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Abstract: Polyhydroborate salts represent the important class of energy materials attracting significant
recent attention. Some of these salts exhibit promising hydrogen storage properties and/or high ionic
conductivities favorable for applications as solid electrolytes in batteries. Two basic types of thermally
activated atomic jump motion are known to exist in these materials: the reorientational (rotational)
motion of complex anions and the translational diffusion of cations or complex anions. The present
paper reviews recent progress in nuclear magnetic resonance (NMR) studies of both reorientational
and diffusive jump motion in polyhydroborate salts. The emphasis is put on sodium and lithium
closo-borates exhibiting high ionic conductivity and on borohydride-based systems showing extremely
fast reorientational motion down to low temperatures. For these systems, we discuss the effects of
order—disorder phase transitions on the parameters of reorientations and diffusive jumps, as well as
the mechanism of low-temperature rotational tunneling.
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1. Introduction

Polyhydroborate salts are the ionic compounds described by a general formula M,[B,Hy]y,
where M is a metal cation and [B,,H;] is a complex anion composed of boron and hydrogen atoms,
such as [BH4]™, [B1oH10]%~, or [B1oH12]>~. These compounds represent the important class of energy
materials attracting significant recent attention [1,2]. Light-metal tetrahydroborates based on the
[BH4]™ anion are considered as promising materials for hydrogen storage due to their high volumetric
and gravimetric hydrogen densities [3]; these compounds are often referred to as “borohydrides”.
Another area of potential applications of hydroborate salts is related to their electrical conduction
properties. It has been found recently that the disordered phases of some of closo-hydroborate salts,
such as MpB1oHip and M;BigHjg (M = Na, Li), exhibit extremely high ionic conductivities [4-7].
Furthermore, these materials appear to be very stable; therefore, they are considered as prospective
solid electrolytes for Li- and Na-ion batteries [8-11].

The important dynamical feature of hydroborate salts is that complex anions can participate
in the fast reorientational (rotational) motion [12,13]. This motion strongly contributes to the
balance of energies determining thermodynamic stability; therefore, information on the anion
reorientational dynamics is crucial for understanding the fundamental properties of hydroborate salts.
Apart from the localized reorientational motion of the anions, in compounds showing high ionic
conductivities, the long-range diffusive motion of the cations should also be prominent. Moreover,
these two types of atomic motion may be related. Indeed, a number of experimental studies
have revealed that the fast diffusive motion of the cations in hydroborate salts is accompanied
by the fast reorientational motion of the anions [5,7,14-17]. Recent ab initio molecular dynamics
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calculations strongly suggest that reorientations of large closo-hydroborate anions can facilitate cation
mobility [18-21]. Thus, understanding the anion and cation dynamics in hydroborate salts may give a
key to improving their application-related properties. Nuclear magnetic resonance (NMR) has proved
to be an efficient technique for studies of atomic motion in solids at the microscopic level. This technique
was widely used to investigate the atomic jump motion in alkali-metal borohydrides [12-15,22-27] and
alkaline—earth borohydrides [28-31]. However, systematic studies of the anion and cation dynamics
in more complex systems, such as mixed BHy-based compounds and closo-hydroborates and the
related compounds, have just begun. It should be noted that the search for ionic conductivity in
closo-hydroborates has been initiated by the NMR results [17] revealing that the transition from the
ordered low-temperature phase of NayB1,Hj; to the disordered high-temperature phase is accompanied
by the abrupt (nearly two orders of magnitude) acceleration of both anion reorientations and cation
diffusion, and that the Na* jump rate just above the transition temperature exceeds 10® s™1. This work
presents a brief review of recent progress in NMR investigations of anion and cation dynamics in
hydroborate salts. The emphasis is put on sodium and lithium closo-hydroborates and the related
systems exhibiting high ionic conductivity and on borohydride-based systems showing extremely fast
reorientational motion down to low temperatures. For these systems, we discuss the relation between
the anion reorientations and the cation diffusion, the effects of the order-disorder phase transitions on
the motional parameters, as well as the mechanism of low-temperature rotational tunneling.

2. NMR Approach to Dynamical Studies

The applications of nuclear magnetic resonance to studies of atomic motion are based on the
sensitivity of NMR parameters to fluctuations of local magnetic and electric fields arising due to atomic
jumps. The range of atomic jump rates that can be probed by the standard NMR techniques is of the
order of 10*-10!! s7!. In some cases, the use of such special NMR techniques as measurements of the
decay of dipolar spin order [32] and spin-alignment echo spectroscopy [33] may allow one to probe
ultraslow atomic motion with characteristic jump rates in the range of 1071-10 s71.

The most easily measured parameter is the width of the NMR spectrum. For proton (\H) NMR,
the low-temperature value of the line width, Apyg, is usually determined by static dipole-dipole
interactions between nuclear spins. For hydroborates, typical values of such a “rigid lattice” line
width are of the order of 10*-10° s~!. If H atoms are involved in thermally activated jump motion,
the line width starts to decrease with increasing temperature due to the averaging of dipole-dipole
interactions between nuclear spins. The onset of this motional line narrowing occurs when the H
jump rate 7! becomes nearly equal to Apg [34]. In the case of long-range diffusion of H atoms
(or H-containing species), the dipole-dipole interactions are completely averaged out when =1 » Apg,
and at high temperatures, the line width drops to very small values determined mostly by the
magnetic field inhomogeneity. However, in the case of localized motion (such as anion reorientations),
the dipole-dipole interactions are not fully averaged out even in the limit of 7! » Agg: “intramolecular”
interactions (between nuclear spins within the same reorienting anion) are usually averaged out,
while “intermolecular” interactions (between nuclear spins on different reorienting anions) are averaged
only partially. In this case, at high temperatures, the line width exhibits a plateau with the level
corresponding to a substantial fraction of Apg. Thus, the behavior of the 'H NMR line width at high
temperatures allows us to distinguish the cases of localized motion and long-range diffusion of H atoms.
Similar qualitative features of NMR line narrowing are also expected for other nuclei participating
in the jump motion. However, for nuclei with nonzero electric quadrupole moment (those with the
spin I > %, such as “Li and ?*Na), we should take into account the combined effect of dipole-dipole
interactions between nuclear spins and interactions between the nuclear electric quadrupole moments
and local electric field gradients. It should be noted that measurements of the NMR line width can trace
the changes in the atomic jump rate over a rather limited dynamic jump range (typically, not exceeding
two orders of magnitude). In order to probe a much broader dynamic range, it is necessary to measure
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the nuclear spin-lattice relaxation rate R; characterizing the recovery of nuclear spin magnetization
after deviations of a nuclear spin system from the equilibrium state.

The measured nuclear spin-lattice relaxation rate R; in solids may contain a number of additive
contributions of different physical nature. However, for most of the studied hydroborate-based systems,
the dominant relaxation mechanism of 'H nuclei is due to dipole-dipole interactions modulated
by atomic jump motion. For nuclei with I > %, the electric quadrupole interaction modulated by
atomic motion may also be important. The characteristic feature of the motional contribution to Ry(T)
is a maximum at the temperature at which the atomic jump rate 7~! becomes nearly equal to the
(circular) nuclear magnetic resonance frequency w, i.e., when wt ~ 1 [34]. Since typical values of w
are of the order of 108-10° s71, the Ry(T) peak corresponds to much higher atomic jump rates than
the onset of NMR line narrowing. The amplitude of the Ry(T) peak is determined by the strength
of dipole-dipole and/or quadrupole interactions that are caused to fluctuate due to atomic motion;
in addition, this amplitude is inversely proportional to w. Therefore, it is often advantageous to use
spin-lattice relaxation measurements at low resonance frequencies (i.e., at low magnetic fields).

In the limit of slow atomic motion (wt » 1), the motional contribution to R; is proportional

2771 and in the limit of fast motion (w7 « 1), the motional contribution to R; is proportional

to w™
to T being frequency-independent. If the temperature dependence of 7 follows the Arrhenius law,
7 = 1gexp(E./ksT), where E, is the activation energy, a plot of InR; vs. T~! is expected to be linear
in the limits of both slow and fast motion with the slopes of —E,/kp and E./kp, respectively. Thus,
the activation energy for the atomic motion can be obtained directly from these slopes. Apart from
these limiting cases, the relation between the motional contribution to R; and the atomic jump rate is
usually based on certain models. For long-range atomic diffusion, the most widely used model is that
introduced by Bloembergen, Purcell, and Pound (BPP) [35]. The BPP model correctly describes the
main features of the motional contribution to R; (including the asymptotic behavior in the limits of
slow and fast motion) and provides relatively simple expressions relating Ry and 7. For some simple
types of reorientational motion, the relation between R; and 7 can be calculated analytically [34,36],
and in many cases, the corresponding expressions are analogous to those given by the BPP model.
However, the amplitudes of the R;(T) peaks resulting from reorientations are usually lower than in
the case of long-range diffusion, since localized motion only partially modulates the “rigid lattice”
dipole—dipole (or quadrupole) interactions. It should be emphasized that the motional contribution to
R1 depends on 7 nonmonotonically. This feature allows one to probe the atomic jump rates over much
broader dynamic ranges than the range of the measured R; values themselves. In favorable cases, it is
possible to trace the changes in 77! over the dynamic range of eight orders of magnitude (104-10'2 s71),
as it was demonstrated for BHy reorientations in NaBHy and KBHy [23]. If considerable distributions
of 771 values are present (as typical, for example, of disordered systems), the observed low-T slope of
the R;(T) peak becomes less steep than the high-T one, and the frequency dependence of R; at the
low-T slope becomes weaker than w2 [37]. Therefore, spin-lattice relaxation measurements over wide
ranges of temperature and the resonance frequency give an opportunity to reveal the presence of jump
rate distributions.

Besides NMR techniques giving information on the atomic jump rates, there is also the unique
NMR method-spin echo with pulsed-field gradient (PFG) [38-40]-that allows one to measure the tracer
diffusion coefficients directly. This method provides a bridge between microscopic and macroscopic
measurements of atomic mobility. It is based on observation of an additional attenuation of the
spin echo signal due to the displacement of nuclear spins in an external magnetic field gradient.
In most PFG-NMR experiments, the field gradient is applied in the form of two rectangular pulses;
the time interval between the two gradient pulses is usually fixed, and the echo intensity is studied
as a function of the gradient pulse amplitude g. The application of the field gradient serves to set
a spatial scale in a certain direction. The echo attenuation is simply related to the displacement of
nuclear spins along the direction of the gradient during the time interval between the gradient pulses.
Therefore, the PFG-NMR technique represents a direct way of measuring the tracer diffusion coefficient
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D. The range of atomic or molecular diffusion coefficients that can be measured by the PEFG-NMR in
solids is typically 1078-10~* cm?/s. The lower limit of the measurable D range is determined mainly by
the maximum g values available from the pulse circuitry and by the spin—spin relaxation rates (or the
spin-lattice relaxation rates in case of using the stimulated echo sequence [41]) responsible for intrinsic
attenuation of the spin echo signal. Modern PFG-NMR spectrometers can generate pulsed gradients
with the amplitudes up to ~3 kG/cm. Typical intervals between the gradient pulses (diffusion times)
are of the order of 10 ms. If the tracer diffusion coefficient is 107 cm?/s, the mean displacement of
an atom for this time is of the order of 2 x 10~ cm. Thus, the PEG-NMR technique can probe the
diffusivity over the spatial scale of a few microns. Comparison of the experimental results for the
diffusivity with those for the atomic jump rates 7!
Indeed, neglecting any correlations for diffusive jumps, the elementary jump length L can be estimated
from the expression D = L? t71/6 (in the case of three-dimensional diffusion).

