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Structure and dynamics of poly(vinyl alcohol) gels
in mixtures of dimethyl sulfoxide and water

Toshiji Kanaya!, Nobuaki Takahashi?, Hiroki Takeshita’, Masatoshi Ohkura?, Koji Nishida! and Keisuke Kaji!

We reviewed our structure studies on poly(vinyl alcohol) (PVA) gels formed in the mixtures of dimethyl sulfoxide (DMSO) and
water using various scattering methods, including wide-, small- and ultra-small-angle neutron scattering and light scattering.
These studies revealed the hierarchic structure of PVA gels formed in DMSO/water (60/40 v/v) in a very wide spatial scale from
1 A to several micrometers. The crosslinking points are crystallites with radii of ~70 A, the distance between the neighboring
crystallites is 180-200 A, and the bicontinuous structure due to liquid-liquid phase separation is in pm scale. We also review
our dynamic studies on three kinds of PVA gels at the nanometer scale using neutron spin echo techniques to separate the
concentration fluctuations observed by small-angle neutron scattering into the static and dynamics contributions.
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INTRODUCTION
Poly(vinyl alcohol) (PVA) is obtained by the saponification of poly
(vinyl acetate) by the addition of alkali. It cannot, however, be
prepared by the polymerization of vinyl alcohol because the corre-
sponding monomer, vinyl alcohol, is unstable and cannot be isolated.
This fact was first discovered by Herrmann and Haehnel."> PVA is one
of the most interesting synthetic polymers because it is water soluble
and biocompatible, and the applications of PVA span various fields,
including industrial and biomedical materials. Therefore, many scien-
tific and application studies have been performed since its invention.
Here, we briefly discuss the history of science and engineering of
PVA fiber according to Sakurada’s book.? Herrmann et al3 also
produced PVA fiber; they reported that the fiber could be made
from PVA by the well-known wet and dry spinning methods, and the
water resistance of the fibers could be improved by physical and
chemical aftertreatment to make them suitable for use as textile fiber.
Hermann et al. focused mainly on the solubility of the fiber in water
because they intended to use this thread for surgical purposes to
replace catgut and silk. Hence, they improved the water solubility but
were not interested in the water resistance of the fiber. Studies on the
water-resistant PVA textile fiber started in 1938 in Japan. Sakurada
et al.> at Kyoto University prepared water-insoluble PVA fiber by wet
spinning an aqueous solution of PVA using a sodium sulfate solution
as a coagulation bath with the subsequent formalization of the fiber.*
Furthermore, they succeeded in improving the hot-water resistance of
the fiber by heat treating the wet-spun fiber in hot air.%® The pilot
plant for developmental work on this fiber was erected in 1942 on the
campus of Kyoto University through the support of a semigovern-

mental organization. Immediately after the end of the Second World
War, Kurashiki Rayon Co. (renamed to Kuraray Co., Kurashiki,
Okayama, Japan) reactivated its second pilot plant and proceeded
with extensive development studies.

They succeeded in establishing an industrial process for PVA as well
as for the fiber; they also established plants for the production of both
PVA and its fiber. Commercial production started in 1950. Thus, PVA
and its fiber had an important role in polymer science as well as in the
polymer industry in Japan. Extensive studies to find new functions
and higher performances for PVA still continue in Japan.

One of the characteristic features of PVA is its gelation in various
solvents upon cooling.”~'® Hydrogels of PVA can be obtained from the
aqueous solutions and are often used for tissue engineering.!®!>
The properties of PVA gels are well known to depend on the solvents
and preparation methods.”!¢ For example, PVA hydrogels prepared
with free-thaw cycling show interesting features of transparency and a
high modulus.!® Hyon et al.® have reported PVA gels prepared in
mixtures of DMSO and water, which also showed very interesting
features that depend on the ratio of DMSO to water. When the ratio of
DMSO to water is 0.8, the gel obtained at room temperature is
transparent, whereas it is opaque for the ratio of 0.6. Furthermore,
when the PVA in a mixture of DMSO and water at a ratio of 0.6 is
quenched to temperatures less than ~ —20 °C, the obtained gels are
transparent. Thus, the properties of the gels in mixtures of DMSO and
water are interesting, and the gels provide good examples for inves-
tigations of the gel structure and the gelation mechanism.

For the past two decades, we have studied the structures
and structure formation processes of PVA gels on a wide scale using
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techniques such as macroscopic observations,' 1317 wide-, small- and

ultra-small-angle neutron scattering (WANS, SANS and USANS),18-23
and light scattering.?’ In addition, neutron spin echo (NSE)
measurements have also been performed to elucidate the dynamic
properties of three kinds of PVA gels.?®~*" In this article, we review our
previous results on the structure, structure formation process of PVA
gels formed in mixtures of DMSO and water and the nanometer-scale
dynamics for three kinds of PVA gels.

EXPERIMENTAL PROCEDURE

Materials and gel preparation

Fully saponified atactic PVA samples with a number-average degrees of
polymerization P, in the range of 186 to 20200 were used. PVA with
P,=1700 was mainly used for the SANS, USANS and light scattering (LS)
measurements. The molecular-weight distributions M,,/M, are ~2,'2 where
M,, and M,, are the weight- and number-average molecular weights, respec-
tively. The details of the characterization of the PVA samples have been
reported previously.!? Deuterated atactic PVA (PVA-d,;) was also employed
for the WANS measurements. The number-average degree of polymerization P,
was 1700 and the M,,/M, was 2.01. The solvent used for the WANS, SANS
and USANS measurements was a mixture of deuterated DMSO (DMSO-dg)
and heavy water (D,O). A mixture of protonated solvents was used for the
macroscopic observations and the LS measurements.

