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X-ray and Neutron Diffraction Data
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Wolfgang Schnick*®

Abstract: Metal hydrides are an uprising compound class
bringing up various functional materials. Due to the low X-ray
scattering power of hydrogen, neutron diffraction is often
crucial to fully disclose the structural characteristics thereof.
We herein present the second strontium nitridoborate
hydride known so far, Sr;5[BN,J¢Hg, formed in a solid-state
reaction of the binary nitrides and strontium hydride at
950°C. The crystal structure was elucidated based on single-
crystal X-ray and neutron powder diffraction in the hexagonal
space group P6s/m (no. 176), exhibiting a novel three-dimen-

~

sional network of [BN,]*~ units and hydride anions connected
by strontium cations. Further analyses with magic angle
spinning (MAS) NMR and vibrational spectroscopy corrobo-
rate the presence of anionic hydrogen within the structure.
Quantum chemical calculations reveal the electronic proper-
ties and support the experimental outcome. Sr;5[BN,J¢Hg
expands the emerging family of nitridoborate hydrides,
broadening the access to an open field of new, intriguing
materials.

/

Introduction

Convincing with a widespread variety of structural and func-
tional features, the class of metal hydrides is an exciting field of
current research. Intriguing properties such as hydrogen
storage or luminescence upon doping with Eu*" demonstrate
the practical applicability of these materials.""? Moreover, metal
hydrides can exhibit fast hydride ion conductivity, enhancing
their attractiveness as alternative energy materials for applica-
tion in solid-state batteries.”™ Coming to the characterization
of these compounds, the possibilities are limited. Laboratory X-
ray diffraction (XRD) studies are often not capable of resolving

[a] S. L. Wandelt, J. Steinadler, Prof. Dr. W. Schnick
Department of Chemistry
University of Munich (LMU)
Butenandtstr. 5-13, 81377 Munich, Germany
E-mail: wolfgang.schnick@uni-muenchen.de

[b] Dr. A. Mutschke
Chair of Inorganic Chemistry with Focus in Novel Materials
Department of Chemistry, TU Munich
Lichtenbergstr. 4, 85748 Garching (Germany)

[c] Dr. A. Mutschke
Heinz Maier-Leibnitz Zentrum (MLZ)
TU Munich
Lichtenbergstr. 1, 85748 Garching (Germany)

[d] Dr. D. Khalyavin
Rutherford Appleton Laboratory
ISIS Facility
Didcot OX11 0QX (UK)

B Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202301241

© © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH

GmbH. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial NoDerivs License, which permits use
and distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

Chem. Eur. J. 2023, 29, €202301241 (1 of 7)

light elements such as hydrogen or lithium due to their low
electron density.” In contrast to X-rays, the scattering of
neutrons is independent of the atomic number, but varies for
each isotope and is influenced, among other factors, by the
spin of the nucleus.” The coherent scattering length b,
together with the scattering cross section o describes, how
effective the neutrons will be scattered at the respective
nucleus, analogous to the atomic form factor for X-ray
radiation.”” However, neutron diffraction allows distinction of
neighboring elements such as nitrogen (b.=9.4 fm) and oxygen
(b,=5.8fm) and is also sensitive to different isotopes of an
element. For instance, '°B has a high o, a negative b, and shows
strong neutron absorption, whereas ''B has a moderate ¢ and
b. and is well suited for neutron experiments.”” Analogously,
the two stable isotopes of hydrogen show fundamentally
different scattering lengths (b.('H)=—3.7 fm, b.(*H) =6.7 fm), so
that a clear distinction of these nuclei is possible The
peculiarities of certain elements can result in disruptive side
effects such as absorption or incoherent scattering, making an
isotope modification of the compound often necessary to
obtain reliable diffraction data. Once the suitability of the
sample is verified, neutron diffraction data can reveal various
structural features, such as magnetic properties or super-
structures caused by light elements.®™ In the case of hydride
compounds, neutron data allow for the exact determination of
the crystallographic positions, occupancies and atomic parame-
ters of hydrogen or deuterium atoms in the crystal structure.
Taking a closer look at their structural motifs, hydridic
compounds comprise a large variability of coordination spheres
and bonding partners of the hydride anion. Ranging from linear,
for example in LiNiH;, over trigonal planar and tetrahedral in
CaAlH, up to octahedral coordination in Ba,NH, the M°*—H%~
distances vary from 1.6 to 3.0 A, respectively."*'? Within this
structural diversity, hydrides tend to build compounds with
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multiple cations or multiple anions, whereas the latter have
gained much interest in research over the last decades.
Combining different anions in one material allows tailoring its
physical, structural and electronic features."® Multinary hydrides
are largely dominated by hydride oxides and hydride fluorides
due to their similar atomic radii, easy accessibility and high
stability.”'*"® Other anion combinations such as hydrides and
nitridoborates are a less explored class so far. Only two
representatives of nitridoborate hydrides have been reported to
date, namely Ca,BN,H and Sr,BN,H, leaving an open field of
new functional and structurally diverse materials."*"”

