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Abstract Detailed investigations on
the structural and macroscopic
properties of a hydrogel based on a
polyether/water/LiCl system as a
function of composition and tem-
perature are reported. The investi-
gations include the determination of
the types of water by differential
scanning calorimetry (DSC) mea-
surements, the characterization of
the polymorphism by microscopic
observations in combination with
DSC measurements as well as the
determination of the optical and
viscoelastic properties by spectro-
scopic and rheological measure-
ments. The influence of the addition
of salts on the water binding prop-
erties of the polyether are reported
and the results are discussed on a
molecular level. For the optical

properties it was found that the
transmission—temperature curves re-
flect the polymorphism of the sam-
ples. Two-phase regions at a phase
transition or regions of coexisting
phases (phase separation or mixing
gaps) lead to the appearance of light
scattering states, whereas homoge-
neous phase regions are highly
transparent. The rheological mea-
surements indicate the formation of
hydrogels by cross-linking with LiCl,
whereby in different phases the ge-
lation occurs at different LiCl con-
centration ranges.
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Introduction

In recent years, aqueous polymer systems have attracted
considerable interest from both a theoretical as well as a
practical point of view. The interaction between water
and polymer is the main driving force for the structure
formation in such systems. Depending on the composi-
tion and the temperature the distribution of water within
aqueous polymer systems can vary and cause phase
changes or phase-separation processes which are often
accompanied by drastic changes in the macroscopic
properties. In the majority of reports three different
types of water are distinguished [1-5]. These types are
nonfreezing bound water, which is strongly bound to the
polymer, freezing bound water, which is weakly associ-
ated with the polymer, and free water, which forms a

separate phase. Nonfreezing bound water is interpreted
as water associated with polar groups of the macromo-
lecular chains by hydrogen bonding or by polar
interactions and freezing bound water is interpreted as
water attached to the more hydrophobic groups of the
polymer chains [1, and references therein]. The water
binding properties of hydrogels do not only depend on
the molecular structure but they also depend on the
microstructure of the polymer. Thus, an analysis of the
water binding properties of a polymer might provide
useful information on its microstructure [5].

It is well known that electrolytes have a strong
influence on the structure of aqueous polymer systems
[6-10]. The addition of electrolytes often leads to a
physical cross-linking of the polymer, whereby a three-
dimensional polymeric network is built up and a
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hydrogel is formed [6—8]. Moreover, in thermotropic
hydrogels a shift of the phase-separation temperature
takes place by the addition of electrolytes [9, 10]. The
formation of polymer—ion complexes and the influence
of the electrolytes on the water structure are discussed to
explain these effects.

In this article detailed investigations on the distribu-
tion of water, the phase behavior and the optical and
rheological properties of a polyether/water/LiCl system
are presented. The organization of the article is as
follows. Differential scanning calorimetry (DSC) inves-
tigations to determin the water binding properties of the
pure polyether and the effect of the addition of various
amounts of LiCl on these properties are presented first.
Then, results of microscopic observations and DSC
measurements on the polymorphism and phase-transi-
tion temperatures of the polyether/water/LiCl system
are reported. Finally, the temperature dependences of
the optical transmission as well as of the rheological
properties are presented and the complex temperature
dependence of these macroscopic properties are dis-
cussed on the basis of the polymorphism of the samples.

Experimental

Materials

The polyether glycerol propoxylate-b-ethoxylate (M, ~4000) was
purchased from Aldrich and was used for the preparation of the
aqueous polymer systems without further purification.

The aqueous polymer systems investigated were prepared as
follows. Glycerol propoxylate-b-ethoxylate was added to aqueous
LiCl solution or pure water, respectively. Then, the mixture was
stirred for about 1 h and afterwards twice a day for about 15 min
over a period of 4-5 days.

