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ABSTRACT

Sodium borohydride dihydrate (NaBH4-2H>O) forms through dihydrogen bonding between the
hydridic hydrogen of the BH4™ ion and the protonic hydrogen of the water molecule. High-pressure
structural changes in NaBH4:2H>O, observed up to 11 GPa through X-ray diffraction and Raman
scattering spectroscopy, were analyzed to assess the influence of dihydrogen bonds on its crystal
structure. At approximately 4.6 GPa, certain dihydrogen bonds were broken, leading to the
decomposition of NaBH4-2H>O into ambient pressure phase of NaBH4 (a-NaBH4) and ice VII.
Upon further compression beyond 6.6 GPa, NaBH4 gradually transformed into its high-pressure
phase, y-NaBH4. During decompression, y-NaBH4 reverted to a-NaBH4 at the pressure between
4.4 and 2.7 GPa and subsequently reacted with ice VII, resulting in the recrystallization of
NaBH4-2H>O0. This recrystallization, occurring during decompression from 4.4 GPa to 2.7 GPa, is
identical to the starting sample and can be termed ‘“decompression-induced recrystallization”,
highlighting the strength of the dihydrogen bonds in NaBH4-2HO. In addition, density functional
theory calculations were used to evaluate the pressure dependence of hydrogen—hydrogen (H-H)
distances in NaBH4:2H>O. As pressure increased, the number of dihydrogen bonds within the unit
cell rose from seven at near-ambient pressure to twelve at approximately 4.5 GPa just before the
dehydration, indicating that each hydrogen atom in the water molecule formed dihydrogen bonds
with around three hydrogens from the BH4™ ions just prior to dehydration. Such pressure tuning of

dihydrogen bonds may lead to the creation of new energy storage materials.
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INTRODUCTION

In the pursuit of a carbon-free hydrogen energy society, extensive research has been conducted,
leading to significant insights into the physicochemical properties and reactivity of hydrogen.
Recent advances in materials research have highlighted the diversity of hydrogen valence,
revealing that hydrogen can exhibit a wide range of valences, from positive to negative. This
variation contributes to the diverse properties of hydrogen-containing materials.!

One key physicochemical phenomenon arising from this diversity is dihydrogen bonding. A
dihydrogen bond forms when a protonic hydrogen with a positive valence (H®") and a hydridic
hydrogen with a negative valence (H*") are attracted through electrostatic attractions.? The distance
between the two hydrogen atoms in a dihydrogen bond is typically shorter than 2.4 A, which is
less than twice the van der Waals radius of hydrogen. While dihydrogen bonds have been widely
studied in organic chemistry, their presence in inorganic materials remains relatively unexplored.

Ammonia borane (NH3BH3) is one of the few well-studied dihydrogen-bonded inorganic
materials.? It is considered a potential hydrogen storage material, and its hydrogen absorption and
desorption reactions have been extensively investigated. In NH3BHj3, the hydrogen bonded to
nitrogen is protonic, while the hydrogen bonded to boron is hydridic, resulting in molecules
attraction and the formation of a molecular crystal under ambient conditions. By comparison,
ethane (C2He), which has a similar electronic structure, exists as a gas, underscoring the critical
role of dihydrogen bonding in stabilizing NH3BHj3 as a solid. Several studies have explored the
relationship between dihydrogen bonding and the structural polymorphism of NH3BH3 under low
temperature (LT), high-pressure (HP), and high-pressure/high-temperature (HP/HT) conditions.*
1 At approximately 1.2 GPa and room temperature (RT), NH3BH3 undergoes a pressure-induced

transformation to its first HP phase. Upon further compression, the number of dihydrogen bonds



increases from three to six at around 4 GPa while maintaining the same structure of the HP phase.
The pressure dependence of the lattice parameters and volume of the HP phase changes before and
after the pressure, which can be considered as an isostructural transition.®!%!! In addition, it has
been observed that the HP/HT phases are almost the same density with or denser than the HP
phases at the same pressure and RT, which is hypothesized to be the effects of dihydrogen
bonding.!?

