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ABSTRACT
We report a molecular dynamics simulation study of dense ice modeled by the reactive force field (ReaxFF) potential, focusing on the possibil-
ity of phase changes between crystalline and plastic phases as observed in earlier simulation studies with rigid water models. It is demonstrated
that the present model system exhibits phase transitions, or crossovers, among ice VII and two plastic ices with face-centered cubic (fcc) and
body-centered cubic (bcc) lattice structures. The phase diagram derived from the ReaxFF potential is different from those of the rigid water
models in that the bcc plastic phase lies on the high-pressure side of ice VII and does the fcc plastic phase on the low-pressure side of ice VII.
The phase boundary between the fcc and bcc plastic phases on the pressure, temperature plane extends to the high-temperature region from
the triple point of ice VII, fcc plastic, and bcc plastic phases. Proton hopping, i.e., delocalization of a proton, along between two neighboring
oxygen atoms in dense ice is observed for the ReaxFF potential but only at pressures and temperatures both much higher than those at which
ice VII–plastic ice transitions are observed.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0016565., s

I. INTRODUCTION

A common feature in crystalline ice phases consisting of
H2O molecules is that each molecule has four hydrogen-bonded
neighbors. Molecular dynamics (MD) simulation studies, how-
ever, reported a possibility of plastic crystal phases in which water
molecules freely or frequently rotate at their lattice sites.1–5 The sim-
ulated plastic ice phases are found to be stable at pressures and tem-
peratures in the domain of ice VII; a schematic phase diagram of
dense ice and liquid water is shown in Fig. 1. Takii et al.,1 Aragones
et al.,2 and Aragones and Vega3 demonstrated, using common rigid-
body models of water, that as the temperature is increased at a
fixed pressure, ice VII is transformed into a plastic phase, keeping
the body-centered cubic (bcc) lattice, and then into liquid water. It
was also noted1 that a plastic ice phase with the face-centered cubic
(fcc) lattice may also be a stable phase depending on the choice

of models. Aragones and Vega3 reported high-pressure phase dia-
grams of three common models of water, all of which have both
the bcc and fcc plastic ices as stable phases. Structural and dynam-
ical properties of the bcc and fcc plastic ices have been studied in
detail.6

Although no plastic ice phase is confirmed yet by experiment,
some anomalies in ice VII have been reported in several experi-
mental studies. Raman spectroscopy studies found that the pressure-
dependent linewidth of the ν1 OH stretching mode exhibits a min-
imum around 12 GPa,7,8 that the diffusion coefficient of protons in
ice VII becomes maximal around 10 GPa,9 and that the pressure-
dependent Raman modes undergo anomalous changes at 13 GPa
–15 GPa;10 x-ray diffraction studies suggest a structural change
from the cubic lattice to a tetragonal structure upon compression
between 11 GPa and 14 GPa;11,12 and an earlier neutron diffrac-
tion study reported a structural change of ice VII to a structure
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FIG. 1. A schematic phase diagram of high-density water. The numbers VI, VII,
VIII, and X indicate crystalline ice phases.

in which deuterons occupy interstitial sites of the oxygen sublat-
tice starting at 13 GPa;13 but a recent study finds no evidence to
support the interstitial model.14 A recent study based on a novel
nuclear magnetic resonance (NMR) technique shows that the chem-
ical shift of proton changes discontinuously at 20 GPa and 75 GPa
at room temperature, suggesting that the first transition is between
two domains of ice VII with high-barrier and low-barrier hydrogen
bonds.15 In short, anomalous structural and dynamical behaviors in
ice VII have been observed at pressures much lower than that of
the VII–X phase transition, but the origin of the anomalies remains
unclear.

While rigid-body models of water exhibit phase transitions to
plastic ice at high pressures,1–6,16 water simulated by ab initio MD
simulation undergoes structural changes from ice VII, where the
proton density distribution between a given pair of neighboring oxy-
gen atoms is unimodal, to a phase called ice VII′, where the pro-
ton distribution is bimodal.17–22 The bimodal distribution results
from proton hopping, not from rotational motion of molecules, and
so ice VII′ is not a plastic solid. The recent high-pressure NMR
study reports evidence for quantum-mechanical tunneling of pro-
tons in ice VII.15 Until recently, first-principles MD studies had
not provided evidence to support plastic ice; however, Hernan-
dez and Caracas for the first time showed the appearance of bcc
plastic ice.23

Here, we report the high-pressure phase behavior of water
obtained by MD simulations with a reactive force field (ReaxFF).
Since its invention,24 the ReaxFF has developed into a major atom-
istic force field and has been applied to a wide variety of reactive
systems.25 The reactive MD simulation technique is atomistic in
the sense that molecules, now H2O, are not predefined but spon-
taneously form from the constituent atoms. Thus, the reactive force
field is potentially applicable to wider ranges of pressures and tem-
peratures where molecular structure may be deformed or different
molecular species may form. Furthermore, one can simulate with
this force field a system consisting of thousands of atoms with a
reasonable computational cost, which is an advantage over ab initio

MD simulation when examining phase transitions in a macroscopic
system.

