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The mixed-anion solid-solution closo-carbahydroborate Na(CBgH10)(CB11H12) shows the highest room-
temperature ionic conductivity among all known solid Na-ion and Li-ion conductors, and the related
nido-type carbahydroborate Na-7-CBigHy3 exhibits superionic conductivity above the order-disorder
phase transition temperature, ~320 K. To study the Na-ion diffusivity that is closely related to the
ionic conductivity in these compounds, we have measured the diffusion coefficients of Na™ cations in

geywordS: . Nay(CBgH10)(CB11H12) and Na-7-CB1oH13 using the pulsed-field-gradient (PFG) spin-echo technique over
D?;Lgosnmrage materials the temperature ranges of 298—403 K and 320—403 K, respectively. These measurements have revealed

the exceptionally high Na* diffusivities (exceeding 2 x 10~ cm?/s) for both compounds. In the studied
temperature ranges, the diffusion coefficients are found to follow the Arrhenius law with the activation
energies of 118(1) meV for Nay(CBgH10)(CB11H12) and 134(3) meV for Na-7-CBygH13. For the nido-type Na-
7-CB1oHys, the diffusivity results are complemented by the 'H and *>Na NMR and quasielastic neutron
scattering measurements of the atomic jump rates. It is found that the transition from the low-T ordered
phase to the high-T disordered phase occurring near 320 K is accompanied by the abrupt acceleration of
both the reorientational jump rate of the [CB1gH13]™ anions and the diffusive jump rate of Na™ cations.
For both compounds, a comparison of the measured Na* diffusion coefficients with the ionic conduc-
tivity results and the data on the cation and anion jump rates provides new insights into unusual
dynamical properties of these superionic materials.

Nuclear resonances

© 2020 Elsevier B.V. All rights reserved.

reorientational (rotational) motion of large closo-hydroborate an-
ions and the diffusive motion of metal cations [10—14]. Recent ab

1. Introduction

The family of alkali-metal closo-hydroborate salts has attracted
much recent attention [1], since the disordered phases of some of
these salts, such as Na;B12H12, NayB1gH19, MCB11H12, and MCBgHqg
(M = Li, Na), were found to exhibit extremely high ionic conduc-
tivities [2—5]. These compounds are considered as promising solid
electrolytes for Li- and Na-ion batteries [6—9]. The characteristic
feature of these salts is the occurrence of the order-disorder phase
transitions accompanied by abrupt acceleration of both the
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initio molecular dynamics calculations [15—18] strongly suggest
that reorientations of large closo-hydroborate anions can facilitate
the cation mobility. In most cases, the order-disorder transitions
occur above 300 K, so that at room temperature the closo-hydro-
borate salts are in the ordered phase state with low cation mobility.
Therefore, for practical applications, it is important to reduce the
temperature of the order-disorder phase transition.

One of the possible approaches to reducing this temperature is
based on a partial carbon substitution in closo-hydroborate anions,
when one {B — H} vertex is replaced with {C — H} [4,5]. This carbon
substitution leads to the anion valence change from [B12H12]2‘ or
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[BmHlo]Z‘ to [CB11Hy2]™ or [CBgHyp]™. Apart from stabilizing the
disordered phase state at lower temperatures, this carbon substi-
tution also leads to higher ionic conductivities in the disordered
phase [4,5], presumably due to reduced anion — cation Coulombic
interactions. Another effective approach to stabilizing the disor-
dered phase state is based on preparing mixed-anion solid solu-
tions. It has been found [19—21] that the order-disorder phase
transition is suppressed in mixed-anion solid solutions combining
nearly spherical (icosahedral) anions, such as [BioHi2]>~ or
[CB11H12]™, and ellipsoidal (bicapped-square-antiprismatic) anions,
such as [B1gH10]%~ or [CBgH1o]™. These solid solutions retain the
disordered state with high ionic conductivity down to low tem-
peratures. Similar stabilization of the disordered phase was also
observed for the mixed-anion solid solution combining the nearly
spherical monovalent [CBy;Hy2]™ and divalent [B12H12]2‘ anions,
Naz »(CB11H12)x(B12H12)1-x [22].