Dihydrogen bonds should be studied across a broader range of inorganic materials and
conditions. For instance, sodium borohydride dihydrate (NaBH4-2H,0)? and lithium borohydride
hydrate (LiBH4-H>0)"'? are both formed by dihydrogen bonds between the hydridic hydrogen of
the BH4™ ion and the protonic hydrogen of the H>O molecule. In these complexes, the borohydride
ion acts as a proton acceptor and the water molecule acts as a proton donor in the H-H bonds.!*
Complex hydrides, including borohydrides and alanates, contain anion clusters such as BHs~ and
AlH4, with hydridic hydrogens influencing the surrounding space within the cluster. Consequently,
it is expected that borohydrides and alanates will form dihydrogen bonds with molecules
containing protonic hydrogen. Investigating these dihydrogen-bonded compounds and their
structural transformations under wide HP or HP/HT conditions is crucial for advancing the
understanding of dihydrogen bonding and for facilitating the synthesis of novel functional hydrides.

The synthesis of NaBH4-2H>0 has been previously reported, indicating that it crystallizes at 0°C
in NaBH4~NaOH-H>0O and NaBHs—NaBFs—H>O solutions and decomposes into NaBH4 and an
aqueous solution at 36.4°C.">-!? Arkhangelskii et al. analyzed the thermal decomposition behavior
of NaBH4:2H>O during heating up to approximately 500°C using thermogravimetric analysis,
differential scanning calorimetry, and nuclear magnetic resonance.?’ In addition, it has been

observed that NaBH4-2H>O forms when solid NaBH4 powder captures H>O vapor from a small



amount of water.?!> 22 Regarding the crystal structure, Custelcean and Jackson performed X-ray
diffraction (XRD) measurements of NaBH4:2H>O and neutron diffraction measurements of
NaBD4-2D;0, identifying three types of dihydrogen bonds with O—H---H—B distances shorter than
2.4 A.? Filinchuk and Hagemann synthesized single crystals of NaBH4-2H,O, analyzing the
crystal structures of the ambient phase at 100 K and 150 K, and also measured Raman and infrared
(IR) spectra to identify vibrational modes.?* Hamada et al. further calculated the charge density
distribution using density functional theory (DFT), theoretically confirming the presence of
dihydrogen bonds.?’

Despite these studies, only the ambient phase of NaBH4-2H>O has been observed, with no
transformation to a high-temperature (HT) or LT phase under ambient pressure (AP). As a result,
the relationship between structural polymorphism and dihydrogen bonding remains unclear.
Investigating the HP transformation of NaBH4-2H>O and the behavior of its dihydrogen bonds is
therefore of significant interest. In this study, we examined the HP structural changes in
NaBH4-2H>0O using HP XRD and HP Raman scattering with diamond-anvil-cells (DACs). In
addition, DFT calculations were conducted, using crystallographic parameters obtained from our

experiments, to explore the influence of dihydrogen bonds on the observed structural changes.

EXPERIMENTAL SECTION

Preparation of sample and HP cell

DAC:s, equipped with a pair of 1/4-carat diamond anvils featuring 600-um diameter cullets were
used for XRD and Raman scattering measurements. An Inconel 600 foil, 300 um thick, was

compressed between the anvils to a thickness of 80—100 um for use as a gasket. A 300-um diameter



hole was drilled into the center of the gasket using an electrical discharge machine, forming the
sample chamber in conjunction with the anvils.

A sample of NaBH4:2H>O (purity > 99.9%, Sigma-Aldrich, USA) was custom synthesized. All
handling of the sample occurred in an argon atmosphere glove box at temperatures below 28°C to
prevent decomposition. During grinding with a SiO; glass mortar, NaBH4-2H,O readily
decomposed, producing NaBHs. Therefore, a polycrystalline aggregate of the sample powder,
approximately 250 um in diameter (slightly smaller than the sample chamber), was selected and
introduced into the sample chamber of the DAC without further crushing. To minimize external
influences on the sample, no pressure medium was used. In addition, ruby balls with diameters of
15-20 um were included in the sample chamber as pressure markers.

For comparison, HP XRD measurements were also performed on NaBHi. Commercially
available NaBH4 powder (purity 99%, Sigma-Aldrich, USA) was loaded into the DAC’s sample
chamber. For this experiment, helium was introduced as a pressure medium using a gas-loading
system.26

HP XRD measurements

Angle-dispersive XRD measurements were conducted using synchrotron radiation at the BL-
18C and AR-NE1A beamlines of the Photon Factory at the High Energy Accelerator Research
Organization (KEK-PF). The X-ray beam was monochromatized to 20 keV at BL-18C and 30 keV
at AR-NE1A and introduced to the sample in the DAC through a collimator with a 100-um
diameter pinhole. Two-dimensional (2D) diffraction patterns were collected in transmission
geometry using an image-plate detector at RT for pressures up to ~11 GPa with exposure times of
approximately 15 minutes. The 2D diffraction patterns were integrated along the radial direction

into a one-dimensional (1D) profile using the image analysis software, IPAnalyzer.?’ Lattice



parameters and unit cell volumes were calculated using PDIndexer.?” The Rietveld analyses of the
powder XRD patterns were performed using BIOVIA Materials Studio (MS) Reflex, version 2024
SP1.%8