We will see that plastic ice spontaneously forms in the reactive
force field as it does in the rigid-body models. However, the phase
diagram deduced from the present simulation is different from those
of the classical models or that implied by ab initio MD simulation.23

Our paper is organized as follows. In Sec. II, we describe the
model system and the method of simulation; in Sec. III, we present
simulation results, structural and dynamics analyses, and a phase
diagram of this water model; Sec. IV is devoted to conclusions and
outlook on further studies.

II. COMPUTATIONAL DETAILS
We performed NpT and NVT MD simulations of water using

the reactive force field ReaxFF. This method assumes the potential
energy of a system consisting of atoms (H and O atoms with the
ratio 2:1 in the present study) at given positions to be the sum of the
bond energy Ebond, the energy penalty Eover for forming extra bonds,
the three-body (valence angle) energy Eangle, the four-body (torsional
angle) energy Etor, the van der Waals and Coulomb energies EvdW
and EC, and the specific energy Espec required to account for specific
interactions such as the hydrogen bond. The ReaxFF parameters for
H and O atoms employed in the present study are those listed in
the supplementary material in Ref. 26. The ReaxFF potential has
been employed for MD simulations of bulk, interfacial, and con-
fined water.27–30 The molecular structure of H2O in bulk water is
very close to that determined by experiment, the dipole moment
in bulk water is less than the experimental value, and both struc-
tural and dynamical properties of bulk water are in fair agreement
with the experimental results.27 Structures and phase behaviors of
water confined in carbon nanotubes and water between graphene
layers, which were found in earlier simulation studies31–33 and later
confirmed by experiment,34,35 are also well reproduced by the MD
simulations with the ReaxFF potential.28–30 Given the validity of
ReaxFF for simulating water under ambient as well as extreme con-
ditions, it is possible that the flexible, reactive force field is applicable
to dense ice and liquid water under high-pressure and/or high-
temperature conditions where rigid-body models of water become
unreliable.

The model system consists of 1024 oxygen atoms and 2048
hydrogen atoms. All the MD simulations were implemented
by the large-scale atomic/molecular massively parallel simulator
(LAMMPS,36 17 November 2016 version). The temperature T and
the pressure p were fixed by the Nosé–Hoover thermostat and
barostat: the simulation cell is a rectangular parallelepiped, subject
to periodic boundary conditions, with the ratios of three dimen-
sions not being fixed. In the case of the NVT MD simulation, a
cubic simulation cell was employed. The oxygen atoms were initially
arranged to form ice VIII with the lattice constant a = b = 3.1 Å and
c = 3.244 Å, and the hydrogen atoms are placed at midpoints
between oxygen atoms in each sublattice of ice VII. An equilibra-
tion run was carried out for 10 ps at 8 GPa and 100 K, followed by
an isobaric heating process ending at 300 K, and then, we found that
the structure of ice VII, having a bcc lattice and a proton-disordered
configuration, formed spontaneously during that process. It was
also confirmed that the same structure of ice VII, with a different
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proton-disorder arrangement, was obtained starting from the struc-
ture of ice X. Thermodynamic-state points examined in the present
study range in temperature from 300 K to 600 K and in pressure
from 4 GPa to 42 GPa. The temperature and pressure were changed
stepwise, respectively, by 5 K–10 K and by 0.01 GPa–0.1 GPa. As we
will see below, in this range of the thermodynamic states, crystal-
plastic, crystal–crystal, and solid–liquid spontaneous phase changes
were observed.

