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We have applied density-functional theory based ab initio molecular dynamics to examine Li4BN3H10 at
temperatures both above and below the experimental melting point. We examine the structure of the liquid,
diffusivity, vibrational spectra and compare to both experimental data and analogous properties from solid-state
calculations. We find the following: �1� the liquid state, like the solid state, is primarily a mixture of Li+, BH4

−,
and NH2

− with ionic interactions between the BH4
− and NH2

− anions and the Li+ cations. �2� We observe the
reaction of two amide anions exchanging hydrogen to form ammonia and an imide anion: 2NH2

−→NH3

+NH2−. �3� The liquid demonstrates wide bond-angle distributions in the BH4
− and NH2

− units and thus these
anionic units are not simply rigid complexes. �4� The Li+ sublattice disorders before the anionic sublattices and
the liquid exhibits very fast Li+ diffusion. We calculate the activation energy and pre-exponential factor for Li+

diffusivity in the liquid to be �20 kJ /mol and 15�10−4 cm2 /s, respectively. �5� Finally, we find that the
liquid contains the same generic types of vibrational modes as the solid, however the lower-frequency anionic
vibration and rotation modes become more prominent with increasing temperature.
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I. INTRODUCTION

In recent years, numerous research groups have put forth
much effort toward the realization of efficient, high-capacity
hydrogen storage for hydrogen-based vehicles.1 One promis-
ing class of materials for this application is complex
hydrides.2,3 These materials have the possibility of very high
gravimetric and volumetric hydrogen storage densities, mak-
ing them attractive materials if they can be shown to have
high rates of hydrogen desorption and absorption at near-
ambient conditions.

One particular complex hydride that has received signifi-
cant attention due to its high hydrogen storage capacity is the
quaternary compound Li4BN3H10, found to release more
than 10 wt % H2. The hydrogen storage properties and crys-
tal structure of this material was studied experimentally by
Pinkerton et al.4 and subsequently by Filinchuk et al.5 and
Chater et al.6 These experimental studies prompted several
theoretical studies that examined the crystal structure, vibra-
tional spectra and reaction energetics of solid Li4BN3H10.

7–9

The experimental and theoretical analysis reveal solid
Li4BN3H10 to be an ionic compound consisting of four Li+

cations, one BH4
−, and three NH2

− anionic units per formula
unit,6 whose solid structure has bcc symmetry �space group
I213� and a lattice parameter of roughly 10.6 Å.8 However,
the initial experiments indicated that hydrogen and ammonia
release occur at approximately 520 K, above the melting
temperature of �460 K,4,5 though a more recent experimen-
tal study of NiCl2 catalyzed Li4BN3H10 demonstrated hydro-
gen desorption at approximately 400 K, with no change in
the ammonia release temperature.10 The fact that hydrogen
and ammonia release occur near or above the melting point
indicates that structural characterization of the liquid state is
important in understanding the mechanism of hydrogen re-
lease from this material. Here, we use first-principles calcu-
lations based on density-functional theory �DFT� to elucidate
the detailed atomic structure, diffusivity, and vibrational
properties of liquid Li4BN3H10.

DFT-based calculations have been used to predict and ex-
plore the ground-state crystal structures, vibrational proper-
ties and thermodynamics of a number of hydrides,11–16 in-
cluding complex hydrides such as LiBH4,17 NaAlH4,18

LiNH2,19 Li2NH,20,21 Ca�AlH4�2,22 Li2Mg�NH�2,23 and
Ca�BH4�2.24 Additionally, groups have applied nonzero tem-
perature ab initio molecular dynamics �AIMD� to materials
such as NaAlH4 �Ref. 25� to explore diffusion in the solid
hydride as well as structural and vibrational properties of
hydride clusters26 and to predict solid-state transformations
in LiBH4.27 Molecular dynamics has also been used very
recently to investigate the structure and diffusion character-
istics in Li2NH.28 One advantage of AIMD is the ability to
explicitly follow the trajectory of a given atom through time,
allowing one to see any diffusion events or chemical reac-
tions as they occur. However, AIMD is generally limited to a
small time scale, often shorter than the typical time scale for
solid-state diffusion. This time-scale limitation may be par-
tially overcome by studying materials where the phenom-
enon of interest occurs in the liquid state, such as
Li4BN3H10, because the kinetics are generally much faster
than in the solid.

