
 

Université catholique de Louvain 

Institute of Condensed Matter and Nanosciences 

Molecular Chemistry, Materials, and Catalysis 

 

 

Synthesis and Dehydrogenation of Novel  

N-substituted Ammonia Borane Derivatives 

 

Dissertation submitted for the Degree of Doctor in Sciences 

by 

Ting Zhang 

 

Supervisors: Prof. Yaroslav Filinchuk 

Prof. Michel Devillers 

 



 

 



Jury Members 

 

I 

 

 

 

 

 

 

 

Members of the Jury 

Prof. Dr. Jean-François Gohy (UCLouvain, President) 

Prof. Dr. Haiwen Li (Hefei General Machinery Research Institute, China) 

Dr. Iurii Dovgaliuk (PSL University, France) 

Prof. Dr. Sophie Hermans (UCLouvain) 

Prof. Dr. Tom Leyssens (UCLouvain) 

Prof. Dr. Michel Devillers (UCLouvain, Supervisor) 

Prof. Dr. Yaroslav Filinchuk (UCLouvain, Supervisor)  



 

II 

 



Acknowledgments 

III 

 

Acknowledgments 

Time has flown by faster than expected, and it is hard to believe that five 

years have passed since I embarked on my Ph.D. journey at UCLouvain. 

Looking back, I can confidently say that these years have been some of the 

best in my life, spent at this esteemed institution. 

During this five-year period, there are many people whom I am 

immensely grateful to. First and foremost, I would like to express my deepest 

appreciation to my supervisors, Prof. Yaroslav Filinchuk and Prof. Michel 

Devillers for their exceptional supervision, guidance, suggestions, 

encouragement, and unwavering enthusiasm during my Ph.D. I am 

particularly indebted to them for their invaluable assistance and valuable 

suggestions in my research work and writing, which have played a crucial role 

in producing this thesis. Without their unwavering support and guidance, this 

thesis would have been an insurmountable challenge. 

I would also like to extend my heartfelt gratitude to the members of my 

Ph.D. supervisory panel, Prof. Jean-François Gohy and Prof. Tom Leyssens, 

for their suggestions and great feedback to enhance the quality of my research. 

I would like to express my sincere thanks to all the jury members of my Ph.D. 

defense, Prof. Jean-François Gohy, Prof. Sophie Hermans, Prof. Tom 

Leyssens, Prof. Haiwen Li, and Dr. Iurii Dovgaliuk. Their willingness to serve 

on my Ph.D. defense jury and their dedicated efforts in carefully reviewing this 

thesis are deeply appreciated. I am truly grateful for their kindness, patience, 

and invaluable advice, which has greatly contributed to the improvement of 

both me and this thesis. 

I am also indebted to Dr. Koen Robeyns, Dr. François Devred, and Dr. 

Jean-François Statsyns for their invaluable assistance in high-resolution 

powder X-ray diffraction measurements, thermal gravimetric analysis, and 

mass spectrometry, respectively. My heartfelt thanks go to all my colleagues, 

Anne-Christine Baudouin, Marie Claire Umutoni, Céline Brochier, Timothy 

Steenhaut, Xiao Li, Igor Golub, Jian Wang, Yuqin Fan, Robin Crits, Iago Maye, 

Fang Xia, Guillaume Esser, Guillaume Wéry, Camila Caro Garrido, Ting Wen, 



Acknowledgments 

 

IV 

 

Inna Kozak, Carole Body, and Joséphine de Meester. Their support, 

collaboration, and camaraderie have made my Ph.D. journey all the more 

enriching and enjoyable. 

Furthermore, I would like to express my warm and special 

acknowledgment to my family and friends for their unwavering understanding, 

encouragement, and support throughout these five years. Their belief in me 

and their constant presence have provided me with the strength and 

motivation to embrace the challenges of my Ph.D. studies and enjoy a fulfilling 

work-life balance. 

Last but not least, I would like to extend my gratitude to the China 

Scholarship Council (CSC) for awarding me the scholarship that made it 

possible for me to study in Belgium and pursue this Ph.D. I am also thankful 

to UCLouvain for their co-funding, which has further supported my academic 

journey. 

With profound appreciation and heartfelt thanks to all, I sincerely 

acknowledge your significant contributions to my Ph.D. success. 

 



Author’s Contribution 

V 

 

Author’s Contribution 

The author and the supervisors Prof. Yaroslav Filinchuk and Prof. Michel 

Devillers have designed this project. 

The author carried out the experiments, recorded the analytical data and 

interpreted the results that are presented in this thesis with the following 

exceptions: 

Thermogravimetric analysis (TGA) were recorded by Dr. Xiao Li (Hefei 

General Machinery Research Institute, China), Dr. Timothy Steenhaut 

(UCLouvain), and Dr. Jean-François Statsyns (UCLouvain). 

Mass spectrometry were recorded and analyzed by Dr. François Devred 

(UCLouvain) and Dr. Xiao Li (Hefei General Machinery Research Institute, 

China). 

High-resolution powder X-ray diffraction (PXRD) was recorded by Dr. 

Koen Robeyns (UCLouvain). 

All the crystal structures in this work were determined by Prof. Yaroslav 

Filinchuk (UCLouvain) together with the author. 

  



 

VI 

 

 



List of Abbreviations 

VII 

 

List of abbreviations 

˚: Degree 

˚C: Celsius degree 

K: Kelvin 

T: Temperature 

t: Time 

h: Hour(s) 

s: Second(s) 

min: Minute 

d: Distance 

rt: Room temperature 

a.u.: Arbitrary unit(s) 

α: Alpha 

β: Belta 

γ: Gamma 

δ: Delta 

ζ: Zeta 

λ: Lambda 

Å: ångström 

Θ: Theta 

Rp: Profile Factor 

Rwp: Weighted Profile Factor 

Rexp: Expected Weighted Profile Factor 

χ2: Reduced chi-square  

wt.%: Weight percent 

~: Approximate 

>: More than 

<: Less than 

1st: First 

2rd: Second 

l: Liquid state 



List of Abbreviations 

VIII 

 

s: Solid state 

HT: High temperature 

LT: Light temperature 

Temp.: temperature 

1D: One-dimensional 

2D: Two-dimensional 

3D: Three-dimensional 

QGA: Quantitative gas analyser 

NMR: Nuclear magnetic resonance 

MS: Mass spectrometry 

PXRD: Powder X-ray diffraction 

HR-PXRD: High-resolution powder X-ray diffraction 

SR-PXRD: Synchrotron radiation powder X-ray diffraction 

TGA: Thermalgravimetric analysis 

DSC: Differential scanning calorimetry 

ATR: Attenuated total reflectance 

IR: Infrared radiation 

FTIR: Fourier-transform infrared spectroscopy 

TPD: Temperature programmed desorption 

ESRF: European Synchrotron Radiation Facility in Grenoble 

SNBL: Swiss-Norwegian Beamlines at the ESRF 

M: Metal 

MH: Metal hydrides 

M(AlH4)n: Metal alanates 

M(NH2)n: Metal amides 

M(BH4)n: Metal borohydrides 

MABs: Metal amidoboranes 

M(NH2BH3)n: Mono-metallic amidoboranes 

M1[M2(NH2BH3)n]: Bi-metallic amidoboranes  

[B3N2]-: [BH3NH2BH2NH2BH3]- 

AB: Ammonia borane 

MeAB: Methylamine borane 

EDAB: Ethane-1,2-diamineborane 

DETAB: Diethylenetriamine-borane 

TETAB: Triethylenetetramine-borane 



List of Abbreviations 

IX 

 

TEPAB: Tetraethylenepentamine-borane 

1,2-TMDAB: 1,2-di-aminopropane-borane 

1,2/1,3-TMDAB: 1,3-di-aminopropane-borane 

NaEDAB: NaBH3NHCH2CH2NH2BH3  

RHCs: Reactive hydride composites 

VB: 2,8,9-triisobutyl-2,5,8,9-tetraaza-1-phosphabicyclo [3.3.3] undecane 

Me: Methyl group 

[Et4N]: Tetraethylammonium cation 

[Bu4N]: Tetrabutylammonium cation 

[C(N3H6)]: Guanidinium cation 

[C(N3H5CH3)]: methylguanidinium cation 

NaN(SiMe3)2: Sodium bis(trimethylsilyl)amide 

M[Al{OC(CF3)3}4]: metal perfluorinated tetraalkoxyaluminate 

Na[B3(MeN)2]: Na[BH3(CH3NH)BH2(CH3NH)BH3] 

THF: Tetrahydrofuran 

DSMO: Dimethylsulfoxide 

MOFs: Metal organic frameworks 

COFs: Covalent organic frameworks 

DFT: Density functional theory 

 



List of Abbreviations 

X 

 



Abstract 

 

XI 

 

Abstract 

Hydrogen is considered one of the most promising alternatives to fossil 

fuels as an energy carrier due to its high energy density and environmental 

friendliness and sustainability. However, a significant obstacle to the 

widespread application of hydrogen is the lack of a compact, safe, and cost-

effective storage method. Solid hydrogen storage is regarded as a long-term 

solution among various hydrogen storage methods. Solid materials based on 

chemical sorption include interstitial hydrides, metal hydrides, complex 

hydrides, chemical hydrides, and reactive hydride composites, all of them 

have garnered significant attention due to their higher hydrogen content. 

Nevertheless, these solid materials possess both advantages and limitations 

for hydrogen storage. Regarding this thesis, the primary focus was on 

developing solid materials based on ammonia borane derivatives for hydrogen 

storage. This work is divided into two different but complementary approaches: 

1) synthesis of ammonia borane derivatives solid materials for optimizing 

hydrogen storage properties by introducing functional groups on the nitrogen 

atoms, 2) understanding the relationship between material structure and 

hydrogen storage properties to establish new design principles of hydrogen 

storage materials. 

In this thesis, the properties of ammonia borane derivatives were fine-

tuned by introducing -CH3 and -CH2CH2- groups. A series of corresponding 

metallic complexes were synthesized through the optimized 

mechanochemical or solution syntheses, as discussed in Chapters 3-6. 

Chapter 3 and 5 focus on synthesis and hydrogen storage properties of 

compounds containing -CH3 and -CH2CH2- substituent on nitrogen atoms of 

the parent compound, Na[BH3NH2BH2NH2BH3]. These substitutions 

effectively suppress the release of by-products such as NH3, B2H6, and other 

large fragments. Consequently, these modifications significantly enhance the 

production of pure hydrogen. Notably, the derivative with -CH2CH2- releases 

approximately 7.4 wt.% of pure hydrogen below 260°C. However, the impact 

of substitution with -CH3 and -CH2CH2- on the nitrogen atoms in 
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Na[Al(NH2BH3)4] on hydrogen storage properties is slightly different, as 

explored in Chapters 4 and 6. Na[Al(CH3NHBH3)4] exhibits significant mass 

loss upon heating. These results indicate the substituents on ammonia borane 

derivatives and the structure of metallic complexes, including all the specific 

network of intermolecular interactions, define together the hydrogen storage 

properties. This cooperative effect is also illustrated in Chapter 6, where the 

derivatives Li[Al(BH3NHCH2CH2NHBH3)2] and Na[Al(BH3NHCH2CH2NHBH3)2] 

featuring -CH2CH2- substitutions, exhibit high ability to suppress the release 

of ammonia, diborane, and ethylenediamine. Specifically, 

Li[Al(BH3NHCH2CH2NHBH3)2] releases about 6.6 wt.% pure hydrogen below 

280°C. 

As with any complex materials, the optimization of ammonia borane 

derivatives for hydrogen storage inherently demands systematic control over 

multiple factors, encompassing the substitution patterns on ammonia borane, 

the choice of metal, and the intermolecular interactions. Our findings, however, 

unequivocally demonstrate that the introduction of -CH3 and -CH2CH2- groups 

onto nitrogen atoms of ammonia borane derivatives positively impacts 

hydrogen storage performance. This substitution helps to suppress the 

release of unwanted by-products such as NH3 and B2H6. Therefore, the 

incorporation of alkyl-groups and the electron donating groups onto nitrogen 

atoms of NH3BH3 emerges as a promising strategy for optimizing the 

hydrogen storage properties of amidoboranes and their metal complexes. 
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Chapter 1  

Introduction 

1.1 Hydrogen: a promising energy carrier 

The continued growth of the world population and economy, coupled with 

rapid urbanization, as well as the increasing standard of lifestyle have resulted 

in a rapidly increasing demand for energy. 1-3 However, the non-renewable 

fossil fuels such as coal, oil and natural gas are depleted and limited by 

geographical distribution. It was speculated that current fossil fuels servers 

can support a maximum of 40 years for oil, 60 years for natural gas and 200 

years for coal if the world continues to consume fossil fuels at 2006 rates.4 

The development of alternative fuels is an urgent need to cope with the future 

energy demand when those classic fossil fuels become unavailable. In 

addition, the classic fossil fuels have an adverse effect on the environment as 

they release plenty of CO2 when burned, which is causing greenhouse effect, 

climate change and global negative consequences.5 Therefore, clean, 

renewable, sustainable energy sources are being actively searched for. The 

intermittent nature of renewable energies requires to find solutions for storage 

in a much large scale than for the currently used fossil-based model, which is 

capable to quickly satisfy demand, for example by burning natural gas. 

Hydrogen is the most abundant element in the universe, and hydrogen 

molecule is the lightest colorless, odorless, flammable gas. Importantly, it has 

much higher energy content than that of most fuels (Table 1.1).6 Unlike oil, 

natural gas and coal, hydrogen is environmentally friendly since water is the 

only exhaust product during conversion to energy. In addition, hydrogen can 

be generated from renewable sources such as hydro, wind, wave, solar, 

biomass and geothermal energy sources. For these reasons, hydrogen is 

considered as a key solution to the current prevailing energy challenge and 

planet-warming which threatens to cripple energy security and environmental 

safety worldwide. 
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Table 1.1 Comparison of some selected energy contents of fuels.6 

 Energy contents [MJ/kg] 

Fuel Lower 

heating value 

Higher 

heating value 

Gaseous hydrogen 119.96 141.88 

Liquid hydrogen 120.04 141.77 

Natural gas  47.13 52.21 

Liquefied natural gas 46.6 50.14 

Conventional gasoline 43.44 46.52 

Reformulated or low-Sulfur gasoline 42.35 45.42 

Conventional diesel 42.78 45.76 

Low-Sulfur diesel 42.6 45.56 

Coal (wet basis) 22.73 23.96 

Bituminous coal (wet basis) 26.12 27.26 

Coking coal (wet basis) 28.6 29.86 

Methanol  20.09 22.88 

Ethanol 26.95 29.84 

1.2 Solid-state hydrogen storage systems  

The development of hydrogen economy includes hydrogen production, 

hydrogen storage and hydrogen use. Currently, the main obstacle in its wide 

applications is the lack of methods to store hydrogen in a compact, safe, and 

cost-effective manner, due to its poor energy density by volume (0.0108 

MJ/L)7 under normal pressure and temperature condition. At present, 

compressed H2 gas (30-70 MPa) and liquid hydrogen (20 K) are the currently 

accepted solutions, but solid-state hydrogen storage appears to be an 

interesting mid- and long-term alternative (Figure 1.1). 

 

Figure 1.1 Compressed hydrogen vs. materials-based hydrogen storage.2 
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In solid-state storage systems, hydrogen is stored either by physisorption 

or chemisorption (Figure 1.3).2, 6, 8 In physisorption, hydrogen does not 

dissociate, but binds to the surface of the materials by van der Waals 

interactions. This interaction is very weak, which makes the process of 

physisorption fast and reversible. Generally, these weak interactions occur in 

carbon materials9, 10, zeolites11, carbon nanotubes, on graphene12, in metal 

organic frameworks (MOFs)13-15 and covalent organic frameworks (COFs)16. 

Although many of the physisorption based materials have acceptable 

hydrogen storage capacities at cryogenic temperatures (77 K) and high 

pressures, their capacities drop to below 1 wt.% at ambient temperature and 

pressure in the range of 50-100 bar. 

In chemisorption, hydrogen molecules are first dissociated on the surface 

and then migrate and form chemical bonds with metals/alloys. The hydrogen 

storage properties are widely characterized by the Pressure-Composition-

Isotherm (PCI) curve, which includes three regions, as shown in Figure 1.2. 

The amount of absorbed hydrogen is measured with the hydrogen pressure 

increment at a given temperature. The hydrogen concentration increases with 

hydrogen pressure before it reaches the plateau pressure, appearing as a 

slope at the left side of plateau. At this region, the hydrogen concentration is 

relatively low and hydrogen atoms dissolve into the sublattice of metal/alloy to 

form a solid solution (α-phase). At higher hydrogen pressures, the hydride 

phase (β-phase) begins to form. The hydrogen concentration increases within 

the constant pressure region (plateau region), where the saturated α-phase is 

converted into the β-phase. The temperature-dependent plateau pressure 

represents the equilibrium dissociation pressure of the hydride (β-phase), 

serving as a measure of the hydride's stability. In other words, increasing the 

plateau pressure at a given temperature, in accordance with the van't Hoff 

equation, can reduce the thermodynamic stability of the hydride.  

 

1

2
ln (

𝑃𝑇
𝑃0

) =
Δ𝐻

𝑅𝑇
−
Δ𝑆

𝑅
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Figure 1.2 PCT curve (left) and van’t Hoff plot (right).19 

Compared with physisorption, materials based on chemisorption have 

high gravimetric storage capacities for hydrogen, but poor kinetics of 

dehydrogenation and high temperature required to release hydrogen. For 

instance, MgH2 possesses 7.7 wt.% hydrogen but requires a temperature of 

about 300 °C. Each method has its cons and pros. To enable hydrogen to be 

stored in a solid-state materials-based system at ambient temperature with 

acceptable storage density, different strategies have been investigated and 

evaluated. For porous materials-based physisorption systems, research is 

focused on improving hydrogen storage capacities at closer to ambient 

temperatures. For metal/chemical hydrides-based chemisorption systems, 

research is focused on improving kinetics and thermodynamics of the 

investigated materials as well as developing new materials and catalysts that 

will enable the achievement of high storage capacities at significantly lower 

temperatures.  

 

Figure 1.3 Classification of solid-state hydrogen storage systems. 
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1.3 Interstitial Hydrides as chemisorption hydrogen storage 

materials 

Interstitial hydrides6, 17-19 (also called hydrogen storage alloys) are 

composed of the hydride easily forming metals A (typically rare-earth or 

alkaline earth metal e.g., Ca, Ti, Y, Zr, Hf, La, Ce, etc.) and the non-hydride 

forming metals B (typically a transition metal ex. Cr, Mn, Fe). Unlike the 

covalent and/or ionic bond in the complex/chemical hydrides, in interstitial 

hydrides, hydrogen forms an alloy structure (but often with a significant 

contribution of covalent or ionic nature of metal-hydrogen interaction) with 

metal atoms by occupying the interstitial spaces of tetrahedral and/or 

octahedral sites in sublattice of interstitial hydrides. This makes the interstitial 

hydrides have lower hydrogen desorption temperature and faster kinetics 

compared to chemical/complex hydrides. Furthermore, the hydrogenation and 

de-hydrogenation processes of interstitial hydrides mainly depend on the 

dissociation and recombination on the surface and diffusion in the bulk of 

hydrogen atoms, whereas the metallic structure does not change significantly, 

which makes the interstitial hydrides have better cycling behavior than that of 

complex/chemical hydrides. 

LaNi5H6 is one of the most studied interstitial hydrides for hydrogen 

storage. It can reversibly store 1.4 wt.% of hydrogen at room temperature.20 

AB2 alloys, such as TiCr2, TiMn1.5, ZrCr2, ZrMn2 and ZrV2, absorb more 

hydrogen than LaNi5, and the maximum hydrogen capacity reaches 1.9 wt.% 

of hydrogen in TiMn1.5.19 BCC (body centered cubic structure) alloy like 

Ti0.22Cr0.39V0.39 (Ti-Cr-V) absorbs and desorbs 2.2 wt.% of hydrogen at 296 

K.21 The limited gravimetric capacity and high cost of these materials hinder 

their widespread use in large-scale hydrogen storage applications. 

1.4 Magnesium hydride (MgH2) as chemisorption hydrogen 

storage material 

MgH2 attracted significant attention for hydrogen storage due to rich 

resources of magnesium, thus its low price, and high hydrogen storage 

capacity of its hydride (7.7 wt.%) and good reversibility. The de-hydrogenation 

of MgH2 occurs slowly at 300–400 °C under atmospheric pressure, re-
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hydrogenation can be achieved under over 3 MPa hydrogen pressure also at 

rather high temperatures of 300–400 °C. The high thermodynamic stability 

and sluggish dehydrogenation kinetics limit the further development of MgH2.  

To address these issues, various strategies have been explored to reduce 

thermodynamic stability and enhance the dehydrogenation kinetics of MgH2:23 

1). Catalyst doping: The introduction of catalysts, such as coating Mg with 

different transition metals (e.g., Ti, Nb, V, Co, Mo, or Ni) at the nanoscale to 

create a core-shell structure (Mg-TM)22, was proven effective. Catalysts 

provide active sites for hydrogen absorption and desorption reactions, 

significantly accelerating these processes. This approach is the simplest and 

most effective way to improve kinetic performance. 2). Nano-engineering: 

Reducing the crystal grain size to the nanoscale promotes the Mg-H bond 

interaction process, disrupts the stability of the Mg-H bond and enhances 

thermodynamic performance of MgH2. Additionally, numerous boundaries of 

nanostructures components can also accelerate the rate of hydrogen 

absorption and dehydrogenation thus enhancing the de/re-hydrogenation 

kinetics of MgH2. 3). Metastable alloys Preparation: The high thermal stability 

of MgH2 is mainly due to the strong Mg-H bond. Introducing other metal 

elements to replace some of the magnesium in MgH2 to form Mg-M-H 

compounds (where 'M' represents other metals) can reduce the stability of the 

M-H bond, lower the reaction enthalpy of the compound, and enhance the 

thermodynamic properties of Mg-based hydrogen storage materials. This can 

lead to reductions in hydrogen absorption and dehydrogenation temperatures. 

For instance, Mg2Ni had a reversible hydrogen storage capacity of 2.8 wt.%, 

and the enthalpy dropped from 75 kJ/mol to 64 kJ/mol;24 4). Composite 

Formation: Creating composites with light metal complexes like LiBH4, LiAlH4, 

and other metal hydrides (see sections 1.5.2, 1.5.3 and 1.6) can alter the 

reaction pathway. For example, the interface area between MgH2 and LiBH4 

plays a key role in the nucleation and growth of LiH and MgB2, affecting the 

dehydrogenation kinetics of MgH2+0.5 LiBH4 mixture and the storage capacity 

of H2. However, the complexity of the reaction process, involving multiple 

steps and potential formation of irreversible substances, poses challenges 

and requires a detailed study of the hydrogen absorption and desorption 

mechanisms in composite systems. These approaches represent key 

strategies for mitigating the challenges associated with MgH2 as a hydrogen 
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storage material. 

1.5 Complex/chemical hydrides as chemisorption hydrogen 

storage materials 

In contrast to interstitial hydrides, in complex/chemical hydrides, 

hydrogen is covalently bonded to central atoms. It includes a number of 

materials groups, such as metal alanates (M(AlH4)n), metal amides (M(NH2)n), 

metal borohydrides (M(BH4)n) and B-N-H compounds. Most of the 

complex/chemical hydrides are comprised of light elements and thus possess 

higher hydrogen capacity than all the above-mentioned ways of storage, 

which also attracted considerable attention to re-valuate or improve the 

hydrogen storage properties of the known complex hydrides or to synthesize 

the new ones. In this section, we will mainly introduce the hydrogen storage 

properties, as well as the synthesis and structure, of light metal alanates, light 

metal borohydrides and B-N-H compounds, all owing to their high hydrogen 

content and promising hydrogen storage performance. 

1.5.1 Metal alanates 

Metal alanates are also called metal aluminum hydrides, in which 

hydrogen is covalently bound to aluminum forming complex anions [AlH4]- or 

[AlH6]3-. The known metal alanates include alkali, alkaline earth, rare earth and 

even transition metals aluminum hydrides, as shown in Figure 1.4. In this 

section, the general synthesis procedures, structure, thermodynamics, and 

hydrogen storage capacity of the alanates of Li, Na, K, Mg, Ca are mainly 

introduced, due to their high hydrogen content and mild hydrogen storage 

conditions. Additionally, double cation alanates are also presented and 

discussed. 
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Figure 1.4 “Periodic table” of metal alanates, with hydrogen content in 

wt.%.25-38 
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1) Tetrahedrally coordinated aluminum-based metal hydrides 

Li, Na, K, Mg and Ca alanates with high hydrogen content (>5.5 wt.%) 

reveal that Al is tetrahedrally coordinated. In these complexes, aluminum is 

covalently bonded to four hydrogen atoms (Figure 1.5), and more 

electropositive metals counterbalance the charge of the complex anion, while 

having different coordination numbers. To obtain a more precise hydrogen 

position and bond length between Al and H, and M and H, powder neutron 

diffraction data were used to determine the structure of almost all metal 

alanates using M(AlD4)n instead of M(AlH4)n. 

LiAlH4 and NaAlH4 are commercially available, which favors the synthesis 

of other metal alanates by metathesis reaction between LiAlH4/NaAlH4 and 

metal halides in organic solvents. The structures of LiAlH4 include α-26, β- and 

γ-LiAlH4
27 polymorphs. The high-pressure phases have higher hydrogen 

density, however the high transition pressures of these two phases (26-71.5 

kbar for α-LiAlH4 to β-LiAlH4, 338 kbar for β-LiAlH4 to γ-LiAlH4), limit the 

application in hydrogen storage. Here we mainly describe the structure of α-

LiAlH4 (LiAlD4). The structure of α-LiAlD4 was determined by powder neutron 

diffraction and this compound is found to crystallize in the space group P21/c. 

The Al-D distances average 1.616 Å at 295 K. The Li-D distances range from 

1.831 to 1.978 Å at 295 K and from 1.841 to 1.978 Å at 8 K (see Table 1.2). 

NaAlH4 crystallizes in a tetragonal unit cell with space group I41/a.28 In NaAlH4, 

the central Al3+ ions are tetrahedrally coordinated by four H and the Na atoms 

are surrounded by eight H-atoms from [AlH4]- tetrahedra in a distorted square 

antiprismatic geometry. The Al-D distances were found to be 1.626 and 1.627 

Å at 8 and 295 K, respectively based on the powder neutron diffraction data 

at 8 K and 295 K. And the Na-D bond distances were nearly equal, 2.403 and 

2.405 Å at 8 K and 2.431 and 2.439 Å at 295 K.39 
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Figure 1.5 Crystal structure of Li, Na, K, Mg and Ca alanates.25-30,41 

KAlH4 can be prepared through one-step synthesis in organic solvents or 

directly in a powder form using KH and Al under high hydrogen pressure and 

temperature of 543 K. Like Li/NaAlD4, neutron diffraction experiments at 8 K 

and 295 K were used to determine the structure of KAlD4. KAlD4 has a BaSO4-

type structure with space group Pnma. The structure (Figure 1.5) consists of 

isolated [AlD4]- tetrahedra in which potassium atoms are surrounded by seven 

of the tetrahedra (ten D atoms in total). The average Al-D distance is 1.631 Å 

at 8 K and 1.618 Å at 295 K. The minimum Al-Al distance between the 

tetrahedra is 4.052 Å at 295 K. The shortest K-D distance is 2.596 Å at 295 K 

(larger than the Na-D distance in NaAlD4 and the Li-D distance in LiAlD4).  

Many different synthetic methods were proposed to obtain Mg(AlH4)2. 

Among them, the synthesis method of Fichtner and Fuhr40 based on the 

metathesis reaction between NaAlH4 and MgCl2 was mainly followed because 

the pure Mg(AlH4)2 could be obtained. The crystal structure of Mg(AlH4)2 is 

trigonal with space group P3m1. The tetrahedral [AlH4]- groups are 

coordinated to Mg atoms in a distorted octahedral geometry, giving a sheet-

like structure along the crystallographic c-axis. The Al-H distances range from 

1.606 to 1.634 Å at 8 K and from 1.561 to 1.672 Å at 295 K. These distances 

are in the same range as those found for lithium, sodium, and potassium 

alanates. 

As with Mg(AlH4)2, Ca(AlH4)2 can be synthesized through the metathesis 

reaction between NaAlH4 or LiAlH4 and CaCl2 in an organic solvent or by 
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mechanical milling. The latter is nowadays popular due to the complicated 

purification aiming to avoid a decomposition of the alanate obtained by a 

solution method. The structure of Ca(AlD4)2
41 takes an orthorhombic Ca(BF4)2-

type structure in the space group Pbca. The Ca atom is surrounded by eight 

D atoms in a distorted square antiprism with Ca–D distances of 2.199–2.333 

Å such that each corner in the square antiprism is shared by one AlD4 

tetrahedron. The AlD4 tetrahedra (Figure 1.5) in Ca(AlD4)2 are formed from 

two crystallographically different Al atoms (Al1 and Al2) with Al–D distances 

between 1.598 and 1.639 Å and D–Al–D angles in the range 104.5(8)–

115.4(7)◦. Although the AlD4 tetrahedra are slightly distorted, the Al–D 

distances are similar to other alanates. 

Table 1.2 Parameters of LiAlH4, NaAlH4, KAlH4, Mg(AlH4)2 and Ca(AlH4)2.39, 

42 

Compound Space 

group 

Al-D length (average) Å 

at 295 K and 8 K 

M-D distance Å at 295 K 

and 8 K 

α-LiAlH4 P21/c 1.616 1.622 1.831-1.978 1.841-

1.978 

NaAlH4 I41/a 1.626 1.627 2.431-2.439 2.403-

2.405 

KAlH4 Pnma 1.618 1.631 2.596-3.182 2.627-

3.137 

Mg(AlH4)2 P3m1 1.617 1.620 1.833 1.870 

Ca(AlH4)2 Pbca 1.603/1.620 (room 

temperature) 

2.199-2.34 (room 

temperature) 

The thermal dehydrogenation of LiAlH4 goes through three steps and one 

phase transition at 160-177 ˚C before the first thermal dehydrogenation event. 

The three thermal decomposition reactions occur as shown in Table 1.3 The 

first dehydrogenation process was determined to be exothermic at 187-218 

˚C, which makes the re-hydrogenation nonspontaneous under all conditions. 

A second dehydrogenation reaction was observed to occur at 228-282 ˚C and 

to be endothermic. The two processes provide for a hydrogen release of 7.9 

wt.%. The dehydrogenation on the third step occurs in the range of 370-483 

˚C, which is beyond any practical hydrogen storage operational temperature. 

It was found that ball milling and the use of additives like TiCl3, VCl3, etc43 can 

enhance the hydrogenation kinetics of LiAlH4. For instance, LiAlH4 could be 

transformed into Li3AlH6 and Al at room temperature upon the addition of 3 
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mol % TiCl4 upon 5 min of mechanical milling44; the addition of a few mole 

percent VCl3 can also reduce the thermal decomposition temperature of 

LiAlH4 by 60 °C43; and the doped Li3AlH6 with 2 mol % TiCl3 can convert to LiH 

and Al at temperatures as low as 100 °C.45 

The thermal decomposition of undoped NaAlH4 goes through several 

steps, like LiAlH4 (Table 1.3).46 NaAlH4 transforms to Na3AlH6 at 185–230 ˚C 

and releases about 3.7 wt.% of hydrogen. Further elimination of hydrogen 

(~1.9 wt.%) to give Al and NaH occurs at ~260 ˚C. And the dehydrogenation 

of NaH occurs only at temperatures over 400 ̊ C, which is too high for technical 

applications.47 Besides the thermal decomposition of the hydride also involves 

the melting of NaAlH4 at about 183 ˚C and the conversion of pseudo-cubic α-

Na3AlH6 to face-centered cubic β-Na3AlH6 (Table 1.3).42 

It was found that the activation energies for the first two steps 

transforming NaAlH4 first to Na3AlH6 and then to Al are 118 and 124 kJ/mol 

H2
48, respectively. And the formation of Na3AlH6 from NaAlH4 takes place in 3 

h at 210–220 ˚C, while to obtain an appreciable speed for the dissociation of 

the newly formed compound, temperatures higher than 250 ˚C are required.49, 

50 Concerning the re-hydrogenation, a complete conversion from NaH and Al 

to NaAlH4 was achieved in 3 h under 175 bar of hydrogen pressure at 270 

˚C.51 Considering the practical application these two steps are too slow and 

require rather high temperatures. To enhance the hydrogen storage 

performance of NaAlH4, various types of catalysts have been used. In 

summary, the catalysts not only enhance the de-/re-hydrogenation kinetics 

and cycling performances of NaAlH4 but also reduce the activation energies 

of the composite sample compared to undoped NaAlH4. For instance, to 

enhance the dehydrogenation kinetics, the system of NaAlH4 + 7 mol% Ti52 

desorbs a large amount of hydrogen, with a total capacity of ~3.5 wt.% in 180 

min, whereas undoped NaAlH4 only desorbed a small amount of hydrogen 

(0.25 wt.%); the CeB6-doped NaAlH4
53 sample absorbs around 4.9 wt.% of 

hydrogen within 20 min at 120 ˚C. After 15 cycles, the doped sample still 

exhibited a high H-capacity of 4.5 wt.%, with ultrafast kinetics. To enhance the 

cyclability of the de- and re-hydrogenation of NaAlH4, Srivinisan et al.54 and 

Sun et al55 found that a Ti(OBun)4-doped sample revealed good cyclability. The 

Ti-doped NaAlH4 sample maintained a high hydrogen capacity of 4.0 wt.% for 

the first two dehydrogenation steps after completing the 40th cycle, showing 
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remarkable reproducibility. This outcome was in good agreement with the 

study of Sun and co-workers. They found that the initial capacity of the sample 

was 3.6 wt.%, and after completing the 100th cycle, the hydrogen capacity 

only decreased slightly to 3.0 wt.% without showing degradation trends after 

completing the 100th cycle, which showed that only a small degradation 

occurred. The reduction of the activation energy resulted in lower temperature 

for the release of hydrogen. For instance, 7 mol % MnFe2O4-doped NaAlH4
56 

sample significantly reduced the temperatures of the desorption steps to 95 

˚C, 152 ̊ C and 327 ̊ C, which are lower by 84 ̊ C, 88 ̊ C and 84 ̊ C, respectively, 

compared to the undoped NaAlH4 in the three-decomposition step process. In 

addition, the activation energies of the NbF5-NaAlH4
57 sample were 88.2 and 

102.9 kJ/mol, which are lower than for the pristine NaAlH4, showing a 

significant reduction of the kinetic barriers. From the temperature programmed 

desorption (TPD) data, the NbF5-doped sample showed a reduction of 71 ˚C 

for the first two dehydrogenation steps compared to the pristine NaAlH4. The 

pristine NaAlH4 started to decompose over 200 ˚C, the dehydrogenation 

process was completed at around 300 ˚C, and the NbF5-doped sample 

decomposed at around 120 ˚C and completed at around 229 ˚C. 

KAlH4 has an acceptable total hydrogen content of 5.8 wt.% and a 

reversible hydrogen storage capacity of 4.3 wt.% without catalysts addition 

over a temperature range 250–340 °C under <10 bar of hydrogen. Morioka et 

al.58 proposed the dehydrogenation mechanism as the equations in Table 1.3, 

based on the temperature programmed desorption (TPD) analyses. The 

addition of TiCl3, or salts, such as NaCl and LiCl were able to modify the 

reaction kinetics.59 

In contrast to Li, Na, K alanates, the dehydrogenation of Mg(AlH4)2
60 

(Table 1.3) showed that the [AlH6]3- as an intermediate phase did not form but 

transformed directly into MgH2 at about 163 °C during the first step. And the 

obtained MgH2 undergoes further dehydrogenation at 287 °C to produce 

magnesium metal that will react with aluminum at 400 °C to give Al3Mg2. It 

was found that the dehydrogenation temperature can be reduced by additional 

milling,61 the addition of materials,62, 63 such as TiF4, TiF3, and Ti, or the 

reduction of particle size.64 The re-hydrogenation is partially achieved by the 

formation of MgH2 instead of Mg(AlH4)2. 

Ca(AlH4)2 has a total hydrogen content of 7.9 wt.%. This is not the same 
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result for the thermal decomposition of Ca(AlH4)2 samples because there is 

always a by-product mixed with Ca(AlH4)2 obtained by the currently used 

synthesis methods. Weidenthaler and co-workers found that Ca(AlH4)2 

complete decomposition occurs in four steps as shown below (Table 1.3) and 

the first two steps liberate 5.2–5.9 wt.% of hydrogen of the theoretical 7.2 wt.% 

for Ca(AlH4)2 + 2NaCl system.65 Adding TiF3 decreased the decomposition 

temperature for the first two-step decomposition reactions to 116 °C and 

218 °C respectively, and activation energy for the second step decreases to 

96 kJ/mol.66 

Table. 1.3 The thermal dehydrogenation of LiAlH4, NaAlH4, KAlH4, Mg(AlH4)2 

and Ca(AlH4)2 (all the reactions occurred under inert atmosphere). 

Compound 

(hydrogen 

content) 

Reaction 

LiAlH4  

(10.6 wt.%) 

 

 

 

 

NaAlH4 

(7.5 wt.%) 

 

 

 

 

 

KAlH4 

(5.8 wt.%) 

 

 

 

Mg(AlH4)2 

(9.3 wt.%) 

 

 

 

Ca(AlH4)2  

(7.9 wt.%) 
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The bi-metallic alanates also show tetrahedral coordinated Al, as for 

instance in LiMg(AlH4)3 and LiCa(AlH4)3. As in the mono-metallic alanates, 

aluminum is covalently bound to four hydrogen atoms, and Li and Mg/Ca 

counterbalance the charge of the anion [AlH4]- (Figure 1.6). LiMg(AlH4)3 and 

LiCa(AlH4)3 can be produced by the metathesis reaction between LiAlH4 and 

MgCl2/CaCl2. 

 

Figure 1.6 Crystal structures of LiMg(AlD4)3 and LiCa(AlH4)3.31,32 

The LiMg(AlH4)3 has a hydrogen content of 9.7 wt.%. And its thermal 

decomposition occurs at 100-130 °C for the first step and at 150-180 °C for 

the second step. The addition of graphitic nanofibers can reduce the 

dehydrogenation temperatures. LiCa(AlH4)3 is an attractive hydrogen storage 

material too due to its high hydrogen content of 8.6 wt.%. LiCa(AlH4)3 (plus 

LiCl) starts decomposing at 120 °C and ends at about 180 °C. It was proposed 

that LiCaAlH6 forms in the first de-hydrogenation step and converts to Al, CaH2, 

and LiH in the second de-hydrogenation step. These two steps released 6 wt.% 

of hydrogen and there is no information regarding possible re-hydrogenation 

found. 

2) Octahedrally coordinated aluminum in metal hydrides  

The metal alanates showing six-coordinated geometry include the 

products of the first step of thermal decomposition of MAlH4 (Li3AlH6, Na3AlH6 

and K3AlH6)33-35 and of mixed-cation alanates (Na2LiAlH6, K2LiAlH6, 

K2NaAlH6)36-38 (Figure 1.7). All of them can be obtained through MAlH4 and 

MH/M′H according to the following equation: 
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Figure 1.7 Crystal structures of some hexa-coordinated alanates.33-38 

Na2LiAlH6 has a total hydrogen content of 7.03 wt.% and a theoretical 

reversible hydrogen storage of 3.51 wt.% (see the equation below). The de-

hydrogenation of Na2LiAlH6 occurs between 190–250 °C and about 3.35 wt.% 

of hydrogen is released at the first step. Further hydrogen release involves 

NaH decomposition at 320–380 °C and finally the reaction of LiH with Al 

occurs at 380–480 °C with the formation of LiAl and H2. It was demonstrated 

that the use of catalysts, such as TiF3, TiFe3, TiCl3, CeO2, ZrCl4, TiBr4, CrCl3, 

AlCl3, TiO2, Y2O3, or MnCl2 can enhance the reversibility of Na2LiAlH6. TiF3 

decreased the starting temperature of Na2LiAlH6 decomposition to ~50 °C. 

 

K2LiAlH6 has a total hydrogen content of 5.11 wt.% and a reversible 

hydrogen storage of 2.56 wt.%. The de-hydrogenation of K2LiAlH6 was 

performed at 227 °C while re-hydrogenation was performed at 300 °C and up 

to 10 bar. 

The only reported mixed Na-K alanate, K2NaAlH6, has a total hydrogen 

content of 4.46 wt.%. The decomposition occurs at about 352 °C and 

produces simple hydrides, Al and hydrogen gas. It was reported that K2NaAlH6 
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can show a partially reversible de-/re-hydrogenation. Also, the addition of TiCl3, 

TiF3, graphene, or carbon nanotubes slightly reduced the dehydrogenation 

temperature.  

All in all, NaAlH4 and KAlH4 stand out among all the alanates due to their 

acceptable hydrogen content and reversibility. Metal alanates can not only be 

used as hydrogen storage materials directly, but also be precursors in 

synthesis of more complex Al-based solids, as for instance amidoboranes, like 

Na[Al(NH2BH3)4], K[Al(NH2BH3)4], which will be given more details in the 

section on B-N-H compounds. 

