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Effect of water polyamorphism on the molecular vibrations of glycerol
in its glassy aqueous solutions
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A glassy dilute glycerol-water solution undergoes a mutual polyamorphic transition relating to
the transition between high- and low-density amorphous ices of solvent water. The polyamorphic
transition behavior depends on the glycerol concentration, indicating that the glycerol affects the
water polyamorphism. Here, we used the glassy dilute glycerol-water solution of the solute molar
fraction of 0.07 and examined the effect of the polyamorphic change in solvent water on the molecular
vibrations of glycerol via Raman spectroscopy. It is found that the molecular vibration of glycerol in
high-density liquid like solvent water is different from that in the low-density liquid like solvent water
and that the change in the molecular vibration of glycerol is synchronized with the polyamorphic tran-
sition of solvent water. The dynamical change of the solute molecule relates to the polyamorphic state
of solvent water. This result suggests that the polyamorphic fluctuation of water structure emanated
from the presumed liquid-liquid critical point plays an important role for the function of aqueous
solution under an ambient condition such as the conformational stability of solute, the functional
expression of solute, and so on. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4955318]

I. INTRODUCTION

Water, one of the most familiar materials in our life, has
many mysterious properties, such as the density maximum
at 277 K.1 One of new clues to understand the anomalous
behaviors of low-temperature liquid water is the liquid-
liquid critical point (LLCP) hypothesis of water that two
liquid waters, low- and high-density liquids (LDL and HDL,
respectively), exist at low temperatures and a liquid-liquid
critical point, LLCP, relating to the two waters exists.1–3

Computer simulation studies using the ST2 and TIP4P/2005
water potential models3–8 predict the existence of two liquid
waters and the existence of LLCP. However, it may be
impossible to examine the two liquid waters directly by
experiment, much less to probe with the location of LLCP,
because of the rapid crystallization of liquid water in
the region named the no-man’s land, that is, between the
homogeneous nucleation temperature of liquid water, TH, and
the crystallization temperature of amorphous ice, TX.1,2 At the
present stage, there is no decisive experimental evidence that
proves the LLCP hypothesis. We perceive, however, that many
accumulative experimental results for the supercooled liquid
water near the TH and for the two amorphous ices, low- and
high-density amorphous ices (LDA and HDA, respectively),
are consistent with the LLCP hypothesis. We will verify
the validity of the LLCP hypothesis while referring the
experimental results in the past as shown in the following
paragraphs.

When the LLCP hypothesis has been proposed by Poole
et al.,3 two experimental findings, the existence of two kinds
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suzuki.yoshiharu@nims.go.jp

of amorphous ices with different densities (LDA and HDA)9

and the first-order-like transition between LDA and HDA,10–12

have been provided as its experimental evidence, where LDA
and HDA are thought to correspond to the glassy states of
LDL and HDL, respectively. However, there have been two
important concerns for the experiments of amorphous ices
performed under a non-equilibrium condition: (i) Do the two
amorphous ices relate thermodynamically to liquid water at
high temperatures? (ii) Is the transition between LDA and
HDA really first order?

In order to wipe out the concern of (i), various experiments
of amorphous ices have been carried out. The structural
analysis of amorphous ices by the x-ray diffraction,9,13,14 the
neutron diffraction,15–18 and the Raman spectroscopic19–21

studies shows that LDA and HDA form the disorder
molecular configurations which are similar to the molecular
configurations of ice Ih and those of liquid water, respectively.
Finney et al.18 have asserted from the comparisons between
the O–O intermolecular partial radial distribution functions
of LDA, HDA, ice Ih, and liquid water that there exists no
long-range order structure both in LDA and in HDA and
that LDA and HDA are not the state of nano-crystalline
ices. Furthermore, the tendency of the changes in the sound
velocity,22 the shear modulus,22 and the thermal conductivity23

for LDA with the pressure change is contrary to the tendency
for HDA. These experimental results indicate that HDA and
LDA are distinct amorphous ices. The existence of the very
high-density amorphous ice, VHDA, is proposed,24 but it is
likely the sub-states of HDA because the volume of HDA
shows no sign of sharp discontinuity at least up to 1.5 GPa.12

