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Neutron data analysis 
Due to the high incoherent scattering cross section of hydrogen, the signal registered at the detector is 

predominantly from hydrogen. Generally, in the incoherent approximation, the scattering function 

S(Q,E) for particles performing simultaneous but independent motions can be described as: 

𝑆(𝑄, ∆𝐸) = 𝑆𝑡𝑟𝑎𝑛𝑠(𝑄, ∆𝐸) ⊗ 𝑆𝑟𝑜𝑡(𝑄, ∆𝐸) ⊗ 𝑆𝑣𝑖𝑏(𝑄, ∆𝐸) 

i.e. it is given by the convolution of the scattering functions for translational diffusion, rotational and 

vibrational motions, respectively. In borohydrides, in the temperature range studied here, relevant for 

the analysis are jump rotational diffusion processes of the BH4 tetrahedra and fast vibrational processes, 

but no translational diffusion processes have been observed below 500 K, similarly to α- and β-

Mg(BH4)2 1,2 and LiBH4 3. 

For the BH4 tetrahedra, rotations around the C2 or C3 symmetry axis are most likely, and the scattering 

function for this rotation can be described by: 

𝑆(𝑄, ∆𝐸) = 𝐴0(𝑄)𝛿(Δ𝐸) + 𝐴1𝐿1(Γ1) 

i.e. the sum of an elastic contribution and a Lorentzian L1(1) that is characterized by its half-width at 

half maximum (HWHM), 1, that is constant for all Q-values. 1 is related to the mean residence time 

between subsequent jumps, 1 ~ 1/, the proportionality depends on whether it is C2 or C3 rotation. 

Because of the normalization condition of the scattering function, it is 𝐴0(𝑄) = 1 − 𝐴10. 

A0(Q) is the Q-dependent elastic incoherent structure factor (EISF) of the rotation which describes the 

spatial extension and the symmetry of the respective local motion. A0(Q) for rotations around the C2 or 

C3 symmetry axis is given for both cases by: 

𝐴0,𝑐2 = 𝐴0,𝑐3 =
1

2
 [1 + 𝑗0 (𝑄

2√2

√3
𝑑𝐵−𝐻)] 

dB–H is the boron – hydrogen distance and j0(x) is the zero order Bessel function. Expressions for 

further rotational motions can be found in Ref. 4. 

Vibrational motions are generally described by: 

𝑆𝑣𝑖𝑏(𝑄, Δ𝐸) = 𝐷(𝑄)𝛿(Δ𝐸) + [1 − 𝐷(𝑞)𝑆𝑖𝑛𝑒𝑙(𝑄, Δ𝐸)] 

where D(Q) denotes the Debye-Waller factor. In the harmonic and isotropic approximation, it is given 

by 𝐷(𝑄) = exp (
<𝑢2>𝑄2

3
), where <u2> is the mean square displacement of the hydrogen atom. In the 

one-phonon harmonic approximation, the inelastic scattering function Sinel(Q,E) can be described by 

a damped harmonic oscillator.  

From the measurements, it appears that vibrational and rotational motions are on similar energy 

scales. Therefore, for the analysis, the convolution of Srot and Svib had to be considered in full. The 

measured S(Q,E) has thus been described using: 

𝑆𝑚𝑒𝑎𝑠(𝑄, Δ𝐸) = 𝑅𝑒𝑠 ⊗ 𝑆𝑟𝑜𝑡  ⊗ 𝑆𝑣𝑖𝑏 

= 𝑅𝑒𝑠 ⊗ [𝐷(𝑄)𝐴0(𝑄)𝛿(Δ𝐸) + 𝐷(𝑄)𝐴1(𝑄)𝐿1(Γ1, Δ𝐸) + 𝑆𝑖𝑛𝑒𝑙] 
 

Eq. 2 

 

Res is the instrument resolution function measured at 3.5 K. The inelastic contribution has been 

modelled using a series of (over-) damped harmonic oscillators (DHO).  

To focus on the low energy excitation spectrum, the data have also been converted to the imaginary 

part of the dynamical susceptibility, –𝜒′′ which is calculated (for system energy gain) from 5-7: 

1

𝜋
𝜒′′ =

𝑆(𝑄, −Δ𝐸)

𝑛𝐵
 

 nB is the Bose occupation factor, 𝑛𝐵 = [exp (
Δ𝐸

𝑘𝑇
) − 1]−1, and k is the Boltzmann constant. Data were 

summed over all Q-values.  

