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ABSTRACT: Metal borohydrides are a fascinating and continuously expanding class of materials,
showing promising applications within many different fields of research. This study presents 17
derivatives of the hydrogen-rich ammonium borohydride, NH,BH,, which all exhibit high
gravimetric hydrogen densities (>9.2 wt % of H,). A detailed insight into the crystal structures
combining X-ray diffraction and density functional theory calculations exposes an intriguing
structural variety ranging from three-dimensional (3D) frameworks, 2D-layered, and 1D-chainlike
structures to structures built from isolated complex anions, in all cases containing NH,*
countercations. Dihydrogen interactions between complex NH,* and BH,” ions contribute to
the structural diversity and flexibility, while inducing an inherent instability facilitating hydrogen
release. The thermal stability of the ammonium metal borohydrides, as a function of a range of
structural properties, is analyzed in detail. The Pauling electronegativity of the metal, the structural
dimensionality, the dihydrogen bond length, the relative amount of NH," to BH,~, and the nearest

Woight loss (wt%)

B
Temperature (°C)

coordination sphere of NH," are among the most important factors. Hydrogen release usually
occurs in three steps, involving new intermediate compounds, observed as crystalline, polymeric, and amorphous materials. This
research provides new opportunities for the design and tailoring of novel functional materials with interesting properties.

B INTRODUCTION

Metal borohydrides have been extensively investigated as
potential hydrogen storage materials, and the class of materials
has expanded significantly in the past decade. A large number
of new mono-, bi-, and trimetallic borohydrides have been
reported, which have unveiled a fascinatingly large structural
flexibility and a wide range of compositions.' ™ The class of
materials has been further expanded by anion substitution with
e.g. NH,™ or halides or by addition of neutral ligands such as
NH;, NH;-BH;, and S(CH,),.”* ™" In addition to the high
hydrogen densities, a number of other applications and
properties have been investigated in recent years. Interesting
magnetic properties were discovered for the rare-earth-metal
borohydrides, ”***' which may show applications for magnetic
refrigeration,”’ and magnetic superexchange through a
borohydride group was discovered for the first time in a-
Gd(BH,)s.* A high ionic conductivity is observed in the high-
temperature polymorph of LiBH, above T =~ 115 °C, which
initiated the investigation of complex metal hydrides as solid-
state ionic conductors. Recently it has been demonstrated that
addition of a neutral molecule to a metal borohydride could be
a new approach to achieve superionic conductivity at low
temperatures, as observed for LiBH,«NH; (x = 1/2, 1),>**
LiBH,«NH;BH; (x = 1/2, 1),”* Mg(BH,),«NH; (x = 1—
6),” Mg(BH4)2xNH2CH2CH2NH2 (x = 1, 3),”° Mg(BH,),-
x(diglyme) (x = 1/2, 1),” and Mg(BH4)2 2NH,BH,.*%*
Favorable luminescent properties are discovered in the metal
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borohydride solvates M(BH,),2THF (M = Eu, Yb) and in
several perovskite-type metal borohydrides, due to the large
spatial separation by the BH,~ groups, which suppresses
quenching effects.”””" Other potential applications of metal
borohydrides involve gas adsorption, as demonstrated for the
porous ;/—Mg(BHA‘),n'33 as explosives via a reaction with
sulfur,** as precursors for metal borides,>> and as reducing
agents in organic chemistry,”®*” while the main focus has been
on jonic conductors and for hydrogen storage.‘gs_40 Thus,
metal borohydrides are indeed a fascinating class of materials,
which have prompted the present investigation of new
bicationic borohydrides.

Bimetallic borohydrides are frequently formed in the
reaction between alkali-metal borohydrides and other metal
borohydrides, in particular for the heavier alkali metals (M = K,
Rb, Cs).” The majority of the bimetallic borohydrides are
formed by ball milling of either the two metal borohy-
drides*”*' ™% or the alkali-metal borohydride and a metal
chloride.”'~®" Alternatively, bimetallic borohydrides may also
be obtained via solvent-mediated synthesis.”** The majority
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Table 1. Overview of Selected Syntheses and the Compositions of the Samples Extracted by Analysis of Diffraction Data

crystalline product(s) as synthesized(mol %)”

NH,Li(BH,), (49.2%), NH,Li,(BH,); (2.3%), LiBH, (48.5%),
NH,Li(BH,), (91.3%), NH,BH, (8.7%)

NH,BH, (6.1%), NaBH, (77.1%), ((NH;),BH,)BH, (16.8%)
(NH,),Mg(BH,),, a-Mg(BH,),, Mgl

(NH,);Mg(BH,); (40.3%), NH,Mg(BH,);2NH, (24.8%), NH,BH, (26.7%), NH,BH, (8.2%)
NH,Sr(BH,); (83.3%). StH, (16.7%)

(NH,),Mn(BH,), (21.4%), Mn(BH,), (21.7%), NH,BH, (42.1%), LiCl (14.8%), Mn1°¢
(NH,);Mn(BH,); (37.9%), LiMn(BH,);-2NH, (6.8%), NH,BH, (42.8%), LiCl (12.5%), Mn2°
(NH,);Mn(BH,)s (21.4%), NH,Mn(BH,);-2NH, (5.2%), NH,BH, (66.6%), LiCl (6.9%)
NH,Y(BH,), (80.7%), a-Y(BH,); (17.1%), #-Y(BH,); (2.2%)

NH,Y(BH,),NH; (81.2%), (NH,),Y(BH,)s"NH, (18.8%), Y1°

(NH,);La,(BH,), (50.8%), La(BH,); (49.2%)

(NH,);La(BH,)s (84.8%), NH,La(BH,),NH; (11.4%), (NH,),La(BH,)s-NH;BH; (3.8%),
(NH,),Gd(BH,); (17.0%), Gd(BH,); (83.0%)

NH,Gd(BH,), NH; (59.2%), (NH,),Gd(BH,); (40.8%)

sample reactants ratio

Lil2 NH,BH, + LiBH, 1:2

Lil1¢ NH,BH, + LiBH, 1:1

Nall NH,BH, + NaBH, 1:1

Mgl1 NH,BH, + Mg(BH,), 1:1

Mg21 NH,BH, + Mg(BH,), 2:1 (NH,);Mg(BH,);, Mgl®
Mg31 NH,BH, + Mg(BH,), 3:1

Call NH,BH, + Ca(BH,), 1:1 NH,Ca(BH,),
Srlla NH,BH, + Sr(BH,), 1:1

Sr11b NH,BH, + Sr(BH,), 1:1 NH,Sr(BH,),. Sr2°
Mnl1° NH,BH, + Mn(BH,), 1:1

Mn21¢ NH,BH, + Mn(BH,), 2:1

Mn31¢ NH,BH, + Mn(BH,), 3:1

Y11 NH,BH, + Y(BH,); 1:1

Y21 NH,BH, + Y(BH,); 2:1

Lall NH,BH, + La(BH,), 1:1

La31l NH,BH, + La(BH,), 3:1

Gdi1 NH,BH, + Gd(BH,), 1:1

Gd21 NH,BH, + Gd(BH,), 2:1

Gd31 NH,BH, + Gd(BH,), 3:1

NH,Gd(BH,),NH; (62.5%), (NH,),Gd(BH,); (13.5%), (NH,);Gd(BH,) (24.1%)

