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ABSTRACT: The relationship between the polymer—solvent interaction and gelation
behavior of poly(vinyl alcohol) (PVA) solutions prepared from ethylene glycol/water
(EG/water) mixed solvents was investigated using a viscometer, light scattering, FTIR,
X-ray, and pulsed NMR analyses. The viscometric result showed that the affinity to
PVA for water is higher than that for EG. The light scattering result showed that the
spinodal decomposition rate of the PVA solution decreases rapidly as the water content
in the EG/water mixed solvent is increased. On the other hand, the FTIR and X-ray
results both indicated that the crystallinity of the PVA gel decreases with water
content. These results imply that the water molecules must improve the affinity of the
solvent to PVA to inhibit the aggregation or crystallization of PVA chains. The pulsed
NMR measurement results showed that the spin—spin relaxation times related to the
polymer-rich and polymer-poor phases of the PVA gel increase, and the fractional
amount of the polymer-poor phase increases while that of the polymer-rich phase
decreases with increasing water content. These facts indicated that the increase in the
mobility of PVA chains must give rise to the difficulty in chain aggregation of PVA
solutions with increasing water content. Two transition temperatures were found in the
phase transition of the polymer-rich phase. The lower transition temperature was
attributed to the destruction of the denser chain entanglements in the polymer-rich
phase and the higher transition temperature was mainly concerned with the melting of
the crystallites. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 79: 1118-1120, 2001
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INTRODUCTION

Poly(vinyl aleohol) (PVA) gel is a well-known crys-
tallization-induced physical gel, and the studies
on these PVA gels attract much interest because
the relationship between polymer—solvent inter-
action and the physical properties of gels is very
complicated. Many researchers'™® already re-
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ported that PVA solutions can form gels in vari-
ous kinds of solvents. Ohkura et al.»? reported
that highly elastic PVA gels prepared from
DMSO/water mixed solvents below —20°C are
transparent, and their gelation rate is very fast
compared with those prepared from aqueous so-
lutions. In our previous studies,”'? PVA gels from
ethylene glycol (EG) and N-methyl-2-pyrrolidi-
none (NMP) solvents showed that the average
size of the crystallite in a PVA/EG gel is larger
than that in a PVA/NMP gel (i.e., the aggregation
of PVA chains occurs more easily in the poor
solvent, EG, than in the good solvent, NMP). Re-
cently, Matsuo et al.'»'2 studied the phase sepa-
ration behavior of PVA/DMSO/water mixed solu-
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tions and indicated that the logarithm of the scat-
tered intensity in the light scattering from PVA
solutions increased linearly with time at the ini-
tial stage of the phase separation. The phase sep-
aration occurred rapidly where the water content
in the mixed solvent was about 30-50 vol %.

The phase transitions in the polymer gels were
also investigated by NMR.!31* Ohta et al.!® re-
ported on the effect of hydrostatic pressure on the
gelation of an aqueous solution of poly(/N-isopro-
pylacrylamide) (NIPA). A sudden shortening of
the spin—spin relaxation time (7',) of the polymer
chains in solution was observed during gelation,
implying that the chain mobility slowed down
where the polymer chains started to aggregate to
form the network structure. Tokuhiro et al.'* also
presented the near phase transition of NIPA gels
by using the pulsed NMR technique. They showed
that NIPA gels undergo continuous second-order
volume phase separation or discontinuous first-
order transitions in response to the temperature
change.

In this work the change of the polymer—solvent
interaction with the composition of the solvent
used was first investigated through a viscometric
measurement, then the liquid-liquid phase be-
havior of PVA solutions from the results of the
time-resolved light scattering measurement was
discussed. Finally, the pulsed NMR analysis was
used to investigate the degree of aggregation and
the phase transition of PVA gels prepared from
the solutions with various solvent compositions.

