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ABSTRACT: The dynamic behavior of water in crosslinked chitosan (cr-CS) was studied
at the molecular level by proton nuclear magnetic resonance (*H-NMR) spectroscopy
and positron annihilation lifetime spectroscopy (PALS). Proton line width was used
as a direct parameter of local mobility during swelling. The dynamic behavior of water
in hydrogel can be described by the two following processes: physical movement along
free volume cavities in network and binding with hydrophilic groups of hydrogel. The
formation of bound water and the effect of water on polymer network were correlated
with the relaxation of hydrogel network. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci

67: 983-988, 1998
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INTRODUCTION

Hydrogel is a kind of soft and wet material, and
its properties are determined by the polymer net-
work and water contained. Since the mobility and
freezing—fusing behavior of water in hydrogels
are different from those of free water, the study
of the water state will be very helpful for under-
standing the structures and properties of hy-
drogels. Many methods, such as differential scan-
ning calorimetry (DSC),'~® nuclear magnetic res-
onance (NMR),*® Raman spectroscopy,”’® and
dielectric relaxation spectroscopy,®'° etc., have
been used to study the state of water in hydrogels.
However, most studies have been done under
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equilibrium condition, and the dynamic behavior
of water during swelling is seldom approached. In
arecent article, the dynamic swelling—dissolution
process in a rubbery polymers has been probed
through in situ 'H-NMR measurements.!' The
change of proton line width can be used as a direct
measure of the local mobility in swelling system,
since this change emanates from a spatial averag-
ing of local spin interactions by polymer motions.
The positron annihilation lifetime Spectros-
copy (PALS) measurement is a powerful method
to estimate the size and intensity of the free vol-
ume cavity and its size distribution in poly-
mers.'> '3 The ortho-Positronium (o-Ps) lifetime
(73) enhances with an increase in the size of free
volume cavity, while the intensity I5 of o-Ps is
proportional to the number density of the cavities.
The correlation between the mean radius of free
volume R in polymers and 75 is expressed in a
semi-empirical equation,’* as follows:
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N =73'=2[1 - R/Ry + (1/27)sin(27R/R,)]

where R = R, — AR is the radius of the free vol-
ume, and AR = 1.656 A is an empirical parameter
that was obtained by fitting the measured annihi-
lation lifetimes of cavities with known sizes, 73
and R, are expressed in nanoseconds and ang-
stroms, respectively.

Several notable applications of PALS to poly-
meric materials, for example, hole size, content,
distribution, and anisotropic structure have been
reviewed by Jean,' but less work has been done
on hydrogels.'®'" Ito et al.’® correlated the volume
phase transition of polymer gel with the varia-
tions of size and contents of free volume. Hodge et
al.’” concluded that water affected the free volume
characteristics of PVA in a manner depending on
the state of water within the polymer.

Chitosan is a naturally occurring poly(amino-
saccharide) with a repeating unit of 2-amino-2-
deoxy-3-D-glucan and, which has been reported to
be a promising polymer in medical and biomedical
areas.'® In this article, the dynamic behavior of
water in crosslinked-Chitosan (cr-CS) hydrogel
was investigated by means of '"H-NMR and PALS.
The proton line widths of water and main polymer
chain were monitored at the same time during
swelling of cr-CS. The variations of o-Ps lifetime
(73) and intensity (I3) with water content were
also measured with PALS.

EXPERIMENTAL

Materials

Chitin (from crab shells) was purchased from
Sigma Chemical Co. (Saint Louis, MO, USA).
Preparation and characterization of chitosan have
been reported previously.’® The N-deacetylation
degree (DD) and the viscosity-average molecular
weight of the chitosan are 72.9% and 2.3 X 10°,
respectively. Glutaraldehyde is a biochemical re-
agent, and other reagents are at analytical grade.

Synthesis of Crosslinked Chitosan Hydrogel

The details of synthesis of cr-CS hydrogel have
been described elsewhere.?® 1 g chitosan was dis-
solved in 0.25N acetic acid solution, then the ap-
propriate quantity of 0.5 wt % glutaraldehyde so-
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Figure 1 'H-NMR spectra of cr-CS hydrogel.

lution was added with agitation. The mixture was
poured into a frame mold and maintained at 45°C
for film formation. The film obtained was swollen
in a pH = 7.0 buffer solution of potassium dihy-
drogen—phosphate and disodium hydrogenphos-
phate at 37°C for 4 h to reach equilibrium and
then dried under vacuum at 70°C for two days.

