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Though our national requirements are perhaps the 

greatest, it is noteworthy that our contribution to the 

technology of hydrogen is probably the least of any 

of the Great Powers; so, should it happen that this 

work in any way stimulates interest, resulting in 

further improvement in the technology of the subject, 

the author will feel himself more than amply rewarded. 
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Summary and Outlook 
 

 

Energy and environment are two major concerns of our modern society. 

Energy is a requirement for life in any civilization, whether from wood, 

fossil fuels, nuclear or other sources (such as solar, wind and tidal). The 

more developed a nation, the higher the energy need per capita, as 

energy consumption moves away from being primarily for heating and 

cooking and pervades all aspects of life (domestic, work and leisure). With 

the coming shortage in primary energy sources provided from fossil fuels, 

the severe greenhouse effect with the increasing emission of carbon 

dioxide, and the considerable pollution coming from industrialization, the 

grand challenge for the coming years is to find new energy resources 

compatible with sustainable energies and the cut down in the polluting 

emissions. 

A potential solution is to develop a low-carbon future, where fossil 

fuel use is reduced. Hydrogen and electricity can both be used as 

convenient energy carriers for zero-carbon renewable energy sources. In a 

low-carbon future, a more robust energy network can probably incorporate 

both. One sector where hydrogen is likely to have a major impact is 

transportation, because hydrogen fuel cells have a higher energy density 

than current battery technologies, which severely limit the range for 

current electric vehicles.  

The high efficiency and energy density of hydrogen fuel cells are 

very attractive for use in vehicles, trains. At the time being, technology 

exists for hydrogen storage which can meet each of the individual targets 

for on-board storage. However, no single technique or material currently 

meets all the criteria. That is given the challenge for hydrogen storage. 

Over the past decade, there have been many significant advances 

in the storage of hydrogen in compressed gas, liquid storage, chemical 

hydrogen storage and in catalysts to accelerate the kinetics of these 

materials. Chemical hydrogen storage emerged in this field as a potential 

solution for hydrogen-powered automotive. 

There are many different types of materials being investigated for 

chemical hydrogen storage whose scope is beyond the purpose of this
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thesis. The focus of this work is on the ammonia-based-complexes 

materials. In the following chapters, we discuss the results obtained for a 

series of derivatives formed from ammonia borane and ammonia alane. 

Each chapter described in this thesis is based on at least one published 

paper from our theoretical studies in this field.  

1. In the literature review, we summarize the current status of 

hydrogen energy, and the problems of hydrogen storage, which turns out 

to be one of the most technical challenges for scientists. Our work is 

situated in the chemical hydrogen storage approach. This describes the 

technique in which hydrogen can be stored in a chemical 

compound/system and released via a chemical reaction with the addition 

of a suitable catalyst. Based on the physical and chemical characteristics 

of molecular hydrogen, many chemical compounds were considered as 

chemical hydrogen storage materials. Searching and designing catalysts 

that could help the chemical reaction processes for hydrogen release is 

also one important issue, and is the subject of the present study.   

2. A class of chemical compounds called “ammonia-based-

complexes” (ABC) was selected for our computational studies. A series of 

compounds, including ammonia borane and ammonia alane and their 

derivatives, has been investigated using computational quantum 

chemistry. We thus determined their fundamental properties; including 

molecular geometries, electronic structure, thermochemical parameters, 

and reaction pathways. The series of diffuse-augmented correlation-

consistent basis sets, aug-cc-pVnZ, with n = D, T and Q were used to 

extrapolate the electronic energies to the complete basis set limit (CBS). 

High chemical accuracy of ± 1 – 2 kcal/mol can be attained for the 

thermochemical and energetic parameters by using the CBS extrapolations 

in conjunction with the coupled-cluster theory CCSD(T) method. The 

potential energy surface related to the hydrogen release for each system 

considered has systematically been constructed. The molecular 

mechanisms for hydrogen release from the ABC compounds have thus 

been elucidated. 

3. Ammonia borane monomer (ab, NH3BH3) was the first ABC 

compound considered. An energy barrier for H2 release from ab is 

calculated to be ~36 kcal/mol without any catalyst support. With the 
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presence of NH3, BH3 and AlH3 catalysts, the barrier for H2 release is 

reduced from ~36 (without catalyst) to ~24, ~6 and ~2 kcal/mol, 

respectively. AlH3 is thus found as the best catalyst for H2 release from 

ab. 

4. H2 eliminations from the [BH3NH3]2 dimeric system were 

investigated. From dimer form, one or two hydrogen molecules can be 

released, but with high energy barriers in range of 30 – 36 kcal/mol. Two 

most interesting ion pairs were found from the dimeric system, diamoniate 

of diborane (DADB) and another ion pair (IonP-N), that can eliminate 

hydrogen with lower energy barriers of ~21 and ~18 kcal/mol, 

respectively. Our results are consistent with some experimental 

observations. 

5. One of the ABC compounds extensively studied by experiment, is 

ammonia triborane 7 (ATB7), which is an ab derivative containing a 

higher borane. The calculated barrier for H2 elimination from ATB7 is 2 

kcal/mol lower as compared to the limit formed by the B–N bond cleavage 

energy yielding the fragments B3H7 + NH3. This result constitutes 

important information for experimental studies. 

6. The second series of ABC compounds is the ammonia alanes in 

which ammonia alane monomeric and dimeric systems were investigated. 

The most important results for ammonia alane (aal, NH3AlH3) are: a) 

energy barrier for H2 release from aal calculated at ~29 kcal/mol is lower 

than those of ab; b) the effect of methyl and amino substituents on the 

amine moiety is not large and leads to a decrease in the energy barrier for 

H2 release relative to Al-N bond dissociation; c) comparison between BH3 

and AlH3 catalysts showed that AlH3 can serve as an efficient bifunctional 

catalyst for H2 release from aal.  

      Our results of 2[NH3AlH3] dimeric system have pointed out some 

interesting results. a) A novel stable structure dadal-lin was found, which 

has a penta-coordinated Al atom and two Al─H─H─N dihydrogen bonds. b) 

From dadal-lin, a less stable ion pair DADAl is formed and then releases 

H2 with an energy barrier of only 8 kcal/mol. c) By releasing two hydrogen 

molecules from ammonia alane dimer 2[NH3AlH3], many new interesting 

intermediate compounds have been identified. One of those is the cycli 
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structure AlH2NH2AlH2NH2 which is formed at low energy, and is the 

precursor for the formation of Al-N polymers.  

In the present work the materials for chemical hydrogen storage 

were systematically investigated applying computational quantum 

chemistry methods. Detailed potential energy surfaces are essentially 

needed to explore the molecular mechanisms for H2 releases/eliminations. 

The results clearly indicate that the specific ammonia-based-complexes 

can be used as potential chemical hydrogen storage materials. The main 

property leading to this application is the existence of dihydrogen bonds. 

Further study along these lines may help to tailor new ABC-materials with 

optimized hydrogen storage properties. 
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Samenvatting en vooruitblik 

 

Energie en milieu zijn twee belangrijke problemen van onze moderne 

samenleving. Energie, of die nu afkomstig is van hout, fossiele 

brandstoffen, atomaire kernen of van andere bronnen (zoals zon, wind en 

getijden), is onmisbaar in elke beschaving. Een ontwikkelde natie heeft 

een hoge nood aan energie per individu. Door het vooruitzicht van een 

tekort aan primaire energie bronnen (de fossiele brandstoffen), de 

toename van de wereldbevolking en grotere spreiding van de welvaart, 

het toenemende broeikaseffect door de stijgende emissie van 

koolstofdioxide en de blijvende vervuiling door de industrie, zal het een 

grote uitdaging voor de komende jaren zijn om nieuwe energiebronnen te 

vinden die overeenstemmen met duurzame energie en een vermindering 

van de vervuilende emissies. 

Een mogelijke oplossing is een toekomst te ontwikkelen met 

beperkt koolstofverbruik, een toekomst waarin het gebruik van fossiele 

brandstof wordt gereduceerd. Waterstof en elektriciteit kunnen beiden 

gebruikt worden als een handige energiedrager voor hernieuwbare 

energiebronnen die geen koolstof uitstoten. Een robuuster energienetwerk 

kan vermoedelijk beide energiedragers opnemen in een toekomst met 

beperkt koolstofverbruik Men kan verwachten dat waterstof een 

omvangrijke impact zal hebben in de transportsector. 

Waterstofbrandstofcellen zullen waarschijnlijk een betere oplossing bieden 

dan de huidige batterijtechnologie, die het gebruik van huidige elektrische 

voortuigen aanzienlijk begrenst. 

Hun hoge efficiëntie maken waterstofbrandstofcellen zeer 

aantrekkelijk voor gebruik in voertuigen en treinen. Tegenwoordig bestaan 

er technologieën voor waterstofopslag die aan verschillende criteria voor 

on-board opslag (zowel qua gebruik als qua tanken) voldoen. Echter, geen 

enkele techniek of materiaal kan op dit moment tegemoetkomen aan alle 

criteria. Dit blijft nog steeds de uitdaging voor waterstofopslag. Tijdens het 

voorbije decennium is er veel vooruitgang geboekt in waterstofopslag-

systemen zoals samengeperst gas, vloeibare opslag, chemische 

waterstofopslag, en in katalysatoren die de waterstofvrijgave uit deze 
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materialen versnellen. Chemische waterstofopslag werd voorgesteld in dit 

domein als een potentiële oplossing voor het opslaan van waterstof in 

auto’s. Deze thesis bevat de volgende grote onderdelen. 

  1. In een literatuurstudie vatten we de huidige status van de 

waterstofenergie en de problemen van waterstofopslag samen, welke een 

enorme technische uitdaging voor wetenschappers blijken te zijn. Ons 

werk situeert zich in de chemische waterstofopslag. In deze techniek 

wordt waterstof opgeslagen in een chemische component/systeem en 

vrijgegeven via een chemische reactie, eventueel met de hulp van een 

geschikte katalysator. Gebaseerd op de fysische en chemische 

karakteristieken van moleculaire waterstof, werden er veel chemische 

componenten beschouwd als chemische waterstofopslagmateriaal. De 

belangrijke zoektocht naar en het ontwerp van een katalysator die de 

chemische reactie voor waterstofvrijgave kan versnellen, is mede het 

onderwerp van deze studie. 

2. Een klasse van chemische componenten, de “ammonium-

gebaseerde-complexen” (ABC), werd geselecteerd voor onze 

computationele studie. Een serie van componenten inclusief ammonium-

boraan en ammonium-alaan en hun afgeleiden werden onderzocht met 

kwantumchemische methoden. We hebben hun fundamentele 

eigenschappen, zoals moleculaire geometrie, elektronische structuur, 

thermochemische parameters en het reactiepad, bepaald. De reeks van 

“diffuse-augmented correlation consistent basis sets”, aug-cc-pVnZ, met 

n=D,T en Q werd gebruikt om de elektronische energieën te extrapoleren 

tot de “complete basis set limit” (CBS). Hoge chemische nauwkeurigheid 

van ± 1-2 kcal/mol kon bereikt worden voor de thermochemische en 

energetische parameters door combinatie van CBS extrapolatie en 

coupled-cluster theorie CCSD(T). Voor elk beschouwd systeem werd het 

potentieel energie oppervlak van de waterstof vrijgave reactie 

geconstrueerd. Het moleculair mechanisme voor waterstofvrijgave van de 

ABC componenten werd aldus opgehelderd.  

3. Het ammonium boraanmonomeer (ab, NH3BH3) is de eerste 

beschouwde ABC component. De berekende energie barrière voor H2 

vrijgave van ab, zonder katalysator, bedraagt ~36 kcal/mol. In de 

aanwezigheid van NH3, BH3 en AlH3 als katalysatoren, wordt de barrière 
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voor H2 vrijgave gereduceerd van ~36 (zonder katalysator) tot ~24, ~6 

en ~2 kcal/mol, respectievelijk. AlH3 werd dus bevonden als de beste 

katalysator voor H2 vrijgave van ab. 

4. Vervolgens werd H2-eliminatie van het [BH3NH3]2 

dimeersysteem onderzocht. Vanuit het dimeer kunnen één of twee 

waterstof moleculen vrijgegeven worden, echter slechts met hoge energie 

barrières van 30-36 kcal/mol. Twee heel interessante ionparen werden 

gevonden vanuit het dimeersysteem, nl. het diamoniate van diboraan 

(DADB) en IonP-N. Hieruit kan waterstof worden geëlimineerd met een 

lagere energiebarrière van ~21 en ~18 kcal/mol, respectievelijk. Onze 

resultaten komen goed overeen met enkele experimentele observaties. 

5. Eén van de ABC-componenten die intensief bestudeerd werd in 

experimenten, is ammoniumtriboraan 7 (ATB7), een ab afgeleide met een 

hoger boraangehalte. De berekende energiebarrière voor H2-eliminatie van 

ATB7 is 2 kcal/mol lager dan de B-N bindingsdissociatie-energie die de 

fragmenten B3H7 + NH3 oplevert. Dit resultaat is belangrijke informatie 

voor experimentele studies. 

6. De tweede serie van ABC-componenten vormen de 

ammoniumalanen waarvoor het ammoniumalaan-monomeer en dimeer 

werden onderzocht. De meest belangrijke resultaten voor ammoniumalaan 

(aal, NH3AlH3) zijn : a) de berekende energiebarrière voor H2-vrijgave 

voor aal van ~29 kcal/mol is lager dan deze van ab; b) het effect van 

methyl- en amino-substituenten op de aminegroep is niet groot en leidt 

tot een daling in de energiebarrière voor H2 vrijgave relatief ten opzichte 

van de Al-N bindingsdissociatie; c) een vergelijking van BH3- en AlH3-

katalysatoren toont aan dat AlH3 kan dienen als een efficiënte 

bifunctionele katalysator voor H2-vrijgave van aal. 

Onze studie van het 2[NH3AlH3] dimeersysteem leverde enkele 

interessante resulaten op. a) Een nieuwe stabiele structuur dadal-lin 

werd gevonden, die een penta-gecoördineerd Al-atoom en twee Al-H-H-N 

diwaterstofbindingen heeft. b) Vanuit dadal-lin wordt een minder stabiel 

ionen paar DADAl gevormd, gevolgd door H2-vrijgave met een 

energiebarrière van slechts 8 kcal/mol. c) Door de vrijgave van twee 

waterstofmoleculen van het ammoniumalaandimer 2[NH3AlH3], werden er 

veel nieuwe interessante intermediaire componenten geïdentificeerd. Een 
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hiervan is de cyclische structuur AlH2NH2AlH2NH2, die gevormd wordt bij 

lage energie, en de precursor is voor de vorming van Al-N polymeren. 

