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The phase diagram of water at extreme conditions plays a critical
role in Earth and planetary science, yet remains poorly under-
stood. Here we report a first-principles investigation of the liquid
at high temperature, between 11 GPa and 20 GPa—a region where
numerous controversial results have been reported over the past
three decades. Our results are consistent with the recent esti-
mates of the water melting line below 1,000 K and show that
on the 1,000-K isotherm the liquid is rapidly dissociating and
recombining through a bimolecular mechanism. We found that
short-lived ionic species act as charge carriers, giving rise to an
ionic conductivity that at 11 GPa and 20 GPa is six and seven
orders of magnitude larger, respectively, than at ambient condi-
tions. Conductivity calculations were performed entirely from first
principles, with no a priori assumptions on the nature of charge
carriers. Despite frequent dissociative events, we observed that
hydrogen bonding persists at high pressure, up to at least 20 GPa.
Our computed Raman spectra, which are in excellent agreement
with experiment, show no distinctive signatures of the hydro-
nium and hydroxide ions present in our simulations. Instead, we
found that infrared spectra are sensitive probes of molecular dis-
sociation, exhibiting a broad band below the OH stretching mode
ascribable to vibrations of complex ions.
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Water at extreme conditions plays a critical role in Earth
and planetary science. For example, ice has been pro-

posed to exist in cold, subducting tectonic slabs at 10–20 GPa,
bearing large reservoirs of water with immense impact on ter-
restrial geochemistry (1). In addition, recent studies supported
the existence of stable hydrous silicate minerals in the deep
Earth (2) and of local aqueous pockets in the upper mantle
(3) where water is an important medium to transport oxidized
carbon (4, 5). At the fundamental level, high pressure and tem-
perature create complex changes in the bonding and structural
properties of water, eventually leading to dissociation, and many
of these changes remain poorly characterized. One of the rea-
sons stems from experimental difficulties in probing the liquid
at extreme conditions, including water’s reaction with metals
present in the experimental apparatus, high corrosiveness of the
liquid, and other limitations of current high-pressure experi-
mental techniques. Available measurements of water at extreme
conditions are mostly limited to vibrational spectroscopy and
conductivity, obtained in static and shock-wave high-pressure
experiments. On the theoretical side, spectroscopic signatures
and ionic transport may not be studied with simple classical
simulations, due to the presence of complex dissociation pro-
cesses. Hence, their investigation calls for the use of quantum
mechanical calculations, which are usually rather demanding
from a computational standpoint. To this date there have been
few ab initio simulations of high-pressure water encompass-
ing structural, vibrational, and transport properties (e.g., ionic
conduction); for example, no vibrational spectra have been com-
puted for the fluid close to the ice VII melting line, and water

conductivity has been investigated primarily at conditions well
above 20 GPa (6–9).

Overall the water phase diagram at high pressure is still poorly
known, with many controversial results present in the literature,
e.g., regarding the location of the melting line in the region of 10–
50 GPa (Fig. 1). A number of experimental studies (10–13) indi-
cate the presence of a melting line near 700 K at 20 GPa, almost
400 K lower than previously reported (14, 15); however, the most
recent measurements proved to be inconclusive in fully resolv-
ing the discrepancy (16). In addition, three markedly different
locations for the triple point of the liquid, ice VII, and ice X
have been proposed in the literature (17), differing by 500 K and
10 GPa. The structural and dynamical properties of the fluid
close to melting are also not well established, with ongoing
debates on many fronts, including the existence of plastic ice
phases close to the ice VII melting line (18, 19), the molecular
or dissociative nature of water (20), and the primary mechanism
of ionic conduction (9, 21). Some studies suggested a unimolecu-
lar dissociation process (7, 22–25), H2O→H+ + OH− occurring
above 10 GPa and 1,000 K, while others pointed at the existence
of bimolecular dissociation (8, 12, 26), i.e., 2H2O→H3O+ +
OH− similar to low pressure, with some experiments being
unable to corroborate either mechanism (27). Likewise the inter-
pretation of vibrational spectra (12, 22) of high-pressure water
remains controversial.

