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Equimolar NaBH4–NaX (X = Cl and I) solid solutions were synthesized to study, via quasielastic neutron
scattering, the effect of partial halide anion substitution on the reorientational dynamics of tetrahydro-
borate (BH4

�) anions in NaBH4. The BH4
� reorientational mobility increased in the order of NaBH4–NaCl,

NaBH4, and NaBH4–NaI, which corresponded with expanding face-centered-cubic lattices accommodat-
ing the respective increasing sizes of the Cl�, BH4

�, and I� anions. The BH4
� anions in NaBH4–NaCl were

found (at least above 400 K) to undergo ‘cubic’ tumbling motions with the four H atoms per anion visiting
all eight corners of a cube, similar to what was previously observed for NaBH4. In contrast, the BH4

�

anions in NaBH4–NaI were found to undergo something more akin to ‘tetrahedral’ tumbling motions,
where the H atoms visit all four corners of a tetrahedron. Despite a noticeable softening of the BH4

� tor-
sional energies with increasing lattice constant amongst NaBH4 and the two solid solutions, all three
compounds exhibited similar activation energies for reorientation of about 11–12 kJ mol�1.

Published by Elsevier B.V.
1. Introduction

Compounds containing tetrahydroborate (BH4
�) anions are

potentially important materials for a variety of applications such
as solid-state hydrogen storage [1] and fast-ion conduction [2].
Aside from their ionic character, such compounds often possess
interesting molecular dynamics due to the propensity of the BH4

�

anions to undergo relatively facile reorientational motions, with
jump frequencies that vary widely depending on their crystal
environment and that can easily surpass 1012 s�1 at technologically
relevant temperatures [3–5]. Often, their dynamical properties can
be sensitive indicators of departures from bulk thermodynamic
properties. For example, LiBH4 nanoconfined in a controlled-pore
carbon framework was observed to exhibit two fractions of
dynamically different BH4

� anions, one highly mobile fraction
associated with LiBH4 near the pore interface and another slower,
more bulk-like fraction in the interior of the pore [5,6]. In general,
the ability to observe and differentiate such dynamical information
can lead to an increased understanding of thermodynamic and
kinetic phenomena of complex systems on a more fundamental
molecular level.
In the present paper, we investigate by quasielastic neutron
scattering (QENS) the perturbation to BH4

� reorientational dynam-
ics in the light-alkali-metal borohydride NaBH4 modified by partial
halide (Cl� and I�) anion substitution. Analogous studies on hexag-
onal LiBH4 diluted with LiI have suggested similar reorientational
mechanisms for both neat and partially iodide-substituted LiBH4,
(i.e., rapid diffusive-like reorientational jumps of three H atoms
around the local BH4

� trigonal axis concomitant with slower jump
exchanges of these H atoms with the fourth axial H atom) but with
increased BH4

� anion reorientational mobility for the latter iodide-
substituted compounds [7,8].

NaBH4 is known to undergo an order–disorder transition near
190 K [9]. Below this temperature, the compound exhibits a tetrag-
onal lattice with orientationally ordered BH4

� anions. Above this
temperature, it transforms to a face-centered-cubic (fcc) structure
with orientationally disordered BH4

� anions [10,11]. Each anion
possesses two equally probable orientations superimposed to form
a cube of eight H atoms, each with 50% occupancy, with a B atom at
the center. Partial substitution of the BH4

� anions with either Cl� or
I� anions leads to a disordered fcc solid solution phase [12–14] (see
Fig. 1). At these high halide concentrations and in the absence of an
ordered sublattice of BH4

� and halide anions, it is reasonable to
assume that the disordered solid-solution phase will already be

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2014.12.070&domain=pdf
http://dx.doi.org/10.1016/j.jallcom.2014.12.070
http://dx.doi.org/10.1016/j.jallcom.2014.12.070
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom


S514 N. Verdal et al. / Journal of Alloys and Compounds 645 (2015) S513–S517
comprised of both significant substitutional and orientational
disorder at the lowest temperatures, precluding any possible
further entropically driven order–disorder transition such as
occurs for pure NaBH4 at higher temperatures. The respective
room-temperature cubic NaCl, NaBH4, and NaI lattice constants
of 5.642 Å [12], 6.157 Å [14], and 6.469 Å [14] reflect the VI-coordi-
nate Shannon crystal radius of the Na+ cation (1.16 Å) and the
relative increase in the Shannon crystal radii of the anions from
Cl� (1.67 Å) to BH4

