphenyl ether and diphenyl methane.
In line with previous results in polyethylene solu-
tions,?” diphenyl methane is seen to be a better sol-
vent, exhibiting lower cloud point temperatures and
consequently a smaller region of liquid phase sep-
aration. However, changes in X do not alter the
melting and crystallization transitions a great deal.
At low polymer concentrations, melting points do
not vary significantly with composition. This is
consistent with the expected invariance of the equi-
librium melting point, a consequence of the phase
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Figure 2 Experimental temperature-composition dia-
grams for diphenyl ether solutions (closed symbols) and
diphenyl methane solutions (open symbols) of HPB. (O,
@) Cloud point; (A, A) DSC melting peak at 10°C/min;
(O, m) DSC crystallization peak at 10°C/min.

rule since crystals will melt at the three-phase point
in this region of the phase diagram. However, such
invariance is not always observed, which has been
attributed to polydisperse polymer samples.?'*® The
melting and crystallization temperatures are highly
sensitive to cooling and heating rates, while the cloud
point curve is not. This highlights the fact that the
relative rates of liquid phase separation and crys-
tallization may vary considerably over a modest
temperature range. While Figure 2 does not repre-
sent the equilibrium phase behavior for this system,
it provides useful guidance as to the temperature
and composition ranges where liquid demixing and
crystallization will occur.

The two thermal histories that have been exten-
sively employed are also represented schematically
on Figure 2. In ramp coolings, a sample was first
equilibrated in the one phase region of the phase
diagram, and then subjected to a constant cooling
rate, as illustrated by the solid arrow. In this case
it is clear that liquid demixing should precede poly-
mer crystallization. In isothermal treatments, rep-
resented by the dashed line, a sample was rapidly
quenched from the one-phase region to an inter-
mediate temperature where crystallization and liquid
phase separation are both possible. Temperatures
were selected based on the crystallization and melt-
ing transitions observed at 10°C/min in the DSC.
At temperatures between these transitions, crystal-
lization should occur over a time scale that changes
dramatically as a function of undercooling. Unlike
the ramp cooling where some liquid phase separation

must precede crystallization, the isothermal treat-
ments are designed so that direct competition be-
tween the two-phase separation mechanisms may
be explored. Most morphological studies were carried
out using concentrations of 10% HPB in diphenyl
ether and 7% HPB in diphenyl methane. These
concentrations are near the maxima in cloud point,
and thus near the critical condition, where it is ex-
pected that the early stages of liquid-liquid phase
separation should occur by spinodal decomposition.
Other concentrations were also studied to investigate
the effect of composition on morphology or crystal-
lization /melting behavior.

Ramp Treatments

Figure 3 presents typical structures seen after ramp
cooling using both optical microscopy and SEM.
Comparing Figure 3 (b) and 3 (c¢), it is clear that
the pores observed in SEM correspond to the poly-
mer-lean droplets that are clearly observed under
white light in the optical microscope, and that the
basic morphology is preserved during the fracture
and solvent extraction steps in preparing SEM
samples. Crystallization seems to serve primarily to
lock in the liquid phase-separated structure, without
altering the basic morphology that is typical of TIPS
membranes formed in amorphous polymers. Com-
parison of Figure 3 (a) and 3 (b) shows that polymer
crystallization is primarily confined to the contin-
uous polymer-rich phase. Detailed study of lamellar
organization using transmission electron microscopy
has been performed by Aerts et al. in similar phase
separated solutions.*

All structures show that the early stages of L-L
demixing have been completed, and the samples
have begun to coarsen. The extent of coarsening de-
pends on the amount of time spent in the two-phase
liquid region. In both diphenyl ether and diphenyl
methane solutions, the pore size may be made sig-
nificantly smaller by increasing the cooling rate, and
hence decreasing the time available for coarsening
before crystallization intervenes to lock in the phase
separated structure.

