Distinct Molecular Dynamics Dividing Liquid-Like and Gas-Like Su-

percritical Hydrogens'
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Understanding how a supercritical fluid is related to nor-
mal liquid and gas and separating it into liquid-like and
gas-like regions have fundamental and practical impor-
tance. Despite the usefulness for hydrogen storage, molec-
ular dynamics pictures on supercritical hydrogens exhibit-
ing strong nuclear quantum effects are scarce. Taking
the advantage of the non-empirical ab initio molecular dy-
namics method for hydrogen molecules, we found that,
while the radial distribution functions and diffusion show
a monotonic change along the density, the van Hove time
correlations and the intramolecular properties like bond
length and vibrational frequency exhibit the anomalous
order crossing the Widom line. By demonstrating that
the anomalous order stemmed from the largest deviations
between liquid-like and gas-like solvations formed around
the Widom line, we concluded that such supercritical fluid
is a mixture of liquid and gas possessing the heterogeneity.
The obtained physical insights can be an index to monitor
the supercriticality and to identify distinct liquid-like and
gas-like supercritical fluids.

1 Introduction

The critical point of a fluid is defined as the thermodynamic
point beyond which the distinction between liquid and gas dis-
appears, and hence only a single fluid phase is defined called a
supercritical state. Microscopic and macroscopic properties of
supercritical molecular systems have been observed and calcu-
lated to find its unique properties distinguishable from normal
liquid and gas.'~?” Recently, understanding how such super-
critical state is related to liquid and gas phases and provid-
ing its more practical separation into gas-like and liquid-like
regions have more importance.?’33 The borderline between
gas-like and liquid-like regions formed in a supercritical phase
is called the Widom line crossing which the transitions and
heterogeneities in the thermal and mechanical properties ap-
pear correlating with anomalous density fluctuations.?’~32

In spite of the physical importance of supercritical quantum
fluids exhibiting the strong nuclear quantum effects (NQEs) in
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comparison with classical supercritical fluids>*3>, molecular

dynamics studies on supercritical hydrogens whose NQEs are
noticeable and which have the paramount usefulness for hy-
drogen storage are quite scarce.3**® For example, although
the Widom line was indicated for a supercritical hydrogen
fluid*’, nobody has revealed how the supercritical state is ac-
tually divided into two different dynamical regions, gas-like
and liquid-like supercritical hydrogens.

In this paper, using the nuclear and electron wave packet
molecular dynamics (NEWPMD) method precisely describ-
ing hydrogen molecules at a given thermodynamic point, we
computationally investigate hydrogen molecules in a super-
critical state above the critical temperature which exhibit dis-
tinct liquid-like and gas-like behaviors as a function of density
and temperature. Characteristic molecular dynamics appear-
ing in the supercritical hydrogens which can be used as an
index to monitor the supercriticality crossing the liquid-like
and gas-like regions will be reported.

2 Computational Method

The NEWPMD method describes floating and thawed Gaus-
sian nuclear wave packets (NWPs) via the time-dependent
Hartree method, and electron wave packets (EWPs) through
the perfect-pairing valence bond theory that treats the Pauli
exclusion energy. *4° By describing each of nucleus and elec-
tron as a time-dependent thawed Gaussian wave packet, the
non-empirical ab initio intramolecular and intermolecular in-
teractions were explicitly derived with which the equations of
motion (EOMs) are time-evolved. The NEWPMD approach
reproduces a long-range dispersion force which a conven-
tional density functional theory cannot provide. %! A time-
dependent wave function composed of NWPs and EWPs can
be obtained by solving the EOMs. The simple EOMs ensure a
stable long-time solution of the time-dependent wave function
even for condensed hydrogen systems.

The so-called Silvera-Goldman (SG) potential is an em-
pirical model potential function which includes eight empir-
ical fitting parameters 2, and should be distinguished from the
present NEWPMD method. The fitting parameters have to
be adjusted depending on a thermodynamic condition in the
SG model. This is partly because an H, molecular structure
inevitably changes depending on the thermodynamic condi-
tion. Actually, the SG model potential does not include any
intramolecular degrees of freedom and it is a spherical inter-
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molecular potential. Therefore, it is impossible to describe
that the H-H bond is effectively elongated by the intermolecu-
lar attraction from an electron distribution in a bonding region
of adjacent Hy molecules formed in the T-shape first solva-
tion shell and that the H-H vibrational frequency redshifts as
the system becomes more condensed, and vice versa, which
is not trivial but actually observed in the Raman experiments
that the H-H vibrational frequency redshifts in denser hydro-
gen liquids®. Further, the SG model itself does not include
the NQEs such as nuclear zero-point energy and nuclear de-
localization which are indispensable to describe hydrogens as
have been reported and confirmed in many papers>4-8.