Herein, we present the strontium nitridoborate hydride
Sr;5[BN,J¢Hg, which was synthesized from the respective nitrides
and strontium hydride and crystallizes in a new structure type.
Single-crystal X-ray and neutron powder diffraction data
together with MAS NMR and vibrational spectroscopy provide a
comprehensive structural analysis of the compound.
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20/°

Figure 1. Rietveld refinement of Sr,3[BN,]sHs based on powder XRD data. The
red, black and gray lines mark the calculated and experimental data and
their difference, respectively, the Bragg markers are displayed in blue.

Results and Discussion
Synthesis

Analogous to other nitridoborate hydrides, Sr;5[BN,J¢Hg was
synthesized in a solid-state reaction of stoichiometric amounts
of SN, SrH, and BN in a sealed tantalum ampule under argon
atmosphere at 950°C. It is highly sensitive to air and moisture
and exhibits colorless, block-like crystals up to 50 um in length.
The bulk sample was analyzed by means of powder XRD
(Figure 1), showing a high phase purity of Sr;5[BN,J¢Hg. The
crystallographic data of the Rietveld refinement can be found in
Table S1 in the Supporting Information.

Structure elucidation

The crystal structure of the title compound was partially
elucidated from single-crystal XRD data (Table 1). Due to the
low scattering power of hydrogen, only Sr, B, and N could be
refined, building a three-dimensional network in the hexagonal
space group P6;/m (no. 176). To determine the atomic positions
of hydrogen in the structure, neutron powder diffraction was
performed. As mentioned earlier, 'H has a large incoherent
scattering length and '°B acts as a neutron absorber, necessitat-
ing a synthesis with ''B and ’H to obtain reliable data. Rietveld
refinement of the neutron diffraction pattern (Figure 2, Table 1)
led to two crystallographic positions of hydrogen on fully
occupied Wyckoff positions 6h and 2d. Due to minor hydrogen
impurities in the starting material ""BN (elemental analysis
results are listed in Table S2), the sample could not be
completely deuterated, resulting in a sum formula of
Sris['"BN,l¢DesH1 5. Both hydrogen positions show a similar
mixed occupancy of about 84% D and 16% 'H, which implies a
formal scattering length of 5.0fm at each position. As a
deuterium deficiency with 75% vacancies would lead to the
exact same scattering length, further analyses were necessary
to support the mixed occupation with hydrogen. Infrared
spectroscopy (Figure S1) shows that both 'H and D vibrations

Sris[''BN,]sDssH, o, respectively. Standard deviations are given in parentheses.

formula Sri3[BNJeHg

Table 1. Crystallographic data of the single-crystal XRD refinement and Rietveld refinement based on neutron powder diffraction data of Sr;5[BN,];Hg and

