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ABSTRACT: In this study, the relationship between the polymer—solvent interaction
and the network structure of poly(vinyl alcohol) (PVA) gels prepared with organic
solvents such as N-methylpyrrolidone (NMP) and ethylene glycol (EG) are investi-
gated. The values of the intrinsic viscosity [n] and Huggins constant k’ of dilute PVA
solutions indicate that the attractive interaction between PVA and NMP is higher than
that between PVA and EG. The X-ray result shows that PVA-EG gels have a (101)
diffraction peak of PVA crystal that appeared at about 260 = 19°, while PVA-NMP gels
only show a broad amorphous scattering peak. On the other hand, Fourier transform
infrared results of PVA/EG gels also clearly show an intense peak at 1141 cm™' due
to the crystalline absorption. The results of H! pulsed nuclear magnetic resonance
show that the spin—spin relaxation time, T% and T, respectively, related to the poly-
mer-rich and polymer-poor components decrease, and the fractional amount of the
polymer-rich component, ¢, increases, while that of the polymer-poor component, f*,
decreases with an increase in the concentration of polymer. At a given concentration,
the value of /* in the PVA-EG gel is larger than that in the PVA—-NMP one. These
facts indicate that the crystallinity in the PVA—EG gel is higher than that in the PVA—
NMP gel, implying that the aggregation of PVA chains is much easier in the poor
solvent, EG, than in the good solvent, NMP. The structural change with aging time in
the PVA-EG gel is very remarkable because of the significant syneresis, indicating
that the opaque PVA-EG gel with higher crystallinity has a comparatively heteroge-
neous and unstable network structure than the PVA—-NMP gel does. © 1998 John Wiley &
Sons, Inc. J Appl Polym Sci 69: 2477-2486, 1998
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INTRODUCTION

Thermoreversible physical gels constitute three-
dimensional networks whose junction points con-
sist of physical bonds between polymer chains,
that may generally give either a turbid crystalline
gel or a transparent gel. Poly(vinyl alcohol)

Correspondence to: P.-D. Hong.
Contract grant sponsor: National Science Council of the
Republic of China; contract number: NSC-86-2216-E011-008.

Journal of Applied Polymer Science, Vol. 69, 24772486 (1998)
© 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/122477-10

(PVA) is well known as a crystalline polymer, and
it has been suggested that the crystallization nec-
essarily follows gelation in the semi-dilute solu-
tions prepared from various solvents.'™'* PVA
physical gels are believed to consist of crystalline
and amorphous regions. The crystalline region
consists of junction points that are the aggrega-
tion of ordered polymer sequences, while the
amorphous region consists of long flexible chains
connecting between junction points.'*~'* Studies
on PVA gels attract many interests because the
relationship between the aggregation behavior of
polymer chains and physical properties of gels is
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very complicated. Besides, the nature and struc-
ture of junction points are so complex that there
are still subjects of some controversy.

It is well known that the PVA solutions can
form gels with the various kinds of solvents, such
as N-methyl-2-pyrrolidone (NMP), ethylene gly-
col (EG), dimethyl sulfoxide (DMSO), and mix-
tures of these solvents. Ohkura et al.>* have re-
ported that PVA gels with higher elasticity pre-
pared from DMSO-water-mixed solvents at
below —20°C are transparent because the gelation
rate is much faster than that of the phase separa-
tion. On the other hand, Klenina et al.'* pointed
out that the PVA aqueous solution exhibited only
an amorphous separation. Watase and Nishi-
nari'® found that a smaller and broader endother-
mic peak at about 45°C and a sharper endother-
mic peak at 110°C are considered to be respec-
tively attributed to the disentanglement of
polymer chains and the gel melting from the DSC
results of PVA-DMSO-H,0 gels. Our previous
study® indicated that the drawability of dried
PVA gel film is strongly affected by the structure
of wet gel; that is, the gel with a more homoge-
neous structure exhibits higher drawability.
These results, as mentioned above, mean that the
differences in physical properties must be related
to the structural changes of the gels. Generally,
physical properties of physical polymer gels are
considered to be dominated by the aggregation
degree and the molecular mobility of polymer
chains, which are related mainly to the degree of
molecular interaction between polymer and sol-
vent.

