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Water forms two glassy waters, low-density and high-density
amorphs, which undergo a reversible polyamorphic transition
with the change in pressure. The two glassy waters transform into
the different liquids, low-density liquid (LDL) and high-density liq-
uid (HDL), at high temperatures. It is predicted that the two liquid
waters also undergo a liquid–liquid transition (LLT). However, the
reversible LLT, particularly the LDL-to-HDL transition, has not been
observed directly due to rapid crystallization. Here, I prepared a
glassy dilute trehalose aqueous solution (0.020 molar fraction)
without segregation and measured the isothermal volume change
at 0.01 to 1.00 GPa below 160 K. The polyamorphic transition and
the glass-to-liquid transition for the high-density and low-density
solutions were examined, and the liquid region where both LDL
and HDL existed was determined. The results show that the
reversible polyamorphic transition induced by the pressure change
above 140 K is the LLT. That is, the transition from LDL to HDL is
observed. Moreover, the pressure hysteresis of LLT suggests
strongly that the LLT has a first-order nature. The direct observa-
tion of the reversible LLT in the trehalose aqueous solution has
implications for understanding not only the liquid–liquid critical
point hypothesis of pure water but also the relation between
aqueous solution and water polyamorphism.

liquid–liquid transition j trehalose aqueous solution j
polyamorphic transition j glass-to-liquid transition j water

There are at least two glassy forms of water, low-density
amorph (LDA) and high-density amorph (HDA), at low

temperatures (1, 2). Amman-Winkel et al. (3) have experimen-
tally shown that the glass transition temperatures (Tg) of LDA
and HDA at 1 atm are different, suggesting that low-density liq-
uid (LDL) and high-density liquid (HDL) exist independently.
In addition, the existence of metastable HDL under high pres-
sure has been shown experimentally (4). On the other hand,
computer simulation studies using several water potential mod-
els have suggested that there are two different liquid waters
and that they undergo the first-order liquid–liquid transition
(LLT) (5–11). Several experimental results for two glassy waters
and supercooled liquid water reported so far have strongly sug-
gested the validity of the LLT in water, although the direct
observation of LLT is difficult due to the rapid crystallization.
There are some reports of the transition from HDL to LDL (3,
12–16). However, the transition from LDL to HDL has not
been observed directly, and the reversible LLT not only in pure
water but also, in aqueous solutions, except for confined water
(16), has not been observed. Therefore, direct experimental
verification of reversible LLT is important for understanding
the general properties of water itself, such as the anomalous
behaviors of supercooled liquid water and the polyamorphic
behavior of two glassy waters.

Rapid crystallization of water is a cause of difficulty in the
direct observation of liquid state below the homogeneous
nucleation temperature. To avoid crystallization, experimental
studies on water polyamorphism using the aqueous solution
system have been carried out (14, 17–33). However, the experi-
mental reports are few because of two main reasons as follows.
One is that it is difficult to vitrify dilute aqueous solutions

without segregation. Since the polyamorphic behavior of aque-
ous solution appears only in the low-concentration region (14,
34), it is necessary to prepare the nonsegregated glass in which
the solutes disperse homogeneously. Generally, when the dilute
aqueous solution is cooled under ambient pressure, it segre-
gates easily into water-rich crystalline hexagonal ice (ice Ih)
and a solute-rich glassy aqueous solution called the freeze con-
centrated solution. Therefore, it is difficult to examine the con-
centration dependence of polyamorphic behaviors for the dilute
aqueous solution system because of the concentration inhomo-
geneity induced by segregation. Another reason is that the
high-pressure experiment, which is an indispensable method
for the study of water polyamorphism, requires highly special-
ized skills and rich experiences. For a reliable evaluation of pol-
yamorphic behaviors and a correct distinction of polyamorphic
phenomena from crystallization and phase separation, it is not
enough to observe the state change with the temperature
change at ambient pressure, but it is necessary to verify it by
measuring the state change under high pressure. However,
there are few high-pressure experiments relating to the polya-
morphism study of pure water and aqueous solutions (4, 12–16,
28–31, 33). For these reasons, experimental studies on the LLT
in aqueous solution have been rarely performed, although the
aqueous solution has the advantage of being hard to crystallize.