Sr13["BN,1sDsgH

1380.10
P65;/m (no. 176)
a=13.6724(3)

formula mass/g-mol ™'
space group
lattice parameters/A

R1 (all data)

b=3.8831(1)
cell volume/A® 628.63(3)
formula units/cell 1
calculated density/g-cm™? 3.646
diffractometer Bruker D8 Venture
radiation Mo-Ka
Temperature/K 297
refined parameters 37
GooF 1.141
R indices R1 (I>20()))=0.0177

wR2 (I>20(/)) =0.0336
=0.0233
wR2 (all data)=0.0345

1386.95

a=13.6797(1)
b=3.8853(4)
629.67(1)

3.657

ISIS, WISH
neutrons (tof)
298

47

6.129
R,=0.0360
Ryp=0.0398
Rep=0.0065
Reragy =0.0474
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Figure 2. Rietveld refinement of Sr,;[''BN,]¢DssH; , based on time-of-flight
neutron powder diffraction data collected at the high-resolution back-
scattering detector bank with the average 26 =153°. The black, red and gray
lines mark the experimental and calculated data and their difference,
respectively. The Bragg markers indicate Sr;;[''BN,]¢DsH , (top, 94.7(3) wt-
%) and Sr;B,N, (bottom, 5.4(1) wt-%).

are shifted by a factor of /2 due to the difference in atomic
mass, indicating the presence of 'H in the sample. Additionally,
the '"H MAS NMR data show the same two signals as the non-
deuterated compound (Figure S2 and Figure 5). Taking these
analyses and charge balance into account, a deuterium
deficiency cannot be fully excluded but seems unlikely.
Similarly, the related compound Sr,BN,H already showed the
same issue upon deuteration, resulting in a partially mixed
occupation of 'H and D.'® The atomic positions, occupations
and displacement parameters of XRD and neutron data refine-
ments of Sri;[BN,JgHg and Sri5[''BN,lsDsgH; 5, respectively, are
listed in Tables S3 and S4 in the Supporting Information.

Structure description

Sri5[BN,J¢Hg reveals a three-dimensional network of hydride and
nitridoborate anions, connected by strontium cations (Fig-
ure 3a). Along the c axis, all atoms build one-dimensional stacks.
The [BN,J*~ units are coordinated by eight strontium cations
which build a channel-like network incorporating the hydride
ions. Sr1 is coordinated as a slightly distorted Sr(Ns;H) octahe-
dron, while Sr2 shows a 10-fold coordination by two full [BN,]*~
units, one N*~ of another [BN,]*" unit and three H™ ions
(Figure 3b). The Sr—N bond lengths are in the range of 2.541(3)-
3.061(3) A, agreeing with literature data."®?” In the middle of
the Sr,H, stars in the corners of the unit cell appears a strontium
split position (Sr3) with 50% occupancy, trigonally planar
coordinated by hydride ions. The slightly bent [BN,]*~ units are
coordinated in a bicapped trigonal prism (Figure 3c), as already
observed in 3-Ba;[BN,],.”" The N-B—N angle is 166.8(4)° and the
B—N bond lengths range from 1.329(6) to 1.339(5) A, in good
agreement with other nitridoborates."”'® The hydride anions
are trigonally planar and distorted tetrahedrally (Figure 3d)

Chem. Eur. J. 2023, 29, €202301241 (3 of 7)

Figure 3. (a) Depiction of the crystal structure of Sr;[BN,]H; viewing along
[001] (b) Sr(NsH) octahedron, Sr(NsB,H;) polyhedron and Sr,H star with the
strontium split position in the center (c) [BN,]*~ unit coordinated by
strontium as a bicapped trigonal prism (d) H™ anions distorted tetrahedrally
and trigonally planar coordinated by strontium atoms. The Sr atoms are
displayed in gray, B in green, N in blue and H in purple.

coordinated by strontium, showing bond lengths of 2.13(5)-
2.60(5) A, in accord with literature values.l'¢??