� (1.92 Å) to I� (2.06 Å) [15,16]. Hence, partial
Cl� and I� substitution leads solid-solution compounds with
respectively smaller and larger lattice constants than for NaBH4,
which may impact BH4

� reorientational mechanism and mobility.
2. Materials and methods

All sample manipulations were performed inside a He-filled glovebox. Equimo-
lar Na11BH4–NaX (X = Cl and I) solid solutions were synthesized by ball-milling 1:1
mixtures of Na11BH4 (Katchem [17]) and NaX (NaCl and NaI, both P99.5%, Aldrich)
under a He atmosphere using a Fritsch Pulverisette no. 7 ball mill. 11B-enriched
NaBH4 was used to avoid the large neutron absorption cross section of 10B present
in natural boron. (N.B., we have dropped the isotope designation throughout the
rest of this paper for simplicity.) Eight 10 mm diameter stainless steel balls were
used in a 12 ml stainless steel jar with a sample-to-ball mass ratio of either 1:30
(NaBH4–NaI) or 1:20 (NaBH4–NaCl). For NaBH4–NaI, the 4 h total processing time
was comprised of a repetitive two-step sequence: i.e., 2 min with the mill on
(200 Hz) followed by 2 min with the mill off. For NaBH4–NaCl, the 24 h total pro-
cessing time consisted of cycles of 5 min milling with 2 min rest. After milling,
the samples were annealed for 4 d at 533 K in an inert He gas environment. The
homogeneities of the resulting solid solutions were confirmed by X-ray powder dif-
fraction (XRD) using a Rigaku Ultima III X-ray diffractometer with a Cu Ka source.
For neutron scattering measurements, all samples were loaded into annular-shaped
Al foil packets (yielding close to 10% scatterers) and further sealed inside cylindrical
Al cells. During measurements, temperatures were regulated with a He closed-cycle
refrigerator.

All neutron scattering measurements were performed at the NIST Center for
Neutron Research. Neutron elastic scattering fixed-window scans (FWSs) (and
QENS spectra for NaBH4–NaI) were collected on the High-Flux Backscattering Spec-
trometer (HFBS) [18], which operates at an incident neutron wavelength of 6.27 Å
and an instrumental resolution of about 0.8 leV full width at half maximum
(FWHM). Each displayed FWS was formed by summing over all detectors for a total
momentum transfer (Q) range of 0.2 Å�1 < Q < 1.75 Å�1. QENS spectra were also
collected on the Disk-Chopper Time-of-Flight Spectrometer (DCS) [19] using
Fig. 1. Schematic of the BH4
� anion centered within the disordered fcc lattice of

NaBH4–NaX (X = Cl, BH4, or I). Na, X, B, and H are denoted by gold, large green, small
green, and white spheres, respectively. It is assumed that all BH4

� anions possess
diffraction-average orientational disorder between two positions as observed for
NaBH4 above 190 K, resulting in 50% H atom occupation of the eight cube corners.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
incident neutron wavelengths of 6 Å, yielding an instrumental resolution of
30 leV FWHM and a maximum Q value of 1.97 Å�1; 4.1 Å, yielding an instrumental
resolution of 80 leV FWHM and a maximum Q value of 2.88 Å�1; and 2.75 Å, yield-
ing an instrumental resolution of 275 leV FWHM and a maximum Q value of
4.29 Å�1. Neutron vibrational spectra were obtained on the Filter-Analyzer Neutron
Spectrometer (FANS) [20] using both the pyrolytic graphite PG(002) and Cu(220)
monochromators to cover the neutron energy transfer ranges of 10–32 meV and
32–180 meV, respectively. Horizontal collimations of 200 of arc were used before
and after the monochromator. Instrumental resolutions varied from around
1.2 meV FWHM below 32 meV to about 3% of the energy transfer above 32 meV.
The neutron scattering data were reduced and analyzed using the DAVE [21]
software package. The unit cell schematic was created with the VESTA software
package [22]. All error bars in the figures denote ±1 r.
3. Quasielastic neutron scattering methodology

In a QENS experiment, monoenergetic neutrons are impinged
onto a sample and the energies and intensities of the resulting
scattered neutrons near zero energy transfer are measured as a
function of Q. Ideally, the elastically scattered neutrons would yield
a delta function at zero energy transfer, but in reality, this function
is convoluted with the instrumental resolution function and is
more Gaussian-like. Since the incoherent neutron scattering cross
section for hydrogen is much higher than other elements,
scattering due to H atoms will dominate the observed incoherent
scattering intensity (between the Bragg peaks). For the compounds
under consideration, we only have to consider the scattering from
the H atoms associated with the BH4

