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Abstract

In this work, an investigation of supercritical water is presented combining inelastic
and deep inelastic neutron scattering experiments, and molecular dynamics simulations
based on a machine-learned potential of ab-initio quality. The local hydrogen dynam-
ics is investigated at 250 bar and in the temperature range 553-823 K, covering the
evolution from subcritical liquid to supercritical gas-like water. The evolution of libra-
tion, bending, and stretching motions in the vibrational density of states is studied,
analysing the spectral features by a mode decomposition. Moreover, the hydrogen nu-
clear momentum distribution is measured, and its anisotropy probed experimentally. It
is shown that hydrogen bonds survive up to the higher temperatures investigated, and
we discuss our results in the framework of the coupling between intramolecular modes
and intermolecular librations. Results show that the local potential affecting hydrogen
becomes less anisotropic within the molecular plane in the supercritical phase, and we

attribute this result to the presence of more distorted hydrogen bonds.
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Supercritical water (SCW), i.e., water at temperatures higher than 7o = 647 K and
pressures higher than Pz = 221 bar, has a central role for green and sustainable economies
in the treatment of biomass waste,! in the production of micro- and nano-particles,? as
well as in the cooling systems of new-generation power reactors.®* Despite its broad use in
industry and engineering, some aspects of its microscopic structure and dynamics are still
a matter of debate, and a deeper understanding is needed to improve the efficiency of the
use of SCW as an environmentally friendly solvent.>® The ultimate goal for the vast field of
SCW-based applications lies in the possibility to modify and tune Hydrogen Bonds (HBs) as
a function of the thermodynamic state. The maximum number of HBs per water molecule is
considered to be Ny = 4 in the solid state.” Upon melting, some HBs break (Nyp ~ 3-4),
and when the temperature increases further, the number of HBs is expected to decrease, with
the limiting case of the perfect-gas phase defined as a collection of non-interacting monomers
(Nyp =0).

Above the critical point (CP), a distinction between liquid and gas phases becomes

8, 110,11

ambiguous,®? and a number of experimenta and theoretical studies,? of which we give

few examples below, contributed to shed light onto the nature of HBs in such thermodynamic

13-16

range. Early experiments using neutron diffraction suggested that the number of HBs

was largely reduced at 673 K and 800 bar with respect to Room-Temperature Water (RTW).

f.17 suggesting a gas-like water behavior at pressures in

Raman spectra were reported in Re
the kbar range yet at temperatures as low as 400 K, in striking disagreement with the proton
NMR investigation from Ref.,!® where still 20% as many HBs at 673 K and 400 bar as for
RTW were found. Other authors concluded from Molecular Dynamics (MD) simulations

? or small clusters composed

that the most abundant H-bonded species in SCW are dimers,*
of n = 2 — 3 molecules,?® while Ref.?! made a distinction between liquid-like and gas-like
SCW based on the Widom line concept.?? For the two examples they studied,?! the gas-like

SCW arranges in small clusters (Nyp ~ 1.0), and the liquid-like case can form a single

global cluster (Ngp = 1.9). Finally, infra-red spectra from Ref.?* suggested that the water
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structure simplifies to a collection of free monomers only for densities lower than 0.05 g/cm?.
Such distinction (via Nypg or cluster size) between liquid-like and gas-like SCW is qualitative
and depends on the criteria used to define HBs (see e.g. Ref.? for a discussion of HB criteria
for RTW).

In this work, we present an experimental and theoretical spectroscopic investigation on
SCW, combining Inelastic (INS) and Deep Inelastic Neutron Scattering? 3¢ (DINS) exper-
iments, and deep potential MD (DPMD) simulations®”® trained with density functional
theory (DFT) data. While retaining the accuracy of ab-initio MD (AIMD), DPMD simula-
tions are substantially more efficient, allowing for much longer trajectories and larger system
sizes than AIMD. This is an important issue when dealing with low-density supercritical
water. We have performed experiments at a fixed pressure of 250 bar (higher than Pr) and
across a temperature range from 553 K (subcritical liquid), to 823 K (gas-like SCW). As
there is no unique definition of the boundary separating liquid- and gas-like phases, Figure
S5 in the Supplementary Information (SI) shows the position of the thermodynamic points
investigated with respect to the Widom lines at constant heat capacity and thermal com-
pressibility, as well as the locus of constant self-diffusion coefficients. To help understanding
the following discussion, we notice that the investigated points at 553 K and 733 K are
well within the regions of sub-critical and gas-like SCW, respectively. Neutron scattering is
the technique of choice to probe the hydrogen dynamics in condensed-phase systems, ow-
ing to the high scattering cross section of protons.?#! INS uses thermal neutrons to excite
intermolecular and intramolecular vibrational modes (similar to Raman and infra-red spec-
troscopies yet without selection rules); the measured peaks have been used in the past as

fingerprints of the strength of the HB network in water.1%4%43 DINS makes use of epithermal

