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Abstract

Various natural and synthetic polymers with hydrophilic groups, such as hydroxyl, carboxyl and carbony! groups, have
either a strong or weak interaction with water. Thermal properties of polymers and water are both markedly influenced through
this interaction. The first-order phase transition of water fractions closely associated with the polymer matrix is usually
impossible to observe. Such fractions are called non-freezing water. Less closely associated water fractions exhibit melting/
crystallization, showing considerable supercooling and significantly smaller enthalpy than that of bulk water. These water
fractions are referred to as freezing bound water. The sum of the freezing bound and non-freezing water fractions is the bound
water content. Water, whose melting/crystallization temperature and enthalpy are not significantly different from those of
normal (bulk) water, is designated as freezing water. Bound water in the water—insoluble hydrophilic polymers, such as
cellulose, lignin and poly(hydroxystyrene) derivatives, breaks hydrogen bonding between the hydroxyl groups of the
polymers. The bound water content depends on the chemical and high-order structure of each polymer. Aqueous solutions of
water-soluble polyelectrolytes, such as hyaluronic acid, gellan gum, xanthan gum and poly(vinyl alcohol) form gels above a
threshold concentration. In the above gels, water mostly exists as the freezing bound water, playing an important role in the
junction zone formation. It has also been observed that various kinds of polysaccharide polyelectrolytes with mono- and
divalent cations, and other polyelectrolytes, such as polystyrene sulfonate, form thermotropic/lyotropic liquid crystals in the
water content, ranging from 0.5 to ca. 3.0 g of water/g of polymer. © 1998 Published by Elsevier Science B.V.

1. General aspects of the water-hydrophilic
polymer interaction

Hydrated polymer systems have been widely inves-
tigated owing to the effect of water on the performance
of commercial polymers and the crucial role played by
water—polymer interactions in biological processes. In
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the presence of excess water, a polymer may become
swollen, exhibiting major changes in mechanical and
chemical properties. Water can plasticize the polymer
matrix or form stable bridges through hydrogen bond-
ing, resulting in an anti-plasticizing effect. The beha-
viour of water can be transformed in the presence of a
polymer, depending on the degree of chemical or
physical association between the water and polymer
phases.

Water, whose melting/crystallization temperature
and enthalpy of melting/crystallization are not sig-
nificantly different from those of normal (bulk) water,
is called freezing water. Those water species exhibit-
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ing large differences in transition enthalpies and tem-
peratures, or those for which no phase transition can
be observed calorimetrically, are referred to as bound
water. It is frequently impossible to observe crystal-
lization exotherms or melting endotherms for water
fractions very closely associated with the polymer
matrix. Such fractions are called non-freezing water.
Less closely associated water fractions do exhibit
melting/crystallization peaks, but often considerable
supercooling is observed and the area of the peaks on
both, the heating and cooling cycles is significantly
smaller than that of bulk water. These water fractions
are referred to as freezing bound water. The sum of the
freezing bound and non-freezing water fractions is the
bound water content.

2. Experimental
2.1. Bound water content determination by DSC

2.1.1. Determination of dry sample mass

DSC is commonly used to determine the propor-
tions of the various water fractions present in hydrated
polymers. Hermetically-sealed-type sample vessels
are commonly used. If aluminium sample vessels
are to be used, they should be placed in an autoclave
with a small amount of pure water at 373 K for several
hours to eliminate the formation of aluminium hydro-
xide on the surface of the sample vessel [1].

All polymers contain a small amount of water
which is absorbed during synthesis, processing or
storage. This kind of closely associated water remains
in the polymer matrix, even after heating the polymer
to 373 K under reduced pressure. It is important to
establish the amount of this water fractions in order to
know the total amount of water present in the sample
after hydration. To determine this intrinsic water
content, the sample should be weighed as accurately
as possible, noting that the sample will absorb water
from the atmosphere during weighing. A micro-
balance with sensitivity of the order of pg is necessary.

The sample vessel is pierced quickly, placed in the
DSC at room temperature and heated at 10 K/min. An
endothermic deviation in the sample baseline due to
the vaporization of water is observed. The heat of
vaporization of water is high (2257 J/g). The presence
of a very small amount of water can be detected by this

procedure. The sample is heated until no deviation in
the sample baseline is observed. The dried sample is
then quickly reweighed and the intrinsic water content
determined.

2.1.2. Determination of freezing, freezing bound and
non-freezing water

The uniformly hydrated sample is placed in the
DSC at the room temperature (ca. 50°C) and cooled at
5-10 K/min to 150 K. The sample is held at 150 K for
15 min, and reheated to the room temperature at the
same rate. The observed temperature and number of
crystallization exotherms depend on the nature of the
polymers and the water content (W,). In this paper, the
following definition will be used:

Water content(W,)
= (g of water)/(g of dry polymer), (g/g)

As shown in Fig. 1, the first-order phase transition
is not detected until a critical amount of water is added
to a polymer (curve I, Fig. 1). The amount of water is
defined as non-freezing water content (W,:). The
maximum W, depends on hydrophilicity of polymers.
When W, in the polymers exceeds a critical amount
(the maximum amount of W), a small peak (peak II)
is observed at a temperature lower than the crystal-
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Fig. 1. Schematic DSC cooling curves of water sorbed on
hydrophilic polymers: ( ) ~ adsorbed water; (---) — bulk
water; I — non-freezing bound water (W,¢); II — W s+freezing
bound water (Wg,); IIL, IV — W,e+Wp,+free water (Wg); and V —
bulk water.
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lization peak of bulk water. The amount of water is
categorized as freezing bound water content (Wg,).
Free water (Wy) is shown as peak Iin curves Il and IV.
Wt is unbound water content in polymers whose
transition temperature and enthalpy are equal to those
of pure water (curve V):

Wc:Wn(+Wfb+va (g/g) (1

From the cooling cycle data, the proportion of the
amount of free water (W) is calculated by dividing the
total area of the freezing water peak (Peak I) by the
heat of crystallization of bulk water. The heat of
crystallization is not constant for all water fractions,
therefore, Wg, cannot be determined in the same way.

Ordinarily, the amount of Wy, is small compared
with W (g/g) and W (g/g). On this account, the total
area of the Wy 4+ Wy, (g/g) (peaks I + II) per gram of
dry sample is plotted as a function of W, (g/g). The
intercept of the linear plot is adopted as the amount of

Wn( (g/g)
2.2. Bound water content determination by TG

Mass of water, mass of dry sample, temperature of
dehydration and rate of dehydration can be evaluated
by thermogravimetry. Modern TGs, working in a
moderate temperature range, are designed for multi-
purpose use. TGs are combined with various analy-
zers, such as differential thermal analyzer (DTA)
(TG-DTA), Fourier transform infrared spectrometer
(FT-IR) (TG-FTIR) and mass spectrometer (MS)
(TG-MS). When TG-DTA is applied to water sorbing
polymers, the heat of vaporization is simultaneously
evaluated.