We have used AIMD to examine the structural, vibra-
tional, and diffusion characteristics of liquid Li4BN3H10 for
temperatures from 300 to 2000 K. We find that the liquid
state, like the solid state, is a mixture of Li+, BH4

−, and NH2
−

with ionic interactions between the BH4
− and NH2

− units and
the Li+ ions. However, we show that the BH4

− and NH2
− units

are not rigid complexes but rather undergo wide bond-angle
fluctuations about their ideal positions. Additionally, we see
chemical fluctuations take place at temperatures above 600
K. We observe the reaction of two amide anions exchanging
hydrogen to form ammonia and an imide anion: 2NH2

−

→NH3+NH2−. We also find interesting structural and kinetic
properties on the cation sublattice: the Li+ sublattice disor-
ders before the B, N, and H sublattices, and we find indica-
tions of high Li+ diffusion in the liquid. Finally, we find that
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the liquid contains the major vibrational modes of the solid,
however the low-frequency anion and cation vibration modes
become more prominent with increasing temperature.

II. METHODOLOGY

We perform our calculations with the Vienna ab initio
simulation package �VASP �Refs. 29–33�� plane-wave DFT
code. We calculate the interionic forces with high-precision
DFT calculations using the Perdew-Wang 1991 generalized
gradient approximation �GGA�,34 Blöchl’s projector aug-
mented wave �PAW� method33,35 for core-valence electron
interactions, and gamma point only sampling in k space. We
employ a Gaussian smearing scheme for the electronic occu-
pancies with a width of 0.1 eV. We choose the “standard”
potentials for H, B, and N in VASP and an “s-valent” potential
for Li �the so-called “Li sv” potential�, with an overall en-
ergy cutoff of 500 eV. These parameters are similar to those
used in Ref. 8 for the solid state with the only differences
being that we use gamma-point sampling and “softer”
pseudopotentials.

In order to ensure that gamma-point sampling was suffi-
cient, prior to the calculations for this work, we performed a
static minimization on the 144 atom starting structure and
compared it to results obtained for the same system with a
2�2�2 Monkhorst-Pack k-point mesh. We found that the
gamma-point calculation total energy was converged to
within 0.3 meV/atom and the lattice parameter to within
0.002 Å. We also compared to the “hard” VASP PAW/GGA
potentials like those used in Ref. 8 �also with gamma-point
sampling� and found the lattice parameter was converged to
within 0.004 Å. We judged these to be sufficiently small
differences to justify the use gamma-point sampling and
“standard” potentials for the sake of computational effi-
ciency.

To study the bulk liquid behavior of the quaternary hy-
dride Li4BN3H10 under a range of thermal conditions, we
perform Born-Oppenheimer AIMD simulations at 600, 1000,
and 2000 K using a canonical ensemble. In order to compare
to the solid-state configuration, we also perform a simulation
at 300 K. We choose the starting crystal structure as the 0 K
relaxed 144 atom �8 f.u.� cubic periodic cell based on the
work of Siegel et al.8 which was based on the experimental
structures from two groups.5,6 In order to account for thermal
expansion, we scale the 0 K relaxed supercell volume such
that the average pressure is roughly zero at the target
temperature.36 However, we cannot know a priori if the
simulations at 600 K and above will melt, providing us an
indication of the liquid structure, or if they will remain solid.
The latter case could occur for two reasons: �1� the simula-
tion temperature is lower than the AIMD melting tempera-
ture or �2� the simulation temperature is above the AIMD
melting point but the time scale for melting is longer than the
simulation time. Thus, to briefly investigate the role of initial
disorder, we use a volume-scaled version of the 2000 K final
�i.e., melted� state as a second initial geometry at 600 K. In
the figures that follow, we denote the results of this simula-
tion as “600 K premelt.”

