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Abstract: The discovery of new inorganic magnesium electrolytes may act as a foundation for the
rational design of novel types of solid-state batteries. Here we investigated a new type of organic-
inorganic metal hydride, isopropylamine magnesium borohydride, Mg(BH4)2·(CH3)2CHNH2, with
hydrophobic domains in the solid state, which appear to promote fast Mg2+ ionic conductivity. A new
synthetic strategy was designed by combination of solvent-based methods and mechanochemistry.
The orthorhombic structure of Mg(BH4)2·(CH3)2CHNH2 was solved ab initio by the Rietveld refine-
ment of synchrotron X-ray powder diffraction data and density functional theory (DFT) structural
optimization in space group I212121 (unit cell, a = 9.8019(1) Å, b = 12.1799(2) Å and c = 17.3386(2) Å).
The DFT calculations reveal that the three-dimensional structure may be stabilized by weak dis-
persive interactions between apolar moieties and that these may be disordered. Nanoparticles
and heat treatment (at T > 56 ◦C) produce a highly conductive composite, σ(Mg2+) = 2.86 × 10−7,
and 2.85 × 10−5 S cm−1 at −10 and 40 ◦C, respectively, with a low activation energy, Ea = 0.65 eV.
Nanoparticles stabilize the partially eutectic molten state and prevent recrystallization even at low
temperatures and provide a high mechanical stability of the composite.

Keywords: structure; ionic conductivity; complex borohydride; mechanochemistry

1. Introduction

Due to the increased electrification of society, new ways of storing energy need to be
developed, e.g., with significant improvement of the gravimetric and volumetric capacity
as well as the safety of batteries, while simultaneously keeping the costs down. In recent
years, the increase in capacity in Li-ion batteries using carbon anodes has stagnated and
is approaching the theoretical limit [1]. The development of “post-Li-ion” batteries is
therefore of critical importance [2]. There are increasing efforts towards sustainability, and
the use of more abundant elements, such as sodium and magnesium, could cut the cost of
the raw materials both economically and environmentally [3]. The all-solid-state battery
is a new promising technology, which is expected to provide several advantages, such as
easier assembling and production, as well as an improved safety profile and lifetime. This
is partly related to the solid electrolyte, which is expected to be made thinner, provide faster
charging and discharging rates, help to avoid short-circuits in the battery, and increase
thermal stability during cooling, as the compounds are already solid when compared to
traditional liquid electrolytes [4]. The Achilles heel appears to be in creating fast ionic
conductivity in the solid state, in particular for divalent cations, such as Mg2+.

Magnesium appears to be less prone to forming dendrites when compared to lithium,
however, obtaining fast ionic conductivity in the solid state of divalent cations is very
challenging. This is particularly true at relevant ambient temperatures where very few
solid-state magnesium-based electrolyte materials have been reported, as compared to
monovalent cations such as Li+ and Na+. In recent years, novel magnesium borohydrides
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have provided high Mg2+ conductivities even at low temperatures (≈10−4 S cm−1 at 40 ◦C),
making this class of materials very interesting [5–9]. These new compounds are built using
ionic and covalent bonds and therefore have very low electronic conductivity. Furthermore,
metal borohydrides have the benefit of being compatible with metal anodes, which increase
both the gravimetric and volumetric densities in a final cell [10–12]. However, cationic
conductivity still needs to be further increased for battery applications and challenges, and
contact and electrochemical stability issues must be addressed [13]. Replacing lithium is
challenging, since lithium is light, mobile in the solid state and since compatible electrodes
often operate with a large electrochemical stability window [2].

Detailed knowledge of the phenomena that are responsible for fast cation conductivity
in the solid state may lead to rational design of novel materials. Recently, borohydrides have
shown greatly increased ionic conductivities when coordinated to a neutral ligand [7–9,14].
Furthermore, thermal and mechanical properties are also altered, allowing for malleable
compounds or even liquid-like electrolytes [8,15]. Here we present the synthesis, structure,
and ionic conductivity of a new type of monoisopropylamine magnesium borohydride,
Mg(BH4)2·(CH3)2CHNH2, and incorporation of this complex into a nanocomposite.