“Prepared in small cryo sample vials (2 mL). “Mole percent determined from Rietveld refinements. “Minor phase.

of the bimetallic borohydrides consist of complex anions
formed by the more electronegative metal cation and the
borohydride groups, which is charge-balanced by the less
electronegative alkali-metal ion. The bonds between the alkali-
metal counterion and the BH,™ are ionic in character, while the
bonds between the more electronegative metal and the BH,~
are more covalent.”” The complex anions often exist as
isolated anions*/*9093363876L6%05 o1 a5 3D frameworks via
bridging BH,~ groups.”"*"*"***%>* QOne-dimensional (1D)
chainlike structures and 2D-layered structures among the
bimetallic borohydrides are only observed as Li—BH, frame-
works in the LiBH,—MBH, systems (M = K, Rb, Cs)."*

The decomposition temperature of the first bimetallic
borohydride, LiK(BH,),, was found to be between those of
the pristine compounds, possibly due to the formation of a
eutectic melt.’*®” However, for the remaining bimetallic
borohydrides the stability was governed by the more
electronegative metal forming the complex anion. Thus, the
bimetallic borohydrides dissociate into the monometallic
borohydrides when the temperature approaches that of the
decomposition temperature of the less stable metal borohy-
dride, and the two monometallic borohydrides decompose as
the pristine compounds.41’42’48’51’6]

Ammonium borohydride, NH,BH,, has the highest
gravimetric (24.5 wt % H,) and volumetric hydrogen density
(157.0 g H,/L) among the known inorganic compounds. The
latter value is more than twice the density of liquid hydrogen
(71 g/L). NH,BH, releases 75% of its H, content in three
distinct exothermic reactions below 160 °C.°® However,
NH,BH, is metastable at room temperature with a half-life
of ~6 h and decomposes into the diammoniate of diborane,
[(NH;),BH,]BH, """ via a release of hydrogen, and also
toxic gases such as ammonia and borazine. NH,BH,
crystallizes in a rock-salt structure type at room temperature,
which consists of the hydrogen disordered complex ions NH,*
and BH,™. The presence of hydridic H*~ and protonic H°*
gives rise to intermolecular dihydrogen bonding, which has
been subjected to recent investigations by inelastic and quasi-
elastic neutron scattering.71

The first bicationic borohydride was based on NH,BH, and
Ca(BH,),, resulting in the perovskite-type compound NH,Ca-
(BH,);, isostructural with the Rb and Cs analogues.”’
NH,Ca(BH,), effectively stabilizes NH,BH, and decomposes
into Ca(BH,),"NH;BH; via an exothermic hydrogen release at
T ~ 100 °C.'*" Later the structures and thermal properties of
NH,M(BH,), (M = Al Sc, Y) and (NH,);Mg(BH,); were
reported, which appear to decompose at lower temperatures in
comparison to NH,BH,.”*”"* NH,M(BH,), (M = Sc, Y) are
isostructural with RbY(BH,), and (NH,);Mg(BH,); is
isostructural with the Rb and Cs analogues, while NH,AI-
(BH,), is isostructural with the K analogue.”””"* The
compounds decompose in exothermic reactions, releasing
mainly H,, but also other gases such as B,H, and in some cases
NH; and N;B;H,.”>~"* However, the samples (except for M =
Al) were prepared from halide precursors and contain
significant amounts of LiCl and other byproducts, which may
hamper an analysis of the crystal structure and other
properties.

Here we further expand the family of ammonium metal
borohydrides and provide new insight into the crystal
structures and thermal properties of ammonium metal
borohydrides. The compounds investigated here were
prepared using high-purity metal borohydride precursors,
which allowed for a more detailed characterization. Here we
present 17 new high-hydrogen-capacity materials, and the
crystal structures have been analyzed in detail by combined in
situ variable-temperature synchrotron powder X-ray diffraction
(SR PXD) and density functional theory (DFT) calculations
along with thermal analysis and Fourier transform infrared
spectroscopy (FT-IR). Furthermore, the thermal stability is
analyzed relative to a range of structural properties.

B EXPERIMENTAL SECTION

Sample Preparation. Ammonium borohydride, NH,BH,, was
prepared by following previously published procedures.”> NH,F (10%
molar excess, >99.99%, Sigma-Aldrich) and NaBH, (Sigma-Aldrich)
were reacted in liquid NH; at T = —78 °C (dry ice and ethanol).
NH,BH, is formed after 4 h at T = —78 °C with continuous stirring,
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and the byproducts, NaF and unreacted NH,F, were removed by
filtration. Excess and coordinated NH; was removed under vacuum at
T = —40 °C to recover NH,BH,. The metal borohydrides LiBH, and
NaBH, were purchased from Sigma-Aldrich, while the solvent- and
chloride-free metal borohydrides Mg(BH,),, Ca(BH,), Sr(BH,),
Mn(BH,),, Y(BH,);, La(BH,);, and Gd(BH,); were synthesized in-
house by combining solvent-based methods and mechanochemistry
according to previously described protocols.>”>~"”

Cryo mechanochemistry (T = —196 °C) of NH,BH,—M(BH,),,
(M = Li, Na, Mg, Ca, Sr, Y, La, Gd) in appropriate ratios (see Table
1) was carried out using a 6770 Spex Freezer mill. The powders were
loaded in a polycarbonate cylinder (25 mL) or a stainless steel
cylinder (2 mL), in both cases with stainless steel end plugs and a
stainless steel rod. The canister was magnetically rotated back and
forth 15 times per second for 2 min intervened by a 2 min break, and
this sequence was repeated 15 times.

A Note on Safety. All reagents and starting materials are air- and
moisture-sensitive and may react violently with H,O. All sample
handling and preparation was performed under an inert argon
atmosphere using Schlenk techniques or using an argon-filled
glovebox with a circulation purifier, p(O, H,0) < 1 ppm. The
materials are thermally sensitive and should be stored in a glovebox
freezer (below T = —34 °C), and samples should be kept cold during
handling.

Synchrotron Radiation Powder X-ray Diffraction. In situ
variable-temperature synchrotron radiation powder X-ray diffraction
data (SR PXD) were collected at the BMO1 beamline at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) with
wavelengths 4 = 0.69449 and A = 0.8212 A, at the beamline I11 at
the Diamond Light Source (Oxford, England) with wavelengths 4 =
0.825775 and A = 0.825873 A, and at the beamline 1711 at MAXII,
MAX-Lab (Lund, Sweden) with the wavelength 4 = 0.9938 A. The
samples were packed in 0.5 mm boron silicate capillaries, sealed under
an argon atmosphere, and heated at a heating rate of 2—5 °C/min in
the temperature range T = —25 to +500 °C. The samples were rotated
during data acquisition.

