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Abstract 

Viewing calcium hydrazinidoborane Ca(N2H3BH3)2 (9.3 wt% H) as a potential hydrogen storage 

material, we long sought to synthesize it by solid-solid reaction of calcium hydride CaH2 and 

hydrazine borane N2H4BH3. However, it was elusive because of unsuitable experimental 

conditions. In situ synchrotron thermodiffraction helped us to identify the key role played by the 

temperature in the formation of the new phase. From 45°C, new diffraction peaks appear, and the 

DSC analysis shows an exothermic signal. Thermal activation is thus required to make solid-state 

CaH2 react with melted (liquid-state) N2H4BH3. The XRD pattern can be indexed using a mixture 

of two phases: (i) unreacted CaH2 as a minor phase (29 wt%) and (ii) the hitherto elusive 

Ca(N2H3BH3)2 (71 wt%). The as-formed Ca(N2H3BH3)2 crystallizes in a monoclinic Ic (No. 9) 

unit cell where the intermolecular interactions form chains (layers) along the a axis, resulting in 

intra-chain and inter-chain Ca⋅⋅⋅Ca distances as short as 4.39 and 7.04 Å respectively. Beyond 

90°C, Ca(N2H3BH3)2 decomposes, as evidenced by the diffraction peaks fading, an exothermic 

signal revealed by DSC, a weight loss (5.3 wt% at 200°C) observed by TGA, and a gas release 

(H2, and some N2, NH3, N2H4) monitored by MS. The as-formed thermolytic residue is 

amorphous and of complex polymeric composition. These results and the next challenges, are 

discussed herein.  
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1. Introduction 

In the field of chemical hydrogen storage, B-N-H materials emerged as promising candidates. 

They draw their strength from high gravimetric hydrogen densities as well as the concomitant 

existence of B−Hδ− and N−Hδ+ bonds resulting in heteropolar dihydrogen B−Hδ−⋅⋅⋅Hδ+−N 

interactions which drive their solid state at ambient conditions and their ability to release H2 at 

relatively mild conditions. A typical representative of B-N-H materials is ammonia borane 

NH3BH3 (AB), composed of 19.5 wt% of hydrogen [1-4]. In pristine state, AB decomposes more 

than it dehydrogenates, and is not suitable for the targeted application [5-8]. A number of 

derivatives has been further developed. The strategy is to substitute one Hδ+ of the NH3 group of 

AB by a cation to form alkali and alkaline-earth amidoboranes M(NH2BH3)n, with Mn+ being e.g. 

Li+, Na+, Mg2+, or Ca2+ [9,10]. The idea is to destabilize the anionic entity [NH2BH3]− so that the 

ionic solid M(NH2BH3)n releases pure H2 at temperatures lower than those required for AB 

decomposition. A typical example is sodium amidoborane NaNH2BH3 (9.5 wt% H) that starts to 

dehydrogenate at about 50°C and is able to release 7.5 wt% H (2 equiv H2) up to 200°C [11]. 

 

Another representative of B-N-H materials is hydrazine borane N2H4BH3 (HB), composed of 

15.4 wt% of hydrogen [12]. HB is a derivative of AB, the NH3 of which being substituted by 

N2H4. Yet, HB, in pristine state, is not suitable for hydrogen storage because, under heating, it 

releases N2H4 together with H2, and it generates a shock-sensitive solid when heated above 

300°C [13]. Alkali hydrazinidoboranes NH2NH(M)BH3 (or MN2H3BH3; denoted MHB) were 

synthesized by reaction of HB with an alkali hydride MH in such a way that one Hδ+ of the 

middle NH2 was substituted by M+ [14]: 

MH (s) + NH2NH2BH3 (s) → NH2NH(M)BH3 (s) + H2 (g)     (1) 

MHB is an ionic solid [15]. Compared to HB, the B−H and N−H bonds of MHB are weaker, 

which results in more attractive dehydrogenation properties [16]. To date, four MHBs have been 

successfully synthesized. 

 

The first example of MHB is the polymorphic LiN2H3BH3 (denoted LiHB), prepared by ball-

milling equimolar amounts of HB and LiH [17,18]. The low-temperature β phase (orthorhombic, 

s.g. Pbca) transforms into the metastable high-temperature α phase (monoclinic, s.g. P21/c) at 

around 90°C [19]. LiHB is able to release about 2.5 equiv H2 when heated up to 150°C (i.e. 9.9 
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wt% H released, out of a gravimetric hydrogen density of 11.7 wt% H). The second example is 

NaN2H3BH3 (NaHB; monoclinic, s.g. P21/n) [20]. NaHB is prepared at a temperature below 

−30°C because the reaction of HB with NaH is exothermic (−27.8 kJ mol−1) [21]. NaHB is less 

stable than LiHB: it releases H2 from about 60 °C, with about 2.6 equiv H2 generated up to 150°C 

(i.e. 7.6 wt% H released, out of a gravimetric hydrogen density of 8.9 wt% H). The third example 

is KN2H3BH3 (KHB; monoclinic, s.g. P21). It is synthesized in high pressure vessel and 

tetrahydrofuran [22], since the solid state reaction between HB and KH is violent (−70.2 kJ 

mol−1) [21]. KHB, less stable than the previous hydrazinidoboranes, starts to dehydrogenate 

below 50°C and, cumulatively, about 2.5 equiv H2 are released up to 193°C (i.e. 6 wt% H 

released, out of a gravimetric hydrogen density of 7.2 wt% H). The fourth and last example is 

RbN2H3BH3 (monoclinic, s.g. P21) [23]. Its dehydrogenation properties are favorably compared 

to those of LiHB. However, with a gravimetric hydrogen density of 4.65 wt% H and a very low 

terrestrial abundance of the element Rb, the potential of RbHB as hydrogen carrier appears to be 

rather limited.  