EXPERIMENTAL

Samples

PVA powder (weight-average molecular weight
= 155,000, Aldrich) with a high degree of hydro-
lysis (about 99.8%) was used in this work. The
mixed solvents with various compositions of EG
and water were used to prepare PVA solutions.
The homogeneous PVA solutions with various
PVA concentrations were obtained by heating
them at 90-130°C for 2 h and then cooling to
room temperature for gelation. For light scatter-
ing measurement the solutions were filtered di-
rectly into a light scattering cell using 0.45 or
1.0pm Millipore filters.

Measurements

Determination of the viscosity of the dilute PVA
solution was carried out with an Ubbelohde vis-

cometer immersed in a thermostatic water bath
held at 30 = 0.1°C for 1 h. The intrinsic viscosity
[n] was obtained using the Huggins equation!®:

(t — t/t,)IC = (ng,/C) = [n] + k'[n]*’C (D)

where ¢ is the flow time of the dilute solution, ¢, is
the flow time of the pure solvent, C is the concen-
tration of the polymer, n, is the specific viscosity,
and %’ is the Huggins constant.

An “upside-down test-tube” method was used
to determine the gel melting point (7<) of the
PVA gels prepared from various compositions of
mixed solvents. The sealed test tube with gel was
kept upside down in a thermostat oven and it was
heated at a rate of 1°C/min to evenly heat the gel
in the test tube. The temperature at which the gel
began to flow was defined as the T¢ of the gel.

The IR spectra were measured by using Digilab
Division Bio-Rad spc-3200 FTIR equipment. The
peaks at 1141 and 1095 cm ™! were assigned to the
transmittance of the crystalline and the amor-
phous sequences, respectively.'®!” The transmit-
tance ratio of 1141/1095 cm ! is the regularity
index of the PVA gel.

The wide angle X-ray intensity curves of the
gels were measured with graphite-monochroma-
tized CuKa radiation generated at 40 kV and 100
mA in a Rigaku D/max diffractometer at a scan-
ning speed of 26 = 1°/min.

Elastic light scattering measurements were
carried out with a Malvern series 4700 apparatus;
the light source was a 2-W argon ion laser oper-
ating at a power of 100 mW and a wavelength of
514.5 nm with vertically polarized light, which
was focused on the sample cell through a temper-
ature-controlled chamber (the temperature being
controlled to within *+0.1°C) filled with distilled
water. The scattering vector of the light scatter-
ing was q = (4nw/A)sin(6/2), where 0 is the scat-
tering angle and n is the refractive index of the
medium. The change of the scattered intensity
with time during the isothermal phase separation
was measured at 6 = 90°.

Pulsed H'-NMR measurements were carried out
using a Maran-20 pulsed NMR spectrometer oper-
ating at a fixed frequency of 20 MHz. The recovery
time of the spectrometer following a sequence of
pulses was 13 us. The T, measurements were
carried out using the Carr—Purcell-Meiboom—Gill
(CPMG) pulsed sequence'® [90°,7180°,27),] (P90°
= 2.8 us, P180° = 5.6 us, and n = 4096) available
for a long T, sample, for example, the wet gel sys-
tem, to eliminate the effect of heterogeneity in the
static magnetic field.
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Figure 1 A plot of the 1, /C versus C for PVA dilute
solutions: (@) PVA/EG solution and (A) PVA/water so-
lution.

RESULTS AND DISCUSSION

Figure 1 shows the n,,/C versus C plot for pure
PVA/EG and PVA/water dilute solutions. From
the linear relationship in Figure 1, the £’ could be
obtained using eq. (1). Sakai'??° reported that the
k' value for a polymer solution at the 6 condition
is about 0.52, and in a good solvent the &’ value
should be less than 0.52. Therefore, a solution
with a lower &' value (<0.52) is considered to be a
good solvent, which means a higher solubility and
strongly attractive interaction between the poly-
mer and solvent. The calculated result showed
that the &' values for PVA/EG and PVA/water
solutions are about 1.53 and 0.49, respectively.
This means that the affinity to PVA for water is
higher than that for EG. Andreyeva et al.?!
pointed out that only the use of solvents such as
diols and triols have made it possible to form a
single crystal from the dilute PVA solutions. Ro-
govina et al.?? also determined the thermody-
namic quality of the solvent by light scattering
and ultracentrifugation methods. Their results
also indicated that the second virial coefficient
(Ay) of PVA/water was higher than that of PVA/
glycerin. These facts may imply that the crystal-
lization in PVA solutions with poorer solvents
proceeds much more easily. The manner in which
the properties of PVA in mixed solvents affects
the aggregation behavior of PVA chains is dis-
cussed in this study.