To shed light on the water phase diagram between 10 GPa
and 20 GPa, we carried out a series of ab initio simulations
aimed at characterizing the structure of the fluid, its vibrational
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Fig. 1. The phase diagram of water at high pressure (P) and temperature (T). All points are experimental data, marking the ice VII/liquid transition unless
otherwise specified. Other points mark the proposed ice VII/solid (S/S), solid/liquid (S/L), solid/amorphous (S/A), and amorphous/liquid (A/L) transitions.
Proposed triple points (TP) of ice VII, liquid, and ice X phase are marked as squares. The (P, T) conditions investigated in this work are marked with
yellow stars.

spectra, and the mechanism of ionic conduction. We focused on
three specific [pressure, temperature (P, T)] conditions, includ-
ing one (11 GPa and 1,000 K) where the system is believed to
be a fluid according to all experiments and for which measured
Raman spectra are available and another condition (20 GPa and
1,000 K) characterized as either solid or liquid by different mea-
surements. We also considered an amorphous phase, quenched
from the liquid (16 GPa, 500 K), to compare vibrational signa-
tures of fluid and disordered solid water in a similar pressure
range. We computed ab initio molecular dynamics trajectories of
length ∼240 ps at each of the (P, T) conditions.

Our results are consistent with the most recent estimates (12,
13) of the location of the water melting line between 11 GPa and
20 GPa; our simulations provide a detailed microscopic picture
of the fluid, including dissociation mechanisms, and the origin of
its high conductivity above 10 GPa.

Results and Discussion
Structure and Diffusion. We first determined whether water is
solid or liquid at the conditions chosen in our study by computing

diffusion coefficients from the mean-squared displacement of
oxygen and hydrogen (Fig. 2A and SI Appendix, Table S1). We
found that at 1,000 K, both at 11 GPa and 20 GPa, water is
a liquid. Hence our results are consistent with the melting line
reported by Lin et al. (27) but not with studies which classified
water as solid at these conditions, where the system was sug-
gested either to be in the ice VII (14) structure or to adopt a new,
unspecified crystalline phase (28). We found that the quenched
phase at 16 GPa/500 K is instead nondiffusive and we classified
it as solid-like. A summary of the thermodynamic conditions and
computed diffusion coefficients is given in SI Appendix, Table S1.

At 20 GPa/1,000 K, we found that hydrogen diffuses twice
as fast as oxygen. Clear evidence of the dissociation processes
occurring in the liquid emerges from the analysis of radial dis-
tribution functions (RDFs), e.g., a significant intensity of the
O-H RDF (Fig. 2B) near its first minimum. Further evidence of
molecular dissociation is in the RDF between oxygen atoms and
maximally localized Wannier function centers (Fig. 2C). The lat-
ter represent centers of charge in the system. There are four cen-
ters associated to an intact water molecule, with two lone pairs

Fig. 2. (A) The mean-squared displacement of oxygen/hydrogen at 11 GPa/1,000 K, 20 GPa/1,000 K, and 16 GPa/500 K. (B) The oxygen–hydrogen RDFs. (C)
The oxygen–MLWF RDFs.
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and two bond pairs located within O-H covalent bonds. The non-
negligible intensity in correspondence of the minimum between
lone and bond pair distributions is a signature of proton trans-
fer. We directly observed dissociation and proton transfer events
in our simulation, with frequent creation of short-lived (<10 fs)
ionic products of bimolecular dissociation events, consistent with
earlier studies (26, 29). While the most commonly observed
ionic species are simple hydronium and hydroxide (Fig 3A), we
also detected the formation of larger transient ionic species, as
defined by simple distance cutoffs. Many of them are “Zundel”
(H5O2

+) ions (Fig. 3B). Our observations of transient multi-
molecular ionic species differ from the hypothesis of unimolecu-
lar dissociation, which would imply the existence of free protons
(7, 22–24).

We explicitly monitored the formation of ionic species as a
function of time, using the hydrogen bond definition of ref. 30;
we found that hydronium and hydroxide ions are formed in a
highly correlated fashion (see SI Appendix, Ionic Species and
Ionic Lifetimes for details). The maximum free proton lifetime
is very short, of the order of 0.3 fs. Despite its simplicity, the
method adopted here to define free protons (using a cutoff dis-
tance; SI Appendix, Ionic Species and Ionic Lifetimes) clearly
indicates that isolated hydrogen ions are transient species, con-
sistent with a bimolecular dissociation mechanism. These rapid
dissociation events occur in the liquid at both 11 GPa and 20
GPa, with frequency increasing with pressure (SI Appendix, Fig.
S1), consistent with the trend observed in RDFs.

