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Zhe Wang,† Kanae Ito,† Juscelino B. Leaõ,‡ Leland Harriger,‡ Yun Liu,‡,§ and Sow-Hsin Chen*,†

†Department of Nuclear Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, United
States
‡NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, United States
§Department of Chemical Engineering, University of Delaware, Newark, Delaware 19716, United States

*S Supporting Information

ABSTRACT: Using neutron diffraction technique, we measure the average density of
the heavy water confined in a nanoporous silica matrix, MCM-41, over the pressure−
temperature plane. The result suggests the existence of a line of liquid−liquid phase
transition with its end point at 1.29 ± 0.34 kbar and 213 ± 3 K in a fully hydrated sample.
This point would be the liquid−liquid critical point (LLCP) according to the “liquid−
liquid critical point” scenario. The phase diagram of the deeply cooled confined heavy
water is then discussed. Moreover, in a partially hydrated sample, the phase transition
completely disappears. This result shows that it is the free water part, rather than the
bound water part, of the confined water that undergoes a liquid−liquid transition.

Water exhibits anomalous thermodynamic behaviors at
low temperatures.1−4 When cooling, its thermodynamic

response functions, such as isothermal compressibility, isobaric
heat capacity, and isobaric thermal expansion coefficient,
deviate from those of simple liquids significantly. These
anomalies could be understood if one accepts that a first
order low-density liquid (LDL) to high-density liquid (HDL)
phase transition and the associated liquid−liquid critical point
(LLCP) exist in the deeply cooled region of water.5

Unfortunately, the experimental detections of this liquid−
liquid phase transition (LLPT) and its LLCP in bulk liquid
water are almost impossible. It is because both the LLPT and
LLCP are expected to exist below the homogeneous nucleation
temperature TH (235 K at 1 atm), where bulk water cannot be
maintained in the liquid state. In order to enter this deeply
cooled region of water, a hydrophilic nanoporous silica
material, MCM-41, with 15-Å pore diameter is used to confine
the water. Such “strong confinement” can suppress the
homogeneous nucleation process and thus can keep the
confined water in liquid state at least down to 130 K.6 Note
that, the restricted geometry and the water−surface interactions
are influential to the properties of the confined water.
Therefore, to what extent the confined water is similar to the
bulk water is still in debate.7−9 However, such a confined water
system is of fundamental importance in practice and fascinates
scientists from different disciplines. For example, it represents
many biological and geological systems where water resides in
nanoscopic pores or in the vicinity of hydrophilic or
hydrophobic surfaces.
It is common that the first order phase transition exhibits

metastability. Therefore, one can test the existence of the

hypothetical first order LLPT by detecting the hysteresis of the
order parameter, the density of water. Recently, Zhang et al.
attempted to detect the hypothetical LLPT in the heavy water
confined in MCM-41.10 They measured the average density of
the confined D2O with warming and cooling scans at pressures
from 1 bar to 2.9 kbar. The main result is shown in Figure 1
(the data at 3.3 k and 4 kbar in Figure 1 were measured with a
similar method11) and can be summarized as follows. (1)
Density hysteresis phenomenon is observed at all the measured
pressures below ∼3.5 kbar. (2) When the pressure is below
∼1.5 kbar, the hysteresis enhances as the pressure increases.
The maximum density differences between the cooling and
warming scans are 0.01 g/cm3 at 1 bar, 0.017 g/cm3 at 1 kbar,
and 0.031 g/cm3 at 1.5 kbar, respectively. (3) When the
pressure is above ∼1.5 kbar, the amplitude of the hysteresis
stabilizes at about 0.03 g/cm3. (4) The temperature of the
maximum density difference between the cooling and warming
scans shifts to lower temperature as the pressure increases.
Zhang et al. attribute this strong hysteresis phenomena
observed at pressures higher than ∼1500 bar to the crossing
of the LLPT line, due to the discontinuity at the phase
boundary and the strong metastability of the liquid water in the
coexisting region12 as the result of the LLPT13,14 and to the
confinement.15,16 The hysteresis observed below ∼1000 bar,
which are relatively weak, are attributed to possible temperature
lags between the warming and cooling scans rather than to the
crossing of a phase boundary. However, this conclusion was
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soon challenged by Limmer and Chandler.17 With a computer
simulation study employing mW model of water, these