Measurements of the time dependence of the
intensity of light scattering from a polymer so-
lution could provide information about the ki-
netics of spinodal decomposition or the liquid—
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liquid phase separation of the solution. The rate
of spinodal decomposition or the liquid-liquid
phase separation can be easily obtained accord-
ing to the Cahn-Hilliard—Cook?®3 2?5 theory at
the early stage of spinodal decomposition. Pines
and Prins®® applied the concept of spinodal de-
composition to the gelation process and inter-
preted the origin of network structure in terms
of the connectivity of the polymer-rich phase.
Matsuo et al.?”?® also studied the phase sepa-
ration behavior of PVA/DMSO/water solutions
through the elastic light scattering technique
and showed that the logarithm of the scattered
intensity from the PVA solution increased lin-
early with time in the initial stage of phase
separation. Figure 2 shows the logarithm of the
scattered intensity as a function of time for
PVA solutions with various water contents at 0
= 90°. Although the time at which the spinodal
decomposition starts differs for each of the var-
ious PVA solutions, the logarithm of the scat-
tered intensity increases linearly with time
for the solution, which undergoes the liquid—
liquid phase separation. The phase separation
of pure PVA/EG solution is very fast; therefore,
the scattered intensity increases rapidly and
reaches equilibrium. The linear theory of the
spinodal decomposition mechanism at the ini-
tial stage of phase separation was proposed by
Cahn-Hilliard—Cook?*~2®| which is given as fol-
lows:

I(q, t) =I(q, t = 0)exp[2R(q)t] (2)

where I(q, ) is the scattered intensity at time ¢
after initiation of the spinodal decomposition and
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Figure 2 A plot of the logarithm of the scattered
intensity at 6 = 90° as a function of time at 30°C. The
water content in the mixed solvent was (a) 0, (b) 10, (c)
20, (d) 30, (e) 40, and (f) 50 vol %.
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Figure 3 The plot of the growth rate of the concen-
tration fluctuation [R(0 = 90°)] as a function of the
water content.

R(q) is the growth rate of the concentration fluc-
tuation given as a function of q. Although eq. (2)
shows the R(g) value changes with g, the only R(6
= 90°) value is presented as a reference for the
qualitative discussion in this work. According to
the linear theory described by eq. (2), a plot of
In(Z) versus ¢ should yield a straight line of the
slope 2R(q). Figure 3 shows the R(0 = 90°) value
as a function of the water content in the EG/water
mixed solvent. The R(6 = 90°) value is rapidly
reduced at 10 vol % water content and then de-
creases slowly with increasing water content, im-
plying that the thermodynamic driving force for
the easily reduced liquid-liquid phase separation
must be the water molecules. The proceeding of
the spinodal decomposition induced by the ther-
modynamic driving force of the liquid-liquid
phase separation is difficult because of the stron-
ger polymer—solvent interaction. The R(6 = 90°)
value approaches zero at a water content higher
than 50 vol %, indicating that the chain aggrega-
tion of the PVA solution became very difficult
under this condition in this work.

Figure 4 shows the scattered profiles [1(6) vs. 6]
after the initiation of the liquid-liquid phase sep-
aration of PVA solutions as a function of the wa-
ter content. The appearance of a distinct scatter-
ing maximum is considered to be due to the phase
separation or the chain aggregation of the poly-
mer solution.?6728 The scattering peak position
shifts to a larger angle region with increasing
water content. This is because the size of the
aggregating clusters becomes smaller (i.e., it is
more difficult for the phase separation of the PVA

solution to proceed as the water content is in-
creased). Andreyeva et al.?' studied the phase
diagrams of PVA/EG and PVA/water solutions
and indicated that the phase diagram of the
PVA/EG solution exhibited the characteristic of
“crystalline” separation, while the characteristic
of an “amorphous” phase separation diagram was
found in the aqueous PVA solution. This fact also
implies that there is a water content affect on the
aggregation behavior of PVA/EG/water mixed so-
lutions.

