&
ELSEVIER

S0032-3861(96)00417-X

Polymer Vol. 37 No. 25, pp. 5649-3652, 1996
Copyright © 1996 Elsevier Science Ltd
Printed in Great Britain. All rights reserved
0032-3861/96/$15.00+0.00
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Tough and rubber-like physically crosslinked hydrogels were prepared by blending of concentrated aqueous
solutions of poly(vinyl alcohol) (PVA) and poly(sodium L-glutamate) (PSLG) in an autoclave under 2 atm
pressure at 120°C. There are three types of water in every blend hydrogel, i.e. free water, unfrozen water
(namely bound water), and frozen bound water, Unfrozen water content increases with increasing PSLG
content because of the increase in the number of the ionic ~-COONa group, which has many bonding sites
with the water molecular. Heat of thawing per unit weight of water, i.e. free and frozen bound waters, not
containing unfrozen water (AH,,), estimated for hydrogels having various water contents, was obtained by
dehydration and was smaller than that of free water. Spin lattice relaxation time (77), obtained by pulsed
nuclear magnetic resonance measurement, decreases with increasing PSLG content. These results for AH,,
and T, are caused by the interaction between water and ionic —~COONa groups of the PSLG molecules.

Copyright © 1996 Elsevier Science Ltd.
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INTRODUCTION

Recently, we obtained hydrogels, which had a high
Young’s modulus even in the state of relatively high
water content, from a concentrated aqueous solution of
poly(vinyl alcohol) (PVA) and another hydrophlhc
polymer such as poly(sodlum L- glutamate) (PSLG)!#
or poly(allyl amine) HCI salt®, by using an autoclave at
elevated temperature and pressure.

The water contents of these hydrogels were higher
than that of the PVA hydrogel, which was cast from a
15wt% aqueous solution of PVA and then swollen in
water, and were similar to that of a PVA hydrogel
prepared by repeated freezing and thawing®. Young’s
moduli of the blend hydrogels were lower than those of
hydrogel prepared from a concentrated aqueous solution
of PVA by casting. These moduli were twice as large as
that of PVA hydrogel prepared by repeated freezing and
thawing, and increased with increasing content of
another blended hydrophilic polymer although physical
crosslinks formed by PVA crystallites decreased. These
results mean that the increase in Young’s modulus is
mainly caused by the physical crosslinks of a polymer—
polymer complex between PVA and the hydrophilic
polymer.

Furthermore, the time dependence of the streaming
potential across the hydrogel membranes was analysed
as the relaxation of the polymer chains dissolved in the
liquid phase of the membrane’. The relaxation time
decreased with increasing PSLG content; it is thus clear
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that the crosslinks formed with the complex increase with
increasing blend content.

Since it is well known that hydrophilic polymers
generally have three types of absorbed water, i.e. free,
frozen bound, and unfrozen water®~%, it may be expected
that the blend hydrogels obtained also have similar states
of water. Many investigators have studled the state of
water in chemlcally crosslinked PVA gels®!'® and con-
cluded that in these gels also three types of water exist.
However, the detailed properties of the frozen bound
water in the hydrogels have not yet been clarified.

In this paper, we study mainly the state of frozen
bound and unfrozen water in physically crosslinked PVA
hydrogels prepared by blending PVA with anionic
poly(sodium L-glutamate).

EXPERIMENTAL

Chips of poly(vy methyl L-glutamate) (PMLG) (degree of
polymerization 280) were placed in a methanol/water
(75/25 w/w) mixture containing 1.8 wt% sodium hydro-
xide, and allowed to saponify for 3h under agitation.
The resulting sodium salt of PMLG, namely poly(so-
dium r-glutamate) (PSLG), was separated by filtration,
washed with methanol, and dried in vacuo™ .

The PVA was supplied by Kurarey Co. Ltd as Poval-
120 (degree of polymerization 1700, degree of saponifi-
cation 98.5mol%). It was dissolved in water at a
concentration of 12.5wt% using an autoclave at 120°C
with stirring. The PSLG (12.5 wt%) solution was made
by agitation at room temperature. Mixtures of PVA with
PSLG of five different weight contents, with pH values
about 6, were prepared in the autoclave under 2 atm at
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120°C. After cooling to room temperature, the mixture
separated into two phases, solution and coagulation.
Tough blend hydrogels with high water content were
obtained by dehydrating the coagulation and then
swelling in water. Hydrogels with such properties
cannot be prepared from the above mixtures at usual
atmospheric pressure.

