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ABSTRACT: The structure formation by liquid-liquid (L-L) phase separation coupled with
crystallization in isotactic polypropylene (i-PP) solutions was investigated by temperature-
jump experiment. A series of dialkyl phthalates with a different number of carbon atoms in
the alkyl chain was used to control the interaction between polymer and solvent. Various
thermal quench conditions were applied to the i-PP solutions to control systematically L-L
phase separation and crystallization. A slow crystallization elongates the liquid droplets in the
radial direction of a spherulite. A rapid crystallization under the deep quench locks-in the
growth of L-L phase separation. These results indicate that the extent of L-L phase separa-
tion which exists below melting point can be successfully controlled through the proper selec-
tion of solvent and thermal conditions.

Keywords: liquid-liquid phase separation, crystallization, competitive phase separation, isotactic
polypropylene solution.

INTRODUCTION pled with crystallization. The phase diagrams of
semicrystalline polymer-solvent mixtures are

Thermally induced phase separation (TIPS) is shown in Fig. 1 with different thermal condi-
one of the major processes to produce polymeric tions which can be applied to obtain the com-
membranes.! When a crystallizable polymer is petitive phase separations. The upper critical so-
used in the TIPS process, there is a possibility lution temperature (UCST) is located above the
that liquid-liquid (L-L) phase separation is cou- equilibrium liquid-solid (L-S) transition in a
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Figure 1. Two possible types of phase diagrams for
semicrystalline polymer-solvent mixtures with differ-
ent thermal conditions to obtain the competitive phase
separations in a poor solvent (a) and in a good solvent
(b).

poor solvent (Fig. 1(a)) and below the L-S tran-
sition in a good solvent (Fig. 1(b)). The relation
between L-L. phase separation and 1.-S phase
transition can be altered since the binodal curve
is remarkably influenced by the solvent quality
while the crystal melting transition is slightly.®®
When the binodal exists below the melting
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point, the L-L phase separation has no equilibri-
um significance, but it may significantly affect
the final morphology in processing. L-L phase
separation would be able to precede crystalliza-
tion upon rapid quenching due to the high nu-
cleation barrier to polymer crystallization.

Although these coupled phenomena are ex-
pected to occur in crystallizable polymer solu-
tions, the influences of the competitive phase
separation on the formed morphologies were not
studied extensively. Inaba et al.*® found that the
crystallization process could lock-in the modu-
lated structure obtained by L-L phase separa-
tion in polymer blends. Schaaf et al.® observed
globule-like morphologies resulting from L-L
phase separation in polyethylene solutions.

In this article we investigate the competitive
phase separations and resulting morphologies in
solutions of isotactic polypropylene (i-PP) and
dialkyl phthalate by applying temperature-jump
experiment. The variation of the number of car-
bon atoms in the alkyl substituent of phthalate
was utilized to control the interaction between
polymer and solvent. Thermal quench condi-
tions were varied in order to control
systematically the extents of L-1. phase separa-
tion and crystallization.

EXPERIMENTAL

Materials. An i-PP with M, 3.1x10° and
M,/M, 3.4 was obtained from Himont R & D
Center. The solvents supplied by Exxon were 1,
2-dialkyl phthalates with a different number of
carbon atoms in the alkyl chain designated as
C6, C7, C8, C9 and Cl10. Molecular characteris-
tics such as the type of alkyl group and molecu-
lar mass, and boiling point are summarized in
Table 1. All the solvents were used as received
without purification. An atactic polypropylene
(a-PP) (M, 3.8x10% and M,/ M, 1.1) obtained
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Table 1. Molecular Characteristics and Boiling
Point of Phthalates Used

symbol alkyl group molecular mass boiling point*

C6 hexyi 334 210 C
C7 heptyl 362 220 °C
C8 octyl 391 230 C
C9 nonyl 419 252 C
Cl10 decyl 447 256 C

9 The value at 5 mmHg and the information provided by the
supplier.

from Exxon was also used with the same sol-
vent system to explore L-L phase separation of
a strongly interacting system excluding interfer-
ence by crystallization.