In this work, we first investigated the viscosity
of PVA dilute solutions prepared with NMP and
EG in order to determine the interaction degree
between PVA and solvents. Then, the changes in
the structure and properties of PVA gels with
aging time were also studied. Finally, the interac-
tion effect on the structural change of PVA gels
was discussed through X-ray and Fourier trans-
form infrared (FTIR) analyzes. Besides, the de-
gree of chain aggregation and the crystallinity of
gels were investigated using the pulsed nuclear
magnetic resonance (NMR) analysis.

EXPERIMENTAL

PVA powder (M,, = 155000; Aldrich Chem. Co.,
USA) with high degrees of hydrolysis (about
99.8% ) was used in this work. The solvents, NMP

and EG, were analytical grade and purified by
distillation before using.

The homogeneous PVA solutions with various
concentrations of PVA were obtained by heating
at 120—130°C for 2 h and then cooled to room
temperature to form gels. A “test-tube upside-
down” method for determining the gel melting
point, TS, of PVA gel prepared from different con-
ditions of the gelation. The test tube with gel was
kept upside down in a thermostat oven at heating
rate of 0.5°C min ! to let the gel in test tube heat
evenly. The temperature at which the gel began
to flow was defined as the T'S of gel.

Determinations of the viscosity of dilute PVA
solutions were carried out with an Ubbelohde vis-
cometer immersed in a thermostatic water bath
held at 30 = 0.5°C. The intrinsic viscosity, [7n], is
obtained using the Huggins equation, as follows '®:

(t — to/to)/C = (ny,/C) = [n] + k'[7]°C (1)

where ¢ is the time of flow of the dilute solution,
to is the time of flow of the pure solvent, C is
the concentration of polymer, 7, is the specific
viscosity, and £’ is the Huggins constant.

The infrared spectra were measured by using
a Digilab Division BIO-RAD spc-3200 FTIR
equipment. The transmittance peaks at 1141 and
1095 cm ™! were assigned to the crystalline and
the amorphous sequences, respectively.'”'® The
transmittance ratio of 1141/1095 cm ! is the reg-
ulativity index of PVA gels.

The wide-angle X-ray diffraction (WAXD ) pho-
tographs were taken by a flat camera with Ni-
filtered Cu-K, radiation from a Rigaku XG work-
ing at 35 kV and 20 mA at the exposure time
of 2 h. WAXD intensity curves of the gels were
measured with a graphite-monochromatized Cu-
K, radiation generated at 50 kV and 180 mA in
a Rigaku D/max diffractometer at scanning speed
of 20 = 1° min *.

'H pulsed NMR measurements were performed
with an MARAN-20 pulsed NMR spectrometer op-
erating at a fixed frequency of 20 MHz at 30°C.
The recovery time of the spectrometer following a
sequence of pulse was 13 us. The spin—spin relax-
ation time, T, measurements were carried out
using the solid echo' [free induction decay
(FID)] pulsed sequence (90°790°%) (P90° = 2.8
us) available for short T'; sample, for example,
crystalline domains in gel systems, to avoid the
effect of the dead time after the pulse, and Carr—
Purcell-Meiboom—Gill (CPMG)?° pulsed se-
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Figure 1 Plots of 7,,/C as a function of C for PVA
dilute solutions.

quence [90°,7(180°%27),] (P90° = 2.8 us, P180°
= 5.6 us, and n = 4000) available for a long T,
sample, for example, the wet gel system, to elimi-
nate the effect of heterogeneity in the static mag-
netic field.