The sample pressure was estimated based on the shift of the fluorescence line of a ruby ball
placed in the sample chamber. Fluorescence was excited using 532-nm laser light from a laser
diode (LD)-pumped solid-state laser (Showa Optronics Co., Ltd., JOS0GS, 50 mW) and analyzed
with a single monochromator (Princeton Instruments, Inc., Spectro Pro 25001, f=0.50 m) equipped
with a 1200-grooves/mm grating. The emission was detected using a charge-coupled-device
(CCD) detector (Acton, PIXIS100, active pixels: 1,340 x 100). The spectrograph was calibrated
using neon and argon lamps, achieving a wavelength accuracy of +0.02 nm.

After each compression or decompression cycle, the system was allowed to stabilize for ~10
minutes before the ruby fluorescence spectra were measured. These measurements were taken
immediately before and after XRD measurements. The R1 line in the ruby fluorescence spectrum
was fitted using a Gaussian function to determine the peak wavelength. The pressure was then
calculated using the nonhydrostatic pressure equation by Mao et al.?® for NaBHs2H>O
experiments without a pressure medium, and the hydrostatic pressure equation by Zha et al.?° for
NaBH4 experiments with a helium medium. The average pressure before and after each XRD
measurement was recorded as the final pressure value for the corresponding experiment.

HP Raman scattering measurements

A continuous-wave fiber laser with a wavelength of 488 nm (Azur Light Systems, ALS-BL-
488-1-1-SF, W) was used as the excitation source for the Raman scattering experiments, with 20
mW of power delivered to the sample surface. The incident laser beam was focused to a diameter

of approximately 10 um on the sample through the diamond anvil window using a 45% objective



lens. Raman scattering spectra were collected using a single monochromator spectrometer (Jobin-
Yvon/Atago-Bussan T64000) equipped with a 600-grooves/mm diffraction grating, offering a
wavenumber resolution of 2 cm™!/pixel. The spectra were recorded for durations of 40100 s using
a silicon-based CCD detector (Spectrum ONE, ISA Inc.) with 2000 x 800 pixels, cooled
electrically to 140 K. The wavenumber scale was calibrated using a neon lamp.

The same apparatus used for Raman scattering measurements was also employed for pressure
determination. The procedure for measuring ruby fluorescence and calculating pressure followed
the same methodology as described for the XRD measurements.

Computational details of the structural analysis

In the powder XRD experiment and Rietveld analysis, the diffraction intensity is weak due to
the low atomic numbers of sodium, boron, and oxygen. Furthermore, information such as the
coordinates of hydrogen atoms, the orientation of BH4~ and H>O, and the hydrogen—hydrogen (H-
H) bond distances could not be obtained. To overcome these limitations, MS-CASTEP?! was used
to perform full atomic structure optimization while fixing the lattice constants to the results
obtained from the Rietveld analysis.

The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functionals within the generalized
gradient  approximation  framework®> and  on-the-fly  generated norm-conserving
pseudopotentials®® were utilized. A plane-wave basis set with a cut-off energy of 1020.0 eV was
employed. A 4 x 2 x 2 Monkhorst-Pack grid** was selected for the k-point sampling, resulting in
k-separations of approximately 0.04 A™!. The convergence criteria included a maximum force
tolerance of 0.003 eV/A, a maximum atomic displacement of 3.0 x 10™* A, and an energy

convergence tolerance of 3.0 x 107% eV/atom.



Basically, the intermolecular force in this system is the Coulomb force, and the Tkatchenko-
Scheffler scheme?® was added as dispersion corrections to improve the accuracy of the interatomic
distances. The valence electrons used in the DFT calculations were as follows: for Na, 2s? 2p® 3s';
for B, 2s? 2p'; for H, 1s'; and for O, 2s? 2p*. The 1s? electrons of Na, B, and O were treated as core

electrons and represented using pseudopotentials.

RESULTS AND DISCUSSION

HP XRD measurements during the compression process

The pressure dependence of the XRD pattern of NaBH4-2H>O is presented in Figure 1. Initially,
the diffraction pattern corresponded primarily to the diffraction lines of NaBH4:2H>O, consistent
with previous reports.>* However, because of the absence of a pressure medium, the peak intensity
ratios deviated from simulated data, likely due to preferred orientation effects.