III. RESULTS AND DISCUSSION
A. Appearance of plastic ice: Dynamics

One of the features of a plastic crystal of small molecules is rota-
tional motions of the molecules. Thus, to examine the existence of
plastic crystal phases of H2O modeled by the ReaxFF potentials, we
first evaluate reorientation dynamics of molecules in dense ice at sev-
eral pressures and temperatures. Figure 2 shows the time-correlation

FIG. 2. The reorientational correlation function C(t) of H2O molecules in high-density ice: (a) 300 K, 400 K, and 500 K at 8 GPa; (b) 8 GPa, 27 GPa, and 40 GPa at 400 K;
and (c) semi-log (upper row) and log–log (second row) plots of C(t) in (b).
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function of the unit vector u(t) along the dipole moment of a water
molecule, or the reorientational correlation function, defined by

C(t) = ⟨u(t) ⋅ u(0)⟩,

where the average is taken over all molecules and over the time
origins. The dipole moment of each molecule is calculated from
the instantaneous positions of its H and O atoms assuming charge
neutrality in the molecule and charge symmetry for two H atoms.

Shown in Fig. 2(a) are C(t) at T = 300 K, 400 K, 500 K, all under
8 GPa. The reorientational correlation decays rapidly and vanishes
within 3 ps at 400 K and 500 K, indicating that water molecules at
lattice sites freely rotate with some characteristic time shorter than
3 ps. At 300 K, however, the correlation function decays to ∼ 0.8 in
3 ps, meaning that the water molecules do not rotate frequently.

Plotted in Fig. 2(b) are C(t) for three different pressures, 8 GPa,
27 GPa, and 40 GPa, all at 400 K. The reorientational correlation
decays very rapidly at 8 GPa, and it decays considerably within 3 ps
at 40 GPa [C(t) ∼ 0.2 at 3 ps], but the correlation does not disappear
at 27 GPa. Thus, the pressure dependence of C(t) is non-monotonic:
water molecules rotate more or less freely at the low and high pres-
sures, but they do not at the medium pressure. This result implies
the reentrant appearance of plastic crystal phases. It is clear from
semi-log plots of C(t) in Fig. 2(c) that the reorientational correla-
tions at 8 GPa and 40 GPa decays exponentially with a characteristic
time τ: C(t) = exp(−t/τ). On the other hand, as seen from the semi-
log and log–log plots, the reorientational correlation at 27 GPa and
400 K shows a power-law decay C(t) ∼ t−α in a sub-picosecond time
scale and an exponential decay in a longer time scale. This type of
decay in the reorientational correlation function of water molecules
indicates that hydrogen-bond rearrangement occurs only occasion-
ally in a short period and otherwise water molecules do not change
hydrogen-bonding partners.37

Table I lists the characteristic time τ of the exponential decay
of the reorientational correlation function C(t) at selected temper-
atures and pressures: τ ranges 0.35 ps–9 ps. Considering the fact
that the average lifetime of hydrogen bonds in liquid water at room
temperature is 2 ps–3 ps,38 ice with the finite values of τ may be con-
sidered a “liquid” with regards to rotational motion, i.e., a plastic
solid. Blank cells in Table I are those cases in which C(t) does not
decay appreciably within 3 ps or decays in a power-law fashion in a
sub-picosecond time scale.

To check the dynamical properties of the ReaxFF liquid water
at high pressures, we calculated translational and rotational diffu-
sion coefficients, DT and DR,39 of water molecules under 0.1 GPa,
1 GPa, 2 GPa, and 3 GPa at 400 K. It is found that DT decreases
with increasing pressure, while DR is nearly constant. This trend is

TABLE I. The characteristic time τ (ps) of the exponential decay for the reorientational
correlation function C(t) as obtained from fitting in the interval 0.2 ps–1.2 ps. The blank
cells correspond to non-plastic states in which C(t) does not decay to values less than
0.7 in 3 ps.

300 K 400 K 500 K

8 Gpa . . . 0.66 0.35
27 Gpa . . . . . . 0.58
40 Gpa 8.78 2.02 1.00

qualitatively the same as the experimental results obtained by Bove
et al.40 However, the diffusion coefficients obtained from the ReaxFF
potential are consistently larger than the corresponding experimen-
tal data. The values of DT and DR are given in the supplementary
material.

