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ABSTRACT
Supercritical water is found inside Earth’s mantle, where water is subjected to very high temperatures and pressures. It exhibits extraordinary
properties, such as having a low dielectric constant and high reactivity, which stems from the breakdown of the hydrogen bond network in a
supercritical state. This makes supercritical water a non-polar solvent and the basis for many innovative technologies. We investigate super-
critical water at ten densities (0.1–1.0 gr/cc) at 1000 K to study the structural correlations, such as atom-resolved partial pair distributions,
co-ordination numbers, bond-angle distributions and neutron scattering, and x-ray structure factors. Among the dynamical correlations, we
investigate the velocity autocorrelation function, current–current correlation function, and their Fourier transforms—vibrational density-of-
states and frequency dependent dielectric constant. Structural and dynamical correlations are computed from time-trajectories of the positions
and velocities calculated ab initio molecular dynamics within the density functional theory framework using the SCAN exchange–correlation
functional. Our results for structural correlations are compared with the neutron scattering experiments on supercritical water by Soper
and collaborators [J. Chem. Phys. 106, 247–254 (1997)] and dynamical correlations in the supercritical state are compared with the inelastic
neutron scattering results by Car and collaborators [J. Phys. Chem. Lett. 11, 9461–9467 (2020)].

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0303702

I. INTRODUCTION

Water on the Earth is an essential component of life at ambi-
ent temperatures and pressure. Life as we know it would not exist
without water. Scientists are looking for signatures of water/water
vapor in exoplanets as the first sign of life. 71% of our planet’s
surface is water,1 giving its iconic blue color. Most of the surface
water is in the Oceans (about 96.5%). However, this is only a frac-
tion compared to what is stored in Earth’s interior. Water exists in
Earth’s mantle in a supercritical state2 (647 K, 221 MPa). Supercriti-
cal water (SCW) in the mantle plays an important role in regulating
the global water cycle by circulating surface water deep into the
mantle and back up to the surface again.3 This process enriches
the surface of the Earth in minerals and salts. Water in its super-
critical state is a very strong solvent.4 The high diffusivity of SCW

enables it to penetrate voids and fissures. Most silicates and carbon-
ates are practically insoluble in water at ambient temperatures and
pressure. However, the solubility of these minerals increases ten-
fold under supercritical conditions. Silicates and carbonates present
on the Earth’s surface owe their presence due to this cycle.3,5 SCW
is responsible for volcanism in subduction zones in the Earth. The
olivines (Mg/Fe)2SiO4 in the Earth’s mantle are transformed into
serpentine minerals (Mg/Fe)3Si2O5(OH)4 with the uptake of the
OH group. This oxidation of Fe+2 to Fe+3 leads to the formation
of magnetite and the production of hydrogen gas. It has been theo-
rized that this is one of the main mechanisms of hydrogen producing
processes on Earth. A research study by Hovland et al.6,7 have shown
that the large deposits of salt in the Red Sea can be attributed to SCW
in hydrothermal systems deep in the Earth’s mantle. The marine
life around these brine pools may be where life first started on our
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planet. Studying the micro-organisms adapted to such harsh condi-
tions can help us in understanding the formation and evolution of
life not just on our planet but in various exo-planets as well.

The properties of SCW are very different when compared to
that of ambient water. The dielectric constant of SCW drops from
a value of 80 for ambient water to around 2 for SCW.8 The ionic
disassociation constant drops from 10−14 to 10−23 in SCW. This
makes SCW completely miscible with non-polar fluids. One inter-
esting application of SCW, which results from its non-polar nature,
is its ability to transport petroleum. Petroleum can be dissolved in
SCW and transported from oil rigs to refineries where the steam can
be condensed and the oil precipitates out. This property of SCW is
also useful in “green” carbon capture technologies where hazardous
organic compounds are catalytically oxidized to form other environ-
mentally harmless products. SCW thus falls into the “green solvent9”
category. SCW is also completely miscible with oxygen, thereby cre-
ating the perfect conditions for oxidation of organics.10 The process
known as supercritical water oxidation (SCWO) is defined as con-
tinuous oxidation of chemicals in SCW using oxygen or hydrogen
peroxide as oxidizing agents. Environmentally efficient and carbon
friendly, SCWO completely eliminates all the oxidizable material.11

SCWO has been shown to be effective in eliminating effects of chem-
ical weapons.12 One of the main advantages of supercritical water as
a solvent is that organic compounds are brought into molecular con-
tact in a homogenous phase. The oxidation process is not limited
by transportation because of the high temperature involved. Fur-
thermore, this makes the kinetics fast and the reaction proceeds to
completion rapidly.

We need to understand the properties of SCW to improve the
scalability and sustainability of highly reactive oxidation processes.
The properties of SCW stem from its inherent structure, and there-
fore, it becomes essential to understand structural and correlations
in SCW. The structural correlations in SCW still remain elusive. In
particular, the degree and nature of hydrogen bonds in SCW have
been topics of discussion in the community. The article by Sahle
et al.13 highlighted the need for simulation and experiments required
to understand the structure of SCW. Several studies exist that exam-
ine the structure of SCW13–16 but these simulation studies involve
classical MD forcefields that are not entirely reliable under super-
critical conditions of temperature and pressure or other scattering
experiments where dynamics of the system is not fully considered.
In our study, we investigate both the structure and dynamics of
SCW calculated from DFT-based quantum simulations over ten
densities ranging from 0.1 to 1.0 g/cc at a temperature of 1000 K.
One other challenge in demystifying the structure of SCW is the
temperature at which experiments must be carried out. The results
of these experiments,17,18 therefore, do not provide a consensus in
establishing the structure of SCW. Using neutron scattering data,
Postorino et al.19 concluded that SCW contained a broken hydrogen
bond network with high disorder. However, optical Raman spectra
studies20–22 conclude that majority of the hydrogen bond network
remains intact through the supercritical phase. Sun et al.14 carried
out Raman spectra studies in SCW and concluded that the hydro-
gen bonding is closely related to pressure and temperature. Their
study revealed that closer to the critical point, the tetrahedral hydro-
gen bonding disappears and chain-like hydrogen bonding structure
emerges. This result was further supported with NMR studies car-
ried out by Hoffman and Conradi23 X-ray Raman spectroscopic