Interestingly, at both 11 GPa and 20 GPa the fluid exhibits a
distinct second coordination shell in the O-H RDF. This indi-
cates that intermolecular hydrogen bonding persists at these
conditions, despite molecular dissociation and proton transfer
events. The location of the second peak of the O-H distribution
is sensitive to pressure, varying from 1.75 Å at 11 GPa to 1.62 Å
at 20 GPa. In contrast, the maxima of the first coordination shell
are in similar locations at both pressures, confirming the insensi-
tivity of water’s first coordination shell to compression, as noted
by other authors (31).

Ionic Conductivity. To understand whether the short-lived hydro-
nium, hydroxide, and more complex ions found in our simulation
act as charge carriers, we computed the ionic conductivity of
the fluid. Along the shock Hugoniot, the conductivity of water
has been shown to rapidly increase by several orders of magni-
tude under pressure, before reaching a plateau on the order of
10 (Ωcm)−1 above 30 GPa (32). This increase has been
interpreted as the result of increasing dissociation of water
molecules (8), although the nature of the ionic species respon-
sible for conduction was not determined and the ability of ionic
species present in the fluid to effectively carry charge has been
questioned in the literature (21, 22).

We computed ionic conductivities directly from first princi-
ples, without resorting to a priori definitions of ionic charges,
e.g., geometric partitioning, (8, 33) or Mulliken (7) or Born effec-
tive charges (9). Avoiding approximate definitions of charges
is key for obtaining unbiased and predictive results for ionic
conductivities. Using the Green–Kubo relation, we express the
conductivity, σ, as

σ=
1

3kbTV

∫ ∞
0

〈 ~̇M (0) ~̇M (t)〉dt , [1]

where kb is Boltzmann’s constant, T is the temperature, V is the

cell volume, and ~̇M is the time derivative of the sample dipole
moment ~M , defined as

~M (t) = e ·
NH∑
i=1

~RH
i (t) + 6e ·

NO∑
i=1

~RO
i (t)− 2e ·

NMLWF∑
i=1

~RMLWF
i (t).

[2]

Here e is the elementary charge, ~RO(t) and ~RH (t) are the
coordinates of oxygen and hydrogen atoms, respectively, and
~RMLWF (t) are the coordinates of the center of a maximally local-
ized Wannier function (MLWF) (34). The summations run over

Fig. 3. Snapshots of configurations extracted from molecular dynamics trajectories at 20 GPa and 1,000 K, showing short-lived ionic species. Color coding
of ionic species is based on a distance cutoff corresponding to the first minimum of the O-H RDF. Hydroxide ions are shown in green. (A) A hydronium
(yellow)/hydroxide pair, formed after a bimolecular dissociation event. (B) A Zundel-like H5O2

+ species (cyan) with a nearby hydroxide. (C) A H7O3
+ species

(dark blue) with a nearby hydroxide. (D) A H7O4
− species (blue) and a hydroxide ion.
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all species of the simulation cell. The conductivity is computed
using the Einstein relation (SI Appendix, Ionic Conductivity).

This study computes the ionic conductivity of water entirely
from first principles, using MLWFs. An equivalent approach
used by Cavazzoni et al. (6) used the Berry phase method at
30–300 GPa and 300–7,000 K.

To minimize error arising from statistical noise (35), we
obtained estimates of σ by partitioning the total trajectory over
which ~M (t) was computed into shorter portions (of 10 ps each)
and computing the ionic conductivity as an average (SI Appendix,
Ionic Conductivity and SI Appendix, Figs. S3 and S4). We obtain
an estimate of σ ∼ 1 (Ωcm)−1 at 11 ± 1 GPa, 1,000 K and
σ ∼ 10 (Ωcm)−1 at 20 ± 1 GPa, 1,000 K. We report these values
emphasizing their orders of magnitude, as multiple additional
trajectories would be required for a more precise determination.

