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Molecular dynamics simulations of supercritical water reveal distinctly different distance-dependent
modulations of dipolar response and correlations in particle motion compared to ambient conditions. The
strongly perturbed H-bond network of water at supercritical conditions allows for considerable translational
and rotational freedom of individual molecules. These changes give rise to substantially different infrared
spectra and vibrational density of states at THz frequencies for densities above and below the Widom line
that separates percolating liquidlike and clustered gaslike supercritical water.
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Supercritical matter is an ideal testing ground to system-
atically study fundamental aspects of fluids as a function of
density [1-8]. Although formally being single phase sys-
tems, supercritical fluids nevertheless show two distinct
regions that are separated by the so-called Widom line,
distinguishing gaslike and liquidlike dynamical regimes that
are reminiscent of the respective subcritical domains
[3.4,6-8]. Hence, supercritical fluids are not only far more
complex in nature than believed for a long time, but the
distinct regimes also encompass vastly different properties.
Transcending fundamentals, the study of liquids above their
critical point (CP) is also motivated by their increasing
importance for large-scale industrial processes, serving, e.g.,
as environmentally friendly “green solvents” [9,10].

Most notably supercritical water [(SCW); CP:
T.=647K, p, =22.1 MPa, p, = 0.32 g/cm?] becomes
an increasingly important processing medium for key trans-
formations in benign aqueous environments [11]. The latter
owes much to the dramatically reduced dielectric constant of
SCW (from ~80 at ambient conditions to ~6 just above the
CP) [12]. On the other hand, SCW becomes fairly con-
ducting up to the point of metalizing above 7000 K in the
GPa pressure range [13]. All this makes SCW a tunable fluid
environment with amazing properties [14]. The macroscopic
phenomena that underlie these peculiarities at the micro-
scopic level seem to be driven chiefly by significant changes
in the hydrogen bond (H-bond) network of water at extreme
conditions. Such structure of SCW is well-studied using
neutron and x-ray diffraction (ND/XRD) [15-17], quasie-
lastic neutron scattering (QENS) [18] with energy transfers
up to 100 meV (=800 cm™'), and deep inelastic neutron
(Compton) and x-ray (Raman) scattering (DINS/IXS)
[19-21] in the eV range, thus spanning many orders of
magnitude in time but also in length scales depending on
momentum transfer. For instance, the dynamic structure
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factor obtained from incoherent QENS of SCW [18] yields,
in the limit Q < 1 A™!, the density of states of H atoms
up to ca. 800 cm~! (~24 THz). Complementing structure,
dynamic relaxation [22] of SCW has been probed as well
by NMR.

Experiments on SCW can be interpreted at the molecular
level by analyzing molecular dynamics (MD) simulations
that can be directly compared with experimental data [23].
The electronic structure of SCW is accessible via ab initio
MD (AIMD) [24] that allow one to compute dipole
moments and vibrational spectra [25] as well as IXS
spectra [21]. Moreover, AIMD simulations also provide
computational access to reactions in SCW [26].

When it comes to elucidating H-bond dynamics, infrared
(IR) spectroscopy remains the prime technique to study
water [27], including SCW [28,29]. IR spectroscopy is
sensitive primarily to atomic and/or molecular motion that
gives rise to dipole moment changes along the associated
oscillatory displacements [30]. Upon lowering the fre-
quency, i.e., the excitation energy, one can successively
probe fast intramolecular vibrations in the 4000—-500 cm™!
(120-15 THz) mid-IR range, intermolecular dynamics such
as H-bond motion or hindered molecular rotations, and
translations in the 500-50 cm~! (15-1.5 THz) far-IR
regime [30], and even slower phenomena such as dielectric
relaxation at GHz frequencies [31], thus allowing one to
probe specific processes on their intrinsic time scales.
Vibrational spectroscopy of water in the mid-IR regime
is particularly sensitive to cluster size, H-bond abundance,
and H-bond strength as the intramolecular stretching band
of H,O is the traditional probe of these [28,29,32]. In recent
years, however, the far-IR region of the vibrational spec-
trum, now commonly referred to as the “terahertz” (THz)
regime (note that 100 cm™! ~ 3 THz ~ 12 meV), has been

appreciated to offer direct insights into the picosecond
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dynamics—and thus into intermolecular motion such as
H-bond network dynamics being characteristic to liquid
water. Advances in THz laser spectroscopy closed the
“THz gap” in IR spectroscopy and now permit unprec-
edented insights for instance into the modified H-bond
dynamics in the vicinity of molecules [33—-35]. For ambient
water, it has been shown theoretically that THz spectros-
copy indeed probes specific intermolecular modes of the
H-bond network [36]. For aqueous solutions of simple ions,
the THz response due to these perturbations has been
computed [37,38] and THz peaks could even be assigned to
distinct intermolecular modes in the case of molecules [39].