 

To date, alkaline-earth hydrazinidoboranes M(N2H3BH3)2 (denoted M(HB)2, with M2+ = e.g. 

Mg2+, Ca2+) have not been properly considered and really investigated. Advantageously, they 

carry more hydrogen than NaHB (8.9 wt% H) and KH (7.2 wt% H) do; for instance, the 

theoretical gravimetric hydrogen densities of Mg(HB)2 and Ca(HB)2 are calculated to be 10.6 and 

9.3 wt% H respectively. Another attractive feature is that calcium is, on earth, the most abundant 

element of the periodic table s block. One has to mention one study that reports the possible 

synthesis of Ca(HB)2 through an X-ray diffraction pattern that has not been refined and solved 

[17]. In a previous work [21], we tried to get such a Ca(HB)2 derivative by ball milling one 

equivalent of CaH2 and 2 equivalents of HB at different milling conditions. However, all of our 

attempts failed. Soft ball milling conditions (e.g. 200 rpm for 10 min) resulted in binary mixtures 

of unreacted starting materials whereas harsher conditions (e.g. 450 rpm for 30 min) led to 

decomposition of HB into an amorphous polymeric solid. Consequently, we integrated another 

variable, the temperature. We focused our efforts in following the temperature-dependent 

evolution of the binary mixture CaH2-2HB by synchrotron X-ray thermodiffraction and 

differential scanning calorimetry. Our approach met with the successful synthesis of the first 

representative of alkaline-earth hydrazinidoboranes, i.e. calcium hydrazinidoborane 

Ca(N2H3BH3)2 (denoted Ca(HB)2), as described below. Ca(HB)2 was fully characterized by X-
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ray diffraction, magic-angle spinning nuclear magnetic resonance spectroscopy, and Fourier 

transform infrared spectroscopy, and its dehydrogenation properties were followed by 

thermogravimetric analysis coupled to mass spectrometry. 

 

 

2. Materials and methods 

2.1.  Materials 

Hydrazine borane N2H4BH3 (HB) was synthesized according to a protocol we previously 

optimized [13]. Calcium hydride CaH2 (98%) purchased from Alfa Aesar was used as received. 

Both chemicals were stored and systematically handled in an argon-filled glove box (MBraun 

M200B, with O2 < 0.1 ppm and H2O < 0.1 ppm).  

 

2.2. Preliminary comment 

In the present project, we first attempted to synthesize Ca(HB)2 via a wet chemistry approach. 

Anhydrous tetrahydrofuran (THF; ≥99.9%; Sigma-Aldrich) was used. Under argon atmosphere 

(i.e. in the glove box) and at room temperature, 50 mg of HB (1.09 mmol) was dissolved in 10 

mL of THF. In parallel, 23 mg of CaH2 (0.546 mmol) was dispersed in 10 mL of THF. The 

borane solution was slowly added to the hydride dispersion. The mixture was allowed to age for 

48 h under stirring. After solvent extraction, a solid consisting of unreacted HB and CaH2 was 

recovered. This synthesis approach was thus abandoned, and we returned to our solid-solid 

reaction approach. 

 

2.3. Temperature-dependent evolution of CaH2-2HB 

The synthetic conditions for Ca(HB)2 were defined as follows. Under argon atmosphere, 275 mg 

of CaH2 (6.5 mmol) and 600 mg of HB (13 mmol) were put in a stainless steel jar of 50 mL 

(containing 12 g of stainless steel balls) and mixed at 200 rpm for 10 min (Retsch PM 100 

planetary mill). The resulting mixture, denoted 1, was recovered to be stored under argon 

atmosphere. In another argon-filled glove box (MBraun Unilab, O2 < 0.1 ppm and H2O < 0.1 

ppm), 1 was loaded into a glass capillary of 0.5 mm diameter. The capillary was sealed to prevent 

the sample from air and moisture. 1 was analyzed by X-ray thermodiffractometry using 

synchrotron radiation (Swiss Norwegian Beam Line SNBL BM01A, at European Synchrotron 
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Facility ESRF, Grenoble, France). The diffraction patterns were collected using a monochromatic 

beam and a PILATUS 2M detector. NIST standard LaB6 was used for the calibration of all the 

parameters of the detector, the sample-detector distance (343.71 mm), and the wavelength of 

0.70814 Å. The temperature change was controlled with an Oxford Cryostream 700+ allowing 

working over the range of temperature 19-100°C. The diffraction patterns were recorded 

simultaneously using a rotation of the capillary of 60° min−1. In parallel, 1 was analyzed by 

differential scanning calorimetry (DSC; Q600, TA Instruments). The sample was heated from 0 

to 75°C at 1°C min−1, and then it was cooled down to 0°C at the same rate. 