On the other hand, the thermodynamical relation between
the amorphous ices and the liquid water at high temperatures
has been proved by the direct vitrification by the cooling of
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liquid water. That is, LDA and HDA are directly prepared
by the hyper-quenching of the µm-size liquid water droplet
at 1 atm25 and by the rapid-cooling of the small amount of
liquid water under pressure,26,27 respectively. Although the
detailed comparison between the HDA made by compression
of ice Ih and the HDA made by rapid-cooling of high-pressure
liquid water is necessary, this indicates that LDA and HDA
correspond to glassy waters. In addition, the thermodynamical
relation between HDA and liquid water is supported by the
continuity between the pressure-induced melting curve of ice
Ih and the pressure-induced amorphization curve of ice Ih.28

The experiments of the softening of amorphous ices by
heating29–31 suggest that the amorphous ice becomes liquid at
high temperatures. In particular, the existence of two liquid
waters is supported strongly by the difference in the onset
temperature of glass-to-viscous liquid transitions, Tg , between
LDA and HDA.29 These experimental results suggest that LDA
and HDA are different glassy waters relating to two different
kinds of liquid water. At the present stage, this conclusion has
the support of many experimental researchers. Although the
viscous liquid state slightly above Tg has been confirmed,29

the liquid-liquid transition (LLT) of pure water has not been
observed directly yet. However, the LLT in water-rich solution
system relating closely to the LLT of pure water has been
observed.32,33 This LLT of dilute glycerol aqueous solution
in Ref. 32 is essentially different from the LLT reported by
Murata and Tanaka.34 The transition observed by Murata and
Tanaka may relate to the crystallization of solution.32,35,36

Next we will consider the concern of (ii) whether the
true nature of LDA-HDA transition is the first order or not.
So far, the discontinuous behavior of LDA-HDA transition
has been observed in many experiments.10–12,22,23 However,
this concern remains because the transition occurs in the
non-equilibrium conditions. We think that this concern may
be removed by the experimental fact that only two states of
LDA and HDA, not their intermedium state, coexist during
the LDA-HDA transition.37–40 Actually, the coexistence of
HDA and LDA at the transition from HDA to LDA during
decompression40 and at the transition from HDA to LDA
during heating at ambient pressure37–39 has been observed.
Moreover, the coexistence of LDA and HDA at the LDA-
HDA transition during compression and decompression has
been confirmed using a diamond anvil cell.41 Therefore, the
nature of LDA-HDA transition is likely first order, although
there are some opposite views42,43 and one cannot draw the
clear conclusion as to the nature of HDA-LDA transition.44,45

We presume from these experimental facts about glassy
waters that the LLT exists and that a terminal point of the
LLT, that is a LLCP, exists somewhere in the no-man’s land,
though the existence of LLCP is not axiomatic in general.46

The existences of LLT and LLCP have been implied in
some experiments performed by Mishima and Stanley.47,48

Mishima and Stanley have measured the melting curves of
some high-pressure crystalline ices (ice III, IV, and so on)
in the no-man’s land and have found a discontinuity of the
slope of melting curves of ice IV.47 This indicates that the
state of liquid water changes drastically, in short that the
LLT line exists. The existence of LLT in the confined water
system has also been reported.49 Moreover, the melting curve

of ice III continues smoothly to the temperatures lower than
TH, indicating that the ice III melting curve does not intersect
with the LLT line.48 The slope of the ice III melting curve
also indicates that LDL exists slightly below TH and this
is supported by other recent experiments.50–53 The behavior
of these melting curves suggests that the LLCP locates in
the positive-pressure region and in the region between the
melting curves of ice III and IV. On the other hand, the
existence of LLCP is suggested also from the measurement of
pressure-volume-temperature, P-V -T , surface of supercooled
liquid water above TH.54 The location of LLCP estimated from
these experimental data is 0.02–0.05 GPa and 221–225 K.54,55

Mishima has mentioned that there is a minimum in the
thermal expansion coefficient above 200 MPa confirming
the previous experimental result.56 This is consistent with
the existence of LLCP.54,57 Additionally, there is a large
hysteresis of the pressure-induced LDA-HDA transition at, or
slightly above, their Tg.58 This measured P-V -T surface of the
supercooled liquid water agrees qualitatively with the ST2-
potential volume surface of the ST2-potential simulation.59

The dynamic crossover of liquid water has been observed
around 220 K in the confined water system,60,61 and the
maximum in heat capacity of the confined water around
220 K62 has been detected. The dynamic behavior of the
confined water is conjectured to be the fragile-strong crossover
of bulk water,63 and the heat behavior is inferred to be caused
by the polyamorphic fluctuation of two liquid waters emanated
from LLCP. These seem to be consistent with the LLCP
hypothesis of bulk water though the polyamorphic property of
the confined water might be different from that of bulk water.