It is often advantageous to combine NMR experiments with incoherent quasielastic neutron
scattering (QENS) measurements [42,43], since these two methods are known to give complementary
microscopic information on atomic jump motion in materials. It is worth noting that nuclear spins
play a crucial role in both methods. While for NMR this is quite evident, one should also keep

can give useful information on the diffusion path.

in mind that the incoherent part of neutron scattering by nuclei of the same isotope is determined
by the difference between the scattering lengths for different mutual spin orientations of a neutron
and a nucleus. For isotopes with a zero nuclear spin (such as 2C and '°0), the incoherent neutron
scattering cross-section is also zero. The incoherent neutron scattering cross-section for protons (*H)
is more than an order of magnitude higher than for all other isotopes; therefore, the scattering from
H-containing materials is usually dominated by the contribution due to protons. Because of this
feature, QENS is quite effective for studies of the jump motion of H atoms and H-containing groups;
however, its application to the motion of other atoms in complex hydrides (for example, metal cations
in hydroborates) is problematic. Another problem typical of hydroborates is related to the very large
neutron absorption cross-section of 1°B isotope with a natural abundance of 19.6%. This problem can
be lifted by using ' B-enriched starting materials for the synthesis of hydroborates. Incoherent QENS
measurements can probe the atomic jump rates over the dynamic range of ~108-10'2 s=1. The lower
limit of this range is determined by the energy resolution of the available neutron spectrometers. Thus,
the ranges of the atomic jump rates probed by NMR and QENS are partially overlapping, and NMR
has evident advantages in terms of the width of the dynamic range, being sensitive to much slower
motion than QENS. However, standard NMR measurements usually cannot give information on the
spatial aspects of atomic motion. Indeed, because of their local nature, the measured NMR parameters
are represented as integrals over the entire Q-space. In contrast, incoherent QENS measurements can
probe the Q dependences of the autocorrelation functions [42,43], giving information on the geometry
of atomic jumps. The usual approach is based on a comparison of the experimental Q dependence
of QENS spectra with that calculated for various geometrical models of atomic jump motion [42,43].
Such an approach appears to be effective, if QENS measurements are performed over a wide range of
the neutron momentum transfer Q (at least, up to Q ~ 3 A1,

3. Ultrafast Low-Temperature Reorientational Motion of BH; Anions

In a number of BHy-based compounds, the anions were found to retain very high reorientational
mobility down to low temperatures. For these systems, the proton spin-lattice relaxation rate

-1 reaches the values

maximum is observed below 80 K; therefore, the reorientational jump rate ©
of about 108 s7! at the temperature of the maximum. This implies that the energy barriers for the
reorientational motion should be very low. The archetypical example of such systems is represented by
LiBHy-Lil solid solutions. A partial halide ion substitution of BH,; ™ anions in lithium borohydride is
found [44] to stabilize the structure of the high-T (hexagonal) phase of LiBH4 down to low temperatures.
The temperature dependence of the H spin-lattice relaxation rate R? in the solid solutions Li(BHy4)1. 1y

(y = 0.33, 0.5, 0.67) exhibits the frequency-dependent low-temperature maximum [45]. At the frequency
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of 14 MHz, this maximum is observed near 55 K for y = 0.33, 40 K for y = 0.5, and 33 K for y = 0.67 [45].
Thus, the reorientational motion of BH;™ anions becomes faster with increasing iodine content.
This trend is consistent with the results of QENS experiments for Li(BHy)1.41y (v = 0.2, 0.33, 0.5) at
T > 200 K [46]. Since the ionic radius of I” is larger than that of BH4 ™, and the increase in I~ content leads
to the increase in the lattice parameters of the solid solution, it is natural to attribute the acceleration of
reorientational motion at higher I” concentrations to lower energy barriers for BH, ™ reorientations
due to weaker H-Li interactions. It should be noted that the shape of the low-temperature R? (T) peak
in Li(BHy)1.1y is quite complex; it can be satisfactorily described as a superposition of two partially
overlapping peaks [45]. This suggests the coexistence of two reorientational jump processes with
different motional parameters. The nature of the two reorientational processes has been clarified
by QENS measurements for Li(BHy4)o5lp5 [47]. These experiments performed over a wide range
of the neutron momentum transfer 7Q have revealed that the faster jump process corresponds to
reorientations around the three-fold symmetry axis (directed along the crystallographic c axis) of the
BH, tetrahedron. Such a process leaves one of the four H atoms immobile (the one located at the
three-fold reorientational axis of the BH4 group). The slower jump process has been attributed to the
jump exchange between one of the three rotating H atoms and the static axial H atom [47].

Another interesting family of BH,-based compounds showing fast low-temperature reorientational
motion is represented by bimetallic borohydrides-halides LiR(BH,)3X, where R = La, Ce, Gd, and
X = (I, Br, I [48-51]. The unusual cubic structure of these isomorphous compounds (space group 14—3m)
consists of isolated anionic clusters [Ry X4(BH4)12]*~ with a distorted cubane R4 X, core, charge-balanced
by Li* cations. Each R atom is coordinated by three X atoms and three BH, groups via the Hj face,
and Li* ions randomly occupy 2/3 of the available 124 sites. Since localized magnetic moments
on Ce and Gd strongly affect the measured 'H spin-lattice relaxation rates, NMR studies of BHy
reorientations have proved to be possible only in compounds with R = La [52]. The low-temperature
reorientational motion of BH, groups in all LiLa(BH,)3X compounds is found to be very fast. Figure 1
shows the low-temperature behavior of the H spin-lattice relaxation rates for LiLa(BH4)3X (X = Cl,
Br, I) [52,53]. At the resonance frequency of 14 MHz, the relaxation rate maximum is observed near
58 K for LiLa(BHy4)3Cl, 48 K for LiLa(BHy4)3Br, and 43 K for LiLa(BHjy)31. These results indicate that the
low-temperature BH, reorientations become faster with the increase in the halide ionic radius (and the
related increase in the lattice parameter [51]). The local environment of BHy groups suggests that the
fast motional process corresponds to reorientations around the three-fold symmetry axis directed along
the La-B line [52]. Both the temperature and frequency dependences of R{i for LiLa(BH4)3X in the
low-T region are well described in terms of the models with Gaussian distributions of the activation
energies (two-peak distribution for X = Cl, and one-peak distributions for X =Br and I). The presence of
distributions of the motional parameters in these systems appears to be quite natural. Indeed, because
of the random occupancy of two-thirds of the available 124 sites by Li* ions, the local environment of
BH, groups changes from one group to another.
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Figure 1. The behavior of the 'H spin-lattice relaxation rates in LiLa(BH,)3Cl [52], LiLa(BH,)3Br,
and LiLa(BHy4)3I [53] at low temperatures. The relaxation rates measured at different resonance

frequencies are shown as functions of the inverse temperature. For LiLa(BH,)3;Br and LiLa(BHy)3l,
only the results at 14 MHz are included in the figure. The curves show the simultaneous fits of the
two-peak model to the data for LiLa(BHy4)3Cl (black lines) and the model with a Gaussian distribution
of activation energies to the data for LiLa(BH4)3Br and LiLa(BH,4)3I (green and red lines, respectively).

The fast low-temperature reorientational motion of BH,; ™ has also been revealed in the mixed
borohydride-amide Nay(BH4) (NH;) [54] having the cubic antiperovskite-type structure (space group
Pm-3m) [55,56]. For this compound, the proton spin-lattice relaxation rate maximum at the frequency
of 14 MHz is observed near 70 K, and in the temperature range 13-209 K the experimental R{I (T) data
at three resonance frequencies are satisfactorily described by the model with a Gaussian distribution of
the activation energies [54]. As in the case of LiLa(BH4)3X compounds, the presence of the activation
energy distribution in Na (BH4)(NH;) can be related to the spread in local environments of BH, groups
due to the random occupancy of two-thirds of the available 3d sites by Na* ions.

Asnoted above, the occurrence of fast low-temperature BH4 ™ reorientations in some borohydrides
suggests low energy barriers for the reorientational motion (of the order of 50 meV or less [16]),
which are somewhat unusual for ionic compounds. Low energy barriers for reorientations may lead
to the low-temperature rotational tunneling that has been extensively studied for CH; and NHy
groups [57,58]. However, until recently, it was not clear, whether the mechanism of rotational tunneling
can be observed for BH4~ anions in borohydrides. This possibility has been considered for the
ammine-borohydride Sr(BH4),(NH3),, where the small-amplitude Rllq (T) peak is found near 15 K [59].
However, a comparison of the measured 'H and !B spin-lattice relaxation rates suggests that this peak
originates from NHj reorientations [59]. The first direct evidence of the rotational tunneling of BH4~
anions was obtained in the recent study [60] combining NMR and QENS measurements for lithium
benzimidazolate-borohydride Li;(bIm)BH4 (where the benzimidazolate anion, C;N;Hs~, is denoted
by bIm™). The local environment of BH;~ anions in the low-temperature monoclinic structure of
Lip(bIm)BH, (space group C2/m [60]) appears to be quite unusual: one H atom of the BH4 group is
anchored within a nearly square hollow formed by four coplanar Li* cations, while the remaining
—BH3; fragment extends into a relatively open space, being only loosely coordinated to other atoms
(see Figure 2a). Such open BH, coordination suggests the possibility of facile rotations around the
anchored B-H bond (three-fold symmetry axis).
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Figure 2. (a) Schematic view of the local coordination of each BH;~ anion in Liy(bIm)BHj.
This coordination allows facile reorientations of three H atoms (as depicted by the dashed ellipse) around
the single B-H bond axis [60]. (b) Low-temperature proton spin-lattice relaxation rates measured at 14,
28, and 90 MHz as functions of the inverse temperature. Solid lines show the simultaneous fit of the
model with rotational tunneling to the data. Reprinted with permission from [60]. Copyright 2019
American Chemical Society.

Figure 2b shows the low-temperature behavior of the 'H spin-lattice relaxation rates measured at
three resonance frequencies for Lip (bIm)BHy. At the frequency of 14 MHz, the relaxation rate maximum
is observed near 28 K. The R? leveling-off toward a constant plateau below 16 K can be attributed
to an additional “background” contribution due to spin diffusion to paramagnetic impurities [61].
It should be noted that the behavior of R{I in the region of the peak significantly deviates from that
predicted by the standard theory for thermally activated atomic motion. In particular, the frequency
dependence of the relaxation rate near the peak appears to be considerably weaker than that predicted
by the standard theory. Furthermore, the measured 'H NMR line width at 6 K is much smaller
than that estimated on the basis of “rigid lattice” calculations for Liy(bIm)BHj, and it does not show
any significant changes over the wide temperature range (6298 K) [60]. These features are typical
of the case of rotational tunneling [62]. Comparison of the observed frequency dependence of R{{
near the peak with the corresponding results for methyl group rotations in various compounds [63]
suggests that for Liy(bIm)BHy, the tunneling frequency w; (that determines the librational ground-state
splitting fiw;) should be of the order of the resonance frequency w. The solid lines in Figure 2 show
the simultaneous fit of the R{{ (T) data at three resonance frequencies to the model [63] describing a
smooth transition from quantum dynamics at low temperatures to classical jump motion at higher
temperatures. In terms of this model, the low-T slope of the R{{ (T) peak is determined by the energy
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difference between the librational ground-state and the first excited state, Eg;, while the high-T slope
is determined by the classical activation energy E, related to the potential barrier height. The most
important energy parameters resulting from the fit are w; = 7.5(3) x 108 s™! (corresponding to the
tunnel splitting iiw; of 0.49 peV), Eg; = 17.7(8) meV, and E, = 44.1(2) meV.

Thus, NMR results for Liy(bIm)BH, are consistent with the low-temperature rotational tunneling
of BH4™ anions; however, unambiguous evidence of the tunnel splitting can be obtained only from
inelastic neutron scattering experiments with high energy resolution: in addition to the quasielastic
peak centered at zero neutron energy transfer, the neutron spectrum is expected to contain some extra
peaks at finite energy transfer values corresponding to the energy differences between the tunnel-split
librational levels [57,58].