Methods. Observation of phase transition
temperatures was followed by optical microsco-
py (OM) with a hot stage under nitrogen purge.
The experimental details are described else-
where® The L-L phase separation tempera-
ture (T) observed by phase-contrast micros-
copy was assigned to the temperature at which
fine droplet structures start to appear during
cooling at a rate of 2 C/min. The value of melt-
ing temperature (T,,) by polarized light micros-
copy was the temperature at which the last
traces of crystallinity disappear between crossed
polarizers on the reheating cycle at the same
rate.

The morphology was examined by OM (Nikon
HFX II) with temperature-jump experiment
and by scanning electron microscopy (SEM).
The three different modes of OM (transmitted
light, phase-contrast, and polarized light) were
applied to take advantage of OM fully. A phase-
contrast microscopy employed in this work
(Hoffman modulation contrast) allows observa-
tion of a three-dimensional image in the surface
region of the specimen, and transmitted light
microscopy usually conveys structural features
through the whole thickness. The structure of
spherulites can be observed by polarized light
microscopy since crystalline materials are able
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to rotate the plane of polarized light.

For OM sample preparation mixtures of a thin
i-PP film and solvent were weighed to obtain a
known concentration in flatcavity microslides. A
cover glass was placed over the sample and
sealed in position with Conap Easypoxy Resin
(Conap Inc., Olean, NY) in a nitrogen atmo-
sphere. The weighed mixtures were slowly
heated to 15 “C above the higher value of either
T. or T and heating was continued for
10 min to ensure the complete dissolution. The
samples were quickly transferred to a preset
temperature in a Metter hot stage. The time for
equilibrating the specimen at the experimental
temperature varied from 30 to 240 s depending
on the quench depths. Condensation of the sol-
vents during quenching was negligible for C8,
C9 and C10. In the case of C6 phthalate the
bulk concentration of the solution was destroyed
by the quenching process and the discussion of
structure formation in C6 solvent is omitted.

The specimen for SEM were prepared by
using DSC (Perkin Elmer DSC-7). The weighed
mixtures of i-PP and solvent were dissolved at
170 ¢ for 10 min. The specimen was cooled at a
nominal rate of 200 ‘C/min to a set temperature
and held for 5 min to give rise to phase separa-
tion. Evaporation of solvent was negligible dur-
ing DSC running. The sample was immersed in
hexane for 48 hrs to extract the solvent at a
room temperature. The solvent-free samples
were dried in a vacuum oven for more than 2
days. The final sample was fractured in liquid
nitrogen. The fractured surface was vacuum
metallized with platinum using a sputter coat-
er (Model3, PELCO) and observed through a
scanning electron microscope (Model 1200,
AMR). Magnification ranged from 100 % to 3000
% depending on the purpose cf viewing.
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RESULTS AND DISCUSSION

Experimental Scheme to Control Phase
Separations. While the mechanism of crystalli-
zation is nucleation and growth (NG), for L-L
phase separation the mechanism depends on the
thermodynamic stability of the system. In the
unstable region the phase separation occurs ac-
cording to spinodal decomposition (SD) and in
the metastable region according to NG.” Since
the binodal curve merges with the spinodal at
the critical point in the phase diagram of a bina-
ry system one can avoid the NG mechanism for
L-1 phase separation during cooling at the criti-
cal composition. Hence in order to obtain SD the
specimen were prepared with the critical con-
centration, which was found to be around 2.5 wt
9% i-PP with the various phthalates.’

It was shown in the previous study® that an a-
PP can be used to probe non-equilibrium L-L
phase separation of i-PP solutions which exists
below crystallization temperature (7.,,). L-L
phase separation of an a-PP solution does not
interfere with crystallization when the a-PP
used is purely amorphous. Fig. 2 shows 7' of
a-PP and i-PP solutions and 7, of i-PP solu-
tions for 2.5 wt% polymer concentration as a
function of solvent quality (number of carbon
atoms in the alkyl chain of phthalate) deter-
mined by optical microscopy at a scanning rate
of 2 °C/min. When the interaction between poly-
mer and solvent becomes more favorable, 7', de-
creases negligibly but 7Ty does in a great
amount as expected. The L-L phase decomposi-
tion may also reflect the molecular weight of
polymer. The T\ of the a-PP (M, 3.8x10°)
solution is ca. 3.0 ‘C greater than that of the i-
PP (M, 3.1 x 10°) solution in the same solvent at
the given concentration in Fig. 2. Applying an
analogy to better solvents in which 7., cannot
be determined in situ due to crystallization oc-
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Figure 2. Liquid-liquid phase separation tempera-
tures of a-PP (M, 3.8x10 and i-PP (M,, 3.1x10%
solutions and melting tiemperatures of i-PP solutions
for 2.5 wt% polymer concentration as a function of sol-
vent quality (number of carbons in the alkyl chain of
phthalate) determined by optical microscopy at a
scanning rate of 2 ‘C/min.

