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Introduction

Dielectric relaxation of ice in a partially
crystallized poly(N-isopropylacrylamide)microgel
suspension compared to other partially crystalized
polymer—water mixturesfy

Balachandar Vijayakumar,®® Masanobu Takatsuka,® Kaito Sasaki, () Rio Kita, %
Naoki Shinyashiki, € *9¢ Shin Yagihara® and Sampathkumar Rathnasabapathy ) *

A broadband dielectric spectroscopy study was conducted on a partially crystallized 10 wt% poly
(N-isopropylacrylamide) [PNIPAM] microgel aqueous suspension to investigate the dielectric relaxation
of ice in microgel suspensions. The measurements covered a frequency range of 10 mHz to 10 MHz
and at temperatures ranging from 123 K to 273 K. Two distinct relaxation processes were observed at
specific frequencies below the melting temperature. One is associated with the combination of the local
chain motion of PNIPAM and interfacial polarization in the uncrystallized phase, while another is
associated with ice. To understand the temperature-dependent behaviour of the ice relaxation process,
the relaxation time of ice was compared with those observed in other frozen polymer water mixtures,
including gelatin, poly-vinylpyrrolidone (PVP), and bovine serum albumin (BSA). For concentrations
> 10 wt%, the temperature dependence of the relaxation time of ice was found to be independent.
Therefore, the study primarily focused on the 10 wt% data for easier comprehension of the ice
relaxation process. It was found that the microgel and globular protein BSA had no significant effect on
ice crystallization, while gelatin slowed down the crystallization process, and PVP accelerated it. To
discuss the mechanism of the dielectric relaxation of ice, the trap-controlled proton transport model
developed by Khamzin et al. [Chem. Phys., 2021, 541, 111040.] was employed. The model was used to
discuss the dynamic heterogeneity of ice observed in this investigation, distinguishing it from the spatial
heterogeneity of ice commonly discussed.

avoiding their crystallization down to very low tempera-
tures.””® This is significant for fundamental science’ because

Thermoresponsive microgels are colloidal particles composed
of a cross-linked polymer network with a characteristic struc-
ture consisting of a dense core surrounded by a loose corona’?
and exhibit volume phase transition (VPT) from a swollen to a
collapsed state® in response to temperature changes. Moreover,
the internal architecture of microgels appears to be particularly
favorable for successfully confining water molecules and
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it may provide a technique to examine water properties in the
so-called no man’s land,® where fascinating phenomena, such
as a liquid-liquid critical point,” should occur but for which no
direct evidence exists. In addition, knowing the mechanism
that leads to avoided water crystallization is important in
biological systems'® for several applications ranging from the
food industry'™'? to the preservation of tissues and organs.'?
Ice formation during the freezing process can damage cells,
tissues, and organs. Ice-inhibiting hydrogels are hydrogels
designed to prevent ice crystal formation during freezing. These
hydrogels confine the growth of ice crystals within their three-
dimensional network and maintain a gradual osmotic shock as
cryoprotectant agents permeate into cells. They incorporate ice-
binding proteins or antifreeze proteins to inhibit ice growth or
recrystallization. These hydrogels protect cells, tissues, and
organs from damage caused by large ice crystals during
cryopreservation. They can adsorb to ice surfaces, inhibit ice
recrystallization, or regulate thermal properties. Certain
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Fig. 1 Relaxation time of ice at different temperatures quoted from ref. 17
and 18.

hydrogels can regulate the thermal properties of the freezing
environment, promoting slow and controlled freezing rates. By
maintaining a more uniform temperature distribution, these
hydrogels help prevent the formation of large ice crystals and
minimize cellular damage. Furthermore, the topic of avoided
crystallization in confined water is a long-standing problem in
the physics of water itself.>*'*'> Hence, investigating the high-
concentration, low-temperature region of microgel suspensions
in order to better understand their interplay with solvent
crystallization appears to be quite intriguing. Meanwhile,
poly(N-isopropylacrylamide) (PNIPAM) microgels were propo-
sed as a promising simplified model system'® to unravel the
complex behavior of globular proteins at fluid interfaces.
Hence, there has been a necessity to investigate the dyna-
mics of water in the vicinity of the same at extremely low
temperatures.

