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ABSTRACT: The physical gelation behavior of high molecular weight (HMW) syndiotactic poly(vinyl
alcohol) (S-PVA) was investigated in consideration of stereoregularity of the polymer. To precisely identify
the effect of stereoregularity, syndiotactic diad (S-diad) contents of PVAs with the similar molecular
weights were controlled to 61.5, 58.2, and 55.7%, respectively. The gel point (GP) of HMW S-PVA solution
was determined by observing the frequency-independent loss tangent and the crossover between the
relaxation exponents from the oscillatory shear experiment. The gelation process of HMW S-PVA solution
with S-diad content over 58.2% was divided into two types with respect to the concentration of solution.
The first type is the gelation that took place directly from sol to gel with a clear GP which was well
coincident with the macroscopic gelation temperature (Tge). This is for the higher concentration regime.
The second one is the gelation that occurred gradually accompanying the evolution of gel-like properties
in sol state without a definite GP, which is for the lower concentration regime. The gel-like heterogeneity
formed during the second type gelation might be related with the liquid—liquid phase separation. In
contrast, HMW S-PVA solution with S-diad content of 55.7% followed only the first type gelation. The
relaxation exponent of HMW S-PVA solution at GP decreased with concentration and had a lower value
than the percolation value, 0.7. The higher fractal dimension indicates the structural compactness in the
cross-linking system of HMW S-PVA. As compared with the other gelation system, lower gel stiffness
was obtained, suggesting that the gelation of HMW S-PVA solution occurred without a serious

crystallization.

Introduction

Poly(vinyl alcohol) (PVA) is a semicrystalline polymer
having hydroxyl groups which give rise to inter- and
intramolecular hydrogen bondings. PVA is classified
into three types, such as isotactic, atactic, and syndio-
tactic ones according to the stereoregularity of hydroxyl
groups. Generally, PVAs with syndiotactic diad (S-diad)
contents exceeding 53—54%, which is the maximum
value obtained through vinyl acetate (VAc) polymeri-
zation, are called “syndiotactic”. Syndiotactic PVA (S-
PVA) has been known to have different properties
compared with atactic PVA (A-PVA) due to increased
intermolecular hydrogen bondings between the adjacent
chains. Also, molecular weight is another factor to affect
the bulk and solution properties of PVA. Actually,
ultrahigh molecular weight (HMW) S-PVA fibers and
films have mechanical properties superior to those of
atactic ones.1~® Recently, the in-situ formation of HMW
S-PVA fiber of a well-oriented microfibrillar structure
during saponification was reported by us.»=* In those
studies, the role of syndiotacticity was obvious. HMW
S-PVAs with lower S-diad contents had shapeless mor-
phologies, but those with S-diad content higher than
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56% were fibrous and had high degrees of crystallinity
and orientation.3

In thermoreversible gelation, a fluid solution is con-
verted into a rigid medium of infinite viscosity, and this
process can be reversed by changing temperature. Most
PVA solutions like PVA/water are well-known to form
thermoreversible gels by lowering temperature. The
stereoregularity of PVA affects the properties of a gel.
Aqueous solutions of S-PVA form hard elastic gels more
easily than those of A-PVA, and the melting point of
S-PVA gel is remarkably higher than those of A-PVA
gels.6” The number of segments participating in the
junction of PVA gel increased with syndiotacticity, and
they were remarkably higher than the values of A-
PVAs.8 Especially, the phase separation in S-PVA gel
was favored as syndiotacticity increased.®®

Test tubel® or ball-dropping!! methods have been
commonly used in determining the sol—gel transition
of polymer solution, but these methods are lacking in
providing the detailed information at the gelation
threshold. Recently, a progress in elucidating the
chemical'?2~19 and physical?°~24 gelation behaviors has
been achieved by monitoring the viscoelastic properties
during the evolution of gelation. The gel point (GP) has
been simply determined by the intersection of dynamic
storage (G') and loss (G") moduli obtained from the
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Table 1. Polymerization Conditions and Molecular
Parameters of HMW S-PVA

ADMVN concn  VPi mol % S-diad

(mol/molmonomer) in feed Py2 content (%) DS (%)
3.0 x 1074 100 9900 61.5 99.9
2.0 x 1075 60 10 400 58.2 99.9
1.0 x 107° 30 10 100 55.7 99.9

a Number-average degree of polymerization

oscillatory shear experiments. However, this method is
valid only in the case of the stoichiometrically balanced
end-linking network (n = 1/,).12714 A more general
method to find GP is based on the fact that loss tangent
(tan 9) is independent of frequency.

