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indicating a macroscopically discontinuous second phase.
However, at a microscopic level some of the spheres were
still interconnected. It is only when polymer II is around
10% that the discontinuity is evident and only a few in-
dividual particles are connected.

The major conclusion from this paper relates to the dual
phase continuity of PnBA/PS in sequential IPN’s:

(1) Above 20% of polymer network II, its phase domain
structure was continuous.

(2) Throughout the composition range studied, polymer
network I was continuous.

In a forthcoming paper,? a further analysis of the do-
main sizes will be given, especially with regard to the
theory by Yeo et al.,® and data on semi-IPN’s containing
AA will be presented.
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ABSTRACT: Stress relaxation behavior of polyelectrolyte films under simple tension is affected by the ionic
strength (NaCl) of the swelling medium. In this study, the cationic polyelectrolyte chitosan {(1—4)-2-
amino-2-deoxy-S-D-glucan] was used to prepare films. Swelling at 24 °C showed a salting-in effect up to ionic
strength 0.4, reaching an equilibrium volume of approximately 180% (w/w). Linear stress relaxation behavior
indicated a predominant first elastic component in a two-component Maxwell model, with a first relaxation
time of approximately 107 s, The apparent Young’s modulus increased, with an inflection point at ionic strength
between 0.4 and 1.0. Internal stress of the polycationic films, calculated from linear stress relaxation experiments,
decreased as the ionic strength increased. The internal stress changed from positive to negative at ionic strengths
between 0.4 and 1.0. Nonlinear stress relaxation measurements at extension ratios between 10 and 40% showed
that the instantaneous stress—strain relationships can be represented by the Mooney-Rivlin equation, where
both C; and |Cy| decrease with time, showing a marked dependence on ionic strength. The results indicate
a rearrangement of the molecular chains in the network under tensile stress and also the electrostatic nature
of the interactions responsible for the network integrity in the polyelectrolyte films.

Introduction

Interchain interaction in random coil polyelectrolytes
is largely electrostatic and thus is strongly affected by ionic
strength. Consequently, the mechanical properties of any
polyelectrolyte network is affected by ionic strength. In
order to evaluate the effect of ionic strength on interchain
interactions, a cationic polyelectrolyte, chitosan [(1—4)-
2-amino-2-deoxy-3-D-glucan], deacetylated chitin, was se-
lected for this study. The removal of some or all acetyl
groups from chitin imparts the polycationic nature to

chitosan.! We selected chitosan since it is the only known
available high molecular weight cationic polysaccharide.

The film-forming qualities of chitosan, methods of film
preparation, and some mechanical properties such as
breaking stress and tensile elongation have been reported.!

Previously, we examined the network-forming mecha-
nism of polyelectrolytes using films cast by the evaporation
of solvent from chitosan solutions.”* The results revealed
the electrostatic mechanism of interaction and nonideal
rubber-like elasticity of the films. The non-Guassian be-
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Figure 1. Effect of ionic strength on swelling of chitosan film.

havior was attributed to the increase in cross-linking
density or the increase in electrostatic or hydrogen bonding
upon elongation between the chains as they became more
aligned during deformation.

This study was carried out in order to evaluate the in-
fluence of ionic strength on both the linear and nonlinear
mechanical stress relaxation in simple extension and on
the internal stress of polyelectrolyte films. The films were
tested in a swelling medium containing different concen-
trations of NaCl to determine the effect of ionic strength
on the chitosan molecules in the network and its reper-
cussions on the relaxation process.

Experimental Methods

Sample Preparation. Chitosan (Flonac-N, Velsicol) was
dissolved in dilute acetic acid (0.1665 N) to make a 1.5% (w/w)
solution. The chitosan solution was allowed to stand overnight
and was then filtered. Films were prepared by drying the chitosan
solution in an oven at 80 °C for approximately 24 h. Dried
chitosan films were then neutralized by immersion in NaOH
solution (1.0 N) for 20 min and immediately washed several times
with deionized water until the pH of the wash water remained
constant near neutral. The films were cut and stored in deionized
water until used.

Determination of the Degree of Swelling. Chitosan film
samples were immersed in deionized water and in NaCl solutions
(0.2,04, 1.0,and 2.0 N) at 24 °C. The weights of the swollen films
were determined at 12-h intervals until they remained constant.
After the weights of the swollen samples were determined, the
films were dried and weighed and their densities were determined
with a pycnometer to obtain the volume fraction of swollen
chitosan films.%5

Mechanical Tests. Tensile tests were carried out on strips
(thickness = 2.0 mm; width = 5.5 mm,; length = 10 mm) of chitosan
film with an Instron universal testing machine Model 1122 (Instron
Corp.). Stress relaxation of the chitosan films was determined
while the films were immersed in the swelling medium at room
temperature (24 °C) and at a deformation rate of 500 mm/min.
For the internal stress experiment, the maximum strain was 5%.
The strain imposed was between 5 and 40% for the stress re-
laxation experiments. After the deformation, 5~10 min was al-
lowed for relaxation to calculate the maximum time at which there
was no change in the degree of swelling.34

Results and Discussion

The volume fraction of the polymer in the swollen film
was calculated assuming isotropic swelling (Table I). The
plot of the uptake of the swelling medium by the chitosan
film vs. NaCl concentration (Figure 1) clearly indicated
an increase in swelling, salting-in effect, up to values of
0.4 N NaCl concentration, above which an equilibrium
value of 180% (w/w) swelling was established.

