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ABSTRACT: To study the dynamical properties of the monocarba-closo-
dodecaborates LiCB11H12 and NaCB11H12 showing the exceptionally high
ionic conductivities in the high-temperature disordered phases, we have
measured the temperature dependences of the 1H, 7Li, and 23Na NMR
spectra and spin−lattice relaxation rates in these compounds below and
above the phase transition points. It has been found that for both
compounds the transition from the low-T ordered to the high-T disordered
phase (near 384 and 376 K for LiCB11H12 and NaCB11H12, respectively) is
accompanied by a nearly 3 orders of magnitude increase in the
reorientational jump rate of [CB11H12]

− anions. The results of our 7Li and
23Na NMR measurements indicate that the phase transitions from the low-T
to the high-T phases of both LiCB11H12 and NaCB11H12 are also
accompanied by a strong acceleration of translational diffusion of cations
(Li+ or Na+). In the high-T phases of LiCB11H12 and NaCB11H12, the cation diffusion is characterized by low activation energies:
92 (7) and 152 (8) meV, respectively. These results are consistent with the high superionic conductivity in the disordered phases
of LiCB11H12 and NaCB11H12; furthermore, they suggest that the enhanced reorientational mobility of large nearly spherical
anions may facilitate the translational mobility of the cations.

■ INTRODUCTION

Boron−hydrogen compounds containing polyhedral dodeca-
hydro-closo-dodecaborate ([B12H12]

2−) and decahydro-closo-
decaborate ([B10H10]

2−) anions have attracted significant recent
attention stimulated by the discovery of remarkable superionic
conductivity in the high-temperature phases of Na2B12H12

1 and
Na2B10H10.

2 Both Na2B12H12 and Na2B10H10 exhibit order−
disorder phase transitions (near 520 and 370 K, respectively)
accompanied by strong changes in reorientational jump rates of
the anions2−5 and diffusive jump rates of Na+ cations.2,3 The
measured ionic conductivities in the high-temperature dis-
ordered phases are very high: 0.1 S/cm for Na2B12H12 near 540
K1 and 0.01 S/cm for Na2B10H10 near 383 K.2 In the
corresponding low-T ordered phases near the transition point,
the ionic conductivities are about 3 orders of magnitude lower.
It is likely that Na+ conductivity in the disordered phases is
facilitated by high vacancy concentrations in the Na-site
sublattices and by very fast reorientations of the large quasi-
spherical anions. The Li-based counterparts, Li2B12H12 and
Li2B10H10, have also been found to undergo similar order−
disorder phase transitions above 600 K.4,6,7

To optimize the properties of these polyhedral boron−
hydrogen compounds as potential solid electrolyte materials, it
is desirable to stabilize their disordered phases with high ionic
conductivity down to lower temperatures. One of the possible
ways of such an optimization is a chemical modification of
anions. In fact, Na2B10H10 can be considered as an anion-
modified form of Na2B12H12 that results in the lower
temperature of the order−disorder transition. The [B12H12]

2−

anion can also be modified by replacing one (B−H) vertex with
a (C−H) group, yielding the structurally similar icosahedral
monocarba-closo-dodecaborate8 anion [CB11H12]

− (see Figure
1). Recently, it has been found9 that LiCB11H12 and NaCB11H12

salts based on this monovalent anion exhibit order−disorder
phase transitions near 400 and 380 K, respectively, i.e., at much
lower temperatures than their corresponding B12H12-based
counterparts. The measured ionic conductivities of both
LiCB11H12 and NaCB11H12 just above the corresponding
transition points exceed 0.1 S/cm,9 being higher than in any
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other known polycrystalline materials at these temperatures.
According to X-ray powder diffraction analysis,9 at room
temperature, LiCB11H12 and NaCB11H12 have the same ordered
orthorhombic structure (space group Pca21). The high-
temperature disordered phases of LiCB11H12 and NaCB11H12
are found to be cubic with a face-centered cubic arrangement of
the anions,9 although there is clear evidence that the latter
compound can also form other disordered polymorphs as the
temperature is increased. The structures of the low-T
orthorhombic and the high-T cubic phases of LiCB11H12 and
NaCB11H12 are schematically shown in Figure S1 of the
Supporting Information. Preliminary quasi-elastic neutron
scattering (QENS) measurements9 have shown that for both
LiCB11H12 and NaCB11H12 the transitions to the high-
temperature disordered phases are accompanied by significant
acceleration of the reorientational anion motion, and the
reorientational jump rates in the disordered phases reach values
between 1010 and 1011 s−1.
The aim of the present work is to study the temperature

dependences of both the reorientational jump rates of
[CB11H12]