B. Appearance of plastic ice: Structure
Unlike classical force field models, the ReaxFF model treats

each molecule as interacting atoms, and so molecules may dissociate
and rearrange covalent bonds. Therefore, in addition to the possi-
bility of rotational motions of H2O in dense ice, a proton between
two neighboring oxygen atoms may hop from one potential well
to another exchanging its covalent- and hydrogen-bonding oxygen
atoms. Such proton hopping motions are observed in ab initio MD
simulations.23

Anticipating the two possibilities, we look at the distribution
of relative coordinates of a proton during Δt = 3 ps from a refer-
ence time t0. Shown in Fig. 3(a) is the coordinate system, in which
the origin is taken to be the position of the oxygen atom closest to
the proton in question and the x-axis is defined by the position of
the second nearest oxygen atom. The coordinate system is defined
at t = t0 and is kept fixed over Δt, while the positions of the two
oxygen atoms fluctuate. The coordinates xH, yH, zH of the proton
evolve during the interval Δt. Figure 3(b) shows the distributions fx
of xH during Δt, which is averaged over the choices of t0 with equal
intervals of 0.1 ps and over all the protons in the system. The func-
tion fx(x) would have a single peak at around 1 Å if the covalent
bond O–H is intact and if the hydrogen bond along the x-direction
is kept during Δt; fx(x) would have double peaks, one at around
1 Å and another at around 1 Å from the other oxygen atom, if the
proton hops between two potential wells corresponding to O–H⋯O
and O⋯H–O, where ⋯ denotes hydrogen bonds; fx(x) would show
a broad distribution with a tail extending over the range x < 0 if the
molecule rotates frequently during Δt. It is seen in Fig. 3(b) that fx(x)
does not have double peaks in the range x > 0, confirming that no
proton hopping occurs during Δt at any of the nine states examined
here. In three cases, (300 K, 8 GPa), (300 K, 27 GPa), and (400 K,
27 GPa), fx(x) has a sharp, single peak, indicating that these solids
are crystalline ice. In four out of the remaining six cases, (400 K,
8 GPa), (500 K, 8 GPa), (500 K, 27 GPa), and (500 K, 40 GPa),
fx(x) shows broad distributions of xH extending over the range
−1 < x < 1, while in the other two cases, (300 K, 40 GPa) and (400 K,
40 GPa), the distributions have tails extending over x < 0, but they
are less broad than the former cases. It is confirmed that in the above
six cases, the reorientational correlation function C(t) decays expo-
nentially rapidly as we saw in Fig. 2, suggesting that these solids are
plastic ice.

Figure 3(c) shows distributions fyz of a proton projected on
the y, z plane. In the three cases, (300 K, 8 GPa), (300 K, 27 GPa),
and (400 K, 27 GPa), the distributions are sharper than in the oth-
ers, having peaks at the center. In the cases (400 K, 8 GPa) and
(500 K, 8 GPa), the distributions are very broad, indicating that
molecules are rotating nearly freely. Finally, in the three cases of
40 GPa, there appear broad, annular distributions, which are dis-
tinct from broad distributions at 8 GPa. The ring-shaped distribu-
tions in fyz together with the corresponding distributions fx(x) in
Fig. 3(b) indicate that O–H⋯O atoms are less likely to be colinear
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FIG. 3. Distributions of a proton between two neighboring oxygen atoms in a time interval Δt = 3 ps starting from a reference time t0. (a) The coordinate system defined
at t0; (b) the distributions fx of the x-coordinate xH; (c) the distributions fyz of the y- and z-coordinates yH and zH on the yz plane. The lighter the tone, the larger the
distribution.

and water molecules undergo precession and occasionally rotate to
change their hydrogen-bonding partners.

Earlier simulation studies of classical models of water have
shown that there are two stable plastic ice phases, the one with
body-centered cubic (bcc) and the other with face-centered cubic
(fcc) lattice structures.1,3 The two phases with the bcc and fcc lat-
tice may transform to each other via a martensitic phase tran-
sition, just by scaling the z coordinate of the bcc lattice in
Fig. 4(a).3

Now, we examine the lattice structures of plastic ice given by the
reactive force field (ReaxFF). Figure 4 shows spatial distributions of
oxygen atoms that are the nearest neighbors of each oxygen atom for
the same nine states as in Fig. 3. The xyz coordinate systems for the
bcc and fcc lattices are now defined in Fig. 4(a). Figure 4(b) shows the
projection of the distribution on the x, y plane, and Fig. 4(c) shows
that on the x, z plane. Among the nine states, three states (300 K,
8 GPa), (300 K, 27 GPa), and (400 K, 27 GPa), correspond to those of

ice VII, and the other six states correspond to those of plastic ice. In
each of the three cases of ice VII, there appear four spots in the pro-
jection on the x, y and x, z planes, reflecting eight nearest neighbors’
characteristic of the bcc lattice. In four cases of plastic ice, (500 K,
27 GPa), (300 K, 40 GPa), (400 K, 40 GPa), and (500 K, 40 GPa),
there are four spots as in the cases of ice VII: they have the bcc lat-
tice. However, in the other two cases, (400 K, 8 GPa) and (500 K,
8 GPa), of plastic ice, there are eight spots in the projection on the
x, y plane and seven spots in the projection on the x, z plane. This
reflects their fcc lattice structure. We have also confirmed that the
relative dimensions of the simulation cell at two cases are consistent
with the fcc and bcc lattices.

