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Metal tetrahydroborates remain interesting materials as potential hydrogen storage media. While overcoming
large thermodynamic stability of uni- and divalent metal borohydrides may still be challenging, very little
information is available about tetrahydroborates of tri- or tetravalent metal cations. Here, we analyze basic
thermodynamic and electronic properties of borohydrides of Al, Sc, Y, Ti, and Zr by means of extensive density
functional calculations. We show that solid phases of these compounds can range from ionic-like structures for
Y (BH,); to the molecular ones of AI(BH,); and Zr(BH,),. These compounds are thermodynamically unstable
at room temperature with respect to their decomposition into boron and hydrogen. Their stability is explained
through the experimentally observed formation of diborane being a necessary step in the decomposition path.
This points out that the kinetic factors are important for analysis of the metal borohydrides stability.
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I. INTRODUCTION

Two groups of complex metal hydrides: tetrahydroalumi-
nates containing AlH, groups and tetrahydroborates with
BH, groups have been recently under intensive study, due to
their potential hydrogen storage capabilities. As boron is
~2.5 times lighter than aluminum tetrahydroborates (also re-
ferred as borohydrides or boranates) seem more appealing
for practical application for efficient hydrogen storage.'? Un-
fortunately, there is no known metal borohydride that pos-
sesses both thermodynamic and kinetic properties suitable
for such purposes (i.e., reversible hydrogen release below
T~400 K at 1 bar hydrogen pressure).

Borohydrides of alkali and alkaline earth metals form
ionic solids consisting of metal cation and a negatively
charged BH,™ group. The stoichiometry of these compounds
reflects the valency of metal cations, i.e., MBH, and
M(BH,), for alkali and alkaline earth metals, respectively.
Both groups of borohydrides are stable; at ambient condi-
tions they remain in a solid crystalline form,>® and they
decompose in temperature above 500 K. Tetrahydroborates
of alkaline earth metals are structurally more complex than
those of alkali metals.

Among borohydrides containing metal cation with the va-
lency larger than two, A1(BH,); is a volatile liquid at ambi-
ent conditions (it decomposes spontaneously).”"'> Y(BH,),
has been recently synthesized in the crystalline solvent free
phase'® and has been shown to be stable well above room
temperature. The crystalline solid form of Ti(BH,); decom-
poses spontaneously at ambient conditions,'” and Zr(BH,),

crystallizes in P43m symmetry and is stable below
302 °C.'8

In general, the stability of borohydrides containing metals
at third or fourth oxidation state is lower than in the case of
respective compounds of metals with lower valency. Unfor-
tunately, structural and thermodynamic properties of these
compounds are relatively less known, even though they were
intensively studied in the past in the gaseous form or in
liquid solutions.!”

In the present paper, we study thermodynamic and elec-
tronic properties of selected trivalent and tetravalent metal
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tetrahydroborates by means of density-functional theory
(DFT) calculations. We focus our attention on five cations:
Al, Sc, Y, Ti, and Zr. We show that tetrahydroborates of Al,
Sc, Ti, and Zr are thermodynamically unstable with respect
to decomposition into hydrogen and boron. Their stability at
ambient conditions can be explained through the formation
of diborane (B,Hg) as a necessary step in the decomposition
path. Diborane possesses positive formation enthalpy, but is
kinetically robust at ambient conditions. In the gas phase
B,Hg decomposes spontaneously into higher boranes and hy-
drogen above 323 K and disintegrates into elements above
673 K.' Higher boranes are observed as decomposition
products of borohydrides of alkali and alkaline earth metals
that decompose at temperatures well above 500 K.2*->3 This
is especially significant for [B,,H,,]*>~ that forms salts with
exceptional stability.>>">> While the appearance of these
stable compounds is determined by their thermodynamic sta-
bility, formation of diborane points at the kinetic effects that
are important for considerations about stability of borohy-
drides. Taking into account molecular and crystalline forms
of these compounds we show that Al(BH,); and Zr(BH,),
form a crystalline structure via weak Van der Waals interac-
tion of the stoichiometric units, while other compounds pos-
sess a crystalline form not related to their stoichiometric mo-
lecular structure. The structural properties of the studied
compounds are related to the properties of metal cations that
govern the local coordination number for metals. The orien-
tation of BH, groups in A1(BH,); is explained by a simple
electrostatic model.

II. METHOD

The present calculations were performed with the periodic
plane wave DFT approach.??” The plane wave method is
used since it allows for a straightforward comparison be-
tween periodic solids and isolated molecules. The valence
configurations 1s' for H; 2s*2p' for B; 3s%3p' for Al;
3p%4s?3d' for Sc; 45*4p®5s24d" for Y; 3p®3d>4s* for Ti and
45%4p®55%4d°> for Zr were represented by projected aug-
mented wave potentials.?®?° The spin polarized generalized
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gradient approximation (GGA) was used for the exchange-
correlation functional.*® Energy cutoff of 1000 eV and in the
case of solids k-point grid with spacing of 0.05 A~' were
applied. For isolated molecules and gaseous hydrogen the
calculations were performed in the cubic box with the edge
of 20 A. The ground-state electronic density was determined
by iterative diagonalization of the Kohn-Sham Hamiltonian
and Gaussian smearing of 0.1 eV was applied. Atomic posi-
tions and unit cell parameters for the solids were relaxed
with conjugated gradient algorithm until the forces exerted
on atoms were smaller than 0.005 eV/A. Normal mode
analysis was performed for all molecular systems and for
solids at the I' point by finite atomic displacements of the
order of +0.02 A.

The finite temperature properties were calculated within
harmonic approximation.’! The vibrational Helmholtz free

energy is calculated as
hwi
) . (1)
2kgT

The sums run over 3N—-3 degrees of freedom for the solid
phases, N is the number of independent atoms in the primi-
tive unit cell or in the molecular unit. For linear molecular
units two rotational degrees of freedom are silent and the
sum runs over 3N—-5 degrees of freedom. w; is the frequency
of mode i, g(w;) stands for density of states, kz is Boltzmann
constant and 7—temperature.

Thermodynamic stability of phases is compared via Gibbs
free energy,

F,(T)= kBTE g(w,-)ln[Z sinh(

G(T,p) =F(T) +pV, (2)
where the free energy reads,
F(T)=Ey+ F,(T). (3)

E is the electronic ground-state energy for relevant species.
For the solid phases and the pressure range considered here
the pressure-volume dependence is negligible and pV term
relates to gaseous species only.

