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We present a combined experimental and theoretical study on the rotational motion of the (BH,)™ ions in
alkaline tetrahydroborides MBH,, M =(Li,Na,K). The BH; motions are thermally activated and characterized
by activation energies in the order of 0.1 eV, typical frequencies are in the terahertz range at temperatures of
about 400 K. In the cubic NaBH, and KBH, phases and in the high-temperature phase of LiBH,, the motion
of the (BH4)~ ion is dominated by 90° reorientations while it displays a threefold jump behavior in the
low-temperature phase of LiBH,. The experimental results are discussed on the basis of density functional
theory calculations, revealing the potential-energy landscape of a (BH,)™ subunit in the crystalline matrix and
relating the hydrogen dynamics to the structural properties of the respective compounds.
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I. INTRODUCTION

Alkaline tetrahydroborides are ionic crystals consisting of
negatively charged (BH,)~ ions and positively charged M*
metal ions, where M=(Li,Na,K,Rb,Cs). Apart from their
classical application as reducing agents or as starting com-
pounds for the synthesis of organometallic derivatives, the
light-weight LiBH, and NaBH, are recently discussed as
synthetic fuels either in the direct borohydride fuel cell! or as
hydrogen storage materials for mobile applications.?

In alkaline borohydrides the hydrogen is covalently bound
and arranged in subunits (complexes).? The four hydrogen
atoms surrounding the central boron atom form a regular
tetrahedron. The B-H distance is almost independent on the
metal ion and from the actual crystal structure. At room tem-
perature dg ,=1.18—1.20 A have been observed for the B-D
distance in LiBD,,> dy p=1.178 A in NaBD, (Ref. 4), and
dpp=1.196 A in KBD,.5 Similar values have been found
for CsBH,, RbBD, (Ref. 5) and for Ca(BH,),.° To visualize
the geometry of the tetrahedron and its symmetry, it is help-
ful to regard it as being embedded inside a cube with an edge
length of a=\s’r/3dB_H as displayed in Fig. 1. Thereby each
vertex of the tetrahedron is a vertex of the cube, and each
edge is a diagonal of one of the cube’s faces. Two sets of
high-symmetry axes are related to this structural arrange-
ment. First, there are three twofold axes, called ¢2, which are
normal to the cube’s face and four threefold axes, called c3,
which coincide with the body diagonals of the cube. Both
symmetry operations map the tetrahedron to itself. There are
two possibilities to match the four vertices of a tetrahedron
to the eight vertices of the cube. These two possible arrange-
ments may be transferred in one another by a 90° rotation
around a c2 axis while a rotation around c3 preserves the
tetrahedron’s orientation.

It is generally believed that at ambient conditions the
borohydrides of the monovalent alkali metals crystallize in a
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cubic NaCl-like structure. Details of the structures are, how-
ever, still subject of current research, especially for the case
of NaBH,.*7=? In any of the cubic structure under discussion,
the symmetry axes of the BH, tetrahedron coincide with the
low index crystallographic axes. The c2 axes are thereby
aligned with the [100] axes while the ¢3 axes lie along the
[111] axis, which are the body diagonals of the cubic lattice.
LiBH, is an exception to this rule. It crystallizes at room
temperature in the orthorhombic Pnma structure (space
group no. 62).19 Heat-capacity studies for the MBH, series
with M=Na,K,Rb,Cs suggest phase transitions at 190 K for
NaBH,, 76 K for KBH,, 44 K for RbBH,, and 27 K for
CsBH,, respectively.!! The low-temperature (LT) phases of
NaBH, and KBH, have been determined to be ordered te-
tragonal structures, where one of the BH, orientations is
“frozen.”*> In the case of RbBH, and CsBH, no diffraction
evidence for a lowering of structural symmetry has been
found.’ LiBH, undergoes a structural phase transition to a
hexagonal high-temperature (HT) structure at around 380
K.'? Diffraction studies have pointed out a dramatic increase
in hydrogen or deuterium thermal displacements by almost 2
orders of magnitude from 4 to 400 K,>!° which was attrib-
uted to dynamical disorder in the HT phase.'*!* The rotation
of the BH, subunits is not restricted to LiBH,, it has also
been observed for NaBH, and KBH,.’