RESULTS AND DISCUSSION

Figure 1 shows the n,,/C value for PVA dilute
solutions as a function of C. From the linear rela-
tionship in Figure 1, the Huggins constant £’ and
the intrinsic viscosity [ 1] could be estimated using
eq. (1). A solution with a lower value of £’ (less
than 0.4) and a higher value of [7] is generally
considered to be a good solvent, that is, with
higher solubility and strongly attractive interac-
tion between polymer and solvent. The calculated
result shows that the value of £’ for PVA-EG
solution is about 1.53, while that for PVA-NMP
solution is about 0.23. On the other hand, the [7]
of PVA—NMP solution (2.34 dL./g) is larger than
that of PVA—EG solution (1.28 dL./g). These facts
indicate that the affinity to PVA for NMP is larger
than that for EG; that is, the attractive interac-
tion between polymer and solvent in PVA-NMP
solution is higher than that in the PVA-EG solu-
tion. NMP has the doubly bound oxygen in the
chemical structure, resulting in a strong electron
donor or a good hydrogen acceptor. The high di-
pole moment (4.09 X 10 2°C m) can be attributed
to the partial double bond character of the car-
bonyl carbon—nitrogen bond. Patel et al.?! have
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already studied the solubility of PVA-NMP solu-
tion in detail and reported that NMP is a better
solvent for PVA than water and DMSO are. On
the other hand, although the chemical structure
of EG molecule is similar to that of PVA monomer
because the linear structure makes the dipole mo-
ment (2.28 X 10 *°C m) of EG lower. Andreyeva
et al.® have also pointed out that only the use
of solvents, such as diols and triols, that is, the
solvents with a chemical structure that is similar
to that of PVA, has made it possible to form the
single crystal from the dilute PVA solutions. This
may mean that the crystallization in PVA solution
of the poor solution takes place much easier.
Figure 2 shows the WAXD photographs of
PVA-EG and PVA-NMP wet gels. Although a
large part of the scattering intensity in the PVA
gel contributed mainly to that of solvents, compar-
ison of these 2 WAXD photographs show that a
sharper diffraction ring due to the PVA crystal is
clearly observed in the PVA—EG gel, indicating
that the PVA-EG gel has a higher crystallinity
than the PVA—NMP gel. In our previous study,’
some general properties have been compared be-
tween PVA-NMP and PVA-EG gels. PVA-NMP
gels having higher elasticity were transparent,
while PVA—EG gels were opaque. From the X-ray
diffraction (XRD) pattern and turbidity of PVA—
EG gels results indicate that a number of crystal-
lites formed in PVA-EG gels during the gelation,
making the chain aggregation large enough to
scatter visible light; this aggregation behavior
may be the same as that proposed by Stoks et
al.'’ On the other hand, the syneresis was very
obvious within a few minutes in PVA-EG gels,
while no noticeable syneresis occurred in PVA—
NMP gels for several days, implying that the ag-

(a) (b)

Figure 2 WAXD photographs of the PVA gels (C =8
wt %): (a) PVA-EG gel; (b) PVA-NMP gel.
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Figure 3 (a) WAXD intensity curves of the PVA-EG
gels with various C: (a) 8, (b) 11, and (c) 15 wt %; (b)
WAXD intensity curves of the PVA-NMP gels with
various C: (a) 8, (b) 11, and (c¢) 15 wt %.

gregation of PVA chains takes place much easier
in the solution of poor solvent.

Figure 3(a) and (b) show WAXD intensity
curves of PVA-NMP and PVA-EG gels as a func-
tion of the concentration of PVA, respectively. Al-

though a large part of the intensity is the contri-
bution of solvents, the (101) diffraction peak of
PVA crystal clearly appears at about 20 = 19° in
PVA-EG gels but not in PVA-NMP gels. The
intensity peak of the (101) diffraction becomes
more obvious in PVA-EG gels, while PVA-NMP
gels exhibit only an amorphous scattering peak
as the concentration is increased. It should be no-
ticeable that the (101) diffraction of PVA crystal
is due to the intermolecular interference between
PVA chains in the direction of the intermolecular
hydrogen bonding. The increase in the intensity
of the (101) diffraction corresponds to the in-
crease in the number of PVA chains packing to-
gether, resulting in a larger size of the crystallite
in PVA gels. A nearly amorphous or a lower crys-
talline PVA-NMP gel must have a homogeneous
and thinner network structure, which is consid-
ered to be due to the higher polymer—solvent in-
teraction, making the phase separation more dif-
ficult during the gelation.

