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chitosan-g-poly(acrylic acid-co-trimethylallyl ammonium chloride) (CMCTS-g-

(PAA-co-PTMAAC)) hydrogel and the properties of water in the hydrogel were
investigated by DSC measurement. The freezing water and non-freezing water
contents of the hydrogel were determined quantitatively by examining their relationship
with the structure /and constitutive parameters of the polyampholyte hydrogel. The
experimental results showed that higher swelling ratio of the hydrogel could decrease
the content of the non-freezing water. It was found that the shape of the exothermic or
endothermic” curves and the peak temperature were strongly influenced by the
heating/cooling rate or heating/cooling cycling. A hysteresis loop was evident during the
process of heating/cooling cycling and the temperature interval between T,,,* and
Tmax. Was increased by higher heating/cooling rate. The cross-linking degree of the
hydrogel,-molar ratio of two monomers and the neutralization degree of the anionic
acrylic acid also have a great influence on the water content at various states. The
results showed that the amount of non-freezing water in the hydrogel increased
gradually as the cross-linking degree increased, but it was reduced while the molar
ratio of TMAAC increased. By increasing the neutralization degree of acrylic acid, the
amount of the non-freezing water was also increased.

S ome specific structure-properties relationship of a polyampholyte carboxymethyl

INTRODUCTION

Superabsorbent hydrogels with
network structure and moderate
cross-linking can absorb a large

have also received considerable
attention for a variety of specia-
lized applications, including

amount of water [1] and become
much more bulky than their
original state. The amount of the
absorbed water can range from
hundreds to thousands times of the
polymer mass. These polymers
have been extensively used as
absorbents in personal care
products, e.g., infant diapers,
feminine hygiene products, and
incontinence products [2,3]. They

matrices for enzyme immobiliza-
tion, bioabsorbents in preparative
chromatography, for
agricultural mulches, and matrices
for controlled release devices [4-6].

In our previous paper, we
reported the synthesis of novel car-
boxymethyl chitosan-g-poly
(acrylic  acid-co-trimethylallyl
ammonium chloride) (CMCTS-g-
(PAA-co-PTMAAC)) polyampho-

materials
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lyte superabsorbent hydrogel by graft copoly-
merization of acrylic acid with trimethylallyl
ammonium chloride along the chain of the
carboxymethyl chitosan [7]. The structure of the
prepared hydrogel was characterized and the
optimized synthetic conditions were applied to obtain
polymer with the highest swelling ratio.

Chitosan is an important natural polymer exhibit-
ing several favourable properties, including good
biodegradability, biocompatibility, antibacterial
property and low toxicity [8,9]. Meanwhile, the
swelling and shrinking of the polyampholyte
superabsorbent hydrogels exhibit unique pH
dependant properties different from those of
traditional polyelectrolyte superabsorbent hydrogels
[10,11]. Thus, the prepared (CMCTS-g-(PAA-co-
PTMAAC)) polyampholyte superabsorbent hydrogel
bears special characteristics and wide application
prospects.

To acquire such a wide range of uses, it is
important to control physical properties of the
hydrogels by changing their structures and poly=
merization conditions [12]. The properties of the
hydrogels are decided not only by the cross-linking
network structure of the constituent polymer, butalso
by the status and properties of the water in_the
network. The activity, freezing and melting behaviour
of water present in the hydrogel are entirely different
from that of free water [13-17]. The status of water in
the hydrogel, interactions of hydrogel and water, the
relationship between the stimulated conditions and
the status of water have attracted’ great attentions in
recent years [18-20].

Thus, characterization of the amount of absorbed
water in the swollenhydrogel is essential [12].
Different analytical techniques, e.g., 'H NMR
[21,22], dilatometry and electrical conductivity [23],
dielectric relaxation spectroscopy [24], dynamic-
mechanical spectroscopy [25] and differential
scanning calorimetry [12,26] have been employed to
study water structure in hydrogels. The classification
of water status in the hydrogels depends on the
analytical techniques employed.

Differential scanning calorimetry (DSC) has
proved to be a very useful technique in determining
the state of water in hydrogels [27,28]. According to
this method, the state of water in the polymer can be

distinguished from free water, freezing bound water
and non-freezing water. The water portion which
does not participate in hydrogen bonding with
polymer molecules and has a similar transition
temperature, enthalpy, and DSC curves as pure water,
is defined as "free water". Freezing bound water or
intermediate water indicates the water weakly
interacting position with polymer molecules and has
a phase transition temperature lower than 273 K.