Recently, investigations of the basic properties of hydroborate
salts have been extended to include nido-type hydroborates [23].
For nido-type anions, one of the regular 12 vertices forming the
icosahedral cage of closo-type anions is completely removed, so
that the resulting nest-like form of nido anions contains 11 vertices.
It has been found that many properties of sodium nido-hydro-
borates and carbon-substituted nido-hydroborates resemble those
of the closo-type counterparts. In particular, sodium nido-hydro-
borates also exhibit order-disorder phase transitions accompanied
by the abrupt increase in ionic conductivity [23] and can also be
mixed with sodium closo-hydroborates to form highly conductive
disordered solid-solution phases [9].

In order to elucidate the mechanisms of ionic conductivity in
closo- and nido-hydroborates, it is important to obtain experi-
mental information both on reorientational motion of the anions
and diffusive mobility of the cations. This can be done using nuclear
magnetic resonance (NMR), since the measured NMR parameters
are sensitive to fluctuations of local magnetic and electric fields
arising from atomic jump motion. The usual approach to dynamical
NMR studies is based on the measurements of NMR spectra and
spin-lattice relaxation rates [24]; this approach can give informa-
tion on the atomic jump rates over the frequency range of 104—10"!

s~ However, this approach does not allow to probe cation
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diffusion coefficients that are closely related to ionic conductivities.
The tracer diffusion coefficients can be directly measured using the
specialized NMR technique — spin echo with pulsed field gradient
(PFG) [25—28]. This method provides a bridge between microscopic
and macroscopic measurements of ionic mobility. It is based on
observation of an additional attenuation of the spin-echo signal due
to displacement of nuclear spins in an external magnetic field
gradient. The application of the field gradient serves to set a spatial
scale in a certain direction. Combination of direct PFG-NMR mea-
surements of diffusion coefficients with nuclear spin-lattice relax-
ation measurements of ionic jump rates may allow one to
determine the diffusion path. Furthermore, comparison of the
measured cation diffusion coefficients with the measured ionic
conductivities may clarify the mechanisms of ionic conductivity,
including the importance of correlations between the ionic mo-
tions. It should be noted that systematic PFG-NMR studies of cation
diffusion in complex hydrides are lacking; to the best of our
knowledge, the only PFG-NMR measurement in complex hydrides
was recently reported for Lit diffusion in mixed-anion
Li(CBgl‘[m)OJ(CBl]H12)0.3 [7] PFG-NMR studies of Na™ diffusion in
complex hydrides have not been reported so far.

In the present work, we report the results of 2>Na PFG-NMR
measurements of sodium diffusion coefficients in two members
of the family of superionic conductors based on hydroborate salts:
nido-Na-7-CB1gHi3 and mixed-anion closo-Na(CBgH10)(CB11H12).
The former compound shows the high ionic conductivity
(~4 x 1072 S/cm at 370 K) above the order-disorder phase transition
at ~320 K [23]. The corresponding nido-type anion 7-CBoH73 is
schematically shown in Fig. 1a. For this compound, sodium diffu-
sivity results are complemented by 'H and >Na NMR and quasie-
lastic neutron scattering (QENS) measurements of the atomic jump
rates. It should be noted that no dynamical NMR and QENS studies
of any nido-type hydroborate salts have been reported so far, apart
from the neutron-elastic-scattering fixed-window scans [23]. The
mixed-anion solid solution Nay(CBgH19)(CB11H12) exhibits the
highest room-temperature ionic conductivity (~0.07 S/cm [20])
among all the studied Na-ion and Li-ion conductors. The closo-type
anions CBgH7jg and CB11H7; are schematically represented in Fig. 1b
and c. Comparison of the measured sodium diffusion coefficients
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Fig. 1. Schematic view of the nest-like 7-CB1oH73 anion (a), the bicapped-square-antiprismatic CBgHjg anion (b), and the icosahedral CB;;H7; anion (c). Green spheres: B atoms, blue
spheres: C atoms, and gray spheres: H atoms. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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for Nax(CBgH10)(CB11H12) with the ionic conductivity results [20]
and the data on the cation and anion jump rates [29] provides new
insights into the mechanism of superionic conduction in this
unique material.