Figure 4(a) and (b) shows the FTIR spectra of
PVA-EG and PVA-NMP gels with various con-
centrations, respectively. The transmittance
peaks at 1141 and 1095 cm ! were assigned to the
crystalline and the amorphous sequences, respec-
tively. The transmittance ratio of 1141/1095 cm™*
is the regulativity index of PVA gel. The transmit-
tance ratio of 1141/1095 cm ! for PVA-EG gels
is much larger than that for PVA-NMP gels. The
intensity of the crystalline transmittance peak at
1141 cm ' in PVA-EG gel increases remarkably
with an increase in the concentration, while that
in PVA-NMP gel is almost not detected, even at
higher concentrations. This result of FTIR analy-
sis is in a good agreement with that of X-ray anal-
ysis.

Figure 5 shows the melting temperature of gel,
TS, of PVA-NMP and PVA-EG gels as a function
of the concentration, respectively. The result
shows that the T'¢ increases remarkably in both
PVA-NMP and PVA-EG gels with an increase
in the concentration. On the other hand, the result
also shows that the T'¢ of PVA—EG gel is higher
than that of PVA-NMP gel at a given concentra-
tion. Eldridge and Ferry?* have provided a conve-
nient relation, as shown in eq. (2) for calculating
the enthalpy of formation of a mole of junction
points, AH,,. The AH,, value is considered to be
related with the average number of polymer
chains held together in a junction point. Figure 6
shows the plot of 1/T'¢ versus In C, and exhibits
a linear relationship in the experimental data.
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Figure 4 (a) FTIR spectra of the PVA-EG gels with
various C: (a) 8, (b) 11, and (c) 15 wt %; (b) FTIR
spectra of the PVA-NMP gels with various C: (a) 8,
(b) 11, and (c¢) 15 wt %.

This means that the Ferry—Eldridge relation may
apply to PVA gel system in this study.

In C = Const + AH,,/RTS (2)

The AH,, values for PVA-EG and PVA-NMP
gels can be obtained from the slope of the linear
relationship in Figure 6 according to eq. (2). Then
the AH,, values of PVA—-EG and PVA-NMP gels
obtained from Figure 6 are about 150 and 65 kdJ/
mol, respectively. The AH,, value obtained in this
work for PVA—EG gel is close to that reported by
Yamuaura et al.?® They showed the AH,, values
varied from 172 to 238 kJ/mol for PVA-EG gels
prepared from the different PVAs. According to
the result reported by Maeda et al.,?* the enthalpy
of the formation of hydrogen bonding between 2
PVA chains is about 21 kJ/mol. From the above
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Figure 5 Tm® of PVA gels as a function of C: (@) the
PVA-EG gel; (A) the PVA-NMP gel.

discussion, the crystallite size in PVA-EG gels
consist of about 8 PVA chains packing together,
while that in PVA—NMP gel only consists of about
3 PVA chains, although the effect of solvent qual-
ity on the thermal properties, such as the T'¢ of
gels, could not be discussed through the Ferry—
Eldridge relation. There is no doubt that the aver-
age size of the junction point in the PVA-EG gel
is larger than that in the PVA-NMP gel, as is
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Figure 6 Plots of 1/Tm® versus In C of the PVA gels:
(@) the PVA-EG gel; (A) the PVA-NMP gel.
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Figure 7 FTIR spectra of the PVA gels (C = 8 wt %)
as a function of aging time: (a) fresh gel; (b) 4 h aging;
(c) 1-day aging; (d) 4-day aging.

like the results in both WAXD and FTIR. These
results let us consider that the gelation of PVA-
NMP solution must occur before the phase sepa-
ration because the PVA-NMP samples have no
remarkable change in their transparent appear-
ance during the gelation from the semi-dilute so-
lution state. On the other hand, PVA-EG solu-
tions first become turbid, and then the gelation
occurs to form opaque gels. In other words, the
phase separation takes place before the gelation.