44 4

neutrons,?? in a scattering regime referred to as Impulse Approximation?® at high energy
and momentum transfers. DINS provides unique information on the single-particle dynamics
via the measurement of Nuclear Momentum Distributions (NMDs), thereby accessing the

anisotropy and anharmonicity of the local potential affecting nuclei. As neutrons scatter
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directly off nuclei, INS and DINS probe local information at the A- and fraction-of-A length
scales, respectively. Moreover, the high-energy transfer in DINS makes this technique sen-
sitive to the dynamics and structure in the fs time scale.'14%°% More details about both
experiment and simulation are provided in the SI.

Figure 1 shows the hydrogen-projected Vibrational Densities of States (VDoS), g(E,T),
as obtained from our INS measurements performed at the SEQUOIA spectrometer® (Spal-

lation Neutron Source, USA). One can notice three main contributions: the libration modes

0.008 ~ . , .
| Figure 1: Hydrogen-projected vibra-
0.007 v ) tional densities of states under a fixed
=70.006 |- i : pressure of 250 bar and at (a) 553 K,
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0.0 this mode frequency.
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(at energies lower than 100 meV), the bending modes (around 200 meV), and the stretching
modes (between 450-473 meV). It is evident how, for increasing temperature and decreasing
density, the stretching peak moves to higher frequencies, and the libration peak to lower fre-
quencies. Such opposite trends had already been observed (e.g., upon melting of ice water®?
or in amorphous ices®®) and are attributed to a weakening of the HB strength. In our study,
such HB weakening moves the stretching peak towards the upper limit of the free monomer,
on the other side hindered libration modes decrease in frequency towards the free-rotation
limit. A more detailed description?® assumes the overall stretching peak as a superposition

of n = 1-4 oligomers, and relates the frequency shift to the change in the population of each

species, with a trend towards monomers and dimers as temperature increases. We notice
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that the presence of quantised librational modes as opposed to stochastic free rotations is
a strong suggestion of the presence of intermolecular HBs hindering the molecular reorien-
tation. Quantised rotations for a free water molecule in a Cgy cage were measured at much
lower energies, in the order of few meV.% Additional information can be obtained from the
broadening of the stretching peak, which we attribute to the coupling between intramolecular

OH stretching and intermolecular libration motions.

— v | Figure 2o Simulated VDoS of H,O
----- Vib.+Lib./Rot. at experimental subcritical (bottom)
and supercritical (top) conditions.

For each case, the full spectrum
m — ﬁ - (solid line) is compared with the pro-

E [meV] jected VDoS (dashed line), in which
[E— vi,, | the molecular translations are elim-
""" Vib.+Lib. inated. The shaded spectra corre-
spond to intramolecular vibrational

-
SRy A spectra (with librational and rota-
0+~

0 100 200 300 400 500 qo tional motions projected out).
E [meV]

To better understand the experimental VDoS, we performed two isobaric—isothermal
(NpT') DPMD simulations of water at P = 250 bar, at experimental subcritical (1" = 553 K)
and supercritical gas-like conditions (7" = 733 K), respectively. In these simulations, the
interatomic potential was represented by a deep neural network (DNN) trained with DFT
energy and forces.3™3® The DNN receives as input a set of symmetry-preserving local atomic
coordinates within a 6 A smooth radial cutoff, and it outputs the potential energy as a sum
of auxiliary “atomic” energies. The DNN potential is herein denoted DP. As shown in several
applications, %6 DPMD retains the accuracy of AIMD at a much lower computational cost.
DFT calculations were performed with the SCAN exchange-correlation functional.®” SCAN
is known to model water more accurately than functionals based on generalized gradient ap-
proximations at standard pressure.®® The DP training procedure followed an active learning

l.,59

scheme proposed by Zhang et a which consists of iteratively refining a DP model through