Gel samples were prepared as follows. A given amount of PVA was dissolved in
the solvent at ~130°C to be homogenized in a sealed glass tube under vacuum
to avoid contamination from atmospheric H,O. After a second homogenization
at 100 °C, the solution was quenched to various temperatures for gelation. The
gelation time was macroscopically determined by a tilting method.

Measurements

WANS measurements were performed with a high-intensity total scattering
spectrometer of time-of-flight (TOF) type installed at the pulsed thermal
neutron source in the National Laboratory for High Energy Physics (KEK),
Tsukuba, Japan. This spectrometer can cover a Q range from 0.5 to 50 A1
using neutron wavelengths of 0.3 to 4 A.

SANS measurements were performed with the SAN spectrometer’! at KEK,
Tsukuba, Japan, the SANS-U spectrometer®? at the JRR-3M reactor located at
the Japan Atomic Energy Research Institute (JAERI), Tokai, Japan and the
30m-SANS spectrometer®® at the High Flux Isotope Reactor located at Oak
Ridge National Laboratory, Oak Ridge, TN, USA. The SAN spectrometer is a
TOF-type small-angle scattering spectrometer installed at the pulsed cold
neutron source. The Q ranges covered by the SAN, SANS-U and 30m-SANS
spectrometers were 0.01 to 0.2 A1,0.003 to 0.1 A=! and 0.003 to 0.03 A~!,
respectively. In all the SANS measurements, incoherent scattering contributions
from hydrogen atoms of the gel samples were subtracted.

For USANS measurements, we used the ULS spectrometer®* equipped with a
Bonse—Hart camera installed at the cold neutron source in the JRR-3M reactor of
JAERI The wavelength of incident neutrons was 4.73 A. The full width at half-
maximum of the rocking curve was 4.4 s for the parallel setting of double crystals
of Si 111 with five successive reflections. The Q range of 107> to 1072 A~! was
covered by the spectrometer. The observed scattering intensities were corrected
for the smearing effect due to the line slit by assuming an infinite length of the silt.

Light-scattering measurements were performed with a Malvern Instruments
System 4700 (Malvern Instruments, Ltd., Worcestershine WR14 1XZ, UK).
using an Ar" laser (A=488nm, 75mW) as a light source. The length of
scattering vector Q=4nnsinQ/A,where n is the reflective index, was in the
range of 3.6x107* to 3.4x1073 A~1. To reduce the effects of inhomogeneity
(speckle) of the samples, which arise from the gel structure itself, the
measurements were performed by rotating the sample cell (10 mm ¢).

RESULTS AND DISCUSSION

Sol-gel phase diagram of PVA solution in DMSO/water and
transparency

Figure 1 shows the sol-gel phase diagram 24h after quenching as a
function of PVA concentration C,, and quenching temperature T for
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Figure 1 Sol-gel transition diagram of poly(vinyl alcohol) in a mixture of
dimethyl sulfoxide and water (60/40v/v). The degree of polymerization
P,=186 (¢), 590 (x), 1700 (@), 5430 (O), 10700 (A), 11900 (A),
20200 (0).

PVAs with various degrees of polymerization P, in a mixture of DMSO
and water (60/40 v/v).!> The solid lines in the figure were drawn by
eye. The time required for gelation (tg) depends on C,,, Tg and Py,. In
general, g increases as Ty increases and C,, and P, decrease, which
indicates that the sol-gel diagram depends on the standing time after
quenching. We confirmed, however, that gelation was almost complete
within 24 h for the examined ranges of Tq, Cp and P,, although the
gelation required more than 24 h at temperatures greater than 40 °C.
Even in cases where the temperature exceeded 40 °C, the resulting
phase diagram is similar to that obtained after a standing time of 24 h.
The sol-gel transition curves in Figure 1 appear complicated, but the
temperature dependence is almost identical for all the samples. Some
distinct features depend on the range of Tj: (1) at temperatures less
than ~—20 °C, the critical gelation concentration C* was independent
of Ty, except for the sample with the lowest degree of polymerization;
(2) between ~—20°C and ~+40 °C, the lowest C* was less than that
observed at temperatures less than ~—20°C; (3) at temperatures
greater than ~+40°C, C* increased rapidly with increasing To and
gelation was not observed at temperatures greater than ~+75°C.

We first consider the sol-gel transition curves at temperatures
<—20°C. In Figure 2, the average C* for various T values at
temperatures < —20°C was plotted against P, in double-logarithmic
form. The slope of the straight line in the figure is —0.5, and the
following relationship was obtained:

Cr = K(Pn)—O.S (1)
where K is a constant. This relationship implies that C* is dominated
by the chain overlap concentration of Gaussian chains. As shown in
Figure 3, the gels formed at temperatures less than ~ —20°C were
transparent, which suggests that gelation occurs homogeneously.
Polymer chains should overlap when an infinite network is formed
over the whole system in the homogeneous solution. A homogeneous
solution with a concentration less than that of the overlap concentra-
tion cannot become a gel because crosslinking points do not connect
over the system. Therefore, chain overlap in the homogeneous solution
is necessary for gelation. The overlap concentration C};g is given by

My
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Figure 2 Critical gelation concentration C* (®) and the calculated overlap
concentration C,*;,g (¢) as a function of the degree of polymerization P, in
the temperature range of —20 to —60 °C.

