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a b s t r a c t

The hexagonal mixed-anion solid solution Na2(CB9H10)(CB11H12) shows the highest room-temperature
ionic conductivity among all known Na-ion conductors. To study the dynamical properties of this
compound, we have measured the 1H and 23Na nuclear magnetic resonance (NMR) spectra and spin-
lattice relaxation rates in Na2(CB9H10)(CB11H12) over the temperature range of 80e435 K. It is found
that the diffusive motion of Naþ ions can be described in terms of two jump processes: the fast localized
motion within the pairs of tetrahedral interstitial sites of the hexagonal close-packed lattice formed by
large anions and the slower jump process via octahedral sites leading to long-range diffusion. Below
350 K, the slower Naþ jump process is characterized by the activation energy of 353(11) meV. Although
Naþ mobility in Na2(CB9H10)(CB11H12) found from our NMR experiments is higher than in other ionic
conductors, it appears to be an order-of-magnitude lower than that expected on the basis of the con-
ductivity measurements. This result suggests that the complex diffusion mechanism and/or correlations
between Naþ jumps should be taken into account. The measured 1H spin-lattice relaxation rates for
Na2(CB9H10)(CB11H12) are consistent with a coexistence of at least two anion reorientational jump pro-
cesses occurring at different frequency scales. Near room temperature, both reorientational processes are
found to be faster than the Naþ jump process responsible for the long-range diffusion.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

It has been found recently that the disordered phases of a
number of closo-hydroborate salts, such as Na2B12H12, Na2B10H10,
MCB11H12, and MCB9H10 (M¼ Li, Na), exhibit extremely high ionic
conductivities [1e4]. These compounds are considered as prom-
ising solid electrolytes for Li- and Na-ion batteries [5]. The char-
acteristic feature of these compounds is the occurrence of the
order-disorder phase transitions accompanied by abrupt accelera-
tion of both the reorientational (rotational) motion of closo-
hydroborate anions and the diffusive motion of metal cations
[6e10]. Typically, the corresponding jump rates change by 2e3
orders of magnitude near the phase transition points [6,7,9,10].
).
Since the disordered superionic phases of the closo-hydroborate
salts are characterized by both high reorientational anion mobility
and high diffusive cation mobility, it is reasonable to assume that
these two types of motion may be related. Indeed, recent ab initio
calculations have demonstrated that reorientations of large closo-
hydroborate anions can facilitate the cation mobility [11e14].

From the experimental point of view, it is important to compare
the anion and cation jump rates in the disordered phases of these
compounds. In principle, this can be done using nuclear magnetic
resonance (NMR) measurements of the spin-lattice relaxation rates
for protons (1H) and cation nuclei (7Li, 23Na). However, the cation
jump rates have not been measured so far in any closo-hydroborate
salts because of the absence of the characteristic spin-lattice
relaxation rate maximum for cation nuclei [2,4,6,9]. For systems
showing atomic jump motion, the spin-lattice relaxation rate
maximum is usually observed at the temperature at which the
atomic jump rate t �1 becomes nearly equal to the NMR frequency
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u [15]. However, due to the abrupt changes in t �1 at the order-
disorder phase transitions, the spin-lattice relaxation rate peak
for cation nuclei in closo-hydroborate salts appears to be “folded”,
i.e., at the transition point, the relaxation rate jumps from the low-T
slope of the peak directly to the high-T slope [2,4,6,9]. The absence
of the relaxation rate maximum does not allow to determine the
actual values of t �1 for diffusive motion of cations; only the cor-
responding activation energies can be derived from the data.

Recently, it has been shown [16e18] that the order-disorder
phase transition is suppressed in mixed-anion solid solutions
combining nearly spherical (icosahedral) anions, such as [B12H12]2‒