Physical gel systems often exhibit a heteroge-
neous structure,'®2°73* which leads to the heter-
ogeneity in the molecular mobility with a multiex-
ponential decay of transverse magnetization in
pulsed NMR. The decaying signals of transverse
magnetization [M(¢)] for the polymer gel system
are expressed empirically as the following
Weibull function®?:

M(t) = Mexp[ —(1/a)(t/T5)*] 3)

where M, is a constant proportional to the total
number of nuclei with magnetic moments and ¢ is
the decaying time. The a value is the shape pa-
rameter, 1 = a = 2, which could express the
characteristics of the different components. For a
= 1 the T, value can be disposed to the mobile
component or the polymer-poor phase in the gel,
and for a = 2 the T, can be disposed to the
immobile component or the polymer-rich phase in
the gel. The nonlinear least-squares method that
fits the experimental data into the following equa-

5000
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Figure 4 The scattered profiles [I(6) vs. 6] of PVA
solutions (C = 1 g/L) aged for 2 days at 30° as a function
of water contents of (a) 0, (b) 10, (¢) 20, (d) 30, and (e) 50
vol %.
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Figure 5 The decaying signals of CPMG for PVA gels

at 30°C as a function of water contents of (a) 0, (b) 20,
(¢) 30, and (d) 40 vol %.

tion makes the analysis of the decaying process as
follows:

1
M(t) = MOAEXP{ - 2(t/T2A)2}
+ MOBeXp( _t/T2B) (4)

where M, is the magnetic moment of the ith
component and T'; is the T, of the ith component.
From this fitting procedure the decaying signals
of the PVA gels were roughly decomposed into two
components. The fast decaying signals were from
the chain mobility in the immobile/polymer-rich
component related to the crystallite and the
denser chain aggregation, and the slow decaying
ones were from that in the mobile/polymer-poor
component related to the flexible chain connected
between the junction points and the free solvent
molecules. The fractional amount f of each com-
ponent is obtained from f° = [My,/M()] X 100%
and &~ = [Myg/M(t)] X 100% for the polymer-rich
and polymer-poor components, respectively. Ohta
et al.!® reported on the effect of hydrostatic pres-
sure on the gelation in an aqueous solution of
NIPA. They indicated a sudden shortening of the
T, of the aqueous solution observed during gela-
tion, implying the slowing down of the mobility of
the polymer chains. Tokuhiro et al.'* also pre-
sented an NMR study of the phase transition in
NIPA gels. They reported that the NIPA gels un-
dergo continuous second-order volume phase sep-
aration or discontinuous first-order transitions in
response to temperature change. Our previous
study®® also reported that the increase in the
degree of chain aggregation and the number of
junction points for a poly(vinyl chloride)/dioxane
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(PVC/DOA) gel resulted in the reduction of the
chain mobility of the PVC/DOA gels. The T, val-
ues for the polymer-rich (T%) and polymer-poor
( Té ) phases in the PVC/DOA gel decreased with
increasing molecular weight and concentration of
the polymer. These facts are considered in rela-
tion to the polymer chains associating with each
other in forming the polymer-rich region to re-
duce chain mobility in the gel.

Figure 5 shows the typical decaying signals of
CPMG for PVA gels with various water contents.
The CPMG signals decayed to a longer time re-
gion as the water content was increased. The
decaying signals of the gels were roughly decom-
posed into two components using eq. (4). Figure 6
shows the T, and f values of two components,
which were obtained from the CPMG decaying
signals for various PVA samples as a function of
the water content at 30°C. The component with
longer the T, T%, originated from the mobile do-
main/polymer-poor phase and the component
with shorter the T,, T5, originated from the im-
mobile domain/polymer-rich phase. In Figure 6
the TS5 and T% values of the PVA samples both
rise with increasing water content. At the water
content above 50 vol %, the samples only exhibit a
TL value, indicating that the samples are still a
homogeneous solution without any larger chain
aggregation. Regarding the results in the gel
state (water content below 50 vol %), the increase
in the T3 value with the water content must be
due to the change of the chain mobility in the
polymer-rich phase. This is because the affinity of
the solvent to PVA increases with the water con-