In het huidige werk werden de materialen voor chemische 

waterstofopslag systematisch onderzocht met behulp van computationele 

kwantumchemische methoden. Gedetailleerde potentiële energie 

oppervlakken zijn essentieel om het moleculair mechanisme voor H2-

vrijgave/eliminatie te verkennen. De resultaten wijzen er duidelijk op dat 

de specifieke ammonium-gebaseerde-complexen kunnen gebruikt worden 

als potentiële chemische waterstofopslagmaterialen. De hoofdeigenschap 

die leidt tot deze toepassing is het bestaan van diwaterstofbindingen. 

Verdere studie hieromtrent kan helpen om nieuwe ABC-materialen te 

ontwerpen met optimale waterstofopslag eigenschappen. 
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Preface 

Development of efficient future technologies for energy production with zero 

carbon emission based on the use of either fossil fuels or novel renewable 

resources is highly dependent on the solution for a large number of individual 

breakthrough tasks in diverse areas. These range from the identification of 

new materials for gas capture, storage or separation to the optimization of 

energy use and transformation processes.  

Hydrogen has been under intense investigation in the past several 

decades for its potential use as an alternative energy. Clean, renewable and 

adaptable, it has a wide range of possible applications, as both stationary 

and mobile sources of energy. One of the most important challenges in the 

development of hydrogen technnology for automotive applications is the 

storage of the hydrogen fuel. This can either be produced on-board using the 

internal reforming of hydrogen rich compounds in such a way that hydrogen 

is produced on demand, or it can be stored in the vehicle, as either a gas or a 

liquid. 

Hydrogen-powered vehicles require a driving range of greater than 

500 km in order to meet customer requirements, and to compete effectively 

with other automotive technologies. Achieving such a driving distance implies 

that approximately 4 – 5 kg of hydrogen must be stored onboard in the fuel 

cell-powered passenger vehicle. Storage of such quantity of hydrogen within 

a vehicle creates problems for the weight, volume and cost constraints, in 

parallel with major scientific and engineering challenges. Development of a 

lightweight hydrogen storage system is essential for onboard automotive 

applications. Currently, a number of novel storage techniques are being 

investigated to complement the available methods, including compressed 

hydrogen gas, liquid hydrogen storage, solid hydrogen storage, high surface 

area absorbents, and chemical hydrogen storage. 

Chemical hydrogen storage is a relatively new technology in which 

hydrogen can be stored in a chemical compound and released by heating 

or via a chemical reaction. A crucial condition is that the chemical reaction 

used needs to be nearly thermoneutral, or to release hydrogen with supply of 
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small amount of energy. In order to accelerate the hydrogen 

elimination/release processes, a catalyst will be used. The available literature 

shows that chemical hydrogen storage is a potential solution for hydrogen-

powered automotive.  

Materials appropriate for chemical hydrogen storage constitute one 

of the most important challenges due to the high hydrogen content. There 

are more than thousand chemical compounds that can hold, by their mass, 

large quantities of hydrogen. Chemical hydrides typically provide higher 

volumetric capacity than liquid or compressed hydrogen. In this regard, 

ammonia derivatives are found to give up their hydrogens more easily than 

other hydrides. Therefore, ammonia-based complexes formed by 

combination of ammonia and other hydrides are currently considered as the 

promising compounds for chemical hydrogen storage.  

In this context, the aim of this work is to use computational quantum 

chemistry methods, with high level electronic structure calculations, to 

investigate the properties of, and potential energy surfaces for the release of 

hydrogen molecular processes from the ammonia-based-complexes. Beside 

the determination of the inherent reaction mechanism, we pay a particular 

attention to the designing and creating some novel starting compounds and 

catalysts, and new ways for chemical hydrogen storage. The work has been 

carried out in close contact with experimental groups. This will help in 

establishing a confident link between computational quantum chemists and 

experimentalists. 

The thesis is divided into four parts. The first part spans from chapters 1 

to 4 deals with a literature review on the thematic of hydrogen energy and 

hydrogen storage. The second part presents a short summary over the 

methods employed in this work. The third and fourth parts describe our results 

on the molecular processes to produce hydrogen molecules from ammonia-

boranes (part 3) and ammonia-alanes (part 4). The last part presents some 

general conclusions and suggestions for future work.  

The literature review includes the short history of hydrogen and 

relevant events. The physical and chemical properties of hydrogen and the 

use of hydrogen in transportation are given. The storage technologies for 

hydrogen gas, as well as the various means available in storing hydrogen are 

discussed. The choice for chemical compounds remains a difficult and 
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complex task. In spite of the great amount of results that have been published 

on the subject, some skepticisms still exist and no real conclusions have been 

put forward. Following the literature review, the benchmark methods used for 

some simple chemical reactions will be presented, as well as the different 

basis sets required in the calculations to obtain accurate results for larger 

systems. A major importance concerns the calibration, and the choice of the 

computational quantum approaches. All these steps will be presented in part 

2. 

 The results reported in parts 3 and 4 come from our studies which 

were published. The chemical reactions based on ammonia-based-

complexes are investigated with an emphasis on the role of catalysts. In these 

parts, some new chemical compounds appear to be really interesting in the 

perspective of chemical hydrogen storage. 
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GENERAL INTRODUCTION 
          

 

 

In the Beginning, there was the Sun 

 
he Sun was the first energy source. It provided light and heat to 

the first humans. Ever since humankind discovered the fire and 

learnt to control it by using wood, their life was getting easier. 

The Sun and wood provided our distant ancestors, men of prehistoric 

times, energy for a long time. When they began using the wind to move, 

they built boats with sails and traveled to new places. Wind was the first 

energy source used for transportation.[1] For most parts of the history of 

humankind, wood was the mainstay of life for shelter, transportation, and 

as a source of energy to burn for heat and light. Besides using wood and 

their own muscles, people took advantage of the energy that the sun, 

wind, running water, hot springs and even animals could provide to work, 

travel, and for recreation. [2,3]  

With the industrial usage of coal and the development of mining 

engineering, a new source of fuel of higher calorific value, became 

available. As the world populations rapidly expanded and became 

urbanized, wood was less readily accessible and coal assumed greater 

importance for heating purposes. Following the introduction of rotative 

steam engines in the 1780s, coal was used as the prime source of energy 

for the production of mechanical power. Steam engines propelled ships, 

railway locomotives and traction engines, and also provided a universal 

means for generating power in factories and on farms.[3] Late in the 19th 

century, the internal combustion engine was developed. Liquid petroleum 

was then exploited – first in North America and then across the world – 

and was refined to provide fuel for both petrol and diesel engines. With its 
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greater efficiency and convenience, this new technology soon replaced 

steam engines for most applications. Consequently, in many countries the 

use of coal declined (at least in percentage terms), while that of petroleum 

grew exponentially. Hence the petroleum (‘oil’) industry was born, based 

on the exploitation of the second most abundant, and became the 

dominant energy source for transportation.[4] 

Electricity is a useful but a secondary form of energy because it is 

manufactured from primary energy sources. The growth of the electric 

industry took place towards the end of the 19th century. The basic 

components required to establish this industry were the electric motor, the 

transformer and the dynamo. Following the development of the 

incandescent electric light bulb in the 1870s, electricity was increasingly 

used for lighting. In the mid-1950s, commercial nuclear power was added 

to the range of primary energy sources. 

Since the mid 20th century, natural gas fields have been 

discovered in abundance. Some of the gas sources were associated with 

oil wells, but it can also be found on its own in other places. Where oil 

wells are remote from population, the gas was initially seen as a byproduct 

that had no commercial value and was therefore flared. Such situation 

changed with the development of technology for liquefying natural gas, 

and conveying it to markets by road or by sea in cryogenic tankers. Thus, 

once considered to be a waste product of oil, natural gas now emerges as 

a primary fuel, in view of the large fields discovered in different corners of 

the planet.  

In summary, starting with wood (a form of biomass), humankind 

moved to fossil fuels - first to coal, then to petroleum and recently to 

natural gas - to obtain the energy needed for life and development of 

society. Energy derived from the three great fossil fuels - coal, petroleum 

and natural gas – has provided the means by which our industries and our 

civilization have steadily progressed since the Industrial Revolution. Coal 

now constitutes a much smaller proportion of the energy supply. Today, 

the world remains largely dependent upon petroleum for transportation, 

and for both petroleum and natural gas for agriculture, chemicals, 

materials, space heating and, not inconsiderably, for electricity supply. In 

the longer terms, this becomes obviously an unsustainable situation as 
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fossil fuels are being extracted for use at a rate that grossly exceeds the 

rate at which they are laid down.[3,4]  

Since the industrial revolution, energy use is now central to most 

human activities, and many of the past and present environmental 

problems of the world could be described in terms of our energy-getting 

and energy-using technologies. It is no surprise that the way that mankind 

has been using energy is at the heart of many environmental problems 

that emerged in recent decades. In practice, the use of fossil fuels such as 

coal, oil and natural gas has been increasingly seen as the cause of major 

global environmental impacts, such as the global warming. The most 

obvious impacts are the physical effects of mining for coal and drilling for 

oil and natural gas, and distributing the resultant fuels to the point of use. 

However, it is the use of these fuels that presents the major problems. 

Burning these fuels in power stations to generate electricity, or in homes 

to provide heat, or in car engines to provide transport, generates a range 

of harmful gases and other wastes, and also, inevitably, generates carbon 

dioxide, a gas which is demonstrated to play a key role in the greenhouse 

‘global warming’ effect.[5]  

 

Figure 0.1 The World Energy Demand Projected to 2030. 
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 Figure 0.1 shows the demand of world’s energy projected to the 

year 2030. The largest numbers of energy demand in transportation and 

power generation are expected to increase by 1.7% and 1.5%. An average 

growth rate of 1.3% per year, combined with the increase in world 

population, industrialization and improvement of the standard of living, 

leads to a large and continuous increase in consumption of energy.[6] 

The alarmingly decreasing trend in the doubling time is displayed 

in TABLE 0.1. With the current rate of population growth, the United 

Nations forecast that the world population would exceed 6 billion before 

entering the twenty-first century has come true. An ever-increasing world 

population (projected to increase to 8 – 10 billion by the middle of the 21st 

century, TABLE 0.1) and energy consumption, compared with our finite 

non-renewable fossil fuel resources, which will increasingly be depleted, 

are clearly on a collision course. New solutions will thus be needed during 

the 21st century to sustain the standard of living to which the 

industrialized world has become accustomed, and which the developing 

world is striving to achieve.[7]  

 

TABLE 0.1  World population (in millions).  

1650 1750 1800 1850 1900 1920 1952 2000 Projection 2050 

545 728 906 1171 1608 1813 2409 6200 8000 to 10000 
 

Moreover, the extensive and intensive use of fossil fuels puts our 

health at risk through the chemicals and particle pollutions it creates. The 

atmosphere is no longer able to accept the products of unlimited 

combustion of fossil fuels. Carbon dioxide and the other greenhouse gas 

emissions that are associated with global warming threaten the stability of 

the Earth’s climate. These problems are expected to worsen as the world’s 

population expands and ever-growing demands are placed on energy and 

power supplies, in particular in the emerging economies.[8,9] The projection 

of the CO2 emission over the world up to 2050 by transportation sectors is 

displayed by Figure 0.2. The model output of key interest: tank-to-wheel 

CO2-emission from vehicles, in Million tons of CO2-equivalent, from years 

of 2000 to 2050, is shown.[10]  
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Figure 0.2  World tank-to-wheel  CO2 emissions,  2000 – 2005, Mt of CO2 
equivalent 
  

The foreseen deficits of fossil fuels and rapidly increasing global 

ecological problems have attracted considerable attention to the energy 

crisis. As a necessity for a sustainable development of human society, 

alternative energy sources are urgently needed as answers to the above 

problems. One promising alternative to fossil fuels is hydrogen.[11]  

Hydrogen (H) is the simplest atom, consisting of one proton and 

one electron also called a protium. Hydrogen atoms are very reactive and 

prefer to join into a molecular pairs (H2). Molecular hydrogen is the 

lightest (molecular weight 2.016) and smallest form of all gases requiring 

special considerations for storing and sensing a leak. At ambient 

temperature and pressure, hydrogen is colorless, odorless, tasteless and 

nontoxic. With the exception of helium, hydrogen has the lowest boiling 

point at atmospheric pressure where it becomes a transparent and 

odorless liquid.[12]  

Hydrogen can be made from widely available primary energy 

sources including natural gas, coal, biomass, wastes, solar, wind, hydro, 

geothermal or nuclear power, enabling a more diverse primary supply for 

fuels (see Figure 0.3). Nowadays, about 50 million tonnes of hydrogen are 

produced yearly worldwide, representing some 140 million tonnes oil 

equivalent (toe), or less than 2% of the world’s primary energy demand. 
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Using hydrogen as a main energy source would thus imply enormous 

investments to increase the production capacity and to establish the 

needed infrastructure for storage and distribution. As mentioned earlier, 

hydrogen is seen by many experts as the energy carrier of the future. The 

use of hydrogen could be a way of storing impermanent renewable energy 

and realize an emission-free power generation for mobile, stationary or 

portable application.[13,14]  

Currently, almost 96% of the world’s hydrogen needs are 

produced from techniques based on fossil fuels like steam reforming of 

natural gas, gasification of coal or partial oxidation of heavy oil, which are 

state-of-the-art technologies, and already used for decades. Beside these 

matured processes, there are some technologies, e.g. electrolysis, used 

only for special applications, and photoelectrolysis or photobiological 

methods, which are object of current research activities and have to be 

developed for the industrial scale.[7] 

Hydrogen can be used in fuel cells and internal combustion 

engines (ICEs), with high conversion efficiency and essentially zero 

tailpipe emission of greenhouse gases (GHGs) and air pollutants. If 

hydrogen can be made from renewables, nuclear energy, or fossil sources 

with capture and sequestration of CO2, it would be possible to produce it 

and use it as fuel on a global scale with nearly zero full fuel cycle 

emissions of green house gas and greatly reduced emissions of air 

pollutants. 

 

Figure 0.3 Hydrogen production processes. 
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The intriguing possibility of hydrogen and fuel cells to enable 

improved energy services and new features, such as clean, quiet, mobile 

electricity generation, attracts not only scientific researchers but also 

wakes up the political and economic analysts, even without policies 

considering external costs of energy. Some see hydrogen and fuel cells as 

“disruptive technologies” that could change the production and usage of 

energy in profound ways. 

Although having many advantages of a future energy carrier, 

hydrogen also poses the greatest challenges of any alternative fuel: there 

is an array of technical, economic, infrastructure and societal issues that 

must be overcome before it could be implemented on a large scale. 