1.5.2 Metal amides 

Table 1.4 Dehydrogenation properties of some metal amide-based 

composites. 

Composites Hydrogen capacity 

(wt.%) 

Dehydrogenation 

temperature (˚C) 

References 

Onset Peak(s) 

LiNH2-LiH 6.0 @ 200 ˚C 100 270 67 

LiNH2-2 LiH 6.5 @ 190 ˚C - 245 67 

2 LiNH2-MgH2 2.8 @ 210 ˚C - 166 68 

2 LiNH2-3 MgH2 6.4 @ 395 ˚C 190 - 69 

2 LiNH2-CaH2 - 100 140, 206 68 

LiNH2-LiBH4 11.7 @ 450 ˚C 170 295, 410 70, 71 

2 LiNH2-LiBH4 10.2 @ 364 ˚C 220 324 72 

3 LiNH2-LiBH4 10.3 @ 400 ˚C 270 378 73, 74 

LiNH2-Mg(BH4)2 11.4 @ 500 ˚C 160 216, 412 75 

LiNH2-Ca(BH4)2 8.0 @ 480 ˚C 150 281, 387 76, 77 

2 LiNH2-Ca(BH4)2 7.2 @ 480 ˚C 230 306, 396 76, 77 

3 LiNH2-Ca(BH4)2 7.6 @ 480 ˚C 240 315, 390 76, 77 

4 LiNH2-Ca(BH4)2 9.0 @ 480 ˚C 250 320 77 

2 NaNH2-3 MgH2 5.0 @ 395 ˚C 130 - 69 

2 NaNH2-3 LiBH4 5.1 @ 400 ˚C 50 330 78 

NaNH2-NaBH4 7.0 @ 480 ˚C 290 - 79 

2 NaNH2-NaBH4 6.86 @ 400 ˚C 124 346 80 

NaNH2-Ca(BH4)2 6.2 @ 400 ˚C 210 340, 418 81 

Mg(NH2)2-2 LiH 4.5 @ 200 ˚C 100  82 

3 Mg(NH2)2-8 LiH 7 140 190 83 

Mg(NH2)2-4 LiH 6.5 @ 600 ˚C 146 - 84 

Mg(NH2)2- LiBH4 8.0 @ 340 ˚C 300 - 85 

Mg(NH2)2- Mg(BH4)2 10.0 @ 450 ˚C 195 240,415 86 

2 Mg(NH2)2- Ca(BH4)2 8.3 @ 480 ˚C 220 305 87 

2 Ca(NH2)2- Ca(BH4)2 6.8 @ 480 ˚C 220 313 87 
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Metal amides, denoted as M(NH2)n (where n represents the valence of a 

metal M, typically an alkali or alkaline-earth metal), do not release hydrogen 

when heated but ammonia gas. In order for hydrogen absorption/desorption 

to occur, metal amide is typically used in the form of a composite with other 

hydrides such as binary hydrides, metal borohydrides and metal alanates. 

Therefore, when discussing hydrogen storage, metal amide systems are 

commonly referred to as amide-hydrides composite systems, like those shown 

in above Table 1.4. 

One of the most interesting systems, at present, is the system LiNH2 + 2 

LiH, studied by Ping in 2002.88 The system of LiNH2 + 2 LiH can be fully and 

reversibly desorbed and re-adsorbed at about 9.3 wt.% hydrogen below 300 

˚C according to the reaction equation shown below. On the contrary, pure 

lithium amide and lithium hydride, separately, decompose at temperatures 

above 300 ˚C and 550 ˚C, respectively. 

 

 

Figure 1.8 Weight variations during hydrogen absorption and desorption 

process over Li3N samples. (Abs: absorption; Des: Desorption).88 

Another interesting system is made of LiNH2 and MgH2 (or Mg(NH2)2 and 

LiH). Xiong et al.68 heated lithium amide and magnesium hydride in a 2:1 molar 

ratio up to 350 ˚C, and, similar to the Li-N-H system, only hydrogen, without 

any ammonia, is desorbed. Thermal dehydrogenation of the system 2LiNH2 + 

MgH2 occurred as the reaction shown below.  

 

Li2Mg(NH)2 can be re-hydrogenated under 90 bar of H2 pressure at 180 

˚C. Upon cycling of the ternary imide, the XRD pattern showed that the 
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products are represented by Mg(NH2)2 and LiH rather than the original starting 

materials LiNH2 and MgH2. Later the hydrogen storage of the system 

Mg(NH2)2 + 2LiH was also reported. Li2Mg(NH)2 also formed upon 

dehydrogenation of ball-milled system Mg(NH2)2 + 2LiH at 250 ˚C with a 

considerable amount of hydrogen (5.0 wt.%) released.82 It was also reported 

that LiBH4 can significantly improve the de-hydrogenation/re-hydrogenation 

properties of the Mg(NH2)2–2LiH system. For example, 5 wt.% H2 can be 

desorbed at 140 ˚C and fully reabsorbed at 100 ˚C. The rates of hydrogen 

desorption/absorption are 3 times as fast as those of the pristine system. They 

concluded that addition of LiBH4 not only improved the kinetics but also 

changed the thermodynamics of Li–Mg–N–H system, because the LiBH4 can 

react with LiNH2 to form Li4(BH4)(NH2)3, which weakens the N-H bonds of 

LiNH2 and changes the reaction path of Li–Mg–N–H.89 

 

Figure 1.9 Hydrogen absorption in a Li2Mg(NH)2 sample and desorption from 

Mg(NH2)2–2LiH sample.82 

For the LiAlH4–2LiNH2 system 90, more than 5 wt.% of hydrogen can be 

reversibly stored by Li3AlN2 by means of heating to 500 ˚C under 80 bar of 

hydrogen pressure (Figure 1.10). The whole dehydrogenation reaction can be 

expressed by the following equation: 
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Figure 1.10 Volumetric measurements of: (a) hydrogen release from post-

12h-milled LiNH2–LiAlH4 (2:1) sample; (b) hydrogen absorption over Li3AlN2; 

(c) hydrogen desorption from the fully hydrogenated Li3AlN2 sample and (d) 

hydrogen release from the LiNH2–LiH (1:2) mixture.90 

NaNH2 and its composites have attracted a lot of attention too because 

of its considerable amount of hydrogen, low cost, and interesting 

thermodynamic properties. For example, Pecharsky et al.69 reported that the 

2NaNH2 + 3MgH2 system released hydrogen in the temperature range of 130–

400 ˚C with a total release of 5.1 wt.% at 400 ˚C in the following reaction. And 

2.1 wt.% of hydrogen could be re-absorbed at 395 ˚C under 190 bars of 

hydrogen. 

 

 

Figure 1.11 Temperature programmed decomposition of the 2NaNH2–3MgH2 

mixture.69 

A further way to destabilize NaNH2 to enhance the hydrogen storage 

properties is represented by the addition of metal borohydrides, such as 

NaBH4, Ca(BH4)2 and Mg(BH4)2 in stochiometric amount.80, 81, 91 For example, 
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the starting reagents 2NaNH2–NaBH4 when subjected to intensive ball milling, 

react producing Na3(NH2)2BH4. This new phase desorbed hydrogen (6.85 

wt. %) gas forming Na3BN2.80 The desorption path is characterized by two 

main steps: the first in the temperature range 70–170 ˚C, while the second 

one between 190–420 ̊ C. At higher temperatures, Na3BN2 decomposes to Na. 

Also mixed with metal alanates to improve the hydrogen storage properties of 

NaNH2. For instance, Xiong et al. proved that during ball milling a solid-state 

interaction between NaNH2 and LiAlH4 took place, leading to the formation of 

the tetramide Li3Na(NH2)4 which seems to favor the desorption at lower 

temperatures.92 

Other combinations based on the metal amide were also studied for 

hydrogen storage, such as LiAlH4/NaAlH4 + LiNH2, LiBH4 + LiNH2, Ca(BH4)2 

+ NaNH2, LiAlH4 + Mg(NH2)2 and so on. 

1.5.3 Metal borohydrides 

Metal borohydrides M(BH4)n contain boron and hydrogen atoms forming 

negatively charged BH4
-, counterbalanced by metal cations. Metal 

borohydrides include mono-metallic (LiBH4, Mg(BH4)2, Al(BH4)3 and so on) 

and multi-metallic borohydrides (like LiK(BH4)2, Na[Al(BH4)4], KZn(BH4)3 etc.). 

The multi-metallic borohydrides can be obtained by combining mono-metallic 

borohydrides or by the reaction of mono-metallic borohydrides with metal 

chlorides through metathesis reaction. The pure bimetallic borohydrides 

usually yield back the mono-metallic components upon thermal 

decomposition. The chloride-based products, however, are more difficult to 

study, as these systems involve a number of chloride-based phases, where 

borohydride-chloride solid-solutions are forming depending on the 

temperature. The mono-metallic borohydrides involve alkali, alkaline earth, 

transition, and rare-earth metal borohydrides, as shown in Figure 1.12. The 

heavier members have low hydrogen content, which limits the application for 

hydrogen storage. KBH4 has considerable hydrogen content, while hydrogen 

releases only near 680 °C and few reports exist in how to improve its hydrogen 

storage properties. There are no complete studies about the hydrogen storage 

properties of Be(BH4)2, Ti(BH4)3, Zr(BH4)4, Hf(BH4)4, Fe(BH4)2 and Al(BH4)3, all 

having high hydrogen content. However, all of them are not very stable at 

room temperature. V(BH4)3 and Mn(BH4)2 have considerable hydrogen 
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content (12.7 wt.%, 9.5 wt.% respectively), while they are usually mixed with 

LiCl or NaCl, decreasing their hydrogen content. Therefore, we mainly 

introduced the hydrogen storage properties of mono-metallic borohydrides 

with lighter metals (Li, Na, Mg, Ca, and Y) due to their high hydrogen content 

and good stability at ambient conditions. 

 

Figure 1.12 “Periodic table” of experimentally known mono-metallic 

borohydrides with hydrogen content in wt.%.93, 94 
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In general, metal borohydrides have high thermal stability, and generate 

highly inert elemental boron after full hydrogen release, which affects its 

reverse reaction to absorb hydrogen again. Therefore, a lot of efforts were 

focused on enhancing the thermodynamics and de-/re-hydrogenation kinetics 

of metal borohydrides, especially for Li, Na, Mg and Ca borohydrides, along 

the strategies introduced below. At present, Li, Na, Mg and Ca borohydrides 

are commercially available. Their structures, as well as for Y(BH4)3, including 

different phases, are shown in Table 1.5. 

Table 1.5 Experimental structures of LiBH4, NaBH4, Mg(BH4)2, Ca(BH4)2 and 

Y(BH4)3.95 

Compound Space group Stability 

o-LiBH4
96 Pnma RT 

h-LiBH4
96 P63mc >380 K 

hp1-LiBH4
97 Ama2 RT, 1.2-10 GPa 

hp2-LiBH4
97 Fm-3m RT, >10 GPa 

α-NaBH4
98 Fm-3m RT 

lt-NaBH4
99 P42/nmc <190 K or RT, >6 GPa 

hp-NaBH4
100 Pnma >9 GPa 

α-Mg(BH4)2
101, 102 P6122 RT 

β-Mg(BH4)2
103, 104 Fddd RT, metastable, HT 

polymorph 

γ-Mg(BH4)2
105 Ia-3d RT, metastable 

δ-Mg(BH4)2
105 P42nm RT, >2.1 GPa 

ζ-Mg(BH4)2
106 P3112 ~ 500 K 

α-Ca(BH4)2
107 F2dd RT 

α’-Ca(BH4)2
107 I-42d >495 K 

β-Ca(BH4)2
107, 108 P-4 RT, metastable, HT 

polymorph 

α-Y(BH4)3
109 Pa-3 RT 

β-Y(BH4)3
110 Fm-3c RT, HT polymorph 

 

LiBH4 has high gravimetric and volumetric hydrogen densities: 18.5 wt.% 

and 122 g/L94, respectively, which attracted significate attention for hydrogen 

storage. Direct decomposition without the presence of intermediate 

compounds, leads to the production of boron, lithium hydride and release of 

13.8 wt.% hydrogen, in the range of 380−680 °C under one bar of H2 pressure 

as specified by the reaction below.111 Partial dehydrogenation can also occur, 

forming lithium closo-borane, Li2B12H12, via less endothermic reactions, as 

shown below.95 
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The re-hydrogenation of LiBH4 from LiH and B can be completed at 

600 °C and 35 MPa for 12 h.111 Although pure LiBH4 is a high-capacity 

hydrogen storage material, it has high hydrogen absorption and desorption 

temperature, slow hydrogen releasing rate, and poor reversibility. Two 

common methods have been used to improve the hydrogen storage 

properties of LiBH4. The rehydrogenation enthalpy of bulk LiBH4 is estimated 

at -82 kJ/mol H2
112, so the rehydrogenation is exothermic, but in reality, this 

process will require energy as the reaction mixture should be kept at high 

temperature and the hydrogen pressure should be very high to achieve an 

acceptable kinetics. 

One is to thermodynamically destabilize LiBH4 by adding metals, metal 

halides, oxides, amides or metal hydrides to form composite materials or 

alloys after dehydrogenation. Like, LiBH4-1/2 MgH2 system including 2-3 mol % 

TiCl3, the dehydrogenation of this system proceeds as follows:  

 

This system reversibly stores 8-10 wt.% hydrogen. Isothermal 

measurements were performed in the range of 315–400 °C, the enthalpy of 

hydrogen lowers the hydrogenation/dehydrogenation enthalpy by 25 kJ/(mol 

of H2) compared with pure LiBH4.113 This approach not only reduces the 

enthalpy of the dehydrogenation, which decreases the decomposition 

temperature, but also kinetically enhances the re-hydrogenation reaction. That 

is, in contrast to the formation of pure LiBH4 (35 MPa, 600 °C), LiBH4 and 

MgH2 form simultaneously under fairly moderate conditions: 5 MPa hydrogen 

pressure and in the temperature range of 250–300 °C.114 

Another method is to use catalysts or nanoconfinement, confining LiBH4 

in mesoporous scaffolds or mixing LiBH4 with nanotubes or mesoporous gels 

etc. to improve the kinetics. Like, the LiBH4 + 0.2MgCl2 + 0.1TiCl3 composite 

starts desorbing 5 wt.% of hydrogen at 60 °C and can be re-hydrogenated to 

4.5 wt.% at 600 °C and 7 MPa.115 And the nanoconfined LiBH4 obtained from 

the confined LiH in graphene reacts with B2H6, and can dehydrogenate about 
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7.6 wt.% at 280 °C, and dehydrogenate about 9.7 wt.% within 60 min at 340 °C. 

After absorbing hydrogen at 320 °C and 100 bar, it still has 7.5 wt.% of 

capacity after five cycles of hydrogen absorption/desorption.116 

NaBH4 has 10.7 wt.% and 114 g/L94 gravimetric and volumetric hydrogen 

density respectively. The evolution of hydrogen starts at lower temperatures 

(240 °C) and continues by several steps at different temperatures. The most 

significant H2 emission starts at about 450 °C and continues at higher 

temperatures with a total of 10.4 wt.% of H2 released, following the equation, 

 

At present, the methods to improve the performance of NaBH4 include 

anion and cation substitution, chemical destabilization, catalysis, and particle 

size modification. For instance, Ngene et al. used the liquid melting method to 

obtain nano-NaBH4 to achieve reversible hydrogen absorption and desorption 

performances. The initial hydrogen desorption temperature of nano sized 

NaBH4 was reduced from 470 °C to below 250 °C, and the reactant after 

dehydrogenation can be re-hydrogenated to NaBH4 under the condition of 60 

bar H2 and 325 °C. However, since the pores in this template are open, Na is 

volatile during the hydrogen evolution process, and only 43 % of hydrogen are 

stored during the cycle.117 

The mass and volume hydrogen storage density of Mg(BH4)2 is 14.8 wt.% 

and 147.4 g/L94, respectively. Mg(BH4)2 has a variety of crystal structures, and 

each crystal structure can transform into several others at certain pressure 

and temperature conditions. However, all crystal forms transform to high 

temperature stable β phase before hydrogen evolution, and this will lead to 

different crystal forms having little effect on its hydrogen absorption and 

desorption properties. 

The decomposition of α-Mg(BH4)2 first undergoes a phase transition at 

190°C, and then decomposes into MgH2, Mg and MgB2 with the increase of 

temperature to 290–500 °C.118 The decomposition reaction is suggested as 

below:  

 

The decomposition mechanism of magnesium borohydride is quite 

complex and highly dependent on reaction conditions.95 Amorphous or 
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nanocrystalline closo-borane, MgB12H12, was reported to be a major 

intermediate product during decomposition of Mg(BH4)2 in vacuum. However, 

the different reaction pathway occurred when Mg(BH4)2 was decomposed in 

dynamic vacuum in the temperature range 265 to 400 °C. Mg(B3H8)2 was 

observed as the major decomposition product when Mg(BH4)2 was heated to 

265 °C. Trace amounts of Mg(B3H8)2 were observed after heating to 285 °C, 

and none of the boranes Mg(BH4)2, Mg(B3H8)2 or MgB12H12 were observed in 

samples heated at T > 285 °C. Recently, MgB4H10 was also proposed as an 

intermediate in the decomposition reaction. 

Mg(BH4)2 has high thermodynamic stability and kinetic barrier due to the 

generation of stable intermediate(s) during its thermal decomposition. And 

Mg(BH4)2 can only be recovered under the conditions of 95 MPa and 400 °C, 

so much research focused on improving its hydrogen storage performance. A 

common method is adding transition metals or their compounds. Like Bardaji 

et al. combined TiCl3 and Mg(BH4)2 into nanocomposite materials, and found 

that the initial hydrogen desorption temperature was reduced to above 100 °C; 

and further study shows that Mg(BH4)2 doped with NbCl5–TiCl3 

nanocomposite could lead to that 5 wt.% hydrogen released while the 

dehydrogenation temperature was lowered below 300 °C. The cycle 

performance of Mg(BH4)2 was not improved by doping.119 Investigation 

showed that adding NbF5 into the composites can also lead to better hydrogen 

storage properties than pristine Mg(BH4)2 or the sample obtained by ball 

milling LiBH4 and MgCl2. The catalyzed composite starts to release hydrogen 

at about 120 °C with a total capacity of 10 wt.%. The reversibility of the 

catalytic composite was also improved, and the catalytic composite could still 

release 4 wt.% H2 in the third and fourth cycles.120 

Although researchers have tried various methods to improve the 

hydrogen storage performance of Mg(BH4)2, its initial hydrogen desorption 

temperature is still high, and the kinetic performance of Mg(BH4)2 at low 

temperature still needs to be improved. 

The theoretical mass and volume hydrogen storage density of Ca(BH4)2 

is 11.6 wt.% and 124.1 g/L94, respectively, while 9.6 wt.% of hydrogen can 

practically be released. The decomposition of Ca(BH4)2 is a multi-step reaction 

process accompanied by the formation of various possible intermediates. The 

reaction equation is shown below. At 347–387 °C, Ca(BH4)2 decomposes to 
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form CaH2 and some intermediate products, and at 397–497 °C, the 

intermediate products decompose to form amorphous B and CaB6.  

 

Since it is a high-capacity hydrogen storage material, there is a potential 

to improve the performance of Ca(BH4)2 by introducing catalysts and or by 

other means. However, the dehydrogenation temperature still remains high 

and the purity of hydrogen in the released gas is not high enough. 

The theoretical mass hydrogen storage density of Y(BH4)3 is 9.1 wt.%. It 

can be obtained through the metathesis synthesis109 between YCl3 and LiBH4, 

or a gas–solid reaction121 promoted by mechanical milling, avoiding the 

formation of LiCl, like in the reactions below: 

 

 

The Y(BH4)3 without LiCl starts decomposing at about 187 °C, and shows 

high decomposition rate at 250 °C with a 6.8 wt.% of total mass loss.121 

The common metal borohydrides like LiBH4, NaBH4, Mg(BH4)2, and 

Ca(BH4)2 all have a high hydrogen capacity higher than 10 wt.%, which is 

much higher than that of the materials that have been practically applied. 

However, they still require high temperatures to release considerable amount 

of H2 (> 6 wt.% at least), although numerous methods have been used to 

improve hydrogen storage performance. 

1.5.4 B-N-H compounds 

Compared to alanates and metal borohydrides, B-N-H compounds 

usually demonstrate a higher hydrogen capacity under a moderate thermal 

de-hydrogenation condition. A kind of typical representative of B-N-H 

materials is ammonia borane (NH3BH3, or AB) and its derivatives. NH3BH3 has 

one of the highest gravimetrical hydrogen contents (19.6 wt.%) among all 

known chemical compounds, possesses low toxicity and good stability under 

ambient conditions. However, its thermal decomposition proceeds in multiple 

steps, at around 120 °C, 200 °C and 500 °C, respectively, that are 

accompanied by the evolution of some toxic volatile by-products (B2H6, NH3, 

N3B3H6). The thermal decomposition of AB is furthermore paired with severe 
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foaming and volume expansion. Compared to being used as hydrogen 

storage material directly, it is better to be used as starting material for 

preparation of other hydrogen-rich compounds, like M(NH2BH3)n (mono-

metallic amidoboranes) or M1[M2(NH2BH3)n] (bi-metallic amidoboranes). In 

this section, we will give a short account on M(NH2BH3)n and M1M2(NH2BH3)n 

from the synthesis, structure and hydrogen storage properties perspectives. 

1) Mono-metallic amidoboranes 

Table 1.6 Synthesis reactions to access MABs. 

Compound Reaction Equation 

LiNH2BH3  

 

 

LiNH2BH3·NH3BH3  

 

NaNH2BH3  

 

KNH2BH3  

 

Mg(NH2BH3)2  

 

 

 

Ca(NH2BH3)2   

The mono-metallic amidoboranes M(NH2BH3)n include M = Li (α- , β- 

phases and LiNH2BH3·NH3BH3), Na, K, Rb, Cs, Mg, Ca, Sr, Ba, Y, Al, Zn. 

There are more studies for the mono-metallic amidoboranes with light metal 

amidoboranes and good stability in ambient conditions like Li, Na, K, Mg, Ca 

(hydrogen content is higher than 7 wt.%). Zn(NH2BH3)2 is unstable at ambient 

condition, although it has 8.1 wt.% hydrogen content. Y/Al(NH2BH3)3 were 

synthesized from MNH2BH3 and their chlorides, obtaining Y/Al(NH2BH3)3 
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mixed with Y/AlCl3, the latter caused the so called “dead mass” and further 

decreased the hydrogen content of these two systems. 

Usually, M(NH2BH3)n (M = Li, Na, K, Mg, Ca) can be obtained simply from 

metal hydrides (MH) and AB through ball milling or vigorous stirring in solvents 

as shown in Table 1.6. One hydrogen atom connected with N atom of AB is 

replaced in the process, where the hydrogen atom can be exchanged on the 

interface of the two solid compounds. The specific synthesis reactions are also 

shown in Table 1.6.122 

Table 1.7 Interatomic distances in crystal structures of amidoborane salts. 

Note that the positions of H atoms cannot be determined with large accuracy 

and thus the BH and NH bond lengths usually have much larger errors than 

those indicated in brackets. Presented data are rounded and shown without 

standard deviation.122 

Compound N-H (Å) B-H (Å) B-N (Å) M-B (Å) M-N (Å) 

α-LiNH2BH3 1.03 1.24-1.25 1.55 2.51-2.97 2.06 

β-LiNH2BH3 0.99 1.18-1.22 1.58-1.59 2.50-2.93 1.93-2.04 

LiNH2BH3·NH3BH3 

NH3BH3 unit 

NH2BH3 unit 

 

1.03-1.04  

1.03 

 

1.23 

1.23 

 

1.61  

1.56  

 

2.63 

2.47 

 

- 

1.95 

NaNH2BH3 1.04-1.05 1.29-1.32 1.56 2.68-2.93 2.14 

KNH2BH3 0.78-1.05 1.08-1.26 1.53 3.28-3.59 2.91-3.36 

Ca(NH2BH3)2 1.04-1.10 1.25-1.32 1.55 3.00-3.18 2.47 

NH3BH3 (HT) 0.85 1.11 1.58 - - 

NH3BH3 (LT) 0.96-1.07 1.15-1.18 1.58 - - 

M(NH2BH3)n (M = Li, Na, K, Mg, Ca) exhibit properties typical of protic–

hydridic hydrogen storage materials, like their parent AB, because of the 

presence of Hδ+ in NH2 groups and Hδ- in BH3 groups. The crystal structures 

of metal amidoboranes are often unprecedented and show great variety; this 

is due to a low symmetry of the amidoborane anion, and its flexibility to bind 

to metal cations, involving both the lone pair on N atom, and the three-hydride 

terminal at B atom (Figure 1.13). Among these metal amidoboranes, 

LiNH2BH3 and NaNH2BH3 are isostructural. In LiNH2BH3, NaNH2BH3 and 

LiNH2BH3·NH3BH3, both Li and Na tetrahedrally coordinated to one N and 
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three BH3 groups by Hδ- of BH3.123, 124 In KNH2BH3, there are two distinct K, N, 

and B atomic sites, and each K+ ion is octahedrally coordinated by three N 

atoms and three BH3 units.125 To our knowledge, the structure of Mg(NH2BH3)2 

has not been reported. In the crystal structure of Ca(NH2BH3)2
126 every Ca 

has an octahedral coordination environment with two N and four BH3 units of 

the NH2BH3
- anion. The bond lengths in the above amidoborane anions are 

comparable with the corresponding bond lengths in ammonia borane 

molecules (Table 1.7). It is worth mentioning that the B–N bond length is 

usually slightly shorter in amidoborane anions than in ammonia borane 

molecules.122 

 

Figure 1.13 Coordination environments of Li+, K+ and Ca2+ in LiNH2BH3, 

LiNH2BH3·NH3BH3, KNH2BH3 and Ca(NH2BH3)2. 

The thermal dehydrogenation of M(NH2BH3)n (M = Li, Na, K, Mg, Ca) 

usually occurs at moderate temperature (below 300 ˚C) with a significant 

hydrogen release. α- and β-LiNH2BH3 both can release 10.8 wt.% of hydrogen 

with slight amounts of NH3 up to 180 ˚C. LiNH2BH3·NH3BH3 has high 

gravimetric and volumetric hydrogen density (16.4 wt.% and 137.3 g/L), which 

is about 3 times and 2 times of volumetric hydrogen density of 70 MPa and 

liquid hydrogen, respectively. LiNH2BH3·NH3BH3 prepared by directly milling 
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a 1:2 molar ratio of LiH/NH3BH3 was observed to release 6.0 wt.% (ca. ∼2 mol 

equiv.) H2 at 91 °C and 8.3 wt.% (ca. ∼3 mol equiv.) H2 at 180 °C, a total of 

14.3 wt.%H2, which is close to its theoretical capacity of five mole hydrogen 

per LiNH2BH3·NH3BH3 14.8 wt.%.123, 126 

The thermal dehydrogenation of NaNH2BH3 resembles that of LiNH2BH3, 

but at a slightly lower peak temperature of 89 ˚C. Volumetric-release 

measurements showed that about 6 wt.% of hydrogen is released from the 

NaNH2BH3 sample within the first hour at ∼91 ˚C. Extending the reaction 

period to 19 h enables about 7.4 wt.% or about 2.0 equivalent moles of H2 to 

fully desorb without borazine.123 Further investigation of Xiong et al. showed 

two step thermal decomposition with evolution of 4.4 wt.% of borazine-free 

hydrogen below 87 ˚C, when heating with a high heating rate. The second 

decomposition step occurs at temperatures exceeding 100 ˚C and results in 

evolution of 3.1 wt.% of hydrogen together with reformation of crystalline NaH. 

Fijalkowski et al. reported desorption of hydrogen contaminated with ammonia, 

which was later confirmed by Sandra et al. Luedke et al. did not confirm the 

evolution of ammonia upon thermolysis of NaNH2BH3 by sampling the gas 

evolved through a Drägar tube detecting ammonia in the range of 10–1000 

ppm. Later Fijalkowski et al. observed upon slow heating (1 ˚C /min) of 

NaNH2BH3, the evolution of 3 wt.% ammonia at 50–60 ˚C separated from 

evolution of 4 wt.% of hydrogen at 70–80 ˚C. According to Fijalkowski et al., 

NaNH2BH3 undergoes slow spontaneous decomposition at room temperature. 

Na(BH3NH2BH2NH2BH3) salt can be detected in this solid residue after this 

slow room-temperature decomposition. Regeneration of decomposed 

NaNH2BH3 with gaseous hydrogen at high pressure was not achieved.122 

KNH2BH3 undergoes a two-step decomposition releasing pure hydrogen: 

4.0 wt.% (1.5 mol equivalent H2) is released at ca. 65–110 ˚C with a hydrogen 

release peak at 98 ˚C; and additional 2.0 wt.% (0.75 mol equivalent H2) 

evolves at ca. 110–225 ˚C with a peak at 179 ˚C.125 

Mg(NH2BH3)2 thermally decomposes via a multi-step process while 

evolving pure hydrogen upon heating to 300 ˚C. In the first step at ca. 75–110 

˚C, Mg(NH2BH3)2 evolves ca. 2 wt.% of hydrogen with a peak of evolution at 

104 ˚C. At higher temperatures a continuous mass loss and slow evolution of 

hydrogen with a maximum rate at ca. 225 ˚C can be observed. Overall mass 

loss is equal to 9 wt.% below 300 ˚C.128 
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Thermolysis of Ca(NH2BH3)2 was described in several papers. According 

to Wu et al., decomposition of Ca(NH2BH3)2 starts at ca. 80 ˚C, and a vigorous 

dehydrogenation can be observed at ca. 100 ˚C and ca. 140 ˚C. Below 250 

˚C, Ca(NH2BH3)2 desorbs four equivalents of borazine-free hydrogen which 

corresponds to 8 wt.% mass loss. According to Diyabalanage et al., 0.3 

equivalents of hydrogen is being evolved at 90 ˚C, 1.1 equivalent at 120 ˚C, 

2.4 at 150 ˚C and 3.6 at 170 ˚C. In summary Ca(NH2BH3)2 desorbs 7.4 wt.% 

of hydrogen slightly contaminated with ammonia and borazine below 170 ˚C 

which gives 90 % of theoretical dehydrogenation yield. According to 

Spielmann et al., Ca(NH2BH3)2 undergoes a head-to-tail dimerization of 

amidoborane anions leading towards [HN-BH-NH-BH3]2- ions upon 

dehydrogenation.122 

Table 1.8 Dehydrogenation data of metal amidoborane salts. Experimental 

data of the thermal decomposition: temperature range, mass loss, 

contamination of hydrogen evolved. 

Compound H 

content 

(wt.%) 

decomposition: Temp., 

mass loss 

Contaminants 

of H2 

α-LiNH2BH3
123, 127 13.5  isothermal at 91 ˚C, 10.9 

wt.%123 

isothermal at 91 ˚C, 8.8 

wt.%; isothermal at 180 ˚C, 

ca. 10.8 wt.%127 

Borazine-free 

 

NH3 

β-LiNH2BH3
127 13.5 isothermal at 180 ˚C, ca. 

10.8 wt.%127 

NH3
 

LiNH2BH3·NH3BH3
124, 

127
 

16.4 1st isothermal at 91 ˚C, ca. 

6.0 wt %, 2rd isothermal at 

180 ˚C, ca. 8.3 wt %124, 127 

NH3 

NaNH2BH3
123, 129 9.5 isothermal at 89 ˚C, 7.4 

wt.%123 

50 – 90 ˚C, 7.0 wt.%129 

Borazine-free 

 

NH3 

KNH2BH3
125 7.3 rt - 160 ˚C, 5.8 wt.%125 No 

Mg(NH2BH3)2
128 12.0 50 – 300 ˚C, ~10 wt %128 No 

Ca(NH2BH3)2
130 10.1 At 170 ˚C, ~7.2 wt %129 NH3, borazine 

 

2) Multi-metallic amidoboranes 

The multi-metallic amidoboranes M1[M2(NH2BH3)n] include 

Na[Li(NH2BH3)2], Na/K/Rb[Mg(NH2BH3)3], Li2/Na2/K2[Mg(NH2BH3)4], 
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Li2/Na2[Ca(NH2BH3)4], Li/Na/K[Al(NH2BH3)4] and Li3[AlH2(NH2BH3)4]. Different 

from the mono-metallic amidoborane, two or more metal centers of 

[M1M2(NH2BH3)n] (multi metal amidoborane) often improve the hydrogen 

purity in the decomposition, because both of them suppress the liberation of 

ammonia and diborane at the meantime. 

Table 1.9 The synthesis reactions of M1[M2(NH2BH3)n]. 

Compound  Reactions 

Na[Li(NH2BH3)2] 

 

Na/K/Rb[Mg(NH2BH3)3] 

 

Li2[Mg(NH2BH3)4] 

 

Na2[Mg(NH2BH3)4] 

 

 

K2[Mg(NH2BH3)4] 

 

Li2/Na2[Ca(NH2BH3)4] 

 

Li/Na/K[Al(NH2BH3)4] 

 

Li3[AlH2(NH2BH3)4] 

 

Like mono-metallic amidoboranes, most of the multi-metallic 

amidoboranes also can be obtained from the M1H, M2Hn-1 or M1M2Hn and 

NH3BH3 by mechanochemical synthesis except for K2[Mg(NH2BH3)4] (Table 

1.9). K2[Mg(NH2BH3)4], as well as Na2[Mg(NH2BH3)4] was synthesized via a 
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mechanochemical reaction of Mg(NH2BH3)2·NH3 and KH or NaH in molar ratio 

1:1. Li3[AlH2(NH2BH3)4] shows a little bit different from others, there only four 

of six H- in Li3AlH6 were replaced by NH2BH3
-
. 

 

Figure 1.14 Perspective projections of coordination spheres of metal cations 

in the crystal structures of Na[Li(NH2BH3)2], Li2/Na2/K2[Mg(NH2BH3)4], 

Li2/Na2[Ca(NH2BH3)4] and Na/K[Al(NH2BH3)4]. 

Not all the structure of the above multi-metallic amidoboranes have been 

determined. Up to now, eight structures of multi-metallic amidoboranes have 

been reported. Different from the mono-metallic amidoboranes, in 



Chapter 1 

 

35 

 

M1[M2(NH2BH3)n], almost all the strong Lewis bases (NH2) coordinate to a 

stronger Lewis acid (like Li+ in Na[Li(NH2BH3)2], Mg2+ in Na2[Mg(NH2BH3)4] 

and so on) and simultaneously the weaker Lewis acid (Na+ in Na[Li(NH2BH3)2] 

and Na2[Mg(NH2BH3)4]) is found in the homoleptic environment of weaker 

Lewis bases, BH3, except the metals in Li2[Ca(NH2BH3)4] (Figure.1.14). 

Table 1.10 Interatomic distances in crystal structures of bi-metallic 

amidoboranes.  

Compound Space 

group 

B-N (Å) M-N (Å) M-B (Å) 

Na[Li(NH2BH3)2] P-1 1.51-1.61 2.16-2.26 Li-N 2.86-3.11 Na-B 

Li2[Mg(NH2BH3)4] Pbcn 1.562 2.09-2.10 Mg-N 2.39-2.88 Li-B 

Na2[Mg(NH2BH3)4] I41/a 1.56 2.11 Mg-N 2.96-3.03 Na-B 

K2[Mg(NH2BH3)4] I41/a 1.56 2.21 Mg-N 3.34-3.46 K-B 

Li2[Ca(NH2BH3)4] Fdd2 1.56 2.43 Ca-N 2.39-2.63 Li-B 

Na2[Ca(NH2BH3)4] C2 1.56 2.32-2.47 Ca-N 2.634-3.059 Na-B 

Na[Al(NH2BH3)4] P-1 1.58-1.63 1.84-1.93 Al-N 2.92-2.97 Na-B 

K[Al(NH2BH3)4] P-1 1.59 1.84-1.91 Al-N 3.13-3.60 K-B 

In Na[Li(NH2BH3)2]131, Li+ is coordinated by three N atoms from [NH2] 

groups and by one Hδ-
 atom from [BH3] group. A [Li(NH2BH3)2

-]2 anionic dimers 

can be observed in the crystal structure. Na+ is in trigonal bipyramid 

coordination surrounded by five hydride atoms from [BH3] groups. In 

Li2/Na2/K2[Mg(NH2BH3)4]132-134, Mg2+ is coordinated exclusively by four 

amidoborane anions via their nitrogen atoms while forming the 

[Mg(NH2BH3)4]2- tetrahedra. Li+, Na+ and K+ are in tetrahedral, octahedral, and 

octahedral coordination of four, six and six [BH3] groups, respectively. In 

Li2[Ca(NH2BH3)4]135, The Ca2+ ion is coordinated by two N atoms of two 

NH2BH3
- anion, and four B atoms from the BH3 to form a octahedral 

coordinated environment. Li+ is coordinated by four hydrogen atoms of two 

BH3 moieties and one N atom, in a distorted coordination environment. In 

Na2[Ca(NH2BH3)4]135 the Ca2+ ion is coordinated by four N atoms of four 

NH2BH3
- anion, forming a distorted [Ca(NH2BH3)4]2

- tetrahedron. The Na+ ion 

is coordinated by four hydrogen atoms of the BH3 moiety in a distorted 

coordination environment. Na[Al(NH2BH3)4]136 crystallizes in a triclinic space 
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group P–1, The central Al3+ cation is coordinated by four nitrogen atoms from 

the [NH2BH3]- anions, whereas Na+ is octahedrally coordinated by six BH3 

groups. K[Al(NH2BH3)4]137, is isostructural to Na[Al(NH2BH3)4], the Al3+ ions 

are tetrahedrally coordinated to [NH2BH3]- through the nitrogen lone pair. The 

K+ ion is octahedrally coordinated to [NH2BH3]- through the BH3 group in zig-

zag 1D chain. (Table 1.10) 

Table 1.11 Dehydrogenation data of multi-metallic amidoborane salts. 

Experimental data of the thermal decomposition: temperature range, mass 

loss, contaminants of hydrogen evolved. 

Compound H content 

(wt.%) 

Decomposition: Temp., 

mass loss 

Contaminants of 

H2 

Na[Li(NH2BH3)2]131 11.1 1st step: 75-100 ˚C, 6.0 wt.% 

2rd step: 130-220 ˚C, 3.0 wt.%  

NH3, (NH2BH2)H  

Na/K/Rb[Mg(NH2BH3)3] 

139, 140 

11.0, 9.9, 7.6 Isotherm at 80 ˚C for 2 min: 

9.8 wt% (Na), 9.2 wt.% (K) 

and 6.2 wt.% (Rb) 

 

Li2[Mg(NH2BH3)4]134 7 .0 70-250 ˚C NH3, B2H6 

Na2[Mg(NH2BH3)4]132 10.6 1st step: 65–150 ˚C, 2 wt.% 

2rd step: 150-200 ˚C, 6.4 wt.% 

NH3, N3B3H6 

K2[Mg(NH2BH3)4] + 

Mg(NH2)2
133 

8.6 1st step: 75–150 ˚C, 3.7 wt.% 

2rd step: 150-200 ˚C, 4.4 wt.% 

NH3 

Li2[Ca(NH2BH3)4]135 11.6 85 -95 ˚C NH3 

Na2[Ca(NH2BH3)4] 135 9.8 50-300 ˚C NH3 

Li[Al(NH2BH3)4] 141 13.1 80-190 ˚C, 7.0 wt.% No NH3 

Na[Al(NH2BH3)4]136 11.9 1st step: 115–130 ˚C, 3.0 wt.% 

2rd step: 130-250 ˚C, 6.0 wt.% 

Slight NH3 

K[Al(NH2BH3)4]137 10.9 1st step: 92–119 ˚C, 1.3 wt.% 

2rd step: 119-260 ˚C, 4.7 wt.% 

NH3, N3B3H6, and 

B2H6 

Li3[AlH2(NH2BH3)4]142 13.1 1st step: 80–110 ˚C, 3.85 wt.% 

2rd step: 110-175 ˚C, 6.25 

wt.% 

No NH3, N3B3H6, 

and B2H6 

The results of thermal decomposition of bi-metallic amidoboranes are 

summarized in Table 1.11. The thermal dehydrogenation of 
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Na[Li(NH2BH3)2]131 at elevated temperatures proceeds in two steps: 75–100 

˚C and 130–220 ˚C. In the first decomposition step 6 % mass loss is observed 

which is attributed to evolution of hydrogen contaminated with ammonia and 

volatile (NH2BH2)H by-product. It is worth noticing that in the temperature 

range ca. 75–90 ˚C the level of impurities evolved is significantly lower than in 

the temperature range 90–100 ˚C. In the second step 3 wt.% of hydrogen is 

evolved. Total observed mass loss is equal to 9 wt.% below 220 ˚C. 

Na[Li(NH2BH3)2] slowly decomposes at room temperature while forming 

Na(BH3NH2BH2NH2BH3) salt138. 

Na[Mg(NH2BH3)3], K[Mg(NH2BH3)3] and Rb[Mg(NH2BH3)3] are analogues 

and showed similar thermal decomposition behavior.139, 140 They thermally 

decompose via a slightly endothermic process at temperature range of 75–

225 ̊ C without foaming. Besides H2, trace amounts of ammonia were detected 

in the temperature range of 100-180 ̊ C, peaking at about 130 ̊ C. Interestingly, 

milled composites MMgH3/3NH3BH3 (M = Na, K, Rb) are able to rapidly evolve 

9.8 wt.%, 9.2 wt.% and 6.2 wt.%, respectively, of pure hydrogen during 2 min 

isothermal heating at 80 ˚C.  

