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Experimental evidence of low-density liquid water
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Water is an extraordinary liquid, having a number of anomalous
properties which become strongly enhanced in the supercooled
region. Due to rapid crystallization of supercooled water, there
exists a region that has been experimentally inaccessible for studying
deeply supercooled bulk water. Using a rapid decompression tech-
nique integrated with in situ X-ray diffraction, we show that a high-
pressure ice phase transforms to a low-density noncrystalline (LDN)
form upon rapid release of pressure at temperatures of 140-165 K.
The LDN subsequently crystallizes into ice-l. through a diffusion-
controlled process. Together with the change in crystallization rate
with temperature, the experimental evidence indicates that the LDN
is a low-density liquid (LDL). The measured X-ray diffraction data
show that the LDL is tetrahedrally coordinated with the tetrahedral
network fully developed and clearly linked to low-density amorphous
ices. On the other hand, there is a distinct difference in structure
between the LDL and supercooled water or liquid water in terms of
the tetrahedral order parameter.

low-density liquid | rapid decompression | low-density amorphous ice |
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Water is not only the most important substance for life, but
also plays important roles in liquid science for its anomalous
properties (1-6). For instance, water displays minima of isobaric
heat capacity at 308 K and isothermal compressibility at 319 K
which are related to entropy and density fluctuations, respectively
(2-6). It has been widely accepted that water’s anomalies are not a
result of simple thermal fluctuation, but are connected to the
formation of various structural aggregates in the hydrogen bonding
network (4, 7). Among several proposed scenarios (1, 2, 6-16), one
model of fluctuations between two different liquids has gradually
gained traction (4, 7-9, 14, 17-26). These two liquids are referred
to as a low-density liquid (LDL) and a high-density liquid (HDL)
with a coexistence line in the deeply supercooled regime at ele-
vated pressure (8, 14). The LDL-HDL transition ends with de-
creasing pressure at a liquid-liquid critical point (LLCP) (8, 14)
with its Widom line extending to low pressures (1, 27) (SI Ap-
pendix, Fig. S1). Above the Widom line lies mostly HDL which is
favored by entropy, while LDL, mostly lying below the Widom line,
is favored by enthalpy in the tetrahedral hydrogen bonding net-
work. The origin of water’s anomalies can then be explained by the
increase in structural fluctuations (7, 15) as water is cooled down to
deeply supercooled temperatures approaching the Widom line.
However, both the LLCP and the LDL-HDL transition line
lie in water’s “no man’s land” between the homogeneous nucle-
ation temperature (Ty, ~232 K) (28, 29) and the crystallization
temperature (Tx, ~150 K) (30-33). The success of experiments
exploring this region has been limited thus far, despite various
attempts made to probe supercooled water either by rapidly
supercooling bulk water below Ty (29) or by heating amorphous
ices near Tx (31-35), as well as other methods using aqueous
solutions (36, 37) and confined water systems (19, 21, 22, 38-41).
For instance, Mishima and Stanley observed a discontinuous
melting in the studies of the metastable melting curves of high-
pressure emulsified ices (IV, III, and V) and pointed out that there
may be an LLCP at around 110 MPa and 220 K (14, 19, 21).
However, the starting emulsified ices, made by stirring a mixture of
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water, methylcyclohexane, methylcyclopentane, and sorbitan tris-
terate (21), may have different physical properties from those of
bulk water (42). Recently, ultrafast X-ray pulse has been used to
probe supercooled bulk water down to 227 K (29), 5 K below the
previous boundary of Ty, showing a continuous and accelerating
increase in structural ordering as temperature is decreased. On the
low-temperature side by heating amorphous ices above the glass
transition temperature (7,), experiments have shown evidence
of a deeply supercooled water near T, (31-35, 43, 44). At tem-
peratures below Ty, there exist two kinds of amorphous ices, low-
density amorphous (LDA) and high-density amorphous (HDA),
with two phases transforming to each other through a first-order—
like transition (14, 30, 45-49). At temperatures well above T, the
heating approach becomes limited due to uncontrolled crystal-
lization. Xu et al. (50) recently used a pulsed laser heating
technique and measured the isothermal growth rate of crystal-
line ice at temperatures of 126-151 K and above 180 K, but
leaving no data between 151 and 180 K. More experiments are
thus needed to better understand the nature of both the structure
and the crystallization process of the deeply supercooled water
at temperatures above T,. In this work, we apply a rapid
decompression technique (51) integrated with fast in situ X-ray
diffraction (Materials and Methods). We find that a high-pressure
phase ice-VIII transforms to a low-density noncrystalline
(LDN) form under rapid and complete release of pressure at
140-165 K. We record the crystallization process under vacuum
(3-5 mtorr) in a cryostat using the time-resolved X-ray dif-
fraction as the LDN subsequently crystallizes into ice-I..

