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Dynamics of uncrystallized water in partially
crystallized poly(ethylene glycol)-water mixtures
studied by dielectric spectroscopy

Masahiko Miyara, Ikeru Takashima, Kaito Sasaki, Rio Kita, Naoki Shinyashiki and Shin Yagihara

The dielectric relaxation process of water has been investigated for a partially crystallized poly(ethylene glycol) (PEG)-water
mixture with PEG concentrations of up to 50 wt% at temperatures between —60 and 25 °C and over the frequency range of

1 MHz to 50 GHz. At subzero temperatures, most of the water is crystallized, and another portion of the water, uncrystallized
water (UCW), remains in a liquid state with the polymer in an uncrystallized phase. The relaxation strength, Ae, of UCW for all
PEG-water mixtures increased abruptly because of the melting of the eutectic of PEG and water. The Ae of UCW for 10-40 wt%
PEG-water mixtures increased again because of the melting of ice, whereas the 50 wt% PEG-water mixture did not show any
additional increase in Ae because it did not contain enough water to form ice crystals. The relaxation time of UCW in PEG-water
mixtures is smaller than those observed in other polymer—water mixtures. The local fluctuation of the PEG chain, which has

a smaller relaxation time than those of other polymers in water mixtures, and the characteristic hydration structure around the
PEG chain prevent the formation of ice crystals even for water with a small relaxation time.
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INTRODUCTION

Water is indispensable for life. Living things in the polar regions keep
uncrystallized water (UCW) in it. UCW is present around guest
molecules in aqueous systems even at subzero temperatures. Countless
melting and crystallization phenomena in aqueous systems have been
investigated mainly by thermal analysis. Although the melting and
crystallization phenomena are based on the rearrangement of water
and solute molecules, the investigation of the dynamics of these
phenomena has been too limited. Understanding the dynamics of
water related to its melting and crystallization is important not only in
the field of material science but also for the development of medical
and engineering applications related to low-temperature preservation
and/or sustenance of organs and foods.

Poly(ethylene glycol) (PEG) is a synthetic polymer that has various
unique properties, and its interaction with water has been studied
extensively. Water-soluble PEG is commonly used for industrial,
medical, food product and cosmetic applications.! The chemical
structure of PEG is HO-(CH,-CH,-O),-H, a linear chain
polymer.1? Although the chemical structure of PEG is similar to
those of poly(methylene glycol) and poly(propylene glycol), PEG is
highly soluble in water, whereas poly(methylene glycol) and poly
(propylene glycol) are insoluble.>* The oxygen—oxygen distance
between the PEG repeat units (2.88 A) is close to the oxygen—oxygen
distance between two water molecules at 25 °C (2.85 A).> On the other
hand, those of poly(methylene glycol) and poly(propylene glycol) are
not close. The high solubility of PEG is the result of hydrogen bond

formation between the oxygen atoms of PEG and the hydrogen atoms
of two water molecules. The minimal water content needed to satisfy
the basic hydration of PEG seems to be two water molecules per repeat
unit of PEG.3

The hydration structure of PEG-water mixtures has been
studied by various techniques, such as Raman spectroscopy,
infrared spectroscopy,® light scattering,®’ quasi-elastic neutron
scattering,® viscosity measurements,® nuclear magnetic resonance
measurements,”!? Brillouin scattering,'! adiabatic calorimetry'? and
differential scanning calorimetry (DSC).!*20 The interaction of PEG
with water, the structure of hydrated PEG molecules and the hydration
number of water molecules per repeat unit of PEG have been
discussed. From these studies, the hydration number per repeat unit
of PEG has been estimated to be 0.9-3.7.

The DSC thermograms of PEG—water mixtures were classified into
three groups, namely, low weight-average molecular weight, M,,, PEG
(M,, of 200-900); medium M,, PEG (M,, of 1000-2000); and high M,,
PEG (M,, of 70 000).!>"1> One endothermic process was observed for
the low M,, PEG-water mixtures. In contrast, two endothermic
processes were observed for the 10-40 wt% medium and high M,
PEG—water mixtures, whereas one endothermic process was observed
for the 50 wt% medium and high M,, PEG-water mixtures. The
endothermic peak at higher temperature is caused by the melting of
ice. Moreover, the melting temperature decreases with PEG concen-
tration, whereas the temperature of the peak at lower temperature is
almost independent of PEG concentration. The endothermic peak on
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Figure 1 Frequency dependence of the (a) real and (b) imaginary parts of
the dielectric function of a 20 wt% poly(ethylene glycol) (PEG)-water
mixture at various temperatures from —60 to O °C in steps of 5 °C and from
5 to 25 °C in steps of 10 °C. A full colour version of this figure is available
at the Polymer Journal journal online.

the lower temperature side is characteristic of the melting of
a crystalline eutectic of PEG and water at a 0.48 weight fraction
of PEG.!>17

In accordance with the DSC results, the melting temperatures were
used to draw a phase diagram of the PEG—water mixtures for the
various molecular weights of PEG.! The hydration numbers of water
molecules per repeat unit of PEG estimated from the phase diagram
were 1.6, 2.4, 2.7 and 3.3 for PEG—water mixtures with PEG molecular
weights of 400, 1540, 4000 and 70 000, respectively. The hydration
number increased with increasing PEG molecular weight. There was
no eutectic for PEG with a molecular weight of 400. It is impossible
for oligomers to reach an ideal crystalline state because of their
insufficient chain length to form an ordered helix structure within
a crystal. The eutectic cannot be formed for a mixture of PEG with
a molecular weight of 400 and 1.6 water molecules per monomer unit
because 1.6 is less than the value of 2 needed to satisfy hydration.

