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ABSTRACT: This study aimed to elucidate the structural evolution of supercritical fluid hydrogen
(SCF H2) under high pressure. X-ray diffraction was performed on SCF H2 using synchrotron
radiation at room temperature. The structure factor S(Q) was observed in a low-Q region at each
pressure, revealing a crossover at around 0.56 GPa, consistent with our previous Raman spectroscopy
results. The average volume per molecule was calculated at each pressure using the center-to-center
distance between the nearest neighboring H2 molecules, reflecting van der Waals interactions and
compression of the internuclear distance. The volumes calculated from the face-centered cubic model
were consistent with those derived from the cited equation of state, with a slight discrepancy that
increased gradually with the pressure. This finding indicates that further densification following the
crossover occurs primarily by intra-atomic/molecular mechanisms rather than intermolecular
shortening of distances, which cannot be adequately explained by the close-packed coordination model alone.

Many unresolved issues remain regarding the boundaries
of the supercritical fluid (SCF) phase and its intrinsic

physical properties. Numerous studies over the past 20 years
have suggested that the SCF phase is not a simple single state
but may consist of two states with different physical
properties.1 Initially, transition in dynamic properties such as
the speed of sound and specific heat were proposed as an
explanation for this.2 However, subsequent research has
reported that the SCF phase cannot be fully explained by
the dualistic concept of static and dynamic properties alone.3

In recent years, the concept of the ‘Frenkel line’ has been
introduced, which classifies the SCF state into ‘nonrigid liquid’
and ‘rigid liquid.4,5 Various studies have confirmed that, for
several pure substances, the Frenkel line acts as a boundary (or
region) where the two states are separated by a smooth and
wide-ranging crossover. For example, in SCF N2, the
intermolecular distance decreases with increasing pressure up
to 150 MPa, resulting in an increase in the coordination
number, which stabilizes at a pressure exceeding 150 MPa.6

This compression is attributed to a direct reduction in the
intermolecular N−N distance. Consequently, at temperatures
and pressures exceeding the Frenkel line, for example, 300 K
and 150 MPa, the aggregation state of N2 molecules changes
from nonrigid to rigid liquid-like behavior.
The SCF phase of H2 has a density equivalent to that of

liquid H2 at 190 MPa and room temperature.7 Furthermore,
the transition from the SCF phase to solid phase I occurs at a
pressure of 5.4 GPa and room temperature.8,9 However, few
studies have focused on the physical phenomena within an
SCF. Until recently, H2 was considered a homogeneous SCF
phase at pressures up to 5.4 GPa and room temperature. In our
previous study, we performed Raman spectroscopy on H2
within the pressure range corresponding to the SCF phase at

room temperature and systematically investigated the pressure
dependence of the Raman shifts and line widths of the
rotational and vibrational bands S0(J) and Q1(J), respec-
tively.10 As a result, we reported that a crossover occurs at 0.56
GPa at room temperature. According to the phase diagram of
H2, which includes the relationship between the temperatures
and pressures at which the speed of sound is minimal,2 we
learned that the Frenkel line separating the SCF phase of H2
passes through a pressure of approximately 0.56 GPa at room
temperature.
Furthermore, in the postcrossover state of the SCF,

pressure-induced changes in the relative intensities of rotons
revealed that ortho−para conversion occurs at pressures of 1
GPa or higher, even in the absence of a catalyst.10 Ortho−para
conversion typically requires several days, even with a
catalyst.11 However, under pressure at room temperature,
ortho−para conversion occurs within a few hours during
Raman spectroscopy measurements. Elucidating the mecha-
nism of ortho−para conversion induced by pressurization at
room temperature without catalysts is crucial; however,
research on this mechanism remains in its early stages. The
intermolecular interactions increase with increasing pressure,
affecting the nuclear interactions in the postcrossover state. To
verify the mechanism underlying the ortho−para conversion
observed in the higher-pressure SCF phase in the absence of
catalysis, the collective state of H2 molecules must be
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investigated. Information on the structural changes in the SCF
phase of H2 could be key to examining the ortho-para
conversion. To this end, H2 must be replaced with D2 to obtain
structural information through neutron diffraction measure-
ments. Nevertheless, neutron diffraction experiments on the
SCF phase of D2 using a diamond anvil cell (DAC) remain
technically challenging. As an alternative to neutron diffraction,
using X-ray diffraction (XRD) for structural analysis is worth
testing. However, the scattering intensity of H2 is extremely
weak, so it remains to be seen how effective this approach will
be. XRD experiments on the SCF phase of H2 were attempted
using synchrotron radiation (SR) at SPring-812 and yielded
only three data points near 0.56 GPa, preventing a detailed
characterization of the crossover. Furthermore, this analysis did
not quantify the increase in the coordination number of the
molecules, which indicates the growth of aggregates upon
pressurization. Therefore, in this study, we performed XRD on
H2 using SR to obtain detailed data in the pressure range of up
to 1.12 GPa at room temperature. We determined the
structure factor at each pressure and investigated how the
aggregation state of H2 molecules changes in the SCF state.
To prepare the DAC, a phosphor bronze foil with an initial