Significance

To understand water’'s anomalous behavior, a two-liquid
model with a high-density liquid and a low-density liquid
(LDL) has been proposed from theoretical simulations, and is
gradually gaining ground. However, it has been experimentally
challenging to probe the region of the phase diagram of H,0
where the LDL phase is expected to occur. We overcome the
experimental challenge by using a technique of rapid de-
compression integrated with fast synchrotron measurements,
and show that the region of LDL is accessible via decompres-
sion of a high-pressure crystal. We report the experimental
evidence of the LDL from in situ X-ray diffraction and its crys-
tallization process, providing a kinetic pathway for the ap-
pearance of LDL as an intermediate phase in the crystal-crystal
transformation upon decompression.
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Together with the change in crystallization rate with tempera-
ture, these results indicate that the LDN is an LDL. The tetra-
hedral network of the LDL is found to be fully developed and
linked to the LDA ices. On the other hand, the structure of the
LDL is distinctly different from those of supercooled water
above Ty.

Results

Fig. 14 shows that ice-VIII transforms to ice-VI at ~1.4 GPa
under slow decompression (<0.01 GPa/s) at 160 K, followed by a
VI-to-1I transition at ~0.6 GPa and eventually a II-to-I. transi-
tion upon complete release of pressure. This is consistent with
the observation in a previous study under slow decompression
(52). When ice-VIII is subjected to a rapid decompression
(~48 GPa/s) at 160 K (Fig. 1B), ice-VIII is found to transform to
a noncrystalline phase with two characteristic diffraction halo
peaks at ~1.7 and ~3.0 A~'. The noncrystalline phase persists for
about 0.4 s and then crystallizes into ice-I. (Fig. 1B). This indi-
cates that there is an intermediate phase in the transformation
from ice-VIII to ice-I. at an isothermal condition under de-
compression. It is interesting to note that upon heating at

ambient pressure the ice-VIII-to-I. transformation displayed a
similar multistep process via LDA and glass transition (53).
The transformation from ice-VIII to a noncrystalline phase
under rapid decompression is also observed at 140, 145, 150, 155,
and 165 K (SI Appendix, Figs. S2-56), all above T, of 136 K (28,
54). At these temperatures under moderate decompression,
however, ice-VIII transforms to ice-II or -IX (SI Appendix, Fig.
S7) (5§2). Fig. 1C summarizes the experimental conditions where
the noncrystalline phase is observed by using different de-
compression rates at different temperatures. It appears that
there exists a threshold decompression rate required for the
appearance of the noncrystalline phase at a given temperature
(T). At 140-155 K, the required rate gradually increases as
temperature increases. At T > 155 K, the decompression rate
required for producing the noncrystalline phase increases rap-
idly with increasing 7. Meanwhile, the crystallization time of
noncrystalline-to-I. changes by six orders of magnitude, varying
from about half an hour (~1.8 x 10% s) at 140 K to about 8 ms
(~8 x 1072 s) at 165 K. Above 165 K, even though our de-
compression device can reach the required decompression rate,
the detection of the noncrystalline phase becomes limited by the
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Experimental summary of the observation of an LDN form. (A) Under slow decompression (<0.01 GPa/s) at 160 K, ice-VIII transforms to ice-VI, followed