studies by Wernet et al.15 concluded that SCW consisted of small
dense clusters of hydrogen bonded regions surrounded by less dense
regions. Studies have shown that interpreting small angle scattering
data might not be straightforward.13,24,25

Ab initio quantum simulations based on DFT provide an accu-
rate description of quantum mechanically interatomic forces that
include electron–electron and electron–ion interactions when com-
pared to an empirically fitted molecular dynamics under at ambi-
ent conditions of temperature and pressure. Quantum simulations
enable us to not only extract the accurate atomic level structure
but also the vibrational density-of-states and IR spectra,13,26,27 which
can be calculated by Fourier transforming velocity autocorrelation
functions and the current–current autocorrelations, respectively.
Electronic ground state modeling of the water system is accurate
with DFT; however, we must turn to exchange–correlation function-
als (XC) to describe the many body effects in the system. Perdew
and Schmidt28 have arranged various XC functionals according to
Jacob’s ladder, with the LDA29 on the lower end and meta-GGAs
and hybrid functionals30 on the other side. In an article, Car31 talks
about how SCAN moves the meta-GGA rung much closer to the
fourth rung of hybrid functionals. The density of water at 330 K pro-
duced from SCAN is 1.050 ± 0.027 and that of Ice Ih at 273 K is
0.964 ± 0.023, which leads to ice floating on water. PBE functionals
predict the density of water (330 K) and ice (273 K) as 0.850 ± 0.016
and 0.936 ± 0.013, respectively, which leads to ice sinking in water.
This difference in density can be attributed to the increased packing
resulting from the inclusion of intermediate non-directional vdW
interactions in SCAN. There is also an overestimation of hydrogen
bond strength by SCAN stemming from the self-interaction errors.
However, this is a limitation with most XCs and not just SCAN.

There are limitations with the SCAN with the non-inclusion
of long-range vdW interactions, which are significant in bulk water
phases as opposed to small water clusters. This, however, would
result in SCAN not being able to describe experimental Ice Ih struc-
tures.32 These limitations of SCAN must always be kept in mind
while analyzing the results of DFT-based calculations of water under
ambient conditions as well as in supercritical states.

II. METHOD
We used Vienna Ab initio Simulation Package (VASP) soft-

ware33 to perform quantum molecular dynamics (QMD) simu-
lations.34 The electronic states are calculated using the projector
augmented-wave (PAW) method35 in the framework of density
functional theory (DFT).36 The exchange–correlation effects are
incorporated using the SCAN functional.37

We start simulations with a bulk water configuration taken
from our previous study of water,38 which contains 108 H2O
molecules. We have simulated a system of 108 water molecule
(324 atoms) system at a density of 1 g/cc at 1000 K. After thermaliz-
ing these systems in the NVT ensemble for 2000 steps, we decreased
the density of the system in steps of 0.1 g/cc, followed by thermal-
ization for 2000 steps. This process was repeated until we had ten
thermalized systems with various densities 0.1–1.0 g/cc at a tem-
perature of 1000 K. Starting from these thermalized systems, we
ran 40 000 steps in the NVE ensemble with a time step of 0.25 fs
(a total of 400 000 steps for ten densities) to calculate the structural
and dynamical correlations of SCW.
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III. STRUCTURAL CORRELATIONS g αβ(r ), g (r ), gN (r ),
S αβ (q ), S (q ), S N (q ), and S X (q ) AND VALIDATION
WITH NEUTRON SCATTERING EXPERIMENTS
FOR SCW AT 0.75 gr/cc AT 673 K
A. Structural properties

For the ten systems, from their MD trajectories, we have com-
puted partial pair distribution functions, gαβ(r), and the neutron
pair distribution function, gN(r).39 The neutron pair distribution
function is defined as

gN(r) =
∑α,β cαbαcβbβgαβ(r)
(∑α bαcα)

2 , (1)

where r is the pair distance and cα and bα are the concentration and
coherent neutron-scattering length of species α, respectively.

To provide more complete structural correlation results for the
recent and future scattering experiments, we have computed par-
tial static structure factors, Sαβ (q), from the Fourier transform of
corresponding partial pair distribution functions,39

Sαβ(q) = δαβ + 4πρ(cαcβ)
1/2
∞

∫

0

[gαβ(r) − 1]
sin (qr)

qr
r2dr, (2)

where q is the wave number, ρ is the total number density, and cα is
the concentration of species α.

The neutron-scattering static structure, SN (q), is obtained
from the partial static structure factors by weighting them with
concentration and coherent neutron-scattering lengths,39

SN(q) =
∑α,β bαbβ(cαcβ)

1/2Sαβ(q)[Sαβ(q) − δαβ + (cαcβ)
1/2
]

(∑α bαcα)
2 , (3)

where bα is the coherent neutron-scattering length of species α.
The x-ray structure factor, SX(q), is obtained by39

SX(q) =
∑α,β fα fβ(cαcβ)

1/2Sαβ(q)
(∑α fαcα)

2 , (4)

where fα is the x-ray from the factor of species α.

