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Investigation of the heat capacity of poly (vinyl methyl
ether)/water mixtures using the stepscan method

Lan Guan, Hongyan Xu and Dinghai Huang

The heat capacity of poly(vinyl methyl ether) (PVME)/water mixtures was measured over a wide range of temperatures using the

stepscan method. The results showed that water exists in different states in the mixtures. The Cp values of dry PVME and PVME/

water mixtures with a low water content were obtained by the stepscan method, and the Cp of bound water in the mixtures was

approximated. The results showed that the Cp of bound water in the mixtures with a low water content is higher than that of

mixtures with glassy water and ice, and it shows no dependence on water content in the glassy state. Because of the larger

conformational contribution to Cp, the heat capacity of water in the mixtures in the liquid state increases with water content.

Because there is a weak interaction between PVME and water molecules, the structure of water in mixtures is different from

that of glassy water. The Cp value of unfreezable bound water in the mixtures was calculated without considering the effect of

polymer content, and the interaction between PVME and water was obtained; these calculations explained the phase separation

observed at high temperature.
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INTRODUCTION

Water-soluble polymer solutions have recently aroused a great deal of
interest among research studies for use in academic and industrial
applications.1,2 Aqueous polymers have numerous applications in
scientific and industrial areas, such as food and/or pharmaceutical
applications. Aqueous polymer solutions have exhibited peculiar and
complicated behaviors, such as depressed melting point and crystal-
lization temperature of water in aqueous polymer solutions and
unusual phase behavior. At the same time, some aqueous polymer
water solutions exhibit phase separations above the lower critical
solution temperature and closed loop phase behavior, which are
characteristics of polymer solutions that exhibit hydrogen bonding.3,4

Poly(vinyl methyl ether) (PVME) is a classical example of a polymer
presenting an lower critical solution temperature at a moderate
temperature range of around 35 1C,5,6 above which the solution
separates into two phases. It has been shown that, in aqueous solution,
the ether functions of repeat units in the PVME molecule form a
complex with water molecules. Maeda7 proposed a formation of a
stable molecular complex with 2.7 molecules of water per repeat unit
of PVME. At a higher overall water content, a higher degree of
hydration was achieved with up to five water molecules per repeat
unit of PVME.
Water-soluble polymer solutions have also been investigated at low

temperatures.5,8,9 In several systems, it has been found that water did
not crystallize when the polymer concentration was high enough.
Many theories have been proposed to explain this phenomenon, such

as the effect of capillary condensation, the confinement of water
clusters by polymer chains,10,11 the strong interactions between the
highly dipolar water molecules and the polar sites of the hydrophilic
polymers12–14 and the effect of vitrification of the highly concentrated
and viscous polymer solutions.8 However, vitrification is not a suitable
explanation for aqueous mixtures of PVME because the glass transi-
tion temperature of PVME is quite low (ca. �30 1C) and vitrification
is likely to have no effect on the crystallization of water.15,16

In noncrystallizable solutions, water is assumed to be bound to
polymer chains and a polymer/solvent complex forms. It remains
unclear whether this complex is kinetically or thermodynamically
controlled.15 Further work indicated that, for wPVME¼0.7, water
crystallized in solutions when ice nuclei were added.17 This experi-
ment demonstrated that the complex is thermodynamically unstable
and is only observed under some kinetic conditions, and the inhibited
crystallization of water in high-polymer-concentration mixtures is
related to crystal nucleation instead of to the existence of a stable
intermolecular complex.
Although many studies have been conducted on the heat capacity of

phase separation in PVME/water mixtures, relatively less work has
been reported on the heat capacity of PVME/water mixtures with a
low water content in a low temperature range and in the demixing
temperature range. This situation is different in that the water in
mixtures with a low water content is unable to crystallize, and only a
glass transition was detected at low temperature. The water in these
mixtures is similar to glassy water. Therefore, this paper investigates
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the heat capacity of water in PVME/water mixtures to understand the
thermodynamic behavior of water in polymer/water mixtures.