TH-NMR Measurements

The NMR measurements were carried out on Var-
ian UNITY plus-400 superconductor NMR spec-
trometer. Hydrogel samples were cut into pieces
for NMR measurements. The small pieces, 0.12
and 0.16 g, were put into a 5 mm NMR tube; and
0.36 and 0.96 g D,O was poured into the tube,
respectively; then the line widths were measured
directly from the spectra at 22°C.

Positron Annihilation Lifetime Spectroscopy

Hydrogel samples were immersed in the swelling
medium at 22°C for different time intervals until
a variety of water content samples were available
for PALS testing. The PALS measurements were
performed using an EG&G Ortec fast—slow coin-
cidence system with a **Na resolution of 250 ps.
Data were collected at 22°C using a 20 u Ci **Na
kapton source sandwiched between two identical
pieces of the samples. 2 X 10° counts were col-
lected for each spectra, and 1 X 107 counts were
collected for the spectra used for continuous life-
time distributions. The lifetime spectra were re-
solved into three components by using the pro-
gram PATFIT-88, and the lifetime distributions
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Figure 2 Variation of the (a) proton line width of
water and (b) main polymer chains against time during
swelling of c¢r-CS hydrogel with a low water content of
300 wt %.

were obtained by the Laplace Inversion of pick-off
decay curve of 0-Ps using the CONTIN computer
program. The microcomputation of the program
CONTIN was completed in the Laboratory of Nu-
clear Analysis Techniques, Chinese Academia
Sinica.

RESULTS AND DISCUSSION
TH-NMR Studies

The change in line width provides information
about the dynamics of water molecules and their
local environments. Generally, the structural or-
ganization of absorbed water is sensitive to poly-
mer mobility,?* which has been demonstrated to
be affected by water content, so we investigated
the dynamic variation of water in cr-CS hydrogels
with different water content.

The 'H-NMR spectra of cr-CS hydrogel is
shown in Figure 1. Two proton peaks in Figure 1
can be observed as follows: the one at 4.8 ppm
for water, and the other for protons of polymeric
backbone.

Figure 2 shows the plots of variation of the pro-
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ton line width of water and main polymer chains
against time during swelling of cr-CS with a low
water content of 300 wt %. In the early swelling
stage, the higher value of water proton line width,
400 Hz, implies that the movement of water mole-
cules in cr-CS hydrogel is restricted considerably.
Upon swelling, there is a rapid decrease in line
width of water, then a little increase [cf. Fig.
2(a)]. The line width narrowing with time is in-
dicative of the enhancement of internal mobility
versus time."! Due to the low value of 0-Ps lifetime
(73) of cr-CS hydrogel (cf. Fig. 3), that is, low
radius (R) of the cavities, the entry of water will
enforce the polymer network to relax. As a result,
the mobility of water increases, and the proton
line width declines. The relaxation of network is
also reflected in the reduced value of proton line
width for main polymer chain [cf. Fig. 2(b)].
The later enlargement of water proton line
width suggests a reduced mobility of water. It
seems to be contradictory to the relaxation of hy-
drogel. The most likely explanation is that the
state of water has changed. From the view of mo-
bility, the state of water in the hydrogel has been
classified into the following three types*: bound
water, intermediate water, and free water. Be-
cause the line width of the bound water in the
hydrogel was estimated to be in the order of 16
KHz,®? the formation of bound water will greatly
contribute to the total line width. We propose that
the increase of line width may be due to the in-
creasing amount of bound water. At the beginning
of swelling, it is difficult for water molecules to
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Figure 3 o0-Ps lifetime distribution function of cr-CS
xerogel.
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Figure 4 Plots of (M) proton line width of water and
(®) main polymer chains of cr-CS hydrogel with high
water content of 600 wt % as a function of time.

access hydrophilic groups of the dense cr-CS net-
work, and most water molecules exist in a free
state. With the help of relaxation of segments,
more water molecules can enter in the network
freely and bind to hydrophilic groups via hydrogen
bonding, which results in an increase in the
amount of bound water. It is worthy to note that
the line width of main polymer chain protons is
also enhanced after the initial reduction. It may
be attributed to the state of water in hydrogel.
After 30 min of swelling, the water molecules are
entirely incorporated in cr-CS hydrogel network
when the water content is lower. As a result, there
is not enough free water to offer for the mobility of
the water itself, and the polymer chain segments.

