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1211 GenèVe, Switzerland, and Swiss-Norwegian Beamlines at ESRF, 6 rue Horowitz,
BP-220, 38043, Grenoble, France

ReceiVed: April 26, 2010; ReVised Manuscript ReceiVed: June 15, 2010

To study the reorientational motion of BH4 groups in the low-temperature (R) phase of Mg(BH4)2, we have
performed nuclear magnetic resonance (NMR) measurements of the 1H and 11B spin-lattice relaxation rates
in this compound over wide ranges of temperature (82-443 K) and resonance frequency (14-90 MHz for
1H and 14-28 MHz for 11B). It is found that the thermally activated reorientational motion in R-Mg(BH4)2

is characterized by a coexistence of at least three jump processes with strongly differing activation energies.
Taking into account the anisotropy of the local environment of BH4 groups in R-Mg(BH4)2, these jump processes
can be attributed to different types of reorientation. The nearly linear coordination of BH4 groups by two Mg
atoms suggests that the fastest jump process corresponds to the rotation around the 2-fold axis connecting B
and two Mg atoms, whereas the slowest process is associated with the rotation around two other 2-fold axes
perpendicular to the Mg-B-Mg line.

Introduction

Magnesium borohydride Mg(BH4)2 containing 14.9 mass %
of hydrogen is considered as one of the most promising materials
for hydrogen storage.1-5 The stability of Mg(BH4)2 with respect
to thermal decomposition appears to be lower than for other
lightweight borohydrides. In fact, pure Mg(BH4)2 starts to
decompose at around 270 °C, that is, at a much lower
temperature than Li, Na, and Ca borohydrides.1,6 Another
advantage of Mg(BH4)2 is that the fully dehydrogenated product
is a single phase material, MgB2.7,8 It has been shown recently
that the dehydrogenation-hydrogenation reaction in Mg(BH4)2

is partially reversible4,5 and that the addition of 5 mol % of
TiF3 and ScCl3 to Mg(BH4)2 significantly accelerates hydrogen
desorption.5 Elucidation of the crystal structure and hydrogen
dynamics in Mg(BH4)2 may give a key to improving its
hydrogen-storage properties. Recent X-ray9-11 and neutron
diffraction9 studies of the crystal structures of Mg(BH4)2 have
revealed an unexpected structural complexity of this material.
The low-temperature (R) phase of Mg(BH4)2 has the hexagonal
symmetry. The originally reported9,10 structure of this phase
(space group P61) was later revised in the space group P6122,
on the basis of single-crystal diffraction data.11 The unit cell of
R-Mg(BH4)2 contains 330 atoms. Above 463 K, R-Mg(BH4)2

irreversibly transforms to the orthorhombic high-temperature
(�) phase (space group Fddd).10,11 The unit cell of �-Mg(BH4)2

contains 704 atoms.
Microscopic information on hydrogen dynamics can be

obtained from nuclear magnetic resonance (NMR) and quasielas-
tic neutron scattering (QENS) measurements. Previous NMR12-21

and QENS22,23 studies of alkali-metal borohydrides (LiBH4,
NaBH4, and KBH4) have revealed two basic types of atomic

jump motion: the reorientational motion of BH4 groups12-15,17,21-23

and the translational diffusion of cations16,20 and anions.18,20

NMR measurements of spin relaxation rates appear to be
especially effective for studies of the reorientational motion in
alkali-metal borohydrides, allowing one to trace the H jump
rates over the range of 8 orders of magnitude (∼104 to 1012

s-1).21 Hydrogen dynamics in Mg(BH4)2 has not been investi-
gated so far. The aim of the present work is to study the H
jump motion in R-Mg(BH4)2 using 1H and 11B NMR measure-
ments of the spectra and spin-lattice relaxation rates over wide
ranges of temperature (82-443 K) and resonance frequency
(14-90 MHz). The parameters of H jump motion derived from
our NMR data for R-Mg(BH4)2 are discussed in connection with
the structural features of this compound.