D.s.c. experiments were performed on a Seiko Denshi
DSC-10 in the temperature range of —80 to ~50°C at a
heating rate of 5°Cmin~'. Pulsed nuclear magnetic
resonance (p.n.m.r.) measurements were made using a
Praxis II-10 instrument at 10.72 MHz. The spin-lattice
relaxation time (7)) was measured using the 90/90 pulse
method, because the spin—spin relaxation time was much
smaller than 7.

Water content C,was calculated from equation (1),

Cw(Wt%l) :{(Mswollen - Mdry)/Mdry}
x 100 (1

where Myonen and My, are respectively the mass of
swollen hydrogel and of dried hydrogel.

RESULTS AND DISCUSSION

Figure 1 shows the dependence of water content on
PSLG content, determined from a high resolution n.m.r.
spectrum of the D,O solution of the dried hydrogels!.
Water content increases with the blending of a small
amount of PSLG. The fine structure of the blend
hydrogel prepared by aggregation through phase separa-
tion was rougher than that of PYA hydrogel as shown in
Figure 11 of ref. 1. The water content decreases with
increasing PSLG content above a PSLG content of
6 wt%. Since a hydrophilic polymer forms a complex
with another hydrophilic polymer by hydrogen bonds
between the polymers'>~'°, in this case OH groups of
PVA form the complex with peptide groups of PSLG.
Consequently the hydrophilic groups of the PVA
molecules are not useful as bonding sites with water;
i.e., the water content decreases with increasing PSLG
content. As shown below, unfrozen water increases with
increasing PSLG content, namely increasing the ionic
group. Thus the degree of decrease of water content by
formation of a hydrogen bonded complex is larger than
that of the increase of unfrozen water.

The state of water is usually investigated by using a
d.s.c. instrument. Thus we also measured the thermo-
gram of the hydrogels on heating, as shown in Figures 2

100
90
80 g <
70 /
60
50
40
30

20
10

Water content (wt%)

0 s 10 15 20
PSLG content (wt%)

Figure 1 Dependence of water content on PSLG content
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Figure 2 D.s.c. thermogram for blend hydrogels of water content of
about 82 wt%
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Figure 3 D.s.c. thermogram for blend hydrogels of water content of
about 59 wt%

and 3, in which the water contents of samples are about
8215 and 59 + S5wt%, respectively. In the case of
water content below about 50 wt% there is no peak, or
a very small endothermic peak, at below 0°C. Only one
endothermic peak at 0°C is observed on Figure 2,
whereas two or three peaks are seen below 0°C in
Figure 3. Exothermic peaks were never observed on any
thermogram. According to Murase’s opinion'®, an
endothermic peak observed below 0°C is not due to the
thawing of frozen bound water. This is because the water
compartmentalized by networks in a gel forms unstable
ice, which thaws below 0°C and transforms to a stable
state through an endothermic process. Thus the two or
three endothermic peaks are assigned to frozen bound
water does not change to free water.

In order to elucidate the existence and content of
unfrozen water in the blend hydrogels, d.s.c. thermo-
grams were measured for hydrogels having various water
contents, which were obtained by dehydration, and the
heat of thawing per unit sample weight (AH) was
calculated from the area of the endothermic peak.
Figure 4 shows the dependence of AH on water content
for the blend hydrogel at a PSLG content of 6 wt%. With
decreasing water content AH decreases, and water
content reaches a finite value even for the hydrogel not
showing any endothermic peak. Similar thermograms
were observed for hydrogels containing every content of
PSLG. The water content extrapolated to a zero value of
AH corresponds to unfrozen water content in the
hydrogel. The unfrozen water content and the molar
ratio () between unfrozen water and monomer unit of
the blend polymers are shown as functions of PSLG
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Figure 4 Dependence of heat of thawing per unit sample weight on
water content
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Figure 5 Dependence of unfrozen water content and molar water per
repeated polymer unit on PSLG content

content (Figure 5); both increase with increasing PSLG
content.