researchers attribute all of the observed density hysteresis
phenomena to a liquid−solid transition (LST) in the confined
water (this result is also in debate18,19). An important difference
between the LLCP scenario and LST scenario is that in the
LLCP scenario there is a LLCP that terminates the LLPT line
at a positive pressure. In contrast, in the LST scenario there is
no associated critical point and the LST line exists in all the
positive pressures.
In order to clarify the nature of the transition in the deeply

cooled confined D2O, we performed a series of neutron
diffraction experiments to measure the average density of the
D2O confined in MCM-41 with warming and cooling scans at
different pressures. The experiments were performed at the
cold neutron spin polarized inelastic neutron spectrometer
(SPINS) and a small-angle neutron scattering instrument
(SANS) at National Institute of Standards and Technology
Center for Neutron Research (NCNR). The full hydration level
of the sample is h = 0.5 g/g (hydration level h is defined as
(weight of water)/(weight of dry sample)). The method to
extract the average density of the confined water from the
neutron diffraction spectra is same to the one used in several
previous studies.10,11,20−22 Detailed descriptions of the
experimental method can be found in the Supporting
Information.23 In the study of Zhang et al.,10 the researchers
performed the temperature scans with the following procedure:
for each pressure, the sample was cooled from 300 to 130 K at
ambient pressure and then pressurized to the desired value.
After 2 h of waiting, the warming scan with 0.2 K/min was first
performed from 130 to 300 K. When the warming scan was
finished, they waited for another 2 h and then performed the
cooling scan with 0.2 K/min from 300 to 130 K (the data at 3.3
and 4 kbar in Figure 1 are measured by similar protocol but

Figure 1. Density measurement on the confined D2O made by Zhang
et al.10 (1 bar to 2.9 kbar) and Wang et al.11 (3.3 kbar and 4 kbar). (a)
Density profiles of confined D2O with warming and cooling scans at
different pressures. The data are shifted by 0.05 g/cm3 between
adjacent pressures for clarity. (b) Density differences between the
cooling and warming scans at different pressures. The data are shifted
by 0.03 g/cm3 between adjacent pressures for clarity.

Figure 2. Density measurement on the confined D2O with the new temperature scan protocol. The left column shows the density profiles with
warming and cooling scans at P ∼ 2500 bar (a1), 1600 bar (a2), 1000 bar (a3), and 1 bar (a4). The right column shows the density differences
between the cooling and warming scans (denoted by black circles) at P ∼ 2500 bar (b1), 1600 bar (b2), 1000 bar (b3), and 1 bar (b4). We also plot
the results of the density differences in ref 10 (denoted by red circles) for comparison. The dashed lines are drawn to guide eyes. The data at 1 bar
were taken at SANS, and the data at other pressures were taken at SPINS.
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with cooling scan first11). Note that, in such continuous
temperature scans, the temperature changes continuously with
constant speed. Though the speed is slow, it is possible that the
heat transfer does not complete and the temperature sensor,
which is on the aluminum holder of the sample, cannot
accurately reflect the temperature of the confined water. In this
case, there may be a temperature lag between the warming and
cooling scans, and a hysteresis that is not due to the phase
transition may appear. To eliminate the possible temperature
lag, in this study, we use a new protocol for the temperature
scan. For each pressure, we only measure several important
temperatures around which the density hysteresis takes place.
In addition, before each measurement, we wait for half an hour
after the temperature reaches the desired value. Therefore,
there is sufficient time for the sample to get a uniform
temperature distribution and to reach temperature equivalence
to the sample holder. The result of the density measurement
with this new protocol is shown in Figure 2. It is found that the
effective density hysteresis only appears when the pressure is
higher than about 1500 bar. It takes place at the temperature
that is very close to the one found in ref 10. This result suggests
a first order transition between a low-density phase and a high-
density phase and is consistent with the LLPT picture, rather
than the LST picture. The end point of the phase separation,
which locates at 1.29 ± 0.34 kbar and 213 ± 3 K, is the LLCP
of the confined D2O according to the LLCP scenario. In
previous studies,24,25 we estimated the critical pressure of the
confined H2O to be 1.5 ± 0.3 kbar by the dynamical properties
of the system. The critical pressure obtained here agrees with
the previous estimations on the confined H2O fairly well.
Furthermore, above the critical pressure, the maximum density
difference increases as the pressure increases (0.010 ± 0.003 g/
cm3 at ∼1.6 kbar; 0.016 ± 0.003 g/cm3 at ∼2.5 kbar), which
agrees with an idea that the phase separation becomes more
significant as the distance from the critical point increases along
the LLPT line.
We also tried other waiting times from 25 to 50 min for the