Experimental Methods

Mg(BH4)2 was prepared using a slightly modified procedure
reported by Chłopek et al.3 A 60 mL portion of triethylamine-
borane was added under a dry nitrogen atmosphere to 5 g of
ball-milled MgH2 (milling time ) 2 h). The mixture was heated
for 1 h to 100 °C, cooled down and stirred overnight, and heated
again for 6 h to 145 °C. After cooling, 180 mL of cyclohexane
was added, and the mixture was stirred for 2 days. The solid
was filtered and dried overnight under vacuum at room
temperature, yielding a light gray (almost white) powder. The
solvated triethylamine (as seen in IR spectra of the product)
was removed by progressive heating over several days under
vacuum up to 170 °C, yielding 6.85 g of >95% pure Mg(BH4)2.
X-ray powder diffraction has confirmed that the dominant phase
is R-Mg(BH4)2 and revealed small amounts of Mg and MgH2

(∼2 wt % each). For NMR experiments, the powdered sample
was sealed in a glass tube under nitrogen gas.

NMR measurements were performed on a modernized Bruker
SXP pulse spectrometer with quadrature phase detection at the
frequencies ω/2π ) 14, 23.8, and 90 MHz (for 1H) and 14 and
28 MHz (for 11B). The magnetic field was provided by a 2.1 T
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iron-core Bruker magnet. A home-built multinuclear continuous-
wave NMR magnetometer working in the range of 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 wideband pulse amplifier. Typical values
of the π/2 pulse length were 2-3 µs for both 1H and 11B. A
probehead with the sample was placed into an Oxford Instru-
ments 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. The
nuclear spin-lattice relaxation rates were measured using the
saturation-recovery method. NMR spectra were recorded by
Fourier transforming the spin echo signals.

Results and Discussion

The temperature dependences of the proton spin-lattice
relaxation rates R1

H measured at three resonance frequencies for
R-Mg(BH4)2 are shown in Figure 1. In all cases, the recovery
of nuclear magnetization is satisfactorily described by a single
exponential function. For the relaxation mechanism due to
nuclear dipole-dipole interaction modulated by atomic motion,24

R1
H (T) typically exhibits a frequency-dependent maximum. This

maximum is expected to occur at the temperature at which the
atomic jump rate τ-1 becomes nearly equal to the resonance
frequency ω. As can be seen from Figure 1, the observed
temperature dependence of R1

H for R-Mg(BH4)2 shows two well-
separated peaks; both the positions and the amplitudes of these
peaks depend on the resonance frequency. Such a behavior
suggests a coexistence of at least two atomic jump processes
with different characteristic rates τi

-1. Each of the peaks should
correspond to the condition ωτi ≈ 1. The faster jump process
gives rise to the low-temperature peak, whereas the slower jump
process is responsible for the high-temperature peak. Both jump
processes correspond to localized atomic motion and can be
attributed to reorientations of the BH4 groups. This is supported
by the behavior of the width of the 1H NMR spectra shown in
Figure 2. The line narrowing occurs at considerably lower
temperatures (82-125 K) than the R1

H maxima, as expected. At
T > 170 K, the proton line width stops to decrease, being close
to 26 kHz over the temperature range of 170-400 K. This rather
high plateau value indicates that the motion responsible for the
line narrowing is indeed localized because such a motion leads
to only partial averaging of the dipole-dipole interactions. For
the case of long-range atomic diffusion, one would expect the
line narrowing to very small values of the line width. It should
be noted that the drop in the 1H NMR line width shown in Figure

2 is not as sharp as for the previously studied alkali-metal
borohydrides. Furthermore, the shape of the 1H NMR spectra
at T < 170 K suggests a presence of several components with
different widths. Both of these features are consistent with a
coexistence of several jump processes with different rates. At
T > 170 K, the rates of all the jump processes are high enough
to average out the corresponding parts of the dipole-dipole
interaction.