As pressure increased up to 4.0 GPa, the XRD peaks of NaBH4-2H>O shifted to higher angles.
At 4.6 GPa, the diffraction pattern changed significantly and new peaks emerged. By 5.1 GPa, the
original NaBH4-2H>O peaks had nearly disappeared, and the newly emerged peaks could be
assigned to the AP phase of NaBH4 (0-NaBHs: Fm-3m)*® and ice VIL.>7 This indicates that
NaBH4:2H>0 underwent pressure-induced dehydration, producing NaBH4 and H>O, as described
by the following equation (1).

NaBH4-2H>O — NaBH4 +2H>O (1)

This pressure-induced dehydration is accompanied by the cleavage of the dihydrogen bond
between the BH4™ cluster and the H2O molecule. It is plausible that H>O precipitated as ice VII,
which is the thermodynamically stable phase under these dehydration conditions, according to the

pressure-temperature (P-T) phase diagram of H,O.3® In this pressure-induced dehydration, the



hydrogens of the water molecules broke the dihydrogen bonds with the hydrogens of the BH4™ ions
and formed hydrogen bonds with the oxygens of adjacent water molecules, crystallizing into ice
VIL

To better understand the pressure-induced dehydration of NaBH4:2H>O, it is important to
estimate the crystallite sizes of the decomposition products. While the Scherrer method® is
commonly used for determining crystallite size from XRD patterns, we applied the Williamson-
Hall method*° to separate the strain component from peak broadening, as strain effects could not

be ignored in the current experiments.
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Figure 1. Pressure dependence of the XRD pattern of NaBH,-2H,O up to (a) 5.1 GPa
and (b) 11.1 GPa during compression. Circle, square, and triangle symbols represent
a-NaBH,, ice VII, and y-NaBH.,, respectively. Black bars in (a) show the positions and
intensities of the simulated Bragg peaks of NaBH,-2H,O at 3.3 GPa. Black arrows in

(b) indicate the appearance of new peaks.

10



The five peaks of a-NaBH4 and the two peaks of ice VII observed at 5.1 GPa, where the
dehydration of NaBH4-2H>O was completed, were fitted with Lorentz functions to determine peak
positions and full width at half maximums (FWHMs). A Williamson-Hall plot was generated, as
shown in Figure S1. From this analysis, the average crystallite size (d) of a-NaBH4 was estimated
to be 39 nm, with a lattice distortion component (Ce) of 0.011, while d of ice VII was determined
to be 24 nm, with Ce = 0.009. Since this estimation does not account for instrumental contributions,
the actual average crystallite sizes are likely larger. For comparison, d and Ce of commercial o-
NaBH4 powder at AP were calculated to be d =52 nm and Ce = 0.0007, respectively. These results,
as shown in Table S1, suggest that NaBH4 crystallites decomposed from NaBH4:2H>O are smaller
than those of commercial a-NaBH4, and the crystallites of ice VII are even smaller.

Pressure-induced transformation of NaBH4 decomposed from NaBH4-2H,O

Upon further compression to 11 GPa, the ice VII phase persisted, but the FWHM of its peaks
increased, as shown in Figure 1(b). In contrast, NaBHs; exhibited a pressure-induced
transformation between 6.6 GPa and 8.0 GPa. This change in the XRD pattern is similar to that
reported by Filinchuk et al.*! In other words, NaBHs decomposed from NaBHs-2H,O undergoes
the same structural transformation as pure NaBHy, regardless of the presence of H>O during further
compression.

Kumar et al.*?

reported that NaBH4 undergoes a pressure-induced transformation from a-NaBH4
to a HP phase (B-NaBH4: P42ic) at 6.3 GPa, followed by a second HP phase (y-NaBH4: Pnma) at
8.9 GPa. However, Filinchuk et al.*! did not clearly observe these two transformations, likely due
to the nonhydrostatic pressure conditions caused by the absence of a pressure medium. Kumar et

al. used silicone fluid as a pressure medium, which does not react with NaBHy, but it loses its

hydrostatic properties above 3 GPa.** Marizy et al.** performed HP experiments on NaBH4 using
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neon (with a solidification pressure of 4.8 GPa) as a pressure medium, but they did not clearly
describe the phase transition pressure from -NaBH4 to y-NaBHa4. In this study, we observed the
pressure-induced transformation of NaBH4 using helium as a pressure medium up to ~8 GPa via
XRD. Helium, with a solidification pressure of 11.5 GPa,* ensured that the experiments were
conducted under completely hydrostatic conditions. As shown in Figure S2, we found that the
transformation from a-NaBHj4 to f-NaBH4 began at 5.5 GPa and completed at 6.4 GPa, with the
subsequent transformation to y-NaBHj starting at 7.7 GPa.