The NEWPMD method has successfully reproduced the
various experimental observations as a result of computation
without any empirical parameters such as (1) the radial distri-
bution functions, diffusion coefficients, viscosity and shifts of
the H-H vibrational frequency in the liquid hydrogens, *$:49-3
(2) the stable crystal lattice structure below the freezing tem-
perature of 13.8 K, vibrational displacement and reasonable
lattice phonon frequency in the solid hydrogens,%° (3) the dis-
crete jump of the H-H vibrational frequency at the liquid-
solid phase transition®®, (4) the reasonable thermal conduc-
tivity of the liquid hydrogens in the non-equilibrium hydro-
gen molecules under a temperature gradient®', (5) the isotope-
dependent bond length and diffusion coefficient in the lig-
uid deuterium®?, and (6) the decelerated diffusive dynam-
ics at an optimal mixing rate for the H,-D, mixture®. We
have never adjusted or scaled the temperature and density in
any of these simulations. All of the above successful agree-
ments with the experimental results in the far-different var-
ious phases and thermodynamic states demonstrate not only
that the NEWPMD method reflects real thermodynamic states
of hydrogen systems at the same temperature and densities as
the experimental values but also that the NEWPMD method
successfully reproduces the proper intermolecular interaction
potential which essentially influences thermodynamic proper-
ties including the critical point-If the intermolecular interac-
tion potential was not correct, the NEWPMD method could
never reproduce the various experimental observations in the
above far-different various phases and thermodynamic condi-
tions. The NEWPMD method does not include any nuclear
rotational excitation, thus having focused on para-H,. We note
that most properties of para-H, and normal-H, which is a mix-
ture of ortho-H; and para-H; at a given temperature are quite
close below 50 K. 646

All the systems examined in this paper are composed of
640 H; molecules in a three-dimensional (3D) cubic simula-
tion box with a periodic boundary condition. (Fig.S17) We
simulated five distinctive thermodynamic states: The normal
liquid (NL), high-density supercritical fluid (HD-SCF), low-
density supercritical fluid (LD-SCF), intermediate-density su-
percritical fluid (ID-SCF) between HD-SCF and LD-SCF, and

normal gas (NG) whose density and temperatures are listed in
Table 1. The NL and NG have the density and temperature
as vapor-pressure liquid and normal gas, respectively; the NL
thermodynamic condition is now on the experimental vapor-
pressure line.

We examined the three isothermal supercritical states
around 50 K which is far above the critical temperature for
hydrogen molecules, 33 K. Therefore, the present supercriti-
cal states are not significantly affected by the critical density
fluctuation that occurs on enormous length and time scales
in the close vicinity of the critical temperature (33 K) due
to the divergence of the isothermal compressibility.®32¢ In
the present paper, we did not assume that the systems above
50 K are in a supercritical state simply because the temper-
ature is higher than the experimental critical point, 33 K. We
rather adopted the current temperature, S0 K, because it is high
enough to overcome the intermolecular H>-H; potential well
that would lead hydrogen molecules into a condensed phase.
(See Fig.2 of Ref.48) Therefore, the currently examined three
states at 50 K can be safely regarded as a supercritical state
by definition. Note that the NG whose density is quite low is
actually in a gas state as will be evidenced in its mean square
displacement proportional to the second power of time which
is a typical gas-phase property. The three supercritical states
have the different densities along the isothermal path?®: We
introduced (1) the HD-SCF which has the same density as the
NL’s and is supposed to be more liquid-like, (2) the ID-SCF
which has the density close to the hydrogen supercritical den-
sity, 31.43 kg/m?, and is supposed to exist around the Widom
line?*3Y at 50 K that divides the liquid-like and gas-like su-
percritical regions, and (3) the LD-SCF which has the density
high enough not to be expected as a normal gas at 50 K but
lower than the ID-SCF’s and thus is supposed to be more gas-
like.

The cooling and equilibration procedures were started from
a h.c.p. crystal where molecules are randomly oriented.
Atomic center momenta were controlled by the velocity scal-
ing thermostat for 5 ps and then by the Berendsen thermostat
with the correlation time of 400 fs during 200 ps ~ 1 ns at
the aimed temperature.*® Other degrees of freedom are freely
time-evolved by the EOM obtained by the time-dependent
variational principle. The validity of this temperature defini-
tion has been widely confirmed by successfully reproducing
the various experimental observations without any empirical
parameters as we wrote above. The flying icecube artifact
is prevented by setting an average momentum of atoms in a
simulation cell to zero and also by the relatively long corre-
lation time for the Berendsen thermostat. Integrations of the
EOMs to evolve NWPs were performed by the velocity-Verlet
method with the time step 0.1 fs for the cooling and equili-
bration runs. After the equilibration, we carried out the NVE
(microcanonical) simulations for 250 ps ~ 300 ps with the
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time step of 0.25 fs. Specifying both of temperature and vol-
ume with fixing the number of H, molecules leads to a single
specific thermodynamic point. We discuss such uniquely de-
termined supercritical state in the present paper.® As shown
in Fig.S2, the equipartition between the kinetic energy of the
centers of mass (COM) and the rest is well attained.

Temperature (K) Molar Volume (m*/mol)

NL 25.0 3.128 x 107>
HD-SCF 50.0 3.128 x 107>
ID-SCF 50.0 6.485x 107>
LD-SCF 50.1 12.61 x 107>

NG 50.0 41.51 x 107>

Table 1 Attained temperatures and examined molar volume of the
NL, HD-SCEF, ID-SCF, LD-SCF, and NG in this paper.