Table2. ATy 1® and ATy 1? Values in Celsius
Applied for 2.5 wt% i-PP solutions in a Series of
Phthalates as a Function of Quenching Tempera-
ture

C7 C8 9 C10
A TL*L chv)' A TI.-L A Tcry A TL~L A Tcry A TL*L A Tcry
121t 16 31

13T 5 39

1ot 18 52
70Cc 67 8 48 8 22 8l 9 81
0c 92 151 79 151

“4T, . =L-L phase separation temperature — quenching
temperature.
b g T ..y= Melting point — quenching temperature.

curring prior to L-L phase separation during
cooling, one can estimate the T of the i-PP
solution with C9 phthalate and that with C10
phthalate to be 92 °C and 79 C, respectively.

In order to understand the competitive phase
separation, it is necessary to control L-L phase
separation and crystallization systematically. An
approach to study this problem is to control the
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thermodynamic conditions through selection of
solvent while keeping thermal conditions con-
stant. The magnitude of the driving force for L-
L phase separation can be varied without
changing significantly that for crystallization be-
cause the liquid-crystal equilibrium is not sensi-
tive to solvent quality. Table 2 represents the
thermal conditions applied to the i-PP solutions
to change systematically the extents of L-L
phase separation and crystallization, where 47T,
stands for an experimental driving force for L-L
phase separation which is the difference be-
tween T and the quenching temperature and
4T, stands for that for crystallization which is
the difference between 7, and the quenching
temperature. One can change 47).. without
changing 47T, too much at a certain tempera-
ture by selecting a proper phthalate. Both 47,
and 4T, are increased by decreasing the ex-
perimental temperature in a given solvent.
Combination of solvent selection and the proper
experimental temperature may allow the varia-
tion of 47T, keeping 4T\ constant.

Optical Microscopy with Temperature-
Jump Experiment. When crystallization is cou-
pled with liquid demixing, the various struc-
tures are created by the competition between
the two non-equilibrium processes and the final
structures are strongly dependent on their dy-
namics. We investigate first the effects of a
small extent of L-L phase separation on the
spherulitic formation by optical microscopy in
the i-PP/C8 system quenched to 113 °C. The
thermal condition corresponds to a deep
queching for crystallization (7,=39 C) and a
shallow quenching for L-L phase separation (77
=5 ). It is expected that the phase transition
should be dominated by crystallization. The
droplets formed due to L-L phase separation are
elongated to the radial direction of the spheru-
lite as shown in Fig. 3. The droplets are ob-
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Figure 3. Phase-contrast micrograph (a), transmitted
light micrograph (b), and polarized light micrograph (c)
for 2.5 wt% i-PP solution in C8 phthalate quenched to
113°C. All pictures were taken on the same field of the
specimen.

served only inside spherulites suggesting that
the droplet formation plays a role in nucleation
for crystal growth. It is understood that the
droplets are formed by concentration fluctuation
in the thermodynamically unstable or metasta-
ble states and subsequently split into the radial
direction by a growing crystal.
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Figure 4. Transmitted light micrograph (a), phase-
contrast micrograph (b), and polarized light micrograph
(c) for 2.5 wt% i-PP solution in C8 phthalate quenched
to 100 C. The pictures (b) and (¢) were taken on the
same field of the specimen.