Differential scanning calorimetry

DSC measurements were carried out using a Perkin-Elmer DSC 7.
The weight of the samples ranged between 5 and 20 mg. For the
determination of the different types of water the samples were
cooled from room temperature to —50 °C with a cooling rate of
5 °C/min and held at this temperature for about 30 min. After-
wards, the frozen mixtures were heated at a rate of 1 °C/min to
5°C. In order to detect phase transitions and phase-separation
processes in the temperature region above 0 °C the samples were
heated from 5 to 90 °C at a rate of 5 °C/min. The heat of fusion
was calculated from the peak area using indium as a standard.

Polarizing microscopy

A polarizing microscope (Olympus BH-2) fitted with a Linkam
THMS 600 heating stage was used to study the phase behavior of
the samples optically. Textural observations were performed with
parallel as well as with crossed polarizers.

Optical transmission

The temperature dependence of the optical transmission of the
samples was measured at a wavelength of 600 nm in 1-cm cuvettes

against air in the reference beam by using a Perkin-Elmer UV/vis
spectrometer (Lambda 18). The samples were kept at each
temperature for about 20 min in order to achieve an equilibrium
state.

Rheological properties

The rheological properties of the samples were studied by using an
SR-200 dynamic stress rheometer (Rheometric Scientific) fitted
with a Peltier heating stage. Samples of a thickness between 0.5 and
1.5 mm were placed between parallel plates (25-mm diameter) and
covered with a solvent trap. A dynamic test mode was chosen to
characterize the rheological properties of the samples (frequency
1 rad/s and an autostress adjustment to keep the strain in a range
between 1.5 and 2%). The samples were heated from 0 to 90 °C at a
heating rate of 0.5 °C/min and data were collected every 10 s.

Results and discussion

Determination of the water binding properties
by DSC measurements

DSC measurements were performed in order to deter-
mine the melting enthalpy of frozen water of the
polyether/water systems. For binary mixtures of polye-
ther and water no water melting peak could be detected
up to a water content of 15 wt%. In the region between
20 and 65 wt% water content a single water melting
peak is observed. Above 70 wt% water content a second
water melting peak occurs at higher temperature in
comparison with the first one. With increasing water
content the enthalpy of the higher-temperature water
peak increases, while the enthalpy of the lower-temper-
ature water peak decreases and finally disappears at a
water content of 100 wt%. These results are in agree-
ment with the existence of three different types of water
[1-5]. At low water contents all water is strongly bound
to the polymer and cannot be frozen (nonfreezing bound
water). Above a certain content the additionally added
water is only weakly bound to the polymer; thus, it can
be frozen (freezing bound water). However, its melting
point and melting enthalpy is lowered in comparison to
bulk water. At high water contents the polymer is
saturated with water and the additional added water
builds a separate phase of free water. The different
regions can also be clearly observed in a plot of the
water melting enthalpy (or sum of the two enthalpies,
respectively) as a function of the water content of the
polyether/water system (Fig. 1). Within each region the
data can be fitted linearly. The points of intersection
between the different regions correspond to the compo-
sitions where the maximum amount of nonfreezing
bound water or the maximum amount of (freezing plus
nonfreezing) bound water, respectively, is reached.
Using these data the total amounts of the three different
types of water can be calculated for each composition
(Table 1). Moreover, from the amount of freezing
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Fig. 1 Water melting enthalpy as a function of water content of the
polyether/LiCl/water systems

bound water and the enthalpy of the corresponding
DSC peak, the melting enthalpy of the freezing bound
water and the binding enthalpy for its association with
the polymer, which is the difference between the melting
enthalpy of the freezing bound water and the melting
enthalpy of free water, can be calculated. The results of
these calculations are summarized in Table 2.

The nonfreezing bound water of aqueous polyether
systems is interpreted as the water of the primary
hydration shell of the ether groups. Investigations on
polyether oligomers show that the ether group tends to
build dihydrates [11]. However, for hydrogels based on
polymers with a much higher degree of polymerization
the ratio between the maximum amount of nonfreezing
bound water and the number of polymer repeating units
was often found to be significantly lower than expected
from the hydration number(s) of the hydrophilic
group(s). Moreover, it could be shown that the ratio
between the maximum amount of nonfreezing bound
water and the number of polymer repeating units not
only depends on the molecular structure but that it also
depends on the degree of polymerization, on the
preparation method and on the storage time [1, 5].
According to Ref. [5] these effects can be explained by
microcrystallites in the polymer structure, which cannot
be hydrolyzed by water and, therefore, do not contribute
to the water binding properties of the polymer.

