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Compounds of light elements and hydrogen are currently extensively studied due to their potential applica-
tion in the field of hydrogen or energy storage. A number of new interesting tetrahydroborates that are
especially promising due to their very high gravimetric hydrogen content were recently reported. However, the
determination and understanding of their complex crystalline structures has created considerable debate. Metal
tetrahydroborates, in general, form a large variety of structures ranging from simple for NaBH, to very
complex for Mg(BHy,),. Despite the extensive discussion in the literature no clear explanation has been offered
for this variety so far. In this paper we analyze the structural and electronic properties of a broad range of metal
tetrahydroborates and reveal the factors that determine their structure: ionic bonding, the orientation of the BH,
groups, and the coordination number of the metal cation. We show, in a simple way, that the charge transfer in
the metal tetrahydroborates rationally explains the structural diversity of these compounds. Being ionic sys-
tems, the metal tetrahydroborates fall into the classification of Linus Pauling. By using the ionic radius for the
BH, group as determined in this paper, this allows for structural predictions for new and mixed compounds.
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I. INTRODUCTION

The metal tetrahydroborates, also called tetrahydrobo-
rates, borohydrides or, in short, boranates, are compounds
containing metal cations and BH, groups. They have been
shown to form with alkali and alkaline-earth elements, vari-
ous transition metals, and with aluminum.'~'# In general, the
number of BH, groups per metal atom reflects the valency
of the cation. Recently, the tetrahydroborates have been stud-
ied intensively because of their high gravimetric hydrogen
content, which makes them potential hydrogen storage
materials. '3

In the simplest picture, the tetrahydroborates can be
thought of as ionic solids with metal cations and BH, anions
that are semicovalently bound molecular units. The valence
electrons from the metal are transferred to the BH, groups
which then have a sufficient number of electrons to fill an
eight-electron closed-shell configuration. When this simple
picture is used to model the enthalpy of formation using a
Born-Haber cycle, a very reasonable agreement with known
experimental values for the alkali and alkaline-earth tetrahy-
droborates can be found.'®!”

The crystal structure complexity of the tetrahydroborates
increases with increasing valency of metal atoms. In general,
structural complexity is attributed to an enhanced cation-
hydrogen interaction. Other factors contributing to the
complexity could be related to the increased number of an-
ions per cation and the decrease in the cations’ average size.
In fact, for monovalent metals the agreement between ex-
perimental and theoretical data describing the low-
temperature structural properties is excellent.'®!” For the

1098-0121/2010/81(2)/024117(11)

024117-1

PACS number(s): 61.50.Lt, 65.40.—b, 71.20.Nr

high-temperature phase of LiBH,, however, some discrepan-
cies in understanding structural properties still exist.”?!

The, only recently, determined crystal structures of
the tetrahydroborates of magnesium and calcium show that
the simple ionic picture might be too simple to predict the
full details of their crystal structures. In the case of magne-
sium, a low- and a high-temperature crystal structure have
been determined experimentally, both showing a high
complexity.””>* Additionally, high-pressure studies indicate
the existence of other phases.” Besides these, two other
crystal structures have been predicted by density-functional
theory (DFT) studies that have a lower total energy than the
experimentally determined structures.”?’ Even more struc-
tures have been predicted by DFT, all of which lay close in
total energy to the experimental and more stable DFT
structures.!2628-31 Such a large diversity of structures and
discrepancy between theoretical and experimental results is
not common for this type of materials.

In the case of calcium tetrahydroborate, three polymorphs
have been found.>° The « phase transforms into the 8
phase around 130—170 °C.**-*3 The vy phase only forms un-
der specific conditions.?>364* In all cases, the calcium cation
is coordinated by six BH, groups, two more than in the mag-
nesium tetrahydroborate structures. For this compound and
also for Be(BH,), there is a reasonable agreement between
experimental and theoretical structural data.

At ambient conditions, the tetrahydroborate of aluminum
Al(BH,); is a liquid. However, at low temperatures two dis-
tinct phases of this compound were identified, both possess-
ing a complex crystalline symmetry.*>#6 In the two solid
phases and in the liquid phase, the aluminum cation is coor-
dinated by three BH, groups and the structure is bonded via
weak dispersive interactions.

©2010 The American Physical Society
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TABLE I. The Bader charges (in electrons) on the atoms and the local structural parameters for the metal
tetrahydroborates considered in the present work. Repeated numbers span the range of charges observed for
inequivalent hydrogen ions. CN stands for coordination number for the metal cation and d(M-B) is the
average distance between metal cation and the nearest boron atoms in Angstroms.

System Cation B H CN d(M-B)
LiBH, +0.89 +1.62 -0.62 —0.64 4 2.50
NaBH, +0.89 +1.62 -0.63 6 3.00
KBH, +0.85 +1.63 -0.62 6 3.34
Be(BH,), +1.66 +1.62 -0.55 -0.67 3 1.89
Mg(BH,), ® +1.67 +1.60 -0.60 —0.62 4 2.40
Ca(BH,), ° +1.58 +1.60 -0.58 —=0.60 6 2.90
A1(BH,), +2.29 +1.54 -0.50 —0.64 3 2.14

4F222, this phase is considered as a representative for Mg(BH,),. Other structures of this compound have the
same coordination number and bidentate BH, orientation.

bP42/m.

