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Despite its ubiquitous nature, the atomic structure of water in its liquid state is still
controversially debated. We use a combination of X-ray Raman scattering spectroscopy
in conjunction with ab initio and path integral molecular dynamics simulations to study
the local atomic and electronic structure of water under high pressure conditions.
Systematically increasing fingerprints of non-hydrogen-bonded H2O molecules in the
first hydration shell are identified in the experimental and computational oxygen
K-edge excitation spectra. This provides evidence for a compaction mechanism
in terms of a continuous collapse of the second hydration shell with increasing
pressure via generation of interstitial water within locally tetrahedral hydrogen-bonding
environments.

structure of water | high-density form of water | X-ray Raman scattering

Although water has been studied extensively for many years, the basic structural and
dynamical properties of this elusive liquid are still not well understood (1–3). In the
near-ambient solid phases of water, such as ice Ih, each water molecule is tetrahedrally
hydrogen-bonded (H-bonded) to four neighboring water molecules. In the liquid state,
this H-bond network is assumed to not be destroyed but to fluctuate on a pico- to nano-
second time scale due to disruptions caused by thermal fluctuations (4–7). One of the
primary questions about the structure of liquid water at the microscopic level persists: Can
it be described by a homogeneous and continuous distribution of H2O moities (8–11)
or is there a need to invoke the coexistence of two distinct forms of the liquid (12–14)?
Connections have been made between the theory of the ambient liquid and regions of
deeply supercooled water where the two structurally distinct forms of water have been
proposed to exist (12, 15–17). Similar ideas remain controversial for supercritical water,
namely its description in terms of low-density gas-like versus high-density liquid-like
forms including debates on Widom, Frenkel, or Fisher–Widom lines (18–24).

In analogy to the low- and high-density amorphous ice phases (25–27), the proposed
low-density form of water is assumed to have a close-to-tetrahedral local structure while
the proposed high-density form possesses an asymmetric local H-bond coordination
and a distorted first hydration shell with a “fifth” molecule intruding into the first
coordination shell. Although the coexistence of these two structural species can explain
some anomalous properties of water and the fact that recent experimental (28–30) and
theoretical (31, 32) evidence supports this conjecture in the supercooled state of water,
the true structure of liquid water is still debated.

Extrapolation of partial neutron structure factors measured at different pressures has
been used to determine the spatial density function of the two putative extreme forms of
water (33). In that study, the transformation from the low-density to high-density form of
water is associated with a breaking of H-bonds between the first and second coordination
shells and was therefore referred to as the collapse of the latter. Recent ultrafast X-ray
structure factor measurements of the supercooled liquid obtained by evaporatively cooling
of liquid droplets (28) and isochoric heating of high-density amorphous ice seem to be
congruent with a liquid–liquid transition in the deep supercooled regime at pressures of
several kbar (34).

Apart from the fundamental interest in the anomalous behavior, pressure-induced
changes of the molecular structure of liquid water are relevant to a variety of research
fields (35–40). The pressure evolution of the structure of liquid water is especially
interesting for a deeper understanding of the survival mechanism of marine animals living
at great depth (41–43). At corresponding hydrostatic compression, a nonmonotonous
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pressure evolution of the attractive part of the protein–protein
interaction with a distinct minimum at 2 kbar has been discovered
and was related to pressure-induced changes in the microscopic
structure of liquid water (44).

The intricate link between the electronic and the atomic
structure renders spectroscopic probes a crucial tool for the
investigation of the structure of water (45). Because of the element
specificity and the local nature of the core-hole, X-ray absorption
spectroscopy (XAS) experiments have been immensely important
for the study of the local structure and H-bond topology around
the absorbing oxygen sites (19, 45–48).

Since the oxygen 1s resonance energy lies in the soft X-ray
regime, conventional XAS is prohibitively difficult for samples
contained in a high-pressure apparatus. X-ray Raman scattering
(XRS) spectroscopy (49–52) provides a unique tool to study
shallow absorption edges of samples under extreme conditions
since it utilizes hard X-rays via nonresonant inelastic X-ray
scattering and has therefore been used in the past to study the
oxygen K-edge of water at extreme conditions (19, 53–55).

