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ABSTRACT: We present a molecular dynamics study of the low-
temperature polymorph of silver closo-borate α-Ag2B12H12, which is a
promising ionic conductor. By means of 1H and 11B nuclear magnetic
resonance spectroscopy, we identified two dynamic processes in the
system that involve the movements of B12H12

2− cages: fast rotations with
an activation energy of 308 meV and tumbling of the cages at lower
temperatures with an activation energy of 67 meV. Fast rotations are
known to facilitate the diffusion of Ag+ ions (the activation energy of 482
meV for ion jumps was determined from solid-state ionic conductivity
measurements) while the tumbling motions are likely made possible by
either impurities or local disorder, allowing for easier reorientations of
the boron cages.

■ INTRODUCTION
Metal closo-borates form an emerging class of solid electrolytes,
showing high thermal, chemical, and electrochemical stability as
well as superionic conductivity in their disordered state.1−5

Generally, the compounds exist with an ordered crystal structure
at room temperature (RT) and undergo a thermally induced
order−disorder transition, in which both the anion and cation
sublattices become disordered as the large anion cages are
distributed over two crystallographic positions. This liquid-like
environment allows the cations to easily move in the structure,
resulting in a sharp, order of magnitude increase in the ionic
conductivity.1,3,4 In past years, metal borates have been studied
as highly promising solid state ionic conductors,1,2,4 of special
interest for fuel cells that can operate at intermediate
temperatures (∼300 °C) or for solid-state battery applica-
tions.2,6,7 Some of the closo-borates with excellent ionic
conductivity include Li2BnHn, Na2BnHn,

4,5 Ag2BnHn
1 (n = 10,

12), mixed-anion compounds, such as Ag(2+x)IxBnHn
1 or

Na3BH4B12H12,
8 and the carborates NaCB11H12 or

NaCB9H10,
9,10 while (NH4)2BnHn were found to exhibit much

lower conductivities, likely because of the larger mobile ion
(NH4

+).11,12 Recently, a system with the cation complex N2H7
+

was stabilized in the solid state.13 Research interest has also
focused on systems where hydrogen in the anion cages is
replaced with a halogen (such as B12H12 or B12Cl12).

14

Nuclear magnetic resonance (NMR) is a versatile technique
that allows us to study different types of dynamic processes
taking place over a wide range of time scales. Although it is a bulk

method, NMR spectra can unveil the information about the local
structure of the NMR-sensitive nuclei, while the spin−lattice
relaxation measurements offer insight into the fluctuations of
dipolar and quadrupolar interactions, which result from local
and long-range motions. In boron−hydrogen compounds,
NMR has often been employed to study the local rotations/
reorientations of BH4 tetrahedra.

15−19 An interesting finding in
these studies is that the BH4 tetrahedra can rotate about different
crystallographic axes, and it is possible to determine the
activation energies for each rotational mode from the temper-
ature-dependent measurements of spin−lattice relaxation times,
of either protons or boron. A similar approach was followed in
the studies of decaborates and dodecaborates, where the
rotating units are large boron cages. A study of atomic motion
in A2B12H12 (A = Na, K, Rb, Cs) unveiled that the activation
energy for rotations decreases with increasing lattice parame-
ter,20 while the studies of (NH4)2BnHn (n = 10, 12) showed that
the activation energy is smaller for the B10H10 cage due to a
smaller number of hydrogen atoms changing position (thus
breaking the bonds) at each rotation.
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In (NH4)2BnHn (n = 10, 12), rotational tunneling of the NH4
cations was observed at the lowest temperatures.11,12,21,22 In
parallel, several recent studies using ab initio calculations also
showed strong indications that the reorientations of large boron
cages can facilitate the mobility of cations.10,23−26 Our previous
studies of Ag2BnHn (n = 10, 12)1 presented strong crystallo-
graphic evidence of the so-called paddle-wheel cation
conductivity mechanism. The structures of the high-temper-
ature polymorphs, β-Ag2BnHn, reveal that only some of the
available Ag positions are allowed to be occupied for a specific
orientation of the closo-borate anion because some of the
positions will result in unacceptably short Ag−H distances.
Thus, as the anion changes orientation, the cations may have to
move as well, or vice versa. Additionally, an NMR investigation
of LiLa(BH4)3Cl revealed that BH4

− dynamics and Li+

translational motion occur on the same frequency scale, further
supporting a correlation between anion rotation and cation
motion.17

Here we report an 1H and 11B NMR study by means of NMR
spectra and spin−lattice relaxation measurements for both
nuclei in the low-temperature polymorph of α-Ag2B12H12. We
analyze the results in view of rotations/reorientations of boron
cages and diffusion of Ag+ ions, where the latter process was
previously studied by electrochemical impedance spectroscopy
(EIS).