In the case of NaBH4 formed by the dehydration of NaBH4:2H>0, the B-NaBH4 phase was not
clearly observed, consistent with the findings of Filinchuk et al. This suggests that under low-
hydrostatic conditions, in the absence of a pressure medium, the transition from a-NaBH4 to y-
NaBH4 may occur gradually, bypassing the 3-NaBH4 phase.

HP XRD measurements during decompression

Figure 2 illustrates the changes in the XRD pattern during the decompression process from 11
GPa to nearly AP. y-NaBH4 reverted to o-NaBH4, which subsequently recrystallized into
NaBH4-2H:O0, identical to the starting sample, during decompression from 4.4 GPa to 2.7 GPa.
This recrystallization follows the reaction shown in the following equation (2), a process we refer
to as “decompression-induced recrystallization.”

NaBH4 + 2H>O — NaBH4-2H,0 (2)

This recrystallization suggests that it is thermodynamically more stable for NaBH4 and H>O to
form dihydrogen bonds and crystallize as NaBH4:2H>O rather than remain as separate entities.
The strength of the dihydrogen bond likely plays a crucial role in this stability.

It is noteworthy that the recrystallization of NaBH4-2H>0 occurred without the presence of a

fluid. As discussed in the introduction, at AP, NaBH4-2H>O typically forms through isothermal
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reactions in either a liquid solution or the vapor phase.!>!* 2! However, in this experiment,

“decompression-induced recrystallization” occurred at pressures of 2.7 GPa or higher, where H.O

exists as solid ice VII.

In this recrystallization process, even though it occurs as a solid-state reaction, water molecules

appear to move freely between Na* and BH4 ions in NaBH4. This may indicate that the

electrostatic interaction between the protonic and hydridic hydrogens extends beyond the

molecular scale, enabling the crystallization of NaBH4-2H-O.

Arkhangelskii et al.?! noted slight differences between the XRD patterns of NaBH4-2H>O

synthesized from the liquid phase and those formed through reactions with vapor-phase H>O.

However, in this study, no significant differences were observed between the diffraction patterns
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Figure 2. Pressure dependence of the XRD pattern during decompression from 11.1 GPa.
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of NaBH4:2H>O obtained through “decompression-induced recrystallization” and those
synthesized from an aqueous solution.

HP Raman scattering measurement

The results of the HP Raman scattering measurements are presented in Figure 3. The H,O
libration mode, H-O—H bending mode, and O-H stretching mode weakened above 4.1 GPa, and
nearly disappeared by 4.9 GPa. In addition, the number of peaks in the B-H stretching mode
decreased above 4.1 GPa, indicating that the number of distinct B—H stretching modes of BH4~
ions diminished as H>O was released. These observations align with the XRD results, which
showed the dehydration of NaBH4-2H>O occurring between 4.0 and 4.6 GPa. As compression
continued, the shape of the B-H stretching modes gradually changed between 6.3 and 8.2 GPa,
corresponding to the XRD results that indicated a gradual phase transformation from a-NaBHj4 to
v-NaBH4 between 6.6 GPa and 8.0 GPa.

During decompression, the spectral changes were reversible, though with a slight hysteresis,
which also corresponds to the XRD findings.

A schematic diagram illustrating the phase changes derived from the HP XRD and Raman
scattering results is shown in Figure 4.

It is valuable to compare the pressure-induced dehydration reactions of dihydrogen-bonded
NaBH4-2H>0 with those of hydrogen-bonded hydrous compounds. A comparison of the pressure-
induced dehydration at RT of hydrogen-bonded hydrous compounds reported previously with the

present results is discussed in the Supporting Information.
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NaBH4-2H>O [-NaBH4
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———— dihydrogen bond
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v-NaBH4 (Prnma)

Figure 4. Schematic of the phase changes in NaBH,-2H,O and NaBH,, based on HP
XRD and Raman scattering results. Solid arrows represent structural changes during
compression, and dashed arrows represent changes during decompression. Pressure
values are given in GPa. NaBH,-:2H,0O decomposed into a-NaBH, and ice VII under
pressure, and a-NaBH, transformed into y-NaBH, (red arrow). In helium medium, a-
NaBH, transformed into 3-NaBH, and then yy-NaBH, (blue arrow). These changes were

reversible with hysteresis.