Non-freezing water or non-freezing bound water
includes water molecules which are bound to
polymer molecules through hydrogen bond and has
no detectable-phase transition over the temperature
range from 233 K to 273 K. The non-freezing water
provides different energetic states depending on the
associating strength of the water-water and
water-polymer interactions. Therefore, the specific
polymer-water interactions could reflect the special
structure-properties relationship for the hydrogel on
which there are numerous studies on this subject
[29,30].

The purpose of the current study is to evaluate the
different states of water in CMCTS-g-(PAA-co-
PTMAAC) hydrogel using DSC technique and to
examine the relationship between the water content in
various states with constitutive parameters related
to CMCTS-g-(PAA-co-PTMAAC) polyampholyte
superabsorbent hydrogel.

EXPERIMENTAL

Materials

We synthesized carboxymethyl chitosan according
to the method reported in literature [31]. The
substitution degree of the carboxymethyl was 0.67
determined by elemental analysis. Acrylic acid (AA,
analytical grade) was purchased from Tianjin
Chemical Reagent Institute (China) and purified by
reduced pressure distillation before polymerization
process. Trimethylallyl chloride
(TMAAC) was synthesized in our laboratory
according to the method reported in literature [32].
Ammonium persulphate (APS, analytical grade) and
sodium sulphite (analytical grade) were used as redox
initiators. N,N’-Methylene diacrylamide (MBA,
analytical grade) was used as a cross-linking agent.

ammonium
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Ethanol was also used as analytical grade reagent.

Preparation of CMCTS-g-(PAA-co-PTMAAC)
Hydrogel
Carboxymethyl chitosan (1.5 g) was dissolved in
50 mL deionized water and then added into a three-
necked flask which was equipped with a stirring
apparatus and a reflux condenser. The solution was
stirred for 30 min under the protection of nitrogen and
heated in a water bath of 40°C. An exact amount of
APS (0.00136 mol) and Na,SO5; (0.00136 mol)
dispersed in 20 mL distilled water was slowly added
into the flask to initiate the graft polymerization.
Appropriate amounts of TMAAC, MBA and acrylic
acid, neutralized to a desired degree by NaOH, were
dissolved in 80 mL distilled water and the whole
solution was added into the flask after 30 min. The
total amount of two monomers was kept at 0.17 mol.
After reacting for 5 h, air was introduced into the
reactor to cool down the flask and stop the reaction.
The product was precipitated by pouring ethanol
into the reaction mixture. The precipitate was filtered,
washed thoroughly with an ethanol/water mixture
(4/1, v/v) several times under high-speed stirring,.and
then soaked with ethanol/water mixture (4/1, v/v) for
24 h. The product was collected by filtration and dried
under vacuum. The yields were in the range of 67% to
91%. Finally, the dried product was shivered and the
particles with the size range between 150 um and 250
wm were used for water absorption test. The structure
of the CMCTS-g-(PAA-co-PTMAAC) hydrogel was
characterized in the previous work [25] and the opti-
mal conditions to synthesize the polymer with the
highest swelling ratio. had been qualified.
The procedure for preparing CMCTS-g-(PAA-co-
PTMAAC) hydrogelis shown in Scheme I.

DSC Characterization

DSC technique was used for quantitative deter-
mination of the exact contents of the freezing and
non-freezing water in swollen hydrogels. The
prepared hydrogels were allowed to swell in test
solution until the equilibrium swelling was reached.
The samples were wiped with a filter paper to remove
the excess surface water and 5~10 mg swollen
samples were sealed in aluminium pans. After cooling
to 233 K to ensure that supercooled water was
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Scheme |I. Schematic CMCTS-g-(PAA-co-PTMAAC)
hydrogel preparation.

completely frozen, the samples were then heated at a
rate of 5 K/min to 313 K in a dynamic N, atmosphere
by using Perkin-Elmer DSC-7 (USA).

The equilibrium water content (Wgy) was
calcu-lated as follows:

o | (my —my
WEWC(A,)_[—m2 ]XIOO 0

where, m; and m, are weights of dry hydrogel and
swollen hydrogel, respectively.
The fusion enthalpy (AH) calculated from the
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integration of the area under the melting peak and the
melting endothermic heat of fusion for pure water
(AH, 334.3 J/g) were used to calculate the percent-
age of freezing water g (the summation of both
percentages of free water and the freezing bound
water) in total water [33,26] by the following
equation:

Wf = Wfree + Wfreezing—bound = (AH/AHO)X10O )

The amount of non-freezing water (an) was
obtained by subtracting the amount of free water
from the equilibrium water content [34].

an =Wepe — Wf 3)

RESULTS AND DISCUSSION

To study the relationship between the properties of
the polyampholyte hydrogel with different states of
water and the water content of each state, it is
important to explore and test the states of water in the
hydrogel and study the effect of external environ-
ments and test procedures on the performance of
different states of water.