Structural Solution and Refinement. The crystal structures
were solved and refined from SR PXD data. The general procedure
involved indexing of the unit cell and subsequently solving the
structure ab initio by global optimization in direct space, as
implemented in the program FOX, and treating BH,”, NH,", NHj;,
and NH,BHj as rigid bodies during the structure solution process.”®
The structural model was then refined by the Rietveld method using
the program Fullprof’® and was checked for higher symmetry using
the ADDSYM routine in Platon.*

Verification of the structural models was performed by evaluating
the structure after Rietveld refinements, where a poor fit to the PXD
data and unreasonable bond distances indicated a wrong structural
model. In these cases, a new structural model and in some cases
modified composition was attempted to obtain a better fit to the
observed PXD data.

In the metal coordination sphere it is particularly challenging to
distinguish the ligands NH; and BH,~, as they are isoelectronic and
often have similar bond distances to the metal. Thus, permutations of
the ligands coordinating the metal were considered, and the most
likely configuration was selected, considering both chemical proper-
ties and the results from DFT optimization. The coordinations of
NH; and BH,™ are different, since NH; always coordinates to the
metal via the nitrogen lone pair as a terminal ligand, while BH,™ may
act as a bridging ligand between two metal atoms. Furthermore, N—H
usually forms dihydrogen bonds to nearby BH,~ complexes. All of the
structures containing NH; also contain terminal BH,™ ligands; thus
permutations other than those presented here may be possible.

DFT calculations were used for a final verification of the structural
models, and large deviations in the unit cell volume and atomic
positions indicated a wrong structural model. Crystallographic
information files (CIF) are reported for the DFT-optimized
structures. The atomic positions were not refined in subsequent
Rietveld refinements after DFT optimization.

Density Functional Theory Calculations. The experimental
structures were optimized by DFT calculations. The calculations were
performed using the Vienna Ab initio Simulation Package (vASP)®!
with van der Waals density functional (vdW-DF2) proposed by Lee et
al.*»® The inclusion of van der Waals energy gives a better prediction
of the lattice parameters for systems with weak bonds as in this work.
A projector-augmented wave potential®* with a plane-wave cutoff
energy of 500 eV was used, and the unit cell parameters were
optimized using a higher plane-wave cutoff energy of 600 eV. As a
measure of agreement between the experimental structure solution
and the calculated structure, cell parameters and cell volumes are
compared in Table S1 and Figure S1.

Fourier Transform Infrared Spectroscopy (FTIR). The samples
were characterized by infrared absorption spectroscopy using a
NICOLET 380 FT-IR spectrometer from Thermo Electron
Corporation with a diamond attenuated total reflectance (ATR)
crystal. The samples were exposed to air for approximately 10 s when
they were transferred from the sample vial to the instrument. Data
were collected in the range 500—4000 cm™', and 32 scans with a
spectral resolution of 4 cm™" were collected per sample and averaged.

Thermal Analysis and Mass Spectroscopy. Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) were
measured using a PerkinElmer STA 6000 coupled with a mass
spectrometer (MS) (Hiden Analytical HPR-20 QMS sampling
system). Each sample (approximately 1—5 mg) was placed in an
Al O; crucible and heated with a rate of 2—5 °C/min and an argon
purge rate of 20 mL/min. The outlet gas was monitored for hydrogen
(m/z =2), ammonia (m/z = 17), diborane (m/z = 26), and borazine
(m/z = 80) using mass spectrometry.

Temperature-Programmed Photographic Analysis (TPPA).
Samples were sealed under argon in a glass tube placed in a custom-
made oven as described in the literature.”> The samples were heated
from room temperature to 400 °C with a heating rate of 5 °C/min,
while photos of the sample were collected every 5 s.

B RESULTS AND DISCUSSION

Synthesis and Initial Characterization. Extensive
systematic synthesis work has allowed the preparation of 10
novel ammonium metal borohydrides and 7 ammonium metal
borohydride derivatives by combining ammonium borohy-
dride, NH,BH,, and metal borohydrides, M(BH,),, (M™" =
Li*, Na*, Mg**, Ca’**, Sr**, Mn**, Y**, La**, Gd*, according to
the addltlon reaction in eq 1, using a cryo-mechanochemical

approach.*

xNH, BH4(s) + yM(BH4)m(s)

—2 S (NH) M (BH,), ;. (5) W

The precursors, ammonium borohydride and metal
borohydrides, were prepared as solvent- and halide-free
compounds.””>~"” The synthesis conditions provide products
according to eq 1, but small amounts of remaining reactants
and/or decomposition products are often present. Further
optimization of the synthesis conditions may improve the
purity of the samples. In some cases the reaction partially
occurs during the cryo-mechanochemical treatment and
partially during the thermal treatment (ie. observed during
an in situ SR PXD investigation). NH,BH, gradually
decomposes during extended cryo-mechanical treatment to
[(NH;),BH,][BH,]. However, if a stable ammonium metal
borohydride is not formed with a composition that matches
the initial ratio between M(BH,), and NH,BH, (with
NH,BH, in excess), then an ammonium metal borohydride
derivative may be formed, containing neutral molecules such as
NH; and/or NH;BH; due to partial decomposition: e.g.,
NH,Y(BH,),NH; and (NH,),Y(BH,);-NH; are formed in

https://dx.doi.org/10.1021/acs.inorgchem.0c01797
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Table 2. Overview of Compounds Investigated in This Study”

compound crystal system  space group a (A)
NH,BH, cubic Fm3m 6.95530(4)
NH,Li(BH,), monoclinic C2/m 23.6459(6)
NH,Li,(BH,)4 hexagonal P6,22 7.5220(1)
(NH,),Mg(BH,), monoclinic P2,/c 8.3101(3)
(NH,);Mg(BH,); tetragonal I4/mem 9.1462(3)
NH,Ca(BH,), cubic Pm3m 5.630(1)
NH,Sr(BH,), cubic Pm3m 5.782(1)
NH,Y(BH,), monoclinic P2,/c 8.1094(2)
(NH,),Mn(BH,), monoclinic P2,/c 8.3075(2)
(NH,);Mn(BH,) tetragonal I4/mem 9.2635(2)
(NH,);La,(BH,), trigonal R3 8.0207(1)
(NH,);La(BH,) monoclinic P2, 8.1271(2)
(NH,),Gd(BH,) monoclinic P2,/m 8.8175(2)
(NH,),Gd(BH,), monoclinic P2, 8.0611(8)
NH,Mg(BH,);-2NH, hexagonal P65/m 8.4754(3)
NH,Mn(BH,);2NH, hexagonal P65/m 8.4808(2)
NH,Y(BH,), NH, orthorhombic Pca2, 13.0165(5)
(NH,),Y(BH,);-NH, cubic Fm3 11.2882(7)
NH,La(BH,), NH, hexagonal P6ycm 15.0019(4)
(NH,),La(BH,)sNH;BH;  monoclinic P2, 8.2966(8)
NH,Gd(BH,), NH, hexagonal P6ycm 14.7839(4)

b (A) c (A) B (deg) V (A%) T (°C)  ref
336.471(4) -23 68
4.57158(9)  17.2327(4) 97.740(1) 1845.86(7) 53 b
11.6918(2) 572.91(2) 54 b
10.0611(3) 14.1360(6)  115.591(2) 1065.95(7) -23 b
16.1920(6) 1354.52(8) -20 74
178.49(7) -23 31
193.26(7) —183 b
12.2544(3) 13.1896(3)  127.5866(8)  1038.65(4) 33 72
10.0701(2) 14.4389(4)  115.942(1) 1086.21(4) 62 b
16.1898(3) 1389.28(4) S0 b
30.4550(6) 1696.73(5) 71 b
8.4688(2) 11.8023(2) 90.272(1) 812.30(3) s1 b
12.4141(3) 12.1332(3)  105.18(0) 1281.8(5) 23 b
8.3933(8) 11.718(1) 90.38(1) 792.8(1) 4 b
82517(3) 513.33(3) 37 b
8.2573(3) 514.33(3) -3 b
8.0587(3) 10.5784(4) 1109.63(7) 27 b
1438.4(2) 27 b
8.5961(3) 1675.43(8) 5§ b
11.1498(8) 8.2958(7) 95.54(0) 763.8(3) 4 b
8.2325(3) 1558.26(8) 50 b

“All unit cell parameters are extracted from Rietveld refinement of SR PXD data. “New compositions and structures discovered in this work.

the reaction between NH,BH, and Y(BH,); in a molar ratio of
2:1.