For diatomic hydrogen the free energy can be expressed

as32,33

V
M, = ES2 + kT( ln%g —InZy—1In Zvib) , 4)

where V=1 (h*/27mkT)? is the quantum volume. Numeri-
cal value for M, reads as

pa, = 8.314512 - 107°T In{1.267865 - 10°pT ">
X[1 —exp(6.301215 - 10°)/TT} + 25.972191 (kJ/mol),

the Eglz is the electronic ground-state energy for a hydrogen
molecule. Thus, for hydrogen G(T',p)=Npuy,, where N is the
number of H, molecules in the considered system.

The valence charge analysis was performed with the
Bader method**3 and for each system a separate set of cal-
culations was performed with an accurate electronic charge
density represented on the grid of at least Ax=0.025 A. The
dipole moments for the molecular units were calculated us-
ing the electron density distribution in the real space.
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III. RESULTS

A. Solid state structures

Complex borohydrides of univalent and divalent cations
form ionic solids, and a large variety of their physicochemi-
cal properties are known for the low-temperature crystalline
phases. For example, the low-temperature phase of LiBH,
has Pnma symmetry and Li cations are coordinated by four
BH, groups.’**3% Sodium and potassium borohydrides
(NaBH,, KBH,) have P4,/nmc symmetry and their metal
cations adopt octahedral coordination.>3%%° For divalent cat-
ions the structures of Be(BH,),,*! Mg(BH,),,%7#>~% and
Ca(BH,), (Refs. 8 and 47-52) have been recently reported.
In calcium borohydride Ca cations are octahedrally coordi-
nated to the surrounding BH, groups for all reported crystal-
line phases of this compound.®#’>! The structure of magne-
sium borohydride is still disputed. The experimentally
proposed low-temperature « phase consists of 330 atoms in
the unit cell with P6, symmetry®’ (this structure has been
recently revised to P6,22 structure**). On the other hand,
theoretically predicted phases consist of significantly smaller
and simpler unit cells.*>*34>46 In his recent paper, however
Voss et al.*} points out that fine details of the structure are
unimportant for description of thermodynamic properties of
this compound.

For univalent and divalent cations their known borohy-
drides have tetrahedral (for Li and Mg) and octahedral (for
Na, K, and Ca) coordination.”> At higher temperatures these
compounds undergo phase transitions, often becoming
disordered.*>*>> All these compounds are relatively stable
and they decompose into metal hydrides and hydrogen only
at temperatures above 500 K. Formation of diborane was
also reported for LiBH,.2°

The structural and thermodynamic properties of metal
borohydrides with tri- or tetravalent cations are relatively
less known, even though these compounds were intensively
studied in their gas/molecular phases.!” Below, we focus our
attention on selected borohydrides of tri-(Al, Sc, Y, Ti) and
tetravalent (Ti, Zr) metal cations in their crystalline and mo-
lecular forms. Such a distinction is done to assess the accu-
racy of calculations, which are performed for the single gas
phase molecular structures and compared to solid state
phase.

At ambient conditions the lightest trivalent borohydride
Al(BH,); is a liquid;'®"® borohydrides of scandium,!7-°
titanium,'7>">° and zirconium'8?26%-93 were reported as
volatile solids at RT that decompose spontaneously in the
case of Ti(BH,);. In the past the molecular properties of
these compounds were intensively studied in a liquid solu-
tion or by computational chemistry methods.!>!7>° In our
present studies for the compounds with known structure we
use the symmetry of the low-temperature phase. As the pur-
pose of the present studies is not to find or propose unknown
ground state symmetries, we consider the model crystalline
state for Sc(BHy)3, Ti(BH,); for comparison purposes only.
Properties of solid phases are compared with a molecular
form of each compound.

Two structural polymorphs of the low-temperature solid
phase of Al(BH,); are known: « phase with C2/c¢ (no. 15)
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symmetry and S phase with Pna2, (no. 33) symmetry.!364

Both crystalline forms have aluminum atoms coordinated to
three BH, groups. Thus the basic structural building block
has the stoichiometry of this substance. Indeed, the forma-
tion enthalpy of the crystalline structure is only 9.6 kJ/mol
larger than that of the isolated A1(BH,); molecular unit. Such
a feeble binding of the crystal is a clear indication of weak
dispersive Van der Waals forces responsible for the formation
of the solid. The heat of vaporization for A1(BH,); was es-
timated as ~30 kJ/mol,'*!> and that compares well with the
present calculations. Below, we focus our attention on S
phase of Al(BH,); and the optimized structural parameters
are presented in the supporting material.

Scandium borohydride, synthesized via wet chemical
methods, was reported as a volatile white solid, sublimable at
80 °C.!'75% No experimental details of the structure were re-
ported for this compound, and the recent theoretically pre-
dicted structure of Sc(BH,); possesses €222, (no. 20)
symmetry.®> For the purpose of the present studies we have
calculated electronic and thermodynamic properties of
Sc(BH,); in the cubic structure of yttrium borohydride,
which we found to be more stable (by 32 kJ/mol per formula

unit) than R3 structure proposed by Nakamori er al.?® The
orthorhombic structure® has been also considered in the
present studies. It is more stable than the cubic one (by
~14 kJ/mol); however, the density of the cubic phase is
much larger, 1.057 g/cm? compared to 0.722 g/cm? for the
orthorhombic one. The differences between those hypotheti-
cal phases of Sc(BH,); are discussed at the end of this paper.
The ground state orthorhombic crystalline phase is by 60
kJ/mol more stable than the isolated stoichiometric Sc(BH,);
molecular unit.

Y (BH,); has been recently synthesized via metathesis re-

action in a solvent free-crystalline phase with Pa3 cubic
symmetry.'® In this structure, metal cations are coordinated
to six nearest neighbors. Thus this structure cannot be con-
sidered as a crystal consisting of molecular Y(BH,); units.
The decomposition of yttrium borohydride starts around 450
K.!'6 The ground-state crystalline phase is more stable by 128
kJ/mol then isolated stoichiometric molecular unit. The
structural details of Y(BH,); and Sc(BH,); are presented in
the supporting material.