2. Results

Initial Characterization. A new synthesis method combining solvent-based techniques
to prepare the reactants, and mechanochemistry to form the product has been devel-
oped [16,17]. Magnesium borohydride, α-Mg(BH4)2 (denoted, s1), was synthesized by
a solvothermal method and then dissolved in isopropylamine (IPA), (CH3)2CHNH2. A
white solid was filtered off and dried in vacuum (25 ◦C, 40 min) to form diisopropylamine
magnesium borohydride, Mg(BH4)2·2(CH3)2CHNH2 (s4). A new crystalline compound
was formed by mechanochemical treatment of α-Mg(BH4)2 and Mg(BH4)2·2(CH3)2CHNH2
in the molar ratio 1:1 at 350 rpm with a total milling time of 120 min. Mechanochemical
treatment at a shorter time or with lower ball-to-powder ratio provides partly reacted
products (sample s2). This is illustrated in Figure 1, which provides diffraction patterns
of the reactants α-Mg(BH4)2 (s1) and Mg(BH4)2·2(CH3)2CHNH2 (s4) and the new com-
pound (s3). The diffraction pattern of the sample s3 is assigned to a single crystalline
phase and all observed Bragg reflections can be accounted for by an orthorhombic unit
cell, a = 9.8019(1) Å, b = 12.1799(2) Å and c = 17.3386(2) Å, which is similar to previously
proposed data for the suggested composition, Mg(BH4)2·(CH3)2CHNH2 [6].

Structural analysis. The successful synthesis of single-phase monoisopropylamine
magnesium borohydride, Mg(BH4)2·(CH3)2CHNH2, allowed for the measurement of high-
quality synchrotron radiation powder X-ray diffraction (SR-PXD) data (see Figure 1). The
structure was solved ab initio, in the orthorhombic space group I212121, using direct space
methods (implemented in the program FOX). Several other structural models were in-
vestigated but rejected due to an unsatisfactory fit to the experimental diffraction data,
unrealistic coordination and/or instability when optimised by density functional theory
(DFT), see supporting information. Several cycles of DFT structural optimization and
Rietveld refinement were conducted to develop the final structural model. The structure is
composed of magnesium in two different coordination environments. In the first environ-
ment, Mg2+ is coordinated to four BH4

−, similar to the structure of α-Mg(BH4)2, however
the coordination is planar, whereas it is tetrahedral in α-Mg(BH4)2. In the second envi-
ronment, magnesium is tetrahedrally coordinated to two BH4

− and two (CH3)2CHNH2
molecules. These structural units are bridged by BH4

− to form a zigzag 1D chain prop-
agating along the a-axis, forming a ‘flat helix’ as shown in Figure 2. From DFT it was
found that bridging tetrahydridoborohydride (BH4

−) complexes, Mg–BH4
−–Mg, have a

bidentate κ2 coordination to Mg in [Mg(BH4)4] and a tridentate κ3 coordination to Mg in
[Mg(BH4)2(NH2CH(CH3)2)2]. Terminal BH4

− was found to have a bidentate κ2 coordina-
tion to Mg. Mg–N (2.08 Å) and terminal Mg–B (2.20 Å) distances are similar to what have
been reported previously [6,7,18–20].
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Figure 1. Powder X-ray diffraction patterns of samples s1 to s4 measured at the I11 beamline at the 
Diamond light source, Oxford (UK) (s3, λ = 0.826366(3) Å) and in-house (s1, s2, s4, λ = 1.5406 Å). 
The pattern of sample s3 is distinct to that of the reactants, α−Mg(BH4)2 (s1) and Mg(BH4)2∙2IPA (s4), 
and is assigned to a new compound, Mg(BH4)2∙(CH3)2CHNH2. Sample s2 was treated in a less 
intense manner by mechanochemistry, which resulted in an incomplete reaction. 
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Figure 1. Powder X-ray diffraction patterns of samples s1 to s4 measured at the I11 beamline at the
Diamond light source, Oxford (UK) (s3, λ = 0.826366(3) Å) and in-house (s1, s2, s4, λ = 1.5406 Å). The
pattern of sample s3 is distinct to that of the reactants, α-Mg(BH4)2 (s1) and Mg(BH4)2·2IPA (s4), and
is assigned to a new compound, Mg(BH4)2·(CH3)2CHNH2. Sample s2 was treated in a less intense
manner by mechanochemistry, which resulted in an incomplete reaction.
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apolar regions. Atoms: magnesium (green), carbon (black), nitrogen (blue), BH4− (red tetrahedron) 
and hydrogen (white). 
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is more tightly bound to Mg2, as compared to Mg1. The apolar regions in the structure 
formed by CH3 groups in neighboring IPA molecules are close (C–C, 2.5–2.7 Å). As further 
discussed below, weak dispersive interactions between the IPA molecules may play a role 
in stabilizing the 3D structure in the b,c-plane, as seen in Figure 2 (right). Furthermore, the 
DFT results suggest a certain degree of disorder of the (CH3)2CH– moiety, which could 
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functionals with and without accounting for van-der-Waals (vdW) interactions, beginning 
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3.5–3.9 Å. This indicates that the interactions between the CH3 groups are weak. 
Calculations for the butane dimer reveal typical vdW C–C distances of around 4 Å [21]. 