An overview of the conducted syntheses is provided in Table
1, while all of the new compounds discovered in this
investigation are provided in Table 2. A concise description
and Rietveld refinements of all crystal structures are provided
in Figures S2—S31 in the Supporting Information. Thermal
decomposition of these new compounds produces a variety of
other new crystalline or partially amorphous compounds, four
of which have been indexed (Table S2). FT-IR reveals similar
features for the ammonium metal borohydrides (Figure S32).
The characteristic bands can be assigned to N—H stretching
(~2900—-3500 cm™'), N—H bending (~1200—1700 cm™),
B—H stretching (~1900—2550 c¢m™'), and B—H bending
(~900—1450 cm™') modes.*”**

Structural Analysis. Indexing and structural analysis
reveals a systematic correlation between composition and
unit cell volume: V/Z((NH4)xMy(BH4)x+my) ~ xV/
Z(NH,BH,) + yV/Z(M(BH,),,). Interestingly, the new
compounds are often more compact than the volume of the
reactants, as suggested by this simple relation (Figure 1). This
is likely due to a more efficient packing in the crystal structure
and the extended dihydrogen-bonding network that is formed.

The ammonium metal borohydrides exhibit extreme hydro-
gen densities, exceeding those of many well-known hydrogen-
rich compounds, and a significantly higher volumetric
hydrogen density in comparison to liquid H, (see Figure 2).
Notice that many of the compounds have volumetric hydrogen
densities exceeding twice that of pure liquid hydrogen (p, >
142 g H,/L) and are also about 50% higher than that of liquid
natural gas and liquid ammonia. The structures of the
ammonium metal borohydrides are diverse and fascinating.
The tetrahedral geometry of the isoelectronic cations and
anions, BH,” and NH,*, and the dihydrogen bonds between
partially positive H** in NH," and partially negative H’™ in
BH,”, ie. N—H%...°H-B, lead to unexpected crystal
structures and properties.”’ Although they are weak, typically

Structural compression Structural expansion

NH<Gd(BHe)s-NHs L]
(NHa)z2La(BHa4)s*NH3BHs L]
NHasLa(BHa)s-NH3
(NH4)2Y(BHa)s-NHs .
NHaY(BHa)s*NH3 . L]
NHsMn(BHa)s-2NHs L X
NHsMg(BH4)3-2NHs-{ L] .
(NHa)sLa(BHa)s] LI
(NHa)sLaz(BHa4)s = .
(NH4)3Gd(BHa)e L]
(NH4)2Gd(BHa)s L]
(NH4)sMn(BHa)s L]
(NHe)2Mn(BHa)s- ] :
NHa4Y(BHa)s . L
NH4Sr(BHa4)3 -
NHsCa(BHa)s L]
(NH4)sMg(BH4)s L]
(NHe)2Mg(BHa)s n :
NHeLi2(BHe)s .
NHaLi(BHa)2 u .
NHsBH4 L

0.85 0.I90 I 0.|95 1.|00 ' 1 .65
V/Z((NH,) M(BH,),...)
n-V/Z(NH,BH,) + V/Z(M(BH,)

Figure 1. Relative expansion or compression of the ammonium metal
borohydrides and derivatives in comparison to the volume per
formula unit (V/Z) of the reactants (the V/Z values are obtained
from experimental diffraction data).

in the range 13—29 kJ/mol, and often have a length of about 2
A>>*” dihydrogen bonds are important in determining the
structure and properties of the compounds: e.g.,, NH;BH; is a
solid under ambient conditions due to the presence of
dihydrogen bonds (in contrast to the monomers, NH; and
B,H,, which are gases).89 The metal borohydrides are often
structurally related to metal oxides due to the isoelectronic
anions BH,” and O>~."” Repulsive homopolar hydrogen
interactions in the metal borohydrides (between BH,~
complexes) influence the chstal structures in order to
maximize the H—H distance.>"”° In contrast, the introduction
of NH," may influence the crystal structure symmetry due to
the formation of favorable dihydrogen bonds to BH,” and
thereby acts as a potential tool to tailor the properties of new
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Figure 2. Volumetric and gravimetric hydrogen densities of
ammonium metal borohydrides in comparison to selected hydro-
gen-rich compounds and liquid hydrogen (p(H,) = 71 g H,/L, black
dotted lines). Color code: ammonium metal borohydrides inves-
tigated in this study (blue squares), selected complex metal hydrides
(black circles), and other hydrogen-rich compounds, NH;(1), CH,(1),
NH;BH;(s), and NH,BH,(s) (green triangles).

functional materials, which cannot be obtained using the less
directional halides or alkali-metal ions.

The coordination geometry and structural analogues are
presented in Table 3. The structures of monometallic
borohydrides, M(BH,),, (M™ = Li*, Mg*, Ca*, Sr**, Mn*",
Y*, La*, Gd*), consist of 3D networks of [M(BH,),]
tetrahedra or [M(BH,)s] octahedra, where BH,™ acts as a
bridging ligand, in most cases coordinating through the edge of
the BH,™ tetrahedron (¥?)."” Introduction of NH,BH, into
M(BH,),, interrupts these frameworks, forming new structures
with isolated complex ions (0D), 1D chains, 2D layers, or 3D
frameworks (see Figure 3). Structures with lower dimension-
ality (0D, 1D, and 2D) are interconnected by the dihydrogen-
bond network, resulting in much shorter dihydrogen bonds,
~1.59—1.82 A, in comparison to the 3D-framework structures,
~2.18—2.29 A, which are interconnected by the bridging BH,~
groups. The crystal structures of the ammonium metal
borohydrides can in some cases be related to the structures
of bimetallic potassium- or rubidium-based borohydrides, due
to the similar ionic radii: r(NH,") = 1.48 A, r(K*) = 1.38 A,
and r(Rb*) = 1.52 A.”"*> However, in contrast to the spherical
alkali-metal ions, the NH,* ion has more directionality. In the
crystal structures described here, NH,* is considered as a
counterion in the solid state, while the BH,” complex has a
more flexible coordination as a ligand and may also act as a
counterion, as discussed in the following.