According to the standard theory24 of nuclear spin-lattice
relaxation due to atomic motion with a single jump rate τ-1, in
the limit of slow motion (ωτ . 1), 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. If the
temperature dependence of τ-1 is governed by the Arrhenius
law with the activation energy Ea, a plot of ln R1

H versus T-1

should be linear in the limits of both slow and fast motion with
the slopes of -Ea/kB and Ea/kB, respectively. Figure 3 shows
the measured proton spin-lattice relaxation rates (at the
logarithmic scale) as a function of the inverse temperature. The
high-temperature slope of this plot appears to be much steeper
than the low-temperature slope. This suggests that the fast and
slow reorientational processes in R-Mg(BH4)2 are characterized
by strongly differing activation energies. The value of Ea

estimated from the low-temperature slope in Figure 3 is 100
meV; this value corresponds to the faster jump process. The
value of Ea derived from the high-temperature slope in Figure
3 is 310 meV (slower jump process). In Table 1, these values
are compared to the activation energies for BH4 reorientations

Figure 1. Temperature dependences of the proton spin-lattice
relaxation rates measured at 14, 23.8, and 90 MHz for R-Mg(BH4)2.

Figure 2. Temperature dependence of the width (full width at half-
maximum) of the proton NMR spectra measured at 14 and 23.8 MHz
for R-Mg(BH4)2.

Figure 3. Proton spin-lattice relaxation rates measured at 14, 23.8,
and 90 MHz for R-Mg(BH4)2 as a function of the inverse temperature.
The dashed lines show the simultaneous fits of the “two-peak” model
to the data. The red solid lines show the simultaneous fits of the “three-
peak” model to the data.
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obtained from NMR and QENS measurements in alkali-metal
borohydrides. It can be seen from Table 1 that all of the values
of Ea for alkali-metal borohydrides lie between the two Ea values
for R-Mg(BH4)2, as derived from the slopes in Figure 3. Before
discussing the origin of at least two different energy barriers
for BH4 reorientations in R-Mg(BH4)2, we shall try to param-
etrize the R1

H data in terms of the standard theory24 of nuclear
spin-lattice relaxation due to atomic motion. Our estimates
show that the contribution of the 1H-25Mg dipole-dipole
interactions to the measured proton relaxation rates is negligible,
and R1

H is dominated by the 1H-11B and 1H-1H interactions.
Thus, for the motion characterized by the jump rate τi

-1, the
proton spin-lattice relaxation rate can be written as

where ωH and ωB are the resonance frequencies of 1H and 11B,
respectively, and ∆MHBi and ∆MHHi are the parts of the dipolar
second moment due to H-B and H-H interactions that are
caused to fluctuate by the ith type of motion. We assume that,
for each type of the motion, the temperature dependence of τi

is governed by the Arrhenius law

and

The parameters of the model are ∆MHBi, ∆MHHi, τ0i, and Eai.
These parameters can be varied to find the best fit to the R1

H (T)
data at the three resonance frequencies simultaneously. Because
the H-B and H-H terms in eq 1 show nearly the same
temperature and frequency dependences, it is practically impos-

sible to determine the amplitude parameters ∆MHBi and ∆MHHi

independently from the fits. The estimates for alkali-metal
borohydrides17,21 indicate that ∆MHBi and ∆MHHi are close to
each other. Therefore, for parametrization of the R1

H data, we
shall assume that ∆MHBi ) ∆MHHi ≡ ∆Mi.

As the first step of an analysis, we can use the two values of
the activation energies derived above from the slopes of two
peaks. The description of the data in terms of such a “two-
peak” model with the fixed values of Ea1 and Ea2 is shown by
dashed lines in Figure 3. The corresponding values of the
parameters are ∆M1 ) 1.3 × 109 s-2, τ01 ) 7.1 × 10-12 s, and
Ea1 ) 100 meV (fixed) and ∆M2 ) 2.6 × 109 s-2, τ02 )2.9 ×
10-14 s, and Ea2 ) 310 meV (fixed). We assume that the
subscript i ) 1 corresponds to the faster type of motion, that
is, the one giving rise to the R1

H peak at lower T. As can be
seen from Figure 3, the “two-peak” model captures the main
features of the data. However, the R1