Li2[Mg(NH2BH3)4]134 released about 7 wt.% of hydrogen with trace 

amounts of NH3 and B2H6 contamination, and no detectable borazine from 70-

250 ˚C. Na2[Mg(NH2BH3)4]132 thermally decomposes releasing 8.4 wt.% of 

hydrogen contaminated with traces of ammonia and borazine. The first 

decomposition step is seen in the temperature range of 65–150 ̊ C and results 

in evolution of 2 wt.% of hydrogen. The process proceeds slowly until ca. 120 

˚C when a rapid hydrogen evolution is observed. The second decomposition 

step yields 6.4 wt.% of mass loss in the form of hydrogen gas in the 

temperature range of 150–200 ˚C. The as prepared K2[Mg(NH2BH3)4] + 

Mg(NH2)2
133 composite decomposes with evolution of both hydrogen and 

ammonia. It was reported that the 3.7 wt.% mass loss up to 150 ˚C is mainly 

related to NH3 release. Further decomposition occurs at 150–200 ˚C with 

hydrogen evolution peak at 158 ˚C and a concomitant mass loss of ca. 4.4 

wt.%. This process is endothermic based on the TGA/DSC measurement. The 

hydrogen storage capacity in K2[Mg(NH2BH3)4] + Mg(NH2)2 was further 

quantified by volumetric release measurements. The results showed a total of 

ca. 7 wt.% up to 285 ˚C released, which corresponds to 9.7 equivalents of 

hydrogen per formula unit of the composite K2[Mg(NH2BH3)4] + Mg(NH2)2. 
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Li2[Ca(NH2BH3)4]135 shows three intense maxima between 83 and 91 ˚C, 

while a less intense event takes place at 112 ˚C. Temperature-programmed 

desorption with mass spectroscopy (TPD-MS) shows that Li2[Ca(NH2BH3)4] 

desorbs all H2 between 85 and 95 ˚C. This is accompanied by a release of 

NH3, but in a trace amount, a few orders of magnitude lower amount with 

respect to H2, as well as ammonia from Na2[Ca(NH2BH3)4]. 

Na2[Ca(NH2BH3)4]135 starts to decompose very fast at 66 ˚C. Until 100 ˚C, four 

thermal events are observed, with the most intensive one at 89 ˚C. The other 

two very broad exothermal maxima are positioned between 150 and 240 ˚C. 

TPD-MS shows that these transitions are mainly associated with chemical 

transformations resulting in NH3, followed by intense H2 release. The release 

of significant amounts of ammonia occurs above 80 ˚C and remains more or 

less constant by further heating (up to 300 ˚C). H2 is released over a broad 

80−120 ˚C temperature range, peaking at 98 ˚C. 

Li[Al(NH2BH3)4]141 was reported to start releasing hydrogen at 80 ˚C, 

peaking at around 170 ˚C. Heating to 190 ˚C, approximately 5.2 moles of 

hydrogen (which corresponds to around 7 wt.% hydrogen based on material) 

are released. And no NH3 was detected at that process. Na[Al(NH2BH3)4]136 

decomposes while releasing borazine and diborane-free hydrogen, 

contaminated with traces of ammonia and yielding crystalline NaBH4 and an 

amorphous phase AlN4B3H(0-3.6) as solid residue. Thermolysis of 

Na[Al(NH2BH3)4] occurs via two overlapping steps at 115–130 ˚C and 130–

250 ˚C with a mass loss of ca. 3 wt.% and ca. 6 wt.%. Both steps are 

exothermic. Total observed mass loss up to 250 ˚C is equal to 9 wt.% which 

corresponds to eight equivalents of hydrogen per formula unit. The analogue 

of Na[Al(NH2BH3)4], K[Al(NH2BH3)4]137 has similar thermal decomposition. 

There are also two exothermic steps at T ~ 92 ˚C (maximum at T ~ 104 ˚C 

with a mass loss of 1.3 wt.%) and at T ~ 139 ˚C (peaks at T ~ 153 ˚C with a 

mass loss of 4.2 wt.%). Tiny amounts of NH3, N3B3H6, and B2H6 were observed 

accompanied with H2 releasing. A total mass loss of 6.0 wt.% is observed at 

~262 ˚C. 

Li3[AlH2(NH2BH3)4], obtained as a post-milled Li3AlH6–4NH3BH3,142 

release high purity hydrogen via two steps. The first step occurred in the 

region of 80–110 ˚C with 3.85 wt.% weight loss. And the second step from 110 

˚C to 175 ˚C with 6.25 wt.% mass loss.  
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1.6 Reactive hydride composites (RHCs) 

Reactive hydride composites are the combinations of different metal 

hydrides and/or complex hydrides. Once combined, they are capable of 

releasing hydrogen through chemical reactions unique to these mixtures, and 

not to the individual components. The gravimetric hydrogen storage capacity 

remains as high as for the individual hydrides. However, the thermodynamics 

of the decomposition reaction is very different, since the dehydrogenated 

phases have a different stability from the ones obtained from the individual 

components (Figure 1.15). Therefore, some reactive hydride composites 

release a lot of hydrogen at lower temperature than their pure components. 

Moreover, the resulting solid phases may be able to adsorb hydrogen 

reversibly.  

 

Figure 1.15 The simplified scheme of the RHCs.143 

A typical example of reactive hydride composites is the metal amide 

mixed with binary hydrides (like LiH, MgH2, introduced in the section on metal 

amides) and complex hydrides, such as the composites 2LiNH2 + LiBH4, 

LiAlH4 + 2LiNH2, Mg(NH2)2 + LiAlH4 etc. 

The composites of alanates and metal borohydride are also studied for 

their hydrogen storage, for instance, NaBH4 + Li3AlH6. Compared to the milled 

NaBH4, the composites NaBH4 + Li3AlH6 obtained by milling has lower 

decomposition temperature (170 and 400 ˚C) and higher hydrogen 

desorption/absorption capacity (Table 1.12). It was reported that the formation 

of Al and AlB2 during dehydrogenation are the keys to the improvement of 

hydrogenation properties. 
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Table 1.12 Hydrogen storage properties of NaBH4, Li3AlH6 and NaBH4–

Li3AlH6 RHC.144 

System (milled) Decomposition 

temperature (˚C) 

Desorption 

capacity (60 

min at 330/420 

˚C) 

Absorption 

capacity (60 min 

at 330/420 ˚C 

under 30 atom) 

Li3AlH6  170 - - 

NaBH4 495 0.3/2.1 wt.% 3.4/3.7 wt.% 

NaBH4–Li3AlH6 170 and 400 2.0/4.1 wt.% 4.2/6.1 wt.% 

The formation of composites is also a good strategy to destabilize MgH2 

to improve the poor performance of MgH2. For example, the compositions of 

4MgH2 + NaAlH4 showed a strong improvement of releasing hydrogen kinetics 

than MgH2 (Figure 1.16). Especially at 320 ˚C, 4MgH2 + NaAlH4 released 

about 3.5 wt.% hydrogen in 12 min, in contrast to the milled MgH2 with 0.5 wt.% 

hydrogen releasing at the same condition and at the same time.145 

 

Figure 1.16 TPD (temperature programmed desorption) curves of the as-

milled MgH2, the as-milled NaAlH4, and the MgH2 - NaAlH4 composite. (I, II, 

III, and IV refer to the first, second, third, and fourth dehydrogenation stage, 

respectively) (left); Isothermal dehydrogenation kinetics of the MgH2 and the 

MgH2 - NaAlH4 composite at 300 ˚C and 320 ˚C.145 

The combination of Ca(BH4)2 and MgH2 yields a higher hydrogen capacity, 

approximately 9.0 wt.%, which is nearly identical to the theoretical value of 9.1 

wt.%. Furthermore, the introduction of NbF5 as a dopant enhances the 

performance of Ca(BH4)2-MgH2 while maintaining high hydrogen content even 

after several cycles. In the initial cycle, both Ca(BH4)2-MgH2 and NbF5-doped 

Ca(BH4)2-MgH2 sample exhibit a hydrogen storage capacity close to the 

theoretical capacity (9.1 wt.%). However, after completing 10 cycles, the 
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remaining hydrogen storage capacity for the Ca(BH4)2-MgH2 is 2.9 wt.%, 

whereas the NbF5-doped Ca(BH4)2-MgH2 sample retains a higher capacity of 

4.1 wt.%.146 The 2LiBH4-MgH2 system was studied and found to exhibit 

reversible behavior, following the reaction described below. Volumetric 

experiments demonstrate the composite 2LiBH4-MgH2 can reversibly store 

approximately 10 wt.% of hydrogen with no noticeable degradation during five 

cycles.147 

 

In addition, the ternary composites were also studied for their hydrogen 

storage properties. For instance, in the case of Ca(BH4)2 + 2LiBH4 + 2MgH2, 

hydrogen desorption begins at 320 °C and is completed at 370 °C under a 

heating rate of 2 °C min−1, releasing ~ 8.1 wt.% H2. These desorption 

properties, including the end temperature and capacity surpass those of any 

of the two-hydride mixtures within the ternary system. In particular, 

hydrogenation of the ternary system commences at an exceptionally low 

temperature of around 75 °C, and the onset dehydrogenation temperature is 

significantly reduced by 90 °C after the initial dehydrogenation/hydrogenation 

cycle. The reversibility of this process is remarkable, reaching up to 97 %, with 

a dehydrogenation capacity of approximately 6.2 wt.% H2 observed during the 

10th cycle. 

 

Figure 1.17 Cycling properties of the Ca(BH4)2 + 2LiBH4 + 2MgH2 system: (a) 

the dehydrogenation capacity at different dehydrogenation/hydrogenation 

cycles; (b) dehydrogenation curves at the 1st, 2nd and 10th cycles upon heating 

to 370 °C and dwelling for 30 min; (c) hydrogenation curves of the 1st and 9th 

cycles upon heating to 350 °C and dwelling for 18 h at 90 bar H2.148 
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The LiBH4-LiNH2-LiH composite commenced hydrogen desorption at 

192 °C, which is 35 °C lower than that of the LiNH2-LiH composite. At 250 °C, 

the LiBH4-LiNH2-LiH composite released 4.0 wt.% of H2 within 30 min and 

absorbed 4.8 wt.% of H2 within 2 min. Conversely, the LiNH2-LiH composite 

desorbed 1.44 wt.% of H2 and absorbed 2.1 wt.% under the same conditions. 

Additionally, the addition of LiBH4 could hinder the release of NH3.149 Gizer et 

al. demonstrated that the addition of LiBH4 enhanced the thermodynamic 

properties of the 6Mg(NH2)2-9LiH. It reduced the desorption temperature by 

25 °C and lowered the activation energy by 43 kJ/mol. Additionally, the 

presence of LiBH4 promoted faster sorption kinetics. At 180 °C, the Mg(NH2)2-

LiH sample desorbed 1.1 wt.% of H2 within 20 min, whereas the 6Mg(NH2)2-

9LiH-LiBH4 sample desorbed >3.0 wt.% of H2 under the same conditions. 

Similarly, there was a notable improvement in absorption kinetics. Within 10 

minutes, the 6Mg(NH2)2-9LiH-LiBH4 sample absorbed 3.6 wt.% of H2, whereas 

the Mg(NH2)2-LiH sample only absorbed 1.4 wt.% of H2. A series of 20 

dehydrogenation/hydrogenation cycles were performed on the Mg(NH2)2-LiH 

and 6Mg(NH2)2-9LiH-LiBH4 samples isothermally at 180 °C. For the Mg(NH2)2-

LiH sample, the amount of hydrogen desorbed was reduced from 4.0 wt.% to 

3.6 wt.% of hydrogen within 10 cycles even after measurement time is 

extended. However, the LiBH4-containing sample presents superior cycling 

stability with no observable capacity loss with the 20 cycles. In terms of 

dehydrogenation/hydrogenation time necessary to achieve 80 % of maximum 

capacity, the 6Mg(NH2)2-9LiH-LiBH4 sample required only 10 min while the 

Mg(NH2)2-LiH sample takes 70 min.150 

It has been demonstrated that the formation of the intermediate phases 

plays a significant role in enhancing the hydrogen storage properties of the 

RHCs. It is the formation of intermediate compounds during the heating 

process (dehydrogenation process) that alters the reaction pathway and 

modifies the thermodynamic properties (reducing the enthalpy Figure 1.18) of 

the RHC systems. Therefore, the new high hydrogen content compounds 

have the potential to be used as a component to the formation of new reactive 

hydride composites for hydrogen storage. 
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Figure 1.18 The addition of B lowers the temperature (1 bar) because ABx is 

formed during dehydrogenation. The formation of ABx reduces the 

dehydrogenation enthalpy, which in turn alters the thermodynamics properties 

of AH2.151 

1.7 The objective of this thesis 

At present, the lack of compact, safe, and cost-effective manners for 

hydrogen storage is one of the main obstacles for wide application of 

hydrogen as a main energy carrier. To solve this problem, researchers are 

focusing on designing and synthesizing new materials or re-evaluating the 

known materials doped with catalysis or other additives to obtain promising 

hydrogen storage materials. Among the solid-state hydrogen storage 

materials, ammonia borane, (NH3BH3) is a promising precursor for the 

synthesis of new compounds with high hydrogen content and low 

decomposition temperature for thermal dehydrogenation. For instance, the 

metallic amidoboranes usually release a large amount of hydrogen (> 6 wt.%) 

under moderate condition, without borazine and sometime with traces of NH3 

or B2H6. It was reported that the introduction of alkyl-N groups on NH3BH3 can 

disrupt the dihydrogen bonding network, which not only lowers 

dehydrogenation exothermicity and alters the activation energy but also 

enhances the B–N dative bond, resulting in decreasing volatile nitrogen-based 

impurities during the decomposition. Therefore, my doctoral research focused 

on the synthesis and structure characterization of simple and light alkyl groups 

(-CH3 and -CH2CH2- ) substituted on metal amidoboranes to obtain new 
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materials which can release pure hydrogen under practical conditions 

(<200 °C, <200 bar of H2 pressure), with the aim to understand the 

relationships between structure and properties at molecular level. To achieve 

this goal, two precursors, CH3NH2BH3 and BH3NH2CH2CH2NH2BH3 were 

used to synthesize different derivatives of mono- and bi-metallic 

amidoboranes. These works are organized according to the following aspects: 

a. Introducing methyl groups on N atoms of NH3BH3 to weaken 

the N–H bond and enhance the B–N dative bond to suppress the release 

of NH3. In addition, decrease the number of protic hydrogens on Hδ+-N, 

further reducing the number of intermolecular dihydrogen bonds in the 

corresponding derivatives of metallic amidoboranes. This is aiming to 

destabilize the amidoborane and therefore potentially make it release 

hydrogen at a lower temperature. Moreover, the introduction of an alkyl 

group on the N atom would increase the steric hindrance, additionally 

influencing the geometry of the structure, offering more information about 

the structure-property relationship in metal amidoboranes. 

b. Introduction of di-methylene on N atoms as a bridge to connect 

two ammonia boranes not only to keep the positive effect on the N-H and 

B-N bonds described above but also to decrease the weight of 

hydrocarbon substituent, also making it heavier and thus less volatile. 

Interestingly, there are no reports on structure and properties of metallic 

di-aminoboranes. 

c. Improve the hydrogen desorption properties of ammonia 

borane derivatives by introducing functional groups onto nitrogen atoms 

to gain insights into the impact of materials structure modifications on 

hydrogen desorption properties. Further to guide the structure design to 

find new materials suitable for practical applications with safety and cost-

efficient in large scale. 

1.8 Summary of this thesis  

This thesis is dedicated to the chemistry and hydrogen storage properties 

of novel boron-nitrogen-hydrogen (B-N-H) compounds. The main efforts were 

focused on the synthesis, structural characterization, and hydrogen release 
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properties of the derivatives of metal amidoborane complexes. The objective 

was to investigate and comprehend the hydrogen storage properties of 

ammonia borane derivatives, focusing primarily on the effects of introducing 

alkyl-groups on the nitrogen atoms of amidoborane and metal amidoborane 

complexes, as well as the coordination geometry of Aluminum in metal 

aluminum amidoboranes, on hydrogen storage performance. The prior 

research conducted in our laboratory on the synthesis, structure, and 

hydrogen storage properties of M[Al(NH2BH3)4] (M = Na, K)136,137 laid the 

foundation for this thesis. The work presented in this thesis further advances 

the exploration of Al-based metal amidoboranes. 

The alkyl-groups used in this thesis were -CH3 and -CH2CH2-, utilizing 

CH3NH2BH3 and BH3NH2CH2CH2NH2BH3 as precursors. Reactions between 

these precursors and binary metal hydrides (mainly NaH and LiH) or alanates 

(NaAlH4 and LiAlH4) were investigated. In summary, mechanochemical 

synthesis methods and wet chemical synthesis approaches were employed to 

synthesize Na[BH3(CH3NH)BH2(CH3NH)BH3] (Na[B3(MeN)2]), 

Na[Al(CH3NHBH3)4], Na-ii (a B-N-H metal oligomer compound with a ten B-N-

membered ring), Li[Al(BH3NHCH2CH2NHBH3)2] and 

Na[Al(BH3NHCH2CH2NHBH3)2]. The structures of these compounds were 

typically characterized using powder X-ray diffraction (PXRD), infrared spectra 

(IR) and 11B NMR. Crystal structures of Na[B3(MeN)2], Na[Al(CH3NHBH3)4] 

and a Na[AlH(CH3NHBH3)3] intermediate, and Na[Al(BH3NHCH2CH2NHBH3)2] 

were determined based on high-resolution laboratory or synchrotron PXRD. 

The thermal decomposition of these novel metal amidoborane complexes 

was investigated by thermogravimetric analysis while thermal 

dehydrogenation was studied by mass spectrometry. The results revealed that 

Na[B3(MeN)2] can release approximately 4.6 wt.% pure hydrogen below 150 

˚C. The higher hydrogen purity, compared with the unsubstituted Na[B3N2], 

can be attributed to the introduction of -CH3 on nitrogen atoms. The presence 

of -CH3 on nitrogen atoms strengthens the B-N bonds, resulting in a reduction 

in the release of volatile gases containing nitrogen and boron during thermal 

dehydrogenation. Additionally, the introduction of -CH3 on the nitrogen atoms 

disrupts some intermolecular dihydrogen bonds and induces a kink in the B-

N-B-N-B geometry, promoting the formation of intramolecular dihydrogen 

bonds. This facilitates the release of hydrogen molecules while suppressing 
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the release of larger fragments during thermal decomposition. These findings 

are detailed in Chapter 3. 

The introduction of -CH3 on nitrogen atoms of Na[Al(NH2BH3)4] promotes 

the formation of Al-N bonds in Na[Al(CH3NHBH3)4], resulting in a lower energy 

input required for synthesizing Na[Al(CH3NHBH3)4] compared to the 

unsubstituted Na[Al(NH2BH3)4]. Furthermore, we isolated the intermediate 

Na[AlH(CH3NHBH3)3], providing valuable insights into the formation 

mechanism of Al-based amidoborane compounds. The thermal 

dehydrogenation of the reactive hydrides composites Na[Al(CH3NHBH3)4] + 

12NaH and Na[Al(CH3NHBH3)4] + 6NaNH2 was investigated at 180 ˚C and 

found to enable the release of high-purity hydrogen. These findings are 

discussed in Chapter 4. 

The introduction of -CH2CH2- on the nitrogen atoms of NH3BH3 forming a 

sodium oligomer with a ten B-N membered ring when reacted with NaH, 

resulted in the release of approximately 7.4 wt.% pure hydrogen below 260°C. 

This novel metal oligomer exhibited higher hydrogen storage capacity 

compared to the -CH3-substituted sodium oligomer, Na[B3(MeN)2]. These 

findings are presented in Chapter 5. 

Both Li[Al(BH3NHCH2CH2NHBH3)2] and Na[Al(BH3NHCH2CH2NHBH3)2] 

released hydrogen without the presence of ammonia, diborane, and 

ethylenediamine. Specifically, Li[Al(BH3NHCH2CH2NHBH3)2] released about 

6.6 wt.% pure hydrogen below 280 ˚C. These findings are detailed in Chapter 

6. 

At last, we give a very short introduction about our attempt of the six-

coordinated metal aluminum amidoboranes in Chapter 7. The aim was to give 

a deeper understanding for the hydrogen storage properties from the 

structures. 
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Chapter 2 

Methodology 

Several techniques were employed in this thesis, including Powder X-ray 

diffraction (PXRD), Fourier transform infrared spectroscopy (IR), Nuclear 

magnetic resonance (NMR), Thermogravimetric analysis (TGA), and Mass 

spectrometry. In the following section, we provide a brief overview of these 

essential methods frequently utilized throughout this thesis. 

2.1 Mechanochemical synthesis 

Mechanochemical synthesis is a synthesis method that utilizes 

mechanical energy input, typically through grinding in ball mills, to induce 

reactions. Shaker mills and planetary mills are commonly employed machines 

for mechanochemical synthesis. In a shaker mill, jars oscillate back and forth, 

with the milling intensity determined by the frequency of oscillation. Shaker 

mills are often utilized for small samples, such as in pharmaceutical solid 

screening. On the other hand, in a planetary mill, the jar rotates around a 

central axis while simultaneously spinning around its own axis. This 

"planetary" motion generates centrifugal forces that mimic the effects of 

gravity in large-scale roller mills, making it directly applicable for scaling up 

processes. 

In this thesis, we employed a Fritsch Planetary Micro Mill 

PULVERISETTE 7 for the majority of our syntheses. Comminution primarily 

occurs through the high-energy impact of grinding balls and partially through 

friction between the grinding balls and the walls of the grinding bowl. To 

achieve this, the grinding bowl, containing the material to be ground and 

grinding balls, rotates around its own axis on a main disk rotating in the 

opposite direction. At a certain speed, the centrifugal force causes the ground 

sample material and grinding balls to bounce off the inner wall of the grinding 
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bowl, cross the bowl diagonally at an extremely high speed and impact the 

material to be ground on the opposite wall of the bowl. 

There is also an EASY GTM-bowl available, featuring a special lid and 

transmitter, which enables the transformation of a Planetary Mills premium line 

into an analytical measuring system for monitoring pressure and temperature 

during the grinding process. In addition, the actual rotational speed and power 

consumption can be monitored and documented. The software is a distinct 

safety feature, since overpressure and a rise in temperature are avoided and 

defects on the mill and sticking of the sample material prevented. 

 

Figure 2.1 The photograph of the Planetary Micro Mill PULVERISETTE 7 

(right) and EASY GTM-bowl (left). 

In the process of the milling, the rotating speed, milling time, milling cycles 

and ratio of ball to powder can be used to adjust the input energy. And the 

break time can be used to diminish or avoid over-milling and over-heating. 

2.2 Powder X-ray diffraction 

2.2.1 Fundamental principles of X-ray powder diffraction 

X-ray diffraction is a phenomenon where the uniform spacing of atoms in 

a crystal lead to the creation of an interference pattern for the waves present 

in an incident X-ray beam. This interaction is like the effect of a uniformly ruled 

diffraction grating on a beam of light. When X-rays come into contact with a 

crystal at an angle of incidence θ, they are “reflected” off the crystal's atoms 

at the same angle θ. The X-rays reflect off atomic planes within the crystal that 

are separated by a distance d. To form an interference pattern, the X-rays 

reflecting off different planes must interfere constructively; otherwise, 
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destructive interference would occur, resulting in no pattern. Consequently, 

the path length difference between the beams reflecting off two atomic planes 

must be an integer multiple (n) of the wavelength (λ), satisfying Bragg's Law: 

nλ = 2d·sin θ (Figure 2.2). 

 

Figure 2.2 A schematic diagram of Bragg diffraction.1 

A powder sample consists of a large number of very small crystals. In the 

ideal case, these crystals are much smaller than the overall size of the sample 

and are randomly oriented. For any given lattice spacing between planes, d, 

there are many crystals oriented in such a way that their planes make the 

correct Bragg angle with the incident X-ray beam. The correctly oriented 

crystals have all possible orientations about the incident beam, hence the 

diffracted beams form a cone of a semi-vertex angle of 2θ (θ is the angle 

between the incident beam and the d-planes, whereas 2θ is the angle 

between the incident and diffracted beams) around the incident beam. For 

each different lattice spacing, d, there is a separate cone of angle 2θ (shown 

in Figure 2.3). As a result, instead of observing a single point on the detector, 

a ring is observed, which is often referred to as a Debye-Scherrer ring. 

 

Figure 2.3 A schematic diagram of diffraction cones.2 
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X-ray Sources 

1) X-ray tubes 

X-rays are generated in a cathode ray tube by heating a filament to 

produce electrons. These electrons are then accelerated towards a target by 

applying a voltage, resulting in the bombardment of the target material. When 

the energy of the electrons is sufficient to dislodge inner shell electrons of the 

target material, characteristic X-ray spectra are produced. These spectra 

consist of several components, with the most common ones being Kα and Kβ. 

Kα includes Kα1 and Kα2, with Kα1 having a slightly shorter wavelength and 

twice the intensity compared to Kα2. The specific wavelengths depend on the 

target material, such as Cu, Fe, Mo, or Cr. 

Table 2.1 Common target materials and corresponding wavelength of Kα and 

Kβ radiation in nm together with the minimum excitation potential in kV and 

the appropriate filter material.1 

Target Kα1 

Kα2 

Kα mean 

Kβ Excitation 

potential 

Filter 

Cr 0.22897263 

0.22936513 

0.22910346 

0.20848881 5.98 V 

Mn 0.21018543 

0.21058223 

0.21031770 

0.19102164 6.54 Cr 

Fe 0.19360413 

0.19399733 

0.19373520 

0.17566055 7.11 Mn 

Co 0.17889961 

0.17928351 

0.17902758 

0.16208263 7.71 Fe 

Ni 0.16579301 

0.16617561 

0.16592054 

0.15001523 8.33 Co 

Cu 0.15405929 

0.15444274 

0.15418711 

0.13922346 8.98 Ni 

Mo 0.07093000 

0.07135900 

0.07107300 

0.06322880 20.0 Zr 
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To obtain monochromatic X-rays required for diffraction, filtering 

techniques using foils or crystal monochromators are necessary. Various 

target materials can be employed for this purpose, as listed in Table 2.1. Since 

Kα1 and Kα2 have wavelengths close enough, a weighted average of the two 

is typically used. In our laboratory, molybdenum (Mo) is utilized for powder X-

ray diffraction, with Mo Kα radiation having a wavelength of 0.71073 Å. 

In our Lab we used a new generation of X-ray tubes, having low power 

(30 or 50 W) and thus cooled by air, but producing high bright X-ray beams 

thanks to a multilayer focusing optic. These machines are equipped with large 

area detectors, MAR345 imaging plates, allowing to azimuthally integrate the 

Debye-Scherrer rings, thus producing low-noise data despite at moderate 

angular resolution. The high-resolution Lab data were obtained at Stoe Stadi 

M diffractometer working in Debye-Scherrer, thus also using glass capillaries 

containing samples. This system uses classical water-cooled X-rays tubes. 

2) Synchrotron radiation 

In contrast to an X-ray tube, synchrotron radiation is electromagnetic 

radiation generated when electrons or positrons, traveling close to the speed 

of light, change their direction of movement. This results in a much more 

intense and highly collimated beam with a tunable wavelength compared to 

an X-ray tube source.  

The first observation of synchrotron radiation was in the laboratory in 

1947 (Elder et al. 1947).3 To date, synchrotron radiation has undergone four 

generations of development.4 First-generation hard X-ray sources were 

parasitic on accelerators used for high-energy physics, and provision of time 

for materials scientists was erratic. As an accelerator became obsolete for 

high-energy physics, more time was released for X-ray research so long as 

the accelerator was not closed down. Second-generation synchrotrons were 

designed for fully dedicated operation using an array of bending magnets 

spaced around the entire ring. Third generation synchrotrons5 were designed 

to optimize the number of straight sections to take advantage of the increased 

brilliance provided by undulators, and to a lesser extent by wigglers. The 

ESRF (Europe Synchrotron Radiation Faculty) was started in 1988, as the 

world’s first third-generation synchrotron light source. There are two more 

powerful light sources with the potential for significantly increased peak 
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brilliance compared to third generation undulator sources.6 The first is the 

Energy Recovery Linac (ERL). This device would use a linear accelerator with 

energy recovered from the electrons after a single pass (or a few passes) 

around a ring with undulator beamlines. The horizontal emittance would be 

significantly less than a storage ring, and so the brilliance could be more than 

10 times that of a third-generation source. A more radically new source is the 

Free Electron Laser (FEL), which would increase the brilliance by 4-5 orders 

of magnitude compared to an undulator. If hard X-ray FEL’s are successfully 

built they will probably be limited to specialized experiments where problems 

of low repetition rates and sample damage are not important. On 25 august 

2020, the ESRF launched its Extremely Brilliant Source7, the first high-energy 

fourth-generation synchrotron light source, with X-ray performances 

increased by a factor 100 compared to the previous source and with a 30% 

reduction in electricity consumption.  

The generation process of synchrotron radiation involves accelerating the 

electrons in a linear accelerator and then in a booster ring before emitting 

them into the storage ring. Undulators and wigglers are used to induce 

oscillations of relativistic electrons, producing a strong X-ray beam. The 

radiation is subsequently modified by optical elements and directed towards 

the sample to record the scattering (Figure 2.4). 

 

Figure 2.4 A schematic representation of a synchrotron source. 



Chapter 2 

67 

 

In this work, all the synchrotron diffraction data were collected using X-

ray diffraction at SNBL (one of the two Swiss-Norwegian Beam Lines, namely 

BM01) at the ESRF, Grenoble, France. The beamline is equipped with a 

PILATUS 2M detector from Dectris, Switzerland. This detector utilizes pixel 

detector technology, providing benefits such as low noise, fast readout, and 

no correlation between pixels. The beamline also offers flexible goniometry, 

allowing for easy repositioning of both the detector and the goniometer in 

vertical and horizontal directions. 

2.2.2 Crystal structure determination from Powder X-ray Diffraction 

Due to the air sensitivity of our samples, growing single crystals is 

challenging. Therefore, the crystal structures in this work were determined 

using high-resolution or synchrotron powder X-ray diffraction. The general 

processes involved several steps: phase analysis, peaks indexing, selection 

of space group, profile fitting, crystal structure determination, and refinement. 

All the reactions in this work theoretically produce single-phase solid 

products. As a result, the phase analysis primarily focused on screening to 

detect the presence of unreacted substances or the occurrence of side 

reactions. We mainly employed two methods: comparing with the reactants 

and conducting temperature ramping monitored by PXRD. The new series of 

peaks were indexed by using DICVOL8 and the possible unit cells would be 

found. We then used CHECKCELL to analyze the obtained unit cells for 

systematic absences and check for possible derived lattices that could 

account for superstructure peaks. Profile fitting was performed using Le Bail 

modeling in the Fullprof Suite software package,9 aiming to obtain the best fit 

for the intensities and peak profiles of the indexed phases. 

For crystal structure solution, we utilized the FOX software package,10 

which employed global optimization methods. In this thesis, for molecular units 

either partly flexible z-matrix or in some cases, like for 

[BH3CH2NHBH2CH3NHBH3]- and [Al(BH3NHCH2CH2NHBH3)2]- anions,  a 

rigid-body model was applied. The refinements of the obtained structures 

were performed in Fullprof Suite using the Rietveld method. This method 

works as least-squares refinement, which minimizes the difference between 

the observed and calculated profiles from the entire recorded pattern (every 
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point), rather than individual reflections. To evaluate the refinement results, 

several factors were considered, including the Profile Factor Rp, Weighted 

Profile Factor Rwp, Expected Weighted Profile Factor Rexp and the reduced chi-

square χ2. Ideally, the values of Rwp and Rp should be as low as possible. 

Importantly, the number of refined parameters was considered in order not to 

over-refine the model to the data. The corresponding values for our structures 

can be found in the respective chapters of this thesis. 

2.3 Infrared spectra 

Infrared spectra were collected to confirm the structural models of the 

complexes determined by powder X-ray diffraction (PXRD) and to analyze the 

presence of characteristic peaks, such as the N-H, B-H, Al-N bond in 

Na[Al(CH3NHBH3)4] and Li/Na[Al(BH3NHCH2CH2NHBH3)2], and so on. We 

used an ATR cell (Bruker Alfa spectrometer) in an argon glovebox, avoiding 

making KBr pellets and the contact with air. 

2.4 NMR Spectroscopy 

Multinuclear NMR spectra were primarily used to characterize the purity 

of the precursors CH3NH2BH3 and BH3NH2CH2CH2NH2BH3 through the 1H, 

11B and 13C NMR. Additionally, the 11B NMR spectra were employed to confirm 

the structural models of the complexes determined by PXRD. 

2.5 Thermal gravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was employed to analyze the thermal 

decomposition behavior of the newly obtained compounds in this thesis. It 

provided valuable information about mass loss and decomposition 

temperature, which served as a primary reference for the thermal 

dehydrogenation process. The TGA instruments used in this work were the 

Netzsch STA 449 F3 TGA/DSC, which was installed in a glovebox to prevent 

air contact with the sample throughout the process, and the Mettler Toledo 

TGA/SDTA 851e. 
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2.6 Mass spectrometry (MS) 

Mass spectrometry is an analytical technique used to measure the mass-

to-charge ratio of ions. The results are presented as a mass spectrum, which 

depicts the intensity as a function of the mass-to-charge ratio. In this study, 

mass spectrometry was employed to analyze the release of H2 and other 

volatile gases, such as NH3, B2H6, H2O etc. to investigate the hydrogen 

release properties of the newly synthesized compounds. 

For this purpose, we utilized the Hiden Catlab reactor in conjunction with 

a Quantitative Gas Analyser (QGA) Hidden quadrupole mass spectrometer, 

which is installed outside of the glovebox. This setup provided high-quality 

signals of the released gases due to its large sample holding capacity. 

Additionally, the Hiden Analytical HPR-20 QMS sampling system was utilized, 

which was installed in a glovebox to ensure better protection for air-sensitive 

samples. 
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Chapter 3 

The synthesis, structure and hydrogen 

release of Na[BH3(CH3NH)BH2(CH3NH)BH3]  

Abstract 

Over the last 10 years, hydrogen-rich compounds based on five-

membered boron–nitrogen chain anions have attracted attention as potential 

hydrogen storage candidates. In this work, we synthesized 

Na[BH3(CH3NH)BH2(CH3NH)BH3] through a simple mechanochemical 

approach. The structure of this compound, obtained through synchrotron 

powder X-ray diffraction, is presented here for the first time. Its hydrogen 

release properties were studied by thermogravimetric analysis and mass 

spectrometry. It is shown here that Na[BH3(CH3NH)BH2(CH3NH)BH3], on the 

contrary of its parent counterpart, Na[BH3NH2BH2NH2BH3], is able to release 

up to 4.6 wt.% of pure hydrogen below 150 ̊ C. These results demonstrate that 

the introduction of a methyl group on nitrogen atom may be a good strategy 

to efficiently suppress the release of commonly encountered undesired 

gaseous by-products during the thermal dehydrogenation of B-N-H 

compounds. 
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3.1 Introduction 

In the field of chemical hydrogen storage1-3, boron–nitrogen–hydrogen 

(B–N–H) compounds have emerged as promising candidates owing to the 

light weight of boron and nitrogen and to their ability of bearing multiple 

hydrogens. Additionally, B–H and N–H bonds tend to be hydridic and protic, 

respectively, resulting in normally facile hydrogen release4-10. A typical 

representative of B–N–H materials is ammonia borane (NH3BH3, or AB), which 

contains three hydridic and protic hydrogens on the N and B atoms, 

respectively. Ammonia borane has attracted consideration attention for 

hydrogen storage due to its high gravimetric storage density (up to 19.6 wt.%), 

high stability under ambient conditions, low toxicity, and high solubility in 

common solvents11-15. However, one of the drawbacks of NH3BH3 for 

hydrogen storage is the decomposition temperature. It starts releasing the first 

equivalent of hydrogen at about 120 ˚C, and a second hydrogen elimination 

step occurs at approximately 145 ˚C; the remaining amount of hydrogen is 

not released until more than 500 ˚ C. Moreover, its decomposition is 

exothermic and thus irreversible, and it releases multiple volatile byproducts 

such as NH3, N3B3H6, and B2H6, making the chemical hydrogenation process 

more challenging. In addition, the thermal decomposition of AB is furthermore 

paired with severe foaming and volume expansion12, 16, 17. To overcome these 

disadvantages, several strategies have been employed, including 

nanoconfinement using nano-scaffolds, catalytic effects, ionic liquid 

assistance, the hydrolysis reaction, and chemical modification of NH3BH3 

through replacing one of the H atoms in the –NH3 group of NH3BH3 by a metal, 

forming metal amidoboranes (MABs)9, 13, 18-25. Among these strategies, the 

formation of metal amidoboranes as a popular option show a number of 

advantages over neutral NH3BH3: (i) lower hydrogen release temperatures 

than that of pristine NH3BH3
26; (ii) generally the released hydrogen is not 

contaminated with undesirable borazine by-products 19, 27, 28; (iii) the de-

hydrogenation process is much less exothermic, about 3 to 5 kJ/mol26, 29, vs. 

22.5 kJ/mol for NH3BH3
16, 30. Furthermore, the introduction of metals increases 

the diversity of hydrogen storage candidates based on B–N–H compounds. 

Recently, five-membered chain anions having the general formula 

[BH3NH2BH2NH2BH3]-, also known under the abbreviation [B3N2]-, have 
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emerged as a novel group of ammonia borane derivatives31-38. M[B3N2] 

compounds have a higher hydrogen content than MABs, and the Li and Na 

[B3N2]- derivatives are stable at room temperature, on the contrary of their 

respective MABs33. However, the interest in M[B3N2] is much more recent than 

for MAB, and therefore there are only few reports about their synthesis, 

structure, characterization, and hydrogen storage properties. In 2011, the salt 

of Verkade’s base (2,8,9-triisobutyl-2,5,8,9-tetraaza-1-

phosphabicyclo[3.3.3]undecane, C18H39N4P, VB, chemical formula see Figure 

3.7 in Experimental section) with [B3N2] was synthesized, and its structure was 

characterized, with the aim of studying the activating effect of VB on the rate 

and extent of H2 release from NH3BH3
31. Two years later, the same authors 

reported the synthesis of the sodium salt and two substituted 

Na[BH3N(R)HBH2N(R)HBH3] salts (R = H, Me, and benzyl), to further study 

the growth of aminoborane oligomers through the de-hydrocoupling reactions 

of NH3BH3
32. Interestingly, since 2014, the salts of the [BH3NH2BH2NH2BH3]- 

anion with different cations have been synthesized with a focus on the study 

of their hydrogen storage properties (see Table 3.5 in Experimental section). 

Generally, these kinds of complexes that are studied for their hydrogen 

storage properties can be classified into three types, based on their cations: 

ionic liquids, ammonium, and alkali metal salts. A total of four [B3N2]- ionic 

liquids have been described: [Bu4N][B3N2], [Et4N][B3N2], [C(N3H6)][B3N2], and 

[C(N3H5CH3)][B3N2]35. Among them, [Bu4N][B3N2] and [Et4N][B3N2] release 

pure hydrogen below 160 ˚C 35. [NH4][B3N2] was reported this year, as the 

minor component of a 1:3 mixture with NH3BH2NH2BH2NH2BH3. Despite its 

impressive hydrogen content, this system releases H2 with substantial 

contamination by borazine and traces of ammonia and diborane38. Among 

alkali metal (Li-Cs) salts of [B3N2]-, only Li[B3N2] was shown to release pure 

hydrogen during thermal decomposition33, 34. However, it is the sodium salt, 

Na[B3N2], that was studied the most in the literature until now, with five 

synthesis approaches (four wet chemical and one dry mechanochemical) 

reported between 2013 and 2021. In 2013, Sneddon and co-workers reported 

that Na[B3N2] could be obtained from NaN(SiMe3)2–3NH3BH3 in 

fluorobenzene at 50 ˚C for 24 hours32. Grochala et al. synthesized the same 

compound from NaH–3NH3BH3 in THF at room temperature for 24 hours and 

obtained Li[B3N2] by a similar approach33. The same authors later used a 
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metathesis method to obtain Na[B3N2] from VBH[B3N2] and M[Al{OC(CF3)3}4] 

(M = Na) in CH2Cl2 at room temperature for 1 hour and were able to obtain 

the related K, Rb, and Cs salts by this method as well34. Although the 

metathesis is fast, the two precursors involved in this kind of reaction need to 

be synthesized first, adding a second step to the preparation of the salt. In 

2021, Chen et al. reported a facile synthetic method to obtain Na[B3N2], based 

on the reaction of NaNH2BH3 with NiBr2 or CoCl2 as a catalyst36. Results 

showed that the reaction with 0.05 equiv. of NiBr2 in THF at 0 ˚C could 

produce the final Na[B3N2] after 10 hours, with a yield of 60%. The main 

advantages of the dry mechanochemical synthesis are that it avoids the use 

of solvent and usually simplifies the drying process39, 40. However, the reported 

procedures for the synthesis of Li[B3N2] and Na[B3N2] require two stages of 

milling at room temperature, followed by a removal of the by-products (NH3) 

upon heating33, 34. Moreover, long time reaction times and/or complicated 

operating processes are usually needed for the synthesis of the alkali metal 

[B3N2] compounds. 