Three-Dimensional Structures. 3D networks of bridging
M-BH,—M are observed in the perovskite-type structures,
NH,M(BH,); (M** = Ca, Sr), which are built from shared
[M(BH,)s)] octahedra (Figure 4a). Due to the smaller size of
Li*, the 3D network in NH,Li,(BH,); consists of shared
[Li(BH,),] tetrahedra, where BH,” complexes connect two or
four Li*, which is significantly different in comparison to
LiBH,. As already discussed in ref 49, this is the only
nonperovskite 3D framework among double-cation borohy-
drides containing the Li—BH, framework. The stability of the

framework is high, as it also exists for the Rb and Cs
analogues.*’

Two-Dimensional Structures. A new structure type is
observed for (NH,);La,(BH,),, which is also the first
observation of a compound with the composition
(M*);(M3*),(BH,)y. The structure is built from shared
[La(BH,)s] octahedra, which form 2D layers (Figure 4b).
The NH," groups have irregular 12-fold coordination (to
BH,") derived from a cuboctahedron, with one group taking
part of the 2D layer and two other groups connecting the
layers.

One-Dimensional Structures. The structure of NH,Li-
(BH,), consists of (4,4)-connected chains, interconnected
along the b axis, forming an infinite chain running along the b
axis (Figure 4c). In this structure, Li* is coordinated in both
tetrahedral and square planar modes by four edge-sharing
BH,” («x*). The NH,* groups have 8-fold coordination, with
one group situated in the (4,4)-connected chain and three
groups connecting the chains.

Zero-Dimensional Structures with Isolated Com-
plexes. The majority of the ammonium metal borohydrides
form structures with isolated complex ions, as observed for
(NH,),M(BH,), (M** = Mg, Mn) and NH,Y(BH,),, which
consist of [M(BH,),] tetrahedra. Similarly, the structures of
(NH,);M(BH,); (M*>* = Mg, Mn) consist of [M(BH,),]
tetrahedra, while one BH,” group acts as a negative
counterion. The compounds (NH,);M(BH,)s (M** = La,
Gd) form double-perovskite-type structures where the metal is
octahedrally coordinated to six BH,~ groups. Several
compounds are known with the composition M*M**(BH,),
(M* = Li, Na, K; M* =Y, Sc, Yb, Lu, Gd).”> On the other
hand, K,Gd(BH,); is the only reported compound with the
composition (M*),M**(BH,)s, which is stable because Gd**
has the ability to obtain S-fold coordination with BH,™, in
contrast to other rare-earth-metal borohydrides reported so
far.”**' The crystal structure of (NH,),Gd(BH,); consists of
isolated complex units of [Gd(BH,);] with both trigonal-
bipyramidal and square-pyramidal coordination geometries of
Gd*". Selected crystal structures and coordination geometries
of structures with isolated complexes are illustrated in Figure 5.

Derivatives of Ammonium Metal Borohydrides. The
structures of NH,M(BH,);2NH; (M = Mg, Mn) and
NH,Y(BH,),-NH; consist of ionic complexes of [M-
(NH;),(BH,);]~ (M = Mg, Mn) or [Y(NH;)(BH,),]™,
where the metal is coordinated in a trigonal-bipyramidal
fashion by five ligands, while the structures of (NH,),Y(BH,)s:
NH, and (NH,),La(BH,);NH,BH; consist of ionic com-
plexes of [Y(NH,)(BH,);]*” or [La(NH,BH;)(BH,)]*",
where the metal is octahedrally coordinated by six ligands. In
contrast, the structures of NH,M(BH,),-NH; (M = La, Gd)
form 1D zigzag chains of connected [M(NH;)(BH,)]
octahedra along the ¢ axis.

Flexibility of the Borohydride Ligand. In crystal
structures containing NHj;, the NH; ligand always coordinates
to the metal via the nitrogen lone pair, in contrast to the
weakly coordinating and more flexible BH,” ion.” The
flexibility is well illustrated in the ammonium metal
borohydrides: e.g,, one BH,™ group acts as a counterion (x°)
in the structures of (NH,);M(BH,); (M = Mg, Mn), while
four BH,~ groups coordinate to the metal through the edge of
the tetrahedron (k?). In the majority of the structures
investigated here, the BH,™ coordinates to the metal via the
edge (k) or the face («°) of the tetrahedron (Table S3), which

https://dx.doi.org/10.1021/acs.inorgchem.0c01797
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01797/suppl_file/ic0c01797_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01797?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01797?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01797?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01797?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01797?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

Table 3. Overview of Hydrogen Contents, Coordination Geometries, and Building Units of the Investigated Compounds

Pm(Hy) pv(H,)
Compound (wt % H) (g Hy/L) structure type M™ coord”
NH,BH, 24.5 1570  NaCl
NH,Li(BH,), 22.1 153.1  LiRb(BH,), Tet (4), Spl
(4)
NH,Li,(BH,), 21.1 1405  Li,M(BH,); (M Tet (4)
= Rb, Cs)
(NH,),Mg(BH,), 202 1508  K,M(BH,), (M= Tet (4)
Mg, Mn)
(NH,);Mg(BH,); 21.1 1582  KiM(BH,); (M= Tet (4)
Mg, Mn)
NH,Ca(BH,), 15.7 1130  RbCa(BH,), Oct (6)
NH,St(BH,), 10.7 1043  RbCa(BH,), Oct (6)
NH,Y(BH,), 12.1 128.9 RbY(BH,), Tet (4)
(NH,),Mn(BH,), 16.1 1479  KM(BH,), (M= Tet (4)
Mg, Mn)
(NH,);Mn(BH,); 17.6 1544 KM(BH,); (M= Tet (4)
Mg, Mn)
(NH,);La,(BH,), 10.4 142.1 new structure Oct (6)
(NH,),La(BH,), 12.9 1500  K;M(BH,)s (M= Oct (6)
La,
(NH,),Gd(BH,) 10.5 146.3 K,Gd(BH,) Tbp (5),
Spy (5)
(NH,);Gd(BH,)4 12.1 1520  KM(BH,)s (M= Oct (6)
La, Gd)
NH,Mg(BH,) 183 1435  LiMg(BH,)y Thp (5)
2NH, 2NH,
NH,Mn(BH,)5 14.6 1432 LiMg(BH,)y Thp (5)
2NH, 2NH,
NH,Y(BH,), NH; 12.6 138.8 new structure Tbp (5)
(NH,),Y(BH,)s 17.0 1443 (NH,),VF<H,0  Oct (6)
NH,
NH,La(BH,), NH; 9.9 137.9 new structure Oct (6)
(NH,),La(BH,)s - 12.2 149.0 new structure 6-fold
NH,BH,
NH,Gd(BH,), 9.2 148.2 new structure Oct (6)
NH,

NH," coord” BH,” coord” building units
Oct (6) Oct (6) [NH,*][BH,"]
Cub (8), Bts (8), Cub  Oct (6), Pbp (7) [Li(BH,),]™ chains
(8), Bts (8)
Cta (10) Sqa (8), Spy (5) [Li,(BH,);]~
framework
Ctp (7) Tet (4), Pyv (4), Spy (5), isolated [Mg(BH,),]*
Tpv (5)
Bts (8) Bsa (10) Oct (6) isolated [Mg(BH,),]*~
Cuo (12) Oct (6) [Ca(BH,)s]*
framework
Cuo (12) Oct (6) [Sr(BH,)s]*
framework
Pbp (7) Trv (2), Tri (3), Tev (3)  Isolated [Y(BH,),]”
Ctp (7) Tet (4). Pyv (4), Spy (5), isolated [Mn(BH,),]*
Tpv (5)
Bts (8), Bsa (10) Oct (6) isolated [Mn(BH,),]*"