B. Validation of structural correlations obtained
from simulations with neutron scattering
experiments for SCW at 0.75 gr/cc at 673 K

To validate our quantum dynamics simulation results, we first
compare calculated structural properties with neutron scattering
experiment on supercritical water by Bernabei, Soper et al.40,41 These
authors have determined the pair distribution functions of super-
critical water at a density of 0.75 gr/cc at 673 K. Before we report our
predictions for structural correlations for densities 0.1–1.0 gr/cc, it
is useful to validate the accuracy of our DFT-SCAN-based simula-
tion with available experimental data. Quality of agreement and any
discrepancies will be a useful guide for further discussions.

To validate our QMD simulations, we first examine the neutron
pair distribution function, gN(r), computed from QMD simula-
tions with neutron scattering experiments for SCW at 673 K, with a
density of 0.75 g/cc. This is the most direct comparison with the neu-
tron experiment because it only requires Fourier transform of the

observed neutron structure factor from experiment.40 The results for
neutron pair distribution function, gN(r), along with experimental
results are plotted in Fig. 1(e). For easy reference, we have also plot-
ted all the structural properties of water under ambient conditions
(300 K, 1.0 g/cc) by the dashed black lines. The experimental neutron
results, wherever available, from Bernabei et al.40 are plotted as the
dotted blue lines. It is clear that there is good agreement between the
neutron experiment (blue) and QMD results (red). In addition, the
partial pair distributions, gαβ(r), for O–O, O–H, and H–H are shown
along with experimentally derived gαβ(r) in Figs. 1(a)–1(c). The
agreement between experimentally derived gαβ(r) and our QMD
results is good for O–O and O–H. There are large deviations for
H–H between experiment and QMD results. We would like to point
out that the experimentally derived results for H–H are the least reli-
able because of the opposite signs of H and D neutron cross sections.
We stand by our QMD results for gαβ(r) to be accurate and more
reliable for H–H than the experimentally derived values.

Bond angles computed from QMD simulations of water at
673 K with density of 0.75 g/cc are plotted in red in the middle
column along with the computed ones for water under ambient con-
ditions indicated by dashed black. We indicate by the single dash the
covalent bond and the hydrogen bond by the two dashes. The double
covalent H–O–H bond angle is shown in Fig. 1(f). When compared
to ambient water, the peak of the bond distribution for supercritical
water remains unchanged; however, the distribution skews toward
lower angles. Figure 1(g) shows the H–O–H bond angle between the
H–O hydrogen bond and the O–H covalent bond, which shows a
shift in the position of the peak as well as skewing toward lower
angles. Similar features are seen in Fig. 1(h) that shows the double
hydrogen bond angle H–O–H. Figure 1(i) shows the O–H–O bond
angle between the covalent O–H bond and H–O hydrogen bond,
where the structure in the bond angle distribution becomes quite
flat. The intermolecular OOO bond angle distribution is shown in
Fig. 1(j) in the middle column, which also becomes quite flat. Par-
tial structure factors, Sαβ(q), computed from QMD simulations are
shown in the right column of Figs. 1(k)–1(m) (in red) along with the
computed partials for ambient water indicated by the black dashed
lines. The x-ray structure factor SX(q) and the neutron structure fac-
tor SN(q) are also plotted in Figs. 1(n) and 1(o), respectively. The
results for partial pair distribution functions and neutron weighted
pair distribution function from QMD for ambient water are shown
in Fig. 2.

C. Structural correlation results
Having validated our QMD simulation results with the neutron

experimental data for water at 673 K with a density of 0.75 g/cc,
we now present structural and vibrational properties for supercrit-
ical water. We have performed QMD simulations over a range of
densities (0.1–1.0 g/cc) at 1000 K. In this section, we will present
results for densities 1.0, 0.8, 0.5, 0.3, and 0.1 g/cc at 1000 K. The
results for other densities 0.9, 0.7, 0.6, 0.4, and 0.2 are given in the
supplementary material.