H drop between the peaks
predicted by this model appears to be too strong. This suggests
the presence of an additional jump process giving rise to an
extra relaxation rate peak at intermediate temperatures. It should
also be noted that the experimental frequency dependence of
R1

H at the low-temperature slope (Figure 3) is somewhat weaker
than the model frequency dependence. Although this effect may
look small, it appears to be systematic. We have verified that,
if only the data derived at 14 and 23.8 MHz are used in the fit,
the appropriate model curve for 90 MHz lies below the
corresponding experimental data over the entire range of the
low-temperature slope. Note that there was no such effect for
the previously studied alkali-metal borohydrides.17,21 The fact
that the observed frequency dependence of R1

H is weaker than
the expected ω-2 law often indicates the presence of a certain
distribution of jump rates (or activation energies)25 for the
corresponding jump process.

Therefore, as the next step of parametrization, we use a “three-
peak” model, including three types of jump motion and a
Gaussian distribution of activation energies for the fastest jump
process. The parameters of this model are ∆Mi, τ0i, Eai (i ) 1,
2, 3), and the width (dispersion) of the activation energy
distribution ∆Ea1. Again, we look for a set of parameters giving
the best fit to the R1

H(T) data at the three resonance frequencies
simultaneously. The results of this fit are shown by red solid
lines in Figure 3. The values of the amplitude parameters
resulting from the fit are ∆M1 ) 1.5 × 109 s-2, ∆M2 ) 1.6 ×
109 s-2, and ∆M3 ) 1.7 × 109 s-2, and the corresponding
motional parameters are τ01 ) (2.3 ( 0.1) × 10-12 s, Ea1 )
116 ( 6 meV, and ∆Ea1 ) 10 ( 4 meV; τ02 ) (5.7 ( 0.5) ×
10-13 s and Ea2 ) 198 ( 12 meV; and τ03 ) (4.0 ( 0.1) ×
10-15 s and Ea3 ) 362 ( 5 meV. The uncertainties of the fit
parameters correspond to one standard deviation, as given by
the nonlinear fitting procedure. The high accuracy of the
motional parameters for the fastest and the slowest jump
processes originates from wide dynamic ranges of the data at
the low-T and high-T slopes, respectively. For the intermediate
jump process, the accuracy of the fit parameters is poorer. The
values of Eai for the “three-peak” model are also included in
Table 1. It should be noted that the resulting value of the average
activation energy for the fastest jump process, Ea1, appears to
be somewhat higher than that estimated from the low-temper-
ature slope of the R1

H (T) data. This feature originates from the
activation energy distribution used in our model. In fact, it is
known25 that such a distribution makes the low-temperature
slope of R1

H (T) less steep than that described by the average
activation energy. The resulting value of the activation energy
for the slowest jump process, Ea3, is also higher than that

TABLE 1: Activation Energies for BH4 Reorientations in
Lightweight Borohydrides, As Derived from NMR and
QENS Experimentsc

compound
activation energy

(meV) method ref

LiBH4 (LT phase) 167 (10) and 208 (10) NMR 12
211 (4) NMR 14
182 (3) and 251 (4) NMR 17

NaBH4 (LT phase) 154 (7) NMR 12
159 (4) NMR 15
151 (2) NMR 21

NaBH4 (HT phase) 117 (5) NMR 12
154 (4) NMR 15
126 (3) NMR 21
117 (1) QENS 22, 23

KBH4 (HT phase) 154 (4) NMR 12
161 (2) NMR 21

Mg(BH4)2 (LT phase) 100 (5) and 310 (5) NMR this worka

116 (6), 198 (12), and
362 (5)

NMR this workb

a “Two-peak” model. b “Three-peak” model. c Uncertainties in the
last digit of Ea are given in parentheses.

R1i
H )

∆MHBiτi

2 [ 1

1 + (ωH - ωB)2τi
2
+ 3

1 + ωH
2 τi

2
+

6

1 + (ωH + ωB)2τi
2] +

4∆MHHiτi

3 [ 1

4 + ωH
2 τi

2
+ 1

1 + ωH
2 τi

2]
(1)

τi ) τ0i exp(Eai/kBT) (2)

R1
H ) ∑

i

R1i
H (3)
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estimated from the high-temperature slope of the R1
H (T) data.