Stress relaxation curves of swollen chitosan films at
different elongations up to 5% were used to assess the
internal stresses due to the condition of the film casting.
The Kubat—Rigdhal method was used to determine the
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Table I
Volume Fraction of Chitosan and Internal Stress
Parameter in Swollen Film

vol frac- internal
NaCl tion of stress, [de/d1n t]/
concn, N chitosan g/mm? init stress
0.0 0.6316 5.6 0.700
0.2 0.6109 2.4 0.594
0.4 0.6061 0.2 0.375
1.0 0.6051 -1.2 0.206
2.0 0.6049 ~2.6 0.014
Table II

Maxwell Model Components for Swollen Chitosan Films as
a Function of the Ionic Strength in the Swelling Solution®

NaCl

conen, E,, 7, X E,, 7, X
N g/mm? 1074, s g/mm? 1074, s
0.0 252 1.89 1.02 0.85
0.2 380 1.94 1.02 0.86
0.4 435 2.10 1.02 0.90
1.0 460 2.21 1.02 0.93
1.5 593 2.40 1.02 0.95
2.0 757 2.70 1.02 0.98

¢ 5% deformation.

: //0.4N
£ 0.5 d % ON
© o// /
S 0.41 o o
2 0.3 $
}7" o /

2 0.2 /
|
o &/ 26C
v, /
// ’ //

5 10 15 20 25
Initial Stress (g/mm?2)

Figure 2. Internal stress Kubat-Rigdhal analysis in swollen
chitosan films at different NaCl concentrations.

internal stresses.®” The steepest slope from each curve of
stress vs. log time for a series of specimens tested at dif-
ferent elongations up to 5% was taken. The slopes were
then plotted against the initial stress, i.e., the stress from
which relaxation was initiated (Figure 2). The intercepts
obtained by extrapolation of the straight lines and their
slopes are given in columns 3 and 4 of Table I, respectively.
The internal stresses decreased with increasing NaCl
concentration and changed from positive to negative at
ionic strengths between 0.4 and 1.0, which corresponds
roughly to the plateau zone observed in the swelling ex-
periments (Figure 1). The decrease in the internal stress,
resulting from an increase in the internal resistance of the
molecules in the network to the applied stress,®° can be
due to an increase in counterions bound onto the polyion
chains with increased salt concentration.!® This effect
increases friction by decreasing the electrostatic repulsive
forces sufficiently to allow interchain hydrogen bonding.
The increase in hydrogen bonding also causes an increase
in the relaxation time at higher salt concentrations (Table
II).

The apparent Young’s modulus was calculated from the
stress relaxation data by using the expression!!1?

3f(e)VH/3

E.(t)N) = m
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Table III
Relaxation Times for Some Biopolymer Networks
first
conen, relaxation

compound % (w/w) time,s type of bond
agar-agar gel? 2.6 1.5%x 108 hydrogen
agar-agar gel® 2.0 1.0x 10°  hydrogen
agarosa gel 2.0 9.8 X 10* hydrogen
agarosa gel? 1.6 5.9 x 10°  hydrogen
agarosa gel? 1.4 49X 10* hydrogen
agarosa gel® 1.25 3.8x 10* hydrogen

curdlan gel® 2.0 6.0 x 102 electrostatic
@ Reference 17. Y Reference 19. ¢ Reference 18.

where E,(t,\) is the apparent relaxation Young’s modulus
(g/mm?), f(t) is the time-dependent force (g), V is the
volume fraction of the polymer in the swollen film, A is
the cross-sectional area of the network in the unrestricted
state (mm?), and X is the extension ratio.

Young’s moduli at a standard time (7 min) from linear
stress relaxation obtained at 5% elongation were plotted
vs. the ionic strength of the swelling media (Figure 3). The
elastic modulus increases with increasing ionic strength,
showing a plateau at ionic strength between 0.4 and 1.0.
This ionic strength region corresponds to the leveling-off
zone in the swelling experiment and also to the point where
the change from positive to negative values occurs for the
internal stresses.

Linear stress relaxation curves were fitted into a gen-
eralized Maxwell model using the method of successive
residuals.’® The first components of the model, Young’s
modulus and relaxation time, for each ionic strength are
shown in Table II, where both values increase with in-
creasing ionic strength.