3 Results and Discussions

RDF

Fig. 1 RDFs of the NL, HD-SCF, ID-SCF, LD-SCF, and NG as a
function of the radial distance r

The structures of the NL, HD-SCF, ID-SCF, LD-SCF, and
NG can be characterized by their radial distribution functions
(RDFs), g(r) = (n(r)) /4nr’drny.(Fig.1) Here, n(r) represents
the number of NWP centers within a small region of radii
r ~ r—+dr, and ng is the number density of the whole system.
(---) means an ensemble average over times and/or molecular
samples throughout this paper. The NL RDF exhibits the clear
peaks and valleys reflecting the stable liquid structure. 4962
Because the most stable solvation structure of a pair of hy-
drogen molecules is a T-shape configuration, its nearest atoms
appear as the weak shoulder in the first peak of the NL RDF.
(See the caption of Fig.S3") Despite having the same density,
the HD-SCF RDF has lower peaks and higher valleys than

the NL RDF. The temperature of the HD-SCEF, 50.0 K, higher
than the critical temperature (33 K) induced the softer and
more broken solvation structure than the NL structure. Such
higher temperature also makes the peak positions of the HD-
SCF RDF slightly shifted toward the shorter distance than the
NL RDF due to the more broken and fragile shell and also
due to the enhanced anharmonicity of the intermolecular po-
tential above the critical temperature. The higher temperature,
especially above the critical temperature, makes the effective
energy well of the intermolecular interaction shallower than
the original energy well due to the addition of thermal energy,
leading to a looser intermolecular attraction. In addition, be-
cause the Hp-H; intermolecular potential well is anharmonic
and its anharmonicity becomes more apparent apart from the
well bottom, the higher temperature which can add the larger
thermal energy lets hydrogen molecules feel the potential an-
harmonicity more. The oscillation of the peaks and valleys
appearing in the NL. and HD-SCF RDFs almost disappears in
the ID-SCF RDF, indicating that the T-shape solvation shell
structure is almost broken in the ID-SCF. Actually, around the
same temperature of 50 K, the RDFs become flatter and the
first peak position is monotonically shifted toward the larger
radial distance reflecting the softer and more broken structures
with decreasing the density. The above tendency can be also
seen in the two-dimensional (2D) RDFs (Fig.S3") and in the
coordination number defined as the area of the first RDF peak
(Fig.S4"). We note that all the angular distributions are almost
uniform in the whole system regardless of the thermodynamic
conditions as shown in Fig.S57. The uniform angular distribu-
tions ensure the fluidity of the five systems.

The van Hove time correlation function (vH-TCF) can ex-
press the stiffness of a solvation structure and further supports
the above insights on the different stability of the solvation
shells depending on the density and temperature. Figure 2
displays the distinct vH-TCF G(r,t) defined as®’

N
G(u1) = (L r+7/0) =) m
i#]

where r;(¢) and r;(t) are position vectors of ith and jth H
atoms at time t, respectively. N is the total number of H atoms.
We confirmed that G(r,0) becomes the RDF multiplied by the
number density. As shown in Fig.2, the initial RDF-like vH-
TCFs become flatter with time by diminishing the initial os-
cillative correlation of the structure; the initial empty region
for r < 2A starts to be filled with time reflecting the transla-
tional smearing dynamics of hydrogen molecules. The vH-
TCF of the NL exhibits the slowest uniformization being con-
sistent with its most stable solvation shell. The vH-TCF of
the HD-SCF deforms faster than the vH-TCF of the NL while
slower than the other three vH-TCFs shown in Figs.2(c)-2(e),
indicating that its solvation shell is softer and more broken
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Fig. 2 vH-TCFs of the (a) NL, (b) HD-SCF, (c¢) ID-SCE, (d)
LD-SCEF, and (e) NG as a function of the radial distance r att = 0
ps, 0.5 ps, 1.0 ps, 1.5 ps, and 2.0 ps. (f) Time constants of the
evolution of the vH-TCFs.

