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ABSTRACT: Because ammonia borane (AB) exhibits a high hydrogen storage density derived from dihydrogen bonds, it has the
potential to be a safe, lightweight, and compact hydrogen storage material. In the tetragonal phase at around room temperature, the
hydrogen occupancy is low and the atomic arrangement and electron density distribution have not been clarified. Therefore, the
hydrogen storage properties, including the decomposition reaction mechanism, which proceeds from ~373 K, also remain unclear. In
this study, neutron/X-ray total scattering measurements were performed on AB above and below its phase-transition temperature of
225 K, and the disordered atomic arrangement of hydrogen in the tetragonal phase was clarified by reverse Monte Carlo modeling of
the obtained pair distribution function. In addition, the charge of each atom was quantitatively investigated by first-principles calcu-
lations and Bader charge analysis. Hydrogen in AB was orderly arranged, forming N-H’*---H’—B dihydrogen bonds in the low-
temperature orthorhombic phase; however, in the room-temperature tetragonal phase, where the hydrogen atoms were disorderly
arranged, the distribution of negatively charged hydrido-like H’~ atoms coordinated to boron extended toward neutral. This situation
shows that the dihydrogen bonds are unstable, which may lead to decomposition of AB.

INTRODUCTION tragonal phase (/4mm; no. 107) at ~225 K.® X-ray and neutron
diffraction measurements have shown that both phases contain
two molecules of AB in the unit cell and that the lattice param-
eters and lattice volume increase continuously with increasing
temperature.’ The crystal structure and molecular orientation of
the orthorhombic phase have been studied in detail, revealing
that hydrogen occupies a special crystallographic position. '
The B—N bonds form layers parallel to the c-axis, where the B—
N bonds are alternately inclined toward the c-axis. The hydro-
gen—hydrogen distance is inferred to indicate the formation of
dihydrogen bonds (0.202 nm), which are shorter than the total
van der Waals radius of hydrogen (0.24 nm),'! and the deuter-
ium positions determined from neutron diffraction (ND) meas-
urements confirmed the actual short interatomic distances.” 12
The B-N bond layers are also present in the tetragonal phase;
however, the B-N bonds are aligned four-fold to the c-axis. The
AB molecules rotate around the B-N bond parallel to the c-axis,
with N as the fulcrum. At the same time, the crystal lattice con-
tracts in the g-axis direction but expands in the b-axis direction,
eventually transitioning to the tetragonal phase. Although the
intramolecular geometry is almost unaffected by this process,
the hydrogen bonding is substantially diminished in the tetrag-
onal phase. Researchers have speculated that a further temper-

Hydrogen energy is an inevitable option for the energy shift
underway worldwide. Efficient, safe, economical, and compact
hydrogen storage technology is critical for the use of hydrogen
as a renewable energy source, especially for fuel cell vehicles,
which absolutely require the ability to carry hydrogen at a high
gravimetric and volumetric density and to absorb and release
hydrogen at a sufficiently high rate.: > Among the various hy-
drogen storage materials (e.g., metal/alloy hydrides, complex
hydrides, metal-organic frameworks, and carbon- and chemi-
cal-based materials) that have been proposed, ammonia borane
(AB, NH3;BH;) has attracted attention as a hydrogen storage
material because of its high hydrogen density (gravimetric and
volumetric hydrogen densities of 190 g/kg and 100-140 g/L,
respectively).>*

The decomposition reaction of AB proceeds from ~373 K,
which is close to its melting point (~383 K).>” This melting
point is substantially higher than that of ethane (CH;CH3, 92 K),
which has a molecular structure similar to that of AB, and the
dihydrogen bond connecting adjacent molecules in AB is
thought to be responsible for its high thermodynamic stability.?
The crystal structure of AB transforms from a low-temperature
orthorhombic phase (Pmn2i; no. 31) to a room-temperature te-



ature increase would weaken this bonding and lead to hydrogen
release.’