The values of σ obtained at 11 GPa and 20 GPa along the
1,000-K isotherm are six and seven orders of magnitude higher
than at ambient conditions, respectively (36). SI Appendix, Fig.
S5 shows how these estimates compare with previous experi-
mental and computational reports of water’s ionic conductivity
along the principle Hugoniot. We note that our data are on the
1,000-K isotherm, while the Hugoniot includes temperatures
such as 990 K at 12 GPa and 1,710 K at 22 GPa (37); a full
comparison of data from SI Appendix, Fig. S5, including temper-
atures, is presented in SI Appendix, Table S2. Our finding of an
order of magnitude increase in conductivity between 11 GPa and
20 GPa is consistent with experimental reports of orders of mag-
nitude increases in conductivity along the Hugoniot, which were
attributed to autoionization of water (32, 37). Our estimates of
σ are also consistent with computational results obtained using
approximations based on Mulliken charges [σ = 6 ± 2 (Ωcm)−1

at 18.2 ± 0.2 GPa, 790 K] (7). They are also consistent with
other computational results, which computed σ using a gener-
alized Einstein formulation for diffusion coefficients of unbound
protons [σ = 2 ± 1 (Ωcm)−1 at ∼15 GPa, 1,010 K and σ = 11 ±
4 (Ωcm)−1 at ∼24 GPa, 1,550 K] (8). Unlike both of these com-
putational studies, we emphasize that our estimates required no
a priori assumptions about the effective charge transported. Our
findings indicate that the large increase in conductivity near the
melting line is related to the existence of the short-lived and
fast-recombining hydroxide/hydronium and more complex ionic
species that are effective charge carriers.

A strong argument against bimolecular dissociation at high
pressure, originally raised in ref. 22, is the lack of a spectro-
scopic signature of hydronium in measured Raman spectra, near
the O-H stretching peak at 2,900 cm−1. It was later suggested
that the missing signature could be due to the short lifetime
of hydronium ions, leading to a broad peak, difficult to iden-
tify (26). To address this controversy, we computed the Raman
spectra of water at 11 GPa and 20 GPa, explicitly searching

for vibrational signatures of the short-lived ionic species iden-
tified from the analysis of our molecular dynamics (MD)
trajectories.

Raman Spectra. Raman spectra were computed as the Fourier
transforms of the time correlation function of the system’s polar-
izabilities, obtained from density functional perturbation theory
(38), as implemented in the Qbox code (39, 40). Here we focus
on unpolarized Raman spectra, for which measurements are
available (12, 22, 27, 41) (see SI Appendix, Raman Spectra for
additional details).

Our results in the O-H stretching region are compared with
experiment in Fig. 4 and show good agreement. The low-
frequency part of the spectrum was omitted since the measured
one is featureless. Our simulations reproduce two key trends
observed under pressure: the considerable decrease in the O-H
mode intensity (Fig. 5 A and B) and a redshift of 70 cm−1

between 11 GPa and 20 GPa at 1,000 K. This comparison rep-
resents a crucial validation of the model of the fluid derived in
our ab initio simulations. We note that the computed spectra
reported in Figs. 4 and 5 A and B represent available Raman
spectra of high-pressure water over the full 0- to 3,000-cm−1

range, as experimental limitations prevent the measurement of
frequencies between 800 cm−1 and 2,200 cm−1.

Previous computational studies have simply used the vibra-
tional density of states (VDOS) as an approximation of the
Raman spectrum (12). Fig. 4D shows that the VDOS reproduces
the qualitative shape of the O-H vibrational stretching mode.
However, it differs from the Raman spectrum in the position of
the maximum—the Raman peak is redshifted by about 50 cm−1

relative to the VDOS. In addition, the VDOS spectrum exhibits
a peak near 1,600 cm−1, as well as prominent low-frequency col-
lective modes. Neither of these modes is Raman active and they
do not appear in the unpolarized spectrum.

Having validated our results with experiments, we proceeded
to analyze them in detail. In agreement with the report of ref.
22, we found no specific signature associated to hydronium ions,
indicating that Raman spectra are not a good probe for these
species in the liquid, where, however, they are present, as dis-
cussed above. We also observed the same asymmetry in the O-H
stretching peak as reported experimentally (22); by using a sim-
ple decomposition of the signal into two Gaussians, Holmes et al.
(22) attributed the lower- and higher-frequency shoulders of the
stretching peak to hydrogen- and non–hydrogen-bonded water
molecules, respectively. To analyze the nature of this asymmetry,
we decomposed the total spectrum into inter- and intramolecular
components; we followed the procedure of Wan et al. (39) and
used MLWFs to define effective molecular polarizabilities in the
fluid (SI Appendix, Raman Spectra). We found that the lower-
and higher-frequency shoulders of the asymmetric peak corre-
spond to inter- and intramolecular contributions, respectively;