The effect of aging time on the structural
change and physical properties of PVA-DMSO—-
water gels has been investigated by Tanigami et
al.?® They pointed out that the enhancement of
the gel modulus and the solvent exclusion could
be attributed to phase separation crystallization
in PVA-DMSO-water gels. Figure 7(a) and (b),
respectively, show the FTIR spectra of PVA-EG
and PVA-NMP gels as a function of the aging
time. The intensities of transmittance peaks at

890 and 1045 cm ' related to EG solvent decrease
remarkably, while the intensity of PVA crystal-
line transmittance peak at 1141 cm ' increases
with an increase in aging time. On the other hand,
there is no remarkable change in the FTIR spectra
of PVA—-NMP gels with an increase in aging time.
The syneresis process is due to the volumetric
shrinkage of gels accompanying solvent exclusion
from gels. Therefore, the remarkable syneresis in
PVA-EG gels indicates that the chain aggrega-
tion easily proceeds further during the aging pro-
cess. The syneresis in PVA-EG gels caused by
the phase separation must be a main reason for
the increase of the crystallinity with the aging
time. Ohkura et al.?® showed that the UV trans-
mission of the PVA-DMSO-water solution de-
creases with an increase in time at a given tem-
perature. They also considered that the gel pre-
pared at a lower temperature yields a phase
separation in the network structure after gela-
tion. It is reasonable that the strongly attractive
interaction between PVA and NMP must produce
the gels with a comparatively homogeneous and
stable network structure.

It is well known that physical gel systems often
exhibit a heterogeneous structure, which leads to
the heterogeneity in chain mobility with a multi-
exponential decay of transverse magnetization in
pulsed NMR.?"-% Generally, the decaying signals
of the transverse magnetization intensity, M(¢),
could be expressed empirically, as in the following
Weibull function®3!:

M(t) = My exp[—(1/a)(¢/T5)"] (3)

where M, is a constant proportional to the total
number of the nuclei with magnetic moment, 7',
is the spin—spin relaxation time, and ¢ is decay
time. The value of a is the shape parameter, 1 =
a = 2, which could express the characteristic of
different component. For a = 1, the Ty can be
disposed to the mobile component, and for a = 2,
the T'; can be disposed to the immobile component
in the material, respectively. The nonlinear least-
square method, which fits the experimental data
into the following equation, makes the analysis of
the decaying process, as follows:

1
M(t) = Mo, eXp{—E (¢/T24)?}
+ MOB eXp(—t/TQB) (4)

where M; is the magnetic moment fraction of i th
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Figure 8 Decaying signals of CPMG for the PVA gels:
(a) the PVA-NMP gel, C = 8 wt %; (b) the PVA-NMP
gel, C = 15 wt %; (¢) the PVA-EG gel, C = 8 wt %; (d)
the PVA-EG gel, C = 15 wt %.

component, and 7Ty is the spin—spin relaxation
time of ith component. From this fitting proce-
dure, we found that the CPMG decaying signals
of PVA gels could be decomposed roughly into 2
components. The fast decaying signals are from
the chain mobility in the immobile polymer-rich
component related to the crystallite and the
denser chain aggregation, and the slow decaying
ones are from that in the mobile polymer-poor
component related to the flexible chain connected
between junction points and the free solvent mole-
cules.

Figure 8 shows the CPMG decaying signals for
various PVA gels. The CPMG decaying signals of
all specimens are first decomposed roughly into 2
components using eq. (4) for calculating T'; and
the fractional amount fof each component. Figure
9(a) and (b), respectively, show the T'; and fval-
ues of each component for PVA-NMP and PVA-
EG gels as a function of the concentration. The f*
and f° values are the fractional amount of long
T, (T%) and short T, (T%) components, which are
related to the polymer-poor and the polymer-rich
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phases in gels, and the fvalue of each component
is obtained from f* = [Mo,/M(t)] X 100% and f'
= [Myp/M(t)] X 100%, respectively. The result
shows that PVA—NMP samples have only a T
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Figure 9 (a) Spin—spin relaxation time T, and frac-
tional amount f of each component in the PVA-NMP
gels as a function of C: (W) Th; (O) T5; (@) 45 (O) f5.
(b) Spin-spin relaxation time 7T, and fractional
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function of C: (W) T%; (O) T3; (@) f'; (O) f°.
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component below C = 4 wt %, while PVA-EG
samples have already exhibited 2 T'y, that is, the
T, and T components at C = 2 wt %, indicating
that the critical gelation concentration of PVA—
EG solution is lower than that of PVA—-NMP solu-
tion.