This is related to counter-balancing the effect of the intermediate
jump process (i ) 2) on the high-temperature slope of R1

H (T).
The difference in jump rates of different reorientation processes
appears to be quite large, especially at low temperatures. For
example, at T ) 170 K, estimates based on the parameters of
the “three-peak” model yield τ1

-1 ) 1.5 × 108 s-1 (the most
probable value), τ2

-1 ) 2.3 × 106 s-1, and τ3
-1 ) 4.7 × 104 s-1.

Although the dispersion ∆Ea1 of the activation energy distribu-
tion for the fastest jump process is only ∼9% of the average
value of Ea1, the width of the corresponding jump rate
distribution is not small at all, especially at low temperatures.
At 170 K, the values of τ1

-1 vary within the (2σ interval from
3.8 × 107 to 6.3 × 108 s-1.

The temperature dependences of the 11B spin-lattice relax-
ation rates R1

B measured at two resonance frequencies are shown
in Figure 4. Comparison of Figures 3 and 4 indicates that general
features of the behavior of the 11B relaxation rates in R-Mg-
(BH4)2 are similar to those of the proton relaxation rates,
although the overall quality of the 11B data is somewhat poorer.
As in the case of alkali-metal borohydrides,13,17 the quadrupole
contribution to the 11B relaxation rate in Mg(BH4)2 should be
small, and the dominant contribution to this rate originates from
the B-H dipole-dipole interaction modulated by reorientations
of BH4 tetrahedra. This dominant contribution for each jump
process can be written as

where ∆MBHi is the part of the 11B dipolar second moment due
to B-H interaction that is caused to fluctuate by the ith jump
process. For parametrization of the 11B relaxation data, it is
natural to use the same “three-peak” model as for the proton
relaxation. This model is based on eqs 4 and 2 and the boron
replica of eq 3 with i ) 1, 2, 3 and a Gaussian distribution of
the activation energies for the fastest jump process. To reduce
the number of fit parameters, we assume that the values of Eai

are the same as those derived from the analysis of the 1H
relaxation data. The results of the simultaneous fit of the “three-
peak” model to the R1

B (T) data at two resonance frequencies

are shown by solid lines in Figure 4. The resulting amplitude
parameters are ∆MBH1 ) 9.0 × 108 s-2, ∆MBH2 ) 1.8 × 109

s-2, and ∆MBH3 ) 1.8 × 109 s-2, and the corresponding motional
parameters are τ01 ) (2.3 ( 0.2) × 10-12 s, Ea1 ) 116 meV
(fixed), and ∆Ea1 ) 15 ( 6 meV; τ02 ) (4.7 ( 0.5) × 10-13 s
and Ea2 ) 198 meV (fixed); and τ03 ) (4.0 ( 0.3) × 10-15 s
and Ea3 ) 362 meV (fixed). Thus, the 11B spin-lattice relaxation
data for R-Mg(BH4)2 can be satisfactorily described by the set
of motional parameters that are close to those obtained from
the 1H relaxation results.

What is the origin of a coexistence of strongly differing
activation energies for BH4 reorientations in R-Mg(BH4)2?
Taking into account the structural complexity of this compound,
one may assume that its six crystallographically inequivalent
BH4 groups11 have different energy barriers for reorientations.
However, all BH4 groups have similar local environments11 so
that it is hardly possible to attribute strongly differing values
of Eai to different BH4 groups. The remarkable feature of the
local environments of BH4 groups is their nearly linear
coordination by two Mg atoms, as schematically shown in
Figure 5. Such an unusual coordination of BH4 groups im-
mediately suggests that different values of Eai can be related to
different types of reorientation of the same BH4 group. In fact,
the rotation around the 2-fold axis connecting B and Mg atoms
(horizontal C2 axis in Figure 5) does not break any Mg-H
bonds; therefore, this type of motion should correspond to the
lowest value of Ea. The rotation around two other 2-fold axes
of a BH4 tetrahedron (one of which is shown as the vertical C2