− anions and the diffusive jump rates of Li+ and
Na+ cations in LiCB11H12 and NaCB11H12 below and above the
order−disorder phase transitions using 1H, 7Li, and 23Na
nuclear magnetic resonance (NMR) measurements. We have
measured the temperature dependences of the 1H, 7Li, and
23Na NMR spectra and spin−lattice relaxation rates at low
resonance frequencies, focusing on changes of NMR
parameters near the order−disorder phase transitions in
LiCB11H12 and NaCB11H12. Such an approach has proved to
be effective, enabling one to probe the atomic jump rates over
the range of 8 orders of magnitude (104−1012 s−1)10 and to
trace the relation between the anion reorientations and cation
diffusion.11

■ EXPERIMENTAL METHODS
Lithium and sodium monocarba-closo-dodecaborates
LiCB11H12 and NaCB11H12 were obtained from Katchem.12

For NMR experiments, the samples were flame-sealed in glass
tubes after dehydration under vacuum at 433 K (LiCB11H12)
and 353 K (NaCB11H12) for 6 h.
NMR measurements were performed on a pulse spectrom-

eter with quadrature phase detection at the frequencies ω/2π =
14 and 28 MHz for 1H, 28 MHz for 7Li, and 23 MHz for 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 0.32−2.15 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 wide-band pulse amplifier. Typical values of the π/2
pulse length were 2−3 μs for all nuclei studied. A probehead
with the sample was placed into an Oxford Instruments
CF1200 continuous-flow cryostat using nitrogen as a cooling
agent. The sample temperature, monitored by a chromel−
(Au−Fe) thermocouple, was stable to ±0.1 K. All NMR
measurements were performed with increasing temperature.
After reaching the desired temperature, we employed 10 min
waiting time necessary to ensure thermal equilibrium before the
start of the measurements. With this approach, the results were
found to be fully reproducible. The nuclear spin−lattice
relaxation rates were measured using the saturation−recovery
method. NMR spectra were recorded by Fourier transforming
the solid echo signals (pulse sequence π/2x−t−π/2y). It should
be noted that in all figures standard uncertainties are
commensurate with the observed scatter in the data.

■ RESULTS AND DISCUSSION
Proton NMR Measurements. The proton spin−lattice

relaxation rates R1
H measured at the resonance frequencies ω/

2π = 14 and 28 MHz for NaCB11H12 as functions of the inverse
temperature are shown in Figure 2. Comparison of these results

with the R1
H(T) data for a number of B12H12-based compounds

3

suggests that the behavior of proton spin−lattice relaxation rate
in NaCB11H12 is governed by reorientational motion of the
complex anions. This is also consistent with the 1H NMR line
width results (to be discussed below). As can be seen from
Figure 2, at T < 375 K the relaxation rate increases with
increasing temperature and exhibits pronounced frequency
dependence. Such a behavior indicates that in this temperature
range the reorientational jump rate τ−1 is below ω ∼ 108 s−1. In
fact, according to the standard theory of spin−lattice relaxation
due to the nuclear dipole−dipole interaction modulated by

Figure 1. Schematic view of the icosahedral [CB11H12]
− anion. Large

red sphere: C atom; large blue spheres: B atoms; small gray spheres: H
atoms.