Several high-pressure experimental studies on the polyamor-
phic transition in dilute aqueous solutions have been reported
(14, 27–30). We have prepared the nonsegregated glass of polyol
aqueous solutions below the eutectic concentration (xe) using
a pressure liquid cooling vitrification (PLCV) method (35, 36)
and examined the polyamorphic transitions with the change in
pressure (14, 28–30). From the temperature, concentration, and
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solute nature dependences of the polyamorphic transition, we
have estimated the position of the equilibrium LLT line for pol-
yol aqueous solutions. As the solute concentration approaches
zero, the position of LLT line seems to be extrapolated continu-
ously to that of bulk pure water. This suggests that the polyamor-
phic transition of polyol aqueous solutions below xe is consistently
relating to that of bulk pure water.

Moreover, we have proposed a possibility that the polyamor-
phic transition of glycerol aqueous solution of 0.02 molar frac-
tion is a reversible LLT (14). When the high-density glass of
thew glycerol aqueous solution is decompressed from 0.6 GPa
at 150 K, it changes from glass to liquid at ∼0.23 GPa, and
then, it transforms to the low-density solution (LDS) at 0.16 to
0.17 GPa. When the low-density sample is compressed at the
same temperature, it transforms to the original high-density
solution (HDS) around 0.26 GPa. The reversible polyamorphic
transition at 150 K induced by the pressure change suggests a
possibility of LLT. However, the experimental evidence that
both the low-density and high-density states before and after
the polyamorphic transition are real liquid states has not been
sufficiently ascertained. In particular, there is no experimental
evidence that the low-density state at 150 K is fluid liquid.

In this study, I vitrified the emulsified trehalose aqueous sol-
utions (TRaq solutions) of 0.015, 0.020, and 0.025 molar frac-
tions using PLCV and examined the polyamorphic transition
between the HDS and the LDS in the pressure region between
0.01 and 1.00 GPa below 160 K. Additionally, I investigated the
glass-to-liquid transitions of LDS and HDS. It was found that
the LDS of TRaq solution does not crystallize until ∼160 K,
which is about 10 K higher than the crystallization temperature
(Tx) for glycerol aqueous solution (14) and is about 20 K higher
than Tx for LDA (3). This indicates that it is able to observe the
polyamorphic transition for the TRaq solution in the wider
temperature–pressure region. From the relationship between
the polyamorphic transition and the glass-to-liquid transition,
both the liquid regions of LDS and HDS were determined, and
it was shown that the polyamorphic transition occurring in both
the liquid regions is the reversible LLT.

Results and Discussion
The emulsified TRaq solution (x = 0.020) was vitrified using
PLCV, and then, the isothermal volume change was measured
between 0.01 and 1.00 GPa below 160 K. Here, the x stands for
the mole fraction of solute (Materials and Methods). Fig. 1
shows the compression curve (Vc) and the decompression curve
(Vd) of a specific volume for the TRaq solution at 159 K. When
the HDS was decompressed from 0.6 GPa, the volume started
to increase rapidly at ∼0.13 GPa, and the HDS transformed to
LDS. When the LDS was compressed at the same temperature,
the volume started to decrease rapidly at ∼0.14 GPa, and then,
the LDS transformed to the original HDS. In the case of the
polyamorphic transition of the aqueous solution, it is suggested
that low-density and high-density states coexist in a pressure
region between the beginning and end of the polyamorphic
transition (14, 37, 38). Now, the HDS-to-LDS transition pres-
sure, PHtoL, and the LDS-to-HDS transition pressure, PLtoH,
are defined as the middle pressure between onset and offset
transition pressures for each polyamorphic transition.