Pressure dependence of the volumes

The pressure dependence of the volume per formula unit (f. u.), calculated from the lattice
parameters of the sample, is shown in Figure 5. V(NaBH4-2H>O) represents the volume of 1 f. u.
of NaBH4:2H>O before dehydration, while V(“NaBH4:2H>0”) corresponds to the combined
volumes of 1 f. u. of NaBH4 and two f. u. of ice VII observed after the dehydration of NaBH4-2H,O.
For comparison, the sum of the volumes of NaBH4 and H>O measured separately is also shown;

V(NaBH4 + 2H,0) corresponds to the sum of the volumes of 1 f. u. of NaBH4 and 2 f. u. of H,O
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(represented by the black dashed line). The volume of NaBH4 alone was calculated from our
current XRD results (Figure S2), while the volume of H,O alone was obtained from literature
data.***7 In addition, the pressure dependences of the volumes of NaBH4 and H,O decomposed
from NaBH4-2H>O are shown in Figures S3 and S4, respectively.

At AP, V(NaBH4-2H>0) is approximately 8.6% smaller than V(NaBH4 + 2H>0), the sum of the

volumes of 1 f. u. of NaBH4 (a-phase) and 2 f. u. of liquid H,O (water). This volume reduction
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indicates that the formation of dihydrogen bonds leads to a more compact structure. However, as
pressure increases, the volume of water decreases rapidly, and at around 1.0 GPa, V(NaBH4-2H>0)
and V(NaBH4 + 2H>0) become nearly equal, coinciding with the phase transition of H2O from
water to ice VI. Due to this transition, V(NaBH4 + 2H>O) becomes about 4% smaller than
V(NaBH4-2H20). This reversal of the volume relationship suggests that, above 1 GPa,
NaBH4-2H>0 maintains a more open crystalline structure than ice VI, likely due to the presence
of dihydrogen bonds. Furthermore, above 2.7 GPa, when ice VI transitions to ice VII, the volume
difference between V(NaBH4:2H>0) and V(NaBH4 + 2H>0) grows larger, and at approximately
4 GPa, V(NaBH4-2H>0) is about 9% larger than V(NaBH4 + 2H0).

The bulk modulus of NaBH4:2H>0, calculated from the volume data up to 4.6 GPa, was Bo =
21 GPa with Vo = 108 A3, using the third-order Birch-Murnaghan equation of state.*® For
comparison, the bulk modulus of the AP phase of NH3BH3, another dihydrogen-bonded hydride,
has been reported to range from 9.3 to 10 GPa.*® This suggests that NaBH4-2H-O is stiffer and
more resistant to compression than the AP phase of NH3;BHs.

After the dehydration of NaBH4-2H>O at approximately 4.6 GPa, V(“NaBH4:2H>0”) and
V(NaBH4 + 2H,0) are nearly equal, indicating that the effect of dihydrogen bonds is completely
lost following dehydration, resulting in a simple combination of NaBH4 (a-phase) and H2O (ice
VII). Subsequently, V(“NaBH4-:2H>0O”) continues to decrease with increasing pressure, though at
a slower rate than V(NaBH4 + 2H,0). As a-NaBH4 transitions to y-NaBHa, V(“NaBH4:2H>0”)
again approaches V(NaBH4 + 2H>0), although the trend of a slower rate of decrease persists under
further compression.

The volume change of V(“NaBH4:2H>0”) is smaller than that of V(NaBH4 + 2H>0), likely due

to the poorer hydrostatic conditions under which the former was measured. In principle, when
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samples are subjected to poor hydrostaticity, their volume appears larger than expected.*->° Under
conditions close to uniaxial compression, except for auxetic metamaterials, which have a negative
Poisson's ratio, the sample experiences compressive stress along the direction parallel to the
incident X-ray beam and tensile stress in the perpendicular direction. In XRD measurements using
DAC, the transmitted scattered X-rays are measured in a geometry where the pressure axis is
parallel to the X-ray incidence direction. As a result, the diffracted X-rays primarily capture
information from the direction of tensile stress, leading to overestimated lattice parameters and
volume measurements (see Figure S5(a), (b)). Hydrostaticity tends to decrease with increasing
pressure but in this experiment it appears to improve temporarily during decomposition reactions
and phase transitions. This trend is consistent with the pressure dependence of V(NaBH4:-2H>0)
and V(“NaBH4-2H>0”) shown in Figure 5, as well as the volumes of NaBH4 and ice VII presented
in Figures S3 and S4, respectively.