Figure 2. Proton spin−lattice relaxation rates measured at 14 and 28
MHz for NaCB11H12 as functions of the inverse temperature. For the
data at 14 MHz, two points at the same temperature (376 K)
correspond to the coexisting low-T and high-T phases. The solid lines
show the simultaneous fits of the standard model to the data in the
ranges 278−376 K (low-T phase) and 380−435 K (high-T phase).
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atomic motion,13 R1
H(T) is expected to pass through a

maximum at the temperature at which the jump rate τ−1(T)
becomes nearly equal to ω; in the limit of slow motion (ωτ ≫
1), the relaxation rate R1

H should be proportional to ω−2τ−1, and
in the limit of fast motion (ωτ≪ 1), R1

H should be proportional
to τ, being frequency-independent. In the case of NaCB11H12,
the relaxation rate maximum is not reached, and near 376 K we
observe a 2 orders of magnitude drop of R1

H accompanied by
the change in the sign of temperature dependence of R1

H and
the disappearance of its frequency dependence.
This behavior suggests a phase transition accompanied by an

abrupt increase in the reorientational jump rate, so that in the
high-T phase the jump rate τ−1 becomes much higher than 108

s−1. Furthermore, at 376 K we have found a two-exponential
relaxation, which is consistent with the coexistence of two
phases with strongly differing jump rates. The corresponding
two points at this temperature in Figure 2 indicate the presence
of a narrow two-phase region for this first-order phase
transition. It should be noted that similar dramatic changes in
R1
H were earlier observed for the order−disorder phase

transitions in Na2B12H12 near 520 K3 and in Li2B12H12 near
600 K.4

For parametrization of the R1
H(T) data in the low-T phase of

NaCB11H12, we have used the standard equation (see, for
example, eq 1 of ref 14) that relates R1

H and the jump rate τ−1,
assuming that the temperature dependence of τ−1 is governed
by the Arrhenius law with the activation energy Ea

τ τ= −− − E k Texp( / )1
0

1
a B (1)

Thus, our model includes two motional parameters (Ea and the
pre-exponential factor τ0) and the amplitude parameters
reflecting the strength of fluctuating parts of dipole−dipole
interactions. Our estimates of the second moments for dipole−
dipole interactions based on the structure of NaCB11H12

9 show
that the amplitude parameters for the 1H spin−lattice relaxation
are dominated by the 1H−1H and 1H−11B interactions, while
the contribution due to 1H−23Na interactions can be neglected.
As noted previously,14 it is practically impossible to determine
each of the 1H−1H and 1H−11B contributions to the amplitude
parameters, ΔMHH and ΔMHB, independently from the R1

H(T)
fits. The reason is that the 1H−1H and 1H−11B terms lead to
nearly the same temperature and frequency dependences of R1

H.
Therefore, for parametrization of the spin−lattice relaxation
data, we assume14 that these two contributions are equal,
ΔMHH = ΔMHB ≡ ΔM; i.e., there is a single independent
amplitude parameter. The model parameters have been varied
to find the best fit to the R1

H(T) data at two resonance
frequencies simultaneously. The results of this simultaneous fit
to the experimental data in the range 278−376 K are shown by
solid curves in Figure 2. The corresponding motional
parameters are τ0 = 2.9 (6) × 10−14 s and Ea = 409 (7) meV,
and the amplitude parameter is ΔM = 8.0 × 109 s−2.
In the high-T phase of NaCB11H12, the activation energy

determined from the slope of the R1
H(T) data is 177 (8) meV.

Thus, the energy barrier for anion reorientations in the high-T
phase is considerably lower than that in the low-T phase. In
order to estimate the value of τ0 in the high-T phase, we need
an additional assumption. Since the distances between the
nearest-neighbor H and B atoms are not expected to change
strongly due to the phase transition, it is reasonable to assume
that the amplitude parameter ΔM in the high-T phase is the
same as in the low-T phase. With this assumption, the value of
τ0 in the high-T phase is found to be 1.2 (5) × 10−13 s. Using

the motional parameters found from these fits, we can estimate
that at the phase transition point (376 K) the reorientational
jump rate τ−1 in NaCB11H12 changes from 8.6 × 107 s−1 (low-T
phase) to 3.6 × 1010 s−1 (high-T phase).
The results of the proton spin−lattice relaxation rate

measurements at two resonance frequencies for LiCB11H12
are shown in Figure 3. These results resemble those for