Figure 3 Photographs of poly(vinyl alcohol) gels in mixtures of dimethyl
sulfoxide and water (60/40 v/v) at various gelation temperatures Tgs. Tq=41,
23, =2, —40°C from left to right.

where M,, is the weight-average molecular weight and (Rg) is the
mean square radius of gyration of the polymer chain. The term (R;) is
given by equation (3) under the Gaussian chain approximation with a
molecular-weight distribution U=M,,/M,,—1:3

bL(2U — 1)
Ry =222 7 3

Re) =307 (3)
where b is the persistence length and L is the contour length. Equations
(2) and (3) give the relationship:

Gy = 2 p) @
n[blo(2U+1)/3]

where m and [y are the molecular weight and the length of the PVA
monomer unit, respectively. We calculated Cy as a function of P,
from equation (4) by assuming a persistence length bof 7 A. The plot
in Figure 2 shows a good agreement between the calculated Cr, and
the observed C*. The overlap concentration could be calculated “from
the intrinsic viscosity, but this parameter was difficult to measure for
the PVA in a mixture of DMSO and water (60/40 v/v) because of its
aggregated nature.!’
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In the temperature range between ~ —20 and ~ 40 °C, each sample
exhibits a C" value less than C* If the solution is homogeneous, gel
formation is difficult at a concentration less than Cj, because all the
polymer chains cannot contact. These results therefore suggest that
gelation in this temperature range occurs in the heterogeneous
solution, similar to gelation in an aqueous solution of PVA.% The
origin of the heterogeneity may be liquid-liquid phase separation or
spinodal decomposition (SD). These possibilities are implied by the
gels in this temperature range being translucent or opaque (see
Figure 3). After the spinodal phase separation, the structures of the
solutions consist of two phases: the polymer-rich and polymer-poor
phases. The polymer-rich phase exhibits a network-like bicontinuous
structure over the whole system. When the concentration of PVA in
the polymer-rich phase is greater than Cy , gelation can occur. The
whole system becomes a gel because of the connectivity of the
polymer-rich phase, even though the macroscopic average concentra-
tion is less than the overlap concentration. Consequently, C" is less
than C* between ~—20°C and ~+40°C.

At temperatures greater than that corresponding to the lowest C’,
C increased with an increase in the quenching temperature Tg. This
result may be explained by taking into account that the crosslinking
points in the PVA gel are crystallites. With respect to crystallization,
PVA is regarded as a copolymer of different stereoisomers, and only
the syndiotactic-rich sequences are available for crystallization.?®3”
According to the theory of crystallization in copolymers proposed
by Flory,?® sequences longer than the minimum stable crystallite
length at equilibrium, which increase with temperature, can convert
to crystallites. The number of syndiotactic sequences longer than the
minimum length per chain, or the number of crystallites, therefore
decreases with increasing temperature. Consequently, C" increases
with temperature. The leveling off of the sol-gel curves was observed
at 70-75°C for all the PVA samples. The equilibrium dissolution
temperature of the PVA crystals in the DMSO/water solution was
greater than 75 °C.

As previously discussed, the macroscopic measurements such as
sol-gel diagram and transparency provided substantial information
about the PVA gels; however, the structure and the formation
mechanism of the PVA gels at the molecular level must be clarified
to allow control of the final structure. We therefore investigated the
structure of PVA gels using WANS, SANS and USANS, as well as LS.

Structure and structure formation process of PVA gels

in DMSO/water

Structure of crosslinking points. PVA is a typical crystalline polymer;
crosslinking points in the gels are therefore believed to be crystallites,
although this hypothesis has never been directly confirmed.!® We
conducted WANS measurements of deuterated PVA (PVA-d,) gel at a
PVA concentration of 10gdl~! in a mixture of DMSO-dg and D,0
(60/40 v/v) at 23 °C. The observed scattering intensity I(Q) is shown
for the gel in Figure 4a in the Q range of 0.8 to 10 A~1. Figure 4b was
obtained when the scattering intensity of the solvent was subtracted
from that of the gel after correcting for the volume of solvent
molecules replaced by PVA molecules. The strongest peak was
observed at Q=1.39 A=, which corresponds to the Bragg diffractions
from the (101) and (101) planes of the PVA crystals. For comparison,
the scattering curve from a PVA-d; solid film measured on the
neutron diffractometer is also shown in Figure 4c. The difference
between the scattering curves of the gel and the solvent (Figure 4b) is
similar to that of the solid film, although the widths of the peaks in the
difference scattering curve are broader than those of the film. This
difference may be due to the small crystallites in the gel. The existence
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Figure 4 Wide-angle neutron scattering intensity Q). (a) Poly(vinyl alcohol) (PVA)-ds gel in dimethyl sulfoxide (DMS0)-dg/DoO (60/40v/v) with
szlogdlfl. (b) Difference intensity between the PVA-d; gel and the solvent. The subtraction was made by taking into account the solvent molecules
replaced by PVA-d4 in the gel. (c) PVA-d4 solid film. The degree of crystallinity is ~45%. (d) Temperature dependence of the scattering intensity at the

Bragg position (@=1.39 A1,

of crystallites in the PVA gel was confirmed, although at this stage
whether they were the crosslinking points in the PVA gel had not been
determined.

To confirm that the crystallites were the crosslinking points, WANS
measurements were conducted as a function of temperature. The
measurements were focused on the strongest Bragg peaks at
Q=1.39 A1, The intensity at Q=1.39 A~! gradually decreased with
increasing temperature, and the Bragg peaks were no longer observed
in the scattering curve at temperatures greater than 75°C. This
temperature agreed well with the melting temperature of the PVA
gels determined by macroscopic observation,!? which confirms that
the crosslinking points of the PVA gel are crystallites. This fact gives us
a basis for interpreting the SANS data presented in the next section.