We use a standard velocity-Verlet scheme with a time step
of 0.5 fs for the time integration in our AIMD simulations.

Through testing, we found this time step to be sufficient to
accurately capture H vibrations at the highest temperature
without an excessive number of steps. We apply a Nose-type
thermostat37–39 to all the atoms in the system in order to
simulate a canonical ensemble. We choose the mass param-
eter such that the frequency of the temperature fluctuations
through a period of 250 fs corresponds to the average char-
acteristic wave number for phonons in solid Li4BN3H10
��1000 cm−1 �Ref. 9��. We allow the system to equilibrate
for 1 ps �2000 time steps�, then follow the system for an
additional 4 ps �8000 time steps� to collect data for statistical
analysis.

III. RESULTS AND DISCUSSION

A. Pair-correlation functions

To assess the local order of the Li4BN3H10 system through
the 300–2000 K temperature range, we calculate the time-
averaged pair-correlation functions �i.e., g�r� or radial distri-
bution functions� for each pair of atom types. These func-
tions give the probability of finding an atom of a given type
at a given distance from a reference atom. We begin with a
discussion of g�r� for like-atom pairs.

The Li-Li pair-correlation functions �Fig. 1�a�� provide
indications of significant structural changes between 600 and
1000 K. The pair-correlation function at 600 K has definite
peaks similar to those in the solid-state 300 K case, indica-
tive of structural ordering. The position of the peaks in the
300 and 600 K data correspond roughly to the separation
distances of the Li+ ions in the 0 K relaxed solid structure,
though the decreasing prominence of the peaks with increas-
ing temperature indicates greater disorder at higher tempera-
tures. By 1000 K the distinct peaks have nearly disappeared,
except a small peak at roughly 2.75 Å, corresponding to the
nearest-neighbor distance in the 1000 K initial lattice struc-
ture. This nearest-neighbor peak is more broad than in the
600 K case, indicating a greater distribution of distances for
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FIG. 1. �Color online� Pair-correlation functions, g�r�, versus
distance for like atoms. Vertical dashed lines on the abscissa denote
the position of the first three peaks in g�r� for the 0 K relaxed
structure. Curves have been offset for clarity.
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the nearest Li+ ion. The lack of deep valleys in g�r� at 1000
K indicates greater motion of the Li+ ions. Meanwhile, at
2000 K, there are no significant peaks. This lack of clear
maxima indicates that the Li+ sublattice structure breakdown
is nearly complete, approaching a uniform distribution be-
yond the first neighbor distance. Similarly, the H-H pair cor-
relation shows a decrease in order as temperature increases,
and a smoothing of the two major peaks at approximately 1.5
and 2 Å. This smoothing indicates a broader distribution of
the H atoms in the system but still implies significant short-
range order even at 2000 K. The behavior of the Li-Li and
H-H pair correlations are in contrast to the B-B and N-N pair
correlations �see Figs. 1�b� and 1�d��, which show strong
pairwise structure well beyond the nearest-neighbor distance
up to 1000 K. These results indicate the possibility of Li+

sublattice melting40 between 600 and 1000 K, where one
sublattice in an ionic crystal becomes liquidlike while the
others remain crystalline. Sublattice melting has been ob-
served in Li2NH �Ref. 28� and in a number of superionic
conductors such as PbF2,41 BaF2,42 LixTiS2,43 Li2SO4,44 and
AgI.45 Finally, by 2000 K the long-range order is gone from
all sublattices and the system is fully liquidlike.