Here, we use XRS in combination with extensive molecular
dynamics simulations followed by XRS spectrum calculations
from first principles to gain a deeper understanding of the
evolution of the microscopic structure of compressed water. We
find the oxygen K-edge to continuously change with increasing
pressure. We assign these changes to additional water molecules
that are squeezed into the first hydration shell without formation
of H-bonds to the excited central molecule. These interstitial
water molecules populate the voids offered by the persisting

tetrahedral H-bonded network of the fluctuating disordered
liquid while maintaining their own H-bonds. This structural
feature is similar to the two interpenetrating water sublattices,
which themselves form two distinct tetrahedrally H-bonded
networks without any H-bonding between them, that are typical
for some high-pressure ice phases. Thus, the same compaction
mechanism via interstitial local neighbors, necessary to allow the
density of water to increase much beyond 1 g/cm3, is at work in
the extremely compressed liquid and the high-pressure ice phases.

1. Results

Fig. 1A shows oxygen K-edge spectra measured at T = 21.0 ◦C
and pressures between 1.0 bar and 9.3 kbar. Differences with
respect to the spectrum of the ambient pressure sample are
shown in part (B). To further aid the interpretation of the
experimental spectra, we compare our experimental results to
spectrum simulations within the transition potential half-core-
hole approximation as implemented in the ERKALE code
(56) (details in Materials and Methods) based on atomic struc-
tures obtained from two complementary simulation approaches,
namely ab initio molecular dynamics (AIMD) based on density
functional theory and path-integral centroid molecular dynamics
(PICMD) using a nonempirical water potential. Panels (C–F )
in Fig. 1 show the corresponding results of spectrum simulations
based on these different simulation approaches.

Three features are evident in all spectra and are usually referred
to as pre-, main-, and postedge (gray shaded areas in Fig. 1). The

Fig. 1. Experimental XRS oxygen K-edge spectra at pressures between ambient and 9.3 kbar (A) and their differences with respect to the spectrum at ambient
pressure (B) (legends shared between (A and B). (C–F ) Spectra and spectral differences from simulations based on configurations sampled from AIMD and
PICMD trajectories (legends shared between subfigures (C/D) and (E/F ). The gray shaded areas indicate the three characteristic features of the oxygen K-edge
of water: pre- (531.5 to 535.8 (536.0) eV), main- (535.8 (536.0) to 539.8 (539.1) eV), and postedge (539.8 (539.1) to 545.0 eV) for the experimental (theory) spectra.
The averaged simulation spectra were shifted to meet the edge onset of the experimental data.
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pre-edge region at 535 eV is described as a signature of distorted
H-bonds and deviation from a tetrahedral structure. The spectral
feature at the main edge region is suggested to reflect the
approach of water molecules into the first hydration shell without
formation of H-bonds to the excited water molecule, i.e., an
increasing coordination number (55, 57), and to be sensitive
to the H-bond distortions in liquid water (55). The postedge
covers excitations into delocalized states and is sensitive to the
arrangement of the first and second nearest-neighbor molecules
and is, therefore, prominent in the tetrahedrally ordered low-
density ices such as ice Ih. It has been shown that the postedge
feature can be explained by shape-resonances due to excitations
of the core electron to quasi-bound states with valence character
(10, 53). The three spectral features have been shown to correlate
with structural properties in the local vicinity of the excited
oxygen site, however, these structural fingerprints must be viewed
as averages of a fluctuating statistical ensemble, in which notable
variation around the mean structural parameter —spectral feature
relation exists (48).

Contrary to results reported much earlier (58), the pressure-
induced changes of the oxygen K-edge are clearly observable in
the present work, albeit small compared to the noise level of the
previous study. Continuously increasing differences with respect
to the ambient pressure spectrum are shown in Fig. 1B. Here, two
minima at 534.5 eV and 536.0 eV are evidence of the blue shift
of the spectra with increasing pressure and a broader maximum
around 539 eV is indicative of the pressure-induced increase of
spectral weight in the main-edge region.

The calculated XRS and difference spectra (Fig. 1 C–F )
qualitatively reproduce the experimental findings: the intensity
of the main-edge peak increases with pressure and no significant
change in the pre-edge feature is observed. Correspondingly, the
difference spectra show two minima in the region below 537
eV and a peak around 539 eV energy loss that becomes more
pronounced with increasing pressure. However, differences exist
between experiment and theory in the postedge region, where
simulations predict increasing intensity with increasing pressure
whereas the experimental spectra show almost constant spectral
weight. We attribute this discrepancy to the known deficiencies
of density functional theory–based methods to properly describe
empty states and to the general difficulty of modeling low-
energy continuum states. Recent GW-Bethe-Salpeter-Equation
simulations of the oxygen K-edge of water demonstrate, albeit at
great computational cost, that the experimental spectra can be
reproduced quantitatively from first principles if self-consistent
quasiparticle wave functions and a large Hilbert space, including
unoccupied conduction orbitals, are used (59).