Practically, to prove the existence of LLCP by any
experiment is impossible because of the crystallization46 and,
therefore, the LLCP should be a “virtual” or “metastable”
point.64 All the experimental results as shown above are the
indirect evidences for the LLCP hypothesis. However, they
are consistent with the LLCP hypothesis and support strongly
the existence of the “virtual” LLCP. There are no definitively
negative experimental data of the LLCP hypothesis. On the
assumption of the existence of the LLCP, therefore, we believe
that it is worth to discuss about the effect of the LLCP on the
aqueous solution.

Now, assuming that the LLCP exists, it will be important
to understand the effects of polyamorphic fluctuation between
LDL-like and HDL-like water structures emanated from the
LLCP on the structure and function of aqueous solutions.
However, the effects are unclear. Previously, we have studied
the glassy dilute aqueous solutions form a viewpoint of
water polyamorphism32,58,65,66 and have shown that the
polyamorphic transition behavior of the solution depends
on the solute concentration and the solute component.32,58,65

Recently, we have reported that the polyamorphic transition
of glassy dilute glycerol-water solutions under high pressure32

relates closely to the LDA-HDA transition of pure
water. This transition is supported by recent experiment
and simulation.67,68 Moreover, the reversible polyamorphic
transition of the glycerol-water solution has been highly
reproduced by the repeated pressure changes, indicating
that the glycerol molecules disperse homogeneously both
in the LDA- and HDA-like bulk waters. Considering that both
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LDA- and HDA-like waters are probably good solvents for
glycerol, the glycerol-water solution becomes one of the most
suitable solution systems for examining the difference between
the effect of HDA-like solvent water on the solute and the
effect of LDA-like solvent water. In this study, we prepared
the glassy dilute glycerol-water solution and examined the
effect of the polyamorphic transition of solvent water on
the molecular vibrations of glycerol molecule using Raman
spectroscopy.

II. SAMPLE PREPARATION
AND EXPERIMENTAL METHOD

A. Preparation of glassy sample

The glycerol-water solution of the solute molar fraction
of 0.07 mf was prepared by mixing glycerol and H2O or D2O.
We used the bulk sample. It was not the emulsified sample
which has been used in the measurements of polyamorphic
transition under pressure in the previous study.32 The glycerol
and D2O were purchased from Wako Chemical Co. Ltd. H2O
was purified by Direct-Q (Millipore Co.). D2O instead of
H2O was used in order to avoid the overlapping of the OH-
stretching bands of H2O appearing in the 3000-3800 cm−1

region with the OH-stretching bands of glycerol in the Raman
spectroscopic study. In addition, in order to check an effect
of the hydrogen/deuterium exchange between glycerol and
D2O, we performed the measurements for the glycerol-H2O
system using the same experimental method performed for
the glycerol-D2O system.

About 1.5 ml of solution sample was sealed in an
indium container, compressed to 0.3 GPa at room temperature
by using a piston-cylinder apparatus with a temperature
controller, and cooled to 77 K at a cooling rate of ∼40 K/min.
Next, the pressure was decreased from 0.3 GPa to 1 atm at
77 K and then the sample was recovered at 77 K at 1 atm.
The recovered sample was transparent. We verified that there
were no crystalline peaks in its Raman spectra. Therefore,
we identified that the recovered sample was a homogeneous
glass. The glassy sample was mounted firmly in the indium
holder designed for a cryostat. The thermal contact between
the sample and the indium holder was good. The sample
holder was placed in the cryostat (Iwatani Industrial Gases
Corp.) with a temperature controller with a window for Raman
spectroscopic measurement.