NaCB11H12. In particular, near 384 K, the relaxation rate in
LiCB11H12 exhibits a nearly 2 orders of magnitude drop
accompanied by the change in the sign of the temperature
dependence of R1

H and the disappearance of its frequency
dependence. Again, at 384 K we observe a two-exponential
relaxation, which is consistent with the coexistence of two
phases. These features indicate a first-order phase transition
accompanied by an abrupt change in τ−1. In accordance with
the previous results,9 this phase transition in LiCB11H12 occurs
at a slightly higher temperature than in NaCB11H12. It should
be noted, however, that in contrast to the case of NaCB11H12,
for the low-T phase of LiCB11H12 we do not observe any signs
of approaching the R1

H(T) maximum. This makes para-
metrization of the proton spin−lattice relaxation data more
problematic: for LiCB11H12 we can easily determine the
activation energies from the slopes of the R1

H(T) data, but we
have to rely on additional assumptions to estimate τ0. We
assume that the amplitude parameter ΔM for LiCB11H12 is the
same as that for NaCB11H12. This assumption appears to be
reasonable, since the fluctuating dipole−dipole interactions for
protons in both compounds are dominated by interactions
within the same CB11H12 group. The solid lines in Figure 3
show the results of the simultaneous fit at two resonance
frequencies based on this assumption.
For the low-T phase of LiCB11H12, the corresponding

motional parameters are τ0 = 1.2 (5) × 10−13 s and Ea = 409
(11) meV. For the high-T phase of LiCB11H12, the motional
parameters resulting from the fit are τ0 = 1.4 (6) × 10−13 s and
Ea = 177 (8) meV. On the basis of these fits, we can estimate
that at the phase transition point (384 K) the reorientational
jump rate τ−1 in LiCB11H12 changes from 3.6 × 107 s−1 (low-T
phase) to 3.5 × 1010 s−1 (high-T phase), i.e., by 3 orders of

Figure 3. Proton spin−lattice relaxation rates measured at 14 and 28
MHz for LiCB11H12 as functions of the inverse temperature. For each
resonance frequency, two points at the same temperature (384 K)
correspond to the coexisting low-T and high-T phases. The solid lines
show the simultaneous fits of the standard model to the data in the
ranges 278−384 K (low-T phase) and 390−435 K (high-T phase).
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magnitude. Note that the Ea values for the low-T and high-T
phases of LiCB11H12 are practically the same as the
corresponding values for NaCB11H12.
The temperature dependences of the width ΔH (full width at

half-maximum) of the 1H NMR spectra measured at 28 MHz
for NaCB11H12 and LiCB11H12 are shown in Figure 4.

At low temperatures, the value of ΔH is determined by
dipole−dipole interactions in the “rigid” lattice. For both
NaCB11H12 and LiCB11H12, this value is close to the
corresponding “rigid-lattice” ΔH values (∼50 kHz) for the
A2B12H12 compounds.3 The considerable line narrowing
observed above ∼200 K for NaCB11H12 and above ∼250 K
for LiCB11H12 indicates the excitation of H motion with jump
rates τ−1 exceeding 105 s−1. Since for LiCB11H12 the strong line
narrowing is observed at higher temperatures than that for
NaCB11H12 (Figure 4), we can conclude that the H jump
motion in the low-T phase of LiCB11H12 is slower than in the
low-T phase of NaCB11H12. This is consistent with the proton
spin−lattice relaxation results discussed above. It should be
noted that ΔH does not drop to very small values, and for both
compounds at T > 390 K it reaches a plateau value of ∼10 kHz.
This feature indicates that H atoms are involved in localized
motion (such as anion reorientations).10 In contrast to the case
of long-range translational diffusion, the localized motion leads
to only partial averaging of dipole−dipole interactions between
nuclear spins. The high-temperature plateau regime of ΔH
reflects the situation in which the dipole−dipole interactions
within each CB11H12 group (intramolecular interactions) are
completely averaged out by fast reorientations, while the
interactions between nuclear spins at different CB11H12 groups
(intermolecular interactions) are not averaged out. In this
regime, the value of ΔH becomes insensitive to actual changes
in the jump rate τ−1. As can be seen from Figure 4, the dramatic
changes in τ−1 at the phase transition points lead to minor
effects in ΔH. The observed small “steps” of ΔH for both
NaCB11H12 and LiCB11H12 between 350 and 400 K (Figure 4)
can be attributed to averaging of relatively weak 1H−23Na and
1H−7Li dipole−dipole interactions due to translational
diffusion of Na+ and Li+ ions (see below). A similar small
“step” of ΔH was previously observed15,16 in LiBH4 near the
phase transition accompanied by the onset of fast Li+ diffusion.