The formation of a previously unknown structure type,
differentiates Sr,5[BN,]sHg from other nitridoborates such as the
closely related nitridoborate hydrides Ca,BN,H and Sr,BN,H.!"*'7”
Most alkali and alkaline earth nitridoborates crystallize in the
cubic structure types of Sr;[BN,], and LiCa,[BN,];, showing a
high symmetry and linear [BN,I*" units®? In contrast,
nitridoborate halides often exhibit slightly bent [BN,]*~ units
and lower symmetry, building a more versatile group of akin
structures."*2% As hydrides are closely related to halides -
especially fluorides — the class of nitridoborate hydrides follows
this trend. By combining known building blocks into a novel
network type, Sr;5[BN.J¢Hg extends the family of structural
intriguing nitridoborate compounds.

Vibrational spectroscopy

IR and Raman spectroscopy are other suited methods to
support the structure model due to the vibrational activity of
both hydride and nitridoborate anions.”??® The experimental
FTIR spectrum of Sry;5[BN,IH; (Figure 4) agrees well with the
simulated one obtained by DFT calculations at the PBEO level of
theory, showing the characteristic vibrations of the [BN,]*~ units
and H™ atoms. The N-B—N vibrations are visible at 1668 cm™'
(antisymmetrical stretching, v,) and 600 cm™ (in- and out-of-
plane  bending, v;), according to other known
nitridoborates."*” The hydride in-plane and out-of-plane
vibrations arise at 1002, 889, 851 and 767 cm™', also in good
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Figure 4. Experimental (top) and simulated (bottom) FTIR spectrum of
Sr,3[BN,J¢Hg. The band marked with an asterisk arises from the IR active side
phase Sr;B,N,.

agreement with literature."® Minor contaminations of Sr;B,N,

cause the weak band at 1724 cm™". Furthermore, the presence
of a NH™ or OH™ species can be ruled out, as there are no
vibrational bands detectable in the region of 3600-3200 cm™'
(Figure S3). The Raman spectrum of the title compound (Fig-
ure S4 in the Supporting Information) shows the symmetrical
N-B—N stretching and H™ in-plane vibration at 1061 cm™" as
well as the N-B—N in-plane bending and H™ in-plane vibration
at 615 and 591 cm™". The expected hydride in-plane and out-of-
plane vibrations in the region of 800-900 cm™' remain rather
broad and unresolved in contrast to the simulated spectrum.
Below 300 cm™', the N-B—N in-plane and out-of-plane vibra-
tions as well as the isotropic lattice vibrations are observable.
The plane of the vibrations is described by the Sr atoms and the
assignment of all vibrations is listed in Tables S5 and S6.

MAS NMR

'H and "B MAS NMR measurements were performed to support
the proposed structure model. The 'H spectrum (Figure 5, top)
shows two signals at 6.4 and 5.4 ppm, which is consistent with
the presence of two crystallographically independent hydrogen
positions in the structure. The signals are shifted towards the
lower magnetic field, an effect already observed for other salt-
like hydride species.”?*% The MAS spectrum of "B (I=3/2)
shows the central-transition resonance, which exhibits second
order broadening due to the quadrupolar interaction (Figure 5,
bottom). The position of this resonance line is determined by
the quadrupolar interaction and the chemical shift, so a fit of
the spectrum is required to extract the numerical values of
these NMR parameters. This was done using the DMFIT
program, and the resulting values are listed in Table 2.5" For
comparison, we have fitted the previously published "B NMR
spectrum of Sr,BN,H, which also contains slightly bent [BN,]*~
ions."™ The "B MAS NMR spectrum of the related compound
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Figure 5. MAS NMR spectra of Sr,3[BN,]sHg at 20 kHz spinning frequency. 'H
(top) and "'B spectrum (bottom), the latter shown with the best fitting result
(green line).