In a combined experimental and theoretical study we ex-
amine the rotational motion of the BH, tetrahedra in LiBH,,
NaBH,, and KBH, by means of quasielastic neutron scatter-
ing (QENS), inelastic neutron scattering (INS), and density
functional theory (DFT) calculations. We identify the axes of
rotation and relate them to the symmetry of the respective
crystals. The experimentally obtained activation energies and
residence times for BH, rotations, as well as the phonon
density of states (PDOS) are determined by the spatial ar-
rangement of the constituent atoms and are discussed in view
of theoretical calculations.
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FIG. 1. (Color online) Two possible ways to embed a tetrahe-
dron into a cube: each vertex of a tetrahedron is a vertex of the
cube, each edge is a diagonal of one of the cube’s faces. The two
dual tetrahedra are plotted in two different shades of gray. A repre-
sentative twofold ¢2 axis (normal to the cube’s faces) and a repre-
sentative threefold ¢3 axis (along the cubes’ spatial diagonal) are
indicated as well.

II. METHODS

A. Experimental

QENS and INS measurements were carried out using the
time-of-flight (TOF) neutron spectrometer FOCUS for cold
neutrons located at the continuous spallation source SINQ at
the Paul Scherrer Institute in Villigen, Switzerland.!>!6 At
the setting used, the elastic-scattering energy resolution, AE,
was 0.20 meV, for incident neutrons with a wavelength of
4 A and 0.06 meV for incident neutrons with a wavelength
of 6 A, respectively. The 6 A setting was used for the ex-
amination of the LiBH, at temperatures below 350 K, all
other measurements were carried out using the 4 A setting.
Isotopically enriched ''B (99.5%) samples (chemical purity
>98%), purchased from Katchem, were used to avoid the
strong neutron absorption by natural boron. Due to the large
incoherent neutron-scattering cross section of hydrogen, the
quasielastic and inelastic signals are dominated by the hydro-
gen signal. The inelastic measurements were carried out in
neutron energy gain mode; therefore at the measured tem-
peratures, energies up to 60 meV were reasonably accessible.
In order to obtain the PDOS from the inelastic spectra, the
TOF data were corrected for the 1/ term, the polarization
factor, the Bose-Einstein statistics for the thermal population,
the Debye-Waller factor, and for the quasielastic contribution
at low Q. The uncertainties, especially in the Debye-Waller
factor are expressed by the error bars in Fig. 6(a).

To extract the QENS spectra data reduction was carried
out using the data analysis and visualization environment
“DAVE.”!” The spectra were binned in a range of scattering
vectors of 0=0.5-2.5 A~!. The resulting QENS spectra
were analyzed using the general purpose curve fitting utility
“PAN,” which is included in the DAVE distribution. All
QENS spectra were modeled using two components: first,
the elastic peak of width w,; and an integrated area /,;. The
width of the elastic line was fixed to the width of the mea-
sured elastic line of a vanadium standard sample, corre-
sponding to the instrumental resolution. Second, the quasi-
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elastic broadening was modeled by a single Lorentzian curve
with a width w,, and an integrated area / .. In all fits, the
peak centers were constrained to be the same for each
component.

All materials were handled solely under inert Ar or He
atmosphere. The samples were loaded in lead sealed flat
(LiBH, and NaBH,) or double-walled cylindrical (KBH,) Al
containers. The 1 mmX30.0 mm X40.0 mm sized flat con-
tainers were oriented at an angle of 135° with respect to the
incident beam. The diameter of the cylindrical container was
10 mm and the wall distance (i.e., the sample space) was 1
mm. A packing density of about 30% was achieved, resulting
in a transparency of about 70% for all three samples.

B. Theoretical

The present calculations were performed within periodic
plane-wave implementation of DFT approach.'®!° The va-
lence configurations 1s' for H; 2s22p' for B; 2s'1s? for Li;
3p%45?3d" for Na, and 4s24p®55%4d" for K were represented
by projected augmented wave potentials’*?! and the general-
ized gradient approximation (GGA) was used for the
exchange-correlation functional.?> Energy cutoff of 600 eV
and k-point grid with spacing of 0.05 A~ were applied.
Atomic positions and unit-cell parameters were relaxed with
conjugated gradient algorithm until the forces excerpted on
atoms were smaller than 0.005 eV/A.