In this paper, we reveal the physical principles behind the
variety of complex crystal structures seen in the tetrahy-
droborates. We study the interaction between the alkali ele-
ments Li, Na, and K, the alkaline-earth elements Be, Mg, Ca,
and Al, and BH, groups using first-principles DFT calcula-
tions and analytic models for electrostatic interaction. We
show that metal tetrahydroborates, as strongly ionic systems,
obey the simple rules for atomic coordination proposed by L.
Pauling for that class of compounds. Additional structural
complication is present in tetrahydroborates due to tetrahe-
dral symmetry of BH, group. From our studies, we explain
the local geometries that occur in the known crystalline
structures of the metal tetrahydroborates and link these to the
details seen in the electronic structures of the solids. We
show that the complicated structure of Mg(BH,), results
from a combination of electronic and electrostatic effects.

II. CALCULATIONS AND MODELS

A. Computational details

All DFT calculations are performed applying the general-
ized gradient approximation for the exchange-correlation
functional.*’ We used a plane-wave basis set and the
projector-augmented wave method,*®*’ as implemented in
the Vienna ab initio simulation package VASP,>*3 and ap-
plied nonlinear core corrections.>*

The calculations on the clusters are performed using su-
percells. All are cubic with sides of at least 18 A. These
large cells are required to obtain the total energies converged
within 0.01 eV. The reciprocal space is sampled by the I’
point only in this case.

The calculations of the solids are performed using k-point
samplings such that in all cases the total energy is converged
within 1 meV/f.u. The Bader charge analysis was performed
using a Gaussian smearing with a width of 0.05 eV and the
grid for the charge density with spacing of 0.04 A or denser.
The calculations of the densities of states are performed us-
ing the tetrahedron method,> except for those compounds
that have a large unit cell. In those cases, Mg(BH,), and

Be(BH,),, a Gaussian smearing with a width of 0.1 eV is
used.

B. Crystal structure of the solids

We start by studying in detail the local geometries as they
occur in the solid-state crystals, adopting the following no-
menclature. Under monodentate, bidentate, or tridentate ori-
entation we understand the orientation of a BH, group with
respect to a metal ion where one, two, or three hydrogen
atoms are pointing toward the metal atom. Talking about the
coordination number of a metal atom we always count the
number of the nearest BH, groups.

The calculations for the solid phases were performed on
the crystal structures of Be(BH,), reported in Ref. 56, those
of Mg(BH,), as reported in Refs. 27 and 28, that of
Ca(BH,), as in Ref. 33, LiBH, as in Ref. 20, NaBH, and
KBH, as in Ref. 18, and Al(BH,); as in Refs. 45 and 46. All
structures were optimized with respect to the lattice param-
eters and internal atomic positions in the appropriate crystal-
lographic symmetry. The structural details of the crystals can
be found in Tables S1-S3 of the supporting information.”?

An analysis of the atomic coordination and mutual orien-
tation of the metal atoms and molecular groups provides an
insight into local properties and the interaction between the
atoms of all structures considered here. For lithium tetrahy-
droborate, the orientation of the BH, groups with respect to
the tetrahedrally coordinated Li cation can be perceived as
mixed bidentate and tridentate. For NaBH, and KBH,, these
groups are oriented in the bidentate configuration in an octa-
hedral coordination around the central metal cation and their
separation from the cation is significantly larger than in
LiBH,, see Table I. For compounds with divalent cations, the
orientation of the BH, groups with respect to the metal cat-
ion also varies: in Be(BH,), and Mg(BH,), it is bidentate
with Be coordinated by three and Mg by four BH, groups. In
Be(BH,),, the Be-B separation is the smallest cation-cluster
separation of all compounds considered here (see Table I).
The Ca cation is surrounded by six BH, groups, which are in
mixed bidentate and tridentate orientations. In aluminum tet-

024117-2



BINDING IN ALKALI AND ALKALINE-EARTH...

rahydroborate, the BH, groups are in bidentate orientation
with respect to the central Al cation with a coordination
number of three. In this system, the crystalline structure is
built from stoichiometric A1(BH,); molecular units.

To sum up, the coordination number of the cations ranges
from three to six and the orientation of the BH, groups with
respect to the metal cations varies between bidentate and
tridentate. A monodentate orientation is not observed in any
of the compounds considered here. We will discuss these
differences and their origin in more details in the following
parts of this paper.

The nature of the bond between metal atoms and BH,
groups can be examined by analysis of atomic charges in the
system.’”>® The Bader charges, see Table I, on the atoms
show a trend of decreasing ionicity with increasing valency
of the cation; the average charge on the BH, groups varies
between ~0.88e for monovalent cations through ~0.82¢ for
divalent and ~0.77¢ for AI(BH,);. A similar trend among
atoms from the same column of the periodic table does not
exist. Moreover, there is no simple relation between metal-
boron distance and the charge transfer.

