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To solve a mystery of low-temperature liquid water, a liquid-liquid critical point (LLCP) hypothesis
that the two kinds of waters, low-density and high-density liquids (LDL and HDL), and a critical
point relating to the two waters exist is thought to be the most realistic idea. However, there is no
conclusive evidence showing the existence of LLCP. I measured the polyamorphic volume changes of
the glassy dilute polyol (ethylene glycol, glycerol, meso-erythritol, xylitol, and D-sorbitol) aqueous
solutions during the compression and decompression processes and estimated the location of LLCP
for the polyol aqueous solution by a new analysis of the concentration dependence of polyamorphic
transition. The LLCP of glycerol aqueous solution around 150 K is estimated to be around 0.045 GPa
and around 0.135 molar fraction. This indicates that the solvent water in the glycerol aqueous solution
at 1 atm changes continuously from the LDL-like state to the HDL-like state with the increase of solute
concentration. The concentration region in which the crossover between LDL-like solvent water and
HDL-like solvent water occurs is located near the region that the liquid-liquid transition line is extended
to the concentration axis at 1 atm. Moreover, the formation of LDL-like solvent water relates deeply to
the homogeneous nucleation of ice Ih in the polyol aqueous solution. This conclusion shows that the
LLCP hypothesis of water has an important implication for understanding the dynamics of aqueous
solution such as solubility, hydration, segregation, aggregation of solute, nucleation of ice Ih, glass
formation, glass transition, and so on. Published by AIP Publishing. https://doi.org/10.1063/1.5050832

l. INTRODUCTION

Water is a biogenic material and plays important roles
for life activity of living things. Most biochemical activity
in living things occurs under the liquid-water environment.
However, the nature of liquid water is not fully understood.
Water is not simple liquid and displays anomalous proper-
ties at low temperatures.' For instance, the density becomes
maximum at 277 K (~4° C) and the heat capacity increases
rapidly at low temperatures. The theory which explains the
anomalous behavior of water successfully is not established
yet.

Recent experimental, theoretical, and computer
simulation studies relating to the supercooled liquid water
and the discovery of two kinds of glassy waters (low-density
and high-density amorphous ices: LDA and HDA) strongly
suggest a liquid-liquid critical point (LLCP) hypothesis of
water; two kinds of liquids (low-density and high-density lig-
uid waters; LDL and HDL) exist, and a critical point relating
to the two liquid waters (a liquid-liquid critical point: LLCP)
is predicted.' Based on the LLCP hypothesis, the relation
between the anomalous behaviors of liquid water and the
fluctuation between LDL- and HDL-states which is gener-
ated around the LLCP are discussed actively, but cautiously,
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in the experimental,* ! theoretical,!'"'* and computer-
simulation'*1? fields.

For proving the LLCP hypothesis of water, it is neces-
sary to measure the liquid-liquid critical phenomena of water
directly. So far, many experimental scientists*~'” have tried the
direct observation of the critical phenomena near the LLCP, for
example, the divergence of the heat capacity and the divergence
of the compressibility at the LLCP. However, it is thought that
the direct observation of LLCP will be difficult experimen-
tally. This is because the LLCP will exist in the supercooled
region in which the crystallization occurs easily and rapidly
(the so-called “no-man’s land””). Moreover, it may be impos-
sible to determine the precise location of LLCP because of
the metastability of supercooled water.'>? Actually, there
is no conclusive evidence showing the existence of LLCP
experimentally, as far as I know.

On the other hand, the many findings, which are derived
from experimental studies for supercooled liquid water near
the expected location of LLCP and two amorphous ices near
their glass transition temperatures, support strongly the valid-
ity of LLCP hypothesis although they are the indirect pieces
of experimental evidence.*”” The accurate measurement of the
compressibility of supercooled liquid water under high pres-
sures by Mishima'® and the measurement of the melting curve
of high-pressure ices in the no-man’s land by Mishima ez al.*>
have been performed. The experimental results have suggested
strongly that the LLCP of pure water exists at ~0.05 GPa at
~223 K.!9 The LLCP location of water agrees with the LLCP
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location proposed by Holten ez al.'! In the present stage, the
LLCP hypothesis of water may be plausible although there is
no conclusive evidence.

The addition of solute to water and the confinement of
water inside nanometer space tend to inhibit the crystallization
of water. The experimental studies of the LLCP hypothesis of
water using the aqueous solution system?!~>> and the confined
water system”®2° have been attempted. By using these sys-
tems, there is a possibility that the LLCP emerges out of the
no-man’s land. Actually, the distinct polyamorphic transition
of dilute glycerol (GL) aqueous solution has been observed
around 150 K which is higher than the glass transition temper-
ature of pure LDA, ~136 K.?? In this system, the polyamorphic
transition between low- and high-density states under pres-
sure is clearer than the LDA-HDA transition of pure water.
In particular, it is able to observe the decompression curve
of the low-density state in the wider low-pressure region.
However, the direct observation of LLCP has not yet been
reported.

The study of the polyamorphic behavior of solvent water
in the aqueous solution has implications for the verifica-
tion of the LLCP hypothesis of pure water as well as for
the understandings of the static and dynamical interactions
between the complex molecules, such as biomolecules and
polymers, and the hydration water surrounding the molecules.
There are several reports discussing the polyamorphic behav-
ior of aqueous solutions from a viewpoint of LLCP hypoth-
esis.>! 7253048 However, the relationship between the solute
and the polyamorphic behavior of solvent water, for example,
the effects of solute on the polyamorphic transition of solvent
water and on the polyamorphic state of solvent water, is little
understood.