EXPERIMENTAL PROCEDURE

Materials
PVME and water for high-performance liquid chromatography (residue

o0.0003%) were purchased from Sigma-Aldrich (St Louis, MO, USA), and

used without further purification. The number-average and weight-average

molecular weight were determined by gel permeation chromatography as

Mw¼20kgmol�1 and Mn¼10 kgmol�1, respectively, for a polydispersity index

of Mw/Mn¼2. To obtain dry PVME, the solution was heated at 60 1C for about

1 h, and then placed in a vacuum oven at 60 1C for 8 h, ensuring that no water

remained.

DSC measurements
Differential scanning calorimeter (DSC) samples (3–6mg) of PVME/water

mixtures with low water concentrations were prepared by adding determined

amounts of PVME and water directly to aluminum sample pans. Excess water

was allowed to evaporate slowly at room temperature to obtain samples with a

predetermined water content by weight. Subsequently, the samples were quickly

hermetically sealed in the aluminum pans and stored at room temperature for

several days before analysis to allow them to equilibrate and produce homo-

geneous mixtures. The sample weight was checked before and after calorimetric

analysis to ensure the integrity of the hermetic seal.

Calorimetric measurements were carried out with a PerkinElmer Diamond

DSC (PerkinElmer, Waltham, MA, USA) equipped with liquid nitrogen. High-

purity indium and Hg were used for temperature calibration and an indium

standard was used for calibration of heat flow. The stepscan measurement

procedures were similar to those of previously reported methods.18,19 The

stepscan method consisted of multiple heating/isothermal segments through

the temperature range of interest. Because both heat capacity equilibration and

DSC equilibration are rapid, Cp calculation is assumed to be independent of

kinetic processes. The temperature step was approximately at 1 1C, with

isothermal periods of 2min at each temperature; the heating rate was

5 1Cmin�1. The temperature at which Cp attained a value halfway between

the extrapolated liquid and glassy state values was Tg.

RESULTS AND DISCUSSION

Variation in Cp of PVME/water mixtures with temperature
Figure 1 shows the Cp of a PVME/water mixture with water con-
tent¼60% at different temperatures. These traces exhibit two
endothermic peaks that are attributed to free water and freezable
bound water, respectively. At the low temperature of about �33 1C,
there is a glassy transition, which is the Tg of the PVME-rich
amorphous phase in the mixtures. There is evident phase separation
at around 35 1C. The stepscan method yielded an accurate result for
the phase separation temperature because it allowed enough time for
water to crystallize during the heating process. The stepscan method
used consisted of multiple heating/isothermal segments through the
temperature range of interest. Because both heat capacity equilibration
and DSC equilibration are rapid, Cp calculation is assumed to be
independent of kinetic processes. The Cp–temperature relationship of
a PVME/water mixture with water content¼60wt% shows that there
are different states of water in the mixture and, at high temperature,
there is an evident phase separation. At low temperature, PVME and
unfrozen water form an amorphous phase, corresponding to the glass
transition.17

When the water concentration was low, the water was unable to
crystallize and showed melting behavior in aqueous polymer solu-
tions, and only a glass transition could be detected by calorimetric
analysis. To investigate the mechanism that presents the crystallization
of water, it is necessary to understand the thermodynamics of water
and the interaction between PVME and water in soluble polymer