Apart from the slight blue shift, the shape of the pre-edge
does not change notably as a function of pressure. Likewise, the
postedge intensity remains almost constant throughout the entire
pressure range and the strongest pressure-induced change is the
intensity increase at the main-edge. Fig. 2A shows integrals of
the difference spectra in the main-edge region as a function of
pressure for the experimental (blue and red) and the simulated
K-edge spectra (orange and green). The experimental difference
spectra were integrated in a range from 537 eV to 540 eV, whereas
a smaller range from 537.2 eV to 538.8 eV was chosen for
the theoretical spectra due to the narrower features as discussed
above. This follows the principle of correspondence, analyzing
identifiable features that are reproduced by the simulations (60).
The resulting main-edge intensity versus pressure curves were
normalized to their area in between 1.0 bar and 5.0 kbar to
account for slight differences between the different experimental
runs and simulation results. Error bars are estimated based on

Fig. 2. (A) Integrated difference spectrum in the main-edge region (denoted
ME integr.) as a function of pressure for the experimental and simulated
oxygen K-edge spectra (see Left y-scale; different symbols label the two
experiments and two simulations; see text). The broad dark (AIMD) and light
(PICMD) gray lines represent the average (see Right y-scale; increasing from
Top to Bottom) of the probability distribution functions of finding a fifth non-
H-bonded water molecule depicted in Fig. 3 C and D. (B) Same as (A), but as
a function of density as derived from the equation of state (61) to convert
the experimental pressures. Corresponding data points are connected by
straight lines to guide the eye.

slight variations of the integration ranges. After an initial steep
increase up to 2.5 kbar, the rate of change for the integrated
values decreases at higher pressures.

This trend is reproduced by both simulations and correlates as
a function of increasing pressure with a decreasing average of the
probability density for finding an interstitial fifth water molecule,
as discussed below. The same main-edge intensity values are
plotted as a function of density in part (B) of Fig. 2, where the
experimental density was derived via the equation of state (61),
showing similar behavior.

The overall satisfactory agreement of the salient spectral
features between the two sets of calculated spectra and the
experimental results as a function of pressure supports the validity
of the two complementary methods, AIMD and PICMD. We
thus use the underlying trajectories to extract utmost detailed
information about the local structure around the scattering
oxygen atoms of compressed water. The two sets of O-O radial
distribution functions (RDFs) depicted in Fig. 3 A and B are
found to be very similar as a function of pressure all the way from
ambient up to 10 kbar. They feature the well-known nearest
neighbor O-O peak at approximately 2.8 Å, which however shifts
only slightly to smaller distances with increasing pressure. In stark
contrast, the wider second maximum of the second shell around
4.5 Å broadens very significantly and gradually shifts toward the

PNAS 2024 Vol. 121 No. 39 e2403662121 https://doi.org/10.1073/pnas.2403662121 3 of 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
U

N
IV

E
R

SI
T

Y
 O

F 
T

U
R

K
U

, T
E

U
T

O
R

I 
L

IB
R

A
R

Y
" 

on
 S

ep
te

m
be

r 
17

, 2
02

4 
fr

om
 I

P 
ad

dr
es

s 
13

0.
23

2.
20

0.
91

.



Fig. 3. Oxygen–oxygen radial distribution function of compressed water at 300 K calculated from (A) the AIMD and (B) the PICMD simulation trajectories.
Probability distribution function for finding a fifth water molecule at distance rNHB

O−O from a reference water molecule without forming an H-bond with the latter,
as obtained from (C) AIMD and (D) PICMD simulations.

first coordination shell, thus creating a significantly enhanced
probability at approximately 3.3 Å to find water molecules close
to the reference molecule in the kbar regime compared to low
pressures.

We computed the probability density of finding a fifth,
interstitial, water molecule (PNHB) in the vicinity of each
water molecule for the two simulation trajectories. PNHB is
determined by counting the number of fifth-closest oxygen atoms
in a given distance increment that are not H-bonded to the
reference oxygen divided by the total number of fifth oxygen
atoms (H-bonded or not; see Materials and Methods for details)
(62, 63). The results are shown in Fig. 3 C and D for the
AIMD and PICMD trajectories, respectively. These normalized
probability distributions shift significantly to lower distances and
sharpen considerably as a function of increasing pressure. Their
average values r̄NHB

O−O are indicative of how these additional water
molecules approach the first shell with increasing pressure as
reported by the broad gray lines in Fig. 2.