density measurements at ∼1.6 kbar. The result shows that the
value of the average density of the confined D2O is effectively
constant for different waiting times used here. This observation
suggests that after waiting for 25 min, the sample temperature
becomes stable and no evident transition happens up to 50
min.
Below about 1000 bar, no effective hysteresis is observed in

this study, which is different than the result in ref 10. This
difference could be due to the temperature lag between the
warming and cooling scans in the previous study. In principle,
the influence of the temperature lag on the density measure-
ment has a positive correlation with the isobaric heat capacity
of the confined water (CP). Therefore, the hysteresis at low
pressures may indicate the maximum of CP. This conjecture can
be justified as follows. According to relevant thermodynamic
studies,26,27 at ambient pressure, the peak position of CP of the
D2O confined in MCM-41 with the pore diameter of 17 Å is
240 K. This value is very close to the temperature of the
maximum density difference at ambient pressure in ref 10,
which is 243 K (see Figure 2 (b4)). The small difference
between these two temperatures may be due to the difference
of the pore diameter. Notice that the peak position of CP of the
H2O confined in MCM-41 is at 241 K with the pore diameter
of 15 Å, and at 237 K with the pore diameter of 17 Å.
Therefore, it seems that a 2-Å difference in pore diameter can
change the temperature of the peak of CP by several Kelvins.

Keep this idea in mind, one can then estimate the Widom line
of the LLPT, which is defined as the locus of the CP maxima in
the corresponding one-phase region,28 with the position of the
maximum hysteresis observed at pressures lower than the
critical pressure in ref 10. Note that, in many other literatures,
the Widom line is defined as the locus of the maximum
correlation length.29,30 This definition can avoid the confusion
introduced by the existences of multiple local maxima in the
heat capacity of water.31 However, in this study, we still employ
the former definition because the heat capacity of the confined
water is available, and thus, it is easy to compare our result to
the result of thermodynamic measurement. In addition, as
approaching the critical point, the maximum of heat capacity
and the maximum of correlation length emerge.29,30

Considering all the above discussions, we plot the phase
diagram of the LLPT of the confined heavy water in Figure 3.

The black solid squares denote the positions of the maximum
density differences obtained by the continuous temperature
scans at pressures higher than the critical pressure.10,11 These
hysteresis phenomena cannot be completely eliminated by the
new temperature scan protocol introduced here and denote the
LLPT of the confined water. By connecting these black solid
squares with a smooth curve, and noting that the hysteresis
disappears at pressures higher than 3500 bar in the temperature
range from 140 to 300 K,11 we obtain the LLPT line. The red
open squares denote the positions of the maximum density
differences obtained by the continuous temperature scans at
pressures lower than the critical pressure.10 These hysteresis
phenomena can be eliminated by the new protocol and denote
the positions of the CP maximum, that is, the Widom line. The
LLPT line and the Widom line intersect at 1.29 ± 0.34 kbar
and 213 ± 3 K. This point could be the LLCP according to the
LLCP scenario.
It is believed that water undergoes glass transition at low

temperatures.32,33 The transition temperature Tg is conjectured
to be between 13634−36 and 165 K37 for bulk water and 165 K
for the water confined in MCM-41 at ambient pressure.26 All of
these temperatures are much lower than the temperatures at