2. Experimental details

Sodium monocarba-nido-undecaborate Na-7-CBigHq3 was ob-
tained from Katchem [30]. Residual water was removed by
annealing at 393 K for 16 h under vacuum. According to X-ray
diffraction analysis [23], the room-temperature ordered phase of
Na-7-CB1pH13 is orthorhombic (space group Pna21) with the lattice
parameters a = 10.9919(4) A, b = 11.6564(5) A, and ¢ = 7.1720(4),
and the disordered phase is cubic (Fm-3m) with the lattice
parameter a = 9.983(2) A at 370 K. The mixed-anion solid solution
Nay(CBgH10)(CB11H12) was prepared by drying the aqueous solution
of equimolar amounts of NaCBgH19 and NaCB11H1, (obtained from
Katchem), as described in Ref. 20. According to X-ray diffraction
analysis, the dominant phase of Nay(CBgH19)(CB11Hi2) has the
hexagonal close-packed structure with the lattice parameters
a = 6.991(1) A and ¢ = 11.339(2) A. This phase is isomorphous to
that found for the pristine superionic NaCBgH1¢ above ~310 K [5],
but has a slightly larger unit cell. The presence of a second trace
solid-solution phase of Nay(CBgH1)(CB11H12) (<1 mol.%) corre-
sponds to face-centered-cubic polymorphic packing.

For NMR experiments, the samples were flame-sealed in glass
tubes under vacuum. NMR measurements of the spectra and spin-
lattice relaxation rates were performed on a pulse spectrometer
with quadrature phase detection at the frequencies w/27 = 14 and
27 MHz ('H) and 23 MHz (**Na). The magnetic field was provided
by a 2.1 T iron-core Bruker magnet. A home-built multinuclear
continuous-wave NMR magnetometer working in the range
0.32—-2.15 T was used for field stabilization. For rf pulse generation,
we used a home-built computer-controlled pulse programmer, the
PTS frequency synthesizer (Programmed Test Sources, Inc.), and a
1 kW Kalmus wideband pulse amplifier. Typical values of the /2
pulse length were 2—3 ps for both 'H and %>Na. A probehead with
the sample was placed into an Oxford Instruments CF1200
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Fig. 2. Proton spin-lattice relaxation rates measured at 14 and 27 MHz for Na-7-
CBioHy3 as functions of the inverse temperature. The black solid lines show the
simultaneous fit of the standard model to the data for the ordered phase over the
temperature range 209—315 K. The red solid line shows the fit of the standard model to
the data for the disordered phase over the temperature range 332—384 K. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

continuous-flow cryostat using nitrogen as a cooling agent. The
sample temperature, monitored by a chromel-(Au—Fe) thermo-
couple, was stable to +0.1 K. The nuclear spin-lattice relaxation
rates were measured using the saturation—recovery method. NMR
spectra were recorded by Fourier transforming the solid echo sig-
nals (pulse sequence /2y — t — m/[2y).

Pulsed-field-gradient NMR (PFG-NMR) measurements of Na™
diffusion coefficients were performed on a Bruker AVANCE III 400
spectrometer operating at the resonance frequency of 105.8 MHz.
Magnetic field gradients were generated by a diff60 diffusion probe
and a Great60 gradient amplifier (Bruker Biospin). All diffusivities
were measured using the Hahn spin-echo sequence with spoiler
gradients [31]. The shape of the gradient pulses was given by a half-
sine function with a length of e, Which corresponds to the
effective gradient pulse length of 8g = (2/7)dsine. The diffusion co-
efficients were deduced from the decrease in the integrated in-
tensity of Fourier-transformed spin-echo with increasing
amplitude of the applied field-gradient pulses g. The diffusion time
A between two gradient pulses of the pulse sequence was fixed at
3 ms, and their effective length 6; was 1 ms. It should be noted that
the choice of the pulse sequence and gradient pulse parameters
was determined by the short 2>Na spin-lattice relaxation times in
our samples (of the order of a few milliseconds). The amplitude of
the gradient pulses g was varied in 16 steps up to 2.4 kG/cm.

Quasielastic neutron scattering experiments were performed at
the National Institute of Standards and Technology (NIST) Center
for Neutron Research on the Disk Chopper Spectrometer (DCS) [32]
utilizing an incident neutron wavelength of 9 A. The energy reso-
lution was 22 peV (full width at half-maximum), and the maximum
attainable Q value was about 1.31 A~1. The instrumental resolution
function was determined from the measured QENS spectrum at
100 K.

For all figures, standard uncertainties are commensurate with
the observed scatter in the data, if not explicitly designated by
vertical error bars.

