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Rotation of complex ions with ninefold hydrogen coordination studied by quasielastic neutron
scattering and first-principles molecular dynamics calculations
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Quasielastic neutron scattering (QENS) and neutron powder diffraction of the complex transition metal
hydrides LisMoH,; and LisNbH,; were measured in a temperature range of 10-300 K to study their structures
and dynamics, especially the dynamics of the hydrogen atoms. These hydrides contain unusual ninefold H-
coordinated complex ions (MoH;~ or NbH; ") and hydride ions (H™). A QENS signal appeared >150 K due
to the relaxation of H atoms. The intermediate scattering functions derived from the QENS spectra are well
fitted by a stretched exponential function called the Kohlrausch-Williams-Watts functions with a small stretching
exponent B ~ 0.3-0.4, suggesting a wide relaxation time distribution. The Q dependence of the elastic incoherent
structure factor is reproduced by the rotational diffusion of MHg (M = Mo or Nb) anions. The results are well
supported by a van Hove analysis for the motion of H atoms obtained using first-principles molecular dynamics
calculations. We conclude that the wide relaxation time distribution of the MHg rotation is due to the positional
disorder of the surrounding Li ions and a unique rotation with MHy anion deformation (pseudorotation).

DOLI: 10.1103/PhysRevResearch.4.033215

I. INTRODUCTION

The onset of an order-disorder phase transition with several
orders of magnitude enhancement in ionic conductivity is
often related to the rotational motion of polyanions in solid-
state materials. The ion transport mechanism is referred to
as the paddle-wheel mechanism [1-4] and has been exten-
sively studied in the context of solid-state electrolytes for
electrochemical devices, such as sensors, fuel cells, and bat-
teries. The search for materials possessing such rotational
polyanions has been intensive; representative families were
identified, e.g., organic plastic crystals [5,6], sulfates [2,7],
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phosphates [8—10], and borohydrides [11,12]. The exploratory
studies have been further stimulated by the discovery of the
superior Li- or Na-ion transport properties in the series of
closo-borane or closo-carborane salts [13—16].

A major drawback in this class of materials is their high
phase transition temperatures and hence poor ionic conduc-
tivities at room temperature (RT), attributable to the high
activation barrier for the rotational motion of polyanions.
Several strategies have been proposed to overcome this draw-
back [4], such as crystallization from glassy precursors [17],
chemical substitution [15,16,18], anion alloying [19-23], and
crystallite-size reduction [24]; however, only a few materials
can achieve RT superionic conduction based on these strate-
gies [20,22,23].

Thus, we recently proposed an approach to suppress
the phase transition temperature using homoleptic transition
metal hydride complexes with high H coordination, wherein
H is the sole ligand species, covalently binding to single
transition metals [25-29], as a class of rotatable polyanions
[30]. The motivation for this approach came from the fact that
the rotational motion only requires displacements of H, which
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FIG. 1. (a) Tricapped trigonal prism structure of MHy (M = Mo,
Nb, W, and Ta) clusters. (b) The structure of deuteride analog
LisMoDy; obtained by neutron powder diffraction (NPD) [29].

is the lightest element with high mobility; hence, the dis-
placements are expected to occur with low activation energy.
An existing complex transition metal hydride LisMoH;; con-
taining the ninefold H coordination hydride complex MOHS’
(Fig. 1) [29] was considered as an example to demonstrate
this approach, and we found that Mng_ exhibited not only
conventional rigid-body rotation but also pseudorotation with
an extremely low activation energy of a few millielectronvolts.
The latter motion is essential because the resulting high degree
of orientational disorder significantly enhances the entropic
contribution to free energy, thereby stabilizing the disordered
high-temperature (HT) phase. Moreover, our first-principles
molecular dynamics (FPMD) calculations elucidated that the
Li-ion conductivity in LisMoH;; reached 7.9 x 1072Sem™!
at RT, >3 times greater than the highest RT Li-ion con-
ductivity previously reported for Lig s54Sij74P1.44S11.7Clo3
(2.5 x 1072Sem™1) [31].