Table 2. Calculated values of the chemical shift, quadrupole coupling
constant and asymmetry parameter for SrBag[BN,l;, Sr,BN,H and
Sr;3[BN,J¢Hs. *NMR parameters reported here for the first time.

compound dio/pPm  Co/MHz 14 X (N-B-N)/°  Ref.
SrBaglBNs  26.6 330 002 180 [32]
Sr,BN,H 23.6 3.31 0.04 1749 [16]*
SrislBNJHs  25.2 325 009 16658 this work*

SrBag[BN,], published by Seidel etal. provides another
comparison.?? As expected for the nearly linear structural motif
of N—B—N, the quadrupole coupling constant is rather large,
with values beyond 3 MHz, rarely observed in periodic solids.”
In contrast, the asymmetry parameter is close to zero, reflecting
the axial symmetry of the [BN,]*” ions, which are indeed
perfectly linear in SrBag[BN,]s. The slight bend of the N—-B—N
units in the other compounds could tentatively correlate to an
increase in the asymmetry parameter (Table 2). However, it
should be noted that the quality of the ''B spectra recorded for
all listed compounds is not sufficient to determine the
asymmetry parameter with high accuracy.

Electronic properties

Quantum chemical calculations at DFT-PBEO level of theory
were performed to analyze the electronic and vibrational
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Figure 6. Electronic band structure and projected density of states of Sr;5[BN,]J¢H, calculated at the DFT-PBEO/TZVP level of theory.

properties of Sr,5[BN,]sHs. However, due to the disorder of the
Sr3 position, an ordered model of the experimentally deter-
mined crystal structure was employed. By lowering the
symmetry to the space group P3 (no. 143), the disorder was
removed and an averaged Sr3 position (Sr5 in the new model)
was established. The ordered model was optimized and appears
to be a local minimum with no imaginary frequencies.
Compared to the experimental data, the optimized lattice
parameters a and c¢ of the ordered model deviate by —0.05%
and —0.2%, respectively. The calculated electronic band
structure (Figure 6, left) indicates a direct bandgap of 5.2 eV.
This is reflected by the colorless and transparent appearance of
Sri5[BN,J¢Hg, classifying this compound as an insulator. Similar
to Sr,BN,H, mostly nitrogen states contribute to the top of the
valence band in the projected density of states (Figure 6, right)
with only minor contributions from the other elements."®
However, the hydrogen bands emerge predominantly at lower
energies, contrary to other known multinary hydride
compounds 3

Conclusion

In this contribution, we present the novel strontium nitridobo-
rate hydride Sr,5[BN,J¢Hs accessed in a solid-state reaction of
the respective binary nitrides and strontium hydride. The crystal
structure was solved using a combination of single-crystal X-ray
and neutron powder diffraction data, revealing a novel three-
dimensional network of nitridoborate and hydride anions
connected by strontium cations. The powerful and necessary
method of neutron diffraction confirms the atomic positions of
hydrogen and corroborates the crystal structure in the
hexagonal space group P6;/m (no. 176). Together with other
analyses such as MAS NMR and vibrational spectroscopy, we
provide a complete structural and analytical proof of hydride
anions in the compound. Quantum chemical DFT calculations
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support the experimental results and reveal the electronic
structure of Sr,3[BN,]J¢Hg. Such hydrogen-rich compounds bear a
promising potential to be utilized as hydride ion conducting
materials, as it has been demonstrated for several other hydridic
compounds.®’** Considering the substantial structural and
functional diversity mentioned above, the family of multinary
hydrides offers great potential for new intriguing applications.