Figure 2. Experimental structure of Mg(BH4)2·(CH3)2CHNH2 viewed in the a-c plane (left) and b-c
plane (right). In the a-c plane the chain-like structure with alternating Mg2+ environments is visible.
The b-c plane shows how the chains arrange to form flat polar helixes, which are surrounded by
apolar regions. Atoms: magnesium (green), carbon (black), nitrogen (blue), BH4

− (red tetrahedron)
and hydrogen (white).

The bridging BH4
− group is not placed in the center between Mg(1) (Mg in [Mg(BH4)4])

and Mg(2) (Mg in [Mg(BH4)2(NH2CH(CH3)2)2]). The distances are Mg(1)–B = 3.14 Å and
Mg(2)–B = 2.57 Å for the experimental structure and Mg(1)–B = 2.60 Å and Mg(2)–B = 2.33 Å
for the DFT-optimized structure, respectively. This suggests that the bridging BH4

− group
is more tightly bound to Mg2, as compared to Mg1. The apolar regions in the structure
formed by CH3 groups in neighboring IPA molecules are close (C–C, 2.5–2.7 Å). As further
discussed below, weak dispersive interactions between the IPA molecules may play a role
in stabilizing the 3D structure in the b,c-plane, as seen in Figure 2 (right). Furthermore, the
DFT results suggest a certain degree of disorder of the (CH3)2CH– moiety, which could
explain the discrepancy between the observed and calculated diffraction patterns as seen
in Figure 3.
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Figure 3. Rietveld refinement of the structural model of Mg(BH4)2·(CH3)2CHNH2 in the space group
I212121, using the powder X-ray diffraction pattern of Mg(BH4)2·1.20IPA (s3). R-factors: Rp = 1.26,
Rwp = 2.47, conventional R-factors: Rp = 37.6 and Rwp = 23.2 and RBragg = 20.3.

The DFT structural optimization was done with two different exchange–correlation
functionals with and without accounting for van-der-Waals (vdW) interactions, beginning
from the experimental structure shown in Figure 2. Independently of the used functions, it
was found that the experimental structure is metastable and that it becomes increasingly
disordered upon further refinement. This indicates a ‘flat energy landscape’ between the
experimental structure and various disordered structural models (see Figures S1–S4 and
Table S1 in the supporting information). In all DFT optimizations (with and without vdW),
the distance between CH3 groups in neighboring IPA molecules increases to about 3.5–3.9 Å.
This indicates that the interactions between the CH3 groups are weak. Calculations for the
butane dimer reveal typical vdW C–C distances of around 4 Å [21]. However, the chemical
bonding scheme in all the different structural models, both experimental and theoretical,
is the same but with different degrees of structural distortion. The distortion primarily
occurs for the (CH3)2CH– moieties, which indicates that more than one conformation of
these could exist, resulting in static or dynamic disorder to the structure. The DFT results
also reveal that some H atoms in the neighboring borohydride and amine groups are close
(dH–H = 2.5–2.70 Å), which suggests that di-hydrogen bonds, B−Hδ−···+δH−N, bind the
1-D chains together.

Thermal analysis. Figure 4 shows in situ temperature-resolved synchrotron radiation
powder X-ray diffraction of Mg(BH4)2·1.20IPA (s3) in the temperature range from 20 to
75 ◦C. Initially, the sample contained one crystalline compound, Mg(BH4)2·(CH3)2CHNH2.
However, during heating, a new set of diffraction peaks appeared at 31 ◦C, which are
assigned to the crystallization of Mg(BH4)2·2(CH3)2CHNH2. Sample analysis using liquid-
state 1H NMR reveals that s3 contains 1.20 IPA per Mg(BH4)2 (see Table 1). Therefore
amorphous Mg(BH4)2·2(CH3)2CHNH2 may be recrystallized upon heating or surface-
adsorbed IPA may react with monoisopropylamine magnesium borohydride through a
gas–solid reaction. Notice that the boiling point of IPA is 32 ◦C. At 58 ◦C, the diffraction
from Mg(BH4)2·2(CH3)2CHNH2 disappears, which is at a significantly lower temper-
ature than previously reported (87 ◦C) [6]. This may indicate eutectic melting of the
composite Mg(BH4)2·(CH3)2CHNH2-Mg(BH4)2·2(CH3)2CHNH2 since the diffracted in-
tensity from both compounds decreases above 51 ◦C. After the disappearance of diffrac-
tion from Mg(BH4)2·2(CH3)2CHNH2 at 58 ◦C, the remaining diffracted intensity from
Mg(BH4)2·(CH3)2CHNH2 further decreases in intensity and disappears at 73 ◦C. After stor-
age for 4 months at RT, the diffraction data of s3 measured at RT revealed the crystallization
of minor amounts of Mg(BH4)2·2(CH3)2CHNH2.
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Figure 4. (a) Temperature-resolved in situ synchrotron radiation powder X-ray diffraction of
Mg(BH4)2·1.20IPA (s3) from 20 to 75 ◦C (heating rate of 2 ◦C/min). (b,c) Selected diffraction patterns
at 46 and 22 ◦C, respectively. The data were acquired at the I11 beamline of the Diamond light source
(λ = 0.826366 Å).

