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A B S T R A C T   

The magnesium borohydride – ethylenediamine (en) compound Mg(en)1.2(BH4)2 exhibits high Mg-ion conduc
tivity above room temperature. To study the dynamical properties of this compound and its partially deuterium- 
substituted counterpart, we have measured the 1H, 2D, and 11B nuclear magnetic resonance (NMR) spectra and 
spin-lattice relaxation rates over a wide temperature range (6–324 K). Our measurements have revealed a 
coexistence of four types of BH4 reorientational jump processes with different activation energies. For the fastest 
of these processes characterized by the activation energy of 47(3) meV, the unusually high reorientational 
mobility is retained down to low temperatures, so that the corresponding H jump rate is of the order of 108 s− 1 

near 70 K. The presence of fast reorientational motion of [BH4]− anions in Mg(en)1.2(BH4)2 supports the idea that 
anion reorientations may facilitate the cation diffusion. In the studied temperature range, we have not found any 
distinct signs of localized motion of the ethylenediamine molecules or their fragments at the NMR frequency 
scale.   

1. Introduction 

Magnesium borohydride Mg(BH4)2 is considered as a prospective 
hydrogen-storage material [1–5], due to its high hydrogen capacity 
(14.9 wt%). Furthermore, the stability of Mg(BH4)2 with respect to 
thermal decomposition appears to be lower than for other lightweight 
borohydrides: the pure Mg(BH4)2 starts to decompose at around 270 ◦C, 
that is, at a much lower temperature than Li and Na borohydrides [6]. 
The dehydrogenation properties of magnesium borohydride can be 
improved by additives, such as activated carbon [7], TiCl3 [8], TiF3 and 
ScCl3 [9], or Ni3B and Nb2O5 [10]. In particular, it has been shown that 
the dehydrogenation – hydrogenation reaction in Mg(BH4)2 is partially 
reversible, and that the addition of 5 mol% of TiF3 and ScCl3 to Mg 
(BH4)2 significantly accelerates hydrogen desorption [9]. Another 
possible approach to improving dehydrogenation properties is based on 
using dihydrogen bonding (Hδ− ⋅⋅⋅Hδ+) [11,12] formed by the oppositely 
charged hydrogens (Hδ− and Hδ+); this can be done by combining the 
N–Hδ+ and B–Hδ− bonds in the same compound [13–15]. Recently, it has 
been found that ball milling Mg(BH4)2 with ethylenediamine (en) 

NH2CH2CH2NH2 in the molar ratios 1:2, 1:3, and 1:4 leads to the for
mation of Mg(BH4)2 – (en) composites with favorable dehydrogenation 
properties [16]. 

Apart from hydrogen-storage properties, some borohydride-based 
materials have attracted much recent attention as ionic conductors 
[17–23]. These materials represent a promising class of solid-state 
electrolytes for rechargeable batteries [24–28]. Since magnesium 
metal is an attractive anode material for such batteries due to its high 
volumetric capacity (3832 mAh/cm3) and the Earth crust abundance of 
about 2% [29], it would be desirable to find solid-state electrolytes with 
sufficiently high Mg-ion conductivity [30]. However, the ionic con
ductivity of solid Mg(BH4)2 appears to be very poor (< 10− 12 S/cm at 
30 ◦C), which has been attributed to the specific features of its structure 
[31]. Again, by combining the N–H and B–H bonds in the same com
pound, it was possible to increase the ionic conductivity, as demon
strated for Mg(BH4)(NH2) [32], where Mg2+ ions are tetrahedrally 
coordinated by two [BH4]− and two [NH2]− anions. Furthermore, the 
borohydride – ethylenediamine compound Mg(en)1(BH4)2 has been re
ported to exhibit the ionic conductivity of 6 × 10− 5 S/cm at 70 ◦C [33]. 
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Recent structural study [34] has shown that the true composition of this 
conducting phase is Mg(en)1.2(BH4)2, i.e. it exhibits the 5:6 stoichio
metric Mg to (en) ratio. The complex structure of Mg(en)1.2(BH4)2 was 
solved in the triclinic space group P − 1 using single-crystal synchrotron 
X-ray diffraction and confirmed by neutron powder diffraction [34]. 