3. Results and discussion

3.1. Anion and cation jump rates in Na-7-CBigHy3: NMR and QENS
results

The temperature dependence of the proton spin-lattice relaxa-
tion rate R’f for Na-7-CB1gH13 measured at two resonance fre-
quencies w/27 is shown in Fig. 2. As can be seen from this figure,
RI(T) exhibits a frequency-dependent maximum that is typical of
the spin-lattice relaxation mechanism due to motionally-
modulated dipole-dipole interactions between nuclear spins [33].
This maximum is expected to occur at the temperature at which the
proton jump rate 'r;,] becomes nearly equal to the resonance fre-
quency w. As in the other borohydrides and related compounds
[24], this proton jump rate is associated with reorientations of H-
containing anions.

According to the standard theory of nuclear spin-lattice relax-
ation due to the motionally-modulated dipole-dipole interaction
[33], in the limit of slow motion (wry » 1), RY should be propor-
tional to w275, and in the limit of fast motion (wry « 1), R should
be proportional to 7y, being frequency-independent. If the tem-
perature dependence of the proton jump rate follows the Arrhenius
law,

Th' = o exp(— Eq / kgT) (1)

with the activation energy E, for the reorientational motion, the
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Fig. 3. Temperature dependence of the width (full width at half-maximum) of the 'H
and ?>Na NMR spectra for Na-7-CB;oH3.

plot of In R’{’ versus T~! is expected to be linear in the limits of both
slow and fast motion with the slopes of —E,/kg and Eq/ kg,
respectively. The behavior of RY(T) in the range 315-330 K (see
Fig. 2) strongly deviates from the predictions of the standard the-
ory. Indeed, the sharp drop of the relaxation rate in this range in-
dicates the occurrence of an order-disorder phase transition
accompanied by an abrupt acceleration of the anion reorientations.
Similar behavior of RY(T) was observed near the order-disorder
phase transitions in a number of closo-hydroborate systems
[10,11,13]. According to the differential scanning calorimetry (DSC)
measurements [23] performed at the heating and cooling rates of
20 K/min, the order-disorder phase transition in Na-7-CB1pH13 oc-
curs near 333 K (heating) and 305 K (cooling). It should be noted
that all NMR measurements described in this section were per-
formed with increasing temperature and with 15 min stabilization
time at each temperature prior to a measurement.

Because of the strong changes in the motional parameters of
anion reorientations at the phase transition point, the experi-
mental R’l’ (T) data should be separately analyzed for the low-
temperature (ordered) phase and the high-temperature (disor-
dered) phase. For the ordered phase, the straightforward approach
includes a combination of the Arrhenius law (Equation (1)) and the
standard expression that relates R’f with 'r,;] (see Supplementary
Information). The parameters of this model are the activation
energy E,, the pre-exponential factor 7q of the Arrhenius law, and
the amplitude factor AMy determined by the strength of the
fluctuating part of dipole-dipole interactions. These parameters
have been varied to find the best fit to the RY(T) data at two
resonance frequencies simultaneously. The results of the simulta-
neous fit for the ordered phase over the T range of 209—315 K are
shown by black solid lines in Fig. 2; the corresponding fit param-
eters are E, = 330(20) meV, 7y = 15(1) x 107" s, and
AMp = 1.4(1) x 10° s72,

For the disordered (high-temperature) phase, only the activa-
tion energy can be directly obtained from the experimental Rﬁ’ (T)
data, since the relaxation rate maximum is not reached for this
phase. The value of the activation energy determined from the
slope of the In R’]’ vs. T-1 plot over the temperature range of
332—384 Kis 219(5) meV; the corresponding fit is shown by the red
solid line in Fig. 2. It should be noted that the activation energy
value for anion reorientations in the disordered phase of nido-Na-
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7-CB1oH13 is close to those found for the disordered phases of closo-
hydroborates [10,12,13]. In order to estimate the pre-exponential
factor 7y for the disordered phase from the R’]’ (T) data, some
additional assumptions are required. A possible approach is based
on the assumption that the amplitude factor AMy in the disordered
phase is the same as in the ordered phase, since the order-disorder
transition only slightly changes the nearest-neighbor distances for
H atoms. Using this assumption, we obtain 7y = 3.8(1) x 10735
from the R¥(T) data for the disordered phase.