cycles composed of: exploration, labelling, and training. Exploration consisted of DPMD
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simulations of sub and supercritical water at P = 250 bar and temperatures 7' = 553 K
((H20)32), 623 K ((H20)32), 663 K ((H20)sg), 733 K ((H20)s) and 823 K ((H20)g). From
these simulations, we selected atomic configurations with large DP error prediction for la-
belling. The DP error was estimated from the maximum absolute deviation of the forces
predicted by 3 independent DPs that differed from each other in the random initialization
of the neural network parameters. Labelling consisted of DFT calculations of energy and
forces using the SCAN functional. The newly labelled data were appended to the existing
training data, and used to further train the DP model. We iteratively refined the model
until the DP error estimator was lower than 0.1 eV/A for all thermodynamic conditions in
the exploration step. Our training data contained a total of 3816 and 2300 configurations
for systems with (HzO)s, and (HpO)s, respectively.

The converged DP reproduces the atomic forces of independent AIMD trajectories with a
standard deviation lower than 0.063 ¢V /A, which is less than 10% of the standard deviation
of the AIMD atomic force distribution (see SI for details).

DPMD simulations sampled sub and supercritical water with periodically repeating cells
containing 864 and 216 water molecules, respectively. The total DPMD simulation time was
1 ns, with the first 100 ps removed for equilibration. A 0.25 fs time step, required by the
fast hydrogen dynamics, was used to numerically integrate the classical equations of motion.
The density predicted by DPMD was 0.857 4+ 0.003 g/ml at 553 K, and 0.115 + 0.002 g/ml
at 733 K, slightly larger than the corresponding experimental values of 0.78 g/ml and 0.10
g/ml, but consistent with the known performance of the SCAN functional for water at STP,
where it predicts a density of 1.05 4 0.03 g/ml°® instead of 1.0 g/ml.®® We notice that the
densities predicted by DPMD have much smaller uncertainties but otherwise agree well with
the predictions of short SCAN-AIMD trajectories for smaller systems (see SI). DeepMD-kit !
was used to train the DP models, while Lammps® and Quantum ESPRESSO% were used
to run DPMD simulations and to perform DFT calculations, respectively.

We analysed the structure of the fluid generated by SCAN-based DPMD simulations
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at the two thermodynamic points discussed above, i.e., T = 553 K, P = 250 bar, and
T = 733 K, P = 250 bar. The O-O pair-correlation functions, reported in the SI, show
that the fluid at 553 K appears liquid-like while it appears gas-like at 733 K, in agreement
with experimental observations reported by Soper and coworkers.®* To characterize the role
played by the HB, we computed the average number of HBs, Nppg, according to several
criteria commonly used in the literature. We then performed a cluster analysis on the
molecules connected by HBs to compute the fraction f, of molecules percolating between
two opposite sides of the simulation cell (see SI for details). While Nyp fluctuates between
2.0 and 2.7 in the fluid at 553 K, depending on the HB definition, we found that Ngp ~ 0.4
for all adopted HB criteria at 733 K. Interestingly, we found that, independently of the HB
definition, the fluid at 553 K is always percolating ( f, = 1) while it becomes non-percolating
(fp, = 0) at 733 K, thereby supporting the liquid-like (553 K) and gas-like (733 K) fluid
characters. The absence of percolating clusters at 733 K is due to the absence of clusters
larger than heptamers in a simulation in which monomers, dimers, and trimers dominate
independently of the HB definition.

The changes in the calculated VDoS (Figure 2) from 553 K to 733 K align well with
the corresponding changes in the experimental spectra (Figure 1). In particular, both data
show a blue shift of the stretching frequency and a red shift of the libration shoulder, while
the bending frequency remains mostly unaffected. The spectral changes reflect the afore-
mentioned breakdown of the percolating HB network in water at 733 K characterized by
fleeting weak intermolecular HBs and stiff covalent intramolecular bonds. The substantial
broadening of the internal-vibration bands at 733 K reflects a strong enhancement of the
libration-vibration coupling and the consequent increase of anharmonicity brought in by the
higher temperature and the frequent scattering processes among monomers, dimers, and
trimers. When comparing the full spectra to the projected VDoS with molecular transla-
tions eliminated, we observe that the shoulder associated with librations that merge with

the molecular translations at 553 K becomes a more resolved rotational peak at 733 K. Ac-
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cording to Ref.% nuclear quantum effects, neglected in our simulation, may account for a
red shift of the stretching frequency of about 6 meV at 600 K, which is much smaller than
the broadening of the peak. The latter originates from the large fluctuation of the local
environments and the strong coupling of stretching and libration/rotation modes evident
in the DPMD simulations. Finally, multiple scattering contributions at energies below the
bending mode can also be expected in the experimental spectra, although mitigated by the
low scattering power of the sample. Moreover, it is interesting to notice the splitting of sym-
metric and antisymmetric stretching modes in the simulated spectra at 733 K, not present
at 553 K. Such splitting is particularly evident when librational modes are projected out,

and it is possibly hinted in the noisier experimental data.