We next turn to g�r� for unlike pairs of atoms. The B-H
and N-H pair correlations for each temperature �see Figs.
2�a� and 2�b�� have a distinct nearest-neighbor peak, indica-
tive of the presence of BH4

− and NH2
− anionic units at all

temperatures. The initial peak indicates that the N-H and
B-H bonds remain intact through the temperature range. An
examination of the 2.0–7.5 Å sections of these figures �inset
in Figs. 2�a� and 2�b�� shows that while there is oscillation
about a value of g�r�=1 �relative to the offset in the figures�
for distances greater than about 3 Å, the peaks are most
pronounced in the 300 and 600 K cases. The shorter, more
broad peaks at higher temperatures are characteristic of a
decrease in order between B and H atoms in separate anionic
units due to vibrational, rotational, or diffusive motion.

The Li-B and Li-N pair correlations �see Figs. 3�a� and
3�b�� give information about the correlation between the cat-

ions and anions within the system while the B-N pair corre-
lations �see Fig. 3�c�� indicates ordering between the BH4

−

and NH2
− anionic units. The trends in the pair correlations

with temperature are qualitatively similar to the Li-Li pair-
correlation function with one important distinction. In the
Li-B, Li-N, and B-N cases, even at 2000 K, there is still a
correlation peak at roughly the nearest-neighbor range fol-
lowed by a shallow valley, which indicates a short-range
correlation between the cations and anions remains at all
temperatures.

B. Bond-angle distributions

The strong peaks in our B-H and N-H pair correlations
�Figs. 2�a� and 2�b�� indicate the existence of BH4

− and NH2
−

anionic units through the entire temperature range. To further
investigate the structure of the anionic units, we examine the
H-B-H and H-N-H bond-angle distributions �see Figs. 4�a�
and 4�b��. If the anionic units were perfectly rigid, the angle
distributions would have a sharp peak at the angle corre-
sponding to the bond angle in the rigid anionic unit. Thus,
the width of our angle distributions is an indication of the
extent to which these units are nonrigid.

We find a very wide range of angles in both anionic units
�full width at half maximum: �10° at 300 K, �30° at 2000
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FIG. 2. �Color online� Pair-correlation functions, g�r�, versus
distance for X-H atom type pairs. Vertical dashed lines on the ab-
scissa denote the position of the first three peaks in g�r� for the 0 K
relaxed structure. Curves have been offset for clarity �only the
2.0–7.5 Å region for the B-H and N-H g�r��.
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FIG. 3. �Color online� Pair-correlation functions, g�r�, versus
distance for differing atom types �excluding X-H pairs�. Vertical
dashed lines on the abscissa denote the position of the first three
peaks in g�r� for the 0 K relaxed structure. Curves have been offset
for clarity.
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K�. Of particular note is that even at 300 K, we no longer see
the two distinct H-B-H angles found in the relaxed solid.
Further, at all temperatures, the mean H-B-H angle is less
than the ideal tetrahedral angle �109.5°� that would exist in a
perfectly rigid, ideal BH4

− units. Thus, while the pair corre-
lations indicate that the NH2

− and BH4
− units remain intact,

they are certainly not simple rigid units, as the angular dis-
tributions suggest. Specifically, the anionic units undergo
significant deformation even before the onset of Li sublattice
melting.

C. Mean-squared displacement and diffusivity

In addition to the equilibrated structural information
above, we can examine the diffusive motion of each species
during the simulations. At each temperature, we calculate the
mean-squared displacement �MSD� of each atom type as a
function of time. From the slope of a linear fit to the MSD
data versus time we estimate the diffusivity, D=D0eQ/kT, of
each species. The MSD for Li+ �Fig. 5�a�� yields a diffusivity
that exhibits an approximately Arrhenius behavior �see Fig.
5�b�� through the temperature range studied. However, in the
600 K case, the flat MSD curve indicates very little diffusion
or disordering of the Li+ cations during the time studied. The
lack of Li+ cation disordering is in agreement with the Li-Li
pair correlation at 600 K. In contrast, we find the Li+ MSD
and diffusivity of the 600 K “premelt” case to be signifi-
cantly larger and more liquidlike. Based on our 600 K pre-
melt, 1000 and 2000 K data, we estimate a very high Li+