The polyether/water system exhibits a saturation
value of 0.74 mol nonfreezing bound water per polye-
ther repeating unit, indicating thereby that only about
one-third of the polyether groups can be hydrolyzed in
this system.

Table 1 Measured water melting enthalpies, calculated amount and distribution of water and calculated melting enthalpy of the freezing
bound water for different mixing ratios of the polyether/water system

Mixing ratio (wt%) Measured enthalpy (J/g mixture) Calculated composition of 1 g mixture (g) Melting
enthalpy (J/g)
Polyether ~ Water Ist peak 2nd peak Sum of Polyether Nonfreezing Freezing Free Freezing
both peaks bound water bound water water bound water
100 0 - - 0.00 1.000 0.000 0.000 0.000 -
90 10 - - 0.00 0.900 0.100 0.000 0.000 -
85 15 - - 0.00 0.850 0.150 0.000 0.000 -
80 20 2.67 - 2.67 0.800 0.190 0.010 0.000 256.73
75 25 16.96 - 16.96 0.750 0.178 0.072 0.000 234.74
70 30 30.40 - 30.40 0.700 0.166 0.134 0.000 226.70
60 40 52.40 - 52.40 0.600 0.142 0.258 0.000 203.26
50 50 79.25 - 79.25 0.500 0.119 0.382 0.000 207.73
40 60 109.20 - 109.20 0.400 0.095 0.505 0.000 216.15
35 65 125.20 - 125.20 0.350 0.083 0.567 0.000 220.79
30 70 107.71 41.39 149.10 0.300 0.071 0.528 0.101 203.88
25 75 99.06 79.33 178.39 0.250 0.059 0.440 0.251 225.01
20 80 74.90 132.70 207.60 0.200 0.047 0.352 0.400 212.67
10 90 33.60 226.90 260.50 0.100 0.024 0.176 0.700 190.83
0 100 - 330.49 330.49 0.000 0.000 0.000 11000 -

Table 2 Results of the differ-

ential scanning calorimetry

(DSC) investigations on the
water binding properties of
the polyether

Melting enthalpy of the freezing bound water
Binding enthalpy of the freezing bound water

Maximum amount of nonfreezing bound water

Maximum amount of freezing bound water

0.237 g per gram dry polyether
0.74 mol per polyether repeating unit

1.761 g per gram dry polyether
5.48 mol per polyether repeating unit

2163 J/g
~114.2 J/g
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In order to study the influence of the addition of LiCl
on the water binding properties of the polyether, various
amounts of LiCl were added to the polyether/water
system. Within each series the mixing ratio between LiCl
and polyether was kept constant and the water content
was varied. Three series containing a LiCl amount of 1,
2.5 and 5% of the polyether mass were prepared. A plot
of the water melting enthalpy as a function of the water
content of these three series as well as of the system
without LiCl is given in Fig. 1. Similar to the procedure
described previously for the binary polyether/water
system the maximum amount of nonfreezing bound
water, the maximum amount of freezing bound water as
well as the melting enthalpy and the binding enthalpy of
the freezing bound water were calculated (Table 3).
With increasing LiCl concentration an increase in the
maximum amount of nonfreezing bound water and a
decrease in the melting enthalpy of the freezing bound
water is observed, whereby both parameters show a
linear dependence on the LiCl content. Independent on
the starting concentration, the addition of 1 mmol LiCl
leads to an increase in the maximum amount of
nonfreezing bound water of about 9 + 1 mmol and to
a decrease in the melting enthalpy of the freezing bound
water of about 49.3 J/g (calculated from a linear
regression of the parameters plotted against the LiCl
content).

