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The changes of structure and distribution of dipole moment of water with temperatures up to 2800
K and densities up to 2.2 g/cm3 are investigated using ab initio molecular dynamics. Along the isochore of 1.0 g/cm3 , the structure of liquid water above 800 K is dramatically different from that at
ambient conditions, where the hydrogen-bonds network collapses. Along the isotherm of 1800 K,
the transition from the liquid state to an amorphous superionic phase occurs at 2.0 g/cm3 (32.9 GPa),
which is not observed along the isotherm of 2800 K. With increasing temperature, the average dipole
moment of water molecules is decreased arising from the weakened polarization by the collapse of
the hydrogen-bonds network, while it is contrarily increased with compression due to the strengthening effect upon the polarization of water molecules. Both higher temperature and pressure broaden
the distribution of dipole moment of water molecules due to the enhanced intramolecular charge
fluctuations. © 2011 American Institute of Physics. [doi:10.1063/1.3608412]
I. INTRODUCTION

Water is a special substance which has been paid the
most scientific attention among liquids over the past several
decades due to its fundamental role in many areas. Despite
the apparent simplicity of the water molecule, the condensed
phases of water, such as liquid water and ice, are the most
mysterious substances in our world.1 The reason lies in that
the highly directional hydrogen bonds (H-bonds) form the
complex network, leading to a complex phase diagram with
a variety of structural transitions and peculiar physical and
chemical properties.2, 3 For example, there are at least 15 crystalline phases for ice confirmed experimentally,4, 5 and new
phases are continually predicted in theory.6 Hitherto great efforts have been made to explore the properties of water,3 however, the nature of water is far from being fully understood,
even the structure of liquid water at ambient conditions is under debate.7–10
For recent years, scientists are intensively interested in
the behavior of water at extreme conditions because a thick
layer of “hot ice” consisting of 56% H2 O in Uranus and
Neptune predominantly determines many observable properties of these planets.11 Therefore the knowledge of water at
a wide range of pressures and temperatures is essential for
planetary science and fundamental physics. Neutron diffraction and x-ray diffraction, as two main techniques observing
the structure of fluid, have provided a lot of detailed information on the structure of liquid water.12 Furthermore, recent
progresses in experimental methods provided more information on the structure of liquid water under high pressures and
temperatures.13 For example, the structure factors of liquid
water up to 6.5 GPa and 670 K were measured with neutron
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diffraction, showing that water approaches a local structure
common to simple liquids with increasing density.14 Weck
et al. reported evolutions of the structure factor and oxygen
coordination number of H2 O and D2 O fluids via x-ray diffraction up to 4.5 GPa and 500 K.15 Katayama et al. extended immediately the x-ray diffraction measurement to 17.1 GPa and
850 K for structure of liquid water along the melting curve.16
Although experimental advancements have provided more insight into physical properties of water under extreme conditions, it must be stressed that experiments can only access certain areas of the phase diagram due to the limitations of technique. However, theoretical calculations are not restricted in
principle, thereby becoming an important way to investigate
the properties of water under extreme conditions. Ab initio
molecular dynamics (MD) simulation has been used to study
the properties of matter at high temperatures and densities,17
and widely applied to simulate the behavior of water cluster and liquid water.18, 19 For example, the study of water up
to twofold compression and 2000 K shows the bimolecular
mechanism of water dissociation under pressure.20, 21 An exotic superionic phase in the high pressure regime and above
2000 K was predicted, in which the hydrogen atoms diffused rapidly through the solid bcc lattice formed by oxygen
atoms.22 Later, Goncharov23 and Goldman24 investigated the
superionic phase along the 2000 K isotherm in detail. Schwegler et al.25 found the behavior of the ice-VII phase in the
range of 10–50 GPa below melting bore many similarities to
a type-II superionic solid because the onset of significant proton diffusion in ice-VII as a function of increasing temperature was gradual. Mattsson and co-workers26, 27 have extended
the known phase diagram of water to an extreme density of
15 g/cm3 and temperatures up to 24 000 K using quantum
MD simulations.
The polarization properties of water can be thermodynamically varied as considerably as structural properties at
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high temperatures.28 The dipole moment of water molecules
plays a crucial role in determining the polarization properties. Research on the distributions of molecular dipole moment is therefore essential for exploring the polarization properties of this polar solvent under extreme conditions. As a
pioneering work, Silvestrelli and Parrinello29, 30 investigated
the change of dipole moment of water molecules passing from
the gas to the liquid phase utilizing the maximally localized
Wannier functions (MLWFs) and Wannier function centers
(WFCs) technique.31, 32 Subsequently, Sharma et al.33, 34 investigated both the static and dynamic dielectric properties
of liquid and solid water in light of dipolar correlations. The
roles of dipole moment of water molecules in salty solutions35
and narrow pores were also reported.36 Compared with the
abundant knowledge of water at ambient conditions, the information of polarization properties of water under high pressures and temperatures is still scarce, which encourages us to
gain more insight into the charge fluctuations and variations
of the molecular structure.37 In addition, although the computer simulations with semiempirical force fields could treat
systems containing thousands of atoms, they are limited to
a narrow range of the phase diagram due to the validity of
the semiempirical force fields. In particular, many force fields
for water, taking into account the polarizable effects,38–40 can
only appropriate for the range of moderate temperatures and
pressures, approximately up to the supercritical state at most.
The requirement of producing a more accurate force field
for polarizable and flexible water, which can be applied at
a wide range of temperatures and pressures, requires the detailed knowledge of polarization properties of water under extreme conditions as benchmarks. The calculations from first
principles thus arise as a main approach to obtain these polarization properties of water.
In this work, we focus on the regime of P–T phase diagram in which the proportion of the dissociation of molecules
is small. The changes of the structure and dipole moment of
water at the temperatures up to 2800 K and the densities up to
2.2 g/cm3 are therefore reported based on ab initio MD simulations. The effects of temperature and pressure on the structure and dipolar distribution of water are investigated along
the isochore of 1.0 g/cm3 and two isotherms of 1800 K and
2800 K, respectively.
II. THEORETICAL METHOD