The dielectric relaxation process of water was investigated for
partially crystallized poly(vinyl pyrrolidone) (PVP)-, poly(ethylene
imine) (PEI)-, poly(vinyl methyl ether) (PVME)- and poly(vinyl
alcohol) (PVA)-water mixtures at subzero temperatures.?! The
dielectric relaxation process of UCW was observed at temperatures
between —26 and -2 °C. Below the crystallization temperature, T,
some of the water crystallized, and another portion of the water,
UCW, did not crystallize and remained in a liquid state with the
polymers in an uncrystallized phase. The relaxation strength, Ae,
relaxation time, 7, and symmetric broadening shape parameter of the
relaxation process, f (0<f=1), of UCW changed drastically at T.
Ae and f decreased with decreasing temperature. 7 does not depend
on the prepared polymer concentrations and chemical structures of
the polymer below T These temperature dependences can be
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explained by the crystallization of water and the increase in the
polymer concentration in the uncrystallized phase.

In this study, we investigate the dielectric relaxation processes that
are mainly caused by the molecular motion of water in the PEG—water
mixtures to clarify the dynamics of UCW at subzero temperatures in
the presence of two melting events. Thermal analyses were conducted
on the melting and crystallization phenomena of the PEG-water
mixtures as described above. However, thermal analyses cannot be
used to detect UCW. With dielectric measurements, however, we can
directly observe the dynamics of UCW via the dielectric relaxation
process in the GHz frequency range. Moreover, we can estimate not
only the melting temperature and total amount of UCW but also
information on the amount of UCW at each temperature and the
molecular motions as related to the dielectric relaxation time.
Characteristic properties of UCW around PEG are presented.

EXPERIMENTAL PROCEDURES

PEG with a weight-average molecular weight of 8000 was purchased from
MP Biomedicals (Santa Ana, CA, USA). Distilled and deionized water with
electrical conductivity <18.2 MQ cm was obtained from Pure Water Products
(Millipore, Darmstadt, Germany, MILL-Q Laboratory). PEG and water
mixtures with 10-50 wt% PEG were prepared.

Dielectric measurements of the 10-50 wt% PEG-water mixtures were
performed in the frequency range of 1 MHz to 50 GHz at temperatures
between — 60 and 25 °C on both cooling and heating. We used two instruments
to cover the frequency range: an impedance material analyzer (Hewlett Packard,
Palo Alto, CA, USA, E4294A, 1 MHz to 1.8 GHz) with a coaxial cylindrical cell
having a geometrical capacitance of 0.63+0.03 pF and a network analyzer
(Agilent Technologies, Santa Clara, CA, USA, N5230C, 100 MHz to 50 GHz)
with a flat-ended coaxial probe (Agilent 85070E). For the measurements with
the impedance material analyzer, the temperature was controlled with a digital
controller (Shimaden, Tokyo, Japan, SR83) and an immersion cooler (Eyela,
Tokyo, Japan, EYELA Cool ECS-80). Dielectric measurements of the cooling
process were performed at temperatures from 25 to —60 °C. The sample was
cooled by intervals of 5 °C at a cooling rate slower than —0.05°C min~!. On
the other hand, dielectric measurements of the heating process were performed
at temperatures from — 60 to 25 °C. The sample was heated by intervals of 5 °C
at a heating rate slower than 0.2 °C min~ ! at temperatures from = 60 to — 30 °C,
1 °C at a heating rate slower than 0.1 °C min ~! at temperatures from =30 to 1 °
C and 5 °C at a heating rate slower than 0.2 °C min~! at temperatures from 5
to 25°C. The temperature was maintained for 20 min at an arbitrary
temperature. Then, the dielectric measurement was performed for 2 min. For
the dielectric measurements with the network analyzer, the temperature was
controlled with a thermostat bath (Lauda, Lauda-Konigshofen, Germany,
PROLINE RP845). Dielectric measurements of the cooling process were
performed at temperatures from 25 to —15°C. The sample was cooled by
intervals of 5°C at a cooling rate slower than —0.3°C min~!. On the other
hand, dielectric measurements of the heating process were performed at
temperatures from — 15 to 25 °C. The sample was heated by intervals of 1°C
at a heating rate slower than 0.07 °C min ~! at temperatures from = 15 to 1 and
5°C at a heating rate slower than 0.3 °C min~! at temperatures from 5 to 25 °
C. The temperature was maintained for 20 min at an arbitrary temperature.
Then, the dielectric measurement was performed for 10 s.