The cubic P43m (no. 215) structure of Zr(BH,), was pro-
posed experimentally®® and reported recently on the basis of
quantum calculations.®® In this structure, Zr cation is coordi-
nated to four BH, groups, that are equivalent to a stoichio-
metric unit of this compound. The ground-state energy of the
crystalline phase is ~10 kJ/mol lower than the respective
energy for the isolated molecular Zr(BH,), units. This indi-
cates that dispersive forces are responsible for the crystalli-
zation, similarly as in the aluminum borohydride. We have
found that the crystalline form of Zr(BH,), with R3 symme-

try is 10 kJ/mol more stable than the cubic P43m phase. The
structural details for both phases are provided in the support-
ing material.

Titanium borohydride was reported as a highly air sensi-
tive green solid that decomposes autocatalytically at
25 °C.17%7 Stoichiometry of this compound is Ti(BH,); and
the details of molecular structure were reported in Refs. 18
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FIG. 1. (Color online) Molecular structure of Al(BH,); (a) and
Ti(BHy); (b). Light gray (blue) spheres are for metal cation, dark
gray (red) ones—boron, and small white balls represent hydrogen.
The haze around atoms shows the electron density isosurface at
0.35 e/A%.

and 59. However, we are not aware of any reports concern-
ing the structure of the crystalline phases of Ti(BH,); or
Ti(BH,)4. For comparison purposes a hypothetical solid
phase Ti(BH,); in the €222, symmetry is considered in the
present paper.

A relatively weak binding of some crystalline phases in-
dicates that their thermodynamic properties are dictated by
the properties of the constituent molecular units of metal
borohydrides and not by the cohesive crystal energy. In the
following paragraphs, we focus our attention on structural,
electronic and thermodynamic properties of isolated
M(BH,), with x=2,3,4 molecular units and on selected
crystalline forms of these compounds. Such an approach pro-
vides a good comparison between molecular and crystalline
forms and gives a lower boundary for the stability of com-
pounds.

To study thermodynamic stability of metal borohydrides
we have calculated the ground state and vibrational energy of
all relevant binary metal hydrides, as well as for B,Hg and
B,H;,. For reference, we have considered the following

compounds, AIH; with R3¢ (no. 167) symmetry and opti-
mized lattice parameters a=4.44 A, and c=11.93 A. The

other hydrides were considered in the cubic symmetry Fm3m
(no. 225) of fluorite structure and the optimized lattice pa-
rameters are: a=4.78 A for ScH,; a=5.22 A for YH,; a
=4.43 A for TiH,, and a=4.82 A for ZrH,.

B. Molecular structure

In this section, the structural properties of molecular gas
phase metal borohydrides are presented. The molecular alu-
minum tetraborohydride (A1(BH,);) possesses a planar struc-
ture with D; symmetry.'"'> The BH, units are arranged in
bidentate orientation—two hydrogen atoms are pointed to-
ward Al and they are rotated ~17° around AI-B axis, see
Fig. 1(a). Without such a rotation the higher D3, symmetry
of this molecule shall be observed.'? The structure of both
Ti- and Zr-based borohydride molecules is also well charac-
terized. In these compounds the tridentate arrangement of
BH, (three hydrogen atoms pointing toward metal) is pre-
ferred. Ti(BH,); forms a planar molecule with C3, symmetry
and BH, groups that are rotated by a small angle with respect
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TABLE 1. Structural parameters for metal BH, [M(BH,),; M=Al,Sc,Y,Ti,Zr] complexes, d is a dis-
tance between metal and boron atom. The vy stands for boron-metal-boron £ z_;,_p angle. The dipole moment

is given in Debyes.

(BHy), (BHy)3 (BHy)4

{1 Y Mp d Y Mp d Y Mp
Ion (A) (deg) (D) (A) (deg) (D) (A) (deg) (D)
Al 2.10 132.73 0.42 2.14 (2.14%) 120 0.09
Sc 2.23 179.61 0.02 2.26 120 0.02
Y 2.40 180 0.01 2.43 120 0.05
Ti 2.14 180 0.01 2.15 (2.17%) 120 0.00 2.17 109.47 0.00
Zr 2.29 180 0.01 2.30 (2.319) 120 0.00 2.32 109.47 0.00

4Reference 11.
PReference 57.

to fully symmetric orientation,’’° see Fig. 1(b). Zr(BH,),
possesses the T, symmetry®” that is preserved also in the
crystalline structure.®® According to our knowledge structural
properties of Sc(BH,); and Y(BH,); molecules have not
been reported before.

We have calculated equilibrium properties for compounds
with all the metals investigated in the present study and with
the stoichiometry ranging from M(BH,), to M(BH,),, (M
=Al,Sc,Ti,Y,Zr). This range of stoichiometries allows us to
determine the stability with respect to desorption/adsorption
of BH,. The structural parameters for the optimized geom-
etries for each stoichiometry are presented in Table I.

For the M(BH,), stoichiometry the transition metals and
yttrium cations form linear molecules. These molecules do
not have any dipole moment, see Table I. For aluminum the
molecule is bent due to a short Al-B distance; Al(BH,),
possesses a dipole moment of 0.42 D. A small deformation is
also present for Sc(BH,),.

The structures containing three BH, groups form planar
molecules with boron atoms arranged on an equilateral tri-
angle around the central metal. BH, groups have bidentate
orientation for Al and tridentate orientation for all other ele-
ments considered here. The dipole moment for this compo-
sition is very small and does not exceed up=0.09 D (com-
pared to 1.85 D for H,O) for Al(BH,);, see Table 1.

In the fourth oxidation state, only molecules of borohy-
drides with Ti and Zr cations are stable at 7=0 K. They
form a tetrahedral structure with boron atoms at the vertices
and the metal atom in the center. The BH, are arranged in
tridentate orientation. Both compounds have the stoichiom-
etry compatible with a preferred oxidation state of the metal
and they possess no dipole moment, see Table I.

The metal boron bond length increases slightly with the
increasing number of BH, groups for all metals. It is inter-
esting to notice that for aluminum and titanium the Al-B and
Ti-B distances are very similar (Table I). However, structural
thermodynamic and electronic properties of these com-
pounds differ significantly.

