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a  b  s  t  r  a  c  t

The  hydrogen-weighted  phonon  densities  of  states  for the  series  of  alkali  (A =  Li,  Na,  K, Rb,  and  Cs)  and
alkaline-earth  (Ae  =  Mg,  Ca,  Sr, and  Ba)  metal  dodecahydro-closo-dodecaborates,  A2B12H12 and  AeB12H12,
were measured  via  neutron  vibrational  spectroscopy  (NVS).  Using  the  known  crystal  structures,  den-
sity functional  theory  (DFT)  phonon  calculations  were  able  to  closely  replicate  the  observed  vibrational
spectra.  The  spectral  details  were  found  to differ  considerably  with  structure,  indicating  that  the  internal

2−

oron hydride
ensity functional theory
odecahydro-closo-dodecaborate
eutron vibrational spectroscopy
honon density of states

vibrations  of  the B12H12 icosahedral  anions  are  sensitive  to symmetry-dependent  interactions  with
their  crystal  surroundings.  In contrast,  these  internal  vibrations  were  relatively  unchanged  among  iso-
morphic  A2B12H12 and  AeB12H12 compounds  possessing  different  metal  cations.  These  results  confirm
that  the  combination  of  NVS  and  DFT  phonon  calculations  can  be  used  to  help  validate  postulated  local
crystal  symmetries  in  these  types  of  materials,  even  in  instances  where  the  ordering  is  only  short-range,

morp
irst principles calculations rendering  the materials  a

. Introduction

Alkali (A = Li, Na, K, Rb, and Cs) and alkaline-earth (Ae = Mg,
a, Sr, and Ba) metal dodecahydro-closo-dodecaborates, A2B12H12
nd AeB12H12, are of current interest in hydrogen-storage research
s they are possible intermediates [1–7] in the dehydrogenation
f the related borohydrides ABH4 and Ae(BH4)2. They have been
etected as an amorphous component of dehydrogenation prod-
cts using NMR  spectroscopy [1] and their presence was confirmed

n subsequent studies [6–8]. Any B12H12
2− anions produced dur-

ng dehydrogenation are likely resistant to rehydrogenation: e.g.,
nder aggressive rehydrogenation conditions (100 MPa  H2, 670 ◦C)

 ball-milled mixture of (CaB12H12 + 5CaH2) was not observed to
onvert to Ca(BH4)2 [9].  It is a concern that the creation of the stable

odecahydro-closo-dodecaborate intermediate under commonly
sed dehydrogenation conditions is partly responsible for the poor
ydrogen cycling performance of the borohydrides [3,6,7,10].  To
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hous  with  respect  to  diffraction  probes.
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aid in understanding the role of this intermediate, a more detailed
knowledge of its vibrational spectroscopic signature is highly desir-
able.

The vibrational spectra of dodecahydro-closo-dodecaborates in
the solid state differ considerably from that of the isolated dianion,
even in solution [11]. Allis and Hudson [12] reported that the solid-
state vibrational spectrum of Cs2B12H12 could not be reproduced
with an isolated-ion calculation, but found good agreement using
a solid-state calculation. The source of the differences between the
solid-state and isolated-molecule spectra is thought to stem from
a change in the symmetry of the icosahedron with crystal pack-
ing. Due to the relatively large neutron scattering cross-section for
hydrogen, the features in a neutron vibrational spectrum result pri-
marily from hydrogen atom displacements, with only very minor
contributions from the much more weakly scattering elements. In
this paper, we  show that the neutron vibrational spectra for all
alkali and alkaline-earth metal dodecahydro-closo-dodecaborates
are sensitive to the crystalline environment and the space group
symmetry, and these spectra can be successfully reproduced by
solid-state DFT calculations.

Typically, the dodecahydro-closo-dodecaborates that form

during borohydride dehydrogenation do not crystallize with long-
range order [1–5], but most likely exist as short-range-ordered
arrangements of anions and cations that appear amorphous in a
diffraction measurement. We  demonstrate here that, since NVS is

dx.doi.org/10.1016/j.jallcom.2010.08.024
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. Li2B12H12 NVS spectra. Neutron vibrational spectra of (top to bottom): amor-
phous and crystalline (determined using XRD) Li2B12H12, compared with simulated
spectra using the experimentally determined [16] space group Pa3 (blue) and the
postulated [3,10] Li2B12H12 crystal structures of C2/m (green) and P21/n symmetry
(red), and the results of an isolated anion (gold) calculation. Error bars represent
N. Verdal et al. / Journal of Alloys a

 much more local probe than diffraction, it can potentially be used
o characterize these intermediates even when diffraction is not a
uitable option.