The Vc and Vd measured in the temperature range between
77 and 163 K are shown in SI Appendix, Fig. S4. When the cycle
of decompression and compression is repeated at the same
temperature, the corresponding Vd or Vc curves overlap (SI
Appendix, Fig. S5). In addition, SI Appendix, Fig. S5 shows that
the polyamorphic transition is independent of the temperature
history. This high reproducibility of the polyamorphic transition
shows that the trehalose molecules are homogeneously dis-
persed in both HDS and LDS. If the segregation is induced by

the polyamorphic transition, the polyamorphic transition will
not reproduce because the polyamorphic transition depends on
the concentration.

The Raman spectra and powder X-ray diffraction (PXRD)
patterns of HDS and LDS show that the HDS and LDS are
glasses without crystalline parts and that the solvent waters of
HDS and LDS relate closely to HDA and LDA of pure water,
respectively (SI Appendix, Fig. S3). While the PXRD pattern of
LDS is similar to that of pure LDA, the PXRD pattern of HDS
is shifted to the lower angle side than that of pure HDA. A
similar shift has been observed in other high-density aqueous sol-
utions such as a glycerol aqueous solution (39) and a protein
aqueous solution (40) as well as expanded HDA (e-HDA) (41).
Kim et al. (40) have shown that the X-ray diffraction (XRD) pat-
terns during the polyamorphic transition of the protein aqueous
solution are expressed by the linear combination of LDS-XRD
and HDS-XRD patterns. This suggests that the solvent water in
HDS is not in an intermediate state between LDA-like water and
HDA-like water, but it is close to e-HDA and is categorized as
HDA.

When the HDS was decompressed at ∼162 to 165 K, a part
of the LDS crystallized after or during the transformation to
LDS. When the HDS was decompressed above 166K, the LDS
crystallized perfectly at 0.01 GPa. The Tx of LDS for the TRaq
solution is about 10 K higher than Tx of LDS for polyol aque-
ous solutions (14, 28, 29). When the partially crystallized
low-density sample was compressed, the LDS-to-HDS polya-
morphic transition of the glassy part and the pressure-induced
amorphization of the crystallized part occurred at different
pressures (SI Appendix, Fig. S10). This implies that the low-
density glassy state and the crystalline state coexist indepen-
dently at low pressures. A similar coexistence of the low-density
glassy state and the crystalline state has been observed in the
previous study for glycerol aqueous solutions (42).

Temperature dependences of PHtoL and PLtoH are shown in
Fig. 2A. As the temperature increases, the PHtoL shifts to the
higher-pressure side, the PLtoH shifts to the lower-pressure
side, and the width of pressure hysteresis becomes narrower.
The temperature dependence of polyamorphic behavior is con-
sistent with that for polyol aqueous solutions (14, 28, 29).

In Fig. 1, as the pressure decreases, the slope of Vd before
the polyamorphic transition becomes steeper suddenly at
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Fig. 1. The change of specific volume for the TRaq solution of x = 0.020 at
159 K with the change in pressure. The Vc and Vd are colored red and blue,
respectively. PLtoH and PHtoL are the LDS-to-HDS transition pressure and the
HDS-to-LDS transition pressure, respectively. Pg is the glass-to-liquid transi-
tion pressure of HDS; α is the absolute value of the slope of Vc during the
polyamorphic transition. Inset represents dVd/dP for HDS at 159 K.

2 of 6 j PNAS Suzuki
https://doi.org/10.1073/pnas.2113411119 Direct observation of reversible liquid–liquid transition

in a trehalose aqueous solution

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113411119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113411119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113411119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113411119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113411119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113411119/-/DCSupplemental


Pg = ∼0.32 GPa, and the dVd/dP starts to decrease around the
Pg as shown in Fig. 1, Inset. This means that the HDS below
the Pg is softer than above the Pg, namely that the viscosity of
HDS reduces suddenly at Pg in the decompression process.
This suggests that HDS changes from a glassy state to a liquid
state. Here, I define the Pg as the glass-to-liquid transition pres-
sure of HDS. As shown in Fig. 2A, the Pg increases as the tem-
perature increases. This suggests that the HDS existing in the
lower-pressure region of the Pg curve is liquid. The change in
Pg with the change in temperature for HDS is consistent with
the change in Tg with the change in pressure for pure HDA
(43–45).