The most effective approach to measuring the tunnel splitting of less than 1 peV is based on
the neutron spin echo (NSE) technique [64] that directly probes the neutron energy changes in the
scattering process using the neutron spin precession period in a magnetic field as the internal clock.
This technique provides the best energy resolution among the available neutron spectroscopic methods.
The quantity measured by NSE is proportional to the intermediate scattering function I(Q,t) [42,64]
that represents the time Fourier transform of the spectral neutron scattering function. If extra peaks
at finite energy transfers are present in the neutron spectrum, I(Q,t) is expected to show oscillatory
behavior as a function of time. For Li,(bIm)BHy4, such an oscillatory behavior of I(Q,t) has been
found at low temperatures (3.6 K and 20 K) [60], yielding the tunnel splitting fiw; of 0.43(2) peV
at 3.6 K. However, at 30 K, the oscillatory behavior is no longer observable, so that I(Q,t) becomes
a monotonically decreasing function of time. This indicates a gradual transition to the regime of
classical jump reorientations at higher temperatures. The Q dependence of QENS spectra in the
classical jump regime (80 K) is consistent with the model of uniaxial BH, reorientations around the
three-fold symmetry axis [60], as suggested by the geometry of local environment of the BHy groups
in Lip(bIm)BH4. Summarizing the results of combined NMR and neutron scattering studies of the
dynamical properties of Liy(bIm)BH, [60], we can conclude that this compound exhibits the first
well-documented case of the low-temperature rotational tunneling of BH;~ anions. It seems probable
that the rotational tunneling may also be found in other complex borohydrides, where BH, groups are
somewhat isolated from other structural units.

4. Anion Reorientations and Cation Diffusion in B1oH12- and B1gHqg-Based closo-Borates and
Related Compounds

The first studies of reorientational anion motion in closo-dodecaborates were reported for the
isomorphous cubic compounds A;B1,Hj, (A = K*, Rb*, NH4 ", Cs*) [65]. On the basis of the observed
narrowing of the B NMR spectra, it has been found that the [B1oH1»]? anions in these compounds
participate in the reorientational motion, and the jump rate of the reorientations increases with
increasing cation radius. For the cubic closo-dodecaborate with the fastest reorientations, CsyB12Hjo,
the reorientational motion has also been investigated by QENS [66]. The Q dependence of QENS
spectra for Cs;B1,Hj; is consistent with the model of jump reorientations of [B1oH1,]* around a single
symmetry axis (either five-fold or three-fold) at 430 K, while at temperatures of 480 K and higher,
the model of reorientations around two symmetry axes appears to be preferable. The systematic
measurements of the temperature and frequency dependences of the ' H spin-lattice relaxation rates for
K»B12Hi1z, RbyB1pHip, CsyB1oHip [17], and for (NHy),B1,Hyp [67] performed over wide dynamic ranges
of jump rates have yielded accurate values of the activation energies for [B1,H12]>~ reorientations.
These values are included in Table 1 which summarizes the activation energies for anion reorientations
in closo-borates and related compounds. While the Rll{ (T) results [17,67] for the series A;B1,Hpp (A =K,
Rb*, NH*, Cs*) support the conclusion that the reorientations become faster with increasing cation
radius, they also indicate that the activation energies derived from the 1B NMR line width [65] are
considerably overestimated. Indeed, as discussed above in Section 2, NMR line width measurements
can only trace the changes in jump rates over a narrow dynamic range. An additional indication of
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the overestimated E, values in [65] are the unreasonably small pre-exponential factors 7q (< 1021 s)
obtained in this work.

The characteristic feature of the closo-dodecaborates with smaller cations (Li*, Na') is the
occurrence of high-temperature structural phase transitions [68,69], resulting in the expansion of the
unit cell volume, orientational disorder for the [Bi;H;2]?~ anions and crystallographic disorder for the
cations. For Na;Bi,Hjy, the order—disorder phase transition from the low-T monoclinic phase to the
high-T cubic phase is observed near 520 K [69]. NMR measurements of the 'H and *Na spin-lattice
relaxation rates in this compound have revealed that the transition from the low-T phase to the high-T
phase is accompanied by the dramatic acceleration of both the reorientational motion of the anions
and the translational diffusion of Na* cations [17]. Figure 3 shows the behavior of the 1H and ’Na
spin-lattice relaxation rates in NayB1,Hj; in the region of the order—disorder phase transition. In the
low-T phase, R{J (T) exhibits the frequency-dependent maximum near 470 K that can be described
in terms of the standard model at two resonance frequencies simultaneously. However, the phase
transition leads to the abrupt two-orders-of-magnitude drop of the 'H spin-lattice relaxation rate
(see Figure 3). Since, at the high-temperature slope of the relaxation rate peak, R{i is proportional
to 7, the observed drop of R{{ corresponds to the two-orders-of-magnitude increase in the anion
reorientational jump rate 7~!. The behavior of the 2>Na spin-lattice relaxation rate, Rll\]“, in the region of
the phase transition is also quite unusual. As can be seen from Figure 3, the transition leads to the jump
in Rzl\]” and to the change of the sign of its temperature dependence. Such a behavior can be described
as “folding” of the relaxation rate peak [70]: because of the abrupt increase in the cation jump rate at the
phase transition, Rll\] ? jumps directly from the low-temperature slope of the peak to its high-temperature
slope. Furthermore, the 2>Na NMR spectrum in the high-T phase becomes very narrow (0.31 kHz
full width at half-maximum [17]); this indicates that the 22Na NMR parameters are governed by
translational diffusion of Na* ions. The slopes of the Rll\] “(T) data in Figure 3 below and above the
transition point yield the corresponding activation energies for diffusive Na* jumps; these activation
energies are included in Table 2. Since the 2>Na spin-lattice relaxation peak is “folded”, the absolute
values of the diffusive jump rates, T;l, cannot be determined from the R?’“(T) data; however, it is
evident that, just above the transition point in Na;B1,Hjy, the Na* jump rate exceeds w ~ 2 x 108 s71.
As mentioned in the Introduction, this result has initiated the ionic conductivity measurements leading
to the discovery of the exceptional superionic conductivity in the high-T disordered phase of NayB1,H1»
(~0.1 S/cm [4]).
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Figure 3. Effects of the order—disorder phase transitions in Na;Bjp,Hj, [17] and NaCBy1Hj; [71] on
the 'H and *Na spin-lattice relaxation rates. The black solid lines show the simultaneous fits of the
standard model to the 'H data in the ordered (low-T) phases. The vertical bars indicate the phase
transition temperatures for Na;Bjp,Hi, (blue) and NaCB11Hj, (green).
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The abrupt acceleration of anion reorientations in the disordered phase of Na;B1,Hj1, has been
confirmed by QENS experiments [72]. The Q dependence of the QENS spectra for this phase is
consistent with the reorientational mechanism dominated by small-angle jumps around a single
symmetry axis [72]. For Li;B1,Hj1, the order—disorder phase transition is observed near 600 K [68,69].
As in the case of NayB1pHjy, the transition from the low-T to the high-T phase of Li;B1,Hj; leads to
the nearly two-orders-of-magnitude drop of the 'H spin-lattice relaxation rate [69], indicating the
dramatic acceleration of the anion reorientations. However, the onset of the slow decomposition of
LipB1pHj; just above the phase transition point [69] prevents any detailed studies of the dynamical
properties of the disordered phase of this compound.

For practical applications, it is crucial to retain high ionic conductivity at room temperature
or slightly above it. While Na,;Bi,Hj, exhibits the extremely high ionic conductivity above the
order—disorder transition point (~520 K), at room temperature it is in the ordered phase state with
much lower conductivity (~1077 S/cm [4]). Therefore, it is important to reduce the temperature of
the order-disorder transition, stabilizing the disordered phase state at lower temperatures. In recent
years, several approaches have been used to reach this goal. One such approach is based on chemical
modification of the anions. When the nearly spherical (icosahedral) [B12H1,]%> anion is replaced by
the ellipsoidal-shaped (bicapped-square-antiprismatic) [B;gH;g]>~ anion, the transition temperature is
found to be strongly reduced: NayBgH1g undergoes the transition from the ordered monoclinic phase
to the disordered cubic phase near 370 K [5,73]. This transition is accompanied by the characteristic
“folding” of the >Na relaxation rate peak [5], and the activation energies for Na* diffusion resulting
from the 2*Na relaxation data in the ordered and disordered phases are included in Table 2.

Table 1. Activation energies for anion reorientations in closo- and nido-hydroborate salts, as derived
from NMR and QENS experiments.

Compound Activation Energy (meV) T Range (K) Method  Reference
Li»B1oHy, (LT phase) 1400 (50) 490-590 NMR [69]
NayBy,Hy (LT phase) 770 (20) 400-520 NMR [17]
Na,By,Hy, (HT phase) 270 (40) 523-570 NMR [17]
259 (22) 480-620 QENS [72]
KoB1oHpp 1070 (54) 270-370 NMR 2 [65]
800 (8) 366-564 NMR [17]
Rb,B1,Hpo 910 (46) 220-340 NMR 2 [65]
549 (5) 315-560 NMR [17]
(NHy);B1oHpp 930 (40) 250-350 NMR 2 [65]
486 (8) 297-474 NMR [67]
CsyB1pHyp 600 (30) 180-300 NMR 2 [65]
333 (15) 430-530 QENS [66]
427 (4) 260-570 NMR [17]
Na,ByoHyo (HT phase) 180 (30) 375-435 NMR [74]
124 (2) 365-500 QENS [74]
Rb,B1oH1o 522 (7)b 219-573 NMR [75]
288 (3) and 197 (2) © 400-680 QENS [75]
LiCBy1Hyy (LT phase) 409 (11) 278-384 NMR [71]
LiCBy;Hy, (HT phase) 177 (7) 390-435 NMR [71]
NaCBy1Hy, (LT phase) 409 (7) 278-376 NMR [71]
NaCBy;Hy, (HT phase) 177 (8) 380-435 NMR [71]
KCBy;Hy, (LT phase) 330 (20) 258-332 NMR [76]
KCBy1Hy, (HT phase) 191 (4) 341-435 NMR [76]
149 (2) 345-470 QENS [76]
LiCBgHjyq (LT phase) 302 (7)® 258-332 NMR [74]
LiCByH (HT phase) 299 (5) 359-418 NMR [74]
170 (2) 330-410 QENS [74]
NaCBgHyy (LT phase) 234 (6)® 179-278 NMR [74]
NaCBoHy (HT phase) 205 (5) 287-376 NMR [74]
130 (2) 290-445 QENS [74]
Na-7-CByHjs (LT phase) 330 (20) 209-315 NMR 771
Na-7-CByyHj3 (HT phase) 219 (5) 332-384 NMR 771
Nay(B12H12)o5(B1oHi0)os 240 (10) 300-390 QENS [78]
Nay(CBoH1)(CBy1Hya) 430 (40) and 147 (9) © 278-376 NMR [79]

2 From !B line width measurements; ? average values for activation energy distributions; © for the slow and fast
jump processes, respectively.
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Table 2. Activation energies for translational diffusion of Li* and Na™ ions in closo- and nido-hydroborate
salts, as derived from NMR and PFG-NMR experiments.