The rotational barriers for BH, units were determined in
2X2X2 supercells by nudged elastic band (NEB)
method.?*?* For these calculations all but the rotating BH,
were fixed in their equilibrium positions. Normal-mode
analysis was performed for all systems at the ground state
and at the transition state by a finite atomic displacements of

the order +=0.02 A. The hopping rate between adjacent ori-
entations was expressed as: k= y(T)exp(;TE;), where
temperature-dependent ~ prefactor y  equals: wT)

v (hv/2kpT) . .
= MWy fhvy 2T The index i enumerates N normal modes at the
ground state, and j is for N—1 modes at the transition state.
The function f(x)=sinh(x)/x, kg is the Boltzman constant, T
the temperature, and v is the frequency of a normal mode.?’
For the low-temperature phase of KBH, the phonon spectra
was calculated in the real space by a set of finite displace-

ments and harmonic approximation.??’

III. RESULTS
A. Rotational motion

In the case of localized jump motion, the measured total
incoherent-scattering function "¢, (Q,w) can be expressed
as the convolution of the elastic line 8(w) and the broader
quasielastic line L(Q, ), with the resolution function of the

instrument R(Q, w),

Sineas(Q:®) = R(Q,0) @ [1,(Q) Hw) + 1,,(Q)L(Qw)],
(1)
where I,; is the intensity of the elastic line and [, is the

integrated intensity of the quasielastic signal. The quasielas-
tic contribution originates from stochastic motion of hydro-
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gen atoms within the sample. It is related to the self-
correlation function by Fourier transform and can be
expressed by Lorentzian functions L,

L )_l 1/7;
I _77(1/7'j)z+w2

(2)

each with its own width, 7,. The weight A;(Q) of the
individual L; is called the quasielastic incoherent structure
factor A;(Q). Analogously, the contribution of the elastically
scattered neutrons to the signal is called the elastic incoher-
ent structure factor Ay(Q) or EISE.

The total incoherent-scattering function can be written as

the sum of the elastic and inelastic contributions,?®

Sin(Q,@) = Ag(Q) w) + 2 AJ(Q)Lj(w). 3)

If the elastic line and the quasielastic component can be
experimentally separated, the EISF is a measurable quantity
which can be expressed as

IeZ(Q)
Iel(Q) + Iqe(Q) '

where 1,/(Q) and I,,(Q) are the integrated elastic and quasi-
elastic intensities.

Let us first discuss the measured spectra in a qualitative
way, before we deduce the rotational axes, the activation
energies and the residence times in more details. For all
samples under investigation, no broadening of the elastic line
was found for temperatures below 250 K, showing that the
hydrogen is frozen in on the time scale accessible by the
instrument. At higher temperatures a quasielastic broadening
is observed, whose width increases with temperature. Analo-
gous to NaBH,,? also for KBH, the broadening of the quasi-
elastic contribution with increasing temperature follows an
Arrhenius law. At a given temperature, the width of the
broadening is independent of (, indicative of a localized
motion. The intensity of the elastic component as well as the
EISF approaches zero with increasing Q. We attribute the
similar behavior of NaBH, and KBH, to their identical crys-
talline symmetries. In the case of LiBH, the situation is dif-
ferent, as shown in Fig. 2. The top panel [Fig. 2(a)] displays
a series of spectra for 0.7<0<2.3 A~! at T=380 K, ie.,
within the low-temperature phase while the lower panel [Fig.
2(b)] shows the corresponding spectra measured at T
=400 K, i.e., in the high-temperature phase. The most obvi-
ous difference is the vanishing intensity at higher Q in the
high-temperature phase while the scattered intensity remains
finite even at higher Q for the low-temperature phase. The
phase transition is not only accompanied by different inten-
sities at higher Q but also the width of the Lorentzian con-
tribution suddenly increases as the material transforms into
the high-temperature phase.

Figure 3 compares two spectra of LiBH,, recorded at T
=380 K and at 7=400 K, both at 0=1.5 A‘l, both with
0.20 meV resolution. The two spectra are shifted along the y
axis for clarity. Black dots are the measured data points
while the black line represents the fit consisting of an elastic
line and a quasielastic contribution. Note the increase in the
width of the quasielastic component in the high-temperature

Ap(Q) = (4)
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FIG. 2. QENS of LiBH,, measured (a) at T=380 K, below the
phase transition and (b) at 7=400 K above the phase transition.
The spectra were binned in a range of scattering vectors of Q
=0.5-2.5 A~! with AQ=0.2 A~'. The spectra are offset for clarity.
The phase transition is characterized by distinct different quasielas-
tic linewidths.

phase as compared to the low-temperature phase.