This study describes the physical gelation behavior
of HMW S-PVA with stereoregularity of the polymer.
The changes in viscoelastic properties of HMW S-PVA
solution induced by temperature and concentration have
rarely been investigated. Moreover, the information
about a dilute or a semidilute solution of HMW S-PVA
with S-diad content in the vicinity of 60% is much rarer,
and this solution is expected to reveal interesting
features. To verify the influence of stereoregularity,
three kinds of HMW S-PVAs with different syndiotac-
ticities and similar molecular weights were synthesized
and used.

Experimental Section

Materials and Solution Preparation. Poly(vinyl pivalate)
(PVPI) was synthesized by the bulk polymerization of vinyl
pivalate (VPi) at 30 °C using 2,2'-azobis(2,4-dimethylvalero-
nitrile) (ADMVN) as an initiator. HMW S-PVA with S-diad
content of 61.5% was prepared by saponifying PVPi. The
number-average degree of polymerization (Pn), the degree of
saponification (DS), and S-diad content of HMW S-PVA were
determined by the same method adopted in the previous
paperst~* and listed in Table 1. VPi and vinyl acetate (VAc)
in different mole ratios were copolymerized in bulk at 30 °C
using ADMVN to produce P(VPi/VAc) copolymers having
different syndiotacticities. HMW S-PVAs with S-diad contents
of 58.2 and 55.7% were prepared by saponifying copoly(VPi/
VAc)s.® The characteristics of these HMW S-PVAs are shown
in Table 1.

Mixed solvent of dimethyl sulfoxide (DMSO)/water with
mixing ratio of 40—80 vol % DMSO does not freeze until —40
°C.?%> When a solution freezes, gelation is difficult to determine
visually. HMW S-PVA was hard to dissolve homogeneously
in pure water or a water-rich mixed solvent, so a mixture of
DMSO/water with 80 vol % DMSO was chosen as a solvent.
HMW S-PVA was dissolved in the solvent at 120 °C for 2 h
and was kept for 30 min to ensure homogenization.

Gelation Temperature. Macroscopic gelation temperature
(Tger) was measured by the test tube tilting method. Before
the measurement, HMW S-PVA solution was kept for 1 h at a
desired temperature for stabilization. Macroscopic gelation was
determined to take place completely at the temperature where
the solution did not flow on tilting a test tube.

Rheological Measurement. Dynamic viscoelastic proper-
ties of HMW S-PVA solution were measured using a Rheo-
metric Scientific ARES rheometer with a couette geometry
with an outer and an inner diameter of 34 and 32 mm,
respectively, at a maximum strain amplitude of 10%. The
strain level was determined in the strain sweep test so that
all measurements were carried out within the linear viscoelas-
tic regime. Temperature was controlled from 100 to 0 °C and
maintained within 0.1 °C of a set value.

Optical Microscopy. HMW S-PVA solution around the GP
was examined between a slide glass and a cover glass by an
optical microscope with a magnification of x100.
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Figure 1. Ty of HMW S-PVA/DMSO/water solution mea-
sured by test tube tilting method.

Results

Macroscopic Sol—Gel Transition. The macroscopic
gel state is defined as the state without solution flow,
and Tge is thus the temperature below which a solution
turns into macroscopic gel state. In this study, the
dependence of time on sol—gel transition was not
considered in order to avoid the complexity in interpret-
ing the gelation behavior. Thus, the sol—gel transition
was determined after the solution was kept for a fixed
time, 1 h.