Compound Activation Energy (meV) T Range (K) Method Reference
NayBi,Hypo (LT phase) 450 (10) 458-517 NMR [17]
NayB1,Hjp (HT phase) 410 (25) 523-580 NMR [17]
NayB1gHjg (LT phase) 750 (20) 298-367 NMR [5]
NayB1gHj (HT phase) 190 (10) 375-435 NMR [5]
LiCBy1Hy, (LT phase) 422 (6) 332-376 NMR [71]
LiCBy1Hy, (HT phase) 92 (7) 392-426 NMR [71]
NaCBi;Hy; (LT phase) 327 (11) 340-367 NMR [71]
NaCBi;Hi, (HT phase) 152 (8) 376-418 NMR [43]
LiCBgHjo (HT phase) 55 (9) 358-418 NMR [7]
NaCBoHj( (HT phase) 153 (7) 293-401 NMR (7]
Na-7-CBgHy3 (LT phase) 320 (9) 198-315 NMR [77]
Na-7-CB1gHy3 (HT phase) 116 (7) 333-385 NMR [77]
134 (3) 320-403 PEG-NMR [77]
Li(CBgHj10)0.7(CB11H12)03 ~295 298-333 PFG-NMR [9]
Nay(B12H12)0.5(B10H10)0.5 240 (10) 180-320 NMR [78]
Nay(CBoHj0)(CBq1Hyo) 353 (11) 138-349 NMR [79]
135 (8) 350-435 NMR [79]
118 (1) 298-403 PFG-NMR [77]

The next step is related to a partial carbon substitution in closo-hydroborate anions, when one
{B-H} vertex is replaced by {C-H} [6,7]. Examples of carbon-substituted closo-hydroborate anions are
schematically shown in Figure 4a,b. This carbon substitution leads to the anion valence change from
[B12H12]>~ or [B1oHip]*~ to [CB1;Hia]™ or [CByHyp] ™. Apart from stabilizing the disordered phase
state at lower temperatures, this carbon substitution also results in higher ionic conductivities in the
disordered phase [6,7], presumably due to weaker anion—cation Coulombic interactions. The behavior
of the 'H and ?*Na spin-lattice relaxation rates in the region of the order-disorder phase transition
for NaCBj1Hj; is shown in Figure 3, where it is compared with the corresponding behavior for
NaBj,Hjy. As can be seen from this figure, the main effects of the phase transition are similar for both
compounds: the abrupt drop of the 'H spin-lattice relaxation rate (indicating the acceleration of anion
reorientations) and the “folding” of the 2>Na relaxation rate peak (indicating the acceleration of cation
diffusion). The most impressive reduction of the phase transition temperature has been found for
NaCBgHjp, where the disordered phase state with the ionic conductivity of 0.03 S/cm can be retained
at cooling down to room temperature [7]. The activation energies for anion reorientations and cation
diffusion derived from the experimental studies of compounds with the [CB;1H1,]™ and [CBoH10]™
anions are included in Tables 1 and 2. It is interesting to note that, in addition to lithium and sodium
carba-closo-hydroborates, the order—disorder phase transition accompanied by the abrupt acceleration
of anion reorientations and the increase in ionic conductivity has been found for potassium-based
KCB11H12 near 340 K [76]

Before considering other approaches to stabilizing the disordered phase state, it should be
mentioned that investigations of the basic properties of hydroborate salts have been recently extended
to include nido-type hydroborates [80]. For nido-type anions, one of the regular 12 vertices forming the
icosahedral cage of closo-type anions is removed, so that the resulting nest-like form of nido anions
contains 11 vertices. As an example, Figure 4c shows the carbon-substituted nido-hydroborate anion
[7-CB1pHy3]~. It has been found that the main properties of sodium nido-hydroborates resemble
those of the closo-type counterparts. In particular, sodium nido-hydroborates and carbon-substituted
nido-hydroborates also exhibit order—disorder phase transitions accompanied by the abrupt increase in
ionic conductivity [80]. Furthermore, recent NMR and QENS experiments [77,80] have revealed fast
reorientations of the nido-type anions that are strongly accelerated above the order—disorder phase
transition. Note that a priori it was not evident whether the nido-type anions can participate in the fast
reorientational motion, since they are less symmetric than the closo-type counterparts. The activation
energies for anion reorientations derived from the 'H spin-lattice relaxation measurements in the
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ordered and disordered phases of nido-Na-7-CB1gHi3 [77] are included in Table 1. The activation
energies for translational diffusion of Na* ions in this compound have been determined from the Rll\’ “(T)
measurements (for both the ordered and disordered phases) and from the PFG-NMR measurements of
Na* diffusivity (for the disordered phase) [77]; the resulting values are included in Table 2.

Figure 4. Schematic view of carbon-substituted hydroborate anions: (a) icosahedral closo-[CBy1Hyo] ™,
(b) bicapped-square-antiprismatic closo-[1-CBgHyg], and (c) nest-like nido-[7-CB1gHj3] . Green spheres:
B atoms, blue spheres: C atoms, and gray spheres: H atoms.

Another approach to stabilizing the disordered phase state of hydroborates is based on the
crystallite size reduction caused by the mechanical milling. It has been found that ball-milling leads
to the room-temperature stabilization of the high-T-like disordered phases for LipB1yHjs, LipB1gHj,
LiCBy1Hj, NayBipHjip, NapBigHyg, and NaCBj1Hj, [81]. Although these ball-milled compounds
exhibit superionic conductivities at room temperature, they are usually in the two-phase state, where the
disordered phases coexist with the ordered ones [81]. Furthermore, such a two-phase state is not
always stable with respect to thermal cycling.

The most effective approach to stabilizing the disordered phase state is based on the synthesis of
mixed-anion solid solutions. It has been revealed [82,83] that the order-disorder phase transition is
suppressed in mixed-anion solid solutions combining nearly spherical (icosahedral) anions, such as
[B1oHis]? or [CBy1His] ™, and ellipsoidal (bicapped-square-antiprismatic) anions, such as [B1oH10]>~
or [CByHjp]™. These solid solutions are found to retain the disordered state with high ionic
conductivity down to low temperatures. Similar behavior has also been observed for mixed-anion
solid solutions combining the nearly spherical monovalent [CB;1H;j,]™ and divalent [B12H12]% anions,
Nay ,(CB11H12)x(B12H12)1-x [84], as well as those combining the nido- and closo-type anions [11]. While it
is possible to prepare mixed-anion solid solutions by ball-milling the appropriate hydroborate mixtures,
the cleanest and most elegant method of their synthesis is based on drying the aqueous solutions
of such mixtures [82]. The mixed-anion solid solution Na,(CB9H1g) (CB11Hj») is found to exhibit
the highest room-temperature ionic conductivity (~0.07 S/cm [82]) among all the studied Na-ion and
Li-ion conductors. Proton spin-lattice relaxation measurements [82] have shown that in solid solutions
Na,(CBgHyg) (CB11H1) and Liy (CBgHjg) (CB11Hj2) the fast reorientational motion is retained down
to low temperatures. Furthermore, the suppression of the order—disorder transition in these solid
solutions gives an opportunity to compare the reorientational jump rates 7~! of the anions with the
diffusive jump rates T;l of the cations. Figure 5 shows the behavior of both Rllq (at two resonance
frequencies) and Rll\]“ for Na,(CBgHj1g) (CB11H1o) [79].

As can be seen from this figure, due to the absence of the phase transition in the solid-solution
sample, there is no “folding” of the >>Na relaxation rate peak; instead, a regular Rll\]“ (T) maximum
is observed. This maximum is shifted to a somewhat higher temperature with respect to the R{{ (T)
maximum, indicating that, in the region of the peaks, the diffusive motion of Na* ions is slower than
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the reorientational motion of the anions. On the basis of the fits to the spin-lattice relaxation rate
data [79], at 273 K, the diffusive jump rate T;l is about 3 x 108 s7!, while the corresponding jump rates
7~! for two reorientational processes are about 7 x 10? s™! and 2 x 10° s™1. Thus, the difference between
151 and 77! is not very large, which is consistent with the conclusions [20,21] that anion dynamics can
contribute to facilitating the cation diffusion.
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Figure 5. Proton spin-lattice relaxation rates measured at 14 and 28 MHz and *Na spin-lattice
relaxation rates measured at 23 MHz as functions of the inverse temperature for the mixed-anion solid
solution Nay(CBgHjp) (CB11Hjip). The black solid lines show the simultaneous fit of the two-peak
model with Gaussian distributions of the activation energies to the 'H spin-lattice relaxation data in the
range 98-435 K; the black dashed and dotted lines represent the contributions of the two components.
The red solid line shows the fit of the two-peak model to the 2>Na spin-lattice relaxation data in the
range 138-349 K; the red dashed lines represent the contributions of the two components. Reprinted
with permission from reference [79]. Copyright 2019 Elsevier.

Table 1 summarizes the activation energies for anion reorientations, including the detailed
microscopic results for [B1oH10]?~, [CB9H1o]~, and [CB11Hy]~ anions [71,74,75], and the mixed-anion
[B12H121%7/[B1oH1]?~ solid solution [78]. For compounds exhibiting the order—disorder phase
transition, the activation energies in the disordered (high-T) phases are found to be considerably
lower than those in the ordered (low-T) phases. Typical values of E, derived from the proton NMR
measurements in the disordered phases are in the range of 170-300 meV. Low energy barriers for
anion reorientations in the disordered phases are consistent with very fast reorientational motion
in these phases. For the most extensively studied Na salts, the activation energy in the disordered
phase decreases, when [B1oH12]?~ anions are replaced by [B1oH10]>~ and [CB11H;2]™ anions. For the
disordered phase of NayB1,Hjy, the activation energies derived from NMR and QENS experiments are
in good agreement with each other. However, for the disordered phases of other studied hydroborates,
the activation energies obtained from QENS measurements appear to be lower than those resulting
from the proton NMR experiments (see Table 1). As explained in [85], the most probable reason for
such a systematic discrepancy is the presence of a certain distribution of H jump rates. While for
proton spin-lattice relaxation measurements over wide ranges of temperature and the resonance
frequency, the effects of this distribution can be easily modeled [37], it is very difficult to detect the
presence of a jump rate distribution from the shape of QENS spectra. If a broad distribution is present,
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the standard analysis of QENS spectra tends to underestimate the changes in the quasielastic line width
with temperature. Indeed, the faster part of the distribution may be outside the frequency “window”
of the neutron spectrometer (contributing only to the flat background of QENS spectra), and the slower
part of the distribution may be below the spectrometer resolution (contributing only to the elastic line
of QENS spectra). As the temperature changes, different parts of the H jump rate distribution may
appear within the frequency “window” of the neutron spectrometer; this is expected to smear the
actual temperature dependence of the most probable 7~! value.

Table 2 summarizes the activation energies for diffusive cation (Li* and Na*) motion in closo- and
nido-hydroborate salts. For compounds showing the order-disorder phase transition, the activation
energies in the disordered phases are found to be lower than those for the ordered phases; this is
consistent with the acceleration of cation mobility in the disordered phases. Recently, the first
direct measurements of the cation diffusion coefficients D using the PFG-NMR technique have been
reported [9,77]. For compounds where the activation energies for both D and the cation jump rate
have been measured (Na-7-CBgH13 and Nay(CBygH;ip)(CB11Hj;) [77]), these activation energies are
close to each other (see Table 2). This justifies the estimates of the elementary jump length L based
on comparison of the values of D and the cation jump rate. For Nay(CB9Hjg) (CB11Hj2), such a
straightforward estimate of L at 330 K yields 6.9 A [77], which is considerably larger than the distance
between the nearest-neighbor tetrahedral and octahedral Na™ sites in the hexagonal close-packed
lattice of this compound, dto = 4.28 A[79]. A possible reason for the large effective L value may be
related to correlations between jumps of different cations adjoining a large anion [21], when a rotation
of the single anion can facilitate jumps of several cations.

According to the Nernst-Einstein equation, the ionic conductivity ¢ is proportional to D/T.
Therefore, one may expect that the activation energies for D (or the cation jump rate) and for the
product 0T are the same. However, for most of the studied closo-hydroborates, the measured activation
energies for D and the cation jump rate appear to be considerably lower than those for oT [5,7,71,77].
The higher activation energies for the measured conductivity may presumably be attributed to the
effects of large-scale inhomogeneities (such as grain boundaries) [5,86].