Technologies for hydrogen production, storage and distribution already 

exist, but they need to be adapted for use in an energy system. Building a 

new hydrogen energy infrastructure would be expensive and involves 

logistical problems in matching supply and demand. In other words, 

hydrogen technologies such as fuel cells, and zero-emission hydrogen 

production systems are making rapid progress, but technical and cost 

issues remain before they can become economically competitive with 

today's vehicle and fuel technologies.  

Therefore, the main aim of current hydrogen energy research is to 

develop and design the chemical hydrogen storage compounds that are 

environment-friendly and permit higher hydrogen release efficiencies. 

Creating and developing the catalysts which can be used to accelerate 

hydrogen release processes and regeneration of starting materials, are 

also being studied in detail. The research work in this field requires 

knowledge of the relevant chemical processes. The compounds that are 

used in the chemical reactions for hydrogen release or regenerate are the 

results of numerous complicated and individual chemical events. 

Understanding their properties and these processes in detail is the first 

necessary step in order to control the production, as well as to design 

novel compounds. A chemical compound cannot be considered as good 

enough for hydrogen techniques if the molecular mechanisms of all 

relevant chemical reactions are not fully established. Therefore, 

determination of the reaction mechanisms, through construction of the 
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potential energy surfaces of hydrogen elimination reactions is of crucial 

importance.  

In this context, we have endeavored to investigate the energetic 

and mechanistic characteristics of the hydrogen release from ammonia-

based complexes. To enhance the hydrogen release efficiencies as well as 

to improve hydrogen yields in those chemical reactions, catalysts need to 

be used in positive ways. In such cases, computational quantum chemistry 

methods become highly useful tools for complementing the experiment for 

the required energetic/mechanistic information. In principle, all 

information on a chemical reaction (e.g. rate coefficient, reaction cross 

section, reactant forms, reaction mechanisms, product distributions, 

catalytic processes and others) can be obtained using ab initio calculations 

by directly solving the time-independent Schrödinger equation. Within the 

Born-Oppenheimer approximation, quantum chemical calculations can be 

used to gain information about the molecular properties, enthalpies of 

reaction, reaction barrier heights, and other energetic parameters. From 

the potential energy profiles, the molecular mechanism of a reaction can 

be elucidated. Therefore, computational results can be used not only to 

verify, explain and support experiments, but also to predict in advance the 

outcome. In addition, they can be used to locate and predict the lifetimes 

of chemically activated intermediates, that are not easy to probe by 

experiment.  

The purpose of the present research is to use high-level quantum 

chemical methods[15,16] to elucidate the molecular mechanisms, and to 

predict the thermochemistry associated with the hydrogen releases from a 

series of  ammonia-based compounds, with or without the presence of 

catalyst. Hereafter, “ABC” stands for ammonia-based-complexes.[17-25] The 

ABC considered are divided by two layers, the ammonia borane and 

ammonia alane complexes, which correspond to two different parts. 

Part III, containing chapters 7-9 in the text describe ammonia 

borane complexes with the following chemical reactions:   

BH3 + NH3  BH2NH2 + H2 (1) 

BH3NH3 + BH3  BH2NH2 + BH3 + H2 (2) 

BH3NH3 + NH3  BH2NH2 + NH3 + H2 (3) 

BH3NH3 + AlH3  BH2NH2 + AlH3 + H2
 (4) 
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BH3NH3 + BH3NH3  [BH4]
+[NH3BH2NH3]

─   [BH2NH2]2 + 2H2  (5) 

B3H7 + NH3  B3H5NH3 + H2  (6) 

 Part IV of the thesis, including chapters 10-11, considers a series 

of ammonia alane molecules whose chemical reactions investigated 

involve:  

AlH3 + NH3  AlH2NH2 + H2 (7) 

AlH3NH3 + BH3  AlH2NH2 + BH3 + H2 (8) 

AlH3NH3 + NH3  AlH2NH2 + NH3 + H2 (9) 

AlH3NH3 + AlH3  AlH2NH2 + AlH3 + H2
 (10) 

AlH3NH3 + AlH3NH3  [AlH4]
+[NH3AlH2NH3]

─   [AlH2NH2]2 + 2H2 (11) 

 

All above reactions were studied using quantum chemical 

methods. Geometrical parameters were optimized by using the Moller-

Plesset perturbation theory[26] with the correlation consistent basis 

sets.[27,28] In order to archive the “chemical accuracy” of about 1-2 

kcal/mol, on energetic properties, the complete basis set (CBS) 

approach[29] in conjunction with the coupled-cluster CCSD(T) method, 

were used. As the work reported in this thesis was carried in close 

cooperation with experimental studies of the groups at the University of 

Alabama, USA. 
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HYDROGEN ENERGY:  

A LITERATURE REVIEW 
 
 

PARTI 

Part 1 reviews the history of hydrogen energy 

growth and physicochemical properties of hydrogen. 

It displays the development of hydrogen in 

transportation in which hydrogen is an energy 

carrier source. It also introduces the inherent 

advantages, current difficulties and challenges of 

hydrogen storage in transportation.  
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CHAPTER 1 
The Discovery and  

Historical Growth of Hydrogen 
 
 

 

The Fuel of the Stars  

and Galaxies 
 

1.1 The Discovery of Hydrogen 

fter the Big Bang, the universe began to cool down, the 

lightest element was formed, which later became the first 

element of the Periodic Table, Hydrogen. In the cosmos, 

representing 90% of the atoms present, hydrogen was subsequently 

converted to the heavier elements by fusion reactions in the stars and 

galaxies. Hydrogen can thus be considered as their common ancestor. In 

this process, hydrogen atoms combine to form helium. When hydrogen 

atoms join to form more-stable helium, the total mass is reduced. The 

mass is not lost; rather, it is converted into energy according to Einstein’s 

equation, E = mc2. Enough mass was formed during the birth of the 

universe to keep the stars shining during the past 15 to 20 billion years. 

Every second, 600 million tonnes of hydrogen are converted into helium in 

Earth’s Sun. Hydrogen is simply the fuel of the stars and galaxies.[1]  

Due to the huge attraction of the “hydrogen economy” term, 

several recent books, journals and papers discussed about the discovery of 

hydrogen. Most of the authors acknowledged the discovery of hydrogen by 

the English scientist Henry Cavendish. However, the discovery of hydrogen 

should be attributed to Turquet de Mayerne, who in 1650 obtained 

A 
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hydrogen by the action of dilute sulfuric acid on iron, as a gas, or 

"inflammable air". Paracelsus, in a similar experiment in the sixteenth 

century, obtained the same gas but failed to recognize it as a distinct 

substance. Turquet de Mayerne recognized the gas he obtained as a 

distinct substance. Robert Boyle made some experiments with it, but 

many of its more important properties were not discovered until 

Cavendish's investigations, beginning in 1766.[2,3] 

 

Sir Théodore Turquet de Mayerne (Sep 28, 1573 - 

March 22, 1655) was a Swiss-born physician who 

treated kings of France and England and advanced the 

theories of Paracelsus. 

Figure 1.1 Portrait of Turquet de Mayerne  

 

1.2 The Historical Growth of Hydrogen 

The historical growth of hydrogen has been experiencing “a long 

and wilding road”.[4,5] Since the Middle Ages, many people contributed 

specifically to hydrogen technologies such as Jan Baptista van Helmont 

(1577-1644), Paracelsus (1493-1541), Theodore Turquet De Mayerne 

(1573–1655), Robert Boyle (1627-1691), George Ernst Stahl (1659-

1734)…  

The British scientist Henry Cavendish marked the recognition and 

identification event of hydrogen as a distinct element in 1766 after he 

evolved hydrogen gas by reacting zinc metal with hydrochloric acid. In a 

demonstration to the Royal Society of London, Cavendish applied a spark 

to hydrogen gas yielding water. This discovery led to his subsequent 

finding that water (H2O) is made of hydrogen and oxygen.  
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From that event, 17 years later 1783, 

hydrogen was applied to the fact when Jacques 

Alexander Cesar Charles, a French physicist, 

launched the first hydrogen balloon flight. Known 

as "Charliere", the unmanned balloon flew to an 

altitude of three kilometers. Only three months 

later, Charles himself flew the first manned 

hydrogen balloon. Building on the discoveries of 

Cavendish, French chemist Antoine Lavoisier gave 

in 1788 hydrogen its name, which was derived 

from the Greek words - “hydor” and “genes” 

meaning “water” and “born of”. 

At the beginning of the nineteenth-

century, English scientists William Nicholson and 

Sir Anthony Carlisle discovered in 1800 that 

when applying an electric current to water 

hydrogen and oxygen gases are produced. This 

process was later termed as “electrolysis”. In 

1874, Jules Verne, the famous French fiction 

writer, prophetically examined the potential use of 

hydrogen as a fuel and production of hydrogen 

from water, in his popular work of fiction entitled 

“The Mysterious Island”.  

 

Figure 1.2 Statue of 
Lavoisier, at Hôtel de 
Ville, Paris 

In 1909 the German chemist Fritz Haber discovered a catalytic 

process which allowed the synthesis of ammonia (NH3) from the elements 

hydrogen and nitrogen. He received the Nobel prize in chemistry for this 

discovery. Note that this Nobel prize was a subject of controversy because 

Haber was also the inventor of war gas (phosgene COCl2), which killed 

hundreds of thousand of soldiers during World War I. The development for 

ammonia and fertilizer to be manufactured from hydrogen and nitrogen 

gases was directed by Carl Bosch in 1911. This innovation led eventually 

to synthetic fertilizers, making it possible for agriculture to feed a rapidly 

increasing world population.  
During the 1920s – a German engineer, Rudolf Erren, converted 

the internal combustion engines of trucks, buses and submarines to run on 
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hydrogen or hydrogen mixtures. British scientist and writer J.B.S. Haldane 

introduced the concept of renewable hydrogen in his paper “Science and 

the Future”, by proposing that ”there will be great power stations where 

during windy weather the surplus power will be used for the electrolytic 

decomposition of water into oxygen and hydrogen.”  

In 1929 Bonhoeffer and Harteck successfully prepared the first 

pure para-hydrogen sample. In 1931 Urey, Brickwedde and Murphy 

investigated the visible atomic Balmer series spectra of hydrogen samples 

and discovered the hydrogen isotope 2H, deuterium. In 1935 Oliphant, 

Harteck and Lord Rutherford synthesized “superheavy hydrogen”, 3H, 

tritium, through neutron bombardment of deuterated phosphoric acid. 

An important event, unfair to hydrogen use, had happened in 

1937 at Lakewood, New Jersey, USA. After ten successful trans-Atlantic 

flights from Germany to the United States, the Hindenburg, a dirigible 

inflated with hydrogen gas, erupted into flames while landing. 60 years 

later, the mystery of the crash was clearly solved.  

The United States established in 1958 the National Aeronautics 

and Space Administration (NASA). NASA’s space program consistently 

used the most liquid hydrogen, primarily for rocket propulsion and as a 

fuel for fuel cells. One year later, the first practical hydrogen-air fuel cell 

was built in 1959 by Francis T. Bacon of Cambridge University in England. 

The 5-kilowatt (kW) system powered a welding machine. He named his 

fuel cell design the “Bacon Cell.” Later that year, Harry Karl Ihrig, an 

engineer of Allis–Chalmers manufacturing company, demonstrated the 

first fuel cell vehicle: a 20–horsepower tractor. Hydrogen fuel cells, based 

upon Bacon’s design, have then been used to generate on-board 

electricity, heat and water for astronauts aboard the famous Apollo 

spacecrafts and most subsequent space shuttle missions. The term 

“hydrogen economy” was first coined in 1972 by the electrochemist John 

O’M. Bockris in his paper “The Hydrogen Economy: An Ultimate Economy?” 
In this essay he envisioned a hydrogen economy where cities in 

the United States could be supplied with solar energy. 
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Figure 1.3 NASA used 
hydrogen for the spacecraft 

in the Apollo program 
 

1990 – The world’s first solar powered hydrogen production plant 

at Solar-Wasserstoff-Bayern, a research and testing facility in southern 

Germany, became operational. As the twentieth century ended, hydrogen 

became an intense focus of scientists, both theorists and experimentalists 

alike. The study of hydrogen was critical to the comprehension of the atom 

and the evolution of the universe, to the development of quantum 

mechanism and quantum chemistry, and to practical devices such as the 

Magnetic Resonance Imaging (MRI) medical equipments.  

Many industries worldwide began producing hydrogen, hydrogen-

powered vehicles, hydrogen fuel cells, and other hydrogen products. From 

Japan’s hydrogen delivery trucks to BMW’s liquid hydrogen passenger 

cars, to Ballard’s fuel cell transit buses in Chicago and Vancouver, BC, to 

Palm Desert’s Renewable Transportation Project, to Iceland’s commitment 

to have the first full hydrogen economy by 2030. From the forward-

thinking work of many hydrogen organizations worldwide to Hydrogen 

Now’s public education work, and the dynamic progresses in several 

countries, hydrogen was launched onto the main stage of the world’s 

energy scene. 
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CHAPTER 2 

 
The Physical and Chemical 

Properties of Hydrogen  
 

 

 

here are three isotopes of hydrogen: protium, deuterium, and 

tritium. Some of the fundamental properties of these isotopes, 

including nuclear, atomic and molecular, are listed in TABLE 2.1. 

The elemental hydrogen exists in several different forms, namely, as a 

monatomic gas at low densities, diatomic molecule under ordinary 

conditions, a metallic conductor at high pressures, and as an ionized 

plasma at very high temperatures. All these states are realized in different 

places in the Solar System, but on earth, elemental hydrogen usually 

exists only as a molecule. In this chapter, we deal exclusively with the 

physical and chemical properties of the molecular hydrogen.[6-9]  

 
TABLE 2.1  Some properties of hydrogen isotopes 
 

Isotope 
Protium 

1H, symbol H 

Deuterium 
2H, symbol D 

Tritium 
3H, symbol T 

Atomic Mass [u] 1.007825 2.0140 3.01605 

Natural Abundance [%] 99.985 0.015 0.000 

Nuclide  

1 proton (+)    

1 electron (-) 

1 proton (+)     

1 electron (–)  

1 neutron 

1 proton (+) 

1 electron (-) 

2 neutrons 

Half-Time [yr] Stable Stable 12.33 

Ionisation energy [eV] 13.5989 13.6025 13.6038 

Nuclear spin [h/2π] +1/2 +1 +1/2 

T 
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2.1 Physical Properties of Molecular Hydrogen 

With the only electron orbiting a nucleus in its atomic 

arrangement, an individual hydrogen atom is highly reactive and exists in 

nature in a form of molecular hydrogen H2, which is a very stable entity. 