or [CB11H12]‒, and ellipsoidal (bicapped-square-antiprismatic) an-
ions, such as [B10H10]2‒ or [CB9H10]‒ (see Fig. 1). These solid solu-
tions retain the disordered state with high ionic conductivity down
to low temperatures. Similar behavior has also been found for the
mixed-anion solid solution combining the nearly spherical mono-
valent [CB11H12]‒ and divalent [B12H12]2‒ anions, Na2-
x(CB11H12)x(B12H12)1-x [19]. The suppression of the order-disorder
transition gives an opportunity to compare the anion and cation
dynamics in the same superionic system. In the present work, we
use 1H and 23Na NMRmeasurements of the spectra and spin-lattice
relaxation rates over wide temperature ranges to compare the
anion and cation motional parameters in the mixed-anion solid
solution Na2(CB9H10)(CB11H12) showing the highest room-
temperature ionic conductivity (~0.07 S/cm [17]) among all the
studied Na-ion conductors. It should be noted that the results of
preliminary 1H spin-lattice relaxation measurements in
Na2(CB9H10)(CB11H12) were reported in our previous work [17] at a
single resonance frequency and in the limited temperature range.
These results were used mainly to illustrate the suppression of an
order-disorder transition in mixed-anion solid solution systems.
The 23Na spin-lattice relaxation measurements in such systems
have not been reported so far.

2. Experimental details

The parent NaCB9H10 and NaCB11H12 compounds were obtained
from Katchem [20]. The preparation of the solid-solution
Na2(CB9H10)(CB11H12) sample by drying the aqueous solution of
equimolar amounts of NaCB9H10 and NaCB11H12 was analogous to
that described in Ref. [17]. According to X-ray diffraction analysis
Fig. 1. Schematic view of the nearly spherical (icosahedral) CB11H12
� and ellipsoidal (bicappe

and gray spheres: H atoms. The corresponding C5 and C4 symmetry axes are oriented verti
referred to the Web version of this article.)
[17], the dominant phase of Na2(CB9H10)(CB11H12) has the hexag-
onal close-packed structure with the lattice parameters
a¼ 6.991(1) Å and c¼ 11.339(2) Å. This phase is isomorphous to
that found for the pristine superionic NaCB9H10 above ~310 K [4],
but has a slightly larger unit cell. The larger cell dimensions for the
solid-solution sample are consistent with the substitution of larger
[CB11H12]‒ anions for [CB9H10]‒ anions in the NaCB9H10-like hex-
agonal disordered structure. The presence of a second trace solid-
solution phase of Na2(CB9H10)(CB11H12) (<1mol.%) corresponds to
face-centered-cubic anion polymorphic packing. For NMR experi-
ments, the sample was flame-sealed in a quartz tube under vacuum
after the additional annealing at 453 K for 6 h.

NMR measurements were performed on a pulse spectrometer
with quadrature phase detection at the frequencies u/2p¼ 14 and
28MHz (1H) and 23MHz (23Na). 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
0.32e2.15 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 p/2
pulse length were 2e3 ms for both nuclei. A probehead with the
sample was placed into an Oxford Instruments CF1200 continuous-
flow cryostat using nitrogen as a cooling agent. The sample tem-
perature, monitored by a chromel-(Au-Fe) thermocouple, was sta-
ble to ±0.1 K. The nuclear spin-lattice relaxation rates were
measured using the saturationerecovery method. NMR spectra
were recorded by Fourier transforming the solid echo signals (pulse
sequence p/2x e t e p/2y).

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. 1H and 23Na NMR spectra

The evolution of the measured proton NMR spectra with tem-
perature for Na2(CB9H10)(CB11H12) is shown in Fig. 2. It can be seen
that both the shape and width of the 1H NMR spectrum are
temperature-dependent, and the line width decreases with
d-square-antiprismatic) CB9H10
� anions. Green spheres: B atoms, blue spheres: C atoms,

cally. (For interpretation of the references to colour in this figure legend, the reader is



Fig. 2. Evolution of the measured 1H NMR spectra at 28MHz with temperature for
Na2(CB9H10)(CB11H12).
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increasing temperature. Such a behavior can be attributed to a
partial averaging of the dipole-dipole interactions of 1H spins due
to reorientational anion motion. The motional narrowing is ex-
pected to be substantial at the temperature at which the H jump
rate t�1

H ðTÞ becomes comparable to the “rigid lattice” line width
DHR [15]; for typical complex hydrides, DHR is of the order of
104e105 s�1.