Size and distribution of crosslinking points. SANS measurements were
performed on the PVA gels in DMSO-dg/D,0 (60/40 v/v) at 23°Cina
Q range from 0.01 to 0.1 A~! using a small-angle scattering machine at
KEK.!® Figures 5a shows the scattering intensities I(Q)s of the PVA
gels with C,=2, 5 and 10gdl™!, which were plotted in double-
logarithmic form after being normalized against C,,. In the Q range
above ~0.05 A1, the scattering intensity I(Q) decreased with increas-
ing Q according to the 4th power law for all the concentrations:

1(Q) ~Q* (5)
This Q dependence corresponds to the so-called Porod’s law, which
indicates that the surfaces of the crystallites in the PVA gels are very
smooth.*® Figure 5b shows the inverse of the scattering intensity
1(Q)~! plotted against Q? in the Q range below 0.045 A-L A linear
relationship was obtained for all the concentrations, which means that
the Q dependence of I(Q) in the Q range below ~0.035 A=! can be
described by the Ornstein—Zernike formula

(=9 (6)

(1+&°Q?)
where £ is a correlation length and I(0) is the scattering intensity at
Q=0. The concentration dependence of the correlation length & is
shown in Figure 6a. The values of ¢ in the gel were ~180 A and were
almost independent of the concentration C,,. Because the crosslinking
points of the PVA gels are crystallites, the correlation length ¢ is
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governed by the inter-crystallite correlations because the correlations
between the crystallites are very strong compared with other correla-
tions, such as those between non-crystallized polymer chain segments.
If the crosslinking points were homogeneously distributed in the
whole system, the correlation length, which is regarded as an average
nearest-neighbor crystallite distance, would decrease with an increase
in the polymer concentration according to C,~'*. However, this was
not the case. As previously discussed, liquid-liquid phase separation
occurred in the PVA solution at 23°C, and the solution was separated
into polymer-rich and polymer-poor phases before gelation. Accord-
ing to the theory of phase separation,* the polymer concentrations of
polymer-rich and polymer-poor phases are thermodynamically deter-
mined to be independent of the total polymer concentration. Conse-
quently, the structure within the polymer-rich phase should be
independent of the total polymer concentration, as schematically
illustrated in Figure 6b. Because the crystallites are mainly produced
in the polymer-rich phase and because the scattering intensity is
governed by the strongest correlation between the nearest-neighbor
crystallites, the correlation length is almost independent of the PVA
concentration.

To observe other aspects of the scattering curve, we calculated the
distance distribution function P(r), which is defined by the inverse
Fourier transformation of the scattering intensity I(Q),*!

P(r) ~ (2/n)rQI(Q) sin(rQ)dQ )

~ 4nr’g(r)
where g(r) is a pair correlation function. The calculated distance
distribution function P(r) is shown in Figure 7 for C,=5 gdl—L Two
broad peaks or shoulders were observed at ~70 and 180~200A in
P(r) for all the PVA concentrations. Based on the previous discussion
on the small-angle scattering intensity I(Q), the peaks or shoulders at
~70A and 180 ~ 200 A were assigned to the intra- and inter-crystallite
correlations, respectively. To separate the two contributions, we fitted
the observed Pj,(7) in the small r range with a model function under
the assumption that the shape of the crystallite was spherical and that
the size distribution of crystallites in a given radius could be
represented by a Gaussian function. The results of the fit are
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Figure 6 (a) Correlation length ¢ of the opaque poly(vinyl alcohol) (PVA) gels (A) and the transparent PVA gel (O) as a function of PVA concentration C,.

(b) Schematic sketch of the phase-separation curve.

shown in Figure 7 by dotted and dashed lines, which correspond to
the intra-crystallite correlation Pjy,(r) and the inter-crystallite corre-
lation Pyye,(7), respectively. The radii of the crystallites were ~73 A,
and the size distributions or the roots of the dispersion were ~15A
for all the PVA concentrations.

We extended the Q range in SANS measurements down to
0.003A~! to observe structural differences between the opaque and
transparent gels.?%?2 The former gel was the same sample as that
discussed in the previous section. The latter gel was prepared using
two methods: by quenching a homogeneous DMSO-d¢/D,0 (60/40 v/v)
solution of PVA to —40 °C, and from the mixture of DMSO-ds/D,0
(80/20 v/v) at 23°C. In Figures 8a and b, the scattering intensities
I(Q)s of the opaque and transparent gels with C,=0.5, 2, 5, and
10gdl~! are plotted. Interestingly, the I(Q) of the transparent gels
obeys the Ornstein—Zernike formula in the low Q range down to
0.003 A1, whereas the I(Q) of the opaque gel shows an upturn below
~0.008 A~1, These results indicate that the opaque gels exhibit a
larger structure or heterogeneity than the network structure. This
heterogeneity was expected to arise from the structure because of the
phase separation, as previously discussed. Transparent gels formed in a

mixture of DMSO-dg/D,0 (80/20 v/v) at 23 °C did not exhibit such
an upturn in I(Q).

The correlation length £ was evaluated for the transparent gels using
the Ornstein—Zernike formula and plotted as a function of C, in
Figure 6. The correlation length ¢ of the transparent gels decreases
with an increase in the PVA concentration C, according to a power
law of & ~ C, 13 except for C,=15gdl™", which suggests that the
crosslinking points (crystallites) are fairly homogeneously distributed
in the gels. This homogeneous distribution is consistent with the idea
that the phase separation does not occur in the transparent gels.

Phase separation before gelation for opaque gels. To obtain direct
evidence for the phase separation, time-resolved LS measurements on
DMSO/H,0 (60/40 v/v) solutions of PVA were performed after the
solutions were quenched to 23 °C from 100 °C.?° Figure 9 shows the
observed time evolution of I(Q) for a PVA solution with C,=5 gdl!
up to 237 min after the sample was quenched. The gelation time ¢
for the PVA solution at 23 °C was macroscopically determined to be
~180min. The scattering intensity I(Q) exhibits a maximum at
~Q=1.1x10">A"!, and the maximum position Q, did not change

87

Polymer Journal



Structure and dynamics of poly(vinyl alcohol) gels
T Kanaya et al

88
500
Intra-crystallite Cp=5g/dl
400 correlation
* Inter-crystallite
-~ ¢ correlation
300 — N Ry
= YA
200 -f Y ¢
i I
i I
100 I
[N
/ K
0 A | | |
0 100 200 300 400 500 600
r/A