The actual hydrogen—hydrogen distance in the tetragonal
phase has not been reported previously, presumably because the
atomic arrangement of the tetragonal phase is disordered, and
the hydrogen-occupied sites are accompanied by vacancies. For
the crystal structure thus experimentally obtained, ab initio cal-
culations using the generalized gradient approximation yielded
an excessively large unit-cell volume for AB and inappropriate
lattice constants; however, introducing van der Waals forces
through semiempirical corrections greatly improved the cell pa-
rameters and intermolecular geometry, and charge transfer from
NH; to BH3 for dihydrogen bonds in the orthorhombic phase
was shown.!*"1® By contrast, the presence of dihydrogen bonds
has not been clarified in the tetragonal phase because unambig-
uously determining whether hydrogen or vacancies are present
in sites with a low hydrogen occupancy of only one-quarter is
difficult."

For AB and its derivatives to be used as hydrogen storage
materials, it is necessary to clarify the atomic arrangement and
electron density distribution in the tetragonal phase, which is
closely related to the room-temperature hydrogen storage prop-
erties and to the slow hydrogen release reaction that occurs at
~373 K. Because average structure-based analyses such as
Rietveld refinement are insufficient to reveal disordered atomic
arrangements such as tetragonal phases with stochastic atomic
positions, large atomic ensembles without space-group sym-
metry are required. Therefore, in the present study, the atomic
arrangement of the disordered structure in the tetragonal phase
is clarified by reverse Monte Carlo (RMC) modeling of the pair
distribution function (PDF) obtained from neutron/X-ray total
scattering measurements, and the charge of each atom is quan-
titatively investigated by first-principles calculations and Bader
charge analysis.'” The results provide insights into the hydrogen
storage properties of AB and enable an analysis of the local
structure of hydrogen and the temperature dependence of dihy-
drogen bonds.

MATERIALS AND METHODS

Sample Preparation. ND;''BDs enriched with D and !'B in-
stead of H and B in NH3BH3, respectively, was prepared via the
following procedure because the neutron incoherent scattering
cross section of D is smaller than that of H (oinc: 80.27, oinc”:
2.05 x 1072® m?) and because the neutron absorption cross sec-
tion of !'B is substantially smaller than that of 1°B (cas: 767,
Oas' B 3835, ouws''B: 0.0055 x 102 m? at 1.8 A neutron).'®
Na!'BD,4 powder (Katchem spol. s 1. 0., Czech Republic, 96.8%
pure) was dissolved in tetrahydrofuran and subsequently mixed
with (NH4)>SOs. The mixture was stirred at 313 K for 24 h in
the presence of molecular sieves to remove water. The solution
after the reaction was filtered and then evaporated under vac-
uum at 313 K to obtain a powder. These procedures were car-
ried out in a glovebox filled with Ar with O, and H,O contents
less than 0.5 ppm. The obtained powder was dissolved in D,O
under air to exchange N-H for N-D bonding, and the resultant
solution was evaporated to dryness using an evaporator. Sample
purity with small amounts of BHD,, BH,D, and BH; and ex-
tremely small amounts of NH; was confirmed via !'B, '"B-H
decoupling, and 'H NMR experiments. To minimize (hy-
dro-)oxidation or nitrogenation, the sample was handled in a
glovebox filled with purified He with an O, content less than 1
ppm and a dew point less than 183 K after the preparation.

X-ray and Neutron Total Scattering Measurements.
NDs!'BD; powders were loaded into a polyimide film tube with
an inner diameter of 1 mm and a thickness of 0.05 mm in a
glovebox. Synchrotron X-ray total scattering measurements
were performed using a Rigaku R-AXIS V detector at beamline
BL22XU at SPring-8. Scattering data for NDs''BDs at 100, 200,
250, and 300 K were collected over a lattice spacing range of
0.03-0.65 nm for XRD with an incident energy of 69.6 keV
(wavelength of 0.0178 nm). The raw data were corrected for
polarization, absorption, and background, and the contribution
from Compton scattering was subtracted from the scattering
data to obtain the X-ray static structure factor S(Q)."