As described above, the PVA molecule forms a
complex with the PSLG molecule. Thus the hydrophilic
groups of PVA and PSLG which have bonding sites
with water molecules will be decreased by the formation
of the conmplex between —~OH groups of PVA and
peptide groups of PSLG. This speculation contradicts
the above results. This will be explained by the increase
in the number of ionic —-COONa groups, which bond
with the water molecule. It is reasonable to assume that
o, is constant for the hydrogels with every water
content obtained by dehydration. Thus the content of
unfrozen water (m,) in each hydrogel is calculated from
equation (2),

my = fo X oy x 18 2)

where f, and 18 are the mole fraction of the blend
polymer in the hydrogel and the molecular weight of
water, respectively. Since the weight fraction (W) of
water, i.e. free and frozen bound waters but not including
the unfrozen water, is calculated from equation (3)

Wy =(Cy —my)/100 (3)

for the samples of each water content obtained by
dehydration, the heat of thawing (AH,,) per unit weight
of water (not including unfrozen water) is calculated
from the heat of thawing per unit weight of hydrogels
(see Figure 4) divided by W,. Figure 6 shows the
dependence of AH, on W, for each hydrogel. As
shown in the figure, AH,, decreases from 334Jg ! (the
AH for free water) to about 200J g~ with decreasing
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Figure 6 Dependence of heat of thawing per unit weight of water, not

including unfrozen water, on weight fraction of free and bound waters
(PSLG content: O, 6.0; A, 9.0; <, 13.8; [J, 15.5; ¥, 17; pure water, ©)

w %3
[§9]

3.3 34
(L/T)x10° (K

Figure 7 Dependence of reciprocal of spin lattice relaxation time on
reciprocal of absolute measured temperature (PSLG content: O, 6.0; A,
9.0; <, 13.8; O, 15.5; ¥r, 17; pure water, ©)

W, for the whole PSLG content of the hydrogel. This
means that the water molecules crystallize incompletely
in the highly dehydrated blend hydrogels, and frozen
bound water certainly exists in the hydrogels. Figure 6
shows also that AH, for a hydrogel of high PSLG
content is almost the same as that for free water at low
W, because the water content is low for the hydrogel of
high PSLG content, as shown in Figure [.

From the d.s.c. measurecments for the thawing
phenomena mentioned above, it became clear that
there are also three types of water in physically
crosslinked blend hydrogels. These conclusions, how-
ever, do not lead to any detailed knowledge on the liquid
state of the water. In order to study this state, we made
p.n.m.r. measurements at 25°C. Every logarithmic free
induction curve (not shown) was linear as a function of
time over the whole time range. This means that the
liquid water in the hydrogels at 25°C is in only one state.

Figure 7 shows the temperature dependence of the
reciprocal of T, calculated from the slopes of the curves
of the logarithm of free induction plotted against the
time. Every hydrogel 7 is smaller than that of pure
water. This phenomenon indicates that the mobility of
the liquid state of water in the hydrogels is more
restrained by the polymers than that of pure water,
because these physically crosslinked hydrogels have a
very much smaller water content than that of chemically
crosslinked poly(methyl methacrylic acid) hydrogel'’. T,
decreases with increasing PSLG content, as shown in
Figure 7. The decrease of 7| corresponds to the decrease
in the mobility of the water. Thus we can speculate that
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Table 1 Activation energy of water, not including unfrozen water

PSLG content (wt%) Activation energy (kJ mol™')

6.0 12.2
9.0 12.2
13.8 18.2
15.5 16.2
17.0 12.2

the structure of the hydrogel becomes dense with
increasing PSLG content, or that the decrease in mobility
is probably caused by an interaction between water
molecules and the ionic groups of PSLG. We have
already observed the cross-sectional structure of these
hydrogels by electron microphotography in ref. 1. The
fine structure of the hydrogel becomes rough with
blending. This means that the decrease in the mobility
of the water molecules is caused by the interaction
between them and the ionic groups of PSLG. In other
words, the hydrogen bonding force between the water
molecules is weakened by the interaction.

Thus, estimation of the activation energy (AE) for the
motion of water molecules is useful in order to ascertain
the existence of the interaction. Values of AE were
calculated from the plots of Figure 7, using equations (4)
and (5):

logT)=A-B/T 4)

AE =2303RB (5)

where T, R and B are absolute temperature, gas constant
and the slope, respectively. The AE obtained are shown
in Table 1. The values for the blend hydrogels are very
much smaller than 34 kJ mol ™!, for free water, suggesting
weakness of interhydrogen bonding among water
molecules as speculated above. These results also
support the above discussion on d.s.c. measurements;
i.e., AH,, of the frozen bound water is smaller than that
of free water.

However, as is seen in Figure 2, there are only the
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endothermic peaks of free water in the d.s.c. thermo-
grams for the original hydrogels. This is contrary to the
p.n.m.r. results, as discussed above. This discrepancy
means that, in cooling to —80°C for the d.s.c. measure-
ments, the water restrained by the polymers in the
original hydrogels changes into ice in the state of free
water, and the restrained water of the slightly dehydrated
state also changes into ice in the states of free and frozen
bound waters.
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