B. Temperature protocols

In the previous study,32 we have confirmed the occurrence
of the transition between low-density and high-density glassy
glycerol aqueous solutions under pressure (Fig. 1(a)). This
polyamorphic transition under pressure is reversible and
has hysteresis. In addition, it depends on temperature; the
transition pressure at which the high-density form transforms
to the low-density form during decompression decreases with
the decrease in temperature. We think, therefore, that the
transition from high-density to low-density state induced by
heating at ambient pressure as shown in Fig. 1(a) is equivalent
to the decompression-induced polyamorphic transition. This

FIG. 1. P-T diagram of polyamorphic transition of glycerol-water system
and temperature protocols for Raman spectroscopic measurement. (a) This
is the P-T diagram for the 0.07 mf sample.32 The “H-to-L” region (blue)
and “L-to-H” region (red) stand for the decompression-induced transition
from high-density to low-density state and the compression induced transition
from low-density to high-density state, respectively. The filled and open
marks (circles and squares) stand for the onset and offset transition pressures,
respectively. (b) The recovered sample is cooled down to ∼30 K and the
Raman spectroscopic measurement is performed at ∼30 K. In order to freeze
the state of sample at Tan, the sample is heated up to Tan at ∼20 K/min. After
the sample temperature reaches at Tan, the sample is cooled down to 30 K
at ∼6 K/min immediately and then the Raman spectrum is recorded at 30 K.
Next, the sample is heated up to T ′an which is slightly higher than Tan, the
sample is cooled down to 30 K immediately, and then the Raman spectrum of
the sample in which the state at T ′an is frozen is recorded at 30 K. The set of
“the heating up toTan, the cooling down to 30 K, and the Raman measurement
at 30 K” are repeated while increasing the Tan little by little.

heating-induced transition at ambient pressure is expected to
occur in the temperature region between 130 and 140 K.

We transform the high-density glassy glycerol aqueous
solution to low-density glassy solution by heating at the
ambient pressure and examined the change in the state of
solvent water and the change in the state of glycerol molecule
using Raman spectroscopy. In order to examine the state of
sample at a given temperature, Tan, by Raman spectroscopy,
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the sample temperature was controlled as shown in Fig. 1(b).
The sample was heated up to Tan, and as soon as the sample
temperature reached at the Tan, the sample was cooled to 30 K
rapidly and the state of sample at Tan was frozen. Subsequently
the Raman spectra of the sample were recorded at 30 K. There
are two advantages of Raman measurement at low temperature
(∼30 K); one is to avoid the temperature effects of molecular
vibrations and another is to clarify a difference between the
Raman profile of LDA-like solvent water and that of HDA-like
solvent water because their Raman spectra become sharper
at low temperature. Next, the sample was heated up to T ′an
which was higher than Tan and the state of sample changed
slightly. As soon as the sample temperature reaches to the
T ′an, the sample is cooled to 30 K rapidly and then the Raman
measurement is performed at 30 K. The Tan was increased
from 77 to 200 K step by step and the set of “the heating up to
Tan—the cooling down to 30 K—the Raman measurement at
30 K” was repeated. We studied the change of the molecular
vibrations of water and glycerol with the increase of Tan.

C. Raman measurement

Raman measurement of the sample was performed using
a microscopic Raman spectrometer system (Jobin Yvon, Inc.,
T64000). The exciting light source was an argon ion laser
operating at 488 nm with power of 500 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, I(ν), was recorded in a frequency
region from 700 to 4000 cm−1 with resolution of 0.2 cm−1,
where ν is the Raman frequency. In Fig. 2, the Raman spectra
of high-density glassy glycerol-D2O solution (0.07 mf) at 30 K

FIG. 2. Raman spectra of the high-density glassy glycerol-D2O solution
at 30 K. The Raman spectrum of initial glassy sample is drawn by black.
Comparative Raman profiles of OD-stretching bands of HDA (red), LDA
(blue), and ice Ic (green) of pure water (D2O) at 30 K are shown.19,32 The
Raman spectrum below 1600 cm−1 is expanded to ten times in an inset. The
“str.,” “def.,” and “twi.” are abbreviated from “stretching,” “deformation,” and
“twist” vibration modes, respectively, and are assigned tentatively by Ref. 69.
Although there might be weak Raman bands relating to the bending vibration
of D2O around 1200 cm−1,92 the effect of the bands on the analysis of the CO-
and CC-stretching bands of glycerol could be negligible.

in the range of 700-4000 cm−1 and the comparative Raman
spectra of HDA, LDA, and crystalline ice Ic of pure D2O at
30 K in the range of 2000-3000 cm−1 are shown.