For the cr-CS system with low water content,
two processes are observed during swelling: phys-
ical movement of water, and formation of bound
water. In fact, the two processes take place at the
same time, and which one dominates over swell-
ing depends on the structure of hydrogel network.

The plots of proton line width of cr-CS hydrogel
with high water content of 600 wt % as a function
of time are shown in Figure 4. In comparison with
the case of hydrogel in low water content, smaller
values of line width were determined, which indi-
cates that the mobility of water molecules and
polymer chains obviously relate to relaxation of
network. On the other hand, it further demon-
strates that proton line width is a sensitive indica-
tor of internal mobility. The line widths of water
and polymer chain decrease rapidly, then level
off. It is apparent that the physical movement of

water dominates the swelling process when water
uptake reaches to a high enough level.

PALS Analysis

The dependence of 75 and /5 on the water content
of cr-CS hydrogel in distilled water is shown in
Figure 5. The steady increase of 73 and I; was
observed along with the enhancement in water
content; since the measured values of 75 and I
are average values of the binary system, which is
composed of water and polymer network, appro-
priate explanation of the data will have the aid of
a model proposed by Hodge et al.’” They assumed
that the observed values of 75 and I5 are the sum
of the weighted contribution of annihilations in
bulk water and in polymer free volume cavities,
as described by eqgs. (1) and (2), respectively.

T3(net) = AT3(water) + (]— - A)7—3(polymer) (1)

IS(net) = AIB(water) + (1 - A)IB(polymer) (2)

where A is the mass fraction of bulk water. The
assumption is made that 75 and I5 of water in
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Figure 5 Dependence of o-Ps average lifetime (73)

and o-Ps intensity (I3) of free volume cavities on water
content of cr-CS hydrogel in distilled water.
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Figure 6 Plots of Ar; and Al; against water content
of cr-CS hydrogel in distilled water.

polymer are equal to that of bulk water at the
same temperature and are constants as a function
of concentration. 73(yater) a0d I3(water) are taken as
1.80 ns and 28 * 2%, respectively.

According to eq. (1), the maximum value of
Ta(nety Should be 1.80 ns, while the experimental
value of T3y in cr-CS hydrogel surpassing 1.80
ns when water content reaches 10%. It is prob-
able that part of the water molecules absorbed by
the network form clusters, which force the rigid
network to spread apart, enlarging free volume
cavities.!”

As for 73 and I3, they begin to increase at ex-
tremely low water content. Many investiga-
tions?"?? have shown that water molecules exist
in an isolated state, i.e., bound water, when the
water content is lower. If so, the value of 75 and
I3 would not increase due to the fact that o-Ps
pickoff occurs in bulk water only if water clusters
have reached a critical size.'” Therefore, we sug-
gest that individual water molecules bonded to
the hydrophilic groups via hydrogen bonding coex-
ist with water clusters in the early stage of swell-
ing. This interpretation is consistent with the re-
sult of "H-NMR discussed in the last section.

In order to further clarify the dynamic behavior
of water during swelling, the values of 73t
and I3, were calculated according to egs. (1)
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and (2) under the assumption that the value of
T3(polymer) @NA I3(po1ymer) 1S constant as a function of
water content. The difference between calculated
values of 73, I3, and measured ones are plotted as
a function of water content in Figure 6. The posi-
tive value of A7 and Al; indicate that the free
volume of polymer network is not constant, and
the relaxation of network leads to an increase of
free volume. It is worthy to note that there is a
turning point at 31% water content, at which Al
becomes negative and Ar; reaches a maximum.
This may be due to the gradual formation of bound
water during swelling. Because o-Ps pickoff can-
not occur in single water molecule, the measured
values of 73 and I5 of hydrogel will definitely de-
crease with the increase of water molecules
bonded to the hydrophilic groups of cr-CS net-
work. This interpretation strongly supports the
results of "H-NMR.

CONCLUSION

Dynamic behavior of water in cr-CS hydrogel can
be described as the following two processes: physi-
cal movement along free volume cavities of net-
work, and formation of bound water with hydro-
philic groups of network. Which process domi-
nates swelling depends on the structure of the
hydrogel. Bound water is likely to impede the mo-
bility of the main polymer chain, especially for
hydrogel with low water content.
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