In this paper, we have performed neutron powder diffrac-
tion (NPD) and quasielastic neutron scattering (QENS)
measurements of LisMoH;; and LigNbH;; to study their
structures and dynamics, especially the dynamics of MHy
(M = Mo or Nb) clusters. QENS is a robust method for an-
alyzing materials containing H atoms because the scattering
cross-section of an H atom, especially an incoherent one
(80.3 x 107 cm™2), is much larger than those of other ele-
ments. In addition to the experiments, we theoretically studied
the dynamics of the MHy clusters by analyzing the Fourier
transform of the self-part of the van Hove correlation function,
i.e., the intermediate scattering function (ISF), for the motion
of H atoms simulated by FPMD calculations for LisMoH.

II. APPROACH

A. Experimental

LisMoH;; and LigNbH;; samples were prepared using
a high-pressure and HT technique reported elsewhere [29].
Powdered mixtures of LiH and Mo or Nb metals were hy-
drogenated under 5 GPa at 923-1023 K for 2448 h. The
synthetic conditions were determined via in situ synchrotron
radiation x-ray diffraction measurements at the beamline
BL14B1, SPring-8 [32].

To check the number of impurities in the samples, NPD ex-
periments were performed using a time-of-flight (TOF)-type

high-intensity total diffractometer NOVA, which is installed
at BL21, Materials and Life Science Experimental Facility
(MLF), Japan Proton Accelerator Research Complex (J-
PARC). The samples were loaded in a cylindrical vanadium
container with 3-mm diameter. The amount of the samples
was ~31 and 13.5 mg for LisMoH;; and LigNbH;;, respec-
tively. The diffraction patterns were recorded at RT. The
measurement time was ~24 h for both samples. The data
were analyzed by the Rietveld fitting method using the Z-code
software [33].

QENS data were collected using a TOF-type near-
backscattering spectrometer DNA installed at BL02, MLF,
J-PARC. We used two resolution modes, which can be
switched by a pulse-shaping chopper: one is the high-
resolution (HR) mode whose energy resolution was ~3 ueV
and energy window was —40 ueV < E < 100 neV, and the
other is the low-resolution (LR) mode whose energy resolu-
tion was ~15 pueV and energy window was —500 ueV < E <
1500 weV. The momentum transfer range was 0.13A! <
0 < 1.98 A~ for both modes. The intensity of the LR mode
was > 10 times greater than that of the HR mode. The samples
were loaded in a concentric double-cylindrical aluminum cell,
with a 14-mm inner diameter of the outer cylinder and a
0.5-mm sample thickness. The amount of the samples was
33 and 20 mg for LisMoH;; and LigNbH;;, respectively. At
the beginning of the measurements, we performed a fixed-
window scan from 10 to 300 K in which the intensity of the
elastic scattering was measured as a function of temperature
with the HR mode. The QENS data for the LisMoH,; sample
were measured at temperatures of 10, 150, 180, 210, 240, 270,
and 300 K using the HR and LR modes, whereas those for the
LigNbH;; sample were measured at 10, 150, 210, 240, 270,
and 300 K using the LR mode and at 10, 240, 270, and 300 K
using the HR mode. The spectra measured at 10 K are used as
the instrumental resolution functions. The measurement times
for the LisMoH;; sample were 7-10 and 7-8 h for the HR
and LR modes, respectively, whereas those for the LigNbH;
sample were 19-23 and 6-7 h for the HR and LR modes,
respectively. These measurement times are much longer than
usual because the sample amounts were minute.

B. Computational

The theoretical ISF I(Q, t) for the motion of nine H atoms
in the MoHy clusters of LisMoH;, at 573, 673, 773, 873, and
973 K was evaluated using the following equation:

ey

10.1) = <sinQAr(t) >

QAr(t)

where Q denotes the momentum transfer, and Ar(t) denotes
the displacements of nine H atoms of the MoHy clusters in
LisMoH;; during time interval ¢. We employed the same
FPMD trajectories as used to demonstrate the RT Li superi-
onic conduction of this material in Ref. [30]. The motivation
for this choice is to provide not only theoretical support for
the present experimental results but also experimental support
for the conclusion of Ref. [30].
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FIG. 2. The neutron powder diffraction (NPD) pattern of
LisMoH;;. The solid curves in the upper portion are the Rietveld
fitting (blue) and background (black) curves, and the solid curve in
the lower portion is the difference between the observed and calcu-
lated intensities. The positions of the diffraction peaks for various
components in the sample are indicated by the tick marks.