At both cooling rates, Figure 3 shows that the
solutions in diphenyl methane (e and f) exhibit
larger pores than the solutions in diphenyl ether (¢
and d), despite the fact that the diphenyl ether so-
lutions will spend a greater amount of time in the
L-L region of the phase diagram due to their higher
cloud point. This may be attributed to the difference
in concentration selected for the two solutions. The
more concentrated diphenyl ether solutions are ex-
pected to have a higher viscosity that would retard
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Figure 3 Morphologies observed following ramp cooling. (a, b) Ten percent HPB in
diphenyl ether cooled at 10°C/min, observed in the optical microscope at the same sample
position under (a) crossed polarizers and (b) white light. (¢, d) SEM observation of 10%
HPB in diphenyl ether cooled at (¢) 10°C/min and (d) 40°C/min. (e, f) SEM observation
of 7% HPB in diphenyl methane cooled at (¢) 10°C/min and (d) 40°C/min.
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coarsening. The effects of concentration are studied
in Figure 4 for diphenyl ether solutions at a fixed
ramp cooling rate. Coarsening is less pronounced at
higher concentrations, due to decreased mobility in
the solutions. Comparison of Figure 3(f) and Figure
4(a) shows that at the same concentration and cool-
ing rate, a solution in diphenyl methane exhibits
less coarsening than a solution in diphenyl ether,
which may be attributed to the larger regime of liq-
uid-liquid phase separation for diphenyl ether so-
lutions (Fig. 2).

Since SEM samples were prepared by ramp cool-
ing in the DSC, it was possible to watch the thermal
behavior of the samples during crystallization, and
to heat selected samples to study melting behavior.
It was found that the low concentration samples ex-
hibited two exothermic peaks during the cooling
ramp as shown in Figure 5(a). The first peak was
used in constructing the temperature-composition
diagram in Figure 2, while the second peak occurred
approximately 25°C cooler. On heating, one melting
endotherm was seen for all samples at the same
temperature for all concentrations. As seen in Figure
5(b), as concentration increased, the relative size of
the low temperature peak decreased, until about 12%
HPB when the peak was no longer seen. Both sol-
vents yielded similar results, within experimental
error.

We attribute the two exothermic peaks to crys-
tallization of the polymer from each of the two dis-
crete liquid phases that should be formed during the
ramp cooling in this region of the phase diagram.
The low temperature peak would then represent
crystallization of the small amount of polymer pres-
ent in the polymer-lean phase. As overall concen-
tration increases, the fraction of lean phase de-
creases, resulting in a decrease in the area of the
low temperature exothermic peak. Since the poly-
mer-lean phase is itself very dilute, most of the
polymer may well be in the polymer-rich phase even
when the rich phase is in the minority. Thus, unless
the overall concentration is very low, the low tem-
perature peak should be relatively small, as is ob-
served in Figure 5(b).

A mass balance (lever rule) calculation of the
fraction of polymer in the dilute phase yields the
following expression:

(1)

f:ﬂ(dm—(bo)

do

or — oL

where ¢q is the overall volume fraction polymer, ¢y
is the polymer volume fraction in the polymer-rich

Figure 4 Effects of concentration on structures after
ramp cooling. (a) 7%, (b) 10%, and (c) 256% HPB in di-
phenyl ether cooled at 40°C/min.
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Figure 5 DSC results for ramp cooling. (a) DSC traces
for cooling and heating of (A) 30% HPB in diphenyl
methane and (B) 3.1% HPB in diphenyl methane. (b)
Relative size of low temperature exothermic peak observed
during cooling vs polymer concentration. (@) Diphenyl
ether solutions; (O) diphenyl methane solutions; ( ;
— — -) lever rule analysis of eq. (1) for diphenyl ether and
diphenyl methane solutions, respectively.

