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Abstract

Recently we reported on chitosan hydrogel systems having excellent laser damage resistance. The measured laser damage threshold (LDT)
was better than BK7 glass and quartz, commonly used inorganic optical materials, and 20 to 35 times higher than commercial PMMA, a
popular polymer optical material. In this study, we continue our investigation of the phase transition behavior of water within the hydrogels
by means of oscillatory shear rheology. The crystallization and melting behavior of ice in these hydrogels is greatly affected by the internal
structure of the network. Changes in this structure are probed by comparing differences in the rheological measurements at temperatures
above and below freezing. Trends among the measured shear storage modulus (G0), shear loss modulus (G00) and shear loss tangent (tand )
are shown to be related to the mobility of water within the gels. The activation energy associated with the melting of ice in a particular
hydrogel was found to be significantly higher than the melting enthalpy of pure ice, suggesting imperfection in the ice crystals and/or a low
degree of crystallinity in the hydrogel.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The rapid increase in the use of lasers in high-tech appli-
cations such as electro-optical equipment and medical
instruments has resulted in a strong interest in materials
which can survive high laser radiation power [1–5]. It is
also well recognized that the failure of many laser devices is
caused by important optical components being destroyed by
laser-induced damage [3,6]. Polymer optical materials, such
as polymethyl methacrylate (PMMA) and polycarbonates
(PC), have substantially lower laser damage resistance
than many inorganic compounds [3,7–10]. Many attempts
have been made to improve the laser damage resistance of
polymer materials in the last two decades [11–13].
Recently, our lab reported that hydrogel systems based on
chitosan polymers have emerged as a new class of host
materials for laser applications [14,15]. These chitosan
hydrogel systems show excellent laser damage thresholds
(LDT) of 290–450mJ, 20 to 35 times higher than that of
commercial PMMA (16mJ). The measured LDT is also

substantially better than BK7 glass (68mJ) and optical
grade quartz (272mJ), widely used inorganic optical mate-
rials [15], when tested in identical experimental configura-
tions.

The water in a hydrogel systems has been shown to play a
key role in the enhancement of the LDT, with LDT increas-
ing with increasing water content for these gel systems.
These gel systems are considered crosslinked macromole-
cular networks which form a heterogeneous microporous
structure holding a large amount of water [15]. This water
has been shown to be either bound in part by hydrophilic
interactions with the internal polymer surfaces or associated
to different degrees depending on the internal structure. The
substantially higher mobility of water in the gels compared
to solid polymer molecules leads to self-healing and a large
energy dissipation capability upon laser irradiation. Water
adjacent to the irradiated spot can quickly flow into micro-
vacancies resulting from the vaporization (and/or decompo-
sition) of water at the laser focus area. Thus, the water’s
micro-Brownian movements efficiently remove the heat
energy induced by the laser radiation. This energy transfer
is enhanced as the amount of bound water is decreased.
Thus, as the polymer network density is decreased, behavior
approaching that of pure water is observed.
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In this study, we continue our investigation of the phase
transition of water within these gels and the effect of cross-
linking. We have used oscillatory shear rheological
measurements to probe the local environment due to its
high sensitivity to molecular relaxation processes. Specifi-
cally, we infer information regarding the ratio of bound to
unbound (weakly associated) water by examining changes
in the melting behavior and relating these to local differ-
ences in the internal structure. Different temperature and
frequency sweeps were performed in an attempt to further
understand the relationship between the structure and prop-
erties. These results are compared to the conclusions made
in our recent studies using DSC measurements [15] with
regard to the high LDT observed.

2. Experimental procedures

As shown in Table 1, nine chitosan/polyacrylate hydro-
gels were prepared with variation in both water content and

crosslinker ratio. Three different water contents and cross-
linker ratios were examined. Details about the chemistry
and basic characterization as well as the general procedures
for preparation of the chitosan hydrogel system can be
obtained in Ref. [15]. The water content was measured
gravimetrically by vacuum drying (GVD). Thermal gravi-
metric analysis (TGA) was used to confirm the water
content as measured with GVD. Strong agreement between
the TGA and GVD measurements were found as indicated
by comparing the water contents of sample I: 50% (GVD)
and 44% (TGA); sample V: 75% (GVD) and 73% (TGA);
and sample IX: 86% (GVD) and 85% (TGA).