The oxygen–oxygen radial distribution functions g(r) at 500 K,
27 GPa and 500 K, 8 GPa are shown in the supplementary material.
The resulting g(r) at 27 GPa and 8 GPa are, respectively, similar to
those of the bcc and fcc plastic crystals obtained for the TIP4P/2005
potential.3
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FIG. 4. Density distributions of the nearest neighbor oxygen atoms from each central oxygen atom in high-density ice at nine states: (a) the bcc and fcc lattices of oxygen
atoms with the mutual orientations between which a martensitic phase transformation may occur.3 The distributions on (b) the x, y plane and (c) the x, z plane in the coordinate
system in (a).

Note that the fcc plastic crystal phase lies at lower pressures
(e.g., 8 GPa) than ice VII and the bcc plastic phase, which means
that the fcc plastic ice is less dense than ice VII and the bcc plastic
ice at the same temperature. In the case of TIP4P/2005 water, the fcc
plastic ice is denser than the bcc plastic ice.3

C. Phase behavior
Having confirmed that fcc and bcc plastic ices both form spon-

taneously under their respective pressure, temperature conditions in
the reactive force field ReaxFF, we will now examine phase changes
between ice VII and a plastic crystal phase and between the two plas-
tic crystal phases. In Fig. 5(a), density variations upon compression
and decompression between 8 GPa and 20 GPa at 500 K are shown.
Upon compression starting from 8 GPa, the density increases con-
tinuously until a discontinuous jump occurs at a pressure between 18
GPa and 19 GPa where the bcc plastic ice forms spontaneously from
the fcc plastic phase. Upon decompression, the density decreases
continuously forming a hysteresis loop up to a pressure between
9 GPa and 10 GPa, where the bcc to fcc plastic phase change occurs,
and then, the density follows the same path as compression.

Figure 5(b) shows variations of the density, enthalpy, and
potential energy in the low, medium, and high pressure ranges. In
the pressure range of the hysteresis loop, differences in the poten-
tial energy ΔU, the pressure-volume term pΔV, and the enthalpy
ΔH between the fcc and bcc plastic ices are evaluated, as listed
in Table II, where ΔX means Xfcc − Xbcc. The potential energy of
the fcc plastic ice is lower than that of the bcc plastic ice at any
of the three pressures, the difference being smaller at higher pres-
sures. The molar volume of the fcc plastic ice is larger than that of
the bcc plastic ice at each pressure as noted above. Furthermore,
another counter-intuitive fact is that the molar volume difference
ΔV (>0) increases with increasing pressure, and as a consequence,
the pressure–volume term pΔV increases more rapidly than linearly
with p. Because of pΔV, the enthalpy difference ΔH = ΔU + pΔV
changes its sign (from negative to positive) with increasing pressure
in this range. This, in turn, means that the slope dp/dT of the phase
boundary between the fcc and bcc plastic ices may be positive or neg-
ative, depending on the equilibrium pressure in the hysteresis range.
We can, however, estimate a magnitude of the slope. With ΔH (or
ΔU) and pΔV, the dimensionless slope (T/p)(dp/dT) of the phase
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FIG. 5. Isothermal variations of density, enthalpy, and potential energy with increasing and decreasing pressure between 8 GPa and 20 GPa at 500 K. The low- and
high-density phases at any given pressure in the hysteresis interval are, respectively, the bcc and fcc plastic ices. (a) Density variations. (b) Density, enthalpy (configura-
tional), and potential energy variations in the low, medium, and high pressure ranges. Blue and red colors indicate data points obtained upon decreasing and increasing
pressure.

boundary is given by a Clapeyron equation,

T
p
dp
dT
=

ΔH
pΔV

= 1 +
ΔU
pΔV

. (1)

We have evaluated (T/p)(dp/dT) using the values of p, ΔU, and ΔV
in Table II and listed the values in the same table. We find that the
magnitudes are rather small: |(T/p)(dp/dT)| < 1.3 or equivalently
|dp/dT| < 0.03 GPa/K.