For the measurements, an aluminium open-type
crucible (sample vessel) without a lid is ordinarily
used, since the maximum temperature of measure-
ments is at ca. 470 to 500 K. Gas flow rate markedly
influences this type of measurement.

Mass loss starts immediately after water-sorbed
sample is placed on the TG sample holder. Sample
mass increases when the sample is dry compared with
relative humidity at room temperature, or decreases if
the sample sorbs a large amount of water compared
with relative humidity. On this account, it is difficult to
attain equilibrated conditions at around room tem-
perature. The following techniques are commonly
carried out;
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Fig. 2. Schematic TG curves and TG derivatograms of water
sorbed on hydrophilic polymers: I — non-freezing water (W,); and
- an + Wf.

1. the mass of starting temperature is extrapolated
from the TG curve in steady state obtained at the
high temperature side; and

2. the sample is frozen in a coolant, picked up from
the coolant and placed on the TG sample holder,
and scanned immediately.

When water molecules coexist with samples with-
out any intermolecular interaction, mass loss (TG) and
vaporization peak (DTA) terminates at a temperature
lower than 373 K. In contrast, when water is tightly
attached to polymers, mass loss is observed in two or
multiple stages. Even if TG curves, apparently, show
one stage, two or more peaks may be observed, if the
derivatogram (dm/dT) is deconvoluted. DTA
endotherms due to vaporization also show multiple
peaks.

Fig. 2 shows schematic TG curves and TG deriva-
tograms of polymer with non-freezing water (curve I,
Fig. 2) and polymer with non-freezing water and free
water (curve II). It is seen that the second state of
vaporization is observed around 420 to 470 K. Peak
temperature of the high-temperature side depends on
the chemical structure of the sample. Non-freezing
water evaporates at a temperature >373 K. The
amount of each water fractions can be calculated from
the area of each deconvoluted peak. The mass of
water, calculated from the vaporization method, con-
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tains several percent errors in the repeatability which
mainly comes from sample setting in the TG sample
holder. Results obtained by the TG method accord
fairly well with those obtained by DSC [2].

2.3. Phase diagram of water-polymer systems

2.3.1. Glass-transition temperature (Tg)
Glass-transition temperature of various polymers in
the presence of water is measured by DSC using a
hermetically sealed sample vessel. T, of hydrophilic
polymers markedly decreases with the content of
water; in some cases, a decrease of T, was more than
150 K in the presence of (.10 g/g water. It is necessary
to choose a broad temperature range in order to cover
T, variation of polymers in the presence of water.

2.3.2. Melting, crystallization and liquid
crystallization

DSC measurements of melting and crystallization
of pure water are not always easy due to high surface
tension of water. Contact surface between the sample
vessel and water droplet is small. On this account, the
peak of melting or crystallization is broad and, appar-
ent multiple peaks are frequently observed. In con-
trast, melting and crystallization of water sorbed on
polymers are easily measured by DSC. Transition
temperature and enthalpy of sorbed water can be
determined by the usual methods [3,4]. Temperature
calibration is ordinarily carried out using melting and
crystal—crystal transition temperature of cylohexane.
Phase diagram can be established using peak tem-
perature (7},), or starting temperature of transitions
(T). It is noteworthy that the bound water defined in
Section 2.1 is in a thermodynamically non-equili-
brium state. This suggests that transition temperature
depends on measurement conditions and thermal his-
tory of the sample. Phase diagram established in
water—polymer systems should be defined in terms
of the data of experimental conditions.

2.3.3. Liquid crystallization

Transition enthalpy of liquid crystallization in
water—polymer systems is small. Highly sensitive
measurement is necessary. In some cases, transition
of liquid crystallization cannot be observed, even if the
liquid-crystal state is confirmed by morphological
observation. Various reasons are suggested, such as

low transition enthalpy value, broad transition tem-
perature range, etc. In order to confirm the liquid-
crystal transition, morphological observation is
ordinarily carried out on the same sample.

2.3.4. Gel-sol transition
Transition enthalpy of gel-sol transition is small.
Hence, a highly sensitive measurement is necessary.

2.4. Thermomechanometry

2.4.1. Thermomechanical analysis
Thermomechanical analyzers (TMA) controlled
under humid conditions are commercially available.
Manufacturers provide various types of attachment
which are equipped with the standard TMA. A glass
sample cell, in which the polymer sample is dipped in
water is also available. The temperature range is
limited due to the conformation of attachment.

2.4.2. Dynamic mechanical analysis

A dynamics mechanical analyzer (DMA) which can
scan relative humidity in a controlled rate at a constant
temperature was developed by users [5]. A DMA can
be operated at a constant relative humidity was also
designed by users. At present, DMA which can scan
either temperature or relative humidity is commer-
cially available.

2.5. Miscellaneous

2.5.1. Dielectric measurement

Dielectric measurement of polymers the presence
of water is not suitable for the investigation of water—
polymer interaction due to high dipole moment of
water molecules. Dielectric measurements have been
carried out in isothermal conditions, i.e. frequency
was varied in a wide range at a constant temperature,
and the temperature increased step by step. This
method takes a long time to scan a sample in the
entire temperature range of measurement. Conforma-
tion of sample cell and attachment of electroconduc-
tive paste or metal deposition to the sample surface are
not suitable for water sorbing polymers. Due to the
aforementioned facts, dielectric measurement has not
been categorized as an appropriate method for the
study of water sorbed polymers, although attempts
were made to measure the aqueous solutions of hydro-
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philic polymers at a subzero temperature [6].
Recently, Fourier transform dielectric measurements
have been established [7]. By using this method, the
temperature is scanned in a way similar to that of DSC.
Application of this new method to water sorbed
polymer was reported [8].

2.5.2. Alternative current calorimetry

AC calorimetry (ACC) [9] was developed by users.
Among them, a glass sample holder capable of main-
taining the water sorbed sample was reported [10].
Commercially available ACC mainly concerns the dry
samples [1].

3. Interaction between water and water-insoluble
polymers

Various natural and synthetic polymers, which have
hydrophilic groups such as hydroxyl, carboxyl and
carbonyl, have strong or weak interaction with water.
Through this interaction, physical properties such as
thermal properties of both, polymers and water are
markedly influenced.

3.1. Interaction between water and cellulose

Cellulose is the most important hydrophilic, though
water-insoluble, polysaccharide which consists of
plant cell walls. Many authors have reported that water
sorbed by cellulose has properties that are markedly
different from free water [11-17]. Magne et al. [11,12]
reported that melting and crystallization temperatures
of the bound water in hydrophilic polymers such as
cellulose and keratin are lower than those of free
water. It has been considered that this difference in
water properties is caused by the restriction of the
molecular motion of water. Accordingly, in this sec-
tion the properties of water, sorbed on cellulose, and
the amount of water, bound to the hydroxyl groups of
cellulose, will be discussed.