The oscillatory shear rheological measurements were
performed on a dynamic mechanical spectrometer (Rheo-
metrics Model RDA-II). An oscillatory strain is applied to
the samples (Eq. (1)),

g�t� � g0cos �vt� �1�
and the shear stress (Eq. (2)) is measured from the resultant
torque.

s�t� � G*g0cos�vt 1 d�: �2�
Eqs. (3) and (4) are then used to calculate the character-

istic storage and loss moduli from the complex modulus,
G*, and phase angled :

G0 � G*cosd; �3�
and

G00 � G*sind: �4�
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Table 1
A list of the measured samples of the modified chitosan samples. Different
chitosan hydrogel samples examined

Water content (%) Crosslinker ratio (%)

0.75 1.25 2.5

50 Sample I Sample II Sample III
75 Sample IV Sample V Sample VI
86 Sample VII Sample VIII Sample IX

Fig. 1. Representative logarithm plot ofG0 andG0 vs. frequency of sample VII at2 15 and 58C.



For all the hydrogel samples, a 2.5 cm diameter disc was
used except for the air-dried sample (water content of 7%),
where a 5 mm disc was used as a result of volume shrinkage.
The thickness of all samples was approximately 1 mm. The

applied strain was 1%. The shear frequency varied from 0.1
to 100 rad/s and temperature sweeps spanned from2 20 to
1 208C with different heating rates from 0.5 to 28C/min. A
home-made acetone dry-ice heat exchanger was used to
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Fig. 2. Time evolution of shear storage modulus (open circles), loss modulus (open squares), along with temperature (closed squares) during coolingand
subsequent annealing atT � 2 158C for (a) sample IX and (b) sample I.



provide cooling for the N2 flow in the sample environmental
chamber. A uniform thin layer of silicone vacuum grease
was applied to the outer-circular edges of the shear-discs to
prevent water loss from the samples. This grease was proven
to have a negligible effect on the measured rheological prop-
erties. Inspection of post-rheology samples confirmed the
prevention of water loss.

3. Results and discussion

Fig. 1 shows a representative frequency spectrum for
sample VII atT� 5 and 2 158C. At T� 58C, the material
is gel-like, with storage and loss moduli versus frequency
curves being approximately parallel. Cooling this sample to
2 208C and then heating to2 158C dramatically affects the
rheological spectrum (Fig. 1). A large increase in the moduli
magnitude occurs, along with the appearance of a crossing
of G0 andG00 atv < 25 rad/s. The large increase in moduli
at the lower temperature is attributed to the formation of ice.

Cooling the hydrogel samples to2 158C results in a time
evolution of storage and loss modulus that depends strongly
on the weight fraction of water present in the hydrogels.
Shown in Fig. 2(a) is the time dependence of the shear
storage and loss modulus for sample IX (high water content)
during cooling from room temperature to2 158C at a rate
of approximately 108C/min and subsequent annealing at this
temperature. It can be seen from Fig. 2(a) that following a

period of weak temperature dependence, the storage and
loss moduli are observed to increase by two and three orders
of magnitude, respectively, over the course of approxi-
mately 5 min. This increase is attributed to crystallization
of water within the hydrogel. Sample I (low water content)
shows contrasting behavior, as shown in Fig. 2(b). In this
case, even after annealing atT � 2 158C for 10 min, no
rheological evidence for crystallization is observed, indicat-
ing that a minimum water content in the hydrogels,w .
50% (approximately), is required for crystallization to occur
at 2 158C. Based on these results, the temperature sweep
experiments that are discussed later were initiated only after
an isothermal steady state was achieved, thereby ensuring
completion of any water crystallization.

Fig. 3 gives a typical result of the temperature-dependent
rheological properties for the hydrogels, in this case sample
VIII. For this experiment, the oscillation frequency was
0.1 rad/s and the temperature was cooled to2 208C,
annealed for 5 min, then heated from2 20 to 208C at a
rate of 0.58C/min. Fig. 3 indicates that belowT ù 08C
(approximate melting point of ice,Tmw), the hydrogel is a
viscoelastic solid with both the shear storage modulus (G0)
and shear loss modulus (G00) being strongly temperature
dependent and comparable in magnitude, 0.1–1.0 MPa.
The loss tangent is also substantial, maintaining a value of
approximately 0.7 or more. A small maximum in the loss
tangent, potentially derived from ‘‘melting’’ of imperfect or
bound ice crystals, is also indicated at2 58C [16].
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Fig. 3. Temperature dependence of shear storage modulus (solid line), loss modulus (fine dash), and loss tangent (coarse dashed line) during heating of
hydrogel sample VIII at 48C/min and using an oscillation frequency of 0.1 rad/s.