The important dynamical feature of borohydrides is that [BH4]−

anions can participate in the fast reorientational (rotational) motion 
[35,36]. This motion strongly contributes to the balance of energies 
determining thermodynamic stability; therefore, information on the 
anion reorientations is crucial for understanding the fundamental 
properties of borohydrides. It has been shown that reorientational dy
namics of the anions in borohydrides depends on the coordination 
environment of BH4 groups [37,38]; in certain cases, the anion dynamics 
can be described in terms of the low-temperature rotational tunneling 
[38]. Furthermore, the reorientational (rotational) motion of [BH4]−

anions may play a significant role in the mechanisms of ionic conduc
tivity in borohydride-based systems [39–44], facilitating fast cation 
diffusion. In the present work, we report the results of detailed inves
tigation of dynamical properties of the magnesium borohydride – eth
ylenediamine compound Mg(en)1.2(BH4)2 and its partially deuterium- 
substituted counterpart using 1H, 2D, and 11B nuclear magnetic reso
nance (NMR) measurements of the spectra and spin-lattice relaxation 
rates over a wide temperature range (6–324 K). The parameters of H 
jump motion derived from our NMR data for Mg(en)1.2(BH4)2 are dis
cussed in connection with the structural features of this compound. 

2. Experimental details 

All sample manipulations were performed in glove-boxes filled with 
dry argon (≥ 99.999%) and with oxygen and water levels not exceeding 
1 ppm. All commercial compounds were used as received without any 
purification. The synthesis of Mg(en)1.2(BH4)2 complex was analogous 
to that described in Ref. [34]. At the first stage, magnesium borohydride, 
γ-Mg(BH4)2, was prepared following the synthetic procedure described 
in Ref. [45]. Next, Mg(en)3(BH4)2 was obtained by ball milling γ-Mg 
(BH4)2 with ethylenediamine (99%, Acros Organics) with a Fritsch 
Pulverisette 7 premium line apparatus using 10:1 ball-to-powder mass 
ratio at 300 rpm for 3 periods of 10 min milling time, interrupted by 5 
min of cooling breaks. The excess of (en) was subsequently removed 
under dynamic vacuum at 120 ◦C for 1 h. At the final stage, Mg 
(en)1.2(BH4)2 was prepared by ball milling [46] a mixture of Mg 
(en)3(BH4)2 and γ-Mg(BH4)2 (2:3 M ratio, 60:1 ball-to-powder mass 
ratio, 9 periods of 2 min milling time, interrupted by 5 min of cooling 
breaks) followed by annealing at 70 ◦C for 3 h in a reactor made of 
Swagelok stainless steel parts placed in tubular oven or on a Schlenk 
line, under dynamic vacuum of an oil pump. More details of the syn
thesis and characterization are reported in Ref. [34]. On the basis of 
single-crystal synchrotron X-ray diffraction analysis, the structure of Mg 
(en)1.2(BH4)2 is solved to be triclinic (space group P − 1) with the lattice 
parameters a = 7.1569(10) Å, b = 12.1915(23) Å, c = 12.5351(17) Å, α 
= 99.43(1)◦, β = 103.99(1)◦, γ = 90.46(1)◦ [34]. This structure contains 
four crystallographically inequivalent ethylenediamine molecules and 
five BH4

− groups. The schematic view of this structure is shown in Fig. 1. 
The partially deuterated sample Mg(en)1.2(BD4)2 was prepared in the 
same way, however, the deuterium-substituted γ-Mg(BD4)2 was used as 
a starting compound; for ethylenediamine, there were no isotope sub
stitution. The neutron powder diffraction analysis performed on the 
deuterated sample [34] has confirmed the structure of Mg borohydride – 
ethylenedimine compound (Fig. S1 of the Supplementary Information). 
Included in the Supplementary Information are also the synchrotron X- 
ray powder diffraction pattern (Fig. S2), Table S1 with the structural 
parameters, and the 11B magic-angle-spinning NMR spectra (Fig. S3) 
[34]. 