Our simulation results for partial pair distribution function,
gαβ(r), at the density of 1 g/cc are plotted in the left column of
Figs. 3(a)–3(c) (in red) along with their values for ambient water
(in black dashed lines). The total pair distribution function, g(r),
and neutron weighted pair distribution function, gN(r), are also
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FIG. 1. Validation of structural correlations with neutron scattering experiments. Neutron pair distribution function, gN(r), computed from QMD simulations is compared with
neutron scattering experiments for SCW at 673 K, with a density of 0.75 g/cc. We emphasize that the temperature and density are identical for the QMD simulations and the
neutron scattering experiment. The results for our QMD simulations are plotted in red. For easy reference, we have also plotted all the structural properties of water under
ambient conditions (300 K, 1.0 g/cc) by the black dashed lines. The experimental neutron results, wherever available, from Bernabei et al.40 [Reproduced with permission
from Bernabei et al., Phys. Rev. E 78, 021505 (2008). Copyright 2008, American Physical Society] are plotted by the blue dotted lines. The three columns from left to right
are pair distribution functions, bond angles distributions, and structure factors. The first column compares the QMD, gαβ(r), figures (a)–(c) (red) with the neutron experiment
(dotted blue). The black dashed curves represent ambient water for reference, to contrast the changes in the SCW state. The total g(r) and gN(r) are plotted in panels (d)
and (e), respectively. Experimental data for gN(r) are obtained directly from neutron measurement that are considered most reliable. It should be noted that partials, gαβ(r),
derived from various subtractions by neutron scientists are less reliable, when compared to gN(r). In the first column of panel (e), our QMD, gN(r), (in red) agrees well
with the experimental values (blue dotted line). It is indeed very gratifying to see this agreement. We also compare gαβ(r), for O–O, O–H, and H–H. The agreement between
experimentally derived gαβ(r) and our QMD results is good for O–O and O–H. There are large deviations for H–H between the experiment and QMD results. It should be
emphasized that the experimentally derived results for H–H are the least reliable because of opposite signs of H and D neutron cross sections. We stand by our QMD results
to be accurate and more reliable for H–H. Computed bond angles of water at 673 K with density of 0.75 g/cc are plotted in red in the middle column along with the ones
computed for water under ambient conditions represented by the black dashed lines. The double covalent H–O–H bond angle is in panel (f). Panel (g) shows the H–O–H
bond angle between the H–O hydrogen bond and the O–H covalent bond. The single dash indicates covalent bond, and the two dashes indicate the hydrogen bond. Panel
(h) shows the double hydrogen bond angle H–O–H. Panel (i) shows the O–H–O bond angle between the covalent O–H bond and the hydrogen H–O bond, and panel (j) in
the middle column shows the intermolecular OOO bond angle. Computed partial structure factors, Sαβ(q), are plotted on the right column of panels (k)–(m) (in red) along
with the computed partials indicated by the black dashed lines. The x-ray structure factor SX(q) and the neutron structure factor, SN(q), are also plotted in panels (n) and
(o), respectively.

plotted in Figs. 3(d) and 3(e), respectively. Computed bond angles
of water at 1000 K with the density of 1.0 g/cc are plotted in red in
the middle column along with the ones computed for water under
ambient conditions plotted by the black dashed lines. The dou-
ble covalent H–O–H bond angle is shown in Fig. 3(f). Figure 3(g)
shows the H–O–H bond angle between the H–O hydrogen bond and
the O–H covalent bond. The single dash indicates covalent bond,

and two dashes indicate the hydrogen bond. Figure 3(h) shows the
double hydrogen bond angle H–O–H. Figure 3(i) shows the O–H–O
bond angle between the covalent O–H bond and the hydrogen H–O
bond, and the middle column of Fig. 3(j) shows the intermolecular
OOO bond angle. Computed partial structure factors, Sαβ(q), are
plotted on the right column, Figs. 3(k)–3(m) (in red) along with
the computed partials plotted by the black dashed lines. The x-ray
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FIG. 2. Calculated structural properties of water at ambient temperature and pres-
sure (300 K, 1.0 g/cc) are represented by the black dashed lines. We have also
plotted the experimental results from Soper et al.42 [Reproduced with permis-
sion from Soper et al., Int. Scholarly Res. Not. 2013(1), 1 (2013). Copyright 2013
Authors, licensed under a Creative Commons Attribution (CC BY) license.] by the
blue dotted line. Computed partial pair distribution function, gαβ(r), is plotted in
panels (a)–(c). The total pair distribution function, g(r), and neutron weighted
pair distribution function gN(r) are also plotted in panels (d) and (e), respectively.
The experimentally obtained42 gN(r) value is plotted for reference. Our computed
value (black dashed lines) agrees well with the neutron experiment (blue dotted
line).

structure factor, SX(q), and the neutron structure factor, SN(q), are
also plotted in Figs. 3(n) and 3(o), respectively.

There are two variables that affect the structure of supercritical
water: (1) The effect of temperature. This is examined when temper-
ature is increased from 300 to 1000 K while maintaining density at
1.0 g/cc. (2) The effect of density is examined by changing the den-
sity from 1.0 to 0.1 g/cc while keeping the temperature constant at
1000 K.

First, we will discuss the effect of temperature at a density of
1.0 g/cc. At the density of 1.0 g/cc, we evaluate the integrity of
the water molecule by examining gHO(r), as shown in Fig. 3(b).
The first peak in gHO(r) appears at 1.02 Å, close to the ambient
water O–H bond length of 0.98 Å, indicating that the covalent bond
remains robust even at 1000 K. The first peak in gHH(r), shown in
Fig. 3(c), remains sharply defined at 1.62 Å, further confirming the
intramolecular geometry of the water molecule. This fact is further
confirmed by the bond angle distribution plots. The intramolecu-
lar H–O–H angle distribution in Fig. 3(f) shows a peak at 103○ at
1000 K, slightly shifted from the 104○ for room temperature water,
further confirming the geometry of the water molecule. Next, we
examine the hydrogen-bond network, as manifested in the second
peak of gHO(r) that becomes significantly weakened and the sec-
ond and third peak merge at 1000 K. In Fig. 3(a), we compare
the O–O radial distribution function gOO(r) for water at 300 and
1000 K. At 300 K, the first O–O peak occurs at 2.73 Å, whereas
at 1000 K, it moves to 2.85 Å. The identity of the second peak
is well-defined at room temperature water is lost at 1000 K. At a
temperature of 1000 K, there is a broadening of the intramolecu-
lar H–O–H bond angle, which stems from the thermal effect. The
H–O–H bond angle shown in Fig. 3(g) peaks at 165○ for ambient
water and for water at 1000 K, this value peaks at 150○ and broad-
ens toward the lower angles. The hydrogen bond angle distribution
H–O–H in Fig. 3(h) also shows a well-defined peak at 101○, with
only moderate broadening, in contrast to the wide and flattened
distribution spanning at 1000 K. Both the x-ray and neutron struc-
ture factors in Figs. 3(n) and 3(o) show more structure for room
temperature water compared to water at 1000 K.