Increasing the temperature aboveT < 1.48C, a strong
mechanical relaxation indicated by the large peak in the
shear loss tangent (tand � G00/G0, t 1.35) is observed. A
significant drop in the shear moduli to values typical of a
soft, swollen polymer network (500–1000 Pa) occurs. A
surprising observation is that the magnitude of the loss
tangent forT . Tmw is lower than that forT , Tmw by a
factor of about 6. This indicates that the dissipation of
energy, over a wide range of frequencies is higher for the
hydrogel which contains some level of frozen water than for
the gel containing liquid water. The large loss tangent (with
an upward curvature) atT , Tmw, suggests the existence of a
secondary (b) mechanical relaxation, such as that observed

in swollen polystyrene [17] and in semicrystalline polymers
[18]. However, the loss tangent peak for such a relaxation
must occur at a temperature lower than our experimental
limitation of T � 2 228C. Because measurements on
dried hydrogel samples (not shown) display no evidence
for mechanical relaxation over the range2 22 , T ,
208C, we are led to conclude that the secondary relaxation
is related to motion and energy dissipation within the crys-
tallized water regions, analogous to thea-relaxation in low-
density polyethylene attributed to molecular reorientations
within the crystals [19].

A larger shear modulus for temperatures belowTmw, as
seen in Fig. 3, is expected as the magnitude of the shear
modulus for ice is approximately 4 GPa [16], a value
comparable to solid polymers [20]. Such a modulus is five
orders of magnitude larger than the observed shear storage
modulus aboveTmw and four orders of magnitude larger than
the observed value belowTmw. This disparity in moduli
suggests that the degree of crystallinity and/or the perfection
of these ice crystals in sample VIII (and all of our hydrogel
samples) is actually quite low.

To study the melting behavior in more detail, we exam-
ined the dependence of shear loss tangent on temperature
(through the melting point) for a wide range of oscillation
frequencies. The results typical of all the hydrogels were
exhibited by sample II, shown in Fig. 4(a). We observe a
rightward temperature shift with increasing frequency for
both the primary relaxations nearT� 08C, but also a large
shoulder of the secondary relaxation discussed before in
reference to Fig. 3. As is expected for the mechanical
relaxation of viscoelastic materials, increasing the oscilla-
tion frequency results in an increase in the temperature of
the relaxation; i.e. a shifting of the loss tangent peak to
higher temperatures. The magnitude of such a shift is
directly related to the activation energy of the relaxation
within the framework of an Arrhenius thermal model. To
determine the activation energy,DH, a plot of log(1/v ) vs.
1000/T was constructed, based on the Arrhenius model:

t � t0exp
DH
RT

� �
�5�

and therefore

log �t� � log�t0�1
DH
RT

; �6�

where we have used 1/v � t . This plot is shown in Fig. 4(b)
and results in a value ofDH ù 90^ 10 kcal/mol (71 kcal/
mol if the skewed high frequency data point is discarded);
the large estimation error being derived by the deviation of
the highest frequency point from the straight line. We note
that this activation energy is nearly two orders of magnitude
larger than the melting enthalpy of ice (1.4 kcal/mol),
although equivalence is not expected.

We have also examined the temperature dependence of
the shear storage modulus for the hydrogels and now discuss
the results for samples III, VI, and IX with varying water
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Fig. 4. (a) Loss tangent versus temperature at various frequencies,v � 0.1,
1.0, 10 and 100 rad/s, using sample II; (b) Arrhenius plot for measurement
of relaxation activation energy.
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Fig. 5. Changes in shear storage modulus (G0) with different water contents for hydrogel samples III, VI, IX and air-dried IX. The rheological measurement
was performed at the frequency of 1 rad/s.