According to the Bader analysis, all compounds are
strongly ionic. Within the BH, groups, the electronic charge
is also not distributed homogeneously. The majority of the
electronic charge is located on the hydrogen atoms, which is
in accordance with the Pauling electronegativity of hydrogen
and boron (2.2 for H and 2.0 for B). In the following sections
we present studies which clarify the relationships between
the coordination number of the metal cation, the orientation
of the BH, groups with respect to a central metal cation, and
the dimensions of the cation.

C. Interaction of a single BH,; group with a cation

To get a clear picture of the first-order effects of the in-
teraction between the cations and a BH, group, we focus first
on the interaction of a single group with the series of cations.
The systems are modeled by fixing the BH, group and rotat-
ing the cation around it for a series of metal-boron distances.
The rotation is chosen in such a way that the cations are
initially in bidentate orientation at 0°, then reach the triden-
tate orientation at 54.74°, a monodentate orientation at
125.26°, and come back to the second bidentate orientation
at 180°. Using DFT, we calculate the total-energy landscape
of the system as a function of the rotation angle and the
cation-boron distance. In all calculations, neutral atoms are
placed in the supercell.

It is evident from Fig. 1 that in all cases the tridentate
orientation of BH, with respect to the central metal atom is
the global minimum of the total energy. The bidentate orien-
tation is slightly less favorable (~0.2-0.4 eV), with the
equilibrium distance being 0.2 A larger than the optimal dis-
tance in the tridentate orientation, see Table II. The mono-
dentate orientation is in all cases significantly less favorable
(>1.0 eV) at an optimal distance of about 1 A larger than
the optimal distance in the tridentate orientation. The energy
difference between tridentate and bidentate orientations var-
ies only slightly between the different cations while the
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difference in energy between the tridentate and the monoden-
tate orientations varies by an order of magnitude more.

The atomic radii of the metal cations correlate with the
equilibrium metal-boron separation, see Table II, however,
the M-B distance is generally smaller in the present model
than in the solids. For monovalent cations, it is systemati-
cally underestimated by more than 10%. For divalent cat-
ions, this difference is below 10% and for aluminum the
equilibrium separation compares rather well to that observed
in the crystalline phase.

The above analysis indicates that the monodentate orien-
tation is energetically unfavorable for metal tetrahydrobo-
rates and tridentate arrangement will be the one most likely
to occur in the solid structures. However, in the compounds
considered here, the bidentate orientation is also observed in
the crystalline phase. This suggests that effects beyond the
scope of the present model are crucial for determining the
solid-state structure. It becomes clear at this point that dif-
ferences in covalent interaction, orbital overlap, and charge
transfer between the metal atoms and the BH, groups do not
explain the bidentate orientation that occurs in the solids.

D. Three-dimensional coordination of cations

The planar model presented in the previous section re-
veals a correlation between the radius of the metal cation and
the metal-BH, separation. However, the coordination number
for a given cation and the optimal orientation of the BH,
groups with respect to the metal atom for that coordination
cannot be calculated that way. Therefore, we now continue
our analysis with an extended model that consists of three-
dimensional (3D) structures relevant for the local geometry.
This model provides the simplest way to discriminate be-
tween the different orientations of the BH, groups. The sim-
plest three-dimensional model includes metal atoms tetrahe-
drally coordinated by tetrahydroborate groups. Such a model
takes into account the attractive interaction between ions of
opposite charge, the repulsive interaction between ions with
the same charge state, and nonionic interactions such as or-
bital overlaps.

These calculations were performed using supercells with
edges of at least 18 A. For a set of metal-boron separations,
the orientation of the hydrogen atoms was relaxed (each BH,
group was allowed to freely reorient, keeping the boron po-
sitions fixed). We add extra electrons to the (neutral) system
such that, accounting properly for the oxidation state of the
metal ions, the formal charge on each BH, is —le. To com-
pensate for these, a uniform background charge was imposed
on the system. We limit our analysis to divalent cations,
hence the charge on the metal ions is +2e. In Fig. 2, the total
energy of the system consisting of the divalent metals sur-
rounded by four BH, groups as a function of metal-boron
spacing is presented for bidentate, tridentate, and arbitrary
BH, orientations.

For Ca(BH,),, the equilibrium separation between tet-
rahydroborate groups and the metal is larger than ~2.6 A.
The analysis for this compound gives only qualitative as-
pects since the tetrahedral coordination cannot be compared
directly to the real crystal structure since there each Ca cat-
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FIG. 1. (Color online) Potential energy surface for a BH, group interacting with a cation. All total energies are aligned to be zero at the
minimal energy. The isolines are at 0.2 eV separation. The y axis denotes the rotation angle and the x axis the boron cation separation. The
radial resolution of the underlying calculations is 0.1 A and an angular resolution of 10° is applied. The plots are drawn applying a cubic
spline to this data, the contours are also plotted using a cubic spline.

ion is surrounded by six BH, groups. The origin for this
being the optimal coordination will be explained below. For
the purpose of the present model we only point out that there
is no preferential orientation of BH, group with respect to

TABLE II. Ion sizes and interatomic distances for the metal
tetrahydroborates considered in this work. Under, Rg: the ionic ra-
dius according to Shannon (Ref. 59), d(M-B): the cation-boron dis-
tance as in the crystal structure of the solid, and under bidentate and
tridentate: the minimum-energy distance for a single BH, group

interacting with the specific cation in the respective orientation.