Determination of Ty provides a sol—gel diagram as
shown in Figure 1. As expected, syndiotacticity had a
strong effect on gelation. The solution of HMW S-PVA
with higher syndiotacticity was gelled at higher tem-
perature and had a larger gel region in the sol—gel
diagram, indicating that the gelation of HMW S-PVA
solution with higher syndiotacticity is more facilitated
on the condition that the molecular weight of PVA is
nearly the same. This can be explained by the fact that
the increase in the syndiotacticity strengthens the
interaction between PVA chains by more effective
intermolecular hydrogen bonds. Three kinds of samples
showed commonly the concentration effect on the gela-
tion. However, if concentration of polymer exceeds a
critical concentration, a further increase of concentra-
tion had a negligible effect on Tge. This is most notice-
able for PVA with S-diad content of 61.5%, whose critical
concentration is clearly determined to be 2 g/dL. This
implies that the chain entanglement enforcing the
physical gelation does not increase seriously after the
solution is concentrated sufficiently. Note that “the
critical concentration” is not identical among the samples,
but it generally decreased with increasing syndiotac-
ticity of PVA. This is closely related to the fact that PVA
with higher S-diad content offers more effective inter-
molecular hydrogen bonding, giving rise to stronger
physical cross-links. In general, viscosity of PVA solu-
tions increases at the same concentration as the S-diad
content of PVA increases. In reality, the 2.0 g/dL
solution of HMW S-PVA with an S-diad content of 61.5%
was so viscous as to be regarded as “gel-like solution”.
A very weak shearing the solution between slide glasses
readily produces fibrillation. However, the solutions of
HMW S-PVA with 58.2 or 55.7% are not so viscous at
this concentration. Thus, the properties of PVA solution,
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Figure 2. Loss tangent of HMW S-PVA solution with
frequency: S-diad content and concentration: (a) 61.5% and
1.0 g/dL; (b) 58.2% and 8.0 g/dL; (c) 55.7% and 4.0 g/dL.

including the phase behavior, may be affected greatly
by the syndiotacticity of PVA because of difference in
the effectiveness of hydrogen bonding.

Rheological Behavior during Sol—Gel Transi-
tion. Consideration of tan 6 provides a reliable measure
for the determination of GP. A homogeneous polymer
solution has the typical character of viscoelastic liquid
that tan ¢ decreases with frequency. So, a definite
decrease of tan ¢ with frequency denotes that a system
is in a pregel regime. On the contrary, in a postgel
regime, tan ¢ increases readily as frequency increases,
indicating that the system has a viscoelastic solid
property. As shown in Figure 2a, tan ¢ of the 1.0 g/dL
solution with S-diad content of 61.5% decreased with
frequency above 40 °C and increased below 40 °C,
suggesting the system was a viscoelastic liquid above
40 °C and a gel below 40 °C. In addition, a frequency-
independent value of tan 6 was observed at 40 °C as a
boundary temperature between the sol and gel phases.
A similar trend was found in the 8.0 g/dL solution of
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Figure 3. Multifrequency plot of loss tangent of HMW S-PVA
solution with temperature: S-diad content and concentra-
tion: (a) 61.5% and 1.0 g/dL; (b) 58.2% and 8.0 g/dL; (c) 55.7%
and 4.0 g/dL.

HMW S-PVA with S-diad content of 58.2% (Figure 2b).
The increase of tan 6 below 50 °C is a typical phenom-
enon found in viscoelastic gel state. In Figure 2c, the
frequency-independent tan ¢ of the 4.0 g/dL solution of
HMW S-PVA with S-diad content of 55.7% was found
at5 °C.

The GP can then be determined by observing a
frequency-independent tan ¢ obtained from a multifre-
guency plot of tan ¢ as a function of temperature. From
the plots in Figure 3, the frequency-independent tan o
of 1.0, 8.0, and 4.0 g/dL solutions with S-diad content
of 61.5, 58.2, and 55.7% were found at 40, 50, and 5 °C,
respectively, which are well coincident with those
obtained from Figure 2. Loss tangent in a whole
frequency range decreased by cooling the solution due
to the significant increase of G'.