than the NL’s but still exists. Because the solvation shell struc-
tures are almost broken in the ID-SCF, LD-SCF, and NG as
discussed in Fig.1, the order of the uniformization process of
the vH-TCFs is not so simple. Figure S6" shows time evolu-
tion of integrated area of the vH-TCFs displayed in Figs.2(a)-
2(e) for r < 2A where the translational smearing dynamics
of hydrogen molecules most significantly appears. The value
of 2 A was determined as the onset edge of the first peak of
the NL RDF. This value of 2 A should be changed depend-
ing on a fluid. The principle is that a vH-TCF region to be
integrated should be initially empty. Figure 2(f) summarizes
the time constants obtained by fitting the time evolution of
the vH-TCFs in Fig.S6T with the exponential function, that is,
e in Table S27. The time constant has the minimum at the
ID-SCF because the translational smearing dynamics is deter-
mined by the balance between the stiffness of the first solva-
tion shell and density; although the solvation shell is almost
broken all in the ID-SCF, LD-SCF and NG, the vH-TCF of
the ID-SCF is smeared out more rapidly than the vH-TCFs
of the LD-SCF due to its higher density than the latter. The
qualitative tendency that the time evolution of the vH-TCFs
has the minimum between HD-SCF and LD-SCF would not
change regardless of the number of data points because the
current five data points already exhibit the extremum which is
not a quantitative tendency but a qualitative tendency and will
not disappear by increasing data points. Since the Widom line
is supposed to exist between HD-SCF and LD-SCEF, this min-
imum should be related to the existence of the Widom line.
Hence, we propose that integrated area of the vH-TCF for
a short range like r < 2A can be a useful index to monitor
the anomalous supercriticality, which could lead to find the
Widom line by the appearance of the minimum. We also note
that the qualitatively different faster diffusion taking place in
the NG, which will be discussed in Fig.3, leads to the faster
smearing dynamics of the vH-TCF in the NG than in the LD-
SCF. The similar behavior can be seen in the 2D vH-TCFs as
a 2D function of time and the radial distance. (See Fig.S7T)

Time-dependent diffusive dynamics can be discussed by
the mean square displacement (MSD), D(r) = (|R(¢) —
R(0)|?).%%686 Here, R(t) denotes a 3D position vector of
each NWP center at time ¢t. The MSDs of the NL, HD-SCF,
ID-SCF, and LD-SCF shown in Fig.3 almost linearly depend
on t. On the contrary, the MSD of the NG increases as a func-
tion of 2, which is known as a typical gas diffusion.?” The
qualitatively different MSDs of the HD-SCF, ID-SCF, and LD-
SCF from the NG MSD demonstrate that these supercritical
states are qualitatively different from a normal gas phase. The
self-diffusion coefficients of the NL, HD-SCF, ID-SCF, and
LD-SCF can be obtained by taking the limit lim, ., D(¢)/6¢.
Although the self-diffusion coefficient cannot be obtained for
the NG by this limit due to the ¢>-dependence of D(t), we
obtained the NG self-diffusion coefficient through the COM
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Fig. 3 MSDs of the NL, HD-SCF, ID-SCF, LD-SCF, and NG as a
function of time ¢.

velocity TCF as explained in Fig.S8". The self-diffusion coef-
ficient of the NL was estimated as 1.21 A2 /ps which is close
to the experimental data around 1.5 A2 /ps7%7! under the same
thermodynamic condition taking into account the fact that the
self-diffusion coefficient of the NEWPMD method would in-
crease by approximately 20% in an infinite system as con-
firmed in the previous studies. 34937275 The 20% increase
is caused by the N 1/3 scaling with the total number of H atoms
N which stems from a restricted reciprocal space of a finite-
sized simulation.”®”” An average momentum of atoms in a
simulation cell must be set equal to zero to satisfy Newton’s
third law. This restricts motions of the atoms more in a smaller
simulation cell than in a larger simulation cell, leading to the
increase of the calculated self-diffusion coefficient with in-
creasing the system size. The self-diffusion coefficient of the
HD-SCE, 2.56 A? /ps, becomes almost twice larger than the
NL self-diffusion coefficient because of the twice higher tem-
perature of the former than the latter, indicating that the self-
diffusion coefficient is almost linearly proportional to the tem-
perature at the same density. In contrast, the self-diffusion co-
efficients of the HD-SCF (2.56 A? /ps), ID-SCF (7.80 A2 /ps),
LD-SCF (17.2 A2 /ps), and NG (256 A? /ps) rapidly increases
with decreasing the density. Especially, the NG self-diffusion
coefficient is one-order larger than the LD-SCF self-diffusion
coefficient in spite of the 3.3 times density difference, which
proves the high sensitivity of the hydrogen self-diffusion co-
efficient to the density. The MSDs within an initial few ps ex-
hibit the nonlinearity reflecting initial kinetic motion of each
H, molecule before the full-fledged diffusion, and the extent
of the nonlinearity is in the order of the NG, LD-SCEF, ID-SCF,
HD-SCEF, and NL, being in harmony with the order of the self-
diffusion coefficients.(See Fig.S9")