The Pg curve intersects the PLtoH curve at ∼140 K as shown
in Fig. 2A. The onset PLtoH below 140 K is off to the higher-
pressure side, and the LDS-to-HDS transition below 140 K
appears to occur with a delay. The delay of the polyamorphic
transition occurs just within the glass region of HDS. It is found
that the LDS-to-HDS transition within the glass region of HDS
is different from that within the liquid region of HDS. The
same delayed LDS-to-HDS transitions in the glassy HDS
region are also observed for TRaq solutions of different
concentrations (SI Appendix, Fig. S6).

The difference between polyamorphic transitions within the
glassy HDS region and the liquid HDS region can be seen in the
difference in the slope of Vc during the LDS-to-HDS transition.
For quantitative explanation, I define α as an absolute value of
the slope as shown in Fig. 1, although α has no physical meaning.
The temperature dependence of α is shown in Fig. 3A and SI
Appendix, Fig. S8. The behavior of α changes drastically around
142 K, which agrees roughly with the temperature at which the
Pg curve intersects the PLtoH curve. The α for the polyamorphic
transitions occurring in the liquid HDS region above 142 K
increases monotonically with the increase of temperature. This
suggests that the viscosity of HDS decreases with the increase of
temperature, namely that the HDS changes continuously from
the viscous liquid to the fluid liquid. On the other hand, the α
for the polyamorphic transition occurring in the glassy HDS
region below 142 K also increases with the increase of tempera-
ture, indicating that the glassy HDS becomes softer at high

temperatures. However, the α slightly below 142 K is much
larger than that slightly above 142 K. The remarkably large α in
the glassy HDS region indicates that as soon as the poly-
amorphic transition starts, the volume decreases rapidly, and the
polyamorphic transition completes instantly.

Now, I consider the difference between the LDS-to–liquid
HDS transition and the LDS-to–glassy HDS transition. When
pressure is applied to the sample in the constant compression
rate, if the HDS is liquid, the change of volume can follow the
change of pressure within the laboratory timescale, and the
LDS-to-HDS transition will occur at the expected transition
pressure (PA in Fig. 3 B and C). On the other hand, if the HDS
is glass, the change of volume cannot follow the pressure
change because the HDS has high viscosity as shown by the red
process of Fig. 3B. Therefore, the LDS-to-HDS transition can-
not occur at the expected pressure (PB in Fig. 3 B and C), will
delay, and will occur at higher pressure (PC in Fig. 3 B and C).
As a result, the difference between the onset and offset transi-
tion pressures becomes smaller, and the decrease of volume
looks like a collapse. In other words, the α indirectly indicates
the delay of the onset transition pressure of the LDS-to-HDS
transition in the glassy HDS region. The delay in polyamorphic
transition below ∼140 K in Fig. 2A and the extremely large α
slightly below 142 K in Fig. 3A explain consistently that the
LDS-to-HDS polyamorphic transition occurs in the glassy HDS
region. A similar delay in the transition within the glass region
has been observed in the pressure-induced melting of ice Ih by
Mishima (46).

In this study, the glass-to-liquid transition of HDS was inves-
tigated by three different evaluation methods: first, the change
in the slope of the decompression curve at Pg; second, the delay
of the onset of the polyamorphic transition on compression;
and third, the change in the slope of the compression curve
during the polyamorphic transition. All the methods relate to
the measurements of mechanical softening of HDS. These
experimental results indicate that the HDS in the liquid region
is viscous liquid with fluidity.