Experimental Section

Synthesis: The preparation and analyses of all samples were
performed in Argon-filled gloveboxes (Unilab, MBraun, Garching,
H,0 < 1 ppm, O,< 1 ppm) due to the moisture and air sensitivity of
the starting materials and products. Strontium subnitride was
prepared in a radio frequency furnace (IG 10/600; Huttinger
Elektronik, Freiburg, Germany) from granulated strontium metal
(Sigma-Aldrich, 99.99 %) in nitrogen atmosphere at 1000 °C for 24 h,
analogous to DiSalvo etal. but at an elevated temperature.”
Strontium hydride and deuteride were synthesized from strontium
metal (Sigma-Aldrich, 99.99%) in an autoclave reaction in hydrogen
(Westfalen AG, 99.9%) or deuterium (Airliquide, 99.8 %) atmosphere
at 60 bar and 450°C for 15 h.>® Boron nitride and "'boron nitride
were obtained in an ammonia gas flow reaction of boric acid
(Sigma-Aldrich, >99%) or "'boric acid (Sigma-Aldrich, >99%) at
800°C with 1 equiv. of urea (Sigma-Aldrich, >99.5%) acting as a
catalyst®® The title compound Sr;5[BN,J¢H; and its analogous
deuteride Sry5[''BN,J¢DggH,> were synthesized in a solid-state
reaction from Sr,N, SrH, (SrD,) and BN (''BN) with a stoichiometry
of 5:3:5. After grinding, the powder was transferred in a tantalum
ampoule, which was then weld shut in an arc furnace (Handy-TIG
210 DC, LORCH, Auenwald-Mittelbriden, Germany). The ampoule
was subsequently placed in a silica tube and heated at 950°C for
20 h in a tube furnace (Carbolite Gero, Neuhausen, Germany). The
purity of all materials was analyzed by powder X-ray diffraction.

Single-Crystal XRD: A single crystal of Sry;[BN,JHg was isolated
under argon atmosphere, transferred to a glass capillary and then
sealed airtight. Diffraction data were collected on a Bruker D8
VENTURE diffractometer using a rotating anode and Mo-Ka
radiation. The program package APEX3 was used for integration
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and absorption correction.®***V The structure solution and refine-
ment was performed with SHELXS and SHELXL using direct
methods and the least-squares method."***

Deposition  Number(s) 2239357 (Sry5[BN,J¢Hg) and 2239358
(Sry5["'BN,J¢DsH;5)  contain(s) the supplementary crystallographic
data for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service.

Powder XRD: To analyze the bulk composition of each sample, the
powder was ground and sealed in a glass capillary. The data were
collected using a STOE Stadi P diffractometer with Cu-Ka, radiation,
a Ge(111) monochromator, and a Mythen1K detector in modified
Debye-Scherrer geometry. TOPAS6 was used for Rietveld refine-
ments with a fundamental parameters approach and a shifted
Chebyshev function for the background."**!

Neutron Powder Diffraction: The deuterated compound
Sri3[''BN,];DggH, , was loaded in a 6 mm vanadium can and then
sealed with an indium wire. Time-of-flight neutron data were
obtained using the WISH diffractometer at ISIS pulsed neutron
source (STFC, Rutherford Appleton Laboratory, Harwell Campus,
UK).“® The program package FullProf was used for Rietveld refine-
ment with a fundamental parameters approach and convolution of
pseudo-Voigt with back-to-back exponential functions for profile
fitting."*” A coherent scattering length b.=6.65(4) fm was used
for refining ''B.©!

Fourier-Transform Infrared Spectroscopy: Infrared spectra of the
samples were collected on a Bruker Alpha Il FTIR spectrometer
using a diamond attenuated total reflectance (ATR) unit. All spectra
were recorded in a glovebox in the range of 450-4000 cm™' and
with a resolution of 2 cm™'.

Raman Spectroscopy: The Raman spectrum of a powder sample of
Sr5[BN,JgHg was measured with a Renishaw inVia Reflex Raman
System in sealed glass capillaries in the range of 100-1200 cm™
using a laser with a wavelength of A=532nm and a charge-
coupled device detector.

Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR):
Solid-state MAS NMR data were obtained using a 2.5 mm ZrO, rotor
in a Bruker 500 AVANCE-IIl spectrometer operating at 500 MHz. The
spectra were recorded at a spinning frequency of 20 kHz using a
2.5 us 90° pulse, and were referenced indirectly to 'H in 100% TMS.

Quantum Chemical Calculations: The geometry, electronic and
vibrational properties of the title compound were studied by
density functional theory calculations conducted with the CRYS-
TAL17 program package at the DFT-PBEO level of theory.*#=>% A full
description of the computational analysis can be found in the
Supporting Information.
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