An H-H vibrational power spectrum can be obtained by
a Fourier transformation of the time-dependent H-H bond
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Fig. 4 (a) Power spectra of the H-H bond length Ry (¢) in the NL,
HD-SCEF, ID-SCF, LD-SCF, and NG, and (b) deviation between the
split peak frequencies listed in Table S3* and shown in Fig.S10(f)".
Distributions of the H-H bond length Ry (c) in the NL, HD-SCF,
ID-SCF, LD-SCF and NG with the standard error bars. (d) Standard
deviations (SDs) of the Ryy-distributions with the standard error
bars.
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length Ryp (), that is, (| [ dtRun(r)exp(—ior)|?).(Fig.4(a))
Note that the wave numbers in Fig.4(a) and Fig.S10 are
slightly redshifted to correct the frequency error intrinsically
induced in the Verlet method’®. As in Fig.4(a), the vibra-
tional frequencies are redshifted in the order of the NL(4600.8
ecm~!), HD-SCF(4603.8 cm™'), ID-SCF(4612.4 cm™!), LD-
SCF(4615.4 cm™!), and NG(4618.0 cm™1). Because the most
stable solvation structure is the T-shape configuration, the H-H
bond is effectively elongated by the intermolecular attraction
from an electron distribution in a bonding region of adjacent
H;, molecules formed in the T-shape configuration as the sys-
tem becomes more condensed, and vice versa. The H-H bond
is more stretched in the more stable T-shape solvation struc-
ture at the lower temperature or at the higher density, leading
to the weakened H-H bond and redshifted H-H vibrational fre-
quency in the order of the NL, HD-SCEF, ID-SCF, LD-SCF, and
NG. Actually, the H-H vibrational frequency is anti-correlated
with the coordination numbers shown in Fig.S4". It is not
trivial but actually observed in the Raman experiments that
the vibrational frequency redshifts in denser normal liquids. >
The height of the power spectra of the H-H bond length is
determined not only by the temperature but also by the con-
densation (density). Actually, the peak height of the NL and
HD-SCF, which have the same density, are twice different re-
flecting their twice different temperatures, 25.0 K and 50.0 K,
respectively. Around the same temperature (50 K), the height
of the power spectra is affected by the condensation, espe-
cially at the high density where the solvation shell is firmly
formed. This is why the peak height of the HD-SCF is clearly
lower than the peak height of the ID-SCF, LD-SCF and NG;
the H-H vibrational motion is restricted due to the denser sol-
vation at the higher density of the HD-SCF compared to the
other three supercritical systems.

Although each vibrational spectrum in Fig.4(a) seems to
have a single peak, as shown in Fig.S10, each spectrum
can be almost perfectly fitted with a sum of the only two
functions, the Gaussian function agexp|—(x — a;)?/a3] and
the Lorentzian function ag/((x — a;)? + az) whose parame-
ters are listed in Table S37.4° The contributions from these
two functions are comparable and the both functions are in-
dispensable to reproduce the power spectra.(See Figs.S10(a)-
(e)") Note that the fitting in the NG case is not as perfect
as in the other four cases, implying that the NG has more
flexible structures. Because the H-H vibrational frequency
highly depends on the surrounding solvation structure, the
necessity of the only two functions to fit each H-H vibra-
tional spectrum strongly indicates the existence of two typical
solvation structures, well-coordinated and poorly-coordinated
structures, which cause the lower and higher vibrational fre-
quencies, respectively.**%%7% Since the most stable solvation
structure is the T-shape configuration, the H-H bond can ef-
fectively change its length through the intermolecular interac-

tion from adjacent H, molecules depending on the solution
structure. We found that the deviation between the higher
and lower peak frequencies stemmed from the Gaussian and
Lorentzian fitting functions, respectively, has the maximum
at the ID-SCF. (Fig.4(b)) The largest deviation in the ID-SCF
means that the ID-SCF, which should be around the expected
Widom line, simultaneously includes distinct liquid-like and
gas-like phases that are separated most significantly compared
to the NL, HD-SCF, LD-SCF, and NG located away from the
expected Widom line. The fact that the split of the H-H vi-
brational frequencies has the maximum between HD-SCF and
LD-SCF would not be affected even if the number of the data
points was increased. This is because the current five data
points already exhibit the extremum which is not a quantita-
tive behavior but a qualitative behavior and will not disappear
by increasing data points. Thus, it is expected that the het-
erogeneity originated from the neighbouring liquid-like and
gas-like solvation coordinations becomes most apparent in the
region between HD-SCF and LD-SCF where the Widom line
should exist, and that such dual nature of liquid and gas in-
volved in the ID-SCF could be detected utilizing the H-H vi-
brational power spectra.