The temperature dependence of the measured 1H line width DH
(full width at half-maximum) is shown in Fig. 3. At low tempera-
tures (T< 110 K), the line width is nearly constant, and its value
(DHz 49 kHz) is close to the corresponding low-T values of DH for
both NaCB9H10 (~50 kHz [10]) and NaCB11H12 (~45 kHz [9]). How-
ever, the onset of the motional narrowing for Na2(CB9H10)(CB11H12)
occurs at a considerably lower temperature (~120 K) than that for
NaCB9H10 (~160 K [10]) and NaCB11H12 (~200 K [9]). Hence, the
reorientational anion motion in the solid-solution sample at low
temperatures appears to be considerably faster than in both pris-
tine NaCB9H10 and NaCB11H12 salts; this is consistent with the fact
that the solid-solution sample retains the disordered state down to
low temperatures. At T> 300 K, the proton NMR line width for
Na2(CB9H10)(CB11H12) reaches a plateau, being close to 12 kHz. Such
a plateau region is typical of reorientational motion of H-containing
groups [21]. In contrast to long-range translational diffusion that
leads to complete averaging of the dipole-dipole interactions of 1H
spins, the averaging due to localized (reorientational) motion is
only partial, even in the case when t�1

H » 2pDHR. It is usually
assumed that, for the plateau region, the dipole-dipole interactions
Fig. 3. Temperature dependence of the width (full width at half-maximum) of the 1H
NMR spectrum measured for Na2(CB9H10)(CB11H12) at 28MHz.
within the reorienting groups (“intramolecular” interactions) are
completely averaged out, while the interactions between 1H spins
on different groups (“intermolecular” interactions) are not
averaged.

Fig. 4 shows the evolution of the 23Na NMR spectra for
Na2(CB9H10)(CB11H12) in the temperature range 98e435 K. As can
be seen from this figure, the 23Na NMR spectrum exhibits strong
narrowing with increasing temperature. General features of the
23Na line shape behavior are typical of those observed for Na-ion
conductors (see, for example, recent results for NASICON-type
compound Na3.4Sc2(SiO4)0.4(PO4)2.6 [22]). It should be noted that
the high-temperature 23Na NMR line width DNa (full width at half-
maximum) in Na2(CB9H10)(CB11H12) is much smaller than the high-
temperature 1H NMR line width DH. Indeed, the observed value of
DNa at T> 300 K is ~0.7 kHz, whereas the value of DH in the same
temperature range is about 12 kHz. This indicates that, in contrast
to the case of H motion, Na ions participate in the long-range
diffusion which is expected to average out both the dipole-dipole
interactions and the electric quadrupole interactions of 23Na nuclei.

The temperature dependence of themeasured 23Na linewidth is
shown in Fig. 5. As can be seen from this figure, DNa(T) exhibits two
pronouncedmotional narrowing “steps” near 180 K and near 250 K.
Such a behavior suggests a presence of two motional processes
responsible for the line narrowing. It is evident that the main (high-
temperature) “step” corresponds to the excitation of the long-range
Naþ diffusion at the frequency scale of about 104 s�1. The line width
“step” near 180 K requires an additional consideration. Can this
minor “step” originate from reorientational anion motion modu-
lating the 23Na e 1H dipole-dipole interaction? While this mecha-
nism seems to be probable, a comparison of the DNa(T) data (Fig. 5)
with the behavior of DH(T) (Fig. 3) indicates that the main changes
in the proton line width occur at considerably lower temperatures
than the minor “step” of the 23Na line width. It is likely that the
reorientational anion motion is responsible just for the gradual
decrease in DNa in the temperature range 100e180 K (Fig. 5). It
should also be noted that anion reorientations are not expected to
affect the electric field gradients (EFG) at 23Na sites, since each
reorientational jump does not change the charge configuration
around these sites. However, if Naþ cations themselves start to
move, we may expect stronger effects on the 23Na line width.

In order to discuss a possible origin of two frequency scales of
Naþ jump motion, we have to consider the sublattice of partially-
filled Na sites in Na2(CB9H10)(CB11H12). According to the struc-
tural results [17], this sublattice is represented by tetrahedral (T)
Fig. 4. Evolution of the measured 23Na NMR spectra with temperature for
Na2(CB9H10)(CB11H12).



Fig. 5. Temperature dependence of the width (full width at half-maximum) of the
23Na NMR line for Na2(CB9H10)(CB11H12).