Previously, we have examined the polyamorphic tran-
sition of glassy dilute ethylene glycol (EG), glycerol (GL),
meso-erythritol (ER), xylitol (XY), and D-sorbitol (SO) aque-
ous solutions under pressure.”>> We have shown that there
are two kinds of glassy forms, low-density glassy solution
and high-density glassy solution, and then that two glassy
solutions mutually transform with the change in pressure.
It is verified using Raman spectroscopy that the hydrogen-
bonded network structure of solvent water in the low-
density glassy solution is similar to that of LDA and the
hydrogen-bonded network structure of solvent water in the
high-density glassy solution is similar to that of HDA. The
transition between the low-density glassy solution and the
high-density glassy solution relates to the LDA-HDA tran-
sition of pure water. The polyamorphic transition of GL
aqueous solution has been supported by the computer sim-
ulation study of Jahn ef al.’” and the experimental study of
Bachler et al.?

The existence of polyol solutes affects the polyamorphic
behavior of solvent water.>»?> As the solute concentration
increases, the polyamorphic transition shifts toward the lower-
temperature side. Moreover, with the increase of solute con-
centration, the slope of the stepwise volume change during
the polyamorphic transition becomes gentler and the gap of
the stepwise volume change that is the difference in the vol-
ume between the low-density state and the high-density state
becomes smaller. When the solute concentration increases
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further and approaches a given value, the stepwise volume
change relating to the polyamorphic transition disappears and
the compression and decompression curves of volume become
monotonous. This suggests that the LLCP of aqueous solu-
tion exists near the solute concentration at which the stepwise
volume change disappears. Previously we have roughly esti-
mated that the stepwise volume change of the GL aqueous
solution at 150 K disappears at x = ~0.12, where the x stands
for the solute molar fraction. We have inferred from the x
dependence of the polyamorphic transition that the LLCP of
the GL aqueous solution at 150 K is located at x = 0.12-0.15
at 0.03-0.05 GPa. However, the estimation of the location of
LLCP is rough. The reason is that as the x increases, the step-
wise volume change of the compression and decompression
curves becomes extremely obscurer. Therefore, it is difficult to
determine the correct x at which the stepwise volume change
disappears.

In this study, I measured the compression and decom-
pression curves of precise specific volume for the EG, GL,
ER, XY, and SO aqueous solutions and estimated the location
of the LLCP of polyol aqueous solutions experimentally using
anew analysis method of the compression and decompression
curves. Moreover, the polyamorphic state of solvent water in
the glassy glycerol-D,O solution at 1 atm was examined using
Raman spectroscopy. I will discuss the relationship between
the estimated location of LLCP and the polyamorphic state
of solvent water in the GL aqueous solution at 1 atm. In this
paper, I will mainly discuss the results obtained from the GL
aqueous solution. The results obtained from other polyol aque-
ous solutions except for the GL aqueous solution are described
in the supplementary material because the effect of concentra-
tion on the polyamorphic behavior has the same tendency in
the polyol aqueous solutions.

Il. SAMPLE AND EXPERIMENTAL METHOD
A. Polyol substance

The polyol solutes used in this study are ethylene glycol
(EG), glycerol (GL), meso-erythritol (ER), xylitol (XY), and
D-sorbitol (SO). EG, GL, and ER are purchased from Wako
Pure Chemical Industries LTD. XY and SO are purchased from
Sigma-Aldrich Co. The number of OH groups and the number
of carbon atoms in a polyol molecule are increased by one in
the order of EG;, GL3, ER4, XY, and SOg, where the subscript
stands for the number of OH groups or the number of carbon
atoms.

B. Preparation of the solution sample
for the specific volume measurement

The polyol substance was mixed with high-purity H,O
(Millipore: Direct-Q UV). The solute concentration, x, of EG,
GL, ER, XY, and SO aqueous solution is in the range of
0.03-0.18, 0.02-0.15, 0.02-0.05, 0.02-0.08, and 0.02-0.07,
respectively. Here the x stands for a ratio of the solute molar
number to the sum of the solute molar number and water molar
number. In order to hinder the crystallization of dilute aqueous
solution, the polyol aqueous solutions were emulsified. The
emulsion sample was made by high-speed blending the 1 g of
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sample solution and a matrix (0.75 g of methylcyclohexane,
0.75 g of methylcyclopentane, and 50 mg of sorbitan tris-
tearate) for 1 min using a homogenizer (OMNI International:
Omni TH) with 30 000 rpm. The emulsion size is 1-10 ym in
diameter. In order to compare the present experimental results
with the previous results of polyol aqueous solutions and pure
water, the same emulsification procedure was used.>>> The
influence of the emulsification procedure on the polyamor-
phic behavior of pure water and aqueous solution has been
reported by Hauptmann et al.** According to their report, the
emulsification procedure in this study has little influences on
the freezing and transition of aqueous solution.

C. Pressure apparatus

A piston-cylinder high-pressure apparatus and an indium
container were used for the high-pressure experiment and for
the preparation of the high-density glassy sample. The cylinder
temperature, T'cy, was measured by using an alumel-chromel
thermocouple attached on the cylinder and was controlled
by the balance of the attached heater and the atmosphere
of cold nitrogen gas. The volume of the indium container
with the emulsified sample was calculated from the change
of the piston displacement with the change in pressure. The
error of pressure, caused by the friction between piston and
cylinder, was corrected by using the compression and decom-
pression curves of the indium container without the sample
that was obtained in the same experimental condition. The
evaluation of the pressure correction has been described in
Ref. 23.