phase, and ¢y, is the polymer volume fraction in the
polymer-lean phase. In order to use this equation to
predict how the fractional area of the low temper-
ature peak should depend on overall polymer con-
centration, it is necessary to assume values for ¢g
and ¢r,. From the temperature—composition diagram
shown in Figure 2, it possible to estimate ¢r. For
diphenyl ether, ¢ should be approximately 0.55
while for diphenyl methane, ¢y is about 0.30. While
the predictions of eq. (1) are quite insensitive to the
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precise value of ¢, the behavior depends more crit-
ically on the assumed ¢;, which is rather difficult to
determine precisely. The two values of ¢y deter-
mined from Figure 2 were used in conjunction with
the value ¢, = 0.003 to draw the curves in Figure
5(b). As may be seen, the difference in concentration
in polymer-rich phase has little effect on the pre-
dicted behavior, and thus it is not surprising that
the two solvents should lead to similar experimental
data. The general agreement between the data and
eq. (1) with reasonable parameters supports the hy-
pothesis that the two peaks reflect crystallization
from two discrete liquid phases.

Crystallization from the lean phase occurs at
much lower temperatures even though the equilib-
rium melting point should be identical at the three-
phase point. This is probably due to kinetic effects,
as both crystal nucleation and growth would be ex-
pected to be dramatically slower in such a dilute
solution; thus, crystallization at appreciable rates
requires much greater undercooling than in the con-
centrated phase. Another complication may be due
to polymer chosen for this study, which contains
randomly distributed short ethyl branches. It is be-
lieved that these short branches are excluded from
the lamellar regions during crystallization.’®® It is
possible that polymer chains are unevenly distrib-
uted between the two liquid phases with respect to
branch content, leading to different crystallization
behavior in the polymer-lean phase. Effects of the
branches during crystallization are observed later
during the isothermal experiments, and will be dis-
cussed when the DSC results are presented for the
isothermally crystallized samples.

In principle, two peaks should be observed
throughout the two-phase region, while in practice,
no low temperature peaks were observed beyond a
polymer volume fraction of around 0.12. As the
overall concentration increases, it becomes harder
and harder to detect exothermic peaks from the
small fraction of polymer present in the dilute phase
[leading to significant uncertainty in the data in Fig.
5(b) at higher concentration]. As an example, only
about 8 ug of polymer would be present in the dilute
phase at a polymer volume fraction of around 0.12,
for the DSC sample sizes used in this study. Heats
of crystallization of such small amounts of material
may be below the detection limit of the instrumen-
tation.

Isothermal Treatments

By the nature of the thermal treatment, liquid-
liquid demixing always precedes crystallization dur-
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ing ramp cooling, and crystallization serves to lock
in the structures resulting from liquid phase sepa-
ration and coarsening. During isothermal crystal-
lization experiments, however, solutions are rapidly
quenched to temperatures between the melting (T,
and crystallization (T,) transitions shown in Figure
2, where the two phase separation mechanisms can
occur on comparable time scales. Within this region
of the phase diagram, crystallization kinetics are a
strong function of undercooling. This is illustrated
in Figure 6, which shows DSC results for experi-
ments in which a one-phase HPB/diphenyl ether
solution was rapidly cooled to a particular temper-
ature, and then heat flow was measured as a function
of time, resulting in an exothermic peak as the poly-
mer crystallizes. Even a modest decrease in the
crystallization temperature from 90.2 to 88°C causes
a pronounced increase in the crystallization rate.
DSC experiments at lower crystallization temper-
atures were thwarted by the inability to establish
an isothermal condition before the crystallization
was substantially complete; the oil bath quenching
procedure used in the preparation of SEM samples
is much more rapid than that possible in the calo-
rimeter.