In the results obtained during the cooling process, the crystallization
temperature of the PEG—water mixture was lower than the melting temperature
because water is easy to supercool. In addition, the crystallization temperature is
more sensitive to the thermal history than the melting temperature. It is
difficult to discuss the amount of UCW in the cooling process. In this study, we
mainly discuss the results obtained during the heating process.

RESULTS AND DISCUSSION

Dielectric spectra and relaxation processes of UCW

Figure 1 shows the frequency dependences of the real and imaginary
parts of the dielectric function for a 20 wt% PEG-water mixture at
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Figure 2 Plots of relaxation strength, Ae, against temperature, T, for the poly
(ethylene glycol) (PEG)-water mixtures. The symbols indicate the following
PEG concentrations: 10 wt% (green solid circles), 20 wt% (yellow solid
circles), 30 wt% (red solid circles), 40 wt% (purple solid circles) and 50 wt
% (blue solid circles). Double symbols of diamonds, inverted triangles,
triangles and squares are the plots at 7, Ty, T. and Ty, respectively. The
inset shows the plots of Ae against PEG concentration, Cpgg (Wt %), at O °C.
The symbol ‘x’ represents values of Ae for pure water at 0.2 °C taken from
Buchner et al.?* The solid straight line was plotted using the least-squares
method. Error bars denote the minimum and maximum averages calculated
for two sets of measurements. No error bars were plotted when the error was
smaller than the size of the symbol in the plot. A full colour version of this
figure is available at the Polymer Journal journal online.

various temperatures. At —60 °C, a dielectric relaxation process with
a loss peak at ~20 MHz can be observed in Figure 1b. This peak shifts
to higher frequencies with increasing temperature. This process is
mainly caused by the reorientational motion of water molecules. The
local segmental motion of PEG molecules also contributes a small
portion of the strength, <3.0%, to this process.22 Two drastic
increases in the dielectric constant were observed in the temperature
ranges between —20 and — 15 °C and between =5 and 0 °C, as shown
in Figure la. This implies that melting occurs twice.

To characterize the relaxation process, we performed curve fitting
on the dielectric spectra. The dielectric spectra of the PEG-water
mixtures for all concentrations and temperatures can be reproduced
with a simple summation of the Cole-Cole equation’> and the
contribution of dc conductivity as

Ae .0
1+ (jor)’ Teowr

e(0) = e + (1)
Here, w is the angular frequency, j is the imaginary unit given
by ?=-1, g is the dielectric constant in vacuum, &, is the high-
frequency limit of the dielectric constant and o is the dc conductivity.

Relaxation time and strength under melting phenomena

The temperature dependences of the relaxation strength and the
relaxation time for PEG—water mixtures with various PEG concentra-
tions are shown in Figures 2 and 3, respectively. Figure 3 shows not
only the plots of relaxation time for PEG—water mixtures but also
those for water mixtures of PVP, PEI, PVME and PVA at various
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polymer concentrations quoted from Shinyashiki et al.?! The plots of
the relaxation time of pure water quoted from Buchner et al.?* are also
plotted. Below 0°C, the temperature dependences of Ae and 7 are
complex because melting occurred twice.

To see the details of the complex temperature dependences of Ae
and 7, Figure 4 shows (Figure 4a) the temperature dependence of Ag,
(Figure 4b) relaxation strength differentiated by temperature, dAe/dT,
and (Figure 4c) 7 of the relaxation process observed for 20 wt%
PEG—water mixture as an example. The plot of dAe/dT shown in
Figure 4b is effective in clarifying the change in Ae¢ as it relates to the
phase transition during melting, and its temperature dependence
mimics the DSC curves. The blue dotted line, i, was drawn from
—-35°C, T, the temperature at which dAe/dT deviates from zero, to
the high temperature side of —3°C, Ty, the temperature at which
dAe/dT returns close to zero. This suggests that the ice begins to melt
at —35°C, and this temperature is lower than that at the start of the
melting of the eutectic at — 22 °C. The red dashed line, ¢, is the baseline
of the melting of the eutectic and is drawn from the start of the steep
increase in the melting of the eutectic at =22 °C, Ty, to the end of the
peak at — 14 °C, T.. The areas above the baselines 7’ and ‘¢’ correspond
to the changes in the relaxation strength caused by the melting of ice
and the eutectic, respectively. The melting extended the wide
temperature range between T, and Ty. The melting of ice does not
occur at a single temperature, and a single melting temperature is not
an appropriate way of describing the melting of ice; this is also true for
the melting of the eutectic. In this paper, the melting temperature of
ice, Ty, is defined as the temperature range between T, and Ty, and
the melting temperature of the eutectic, T, indicates the temperature
range between Ty, and T.. Tpy; and Ty, are given by the ranges between
the blue dot-dashed lines and red double-dot-dashed lines, respec-
tively, as shown in Figure 4. T;;,; and T}, are listed in Table 1 together
with T,, Ty, T and Ty. T, and Ty are not determined for the 50 wt%
PEG—water mixture as no ice crystals were formed in it.