Figure 1 shows a set of typical endotherms for the
polymer swollen at different water: concentrations
heated at a rate of 5 K/min_from233 K to 313 K.
There is a stronger endothermic peak around 273 K in
the DSC curve of the hydrogel'which is similar to the
melting curve of ice. However, the temperature at
maximum melting velocity is lower than that of ice.
This peak has been induced by two states of water
immobilized in the hydrogel network, namely free
water and freezing bound water. The melting
behaviour of the free water coincided with the ice
formed by the pure water, and yet the melting peak of
the freezing bound water was lower than that of the
ice formed by the pure water. As the contents
of the free water and the freezing bound water of
the CMCTS-g-(PAA-co-PTMAAC) superabsorbent
hydrogel were relatively high, the endothermic peaks
of different kinds of ice were wide and superimposed
where they were hardly distinguished quantitatively.
This is different from the split melting peaks of a
hydrogel with which the water uptake is relatively
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Figure 1. DSC Endotherms of CMCTS-g-(PAA-co-
PTMAAC) superabsorbent hydrogel as function of different
Wewcvalues. The samples were heated at a rate of
5 K/min.

low around the same temperature range [35,36].
Thus, the total sum of free water and freezing bound
water (Wf) in CMCTS-g-(PAA-co-PTMAAC) hydro-
gel were estimated by the ratio of integrated
endothermic peak to the melting endothermic peak of
the heat of fusion of pure water. It is shown in
Table 1 that if Wgy of the hydrogel increases
gradually, the temperature at maximum melting
velocity increases the same and approaches to the
melting peak of the ice. This phenomenon indicates
that the proportion of free water in Wy state increases
gradually. The non-freezing water was commonly
thought to be the water closely bound to or immo-
bilized by the polymer. This represents a metastable
supercooled state which is inhibited from attaining a
true equilibrium state during freezing by motional

Table 1. Water content of different water states in the
hydrogel with different Wgc values.

Wewc Wi Wit Tiax
(%) (%) (%) (K)
92.91 61.85 31.07 278.57
98.73 74.81 23.92 280.01
99.49 81.37 18.12 280.16
99.65 85.69 13.96 280.87
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barriers [37]. Then, the non-freezing water shows no
endothermic peak in the temperature range from
233 K to 313 K and its content cannot be calculated
directly. Non-freezing water may be expressed as the
difference in contents between the total water and total
sum of free water and freezing bound water. The
W gwe values, the total amount of free water and freez-
ing bound water and the non-freezing water content of
the CMCTS-g-(PAA-co-PTMAAC) hydrogel at
different swelling ratios were calculated and are listed
in Table 1. It may be observed from these data that the
content of the non-freezing water decreases gradually
as the water content of the hydrogel increases.

For certain polymer structures, the absolute
content of the non-freezing water bound by
hydrophilic groups of the polymer chain may stay
constant, and then the relative mass fraction of the
non-freezing water decreases as the total water
content of the hydrogel increases.

Exothermic curves of the hydrogel with different
water contents which were recorded during the
process of cooling are presented in Figure 2¢
Comparing with the melting processes, the
exothermic peaks hystereses are much sharper-than
the endothermic peaks during the heating process:
This corresponds to appreciable supercooling induced
by the network structure of the hydrogel and the
strong hydrogen bonding interaction of" water

92.91%

99.65%

ENDO —>

H,0

250 260 270 280 290 300
Temperature (K)
Figure 2. DSC Exotherms of CMCTS-g-(PAA-co-PTMAAC)

superabsorbent hydrogel as function of different Wgyc
values. The samples were cooled at a rate of 5 K/min.
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Figure 3. The thermodynamics of recurrent melting and
crystallization. processes of hydrogel at different
heating/cooling rates.

molecules with hydrophilic acrylate and quaternary
ammonium  groups of CMCTS-g-(PAA-co-
PTMAAC) hydrogel. Therefore, the onset of
nucleation temperature is lower and the rate of
nucleation is prompted to exothermic reaction during
the freezing process.

Figure 3 displays the thermodynamics of recurrent
melting and crystallization processes of hydrogel at
different heating/cooling rates. There was an obvious
hysteresis occurred during the process of heating
/cooling cycling and the temperature interval (AT)
between the temperature at maximum melting rate
(Thax ") and the temperature at maximum crystalliza-
tion rate (T, "), which was also affected by the rate
of heating and cooling. AT values were 28.07 K at
15 K/min heating/cooling rate and 21.08 K at
5 K/min heating/cooling rate.