Measurements of the line width of 'H NMR spectra can probe
the anion reorientational motion at a slower frequency scale than
the spin-lattice relaxation measurements. The temperature
dependence of the TH NMR line width Ay (full width at half-
maximum) measured at 27 MHz is shown in Fig. 3. At low tem-
peratures the line width is determined by static dipole-dipole in-
teractions of 'H spins; in our case, this “rigid-lattice” line width Agp
is about 63 kHz. With increasing temperature, the observed line
width decreases due to a partial averaging of the dipole-dipole
interactions of 'H spins by atomic jump motion. This motional
line narrowing becomes substantial when the jump rate T;,] (T
exceeds Ag;. For Na-7-CB1gHjs, this happens near 220 K (see Fig. 3).
At high temperatures, the measured line width reaches a plateau of
about 11 kHz. Such a high-temperature line width plateau is the
typical feature of borohydrides and related compounds [24]. It
originates from the fact that reorientations cannot completely
average out the dipole-dipole interactions even in the case when
7;11 » Agr; indeed, “intermolecular” dipolar interactions (between
nuclear spins belonging to different reorienting groups) are not
fully averaged by the localized (reorientational) motion. Since the
line width plateau regime is already reached near the order-
disorder transition temperature, we do not observe any consider-
able changes of Ay in the transition region (see Fig. 3), in spite of the
strong changes in 75!

Information on the anion reorientational motion can also be
obtained from quasielastic neutron scattering measurements.
Because of the huge incoherent neutron scattering cross-section of
protons, the observed QENS spectra for complex hydrides are
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Fig. 4. The elastic incoherent structure factor for CB1oHj3 anions in Na-7-CB1gHy3 as a
function of Q. The experimental points (circles) are determined from the DCS data
(using the incident neutron wavelength of 9 A) at 400 K. The curves represent the
model of uniaxial five-fold jumps of the anions (green), the model of uniaxial ten-fold
jumps of the anions (red), and the model of isotropic rotational diffusion (gray). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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strongly dominated by the contribution due to incoherent scat-
tering on 'H nuclei. A representative QENS spectrum for Na-7-
CB1pH13 is shown in Figure S1 of the Supplementary Information.
As typical of the case of localized H motion [34,35], this spectrum
consists of the narrow elastic line with the width determined by the
instrument resolution and the broader quasielastic line with a
nearly Q-independent width which is proportional to T,;l. It should
be noted that the quasielastic line broadening was observed only in
the disordered phase of Na-7-CBjgH13; the energy resolution was
not sufficient to probe the slower H motion in the ordered phase.
The width (full width at half-maximum) of the quasielastic
component is found to change from 18(4) peV at 330 K to 39(8) ueV
at 400 K. Information on the geometry of localized H motion can be
obtained from the Q dependence of the elastic incoherent structure
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Fig. 6. 2>Na spin-lattice relaxation rate measured at 23 MHz for Na-7-CBjoH3 as a
function of the inverse temperature. The black and red lines show the Arrhenius fits to
the data for the ordered and disordered phases, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)

factor (EISF) which represents a relative contribution of the elastic
line intensity to the total intensity of the QENS spectrum. In Fig. 4,
the experimental EISF results at 400 K are compared to the model
calculations for three rotational models compatible with the sym-
metry of the anions. The expressions resulting from these model
calculations are included in the Supplementary Information. The
first model (Cs) corresponds to jump reorientations around the five-
fold symmetry axis of the boron frame (going through the C — H
bond of CB1gH73). This choice of the axis is based on ab initio mo-
lecular dynamics calculations [18] for NaCBjjHiz, showing that
anion rotations around the five-fold axis going through the C — H
bond are preferable due to the abnormally high positive Mulliken
charge on the C-bound H atom [4]. For CBjpH13, Mulliken charge
calculations also indicate an abnormally high positive charge on the
C-bound H atom [23]. It should be noted, however, that a choice of
another five-fold axis would lead to only slight changes in the
behavior of the EISF. The second model (Cj9) mimics the smaller-
angle rotations around the same five-fold symmetry axis, and the
third model (IRD) corresponds to isotropic rotational diffusion,
when all H atoms perform small jumps on the surface of a sphere. In
the limited Q range of our measurements, the experimental EISF
results appear to be consistent with both Cs and Cjp models. It is
evident that high-Q measurements are required to further clarify
the mechanism of anion reorientations in this nido-type compound.