The rotational behavior of the BH, units can be described
on the basis of their EISFs. Figure 3 displays the experimen-
tally obtained EISFs, extracted from the QENS spectra ac-
cording to Eq. (4), together with model EISFs describing (i)

380K

normalized intensity
1
1

14 4
400 K

g—

T T
20 -15 -1.0 05 0.0 0.5 1.0
AE (meV)

FIG. 3. (Color online) QENS of LiBH,, measured at T
=380 K (top curve) and at T=400 K (bottom curve). Both spectra
were recorded at 0=1.5 A~'. The measured data are represented by
black symbols. Solid black lines display fits to the data, each one
consisting of a resolution limited Delta function (red) and a Lorent-
zian profile (blue). The spectra are offset for clarity.
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90° reorientations of the (BH,)~ ion around the c2 axes
(model 1) and (ii) 120° rotations about ¢3 (model 2). The
first case is analogous to the reorientations of the isostruc-
tural (NH,)* ion in ammonium halides, which are classical
examples of solid rotor phases.’® This model has been previ-
ously used to describe the rotational reorientations in
NaBH,.?* In this case, the EISF can be expressed as*

1 —
A(Q) = 51+ 3j(Qa) + 3jo(Qar2) + jo(QaV3)].  (5)

The corresponding quasielastic incoherent structure factors
A[(Q) are

1 —
41(Q) = 51~ 3jo(Qa) + 3jo(Qar2) - jo(Qa\3)],  (6)
1 -
A42(Q) = 513~ 3jo(Qa) - 3jo(Qar2) + 3jo(Qa\3)], (7)

1 -
Ax(Q) = gT3 + 3jo(Qa) = 3j(Qa2) = 3jo(Qa\3)], (8)

where j,(x)=sin(x)/x is the zeroth-order Bessel function
and a=1.36 A is the jump distance, i.e., the edge length of
the cube in which the tetrahedron is embedded.

The mean residence time of the BH, tetrahedra between
two successive arbitrary reorientational jumps 7y, is related
to the 7;’s from Eq. (2) as

1 2 1 4 1 2

=—. 9
T3 37'90 ( )

9 - k)
71 T9o T, 3Ty

In the second case, the case of the 120° rotations, the elastic
and quasielastic structure factors can be expressed as

1
Ag= 5[1 +2jo(Qr)], (10)

Av=301-j0n) (1

where r=2 A is the jump distance, i.e., the edge length of
tetrahedron’s edge. In this case, the mean residence time of
the BH, tetrahedra between two successive arbitrary 120°
jumps Ty is given by

3
27120.

L (12
r

As the size of the BH, tetrahedra does not significantly
depend on the compound under investigation, only one
model curve for each of the two models are plotted in Fig. 4.

Equation (5) nicely reproduces the measured data for
NaBH,, KBH, and the high-temperature phase of LiBH,.
Therefore, we conclude that the BH, units in these com-
pounds rotate around the ¢2 axes, analogous to the NH, tet-
rahedra in amonium halides. For the low-temperature phase
of LiBH, the situation is obviously different. In this case the
measured EISF does not approach zero for high Q and con-
sequently model 1 fails. The measured data can, however, be
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FIG. 4. (Color online) Measured EISFs for the LT phase of
LiBH, (squares), the high-temperature phase of LiBH, (circles),
NaBH, (triangles), and for KBH, (stars). Apart from the LT phase
of LiBH,, which was measured at 380 K, all EISF were recorded at
400 K. Solid lines represent model EISFs: Lechner’s model of 90°
reorientations (model 1), and a three jump model, involving 120°
rotations about the ¢3 axis (model 2), respectively.

described by model 2, as expressed by Eq. (10), which as-
sumes 120° rotational jumps around the ¢3 axes. The data
deviate from the models for lower Q and do not extrapolate
to unity for Q — 0. We attribute the deviation at lower Q to
multiple scattering, which enhances the inelastic part for
small angles.

Each Lorentzian component L; of the quasielastic broad-
ening is characterized by its individual time constant 7;
=2#/I", where T" is the full width of the corresponding
Lorentzian component. The conversion of the 7; to the resi-
dence time is model dependent as described in Egs. (9) and
(12). In principle, for model 1 the quasielastic line should
consist of three Lorentzians with different half widths and by
Q-dependent amplitudes as expressed in Eqgs. (6)—(8). How-
ever, the contributions of A; and A, to the quasielastic inten-
sity are small, only A; was considered and the residence
times were extracted using 73 only. In the case of model 2 the
conversion is more straight forward, as only one component
exist.