Dielectric relaxation of ice has been extensively studied'” >
and found to have one dielectric loss peak. However, two
different temperature dependences of the relaxation time have
been observed for ice, as illustrated in Fig. 1. The first type,
known as the Auty-type, follows an Arrhenius-type temperature
dependence with a constant activation energy in the tempera-
ture range of 273-208 K. The second type, known as the
Johari-type, has different activation energies in three tempera-
ture ranges: >240 K (T¢y), Tci-170 K (T¢p), and <Tg,, with
corresponding values of 53.2, 18.8, and 46.4 kJ mol*,
respectively.'® The method of ice preparation can control the
relaxation times associated with these two types of relaxation.
Auty-type ice is obtained through pure-water crystallization
while stirring pure water at 265 K, while Johari-type ice is
obtained via crystallization by lowering the temperature with-
out stirring.’® It was interpreted that the slow growing speed of
ice crystals results in a smaller impurity content of ice, giving
rise to a larger relaxation time of ice with the Arrhenius
temperature dependence.
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Broadband dielectric spectroscopy (BDS) has been used to
investigate the dielectric relaxations of water mixtures with
different types and concentrations of solutes at sub-zero
temperatures.”®™* At low temperatures, partially crystallized
water mixtures exhibit highly complicated complex dielectric
spectra due to the nature of ice dielectric relaxation and the
intricacy of the mixtures themselves. This complexity arises
because the aqueous solutions contain both an ice phase and a
concentrated solution phase below the melting temperature of
ice. Two categories of water mixtures were studied: partially
crystalline and non-crystalline systems. Studies on par-
tially crystallized water mixtures such as polyvinylpyrrolidone
(PVP),2°2? gelatin,***"**3> hyaluronic acid®” and globular pro-
teins such as lysozyme®®*° and bovine serum albumin
(BSA)**?33941 were conducted using BDS. These mixtures
exhibited three distinct dielectric relaxations. One is caused
by ice in the ice phase, and the other two are attributed to the
uncrystallized water and the combination of hydrated solute
molecules and interfacial polarization in the concentrated
liquid phase. The partially crystallized BSA->> and PVP-water
mixtures®® exhibited Johari-type ice, while the 10-50 wt%
gelatin-water mixtures®° exhibited Auty-type ice. It is important
to understand the nature of these complex dielectric spectra as
partial crystallization of water can occur during cryopreserva-
tion of foods, biological tissues, and living cells. Therefore,
gaining a better understanding of the spectra can aid in the
preservation of these materials.*'

The model based on the temperature dependence of the
prevalence of the different types of defect migration described
these changes in the temperature dependence of the relaxation
time of the Johari-type ice.**™*® The relaxation of ice necessi-
tates the appearance and disappearance of lattice p- and
t-defects. The p-defect contains two protons located between
the oxygen atoms of two neighboring water molecules, while
the r-defect lacks a proton. Bjerrum proposed that these
structural defects cause the ice to experience dielectric
relaxation.?® The model identified two crossovers, Tg; and
Tca, in the temperature dependence of the relaxation time.
The temperatures where the activation energy (E,) varies in
Johari-type ice are identified as T¢; and Tc,. While T, repre-
sents a sharp crossover, T, is characterized as a smooth
transition between two types of Arrhenius with different activa-
tion energies (E,). At high temperatures (T > T¢;), the relaxa-
tion is driven by the diffusion of L-b orientational defects, while
at intermediate temperatures (Tc, < T< T¢,), the relaxation
mechanism due to the ionic H;0" and OH~ defects begins to
dominate.*®* At low temperatures (T < Tc,), the mobility of
orientational defects slowed down, creating blockages for the
diffusion of ionic defects,** ¢
activation energy below Tc,.

We have recently investigated*” the dynamic behavior of the
polymer and the water simultaneously across the volume phase
transition from the dielectric relaxation spectrum of a 10 wt%
PNIPAM non-ionic microgel aqueous suspension in the fre-

which leads to an increase in the

quency range of 40 Hz to 50 GHz as a function of temperature
ranging from 288 K to 323 K. Two distinct relaxation processes
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were found, one at low frequency and the other at the high
frequency region of the dielectric spectra, and thought to have
originated from the local chain motion of PNIPAM and the
average relaxation mode of water in both the bulk solution and
the microgel, respectively. Furthermore, based on the idea of
two kinds of water models, the contributions of each of the two
kinds of water, both free water outside the microgel and
confined water within the microgel, to the high-frequency
relaxation spectrum were evaluated. Despite the extensive
research on PNIPAM,**> low temperature investigations of
PNIPAM dispersions remain mostly unexplored. In this study,
we used BDS to investigate the dielectric relaxation of ice of a
frozen 10 wt% PNIPAM microgel aqueous suspension and
compared it to other frozen polymer-water mixtures such as
BSA, gelatin, and PVP of the same concentration in order to
understand the mechanism of the temperature dependent
dielectric relaxation behavior of ice in such partially crystallized
polymer-water mixtures.

