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Introduction

Dicesium dodecahydro-closo-dodecaborate, Cs,Bi,Hyy, is
the heavy cousin of the lighter alkali-metal dodecahydro-closo-
dodecaborates (e.g., Li,B1,H;, and Na,By,H1,), which have particular
importance in current hydrogen-storage research, as they are known
to be intermediates in the dehydrogenation of the corresponding
alkali-metal tetraborohydrides."  These compounds are ionically
bonded salts comprised of alkali-metal cations and dodecahydro-
closo-dodecaborate (i.e., By,H1,?) icosahedral anions. Fundamental
information concerning B;,H;,> bonding potentials and dynamics,
which are largely unknown, may provide valuable insights for
understanding their stability and reactivity.

Recent *H and B NMR spectroscopy results® suggest that
the ByHi,2 anions in the alkali-metal salts undergo rapid
reorientational motions, with the motional frequency at a given
temperature increasing as the cation radius and unit-cell dimensions
increase. In order to explore the details of the anion motions, we
have investigated the dynamics of Bj,H;,> anions by neutron
scattering techniques. To observe anion dynamics at reasonably low
temperatures, we chose Cs,B1,Hy,, the salt with the largest alkali-
metal cation (and hence the largest lattice constant). We have probed
both the B;,H;,> reorientational dynamics by quasielastic neutron
scattering (QENS) and the torsional and translational vibrational
modes by neutron vibrational spectroscopy (NVS). In isolation, the
B1,H1,” anion is a regular icosahedron but is susceptible to symmetry
breaking by its environment.3>* Cs,B,H;, crystallizes in the cubic
space group Fm-3.> No phase transition was observed with DSC
measurements® over the temperature range of 123 K to 673 K.
Experimental

All measurements were performed at the NIST Center for
Neutron Research. The QENS measurements were performed on the
High Flux Backscattering Spectrometer (HFBS)® with an incident
neutron wavelength of 6.27 A, momentum transfer (Q) over a range
of 0.2 A to 1.75 A?, and a resolution of 0.83 peV in most
detectors. The quasielastic spectra were reduced and analyzed using
the DAVE’ software package. The vibrational density of states
(VDOS) at 4 K was collected in neutron energy loss on the Filter
Analyzer Spectrometer (FANS)® and the VDOS at 100 K and higher
were collected on the Disc Chopper Spectrometer (DCS).°

Results

QENS spectra are composed of a strong elastic peak (a
delta function convolved with a Gaussian-like instrument resolution
function), and a broad quasielastic feature (usually fitted with a
Lorentzian) that is a result of energy transfer (both loss and gain)
between the neutron and the molecular system due to hydrogen
motion. The ratio of the intensity of the elastic and quasielastic
scattering spectral features as a function of neutron momentum
transfer (Q) can provide insight into the geometric mechanism of the
rotational or translational motion. The Q-dependent, elastic
incoherent structure factor (EISF) is the ratio of the elastic peak area
to the sum of elastic and quasielastic peak areas

The experimental EISF data between 430 K and 480 K are
shown in Fig. 1. Figure 1 also depicts the calculated EISFs
corresponding to likely reorientation models for the BjH;,*
icosahedral anion. If we ignore the crystal symmetry and focus on
the local icosahedral symmetry of the B;,Hy,> anion, there are three
types of symmetry axes to consider, C,, Cs, and Cs, around which
rotational jumps (of 180°, 120° and 72° respectively) leave the
apparent orientation of the anion unchanged. Possible reorientational
mechanisms under consideration are: (a) discrete reorientational
jumps about one of the C, symmetry axes of the anion; (b) discrete
reorientational jumps about one of the C; symmetry axes of the
anion; (c) discrete reorientational jumps about one of the Cs
symmetry axes of the anion; (d) independent reorientational jumps
around two axes, either C5 or Cs, on the same time scale; (e) discrete
jumps about multiple axes to any of the other hydrogen positions of
the icosahedron and (f) isotropic rotational diffusion.

For reasons discussed in detail elsewhere,”® many of the
possible reorientation mechanisms could be eliminated. The data at
430 K fit best with the single-axis jump reorientation model about
either a C; or Cs axis. At 457 K the molecule seems to progress
through an intermediate dynamic. And at 480 K the data fit best to a
two-axis reorientation model that could be about two C; axes, two Cs
axes, or one C; axis and one Cs axis.
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Figure 1. The experimental EISF for data observed (left to right) at
430 K, 457 K, and 480 K. These are compared with a model for
single-axis C; or Cs reorientation (black) and a model for two-axis C;
and/or Cs reorientation (blue).

In an effort to shed further light on the nature of the
reorientation mechanism, we have measured the low-energy
vibrational density of states of Cs,B;,H;, from 8 meV to 20 meV (64
cm™ to 160 cm™). Figure 2 shows the VDOS measured at 4 K, 100
K, 300 K, and 550 K. The 11.8 meV and 15.4 meV features at 4 K
have been assigned to the translational and torsional modes,
respectively, in good agreement with the results of previous DFT
calculations.* By 550 K, the translational and torsional modes have
shifted roughly 1.6 meV and 2.4 meV lower in energy, respectively,
both features broadening with temperature. At 4 K, the anion is
primarily in its ground state, so the observed vibrational features
reflect transitions from the ground-state to first-excited-state energy
levels. As the temperature is increased to 550 K, several higher
translational and torsional energy levels become increasingly
populated, and the spectra reflect contributions from a variety of
transitions (i.e., 0—1, 12, 2—3, efc.), whose transition energies
probably differ somewhat despite being identical in the harmonic
case. Hence, these multiple transitions are at least partially
responsible for the apparent softening and broadening at higher
temperatures.
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Figure 2. The low-energy VDOS of Cs,B;,H;, measured by neutron
vibrational spectroscopy as a function of temperature. The spectra
shown were collected (from bottom to top) at 550 K (blue), 300 K
(black), 100 K (green) and 4 K (red). The feature at 11.8 meV (94
cmY) at 4 K is assigned as a translational mode, and the peak at 15.4
meV (123 cm™) as a torsional mode. As the temperature increases,
both peaks decrease in energy and broaden. The error bars
representing £1 o are small and are obscured by the plot traces. The
spectra are vertically offset for ease of viewing.

Conclusions

Over the temperature range investigated (430 K to 530 K),
the QENS and spectroscopic results suggest that the reorientation
mechanism of the Bi,H;,> anions evolves from discrete jumps
around one type of high-symmetry rotational axis (either C; or Cs) at
the lowest temperature of 430 K to a combined mechanism involving,
on average, independent (C; and/or Cs) two-axis discrete jumps
between 480 K and 530 K.
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