The jump motion of Na™ cations in Na-7-CB1oH13 can be probed
by >Na NMR measurements. Fig. 5 shows the evolution of the
observed 2>Na NMR spectrum with temperature; the temperature
dependence of the >Na NMR line width (full width at half-
maximum) is included in Fig. 3. As can be seen from Figs. 3 and
5, in contrast to the case of the proton NMR line showing the
high-temperature plateau, the 2>Na line becomes very narrow
(~0.6 kHz) above 320 K. Such a behavior indicates the onset of a
long-range diffusion of Na™ cations at the NMR frequency scale.
Fig. 6 shows the measured 2>Na spin-lattice relaxation rate R’l"” asa
function of the inverse temperature. It can be seen that RY¢(T)
exhibits the Arrhenius-type behavior both at low and high tem-
peratures, as typical of the motionally induced spin-lattice relaxa-
tion rate. As in the other sodium hydroborates [3,10,13,29], the
measured R’l\’” values for Na-7-CBqoH;3 are much higher than those
expected for the 2>Na — 'H dipole-dipole interaction; therefore, the
23Na spin-lattice relaxation is dominated by fluctuations of the
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Fig. 7. The ?>Na spin-echo attenuation as a function of the square of the effective
gradient pulse amplitude for Nay(CBgH10)(CB11Hi2) at three temperatures. The solid
lines show the fits of the exponential function (Equation (2)) to the data.
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Fig. 8. The measured Na™ diffusion coefficients for Nay(CBgH10)(CB11H12) and Na-7-
CB1oH;3 as functions of the inverse temperature. The solid lines show the Arrhenius
fits to the data.

quadrupole interaction resulting from Na® jumps. It should be
noted that RY%(T) does not pass through a regular maximum;
instead, the slope of the log R’l"a vs. T-1 plot is found to change
abruptly near 320 K. Such a behavior can be described as “folding”
of the relaxation rate peak [3,10,13]: due to the abrupt change in the
Na* jump rate T,(,g at the phase transition point, the relaxation rate
jumps directly from the low-temperature slope of the peak to the
high-temperature slope. Since a regular maximum of R’]"”(T) is not
observed, we can only conclude that in the disordered high-
temperature phase T,(,; exceeds w ~10% s~! and determine the
activation energies for Na' diffusion in both the ordered and
disordered phases. The corresponding estimates from the low-Tand
high-T slopes of the 2>Na spin-lattice relaxation rate give 320(9)
meV and 116(7) meV, respectively.

32. Na* diffusivity in Na-7-CBq9H13 and Nay(CBgH19)(CB11H12):
Pulsed-field-gradient NMR results

The high ?>Na spin-lattice relaxation rates (i. e., short spin-
lattice relaxation times, of the order of a few milliseconds) in
sodium-based complex hydrides strongly restrict the applicability
of PFG-NMR to studies of Na* diffusion coefficients in this class of
compounds. This is probably the main reason why PFG-NMR
studies of sodium diffusion in complex hydrides have not been
reported so far. In the case of our Na-7-CBjpHy3 and
Nay(CBgH10)(CB11H12) compounds, such measurements prove to be
feasible due to the extremely high Na™ diffusivity leading to sub-
stantial echo attenuation even for a small diffusion time (A = 3 ms).
For sinusoidal field-gradient pulses, the diffusion-induced attenu-
ation of the spin-echo intensity A as a function of the pulsed field
gradient amplitude g can be written in the form [27,36,37].

Ag) _ 2152 T\ 2
m*eXP[—’Y D5g<A—§5g>g }7 (2)
where D is the diffusion coefficient, v is the gyromagnetic ratio for
2Na, and dg is the effective gradient pulse length. As an example of
the data, Fig. 7 shows the spin-echo attenuation as a function of g
for Nay(CBgH19)(CB11H12) at three temperatures. It can be seen that

the dependence of the spin-echo amplitude on g? is satisfactorily
described by Eq. (2). Similar behavior of the spin-echo attenuation
was also observed for Na-7-CB1gH13. The Na* diffusion coefficients
derived from the spin-echo attenuation for Nay(CBgH19)(CB11H12)
and Na-7-CBipHy3 are shown in Fig. 8 as functions of the inverse
temperature. It should be noted that for both compounds, the
measured Na™' diffusivity is more than an order of magnitude
higher than the Li* diffusivity reported for Li(CBgH10)o.7(CB11H12)03
in the range 298—333 K [7]. As can be seen from Fig. 8, the Na*
diffusivity exhibits the Arrhenius-type behavior over the ranges of
298—403 K for Nay(CBgH10)(CB11H12) and 320—403 K for Na-7-
CB1gH13; the corresponding activation energies are 118(1) meV
and 134(3) meV, respectively. For Na-7-CBigHi3 the PFG-NMR
diffusivity measurements were only possible in the disordered
(high-T) phase; in the ordered phase, the values of D were too low
to be measured by PFG-NMR with the same set of parameters. This
is consistent with the abrupt change of conductivity at the order-
disorder phase transition point [23].