The logarithmic plot of G' and G" against frequency
is shown in Figure 4. In principle, the two moduli give
a crossover point at the GP on this plot.1271426 That is,
the GP can be defined by tan 6 = 1. On this background
three systems may be considered to form a gel state
because all the systems give the value of tan 6 of
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Figure 4. G' and G" of HMW S-PVA solution with frequency
at GP: S-diad content and concentration: (a) 61.5% and 1.0
g/dL; (b) 58.2% and 8.0 g/dL; (c) 55.7% and 4.0 g/dL.

approximately 1. Among the systems PVA with the
highest S-diad content, 61.5%, exhibits the most clear
and notable gelation.

The slopes on the logarithmic plot of G' and G"
against o yield the viscoelastic exponent (n) for the
frequency dependence of the moduli. The change of n’
and n"” of HMW S-PVA solution with temperature is
shown in Figure 5. As the system goes through the
gelation process, the viscoelastic exponent for G' (n')
falls off more seriously than the viscoelastic exponent
for G" (n"), let alone G' increases over G". It is
interesting to see that the temperature where the
crossover between n' and n" occurred is definitely
coincident with the temperature where the frequency-
independent tan 6 was found from the multifrequency
plot. From the several experimental results, the GP of
HMW S-PVA/DMSO/water solution was determined,
satisfying the criteria for GP. As compared with Tge,
the macroscopic gelation did not necessarily take place
at the GP in this system. The GP was higher than Tge
by 10 °C in the case of the 1.0 g/dL solution of HMW
S-PVA with S-diad content of 61.5%. However, the
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Figure 5. Change of n’ and n" of HMW S-PVA solution with
temperature: S-diad content and concentration: (a) 61.5% and
1.0 g/dL; (b) 58.2% and 8.0 g/dL; (c) 55.7% and 4.0 g/dL.

difference between GP and Ty became almost negligible
as the concentration of the solution increased.

The rheological behavior of HMW S-PVA solution at
a more dilute concentration was investigated as well.
Figure 6a shows the tan ¢ of the 0.6 g/dL solution of
HMW S-PVA with S-diad content of 61.5%. The strong
increase of tan ¢ in the low-frequency range appeared
at 40 °C, far above Tge, suggesting the evolution of the
gel-like property in the macroscopic sol phase. Below
15 °C, tan ¢ increased in the whole frequency range,
implying that the solidlike property prevailed over the
system so that the macroscopic gel state was achieved.
This tendency was also found in the 4.0 g/dL of the
solution of HMW S-PVA with S-diad content of 58.2%
(Figure 6b). In such cases as shown in Figure 6, the
frequency-independent tan 6 was not found, and the
boundary between sol and gel was uncertain. Conse-
guently, the determination of GP was not possibly made.
Both solutions underwent three stages in the course of
gelation: first, a homogeneous sol state where tan o
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Figure 6. Loss tangent of HMW S-PVA solution with
frequency: S-diad content and concentration: (a) 61.5% and
0.6 g/dL; (b) 58.2% and 4.0 g/dL.

decreased over the entire frequencies—the system was
a perfect sol; second, a heterogeneous sol state where
the gel-like property evolved exhibiting the increase of
tan 6 only in the low-frequency range; third, a perfect
gel state where tan ¢ increased in the entire frequency
range and the solution lost its fluidity. However, the
concentration of HMW S-PVA solution with 58.2% was
much higher than that of the solution of HMW S-PVA
with 61.5%. In other words, the concentration range of
HMW S-PVA solution with S-diad content of 58.2%
where the gelation accompanied the evolution of the gel-
like property in the macroscopic sol phase was much
wider than that of HMW S-PVA solution with S-diad
content of 61.5%. Unfortunately, the more dilute solu-
tion of HMW S-PVA with S-diad content of 55.7% (below
4.0 g/dL) was not investigated since the gelation oc-
curred at too lower temperature where the rheological
experiment was not performed successfully. Above 4.0
g/dL, the solution of HMW S-PVA with S-diad content
of 55.7% did not display the rheological behavior as was
found at the relatively low concentration of HMW
S-PVA solution with S-diad content 58.2 or 61.5%.