Figure 7 Distance distribution function P(r) of poly(vinyl alcohol) gel in
dimethyl sulfoxide /water (60/40 v/v) for Cp:5ng*1. Dotted and dashed
lines correspond to the distance distribution functions due to the
intracrystallite correlation Pipa(r) and intercrystallite correlation Pipte(n),

237 min
218 min
199 min
162 min
86 min
2 min

+1.8um
n
"., USANS
'\.\ 72h
\.5
s.‘_A‘
T 0.6um 0 50 100 150 200 250
* time / min

respectively.

a

T T Ii'llll I T I ||||i[
10° l;— %, —El
10 E
5 = 3
s . .
Sl (1)~ -4
o = -
< E 3
s _F g
= 10" < -
F Vv =
10° E ==
1 1 |!J[|| 1 1 1 ||||i[ :
2 4 68 2 4 68 2

10 10"

Q /A"
b

T T il""l T T T T 71\"'
10° E
2 | _
3 10 E
T - ]
- [ i
S 10k 5
S
10" E
2 2

Q@ A

Figure 8 Small-angle scattering intensity of (a) the opaque gels in dimethyl
sulfoxide (DMSO)/water (60/40v/v) and (b) the transparent gels in DMSO/
water (80/20v/v). A full color version of this figure is available at Polymer
Journal online.

Polymer Journal

ocnoseoRooonoccescer e o K- g Qx 104/A_1
0 1 2 3 4

r/um

0.4 0.2

Figure 9 Time evolution of light-scattering intensity of a poly(vinyl alcohol)
solution in dimethyl sulfoxide/water (60/40v/v) just after being quenched
to 25°C from 100°C, and ultra-small-angle neutron scattering (USANS)
intensity 3 days after being quenched. The inset shows the time evolution of
the light-scattering intensity at the peak position in semi-logarithmic form.

during the measurements. However, the intensity I, at the maximum
position Qp, increased according to an exponential law in the early
stage, before ca. 170 min (see inset of Figure 9). These facts agree with
the predictions for the early stage of SD,*>*? which again confirms that
the phase separation or SD occurred in the DMSO/H,0 (60/40 v/v)
solution of PVA during the gelation process. The characteristic length
in the early stage of the phase separation was calculated to be 0.57 pm
through the relation 2n/Qpax. The evolution rate of the maximum
intensity slowed as the process approached the gelation time fg
(=180 min), which suggests that the structural growth due to the
phase separation is hindered by the elasticity of the network.

As previously discussed, the LS technique is a powerful tool for
observing the phase-separation process at the micrometerscale. How-
ever, LS measurements were limited to fairly transparent samples. In
the late stages of the phase separation, the PVA gels are so opaque that
LS measurements are impossible. We therefore employed a USANS
technique to see the structure in this case. Figure 9 shows the observed
SANS intensity I(Q) for an opaque PVA gel 3 days after being
quenched to 23°C,! the starting sample of which was the same as
that used for the LS measurements. A broad maximum was observed
in I(Q) at Q=0.35x1073 AL giving the characteristic lengths of
1.8 um. This result suggests that the structural growth in the late stages
of the phase separation proceeds against the elasticity of the gel
network.

Phase separation after gelation for the transparent gel. We also
investigated the structural evolution of a homogeneous transparent
PVA gel that was prepared by quenching a homogeneous PVA solution
in DMSO/water (60/40) from 100 °C to —40 °C.2¢ Although the gel
was essentially in the unstable two-phase region at —40 °C, the phase
separation barely proceeded within the usual laboratory time because
the earlier produced network resisted phase separation and the



molecular mobility was very low at this temperature. Consequently,
we observed the time dependence of the volume and transparency of
the gel after the temperature was increased to 25 °C. In addition, time-
resolved LS measurements were performed to observe the microscopic
structural formation.

We measured the volume change as a function of time immediately
after the temperature increased to 25°C. The observed ratio of the
volume V to the initial volume Vj is shown in Figure 10a. No
appreciable change of the volume was observed in the initial 2 min,
but then the volume began to gradually decrease (syneresis) and
leveled off after ~500 min. This result indicates that the gel may have
been in a state of apparent volume equilibrium after ~ 500 min. We
measured the UV transmittance of the gel under the same experi-
mental conditions to observe the transparency as a function of time
after the temperature increase to 25 °C. The change of the transmit-
tance is shown in Figure 10b; the data were corrected for the effects of
volume change. The transmittance began to decrease immediately
after the temperature increase and became 87% of the initial trans-
mittance after 2min. This result suggests that the SD-type phase
separation of the gel proceeds at 25°C. To confirm this phase
separation, we performed time-resolved LS measurements after a
temperature increase from —40°C to 25°C. The time evolution of
the observed scattering intensities I(Q) is shown in Figures 11a and b.
The scattering intensity I(Q) at t=0min observed at —20°C was
almost independent of Q and exhibited no special structure in the
observed Q range. However, the intensity I(Q) after 2.5 min exhibits a
broad peak at ~1.6x10~> A~1, which corresponds to a characteristic
wavelength 4,,=0.39 um, and I(Q) increased exponentially with time
without a change in the peak position. These are the characteristic
features of the early stages of SD-type phase separation. As evident in
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Figure 10 (a) Change in the volume and (b) change in the ultraviolet
transmittance for poly(vinyl alcohol) gel formed in a mixture of dimethyl
sulfoxide/water (60/40v/v) at —40 °C after a temperature increase to 25 °C.
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Figure 11b, the intensity curve I(Q) slightly increased from 34 min to
1080 min; both the peak intensity and the position Q,, remained
almost constant, which suggests a phase separation of the gel network
where the domain growth was extremely suppressed due to the
elasticity of the network. After 1080 min, however, the decrease of
the intensity near the peak position was clearly discernible. Such a
decrease must correspond to the relaxation process during the transi-
tion to a new equilibrium state of two macroscopic phases that consist
of an almost pure solvent phase and a shrunk swollen network phase.