Figure 3. Phase diagram of the LLPT of the confined heavy water. The
black solid squares and the red open squares denote the positions of
the maximum density differences obtained by the continuous
temperature scans at pressures higher than the critical pressure and
lower than the critical pressure, respectively.10,11 The formers are due
to the phase transition in the confined water and represent the LLPT
line (denoted by a black solid line), whereas the latter ones are due to
temperature lags and represent the Widom line (denoted by a red
dashed line). These two lines intersect at the LLCP, whose
approximate position is denoted by an elliptical region.
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which the hysteresis phenomena take place. Thus, the
hysteresis should not be directly induced by the possible
glass transition in the confined water. Another concern is that
due to the possible existence of the glass transition, below the
conjectured Tg the confined water may be in a glassy state,
rather than an (metastable) equilibrium state, and the density
measurement may be affected. In order to clarify this point, we
perform a warming scan on density at 2 kbar by the following
steps: first cool the system to 170 K at ambient pressure, then
pressurize the system to 2 kbar and start the warming scan. In
this route, the system temperature keeps on higher than the
conjectured Tg of the confined water and the system should be
always away from a glassy state. This experimental route gives
an effectively same density profile as compared to the one
obtained by the warming scan starting from 130 K. Therefore,
we conclude that the hysteresis observed in this study is not
affected by the possible glass transition in the confined water.
In order to examine the obtained phase diagram and to get a

general idea on how the density of the confined water behaves
as a function of T and P, we perform isobaric density
measurements on the confined D2O at five pressures: 0.1, 1,
2.5, 4, and 5 kbar. The data at 2.5 kbar are measured with
warming scan. The results are shown in Figure 4. According to

the phase diagram shown in Figure 3, below ∼190 K, the
former three pressures are in the LDL phase, whereas the last
two pressures are in the HDL phase. Figure 4 clearly shows that
below 190 K, there is an evident density gap of ∼0.04 g/cm3

between the density profiles at 0.1, 1, 2.5 kbar and the density
profile at 4 kbar. This gap shows the phase separation between
LDL and HDL. In this temperature range, the three density
curves representing LDL phase are close to each other, which
shows that the isothermal compressibility (χT) of the LDL
phase is small. At 170 K, the density only changes by ∼0.004 g/
cm3 as pressure increases from 100 bar to 2.5 kbar. In contrast,
in HDL phase, the density changes by ∼0.02 g/cm3 as pressure
increases from 4 to 5 kbar, which suggests a significantly larger
χT. The huge difference of χT in LDL and HDL is due to the
different local structures of LDL and HDL. The LDL has a
tetrahedral hydrogen-bond structure extending to the second
coordination shell. However, for the HDL, the second
coordination shell collapses.38 These features make the LDL

more rigid than the HDL. Such sharp distinction on χT fades
out as entering the one-phase region, which suggests that the
LDL and HDL phases mix in this region.
A previous study21 shows that at ambient pressure, for an

85% partially hydrated sample, the density minimum obscures
and the maximum of the absolute value of the isobaric thermal
expansion coefficient (|αP|) decreases as compared to the fully
hydrated sample. Therefore, it is interesting to examine if a
reduction of h can mitigate the phase transition at high
pressures. Figure 5 shows the average density of the confined