■ STRUCTURAL CONSIDERATIONS
The crystal structure of Ag2B12H12, shown in Figure 1, is
isostructural to Li2B12H12, with a cubic unit cell and space group
Pa-3, which has been studied previously.27 The anions are
situated on a face-centered sublattice while the cations are
positioned in trigonal sites, slightly off-plane away from the

center of the anion tetrahedra. This leaves several potential sites
open to Ag, such as the corresponding off-plane trigonal site
toward the center of the anion tetrahedra as well as the
tetrahedral site, both of which are occupied in the disordered
high-temperature polymorph.

■ EXPERIMENTAL DETAILS

Synthesis. Li2B12H12 (Katchem) was dissolved in Milli-Q
grade water and passed through an Amberlite IR120-H ion-
exchange resin (Fluka) to form (H3O)2B12H12. Stoichiometric
amounts of AgNO3 were dissolved in Milli-Q grade water and
added to the mixture under stirring. An off-white precipitate of
Ag2B12H12 immediately precipitated. Excess water was removed
under dynamic vacuum at 70 °C.

Nuclear Magnetic Resonance Measurements. The
sample was sealed in a quartz tube under an Ar atmosphere to
prevent the contact with water vapor or oxygen and stored in
dark to prevent light exposure due to photosensitivity.1 1H and
11B NMR spectra and spin−lattice relaxation times were
measured as a function of temperaturein a heating run from
80 to 420 K (proton) and to 380 K (boron). 1H measurements
were conducted at a superconducting magnet with the field of
2.35 T (corresponding to the Larmor frequency νL(

1H) = 100
MHz) while the 11B measurements were conducted in a setup
with a field of 4.7 T, corresponding to νL(

11B) = 64.2 MHz. The
temperature was controlled by using a gas-flow cryostat. NMR
spectra were recorded by using 90x−τ−90y spin echoes. Spin-
relaxation times were measured by using the saturation−
recovery pulse sequence. Following the measurements, the
sample was checked again by using PXD to ensure that no
structure changes occurred due to heating.

Figure 1.Crystal structure of Ag2B12H12 in Pa-3, viewed down the c-axis. Atoms displayed include B (green), H (pink), and Ag (silver). Interstitial sites
are shown in top right corner: tetrahedral in blue and trigonal in red.
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■ RESULTS

NMR Spectra. Figure 2 shows the temperature evolution of
1H and 11B NMR spectra. Both spectra show similar features. At
low temperatures (below 200 K), the proton spectra have a
roughly Gaussian shape, with full width at half-maximum ν1/2 =

58 kHz. Upon heating, the spectra gradually narrow. Above
around 200 K, a narrow component first appears superimposed
upon the broad line. With further heating, the line narrows
altogether and reaches a plateau of about ν1/2 = 10 kHz at high
temperatures. A similar effect can be seen in boron.
Spin−Lattice Relaxation. Figure 3 shows temperature

dependence of 1H and 11B spin−lattice relaxation rates (R1 = 1/
T1). Magnetization recovery in proton relaxation was found to
be monoexponential throughout the temperature range while
the boron relaxation was better described by using a stretch-
exponent function. There was no observable difference between
cooling or heating runs (at some selected temperatures).
Relaxation rates for both nuclei show mostly common

featuresin the high-temperature region (above 200 K, not
to be mistaken with the high-temperature polymorph) the
relaxation rate is quickly increasing with the temperature, while
it levels off to a plateau at lower temperatures (more
prominently seen in protons).