5. Effects of Nanoconfinement on Dynamical Properties of Hydroborates

Another promising approach to modifying the dynamical properties of hydroborate salts is based
on their confinement in nanoporous hosts. Generally, such a confinement leads to a suppression of
the long-range order in the confined material and, in many cases, to an enhancement of the mobility
of anions and/or cations. Most of the studies in this direction have been performed on lithium
borohydride infiltrated into nanoporous carbon or SiO, hosts [24,87-96]. The characteristic feature
of these nanocomposites is a coexistence of two distinct fractions of nanoconfined LiBH4. One of
these fractions shows the dynamical behavior similar to that of bulk LiBHy4, whereas the other fraction
exhibits very high mobilities of both the anions and the cations. In NMR experiments, this is manifested
as a coexistence of broad and narrow components in the 'H and ”Li NMR spectra. Since the fraction of
mobile spins has been found to grow with decreasing pore size, the mobile fraction should be attributed
to the regions adjoining (within a few nanometers) the pore walls, while the slow fraction is located in
the core of the pores. The mobile fraction of the nanoconfined material appears to be responsible for
the high ionic conductivity of nanoconfined LiBH, at room temperature [93,95]. However, systematic
studies of the effects of pore size on the ionic conductivity of nanoconfined hydroborate salts have not
been reported so far. It is interesting to note that, apart from the enhanced reorientational jump rate of
BH,4~ anions in the mobile fraction [90-92,95], these anions also participate in translational diffusion at
the frequency scale of 10° s™! or higher. Indeed, the narrow component of the 'H NMR spectra has a
width of about 1 kHz [24,92,94], and the reorientational motion alone cannot lead to such a narrowing
(see Section 2). Experiments at various temperatures have revealed that the fraction of mobile spins
increases with temperature [24,92,94,96]. This suggests that there is no fixed interface between the
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two fractions, which is consistent with the presence of broad continuous distributions of the jump
rates [94].

It should be noted that most of the studies of dynamical properties of nanoconfined LiBHj rely
only on NMR lineshape measurements; these measurements can only distinguish between slow and
fast motions at the frequency scale of ~10° s™!, without giving more specific information on the
atomic jump rates. Nuclear spin relaxation experiments on nanoconfined systems are still quite rare.
Recently, for LiBH, confined in nanoporous carbon, the frequency dependence of the 'H spin-lattice
relaxation rate over the very wide range from 50 kHz to 20 MHz has been studied by the field-cycling
technique [94]. It has been found that at T = 298 K and 371 K (where the 1H relaxation rate is governed
by Li* jumps via 'H-"Li dipole-dipole interactions), Rllq is proportional to w™!; this suggests the
presence of a broad distribution of Li* jump rates. Furthermore, the exchange of the anions between
the two fractions of LiBH, confined in nanoporous carbon has been studied by the selective inversion
of the narrow component of the 'H NMR spectrum [94]; the exchange time constant of the order
of 5 ms appears to be nearly temperature-independent over the range of 280-420 K. On the other
hand, for LiBH,4 confined in nanoporous SiO, (SBA-15), the fast exchange of Li* cations between
the two fractions has been observed only above the order—disorder (orthorhombic-hexagonal) phase
transition temperature (~370 K) of the bulk-like LiBHy fraction [96]. It should be kept in mind that the
detailed microscopic picture of motions in nanoconfined LiBH; may also depend on the material of
nanoporous scaffold (carbon or SiO;) and on the shape of the pores.

Recent studies of combined effects of anion substitution and nanoconfinement [97] have shown
that, for mixed-anion systems Li(BHy4),I;-, and Li(BH4)x(NHj)1. confined in nanoporous SiO; or Al,O3,
the Li* conductivity at room temperature is higher than both the conductivities of the corresponding
bulk materials and the conductivity of nanoconfined LiBH,. These results demonstrate that combining
partial anion substitution and nanoconfinement may be a promising approach to reach high ionic
conductivity at room temperature in complex hydrides.

The first synthesis of nanoconfined closo-hydroborate has been reported by Yan et al. [98] using
nanoporous SiO; (SBA-15 with cylindrical pores of an average diameter of 5.9 nm) as a scaffold. The ’Li
NMR spectrum of the resulting Li;B1,H1,/SBA-15 nanocomposite is found to consist of a narrow
(1.1 kHz) and broader (~6.5 kHz) components which do not show any significant changes over the
temperature range from 298 K to 378 K. This indicates a coexistence of temperature-independent
fractions of more mobile and less mobile Li* ions. According to X-ray diffraction measurements,
the dominant phase of the Li;B1,H1/SBA-15 nanocomposite corresponds to the ordered (low-T) phase
of bulk Li;B1pHjy, and the room-temperature ionic conductivity (8.3 x 107 S/cm [98]) is quite modest.

The remarkable enhancement of both the reorientational motion of the anions and the translational
diffusion of the cations has been recently revealed in the carbon-substituted closo-hydroborate
NaCBj;Hjp confined in SBA-15 with the average pore diameter of 8 nm [99]. As can be seen
from Figure 6, the behavior of R?(T) in nanoconfined NaCBy;H1,/SBA-15 strongly differs from
that observed for the bulk NaCBy1Hj, [71]. In particular, the order—disorder phase transition in
the bulk material (near 376 K) is suppressed in the nanocomposite, so that the disordered phase
with high reorientational mobility is retained down to low temperatures. In contrast to the case of
nanoconfined LiBH,, the proton NMR spectra in NaCB;1H1,/SBA-15 do not exhibit a two-component
structure with a very narrow component. Thus, there are no signs of fast translational anion mobility
in NaCB;1H;,/SBA-15. However, Na* cations in this system are found to participate in the fast
translational diffusion; this is supported by the strong 2*Na NMR line narrowing near 180 K leading to
the plateau line width values of about 1 kHz and the 2*Na spin-lattice relaxation rate maximum near
270 K [99]. These results suggest that nanoconfinement of closo-hydroborates may be an effective way
to reach high ionic conductivity at room temperature.
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Figure 6. Proton spin-lattice relaxation rates measured at the resonance frequencies of 14 and 28 MHz

in the nanoconfined NaCB11H;,/SBA-15 system (average pore diameter of 8 nm) [99]. The black solid
lines show the simultaneous fit of the two-peak model to the data. For comparison, the red line shows
the behavior of the proton spin-lattice relaxation rate in bulk NaCB;1Hj, [71].

6. Conclusions and Outlook

This brief review emphasizes the potential of NMR for the investigation of a rich picture of
anion and cation dynamics in polyhydroborate salts. The discoveries of high Li* conductivity in
LiBH, [100] and high Li* and Na™ conductivities in closo-hydroborates (initiated by NMR results for
Na,B1,Hj, [17]) have shifted the focus of interest to this class of materials from the hydrogen storage
properties to the properties useful for solid electrolytes in rechargeable batteries. Studies of the key
factors governing the performance of polyhydroborate salts as solid electrolytes are of great importance
for future developments.

One of such factors is the relation between anion reorientations and cation translational mobility.
For most of the studied compounds, fast cation diffusion is observed in the phases exhibiting extremely
fast anion reorientations. Although this relation in closo-hydroborates has been addressed in a
number of ab initio calculations [18-21], detailed experimental studies of the mechanisms of cation
diffusion are still lacking. The unusual mechanism of ammonia-assisted Li* diffusion in the new
borohydride-ammine LiBH4-1/2NHj3 has been suggested recently on the basis of structural studies and
ab initio calculations [101]: an interstitial Lit ion “borrows” an NHj3 molecule from the framework Li*
to perform a jump, and then delivers this molecule back to the framework Li*. In order to verify this
mechanism, it would be interesting to probe the corresponding displacements of NH3 molecules by
NMR measurements.

Another important factor is the interaction of hydroborate salts with the wall surfaces in
nanoporous materials. Understanding the nature of the mobility enhancement near the surfaces may
contribute to the search for new materials with high ionic conductivities.

Author Contributions: Conceptualization, supervision, writing—original draft preparation (Sections 1, 2, 4 and 6),
A.VS. (Alexander V. Skripov); validation, writing—review and editing, A.V.S. (Alexei V. Soloninin); visualization,
writing—original draft preparation (Section 3), O.A.B.; writing—original draft preparation (Section 5), R.V.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Russian Foundation for Basic Research, Grant No. 19-03-00133, and by
the Russian federal scientific program “Function” No. AAAA-A19-119012990095-0.



Molecules 2020, 25, 2940 17 of 22

Acknowledgments: The authors are grateful to T.J. Udovic, M. Dimitrievska, V. Stavila, G. Majer, and J. Grinderslev
for useful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Mohtadi, R.; Orimo, S. The Renaissance of Hydrides as Energy Materials. Nat. Rev. Mater. 2016, 2, 16091.
[CrossRef]

Hansen, B.R.S.; Paskevicius, M.; Li, H.; Akiba, E.; Jensen, T.R. Metal Boranes: Progress and Applications.
Coord. Chem. Rev. 2016, 323, 60-70. [CrossRef]

Orimo, S.; Nakamori, Y.; Elisen, J.R.; Ziittel, A.; Jensen, C.M. Complex Hydrides for Hydrogen Storage.
Chem. Rev. 2007, 107, 4111-4132. [CrossRef] [PubMed]

Udovic, T.J.; Matsuo, M.; Unemoto, A.; Verdal, N.; Stavila, V.; Skripov, A.V.; Rush, ].J.; Takamura, H.; Orimo, S.
Sodium Superionic Conduction in Na;BioHyy. Chem. Commun. 2014, 50, 3750-3752. [CrossRef]

Udovic, TJ.; Matsuo, M.; Tang, W.S; Wu, H,; Stavila, V,; Soloninin, A.V.; Skoryunov, R.V;
Babanova, O.A.; Skripov, A.V.; Rush, ].J.; et al. Exceptional Superionic Conductivity in Disordered
Sodium Decahydro-closo-decaborate. Adv. Mater. 2014, 26, 7622-7626. [CrossRef]

Tang, W.S.; Unemoto, A.; Zhou, W,; Stavila, V.; Matsuo, M.; Wu, H.; Orimo, S.; Udovic, T.]. Unparalleled
Lithium and Sodium Superionic Conduction in Solid Electrolytes with Large Monovalent Cage-like Anions.
Energy Environ. Sci. 2015, 8, 3637-3645. [CrossRef] [PubMed]

Tang, W.S.; Matsuo, M.; Wu, H.; Stavila, V.; Zhou, W.; Talin, A.A.; Soloninin, A.V.; Skoryunov, R.V,;
Babanova, O.A.; Skripov, A.V,; et al. Liquid-like Ionic Conduction in Solid Lithium and Sodium
Monocarba-Closo-Decaborates near or at Room Temperature. Adv. Energy Mater. 2016, 6, 1502237. [CrossRef]
Yoshida, K.; Sato, T.; Unemoto, A.; Matsuo, M.; Ikeshoji, T.; Udovic, T.J.; Orimo, S. Fast Sodium Ionic
Conduction in NayBygH19-NayBioHjy Complex Hydride and Application to a Bulk-Type All-Solid-State
Battery. Appl. Phys. Lett. 2017, 110, 103901. [CrossRef]

Kim, S.; Oguchi, H.; Toyama, N.; Sato, T.; Takagi, S.; Otomo, T.; Arunkumar, D.; Kuwata, N.; Kawamura, J.;
Orimo, S. A Complex Hydride Lithium Superionic Conductor for High-Energy-Density All-Solid-State
Lithium Metal Batteries. Nat. Commun. 2019, 10, 1081. [CrossRef]

Duchéne, L.; Remhof, A.; Hagemann, H.; Battaglia, C. Status and Prospects of Hydroborate Electrolytes for
All-Solid-State Batteries. Energy Storage Mater. 2020, 25, 782-794. [CrossRef]

Payandeh, S.H.; Asakura, R.; Avramidou, P; Rentsch, D.; Lodziana, Z.; Cerny, R.; Remhof, A.; Battaglia, C.
Nido-Borate/Closo-Borate Mixed-Anion Electrolytes for All-Solid-State Batteries. Chem. Mater. 2020, 32,
1101-1110. [CrossRef]