System Rg d(M-B) Bidentate Tridentate
LiBH, 0.59 2.50 2.1 1.9
NaBH, 1.02 3.00 2.5 2.3
KBH, 1.38 3.34 2.8 2.6
Be(BH,), 0.16 1.89 1.8 1.7
Mg(BH,), * 0.57 2.40 23 2.1
Ca(BH,), ® 1.00 2.90 26 24
Al(BH,); 0.39 2.14 2.3 2.1
4F222.

P4,/ m.

Ca, i.e., the bidentate and tridentate orientations are energeti-
cally equivalent, see Fig. 2.

For Mg(BH,),, the equilibrium metal-BH, separation is
~2.4 A, which compares well to the separation in the bulk
crystal structure. This indicates that, besides the ionic attrac-
tion between Mg and BH,, the mutual repulsion between
BH, groups plays a significant role in determining of the
local cluster geometry. For this compound, there is a prefer-
ence for the bidentate and even for distorted bidentate, ori-
entation of the BH, around Mg.

For Be(BH,),, which contains the smallest of all cations
considered here, the tridentate orientation of the BH, is
strongly unfavorable and a strong preference for the biden-
tate orientation is observed, see Fig. 2. Moreover, for this
compound a threefold coordination of the Be is preferred
over a fourfold coordination. This coordination number
change is accompanied by an energy gain of more than 1 eV
due to the detachment of a (BH,)~ group, see lower left
corner of Fig. 2. Such preference properly reveals a threefold
coordination of Be in the crystalline phase and a bidentate
orientation of BH, groups.

The separation between the metal atoms and the BH,
group in this model is comparable to that in the real bulk
crystal structures, see Table I, even though the charge trans-
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FIG. 2. (Color online) The total energy of the system for differ-
ent BH, orientations as a function of cation-anion separation for
tetrahedrally coordinated divalent cations Be, Mg, and Ca. Solid
symbols are for Be, open ones for Mg, and crossed symbols are for
Ca. Orientation of BH, anions is tridentate—triangles (black),
bidentate—squares (red), and arbitrary (including distortion of tet-
rahedra around metal cation) that minimize total energy of the
system—circles (blue).

fer between the atoms is different; for the present 3D model
we assumed formal charges on the atoms of +2¢ on the met-
als and —1le on the BH, groups. In reality, these charges are
smaller, see Table I, and the dielectric properties of these
kinds of crystals are significantly different from those of the
vacuum.®

The important phenomenon revealed by this 3D cluster
model is that for a small separation between the metal and
the BH, group the preferential orientation of the BH, group
around central metal cation may change from tridentate to
bidentate, which are the orientations most often observed in
the crystal structures. The mutual repulsion between the an-
ions is an additional feature in the 3D model with respect to
the model presented in the previous section. Thus, one might
relate changes in the BH, orientation to the electrostatic ef-
fects. In the following paragraphs we will propose a simple
model that clarifies, both qualitatively and quantitatively, the
effect of this repulsion in details.

Orientation of BH,

In order to understand orientation of BH, groups around
the metal cation we propose now a simple model that focuses
solely on the electrostatic repulsion between BH, groups.
According to the charge distribution analysis presented in
Table I, all hydrogen atoms carry a negative charge. We as-
sume this point charge to be equal on every H atom. We
consider each BH, group as a rigid body, i.e., neglect modi-
fication of their shape and B-H bond lengths. Each BH, clus-
ter may rotate around the central boron atom and we describe
this rotation by two angles. The angle a denotes rotation
around the axis which is perpendicular to the metal-boron
bond (see Fig. 3). The second rotation axis is parallel to the
metal-boron bond and is described by the angle 3. The BH,
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FIG. 3. (Color online) Schematic view of the rotation axes that
are considered in the model for electrostatic interaction. BH, mol-
ecules are in tridentate configuration, the initial positions of the
model (all angles are with respect to this orientation). Light gray
(red) spheres are for boron, central gray (blue) one for metal, and
small white ones are for hydrogen.

molecules are separated from the cation by a distance / that is
expressed as the ratio between the metal-boron and B-H
bond lengths. This ratio is small for the Be(BH,), system
and increases for the other elements. In fact, the B-H bond is
~1.2 A for all compounds and the metal-boron spacmg
ranges from ~1 90 to ~3.4 A. We take for a small spacing
the ratio / =— to be 1.2 and 1.9 for larger spacing. The
dielectric propertles of the system are homogeneous. For our
choice of the initial conditions (a=8=0°), the orientation of
BH, is tridentate for angles a=0° and 250°13’. For «
=125°06" and 305°06’, BH, groups are in bidentate orien-
tation and for «=70°13" and 180° in monodentate orienta-
tion. For the tridentate orientation, rotation around axis S
reveals threefold symmetry.