For NMR experiments, the samples were flame-sealed in quartz tubes 
under vacuum. Low-field 1H and 11B NMR measurements of the spectra 
and spin-lattice relaxation rates were performed on a pulse spectrometer 

with quadrature phase detection at the frequencies ω/2π = 14 MHz (1H) 
and 28 MHz (1H and 11B). The magnetic field was provided by a 2.1 T 
iron-core Bruker magnet. A home-built multinuclear continuous-wave 
NMR magnetometer working in the range 0.32–2.15 T was used for 
field stabilization. For rf pulse generation, we used a home-built com
puter-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. NMR cell with the sample was placed into an Oxford In
struments CF1200 continuous-flow cryostat using helium or nitrogen as 
a cooling agent. The sample temperature, monitored by a chromel- 
(Au–Fe) thermocouple, was stable to ±0.1 K. High-field 2D NMR 
measurements were performed on a Bruker AVANCE III 500 spectrom
eter at the frequency ω/2π = 76.7 MHz. The π/2 pulse length for the 2D 
NMR measurements was 6 μs. The nuclear spin-lattice relaxation rates 
were measured using the saturation–recovery method. In all cases, the 
recovery of nuclear magnetization could be reasonably approximated by 
a single exponential function. NMR spectra were recorded by Fourier 
transforming the solid echo signals (pulse sequence π/2× – t – π/2y). 

3. Results and discussion 

3.1. Overview of the 1H, 2D and 11B NMR results 

Temperature dependences of the proton spin-lattice relaxation rates 
RH

1 for Mg(en)1.2(BH4)2 measured at two resonance frequencies ω/2π (14 
and 28 MHz) are shown in Fig. 2. As it can be seen from the figure, RH

1 (T)
exhibits two frequency-dependent maxima at the temperatures near 90 
K and 220 K. Such maxima are typical of the spin-lattice relaxation 
mechanism due to motionally-modulated dipole-dipole interactions 
between nuclear spins [47]; they are expected to occur at the temper
atures at which the corresponding H jump rate τ− 1 becomes nearly equal 
to the (circular) resonance frequency ω. In our case, ω is of the order of 
108 s− 1. Thus, the position of the RH

1 (T) peak may serve as an indicator of 
the H mobility in different systems. For the systems with higher H jump 
rates, the RH

1 (T) peak is expected to occur at lower temperatures. 
It should be noted that the positions of the RH

1 (T) peaks for Mg 
(en)1.2(BH4)2 differ considerably from the corresponding positions for 
all the crystalline Mg(BH4)2 phases studied so far [37,48–50]. Indeed, 
for the crystalline α, β, and γ phases of Mg(BH4)2, the RH

1 (T) maxima at 

Fig. 1. Schematic view of the unit cell of Mg(en)1.2(BH4)2.  
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ω/2π = 14 MHz are observed near 290 K [48], 120 K [37], and 270 K 
[37], respectively. This means that Mg(en)1.2(BH4)2 exhibits its own 
distinct H dynamics. Furthermore, for the amorphous Mg(BH4)2 phase, 
the RH

1 (T) maximum at ω/2π = 14 MHz occurs near 190 K [51]; the 
absence of such a peak for Mg(en)1.2(BH4)2 suggests that our sample 
does not contain any significant fraction of the amorphous Mg(BH4)2 
phase (which could have appeared in the course of synthesis [34]). The 
observation of the main RH

1 (T) maximum near 90 K in Mg(en)1.2(BH4)2 
(Fig. 2) indicates that a considerable fraction of H atoms in this com
pound participate in the very fast jump motion even at low tempera
tures. It should be noted that even below 70 K the measured proton 
relaxation rates remain to be quite high showing the well-defined fre
quency dependence; these features suggest that the relaxation behavior 
in this region is still dominated by the reorientational motion of H 
atoms. 