Fig. 4. (A) Computed unpolarized Raman spectrum at 11 GPa, 1,000 K compared with experiment (12, 27). (B) The unpolarized Raman spectrum at
20 GPa, 1,000 K compared with experiment (12, 41). (C) Computed unpolarized Raman spectrum of amorphous water at 16 GPa, 500 K compared with
the experimental spectrum of ice VII (41). (D) Computed unpolarized Raman spectra at 11 GPa, 1,000 K compared with the vibrational density of states.
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Fig. 5. (A) Computed unpolarized Raman spectrum at 11 GPa, 1,000 K with inter- and intramolecular components. (B) Unpolarized Raman spectrum at
20 GPa, 1,000 K with decomposition into intramolecular (red) and intermolecular (green) spectra. Both A and B are normalized for intensity comparison.
(C) Computed IR spectra under different P, T conditions. Note the broad continuum intensity in the mid-IR region.

this finding is consistent with experimental reports. However, we
found that the intensity of the low-frequency shoulder relative
to the total peak at 11 GPa and 20 GPa is similar; this finding
is contrary to the experimental claim that the lower-frequency
contribution (from hydrogen bonding) is substantially weakened
between 11 GPa and 20 GPa along the Hugoniot. The persis-
tence of hydrogen bonding at high pressure was also observed in
the analysis of the pair correlation functions (Fig. 2).

The described asymmetry in the O-H stretching Raman peak
has been used as a crucial fingerprint of melting. For example,
large changes in such asymmetry combined with the absence of
a low-frequency translational mode have been used to identify
melting of ice VII (27, 41). The computed spectra at 11 GPa
and 20 GPa confirm these qualitative properties of the liquid
phase. However, the absence of low-frequency modes should not
be interpreted as a sufficient indication that the system is liq-
uid. Fig. 4C presents a spectrum of the nondiffusive quenched
phase at 16 GPa and 500 K, together with the experimental ice
VII Raman spectra from Lin et al. (41). Although both the sim-
ulated and experimental samples are nondiffusive, they display
markedly different spectra. The quenched phase exhibits nei-
ther a low-frequency lattice mode nor a heavy asymmetry of the
O-H stretching peak. We present this case as a cautionary exam-
ple that amorphous phases may display Raman features usually
assigned to liquid.

IR Spectroscopy. We showed above that computed Raman spec-
tra, similar to experimental ones, present no clear signatures of
the short-lived dissociating species effectively present in our sim-
ulations. Instead we found that such signatures are present in IR
spectra shown in Fig. 5C. The computed IR spectra display clear
OH stretching modes centered near 3,100 cm−1, but unlike the
Raman spectra, they also display a considerable intensity below
the OH mode.

Such intensity is enhanced with pressure: We observed a
roughly twofold increase in the background IR intensity in the
mid-IR region (400–2,500 cm−1) with increasing pressure from
11 GPa to 20 GPa along the isotherm. From an analysis of
our MD trajectories, we could detect the presence of transient
Zundel ions in the high-pressure fluids, which are expected to be
responsible, at least in part, for the broad IR band below the OH
stretching peak, consistent with the hypothesis of ref. 42. We note
that a broad, mid-IR continuum absorbance was also observed in
a number of aqueous systems at ambient conditions, from proto-
nated clusters (43) to bulk acidic solutions (44–46). An ultrafast
2D IR study of the excess protons in aqueous hydrochloric solu-
tions (44) ascribed the broad-band intensity to vibrational modes
of the Zundel and Eigen ions. This view is consistent with that

of a recent study using femtosecond spectroscopy to precisely
probe the vibrational signatures of the Zundel ions in a HClO4

solution (47).