The range of compositions for molecular borohydrides
considered here allows us to gain insight into their most
stable stoichiometry. This is done by comparing the ground
state energy (including zero point vibrations) in the follow-

ing reactions: M(BH,), & M(BH,),_;+B+2H,, with n=3
for all metals and, additionally, n=4 for Ti and Zr. As ex-
pected, AI(BH,); is stable with respect to detachment of BH,
by 183 kJ/mol, Sc(BH,); by 178 kJ/mol; Y(BH,); by 201
kJ/mol. For transition metals detachment of the BH, from
M(BHy); is also endothermic by 198 kJ/mol for Zr and 137
kJ/mol for Ti. However, for the last two elements the asso-
ciation of additional BH, is exothermic by 125 kJ/mol for Zr,
and only by 25 kJ/mol for Ti. A relatively low stability of
Ti(BH,), with respect to Ti(BH,); suggests that at finite tem-
peratures entropic factors may serve as a driving force to-
ward stoichiometry change. Indeed, within the harmonic ap-
proach Ti(BH,); becomes thermodynamically stable with
respect to Ti(BH,), above T~ 140 K. This aspect will be
discussed below.

1. Charge distribution

Analysis of the electronic charge density distribution
gives an opportunity to get insight into the nature of bonding
between atoms. The charge distribution calculated according
to the Bader method3*3> for all compounds and stoichiom-
etries considered in the present studies is presented in Table
II. A relatively large charge transfer between the metal cation
and borohydride groups is observed for all compounds, and
the ionic contribution to bonding is the largest for Al and Y
coordinated to three BH, groups. For transition metals the
charge transfer is smaller due to metal and BH, orbital hy-
bridization.

For the compounds in the molecular form the positive
charge on the metal atom increases accordingly to the in-
creasing number of BH, groups. On the other hand, the
charge distribution within each borohydride group depends
only slightly on the stoichiometry for a given chemical com-
position. Especially the charge on a boron atom ranges only
between +1.47 e for Ti(BH,), and +1.54 e Al(BH,);. The
distribution of electrons between hydrogen atoms shows a
significant variation between H in the terminal position and
those in the bridge positions between metal and boron. This
difference is the largest for the compound containing Al with
bidentate orientation for BH, and with charges on hydrogen
at the bridge positions larger by ~0.14 e than the terminal
ones. For other elements and tridentate BH, orientation these
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TABLE II. Bader charges for Al, Sc, Y, Ti, Zr, and BH4 complexes in units of electron charge. The symmetry of solid phases is given in

the parentheses.

(BHy), (BHy)3 (BHy)y

Ion Metal Boron Hygrogen Metal Boron Hydrogen Metal Boron Hydrogen
Al +1.57 +1.48 -0.47/-0.63 +2.29 +1.54 —-0.50/-0.64

Al(Pna2,) +2.30 +1.55 -0.51/-0.64

Sc +1.52 +1.55 —-0.53/-0.60 +1.85 +1.54 -0.51/-0.55

Sc(Pa3) +1.90 +1.58 -0.55/-0.57

Sc(C222,) +1.83 +1.54/1.56 -0.53/-0.55

Y +1.56 +1.55 -0.60/-0.62 +2.03 +1.53 -0.51/-0.57

Y (Pa3) +2.06 +1.57 -0.56/-0.58

Ti +1.37 +1.47 -0.53/-0.55 +1.63 +1.51 -0.51 +1.85 +1.50 -0.48/-0.50
Ti(C222,) +1.76 +1.56 —-0.53/-0.55

Zr +1.42 +1.49 -0.52/-0.56 +1.82 +1.50 -0.50/-0.54 +2.17 +1.52 -0.49/-0.53
Zr(R3) +2.17 +1.55 -0.51/-0.53

differences do not exceed 0.05 e. Transition metals carry the
charge lower by ~0.1, ~0.2 e than Al, Sc, or Y.

The charge distribution for Al(BH,); and Zr(BH,), be-
tween molecular and solid phases does not change. Stoichi-
ometric molecular units are bound by ionic forces for Al and
iono-covalent forces for Zr; these bonds are not perturbed by
weak Van der Waals forces in the solid state. The molecular
nature of Al(BH,); and Zr(BH,), results in a substantial va-
por pressure for these compounds.®’ For compounds of Sc, Y,
and Ti there is a noticeable change in the charge distribution
between molecular and solid forms. In general, the charge
transfer between metal and BH, increases for the solids (i.e.,
they become more ionic). Also, for compounds containing
yttrium and scandium the charge distribution between hydro-
gen atoms becomes more homogeneous, see Table II.

2. Tridentate orientation of BH, group

In this section, we provide a simple explanation of how
the bidentate BH, orientation in Al(BH,); results from the
electrostatic repulsion between negatively charged hydrogen
ions. Among all chemical compounds considered here, only
Al(BH,); molecule possesses the bidentate orientation of
BH, groups. The structural details of this molecular unit
were discussed in the literature,'®'? and there is an agree-
ment that A1(BH,); forms a planar molecule with D; sym-
metry and all BH, groups are rotated by ~17° along Al-B
axis with respect to the fully symmetrical D5, structure.'?

The Bader charge analysis presented above indicates that
hydrogen atoms carry a negative charge that is larger than
0.5 e. This charge is the largest for AI(BH,);, while for tran-
sition metals localization of the electronic charge density
confined around H is smaller, and there is an overlap of
electronic density between the metal and surrounding BH,
units, see Fig. 1. The charge localization on BH, groups
results in the electrostatic repulsion between them.

For the purpose of analyzing the electrostatic effects we
assume that the charge on each hydrogen is the same. We
consider each BH, group as a rigid body, i.e., we neglect a

modification of BH, tetrahedral shape or B-H bond lengths.
Each molecular group may rotate around the central boron
atom and we describe this rotation by means of two angles, «
is the rotation around axis perpendicular to the Al(BH,);
molecule, while the second rotation axis is parallel to the
metal-boron bond and is described by an angle S, as pre-
sented in Fig. 2(a). The BH, molecules are separated from
the cation by a distance [ that we express by the ratio of
metal-B to B-H bond length. This ratio is ~1.7 for A1(BH,);.
The repulsive part of the electrostatic potential energy of the

2

system can be expressed as V=2, j%, where r; ; runs over all
hydrogen atoms of different BH, units (the interaction be-
tween H of the same BH, unit can be neglected, as the mol-
ecule is considered as a rigid body and this interaction will
introduce an additive constant only). Furthermore we assume
that the A1(BH,); molecule is symmetric, i.e., the orientation
of each BH, molecular group is the same with respect to
aluminum and can be expressed as r=R|-R r,, see also
Ref. 53.