3.1.1. Typical DSC curves of water adsorbed on
cellulose
Fig. 1 shows the schematic DSC curves of water
sorbed on cellulose. When a cellulose sample contain-
ing water was cooled from room temperature to
150 K, the first-order transition was not observed until
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Fig. 3. Schematic DSC curves of water sorbed on various cellulose
samples: ( ) — adsorbed water; and (- -) — bulk water.
Scanning rate=8 K/min; sample weight — ca. 5 mg; and W, = 0.8

(g/2).

the water content exceeded a certain amount of water.
After exceeding this water content, a broad crystal-
lization peak (peak II) was observed in the x=220-
230 K range. When the amount of water, sorbed in
cellulose, exceeded a certain value, at which the height
of peak Il reaches a maximum, a new sharp peak (peak
I) appeared. The shape and the transition temperature
of peak I accords well with that for the crystallization
of pure water which is shown as the dotted line in
Fig. 3.

In the DSC heating curve, as shown in Fig. 3., the
endothermic peak of the water sorbed on cellulose
appears at a temperature lower than that which corre-
sponds to pure water. The shape of the endothermic
peak varies according to the water content and also
according to the kind of cellulose sample, such as
cotton or jute. In some cases, a shoulder was found in
the lower temperature side of an endothermic peak. In
general, asymmetry was observed as a characteristic
pattern of the melting of sorbed water on a hydrophilic
polymer, such as cellulose.

3.1.2. Calculation of the amount of bound water with
cellulose

In the case of crystallization of water sorbed on

cellulose samples, the sum of the mass of water

calculated from enthalpies of peaks I and II is less

than the total amount added to the dry sample. As
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mentioned previously, in the Section 2.1.2, the
amount of water, corresponding to the difference
between the added water and the amount of water
calculated, is known as non-freezing water. The non-
freezing water has none of the first-order transition
and does not have any kind of crystalline structure.
Freezing bound water content (Wy,) (corresponding to
peak II in the DSC cooling curve) and free content
(W) (corresponding to peak I in the DSC cooling
curve) must have a certain kind of crystalline structure
which may be the same as the structure of natural ice.
There are nine polymorphic forms of ice possible,
suchasice [, Ic, I IIL IV, V, VI, VII and VIII reported
[16]. However, the structures from ice IV toice VII are
found only at very high pressures. Accordingly, in the
usual experimental conditions that treat the above
kinds of water sorbed on polymers, the possible
structures of ice for freezing bound water can be
considered to be ice I, Ic, II and III. The maximum
value of melting enthalpy of ice (ice I) is estimated
as 334 J/g, and the minimum value of melting of ice
(ice III) is estimated as 311 J/g from the phase diagram
of water [18]. It is considered that the estimated
enthalpy error caused by the structure of ice seems
to be <1%.

Therefore, as mentioned previously, Eq. (1) holds
within the above-mentioned error range. Accordingly,
the mass of bound water (W,,) is given as follows.

Wy = Wyt + Wh (2)

The percentage of bound water content, C,, is calcu-
lated according to the following:

Cyp = Wo /W, x 100(%) 3)

where W, is weight of the sample.

Fig. 4 shows the relationship between the degree of
crystallinity of cellulose samples and contents of
bound water and non-freezing water [16]. Crystal-
linity of cellulose samples was measured by X-ray
diffractometry. Amorphous cellulose was prepared by
saponification of cellulose triacetate using sodium
ethyl alcohol in dehydrated conditions. The amor-
phous cellulose was used as a standard material for
the crystallinity calculation. Both, bound water and
non-freezing water contents decrease with the increas-
ing degree of crystallinity of cellulose samples. It is
observed that the amount of freezing bound water
(peak II) decreases with the increasing degree of
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Fig. 4. The relationship between the degree of crystallinity of
cellulose samples and contents of bound water (W) and non-
freezing water (Wy,e): [ — Wy IT — Wo=W, e+ W, (see text).

crystallinity of cellulose samples. This fact suggests
that only cellulose molecules in the amorphous region
can be regarded as the adsorption site of water mole-
cules.

The number of bound water molecules, M, sorbed
on a glucose unit of cellulose can be calculated
according to the following:

My = (162 x Wy)/(18 x W)
= (9 x Wy)/W, = 0.09C, 4)

where the numerals 162 and 18 are molecular weights
of glucose unit of cellulose and of water. The number
of bound water molecules sorbed on a glucose unit in
the amorphous region of cellulose samples, My,, is
calculated according to the following:

Mba = (Mb X 100)/
(100 — degree of crystallinity) )

Fig. 5 shows the relationship between degree of
crystallinity of cellulose and the number of bound
water molecules (M,) sorbed on a glucose unit of
cellulose molecules and those (My,) in the amorphous
region of cellulose [16]. As seen in Fig. 5, M,
decreases with increasing degree of crystallinity of
cellulose in a way similar to that of bound water
content, while My, is nearly constant at ca. 3.4 mol
per glucose unit. This fact suggests that bound water
attaches three hydroxyl groups in the amorphous
region of cellulose.
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Fig. 5. The relationships between the degree of crystallinity of
cellulose samples and the number of bound water molecules on a
glucose unit of cellulose molecules (M,) and those in the
amorphous region of samples (Myp,): [ — My; and 11 - My,.

3.2. Structural change of the amorphous region of
cellulose with the presence of water

The higher order structure of cellulose has been
explained by the two-state model for more than half a
century. In this model, it has been considered that the
amorphous region has a homogeneous structure. How-
ever, the result shown in our previous papers
[19,20,21] indicated that the amorphous region of
cellulose was difficult to consider as a homogeneous
state, especially when the cellulose coexisted with
water molecules. It was also suggested that the amor-
phous region of cellulose was reversibly transformed
to the crystalline region when the non-freezing water
became bound to the hydroxyl group [16,22,23].
Accordingly, in this section, the difference in water
behaviour between celluloses I and II with the water
content will be discussed. Cellulose I, which is sepa-
rated from plant materials, has high molecular mass
and shows high crystallinity. In contrast, cellulose II,
which is regenerated from cellulose I via solving
processes, has low molecular mass and the crystal-
linity is comparatively small.