Residence times obey an Arrhenius law: 7=7
X exp(E,/kgT), where kgz is Boltzmann’s constant. The
Arrhenius fits yield the prefactors 7, and the activation ener-
gies E,. Table I lists the experimental values together with
the ones obtained by Hagemann et al.,'> measured by Raman
spectroscopy.

The measured values of the activation energies for NaBH,
and KBHj, fit nicely to the values measured by Raman spec-
troscopy. It should be noted that the value of 15(2) kJ/mol for
the HT phase of LiBH, deduced by Hagemann et al.' cor-
responds to a model assuming one energy barrier for the HT
phase. Assuming two energy barriers for the HT phase
60(30) kJ/mol and 5(5) kJ/mol were obtained, respectively.
In the Raman measurements the energy barrier for the reori-
entations V is related to the activation energy E, as derived
from QENS or NMR spectroscopy as V=E, +hv,;,, where
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TABLE I. Prefactors 7, (in fs) and energy barriers (in kJ/mol) of
the rotational motion as derived from QENS (this work) and
Raman-scattering experiments (x from Ref. 13). * Calculated values
for the high-temperature phases are explained in the text.

7o
Compound (fs) E, EY E, (calc.)
LiBH, (LT) 42(5) 17.3(0.3) 27.0
LiBH, (HT) 75(15) 6.6(0.5) 15(2)
NaBH, 31(1) 10.9(0.1) 11.5(0.5) 12.0*
KBH,4 64(3) 9.9 (0.2) 9.2(0.4) 13.5*

v, is the libration frequency.'® Activation energy measure-
ments based on proton spin-lattice relaxation data for NaBH,
and KBH, give slightly higher values of 12.2 kJ/mol and
15.5 kJ/mol, respectively.” In the LT phase of LiBH, two
types of reorientational motion have been seen by NMR with
activation energies of 17.5 and 24.1 kJ/mol.’!

Figure 5 shows the experimentally obtained data together
with the Arrhenius fit in the temperature range from 250 to
550 K. The error bars represent the scatter of the width of the
Lorentzian contributions around their respective mean value.
Note the discontinuity of the LiBH, data at the phase transi-
tion at 380 K.

B. Phonon density of states

While the quasielastic part of the spectra yields informa-
tion about the stochastic motion of single particles, the in-
elastic spectra measure collective motions. Due to the large
incoherent-scattering cross section of hydrogen mainly the
hydrogen PDOS is measured. The measured PDOS of KBH,
in the temperature range of 100-500 K together with the

10 T T T T T T T T T T
o LiBH, (LT)
m LiBH, (HT)
e NaBH,
* KBH,
— 14 ]
[2]
e
=
0.14 ]
T T T T T
1.5 20 25 3.0 35 4.0

10%T (K"

FIG. 5. (Color online) Thermally activated Arrhenius behavior
of the rotational motion. The time 7 corresponding to the inverse
width of the quasielastic broadening can be expressed as 7
=19 exp(E,/kgT). The prefactors and activation energies are listed
in Table I. Open squares refer to the low-temperature phase of
LiBH,, closed squares to the high-temperature phase of LiBH,,
circles to NaBHy, and stars to KBHj.
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FIG. 6. (Color online) (a) PDOS of hydrogen for KBH, for
temperatures between 100 and 500 K. The inset shows an enlarge-
ment for energies below 10 meV. A calculated phonon spectrum for
the low-temperature phase of KBH, is shown in the bottom part of
the plot. (b) Schematic view of Blu and A2g librational mode dis-
placements. Large light (blue) spheres represent K, small dark (red)
represent B, and white ones H. The arrows indicate the directions of
the collective motion of BH,. Bold arrows indicate rotation of BH,
groups in the upper layer while thin arrows show the rotation of the
subsequent layer in ¢ direction. For the A2g mode the BH, groups
on consecutive layers rotate in phase and for Blu in antiphase.

PDOS calculated for the low-temperature phase of KBH, are
depicted in Fig. 6(a). As the spectra of the isostructural
NaBH, and KBH, are similar, we restrict our discussion to
KBHy,. For the case of LiBH,, the only alkaline borohydride
with a different crystal structure, the PDOS has been dis-
cussed elsewhere.>3? The strongest peak in the spectrum of
KBH, at 40 meV originates from degenerated infrared (Eu),
raman (Eg), and from two librational (Blu and A2g) modes.
Atomic displacements related to librational modes are pre-
sented in Fig. 6(b). The second strongest peak at 23 meV
corresponds to an infrared and raman optical lattice mode.
The broad feature around 10 meV can be identified as the
acoustic-mode frequencies.>® The low-temperature phonon
spectra remains visible well above the phase-transition tem-
perature, indicating that the local ordering of BH, is present
also in the cubic phase of KBH,.