D. Preparation of a high-density glassy sample
for the measurement of specific volume

In order to prepare a homogeneous high-density glassy
sample consisting of the HDA-like solvent water as the start-
ing sample, the dilute aqueous solution was compressed at
0.3 GPa at room temperature and then the sample was rapidly
cooled down to 77 K [Fig. 1(a)]. In general, when cool-
ing the dilute aqueous solution at 1 atm, a part of solvent
water crystallizes to ice Th and then the segregation to the

J. Chem. Phys. 149, 204501 (2018)

water-rich crystalline part and the solute-rich glassy part
occurs. Therefore, the existence of concentration inhomogene-
ity complicates the analysis of polyamorphic transition. In
order to examine the polyamorphic behavior of dilute aqueous
solution, it is necessary to prepare the glassy sample in which
the solute molecules disperse homogeneously. Previously, we
have vitrified the emulsified pure water®° and the bulky dilute
aqueous solution, such as LiCl aqueous solution’>>! and GL
aqueous solution,”>~> by a rapid cooling under pressure and
then examined the state of the glassy water and glassy solvent
water. The glassy state of water relates closely to the state of
high-density amorphous ice.’*>?

About 1.5 ml of the fresh emulsified sample was sealed in
the indium container at 1 atm, compressed to 0.3 GPa at room
temperature by using the piston-cylinder apparatus, and then
cooled to 77 K at a cooling rate of ~40 K/min [Fig. 1(a)]. In
this study, the EG and GL aqueous solutions below x = 0.02
and the ER, XY, and SO aqueous solutions below x = 0.01
crystallize. Therefore, I examined the polyamorphic behav-
ior of the EG and GL aqueous solutions above x = 0.03 and
of the ER, XY, and SO aqueous solutions above x = 0.02.
Previously, we have measured the change in the sample tem-
perature during the cooling process and verified that there is
no exothermic event caused by the crystallization of solvent
water. I have checked also using Raman spectroscopy that the
sample made by the high-pressure cooling process without
the exothermic event contains no crystalline parts.”> More-
over, in the previous study for the high-density glassy glycerol
aqueous solution made by the same preparation condition, >3
it is found that the glycerol solutes disperse homogeneously
because of the good reproducibility of repetitive polyamorphic
transition; suggesting strongly that the high-density glassy
sample is a homogeneous glass. The check of the crystal-
lization of the sample using the X-ray diffraction method is
desirable, but not done in this study.

E. Measurement of the specific volume

A typical experimental protocol for the measurement
of specific volume in this study is shown in Fig. 1(a). The
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high-density glassy sample made by cooling at 0.3 GPa was
further compressed to 0.6 GPa at 77 K, and the piston-cylinder
with the sample was heated to a given Ty. The sample at the
Ty was decompressed from 0.6 to 0.01 GPa, kept at 0.01 GPa
for about 2 min and then compressed to 0.6 GPa. During the
decompression and compression processes, the change in the
piston displacement, d, was measured. This measurement was
repeated five times at the same T'¢y. The Ty was changed
in the order of 135, 140, 145, 150, and 155 K as shown in
Fig. 1(a). The decompression rate and compression rate may
affect the experimental results of the polyamorphic behavior
such as the transition pressure. Therefore, the decompression
rate and compression rate in this experiment were fixed at
~1.6 MPa/s which was the same as the rate used in the previous
studies. The effect of the change of sample temperature caused
by the polyamorphic transition on the Ty is little because
the amount of sample is remarkably less than that of the
piston-cylinder.

The specific volume of aqueous solution was calculated by
subtracting the volume of the indium container and the volume
of the emulsion matrix from the measured volume in consider-
ation of the pressure and temperature effects. The compression
and decompression curves of the indium container at 135, 140,
145, 150, and 155 K were measured in advance. In addition, the
pressure dependences of the specific volume of the emulsion
matrix at 135, 140, 145, 150, and 155 K in the compression
and decompression processes were measured in advance. The
specific volume of the sample was calculated using this infor-
mation considering the pressure and temperature effects. We
have verified that there is no transition of the indium container
between 0.001 and 0.6 GPa and there is no transition of the
emulsion matrix.>> The error of the absolute value of specific
volume is estimated to be £~2%.

The five times average of the compression curve, V., and
the five times average of the decompression curve, V4, of
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specific volume for the EG, GL, ER, XY, and SO aqueous
solutions are shown in Fig. 2(a) and Figs. S1(a)-S1(e). The
glassy sample at the higher 7'y crystallizes during or after the
polyamorphic transition from the high-density to low-density
state in the decompression process. The crystalline sample can
be checked by the compression curve which does not have the
stepwise volume change relating to the polyamorphic transi-
tion. The crystalline sample was not used. For example, the
glassy EG aqueous solution crystallizes after the polyamor-
phic transition in the decompression process at Ty = 150 K.
Therefore, the measurements for the EG aqueous solution were
performed at T'¢y = 145 K.