Table 1. Overview of the investigated samples including synthesis method, molar reactant ratios, crys-
talline compounds observed in the product using powder X-ray diffraction, and the (CH3)2CHNH2

content as measured by liquid-state 1H nuclear magnetic resonance.

Sample Synthesis Method Reactants Reactant Ratio
(s3/(s1 + s3)) Crystalline Compounds IPA Content

(1H NMR)
s1 Solvent-based - - α-Mg(BH4)2 -
s2 Mechanochem. s1 & s4 0.44 Mg(BH4)2·(CH3)2CHNH2 1.20
s3 Mechanochem. s1 & s4 0.44 Mg(BH4)2·(CH3)2CHNH2 1.20
s4 Solvent-based - - Mg(BH4)2·2(CH3)2CHNH2 2.20
s5 Mechanochem. s3 & Al2O3 - Mg(BH4)2·(CH3)2CHNH2 + Al2O3 (50 wt%) 1.20

Figure 5 displays the thermal analysis of Mg(BH4)2·1.20(CH3)2CHNH2 (s3), i.e., ther-
mogravimetric analysis (TGA), differential scanning calorimetry (DSC) and mass spectrom-
etry (MS) measured simultaneously for the same sample. A thermal DSC event was observed
at 56 ◦C, in accordance with the disappearance of diffraction from Mg(BH4)2·2(CH3)2CHNH2,
and assigned to eutectic melting of a fraction of the sample. This event is accompanied
by a weak indication of the release of hydrogen observed by MS. In the temperature
range of 108 to 138 ◦C, a mass loss of ∆m/m = 6.59 wt% corresponding to the release of
0.14 molecules of IPA per formula unit was observed, and the remaining sample composi-
tion is ~1 IPA per formula unit. Release of IPA in this temperature range, 108 to 138 ◦C,
was also detected by MS, accompanied by a minor release of hydrogen. In the temperature
range of 138 to 225 ◦C a major mass loss of ∆m/m = 42.61 wt% was observed, corresponding
to a loss of 0.9 IPA. Mass spectroscopy reveals an increasing release of IPA and H2 with a
maximum release rate around 200 ◦C. The release of hydrogen suggests a chemical reaction
between the organic moiety (IPA) and the borohydride complex. A total mass loss of
49.20 wt% was observed in the temperature range of RT to 225 ◦C.
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Figure 5. Simultaneous measurement of thermogravimetry (TGA), differential scanning calorimetry
(DSC) and mass spectroscopy (MS) of Mg(BH4)2·IPA (s3). (Top) TGA data and the gradient of the
differential scanning calorimetry data. (Bottom) MS analysis of hydrogen and isopropylamine release.

Magnesium ionic conductivity. The Mg2+ ionic conductivity of Mg(BH4)2·1.20(CH3)2-
CHNH2 (s3) was measured by electrochemical impedance spectroscopy (EIS) during heat-
ing from −7.9 to 40 ◦C, see Figure 6. The same sample (s3) was then heated to 40 ◦C
and cooled to 30 ◦C three times in order to convert amorphous material to Mg(BH4)2-
2(CH3)2CHNH2 and to further stabilize the tablet prior to the second EIS measurement.
Activation energies, EA, were extracted from a plot of log(σT) versus 1/T as described
in the experimental section. The electronic conductivity of this class of compounds is
negligible [5,8,9].