Fig. 6. Shear storage modulus (G0) changes with water content at 5 and2 158C for samples I, IV, and VII, and air-dried sample VII. The rheological
measurement was performed at frequency of 0.1 rad/s.
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Fig. 7. A comparison ofG0 andG( between low (0.75%) and high crosslinker ratios (2.5%) for hydrogel samples IV and VI at frequency of 0.1 rad/s.

Fig. 8. The rheological results of the modified chitosan gels describing the effects of water content and crosslinking density onG0 at 108C.



contents of 50, 75 and 86%, respectively, and an air-dried
sample IX (with a water content of 7%). All of these
samples had the same crosslinker ratio (2.5%). Fig. 5 is a
plot of storage modulus versus temperature for these four
samples, where an oscillation frequency of 1 rad/s was
employed. There is a mechanical relaxation (step-down in
storage modulus) nearT � 08C for the three hydrated
samples. AboveTmw, increasing the water content from 7
to 50% results in a significantdecreasein the storage modu-
lus, G0, as expected because of the swelling effect of water
on the hydrogels as shown in Fig. 6. Upon increasing the
water content further from 50 to 86%, the value ofG0

decreases gradually as the material becomes softer.
A more complicated behavior is observed at temperatures

belowTmw. As summarized in Fig. 6,G0 first decreases and
then increases with increasing water content, with a signifi-
cant drop occurring between 7 and 50% samples. This non-
monotonic behavior results from the saturation of associa-
tion sites on the hydrophilic polymer with water (bound
water). Below a water content of 50%, added water binds
to the polymer, apparently plasticizing the material, while
above 50%, an increase in the water content does not add to
the amount of bound water but rather adds to the amount of
unbound (weakly associated) water. BelowTmw, this
unbound/weakly-associated water is capable of crystallizing
locally and thus the modulus increases commensurately.
Such behavior is strongly consistent with our previous
work [15] wherein DSC measurements showed no melting
endotherm or crystallization exotherm for samples with less
than 50% water. This behavior is manifested here as an

increase in the modulus values as the volume fraction of
ice increases.

The influence of crosslinker ratio on storage and loss
modulus was also studied. Fig. 7 shows the change of the
storage and loss shear moduli;G0 andG00, respectively, with
temperature for samples IV and VI. Both samples have
intermediate water content (75%) but different crosslinker
ratios (0.75 and 2.5%, respectively). For temperatures above
Tmw, the magnitudes of bothG0 andG00 for sample VI (with
high crosslinker ratio) are larger thanG0 andG00 of sample
IV (with low crosslinker ratio). Clearly, the increase in
crosslinking densifies the network and thus its mechanical
stiffness increases. The increase in crosslinker ratio leads to
an increase in the gel’s storage modulus through the rela-
tionship [21,22]

G0R � rRT
Mc

�7�

whereG0R is the relaxed rubbery modulus,r is the density, R
is the universal gas constant,T is the temperature, andMc is
the molecular weight between crosslinks. An alternative
form of Eq. (7) is

G0R � nRT; �8�
wheren is the number of crosslink sites per unit volume.
These simple relationships do not account for contributions
from trapped entanglements which may be introduced
during the crosslinking reaction. Nevertheless, we have
used Eq. (8) with the data shown in Fig. 7 atT � 108C to
estimate the ratio of crosslink densities,R� nHCD=nLCD
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Fig. 9. The rheological results of the modified chitosan gels describing the effects of water content and crosslinking density onG00 at 2 158C.



where HCD and LCD correspond to high and low crosslink
densities, respectively. This ratio can be compared to the
ratio obtained from the gel synthesis,Rs � wHCD/wLCD,
wherew is the weight percentage of crosslinking monomer
used in the synthesis. The values ofR � 2.73 were found
from the rheology data andRs � 3.33 from the theoretical
calculation. The slight difference in these ratios is likely due
to the use of weight percentage in the equation forRs and
from the lack of control over complete incorporation of
crosslinking monomers in the gel synthesis. However, the
observation thatR < Rs allows us to conclude that the
rubbery modulus of the hydrogels (T . Tmw) is easily
controlled by the crosslinker ratio, as anticipated.