F. Sample preparation for the Raman
spectroscopic study

The GL was mixed with D, O (Wako Pure Chemical Indus-
tries LTD.). The non-emulsified GL aqueous solution was
used. The x of GL aqueous solution ranges between 0.07
and 0.24. The bulky GL aqueous solution below x = 0.06
crystalized during the high-pressure cooling.

The thermal and pressure protocols of the glassy sam-
ple preparation for the Raman study are shown in Fig. 1(b).
In order to prepare the high-density glassy GL aqueous solu-
tion first, the GL aqueous solution was compressed at 0.3 GPa
at room temperature and then the sample was rapidly cooled
down to 77 K. For making the low-density glassy sample at
150 K, the prepared high-density glassy sample was com-
pressed up to 0.6 GPa, heated at 150 K, and then decompressed
to 1 atm. The sample of low x was transformed into the low-
density state during this decompression process. The glassy
sample was cooled down to 77 K at 1 atm. The glassy sample
with the indium container was recovered from the piston cylin-
der at 77 K, and the cap of the container was removed to expose
the surface of the glassy sample. The recovered glassy sample
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FIG. 2. The x dependence of polyamorphic transition for the GL aqueous solution at 150 K. (a) The compression and decompression curves (V. and V) of
specific volume for the GL aqueous solutions of x = 0.03-0.15 at 150 K were measured in the pressure range between 0.01 and 0.60 GPa. The V. and V4 are
presented by red and blue lines, respectively. The V. and V4 except for ones of x = 0.03 are shifted vertically for clarity. The vertical broken lines indicate the
location of 0.01 and 0.55 GPa. (b) The x dependence of AV for the GL aqueous solution at 150 K is shown. Black closed circles represent the maximum of AV,
AV max. As the x increases, the dome part of AV is squashed and the AV ox becomes small. When the x reaches around 0.13, the dome part of AV disappears and
the AV becomes almost flat. (c) The AV yax is plotted as a function of x. The solid curve is the fitted curve and the broken curve is the extrapolated curve. The
position of vertical broken line stands for the xy 1 cp (=0.135). The error of AV, is small, and the error bar is hidden behind the square mark. (d) The Pymax is
plotted as a function of x. The solid curve is the fitted curve, and the broken curve is the extrapolated curve. The position of the vertical broken line stands for
the xppcp (=0.135). The position of the horizontal broken line stands for the Py cp (=0.045 GPa). The crossing point of the vertical and horizontal broken lines

may be the location of LLCP for the GL aqueous solution at 150 K.
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was placed on a cryostat with a temperature controller for the
Raman spectroscopic measurement. After the glassy sample
was annealed at 155 K at 1 atm for the structural relaxation,
the sample was cooled to ~30 K quickly and then the Raman
measurement was performed at ~30 K.

G. Raman spectroscopic study

The Raman spectroscopic measurement was performed
using a microscopic Raman spectrometer system (Jobin Yvon
Inc. T-64000). The exciting light source was an argon ion gas
laser operating at 488 nm with a power of 400 mW. The laser
light via the optical system was attenuated, and the laser power
in front of the sample was about 20 mW. Therefore, we can
ignore the elevation of sample temperature caused by the laser
irradiation.

The intensity of the Raman scattered radiation polarized
parallel to the incident light, /(v), was recorded in the fre-
quency region from 2000 to 3000 cm™! with the resolution of
0.2 cm™!, where v is the Raman frequency.

The polyamorphic state of solvent water was identified
by the Raman profile of OD-stretching modes in the range of
2200-2700 cm~!. Assuming the tentative mode assignment
of pure glycerol,” the vibration modes relating to the side
groups in a glycerol molecule, for example, the OH- and CH;-
stretching modes, appear in 2700-3700 cm™!. Therefore, the
effect of vibrational modes in the glycerol molecule on the
OD-stretching vibrational modes is little.

lll. ANALYSIS AND RESULTS

Figure 2(a) shows the compression curve, V., and decom-
pression curve, V4, of specific volume for the GL aqueous
solution of x = 0.03-0.15 at 150 K. The V. and V4 for the
other polyol aqueous solutions are shown in Fig. S1. For the
GL aqueous solution of x = 0.03, the polyamorphic step-
wise volume changes clearly appear around 0.28-0.30 GPa
in the compression process and around 0.07-0.10 GPa in the
decompression process. As the x increases, the slope of the
stepwise volume change becomes smaller and the difference
in specific volume between the low-density sample and the
high-density sample becomes smaller. Above x = 0.12, the
stepwise volume change seems to disappear. The effect of the
addition of solute on the polyamorphic transition was simi-
lar among the EG, GL, ER, XY, and SO aqueous solutions
(Fig. S1). However, the x at which the polyamorphic tran-
sition disappears becomes smaller in the order of EG, GL,
ER, XY, and SO aqueous solution. The solute nature depen-
dence of the polyamorphic transition agrees with the previous
result.?