Figure 7 shows typical structures after isothermal
crystallization. The rapid temperature quench pos-
sible in SEM sample preparation allows lower tem-
peratures to be studied than in the DSC experi-
ments. For each solvent, two temperatures are
shown; one is close to T, and the other is 5°C higher.
Temperatures chosen for Figure 7 include the 3°C
temperature difference in melting and crystallization
between the two solvents seen in Figure 2. The mor-
phologies observed are very similar to those seen in
Figures 3 and 4, dominated by the presence of liquid
phase separation. Since the concentrations are near
critical, it is reasonable to expect that liquid demix-
ing would be initiated by spinodal decomposition
during the quench; however, the structures seen in
Figure 7 show signs of coarsening, which presumably
occurs in parallel with crystallization of the polymer
until the phase-separated structure is “locked.”
Laxminarayan et al.'® drew similar conclusions for
solutions of polypropylene in diphenyl ether by in
situ observations of the crystallization process with
optical microscopy. Samples crystallized at higher
temperatures show larger pore sizes. In light of the
results in Figure 6, this reflects the fact that crys-
tallization is slower at higher temperatures so that
more coarsening can occur before phase separation
is arrested. At temperatures much lower than those
used in Figure 7, samples crystallize almost imme-
diately upon immersion in the oil bath and have
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Figure 6 DSC traces for isothermal crystallization in
a 10% HPB solution in diphenyl ether. Sample was rapidly
cooled from the one phase region to a temperature of (A)
88°C, (B) 89°C, or (C) 90.2°C, and heat flow is measured
as a function of time.

very small pore sizes which become independent of
the quench depth. Conversely, at conditions much
above the upper temperatures used in Figure 7,
coarsening progresses to the point that massive co-
alescence occurs. Thus, there is a fairly small tem-
perature range over which changes in isothermal
crystallization rate with undercooling can have a
profound impact on the pore sizes in the solidified
polymer. Higher concentration samples crystallized
at the same temperatures have smaller pore sizes
than seen in Figure 7. This may be explained by a
decrease in the growth rate of polymer-lean droplets
in the polymer-rich matrix.!®*" This decrease may
be explained by a decrease in the quench depth as
well as an increase in viscosity as seen earlier.
Since SEM samples were prepared in DSC pans,
crystal melting could be investigated calorimetrically
in duplicate samples that were prepared using an
identical procedure of quenching into an oil bath
held at the desired temperature for times sufficient
to allow for complete crystallization. DSC experi-
ments were performed at a heating rate of 10°C/
min. Typical melting endotherms are shown in Fig-
ure 8(a), for the particular case of 10% HPB in
diphenyl ether; similar results were obtained for
different concentrations in both solvents. It was
observed that samples crystallized at lower temper-
atures (A) displayed a single melting peak. As crys-
tallization temperature was increased (B)-(D) and
(F), two melting peaks were observed upon heating.
The lower peak shifted toward higher melting tem-
peratures as the isothermal crystallization temper-
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Figure 7 Morphologies observed following isothermal crystallization. Ten percent HPB
in diphenyl ether crystallized at (a) 83°C and (b) 88°C; 7% HPB in diphenyl methane
crystallized at (¢) 80°C and (d) 85°C.

ature increased, while the upper peak was quite in-
sensitive to the crystallization temperature.

Figure 8(b) summarizes melting peak tempera-
tures as a function of isothermal crystallization
temperature for two concentrations of HPB solu-
tions in each of the two solvents studied. The dual
peak behavior was ubiquitous. In all cases, the upper
peak was relatively insensitive to the crystallization
temperature, while the lower peak varied consider-
ably and was nearly parallel to the T,, = T, line.
Similar results have been observed when secondary
crystallization occurs.*? It is known that random co-
polymers melt over a much broader range than other
crystalline polymers, and that equilibrium melting
temperatures cannot be determined experimen-
tally.?>* Forcing a Hoffman-Weeks extrapolation®?
for the higher temperature data in Figure 8(b) would
yield an equilibrium melting temperature just a few

degrees higher than the observed melting temper-
ature.