■ ANALYSIS AND DISCUSSION
We analyze the dynamics in Ag2B12H12 in view of several similar
systems, especially the isostructural Li2B12H12. Generally, metal
closo-borates show two distinct polymorphs: an ordered low-
temperature and a disordered high-temperature polymorph.
From EIS these polymorphs are clearly distinguishable, e.g., by
the decrease in apparent activation energy (slope of the curve) in
the HT-polymorph. Furthermore, the transition from one
polymorph to the other is usually accompanied by one or several
orders of magnitude change in ionic conductivity, as it is clearly
seen in Figure 4, which shows the temperature dependence of
ionic conductivity for Ag2B12H12 compared to other selected
compounds. In our NMR study, we only focus on the low-
temperature polymorph. The activation energy for jumps of Ag+

ions is 482 meV, which is close to the value of 550 meV for
Li2B12H12 for jumps of Li+. On the other hand, the ionic
conductivity is about 2 orders of magnitude faster in Ag2B12H12,
and the phase transition to the high-temperature polymorph
occurs at a substantially lower temperature.
The shape of the proton NMR spectra is determined by the

dipolar nuclear coupling, either homonuclear (proton−proton)
or heteronuclear (proton−boron and proton−silver). At low
temperatures, wemay view the system as static, with very limited
local thermal motionresulting in broad spectra. With
increasing temperature, boron cages begin to reorientate and
silver ions start jumping between sites. In principle, both effects
cause partial averaging of the dipolar interaction, resulting in
NMR line narrowing. However, as the gyromagnetic ratio of
either of the two Ag isotopes is much lower than those of proton

Figure 2. Temperature dependencies of the spectra for 1H and 11B in
Ag2B12H12, measured at 2.35 and 4.7 T, respectively.

Figure 3. Temperature dependencies of spin−lattice relaxation rate for
1H and 11B in Ag2B12H12.

Figure 4. Ionic conductivity as a function of temperature for Ag2B12H12
and some selected systems. The numbers, Ea, correspond to the
activation energy determined from the EIS data. In case there is a jump
in conductivity, the activation energy is that of the low-temperature
polymorph. *,**Because of a nonlinear slope, the activation energy was
determined based on a more linear subset of the data, from 150−220
and 150−300 °C, respectively.1,6,9,11,28,29
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or boron, we can safely assume that the main contribution to the
line narrowing comes from the averaging of proton−proton and
proton−boron interactions. Up to about 200 K, the line spectra
are broad. Above this temperature, a narrow line superimposed
on the broad line indicates that a minor part of the spectrum
exhibits the narrowing, which should be related to some
reorientational process. At yet higher temperatures, the line
narrows further, which is the consequence of fast rotations of
boron cages that average out a large part of the dipole
interactions. In the case of isotropic, liquid-like motions, the
spectra should exhibit a Lorentzian shape, with the line width
related only to the inhomogeneity of the magnetic field.
However, in our case, the spectra are not Lorentzian even at
the highest temperatures, indicating only partial averaging of
intermolecular interactions. This is consistent with the fact that
even if they are close to spherical in shape, the B12H12 cages still
have preferential reorientational axes, such as C2, C3, and C5.

30

The shape of the 11B spectra, with boron being a quadrupole
nucleus with a spin of 3/2, is also affected by the interactions of
the electric quadrupole moment of boron nuclei with the electric
field gradient (EFG) tensor generated by the surrounding
atoms. As seen in Figure 2, the boron spectra at low
temperatures consist of a strong central line and weak
unresolved satellite transitions. Upon heating, in line with the
trends seen in the proton spectra, the central transition line
narrows due to the dynamic processes in the system. A minor
component sees narrowing before the entire line, as in the case of
the proton spectra.
Proton relaxation is governed by fluctuations of homonuclear

(H−H) and heteronuclear (H−B and H−Ag) dipolar spin
interactions. As in the analysis of the NMR spectra, we treat the
H−Ag contribution as negligible compared to the other two.
Homonuclear interaction is usually interpreted in terms of the
so-called BPP model developed by Bloembergen, Purcell, and
Pound.31 The model assumes an exponential correlation
function for random dipolar field fluctuations, which is
characterized by a single correlation time and can be written as

τ
ω τ

τ
ω τ

=
Δ
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+
R
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The heteronuclear contribution was analyzed in detail by
Abragam.32 The relaxation of spin I due to the interaction with
spin S can be expressed as

τ
ω ω τ
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In the preceding expressions, ΔMHH and ΔMIS are the
fluctuating parts of the secondmoments due to the homonuclear
or heteronuclear interactions. ωi = 2πνi are the Larmor
frequencies whereas τ−1 is the jump rate. The model assumes
that τ has an Arrhenius-like temperature dependence