 

On the basis of the aforementioned thermodiffraction and DSC experiments, 2 (in fact a 

Ca(HB)2-rich sample) was synthesized from 1. Typically, 1 was loaded in a stainless reactor 

under argon atmosphere (in the glove box) and then sealed. The sample was heated up to 62°C at 

1°C min−1, kept at this temperature for 50 min, and quickly cooled down (by immersing the 

reactor in a tap water bath). The as-formed 2 was recovered and stored in the argon-filled glove 

box. 

 

2.4. Characterization of Ca(HB)2 

Two XRD patterns among those collected were selected to be solved and indexed. The first 

pattern was that obtained at 19°C for 1 and consists in a mixture of CaH2 and HB. It was refined 

using the Rietveld method to confirm the proportion of the two phases (cf. SI). The second 

pattern was the one collected at 62°C; it belongs to 2 that was found to consist in a mixture of 

Ca(HB)2 and CaH2. The unit cell parameters of Ca(HB)2 were determined using DICVOL06 [24]. 

Starting from the determined parameters, the structural model of Ca(HB)2 was obtained by using 

FOX [25]. The as-obtained model was refined using the JANA2006 software package [26]. The 

Rietveld refinement was carried out considering the two phases, Ca(HB)2 and CaH2, while for 

Ca(HB)2 the fragments N−N−B were considered as being two different molecular fragments and 

as being rigid. The Rietveld refinement was carried out using a Pseudo-Voigt peak shape with a 

cut-off of 12 for the two phases. Considering the quality of the diffraction pattern, the isotropic 

thermal parameters (Biso) were constrained to be identical for the same atom type in the unit cell. 

The locations of the H atoms linked to the N and B atoms were determined by performing a 

geometry constrained optimization of the structure (Ca, B and N atoms fixed in their initial 

positions) at the force-field level. All atoms of the system were represented as Lennard-Jones 
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charged sites with LJ parameters taken from the UFF force field [27] while the charges were 

calculated using the QeQ [28] method. In addition, the uncertainties of the atomic coordinates for 

the H atoms are not reported here because they were not refined. 

 

2 was analyzed by magic-angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy 

on the nuclei 11B (Varian VNMR400; 128.37 MHz; 20000 rpm) and 43Ca (Varian VNMR600; 

40.37 MHz; 20000 rpm). To this end, 2 was loaded in the NMR rotor in the glove box. The rotor 

was afterwards put in an argon-filled vial (to prevent the sample from air and moisture) and 

transferred to the spectrometer localized in another building. The NMR analyses were performed 

at −10°C. 2 was also analyzed by Fourier transform infrared spectroscopy (FTIR; IS50 Thermo 

Fisher Scientific). The thermal behavior of 2 was studied by thermogravimetric (TG) analysis 

(Netzsch STA 449 F1 Jupiter) coupled to mass spectrometry (MS; Netzsch QMS 403D Aëolos 

Quadro) and by differential scanning calorimetry (DSC; Q600, TA Instruments). The heating rate 

was 1°C min−1 and the analyses were performed up to 300°C.  

 

The thermolytic residue, denoted 3, forming upon the decomposition of 2 at 200°C was prepared 

in high amount for analysis. Typically, 2 was loaded in a stainless reactor under argon 

atmosphere and sealed. It was heated up to 200°C at 1°C min−1. Then it was allowed to cool 

down. The as-obtained 3 (recovered in the argon-filled glove box) was analyzed by powder X-ray 

diffraction (XRD; PANalytical X'Pert Multipurpose diffractometer equipped with an X'Celerator 

detector; Cu Kα1/α2 radiation, λ = 1.5418 Å, 45 kV, 30 mA). The XRD pattern was collected 

using Bragg-Brentano geometry on a spinning zero background sample holder loaded in the 

glove box. The powder was protected using a Kapton foil stuck onto the sample holder with 

Apiezon grease (H quality) to prevent any air and moisture contamination. 3 was also analyzed 

by 11B MAS NMR and FTIR spectroscopy. 

 

 

3. Results and discussion 

3.1. Synthesis of Ca(HB)2 

Though the coveted Ca(HB)2 was elusive in our previous attempts [21], the TG analysis results of 

the binary mixture CaH2-2HB opened up a new possibility. An interesting feature was the 
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evolution of some H2 starting from about 60°C, which was interpreted as a possible reaction of 

CaH2 with melted HB, in some extent, such as: 

CaH2 (s) + N2H4BH3 (l) → CaH(N2H3BH3) (s) + H2  (g)      (2) 

CaH2 (s) + 2N2H4BH3 (s) → Ca(N2H3BH3)2 (s) + H2 (g)     (3) 

The key to synthesize Ca(HB)2 appeared to be the temperature. Then, our further efforts, through 

the present work, focused on the use of in situ synchrotron X-ray thermodiffraction to validate 

our assumption and to find the temperature at which the sought phase Ca(HB)2 could be obtained. 

 

We prepared a mixture of one equivalent of CaH2 and two equivalents of HB, ball-milled at 200 

rpm for 10 min under argon atmosphere. The as-obtained homogeneous mixture, denoted 1, was 

heated at 1°C min−1, starting from 19°C. The temperature evolution of 1 was analyzed by 

thermodiffraction up to 100°C (Figure 1 and S1). The thermodiffraction data were analyzed in 

conjunction with the DSC results (collected over the temperature range 0-75°C) (Figure 2). 