thickness of 300 μm was indented to 230 μm using diamond
anvils (DAs) with culets of 800 μm in diameter. A 300 μm hole
was drilled at the center of the indentation using an electrical
discharge machine. A gasket was then placed on the lower DA.
Ruby balls were placed on the upper DA as pressure markers to
determine the magnitudes of the pressures applied to the
samples. Normal H2 gas with 99.99999% purity was com-
pressed to 100 MPa using NIMS gas loading equipment13 and
then filled into the DAC at room temperature. The pressure in
the DAC was determined from the fluorescence of the ruby
R1-line using a pressure scale.14

The angle-dispersive method was used to obtain the
diffraction patterns of the SCF phase using SR on beamline
BL10XU at SPring-8. The X-ray was monochromatized to a
wavelength λ = 0.4137(1) Å and introduced to the target
through a pinhole collimator with a 40 μm diameter. Each
XRD image was obtained by exposing the sample to X-rays for
120 s per run and averaging the intensity over ten runs. The
average measurement temperature during the experiments was
299.4 K. All XRD data were collected on an imaging plate (IP)
system (Rigaku R-AXIS IV++, readout resolution: 0.1 mm;
active area: 300 × 300 mm2). Two-dimensional XRD images,
excluding the Kossel lines from the diamond and some spotty
reflections that did not form diffraction rings, were integrated
along the rings with a 0.01 degree of 2θ step. Each halo pattern
was converted to an intensity vs 2θ profile using an
IPanalyzer15,16 and visualized using PDIndexer.17 When using
a DAC, H2 diffraction and Compton scattering from the DAs
were obtained simultaneously. Therefore, the XRD pattern of
the empty DAC was measured and subtracted to remove the
background diffraction (BG), yielding the diffraction pattern of
H2 at each pressure.
Strong Compton scattering from the DAs overlapped with

the weak halo pattern of H2, making it difficult to distinguish
the true intensity of H2 from the raw data. Figure 1a shows the
X-ray scattering intensity of H2 against the X-ray scattering
vector Q = 4π sin θ/λ measured at 1.17 GPa through the DAC.
The scattering intensity obtained from the empty DAC was
also plotted on the graph; however, in the regions around Q ≈
3 and 4.8 Å−1, unknown diffraction peaks were observed even
from the empty DAC. The scattered intensity after subtracting

Figure 1. (a) X-ray scattering intensities from H2 sealed within a
diamond anvil cell (DAC) at 1.17 GPa and room temperature (H2 +
the background diffraction (BG), red dots) and an empty DAC (BG,
blue dots). (b) Structure factor S(Q) of H2 at 1.17 GPa. The
scattering intensity of H2 alone was calculated by subtracting the BG
intensity from that of H2 + BG, as shown in Figure 1(a), and
normalized using the intensity value at Qmax = 5.8 Å−1 to obtain S(Q).
(c) Superimposed image of S(Q) at each pressure. The peak
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the BG was obtained at each pressure and used to determine
the Qmax value at each pressure. Minimizing the effects of ripple
and measurement error required the use of the largest possible
value of Q. Consequently, the value of Qmax was set to 5.8 Å−1