� anions. At low temperatures,
the BH4

� anions are relatively immobile with respect to the
instrumental resolution, and the incoherent scattering from the
H atoms yields only an elastic peak. As the temperature is
increased, the reorientational jump rates of the BH4

� anions
increase to the point that the neutron is able to ‘sense’ these
motions and a portion of the elastic peak begins to broaden into
one or more Lorentzian components (quasielastic scattering), the
number and fraction depending on the reorientational mechanism.
As the temperature increases further, the quasielastic scattering
becomes ever broader and eventually collapses into the baseline,
leaving only the elastic component observable.

One useful QENS measurement on a backscattering spectrome-
ter such as HFBS is a fixed window scan (FWS), where we record
the scattering intensity at zero energy transfer as a function of
temperature. FWSs are useful, in general, for establishing the rela-
tive mobilities of hydrogenous species in different solid-state
materials [23]. At the lower temperatures, if the reorientational
jump rates of the BH4

� anions are less than about 108 s�1, no
quasielastic broadening is observable, all of the scattering is elastic,
and the FWS intensity will be relatively high. In this temperature
region, there is only a gradual drop due to the effect of the
Debye–Waller factor. As the temperature is raised further, the
jump frequencies eventually become greater than 108 s�1, some
of the elastic peak intensity becomes quasielastic (i.e., broadened)
and the resulting FWS intensity will begin to decrease significantly
until the quasielastic component disappears into the baseline
(at jump rates >1010 s�1). At this point, only the elastic component
remains, and the reduced FWS intensity again continues its gradual
drop with further increases in temperature.

In addition to what we learn from FWS measurements, we can
potentially determine the BH4

� reorientational mechanism by
analyzing, in detail, the Q dependence of the QENS spectra.
Typically, we calculate the elastic incoherent structure factor (EISF)
as a function of Q. The EISF is defined as the ratio of purely elastic
scattering intensity to the total scattering intensity (i.e.,
elastic + quasielastic scattering intensity). The EISF functional
behavior with Q is sensitive to the reorientational mechanism. By
plotting EISF vs. Q and comparing to different reorientational
model functions, we can often draw reasonable conclusions
concerning the predominant reorientational mechanism.
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Finally, as the quasielastic linewidth is a measure of the jump
rate, by plotting the linewidth vs. inverse temperature in an Arrhe-
nius fashion, we can obtain the activation energy for reorientation
Ea from the slope of �Ea/k, where k is Boltzmann’s constant.
Fig. 3. EISF vs. Q data for NaBH4–NaCl and NaBH4–NaI at several temperatures in
comparison with various curves associated with different jump reorientation
models (in descending order): twofold and/or threefold uniaxial jumps (blue),
tetrahedral tumbling (black), cubic tumbling (green), and isotropic rotational
diffusion (purple). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
4. Results and discussion

Fig. 2 displays a comparison of the FWSs for NaBH4–NaCl and
NaBH4–NaI. Since pure NaBH4 is in its ordered tetragonal structure
below 190 K, it is only meaningful to compare the FWS of the two
isotypic, disordered cubic mixed compounds below this tempera-
ture. For the best comparison, the scans were rescaled and shifted
appropriately to line up the intensities for the two compounds at
both the lowest and highest temperatures in order to correct for
differences in sample size and any intensity variations due to
possible differences in reorientational mechanisms. It is seen that,
as the anion size increases, the reorientational jump rate increases
at a given temperature (thus lowering the elastic scattering inten-
sity), and the temperature corresponding to the onset of rapid
reorientations decreases. Hence, there is a likely trend in relative
BH4

� mobilities with lattice constant. In particular, between the
two mixed compounds, BH4

� is relatively less mobile in NaBH4–
NaCl where the lattice is relatively smaller. This makes sense
sterically, since a larger lattice translates to a larger interstitial
volume and less constrictive nearest-neighbor interactions, on
average, for the rotating BH4

� anions. This is consistent with what
is observed for hexagonal LiBH4 with or without partial I� anion
substitution [8,24,25]. This trend with lattice size also agrees with
the relative BH4

� mobilities observed for the series of alkali-metal
borohydrides [23]. It should be noted that no FWS discontinuity
due to an order–disorder phase transition, as seen for NaBH4 at
190 K [23], is evident for the two solid-solution compounds.