We performed ab initio MD simulations of water using the Car-Parrinello scheme,41 which was implemented in
CPMD package.42 The electronic structure was determined
from the density functional theory by solving the Kohn-Sham
equations, and the nuclei propagated around this ab initio potential according to Newton’s equation of motion because the
nuclear quantum effects were expected to be small within the
range of P–T considered here. For our simulations, the BeckeLee-Yang-Parr (BLYP)43, 44 functional was used to treat the
exchange-correlation interaction between electrons, which
has been shown to give a good description of structural and
electronic properties of water.45 The interaction between the
core and valence electrons was described by Troullier-Martins
norm-conserving pseudopotential46 with a plane-wave cutoff
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of 120 Ry, giving a good convergence of pressure.24 The Brillouin zone was sampled at the  point only.
The simulated system consisted of 32 H2 O molecules in
a cubic supercell with periodic boundary conditions. The size
effects were found to be rather small at ambient conditions.45
Here bigger box containing 64 H2 O molecules was tested at
highest density in our simulations and no significant difference was found. The size of box was 9.86 Å for 1.0 g/cm3 ,
which was rescaled according to different densities. The constant NVT simulations were performed and the temperature
was controlled via a Nosé-Hoover-chain thermostats.47 A
conservative value of 200 a.u. for the fictitious electronic mass
with 2.5 a.u. (0.06 fs) for the time step were chosen to ensure
the validity of adiabatic conditions for electrons in the whole
MD process. For the isochore of 1.0 g/cm3 , the temperature
was increased from 300 K to 2800 K with an increment of
several hundred Kelvin, while for the isotherms of 1800 K and
2800 K, the configuration was compressed from 1.0 g/cm3 to
2.2 g/cm3 with a sequential step of 0.2 g/cm3 . For each ρ-T
point the configuration was equilibrated for 2 ps at least and a
production simulation was run for 7 ps.
The structural properties of water were characterized by
the radial distribution function (RDF), which quantified the
probability of one atom being located at a certain distance
from another atom in coordination space. The dipole moment
of water molecules was calculated using the method of MLWFs, which were obtained from the Bloch orbitals available
via a unitary transformation. According to this method, we
could partition the total charge into individual molecular
contributions.29, 31 At each time step the instantaneous static
molecular dipole for the ith molecule in the cell is defined
as:37
μi = RH1 + RH2 + 6RO − 2