The ND;!'BD; powders sealed in a V-Ni null scattering sam-
ple container with an outer diameter of 6.0 mm and a thickness
of 0.1 mm in a glovebox, and neutron total scattering measure-
ments were performed at 20, 100, 200, 250, and 300 K, each for
an exposure time of 3 h. These measurements were conducted
using a NOVA neutron total scattering instrument (beamline
BL21) with a decoupled liquid hydrogen moderator, an incident
flight path of 15 m, and a scattered flight path of 1.2—1.3 m at
the 90° detector bank (d = 2n/Q = 1/(2sinf) = 0.008—0.63 nm)
connected to an 800 kW spallation neutron source in the Mate-
rials and Life Science Experimental Facility (MLF) of the Japan
Proton Accelerator Research Complex (J-PARC). The back-
ground intensities of the sample container and instrument were
subtracted from the scattering data, and the neutron attenuation
factors for the sample and sample containers were calibrated to
obtain the neutron structure factor S(Q)."

Structural refinements of the ND patterns for the ND;''BDjs
sample at 20, 100, 200, 250, and 300 K in reciprocal space were
performed by Rietveld refinement using the computer program
Z-Rietveld (ver. 2.1.3).2°2! Fourier transform of the X-ray S(Q)
for the ND3''BDs sample was performed in the Omin t0 Omax
range 1.0 = O = 200.0 nm™! to obtain the PDF, g(),? using the
Orochi program suite.?® For the g(r) for the neutron S(Q), the
range 9.0 = Q = 300.0 nm™' was used for the Fourier transfor-
mation. The neutron PDFs were refined with the software
PDFgui (ver. 2.0.4).2*

Reverse Monte Carlo Modeling. The atomic arrangements
for the orthorhombic and tetragonal phases of ND;''BD; were
investigated by fitting the S(Q) and the corresponding g(r) us-
ing GSAS-II* in tandem with RMCProfile (ver. 6.7.9). % The
method used 12 x 12 x 12 or 4 X 4 x 4 superlattices for the
RMCProfile structural modeling using S(Q) and g(7). Initial
structures were created, where each atom was randomly placed
to match the aforementioned Rietveld refinement results, and
the S(Q) and g(r) were reproduced by modeling. In the model-
ing of the orthorhombic phase, only translation of each constit-
uent atom (N, B, and D) from the sites of the refined crystal
structure was attempted. Because the hydrogen and vacancies
in the superlattices created in the modeling preparation are ran-
domly arranged in the tetragonal crystal with low occupancy of
hydrogen-occupied sites, we attempted to reproduce S(Q) and
g(r) obtained from the experiment by swapping D and vacan-
cies with probabilities of 0.6 and simultaneously translating the
constituent atoms with probabilities of 0.4. The maximum
translations were restricted to 0.001 nm for N and B and to
0.010 nm for D. These values were determined from the mag-
nitude of the atomic displacements obtained from the Rietveld
and PDF refinement results. The N, B, and D atoms were con-
strained to move no closer than the predefined cutoff distance
0f 0.08 nm.



First-Principles Density Functional Theory Calculations.
We investigated the electron density distribution of NH3BHj3 us-
ing a self-consistent-field run of first-principles density func-
tional theory (DFT) calculations as implemented in the Vienna
Ab initio Simulation Package (VASP)*"® with a plane-wave
basis and the projector augmented wave method?*° within the
generalized gradient approximation with the Perdew—Burke—
Ernzerhof exchange-correlation functional.3! A cutoff energy of
400 eV was used throughout. To emphasize the atomic arrange-
ment derived from the RMC modeling, structural optimization
by VASP was not performed. Although a larger ensemble of
atoms is desirable to reproduce the experimental results, self-
consistent field (SCF) calculations were performed on the 4 x 4
x 4 superlattices obtained from the aforementioned RMC mod-
eling because the DFT calculation requires a substantial amount
of time. The criterion for self-consistency in the electronic
structure determination was that two consecutive energies dif-
fer by less than 0.1 meV. The k-point spacing was ~0.02 nm ™.