One possible explanation for dual peak melting
behavior is annealing of imperfect crystals during
the 10°C heating ramp, as discussed by Wunder-
lich.*? If annealing of the crystals was taking place,
heating at faster rates should avoid annealing and
would result in an increase in the first peak with a
subsequent decrease in the second. For these solu-
tions, heating at faster rates (up to 100°C/min) did
not behave in a manner consistent with this expla-
nation. Instead, the first peak appears to decrease
in size while the second shifts to higher tempera-
tures. These effects may simply be due to thermal
lag artifacts at higher heating rates.

In this case, the dual peak melting behavior may
most likely be attributed to the branches in the
polymer which hinder crystallization as discussed
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Figure 8 (a) DSC heating curves (10°C/min) for 10%
HPB in diphenyl ether crystallized at (A) 50°C, (B) 80°C,
(C) 83°C, (D) 85°C, (E) 88°C for 3 min (partial crystal-
lization) and (F) 88°C for 15 min (complete crystalliza-
tion). (b) Melting peak temperature as a function of crys-
tallization temperature. (®) Ten percent HPB in diphenyl
ether; (O) 7% HPB in diphenyl methane; (@) 25% HPB
in diphenyl ether; ((J) 20% HPB in diphenyl methane.

earlier. Alamo and Mandelkern saw similar dual
peak behavior in a hydrogenated poybutadiene
which were the result of two populations of crys-
tallite sizes formed during their crystallization pro-
cedure.** In most polymers, crystallization at higher
temperatures generally produces thicker lamella
with higher melting temperatures.*> However, for
hydrogenated polybutadiene, the ethyl branches

cannot be included in the lamellar region so that
crystallinity can actually decrease as isothermal
crystallization temperature is increased since more
carbon atoms are required to produce the thicker
lamellar regions.**® For the same random copoly-
mers studied here, Finerman®® predicted that only
a few additional carbon atoms are required for tem-
perature increases in the range probed here. This
would result in melting temperatures which remain
fairly constant as seen for the higher peak data for
these samples in Figure 8(b). The linear increase in
melting temperature of the first peak with increasing
isothermal temperature has been seen in samples
which undergo secondary crystallization. The in-
crease in size of the first peak observed here may be
due to a small increase in carbon atoms required to
create lamella at higher temperatures. At the higher
temperatures, the branches cause a decrease in
crystallinity, but more secondary crystallization may
occur on a further decrease in temperature.

Crystallization from One Phase Solutions

In order to demonstrate that the morphologies pro-
duced in the preceding sections occur predominantly
from liquid phase separation, ramp-cooling experi-
ments were performed on samples which are ex-
pected to crystallize from a one-phase solution. This
may be accomplished in two ways. Solutions at high
concentration of polymer in diphenyl ether or di-
phenyl methane should crystallize from a single
phase liquid; a similar approach was used by Lloyd
and co-workers.!'"!® Alternatively, a better solvent
could be chosen in which no region of liquid insta-
bility is expected on the phase diagram. Here we
report results on 55% HPB in diphenyl methane
and 30% HPB in xylene to compare results for the
two approaches.

Structures prepared by ramp cooling at 10°C/min
are shown in Figure 9 for both solutions. The 55%
solution of HPB in diphenyl methane shows clear
evidence of both crystallization and liquid phase
separation, despite its high concentration. From
Figure 2, it is clear that a 55% solution in diphenyl
methane is well to the right of the binodal curve in
the temperature range in which DSC shows that the
polymer is crystallizing. Along with the qualitative
differences between this morphology and that seen
for instance in Figure 3, this suggests that the
mechanism of phase separation is fundamentally
different in these two cases, despite the evidence for
liquid phase separation in both cases. In solutions
at lower concentration, crystallization occurs within
a morphological template dictated by the liquid
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Figure 9 Morphologies observed resulting from crystallization in one phase solution
during ramp cooling at 10°C/min: 55% HPB in diphenyl methane, observed via optical
microscopy with (a) crossed polarizers or (b) white light, and observed via (c) SEM; (d)
30% HPB in xylene observed via SEM. Micrographs in (a) and (b) show identical field of

view.

phase separation that precedes it. For 55% HPB in
diphenyl methane, the opposite seems to be true. In
Figure 9(a), it is clear that very well defined spher-
ulites have grown. Comparing with Figure 9(b), the
regions of liquid phase separation are confined to
the space between spherulites. A similar conclusion
is drawn from the SEM micrograph in Figure 9(c).
This suggests that liquid phase separation occurs
subsequent to the growth of the spherulites.