Table 1: Values of g; obtained from a global fit on the DINS spectra. Experimen-
tal values (obtained at 250 bar) in the upper part are compared with theoretical
predictions from an effective harmonic model (see text) that estimates the pro-
ton kinetic energy from the VDoS observed in the INS experiment or in the
DPMD simulation (values in parentheses).

Temperature K] 553 663 733
Density [kg/m?| T 215 104
DINS Exp

1

[A=T] 3.240.1 3.540.2 3.340.5
oL [A-1] 6.0£0.2  6.0£0.3  6.3£0.6
[A™Y]

1

& 5.2140.03 5.31+0.05 5.4440.09
(Ex)a [meV] 2142 26+6 23+7
(Ex). [meV] 74+9 74414  81+14
(Ex) meV] 16943 175+3 184+3

(Ex) meV] 167 (172) 178 184 (186)
(Er)s meV] 25 (26) 29 32 (33)
(Ex), meV] 37 (39) 40 42 (43)
(Ex). meV] 105 (107) 109 110 (110)
(Frx) L meV] 71 (73) 75 76 (77)

We augmented the description of the hydrogen dynamics in SCW by performing DINS
measurements on the VESUVIO spectrometer (ISIS Facility, UK).% The hydrogen NMD,
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n(p), at T = 553 K, 663 K and 733 K was fitted using a multivariate Gaussian function,

previously proposed, e.g., in Refs., %708

n(p) = <{ﬁ} (270?) % exp (—2@)> , (1)

)

7

where (...)q denotes the angular average of the momentum distribution over molecular
orientations due to the disordered nature of the sample.

The multivariate Gaussian model reflects the quasi-harmonic nature of the local poten-
tial acting on the proton® and is able to capture the anisotropy of the NMD. The index
7 runs over the three principle axes of the NMD ellipsoid defining a local orthogonal frame
centred at the average position of the H atom. o¢; is the root-mean-square H momentum
along the i-th direction, corresponding to the i-th component of the nuclear kinetic energy
(Ex); = h?02/2M, with M the nuclear mass. These components sum up to the total mean
kinetic energy, (Ex) = > ,(Ek);. The total mean kinetic energy can also be estimated
from a weighted average of the VDoS spectrum, according to a model proposed by Finkel-

h, "™ which relies on an effective harmonic approximation and decoupling

stein and More
between translation, libration, and internal vibration modes. Interestingly, the total mean
kinetic energy estimated in this way, from either the VDoS extracted from INS or the one
extracted from DPMD, agrees with the DINS values within experimental errors, as shown
in Table 1. While the validity of the quasi-harmonic approximation is supported by DINS,
decoupling between internal vibration and libration modes in subcritical and supercritical
water is not supported by DPMD simulations. However, since librations weight approxi-
mately the same as any of the three independent internal molecular vibrations, ™™ (E}) is
effectively independent of the mixing of librations and vibrations. The best fit of the DINS
data is consistent with an oblate NMD ellipsoid with rotational symmetry in the plane of

the water molecule. The corresponding principal components of the kinetic energy are (Ey) |

and (Ey),, respectively, where x is a direction perpendicular to the average molecular plane.
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53,7273 one associates to the water molecules local Cartesian frames in which

Conventionally,
the z axis is directed along the OH bond, the y axis lies in the plane of the molecule, and
the x axis is orthogonal to the molecular plane, as shown in Fig. 3.