In this Letter we investigate—with a clear focus on
changes of the THz spectral response—the properties of
water at two supercritical state points that represent gaslike
and liquidlike H-bond dynamics in the spirit of Widom
crossover. We uncover to what extent the dramatic changes
in the dynamical H-bond network fluctuations associated
with crossing the percolation line affect cross-correlations
in particle motion in a spatially resolved frequency-domain
picture, and how the intermolecular dipolar correlations
of supercritical fluids qualitatively change their THz
responses compared to ambient water.

For this study we selected two supercritical state points
(at T = 660 K) located deep in the two regimes separated
by the Widom line [6] (and by the percolation line of SCW
[17]), namely, at p = 0.2 g/cm’® (low density, LD-SCW)
and at 0.6 g/cm? (high density, HD-SCW). For reference,
we also performed ambient condition simulations at 300 K
and 0.997 g/cm® (room-temperature water, RTW). It is
noted in passing that we must resort to force field MD (see
Supplemental Material [40]) in order to provide the
statistical database that allows us to spatially decompose
the long-ranged intermolecular dependencies at THz
frequencies. As a first test of the adequacy of these
simulations, we investigate the global structure of SCW
as revealed by goo(r) in Fig. 1. These radial distribution
functions (RDFs) compare most favorably with the avail-
able experimental data at matching densities (0.23 [52] and
0.58 g/cm? [17]), as do the corresponding O-H and H-H
correlations [40].

The corresponding microscopic structure is reflected in
the H-bonding properties of the fluids. In contrast to RTW,
where essentially all molecules form an interconnected
three-dimensional H-bond network, SCW is characterized
by the appearance of isolated patches (“clusters”) that
fluctuate rapidly on a (sub-)picosecond time scale [53].
The lifetime of these clusters is, of course, somewhat
dependent on the applied H-bond definition [54] and we
follow here a variant of the standard geometric cri-
terion [40].

In Fig. 2 we analyze the clustering properties of SCW at
the two state points compared to RTW. While for LD-SCW
the relative abundance of the clusters decays almost
exponentially with the cluster size, having highest values

FIG. 1. Radial distribution functions goo(r) for LD-SCW (red
line with circles) and HD-SCW (green line with squares)
compared to experimental data at p = 0.23 (Ref. [52], dashed
line) and 0.58 g/cm? (Ref. [17], dotted line).

for water monomers followed by dimers, the distribution
for HD SCW is clearly bimodal with one maximum at non-
H-bonded individual molecules and another one close to
the total available number of water molecules; these P(nc)
distributions are in good agreement with previous simu-
lations [53]. In the inset of Fig. 2 the propensity of the water
molecules to form H-bonds is illustrated. For LD-SCW,
non-H-bonded and singly H-bonded molecules predomi-
nate, while this shifts to singly and doubly H-bonded ones
at the higher density. Importantly, the H-bond statistics in
both cases is markedly different from RTW, where four-
coordinated molecules form a dense network [i.e., a single
cluster so that P(nc = 128) ~ 1] and (nyg) = 3.68 + 0.07.
For comparison, (ngg) = 1.84 £ 0.11 and 1.00 + 0.12 for
HD- and LD-SCW, respectively, in agreement with other
simulations [54,55]. We checked on larger systems that
these conclusions are stable when increasing the system
size [40]. An independent experimental confirmation of the
dramatic reduction of H-bonding in SCW comes from the
Compton profiles obtained from IXS [19] that provide
indirect access to (nyg) via the number of electrons
involved in hydrogen bonding. The (nyg) value is then
found to decrease from 3.40 for RTW to 0.73 for SCW (at

P(nc)
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FIG. 2. Probability that a water molecule belongs to a cluster of
size nc for LD-SCW [red, where P(nc=1)=34% and
P(2) = 17%] and HD-SCW (green). The inset shows the dis-
tribution of the water molecules according to the number of
H-bonds formed including RTW (black).
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p=04g/cm® and 670 K) [19] in agreement with our
findings.

The significant changes in the fluid structure of SCW are
expected to alter significantly its IR spectrum [28,29].
Particularly in the THz range, being utmost sensitive to
H-bond dynamics, the temperature increase is known to
lead to major changes as observed experimentally already
at subcritical conditions. Below the CP, the two main
features of the RTW spectrum, that is the librational mode
at ~#680 cm™! (~20 THz) and the intermolecular H-bond
stretching mode at ~200 cm~! (6 THz), are known to
merge gradually into a single feature centered at
~450 cm™! (~13.5 THz) upon increasing the temperature
to 510 K along the gas-liquid coexistence curve [28]; note
that SCW spectra in the THz range have not yet been
measured.