4


RWs ,

(1)

s=1

where RO , RH1 , RH2 are the nulcear coordinates of the
ith molecule, respectively, and RWs , s = 1, . . . , 4 are the
corresponding WFCs. Two MLWFs are centered on the OH
covalent bonds and the other two are lone pairs centered on
the remaining approximately tetrahedral directions. It must
be noted that at high temperatures and pressures, although
the total amount of dissociated molecules is small at the P–T
range considered here,21 water molecules are in dynamical
equilibration between dissociating and recombining. At each
time step, we used a dissociation criterion of coordination
number of oxygen atoms. The hydrogen atoms are assigned
to a certain molecule if the distance of OH is less than the
cutoff at which the coordination number n OH (r ) of oxygen
atom is equal to 2. The other dissociated molecules are
excluded in our calculations for dipole moment.
To identify the structural changes of water with increasing temperature and pressure, we calculated the RDFs and the
orientation order parameter Q, which is defined as:48

3
4 
3 
1 2
cos θi j +
Q =1−
,
(2)
8 i=1 j=i+1
3
where θi j is the angle subtended at the central oxygen atom
between the ith and jth bonds. The value of Q varies
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FIG. 1. Radial distribution functions of water at ρ = 1.0 g/cm3 from 300 K
to 2800 K calculated from our ab initio simulations.
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To shed light on the effects of temperature on the water structure, we have performed the ab initio MD simulations along an isochore of 1.0 g/cm3 , and presented the RDFs
of water at different temperatures in Fig. 1. For the oxygenoxygen RDF at 300 K, the first peak, second peak, and first
minimum are at the position of 2.77, 4.45, and 3.3 Å, respectively, which are in good agreement with x-ray scattering49
and neutron diffraction50 measurements. The coordination
number n OO (r ) under the first peak of gOO (r ) is 4.1, indicating
that the liquid water keeps the ordered arrangement with four
nearest neighbor molecules surrounding a center one. The OH
covalent bonds and H-bonds at 300 K, characterized by the
first two peaks of gOH (r ), are 0.98 and 1.77 Å, also consistent
with the previous experiment.51
With increasing temperature, the first peak of gOO (r ) is
broadened considerably, but its position remains essentially
fixed, with a small outward shift (i.e., shifting to larger value)
of 0.1 Å. The second and third peaks almost disappear at 500
K, indicating that these two coordination shells collapse with
raising temperature. Although the intensity of the first peak
reduces gradually, the feature of oxygen-oxygen RDFs becomes very similar above 800 K. They are characterized by
a largely broadened peak and an extensively covering peak
at about 5.6 Å. The coordination number of the first coordination shell reaches 12 at 2800 K compared with 4.1 at
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between 0 (in an ideal gas) and 1 (in a perfect tetrahedral network), which can be used as a measure of tetrahedrality for
local coordination structure.52 In addition, deeper insights on
the local arrangement of molecular geometry were achieved
through analyzing the distribution of the length and angle of
OH covalent bonds and H-bonds in simulation systems.
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FIG. 2. Distributions of the bond length and angle of OH covalent bonds
(CB) and H-bonds (HB) at ρ = 1.0 g/cm3 from 300 K to 2800 K.

ambient condition, and it seems that the first two coordination
shells merge into single one. The reason lies in that it is becoming easier to overcome the bound of H-bonds for thermal
excited water molecules, thereby the tetrahedral H-bonds network collapses dramatically and the liquid water approaches
homogeneity at high temperatures, as revealed from the second peak of gOH (r ). One can see that the second and third
peaks in gOH (r ) become merging above 800 K, in good agreement with the calculations by Ikeda et al.52 In addition, the
first minimal value of gOH (r ) is slightly larger than zero to
indicate the occurrence of dissociations of water molecules.
In order to gain a further insight into the structural
changes of water as is heated, we present the orientation order parameter Q and average number of H-bonds per water
molecule in Table I. The average number of H-bonds per water molecule is obtained through total number of H-bonds divided by total number of water molecules in the simulation
box. In the present work, a geometrical criterion of H-bonds53
is used, i.e., the distance between related oxygen atoms is less
than 3.5 Å and the hydrogen-donor-acceptor angle (i.e., Hbonds angle) is less than 30◦ . One can see that with increasing temperature, the average number of H-bonds per water
molecule is reduced from 1.85 at 300 K to 1.19 at 800 K,
and finally 0.8 at 2800 K. It indicates that the number of
H-bonds formed between the first-shell molecules and
the central molecule are decreased. Meanwhile, the number of interstitial molecules which are not hydrogenbonded (H-bonded) to any of the first-shell molecules
are increased correspondingly. The orientation order parameter varies from 0.72 at 300 K to 0.46 at 800 K,
and maintains about 0.4 above 800 K, showing that the
ideal tetrahedral coordination of water molecules collapses
at 800 K. It is consistent with Ref. 52 and the above analysis of RDFs. The distributions of the bond length and
angle of OH covalent bonds and H-bonds with increasing temperature are shown in Fig. 2. One can see clearly
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TABLE I. The orientation order parameter Q, average number of H-bonds
per water molecule (No. of HB) and average dipole moment of water
molecules corresponding to different densities along the isochore of 1.0
g/cm3 .
300