The state of solvent water was identified by the Raman
profile of the OD-stretching bands. Assuming the tentative
mode assignments of pure glycerol,69 the vibration modes
relating to the side groups, for example, the OH- and CH2-
stretching modes, appear in 2700-3700 cm−1 and the typical
bone vibration modes, for example, the CC- and CO-stretching
modes, appear below ∼1600 cm−1.

D. Analysis of Raman spectra

In order to clarify the subtle change in the Raman profile,
the I(ν) were analyzed by a linear combination of some
Gaussian functions, I (ν) = n

i=1 Ai


−(ν−νi)2

ω2
i


+ B, where Ai

is the magnitude, νi the central frequency, ωi the dispersion,
n = 2, 3, or 4, and B the background. In this study, the
OD/OH stretching band of D2O/H2O was analyzed simply by
a linear combination of four Gaussian functions although it is
difficult to identify these four modes exactly because of the
complex hydrogen bond interaction between water molecules.
The OH-, CH2-, CO-, and CC-stretching bands of glycerol
were deconvoluted by the linear combination of two, three,
three, and two Gaussian functions, respectively.

III. RESULTS AND DISCUSSIONS

The change in Raman profile of the OD-stretching bands
of solvent water in the high-density glassy sample with the
increase of Tan is shown in Fig. 3(a). The Tan dependence of the
central frequency, νOD, of the Gaussian function marked by an
arrow in Fig. 3(a) is shown in Fig. 3(f). Below 130 K (the pink
region in Fig. 3(f)), the value of νOD is almost constant and
the Raman profile does not change, indicating that the state of
solvent water keeps being HDA-like. Around 130 K, the νOD
starts to shift toward the lower frequency side, the decrease of
νOD stops around 140 K, and then between 140 and 160 K (the
light blue region in Fig. 3(f)), the value of νOD is almost equal
to that of LDA (D2O). This indicates that the state of solvent
water transforms from HDA-like state to LDA-like state. The
gradual decrease of νOD between 130 and 140 K (the white
region in Fig. 3(f)) corresponds to the polyamorphic transition.
We consider that the HDA- and LDA-like solvent waters may
coexist between 130 and 140 K.32,70 Once the Tan exceeds
∼160 K, the νOD suddenly decreases and its value agrees with
the value of νOD for the crystalline ice Ic, indicating that the
part of solvent water crystallizes. Regarding the crystalline
structure, we cannot identify from the analysis of Raman
spectra whether or not the crystal is the two dimensional ice
proposed by Inaba and Andersson.71 The Tan dependences of
the other Gaussian function in Fig. 4(a) are analogous to this
result.

The Tan dependences of the OH-, CH2-, CC-, and CO-
stretching bands of glycerol are shown in Figs. 3(b)–3(e),
respectively. The changes in these Raman profiles are very
small, but conspicuous. The central frequencies of the largest
Gaussian function marked by an arrow, νOH, νCH2, νCC, and νCO,
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FIG. 3. The Tan dependences of Ra-
man spectra of glycerol-D2O solution.
All the Raman spectra were measured
at 30 K after cooling from Tan (=90,
95, 100, 105, 110, 115, 120, 125,
130, 132.5, 135, 137.5, 140, 145, 150,
155, 160, and 165 K). (a) The change
in the OD-stretching bands of solvent
water with the increase in Tan. The
Raman spectra are analyzed by a lin-
ear combination of four Gaussian func-
tions (grey thin lines). The change in
the position of characteristic large peak
around 2300 cm−1 is traced by a dashed
line. (b)-(e) The changes in the OH-,
CH2-, CO-, and CC-stretching bands of
glycerol with the increase in Tan. The
Raman spectra of the OH-, CH2-, CO-,
and CC-stretching bands are analyzed
by a linear combination of two, three,
three, and two Gaussian functions, re-
spectively. (f)-(j) The Tan dependences
of the νOD, νOH, νCH2, νCC, and νCO
which are the central frequencies of
Gaussian function marked by the ar-
row in (a)-(e). Three different samples
with the same concentration were pre-
pared and the experimental results for
the samples were represented by open
circle, filled circle, and asterisk. The
pink, light blue, and light green regions
indicate that the state of solvent water
is HDA-like, LDA-like, and crystalline,
respectively. The white region indicates
that the HDA-like and LDA-like solvent
waters may coexist.