Fig. 7. Proton spin-lattice relaxation rates measured at 14 and 28MHz and 23Na spin-
lattice relaxation rates measured at 23MHz as functions of the inverse temperature.
Black solid lines show the simultaneous fit of the two-peak model with Gaussian
distributions of the activation energies to the RH1 ðTÞ data in the range 98e435 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 RNa1 ðTÞ data in the range
138e349 K; the red dashed lines represent the contributions of the two components.
(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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and octahedral (O) interstitial sites of the hexagonal close-packed
lattice, see Fig. 6. The interesting feature of this sublattice is the
existence of closely-spaced pairs of T-sites along the c axis. The
distance between T-sites within such a pair (~2.84 Å) is consider-
ably smaller than the distances between the nearest-neighbor T
and O sites (~4.28 Å) or between T sites belonging to different pairs
(~4.93 Å). Therefore, back-and-forth Naþ jumps within the T-T pairs
(not contributing to long-range diffusion) are expected to have
higher rates than the T-O jumps (leading to long-range diffusion). It
is reasonable to assume that such a localized Naþmotionwithin the
T-T pairs is responsible for the minor DNa(T) “step” near 180 K.
Similar localized motion was previously reported for H atoms
occupying the tetrahedral interstitial sites in hcp scandium [23e25]
and in bcc niobium doped with oxygen [26].
3.2. 1H and 23Na spin-lattice relaxation rates

Fig. 7 shows the behavior of the proton spin-lattice relaxation
rate RH1 (measured at two resonance frequencies u/2p) and the 23Na
Fig. 6. The sublattice of partially-filled Na sites and possible Naþ diffusion paths within
the hexagonal close-packed elementary cell of Na2(CB9H10)(CB11H12). Red spheres:
tetrahedral (T) sites, and yellow spheres: octahedral (O) sites. Red bars connect the
closely-spaced pairs of T sites, and dark blue bars connect the nearest-neighbor T and O
sites. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
spin-lattice relaxation rate RNa1 as functions of the inverse tem-
perature. It can be seen that both RH1 ðTÞ and RNa1 ðTÞ exhibit peaks;
however, these peaks are shifted with respect to each other. As
discussed in the Introduction, a nuclear spin-lattice relaxation rate
maximum is expected to occur at the temperature at which the
corresponding atomic jump rate becomes nearly equal to the
resonance frequency. We shall start with a discussion of the proton
spin-lattice relaxation which is governed by 1He1H and 1He11B
dipole-dipole interactions modulated by anion reorientations. Ac-
cording to the standard theory of nuclear spin-lattice relaxation
due to the motionally modulated dipole-dipole interaction [15,27],
in the limit of slow motion (utH » 1), RH1 should be proportional to
u�2t�1

H , and in the limit of fast motion (utH « 1), RH1 should be
proportional to tH, being frequency-independent. If the tempera-
ture dependence of the H jump rate t�1

H follows the Arrhenius law,

t�1
H ¼ t�1

H0 expð� Ea=kBTÞ (1)

with the activation energy Ea for the reorientational motion, the
plot of lnRH1 versus T �1 is expected to be linear in the limits of both
slow and fast motion with the slopes of eEa/kB and Ea/kB, respec-
tively. As can be seen from Fig. 7, the experimental RH1 ðTÞ data for
Na2(CB9H10)(CB11H12) show strong deviations from the predictions
of the standard model. In particular, there are changes in the slopes
of the lnRH1 vs. T �1 plot both above and below the relaxation rate
maximum. Furthermore, the observed frequency dependence of RH1
at the low-temperature slope of the relaxation rate peak is
considerably weaker than the predicted u�2 dependence. These
features suggest a coexistence of at least two reorientational pro-
cesses with different characteristic jump rates t�1

Hi (i¼ 1, 2) and
with a distribution of jump rates [28] for each of the processes. For
our disordered mixed-anion solid solution, such a behavior may be
expected, since each anion can participate in different types of
reorientations [10]; furthermore, there are two types of anions, and
their local environments vary from one anion to the next. It should
be noted that the use of a certain distribution of jump rates is
necessary to describe [28] the reduced frequency dependence of RH1
mentioned above. Thus, for parametrization of the RH1 ðTÞ data, we
have used the simplest two-peak model assuming a coexistence of
two jump processes, each of which is characterized by a Gaussian
distribution of the activation energies. For this model, the observed
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proton spin-lattice relaxation rate is expressed as

RH1 ¼
X2
i¼1

RH1i; (2)

RH1i ¼
ð
RH1iðEaiÞG

�
Eai; Eai;DEai

�
dEai (3)

Here GðEai; Eai;DEaiÞ is a Gaussian distribution function centered on
Eai with the dispersion DEai, GðEai; Eai;DEaiÞ ¼ ð1=

ffiffiffiffiffiffi
2p

p
DEaiÞexp½ �

ðEai � EaiÞ2=2ðDEaiÞ2�, and RH1iðEaiÞ is determined by combining the
standard expression that relates the spin-lattice relaxation rate
with t�1