For temperatures belowTmw,the storage and loss moduli
of sample IV are higher than those from sample VI as shown
in Fig. 7. This suggests that crystallization of water in
samples of lower crosslink concentration occurs to a greater
extent as compared with samples of higher crosslink
concentration. As the crosslink density is increased, the
ability of ice to crystallize is hindered. The ratio of bound
to unbound water increases and the resulting decrease in the
amount of ice crystallization leads to lower modulus values.
This observation is again fully consistent with our recent
DSC findings [15] wherein separate exothermic peaks were
observed on cooling, each successive peak being attributed
to crystallization of water with increasing association
strength. The relative amounts of each type depended on
the relative crosslink density and the amount of water.

We summarize the experimental results for samples I–IX
in Figs. 8 and 9 for temperatures above and belowTmw,
respectively. In Fig. 8, forT� 108C, increasing in the water
content causes the storage modulus,G0, to become consis-
tently smaller in magnitude. This is expected as more and
more water swells the gels leading to a decrease in the ratio
of bound to unbound water. For a given water content,
increasing the crosslink concentration increasesG0, though
to a lesser degree, with the largest enhancement being seen
for the lower water content samples. AtT � 2 158C, the
opposite trends are observed, as shown in Fig. 9. This is
again attributed to the presence of more unbound water
(relative to bound water) for water contents. 50%. This
water can crystallize and as more and more is added, the
number, size, and perfection of the ice crystals increases
which leads to an increase in storage modulus. At a given
water content, increase in the crosslinker ratio decreasesG0,
apparently a result of suppression in the amount of ice that
can be formed.

This rheological data supports the concepts of water–
polymer interactions as previously discussed. Hydrogels
consist of a hydrophilic macromolecular network which is
swollen by water. Inside the hydrogels the states of
water are complicated. The water may exist in a conti-
nuum of states between two extreme cases: (1) strongly
associated water which can never form ice crystals, and (2)
phase-separated water nearly unaffected by the polymer
environment [23]. When the water is removed, the network

collapses and the macromolecular chains may organize to
form amorphous and/or crystalline domains. In this case,
most of the remaining resident water would be bound by
the hydrophilic moieties on the polymer chains. As more
and more water is added, the ratio of completely bound
water to unbound (yet somewhat associated) water
decreases. Above a water content of approximately 50%,
enough unbound water is present to crystallize locally
upon cooling. The rheology measurements support this
picture both above and below the crystallization tempera-
tures of ice. Below 08C, both the storage and loss moduli
increase as the amount of water is increased above 50% as a
result of the increased amount of ice. Below 50% a small
change occurs as all water is effectively bound by the poly-
mer network thereby hindering ice formation. Above room
temperature, these larger regions of unbound water in
samples with. 50% water lead to the lowest storage and
loss moduli values. For a given water content, as crosslink
density is increased the ratio of bound to unbound water
increases. These differences are also manifested in the
values of the storage and loss moduli. Increase in the cross-
link density above the room temperature provides more
rigidity to the structure and thus the moduli values increase.
Below 08C, a higher crosslink density suppresses the forma-
tion of ice and thus lower modulus values are observed as
density is increased. Thus the rheology measurements yield
information of the nature of the water–polymer interaction.
By examining rheological changes resulting from the phase
transition of water/ice, differences in the internal structure
can be probed.

4. Conclusion

An oscillatory shear rheological study with variation in
temperature and frequency was performed to further under-
stand the phase behavior and crosslinking of the modified
chitosan gels which exhibit excellent LDT. It was observed
that all the measured viscoelastic properties, includingG0,
G00 and tand , are significantly influenced by the water phase
transition which occurs with decrease in temperature. If the
water content exceeds a critical level in the hydrogels, both
G0 andG00 of the modified chitosan hydrogels have a sharp
increase atT , Tmw, because of ice formation, and the loss
tangent (tand ) shows a strong relaxation peak aroundTmw.
In addition, for T , Tmw both G0 and G0 increase with
increasing water content in the hydrogel; however, both
decrease whenT . Tmw. Increasing the crosslinker ratio
causes the mechanical stiffness of the network (G0) to
increase when theT . Tmw, but decrease whenT , Tmw,
as a result of inhibition of water phase transition. Based on
these results, we suggest that the changes of the viscoelastic
properties bear a close relationship with the water states and
mobility in the hydrogels which in turn play a significant
role in determining the LDT of the gel materials.
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