The Mg2+ ionic conductivity of Mg(BH4)2·1.20IPA (s3) is high and increases exponen-
tially in the temperature range of −10 to 40 ◦C, see Figure 6. The conductivity is slightly
higher after thermal treatment, i.e., of the composite (~0.8)Mg(BH4)2·(CH3)2CHNH2−
(~0.2)Mg(BH4)2·2(CH3)2CHNH2. Noteworthy, a low activation energy was observed for the
first measurement, EA = 0.93 eV of s3, which further decreased to EA = 0.86 eV after heat treat-
ment, i.e., of the composite (~0.8)Mg(BH4)2·(CH3)2CHNH2−(~0.2)Mg(BH4)2·2(CH3)2CHNH2.

Previous investigations reveal a significant increase in the Mg2+ conductivity of
composites containing different crystalline isopropylamine magnesium borohydride com-
pounds, which was also observed here. Furthermore, the compounds were able to strip
and plate magnesium with an oxidative stability of 1.2 V vs. Mg/Mg2+ [6]. Adding 50 wt%
Al2O3 (13 nm) to the sample (s3) resulted in sample s5. Initially, the conductivity was
similar to the original sample; however, as the sample was heated to above the melting
point of the Mg(BH4)2·2(CH3)2CHNH2 (at 56 ◦C) (see Figure 4), the conductivity signifi-
cantly increased (see Figure S4). The sample deformed during this transition and became
thinner and wider. This was accounted for during calculation of the conductivity. During
cooling, this highly conductive state with low activation energy (0.60 eV) was maintained
to 30 ◦C. The highly conductive state shows a similar (but lower) conductivity to that
of Mg(BH4)2·1.5(CH3)2CH–NH2 containing 50 nm MgO particles [6]. This difference is
due to the lower content of the eutectic molten state in Mg(BH4)2·1.20IPA-Al2O3 (s5) as
compared to Mg(BH4)2·1.5-MgO. As the sample deformed during heating, a new pellet was
made by applying a pressure of 2.5 Gpa for 30 s, releasing the pressure and then heating
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to 65 ◦C while in the press. Finally, a pressure of 2.5 Gpa was applied to the sample for
30 s at RT. This resulted in a highly viscous sample, likely due to the melt stabilization
effect mentioned in refs. [5,8]. Due to the soft nature of the sample, the sample was relaxed
onto the electrodes at RT for 16 h before measurements to ensure optimal contact. The
conductivity of Mg(BH4)2·1.20IPA−Al2O3 (50 wt%, s5) is shown in Figure 6.
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Figure 6. Magnesium (Mg2+) ionic conductivity as a function of temperature measured by elec-
trochemical impedance spectroscopy (EIS) of Mg(BH4)2·(CH3)2CHNH2 (s3) during heating from
−7.9 to 40 ◦C (data shown as circles). The same sample (s3) was then heated and cooled three times
between 30 and 40 ◦C before being cooled to −2.6 ◦C and measured by EIS during heating to 40 ◦C
(open spheres). Nyquist plots of Mg(BH4)2-1.20IPA-Al2O3 (s5) are provided in Figure S6. Magnesium
ionic conductivity data and activation energies of Mg(BH4)2·NH2(CH2)2NH2, Mg(BH4)2·NH3 and
Mg(BH4)2·2NH3BH3, and of Mg(BH4)2·1.5IPA−MgO are also included for comparison (data from
refs. [6,7,9,22]).

The “paste-like” nature of sample s5 was maintained even after storage at −18 ◦C for
24 h, indicating that recrystallization was inhibited by the presence of nanoparticles. The
thermal stability of Mg(BH4)2·1.20(CH3)2CHNH2 (s3) was limited by the presence of ~20%
Mg(BH4)2·2(CH3)2CHNH2, which represents eutectic melting with a fraction of the sample
at T = 56 ◦C. Thus, this sample (s3) has low thermal stability as compared to other similar
compounds, i.e., Mg(BH4)2·2NH3BH3 (47 ◦C) [9], Mg(BH4)2·NH2(CH2)2NH2 (75 ◦C) [22]
and Mg(BH4)2·NH3 (90 ◦C) [7]. However, the activation energy for Mg2+ cationic conduc-
tivity is significantly lower for Mg(BH4)2·(CH3)2CHNH2 (s3), EA = 0.86 eV, as compared
to similar compounds presented in Figure 6 This advantage is even more pronounced for
the nanocomposite Mg(BH4)2·(CH3)2CHNH2−Al2O3 (s5), with an activation energy of
0.65 eV. Thus, the advantage of this new material is a moderate temperature dependence
of the cationic conductivity, which has an exceptionally high value at low temperatures.
Furthermore, the soft nature of the sample may improve contact with the electrodes, which
is a major challenge in these all-solid-state systems.