As the first step in an analysis of the Na* diffusivity results, we
have to compare the activation energies obtained from the PFG-
NMR experiments with those derived from the high-temperature
R’l\’“ measurements. If there are no changes in the diffusion mech-
anisms, the temperature dependence of the diffusion coefficient is
determined by that of the Na™ jump rate, and the corresponding
activation energies are expected to be the same. For
Nay(CBgH19)(CB11H12), the activation energy estimated from the
high-T piece of the R’l\’“(T) data over the range 330—435 K is 135(8)
meV [29]. This value is close to that obtained from PFG-NMR, 118(1)
meV. For Na-7-CB1gHj3, the activation energies derived from the
high-T R’l"“ data and PFG-NMR are also rather close to each other:
116(7) meV and 134(3) meV, respectively. Neglecting any correla-
tions for diffusive jumps, the elementary jump length L can be
estimated from the expression D = LZT,(,; /6.  For
Nay(CBgH19)(CB11H12), for such an estimate we can use the value
TNa(330K) = 5 x 10% s7! derived from the R)"® results [29] and the
characteristic value of D(330 K) = 4 x 10~® cm?fs; this yields
L =6.9 A. The estimated L value is larger than the distance between
the nearest-neighbor tetrahedral (T) and octahedral (O) interstitial
sites in the hexagonal close-packed anion sublattice of
Nay(CBgH10)(CB11H12), d1o = 4.28 A [29]. Such a difference may be
related to the complex nature of Na* diffusive motion in this
compound, where the fast localized jumps between closely-spaced
Tsites are found to coexist with slower jumps between Tand O sites
[29]. Similar effects are well documented for hydrogen diffusion in
Laves-phase hydrides, where the diffusion path includes fast
localized H jumps within the hexagons formed by tetrahedral
interstitial sites and slower H jumps from one such hexagon to
another [38—40]. Another possible reason for the large effective L
value may be related to correlations between jumps of different
cations adjoining a large anion. Indeed, according to the results of
recent ab initio calculations for Li;B12H12 and NazB1;H12 [17] and for
LiCB11Hy2 and NaCB;Hy, [18], Lit and Na' cations surrounding a
single [Bi2H12]>~ or [CBiHi2]~ anion have some energetically
preferable angular configurations; therefore, a rotation of the anion
can facilitate jumps of several cations. For Na-7-CB1gH13, the anal-
ogous estimate of L appears to be impossible, since the values of TN;
cannot be reliably extracted from the R\ data for this compound
(see the previous section).

It is interesting to estimate the mean-square displacement (r2)
for Na® ions in the course of our diffusivity measurements. For
three-dimensional diffusion, the mean-square displacement is
known to change with time t as (r2) = 6Dt. Taking the diffusion time
of 3 ms and the characteristic value of D(300 K) = 2.8 x 10~% cm?[s
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for Nay(CBgH10)(CB11H12), we obtain (r2) = 5.0 x 10~8 cm?, i. e.,

(r)1/2 = 2.2 x 10~* cm. Therefore, in our experiments, the diffusion
coefficients are probed over the distances of a few microns. This
provides a basis for comparison between the diffusivity and ionic
conductivity results. Using the measured tracer diffusion coeffi-
cient, we can estimate the ionic conductivity ¢ from the Nernst-
Einstein equation

2

:nD(Ze) 7 (3)
kgT

where n is the number of charge carriers per unit volume and Ze is
the electrical charge of the carrier. Using the lattice parameters of
Nay(CBgH10)(CB11Hy2) [20], we find that n = 4.17 x 10*' cm 3 and
(300 K) = 0.073 S/cm. The measured ionic conductivity of
Nay(CBgH10)(CB11H12) near 300 K is about 0.07 S/cm [20]. Therefore,
for this compound, the experimental Na* diffusivity is consistent
with the measured ionic conductivity near room temperature. The
effects of correlations for the cation diffusive jumps [18] are man-
ifested only in the relation between Tﬁ; and the diffusion coeffi-
cient (see above).