800

1800

2800

Q
No. of HB
Dipole (Debye)

0.72
1.85
3.00

0.46
1.19
2.64

0.40
0.87
2.42

0.39
0.80
2.37

that both the intramolecular geometry and intermolecular
H-bonds arrangement are influenced significantly when the
system is heated. With increasing temperature, the length of
OH covalent bonds reaches over wider range as well as the angle between two OH covalent bonds. Their distribution broadens dramatically, indicating that water molecules can be distorted significantly at high temperature. As for H-bonds, due
to their weak nature, the H-bonds geometry is distorted more
easily than intramolecular geometry, as shown in Figs. 2(c)
and 2(d). The peak of distribution of H-bonds length shifts to
larger value, and more importantly, it becomes more and more
flat as temperature is raised. The distribution of H-bonds angle
exhibits a significant change. Above 800 K, the peak of distribution of H-bonds angle shifts out of the range of H-bonds
angle definition (0 ∼ 30◦ ), and it distributes almost linearly at
higher temperatures. This arises apparently from the strengthened librational motion of water molecules. It can be concluded from above analyses that the tetrahedral H-bonds network exhibits collapse above 800 K, where almost half the Hbonded molecules are transformed to be interstitial molecules.
The effect of temperature on polarization properties of
liquid water is presented by the distribution of dipole moment
of water molecules in Fig. 3. In order to test the validity of
our calculations, we first compare the average dipole moment
at 300 K obtained here with theoretical value29 of 2.95 Debye (D) and experimental value54 2.9 ± 0.6 D, showing an
excellent agreement. With raising temperature, the peak of
dipole moment shifts towards small value, approaching the
experimental value 1.86 D in the gas phase,55 and the intensity reduces concurrently. The average dipole moment (shown
in Table I) and half maximal width (HMW) of distribution
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FIG. 4. Temperature dependence of the average dipole moment (solid line)
and half maximal width (HMW) (dashed line) of distribution functions corresponding to Fig. 2.

functions at different temperatures are displayed in Fig. 4. It
is clearly shown that the average dipole moment drops dramatically up to 1300 K, and continues to decrease with a
small slope. Meanwhile, the HMW increases approximately
linearly. In condensed phases of water, the internal electric
field arising from the interaction of water molecules with
the surrounding ones polarizes the water molecules, which
leads to a large dipole moment relative to that in the gas
phase. As temperature is raised, the average number of Hbonds per molecule is significantly decreased and the local
tetrahedral H-bonds network dramatically collapses, leading
to water molecules more free than at ambient conditions. Thus
the polarization interaction between water molecules is weakened and the peak of dipole moment shifts approaching the
value in gas phase. Meanwhile, the vibrational amplitudes of
OH bonds increase with rising temperature (shown in Fig. 2),
leading to more intense charge fluctuations in water molecules
at higher temperatures. Thus the distribution of dipole moment broadens dramatically and covers a wide range at high
temperatures.
B. Properties along the isotherms of 1800 K
and 2800 K

Two isotherms of 1800 K and 2800 K were chosen
to investigate the effects of pressure on the structural and
polarization properties of water. The calculated pressures
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TABLE II. The orientation order parameter Q, average number of Hbonds per water molecule (No. of HB), average dipole moment of water
molecules and pressure P corresponding to different densities along the
isotherms of 1800 K and 2800 K.
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FIG. 3. Distributions of the modulus of the water molecular dipole moment
at ρ = 1.0g/cm3 from 300 K to 2800 K.
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P (GPa)
Q
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4.4
0.40
0.87
2.42

7.1
0.42
0.90
2.49

11.7
0.42
0.96
2.66

17.5
0.43
1.01
2.81

25.4
0.42
1.04
2.91

32.9
0.37
1.02
3.06

42.9
0.38
1.02
3.21

2800 K

P (GPa)
Q
No. of HB
Dipole (Debye)