The Ae for a PEG—water mixture comprises the relaxation strength
of water, Ae,, and that of PEG, Ag,. The relative contributions of
water and PEG to the relaxation strength were estimated as follows.
According to the water content (Cyaer (gcm™3)) dependence of the
relaxation strength of the PEG600—water mixtures at 25°C, the
relaxation strength increases linearly with increasing Cyaer from
9.0 for pure PEG to 73.2 for pure water.”> The Cyqaer dependence
of the relaxation strength of pure PEG8000 has not been reported yet.
At 25°C, pure PEG600 is liquid, whereas pure PEG8000 is a solid
composed of amorphous and crystalline parts. Therefore, it is
impossible to obtain the dielectric constants of pure liquid PEG8000
below its melting temperature including room temperature. From the
molecular weight dependence of the relaxation strength of pure
ethylene glycol oligomers and PEG at 25°C with the number of
repeat units of ethylene glycol oligomers and PEG ranging from 1 to
13, the relaxation strength seems to be constant when the number is
above 8. Then, we assume that the relaxation strength of PEG8000 is
almost equal to that of PEG600. The estimated contributions of the
fractions of the relaxation strength of PEG in the liquid state at
temperatures above Ty are 1.3%, 3.0%, 5.0%, 7.6% and 11% for the
10, 20, 30, 40 and 50 wt% PEG-water mixtures, respectively. As
shown in Figure 4, above Ty, the 20 wt% PEG—water mixture is liquid.
Ag,, is calculated by subtracting Ag, from Ae for each temperature
value (Ae,, =Ae-Ag,). At temperatures between 25°C and Ty, we
assume that the ratio of Ae,, to Agp, is the same as that at 25°C. At
temperatures between T4 and T, microscopic phase separation to ice
and noncrystalline phases occurs.?>?® The water included in the ice
phase cannot contribute to the relaxation process of water, and water
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Figure 3 Plots of relaxation time against temperature for poly(ethylene
glycol) (PEG)-water mixtures with various PEG concentrations. The symbols
indicate the following PEG concentrations: 10 wt% PEG (green solid
circles), 20 wt% PEG (yellow solid circles), 30 wt% PEG (red solid circles),
40 wt% PEG (purple solid circles) and 50 wt% PEG (blue solid circles).
Double symbols of diamonds, inverted triangles, triangles and squares are
the plots at T,, T,, T. and Ty, respectively. The given error bars indicate the
minimum and maximum averages derived from the two measurement sets.
No error bar was plotted when the error was smaller than the size of the
plotted symbol. The relaxation times observed for water and for four
polymer—water mixtures with various polymer concentrations measured by
time domain reflectometry from Shinyashiki et a/.2! and Buchner et al.?* are
also plotted. The symbols indicate the following polymers and their
concentrations: 20 wt% poly(vinyl pyrrolidone) (PVP; yellow open inverted
triangles), 40 wt% PVP (purple open inverted triangles), 10 wt% poly
(ethylene imine) (PEIl; green open triangles), 30 wt% PEIl (red open
triangles), 10 wt% poly(vinyl methyl ether) (PVME; green open diamonds),
30 wt% PVME (red open diamonds), 10 wt% poly(vinyl alcohol) (PVA; green
open circles), 20 wt% PVA (yellow open circles), 30 wt% PVA (red open
circles) and pure water (black crosses). The relaxation times of uncrystallized
water (UCW) in PEl-water mixtures measured by impedance material
analyzer (IMA) of unpublished results are also plotted. The symbols indicate
the PEI concentrations of 10 wt% PEI (green triangles) and 30 wt% PEI
(red triangles). A full colour version of this figure is available at the Polymer
Journal journal online.

and PEG included in the noncrystalline phase contribute to the
relaxation strength. Therefore, Ae and Ag,, decrease with decreasing
temperature. On the other hand, we assume that Asp remains almost
constant down to T. because PEG does not crystallize in this
temperature range. Water and PEG form a eutectic at temperatures
between T, and T},. PEG and water included in the eutectic cannot
contribute to the relaxation process. It is impossible to estimate the
actual values of Ae,, and Ag,. Below T, Ae is contributed by both
PEG, Ag, and water, Agy, in the noncrystalline phase. Then, we
assume that the ratio of Ae,, to Ag, at temperatures lower than T,
remains the same as that at T.. The temperature dependences of both
Ae and Aeg,, for the 20 wt% PEG—water mixture are shown in
Figure 4a.

Age,, in Figure 4a is 097 at T, Aeg, increases drastically
with increasing temperature at ~— 16 °C that corresponds to the peak
of dAe,/dT at approximately the same temperature shown in
Figure 4b. These are caused because of the melting of the eutectic.
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According to the DSC results, the endothermic peak caused by the
melting of the eutectic is observed for the 20 wt% PEG—water mixture
at =16 °C.!*!1> Above - 15°C, once dAe,,/dT has dropped off again,
dAe,/dT gradually increases once more, and this increase becomes
steeper up to — 3 °C. The peak of dAe,/dT at — 3 °C caused by melting
is also observed. For the 20 wt% PEG—water mixture, the endothermic
peak is observed at = 2 °C by DSC.!*!3 This corresponds to the peak of
dAe,/dT at =3 °C. Above —2 °C, all ice in the system has melted and
Ae decreases with increasing temperature. Then, the melting of the ice
and eutectic can be distinguished clearly by dAe,,/dT.