Below 45°C, the diffraction peaks can be all assigned to the CaH2 and HB phases. For example, 

the XRD pattern collected at 19°C was refined using the Rietveld method (Figures 3 and S2, 

Table S1). The unit cell parameters and atomic positions for the two phases, i.e. HB and CaH2, 

were found to be in good agreement with those published previously [13,29]. The relative 

amounts of the HB and CaH2 solids obtained by the refinement of the powder XRD data were 

27.9(5) and 72.1(2) wt%, leading to a molar ratio of 2.36. 

 

Beyond 45°C, a baseline deviation of the heat flow is observed, suggesting an exothermic 

reaction. Concomitantly, new diffraction peaks appear, for example between 4 and 10°, and they 

grow with the increase of the temperature. Their apparition is correlated with the decrease of the 

intensity of the peaks of both CaH2 and HB. In other words, a new phase, denoted 2, is forming.  
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Figure 1. Sequential plot of the diffraction patterns obtained from 1 (the mixture of 1 equiv CaH2 and 2 equiv HB) 

within the temperature range 19-100°C. The new phase is Ca(HB)2. 

 

 

Figure 2. DSC analysis of 1 upon heating up to 75°C and then cooling down to 0°C (heating rate of 1°C min−1). The 

temperature ranges of the samples 1 and 2 are shown. 
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Figure 3. X-ray diffraction patterns of 1 collected at 19°C and 62°C. The main peaks belonging to CaH2 (vertical 

dashed grey lines) and HB (symbol ♦) are shown (indexed pattern shown by Figure S2). The main peaks due to the 

new phase Ca(HB)2 are indicated by the symbol ♥ (indexed pattern shown by Figure S3). 

 

Above 55°C, the aforementioned exothermic event is compensated by an endothermic event that 

is typical of HB melting, but the exothermic signal gets rapidly over the endothermic one. Under 

cooling from 75°C down to 0°C, neither exothermic signal nor endothermic one is seen, bearing 

out the formation of the new phase. The key to synthesize Ca(HB)2 seems to be the temperature, 

more precisely it seems to be HB in liquid state (leading to increased entropy factor) that is more 

likely to react with solid-state CaH2. Peaks due to a small amount of unreacted CaH2 can be seen 

above 55°C, which indicates that 2 would be a mixture of the new solid as the main phase (i.e. 

Ca(HB)2) and of some CaH2. Similar phase-rich solids were reported for the amidoborane 

counterpart Ca(NH2BH3)2 that was prepared by ball-milling [30,31]. An additional experiment 

using Beyond 97°C, the diffraction peaks of 2 cannot be observed anymore, suggesting 

decomposition. 

 

3.2. Crystal structure of Ca(HB)2 

The XRD pattern corresponding to the maximum intensity of 2 (i.e. that collected at 62°C) was 

successfully indexed using a mixture of two phases (Figures 3 and S3). The first phase is CaH2, 

indexed as an orthorhombic Pnma (No. 62) unit cell [29]. The second one is Ca(HB)2, indexed as 

a monoclinic Ic (No. 9) unit cell. The relative amounts of these two crystalline phases are 29.0(7) 
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and 71.0(3) wt%, respectively, as obtained by the refinement of the XRD pattern. The structure 

parameters corresponding to Ca(HB)2 (as well as those of the remaining CaH2) are summarized 

in Table 1.  

 

The HB derivatives show the same lattice system, i.e. monoclinic, but Ca(HB)2 shows a different 

cell (s.g. Ic versus P21/n for NaHB [20]). As a derivative of AB, Ca(NH2BH3)2 shows a different 

monoclinic cell (s.g. C2 (No. 5)) [30]. Besides it shows a smaller cell volume per formula unit 

(138.5 Å3) compared to that of Ca(HB)2 (244.8 Å3); this is consistent with the larger size of the 

anion [N2H3BH3]−. The volume per formula unit of HB is also smaller with 80.2 Å3 [13]; this is 

consistent with the presence of the bulkier cation Ca2+ in Ca(HB)2.  

 

According to the derived crystal structure of Ca(HB)2 (Figures 4 and 5), the intermolecular 

interactions form chains (layers) along the a axis. The Ca⋅⋅⋅Ca distance along the a axis (intra-

chain) is the shortest one, with 4.39 Å, whereas the inter-chain Ca⋅⋅⋅Ca distance is 7.04 Å. The 

shortest Ca⋅⋅⋅N distance is 2.53 Å, which is comparable to that in Ca(NH2)2 (2.44-2.57 Å) [32] 

and is slightly longer than the shortest distance in Ca(NH2BH3)2 (2.47 Å) [30]. The shortest 

Ca⋅⋅⋅B distance is 3.38 Å, whereas distances of 2.87-3.03 and 2.89-2.96 Å were reported for 

Ca(NH2BH3)2 [30] and Ca(BH4)2 [33] respectively. The Ca⋅⋅⋅H−B and Ca⋅⋅⋅H−N distances 

resulting from the geometry optimization are between 2.33 and 2.43 Å. With respect to the two 

directly binding anions, the distances of the N−N bonds from the Rietveld refinement are 1.38 

and 1.40 Å. They are comparable to the distance observed for HB (1.41 Å) [13], but shorter 

compared to the MHBs (α-LiHB 1.47 Å [17]; β-LiHB 1.50 Å [18]; NaHB 1.46 Å [19]; KHB 