In order to discuss the polyamorphic transition of GL
aqueous solution more quantitatively, I introduce a new param-
eter, AV = (V. = Vi)V —9.01GPa» Where Vg o1Gpa Stands for
the V. at 0.01 GPa (see the supplementary material and Fig.
S2). Figure 2(b) shows the AV for the GL aqueous solutions
of x = 0.03-015 at 150 K. The AV for the GL aqueous solu-
tion in the low x region has a dome-type part indicating that
the polyamorphic transition occurs. The shape of the dome
part characterizes the behavior of polyamorphic transition. For
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example, the maximum value of the dome part of AV, AV 4«
corresponds to the gap of stepwise polyamorphic transition
and indicates a volume ratio of the low-density sample and
the high-density sample. Indeed, the AV, calculated from
the LDA-HDA transition of pure water at ~135 K is about
0.2 (see the supplementary material and Fig. S8). This value
agrees with the volume ratio of LDA and HDA reported by
Mishima et al.>*>

In addition, the pressure of AV ax, Pvmax, relates to the
location of the equilibrium coexistent line of low-density and
high-density states. The dome part of AV is quite asymmet-
ric, and the Pymax is different from the pressure previously
defined by the middle point between the pressure of polyamor-
phic transition from the low-density to high-density state and
the pressure of polyamorphic transition from the high-density
to low-density state.>>> Therefore, the Pypmax may not be
the correct pressure of equilibrium liquid-liquid transition
(LLT).

The full width half maximum of the dome part of AV
corresponds to the hysteresis size of polyamorphic transition,
and the slope of the inclined part of the dome corresponds to
the slope of stepwise volume change during the polyamorphic
transition (see the supplementary material).

The black points in Fig. 2(b) represent the AV, for
the GL aqueous solution of x = 0.03-015 at 150 K. As the
x increases, the dome part of AV is squashed and the AV .«
becomes small. When the x reaches around 0.13, the dome part
of AV disappears and the shape of AV becomes almost flat.
The x dependences of AV for EG, ER, XY, and SO aqueous
solutions show a similar tendency (Fig. S3).

For discussing more qualitatively, the AV« for the GL
aqueous solution is plotted as a function of x in Fig. 2(c). As the
x increases, the AV .« decreases and then the change of AV .«
is leveled in the higher concentration region above x = 0.135.
This indicates that the polyamorphic transition of the GL aque-
ous solution at 150 K disappears around x = 0.135. Therefore,
determine that the concentration at which the change of AV .«
begins to become flat is the x of LLCP, xr cp.

Using the same analysis of the AV ,«—x curve, I esti-
mated the xp  cp for the EG, ER, XY, and SO aqueous solutions
(Fig. S4). The values of x.  cp for EG, ER, XY, and SO aqueous
solutions are 0.145, 0.08, 0.065, and 0.055, respectively. The
magnitude correlation of xy cp is consistent with the previous
estimation.?

On the other hand, the value of AV ,x extrapolated to
x = 0 becomes ~0.2 as presented in Fig. 2(c). The extrap-
olated AV« for the other polyol aqueous solutions is also
~0.2 (Fig. S4). These values agree well with the AV, calcu-
lated from the LDA-HDA transition of pure water at ~135 K,
~0.2 (Fig. S8).

Next, the Pymax for the GL aqueous solution at 150 K is
plotted as a function of x in Fig. 2(d). The Pymax decreases
monotonously with the increase of x. The analytical errors
of Pvmax in the concentration region above x = 0.11 become
large. This is because the shape of the AV of GL aqueous
solution above x = 0.11 is almost flat as shown in Fig. 2(b),
and the determination of the correct AV, in the dome part
is difficult. Therefore, I carried out the fitting analysis using
the Pymax below x = 0.10. The fitted broken curve in Fig. 2(d)
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TABLE I. Location of LLCP for polyol aqueous solutions.?

Solute T (K) XLLCP Pr1cp (GPa) XTH
EG 145 0.145 0.055 0.17
GL 150 0.135 0.045 0.13
ER 150 0.08 0.05 e
XY 150 0.065 0.055 0.11
SO 150 0.055 0.050 0.10

2The data in Table I correspond to just one point along a location of LLCP as shown in
the green dashed line of Fig. 3.

shows that the value of Pynpax at xpcp = 0.135 is ~0.045 GPa.
Therefore, I decide that the pressure of LLCP, Py cp, for the
GL aqueous solution at 150 K is ~0.045 GPa. As a result,
the LLCP location of the GL aqueous solution of 150 K is
xrrep = 0.135 and Prrcp = 0.045 GPa. This does not devi-
ate from the previous rough estimation of the LLCP loca-
tion of GL solution at ~150 K (xppcp = 0.12-0.15 and
PLLCP =0.03-0.05 GPa).23

Using the same analysis method, I estimated that the
Pricp for the EG, ER, XY, and SO aqueous solutions is
0.055,0.050,0.055, and 0.050 GPa, respectively (Fig. S5). The
LLCP locations for polyol aqueous solutions are summarized
in Table I.

The xrrcp for the polyol aqueous solutions reduces in
the order of EG, GL, ER, XY, and SO aqueous solution and
becomes smaller with the increase of the number of OH groups
in a polyol solute molecule. The xcp seems to relate to the
number of OH groups in a polyol solute. Indeed, I have demon-
strated that when the x is replaced by the concentration of the
OH group relating to the polyol solute, the solute nature depen-
dence of the polyamorphic behavior, for example, the slope of
LLT line and the location of LLCP, becomes small.>> This sug-
gests that the hydrogen bonded interaction between solute and
solvent water affects the polyamorphic behavior of the solvent
water in the aqueous solution. The existence of the OH group
may reduce the stability of the LDA-like hydrogen bonded
network structure of solvent water. However, it is difficult to
clarify the relation between the polyamorphic state of solvent
water and the hydrogen bonded interaction between the solute
and water from the present experiment.