With increasing temperature the peaks broaden and shift
to lower energies. The shift is a result of thermal lattice ex-
pansion while the broadening is a sign of reduced correlation
length. A broad librational mode at room temperature has
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FIG. 7. (Color online) The cross section of the charge density at boron plane for the low-temperature Pnma phase of LiBH, (a), and for
the high-temperature phase of NaBH, (b), and along the line between potassium, boron, potassium for KBH, (c). The cross section is cut
along the (b,c) crystallographic plane for LiBH, and (a,b) crystallographic plane for NaBH,. The dark circles represent charge density at
metal atoms, the scale for density in electron per cubic angstrom is given on the right side of the plots. In (c) a schematic view of the BH,
group is shown in the middle, with boron as darker (red) sphere in the center and hydrogen atoms as light gray circles.

also been observed for RbBH, and CsBH, (Ref. 33) as well
as for ammonium salts’* and for bisulphide salts.?® In all
cases the system undergoes librations in a harmonic potential
at low temperature, then proceed at higher temperatures to a
transition region where the ion librates and eventually makes
a rotational jump. Finally, at even higher temperatures, the
system reaches the free rotor state. We clearly observe the
intermediate, hindered rotor state.

At low energies, the PDOS at temperatures up to 200 K
depends quadratically on the phonon energy as expected by
the Debye theory for acoustic vibrations in crystalline solids,
as shown in the inset of Fig. 6. This feature is basically
temperature independent for energies below 10 meV. At
higher temperatures, with the onset of the rotational motion,
the slope of the PDOS changes toward a linear behavior,
which is reached at 400 K. The PDOS recorded at 300 K
shows a slope that lies in between the linear and the qua-
dratic one. Compared to the PDOS given by the Debye
theory, the excess of low-energy density of states at high
temperature reveals lattice anharmonicities and is a charac-
teristic feature of glasses and disordered systems.*37 We
attribute the continuously increasing disorder to the en-
hanced rotational motion at increasing temperature. Note that
in the case of NaBH, and KBH,, the disorder evolves within
their respective high-temperature phases. LiBH, on the other
hand shows a sudden change from the ordered (quadratic
PDOS) to the disordered (linear PDOS) state at the structural
phase transition.? It seems that the increase in unit-cell vol-
ume, which is associated with the phase transitions in NaBH,
and KBH, releases the ¢2 rotation.

C. Theoretical results

While the structural properties of the ordered room-
temperature phase of lithium borohydride can be calculated
with reasonable accuracy,>>%% the disordered room-
temperature phases of sodium and potassium borohydride
require special attention. These structures include lattice sites
with an occupancy 0.5 for hydrogen that cannot be consid-
ered directly in the DFT approach as this method requires to

specify the lattice positions for all atoms. The partial occu-
pancy results from the dynamical hopping of the BH, sub-
units between symmetry allowed orientations. The static
structures as used for the calculations represent an instant
snapshot for one particular configuration. Specifically, we
optimized structures for KBH,, which is isostructural to
NaBH,, in the high-temperature phase. Four different struc-

tures were considered in the cubic Fm3m unit cell, the fully
ordered BH, structure (all possessing the same orientation),
those with perpendicular orientation of BH, in the (a,b)
plane, and with antiparallel orientation along the ¢ direction.
These resulting final structures differ in energy by
~0.1 eV/f.u. The lowest-energy structure has the smallest
specific volume per formula unit (70.33 A3/f.u.) while the
fully ordered structure possesses the highest energy and has a
specific volume 70.90 A3/f.u. The calculated volumes are
about 2% smaller than the experimentally determined one.
The underestimation of the lattice parameter (or the
overbinding) by DFT calculation is a consequence of the
“static” calculation, neglecting the entropy terms arising
from dynamic disorder. However, for the sake of clarity, we
focused our attention on the fully ordered structure.

We first consider the charge density, originating from the
valence charges of the metal and BH, ions. The two-
dimensional cross sections of the charge density for LiBH,
and NaBH, are presented in Figs. 7(a) and 7(b). For LiBH,
the molecular ¢2 symmetry axis does not match the m mirror
plane crystalline symmetry at site 4b of the boron atom; thus
the local-field forces rotations of BH, around axes that are
different from the high-symmetry axes of the BH, tetrahe-
dron, as shown in Fig. 7(a).