Next, I examined the glass-to-liquid transitions of HDS and
LDS at ambient pressure using a differential scanning
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calorimetry (DSC). Fig. 4A shows the DSC scans for the HDS.
The HDS was repeatedly annealed three times slightly before
the polyamorphic transition to LDS to avoid the effect of struc-
tural relaxation. In the first and second DSC scans, there are
many small exothermic peaks due to the thermal structural
relaxation of HDS. A highly reproducible endothermic event
relating to glass transition occurs around 117 K in the third and
fourth DSC scans. This Tg (∼117 K) is in rough agreement with
the temperature estimated by the extrapolation of the Pg curve
to 1 atm (0.0001 GPa) (Fig. 2A). The Tg is higher than the Tg

of HDA at ambient pressure (∼110 K) reported by Amman-
Winkel et al. (3). This suggests that the existence of trehalose
may stabilize the HDA-like solvent water (29, 30). An exother-
mic event at ∼142 K in the fourth DSC scan shows that the
HDS transforms to LDS.

The DSC scans of LDS are shown in Fig. 4B. The LDS was
annealed three times before the Tx. The endothermic event
relating to glass transition starts around 123 K and then, fin-
ishes around 135 K. The endothermic event between 123 and
135 K is observed with good reproducibility. The temperature
of the endothermic event is slightly lower than Tg (∼136 K) of
LDA at 1 atm (3). In addition, the Tg of LDS is lower than the
Tg estimated by the extrapolation of the Tg curve for the high-
concentration TRaq solutions to x = 0.020 (47, 48) (SI
Appendix, Fig. S2).

The DSC intensity relating to the glass transition of pure
HDA is five times greater than that of pure LDA (3), but in the
case of the TRaq solution, the DSC intensities relating to the
glass transition of HDS and LDS appear to be almost the same.
The reason for this is not clear. I infer that perhaps this could
be an effect of aqueous solution.

It is discussed whether the glass transition of LDA around
136 K determined by the calorimetry measurements is responsi-
ble for the reorientational dynamics of a water molecule or not
(49–51). Direct visual observations of LDA and LDA-like aque-
ous solution have suggested that LDA above Tg is viscous liquid
with fluidity. For example, Kim et al. (52) have observed that
the crack healing in the LDA-like aqueous solution occurs
above 155 K, and Mishima et al. (53) have observed that the
smoothing of the phase boundary between HDA and LDA in a
diamond anvil cell occurs at 145 K. These past experimental
results suggest strongly that the LDS above the Tg at ambient
pressure is viscous liquid with fluidity.

The behavior of the glass transition of LDS at high pressures
is not clarified. Using the same estimation method of the Pg of
HDS by the change in the slope of the decompression curve, I

attempted to derive the Pg of LDS at high pressures in the tem-
perature range of 112 to 144 K. Unfortunately, no significant
change in the slope of the decompression curve relating to
the glass transition was observed (SI Appendix, Fig. S9). On
the other hand, the molecular dynamics simulation result
reported by Giovambattista et al. (45) predicted that the Tg

of LDA decreases slowly with the increase in pressure. Accord-
ing to their prediction, there is no doubt that the LDS at
high pressures above ∼135 K in Fig. 2A is in the viscous liquid
state.

The eighth DSC scan in Fig. 4B shows that the LDS starts to
crystallize at ∼170 K. A small endothermic event was observed
around 165 K, which is slightly before the crystallization. At
present, the cause of the endothermic event is not clear. It may
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be related to the relaxation of a hydrated trehalose molecule or
the nanosegregation of the aqueous solution. It is necessary to
investigate this issue in the future.

Conclusions
The polyamorphic-state diagrams of the TRaq solution in Fig.
2B show that the viscous liquid HDS exists within the lower-
pressure region of the Pg curve and that the viscous liquid LDS
exists above ∼135 K at low pressures. Therefore, the polyamor-
phic transition occurring in both liquid regions is LLT, namely
that the polyamorphic transition at 159 K shown in Fig. 1 is
most likely the reversible LLT. In particular, the LLT from low-
density state to high-density state was directly observed. Delay
of the LDS-to-HDS transition below Tg was also observed.