Figure 9(a) also shows that the T% value of
PVA-NMP gel first decreases rapidly from about
2100 to 650 ms at the lower concentration range,
from 2 to 6 wt %, and then slightly decreases form
650 to 250 ms at the higher concentration range.
On the other hand, the T value only shows a
small decrease from 27 to 15 ms with increasing
concentration for PVA-NMP gels. The f' value
decreases, while the f° value increases as the con-
centration is increased. Similar results, as shown
in Figure 9(b), are obtained in PVA-EG gels, and
the time scale of the T'; value at lower concentra-
tion range is shorter than that for PVA-NMP
gels. This may be not only due to the different

chain mobility of the solvent molecules but also

to the aggregation degree of polymer chains. Be-
cause the gelation of PVA-EG solution has al-
ready taken place gives rise to the reduction of
polymer chain mobility, while that of PVA-NMP
solution does not occur at the concentration below
4 wt %. It is reasonable that the increase in the
degree of chain aggregation must give rise to re-
duce the chain mobility of polymer chains, re-
sulting in a significant decrease of the T% value
from the semi-dilute solution or the sol states to
the gel state. The main difference in the T value
between these 2 gel systems is that, at a higher
concentration range, the T value of PVA-EG gel
is about 10 ms lower than that of PVA-NMP gel,
indicating the polymer chains in the polymer-poor
phase for PVA-NMP gel are more flexible than
those for PVA—EG gel. This is considered to be
due to the degree of chain aggregation, which
must restrict the chain mobility between junction
points. No remarkable change in the 7% value is
considered due to the fact that the chain mobility
is related to the polymer-rich phase of the gel net-
work, which consists mainly of the denser chain
entanglements and the crystallites. Therefore, the
constrained chains within the polymer-rich phase
may yield similar chain mobility with the same
degree of the T'5 value at this decaying time range,
irrespective of the polymer concentration in the
gel state.

From the above discussion, it is very clear that
the aggregation degree of polymer chains in PVA—
EG gels is larger than that in PVA-NMP gels
because the polymer—solvent interaction in PVA—
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Figure 10 Decaying signals of FID for the PVA gels:
(a) the PVA-NMP gel, C = 8 wt %; (b) the PVA-NMP
gel, C = 15 wt %; (¢) the PVA-EG gel, C = 8 wt %; (d)
the PVA-EG gel, C = 15 wt %.

EG solution is lower than that in PVA—NMP solu-
tion. However, there is no direct evidence to indi-
cate that the difference in the crystallinity of the
polymer-rich phase between PVA-NMP and
PVA—-EG gels is shown in the results of the CPMG
analysis at the longer decaying time range be-
cause the T'$ and the f* values of these 2 gels have
no significant difference. Under this circum-
stance, the much shorter Ty component related
to the crystallites in the polymer-rich phase are
separated from the free induction decay (FID) de-
caying signals at the shorter decaying time range
using the solid echo technique. Figure 10 shows
the decaying FID signals for gels. Shiga et al.?®
have reported that the T, value of the junction
domains related to the PVA crystallite was about
10 us in poly(vinyl alcohol)—poly(sodium acry-

late) (PVA—PAA) gels. On the other hand, Fuji-
moto and Nishi®? also considered that the T'; value
of approximately 10 us was contributed to the mo-
lecular motion in the crystal region from many
pulsed NMR results for some crystalline poly-
mers, such as Nylon 6, low-density polyethylene
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Crystallinity of PVA gels as a function of C: (@) the
PVA-EG gel; (A) the PVA-NMP gel.

(LDPE), and high-density polyethylene (HDPE).
Consequently, these results let us assume that
the Ty = 10 ps component should be contributed
to the junction points crystallites in the polymer-
rich phase of PVA gels.