The existence of fast H jump motion down to low temperatures is also 
supported by the behavior of the width of 1H NMR spectrum. The evo
lution of the proton NMR spectra with temperature is shown in Fig. S4 of 
the Supplementary Information, and the temperature dependence of the 
full width at half-maximum of this spectrum, ΔνH, is presented in Fig. 3. 
Usually, the low-temperature width of the proton NMR spectrum, ΔνHR, 
is determined by static (‘rigid lattice’) dipole-dipole interactions of 1H 
spins, and the step-like line narrowing is observed when the jump rate 
τ− 1 exceeds ΔνHR [47]. For complex hydrides, the values of ΔνHR are 
typically of the order of 105 s− 1 [40]. As can be seen from Fig. 3, the 
onset of the motional narrowing of the proton NMR spectrum occurs at 
very low temperatures (~ 15 K or below). Furthermore, even at 6 K, the 
1H NMR line width is smaller than that expected for the “rigid lattice”. 
Indeed, calculations of the second moment for the “rigid lattice” dipole- 
dipole interactions of 1H spins based on the structure of Mg(en)1.2(BH4)2 
[34] give the value of 4.28 × 1010 s− 2. For a Gaussian shape of the 
spectrum, this corresponds to the line width of 77.7 kHz; the observed 
value of ΔνH at 6 K (62.2 kHz) appears to be considerably smaller. While 
this comparison may suggest that the H jump motion is not completely 
“frozen” at the NMR frequency scale, it should be noted that the shape of 
the low-T proton NMR line is not Gaussian (see Fig. S4 of the Supple
mentary Information). For some complex borohydrides, the absence of H 
“freezing out” at low temperatures may originate from the rotational 

tunneling [52] of BH4 groups, as revealed in the lithium 
benzimidazolate-borohydride Li2(bIm)BH4 by combining NMR, quasie
lastic neutron scattering and neutron spin-echo measurements [38]. 
However, the rotational tunneling is expected to lead to the proton spin- 
lattice relaxation rate maximum in the range of 20–30 K [38], i.e., at 
much lower temperatures than in the case of Mg(en)1.2(BH4)2. 

The value of ΔνH remains nearly constant over the temperature range 
of 100–280 K. Such a high-temperature plateau regime is typical of 
borohydrides and the related compounds [42], where the reorienta
tional (localized) motion cannot fully average out the dipole-dipole in
teractions of 1H spins, even in the limit of ΔνHRτ < < 1. However, above 
300 K, the line width starts to decrease again (see Fig. 3). This behavior 
suggests the excitation of an additional motional process at the NMR 
frequency scale. The nature of this process remains unknown, since we 
have not performed any measurements above 324 K; such an upper limit 
was set in order to avoid a possible formation of other phases at higher 
temperatures [34]. 

The presence of two RH
1 (T) maxima in Mg(en)1.2(BH4)2 (Fig. 2) in

dicates that there are at least two types of H jump motion with different 
parameters. In borohydride-based compounds, the observed RH

1 (T)
peaks are usually associated with different types of reorientations of 
[BH4]− anions [40,42]. In Mg(en)1.2(BH4)2, both the [BH4]− anions and 
the (en) ligands contain H atoms; therefore, additional experiments are 
necessary for the peak assignment. One of such experiments is the 1H 
spin-lattice relaxation rate measurement for the sample with deuterium 
substitution in the anions, Mg(en)1.2(BD4)2. In Fig. 4, the results of the 
1H relaxation rate measurements for Mg(en)1.2(BD4)2 at ω/2π = 28 MHz 
are compared with those for Mg(en)1.2(BH4)2 in the temperature range 
of 73–315 K. It can be seen that both the low-temperature and the high- 
temperature RH

1 (T) peaks for Mg(en)1.2(BH4)2 disappear for the 
deuterium-substituted Mg(en)1.2(BD4)2. This means that both RH

1 (T)
peaks for Mg(en)1.2(BH4)2 should be attributed to reorientations of the 
[BH4]− anions. Although the measured 1H relaxation rate in Mg 
(en)1.2(BD4)2 is not strictly temperature-independent, it changes by less 
than a factor of 2 over the very wide temperature range of 80–298 K. 
Such a behavior can hardly be ascribed to any thermally activated 
atomic motion. 