7Li and 23Na NMR Measurements. The temperature
dependences of the width (full width at half-maximum) of the
7Li and 23Na NMR spectra, ΔLi and ΔNa, are shown in Figures 5
and 6, respectively. As can be seen from these figures, both the
7Li and 23Na NMR lines exhibit strong narrowing with
increasing temperature (see also Figures S2 and S3).

In contrast to the 1H line widths, at T > 390 K the values of
both ΔLi and ΔNa become very small (0.15 and 0.16 kHz,
respectively). In fact, these values are smaller than the expected
line widths (0.93 and 0.39 kHz) for the 7Li−7Li and 23Na−23Na
dipolar contributions to the “rigid-lattice” second moment for
LiCB11H12 and NaCB11H12. This means that the narrowing of
the 7Li and 23Na lines is related to the fast translational diffusion
of Li+ and Na+ ions. Such a conclusion is consistent with the
high ionic conductivity observed9 in the high-T phases of
LiCB11H12 and NaCB11H12.
Figure 7 shows the behavior of the 7Li spin−lattice relaxation

rate R1
Li (measured at 28 MHz) for LiCB11H12 and the 23Na

spin−lattice relaxation rate R1
Na (measured at 23 MHz) for

NaCB11H12 near the phase transitions. As can be seen from this
figure, the phase transition in NaCB11H12 is accompanied by
the jump of the 23Na relaxation rate and by the change in the

Figure 4. Temperature dependences of the widths (full widths at half-
maximum) of the 1H NMR lines measured at 28 MHz for NaCB11H12
and LiCB11H12..

Figure 5. Temperature dependence of the width (full width at half-
maximum) of the 7Li NMR line measured at 28 MHz for LiCB11H12.

Figure 6. Temperature dependence of the width (full width at half-
maximum) of the 23Na NMR line measured at 23 MHz for
NaCB11H12.
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sign of its temperature dependence. This behavior resembles
that observed for R1

Na in Na2B12H12
3 and Na2B10H10

2 near their
order−disorder phase transitions. Such a behavior can be
described as “folding” of the relaxation rate peak:17 because of
the abrupt change in the atomic jump rate at the phase
transition, the relaxation rate jumps directly from the low-T
slope to the high-T slope of the R1

Na(T) peak. The measured
values of R1

Na near the phase transition in NaCB11H12 are much
higher than those expected for the fluctuating 23Na−23Na and
23Na−1H dipole−dipole interactions. Therefore, we can
conclude that the 23Na spin−lattice relaxation is dominated
by the quadrupole contribution. As in the cases of Na2B12H12

3

and Na2B10H10,
2 the temperature dependence of R1

Na in
NaCB11H12 should be governed by the translational diffusion

of cations with the jump rate τd
−1. The activation energies for

Na+ diffusion, Ea
d, estimated from the R1

Na(T) slopes are 327
(11) meV for the low-T phase and 152 (8) meV for the high-T
phase. Thus, the transition to the high-T phase is accompanied
by a strong decrease in the activation energy for cation
diffusion. This may be related to the change in the cation-site
sublattice due to the phase transition.9 The activation energy
derived from the conductivity data9 for the high-T phases of
both NaCB11H12 and LiCB11H12 is 220 meV. Since the 23Na
relaxation rate peak is not observed in our experiments, and it is
difficult to make any reasonable estimate of its amplitude
(determined by quadrupole interactions), we cannot find the
Na+ jump rates from the fits to the available R1