The potential energy of three BH, molecules surrounding
Al is presented in Fig. 2(b). Within our choice of the initial
conditions (a=B=0°), the orientation of BH} is tridentate for
angles @=0° and 250°13'. For @=125°06" and 305°06’,
BH, groups are in bidentate orientation and for a=70°13’
and 180° they are in monodentate orientation. One can see
that pronounced energy minima are present for bidentate ori-
entation at «=125°06" and a broad minimum for «
=305°06". This simple model shows that the mutual repul-
sion of negatively charged hydrogen ions favors bidentate
orientation for smaller molecules. This orientation is over-
ruled by the orbital overlap in Ti(BH,);, but is present in
Al(BH,)3, even when modified by a small nonionic contri-
bution. The broad minima in bidentate configuration have
two local configurations with slightly tilted BH, and are
practically flat for a small rotation around S axis. This is in
accordance with the rotation of BH, by ~17° around Al-B
axis,'? caused by nonionic effects.

144108-5



90
60
30

ZBIGNIEW LODZIANA

3605 -
O
300 ii’

270
240 !i'
21040

D 180)
§i150 =
120 i?

D
D)
(O
N~

PHYSICAL REVIEW B 81, 144108 (2010)

1.00
0.93
0.83
0.73
0.63
0.53
0.43
0.33
0.23
0.13
0.03

L
30 60 90 120 150 180 210 240 270 300 330 360

o (deg)

FIG. 2. (Color online) (a) Schematic view of the AI(BH4); molecule and rotation axes used for electrostatic considerations. Small white
balls are for hydrogen, light gray (yellow) ones for boron, and gray (fuchsia) is for aluminum. (b) Electrostatic potential energy surface for
BH, orientation around tri-valent metal cation. Bidentate orientation is for a=125°06" and «=305°06". The energy is given in arbitrary

units and normalized to the unity.

C. Electronic properties

The structural and geometrical properties presented above
originate from the electronic structure analyzed below. Each
compound in the most stable stoichiometry and at the ground
state is an insulator with the band gap [highest occupied
molecular orbital-lowest unoccupied molecular orbital
(HOMO-LUMO gap)] ranging from E,=6.53(6.80) eV for
Al(BHy); through E,=4.21(3.99) eV for Sc(BHy);; E,
=4.68(4.64) eV for Y(BH,)3; E,=(4.13) eV for Ti(BH,),,
and E,=5.66(5.72) eV for Zr(BH,),. Ti(BH,); has a local-
ized state at the Fermi level, due to the remaining electron on
d shell of titanium. The empty conduction bands are located
1.2 eV above localized state. The electronic density of states
(DOS) is presented in Fig. 3. The top of the valence band
consists mostly of the occupied states of hydrogen and bo-
ron, while the bottom of the conduction band belongs to the
empty orbitals of the central metal cation, as presented in
Fig. 3. For Y(BH,); the yttrium p-states are located just be-
low HOMO. For all compounds, however, an overlap of the
electronic states of the metal cation with boron and hydrogen
orbitals below the Fermi level can be seen in Fig. 3. Such an
overlap indicates that a purely ionic image of these com-
pounds is oversimplified, especially for the transition metals
and yttrium. The tridentate BH, orientation of these mol-
ecules is only weakly perturbed by the electrostatic repulsion
of hydrogen.

The band gap and DOS change only weakly for solid state
Al(BH,); and Zr(BH,),, and only a slight broadening of
states due to the formation of periodic structure can be ob-
served. On the other hand for Sc(BH,); and Y(BH,); a sig-
nificant change in the electronic properties can be observed,
especially for the valence band. The solid form of these com-
pounds no longer consists of the molecular units and the
formation of the band structure is related to the ionic nature
of periodic crystal. The band gap is comparable to HOMO-
LUMO gap for molecules.

D. Thermodynamic properties

Equipped with knowledge about the structural and
electronic ground-state properties, we examine now the
finite-temperature  thermodynamics of decomposition/
transformation reactions for metal tetrahydroborates. In the
simplest case, each compound, in its most stable stoichiom-
etry, may decompose either into elements (or relevant binary
metal hydrides) or it may produce a variety of boranes, such
as B,Hg or higher boranes. As higher boranes, i.e., B4H,
BsH,, [B,H,,]*" etc., are thermodynamically more stable
than the simplest one—diborane (B,Hg), we consider as the
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FIG. 3. (Color online) Partial density of states (DOS) for the
borohydrides of Al, Sc, Y, Ti, and Zr at 7=0 K. Solid black lines
are for DOS projected on metal cation, dashed red are for projection
on boron, dotted for hydrogen. All states are broaden by 0.01 eV.
For Al(BH,)s, Sc(BHy,);3, Y(BH,)3, and Zr(BH,), total density of
states for the solid phase is shown with gray (fuchsia), not in scale,
for clarity. Data are presented for the most stable stoichiometry,
with exception of titanium where DOS for Ti(BH,); and Ti(BH,)4
is presented.

144108-6



MULTIVALENT METAL TETRAHYDROBORIDES OF Al...

PHYSICAL REVIEW B 81, 144108 (2010)

TABLE III. Vibrational frequencies (in cm™') for the most stable stoichiometries of borohydrides of Al,
Sc, Y, Ti, and Zr. H, denotes terminal hydrogen, H,—the bridge hydrogen between boron and central cation.
The second row of each type of hydrogen refers to the solid phase. Two numbers for each mode bracket the
range of frequencies. For titanium stoichiometry stable at room temperature is considered.

Al(BH,)3 Sc(BH,)3 Y (BH,)3 Ti(BH,)3 Zr(BHy)4

B-H, 2535-2627 2624-2626 2611-2613 2637-2639 2626-2630
2526-2622% 2615-2621° 2308-2410¢ 2625-2628
2490-25554 2318-2432¢ 2200-2460¢ 2400-2585" 2400-26008

B-H, 2095-2185 2182-2306 2185-2282 2102-2313 2219-2257
2098-2196% 2205-2399° 2220-2261
2030-20594 2030-2230f 2100-23008

M-H, 1368-1499 1177-1243 1175-1242 1279-1303 1160-1261
1366-14992 1049—1349° 1078-1328¢ 1160-1265
1425-15654 1047-1320¢ 1145-1340F 1210-1345F

#For solid Pn2, structure.