1.47 Å [22]; RbHB 1.43 Å [23]). The B−N bonds have lengths of 1.53 and 1.57 Å. This is 

consistent with the bond lengths in Ca(NH2BH3)2 (1.55 Å) [30] and in the MHBs (1.54-1.55 Å) 

[17,18,19,22,23]. They are all slightly shorter than the B−N bond of HB (1.59 Å) [13]; this is 

typical of the bond strengthening/shortening due to M+ or M2+ insertion. With regard to the 

interactions between the [N2H3BH3]− anions, the average intermolecular Hδ+⋅⋅⋅Hδ− distance is 

about 2.16 Å, which is longer than the distance in HB (2.01 Å) and shorter than the sum of the 

van der Waals radii for two H atoms (2.4 Å) [13]. These interactions, together with the van der 

Waals interactions between the cation and the anionic entities, take part to the stabilization of the 

solid state of Ca(HB)2 [34]. 
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Table 1. Space groups (s.g.), unit cell parameters, goodness of fit (GoF), R values, and structural parameters for the 

refined structures Ca(HB)2 and CaH2 in 2. 

Formula Ca(NH2NHBH3)2 
s.g. Ic (No. 9) 
Z 4 
a (Å) 8.2597(12) 
b (Å) 10.4118(15) 
c (Å) 11.9367(17) 
β (°) 107.515(10) 
V (Å3) 979.0(3) 
Temperature 62°C 
R(obs) / wR(obs) 16.39 / 20.88 
R(all)/wR(all) 16.42 / 20.89 
Atom Site Occupancy x y z Biso (Å2) 

Ca1_1 

4e 1 

0.3524(11) 0.4290(14) 0.8726(6) 0.072(5) 
B1_1 0.599(6) 1.112(4) 0.195(4) 0.015(12) 
N2_1 0.559(4) 0.894(3) 0.230(3) 0.036(8) 
N3_1 0.471(4) 1.008(3) 0.201(3) 0.036(8) 
H1_1 0.70568 0.12429 0.28649 1.2 
H2_1 0.52889 0.21314 0.17802 1.2 
H3_1 0.65159 0.09379 0.11456 1.2 
H4_1 0.48451 0.66868 0.76230 1.2 
H5_1 0.57346 0.64977 0.65428 1.2 
H6_1 0.38265 0.50134 0.61936 1.2 
B2_1 0.341(8) -0.062(4) 0.901(4) 0.015(12) 
N4_1 0.439(4) 0.173(3) 0.915(3) 0.036(8) 
N5_1 0.311(4) 0.085(3) 0.915(3) 0.036(8) 
H7_1 0.32078 0.58609 0.30016 1.2 
H8_1 0.48034 0.58979 0.45625 1.2 
H9_1 0.24546 0.62381 0.43558 1.2 
H10_1 0.91255 0.70923 0.32978 1.2 
H11_1 0.94848 0.74196 0.47977 1.2 
H12_1 0.74850 0.60788 0.47658 1.2 

Formula CaH2 
s.g. Pnma (No. 62) 
Z 4 
a (Å) 5.9663(5) 
b (Å) 3.6053(3) 
c (Å) 6.8233(6) 
V (Å3) 146.77(2) 
Temperature 62°C 
R(obs) / wR(obs) 8.44 / 16.95 
R(all)/wR(all) 8.44 / 16.95 
Atom Site Occupancy x y z Biso (Å2) 

Ca1_2 4e 1 0.2626(11) 0.75 0.1104(4) 0.0104(9) 

GoF 25.79 
Rp 2.25 
wRp 2.78 
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Figure 4. Crystal structure of Ca(HB)2 along the a, b and c crystallographic axes. The white, pink, blue and green 

spheres correspond to the H, B, N and Ca atoms respectively. 
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As mentioned in the introduction, Wu et al. [17] attempted a synthesis of Ca(HB)2 by ball-milling 

CaH2 and HB (mol ratio 1:2) at 200 rpm for 3h. They reported a partial XRD pattern without 

further exploitation. We compared it to the pattern we collected here: some of the peaks are 

comparable to ours for a 2θ range likely between 5 and 15°, and the others look like belonging to 

unreacted HB. In other words, Wu et al. were able to recover a Ca(HB)2-containing solid by 

using a planetary mill (Fritsch Pulverisette 7), whereas we failed to synthesize it by using a 

different planetary mill (Retsch PM 100) [21]. Interestingly, with respect to the polymorphic 

LiHB, Wu et al. [17] synthesized the high-temperature phase with their planetary mill, whereas 

we synthesized the low-temperature phase with ours. These two different achievements indicate 

first that the device used by Wu et al. is more energetic in comparable milling conditions, and 

second that synthesis of a HB derivative is also sensitive to the apparatus used.  

 

 

Figure 5. Asymmetric unit showing the coordination around the cation Ca2+, and inter- and intra-atomic distances 

obtained for Ca(HB)2 in 2. 