In addition, the ruby balls used for pressure measurement are typically placed near the center of
the sample chamber, where the measured pressure may be higher than the average pressure
experienced by the entire sample (see Figure S5(c)).

Pressure dependence of bond distances and the number of the dihydrogen bonds in
NaBH4-2H:0

To investigate the pressure dependence of bond distances in the NaBH4-2H»0, particularly the
dihydrogen bond distances, DFT calculations were performed using the lattice parameters obtained

from the Rietveld refinement of the XRD patterns.
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The molecular arrangement around the BH4™ ion in the crystal structure of NaBH4-2H>O at near
AP (~0.08 GPa) and 4.0 GPa is shown in Figure 6, with crystallographic data provided in Table
S2 and S3. The lattice parameters are generally consistent with previous data at 150 K, as reported
by Filinchuk et al.?%, although the lattice parameters a and b are slightly smaller, and c is larger.
When the distance between the hydrogen of the water molecule and that of the BH4™ ion is
represented as Hw—H, the criterion for dihydrogen bonds is defined as Hw—H < 2.4 A, which is

twice the van der Waals radius of hydrogen. The presence or absence of dihydrogen bonds may be

——— dihydrogen bond

P:

&) Hw3
’ 9|
. d)st \ a &
‘ Ho Hw.
< ’;HWZ ’— ; ‘

)\A compression
Y 0.08 GPa » 4.0 GPa

X

Figure 6. Molecular arrangement around the BH,~ ion in the crystal structure of
NaBH,2H,O at near ambient pressure (~0.08 GPa) and 3.6 GPa. Yellow, blue, red,
gray, and pink spheres represent sodium, boron, oxygen, water hydrogen (Hw), and
BH, hydrogen (H), respectively. Lines between Hw and H represent the dihydrogen
bonds, where Hw—H distance is shorter than 2.4 A. All of the Hw form dihydrogen
bonds. The Hw that does not have the dihydrogen bond line in the figure forms a
dihydrogen bond with the H atom of a BH, that is different from the BH, in the

illustration.
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evaluated with more in-depth examinations of other indicators, such as the perspective of
molecular topology, in addition to the Hw—H distance. However, this is beyond the scope of the
authors' expertise, therefore in this study, the Hw—H distance (< 2.4 A) is simply used as an
indicator of the presence of dihydrogen bonds.

At 0.08 GPa all water molecule hydrogens (Hw) form dihydrogen bonds with the hydrogens in
the BH4~ ions (H). There are seven types of dihydrogen bonds at this pressure, with Hw—H

distances as shown in Table 1. In comparison, the dihydrogen bonds calculated from the atomic

Table 1. Comparison of dihydrogen bond length Hw—H in NaBH,-2H,O near ambient pressure.
For the results obtained in this study, the distances exceeding 2.4 A are shown in parentheses.
Custelcean and Jackson did not provide detailed crystallographic data, and therefore the

corresponding dihydrogen bond Hw—H was estimated from the length.

Hw-H Dihydrogen bond length (A)
This work Fllnﬁhﬁk et Cus;ertll(;:ean
0.08 GPa, RT 1 bar, 150 K Jackson?3
with without
dispersion dispersion
correction correction
Hwl1-H3 1.77 1.79 1.98 1.79
Hw1-H4 2.31 2.27 2.38
Hw2-H1 2.40 (2.51)
Hw2-H3 1.82 1.83 2.08 1.86
Hw3-H2 2.29 (2.41)
Hw3-H4 2.29 2.30
Hw4-H3 1.79 1.78 2.21 1.94
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positions reported by Filinchuk et al.?* at 1 bar and 150 K consist of four types with Hw—H
distances. Custelcean and Jackson?® reported three types of dihydrogen bonds for NaBH4-2H>O
under ambient conditions, with distances of 1.79, 1.86, and 1.94 A. In the case of our DFT
calculation without dispersion correction, the number of dihydrogen bonds was reduced to five.
Therefore, the difference in the number of dihydrogen bonds and the Hw—H distances may result
from slight variations in the hydrogen atom positions due to DFT calculation conditions rather
than differences in pressure and temperature. The symmetrized stress tensor of NaBH,-2H,0 at 4.0
GPa obtained using DFT calculation with and without dispersion correction in this study was
compared in Table S4.