With its 12.7 wt.% hydrogen content, Na[B3N2] has potential for hydrogen 

storage. However, the hydrogen released when heating this compound is 

contaminated by unwanted by-products, including NH3, B2H6, and larger 

fragments detected by mass spectrometry33, 34. To suppress these by-products 

during hydrogen releasing, one strategy is to enhance the dative bond B-N 

and diminish the N–H or B–H bond. It was reported that the introduction of 

alky-groups on N of NH3BH3 can strengthen the N–B bond and weaken the 

N–H bond. In addition, this method can lower dehydrogenation exothermicity 

and activation energy, thereby improving the hydrogen storage properties of 

NH3BH3.41, 42 Similarly, this approach can be employed to modify the thermal 

dehydrogenation of Na[B3N2]. Additionally, the introduction of alkyl-groups on 

N would affect the geometry of the B–N–B–N–B skeleton and change the 

inter-anion dihydrogen bonds, potentially positively affecting the hydrogen 

properties of the compound, due to the steric hindrance. With this in mind, we 

synthesized Na[BH3(CH3NH)BH2(CH3NH)BH3] (abbreviated here as 

Na[B3(MeN)2]) through a new convenient mechanochemical synthesis method 

from easily accessible NaH and CH3NH2BH3. We also report that its structure, 

solved from synchrotron powder X-ray diffraction (PXRD), enables a better 

understanding of the structure–properties relationships. Its thermal 
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dehydrogenation was also investigated, by thermogravimetric analysis (TGA) 

and mass spectrometry, revealing a release of pure hydrogen and thus 

confirming our hypothesis. The purity of hydrogen released from 

Na[BH3NH2BH2NH2BH3] was enhanced by the introduction of methyl groups 

on N atoms. This achievement represents the first successful suppression of 

the unwanted by-product release through the introduction of -CH3 groups on 

the nitrogen atoms of [B3N2]-. Furthermore, the structure of 

Na[BH3(CH3NH)BH2(CH3NH)BH3] was analyzed for the first time helping to 

understand the potential reasons behind the improved hydrogen purity. This 

study provides valuable insights into the relationship between the hydrogen 

release properties and the structure of B–N–H compounds. The introduction 

of methyl groups on the nitrogen atoms of Na[B3N2] to enhance hydrogen 

purity could potentially be extended to the other M[B3N2] or even other M–B–

N–H compound. It could even be expanded to include the use of other small 

alkyl groups or small electron–donating groups instead of the methyl group. 

3.2 The synthesis of Na[BH3(CH3NH)BH2(CH3NH)BH3] 

The reaction between NaH and NH3BH3 in various molar ratios was 

reported to produce different hydrogen rich B–N compounds, i.e., NaNH2BH3 

(1:1), NaBH3NH2BH3 (1:2), NaBH3NH2BH2NH2BH3 (1:3), 

NaBH3NH2BH2NH2BH2NH2BH3, and NaBH3NH2BH(NH2BH3)2 (1:4)43. All of 

those have potential for application in hydrogen storage due to their high H 

content (see Table 3.1 in Experimental section 3.7.3). Despite the potential of 

this system, there is only one report of the reaction between the methyl–

substituted CH3NH2BH3 and NaH, in a 1:3 molar ratio32. We thus investigated 

the reaction of NaH and CH3NH2BH3 by mechanochemistry (Figure 1A), to 

avoid an incorporation of or a reaction with solvents. Upon milling NaH–

CH3NH2BH3 systems in different molar ratios, new peaks appeared on the 

PXRD pattern of all the tested ratios, along with some unreacted NaH for the 

1:1 system (Figure 1B). The 11B NMR spectra of the resulting products 

furthermore showed the appearance of a new quadruplet signal located 

between -14.45 and -16.07 ppm, which likely belongs to the BH3 unit of 

Na[CH3NHBH3]. When the NaH:CH3NH2BH3 ratio was increased to 1:2, the 

PXRD pattern of the obtained product shows peaks corresponding to 
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crystalline Na[BH3(CH3NH)BH2(CH3NH)BH3]. Although the 11B NMR spectrum 

of the product displays a triplet signal of BH2 (-2.24 ppm) and quadruplet signal 

of BH3 (-16.39 ppm), expected for the [BH3(CH3NH)BH2(CH3NH)BH3]- anion, 

other signals on the spectrum reveal the presence of unknown non-crystalline 

by–products (Figure 1C). Further increasing the ratio to 1:3 leads to the 

appearance of only the signals of BH2 and BH3 from the 

[BH3(CH3NH)BH2(CH3NH)BH3]- anion on the 11B NMR spectra. 

 

Figure 3.1 (A) Equation of the mechanochemical reaction; (B) PXRD patterns 

of NaH and CH3NH2BH3 ball-milled in different molar ratios, along with 

patterns of NaH and CH3NH2BH3 (λ = 0.71073 Å); (C) 11B NMR spectra of ball-

milled NaH and CH3NH2BH3 mixtures in different molar ratios, along with the 

spectrum of CH3NH2BH3. 

The phase purity of the compound obtained upon 27 hours of ball milling 

the 1:3 mixture was confirmed by temperature programmed synchrotron 

powder X-ray diffraction (PXRD) measurements. Indeed, the complete set of 

peaks of the pattern disappeared at once at around 150 ˚C (Figure 3.2). 
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Based on the 11B NMR spectrum and the temperature ramping synchrotron 

PXRD experiment, we deduce that relatively pure Na[B3(MeN)2] with five 

membered B–MeN–B–MeN–B chains was formed and that the reaction 

shown in Figure 1A was complete. 

 

Figure 3.2 Synchrotron PXRD patterns of Na[B3(MeN)2] (λ = 0.77509 Å). 

3.3 The IR spectra of Na[BH3(CH3NH)BH2(CH3NH)BH3] 

The obtained Na[B3(MeN)2] was further characterized by infrared (IR) 

spectroscopy (Figure 3.3). On the spectrum, it can be seen that the 

asymmetry of the N–H stretching band (3162 cm-1) disappeared, compared 

with the CH3NH2BH3 precursor. This is because one hydrogen on the nitrogen 

of CH3NH2BH3 is released, combined with a hydride atom from NaH to form 

H2. In addition, the N–H bending of Na[B3(MeN)2] (1457–1491 cm-1) is 

redshifted compared to CH3NH2BH3 (1596 cm-1). This can be attributed to the 

introduction of weak electron donating methyl group on N atom, influencing 

the electron density of N and further having an effect on the N–H band. The 

broad band located in the region of 2000–2500 cm-1 belongs to the B–H 

stretching band. There is no significant difference compared to the 

CH3NH2BH3 precursor. However, the signal of the B–N stretching is widened 

and split in Na[B3(MeN)2] (692–716 cm-1), due to the presence of two types of 

B–N bands in Na[B3(MeN)2], whereas CH3NH2BH3 exhibits only one B–N 

band. 



Chapter 3 

78 

 

 

Figure 3.3 IR spectra of Na[B3(MeN)2] and CH3NH2BH3. 

All of the aforementioned differences between Na[B3(MeN)2] and 

CH3NH2BH3 align with our previous analysis based on XRD and 11B NMR, 

further confirming the proposed formula of the product as shown in Figure 

3.1A. 

3.4 The structure of Na[BH3(CH3NH)BH2(CH3NH)BH3] 

The structure of Na[B3(MeN)2] was determined by direct space methods 

from synchrotron powder X-ray diffraction (PXRD) data, indexed in the 

monoclinic space group P21/n; the final Rietveld refinement profile is shown in 

Figure 3.4. The [BH3(CH3NH)BH2(CH3NH)BH3]− anion is a five–membered B–

N chain with an alternance of B and N atoms connected in a similar way as in 

the reported [BH3NH2BH2NH2BH3]−33. Although the N atoms in Na[B3(MeN)2] 

have four different substituents and are therefore chiral, the crystal structure 

reveals that the anions are integrated in the solid as a meso compound, as 

both N atoms possess opposite chirality. This is in agreement with reported 

DFT calculations, which indicate that the meso isomer is the preferred 

stereoisomer for this anion32. Due to the introduction of the methyl substituents, 

the skeleton of the B–N–B–N–B chain shows a twisted geometry, which is in 

contrast with the linear geometry adopted by the [B3N2]− anion in the Li, Na, 

and K salts but is similar to the reported Rb and Cs [B3N2]− salts34. This type 

of geometry enables the formation of intramolecular dihydrogen bonds, of 2.04 

and 2.12 Å (Figure 3.4A). With this type of geometry of the chain anion, an 

increase in the intramolecular interactions is expected, which should have a 

positive influence on the hydrogen release properties of Na[B3(MeN)2]. 

Interanion dihydrogen bonds are also present between H atoms of the NH and 
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terminal BH3 groups, as well as between H atoms of the NH and the ones of 

the central BH2, as can be seen in Figure 3.4B and in Table 3.2. Unlike in the 

reported K[B3N2] and Rb[B3N2], the N–BH2 distances are not shorter than the 

N–BH3 ones (Table 3.3)34, 44. Na+ cations have a distorted triangular 

bipyramidal coordination geometry with five B atoms from four distinct 

[BH3(CH3NH)BH2(CH3NH)BH3]− anions (Figure 3.4B,C). The coordination is 

performed through six hydridic H atoms of the BH3 (green balls in Figure 3.4C) 

groups from four different chain anions. Two other hydridic H atoms from the 

BH2 (red balls in Figure 3.4C) of one of above four chain anions complete the 

coordination around Na. This is different from the unsubstituted 

Na[BH3NH2BH2NH2BH3], where Na atoms are coordinated only to hydrogen 

atoms of the terminal [BH3] groups. This may be one reason of the release of 

large undesirable gaseous species during the thermal dehydrogenation of 

Na[B3N2]33. 

 

Figure 3.4 Ball and stick plot of the [BH3(CH3NH)BH2(CH3NH)BH3]− anion with 

indication of the intramolecular dihydrogen bond (A), crystal packing of Na 

coordination polyhedra with boron atoms (hydrogen atoms are omitted for 

clarity) in Na[BH3(CH3NH)BH2(CH3NH)BH3] projected along the c axis, 

indicating interanion dihydrogen bonds (B), and coordination of H atoms 

around the Na+ cation (central B was highlighted by red color) (C). Color code: 

N = blue, B = green, C = grey, H = white, and Na = pink. Dihydrogen bonds 

are displayed by red dotted lines. 
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3.5 Thermal dehydrogenation of 

Na[BH3(CH3NH)BH2(CH3NH)BH3] 

The thermal stability of Na[B3(MeN)2] was investigated by 

thermogravimetric analysis (TGA) under inert argon atmosphere, from room 

temperature to 150 °C. A single step decomposition event occurs at about 

80 °C, accompanied by a weight oscillation due to the so–called “jet” effect12, 

45 (Figure 3.5A). The solid decomposition products isolated upon heating at 

150 °C were identified as being crystalline NaBH4, along with some unknown 

crystalline and possibly amorphous compounds, based on PXRD and IR 

analyses (Figure 3.5B and C). Those by-products are expected to contain B, 

C, and N atoms, based on 4.6 wt.% the experimental weight loss as compared 

to 26.2 wt.% B, 19.4 wt.% C, and 22.7 wt.% N (calculated) in the sample 

before decomposition. It is interesting to note that thermally decomposing 

alkali metal salts of the unsubstituted anion (Li – Cs [B3N2]) also leads to the 

formation of BH4
- compounds, similarly to the title compound. The observed 

mass loss during the thermal decomposition of Na[B3(MeN)2], of 4.6 wt.%, is 

in accordance with the possible release of pure H2, as the compound has a 

theoretical hydrogen content of 8.1 wt.% (excluding H atoms from the methyl 

groups). This is interesting, as the parent Na[B3N2] shows a larger mass loss 

(~20 wt.%) than its theoretical hydrogen content (12.7 wt.%) when heating 

below 200 °C, resulting in the single-step release of undesirable gaseous 

decomposition by-products like diborane and ammonia34. 

The purity of the gas released during the thermal de-hydrogenation of 

Na[B3(MeN)2] was analysed by means of temperature-programmed mass 

spectrometry between 40 °C and 150 °C. Hydrogen was the only gas detected, 

and the experiment confirmed that NH3, B2H6, CH4, and CH3NH2 were not 

released during the decomposition (Figure 3.6). This confirms that the methyl-

substituted Na[B3(MeN)2] indeed releases about 4.6 wt.% of pure hydrogen 

upon heating to 150 °C. This confirmed that the introduction of a methyl group 

on the nitrogen atoms efficiently suppresses the release of unwanted by-

products during thermal hydrogen desorption (Table 3.5). 
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Figure 3.5 TG analysis of Na[B3(MeN)2] (A); PXRD patterns (λ = 0.71073 Å) 

(B) and IR spectra (C) of the product upon heating at 150 °C, compared to the 

starting Na[B3(MeN)2] and NaBH4. 

 

Figure 3.6 Mass spectrometry analysis of gases released during the thermal 

decomposition of Na[B3(MeN)2] under argon, between 40 °C and 150 °C. 
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3.6 Conclusion 

We synthesized Na[BH3(CH3NH)BH2(CH3NH)BH3] (Na[B3(MeN)2], 130.5 

g H2/kg, 126 g H2/L, Table 3.4), a methyl-substituted Na salt with five-

membered B–N chain anions, by a novel mechanochemical approach from 

NaH and CH3NH2BH3. Its crystal structure was determined for the first time 

based on synchrotron PXRD, showing that the introduction of -CH3 groups on 

the N atoms leads to the introduction of the anion in a kinked geometry into 

the solid, unlike its unsubstituted parent counterpart (Na[B3N2]), that 

possesses straight B-N chains. Na[B3(MeN)2] releases up to 4.6 wt.% of pure 

hydrogen below to 150 °C, contrary to its unsubstituted analogue that releases 

undesirable gaseous by-products during heating. This indicates that the 

introduction of methyl (or other) substituents on the nitrogen atoms of similar 

compounds is a promising approach to suppress the release of unwanted 

volatile by-products during thermal hydrogen release. 

3.7 Experimental section 

3.7.1 Chemicals:  

All samples were obtained from commercially available NaH (95%), 

NaBH4 (97%), CH3NH2·HCl (98%), and anhydrous THF (≥99.9%) that were 

purchased from Sigma Aldrich Co., Ltd. (St. Louis, MI, USA). All operations 

were performed in gloveboxes with a high purity argon atmosphere. 

3.7.2 The formula of VB:  

 

Figure 3.7 Chemical formula of C18H39N4P (VB). 
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3.7.3 The products of NaH-NH3BH3 in different molar ratio: 

Table 3.1 H-content in NaNH2BH3, NaBH3NH2BH3, NaBH3NH2BH2NH2BH3, 

NaBH3NH2BH2NH2BH2NH2BH3 and NaBH3NH2BH(NH2BH3)2.  

Compound Molar mass 

(g/mol) 

H-content (wt. %) 

NaNH2BH3 52.85 9.54 

NaBH3NH2BH3 66.68 12.09 

NaBH3NH2BH2NH2BH3 95.53 12.66 

NaBH3NH2BH2NH2BH2NH2BH3 124.38 12.97 

NaBH3NH2BH(NH2BH3)2 124.38 12.97 

 

3.7.4 Synthesis of CH3NH2BH3 (MeAB) 

CH3NH2BH3 was synthesized following a procedure adapted from the 

literature46. Initially, powdered NaBH4 (3.79 g, 0.1 mol), CH3NH2·HCl (13.50 g, 

0.1 mol), and THF (300 mL) were added to a 500 mL three-neck round-bottom 

flask. The resulting mixture was then vigorously stirred at ambient temperature 

under an argon atmosphere for 48 hours. Filtration was performed to remove 

the solid by-product (NaCl) from the reaction mixture, and the collected filtrate 

was subjected to evaporation under reduced pressure using a rotary 

evaporator. The resulting white solid of CH3NH2BH3 was then dried under 

vacuum overnight to eliminate any residual THF. The purity of the product was 

confirmed through characterization using 1H, 11B, and 13C NMR and PXRD, as 

depicted in Figures S1–S4 in Annex. 

3.7.5 Synthesis of Na[BH3(CH3NH)BH2(CH3NH)BH3]: 

Totals of 1 eq. of NaH (30.0 mg) and 3 eqs. of CH3NH2BH3 (168.4 mg) 

were placed into an 80 mL stainless steel vial with three 10 mm diameter 

stainless steel balls (ball-to-powder mass ratio of 60:1). The reactants were 

then milled in a planetary ball mill (Fritsch Pulverisette 7 Premium line), with a 

rotation speed of 500 rpm for 55 milling cycles of 30 min interrupted by 5 min 

cooling breaks. The product was obtained as a white powder. We have 

repeated this synthesis several times and found this method reproducible. 



Chapter 3 

84 

 

3.7.6 Nuclear magnetic resonance (NMR): 

Multinuclei NMR spectra were acquired in DMSO on a Bruker Avance 500 

MHz spectrometer operating at 500 MHz for 1H NMR, 160 MHz for 11B and 

126 MHz for 13C).  

3.7.7 PXRD measurement:  

Samples were carefully filled into 0.7 mm thin-walled glass capillaries 

(Hilgenberg GmbH, Malsfeld, Germany) within an argon-filled glovebox. To 

prevent contact with air, the capillaries were sealed with grease before being 

taken out of the glovebox. The sealed capillaries were then cut and promptly 

placed into wax on a goniometer head, ensuring that no air entered the 

capillary. Diffraction data were immediately collected using a MAR345 image-

plate detector equipped with an Incoatec Mo (λ = 0.71073 Å) Microfocus (lµS 

2.0) X-ray source operating at 50 kV and 1000 µA. The resulting two-

dimensional images were azimuthally integrated using the Fit2D software, 

with LaB6 serving as a calibrant. 

3.7.8 Structure determination: 

Synchrotron PXRD patterns were collected with a PILATUS@SNBL 

diffractometer (SNBL, ESRF, Grenoble, France) equipped with a Dectris 

PILATUS 2M single-photon counting pixel area detector (λ = 0.77509 Å). 

Powder patterns were obtained by using raw data processed by the SNBL 

Toolbox software using data for LaB6 standard. The synchrotron PXRD data 

for Na[BH3(CH3NH)BH2(CH3NH)BH3] were indexed in a monoclinic unit cell, 

and its structure was solved by global optimization using the FOX software47. 

The anions were modelled by conformationally free z-matrices with restrained 

bond distances and angles. Since the N-atom of methylamidoborane is chiral, 

all combinations of these chiral centres were examined. The final structure 

showed the best fit to the data but also satisfied crystal-chemical expectations, 

such as the formation of dihydrogen bonds (N–H∙∙∙H–B) and the coordination 

of Na+ to H atoms of BH3 and BH2 groups. Rietveld refinements were done in 

Fullprof48, refining all non-hydrogen atoms of the anions individually using 

restraints from DFT-refined geometry. Hydrogen atoms were refined using the 
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rigiding model, with Na as free atoms. The symmetry was confirmed with 

ADDSYM routine in the PLATON49 software. RB = 7.9%, Rp = 14.2, Rwp = 12.5, 

χ2 = 424 (mind that the counting statistics is very high). 

 

Figure 3.8 Rietveld refinement of the synchrotron PXRD pattern of 

Na[B3(MeN)2] (λ = 0.77509 Å, T = 300 K). Observed data (Yobs) are displayed 

in red, the Rietveld refinement profile (Ycalc) in black and the difference plot 

(Yobs – Ycalc) in blue. Agreement factors, with background correction, are RB 

= 7.9 %, Rp = 14.2, Rwp = 12.5, χ2 = 424. 

 

 

Table 3.2 Inter-anion dihydrogen bond lengths and angles in Na[B3(MeN)2]. 

N–Hδ+…Hδ-–B D(H…H) / Å ∠(N–H…H) / ° 

N(12)–H(121) …H(212)–B(21) (terminal B) 

N(22)–H(221) …H(131)–B(13) (central B) 

2.37 

2.13 

135.6 

173.8 

N(14)–H(141) …H(251)–B(25) (terminal B) 

N(24)–H(241) …H(151)–B(15) (terminal B) 

2.28 

2.46 

124.0 

159.4 

N(24)–H(241) …H(232)–B(23) (central B) 2.49 136.6 
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Table 3.3 B–N bond lengths in CH3NH2BH3, M[B3N2] (M = Li – Cs), and 

Na[B3(MeN)2] (Because of the significant disorder and presence of peaks from 

unidentified impurities, they modeled the structure of Na/Li[B3N2] in Jana2006. 

And B–N distances in Na[B3N2] were restrained to 1.60(1) Å). 

Compound Identification of B-N bond Bond length (Å) 

CH3NH2BH3
44 B–N 1.587(3) 

Li[B3N2]
33 B–N - 

Na[B3N2]
33 B–N 1.60(1) 

K[B3N2]
34 B–N (terminal B) 1.609(1) 

 B–N (central B) 1.551(1) 

Rb[B3N2]
34 B–N (terminal B) 1.62(2) – 1.65(2) 

 B–N (central B) 1.60(2) 

Cs[B3N2]
34 B-N 1.56(7) – 1.57(7) 

Na[B3(MeN)2]
(this work) 

B11–N12 (terminal B) 1.638(9) 

B13–N12 (central B) 1.620(9) 

B13–N14 (central B) 1.626(10) 

B15-N14 (terminal B) 1.592(9) 

B21–N22 (terminal B) 1.603(8) 

B23–N22 (central B) 1.635(11) 

B23–N24 (central B) 1.601(8) 

B25–N24 (terminal B) 1.632(10) 

3.7.9 Fourier transform infrared spectroscopy (FTIR): 

Attenuated total reflectance (ATR)-IR spectra were recorded using a 

Bruker Alpha spectrometer. The spectrometer was equipped with a Platinum 

ATR sample holder, which featured a diamond crystal for single bounce 

measurements. The entire experimental setup was located within an argon-

filled glovebox to maintain an inert atmosphere during the measurements.  

3.7.10 Thermogravimetric analysis (TGA):  

TGA measurements were conducted using a Netzsch STA 449 F3 

TGA/DSC. The TGA/DSC was equipped with a stainless-steel oven and 

located within an argon-filled glovebox to ensure an inert atmosphere during 
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the measurements. The samples were loaded into Al2O3 crucibles and 

subjected to a heating rate of 5 K/min under an argon flow of 100 mL/min. 

3.7.11 Mass spectrometry: 

Mass spectrometry measurements were conducted using a Hiden Catlab 

reactor coupled with a Quantitative Gas Analyser (QGA) Hiden quadrupole 

mass spectrometer, which is installed outside of the glovebox. Prior to the 

experiment, the samples were loaded into a quartz tube with two layers of 

quartz wool, all within the protective atmosphere of an argon-filled glovebox. 

The ends of the quartz tube were sealed with Parafilm before being removed 

from the glovebox. Subsequently, the quartz tube was placed in the sample 

holder outside the glovebox after quickly removing the Parafilm. The argon 

flow (40 mL/min) was immediately initiated to prevent any contact of the 

sample with air. The samples were then heated to 40 °C and held isothermally 

for approximately 2 hours to stabilize the temperature. Heating was then 

performed at a rate of 5 °C/min until reaching 150 °C, followed by an one hour 

isotherm. Gas evolution was monitored by recording the peak with the highest 

intensity for each gas, specifically the m/z values of 2, 15, 17, 18, 26, 28, and 

30, corresponding to H2, CH4, NH3, H2O, B2H6, N2, and CH3NH2, respectively. 

The absence of H2O and N2 signals in the collected data confirmed the 

absence of leaks, ensuring that the sample remained under a protective argon 

atmosphere throughout the measurement. 

 

Table 3.4 The mole mass, density, gravimetric and volumetric hydrogen 

density of Na[B3(MeN)2] 

Mole mass δ Gravimetric hydrogen 

density 

Volumetric hydrogen 

density 

123.58 g/mol 973 g/L 13.05 % 126 g/L 
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Table 3.5 H-contents, mass losses and by-products formed during thermal 

treatment of several M[B3N2] compounds. 

Compound(reference) H-content (wt. %, 

excluding 

hydrogen on 

carbon) 

Mass loss 

below 200 ˚C 

(%) 

By-products 

[Bu4N][B3N2]
35 3.8 3.0 None 

[Et4N][B3N2]
35 6.0 6.0 None 

[C(N3H6)][B3N2]
35 13.7 18.5 NH3, CH4 

[C(N3H5CH3)][B3N2]
35 11.7 8.0 NH3, CH4 

[NH4][B3N2] - 

3NH3BH2NH2BH2NH2BH3
38

 

16.4 ~ 45 B3N3H6, B2H6, 

NH3 

Li[B3N2]
33 15.2 ~ 5 None 

Na[B3N2]
33 12.7 ~ 20 NH3, BNH5, 

B2NH7 

K[B3N2]
34 10.8 ~ 36 NH3, B2H6 

Rb[B3N2]
34 7.6 ~ 23 NH3, B2H6 

Cs[B3N2]
34 5.9 ~ 19 NH3, B2H6 
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Chapter 4 

Aluminum methylamidoborane 

complexes: mechanochemical 

synthesis, structure, stability, and 

reactive hydride composites 

Abstract  

Methyl-substituted Al-based amidoborane Na[Al(CH3NHBH3)4] was 

designed and synthesized as a potential candidate for hydrogen-storage 

purposes. Its structure as well as that of Na[AlH(CH3NHBH3)3], forming as an 

intermediate in mechanochemical synthesis, were determined by high-

resolution powder X-ray diffraction. The synthesis of Na[Al(CH3NHBH3)4] 

required the much cheaper CH3NH2BH3 and could be performed under less 

harsh conditions compared to the unsubstituted analogue. 

Na[AlH(CH3NHBH3)3] is the first example of an Al-based compound containing 

both hydride and amidoborane species. Despite Na[Al(CH3NHBH3)4] not 

being suitable for hydrogen storage on its own, reactive hydride composites 

(RHCs) made of Na[Al(CH3NHBH3)4] and 12 eq. of NaH, or 6 eq. of NaNH2, 

showed the release of pure hydrogen at moderate temperatures, making this 

and similar systems interesting candidates for hydrogen storage. 

 

This chapter is based on the following publication: 

Ting Zhang, Timothy Steenhaut, Xiao Li, François Devred, Michel Devillers and 

Yaroslav Filinchuk, Aluminum methylamidoborane complexes: mechanochemical 

synthesis, structure, stability, and reactive hydride composites, Sustainable Energy & 

Fuels, 2023, 7, 1119 (DOI: 10.1039/d2se01558g) 
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4.1 Introduction 

Environmental pollution and the increasing demand for more energy are 

driving the search for new sustainable and ecofriendly alternatives for energy 

production and storage. Hydrogen appears to be an ideal candidate for the 

latter owing to its highest energy density (120 MJ/kg) and its generation from 

renewable energy sources, as well as the fact that water is the only waste 

product during the back-conversion to energy.1-3 However, its storage in a 

compact, safe, and cost-effective manner remains a challenging problem that 

needs to be overcome before its use in widespread applications. Compressed 

H2 gas is the currently accepted solution, but solid-state hydrogen storage 

appears to be an interesting mid- and long-term alternative.2, 4-13 Unfortunately, 

up to now, no single hydrogen storage material fulfills all the essential 

application requirements (like the volumetric and gravimetric hydrogen 

capacities, handling pressure and temperature, and regeneration of 

dehydrogenated products) despite several decades of intensive 

investigation.14 Therefore, developing new and better materials for this 

purpose is still a major requirement. 

Ammonia borane (NH3BH3, AB) has received significant attention for 

hydrogen storage due to its high hydrogen content (19.6 wt.%), low toxicity, 

and good stability under ambient conditions.15-20 However, it undergoes 

thermal decomposition in multiple steps at about 120 °C, 200 °C, and 500 °C, 

respectively,16 accompanied by the evolution of some toxic volatile byproducts 

(B2H6, NH3, N3B3H6) and severe foaming and volume expansion during the 

thermal decomposition.21-23 Many strategies have been explored to overcome 

these problems; for example, by forming metal amidoboranes (MABs),6, 24-27 

including mono-metallic28-38 and multi-metallic39-50 derivatives. Compared to 

pristine AB, MABs often have lower decomposition temperatures and/or 

release hydrogen with improved purity. This is the case, for example, for 

LiNH2BH3 and NaNH2BH3, which release ∼10.9 wt.% and ∼7.5 wt.% hydrogen, 

respectively, at lower temperatures (∼90 °C) than the pure AB, with no 

borazine emission.29 Other promising compounds comprise KNH2BH3, which 

decomposes at 80 °C and releases 6.5 wt.% of pure H2,33 and Mg(NH2BH3)2, 

which releases ca.10 wt.% of high-purity H2 upon heating to 300 °C.35 Among 

the multi-metallic MABs, the first described was Na2Mg(NH2BH3)4, which could 
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release 8.4 wt.% of predominantly hydrogen with small amounts of ammonia 

and borazine.42 Other examples include Li2Ca(NH2BH3)4 and 

Na2Ca(NH2BH3)4, which have shown low H2 desorption temperatures of 91 °C 

and 98 °C, respectively. Also, Li2Ca(NH2BH3)4 decomposes with minimal 

ammonia contamination.50 

Na[Al(NH2BH3)4] was studied by our group and was shown to release ∼9 

wt.% of high-purity hydrogen in two steps (at 120 °C and 168 °C). Furthermore, 

the final amorphous residue obtained upon the thermal decomposition of 

Na[Al(NH2BH3)4] could reversibly absorb about 27% of the released hydrogen 

at 250 °C and a H2 pressure of 150 bar.44 The high gravimetric hydrogen 

density, low decomposition temperature, and pure released hydrogen 

encouraged us to further investigate aluminum-based amidoboranes. Other 

known Al-based amidoboranes include Li/Na/K[Al(NH2BH3)4],39, 44, 48, 49 

[Al(NH3)6] [Al(NH2BH3)6],45 and Li3[AlH2(NH2BH3)4]43. Among those, only the 

crystal structures of Na[Al(NH2BH3)4] and K[Al(NH2BH3)4] have been reported, 

limiting the understanding of the relationship between the structure and 

properties of Al-based amidoboranes. 

With this in mind, and with the aim to enlarge the class of Al-based 

amidoboranes using cheaper substituted molecules, we synthesized 

Na[Al(CH3NHBH3)4] by a mechanochemical approach. Mechanochemical 

synthesis refers to reactions, normally of solids, induced by the input of 

mechanical energy, such as by grinding in a ball mill, which is extensively used 

for the synthesis of hydrides.51-54 Such synthesis minimizes the use of toxic 

solvents, clearly promoting reactions between solids, often quickly and with 

quantitative yields, and enables access to products or processes not 

encountered in solution, as well as being easy to scale up. In addition, milling 

vials allow for synthesis under reactive conditions and/or offer access to the 

pressure and temperature of the reacting mixture, such as with the Easy GTM 

system (gas pressure and temperature detection system). Compared to “blind” 

milling, this approach allows following a reaction pathway, isolating the 

intermediates, and avoiding the degradation of a sample by over-milling. 

The synthesis of Na[Al(CH3NHBH3)4] started from the more accessible 

(as compared to NH3BH3) methyl-substituted CH3NH2BH3, which was easily 

obtainable from commercially available and cheap precursors. In addition, the 

presence of the weak electron–donating methyl substituent was expected to 
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affect the coordination bonds between N and Al atoms in the final complex. 

This, in particular, allowed doing the mechanochemical synthesis under much 

less harsh conditions compared to the non-substituted NH3BH3 based system. 

The crystal structure of the obtained Na[Al(CH3NHBH3)4] complex was 

determined from high-resolution powder X-ray diffraction (HR-PXRD), as well 

as that of Na[AlH(CH3NHBH3)3], which appeared as an intermediate in the 

mechanochemical synthesis. The thermal decomposition of 

Na[Al(CH3NHBH3)4] was accompanied by a large weight loss, making it 

unsuitable for hydrogen storage on its own. However, the dehydrogenation of 

the reactive hydride composites (RHCs) based on the newly obtained complex 

and sodium hydride, as well as sodium amide, demonstrated a release of 

significant amounts of pure hydrogen. This makes this Al-based system a 

potential candidate for solid-state hydrogen storage. 

4.2 The synthesis and structure characterization of 

Na[Al(CH3NHBH3)4] 

 

Figure 4.1 PXRD patterns of products obtained upon milling NaAlH4 and 

CH3NH2BH3 in different ratios, along with the patterns of reagents, the peaks 

of the residual NaCl are pointed by purple triangles (λ = 0.71073 Å). 

Although the synthesis of Na[Al(NH2BH3)4]44 has been reported, methyl 

substitution on the ligand may lead to different reactivity, and potential steric 

hindrance may lead to the formation of different structures. Therefore, we 
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screened several conditions for the mechanochemical synthesis, exploring 

different mole ratios for NaAlH4 and CH3NH2BH3. We found that a new 

crystalline product was obtained only when using the mole ratio of 1: 4 of 

NaAlH4 and CH3NH2BH3 (see the powder X-ray diffraction, PXRD, results in 

Figure 4.1). 

Structure solution and subsequent Rietveld refinement (Figure 4.2) for 

the NaAlH4-4CH3NH2BH3 sample revealed a 97 weight % of the new phase 

Na[Al(CH3NHBH3)4] and ∼3 wt.% of the NaCl, the impurity from the synthesis 

of CH3NH2BH3. NaCl is a solid by-product during the synthesis of CH3NH2BH3 

in THF, but a small amount of NaCl remained in the THF solution of 

CH3NH2BH3 after filtering (see the Experimental section 4.7.2), although we 

could not see any residual NaCl in the PXRD pattern of CH3NH2BH3 (Figure 

S5 in Annex). Also, NaCl clearly appeared on the amorphous background of 

NaAlH4–5 CH3NH2BH3 (Figure 4.1). 

 

Figure 4.2 Rietveld refinement of the HR-PXRD diffractogram of NaAlH4–

4CH3NH2BH3 containing Na[Al(CH3NHBH3)4] (upper green marker), NaCl 

(lower green marker) (λ = 1.54056 Å). Observed data (Yobs, red curve), 

Rietveld refinement profile (Ycalc, black curve), and difference plot (Yobs - Ycalc, 

blue curve). Agreement factors, corrected for background, are Rexp = 9.41 %, 

Rwp = 16.3 %, Rp = 18.8%, χ2 = 3. 
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Na[Al(CH3NHBH3)4] crystallizes in a monoclinic unit cell with the space 

group P21/n. In this anionic complex, the central Al3+ ion is tetrahedrally 

coordinated by four N atoms from four [CH3NHBH3]− anions (Figure 4.3A), 

similarly to the previously reported Na[Al(NH2BH3)4] and K[Al(NH2BH3)4].44, 49 

The Al–N distances were between 1.922(11) and 1.990(12) Å, which were a 

little bit longer than in Na[Al(NH2BH3)4] (1.840(9)–1.929(8) Å) and 

K[Al(NH2BH3)4] (1.838(9)–1.909(9) Å). This could be explained by the 

introduction of the bulky methyl substituents on the N atoms, making longer 

Al–N bonds necessary to offer sufficient space for the [CH3NHBH3]− anions. 

The Na atoms have a distorted triangular bipyramidal coordination geometry 

formed by five surrounding BH3 groups from the [CH3NHBH3]− anions (Figure. 

4.3B), unlike the usual octahedral environments reported for Na[Al(NH2BH3)4], 

Na2[Mg(NH2BH3)4], and Na2[Ca(NH2BH3)4].41, 44, 50 In Na[Al(CH3NHBH3)4], all 

the [CH3NHBH3]− units exhibited a bridging coordination mode, linking Al3+ and 

Na+ ions, leading to the formation of a 3D polymeric structure (Figure 4.4). 

Given the smaller number of N–H bonds, fewer dihydrogen bonds were 

formed in Na[Al(CH3NHBH3)4], compared to in the non-substituted 

Na[Al(NH2BH3)4] (Table 4.3). 

 

 

Figure 4.3 Ball and stick plots of the tetrahedral [Al(CH3NHBH3)4]- anion (A) 

and distorted triangular bipyramidal coordination of Na+ cation (B); Color code: 

N = blue, B = green, C = grey, H = light grey, Al = red, and Na = pink. 
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Figure 4.4 Crystal packing of Al and Na coordination polyhedra in the 

structure of Na[Al(CH3NHBH3)4] along the a (A), b (B), and c (C) axis. Color 

code: N = blue, B = green, C = grey, H = light grey, Al = red, and Na = pink. 

Hydrogen atoms are omitted for clarity. 

The Fourier-transform infrared (FTIR) spectrum of Na[Al(CH3NHBH3)4] 

exhibited characteristic bands of B–H (bending from 962 to 1218 cm−1 and 

stretching from 2168 to 2450 cm−1), N–H (bending at 1595 cm−1 and stretching 

from 3200 to 3298 cm−1), C–H (bending at 1405–1495 cm−1 and stretching 

around 2864–3035 cm−1), and C–N (stretching in the 859–965 cm−1 range) 

vibration modes, similar to those of CH3NH2BH3 (Figure 4.5).55 Furthermore, 

new bands were present between 502 and 640 cm−1, which could be assigned 

to the Al–N stretching modes. In addition, the signal at 3166 cm−1 

corresponding to the symmetrical stretching mode of N–H in the CH3NH2BH3 
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precursor disappeared, whereas the signal corresponding to the N–H bending 

mode was shifted from 1320 cm−1 in the CH3NH2BH3 precursor to 1364 cm−1, 

consistent with the removal of one H atom and the formation of a coordination 

bond between N and Al. Moreover, the signal of the B–N stretching mode in 

Na[Al(CH3NHBH3)4] was widened and blue-shifted compared to CH3NH2BH3. 

This phenomenon, which was also reported for Na[Al(NH2BH3)4],44 indicated 

slightly stronger B–N bonds, which was in accordance with the shorter bonds 

observed in the crystal structure (Table 4.4). 

 

Figure 4.5 ATR-IR spectra of Na[Al(CH3NHBH3)4], CH3NH2BH3 and NaAlH4. 

4.3 Investigation of the reaction mechanism and isolation of 

the intermediate 

Compared to the reported Na[Al(NH2BH3)4], the methyl substituted 

Na[Al(CH3NHBH3)4] could be obtained with a shorter milling time while 

keeping all the other reaction parameters unchanged (see Table 4.1). This 

indicated a higher reactivity of NaAlH4 with CH3NH2BH3 than with its 

unsubstituted counterpart. Indeed, the electronic contribution of the methyl 

group to the N atom likely made the dehydrogenation with NaAlH4 easier. 

Furthermore, the composites of NaAlH4 with 4 eq. of CH3NH2BH3 became 

liquid after just several milling cycles (Figure 4.6 and 4.13), in part because of 

the lower melting point of CH3NH2BH3 (56 °C)56 compared to NH3BH3 (112–
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114 °C),16 in which most likely the eutectic mixtures enabled a better 

interaction between the reactants. In contrast, while milling NaAlH4 with 4 eq. 

of unsubstituted NH3BH3 the mixture remained solid throughout the synthesis. 

Table 4.1 Milling conditions reported for the synthesis of Na[Al(NH2BH3)4] and 

used for the synthesis of the new Na[Al(CH3NHBH3)4] complex. 

Parameter Na[Al(NH2BH3)4] Na[Al(CH3NHBH3)4] 

Rotation speed (rpm) 600 600 

Milling time (min) 3 3 

Break time (min) 5 5 

Number of cycles 240 120 

Ball to powder mass ratio 30:1 30:1 

 

Figure 4.6 Photographs of product after different amounts of milling cycles 

based on Approach A shown in Table 4.2. 

To gain more insights into the reaction mechanism, the gas pressure and 

temperature were monitored in situ during the mechanochemical reaction 

between NaAlH4 and 4 eq. of CH3NH2BH3 (Figure 4.7 A and S6 in annex). 

About 3.93 mole of gas was released per mole of NaAlH4 during the milling 

process, which was close to the amount of gas expected (4 eq.), according to 

the following equation: 
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Interestingly, the pressure rise during the synthesis of Na[Al(CH3NHBH3)4] 

showed two distinct steps, illustrated by the two colors in Figure 4.7A. About 

2.83 eq. of gas per Al was released during the first step. Since this may 

suggest the formation of an intermediate involving 3 CH3NH2BH3 per NaAlH4, 

we performed the milling under softer conditions, as described in the 

Experimental part 4.7.4, and the reaction was stopped after the first step of 

gas release, as could be observed from the in-situ follow-up of the pressure 

and temperature during the reaction (Figure 4.7A). Upon crystallization of the 

obtained product, we isolated crystalline powder, enabling us to determine the 

crystal structure of the intermediate by high-resolution PXRD. The structure 

revealed the composition Na[AlH(CH3NHBH3)3], in which 3 out of 4 hydrogen 

atoms in the starting complex hydride were exchanged for 

methylamidoboranes. This allows us to present the reaction of 

Na[Al(CH3NHBH3)4] synthesis as occurring in two steps, as shown in Figure 

4.7B. 