Discussion

Phase Separation during Sol—Gel Transition.
From the oscillatory shear experiment, it was evidently
found that HMW S-PVA solution underwent the differ-
ent gelation processes, which were divided into two
types by the syndiotacticity and the solution concentra-
tion. The first type is the gelation that took place
directly from sol state to gel state with a clear GP which
was well coincident with Tge. This type of gelation was
for the solution having higher concentration and higher
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Figure 7. G’ with G" of HMW S-PVA solution with S-diad
content of 61.5%. Concentration: (a) 0.6 g/dL; (b) 1.0 g/dL; (c)
4.0 g/dL.

syndiotacticity. The second type is the gelation that
occurred gradually accompanying the evolution of the
gel-like properties in sol state without a definite GP.
This is for the solution having lower concentration or
lower syndiotacticity.

The viscoelastic behavior of HMW S-PVA solution was
closely analogous to those of the blend systems or the
block copolymer systems. From the log G' vs log G"” plots
of S-PVA solution with S-diad content of 61.5%, the
temperature dependence was found in the 0.6 g/dL
solution (Figure 7a). The similar behavior was found in
4.0 g/dL HMW S-PVA solution with S-diad content of
58.2% (Figure 8a). On the other hand, no significant
temperature dependence was found in the more con-
centrated solutions (Figures 7b,c and 8b) and the
solutions with S-diad content of 55.7% (Figure 9).
Compared with the blend and block copolymer systems,
the temperature dependence of the log G' vs log G" of
HMW S-PVA solution is due to a formation of micro-
structure in the sol phase before gelation, which may
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result from the liquid—liquid phase separation, namely,
the spinodal decomposition of PVA solution, giving rise
to the evolution of gel-like properties mentioned in the
second type of gelation.
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Temperature

Concentration

Figure 10. Phase diagram of PVA solution: sol—gel transi-
tion curve (solid line) and spinodal curve (dotted line).

The spinodal decomposition of PVA solution is not a
surprising phenomenon. The light scattering study
confirmed that PVA solution has an upper critical
solution temperature, and the spinodal curve crosses the
sol—gel transition curve.2’=2° Accordingly, the spinodal
curve and the sol—gel transition curve divide the phase
diagram into four regions as shown in Figure 10: the
region (i) that a solution is a homogeneous sol, the
region (ii) that the phase separation by spinodal decom-
position takes place but a solution does not change to a
gel, the region (iii) that both gelation and spinodal
decomposition occur, and the region (iv) that the gela-
tion takes place without the liquid—liquid separation.
In a dilute concentration range, the solution passes
through the region (ii) and finally reaches the region
(iii) as temperature decreases and the solution reveals
the liquid—liquid phase separation during the gelation.
The second type of gelation of HMW S-PVA solution is
considered to follow this procedure. Hence, the evolution
of the gel-like property in the macroscopic sol state is
due to the liquid—liquid phase separation. In contrast,
a more concentrated solution reached the region (iii)
without passing the region (ii), which represents the
first type of gelation of HMW S-PVA solution.

The presence of the liquid—Iliquid phase separation
in the gelation process of HMW S-PVA solution depends
on the syndiotacticity. The 4.0 g/dL solutions are good
examples to elucidate the difference in the gelation
processes of HMW S-PVA solutions with different
syndiotacticities. The 4.0 g/dL solution of HMW S-PVA
with S-diad content of 61.5% turned from sol to gel
without spinodal decomposition as shown in Figure 11a.
On the other hand, the sol—gel transition curve of HMW
S-PVA solution with S-diad content of 58.2% was shifted
to the right side and downward as compared with that
of HMW S-PVA solution with S-diad content of 61.5%.
So, it should pass through the region (ii) as shown in
Figure 11b. In the case of HMW S-PVA solution with
S-diad content of 55.7%, the solution did not exhibit the
liguid—liquid phase separation although the sol—gel
transition curve of this solution was shifted to the right
side and downward as compared with those of HMW
S-PVA solutions with S-diad content of 61.5 and 58.2%.
Matsuo et al.?° reported the interesting result by light
scattering study that, in the case of low molecular
weight A-PVA/DMSO/water solution, the region (ii) is
not observed and the region (iv) exists in a very narrow
temperature range in the phase diagram. The spinodal
curve in the phase diagram of low molecular weight
A-PVA/DMSO/water solution was shifted downward as
compared to that of HMW S-PVA/DMSO/water solution
with S-diad content of 61.2%.32 This is analogous to the
absence of the second type of gelation of HMW S-PVA



