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The poly(acrylamide-sodium acrylate) hydrogels were
synthesized by free polymerization under externally imposed
electric fields. The mechanical properties of hydrogel were
measured by tensile test. The results indicate that the Young’s
modulus of hydrogel is increased with electric field strength. It
is shown that the polymerization of polar monomer molecules
with ordered arrangement in the direction of electric field results
in the formation of orientated network structure hydrogel.

Polymer hydrogel is a kind of intelligent polymer material
which can modulate it volume in response to environmental
stimuli such as changes in solvent composition,™ pHS*
temperature,'”" electric field,''* and light irradiation.’® It has
many potential applications in various fields of the drug release
and delivery system,’™® the biotechnology” and the
chemomechanical system®?' for smart actuator, artificial muscle,
sensor, tissue engineering.

So far, many polymer hydrogel samples using different
monomers have been synthesized by the various methods such
as the aqueous solution polymerization, the radiation
polymerization and the photopolymerization. However, these
hydrogel samples have two defects, ie., the weak mechanical
strength and the slow stimulus response, which greatly limit the
practical applications of polymer hydrogels.

Much effort has been made to improve the mechanical
strength and the stimulus response of polymer hydrogels by use
of the graft’>” and interpenetrating polymer methods.2**

In our previous work,** the micromorphology of poly-
(acrylamide-sodium acrylate) P(AM-NaA) hydrogels with
different molar ratios of monomers AM and NaA was studied,
and displayed the nonhomogeneous bubble-film network
structure. In addition, the solvent composition greatly affected
the micromorphology.

P(AM-NaA) hydrogel samples were synthesized under the
direct current electric fields with different high voltages and by
the copolymerization of AM with NaA at a molar ratio of
8.0/2.0 in water (total monomer concentration 0.7034 M)
containing crosslinking agent N, N’-methylene bisacrylamide
MBA 0.1330 g. The aqueous solution was poured into a plastic
container, degassed with high purity nitrogen gas, sealed and put
into the electric field. Then, the redox initiator including
(NH,);S,0; and NaHSO, was injected above solution,
respectively. And the high voltage was immediately imposed on
two parallel plate electrodes. The copolymerization of AM and
NaA was carried out at room temperature for 4 h (see Figure 1).
The hydrogel samples were still colorless and transparent, and
looked to have better strength and elasticity compared with
those synthesized under no externally imposed electric field.
The electric field strength E=V/d, where V is the electric
pressure and d the distance between two parallel plate
electrodes.

As the hydrogel isa  kind of quite soft, elastic and moist
material, its mechanical strength is very weak compared with
those of most of polymer materials. We measured its mechanical
properties by using the device of tensile test shown in Figure 2.
The direction of extension is perpendicular to the direction of
imposed electric field.
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1: plastic container for synthesis of hydrogel
2,3: parallel plate electrodes

4,5: plastic plates

6: direct current high voltage generator

Figure 1. The device of synthesis of poly(acrylamide-sodium
acrylate) hydrogel.
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Figure 2. (a) Advice of tensile test; (b) The size of strip-shaped
tensile specimen of hydrogel: 30x15x5 mm, and the gauge
length 20 mm.

For each of hydrogel sample synthesized under corresponding
electric field strength, we repeatedly do its tensile test.

The stress-strain behaviours of different hydrogel samples
were shown in Figure 3. The mechanical properties of hydrogel
samples were listed in Table 1, where E, represents the tensile
elastic modulus (i.e., Young’s modulus), o, the proportional
limit, o, the tensile strength (i.e., the tensile stress at break) and
g, the percentage elongation at break. It is evident that the
mechanical properties (except for g,) all increase with the
electric field strength E. Especially, the Young’s modulus
E,=5.20x10° N/m* of hydrogel sample under the external
electric field of E=3.28x10° V/m grows 2.6-fold as E,=2.0x10?
N/m? at E=0 V/m (i.e., no external electric field). It is clear that
the mechanical strength of hydrogel can be greatly improved by
use of above synthetic method.

Note that the values of ¢, and g, in Table 1 cannot represent
the real ones of hydrogel samples. In fact, they are always lower
or may be quite lower than the corresponding real values
because all of the breaking points in the tensile tests of
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hydrogel specimens are at one of two damping ends. This is
because the damping force weakens the strength of specimen at
damping end , no matter which shape of hydrogel specimen.

5000+
e (D)
4000
e (6)
2 3000 5
E —+ (5)
: e -
~ 20001 e e (@)
B (3)
1000 o e o (2)
()
0 . . . . . —
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

€

Figure 3. The stress-strain curves of P(AM-NaA) hydrogel
samples.E(V/m)=(1) 0; (2) 2.30x10%; (3) 3.28x10%; (4) 6.57x10%;
(5) 1.97x10%; (6) 2.63x10% (7) 3.28x10°.

Table 1. The mechanical properties of P(AM-NaA) hydrogels

No. E(V/m)x10°  E,(N/mH»x10° o, (N/m’) o, (N/m®) &%)

1 0.00 2.00 651.7 1232 66.2
2 2.30 2.55 969.5 1669 89.9
3 3.28 2.60 1232 1929 99.8
4 6.57 2.98 1320 2192 108
5 19.7 3.18 1465 2918 117
6 26.3 4.90 2665 3674 102
7 32.8 5.20 3093 4662 112

The P(AM-NaA) hydrogels mentioned above have identical
FT-IR spectra including main characteristic absorption peaks of
amide group at 1640 cm™ and carboxy anion at 1576 cm™. It
indicates that the composition of P(AM-NaA) hydrogels does
not vary as the imposed electric field strengths. And nor do the
crosslinking densities of P(AM-NaA) hydrogels because of the
weight of crosslinking agent MBA being kept constant in each
of pregel solutions.

It is well known that the polar small molecules in a static
electric field tend to orient themselves in the direction of the
externally imposed field. In other words, AM and NaA
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Figure 4. (a) weak electric field; (b) strong electric field; (c)
orientated network structure of hydrogel.
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monomer molecules in pregel solution under the externally
electric field surely form the ordered (or orientated) arrengment.
So it can be forseen that the polymerization of ordered monomer
molecules certainly results in the formation of orientated
network structure of hydrogel, which is conducive to the
increase of mechanical strength of PCAM-NaA) hydrogel.

The order degrees of both network structure of hydrogel and
monomer molecules greatly depend on the imposed electric field
strength and the teraperature. At the room temperature they are
proportional to the externally imposed electric field strength E.
So the Young’s modulus E, of hydrogel increases with the
electric field strength E (see Figure 3).

We can use the following model to describe the formation of
orientated network structure of hydrogel (see Figure 4).
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