How can these results be interpreted? First, let us
assume that the increase in the maximum amount of
nonfreezing bound water corresponds to the amount of
water which builds the primary hydration shell of the
Li* and Cl™ ions. The hydration number for a lithium
ion is 5-6 and for a chloride ion it is 1 [12]. Thus, the
addition of 1 mol LiCl should cause an increase in the
maximum amount of nonfreezing bound water of 6—
7 mol, which is in quite good agreement with the
experimental result of 9 £ 1 mol. To test this model
we investigated how the water binding properties of the
same polyether are affected by the addition of 1% NaCl
or 1% KCI, respectively. The hydration number for a
sodium ion is 4-5 and for a potassium ion it is 3-4. For
NaCl we obtained an increase in the maximum amount
of nonfreezing bound water of 0.049 g/(1 g dry poly-
mer +0.01 g NaCl), which corresponds to 15.9 mol/mol
NaCl and for KCl we obtained a decrease in the
maximum amount of nonfreezing bound water of
0.009 g/(1 g dry polymer + 0.01 g KCI), which corre-
sponds to 3.7 mol/mol KCI. For both salts the exper-

imental results are far away from the results expected
according to the model discussed. Thus, the change in
the maximum amount of nonfreezing bound water
clearly does not correspond with the amount of water
bound in the primary hydration shell of the ions.

Another explanation for the change in the maximum
amount of nonfreezing bound water by the addition of
salts is to assume an influence of the salt ions on the
microstructure of the polyether.

As a further result a decreasing melting enthalpy of
the freezing bound water with increasing LiCl concen-
tration was found for the polyether/water/LiCl system.
This result clearly indicates that the polyether—water
interaction becomes stronger with increasing LiCl
concentration. The same effect was observed with the
addition of 1% NaCl or 1% KClI, respectively, whereby
NaCl has the smallest and LiCl the largest effect of these
three salts. An influence of the ions on the water
structure, a closer package of the polymer chains or a
more rigid polymer structure are possible explanations
for this result.

Phase behavior of the polyether/water/LiCl system

The phase behaviors of the polymeric systems were
studied by microscopic observations and DSC measure-
ments. On the basis of microscopic observations on the
polyether/water system the following polymorphisms
were detected. Mixtures with a low water content (up to
15 wt%) form one homogeneous (isotropic liquid)
phase at room temperature. On heating this phase
separates into two (isotropic liquid) phases, whereby
one of these phases is a pure water phase. The phase-
separation temperature decreases with increasing water
content. At a water content between 15 and 25 wt% the
polymorphism of the polyether/water system changes.
For a mixture with 25 wt% water content a separation
into two coexisting phases (mixing gap) is observed
below about 30 °C. On heating above 30 °C the two
coexisting phases transform into a homogeneous phase.
As microscopic observations between crossed polarizers
show, this phase possess an optical anisotropy, indicat-
ing thereby the presence of a supermolecular structure
of the polyether/water system. On further heating, first a
transition into a homogeneous isotropic phase (between
33 and 43 °C) and then a phase-separation process,
starting at about 48 °C, takes place. With increasing

Table 3 Results of the DSC investigations on the water binding properties of the polyether with various LiCl content

Added amount of LiCl (% of the polyether mass)

Maximum amount (g) of nonfreezing bound water per gram dry polyether
Maximum amount (g) of freezing bound water per gram dry polyether

Melting enthalpy (J/g) of the freezing bound water
Binding enthalpy (J/g) of the freezing bound water