The value at which Pypax of the GL aqueous solution
in Fig. 2(d) is extrapolated to x = 0 seems to be ~0.225 GPa.
Similarly, the extrapolated values of Pypax to x = 0 for the EG,
ER, XY, and SO aqueous solutions are ~0.24, ~0.23, ~0.23,
and ~0.23 GPa, respectively (Fig. S5). These values of Pymax
extrapolated to x = 0 are almost the same within the error
(£~0.01), and the average value is 0.23 GPa. Assuming that the
Pymax at x = 0 corresponds to the pressure of the equilibrium
boundary of LDA and HDA, although the Pymax is not the
correct pressure of LLT, the average value agrees with the
previous result (~0.23 GPa)>>?> that is slightly larger than the
value (~0.20 GPa) estimated by Mishima et al.”

IV. DISCUSSION

The schematic P-T-x diagram of the polyamorphic state
of solvent water in the GL aqueous solution is drawn in Fig. 3.
It is found that the Py cp of the GL aqueous solution at 150 K

J. Chem. Phys. 149, 204501 (2018)
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FIG. 3. The schematic P-T-x diagram of the solvent water in the GL aqueous
solution. The polyamorphic P-T diagram of pure water at x = 0 has been
proposed by Mishima and Stanley. The Ty of GL aqueous solution at 1 atm?>
is plotted in the 7-x plane at 1 atm. The 7'y curve becomes perpendicular to the
x axis at xty. The LLCP and the LLT lines which are estimated in this study
are drawn in the P-x plane at 150 K. The LLCP may shift toward the lower
temperature side with the increase of x as shown by a green broken curve. The
region along the extension of LLT line is drawn as the red broken arcs in the
P-x plane. The color of arrows in the 7-x plane at 1 atm and the P-T plane at
x = 0 represents the change in the polyamorphic state of solvent water, where
the blue and red stand for the LDA-like solvent water and the HDA-like solvent
water, respectively. The red arc arrow in the P-x plane indicates that the state
of solvent water in the highly concentrated GL aqueous solution at 1 atm is
equivalent to the state of HDA.

is ~0.045 GPa and the LLCP exists in the positive pressure
region. According to the reports by Mishima'® and Holten
etal. ! the Py cp of HO is 0.03-0.05 GPa. The Py cp of pure
water and the Py cp of the GL aqueous solution at 150 K are
same within experimental error. This indicates that the effect
of the addition of GL solute is the shift of the LLT toward the
lower temperature side. In short, the location of LLCP seems
to shift toward the lower temperature side with the increase of
x as shown by a green broken curve in Fig. 3.

In addition, Fig. 3 suggests that the state of solvent water
in the lower pressure region of the LLT line on the P-x plane
is LDA-like and the state of solvent water in the higher pres-
sure region of the LLT line is HDA-like. Therefore, the GL
aqueous solution at 1 atm above x = 0.15 is located in the
higher pressure region of the LLT line, and the solvent water
is categorized into the HDA-like group. This suggests that the
solvent water in the GL aqueous solution at 1 atm changes
from LDA-like to HDA-like continuously with the increase of
x as shown by an arrow on the T-x plane in Fig. 3. On the
other hand, in the case of pure water the LDA is transformed
discontinuously into HDA at the LLT line with the increase
of pressure as shown by an arrow on the P-T plane in Fig. 3.
This suggests that the effect of the addition of GL solute on the
polyamorphic state of water is equivalent to the effect of the
application of pressure. This is similar to the result for the elec-
trolyte aqueous solution at room temperature by Leberman and
Soper.>®

Here, the state of the solvent water at 1 atm in the region
of x =0.13-0.15 may correspond to a LDL-HDL supercritical
state near the LLCP. In order to verify the LDA-HDA crossover
of solvent water at 1 atm with the change in x, I examined the
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x dependence of the specific volume of glassy GL aqueous
solution at 150 K at 0.01 GPa and the x dependence of the OD-
stretching Raman mode of solvent water in the glassy GL-D,0
sample at 155 K at 1 atm.

The specific volume of GL aqueous solution at 0.01 GPa
at 150 K which is marked by the vertical black dashed line in
Fig. 2(a) is plotted as a function of x in Fig. 4 (green closed cir-
cle). The numerical information of specific volume is shown
in Table S1. If the solvent water is LDA and if this does not
change regardless of the change of x, the specific volume will
act as a blue curve in Fig. 4. The specific volume of pure LDA
at 135 K at 0.01 GPa is 1.07 cm® g™! in Fig. S8(a) and the
specific volume of pure glycerol is assumed to be 0.7830 cm?
g~! that is the value of the specific volume of pure glycerol at
room temperature at 1 atm. On the other hand, if the solvent
water is HDA and if this does not change regardless of the
change of x, the specific volume will behave as a red curve in
Fig. 4. Here, the specific volume of pure HDA at 0.01 GPa is
assumed to be 0.88 cm® g™! that is estimated by the extrapo-
lation of the V4 of pure HDA to 0.01 GPa in Fig. S8(a). Here,
I assume that the solute does not affect the specific volume
of aqueous solution with LDA-like (HDA-like) solvent water.
However, the real specific volume of aqueous solution at high
solute concentration deviates from the ideal specific volume
such as the blue (red) line in Fig. 4 because of the complex
interaction between solvent water and solute. I think that it
is meaningful to consider the tendency of the change in spe-
cific volume from a viewpoint of the polyamorphic state of
solvent water although the estimated red and blue lines are not
real.