Its electronic ground state, the singlet state 1Σg
+, has an energy lower 

than two separated atoms by E0 = 4.748 eV (the binding energy), and the 

equilibrium separation is very short, being r0 = 0.7416 Å. The electronic 

energy as a function of internuclear separation r (the adiabatic potential) 

and energy levels of the stretching vibration are shown in Figure 2.1. For 

an H2 molecule, the zero-point vibration energy is Ev
0 = 0.372 eV, and 

accordingly, the dissociation energy is   

Ed = E0 − Ev
0 = 4.476 eV     (1.1)   

Figure 2.1 Adiabatic potential and 
energy levels of the stretching vibration 
of H2 molecule. 

Figure 2.2 The interaction potential of 
two neutral hydrogen atoms with electron 
spins in a singlet state (1Σg

+) and a triplet 
state (3Σu

+)

The interaction potential energy of two hydrogen atoms goes 

through a minimum at a certain interatomic distance when two electrons 

form a singlet state 1∑g
+, namely, the state with a total electron spin equal 

to zero (the combination of two electrons with opposite spin). The energy 

of the triplet state 3∑u
+, having a total electron spin of unity, increases 

when two hydrogen atoms with parallel spin approach each other. 

Hydrogen atoms of opposite spin exist in equal numbers, and readily 

combine in pairs to form singlet state molecules. The atomic dissociation 

energies for the ground state 1∑g
+ and the first repulsive excited state 

3∑u
+, are plotted in Figure 2.2.[10]  
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Figure 2.3 p–T phase diagram of hydrogen. Tt and Tc signify the triple point and the 

critical point  

Hydrogen is a mixture of ortho- and para-hydrogen in equilibrium, 

distinguished by the relative rotation of the nuclear spin of the individual 

atoms in the molecule. Molecules with spins in the same direction 

(parallel) are termed ortho-hydrogen and those in the opposite direction 

as para-hydrogen. At an ambient temperature, the normal hydrogen 

contains 75% ortho-hydrogen and 25% para-hydrogen.The molecular 

hydrogen exists in three different states, gas, liquid and solid, as shown in 

Figure 2.3[11]. 

However, at very low temperature, ortho-hydrogen becomes 

unstable and converts to more stable para-hydrogen, releasing heat, 

which can complicate some low-temperatue hydrogen technological 

processes. The conversion from ortho- to para-hydrogen is slow but occurs 

at a finite rate (taking several days to complete) and continues even in the 

solid state. Catalysts can be used to accelerate the conversion for the 

production of liquid hydrogen, which is more than 95% para-hydrogen. 

Some of physical properties of hydrogen are summarized in TABLE 2.2. 
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Hydrogen is a colorless, odorless, tasteless, non-irritating, and 

non-poisonous gas at room temperature and under normal pressure. It is 

also the lightest, approximately 1/15th as heavy as air; it rises and 

dissipates quickly. Hydrogen has the lowest viscosity and highest heat 

conductivity among the known gases. When cooled to its boiling point, – 

252.8°C, hydrogen becomes a transparent, odorless liquid.  

 

TABLE 2.2 Physical Properties of Molecular Hydrogen H2 

Property Value 

Molecular weight  2.01594 

Solid phase  

Melting Temperature −259°C 

Heat of fusion at −259°C  58.158 kJ/kg 

Density of solid at -262°C 70.6 kg/m3 

Heat capacity (Cp) of solid at −259.8°C  2.63 kJ/(kg°C) 

Liquid phase  

Boiling temperature at 1 atm.  −252.8°C 

Density of liquid at −253°C  70.8 kg/m3 

Heat of vaporization at −253°C  447 kJ/kg 

Heat capacity (Cp) of liquid at −256°C  8.1 kJ/(kg°C) 

Critical Point   

Critical temperature  −240°C 

Critical pressure  12.8 atm. 

Critical density  31.2 kg/m3 

Triple Point   

Triple temperature  -259.3°C 

Triple pressure  0.072 atm 

Gaseous Phase  

Density of gas at 0°C and 1 atm.  0.08987 kg/m3 

Density of solid at −259°C  858 kg/m3 

Heat capacity (Cp) of gas at 25°C  14.3 kJ/(kg°C) 
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2.2 Chemical Properties of Molecular Hydrogen 

Unlike wood, coal, oil or natural gas, hydrogen is not found in its 

free form on Earth, it occurs in its free state only in volcanic gases and 

some natural gases. At ordinary temperatures, molecular hydrogen is 

comparatively nonreactive unless it has been activated in some manner. 

In contrast, the hydrogen atom is chemically very reactive, and that is 

why chemically free H atoms are not found in nature. In fact, very high 

temperatures are needed to dissociate molecular hydrogen into atomic 

hydrogens. For example, even at 5000 K, about 5% of the hydrogen 

remains un-dissociated. In nature, the hydrogen is mostly bound to either 

oxygen or carbon atoms. Hence, to obtain hydrogen from natural 

compounds, energy expenditure is needed. Therefore, hydrogen must be 

considered as an energy carrier, that is a mean to store and transmit 

energy derived from a primary energy source.  

Being the lightest element, hydrogen atoms escape the earth’s 

gravity, and being extremely reactive, they form numerous chemical 

compounds. The most abundant compounds include water, minerals, and 

hydrocarbons such as petroleum and natural gases. With an 

electronegativity value of 2.2, hydrogen forms compounds with all the 

known elements except for the noble gases. Hydrogen acts either as more 

nonmetallic element forming compounds with metals such as NaH or CaH2 

(they are ionic salts called hydrides, where hydrogen exits as hydride H−  

ions), or it acts as a more metallic element to form covalent bonds with 

nonmetals like S, N and halogens. Among these hydrogen compounds, 

there are the strong acids such as HCl, H2SO4 and HNO3. In this case, the 

proton, H+ cation, is baring nucleus and so has a strong tendency to pull 

electron to itself. Hydrogen also reacts with carbon to form numerous 

organic compounds. Among the common organic compounds that include 

hydrogen are the hydrocarbons such as methane (CH4), ethane (C2H6), 

propane (C3H8) and butane (C4H10), and alcohols such as methanol (CH-

3OH) and ethanol (C2H5OH).  

One relevant question is as follows: how can such a high ability of 

hydrogen to combine with other elements in a large variety of chemical 

compounds be explained? The answer can be found in terms of the unique 
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1s1 electron configuration of the hydrogen atom. Since hydrogen has a 

half-filled valence shell, this state allows hydrogen the possibility to gain 

one extra electron to form a complete shell of the helium configuration 1s2 

and to become the hydride ion H−, or to loose one electron to become the 

proton H+. Moreover, to complete its half-filled shell, hydrogen can share 

electron with other atoms forming thus all kinds of covalent bonds.  

One of the most important characteristics of hydrogen is the 

possibility to provide a strong intermolecular force of attraction called 

hydrogen bonds.[12] The hydrogen bond is weaker than a common 

chemical bond, and can be encountered in solid, liquid and gas phases. It 

is commonly represented as  

Xδ-─Hδ+ +  Y    X─H••• Y (2.1) 

where X and Y are atoms having an ctronegativity higher than that of 

hydrogen (e.g., C, N, O, F, P, S, Cl…). The X–H group is termed ‘‘hydrogen 

bond donor’’, while Y is the ‘‘hydrogen bond acceptor’’. In such polar 

bonds, the hydrogen has a partial positive charge (δ+) and the other X 

atom bears a partial negative charge. The electronegative X atom attracts 

electrons from the electron cloud of the hydrogen atom, which remains 

partially positively charged and, in turn, attracts a lone pair of electron of 

the Y atom (Figure 2.4a). This is possible because the hydrogen atom has 

no inner-shell electrons to act as a shield around its nucleus; in addition, it 

has a small size so it can be approached closely. It is generally said that a 

hydrogen bond formation is due to attractive forces between partial 

electric charges having opposite polarity. In reality, it is true that weak 

hydrogen bonds are mainly electrostatic in nature, but this is no longer 

true for stronger hydrogen bonds, where delocalization effects and 

dispersion forces play important roles.  

Following the classification of hydrogen bonds,[13] a negatively 

polarized hydrogen atom in δ−H―Z where Z is a less electronegative 

element than H (e.g. B, Al, Ga, etc.), could be considered as an unusual or 

nonconventional proton acceptor. Then the interaction shown in equation 

2.2 

X―H+δ   ••• ―δH―Z  (2.2) 
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could be formulated as a nonconventional hydrogen bond, and termed a 

dihydrogen bond.[14] What makes this bond so unusual is that the proton-

accepting atom is also a hydrogen atom. This character is very important 

for hydrogen release processes, which will be discussed in more detail in 

Part 2.  

        
a      b 

Figure 2.4   (a) Structure of the hydrogen-bond complex of NH3•••NH3BH3 
(b) Dihydrogen bond in the dimeric structure (AlH3NH3)2 
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CHAPTER 3 

 
Hydrogen Energy  

in Transportation  
 

 

 

owards the end of the 20th century, a "decarbonization" trend 

has been growing, that is, a move away from fuels containing 

many carbon atoms to fuels with few or no carbon at all. In a 

paper entitled “Where is energy going?”,[15] J.H. Ausubel defines 

decarbonization as "the progressive reduction in the amount of carbon 

used to produce a given amount of energy." Figure 3.1 illustrates how the 

hydrogen to carbon ratio (H:C) declines as the fuel changes from carbon-

rich coal to carbon-free hydrogen.[16]  

 
Figure 3.1 The atomic structures of typical molecules of coal, oil, gas and hydrogen 
dramatize the increasing ratio of hydrogen to carbon seen in more recent sources of 
energy.  

 

Coal, oil, natural gas and uranium are all primary energy sources, 

mainly for heat. On the other hand, electricity is a convenient form of 

energy, derived from a primary source and therefore can be called a 

secondary energy source. In the world energy system, electricity plays an 

important role due to its convenience for both heat and work. It is used as 

readily for lighting and cooling as for heating and mechanical power 
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delivery. It is readily transmitted over moderate distances and is relatively 

safe and non-polluting. Its pervasive influences on society within the 

world’s energy system are such that we have what sometimes is referred 

to as “an electrical economy”.  

However, electricity has failed to gain a foothold in most modes of 

transportation, primarily because of the lack of a compact and flexible 

means of storing it. Some progresses in this area may be anticipated 

because of renewed interest in electric cars, trucks and other road 

vehicles. A primary dissatisfaction with electricity as a means of energy 

application lies in the fact that an electrical economy requires the 

consumption of about three units of primary energy for each unit of 

secondary energy produced, and that most of the primary energy 

conversion processes have adverse environmental consequences. Much 

interest has been expressed in supplementing or replacing electricity, in its 

present form, with another secondary energy source, with hydrogen being 

the leading contender. Hydrogen has a major advantage over electricity in 

that it can be stored as a chemical fuel and converted into energy using 

fuel cells or internal combustion engines and turbines. The only by-product 

is water at the point of use.[17]  

The proposition that hydrogen should be a sustainable medium of 

energy has become known as the “Hydrogen Economy”.[5,18]  In fact the 

concept of using hydrogen for energy had been suggested much earlier in 

diverse publications such as  in Jules Verne’s science-fiction novel The 

Mysterious Island (1874) and J.B.S Haldane’s paper Daedalus or, Science 

and the Future (1923). It is furthermore notable that Haldane proposed 

the use of wind power to produce hydrogen via electrolysis of water; the 

gas would be liquefied and stored in vacuum-jacketed reservoirs that 

would probably be sunk in the ground. In the discussion between engineer 

Harding and sailor Pencroft in his novel, Jules Verne already dreamed:  

“… I believe that water will one day be employed as a fuel, 

that hydrogen and oxygen which constitute it, used singly 

or together, will furnish an inexhaustible source of heat 

and light … I believe, then, that when the deposits of coal 

are exhausted we shall heat and warm ourselves with 

water. Water will be the coal of the future …” 
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He also reminded us of a well known but overlooked fact – hydrogen is not 

available on Earth as a (primary) fuel.[19,20]  

 
Aircraft [1,16,21]  

From the early 19th century on, hydrogen obtained from coal and 

combined with carbon monoxide in a mixture called “town gas” was widely 

used to heat and light homes, apartments, businesses and to provide 

street lighting. For transportation, the first recorded instances of burning 

hydrogen in internal combustion engines were in airships in the 1920s. 

The Canada’s Electrolyser Corporation Ltd opened the way to commercial-

scale hydrogen production through water electrolysis. This technology 

allowed hydroelectric power plants to utilize their excess capacity to 

produce hydrogen and oxygen. The generated gases were used mainly for 

non-fuel-related applications such as steel cutting and synthesis of 

fertilizers.  

In aviation, hydrogen was first exploited in the German Zeppelins 

which offered regular transatlantic flights. During these trips, large 

amount of liquid fuels were consumed, gradually reducing the weight of 

the airship. To maintain the buoyancy, part of the hydrogen that kept the 

vessel afloat in the air was used as extra fuel instead of being simply 

blown-off. The catastrophic fire of the airship Hindenburg in 1937, 

however, ended the era of the hydrogen-filled Zeppelins. At that time, 

people believed that the hydrogen in the Hindenburg was the cause of the 

explosion. But Addison Bain, at the end of 20th century, showed that the 

chemical coating on the outside of the giant bag was the cause of the fire. 

When the chemical coating ignited, the hydrogen began to burn.  

In the aerospace industry, hydrogen was first used as liquid fuel in 

a Russian Tupolev 155 passenger plane in 1988.  The European Union and 

the United Kingdom had studied several projects about the prospects for 

hydrogen-fuelled aircraft. The use of liquid hydrogen however was found 

impractical, and technically too challenging for regular operation because 

the large spherical tanks were too voluminous and did not have enough 

capacity for long flights. The liquid hydrogen was also deemed too 

expensive compared to kerosene fuel.  
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Figure 3.2 Zeppelin LZ-129 
Hindenburg flying over 

Manhattan, NewYork city
       

Road vehicles[1,22] 

Hydrogen can be used as a fuel for a modified internal combustion 

engine or in a fuel cell. Fuel cells are electrochemical devices that directly 

convert hydrogen, or hydrogen-rich fuel, into electricity using a chemical 

process. Fuel cells do not need recharging or replacing and can produce 

electricity as long as they are supplied with hydrogen and oxygen.  