3.2.1. DSC curves of water sorbed on celluloses
Tand Il
Fig. 6(a and b) show the stacked DSC cooling
curves of water sorbed on cellulose I and cellulose
I, respectively [24]. The broken line in Fig. 6(b)

{a) {b)
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Fig. 6. Stacked DSC cooling curves of water sorbed on (a) —
cellulose I and (b) - cellulose II: ( )} — sorbed water; and
(+ - -) — bulk water cooling rate=10 K/min. Numerals in the figures
show water content (W,) in (g/g).

corresponds to the crystallization curve of pure
water. As shown in Fig. 6(a and b), no crystallization
peak was observed when W, of cellulose I is below
0.15 (g/g) and that of cellulose II below 0.25 (g/g).
These facts suggest that, below the aforementioned
W, only non-freezing water exists in the above
cellulose-I- and cellulose-II-water systems. When
W, exceeded critical amounts for celluloses I and
II, peak II was first observed. It is considered that
peak II represents the irregular structure of ice formed
under the influence of the hydroxyl group of cellulose
molecules.

The crystallization behaviour of water in cellulose
IT is complicated. When W, is between 0.3 and 0.6
(g/g), an intermediate peak (peak II') appears at a
temperature higher than that for peak II, but lower than
that for peak I, as shown in Fig. 6(b). Peak I’ shifts to
the higher temperature side with increasing W,
becoming a shoulder of peak I when W, is >0.5.
Accordingly, it is considered that peak II' also corre-
sponds to the bound water [25].

When W, exceeds a certain value (0.19 (g/g) for
cellulose I and 0.42 (g/g) for cellulose II), peak I
appears. However, when W, is low, peak [ appears at a
temperature lower than that of the normal crystal-
lization temperature of free water which is higher than
that of bulk water. This suggests that peak I is also
under the influence of cellulose matrix.
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Fig. 7. The relationship between amount of freezing water (Wp),
freezing bound water (Wp,) and water content (W,) sorbed on ([, ll)
cellulose I and (O, @) cellulose IL. ([(1,0) — Wy, and (M, @) — Wi

3.2.2. Structural change of cellulose I and II with
water

Fig. 7 shows variation of Wy and W, of cellulose 1
and II, respectively, as a function of W, [24]. W; of
cellulose I first appeared at around W.=0.16 (g/g) and
then increased with increasing W,. In the case of
cellulose II, W; first appeared at ca. W, = 0.40 (g/g)
and increased with increasing W,. This fact indicates
that the amorphous region of cellulose II is larger than
that of cellulose 1. It was also observed that the
behaviour of Wy, of cellulose 1II is different from that
of cellulose 1. Wy, of cellulose I appears at ca.
W,.=0.16 (g/g) and levels off quickly when W, exceeds
0.2, as shown in Fig. 7. Wy, of cellulose II (peak I and
peak II) increases from W, at ca. 0.25 (g/g) and
reaches a maximum value at ca. W.=0.40 (g/g), then
decreases and levels off when W, exceeds 0.50 (g/g).
This maximum value coincides with the W, where W;
appears, as shown in Fig. 7. The foregoing facts
suggest that the size and regularity of ice, that is
considered to be influenced by the structural change
of the cellulose matrix, change with W.. This means
that the molecular arrangement of cellulose II changed
distinguishably by the diffusion of water molecules
into the amorphous region with increasing W.. When
the crystal size of ice with cellulose II exceeded a
critical point, which corresponded to W.=0.50 (g/g),
the ice merged into ordinary ice and, accordingly Wy,
decreased. On the other hand, it is considered that the

Cellulose 1
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Fig. 8. The relationships between amount of non-freezing water
(W, and water content (W,) sorbed on ([]) cellulose I and (O)
cellulose II.

molecular arrangement of cellulose I initially caused a
transformation into a more ordered state, so that a
decrease of heat capacity of the water—cellulose I
system was observed [26]. After that, the structure
of cellulose scarcely changed with increasing W, and,
accordingly, Wg, of cellulose I was almost the same
throughout the W, over a certain value.

Fig. 8 shows the relationship between W, and W,
of celluloses I and II. The W value for cellulose I is
almost constant when W is over ca. 0.2 (g/g), while
that for cellulose II gradually increases with increas-
ing W.. The foregoing facts suggest that the amor-
phous region of cellulose I takes a more ordered
structure with a small amount of water and this
structure is stable, even with the sorption of more
water. However, the amorphous region of cellulose II
is not stabilized by forming an ordered structure, but
increases gradually with the further sorption of more
water. These results were also supported by the X-ray
diffraction data. The X-ray diffractograms of cellulose
I showed that the peak reflecting (002) plane became
more pronounced with increasing W, showing the
increase of the ordered structure with the sorption of
water. On the other hand, the peak reflecting (022)
plane of cellulose II decreased and became flatter with
increasing W, showing the crystallinity of cellulose II
[27]. It was observed that the breaking strength of
cellulose I increased with sorption of a small amount
of water {27].
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3.3. Interaction between water and lignin

Lignin is the second major component of wood. The
chemical structure of lignin is known to have several
chemical groups, such as 4-hydroxyl, guaiacyl and
syringyl groups. As the phenyl groups constitute the
basic chain unit of lignin molecules, it may be cate-
gorized as a hydrophobic polymer. However, a certain
portion of the hydroxyl groups of lignin molecules
facilitate a limited interaction with water. In living
wood, cellulose-lignin—water comprises a compli-
cated composite material. Accordingly, in this section,
it was attempted to quantitatively estimate the struc-
tural change of water with lignin matrix, using methy-
lated DL (MDL) and acetylated DL (ADL) 1,4-
dioxane lignin (DL) as samples. The change of the
glass-transition temperature of lignin affected by
sorbed water was also estimated.

3.3.1. Bound water associated with lignin

Fig. 9 shows the change of W, Wy, and W e with W
The critical value of W is found to be W.=ca. 0.08-
0.09 (g/g), corresponding to the point where Wg,
emerges. The W value slowly increases over this
W.. This suggests that the structure of DL molecules
changes slightly with increasing W,, showing that the
diffusion of water molecules into DL matrix takes
place [28].

3.3.2. Influence of sorbed water on hydrogen
bonding of lignin
Fig. 10 shows a three-dimensional relationship
between T, of DL, W, and degree of acetylation of
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Fig. 9. The relationship between amount of freezing water (Wp),
freezing bound water (Wg,), non-freezing water and water content
(W,) sorbed on lignin.

Fig. 10. Three-dimensional diagram between glass transition (Tg)..
water content (W) and degree of acetylation of 1.4-dioxane lignin
(DL).