Because of the order-disorder phase transition in Na-7-CB1gH13,
the Na™ diffusivity and conductivity for this compound should be
compared well above the transition temperature. Using the lattice
parameters of the disordered cubic phase of Na-7-CB1pH13 at 370 K
[23], we find that n = 4.02 x 10*' cm~3. Taking the value of
D(370 K) = 4 x 10~% cm?/s, on the basis of the Nernst-Einstein
equation we obtain that ¢(370 K) = 8 x 1072 S/cm. The
measured ionic conductivity of Na-7-CB1gH13 near 370 K is about an
order of magnitude lower (~4 x 1073 Sjcm [23]). In principle, such a
discrepancy may be attributed to a presence of some in-
homogeneities (at the length scale exceeding a few microns) which
are expected to reduce the measured conductivity. It should also be
noted that, for both compounds, the activation energies for Na*
diffusion coefficients appear to be lower than those for the exper-
imental ¢T product (226 meV for Na(CBgH109)(CB11H12) [20] and
~450 meV for Na-7-CByoH;3 [23]). Such a behavior is not expected
in terms of the Nernst-Einstein equation. The reasons for this
discrepancy are not yet clear. Similar discrepancies between the
activation energies for the cation jump rates and the activation
energies derived from conductivity measurements are typical of
nanocrystalline ionic conductors [41]; they were also reported
previously for a number of hydroborates, including Na;B1oH1o [3],
LiCBnH]z and NaCB11H12 []3], LiCBgH]o and NaCBgHm [5] The
higher activation energies for the measured conductivity may
presumably be attributed to the effects of large-scale in-
homogeneities (such as grain boundaries) [3].

4. Conclusions

Our pulsed-field-gradient spin-echo experiments have revealed
the exceptionally fast Na* diffusivity in the mixed-anion closo-
Nay(CBgH10)(CB11H12) over the temperature range of 298—403 K
and in nido-Na-7-CB1gH13 over the range of 320—403 K. These ex-
periments represent the first direct measurements of Na* diffusion
coefficients in complex hydrides. The measured diffusion co-
efficients are found to follow the Arrhenius behavior with the
activation energies of 118(1) meV for Nay(CBgH10)(CB11H12) and
134(3) meV for Na-7-CBigHjs. It should be noted that, for both
compounds, the values of the activation energies for Na™ diffusion
coefficients are in reasonable agreement with the corresponding
values for Na* jump rates, as derived from the >>Na spin-lattice
relaxation rate measurements. For Nay(CBgH19)(CB11Hi2), the
room-temperature Na® conductivity ¢ estimated from the

diffusivity data on the basis of Nernst-Einstein equation is consis-
tent with the measured room-temperature conductivity value,
which is higher than that of any known solid Na-ion or Li-ion
conductor. However, in contrast to expectations based on Nernst-
Einstein equation, for both compounds the activation energies for
Na™ diffusion coefficients appear to be lower than those for the
experimental ¢T product.

The analysis of the measured 'H and 23Na spin-lattice relaxation
rates for Na-7-CB1gH13 has shown that the transition from the low-T
ordered phase to the high-T disordered phase occurring near 320 K
is accompanied by the abrupt increase in both the reorientational
jump rate of [CB1gH3]™ anions and the diffusive jump rate of Na*
cations. In this respect, the dynamical properties of this nido-type
compound resemble those of closo-type hydroborates [8,9,11]. The
activation energies for anion reorientations derived from the 'H
spin-lattice relaxation data are 330(20) meV for the ordered phase
and 219(5) meV for the disordered phase. The activation energies
for Na* diffusive jumps found from the 2>Na spin-lattice relaxation
results are 320(9) meV for the ordered phase and 116(7) meV for
the disordered phase. It should be noted that a priori it is not
evident that a nido-type anion [CB1gH13]™ can participate in the fast
reorientational motion, since the geometry of this anion is quite
complex (see Fig. 1a). Our experimental results are consistent with
fast reorientations of this anion both in the ordered phase ('H
NMR) and in the disordered phase ('H NMR and quasielastic
neutron scattering). Information on the mechanisms of reor-
ientations can, in principle, be obtained from QENS experiments. In
the limited Q range of our present QENS measurements, the elastic
incoherent structure factor results for the disordered phase appear
to be consistent with the model of uniaxial reorientations around
the five-fold symmetry axis of the boron frame. However, addi-
tional high-Q measurements are required to clarify the mechanism
of reorientations.
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