PFor solid €222, structure.

‘For solid Pa3 structure.
dReference 11.

“Reference 16; for the solid phase.
fReference 57.

gReference 61.

upper stability limit decomposition into metal hydrides, hy-
drogen, and diborane. In fact, the thermolysis of B,Hg leads,
via loss of hydrogen, to the formation of boranes that contain
more boron and fewer hydrogen atoms in the molecule.%® In
fact, it has been shown recently that very stable solid phases
containing [B,H,,]*" are formed as intermediates during the
decomposition of alkali and alkaline earth metal
borohydrides.”>->> These salts were observed for univalent,?
and divalent>*>>%% metal cations. As the coloso-boranes can
be formed via Aufbau process (an addition of BH,  to
smaller borane clusters), the presence of these species fol-
lows directly our assumption that the limiting range of sta-
bility is given by decomposition to diborane. We will show
that the incorporation of diborane in the decomposition path
of the metal tetrahydroborides points out that kinetic effects
are important for the discussion about decomposition and
stability of these compounds. A possible formation of other
intermediate phases, such as metal-boron compounds, is not
considered here explicitly, since the formation of stable com-
pounds would lower the thermodynamic stability of metal
tetrahydroborates. The compounds investigated here are al-
ready unstable at ambient conditions. Formation of salts with
[B,H,,]*" is not considered explicitly here, as these salts, if
exist for metals considered here, would form more stable
products than diborane.

Thus for aluminum borohydride the following decompo-
sition paths are considered:

9
AI(BH4)3 = A1H3 + 3B + EHz,

which is the lower end of the stability limit. The upper end of
the stability limit is related to the formation of aluminum,
hydrogen, and diborane:

3 3
AI(BH4)3 = Al + EHz + EBzHG,
(we consider aluminum and hydrogen, since AlH; is thermo-
dynamically unstable at ambient conditions). Decomposition
into B4H;, falls between these border regimes.

4AI(BH,); = 4Al + 9H, + 3B,H,,.

For other metals the decomposition products include: el-
emental boron, hydrogen or diborane plus binary metal hy-
drides, MH, (M=Sc, Y, Ti, and Zr), since these binary metal
hydrides are stable even at several hundred Kelvins.

dn-2

M(BH,), <> MH, + nB + H,,

n n-2
M(BH4)n — MH2 + EBZHG + THz,

or
n
M(BH4)” > MH2 + ZB4H10 +AnH2,

where n=3 or 4 and A,,=5/2 or 4, respectively. For yttrium
we limit our analysis to the formation of YH,.

To determine the finite temperature properties of each de-
composition path the normal modes were calculated for each
compound in molecular and solid forms and for each decom-
position product. This analysis, besides thermodynamic func-
tions, provides spectroscopic data relevant for infrared and
Raman measurements. The high-frequency modes are sum-
marized in Table III. For the molecular form of each com-
pound the range of frequencies for the terminal and bridging
hydrogen is in reasonable agreement with the previous stud-
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TABLE IV. The zero point energy (ZPE) per formula unit for
M(BH,),. Values are given in kJ/mol. In the last column the values
are for metal hydrides, i.e AlH3, ScH,, YH,, TiH,, ZrH,, or for the
reference state of H,, B,Hg, and B4H;o. The numbers in parentheses
correspond to the solid phases of metal tetrahydroborides.

System  (BHy), (BHy)3 (BHy)4 MH,/other
Al 198.28 309.21(312.27) 63.21
Sc 201.25 306.77(317.60) 42.31
Y 199.50 302.65(314.83) 386.05 38.21
Ti 201.39 306.98 409.48 47.93
Zr 200.75 305.48 413.19(413.74) 43.95
H, 25.95
B,H, 161.16
B.H,, 283.72

ies. Note that normal modes for terminal hydrogen in com-
pounds with tridentate BH, orientation are located in a rather
narrow frequency range close to 2600 cm™'. In the solid
forms of Al(BH,); and Zr(BH,), these modes and the ones
related to bridging hydrogen remain practically unaltered.
For yttrium and scandium borohydrides in the cubic crystal-
line form the highest frequency modes soften significantly
and the modes related to bridging hydrogen disappear, see
Table III. For the lowest energy orthorhombic phase of
Sc(BH,), phase both high-frequency modes at ~2600 cm™!
and those related to bridging hydrogen are present, see Table
III. As the highest mode frequency difference between the
molecular and solid states exceeds 200 cm™!, it could serve
as a simple and robust method for detecting stoichiometric
molecular units in compounds or, in the case for scandium
borohydride, for discrimination between possible crystalline
phases.

The zero point energies (ZPE) for each compound and
stoichiometry are presented in Table IV. For each metal
borohydride the vibrational contribution to the free energy
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FIG. 5. (Color online) Thermodynamic stability of Ti(BHy)s/4
and Zr(BHy),. For titanium borohydride decomposition into TiH,
and diborane is marked with dashed (black) line for Ti(BH,); and
with solid (red) line for Ti(BH,),4. For zirconium borohydride solid
lines denote molecular properties, while the dashed ones are for
solid state structures. The decomposition path to boron and hydro-
gen is marked with black line, to diborane—with red lines and to
B4H;—with green ones. Data is presented for 1 bar partial pressure
of hydrogen.

equals ~100 kJ/mol of (BH,). This rather large value,
agrees well with the assumption made by Miwa et al. in Ref.
38 for monovalent borohydrides. The formation of solids
does not affect ZPE by more than a few %. This is true even
for borohydrides of yttrium and scandium, where the mo-
lecular structure is destroyed in the ionic crystal.