DL. In this figure, point E represents the T, of DL and
point F the T,; of ADL which has 100% relative degree
of acetylation of DL. Line AB shows the levelling off
of T,. The T, of dry DL decreases markedly when
water is added. T, of variously acetylated DLs
decreases with increasing W.. T, of DL decreased
with acetylation in the similar manner. The plane
EFGH is divided by the plane ABIJ. The ABEF
section of the plane shows the decrease in T, of
variously acetylated DL with W_. The ABGH section
of the plane is almost flat and represents the region in
which no further breakage of hydrogen bonding
occurs. Tys of both, acetylated and non-acetylated
DLs decrease sharply in the region up to Wc=0.1
(g/g). Accordingly, it can be assumed that water
molecules act as a hydrogen-bond breaker below
W, = 0.1 (g/g) in the lignin—water systems. It is clear
that the hydroxyl groups of lignin play an important
role in the formation of hydrogen bonds in lignin. It is
also seen that the excess free water in lignin does not
distinguishably affect the T, of lignin.

3.4. Interaction between water and
polyhydroxystyrene derivatives

The chemical structure of polystyrene derivatives
such as poly(4-hydroxystyrene) (PHS) and poly(4-
hydroxy-3-methoxystyrene) (PHMS) are related to
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the 4-hydroxyphenyl and guaiacyl groups in lignin.
These polystyrene derivatives have some advanta-
geous mechanical properties such as high breaking
strength compared with that of usual polystyrene [29].

The glass-transition temperatures (Tgs) of these
polystyrene derivatives are ca. 20-80°C higher than
those of polystyrenes [30]. The above facts have been
attributed to the hydrogen bonds which formed
between hydroxyl groups of the polyhydroxystyrene
derivatives. Accordingly, in this section, the effect of
water on the hydrogen bonding of polyhydroxystyrene
derivatives will be discussed.

3.4.1. Change of glass-transition temperatures of
polyhydroxystyrene derivatives with water
Figs. 11 and 12 show three-dimensional diagrams
for partially hydrolyzed poly(4-acetoxystyrene) (PAS)
and poly(4-acetoxy-3-methoxystyrene) (PAMS) with
T, on the vertical axis, and W, and degree of hydro-
lysis of PAS and PAMS on the horizontal axes. In
Figs. 11 and 12, the point E shows the Ts of PHS and
PHMS (PHS=455 K and PHMS=415 K), the other
point, F, shows Tgs of PAS and PAMS (PAS=385K
and PAMS=388 K) and the point D shows the 7, of
polystyrene (PSt=365 K) which was used as a refer-

Fig. 11. Three-dimensional diagram between glass transition (7y),
water content (W) and degree of hydrolysis of poly(4-acetoxy
styrene) (PAS).

Fig. 12. Three-dimensional diagram between glass transition (T}),
water content (W,) and degree of hydrolysis of poly(4-acetoxy,
3-methoxystyrene) (PAMS).

ence material. The plane ABCD shows the isothermal
plane of the T, of PSt. The T,s of PHS and PHMS
decrease rapidly with water sorption, suggesting the
breakage of intermolecular hydrogen bonding by the
effect of water molecules. The plane EFGH is sepa-
rated by the plane ABIJ. The separated plane ABEF
has a steep gradient, while the plane ABHG has a
gradual gradient. The planes ABEF in Figs. 11 and 12
show the decrease of Tgs of partially hydrolyzed PAS
and PAMS by the breakage of hydrogen bonding with
the sorption of water. The planes ABHG in both
figures are considered to show the decrease of T,
by the plasticizing effect of water with partially
hydrolyzed PAS and PAMS samples. The excess water
molecules in partially hydrolyzed PAS and PAMS
remain as the bulk water in the W, range over certain
amounts which are shown as the planes ABIJ in
Figs. 11 and 12. This excess water has plasticizing
effect on the polymers.

From the foregoing result, it can be concluded that
the hydroxyl groups of the substituents in hydrolyzed
PAS and PAMS have an important role in the forma-
tion of intermolecular hydrogen bonding. The differ-
ence between the T,s of PAS and PAMS and their
partially hydrolyzed derivatives may be due to the
effect of the methoxyl groups introduced into the 3-
position of the aromatic ring. Water sorbed on the
partially hydrolyzed PAS and PAMS derivatives acts
as a hydrogen-bond breaker, in case W, is less than a
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certain amount, and acts as a plasticizer above this
value of W,.

3.5. Interaction between water and poly(ethylene
terephthalate)

Most synthetic polymers are ordinarily hydropho-
bic, and it has been thought that physical properties of
the polymers are not affected by the presence of water.
Recently, however, the water in synthetic polymers
such as poly(ethylene terephthalate) (PET) has
received attention since, even a small amount of water
captured by synthetic polymers is known to decrease
the reliability such as dimension stability and dur-
ability, when these polymers are used in industrial
applications such as recording materials and electrical
devices. Accordingly, in this section, attention will be
focussed on the phase transition of PET in the pre-
sence of water.

3.5.1. Effect of water on the molecular motion
of PET

Fig. 13 shows the DSC curves of PET with various
water contents. T, is observed as the baseline devia-
tion and, at temperatures between 333 and 335 K, sub-
T,s are observed when W, exceeds 0.029 (g/g) [31].
For the observation of the above phase transition of
PET in water, the PET sample was firstly heated up to
380 K in order to accelerate the diffusion of water into
the polymer matrix. It is known that the enthalpy

I

320 350 380
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Fig. 13. DSC heating curves of poly(ethylene terephtalate)
containing various amounts of water at around glass-transition
temperature (T,). I - 0; I1 - 0.007 (g/g); 1T - 0.029 (g/g); and IV -
0.061 (g/g). Arrow shows sub-T,.

relaxation occurs when a PET sample is kept for a
long time at room temperature [32]. Water is also
known to increase the rate of enthalpy relaxation [33].
Temperature and time are counteracting factors in
treating the change of phase transition and also the
structural change of PET. When PET samples are
treated, therefore, the errors unavoidably deriving
from the thermal history of each PET sample must
be taken into account. Thermal and viscoelastic data
of sub-T, of PET and its molecular implications have
been reported by some authors [34-36]. The mole-
cular mechanism of the above phenomena has not yet
been sufficiently explained at present. However, it can
be at least said from the data shown in Fig. 13 that the
excess water with PET accelerates nucleation and
molecular transportation of PET in the glassy state.

4. Water soluble polymers

Polymers having hydrophilic groups such as hydro-
xyl, carboxyl and sulfonate groups tend to solve in
water. Polysaccharides are usually water soluble.
Various kinds of polysaccharide molecules accept a
random structure in a dilute aqueous solution at a
temperature higher than the critical temperature, e.g.
get—sol transition temperature. When the solution is
cooled, random molecular chains ordinarily form
helical structures, and the helical chains congregate
into hydrogel or liquid-crystal form, depending on the
concentration, thermal treatment, and the presence of
various kinds of ion. In this section, representative
polysaccharides forming hydrogels and/or liquid crys-
tals are introduced. At the same time, gelling proper-
ties of poly(vinyl alcohol) are described as an example
of synthetic water soluble polymer.