Another experiment supporting this assignment of the peaks is rep
resented by the 11B spin-lattice relaxation measurements. Since B atoms 
are close to H atoms of the [BH4]− anions, being rather far away from H 
atoms of the ethylenediamine ligands, it may be expected that the 
measured 11B spin-lattice relaxation rates, RB

1, are sensitive to anion 
reorientations, but not sensitive to H jumps in the (en) groups. The re
sults of the RB

1 measurements for Mg(en)1.2(BH4)2 at 28 MHz are shown 

Fig. 2. Proton spin-lattice relaxation rates measured at 14 and 28 MHz for Mg 
(en)1.2(BH4)2 as functions of the inverse temperature. The temperatures of the 
relaxation rate maxima at 14 MHz are shown near the corresponding peaks. The 
red solid curves show the simultaneous fit of the four-peak model to the data 
over the temperature range of 18–315 K. The dashed curves show individual 
contributions of the four peaks to the fit. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 3. Temperature dependence of the width (full width at half-maximum) of 
the 1H NMR spectrum for Mg(en)1.2(BH4)2 at 28 MHz. 
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in Fig. 5. As can be seen from this figure, the behavior of RB
1(T) is similar 

to that for RH
1 (T); it shows two peaks at the temperatures close to the 

temperatures of the corresponding 1H relaxation rate peaks. This allows 
us to conclude that both the observed 1H and 11B spin-lattice relaxation 
rates are dominated by H jumps in the reorienting BH4 groups. Com
parison of the 11B relaxation rates in Mg(en)1.2(BH4)2 and Mg 
(en)1.2(BD4)2 (see Fig. S5 of the Supplementary Information) is consis
tent with the absence of strong isotope effects for the reorientational 
jump rates of BH4 (BD4) tetrahedra. 

The evolution of 2D NMR spectra for Mg(en)1.2(BD4)2 is presented in 
Fig. S6 of the Supplementary Information, and the behavior of the 2D 
spin-lattice relaxation rate RD

1 for this compound is shown in Fig. 6. In 
contrast to 1H, deuterium nuclei with the spin ID = 1 have non-zero 
electric quadrupole moments; therefore, the effects related to quadru
pole splitting in the 2D NMR spectra (Fig. S6) can be expected. In 
particular, the 2D NMR spectra above 160 K show distinct signs of a 
quadrupole line with the splitting of about 24 kHz that coexists with a 

narrow central line. However, at lower temperatures, the split line seems 
to disappear. It should be noted that due to technical limitations, our 2D 
NMR measurements were performed only down to 83 K, where the 
reorientational motion remains to be quite fast at the NMR frequency 
scale. This means that even at 83 K, the 2D quadrupole interaction may 
be averaged. The behavior of RD

1 (T) for Mg(en)1.2(BD4)2 appears to be 
quite remarkable. As can be seen from Fig. 6, the 2D spin-lattice relax
ation rate exhibits the pronounced peak near 100 K, i.e. in the range of 
the low-temperature RH

1 (T) peak for Mg(en)1.2(BH4)2 (see Fig. 2). 
However, in the range of the high-temperature RH

1 (T) peak for Mg 
(en)1.2(BH4)2, we do not observe any RD

1 (T) peak for Mg(en)1.2(BD4)2. 
In order to interpret these results, we have to consider possible 

mechanisms of the 2D spin-lattice relaxation. If the relaxation is deter
mined by fluctuations of dipole-dipole interactions, the corresponding 
relaxation rate should be proportional to the square of the nuclear gy
romagnetic ratio γ. Furthermore, the maximum relaxation rate should be 
inversely proportional to the resonance frequency ω [47]. Thus, for the 
same type of motion, the expected ratio of the maximum 1H and 2D 
relaxation rates is γ2