diffusivity with an activation energy, Q, of approximately 20
kJ/mol and a pre-exponential factor, D0, of approximately
15�10−4 cm2 /s. This activation barrier is roughly three
times larger than the Li+ diffusion activation energy reported
in Li2NH,28 but our values are still in the range of other Li+

superionic conductors.43,44

The near-zero diffusivity of the 600 K case and nonzero
diffusivity of the 600 K premelt case point to metastability of
the solid and/or liquid phases at 600 K. Specifically, at 600
K, the system tends to stay in the same state that it starts. For
the premelted �i.e., liquid initial state� case this means the
system remains a liquid, either because 600 K is above the
DFT melting temperature or the time scale is too short for
the system to freeze. Conversely, for the solid initial state,

600 K is either below the DFT melting temperature or the
time scale is too short for the system to melt. Considerations
such as these make a quantitative determination of the melt-
ing point from our AIMD calculations difficult.

The B, N, and H MSDs �see Figs. 6�a�–6�c��, indicate that
there is no significant diffusion of B, N, or H up to 1000 K
while at 2000 K there is significant diffusion of both species.
At 1000 K and below, we see MSD “saturation:” an initially
increasing MSD which finally oscillates about some constant
value. The initial rise of the MSD is especially noticeable in
the H MSD at 1000 K. This behavior is consistent with vi-
brational and rotational motion of the anionic units with re-
spect to nominally fixed lattice sites, and thus signifies some
measure of crystalline structure in some sublattices over the
time scale studied �see Fig. 7�. We find the 2000 K diffusiv-
ity for B, N, and H to be approximately 1�10−4, 1.5
�10−4, and 1.5�10−4 cm2 /s, respectively, approximately
four times smaller than the Li+ diffusivity of roughly 5
�10−4 cm2 /s.

To gain a more intuitive picture of the structural changes
in structure as a function of temperature, we produced the
cumulative trajectory plot in Fig. 7. This figure shows the
trajectory of each N, B, and Li atom through the postequili-
bration period as a series of lines, projected onto the �100�
plane. In this way, we can easily visualize how localized the
atoms remain through the simulation time. For example, at
300 K, the lines for each atom are strongly localized on a
lattice, indicating a vibrating but crystalline solid. Mean-
while, the 2000 K image shows the trajectories crossing one
another with no discernible structure, indicative of a liquid.
Of more interest are the three frames at intermediate tem-
peratures. The two 600 K cases show clearly how the initial
disorder of the 600 K “premelted” state allows for greater
mobility of the Li atoms, while the B and N remain much
more localized, but all of the sublattices are less localized
than the 600 K case. Additionally, the 1000 K case makes it
more clear that the Li sublattice is diffuse while the other
lattices remain localized in further support of our earlier con-
clusion of Li+ sublattice melting at a temperature below 1000
K.

D. Velocity autocorrelation function power spectrum

Next, we turn to the vibrational behavior of Li4BN3H10.
To address this, we calculate the power spectrum of the ve-
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FIG. 5. �Color online� �a� Li+ mean-squared displacement. �b� Arrhenius plot of the Li+ diffusivity using 600 K premelt case �the
rightmost point�. The diffusivity for the 600 K case is too low to appear in �b�. The activation energy �Q� and pre-exponential factor �D0�
for Li+ diffusion were calculated to be 20 kJ/mol and 15�10−4 cm2 /s, respectively.
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locity autocorrelation function �VAF�. This quantity provides
us with a measure of vibrational frequencies, that is, analo-
gous to the phonon spectra in the solid.46,47 The VAF is de-
fined as follows:

VAF�t� =
1

N
�
i=1

N

�vi�t0� · vi�t�� , �1�

where vi�t� is the velocity of atom i at time t. Here, N indi-
cates the total number of atoms in the system and we chose
t0 to correspond to the beginning of the time-averaging win-
dow described earlier. The power spectrum is then defined as
the absolute square of the Fourier transform of the VAF. To
smooth out the numerical noise from the discrete Fourier
transform prior to plotting, we applied a Gaussian smoothing
operation to each of the data points using a mean of 0 �i.e.,
centered on the data point to be smoothed�, a standard devia-
tion of 1.0 data point ��8.34 cm−1� and a window of �5
data points ��41.7 cm−1�. For convenience, we normalized
the VAF power spectrum at each temperature such that its
integral was equal to 1.0.