Experimental

The microgel of PNIPAM was synthesized through the free
radical polymerization method, as outlined in a procedure by
Balachandar et al.*’ Ultrahigh purity water, with a specific
resistance of 18.2 MQ cm, was produced using a Simplicity
UV machine from Merck Millipore and used as the solvent for
the microgel. To analyze the behavior of the PNIPAM microgel,
a BDS measurement was performed using an Alpha-A analyzer
from Novocontrol on an aqueous suspension of 10 wt% of
PNIPAM microgel. For the dielectric measurement, parallel
gold-plated electrodes of 20 mm in diameter with a geometrical
capacitance of Cy = 4.84 £ 0.05 pF and a stray capacitance of
Cstray = 2.67 £ 0.07 pF were used. The quatro cryosystem from
novocontrol was employed to maintain the temperature of the
sample, and the suspension was stabilized for about 20 min-
utes with temperature changes not exceeding 0.01 K before the
BDS measurement. Dielectric measurements were taken at 5 K
intervals between 123 and 273 K. The temperature was then
raised to the level for the subsequent measurement over the
course of 10 minutes and held there for 30 minutes before the
next measurement was taken. At each temperature, a dielectric
measurement was taken for approximately 25 minutes.

Results and discussion

The data presented in Fig. 2 shows the frequency-dependent
complex permittivity spectra of a 10 wt% PNIPAM microgel
aqueous suspension, measured from 10 mHz to 10 MHz at
intervals of every 10 K between 123 K and 273 K during the
heating processes. At a temperature of 263 K, the two relaxation
processes, labeled process I and process II, are visible as two
step-like increases in ¢’ in the real part of the complex permit-
tivity with decreasing frequency, and an additional increase in
¢’ at lower frequencies, caused by electrode polarization (EP),
and in the imaginary part ¢’, the corresponding loss peaks of

This journal is © the Owner Societies 2023
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Fig. 2 Real and imaginary components of the dielectric spectra of the
10 wt% PNIPAM microgel agueous suspension at intervals of 10 K between
123 K and 273 K.

-2 4 6

EP and process II completely overlap, while process I has a loss
peak around 5 kHz. These relaxation processes are associated
with the relaxation process of ice'®?"*' and the local chain
motion of PNIPAM microgel,>®***> respectively. As the tem-
perature decreases, these relaxation processes shift to lower
frequencies. From temperatures of 243 K down to 193 K, a
small relaxation was observed at around 1 MHz where the high
frequency tail of the loss peak of the ice process in the
imaginary part, which refers to uncrystallized water.”®>%*!
However, the loss peak height of this process is lower than
0.2 indicating that the strength of this process is negligible in
comparison with process I with a peak height of 40-20 in the
entire temperature range measured. Therefore, the small
relaxation process of uncrystallized water is not considered
for further discussion.

Curve fitting procedure

The experimental data for the complex permittivity of the
10 wt% PNIPAM microgel aqueous suspension reveal three
main relaxation processes: Process I, II, and EP. At tempera-
tures below 183 K, the single loss peak of Process I becomes
broader due to multiple ice relaxations.**' At 263 K, an

Phys. Chem. Chem. Phys., 2023, 25, 22223-22231 | 22225
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intermediate process (Process 1II;,) is observed between Pro-
cesses I and II. A curve fitting procedure was employed for all
the processes to understand their unique characteristics
depending on the temperature. The fitting was done using
the simple sum of relaxation processes given by the Cole-Cole
equation and dc conductivity