0 1 2.5 5
0.237 0.269 0.334 0.458
1.761 1.767 1.646 1.383
216.3 201.4 186.2 157.1
-114.2 -129.1 —-144.3 -173.4
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water content a decrease in the phase-separation
temperature is observed, while the other transition
temperatures are only slightly shifted. Thus, at about
50 wt% water content the phase separation occurs from
the anisotropic phase and at about 60 wt% water
content from the two coexisting phases, whereby the
phase separation is observed in both the coexisting
phases at slightly different temperatures. Above about
65 wt% water content the polyether is saturated with
water and a separate water phase can be observed in all
samples. In this concentration range the addition of
water just leads to an increase in the amount of the
separate water phase and does not affect the properties
of the polyether/water phase any more. All these phase
transitions and phase-separation processes of the polye-
ther/water system are also detected by DSC measure-
ments. As an example, the DSC curves of samples with
polyether/water mixing ratios of 5:1, 4:1 and 3:1 are
shown in Fig. 2. The change in the polymorphism at
about 20 wt% water content from samples showing no
other transition besides the phase separation process
(e.g. mixing ratio 5:1) to samples exhibiting three
different states below the phase-separation temperature
(e.g. mixing ratio 3:1) can be observed by the appear-
ance of two additional DSC signals. In the case of a
polyether/water mixing ratio of 3:1 these signals are a
double peak at around 28 °C, which corresponds to the
occurrence of two coexisting phases below this temper-
ature, and a broad peak between 33 °C and 43 °C,
which corresponds to the occurrence of a homogeneous
anisotropic phase between the two coexisting phases and
the homogeneous isotropic phase. Besides the phase-
separation process no other transition could be observed
for the sample with a polyether/water mixing ratio of
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Fig. 2 Differential scanning calorimetry (DSC) curves of aqueous
polyether samples with polyether/water mixing ratios of 5:1, 4:1 and
3:1

4:1 (20 wt% water content); however, the rheological
and optical measurements presented later indicate that
at least one additional phase is already present in this
mixture.

It is interesting to compare the polymorphism as a
function of water content with the water binding
properties of the polyether/water system (Fig. 1, Ta-
ble 1). As can be seen, the presence of freezing bound
water and the appearance of two additional states (two
coexisting phases and a homogeneous phase with
anisotropic properties) takes place at about the same
water content. Moreover, the observation of a separate
water phase above a concentration of about 65 wt%
water content (saturation point) is in good agreement
with the calculated maximum amount of (freezing plus
nonfreezing) bound water.

Samples with a fixed polyether/water mixing ratio of
4:1 and a step-by-step increasing LiCl content of up to
6 wt% were prepared in order to study the influence of
the LiCl concentration on the polymorphism and the
macroscopic properties of the aqueous polymer system.
Microscopic observations show that a phase-separation
process takes place in all these samples. With increasing
LiCl content the phase-separation temperature decreases
until at about 4 wt% LiCl content a minimum is reached
and then it slightly increases again. Furthermore, up to
two other phases are observed, which are similar to the
phases that occur by increasing the water content. At
0.5 wt% LiCl content a homogeneous anisotropic phase
appears below about 30 °C and a separation into two
coexisting phases takes place below about 0 °C. With
increasing LiCl content the temperature of the transition
from two coexisting phases into a homogeneous aniso-
tropic phase increases and the temperature of the
transition from a homogeneous anisotropic into a
homogeneous isotropic phase decreases. Thus, above
about 4.5 wt% LiCl content a direct transition from two
coexisting phases into a homogeneous isotropic phase
occurs. The DSC curves of these mixtures are displayed
in Fig. 3. The phase-separation process, but not the
other two phase transitions, is detected by this method.
Above about 2 wt% LiCl some stepwise changes of the
heat capacity are observed in the temperature range 15—
30 °C. As shown by the rheological investigations
presented later these steps display hydrogel formation
or disaggregation processes. In agreement with the
results of the microscopic investigations a minimum of
the phase-separation temperature is observed at a LiCl
content of about 4 wt%. Another interesting result is
that the temperature range of the phase-separation
process (broadness of the peak) becomes much smaller
with the addition of LiCl. In opposition to the results of
the variation of the water content (Fig. 2), not only the
beginning of the phase separation process but also the
temperature at which the phase separation is completed
shifts depending on the LiCl content.
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Optical transmission