Conclusions
In summary, we have investigated water under pressure at
11 GPa and 20 GPa, along the 1,000-K isotherm, using ab initio
MD. We have characterized the properties of the fluid by com-
puting structural properties, ionic conductivities, and Raman and
IR vibrational spectra, and we have identified dissociation mech-
anisms from a detailed analysis of computed trajectories. Our
results are consistent with the estimate of the ice VII melting line
proposed by Lin et al. (27), with a melting temperature below
1,000 K at 20 GPa. We found that along the 1,000-K isotherm,
liquid water is a rather complex fluid, exhibiting rapid molecu-
lar dissociation events occurring via a bimolecular mechanism.
The short-lived hydroxide, hydronium, and more complex ions
present in the fluid are responsible for a conductivity which, at
11 GPa and 20 GPa, is six and seven orders of magnitude larger
than at ambient conditions, respectively. We emphasize that the
conductivity calculations reported in our work were conducted
fully from first principles, without any a priori assumption on
charge carriers or ad hoc definition of charges. Despite frequent
dissociation and reassociation events occurring under pressure,
hydrogen bonds persists in the fluid at least up to 20 GPa. Inter-
estingly, while vibrational signatures of hydroxide and hydronium
ions are not present in unpolarized Raman spectra, as observed
experimentally, they can be identified in IR spectra at frequen-
cies lower than those of the OH stretching band. The absence
of Raman signatures of hydronium ions led to past suggestions
of unimolecular dissociation in water at high P, at variance with
what we observed in our simulations where free protons are
transient species with lifetimes below 0.3 fs. Finally, the inter-
pretation of the depth dependence of the electrical conductivity
in the mantle transition zone as measured by magnetotellurics is
still controversial and linked to the effect of water on mantle min-
erals (48). Our findings on the high conductivity of water and the
dissociation mechanism found in the liquid at (P, T) conditions
relevant to the mantle transition zone may guide future models
of water in mantle geochemistry. We expect that our computed
Raman and IR spectra, reported also for a quenched amorphous
phase, will serve as guidance for future experiments.

Materials and Methods
We performed ab initio MD simulations in the Born–Oppenheimer approxi-
mation with the Perdew–Burke–Ernzerhof (PBE) exchange-correlation func-
tional (50) and the Qbox code (40). The choice of the PBE functional was
motivated by the good agreement with experiment found for the fluid
equation of state at high pressure (5, 51, 52).
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We used norm-conserving pseudopotentials (53) (fpmd.ucdavis.edu/
potentials/), with a plane wave basis set and kinetic energy cutoff of
85 Ry, which was increased to 220 Ry for pressure calculations. The den-
sities of water were 1.57 g/cm3 and 1.86 g/cm3, computed at 1,000 K
to correspond to pressures of 11 GPa and 20 GPa, respectively. Our sim-
ulation supercell was cubic, with 64 water molecules. Molecular dipole
moments were calculated using MLWF centers (34, 54). Temperature was
controlled with the stochastic velocity rescaling method (55). Simula-
tion time steps were 5 a.u. (0.121 fs), while the thermostat time was
121 fs. In the interest of computational time, the full computation of

DFPT-based polarizabilities was performed every 25 MD steps. Trajectories
were collected for ∼240 ps at each pressure, after initial equilibration of
∼10 ps.

ACKNOWLEDGMENTS. V.R. acknowledges the Department of Energy
National Nuclear Security Administration Stewardship Science Graduate
Fellowship. D.P. acknowledges support from Hong Kong Research Grants
Council (Project ECS-26305017), National Natural Science Foundation of
China (Project 11774072), and the Alfred P. Sloan Foundation through the
Deep Carbon Observatory. F.G. and G.G. acknowledge support from The
Midwest Integrated Center for Computational Materials.

1. Bina C, Navrotsky A (2000) Possible presence of high-pressure ice in cold subducting
slabs. Nature 408:844–847.

2. Nishi M, et al. (2014) Stability of hydrous silicate at high pressures and water transport
to the deep lower mantle. Nat Geosci 7:224–227.

3. Tschauner O, et al. (2018) Ice-VII inclusions in diamonds: Evidence for aqueous fluid
in Earth’s deep mantle. Science 359:1136–1139.

4. Kelemen P, Manning C (2015) Reevaluating carbon fluxes in subduction zones, what
goes down mostly comes up. Proc Natl Acad Sci USA 112:E3997–E4006.

5. Pan D, Galli G (2016) The fate of carbon dioxide in water-rich fluids in the Earth’s
mantle. Sci Adv 2:e1601278.

6. Cavazzoni C, et al. (1999) Superionic and metallic states of water and ammonia at
giant planet conditions. Science 283:44–46.