A4

Solution

Spin-spin relaxation time, T, (Ms)
Fractional amount, f (%)

Water content ( vol% )

Figure 6 The spin—spin relaxation time (7',) and the
fractional amount (f) from CPMG signals of each com-
ponent for PVA samples (C = 90 g/L) as a function of
the water content: (A) T3, (A) T%, (O) f°, and (@) f~.
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Figure 7 FTIR spectra of PVA gels (C = 90 g/L) as a
function of water contents of (a) 0, (b) 10, (c¢) 20, and (d)
30 vol %.

tent, resulting in the difficult liquid-liquid phase
separation (i.e., the packing density of chain ag-
gregation becomes less, leading to an increase in
the chain mobility in the polymer-rich phase). On
the other hand, the increase in the T% value must
also be due to the PVA chains in the polymer-poor
phase becoming more soluble, which leads to an
increase in the chain mobility. Because of the
various interactions between the polymer and sol-
vent in the PVA solutions, the degree of chain
aggregation of PVA samples must also be re-
flected in the change of the f~ and f° values in
Figure 6. As mentioned above, the gelation of the
PVA solution could not occur above the 50 vol %
water content at 30°C (i.e., the f° value ap-
proaches zero at this condition). This means that
the samples should still be homogeneous solu-
tions or sols without any significant chain aggre-
gation. In the gel state the f~ value gradually
increased and f° value decreased with water con-
tent.

Figure 7 shows the FTIR spectra of PVA gels
prepared from the same gelation condition as in
Figure 5. The peaks at 1141 and 1095 cm ™' were
assigned to the crystalline and amorphous se-
quences, respectively. Therefore, the transmit-
tance ratio of 1141/1095 cm ™' was considered to
be the regularity index of the PVA chain. The
transmittance ratio of 1141/1095 cm ' for the
PVA gel changed significantly as the water con-
tent was increased. The crystallite absorption
peak (1141 cm ') showed a remarkable decrease

with increasing water content, indicating that the
crystallinity of the gel became lower with the
water content. On the other hand, Figure 8 shows
X-ray intensity curves of PVA gels as a function of
the water content. Although a large part of the
intensity was the contribution of the solvents, the
(101) diffraction peak of the PVA crystal clearly
appeared at about 20 = 19°. It should be noted
that the (101) diffraction of th ePVA crystal was
due to the intermolecular interference between
the PVA chains in the direction of the intermolec-
ular hydrogen bonding. Therefore, the increase in
the intensity of the (101) diffraction corresponded
to the increase in the number of the regular PVA
chains packing together. The decrease in the
(101) diffraction intensity with the water content
indicated that the size of the PVA crystallite in
the gel network became smaller because of the
difficulty of the crystallization.

Figure 9 shows the variation in the f° value
with the temperature change from 20 to 150°C for
various PVA gels. These could be divided into
three regions from the results of the temperature
dependence of the f° value. The plot exhibited two
transition points in the polymer-rich phase. The
phase transition in the PVA gel could be classified
into three regions as shown in Figure 9. The gels
obviously changed their appearance with the tem-
perature in these three regions. Region I showed
a harder PVA gel with an opaque or turbid ap-
pearance. As the temperature reached region II,
the sample became a soft and transparent gel.
Finally, the PVA gel began to flow above the
higher transition temperature in region III. Gen-
erally, it is considered that the polymer-rich

(101) conc.= 90 g/L
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Figure 8 X-ray intensity curves of PVA gels (C = 90
g/L) as a function of water contents of (a) 0, (b) 10, (¢)
20, and (d) 30 vol %.
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phase consists of denser chain aggregation and
crystallites. Therefore, the lower transition tem-
perature (T;) must be related to the destruction of
denser chain entanglements in the polymer-rich
phase and the higher transition temperature (7<)
is mainly concerned with the melting of the crys-
tallites.