Partial pair distribution functions computed from QMD sim-
ulations, gαβ(r), at the density of 0.8 g/cc are plotted in the left
columns of Figs. 4(a)–4(c) (by the red lines) along with their values
for ambient water (by the black dashed lines). The total pair distribu-
tion function, g(r), and neutron weighted pair distribution function,
gN(r), are also plotted in Figs. 4(d) and 4(e), respectively. Computed
bond angles of water at 1000 K with density of 1.0 g/cc are plotted by
red in the middle column along with the ones computed for water
under ambient conditions plotted by the black dashed lines. The
double covalent H–O–H bond angle is shown in Fig. 4(f). Figure 4(g)
shows the H–O–H bond angle between the H–O hydrogen bond and
the O–H covalent bond. The single dash indicates covalent bond,
and two dashes indicate the hydrogen bond. Figure 4(h) shows the
double hydrogen bond angle H–O–H. Figure 4(i) shows the O–H–O
bond angle between the covalent O–H bond and the hydrogen H–O
bond, and the middle column of Fig. 4(j) shows the intermolecu-
lar OOO bond angle. Computed partial structure factors, Sαβ(q), are
plotted in the right columns of Figs. 4(k)–4(m) (in red) along with
the computed partials plotted by the black dashed lines. The x-ray
structure factor, SX(q), and the neutron structure factor, SN(q), are
also plotted in Figs. 4(n) and 4(o), respectively.
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FIG. 3. Calculated structural properties of water at 1000 K, with a density of 1.0 g/cc from our QMD simulations are plotted in red. The structural properties of water at
ambient temperature and pressure (300 K, 1.0 g/cc) are also plotted by the black dashed lines. The columns from left to right are calculated pair distribution functions, bond
angles, and various structure factors, respectively.

Structural correlations that include partial pair distribution
function gαβ(r) at a density of 0.5 g/cc are plotted on the left col-
umn of Figs. 5(a)–5(c) (red lines) along with their values for ambient
water (black dashed lines). The total pair distribution function, g(r),
and neutron weighted pair distribution function, gN(r), are also
plotted in Figs. 5(d) and 5(e), respectively. Computed bond angles
of water at 1000 K with density of 1.0 g/cc are plotted in red in
the middle column along with the ones computed for water under
ambient conditions plotted by the black dashed lines. The double
covalent H–O–H bond angle is shown in Fig. 5(f). Figure 5(g) shows
the H–O–H bond angle between the H–O hydrogen bond and the
O–H covalent bond. The single dash indicates covalent bond, and
two dashes indicate the hydrogen bond. Figure 5(h) shows the dou-
ble hydrogen bond angle H–O–H. Figure 5(i) shows the O–H–O
bond angle between the covalent O–H bond and the hydrogen H–O
bond and the middle column of Fig. 5(j) shows the intermolecular
OOO bond angle. Computed partial structure factors, Sαβ(q), are
plotted in the right column of Figs. 5(k)–5(m) (in red) along with
the computed partials plotted by the black dashed lines. The x-ray
structure factor, SX(q), and the neutron structure factor, SN(q), are
also plotted in Figs. 5(n) and 5(o), respectively.

We have computed partial pair distribution function gαβ(r) at a
density of 0.3 g/cc from our QMD simulations that are plotted on the
left column of Figs. 6(a)–6(c) (red lines) along with their values for
ambient water (black dashed lines). The total pair distribution func-
tion, g(r), and neutron weighted pair distribution function, gN(r),
are also plotted in Figs. 6(d) and 6(e), respectively. Computed bond
angles of water at 1000 K with density of 1.0 g/cc are plotted in red
in the middle column along with the ones computed for water under
ambient conditions plotted by the black dashed lines. The double
covalent H–O–H bond angle is shown in Fig. 6(f). Figure 6(g) shows
the H–O–H bond angle between the H–O hydrogen bond and the
O–H covalent bond. The single dash indicates covalent bond, and
two dashes indicate the hydrogen bond. Figure 6(h) shows the dou-
ble hydrogen bond angle H–O–H. Figure 6(i) shows the O–H–O
bond angle between the covalent O–H bond and the hydrogen H–O
bond and the middle column of Fig. 6(j) shows the intermolecu-
lar OOO bond angle. Computed partial structure factors Sαβ(q) are
plotted on the right columns of Figs. 6(k)–6(m) (in red) along with
the computed partials plotted by the black dashed lines. The x-ray
structure factor, SX(q), and the neutron structure factor, SN(q), are
also plotted in Figs. 6(n) and 6(o), respectively.
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FIG. 4. Calculated structural properties
of water at 1000 K, with a density of
0.8 g/cc from our QMD simulations are
plotted by the red lines. The structural
properties of water at ambient temper-
ature and pressure (300 K, 1.0 g/cc)
are also plotted by the black dashed
lines. The columns from left to right rep-
resent calculated pair distribution func-
tions, bond angles, and various structure
factors, respectively.

FIG. 5. Calculated structural properties
of water at 1000 K, with a density of
0.5 g/cc from our QMD simulations are
plotted by the red lines). The structural
properties of water at ambient tempera-
ture and pressure (300 K, 1.0 g/cc) are
plotted by the black dashed lines. The
columns from left to right represent cal-
culated pair distribution functions, bond
angles, and various structure factors,
respectively.
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FIG. 6. Calculated structural properties of water at 1000 K, with a density of 0.3 g/cc from our QMD simulations are plotted by the red line). The structural properties of water
at ambient temperature and pressure (300 K, 1.0 g/cc) are plotted by the black dashed lines. The columns from left to right represent calculated pair distribution functions,
bond angles, and various structure factors, respectively.