The existence of pressure hysteresis for the LLT suggests
that the spinodal region of LDL and the spinodal region of
HDL lie in a liquid region between PHtoL and PLtoH (the gray
region in Fig. 2B). It is found that the width of pressure hyster-
esis becomes narrow with temperature increases, which is
consistent with the general phase transition phenomena. The
existence of pressure hysteresis under the equilibrium condition
is strong evidence that the LLT in the TRaq solution is the
first-order transition. Further experiments on the dynamics
related to the glass-to-liquid transition of HDS and LDS under
pressure will be needed to further confirm the results in this
study, such as the first-order LLT in the TRaq solution.

It is important to confirm that the LLT of TRaq solutions in
the concentration range examined in this study is related to
that of bulk pure water. Now, using the estimation method of
the positions of LLT, which has been proposed to quantify the
polyamorphic transition in polyol aqueous solutions (29), I cal-
culated roughly the position of the LLT line for the TRaq solu-
tion at 155 K (Fig. 5 and SI Appendix, Fig. S7). The pressure of
the LLT line increases with the decrease of x, and then, when
the x approaches zero, the pressure of LLT line is extrapolated
to ∼0.2 GPa. This pressure is in close agreement with the

pressure of LLT predicted for pure water (∼0.2 to 0.23 GPa)
(12, 29). This suggests strongly that the polyamorphic transition
of TRaq solutions below the xe consistently relates to that of
bulk pure water. In short, the solvent water in the TRaq solu-
tion below the xe inherits the nature of bulk pure water,
although the solvent water is perturbated from the solute.

The equilibrium phase boundary line of LDS and HDS for
the TRaq solution of x = 0.020 should lie somewhere in the
gray region of Fig. 2B and should be extended to the higher-
temperature side. Although it is difficult to decide the exact
position of the phase boundary line, I have attempted to esti-
mate the positions of phase boundary and liquid-liquid critical
point (LLCP) roughly from the concentration dependence of
polyamorphic transition. The concentration dependence of the
position of the LLT line suggests that the LLCP on the P–x
plane at 155 K locates at xLLCP = ∼0.035 and PLLCP = ∼0.05
GPa (Fig. 5 and SI Appendix, Fig. S7). The PLLCP is approxi-
mately in agreement with the PLLCP of pure water (∼0.05 GPa)
(12). This suggests that the PLLCP for the TRaq solution
changes little in response to changes in concentration. More-
over, the experimental studies of polyamorphism of water (12)
and polyol aqueous solutions (29) suggest a tendency that the
TH exists near the extension of the LLT line. Assuming that the
LLCP line and the TH line have a parallel relation, the LLCP
line of the TRaq solution in the P–T–x phase diagram may be
drawn as the blue dashed line in Fig. 5 that is parallel to the TH

line of TRaq solution at 1 atm (54). As the result, the LLT line
of the TRaq solution of x = 0.020 may terminate somewhere
below ∼210 K at ∼0.05 GPa. However, the relation between the
LLT of the TRaq solution in this study, the LLT of bulk pure
water, and the estimated LLCP position of the TRaq solution
requires future theoretical/computational studies.

This experimental result shows that two liquid waters exist in
the aqueous solution and suggests a possibility that pure water
undergoes the discontinuous LLT between LDL and HDL. In
addition, this study raises the importance of considering the
properties of low-temperature aqueous solutions from a view-
point of two liquid waters and has implications for understand-
ing the glassy water in cryobiology, frozen food engineering,
meteorology, and planetology.

Materials and Methods
Preparation of the Sample. TRaq solution was prepared by mixing dihydrated
trehalose (C12H22O11�H2O; Hayashibara Co.) and water (H2O) purified by the
water purification apparatus (Merck Direct-Q UV). The solute concentrations
were x = 0.015, 0.020, and 0.025, where x stands for the solute molar fraction,
which is a ratio of a solute molar number to the sum of a solute molar number
and a water molar number. To hinder the crystallization, 1 g of aqueous solu-
tion is emulsified by blending with a matrix (0.75 g of methylcyclohexane,
0.75 g of methylcyclopentane, 50 mg of sorbitan tristerate) for 1 min using a
homogenizer (OMNI International; Omni TH) at 30,000 rpm. The emulsion size
is 1 to 10 μm in diameter.