*sm—b—z

here i is the imaginary unit, which gives i*> = —1, o is the
angular frequency, ¢, is the dielectric constant under vacuum,
&, is the high frequency dielectric constant. A¢ and 7 are the
relaxation strength and time, f is the symmetric broadening
parameter (0 < f§ < 1), ¢ is the dc conductivity and m indicates
multiple relaxations of process I with a contribution of Ice A, B,
C, D, process II, II;, and EP. Fig. 3 displays examples of curve
fitting employed for the 10 wt% PNIPAM microgel aqueous
suspension at selected temperatures. At 143 K, Ice A, B, Cand D
are required to reproduce the raw data, while at 183 K, Ice C

Aep, o

+— 1
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Fig. 3 Examples of curve fitting results of the real and imaginary parts of
the dielectric function of 10 wt% PNIPAM microgel agueous suspension at
three selected temperatures 143 K, 183 Kand 263 K. The experimental data
are represented by black circles, while the fitted curves are shown in solid
lines of various colours: blue for Ice A, red for Ice B, green for Ice C, Light
blue for Ice D, Violet for process II, grey for EP, and black for the sum of all
processes assumed. The contribution of dc is indicated by orange dashed
lines.
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and Ice B are required to fit the data. At temperatures 253 K and
below, EP, Process II, II,, and Ice B and C are required to
reproduce the experimental data. At 263 K, EP, Process II, II,
and Ice C relaxation processes are used to fit the experimental
data. An additional function for Process II,, is interpreted to be
a part of process II and it will not be discussed as it is used in
the fitting procedure to give the best fit. It must be stated that
even we need to assume Ice A, B, C, and D, as the step and/or
peak in the real and imaginary parts of Ice A and D at 143 K, Ice
B at 183 K, and II;, at 263 K cannot be seen clearly.

Fig. 4 shows the temperature dependence of the relaxation
time, dielectric strength, and symmetric broadening parameter

Log;[7 (s)]
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Fig. 4 Temperature dependence of relaxation time (1), dielectric strength
(Ae), and the broadening parameter (f) obtained from curve fitting of the
complex permittivity data using the Cole—-Cole equation. The blue, red,
green, and light blue symbols represent the ice processes of A, B, C, and D,
respectively, while the violet symbols represent Process Il. The black
circles represent the sum of the strengths of Ice A, B, C, and D. The filled
symbols indicate that the relaxations with steps in the real part or the peak
in the imaginary part were observed. The open symbols indicate the
relaxations for which a step or a peak was not observed, but these were
necessary to reproduce the spectrum. Plots have an error that is within the
plot size.
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f for the ice processes of A, B, C, and D and Process II in 10 wt%
PNIPAM microgel aqueous suspension obtained from the curve
fitting procedure using the Cole-Cole equation (1). The dielec-
tric strength of Process II is much larger than that of the other
processes, and such large strength suggests that it is not solely
due to the local chain motion of PNIPAM. Similar dielectric
relaxation processes have been observed in other frozen
polymer-water mixtures of PVP,?® BSA*? and gelatin.** For the
PVP-water mixtures, this process was found to be responsible
for a local chain motion of PVP and/or a combination of a local
chain motion of PVP and interfacial polarization, depending on
the PVP concentration. Future studies will investigate the
variations upon different concentrations and different cross
linked microgels since the present study mainly emphasizes
the mechanism of the dielectric relaxation of ice in the 10 wt%
PNIPAM microgel aqueous suspension system.