RESULTS AND DISCUSSION

Refinements of Neutron Diffraction Patterns and Pair
Distribution Functions. The structural phase-transition tem-
perature of ND3;BDs shifts to 1.5 K higher than that of NH;BHs,
and the deuterium substitution reduces the enthalpy variation
from 1.29 to 1.01 kJ/mol by more than 20%; however, the re-
spective symmetries of the crystal structures below and above
the transition temperature are not changed by hydrogen iso-
topes.>> The neutron diffraction pattern of NDs''BD; was re-
fined by the Rietveld method and, as previously reported,'® con-
verged to the orthorhombic phase (Pmn2,) at 20, 100, and 200
K and to the tetragonal phase (/4mm) at 250 and 300 K (Figs.
S1(a) and 1(a), Table S1(a)). The impurities detected by NMR
did not affect the refinement results. The 200 K refinement re-
sult has a slightly larger reliability factor than the others, which
might indicate contamination by intermediate phases that form
near the phase-transition temperature.** The reported PDF for
ND;''BD; does not show the refinement results because of the
presence of a small amount of hydrogen from the incomplete
deuteration of the sample.!® The PDFs derived from the neutron
total scattering measurements were refined as single phases to
the orthorhombic and tetragonal phases below and above 225
K, respectively, similar to the results of the crystal structure
analysis (Fig. S1(b), Table S1(b)). The lattice constants and lat-
tice volumes obtained from this structural information in-
creased continuously with increasing temperature, in relatively
good agreement with previously reported results; however, the
lattice constants and lattice volumes at 300 K were slightly
larger than those previously reported (Fig. S2(a)(b)).!” In the
orthorhombic phase, as in the previous report,'® the B-N tilted
from the c-axis of the unit cell becomes progressively parallel
as the temperature increases from the lowest temperature to the
phase-transition temperature.

As shown in Tables S1(a) and S1(b), in the tetragonal phase,
the deuterium distributed around the B and N of the B-N along
the c-axis occupies one-quarter of the 84 and 16e sites. For the
atomic pair correlations obtained from the Rietveld and PDF
refinements, the temperature variation of the B-N, B-D, and
N-D bond lengths were relatively small and close to previously
reported values;!” however, at 300 K, the B-N and N-D bond
lengths were slightly larger than previously reported values, as
were the corresponding lattice parameters and volume (Fig.
S2(c)). The distances of B—D correlations at temperatures

greater than the phase-transition temperature deviated from the
Rietveld refinement and PDF refinement results. Regarding the
deuterium—deuterium correlation, the Dg1—Dx» bond lengths in-
creased with increasing temperature in the tetragonal phase and
shortened when the temperature was greater than the phase-
transition temperature (Fig. S2(d)), consistent with previously
reported results.!” The Dp—Dni bond lengths showed little
change with temperature, including temperatures above and be-
low the phase-transition temperature. Although the Dp>—Dno
correlation distance increased at temperatures greater than the
phase-transition temperature in the previous report,'® it de-
creased in the present study. The discontinuous change in Dg,—
Do is unnatural, in contrast to the continuous change in lattice
constants and other parameters below and above the phase-tran-
sition temperature. Because the hydrogen occupancy in the te-
tragonal phase is 1/4 of the 84 and 16e sites, and because the
two shortest occupied sites are unlikely to be simultaneously
occupied by two hydrogens, discussing the shortest correlation
distance on the basis of the average structure is difficult; how-
ever, the second- and third-nearest neighbor sites are assumed
to correspond to the actual pair correlation.** Thus, the Rietveld
refinement, which imposes symmetry constraints on the struc-
ture by long-range averaging, is limited in its ability to elucidate
disordered atomic arrangements in crystal structures.!® There-
fore, as previously reported, the actual atomic arrangement in
the tetragonal phase could not be reproduced and the dihydro-
gen bond changes over a wide temperature range, including the
phase transitions, could not be studied from the viewpoint of
the average structure.