Hi (see Supplementary Information) and the Arrhenius law
(Equation (1)) for the ith process. The parameters of the model are
the average activation energies Eai, the dispersions DEai, the pre-
exponential factors tH0i of the Arrhenius law, and the amplitude
factors DMi determined by the strength of the fluctuating parts of
dipole-dipole interactions for each of the jump processes. These
parameters have been varied to find the best fit to the RH1 ðTÞ data at
two resonance frequencies simultaneously. The results of the
simultaneous fit over the T range of 98e435 K are shown by black
solid lines in Fig. 7; the corresponding parameters are Ea1 ¼ 147(9)
meV, DEa1¼31(5) meV, tH01¼1.2(2)� 10�12 s, and
DM1¼1.0(2)� 109 s�2 for the faster jump process, and Ea2
¼ 430(40) meV, DEa2¼ 41(8) meV, tH02¼1.6(3)� 10�18 s, and
DM2¼ 5.2(2)� 109 s�2 for the slower process. It should be noted
that the value of the pre-exponential factor tH02 for the slower
process appears to be too small to allow any straightforward
physical interpretation. Such a result may be related to the limited
temperature range, where the slower process gives the dominant
contribution to the observed relaxation rate. The nature of the two
reorientational processes cannot be determined unambiguously
from the available experimental data. The most probable main
reason for the two-peak behavior is related to a coexistence of two
types of reorientations: the faster jumps of the anions around the
C4 axis for [CB9H10]‒ or the C5 axis for [CB11H12]‒ (see Fig. 1) and the
slower 180� flips perpendicular to the C4 or C5 axis. These two types
of reorientations are consistent with quasielastic neutron scat-
tering (QENS) results for the disordered phase of hexagonal
NaCB9H10 [10]. It is interesting to compare the average activation
energy Ea1 that determines the high-temperature behavior of RH1 ðTÞ
for Na2(CB9H10)(CB11H12) with the corresponding activation en-
ergies for the disordered phases of pristine NaCB9H10 and
NaCB11H12. The value of Ea1 found in the present work (147(9) meV)
appears to be somewhat lower than the high-T activation energies
derived from NMR experiments (205meV for NaCB9H10 [10] and
177meV for NaCB11H12 [9]), but somewhat higher than those
derived from QENS experiments (130meV for NaCB9H10 [10] and
114meV for NaCB11H12 [14]).

As noted above, because of the order-disorder phase transitions,
a regular 23Na spin-lattice relaxation rate maximum has not been
observed for the pristine compounds Na2B12H12 [6], Na2B10H10 [10],
NaCB11H12 [9], and NaCB9H10 [10]. The appearance of the RNa1 ðTÞ
maximum for the mixed-anion solid solution Na2(CB9H10)(CB11H12)
(Fig. 7) allows us to make certain conclusions concerning the
diffusive Naþ jump rate t�1

Na and the interactions responsible for the
RNa1 ðTÞ peak. First, it should be noted that the amplitude of the
RNa1 ðTÞ peak is much higher than that of the RH1 ðTÞ peak at com-
parable resonance frequencies (see Fig. 7). This feature suggests
that the observed 23Na spin-lattice relaxation rate is dominated by
the quadrupole mechanism related to EFG fluctuations at 23Na sites,
since the dipole-dipole interactions between nuclear spins are too
weak to give rise to such fast relaxation. However, anion reor-
ientations cannot be responsible for the dominant quadrupole
relaxation mechanism, since each reorientational jump does not
change the charge configuration around 23Na sites. This is also
supported by the fact that the observed temperature dependence of
RNa1 strongly differs from that of RH1 (see Fig. 7). On the other hand,
any jump of Naþ from one site of the cation sublattice to another is
expected to change the principal EFG value and/or the angle be-
tween the principal axis of the EFG tensor and the magnetic field
direction, providing the effective quadrupole relaxation mecha-
nism. It should also be noted that, in some systems, the charac-
teristic rate of EFG fluctuations differs from the jump rate of
diffusive atomic motion [29,30]. This may occur in the case when
the local symmetry of sites occupied by diffusing ions is cubic, so
that EFG fluctuations originate solely from transient occupation of
some of the neighboring interstitial sites by other diffusing ions,
which leads to non-negligible effects of three-particle correlations
[29,30]. However, in our solid-solution system, the local symmetry
of Naþ sites is lower than cubic, and we can expect that the char-
acteristic rate of EFG fluctuations is equal to the Naþ jump rate.