axis in Figure 5) breaks all the Mg-H bonds and should be
associated with the highest value of Ea. The intermediate value
of Ea can be ascribed to the rotation around the 3-fold axes
(one of which is shown as C3 in Figure 5) because such a
rotation breaks half of the Mg-H bonds. It should be noted
that Figure 5 represents the “idealized” environment of BH4

groups in R-Mg(BH4)2. In the real structure, the Mg-B-Mg
angles vary in the range of 148-177° for different BH4 groups.11

These variations are expected to lead to the appearance of a
certain distribution of the energy barriers, in agreement with
our experimental data. Thus, the main features of the coexisting
energy barriers in R-Mg(BH4)2 can be qualitatively explained
in terms of the anisotropic coordination of BH4 groups. These
results are consistent with the idea21,23 that the energy barriers
for BH4 reorientations in borohydrides are determined primarily
by metal-H interactions.

The value of Ea for the slowest jump process, Ea3 ) 362 meV,
appears to be the highest activation energy for reorientational
motion in borohydrides studied so far. To compare this value
with other independent results, we may use two approaches.
The first one is based on the results of recent first-principles
calculations26 for Mg(BH4)2. The most straightforward way to

Figure 4. 11B spin-lattice relaxation rates measured at 14 and 28 MHz
for R-Mg(BH4)2 as a function of the inverse temperature. The solid
lines show the simultaneous fits of the “three-peak” model to the data.

R1i
B )

∆MBHiτi

2 [ 1

1 + (ωB - ωH)2τi
2
+ 3

1 + ωB
2 τi

2
+

6

1 + (ωB + ωH)2τi
2] (4)

Figure 5. Schematic view of the coordination environment of BH4

groups in R-Mg(BH4)2: large spheres, Mg atoms; medium spheres, B;
and small spheres, H. The Mg-H bonds are shown by the bold dashed
lines. C2 and C3 are the 2-fold and 3-fold reorientation axes of the
BH4 group, respectively.
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compare our result for Ea3 with these calculations is to use the
calculated total energy difference for different orientations of
BH4 groups with respect to tetrahedrally coordinated Mg cations.
For the actual Mg-B distance of 2.40 Å in Mg(BH4)2, the
calculated total energy difference between the bidentate and
tridentate orientations of BH4 groups26 is about 0.35 eV. This
value is close to our value of Ea3. The second approach is to
use the known approximate relation27 between the height of the
reorientational barrier and the libration frequency νlib of BH4

groups. A rough estimate based on this relation shows that our
value of Ea3 should correspond to a νlib of 545 cm-1. A strong
peak at ∼525 cm-1 due to librations of BH4 groups has been
found in inelastic neutron scattering measurements28 for Mg-
(BH4)2, in good agreement with the predicted value.

Conclusions

The analysis of the temperature and frequency dependences
of the measured 1H and 11B spin-lattice relaxation rates for
R-Mg(BH4)2 has revealed the parameters of reorientational
motion of BH4 groups in this compound. It is found that, in
contrast to alkali-metal borohydrides, the reorientational motion
in R-Mg(BH4)2 exhibits a coexistence of at least three jump
processes with strongly differing activation energies. The
frequency dependence of the 1H and 11B spin-lattice relaxation
rates also suggests that the fastest jump process is characterized
by a certain distribution of activation energies. The values of
Ea derived from our data are 116 ( 6 meV (average value for
the fastest jump process), 198 ( 12 meV (for the intermediate
process), and 362 ( 5 meV (for the slowest process). The nearly
linear coordination of BH4 groups by two Mg atoms suggests
that the fastest jump process corresponds to the rotation around
the 2-fold axis connecting B and Mg atoms, whereas the slowest
process is associated with the rotations around two other 2-fold
axes perpendicular to the B-Mg line. The intermediate jump
process can be attributed to the rotations around 3-fold axes.
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