Fig. 3 compares the EISFs determined from DCS data measured
out to Q values of 4.29 Å�1 for NaBH4–NaCl and NaBH4–NaI at
several higher temperatures corresponding to similar quasielastic
linewidths (i.e., reorientational jump frequencies on the order of
1012 s�1), with model curves corresponding to various reorienta-
tional mechanisms. Here we consider only physically reasonable
models for the particular BH4

� site geometry, namely, (i) twofold
and threefold reorientational jumps around a single symmetry
axis, (ii) reorientational jumps amongst the four corners of a
Fig. 2. A comparison of neutron elastic scattering fixed-window scans for NaBH4–
NaCl (blue) and NaBH4–NaI (red), summed over all detectors
(0.2 Å�1 < Q < 1.75 Å�1) and both offset and scaled appropriately to align all data
at both low and high temperatures. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
tetrahedron (tetrahedral tumbling); (iii) reorientational jumps
amongst the eight corners of a cube (cubic tumbling); and (iv)
isotropic rotational diffusion. The functional forms for these
reorientational models are described in the Appendix A. For
NaBH4–NaCl, the data suggest that the BH4

� anions are undergoing
a reorientational mechanism approaching cubic tumbling. This is
consistent with what has been previously observed for BH4

�

reorientations in disordered NaBH4 [26,27], where diffraction
indeed indicates a cubic arrangement of H atom positions around
each B atom.

Interestingly, the situation for NaBH4–NaI is somewhat differ-
ent. The EISF data for this compound suggest that the BH4

� anions
are undergoing predominantly tetrahedral tumbling, although the
downward trend of the datapoints also suggests that the anions are
starting to experience some cubic tumbling on the resolution time-
scale of the instrument. This is not inconsistent with the notion of a
diffraction-average cubic H atom arrangement around each B
atom. Diffraction only gives a composite snapshot of the BH4

�

anion orientations averaged over all unit cells and provides no
information concerning the dynamical evolution of individual
BH4

� anions. QENS fills in this gap. For NaBH4–NaCl and NaBH4,
QENS tells us that the H atoms from individual BH4

� anions tend
to tumble, for the most part, amongst the eight corners of a cube,
at least on the DCS timescale. In contrast, for NaBH4–NaI, H atoms
from individual BH4

� anions seem to more often favor a particular
crystallographic orientation within the lattice, jumping amongst
tetrahedral corners a number of times before changing their
preferred orientation to the other disordered crystallographic
orientation, after which they commence a new series of tetrahe-
dral tumbling motions. Together these two crystallographic
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orientations yield a diffraction-average cube of H atoms. Yet, on
the DCS timescale, these orientations are ‘dynamically’ separate
since the instrument cannot detect the much slower jumps
between the two configurations.

We again note that the predominant mechanisms for these two
solid-solution compounds are compared at similar jump frequen-
cies but at only one overlapping temperature of 400 K. It would
be interesting to extend these EISF measurements for both
compounds down to lower temperatures at lower jump frequen-
cies to more thoroughly document the temperature-dependent
progression, if any, of the respective reorientational mechanisms.
Since we have only made high-Q measurements at these higher
temperatures to date, further measurements are needed. Indeed,
the mechanistic differences between the two halide-substituted
compounds are intriguing and worthy of future investigation.

Fig. 4 illustrates the Arrhenius plots of linewidth vs. inverse
temperature for all three compounds (in the same disordered cubic
Fig. 4. Arrhenius plots of quasielastic linewidth (HWHM) vs. T�1 for NaBH4–NaCl
(blue) and NaBH4–NaI (red) in comparison with that observed previously for NaBH4

(black, from [27]) in its disorder cubic phase. The three lowest-temperature points
for NaBH4–NaI were measured on HFBS. Activation energies for reorientation are
extracted from the slopes. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 5. A comparison of neutron vibrational spectra at 4 K for NaBH4–NaCl (blue),
NaBH4 (black, data above 32 meV from [27]), and NaBH4–NaI (red). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
structure) from the QENS data. The relative vertical line shifts
reflect the relative mobilities of the compounds as inferred by
the FWSs in Fig. 2. There is roughly a factor of two difference in
reorientational rates between NaBH4–NaCl and NaBH4–NaI,
with intermediate rates observed for NaBH4. It is interesting
that the activation energy for reorientation Ea is found to be
very similar for each compound: 11.1(4) kJ mol�1 [114(4) meV],
11.9(5) kJ mol�1 [123(5) meV], and 11.7(3) kJ mol�1 [121(3) meV]
for NaBH4–NaCl, NaBH4 [27], and NaBH4–NaI, respectively. This
seems somewhat surprising since one might reasonably expect a
larger, less constrictive BH4