 

3.3. Molecular analysis of Ca(HB)2 

2 was analyzed by 11B MAS NMR spectroscopy (Figure 6). The spectrum shows a single split 

signal centered at −24 ppm, typical of a quadrupolar coupling for an NBH3 environment. The 

electron repartition around the B element is anisotropic. This is different from the isotropy and 

the single Gaussian-like signal reported for the alkali derivatives, where the strong interaction 
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between M+ (M = Li, Na, K) and BH3 substantially smooths the electronic repartition around B 

[17,18,20,22]. With 2, the larger atomic size and lower electropositivity of Ca2+ would make the 

Ca2+⋅⋅⋅Hδ−−B interactions weak enough not to modify the anisotropic repartition of electrons 

around B [9,10]. Our observation is in fact consistent with the signature reported for 

Ca(NH2BH3)2 [35]. The spectrum of 2 shows a small deviation of the baseline between 0 and −15 

ppm ascribed to N2BH2 and N3BH environments that we usually see because of the high-speed 

rotation of the spectrometer rotor. However, we cannot discard dehydrocoupling in small extent 

of HB molecules when 1 was heated.  

 

 

Figure 6. 11B MAS NMR spectra of 2 and 3. The chemical shifts (in ppm) of the signals are given. For 3, the 

deconvoluted signals are shown in dashed lines. 
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2 was also analyzed by 43Ca MAS NMR spectroscopy (Figure 7). The spectrum shows one broad 

and asymmetric signal which maximum is at 58.1 ppm. It cannot be ascribed to CaH2 (+94.4 

ppm) [36]. The chemical shift of the nucleus 43Ca is sensitive to the (Pauling) electronegativity of 

the element with which Ca2+ interacts. As Ca2+ interacts with N (χN = 3.04) of the anion 

[N2H3BH3]−, the signal belonging to 2 is expected to appear at lower chemical shift (+58.1 ppm) 

than the signal due to CaH2 (+94.4 ppm; χH = 2.2) and at higher chemical shift than that for e.g. 

CaF2 (−1.4 ppm; χF = 3.98) [37]. These observations support the formation of 2. The presence of 

an additional signal of low intensity at +71.4 ppm, i.e. between the signal ascribed to 2 and that 

of CaH2, cannot be discarded. It may belong to an intermediate species such as HCa(N2H3BH3) 

(Eq. 2).  

 

 

Figure 7. 43Ca MAS NMR spectra of 2 and of CaH2. The chemical shifts of the prominent signals are given. The 

hatched area aims at distinguishing the possible signal at +58.1 ppm in the background noise. 

 

2 was analyzed by FTIR spectroscopy (Figure 8). The spectrum is typical of a compound 

containing N−H, B−H, N−N and B−N bonds. The vibrational modes of N−H are represented by 

the bands at 3500-2500 cm−1 for symmetric and asymmetric stretching, and 1650−1300 cm−1 for 

asymmetric and symmetric wagging. The band at 1334 cm−1 has been assigned to N−N bending 

and that at 100-940 cm−1 for twisting and/or rocking. The vibrational modes of B−H can be seen 
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through the bands at 2500-2100 cm−1 for symmetric and asymmetric stretching, and at 

1300−1100 cm−1 for wagging and/or rocking. The N−N bond is mainly characterized by the band 

present at 1000 cm−1 (stretching). The B−N bond can be seen via the symmetric stretching mode 

at 746 cm−1. Compared to the spectrum of HB [13], the B−H stretching bands of 2 show red 

shifts, indicating weakened B−H bonds. The N−H stretching region is as complex, with bands 

showing blue (2950 cm−1), red (3210 and 3033 cm−1), or negligible (3330, 3268 and 2661 cm−1) 

shifts. This is consistent with cation-induced changes in the electronic densities of the anion 

[N2H3BH3]− [15,38]. 

 

 

Figure 8. FTIR spectra of 2 and 3. The vibration bands have been assigned and the wavenumbers (cm−1) are shown. 

 

3.4. Thermal analysis and dehydrogenation properties of 2 

The gravimetric hydrogen density of pure Ca(HB)2 is 9.3 wt% H. The figure is high enough to 

consider the compound as a possible solid-state hydrogen carrier, provided it is able to release H2 

in mild conditions. Such a potential can be easily assessed by thermal analysis. 

 

2 was analyzed by TG-MS and DSC over the temperature range 50-300°C at which CaH2 is 

thermally stable (Figure 9). The curves can be divided into three distinct parts. (i) The part 

between 50 and about 90°C shows a weight gain of about 1.5 wt%. This is due to a “buoyancy” 

effect associated to the slow evolution of H2 in an argon-filled semi-closed crucible (i.e. an 
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aluminum crucible sealed with a cap having a small hole); this happens when argon (heavier than 

H2) is slowly expulsed from the crucible while lighter H2 forms. The H2 release is slightly 

exothermic as evidenced by the very small hump on the DSC curve over the aforementioned 

temperature range. (ii) The second part of the curves starts from about 90°C and ends at about 

170°C. 2 mainly dehydrogenates. The H2 evolution followed by MS shows a maximum of 

intensity at 133°C. There is a concomitant release of N2. This is in fact typical of MABs [17-22]. 

Volatile (unwanted) by-products like NH3 and N2H4 are also generated. This indicates 

decomposition of 2 to some extent. The DSC curve shows a large exothermic wave, suggesting 

that the overall process is rather complex. (iii) The third part of the curves, starting from about 

170 °C, is characterized by the evolution of H2 only. At 300°C, the weight loss of 2 is 12 wt%, 

which is higher than the gravimetric hydrogen density of Ca(HB)2 by 2.7 wt%, thus consistent 

with the release of N2, NH3 and N2H4 together with H2. 