For sodium borohydride, the site symmetry (m3m) for
boron located at the 4c¢ lattice site is in accordance with the
c2 symmetry of the BH, group when the crystal field origi-
nated from nearest metal cations is considered [see Fig. 7(b);
for KBH, the picture is similar]. However, the presence of
the BH, second neighbors breaks the fourfold symmetry as
long as only the static configurations of BH, groups without
partial occupancy are considered. This is a reason for distinct
two minima related by 90° rotation, as reported previously.?’
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In the structure where all sites for hydrogen are occupied

(time average) m3m site symmetry is conserved and two
possible orientations of BH, (connected by 90° rotation) are
equivalent.

As the properties of metal borohydrides are determined to
a great extend by electrostatic interactions between the metal
cations and the BH, anions,* in Fig. 7(c), the valence charge
density along the line connecting two metal cations and pass-
ing through boron is depicted on the example of KBH,. The
charge density is presented for the structure optimized at the
ground state, (black solid line); and for structure that is ex-
panded by 2% with respect to the optimized one. For the
expanded structure the slope of charge-density decay is
smaller, reducing the field gradients and finally lowering the
effective barriers for rotation of the BH, groups.

For the structure that results from geometry optimization
two distinct minima can be observed [similar as for NaBH,
(Ref. 29)]. However, if the structure is expanded to match the
experimental lattice parameters, the potential-energy land-
scape becomes significantly flatter and distinction between
minima is less pronounced. The optimized geometry results
from the electrostatic attraction between ions, and do not
include any effects related to configurational entropy. This
results in “overbinding” for structures of borohydrides in
DFT calculations, and give an incorrect picture for molecular
rotation®® that require rather free-energy landscape.

The height of the rotational barriers and the preferred ro-
tation axes can be calculated by nudged elastic band
method.?*?* For LiBH, the barrier for BH, rotation around
the initial ¢2 axis equals 27 kJ/mol. In agreement with Ike-
shoji et al., the actual rotation axis is not parallel to any of
the high-symmetry axes of BH,.'* This is a significantly
larger value than the measured barrier, Table I, that can be
explained by underestimation of the specific volume by DFT
calculations of this compound. In general GGA approxima-
tion overestimates the lattice parameters*’ for simple solids
while for metal borohydrides the lattice parameters are usu-
ally underestimated. One of the reasons for this overbinding
is due to overlooking of the BH, hopping motion that occurs
even at relatively low temperatures.

For NaBH, the barrier for rotation around c2 axis is 19.3
kJ/mol for the static structure that is optimized at the ground
state, however, expansion of the lattice parameters by 5%
lowers the calculated barrier to 12.0 kJ/mol. This compares
favorably to values measured by scattering methods. For
KBH, we have calculated barriers for BH, rotation around
c2 axis for three structures: those with optimal lattice param-
eters at the ground state, the one with lattice expanded by 2%
to match experimental values, and the lattice expanded by
5%. The barriers are 23.1 kJ/mol, 18.8 kJ/mol, and 13.5 kJ/
mol, respectively. For both compounds NEB method gives
c2 axis as the most favorable rotation axis for BH,.

Analysis of the normal modes at the ground state and at
the transition state provides information about the prefactor
in the Arrhenius picture, thus allows direct comparison of the
measured and calculated rotational motion. Prefactors are:
243.8 fs, 154.3 fs, and 160.1 fs for borohydrides of Li, Na,
and K, respectively, at 400 K. The static activation energies
(hopping barriers) are shown in Table 1. For the high-
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temperature phases of NaBH, and KBH, barriers are calcu-
lated for lattice expanded by 5% with respect to static
ground-state configuration. For smaller lattice these barriers
are larger and they equal 19.3 kJ/mol for NaBH, and 23.1
kJ/mol for KBH,.

The calculated PDOS for KBH, reproduces all the fea-
tures observed at 100 K (see Fig. 6). It is interesting to note
that even though the calculations have been carried out for
the low-temperature phase, they persist in the higher-
temperature phase, where the lattice is expanded [in Figs.
6(a) and 6(b)]. This expansion releases rotation around c2.
As the temperature rises, the correlation length drops down
and the observed peaks vanish.