III. RESULTS AND DISCUSSION
A. NPD

Figures 2 and 3 show the observed and calculated NPD pat-
terns of the LisMoH;; and LigNbH;; samples, respectively.
The Rietveld analysis clarified that both samples, especially
the LigNbH;; sample, contain considerable numbers of im-
purities. The diffraction patterns from the main components
LisMoH,, and LigNbH;, are consistent with the hexagonal
structure predicted by the first-principles calculations [29].
The structure model used for LisMoH;; has the space group
P6/mmm (No.191) and the lattice parameters a = 5.551 Aand
¢ = 5.631 A; meanwhile, the structure model for LigNbH
has the space group P6scm (No.185) and the lattice param-
eters ¢ = 5.457A and ¢ = 12.09 A. The reliability of the
Rietveld fitting was as follows: LisMoH;;: Ry, = 18.9%, S =
2.01; LigNbH{;: Ryp = 29.6%, S = 1.65.
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FIG. 3. The neutron powder diffraction (NPD) pattern of
LigNbH;,. The solid curves in the upper portion are the Rietveld
fitting (blue) and background (black) curves, and the solid curve in
the lower portion is the difference between the observed and calcu-
lated intensities. The positions of the diffraction peaks for various
components in the sample are indicated by the tick marks.

TABLE 1. The mass fraction of each component in LisMoH;;,
estimated from the Rietveld analysis and the corresponding fraction
of H atoms.

Mass fraction H-atom fraction

LisMoH;, 0.752 0.851
Mo 0.134
LiH 0.081 0.148
Li,O 0.016
MoH, 0.014 0.001
BN 0.002
NaCl 0.000

The mass fractions of each component in the LisMoH;;
and LigNbH;; samples estimated from the Rietveld analysis
are listed in Tables I and II, respectively. The correspond-
ing H-atom fractions are also listed in the tables. Although
the overall NPD profile is well fitted by the model cal-
culation, some peaks remain unexplained. Therefore, there
are still some uncertainties in the estimation of the compo-
nent fraction. Thus, the NPD experiments confirmed that the
QENS spectra were mainly from the H atoms in LisMoH;;
or LigNbH;; because most H atoms belong to LisMoH;; or
LigNbH{;. The influence of H atoms in the impurities on the
QENS spectra will be discussed later.

B. QENS

Figure 4 shows the results of the fixed-window scans of
LisMoH;; and LigNbH;;. For both samples, the intensity
of the elastic scattering was nearly constant <150 K. Above
150 K, the elastic intensity decreased on heating, indicating
that the motion of H atoms in both samples is activated on the
time scale of the HR mode of DNA (~1 ns). Figures 5 and 6
show the dynamic structure factors S(Q, E) of LisMoH;; and
LigNbH;, respectively. Peak broadening due to QENS was
observed in both HR and LR data. The statistical accuracy of
LisMoH;; data was much better than that of LigNbH;; data
because the LisMoH;; sample had a larger amount and less
impurity. When the temperature was increased, the intensity
and width of the QENS component increased. It is unusual
that the QENS component is observed in such a wide temper-
ature range in both HR and LR mode data.

We calculated the ISF I(Q,t) by Fourier transforming
S(Q, E) with respect to E. As shown in Fig. 7(a), the data
at 300 K indicate that the relaxation occurs in almost three

TABLE II. The mass fraction of the components in LisNbH;
estimated from the Rietveld analysis and the corresponding fraction
of H atoms.

Mass fraction Fraction of H atoms

LigNbH;, 0.570 0.840
BN 0.258
LiH 0.064 0.157
Nb 0.051
NaCl 0.040
NbHj g9 0.017 0.003
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FIG. 4. Results of fixed-window scan for LisMoH;; and
LigNbH,; at Q = 1.15A".

orders of magnitude (from 1 to 1000 ps). This wide relaxation
cannot be reproduced by a single exponential function. Hence,
we fitted the data using a stretched exponential function called
the Kohlrausch-Williams-Watts (KWW) function [34,35]:

B
1(Q,1) =a(Q) + b(Q)GXP[—(ﬁ(fvw) } (@)

where B denotes the stretching exponent, indicating the width
of the relaxation time spectrum [36] (the width increases as
decreases); txww denotes the characteristic relaxation time;
and a(Q) and b(Q) represent the intensities of the elastic
and quasielastic components, respectively. In this equation,
the elastic incoherent structure factor (EISF) is expressed as
a(Q)/[a(Q) + b(Q)]. The solid curves in Fig. 7(a) represent
the fitting curves. To make the fitting with good convergence
and obtain reliable parameters, we tried reducing the number
of fitting (flexible) parameters. First, we assumed that the
EISF does not depend on 7'. This means that the number of
mobile H atoms and the shape of their moving region do not
change with T. This assumption should be valid if QENS
is ascribed to the reorientational motion of MHg clusters.
We adopted the common EISF calculated from the data at
T = 300 K, where the overall feature of the relaxation was ob-
tained. In the lower temperature region, however, a part of the
relaxation with longer relaxation times is out of the observable
window, and so it is impossible to obtain the EISF only from
the experimental data. We also assumed that Tgww and 8 do
not depend on Q. Equation (2) fits the experimental data well,
as indicated by the solid lines in Fig. 7(a). The determined B
(~0.3-0.4) shown by the red circles in Fig. 8 was quite small,
indicating that the relaxation time had a large distribution,
which agreed with the fact that the quasielastic component of
S(Q, E) was observed in the very wide temperature range in
both HR and LR mode data (Figs. 5 and 6); i.e., a part of the
widely distributing relaxation time remained in the window
of observation, even if the mean relaxation time was changed
with temperature.
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FIG. 5. Quasielastic neutron scattering (QENS) spectra of
LisMoH;; measured in (a) low-resolution (LR) and (b) high-
resolution (HR) modes at various temperatures at Q = 1.2 Al

Similar relaxation behavior was observed for the motion
of H atoms in the FPMD calculations for LisMoH;;: the
theoretically obtained ISF I(Q, t) is also well fitted to Eq. (2)
[Fig. 7(b)]. The green triangles in Fig. 8 show  from FPMD
calculations. Remarkably, the experiments and the FPMD cal-
culations can be joined smoothly, as shown by the dotted line.
It is a general trend that 8 decreases in the lower temperature
region [37]. Notably, no assumption was made in the KWW
fits of the theoretically obtained /(Q, t).

We also analyzed the ISF I(Q, t) for the LisNbH;; sam-
ple (Fig. 9). The symbols represent the experimental 7(Q, t),
and the solid lines represent the fitting curves by Eq. (2). In
this calculation, we used common EISF and S parameters
obtained from the data at 300 K. The overall feature of the
experimental data is well reproduced by the fitting curves
with the stretching exponent 8 = 0.33, although the counting
statistics of the experimental data are poorer than that of the
LisMoH;; data.

The fact that 1(Q, t) is well fitted using Q-independent
Tkww suggests that the relaxation is a localized mode, such

033215-4
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FIG. 6. Quasielastic neutron scattering (QENS) spectra of
LicgNbH;; measured in (a) low-resolution (LR) and (b) high-
resolution (HR) modes at various temperatures at Q = 1.2 A-1.

as a reorientational motion of the clusters. As temperature
decreases, txww increases, indicating that the relaxation is
a thermal excitation process. Figure 10 shows the Arrhenius
plots of txww for the LisMoH;; and LicNbH;; samples, as
well as the motion of H atoms in the FPMD calculations for
LisMoH;;. It is plausible that the extrapolations of the exper-
imental and calculated points merge smoothly. The activation
energies obtained from the slopes of the plots were 15.8 £ 0.8
and 27 + 4 kJ/mol for LisMoH;; and LigNbH/,, respectively,
whereas an activation energy of 14.7 4+ 1.1 kJ/mol was ob-
tained from the FPMD calculations for LisMoH;;. These
values are like those of other cluster materials. For example,
the reorientational motion of the B,H, cluster in the superi-
onic conducting phase of Na,B,H has an activation energy of
25 kJ/mol [38], and those of the BH4 cluster in the HT phase
of NaBH, and KBH,4 are 11.9 £ 0.5 and 14.6 £ 0.5 kJ/mol,
respectively [39]. The activation energy of LigNbH;, is larger
than that of LisMoH,;, attributable to the difference in the
electric charge of the clusters (NbH9)4’ and (MoHy)*"; the
potential barrier due to the Coulomb interaction of (NbHg)*
may be greater than that of (MoHg ).