D2O of an 80% partially hydrated sample at ∼1.6 kbar with
warming and cooling scans. Strikingly, the density hysteresis
completely disappears in this sample. The disappearance of the
density hysteresis in the partially hydrated sample is also
observed at 1 and 2.5 kbar. Notice that both experimental and
computer simulation studies show that the confined water has
layer structure.8,39,40 According to Gallo et al.,8 the water
confined in MCM-41 can be divided into two dynamically
distinct parts in radial direction: bound water and free water.
The bound water is a 3-Å-thick shell layer that coats to the
hydrophilic surface of the silica cavity, whereas the free water is
the water in the center part of the cavity. Because the water
forms the shell layer first,41 the 20% lowering of h is mainly due
to the reduction of the free water. Thus, in this partially
hydrated sample, the amount of free water decreases by about
50% compared to its fully hydrated counterpart. The
disappearance of the density hysteresis in the partially hydrated
sample strongly suggests that (1) the free water, not the bound
water, undergoes a liquid−liquid transition and (2) a well-
developed hydrogen-bond network in free water is the
necessary condition for water confined in MCM-41 to exhibit
liquid−liquid transition.
Though the confined water system behaves differently from

the bulk water due to the strong confinement, it is still
interesting to compare our result to the theoretical and
numerical predictions related to bulk water. Four scenarios
have been proposed for the low-temperature phase behavior of
liquid water,42 they are (1) the stability limit (SL) scenario;43

(2) the liquid−liquid critical point (LLCP) scenario;5 (3) the
singularity-free (SF) scenario;44−46 and (4) the critical-point
free (CPF) scenario.47 The phase diagram obtained here is
qualitatively similar to the phase diagrams suggested by LLCP

Figure 4. Average density of the confined D2O as a function of T at P
= 0.1 (black squares), 1 (red circles), 2.5 (heating scan, blue up
triangles), 4 (green down triangles), and 5 (magenta left triangles)
kbar. The LHS region of the dashed vertical line is the two-phase
region with its phase separation between 3 and 4 kbar. The RHS
region of the dotted vertical line is the one-phase region. All data in
this figure were taken at SPINS.

Figure 5. Density profiles of confined D2O with warming (red up
triangles) and cooling (black down triangles) scans for a partially
hydrated sample at P ∼ 1600 bar. It is seen that no hysteresis is found
in this sample. We also plot the density profiles of confined D2O with
warming (orange circles) and cooling (blue squares) scans for the fully
hydrated sample at P ∼ 1600 bar for comparison. All data in this figure
were taken at SPINS.
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scenario and SF scenario. In this study, we define the end point
of the LLPT as the LLCP of the confined heavy water. The SF
scenario suggests that no singularity at the end point of the
LLPT.44 To directly distinguish between these two scenarios,
one may want to study the critical behavior of the LLPT end
point. Nevertheless, the quasi-one-dimensional geometry in
MCM-41 can strongly suppress any critical behavior.15 Thus, to
measure the critical behaviors near the end point of LLPT is
almost impossible. In fact, as the pressure approaching the
critical pressure, the absolute value of the isobaric thermal
expansion coefficient |αP| of the confined D2O exhibits no
critical phenomenon.48 Kumar et al. suggests another method
to distinguish between these two scenarios: in the LLCP
scenario, the maximum of CP increases with the increase of
pressure, whereas in the SF scenario, the maximum of CP does
not.29 In ref 10, below the critical pressure, the maximum
density difference increases from 0.010 g/cm3 at 1 bar to 0.017
g/cm3 at ∼1 kbar. Considering the fact that the |αP| increases
only by 2.7% as P increases from 1 bar to ∼1 kbar,48 we
conjecture that such big increases on maximum density
difference as P increases from 1 bar to ∼1 kbar is mainly due
to the enhancement of the temperature lag, which indicates a
larger CP. Following this logic, we suggest that the LLCP
scenario provides a better explanation. It is worth mention that,
for bulk water, recent experimental and theoretical studies
support the LLCP scenario rather than the SF scenario.49−51