Cuo (12) Spy (S), Oct (6)
Oz:t )(6), Con (6), Bts  Tet (4), Tpv (S), Spy (5)
8

[La(BH,))*" layers

isolated [La(BH,)q)™

Oct (6), Sqa (8), Boc Tri (3), Tet (4), Bva (4), isolated [Gd(BH,)s]*~
(8) Tpv (5), Oct (6)

Oz:t )(6), Con (6), Bts Tet (4), Tpv (5), Spy (5)  isolated [Gd(BH,)4]*>~
8

Oct (6) Tev (3) isolated
[Mg(NH;),(BH,);]~
Oct (6) Tev (3) isolated
[Mn(NH,),(BH,);]”
Boc (8) Tev (3) isolated
[Y(BH,),(NH;)]~
Tpv (5) Tev (3) isolated
[Y(BH,)s(NH;)]*~
Oct (6), Csa (9) Tev (3), Tri (3), Spl (4) [LzL(NH3)(BH4)5]2_

6-fold (6), Tet (4), Bvp (4), Oct (6) isolated [La(NH;BH;)
Cap Oct (7) (BH,)s]*
Oct (6), Csa (9) Tev (3), Tri (3), Spl (4) [Gd(NH3)(BH4)5]2‘

chains

“Coordination geometry of the ions in the structures. Hydrogen atoms are not considered. The number refers to the number of coordinating
ligands: Lin (2, linear), Trv (2, trigonal planar with a vacancy), Tri (3, trigonal planar), Tev (3, tetrahedron with a vacancy), Tet (4, tetrahedron),
Spl (4, square planar), Pyv (4, square pyramid with a vacancy), Bva (4, trigonal bipyramidal with an axial vacancy), Bvp (4, trigonal bipyramidal
with an equatorial vacancy), Spy (S, square pyramid), Tbp (S, trigonal bipyramid), Tpv (S, trigonal prism with a vacancy), Oct (6, octahedron),
Con (6, octahedron, face monocapped with a vacancy), Ctp (7, trigonal prism, square face monocapped), Pbp (7, pentagonal bipyramid), Cub (8,
cube), Bts (8, trigonal prism, square face bicapped), Sqa (8, square antiprism), Boc (8, octahedron, trans-bicapped), Csa (9, square antiprism), Bsa
(10, bicapped square antiprism), Cta (10, 4-capped trigonal antiprism), Cuo (12, cuboctahedron).

is the most common coordination of BH,” in metal
borohydrides.”” BH,” also has the ability to coordinate
through the corner of the tetrahedron (x'), which is rare.' In
the structure of (NH,),La(BH,);:NH;BH,;, NH,;BH, coor-
dinates to La®* through one H (x').

Coordination Numbers, Bond Distances, and Struc-
tural Dimensionality. The coordination number and
number of coordinating ligands are shown in Figure 6a,
while the M—B distance is provided in Figure 6b. More
information can be found in Tables S3 and S4 in the
Supporting Information. The smaller cations Li*, Mg**, and
Mn** coordinate to four or five ligands, with a CN value of 6,
8, or 10. Y?* has an intermediate ionic radius; hence it has the
ability to coordinate to four, five, or six ligands and has a CN
value of 10 or 12. Gd** coordinates to five or six ligands with a
CN value of 12, 13, or 14. The larger cations Ca**, Sr**, and
La*" coordinate to six ligands with CN = 12 for Ca*>" and Sr*',
while La*" shows higher coordination numbers, CN(La*") =

14 or 15. Edge-shared BH,™ («*) shows larger M—B distances
in comparison to face-shared BH,™ (x*), while a higher ionic
radius of the metal cation results in larger M—B distances. To
maintain a suitable coordination number for the metal cations,
the structural dimensionality is increased if the number of
BH,~ groups is low. NH,Li,(BH,); and NH,M(BH,); (M =
Ca, Sr) has a low BH,:M ratio; thus, they crystallize in 3D
structures, while the BH,:M ratio increases for NH,Li(BH,),
and (NH,);La,(BH,), and further for the 0D structures, to
maintain a coordination to four, five, or six ligands, depending
on the size of the metal cation.

Crystal Structure Analogues. Several of the crystal
structures resemble those of K analogues, due to the similar
radii of K* and NH,*, and are observed for (NH,),M(BH,),
(M2+ = Mg) Mn); (NH4)3M(BH4)5 (M2+ = Mg) Mn);
(NH,),Gd(BH,)s, and (NH4);M(BH,), (M** = La,
Gd).?**59 Structural analogues with the slightly larger
Rb* are observed for NH,Li(BH,),, NH,Li,(BH,);, NH,Ca-
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Figure 3. Shortest dihydrogen bond distance (N—H’**"H—B) and
structural framework dimensionality of ammonium metal borohy-
drides. The H positions are obtained from DFT-optimized crystal
structures.

(BH,);, and NH,Y(BH,),’"*””® Surprisingly, the crystal
structures of NH,M(BH,);2NH, (M** = Mg, Mn) are
isostructural with the Li* analogues (r(Li* = 0.59 A3%)!
despite the large difference in ionic radii.”* Interestingly,
NH,Sr(BH,); is isostructural with NH,Ca(BH,), but different
from AB(BH,); (A = K, Rb, Cs; B = Sr, Sm).""* New
structure types are observed for (NH,);La,(BH,),, NH,M-
(BH,),NH, (M = Y, La, Gd), and (NH,),La(BH,)- NH,BH,,
with no resemblance to any reported metal borohydride
structure.

Thermal Stability and Decomposition Mechanism.
Ammonium borohydride, NH,BH,, slowly decomposes with a
half-life of a few months (at T ~ —34 °C; see Figure $33), in
contrast to all of the ammonium metal borohydrides, which
show no loss of crystallinity after 1 year at T &% —34 °C. Upon
heating (~S °C/min), an abrupt, highly exothermic decom-
position of NH,BH, is observed at T ~ 68 °C (see Figure
S34). In comparison, most of the ammonium metal
borohydrides, (NH,),M(BH,),..,» are significantly more
thermally stable, while some are destabilized, which is
evaluated in this section.

In situ synchrotron powder X-ray diffraction data were
measured for all ammonium metal borohydrides in order to
analyze the thermal decomposition mechanism, and all of the
data are provided in the Supporting Information. The in situ
SR PXD data of NH,Li(BH,), measured in the temperature
range —20 to +60 °C are presented in Figure 7a. At T = —20
°C, Bragg reflections are observed from NH,Li(BH,), along
with small reflections from excess NH,BH,. Upon heating, all
Bragg reflections disappear simultaneously at T = 49—51 °C,
suggesting the formation of amorphous compounds during
decomposition. TGA-DSC-MS data revealed a mass loss of 3.8
wt %, corresponding to pure hydrogen being released in an
exothermic reaction (Figure 7b). Upon further heating, an
additional mass loss is observed, releasing a mixture of
hydrogen and borazine.