We find that the frequencies of the major peaks remain
roughly the same at all temperatures, indicating little change
in the vibrations and therefore the ionic units present in the
system �see Fig. 8�. This result agrees with our structural and
diffusion findings. In the 600 K case, the largest peak is at
roughly 3300 cm−1, much like the 300 K solid Li4BN3H10
case. This frequency matches well with the N-H stretching

modes in the NH2
− anionic units based on DFT calculations

of the optical-phonon modes in LiNH2 by Miwa et al.19 We
also find a set of peaks at 2300–2500 cm−1, which are close
to the set of three peaks at roughly 2200–2300 cm−1 that
Racu et al.48 attribute to the BH4

− stretching modes in LiBH4

and Chater et al.6 indicate that this mode in Li4BN3H10 is in
approximately the same range. The set of peaks between
1000 and 1600 cm−1, which Wu et al.9 attribute to the sym-
metric and asymmetric H-N-H and H-B-H bond deformation
modes in Li4BN3H10.

In the 300 and 600 K cases we find 100–800 cm−1 peaks,
which9 attributes to low-frequency Li+, NH2

−, and BH4
− vibra-

tions and rotations. These 100–800 cm−1 peaks are signifi-
cantly smaller than the �3000 cm−1 peak, indicating that
higher frequency “internal” vibrational modes �vibrations
within anionic units� dominate at low temperature as one
would expect in a crystalline solid. This is contrary to the
1000 and 2000 K cases where the largest peak is closer to
about 300–400 cm−1 with the �3300 cm−1 peak becoming
less prominent. We find the decrease in prominence of the
high-frequency modes relative to the low-frequency modes
with increasing temperature to agree well with the onset of
liquidlike behavior. This shift in the prominent modes may
be explained by the breakdown in the crystal structure,
which would allow low-frequency vibrations and rotations to
occur more freely than in the solid. We have provided a
summary of the major vibrational frequencies, including the
corresponding phenomena from several authors in Table I.

(b)(a)

(c)

FIG. 6. �Color online� Mean-squared displacements of B, N, and H versus time for the temperatures studied. We calculated the Li+

diffusivity at 2000 K to be approximately four times larger than that of these species. Calculation of D at 2000 K is based on the slope of
the MSD, however due to the behavior at temperatures below 2000 K D could not be accurately computed for the B, N, and H species at
the lower temperatures. As a result, D0 and Q could not be computed for these species.
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E. Ammonia formation in bulk liquid

The previous analyses all pointed toward the bulk liquid
behaving as a mixture of Li+, BH4

−, and NH2
−, where the BH4

−

and NH2
− remained intact. We verified this with a Bader

charge analysis49 using the program “BADER”50–52 and our
AIMD data. We found no widespread changes in the atomic
partial charges of the liquid compared to the solid. However,
we find localized chemical fluctuations of the anionic units
and evidence of hydrogen transfer between units. Close ex-
amination of the atomic trajectories and partial charges
through the simulation, including the thermal equilibration
period �i.e., prior to collecting the data used in the previous
sections� reveals the formation of a single NH3 molecule in
the 1000 and 2000 K cases via the reaction of two amide
anions to form an ammonia molecule and an imide anion:
2NH2

−→NH3+NH2− �see Fig. 9�. This NH3 molecule re-

mains stable for the duration of the 1000 K simulation. In the
2000 K case, two NH2

− units react to form NH3+NH2− as in
the 1000 K case; after the reaction, these molecules moved
away from one another over a period of roughly 50 fs. Dur-
ing this time, the NH2− interacts with a third NH2

− unit and
one H atom is transferred to the NH2− ion, i.e., NH2

−

+NH2−→NH2−+NH2
−. A similar hydrogen transfer process is

repeated once again roughly 2.4 ps later. Because the major-
ity of BH4

− and NH2
− units at 1000 and 2000 K remained

intact, it is difficult to detect this reaction based only on the
quantities discussed in the previous sections. In situations
like these, the fine spatial and temporal resolution of AIMD
can be extremely helpful to fully understanding a system and
finding chemical reactions.