The morphology observed in Figure 9(a—c) may
be rationalized in terms of rejection of diluent from
the crystal growth front as described by Keith and
Padden,*” who investigated spherulitic growth in
solutions. They found that diluents of low molecular
weight could diffuse away from the growing spher-

ulite causing nonvolume filling spherulitic struc-
tures. This also results in enhanced concentration
of diluent in the interstitial spaces between spher-
ulites. Tanaka and Nishi argue that formation of
diluent-rich layers at spherulite growth fronts is re-
sponsible for their observation of liquid phase sep-
aration induced at the edges of poly(e-caprolactone)
spherulites in a blend with oligomeric polystyrene
diluent.*® The interfacial diluent concentration in
this layer is sufficiently high that the solution is lo-
cally within the regime of liquid phase separation.
The structures presented here are very similar to
their observations, except that the liquid demixing
appears throughout the interspherulitic regions. This
implies that solvent diffusion is sufficiently rapid
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relative to spherulitic growth that the diluent re-
jected by the growing spherulites is quickly spread
through the entire interspherulitic region, eventually
causing the concentration in this region to reach the
two phase region.

The preceding results show that liquid phase sep-
aration may still influence morphology in poor sol-
vents even when the concentration is sufficiently
high that crystallization should be the primary phase
separation mechanism. In the 30% solution of HPB
in xylene, liquid phase separation should be strictly
excluded, since there is no regime of liquid phase
separation anywhere in the equilibrium phase dia-
gram. Indeed, the resulting morphology consists of
spherulites that are clearly observed between crossed
polarizers, and which SEM reveals to be essentially
isolated from one another, as seen in Figure 9(d).
This micrograph is typical of structures obtained
when crystallizing from a one-phase polymer solu-
tion.!11723474% This morphology is very distinct from
the interconnected structures with potential mem-
brane applications that result when liquid demixing
plays a role in the phase separation process.

SUMMARY

In solutions of crystallizable polymer in a poor sol-
vent, the presence of multiple types of phase be-
havior complicates consideration of processes in
which porous polymers with potential membrane
applications are produced through controlled phase
separation. At low concentration, samples subjected
to either ramp cooling or isothermal crystallization
exhibited morphologies that principally reflect liquid
demixing followed by coarsening, leading to a porous
structure similar to those produced from amorphous
polymer solutions. Crystallization serves primarily
to lock in the liquid phase-separated structure at a
particular level of maturity. In this light, an impor-
tant process variable is the amount of time allowed
for coarsening before crystallization arrests further
evolution of the phase-separated structure. Larger
pores result from lower cooling rates in ramp cooling,
and from higher isothermal crystallization temper-
atures. In the latter case, small changes in temper-
ature have a large influence on pore size, since crys-
tallization rates vary dramatically as a function of
undercooling. DSC experiments during ramp cooling
exhibit two exothermic peaks, reflecting crystalli-
zation of polymer from two discrete liquid phases.
Isothermally crystallized samples, conversely, ex-
hibit two endothermic DSC peaks in melting ex-
periments, which has been attributed to the rejection

of ethyl branches during crystallization. Finally,
highly concentrated samples show a peculiar phase-
separated morphology in which liquid phase sepa-
ration appears to have been induced at the growth
fronts of spherulites crystallizing from what other-
wise would have been a single-phase solution.
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