by VI - Il - I, transitions. The exposure time for each diffraction image is 1 s. (B) Under rapid decompression (~48 GPa/s) at 160 K, ice-VIII first transforms to
LDN, followed by gradual crystallization into ice-I.. In the experiments, the DAC is opened quickly, leaving the sample pressure under the vacuum envi-
ronment in a cryostat. Both the appearance of LDN and the crystallization of the LDN into ice-I. occur at the vacuum pressure (i.e., 3-5 mtorr), as shown on the
left. The exposure time for each diffraction image is 7 ms, with images collected at a frequency of 100 Hz. (C) Observed ice phases under various de-
compression rates at different temperatures. Solid symbols represent LDN, while open symbols show crystalline phases. (D) Integrated diffraction patterns of
LDA, HDA, and LDN at ~3-5 mtorr, showing the structural similarity of LDN to LDA.
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Fig. 2. Transformed fractions of ice-I. as a function of time at ~3-5 mtorr between 140 and 165 K. Black circles show the experimental data from the in-
tensities of X-ray diffraction. Red lines are the fitting results using the Avrami equation, with the Avrami index (n) and the characteristic time (t) shown in

each figure.

current time resolution (at a few milliseconds) in our X-ray
diffraction measurements. At the highest temperature of 175 K
in this study, ice-VIII is found to transform to ice-VI at a de-
compression rate of ~48 GPa/s, followed by the transformation
to ice-II and 1. (SI Appendix, Fig. S8). Fig. 1D shows the in-
tegrated diffraction patterns with background subtracted (Ma-
terials and Methods and SI Appendix, Fig. S9), compared with
those of LDA and HDA. The LDA sample at 125 K was
obtained by first forming HDA under high pressure (~2 GPa)
and then decompressing the HDA at 125 K via an HDA—-LDA
transformation. The LDA sample at 103 K was obtained by
cooling the LDA sample from 125 to 103 K. The HDA sample at
96 K was obtained by first compressing ice-I, at 96 K to ~2 GPa
and then decompressing the formed HDA to vacuum pressure
(52). It can be clearly seen that the diffraction patterns of the
noncrystalline phase are similar to those of LDA, indicating that
it is an LDN phase transformed from ice-VIII under rapid
decompression.

Fig. 2 shows the fractions of ice-I, transformed from the LDN
plotted against time (¢) between 140 and 165 K and at 3-5 mtorr.
The fractions are calculated using the diffraction intensities of
ice-1. (Materials and Methods and SI Appendix, Fig. S10). At a
given 7, the fraction gives a typical sigmoidal curve as a function
of time. The sigmoidal patterns can be well-fitted using the
Avrami equation (55-57): f(t) = 1 — exp[—(#/t)"], where 7 is the
characteristic time of the crystallization and »n is the dimen-
sionality of the crystal growth, also referred to as the Avrami
index. The index n generally reflects the growth mechanism, with
integer n corresponding to interface-controlled growth and half-
integer n (1/2, 3/2, 5/2,. ..) corresponding to diffusion-controlled
growth (55, 57, 58). As shown in Fig. 2, the fittings yield n values
close to half-integer of the Avrami index, indicating that the
growth of ice-I. transformed from the LDN is via a diffusion-
controlled mechanism. Given that the temperature range of the
observed LDN is above T, of 136 K (31, 54, 59, 60), the crys-
tallization mechanism suggests that the LDN is of liquid-like
nature. It should be noted that »n values are close to 1.5 at T >
140 K, corresponding to diffusion-controlled growth of spherical
nuclei in the case of rapid nucleation rate and depletion (61, 62).
At 140 K, n is close to 2.5, which may be due to a relatively long
nucleation duration (62, 63).

