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ABSTRACT: The bending mechanism of an electrodriven ionic polymer hydrogel mem-
brane was investigated in terms of the concentration of ionic groups and the valence of
ionic species within the hydrogel membrane. It was elucidated that the distribution of
the ionic concentration played an important role in the bending behavior of the
membrane. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 82: 7680, 2001

INTRODUCTION

The membranes of ionic polymer hydrogels in an
electrolyte aqueous solution show bending in an
electric field. Several researchers have investi-
gated the bending behavior of the ionic hydrogel
membrane.’”* Shiga and Kurauchi pointed out
that the bending phenomenon took place because
of the osmotic pressure caused by the difference
in the ionic concentration between the inside and
the outside of the gel.®> However, there have been
few reports on the bending mechanism analyzed
experimentally from a viewpoint of ionic trans-
port.

Tonic polymer hydrogel membranes with vari-
ous concentrations of ionic groups were synthe-
sized. The bending behavior of the electrodriven
ionic polymer hydrogel membranes was investi-
gated in electrolyte solutions with various va-
lences of counter ion. The objective of this study
was to elucidate the bending mechanism of the
ionic hydrogel membrane based on the ionic
transport.
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EXPERIMENTAL

Poly(vinyl alcohol)—poly(2-acryamide-2-methylpro-
pane sulfonic acid) (PVA-PAMPS) membranes
were used as the ionic polymer hydrogel mem-
branes in this study. The polymerization of PVA-
PAMPS gel membranes were carried out accord-
ing to a procedure previously described.’ The
synthesized PVA-PAMPS gel membranes were
washed with a large amount of distilled water and
then immersed in a Na,SO, or CuSO, aqueous
solution until they came to equilibrium with it.
The bending behaviors of the PVA-PAMPS gel
membranes were evaluated following the proce-
dure described in a previous article.” The bending
angle (6) of the membrane was calculated by the
following equation.

0= 2tan‘1<y) (1)
X
where x and y are the position of the free end of

the membrane on the x—y coordinate shown in
Figure 1.

RESULTS AND DISCUSSION

Figure 2 shows the effect of the amount of ionic
groups on the bending rate. The value of the bend-
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Figure1l Schematic diagram of electrolytic cell for measuring the bending behavior of

the membrane.

ing rate was corrected for the membrane thick-
ness as described in a previous article.’ The bend-
ing rate of the membrane increased with the con-
centration of ionic group below 1M AMPS. Figure
3 shows the schematic diagram of the relation-
ship between the distribution of ionic concentra-
tion both in the membrane and in the outer solu-
tion and the bending of the membrane. At equi-
librium, the concentration of counter ion in the
membrane was higher than that in the outer so-
lution because of Donnan equilibrium. In the ap-
plied electric field, the ionic concentration inside
the membrane on the anode side decreased be-
cause of the transport of cation toward the cath-
ode. The anode side of the membrane swelled
because of the increase of the osmotic pressure
derived from the difference in the ionic concentra-
tion at the membrane—solution interface on the
anode side. The concentration of the counter ion
in the membrane increased with the concentra-
tion of the ionic group even for the same concen-
tration of the outer solution. The bending rate of
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Figure 2 Relationship between the concentration of

the ionic group and the bending rate of the membrane
(10/3.0 V/em electric field).
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Figure 3 Schematic diagram of the bending mechanism of the ionic hydrogel mem-

brane

the membrane increased with the difference in
the counter ionic concentration at the membrane—
solution interface below 1M AMPS because the
osmotic pressure changed drastically in the elec-
tric field. The bending rate of the membrane, how-
ever, did not increase above 1M AMPS because
the free mobile ions did not increase because of
the counter ionic condensation. As a result, the
osmotic pressure did not change largely. The dis-
tribution of the ionic concentration in the mem-
brane due to ionic transport played an important
role in the bending rate.