 

Figure 4.7 (A) The quantity of gas released during the synthesis of 

Na[Al(CH3NHBH3)4] and Na[AlH(CH3NHBH3)3], at 600 and 500 rpm milling for 

2 and 1-step reactions respectively, and (B) the corresponding reaction steps 

for NaAlH4 + 4CH3NH2BH3 mixture. 
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In 2013, the existence of Li3[AlH2(NH2BH3)4] was proposed but its 

structure has not been determined yet. The intermediate we identified in the 

present work is thus the first characterized example of a crystalline Al-based 

complex coordinated both with hydride and amidoborane. In 

Na[AlH(CH3NHBH3)3], aluminum is coordinated to three N atoms from the 

[CH3NHBH3]− anions and one hydride to form a distorted tetrahedron (Figure 

4.8A). The Na+ cation is surrounded by five H atoms from three different BH3 

groups (Figure 4.8B). More accurate H positions could be obtained from the 

DFT optimization, and thus the coordination environment for Na+ may actually 

differ. The [CH3NHBH3]− units in the intermediate connect Al3+ and Na+ ions in 

a bridging manner to form a 2D sheet (Figure 4.9) instead of the 3D polymeric 

structure in Na[Al(CH3NHBH3)4]. 

 

Figure 4.8 Ball and stick plots of the tetrahedral (A) [AlH(CH3NHBH3)3]- and 

(B) [Na(CH3NHBH3)3]2- Color code: N = blue, B = green, C = grey, H = light 

grey, Al = red, and Na = pink. 

 

Figure 4.9 Crystal packing of Al and Na coordination polyhedra in the 

structure of Na[AlH(CH3NHBH3)3] along the a (A), b (B), and c (C) axis. Color 

code: N = blue, B = green, C = grey, H = light grey, Al = red, and Na = pink. 

Hydrogen atoms are omitted for clarity. 



Chapter 4 

106 

 

4.4 The thermal decomposition of Na[Al(CH3NHBH3)4] 

4.4.1 The stability of Na[Al(CH3NHBH3)4] in air 

Before we investigated the thermal dehydrogenation of 

Na[Al(CH3NHBH3)4], we examined the stability of Na[Al(CH3NHBH3)4] in air 

based on the PXRD pattern analysis (Figure 4.10). The results indicate that 

Na[Al(CH3NHBH3)4] remains stable in air for at least 15 min without any 

decomposition. However, after being exposed to air for 25 min, peaks 

corresponding to MeAB appeared. After 1.5 hours, the peaks associated with 

Na[Al(CH3NHBH3)4] disappeared completely. This suggests that 

Na[Al(CH3NHBH3)4] decomposes entirely when exposed to air for 1.5 hours. 

Additionally, MeAB is identified as the main crystalline phase of the product, 

resulting from the reaction between Na[Al(CH3NHBH3)4] and air (or moisture  

present in the air). 

 

Figure 4.10 PXRD pattern of CH3NH2BH3, Na[Al(CH3NHBH3)4], 

Na[Al(CH3NHBH3)4] exposed to air for different duration (λ = 0.71073 Å). 

4.4.2 The thermal decomposition of Na[Al(CH3NHBH3)4] 

The lower number of N–H bonds and thus fewer dihydrogen bonds 

formed in Na[Al(CH3NHBH3)4] compared to Na[Al(NH2BH3)4] could potentially 

lead to a lower thermal stability of this complex (Table 4.3). Indeed, the thermal 

decomposition occurred in a single step with a very significant weight loss 

starting at about 100 °C, accompanied by a weight oscillation due to the so-
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called “jet” effect (productions of gas or particles in a fast exothermic reaction), 

Figure 4.11A. Based on PXRD and IR analyses (Figure 4.11B and C), the solid 

decomposition products obtained after heating at 100 °C were identified as 

crystalline NaBH4 along with some amorphous phase(s). This decomposition 

contrasted with the generation of pure hydrogen by Na[Al(NH2BH3)4], which 

ended up equally by formation of NaBH4 and amorphous phase(s). The large 

weight loss of about 48% during the decomposition of the methyl-substituted 

analogue was much beyond the expected value for the release of pure H2 

(12.4 % and 126 g/L for the gravimetric and volumetric hydrogen density of 

Na[Al(CH3NHBH3)4] respectively, including the hydrogen of the methyl group). 

This clearly indicated that other heavier gaseous species were produced 

along with hydrogen, making Na[Al(CH3NHBH3)4] not suitable for hydrogen 

storage on its own. 

 

Figure 4.11 (A) TG analysis of Na[Al(CH3NHBH3)4] showing significant weight 

loss; (B) PXRD patterns (λ = 0.71073 Å) and (C) IR spectra of the product 

upon heating at 100 ˚C, compared to the starting Na[Al(CH3NHBH3)4] and 

NaBH4. 
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4.5 The thermal dehydrogenation of RHCs based on 

Na[Al(CH3NHBH3)4] 

Many hydrides possessing a high H–content are not suitable as hydrogen 

carriers on their own, either due to their high decomposition temperatures, or 

to the release of different species along with hydrogen, as in the title system. 

However, a combination of two hydrides may generate pure hydrogen at 

moderate temperatures, in a reaction unique to the combination.12, 57-61 Some 

theoretical studies are aiming to screen for such combinations, usually within 

the reaction enthalpy window (30-60 kJ/mol) suitable for reversible hydrogen 

adsorption/desorption;62 the most promising systems are verified 

experimentally. The shortcoming of this approach is the absence of structure 

information (used in modeling) for some known hydrides and for the new 

phases being discovered. Indeed, a new hydrogen-rich solid may lead to 

numerous new combinations that avoided scoring in this screening process. 

It seems important to verify the properties of RHCs once the new H-rich phase 

is discovered. Therefore, we prepared and characterized the thermal 

properties of the RHCs based on Na[Al(CH3NHBH3)4] and NaH or NaNH2. 

4.5.1 The thermal dehydrogenation of Na[Al(CH3NHBH3)4] + 12NaH 

To provide enough hydride ions to match the hydridic H from BH3, we 

decided to use 12 eq. of NaH per Al (7.79% and 96 g/L for the gravimetric and 

volumetric hydrogen densities of the composite Na[Al(CH3NHBH3)4] + 12NaH 

respectively, including the hydrogen of the methyl group). The components 

were ball milled for 1 hour at 100 rpm. The obtained RHC possessed a 

considerably different thermal decomposition profile compared to the pure 

Na[Al(CH3NHBH3)4]. The TGA curve showed two distinct weight loss steps 

from room temperature to 400 °C (Figure 4.12A), remarkably without the jet 

effect seen for the pure complex hydride. About 6.2 wt.% was lost during the 

first step from room temperature to 180 ˚C, which was close to the theoretical 

hydrogen content (5.45 wt.%, excluding hydrogen in the methyl groups) of the 

RHC. The dehydrogenation process of the first step was further characterized 

through mass spectrometry between 40 °C and 180 °C, revealing the 

hydrogen release, without the detection of ammonia, diborane, methane, or 

methylamine (Figure 4.12B). 
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Figure 4.12 TGA (A) and MS (B) analyses for the RHC made of 

Na[Al(CH3NHBH3)4] + 12NaH. 

4.5.2 The thermal dehydrogenation of Na[Al(CH3NHBH3)4] + 6NaNH2 

Differently from NaH, NaNH2 plays the role of a proton donor. In this case, 

6 eq. of NaNH2 was needed to provide enough protic Hδ+ for the formation of 

H2 from the B–Hδ− moieties contained in Na[Al(CH3NHBH3)4] (8.70% and 102 

g/L for the gravimetric and volumetric hydrogen densities of the composite 

Na[Al(CH3NHBH3)4] + 6NaNH2 respectively, including the hydrogen of the 

methyl group). The RHC formed by the combination of Na[Al(CH3NHBH3)4] 

with 6 eq. of NaNH2 showed one thermal decomposition step between room 

temperature and 400 °C, similar to the pure Na[Al(CH3NHBH3)4], but without 

the jet effect. However, the formation of the RHC lowered the amount of 

released gaseous products, as only about 10 wt.% was released upon heating 

to 400 °C (Figure 4.13A). The gaseous species released between 40 °C and 
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180 °C were also identified by means of mass spectrometry, similar to the 

RHC with NaH. We weighed a sample of this RHC before and after the MS 

characterization and found about 6.8 wt.% was lost up to 180 °C, at a 

theoretical hydrogen content of 6.1 wt.%, excluding the hydrogen in the methyl 

groups. We believe that the CH3 group did not participate in the 

dehydrogenation reaction in both the RHCs, despite the experimental weight 

losses appearing slightly higher than the theoretical values. In this case, also, 

no ammonia, diborane, nitrogen, methane, or methylamine were detected by 

MS (Figure 4.13B and S13, 14 in Annex), in contrast with pristine NaNH2, 

which released nitrogen and ammonia at about 140 °C (Figure. S11 in Annex). 

 

Figure 4.13 TGA (A) and MS (B) analyses for the RHC made of 

Na[Al(CH3NHBH3)4] + 6NaNH2. 

In summary, although the pure Na[Al(CH3NHBH3)4] complex did not 

release pure hydrogen upon thermal treatment, the studied RHCs with 12 eq. 
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of NaH and with 6 eq. of NaNH2 allowed obtaining pure hydrogen between 

40 °C and 180 °C, proving that the concept of RHCs works very well for this 

Al-based system. Further study is necessary to test for possible hydrogen 

reversibility, which may require a use of catalysts, thus going beyond the 

scope of this work. 

4.6 Conclusion 

Al-based amidoborane Na[Al(CH3NHBH3)4] was obtained by a 

mechanochemical reaction between NaAlH4 and CH3NH2BH3. Compared to 

the previously reported Na[Al(NH2BH3)4], the introduction of a weak electron-

donating CH3 group favored the formation of Al-based amidoboranes. The 

reaction occurred in two steps, and the Na[AlH(CH3NHBH3)3] intermediate 

was isolated and characterized by PXRD, giving new insights into the 

formation of Al-based amidoboranes. Al3+ was tetrahedrally coordinated in 

both new compounds; Na[AlH(CH3NHBH3)3] is the first example of Al 

simultaneously coordinated to amidoborane and hydrogen. 

Large weight losses were observed upon the thermal decomposition of 

Na[Al(CH3NHBH3)4], evidence that other gas phase by-products were forming 

along with hydrogen. The formation of reactive hydride composites with either 

12 eq. of NaH or 6 eq. of NaNH2 decreased the weight losses observed up to 

180 °C to the theoretical hydrogen capacity of the systems. Moreover, we did 

not detect the formation of by-products such as NH3, B2H6, CH4, CH3NH2, or 

N2 by mass spectrometry during the thermal decomposition of the RHCs. This 

calls for further study of the hydrogen reversibility in these systems, as well as 

highlighting the potential for cheap and light Al-based systems for solid-state 

hydrogen storage. 

4.7 Experimental section 

4.7.1 Chemicals 

All the samples were obtained from commercially available NaAlH4 (93%), 

NaBH4 (97%), CH3NH2·HCl (98%), and anhydrous THF (>99.9%), which were 

purchased from Sigma Aldrich Co. Ltd. All the operations were performed in a 

glovebox with a high-purity argon atmosphere. 
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4.7.2 Synthesis of CH3NH2BH3 (MeAB)63 

See Chapter 3, Experimental section 3.7.4  

4.7.3 Synthesis of Na[Al(CH3NHBH3)4] 

First, 1 eq. of NaAlH4 (46 mg, 0.85 mmol) and 4 eq. of CH3NH2BH3 (154.7 

mg, 3.4 mmol) were placed into an 80 mL stainless-steel vial and with three 

10 mm diameter stainless-steel balls and milled in a planetary ball mill (Fritsch 

Pulverisette 7 Premium line). Evolution of the gas pressure and temperature 

during the reaction was performed using the Easy GTM detection system 

accessory (Fritsch). The optimized synthesis parameters (milling speed, time, 

number of cycles, and ball to power mass ratio) are listed in Table 4.2. The 

sample used for complete characterization was obtained by applying the 

parameters for approach A with the purity of 96.8 %, in Table 4.2, this synthesis 

is reproducible. 

Table 4.2 Parameters used for the optimization of the synthesis of 

Na[Al(CH3NHBH3)4]. 

Parameter A B C D 

Rotation speed (rpm) 600 600 500 250 

Milling time(min) 3 3 3 3 

Break time(min) 5 5 2 2 

Number of cycles ≥90 120 200 240 

Ball to powder mass ratio 60:1 30：1 60:1 60:1 

Composite NaAlH4–CH3NH2BH3:1 eq. of NaAlH4 (109.2 mg, 2.0 mmol) 

and 1 eq. of CH3NH2BH3 (90.8 mg, 2.0 mmol) were placed into an 80 mL 

stainless steel vial with three 10 mm diameter stainless steel balls (ball-to-

powder mass ratio of 60:1). The reactants were then milled in a planetary ball 

mill (Fritsch Pulverisette 7 Premium line), with a rotation speed of 600 rpm for 

100 milling cycles of 3 min interrupted by 5 min cooling breaks.  

Composite NaAlH4–2CH3NH2BH3:1 eq. of NaAlH4 (75 mg, 1.4 mmol) 

and 2 eq. of CH3NH2BH3 (124.9 mg, 2.8 mmol) were placed into an 80 mL 

stainless steel vial with three 10 mm diameter stainless steel balls (ball-to-

powder mass ratio of 60:1). The reactants were then milled in a planetary ball 
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mill (Fritsch Pulverisette 7 Premium line), with a rotation speed of 600 rpm for 

140 milling cycles of 3 min interrupted by 5 min cooling breaks.  

Composite NaAlH4–3CH3NH2BH3:1 eq. of NaAlH4 (46 mg, 0.85 mmol) 

and 3 eq. of CH3NH2BH3 (116 mg, 2.6 mmol) were placed into an 80 mL 

stainless steel vial with three 10 mm diameter stainless steel balls (ball-to-

powder mass ratio of 60:1). The reactants were then milled in a planetary ball 

mill (Fritsch Pulverisette 7 Premium line), with a rotation speed of 600 rpm for 

140 milling cycles of 3 min interrupted by 5 min cooling breaks. 

Composite NaAlH4–5CH3NH2BH3:1 eq. of NaAlH4 (46 mg, 0.85 mmol) 

and 5 eq. of CH3NH2BH3 (191.0 mg, 4.2 mmol) were placed into an 80 mL 

stainless steel vial with three 10 mm diameter stainless steel balls (ball-to-

powder mass ratio of 60:1). The reactants were then milled in a planetary ball 

mill (Fritsch Pulverisette 7 Premium line), with a rotation speed of 600 rpm for 

200 milling cycles of 3 min interrupted by 5 min cooling breaks. 

4.7.4 Isolation of Na[AlH(CH3NHBH3)3] 

Some crystalline Na[AlH(CH3NHBH3)3] was obtained by using the 

following method. First, a mixture of 1 eq. of NaAlH4 and 4 eq. of CH3NH2BH3 

was loaded into an 80 mL stainless-steel vial with three 10 mm diameter 

stainless-steel balls and milled in a planetary ball mill (Fritsch Pulverisette 7 

Premium line). Evolution of the gas pressure and temperature during the 

reaction was performed using the Easy GTM detection system accessory 

(Fritsch). The rotation speed was set to 500 rpm and the ball to powder mass 

ratio was 60: 1. The synthesis was performed using 15 milling cycles of 3 min 

interrupted by 2 min cooling breaks, to yield a colorless liquid (Figure 4.14). 

This liquid was then exposed to the dry atmosphere of an argon-filled 

glovebox for about 2 weeks, to yield some light gray powder. Upon heating 

this powder at 50 °C under vacuum in a tubular oven, crystalline 

Na[AlH(CH3NHBH3)3] was obtained. 
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Figure 4.14 Photograph of sample used for isolating the Na[AlH(CH3NHBH3)3] 

intermediate after 15 cycles of milling before drying. 

4.7.5 Powder X-ray diffraction (PXRD) 

Samples were filled into 0.7 mm thin-walled glass capillaries (Hilgenberg 

GmbH) in an argon-filled glovebox and subsequently sealed with grease 

before removing them from the glovebox. The capillaries were then cut and 

immediately put into wax on a goniometer head without allowing air to enter 

the capillary. 

Diffraction data were immediately recorded on a MAR345 image-plate 

detector equipped with an Incoated Mo (λ = 0.71073 Å) Microfocus (lmS) 

system operating at 50 kV and 1000 mA. The obtained 2D images were 

azimuthally integrated by the Fit2D program using LaB6 as the calibrant. High-

resolution (HR)-PXRD patterns were collected in 0.5 mm diameter glass 

capillaries on a STOE STADI P COMBI diffractometer using Cu-Ka1 (λ = 

1.54056 Å) radiation (40 kV, 40 mA, graphite primary monochromator). The 

diffracted beam was recorded on a DECTRIS MYTHEN 1K strip detector. 

4.7.6 Crystal structure determination 

The HR-PXRD data for Na[Al(CH3NHBH3)4] and Na[AlH(CH3NHBH3)3] 

were indexed in monoclinic unit cells and their structures were solved by 

global optimization using FOX software.64 The anions were modeled by 

conformationally-free z-matrices restrained by the bond distances and angles. 

Since the coordinated N-atom of methylamidoborane is chiral, we examined 

all the combinations of these chiral centers within the Al-centered anions. The 

resulting structures showed the best fit to the data, but also satisfied the 

crystal-chemical expectations, such as the formation of dihydrogen bonds N-

H/H–B and coordination of Na+ by H atoms of the BH3 groups. Rietveld 
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refinements were done in Fullprof,65 treating the amidoboranes as separate 

rigid bodies within the complex anion and refining Na and Al as free atoms. 

The symmetry was confirmed with the ADDSYM routine in the program 

PLATON.66 

 

Figure 4.15 Rietveld refinement of the HR-PXRD diffractogram of 

Na[AlH(CH3NHBH3)3] (λ = 1.54056 Å). Observed data (Yobs, red curve), 

Rietveld refinement profile (Ycalc, black curve), and difference plot (Yobs - 

Ycalc, blue curve). Agreement factors, corrected for background, are Rexp = 

11.92 %, Rwp = 22.4 %, Rp = 38.3 %, χ2 = 3.52. 

Table 4.3 N–Hδ+…Hδ-–B bond lengths and N-H…H angles in Na[Al(NH2BH3)4], 

Na[AlH(CH3NHBH3)3] and Na[Al(CH3NHBH3)4] complexes. 

Complex N-Hδ+…Hδ--B D(H…H)/Å ∠(N-H…H)/ ° 

Na[Al(NH2BH3) 4] N(1)–H(11) …H(15)–B(1) 2.06 169.0 

N(1)–H(12) …H(25)–B(2) 2.18 134.4 

N(2)–H(22) …H(13)–B(1) 2.16 139.3 

N(3)–H(31) …H(35)–B(3) 2.24 137.2 

N(3)–H(32) …H(15)–B(1) 2.28 157.6 

N(4)–H(41) …H(23)–B(2) 1.96 143.9 

N(4)–H(42) …H(45)–B(4) 2.00 162.1 

Na[AlH(CH3NHBH3) 3] N(31)–H(31) …H(01)–Al(1) 2.43 139.6 

Na[Al(CH3NHBH3)4] N(21)–H(21) …H(44)–B(41) 2.09 149.2 

N(31)–H(31) …H(14)–B(11) 2.34 160.4 

N(41)–H(41) …H(33)–B(31) 2.15 141.5 

N(41)–H(41) …H(32)–B(31) 2.21 142.3 
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Table 4.4 B-N bond lengths in CH3NH2BH3, Na[AlH(CH3NHBH3)3] and 

Na[Al(CH3NHBH3)4]  

CH3NH2BH3 Na[AlH(CH3NHBH3) 3] Na[Al(CH3NHBH3)4] 

1.58(7) 1.46(3) 1.57(1) 

1.54(2) 1.54(7) 

1.47(3) 1.52(7) 

1.57(0) 

4.7.7 Fourier-transform infrared spectroscopy (FTIR) 

Attenuated total reflectance (ATR)-IR spectra were measured with a 

Bruker Alpha spectrometer equipped with a Platinum ATR sample holder 

(diamond crystal, single bounce) housed in an argon-filled glovebox. 

4.7.8 Thermogravimetric analysis (TGA) 

TGA measurements were performed using a Netzsch STA 449 F3 

TGA/DSC equipped with a stainless-steel oven hosted in an argon-filled 

glovebox. Samples were loaded into an Al2O3 crucible and heated at a rate of 

5 K min−1 under an argon atmosphere (100 mL min−1). 

4.7.9 Mass spectrometry 

Mass spectrometry measurements were performed using a Hiden Catlab 

reactor combined with a Quantitative Gas Analyzer (QGA) Hidden quadrupole 

mass spectrometer, which is installed outside of the glovebox. Before the 

experiment, the samples were loaded into a quartz tube in between two layers 

of glass cotton under the protective atmosphere of an argon-filled glovebox. 

The two extremities of the quartz tube were sealed with Parafilm before 

removing from the glovebox. The quartz tube was then installed in the sample 

holder outside the glovebox after quickly removing the Parafilm, and the argon 

flow (40 mL min−1) was switched on immediately to prevent contact of the 

sample with air. Samples were heated to 40 °C, and kept isothermally for ∼2 

h to stabilize the temperature. Heating was then performed at a rate of 5 °C 

min−1 up to 180 °C followed by an one hour isotherm. Gas evolution was 

monitored by recording the highest intensity peak for each gas, i.e., m/z of 2, 
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15, 17, 18, 26, 28, and 30 for H2, CH4, NH3, H2O, B2H6, N2, and CH3NH2 

respectively. 

Table 4.5 The molar mass, density, the molar volume and hydrogen densities 

of Na[Al(CH3NHBH3)4], NaH and NaNH2 and their composites. 

System M 

(g/mole) 

δ 

(g/cm3) 

V (cm3) Gravimetric 

density (%) 

Volumetric 

density (g/L) 

Na[Al(CH3NHBH3)4] 225.5 1.014 222.4 12.42 126 

NaH 24 1.47 16.3 4.17 61 

NaNH2 39 1.39 28.1 5.13 71 

Na[Al(CH3NHBH3)4]  

+ 12 NaH 

513.5 - 418.3 7.79 96 

Na[Al(CH3NHBH3)4]  

+ 6 NaNH2 

459.5 - 390.7 8.70 102 
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Chapter 5 

Enhancing Hydrogen (H2) Release from 

Boron-nitrogen-hydrogen Metal 

Oligomers via Di-methylene 

Substitution 

Abstract 

Boron-nitrogen-hydrogen (B-N-H) metal oligomers derived from ammonia 

borane or its derivatives show significant potential for hydrogen storage due 

to their high hydrogen content. In this chapter, we focus on improving the 

release of hydrogen (H2) from metal oligomers by the novel sodium oligomer 

using NaH and di-methylene-substituted ammonia borane 

(BH3NH2CH2CH2NH2BH3, EDAB). The investigation of thermal 

dehydrogenation using thermal gravimetric analysis and mass spectrometry 

indicate that this newly formed oligomer can release ~7.4 wt.% pure hydrogen 

from room temperature up to 260 ˚C. These results confirmed that the di-

methylene substituent on the nitrogen atoms of ammonia borane effectively 

suppresses the release of unwanted gases during thermal decomposition at 

moderate temperatures, similar to the observed action of the methyl group in 

Chapter 3. Notably, the di-methylene substituent on nitrogen significantly 

increases the hydrogen storage capacity compared to the methyl group. Our 

findings demonstrate that di-methylene substitution on nitrogen atoms of 

ammonia borane is an effective strategy to suppress the release of commonly 

encountered undesired gaseous by-products during the thermal 

dehydrogenation of B-N-H compounds, which opens up the potential for the 

design of promising hydrogen storage materials. 
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5.1 Introduction 

Hydrogen has been considered a promising energy carrier for new 

sustainable and eco-friendly alternative energy storage due to the highest 

energy density per unit mass (120 MJ/kg)1, eco-friendly environment, and 

abundance. Still, developing a compact, safe, and cost-efficient storage 

method is challenging for the wide practical application of hydrogen as main 

energy carrier. Chemical hydrogen storage methods2-4 usually have the 

advantage of high gravimetric and volumetric hydrogen densities, such as 

LiBH4 which has 18.5 wt.% and 122 g/L gravimetric and volumetric hydrogen 

densities, respectively5. However, the release of hydrogen by some chemical 

hydrogen storage methods generally requires high temperatures. Among 

chemical hydrogen storage materials, ammonia borane (NH3BH3 or AB) is a 

good precursor for synthesizing new compounds used for hydrogen storage. 

NH3BH3 has high hydrogen content (19.6 wt.%), with three hydridic and protic 

hydrogens on the N and B atoms. Their recombination favors hydrogen 

release. In addition, AB has high stability under ambient conditions, low toxicity, 

and high solubility in common solvents. These properties make it convenient 

for reacting with other chemicals in various conditions. The thermal 

decomposition of AB is multistep process (especially the third step occurs at 

over 500 ˚C), its decomposition is exothermic and thus irreversible, and it 

releases multiple volatile byproducts such as NH3, N3B3H6, and B2H6, making 

the chemical de/re-hydrogenation process really challenging. In addition, the 

thermal decomposition of AB is furthermore paired with severe foaming and 

volume expansion.6-9 Thus, this limits its application for hydrogen storage. 

However, the chemical modification of AB through replacing one of the H 

atoms in the –NH3 group of NH3BH3 by a metal, forming metal amidoboranes 

(MABs)10-14 or the oligomers (M[B3N2])15-19 showed improved hydrogen 

storage properties, especially the decreased decomposition temperature and 

the increased purity of H2. Hence, it is more advantageous to employ AB as a 

precursor for the design and synthesis of new compounds intended for 

hydrogen storage rather than utilizing it directly as a hydrogen storage 

material. 

Apart from the metal amidoboranes and metal oligomers of AB, the 

hydrogen storage properties of some derivatives of AB with the modification 
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by the alkyl-groups have also been studied and reported. The simplest one, 

CH3NH2BH3 (MeAB), has a lower melting point (58 ̊ C)20 than AB (112-114 ̊ C)8 

and exhibits a high degree of volatility, with weight losses in excess of 80 % 

observed in TG experiments using flowing gas. Another example is 

BH3NH2CH2CH2NH2BH3 (EDAB), a dimer-like of MeAB. EDAB has a higher 

melting point (119 ˚C)21 than AB and MeAB. EDAB releases ~10 wt.% of pure 

H2 at temperatures ranging from 100 ˚C to 200 ˚C in two moderately 

exothermic steps. Although EDAB is more stable than AB at temperatures 

lower than 100 ˚C; however, the rates of hydrogen release are faster for 

EDAB than for AB at temperatures higher than 120 ˚C.22 Other examples such 

as diethylenetriamine-borane (C4H13N3·3BH3, DETAB), triethylenetetramine-

borane (C6H18N4·4BH3, TETAB) and tetraethylenepentamine-borane 

(C8H23N5·5BH3, TEPAB) (their formulas are shown in Figure 5.8) reported by 

Zhang et al23, and 1,2/1,3-di-aminopropane borane (1,2/1,3-TMDAB) studied 

by Leigang and co-workers,24 all released pure hydrogen with a faster 

dehydrogenation rate than AB. All of the above examples indicate that the 

introduction of alkyl-groups has a positive effect on the properties of AB 

towards its application in hydrogen storage. 

In Chapter 3, we conducted a study on the hydrogen release properties 

of Na[BH3(CH3NH)BH2(CH3NH)BH3] (Na[B3(MeN)2]), which is a methyl-

substituted derivative of Na[BH3NH2BH2NH2BH3] (Na[B3N2]). The introduction 

of a methyl group on nitrogen atoms of BH3NH2BH2NH2BH3
- enhanced the 

purity of the released hydrogen.19 This encouraged us to consider the 

introduction of other alkyl-groups to improve the properties of hydrogen 

storage of metal amidoborane or metal oligomer complexes. With this in mind, 

we attempt the investigation of the synthesis, structure characterization and 

hydrogen releasing of the novel metal oligomer compounds, derived from 

EDAB, (CH2NH2BH3)2, which can be seen as a dimeric form of MeAB, 

(CH3NH2BH3). Compared to MeAB, EDAB exhibits a more complicated and 

potentially diverse reaction pathway with MH (M = Li and Na). Also, there is 

limited literature on how this compound reacts with metal hydrides. 

Interestingly, EDAB has a lower so-called "dead mass" than MeAB. Therefore, 

we explored the synthesis based on the reaction between MH/MNH2 (M = Li 

and Na) and EDAB. Only the metal oligomer compound was obtained 

successfully from the reaction between NaH and EDAB. The structure of this 



Chapter 5 

128 

 

novel metal oligomer was characterized using powder X-ray diffraction 

(PXRD), IR and 11B NMR spectra and its thermal decomposition was 

investigated through thermal gravimetric analysis (TGA) and mass 

spectrometry. Compared to Na[B3N2], this new oligomer releases purer 

hydrogen without formation of NH3, B2H6, or other large fragments. Moreover, 

when compared to Na[B3(MeN)2] (~4.6 wt.%), this new oligomer exhibited a 

higher capacity for releasing pure hydrogen (~7.4 wt.%).  

5.2 Optimization of the reaction between NaH and EDAB 

The reaction pathways between NaH/LiH and AB were reported to 

depend highly on the specific conditions.25-27 To date, there is only one 

preliminary investigation of the reaction between NaH and EDAB conducted 

by Leardini and co-workers28. They performed the reaction under mechano-

chemical conditions in a Spex 8000 high-energy shaker mill. By analyzing the 

amount of gas released during milling and comparing the PXRD pattern of the 

product with the reactant, they proposed that the obtained product was 

NaBH3NHCH2CH2NH2BH3 (NaEDAB). Only one nitrogen lost a hydrogen in 

EDAB. However, the other amine group remained intact. Compared to the 

neat EDAB, NaEDAB gives rise to milder exothermic H2 release at moderate 

temperatures and an endothermic desorption process at higher temperatures. 

These results provide encouraging indications for conducting more detailed 

investigations into the reactions between NaH/LiH, as well as NaNH2/LiNH2 

and EDAB to discover novel compounds suitable for hydrogen storage. 

To investigate the reaction between NaH and EDAB, we employed a wet 

chemical synthesis approach. In a typical procedure, NaH and EDAB with 

different molar ratios were suspended in toluene and stirred at a given 

temperature. Initially, we screened the NaH:EDAB molar ratios of 2:1 (sample 

Na-i), 1:1 (sample Na-ii), 1:1.5 (sample Na-iii) and 1:2 (sample Na-iv) using 

the PXRD analysis. It revealed new peaks and the presence of unreacted NaH 

in the PXRD patterns in all tested ratios (Figure 5.1A). Comparing the PXRD 

pattern of Na-i with that of Na-ii, we noticed a reduced amount of unreacted 

NaH in the latter. This indicates that the reaction ratio is closer to 1:1 than to 

2:1. As we increased the amount of EDAB in the NaH-1.5EDAB and NaH-

2EDAB systems, we observed the appearance of additional new peaks 
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alongside NaBH4 in the PXRD patterns of samples Na-iii and Na-iv, signifying 

the occurrence of a new reaction. However, since a significant amount of 

NaBH4 was formed in samples Na-iii and Na-iv, we did not focus our 

investigation on these systems or systems with higher amounts of EDAB. 

 

Figure 5.1 PXRD patterns of the product of the reaction between NaH and 

EDAB in different ratios (A); different temperatures (B) and different reaction 

times (C) (the peaks corresponding to NaBH4 pointed by blue diamond in 

Figure A; the residue NaH in Figure A highlighted by the red dashed line; 

EDAB in Figures B and C highlighted by the black dash line; λ = 0.71073 Å).  

To synthesize better quality sample Na-ii, we optimized the reaction 

temperature and time. NaH-EDAB mixtures were suspended in toluene and 

stirred at different temperatures for various amounts of time. We found that 
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this reaction could occur at temperatures of 90°C, 60°C, and even at room 

temperature, albeit with varying completion times (Figure 5.1B). The mixture 

reached an almost complete conversion after 6 hours at 90°C (Figure 5.1C). 

However, a duration of 3 days was insufficient for the reaction to reach 

completion at room temperature. Consequently, we ultimately synthesized 

Sample Na-ii for further structural analysis and property studies, employing a 

reaction temperature of 90°C for 12 hours in toluene (details provided in Table 

5.1). 

 

Table 5.1 The optimized reaction conditions for synthesis of sample Na-ii. 

Sample NaH:EDAB Temperature Reaction time Solvent 

Na-ii 1:1 90 ˚C 12 hours Toluene 

 

We also attempted the reaction between NaNH2 and EDAB using both 

wet chemical synthesis (sample Na-v) and mechanical chemical synthesis 

(sample Na-vi) methods. However, we were unable to obtain a new single 

phase in either case. Notably, the PXRD pattern of sample Na-v appeared 

similar to that of samples Na-iii and Na-iv (Figure 5.9 and 5.1A). This led us 

to consider the possibility that the decomposition of EDAB may have been 

promoted by NaNH2 or a small amount of NaH present in samples Na-v, Na-

iii, and Na-iv. It is worth mentioning that EDAB alone remained stable in 

toluene at 90°C for 24 hours (Figure 5.10). 

It was challenging to collect sample Na-vi due to its a sticky appearence. 

Furthermore, we explored the reaction between LiH and EDAB using various 

molar ratios, synthesis methods, and temperatures (Figure 5.11 and 5.12); 

however, no reaction was observed. Similarly, the reaction between LiNH2 and 

EDAB, attempted through wet chemical synthesis (sample Li-vii), did not 

proceed (Figure 5.13). Meanwhile, the mechanical chemical synthesis 

(sample Li-viii) did not yield collectible products due to the formation of a 

greasy-like substance. 
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Figure 5.2 XRD data collected upon temperature ramp for sample Na-ii (λ = 

0.71073 Å). 

The phase purity of sample Na-ii, obtained after 12 hours of stirring at 90 

˚C, was verified through X-ray diffraction (PXRD) collected upon the ramping 

temperature. The peaks of NaBH4 occurred at approximately 110˚C, while the 

complete set of peaks corresponding to sample Na-ii vanished simultaneously 

at around 130˚C (Figure 5.2). Based on the temperature ramping PXRD 

experiment, we deduce that sample Na-ii predominantly consists of a single 

phase, with the exception of a few peaks of the unreacted NaH. 

5.3 Structure characterization of sample Na-ii 

The obtained sample Na-ii was characterized by infrared (IR) and 11B 

NMR spectroscopies (Figure 5.3). In the IR spectrum, a notable change was 

observed in the N-H stretching band, with the disappearance of the 

asymmetry (3142 cm-1) observed in the BH3NH2CH2CH2NH2BH3 precursor. 

Additionally, the spectrum of sample Na-ii exhibited a single peak 

corresponding to the N-H stretching band at 3261 cm-1. IR spectrum indicates 

that one hydrogen on each nitrogen of BH3NH2CH2CH2NH2BH3 has been 

removed. 

Considering the Lewis acid and base reaction between NaH and EDAB, 

two equivalents of H- from NaH are required to combine with the Hδ+ on the N 

atoms of EDAB, resulting in the formation of H2. However, in the case of 

sample Na-ii, only one equivalent of NaH or less (taking into account the 
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remaining NaH) was available. Therefore, it can be inferred that 

polymerization occurred either intermolecularly or intramolecularly in this 

system. 

 

Figure 5.3 A) IR spectra of EDAB and sample Na-ii; B) 11B NMR spectrum of 

sample Na-ii.  

The broad band observed in the region of 2800-3008 cm-1 corresponds 

to the C-H stretching, while the band in the range of 2000-2500 cm-1 

corresponds to the B-H stretching. There is no significant difference compared 

to the BH3NH2CH2CH2NH2BH3 precursor for the above signals in the IR 

spectrum. However, the B-N stretching signal located in the area of 661-754 

cm-1 exhibited broadening for sample Na-ii, unlike that in 

BH3NH2CH2CH2NH2BH3 which showed only one B-N band at 704 cm-1. This 

suggests the presence of two different B-N bonds in sample Na-ii, similar to 

what has been observed in Na[B3(MeN)2] (reference [19]). 

The 11B NMR spectrum of sample Na-ii displayed two main boron signals 

(Figure 5.3B) at -3.34 ppm and -16.67 ppm, which can be attributed to the BH2 

and BH3 groups, respectively. This observation is consistent with the results 

obtained from the IR spectra. The ratio of these two types of boron species, 

BH2 and BH3, was determined to be 1:2 based on the integration of their 

respective signal areas. 

Based on the analysis of the IR spectra and 11B NMR spectrum of sample 

Na-ii, and the reaction products for NaH-3NH3BH3 and NaH-3CH3NH2BH3 
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systems, we propose the following reaction mechanism between 2 

equivalents of NaH and 3 equivalents of EDAB. 

Furthermore, we suggest the formula of sample Na-ii to be a metal 

oligomer containing a ten-membered (B-N-C) ring (Figure 5.4). To confirm our 

conjecture and gain further insights into the structure, we plan to conduct high-

resolution PXRD measurements or attempt to grow single crystals to 

determine the crystal structure. 

 

Figure 5.4 Proposed mechanism of the formation of Sample Na-ii. 
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5.4 Thermal decomposition of sample Na-ii 

5.4.1 Stability of sample Na-ii in air 

Prior to investigating the thermal decomposition of sample Na-ii, we 

examined its stability in ambient air using PXRD. The results revealed that 

sample Na-ii exhibited exceptional stability under these conditions. Even after 

being exposed to air for a period of 2 weeks (Figure 5.5), no additional 

crystalline phases were observed. This indicates that sample Na-ii possesses 

a robust capacity to resist moisture in the surrounding environment. 

 

Figure 5.5 PXRD pattern of sample Na-ii and of the sample exposures to air 

for different times (λ = 0.71073 Å). 

5.4.2 Thermal decomposition of sample Na-ii 

The thermal stability of sample Na-ii was investigated by 

thermogravimetric analysis (TGA) under an inert nitrogen atmosphere from 

room temperature to 260 ˚C. Prior to the TGA analysis, sample Na-ii was 

subjected to vacuum at 90 ˚C for 36 hours to eliminate residual toluene and 

possibly NH2CH2CH2NH2, thus preventing their influence on the thermal 

dehydrogenation of the main phase. The absence of toluene and 

NH2CH2CH2NH2 in sample Na-ii was confirmed by the IR spectrum (Figure 

5.3A). 

During the TGA analysis, a slight mass increase was observed before the 

onset of the thermal decomposition, followed by a subsequent decrease 

starting at around 60 ˚C (Figure 5.6A). This initial mass increase could be 

attributed to air absorption prior to nitrogen purging. Notably, a single-step 

thermal decomposition process occurred steadily from room temperature to 

260 °C. In contrast to the precursor EDAB and the methyl-substituted oligomer 
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Na[B3(MeN)2]19, sample Na-ii did not exhibit weight oscillations (so-called jet 

effect) during the thermal decomposition within the RT-260 °C range. This 

indicates that sample Na-ii effectively mitigates rapid volume expansion 

during thermal decomposition. 

The overall mass loss of sample Na-ii from room temperature to 260 ˚C 

was approximately 7.4% (Figure 5.6A), which closely matches the theoretical 

hydrogen content excluding the hydrogen on carbon, as indicated by our 

proposed formula (8.2% in theory) in Figure 5.4. Upon heating to 240 ˚C, the 

solid decomposition product was identified as crystalline NaBH4, along with 

some unknown crystalline and potentially amorphous compounds, as 

determined by IR and PXRD analyses (Figure 5.6B and C). The formation of 

NaBH4 after thermal decomposition mirrors the behavior observed in the metal 

oligomers (M[B3N2], M = Li-Cs15, 16) obtained from NH3BH3 and the methyl-

substituted oligomer Na[B3(MeN)2]19 (as discussed in Chapter 3). 

 

Figure 5.6 TG analysis of sample Na-ii (A); IR (B) and PXRD pattern (C) of 

sample Na-ii, the product of thermal decomposition and NaBH4 (λ = 0.71073 

Å). 
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5.5 Thermal dehydrogenation of sample Na-ii 

The purity of the gases released during the thermal dehydrogenation of 

sample Na-ii was assessed using temperature-programmed mass 

spectrometry in the temperature range of 40 ˚C to 240 ˚C. The analysis 

revealed that only hydrogen gas was detected, while NH3, B2H6, 

NH2CH2CH2NH2, and the solvent toluene were not released during the 

decomposition (Figure 5.7). This confirms that the di-methylene-substituted 

oligomer, sample Na-ii, releases approximately 7.4 wt.% of pure hydrogen 

when heated to 260 ˚C. 

In comparison to the unsubstituted metal oligomer Na[B3N2]15, which is 

derived from NaH and NH3BH3, the incorporation of a di-methylene group on 

the nitrogen atoms in sample Na-ii effectively suppresses the generation of 

undesired by-products during thermal hydrogen desorption. Furthermore, 

when compared to the methyl-substituted metal oligomer Na[B3(MeN)2]19, 

obtained from NaH and CH3NH2BH3, the di-methylene-substituted oligomer, 

sample Na-ii, exhibits an increased capacity for releasing pure hydrogen at 

moderate temperatures (~7.4 wt.% for sample Na-ii, ~4.6 wt.% for 

Na[B3(MeN)2]). 