. Experimental details

Aqueous solutions of alkali and alkaline-earth dodecahydro-closo-
odecaborates were prepared by a solution route employing [H3O+]2[B12H12

2−]
nd the corresponding metal carbonates or hydroxides. Hydrates of various
ompositions were obtained upon the removal of water. Non-aqueous MgB12H12

as obtained by reacting Mg(BH4)2 and B10H14 in tetrahydrofuran (THF) at
eflux. Solvent-free alkali and alkaline-earth dodecahydro-closo-dodecaborates
ere synthesized by heating the as-prepared solvates in vacuum between 200 ◦C

nd 350 ◦C. Unfortunately, the final MgB12H12 sample still possessed 0.5 THF
olecules/B12H12

2− anion as determined by neutron prompt-gamma activation
nalysis. The Cs2B12H12, BaB12H12, and Rb2B12H12 presented in this work are 11B
abeled, using purchased Cs2

11B12H12 (>98% chemical purity, 99.5% isotopic purity)
s  the starting material. Eliminating the highly absorbing 10B isotope from the
ample increases the neutron scattering intensity and data quality considerably.

NVS data were collected at 4 K using the BT4 Filter Analyzer Neutron Spec-
rometer [13] at the NIST Center for Neutron Research. The powder samples were
laced inside an aluminum cell that was then loaded into a closed-cycle refrig-
rator. A Cu(2 2 0) monochromator was used with pre- and post-monochromator
ollimations of 20 min  of arc.

. Theoretical calculations

First principles calculations were performed within the plane-
ave implementation of density functional theory (DFT) using

he PWscf package [14]. We  used Vanderbilt-type ultrasoft poten-
ials with Perdew–Burke–Ernzerhof exchange correlation. A cutoff
nergy of 544 eV was found to be enough for the total energy
o converge within 0.5 meV/atom. Structure optimizations were
rst performed with respect to atomic positions, with the lattice
arameters fixed at the experimental values. Phonon calculations
ere then performed on the relaxed structures using the supercell
ethod with finite displacements [15]. For the isolated B12H12

2−

nion, a 30 × 30 × 30 supercell was used, and its full Ih molecular
ymmetry was considered in the phonon calculation.

. Results and discussion

Neutron vibrational spectra were collected for the alkali
etal dodecahydro-closo-dodecaborates Li2B12H12, Na2B12H12,

2B12H12, Rb2
11B12H12 and Cs2

11B12H12 and for the alkaline-
arth metal dodecahydro-closo-dodecaborates MgB12H12 (partially
olvated), CaB12H12, SrB12H12, and Ba11B12H12. These spectra
ere compared with the simulated phonon densities of states
etermined from the DFT-optimized crystal geometry, weighted
ppropriately for the atomic neutron scattering cross-sections of
he different atoms and broadened according to the spectrome-
er resolution. All DFT phonon calculations assume a boron mass
ased on the natural abundance of its isotopes. Therefore, the
bserved spectra for the samples of Rb2

11B12H12, Cs2
11B12H12, and

a11B12H12 are expected to be slightly downshifted from the cal-
ulation, and in general exhibit sharper peaks than their natural
bundance counterparts.

Neutron vibrational spectra are shown in Fig. 1 for both
rystalline and amorphous Li2B12H12 (as determined by X-ray
iffraction (XRD)), the latter formed by dehydration in air at
200 ◦C. In general, observed spectral features in this region rep-

esent the optical vibrational modes of the B12H12
2− icosahedral

ages, ranging from cage deformations and breathing modes at
5–100 meV, hydrogen wagging modes between 100 meV  and
20 meV, and modes containing both hydrogen wags and cage

eformations between 120 meV  and 135 meV. The higher energy
–H stretching modes are not observed in these spectra. Although
he spectrum of the amorphous sample exhibits slightly broadened
eatures relative to the crystalline sample, which is consistent with
±1�.  (N.B.: 1 meV  = 8.065 cm−1.) (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