Rotational symmetry in the (yz) plane implies o, = 0., and thus (Ex), = (Ek), =
(Ek)1, in contrast with the three-dimensional anisotropy reported for RTW and several

forms of ice 52,53,68,69,72,74

We hypothesize that isotropic H motions in the molecular plane
stem from the strong coupling between librations and internal vibrations revealed by DPMD
simulations. Librations along x are orthogonal to the H vibrations and do not couple with
them. The above interpretation is supported by an extended version of the effective harmonic
model that estimates (Er),, (Fx)y, and (Ek), from the VDoS.?* The outcome is reported
in Table 1. As one can see, the estimate for (Ex), agrees with the DINS value, whereas the
estimates for (Ek), and (Fk), do not. In the effective harmonic model (Ef), originates
mostly from the zero-point energy (ZPE) of OH stretching, while (E), is influenced not
only by the ZPE of HOH bending but also by ZPE and thermal excitations of intermolecular
librations. %2 In this model the libration contribution to stretching, which is prominent in the
DPMD simulations, is not present. If one were to assume strong coupling of librations and all
the internal modes, as suggested by DPMD, one could obtain (Er), ~ ((Ex), + (Ex).)/2,
and the DINS results would be recovered. The key role played by librations is further
supported by the following observation. The increase of the total mean kinetic energy with
temperature — already measured in a different thermodynamic range near the CP,'° mainly
originates from the thermal excitation of librational overtones, while the stretching modes
remain essentially in their vibrational ground state up to the highest temperature of the
experiment. In fact, the overall shift of ca. 23 meV on the stretching frequency from 553 K
to 823 K corresponds to an increase of only 6 meV in the quasi-harmonic model (e.g., see
Eq. 4 in Ref.”™ or Eq. 6 in Ref.5?). Tt should be stressed that DINS accesses the anisotropy

75,76

of the system through the Kurtosis of the neutron Compton profile, i.e., the projection

of the NMD along the direction of the momentum transfer.** From an experimental point
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of view, the two cases when the potential is isotropic in the xy or in the yz planes would
correspond to values of the Kurtosis that would be different beyond the typical error bars of
a DINS experiment. "¢ The strong coupling between librations and all the internal modes is
a consequence of the large anharmonicity present in supercritical water. Taking into account
nuclear quantum effects, neglected in our classical MD simulations, should not change the
qualitative picture because quantum fluctuations would further enhance the anharmonic

coupling.

Figure 3: A pictorial representation

of the orientation of axes in the inter-
Distorted pretation of the hydrogen NMD), and
Hydrogen the partially-isotropic local potential
Bonding  und NMD.

-

Our experimental and theoretical data provided a local picture of SCW in the fs time
scale. Our results suggest that i) HBs are still present up to 823 K, 250 bar, and down
to 0.078 g/cm® (higher than the free-monomer density limit?* of 0.05 g/cm?); ii) a strong
coupling between intermolecular and intramolecular modes is observed; and iii) the local
potential affecting hydrogen and the NMD are symmetric in the molecular plane. Moreover,
several studies have suggested that H-bonded species in gas-like SCW mainly comprise water
dimers—with highly distorted HBs compared with RTW; for example, it has been shown
that pronounced distortions of HBs”" are quite common, and cyclic dimers, as well as chain-
like structures, can also be observed.”™ Consistent with these findings, we also observed
larger water oligomers beyond dimers at 733 K. In particular, Figure S3 in the SI shows
how HBs, using the Luzar-Chandler definition, are increasingly more distorted when going
from RTW to the subcritical and the supercritical phases. This is found to be a robust
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trend independent of the adopted HB definition. Moreover, figure S4 in the SI shows that
supercritical water contains highly-distorted oligomers, with distortion angles larger than
those allowed by the Luzar-Chandler definition, both cyclic and bifurcated in nature. We
found these clusters are relevant in reproducing features of the experimentally assigned O-O
pair-correlation function (see SI for details). Based on our experiments and simulations, we
conclude that the pronounced distortion of HBs in short-living water clusters increases the
coupling of intermolecular and intramolecular vibrations and modifies the local potential
affecting hydrogen, making it more symmetric in the molecular plane compared with RTW.
The fact that our DINS experiment can observe short-living water clusters and helps the
understanding of SCW confirms that DINS is a viable technique in measuring local dynamics
within the fs time scale.

In conclusions, we have presented new results from INS and DINS experiments on SCW,
in a regime where available measurements have relatively large uncertainties due to the chal-
lenge in experimental set-up. We have shown how HBs decrease in number while increasing
the temperature under constant pressure (250 bar)—a process going from subcritical liquid
(553 K) to gas-like SCW (733 K) states (persisting up to 823 K). We have also presented
a theoretical VDoS study via DPMD simulations, in which we observe an evident coupling
between intramolecular vibrational and intermolecular libration and rotation motions. Our
results shed additional light on the challenging dynamics of SCW, thus bringing us one step

closer to its comprehensive microscopic understanding.
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