Reverse Monte Carlo Modeling. RMC modeling for the 12
x 12 x 12 superlattices (N3456D10368B3456D1036s at 20, 100, and
200 K,  NaseDioa20BsaseDiozor at 250 K, and
Nias6D10384B34s6D10s0s at 300 K) was performed using the neu-
tron and X-ray total scattering PDF and static structure factor
S(Q) for ND;!"BD;, which converged well, as shown in Fig.
S3(a)—~(d). When the unit cell was extended to create the super-
lattice, some atoms from sites with low occupancy near the
boundaries were missing, resulting in a deviation from the stoi-
chiometric composition. The modeling was performed using a
combination of neutron and X-ray total scattering data acquired
at 100, 200, 250, and 300 K, whereas data acquired at 20 K were
modeled using neutron total scattering data alone. Because AB
is composed of relatively light elements, X-ray total scattering
data are also useful for such structural analysis and can supple-
ment neutron total scattering data. In addition, the modeling
was performed for the 4 x 4 x 4 superlattices (N2sHz334B125H3s4
at 20, 100, and 200 K and N,3H370B128H370 at 250 and 300 K)

As shown in Fig. 1(b), when the atomic arrangement of the 4
x 4 x 4 superlattices is projected onto the unit cell, partial cor-
relations are revealed, enabling nitrogen-coordinated deuterium,
Dn, and boron-coordinated deuterium, Dg, to be distinguished.
As shown in Fig. 2, the N-N, B-B, N-B, and N-D correlations
do not substantially vary with temperature in the range from 20
to 300 K; however, at lower temperatures, correlations remain
at distances longer than » > 0.2 nm, indicating that thermal fluc-
tuations of each atom are suppressed. By contrast, for the B-D
correlation, the distance for the orthorhombic phase decreased
as the temperature increased from 20 to 200 K and did not sub-
stantially change after the transition to the tetragonal phase at
225 K. The distribution of N-D and B-D correlations showed
a continuous trend across the phase-transition temperature.
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Figure 1. (a) Crystal structures and (b) atomic arrangements of ND3!'BD;, and (c) charge densities of NH;BHj; at 20, 100, 200, 250,
and 300 K. Crystal structures with space group Pmn2; (No. 31) below 225 K and /4mm (No. 107) above 225 K were obtained from
Rietveld refinements. Atomic arrangements were obtained from RMC modeling. The positions in the atomic arrangements are indi-
cated by the projection of the 4 x 4 x 4 superlattices onto the unit cell for the RMC modeling results. Charge densities of the 4 x 4 x

4 superlattices were obtained from Bader charge analysis.
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Figure 2. Partial PDF profiles of ND;''BDj at 20, 100, 200, 250,
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12 superlattices.
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Figure 3. Fraction of D coordination number for (a) N and (b)
B in ND;''"BDjs at 20, 100, 200, 250, and 300 K, as obtained
from RMC modeling. Coordination numbers: 0 (black), 1 (pur-
ple), 2 (blue), 3 (green), 4 (red), and 5 (magenta).

The fractions of D coordinating to N and B obtained from the
RMC modeling are shown in Fig. 3. In the low-temperature or-
thorhombic phase, most N atoms have a coordination number
of 3. From near the phase-transition temperature to room tem-
perature, the fraction of N atoms with a coordination number of
3 decreases from 90% to approximately 50%, and that of N at-
oms with a coordination number of 2 or 4 increases to 20%.
Three-quarters of B atoms have a coordination number of 3 in
the orthorhombic phase, and from near the phase-transition
temperature to room temperature, the fractions of B atoms with

coordination numbers of 2, 3, and 4 are approximately one-third
each. During the decomposition process of AB at ~373 K, other
chemical species such as diammoniate of diborane
(INH;BH,NH;][BHs]; DADB), have been detected by ''B
magic-angle spinning (MAS) NMR in the first stage of hydro-
gen release after an induction period,*>*¢ consistent with the re-
sults obtained from RMC modeling, where fewer D atoms are
coordinated to B than to N at around room temperature. The
short-range intramolecular correlations of Dx—Dy and Dg—Dg
are particularly clear at all temperatures, indicating that the av-
erage molecular structure is maintained. Unlike the average
structure results from the Rietveld and PDFfit methods, the Dn—
Dg correlation shows little temperature variation with respect to
the number and distance of nearest-neighbor correlations and is
continuous, including at temperatures below and above the
phase-transition temperature. That is, hydrogen in AB undergo-
ing thermal vibrations is not present at some specific sites in the
crystal structure (e.g., the 8d and 16e sites in [4mm); however,
it is distributed around the circumference of the base of the cone
with N or B at the apex while maintaining the molecular struc-
ture.