were plotted as a function of Tan in Figs. 3(g)-3(j), respectively.
The value of νOH, νCH2, νCC, and νCO hardly changes below
130 K within the error range. The value of νOH, νCH2, νCC, and
νCO starts to change around 130 K. Although their values are
scattered between 140 and 160 K, they are apparently different
from those below 130 K. This indicates that the molecular
vibration of glycerol in 140-160 K is different from that below
130 K. Moreover, around 160 K, the value of νOH, νCH2, νCC,
and νCO changes suddenly because of the crystallization of
solvent water.

As shown in Figs. 3(f)–3(j), the small, but conspicuous,
changes in the molecular vibration of glycerol seem to
synchronize with the change in νOD of solvent water. That is to
say, the change in molecular vibration of glycerol is induced
by the change in the polyamorphic state of solvent water.

We conclude that the dynamics of glycerol surrounded by the
HDA-like solvent water is different from one surrounded by
LDA-like solvent water and that the dynamics of glycerol is
sensitive to the polyamorphic state of the solvent water. This
behavior seems to be conceptually opposite to the generally
accepted hydration behavior. Here, we think that the dynamical
change of glycerol around 130-140 K is not caused by the
glass transition of glycerol because the Tg of pure glycerol
locates around 190 K at 1 atm.

In order to check the effect of the hydrogen/deuterium
exchange between glycerol and D2O, we examine the vibration
changes of glycerol during the polyamorphic transition of the
glycerol-H2O solution using the same experimental method
performed for the glycerol-D2O system. The Tan dependences
of Raman spectra for the glycerol-H2O system and the Tan
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FIG. 4. The Tan dependences of the central frequencies of other Gaussian functions for the glycerol-D2O solution.

dependences of νOH, νCH2, νCC, and νCO are shown in Fig. 5.
Although the OH-stretching band of solvent water (H2O) is
overlapped with that of glycerol, the polyamorphic change of
solvent water is identified by the change of the νOH around
3100 cm−1 because of the small intensity of the OH-stretching
bands of glycerol appearing around 3300 cm−1. In the case
of the glycerol-H2O system, the νOH starts to decrease around
125 K and the decrease in νOH stops around 140 K (Fig. 5(e)).
This indicates that the polyamorphic transition of glycerol-
H2O solution starts around 125 K and completes around
140 K.

The onset Tan of polyamorphic transition is lower than
that for the glycerol-D2O system (∼130 K). Although we
cannot determine the precise transition temperature because
of the experimental errors, the difference of the onset Tan may
be caused by the different properties between light water and
heavy water.72 We did not use the deuterated glycerol sample
in this study although it would be desirable to clarify the
isotope effect.

The νCH2 of glycerol starts to change around 125 K
(Fig. 5(f)) and the νCC and νCO start to change around
130 K (Figs. 5(g) and 5(h)). The sudden changes in νCH2,
νCC, and νCO of glycerol seem to synchronize with the
polyamorphic transition of solvent water. The similarity
between the result for the glycerol-H2O system and the result
for the glycerol-D2O system proves that there is no effect of
the hydrogen/deuterium exchange between glycerol and D2O
on our conclusions in this study.

Previously, we have observed that the CH2-stretching
band of tetrahydrofuran (THF) in the high-density glassy

THF-water solution prepared by the pressure-induced
amorphization of THF clathrate hydrate is different from
that in the low-density glassy THF-water solution made by
1 atm-heating of high-density glassy THF-water solution.73

This is consistent with the conclusion of the present study.
Now, considering that the structure of water around a

macromolecule plays the important roles in the structural sta-
bility and the functional expression of the macromolecule,74–76

it is worthwhile to rethink the behaviors of aqueous solutions
from a viewpoint of water polyamorphism.32,66,68,77–82

Recently, it has been proposed that the polyamorphic transition
of solvent water may affect the protein dynamics, for example,
the effect of the fragile-to-strong crossover of water on the
softening of protein around 220 K83–85 and the relationship
between the high- to low-density transition of amorphous
ice confined in the protein crystal and the protein dynamical
transition around 110 K.86 However, these experiments were
performed using the confined water and the direct inter-
relationship between the polyamorphic behavior of “bulk”
solvent water and the dynamics of solute is unclear. In this
study, we showed for the first time that the polyamorphic
transition of bulk solvent water affects the molecular vibrations
of glycerol directly.