Figure 4(c) shows distributions of the H-H bond length Ry
defined by the distance between two NWP centers of each hy-
drogen molecule. The Ryp-distribution is broader in the HD-
SCF, ID-SCF, LD-SCF, and NG than in the NL because of
their higher temperatures of approximately 50 K; the higher
temperature induced stronger thermal fluctuations of the H-H
bond length. Although the intermolecular structure like the
RDFs in Fig.1 deforms moderately from the high-density and
low-temperature NL to the low-density and high-temperature
NG, the intramolecular structure drastically jumps from the
NL even to the nearest HD-SCF under the same density, mean-
ing that the intramolecular structure is more dominated by the
temperature and more influenced by thermal modulations than
the intermolecular structure. In fact, the NG Ryyg-distribution
is broad in spite of the lowest density; it is determined not only
by the inhomogeneity of the surrounding structure but also by
the thermal modulation. Note that hydrogen molecules are not
completely isolated even in the NG, and they still interact and
collide with each other. We again found the anomalous or-
der in the standard deviations (SDs) of the Ryy-distributions.
(Fig.4(d)) The standard error bars shown in Fig.4(d) are ex-
tremely small, guaranteeing the convergence of the SDs and
thus the difference and order among the SDs; the present small
error bars can be achieved owing to a huge number of sam-
ples which the NEWPMD method can provide, i.e. real-time
300 ps trajectories of 640 Hy molecules. Remarkably, the ID-
SCF has the broadest Ryy-distribution among the all systems,
which cannot be explained by the simple temperature differ-
ence or by the simple density order because the ID-SCF has
the similar temperature to the HD-SCF, LD-SCF, and NG and
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the density of the ID-SCF lies between the densities of the
HD-SCF and LD-SCF. As discussed in Fig.4(a), the H-H bond
length can effectively change reflecting the surrounding sol-
vation structure, and the current SDs of the Ryy-distributions
should be also influenced by the existence of the two solva-
tion structures, the well-coordinated and poorly-coordinated
structures. Thus, we can attribute the present broadest Ryy-
distribution of the ID-SCF to the most deviated two solvation
structures formed in the ID-SCF compared to the NL, HD-
SCF, LD-SCF, and NG. The ID-SCF is now located around
the expected Widom line, 2>** and should simultaneously have
liquid-like and gas-like properties, rationalizing the largest de-
viation between the well-coordinated and poorly-coordinated
structures corresponding to liquid-like and gas-like solvations
in the ID-SCEF, respectively—the dual nature of liquid and gas
achieved in the ID-SCF resulted in its broadest distribution of
Ryn. We conclude that the broadest distribution of the H-H
bond length can be a direct evidence for the heterogeneity ex-
isting in the supercritical state around the Widom line, and
can indicate how the supercritical states are divided into the
distinct liquid-like and gas-like supercritical regions. The pg-
distributions are closely correlated to the Ryy-distributions
(Fig.S117); the longer the H-H bond length is, the broader the
NWPs are, and vice versa. 49962

We note that the H-H vibrational frequency is not linearly
dependent on the H-H bond length. On one hand, the distribu-
tions of the H-H bond length shown in Fig.4(c) are influenced
not only by the solvation structures but also by the thermal
modulation reflecting both the temperature and condensation
(density). On the other hand, the H-H vibrational potential
linking to the H-H vibrational frequency shown in Fig.4(a)
is not harmonic along the H-H bond length, and it is deter-
mined by the complex contributions from the flexible NWPs
and EWPs around the stable (average) H-H bond length re-
flecting the given solvation structure.

Finally, Fig.5 graphically shows a spatial distribution of H;
molecules which have the longer and shorter H-H bond length
than the total average bond length of each system as red and
blue molecules, respectively. In order to reduce an instanta-
neous effect of thermal bond modulation and also to focus on
a role of the first solvation structure, we calculated the av-
erage H-H bond length over 1 ps of each H, molecule and
then picked up only the H, molecules whose squared displace-
ments during the 1 ps are within 16 A% Note that the first
peak positions of the RDFs shown in Fig.1 appear around 4
A. Thus, Fig.5 displays H, molecules which have the longer
and shorter H-H bond length than the average staying in an
initial solvation shell. As can be seen in Fig.5(c), the spatial
distribution of the ID-SCF has the notable feature: The shorter
H, molecules (blue molecules) are randomly distributed while
the longer H, molecules (red molecules) tend to aggregate and
form a domain as the black circles indicate. Figure 5 demon-

(e)NG

Fig. 5 Spatial distributions of H, molecules which have the
longer(red) and shorter(blue) H-H bond length than the total average
bond length staying in an initial solvation shell in the (a) NL, (b)
HD-SCEF, (c) ID-SCF, (d) LD-SCF, and (e) NG. Note that, because
the simulation box size of the NG is extermely large, the molecular
size displayed in the NG box seems relatively small.
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strates that the two solvation structures, the well-coordinated
and poorly-coordinated structures discussed above, are not
randomly distributed but have an inhomogeneous spatial dis-
tribution especially around the expected Widom line. In fact,
such inhomogeneous spatial distribution is less enhanced in
the NL, HD-SCF, LD-SCF, and NG located away from the
expected Widom line; only a few inhomogeneous domains of
the longer H, molecules can be seen in Fig.5(a), 5(b), 5(d) and
5(e).

4 Concluding Remarks

In summary, we computationally investigated hydrogen
molecules in the supercritical states above the critical temper-
ature. The RDFs, coordinate numbers, and diffusion dynam-
ics showed the gradual and monotonic changes from the NL
to the NG reflecting the temperature and density differences.
On the contrary, the vH-TCF and the intramolecular properties
like the H-H bond length and vibrational frequency exhibited
the anomalous order. At the ID-SCF, the integrated area of
the short-range VH-TCF becomes uniform most rapidly, the
distribution of the H-H bond length is broadest, and the H-
H vibrational frequencies are split most significantly in spite
of its intermediate thermodynamic conditions. The anoma-
lous order of the intramolecular properties can be reasonably
explained by the largest deviations between liquid-like and
gas-like solvations formed in the ID-SCF around the expected
Widom line, indicating that the ID-SCF is a kind of a mixture
of liquid and gas simultaneously possessing the both proper-
ties, which is different from the NL, HD-SCF, LD-SCF and
NG. We thus conclude that the microscopic intramolecular
properties are more influenced by the local density fluctua-
tions generated by the complex liquid-like and gas-like inter-
actions especially around the Widom line.?”**3% The coexis-
tence of the liquid-like and gas-like solvations in the ID-SCF
indicated by their inhomogeneous spatial distribution around
the expected Widom line could be related to density fluctu-
ations with a maximum correlation length appearing on the
Widom line.3? The predicted properties and obtained physical
insights in this paper will help future experimental monitor-
ing and searching supercritical states which are distinguish-
able from normal liquid and gas, and also how a supercritical
state is identified into distinct liquid-like and gas-like super-
critical regions.
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Figure S1: Snapshots of the cubic simulation boxes of the (a) normal liquid (NL), (b)
high-density supercritical fluid (HD-SCF), (c) intermediate-density supercritical fluid (ID-
SCF), (d) low-density supercritical fluid (LD-SCF), and (e) normal gas (NG). Because we
matched the box size visualized here, the number of Hy molecules contained in each box is
different depending on the density. The actual simulations were all performed for 640 Hy