For the data analysis of the measured QENS spectra, the dynamic susceptibility –𝜒′′ has been analysed 

to obtain the characteristic frequencies of the inelastic contributions.–𝜒′′ has been fitted by a weighted 
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sum of four damped harmonic oscillators (DHO) (plus background) whose imaginary part of the 

dynamical susceptibility have the form:  

𝜒𝐷𝐻𝑂
′′ =  

𝐸𝐷
2𝛾𝐷Δ𝐸

(𝐸𝐷
2 − Δ𝐸2)2 + (Δ𝐸𝛾𝐷)2

 

ED is the characteristic energy of the DHO and D the damping factor. To account for the finite energy 

resolution of the instrument, the spectra was convoluted with a Gaussian resolution function of the 

appropriate width at the characteristic energy ED obtained analytically from the instrument settings ( 8. 

The obtained values for ED were taken as fixed input to reduce the number of free fit parameters in the 

analysis of S(Q,E).  
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Appendix with Fig. A1 to A13 

a) 

b) 

 
 
Figure A1 a) Comparison of calculated PDFs based on different models used to converge the local structure of γ-

Mg(BH4)2. The inset shows a sketch of anisotropic temperature factors of Mg used in the corresponding models (50 

% probability). b) The comparison modeled PDF of the "subunits" and the ball milled m sample.  
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SR-PXD of as-received γ-Mg(BH4)2 

a)  

 

b)  

 

SR-PXD of ball milled Mg(BH4)2 
c) 

 

d)

 

Figure A2 in situ SR-PXD data of Mg(BH4)2 samples while heating from 25 to 300 °C under 1 bar Ar. 

Coloured curves are a representation of different phases and are shown in these colours for better 

understanding in b) and d). a) and b) as-received γ-Mg(BH4)2 , c) and d) ball milled Mg(BH4)2 with a 

cooling phase in between for the crystallization of γ-Mg(BH4)2, according to the experimental conditions 

used in this manuscript λ = 0.2254 Å. 
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Figure A3 TG-DTA data of as-received and ball milled Mg(BH4)2 between RT and 285 °C heated at 5 

°C min-1. Dashed lines in DTA curves indicate peak temperatures for phase transitions of as-received γ-

Mg(BH4)2 into ε-Mg(BH4)2 and β’-Mg(BH4)2 (black curve). Ball milled amorphous-Mg(BH4)2 transforms 

into γ-Mg(BH4)2 into ε-Mg(BH4)2 and β’-Mg(BH4)2 (yellow curve). 
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Figure A4 SR-PXD data at room temperature. a) as-received Mg(BH4)2 after heating to 550 K in beta’ 

modification. B) ball milled Mg(BH4)2 after heating to 550 K in beta’, alpha and epsilon modification. 
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Figure A5 TG-DTA data of as-received and ball milled Mg(BH4)2 between RT and 285 °C heated at 5 

°C min–1. Dashed lines in DTA curves indicate peak temperatures for phase transitions of as-received γ-

Mg(BH4)2 into ε-Mg(BH4)2 and β’-Mg(BH4)2 (black curve). Ball milled amorphous-Mg(BH4)2 transforms 

into γ-Mg(BH4)2 into ε-Mg(BH4)2 and β’-Mg(BH4)2 (yellow curve). 
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Figure A6 IR data at RT of as-received (ar), ball milled (bm) Mg(BH4)2 as well as samples which have been 

heated during QENS experiment to 550 K.  
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Figure A7 a) Peak position x0,i (i=1-4) of the damped harmonic oscillators (DHO) at measured temperatures. 

b) Half width half maximum of ΓDHO, i (i=1-4); solid symbols for as-received Mg(BH4)2, open symbols for ball 

milled Mg(BH4)2. As-received (ar) and ball milled (bm) Mg(BH4)2. 
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Figure A8 Dissipative part of the dynamical susceptibility –χ’’ as a function of energy transfer –∆E. a) as-

received γ-Mg(BH4)2 compared to α-Mg(BH4)2 (from Ref. 1) at 300 K); b) ball milled Mg(BH4)2 at 460 K 

shows no significant difference to β-Mg(BH4)2 (from Ref. 2 at 450 K). Blue circles: as-received γ-Mg(BH4)2. 

Red circles: ball milled Mg(BH4)2. 
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Figure A9 Characteristic timescales τi for the Lorentzians Γi (i = 1, 2). a) the temperature range was from 310 

K but below the ε-phase transition, T < Tε, b) temperature range was from 310 K to above the ε-phase transition, 

T > Tε. 



ESI – M. Heere et al.   13 
 

The fraction of hindered rotations p is plotted in Fig. A10. Heating of amorphous Mg(BH4)2 yields to a 

decrease of activated rotations up to the crystallization temperature. During the 2nd heat, the crystallized 

sample and -Mg(BH4)2 exhibit a continuous increase of activated BH4 rotations until all C2/C3 modes 

are active (i.e. p = 0) at a temperature that coincides with the -phase transition temperature.  