As shown in Figure 4c, 7 decreases with increasing temperature
between —60 and — 15 °C. The temperature dependence of 7 changes
at —15°C. 7 decreases steeply with increasing temperature at
temperatures between — 15 and —2 °C. The temperature dependence
of 7 during the melting of ice is stronger than that during the melting
of the eutectic.

As shown in Figure 2, Ae increases twice for the 10-40 wt%
PEG—water mixtures. On the other hand, Ae increases only once for
the 50 wt% PEG-water mixture. The melting of the eutectic is
observed at ~—15°C for all PEG—water mixtures. Furthermore, the
melting of ice is only observed for the 10-40 wt% PEG—water mixtures.
This indicates that the 10-40 wt% PEG—water mixtures are composed
of three phases; the eutectic, ice crystals and an uncrystallized (liquid)
phase. The uncrystallized phases in partially crystallized materials have
been called the freeze-concentrated phase. On the other hand, the
50 wt% PEG-water mixture therefore does not contain enough water
to form ice crystals. It has been determined that a eutectic is composed
of two water molecules per repeat unit of PEG.°

Above 0 °C, the point at which all PEG—water mixtures are liquid,
7 depends on PEG concentration; furthermore, 7 is larger in the
PEG—water mixtures with higher PEG concentrations, as shown in
Figure 3. Below Ty, the temperature dependences of 7 are larger than
those above Ty because of the melting of the ice and the eutectic. The
values of 7 are independent of the initial concentrations at ~= 15 °C,
just below the point at which all the eutectic is melted and most of the
ice does not melt. It means that the structure of water melted from the
eutectic does not depend on the initial PEG concentration at
temperatures just above T. For the 10-40 wt% PEG-water mixtures,
the values of 7 at temperatures between — 15 °C and each mixture’s
Tq lie on a single trace. The narrow range of Ty, implies that
water included in the eutectic has a homogeneous structure. On the
other hand, the temperature range of the melting of ice between
T, and Ty is wide, and the change in 7 in Ty; is larger than that in Tp,e.
The water molecules with high mobility are expected to be located far
from the PEG chains, and their dynamic and thermal properties as
well as their structure are similar to those of pure water. The water
molecules with high mobility are expected to crystallize and melt at
temperatures close to Ty. In contrast, the water molecules with low
mobility are adjacent to the PEG chains and their dynamic and
thermal properties and structure are different from those of bulk
water. Therefore, the water included in ice in PEG—water mixtures is
heterogeneous.

Contributions to Ae of three types of water and PEG concentration
in the uncrystallized phase

The water in PEG—water mixtures is classified into three types: ‘water
included in ice’, ‘water included in the eutectic’ and ‘water remaining
in the liquid state below T,’ according to the analysis of Figures 4a and
b that follows. The value of Ae,, at T, is caused by the water that is
included in neither the ice nor the eutectic, even at T,. We define
Ag as the relaxation strength of the water that remains in the liquid
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Figure 4 Temperature dependence of (a) relaxation strength, (b) relaxation
strength differentiated by temperature and (c) relaxation time for the 20 wt
% poly(ethylene glycol) (PEG)-water mixtures during the heating process.
The straight solid and dotted lines in (a) are plotted using the least-squares
method assuming a linear dependence of Ae on T above O°C. (a) The
observed relaxation strength, which includes contributions from both water
and PEG (Ae, green solid circles), the relaxation strength of water
(Aey, black solid circles) and the effect of Ae, on the cooling process
(black solid triangles) are shown. A full colour version of this figure is
available at the Polymer Journal journal online.

state at T,. By integrating the value of dAe,/dT above the baseline ‘¢’ at
temperatures between Tj, and T, the integral value corresponds to the
relaxation strength of the water included in the eutectic at Tj, and
lower, Ag.. Moreover, by integrating the value of dAg,/dT above the
baseline ‘7" at temperatures between T, and Ty and subtracting Ag,, the
integral value corresponds to the relaxation strength of the water
included in the ice, As;.

Figure 5 shows plots of Aeg, Ae. and Ag as functions of
Cyater (gcm™3) for the various PEG-water mixtures. This figure
shows the amounts of ice, eutectic and UCW. The black solid circles
are the sum of Ag;, Ae, and Ag), whereas the green solid circles are the
sum of the relaxation strength of water and PEG. The black solid and
green dashed straight lines were obtained using the least-squares
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method. The black solid line extrapolated to Cyaer =0 is close to 0.
The relaxation strength of pure PEG600 at 25°C?? is indicated
by a green double circle, and water at 25 °C?? is indicated by a blue
cross. The green dashed line is close to the plotted data point of pure
PEG600. The value of Ag;j is 0 when Cyaer is <0.56 g cm ™3, This
indicates that there is not enough water to form any ice crystals
because most of the water is included in the eutectic. At the more
water-rich concentrations, Ag; increases with increasing Cyager- On the
other hand, Aeg, decreases with increasing Cyqer- For all PEG-water
mixtures, Ag| is markedly smaller than both Ag; and Ae..