HωD/γ2
DωH. Since γH/γD = 6.51, for ωD/2π = 76 MHz 

and ωH/2π = 14 MHz, we obtain the expected maximum relaxation rate 
ratio of 230. For the low-temperature peak, the expected maximum 2D 
relaxation rate is 0.18 s− 1, while the observed one is 21.7 s− 1. The fact 
that the observed maximum 2D relaxation rate is much higher than the 
one expected for fluctuating dipole-dipole interactions indicates that the 
low-temperature relaxation rate peak in Mg(en)1.2(BD4)2 is dominated 
by fluctuating quadrupole interactions. On the other hand, we may as
sume that the absence of any observable RD

1 (T) peak at higher temper
atures is related to its small amplitude, in accordance with our estimates 
for the dipole-dipole interaction. If, in addition to the very small dipole- 
dipole contribution, the high-temperature motional process does not 
lead to strong electric-field-gradient (EFG) fluctuations at D sites (which 
seems probable, since the quadrupole splitting is not averaged out at 
these temperatures), then some background relaxation mechanisms may 
start to govern the measured 2D relaxation rate. 

3.2. Model description of the 1H and 2D spin-lattice relaxation data 

For parametrization of the proton spin-lattice relaxation data for Mg 
(en)1.2(BH4)2, we have used the approach analogous to that employed 
for α-Mg(BH4)2 [48]. It is based on a coexistence of several reorienta
tional processes with the jump rates τ− 1

i ; for each of the processes, the 

4 6 8 10 12 14
1

10

100

Mg(en)1.2(BH4)2, 14 MHz
Mg(en)1.2(BH4)2, 28 MHz
Mg(en)1.2(BD4), 28 MHz

R
1H

  (
s-1

)

103/T  (K-1)

400 300 200 100
 T (K)

Fig. 4. Comparison of the proton spin-lattice relaxation rates for Mg 
(en)1.2(BH4)2 and Mg(en)1.2(BD4)2 as functions of the inverse temperature. The 
red solid curves show the simultaneous fit of the four-peak model to the data for 
Mg(en)1.2(BH4)2. For this compound, the data and the fits are the same as those 
in Fig. 2, although in the limited temperature range. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 5. 11B spin-lattice relaxation rate measured at 28 MHz for Mg(en)1.2(BH4)2 
as a function of the inverse temperature. 

Fig. 6. 2D spin-lattice relaxation rate measured at 76 MHz for Mg(en)1.2(BD4)2 
as a function of the inverse temperature. The solid curve shows a fit of the 
model with a Gaussian distribution of the activation energies to the data in the 
range of 86–210 K. 
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temperature dependence of the jump rate is expected to follow an 
Arrhenius law with the activation energy Eai, 

τ− 1
i = τ− 1

0i exp( − Eai/kBT), (1)  

where kB is the Boltzmann constant. The observed proton spin-lattice 
relaxation rate in this model is expressed as the sum of contributions 
RH

1i from each of the reorientational processes, where RH
1i is determined 

by combining the standard expression that relates the spin-lattice 
relaxation rate with τ− 1

i (see Supplementary Information) and the 
Arrhenius law (Eq. (1)) for the ith process. According to the theory of 
nuclear spin-lattice relaxation due to atomic motion [47], each reor
ientational process is expected to give rise to the RH