7. Goldman N, et al. (2009) Ab initio simulation of the equation of state and kinetics of
shocked water. J Chem Phys 130:124517.

8. French M, Mattsson T, Redmer R (2010) Diffusion and electrical conductivity in water
at ultrahigh pressures. Phys Rev B 82:174108.

9. French M, Hamel S, Redmer R (2011) Dynamical screening and ionic conductivity in
water from ab initio simulations. Phys Rev Lett 107:185901.

10. Dubrovinskaia N, Dubrovinsky L (2003) Whole-cell heater for the diamond anvil cell.
Rev Sci Instrum 74:3433–3437.

11. Frank M, Fei Y, Hu J (2004) Constraining the equation of state of fluid H2O to 80 GPa
using the melting curve, bulk modulus, and thermal expansivity of ice VII. Geochim
Cosmochim Acta 68:2781–2790.

12. Goncharov A, et al. (2005) Dynamic ionization of water under extreme conditions.
Phys Rev Lett 94:125508.

13. Dubrovinsky L, Dubrovinskaia N (2007) Melting of ice VII and new high-pressure, high-
temperature amorphous ice. Geological Society of America Special Papers, ed Ohtani
E (The Geological Society of America, Inc., Boulder, CO), Vol 421, pp 105–113.

14. Schwager B, Chudinovskikh L, Gavriliuk A, Boehler R (2004) Melting curve of H2O
to 90 GPa measured in laser-heated diamond cell. J Phys Condens Matter 16:S1177–
S1179.

15. Schwegler E, Sharma M, Gygi F, Galli G (2008) Melting of ice under pressure. Proc Natl
Acad Sci USA 105:14779–14783.

16. Ahart M, Karandikar A, Gramsch S, Boehler R, Hemley R (2014) High P-T Brillouin
scattering study of H2O melting to 26 GPa. High Press Res 34:327–336.

17. Dunaeva A, Antsyshkin D, Kuskov O (2010) Phase diagram of H2O: Thermodynamic
functions of the phase transitions of high-pressure ices. Solar Syst Res 44:202–222.

18. Takii Y, Koga K, Tanaka H (2008) A plastic phase of water from computer simulation.
J Chem Phys 128:204501.

19. Aragones J, Vega C (2009) The phase diagram of water at high pressures as obtained
by computer simulations of the tip4p/2005 model: The appearance of a plastic crystal
phase. J Chem Phys 130:244504.

20. Ikeda T, Katayama Y, Saitoh H, Aoki K (2010) High temperature water under pressure.
J Chem Phys 132:121102.

21. Dellago C, Geissler P, Chandler D, Hutter J, Parrinello M (2002) Comment on
“dissociation of water under pressure”. Phys Rev Lett 89:199601.

22. Holmes N, Nellis W, Graham W, Walrafen G (1985) Spontaneous Raman scattering
from shocked water. Phys Rev Lett 55:2433–2436.

23. Wu C, Fried L, Yang L, Goldman N, Bastea S (2009) Catalytic behaviour of dense hot
water. Nat Chem 1:57–62.

24. French M, Redmer R (2009) Estimating the quantum effects from molecular vibrations
of water under high pressures and temperatures. J Phys Condens Matter 21:375101.

25. Goncharov A, et al. (2009) Dissociative melting of ice VII at high pressure. J Chem Phys
130:124514.

26. Schwegler E, Galli G, Gygi F, Hood R (2001) Dissociation of water under pressure. Phys
Rev Lett 87:265501.

27. Lin J, et al. (2004) High pressure-temperature Raman measurements of H2O melting
to 22 GPa and 900 K. J Chem Phys 121:8423.

28. Schwager B, Boehler R (2008) H2O: Another ice phase and its melting curve. High
Press Res 28:431–433.

29. Cerrioti M, More J, Manolopoulos D (2014) i-PI: A python interface for ab initio path
integral molecular dynamics simulations. Comput Phys Commun 185:1019–1026.

30. Luzar A, Chandler D (1996) Hydrogen-bond kinetics in liquid water. Nature 379:55–57.
31. Bove L, et al. (2013) Translational and rotational diffusion in water in the gigapascal

range. Phys Rev Lett 111:185901.
32. Mitchell A, Nellis W (1982) Equation of state and electrical conductivity of water

and ammonia shocked to the 100 GPa (1 mbar) pressure range. J Chem Phys 76:
6273–6281.