The measured specific volume of GL aqueous solution at
0.01 GPa (green closed circles) decreases continuously in the
region between the blue and red curves with the increase of x.
This indicates that the state of solvent water in the GL aqueous
solution at 0.01 GPa at 150 K changes from the LDA-like
state to the HDA-like state continuously with the increase of

[ I I I I |
1.1— —
&0
510 —
Q
g . LDA solvent
3 [ ]
g 09 I .... ° —
2 )
% Wl
2.0.8k= AA A |
20.8 vy
A HP-HDA solvent
| | | | | |
0.0 0.1 0.2
X

FIG. 4. The x dependences of the specific volume of GL aqueous solution
at 150 K at 0.01 and 0.55 GPa. The closed circle and closed triangle stand
for the specific volume at 0.01 and 0.55 GPa, respectively. Assuming that the
solute does not influence on the state of solvent water, the specific volume of
GL aqueous solution at 0.01 GPa with the solvent water of LDA changes like
the blue solid curve. Similarly, the red solid curve is the change of the specific
volume of GL aqueous solution at 0.01 GPa with the solvent water of HDA.
The black solid curve is the change of the specific volume of GL aqueous
solution at 0.55 GPa with the solvent water of HDA at 0.55 GPa.
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x. Moreover, this result suggests that the cause of the reduction
of AV ax With the increase of x is the polyamorphic change of
solvent water.

The specific volume of GL aqueous solution at 0.55 GPa
at 150 K which is marked by the green vertical dashed line in
Fig. 2(a) is shown by the black triangle in Fig. 4. If the solvent
water of HDA does not change regardless of the change of
x, the specific volume will behave as shown by a black curve,
where the specific volume of pure HDA at 0.55 GPais 0.81 cm?
g~! [Fig. S8(a)]. The x dependence of the measured specific
volume (black triangle) behaves like the black line, indicat-
ing that the state of solvent water in the GL aqueous solution
at high pressures is HDA-like regardless of the change of x.
Considering that the V. and V4 for the GL aqueous solution
above xpcp = 0.135 shows the continuous change without the
polyamorphic transition [Fig. 2(a)], the solvent water in the
GL aqueous solution above xpcp = 0.135 at 1 atm connects
continuously to the HDA of pure water at high pressures as
shown by a red arc arrow in Fig. 3. In short, the solvent water
in the highly concentrated GL aqueous solution is categorized
into the HDA group.

The results derived from the x dependence of the specific
volume for ER, XY, and SO aqueous solutions at 0.01 and 0.55
GPa show a similar tendency of the result for the GL aqueous
solution (see Fig. S9).

Next, I examined the x dependence of the OD-stretching
Raman spectra of glassy glycerol-D,O solution at 1 atm; it
corresponds to the Raman spectra of glassy solution near the
vertical broken line of 0.01 GPa in Fig. 2(a). In order to avoid
the overlap of OH stretching mode between H,O and GL
molecule, D,0O instead of HyO was used as solvent water.
There is a little isotope effect on the polyamorphic behav-
ior of water.>?* The effect may be caused by the different
properties between light water and heavy water.”’ However,
the polyamorphic behavior between light water and heavy
water is similar. Moreover, we have checked in the previ-
ous study that there is no effect of the hydrogen/deuterium
exchange between glycerol and D,O on the polyamorphic
behavior.?*

The x dependence of the OD-stretching Raman spectrum
in 2200-2700 cm™! is shown in Fig. 5. The glassy sample
was annealed at 155 K at 1 atm for relaxing the high-pressure
structure, and then the measurement of Raman spectrum was
performed at ~30 K for clarifying the slight difference of the
Raman profile between the LDA-like state and HDA-like state.
The OD-stretching Raman profile for the GL aqueous solution
of x = 0.07 is similar to that of pure LDA (D,0) although the
Raman profile is slightly distorted and although the position
of the largest peak at ~2302 cm™! shifts to the higher side
than that of LDA (~2293 cm™!). As the x increases, the posi-
tion of largest peak shifts to the higher frequency side and the
peak intensity becomes smaller. Atx = 0.24, the OD-stretching
Raman profile is almost similar to that of pure HDA (D,0)
which has the peak position at ~2338 cm™!.?? The change of
Raman profile suggests that the state of solvent water in the
GL aqueous solution at 1 atm changes continuously from the
LDA-like state to the HDA-like state with the increase of x.
This consists of the conclusion derived from the x dependence
of specific volume as shown above.
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FIG. 5. The x dependence of the OD-stretching Raman spectra of solvent
water in the GL-D,O solution at 1 atm. The Raman spectra of LDA (D,0)
and crystalline ice Ic (D,O) are presented by a black solid line and a black
broken line, respectively. The black closed circle in an inset stands for the
peak position of the largest OD-stretching vibrational mode.

The position of the largest peak around 2300-2350 cm™!
is plotted as a function of x in Fig. 6. The x dependence of the
peak position shows a sigmoid curve, and the peak position
increases sharply in the region of x = 0.13-0.19. This indicates
that the polyamorphic state of solvent water in the GL aqueous
solution at 1 atm changes from the LDA-like state to the HDA-
like state drastically in the region of x = 0.13-0.19.