DFT Calculations and Bader Charge Analysis. As com-
pared in Fig. S4, the number of atoms in the 4 % 4 x 4 superlat-
tice is 1/27 the number in the 12 x 12 x 12 superlattice, which
reduces the statistical precision of the partial correlations ob-
tained from the RMC modeling and makes discussing the shape
of the atomic distribution difficult; however, the tendencies of
each atomic correlation are similar. To complete the first-prin-
ciples calculations in a realistic time frame, we carried out SCF
calculations using VASP on the basis of the atomic arrangement
derived by RMC modeling of 4 x 4 x 4 superlattices (Fig. 1(c)).
VESTA was used for the three-dimensional display of the
charges.’” In the orthorhombic phase at 20 K, there is a higher
density of electrons in the N-coordinated hydrogen, Hy, than in
the B-coordinated hydrogen, Hg, and the shape of the equipo-
tential surface is similar to a regular tetrahedron. In addition,
NH;BH3 molecules with the same direction of Hy and Hg and
the same shape of the equipotential surface of electron density
are orderly arranged. In the region below the phase-transition
temperature, the shape of the equipotential surface and the ori-
entation of the molecules are gradually disordered with increas-
ing temperature. In the tetragonal phase above the phase-transi-
tion temperature, the shape of the equipotential surface and the
orientation of the molecules are further disordered. At 300 K,
the electron density of Hg is substantially reduced and the equi-
potential surface of Hy is considerably deformed from a tetra-
hedron. These effects correspond to the broadening of the N-D
and B-D distance distributions and to the changes in the coor-
dination number obtained from the RMC modeling (Figs. 2 and
3).

The charges attributed to each element were quantitatively
evaluated via Bader charge analysis.!” This analytical technique
can estimate the chemical state of the constituent atoms from
the atomic arrangement of AB to integrate the charge for each
atom with respect to the charge gradient (Fig. 4).3® The
weighted valence of the constituent atoms can also be estimated
from the atomic number, charge, and core electron number (va-
lences of N =7 — charge + 2, B=5 —charge + 2,and H=1 —
charge), as shown in Table 1. The valences are larger in abso-
lute value than the respective charges derived from the previ-
ously reported Born effective charge analysis;'® however, Ba-
der charge analysis has been noted to give more appropriate re-
sults for covalent materials.*



The results show a distribution of protonate-like H’*, in
which Hy atoms are positively charged, and hydrido-like H*,
in which Hg atoms are negatively charged. The resultant N—
H’"---H’-B dihydrogen bond stabilizes the AB molecule as a
solid. Therefore, the formation of dihydrogen bonds was quan-
titatively confirmed by the atomic arrangement based on the ex-
perimental results. In the orthorhombic phase at temperatures
below 225 K, the charge distribution of all of the elements is
small, indicating the formation of stable hydrides. By contrast,
in the tetragonal phase at temperatures above 225 K, the atomic
distribution of hydrogen becomes more disordered; the charge
distribution of Hg, in particular, broadens toward neutral, sug-
gesting destabilization of the dihydrogen bonds. Presumably,
the valence distribution of nitrogen and boron broadens towards
negative with this change in Hg valence; however, the reason
for the small change in the Hy valence is unknown.
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Figure 4. Valence distribution of NH3;BH3; the distribution was
obtained from DFT calculations and Bader charge analysis
based on the atomic arrangement of ND;!'BD; at 20, 100, 200,
250, and 300 K, as obtained from RMC modeling.