33. Mattsson T, Desjarlais M (2006) Phase diagram and electrical conductivity of high
energy-density water from density functional theory. Phys Rev Lett 97:017801.

34. Gygi F, Fattebert JL, Schwegler E (2003) Computation of maximally localized Wannier
functions using a simultaneous diagonalization algorithm. Comput Phys Commun
155:1–6.

35. Alfe D, Gillan M (1998) First-principles calculation of transport coefficients. Phys Rev
Lett 81:5161–5164.

36. Light T, Licht S, Bevilacqua A, Morash K (2005) The fundamental conductivity and
resistivity of water. Electrochem. Solid-State Lett 8:E16.

37. Hamann S, Linton M (1966) Electrical conductivity of water in shock compression.
Trans Faraday Soc 62:2234.

38. Baroni S, Gironcoli SD, Corso AD, Giannozzi P (2001) Phonons and related crystal
properties from density-functional perturbation theory. Rev Mod Phys 73:515–562.

39. Wan Q, Spanu L, Galli G, Gygi F (2013) Raman spectra of liquid water from ab initio
molecular dynamics: Vibrational signatures of charge fluctuations in the hydrogen
bond network. J Chem Theor Comput 9:4124–4130.

40. Gygi F (2017) Qbox code, version 1.61.0. Available at qboxcode.org/download/.
Accessed March 1, 2017.

41. Lin J, et al. (2005) Melting behavior of H2O at high pressures and temperatures.
Geophys Res Lett 32:11306.

42. Ikeda T (2014) Infrared absorption and Raman scattering spectra of water under
pressure via first principles molecular dynamics. J Chem Phys 141:44501.

43. Janoschek R, Weidemann E, Zundel G (1972) Calculated frequencies and intensities
associated with coupling of the proton motion with the hydrogen bond stretching
vibration in a double minimum potential surface. J Chem Soc Faraday Trans 2 69:505.

44. Thamer M, Marco LD, Ramasesha K, Mandal A, Tokmakoff A (2015) Ultrafast 2D IR
spectroscopy of the excess proton in liquid water. Science 350:78–82.

45. Biswas R, Carpenter W, Fournier J, Voth G, Tokmakoff A (2017) IR spectral assignments
for the hydrated excess proton in liquid water. J Chem Phys 146:154507.

46. Daly C, et al. (2017) Decomposition of the experimental Raman and infrared spectra
of acidic water into proton, special pair, and counterion contributions. J Phys Chem
Lett 8:5246–5252.

47. Dahms F, et al. (2016) The hydrated excess proton in the Zundel cation H5O2
+: The

role of ultrafast solvent fluctuations. Ang Chem Int Ed 55:10600.
48. Yoshino T, Katsura T (2013) Electrical conductivity of mantle minerals: Role of water

in conductivity anomalies. Annu Rev Earth Planet Sci 41:605–628.
49. Datchi F, Loubeyre P, LeToullec R (2000) Extended and accurate determination of the

melting curves of argon, helium, ice (H2O), and hydrogen (H2). Phys Rev B 61:6535–
6546.

50. Perdew J, Burke K, Ernzerhof M (1999) Generalized gradient approximation made
simple. Phys Rev Lett 77:3865–3868.

51. Pan D, Spanu L, Harrison B, Sverjensky D, Galli G (2013) Dielectric properties of water
under extreme conditions and transport of carbonates in the deep Earth. Proc Natl
Acad Sci USA 110:6646–6650.

52. Pan D, Wan Q, Galli G (2014) The refractive index and electronic gap of water and ice
increase with increasing pressure. Nat Commun 5:3919.

53. Vanderbilt D (1979) Optimally smooth norm-conserving pseudopotentials. Phys Rev B
32:8412–8415.

54. Wannier GH (1937) The structure of electronic excitation levels in insulating crystals.
Phys Rev 52:191–197.

55. Bussi G, Donadio D, Parrinello M (2007) Canonical sampling through velocity
rescaling. J Chem Phys 126:14101.

Rozsa et al. PNAS | July 3, 2018 | vol. 115 | no. 27 | 6957

http://fpmd.ucdavis.edu/potentials/
http://fpmd.ucdavis.edu/potentials/
http://qboxcode.org/download/