Hierarchic structure of opaque gel. As previously discussed, we
investigated the structure of opaque PVA gels in DMSO/water (60/
40 v/v) in a wide spatial scale from 1A to several micrometers using
various scattering methods.?* In the nanometer region, we observed by
WANS measurements that the crosslinking points are crystallites; the
SANS measurements revealed that the radius of the crystallites is
~70A and that the distance between nearest crystallites is 180-200 A.
In addition, we determined that the surface of the crystallites is
smooth according to Porod’s law. The LS studies showed that the
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Figure 11 Time evolution of light-scattering intensity /(Q) of poly(vinyl
alcohol) gel formed in a mixture of dimethyl sulfoxide/water (60/40v/v) at
—40°C after a temperature increase to 25°C. (a) From O to 34 min and (b)
from 34 to 1080 min after the temperature jump. A full color version of this
figure is available at Polymer Journal online.
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SD-type liquid-liquid phase separation occurs before gelation, which
produces the polymer-rich and polymer-poor phases. The polymer-
rich phase exhibits a bicontinuous structure, and crystallization mainly
occurs in this phase, which results in an opaque gel due to network
structure of the bicontinuous phase. The hierarchic structure of the
opaque PVA gel revealed here is schematically described in Figure 12
with the scattering curves in a wide Q range from 1074 to 10 AL,

Gel formation mechanism. Based on the above observations, we
propose the formation mechanism of the PVA gels in DMSO/water
(60/40v/v), which is schematically represented in Figure 13. At
temperatures greater than ~ —20 °C, the rate of the phase separation
is faster than the crystallization rate or the formation rate of cross-
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Figure 12 Scattering curves of poly(vinyl alcohol) gel formed in a mixture of
dimethy! sulfoxide/water (60/40 v/v) at 25°C in a wide Q range from 104 to
10/3\*1, which corresponds to a real space from several micrometers to
~1A. A schematic sketch of hierarchic structure of the gel in a real space is
also shown in the inset.

linking points. Therefore, the SD-type phase separation occurs in the
solution to separate the polymer-rich and polymer-poor phases before
gelation. The formation of crosslinking points occurs in the polymer-
rich phase of the bicontinuous structure, which results in the opaque
gels. In contrast, at temperatures less than ~—20°C, the crystal-
lization rate is faster than the rate of the phase separation. Conse-
quently, the gelation occurs in a homogeneous solution, which results
in a transparent gel. However, the gel is not in the stable state, but
rather in the unstable two-phase region. Then, the phase separation
occurs very slowly in the gel against the elasticity of the gel network to
finally enter into a new stable state of the macroscopic two phases of
almost-pure solvent and a shrunk swollen gel.

Dynamics in the nanometer scale for three kinds of PVA gels

As detailed in the previous section, we investigated the structure and
the structure formation processes of the PVA gels in DMSO/water (60/
40v/v). Studies of the gel dynamics are necessary to understand the
response of the PVA gels to external fields such as temperature, pH
and electric fields. For this purpose, we investigated the dynamics of
three types of PVA gels in a spatial scale of nanometers to several tens
of nanometers using a NSE technique.** The first PVA gel was a
physical gel formed in DMSO/water (60/40v/v), the structure of
which was studied in the previous section. As previously discussed,
the crosslinking point in the gel is a micro-crystallite, and hence the
lifetime is infinite unless the gel is heated to temperatures greater than
the dissolution temperature of the crystallite. The second gel was a
PVA gel in aqueous borax solution. The complex formation between
hydroxy groups of PVA and a borate anion acts as a crosslinking
network, the lifetime of which is finite because of the exchange of
hydrogen bonding. The third gel was a PVA gel chemically crosslinked
by glutaraldehyde (GA). In this case, the lifetime of the crosslinking
points becomes infinite because of their permanent chemical bonds.
We have performed NSE measurements on these three PVA gels to
compare their characteristic dynamic features.

PVA gels in DMSO/water.  As discussed in the previous section, the
crosslinking points of the network are crystallites. The distance
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Figure 13 Formation mechanism of poly(vinyl alcohol) gels in dimethyl sulfoxide/water (60/40v/v) at temperatures greater than and less than ~—-20°C,

which gives opaque and transparent gels, respectively.
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between the nearest neighboring crystallites is ~180-200 A, and the
crystallites’ radii are ~70 A. In the Q-range between 0.02 and 0.1 AL
Porod’s law [I(Q) ~ Q4] was observed for the SANS measurements,
which was attributed to the smooth surfaces of the crystallites. This Q
range almost corresponds to the Q range in the present NSE
measurements, which implies that we mainly observed the dynamics
of the crosslinking points or the crystallites in the PVA gel.?3%°

Fluctuations of the scattering length density or the concentration
in the PVA gel can be observed in the SANS measurements. It is
estimated using®®

N N
[(Qt=0)=N"> """ (exp[—ir;(0)Q| explir;(0)Q]) (8)
i=1 j=1
where N is the number of scattering elements, r;(0) and r;(0) are the
positions of the i-th and j-th elements, respectively, and < ... > means
the ensemble average. This estimation corresponds to a time correla-
tion function of exp[—ir(t)Q] at t=0. In the NSE measurements,
however, the time evolution of fluctuations or the so-called coherent
intermediate scattering function I(Q,t), can be observed and is
given by®

N N
Q) = N33 (expl—ir(0)Q) expliry(1)Q]) (©)
i=1 j=1
If the fluctuations are time dependent, I(Q,t) decays with time. If they
are frozen, however, I(Qt) is independent of time and remains
constant. The former and the latter cases are called static (or frozen)
and dynamic fluctuations, respectively. We cannot distinguish the
dynamic and static fluctuations in the SANS measurements.