Moving on to Process I, it was observed in Fig. 2 for
temperatures < 263 K. Above 263 K, Process I could not be
detected, indicating that it is related to the formation of ice in
the suspension system. As shown in Fig. 3, Process I consists of
multiple relaxation processes of Ice, which are labeled as Ice A,
B, C, and D in decreasing order of frequency. Ice B and Ice C
contribute to Process I at temperatures < 253 K. The relaxation
times of Ice B and C are close and those temperature depen-
dences are the same. Furthermore, the ratio of the strength of
these two processes is almost constant and the strength of Ice B
is 30-40% of that of Ice C. In addition, we cannot distinguish
Ice B from Ice C in dielectric spectra shown in Fig. 2 at 183 K.
This means that we need to assume Ice B and C to reproduce
the experimental data, but it is impossible to say that there are
two processes above 170 K (T¢,). At high temperatures above
240 K (T¢,), the temperature dependence of the relaxation time
of the ice processes follows an Arrhenius behaviour with an
activation energy (E,) of 40-50 k] mol~". At T¢, the temperature
dependence of the relaxation time changes, and the E, becomes
a smaller value of 15-20 k] mol ' in the temperature range
between T¢; and T¢,. At low temperatures below Tc,, E, shows a
larger value of 30-40 kJ mol™". The clear step or peak of Ice A
and Ice D cannot be seen in the dielectric spectra, but these are
necessary only at temperatures below T¢,. The relaxation time
of Ice D is close to that of Ice C and pure ice. The temperature
dependence of the relaxation time of Ice D is almost the same
as that of Ice C. Therefore, Ice C and D are single relaxation
process and Ice D is required to describe the broadening of Ice
C. In terms of the dielectric strength of the Ice relaxations, Ice C
is the dominant process with larger strength for temperatures
ranging from T¢; to Tc,. Below Tg,, the dominance of Ice C
decreases, and the strength of Ice B, D, and A increases. The
sum of the strength of the relaxations that make up the multi-
ple ice relaxation increases slightly as the temperature
decreases. This feature is similar to the ice relaxations observed
in other frozen polymer water mixtures.'®26:32:34

Buratti et al.'® investigated the interaction between water
and PNIPAM polymers, including crosslinked microgels and
linear polymers, by conducting extensive differential scann-
ing calorimetry (DSC) and dynamic light scattering (DLS)
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experiments. The DSC results for PNIPAM concentrations
higher than 30 wt% in H,O showed two endothermic peaks
at 274 K and 268-274 K. This indicated the melting of two
distinct types of water, consistent with prior research.*® The
peak observed at high temperatures is likely to be associated
with the “free water” or bulk-like water, which has a melting
point like that of the pure solvent and is relatively unaffected by
concentration. In contrast, the peak detected at low tempera-
tures is significantly influenced by the presence of the polymer,
and its melting temperature tends to decrease as the concen-
tration of PNIPAM increases, suggesting that it corresponds to
crystallizing hydration water. This peak is associated with
previously known freezable-bound water.>® These two types of
water are present in all the samples studied, regardless of the
solvent or polymer architecture. Their study specified the
existence of ice with different melting points due to the spatial
heterogeneity of water or ice in the aqueous solution. However,
it is important to note that this is not the origin of the dynamic
heterogeneity of the ice observed in the present investigation.
This distinction is both challenging and intriguing.

As Fig. 4 shows, the strength of Ice B increases while that of
Ice C decreases with decreasing temperature below Tc,. If the
dynamic heterogeneity, which includes two relaxations of Ice B
and Ice C, is related to spatial heterogeneity, a change in the
ratio of “bulk water ice” and “freezable-bound water ice” would
be necessary. However, since the ice in the mixture is crystal-
lized, “bulk water ice”’ cannot transform into “freezable-bound
water ice”. Therefore, Ice B and Ice C cannot be attributed to
“bulk water ice” and “freezable-bound water ice”. Hence, the
dynamic heterogeneity observed in the relaxation of ice can
never be interpreted to be related to the spatial heterogeneity
presented by Buratti et al.’> or commonly considered.

When considering the relaxation of ice, it is essential to keep
the positions of oxygen atoms fixed since ice is a crystal. The
difference between “bulk water ice” and “freezable-bound
water ice” is based on the local liquid water (or ice) structure,
which is determined by the positions of oxygen atoms. How-
ever, the position of protons in ice is mobile, and the tempera-
ture dependence of the relaxation time of ice in the
temperature ranges 7' > Tcy, Tc1 > T > Ty, and Tgy, > T is
to be interpreted based on the proton transport mec-
hanism.**™*° Therefore, not only the relaxation time of ice but
also the strength of ice relaxation must be discussed using the
motion of protons, rather than the motion of oxygen atoms.