2012 | www.pnas.org/cgi/doi/10.1073/pnas.1716310115

The temperature dependence of the crystallization rate (rate
constant: ~1/t) provides further evidence that the LDN is an
LDL. According to classical nucleation and growth theory, the
growth rate (v) in a diffusion-controlled process is determined by
the diffusion coefficient (D) with a relationship (55): v ~ /D/t.
The Arrhenius behavior of the diffusion coefficient can be in-
dicated by the temperature dependence of the characteristic
time (55). Fig. 3 shows the logarithm of the characteristic time as
a function of temperature. It is clear that in the covered range of
140-165 K the crystallization displays non-Arrhenius behavior
with at least two distinct regions. Below ~155 K, log(t) has a
linear relationship with inverse temperature, which is consistent
with the results of previous studies using Fourier transform
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Fig. 3. Temperature dependence of the characteristic time (z, in seconds)
for the crystallization of ice-I.. Inverse temperature relative to Ty (136 K) is
used (28, 50). Solid circles are t-values from experimental data as shown in
Fig. 2. Solid and dashed lines represent Arrhenius fittings with a kink at ~155 K.
Open circles indicate the results by Hage et al. (62, 64), which were obtained
by the crystallization kinetics of a hyperquenched glass upon warming.
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infrared spectroscopy (62, 64). Such Arrhenius behavior implies
that it could be a strong liquid at T between T, and 155 K (22, 40,
42, 65-70). Fitting ©-T data according to the Arrhenius equation
7 = 19 exp(Q/RT), where Q is the activation energy and R is the
gas constant, yields an activation energy of 33(7) kJ/mol with
7o of 4.4 x 107V s, The activation energy is close to that of 34 kJ/mol
from the structural relaxation of LDL obtained from dielectric
spectroscopy (44). Above 155 K, we have limited data points and
therefore cannot draw any conclusions as to whether the liquid
above 155 K is a fragile or strong liquid (22, 40, 41, 65, 68). We
tentatively fit the data according to the Arrhenius equation,
yielding Q of 167(48) kJ/mol and 7, of 3.6 x 107°% s. We note a
recent report on the isothermal growth rate that exhibits a
slope change in Arrhenius behavior with activation energies of
~47 kJ/mol and ~76 kJ/mol at T below 151 K and at T of 180-
235 K, respectively (50). These values qualitatively agree with
the activation energies in this study below and above the kink
temperature, but slightly differ in values. This may be partly
explained by the fact that the nucleation rate and the growth rate
have not been independently determined in the present work
and the crystallization rate cannot be directly compared with the
growth rate (50).

Two possible mechanisms are considered to elucidate the kink
at around 155 K. (i) The kink could be a reflection of the
decoupling of self-diffusion from structural relaxation (71).
According to the mode-coupling theory (MCT), there exists a
critical temperature 7. for supercooled liquids, with diffusion
mechanism changing from liquid-like motion to solid-like hop-
ping (72-74). T, in MCT is generally different from, and higher
than, the caloric temperature T,, with T close to 1.27, for many
fragile liquids (72, 75-78). From Fig. 3, the small activation en-
ergy below the kink temperature (155 K) could be related to the
decoupling of translational diffusion from structural relaxation,
whereas the large activation energy above 155 K reflects the
effect of structural relaxation and represents the intrinsic prop-
erty of a supercooled liquid state (72, 76, 79, 80). Similar kinks in
the temperature-dependent diffusion coefficient have been ob-
served in metallic glasses near the glass-transition temperatures
(81-85). (i) The kink at ~155 K might be a signature of a
fragile-strong dynamic cross-over (22, 40, 66-68). It should be
noted that, due to the limited data points above 155 K, a fitting
of our data to a Vogel-Fulcher-Tamman law remains ambigu-
ous. It is thus inconclusive from our data alone to support a
fragile-strong cross-over. It has been reported that there is a
fragile—strong cross-over at ~220 K from studies of confining
water in nanopores (22, 40, 67, 70). Our kink temperature is ~65°
below the reported values. However, this discrepancy in tem-
perature might be related to interaction of water molecules with
the confining surfaces in these experiments (42). Regardless of
which one of the above two mechanisms is responsible for the
kink, the change in crystallization rate with temperature (Fig. 3)
strongly supports the notion that the observed LDN is an LDL.
Therefore, we indicate several regions in Fig. 3, with LDA ices
lying below T,, a viscous LDL at 136-155 K, and an LDL at
155-165 K.

Discussion

The appearance of an LDL under rapid decompression is con-
sistent with a recently proposed two-step phase-transition
mechanism (86-88). In a solid—solid phase transition, a meta-
stable liquid may appear first as an intermediate state before
subsequently transforming to the stable product phase. The oc-
currence of an intermediate liquid is attributed to a much
smaller interfacial energy barrier at the solid/liquid interface
than that at the solid/solid interface (86). Such intermediate
metastable liquid in solid-solid transitions has been experimen-
tally observed in colloidal systems (86), metallic alloys (89), and
an elemental metal (90). In our case for ice, such intermediate
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phase is LDL, forming from the parent solid phase (ice-VIII)
under rapid release of pressure, followed by the crystallization of
the product solid (ice-I..).