 

It is interesting to compare the DSC curves of 2 and 1 (Figures 2 and 9). Between about 50 and 

90°C, 1 shows melting (endothermic signal) and evolution (subsequent exothermic signal); 2 

does not evolve (fairly stable over the temperature range). The fact remains that 1 transforms into 

2. Above 90°C, the DSC profiles of 1 and 2 are superimposable, confirming that 1 transformed 

into 2. 

 

2 does not melt. The DSC curve (Figure 9) does not show any endothermic process. We visually 

inspected the sample when heated up to 100°C and it did not show a change of physical state.  

 

Dehydrogenation of B-N-H materials is generally compared at e.g. 200 °C. At such a 

temperature, the weight loss for 2 is 5.3 wt%. By ignoring the release of by-products, one may 

assume the evolution of roughly 3 equiv H2 (out of a maximum of 6). The dehydrogenation 

extent of 2 is lower than that of amidoboranes [11,30,39-41] and hydrazinidoboranes [17,20,22] 

(Table 2). The destabilization effect of Ca2+ is less important than for Li+, Na+ and K+. This is 

confirmed by the FTIR spectrum of the thermolytic residue, denoted 3, forming upon heating 2 

up to 200°C (Figure 8): the B−H and N−H vibration bands are weakened and broadened in 

comparison to those of 2, but they are still relatively high in comparison to those observed for 

polymeric residues formed by extensive dehydrogenation of e.g. AB, like cross-linked 
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polyiminoborane and polyborazylene [42]. Interestingly, comparable thermolytic properties were 

reported for Ca(NH2BH3)2, which liberated about 3.4 equiv H2 up to 200°C [30]. 

 

 

Figure 9. (top) Thermogravimetric analysis of 2, compared to the results obtained for CaH2 and pristine HB; the 

three parts mentioned in the manuscript are delimited by the vertical grey dashed lines; the symbol ♦ in red placed 

on the TG curve of 2 indicates the weight loss at 200°C. (middle) Differential scanning calorimetry analysis of 2, 

compared to that of 1. (bottom) Mass spectrometry analysis of the gas liberated by 2 (with H2 m/z = 2; NH3 m/z = 

17; N2 m/z = 28; N2H4 m/z = 32). 
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Table 2. Comparison of amidoboranes (MAB = MNH2BH3, and M(AB)2 = M(NH2BH3)2) and hydrazinidoboranes (MHB 

= MN2H3BH3, and M(HB)2 = M(N2H3BH3)2), based on their gravimetric H density (ρH in wt%), onset temperature of 

dehydrogenation (Tonset in °C) observed by thermogravimetric analysis, dehydrogenation extent at 200°C  (nH2 per 

mol of anion [NH2BH3]− or N2H3BH3]−), and, in any, the list of the by-products found together with H2. 

Family Compound ρH (wt%) Tonset (°C) nH2/nanion By-products Ref. 

MAB 
LiAB 13.7 ca. 70 1.9 none [39] 
NaAB 9.5 ca. 57 2 none or NH3 a [11,40] 
KAB 7.3 ca. 66 2 none [41] 

M(AB)2 Ca(AB)2 10.1 ca. 75 1.7 b  [30] 

MHB 
LiHB 11.7 ca. 70 2.4 N2, NH3 [17] 
NaHB 8.9 ca. 60 2.6 N2, NH3, N2H4 [20] 
KHB 7.2 ca. 50 3 N2, NH3 [22] 

M(HB)2 Ca(HB)2 9.3 ca. 64 1.5 c N2, NH3, N2H4 Present work 
a There is a contradiction about the purity of H2 in ref. [11] vs. ref. [40]. 
b i.e. 3.4 equiv H2 for 1 equiv Ca(AB)2. 
c i.e. 3 equiv H2 for 1 equiv Ca(HB)2. 

 

The thermolytic residue 3 mentioned above is mostly amorphous (Figure S4). This is typical of 

any dehydrogenated B-N-H materials. Few diffractions peaks of very low intensity can however 

be seen. They are possibly attributed to CaH2. Given that CaH2 in pristine state is stable up to 

300°C (Figure 9), the significant decreases of the CaH2 diffraction peaks from 2 to 3 suggests 

that, between 100 and 200°C, CaH2 would have reacted with the [NH2BH3]− anions. The few 

diffraction peaks may also be interpreted as the occurrence of another minor phase like calcium 

borohydride Ca(BH4)2 [43]. 3 is of complex composition as evidenced by the presence of several 

boron resonances in the 11B MAS NMR spectrum (Figure 6). One highly hydrogenated 

environment with BH4 (−37 ppm) is attributed to in situ formed BH4
−; it may belong to Ca(BH4)2, 

which is known to be stable up to ca. 350 °C. Its formation could rationalize the low 

dehydrogenation extent discussed above. The spectrum also shows NBH3, N2BH2, and/or N2BH 

environments (−18.3 and −9.2 ppm). They are typical of oligomeric/polymeric molecules with 

the structural units [−NH2BH2−] and [−NHBH−], and for which the terminal group is NBH3 [6]. 

At positive chemical shift, there is a first signal at +0.5 ppm. It is ascribed to a BN4 environment 

[44]. Tri-coordinated boron elements with BN3 (+13.8 ppm) and BN2H (+20.1 ppm) 

environments are also distinguished. They are typical of polyborazylene-like compounds [45]. 