The free energy for decomposition, i.e., thermodynamic
stability of AI(BH,)3;, Y(BH,); and Sc(BH,); is presented in
Fig. 4 and for Ti(BH,); and Zr(BH,), in Fig. 5. The negative
AG is for a temperature range, where metal tetrahydrobo-
rates are stable. A particularly striking effect is that all com-
pounds in their molecular states are thermodynamically un-

40
20 -
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.40 4

AG (kJ/mol BHy)

N B
o o o
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0 100 200 300 400 500
(b) Temperature (K)

FIG. 4. (Color online) Thermodynamic stability of AI(BH,)3 (a) and Y(BH,); and Sc(BH,)3 (b). Solid lines represent data for properties
based on a molecular form of compounds, dashed lines represent solid state structures. The decomposition path into boron and hydrogen is
marked with a black line, decomposition into diborane—with red lines, and to B4H;, with green ones. Data is presented for 1 bar partial

pressure of hydrogen.
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stable with respect to decomposition into boron and
hydrogen, and they decompose below 150 K at 1 bar partial
pressure of hydrogen. Moreover, for borohydrides of alumi-
num and zirconium there is no difference in thermodynamic
stability of their molecular and crystalline forms (due to the
weak Van der Waals bonding of these crystals). The stability
of crystalline Y(BH,); and Sc(BH,); is significantly larger
than the molecular structures due to the large cohesive en-
ergy of the crystals. However, the calculated instability of
borohydrides of Al, Ti, Sc, and Zr contradicts the experimen-
tal observation and characterization of these compounds at
ambient conditions. To explain this contradiction we turn our
attention to the upper stability limit of metal tetrahydrobo-
rates: decomposition into diborane (and higher boranes).
Here, the apparent thermodynamic stability of metal
borohydrides increases due to positive formation enthalpy
of B,Hy (ranging from AH=+36 kJ/mol to AH
=+52.4 kJ/mol).!%7%71 On the other hand, diborane is ki-
netically robust at ambient conditions. One can see in Figs. 4
and 5 that within decomposition path involving B,Hg the
compounds with Al, Sc, and Zr become stable at 1 bar of
hydrogen and room temperature. The thermodynamic stabil-
ity range with respect to B;H,q as a final product is located
within the border limits bracketed by boron/hydrogen and
those of diborane/hydrogen. Even though the detailed de-
composition mechanism of metal tetrahydroborates still
awaits atomistic explanation, the present results indicate that
the stability is related to kinetic factors, as observed for
many borohydrides.”

Yttrium borohydride in the ionic crystalline structure, is
thermodynamically stable with respect to decomposition to
YH,, boron and hydrogen below 300 K (Fig. 4), which is in
reasonable agreement with experiential evidence.'®

The stability of titanium borohydride deserves special
consideration as this compound appears to be thermodynami-
cally unstable with respect to decomposition into boron and
hydrogen even at the ground state. The stability of
Ti(BHy); 4 with respect to diborane and TiH, is presented in
Fig. 5. This compound seems to be unstable at normal ther-
modynamic conditions also for this decomposition path. For
the gas phase Ti(BH4), would convert to Ti(BH,); at T
=140 K, according to harmonic approximation presented
here. These results indicate that the difficulties with the syn-
thesis of this compound might be related to the lack of ther-
modynamic stability of titanium borohydride.

IV. DISCUSSION

In the present paper, we discuss the structural, electronic
and thermodynamic properties of metal borohydrides with
tri- and tetravalent metal cations. While borohydrides of uni-
and divalent metals form strongly ionic solids, the crystalline
structure of metal borohydrides with higher valency consists
of molecular stoichiometric units of Al(BH,); or Zr(BH,),
that are bonded by weak Van der Waals forces. In the weakly
bonded crystals each molecular unit is formed via ionic (for
Al(BH,)3), or iono-covalent (for Zr(BH,),) forces. However,
trivalent cations may also form ionic solids, as for Y(BH,);.
Crystalline borohydrides of Al, Sc, Y, Ti, and Zr are insula-
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tors in their ground state, and as molecules these compounds
have the HOMO—LUMO gap exceeding 4 eV. In both mo-
lecular and crystalline forms there is a significant charge
transfer between metal cation and the surrounding BH,
groups. The charge transfer ranges between 0.76 e/BH, for
Al(BH,); and 0.46 e/BH, for Ti(BH,),. Since the Pauling
electronegativity of Ti and Al is comparable (1.54 and 1.61,
respectively), the large differences in the charge transfer
originate from a different type of bonding between the metal
atom and BH,. A larger orbital overlap for Ti and BH, (see,
Fig. 3) suggests a more covalent bonding for this compound,
and the ionic nature of AlI(BH,); is manifested through a
bidentate orientation of BH, groups in the molecule. This
orientation is explained here through a simple electrostatic
repulsion of negatively charged hydrogen atoms and pre-
sented in Fig. 2. Two aspects of this studies require further
discussion: atomic structure and thermodynamic stability of
metal borohydrides.

The purpose of the present paper is not to find or propose
the most stable crystalline structures for compounds. The
present studies are instructive in comparing hypothetical
crystalline phases for Sc(BH,)3, even though scandium boro-
hydride is not interesting for practical large-scale applica-
tions, due to high prices and the scarcity of scandium. In a
cubic P3 symmetry of Sc(BH,); each scandium ion is coor-
dinated to six BH, groups with Sc-B distances ranging be-
tween 2.58 A and 2.64 A. This distance is significantly
larger than for a molecular form of this compound, see Table
I. On the other hand, in the orthorhombic structure®® Sc is
coordinated to four BH, groups with spacing to boron rang-
ing between 2.25 A, and 2.54 10\, which is close to the re-
spective spacing in the molecular form. The ionic charges in
orthorhombic C222, structure are similar to those in the mo-
lecular form, while in the cubic structure these charges are
larger, and so are more ionic, see Table II. This suggests that
the local interaction between scandium and BH, determines
the larger stability of the orthorhombic phase.