In summary, we investigate the average density of the deeply
cooled heavy water confined in the MCM-41 over the
pressure−temperature plane. By detecting the density hyste-
resis, we find that the transition in the system is a liquid−liquid
transition, rather than a liquid−solid transition. The locus of
the LLPT line is determined. Its end point, which locates at
1.29 ± 0.34 kbar and 213 ± 3 K, could be the LLCP according
to the LLCP scenario. The locus of the Widom line is also
estimated. Therefore, the phase diagram of the confined water
system is obtained. In addition, we measure an 80% partially
hydrated sample, and it shows that no transition appears in this
sample even at high pressures. This result shows that it is the
free water part, rather than the bound water part, of the
confined water that undergoes a liquid−liquid transition.
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Evidence of the Existence of the High-Density and Low-Density
Phases in Deeply-Cooled Confined Heavy Water under High
Pressures. J. Chem. Phys. 2014, 141, 014501.
(12) Poole, P. H.; Sciortino, F.; Essmann, U.; Stanley, H. E. Spinodal
of Liquid Water. Phys. Rev. E 1993, 48, 3799−3817.
(13) Murata, K.-I.; Tanaka, H. General Nature of Liquid−Liquid
Transition in Aqueous Organic Solutions. Nat. Commun. 2013, 4,
3844.
(14) Murata, K.-I.; Tanaka, H. Liquid−Liquid Transition without
Macroscopic Phase Separation in a Water−Glycerol Mixture. Nat.
Mater. 2012, 11, 436−443.
(15) Gelb, L.; Gubbins, K.; Radhakrishnan, R.; Sliwinska-Bartkowiak,
M. Phase Separation in Confined Systems. Rep. Prog. Phys. 1999, 62,
1573−1659.
(16) Mamontov, E.; Chu, X.-Q. Water−Protein Dynamic Coupling
and New Opportunities for Probing It at Low to Physiological
Temperatures in Aqueous Solutions. Phys. Chem. Chem. Phys. 2012,
14, 11573−11588.
(17) Limmer, D. T.; Chandler, D. The Putative Liquid−Liquid
Transition is a Liquid-Solid Transition in Atomistic Models of Water.
J. Chem. Phys. 2011, 135, 134503.
(18) Limmer, D. T.; Chandler, D. The Putative Liquid−Liquid
Transition is a Liquid-Solid Transition in Atomistic Models of Water.
II. J. Chem. Phys. 2013, 138, 214504.
(19) Palmer, J. C.; Martelli, F.; Liu, Y.; Car, R.; Panagiotopoulos, A.
Z.; Debenedetti, P. G. Metastable Liquid−Liquid Transition in a
Molecular Model of Water. Nature 2014, 510, 385−388.
(20) Liu, D.; Zhang, Y.; Chen, C.-C.; Mou, C.-Y.; Poole, P. H.; Chen,
S.-H. Observation of the Density Minimum in Deeply Supercooled
Confined Water. Proc. Natl. Acad. Sci. U.S.A. 2007, 104, 9570−9574.
(21) Liu, D.; Zhang, Y.; Liu, Y.; Wu, J.; Chen, C.-C.; Mou, C.-Y.;
Chen, S.-H. Density Measurement of 1-D Confined Water by Small
Angle Neutron Scattering Method: Pore Size and Hydration Level
Dependences. J. Phys. Chem. B 2008, 112, 4309−4312.
(22) Kamitakahara, W. A.; Faraone, A.; Liu, K.-H.; Mou, C.-Y.
Temperature Dependence of Structure and Density for D2O Confined
in MCM-41-S. J. Phys.: Condens. Matter 2012, 24, 064106.
(23) See the Supporting Information for the description of the
sample and the analysis model used in this study.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.5b00827
J. Phys. Chem. Lett. 2015, 6, 2009−2014

2013

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.5b00827
http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.5b00827
mailto:sowhsin@mit.edu
http://dx.doi.org/10.1021/acs.jpclett.5b00827


(24) Liu, L.; Chen, S.-H.; Faraone, A.; Yen, C.-W.; Mou, C.-Y.
Pressure Dependence of Fragile-to-Strong Transition and a Possible
Second Critical Point in Supercooled Confined Water. Phys. Rev. Lett.
2005, 95, 117802.
(25) Wang, Z.; Liu, K.-H.; Le, P.; Li, M.; Chiang, W.-S.; Leaõ, J. B.;
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