τ τ= E k Texp( / )0 a B (3)

where τ0
−1 is the attempt frequency and Ea is the activation

energy for rotations/reorientations. kB is the Boltzmann
constant.
On the other hand, there are two major mechanisms that

influence the relaxation of 11B, a quadrupole nucleus with a spin

of 3/2. Similar to the proton relaxation, we take into account the
fluctuations in dipolar interactions, both homonuclear and
heteronuclear (although the B−B and B−Ag interactions are
orders of magnitude smaller than the B−H interactions). In
addition, relaxation is also influenced by fluctuations of the
interaction between the nuclear quadrupole moment of boron
nuclei and the electric field gradient (EFG) tensor at the site of
the nuclei. In line with previous research,11,12 we use a simple
BPP-like model (eq 1) for boron relaxation, where we useM as a
prefactor instead of 2ΔMHH/3.
In the above models, the spin−lattice relaxation rate exhibits a

maximum in the region where ωτ ∼ 1. Far from the maximum
(where ωτ≫ 1 or ωτ≪ 1), the relaxation can be approximated
in the asymptotic form as

= ±R C
E

k T
exp1

a

B

i
k
jjjjj

y
{
zzzzz (4)

where C∼ 1/ω2τ0 forωτ≫ 1 and C∼ τ0 forωτ≪ 1. Drawing a
comparison to borohydrides, there is often more than one
dynamic mode possible in the system, and each of these modes
can be described by a separate contribution to the
relaxation.15,16,18

The R1 curves for both nuclei at low temperatures level off
toward a plateau (more clear for protons). This phenomenon
can be attributed to an additional processthe relaxation due to
interactions with paramagnetic impurities which are unavoid-
ably present in the sample. This contribution is usually treated as
temperature independent; thus, we add a constantDp

{H,B} to each
relaxation model.
Looking at the relaxation data, it is clear that any of the two

relaxation curves cannot be described by using solely a single
reorientation mode together with a paramagnetic contribution;
at least two dynamic contributions are required. Fitting the
relaxation models to the experimental data was performed by
using a nonlinear least-squares minimization with a global
minimum target.33 As the same dynamic processes affect both
proton and boron relaxation, the key parameters of both models,
i.e., the activation energies for rotations/reorientations of B12H12
cages as well as the associated correlation times, should be the
same. As there are no obvious peaks in either relaxation curve,
the simplest relaxation model assumes three contributions for
relaxation of each nucleustwo associated with rotations/
reorientations with the activation energies E1 and E2, both in the
slow-motion limit, as well as a constant term due to
paramagnetic impurities. This model yields the values of E1 =
314 meV and E2 = 60 meV, and the model curves (not shown)
match the experimental points reasonably well.
On the basis of this simple model, it is clear that one of the

dynamic modes (with E1) becomes visible only at the highest
temperatures, and it is thus only reasonable to describe it in the
limit approximation (eq 4). On the other hand, we can use a
BPP-like model (eq 1) to describe the dynamic mode that is
more prominent at lower temperature (with E2) to further
improve the model. An additional parameter in this model is the
correlation time, τ0, and the feature of this model is that it
exhibits a local maximum. The results of this model fit are shown
in Figures 5 and 6. Here, we obtain the following parameters: for
the high-temperaturemode in the limit approximation, we get E1
= 308 meV and the prefactorsCH = 1.2× 104 s−1 for protons and
CB = 7.4× 103 s−1 for boron. For the second dynamicmode, with
a BPP-like model, we get E2 = 67meV, τ0 = 2.2× 10−10 s, and the
prefactorsMH = 3.1× 108 s−2 for protons andMB = 1.8× 108 s−2
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for boron. The constant contributions of the paramagnetic
impurities areDp

H = 0.092 s−1 andDp
B = 0.029 s−1. In view of root-

mean-square error (RMSE), there is little difference between
both models, by using either only the slow-motion limit
approximations or a BPP-like model for the low-temperature
mode. This shows that the first model already describes the
relevant features sufficiently well and that the use of a BPP-like
model can only give us an approximate value of τ0.
At this point, we can compare the activation energies in