To observe the time-dependent and/or time-independent fluctua-
tions, we evaluated the normalized intermediate scattering function
I(Q,1)/I(Q,0) using the NSE. The observed I(Q,t)/I(Q,0) is shown in
Figure 14 at Q=0.04, 0.07, 0.10 and 0.12 A~ In a short time region
below about 3 ns, I(Q,f)/I(Q,0) decayed rapidly, whereas it did not
decay and remained constant in the longer time range. The observed
intermediate scattering function can be phenomenologically described
by I(Q,0)/I(Q,0)=£1(Q)+[1—£,(Q)]F(Q,t), where f,(Q) is a fraction of
the non-decaying component and F(Q,t) is a generalized decay
function. Assuming that the decay function could be expressed by a
single exponential function, we fitted the equation to the observed
intermediate functions to evaluate the relaxation time t; and the
fraction of the non-decaying component f,,(Q) as a function of Q. The
results of the fits are shown by solid curves in Figure 14, which shows
good agreement with experimental curves within the experimental
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Figure 14 Normalized intermediate scattering function XQ,t)/(Q,0) of
poly(vinyl alcohol) gel in a mixture of dimethyl sulfoxide/water (60/40 v/v).
Solid curves are the results of fits.
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accuracy. The fractions of the non-decaying component f,(Q) and
the rest [1—f,(Q)] correspond to those of the static and dynamic
fluctuations, respectively. The observed total SANS intensity I(Q) was
then divided into the static f,(Q)I(Q) and dynamic fluctuations
[1—£,(Q)]I(Q). The results are shown in Figure 15. The total SANS
intensity was primarily governed by the static fluctuations in the PVA
gel, which indicates that the molecular motions in the PVA gel were
almost frozen, at least in that Q range.

PVA gels in aqueous borax solution. We also studied the dynamics of
PVA in an aqueous borax solution.?? The viscosity of the aqueous
solution with the PVA concentration C,=2.4wt% was about
2x1073Pas~!. The viscosity began to abruptly increase with the
polymer concentration at ~C,=3.0wt%; the viscosity is
~4x10%Pas ! at Cp:4.8 wt%, which is more than five orders of
magnitude greater than that of C,=2.4%.%%* We designated the
aqueous borax solutions of PVA with concentrations less than and
greater than 3.0 wt% as PVA-borax sol and PVA-borax gel, respec-
tively. In the aqueous borax solutions of PVA, the gelation process
occurs through intermolecular hydrogen bonds between hydroxyl
groups on PVA chains because of the intervention of a borate
anion. The crosslinking points are therefore exchangeable, which
results in the gel flowing extremely slowly.

Normalized intermediate scattering functions I(Q,t)/I(Q,0) were
measured by the NSE spectrometer for the PVA-borax sol with
Cp=2.4wt% and the PVA-borax gel with C,=4.8 wt%. In contrast
to I(Q,1)/1(Q,0) of the PVA gel formed in a mixture of DMSO and
water (60/40v/v), the I(Q,)/I(Q,0) of these two solutions appeared to
decay to zero at infinite time, even for the gel. The PVA—borax sol was
a solution, and the Zimm model*® or a bead-spring model with
hydrodynamic interactions is known to describe well the polymer
motions in solutions.*® Therefore, we employed the Zimm model to
analyze these intermediate scattering functions. The coherent inter-
mediate scattering function was scaled using the so-called Zimm time
(Q@*)?3, as shown by de Gennes et al.”® Therefore, the observed
intermediate scattering functions were plotted against (Q3t)%> for the
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Figure 15 Small-angle neutron scattering intensity of poly(vinyl alcohol)
gel in a mixture of dimethyl sulfoxide and water (60/40v/v). (A): measured
by small-angle neutron scattering (SANS) machine, (J): measured by
neutron spin echo (NSE) spectrometer, (®): static (frozen) and (x): dynamic
component in NSE total scattering intensity.
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PVA-borax sol and the gel in Figures 16a and b, respectively. The data
points fall on the theoretically calculated master curve, which suggests
that the Zimm scaling works well for the sol and even for the gel. The
ratio of the Zimm decay rate I', of the gel to that of the sol is only 2.2,
although the viscosity of the gel is more than five orders of magnitude
greater than that of the sol. Surprisingly, the PVA-borax gel appeared
as the sol with respect to the intermediate scattering function, at least
in the Q range of 0.02 to 0.13 A=, Why can the Zimm model describe
the dynamics of the gel although it was developed for solution
dynamics? To consider this problem, we examined the Q dependence
of the first cumulant or the initial decay rate of In[I(Q,t)/I(Q,0)]
(=I'==d{ln[I(Q,)/1(Q,0)]}/d).

In Figure 17, the initial decay rate I'; is plotted vs Q for the PVA—
borax sol and gel in a double logarithmic form. In the Q range above a
certain critical value Q. that is indicated by arrows in the figure, the T;
is proportional to @ for both the sol and gel. This proportionality
agrees with the Q dependence of the Zimm decay rate I",,® which
confirms again that the Zimm model is appropriate to describe the
dynamics of both the sol and gel, at least above Q.. However, the
initial decay I'; is proportional to Q? in the Q range below the critical
value Q., which must be the so-called gel mode.>! This result suggests
that the Zimm model is not appropriate in the low Q range below Q..
The gel mode is a propagating mode on an elastic gel network, which
permits propagation over a range larger than the mesh size of the
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Figure 16 Zimm scaling of normalized intermediate scattering functions
(Q,t)/I(Q,0) of (a) poly(vinyl alcohol)—oborax sol with Cp:2.4 (wWt% andﬂ (b)
gel with C,=4.8 wt%. (®): Q=0.03 A-1, (O): 0.06 A~!, (W): 0.08 A~1,
(0): 0.10 A1, (A): 0.13 A-1. Solid curves are the Zimm master curves.
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network. The mesh size was approximately evaluated from the critical
Q. at the crossover between the Zimm and gel modes. The critical
values Q. were 0.060 and 0.075 A~ for the borax sol and gel,
respectively, which resulted in mesh sizes (2n/Qc) of 105 and 83.8
A, respectively. The ratio of the Q. of the sol to that of gel is 1.25,
which is very close to (2)!/3. This result means that the mesh size of the
gel network is proportional to the —1/3 power of the PVA concentra-
tion, which suggests that the network structures of the sol and gel are
rather homogeneous. The fact that the gel mode was observed in both
the PVA—borax gel and sol may suggest that the gel mode originated
from a temporal network owing to chain entanglements. Finally, we
briefly consider the reason why the polymer chain motion in the gel,
which was similar to that in the sol, is described by the Zimm model.
If all borax molecules work as crosslinking points, one crosslinking
point exists per 8.6 PVA monomers, on average. In this situation,
polymer chains must undergo some constraint by the crosslinking
points. However, the NSE measurements show that the polymer
chains behave as if they have no crosslinking points on the spatial
scale of several nanometers. This result strongly suggests that not all
borax molecules participate in hydrogen bonding.