According to the Kirkwood equation,?” Ae is determined by the
magnitude of the dipole moment, the number of molecules in a unit
volume that contribute to the relaxation process, the temperature, the
Kirkwood structural factor g and the internal electric field. As shown in
the inset of Figure 2, Ae at 0°C is almost proportional to the water
content. The structure of water below Ty is expected to be somewhat
different from that of water above Ty because water molecules exist at
neighboring PEG chains in the uncrystallized phase. However, the
Ae of water is almost proportional to the water content of the
PEG—water mixture, as shown in Figure 5. Therefore, it is possible to
assume that Ag,, below 0°C is proportional to the density of UCW.
The relaxation strength of all the water in the mixture, Ae,, oy, below
0°C can be estimated by extrapolating the plots by assuming a linear
dependence of Ae on the temperature above 0°C, as shown by the
dotted lines in Figure 4a. Based on these assumptions, we estimated the
PEG concentration in the uncrystallized phase in partially crystallized
mixtures, Cp, ycp, below Ty using Equation (2) that is given as follows:

100C,
Cp + (100 — Cp)

CpUCP = Aew (2)

Aewa

where C,, is the PEG concentration of the prepared mixture. Below T,
the value of C, ycp cannot be obtained because the actual ratio of the
contributions of water and PEG to the relaxation strength are
unknown. Thus, Equation (2) is valid at temperatures above T.. In
the partially crystallized mixture, the density of the mixture is expected
to decrease with the crystal growth. If all the water in the mixture is
crystallized, the density decrease will be greatest at 9% for the 10 wt%
PEG—water mixture. The densities of the PEG—water mixtures are
between 1.00 and 1.09 g cm ™2 at 25 °C, with higher densities for higher
PEG concentrations. The density reduction caused by ice crystallization
is partly compensated by the higher density of the higher PEG
concentration mixture.2! Thus, we treat the densities of mixtures
below 0°C as 1 gcm ™3, with an error of <9%. The values of Cpuce
obtained from the dielectric relaxation strengths at T, just above Ty
are listed in Table 1.

Figure 6 shows the solid-liquid state diagram of PEG-—water
mixtures in the temperature range above T.. At T, C,uycp values
are ~ 55 wt%, at which all the eutectic is just melted, whereas almost
all the ice in the 10-40 wt% PEG-water mixtures remain solid.
At temperatures between T, and Ty, ice gradually melts with
increasing temperature, that is, UCW increases with increasing
temperature. The data points of the partially crystallized mixtures lie
almost on a single trace, that is, the concentration of PEG is the same
at the same temperature. When all ice in the 10-40 wt% PEG-water
mixtures has melted, C,, ycp returns to the same concentrations of the
prepared mixtures, C,, causing the plots to be vertical lines.
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Table 1 The temperature range of the melting of the eutectic, Ty,
and that of ice, Ty, for PEG-water mixtures and PEG concentration in
the uncrystallized phase, Cp, ycp, as well as the number of water
molecules per repeat unit of PEG in the eutectic, ny,

Melting temperature ranges

Eutectic; Tme (°C) Ice; T (°C)

Cp (Wt%) Ty Te T, Tg Cp,ucp (Wt%) at T New
10 -21 -15 -35+5 -2 63 0.7
20 -22 -14 -35+5 -3 56 1.2
30 -16 -12 -22+2 -4 54 1.6
40 -18 -12 -25+2 -8 49 2.0
50 -18 -11 — 51 2.4
Average 55+8

Abbreviation: PEG, poly(ethylene glycol).
Though not displayed, the error in the temperature is plus or minus 1 °C.

Number of water molecules in the eutectic
The number of water molecules per repeat unit of PEG in the eutectic,
Tye can be estimated using Equation (3):

100 — Cpucre. My

Nye = 3
¢ My, C}xUCP,e ( )
where
c 100C,
p,UCP.e = Ae.
CP + (100 - CP)Aswan

M,, is the molecular weight of a water molecule and M, is the
molecular weight of a repeat unit of PEG. A¢, in Equation (3) does not
include the contribution from the PEG. The values of n,, are listed in
Table 1. ny, increases with increasing PEG concentration. For mixtures
with 10, 20 and 30 wt% PEG, the value of 1y, is <2. When the
temperatures of these mixtures fall to approximately T;. and the water is
crystallized at that very moment, the majority volume of the mixture is
occupied by ice. In this case, fewer water molecules should remain
around the PEG chain at a temperature just above T thus, it is
difficult to form the eutectic for all repeat units of PEG below T,. For
mixtures with 40 wt% PEG, just two water molecules per repeat unit of
PEG are included in the eutectic. de Vringer et al.'® proposed the idea
that the low-temperature hydrate structure of PEG—water mixtures has
two hydrogen bonded water molecules between oxygens on neighbor-
ing PEG units. The value of ny, for 50 wt% PEG-mixtures is 2.4, as
listed in Table 1; this n,, value agrees with the hydration number of
water molecules per repeat unit of PEG obtained from the phase
diagram determined by DSC.'* Huang and Nishinari'4 proposed the
idea that when the hydration numbers of the repeat unit of PEG is
above two, an intermolecular structure must exist that accommodates
more water molecules between the PEG chains. The hydration number
of the water molecules per repeat unit of PEG is obtained by thermal
analysis from the eutectic point (concentration) in the phase diagrams.
Therefore, the concentration dependence of the hydration number was
not obtained from the DSC results. Instead, we estimated the value of
nye for each PEG concentration using dielectric spectroscopy.