Ag2B12H12 with those of similar of closo-borates and related
systems. The value of E1 = 308 meV is within the range of values
for fast rotations/reorientations of boron cages in several similar
systems. For comparison, the activation energies for this process,
obtained by means of NMR spectroscopy, were 480 and 236
meV in (NH4)2B12H12 and (NH4)2B10H10, respectively,

11 409
meV for LiCB11H12,

34 302 meV for LiCB9H10,
35 and so on. The

activation energy in Li2B12H12 is a staggering 1400meV,5 but the
value for this compound appears to be an outlier among similar
systems. It is thus reasonable to assign the process in Ag2B12H12
with E1 to fast rotations/reorientations of boron cages as well.
Skripov et al.20 found that the activation energy in A2B12H12-
type systems decreases with increasing cation radius; similar

effects were observed by Tiritiris et al.36 A common feature in
closo-borates and related systems is that the activation energies
for rotations of boron cages substantially drop upon the
transition from the ordered low-temperature polymorph to the
high-temperature one with a higher level of disorder. For
example, in Na2B12H12, it drops from 770 to 270 meV upon the
transition.20

Returning to the connection between the activation energies
for rotations of boron cages and those for cation jumps obtained
by ionic conductivity measurements (EIS), a common feature
appears to be that a higher activation energy is required for
jumps than for the cage reorientation. In Ag2B12H12, we have 482
meV for Ag+ jumps and 308 meV for reorientations. In
(NH4)2B10H10, the values are 600 meV vs 236 meV and in
(NH4)2B12H12 1.63 eV vs 480meV.11 Then, we have 720meV vs
450 meV in the LT phase of Na2B12H12, 790 meV vs 409 meV in
the LT phase of NaCB11H12,

34 and 910 meV vs 409 meV in the
LT phase of LiCB11H12.

34 The difference is likely attributed to
the fact that the detaching of the cation (defect creation) and a
subsequent jump require more energy than just the rotation of
the boron cage that otherwise leaves the surroundings
unchanged. Again, Li2B12H12 is an outlier here, with the
activation energy for rotations (1400 meV) being larger than
the value for diffusion (550 meV). Skripov et al. provide a good
overview of activation energies for both diffusion and
reorientations in ref 19; however, the activation energies for
diffusion listed there were determined by using methods of
NMR spectroscopy and may thus differ from the EIS
measurements.
The relatively low activation energy of anion rotation in

Ag2B12H12 compared with similar compounds may be explained
by the more polarizing nature of Ag, resulting in a more covalent
bond character. Owing to this, the interstitial cation sites
(Frenkel defects) are less destabilized by surrounding cations
compared to, for example, Li+ andNa+ which tend to form bonds
of more ionic character. This is similar to how AgCl tends to
form Frenkel defects,37 whereas NaCl predominantly forms
Schottky defects.38 As such, the interstitial sites (e.g., tetrahedral
sites) are likely occupied to a larger extent in the low-
temperature polymorph of Ag2B12H12 compared with those of
the alkali metal closo-borates. This may enable easier
reorientation of the boron cage similar to the HT-polymorph,
albeit less frequent. On the other hand, the activation energies
for anion reorientation between alkali metal and Ag closo-borates
could be related to innate bonding differences in cation−anion
interactions.
While the process with E1 fits well into the picture as fast

rotations/reorientations of B12H12 cages, the nature of the
process with E2 = 67 meV is somewhat less obvious. The
activation energy is much lower than the values for any type of
fast anion rotations, which are typically well above 100meV.19 In
certain borohydrides and closo-borates, low-temperature
motions were observed with activation energies in the order of
tens of meV.11,12,17,18 These processes were attributed to
rotational tunneling of BH4, NH4, or NH3 units. While E2 seems
closer to the activation energies for these processes, the
temperature range where they occur is different. Relaxation in
systems that exhibit rotational tunneling always exhibits a peak
well below 100 K while the peak of the process with E2 is above
300 K (see Figures 5 and 6). Thus, this process takes place well
into the thermally activated region as opposed to quantum
phenomena occurring at low temperatures. The process with E2
should be nevertheless connected to some sort of movements of

Figure 5. 1H spin−lattice relaxation rates as a function of inverse
temperature. Lines represent individual contributions to relaxation,
obtained by the best fit to the experimental data: fast rotations of boron
cages with E1 (dots), slower dynamic mode with E2 (dash-dot line),
paramagnetic impurities (dashed line), and total relaxation (solid line).