When the queching temperature is Jowered to
100 ¢ with the i-PP/C8 solution in which 47 .
=18%C and 47.,=52 C, the ribbon-like elon-
gated structure is ubiquitous and the modulated
structure produced by SD appears as shown in
Fig. 4. According to the linearized theory of SD*°
the wavelength of concentration fluctuation de-
creases with the increased undercooling for SD
and the period at which the linearized theory is
valid becomes short, 1.e. rapid coarsening. Thus
the modulated structure is obtained with the in-
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Figure 5. Phase-contrast micrograph (a) and polarized
light micrograph (b) for 2.5 wt% 1-PP solution in C7
phthalate quenched to 121 C. Both pictures were
taken on the same field of the specimen.

creased undercooling and subsequently frozen-
in by the spherulitic crystallization prior to
coarsening. The region at which the ribbon-like
structure exists possesses a higher light intensi-
ty under crossed polars as can be observed in
Fig. 4 (b) and (¢), in which both pictures were
taken on the same field of the sample, suggest-
ing that crystallization is enhanced by droplet
formation or vice versa. It is interpreted that the
solvent molecules rejected preferentially by
growing crystals are piled up in the droplet re-
gion.!®!! This result was supported by scanning
electron microscopy as will be discussed. The

Polymer(Korea) Vol. 21, No. 2, March 1997
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100 #‘m
Figure 6. Transmitted light micrographs (a and b} and polarized light micrographs (c and d) for 2.5 wt% i-PP solu-
tions in C10 phthalate (a and ¢) and in C9 phthalate (b and d) quenched to 0 C.

ribbon-like structure observed after extracting
the solvent occupied the vacant site oriented in
the radial direction of a spherulite. In the view
point of L-L phase separation, since a droplet
would be formed by coarsening of SD, the con-
centration of polymer should be higher in the
boundary of droplets formed and a greater de-
gree of crystallization is expected.

A different pattern formation is observed in i-
PP/C7 quenched to 121 C, as shown in Fig. 5,
which corresponds to 47, =16 C and 47T,.=
31 C under the thermal condition applied. Com-
pared to the case of the i-PP/C8 system at 113
‘C, L-L phase separation would more vigorously
compete with crystallization since the value of

E2lof A219 A2s 1997 34

47T, . is increased and that of 4T, is de-
creased. While the overall morphology should be
governed by the distribution of nuclei for crystal
growth, a spherulite contained the multiple
droplets and again the droplets were oriented to
the crystal growth direction. The droplets in a
certain region are segregated to the growth
front of a spherulite indicating high mobility of
liquid droplets and slow growth of crystal at the
elevated temperature.'>**

The morphology obtained from the competi-
tive phase separation under the deep quench
condition was explored in the following step.
The optical micrographs for the i-PP/C10 and i-
PP/C9 pairs quenched to 0 C are shown in Fig.
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Figure 7. Transmitted light micrographs for 2.5 wt% i-PP solutions in C10 phthalate (a), in C9 phthalate (b), in C8

phthalate (c), and in C7 phthalate (d) quenched to 70 C.

6. An uniform network structure was produced
on quenching and frozen-in immediately.
Although the size of the spherulite was not
clearly recognized from the polarized optical mi-
crographs, we were able to determine the size of
the domains due to L-L phase separation and
that of spherulites from the light scattering pat-
tern.!* The structure formed consisted of small
spherulites ca. 10 pm and large liquid phase-
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separated domains ca. 30 4m in the i-PP/CI10
solution quenched to 0 C. The size of liquid
droplets is greater in i-PP/C9 (4T ..=92 C)
than in i-PP/C10 (4 T ..=T79 *C) as seen in Fig.
6 (a) and (b). Thus the droplet size is increased
with a greater extent of L-L phase separation
under the same supercooling for crystallization
(4T,.,=151 C). The observed morphology is
resulted from the rapid liquid demixing and

Polymer(Korea) Vol. 21, No. 2, March 1997
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locking-in the structure by crystallization.
Although both types of non-equilibrium pro-
cesses are extremely rapid, the coarsening rate
of L-L phase separation is high enough to pro-
duce a larger domain due to L-L phase separa-
tion than the size of a spherulite which is deter-
mined by competition between nucleation and
subsequent crystal growth. This is manifested
from the fact that the droplet size in i-PP/C9 is
greater than in i-PP/C10.