Na(T) data. We
can only state that in the low-T phase the Na+ jump rates are
below 108 s−1, while in the high-T phase they are considerably
higher than 108 s−1.
The 7Li spin−lattice relaxation rate in LiCB11H12 (Figure 7)

is also found to jump from the low-T to the high-T slope of the
relaxation peak at the phase transition. This is consistent with
the abrupt acceleration of Li+ jump motion at the transition to
the high-T phase. However, the values of R1

Li in LiCB11H12 are
much lower than the values of R1

Na in NaCB11H12 (Figure 7).
Because of this feature, we have to consider the dipole−dipole
interactions of 7Li spins in more detail. The estimates of the
7Li−7Li and 7Li−1H dipolar contributions to the “rigid-lattice”
second moment of 7Li NMR line on the basis of the structural
data for LiCB11H12

9 give 6.1 × 106 and 1.1 × 109 s−2,
respectively. The full modulation of these interactions due to
Li+ diffusion should result in the maximum R1

Li value of 7.0 s−1

at 28 MHz. The measured R1
Li value at 376 K (just below the

transition point) is nearly 5 s−1. Thus, in contrast to the case of
23Na relaxation in NaCB11H12, the dipole−dipole interactions
of 7Li spins are expected to give significant contributions to the
observed 7Li relaxation rates in LiCB11H12. A considerable
quadrupole contribution to R1

Li still cannot be excluded, since
the regular 7Li relaxation rate peak is not observed for
LiCB11H12. Furthermore, it is reasonable to assume that the
behavior of R1

Li(T) is governed mainly by Li+ diffusive jumps,
since this motion provides the stronger 7Li relaxation
mechanism than the anion reorientations. This is also
supported by the values of activation energies derived from
the R1

Li(T) slopes. The activation energies for Li+ diffusion
estimated from the R1

Li(T) slopes are 422 (9) meV for the low-
T phase and 92 (7) meV for the high-T phase. As in the case of
the 23Na spin−lattice relaxation in NaCB11H12, we cannot
determine the Li+ jump rates from the available 7Li relaxation
data. Again, we can only state that in the low-T phase the Li+

Figure 7. 23Na spin−lattice relaxation rate measured at 23 MHz for
NaCB11H12 and the 7Li spin−lattice relaxation rate measured at 28
MHz for LiCB11H12 as functions of the inverse temperature.

Table 1. Activation Energies (Ea) for Anion Reorientations and Cation Diffusion in NaCB11H12, LiCB11H12, Na2B12H12, and
Li2B12H12 Derived from NMR and QENS Measurementsa

compound Ea for anion reorientations (meV) temp range for Ea fits (K) Ea
d for cation diffusion (meV) temp range for Ea

d
fits (K) ref

NaCB11H12, LT phase 409 (7) 278−376 327 (11) 340−367 this work
LiCB11H12, LT phase 409 (11) 278−384 422 (6) 332−376 this work
Na2B12H12, LT phase 770 (20) 400−520 3
Li2B12H12, LT phase 1400 (90) 540−590 4
NaCB11H12, HT phase 177 (8) 380−435 152 (8) 376−418 this work
LiCB11H12, HT phase 177 (7) 390−435 92 (7) 392−426 this work
Na2B12H12, HT phase 270 (40) 523−570 410 (25) 522−580 3

259 (22) 480−620 5

aUncertainties in the last digit are given in parentheses.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b10055
J. Phys. Chem. C 2015, 119, 26912−26918

26916

http://dx.doi.org/10.1021/acs.jpcc.5b10055


jump rates are below 108 s−1, and in the high-T phase, they are
considerably higher than 108 s−1.
The activation energies for both anion reorientations and

cation diffusion derived from our measurements for NaCB11H12
and LiCB11H12 are summarized in Table 1. Included in this
table are the temperature ranges used for fitting the
corresponding data. For comparison, we also show the
activation energies for Na2B12H12 and Li2B12H12 obtained
from previous NMR and QENS experiments.3−5 For the high-
temperature (HT) phase of Li2B12H12, the results are not
available, since this phase is found to be unstable.4