Structural correlations along with partial pair distribution func-
tions, gαβ(r), at a density of 0.1 g/cc from QMD trajectories are
plotted in the left columns of Figs. 7(a)–7(c) (red) along with their
values for ambient water (black dashed lines). The total pair distribu-
tion function, g(r), and neutron weighted pair distribution function,
gN(r), are also plotted in Figs. 7(d) and 7(e), respectively. Com-
puted bond angles of water at 1000 K with density of 1.0 g/cc are
plotted by the red lines in the middle column along with the ones
computed for water under ambient conditions plotted by the black
dashed lines. The double covalent H–O–H bond angle is shown
in Fig. 7(f). Figure 7(g) shows the H–O–H bond angle between
the H–O hydrogen bond and the O–H covalent bond. The single
dash indicates covalent bond, and two dashes indicate the hydrogen
bond. Figure 7(h) shows the double hydrogen bond angle H–O–H.
Figure 7(i) shows the O–H–O bond angle between the covalent
O–H bond and the hydrogen H–O bond and the middle column
of Fig. 7(j) shows the intermolecular OOO bond angle. Computed
partial structure factors Sαβ(q) are plotted in the right columns of
Figs. 7(k)–7(m) (in red) along with the computed partials plotted
by the black dashed lines. The x-ray structure factor SX(q) and the

neutron structure factor SN(q) are also plotted in Figs. 7(n) and 7(o),
respectively.

We conclude this section by examining the nature of the
hydrogen bond network in supercritical water based on partial pair
distribution functions, gHO(r) and gOO(r), and bond angle dis-
tribution for the covalent H–O–H bond within the molecule and
distribution of bond angles that show the angle between covalent
and hydrogen bonds, H–O–H, and hydrogen bond–hydrogen bond
angle, H–O–H.

We first examine the integrity of water molecules at the lowest
density of our simulations at 0.1 g/cc, by looking the intra-molecular
H–O correlations given in Fig. 7(b) and H–H correlations shown in
Fig. 7(c) and the nature of molecular disorder by examining O–O
correlations between water molecules given in Fig. 12(a). From the
first peak in gHO(r) shown in Fig. 7(b), it is clear that the O–H cova-
lent bond is intact at 0.98 Å and from the first peak in gHH(r) shown
in Fig. 7(c), it is given that intramolecular H–H distance is robust
at 1.68 Å. These two observations confirm that the water molecule,
even though thermally agitated, is quite robust at 1000 K at a density
of 0.1 g/cc. It is well known that water’s pH value changes as a result
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FIG. 7. Calculated structural properties of water at 1000 K, with a density of 0.1 g/cc from our QMD simulations (plotted in red). The structural properties of water at ambient
temperature and pressure (300 K, 1.0 g/cc) are plotted by the black dashed lines. The columns from left to right represent calculated pair distribution functions, bond angles,
and various structure factors, respectively.

of breaking of water molecules at high temperatures. However, in
our QMD sample of 108 molecules, such events are not present sim-
ply due to the fact that a negligibly small fraction of water molecule
breaks, producing H and OH ions. From the second peak in gHO(r)
shown in Fig. 7(b), it is clear that the well-defined hydrogen bond
peak at 1.73 Å in ambient water is broadened greatly and combined
with the third peak. Only a small shoulder is left at 1.987 Å of the
hydrogen bond peak, which is a result of large excursions of the O–H
hydrogen bond that is overlapping with the third peak, which is not
due to hydrogen bonding.

Let us now discuss the nature of the hydrogen bond as charac-
terized by bond angle distributions. We first examine the H–O–H
bond angle distribution that defines the internal angle within the
water molecule, as shown in Fig. 7(f). The distribution has a clear
peak at 102○ that is a bit asymmetric toward lower angles instead
of a symmetric peak at 104○ in ambient water. This confirms that
the water molecule, although thermally agitated, is quite robust at
1000 K at 0.1 gr/cc. We now examine the H–O–H bond angle, the
angle between hydrogen bond with the covalent bond within water
molecule shown in Fig. 7(g). This bond angle is clearly defined at

165○ in ambient water, and at 0.1 g/cc, the peak broadens toward
lower angles with the peak at 150○. However, the peak is clearly
well-defined. The angle between two hydrogen bonds, H–O–H bond
angle, is shown in Fig. 7(h). This distribution is considerably broad-
ened with a shift in the peak at a lower angle of 90○. This broad
distribution is a result of low density and great thermal agitation
in the system. However, we can clearly conclude that the hydro-
gen bond network at a density of 0.1 g/cc at 1000 K is very agitated
with considerable distortion, as manifested in broader bond-angle
distributions H–O–H shown in Fig. 7(h). However, the H–O–H dis-
tribution has an identifiable peak, although covering much broader
angles from 40○ to 160○. Clearly, this highly agitated and distorted
H-bond network will result in a much shorter lifetime of the hydro-
gen bond at 0.1 g/cc at 1000 K when compared to the lifetime in
ambient water.

