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ABSTRACT:

One of the two types of gelation in a cyclohexane solution of poly(4-methyl-1-

pentene) is caused by linking of growing spherulites which are nucleated from the one-phase
solution. The mechanism is related to that of the spherulitic crystallization by using the Avrami
equation. The rate of the crystallization can be estimated by a simple method which takes

advantage of the variety of crystal morphology.
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Recently, thermo-reversible gelation of
polymers from solution was investigated in
relation to liquid-liquid phase separation.
Chosen for this were poorly crystallizable and
amorphous polymers such as polyacrylo-
nitrile,! poly(vinyl alcohol),! =3 atactic poly-
styrene,* isotactic polystyrene,® agar,® and
gelatin.!? Unfortunately, solutions of highly
crystalline polymers such as polyolefines have
not been studied from this viewpoint, owing to
the very fast rate of crystallization and their
complicated structures. We could, however,
explain the relation between liquid-liquid
phase separation and crystallization in a highly
crystalline polymer of poly(4-methyl-1-pen-
tene) (P4M1P)/cyclohexane gel, using pecu-
liar morphology and variety of polymor-
phism of this polymer.”

In the gel of PAMIP, two types of gelation
mechanisms were found: one gelation is caused
by the liquid-liquid phase separation which
precedes the crystallization, and another

gelation is caused by linking of the growing
spherulites or crystalline particles from the
one-phase solution. The mechanism of the
nucleation and growth observed for the latter
crystalline species was considered to be almost
identical with that for general solution-
crystallization. There is a critical polymer con-
centration that distinguishes the gelation from
the general solution-crystallization. If the con-
centration is higher than the critical value, the
three-dimensional linking of the crystalline
species stops the flow of its system. This is the
gelation from one-phase solution of highly
crystalline polymers.

In this paper, the gelation mechanism by the
spherulitic crystallization from the one-phase
solution, which was visually observed in the
previous work,” was more precisely analyzed
by using the Avrami equation.®
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Figure 1.

EXPERIMENTAL

Solution Preparation

A commercial isotactic P4MIP sample
(TPX®, MX019, Mitsui Petrochemical Co.,
Ltd., Japan) was used throughout this work.
The solution was prepared by dissolving the
polymer at 130°C in 2.5 ml of cyclohexane at a
desired polymer concentration ¢ (in gml~™') in
a sealed test-tube with 12mm diameter and
110 mm length.

Estimation of Fraction of Spherulite

The weight fraction of the polymer con-
verted to the spherulites (X,) was measured as
a function of crystallization time by using a
simple method as shown in Figure 1. The
method takes advantage of the variety of
morphology observed in this system.” The
procedure was as follows: [1] The solution was
quenched from 130°C to 50°C. After a while,
the transparent spherulites could be detected
by the naked eye, since they were extraor-
dinarily big (0.5—2mm diameter) and had a
slightly different refractive index from that of
the solution. Furthermore; it was easy to
observe the spherulite growth owing to the
slow rates of the growth and nucleation. [2]
The sample was maintained at 50°C for a
period of ¢ and subsequently quenched to
20°C. The solution part that was not converted
into spherulites at 50°C was immediately oc-
cupied by small white crystalline particles. At
the same time the non-crystallized part re-
mained within the spherulites at 50°C was
further crystallized associating with whitening.
However, this secondary crystallization within
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The method for estimation of the weight fraction of spherulites.

the spherulites never changes the size of the
spherulites. Thus, the fraction of the spher-
ulites in time ¢ could be held semipermanently
by the quenching. [3] After the 24 h-storing at
20°C, the gel was dried in vacuo. Finally, the
spherulites and the crystalline particles were
separated by hand. As the former were big,
transparent, and hard while the latter were
small, white, brittle, and powdery, the sepa-
ration was very easy. X, was calculated from
the weight fraction of the spherulites in the
dried gel.

Thus derived X; as a function of time shows
only the rate of spherulite growth at the extra
interface of the spherulites touched with the
solution, since the secondary crystallization
within the spherulites is forcibly completed by
quenching. The form V crystals were only
observed in the spherulites, while the form II
were observed in the crystalline particles.’
There was no case of mixtures of the two
forms.