3. Discussion

Recently, the Mg2+ conductivity mechanism of Mg(BH4)2·NH3 was investigated
using diffraction, structure refinements and DFT. The structure of Mg(BH4)2·NH3 was
found to be very flexible owing to a three-dimensional network of di-hydrogen bonds,
B−Hδ−···+δH−N, but also to the BH4

−−Mg2+ coordination, which varies from in edge to
corner coordination (κ1 to κ3). Furthermore, the migration of Mg2+ cations is also assisted
by a neutral molecule, NH3, which is exchanged between the framework and interstitial
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magnesium [7,23]. The IPA analogue, Mg(BH4)2·(CH3)2CHNH2, investigated here, resem-
bles the above-mentioned compound by having a one-dimensional chain-like structure and
that the organic and inorganic moieties are interconnected by weak interactions.

In the following section we discuss and compare the experimental and DFT-optimized
structural models, as well as the role of weak dispersive interactions. In the experimental
structure obtained from the Rietveld refinement, see Figure 2, the isopropyl groups point
towards each other: C−H···H−C (dH–H = 1.9–3.4 Å). From DFT we find that this ordered
structure is metastable compared to more disordered structures. The metastable DFT
structure and the experimental structure are very similar, except for the terminal BH4

−

which is closer to the isopropyl groups in the experimental structure, as seen in Figure S2.
This could hint at a B−Hδ−···H−C interaction, which is absent in the DFT structure. In the
more disordered (and more stable) DFT structures, we found a distortion of the helixes;
see Figures S1 and S3. While the helixes remain, terminal BH4

− moves from a planar
coordination to a tetrahedral coordination. Terminal Mg(1)–B distances increased from
2.2 Å to 2.4 Å and BH4

− has a bidentate (κ2) coordination compared to the tridentate (κ3)
coordination found from the Rietveld refinement. For bridging Mg(1)–B–Mg(2), the BH4

−

group is still not placed in the center between Mg(1) and Mg(2) (B–((IPA)2Mg(2))–B = 2.57 Å
and B–((BH4

−)2Mg(1))–B = 2.31 Å) with a bidentate (κ2) coordination to Mg(1) and a tri-
dentate (κ3) coordination to Mg(2). Both the experimental and theoretical models found
a coordination number of eight for Mg2+. However, experimental hydrogen positions
obtained by the Rietveld refinement are a result of anti-bump restraints in the ab initio
structural solution process and are not refined.

In the more disordered DFT models, the C−H···H−C distances significantly increased
(dH–H = 2.5–3.7 Å) compared to the experimental structure. However, in all structures, the
neighbouring IPA molecules are rather close and within distances that are typical for weak
dispersive interactions [21]. It therefore seems plausible that such interactions are important
for stabilizing the 3D structure. We did not observe any significant difference between
DFT structures optimized with and without account for van der-Waals interactions, but
this may be because the unit cell is kept fixed at the experimentally measured size during
the relaxation, which limits how far the different groups are able to move with respect to
each other. In Figure S3, several DFT structures that lie between the metastable and most
stable structure in energy can be seen. The existence of these shallow local minima on
the potential energy surface (and likely many more) supports the claim that the sample
is highly disordered due to the flat energy landscape. The disordered DFT-optimized
structural models often have a slightly poorer fit to the diffraction data, which relates
to the very different structural descriptions. DFT provides an atomic scale ‘momentary’
view of the unit cell, whereas diffraction provides an average structure over time and
space. Furthermore, DFT describes the 0 K potential energy surface, whereas the powder
pattern was measured at room temperature. Failure to converge to a refined model has
also been observed for ammine rare earth borohydrides RE(BH4)3·4NH3 (RE3+ = La, Ce, Pr,
Nd) [24,25].

Thus, both DFT and diffraction reveal a new composition and structure of the com-
pound investigated here, which has some degree of structural disorder and is held together
by weak interactions. The high Mg2+ ionic conductivity and moderate activation energy
for cation migration are assigned to these structural properties. Composites of crystalline
materials, Mg(BH4)2·x(CH3)2CHNH2, x = 1 or 2, have higher conductivity and eutectic
melting. The molten state can be stabilized by nanoparticles to form a mechanically and
thermally more stable nanocomposite. This nanocomposite has higher Mg2+ conductivity
and lower activation energy, which has previously been assigned to surface effects, e.g., the
wetting of nanoparticles by thin layers of eutectic molten liquid. These new phenomena for
the rational design of functional battery materials are demonstrated in this work.
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4. Materials and Methods
4.1. Synthesis