The peak position for the GL aqueous solution above x
= 0.20 is larger than that for pure HDA. Previously, we have
shown experimentally that the OH-stretching Raman spec-
trum of HDA which is relaxed under high pressures shifts
toward the higher frequency side than that of HDA which is
relaxed at 1 atm.>® In addition, Leberman and Soper have sug-
gested the equivalency between the salt effect on liquid water
and the pressure effect on liquid water.’® According to these
experimental findings, the overshooting of the peak position
suggests that the HDA-like solvent water in the GL aqueous
solution at high molar fractions is similar to HDA under high
pressures.

2360 | I [ I

at "0
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2340 |'l||||||||||||||!.|°|||1'|

e
~

2320 — < —

\ )
.“

393
(98]
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peak frequency (cm 1)

FIG. 6. The x dependence of the peak frequency of the largest OD-stretching
vibrational mode for the GL-D, O solution at 1 atm at 155 K. The broken curve
is drawn for guide of eyes. The slope of the broken curve becomes largest in
a gray region between x = 0.13 and 0.19. The horizontal broken lines stand
for the peak frequencies of the largest OD-stretching vibrational mode of the
pure LDA (~2293 cm™!) and the pure HDA (~2338 cm™!).
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The x region in which the LDA-HDA crossover occurs in
Fig. 6 seems to coincide with the x region that the LLT line
in Fig. 3 is extended to the ambient pressure, x = 0.13-0.15.
It is thought that the fluctuation between the two polyamor-
phic states of solvent water may become large in the region
along an extension of LLT line from the LLCP to 1 atm.?6->°
This suggests that the LDA-HDA crossover of solvent water at
1 atm correlates closely with the polyamorphic fluctuation of
the solvent water generated at the LLCP.

A homogeneous nucleation temperature, Ty, of GL aque-
ous solution at 1 atm? is drawn in the T-x plane of Fig. 3. The
Ty decreases with the increase of x, and then the Ty curve
becomes almost perpendicular at the xtg = ~0.13 (Table I).
This indicates that the GL aqueous solution below xty segre-
gates into the crystalline ice Ih part and the concentrated glassy
solution part at low temperatures and the GL aqueous solution
above xty vitrifies homogeneously at low temperatures. As
shown in Fig. 3, the xy is located near the region at which
the LDA-HDA crossover of solvent water occurs. Similarly,
the Ty for pure water at 1 atm is ~235 K and the location of
Ty seems to exist near the region that the assumed LLT line of
pure water is extended to 1 atm. Figure 3 shows that the region
in which the homogeneous nucleation of ice Ih occurs agrees
with the region in which the LDA-like (LDL-like) water is able
to exist. The region of LDA-like water for the ER, XY, and
SO aqueous solutions seems to agree with their homogeneous
nucleation region (Fig. S10). This indicates that the nucleation
of ice Th which is a kinetic phenomenon relates closely to the
formation of the LDL-like hydrogen-bonded network which
is a thermodynamic phenomenon. The formation of the LDL-
like hydrogen bonded network may be a necessary condition
for the nucleation of ice Ih. This experimental finding strongly
supports the suggestions that LDL is the precursor of nucleus
of ice Th.30:60-62

The P-T-x diagram of the polyamorphic state of solvent
water in the GL aqueous solution in Fig. 3 is contradictory to
the past report®® that the LLT of solvent water has occurred
in the GL-water solution of x = 0.178 at ~171 K at 1 atm. I
think that the transition reported in Ref. 63 may be the crys-
tallization relating to the fluctuation of solvent water near the
LLCP.23’39’64

In conclusion, I examined the polyamorphic transition for
the polyol aqueous solutions experimentally and estimated
the location of LLCP as shown in Table 1. The LLCPs are
located in the positive pressure regions. The solvent water in
the polyol aqueous solution at 1 atm changes from LDL-like
to HDL-like continuously with the increase of x. The region at
which the crossover between the LDL-like state and HDL-
like state occurs agrees with the region in which the LLT
line is extended to 1 atm. The crossover between the LDL-
like solvent water and the HDL-like solvent water seems to
be caused by the polyamorphic fluctuation of solvent water
generated near the LLCP. This suggests a possibility that the
local fluctuation of solute concentration, for example, the inho-
mogeneity of concentration induced by the phase separation
of the binary mixture and by the self-aggregation of macro-
molecule, induces the changes of the polyamorphic state of
solvent water. Conversely the polyamorphic change of sol-
vent water induced by the temperature change may affect the
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structure of solute.?**** Therefore, the polyamorphic fluctu-
ation of solvent water in the aqueous solution may affect not
only the behavior of aqueous solution but also the structure of
solute such as polymer, biomolecule, and so on.

Considering the solvent water in the aqueous solution
from a viewpoint of LLCP hypothesis of water, the state of
solvent water can be classified into the LDL-like state and
the HDL-like state. In short, the two types of water structures
can exist around the solute. Therefore, the interaction between
the LDL-like water and the solute should be different from
the interaction between the HDL-like water and the solute,
for example, the difference between the solubility of solute to
LDL and the solubility of the solute to HDL. This indicates
that the water polyamorphism relates closely to the dynamics
of aqueous solution such as solubility, hydration, segregation,
aggregation of solute, nucleation of ice Ih, glass forming, glass
transition, and so on. I expect to understand the further relation
between the aqueous solution and the water polyamorphism
in the future water study.

SUPPLEMENTARY MATERIAL

The information of the new analysis method of polyamor-
phic transition and the experimental results for the polyol
aqueous solutions except for the GL aqueous solution is shown
in the supplementary material.
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