In the 1930s, German engineers, especially Rudolf Erren, 

experimented with hydrogen as a fuel for trucks, automobiles, trains, 

buses and other internal combustion driven devices. During World War II, 

hydrogen fuel attracted some interest for submarines and trackless 

torpedoes. However, after the war and during the era of cheap oil and gas, 

the potential use of hydrogen as a fuel (except for space and military 

applications) was largely ignored. In the 1970s, when the oil crisis spurred 

the search of alternatives to petroleum oil, hydrogen had resurfaced and 

the “hydrogen economy” was re-introduced in a more organized way, with 

formation of the International Association for Hydrogen Energy. With 

sharply declining oil prices in the 1980s, funding for the development of 

hydrogen energy and alternative energy sources was again significantly 

reduced. Interest in hydrogen fuel began to rise again in the 1990s, based 

on concerns about decreasing petroleum and gas reserves, and reports on 

increasing CO2 emissions that were considered to be a major cause of the 

global climate change.  
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Figure 3.3 A Hydrogen-powered bus in Leuven[22b] 

 
Traditional drive concepts have made great progresses during the 

past decades. Fuel consumption and pollutant emissions have reached a 

very low level. Performance and reliability are constantly improved. Since 

1978, BMW has been carrying out research into engine and vehicles that 

operate on liquefied hydrogen. The first practical experience with 

passenger car prototypes came a year later. In 1984 the second 

generation went onto the road; this was in turn replaced in 1988. In 1996, 

internal trials had begun with the fourth generation of hydrogen vehicles. 

In 2000, BMW built a small series of 15 hydrogen test vehicles of the BMW 

750hL model. These have already toured more than 170,000 kilometers, 

and have proven themselves in everyday operation.  

At the same time, considerable advances in the development of 

fuel cells, and especially the proton exchange membrane (PEM) fuel cells, 

have made a commercial hydrogen fuel-cell-powered motor the most of 

hydrogen-related investments. A resource-conserving development 

strategy for fuel-cells drives based on hydrogen was considered as a 

future fuel. Most major carmakers, including Daimler-Chrysler, Honda, 

Toyota, General Motors and Ford, have built prototype fuel-cell cars, buses 

or trucks, using pressurized or liquefied hydrogen. Consequently the term 

“hydrogen economy” became popular, fashionable, and attracted much 

public attention. Today, researches on hydrogen-powered vehicles are 

attracting funding and wide media coverage, and numerous international 

organizations have been created to promote hydrogen fuel via 

publications, television, meeting and exhibitions. The United Nations 
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estimate that the number of motor vehicles in existence world wide will be 

doubled by the year 2030, reaching about 1.6 billion cars. Today, about 

half of the world petroleum production is combusted in spark ignition and 

diesel engines. Hydrogen as a fuel, undoubtedly has many advantages. 

Production of its oxidative conversion is not only electricity or heat, which 

is clean, but also water, and the process does not generate  pollutants.  
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CHAPTER 4 

 
The Challenge of  

Hydrogen Storage  
 

  

 

oday, if we looked up the term “hydrogen storage" in GOOGLE, we 

would get about 1,910,000 entries, which were the same amount of 

entries for “hydrogen use” in mid-2004.[23] This is not only a 

computed random but also shows that the “hydrogen storage” term 

becomes a widely investigated subject. As mentioned in previous chapters, 

although having many advantages of a future fuel, hydrogen is not a 

primary energy source. As an energy carrier, or secondary energy source, 

it must first be manufactured before it can be used as a fuel. One of the 

most critical elements in a hydrogen economy is the development of safe, 

reliable, compact and cost-effective storage of the materials.  

Due to hydrogen’s physicochemical properties discussed above, it 

can be found in various forms, depending on the temperature and the 

pressure. The phase diagram given in Figure 2.3 indicated that the three 

phases of hydrogen coexist at a temperature of 13.803K. The solid phase 

exists below 14K. The liquid phase is present from the triple point up to 

the critical point. The boiling temperature of hydrogen at 1 bar is around 

20 K. Above the critical point (Tc = 32.976K and Pc = 12.928 bar), the 

liquid – vapor equilibrium ceases to exist. Therefore, hydrogen exists in 

the gas phase at normal pressure (1 bar) and temperature (298.15K). 

Because hydrogen is a very light gas, it contains much less energy per 

unit volume than conventional liquid fuels under the same pressure. Under 

normal conditions, hydrogen requires about 3000 times more space than 

gasoline for an equivalent amount of energy. Thus, hydrogen must be 
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compressed, liquefied or absorbed on a solid material to be of any 

practical use for energy storage.[4,11]  

The storage of hydrogen depends completely on the kind of 

application considered. Thus hydrogen storage will have different 

characteristics. In stationary applications, including heating and air-

conditioning of homes and buildings, electricity generation and varied 

industrial uses, hydrogen storage systems can occupy a relatively large 

space and the weight of hydrogen is not a major factor. In contrast, 

hydrogen storage in transportation such as in vehicles is limited by volume 

and weight which, to provide a driving range of around 500 km, must 

remain minimal.[24] Achieving such a driving distance requires that 

approximately 4-5 kg of hydrogen must be stored onboard the fuel cell-

powered passenger vehicle. Storage of such quantity of hydrogen within a 

vehicle having limited weight and volume faces cost constraints in parallel 

with major scientific and engineering challenges. Development of a 

lightweight hydrogen storage system is becoming essential for onboard 

automobile applications. Hydrogen storage is therefore a key aspect for a 

successful introduction of hydrogen as a transportation fuel, a major 

application for the hydrogen economy.[6] The challenges faced by 

hydrogen storage in transportation will be discussed in some detail in this 

chapter.  

In 1997, in a paper entitled “Storage of hydrogen in single-walled 

carbon nanotubes”, Helen et al. first suggested that a gas can be 

condensed in high density inside narrow single-walled nanotubes 

(SWNTs). Temperature-programmed desorption spectrosocopy showed 

that hydrogen will condense inside SWNTs under conditions that do not 

induce adsorption within a standard mesoporous activated carbon. The 

very high hydrogen uptake in these materials suggested that they might 

be effective as a hydrogen-storage material for fuel-cell electric 

vehicles.[25] Five years later, Schlapbach and Zuttel reported in a paper on 

possible hydrogen storage[26] a plot of volumetric and gravimetric 

hydrogen densities in a variety of materials.  
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Figure 4.1 Comparison of gravimetric and volumetric densities of various 
hydrogen storage materials. 

 
 Figure 4.1 shows a similar plot that also includes the 

corresponding values for compressed gas and liquid hydrogen, as well as 

the DOE and FreedomCAR and Fuel Partnership targets for on-board 

storage systems.[24,27] In this Figure, there are a number of materials that 

contain hydrogen concentrations well above the system targets, with some 

having more than twice the density of liquid hydrogen. In addition to 

mixing material properties with system properties, the plot also includes 

many different material types, such as solid reversible hydrides, liquid and 

solid nonreversible chemical systems, and, for comparison, a few liquid 

and gaseous fuels (e.g., octane, methane, etc…) plotted in terms of their 

hydrogen content.  

As seen in Figure 4.1, nonreversible compounds and in particular 

ammonia borane (denoted as ab, NH3BH3) received significant interest 

given its stability and commercial availability. It shows that if a large
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portion of the hydrogen can be released, ab has a higher gravimetric 

density than most of the other reported systems. This capacity coupled 

with stability has resulted in a renewed interest in studying ab as a 

hydrogen storage material. The reactivities of this material will be 

discussed in more detail in the following chapters.  

 

4.1 Compressed Hydrogen Gas (CHG) 

  Storing hydrogen under pressure has been done successfully for 

many years. This method is broadly accepted for transportation using a 

small amount of gas. Cylinders (tanks) in a wide range of sizes are 

supplied today to thousands of industrial and research establishments. The 

tanks filled with compressed hydrogen gas can be held in the vehicle, 

typically on the roof space of buses or in trunks of the passenger’s cars. 

Hydrogen can now be compressed under 350 or even 700 atm in tanks 

made from new lightweight materials, such as carbon-fiber-reinforced 

composites. However, under these conditions, hydrogen still has a much 

lower energy content per volume than gasoline, and thus requires several-

fold more voluminous tanks. In contrast to liquid fuel tanks which can 

adopt any shape and can easily be adapted to any vehicle, compressed 

hydrogen tanks have a fixed cylindrical shape which is necessary to ensure 

their integrity under high pressure. Vehicle designers and engineers need 

to pay great attention on how and where to integrate the pressure tanks. 

Although hydrogen compression is less energy-intensive than liquefaction, 

depending on the pressure, it still uses the equivalent of 10–15% of the 

energy contained in the hydrogen fuel.[28] There are also safety problems 

associated with storing hydrogen at high pressure. Like all fuels, hydrogen 

must be carefully handled, but today, there is no more danger than any 

other flammable gases in common use. Taking all things into account, the 

main advantages of storing hydrogen as a compressed gas are simplicity, 

practically unlimited storage time, and the ease for refueling.[29]    

 

4.2 Liquid Hydrogen Storage (LHS) 

Liquid hydrogen (LH) offers low weight and volume per unit energy 

when compared to compressed hydrogen. The main issues with liquid 
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hydrogen storage tanks are the boil-off (the energy required for hydrogen 

liquefaction) and tank cost. The rate of hydrogen boil-off mainly depends 

on the effectiveness of the thermal insulation, ambient conditions, 

geometry of the vessel, and length of time between driving.[30] Liquid 

hydrogen needs to be stored at 20K (−253°C): the storage tank has to be 

insulated, and needs to be reinforced to store the liquid hydrogen under 

pressure. Complex and expensive multi-stage cooling systems are 

necessary to obtain liquid hydrogen. Typically, in the first step, hydrogen 

is pre-cooled with liquid ammonia to −40°C and then to −196°C using 

liquid nitrogen. In the following step, helium is used in a multi-stage 

compression-expansion system to obtain liquid hydrogen at -253°C. The 

total fuel cycle energy efficiency is significantly lower for liquid hydrogen 

than for gaseous hydrogen because of the large amount of energy 

required for liquefaction.[29,31,32]  

Total theoretical amount of energy required for liquefaction is 

approximately 3.4 MJ/kg, whereas the actual amount of energy required 

for liquefaction is much higher, approximately 50.4 MJ/kg, with a 

refrigeration efficiency of 7.2%.[31] Overall, the liquefaction results in a 

loss of about 30% of the energy stored in liquid hydrogen. The comparison 

of both the liquid and compressed hydrogen storage systems in terms of 

hydrogen weight relative to carrier weight shows the benefit of liquid 

hydrogen use. Liquid hydrogen is particularly interesting for long distance 

transportation purposes and as fuel in spacecraft and airplanes. For 

example, NASA has been using hydrogen in space programs (for launching 

satellites) for several decades.[6]  

 

4.3 Solid Hydrogen Storage – SHS    

An alternative to liquefaction and compression is to store hydrogen 

in solids, either physically absorbed or chemically bound. Having the 

potential for reversible on-board hydrogen storage and release at 

relatively low temperatures and pressures, some metals, such as titanium, 

iron, manganese, nickel, and chromium and their mixtures (alloys) can 

react with hydrogen to form metal hydrides. The uptake and release of 

hydrogen is typically controlled by temperature and pressure, and is 

different for every hydride. Some metals absorb hydrogen rapidly but 
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release it slowly, while others require higher temperatures before release 

is possible. The release of the absorbed hydrogen may also be only partial. 

The storage and release of hydrogen in any case should take place at 

temperatures and on a time scale suitable for applications in the 

transportation field. Volume and temperature increases due to hydride 

formation should also to be taken into account for storage vessel 

design.[29]  

Total hydrogen capacity and reversible portion are usually 

presented as weight percentage of hydrogen, which is a key hydrogen-

storage property. As mentioned above, the pressure and temperature 

required to provide hydrogen gas are the important parameters for metal 

hydrides to be considered as fuel storage. In general, it is accepted that 

hydrides should provide hydrogen gas at atmospheric pressure and room 

temperature. Complex metal hydrides such as alanates have the potential 

for higher gravimetric hydrogen capacities in the operational window than 

conventional metal hydrides like lanthanum and magnesium hydrides 

oralloys with nickel (LaNi5H7 and Mg2NiH4). The alanate compounds have 

been used since the 1950s as hydrogen carriers for use in organic 

hydrogenation reactions.  

Besides alanates, mixed borohydrides (general formula is M+BH4
- 

where M is a metal) offer good prospect as a chemical storage media, but 

they are still down on the energy density scale. Metal-N-H systems have 

also been shown to be promising for reversible hydrogen storage. In 

comparison with compressed gas and liquid systems, metal hydrides have 

the potential for greater onboard fuel capacity. However, they are still at 

an early stage of development and a specific material has not yet been 

identified with the desired hydrogen capacities, thermodynamic properties, 

and kinetic behaviors.[33]  

 

4.4 Chemical Hydrogen Storage (CHS) 

 Nowadays, the term “chemical hydrogen storage” is no longer 

reserved for scientists and engineers, especially researchers. Among all 

hydrogen storage methods, CHS is one interesting approach for using 

hydrogen as a fuel. We will discuss in some detail the concept of, 

properties of, and compounds used for chemical hydrogen storage. The
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advantages and disadvantages as well as the “grand challenges” for CHS 

are also mentioned. 

   

4.4.1 The Concept and Characteristics   

According to a definition elaborated by the USA Department of 

Energy, the term "chemical hydrogen storage" is used to describe storage 

technologies in which hydrogen is generated through a chemical reaction. 

Common reactions involve hydrides with water or alcohols. Typically, 

these reactions are not easily reversible on-board a vehicle. Hence, the 

"spent fuel" and/or byproducts must be removed from the vehicle and 

regenerated off-board.[34] In the simple words, CHS is a technology in 

which hydrogen can be stored in a chemical compound and released by a 

chemical reaction.  

To satisfy the DOE’s targets of hydrogen storage for transport 

applications, many technologies have been studied and applied. The first 

requirement is the high volumetric and gravimetric hydrogen density in a 

compound. Secondly, it is providing rapid hydrogen release at operating 

temperature range from -20°C to +85°C via a chemical reaction.[24,35] 

Materials used for CHS is one important challenge, due to the high 

hydrogen content. Chemical hydrides typically provide higher volumetric 

capacity than liquid or compressed hydrogen, whereas compressed 

hydrogen provides in excess if 80% ideal energy conversion efficiency is 

achieved. The chemical reaction involved needs to release hydrogen with 

supply of a small amount of energy, and is nearly thermoneutral.  

Beside the advantages of CHS such as high volumetric hydrogen 

density, storage in chemical compounds, rapid release by a reaction, this 

approach is facing several disadvantages, including: the material used 

needs to meet the hydrogen gravimetric density targets (thus the 

elements that interact with hydrogen have to be “light”), the chemical 

process needs to be in a thermoneutral state where hydrogen release and 

uptake is mainly controlled by temperature and pressure.[36]  

Figure 4.2 shows a simple description for chemical hydrogen 

storage. The combination of a material and a reaction is the method 

considered to induce the thermodynamical processes become neutral with 

the support of a catalyst. 
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Figure 4.2. A simple description for Chemical Hydrogen Storage.  