 

Figure 5.7 Mass spectrometry data on the decomposition of sample Na-ii. 
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5.6 Conclusion 

We have successfully synthesized a novel di-methylene-substituted 

metal oligomer by reacting NaH with EDAB (BH3NH2CH2CH2NH2BH3). Based 

on infrared (IR) and 11B NMR spectra analysis, we have proposed a tentative 

formula for this new compound. Compared to the unsubstituted metal 

oligomer Na[B3N2], our newly synthesized compound can release 

approximately 7.4 wt.% of pure hydrogen below 260 °C. Furthermore, when 

compared to the methyl-substituted sodium oligomer Na[B3(MeN)2], the di-

methylene-substituted metal oligomer, sample Na-ii, demonstrates an even 

higher hydrogen storage capacity than we anticipated. This strongly suggests 

that incorporating methyl and di-methylene substituents on the nitrogen atoms 

of similar compounds holds great promise in mitigating the generation of 

undesired volatile by-products during thermal hydrogen release. 

5.7 Experimental section 

5.7.1 Chemicals 

All the samples were obtained from commercially available NaH (95 %), 

LiH (95 %), NaNH2 (> 90 %), NaBH4 (97 %), NH2CH2CH2NH2·2HCl (98 %), 

and anhydrous THF (≥99.9 %), Toluene (99.85 %), which were purchased 

from SigmaAldrich Co. Ltd. DMSO-d6 (99.8 %) was purchased from Eurisotop, 

and LiNH2 (95 %) was purchased from Alfa Aesar (China) Chemical Co., Ltd. 

All the operations were performed in a glovebox with a high-purity argon 

atmosphere. 

 

Figure 5.8 The formulas of DETAB, TETAB and TPEAB.23 

5.7.2 Synthesis of BH3NH2CH2CH2NH2BH3 (EDAB) 

EDAB was obtained through a procedure adapted from the literature.21 In 

brief, the synthesis was performed as follows. Powdered NaBH4 (1.40 g, 37 
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mmol), NH2CH2CH2NH2·2HCl (2.40 g, 18 mmol), and THF (250 mL) were 

added to a 500 mL, three-neck, round bottom flask. The obtained suspension 

was then vigorously stirred at room temperature under an argon atmosphere 

for 48 hours. Then the solid by-product (NaCl) was removed from the reaction 

mixture by filtration, and the solvent of the collected filtrate was removed by 

evaporation under reduced pressure (using a rotary evaporator) to obtain 

EDAB. The white solid was washed with diethyl ether three times and then 

dried under a vacuum for 4 hours to eliminate residual solvents. The product 

was characterized by means of 1H, 13C, and 11B NMR and PXRD (Figure S15–

18). 

5.7.3 Optimization of the reaction between NaH and EDAB. 

Sample Na-i: 2 eq. of NaH (67.2 mg, 2.8 mmol), 1 eq. of EDAB (122.8 

mg, 1.4 mmol) and anhydrous Toluene (20 mL) were added to a 50 mL, one-

neck round-bottom Schlenk flask. The obtained suspension was then 

vigorously stirred at 90 ˚C under an argon atmosphere for 24 hours. Then the 

solvent was removed by vacuum. And the white solid was dried under a 

vacuum for another 5 hours at 80 ˚C to eliminate residual solvents. The 

product was characterized by means of PXRD (Figure 5.1A). 

Sample Na-ii: 1 eq. of NaH (33.6 mg, 1.4 mmol), 1 eq. of EDAB (122.8 

mg, 1.4 mmol), and anhydrous Toluene (15 mL) were added to a 50 mL, one-

neck round-bottom Schlenk flask. The obtained suspension was then 

vigorously stirred at 90 ˚C under an argon atmosphere for 24 hours. Then the 

solvent was removed by vacuum. And the white solid was dried under a 

vacuum for another 5 hours at 80 ˚C to eliminate residual solvents. The 

product was characterized by means of PXRD (Figure 5.1A). This synthesis 

method is reproducible. 

Sample Na-iii: 1 eq. of NaH (22.4 mg, 0.9 mmol), 1.5 eq. of EDAB (122.8 

mg, 1.4 mmol), and anhydrous Toluene (15 mL) were added to a 50 mL, one-

neck round-bottom Schlenk flask. The obtained suspension was then 

vigorously stirred at 90 ˚C under an argon atmosphere for 24 hours. Then the 

solvent was removed by vacuum. And the white solid was dried under a 

vacuum for another 5 hours at 80 ˚C to eliminate residual solvents. The 

product was characterized by means of PXRD (Figure 5.1A). 



Chapter 5 

139 

 

Sample Na-iv: 1 eq. of NaH (16.8 mg, 0.7 mmol), 2 eq. of EDAB (122.8 

mg, 1.4 mmol), and anhydrous Toluene (15 mL) were added to a 50 mL, one-

neck round-bottom Schlenk flask. The obtained suspension was then 

vigorously stirred at 90 ˚C under an argon atmosphere for 24 hours. Then the 

solvent was removed by vacuum. And the white solid was dried under a 

vacuum for another 5 hours at 80 ˚C to eliminate residual solvents. The 

product was characterized by means of PXRD (Figure 5.1A). 

Optimized the condition of sample Na-ii: 1 eq. of NaH (33.6 mg, 1.4 

mmol), 1 eq. of EDAB (122.8 mg, 1.4 mmol), and anhydrous Toluene (15 mL) 

were added to a 50 mL, one-neck round-bottom Schlenk flask. The obtained 

suspension was then vigorously stirred at room temperature, 60 ˚C and 90 ˚C 

under an argon atmosphere for 3 days, 24 hours and 12 hours, respectively. 

Then the solvent was removed by vacuum. And the white solid was dried 

under a vacuum for another 5 hours at 80 ˚C to eliminate residual solvents. 

The product was characterized by means of PXRD (Figure 5.1B). 

1 eq. of NaH (33.6 mg, 1.4 mmol), 1 eq. of EDAB (122.8 mg, 1.4 mmol), 

and anhydrous Toluene (15 mL) were added to a 50 mL, one-neck round-

bottom Schlenk flask. The obtained suspension was then vigorously stirred at 

90 ̊ C under an argon atmosphere for 6 hours, 12 hours, 36 hours, respectively. 

Then the solvent was removed by vacuum. And the white solid was dried 

under a vacuum for another 5 hours at 80 ˚C to eliminate residual solvents. 

The product was characterized by means of PXRD (Figure 5.1C). 

 

5.7.4 Reaction between NaNH2 and EDAB 

Sample Na-v: 1 eq. of powdered NaNH2 (50.7 mg, 1.3 mmol), 1 eq. of 

powder EDAB (114.0 mg, 1.3 mmol), and anhydrous Toluene (20 mL) were 

added to a 50 mL, one-neck round-bottom Schlenk flask. The obtained 

suspension was then vigorously stirred at 90 ˚C under an argon atmosphere 

for 24 hours. Then the solvent was removed by vacuum. And the white solid 

was dried under a vacuum for another 3 hours at 80 ˚C to eliminate residual 

solvents. The product was characterized by means of PXRD (Figure 5.9). 
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Figure 5.9 PXRD patterns of EDAB, NaNH2, sample Na-v, and NaBH4 (the 

peaks corresponding to NaNH2 and NaBH4 in product pointed by red and pink 

dash lines, respectively. λ = 0.71073 Å). 

 

Figure 5.10 PXRD pattern of EDAB, and EDAB heated for 24 hours at 90 ˚C 

(λ = 0.71073 Å). 

Sample Na-vi: 1 eq. of powdered NaNH2 (50.7 mg, 1.3 mmol), 1 eq. of 

powder EDAB (114.0 mg, 1.3 mmol) were placed into an 80 mL stainless steel 

vial and with three 10 mm diameter stainless steel balls and milled in a 

planetary ball mill (Fritsch Pulverisette 7 Premium line). Evolution of the gas 

pressure and temperature during the reaction was performed using the Easy 

GTM detection system accessory (Fritsch). The rotation speed was set to 600 

rpm and the ball-to-powder mass ratio was 75:1. The synthesis was performed 

using 200 milling cycles of 5 min milling interrupted by 3 min cooling breaks. 

The final product is too sticky to collect. 

5.7.5 Reaction between LiH and EDAB 

Sample Li-i: 2 eq. of LiH (15.9 mg, 2.0 mmol) and 1 eq. of EDAB (87.8 

mg, 1.0 mmol) was placed into an 80 mL stainless steel vial with three 10 mm 

diameter stainless steel balls and milled in a planetary ball mill (Fritsch 

Pulverisette 7 Premium line). The evolution of the gas pressure and 

temperature during the reaction was performed using the Easy GTM detection 

system accessory (Fritsch). The rotation speed was set to 600 rpm and the 
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ball-to-powder mass ratio was 120:1. The synthesis was performed using 115 

milling cycles of 10 min milling interrupted by 5 min cooling breaks. The 

product was characterized by means of PXRD (Figure 5.11). 

 

Figure 5.11 PXRD patterns of EDAB, LiH and sample Li-i (λ = 0.71073 Å). 

Sample Li-ii and Li-iii: 2 eq. of LiH (31.8 mg, 4.0 mmol) and 1 eq. of 

EDAB (175.6 mg, 2.0 mmol) and anhydrous THF (20 mL) or Toluene (20 mL) 

were added to a 50 mL, one-neck round-bottom Schlenk flask. The obtained 

suspension was then vigorously stirred at room temperature (THF used as 

solvent) under an argon atmosphere for 48 hours (sample Li-ii), at 90 ˚C 

(Toluene used as solvent) under an argon atmosphere for 24 hours (sample 

Li-iii), respectively. Then the solvent was removed by vacuum. And the white 

solid was dried under a vacuum for another 5 hours to eliminate residual 

solvents. The product was characterized by means of PXRD (Figure 5.12). 

 

Figure 5.12 PXRD patterns of EDAB, LiH, samples Li-ii, Li-iii, Li-iv and Li-vi 

(λ = 0.71073 Å). 
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Sample Li-iv: 1 eq. of LiH (12.5 mg, 1.6 mmol) and 1 eq. of EDAB (137.8 

mg, 1.6 mmol) was placed into an 80 mL stainless steel vial and with three 10 

mm diameter stainless steel balls and milled in a planetary ball mill (Fritsch 

Pulverisette 7 Premium line). The evolution of the gas pressure and 

temperature during the reaction was performed using the Easy GTM detection 

system accessory (Fritsch). The rotation speed was set to 500 rpm and the 

ball-to-powder mass ratio was 80:1. The synthesis was performed using 20 

milling cycles of 30 min milling interrupted by 15 min cooling breaks. The 

product was characterized by means of PXRD (Figure 5.12). 

 

Sample Li-v and Li-vi: 1 eq. of LiH (12.5 mg, 1.6 mmol) and 1 eq. of 

EDAB (137.8 mg, 1.6 mmol) and anhydrous THF (20 mL) or Toluene (20 mL) 

were added to a 50 mL, one-neck round-bottom Schlenk flask. The obtained 

suspension was then vigorously stirred at room temperature (THF used as 

solvent) under an argon atmosphere for 48 hours (sample Li-v), at 90 ˚C 

(Toluene used as solvent) under an argon atmosphere for 24 hours (sample 

Li-vi), respectively. Then the solvent was removed by vacuum. sample Li-v 

was too sticky to collect after 5 hours under a vacuum. However, sample Li-

vi was dried under a vacuum for another 5 hours to eliminate residual solvents. 

The product was characterized by means of PXRD (Figure 5.12). 

 

5.7.6 The reaction between LiNH2 and EDAB 

 

Sample Li-vii: 1 eq. of powdered LiNH2 (33.4 mg, 1.4 mmol), 1 eq. of 

powder EDAB (127 mg, 1.4 mmol), and anhydrous Toluene (20 mL) were 

added to a 50 mL, one-neck round-bottom Schlenk flask. The obtained 

suspension was then vigorously stirred at 90 ˚C under an argon atmosphere 

for 24 hours. Then the solvent was removed by vacuum. And the white solid 

was dried under a vacuum for another 3 hours at 80 ˚C to eliminate residual 

solvents. The product was characterized by means of PXRD (Figure 5.13). 
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Figure 5.13 PXRD pattern of EDAB and sample Li-vii (λ = 0.71073 Å). 

Sample Li-viii: 1 eq. of powdered LiNH2 (33.4 mg, 1.4 mmol), 1 eq. of 

powder EDAB (127 mg, 1.4 mmol), was placed into an 80 mL stainless steel 

vial and with three 10 mm diameter stainless steel balls and milled in a 

planetary ball mill (Fritsch Pulverisette 7 Premium line). The evolution of the 

gas pressure and temperature during the reaction was performed using the 

Easy GTM detection system accessory (Fritsch). The rotation speed was set 

to 600 rpm and the ball-to-powder mass ratio was 75:1. The synthesis was 

performed using 200 milling cycles of 5 min milling interrupted by 3 min cooling 

breaks. The product is too sticky to collect. 

5.7.7 Powder X-ray diffraction (PXRD): 

Samples were carefully filled into 0.7 mm thin-walled glass capillaries 

(Hilgenberg GmbH) within an argon-filled glovebox. To prevent contact with 

air, the capillaries were sealed with grease before being taken out of the 

glovebox. The sealed capillaries were then cut and promptly placed into wax 

on a goniometer head, ensuring that no air entered the capillary. Diffraction 

data were immediately collected using a MAR345 image-plate detector 

equipped with an Incoatec Mo (λ = 0.71073 Å) Microfocus (lµS 2.0) X-ray 

source operating at 50 kV and 1000 µA. The resulting two-dimensional images 

were azimuthally integrated using the Fit2D software, with LaB6 serving as a 

calibrant. 

5.7.8 Fourier transform infrared spectroscopy (FTIR): 

Attenuated total reflectance (ATR)-IR spectra were recorded using a 

Bruker Alpha spectrometer. The spectrometer was equipped with a Platinum 

ATR sample holder, which featured a diamond crystal for single bounce 
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measurements. The entire experimental setup was located within an argon-

filled glovebox to maintain an inert atmosphere during the measurements. 

5.7.9 Nuclear magnetic resonance (NMR): 

1H, 11B and 13C NMR were recorded on a Bruker Avance 500 MHz 

spectrometer (1H NMR 500 MHz, 11B NMR 160 MHz, and 13C NMR 126 MHz). 

5.7.10 Thermogravimetric analysis (TGA): 

TGA measurements were conducted using a Mettler Toledo TGA/SDTA 

851e instrument. The samples were loaded into Al2O3 crucibles and subjected 

to a heating rate of 5 K/min under a nitrogen flow of 100 mL/min. 

5.7.11 Mass spectrometry: 

Mass spectrometry measurements were performed using a Hiden Catlab 

reactor combined with a Quantitative Gas Analyser (QGA) Hidden quadrupole 

mass spectrometer, which is installed outside of the glovebox. Before the 

experiment, samples were loaded into a quartz tube in between two layers of 

glass cotton under the protective atmosphere of an argon-filled glovebox. The 

two extremities of the quartz tube were sealed with Parafilm before being 

removed from the glovebox. The quartz tube was then installed in the sample 

holder outside the glovebox after quickly removing the Parafilm and the argon 

flow (20 mL/min) was switched on immediately to prevent contact of the 

sample with air. Samples were heated to 40 °C and kept isothermally for ~2 

hours to stabilize the temperature. Heating was then performed at a rate of 

5 °C/min up to 240 °C corresponding to sample Na-ii, followed by a 1-hour 

isotherm. Gas evolution was monitored by recording the highest intensity peak 

for each gas, i.e. m/z of 2, 17, 18, 26, 28, 30, and 91 for H2, NH3, H2O, B2H6, 

N2, NH2CH2CH2NH2 and toluene, respectively. H2O and N2 were monitored to 

check if the sample contacted air or not. 
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Chapter 6 

Synthesis, Structural Characterization, 

and Hydrogen Release of Al-Based 

Amidoboranes Derived from MAlH4-

EDAB 

Abstract 

Over the past two decades, the high hydrogen content and favorable de-

hydrogenation conditions of multi-metallic amidoboranes have gained 

significant attention for their potential in hydrogen storage. Among them, Al-

based multi-amidoboranes have shown promise because of their high 

polarizing power, lightweight nature, and abundant natural presence. In this 

chapter, we successfully synthesized two novel tetrahedrally coordinated Al-

based amidoboranes, namely Li[Al(BH3NHCH2CH2NHBH3)2] and 

Na[Al(BH3NHCH2CH2NHBH3)2], using BH3NH2CH2CH2NH2BH3 (EDAB) as a 

precursor. Additionally, we also attempted to synthesize octahedral-

coordinated Al-based amidoboranes using EDAB. The structure of 

Na[Al(BH3NHCH2CH2NHBH3)2] was determined through modeling based on 

synchrotron powder X-ray diffraction. Additionally, the formation of the Al-N 

bond in Li[Al(BH3NHCH2CH2NHBH3)2] and Na[Al(BH3NHCH2CH2NHBH3)2] 

was confirmed with IR spectra. Na[Al(BH3NHCH2CH2NHBH3)2] is more stable 

in air than Li[Al(BH3NHCH2CH2NHBH3)2]. Importantly, thermal gravimetric 

analysis and mass spectrum characterization confirmed that both compounds 

release hydrogen without the presence of ammonia, diborane, or 

ethylenediamine. Our work represents the first example of Al-based 

amidoboranes with chelation coordination geometry, which provides an 
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essential foundation for understanding the relationship of complex multi-

metallic amidoboranes in terms of synthesis, structure, and properties. 

6.1 Introduction 

Compounds based on boron–nitrogen–hydrogen (B-N-H)1, 2 have 

emerged as promising hydrogen storage materials due to the lightweight 

nature of boron and nitrogen, as well as their ability to accommodate multiple 

hydrogen atoms. This is attributed to the hydridic and protic characteristics of 

the B-H and N-H bonds, which facilitate the release of hydrogen. One 

representative example of B-N-H material is ammonia borane3, 4 (NH3BH3 or 

AB), which can release up to 19.6 wt.% of hydrogen, exhibits low toxicity and 

demonstrates good stability under ambient conditions. 

However, the thermal decomposition of NH3BH3 occurs in multiple steps, 

typically at around 120 °C, 200 °C, and above 500 °C, leading to the 

generation of toxic volatile by-products such as B2H6, NH3, and N3B3H6. The 

decomposition process is often accompanied by severe foaming and volume 

expansion. Various strategies have been explored to address these limitations, 

including chemical modifications of NH3BH3 molecules to create derivatives. 

This approach has resulted in the synthesis of novel compounds like alkali 

amidoboranes 5-8, alkaline earth amidoboranes9-13, and multi-metallic 

amidoboranes14-25, which exhibit improved characteristics for hydrogen 

storage applications. For instance, KNH2BH3 releases approximately 5.8 wt.% 

of pure hydrogen from room temperature up to 160 °C6. Mg(NH2BH3)2 can 

release approximately 10 wt.% of high-purity H2 upon heating to 300 °C13. 

Furthermore, Na2Mg(NH2BH3)4 has the ability to release 8.4 wt.% of 

predominantly hydrogen, with minor amounts of ammonia and borazine16.  

Compared to mono-metallic amidoboranes, multi-metallic amidoboranes 

offer greater versatility in forming new compounds. So far, multi-metallic 

amidoboranes have been categorized into Li-, Mg-, Ca-, and Al-based 

amidoboranes based on the central coordination metals. Our works focus on 

the synthesis and chemical modification of Al-based amidoboranes, driven by 

the high polarizing power defined by the exceptional charge-to-radius ratio, 

low weight, and high natural abundance of Al.  
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Our initial investigation on Al-based amidoboranes led to the discovery of 

Na[Al(NH2BH3)4]22, which exhibits a two-step hydrogen release process (at 

120 °C and 168 °C), releasing approximately 9 wt.% of high-purity hydrogen. 

Furthermore, the amorphous residue obtained after the thermal 

decomposition of Na[Al(NH2BH3)4] demonstrated the ability to reversibly 

absorb around 27% of the released hydrogen at 250 °C and a hydrogen 

pressure of 150 bar. Subsequently, we conducted a study on the formation, 

structure, and hydrogen release properties of its derivative, 

Na[Al(CH3NHBH3)4]25. This compound was synthesized from NaAlH4 and 

CH3NH2BH3 (MeAB), and the introduction of a methyl group (-CH3) on the 

nitrogen of NH3BH3 stabilized an intermediate compound, 

Na[AlH(CH3NHBH3)3], shedding light on the formation process of such 

compounds. Notably, the energy input required for the formation of 

Na[Al(CH3NHBH3)4] was lower than that of the unsubstituted Na[Al(NH2BH3)4], 

which can be attributed to the presence of the methyl group. 

Na[Al(CH3NHBH3)4] does not release high-purity hydrogen during its thermal 

decomposition, but forms reactive hydride composites with NaH and NaNH2 

desorbing pure H2 under relatively mild conditions. 

To further advance the development of Al-based amidoboranes and gain 

a deeper understanding of the relationships between synthesis, structure, and 

hydrogen release properties, we conducted additional modifications on 

Na[Al(NH2BH3)4]. In this section, we will introduce our new Al-based 

amidoboranes, namely Li[Al(BH3NHCH2CH2NHBH3)2], and 

Na[Al(BH3NHCH2CH2NHBH3)2], providing comprehensive details about their 

synthesis, structural characterization, and thermal dehydrogenation 

properties. 

For the synthesis of Li[Al(BH3NHCH2CH2NHBH3)2] and 

Na[Al(BH3NHCH2CH2NHBH3)2], we employed BH3NH2CH2CH2NH2BH3 

(EDAB) as one of the precursors. EDAB offers greater accessibility than 

NH3BH3, as it can be derived from commercially available and cost-effective 

precursors. Additionally, the presence of the weak electron-donating 

methylene substituent influences the coordination bonds between the nitrogen 

and aluminum atoms in the final complex, similar to the behaviour observed 

in Na[Al(CH3NHBH3)4]. EDAB exhibits a dimer-like structure derived from 

CH3NH2BH3, facilitating the formation of a chelate complex with aluminum. 
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This characteristic contributes to the creation of a more stable framework for 

Al-based amidoboranes, suppressing the release of significant fragments 

during thermal decomposition, as observed in Na[Al(CH3NHBH3)4]25. 

6.2 The syntheses of four- and six-coordinated Al-based 

amidoboranes with EDAB 

The crystal structures of the reported Al-based amidoborane complexes 

in a tetrahedral coordination geometry include Na[Al(NH2BH3)4], 

K[Al(NH2BH3)4], Na[AlH(CH3NHBH3)3] and Na[Al(CH3NHBH3)4]. These 

complexes can be synthesized by ball milling NaAlH4 or KAlH4 with 4 

equivalents of NH3BH3 or CH3NH2BH3. Mechanochemical synthesis is 

preferred over wet chemical methods for the synthesis of hydrogen storage 

materials, as it avoids the use of coordinating or high-boiling-point solvents, 

which can often complicate the process. 

It has been reported that the reaction between 1 equivalent of LiAlH4 and 

4 equivalents of NH3BH3 under ball milling conditions is excessively violent. 

Furthermore, the lower melting point of CH3NH2BH3 (58 °C)26 compared to 

NH3BH3 (112-114 °C)27 results in NaAlH4-4CH3NH2BH3 composites exhibiting 

higher reactivity than NaAlH4-4NH2BH3. As a result, ball milling may not be 

suitable for the synthesis of Li[Al(CH3NHBH3)4]. In contrast, 

BH3NH2CH2CH2NH2BH3 (EDAB) demonstrates higher thermal stability and a 

slightly higher melting point (119 °C)28 compared to NH3BH3 and CH3NH2BH3. 

Therefore, the reaction between LiAlH4 and EDAB is expected to go easier 

than between LiAlH4 and CH3NH2BH3 and/or NH3BH3. Thus, we attempted the 

ball milling synthesis of a novel Al-based amidoborane complex with Li and 

Na, using LiAlH4/NaAlH4 and EDAB. 

While aluminum can adopt four-coordinated and six-coordinated 

geometries generally, this study focuses on the four-coordinated Al-based 

amidoboranes. However, we briefly mention our attempts to synthesize six-

coordinated Al-based amidoboranes using the respective metal alanates and 

EDAB. 
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6.2.1 Synthesis of Li[Al(BH3NHCH2CH2NHBH3)2] 

Initially, we conducted ball milling experiments using LiAlH4-2EDAB 

composites under the same conditions as for the synthesis of Na[Al(NH2BH3)4] 

and Na[Al(CH3NHBH3)4], as indicated for the sample Li-A in Table 6.1. Unlike 

the drastic pressure increase observed during the milling of LiAlH4-4NH3BH3, 

no sudden pressure jump was observed in the case of Na-containing system. 

The powder X-ray diffraction (PXRD) pattern (Figure 6.1, sample Li-A) 

revealed the presence of a few new peaks alongside the residual reactants, 

suggesting that the reaction between LiAlH4 and 2 EDAB could occur under 

these milling conditions. However, a longer milling time or more intense milling 

conditions seem to be necessary to complete the reaction. This indicates that 

EDAB exhibits lower reactivity in this reaction than NH3BH3 and CH3NH2BH3. 

To enhance the yield of the new product from the milled LiAlH4-2EDAB 

composites, we optimized the milling conditions, as shown in Table 6.1. 

Method E resulted in high yields of new crystalline phase(s), although a small 

amount of EDAB remained also in these systems. We attempted to prolong 

the milling time (samples Li-F in Table 6.1) to obtain a pure product based on 

the method E. However, an excessively long milling time led to diminished 

intensities of the diffraction peaks (Figure 6.1, samples Li-F). 

Table 6.1 Parameters used for the optimization of the synthesis of 

Li[Al(BH3NHCH2CH2NHBH3)2] and the reported milling conditions for the 

synthesis of Na[Al(NH2BH3)4] and Na[Al(CH3NHBH3)4].  

Samples Rotation 

speed 

(rpm) 

Milling 

time 

(min) 

Break 

time 

(min) 

Number 

of cycles 

Ball to 

powder 

mass ratio 

Na[Al(NH2BH3)4]22 600 3 5 240 30:1 

Na[Al(CH3NHBH3)4]25 600 3 5 120 30:1 

Li-A 600 3 5 240 30:1 

Li-B 600 3 5 50 100:1 

Li-C 600 3 5 240 60:1 

Li-D 500 30 15 30 80:1 

Li-E 500 30 15 50 80:1 

Li-F 500 30 15 60 80:1 
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Figure 6.1 PXRD patterns of EDAB, LiAlH4, and samples Li-A, B, C, D, E and 

F (the main peak of residual EDAB in samples Li-A, B, C, D and E was pointed 

by black dash line, λ = 0.71073 Å). 

Variable-temperature PXRD measurements were conducted to 

determine the number of phases associated with the newly observed peaks. 

Interestingly, all the peaks observed in the PXRD pattern of sample Li-E 

vanished simultaneously at approximately 130 °C (Figure 6.2). This indicates 

that these peaks correspond to a single phase. The pressure and temperature 

were carefully monitored throughout the milling process of LiAlH4-2EDAB 

(refer to the synthesis section and Table 6.4). The results revealed the release 

of approximately 3.3 equivalents of gas per mole of LiAlH4, which closely 

matches the expected gas quantity (4 equivalents) based on Equation 6.1. 

 

     Equation 6.1 
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Figure 6.2 Temperature ramp followed by PXRD for 

Li[Al(BH3NHCH2CH2NHBH3)2] (λ = 0.71073 Å). 

In the structure characterization section, we also performed the IR 

spectra analysis of the sample Li-E, comparing it with that of 

Na[Al(BH3NHCH2CH2NHBH3)2]. Interestingly, the IR spectra of sample Li-E 

exhibited a striking similarity to that of Na[Al(BH3NHCH2CH2NHBH3)2]. This 

observation, combined with the findings from ramping PXRD measurements 

and the analysis of released gases during synthesis, strongly suggests that 

Li[Al(BH3NHCH2CH2NHBH3)2] was successfully synthesized under the milling 

conditions employed for the sample Li-E. 

6.2.2 Synthesis of Na[Al(BH3NHCH2CH2NHBH3)2] 

In our quest to obtain Al-based amidoboranes with Na+ as a counterion, 

we explored the wet chemical synthesis approach by reacting NaAlH4 and 

EDAB. Previous reports indicated that Na[Al(NH2BH3)4] could be obtained in 

THF at room temperature within 3 hours29. Following this, we conducted the 

synthesis of Na[Al(BH3NHCH2CH2NHBH3)2] in anhydrous THF with varying 

stirring times (as shown in Table 6.2). Specifically, we combined 1 eq. of 

NaAlH4 and 2 eq. of EDAB in anhydrous THF at room temperature and 

allowed the reaction to proceed for 24, 48, and 72 hours, yielding respectively 

samples Na-A, Na-B, and Na-C in Table 6.2 (further details are provided in 

the synthesis section 6.6.7). 
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Table 6.2 Parameters used for the optimization of the synthesis of 

Na[Al(BH3NHCH2CH2NHBH3)2] at room temperature. (Boiling points are given 

to show which solvents will be easier to eliminate) 

Samples Reaction time (h) Solvent(s) (boiling point) 

Na-A 24 THF (66 °C) 

Na-B 48 THF (66 °C) 

Na-C 72 THF (66 °C) 

Na-D 48 Toluene (110.6 °C) 

Na-E 48 Hexane (69 °C) 

Na-F 48 Diethyl ether (34.6 °C) 

Na-G 48 1,4-dioxane (101 °C) 

Na-H 48 Dichloromethane (39.6 °C) 

Na-I 48 Acetonitrile (82 °C) 

Na-J 48 5/6 Toluene + 1/6 THF (-) 

Our results demonstrate that Na[Al(BH3NHCH2CH2NHBH3)2] could 

indeed be formed in THF at room temperature, albeit with a longer reaction 

time compared to its analog Na[Al(NH2BH3)4]. We monitored the progress of 

the reaction using PXRD patterns (Figure 6.3). After 24 hours of reaction 

(sample Na-A), new peaks appeared on the PXRD, indicating the formation 

of new compounds. Extending the reaction time to 48 and 72 hours (samples 

Na-B and Na-C), the peaks attributed to EDAB completely disappeared, while 

the new peaks matched those observed in sample Na-A. This confirms that 

the reaction between NaAlH4 and EDAB was completed within 48 hours. 

 
Figure 6.3 PXRD patterns of NaAlH4, EDAB, and of samples Na-A, B and C 

(the residual EDAB in sample Na-A was pointed by light blue dash line, λ = 

0.71073 Å). 
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To verify the purity of the newly synthesized compound, we performed 

temperature ramping synchrotron PXRD from room temperature to 225 °C 

(Figure 6.4). The results demonstrated that all the peaks observed in sample 

Na-B gradually decreased and eventually vanished simultaneously at 

approximately 121 °C and 165 °C, respectively. This observation suggests 

that sample Na-B consists of a single phase, confirming its purity. 

 

Figure 6.4 Temperature ramping PXRD pattern of 

Na[Al(BH3NHCH2CH2NHBH3)2] (the green dot line point one of the peaks of 

NaBH4, λ = 0.77509 Å). 

For structural characterization, we employed synchrotron PXRD data and 

conducted modeling to determine the structure of this novel Al-based 

amidoborane complex, Na[Al(BH3NHCH2CH2NHBH3)2]. Additionally, we 

analyzed the IR spectra to provide additional support for our structural 

conclusions. Notably, the synthesis of Na[Al(BH3NHCH2CH2NHBH3)2] 

requires a significantly longer stirring time (over 24 hours) compared to the 

synthesis of Na[Al(NH2BH3)4], which can be obtained within 3 hours at room 

temperature. This indicates that EDAB exhibits higher inertness than AB when 

reacted with NaAlH4. Consequently, our attempts to synthesize 

Na[Al(BH3NHCH2CH2NHBH3)2] via mechanochemical synthesis were 
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unsuccessful, despite employing the most rigorous milling conditions in our 

ball mill. The subsequent sections will provide further details regarding our 

ball-milling experiments. 

The successful formation of Na[Al(BH3NHCH2CH2NHBH3)2] in THF can 

be attributed to two main factors. Firstly, both EDAB and NaAlH4 can dissolve 

in THF, although NaAlH4 exhibits poor solubility that facilitates efficient contact 

between the two reactants. Secondly, the THF solvent coordinates with Na+ 

and enhances the stability of Na[Al(BH3NHCH2CH2NHBH3)2]. To validate 

these assumptions, we conducted the reaction in various solvents, including 

solvents with poor solubility but lacking coordination points (O atom) such as 

toluene (sample Na-D) and hexane (sample Na-E), solvents with poor 

solubility but possessing coordination points (O atom) like diethyl ether 

(sample Na-F) and 1,4-dioxane (sample Na-G), solvents with poor solubility 

but having other coordination points like dichloromethane (sample Na-H) and 

acetonitrile (sample Na-I), and a mixture of toluene and THF (sample Na-J). 

The experimental results revealed that the reaction between NaAlH4 and 

EDAB did not take place in toluene and hexane (sample Na-D and E in Figure 

6.5). Similarly, no reaction occurred in diethyl ether or dichloromethane 

(samples Na-F and H in Figure 6.5). When 1,4-dioxane was used as the 

solvent, EDAB interacted with the solvent instead of coordinating with 

aluminum (sample Na-G in Figure 6.6). In acetonitrile, the formation of an 

amorphous product was observed (sample Na-I in Figure 6.5). As anticipated, 

Na[Al(BH3NHCH2CH2NHBH3)2] was partially formed in the mixture of toluene 

and THF (sample Na-J in Figure 6.7). All of these observations confirm the 

importance of both the solubility of the reactants and the coordination of THF 

with Na in the successful formation of Na[Al(BH3NHCH2CH2NHBH3)2]. This 

should also be why we failed to synthesize the title compound 

mechanochemically. 
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Figure 6.5 PXRD patterns of NaAlH4, EDAB, and samples Na-D, E, F, H and 

I (λ = 0.71073 Å). 

To obtain a THF-free sample of Na[Al(BH3NHCH2CH2NHBH3)2], we 

subjected the sample to vacuum treatment at room temperature and 50 °C 

(Figure 6.8). Unfortunately, the PXRD patterns of the resulting products 

remained unchanged, resembling those of sample Na-B even after vacuum 

treatment at both temperatures. We also conducted mass spectrometry 

characterization on sample Na-B and observed that the release of coordinated 

THF by Na+ occurred at a higher temperature (~95 ˚C) compared to the 

release of hydrogen (~68 ˚C) (Figure 6.23). These findings indicate that 

removing THF from sample Na-B through heating or vacuum treatment is 

challenging, if not impossible. 

 

Figure 6.6 PXRD patterns of NaAlH4, EDAB, and samples Na-G, and EDAB 

stirred in 1,4-dioxane for 2 days (the residual NaAlH4 was pointed by red dash 

line, λ = 0.71073 Å). 
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Figure 6.7 PXRD patterns of NaAlH4, EDAB, and samples Na-B, and J 

(formed Na[Al(BH3NHCH2CH2NHBH3)2], residual EDAB and NaAlH4 were 

pointed by blue, red and black dash line, λ = 0.71073 Å). 

Additionally, we attempted to wash sample Na-B with lower boiling-point 

solvents such as CH2Cl2 and diethyl ether to eliminate the coordinated THF 

molecules. Regrettably, these efforts proved ineffective in removing THF from 

Na[Al(BH3NHCH2CH2NHBH3)2] (Figure 6.8). Consequently, we were 

compelled to investigate the thermal de-hydrogenation of 

Na[Al(BH3NHCH2CH2NHBH3)2] in the presence of THF as our next step. 

 

Figure 6.8 PXRD patterns of sample Na-B, sample Na-B vacuum-treated for 

12 h at room temperature (red line) and at 50 °C (blue line), washed by CH2Cl2 

(pink) and diethyl ether (green), and EDAB (λ = 0.71073 Å). 
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Initially, we failed to synthesize Na[Al(BH3NHCH2CH2NHBH3)2] through 

ball milling. Despite our rigorous efforts to mill the composites of NaAlH4-

2EDAB under various milling conditions, including extended milling time, 

harder milling balls, and higher milling speed—the desired reaction did not 

occur. This outcome contrasts the successful reactions observed in its parent 

composites, NaAlH4-4AB and NaAlH4-4MeAB (Table 6.3 and Figure 6.9). 

These results reaffirm that EDAB exhibits lower reactivity in this reaction when 

compared to AB and MeAB. 

Table 6.3 Parameters used for the synthesis of Na[Al(BH3NHCH2CH2NHBH3)2] 

by ball milling (SS is short of stainless steel, TC is short of tungsten carbide). 

Sample Na-K Na-L Na-M Na-N 

Speed 600 600 1000 500 

Milling time (min) 3 30 3 3 

Break time (min) 2 30 5 2 

Milling cycles 90 20 35 22 

Ball powder mass ratio 60:1 120:1 120:1 120:1 

materials SS SS SS TC 

 

 

Figure 6.9 PXRD patterns of NaAlH4, EDAB, and samples Na-K, L, M, N (λ = 

0.71073 Å).  
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6.2.3 Attempted synthesis of Li3[Al(BH3NHCH2CH2NHBH3)3] 

 Equation 6.2 

We attempted to perform the reaction between Li3AlH6 and 3 EDAB 

according to the Equation 6.2 by ball milling the composites at high speed for 

an extended period (refer to Experiment section 6.6.8, sample Li3-A). 

However, we observed that the pressure did not increase during milling. This 

observation suggests that the Li3AlH6-3EDAB composites are too inert to 

undergo a reaction via ball milling, similar to the behavior observed for the 

NaAlH4-2EDAB system. Consequently, we explored alternative approaches 

by conducting the reaction in organic solvents. 

We conducted the reaction in THF at room temperature (sample Li3-B), 

at 60 ˚C (sample Li3-C), and in toluene at 90 ˚C (sample Li3-D). After stirring 

for 48 hours at room temperature in THF, we attempted to collect the 

composites; however, drying them proved challenging. Upon analyzing 

sample Li3-C by PXRD, we observed a mixture of amorphous materials and 

metallic aluminum (Figure 6.10). The NH stretching bond in the IR spectra 

resembled that of EDAB (Figure 6.11), indicating that the desired reaction did 

not occur. 

 

Figure 6.10 PXRD pattern of samples Li3-C, Li3-D, LiAlH4, LiH and reactants 

(λ = 0.71073 Å). 
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Figure 6.11 IR spectra of sample Li3-C, Li3-D and EDAB. 

The product in sample Li3-D exhibited unusual characteristics. It did not 

correspond to the thermally decomposed product of EDAB at 90 ˚C nor the 

product of the reaction between LiH and EDAB. This was evident from the 

stability of EDAB at 90 ˚C in toluene (Figure 6.10) and the absence of a 

reaction between LiH and EDAB at 90 ˚C in toluene (Chapter 5). The PXRD 

pattern of sample Li3-D revealed the presence of new peaks compared to the 

reactants, LiAlH4 and LiH (Figure 6.10). However, the disappearance of the 

NH and BH stretching bonds in the IR spectra (Figure 6.11) was a unique 

phenomenon not observed in other Al-based amidoborane compounds. 

6.2.4 Attempted synthesis of Na3[Al(BH3NHCH2CH2NHBH3)3] 

 Equation 6.3 

Similar to the synthesis of Li3[Al(BH3NHCH2CH2NHBH3)3], we also 

attempted to synthesize Na3[Al(BH3NHCH2CH2NHBH3)3] using both ball 

milling and wet synthesis methods. 
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Figure 6.12 PXRD pattern of EDAB, NaH, NaAlH4, Na3AlH6, samples Na3-C, 

Na3-D, and the product from NaH + EDAB (λ = 0.71073 Å). 

Initially, we attempted to synthesize Na3[Al(BH3NHCH2CH2NHBH3)3] 

through ball milling of the composites of Na3AlH6-3EDAB for an extended 

period at high speed (refer to Experiment section 6.6.9, sample Na3-A). 

However, analysis of the PXRD pattern revealed that the desired reaction did 

not occur. This observation indicates that the Na3AlH6-3EDAB composites 

exhibit a high level of inertness, preventing them from reacting with each other 

via ball milling, similar to the behavior observed in the NaAlH4-2EDAB and 

Li3AlH6-3EDAB systems. As a result, we decided to explore alternative 

approaches by investigating the reaction in organic solvents. 

We carried out the reaction in THF at room temperature (sample Na3-B), 

at 60 ̊ C (sample Na3-C), and in toluene at 90 ̊ C (sample Na3-D). After stirring 

for 48 hours at room temperature in THF, we encountered difficulties in drying 

and collecting the samples. The PXRD analysis of sample Na3-C revealed 

that it consisted of amorphous material(s) (Figure 6.12). On the other hand, 

the product obtained from sample Na3-D was a mixture of unreacted Na3AlH6, 

NaAlH4, and the product resulting from the reaction between NaH and EDAB 

(Figure 6.12). This suggests that Na3AlH6 partially decomposed to NaH and 

NaAlH4 under these conditions. 
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6.2.5 Attempted synthesis of Na2Li[Al(BH3NHCH2CH2NHBH3)3] 

 Equation 6.4 

We also explored the synthesis of six-coordinated Al-based 

amidoboranes by reacting Na2LiAlH6 with 3 equivalents of EDAB, following 

Equation 6.4 mentioned above. However, the desired reaction did not occur 

through ball milling (Sample Na2Li-A), similar to the results obtained with 

Li3AlH6 + 3EDAB and Na3AlH6 + 3EDAB systems. 