Figure 6 illustrates crystalline ice-plastic ice phase transitions
as isobaric and isothermal density variations. Figure 6(a) shows iso-
baric density variations upon heating from 200 K to 400 K at 8 GPa,
which include density jumps associated with two phase transitions.
One is a transition from ice VIII to VII, which is accompanied by a
small increase in density. The other is the ice VII-to-fcc plastic phase

TABLE II. Differences in the potential energy ΔU (kJ/mol), the molar volume ΔV
(cm3/mol), the pressure-volume term pΔV (kJ/mol), and the enthalpy ΔH (kJ/mol)
between the fcc and bcc plastic ices at three pressures in the hysteresis loop, where
ΔX are defined as X fcc − Xbcc. (T /p)(dp/dT) are the dimensionless slope of the
phase boundary evaluated by Eq. (1). The temperature is fixed at 500 K.

P ΔU ΔV pΔV ΔH
T
p
dp
dT

9.9 GPa −1.04 0.046 0.46 −0.59 −1.29
14.0 GPa −1.17 0.110 1.54 0.37 0.24
18.2 GPa −0.64 0.107 1.95 1.31 0.67

transition accompanied by a large decrease in density. Figure 6(b)
shows density variations upon compression and decompression at
300 K. The solid phase on the low-pressure side is ice VII, and the
one on the high-pressure side is bcc plastic ice.

As we have seen above, in the ReaxFF water model, the fcc
plastic phase is less dense than ice VII and the bcc plastic phase at
respective phase boundaries. Then, the O–O distance dOO between
neighboring oxygen atoms must increase upon a transition from a
bcc phase (ice VII or plastic) to the fcc plastic phase. It is interest-
ing to see how the O–O distance dOO between neighboring oxygen
atoms changes upon the transition between fcc and bcc plastic ice
phases and the transition between ice VII and fcc plastic ice phases.
Assuming the equilibrium pressure to be 14 GPa at 500 K (see Fig. 5),
one finds that dOO for the bcc plastic crystal is 2.73 Å, while dOO for
the fcc plastic crystal is 2.82 Å. In the case of the transition between
ice VII and fcc plastic ice at 320 K and 8 GPa [see Fig. 6(a)], dOO for
ice VII is 2.79 Å, while dOO for fcc plastic ice is 2.89 Å. Thus, the
above cases illustrate that dOO for fcc plastic ice is three or 4% longer
than those for ice VII or bcc plastic ice.

Table III summarizes the phase changes that have been
observed during isobaric and isothermal processes in the simula-
tions. Some of the temperatures and pressures at which the spon-
taneous phase changes are observed may not be close to those at
phase equilibrium and may be close to those of the stability lim-
its of mother phases. Hysteresis is observed for the fcc–bcc plas-
tic phase changes on the isothermal paths at 500 K and 600 K
and for the VII–bcc plastic phase change on the isothermal path
at 300 K.
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FIG. 6. Density variations associated with VII–VII, VII–fcc plastic, and VII–bcc plastic phase transitions. (a) Density vs temperature at 8 GPa. (b) Density vs pressure at 300 K.
Blue and red colors indicate the data points obtained upon decreasing and increasing pressure.

D. Phase diagram
Shown in Fig. 7 is a phase diagram of H2O derived from our

ReaxFF MD simulations. The ice phase with the solid–fluid phase
boundary in this temperature range is the fcc plastic crystal: the melt-
ing curve has a positive slope, indicating that the fcc plastic ice is
denser than the liquid in equilibrium. The fcc plastic phase has a
phase boundary with ice VII at temperatures lower than ∼410 K; it
also has a phase boundary with bcc plastic ice at temperatures higher
than ∼410 K. The bcc plastic phase lies on the high-pressure side of

TABLE III. The phase changes observed in the ReaxFF MD simulations of H2O.

Fixed T or p Range of T or p Phase change

300 K 6 GPa–3 GPa fcc→ liquid at 3.8 GPa
300 K 32 GPa–42 GPa VII→ bcc at 38 GPa
300 K 42 GPa–32 GPa bcc→ VII at 35 GPa
400 K 8 GPa–4 GPa fcc→ liquid at 4.4 GPa
450 K 8 GPa–20 GPa fcc→ bcc at 17 GPa
500 K 8 GPa–20 GPa fcc→ bcc at 18.5 GPa
500 K 20 GPa–8 GPa bcc→ fcc at 9.5 GPa
600 K 8 GPa–20 GPa fcc→ bcc at 19.2 GPa
600 K 20 GPa–8 GPa bcc→ fcc at 9.5 GPa
600 K 8 GPa–4 GPa fcc→ liquid at 6.0 GPa