4.1. Hydrogels

4.1.1. Hyaluronic acid

The molecular configuration and structure of the
repeating disaccharide unit of hyaluronic acid is
shown in Fig. 14. The long linear chain is unbalanced,
and at physiological pH, due to its polyanionic char-
acter, exhibits considerable stiffness, which is respon-
sible for its large hydrated volume. Light scattering
shows that the long branched chain can form a random
coil occupying molecular domain containing a large
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Fig. 14. Chemical structure of hyaluronic acid.

amount of water. The hyaluronic acid needs to have a
molecular weight in excess of 2 x 10° to form such a
large hydrated volume with a diameter of ~300 nm.
Hydrodynamic measurement indicates that radius of
gyration is almost the same as the radius of the solved
sphere (Random-Coil-Solvated Sphere Model). Hya-
luronic acid has a considerably greater ability to trap
water than other polyelectrolyte polysaccharides. A
2% solution of pure hyaluronic acid holds the water so
tightly that it looks like a gel showing elastic or
pseudoelastic properties. The combination of high
molecular weight, and large molecular volume
forces the overlap between individual hyaluronic
and molecular domains, resulting in extensive
chain entanglement and chain—chain interaction
[37-40].

Hyaluronic acid is widely applied in the medical
field [41,42] due to its high compatibility with animal
tissue. Due to its high water-retaining ability, hyaluro-
nic acid is added to cosmetics. It is also reported that
hyaluronic acid is blended with various hydrophilic
polymers for the purpose of increasing the swelling
properties of water.

Phase transition behaviour of water of hyaluronic
acid is investigated by DSC in a wide range of water
contents (Fig. 15). The samples were heated at 10 K/
min after cooling from 330 to 150 K at a cooling rate
of 10 K/min [43-45]. The sample with W.=0.5 (g/g)
did not show any phase transition except for a shift
in the baseline due to glass transition (7). The heat
capacity difference at T, of water-hyaluronic acid
system is particularly large among various water—
polyelectrolyte polysaccharide systems. A character-
istic feature of the glassy state of hyaluronic acid is
explained by a large amount of amorphous ice which
is formed during the quenching process in the network
structure [46,47]. Fig. 16 shows a phase diagram of
water—hyaluronic acid systems. T, decreases mark-
edly until W.=1.0, (g/g), and reaches a minimum at
around W.=1.1. (g/g).
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Fig. 15. DSC heating curves of water—hyaluronic acid systems
with various water contents (W,.). Heating rate=10 K/min.

The melting curves of hyaluronic acid—water sys-
tems show the multiple peaks having a shoulder at the
low temperature side of the main peak. Fig. 17 shows
the relationship between starting temperature (TJim),
Tomu, the melting peak (Tpy) and temperature of
crystallization (7). T}',i and Ty, linearly increase
with increasing 7. In contrast, Tpn,s are maintained
at a constant value. This indicates that melting of
irregular ice formed in the hyaluronic acid network is
observed at the lower temperature side peak [47].
Isothermal crystallization of hyaluronic acid having
various W_s was carried out at different temperatures

300
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Fig. 16. Phase diagram of the water—hyaluronic acid system.
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Fig. 17. The relationships between peak temperature of melting
(Tymi), peak temperature of sub-melting (Tpmy), starting tempera-
ture of melting (T;m) and crystallization temperature (7,.) of water—
hyaluronic acid systems: (O) - W.=1.2 (g/g); (@) - 1.5 (g/g); and
(0D ~ 2.1 (g/).

[48]. It was found that the rate of nucleation of water in
hyaluronic acid gel was almost the same as bulk water.
In contrast, the rate of crystal growth of freezing
bound water was ca. 10 times slower than that of bulk
water.

4.1.2. Gellan gum

Gellan gum is the extracellular, anionic polysac-
charide produced by the bacterium Pseudomonas
elodea. The chemical structure of gellan gum is shown
in Fig. 18. Aqueous gellan solutions, above a thresh-
old concentration level, form gels. Gellan gels are
utilized in food industry, on account of its flexibility
and transparency [49]. The characteristics of these
gels depend not only on the gellan concentration but
also on the valency and size of cations present in the
solutions. It is noteworthy that water played a crucial

Na, Ca, Mg
CH,OH COOH CH,OH
0 Q Qo g Q
—ot O o+ O NoH CHs
HO
OH OH OH OH OH

Fig. 18. Chemical structure of gallan gum.
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‘4Fig. 19. DSC cooling curves of gallan gel (concentration=1.2 mg/

10 ml of water) held at 365 K for various times. Numerals in the
figure show holding time in min. Cooling rate — 10 K/min.

role in the formation of crystalline regions in gellan
[50,51]. In order to stabilize the double helix, cations
and the carboxylic groups are coordinated. At the same
time, it has been suggested that polyion—cation—
water—cation—polyion bridges may bind the double
helices together to form a junction zone [51,52]

Aqueous gellan solution of concentration 1.2 mg of
gellan gum/10 ml of water was hermetically sealed,
placed in an oven and pre-heated to 313 K for 24 h
[53]. The gellan gum used was an ‘ordinary sample’
obtained from the research group on gellan gum
affiliated to the Society of Polymer Science, Japan
[53-56]. These samples were heated in a DSC at
10 K/min from 293 to 365K, and held for 5 min
before being cooled at the same rate to 130 K. The
same sample was reheated to 365 K, held at that
temperature for various holding times and recycled.
Fig. 19 shows DSC cooling curves of the sample held
for various times at 365 K. The single exotherm
which is initially observed on cooling is replaced
by a structural peak and ultimately by two peaks
as the holding time is increased. A similar series
of observations was made on samples with various
concentrations at holding temperatures of 350 and
340 K. A change of relative size of the exotherms
indicated that the progressive shift in relative areas
of the peak proceeds more slowly at lower holding
temperatures.
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Fig. 20. The variation in elastic modulus (£') with holding time at
various temperatures of gallan gel (concentration=1.2 mg/10 ml of
water): (O) — 365; (@) — 350; and ([]) — 340 K.

Elastic modulus (E') of the above-mentioned sam-
ple was measured using a thermomechanical analyzer.
Increase in E' is observed after ca. 25 min holding for
all samples held at 340, 350 and 360 K, as shown in
Fig. 20 [53]. Small-angle X-ray scattering (SAXS)
was carried out using synchrotron orbital radiation
(SOR). Thermal and X-ray results suggested that the
individual double helices are bound by cationic inter-
actions and inter-molecular hydrogen bonding. The
junction zones are linked in the form of extended
helical chain. The concentration of ordered regions
increases on annealing, as can be observed by the
increase in the low-temperature exotherm, suggesting
the increase of bound water.