2. Discussion

2.1. Comparison to the Structure of Solid Water Phases. The
sensitivity of the oxygen K-edge to the local structure and H-bond
topology of the scattering or absorbing site has been demonstrated
in many experimental and computational works (10, 19, 45, 48,
59, 64). Minute changes in the pre- and postedge manifest minute
changes in the distributions of local tetrahedral arrangements of
the H-bonded neighbors. As discussed above, spectral gain in the
main-edge has been related to an increase of interstitial molecules
that penetrate into the first coordination shell. These conclusions
were drawn based on a comparison of experimental spectra of
low and high-pressure ice phases (55, 65) as well as based on
simulation work (48, 66).

The appearance of interstitial molecules in the first coordina-
tion shell is well known to appear when compressing the solid
(27, 67, 68), but should be present even in the ambient liquid,
since the O-O coordination number at ambient conditions
exceeds four (19). Radial distribution functions from neutron
and X-ray diffraction studies show clear evidence for the existence
of additional molecules at short distances that do not H-bond
to the reference water molecule when the liquid is compressed
(33, 69–71).

The shared phase boundary between liquid water and various
crystalline ice phases raises the question whether the local
structural motifs of the high-density crystalline phases may be
found in similar form in the liquid when comparing ice and
liquid water at similar pressure. Ice Ih is an open and low-density
structure, in which all water molecules experience the same
local environment with interstitial voids large enough to host
additional water molecules (72) and a second nearest neighbor
distance of 4.5 Å. Half of these interstitial voids collapse when
compressing ice Ih to form ice II (73) and the closest distance
between oxygen atoms of two non-H-bonded H2O molecules
reduces to 3.24 Å. Likewise, in ice III and V the voids are
partially collapsed. In these phases, H2O molecules are arranged
in a three-dimensional network of partially interconnected cages
and/or rings with shortest next-nearest neighbor distances of 3.6
and 3.28 Å, respectively (74, 75). At even higher pressures, two
fully separate yet interpenetrating H-bonded sublattices form, as
is the case in ice VI and VII (and its proton-ordered counterpart
ice VIII) (67, 68). In these fully self-clathrated structures, the
closest non-H-bonded molecules are 2.86 Å and 3.35 Å apart,
respectively.

We compare the recorded spectra of pressurized water with
those of selected ice phases (Ih, III, and VI), all of which share
a phase boundary with liquid water at lower temperature over
large parts of the investigated pressure range. Fig. 4A shows

4 of 9 https://doi.org/10.1073/pnas.2403662121 pnas.org
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Fig. 4. (A) Experimental oxygen K-edge spectra of the ice phases Ih, III, and VI. (B) Experimental difference spectra of the ice phases III and VI with respect to
the spectrum of hexagonal ice. (C) Simulated oxygen K-edge spectra (see text) of the ice phases Ih, III, and VI. (D) Difference spectra of the simulated ice III and
VI spectra with respect to that of ice Ih. The spectra of ice Ih and VI are normalized as described in ref. 10. Due to the limited available energy loss range, the
spectrum of ice III is only normalized to the available energy range, however, qualitative insight is still granted. Image Credit: Reprinted figure with permission
from ref. 54. Copyright 2005 by the American Physical Society.

experimental oxygen K-edge spectra of ice Ih, ice III (spectrum
digitized from ref. 54), and ice VI. Difference spectra between
the high-pressure ice phases and ice Ih are shown in part (B).
Corresponding simulation results based on transition potential
approximation (TPA) calculations (56) of the well-known atomic
structures are shown in parts (C andD). Even though the pre- and
postedge features differ between the different ice phases, the most
prominent relative spectral changes are observed in the main-edge
region, as observed for the liquid. The difference spectra with
respect to the spectrum of the lowest-density phase (ice Ih) show
the characteristic shape also observed for the liquid phase with two
minima around the pre-edge region and a maximum in the main-
edge region (compare to Fig. 1). This indicates that the structural
alterations water undergoes when subjected to increasing pressure
may be similar to changes induced by the transitions from ice Ih
to ice III and ice VI.