molecules by changing the total box volume.
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Figure S2: Total kinetic energy, kinetic energy of the centers of mass (COM), and the
other kinetic energy in the (a) NL, (b) HD-SCF, (c) ID-SCF, (d) LD-SCF, and (e) NG. The
equipartition between the kinetic energy of the COM and the rest is well attained.



(b) HD-SCF (c) ID-SCF (d) LD-SCF

Figure S3: Two-dimensional (2D) radial distribution functions (RDFs) of the (a) NL,
(b) HD-SCF, (c) ID-SCF, (d) LD-SCF, and (e) NG as a 2D function of the radial distance
r and relative molar angle 6. The 2D RDF,

9(r6) = 2m0<:2(;;0szi 0o’

is defined as a 2D function of the radial distance between nuclear wave packet (NWP) centers,
r, and the relative molar angle of an Hy pair, 6. Here, n(r, §) represents the number of NWPs
within a small region of radii » ~ r + dr and angle § ~ 4 df. The 2D RDF's become flatter
along r and 6 as the temperature and density become higher and lower, respectively; the first
peak of the 2D RDF becomes smaller and the periodicity of the peaks and valleys becomes
less enhanced from the left NL case to the right NG cases. The main peak appearing around
0 = 90 degrees in the first peak of the NL 2D RDF indicates a T-shape first solvation shell
stably formed in the NL. It should be mentioned that, although the most stable solvation
structure is a T-shape, other configurations are also possible as can be seen in the broad
first peak of the 2D RDF along 6. Actually, the first peak of the 2D RDF along € is much
broader in the HD-SCF than in the NL, indicating that the higher temperature induced the
more broken and fragile T-shape shell in the HD-SCF despite the same density as discussed

in Fig.1. The change of the 2D RDFs depending on the thermodynamic points shown here
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directly reflects the effective potential change depending on the temperature and density
because a 2D RDF directly reflects an intermolecular potential at a given thermodynamic

point.
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Coordination Number

NL HD-SCF ID-SCF LD-SCF NG

Figure S4: Coordination number in the first solvation shell. The calculated coordination
number monotonically decreases in the order of the NL, HD-SCF, ID-SCF, LD-SCF, and
NG. Especially, the coordination number of the NG is almost zero, being consistent with its

almost flat RDF without a clear first peak.
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Figure S5: Distributions of (a) the relative molar angle 6, (b) the self-orientational angle
¢ defined as a molecular angle projected on the zy-plane, and (c) the relative molar angle
0 for molecular pairs whose intermolecular center of mass distance is smaller than the first
valley position of the corresponding RDF shown in Fig.1. The distribution of the relative
molar angle 6 shown in Fig.S5(a) is not perfectly linear but almost linear. It is more linear
than the distribution of the self-orientational angle ¢ shown in Fig.S5(b) because the number
of samples to calculate the former is much larger than the latter due to a huge number of

combination of paired molecules and the statistical accuracy is more warranted in the former
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than in the latter. In Fig.S5(c), the clear peak appears around =90 degrees in the NL and
HD-SCF while such peak cannot be seen in the ID-SCF, LD-SCF and NG, which is in
harmony with the 2D RDFs discussed in Fig.S3. The clear peak appearing around =90
degrees demonstrates the T-shape first solvation shell stably formed in the NL and HD-SCF.
Note that the LD-SCF and NG distributions fluctuate due to a small number of molecules

included within the first valley position of the RDF.
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Figure S6: Time evolution of the integrated area of the van Hove time correlation func-
tions (vH-TCFs) displayed in Figs.2(a)-2(e) for 7 < 2A where the translational smearing
dynamics of hydrogen molecules most significantly appears. Each time-dependent integrated
area was almost completely fitted by the Gaussian function within the initial 0.5 ps and by
the single exponential function after 0.5 ps. (See Tables S1 and S2) The small standard
error bars guarantee that the time evolution of the integrated area of the vH-TCFs is well
converged, and thus that their fitting functions and fitting parameters listed in Tables S1

and S3 are also well converged within the small standard error bars. Note that Fig.2(f)
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simply shows the fitting parameter e; in Table S2. The present small error bars can be
achieved owing to a huge number of samples which the nuclear and electron wave packet
molecular dynamics (NEWPMD) method can provide, i.e. real-time 300 ps trajectories of

640 Hy molecules.
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GO G1 G2
NL 0.14095 576.67 205.26
HD-SCF 0.40212 534.65 215.59
ID-SCF  0.20485 563.44 211.73
LD-SCF 0.09611 566.98 210.34
NG 0.00282 565.99 209.25

Table S1: Fitting parameters G for the Gaussian function Ggexp(—(t — G1)?/G3) used

in Fig.S6.