a lack of long-range order for the former, the spectral features of
both are essentially the same and agree well with the simulated
spectrum for the Pa3 structure solved from powder XRD data [16].
Since NVS is a more local probe than XRD, this similarity in spectral
features suggests that the amorphous Li2B12H12 possesses short-
range-ordered arrangements very similar to the arrangements in
the long-range ordered crystalline sample. The observed spectra
are also compared with spectra simulated from the results of DFT
calculations for previously suggested crystal structures of C2/m and
P21/n symmetries [3,10] as well as for the isolated anion. There
are marked differences in the calculated spectral features for these

different crystal structures and the isolated anion. It is clear that
the simulated spectrum of the experimentally observed Pa3 struc-
ture is in best agreement with the neutron vibrational spectrum.
These results demonstrate that the vibrational spectra for these
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Fig. 2. Alkali metal B12H12 NVS spectra. The simulated (left) and experimental
(right) neutron vibrational spectra are compared for (from top to bottom): Li2B12H12

(blue), Na2B12H12 (green), K2B12H12 (red), Rb2B12H12 (brown) and Cs2B12H12 (gold).
The  simulated spectra are the result of an optimized geometry DFT calculation for the
experimentally determined crystal structure with the space group indicated. (For
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Fig. 3. B12H12 polyhedra in different crystal environments. The left column shows
the B12H12

2− anion as found in the Li (Pa3, top left), Na (P21/n, center left) and Cs
(Fm3, bottom left) counter-ion crystal environments. The right column shows the
B12H12

2− anion as predicted for the Mg  (C2/m, top right) and found experimen-
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of the article.)

ypes of compounds are indeed sensitive to crystal structure, and
hat it is possible to corroborate the presence of a particular struc-
ural arrangement by using NVS in conjunction with DFT phonon
alculations.

The observed neutron vibrational spectra of the other alkali
etal dodecahydro-closo-dodecaborates and the spectra simulated

rom DFT phonon calculations of the optimized XRD structures
16–18] are compared in Fig. 2. The agreement between the
bserved and calculated neutron vibrational spectra is strikingly
ood. It has been reported by some of us [17] that the alkali metal
eries of B12H12

2− compounds is one in which the arrangement
f cations about the B12H12

2− anion changes with cationic radius.
he K+, Rb+, and Cs+ cations are in a cubic arrangement about the
12H12 icosahedron, the Li+ is in an octahedral configuration, and
he Na+ is distorted from either arrangement. Similarly, the neu-
ron vibrational spectra differ with space group. The compounds
ith the larger cations, all of which form cubic crystal structures
ith Fm3 symmetry, exhibit similar spectra. The spectrum for the

ompound with a smaller cationic radius, Na2B12H12 (with P21/n
ymmetry), deviates somewhat from these, while that with the
mallest cationic radius, Li2B12H12 (with Pa3 symmetry), is dis-
inctly different. The arrangements of the alkali counter-ions about
he B12H12

2− anion for each space group are illustrated in Fig. 3.
Two spectral features seem most sensitive to environment for

he alkali series, and are in fact absent from the spectrum of the iso-
ated B12H12

2− anion. One is found at 123–128 meV, depending on
ounter-ion, appearing as a doublet paired with a less environment-

ependent peak at 115–118 meV. The higher energy peak shifts
ith crystal structure and may  split into two or more peaks in the

ithium spectrum. This spectral region includes hydrogen wagging
tally for the Ca (C2/c, center right), and Sr (P31c, bottom right) counter-ion crystal
environments.

motions which may  be influenced by the sterics and symmetry of
the surrounding crystalline environment. Another feature sensitive
to the crystal environment is found between 95 meV  and 100 meV.
It appears as a doublet in which two (or more) peaks vary in relative
intensity with counter-ion.

Within a given symmetry group, the differences between spec-
tra are minor for different counter-ions. The spectra of the cubic
K, Rb, and Cs dodecahydro-closo-dodecaborates display only sub-
tle differences, manifested as small (1 meV) frequency shifts and
slight variations in peak widths. The variations in peak widths are
in part attributed to sample crystallinity, which varied from sample
to sample as evidenced by XRD.