Tsang, T.; Farrar, T.C. Nuclear Magnetic Relaxation Studies of Internal Rotations and Phase Transitions in
Borohydrides of Lithium, Sodium, and Potassium. J. Chem. Phys. 1969, 50, 3498-3502. [CrossRef]

Skripov, A.V.; Soloninin, A.V.; Babanova, O.A. Nuclear Magnetic Resonance Studies of Atomic Motion in
Borohydrides. J. Alloys Compd. 2011, 509, S535-S539. [CrossRef]

Skripov, A.V.; Soloninin, A.V,; Filinchuk, Y.; Chernyshov, D. Nuclear Magnetic Resonance Study of the
Rotational Motion and the Phase Transition in LiBHy. J. Phys. Chem. C 2008, 112, 18701-18705. [CrossRef]
Corey, R.L.; Shane, D.T.; Bowman, R.C.; Conradi, M.S. Atomic Motions in LiBH4 by NMR. |. Phys. Chem. C
2008, 112, 18706-18710. [CrossRef]

Skripov, A.V.; Soloninin, A.V.; Babanova, O.A.; Skoryunov, R.V. Nuclear Magnetic Resonance Studies
of Atomic Motion in Borohydride-Based Materials: Fast Anion Reorientations and Cation Diffusion.
J. Alloys Compd. 2015, 645, S428-5433. [CrossRef]

Skripov, A.V.; Babanova, O.A.; Soloninin, A.V.; Stavila, V.; Verdal, N.; Udovic, T.].; Rush, J.J. Nuclear Magnetic
Resonance Study of Atomic Motion in A;B1,His (A =Na, K, Rb, Cs): Anion Reorientations and Na* Mobility.
J. Phys. Chem. C 2013, 117, 25961-25968. [CrossRef]

Lu, Z.; Ciucci, F. Structural Origin of the Superionic Na Conduction in NayBigHjg Closo-Borates and
Enhanced Conductivity by Na Deficiency for High Performance Solid Electrolyte. J. Mater. Chem. A 2016, 4,
17740-17748. [CrossRef]


http://dx.doi.org/10.1038/natrevmats.2016.91
http://dx.doi.org/10.1016/j.ccr.2015.12.003
http://dx.doi.org/10.1021/cr0501846
http://www.ncbi.nlm.nih.gov/pubmed/17848101
http://dx.doi.org/10.1039/C3CC49805K
http://dx.doi.org/10.1002/adma.201403157
http://dx.doi.org/10.1039/C5EE02941D
http://www.ncbi.nlm.nih.gov/pubmed/26955398
http://dx.doi.org/10.1002/aenm.201502237
http://dx.doi.org/10.1063/1.4977885
http://dx.doi.org/10.1038/s41467-019-09061-9
http://dx.doi.org/10.1016/j.ensm.2019.08.032
http://dx.doi.org/10.1021/acs.chemmater.9b03933
http://dx.doi.org/10.1063/1.1671574
http://dx.doi.org/10.1016/j.jallcom.2010.09.119
http://dx.doi.org/10.1021/jp806705q
http://dx.doi.org/10.1021/jp807910p
http://dx.doi.org/10.1016/j.jallcom.2014.12.089
http://dx.doi.org/10.1021/jp4106585
http://dx.doi.org/10.1039/C6TA07443J

Molecules 2020, 25, 2940 18 of 22

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

Varley, ].B.; Kweon, K.; Mehta, P,; Shea, P.; Heo, TW.; Udovic, T].; Stavila, V.; Wood, B.C. Understanding Ionic
Conductivity Trends in Polyborane Solid Electrolytes from Ab Initio Molecular Dynamics. ACS Energy Lett.
2017, 2, 250-255. [CrossRef]

Kweon, K.; Varley, ].B.; Shea, P.; Adelstein, N.; Mehta, P.; Heo, TW.; Udovic, T.J.; Stavila, V.; Wood, B.C.
Structural, Chemical, and Dynamical Frustration: Origins of Superionic Conductivity in Closo-Borate Solid
Electrolytes. Chem. Mater. 2017, 29, 9142-9153. [CrossRef]

Dimitrievska, M.; Shea, P.; Kweon, K.E.; Bercx, M.; Varley, J.B.; Tang, W.S.; Skripov, A.V.; Stavila, V,;
Udovic, T.J.; Wood, B.C. Carbon Incorporation and Anion Dynamics as Synergistic Drivers for Ultrafast
Diffusion in Superionic LiCBy1Hy; and NaCBy1Hj,. Adv. Energy Mater. 2018, 6, 1703422. [CrossRef]
Soloninin, A.V.; Skripov, A.V.; Buzlukov, A.L.; Stepanov, A.P. Nuclear Magnetic Resonance Study of Li and H
diffusion in the High-Temperature Solid Phase of LiBHy. . Solid State Chem. 2009, 182, 2357-2361. [CrossRef]
Babanova, O.A.; Soloninin, A.V.; Stepanov, A.P.,; Skripov, A.V.; Filinchuk, Y. Structural and Dynamical
Properties of NaBH4 and KBH4: NMR and Synchrotron X-ray Diffraction Studies. J. Phys. Chem. C 2010, 114,
3712-3718. [CrossRef]

Shane, D.T.; Corey, R.L.; McIntosh, C.; Rayhel, L.H.; Bowman, R.C.; Vajo, J.J.; Gross, A.E.; Conradi, M.S.
LiBH, in Carbon Aerogel Nanoscaffolds: An NMR Study of Atomic Motions. J. Phys. Chem. C 2010, 114,
4008-4014. [CrossRef]

Epp, V.; Wilkening, M. Fast Li Diffusion in Crystalline LiBH; Due to Reduced Dimensionality:
Frequency-Dependent NMR Spectroscopy. Phys. Rev. B 2010, 82, 020301(R). [CrossRef]

Babanova, O.A.; Soloninin, A.V.; Skripov, A.V.; Ravnsbak, D.B.; Jensen, T.R.; Filinchuk, Y. Reorientational
Motion in Alkali-Metal Borohydrides: NMR Data for RbBH, and CsBH, and Systematics of the Activation
Energy Variations. J. Phys. Chem. C 2011, 115, 10305-10309. [CrossRef]

Jimura, K.; Hayashi, S. Reorientational Motion of BHy Ions in Alkali Borohydrides MBH, (M = Li, Na, K) as
Studied by Solid-State NMR. |. Phys. Chem. C 2012, 116, 4883-4891. [CrossRef]

Skripov, A.V.; Soloninin, A.V.; Babanova, O.A.; Hagemann, H.; Filinchuk, Y. Nuclear Magnetic Resonance
Study of Reorientational Motion in «-Mg(BHy);. J. Phys. Chem. C 2010, 114, 12370-12374. [CrossRef]
Shane, D.T.; Rayhel, L.H.; Huang, Z.; Zhao, ].-C.; Tang, X.; Stavila, V.; Conradi, M.S. Comprehensive NMR
Study of Magnesium Borohydride. J. Phys. Chem. C 2011, 115, 3172-3177. [CrossRef]

Soloninin, A.V.; Babanova, O.A.; Skripov, A.V.; Hagemann, H.; Richter, B.; Jensen, T.R.; Filinchuk, Y. NMR
Study of Reorientational Motion in Alkaline-Earth Borohydrides: 3 and 'y Phases of Mg(BHy), and « and 3
Phases of Ca(BHy),. J. Phys. Chem. C 2012, 116, 4913-4920. [CrossRef]

Eagles, M.; Sun, B.; Richter, B.; Jensen, T.R.; Filinchuk, Y.; Conradi, M.S. NMR Investigation of Nanoporous
v-Mg(BHy), and Its Thermally Induced Phase Changes. |. Phys. Chem. C 2012, 116, 13033-13037. [CrossRef]
Jeener, |.; Broekaert, P. Nuclear Magnetic Resonance in Solids: Thermodynamic Effects of a Pair of rf Pulses.
Phys. Rev. 1967, 157, 232-240. [CrossRef]

Spiess, HW. Deuteron Spin Alignment: A Probe for Studying Ultraslow Motions in Solids and Solid
Polymers. J. Chem. Phys. 1980, 72, 6755-6762. [CrossRef]

Abragam, A. The Principles of Nuclear Magnetism; Clarendon Press: Oxford, UK, 1961.

Bloembergen, N.; Purcell, E.M.; Pound, R.V. Relaxation Effects in Nuclear Magnetic Resonance Absorption.
Phys. Rev. 1948, 73, 679-712. [CrossRef]

Look, D.C.; Lowe, L]. Effect of Hindered Molecular Rotation between Unequal Potential Wells upon Nuclear
Magnetic Resonance Spin-Lattice Relaxation Times and Second Moments. J. Chem. Phys. 1966, 44, 3437-3441.
[CrossRef]

Markert, ].T.; Cotts, E.J.; Cotts, R.M. Hydrogen Diffusion in the Metallic Glass a-Zr3RhH3 5. Phys. Rev. B
1988, 37, 6446-6452. [CrossRef]

Stejskal, E.O.; Tanner, J.E. Spin Diffusion Measurements: Spin Echos in the Presence of a Time-Dependent
Field Gradient. J. Chem. Phys. 1965, 42, 288-292. [CrossRef]

Price, W.S. NMR Studies of Translational Motion—Principles and Applications; University Press: Cambridge,
UK, 2009.

Callaghan, P.T. Translational Dynamics and Magnetic Resonance—Principles of Pulsed Gradient Spin Echo NMR;
University Press: Oxford, UK, 2011.

Tanner, J.E. Use of the Stimulated Echo in NMR Diffusion Studies. J. Chem. Phys. 1970, 52, 2523-2526.
[CrossRef]


http://dx.doi.org/10.1021/acsenergylett.6b00620
http://dx.doi.org/10.1021/acs.chemmater.7b02902
http://dx.doi.org/10.1002/aenm.201703422
http://dx.doi.org/10.1016/j.jssc.2009.06.023
http://dx.doi.org/10.1021/jp9119606
http://dx.doi.org/10.1021/jp9107365
http://dx.doi.org/10.1103/PhysRevB.82.020301
http://dx.doi.org/10.1021/jp201735q
http://dx.doi.org/10.1021/jp300092q
http://dx.doi.org/10.1021/jp1037206
http://dx.doi.org/10.1021/jp110762s
http://dx.doi.org/10.1021/jp210509g
http://dx.doi.org/10.1021/jp303076t
http://dx.doi.org/10.1103/PhysRev.157.232
http://dx.doi.org/10.1063/1.439165
http://dx.doi.org/10.1103/PhysRev.73.679
http://dx.doi.org/10.1063/1.1727248
http://dx.doi.org/10.1103/PhysRevB.37.6446
http://dx.doi.org/10.1063/1.1695690
http://dx.doi.org/10.1063/1.1673336

Molecules 2020, 25, 2940 19 of 22

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Bée, M. Quasielastic Neutron Scattering, Principles and Applications in Solid State Chemistry, Biology and Materials
Science; Adam Hilger: Bristol, UK, 1988.