2970 Choi et al.

a
e
3
E
[
[}
£
(3
[
40 gd
Concentration
e
3
E
-]
Q.
£
-1}
[t
2.0 gidi
Concentration
C
‘d_>
3
E
[
[« %
£
(7]
[

Concentration

Figure 11. Illustration of sol—gel transition of 4.0 g/dL of
HMW S-PVA solution having different S-diad content in the
phase diagram: (a) 61.5%; (b) 58.2%; (c) 55.7%.

solution with S-diad content of 55.7%. It is quite worth
noting that although HMW S-PVA with S-diad content
of 55.7% used in this study has a higher molecular
weight and syndiotacticity than low molecular weight
A-PVA, the spinodal curve is shifted downward not to
show the liquid—liquid phase separation during gelation
as shown in Figure 11c.

The microphotographs of 4.0 g/dL HMW S-PVA solu-
tions at the gelation threshold are illustrated in Figure
12. The phase-separated heterogeneous appearance was
exhibited in HMW S-PVA solution with S-diad content
of 58.2%, while the solutions of HMW S-PVAs with
S-diad contents of 61.5 and 55.7% were clear and
homogeneous.

Viscoelastic Parameters at Gel Point. The vis-
coelastic parameters at the gelation threshold of HMW
S-PVA solution, such as GP, n, fractal dimension (FD),
and gel stiffness (S) are shown in Table 2. The param-
eters for the 0.6 g/dL solution of HMW S-PVA with
S-diad content of 61.5% and the 4.0 and 6.0 g/dL
solutions of HMW S-PVA solutions of S-diad content of
58.2% were not obtained because the GPs were not
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Figure 12. Optical micrograph of HMW S-PVA solutions (4.0
g/dL) at GP having different S-diad contents: (a) 61.5%; (b)
58.2%; (c) 55.7%.

Table 2. Calculated Parameters of HMW S-PVA Solution

at GP
S-diad concn
content (%) (g/dL) GP (°C) n FD S (Pas ")
61.5 1.0 40 0.51 1.99 0.09
15 55 0.43 2.08 0.15
2.0 55 038 214 0.19
4.0 60 038 214 2.30
58.2 8.0 50 041 210 2.56
55.7 4.0 5 041 210 6.13
8.0 15 041 210 7.97

detectable, and the plot of log G’ vs log w did not yield
a straight line, which made it impossible to obtain the
power law exponent at GP. The n values at GP is about
0.4—0.5, irrespective of S-diad content of HMW S-PVA,
which are lower than the percolation value, 0.7. lzuka
et al.18 investigated the molecular weight effect on n of
polycaprolactone gel. They reported that n decreased
with increasing molecular weight. In the present sys-
tem, the molecular weight of polymer is high enough to
cause the relatively lower value of n. It was indeed
reported by several workers that higher solution con-