The electrostatic potential energy of the system can be
expressed as V=2, % Jr where 7,j runs over all hydrogen at-
oms from different BH4 groups with r; ; the distance between
them. The interaction between H atoms from the same BH,
unit can be neglected, as the BH, group is considered to be a
rigid body and this interaction will introduce an additive con-
stant only. The orientation of each of the four BH, groups is
the same with respect to the initial position, i.e., they are
symmetrically equivalent. All BH, rotate simultaneously by
the same angle. Their orientation can be expressed by two
rotation matrixes r=Rg-R,-1j, where Ry is the rotation S
and R, is the rotation . It is important to note that a rotation
is first performed by the angle « and then by the angle .
The angle « defines the orientation of the BH,’s with respect
to the metal, i.e., monodentate and bidentate. The angle 8
subsequently changes the orientation of the BH,’s with re-
spect to each other, at that specific BH,-metal orientation,

e., the angle B does not change the metal-hydrogen dis-
tances.

The potential-energy surfaces of the four BH, groups in
tetrahedral coordination around a central metal cation are
presented in Fig. 4(a) for small separation (/=1.2) and in Fig.
4(b) for large separation (/=1.9). For the BH, groups being
close to the metal cation the potential is complex. In this
case, numerous local minima indicate that energetic prefer-
ence for tridentate (e~ 0° and ~250°) orientations is accom-
panied by energetically competitive bidentate (o~ 125° and
~305°) arrangement. Most of the energy minima are rather
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FIG. 4. (Color online) The potential-energy surface for BH,
orientation tetrahedrally arranged around metal cation. (a) for short
metal boron distance and (b) for large distance. The energy scale is
normalized to one in (a) and the same normalization constant is
used in (b) for easier comparison. The meaning of angles a and S is
explained in the text and in Fig. 3. Monodentate orientation is for
angles «=70°13" and 180° bidentate for a=125°06" and
305°06'; and tridentate for a=0° and 250°13’.

smeared and connected such that distinct orientations are en-
ergetically equivalent. However, the local minima for biden-
tate orientation (at a~ 125°) are separated by large energy
barriers.

For large [, the tridentate orientation is the most stable
arrangement of the BH, groups around the metal cation, Fig.
4(b), and two well-defined equivalent arrangements exist for
a~0° and a~250°. For larger separation, the electrostatic
contribution to the total energy of the system is an order of
magnitude smaller than for the situation shown in Fig. 4(a).
Thus, our simple model indicates that, when considering
electrostatic repulsion between multiple BH,’s tetrahedrally
arranged around metal cation, the bidentate and tridentate
orientations become energetically competitive; this is in con-
trast to the one-dimensional model where the tridentate ori-
entations were distinct and separated energy minima.

From simplified models presented above the following
conclusions can be drawn: (i) the equilibrium distance be-
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FIG. 5. (Color online) Total density of states (states/[formula
unit eV]) for all materials discussed. The solid lines show the DOS
of the complete materials, zero of energy is placed at the top of the
valence band and the dashed line shows the DOS of the systems
where the cations have been replaced by a homogeneous back-
ground. For the sake of the argument, see text, these are aligned to
the DOSs of the original system such that the bottoms of the con-
duction bands are at the same energy.

tween BH, and metal as well as coordination number for the
metal cation is determined by the type of metal (Fig. 2); (ii)
the orientation of BH, group with respect to central metal
depends on the separation between metal and boron (Figs. 1
and 4); (iii) the energy scale of ~1 eV related to reorienta-
tion of BH, group indicates that the local interactions
“locks” bidentate or tridentate orientation of borohydride
group, even in the crystalline phase (Fig. 1).

E. Electronic structure in the solids

Next, we return to the solids and discuss their interatomic
bonding in relation to their electronic structure. We do this
by comparing the total densities of states (DOSs) to those of
the systems where the cations are replaced by a homoge-
neous background charge (HBG). Comparison of changes in
the DOSs caused by such replacement provides information
on the influence of the cations and, hence, on their binding to
the anions. For all calculations here, the positions of the
boron and hydrogen atoms are kept fixed. The DOSs of the
materials studied in this paper are presented in Fig. 5. Except
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for that of A1(BH,), they have been treated before in various
publications.?8-6:61-63

In the majority of cases, replacing the cations by an HBG
does not change the DOSs significantly. From this we can
conclude that both the valence and the conduction bands are
primarily of anionic character. An important ingredient for
the explanation of the features discussed below is the differ-
ence in localization between the conduction and valence
states. The valence states are more localized than the con-
duction states and, hence, will be more affected by replace-
ment of the cations by an HBG. To show the effects of the
replacements in a more transparent way, the DOSs of the
systems with HBG are aligned in such a way to the DOSs of
the original systems that the bottoms of the conduction states
are located at the same energy.