A solid-state 11B and 11B (1H) NMR  spectroscopic study on
A2B12H12 (where A = K, Rb, and Cs) [19] found that the activa-
tion energy for hydrogen rotational reorientation decreases as the
cationic radius increases, with a corresponding increase in the crys-
tal lattice parameters. As the cationic radius decreases, so does the
A–H distance. Hence, the smaller cations impose larger steric forces
on the B12H12

2− anion, which, as the NMR  study concludes, hin-
ders the hydrogen motion. The implication for the current study
is that the molecular vibrations will deviate most from those of

the isolated molecule for crystals with the smallest cations: i.e.,  Li+

and Na+. For example, we find that the vibration at 122–123 meV
in the cubic crystal (K+, Rb+, Cs+) shifts to 125 meV  in the P21/n
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Fig. 4. Alkaline-earth metal B12H12 NVS spectra. Simulated (left) and experimental
(right) neutron vibrational spectra for (top to bottom): MgB12H12 (blue), CaB12H12

(green), SrB12H12 (red), and BaB12H12 (brown). The simulated spectra are the result
of  an optimized geometry DFT calculation for the experimentally determined crystal
s
t
l

(
p

t
C
w
A
s
t
g
d

a
o
f
b
a
c
T
M
t
s
a
t
T
o

[
[
[
[
[
[
[
[17] J.-H. Her, W.  Zhou, V. Stavila, C.M. Brown, T.J. Udovic, J. Phys. Chem. C 113 (2009)

11187.
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tructure (with the exception of the MgB12H12 which is a predicted structure) with
he  space group indicated. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)

Na2B12H12) compound and 129 meV  in the Pa3 (Li2B12H12) com-
ound.

In addition to the alkali metal compounds, the neutron vibra-
ional spectra of the alkaline-earth metal compounds MgB12H12,
aB12H12, SrB12H12, and BaB12H12 were measured and compared
ith the simulated spectra from DFT calculations, as shown in Fig. 4.
s mentioned earlier, the MgB12H12 sample retained some THF
olvent molecules and was XRD-amorphous. The optimized geome-
ries of the latter three were obtained by powder XRD [9,20].  The
eometry for solvent-free MgB12H12 came from the theoretically
erived structure of Ozolins et al. [10].

As with the alkali metal compounds, the structures of the
lkaline-earth metal compounds are largely governed by the size
f the counter-ion, and the vibrational spectra are very similar
or those with isomorphic structures, i.e., SrB12H12 and BaB12H12,
oth possessing P31c symmetry [20]. The Sr2+ and Ba2+ cations are
rranged tetrahedrally about the B12H12

2− anion while the Ca2+

ations are in an octahedral arrangement, as demonstrated in Fig. 3.
he SrB12H12 and BaB12H12 differ from the CaB12H12 (C2/c) and
gB12H12 (C2/m) spectra primarily in the intensity and width of

he observed peaks at 98 meV  and 125 meV. These features are
harper and shifted in the CaB12H12 spectrum, presumably due to
 density of states with less mode dispersion and a different crys-
al environment compared with that of SrB12H12 and BaB12H12.
hose peaks may  be similarly weak or completely absent from the
bserved MgB12H12 spectrum.

[
[
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The inability to completely desolvate the MgB12H12 compound
precludes a definitive comparison of the observed spectrum with
that for the theoretically derived anhydrous structure. Clearly the
THF is perturbing somewhat the vibrational density of states for
MgB12H12. Yet, the observed spectrum of this amorphous sample
does possess some similarities with the simulated spectrum, espe-
cially in the region near 115 meV, where both indicate an unusually
intense scattering band compared to the other dodecahydro-closo-
dodecaborate compounds. This may  indeed reflect the propensity
of MgB12H12 to crystallize in the same structure as predicted,
although this can only be corroborated by the measurement of a
fully anhydrous sample. To date, it has not been possible to remove
solvent molecules from MgB12H12 completely without partial reac-
tion with the B12H12

2− anions. Work is ongoing to find a solution
to this problem.

5. Conclusions

A neutron vibrational spectroscopy study of A2B12H12 and
AeB12H12 compounds indicates that the internal vibrations of the
B12H12

2− icosahedral anions are sensitive to symmetry-dependent
interactions with their crystal surroundings, and spectral details
were found to differ considerably with structure. These results con-
firm that the combination of NVS and DFT phonon calculations can
help validate possible structural symmetries in these types of mate-
rials, even when the materials appear amorphous and/or are part
of a mixture of other reaction products.
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