1i(T) peak at ωτi ≈ 1, 
while in the limit of slow motion (ωτi > > 1), RH

1i should be proportional 
to ω− 2τi

− 1, and in the limit of fast motion (ωτi < < 1), RH
1i should be 

proportional to τi, being frequency-independent. Inspection of the data 
in Fig. 2 shows that two overlapping peaks are not sufficient for 
description of the experimental results with a number of inflection 
points. We have found that the appropriate model should include four 
relaxation rate peaks, which means a coexistence of four reorientational 
processes with different parameters. Possible reasons for such a coex
istence will be discussed below. The model parameters are the activation 
energies Eai, the pre-exponential factors of the Arrhenius law, τ0i, and the 
amplitude factors ΔMi characterizing the strength of fluctuating dipole- 
dipole interactions for each of the processes (i = 1, 2, 3, 4). We assume 
that the fastest process corresponds to i = 1, and the slowest one cor
responds to i = 4. It should be noted that, for the fastest reorientational 
process, the frequency dependence of the relaxation rate at T < 40 K 
appears to be considerably weaker than the predicted ω− 2 dependence 
for the slow-motion limit. This feature suggests a presence of a certain 
distribution of jump rates [53] for the fastest process; therefore, the 
dispersion ΔEa1 of the activation energy distribution for this process has 
been introduced as the additional model parameter (see Supplementary 
Information for details). Using the same approach as that in Ref. [48], 
we look for a set of parameters giving the best fit to the RH

1i(T) data at two 
resonance frequencies simultaneously. The results of such a simultaneous 
fit are shown by red solid curves in Fig. 2; the dashed curves in this 
figure correspond to individual contributions of the four peaks. The 
parameters resulting from the fit are included in Table 1. 

It should be noted that the value of Ea4 is in the range of activation 
energies for [BH4]− reorientations in regular borohydrides [36]. On the 
other hand, the small values of Ea1, Ea2, and Ea3 are typical of those 
borohydride-based systems that retain very high reorientational 
mobility down to low temperatures [40,42]. 

In order to discuss possible reasons for a coexistence of several 
reorientational jump processes, we have to consider the local coordi
nation of BH4 groups. According to the structural studies [34], there are 
5 crystallographically inequivalent BH4 groups in Mg(en)1.2(BH4)2; the 
local coordination of these groups is schematically presented in Fig. 7. 
As can be seen from this figure, the local environment changes signifi
cantly from one BH4 group to another. For configuration a), the tetra
hedral BH4 group is nearly linearly coordinated by two Mg2+ ions via the 
edges. For configurations b), c), and d), the BH4 group is coordinated by 
a single Mg2+ ion via the tetrahedron edge, and for configuration e), this 
group is coordinated by a single Mg2+ ion via the tetrahedron face. It 

should be noted that, even for a single crystallographically independent 
BH4 group, we may expect a coexistence of several reorientational 
processes with different motional parameters due to the possibility of 
rotations around different symmetry axes [42]. For example, the case of 
two coexisting reorientational processes for equivalent BH4 groups is 
well-documented for the low-temperature (orthorhombic) phase of 
LiBH4 [54,55]. In the case of several inequivalent BH4 groups, there are 
more opportunities for coexisting reorientations, and a single- 
exponential spin-lattice relaxation may result from the rapid equaliza
tion of the 1H spin polarization (spin diffusion) [56] due to strong 1H – 1H 
dipole-dipole interactions. 

On the basis of the available data, we cannot assign the observed 
jump processes in Mg(en)1.2(BH4)2 to particular types of reorientations. 
However, two types of environments are known to be favorable for the 
fast BH4 reorientations in other borohydride-based systems. One of these 
environments is the nearly linear coordination of the BH4 tetrahedron by 
two Mg2+ ions via the edges (configuration a) in Fig. 7). In this case, the 
2-fold symmetry axis along the Mg – B – Mg line is expected to be the 
“easy” reorientational axis corresponding to the lowest activation en
ergy, since the rotation around this axis does not break any of the four 
Mg⋅⋅⋅H interactions [48]. The other favorable environment corresponds 
to the coordination of the BH4 tetrahedron by a single Mg+ ion via the 
triangular face (configuration e) in Fig. 7). In this case, the rotation 
around the 3-fold symmetry axis along the Mg – B line does not break 
any of the three Mg⋅⋅⋅H interactions. Thus, it is reasonable to attribute 
the fastest reorientational processes in Mg(en)1.2(BH4)2 with the lowest 
activation energies to these two types of BH4 reorientations. 