solutions. The stepscan method was used to investigate the heat
capacity of PVME/water mixtures over the whole range of composi-
tion. Figure 2 displays the dependence of Cp on temperature; the peak
melting point Tm of the larger peak increases with water concentra-
tion, whereas the Tm of the smaller peak does not increase with water
concentration. The two melting phenomena are detected for all
samples with a water concentration greater than 40wt%, which
indicates that there are different states of water in those solutions.
This is quite different from Loozen’s theory,20 which proposed that the
double melting endoderm in DSC is not associated with the different
melting temperatures of various states of water but simply reflects the
peculiar shape of the melting line. However, the stepscan method
includes melting and recrystallization traces, which allows the mix-
tures to reach complete crystallization. Therefore, the two melting
peaks observed here in PVME/water mixtures are considered to be
signals of different states of water in solutions. In addition, the
dependence of the Tm of the two melting peaks on water concentration
shows that the crystals formed by free water are affected by the
polymer content, which reveals that some part of the crystals of free
water may come from the water attached to the hydrophobic sites of
polymer chains, and the polymer content in the mixtures could
change the size of the ice crystals. The water loosely bound to the
polar site of polymer chains may form an unstable crystallized
structure. These crystals have a constant size because of the interaction
between the polymer and water molecules; hence, the ice crystal size
could not increase with total water concentration.
Figure 3 shows the experimental Cp of PVME/water solutions and

the theoretical Cp value at 20 1C. The heat capacity of a liquid is the
sum of vibrational and conformational contributions. The heat
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Figure 1 The Cp of a PVME/water mixture with a water content of 60wt%.
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Figure 2 The heat capacity (Cp) of PVME/water mixtures. Water contents are

B, 40%; &, 55%; m, 60%; ’, 80%;E, 90%.
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capacity of the mixed system of amorphous polymer and small
molecules is based on the following equation:21,22

Cpðpoly-smÞ ¼ Cvibðpoly-smÞ+Cconf ðpoly-smÞ+Cextðpoly-smÞ ð1Þ

where Cp(poly-sm) represents the total heat capacity of the system at
constant pressure, Cvib (poly-sm) is the vibrational heat capacity at
constant volume, Cext (poly-sm) represents the external heat capacity
and Cconf(poly-sm) is the conformational heat capacity.
The major part of heat capacity is a result of vibrational contribu-

tion. Theoretical heat capacity is approximated by the following
equation:

Cvibðpoly-smÞ ¼ Cpoly
p ðvibÞXpoly+C

sm
p ðvibÞXsm ð2Þ

where Xpoly and Xsm are the molar fraction of polymer repeating units
and small molecules, respectively. Here, the specific heat capacity
normalized by weight percent and the specific heat capacity normal-
ized by molar fraction were calculated by multiplying heat capacity by
the weight unit and molar fraction of water. These normalized values
could be compared with similar data in literature; hence, the weight
fractions of polymers and small molecules were treated as Xpoly and
Xsm. Therefore, to a first approximation, the total heat capacity of the
PVME-water system is simply predicted as follows:

CPVME-water
p ðTÞsolid ¼ XPVMEC

PVME
p ðTÞsolid+XwaterC

water
p ðTÞglassy ð3aÞ

CPVME-water
p ðTÞliquid ¼ XPVMEC

PVME
p ðTÞliquid+XwaterC

water
p ðTÞliquid ð3bÞ

Equation (3) was used to calculate the heat capacity of amorphous
and liquid water in the PVME/water mixtures with different composi-
tions. The experimental results deviate from the theoretical prediction
when the water composition is lower than 70wt%, and as the water
concentration decreases, the deviation becomes larger. Amorphous
PVME and water form a complex that has a higher Cp when the
PVME composition is relatively high. Because there are hydrogen
bonds and associations in these complexes, the Cp of the PVME-rich
phase is larger than the theoretical value. In the high-water-composi-
tion mixtures, the polymer-rich phase content is small and most of the
water molecules in the solutions are free water; hence, the Cp of the
mixtures is nearly the same as the theoretical predictions.