The optical properties of aqueous polymer systems are
mainly determined by the homogeneity of the mixtures.
Whereas homogeneous mixtures are often highly trans-
parent, phase-separation processes, two-phase regions
and mixing gaps lead to a fine distribution of one phase
into another and, as a consequence, to the appearance of
a light scattering state. The optical properties of such
states depend on the size and the distribution of the light
scattering particles or droplets. The temperature depen-
dence of the transmission at 600 nm of samples with
polyether/water mixing ratios of 5:1, 4:1 and 3:1 is shown
in Fig. 4. At phase-separation temperatures of about 48,
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Fig. 4 Temperature dependence of the optical transmission at
600 nm of aqueous polyether samples with polyether/water mixing
ratios of 5:1, 4:1 and 3:1

53 or 58 °C, respectively, all three samples transform
from an optically highly transparent (transmis-
sion>91%) into a light scattering opaque state (trans-
mission <0.1%). For comparison it should be mentioned
that a transmission of about 92% was obtained for a
water-filled cuvette under the same conditions. With
increasing water content up to two additional phase
transitions occur in the polyether/water system. The two-
phase regions of these transitions lead to transmission
minima in the transmission—temperature curves. As an
example for such behavior the transmission—temperature
curve of a sample with a polyether/water mixing ratio of
3:1 is displayed in Fig. 4. The transmission minimum
between about 35 and 42 °C belongs to the two-phase
region of the transition from the homogeneous anisotrop-
ic into the homogeneous isotropic phase and the one
between about 26 and 32 °C to the transition from two
coexisting phases into the homogeneous anisotropic
phase. Below about 26 °C and above about 48 °C states
with two coexisting phases appear. Accordingly, in these
states the transmission is strongly reduced. In the two-
phase regions and states of two coexisting phases the
measured transmission values depend slightly on the
thermal history of the samples and on the waiting time at
the measuring temperature; therefore, these parts of the
transmission—temperature curves are qualitatively but
not exactly quantitatively reproducible.

The temperature dependence of the transmission at
600 nm of samples with a polyether/water mixing ratio
of 4:1 and a varying LiCl content of up to 6 wt% is
shown in Fig. 5. Again, the optical transmission—tem-
perature curves reflect the polymorphism of the samples.
Depending on the LiCl content up to four different
states occur, which are similar to the states of the sample
with a polyether/water mixing ratio of 3:1; hence, similar
transmission—temperature curves are obtained. The
observed shifts of the transmission changes as a function
of the LiCl content are in good agreement with the shifts
of the transition temperatures which were determined by
microscopic observations.

Rheological properties

Phase-transition, phase-separation and gelling processes
of aqueous polymer systems are often accompanied by
dramatic changes in the viscoelastic properties; therefore,
rheological measurements can be used to detect such
processes. The temperature dependence of the dynamic
viscosity of samples with polyether/water mixing ratios
of 5:1, 4:1 and 3:1 is shown in Fig. 6. For all three
samples the beginning of the phase-separation process at
about 48, 53 or 58 °C, respectively, is detected by an
abrupt change in the slope of the curves. For a polyether/
water mixing ratio of 3:1, an increase in the dynamic
viscosity by more than 2 orders of magnitude is observed
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Fig. 5a-h Temperature dependence of the optical transmission at
600 nm of LiCl containing aqueous polyether samples with a fixed
polyether/water mixing ratio of 4:1 and various LiCl contents ranging
from 0 to 6 wt%

in the temperature range between about 27 and 32 °C.
This peak of the dynamic viscosity—temperature curve
has a shoulder, until passing 42 °C. Note that micro-
scopic observations on this mixture have revealed the
existence of a homogeneous phase with an anisotropic
structure in this temperature range, whereby the temper-
ature range of the shoulder corresponds to the two-phase
region of the transition into the (isotropic) phase above.
A separation of the dynamic viscosity into a viscous (loss
modulus, G”) and an elastic portion (storage modulus,
G’) shows that in this phase the elastic properties prevail,
indicating thereby the presence of a three-dimensional
inner structure (gel structure).