 

Figure 6.13 PXRD pattern of EDAB, LiAlH4, NaH, Na2LiAlH6, sample Na2Li-B 

and the product of the reaction between NaH and EDAB (λ = 0.71073 Å). 

When the reaction between Na2LiAlH6 and 3 equivalents of EDAB was 

conducted in THF at room temperature, the obtained product (sample Na2Li-

B) was identified as the product resulting from the reaction between NaH and 

EDAB (Figure 6.13). This outcome is consistent with the reaction observed 

between Na3AlH6 and 3 equivalents of EDAB in toluene at 90 ˚C. These 

findings suggest that Na2LiAlH6 undergoes decomposition to NaH and LiAlH4 

at room temperature in THF. 
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Based on our attempts to synthesize six-coordinated Al-based 

amidoboranes using EDAB, we can conclude that these three compounds 

(Li3AlH6, Na3AlH6, and Na2LiAlH6) are not sufficiently stable to react with 

EDAB in organic solvents. Therefore, it is necessary to consider alternative, 

more stable alanates for such reactions. Alternatively, the stability of these 

three six-coordinated alanates could be enhanced by subjecting them to high 

hydrogen pressure before their reaction with EDAB. Exploring other methods 

to increase their stability is also worth an investigation. 

6.3 Characterization of M[Al(BH3NHCH2CH2NHBH3)2] (M = Li, 

Na) 

6.3.1 Structure of Na[Al(BH3NHCH2CH2NHBH3)2] 

The crystal structure of Li[Al(BH3NHCH2CH2NHBH3)2] could not be 

determined due to the limited number of diffraction peaks and their significant 

broadening. Therefore, the structure of Li[Al(BH3NHCH2CH2NHBH3)2] was 

characterized through IR spectra, which will be discussed later. 

Fortunately, the crystal structure of Na[Al(BH3NHCH2CH2NHBH3)2] with 

THF was successfully determined using synchrotron powder X-ray diffraction 

(SR-PXRD). Although some details still need further finishing (disordered 

coordinated THF), the main structural framework has been resolved. We are 

currently making efforts to grow single crystals to acquire more 

comprehensive information about the structure, including the disorder of the 

THF molecule. Based on the SR-PXRD data, the crystal structure of 

Na[Al(BH3NHCH2CH2NHBH3)2] with THF was modeled in a tetragonal unit cell 

with space group P4/n. In this anionic complex, each 

[BH3NHCH2CH2NHBH3]2- anion provides two pairs of electrons from two 

nitrogen atoms, forming a chelate coordinated with the central Al3+ ions. This 

arrangement contributes to the enhanced stability of the compound 

Na[Al(BH3NHCH2CH2NHBH3)2] compared to its analogs, Na[Al(NH2BH3)4] 

and Na[Al(CH3NHBH3)4]. 

The central Al3+ ion is tetrahedrally coordinated by four nitrogen atoms 

(Figure 6.14A), exhibiting a geometry similar to previously reported 

compounds such as Na[Al(NH2BH3)4]22, K[Al(NH2BH3)4]24, and 



Chapter 6 

167 

 

Na[Al(CH3NHBH3)4]25. The Al-N distances were fixed at 1.95 Å, slightly longer 

than those observed in Na[Al(NH2BH3)4] (1.840(9)-1.929(8) Å) and 

K[Al(NH2BH3)4] (1.838(9)-1.909(9) Å), but similar to Na[Al(CH3NHBH3)4] 

(1.922(1)-1.990(1) Å). 

The Na atoms exhibit a square pyramidal coordination geometry (Figure 

6.14B), with each atom surrounded by four BH3 groups from four different 

[Al(BH3NHCH2CH2NHBH3)2]- anions, as well as one oxygen atom from the 

THF solvent molecule. This arrangement differs from the usual octahedral 

environments observed in compounds like Na[Al(NH2BH3)4]22, 

Na2[Mg(NH2BH3)4]16, and Na2[Ca(NH2BH3)4]19, as well as the triangular 

bipyramidal environment in Na[Al(CH3NHBH3)4]25. 

The THF exhibits disorder around the 4-fold symmetry axis, which could 

be better resolved by studying a single crystal. Similar to the reported 

Na[Al(NH2BH3)4] and Na[Al(CH3NHBH3)4], all [BH3NHCH2CH2NHBH3]2- units 

display a bridging coordination mode, connecting Al3+ and Na+ ions, resulting 

in the formation of a three-dimensional polymeric structure (Figure 6.14C,D, 

and E). 

 
Figure 6.14 The coordinated geometry of Al3+ (A), Na+ (B), crystal packing 

along with a (C), b (D) and c (E) axis (Color code: N = blue, B = green, C = 

grey, H = light grey, O = sky blue, Al = red, and Na = pink) 
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6.3.2 The IR spectra of M[Al(BH3NHCH2CH2NHBH3)2] (M = Li and Na) 

To characterize the structure of Li[Al(BH3NHCH2CH2NHBH3)2] and 

compare it with Na[Al(BH3NHCH2CH2NHBH3)2], we conducted ATR-IR 

spectra measurements on LiAlH4, NaAlH4, EDAB, 

Li[Al(BH3NHCH2CH2NHBH3)2], and Na[Al(BH3NHCH2CH2NHBH3)2]. The IR 

spectra of Li[Al(BH3NHCH2CH2NHBH3)2] and Na[Al(BH3NHCH2CH2NHBH3)2] 

exhibit characteristic peaks in comparison to the reactant EDAB, indicating 

structural differences among these compounds (Figure 6.15). 

 

Figure 6.15 The IR spectra of LiAlH4, NaAlH4, EDAB, 

Li[Al(BH3NHCH2CH2NHBH3)2] and Na[Al(BH3NHCH2CH2NHBH3)2] (stretch 

bond areas of N-H, C-H and B-H are pointed by blue, gray and green rectangle; 

Al-N bond is pointed by red rectangle).  

The IR spectra show the presence of stretching modes for N-H (3114 – 

3346 cm-1), C-H (2838 – 3010 cm-1), and B-H (2033 – 2499 cm-1) in both 

Li[Al(BH3NHCH2CH2NHBH3)2] and Na[Al(BH3NHCH2CH2NHBH3)2]. There is 

no significant difference compared to the precursor EDAB. Additionally, new 

peaks appear in these two new complexes within the Al-N bond region 

(highlighted by the red rectangle) between 400 and 800 cm-1, similar to other 

compounds such as Li[Al(NH2)4]30, Na[Al(NH2)4]31, 32, Na[Al(NH2BH3)4]22, and 
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Na[Al(CH3NHBH3)4]25. All above suggest that Li[Al(BH3NHCH2CH2NHBH3)2] 

has the similar tetrahedrally coordinated Al-N chelated geometry.  

Furthermore, the intensity of the C-H stretching bond in 

Na[Al(BH3NHCH2CH2NHBH3)2] is higher than that in 

Li[Al(BH3NHCH2CH2NHBH3)2] and EDAB (as indicated by the gray area in 

Figure 6.15). This observation can be attributed to THF molecules 

coordinating with Na+ in Na[Al(BH3NHCH2CH2NHBH3)2]. This finding is 

consistent with the structural analysis and the results of thermal 

decomposition, which will be discussed in the following section. 

6.4 Thermal decomposition of M[Al(BH3NHCH2CH2NHBH3)2] 

(M = Li, Na) 

6.4.1 Stability of Li[Al(BH3NHCH2CH2NHBH3)2] in air 

Before studying the thermal decomposition of 

Li[Al(BH3NHCH2CH2NHBH3)2], we conducted a PXRD analysis to assess its 

stability in the air. The results revealed that Li[Al(BH3NHCH2CH2NHBH3)2] is 

highly sensitive to air. After being exposed to air for just a minute, the peaks 

attributed to the free EDAB noticeably increased. Furthermore, after 15 

minutes, the signals corresponding to Li[Al(BH3NHCH2CH2NHBH3)2] 

completely disappeared (Figure 6.16). Only the peaks of EDAB were 

observed in the PXRD pattern, indicating that the Al-N bond was broken upon 

contact of Li[Al(BH3NHCH2CH2NHBH3)2] with air. This process can be 

illustrated as shown in Figure 6.17. The OH-groups from water coordinate to 

Al successfully competing with [BH3NHCH2CH2NHBH3]2-, while the protic H 

from water balanced the charge of [BH3NHCH2CH2NHBH3]2-, resulting in the 

reformation of BH3NH2CH2CH2NH2BH3. 
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Figure 6.16 PXRD pattern of EDAB, Li[Al(BH3NHCH2CH2NHBH3)2], 

Li[Al(BH3NHCH2CH2NHBH3)2] exposed to air for 1, 5 and 15 min (λ = 0.71073 

Å). 

 Equation 6.533 

 

Figure 6.17 Proposed hydrolysis process of Li[Al(BH3NHCH2CH2NHBH3)2] 

exposed to air. 
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We compared the IR spectrum of Li[Al(BH3NHCH2CH2NHBH3)2] exposed 

to air with that of EDAB, LiAlH4, and LiAlH4 exposed to air (Figure 6.18). It was 

observed that the products formed when Li[Al(BH3NHCH2CH2NHBH3)2] was 

exposed to air resembled a mixture of EDAB and LiAlH4 exposed to air 

(highlighted by the sky blue rectangle in Figure 6.18). Therefore, we propose 

that the reaction between Li[Al(BH3NHCH2CH2NHBH3)2] and air moisture 

follows the Equation 6.6 depicted in Figure 6.17, this proposal is based on the 

reported Equation 6.5 for LiAlH4 exposed to air. We also examined the 

behaviour of Na[Al(NH2BH3)4] and Na[Al(CH3NHBH3)4] in air. Similar to 

Li[Al(BH3NHCH2CH2NHBH3)2], the respective reactants NH3BH3 and 

CH3NH2BH3 of Na[Al(NH2BH3)4] and Na[Al(CH3NHBH3)4] were re-formed 

upon exposure to air (S9 in Annex and Figure 4.10 in Chapter 4). 

 

Figure 6.18 IR spectra of EDAB, Li[Al(BH3NHCH2CH2NHBH3)2], 

Li[Al(BH3NHCH2CH2NHBH3)2] exposed to air, LiAlH4 exposed to air and LiAlH4 

(the new band appeared in spectra of Li[Al(BH3NHCH2CH2NHBH3)2] exposed 

to air and LiAlH4 exposed to air were highlighted with sky blue rectangles.). 

6.4.2 Thermal dehydrogenation of Li[Al(BH3NHCH2CH2NHBH3)2] 

The thermal stability of Li[Al(BH3NHCH2CH2NHBH3)2] was examined 

using thermogravimetric analysis (TGA) under an inert argon atmosphere, 

covering a temperature range from room temperature to 280 °C. The TGA 

results showed that the thermal decomposition of 
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Li[Al(BH3NHCH2CH2NHBH3)2] started at approximately 104 °C. In contrast to 

the starting compound EDAB28, the thermal decomposition of 

Li[Al(BH3NHCH2CH2NHBH3)2] did not exhibit weight oscillation (jet effect) 

during the process (Figure 6.19A), which is considered a drawback to be 

addressed in the thermal dehydrogenation of NH3BH3 and its derivatives. 

Based on PXRD and IR analyses, the solid decomposition products 

obtained after heating at 280 °C were identified as amorphous phase(s) 

lacking N-H and B-H bonds, but containing metallic aluminum, which comes 

from LiAlH4 decomposition (Figure 6.19 B and C). The mass loss during the 

thermal decomposition of Li[Al(BH3NHCH2CH2NHBH3)2] was approximately 

6.6 wt.%, which is within the expected value for the release of pure H2 (7.8 % 

for theoretical hydrogen content of Li[Al(BH3NHCH2CH2NHBH3)2], excluding 

hydrogen on carbon, Table S.1 in the annex. 

 

Figure 6.19 Thermogravimetric analysis (TGA) of 

Li[Al(BH3NHCH2CH2NHBH3)2] (A); PXRD pattern of 

Li[Al(BH3NHCH2CH2NHBH3)2], the thermally decomposed product and 

aluminum (B); ATR-IR spectra of Li[Al(BH3NHCH2CH2NHBH3)2] and of the 

thermally decomposed product (C) (λ = 0.71073 Å). 
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The purity of the gas released during the thermal dehydrogenation of 

Li[Al(BH3NHCH2CH2NHBH3)2] was analysed using temperature-programmed 

mass spectrometry (TPMS) in the temperature range from room temperature 

to 280 °C. The TPMS analysis was performed within a glovebox under argon 

atmosphere to prevent a contamination by moisture, as 

Li[Al(BH3NHCH2CH2NHBH3)2] is highly sensitive to it. Due to the small size of 

the crucible, the signals’ intensities for the released gases in the mass 

spectrometry results were not as high as in our other experiments. 

Nevertheless, the hydrogen signals were visible, despite the challenges 

associated with detecting hydrogen due to its light weight. No signals 

corresponding to other gases were observed, confirming that ammonia (NH3), 

diborane (B2H6), ethylenediamine (NH2CH2CH2NH2), and THF were not 

released during the decomposition process. Only hydrogen was detected 

(Figure 6.20). 

These findings indicate that Li[Al(BH3NHCH2CH2NHBH3)2] releases 

approximately 6.6 wt.% of pure hydrogen when heated to 280 °C. The 

successful formation of this novel Al-based amidoborane compound suggests 

that it effectively suppresses the release of unwanted by-products during 

thermal hydrogen desorption, surpassing the performance of NH3BH3. 

 

Figure 6.20 Mass spectrometry results for Li[Al(BH3NHCH2CH2NHBH3)2]. 
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6.4.3 Stability of Na[Al(BH3NHCH2CH2NHBH3)2] in air 

The air stability of Na[Al(BH3NHCH2CH2NHBH3)2] was investigated 

based on PXRD analysis and compared to Li[Al(BH3NHCH2CH2NHBH3)2] 

Na[Al(BH3NHCH2CH2NHBH3)2] demonstrated higher stability in ambient air. 

No changes were observed in the PXRD pattern of 

Na[Al(BH3NHCH2CH2NHBH3)2] during the initial 30 minutes of exposure to air. 

However, after 1 hour, the peaks corresponding to EDAB appeared, and after 

2.5 hours of exposure, the PXRD pattern of Na[Al(BH3NHCH2CH2NHBH3)2] 

completely transformed into that of EDAB. 

The coordination of THF to Na+ in Na[Al(BH3NHCH2CH2NHBH3)2] may 

contribute to better binding of [BH3NHCH2CH2NHBH3]2- to Al3+. This may 

hinder the interaction of water molecules with both Al and Na, leading to 

increased stability of Na[Al(BH3NHCH2CH2NHBH3)2] over a longer duration in 

ambient air. 

 

 

 

Figure 6.21 The PXRD pattern of Na[Al(BH3NHCH2CH2NHBH3)2], 

Na[Al(BH3NHCH2CH2NHBH3)2] exposed to air for different times and the 

pattern of EDAB (λ = 0.71073 Å). 
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6.4.4 Thermal dehydrogenation of Na[Al(BH3NHCH2CH2NHBH3)2] 

Due to the good stability of Na[Al(BH3NHCH2CH2NHBH3)2] in air, we 

studied the thermal stability of Na[Al(BH3NHCH2CH2NHBH3)2] under an inert 

nitrogen atmosphere by an instrument installed outside of a glovebox (at room 

temperature and on heating to 240 °C). The thermal decomposition of 

Na[Al(BH3NHCH2CH2NHBH3)2] was found to occur in a single step, initiated 

at approximately 55 °C, and exhibiting a continuous weight loss without 

oscillation (jet effect), in contrast to the behaviour observed in the case of 

EDAB28. Compared to Li[Al(BH3NHCH2CH2NHBH3)2], decomposing at 104 °C, 

Na[Al(BH3NHCH2CH2NHBH3)2] started to decompose at a lower temperature 

(55 °C). This should be caused by the different intermolecular interactions in 

these two compounds. After heating to 240 °C, the solid decomposition 

products were identified as the known crystalline NaBH4 along with some 

unknown crystalline and amorphous phases containing C-H bonds (Figure 

6.22 B and C). The formation of BH4
- during the thermal decomposition is 

similar to Na[Al(NH2BH3)4]22 and Na[Al(CH3NHBH3)4]25. The mass loss during 

the thermal decomposition of Na[Al(BH3NHCH2CH2NHBH3)2] from room 

temperature to 240 °C was ~13.3 wt.%. This value exceeds the hydrogen 

content of Na[Al(BH3NHCH2CH2NHBH3)2], which is 5.4 wt.% (excluding H on 

carbon). This should be caused by the release of THF coordinated to Na+ 

evolving along with hydrogen during the thermal decomposition. 
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Figure 6.22 Thermogravimetric analysis (TGA) of 

Na[Al(BH3NHCH2CH2NHBH3)2] (A); ATR-IR spectra of 

Na[Al(BH3NHCH2CH2NHBH3)2], thermal decomposed production and NaBH4 

(B); XRD pattern of Na[Al(BH3NHCH2CH2NHBH3)2], thermally decomposed 

product and the pattern of NaBH4 (C) (λ = 0.77509 Å). 

To better understand the dehydrogenation process of 

Na[Al(BH3NHCH2CH2NHBH3)2], we performed mass spectrometry analysis in 

the temperature range from 40 °C to 240 °C. The results revealed that 

hydrogen and THF were released. Notably, we didn’t find the signals of 

ammonia (NH3), diborane (B2H6), or ethylenediamine (NH2CH2CH2NH2) that 

are usually released along with H2 during the thermal de-hydrogenation of 

NH3BH3 and of its derivatives (Figure. 6.23). In addition, we found H2 released 
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from about 68 °C and THF release started at about 95 °C (Figure 6.23). This 

is why we cannot remove THF by vacuum at elevated temperatures like 50 °C. 

Overall, the formation of Na[Al(BH3NHCH2CH2NHBH3)2] suppressed the 

liberation of common by-products such as NH3, B2H6. 

 

Figure 6.23 Mass spectrometry results for Na[Al(BH3NHCH2CH2NHBH3)2]. 

6.5 Conclusion 

We successfully synthesized Li[Al(BH3NHCH2CH2NHBH3)2] and 

Na[Al(BH3NHCH2CH2NHBH3)2] using mechanochemical synthesis and a wet 

chemical approach from 1 equivalent of MAlH4 (M = Li) and 2 equivalents of 

BH3NH2CH2CH2NH2BH3, respectively. In comparison to AB and MeAB, 

BH3NH2CH2CH2NH2BH3 exhibited higher inertness and required more energy 

input to form an Al-N bond when reacting with NaAlH4. This favors the reaction 

between the otherwise extremely reactive LiAlH4 and BH3NH2CH2CH2NH2BH3 

through mechanochemical synthesis and thus avoids the explosive reaction 

that occurrs between LiAlH4 and NH3BH3. 

In the structure of Na[Al(BH3NHCH2CH2NHBH3)2], the Al3+ ion is 

tetrahedrally coordinated to two [BH3NHCH2CH2NHBH3]2- anions through 

nitrogen atoms and forming chelates. The formation of the Al-N bond in 

Li[Al(BH3NHCH2CH2NHBH3)2] and Na[Al(BH3NHCH2CH2NHBH3)2] was 

confirmed through IR spectroscopy. 
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Thermogravimetric analysis (TGA) and mass spectrometry revealed that 

Li[Al(BH3NHCH2CH2NHBH3)2] releases 6.6 wt.% of pure hydrogen from room 

temperature to 280 °C. The TGA and mass spectrometry analysis of 

Na[Al(BH3NHCH2CH2NHBH3)2] indicated that the released hydrogen was 

contaminated with THF. Nevertheless, the formation of 

Li[Al(BH3NHCH2CH2NHBH3)2] and Na[Al(BH3NHCH2CH2NHBH3)2] effectively 

suppressed the release of by-products that typically contaminate hydrogen 

during the thermal dehydrogenation of NH3BH3 and its derivatives, such as 

NH3 and B2H6. 

In this work, it has been confirmed that the substitution on the N-side of 

AB allows to form stable chelate complexes exhibiting an effective 

suppression of the release of the common gaseous impurities. Furthermore, 

these examples provide valuable insights into the structure of chelated 

coordinated aluminum amidoborane compounds. 

6.6 Experimental section 

6.6.1 Chemicals 

All the samples were obtained from commercially available NaH (95 %), 

LiH (95 %), NaAlH4 (93%), LiAlH4 (> 98 %), NaBH4 (97%), NH2CH2CH2NH2·2 

HCl (98 %), and anhydrous THF (≥ 99.9%), toluene (99.85%), hexane 

(≥99.9 %), diethyl ether (≥99.5 %), 1,4-dioxane (≥99.5 %), CH2Cl2 (99.5 %) 

and CH3CN (≥99.9 %), which were purchased from SigmaAldrich Co. Ltd. All 

the operations were performed in a glovebox with a high-purity argon 

atmosphere. 

6.6.2 Synthesis of EDAB (BH3NH2CH2CH2NH2BH3) 

See Chapter 5, Experimental section 5.7.2. 

6.6.3 Synthesis of Li3AlH6 

              Equation 6.7 

Li3AlH6 was synthesized through the mechanochemical reaction between 

LiH and LiAlH4 following a method described in the literature34. To initiate the 
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reaction, 151.8 mg (4 mmol) of LiAlH4 and 63.6 mg (8 mmol) of LiH were 

loaded into an 80 mL stainless steel milling vial along with three steel balls (10 

mm in diameter, a total mass 12 g). Ball milling was performed using a 

planetary ball mill (Fritsch Pulverisette 7 Premium line) under an argon 

atmosphere of one bar, with a rotation speed of 500 rpm for a during of 10 

hours. This process yielded a black powder. The obtained PXRD pattern 

matched the reported results (Figure S19 in annex) 

6.6.4 Synthesis of Na3AlH6 

          Equation 6.8 

Na3AlH6 was synthesized through the mechanochemical reaction 

between NaH and NaAlH4 following a similar method to the synthesis of 

Li3AlH6. For the reaction, 303.6 mg NaAlH4 (5.6 mmol) and 229.4 mg NaH (9.6 

mmol) with a molar ratio of 1: 1.7 were loaded into a 40 mL stainless steel 

milling vial along with three steel balls (10 mm in diameter, total mass 12 g). 

The ball milling process was conducted using a planetary ball mill (Fritsch 

Pulverisette 7 Premium line) under an argon atmosphere at 1 bar, with a 

rotation speed of 500 rpm for a during of 10 hours. The PXRD data is 

presented in the Supporting Information (specifically in Figure S20), which 

agrees with the reported pattern. 

6.6.5 Synthesis of Na2LiAlH6 

         Equation 6.9 

Na2LiAlH6 was synthesized by means of a mechanochemical reaction 

between NaH and LiAlH4, employing a similar method as described in 

literature 
35. In this synthesis, 302.6 mg (8.0 mmol) LiAlH4 and 382.3 mg (16.0 

mmol) NaH, with a molar ratio of 1: 2, were loaded into an 80 mL stainless 

steel milling vial containing three steel balls (15 mm in diameter, total mass 43 

g). The ball milling process was carried out using a planetary ball mill (Fritsch 

Pulverisette 7 Premium line) under an argon atmosphere at 1 bar, with a 

rotation speed of 500 rpm for a during of 8 hours. The PXRD data is presented 
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in the Supporting Information (specifically in Figure S21), which is consistent 

with the reported results. 

6.6.6 Synthesis of Li[Al(BH3NHCH2CH2NHBH3)2] 

Sample Li-E: 1 eq. of LiAlH4 (26.9 mg, 0.7 mmol) and 2 eq. of EDAB 

(124.63 mg, 1.4 mmol) were placed into an 80 mL stainless steel vial and with 

three 10 mm diameter stainless steel balls and milled in a planetary ball mill 

(Fritsch Pulverisette 7 Premium line). Evolution of the gas pressure and 

temperature during the reaction was performed using the Easy GTM detection 

system accessory (Fritsch). The rotation speed was set to 500 rpm and the 

ball-to-powder mass ratio was 80:1. The synthesis was performed using 50 

milling cycles of 30 min milling interrupted by 15 min cooling breaks, to yield 

dark gray powder. The product was characterized by means of PXRD (Figure. 

6.1). The reproducibility of this synthesis methods has been confirmed.  

Table 6.4. The start and the end of pressure and temperature, and the amount 

of released gas during synthesis of sample Li-E using Easy-GTM system. 

Pstart (bar) Tstart (°C) Pend (bar) Tend (°C) Δn gas(mmol) Δngas/nLiAlH4 

1.0 23.6 1.7 23.1 2.4 3.3 

Other samples were synthesized through a similar method of sample Li-

E with different parameters (milling speed, time, number of cycles and ball to 

power mass ratio) as listed in Table 6.1. 

6.6.7 Synthesis of Na[Al(BH3NHCH2CH2NHBH3)2] 

Powdered NaAlH4 (81 mg, 1.5 mmol), EDAB (263.3 mg, 3.0 mmol), and 

anhydrous THF (30 mL) were added to a 100 mL, one-neck round bottom 

Schlenk flask. The obtained suspension was then vigorously stirred at room 

temperature under an argon atmosphere for 24 (sample Na-A), 48 (sample 

Na-B) and 72 hours (sample Na-C), respectively. Then the solvent was 

removed by vacuum. And the white solid was dried under vacuum for another 

5 hours to eliminate residual solvents. The product was characterized by 

means of PXRD (Figure. 6.3). 
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Samples Na-D, E, F, G, H, and I: the procedure similar as that of Sample 

Na-B. Powdered NaAlH4 (81 mg, 1.5 mmol), EDAB (263.3 mg, 3.0 mmol), and 

anhydrous Toluene, Hexane, Diethyl ether, 1,4-dioxane, CH2Cl2, or CH3CN 

(30 mL) were added to a 100 mL, one-neck round bottom Schlenk flask. The 

obtained suspension was then vigorously stirred at room temperature under 

an argon atmosphere for 48 hours. Then the solvent was removed by vacuum. 

And the white solid was dried under vacuum for another 5 hours to eliminate 

residual solvents. The products were characterized by means of PXRD 

(Figure. 6.5-6.6). 

Sample Na-J: the procedure similar to that of sample Na-B. Powdered 

NaAlH4 (81 mg, 1.5 mmol), EDAB (263.3 mg, 3.0 mmol), anhydrous Toluene 

(25 mL), and anhydrous THF (5 mL) were added to a 100mL, one-neck round 

bottom Schlenk flask. The obtained suspension was then vigorously stirred at 

room temperature under an argon atmosphere for 48 hours. Then the solvent 

was removed by vacuum. And the white solid was dried under vacuum for 

another 5 hours to eliminate residual solvents. The product was characterized 

by means of PXRD (Figure. 6.7). 

Samples Na-K, L, M, and N: 1 eq. of NaAlH4 and 2 eq. of EDAB were 

placed into an 80 mL stainless steel vial and with three 10 mm diameter 

stainless steel balls and milled in a planetary ball mill (Fritsch Pulverisette 7 

Premium line). Evolution of the gas pressure and temperature during the 

reaction was performed using the Easy GTM detection system accessory 

(Fritsch). The milling parameters were set as shown in Table 6.3. And the 

product was characterized by means of PXRD (Figure. 6.9). 

6.6.8 Synthesis of Li3[Al(BH3NHCH2CH2NHBH3)3] 

Sample Li3-A: 1 eq. of Li3AlH6 (16.2 mg, 0.3 mmol) and 3 eq. of EDAB 

(79 mg, 0.9 mmol) were placed into an 80 mL stainless steel vial and with 

three 10 mm diameter stainless steel balls and milled in a planetary ball mill 

(Fritsch Pulverisette 7 Premium line). Evolution of the gas pressure and 

temperature during the reaction was performed using the Easy GTM detection 

system accessory (Fritsch). The rotation speed was set to 500 rpm and the 

ball-to-powder mass ratio was 120:1. The synthesis was performed using 20 

milling cycles of 30 min milling interrupted by 30 min cooling breaks. 
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Samples Li3-B and Li3-C: 1 eq. of Li3AlH6 (16.2 mg, 0.3 mmol), 3 eq. of 

EDAB (79 mg, 0.9 mmol) and anhydrous THF (15 mL) were added to a 50 mL, 

one-neck round bottom Schlenk flask. The obtained suspension was then 

vigorously stirred at room temperature under an argon atmosphere for 48 

hours (sample Li3-B), at 60 ˚C under an argon atmosphere for 24 hours 

(sample Li3-C), respectively. Then the solvent was removed by vacuum. And 

the white solid was dried under vacuum for another 5 hours to eliminate 

residual solvents. The product was characterized by means of PXRD (Figure 

6.10). 

Sample Li3-D: 1 eq. of Li3AlH6 (16.2 mg, 0.3 mmol), 3 eq. of EDAB (79 

mg, 0.9 mmol) and anhydrous toluene (15 mL) were added to a 50 mL, one-

neck round bottom Schlenk flask. The obtained suspension was then 

vigorously stirred at 90 ˚C under an argon atmosphere for 24 hours (sample 

Li3-D). Then the solvent was removed by vacuum. And the white solid was 

dried under vacuum for another 5 hours to eliminate residual solvents. The 

product was characterized by means of PXRD (Figure 6.10). 

Heat-treated EDAB: EDAB (79 mg, 0.9 mmol) and anhydrous toluene 

(15 mL) were added to a 50 mL, one-neck round bottom Schlenk flask. Then 

vigorously stirred at 90 ˚C under an argon atmosphere for 24 hours. Then the 

solvent was removed by vacuum. And the white solid was dried under vacuum 

for another 5 hours to eliminate residual solvents. The product was 

characterized by means of PXRD (Figure 6.10). 

6.6.9 Synthesis of Na3[Al(BH3NHCH2CH2NHBH3)3] 

Sample Na3-A: 1 eq. of Na3AlH6 (30.6 mg, 0.3 mmol) and 3 eq. of EDAB 

(79 mg, 0.9 mmol) were placed into an 80 mL stainless steel vial and with 

three 10 mm diameter stainless steel balls and milled in a planetary ball mill 

(Fritsch Pulverisette 7 Premium line). Evolution of the gas pressure and 

temperature during the reaction was performed using the Easy GTM detection 

system accessory (Fritsch). The rotation speed was set to 600 rpm and the 

ball-to-powder mass ratio was 100:1. The synthesis was performed using 25 

milling cycles of 30 min milling interrupted by 30 min cooling breaks. 

Samples Na3-B and Na3-C: 1 eq. of Na3AlH6 (30.6 mg, 0.3 mmol), 3 eq. 

of EDAB (79 mg, 0.9 mmol) and anhydrous THF (15 mL) were added to a 50 

mL, one-neck round bottom Schlenk flask. The obtained suspension was then 
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vigorously stirred at room temperature under an argon atmosphere for 48 

hours (sample Na3-B), or at 60 ˚C under an argon atmosphere for 48 hours 

(sample Na3-C), respectively. Then the solvent was removed by vacuum. And 

the white solid was dried under vacuum for another 5 hours to eliminate 

residual solvents. The product was characterized by means of PXRD (Figure 

6.12). 

Sample Na3-D: 1 eq. of Na3AlH6 (30.6 mg, 0.3 mmol), 3 eq. of EDAB (79 

mg, 0.9 mmol) and anhydrous Toluene (15 mL) were added to a 50 mL, one-

neck round bottom Schlenk flask. The obtained suspension was then 

vigorously stirred at 90 ˚C under an argon atmosphere for 24 hours (sample 

Na3-D). Then the solvent was removed by vacuum. And the white solid was 

dried under vacuum for another 5 hours to eliminate residual solvents. The 

product was characterized by means of PXRD (Figure 6.12). 

6.6.10 Synthesis of Na2Li[Al(BH3NHCH2CH2NHBH3)3] 

Sample Na2Li-A: 1 eq. of Na2LiAlH6 (37.0 mg, 0.4 mmol) and 3 eq. of 

EDAB (113 mg, 1.3 mmol) were placed into an 80 mL stainless steel vial and 

with three 10 mm diameter stainless steel balls and milled in a planetary ball 

mill (Fritsch Pulverisette 7 Premium line). Evolution of the gas pressure and 

temperature during the reaction was performed using the Easy GTM detection 

system accessory (Fritsch). The rotation speed was set to 500 rpm and the 

ball-to-powder mass ratio was 80:1. The synthesis was performed using 20 

milling cycles of 30 min milling interrupted by 15 min cooling breaks. 

Sample Na2Li-B: 1 eq. of Na2LiAlH6 (37.0 mg, 0.4 mmol), 3 eq. of EDAB 

(113 mg, 1.3 mmol) and anhydrous THF (15 mL) were added to a 50 mL, one-

neck round bottom Schlenk flask. The obtained suspension was then 

vigorously stirred at room temperature under an argon atmosphere for 24 

hours (sample Na2Li-B). Then the solvent was removed by vacuum. And the 

white solid was dried under vacuum for another 5 hours to eliminate residual 

solvents. The product was characterized by means of PXRD (Figure 6.13). 

6.6.11 Powder X-ray diffraction 

Samples were carefully filled into 0.7 mm thin-walled glass capillaries 

(Hilgenberg GmbH) within an argon-filled glovebox. To prevent contact with 

air, the capillaries were sealed with grease before being taken out of the 
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glovebox. The sealed capillaries were then cut and promptly placed into wax 

on a goniometer head, ensuring that no air entered the capillary. Diffraction 

data were immediately collected using a MAR345 image-plate detector 

equipped with an Incoatec Mo (λ = 0.71073 Å) Microfocus (lµS 2.0) X-ray 

source operating at 50 kV and 1000 µA. The resulting two-dimensional images 

were azimuthally integrated using the Fit2D software, with LaB6 serving as a 

calibrant. 

Synchrotron PXRD patterns were collected with a PILATUS@SNBL 

diffractometer (SNBL, ESRF, Grenoble, France) equipped with a Dectris 

PILATUS 2M single-photon counting pixel area detector (λ = 0.77509 Å). 

Powder patterns were obtained by using raw data processed by the SNBL 

Toolbox software using data for LaB6 standard.  

6.6.12 Crystal structure determination: 

The synchrotron PXRD data for Na[Al(BH3NHCH2CH2NHBH3)2] was 

indexed in tetragonal unit cells and its structure was solved by global 

optimization using FOX software.36 The anions were modelled by 

conformationally-free z-matrices restraining bond distances and angles. 

Rietveld refinements were done in Fullprof,37 treating amidoboranes as 

separate rigid bodies within the complex anion and refining Na and Al as free 

atoms. The symmetry was confirmed with ADDSYM routine in the program 

PLATON.38 

6.6.13 Fourier transform infrared spectroscopy (FTIR) 

Attenuated total reflectance (ATR)-IR spectra were recorded using a 

Bruker Alpha spectrometer. The spectrometer was equipped with a Platinum 

ATR sample holder, which featured a diamond crystal for single bounce 

measurements. The entire experimental setup was located within an argon-

filled glovebox to maintain an inert atmosphere during the measurements. 

6.6.14 Thermogravimetric analysis (TGA) 

TGA measurements for Sample Li[Al(BH3NHCH2CH2NHBH3)2] was 

conducted using a Netzsch STA 449 F3 TGA/DSC. The TGA/DSC was 

equipped with a stainless-steel oven and located within an argon-filled 
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glovebox to ensure an inert atmosphere during the measurements. The 

sample was loaded into Al2O3 crucibles and subjected to a heating rate of 5 

K/min under an argon flow of 100 mL/min. 

TGA measurements for Sample Na[Al(BH3NHCH2CH2NHBH3)2] was 

conducted using a Mettler Toledo TGA/SDTA 851e instrument. The sample 

was placed in Al2O3 crucibles and subjected to a heating rate of 5 K/min under 

a Nitrogen flow of 100 mL/min. 

6.6.15 Mass spectrometry 

Mass spectrometry analysis of Li[Al(BH3NHCH2CH2NHBH3)2] with the 

use of a Hiden Analytical HPR-20 QMS sampling system, which is installed in 

a glovebox. The samples were loaded into an Al2O3 crucible and heated from 

room temperature to 300 °C (5 K/min) in an argon flow of 100 mL/min. Gas 

evolution was monitored by recording the highest intensity peak for each gas, 

i.e. m/z of 2, 17, 26, 30, and 42 for H2, NH3, H2O, B2H6, N2, NH2CH2CH2NH2, 

THF respectively. 

Mass spectrometry measurements for Na[Al(BH3NHCH2CH2NHBH3)2] 

were performed using a Hiden Catlab reactor combined with a Quantitative 

Gas Analyser (QGA) Hidden quadrupole mass spectrometer, which is 

installed outside of the glovebox. Before the experiment, samples were loaded 

into a quartz tube in between two layers of glass cotton under the protective 

atmosphere of an argon-filled glovebox. The two extremities of the quartz tube 

were sealed with Parafilm before removed from the glovebox. The quartz tube 

was then installed in the sample holder outside the glovebox after quickly 

removing the Parafilm and the argon flow (40 mL/min) was switched on 

immediately to prevent contact of the sample with air. Samples were heated 

to 40 °C and kept isothermally for ~ 2 h to stabilize the temperature. Heating 

was then performed at a rate of 5 °C/min up to 240 °C corresponding to 

Na[Al(BH3NHCH2CH2NHBH3)2], followed by a 1 h isotherm. Gas evolution 

was monitored by recording the highest intensity peak for each gas, i.e. m/z 

of 2, 17, 18, 26, 28, 30, and 42 for H2, NH3, H2O, B2H6, N2, NH2CH2CH2NH2, 

THF respectively. Monitored H2O and N2 to check if sample contacted air or 

not. 
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Chapter 7 

Attempts to synthesize M3[Al(NH2BH3)6] 

Abstract 

Six-coordinated Al-based amidoborane compounds hold significant 

potential in the fields of hydrogen storage and the development of Al-based 

amidoborane complexes. In this chapter, we present our exploration into the 

modification and synthesis of known and new six-coordinated Al-based 

amidoborane compounds. Owing to the big size of the [Al(NH2BH3)6]3- anion, 

the larger Na cations or mixed cation Li/Na mixtures can match it. The smaller 

Li matches the slightly smaller anion [AlH2(NH2BH3)4]3-. Based on the PXRD 

and IR analysis, the synthesis conditions for samples Na3Al-04, Na3Al-13 and 

Na2LiAl-01 (see the text) can be served as the reference for future synthesis 

of such complexes. 
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7.1 Introduction 

Metal amidoboranes1, 2 show improved hydrogen storage properties than 

the pristine NH3BH3 in the temperature or /and the purity of released H2
3-5. The 

multi-metallic amidoboranes make it more diversified to synthesize new 

amidoborane complexes compared with the mono-metallic amidoboranes6-9. 

These multi-metallic amidoborane complexes can be categorized into various 

groups based on the central metal, which acts as a stronger Lewis acid. These 

groups include Li-based6, Mg-based7, 8, 10, 11, Ca-based12, and Al-based13-18 

multi-metallic amidoborane complexes. 

Al-based amidoborane complexes attracted our attention due to their high 

polarizing power, low weight, and high natural abundance. What’s more, Al3+ 

is capable of coordinating the initial B- and N-based complex hydrides and 

their dehydrogenation products, thus serving as a template (or a matrix) for 

potentially reversible dehydrogenation19. Moreover, Al3+ functions as a 

stronger Lewis acid compared to Li+, Mg2+, and Ca2+, thereby facilitating the 

formation of homoleptic coordinate environments for the central metals and 

the counterion metals with NH(2) groups and BH3 groups, respectively. For 

instance, in all of the reported Al-Based amidoborane compounds 

(Na[Al(NH2BH3)4], K[Al(NH2BH3)4] and Na[Al(CH3NHBH3)4]), Al3+ homoleptic 

coordinated with four N of four anion NH2BH3
- and Na+ interacted with Hδ- of 

BH3 groups. This allows us to predict the potential structure of the new and 

unknown multi-metallic amidoborane complexes. In contrast, in 

Li2[Ca(NH2BH3)4], Ca2+ demonstrates mixed coordination by two N atoms from 

two anion NH2BH3
- ions and Hδ- from four BH3 groups, while Li+ exhibits mixed 

coordination with Hδ- from two BH3 groups due to the similarity in Lewis acidity 

between Li+ and Ca2+. Notably, Na[Al(NH2BH3)4] shows promising hydrogen 

storage properties especially the high purity of released hydrogen and high 

gravimetric density, which encourage us to pay more attention to studying the 

new Al-based amidoborane complexes and deeply understand the 

relationship between the hydrogen storage properties and structure. 

Previous reports have predominantly concentrated on the synthesis, 

properties, as well as structure of four-coordinated Al-based amidoborane 

compounds, like Li[Al(NH2BH3)4] and K[Al(NH2BH3)4]. However, there has 

been limited research on the synthesis and properties of six-coordinated Al-
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based amidoborane compounds, particularly with regard to their structure. 

Consequently, the primary focus of this chapter is on the attempt to synthesize 

hexacoordinated Al-based amidoborane complexes. 