It should be noted, however, that this can only reflect the local
structure surrounding the H2O molecules, since liquid water,
unlike ice Ih, III, and VI, exhibits no long-range order. This
may explain the differences found at higher energy losses, as
here the XRS spectrum is affected by scattering of free electrons
in continuum states, the low-energy part of extended X-ray
absorption fine structure. As mentioned earlier, the postedge
does not change significantly as water is compressed, implying
that the appearance of additional water molecules in the vicinity
of the first shell does not significantly alter the potential
barrier for a shape resonance. The barrier may predominantly
be defined by the next-nearest neighbors in the absence of
long-range order (10, 53, 76). Interpenetrating high-pressure
water networks corresponding to, e.g., ice VI may consist of
the local arrangements of two pentamers of water molecules,
which structurally intertwine without forming H-bonds between
each other. The results of a theoretical study investigating the
interaction of rigid pentamers corroborate this hypothesis (77).
We note that the water–ice Ih–ice III triple point is at 2 kbar
(−22 ◦C), the same pressure that we see the initial steep increase

of the main-edge intensity abate. The pressures probed here
therefore coincide with pressures close to the stability field of
(crystalline) structures with partially collapsed voids and onsets
of interpenetration involving two H-bonded sublattices.

When ice Ih is subjected to pressure at low temperature, it
transforms to high-density amorphous (HDA) ice at pressures
close to the extrapolated melting curve of ice (78, 79). Even
though temperatures are lower and pressures higher than here,
the structural evolution may exhibit resemblances to the response
of liquid water to pressure. Neutron diffraction data suggest that
HDA ice, similar to ice VII yet without long-range order, is
composed of interpenetrating but separate H-bond networks
(27). Recent simulation work likewise showed that interstitial
molecules in high pressure glassy water are not H-bonded to
the reference molecule. However, the interstitial molecules form
H-bonds of their own, rendering them topologically higher-
order neighbors of the reference molecule (80). The comparison
between the oxygen K-edge spectra of the solids and the
compressed liquid at ambient temperatures suggests that locally,
i.e., from the perspective of the excited oxygen reference atom,
the compaction mechanisms are similar.

2.2. Comparison to Structural Models. The picture of how
liquid water changes its H-bond structure as a function of
compression into the kbar regime is not only confirmed by the
two independent simulation approaches, AIMD and PICMD,
but complemented with very detailed microscopic information
on the local structure of high pressure water. In particular,
over the entire pressure range studied here, the local water
environment stays close to tetrahedrally coordinated akin to
ambient water since the first peak in the O-O RDF as well as the
peak in the distribution of the first to fourth oxygen neighbors
are nearly unchanged (SI Appendix, Fig. S1). The probability of
finding a second-nearest interstitial neighbor in the direct vicinity
of the first shell significantly increases with pressure, as shown in
Fig. 3 C and D, in line with previous simulation work (62, 81)
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and experimental pair distribution analysis (33, 69–71). These
interstitial water molecules are topological second to fourth H-
bonded neighbors of the reference molecule (36, 80). Likewise,
the oxygen orientation distribution, measuring angles between a
reference oxygen atom and the various combinations of oxygen
atoms of the first and second shell, clearly changes from a bimodal
shape with maxima at 45◦ and 75◦ at ambient to a single
maximum at approximately 65◦ at higher pressure (SI Appendix,
Fig. S2). Again, this is attributed to an increasing amount of
interstitial molecules that are created in the first hydration shell
upon kbar compression.

Various experimental studies have confirmed the persistence
of the H-bonds in the system with increasing pressure or
likewise attribute the changes to the approach of additional water
molecules to the first shell (38, 70, 82–85). For instance, in
a femto-second mid-infrared pump–probe spectroscopy study
of liquid water mixed with D2O at a temperature of 25 ◦C
and pressures up to 10 kbar, spectroscopic data were compared
with molecular dynamics (MD) simulations (82). In the work,
an increase of nonbonded molecules at short distances was
observed without alterations to the local H-bonded tetrahedral
configuration (82). The stability of the fourfold H-bonded
structure of the immediate neighborhood is supported by X-
ray diffraction measurements with a high q-range, where most of
the changes in the pair distribution function were found to occur
at higher distances, i.e., the interstitial neighboring molecules
(84). Furthermore, THz spectroscopy combined with AIMD
simulations (38, 85) also supports the existence of the tetrahedral
H-bond network from ambient conditions up to about 10 kbar
while being insensitive to non-H-bonded, interstitial water in
that network (85). The unaffected shape of the pre-edge feature
observed here as a function of pressure is direct evidence for the
persistence of H-bonding in the compressed liquid. This suggests
that the interstitial molecules, even though not H-bonded within
the first shell of the excited molecule, are H-bonded to other
molecules.