RESULTS AND DISCUSSION

Isothermal growth rates of the spherulite in
the two different concentrations are shown in
Figure 2. The isotherms show characteristic
sigmoidal shapes. The crystallization kinetics
are usually interpreted in terms of the Avrami
equation:®

X,=1—exp(—kt")
where k£ is a rate constant that depends on
nucleation and growth rates, ¢ the time, and n,

a number that depends on the geometry of the
crystal growth and the nucleation type. The
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Figure 2. Variation of weight fraction of spherulites
during isothermal gelation at 50°C.

isotherms in Figure 2 were re-plotted as shown
in Figure 3 (the Avrami plot). For both con-
centrations, the growth process divided into
two parts by two straight lines. The coor-
dinates of the intersection of the two lines are
denoted as (¢, X,,). The coordinates are listed
in Table I, along with the Avrami exponents
derived from the slopes of the lines.

The induction time for the gelation at 50°C
as shown by circles in Figure 4 had already
been measured by the ‘“‘test tube inverting”
method.” Three characteristic times for the
appearance of the spherulite (¢;), for the termi-
nation of the growth (¢) (X;=1.0), and for
X=X, (t) are also plotted in this figure.
Although small spherulites about 0.1 mm in
diameter could be observed in the solution in
the initial stage of the crystallization, it was
very difficult to take them out from the dried
gel. Therefore, the #; would be overestimated
by this method. It should be noticed that the
gelation occurred during the growth process of
the spherulite (f;,<t</), and ¢, agreed very
well with the gelation time.

As reported in the previous paper,’ the
gelation was accomplished by the linking of
the growing spherulites. This is supported by
the change of the Avrami exponent through
the gelation. The values of 3 <n <4 before the
gelation indicate the three-dimensionally free
growth of the spherulite. The small values
1 <n<2 after the gelation can be attributed to
the secondary growth toward the gap formed

Polymer J., Vol. 18, No. 1, 1986

I [ T | T T
2t ]
(o] o { ]
- )'/0/ _
— o ./.
: — 7./. j
>
R . 0.15gml™ T
t L % i
T+ _
-6 ° -
L
45 6 7 8 9 10

Figure 3. The Avrami plot for the data in Figure 2.

Table 1. Characteristic parameters from
the Avrami plots in Figure 3

n

clgml™  f/min X,
1<t, 1<t
0.15 1840 0.28 32
0.20 350 0.53 3.5
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Figure 4. Relation between spherulitic growth and
gelation at 50°C. Four characteristic times are plotted:
O, for gelation determined by the ‘“test-tube invert-
ing” method; A, for the appearance of the spherulite
(#;); W, for the termination of the growth (#;) and x,
for X, =X, (1,).

by the linking. However, the yielded » values
in the pre-gelation stage are less than the value
of 4 expected for sporadic nucleation and
three-dimensional free growth. This deviation
may be caused by complicated effects as fol-
lows. The first effect is the experimental error
in the estimation of X, in the early stage of the
crystallization. The second is the localized
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Figure 5. Distribution of spherulite diameter measured
in the dried state.

nucleation due to a very small amount of dust.
The third is very slow settlement of the grow-
ing spherulites toward the bottom. The settling
rate was at most —1 mm/day. Although the
main motive force for the linking is the spher-
ulite growth, the settlement slightly accel-
erates the local linking rate in the vicinity of
the bottom. The fourth is the effect of the
interface area of the solution with air and the
tube where the growth is largely restrained. In
the case of extraordinarily big spherulites such
as in our case, the fraction of the spherulite
grown at the interface cannot be neglected. A
larger volume of the solution should be used
for this work.

Figure 5 shows the distribution of the spher-
ulite size at the onset time of the gelation. Its
concentration dependency is clear; the smaller
spherulites (c=0.2gml ') have the narrower
distribution owing to the larger frequency of
the nucleation in the more concentrated so-
lution. The size difference also contributed to
the dependency of the value of X, on the
concentration, as shown in Table 1.

As stated above, the gelation mechanism of
this case can be analyzed by the Avrami

34

equation. The nucleated spherulites grow
freely and three-dimensionally until they im-
pinge upon one another to make a linked
structure in which the solvent is occluded. In
spite of the simple structure, such a mechanism
had not been reported in crystalline polymers
until the extraordinarily big spherulites were
found by us. Probably the term ‘“‘gel” might
have been used familiarly for non-crystalline
gel and/or gel formed by the liquid-liquid
phase separation (gel in a narrow sence). Thus,
the spherulitic gelation may be considered to
be a special case of crystallization or the
gelation in a broad sence. Here, however, we
stress that the individual spherulite itself can
be regarded as a micro gel in contrast with
spherulites crystallized from melt, because it
contains solvent.
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