8 GPa 300 K–400 K VII→ fcc at 320 K
8 GPa 700 K–800 K fcc→ liquid at 750 K
14 GPa 350 K–450 K VII→ bcc at 410 K
18 GPa 400 K–500 K VII→ bcc at 440 K
27 GPa 400 K–500 K VII→ bcc at 430 K
30 GPa 400 K–500 K VII→ bcc at 420 K

the phase boundary with the fcc plastic phase. The fcc–bcc phase
boundary is nearly parallel to the temperature axis in the ranges of
pressure and temperature in Fig. 7: the estimated slope of the phase
boundary is listed in Table II. The triple point of ice VII, fcc plastic,
and bcc plastic phases is located around 10 GPa and 410 K. Starting
from the triple point, the VII–bcc phase boundary extends toward a
higher pressure region, and that phase boundary has a point of max-
imum temperature, where ice VII and bcc plastic ice have the same
density. At pressures above the point of maximum temperature, the
bcc plastic ice is denser than ice VII.

The phase diagram of H2O obtained from our ReaxFF MD sim-
ulations has both similarities and differences as compared with the

FIG. 7. Phase diagram of high-pressure water obtained from the MD simulations
with the ReaxFF potential.
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phase diagrams for rigid-molecule models of water.3,5 In agreement
with the simulation results for rigid-molecule models, the ReaxFF
model gives plastic ice as a stable phase being in a part of the region
experimentally assigned to ice VII and having a melting line. The
ReaxFF model gives both fcc and bcc plastic ice phases as do the
TIP4P/2005, TIP4P, and SPC/E models.3 In the phase diagrams of
TIP4P/2005 and SPC/E models, the fcc plastic phase occupies a large
region on the high-pressure, high-temperature side of the region of
ice VII while the bcc plastic ice phase exists marginally in a low-
pressure region bounded by the three boundaries with ice VII, the
fcc plastic, and liquid water.3 The notable difference from the phase
diagrams for the rigid-molecule models is that now the fcc plastic
phase exists in the low-pressure region and the bcc plastic phase in
the high-pressure region. As remarked above, the fcc plastic phase
is less dense than ice VII and than the bcc plastic phase at the
respective phase boundaries. Noting that the intermolecular inter-
actions are by far more complex that those of simple liquids, it is
not impossible that a solid phase with the fcc lattice is less dense
than solid phases with the bcc lattice at their phase boundary. In
fact, there is in the phase diagram constructed from ab initio cal-
culation a phase boundary between two superionic ice phases along
which the fcc phase is less dense than the bcc phase.41 The phase
diagrams of rigid water models and the ReaxFF model and the one
obtained from ab initio calculation suggest that the relative stabil-
ity of bcc over fcc dense ice is sufficiently small that it could be
reversed by the choice of force field parameters, methodologies, or
other computational details. However, it is beyond the scope of the
present study to identify the microscopic mechanisms causing those
discrepancies.

There are few ab initio MD simulation studies examining the
existence of a plastic ice phase. In 2018, Hernandez and Caracas
reported the first evidence of plastic ice as obtained from NVT-
ensemble ab initio simulations and proposed a phase diagram
including the plastic phase.23 The plastic ice phase is found to exist
in a lower-pressure part of the currently accepted domain of ice VII,
which is in agreement with the classical simulation result3 and with
the present ReaxFF simulation result. At higher pressures, however,
the plastic phase is no longer observed. Instead, the ab initio sim-
ulations found a solid phase called ice VII ′ in which the density
distribution of a proton between two neighboring oxygen atoms is
bimodal, i.e., the proton changes its position between O–H⋯O and
O⋯H–O. The ReaxFF is designed to be capable of simulating chem-
ical reactions including dissociation of molecules, and so, in princi-
ple, phases such as ice VII′ may be observed under certain thermo-
dynamic conditions; but in the region on the T, p plane examined
in the present study, the bcc plastic ice phase is found to be stable
on the high-pressure side of the domain of ice VII, and the proton
translation disorder is not observed. In our preliminary NpT MD
simulation with the ReaxFF potential, proton hopping or translation
along between two neighboring oxygen atoms, which is associated
with ice VII′, is observed only at pressures and temperatures much
higher than examined here, e.g., 170 GPa and 190 GPa at 1000 K and
under 180 GPa at 850 K.