Having established the compression mechanism that triggers
the continuous collapse of the second shell, we next investigate
the nature of this transition by focusing on the associated rate of
change as a function of compression. Fig. 2 A and B present a
comparison of the integrated main-edge values from experiment
to the average of PNHB, denoted r̄NHB

O−O, from both simulations
approaches as a function of pressure and density, respectively.
Despite some expected scatter of the main-edge integrals calcu-
lated from simulated spectra based on the AIMD or PICMD
configurations, a continuous increase in the main-edge integral
as a function of pressure and/or density is clearly observable. Very
importantly, the increase of the main-edge spectral contribution
is found to correlate with the continuously decreasing averages
r̄NHB
O−O of the PNHB distributions upon compression. This points

to continuous pressure-induced structural changes that leave the
tetrahedrally H-bonded neighbors relatively intact while non-H-
bonded neighbors get pushed into the voids offered within the
spanned tetrahedral network.

The measured oxygen K-edge spectra constitute averages over
the individual spectra of the underlying atomistic local struc-
tures subject to the given temperature and pressure conditions
(48). These local structures represent a continuous range of
configurations that explore the thermodynamically accessible
phase space. It has been shown that the main structure-spectral
relationships established via comparison of spectra from ice Ih,
liquid, and supercritical water may be recovered from a single
simulation of liquid water at ambient conditions simply due

to the variation of weights of local configurations within the
statistical ensemble (48). In the current study of compressed
water at room temperature, pressure drives the ensemble away
from the ambient equilibrium, as characterized by open H-
bonded tetrahedral nearest-neighbor environments, toward a
situation where much of the open space, i.e., the voids between
H-bonded water molecules, gets populated by additional water
molecules, the interstitials, which are also close neighbors but
not H-bonded.

3. Summary and Outlook

The characterization of the structure of liquid water poses a
formidable challenge for experiment and theory. Conventional
scattering techniques can provide information on the long to
medium-range ordering. Semilocal probes, such as vibrational
spectroscopy, are helpful in determining interactions between
atoms. Here, we employed a site-specific technique, namely X-
ray Raman scattering spectroscopy, to study the oxygen core level
electronic excitation spectrum to reveal the effect of pressure
on the microscopic structure of liquid water up to the multi-
kbar regime. In concert with two complementary molecular
dynamics simulations, ab initio and centroid path integral
molecular dynamics, we finally disclose the underlying molecular
picture at the level of the H-bonding network response to strong
compression of liquid water.

No significant change in the oxygen K pre-edge feature was
observed despite differences related to the blue shift of the edge.
This indicates that there is no substantial alteration of the nearest
neighbor H-bonds in contrast to, for example, observations
for supercritical water (19, 86, 87). However, distinct changes
of the main-edge region are revealed with a peculiar pressure
dependence showing a continuous enhancement of the main-
edge intensity. The excitations in this energy range of the main-
edge have been shown to be sensitive to water molecules in
the second coordination shell and the intermediate range order
(59). The fact that only the main-edge evolves significantly as
a function of pressure in contrast to the pre- and the postedge
clearly indicates that the underlying structural alterations are
driven by changes that are not accompanied by significant H-
bond breaking, thus maintaining the local tetrahedral order even
upon compression of liquid water up to 10 kbar.

The experimental XRS patterns and the difference spectra
relative to ambient pressures were reproduced by spectra calcu-
lated based on both AIMD and PICMD molecular dynamics
trajectories, indicating that these vastly different simulation
approaches independently provide reliable representations of the
liquid structure as a function of compression. Having validated
the simulations by capturing the pressure-induced XRS main-
edge changes, detailed analyses of the trajectories show that
water molecules from the second coordination shell are squeezed
into the interstitial voids available in the essentially unaltered
tetrahedral H-bond network by the application of pressure
without the formation of H-bonds with the water molecules
in the first hydration shell.