Fig. 21 shows the relationship between relative area
of exotherms [(area of the low-temperature exotherm)/
(area of the high-temperature exotherm)] shown in
Fig. 19 and size of the junction zone estimated by
SAXS. It is clearly seen that the amount of bound
water reflects the increase of the junction zone of
gellan hydrogels [55].

Gel-sol transition behaviour is investigated using a
highly sensitive DSC from with respect of gelling
ability of gellan in the presence of various types of
cations [56].

4.1.3. Xanthan gum

Xanthan gum is an anionic extracellular polysac-
charide produced by the bacterium Zanthomonas
campestris. The chemical structure of xanthan is
shown in Fig. 22. The chemical and physical proper-
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Fig. 21. The relationship between relative area of exotherms and
size of junction zone (\) of gallan gel (concentration=1.2 mg/
10 ml of water).

ties of xanthan and its commercial applications are
described in detail elsewhere [57]. In the solid state,
xanthan adopts a double helical conformation in the
presence of a nominal amount of water [58]. Dilute
solution >0.5% forms gels. The junction zones are
thought to be linked by extended helical chains,
resulting in a three-dimensional network [53,59].
Various liquid-crystal forms of xanthan have been
reported over a wide range of water contents
[60,61]. Xanthan gels exhibit a gel-sol transition in
the region of 320 K, depending on concentration,
molecular weight and on the nature of the cations
present. The nature of the xanthan chains in the
solution has been widely discussed [62,63].

Sample preparation for thermal measurements were
the same as that of gellan hydrogels described in
Section 4.1.2. An increase of freezing bound water
is observed by DSC, as shown in Fig. 23, in the similar
manner as shown previously (Fig. 19). The thermal

CH,OH CHOH
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OH O\}\/i 1 j © Na
co;

_ OH ° oH
O co;
o) Q o)
o oHHO A O NOH O \OoH
cO; CH,OCOCH;
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Fig. 22. Chemical structure of xanthan gum.
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Fig. 23. DSC cooling curves of xanthan gel (concentra-
tion=2.0 mg/10 ml of water) held at 365 K. Numerals in the figure
show holding time in minutes.

non-equilibrium nature of both sol and gel states of
xanthan gels was confirmed [64].

4.1.4. Other polysaccharides

Besides the polysaccharides already mentined, the
thermal properties of agarose [65,66], carrageenan
[67,68], gum Arabic and its mixture [69], carboxy-
methylcellulose [70] and alginic acid [70,71] hydro-
gels have been investigated.

4.1.5. Poly(vinyl alcohol) (PVA)

PVA is known as a representative gel-forming
synthetic polymer. When an aqueous solution of
PVA is irradiated by ®°Co y-ray, elastic and transparent
gels are obtained. Cross-linking density can be eval-
uated by Flory’s equations, using the data obtained by
either swelling or mechanical method [72]. Fig. 24
shows DSC melting curves of water restrained in PVA
gels as a function of cross-linking density (1/M.) [73].
The melting pattern of ice in each gel is complicated;
two main peaks with several small shoulder peaks are
observed. These small shoulder peaks were affected
by the repeated heating and cooling during DSC runs.
Wr rapidly decreased with increasing cross-linking
density. When 1/M, increased above 2 x 1074, the
amount of free water disappeared.

300
10°

240

Fig. 24. DSC heating curves of water restrained in poly(vinyl
alcohol) hydrogel with various cross-linking densities. Heating
rate=10 K/min.

The amount of W,,¢is almost constant, regardless of
1/M, and Wy, decreased gradually with increasing
1/M..

An aqueous solution of PVA is brought to gelation
by freezing and defreezing [74,75,76]. The molecular
chains are not chemically cross-linked, but exhibit a
certain association resulting in the formation of a
pseudo-gel. As shown in Fig. 25, a large amount of
freezing bound water was confirmed in a pseudo-gel
by DSC investigation [77].
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Fig. 25. DSC cooling curves of poly(vinyl alcohol) pseudo-gel
held at various temperatures. Numerals in the figure shows holding
temperature. Cooling rate=10 K/min.
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4.2. Formation of liquid-crystal structure in the
water—polyelectrolyte system

The possibility that an ordered structure is present
in dilute solutions of ionic polymers has been reported
by several authors [78,79-83], but attention has not
been paid to the molecular arrangements of polyelec-
trolytes in highly concentrated aqueous solutions.
Over the past few years, using DSC, nuclear magnetic
resonance spectroscopy (NMR) and polarizing micro-
scopy, the molecular behaviour of water—polyelectro-
lyte systems has been studied [43,46,48,54,61,84—
100].

The experimental results reveal that polyelectro-
lytes in highly concentrated aqueous solutions have a
unique property that is capable of forming a liquid-
crystal phase. This characteristic originates from the
fact that water molecules associated with polyelec-
trolytes have a conformation different from ordinary
molecular packing. When water molecules are directly
bonded to the ionic groups of polyelectrolytes, the
mobility of the water decreases markedly
[84,86,89,91,93-95,98].

DSC studies have shown that water molecules,
directly associated with the ionic group, do not display
a first-order phase transition [84,85,87-90,92-100].
NMR relaxation studies have also suggested that the
molecular motion of water molecules around the ionic
groups is markedly restricted, compared with that of
free water [84,86,89,91,93-95,98]. However, the
molecular behaviour of the water—polyelectrolyte sys-
tem has not yet been fully understood. Accordingly,
the recent advances in our studies on this system are
given in the following section.

4.2.1. Carboxymethylcellulose (CMC)

Fig. 26 shows representative DSC curves of the
water—sodium carboxymethylcellulose (NaCMC) sys-
tem with W.=1.26 (g/g). When the sample was cooled
at a rate of 10 K/min, two exotherms were found at
268 and 245 K (curve I).

When the sample was reheated at 10 K/min (curve
II), a step-wise change in the baseline at 190K, a
broad exotherm at ca. 240 K and two endothermic
peaks at 265 and 330 K were observed. The large
endothermic peak observed at 265 K was attributed to
the melting of free water (T},), as reported previously
{88]. The small endothermic peak observed at 330 K

Endo.
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Fig. 26. DSC curves of water—carboxymethylcellulose systems.
Heating and cooling rate=10 K/min.

was attributed to the transition (7”) from the liquid-
crystal state to the isotropic liquid state. This was
supported by observations on the presence of the
liquid-crystal phase in the temperature range between
Tand T, using a polarizing microscope. The peak
corresponding to 7" appeared when W, was ca. 0.4 (g/g).
The peak temperature (T") decreased with increasing
W, and was barely observable when W, was 1.5(g/g).
When the sample was quenched from 320 to 150 K
(curve IIl), the step-wise change in the baseline at
190 K and the exotherm at ca. 240 K became promi-
nent. The temperature corresponding to the step-wise
change in the baseline showed a heating-rate depen-
dence. This change also showed enthalpy relaxation
by slow cooling or annealing at a temperature, slightly
lower than the endothermic deviation of the baseline.
This transition was, therefore, attributed to glass
transition (7). The exotherm at ca. 240 K was attrib-
uted to a cold crystallization (T,.) of the system via
which the glassy state was transformed to the crystal-
line state. QOther water~CMC-metal-salt systems
including LiCMC, KCMC and MgCMC showed
similar phase transitions, as in Fig. 26, but the
water—-CMC systems with the divalent cations such
as the water-MgCMC system required more time
for the molecular rearrangement than systems with
monovalent cations.
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Fig. 27. Phase diagram of the quenched water-sodium cellulose
sulfate systems: T, — glass transition temperature; T.. — cold-
crystallization temperature; Ty, — melting temperature; and T -
liquid-crystal-liquid transition temperature.