Relaxation time of UCW on the melting phenomenon
Figure 7 shows the relationships among the relaxation time, PEG
concentration, Cpgg and temperatures of the PEG—water mixtures.
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Figure 5 Plots of relaxation strength, Ae, against the water content, Cyater,
for the poly(ethylene glycol) (PEG)-water mixtures. The symbols indicate the
strength of the water that is included in ice (Aegj, blue solid circles), the
eutectic (Aee, red solid circles), water at T, (Ag, open circles), the sum of
Agj, Agg and Ag (black solid circles), the sum of all relaxation strengths
including the relaxation strength of PEG (green solid circles), pure water at
25 °C (black crosses) and pure PEG600 at 25 °C (green double circles). The
straight lines are plotted using the least-squares method. The error bars
indicate the minimum and maximum averages determined with two
measurement sets. No error bars are shown if the error is smaller than the
size of the symbol. A full colour version of this figure is available at the
Polymer Journal journal online.

The colors in the plot represent temperature. The colorless area
indicates the temperature range below T,. The values of 7 vary with the
PEG concentration. We deduce that a very small amount of water
remains in the liquid state below T,, and this water is included in
neither ice nor the eutectic. The environment of this type of water
seems to be unpredictably determined, resulting in the variation in 7.
The plots with red crosses indicate the relaxation time at T, the point
at which all the eutectic has melted. The red line is obtained using the
least-squares method. At T, 7 for all concentrations agree within the
error. In the red area, there is no eutectic and ice melts gradually
with increasing temperature. The plots with blue crosses show the
relaxation time at Ty, the temperature at which all ice has melted. The
blue curve is drawn as a guide to the eyes. The 10-30 wt% PEG—water
mixtures are partially crystallized at —5°C in the red area and
7 is almost constant, whereas the 40 and 50 wt% PEG-water mixtures
are liquid in the green area and 7 increases with increasing Cpgg. The
yellow dot-dashed line shows the average value of 7z for the 10-30 wt%
PEG—water mixtures, and the line crosses the blue solid curve at
35 wt% of PEG. This suggests that the Cpgg values of these mixtures at
—5°C are the same at ~ 35 wt% PEG. This Cpgg at —5 °C agrees well
with that obtained from the relaxation strength, as shown in Figure 6.
On the other hand, the 40 and 50 wt% PEG—water mixtures at =5 °C
and all the concentrations above 0°C are in the liquid state in the
green area, and 7 increases with increasing Cpgg in Figure 7.
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Figure 6 The solid-liquid state diagram plots of the poly(ethylene glycol)
(PEG) concentration in the uncrystallized phase and solution C,ycp against
temperature T (°C) for PEG-water mixtures. Different symbols indicate
different PEG concentrations: 10 wt% (green solid circle), 20 wt%
(yellow solid circles), 30 wt% (red solid circles), 40 wt% (purple solid
circles) and 50 wt% (purple solid circles). Double symbols of triangles and
squares are the plots at 7. and Ty, respectively. Error bars indicate the
minimum and maximum averages calculated with two measurement sets. No
error bars are shown if the error is smaller than the size of a symbol. A full
colour version of this figure is available at the Polymer Journal journal online.

The 7 of UCW in water mixtures of PEG and other

Figure 3 also includes the relaxation time of water observed in four
polymer (PVP, PEI, PVYME and PVA)-water mixtures quoted from
Shinyashiki et al.>! The temperature dependence of 7 for PEG—water
mixtures above 0 °C is almost the same as those of four polymer—water
mixtures. For the four polymer—water mixtures, the relaxation time of
UCW does not depend on the prepared polymer concentrations and
chemical structures of the polymer; thus, the plots of 7 against
temperature lie on a single trace below the melting temperature of
water. The independence of 7 on the polymer structure was interpreted
as whether the water molecules form ice crystals or stay in the liquid
phase in a partially crystallized polymer water mixture is determined
by the relaxation time (mobility) of water.?! The values of 7 for the
PEG—water mixtures are smaller than those for the four polymer—
water mixtures at temperatures below Ty4. This implies that the water
with a small relaxation time cannot crystallize around the PEG chain.
The interaction between PEG and water seems special because of the
distance between hydrogen-bonding sites on the PEG chain. It is
expected that this special structure of water, even the molecules with a
small relaxation time around PEG, prevent its crystallization. For the
mixtures with PVP and PVME, the relaxation processes caused by the
local segmental motion of the polymer and reorientational motion of
water are observed individually in the liquid state.”=30 Table 2 shows
the frequency ranges in which the relaxation processes can be observed
at 25 °C. For the mixtures with PVP and PVME, the relaxation process
of the polymer can be observed in the MHz range, whereas the
relaxation process of water can be observed in the GHz range. The
frequency ranges of the molecular motion of a polymer and water
differ by three orders of magnitude. The relaxation process originating
from the local chain motion of PEI and PVA in the water mixtures has
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Figure 7 Plot of relaxation time, z, against poly(ethylene glycol) (PEG)
concentration, Cpgg, for the various PEG-water mixtures. The symbols
indicate various temperatures: —30 °C (purple solid circles), —20 °C (blue
solid circles), —14°C (aqua solid circles), —13°C (green solid circles),
—12 °C (yellow-green solid circles), =5 °C (yellow solid circles), O °C (orange
solid circles), 25°C (red solid circles), T. (red crosses) and T4 (blue
crosses). The red line indicating T, is obtained using the least-squares
method and the blue line indicating Ty is drawn as a guide to the eyes. The
yellow dot-dashed line shows the average value of z at —5 °C for 10-30 wt%
PEG-water mixtures. A full colour version of this figure is available at the
Polymer Journal journal online.