In the Li-Na-K series, no significant changes in the den-
sity of states upon replacing the metal ions by an HBG can
be observed. This implies that the DOSs are predominantly
of anion nature, both in the valence region and in the con-
duction region, and the interaction is almost purely electro-
static. The one-to-one ratio between the ions causes the cat-
ions to be spread already rather homogeneously. In the case
of Li, the band gap is slightly larger when the cations are
present. Due to the small size of the Li cations they are close
to the BH, groups and, hence, produce a slightly stronger
electrostatic potential on the anion valence states when
present than in the case when they are replaced by an HBG.
The valence states on the BH, clusters are more localized
than the conduction states, see Fig. 5. The replacement of the
cations by the HBG will, therefore, leave the conduction
states at the same energy but will increase the energy of the
valence states, decreasing the band gap. Such effect has been
shown previously also for the tetrahydroaluminates.®

In the cases of Be, Mg, and Al, the band gap contracts in
a similar way as in the case of Li. Again, the cations are
small and relatively close to the tetrahydroborate groups. Re-
placing them by an HBG decreases the strength of the elec-
trostatic potential acting on the hydrogen atoms, which re-
sults in the contraction of the band gap.

For Ca the band gap strongly increases. In this case, the
cation has such a distance to the BH, groups that the elec-
trostatic potential at the hydrogen atoms is increased in
strength by replacing the cations by an HBG. The same ef-
fect occurs in the case of Na and K. However, since the
charge of the cation is only half of that of Ca, the effect is
much less pronounced for Na and K.

Only in the Be and Al case the valence region of the DOS
changes when the metal ion is replaced by a homogeneous
background charge. For both compounds there are “bonding
states” (i.e., overlap of the atomic orbitals at the lower ends
of the valence band) that are only present when the ions with
their atomic orbitals are present. As was noted in the discus-
sion in the previous sections, in these materials the atomic
packing enforces threefold coordination, causing intrinsically
different surroundings to occur for the hydrogen atoms.
When the cations are replaced by an HBG this difference is
mostly lifted and these binding states disappear. The present
analysis together with Bader valence charge analysis points
out that the compounds considered here are strongly ionic
systems, where the charge transfer is responsible for the
crystal cohesion.
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F. A general rule for coordination

The effective packing of atoms in the crystal structure
depends primarily on factors such as: interaction between
atoms and sizes of the atoms. We have shown that ions in
metal tetrahydroborates are interacting mainly via electro-
static forces and that variation in the structural details be-
tween systems is then caused by different sizes of the metal
cations and orientation of the tetrahydroborate group. Indeed,
neither does a BH; group significantly change in geometry
nor do the B-H bond lengths for different cations. Therefore,
it can be approximated by a spherical atom of the radius rgy.
The details of the mutual orientation of neighboring groups
will be discussed below.

Being almost purely ionic systems, metal tetrahydrobo-
rates fall into a category of compounds already classified by
L. Pauling with simple rules for atomic packing.®* The coor-
dination of the metal in tetrahydroborate depends on the ratio
between the metal ionic radius (ry) at appropriate charge
state and the dimension of the BH, group (rgy). To apply the
Pauling rules to the compounds studied here, one has to
know the ionic radius of the BH, group. Since this is not a
well-defined quantity due to the tetrahedral shape of this
molecule and its anionic character, we use reasonable ranges
of these radii to classify compounds as presented in Fig. 6.
The different solid lines for each compound stand for differ-
ent metal ionic radii proposed by Shannon.® The dashed
lines represent a fixed metal-boron distance, the one occur-
ring in the solid. The rectangles mark regions where these
two types of lines intersect. The ionic radius for each metal is
taken for the appropriate oxidation state and two border lines
span the region of radii: the lower line (lower right corner) is
for a lower coordination (for example, threefold for Be)
while the upper line (upper left corner) is for higher coordi-
nation (tetrahedral for Be).

For Be, Ca, and Na the Pauling rules ascribe correctly the
atomic coordination for a broad range of anionic radii be-
tween 1.5 and 2.0 A [this range is reasonable in view of
experimentally suggested 1.9 A (Ref. 65)] as threefold for
Be and sixfold for Ca and Na. On the other hand, both LiBH,
and Mg(BH,), have reasonable ionic radii ratio spans over
tetrahedral and octahedral regions. This is reflected in known
complications related to both structures: for LiBH,, there is
still some inconsistency between experimental and theoreti-
cal studies in understanding of the phase transition and sym-
metry of the high-temperature phase.”’?! The experimental
structure of Mg(BH,), is rather complicated with large unit
cell?>?3 while theoretical models reveal relatively simple
structures.”®28 The Al(BH,); is not a purely ionic system
and the Al coordination is related to the molecular structure
of this compound.

Based on the above analysis, the Pauling rules applied to
metal tetrahydroborates can be summarized as follows:

(I) A coordinated polyhedron of anions is formed about
each cation, the cation-anion distance being determined by
the radius sum and the coordination number of the cation by
the radius ratio.®* This rule determines the coordination
number of the cation and the mutual arrangement of cations
affects BH, orientation.
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FIG. 6. (Color online) The ratio of the metal ionic radius as a
function of BH, radius. (a) Top—divalent metal cations and (b)
bottom—monovalent metals and Al. The multiple lines cover the
variety of ionic and atomic radii as given in Ref. 59. The squares
denote the most reasonable range of BH, radius. The horizontal
lines distinguish different coordinations according to Pauling clas-
sification, see Table III.