4.2.2. $Odium cellulose sulphate (NaCS)

Fig. 27 shows the phase diagram of the quenched
water—NaCS system obtained from the similar DSC
measurements as mentioned in the Section 4.2.1. This
figure shows that the quenched system consists of
glassy, crystalline, liquid-crystal and isotropic states.
The transition temperature (T") from the liquid crystal
to the isotropic liquid phase decreases with increasing
W, in the W, range between ca. 0.4 and 1.4 (g/g),
although melting and cold-crystallization tempera-
tures (T, and T,.) increase with increasing W,. How-
ever, T, shows a minimum at ca. W.=0.4 (g/g). This
phenomenon is explained as follows: below W .=0.4
(g/g), T, of the system decreases with increasing W,
because the molecular motion of the system increases
with increasing W5, while above W.=0.4 (g/g), T, of
the system increases because the formation of ice
begins to restrict the molecular motion of the system
with increasing Wy. The fact that both, the heat of the
transition (AH) from the liquid-crystal phase to the
tsotropic liquid phase and the transition temperature
(T") decrease with increasing W, may suggest that the
presence of mobile water molecules disturbs the reg-
ular alignment of NaCS molecules in the water—-NaCS
system.
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Fig. 28. Phase diagram of the quenched water-xanthan gum
systems: T, — glass-transition temperature; T.. — cold-crystal-
lization temperature; 7,, — melting temperature; and T - liquid-
crystal-liquid-transition temperature.

The value of W, in the water-NaCS system was
calculated as W,;=0.38 (g/g). As shown in Fig. 27, the
molecular rearrangement in the system starts when the
value of W, is more than ca. 0.4 (g/g). In this W, range,
NaCS molecules become mobile and form a regular
alignment, showing a mesophase when W, is <1.4
(g/g). If W, exceeds this value, free water molecules
start to disturb the regular alignment of the system.

4.2.3. Xanthan gum

Fig. 28 shows the phase diagram obtained from the
DSC heating curves of the quenched water—xanthan
systems with various W.s. The value of T~ decreases
with increasing W, as was observed in the phase
diagram for the water-NaCMC, the water-NaCMC
and the water—NaCS systems. The W, dependence of
T" suggests that the formation of the liquid-crystal
phase depends strongly on W,.. The T, value depends
on W, in the W, range below 1.4 (g/g). The Ty, of the
samples, with W, between 0.5 and 1.4 (g/g), is lower
than that of pure water. In the same W, range, the value
of cold crystallization (T,.) also depends on W,... These
facts suggest that water molecules in the water—
xanthan system with W, between 0.5 and 1.4 (g/g)
are strongly affected by xanthan molecules. The water
molecules are considered to be a kind of bound water.
As shown in Fig. 28, the glass transition is observed in
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Fig. 29. Phase diagram of the quenched water—polystyrene
sulfonate systems: T, — transition temperature; T.. — cold-
crystallization temperature; T, — melting temperature; and 7" —
liquid-crystal-liquid transition temperature.

the water-xanthan system at a temperature below
200K in W, ranging from 0.5 to 2.0 (g/g), and the
T, value increases with increasing W, in the W, range
above 0.5. However, in the W, range below 0.5 (g/g),
the T, value decreases with increasing W, with a
minimum of T, at W.=ca. 0.5 (g/g). The reason of
the appearance of this T, minimum was previously
explained.

4.2.4. Sodium polystyrene sulphonate (NaPS$)

The water—NaPS system also showed the formation
of the ordered structure which was observed in other
polyeletrolytes, such as CMC, NaCS and xanthan.

Fig. 29 shows the phase diagram obtained from the
DSC heating curves of the quenched water—NaPS
(M,=17.0 x 10% system with various W.s. The value
of T" decreases with increasing W,, as observed in the
phase diagrams for the other water—polyelectrolyte
systems. The melting peak of water was not observed
in the W, range less than ca. 0.6 (g/g). The value of T},
increases with increasing W., levelling off above
W.=ca. 1.3(g/g). The T.. value shows the same ten-
dency as the T, in the W, ranging between 0.6 and 1.3
(g/g). The glass transition also reveals a W, depen-
dence. The T, value increases with W,, when W, is
>0.6 (g/g). In the W, range of <0.6 (g/g), the T, value
decreases with increasing W,, and a T, minimum is
observed at W =ca. 0.6 (g/g).

The W, value in the water-NaPS system was
calculated to be W,=0.62 (g/g) using the equations
mentioned previously in Section 2. This value agrees
well with the values shown in Fig. 29, suggesting that
the structure formation of the system occurs in the W,
range over ca. 0.6 (g/g) with the presence of freezing
bound water, as observed in the other polyelectrolyte
systems.

The foregoing observations indicate that various
kinds of polyelectrolytes, such as lithium, sodium,
potassium, magnesium and calcium salts of carboxy-
methylcellulose, sodium cellulose sulphate, lithium,
sodium, potassium and calcium salts of xanthan, and
other polyelctrolytes, such as sodium polystyrene
sulphonate, form a liquid-crystal phase with an appro-
priate amount of water. The amount of water which
enables these polyelectrolytes to form the liquid-crys-
tal phase is in the W, range from ca. 0.5 to ca. 3.0.
(g/g), depending on the kind of polyelectrolyte. It has
also been shown that bound water in the water—poly-
electrolyte systems plays an important role in the
formation of liquid-crystal phase. The NMR study
has shown that water in the system is in a state ranging
from non-rigid solid to viscous liquid and that the
motion of counter ions in the system is profoundly
influenced by the molecular motion of water.

5. Conclusions

Crucial role of water molecules restrained in
hydrophilic polymers has been suggested. The
relationship between water, higher order structure
formation and thermal properties will lead to a more
enhanced understanding of the nature of hydrophilic
polymers.
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