 

4.4.2 Materials for Chemical Hydrogen Storage 

         A suitable material for CHS remains one critical issue to be 

answered for the question of when hydrogen could be applied for 

transportation. As mentioned above, CHS materials that trap hydrogen in 

a chemical (chemisorptions) process normally include all kind of hydrides 

(e.g. metal hydrides, complex hydrides). Currently, metal hydrides and 

complex hydrides do not reach the target for reversible hydrogen storage 

capacity. Recent theoretical and experimental studies have shown that 

most of light elements have potential properties for CHS. Figure 4.3 points 

out that elements in the first and second rows of periodic table are 

potential candidates.[37-39] Among the required properties, research efforts 

have primarily been focused on finding materials that feature the highest 

storage capacity. In this context, nitrogen has attracted much attention as 

a suitable element for CHS[40-43] due to its possible the high hydrogen 
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contents. With its hyper-coordination, nitrogen can offer multiple valence 

within different compounds such as ammonia, hydrazine and metal amine 

systems. At the heart of the issue, ammonia (NH3) derivatives become 

key-compounds for on-board hydrogen storage.[38-47]  

4.4.2.1 Ammonia as Hydrogen Storage Medium  

The use of ammonia as a CHS compound that can easily be 

dissociated and used for transportation is not new and has been ongoing 

for more than 40 years. When the concept of “hydrogen economy” was 

widely debated in the early 1970s, ammonia was already envisioned as a 

perfect storage medium for hydrogen produced by the ocean thermal 

energy conversion. Ammonia has several desirable characteristics that 

make it potentially attractive. First, it is non-flammable and non-explosive. 

Second, it can be liquefied under mild conditions and has less complex 

processes compared to the reforming hydrocarbon fuels. Third, ammonia 

has a large weight fraction of hydrogen. Hydrogen constitutes 17.65% of 

the mass of ammonia. Ammonia is one of the materials that can be 

produced cheaply, transported efficiently and transformed directly to yield 

hydrogen and non-polluting byproducts.[40-45] 

In spite of many advantages ammonia still has some problems to 

be addressed. The current production of ammonia is still a methane-based 

process. Liquid ammonia is toxic for both people and polymer electrolyte 

membrane fuel cells. One approach to mitigate ammonia’s toxicity is to 

complex or combine it with other elements and molecules so that the 

resulting compound is stable and non-toxic. Substituting H atoms in 

ammonia by light metal or metal hydrides is one way of having a new 

compound. This kind of compounds, being “nitrides, amides and imides”, 

have been reviewed by many groups, and most of them focusing on 

lithium like derivatives Li3N, Li2NH, LiNH2.
[49-51] The other class of materials 

is complex amides with high capacity storage. Li-Mg-N-H and Li-Ca-N-H 

systems are combined amides with metal complex hydrides.[52,53] This kind 

of materials is relatively cheap and easy to produce so they are considered 

as potential hydrogen storage media.  
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Figure 4.4 Elements can make suitable lightweight storage materials.[48]  

Hydrogen can also be stored in a solid form, in which ammonia is 

coordinated to a metal ion. Metal amine complexes of the form M(NH3)nXm, 

where M is a metal cation like Mg, Ca, Cr, Ni and Zr, and X is a 

counteranion like Cl- or SO4
2- have been known for more than a century. 

So far, only hexaamminesmagnesium chloride [Mg(NH3)6Cl2] was selected 

as the best studied material due to the low pressure (2 mbar) at room 

temperature, high gravimetric (9,19 wt. %) and volumetric (109 (g H2) L
-

1) hydrogen density available from the compact tablet.[39,40,45,47] Recently, 

research on a new compound Ca(NH3)8Cl8 has also shown promise for 

mobile applications, since the hydrogen density is as high as 9,78 wt %. 

With several advantages of fast kinetics, high hydrogen storage capacity, 

high availability and low cost, metal amines are attractive alternative 

which can attain many targets setup for a hydrogen storage material.[40]  

Another class of compounds called “ammonia-based complexes” 

(ABC) is currently considered as a better solution. These include the 

compounds containing only B and/or Al, N and H atoms.[36,54-60] As boron 

(B) and aluminum (Al) are lightweight elements capable of bearing 
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multiple hydrogens, ABC meet the requirements of high gravimetric 

capacities. The critical point that leads the B/Al-N-H compounds to be the 

promising materials for CHS is the polarity of the B/Al–H and N–H bonds. 

They tend to be hydridic and protic in the same compound and normally to 

facilitate hydrogen release.[48,61-66] As mentioned in chapter 2, hydrogen 

and dihydrogen bonds are a special feature of these compounds which also 

exists in solid state. In the next parts, we will discuss in more detail the 

materials based on ammonia with the combination of boron and aluminum 

elements.  

       In summary, ammonia is a CHS medium just like hydrocarbons 

(gasoline or diesel) or alcohols (e.g., methanol). The main advantage of 

ammonia in this connection is that when complexed, it is considerably 

easier to decompose than hydrocarbons and alcohols. An additional 

advantage is the by-product is N2, and there is no CO2 emission during the 

operation. Due mainly to the high hydrogen capacity, a well-developed 

technology for synthesis and distribution, and easy catalytic 

decomposition, the use of ammonia as a hydrogen storage carrier was put 

forward. The drawbacks are essentially the toxicity of liquid ammonia and 

the problems related to trace amount of ammonia in hydrogen after 

decomposition. To avoid this problem, the convenient method is combining 

ammonia with other elements (metal) or compounds (metal hydride). 

Amides, imides and nitrides are shown to have some advantages. Metal 

amine is also a solution for this issue. The ammonia-based complexes are 

considered as better compounds for the purpose.  

 

4.4.2.2 B–N–H compounds  

 Many of the previously discussed materials have gravimetric 

material capacities that may be too low for on-board requirement. The 

“ammonia-based complexes - ABC” have given a new perspective. Based 

on the light molecular weight and combined with ammonia in the form of 

complexes, B―N―H compounds have met these requirements, because 

both boron and nitrogen are lightweight elements capable of bearing 

multiple hydrogens. More importantly, B―N―H compounds have the 

possibility to give both hydridic and protic centers (Hδ− and Hδ+, 

respectively), which facilitate hydrogen release. B―N―H compounds 
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appear to satisfy the following conditions: i) containing multiple hydrogen 

equivalents per main-group element; ii) having a good match between the 

number of hydridic and protic hydrogens from B―H and N―H bonds, and 

iii) having the necessary stability for safe storage.[61,67,68] Several classes 

of B―N―H compounds which may be suitable for hydrogen storage 

application will be briefly mentioned in this section, and they are the 

subject of the theoretical studies described in the following chapters.  

 

Ammonia Borane  

Recently, the simplest ammonia borane NH3BH3 (abbreviated as 

ab)[27,36,58,61,67-70] has received much attention as an intriguing material. 

Isoelectronic with ethane, ab is a solid at room temperature, stable in air 

and water and commercially available. NH3BH3 contains both hydridic B―H 

and protic N―H bonds, three H atoms per main group element, and a 

relatively strong B―N bond that under some conditions, hydrogen loss 

could be competitive with respect to dissociation to ammonia and borane. 

It is a donor-acceptor adduct formed as a result of the dative bond 

between a Lewis acid (BH3) and a Lewis base (NH3). In a solid state, it is 

colorless and stabilized primarily due to the di-hydrogen bonding and 

dipole-dipole interactions.[71]  

For laboratory-scale preparation of ab, the two most important 

methods are the salt metathesis and the direct reaction. While a number 

of ammonium salts such as sulfate, chloride, and carbonate can be 

employed for salt metathesis, combination of ammonium formate with 

sodium borohydride with sonication gives NH3BH3 in high yield.[72-74] This 

method also permits a facile isotopic labeling of NH3BH3 (10/11B, 1/2H, 
14/15N). Direct reaction of ammonia gas with diborane (B2H6), BH3·SMe2 or 

BH3·THF also affords NH3BH3 in workable yields.[72,73,75-77] 

Its combination of low molecular weight (30.7 g mol―1) and high 

gravimetric hydrogen capacity (19.6 wt%) has attracted a flurry of recent 

investigations into hydrogen release. NH3BH3 can release more than 2 

moles of H2 with heating to modest temperature. The reactions of 

hydrogen evolution can be summarized in equations 4.1 through 4.4.  

NH3BH3           →       NH2BH2    +  H2    (4.1) 

NH2BH2           →       NHBH      +  H2   (4.2) 
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NHBH             →       BN          +  H2   (4.3) 

[NH4][BH4]   →       NH3BH3   +  H2   (4.4) 

 Various groups have used different methods to study the catalytic 

dehydrogenation reaction. The five following approaches were used to 

release hydrogen from ab:   

(1). Solid state thermal decomposition 

(2). Transition metal catalyzed dehydrogenation 

(3). Ionic liquid catalyzed dehydrogenation  

(4). Solution phase thermal decomposition 

(5). Nanophase ab encapsulated in SBA-15 

While ab looks promising for hydrogen storage, given the 

volumetric and gravimetric density of hydrogen, there are still some 

technical challenges to be addressed. Foremost of these challenges are (1) 

enhancing the rates of hydrogen release, and (2) the discovery of 

economical chemical processing pathways to put the hydrogen back onto 

the dehydrogenated materials. In Chapter 7 - 9, the system of BH3NH3 will 

be discussed in more detail.   

 

Ammonia Triborane 7 – NH3B3H7  

 The high hydrogen release capacity that could potentially be 

achieved by ammonia triborane thermolysis or oxidative-hydrolysis, also 

makes it an attractive candidate for CHS. With 17.7 and 9.7 wt% H2 in the 

thermolysis and hydrolysis, respectively, the H2 release from ammonia 

triborane 7 (ATB7) can be made by the following equations:  

 NH3B3H7  →  “B3N”   +  5H2   (4.5) 

 NH3B3H7 + 6H2O → NH4
+ + 3BO2 + 2H+ + 8H2  (4.6) 

Ammonia triborane was first in high yield synthesized by Kodama and co-

workers in 1959.[78,79] Due to the lack of a suitable method for an efficient 

and safe synthesis 50 years ago, its reactivities and properties have not 

been explored. Recently, Sneddon and co-workers have demonstrated that 

ATB7 can be synthesized by a new, efficient and easily available way.[80] 

They also showed the difference in structures of ATB7 based on X-ray 

crystallographic determinations and DFT computational studies. While 

computations predicted a symmetric single bridging-hydrogen 

conformation, ATB7 has a highly asymmetric structure in the solid-state 
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that results from intermolecular N―H+•••H――B dihydrogen bonding 

interactions. Like AB, a donor-acceptor complex type, ATB7 formed by 

the combination of ammonia (A) and triborane (TB7). By both theoretical 

and experimental studies,[81-88] its conformations have been investigated. 

An important point in ATB7 is that it has one localized molecular orbital in 

the center of the electron-deficient triborane ring.[87]  

Chemical reactions for H2 release from ATB7 with both thermolytic 

or oxidative-hydrolytic processes have been studied long time ago with the 

presence of catalysts. Kodama[78,79] noted that upon treatment with 

sodium in ammonia, one equivalent of hydrogen is released giving a 

mixture of products including NaBH4. Sneddon found that ATB7 undergoes 

rapid hydrolysis after treatment with HCl or various metal catalysts, the 

best catalyst being Rh.[80,89] Similar to borohydride hydrolysis, products 

with B–O bonds are produced, from which the regeneration steps are 

energetically more demanding.[55] In chapter 9, chemical reactions to form 

ATB7 as well as the pathways for H2 release will be described.  

 

Ammonia Triborane 9 – NH3B3H9 – ATB9 

Another homologue of ammonia triborane 7 (ABT7) is ammonia 

triborane 9 (ATB9), which is also going to be a good candidate for the 

CHS. ATB9 has a chemical formula of NH3B3H9, which is the new complex 

formed by a combination of ammonia and triborane-9. The best structure 

closely related to ATB9 is ammonium hydrotriborate, which is the salt 

known as [NH4][B3H8]. Ammonium hydrotriborate has been synthesized by 

treatment of pentaborane-9 with ammonium hydroxide.[90] This is a stable 

colorless crystalline solid in pure form, and no decomposition was evident 

on heating the solid at 60°C for 70 hours. It is apparently stable in water 

and alcohols and slowly decomposes to form NH3B3H7 and H2 when treated 

with benzene or ether. This is in stark contrast to [NH4][BH4]
[91] which 

decomposes at temperatures above ―40°C. Ammonium hydrotriborate 

has a potential hydrogen storage capacity of 13.9 wt% (assuming a loss of 

4 eq. H2). The processes for H2 loss from [NH4][B3H8] was usually 

performed from alkylammonium hydrotriborate salts with the addition of 

metallic Si or Al. Our quantum computational chemistry calculations for 

the H2 release processes will be discussed in a forthcoming chapter. It 
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could open a new way for synthesis and for H2 release processes of ATB9. 

The studies of other salts and methods with the presence of catalysts are 

also interesting for further experiments. Other ammonia-based complexes 

(ABC) such as diammoniate of diborane (DADB) … are also considered to 

be good CHS materials. Details of these compounds will be discussed in 

the following chapters of the thesis. Let us note that the use of B―N―H 

compounds for transportations in the U.S. was a project on boron-based 

jet fuels which dates back from the late 1940s.[92]  

 

4.4.2.3 Al–N–H compounds  

The main idea for discovering new CHS materials based on 

ammonia is to search for compounds that have dative bonds and can 

generate H2 from both hydridic and protic hydrogens. One of the 

kinetically stabilized hydrides for this purpose is the ammonia alane (AAl, 

NH3AlH3) which is obviously formed from ammonia with alane. AAl is 

isovalent with AB and now considered as a better material for CHS. With a 

hydrogen storage capacity of 10 wt%, AAl has been used long time ago in 

the military. Indeed, the general interest in this highly energetic 

compound was primarily for solid rocket propellants and explosives.[30,93]  

Recently, high accuracy ab initio electronic structure calculations 

for the heats of formation and reaction thermodynamic parameters, both 

in gas phase and solid state, predicted that molecular AAl and the 

corresponding ionic salt [AlH4]
―[NH4]

+ in the solid state can serve as good 

hydrogen storage systems that release H2 in near-thermoneutral 

processes.[94,95] Our calculations for a series of chemical reactions 

involving AAl with several catalysts show that it is not only a promising 

CHS material but is also playing well in the role of catalyst. In the 

following chapter 6, details of the calculated results on these systems will 

be presented.  