Heat capacity of PVME/water mixtures during phase separation
Figure 4 shows Cp normalized by PVME weight and it indicates a
different dependence on water content. The slope of the dependence
decreases in the intermediate concentration range that corresponds to
the Cp maximum. When the water content is higher than 40%,
freezable water appears in the mixtures. With a further increase in
water content, free water exists in the mixtures based on Cp tempera-
ture dependence. Because free water has weak or no interactions with

PVME, this part of the water does not contribute to the demixing
enthalpy. The demixing enthalpy decreases, hence the relationship
between the Cp of mixtures normalized by PVME weight and water
content shows a turning point, and Cp increases slowly with water
content. This indicates that the available water molecules exceed the
number necessary for the hydration of the polymer chains with a high
water content.23 1H NMR24 reveals that the phase separation in dilute
PVME solutions is related to rapid dehydration of polymer chains,
and for semidilute and concentrated solutions, it shows that the
bound water is more slowly released from PVME globular structures
that become more compact with time, and most of the bound water is
inside phase-separated structures.25 Thus, the bound water is largely
responsible for the phase separation.

Heat capacity of PVME/water mixtures with a low water content
at low temperature
The heat capacity of PVME was also detected. Figure 5 shows the Cp

temperature dependence. The experimental data are in agreement
with the data in the literature.26 The glass transition temperature of
PVME was determined in this study to be about �28.6 1C. Figure 6
presents the data for heat capacities of polymer solutions at low
temperature. Glass transition significantly decreases with increasing
water content. When the water content is higher than 40%, melting
peak appears in the DSC results, showing that freezable water exists in
the mixtures. Water is a universal and effective plasticizer for the
soluble polymer, with a reported Tg of 135.9K,27 which lowers the
glass transition temperature of polymer materials. Water molecules
bound to polymer chains were unable to move freely and crystallize
into ice crystals during cooling. The heat capacity results show that the
water can decrease the glass transition of PVME, functioning as a
plasticizer as a result of the strong hydrogen bonds between PVME
chains and water molecules. The glass transition temperature of the
PVME/water mixtures can be estimated from the change in the
specific heat capacity at the transition temperature using the half-
height method; the experimental Tg results are shown in Figure 7.
Using the stepscan method avoided the common phenomenon of an
enthalpy overshoot observed at Tg.
The fitting results of the Fox equation and the Gordon–Taylor

equation are also given in Figure 7. The Fox equation28 is expressed as

1=Tg ¼ w1=Tg1+w2=Tg2 ð4Þ
and the Gordon–Taylor equation29 is as follows:

Tg ¼ ðw1Tg1+kTg2Þ=ðw1+kw2Þ ð5Þ
where w1, w2 and Tg1, Tg2 are the weight fractions and Tg values of
water and polymer, respectively, and k is an adjustable parameter.
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Figure 3 The heat capacity of PVME/water mixtures at 20 1C.
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Miscible blends show k-values not far from unity, whereas too high or
too low values result in limited miscibility. The fitting parameter k is
0.245 in our experiment, indicating that the PVME/water mixture
with a low water concentration is a thermodynamically miscible blend.
The Gordon–Taylor equation gives a much better fitting result than
the Fox equation.
The fitting functions of solid and liquid state PVME were calculated

over the investigated temperature range to obtain the heat capacity of
water in polymer solutions at low temperature. The Cp values of solid
and liquid water in the PVME/water solutions were approximated by
equation (3) and the results are presented in Figures 8 and 9. The Cp

calculation of solid water here is significantly higher than the experi-
mental Cp of crystal ice and amorphous ice in the references,30,31

indicating that in solid-state PVME/water mixtures, water interacts
with polymer through hydrogen bonds and could not form ice
crystals. The water is in a solid state similar to glassy water. However,