Below Tc,, the strength ratio between Ice B and Ice C varies,
whereas it remains constant above Tg,. This implies that
changes in the relaxation mechanism as a result of thermal
fluctuations can influence the strength ratio even in crystal ice.
In the temperature range Tc; > T > Tc,, ionic defects are
dominant, resulting in a constant strength ratio of Ice B and Ice
C. However, below T,, the strength of Ice B increases and that
of Ice C decreases due to the dominant factor changes to the
blockages for the diffusion of ionic defects. The different
relaxation times of Ice B and Ice C can be interpreted to be due
to the difference in the potential energy depth of the traps, which
control proton transport. According to the trap-controlled proton

Phys. Chem. Chem. Phys., 2023, 25, 22223-22231 | 22227
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Fig. 5 Temperature dependent relaxation time and dielectric strength of
the ice process in partially crystalized 10 wt% PNIPAM (green), PVP (blue),
BSA (red) and gelatin (orange) water mixtures. The black x, *, and +
symbols represent Johari ice, Sasaki ice (Ih), and Auty ice, respectively.
The filled symbols indicate that the relaxations with steps in the real part
and a peak in the imaginary part were observed. The open symbols
indicate the relaxations for which the step or the peak was not observed,
but these were necessary to reproduce the spectrum.

transport model**™*® the deeper potential energy results in a

larger relaxation time and a higher activation energy. Based on
the model, it can be interpreted that the potential energy depth
of the traps related to Ice C is deeper than that of Ice B. The
model also predicted that the density of traps would increase as
the temperature decreased below Tc,.***® Upon comparing
this prediction to our results, we observed that the increase
in the density of traps results in an increase in the strength of
the relaxation of Ice B (with a shorter relaxation time) and a
decrease in that of Ice C (with a longer relaxation time). This
means that the shallower potential depth of the traps which
brings about Ice B increases with decreasing temperature. As
shown in Fig. 5, the temperature dependence of the strength of
the relaxation processes of ice below T, depends on the solute
molecular structure. The mechanism behind the observed
increase in the strength of Ice B with a shorter relaxation time
and a decrease in that of Ice C with a longer relaxation time is
still in the veil. In order to gain a better understanding of this
phenomenon, additional experiments will be necessary.

The temperature dependences of the ice processes observed in
the microgel suspension system were compared with that of
frozen water mixtures of gel (gelatin), linear polymer (PVP), and
globular protein (BSA). Fig. 5 shows the temperature dependence
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of the dielectric relaxation time and strength of ice processes
observed for 10 wt% PNIPAM microgel (present study), PVP,>®
BSA,*' and gelatin®® water mixtures and pure ice.””™*° For
partially crystallized 10 wt% PNIPAM, PVP, and BSA water
mixtures, the temperature dependence of the relaxation time
exhibits two or three temperature regions divided by the cross-
over temperatures at 240 K (T¢;) and 170 K (T¢,), which are the
same as those of the ice relaxation observed for pure ice by
Johari et al'® and Sasaki et al.'® On the other hand, the
temperature dependence of the relaxation time of ice observed
in the partially crystallized 10 wt% gelatin water mixture was
monotonic similar to that of the Auty type. Above T¢,, two ice
relaxation processes are necessary for reproducing the dielec-
tric spectra of frozen PNIPAM and BSA water mixtures as shown
in Fig. 3 at 183 K in this paper and Fig. 4 at 183 K in ref. 41
whereas the PVP and gelatin systems show only one relaxation
process. This means that the ice process above T, is broad in
the BSA and PNIPAM water mixtures.

The trap-controlled proton transport mode explained
the dominance of different relaxation processes observed in ice

144—46

in the three different temperature regions. The presence of
orientational defects at high temperatures (> T¢, ), ionic defects
at intermediate temperatures (7, to Tc,) and multiple traps at
low temperatures (<7T¢,) are the main reasons for ice relaxa-
tions. According to this model, the ice relaxations in BSA and
PNIPAM water mixtures have a large slope in the temperature
dependence of relaxation time solely caused by the orienta-
tional defects at high temperatures (>7T¢,). At intermediate
temperatures (Tc; > T > Tc,), the temperature dependence of
the relaxation time is smaller than that above T, because of
the increase in the domination of ionic defects rather than the
orientational defects. In contrast, the relaxation time of ice in
PVP water mixtures shows a small slope in temperature depen-
dence for T > T, even above Tg;, because of the more
domination of ionic defects, i.e., the relaxation time of the ice
caused by ionic defects is faster than that caused by the
orientational defects even above T.,. Furthermore, the relaxa-
tion times of the ice process are two orders of magnitude
smaller in the PVP-water mixture and one order of magnitude
smaller in the BSA and PNIPAM water mixtures than that of
pure ice at temperatures below T¢; and above Tc,. At tempera-
tures (< Tc,), the process of proton capture into traps begins to
dominate, and the ionic relaxation mechanism weakens, result-
ing in a large slope in the temperature dependent relaxation
time. Below Tc,, the distribution of relaxation time of the ice
relaxation in the BSA, PNIPAM and PVP water mixtures varies
from 1 to 4 orders of magnitude. The wide distribution of
apparent activation energy for the process of proton capture
into traps can be attributed to variations in ice conditions
within the mixtures. However, ice relaxation of gelatin water
mixtures has a large slope in the temperature dependent
relaxation time with more domination of the orientational
defects.