Furthermore, when compared with the previous studies
of the relationship between the polyamorphic transition of
solvent water and the protein dynamics,83–86 our Raman
measurements were done at a constant temperature of 30 K,
which removed the effect of the temperature change on the
dynamics of solute molecules. Consequently, the difference
between the molecular vibration of solute surrounded by
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FIG. 5. The Tan dependences of Ra-
man spectra of glycerol-H2O solution.
(a) The change in the OH-stretching
bands of solvent water with the increase
in Tan. (b)-(d) The changes in the CH2-,
CO-, and CC-stretching bands of glyc-
erol with the increase in Tan. (e)-(h) The
Tan dependences of the νOH, νCH2, νCC,
and νCO which are the central frequen-
cies of Gaussian function marked by the
arrow in (a)-(d). Two different samples
were prepared, and the experimental re-
sults for the samples were represented
by open and filled circles. The pink,
light blue, and light green regions in-
dicate that the state of solvent water
is HDA-like, LDA-like, and crystalline,
respectively. The white region indicates
that the HDA-like and LDA-like solvent
waters may coexist.

the HDA-like bulk water and that surrounded by LDA-like
bulk water becomes clear. This suggests a possibility that
the dynamics of solute molecule in water under ambient
conditions is influenced by the polyamorphic change of
solvent water, for example, the polyamorphic fluctuation of
water structure emanated from the presumed LLCP.

It is natural to expect that the solute is generally perturbed
by the structural change in solvent and, in our case, the change
in solvent is the polyamorphic transition. Now, our statement
in this paper is that there exists the specific temperature-
pressure region in which the vibration of solute molecule
changes relatively drastically in the aqueous solution. The
specific region will locate near the LLT line and near the
Widom line.87 The specific region is thought to include the
region around the room temperature around 1 atm because
of the far-reaching influence of LLCP. We note that the
recent simulation studies have demonstrated the existence
of HDA- and LDA-like structures in the inherent potential
energy surface of the ambient water.88–90 The experimental
study suggests also a sign that the two liquid waters exist.91

Therefore, in order to understand the dynamic behavior of
solute, it may be important to consider a degree of the

polyamorphic fluctuation of water, that is, the LDL/HDL ratio
in the inherent potential surface.88–90

This conclusion is derived from the measurements of
glassy states at low temperatures, suggesting a possibility
that the polyamorphic fluctuation of solvent water affects the
molecular vibrations of solute at high temperatures. In order
to verify the conclusion, the in situ measurements of LLT in
the liquid regions are necessary in future, though the actual
experiment will be challenging because of the difficulty in
quick measurement.

Our result suggests that not only the polyamorphic change
of the interfacial water near the solute but also that of bulk
solvent water directly induces the change in the molecular
vibration of solute. The structural similarity between the
interfacial water near the solute and two kinds of glassy
water (LDA/HDA)32,66,70,78–82 has been reported previously,
suggesting that it is important to reconsider the hydration of
aqueous solution from a viewpoint of water polyamorphism.
If enough amount of water to form the LDA-like/HDA-like
structure exists near the solute, the solvent water including
the interfacial water adjacent to the solute will be classified
into either the LDA-like or the HDA-like water, even if the
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structure of the interfacial water is deformed by the interaction
between the solute and the water.

Now, we suppose that, if the LLCP exists, the solvent
water in the solution under the ambient environment would
be essentially the supercritical state of the two kinds of
water, LDL- and HDL-like waters, and then the reaction
between the solute molecules would be more active in the low-
temperature and low-pressure regions near the LLCP from the
analogy of the active reaction in the liquid-gas supercritical
region. The change in the solute dynamics suggested in
this work is consistent with this supposition. We expect in
future that the complex hydration dynamics occurring under
aqueous environment will be elucidated and simplified by
reconsidering the solvent water in the aqueous solution from
the polyamorphic viewpoint.
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