The crystallization process of the freezing water
was controlled by the onset of nucleation. At the
lower cooling velocity, the time for crystallization
was sufficient and the nucleation was able to start
at higher temperature, followed by maximum
crystallization velocity which occurred at higher
temperature zone. In contrast, the crystallization peak
was broader and T,,~ was lower at higher cooling
rate.

The peak shape of the melting curve of freezing
water during the heating process was also controlled

Iranian Polymer Journal / Volume 19 Number 6 (2010)
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by the heating rate. When the heating rate was
higher, the hysteresis of molecular water dominating
the intermolecular interaction was more evident, and
then the melting peak was broader than those at lower
heating rates. Because the peak shape and the
maximum peak temperature of heating and cooling
processes are severely dependent on the heating/
cooling rate, the relative contents of water in various
states were tested and calculated at constant
heating/cooling rate (5 K/min).

It was previously found that the equilibrium water
content of hydrogels is greatly influenced by the
structure and polymer constituent [38,39]. In the
present work, the effects of structure and constitutive
parameters of the CMCTS-g-(PAA-co-PTMAAC)
polyampholyte superabsorbent hydrogel on the water
contents of various states were also investigated.

Figure 4 shows the effect of cross-linking agent
concentration on the contents of water in various
states. It was found that the amount of non-freezing
water in the hydrogel was increased gradually as the
cross-linking increased, while the free water and
freezing water contents decreased. These results
matched with the experimental data obtained. by
Bhardwaj et al. [40] on the effects of cross-linking
agent on the water state of polyampholyte hydrogel
prepared by polymerization of p-sodium styrene
sulphonate and vinyl benzyl trimethyl ammonium
chloride. This may be due to the:increased water
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Figure 4. Water content of different water states in the
hydrogel with different contents of cross-linking agent.
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Figure<5. Water content of different water states in the
hydrogel with. different monomer contents.

binding sites generated by introduction of the MBA
cross-linking agent with sites available for hydrogen
bonding with water molecules.

The effect of molar ratio of the two monomers on
the water contents of various states of the polymer is
shown in Figure 5. If the molar ratio of TMAAC is
increased, the content of non-freezing water of the
hydrogel is decreased. As the interaction between
the -COO- groups and quaternary ammonium
groups was enhanced by increased cation content,
the free -COO- groups with strong hydrophilicity
was reduced and the content of -COO- *NR,~ with

100 I I ¥ I
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Figure 6. Water content of different water states in the
hydrogel with different degrees of neutralization.
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weaker water interaction was increased [8]. Thus,
the hydrogen bonds between the hydrophilic groups
and water molecules were weakened and then, the
amount of non-freezing water was gradually
decreased.

The influence of the neutralization degree of
acrylic acid on the water content in various states is
shown in Figure 6. The amount of non-freezing water
is increased as the neutralization degree of acrylic
acid is increased. By increasing the neutralization
degree, the ionization of -COOH is enhanced and the
amount of ionic -COO- with stronger hydrophilicity
is elevated. Then, the content of non-freezing water
state is increased since it is combined with
hydrophilic groups.

CONCLUSION

Differential scanning calorimetry (DSC) was used to
investigate the state of water content in CMCTS-g-
(PAA-co-PTMAAC) polyampholyte superabsorbent
hydrogel, which was prepared by graft copoly-
merization of acrylic acid and trimethylallyl
ammonium chloride onto the chain of carboxymethyl
chitosan. It was found that by increasing. the
equilibrium water content the content of non-freezing
water could decrease. Exothermic' . curves of the
hydrogel during the cooling process. displayed
hystereses of much sharper than endothermic peaks
during the heating process. By studying the thermo-
dynamics of recurrent melting and crystallization
processes of hydrogel at different heating/cooling
rates, it was found that obvious hystereses loops
occurred during the process of heating/cooling cycles
and the temperature interval between T, * and
Thax™ Increased as the heating/cooling rate increased.
By studying the structure and constitutive para-
meters of the CMCTS-g-(PAA-co-PTMAAC) poly-
ampholyte hydrogel and their effects on the content
of various water states, it was found that the amount
of non-freezing water in the hydrogel increased
gradually as the cross-linking degree increased, while
it decreased as the molar ratio of TMAAC increased.
In this respect, the increased neutralization degree of
the acrylic acid was accompanied by increased non-
freezing water content.
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