The relaxation times of chitosan film determined in this
experiment are of the order of 10*s. In cross-linked rub-
ber-like materials, the stress relaxation behavior is asso-
ciated with three main processes,!*"'¢ one with the orien-
tation of the free molecular chain segments, with relaxation
times between 10™* and 107 s, another with the rear-
rangement and friction of segments making the network
structure, with relaxation times of 10>-10°% s, and the last
with the rearrangement of interchain chemical bonds, with
relaxation times between 107 and 10° s. The relaxation
times determined in this experiment are on the order of
magnitude corresponding to the rearrangement of the
chitosan chains in the network. The relaxation time of
chitosan film, 10* s, can also be compared with those of
other biopolymers (Table III). Relaxation times on the
order of 103-10% s have been related to the electrostatic
interactions and hydrogen bonds,!”!? which is in accord
with our previous results.?*
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Figure 3. Effect of ionic strength on the Young’s modulus E,(¢,\)
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The experimental values of the apparent Young’s
modulus for deformation between 5 and 40% were inter-
preted by using the Mooney—-Rivlin equation?-23

E,(t,\) = 6C, + 6C,A!

Thus a plot of E,(¢t,\) vs. Al at various times gave a
straight line with an intercept 6C, and slope 6C,. Selected
values are shown in Figure 4 and for all the samples in
Table IV. Figure 5 shows C; decreasing with increasing
NaCl concentration in the swelling media. This phenom-
enon is caused by a decrease in the electrostatic repulsive

Table IV
Mooney-Rivlin Equation Constants for Chitosan Film as a Function of Time and Sodium Chloride
Concentration in the Swelling Solution?

NaCl constants, time, s
conen, N g/mm? 3.0 8.0 17.0 41 110 220

0.0 6C, 10452 10204 10205 9922 9799 9413
6C, -9818 -9576 -9482 -9316 —-8962 —8800
0.2 6C, 8523 8310 8119 7914 7637 7491
6C, -7444 -7245 -7059 -6858 -6583 -6453
0.4 6C, 7344 7238 7160 7005 6794 6682
6C, -5584 -5526 -5482 -5351 -5154 -5017
1.0 6C, 6612 6446 6290 6128 5962 5626
6C, -4832 -4709 -4588 —-4438 -4293 -3937
2.0 6C, 5883 5705 5664 5571 5453 5272
6C, -2987 —-2895 -2764 -2749 -2749 -2749

2 10-40% deformation.
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Figure 5. log (6C) vs. log t at different NaCl concentrations.
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forces as a result of the neutralization of the fixed charges
on chitosan by counterion bonding. This is in accord with
the decrease in the internal stress observed with increasing
ionic strength. The counterion bonding decreases with
chain stiffness, making the chitosan molecular conforma-
tion more ideal® since electrostatic interaction can impair
the validity of single-chain statistics.?* Accordingly, Table
IV shows the tendency of 6C, to approach the ideal be-
havior (6C, = 0) with an increase in NaCl concentration.

Figures 5 and 6 show the log of 6C, and the log of |6C,|
against the log of time. Figure 5 shows that in all cases
6C, decreases. The decrease can be associated with the
readjustment of entanglements in the network,? a phe-
nomenon that is also supported by relaxation time from
the linear stress relaxation experiments as discussed pre-
viously. Figure 6 also indicates an increase of 6C, with
time, which can be related to the renewal of the random
configuration of the polyelectrolyte molecules in the net-
work.?

Conclusions

The results of this study on mechanical properties of
polyelectrolyte film indicated the following:

(1) The polyelectrolyte network in films showed a
salting-in effect. The chitosan film swelled up to ionic
strength 0.4, above which an equilibrium value of 180%
(w/w) was established.

(2) Internal stresses decreased with an increase in ionic
strength and became negative at ionic strength between
0.4 and 1.0. This decrease may be due to an increase in
the internal resistance of chitosan chains due to an increase
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in ion condensation onto the polyelectrolyte chains.

(3) Linear stress relaxation was described by a two-el-
ement Maxwell model, where the elastic modulus increased
with increasing NaCl concentration, with an inflection
point at ionic strength between 0.4 and 1.0 and relaxation
times of the order of 10* s. These results suggest a rear-
rangement of the chitosan chains within the network and
the electrostatic nature of the bonds responsible for the
film structure.

(4) Nonlinear stress relaxation described by the Moo-
ney-Rivlin equation showed a decrease in C; and an in-
crease in C, with time. This was associated with the re-
adjustment of entanglements and renewal of the random
configuration of the chitosan molecules in the network.

Nomenclature
A cross-sectional area of the network in the unres-
tricted state

C, gnd constants in Mooney-Rivlin equation
2

E,(t;)) apparent relaxation Young’s modulus

E, and first and second elastic component in the gener-
E, alized Maxwell model

f(t) time-dependent force

t time

A extension ratio

o stress

7, and  first and second relaxation time from the gener-
Ty alized Maxwell model
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