Figure 4 shows the time course of 6 of the
membranes in Na,SO, and CuSO, aqueous solu-
tions. The concentration of outer solution with
each valence of counter ion (Na* and Cu®") was
regulated for the equivalent conductivity to show
the difference of the bending behavior based on
the valences of counter ion. Despite the equiva-
lent conductivity of electrolyte solutions, the
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Figure 4 Time course of 6 of the membrane (0.75M
AMPS, 10/3.0 V/cm electric field).
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Figure 5 Relationship between the concentration of
the electrolyte solution and the swelling ratio of the
membrane (0.75M AMPS).

membrane in Na,SO, solution bent more quickly
than that in CuSO, solution. To explain the dif-
ference in the bending behavior caused by elec-
trolyte species, the swelling curve of the mem-
branes in each electrolyte solution was measured,
as shown in Figure 5. The relationship between
the change in ionic concentration in the mem-
brane on the anode side and the change in swell-
ing volume of the membrane is also depicted in
Figures 5 and 6. The degree of change in swelling
volume in Na,SO, solution was much larger than
that in CuSO, solution according to the decrease
in ionic concentration in the membrane. When
the membrane was placed in an electric field, the
decrease in the amount of the univalent cation
Na® in the membrane on the anode side was
much larger than that of the bivalent cation Cu®*
under the same current value. Therefore, the
swelling volume caused by the decrease in the
univalent cation became larger in comparison
with the bivalent cation. Thus, the bending rate
in Nay,SO, solution was much larger than in
CuSO, solution, as shown in Figure 4. This
showed that the bending behavior of the mem-
brane depended on the change in swelling volume
induced by the distribution of the ionic concentra-
tion in the membrane formed because of ionic
transport.

To more clearly obtain evidence of the bend-
ing mechanism of the membrane, the bending

behavior of the membrane was investigated
through a series of experiments in which the
membrane immersed in 0.01M Na,SO, solution
was transferred into CuSO, solution. Figure 7
shows the time course of 6 of the membrane
when the electric field was applied across the
membrane under the previously mentioned con-
ditions. The concentration of Na™ in the mem-
brane decreased, whereas Cu®* ions came from
the outer solution and penetrated into the mem-
brane to increase the concentration of Cu®* on
the anode side of the membrane. In the case of
0.01M CuSO, outer solution, the anode side of
the membrane swelled, and the membrane bent
to the cathode because the degree of decrease in
Na* ionic concentration was larger than that of
the increase in Cu?" ionic concentration. After a
while, the anode side of the membrane shrunk,
and the membrane bent to the anode because of
the increase in Cu®" concentration. In the case
of a higher concentration of 0.02M CuSO, solu-
tion, the anode side of the membrane shrunk,
and the membrane bent to the anode from the
beginning because the degree of increase in
Cu?" concentration was superior to that of the
decrease in Na® concentration. Finally, at all
concentrations of CuSO, solution, the anode
side of the membrane swelled, and the mem-
brane bent to the cathode because the distribu-
tion of Cu®?* concentration instead of Na* was
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Figure 6 Ionic mechanism of the bending behavior
based on Figure 5.
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Figure 7 Time course of 6 of the membrane: (@)
0.01M CuSO, aqueous outer solution, (m) 0.016M
CuSO, aqueous outer solution, and (A) 0.02M CuSO,
aqueous outer solution (0.75M AMPS, 10/3.0 V/cm elec-
tric field). The membranes were immersed in 0.01M
Na,SO, aqueous solution at preparation.

formed through the membrane. As shown by
these results, the bending mechanism was based
on the distributions of ionic concentrations in the
membrane caused by ionic transport.

CONCLUSION

In this study, we clarified experimentally the
bending mechanism (behavior) of an electro-
driven ionic hydrogel membrane. It was found
from an experiment with two different type
(valence) cations (Na* and Cu?") that the bend-
ing behavior of the membrane depended on the
distribution of the ion inside the membrane. It
was indicated that the distribution of ionic con-
centration in the membrane played an impor-
tant role in the bending phenomena of the mem-
brane.
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