Figure 11(a) shows the fractional amount of
the crystallite, f¢, in the polymer-rich phase,
which is obtained from the separation of the T,
= 10 us component in the FID decaying signals
as a function of the concentration. Figure 11(b)
shows the crystallinity of the PVA gels, which is
obtained from the product of the /* and f* values,
as shown in Figures 9 and 11(a). The crystallinity
of the PVA-EG gel increases gradually from 1 to
about 9%, while that of the PVA-NMP gel has
no remarkable change with a very low value of
approximately 1% as the concentration is in-
creased. It should be noted that the f° values of
the PVA-NMP and PVA-EG gels, as shown in
Figure 9, are in the range from 10 to 20%. The
only 1% crystallinity in the PVA—-NMP gel indi-
cates that the primary part of the polymer-rich
phase consists mainly of the denser chain entan-
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glements. The quality of the polymer-rich phase is
quite different between the PVA—-NMP and PVA-
EG gels. This phenomenon must be due to the
different polymer—solvent interaction making the
different gelation mechanism take place from the
semi-dilute solution state. Generally, the polymer
solution exhibits the liquid—liquid phase separa-
tion under cooling process. The liquid—-liquid
phase separation is usually related to the nucle-
ation-controlled process and the spinodal decom-
position. The gelation mechanism of the PVA—
NMP system must be first induced by the spino-
dal decomposition and then followed by the slight
crystallization within this region, resulting in a
homogeneous and thinner network structure. On
the contrary, the crystallization in the PVA-EG
system must take place before the gelation be-
cause the poor solubility of the solvent used is
more favorable to the intramolecular crystalliza-
tion for forming a chain-folded crystallite during
gelation and then results in the gel with opaque
appearance and higher crystallinity. This consid-
eration could be suggested by Stoks et al.' from
the study on the PVA-EG gel through the ther-
mal and X-ray analyses. They proposed a model
for the gelation mechanism of the PVA-EG solu-
tion. The model indicated that the PVA-EG gel
prepared at room temperature consists of some
particle-like aggregation (polymer-rich phase) as
physical crosslinks in which many crystallites are
present. The crystallinity obtained from the
pulsed NMR in this work for the PVA-EG gel
may provide other evidence for this model.

CONCLUSION

In this study, the X-ray result shows that the
PVA-EG gels have a (101) diffraction peak of
PVA crystal appeared at about 26 = 19°, while
the PVA-NMP gels only show an amorphous
characteristic peak. The FTIR result of the PVA—
EG gels also shows an intense peak at 1141 cm ™!
due to the crystalline absorption. These results
indicate that an opaque or a higher crystalline
PVA-EG gel must have a thicker network struc-
ture, which is considered to be due to the lower
polymer—solvent interaction, making the phase
separation easier during the gelation. Due to a
remarkable syneresis, the crystallinity of the
PVA-EG gels increases with an increase in aging
time, indicating that the gels from poor solvent
exhibit an unstable network structure. The pulsed
NMR result indicates that the gelation rate of the
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PVA-EG solution is much faster than that of the
PVA-NMP solution. At a lower concentration
range, the T value of PVA—EG gel is lower than
that of the PVA-NMP gel. The increase in the
chain aggregation in the PVA-EG gel must give
rise to reduce the chain mobility of polymer
chains, resulting in a lower T% value. The crys-
tallinity obtained from pulsed NMR of the PVA—
EG gel increases gradually from 1 to about 9%,
while that of PVA-NMP gel has no remarkable
change, with a very low value of approximately
1% as the concentration is increased. The only 1%
crystallinity in PVA—-NMP gel indicates that the
primary part of the polymer-rich phase consists
mainly of the denser chain entanglements. The
quality of the polymer-rich phase is quite different
between the PVA-NMP and PVA-EG gels. The
discrepancy in the network structure of the PVA
gels must be due to the polymer—solvent interac-
tion making the various gelation mechanisms. Be-
cause the properties of dilute PVA solutions indi-
cate that the attractive interaction between PVA
and NMP is higher than that between PVA and
EG. The results in this work let us consider that
the gelation of the PVA—NMP solution must occur
before the phase separation, resulting in a homo-
geneous and thinner network structure. On the
other hand, the PVA-EG solution first become
turbid, and then the gelation occurs to form
opaque gels because the poor solubility of the sol-
vent used is more favorable to the intramolecular
crystallization for forming the chain-folded crys-
tallites during gelation.
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