IV. CONCLUSIONS

We performed canonical �NVT� AIMD calculations of
bulk Li4BN3H10 at four temperatures, from roughly half to
four times the experimental melting temperature, to provide
insight into the nature of the liquid phase. We characterized
the structure at each temperature using pair-correlation func-
tions and angle distributions for each species. In order to
assess the diffusivity and vibrational behavior, we calculated
the mean-squared displacements for each atom type and the

TABLE I. Summary of phonon frequency data of the solid from several authors based on experimental measurements and DFT
calculations for comparison to our AIMD data in Fig. 8.

Frequencies �cm−1� Corresponding phenomenon Experiment or DFT Material

400–500 NH2
− and BH4

− unit libration Experiment and DFTa Li4BN3H10

600–700 H-N-H bond bending Experiment and DFTa Li4BN3H10

1000–1300 H-B-H bending, asymmetric stretching Experiment and DFTa Li4BN3H10

1400–1500 N-H asymmetric stretching Experiment and DFTa Li4BN3H10

�2300 BH4
− symmetric stretching Experiment LiBH4

b and Li4BN3H10
c

�3300 NH2
− symmetric stretching Experiment and DFT LiNH2

d and Li4BN3H10
c

aReference 9.
bReference 48.
cReference 6.
dReference 19.

FIG. 7. �Color online� Projection of B �brown�, N �pink�, and Li
�green� trajectories onto �100� for the postequilibration period.
These figures illustrate the Li+ sublattice melting phenomenon in-
dicated by the like-atom pair correlations in Figs. 1�a�–1�d� as well
as the MSD saturation effect in Figs. 6�a� and 6�b�. The N and B
atoms trajectories are noticeably localized up to 1000 K while the
Li atoms clearly diffuse through the structure at the same tempera-
ture. At 2000 K all species are diffusing with no discernible crystal
lattice.
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FIG. 8. �Color online� Power spectrum of the velocity autocor-
relation function for the temperatures studied. Each temperature has
been offset such that there is no overlap in the data and normalized
so that the integral in time is equal to one.
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power spectrum of the velocity autocorrelation function for
the entire system.

Our analysis of the structure yielded several insights. We
found evidence that the Li+ sublattice structure broke down

prior to the other sublattices, suggesting the possibility of Li+

sublattice melting in this material. Our study indicated that
the BH4

− and NH2
− units remained intact but undergo surpris-

ingly large deformations. We also found that there were in-
dications of significant order between Li+ and BH4

−, Li+ and
NH2

− as well as BH4
− and NH2

−. This combined with a Bader
charge analysis led us to the conclusion that the liquid struc-
ture, like the solid, is best described as a mixture of Li+,
BH4

−, and NH2
− units with ionic interactions between them.

Despite indications that the anionic complexes remained in-
tact based on time and spatial averaged data, we found the
bond-breaking reaction 2NH2

−→NH3+NH2− occurred during
thermal equilibration at 1000 and 2000 K.

From the structural and dynamic behavior, we were able
to discern that our system at 600 K is metastable with respect
to melting. The diffusivity study revealed that the Li+ diffu-
sivity and activation energy was in the range of several Li+

superionic conductors. The small diffusivity of the non-Li
species at the lower end of the temperature range indicated
that Li4BN3H10 may have a long time scale for disordering.
However, more work is needed to fully address this question.
Finally, we were able to find that each temperature showed
similar characteristic vibrational frequencies to the solid.
Comparison to published phonon frequencies indicates that
the BH4

− and NH2
− symmetric stretching modes decreased in

prominence with increasing temperature while the low-
frequency rotational and vibration modes increased in promi-
nence.
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