for all pressures at which the scattering intensities were
measured. All the scattering intensities were normalized using
the intensities at Qmax = 5.8 Å−1, resulting in the structure
factors S(Q), as shown in Figure 1b. Complete subtracting the
BG from that of H2, including that of the DAC, was unfeasible.
Figure 1c shows a superimposed image of S(Q) vs Q plots
obtained at each pressure. Because the unremoved noise
remained unchanged even under pressure, we concluded that it
did not originate from the intrinsic diffraction of H2 in the
DAC. At a pressure above 0.41 GPa, a minimal increase in the
baseline appeared at approximately Q = 2 − 3 Å−1. However,
when the pressure exceeded 0.56 GPa, a peak shape that is
obscured in the BG, represented by asterisks, becomes
determine the peak shape and grows as a main S(Q) peak
with increasing pressure. At the pressures above 0.56 GPa, the
main S(Q) peak shifts continuously and smoothly toward the
high-Q side with increasing the pressure. The maximum
intensity of the main S(Q) peak, observed at Q ≈ 2.3 Å−1,
exceeds S(Q) = 1 at pressures of 0.7 GPa. We identified that
the mountain-shaped reflections and fine peaks, where the Q-
values remain constant or jump discontinuously even when the
pressure is varied, are not peaks from H2, but rather noise from
stray diamond crystal peaks. The SCF essentially consists of H2
molecules arranged randomly, and the diffraction intensity
comprises two contributions: scattering due to H−H bonds
within the molecules and that due to correlations between H2
molecules. The main S(Q) peak observed here is located
around 2.3−2.5 Å−1, which has been identified as the
intermolecular distance. Furthermore, considering from the
results of high-pressure X-ray diffraction study on fluid H2 at
room temperature12 and liquid H2,

18 we identified the main
S(Q) peak obtained is the first S(Q) peak for SCF H2.
The main S(Q) peak obtained at each pressure was analyzed

using the Lorentzian function. Examples of analyses of S(Q) vs
Q plots obtained at pressures of 0.49, 0.56, and 1.17 GPa
where these correspond to the pressure points before, during,
and after the crossover, respectively (see Figure S1 in
Supporting Information). Although the peak shapes were
slightly broad and weak in the pressure range of 0.28−0.5 GPa,
we managed to fit them using Lorentzian functions and obtain
each parameter (see Table S1 in Supporting Information).
Figure 2 shows the changes in the position and full width at
half-maximum (FWHM) of the first S(Q) peak with intensity
S(Q1st) with increasing pressure (see Table 2S in Supporting
Information). As the pressure increased to 0.56 GPa, the peak
position increases nearly linearly by 1.27 Å−1/GPa. Following a
temporary drop in the value of S(Q1st) at 0.56 GPa, the peak
position increases again at a rate of 0.37 Å−1/GPa, which is
lower than the value obtained below 0.56 GPa. The FWHM
decreases with increasing the pressure, indicating a sharp
decrease within the pressure range of approximately 0.5−0.6
GPa. At pressures exceeding 0.56 GPa, the rate of decrease in
the FWHM gradually decreases. The pressure-induced
narrowing of the FWHM for the XRD pattern observed in

SCF H2 is explained as follows. In general, the larger the size of
the ordered region, the narrower the width of the diffraction
peak obtained owing to X-ray interference. As the pressure
increases, the H2 molecules within the fluids come closer
together, and if the size of such larger molecular clusters
increases, the structural units grow. Simultaneously, it is
suggested that local molecular orientation correlations may
increase, leading to a reduction in the disorder of the SCF
phase and causing their states to change to more stable and
ordered structures.
We estimated the volume per molecule of SCF H2 to

investigate the growth of the structural units under pressure.
Initially, using a center position Q1st of the S(Q1st) peak, we
obtained the average intermolecular distance of H2, dHd2−Hd2

≈
2π/Q1st, at each pressure, indicating the distance between the
nearest hydrogen atoms of neighboring H2 molecules, as
illustrated in the inset in Figure 3. To calculate the molar
volume, we needed the distance between the center of adjacent
H2 molecules DHd2−Hd2

≈ dHd2−Hd2
+ rH−H, where rH−H is an

internuclear distance of H2. Therefore, we used our previous
Raman spectral data10 to calculate the values of rH−H at each

Figure 1. continued

intensities at approximately 2.5 Å−1, marked by asterisks, increase with
increasing pressure above 0.56 GPa, whereas the line width decreases.

Figure 2. Pressure changes in the peak position (top) and full width
at half-maximum (FWHM) (bottom) of the S(Q1st) peak of
supercritical fluid H2. The errors associated with the values of peak
positions and fwhm’s obtained from the least-squares fit were smaller
than the symbol size. At pressures below 0.56 GPa, the peak shift is
1.27 Å−1/GPa; however, it decreases to 0.37 Å−1/GPa above 0.56
GPa. The magnitude of the FWHM decreases significantly at
approximately 0.5−0.6 GPa, and a gradual narrowing occurs.
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pressure. If we consider only the normal vibration level (ν = 0),
the rotational energy level E(J) can be expressed as follows:19