6.5
0.39
0.80
2.36

9.4
0.40
0.83
2.48

14.4
0.41
0.87
2.62

20.9
0.42
0.92
2.82

29.1
0.42
0.96
3.00

39.4
0.42
0.95
3.10

51.7
0.40
0.97
3.20
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FIG. 5. Radial distribution functions of water at 1800 K from 1.0 g/cm3 to
2.2 g/cm3 determined from our ab initio simulations.

corresponding to different densities are listed in Table II. In
Fig. 5, the RDFs of water at 1800 K under high pressures up to
42.9 GPa are displayed. Below 1.8 g/cm3 (25.4 GPa), the main
change in gOO (r ) is the inward shifts in the position of the
first two peaks with sharpening. A most dramatic change occurs above 2.0 g/cm3 (32.9 GPa), where a small peak appears
between the two main peaks. Also a similar small peak is observed after the second peak. It indicates that water has a more
ordered structure under larger compression, further evidenced
by the analysis of configurations during the simulations. We
calculated the mean square displacement of oxygen and hydrogen atoms of water at 1.0 g/cm3 and 2.0 g/cm3 , respectively, and showed the results in Fig. 6. One can clearly see
that at the density of 1.0 g/cm3 , hydrogen and oxygen atoms
have the same diffusive properties, whereas at 2.0 g/cm3
hydrogen atoms become much more highly diffusive than
oxygen atoms. According to the relation
6D = lim

t→∞

d
|ri (t) − ri (0)|2 ,
dt
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FIG. 6. The mean square displacement of oxygen (solid line) and hydrogen (dashed line) atoms of water at 1800 K for 1.0 g/cm3 (left panel) and
2.0 g/cm3 (right panel).

FIG. 7. Radial distribution functions of water at 2800 K from 1.0 g/cm3 to
2.2 g/cm3 .

the diffusion coefficient D at 2.0 g/cm3 is 0.4×10−5 cm2 /s
for oxygen atoms and 8.5×10−5 cm2 /s for hydrogen atoms
compared to 11.5 × 10−5 cm2 /s and 11.6 × 10−5 cm2 /s at 1.0
g/cm3 , respectively. The feature of highly diffusive hydrogen
atoms is also shown in gHH (r ) of Fig. 5, where at 2.2 g/cm3 ,
hydrogen atoms exhibit more disorder instead of short-range
order at lower densities. At first sight, above 2.0 g/cm3 at 1800
K, water is likely to be in the superionic phase, where the oxygen atoms vibrate around their solid lattice positions and hydrogen atoms are hopping among oxygen atoms. It must be
pointed out that the lattice formed by oxygen atoms presented
here is not the perfect bcc solid lattice and distorts slowly during simulations. Moreover, the diffusion coefficient of hydrogen atoms even at 2.2 g/cm3 is lower than 10−4 cm2 /s, which
is an important feature of superionic state.24, 56 These indicate that the state considered here is the amorphous superionic phase, which is a transition state from the liquid phase
to the solid bcc superionic phase.22 The condition (32.9 GPa,
1800 K), at which the amorphous superionic phase occurs, accords with the theoretical prediction.22 However, the pressure
is lower than that in calculations by Goldman.24 This may be
due to their use of a bigger supercell in simulations. Under
compression, the position of the first peak in gOH (r ) remains
nearly fixed, indicating that the length of OH covalent bonds
in nondissociative water molecules is nearly not affected up
to 42.9 GPa (2.2 g/cm3 ). The first minimal value becomes
substantially larger than zero, revealing that the amount of
the dissociated molecules becomes increasing. The RDFs at
2800 K (shown in Fig. 7) are very similar to that at 1800 K.
The major difference is that the amorphous superionic phase
does not occur at 2800 K, compared with 1800 K. This is due
to the fact that an increase of temperature leads to the melting
of the oxygen amorphous structure. At 2800 K the superionic
phase may appear at higher pressure, at least above 52 GPa.
For the sake of understanding the structural change
at high temperatures and pressures at molecular level, we
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FIG. 8. Distributions of the bond length and angle of OH covalent bonds
(CB) and H-bonds (HB) at 1800 K from 1.0 g/cm3 to 2.2 g/cm3 .