Our THz spectra computed [40] from the Fourier trans-
form of the dipole derivative time correlation function
(TCF) are shown in Fig. 3. It is well known that flexible
force fields without polarizability and/or charge transfer
cannot reproduce the THz spectra of RTW, in particular, not
the eminent H-bond network mode at ~200 cm~! (6 THz).
Several schemes to correct for this deficiency have been
proposed and both so-called “Torii corrections” [56,57]
reach a considerable agreement with experimental and
AIMD IR spectra of RTW [36]. In Torii’s schemes, which
we generalized in the Supplemental Material [40] to
flexible water models, polarization effects due to H-bond-
ing are incorporated. In the more advanced version [57],
this is achieved by adding both intermolecular charge
fluxes to existing H-bonds and local electric field effects
to each molecule when computing the total dipole moment
according to Egs. (S25)-(S28). We scrutinized [40] the
applicability of these corrections to SCW and conclude that
they can be neglected in this regime, which is backed up by
comparison to available spectra (see Sec. IV. E and Fig. S7
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FIG. 3. Computed total THz absorption spectra of water at the
LD-SCW (red), HD-SCW (green), and RTW (black) state points.
The Torii-corrected [57] spectra (solid lines) are compared to the
uncorrected spectra (dashed lines); see text. The inset shows the
corresponding vibrational density of states with separate con-
tributions due to O (dashed lines) and H (dotted lines) atoms. The
zero-frequency peak of LD- and HD-SCW is off scale and the
data are magnified in Fig. S4 [40].

[40]), in stark contrast to RTW. The THz spectra obtained
with the most recent Torii correction [57] as well as the
uncorrected original spectra clearly illustrate this point,
see Fig. 3.

In the supercritical regime the THz line shape function
changes dramatically compared to ambient conditions: it
becomes unimodal in the first place and centered at roughly
300 cm~! (9 THz) at high density, while for LD SCW it
shifts down to about 200 cm™! (6 THz) according to Fig. 3.
Even more pronounced are the changes in the vibrational
density of states (VDOS); see the inset of Fig. S4 [40]. The
librational band at ~500 cm™' (15 THz) disappears for
SCW in both the gaslike and liquidlike dynamical regimes,
while the principal peak due to the oxygen atoms move-
ment at < 100 cm~!(< 3 THz) shifts to zero frequency
and dramatically increases in intensity, reflecting the only
slightly hindered translational (“ballistic”’) movement of
water molecules in the supercritical fluid. The latter is also
evident from the value of the self-diffusion coefficient
estimated via the Green-Kubo relation from the center-of-
mass velocity TCF. It increases from 0.23 for RTW to 4.92
for HD-SCW to 14.17 A? /ps for LD-SCW in accordance
with the available QENS data [18] (7.65 and 13.70 A? /ps,
respectively). Considering separately the O/H atoms
VDOS (as defined in Sec. III of the Supplemental
Material [40]), the strikingly changing nature of the
~200 cm~! (6 THz) band is revealed. While in RTW, it
is mainly due to oxygen motion, in SCW it is the hydrogen
motion that underlies this vibrational activity due to much
more rotational freedom of the individual water molecules.
This already gives a glimpse into the fundamentally
different nature of this resonance at supercritical versus
ambient conditions, vide infra.

The intra- and intermolecular correlations underlying
both the IR spectra and VDOS can be resolved when
applying a spatial decomposition scheme [36]. To this end,
either molecular dipole velocities or mass-weighted atomic
velocities are projected on a grid to obtain spatially
resolved charge current or mass-weighted velocity density
vector fields which are then auto-correlated [40]. For
isotropic liquids, such as RTW and SCW, angular averaging
leaves only a radial dependence of the spectrum, at each
frequency, on the distance from the reference point. The
resulting radially resolved spectral response might be
understood most easily in analogy to RDFs: while the
latter describe radial correlations in particle density with
increasing separation r, the former captures vibrational
correlations (in IR or particle dynamics) in a similar
manner.

The radially resolved IR spectra of water reveal in the
THz spectral range a characteristic loss of spatial correla-
tions with decreasing density; see Figs. 4(a)-4(c). While for
RTW, dipolar correlations up to the second hydration
sphere are clearly detectable in qualitative agreement with
previous AIMD analyses [36]; for HD-SCW only the
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FIG. 4. Top: Radially resolved THz

absorption spectra of water at the (a)
LD-SCW, (b) HD-SCW, and (c) RTW
state points. Bottom: Corresponding radi-
ally resolved vibrational correlations
(“generalized VDOS”) at the (d) LD-
SCW, (e) HD-SCW, and (f) RTW
state points. Figure S8 provides a three-
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dimensional representation of the same
data [40].

cross-correlations within the first hydration sphere at
roughly 3 A are important. Even these short-range corre-
lations fade away upon further expansion of supercritical
water to LD conditions. For LD-SCW, the major correla-
tion features at this distance become less intense and
steadily redshift relative to RTW by as much as 250 cm™!.
Such redshifts of the positive and negative cross-correlation
peaks reflect the increased librational freedom of the water
molecules in the supercritical state due to the lower degree
of H-bonding upon decreasing the density. This general
trend is in line with what has been observed in the
subcritical regime [28] upon raising the temperature.