the Cp of water in the mixtures is higher than that in glassy
water.21,22,30 The calculated Cp values of water in polymer solutions
with different water concentrations are nearly the same, which reveals
that the state of the water in low-water-concentration solutions does
not depend on the water concentration. The Cp calculation of liquid
water is shown in Figure 8 and reports that the calculated Cp of liquid
water is lower than the Cp of supercooled water32 and this value
increases with water concentration. The calorimetric behavior of
liquid-state water in polymer solutions is different from that of bulk
water below 0 1C, owing to the hydrogen bonds between PVME chains
and water molecules, which break the hydrogen bonding between
water molecules and affect the structure of water molecules. The
calculation of Cp in mixtures with different water concentrations may
be different because in the liquid state the conformational contribu-
tion to heat capacity becomes more evident than in the solid state.
A high water content produces more conformational heat capacity,
therefore the water in the liquid state increases with water concentra-
tion. This result indicates that the interaction between PVME and
water molecules and polymer content have an effect on the Cp

calculation of water, which produces a deviation from the result of
equation (3a).
A new method was used to calculate the Cp of water in mixtures to

eliminate the effect of the interaction between water and polymer. The
heat capacities of PVME/water mixtures at �100 1C were obtained
using the stepscan method, and the Cp–water concentration relation-
ship is shown in Figure 6. The Cp results of low-water-concentration
mixtures with a water content p40% were fitted, the relation
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Cp (J/g*1C, �100 1C)¼0.8w1+1.0168 is shown in Figure 10. Mixtures
with a water content p40% are in the completely glassy state at
�100 1C, hence the Cp of unfreezable bound water was approximated
using the linear fitting relation approximately and Cp¼1.8168 J/g*1C at
a water content of 100%. The Cp of unfreezable bound water at other
low temperatures was obtained by fitting a linear Cp–water composi-
tion dependence and extrapolating it to a water content of 100% in a
similar method. Figure 11 shows the calculated value and the results
from related references. The figure shows that the calculated value of
the heat capacity of unfreezable bound water in PVME/water mixtures
is higher than that of glassy water in other studies in a low
temperature range.21,30 With increasing temperature, the calculated
value increases and the difference from previous results becomes
greater. This result shows that, as a result of the weak interaction
between PVME and water molecules, water mobility in PVME/water
mixtures is higher than that in other hydrophilic polymer/water
mixtures. At low temperature, there is only a glassy transition in the
mixture with a low water content. The vibrational contribution of
water to heat capacity is larger owing to the weak hydrogen bonding
interaction. Therefore, the calculated value of Cp for bound water in
the mixtures is higher than those in literature. This result indirectly
indicates the weak interaction between PVME and water molecules
and could explain why there is a phase separation of PVME/water
mixtures at 35 1C.

CONCLUSION

The heat capacities of PVME/water mixtures were measured over a
wide temperature range by the stepscan method. The Cp value of
mixtures reaches a maximum in the intermediate water content range,
consistent with the dependence of demixing enthalpy on water

content. The investigation of the Cp of PVME/water mixtures over a
wide temperature range shows that different states of water exist in the
mixtures. The Cp values of dry PVME and PVME/water mixtures with
a low water content were obtained by the stepscan method, and the Cp

of bound water in the mixtures was approximated. Results show that,
in the glassy state, the Cp of bound water in the mixtures with a low
water content is higher than that of glassy water and ice, and Cp does
not depend on water content. It has been proposed that this unfreez-
able bound water is more mobile than glassy water and that the
interactions between PVME and water molecules are weak. In the
liquid state, owing to the larger conformational contribution to Cp, the
heat capacity of water in mixtures increases with increased water
content. By extrapolating the experimental Cp of mixtures to a water
content of 100%, the Cp of unfreezable bound water was approxi-
mated without considering the effect of hydrogen bonding and
polymer content, which is evidently greater than that previously
reported. Because there is a weak interaction between PVME and
water molecules, the structure of water in the mixtures is different
from that of glassy water and it has a larger mobility, hence the
calculated Cp value is higher than that of glassy water. The heat
capacity result shows that water in the mixtures with a low water
content is evidently different from that of glassy water, because of the
weak interaction between PVME and water. The calculation of the Cp

value of unfreezable bound water indirectly confirms this weak
interaction.
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