 

4.4.3 The "Grand Challenges" for Chemical Hydrogen Storage 

 Since the term of hydrogen energy / hydrogen economy appeared, 

the related terms or concepts rapidly attracted the attention of scientists. 

The word “challenges” was often used when talking about hydrogen 

storage. This indicates that hydrogen storage is an important and 
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challenging issue not only for the application to hydrogen-fuelled vehicles, 

but also for stationary and portable-devices. In transportation 

applications, storing hydrogen on board for 500 km driving range is still a 

major challenge while meeting the performances. There are also several 

other important targets besides weight, volume and cost, such as 

hydrogen charging and discharging rates, durability, safety, and 

operability over temperatures and pressures defined by vehicular 

requirements.[7]  

 As mentioned before, in a fiction novel of Jules Verne, he believed 

that “… water will one day be employed as a fuel, that hydrogen and 

oxygen which constitute it, used singly or together … Water will be the 

coal of the future …”. Searching and discovering or designing new 

chemical compounds represent the biggest challenges. Although several 

chemical compounds described above have met the requirements for a 

CHS material, the cost and regeneration processes still pose problems. It 

is clear that vehicles in the transition period may not satisfy the stringent 

requirements represented by the DOE-2015 targets. Completely new 

materials with high chemical hydrogen storage capacity have been 

developed in the last few years, and it is still too early to select a 

technology for the long term. Therefore, continuing basic and applied 

researches and developments of new concepts and/or materials are 

needed. In conclusion, all new concepts and ideas should continue to elicit, 

because success in overcoming the major stumbling block of on-board 

storage is critical for the future of transportation use of fuel cells.[17,30] It is 

actually the purpose of our studies presented in this thesis. 

 

4.5 Other Means of Hydrogen Storage 

Before closing this chapter, let us mention that currently, with the 

state-of-the-art technologies, several approaches for storing hydrogen are 

being pursued. It has been found that the sorbent material, capable of 

reversible uptake and release, offers advantages if suitable gravimetric 

and volumetric uptake can be archived. While the hydrogen-carbon 

interaction is too weak, the metal-hydrogen bond is too strong for room 

temperature reversible storage. Therefore, there are some novel ways of 

overcoming this difficulty by forming artificial structures. Nowadays, 
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“nano” is the most popular word when talking about science and 

technology. So some classes based on nanomaterials such as nanotubes, 

nanoporous, nanoscroll…. are being considered. The metal organic 

frameworks (MOF) represent another possibility for containing hydrogen. 

The reforming process is another conceivable approach. Its representation 

as methanol reformer is still expensive but more adaptable for vehicle on-

board application, due to the fact that the distribution network for 

hydrocarbon fuels already exists. While much progress is being made, an 

ideal technology for hydrogen storage is not yet available.[1,6]  
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THEORETICAL BACKGROUNDS 

 
 
 
 
 
 
 
 
 
 
 

 

The basis sets used in the molecular orbital 

calculations carried out in this work are briefly 

presented. The extrapolation techniques to 

approach the complete basis set limit (CBS) are 

discussed. The dependence of the energetic results 

on the basis sets is systematically evaluated to 

estimate the error bars.  
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CHAPTER 5 
 

 

COMPLETE BASIS SETS  

 

 

omputer is now a “family member” for many people. It is not 

only indispensable in the every day life, but also becomes the 

most important tool for doing scientific research. In the 

computational quantum chemistry (CQC) field, powerful computers are 

critical for calculating properties and optimizing parameters of molecules. 

Beside the predictions of complex phenomenon that experiments could not 

observe yet, such as the transition structure states in chemical reactions, 

computer powers allow the calculations of parameters with high accuracy 

that can compete with experiment. 

 The total energy of an atom or a molecule is the basic quantity 

obtained when solving the Schrödinger equation. There are two major 

sources of error that must be considered in the solution of the electronic 

Schrödinger equation using the “wavefunction-based”, or molecular 

orbital, methods. One apparent error is due to the truncated expansion of 

the many-electron wavefunction in terms of Slater determinants. The 

other called “intrinsic” error is the representation of the 1-particle orbitals 

by a suitable basis set, typically consisting of Gaussian-type functions, 

from which these determinants are constructed. In modern ab initio 

electronic structure approaches, the accuracy of the calculation is strongly 

dependent on these two expansions. For the past three decades most 

attention has been focused on the first expansion, with development of 

more effective many-particle expansions to determine the electron 
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correlation. Beginning in the mid-1980s, however, it was recognized that 

the second one-particle expansion can also dramatically affect the quality 

of the quantum chemical results.[1]  

The “apparent” errors arising from a given method with a finite 

basis set can often be much different from their “intrinsic” errors, which 

are obtained at the complete basis set (CBS) limit. The latter is indicative 

of the true accuracy of the chosen method, and is generally much more 

transferable between related chemical systems. Therefore, in order to 

obtain the accuracy of a given method for a particular atomic and 

molecular property, the calculation at the CBS limit must be performed in 

which all the errors due to the basis set approximations can be removed. 

Unfortunately, the finite basis sets employed are generally far from the 

CBS limit, and it is not possible to compute a wavefunction at the Hartree-

Fock limit. Therefore, a solution is to extrapolate the results obtained from 

a sequence of calculations that utilize an affordable series of finite basis 

sets but systematically approaching the CBS limit. A desirable requirement 

of these basis sets is that they should lead to regular convergence of not 

only the total energy of the system but also other molecular properties 

depending on the accuracy of the wavefunction. This led to the 

development of a number of basis sets for use in correlated calculations.[2-

4] The most commonly-used family of basis sets that generally satisfies 

these requirements is the correlation consistent basis sets, which were 

originally developed by Dunning for the first-row atoms.[5] The polarization 

consistent family, which systematically-convergent basis sets explicitly 

designed for Hartree-Fock and Density Functional Theory (DFT) 

calculations have also been developed by Jensen.[6,7] However, since 

correlation consistent basis sets can be used for both DFT and MO 

methods, it is now possible to efficiently approach the complete basis set 

(CBS) limit for any given correlation treatment.  

The prediction of accurate energetics, barrier heights, and 

structural geometries for chemical reactions depends on the explicit 

treatment of electron correlation. Using several MO methods for treating 

electron correlation, our calculations have been benmarked for H2 release 

reactions using the correlation consistent basis sets. 
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Figure 5.1  Approach to the “exact” solution to the Schrödinger equation 

 

5.1 Correlation Consistent Basis Sets  

As mentioned above, the quality of a quantum chemical calculation 

depends on the completeness of the one-particle orbitals and many-

particle expansions. The choice of a basis set dictates the truncation of the 

one-particle expansion, while the wavefunction model determines the 

completeness of the many-particle space. It is important to know how the 

induced errors could be. Their respective errors can also be strongly 

coupled, which can lead to fortuitous error cancellations. Hence in certain 

cases, low level methods, when combined with small basis sets, can 

produce better agreement with experimental properties than more 

sophisticated and computationally expensive methods and large basis 

sets.  

In the past, for the correlated molecular calculations, basis sets for 

use have largely been taken from single configuration calculations. Ideally, 

a basis that has many functions with large principal quantum number as 

well as with large angular quantum number should be employed. In 

practice, such complete bases are computationally too expansive and may 

suffer from linear dependencies. Almlöf, Taylor,[2] and Ahlrichs[8] found 
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that the atomic natural orbital (ANO) basis sets derived from correlated 

calculations provide an excellent description of molecular correlation 

effects. Taking the ideas from these works, Dunning suggested one 

practical solution in 1989, in which each member systematically improves 

on the previous member. He reported the family of correlation consistent 

Gaussian basis sets for the first row elements and hydrogen,[5] denoted as 

cc-pVnZ, with n = D (double zeta), T (triple zeta), Q (quadruple zeta), 

which allowed for a systematic extension of the one-particle basis set 

towards the CBS limit in correlated calculations. The correlation consistent 

basis sets of Dunning are constructed in such a way that each basis in the 

series supplements the previous basis with a complete shell of functions 

that go with the current principal quantum number. For the 1st and 2nd row 

atoms, the cc-pVDZ (correlation consistent-polarized valence double zeta) 

basis set adds the 1s/2s, 2p/3p, and 3d functions. The cc-pVTZ set adds 

another s, p, d, and an f function, etc. (Figure 5.2)  

In a correlation consistent basis set, an increase in the cardinal 

number results in an increase in the maximum angular momentum of the 

basis, as well as the addition of multiple functions of each existing angular 

momentum. Thus this prescription systematically expands both the 

angular and radial parts of the basis set. For example, the basis with 

maximum principal quantum number lmax = 4 (e.g. cc-pVQZ in case of 

hydrogen and helium or cc-pVTZ in case of other elements) adds a single 

set of s, p, d, and f orbitals to a basis that already has three sets of s, two 

sets of p, and one set of d orbitals. (a 3s2p1d group). Each basis in the cc-

pVnZ series is characterized by the cardinal number n. The cardinal 

number of the basis and the maximum angular momentum quantum 

number are related: n = m + 1 in the case of hydrogen and helium; n = m 

for other elements. The number of individual basis functions N grows as 

the third power of cardinal number in the correlation consistent series. 

For the first-row atoms, the correlation consistent prescription has 

been used successfully but essentially unchanged for the 2nd- and 3rd-row 

elements.[9-13] The correlation consistent basis sets generally range from n 

= D to n = 5 or 6 since applying for the 1st-row atoms, while the selected 

elements in the 2nd- and 3rd-row elements have been covered up to as 

large as cc-pV10Z.[14] In the case of the post-3d elements, although the 
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HF set also included d-type functions, but these cc-pVnZ basis sets defined 

the 3d electrons to lie within the frozen core approximation. Therefore the 

pattern of valence correlating functions is identical in these cases to the 

1st- and 2nd-row p-block atoms.  

 
Figure 5.2: The prescription of correlation consistent basis sets.  

 

The development and use of cc-pVnZ basis sets for the 2nd-row 

atoms was observed that these basis sets lacked sufficiently tight d-type 

functions that were necessary at the HF level of theory to describe 

molecular inner shell polarization effects.[15-19] As a result, Dunning 

released a new series of basis sets, denoted as cc-pV(n + d)Z, where the 

number of d-type exponents was increased by one compared to the cc-

pVnZ sets and were completely reoptimized. The additional tight d-

function has a large coefficient. CBS extrapolations for dissociation 

energies and bond lengths of molecules containing second-row elements 

(Al-Cl) were found to be much more accurate when the new cc-pV(n + d)Z 

basis sets were used, as compared to those obtained with the original 

sets. Thus, it was strongly recommended that all frozen-core calculations 

involving 2nd-row atoms use these newer basis sets that include an 

additional tight d-function at each level.  

There are some reasons for the use of the correlation consistent 

basis sets: 
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1. they perform comparably for most applications (with the extension of 

the 2nd- and 3rd-row atoms, includes post-3d elements)  

2. they reduce the computational cost of calculations (compared with 

ANO basis sets: shorter time for intergral evaluation) 

3. they give accurate values for chemical parameters in a consistent way.  

 

5.2 Diffuse-augmented Basis Sets 

The highest MOs of anions, highly exited electronic states, and loose 

supermolecular complexes, tend to be much more spatially diffuse than 

other MOs. When a basis set does not have a flexibility necessary to allow 

a weakly bound electron to localize far from the remaining density, 

significant errors in energies and other molecular properties can occur. To 

address this limitations, standard basis sets are often “augmented” with 

diffuse basis functions, when their use is warranted.  

 In the Pople’s basis sets, the presence of diffuse functions is 

indicated by a “+” in the basis set name. For example, the 6-31+G(d) set 

indicates that heavy atoms have been augmented with a set of diffuse s 

and p functions. For the Pople basis sets, the exponents for the diffuse 

functions were variationally optimized on the anionic one-heavy-atom 

hydrides, e.g., BH2
─, and are the same for 3-21G, 6-31G and 6-311G. In 

general case, a rough rule of thumb is that diffuse functions should have 

an exponent about a factor of four smaller than the smallest valence 

exponent.[20] 

In the Dunning’s basis sets, the standard cc-pVnZ sets were 

optimized for the ground states of the neutral atoms. While they can 

accurately describe neutral and cationic systems, they generally are not 

adequate for calculating properties dependent on the long-range part of 

the wavefunction, e.g., electron affinities of atoms and molecules or weak 

interactions.[1,20,21]  

 The augmented diffuse functions were optimized in correlated 

calculations on the atomic anions, and one function is added for each 

angular momentum symmetry present in the cc-pVnZ basis set. Thus, the 

aug-cc-pVTZ set has diffuse f,d,p and s functions on heavy atoms and 

diffuse d,p and s functions on H and He.  
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To consider the effects of basis sets with different methods, we  

considered the BH3NH3 system as an example. The geometrical 

optimizations, vibrational frequencies and energy barrier were considered. 

The set of method/basis set for comparison of the transition state H2 loss 

from BH3NH3 is indicated. 

Figure 5.3 shows the optimized geometrical parameters using the 

methods given above. 

 

Figure 5.3 Geometrical parameters of TSAB. Bond lengths are given 
in angstrom follow the order  B3LYP/6-311++G**     

B3LYP/aug-cc-pVTZ 
[MP2/6-311++G**] 
[MP2/aug-cc-pVTZ] 
(CCSD(T)/6-311++G**) 
(CCSD(T)/aug-cc-pVTZ) 

  

TABLE 5.1 lists the calculated relative energies for stationary 

points for H2 release from BH3NH3 system. Zero point energy and relative 

energies also are given in kcal/mol.  
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The above results for H2 release from BH3NH3 show that the use of 

different methods and basis set for geometrical optimization and 

frequency calculations give significant differences in geometrical 

parameter and energies. In particular, there are some particular points:  

1.  Geometrical parameters: hydrogen bond and dihydrogen bonds in 

monomer, complex and dimer in some case could not be obtained by 

the DFT (B3LYP functional) and Pople basis set. This point will be 

discussed in detail in the next chapter.  

2. Harmonic  frequencies and then the ZPEs for the TSab do not vary 

much, if appropriate scaling factors can be found; 

3. Relative energies for H2 release are modified by up to 3-4 kcal/mol.  

 
TABLE 5.1: Calculated ZPE’s and ZPE-corrected relative energies 
(kcal/mol) of stationary points relevant to the formation of H2 from BH3NH3. 
  