= + + +E J B J J D J J( ) ( 1) ( 1) ...0 0
2 2

(1)

where the first term represents the J dependence of the
rotational energy of a rigid rotor, whereas the coefficients
B0and D0 account for the rotational constants; only the first
two terms in eq 1 are considered. The internuclear distance
rH−H can be derived using =B rh

c0 8 H H
2

02 where h is

Planck’s constant, c is the speed of light, μ is the reduced mass
of the molecule, and the symbol ⟨···⟩0 denotes averaging over
the zero-point motion of the ν = 0 normal vibration level. The
rotational transition energy, S0(J) can be obtained using eq
(1), as follows:

i
k
jjj y

{
zzz i

k
jjj y

{
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= + +

S J E J E J

B D J D J

( ) ( 2) ( )

(4 6 )
3
2
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3
2

0

0 0 0

3

(2)

The constants B0 and D0 were obtained using eq (2) via least-
squares fitting using the three rotational vibrational levels S0(J)
(J 0, 1, 2), as observed in the Raman spectra at each pressure.
We then calculated the value of rH−H = ⟨rH − H

2⟩1/2, which
represents the experimentally derived internuclear distance of
the H2 molecules.
Figure 3 shows the pressure dependence of dHd2−Hd2

, rH−H, and
DHd2−Hd2

. The distance dHd2−Hd2
decreased as the pressure

increased up to 0.56 GPa, exhibiting a jump in the data at

approximately 0.56 GPa. When the pressure exceeded 0.56
GPa, the value of dHd2−Hd2

decreased again; however, the
contraction rate was smaller than that observed at pressures
below 0.56 GPa. Conversely, the rH−H distance exhibited an
increase in the contraction rate at pressure exceeding 0.56 GPa,
indicating that the space between H2 molecules as well as the
molecules themselves were compressed. This finding suggests
that the intermolecular repulsive forces increased in the post
crossover state in the SCF, resulting in a reduction in the space
between the H2 molecules and compression of the H2
molecules. The pressure-induced changes in dHd2−Hd2

, rH−H,
and DHd2−Hd2

provided evidence that H2 underwent the crossover
at 0.56 GPa. At this point, the pressure-dependent Raman line
width exhibited a remarkable shift, indicating changes in the
relaxation mechanism of the rotational and vibrational
modes.10 This finding supports the conclusion that the
collective state of H2 molecules changes, resulting in local
high-density states.
The crossover observed in the SCF phases for neon,4 N2,

6 and
methane20 occur along their respective Frenkel lines. It has
been observed that, in the pressure range exceeding each
Frenkel line, the coordination number of molecules gradually
increases with increasing the pressure. The sharp change with
increasing the pressure observed at around 0.56 GPa for H2 is
thought to indicate that the crossover has occurred across the
Frenkel line. In the pressure range beyond the Frenkel line, H2
is also expected to exhibit an increase in the coordination
number of its molecule.
Subsequently, an average volume per molecule was

calculated using the values of DHd2−Hd2
obtained at 0.56 GPa

and above to investigate an appropriate model explaining the
pressure change in volume following the crossover in SCF
phase. In this model, H2 molecules were assumed to be hard
spheres, and to take account of the molecules’ coordination
number, it was speculated that the molecules are ideally packed
in to cubic lattices. When the molecules are arranged in a
simple-cubic (SC) coordination model with a lattice parameter
a = DHd2−Hd2

, the average volume per molecule is calculated as
VSC = a3 = DHd2−Hd2

3. In a body-centered cubic (BCC)
coordination model, the relationship between DHd2−Hd2

and the

lattice parameter a is given by =a D2
3 H H2 2

, and the average
v o l ume p e r mo l e c u l e , V B B C , i s o b t a i n e d a s

= =V D D( ) 0.7698( )a
BCC 2

4
3 3 H H

3
H H

33

2 2 2 2
. A coordina-

tion model of a face-centered cubic (FCC) lattice has a close-
packed structure with a coordination number of 12. The
average volume per molecule, VFCC, is calculated as

= =V D D( ) 0.7071( )a
FCC 4

2
4 H H

3
H H

33 3

2 2 2 2
, using the

relation a = √2(DHd2−Hd2
). Figure 4 shows the pressure changes

in the average volumes per H2 molecule, assuming that the
postcrossover state in the SCF phase exhibits a short-range
order with SC, BCC, or FCC coordination of H2 molecules.
For comparison, we referred to the average volume per
molecule calculated at an experimental temperature of 299.4 K
for XRD using the equation of state (EOS) for the H2 SCF
phase, as derived by Mills et al.21 They measured the molar
volume using a piston−cylinder apparatus and defined the
EOS for fluid n-H2 based on their detailed experimental results.
No abrupt volume changes or transitions were observed at any