Existing investigations have identified two reported hexacoordinated Al-

based amidoborane complexes, namely Li[AlH2(NH2BH3)4]14 and 

[Al(NH3)6][Al(NH2BH3)6]20. These complexes have been characterized based 

on NMR, IR, and PXRD patterns; however, detailed information regarding their 

crystal structure is lacking. In order to elucidate the structure of six-

coordinated Al-based amidoboranes, it is imperative to synthesize new and 

distinct Al-based amidoborane complexes. To ensure the high hydrogen 

content and minimize the influence of other molecules like NH3, we have 

specifically focused on synthesizing simple light metals (Na+ and Li+) Al-based 

amidoborane complexes. The analysis of the obtained samples primarily 

involved PXRD and IR techniques. Although we didn’t get the pure desired 

product, the analyzed results and different methods are important to make the 

synthesis of the six-coordinated Al-based amidoboranes successful in the 

future. 

7.2 Exploring the synthesis of Li3[Al(NH2BH3)6] 

To the best of our knowledge, there have been no reports regarding the 

successful synthesis of Li3[Al(NH2BH3)6]. In 2013, Guanglin and co-workers 

investigated the hydrogen performance of composites containing Li3AlH6-4 

NH3BH3, Li3AlH6-5NH3BH3 and Li3AlH6-6NH3BH3. The post-milled Li3AlH6-4 

NH3BH3 obtained after milling was tentatively identified as Li3[AlH2(NH2BH3)4] 

based on PXRD, 11B NMR, and IR analyses. However, they encountered 

difficulties in indexing the structure of Li3[AlH2(NH2BH3)4] due to sample 

impurities. 

In our work, we made modifications to the synthesis process (as outlined 

in Table 7.1) of Li3[AlH2(NH2BH3)4] and obtained a sample (referred to as 

Sample Li3Al-06 in Figure 7.1) without the presence of peaks corresponding 

to LiBH3NH2BH2NH2BH3 (indicated by the gray dashed line in Figure 7.1), 

which was observed in the previously reported sample from 2013. However, 

due to the weak diffraction signals exhibited by this sample, we could not 

determine its structure based on the PXRD data measured using our Mar 345 
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diffractometer. We plan to conduct Synchrotron PXRD analysis in future 

studies to investigate the purity and determine the structure. This advanced 

technique will provide more accurate and detailed information about the 

sample, enabling us to screen for impurities and elucidate the structure of 

Li3[AlH2(NH2BH3)4]. 

 

 

Figure 7.1 PXRD pattern of NH3BH3, LiAlH4, LiH, Li3AlH6, Sample Li3Al-01 to 

Li3Al-06 and LiBH3NH2BH2NH2BH3 (the residual NH3BH3 and the formed 

LiBH3NH2BH2NH2BH3 pointed by the black dash line and gray dash line, 

respectively; λ = 0.71073 Å) 

 

We also attempted to synthesize Li3[AlH2(NH2BH3)4] using wet chemical 

approaches as described in Experimental section 7.5.3. Regrettably, our 

efforts yielded an amorphous product when stirring composites of Li3AlH6-4 

NH3BH3 in THF at both room temperature and 60 °C (as shown in Figure 7.2). 

This limits the analysis of the structure based on the crystal structure. 
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Figure 7.2 PXRD pattern of Sample Li3Al-07 and Li3Al-08 (λ = 0.71073 Å) 

Based on the findings presented in Chapter 4, it was discovered that 

Na[AlH(CH3NHBH3)3] serves as an intermediate product in the reaction 

between NaAlH4 and CH3NH2BH3. This observation led us to question 

whether Li3[AlH2(NH2BH3)4] is the final product resulting from the reaction 

between Li3AlH6 and NH3BH3. Consequently, we attempted to obtain the 

ultimate product, Li3[Al(NH2BH3)6], using both mechanochemical and wet 

chemical synthesis methods. 

In the mechanochemical synthesis, we conducted the reaction using 

Li3AlH6-6NH3BH3 (Sample Li3Al-09) and Li3[AlH2(NH2BH3)4]-2NH3BH3 

(Sample Li3Al-10). However, neither of these attempts proved successful. 

Instead, the products obtained from both methods were identified as 

Li3[AlH2(NH2BH3)4] rather than Li3[Al(NH2BH3)6]. This outcome suggests that 

Li3[AlH2(NH2BH3)4] is more stable than Na[AlH(CH3NHBH3)3], which was 

transferred into the final product Na[Al(CH3NHBH3)4] by prolonging milling 

time. 

 

Figure 7.3 PXRD pattern of Sample Li3Al-09 and Li3Al-10 (λ = 0.71073 Å). 

Regarding the wet chemical synthesis, it was observed that the final 

crystalline product obtained from the reaction of Li3AlH6-6NH3BH3 in THF for 
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48 hours or in Toluene at 60°C for 24 hours (Sample Li3Al-12 and Li3Al-14 

in Figure 7.4) is identified as LiBH3NH2BH2NH2BH3. It has been previously 

reported that LiBH3NH2BH2NH2BH3 is the product resulting from the reaction 

between 1 equivalent of LiH and 3 equivalents of NH3BH3, as well as the 

thermally decomposed product of LiNH2BH3.21 

In the case of Sample Li3Al-12 and Li3Al-14, it is speculated that Li3AlH6 

decomposed to form LiH, which subsequently reacted with NH3BH3 to produce 

LiBH3NH2BH2NH2BH3. However, according to PXRD analysis, a new unknown 

crystalline phase was formed when Li3AlH6 reacted with NH3BH3 in THF at 

60 °C (Sample Li3Al-13). Unfortunately, we were unable to index the sample 

successfully, hindering the determination of its specific structure. In future 

investigations, we intend to characterize this unknown crystalline phase 

further using solid-state NMR and elemental analysis techniques. 

 

Figure 7.4 PXRD pattern of Sample Li3Al-11-Li3Al-14 (λ = 0.71073 Å). 

In summary, the mechanochemical synthesis methods indicate a 

preference for the formation of Li3[AlH2(NH2BH3)4] rather than Li3[Al(NH2BH3)6] 

in the reaction between Li3AlH6 and NH3BH3. This preference could be 

attributed to the challenges posed by arranging six NH2BH3
- anions around 

Al3+ due to crowding, or the limited size of Li ions in adequately coordinating 

the large anion [Al(NH2BH3)6]3-. To overcome these limitations, we have 

decided to explore the synthesis of metallic six-coordinated aluminum 

amidoborane complexes by utilizing a combination of Na and Na-Li mixed 

cations as an alternative to Li. 
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7.3 Exploring the synthesis of Na3[Al(NH2BH3)6] 

Initially, we conducted a screening of various ratios between Na3AlH6 and 

NH3BH3 through mechanochemical synthesis approaches (as depicted in 

Figure 7.5). The composites Na3AlH6-4NH3BH3 resulted in a mixture of 

amorphous and crystalline phase(s), characterized by six broad peaks 

observed in the PXRD pattern (designated as Sample Na3Al-01). As for the 

composites Na3AlH6-5NH3BH3, more crystalline phases were obtained 

(designated as Sample Na3Al-02), with some of the crystalline phases 

observed in Sample Na3Al-01 still present. The residue Na3AlH6 existed in 

both Sample Na3Al-01 and Na3Al-02, which suggests Na3[AlH2(NH2BH3)4] 

and Na3[AlH(NH2BH3)5] are not the thermodynamic products in this case. This 

is different from that of Li3[AlH2(NH2BH3)4], which confirmed our indication that 

Li+ is too small to cover the big anion [Al(NH2BH3)6]3-. 

Notably, the product obtained from the post-milled composites Na3AlH6-6 

NH3BH3 (referred to as Sample Na3Al-03) exhibited significant differences 

when compared to Sample Na3Al-01 and Sample Na3Al-02, as evidenced by 

the analysis of the PXRD pattern. In Sample Na3Al-03, several new peaks 

emerged, providing valuable information for determining its structure. 

Consequently, due to these promising observations, our focus shifted towards 

investigating the reaction involving Na3AlH6-6NH3BH3. 

 

Figure 7.5 PXRD pattern of Sample NH3BH3, NaAlH4, NaH, Na3AlH6, Na3Al-

01 to Na3Al-03 (λ = 0.71073 Å). 

We modified the milling conditions of the composites Na3AlH6-6NH3BH3, 

as outlined in Table 7.2. The resulting samples, Na3Al-04 to Na3Al-07, were 
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characterized using PXRD analysis (as shown in Figure 7.6A). In all of the 

samples, the peaks corresponding to NaBH3NH2BH2NH2BH3 were present. It 

is known that NaBH3NH2BH2NH2BH3 is either a product of the reaction 

between NaH and 3 equivalents of NH3BH3 or a thermally decomposed 

product of NaNH2BH3,21 similar to LiBH3NH2BH2NH2BH3. This suggests that 

during the ball milling process with NH3BH3, a portion of Na3AlH6 decomposed 

to NaH and NaAlH4. 

However, we did not observe any peaks corresponding to 

Na[Al(NH2BH3)4] in any of the aforementioned samples. Notably, an IR band 

in the range of 520-650 cm-1 was present in the spectrum of Sample Na3Al-

04 (Figure 7.6B), which is indicative of the Al-N bond. Based on this 

observation, we propose that Na3[Al(NH2BH3)6] formed under the milling 

conditions employed for Sample Na3Al-04. Nevertheless, further analysis of 

the structure and modification of the synthesis approach will be pursued in our 

future investigations. 

 

Figure 7.6 (A). PXRD pattern of Sample NH3BH3, Na3AlH6, Na3Al-04 to 

Na3Al-07 (λ = 0.71073 Å); (B). IR spectra of NH3BH3 and Na3Al-04 (Al-N bond 

highlighted by the red rectangle). 
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Similar to the reaction between 1 equivalent of Li3AlH6 and 6 equivalents 

of NH3BH3 in organic solvents, the composites Na3AlH6-6NH3BH3 also 

resulted in the formation of NaBH3NH2BH2NH2BH3 instead of the desired 

product when conducted in THF and toluene (as observed in Sample Na3Al-

08, Na3Al-09, and Na3Al-10, as shown in Figure 7.7). 

 

 

Figure 7.7 PXRD pattern of NH3BH3, NaAlH4, Na3AlH6, Sample Na3Al-08 to 

Na3Al-10 (λ = 0.71073 Å, residue NH3BH3 pointed by the black dash line, the 

formed NaBH3NH2BH2NH2BH3 highlighted by the purple dash line, NaAlH4 

pointed by the red dash line and residue Na3AlH6 highlighted by blue dash 

line). 

 

We employed the previously reported synthesis of Na[Al(NH2BH3)4] and 

NaNH2BH3 compounds as a starting point for our attempts to synthesize 

Na3[Al(NH2BH3)6]. Following the reaction equation described in Equation 7.7 

of the experimental section 7.5.6, we conducted ball milling experiments. 

Based on the PXRD pattern analysis, Sample Na3Al-13 resembles Sample 

Na3Al-04, which is formed from Na3AlH6 and NH3BH3. Notably, the byproduct 

NaBH3NH2BH2NH2BH3 coexisted with Na3[Al(NH2BH3)6] in Sample Na3Al-13. 
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Figure 7.8 PXRD pattern of Na[Al(NH3BH3)4], NaNH2BH3, Sample Na3Al-11 

to Na3Al-14 and NaBH3NH2BH2NH2BH3 (λ = 0.71073 Å, unreacted 

Na[Al(NH3BH3)4] and NaNH2BH3 pointed by black and red dash line, 

respectively; the formed NaBH3NH2BH2NH2BH3 pointed by purple dash line.). 

The synthesis of Na3[Al(NH2BH3)6] is still being investigated to discover 

more optimal reaction conditions that can minimize side reactions. The current 

methods are primarily hindered by the formation of NaBH3NH2BH2NH2BH3, as 

observed in the above-mentioned reaction equations. NaNH2BH3 can be 

obtained through the reaction of NaH with NH3BH3 or through the reaction of 

NaNH2 and NH3BH3. It has been reported that the former method often results 

in a mixture containing a small amount of NaBH3NH2BH2NH2BH3, while the 

latter method yields NaNH2BH3 without any detectable signals of 

NaBH3NH2BH2NH2BH3.22 Therefore, one potential solution to obtain pure 

Na3[Al(NH2BH3)6] could involve using NaNH2BH3 generated from the reaction 

between NaNH2 and NH3BH3. Further exploration is required to validate this 

approach. 

7.4 Exploring the synthesis of Na2Li[Al(NH2BH3)6] 

We also explored the use of Na2LiAlH6 as another precursor for 

synthesizing six-coordinated Al-based amidoborane complexes. We 

conducted ball milling reactions between 1 eq. of Na2LiAlH6 and 6 eq. of 

NH3BH3 (Sample Na2LiAl-01), 1 eq. of Na2LiAlH6 and 5 eq. of NH3BH3 

(Sample Na2LiAl-02), and 1 eq. of Na2LiAlH6 and 4 eq. of NH3BH3 (Sample 

Na2LiAl-03). Upon post-milling characterization, the composites Na2LiAlH6-4 
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NH3BH3 (Sample Na2LiAl-03) and Na2LiAlH6-5NH3BH3 (Sample Na2LiAl-02) 

exhibited fewer wide peaks in the PXRD pattern compared to the composites 

Na2LiAlH6-6NH3BH3 (Sample Na2LiAl-01). In addition, the unreacted 

Na2LiAlH6 appeared in Sample Na2LiAl-02 and Na2LiAl-03 (Figure 7.9A), 

which suggests the amount of NH3BH3 is not enough in the composites 

Na2LiAlH6-4NH3BH3 and Na2LiAlH6-5NH3BH3. This is the same as that of the 

reaction between Na3AlH6 and NH3BH3. There is the signal of locked at the 

range of the Al-N bond in the IR spectrum of Sample Na2LiAl-01 (Figure 7.9B), 

which indicates Na2Li[Al(NH2BH3)6] formed under such reaction conditions. 

However, the weak diffraction of Sample Na2LiAl-01 necessitates more 

rigorous measurement techniques to assess its purity and structural 

characterization. Furthermore, the PXRD pattern of Sample Na2LiAl-04, 

which is the product of the reaction between 1 eq. of Na2LiAlH6 and 6 eq. of 

NH3BH3 in THF, closely resembles that of NaBH3NH2BH2NH2BH3. This 

suggests that Na2LiAlH6 decomposes to NaH and LiAlH4 in organic solvents, 

similar to the behavior observed with Li3AlH6 and Na3AlH6. 

 

Figure 7.9 PXRD pattern of Sample NH3BH3, Na2LiAlH6, Na2LiAl-01-Na2LiAl-

04 (λ = 0.71073 Å). 
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In summary, Li3[AlH2(NH2BH3)4] has been identified as the 

thermodynamic product for the Li-based counter-anion six-coordinated Al-

based amidoborane complex. We will further investigate the structural details 

by determining the modified Sample Li3Al-06. By introducing Na and Na-Li 

mixed cations with a slightly larger radius, the [Al(NH2BH3)6]3- anion becomes 

more stable compared to [AlH2(NH2BH3)4]3- and [AlH(NH2BH3)5]3-. However, 

the alanates Li3AlH6, Na3AlH6 and Na2LiAlH6 decompose into MAlH4 and MH 

in organic solvents, which limits their applicability for synthesizing six-

coordinated Al-based amidoborane complexes in such solvents. Therefore, 

mechanochemical synthesis is preferred for the synthesis of these complexes. 

In our exploration, the synthesis conditions of Sample Na3Al-04, Na3Al-13, 

and Na2LiAl-01 can serve as references for future optimization or new 

synthesis methods for such six-coordinated Al-based amidoborane 

complexes. 

7.5 Experimental section 

7.5.1 Chemicals 

All the samples were obtained from commercially available NaH (95 %), 

LiH (95 %), NaAlH4 (93 %), LiAlH4 (>98 %), NaBH4 (97 %), NH3BH3 (97 %), 

and anhydrous THF (≥99.9%), Toluene (99.85%), which were purchased 

from SigmaAldrich Co. Ltd. DMSO-d6 (99.8%) was purchased from Eurisotop. 

All the operations were performed in a glovebox with a high-purity argon 

atmosphere. 

7.5.2 Synthesis of Li3AlH6 

See Chapter six experimental section 6.6.3. 

7.5.3 Syntheses of Samples Li3Al-01 to Li3Al-14 

   Equation 7.1 

Samples Li3Al-01, Li3Al-02, Li3Al-03, Li3Al-04 and Li3Al-05: 1 eq. of 

Li3AlH6 (91.0 mg, 1.7 mmol) and 4 eq. of AB (208.9 mg, 6.8 mmol) were 

introduced into an 80 mL stainless steel vial. The vial was equipped with three 
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10 mm diameter stainless steel balls and subjected to milling in a planetary 

ball mill (Fritsch Pulverisette 7 Premium line). Monitoring of gas pressure and 

temperature evolution throughout the reaction was accomplished using the 

Easy GTM detection system accessory (Fritsch). The milling conditions were 

fixed as Table 7.1 and resulted in the formation of a dark gray powder (Figure 

7.1). 

Sample Li3Al-06: 1 eq. of Li3AlH6 (45.5 mg, 0.84 mmol) and 4 eq. of AB 

(104.5 mg, 3.4 mmol) were introduced into an 80 mL stainless steel vial. The 

vial was equipped with three 10 mm diameter stainless steel balls and 

subjected to milling in a planetary ball mill (Fritsch Pulverisette 7 Premium 

line). Monitoring of gas pressure and temperature evolution throughout the 

reaction was accomplished using the Easy GTM detection system accessory 

(Fritsch). The rotation speed was fixed at 500 rpm, and the ball-to-powder 

mass ratio was maintained at 80:1. The synthesis process involved 15 milling 

cycles, each consisting of 30 minutes of milling followed by 30 minutes of 

cooling breaks, resulting in the formation of a dark gray powder (Figure 7.1). 

Table 7.1 The conditions of ball milling for composites Li3AlH6-4NH3BH3. 

Sample speed Milling 

time 

Break time cycles Ratio of ball to 

powder 

Li3Al-01 350 30 30 3 40:1 

Li3Al-02 350 30 30 6 40:1 

Li3Al-03 350 30 30 35 40:1 

Li3Al-04 250 30 30 35 40:1 

Li3Al-05 500 30 30 16 40:1 

Li3Al-06 500 30 30 15 80:1 

 

Samples Li3Al-07 and Li3Al-08: 1 eq. of Li3AlH6 (45.5 mg, 0.84 mmol) 

and 4 eq. of AB (104.5 mg, 3.4 mmol), and anhydrous THF (20 mL) were 

added to a 100 mL, one-neck round bottom Schlenk flask. The obtained 

suspension was then vigorously stirred at room temperature (Sample Li3Al-

07) and 60 ˚C (Sample Li3Al-08) under an argon atmosphere for 48 hours, 

respectively. Then the solvent was removed by vacuum. And the solid was 
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dried under vacuum for another 5 hours to eliminate residual solvents. The 

product was characterized by means of PXRD (Figure. 7.2). 

   Equation 7.2 

Sample Li3Al-09: 1 eq. of Li3AlH6 (91 mg, 1.7 mmol) and 6 eq. of AB 

(313.4 mg, 10.1 mmol) were introduced into an 80 mL stainless steel vial. The 

vial was equipped with three 10 mm diameter stainless steel balls and 

subjected to milling in a planetary ball mill (Fritsch Pulverisette 7 Premium 

line). Monitoring of gas pressure and temperature evolution throughout the 

reaction was accomplished using the Easy GTM detection system accessory 

(Fritsch). The rotation speed was fixed at 500 rpm, and the ball-to-powder 

mass ratio was maintained at 30:1. The synthesis process involved 35 milling 

cycles, each consisting of 30 minutes of milling followed by 30 minutes of 

cooling breaks, resulting in the formation of a dark gray powder (Figure 7.3). 

 Equation 7.3 

Sample Li3Al-10: 1 eq. of Li3[AlH2(NH2BH3)4] (109.9 mg, 0.65 mmol) and 

2 eq. of AB (61.7 mg, 1.3 mmol) were introduced into an 80 mL stainless steel 

vial. The vial was equipped with three 10 mm diameter stainless steel balls 

and subjected to milling in a planetary ball mill (Fritsch Pulverisette 7 Premium 

line). Monitoring of gas pressure and temperature evolution throughout the 

reaction was accomplished using the Easy GTM detection system accessory 

(Fritsch). The rotation speed was fixed at 500 rpm, and the ball-to-powder 

mass ratio was maintained at 80:1. The synthesis process involved 15 milling 

cycles, each consisting of 30 minutes of milling followed by 30 minutes of 

cooling breaks, resulting in the formation of a dark gray powder (Figure 7.3). 

Samples Li3Al-11, Li3Al-12, and Li3Al-13: 1 eq. of Li3AlH6 (32 mg, 0.6 

mmol) and 6 eq. of AB (110 mg, 3.6 mmol), and anhydrous THF (15 mL) were 

added to a 50 mL, one-neck round bottom Schlenk flask. The obtained 

suspension was then vigorously stirred at room temperature for 12 hours 

(Sample Li3Al-11), 48 hours (Sample Li3Al-12) and 60 ˚C for 24 hours 

(Sample Li3Al-13) under an argon atmosphere, respectively. Then the solvent 

was removed under vacuum. And the solid was dried under vacuum for 

another 5 hours to eliminate residual solvents. The product was characterized 

by means of PXRD (Figure. 7.4). 
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Sample Li3Al-14: 1 eq. of Li3AlH6 (32 mg, 0.6 mmol) and 6 eq. of AB (110 

mg, 3.6 mmol), and anhydrous Toluene (15 mL) were added to a 50 mL, one-

neck round bottom Schlenk flask. The obtained suspension was then 

vigorously stirred at room temperature under an argon atmosphere for 24 

hours. Then the solvent was removed under vacuum. And the solid was dried 

under vacuum for another 5 hours to eliminate residual solvents. The product 

was characterized by means of PXRD (Figure. 7.4). 

7.5.4 Synthesis of Na3AlH6 

See Chapter six experimental section 6.6.4. 

7.5.5 Synthesis of NaNH2BH3 

      Equation 7.4 

1 eq. of NaH (131.8 mg, 5.5 mmol) and 1 eq. of AB (169.1 mg, 5.5 mmol) 

were introduced into an 80 mL stainless steel vial. The vial was equipped with 

three 10 mm diameter stainless steel balls and subjected to milling in a 

planetary ball mill (Fritsch Pulverisette 7 Premium line). Monitoring of gas 

pressure and temperature evolution throughout the reaction was 

accomplished using the Easy GTM detection system accessory (Fritsch). The 

rotation speed was fixed at 500 rpm, and the ball-to-powder mass ratio was 

maintained at 60:1. The synthesis process involved 15 milling cycles, each 

consisting of 10 minutes of milling followed by 5 minutes of cooling breaks, 

resulting in the formation of a white powder (Figure 7.10). 

 

Figure 7.10 PXRD pattern of NH3BH3, NaH and NaNH2BH3 (λ = 0.71073 Å) 
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7.5.6 Syntheses of Samples Na3Al-01 to Na3Al-14 

    Equation 7.5 

Samples Na3Al-01, Na3Al-02 and Na3Al-03: 1 eq. of Na3AlH6 (26.9 mg, 

0.7 mmol) and 4 eq. of AB (124.63 mg, 1.4 mmol) (Na3Al-01), 1 eq. of Na3AlH6 

(26.9 mg, 0.7 mmol) and 5 eq. of AB (124.63 mg, 1.4 mmol) (Na3Al-02), and 

1 eq. of Na3AlH6 (26.9 mg, 0.7 mmol) and 6 eq. of AB (124.63 mg, 1.4 mmol) 

(Na3Al-03) were placed into an 80 mL stainless steel vial and with three 10 

mm diameter stainless steel balls and milled in a planetary ball mill (Fritsch 

Pulverisette 7 Premium line), respectively. The gas pressure and temperature 

evolution during the reaction was performed using the Easy GTM detection 

system accessory (Fritsch). The rotation speed was set to 500 rpm and the 

ball-to-powder mass ratio was 80:1. The synthesis was performed using 20 

milling cycles of 30 min milling interrupted by 15 min cooling breaks, to yield 

light gray powder (Figure 7.5). 

Samples Na3Al-04 and Na3Al-05: 1 eq. of Na3AlH6 (106 mg, 1.0 mmol) 

and 6 eq. of AB (192 mg, 6.2 mmol) were introduced into an 80 mL stainless 

steel vial. The vial was equipped with three 10 mm diameter stainless steel 

balls and subjected to milling in a planetary ball mill (Fritsch Pulverisette 7 

Premium line). Monitoring of gas pressure and temperature evolution 

throughout the reaction was accomplished using the Easy GTM detection 

system accessory (Fritsch). The milling conditions were fixed as Table 7.2 and 

result in the formation of a white powder (Figure 7.6A). 

Samples Na3Al-06, Na3Al-07: 1 eq. of Na3AlH6 (53 mg, 0.5 mmol) and 

6 eq. of AB (96 mg, 3.1 mmol) were introduced into an 80 mL stainless steel 

vial. The vial was equipped with three 10 mm diameter stainless steel balls 

and subjected to milling in a planetary ball mill (Fritsch Pulverisette 7 Premium 

line). Monitoring of gas pressure and temperature evolution throughout the 

reaction was accomplished using the Easy GTM detection system accessory 

(Fritsch). The milling conditions were fixed as Table 7.2 and result in the 

formation of a white powder (Figure 7.6A). 
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Table 7.2 The conditions of ball milling for composites Na3AlH6-6NH3BH3. 

Sample speed Milling time Break time cycles Ratio of ball to 

powder 

Na3Al-04 250 30 30 40 40:1 

Na3Al-05 350 30 30 40 40:1 

Na3Al-06 350 30 30 40 80:1 

Na3Al-07 500 30 15 40 80:1 

Samples Na3Al-08, and Na3Al-09: 1 eq. of Na3AlH6 (53 mg, 0.5 mmol) 

and 6 eq. of AB (96 mg, 3.1 mmol), and anhydrous THF (15 mL) were added 

to a 50 mL, one-neck round bottom Schlenk flask. The obtained suspension 

was then vigorously stirred at room temperature (Na3Al-08) and 60 ˚C 

(Na3Al-09) for 48 hours under an argon atmosphere, respectively. Then the 

solvent was removed under vacuum. And the solid was dried under vacuum 

for another 5 hours to eliminate residual solvents. The product was 

characterized by means of PXRD (Figure. 7.7). 

Sample Na3Al-10: 1 eq. of Na3AlH6 (53 mg, 0.5 mmol) and 6 eq. of AB 

(96 mg, 3.1 mmol), and anhydrous Toluene (15 mL) were added to a 50 mL, 

one-neck round bottom Schlenk flask. The obtained suspension was then 

vigorously stirred at 60 ˚C for 48 hours under an argon atmosphere, 

respectively. Then the solvent was removed under vacuum. And the solid was 

dried under vacuum for another 5 hours to eliminate residual solvents. The 

product was characterized by means of PXRD (Figure. 7.7). 

  Equation 7.6 

Samples Na3Al-11 to Na3Al-14: 1 eq. of Na[Al(NH2BH3)4] (84.7 mg, 0.5 

mmol) and 2 eq. of NaNH2BH3 (52.8 mg, 1.0 mmol) were introduced into an 

80 mL stainless steel vial. The vial was equipped with three 10 mm diameter 

stainless steel balls and subjected to milling in a planetary ball mill (Fritsch 

Pulverisette 7 Premium line). Monitoring of gas pressure and temperature 

evolution throughout the reaction was accomplished using the Easy GTM 

detection system accessory (Fritsch). The milling conditions were fixed as 

Table 7.3 and result in the formation of a white powder (Figure 7.8). 
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Table 7.3 The parameters of synthesis Samples Na3Al-11 to Na3Al-14. 

Sample speed Milling time Break time cycles Ratio of ball to 

powder 

Na3Al-11 250 30 15 6 90:1 

Na3Al-12 200 30 15 6 90:1 

Na3Al-13 200 30 15 4 90:1 

Na3Al-14 200 30 15 2 90:1 

7.5.7 Synthesis of Na2LiAlH6 

See Chapter six experimental section 6.6.5. 

7.5.8 Syntheses of Samples Na2LiAl-01 to Na2LiAl-04 

 Equation 7.7 

Samples Na2LiAl-01, Na2LiAl-02 and Na2LiAl-03: 1 eq. of Na2LiAlH6 

(61.6 mg, 0.72 mmol) and 4 eq. of AB (88.4 mg, 2.9 mmol) (Na2LiAl-03), 1 

eq. of Na2LiAlH6 (53.7 mg, 0.62 mmol), 5 eq. of AB (96.4 mg, 3.1 mmol) 

(Na2LiAl-02), and 1 eq. of Na2LiAlH6 (47.6 mg, 0.55 mmol), 6 eq. of AB (102.4 

mg, 3.3 mmol) (Na2LiAl-01) were placed into an 80 mL stainless steel vial 

and with three 10 mm diameter stainless steel balls and milled in a planetary 

ball mill (Fritsch Pulverisette 7 Premium line), respectively. The evolution of 

the gas pressure and temperature during the reaction was performed using 

the Easy GTM detection system accessory (Fritsch). The rotation speed was 

set to 500 rpm and the ball-to-powder mass ratio was about 80:1. The 

synthesis was performed using 20 milling cycles of 30 min milling interrupted 

by 30 min cooling breaks, to yield dark gray powder (Figure 7.9A). 

Sample Na2LiAl-04: 1 eq. of Na2LiAlH6 (47.6 mg, 0.55 mmol), 6 eq. of 

AB (102.4 mg, 3.3 mmol) and anhydrous THF (30 mL) were added to a 100 

mL, one-neck round bottom Schlenk flask. The obtained suspension was then 

vigorously stirred at room temperature for 24 hours under an argon 

atmosphere, respectively. Then the solvent was removed under vacuum. And 

the solid was dried under vacuum for another 5 hours to eliminate residual 

solvents. The product was characterized by means of PXRD (Figure. 7.9A). 
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Chapter 8 

Conclusions and perspectives 

8.1 General conclusions 

The main goal of this thesis was to enhance the hydrogen storage 

properties of metal amidoborane derivatives by introducing the electron-

donating groups, to understand the influence of the substituents on hydrogen 

storage performance at the molecular level, to further use this information 

towards design and synthesis of novel materials for compact, safe, and cost-

effective hydrogen storage. To accomplish this, we used two different 

substituents on the N-side of AB producing AB-based precursors. Then we 

studied their alkali metal derivatives as well as Al-based amidoborane 

complexes. 

The first substituent used in this study is the methyl (-CH3) group. 

Interaction of CH3NH2BH3 with NaH yielded an oligomer 

Na[BH3(CH3NH)BH2(CH3NH)BH3]. As compared to the unsubstituted 

analogue containing [BH3NH2BH2NH2BH3]- anion, the introduction of methyl 

groups on nitrogen atoms resulted in a decrease of the thermal 

dehydrogenation temperature and an enhancement in the purity of the 

released hydrogen. This can be attributed to the strengthening of the B-N 

bonds due to the introduction of methyl groups on the nitrogen atoms, which 

leads to a reduction of the release of volatile gases containing nitrogen and 

boron during thermal dehydrogenation. Furthermore, the introduction of 

methyl groups on the nitrogen atoms disrupts intermolecular dihydrogen 

bonding network and causes a kink in the B-N-B-N-B geometry, promoting the 

formation of intramolecular dihydrogen bonds. This likely facilitates the 

release of hydrogen molecules and suppresses the release of larger 

fragments during thermal decomposition. These findings confirm that the 

presence of small methyl groups on the nitrogen atoms has a positive effect 

on the hydrogen release by Na[BH3(CH3NH)BH2(CH3NH)BH3]. 
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Reaction of CH3NH2BH3 with NaAlH4 leads to the formation of 

Na[Al(CH3NHBH3)4]. The introduction of methyl groups facilitates the 

formation of Al-N bonds, resulting in a decrease in energy required for the 

synthesis of Na[Al(CH3NHBH3)4], making this material easier to make 

(consider also that MeAB is cheaper than AB). Furthermore, we were able to 

isolate the reaction intermediate, Na[AlH(CH3NHBH3)3], which provides 

valuable insights into the formation mechanism of Al-based amidoborane 

complexes. Unfortunately, methyl groups were unable to suppress the release 

of large fragments upon thermal decomposition. However, the formation of 

reactive hydrides composites with NaH and NaNH2 enables to release pure 

hydrogen at moderate temperatures of ~180 ˚C. 

Another alkyl group utilized in this study is the di-methylene chain 

(-CH2CH2-), which acts as a bridge connecting two ammonia boranes 

molecules, thereby forming the precursor BH3NH2CH2CH2NH2BH3. This 

molecule can be doubly deprotonated upon the reaction with metal hydrides. 

The results in Chapter 5 have confirmed that the introduction of di-methylene 

groups on nitrogen atoms has a similar positive impact on hydrogen release 

properties, particular in terms of purity, as observed with the introduction of 

methyl groups. In comparison to the methyl-substituted compound 

(Na[BH3(CH3NH)BH2(CH3NH)BH3]), this sodium-based oligomer with di-

methylene substitution has a more complex structure and is capable of 

releasing greater amount of pure hydrogen under moderate conditions. 

Reaction of the di-methylene substituted precursor with lithium and 

sodium alanates leads to the formation of [Al(BH3NHCH2NHBH3)2]- complexes. 

The relative inertness of BH3NH2CH2CH2NH2BH3 makes it possible to react it 

with LiAlH4 mechanochemically, while the reaction between NH3BH3 and 

LiAlH4 has an explosive character. The obtained 

Li[Al(BH3NHCH2CH2NHBH3)2] releases ~6.6 wt.% of pure hydrogen at modest 

temperatures. The sodium salt, Na[Al(BH3NHCH2CH2NHBH3)2], can be 

obtained only from solutions, most conveniently in THF. This complex is 

stabilized by the coordinated THF, thus the thermally released hydrogen 

contains also this solvent. However, we can affirm that 

M[Al(BH3NHCH2CH2NHBH3)2] does not release NH3 and B2H6, which often 

contaminate hydrogen during the thermal dehydrogenation of ammonia 

boranes and its derivatives. This confirms that the introduction of di-methylene 
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groups on nitrogen atoms of AB is capable of suppressing the formation of 

volatile by-products, having more profound effect and smaller dead mass than 

the methyl groups. 

In summary, the introduction of weakly electron-donating groups such 

as -CH3 and -CH2CH2- on the nitrogen atoms of the metal amidoborane 

complexes holds promise in making hydrogen stores capable to release large 

amounts of pure hydrogen at moderate temperatures. This benefit arises from 

the stronger N-B bonds in the forming complexes and the reorganization of 

intermolecular and intramolecular dihydrogen bonds. This approach can be 

extended to other mono- or multi-metallic amidoborane compounds and can 

likely be applied using other substituents. 

8.2 Perspectives 

Six-coordinated Al-based amidoborane compounds hold significant 

potential in the fields of hydrogen storage and in particular the development 

of Al-based amidoborane complexes. Our research has focused on attempting 

to synthesize the six-coordinated Al-based amidoborane compounds from 

NH3BH3 (Chapter 7) and BH3NH2CH2CH2NH2BH3 (Chapter 6). Based on the 

current findings, Li3[AlH2(NH2BH3)4] is more stable than Li3[Al(NH2BH3)6], 

Na2Li[Al(NH2BH3)6] and Na3[Al(NH2BH3)6] are more stable than their 

intermediates such as Na2Li[AlH2(NH2BH3)4] and Na3[AlH2(NH2BH3)4]. 

Besides, it is crucial to avoid the formation of M[BH3NH2BH2NH2BH3] (M = Li 

and Na) and the decomposition of M3AlH6 to successfully obtain the desired 

compounds in a pure form. To address these challenges, the following 

potential solutions can be explored in future synthesis attempts: 

i. Utilizing MNH2 instead of MH throughout the synthesis process to 

prevent undesired reactions between MH and NH3BH3. 

ii. Implementing a pretreatment step for M3AlH6 under a high-

pressure hydrogen atmosphere to enhance its stability. 

iii. Selecting more stable alternatives than Na2LiAlH6 or Na3AlH6. 

By considering these alternative approaches, we aim to overcome the 

hurdles encountered in synthesizing the desired compounds and further 
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advance the development of six-coordinated Al-based amidoborane 

compounds. 

The positive impact of introducing -CH3 and -CH2CH2- groups in the 

amidoborane anions has been investigated and confirmed in terms of 

enhancing hydrogen purity and decreasing the thermal decomposition 

temperature. However, our study on the thermal properties of these new 

compounds is limited due to the limited availability of differential scanning 

calorimetry (DSC) equipment to study compounds producing corrosive gases. 

Nevertheless, understanding the thermal behavior is crucial as it indicates the 

reversibility of these new compounds for hydrogen storage. Therefore, it is 

necessary to further investigate and compare effects of -CH3 and -CH2CH2- 

on the heats involved in the decomposition of metal amidoboranes. It is 

predicted that electron-donating groups connected to the nitrogen atom and 

electron-withdrawing groups attached to the borane moiety of ammonia 

borane can decrease the exothermicity if not making the thermal 

decomposition endothermic. As a result, the newly obtained compounds from 

CH3NH2BH3 and BH3NH2CH2CH2NH2BH3 in this thesis may exhibit thermal 

neutrality during their decomposition, which is advantageous for their re-

hydrogenation. Future research should focus on exploring and characterizing 

the heats of decomposition and the hydrogen desorption reversibility of these 

compounds. Also, building upon the findings presented in Chapter 4, it is 

worthwhile to explore hydrogen storage properties (including reversibility) of 

reactive hydride composites based on our newly synthesized compounds. 

To further investigate the impact of substituents on the hydrogen storage 

properties of metal amidoboranes, the phenyl group represents another viable 

candidate. Similar to -CH3 and -CH2CH2-, the phenyl group also functions as 

a weak electron-donating group. However, in contrast to -CH3 and -CH2CH2-, 

the phenyl group offers additional versatility, allowing for the synthesis of 

diverse analogues, as depicted in Figure 8.1. Based on current research, the 

introduction of weak electron-donating groups on nitrogen atoms has 

demonstrated a positive effect on hydrogen storage properties. This prompts 

the question of whether strong electron-donating groups, such as -OCH3, 

could also be utilized for optimizing hydrogen storage performance. 

Additionally, it is worth exploring the potential of -CH3, -CH2CH2-, phenyl, and 
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-OCH3 groups in enhancing the hydrogen storage capabilities of other multi-

metallic amidoborane complexes, including those based on Li, Mg, and Ca. 

By investigating the effects of these various substituents, we can gain a 

deeper understanding of their influence on hydrogen storage performance and 

potentially identify novel strategies for designing advanced hydrogen storage 

materials. 

 

Figure 8.1 Synthesis of PhNH2BH3 and related compounds. 
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Figure S1 1H NMR spectrum of CH3NH2BH3. 

 

Figure S2 11B NMR spectrum of CH3NH2BH3. 
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Figure S3 13C NMR spectrum of CH3NH2BH3. 

 

Figure S4 PXRD pattern of CH3NH2BH3 (λ = 0.71073 Å). 
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Figure S5 PXRD pattern of CH3NH2BH3 and NaCl (λ = 0.71073 Å). 

 

Figure S6 The quantity of gas per Al released and temperature during the 

synthesis of Na[AlH(CH3NHBH3)3] (A) and Na[Al(CH3NHBH3)4] (B). 



Annex 

222 

 

 

Figure S7 PXRD patterns of Na[Al(CH3NHBH3)4]+ 12NaH, 

Na[Al(CH3NHBH3)4], and commercial NaH. 

 

 

Figure S8 PXRD patterns of Na[Al(CH3NHBH3)4]+ 6NaNH2, 

Na[Al(CH3NHBH3)4], and commercial NaNH2. 
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Figure S9 PXRD patterns of NH3BH3, Na[Al(NH2BH3)4], and Na[Al(NH2BH3)4] 

exposed to air for different duration (λ = 0.71073 Å). 

 

 

Figure S10 TGA curve of commercial NaNH2. 
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Figure S11 MS spectra of commercial NaNH2. 

 

 
Figure S12 Zoom in the non-H2 MS curve of Na[Al(CH3NHBH3)4] + 12NaH. 
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Figure S13 Zoom in the non-H2 MS curve of Na[Al(CH3NHBH3)4] + 6NaNH2. 

 

 

Figure S14 Zoom in the non-N2 and NH3 MS curve of commercial NaNH2. 
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Figure S15 1H NMR spectrum of EDAB. 

 

 

 

Figure S16 13C NMR spectrum of EDAB. 
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Figure S17 11B NMR spectrum of EDAB. 

 

 

 

 

 

Figure S18 PXRD pattern of EDAB (λ = 0.71073 Å). 
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Figure S19 PXRD of Li3AlH6, LiH and LiAlH4(λ = 0.71073 Å). 

 

Figure S20 PXRD of Na3AlH6, NaH and NaAlH4(λ = 0.71073 Å). 

 

 

Figure S21 PXRD of Na2LiAlH6, NaH, LiH, NaAlH4 and LiAlH4(λ = 0.71073 Å). 
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Table S1 Calculated elemental content in Li[Al(BH3NHCH2CH2NHBH3)2]. 

M (g/mol) Mass of B 

(%) 

Mass of 

N (%) 

Mass of C 

(%) 

Mass of H 

(%) 

Mass of H 

(excluding H on 

carbon) (%) 

205.4 21.0 27.3 23.4 11.8 7.8 

 

 

Figure S22 PXRD pattern of product(s) of LiAlH4 exposed to air (λ = 0.71073 

Å). 