Finally, we shall compare the simulation results with the experi-
mental results on dense ice. First, we note that no experimental stud-
ies so far report dense ice with the fcc structure in the pressure range
examined here: recent work based on x-ray diffraction of shock-
compressed water reports fcc ice above 100 GPa.42 The Raman

spectroscopy studies of dense ice by Pruzan et al.7,8 reported that the
width of the ν1 OH stretching mode as a function of pressure is min-
imal at around 12 GPa at room temperature. The non-monotonic
behavior implies that the hydrogen bond in ice is strongest at that
pressure and is notably weaker at pressures higher and lower than
that point. Another experimental study shows evidence that ice VII
contains hydrogen bonds with different lengths, indicating the struc-
ture of ice VII being more complex than previously thought.43 A
possible explanation, among many, is that the distribution in the
hydrogen-bond length in ice VII is due to the distribution of molec-
ular orientation in the predicted plastic ice. Recently, a time resolved
x-ray diffraction study demonstrates that liquid water transforms to
ice VII upon rapid compression, but whether that ice is crystalline
or plastic remains undetermined.44 The recent NMR study reports
that chemical shift values in ice VII suggest two distinct transitions
at 20 GPa and 75 GPa, the first one associated with some change in
the character of hydrogen bonding in ice and the second one cor-
responding to the change from ice VII to ice X.15 It is unclear how
the present results including the reentrant behavior of plastic phases
are related to the experimental results. We note that the re-entrant
behavior itself is not unique to the ReaxFF potential but is observed
for the TIP4P/2005 model;3 however, it is not found by ab initio MD
simulations.17–22

IV. SUMMARY
The NpT-ensemble MD simulations with the ReaxFF poten-

tial were carried out to investigate high-pressure phase behavior of
H2O. Two stable plastic crystal phases having the fcc and bcc lattices
were confirmed by the reorientational correlation function of H2O
molecules and the spatial distribution of protons.

The ReaxFF water exhibits VIII–VII and VII–fcc plastic phase
changes as the temperature is increased at a fixed pressure of
8 GPa. VII-to-fcc plastic phase changes are observed with increas-
ing temperature under 14 GPa or higher pressures and also
observed with increasing pressure at 300 K. Fcc–bcc plastic phase
changes are observed upon changing pressure at 450 K or higher
temperatures.

A phase diagram derived from the ReaxFF MD simulations is
given in Fig. 7. The fcc plastic phase lies on the low pressure side of
ice VII and does the bcc plastic phase on the high pressure side. This
feature is different from the results obtained from rigid models of
water.3

The spatial distribution of protons in the fcc plastic crystal and
that in the bcc plastic crystal are distinct from each other (see Fig. 3),
reflecting different reorientational motions of H2O molecules in the
two plastic phases. In the fcc plastic ice, H2O molecules rotate more
or less freely, thereby having the distribution of a proton nearly uni-
form around an oxygen atom. On the other hand, in the bcc plastic
phase, the distribution of each proton is annular around the axis
connecting two oxygen atoms, as shown in Fig. 3(c), and it has a
long tail when projected on that axis, as seen in Fig. 3(b). This means
that water molecules undergo precession and occasionally rotate to
change their hydrogen-bonding partners. The three kinds of char-
acteristic rotational motions of H2O molecules, “free” rotation in
the lower-pressure fcc, “no” rotation in the middle-pressure ice VII,
and “precessional” rotation in the higher-pressure bcc plastic phases,
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are closely related to the longer, medium, and shorter distances dOO
between two neighboring oxygen atoms in the three phases.

Finally, it is, in principle, possible to observe rearrangement of
chemical OH bonds and bimodal distributions of a proton between
two oxygen atoms and thus a state called ice VII′ in ReaxFF MD
simulations; however, no such features are observed in the pressure
and temperature ranges examined above: it is found from our pre-
liminary NpT MD calculation that the ReaxFF H2O ice does exhibit
proton hopping or delocalization along between two neighboring
oxygen atoms at 170 GPa, 1000 K and at 180 GPa, 850 K. The pres-
sures and temperatures are higher than those at which delocalization
is found by experiment and ab initio MD simulation. The discrep-
ancy might suggest that the ReaxFF model of H2O in the present
form does not accurately reproduce the phase diagram involving
superionic phases.

SUPPLEMENTARY MATERIAL

See the supplementary material for the diffusion coefficient
data for the ReaxFF liquid water at high pressures and the radial
distribution functions for the plastic ice phases.
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