Figure 3. Pressure dependence of distances DHd2−Hd2
, dHd2−Hd2

, and rH−H.
The pink solid rhombuses, lavender solid circles, and black solid
squares represent distances DHd2−Hd2

, dHd2−Hd2
, and rH−H at varying

pressures, respectively. The magnitudes of error bars for data labeled
DHd2−Hd2

and dHd2−Hd2
are smaller than the respective symbols. The inset

schematic shows the relative positions of DHd2−Hd2
, dHd2−Hd2

, and rH−H.
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reported pressure. Therefore, we did not refer to the crossover
here; instead, we compared only the volume per molecule
based on the molecular coordination model with the EOS
results. For instance, the volume at 9.8 kbar (≈ 0.98 GPa) was
approximately 24.4 Å3 per molecule using EOS. However,
using the value of DHd2−Hd2

at 0.98 GPa, the volume per molecule
calculated using the SC, BCC, and FCC coordination models
was 37.84, 29.13, and 26.75 Å3, respectively. The volume
derived from the FCC coordination model was closer to the
volume obtained by EOS, with a minimal difference of
approximately 2.35 Å3. As the center-to-center distance
between the H2 molecules has been corrected based on their
dumbbell-shaped molecular structure, our data provide micro-
scopic insights into the shape of H2 molecules and the
intermolecular gaps formed by short-range order. Mills’ data
characterized the macroscopic result of the number of H2
molecules contracted as a whole by deforming their electron
clouds under high pressure. The increase in the contraction of
rH−H following the crossover, as shown in Figure 3, suggests
the acceleration of the compression of the electron cloud of H2
molecules in the postcrossover state.
It is known that the solid-phase I of H2 exhibits a hexagonal

close-packed (hcp) structure with a coordination number of
12.22 Following the SCF phase, the solid phase I also exhibits a
coordination number of 12; but, the solid phase I possesses a
characteristic stacking structure, and the hcp structure should
be distinguished from the FCC structure. On the other hand,
an analysis of the coordination number based on the nearest-
neighbor distance and molecular volume does not allow us to
distinguish between the FCC and hcp coordination models.
Therefore, from here, we refer to it as ″FCC/hcp-like
coordination model″. Although the coordination number can
be 12 following the crossover, the number is fundamentally
dependent on the FCC/hcp-like coordination model. On the

other hand, this suggests that it may be a general characteristic
for diatomic molecular fluids to change in the FCC/hcp-like
coordination once crossing the Frenkel line. The increase in
the coordination number has been found in SCF N2 reaching
the coordination number of 12 over various ranges of pressure
and temperature.23 At pressures of 0.98 GPa and above, the
volume difference increased slightly, indicating that the FCC/
hcp-like model could not fully explain this phenomenon. For
instance, in the Ni−P alloy, the maximum packing fraction for
the random packing of hard spheres was 0.64, whereas for soft
spheres, the packing fraction exceeded 0.67.24 Therefore, when
pressure was applied from the outside, the particles were
compressed and deformed, increasing the contact area and
number of contacts between the particles and reducing the
gaps between them. For H2, an increase in the ratio of the
decrease in the internuclear distance was observed following
the crossover. As shown in Figure 4, the packing fraction is
expected to be slightly higher than that of FCC/hcp-like
coordination model. This finding may also demonstrate the
potential limitations of explaining the SCFs of H2 molecules
using a hard-sphere model.
Regarding H2, it was not possible to determine the two-body

distribution function with sufficient accuracy due to insufficient
diffraction intensity of S(Q). Consequently, reliable coordina-
tion numbers25 could not be obtained, and it was not possible
to find the detailed pressure dependence of the coordination
numbers as reported for N2.

6 On the other hand, although the
approach taken in this study differs from conventional
methods, as estimation of the volume pre H2 molecule based
on the mean intermolecular distances obtained suggests that
the system forms a state of equal or denser density―equi-
valent to or greater than the FCC structure―than that
indicated by the conventional SCF-phase equation of state.
In summary, we determined the structure factor of H2 at

each pressure following the crossover in the SCF phase. The
results revealed that the crossover occurs at 0.56 GPa.
Assuming the FCC coordination of H2 model, the average
volume per molecule and the coordination number following
the crossover were calculated using the center-to-center
distance between the nearest-neighbor molecules determined
experimentally. This model indicates that the rigid fluid forms
under conditions that exceed the Frenkel line.
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