For parametrization of the low-temperature 2D spin-lattice relaxa
tion data for Mg(en)1.2(BD4)2, we have used the simplest approach 
describing the motionally-induced quadrupole contribution to the spin- 
lattice relaxation rate; this approach is based on the expression 

RD
1 =

MQ

ω

[
y

1 + y2 +
4y

1 + 4y2

]

, (2)  

where y = ωτ. Here the amplitude factor MQ is proportional to the square 
of the electric quadrupole moment of 2D and the mean square of the 
fluctuating part of the electric field gradient (EFG) at 2D sites due to the 
reorientational jumps. It should be noted that the basic features of the 
dependence of this quadrupole contribution on ω and τ are similar to 
those of the motionally-induced dipole-dipole contribution; however, 
the amplitude factor is different. We assume that the temperature 
dependence of τ is governed by the Arrhenius law. Furthermore, as in the 
case of the low-temperature 1H relaxation results, the observed 2D 
relaxation peak suggests the presence of a certain distribution of jump 
rates. Therefore, our model parameters include the average activation 
energy Ea, the dispersion ΔEa of the activation energy distribution, the 
pre-exponential factor τ0, and the amplitude factor MQ. These parame
ters have been varied to find the best fit of the model to the experimental 
RD

1 (T) data in the range of 86–210 K. The resulting fit is shown by the 
solid curve in Fig. 6; the corresponding fit parameters: Ea = 75(8) meV, 
ΔEa = 19(7) meV, τ0 = 1.6(4) × 10− 13 s, and MQ = 1.5(3) × 1010 s− 2. It is 
interesting to note that the average value of Ea derived from the low- 
temperature 2D spin-lattice relaxation data lies between the activation 
energies Ea2 and Ea3 determining the behavior of the 1H spin-lattice 
relaxation rate in the region of the low-temperature peak. 

4. Conclusions 

The results of our 1H and 11B NMR measurements indicate that BH4 
groups in the magnesium borohydride – ethylenediamine compound Mg 
(en)1.2(BH4)2 retain unusually high reorientational mobility down to 
low temperatures. Indeed, a partial motional narrowing of the proton 
NMR spectra is observed even below 20 K. The analysis of the 1H spin- 
lattice relaxation rates has revealed a coexistence of four types of BH4 
reorientational jump processes with different activation energies. The 

Table 1 
Parameters resulting from the simultaneous fit of the RH

1 (T) data to the four-peak 
model.  

i Ea (meV) ΔEa (meV) τ0 (s) ΔM (s− 2) 

1 47(3) a 18(1) 6.1(4) × 10− 13 1.4(1) × 109 

2 52(3) − 1.6(1) × 10− 11 1.0(1) × 109 

3 86(4) − 6.2(1) × 10− 12 5.1(4) × 108 

4 171(5) − 1.7(1) × 10− 12 7.9(5) × 108  

a Average activation energy for a Gaussian distribution. 
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fastest of these processes is characterized by the average activation en
ergy of 47(3) meV, and the corresponding H jump rate reaches ~108 s− 1 

already near 70 K. On the basis of the local coordination of crystallo
graphically inequivalent BH4 groups in Mg(en)1.2(BH4)2, we suggest two 
possible types of reorientations with low energy barriers. It should be 
noted that the presence of fast BH4 reorientations in the compound 
showing rather high Mg-ion conductivity supports the idea that anion 
reorientations may facilitate the cation diffusion. In the studied tem
perature range up to 320 K, we have not found any distinct signs of 
localized motion of the ethylenediamine molecules or their fragments at 
the NMR frequency scale. However, these molecules play an important 
role in stabilizing the unusual complex structure of Mg(en)1.2(BH4)2. 
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