Magnesium borohydride, Mg(BH4)2, was synthesized as described in refs. [26,27]. An-
hydrous toluene (purity 99.8%, 40 mL) and anhydrous dimethylsulphide borane, (CH3)2SBH3
(90% in toluene, 10 mL) were added to a round-bottomed flask. While stirring, di-n-
butylmagnesium Mg(C4H9)2 (1.0 M in heptane with up to 1 wt% triethylaluminum, 28
mL) was slowly added within 2 min, ensuring an excess of (CH3)2SBH3 at all times [26].
A white precipitate immediately formed upon addition of Mg(C4H9)2 and the reaction
continued for 20 h with stirring at room temperature. The product, Mg(BH4)2· 1

2 S(CH3)2,
was washed with toluene and heated to 143 ◦C for 4.5 h in a evacuated Schlenk tube to
form α-Mg(BH4)2, denoted sample s1.

Diisopropylamine magnesium borohydride, Mg(BH4)2·2(CH3)2CHNH2 was synthe-
sized as described in ref. [6], by dissolving finely ground α-Mg(BH4)2 (300 mg) in 1.2 mL
isopropylamine, (CH3)2CHNH2, IPA) while stirring. The reaction was allowed to continue
for 30 min in an ice-bath, after which the product was dried for 40 min in vacuum at 25 ◦C
and denoted s4.

Monoisopropylamine magnesium borohydride, Mg(BH4)2·(CH3)2CHNH2 was
mechanochemically synthesized using Mg(BH4)2·2(CH3)2CHNH2 (s4, 277.9 mg, 1.5 mmol)
and α-Mg(BH4)2 (s1, 101.9 mg, 1.9 mmol). The reactants were ball-milled in a WC vial
using three 10 mm WC balls for 60 repetitions of 2 min, with the milling intervened by
2 min of pause, i.e., total milling time 120 min and a ball-to-sample ratio of ~54/1. This
sample is denoted s3.

A nanocomposite was prepared by adding nano particulate, 50 wt% Al2O3 (13 nm), to
sample s3 mechanochemically. Al2O3 (100.1 mg) and s3 (100.5 mg) were milled at 350 rpm
for 2 min intervened by 2 min of pause, i.e., total milling time 120 min and a ball-to-sample
ratio of ~68/1.

4.2. Characterization

Powder X-ray diffraction (PXD) data were obtained using a Rigaku Smartlab diffrac-
tometer equipped with a monochromatic rotating Cu source (λ = 1.54056 Å). Sample
preparation was done in an argon environment where samples were packed in 0.5 mm
(outer diameter) borosilicate capillaries and sealed with grease to avoid air exposure.

In situ synchrotron radiation powder X-ray diffraction (SR-PXD) data were acquired
at the I11 beamline at the Diamond light source, Oxford, UK (λ = 0.826366 Å) [28]. The
samples were measured in the temperature range from 20 to 75 ◦C at a heating rate of
2 ◦C per min.

The software FOX was used for indexing of the unit cell whereafter the structure was
solved by ab initio structure determination [29,30]. Subsequently, atomic positions were re-
fined by Rietveld refinements with the software Fullprof, treating BH4

− and (CH3)2CHNH2
as rigid bodies [30,31].

Density functional theory (DFT) structural optimization was carried out using the
GPAW code v. 21.1.0 with a plane wave basis set [32,33], the Atomic Simulation Envi-
ronment (ASE) software package [34] and the exchange–correlation functionals PBE [35]
and BEEF-vdW [36]. Several structure optimization runs were carried out using different
plane-wave cutoff energies between 340 eV and 550 eV and either (1·1·1) or (2·2·2) k point
sampling. The optimizations were initiated from the experimental structure as shown in
Figure 2 and terminated when the maximum force on any atom fell below 0.01 eV/Å. The
small changes to the numerical settings caused the optimization runs to find different local
minima on the potential energy surface, corresponding to a structure that resembled the
experimental one, as well as several more disordered structures. During the optimizations,
all atoms were allowed to relax, and the unit cell was kept fixed to the experimentally
determined size. The structures and energies presented in the supporting information
were obtained from a final structural optimization run of the obtained minimum energy
structures using a cutoff energy of 500 eV and (1·1·1) k point sampling.
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Nuclear magnetic resonance (NMR) measurements were performed on a Bruker
Ascend 400 MHz spectrometer equipped with a 1H–13C–15N 5 mm TXI liquid state probe.
Samples were dissolved in deuterated dimethylsulfoxide in NMR tubes before measuring.
The integrated intensities of 1H on BH4

− and isopropylamine were used to calculate the
sample composition. The integral of these peaks was normalized to their abundance in the
sample as described in ref. [6].