calculated the orientation order parameter Q and average
number of H-bonds per molecule, which are listed in Table
II. Here, a geometrical criteria of H-bonds, similar to that of
1.0 g/cm3 water, is used. The H-bonds angle criterion is still
30◦ , while the H-bonds length is rescaled according to the
compression ratio. From Table II, one can see that Q keeps
almost fixed around 0.4 at both 1800 K and 2800 K, thereby
it can be inferred that the local arrangement of four nearest
neighbor molecules around a central molecule seems to have
a minor dependence on pressure. However, the motion of water molecules is somewhat influenced by compression. The
slowly increasing average number of H-bonds per molecule
indicates that compression enhances the interaction between
the nearest neighbor molecules, as is illustrated in Fig. 8. The
peak of distribution of H-bonds length is dramatically enhanced and the main part of the distribution of H-bonds angle
shifts to small value with increasing pressure. It reveals that
the reorientation of water molecules becomes slowed down
due to the enhanced interaction between molecules as pressure is raised. On the contrary, compression has almost no influence on the intramolecular geometry, as shown in Figs. 8(a)
and 8(b). At 2800 K, both the intramolecular and intermolecular geometries are very similar to that at 1800 K.
In order to explore the effect of pressure on polarization
properties of liquid water, we calculated the distribution of
dipole moment of water molecules and showed the results in
Figs. 9 and 10 for two isotherms of 1800 K and 2800 K, respectively. The average dipole moments are also presented in
Table II. With increasing pressure, the peaks of dipole moments shift from 2.42 D at 4.4 GPa to 3.21 D at 42.9 GPa
for the isotherm of 1800 K, while at 2800 K, they shift from
2.36 D at 6.5 GPa to 3.2 D at 51.7 GPa. Meanwhile, the distribution function of dipole moment broadens considerably.
From Figs. 9 and 10, one can see that the maximal dipole
moment of water molecules reaches to 6.0 D, even beyond
6.0 D at 2800 K and 2.2 g/cm3 , although the minima
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FIG. 9. Distributions of the modulus of the water molecular dipole moment
at 1800 K from 1.0 g/cm3 to 2.2 g/cm3 .

maintain about 1.0 D substantially. In contrast to the weakening effects of temperature on polarization, compression
decreases the average distances between water molecules,
and therefore strengthens the polarization between the nearest neighbor water molecules. Although the intramolecular
geometry is not sensitive to compression below 2.2 g/cm3
(shown in Fig. 8), the significantly enhanced intermolecular interaction weakens librational motion of water molecules
with increasing pressure, thereby causing the polarization between neighbor molecules dramatically enhanced. Therefore,
the average dipole moment is increased with rising pressure.
From above analysis, we can see that both the temperature
and pressure enhance charge fluctuations in water molecules.
In this sense, they have the same effects on the polarization of
water molecules.
In addition, at high temperatures and pressures the highly
diffusive hydrogen atoms make water molecules dissociate
and recombine quickly. The dissociation can be characterized
by the RDFs between oxygen and its nearest MLWF centers.
The results for the isotherm of 2800 K are shown in Fig. 11.
The two peaks, corresponding to lone pairs and OH covalent
bond orbitals, respectively, become broader with increasing
pressure. The position of the first peak keeps fixed substantially, while the second peak shifts inwards, indicating that
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FIG. 10. Distributions of the modulus of the water molecular dipole moment
at 2800 K from 1.0 g/cm3 to 2.2 g/cm3 .
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the length of OH covalent bonds reduces slightly up to 2.2
g/cm3 . An important change is that the minimum between the
two peaks rises with increasing density. It indicates the existence of the dissociation and an increasing concentration of
ions H3 O+ and OH− due to the bimolecular process.21

IV. CONCLUSIONS

In this paper, we have investigated the structure and distribution of dipole moment of water at temperatures up to
2800 K and pressures up to 52 GPa using ab initio MD simulations. Results show that the structure of liquid water above
800 K is dramatically different from that at ambient conditions. The first two coordination shells of oxygen merge to
one shell because the tetrahedral H-bonds network collapses
with increasing temperature. At 32.9 GPa along the isotherm
of 1800 K, a transition from the liquid state to an amorphous
superionic phase occurs, which does not appear along the
isotherm of 2800 K. The distribution of the molecular dipole
moment broadens with increasing temperature and pressure
due to the enhanced intramolecular charge fluctuations. In this
sense, both the temperature and pressure have the similar effects on the polarization properties of water. However, the average dipole moment of water molecules increases with larger
pressure, but decreases with higher temperature. In addition,
the water molecular dissociation can be characterized by the
first minimum value in oxygen-oxygen RDF, which is larger
than zero, and also by the RDF between oxygen atoms and
their nearest MLWF centers.
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