As can be seen from Table 1, the energy barriers for both
anion reorientations and cation diffusion in the [CB11H12]

−-
based compounds are considerably lower than the correspond-
ing energy barriers in the [B12H12]

2−-based compounds. Several
factors may contribute to these differences. One such factor is
the reduced charge of the monovalent [CB11H12]

− anions as
compared to divalent [B12H12]

2− anions. This is expected to
weaken the anion−cation Coulombic interactions, leading to
the decrease in energy barriers for both anion and cation jumps.
Another important factor is the difference in the number of
cation vacancies for the high-T phases of the [CB11H12]

−-based
and the [B12H12]

2−-based compounds. Because of the 1:1
cation/anion ratio in the [CB11H12]

−-based compounds, the
number of available cation vacancies per unit cell should be
larger than for the [B12H12]

2−-based compounds;9 this is
expected to facilitate cation diffusion in the former.
It is interesting to note that in the high-T phases of the

[CB11H12]
−-based compounds the activation energy for Li+

diffusion appears to be lower that that for Na+ diffusion, while
for the low-T phases of the same compounds, the Ea

d value for
Li+ diffusion is higher than that for Na+ diffusion (see Table 1).
This difference may be ascribed to different diffusion
mechanisms in the disordered and ordered phases. In the
high-T disordered phases, the cation sublattice contains many
vacancies,9 and the most probable diffusion mechanism implies
cation jumps to the nearest vacancies. The face-centered-cubic
anion frameworks in the high-T phases of both LiCB11H12 and
NaCB11H12 have nearly the same dimensions (with ∼1.3%
difference in the lattice constants);9 however, the ionic radius of
Li+ is roughly 25% smaller than that of Na+.18 Therefore, it is
reasonable to assume that the barriers for motion of the
substantially smaller Li+ cations through the “channels” formed
by the large anions should be lower than for motion of the
larger Na+ cations. On the other hand, in the low-T ordered
phases of LiCB11H12 and NaCB11H12, the cation positions are
fully occupied,9 and the cation diffusion is likely to occur via a
different mechanism, such as the formation of Frenkel-type
defects. Any quantitative discussion of this diffusion mechanism
and its relation to the observed cation motional barriers would
require detailed ab initio and molecular dynamics calculations,
which have yet to be performed for the [CB11H12]

−-based
materials. Moreover, such calculations are also needed to
understand the observed insensitivity of the anion reorienta-
tional barriers within a given phase to the type of cations
involved.

■ CONCLUSIONS
The analysis of the measured 1H spin−lattice relaxation rates in
NaCB11H12 and LiCB11H12 has shown that the order−disorder
phase transitions from the low-T orthorhombic to the high-T
cubic phases (near 376 and 384 K for NaCB11H12 and
LiCB11H12, respectively) are accompanied by a dramatic

increase in the reorientational jump rate of [CB11H12]
− anions.

For NaCB11H12, this rate τ
−1 is found to change from 8.6 × 107

s−1 (just below the transition) to 3.6 × 1010 s−1 (just above the
transition). For LiCB11H12, the corresponding increase in τ−1 is
even greater: from 3.6 × 107 to 3.5 × 1010 s−1. The results of
our 23Na and 7Li NMR measurements indicate that the phase
transitions from the low-T to the high-T phases of both
NaCB11H12 and LiCB11H12 are also accompanied by a strong
acceleration of translational diffusion of cations (Na+ or Li+). In
the high-T phases of NaCB11H12 and LiCB11H12, the cation
diffusion is characterized by low activation energies: 152 and 92
meV, respectively. These results are consistent with the
remarkably high superionic conductivities9 in the disordered
phases of NaCB11H12 and LiCB11H12. While the jumps in the
cation mobility at the order−disorder phase transition in these
compounds are concomitant with the jumps in the reorienta-
tional rate of the anions, the details of a possible relation
between the two types of motion are not yet clear.
Understanding the mechanistic details of [CB11H12]

− reor-
ientations may help to clarify this relation. Such mechanistic
information can be obtained from systematic QENS measure-
ments over broad ranges of the neutron momentum transfer
and temperature. These measurements are in progress now.
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