In summary, comparing the effects of temperature and density
reveals a clear hierarchy in how water responds to extreme condi-
tions. Changes in density at 1000 K, even as large as reducing it by
an order of magnitude from 1.0 to 0.1 g/cc, result in broadened and
weakened hydrogen bond network, while leaving the basic integrity
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of water molecule almost fully intact. The O–O, H–O, and H–H cor-
relations all preserve their fundamental intramolecular signatures,
and the characteristic angle distributions, although broadened, still
retain identifiable peaks that reflect a coherent but highly agitated
network. The structural plots at lower densities are very similar to
the system with a density of 1.0 g/cc at 1000 K. Although lowering
the density introduces disorder through larger molecular excur-
sions and a more diffuse hydrogen bond environment, it is the
rise in temperature that truly dismantles the extended structure
hydrogen network in water. Temperature, not density, is, there-
fore, the dominant driver of degradation of the hydrogen network,
erasing the long-range connectivity of the hydrogen bond network
even as the individual water molecule itself remains remarkably
resilient.

In a later publication, we will discuss the unique characteriza-
tion of a hydrogen bond in supercritical water based on the charge
density overlap.

IV. DYNAMICAL CORRELATIONS AND VALIDATION
WITH EXPERIMENT ON SCW AT 0.625 g/cc AT 625 K
A. Dynamical correlations and validation
of vibrational density-of-states with neutron
scattering experiment

We next study vibrational correlations by computing velocity
and current autocorrelation functions. The velocity autocorrelation
function is defined as F(t) = ⟨vi(t).vi(0)⟩

⟨vi(0).vi(0)⟩ , where vi(t) is the veloc-
ity of the ith atom at time t and the ⟨⟩ brackets denote the averages
over ensembles and atoms. The current–current correlation func-
tion is defined as G(t) = ⟨J(t).J(0)⟩⟨J(0).J(0)⟩ , where the charge current is given
by J(t) = ∑i zi

Ð→vi(t), with zi being the charge of the ith ion.
The vibrational density of states is obtained by the Fourier

transform of the corresponding velocity autocorrelation function,38

Fα(ω) =
6Nα

π

∞

∫

0

Fα(t) cos (ωt)dt. (5)

The frequency-dependent ionic conductivity can be calculated from
the Fourier transform of the current–current correlation function,

G(ω) =
2⟨J(0)2

⟩

3VkBT

∞

∫

0

G(t) cos (ωt)dt, (6)

where V is the volume of the system and kB is the Boltzmann
constant.

Let us first consider the vibrational spectra of water, H2O.
The H2O molecule exhibits three main experimentally observed
frequencies.

1. O–H symmetric stretch at 453.4 meV (3657 cm−1).43

2. O–H asymmetric stretch at 465 meV (3756 cm−1).43

3. H–O–H bending at 197.7 meV (1595 cm−1).43

These frequencies manifest as bands in liquid water, illustrated
in Fig. 8, which also shows the atomically resolved vibrational den-
sity of states FH(ω) and FO(ω) of the total F(ω). The lower part
of Fig. 8 presents the Fourier transform of the current–current
auto-correlation function.

FIG. 8. QMD simulation vibrational density of states F(ω) and Fourier transform of
the current–current correlation G(ω) for water at 300 K at density 1.0 g/cc (black
dotted line) and supercritical water at 623 K at density of 0.625 g/cc (red solid
line). The experimental peak positions of the hydrogen projected vibrational den-
sity of states for the supercritical water system (0.625 g/cc at 623 K) are given in
the figure in green color. The experimental values were taken from the neutron
scattering study by Andreani et al.44 [Reproduced with permission from Andreani
et al., J. Phys. Chem. Lett. 11(21), 9461–9467 (2020). Copyright 2020 American
Chemical Society] in green color, with the corresponding calculated values from
our simulations given in red color.

While the vibrational density-of-states displays all vibrational
modes, independent of any selection rules, G(ω) only highlights
dipole-active modes. Since the three intramolecular modes of water
are dipole-active, comparing them directly with G(ω) in liq-
uid water is highly valuable. In our QMD simulations of liquid
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water, we observe these O–H symmetric and asymmetric peaks
at 406.6 and 424.6 meV, respectively, and the H–O–H peak at
203 meV, which closely align with the molecular frequencies of iso-
lated H2O molecules. Frequencies in our simulations concur for
the OH bending and stretching features at ∼200 and 450 meV,
respectively.45–50

Beyond these intramolecular vibrations, liquid water also
exhibits modes arising from O–O interactions between molecules,
small water clusters, and various rotational–translational modes,
which occur in the low-frequency range below 150 meV. The peak
at around ∼30 meV is attributed to the frequency of hydrogen bond
stretches,50 while the reorientation of water molecules is associated
with the peak at 94 meV.50

It is important to note that discrepancies between our simula-
tions and experimental results are primarily due to the pseudopoten-
tial approximation and the choice of SCAN exchange–correlation
function used in DFT calculations. To the best of our knowledge,
no exchange–correlation function perfectly reproduces experimen-
tal frequencies in liquid water. While structural correlations are
determined by the location of potential energy minima, frequencies
are determined by the curvature of the potential energy function at
the minima. Therefore, deviations between experimental and simu-
lation values for vibrational modes in liquids are more significant
compared to structural values. Nevertheless, these deviations can
serve as a tool to refine exchange–correlation functions used in
DFT calculations for water and related systems.