Q1) [arb. units]

I(Q,1) [arb. units]

t [ps]

FIG. 7. Intermediate scattering function (ISF) 1(Q,t) for
LisMoH;; at 0 = 1.5A~" obtained from (a) quasielastic neutron
scattering (QENS) data and (b) first-principles molecular dynamics
(FPMD) calculations. The solid lines represent fitting curves to the
Kohlrausch-Williams-Watts (KWW) function.

The solid circles and squares in Fig. 11(a) indicate the
EISF at 300 K for the LisMoH;; and LigNbH;; samples,
respectively. The EISF data for both samples show a grad-
ual decrease from 1 as Q increases and tend to saturate to
nonzero values at the high-Q limit. A similar trend was ob-
served for the EISF estimated from the FPMD calculations
for LisMoH; at T = 973 and 573 K, as shown by the solid
circles in Fig. 11(b). In the EISF calculation from FPMD, only
the H atoms in the MoHg clusters were considered. These
results coincide with characteristic features of local motions,

1.0— ; ; x
0.9+ 4
0.8+ R A A e
0.7+ A 4
(o} ‘ .
0.6F L e LisMoH14 B
051 LisMoH; .~ (FPMD) i
L ( ] i
ot
1 1 1 1
200 400 600 800 1000
T/K

FIG. 8. Temperature dependence of the stretching exponent B
of LisMoH;; (red circles) and that from first-principles molecular
dynamics (FPMD) calculation (green triangles).
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such as rotations. We found that the EISF obtained from
FPMD calculations changes only a little with temperature,
justifying our assumption that the EISF does not depend on
temperature. In this paper, we assumed the cluster rotation
and tentatively analyzed the EISF data using the following
equation:

EISF = 1 — A +Aj2(OR), (3)

where A and R (radius of the rotation) are constants, jo(QR)
represents the spherical Bessel function of the zeroth order,
and 1 — A represents the elastic scattering component from
nonmoving H atoms contained in the sample. The nonmov-
ing H atoms have two origins: one is the isolated H™ atoms
located at the interstitial sites between clusters, and the other
is the H atoms contained in the impurities. Of course, both
origins may be valid. Moreover, A jg(QR) in Eq. (3) is the con-
tribution from H atoms in clusters under the reorientational
motion. In this paper, we adopted the isotropic rotational
diffusion model [40,41]. In this model, H atoms in clusters
are considered to diffuse continuously on a sphere with a
radius R.

10°f
g 10°F
E F LisMoH;
2|
& 10T iMon,, B
- (FPMD) .-
0| -
10 M ! |
2 3 4 5 6
10007 [K]

FIG. 10. Arrhenius plot for the characteristic relaxation time
xww obtained from the quasielastic neutron scattering (QENS)
data for LisMoH;; (red) and LigNbH;; (blue) as well as the first-
principles molecular dynamics (FPMD) calculations for LisMoH;;
(green).

QA"

FIG. 11. Elastic incoherent structure factor obtained from (a)
quasielastic neutron scattering (QENS) data for LisMoH;; and
LigNbH;; at 300 K and (b) first-principles molecular dynamics
(FMPD) calculations for H-atoms in MoHy clusters in LisMoH;; at
973 and 573 K. The solid circles and squares are experimental data.
The solid curves are fitted to Eq. (3).

The solid lines in Fig. 11(a) are the curves fitted to Eq. (3).
In this calculation, A and R are considered free parameters.
The overall feature of the EISF for both samples is well
explained by this model. The obtained fitting parameters are
A=0.63 and R=1.96A for LisMoH;; and A = 0.49 and
R =2.35A for LigNbH;;. The R values are close to the radius
of the clusters 1.74-1.78 A for LisMoH;; and 1.84-1.88 A
for LigNbH; |, which were obtained from the first-principles
calculations at 0 K [29]. This result suggests that the relax-
ation is due to the cluster rotation. The experimental R are
10-20% greater than the calculated values, probably because
the center of the rotation is moving. This situation might occur
for clusters with lower symmetry.