Macromolecules, Vol. 34, No. 9, 2001

centration reduces n due to an entanglement effect.17.19
The n value was reported to decrease with increasing
entanglement density in entangled polymer solution
system.2! However, in nonentangled system like incipi-
ent gelatin gel, concentration rarely influences on n.3°
Concentration dependence was already found in chemi-
cally cross-linked PVA—glutaraldehyde gel,'® which was
identified to be “entangled”. In the present system,
concentration had an effect on the n like the PVA—
glutaraldehyde system. Especially, the value of n was
relatively low as compared with that in the PVA—
glutaraldehyde gelation. This clearly indicates that
HMW S-PVA was seriously entangled owing to high
molecular weight and high syndiotacticity. However, the
n value higher than 0.4 was hard to be obtained even
in the highly concentrated solution. Moreover, at higher
concentration over 4.0 g/dL, syndiotacticity had little
influence on the magnitude of n. This may be ascribable
to the fact that when the concentration is sufficiently
high, the entanglement reaches almost maximum to
make little difference between the n values of HMW
S-PVAs having different syndiotacticities.

G' and G" exhibit a power law frequency dependence
at GP, as shown in eq 1.

G'(0) 0G" () 0" 1)

and can be described as following eq 2. That is, the gel
stiffness, S, of HMW S-PVA solution at GP was calcu-
lated from eq 213

G' =G"/tan 6 = Sw'"'T(1 — n) cos (2)

where w and I'(1 — n) are frequency and the Legendre
gamma function, respectively. Compared with the other
gelation systems, the S value in this system is signifi-
cantly lower. This feature may rise from the fact that
the gelation of HMW S-PVA solution in this study was
induced by the physical process of simple cooling,
whereas the other gelation systems by chemical cross-
linking'81° or by crystallization.2231

The fractal dimension, FD, is obtained from the
relationship with n as expressed in eq 3.32

_10n-15
FD== "% (3)

In progress of gelation, the growth of clusters in the
system can be described by FD, which is defined by
RFP~ M, where R is the radius of gyration and M is the
mass of a molecular cluster, so network structure of a
gel at the gel point can be represented by FD. The value
of n has been determined theoretically by utilizing
dynamic scaling, fractal analysis, and percolation of
clusters. A theoretical model covering all values of n (0
< n < 1) found in various gelation systems successfully
was suggested by Muthukumar.32 In this model, it is
assumed that the increase of strand length between
cross-links in the incipient gel gives rise to the enhance-
ment of the excluded-volume interaction, and the rela-
tionship between n and FD can be expressed by eq 3 if
the excluded-volume effect is fully screened. From the
calculated FD in Table 2, the concentration effect was
observed. It is well-known that a critical gel with tighter
network structure has a higher value of FD,171832 and
FD increases with increasing polymer concentration and
cross-linking density.!® So, the higher polymer concen-
tration of HMW S-PVA solution gives rise to the more
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compact structure. Compared with the PVA—glutar-
aldehyde system, it is particularly noteworthy that the
higher value of FD was obtained, suggesting the cross-
linking structure in the present gelation system is
tighter than that in chemical system although the
gelation occurred without cross-linkers.

Conclusions

Investigating the effect of stereoregularity on the
physical gelation of HMW S-PVA solution, we may
conclude as below:

The gelation process of HMW S-PVA solution was
divided into two types by the concentration of solution.
The first type is the gelation that took place directly
from sol state to gel states with a clear GP which was
well coincident with Tge. This is for the concentration
regime higher than the critical concentration in which
Tgel is independent of concentration. The second type
gelation occurred gradually accompanying the evolution
of the gel-like property in sol state without a definite
GP. This was for the lower concentration regime. The
gel-like heterogeneity formed during the second type of
gelation is related to the liquid—liquid phase separation.
The presence of the liquid—liquid phase separation in
the gelation process depends essentially on the syndio-
tacticity. Especially, HMW S-PVA solution having S-
diad content of 55.7% had the similar gelation behavior
with A-PVA solution rather than HMW S-PVA solution
having S-diad content over 58%.

The relaxation exponent at GP was relatively low as
compared with those of the other systems and increased
with concentration, indicating the system was “highly
entangled”. The higher value of fractal dimension sug-
gests that the physically cross-linked structure in the
present gelation system is very tight although the
gelation occurred without cross-linkers. The signifi-
cantly low gel strength was obtained in HMW S-PVA
gelation system as compared with the gelation systems
induced by chemical cross-linking or crystallization.
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