FIG. 9. QMD calculated vibrational density of states F(ω) and Fourier transform of the current–current correlation G(ω) for water at 300 K with density of 1.0 g/cc (black
dotted line) and supercritical water at 1000 K with density of 1.0 g/cc (left column) and 0.8 g/cc (right column) (both in solid red line).
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We have also calculated the vibrational density of states (VDoS)
by Fourier transforming the velocity autocorrelation function for
supercritical water. The validation for the VDoS from our sim-
ulations is carried out by comparing our results with the inelas-
tic neutron scattering experiments on SCW water at a density of
0.75 g/cc at 673 K by Andreani et al.44 This validation and detailed
results for dynamical correlations on SCW at ten densities will be
presented in Sec. IV B.

B. Dynamical correlation: Results for vibrational
density of states and frequency-dependent dielectric
function for supercritical water

Here, we present our analysis of the vibrational properties
of supercritical water at 1000 K. The results for densities of 1.0,
0.8, 0.5, 0.3, and 0.1 g/cc are discussed in this section, while plots

corresponding to intermediate densities of 0.9, 0.7, 0.6, 0.4, and 0.2
g/cc are provided in the supplementary material.

The changes observed in the calculated vibrational density of
states (VDoS) from 300 to 1000 K shown in Fig. 9 closely match
the corresponding changes in the experimental spectra, as shown in
Fig. 8. Notably, both datasets show a blue shift44 in the stretching
frequency, while the bending frequency remains largely unchanged.
Figures 10 and 11 show the vibrational density of states F(ω) and
the Fourier transform of the current-current correlation G(ω) for
ambient water and supercritical water from QMD simulation

This is even more evident when we put the VDoS on the same
plot as a function of density shown in Fig. 12.

Table I presents data on the relationship between density and
the O–H stretch peak position (measured in meV).

For ambient water at a density of 1.0 g/cc, the peak position is
424.6 meV. However, for water at 1000 K with a density of 1.0 g/cc,

FIG. 10. QMD calculated vibrational density of states F(ω) and Fourier transform of the current–current correlation G(ω) for water at 300 K with density 1.0 g/cc (black
dotted line) and supercritical water at 1000 K with density of 0.5 g/cc (left column) and 0.3 g/cc (right column) (both in solid red line).
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FIG. 11. QMD calculated vibrational density of states F(ω) and Fourier transform of
the current–current correlation G(ω) for water at 300 K with density 1.0 g/cc (black
dotted line) and supercritical water at 1000 K with density of 0.1 g/cc (in solid red
line).

the peak position is 451.2 meV. As the density decreases, the peak
position shifts upward, reaching 461.2 meV at a density of 0.2 g/cc.

Taken together, the structural correlations and vibrational
spectra presented in this work reveal a consistent and unifying
picture of how temperature and density affect the behavior of super-
critical water. The O–H stretching peak energy increases from
424.6 meV at 300 K to 451.2 meV at 1000 K at a fixed density of
1.0 g/cc, a shift far larger than the additional increase to 461 meV

FIG. 12. Blue shift in the stretching frequency >450 meV is clearly observed as the
density of supercritical water decreases. The energy values at the peak are given
in Table I.

TABLE I. Energy of the O–H stretching mode peak positions for various densities of
supercritical water at 1000 K. The value at 300 K is given for reference in the first row.

Density (g/cc) Peak position (meV)

1.0 (300 K) 424.6
1.0 (1000 K) 451.2
0.8 (1000 K) 457.1
0.6 (1000 K) 459.09
0.4 (1000 K) 461.01
0.2 (1000 K) 461.2

from 451.2 meV observed when density is reduced by nearly an
order of magnitude. This trend mirrors the structural analysis: tem-
perature strongly disrupts the extended hydrogen–bond network,
shifts the O–O coordination shell outward, and erases intermediate-
range order, while the molecular integrity of the remains remarkably
intact. Density variations at 1000 K, by contrast, primarily tune
the extent of intermolecular electronic perturbation on the cova-
lent O–H bond. At higher density, strong hydrogen bonding and
partial electronic delocalization soften the O–H stretch, whereas
at lower density, the reduced intermolecular coupling localizes the
O–H bond and steepens it, producing the gradual blue shift. These
findings show that although density modulates the degree of inter-
molecular influence, it is temperature that plays the dominant role
in altering the structure and dynamics of water under extreme
conditions. The combined evidence establishes that supercritical
water transitions from a structured, hydrogen-bonded liquid to a
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highly disordered, weakly correlated fluid primarily through ther-
mal effects, with density acting as a secondary but coherent modifier
of its vibrational and structural response.

V. CONCLUSION
To conclude, in this study, we examined the partial pair dis-

tribution functions and bond angle distributions of water with
densities ranging from 1 to 0.1 g/cc at 1000 K. In addition to these
structural correlations, we also calculated the vibrational density of
states and current–current correlations in these systems. Our find-
ings confirm that despite extreme thermal agitation, the covalent
O–H bond within the water molecule remains intact, as seen in pair
distribution functions. The intramolecular H–H distance is also pre-
served. Robustness of the O–H covalent bond is reflected in the blue
shifting of the O–H stretching peaks in the VDoS. However, the
hydrogen bond network undergoes a great deal of distortion, and at
the lowest density of 0.1 g/cc, it is very agitated, leading to very broad
H–O–H distribution and a hard to define H-bond network. Our
conclusions about the H-bond network in SCW are in agreement
with the experimental findings of Andreani et al.44 who concluded
that the breakdown of the percolating H-bond network in water at
733 K is characterized by fleeting and weak intermolecular H-bonds
and stiff covalent intramolecular bonds.

SUPPLEMENTARY MATERIAL

We have provided the structural and vibrational correlation
results for densities of 0.9, 0.7, 0.6, 0.4, and 0.2 in the supplementary
material.
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