The simplest approach to describe the motionally induced
quadrupole contribution to the spin-lattice relaxation rate is based
on the expression

RNa1 ¼ MQ

u

�
y

1þ y2
þ 4y
1þ 4y2

�
; (4)

where y¼utNa. Here the amplitude factorMQ is proportional to the
square of the electric quadrupole moment of 23Na and the mean
square of the fluctuating part of EFG at 23Na sites due to diffusive
jumps. It should be noted that the basic features of the dependence
of this quadrupole contribution on u and t are similar to those of
the motionally induced dipole-dipole contribution. In particular,
the RNa1 ðTÞmaximum should occur at the temperature at which the
diffusive jump rate t�1

Na becomes nearly equal to u. Since the RNa1 ðTÞ
maximum is observed at the higher temperature than the RH1 ðTÞ
maximum (see Fig. 7), we can conclude that the cation jump rate
t�1
Na is considerably lower than the anion reorientational rate, at
least in the region of the peaks. A closer inspection of the RNa1 ðTÞ
peak in Fig. 7 reveals the presence of an inflection point at the low-T
slope of this peak; this suggests a coexistence of two jump pro-
cesses for Naþ ions, in agreement with the 23Na NMR line width
results discussed above.

Therefore, for parametrization of the RNa1 ðTÞ data in the range
138e349 K we have used the two-peak model assuming a coexis-
tence of two Naþ jump processes with the rates t�1

Naj (j¼ 1, 2); each
of the rates is governed by its own Arrhenius law with individual
pre-exponential factors and the activation energies Edaj for diffusive
jumps. It should be noted that, according to the discussion of
possible diffusive jumps over the cation sublattice (Fig. 6), only the
slower of the two Naþ jump processes (giving rise to the main
RNa1 ðTÞ maximum) is responsible for the long-range Naþ diffusion.
The red solid line in Fig. 7 shows the fit of this two-peak model to
the experimental RNa1 ðTÞ data over the range of 138e349 K; the
corresponding parameters are Eda1 ¼ 156 (5) meV, tNa01 ¼1.6
(1)� 10�12 s, and MQ1¼5.3 (1)� 1010 s�2 for the faster (localized)
jump process, and Eda2 ¼ 353 (11) meV, tNa02 ¼ 8.8 (3)� 10�16 s,
and MQ2¼1.4 (1)� 1011 s�2 for the slower jump process related to
long-range diffusion. It is interesting to note that the value of Eda2
found from the fit is very close to the activation energy derived
from the conductivity measurements for Na2(CB9H10)(CB11H12) at
T< 300 K (348(2) meV [17]). Neglecting any correlations for diffu-
sive jumps, the tracer diffusion coefficient of Naþ ions can be
estimated as D ¼ L2t�1

Na2=6, where L is the jump length. The value of
the diffusive jump rate estimated at the temperature of the RNa1 ðTÞ
maximum is t�1

Na2 (263 K)z 2.0� 108 s�1. Using the distance of
4.28 Å between the nearest-neighbor T and O sites as the jump
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length, we obtain D(263 K)z 6.1� 10�8 cm2/s. This value appears
to be rather high; for example, for the NASICON-type Na-ion
conductor Na3.4Sc2(SiO4)0.4(PO4)2.6, a comparable value of D is
reached only at 350 K [22]. The value of the tracer diffusion coef-
ficient can be used to estimate the ionic conductivity s from the
Nernst-Einstein equation

s ¼ nDðZeÞ2
kBT

; (5)

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 Na2(CB9H10)(CB11H12) [17], we find that n¼ 4.17� 1021 cm�3