Hempelmann, R. Quasielastic Neutron Scattering and Solid State Diffusion; Clarendon Press: Oxford, UK, 2000.
Maekawa, H.; Matsuo, M.; Takamura, H.; Ando, M.; Noda, Y.; Karahashi, T.; Orimo, S. Halide-Stabilized
LiBHy4, a Room-Temperature Lithium Fast-Ion Conductor. J. Am. Chem. Soc. 2009, 131, 894-895. [CrossRef]
Skripov, A.V.; Soloninin, A.V,; Rude, L.H,; Jensen, T.R,; Filinchuk, Y. Nuclear Magnetic Resonance Studies of
Reorientational Motion and Li Diffusion in LiBH4-Lil Solid Solutions. J. Phys. Chem. C 2012, 116, 26177-26184.
[CrossRef]

Martelli, P.; Remhof, A.; Borgschulte, A.; Ackermann, R.; Stréssle, E.J.P.; Ernst, M.; Matsuo, M.; Orimo, S.;
Ziittel, A. Rotational Motion in LiBH,/Lil Solid Solutions. J. Phys. Chem. A 2011, 115, 5329-5334. [CrossRef]
[PubMed]

Verdal, N.; Udovic, T.J.; Rush, J.J.; Wu, H.; Skripov, A.V. Evolution of the Reorientational Motions of the
Tetrahydroborate Anions in Hexagonal LiBHy4-Lil Solid Solutions by High-Q Quasielastic Neutron Scattering.
J. Phys. Chem. C 2013, 117, 12010-12018. [CrossRef]

Frommen, C.; Serby, M.H.; Ravindran, P; Vajeeston, P; Fjellvag, H.; Hauback, B.C. Synthesis, Crystal
Structure, and Thermal Properties of the First Mixed-Metal and Anion-Substituted Rare Earth Borohydride
LiCe(BH4)3Cl. J. Phys. Chem. C 2011, 115, 23591-23602. [CrossRef]

Ley, M.B.; Ravnsbeek, D.B.; Filinchuk, Y.; Lee, Y.S.; Janot, R.; Cho, Y.W,; Skibsted, J.; Jensen, T.R. LiCe(BH,)3Cl,
a New Lithium-Ion Conductor and Hydrogen Storage Material with Isolated Tetranuclear Anionic Clusters.
Chem. Mater. 2012, 24, 1654-1663. [CrossRef]

Ley, M.B.; Boulineau, S.; Janot, R.; Filinchuk, Y.; Jensen, T.R. New Li-Ion Conductors and Solid State Hydrogen
Storage Materials: LiM (BHy4)3Cl, M = La, Gd. J. Phys. Chem. C 2012, 116, 21267-21276. [CrossRef]
GharibDoust, S.P,; Brighi, M.; Sadykin, Y.; Ravnsbeek, D.B.; Cerny, R.; Skibsted, J.; Jensen, T.R. Synthesis,
Structure, and Li-Ion Conductivity of LiLa(BHy4)3X, X = Cl, B, L. J. Phys. Chem. C 2017, 121, 19010-19021.
[CrossRef]

Skripov, A.V.; Soloninin, A.V.; Ley, M.B.; Jensen, T.R; Filinchuk, Y. Nuclear Magnetic Resonance Study of
BH, Reorientations and Li Diffusion in LiLa(BH4)3Cl. J. Phys. Chem. C 2013, 117, 14965-14972. [CrossRef]
Soloninin, A.V.; Babanova, O.A.; Skoryunov, R.V.; Skripov, A.V,; Grinderslev, J.; Jensen, T.R. NMR Study
of the Dynamical Properties of LiLa(BH)3;Br and LiLa(BHy)31. Appl. Magn. Reson. 2020, (unpublished,
manuscript in preparation).

Soloninin, A.V.; Babanova, O.A.; Medvedeyv, E.Y.; Skripov, A.V.; Matsuo, M.; Orimo, S. Nuclear Magnetic
Resonance Study of Atomic Motion in the Mixed Borohydride-Amide Nay(BH4)(NHy). J. Phys. Chem. C
2014, 118, 14805-14812. [CrossRef]

Chater, PA.; Anderson, P.A.; Prendergast, ].W.; Walton, A.; Mann, V.S].; Book, D.; David, W.LE; Johnson, S.R.;
Edwards, PP. Synthesis and Characterization of Amide-Borohydrides: New Complex Light Hydrides for
Potential Hydrogen Storage. . Alloys Compd. 2007, 446, 350-354. [CrossRef]

Somer, M.; Acar, C.; Koz, C.; Kokal, I.; Héhn, P; Cardoso-Gil, R.; Aydemir, U.; Akselrud, L. «- and
3-Nay[BH4][NH]: Two Modifications of a Complex Hydride in the System NaNH;-NaBHy; Synthesis,
Crystal Structures, Thermal Analyses, Mass and Vibrational Spectra. J. Alloys Compd. 2010, 491, 98-105.
[CrossRef]

Prager, M.; Heidemann, A. Rotational Tunneling and Neutron Spectroscopy: A Compilation. Chem. Rev.
1997, 97, 2933-2966. [CrossRef] [PubMed]

Verdal, N.; Udovic, TJ.; Rush, ].J.; Stavila, V.; Wu, H.; Zhou, W.; Jenkins, T. Low-Temperature Tunneling
and Rotational Dynamics of the Ammonium Cations in (NHy),B1,Hjy. J. Chem. Phys. 2011, 135, 094501.
[CrossRef] [PubMed]

Gradisek, A.; Jepsen, L.H,; Jensen, T.R.; Conradi, M.S. Nuclear Magnetic Resonance Study of Molecular
Dynamics in Ammine Metal Borohydride Sr(BH4),(NHj3),. J. Phys. Chem. C 2016, 120, 24646-24654.
[CrossRef]

Skripov, A.V.; Dimitrievska, M.; Babanova, O.A.; Skoryunov, R.V,; Soloninin, A.V.; Morelle, E; Filinchuk, Y.;
Faraone, A.; Wu, H.; Zhou, W.; et al. Low-Temperature Rotational Tunneling of Tetrahydroborate Anions in
Lithium Benzimidasolate-Borohydride Lip(bIm)BHy. J. Phys. Chem. C 2019, 123, 20789-20799. [CrossRef]


http://dx.doi.org/10.1021/ja807392k
http://dx.doi.org/10.1021/jp3080892
http://dx.doi.org/10.1021/jp201372b
http://www.ncbi.nlm.nih.gov/pubmed/21545168
http://dx.doi.org/10.1021/jp403636k
http://dx.doi.org/10.1021/jp205105j
http://dx.doi.org/10.1021/cm300792t
http://dx.doi.org/10.1021/jp307762g
http://dx.doi.org/10.1021/acs.jpcc.7b04905
http://dx.doi.org/10.1021/jp403746m
http://dx.doi.org/10.1021/jp503451d
http://dx.doi.org/10.1016/j.jallcom.2007.01.114
http://dx.doi.org/10.1016/j.jallcom.2009.10.268
http://dx.doi.org/10.1021/cr9500848
http://www.ncbi.nlm.nih.gov/pubmed/11851482
http://dx.doi.org/10.1063/1.3624495
http://www.ncbi.nlm.nih.gov/pubmed/21913769
http://dx.doi.org/10.1021/acs.jpcc.6b08162
http://dx.doi.org/10.1021/acs.jpcc.9b06083

Molecules 2020, 25, 2940 20 of 22

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Phua, T.T.; Beaudry, B.J.; Peterson, D.T.; Torgeson, D.R.; Barnes, R.G.; Belhoul, M.; Styles, G.A.; Seymour, E.EW.
Paramagnetic Impurity Effects in NMR Determinations of Hydrogen Diffusion and Electronic Structure in
Metal Hydrides. Gd3* in YH, and LaHj, 5. Phys. Rev. B 1983, 28, 6227-6250. [CrossRef]

Horsewill, A.J. Quantum Tunneling Aspects of Methyl Group Rotation Studied by NMR. Prog. Nucl. Magn.
Reson. Spectrosc. 1999, 35, 359-389. [CrossRef]

Miiller-Warmuth, W.; Schiiler, R.; Prager, M.; Kollmar, A. Rotational Tunneling in Methylpyridines as Studied
by NMR Relaxation and Inelastic Neutron Scattering. J. Chem. Phys. 1978, 69, 2382-2392. [CrossRef]
Mezei, F. Neutron Spin Echo: Ten Years After. Physica B+C 1983, 120, 51-60. [CrossRef]

Tiritiris, I.; Schleid, T.; Miiller, K. Solid-State NMR Studies on Ionic closo-Dodecaborates. Appl. Magn. Reson.
2007, 32, 459-481. [CrossRef]

Verdal, N.; Udovic, T.J.; Rush, J.J.; Cappelletti, RL.; Zhou, W. Reorientational Dynamics of the
Dodecahydro-closo-dodecaborate Anion in Cs;B1oHjip. J. Phys. Chem. A 2011, 115, 2933-2938. [CrossRef]
[PubMed]

Skripov, A.V.; Skoryunov, R.V,; Soloninin, A.V.; Babanova, O.A.; Stavila, V.; Udovic, T.J. Nuclear Magnetic
Resonance Study of Anion and Cation Reorientational Dynamics in (NHy);B1,Hy5. J. Phys. Chem. C 2018,
122, 3256-3262. [CrossRef]

Paskevicius, M.; Pitt, M.P.; Brown, D.H.; Sheppard, D.A.; Chumphongphan, S.; Buckley, C.E. First-Order
Phase Transition in the LipB1,Hjp System. Phys. Chem. Chem. Phys. 2013, 15, 15825-15828. [CrossRef]
[PubMed]

Verdal, N.; Her, J.-H.; Stavila, V.; Soloninin, A.V.; Babanova, O.A.; Skripov, A.V.; Udovic, T.J.; Rush, J.J.
Complex High-Temperature Phase Transitions in Li;B1,H» and NayB,Hyy. J. Solid State Chem. 2014, 212,
81-91. [CrossRef]

Skripov, A.V,; Belyaev, M.Y.; Rychkova, S.V.; Stepanov, A.P. Nuclear Magnetic Resonance Study of Hydrogen
Diffusion in HfVoHy(Dy) and ZrV,Hy(Dy): Effects of Phase Transitions and Isotope Substitution. J. Phys.
Condens. Matter 1991, 3, 6277-6291. [CrossRef]

Skripov, A.V.; Skoryunov, R.V.; Soloninin, A.V.; Babanova, O.A.; Tang, W.S,; Stavila, V.; Udovic, T.J. Anion
Reorientations and Cation Diffusion in LiCB;;Hyp and NaCBy;Hjy: 'H, 7Li, and 2Na NMR Studies. J. Phys.
Chem. C 2015, 119, 26912-26918. [CrossRef]

Verdal, N.; Udovic, T].; Stavila, V.; Tang, W.S.; Rush, ].].; Skripov, A.V. Anion Reorientations in the Superionic
Conducting Phase of NayB1,Hj1y. J. Phys. Chem. C 2014, 118, 17483-17489. [CrossRef]

Bonnetot, B.; Mongeot, H.; Aboukhassib, A.; Lefebvre, F. Phase Transition Investigations of closo-Hydroborates.
Inorg. Chim. Acta 1992, 193, 21-26. [CrossRef]

Soloninin, A.V.; Dimitrievska, M.; Skoryunov, R.V.; Babanova, O.A.; Skripov, A.V.; Tang, W.S.; Stavila, V.;
Udovic, T.J. Comparison of Anion Reorientational Dynamics in MCByH;y and M;B;oH;o (M = Li, Na) via
Nuclear Magnetic Resonance and Quasielastic Neutron Scattering Studies. J. Phys. Chem. C 2017, 121,
1000-1012. [CrossRef]

Dimitrievska, M.; Stavila, V.; Soloninin, A.V.; Skoryunov, R.V.; Babanova, O.A.; Wu, H.; Zhou, W.; Tang, W.S.;
Faraone, A.; Tarver, ].D.; et al. Nature of Decahydro-closo-decaborate Anion Reorientations in an Ordered
Alkali-Metal Salt: Rb,B1gHyg. J. Phys. Chem. C 2018, 122, 15198-15207. [CrossRef]

Dimitrievska, M.; Wu, H.; Stavila, V.; Babanova, O.A.; Skoryunov, R.V.;; Soloninin, A.V.; Zhou, W,;
Trump, B.A.; Andersson, M.S.; Skripov, A.V,; et al. Structural and Dynamical Properties of Potassium
Dodecahydro-monocarba-closo-dodecaborate: KCBy1Hyy. J. Phys. Chem. C 2020. (submitted).