In situ synchrotron powder X-ray diffraction, thermogravi-
metric analysis, differential scanning calorimetry combined
with mass spectrometry (TGA-DSC-MS), and temperature-
programmed photographic analysis (TPPA) data are provided
for all of the remaining compounds in Figures S35—S65 in the
Supporting Information along with a detailed data analysis.
The decomposition temperature is defined here as the
maximum peak of the DSC signal observed during heating of
the sample. The thermal stability of the ammonium metal
borohydrides is complex and is influenced by several factors,
which will be discussed in the following.

Decomposition Temperature versus Dihydrogen Bond
Lengths. The presence of dihydrogen bonds, N—H’*--->"H—B,
facilitates the release of hydrogen at low temperatures, clearly
observed by the much lower decomposition temperature of
NH,BH,, in comparison to those of the alkali-metal
borohydrides (e.g., T4 (KBH,) = 600 °C).°*® The
decomposition of the ammonium metal borohydrides is
exothermic due to the combination of H** and H%, in
contrast to the endothermic decomposition of metal
borohydrides, where only hydridic H®™ is present. The
dihydrogen distances extracted from the DFT-optimized
crystal structures (Table SS) and their relation to the thermal
stability are shown in Figure 8a. The most stable compounds,
e.g. NH,Ca(BH,); and NH,Sr(BH,);, have relatively long and
weak dihydrogen bonds, ~2.2 A, whereas those with lower

Figure 4. Crystal structures of (a) NH,M(BH,); (M = Ca, Sr; three-dimensional), (b) (NH,);La,(BH,), (two-dimensional), (c) NH,Li(BH,),
(one-dimensional). Color code: M (blue), B (brown), N (green), H (gray), metal coordination sphere (light blue). H atoms in BH,~ are omitted

for clarity.
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Figure 5. Crystal structures and coordination geometries of the metal cation. (a) Isolated tetrahedral complexes in NH,Y(BH,),. (b) Isolated
square-pyramidal and trigonal-bipyramidal complexes in (NH,),Gd(BH,);. (c) Isolated octahedral complexes in (NH,);Gd(BH,)s. Color code: M

(blue), B (brown), N (green), H (gray), BH,™ (brown tetrahedra).

thermal stability have significantly shorter dihydrogen bonds,
~1.59—1.82 A.

Decomposition Temperature versus Structural Frame-
work Dimensionality. The thermal stability of the ammonium
metal borohydrides appears to be influenced by the
dimensionality of the structural frameworks built from
connected BH,” groups (Figure 8b). The 3D-framework
structures are the most stable compounds (with the weakest
and longest dihydrogen interactions), and the stability
generally decreases with decreasing dimensionality: ie., the
stability approximately follows the order 3D framework > 2D
layers > 1D chains > isolated anionic complexes. A lower
structural dimensionality results in more dihydrogen, H***"H,
interactions. Moreover, a freer and more flexible (more
dynamic) movement of BH,” can make it more reactive
toward the NH,* cation, resulting in hydrogen release through
the combination of H** and H’".

Decomposition Temperature versus Pauling Electro-
negativity. The thermal stability of the ammonium metal
borohydrides appears to correlate inversely with the Pauling
electronegativity of the metal ()(P), as observed for the metal
borohydrides: ie., a higher y, value results in a lower
decomposition temperature (Figure 8¢).”™” An increased
Pauling electronegativity of the metal destabilizes the
borohydride group, making it more reactive toward the
NH,", hence resulting in lower decomposition temperatures
of the ammonium metal borohydrides. Thus, ammonium metal
borohydrides formed with stable metal borohydrides (with
relatively high decomposition temperatures) are generally
more stable (Figure 8d).

Decomposition Temperature versus Boron—Hydrogen
Bond Length. The B—H bond length has been extracted
from the DFT-optimized crystal structures. There is a variation
in the average B—H bond length from 1.211 A in NH,Ca-
(BH,); to 1.225 A in (NH,);Mn(BH,);. Elongated bonds are
observed for the compounds where the metal has higher
electronegativity: i.e., the metal “pulls” H away from B.
Additionally, for structures with lower dimensionality, more of
the B—H bonds from terminal BH,™ are involved in the metal

coordination. Hence, the B—H bond length reflects both the
electronegativity of the metal and the dimensionality of the
structures and correlates well with the thermal stability of the
ammonium metal borohydrides; longer B—H bonds are
observed for the less stable ammonium metal borohydrides
(Figure 8e).

Decomposition Temperature versus Ratio between
Ammonium and Borohydride, NH,":BH,”. The thermal
stability of the ammonium metal borohydrides appears to
correlate with the ratio between NH,* and BH,” in the
composition of the structures (Figure 8f). The compounds
with the ratio NH,":BH,” = 1:3 are the most stable, while
compounds with higher ratios, i.e. higher NH,BH, content,
tend to be less stable.

Decomposition Temperature versus Coordination Num-
ber of Ammonium. The most stable compounds, NH,Ca-
(BH,);, NH,Sr(BH,);, and (NH,);La,(BH,),, are also the
only compounds with NH," placed in a cuboctahedral
coordination geometry formed by 12 nearest BH,™ neighbors,
which may enhance the thermal stability. For the remaining
compounds with CN(NH,*) < 12 (Table 3) there was no
correlation with the thermal stability (Figure 9a): ie., the
stabilization from the coordination environment of the NH,"
cation becomes weaker and other effects dominate.

Decomposition Temperature versus Structural Compres-
sion. The thermal stability versus the compression of the
structures was evaluated, but no obvious correlation between
these factors was observed (Figure 9b).

The thermal stability of the ammonium metal borohydrides
appears to be influenced by several factors in a complex
manner, as illustrated in Figures 8 and 9. In several cases only
some of the ammonium metal borohydrides clearly follow a
trend with a selected structural property, and others do not.
This indicate that the individual structural properties have
different effects on the thermal stability for the ammonium
metal borohydrides: i.e., the structural property is a dominating
factor in some cases. In some cases a combined effect from
several structural properties may dominate the thermal
stability. Other factors such as the composition, chemical
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a) 16 valence, and radii of the metal cations may also influence the
_ CN(M) thermal stability. Thus, generally a combined effect from
14 a s several structural properties often appears to determine the
thermal stability.
Foaming. NH,BH, foams heavily, and the volume expands
- more than 10-fold during thermolysis (Figure $35). Similarly,
>~ A several of the ammonium metal borohydrides foam during
decomposition, e.g. (NH,) ,Mg(BH,),., (x = 2, 3) expands up
to S0-fold (Figure S43), which often results in amorphous
compounds as observed by in situ SR PXD. These
.frZE:L(M) decomposition products are often in the molten state until T
T e 57 =3 ~ 150 °C, but the decomposition products may consist of
H e : mixtures of crystalline and molten states: e.g., as observed for
the decomposition of NH,Y(BH,), (Figures S53, S54, and
e e s S57). In contrast, the more stable NH,M(BH,); (M = Ca, Sr)
AM™) (A) successfully suppresses foaming during decomposition; thus,
crystalline compounds are observed in the subsequent
b) e decomposition steps (see Figures S44, S46, S47, and S49).
A e (- Decomposition Mechanism. The decomposition of
2 ammonium metal borohydrides is different from that of
pristine NH,BH,, which decomposes into [(NH;),BH,]|BH,,
Y»Gd an ionic isomer of NH,BH,.%*
I I oy s The ammonium metal borohydrides with a ratio of NH,:M
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: Ca(BH,),"NH;BH; and H, (see eq 2).
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atoms coordinating to the metal. (b) Metal—boron distances and being formed (see Figures $40 and S42b). (NH,);Mg(BH,)s
hapticities of the BH, —metal coordination for the ammonium metal decomposes by releasing H, and B,Hy in an exothermic
borohydrides as a function of the metal ionic radius. The dotted line reaction, forming the new compound NH,Mg(BH,);-2NH,,
shows the average M—B distance for the given hapticity (k) as a which then further decomposes to Mg(BH 4+),-2NH;-NH,BH,
function of the ionic radii. via a release of H, (see eq 3).
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(NH,);Mg(BH,);(s)
— NH,Mg(BH,);-2NH;(s) + B,H,(g) + 2H,(g)