A similar trend was followed for i-PP solu-
tions in the series of phthalates when crystal-
lized at different temperatures. Fig. 7 shows the
structures formed at 70 °C for i-PP/C10 (47T .=
9°C), i-PP/CO(AT,..=22C), i-PP/C8(4T, .=
48 'C) and i-PP/C7(d4T...=67 C). The size
resulting from L-L phase separation increases
with the increased undercooling for liquid
demixing under the same supercooling for crys-
tallization. Note the liquid-crystal equilibrium is
not sensitive to solvent quality as shown in Fig.
2. The results indicate that the extent of L-L
phase separation is controlled through the prop-
er selection of solvent and the resulting struc-
ture is locked-in by crystallization. The effects
of temperature on the structure formation in the
same solvent system can be found by compar-
ing Fig. 6 (a) and (b) at 0 °C, and Fig. 7 (a) and
(b) at 70 °C for i-PP/Cl10 and i-PP/C9 pairs.
The size of a domain increases at a lower tem-
perature (with increased 4 7' .() in both systems.

Scanning Electron Microscopy. The speci-
mens for SEM were prepared by DSC as ex-
plained in the experimental part. Since the
specimen of 2.5 wt% i-PP solutions tended to
collapse during the solvent extraction process,
10 wt% i-PP solutions were also prepared for
comparison. Fig. 8 shows scanning electron mi-
crographs for 25wt% i-PP solution in C8
phthalate cooled to 0 °C. The fine lacy structure
ca. 3 ym in Fig. 8 (b) and spherulites ca. 100 pm
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Figure 8. Scanning electron micrographs for 2.5 wi%
i-PP solution in C8 phthalate cooled to 0 'C at 200 °C/
min and held for 5 min at a low magnification (a) and
at a high magnification (b).

in Fig. 8 (a) are observed indicating that
spinodal decomposition occurred during cooling.
It is clearly seen in the high magnification of
Fig. 8 (b) that the interwoven structure and the
void are bicontinuous and comprised of a small
bead and a few ten micron entity resulting from
the coarsening process. The spherulite size is
much larger than that observed in temperature-
jump experiment in Fig. 6, suggesting that the
spherulites were formed before the temperature
reached 0 °C during DSC run.

The morphology of the C8 system cooled to
70 ‘C for 10 wt% i-PP concentration is repre
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(c)

(d)

Figure 9. Scanning electron micrographs for 10 wt% i-PP solution in C8 phthalate cocled to 70 *C at 200 C/min and
held for 5 min. Magnification is increased in the sequence of (a), (b), (c), and (d).

sented in Fig. 9. The magnification of scanning
electron micrographs was gradually increased in
the sequence of (a), (b), (c), and (d) in Fig. 9 in
order to show the overall feature of the struc-
ture formed. The peculiar perforated spherulitic
structure is attributed to the L-L phase separa-
tion coupled with crystallization. The liquid
droplets are formed by L-L phase separation on
cooling and subsequently elongated in the radial
direction of a spherulite by growing crystals.
The droplets would grow by joining the solvent
rejected by crystallization. This feature can be
interpreted in conjunction with the ribbon-like
structure formation observed with optical mi-
croscopy. The cellular structure observed with

250

the high magnification in Fig. 9 (d) indicates
that L-L phase separation occurred according to
NG regime since the concentration of the speci-
men was in the off-critical region.

CONCLUSIONS

The structure formation by 1.-1. phase separa-
tion coupled with crystallization in i-PP solu-
tions was investigated by temperature-jump ex-
periment. A series of dialkyl phthalates with a
different number of carbon atoms in the alkyl
chain was used to control the interaction be-
tween polymer and solvent. An a-PP was used
to probe L-L phase separation of a strongly in-
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teracting system excluding interference by crys-
tallization. When the interaction between’ poly-
mer and solvent becomes more favorable, T,
decreases negligibly but 7' does significantly.
Various thermal quench conditions were applied
to the i-PP solutions to control systematically
L-L phase separation and crystallization. A slow
crystallization elongates the liquid droplets in
the radial direction of a spherulite. A rapid crys-
tallization under the deep quench locks-in the
growth of L-L phase separation. These results
indicate that the extent of L-L phase separation
which exists below melting point can be suc-
cessfully controlled through the proper selection
of solvent and thermal conditions.
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