 
Figure A10 Fraction of the hindered rotations p derived from EISF and QISF. a) the temperature range was 

from 310 K but below the ε-phase transition, T < Tε b) temperature range was from 310 K to above the ε-phase 

transition, T > Tε. 
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The mean square displacement (<u2>) of the hydrogen atoms has been calculated from  

𝐼𝑒𝑙 + 𝐼𝑞𝑒 = 𝐷(𝑄)(𝐴0 + 𝐴1) = 𝐷(𝑄) = 𝐹exp (
< 𝑢2 > 𝑄2

3
) 

where F is the scaling factor. The results for <u2> are shown in Fig. A11.  

 
Figure A11 Mean square displacement <u2> as a function of temperature for as-received γ-Mg(BH4)2 and ball 

milled (bm) Mg(BH4)2 between 300 and 490 K. Blue circles: as-received γ-Mg(BH4)2. Red squares: ball milled 

Mg(BH4)2. In brackets: as-received γ-Mg(BH4)2 lost hydrogen during heating. 

 

In the beginning of the experiment, during the 1st heating, the difference between the two samples is 

obvious. The γ-Mg(BH4)2 shows an continuous increase in <u2> while the <u2> of the ball milled phase 

is larger, and remains almost constant upon heating to 380 K. In the amorphous material, fast vibrations 

appear to be enhanced compared to crystalline -Mg(BH4)2 while both samples appear to be quite 

similar in the temperature range 380 - 455 K. In the initially amorphous material, a jump like increase 

of <u2> is observed at the phase transition to the ’. No such jump has been observed for γ-Mg(BH4)2, 

however, the latter showed signs of hydrogen loss during the QENS measurements at temperatures 

above 470 K and these data points will therefore not be discussed any further. The last data point of ball 

milled sample in the β’-modification at 485 K is also showing a decrease in <u2>. However, the QENS 

data did not show a decrease in intensity, which would be indicative for hydrogen loss. SR-PXD data 

after heating, shown in Fig. A4, confirm the β’-Mg(BH4)2 phase at room temperature while TG data in 

Fig. A5 show a 2-3 wt.% hydrogen loss, which can explain the loss in intensity here 9. 

The internal bending and stretching modes of the [BH4] tetrahedra have been reported to be very similar 

for most of the polymorphs in Mg(BH4)2 and this trend is also shown in Fig. A6, with bending and 

stretching modes of the [BH4] of four investigated samples (as-received, ball milled and two heated 

samples) are comparable, which can be explained by a very similar short range order.  

The mean square displacement <u2> reported for the solid state electrolyte Mg(BH4)2-diglyme0.5 of the 

vibrational modes are showing a 'steplike increase' of [BH4]− contributions at 320 K 10. This was stated 

to result from the related phase transition of the sample. In our measurements, between RT and 450 K 

only linear dependencies were found for the three phase transitions (from amorphous into gamma, 

epsilon and beta'). A stepwise function was only found for the irreversible phase transition towards β’-

phase. In agreement with literature, this behaviour was reported as well in α- to β-phase transition as 

well as in orthorhombic-LiBH4 to hexagonal phase transition 1. The latter is conductive 11. Furthermore, 

a stepwise function was found in β-modification between 200 and 300 K 2. Nevertheless, with those 
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results in mind, a correlation might be imaginable between the high temperature β and β’-phase and the 

reported phase transitions in Mg(BH4)2-diglyme0.5. 

 

 

Table S1 The dimensions and densities of the sample’s pellets used for conductivity 

measurements. Densities taken from Ref. 12. 

Sample 
Weight 

(g) 

Thickness 

(cm) 

Diameter 

(cm) 

Volume 

(cm3) 

Calculated 

Density 

Theoretical 

Density 
Relative 

Density 

(g/cm3)  (g/cm3)  (g/cm3) 

-Mg(BH4)2 0.150 1.21 15.5 0.228 0.648 0.54 1.19 

-Mg(BH4)2-BM 0.112 1.34 12.5 0.164 0.681 0.54 1.25 

 

 
Figure A12 XPD of -Mg(BH4)2 after ball milling and EIS measurement and -Mg(BH4)2 from ICSD database 

with collection code 247675 (Cu = 1.5406 Å). The additional peaks in the PXRD pattern of the -Mg(BH4)2 after 

EIS might be related to the formation of oxides. The pellet was exposed to air for 1 h after EIS measurement. 
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Figure A13 Nyquist plots of a) -Mg(BH4)2 and b) ball milled-Mg(BH4)2 at 60 °C. The squares represent the 

experimental data and the red lines are derived from the proposed electrical circuit model. 
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