This is theoretically supported by the fact that the EISF
data estimated from the FPMD calculations for LisMoH;,
where the H atoms exhibit spherical distribution with a slight
localization along the specific directions as shown in Fig. 12,
could also be well fitted to Eq. (3) with the fitting parameters
A =1.00andR = 1.78 A for 573 K.

If the nonzero term 1 — A in Eq. (3) is due to the H atoms at
interstitial sites and in impurities, A is related to the fraction of
the H atoms in the impurities x as A = (% )(1 — x) because the
fraction of the H atoms in the clusters is 19—1 in the LisMoH
and LigNbH; crystals. In the present case, x was estimated to
be 0.23 and 0.40 for LisMoH;; and LigNbH,, respectively.
These values are much greater than those obtained from the
NPD data listed in Tables I and II. Another possible explana-
tion for the discrepancy is that the diffusion of an H atom on
a sphere is not continuous but jump diffusion. If the H atoms
jump among N sites on the sphere, an additional contribution
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FIG. 12. Angular distribution of nine H atoms in MoHy estimated from the first-principles molecular dynamics (FPMD) calculations for
LisMoHy; at (a) 573 K, (b) 673 K, (c) 773 K, (d) 873 K, and (e) 973 K. The origin is at the center of inertia of the MoHy unit at each FPMD
time step, and the polar axis is along the ¢ axis. The lower the temperature, the more pronounced the localization of the H atoms along the

specific directions and the more dominant the cluster jump diffusion.

(19—])(1 — x)/N should be added to the elastic term. Indeed,
as shown in Fig. 12, a weak site preference on the sphere
suggesting the jump diffusion of H was observed in the FPMD
calculations for LisMoH| at elevated temperatures. Notably,
such a site preference should be more pronounced in the LT
region. Unfortunately, the current experimental data are in-
sufficient to distinguish the two possibilities and specify more
details about the rotational motion. To conclude whether the
diffusion is continuous or jump diffusion, high-quality QENS
data are required in higher Q and E regions.

Another question is the origin of the small stretching ex-
ponent B of 0.3-0.4. One possible explanation is that the
reorientational motion of the clusters is strongly affected by
the randomness of the Li-ion positions surrounding the clus-
ters. As the rate of the cluster rotation is much faster than
that of the Li jumps, the clusters may feel different potential
fields corresponding to various Li position configurations.
This situation yields the relaxation time distribution of the
cluster reorientation. In addition to the positional disorder of
Li ions, the reorientational motion of the clusters itself may
be responsible for the wide relaxation time distribution. As
reported in our previous paper [30], the MHy clusters undergo
a unique rotation, called pseudorotation. In this motion, the
clusters are continuously deformed via multiple metastable
H-coordination modes to minimize the activation energy for
their reorientation depending on the surrounding environment.
Because the H positions in the clusters are primarily dom-
inated by the ligand field symmetry, the fluctuation in the
molecular geometry of the clusters by pseudorotation should
significantly affect the potential energy for the H motion,
thereby yielding the wide relaxation time distribution. In any
case, our van Hove analysis using the FPMD trajectories [30]
reproduces well the experimental QENS data; as such, the
present combined experimental and theoretical study validates
the mechanism of the RT Li superionic conduction discussed
in Ref. [30].

IV. CONCLUSIONS

We performed NPD and QENS measurements for
LisMoH;; and LigNbH;;, which contain unusual ninefold

H-coordinated clusters MoHg and NbHo. The NPD patterns
agreed with the hexagonal structure predicted by the FPMD
calculations in which the MoHy and NbHy clusters were ori-
entationally disordered. The results of the fixed-window scan
of QENS indicate that the motion of H atoms is activated
>150 K on the time scale of nanoseconds. The ISFs obtained
from the QENS spectra are well fitted by the KWW function
with a very small stretching exponent (8 =~ 0.3-0.4), indicat-
ing a wide relaxation time distribution. From the temperature
dependence of the mean relaxation time, the activation en-
ergies are obtained to be 15.8 0.8 and 27 £ 4 kJ/mol for
LisMoH;; and LigNbH,, respectively. The Q dependence of
the EISF is explained by the rotational diffusion of H atoms
on the clusters. All experimental results are well reproduced
by the van Hove analysis using the FPMD calculation results.
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