Figure 7 illustrates the pressure dependence of several bond distances: (a) Hw—H distances
between the hydrogens in the water molecules (Hw) and the hydrogens in the BHs™ ions (H); (b)
B-H bond distances between boron (B) and the four hydrogens in the BH4 ion (H); and (c) O—
Hw distances between oxygen (O) and the hydrogens in the two water molecules (Hw).

As pressure increases, all Hw—H distances decrease, and the number of dihydrogen bonds rises.
At approximately 4.5 GPa just before the dehydration of NaBH4-2H>O, the number of dihydrogen
bonds reaches twelve. Since there are four hydrogen atoms (Hw) in two water molecules, each Hw
forms dihydrogen bonds with around three hydrogens in the BH4™ ions.

Regarding the B—H distance in the BHs ion and the O-Hw distance in the H2O molecule, the

former decreases by 0.5—0.8% under compression up to ~4.5 GPa, while the latter changed by less
than 0.1%. This indicates that the BH4~ ion undergoes greater shrinkage due to compression than
the water molecule. Although the changes in O-Hw distances are minimal, there seems to be an
expansion-shrinkage relationship within each H>O molecule: O1-Hw1 expands while O1-Hw2

shrinks in the Hw1-O1-Hw2 molecule; similarly O2—Hw3 expands while O2-Hw4 shrinks in the
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Hw3—-02-Hw4 molecule. However, since it is difficult to obtain bond lengths with an accuracy of

less than 0.01 A using DFT calculations, it is questionable whether this is a significant result.
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Figure 7. Pressure dependence of bond distances obtained using DFT calculation: (a) Hw—H
distances between water molecule hydrogens (Hw) and BH,~ hydrogens (H); (b) B-H bond
distances between boron (B) and BH, hydrogens (H); and (c) O—Hw distances between oxygen

(O) and water molecule hydrogens (Hw).
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In the DFT calculations, a comparison of the band structure at 0 GPa and 4.0 GPa showed no
significant change except for an increase in the band gap from 6.3 eV to 6.8 eV (see Figure S6).
No precursors of dehydration, such as molecular rearrangements and decomposition reactions,

were observed in the electronic state.

CONCLUSIONS

The HP structural changes of the dihydrogen-bonded borohydride complex NaBH4:2H>O were
studied up to ~11 GPa using XRD and Raman scattering spectroscopy. NaBH4-2H>O decomposed
into the AP phase of NaBH4 (a-NaBH4) and ice VII at approximately 4.6 GPa. Upon reducing the
pressure, NaBH4 and ice VII reacted between 4.4 and 2.7 GPa, resulting in the recrystallization of
NaBH4:2H>O. This process, referred to as “decompression-induced recrystallization,”
demonstrates that the dihydrogen bonds in NaBH4-2H>O are robust and significant. DFT
calculations were used to investigate the pressure dependence of the Hw-H distances in
NaBH4-2H:O0, revealing seven distinct dihydrogen bonds at AP. As pressure increased, the Hw—
H distances decreased, and the number of dihydrogen bonds rose to twelve at ~4.5 GPa just before
dehydration. This suggests that each hydrogen atom in a water molecule forms dihydrogen bonds
with approximately three hydrogens in BH4™. In addition, after dehydration, NaBH4 underwent a
reversible, pressure-induced transformation above 6.6 GPa, gradually transforming into the HP
phase y-NaBHa.

In this study, it was found that cleavage and recombination of dihydrogen bonds can occur
reversibly by tuning the pressure, which is an important clue for the synthesis of new dihydrogen-

bonded compounds. For example, new hydride complexes can be expected to be synthesized using

24



other borohydrides and alanates in the presence of proton donor molecules. They may lead to the

creation of new energy storage materials.
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SYNOPSIS

High-pressure structural changes of dihydrogen-bonded borohydride complex NaBH,-2H,0O were
studied up to ~11 GPa using XRD and Raman scattering spectroscopy to investigate the influence
of dihydrogen bonds. At ~4.6 GPa, NaBH.-2H,O underwent dehydration and decomposed into .-
NaBH, and ice VII. As pressure decreased, the decomposed a.-NaBH, and ice VIl reacted, resulting
in the recrystallization of NaBH4-2H,O. The reversible recrystallization suggests that dihydrogen

bonds are as strong as conventional hydrogen bonds.
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