In order to vitrify the dilute TRaq solution without segregation, the PLCV
method was used in this study. First, the liquid sample was sealed in an indium
container at 1 atm, and the indium container was set in a piston–cylinder pres-
sure device. The piston–cylinder devicewas placed in a hydraulically controlled
press apparatus, and pressure of 0.3 GPa was applied to the sample at room
temperature. Subsequently, the sample was cooled to 77 K with liquid nitro-
gen at a cooling rate of ∼40 K/min. A temperature–pressure protocol of prep-
aration is shown in SI Appendix, Fig. S1.

Isothermal Volume Change Measurements under Pressure. The HDS was com-
pressed and decompressed in the pressure range between 0.01 and 1.00 GPa in
the temperature range between 77 and ∼170 K. The compression and decom-
pression rates were fixed at 1.6 and �1.6 MPa/s, respectively. In advance, the
compression and decompression curves of piston displacement, d, for only
indium container of 13.000 ± 0.002 g weight were measured, and the compres-
sion and decompression curves of specific volume for only the emulsion matrix
were calculated. The weight of the indium container with the emulsified solu-
tion sample was measured before the glassy sample preparation by PLCV. The
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Fig. 5. P–T–x state diagram of solvent water in a TRaq solution from the
viewpoint of water polyamorphism. The green circles represent the positions
of LLT at 155 K, which are calculated from the analysis of Vc and Vd for TRaq
solutions of x = 0.015, 0.020, and 0.025 (SI Appendix, Fig. S7). The LLCP of
the TRaq solution at 155 K is speculated to locate at PLLCP = ∼0.05GPa and
xLLCP = ∼0.035. The gray LLT curve is drawn to guide the eyes. The P–T state
diagram of pure water is proposed by Mishima and Stanley (12). The TH
of the TRaq solution (red squares) is proposed by Miyata and Kanno (54).
A blue dashed line is a speculated LLCP line of the TRaq solution.
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compression curve of d for only the indium container was subtracted from the
measured compression curve of d for the indium container with the sample,
and then, the compression curve of the specific volume of only the sample was
calculated using the information of the specific volume of the emulsion matrix.
Using the same method, the decompression curve of the specific volume of the
sample was calculated. The specific volume is accurate to within 1.0%.

The effect of friction between piston and cylinder on the pressure value
was corrected so that the compression and decompression curves of only the
indiummetal became the same curve. Detailed correction methods have been
described in ref. 14. The absolute and relative errors of corrected pressure are
±∼0.01 and ±∼0.005 GPa, respectively.

The measurement temperature (Tcyl) was measured by a thermocouple in
direct contact with the cylinder. The Tcyl was controlled by the balance between
the heater attached to the cylinder and the surrounding cold nitrogen gas. Since
the volume of the cylinder is much larger than the sample volume, there is little
influence of the change of sample temperature due to the transformation of
the sample on the stability of Tcyl. The stability of Tcyl is within±∼0.2 K.

DSC. In order to examine the glass transitions of HDS and LDS, the low-
temperature differential scanning calorimeter (Perkin-Elmer; Pyris1 with CryoFill)

calibrated using both cyclopentane and n-heptane was used. About 25 mg of
HDS was packed in a handmade aluminum pan in liquid nitrogen, and then, the
pan was put in the DSC apparatus. The DSC scan was recorded upon heating
from 93 K to a given temperature at 10 K/min in aflowing helium atmosphere.

In this study, I do not discuss the absolute value of heat flow in DSC mea-
surement exactly because it is difficult to measure the accurate weight of the
sample due to the packing of the sample in liquid nitrogen. Therefore, to
enhance the small endothermic sign due to the glass transition, I calculated
the difference between the DSC scan for the glassy sample and the DSC scan
for the crystallized sample that was transformed to ice Ih at high temperature
and then, discussed the glass transition from the relative changes in the slope
of DSC scans. Thermodynamic discussion of the glassy states of HDS and LDS
and their glass transitions by heat capacity will be a future topic.

Data Availability. All study data are included in the article and/or SI Appendix.
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