Figure 10 shows the T¢ values obtained from
the pulsed NMR and upside-down test-tube meth-
ods and the T as a function of the water content.
The T¢ and T, values both decreased with in-
creasing water content. Besides, two TS values
were in good agreement, irrespective of the vari-
ous estimation methods. Generally, the T¢ deter-
mined from the upside-down test-tube method is
defined as the temperature at which the gel be-
gins to flow. Because the microcrystallites play
the role of the junctions in the gel network, the TS
must be mainly related to the melting of PVA
crystals. In our previous study'® we considered
that the significant crystallization of PVA/EG so-
lution must take place for the gelation because of
the poor solubility of the solvent, then resulting in
an opaque gel with high crystallinity. Stokes and
Berghmans® also proposed an aggregation model
for the gelation mechanism of PVA/EG solution
through thermal and X-ray analyses. Their model
indicated that the PVA/EG gel prepared at room
temperature consists of some particle-like aggre-
gates (polymer-rich phase) as physical crosslinks
in which many crystallites are present. As the
water content in the mixed solvent is increased,
the affinity of the solvent to PVA must be in-
creased to give rise to the lower thermal resis-
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tance of the gel. In this work we observed that the
opaque PVA/EG gel became gradually turbid or
translucent as the water was added into the EG.
A thinner gel network must be formed because of
less chain aggregation in PVA/EG/water systems.

CONCLUSIONS

The effects of polymer—solvent interaction on the
aggregation behavior and phase transition of
PVA/EG/water gels were studied. The viscosity
result of diluted PVA solutions showed that the
Huggins constants for pure PVA/EG and PVA/
water solutions were about 1.53 and 0.49, respec-
tively. This meant that the PVA affinity for water
is higher than that for EG. The solvent effect on
the aggregation behavior of PVA solutions was
investigated through light scattering measure-
ment. The linear increase in the logarithm of the
scattered intensity with time was believed to be
described by the linear theory of spinodal decom-
position at the initial phase separation. The rate
of spinodal decomposition of the PVA solution was
rapidly reduced at 10 vol % water content and
then gradually decreased with increasing water
content, implying that the thermodynamic driv-
ing force for the liquid-liquid phase separation
must be easily reduced because of the water mol-
ecules. The spinodal decomposition induced by
the thermodynamic driving force of the liquid—
liquid phase separation was difficult because of
the stronger polymer—solvent interaction. The ap-
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Figure 10 A plot of the transition temperature as a
function of the water content. (@) TS and (A) T, are the
high and low transition temperatures in Figure 9, re-
spectively; (O) T is determined from the upside-down
test-tube method.



1120 HONG ET AL.

pearance of a distinct scattering maximum in the
scattered profile [I(0) vs. 6] was considered to be
attributable to the phase separation and chain
aggregation of the polymer solution. The scatter-
ing peak position shifted to a larger angle region,
indicating that the chain aggregation became
smaller with increasing water content. This re-
sult was in agreement with FTIR and X-ray re-
sults in gels that showed the crystallinity de-
creased as the water content in the mixed solvent
was increased. The pulsed NMR results showed
that the T3, T%, and f* of the PVA gel increased
while the f° decreased as the water content in the
mixed solvent increased. At the water content
above 50 vol %, the samples only exhibited a T%
value, indicating that the samples were still ho-
mogeneous solutions without any larger chain ag-
gregation. The increase in the T% value with the
water content must have been due to the increase
in the affinity of the solvent, to PVA, resulting in
the difficult liquid-liquid phase separation (i.e.,
less packing density of the chain aggregate in-
creased the chain mobility in the polymer-rich
phase). Two transition temperatures were found
in the phase transition of the polymer-rich phase.
The lower transition temperature was considered
to be due to the destruction of denser chain en-
tanglements in the polymer-rich phase, and the
higher transition temperature was mainly con-
cerned with the melting of crystallites.
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