— Mg(BH,),-2NH,-NH;BH;(s) + B,H(g) + 3H,(g)
()

Similarly, NH,Mn(BH,);2NH; is formed as a decom-
position product from (NH,),Mn(BH,), while (NH,),Gd-
(BH,); decomposes into NH,Gd(BH,), NH;. In contrast,
(NH,);La(BH,)s; decomposes into both (NH,),La(BH,),
NH,BH; and NH,La(BH,), NH; via a release of only H, or
both H, and B,Hj, respectively.

Suggested decomposition pathways for all the ammonium
metal borohydrides investigated in this study are provided in
reaction schemes E1—E21 in the Supporting Information. The
decomposition contrasts with those of the bimetallic

borohydrides, which dissociate during decomposition into
the respective monometallic borohydrides and eventually
decompose in the same manner as for the pristine
compounds. > 425152

Hydrogen is always released in an exothermic reaction in the
first decomposition step. In general, NH;BH;-containing
compounds are formed during the thermal decomposition of
ammonium metal borohydrides when only H, is released,
while NH;-containing compounds are formed when B,Hy is
also released. The decomposition products are often
amorphous, and therefore the decomposition pathways have
not been elucidated. The decomposition pathway of NH,AI-
(BH,), has been studied previously, where a release of H,,
NH,, and B,H; during the decomposition was reported.”” The
main decomposition product was identified as AI(BH,);
NHBH, similar to the decomposition of Al(BH,);-NH;BH,,
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and suggests that mainly H, is released during the
decomposition of NH,AI(BH,),. Al(BH,);-NH;BH; was not
observed as a crystalline intermediate, as the sample melted
during decomposition, which is also observed in several cases
for the ammonium metal borohydrides presented here, such as
the compounds based on M = Li, Mg, Mn, Y, La, Gd (see the
section Thermal properties of ammonium metal borohydrides
in the Supporting Information). In the case of (NH,);Mg-
(BH,)s, it has been reported that amorphous boron nitride is
formed during thermal decomposition already at T =~ 220 °C;
thus, it is suggested as a potential precursor for obtaining BN.”*

The second and third decomposition steps of ammonium
metal borohydrides often take place in the temperature range
T = 100—150 °C via an exothermic release of H,, which is
typically accompanied by a release of toxic gases: e.g., N;B;H,
B,Hy, and NH;. This is similar to the decomposition of
ammonia borane and metal borohydride ammonia borane
complexes.””">*" In cases where B,Hy is released in the initial
decomposition step, e.g. (NH4)ng(BH4)2+x (x = 2, 3),
hydrogen is released in the subsequent decompositions. This is
similar to the case for the ammine metal borohydrides: e.g,
Mg(BH,),«NH; (x = 1, 2).°

B CONCLUSION

Seventeen new ammonium borohydride based compounds and
their crystal structures and thermal properties have been
presented. Five of these compounds have new crystal structure
types without any known analogue, e.g. (NH,);La,(BH,),
with the first observed composition (M*);(M>*),(BH,), and
an unusually high coordination number of 15 for La. The
structural, physical, and chemical insights into new metal
borohydride type materials presented here inspire new
research for tailoring of materials properties. In particular,
dihydrogen interactions, N—H*"--->"H—B, are important for
the structure and properties of ammonium metal borohydrides.
The dihydrogen bonding network in these materials is
important for the structural stability and thermal properties.
Short dihydrogen bonds, H’*---°H, between NH,* and BH,",
in the range 1.59—1.82 A are observed in structures with
isolated complexes, one-dimensional chains, and two-dimen-
sional layers. In contrast, the three-dimensional frameworks
built from bridging BH,™ units have longer dihydrogen
interactions in the range 2.18—2.29 A. The flexible
borohydride complex ion is observed in the structures as

counterions («°), as edge-shared (x*) bridging ligands, and/or
as terminal face-shared (x°) ligands. Meanwhile, NH," is
considered a counterion in these compounds, as BH,”
coordinates to the more electronegative metal cation.

The dihydrogen bonds also facilitate the release of H, at low
temperatures (T < 100 °C), but the strength of the dihydrogen
bond appears to have a minor direct influence on the thermal
stability of the ammonium metal borohydrides. In fact, this
work reveals that the difference in thermal stability is
influenced by a range of parameters, including the structural
framework dimensionality, the Pauling electronegativity of the
metal, the ratio between NH,* and BH,~, and the coordination
environment of NH,". The individual ammonium metal
borohydrides appear to be influenced by each factor in a
different fashion, and in some cases a combination of several
factors may be dominating for the thermal stability.

In comparison to pristine NH,BH,, both stabilization and
destabilization are observed. In all cases, hydrogen is released
in the first decomposition step, typically below 100 °C, in an
exothermic reaction, but a release of B,H is also observed in
some instances. Many new compounds are obtained from the
decomposition products of ammonium metal borohydrides,
including ammonia borane and ammine metal borohydrides.
Often these decomposition products are amorphous or are in a
molten state at temperatures below 150 °C. Thus, the second
and third decomposition steps resemble those of either
ammine or ammonia borane metal borohydrides, releasing
hydrogen along with toxic gases such as N3;B;H, NH;, and
B,Hs. The stable compounds NH,M(BH,); (M = Ca, Sr)
successfully suppress foaming during decomposition, while
others often foam similarly to NH,BH,.

The compounds presented here are among the most
hydrogen rich inorganic solid materials, which combine the
two nonspherical ions NH,* and BH,~, which are isoelectronic
with natural gas, CH,, in an extended network of dihydrogen
bonds in the solid state. While the new compounds described
here have very high gravimetric and volumetric hydrogen
densities and release hydrogen at moderate temperatures, they
possess the well-known problem of nitrogen- and boron-based
compounds that their rehydrogenation is challenging and that
the released gases often are contaminated by other reactive
and/or poisonous components. Interesting properties may
arise from the dihydrogen interactions, which can result in new
types of advanced functional materials displaying, e.g.,
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favorable hydrogen storage properties, magnetism, lumines-
cence, or high ionic conductivity.
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