IV. DISCUSSION

In the present paper we have studied rotational motion of
BH, molecular groups by means of quasielastic and inelastic
neutron-scattering and density functional calculations. We
show that on the macroscopic time-scale BH, units are mo-
bile in all studied compounds. The motions are thermally
activated and characterized by activation energies in the or-
der of 0.1 eV, typical frequencies are in the terahertz range at
temperatures of about 400 K. Thereby the crystal structure,
more specifically the electrostatic interactions between the
constituent ions determine the axis of rotation. In the ortho-
rhombic low-temperature phase of LiBH, the BH, tetrahedra
rotate about their threefold ¢3 axes while their reorientations
in the hexagonal high-temperature phase of LiBH, and in the
cubic room-temperature phases of NaBH, and KBH, occur
around their twofold c¢2 axes. The energetic barriers for the
rotation are of the same order of magnitude for NaBH, and
KBH, while they are considerably smaller for the high-
temperature LiBH, phase, see Table. I. The barriers for rota-
tion were also calculated within DFT, where the disordered
fce structures of NaBH, and KBH, were approximated by a
static ordered configuration, with the lattice expanded to the
experimental value. Despite these approximations, the hop-
ping barriers can be calculated with reasonable agreement
with the experimental data. The calculated prefactors, how-
ever, differ by about one order of magnitude with respect to
the measured ones as shown in Table I. This is related to the
harmonic treatment of transition state theory that considers
rotational jumps as independent events. However, lattice an-
harmonicity is indeed present and has been measured by in-
elastic neutron scattering that show a continuous increase in
this effect with increasing temperature.

Within the ionic crystal of metal borohydrides, the (BH,)~
anion achieves a stable, eight-electron closed-shell configu-
ration. Within the BH, ion, the negative charge is carried by
the hydrogen. Apart from the charge transfer from the metal,
there is an additional electron transferred from the B to the
H, so that each H carries a charge of about 1.5 electrons.34!
The structure, local static, and dynamical properties of BH,
groups are determined by electrostatic interaction between
ions in the crystal.3® Especially, in strongly ionic compounds
such as LiBH,, NaBH,, or KBH, mutual orientation of BH,
with respect to metal cations (local structure) depends on the
charge transfer. The monodentate (single hydrogen pointing
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toward metal cation) orientation is energetically strongly un-
favorable while two or three hydrogen atoms pointing to-
ward metal are competitive in the energy scale.

In the cubic phases of NaBH, and KBH,, the orientation
of the ¢2 axes along the (100) directions results in a biden-
tate configuration. During a ¢2 rotation the tetrahedron keeps
the bidentate configuration while a ¢3 rotation involves an
unfavorable monodentate intermediate state. Thus the energy
landscape of NaBH, and KBH, displays large barriers for ¢3
rotation and smaller barriers for ¢2 rotation.”” Due to sym-
metry there are two possible orientations of BH, tetrahedron
in the lattice that are equally occupied on the macroscopic
time scale giving site occupancy 0.5 for hydrogen.

In the orthorhombic low-temperature phase of LiBH, the
situation is different. The ¢2 rotation axes do not coincide
with any symmetry operation of the lattice. In this compound
the separation between nearest boron atoms is dg 3~ 3.8 A,
(much smaller than dgp~4.25 A, for NaBH,, or dgp
~4.63 A, for KBH,). As presented in Refs. 3 and 29 the
potential-energy surface for BH, rotation possesses four lo-
cal minima for rotation around c¢2 axis for borohydrides of
sodium and potassium. In Fig. 7(b) the distribution of static
charge density clearly shows that BH, orientation related by
90° rotations are not equivalent with respect to the nearest
neighbors of the same molecular groups (in given crystallo-
graphic plane). As a result local potential-energy minima re-
lated to orientation are different. This difference decreases
with increasing separation between anions, Fig. 7. For
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LiBH,, the tetrahedra are arranged with alternating orienta-
tions that results from lattice symmetry and close proximity
of boron atoms. Consequently this structure does not pos-
sesses disorder and the barriers in the calculated potential-
energy landscape are higher along the c2 axes than along the
3 axes.?

To summarize, we investigated the rotational motion of
the BH, units in alkali borohydrides by means of combined
quasielastic neutron-scattering and DFT calculations. Within
the ionically bound alkali borohydrides, the BH, anions are
not fixed, they undergo thermal activated rotational jumps in
the terahertz regime with activation energies in the order of
0.1 eV. The axis of rotation is determined by symmetry, the
electrostatic interactions and the distances within the crystal.
The experimentally obtained results can be understood on
the basis of DFT calculations, especially the barrier height
and the potential-energy landscape.
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