(I) In a stable coordination structure the electric charge
of each anion tends to compensate the strength of the elec-
trostatic valence bonds reaching to it from the cations at the
centers of the polyhedra of which it forms a corner; that is,
for each anion.%* This has to be fulfilled for all stable com-
pounds.

(IIT) The presence of shared edges, and particularly of
shared faces, in a coordinated structure decreases its stabil-
ity; this effect is large for cations with large valence and
small coordination number and is especially large in case
the radius ratio approaches the lower limit of stability of the
polyhedron.®* This rule has a consequence for the preferen-
tial orientation of BH, groups. Both for systems sharing
polyhedron edges or facets, only bidentate BH, orientation
offers the opportunity to avoid highly unstable monodentate
orientation. Especially for small cations, highly complex
potential-energy surfaces can be encountered, due to orienta-
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TABLE III. Coordination of the ions depending on the size of
the cation for various metals tetrahydroborates according to the
Pauling rules classification compared to the actual coordination in
the solid in brackets. NN stands for number of nearest neighbors.
Multiple numbers in brackets mark elements that allowed a range of
ionic radii span over two coordination numbers.

Coordination NN X=ry/rgy System
Trigonal 3 0.155-0.225 Be(3), Al(3/4)
Tetrahedral 4 0.225-0.414 Li(4/6), Mg(4/6)
Octahedral 6  0.414-0.732  Na(6), K(6/8), Ca(6)
Cubic 8 0.732-1.0

Cubic/hexagonal 12 1.0

tion of BH,. This rule is also more important for cations with
larger valency and smaller cation coordination number. For
cations with valencies larger than three application of the
Pauling rules is limited for metal tetrahydroborates, as these
compounds (containing transition metals) makes a significant
contribution to the covalent bonding between metal and BH,
group and these bonds are directional.

(IV) In a crystal containing different cations, those of
high valency and small coordination number tend not to
share polyhedron elements with each other.®* This rule indi-
cates that complex metal tetrahydroborates containing differ-
ent metal cations with different valency shall segregate, as
long as they can be considered as ionic structures.

(V) The number of essentially different kinds of constitu-
ents in a crystal tends to be small.** This suggests that the
stability of metal tetrahydroborates decreases when different
metal cations constitute the compound as long as the system
can be considered as ionic. The latter two rules state that
formation of tetrahydroborates containing mixed metal cat-
ions might be hampered, especially for metals with low oxi-
dation state.

In Table III, the range of ionic radii ratio for possible
coordination is presented and the compounds studied here
are assigned to the appropriate groups. Al(BH,); which
forms the molecular crystals consisting of stoichiometric
units has a threefold coordination and these entities are
bonded via van der Waals forces in the crystalline phase.
Also, the attractive interaction between aluminum and BH,
groups is not purely ionic, as it includes bonding states be-
low the Fermi level.%® This type of structure cannot be sim-
ply classified by Pauling rules while according to Pauling
classification the molecular nature of the crystal can be pre-
dicted correctly.

For Mg(BH,),, the Pauling rules together with experi-
mental and theoretical evidence provide coordination that is
on the border line between tetrahedral and octahedral one. A
dense packing of tetrahedra, however, poses an unsolvable
problem since the dihedral angle (~70.53°) is not a submul-
tiple of 360°.°7 Thus, the Euclidean three-dimensional space
cannot be filled with tetrahedral objects without holes or
empty spaces. This is well known for metal oxides with tet-
rahedral coordination which display a large variety of
phases. For example in silica, SiO, (Refs. 68 and 69) [or
germania, GeO, (Ref. 70)] all crystalline phases, except for
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FIG. 7. (Color online) The coordination of the metal cation in selected metal tetrahydroborates with high weight content of hydrogen. The
Roman digits are for the oxidation states, T stands of tetrahedral and O stands for octahedral coordination. T/O (O/T) is for elements for
which no clear distinction local coordination number can be established. The shaded (green) cells are for metal tetrahydroborates with
resolved crystal structure that possess cation coordination as predicted by our model.

high pressure and fibrous ones, consist of SiO, (GeO,) tet-
rahedra linked together by shared vertices of different ar-
rangement. More than six phases of these compounds are
known. From the atomic packing point of view, a similar
situation is observed for magnesium tetrahydroborate. Here,
an additional degree of freedom comes from the orientation
of BH, group. A variety of phases with nearly degenerate
formation energies were reported by theoretical calculations.
In particular, for the lowest-energy structure F222 (Ref. 27)
BH, groups are separated by ~2.4 A from Mg and they are
slanted by ~10° from the ideal bidentate orientation. In an

other calculated low energy structure /4m2,26 magnesium bo-
ron separation remains similar, however orientation of BH,
groups is bidentate.

In the experimental a phase of this compound with P6,
symmetry,>>?* the orientation of BH, groups ranges from
ideal bidentate to slanted by more than 10°, with the coordi-
nation tetrahedron being distorted. Such an effect leads to
orientational frustration in the BH, sublattice, which is close
in energy to the optimal local geometry due to the complex
potential-energy surface for BH, alignment as shown in Fig.
4(a). The local distortions in the experimental structure en-
able the system to obtain the higher density.