and s(263 K)¼ 1.8� 10�3 S/cm. The measured ionic conductivity
of Na2(CB9H10)(CB11H12) near 263 K (~1.5� 10�2 S/cm [17]) is an
order of magnitude higher than this estimate. It should be noted
that according to the complex impedance plots [17],
Na2(CB9H10)(CB11H12) represents a purely Na-ion conductor.
Therefore, we can conclude that our simple approach un-
derestimates the Naþ diffusivity. SinceD is proportional to L2, one of
the probable reasons is the underestimation of L. This may be
related to the complex nature of Naþ diffusive motion in
Na2(CB9H10)(CB11H12), where the fast localized jumps within
closely-spaced T sites coexist with the slower jumps between T and
O sites. Similar effects were found 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 [31e33]. In
the case of H diffusion in Laves-phase hydrides, it was well-
documented that, at the timescale of the slower process respon-
sible for the long-range diffusion, the effective jump length is
considerably longer than the distance between the nearest-
neighbor sites at the adjacent hexagons [31e33]. Another
possible reason for the underestimation of D may be related to
correlations between jumps of different cations adjoining a large
anion. Indeed, according to the results of recent ab initio calcula-
tions for Li2B12H12 and Na2B12H12 [13], and for LiCB11H12 and
NaCB11H12 [14], Liþ and Naþ cations surrounding a single B12H12

2� or
CB11H12

� anion have some energetically preferable angular config-
urations; therefore, a rotation of the anion is expected to facilitate
jumps of several cations. Similar mechanisms implying a relation
between anion rotation and cation mobility were previously dis-
cussed for several other classes of superionic conductors [34e36].

Returning to Fig. 7, we can see the pronounced change in the
slope of the log RNa1 vs. T �1 plot above 350 K. This change in the
slope is not described by the model used above for the fit of the
RNa1 ðTÞ data. Such a behavior suggests a change in the activation
energy for Naþ diffusion at high temperatures. It may be related to
some changes in the diffusion mechanism leading to the decrease
of energy barriers for Naþ jumps. It should be noted that a similar
change in the activation energy was also reported for the ionic
conductivity of Na2(CB9H10)(CB11H12) [17], although at somewhat
lower temperatures. The value of the activation energy for Naþ

jumps estimated from the slope of the RNa1 ðTÞ data above 350 K is
135(8) meV.

In order to explicitly compare the rates of diffusive Naþ jumps
and anion reorientational jumps in Na2(CB9H10)(CB11H12), we have
to choose a certain reference temperature. Since the jump rates
are most reliably probed near the corresponding spin-lattice
relaxation rate maxima, it is reasonable to choose the reference
temperature close to these maxima. Using the fits to the RNa1 ðTÞ
and RH1 ðTÞ data, at T¼ 273 K (i. e., close to the temperature of the
RNa1 ðTÞ maximum) we obtain: t�1

Na2(273 K)¼ 3.5� 108 s�1, and the
average anion jump rates are t�1

H1(273 K)¼ 1.6� 109 s�1 and
t�1
H2(273 K)¼ 6.9� 109 s�1. These latter H jump rates are fully
consistent with those that can be deduced from previous elastic-
neutron-scattering fixed-window scans for Na2(CB9H10)(CB11H12)
[17]. The present results show that at the reference temperature the
rates of anion reorientational jumps are higher than the rate of
cation diffusive jumps. However, the difference between the cor-
responding frequency scales is not too large, and the results are
generally consistent with the notion [13,14] that anion dynamics
can contribute to the smoothening of the energy landscape for
cation jumps.

4. Conclusions

The analysis of the temperature dependences of the 23Na NMR
spectra and spin-lattice relaxation rates in the mixed-anion solid
solution Na2(CB9H10)(CB11H12) has shown that the diffusive motion
of Naþ ions in this system can be described in terms of two jump
processes: the fast localized motion within the pairs of tetrahedral
interstitial sites of the hexagonal close-packed lattice formed by
large anions and the slower jump process via octahedral sites
leading to long-range diffusion. Below 350 K, the slower Naþ jump
process is characterized by the activation energy of 353(11) meV,
and the corresponding jump rate reaches ~ 3� 108 s�1 near 273 K.
These results are generally consistent with the exceptional room-
temperature ionic conductivity in Na2(CB9H10)(CB11H12), although
quantitative agreement between the Naþmobility and conductivity
data would require a consideration of the complex diffusion
mechanism and/or correlations between Naþ jumps.

The results of the proton spin-lattice relaxation measurements
for Na2(CB9H10)(CB11H12) are consistent with a coexistence of at
least two anion reorientational jump processes occurring at
different frequency scales. Both reorientational processes are found
to be faster than the Naþ jump process responsible for the long-
range diffusion. In particular, the corresponding rates reach
~2� 109 s�1 and ~7� 109 s�1 near 273 K. These results support the
conclusions [13,14] that anion dynamics can contribute to reducing
the energy barriers for cation jumps.
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