Skripov, A.V.; Majer, G.; Babanova, O.A.; Skoryunov, R.V.; Soloninin, A.V.; Dimitrievska, M.; Udovic, T.J. Na*
Diffusivity in Carbon-Substituted nido- and closo-Hydroborate Salts: Pulsed-Field-Gradient NMR Studies of
Na-7-CBygH13 and Na(CB9H1()(CB11Hjp). J. Alloys Compd. 2020. (submitted).

Duchéne, L.; Lunghammer, S.; Burankova, T.; Liao, W.-C.; Embs, J.P.; Copéret, C.; Wilkening, HM.R.;
Remhof, A.; Hagemann, H.; Battaglia, C. Ionic Conduction Mechanism in the Nay(B12Hj12)05(B10H10)05
closo-Borate Solid-State Electrolyte: Interplay of Disorder and Ion-Ion Interactions. Chem. Mater. 2019, 31,
3449-3460. [CrossRef]

Soloninin, A.V.; Skoryunov, R.V.; Babanova, O.A.; Skripov, A.V.; Dimitrievska, M.; Udovic, T.]. Comparison
of Anion and Cation Dynamics in a Carbon-Substituted closo-Hydroborate Salt: 'H and 2Na NMR Studies
of Solid-Solution Nay(CBgH1)(CB11Hyy). J. Alloys Compd. 2019, 800, 247-253. [CrossRef]


http://dx.doi.org/10.1103/PhysRevB.28.6227
http://dx.doi.org/10.1016/S0079-6565(99)00016-3
http://dx.doi.org/10.1063/1.436922
http://dx.doi.org/10.1016/0378-4363(83)90338-8
http://dx.doi.org/10.1007/s00723-007-0037-9
http://dx.doi.org/10.1021/jp200627f
http://www.ncbi.nlm.nih.gov/pubmed/21413770
http://dx.doi.org/10.1021/acs.jpcc.7b12046
http://dx.doi.org/10.1039/c3cp53090f
http://www.ncbi.nlm.nih.gov/pubmed/23995580
http://dx.doi.org/10.1016/j.jssc.2014.01.006
http://dx.doi.org/10.1088/0953-8984/3/33/007
http://dx.doi.org/10.1021/acs.jpcc.5b10055
http://dx.doi.org/10.1021/jp506252c
http://dx.doi.org/10.1016/S0020-1693(00)83793-7
http://dx.doi.org/10.1021/acs.jpcc.6b09113
http://dx.doi.org/10.1021/acs.jpcc.8b04385
http://dx.doi.org/10.1021/acs.chemmater.9b00610
http://dx.doi.org/10.1016/j.jallcom.2019.06.019

Molecules 2020, 25, 2940 21 of 22

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Tang, W.S.; Dimitrievska, M.; Stavila, V.; Zhou, W.; Wu, H.; Talin, A.A.; Udovic, T.]. Order-Disorder Transitions
and Superionic Conductivity in the Sodium nido-Undeca (carba) borates. Chem. Mater. 2017, 29, 10496-10509.
[CrossRef]

Tang, W.S.; Matsuo, M.; Wu, H.; Stavila, V.; Unemoto, A.; Orimo, S.; Udovic, T.J. Stabilizing Lithium
and Sodium Fast-Ion Conduction in Solid Polyhedral-Borate Salts at Device-Relevant Temperatures.
Energy Storage Mater. 2016, 4, 79-83. [CrossRef]

Tang, W.S.; Yoshida, K.; Soloninin, A.V.; Skoryunov, R.V.; Babanova, O.A.; Skripov, A.V.; Dimitrievska, M.;
Stavila, V.; Orimo, S.; Udovic, T.J. Stabilizing Superionic-Conducting Structures via Mixed-Anion Solid
Solutions of Monocarba-Closo-Borate Salts. ACS Energy Lett. 2016, 1, 659—-664. [CrossRef]

Duchéne, L.; Kiihnel, R.-S.; Rentsch, D.; Remhof, A.; Hagemann, H.; Battaglia, C. A Highly Stable Sodium
Solid-State Electrolyte Based on a Dodeca/Deca-Borate Equimolar Mixture. Chem. Commun. 2017, 53,
4195-4198. [CrossRef]

Brighi, M.; Murgia, F; Lodziana, Z.; Schouwink, P, Wolczyk, A.; Cerny, R. A Mixed Anion
Hydroborate/Carba-Hydroborate as a Room Temperature Na-Ion Solid Electrolyte. J. Power Source 2018, 404,
7-12. [CrossRef]

Skoryunov, R.V.; Babanova, O.A.; Soloninin, A.V.; Skripov, A.V.; Verdal, N.; Udovic, T.J. Effects of Partial
Halide Anion Substitution on Reorientational Motion in NaBH,: A Nuclear Magnetic Resonance Study:.
J. Alloys Compd. 2015, 636, 293-297. [CrossRef]

Heitjans, P,; Indris, S. Diffusion and Ionic Conduction in Nanocrystalline Ceramics. J. Phys. Condens. Matter
2003, 15, R1257-R1289. [CrossRef]

Gross, A.E; Vajo, ].].; Van Atta, S.L.; Olso, G.L. Enhanced Hydrogen Storage Kinetics of LiBH, in Nanoporous
Carbon Scaffolds. J. Phys. Chem. C 2008, 112, 5651-5657. [CrossRef]

Ngene, P.; Adelhelm, P.; Beale, A.M.; de Jongh, K.P; de Jongh, P.E. LiBH4/SBA-15 Nanocomposites Prepared
by Melt Infiltration under Hydrogen Pressure: Synthesis and Hydrogen Sorption Properties. J. Phys. Chem. C
2010, 114, 6163-6168. [CrossRef]

Verkuijlen, M.H.W.; Ngene, P.; de Kort, D.W.,; Barré, C.; Nale, A.; van Eck, E.R.-H.; van Bentum, P.J.M.;
de Jongh, PE.; Kentgens, A.P. Nanoconfined LiBH,; and Enhanced Mobility of Li* and BH,~ Studied by
Solid-State NMR. J. Phys. Chem. C 2012, 116, 22169-22178. [CrossRef]

Rembhof, A.; Mauron, P.; Ziittel, A.; Embs, J.P,; Lodziana, Z.; Ramirez-Cuesta, A.J.; Ngene, P.; de Jongh, P.
Hydrogen Dynamics in Nanoconfined Lithiumborohydride. J. Phys. Chem. C 2013, 117,3789-3798. [CrossRef]
Verdal, N.; Udovic, T.J.; Rush, J.J.; Liu, X.; Majzoub, E.H.; Vajo, J.J.; Gross, A.F. Dynamical Perturbations of
Tetrahydroborate Anions in LiBH4 due to Nanoconfinement in Controlled-Pore Carbon Scaffolds. J. Phys.
Chem. C 2013, 117, 17983-17995. [CrossRef]

Liu, X.; Majzoub, E.H.; Stavila, V.; Bhakta, R.K.; Allendorf, M.D.; Shane, D.T.; Conradi, M.S.; Verdal, N.;
Udovic, T.J.; Hwang, S.-J. Probing the Unusual Anion Mobility of LiBH4 Confined in Highly Ordered
Nanoporous Carbon Frameworks via Solid State NMR and Quasielastic Neutron Scattering. J. Mater. Chem. A
2013, 1,9935-9941. [CrossRef]

Blanchard, D.; Nale, A.; Sveinbjornsson, D.; Eggenhuisen, T.M.; Verkuijlen, M.H.W.; Vegge, T.;
Kentgens, A.P.M.; de Jongh, PE. Nanoconfined LiBHj as a Fast Lithium Ion Conductor. Adv. Funct. Mater.
2015, 25, 184-192. [CrossRef]

Zou, H.; GradiSek, A.; Emery, S.B.; Vajo, ].J.; Conradi, M.S. LiBH, in Aerogel: Ionic Motions by NMR. J. Phys.
Chem. C 2017, 121, 15114-15119. [CrossRef]

Lefevr, J.; Cervini, L.; Griffin, ] M.; Blanchard, D. Lithium Conductivity and Ion Dynamics in LiBH4/SiO, Solid
Electrolytes Studied by Solid-State NMR and Quasi-Elastic Neutron Scattering and Applied in Lithium-Sulfur
Batteries. J. Phys. Chem. C 2018, 122, 15264-15275. [CrossRef]

Lambregts, S.FH.; van Eck, E.R.H.; Suwarno; Ngene, P.; de Jongh, P.E.; Kentgens, A.P.M. Phase Behavior and
Ion Dynamics of Nanoconfined LiBHy in Silica. |. Phys. Chem. C 2019, 123, 25559-25569. [CrossRef]

Zettl, R.; de Kort, L.; Gombotz, M.; Wilkening, HM.R.; de Jongh, PE.; Ngene, P. Combined Effects of Anion
Substitution and Nanoconfinement on the Ionic Conductivity of Li-Based Complex Hydrides. . Phys.
Chem. C 2020, 124, 2806-2816. [CrossRef] [PubMed]

Yan, Y.; Rentsch, D.; Battaglia, C.; Remhof, A. Synthesis, Stability and Li-Ion Mobility of Nanoconfined
LiyB1pHyy. Dalton Trans. 2017, 46, 12434-12437. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/acs.chemmater.7b04332
http://dx.doi.org/10.1016/j.ensm.2016.03.004
http://dx.doi.org/10.1021/acsenergylett.6b00310
http://dx.doi.org/10.1039/C7CC00794A
http://dx.doi.org/10.1016/j.jpowsour.2018.09.085
http://dx.doi.org/10.1016/j.jallcom.2015.02.194
http://dx.doi.org/10.1088/0953-8984/15/30/202
http://dx.doi.org/10.1021/jp711066t
http://dx.doi.org/10.1021/jp9065949
http://dx.doi.org/10.1021/jp306175b
http://dx.doi.org/10.1021/jp311064d
http://dx.doi.org/10.1021/jp4063737
http://dx.doi.org/10.1039/c3ta12051a
http://dx.doi.org/10.1002/adfm.201402538
http://dx.doi.org/10.1021/acs.jpcc.7b04520
http://dx.doi.org/10.1021/acs.jpcc.8b01507
http://dx.doi.org/10.1021/acs.jpcc.9b06477
http://dx.doi.org/10.1021/acs.jpcc.9b10607
http://www.ncbi.nlm.nih.gov/pubmed/32064019
http://dx.doi.org/10.1039/C7DT02946B
http://www.ncbi.nlm.nih.gov/pubmed/28891563

Molecules 2020, 25, 2940 22 of 22

99. Skripov, A.V,; Soloninin, A.V.; Babanova, O.A.; Skoryunov, R.V,; Stavila, V.; Dimitrievska, M.; Psurek, M.;
Udovic, T.J. Dynamical Properties of a Carbon-Substituted closo-Hydroborate in Nanoporous Silica: NMR
and QENS Studies of NaCBy1Hj, in SBA-15. J. Phys. Chem. C 2020, (unpublished, manuscript in preparation).

100. Matsuo, M.; Nakamori, Y.; Orimo, S.; Maekawa, H.; Takamura, H. Lithium Superionic Conduction in Lithium
Borohydride Accompanied by Structural Transition. Appl. Phys. Lett. 2007, 91, 224103. [CrossRef]

101. Yan, Y,; Grinderslev, ].B.; Lee, Y.-S.; Jorgensen, M.; Cho, YW.; Cemy, R.; Jensen, T.R. Ammonia-Assisted Fast
Li-Ion Conductivity in a New Hemiammine Lithium Borohydride, LiBH4-1/2NHj3. Chem. Commun. 2020, 56,
3971-3974. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1063/1.2817934
http://dx.doi.org/10.1039/C9CC09990E
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	NMR Approach to Dynamical Studies 
	Ultrafast Low-Temperature Reorientational Motion of BH4 Anions 
	Anion Reorientations and Cation Diffusion in B12H12- and B10H10-Based closo-Borates and Related Compounds 
	Effects of Nanoconfinement on Dynamical Properties of Hydroborates 
	Conclusions and Outlook 
	References