Sc(BH,); and other metal borohydrides can be considered
as ionic systems and the metal coordination in crystalline
structures can be explained via a set of Pauling rules.’>73
Pauling rules state that each cation is surrounded by anions
forming regular polyhedron around it. The type of polyhe-
dron depends on the ratio between ionic radii of a cation and
an anion. When this ratio is between 0.155 and 0.225, trigo-
nal coordination is preferred; for the ratio between 0.225 and
0.414 tetrahedral coordination is expected; and for the ratio
between 0.414 and 0.732 the octahedral coordination is pre-
ferred. A sensible ionic radius for BH,™ is in the range rgy,
=1.7...2.0 A, while those for metals are: Al’*
=0.53(0.675) A; Sc**=0.885(1.01) A; Y3*=1.04(1.16) A;
Ti*=0.56 A, Ti**=0.81 A, and Zr**=0.73(0.86) A,
where numbers in the parentheses denote the larger coordi-
nation number, i.e., tetrahedral versus trigonal for Al. Within
these assumptions a favored coordination for Al and Ti is
three to four, and Sc, Y, and Zr possess octahedral coordina-
tion in the crystalline ionic form. These simple predictions
agree very well with the crystalline coordination of Al, Y,
and Zr. The lowest energy structure of scandium borohydride
has tetrahedral coordination of Sc, which indicates that non-
ionic contributions are important for the stability of this
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phase or that the real ground state remains to be discovered.
The low density of the C222; phase of Sc(BH,); results from
a loose packing of tetrahedra, consisting of Sc and four BH,
groups, rather than from a denser crystalline packing of bo-
rane groups around scandium for P3 symmetry.

An important result of the present studies is the indication
that at ambient conditions tetrahydroborates of Al, Sc, Ti,
and Zr are thermodynamically unstable, with respect to de-
composition into molecular hydrogen and boron. To explain
the experimental observation of Al(BH,);, Ti(BH,)s;, and
Zr(BH,), at room temperature we suggest that the stability of
these compounds can be explained through a decomposition
path that involves the formation of diborane or higher bo-
ranes, which have to be formed prior to decomposition into
elements. Diborane (B,Hg) is thermodynamically unstable,
i.e., it has positive formation enthalpy ranging from AH
=+36 kJ/mol to AH=+52.4 kJ/mol,'>’%7! but is kinetically
robust even above room temperature.'>’! If B,H, molecules
were formed in an intermediate step of borohydrides decom-
position, this would increase their apparent thermodynamic
stability. Furthermore, the stability of metal borohydrides
considered here would be related to the kinetic factors (those
relevant for the stability of diborane). In fact, above 323 K
diborane decomposes spontaneously into hydrogen and bo-
ranes containing even more boron in the molecules. The de-
composition of diborane into monoborane (BH;) takes place
above 573 K, and this molecule decomposes spontaneously
into elements above 673 K.!° The decomposition of borohy-
drides of mono and divalent metals occurs usually above 500
K. For that reason large amounts of diborane are not ob-
served there. However, careful studies of decomposition
products of LiBH, reveal the presence of B,H.?° B,H, was
also reported as a decomposition product of Zn(BH,), (Ref.
21) or Zr(BH,),.”> Some authors suggest that borohydrides
of Zn and Zr decompose slowly at room temperature even
though their ultimate decomposition takes place above 300
K.222 This is in accordance with the kinetic stability of
borohydrides suggested here.

Based on thermodynamic stability analysis presented
above, we suggest that the decomposition of borohydrides of
metals with valency higher than two proceeds through the
formation of B,Hy and H,. The entropy of such a decompo-
sition path is lower than that for a direct formation of mo-
lecular hydrogen and boron, as can be seen in the lower
slopes of the free-energy lines in Figs. 4 and 5. The decom-
position path can be schematically described as: M(BH,),
— MH,+3B,Hg+57H, — - - - — MH,+xB+ *52H,. At high
temperatures, where diborane splits into monoborane and
further to the elements, the competing decomposition path

would involve monoborane: M(BH,),— MH,+xBH;
+5%H,— - - — MH,+xB+*2H,; "+ stands for higher

boranes that are formed during the decomposition. The for-
mation enthalpy per BH, is presented for A1(BH,); for three
decomposition products: boron and H,, diborane and H,, and
tetraborane plus H, in Fig. 6. The formation enthalpy calcu-
lated with respect to diborane as a final product of the de-
composition path increases the apparent stability of alumi-
num borohydride. At temperature 7=200 K, Al(BH,); is
thermodynamically unstable (the positive enthalpy of forma-
tion denotes here thermodynamic instability) with respect to
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FIG. 6. (Color online) The formation enthalpy of aluminum
borohydrides with respect to various decomposition products. A
stands for decomposition into boron and hydrogen (B+H,) as a
final products; B represents decomposition into diborane and hydro-
gen (B,Hg+H,) as final products; and C means decomposition into
B4H(p+H, as an example of higher borane. The left panel shows
the enthalpy of decomposition at 7=0 K, the right panel—T
=200 K. A schematic view of decomposition products is repre-
sented by white balls for hydrogen and dark (red) balls for boron.
Data are presented for 1 bar partial pressure of hydrogen.

the elements and AlH;. However, it is still stable with respect
to emission of diborane, but this is due to the kinetic robust-
ness of B,Hg.

Higher boranes are spontaneously formed from diborane
(usually in the presence of nonoxidizing acids'). Thus the
decomposition scheme proposed here is in accordance
with recent experimental observations of salts with
[B,H,,]*>~.23?4% The [B,H,,]*" is unusually stable coloso
borane’ and is formed during decomposition of uni- and
di-valent metal borohyrides at temperatures above 500 K. If
these salts existed also for trivalent borohydrides, they would
possess stoichiometry M,(B,H,,); and complex crystalline
structures might be expected. However, the question whether
B|,H,, can be formed at lower temperatures or only above
500 K, as in the case of uni- or divalent metals is yet to be
answered. The decomposition scheme of Al(BH,); via for-
mation of diborane does not exclude the possible of forma-
tion of other aluminoboranes;” however, detailed analysis of
their stability is beyond the scope of the present paper. Par-
ticipation of diborane in decomposition of metal tetrahy-
droborates indicates that kinetic factors are important for
considerations about the stability of these compounds, espe-
cially at temperatures below 323 K, where B,Hy is stable.

V. CONCLUSION

In this manuscript, we show that tetrahydroborides of Al,
Sc, Ti, and Zr are thermodynamically unstable at ambient
conditions with respect to the decomposition into boron and
hydrogen. We suggest that their decomposition path involves
as a necessary step the formation of diborane. Thermody-
namically unstable B,Hg forms higher boranes, possibly in-
cluding [B,,H,,]>". The stability of borohydrides of Al, Sc,
Ti, and Zr is related to the kinetic factors. Structural and
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spectroscopic properties of these compounds are presented
and the details of their electronic structure are analyzed. The
bonding in the crystalline phases can range from weak Van
der Waals for aluminum and zirconium borohydride to ionic
for yttrium borohydride.
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