Chemically crosslinked PVA gels. SANS measurements were per-
formed on the chemically crosslinked PVA gels with various concen-
trations of PVA C, and GA C,.* In Figure 18, the SANS intensities are
shown for C,=0.8 and 8 gdl™! for various C, values. In the case of
C,=0.8g di~1, the SANS intensity increased in the low Q range below
~0.05 A" as the GA concentration Cg increased, which suggests that
the inhomogeneity in the gel increased with the crosslinking density.
In contrast, the SANS intensity of the PVA gel with C,=8gdl™! was
independent of the GA concentration Cj. In the semi-dilute solutions
of polymers (C,=8 gdl™!), the crosslinking between the polymer
chains did not change the structure because the chains overlapped
each other before crosslinking. This lack of structural change means
that the structure of the semi-dilute polymer solution was similar to
that of the gel in the static SANS measurements. However, the
dynamic properties of the gel are expected to be different from
the solution because of the crosslinking.

Normalized intermediate scattering functions I(Q,)/I(Q,0) of the
gels were measured using the NSE spectrometer as a function of
the concentrations of PVA C, and glutaraldehyde C,. In Figure 19, the
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Figure 17 Q dependence of first cumulant I'; (initial decay of In[AQ,1)/
1(Q,0)) for poly(vinyl alcohol)-borax sol with C,=2.4 wt% (®) and gel with
Co=4.8 wt% (O).
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Figure 18 Small-angle scattering intensity /(Q) of chemically crosslinked
poly(vinyl alcohol) (PVA) gels for PVA concentrations of C,=0.8 and 8gdl-1.
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Q,B/(Q0) of a chemically crosslinked poly(vinyl alcohol) gel for
C‘p:8ng*1 and a crosslinker (glutaraldehyde) concentration Cg=6.4 mm.
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observed normalized intermediate scattering function I(Q,t)/I(Q,0) is
shown for the gel with C,=8 gdl~!and Cy=6.4mMm as a function of Q
after being scaled by the Zimm time (Q*)*?. The Zimm scaling works
well in a short time region below about (Q%*!)*3=0.04ns*> A2
whereas the observed I(Q,t)/I(Q,0) deviated from the Zimm master
curve (solid line) and decreased in the long time region (dotted lines),
depending on Q. The decrease was clearly caused by the crosslinking
in the gel. In the short time region, polymer chains did not undergo
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the restriction of the crosslinking; they therefore behave as Zimm
chain. However, they underwent the restriction of the crosslinking in
the long time region, and the motions became slower in the gel than in
the solution. Thus, the NSE measurements were able to detect the
difference of the dynamic fluctuations, whereas the SANS measure-
ments were not.

SUMMARY
We reviewed our previous studies on the structure and dynamics of
PVA gels in mixtures of DMSO and water and in other solvents using
various scattering methods. In the structural study, the various
scattering methods employed here can cover a very wide Q range
from 1074 to 10A™1, approximately corresponding to 6 pm to 0.6 A
in real space. In the spatial scale of nanometers to several tens of
nanometers, we observed by WANS and SANS measurements that the
crosslinking points are crystallites with radii of ~70A and that the
distance between the crystallites is 180-200 A. In addition, the surface
of the crystallites is very smooth. The LS studies showed that the SD-
type liquid-liquid phase separation at the micrometer scale occurs
before gelation at temperatures greater than ~ —20 °C, which results in
the polymer-rich and polymer-poor phases. This system exhibits a
bicontinuous structure, and crystallization or crosslinking mainly
occurs in the polymer-rich phase; the gelation in this phase induces
the whole system to form an opaque gel of the bicontinuous structure.
However, in the case of transparent homogeneous gels prepared by
quenching to a temperature less than ~ —20 °C, spinodal-decomposi-
tion-type phase separation of the network occurred against its elasticity
involving the volume shrinkage process (syneresis). Finally, we sum-
marized the hierarchic structure of the opaque PVA gel (Figure 12) and
the formation mechanism of opaque and transparent gels (Figure 13).
We also studied the dynamics of three kinds of PVA gels: PVA
physical gels formed in DMSO/water (60/40), PVA gels formed in
aqueous borax solutions and chemically crosslinked PVA gels formed
by GA. In the first gel, the static fluctuations were dominant, which
shows that the gel is very hard. For the gel in the aqueous borax
solution, the NSE measurements showed that polymer chains behaved
as if they were in solutions on the spatial scale of several nanometers,
which suggests that not all borax molecules participate in the hydro-
gen bonding to form the crosslinking points. In the third chemically
crosslinked gel, the SANS intensities were observed to not depend on
the GA concentration (or the crosslinking density) in the gels prepared
from a semi-dilute solution (Cp=8gdl_l), but NSE measurements
clearly detected differences in the gels’ dynamics.
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