Various AB-based materials have been reported as hydrogen
storage materials (e.g., LiNH.BH;, NaNH,BH3;, and NaH-
NH;BH;).*? For example, the addition of LiH or LiNH, pro-
motes the decomposition reaction of AB.** LiNH,BHj also sup-
presses the release of volatile gases that are harmful to polymer-
electrolyte fuel cells, releasing 15.6 wt% hydrogen at 363 K.**
Because the local structure and electron density distribution of
ABs are assumed to be changed by additives, resulting in
changes in ABs' hydrogen release properties, further develop-
ment of the present method is expected to provide useful
knowledge for the development of hydrogen storage materials.
By contrast, multiple hydrogen chemical states exist in
LaMg,NiH7, and the changes in hydrogen density are accompa-
nied by progressive transitions in the hydrogen chemical
states.**® To understand the complex hydrogen absorption and
desorption reactions and develop materials with high hydrogen
storage density, it is important to understand the relationship
between hydrogen chemical states and hydrogen storage reac-
tions; the present method is effective for clarifying this relation-
ship.

Table 1. Weighted Valences of the Constituent Atoms Ob-
tained by Bader Charge Analysis; Standard Deviations Are
in Parentheses and Refer to the Last Digit

Phase  Temp. N Hn B Hs
/K
Amm 300 -1.42(4) 0.45(14) 1.27(2) -0.40(7)

250  —1.44(4) 0.46(14) 1.34(2) —0.43(7)
Pmn21 200  —128(5) 0.47(15) 1.76(4) —0.63(14)
100 —1.34(6) 0.47(19) 1.80(5) -0.62(17)
20 -134(5) 0470) 1.79(5) -0.62(17)
(ref') 078 022 0.83 ~0.22
0.25 -0.28
CONCLUSION

Although the crystal structure of the low-temperature ortho-
rhombic phase has been previously investigated by neutron or
X-ray diffraction measurements of AB and the Rietveld refine-
ment method, the hydrogen positions in the room-temperature
tetragonal phase were stochastic (site occupancies of one-quar-
ter); thus, the actual atomic arrangement of hydrogen was un-
clear. In the present study, an ensemble of approximately 1,000
atoms that simultaneously satisfy the diffraction patterns and
PDFs obtained by complementary total scattering measure-
ments of neutrons and X-rays was obtained by RMC modeling
to derive all atomic configurations including hydrogen, and the
electron density distribution and valence of each atom were
evaluated by first-principles calculations based on this ensem-
ble. The charge distribution of AB shows that, in the ortho-
rhombic phase at temperatures below the phase-transition tem-
perature, a N-H°"---H*—B dihydrogen bond was stably formed.
By contrast, in the tetragonal phase at temperatures above the
phase-transition temperature, the distribution of hydrido-like
H?" with negatively charged hydrogen atoms coordinated to bo-
ron extends toward neutrality, suggesting that the decomposi-
tion reaction proceeds from some unstable dihydrogen bonds.
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Table S1. Results of (a) Rietveld and (b) PDF refinements with
space group Pmn21 (no. 31) and I4mm (no. 107) of ND3!'BDs at
20, 100, 200, 250, and 300 K, as obtained via neutron scattering
measurements. g: Occupancy, U: isotropic atomic displacement,
Rwp, Rr, and Rvw: weighted reliability. Standard deviations are in
parentheses and refer to the last digit. Parameters without standard
deviations were fixed in the refinement. Atomic displacements of
D were assumed to be the same for the Rietveld refinements.

Figure S1. (a) Powder diffraction and (b) PDF profiles for
ND;!''BDs at 20, 100, 200, 250, and 300 K, as obtained via neutron
total scattering measurements. Rietveld and PDF refinement re-
sults: observed (black), calculated (red), and residual (blue) pro-
files.

Figure S2. (a) Lattice parameters, (b) lattice volume, (c) bond
lengths of B-N, B-D, and N-D, and (d) bond lengths for D-D of
NDs!"BDs at 20, 100, 200, 250, and 300 K, as obtained from
Rietveld and PDF refinements of neutron diffraction and total scat-
tering measurements.



Figure S3. RMC modeling results for (a) neutron PDF, (b) neutron
S(Q), (c) X-ray PDF, and (d) X-ray S(Q) of ND3''BDs at 20, 100,
200, 250, and 300 K. RMC modeling results: observed (black), cal-
culated (red), and residual (blue) diffraction and PDF profiles.

Figure S4. Partial PDF profiles for ND3''BDs at 20, 100, 200, 250,
and 300 K, as obtained from RMC modeling on the 4 x 4 x 4 su-
perlattices.
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