Figure 6. 11B spin−lattice relaxation rates as a function of inverse
temperature. Lines represent individual contributions to relaxation,
obtained by the best fit to the experimental data: fast rotations of boron
cages with E1 (dots), slower dynamic mode with E2 (dash-dot line),
paramagnetic impurities (dashed line), and total relaxation (solid line).
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B12H12 cages, such as tumbling or twitching of the cages instead
of full thermally activated rotations. It appears that only a small
fraction of the cages undergoes such motions. Looking at the
NMR spectra, such motions would explain the narrow peak that
appears before the main broad proton line starts narrowing upon
heatingtumbling motions do partially average out the dipolar
interactions. This assumption can be also backed by looking at
the relaxation data. The peak attributed to the process with E2
has a much lower amplitude than that of the process with E1
(where the peak is not even reached). E2 being considerably
smaller than E1 suggests that the tumbling cages aremore loosely
bound to the structure than the rest. From the PXD data, we
only see the single-phase α-Ag2B12H12 in this temperature range
(see the Supporting Information in ref 1 for PXD at room
temperature), which rules out a biphasic system. However, it is
possible that some disorder (perhaps similar to that in the high-
temperature polymorph) exists at grain boundaries, which
would not be visible by PXD. It has recently been identified that
interfacial/grain boundaries in Li−B−H based solid-state
electrolytes could provide regions of exceptional ionic
conductivity in ball-milled or composite materials.39,40 As
such, mechanical modification of solid-state ionic conductors
can lead to two regions displaying different degrees of ionic
conductivity, which may be due to the formation and
stabilization of a different crystallographic polymorph or a
nano/noncrystalline structure type. Although no ball-milling or
deliberate structural modification were undertaken in the
present research, it is possible that the rapidly precipitated
Ag2B12H12 displays nanoscale structural variations, possibly due
to small particle size,1 that could explain the two types of
reorientational motion observed. An additional possibility is that
the tumbling of cages is facilitated by impurities in the system,
again on the nanoscale and thus not seen by PXD. Ag2B12H12 is
sensitive to light and forms Ag metal nanoparticles/wires during
synthesis and subsequent handling,1 though it is not yet entirely
clear what happens to the B12H12

2− part when this occurs. Such a
reaction does not take place in Li2B12H12. As NMR studies of
dynamics in closo-borates and related systems typically focus on
the analysis of the temperature range where fast rotations of
boron cages are the dominant mechanism (and do not report/
study the behavior at lower temperatures), it is difficult to
conclude whether the process with E2 we see in Ag2B12H12 is a
typical feature related to the disorder at the grain boundaries or
whether it is a peculiarity of this system due to its photo-
sensitivity. Further research is required to fully answer this
question.

■ SUMMARY AND CONCLUSIONS
We studied molecular dynamics in the low-temperature
polymorph of AgB12H12, a closo-borate system with promising
ionic conductivity, by means of 1H and 11B NMR spectra and
spin−lattice relaxation. Fast rotations/reorientations of B12H12
cages were identified to have an activation energy of 308 meV,
which ranks among the lower values for low-temperature
polymorphs of several closo-borates and related systems. This
could be attributed to the polarizing nature of Ag, which may
cause a more disordered occupancy of available interstitial sites,
thus allowing for easier reorientations of the boron cages.
Rotations of boron cages assist the jumping of Ag+ ions,
although the activation energy for this process (determined by
solid-state ionic conductivity measurements) is larger, at 482
meV. The reason is that the jump of a silver ion creates a defect
in the lattice which requires additional energy. An additional

dynamic process was identified, with a relatively low activation
energy of 67 meV. This process is likely linked to the tumbling
motion of B12H12 cages, either in locally disordered environ-
ments or due to the impurities that have formed in the
photosensitive sample during synthesis and handling. Both
dynamic processes cause partial averaging of the dipolar nuclear
interactions, which is seen as the narrowing of proton and boron
NMR spectra upon increasing the temperature.
Because of the limitations in the experimental equipment,

only the dynamics in the low-temperature polymorph was
studied. A detailed analysis of the high-temperature polymorph,
with a significantly higher ionic conductivity, remains for future
studies.
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