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
measured using a PerkinElmer STA 6000 coupled with a mass spectrometer (MS) (Hiden
Analytical HPR-20 QMS sampling system). Approximately 2 mg was placed in a closed
Al2O3 crucible and was heated from 30 to 300 ◦C (∆T/∆t = 2 ◦C/min) with an argon purge
rate of 30 mL/min. The lid had a small hole for outlet gas, which was examined using mass
spectrometry for hydrogen (m/z = 2) and isopropylamine (m/z = 44).

Electrochemical impedance spectroscopy (EIS) measurements were performed from
7·107 Hz to 1 Hz using a Biologic MTZ-35 impedance analyzer with a symmetrical molyb-
denum sample holder equipped with a 4 probe setup. Samples were pressed in a hydraulic
press at 1 tonne at RT for 1 min. Samples were heated using a custom-made furnace at
2 ◦C/min and kept at a constant temperature for one minute when the set temperature was
reached. Data were fitted using an Q1/(R1+Q2) equivalent circuit, where R1 represents the
charge transfer resistance and Q1 and Q2 are constant phase elements. Q1 accounts for the
depressed semicircles of real systems and Q2 is used to represent the mass transfer, as the
observed mass transfer cannot be described by standard capacitors or Warburg elements.
When fitted, Q1 will act as a capacitor (α~0.97), essentially creating an RC circuit with R1
and Q2 acting as mass transfer elements (α~0.7). From the charge transfer resistance, ionic
conductivity is calculated as d/A/R1, where d is the thickness of the pellet and A is the
area. Activation energies (Ea) were extracted from linear fits to log(σi) versus 1/T, where σi
is the ionic conductivity. Because of the 4 probe setup, we assumed the resistance of the
setup to be negligible. First, the sample was cooled to −7.9 ◦C using an ethanol and dry
ice bath where it was held for 15 min to ensure the temperature had stabilized. Using a
heat blower, the mixture was brought up to 0 ◦C where dry ice was added to stabilize the
temperature. Above RT, the custom-made oven was used instead. The sample was subjected
to temperature increases between 30 and 40 ◦C three times before being cooled to −2.6 ◦C.
Due to sample s2 becoming soft, EIS measurements were only conducted up to 40 ◦C.

5. Conclusions

The compound Mg(BH4)2·(CH3)2CHNH2 was synthesized using a mechanochemi-
cal method. From SR-PXD it was found to have a polar helical 1D structure consisting
of alternating magnesium environments ([Mg(BH4)4] and [Mg(BH4)2(NH2CH(CH3)2)2]).
These are surrounded by weakly interacting apolar layers to form a 3D structure. The
structure was solved in I212121 with the unit cell parameters a = 9.8019(1) Å, b = 12.1799(2)
Å and c = 17.3386(2) Å. Discrepancies between the refined model and collected data were
attributed to disorder, especially from the weakly interacting isopropyl groups (CH3)2CH–.
From DFT optimization it was found that the structure is metastable and that more stable
distorted structures could exist. This could also explain the discrepancies between the
refined model and the data. From SR-PXD, the compound was found to have a melting
point of 73 ◦C while Mg(BH4)2·2(CH3)2CHNH2 formed during heating and melted at
56 ◦C, which is lower than reported previously. This is assigned to eutectic melting. From
TGA-DSC-MS investigations, IPA release first occurs at 108 ◦C however this might be due
to surface-coordinated IPA being released. The compound was found to have a very low
activation energy of 0.85 eV, which is likely caused by weak hydrophobic interactions in
interstitial sites. The composite (~0.8)Mg(BH4)2·(CH3)2CHNH2−(~0.2)Mg(BH4)2·2(CH3)2
CHNH2 was melted onto 13 nm Al2O3 nanoparticles at 60 ◦C while in a compressed state
after applying a pressure of 2.5 GPa. This formed a paste-like material which lowered the
activation energy to 0.65 eV and increased conductivity at 40 ◦C by a factor of three and
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at −10 ◦C by a factor of ten. This paste-like state remains stable for more than 24 h and at
temperatures lower than −10 ◦C.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics11010017/s1, Figure S1: Most stable structure of
Mg(BH4)2·(CH3)2CHNH2, Figure S2: Comparison between the metastable structures, Figure S3:
Structures gained from DFT, Figure S4: Rejected model found from ab inito structural solution, Figure
S5: Ionic conductivity of Mg(BH4)2·IPA@Al2O3 (s5) without preheating, Figure S6: Nyquist plot of
Mg(BH4)2·1.2IPA-Al2O3; Table S1: DFT relative potential energies.
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