Thus, we directly assign here the experimentally observed
growing oxygen K main-edge intensity to the population of
these voids with interstitial water molecules that are not H-
bonded to the excited molecule. The persistent shape of the
pre-edge with increasing pressure indicates that these interstitial
water molecules form H-bonds of their own. This provides
the compaction mechanism in pressurized water that allows for
the enormous density increase of liquid water to 1.243 g/cm3
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at 10 kbar. Incidentally, the rate of change of that integrated
main-edge intensity with pressure is close to the thermodynamic
conditions of the transition regime from ice III via ice V to
ice VI at lower temperature, a transition from a single H-bond
network to two separate but interpenetrating such networks upon
compression. In the latter case, H-bonded water molecules in
one network are non-H-bonded to the second network and are,
thus, interstitial waters therein. This comparison to structurally
well-defined ice polymorphs provides additional credence to our
view of a continuous formation of interstitial water molecules
hosted in the voids of the essentially unperturbed tetrahedral
H-bonded network in compressed liquid water at ambient
temperature.

4. Materials and Methods
4.1. X-ray Raman Experiments. Preliminary XRS measurements on water
under high pressure were performed at beamline P01 of PETRA III and
beamline BLU12 at Spring-8. The experimental setup of both facilities has been
documented elsewhere (88, 89). At P01, a spindle-driven hydrostatic pressure
cell equipped with nano-polycrystalline diamond windows (90) and a pressure
gauge for pressure estimation was used (91). The uncertainty in pressure is about
100 bar at the highest pressure using such hydrostatic pressure cell. At BLU12,
a panoramic diamond anvil cell (DAC) was applied. Based on the experience
gainedwiththeseexperiments,finalmeasurementswereperformedatbeamline
ID20 of the European Synchrotron Radiation Facility using a panoramic DAC
equipped with 800μm culet Boehler-Almax shaped diamonds (92). The sample
was placed into a 400 μm hole in an X-ray transparent beryllium gasket
together with a small ruby sphere for online pressure estimation via the pressure
shift of the ruby luminescence (93), uncertainties in pressure are of the order
of 250 bar.

At ID20, photons from four consecutive U26 undulators were monochro-
matized by a combination of a Si(111) high-heat-load monochromator and a
Si(311) channel-cut postmonochromator. The beam was focused to 20 × 20
μm2 at the sample position by a mirror system in Kirkpatrick-Baez geometry. We
used the large-solid-angle spectrometer of ID20 employing 36 of 72 spherically
bent Si(660) analyzer crystals due to the restricted opening angles of the DAC
(94). The 36 analyzer crystals were placed in the vertical scattering plane (�
polarization) with 24 analyzer crystals in transmission geometry (momentum
transferq = 2.4±0.4 Å−1) and 12 analyzer crystals in backscattering geometry
(q = 9.0± 0.4 Å−1) (only low-q data shown). To measure energy losses in the
vicinity of the oxygen K-edge, the incident energy was scanned between 10.21
keV to 10.30 keV. The overall energy resolution was 0.7 eV.

At P01, the XRS spectra were measured using the XRS spectrometer equipped
with 12 spherically bent Si(660) analyzer crystals 7 of which were used owing
to the restricted field of view by the cell geometry. The incident energy was
scanned with a Si(311) monochromator in a range from 10.2 keV to 10.235 keV
with an overall energy resolution of approximately 0.8 eV using a beam size of
150 × 150 μm2. The spectrometer was set to an average scattering angle of
26◦ resulting in a momentum transfer of q = 2.3± 0.4 Å−1.

All XRS data analysis was performed using the XRStools program package
(50). The same program package was utilized for further data treatment, i.e.,
consistency checking of the individual spectra of each analyzer crystal and each
scan before merging, background subtraction, and normalization of the final
spectra. The spectra were normalized to the area between 522 eV and 595 eV
(527 eV and 550 eV for P01 data). The dataset recorded at ID20 extends to the
highest pressures and provides the best signal-to-noise ratio and is therefore
presented primarily in the above discussion.

4.2. Water StructuralModel fromMolecular Dynamics Calculations. Two
independent sets of structural ensembles of compressed water at 300 K as a
function of pressure up to 10 kbar were obtained from two complementary
advanced MD simulations. Ab initio (AIMD) simulations (95) were carried out
with the QUICKSTEP module of the CP2k software package based on Born–
Oppenheimer propagation (96). The RPBE density functional (97) together with

Fig. 5. Comparison of the experimental density (from ref. 61) to the
computational equation of state based on the PICMD simulations; see text.

the D3 dispersion correction (using the two-body terms and zero damping) (98)
was used in combination with the triple-zeta TZV2P basis set (99, 100). A total
of 128 water molecules was simulated within a periodic cubic box with constant
volume and a box length between 14.572 Å and 15.662 Å depending on the
pressure (from 1 bar up to 10 kbar) and thus density of the system at 300 K
according to the accurate experimental equation of state (61). Massive Nosé-
Hoover chain thermostats were set to 300 K to establish the canonical ensemble.
This AIMD approach has been demonstrated (36) to perform well for liquid water
at 300 K from 1 bar to 10 kbar.