Such a complex composition is problematic for the development of an efficient regeneration path. 

 

Little is known about the dehydrogenation and/or decomposition paths of MHB leading to the 

aforementioned polymeric residues. The overall path of dehydrocoupling is complex. For 

example, it has been demonstrated that heteropolar Hδ+⋅⋅⋅Hδ− and homopolar Hδ−⋅⋅⋅Hδ−/Hδ+⋅⋅⋅Hδ+ 
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reactions competitively occur [46,47] resulting in NBH3, N2BH2, N2BH, BN3, BN2H, and BN4 

environments. Otherwise, we may try to clarify the likely presence of Ca(BH4)2 as by-product. 

We hypothesize the formation of [Ca(N2H3)2BH2]+[BH4]− as intermediate by Ca2+-mediated 

hydride transfer from BH3 of one [N2H3BH3]− anion to BH3 of the other anion, the transfer being 

accompanied by a scission of the N−B bond of the latter anion: 

Ca(NH2BH3)2 → (N2H3BH3)Ca−H⋅⋅⋅H−N2H2BH2  

→ [BH4]−[Ca(N2H3)(N2H3BH2)]+ → [Ca(N2H3)2BH2]+[BH4]− (4) 

The formation of such transient Ca−H is based on the metal ion assisted hydride transfer 

mechanism reported for e.g. LiHB [35,48] and Ca(NH2BH3)2 [49]. Dehydrocoupling is suggested 

to take place via a major path and a minor path (where the participation of the remaining CaH2 is 

ignored). For the major path, all of the hydrogens would be likely to participate to H2 evolution, 

such as: 

[Ca(N2H3)2BH2]+[BH4]− → Ca[B2N4H12-2x] + xH2      (5) 

With respect to the minor path, only the (N2H3)2BH2 ligands would be involved: 

2[Ca(N2H3)2BH2]+[BH4]− → Ca[B2N8H16-2y] + Ca(BH4)2 + yH2     (6) 

The entities N2H3, that are twice more concentrated than the BH2 groups, could then explain the 

evolution of N2H4, NH3 and N2 as volatile by-products: 

2N2H3 → 2NH3 + N2          (7) 

2N2H3 → N2H4 + N2 + H2         (8) 

To support these mechanisms, further works, implemented by theoretical calculations, are 

required. Beforehand, it would be preferable to succeed in synthesizing a pure phase of Ca(HB)2. 

 

Hügle et al. [12] demonstrated that the binary mixture LiH-HB is preferable to pristine HB 

owing to faster dehydrogenation kinetics. It is even more attractive than LiHB on the basis 

of the gravimetric hydrogen density (15 and 11.7 wt% H respectively). A similar 

comparison can be made for 1, our binary mixture CaH2-2HB, and pure Ca(HB)2. (i) They 

respectively have a gravimetric hydrogen density of 12.05 and 9.3 wt% H. (ii) 1 is able to 

release H2 from about 40°C [21]: 2 equiv H2 are formed by reaction of the two Hδ− of 

CaH2 with one Hδ+ of each HB molecule. Assuming that both 1 and Ca(HB)2 liberate 3 

equiv H2 from about 100 to 200°C, the H2 release capacity of 1 is then higher, with 5 

equiv H2 (i.e. 7.5 wt% H released). (iii) The weight loss at 200°C determined by TG 

analysis is 15.5 wt% for 1, which supposes an important amount of N2H4 probably due to 
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some unreacted HB. Superior H2 purity could be expected provided that improvements in 

the sample preparation (further optimization of the milling, mixing using a anhydrous 

solvent, etc.) are made. What is clear from this short comparative analysis is that any 

further work should focus on a pure phase of Ca(HB)2 as well as on the binary mixture 

CaH2-2HB.  

 

 

4. Conclusion 

In situ synchrotron thermodiffraction experiments, coupled with DSC analyses, allowed us to 

synthesize the hitherto elusive calcium hydrazinidoborane Ca(N2H3BH3)2. From a binary mixture 

of calcium hydride CaH2 and two equivalents of hydrazine borane N2H4BH3, calcium 

hydrazinidoborane (monoclinic, s.g. Ic) forms above 45°C, especially at around 60°C, the 

temperature at which HB has melted and is liquid. The as-obtained sample is actually a mixture 

of Ca(N2H3BH3)2 as the main phase and some unreacted CaH2. Beyond 70°C, the diffraction 

peaks of Ca(N2H3BH3)2 decay and they cannot be seen above 97°C anymore. This suggests the 

decomposition of the new phase, which was confirmed by thermal analyses. The calcium 

hydrazinidoborane-rich solid dehydrogenates within the temperature range 90-170°C, and some 

decomposition into volatile by-products (N2, NH3 and N2H4) also takes place. In any event, 

Ca(N2H3BH3)2 shows better dehydrogenation properties than the parent N2H4BH3. The 

thermolytic residue obtained at 200°C is typical of any dehydrogenated B-N-H materials: it is 

amorphous and of complex composition. As it stands, Ca(N2H3BH3)2 may be regarded as having 

a potential for hydrogen storage but additional works, notably targeting a pure phase, are 

required. This is all the more important as further efforts might open other opportunities (e.g. 

boron nitride ceramics). 
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