The temperature dependence of the dynamic viscosity
of samples with a polyether/water mixing ratio of 4:1
and a varying LiCl content of up to 6 wt% is shown in
Fig. 7. A complex dependence of the dynamic viscosity
on temperature and LiCl content becomes obvious. In

1000 4
100 4
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01 L e e e T s e e S
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Fig. 6 Temperature dependence of the dynamic viscosity of aqueous
polyether samples with polyether/water mixing ratios of 5:1, 4:1 and
3:1
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the different phases, structure formation and disaggre-
gation processes are observed at different LiCl concen-
trations. At 0.5 wt% LiCl content a strong increase in
the dynamic viscosity in the temperature range of the
homogeneous anisotropic phase is observed. A more
detailed analysis of the data (separation into G” and G”)
shows that in this phase the elastic portion of the
dynamic viscosity prevails, indicating thereby the
presents of a hydrogel structure. With further increasing
LiCl content a maximum value of the dynamic viscosity
of the hydrogel is observed at about 2 wt% LiCl,
whereby the results obtained at 1 wt% LiCl seem to
indicate a discontinuous increase in the dynamic viscos-
ity as a function of the LiCl content. However, stress
and frequency ramps which were measured in the
respective temperature ranges of the hydrogel show that
the magnitude of the dynamic viscosity strongly depends

Temperature (°C)

on the measuring conditions (stress as well as frequen-
cy). This result shows that in all these samples the
structure of the hydrogel is already influenced by the
small applied mechanical stress during the measurement.
Thus, the data obtained are not conclusive enough for a
more detailed discussion. In the range between about 3
and 4 wt% LiCl content the homogeneous anisotropic
phase only appears in a two- (or more) phase region in
coexistence with the states above or below, respectively,
and above this concentration range the homogeneous
anisotropic phase does not occur anymore. Accordingly,
a destabilization and finally a disappearance of the
hydrogel state is observed by a decrease and finally
vanishing of the corresponding peak of the dynamic
viscosity as a function of temperature in the LiCl
concentration range between about 3 to 4 wt% (Fig. 7).
In the two coexisting phases (lowest temperature phase)
the dynamic viscosity starts to increase at about 1 wt%
LiCl content, reaches a maximum at about 2 wt% and
then decreases again. Another structure formation is
observed in the homogeneous isotropic phase between
about 5 and 6 wt% LiCl content. Again, a more detailed
analysis of the data shows that the elastic portion of the
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dynamic viscosity prevail, indicating thereby the pres-
ence of a hydrogel structure.

Conclusions

The interaction between water and polymer is the
driving force for the formation of different phase
structures in aqueous polymer systems. The data
presented for the water binding properties and the
polymorphism of a polyether/water system may indicate
a relationship between the presence of different types of
water and changes in the polymorphism. At the same
water concentration at which the polymer is saturated
with nonfreezing bound water and the presence of
freezing bound water is detected, the appearance of two
additional phases is observed in the aqueous polymer
system investigated. One of these phases possesses a
supermolecular structure as indicated by its optical
anisotropy. The availability of a more mobile type of
water seems to be necessary for the formation of the
anisotropic structure.

The addition of LiCl, which acts as a physical cross-
linker, leads to a stronger interaction between water and
polymer. A linear increase in the maximum amount of
nonfreezing bound water and also of the binding
enthalpy of the freezing bound water is observed with
increasing LiCl concentration. Although the polymer—
water interaction becomes stronger with increasing LiCl
concentration, the polymorphism of the system is not
affected very much. Similar phase types are observed
and an increase in the LiCl content influences the phase
sequences nearly in the same way as a further increase in
the water content. As the rheological measurements
show, a cross-linking of the aqueous polymer system
takes place with the addition of LiCl, whereby in
different phases gelation occurs in different LiCl con-
centration ranges.

The results clearly show the strong influence of the
structural features and the phase behavior on the
macroscopic properties of aqueous polymer systems.
Hence, a better knowledge of the structural and
thermodynamic properties of such systems might con-
tribute to more effective material development.
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