€o €1 €9 €3
NL -1.04792  521.26 1255.2 1.1759
HD-SCF -0.80316 423.78 522.31 1.1028
ID-SCF  -0.71427 241.16 378.93 0.5480
LD-SCF -0.37743 239.11 420.59 0.2875
NG -0.01176  229.83 372.59 0.0081

Table S2: Fitting parameters e for the exponential function ey exp(—(t —ey)/es) +e3 used

in Fig.S6.
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Figure S7: 2D vH-TCFs G(r,t) defined in eq.(1) as a 2D function of time and the radial
distance r for the (a) NL, (b) HD-SCF, (c¢) ID-SCF, (d) LD-SCF, and (e) NG. Each 2D
vH-TCF was normalized by the maximum value. The 2D vH-TCFs behave similar to the
vH-TCFs shown in Fig.2. The 2D vH-TCF is linked to the stiffness of the solvation structure
and supports our insights on the stability of the solvation shells depending on the density
and temperature discussed in Fig.1. The initial hole part of the 2D vH-TCF shown as the

blue region becomes filled with time, and the initial oscillative correlation of the structure
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finally disappears. It can be seen that the blue-colored empty area of the 2D vH-TCF is
smaller in the ID-SCF than in the LD-SCF, indicating the faster time evolution of the former

than the latter.
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Figure S8: TCF of the center of mass velocity V (t) for the NG, (V(¢)-V(0)) scaled by the
initial value at ¢ = 0. The calculated velocity-TCF was well fitted by the single exponential

function, exp(—t/19498.8). The self-diffusion coefficient for the NG can be calculated as
Jo~ de(V (t) - V(0)).
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Figure S9: Initial mean square displacements of the NL, HD-SCF, ID-SCF, LD-SCF, and

NG as a function of time ¢.
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Figure S10: Power spectra of Ryg(t) in the (a) NL, (b) HD-SCF, (c) ID-SCF, (d) LD-
SCF, and (e) NG (red lines) with the standard error bars (green vertical bars), and (f)
their split peak frequencies. The standard error bars demonstrate that the power spectra
are converged within the current resolution of the power spectra, 0.5 cm~!. These small
error bars were achieved owing to a huge number of samples which the NEWPMD method
can provide, i.e. real-time 300 ps trajectories of 640 Hy molecules. The vibrational power
spectra can be almost perfectly fitted with a sum of the two split functions (blue lines), the

Gaussian function ag exp|—(x — a1)?/a3] (purple lines) and the Lorentzian function ag/((z —
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a1)? + ay) (light-blue lines) whose parameters are listed in Table S3. The peak frequencies,
a; shown in Fig.S10(f), are red-shifted in the order of the NL, HD-SCF, ID-SCF, LD-SCF,
and NG regardless of the fitting functions. We had tried various kinds of fitting, and finally
found that the current combination of the single Lorentzian and single Gaussian functions
is the best fit. For fitting, we used the program called scipy.optimize.curve_fit provided by
Python, and then manually adjusted the parameters to get the best fitting. Physically, the
Lorentzian function indicates the existence of the motional narrowing while the Gaussian
function reflects inhomogeneous vibration. The convergence of the power spectra and their
well-fitting assure the convergence of Figd(b). We note that, because the deviation of the
peak frequency shown in Fig.4(b) is the difference between the two fitting parameters a;

listed in Table S3, the standard error bars cannot be directly given to Fig.4(b).
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Fitting Functions ag ai Qo
Gaussian (NL) 2111.6  4600.993 2.45
Gaussian (HD-SCF)  4835.0 4604.087 2.27
Gaussian (ID-SCF)  9462.2 4612.627 2.03
Gaussian (LD-SCF) 10720 4615.553 1.82
Gaussian (NG) 10186 4618.169 1.85

Lorentzian (NL) 25195 4598.942 14.5
Lorentzian (HD-SCF) 33667 4601.920 9.37
Lorentzian (ID-SCF) 23133 4609.964 4.92
Lorentzian (LD-SCF) 18971 4613.046 3.47

Lorentzian (NG) 7336.9 4615.751 1.78

Table S3: Fitting parameters for the Gaussian function ag exp[—(z — a;)?/a3] and for the
Lorentzian function ao/((x — a;)? + a2) used in Fig.S10. The large difference between aq
of the Lorentzian function and aqy of the Gaussian function is simply due to their different

function types.
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Figure S11: Distribution of the NWP width py for the NL, HD-SCF, ID-SCF, LD-SCF,

and NG.
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