The second set of configurations depending on pressure was obtained from
PICMD simulations (101) of 64 water molecules with interatomic potentials
fitted to very accurate quantum chemistry calculations. The simulations were
performed using an in-house, parallelized MD code that employed the flexible,
all-atom polarizable Thole-type interaction potential (TTM2.1-F) (102, 103).
Canonical (NVT) ensemble calculations on a 64-water system at 300 K were
performed. PICMD replaces each quantum particle (hydrogen and oxygen)
with a harmonic-beads ring-polymer and formulates the equation of motion
with the centroid of the harmonic rings (104). In the present calculation, 16
beads were used to represent each quantum particle. The coupled equations
of motion were solved with a time step of 0.01 fs. The total simulation time
was 1 ns. The isotropic pressure at each density was the average of the
principal components of the stress tensor obtained by appropriately adjusting
the size of the simulation cell, which provides the computed equation of state
shown in Fig. 5. The error bars associated with each pressure point were
estimated from the time-averaged fluctuations of the principal components
of the stress tensor after thermodynamic equilibration. The agreement is fair
but certainly better than previous calculations even though the densities were
underestimated with increasing pressure. The discrepancy is most likely due
to the fact that the TTM2-F potential was parameterized for water at ambient
pressure. The density obtained at zero pressure and 300 K was 1.003 g/cm3 in
good agreement with the experimental value. Furthermore, as reported earlier,
the freezing point of ambient water is also well reproduced by our PICMD
calculations (105).

4.3. Theoretical Modeling of XRS Spectra: Cluster Model Approach.
Oxygen K-edge Spectra within the TPA were calculated based on atomic clusters
cut from the trajectories of both, the AIMD and the PICMD, simulation trajectories
using the ERKALE program package (56). Two different basis sets were used for
the calculations. We used Dunning’s standard augmented correlation consistent
polarized valence double zeta basis set for all atoms in the system except for the
excited oxygen atom, for which we used the IGLO-III basis set (106). In addition,
once the convergence of the self-consistent field was reached, the basis set of
the excited oxygen atom was extended with diffuse functions to further refine
the description of the virtual orbitals. The energy loss scale of each individual
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oxygen K-edge spectrum was set by calculating the difference in the total energy
of the first core-excited state and the ground state for each individual cluster.
For each spectrum at given pressure, approximately 750 spectra were calculated
based on clusters centered around different oxygen sites of the simulation
trajectories, which were then averaged to obtain a well-converged structural
average spectrum. All simulations were performed at a momentum transfer
value of q = 2.65 Å−1, close to the experimental value. After averaging all
spectra at a certain pressure, a Gaussian broadening scheme with a linearly
increasing full width at half maximum from 0.6 eV to 8 eV between 536 eV and
545 eV was applied. This scheme was used to account for finite lifetime effects
and the experimental broadening of the apparatus (107). The final average
spectra were shifted on the energy loss scale to coincide with their experimental
counterpart.

4.4. Structural Analysis.
4.4.1. Hydrogen bonds. Hydrogen bonds were evaluated subject to geometric
criteria (48, 108), i.e., two water molecules are H-bonded if the two oxygen
atoms are separated by less than 3.5 Å and the hydrogen-donor-acceptor angle
is less than or equal to 30◦.
4.4.2. PNHB. The probability distribution for finding a fifth water molecule at
distance rNHB

O−O from a reference water molecule without formation of an H-bond
with this reference molecule is calculated following ref. 109. For each water
molecule i, the neighboring molecules are ordered according to their radial
distance of their oxygen atoms. The probability of finding a water molecule not
H-bonded to i at a given distance rNHB

O−O is then calculated by the number of water
molecules not H-bonded to i divided by the total number of water molecules
found at rNHB

O−O.

Data, Materials, and Software Availability. Ascii data have been deposited
in zenodo (TBD). Previously published data were used for this work (54).
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