It was reported that the Auty-type temperature dependent
relaxation time of ice was obtained through pure-water crystal-
lization while stirring pure water at 265 K.'® This result was
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interpreted as that the slower growth speed of ice excludes
impurities and gives rise to a larger relaxation time of ice. The
variation of the temperature dependence of relaxation time in
the water mixtures of 10 wt% PNIPAM microgel, PVP, BSA, and
gelatin can be interpreted consistently with ref. 19. The for-
mation of ice in the microgel or globular protein BSA water
mixtures is more closely related to the behavior of pure ice
reported by Johari et al.'® and Sasaki et al.,' i.e., the presence of
microgel or globular protein does not affect the relaxation time
of ice significantly. This indicates that the presence of micro-
gels or globular proteins does not appear to have a significant
effect on the growth speed of ice crystallization likely due to
their reduced exposure to water as a result of their condensed
density in the mixtures. In contrast, gelatin may slow down the
ice crystallization speed in the mixtures by creating a gel
network, resulting in ice with less impurity-induced orienta-
tional defects. On the contrary, PVP seems to accelerate the
growth speed of ice crystallization in the mixtures, leading to a
higher concentration of impurities with ionic defects, and this
causes a smaller relaxation time of ice. In summary, while
PNIPAM microgels and BSA may not have a significant effect on
thermal properties or controlled freezing rates, gelatin has the
potential to regulate the freezing environment and promote
slow freezing rates. PVP, on the other hand, can accelerate ice
crystallization and may not contribute to the desired thermal
properties for controlled freezing.

Conclusions

Broadband dielectric spectroscopy measurements were per-
formed on a 10 wt% PNIPAM microgel aqueous suspension,
which was partially crystallized, at frequencies ranging from
10 mHz to 10 MHz and temperatures ranging from 123-273 K.
Two prominent relaxation processes were identified, Process I
and Process II, at two distinct frequencies and process II was
attributed to the combination of local chain motion of PNIPAM
and interfacial polarization in the uncrystallized phase, while
process I contributed to the relaxation of ice in the partially
crystallized PNIPAM aqueous suspension. The temperature
dependence of the relaxation time and strength of the ice
relaxations suggests the presence of different environments of
ice with different activation energies associated with different
temperature ranges. The suspension system containing par-
tially crystallized PNIPAM microgel exhibits four types of ice
relaxation. The difference between the spatial heterogeneity of
ice present in the Buratti et al, study'® and the dynamic
heterogeneity of the ice observed in this work was clarified
based on the trap-controlled proton transport model. The
reason for the variation in the strength ratio between Ice B
and Ice C below T, remains unclear. However, additional
experimental results of various concentrations and solute
structures of water mixtures using the model are expected to
clarify this issue.

The temperature dependence of the ice process observed in
this system was compared to that of other frozen polymer water
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mixtures, including partially crystallized water mixtures with
gelatin, PVP, and BSA. The trap-controlled proton transport
model is used to explain the temperature-dependent dielectric
relaxation behavior of ice in partially crystallized polymer water
mixtures. The study found that the presence of microgel or
globular protein does not have a significant impact on the
structure of growing ice crystals due to their condensed density in
the mixtures. In contrast, gelatin can slow down ice crystallization
by creating a gel network, which results in fewer impurity-induced
orientational defects. Conversely, PVP appears to accelerate ice
crystal growth, resulting in a higher concentration of impurities
with ionic defects. Overall, the study provides insights into the
dielectric relaxation behavior of ice in the presence of microgel
and other polymers. The findings suggest that the presence of
these polymers can affect the relaxation behavior of ice in
different ways depending on the type of polymer. This study has
important implications for understanding the interaction of water
and solute molecules and properties of ice in complex systems,
such as biological tissues and frozen food products, which are
maintained in subzero temperatures.
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