� anion interstitial site to have a lower
barrier to reorientation. Indeed, the neutron vibrational spectra of
the three compounds in Fig. 5, although measured at 4 K where
there is more of a propensity for orientational ordering and zero
reorientational mobility on a neutron timescale, nonetheless indi-
cate some softening of the BH4

� torsional bands between 30 meV
and 60 meV and of the BH4

� bending modes between 130 meV
and 170 meV, as expected for increasing lattice size going from
NaBH4–NaCl to NaBH4 to NaBH4–NaI. Apparently, differences in
the curvature near the bottom of the H potential well, which lead
to minor variations in the phonon energies, may not be predicative
of differences in the curvature higher up the potential well or in
the ultimate barrier height. First-principles calculations are needed
to investigate this phenomenon in more detail.

It should be noted that, because these solid-solution com-
pounds are disordered, they will possess a distribution of BH4

�

environments, each with its own potential energy landscape.
Therefore, there is most likely a distribution of phonon energies,
jump rates, and activation energy barriers to consider, and the
present results represent average values of these parameters.
Indeed, there is evidence in Fig. 5 of broadened BH4

� torsional
energy bands for NaBH4–NaCl and NaBH4–NaI compared to that
of NaBH4 due to the inherent lattice disorder of these solid-
solution compounds. Thus one should be somewhat cautious of
overinterpreting the QENS-derived activation energies, since it
assumes that the QENS spectra capture the entire distribution of
quasielastic scattering linewidths at each temperature with a
single ‘‘distribution-averaged’’ Lorentzian that reflects the average
reorientational mobility. This may not be entirely accurate. Even
with the expected distribution of anion site environments in these
compounds, it is still noteworthy that we are able to perform a
reasonable mechanistic analysis of the reorientational dynamics
using the average jump rates derived from QENS measurements.

5. Conclusions

We have shown by QENS measurements that BH4
� reorienta-

tional mobility in the high-temperature disordered phase of NaBH4

was perturbed by partial substitution of the BH4
� anion with either

smaller Cl� or larger I� anions. The increase in BH4
� anion mobility

correlated with an increase in the fcc lattice constant (i.e., an
increase in the available BH4

� site volume) due to the correspond-
ing average sizes of the anions. Some differences in BH4

� reorienta-
tional mechanisms were observed for NaBH4–NaCl and NaBH4–NaI
in the mobility region of 1012 jumps s�1, the former displaying
more cubic tumbling behavior, similar to that of NaBH4, and the
latter more tetrahedral tumbling behavior. NaBH4–NaCl, NaBH4,
and NaBH4–NaI all displayed similar QENS-derived activation ener-
gies for reorientation (11–12 kJ mol�1). Spectral smearing of the
BH4

� torsional vibrational bands for the mixed compounds com-
pared to that for NaBH4 corroborated the substitutionally disor-
dered nature of the mixed compounds. The results of additional
high-Q measurements at lower temperatures and mobilities
for the mixed compounds, as well as a comparison of all QENS
results with those from complementary NMR measurements are
forthcoming.
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Appendix A

The following equations describe the Q-dependence of the EISF
for different BH4

� reorientation mechanisms considered in the text,
assuming a perfect BH4

� tetrahedron with a B–H bond distance
dB–H = 1.22 Å and an H–H bond distance dH–H = 1.99 Å [27] (N.B.,
dH–H = (8/3)1/2dB–H), and where j0(x) = sin(x)/x.

For twofold or threefold reorientational jumps around a single
respective C2 or C3 anion symmetry axis [28]:

EISF ¼ 1
2

1þ j0 QdH—Hð Þ½ �: ð1Þ

For reorientational jumps amongst the four corners of a tetrahe-
dron (tetrahedral tumbling) [29]:

EISF ¼ 1
4

1þ 3j0 QdH—Hð Þ½ �: ð2Þ

For reorientational jumps amongst the eight corners of a cube
(cubic tumbling) [30]:

EISF ¼ 1
8

1þ 3j0
2ffiffiffi
3
p QdB—H

� �
þ 3j0 QdH—Hð Þ þ j0 2QdB—Hð Þ

� �
: ð3Þ

Finally, for isotropic rotational diffusion on the surface of a
sphere with radius dB–H [28]:

EISF ¼ j2
0ðQdB�HÞ: ð4Þ
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