Table 2 Frequency ranges of the loss peaks of the relaxation
processes caused by PVP, PVME and water for polymer—water
mixtures at 25 °C

10-50 wt% 30-50 wt% 10-50 wt%

PVP-water PVME-water PEG-water

mixtures®® mixtures®® mixtures
Relaxation PVP Water PVME Water PEG and water
Frequency 2-12 MHz 7-12 GHz 60-100 MHz 4-8 GHz 3-16 GHz
ranges

Abbreviations: PEG, poly(ethylene glycol); PVME, poly(vinyl methyl ether); PVP, poly(viny!
pyrrolidone).

not yet been reported. For PEI-water mixtures, the relaxation process
of PEI is observed in the low-frequency side of that of water, according
to our unpublished results. We consider that the relaxation process of
PVA is expected to be present on the low-frequency side of relaxation
process of water (the same as other polymer—water mixtures). For
PEG—water mixtures, a single relaxation process is observed in the
GHz range. This process originates not only from the reorientational
motion of water molecules but also from the local segmental motion
of PEG molecules. This means that the relaxation times of PEG and
water are similar. The fluctuation of the PEG chain with smaller = does
not provide enough time for water to form ice crystals around the PEG
chain. Then, the PEG chain makes it possible to keep water with rather
small 7 as UCW. The unique relationships between PEG and water
because of (1) the characteristic length, which fits two water molecules,
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of neighboring hydrogen-bonding sites on PEG chain, and (2) the
small relaxation time of the local segmental motion of PEG chain can
be considered as the cause of the small relaxation time of UCW in
PEG—water mixtures. To date, only four polymer—water mixtures
can be used for comparison of the z of UCW. To judge
the genuine mechanism of the small relaxation time of UCW in
PEG—water mixtures, experimental results of various types of water
mixtures of polymers and biopolymers are needed.

CONCLUSION

The dielectric relaxation of UCW in 10-50 wt% PEG-water mixtures in
the frequency range of 1 MHz to 50 GHz and in the temperature range
of =60 to 25 °C were reported. UCW can be classified into three types of
water: ‘water included in ice’, ‘water included in the eutectic’ and ‘water
remaining in the liquid state’. The dynamic properties of these types of
water were clarified. Based on our results, we concluded the following.

1. A dielectric relaxation process that originates mainly from the
reorientational motion of water was observed in all PEG-water
mixtures at temperatures between —60 and 25 °C. The local chain
motion of PEG contributes a small amount to this process.

2. The increase in Ae caused by the melting of the eutectic composed of
water and PEG is observed for all PEG-water mixtures at ~— 15 °C.
Melting of ice is observed for the 10 to 40 wt% PEG—water mixtures
at — 35 to — 2 °C. The 50 wt% PEG—water mixture does not show any
melting of ice. Even below the melting temperature of the eutectic, a
small amount of UCW and PEG is not included in ice and the
eutectic. Importantly, the two melts of ice and the eutectic can be
distinguished clearly by the two peaks of dAe/dT.

3. At T, the values of 7 of UCW in the PEG—water mixtures with
various concentrations are the same. This means that the structure
of UCW, which is included in the eutectic below T, does not
depend on the initial PEG concentration.

4. The number of water molecules per repeat unit of PEG in the
eutectic, fye, are 0.7-2.4 in 10-50 wt% PEG-water mixtures that
increases with PEG concentration. The range of #,, includes two;
thus, two water molecules can directly bind to each repeat unit of
PEG. The value of . for the 50 wt% PEG—water mixture is 2.4, and
this is in agreement with the hydration number determined by DSC.

5. The values of 7 of UCW in the PEG—water mixtures are smaller
than those in the four polymer—water mixtures at temperatures
below T4. The unique relationships between PEG and water, the
characteristic length, which fits two water molecules, of the
neighboring hydrogen-bonding sites on PEG chain and a small
relaxation time of the local segment motion of PEG chain are
expected to be the origin.
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