In the supercritical regime, our findings therefore extend
the Widom line crossover concept from thermodynamics
and dynamics [3,4,6] now into correlated dipolar response
and THz vibrational spectra. The presence of weak corre-
lations in the radially resolved spectra of HD-SCW
suggests that some nearest-neighbor dipolar couplings are
still effective even in supercritical water, while the long-
range correlations are strongly suppressed in the LD-SCW
case due to the completely disrupted tetrahedral H-bond
network of water. This directly relates the THz response of
gaslike and liquidlike SCW to the percolation line [17].

Contrasting next the radially resolved vibrational corre-
lations [see Figs. 4(d)-4(f)] to the dipolar THz response
[Figs. 4(a)—4(c)] it is striking to find out that the distinctly
modulated pattern characteristic for RTW becomes greatly
simplified at supercritical conditions. With reference to
RTW [36], this implies for SCW the progressively dimin-
ishing spatial range and magnitude of cross-correlations of
the H-bond umbrella motion at ca. 80 cm™!' (2.4 THz),
H-bond network stretching at 200 cm~! (6 THz), librations
at roughly 500 cm~! (15 THz), as well as the absence of
any noteworthy correlations in the intramolecular vibra-
tions range at still higher (mid-IR) frequencies. This
reflects the radical changes in the nature of the underlying
atomic motion at supercritical compared to ambient con-
ditions. The steeply rising positive correlations close to

zero frequency can be attributed to increasingly ballistic
movement of those water molecules which are no longer
firmly engaged in an extended H-bond network in SCW.
This pseudohard sphere character of water molecules in
SCW and the long-range nature of the observed velocity
cross-correlations are reminiscent of the similarly far-
reaching correlations in the sedimentation of colloidal
particles due to instantaneous density fluctuations [58].
Next, the weak and broad feature at 200-300 cm™! does
not show much correlation even with nearest-neighbor
molecules (expected at r = 3 A), but instead it is due to
single-molecule motion (visible at r~ 0 A), mainly of H
atoms (see Fig. S4 in the Supplemental Material [40]). This
librational single-particle motion is distinctly different from
the “network mode” of RTW at 200 cm™! (6 THz) that is
caused by intermolecular stretching motion of tetrahedrally
H-bonded water molecules [36] as evidenced by the
prominent cross-correlations at r = 3 A [Fig. 4(f)]. Our
peak assignment of the spectra in Figs. 4 and 3 is strongly
supported by QENS experiments [18] which provide a
DOS for protons (see Fig. 9 of Ref. [18]) that features a
clearly structured response with two pronounced maxima at
roughly 60 and 520 cm™! (7 and 65 meV) for RTW, while
only one broad unimodal resonance is observed for HD-
SCW (at p = 0.59 g/cm? and 653 K) close to 240 cm™!
(=30 meV). This nicely agrees with our partial VDOS for
H atoms as depicted in Fig. S4 [40] with two peaks at about
45 and 500 cm~! for RTW and a single broadband feature
at 275 cm™! for HD-SCW.

In conclusion, dramatic changes of the THz response of
supercritical water are predicted in this spectral region
characteristic of the tetrahedral H-bond network of liquid
water, which are traced back to significantly decreasing
long-range intermolecular correlations. In particular, the
celebrated network mode of ambient water at around
200 cm™! (6 THz) vanishes at supercritical conditions,
while the libration band redshifts by as much as
250 cm~!. Thus, instead of being bimodal, the supercritical

027801-4



PRL 116, 027801 (2016)

PHYSICAL REVIEW LETTERS

week ending
15 JANUARY 2016

THz spectra show a single but unusually broad, mainly
librational feature around 200300 cm~!. Understanding the
molecular mechanism that leads to the observed THz
resonances will be key to interpret future experiments of
supercritical water and solutions. In particular, the far-
reaching couplings characteristic to the THz response of
ambient liquid water are found to be suppressed when
crossing the percolation line by moving from high to low
densities and thus from liquidlike to gaslike supercritical
water, respectively. The associated changes of the H-bond
network motion across the Widom line are encoded in
changes of the correlated dipolar response as probed by THz
vibrational spectroscopy, which therefore complements
thermodynamic and dynamic techniques to investigate this
crossover concept in supercritical water and beyond. Finally,
THz spectroscopy with its ability to detect changes in the
H-bond network between high- and low-density water might
be an ideal technique to also shed light on the Widom line in
the framework of the controversially discussed (second)
liquid-liquid critical point of supercooled water.
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