How is the LDL structurally related to amorphous ices and
supercooled water above Ty? From X-ray scattering data (Fig.
1D), we plot the position of the first peak (Q;) and the peak
separation between the first and the second peaks (AQ = Q> —
Q1) (Fig. 4), together with those data for LDA, supercooled
water, and liquid water up to 360 K (29, 91). We can see that the
structure of LDL reflected by Q; and AQ is similar to that of
LDA (92-94), but is distinctly different from those of super-
cooled water and liquid water. As temperature gets down into
the deeply supercooled region, both Q; and AQ for supercooled
water display strong temperature dependences and change
continuously, approaching values corresponding to tetrahedral
structures (29, 95). In contrast, only weak temperature depen-
dences of Q; and AQ are shown for LDL. Because AQ is asso-
ciated with the degree of tetrahedral configurations favored by
water’s directional hydrogen bonds (29), the trend in Fig. 4
suggests that the local tetrahedrally coordinated network is fully
developed in LDL.

The relationship of LDA, LDL, and supercooled liquid can be
used to explain water’s anomalous properties. At high temper-
atures above ~319 K (46 °C), water exhibits normal liquid be-
havior (dominated by HDL), in that both heat capacity and
compressibility increase as it is heated (7). As water is cooled
from 319 K down to supercooled temperatures, the structural
fluctuations between LDL and HDL may cause the anomalous
properties of water (4, 7, 8, 14). The anomalous region with
structural fluctuations may extend down to around the Widom
line. At temperatures far below the Widom line, water may ex-
hibit normal liquid again dominated by the fully developed tet-
rahedrally structured LDL observed in this study.

Materials and Methods

Sample Preparation. Symmetric diamond-anvil cells (DACs) with 400-500-um
anvil culets were used for high-pressure experiments in a cryostat. Rhenium
gaskets with an initial thickness of 250 um were preindented to a thickness
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Fig. 4. Temperature dependences of the first peak position (Q4, black) and
the peak separation (AQ, blue) between the first and second peaks in
structure factor. Red dashed lines are a guide for the eyes. The data points
for liquid water above 220 K are from refs. 29 and 91. Open diamonds for
LDA are from refs. 92-94.
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of ~100 um. Sample holes with a diameter of ~200 pm were drilled by laser
at the center of the indented area (96). Distilled deionized water was used
and loaded into the sample chamber with a mass of ~1.7 pg, together with
two or three ruby spheres located near the center and near the edge of the
sample chambers (S/ Appendix, Fig. S9). The pressures before and after rapid
pressure ramps were determined by the ruby fluorescence method with
temperature corrections (97, 98).

Low-Temperature and Pressure Controls. Loaded DACs were placed in a liquid
nitrogen cryostat (99). Two silicon diode sensors were used to monitor the
temperatures with one attached to the DAC holder and the other attached
to the gasket close to the sample position. The sample temperature was
monitored by the thermal sensor attached to the gasket. Before cooling, the
pressure of the cryostat assembly was vacuum-pumped to 3-5 mtorr. The
entire DAC assembly was then cooled using liquid nitrogen. A heater
mounted on the holder allows the controls of DAC temperature precisely.
The sample temperature was stable within +2 K during the experiments.
Double-sided gas membranes were used to control compression and de-
compression pathways (99). After rapid pressure release, the sample remained
under the vacuum environment inside a cryostat assembly. Therefore, the
pressure condition in our isothermal measurements was at 3-5 mtorr, rather
than ambient pressure of 10° Pa. During the decompression processes, the
sample positions were monitored by X-ray radiography and/or an online op-
tical system. We found that the sample position may change slightly (<5 pm)
during decompression, which is negligible compared with the sample chamber
diameter of 150 um. Furthermore, the measurements of the crystallization
were taken after complete release of pressure, with the sample position well
maintaining its position.

In Situ X-Ray Diffraction. Angle-dispersive X-ray diffraction experiments were
performed at beamline 16-ID-B, HPCAT (51) at the Advanced Photon Source,
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