Both calculated low-energy structures posses a density
that is considerably lower than reported experimentally
(~0.55 gcm™ vs ~0.8 g cm™).?” Due to the nature of the
theoretical models they do not contain entropy contributions
related to the large-scale disorder of tetrahedral structural
building blocks. Additionally DFT lacks the presence of
weak interactions such as van der Waals. Since, these inter-
actions will have a larger contribution to the structures with a
higher density, the high-density structures will appear as a
less stable than those with a low density in DFT. In a case
like Mg(BHy,),, where due to the to the complex potential-
energy surface for BH, alignment the total energies of vari-
ous structures are very close, these two effects can inter-
change the relative stability of high- and low-density phases
in DFT compared to reality. The final effect being that the
high-density structures are less stable in DFT but more stable
when the interactions missing in DFT are present.

III. COORDINATION IN METAL BOROHYDRIDES

Based on the model proposed in this paper, one can pre-
dict the atomic coordination for metal tetrahydroborates with

a high weight content of hydrogen, as presented in Fig. 7.
This coordination is related to the crystalline structure and
the nature of compound. For example, both Sc(BH,); and
Y(BH,); will possess an octahedral coordination, and they
will not form molecular crystals, such as Al(BH,)s, unless
there is a strong covalent contribution to the bonding be-
tween metal and BH,. Indeed, a reported phase of Y(BH,);

has Pa3 symmetry with octahedral coordination.”!

For the majority of light transition metals the cations will
possess a tetrahedral (or border line between octahedral and
tetrahedral) coordination, even though a variety of oxidation
states are possible for these elements. This means that tet-
rahydroborate of Zr should be formed from stoichiometric
molecules Zr(BH,), and that ionic crystalline structures can
be found for those of Cu, Mn, Fe, Co, Ni, or Zn. The pref-
erence for tetrahedral coordination (for divalent metals) sug-
gests that their structure will not be simple, similarly as for
Mg(BHy,),. Recently reported structure for Mn(BH,), seems
to confirm our predictions.”? Figure 7 could serve as a guide-
line for characterization and design of new compounds. One
has to keep in mind, however, that especially for small cat-
ions (Ni, Cu) hybridization of the metal d orbitals and va-
lence states of BH, groups may lead to preference for solid
phases consisting of molecular metal-BH, structures.

IV. CONCLUSIONS

In this paper, we have revealed the relation between bond-
ing and the structure of metal tetrahydroborates. From Bader
charge analysis and a detailed analysis of the DOSs of the
complex hydrides we have shown that the systems are
strongly ionic for monovalent and divalent cations.

Using DFT, we have shown that the interaction between a
single BH, group and a cation favors a tridentate orientation.
However, when the interaction of multiple BH, groups is
taken into account the bidentate orientation becomes almost
degenerate in energy with the tridentate orientation. By con-
structing an analytic model of the electrostatic interactions
we have shown that the BH, orientation can be understood
from electrostatic repulsion between the H™.

The ionic radius of the cation (which determines the
cation/anion radii ratio) finally establishes the global geom-
etry according to the Pauling rules for ionic crystals. In the
alkali tetrahydroborates, octahedral coordination is preferred
for NaBH, and KBH, and tetrahedral for LiBH,. As the
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separation between cation and anion is relatively large for
these compounds, the bidentate orientation of BH, groups
results as the optimal one for shared vertices and edges of the
coordination polyhedra.

For divalent metals, the ionic radii span a larger range. In
Be(BH,),, due to the size of the Be** only a treefold coor-
dination by BH, groups is predicted by the Pauling rules, as
observed in the crystal structure.®

For magnesium borohydride, the Pauling rules predict a
tetrahedral or octahedral coordination. In known structures
of this compound, four BH, groups surround each magne-
sium atom. However, due to the close proximity of these
anions their mutual electrostatic repulsion enforces a compli-
cated potential-energy landscape that is related to the local
BH, orientation (see Fig. 4). Additional complications arise
from the impossibility of complete space filling by tetrahe-
dral objects. These factors results in an almost degenerate
global energy landscape for the crystal structure forming a
3D network with large cavities. This produces the variety of
equivalent crystalline symmetries that are degenerate in en-
ergy, similarly to oxides such as silica. Theoretically pre-
dicted lowest-energy structures of Mg(BH,), posses low

PHYSICAL REVIEW B 81, 024117 (2010)

density (low filling ratio of the space) because theoretical
models account for strong local interactions while the experi-
mental structures are denser and the free energy large-scale
entropic contribution due to disorder of building blocks to-
gether with a weak dispersive interaction prevents them
achieving predicted symmetries and simpler primitive unit
cells.

The large dimension of calcium ions provides octahedral
coordination with bidentate and tridentate orientations. For
Al, the Pauling rules predict a tetrahedral orientation, how-
ever the stoichiometric molecular complex AI(BH,); is
formed and no further network or chain can be formed. A
weak van der Waals-type interaction binds the larger
Al(BH,); complexes together into a molecular crystal.
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