ZPE Relative Energy 
Points 

B3LYPa) B3LYPb) MP2c) MP2d) B3LYP  B3LYP MP2 MP2 CCSDT CCSDT 

NH3 21.5 21.4 21.9 21.7       

BH3 16.4 16.5 16.8 16.8       

H3B+NH3 37.9 37.9 38.6 38.5 23.3 23.1 26.3 26.3 25.7 25.6 

H3B─NH3 43.7 43.7 44.5 44.3 0.0 0.0 0.0 0.0 0.0 0.0 

TSab 39.5 39.6 40.5 40.3 34.4 34.6 36.4 35.5 37.7 36.8 

H2B─NH2 + H2 36.4 36.4 36.7 36.8 -9.5 -9.0 -7.3 -6.6 -7.1 -6.3 

H2B─NH2 30.0 30.1 30.3 30.4       

H2 6.3 6.3 6.5 6.5       

 
a) Zero-point-energy (ZPE) obtained from harmonic vibrational frequency from (U)B3LYP/6-
311++G(d,p) level and scale down by 0.9806 
b) Zero-point-energy (ZPE) obtained from harmonic vibrational frequency from 
(U)B3LYP/aug-cc-pVTZ level and scale down by 0.9806 
c) Zero-point-energy (ZPE) obtained from harmonic vibrational frequency from (U)MP2/6-
311++G(d,p) level and scale down by 0.9500 
d) Zero-point-energy (ZPE) obtained from harmonic vibrational frequency from (U)MP2/aug-
cc-pVTZ level and scale down by 0.9500 
e) Based on optimized (U)B3LYP/6-311++G(d,p) geometries  
f) Based on optimized (U)B3LYP/aug-cc-pVTZ geometries 

g) Based on optimized (U)MP2/6-311++G(d,p) geometries 
h) Based on optimized (U)MP2/aug-cc-pVTZ geometries 

i) Based on optimized (U)CCSD(T)/6-311++G(d,p) geometries 
k) Based on optimized (U)CCSD(T)/aug-cc-pVTZ geometries
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CHAPTER 6 
 

 

EXTRAPOLATION  

TO THE CBS LIMIT  

 

Modeling chemical systems by ab initio electronic structure techniques 

often requires a sophisticated treatment of electron correlation.[22,23] The 

accuracy of the results, however, are still dependent on the quality of the 

one-particle basis set used to represent the molecular orbitals. A small 

basis set used with a highly correlated method can yield results of lesser 

accuracy than those obtained at a lower level with a larger basis set. This 

interplay of errors between the correlation treatment and orbital basis set 

can lead to erratic results which limits our understanding of the true 

accuracy of a given theoretical method. Only when the complete basis set 

(CBS) limit is approached can the inherent accuracy of a certain 

theoretical method be assessed.[24] 

As mentioned above, due to the fact that calculations of the 

wavefunctions at the CBS limit are not possible, we need to use 

extrapolation techniques. There are different extrapolation procedures to 

the complete basis set (CBS) limit.[25-29] For this purpose, the main 

advantage of the aug-cc-pVnZ basis sets is that a systematic improvement 

is obtained when going from one level to the next in each series. As a 

consequence, these basis sets are ideally suited for extrapolation 

methodologies. Peterson and co-workers[30-32] showed that by using 

systematically larger correlation consistent basis sets, most molecular 

properties converge to a well-defined asymptotic limit. The intrinsic error 

in a given property resulting from the use of a chosen electronic structure 
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method is obtained by comparing this estimated CBS limit value to 

experimental result (Figure 6.1). 

The extrapolation of the total energies towards the basis-set limit 

requires not only a systematic suite of basis sets such as the correlation-

consistent sets, but also a simple model according to which the 

extrapolation can be carried out. For this purpose, Feller[33,34] proposed 

the use of a three-parameter exponential model: 

En = ACBS + B exp(-Cn) (6.1) 

where n is the cardinal number of the basis set (i.e., 2, 3, 4, 5 for DZ, TZ, 

QZ, and 5Z sets, respectively) and A is the estimated CBS limit as n  ∞. 

Although this model indeed gives a reasonable fit to the calculated 

energies, it may not display in some cases the correct asymptotic behavior 

of the correlation energy.  

Indeed, investigations of the asymptotic behavior of the second-

order correlation energy—for the helium atom by Schwartz in 1962 using a 

1/Z perturbation expansion[35] and for n-electron atoms by Kutzelnigg and 

Morgan in 1992 using Møller–Plesset theory[36]. For the correlation 

energies, extrapolations based on a two-parameter Schwartz model 

involving an inverse power of the cardinal number can be used. 

 

 

Figure 6.1. Approaching the Complete Basis Set Limit 
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Formulas of basis set convergence can be expressed in terms of inverse 

powers lmax, which is the highest angular momentum present in the basis 

set. Recently, Martin[25,26] proposed an alternative extrapolation of the 

similar equation: 

 (6.2) 

 

where     is the total CCSD(T) energy obtained at a given correlation 

consistent basis set, for example aug-cc-pVTZ (lmax = 3), aug-cc-pVQZ 

(lmax = 4), aug-cc-pV5Z (lmax = 5), etc., ACBS is the total CCSD(T) energy 

extrapolated to the complete basis set limit; and B is a fitted parameter. 

There are two unknown variables ACBS and B, such that at least two 

correlation consistent basis sets (e.g. aug-cc-pVTZ and aug-cc-pVQZ) 

need to be employed in order to obtain ACBS.  

For the extrapolations of the correlation energies, an expression of 

the form 6.3 was chosen for its simplicity by Helgaker and co-

workers.[27,28] It contains only two parameters and displays the same 

asymptotic behavior as the integrated Schwarz expansion for the helium 

atom.  

 (6.3) 

 

where      is the CCSD(T) correlation energy computed at a given basis 

set; and ACBS is the CCSD(T) correlation energy extrapolated to the 

complete basis set limit.  

Dunning and coworkers[24] proposed a mixed exponential/Gaussian 

function to the form 6.4: 

 (6.4) 

 

 This approach was successful applied for the H + H2 reaction[24] 

and recently worked well in other issues.[29] Wilson and Dunning[37] 

recommended an alternative formula for extrapolation of the valence MP2 

correlation energy to the CBS limit, equation 6.5:.  

 (6.5) 

 

E    
maxl

BA     +E    =
( + 0.5)l     C

max
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BA     +E    =  l     3
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E    
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Both equations 6.4 and 6.5 require at least three correlation consistent 

basis sets (for example, aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ, 

which correspond to lmax = 2, 3, 4) in order to solve the three variables.  

     In the present work, we adopt the extrapolation formula 6.4, which 

requires the calculations of three energy points. 
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AMMONIA BORANE COMPOUNDS 
B – N – H 

 
 
 

PARTIII 

In this part, the molecular mechanisms of ammonia borane compounds in 

releasing hydrogen molecules are discussed in detail. Computational 

quantum chemistry methods applied to these compounds including 

NH3BH3, (NH3BH3)2, and NH3B3H7 demonstrate that they can be considered 

as materials for chemical hydrogen storage. For hydrogen release, borane 

and alane can be used as efficient catalysts. The results described in the 

following chapters were reported in the following publications: 

1)  Molecular Mechanism for H2 Release from BH3NH3, Including the 
Catalytic Role of the Lewis Acid BH3 
Nguyen, M. T.; Nguyen, V. S.; Matus, M. H.; Gopakumar, G.; Dixon, 
D. A. J. Phys. Chem. A 2007, 111 (4), 679 - 690 

2)  Molecular mechanism of hydrogen release reactions: Topological 
analysis using the electron localization function 
Gopakumar, G.; Nguyen, V. S.; Nguyen, M. T. J. Mol. Struc. 
THEOCHEM 2007, 811, 77 - 89 

3) Ammonia Triborane: Theoretical Study of the Mechanism of Hydrogen 
Release  
Nguyen, V. S.; Matus, M. H.; Nguyen, M. T.; Dixon, D. A. J. Phys. 
Chem. C 2007, 111 (26), 9603 -9613  

4)  Computational Study of the Release of H2 from Ammonia Borane Dimer 
(BH3NH3)2 and Its Ion Pair Isomers 
Nguyen, V. S. ; Matus, M. H.; Grant, D. J.; Nguyen, M. T.; Dixon, D. 
A. J. Phys. Chem. A 2007, 111 (36), 8844 - 8856  

5)  Reactions  of  Diborane  with  Ammonia  and  Ammonia  Borane: 
Catalytic  Effects  in  Multiple  Pathways  for  Hydrogen  Release 
Nguyen, V. S.; Matus, M. H.; Nguyen, M. T.; Dixon, D. A. J. Phys. 
Chem. A 2008, 112 (40), 9946 – 9954 
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CHAPTER 7 

 

 
AMMONIA BORANE MONOMER 

NH3BH3 
 

 

 

7.1 Introduction  

he first compound of the B―N―H materials was found by 

Alfred Stock[1] with the empirical formula B2H6•2NH3 when two 

moles of ammonia react with one mole of diborane to form a 

salt-like compound. The ‘mysterious’ B2N2H6 adduct, as termed at that 

time, and later called diammoniate of diborane (DADB), was determined 

by the molecular weigh technique, but there was considerable ambiguity in 

the identity of the molecule and nature of the structure of DADB. It was 

ranging from ammonia cation, borohydride anion to both cation and anion 

such as [NH2(BH3)2]
―[NH4]

+, [BH2(NH3)2]
+[BH4]

― to 

[NH4]
+[BH2NH2][BH4]

―. In the 1950s, after a series of clever 

experiments[2-8] designed by Shore and Parry to identify the real structure, 

DADB was finally proven to contain the borohydride anion 

[BH2(NH3)2]
+[BH4]

―. During these experiments, Shore discovered an 

unexpected side reaction that formed NH3BH3, ammonia borane (ab).[9]  

Nowadays, NH3BH3 can be synthesized by the three following 

approaches. These approaches are based on Shore, Parry and Mayer 

experiments and described in a recent review paper.[10] They include: (1) 

condensation of B2H6 in organic ethers followed by treatment with gaseous 

NH3. This procedure provides ab in yields varying from 45 – 60%. (2) 

metathesis of NH4X and MBH4 in organic solvent. This procedure provides 
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ab in yields ranging from 30 – 85%, and (3) dissolution of DADB in glyme 

solvent containing a trace of diborane. Autrey[10] also made a comparative 

synthesis study to determine the optimal reaction conditions to prepare ab 

in a “single pot”, which can be performed in two reaction sequences: 

parallel and sequential. The results showed that they could attain yields as 

high as 80% using the sequential reaction sequence and as low as 20% 

using the parallel reaction sequence.[10,11]   

Ammonia borane, or borazane, ab, has long been known as a 

stable molecule in both gaseous and solid state phases. As discussed in 

previous parts, ab has received considerable attention for chemical 

hydrogen storage due to its high gravimetric and volumetric density of 

hydrogen and can release covalently bound hydrogen at the relatively low 

temperatures required for practical implementations.  

The B――N+ polarity was rapidly revealed by empirical MO 

calculations. The BN bond distance of 1.672 Å and the large dipole 

moment μ(H3BNH3) = 5.216 Debye experimentally determined in the gas 

phase[12,13] (liquid: 4.90 Debye[14]) could already be fairly reproduced by 

Hatree-Fock calculations.[15] The positive end on the N was identified from 

a strong N→B pσ charge transfer in the high-lying 4a1 and 5a1 molecular 

orbitals, both of which make heavy use of the nitrogen AO’s. The strong 

electron donation of N into the empty a1 orbital localized on B is largely 

dominant (up to 0.4 e, depending on the method). The back-donation 

from B to N is not significant. The N to B charge transfer is compensated 

by a corresponding shift of charge from H(N) to N and from B to H(B). This 

is consistent with the fact that the B-N bond is a dative σ-bond. The dative 

σ-bond character leads to both BH3 and NH3 groups being pyramidal. 

From the mid-1970’s, much attention was paid to the nature of the 

molecular interactions in ab, which can be considered as a (strong) 

acceptor-donor complex between a Lewis acid (BH3) and a Lewis base 

(NH3). By expanding the MO’s in terms of both molecular components, the 

importance of charge transfer from the frontier orbitals (the HOMO of NH3 

and the LUMO of BH3) was shown quantitatively by using a perturbation 

treatment.[16] The non-bonding electrons from the nitrogen p-orbital 

occupy an empty p-orbital of the boron and form a dative bond. Figure 7.1 

shows the shape of NH3BH3 molecule with the lone electron pair of NH3. 
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The quantitative determination of the complexation energy 

between BH3 and NH3, or conversely the BN bond dissociation energy of 

H3BNH3, rapidly became a challenge for quantum chemists.[17-23] The 

Hartree-Fock method failed to predict this quantity leading to a value of 

~16.0 kcal/mol.[23] Electron correlation leads to an increase of ~9.0 

kcal/mol.[22-24] Recent accurate CCSD(T)/CBS calculations of heats of 

formation[25] resulted in a complexation energy of 25.9 kcal/mol between 

BH3 and NH3 with an expected error bar of ± 1.0 kcal/mol.  

 

Figure 7.1 H3B ← NH3 Electron donor-acceptor (dative) bond.  
 
 When considering the hydrogen storage26] the advantages and 

properties of ammonia borane derivatives, that have been known for a 

number of years,[27-29] have received significant attention.[30-33] Issues with 

all hydrogen storage materials for transportation applications are 

dehydrogenation and rehydrogenation of the spent fuel, both under 

appropriate conditions. From accurate ab initio electronic structure theory 

calculations, in both the gas phase and solid state, thermodynamic 

properties have been reliably predicted,[31,32] which show that molecular 

ammonia borane (NH3BH3), ammonia alane (NH3AlH3), and alane 

phosphine (PH3AlH3) as well as the salts [BH4
─][NH4

+], [AlH4
─][NH4

+], 

[AlH4
─][PH4

+], and [BH4
─][PH4

+] can serve as hydrogen storage systems 

that release H2. The ability to use borane amines for H2 storage systems 

will also depend on the inherent H2 release kinetics and mechanism of the 

processes.[29,30] Using experimental thermoanalytical techniques, Wolf and 

co-workers[30] found that BH3NH3 begins to undergo stepwise thermal 
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decomposition at a temperature as low as 410 K. During the first 

decomposition of solid borane amine, approximately 1 mol of H2/mol 

BH3NH3 is released, together with formation of aminoborane, BH2NH2, and 

other polymeric derivatives. Elemental analysis and spectroscopic 

characterization by IR and X-ray diffraction methods, carried out by these 

authors,[30] clearly showed that thermal H2 elimination (equation 7.1) 

requires moderate activation energy. In contrast, relatively little is known 

experimentally about the subsequent process (equation 7.2).[33] 

NH3BH3  NH2BH2 + H2 (7.1) 

NH2BH2  NHBH + H2 (7.2)  

More recently, Li et al.[33] reported direct ab initio dynamics 

studies of reactions 7.1 and 7.2 with geometrical and energetic 

parameters obtained from different versions of the composite G3 and CBS 

methods. These authors identified a concerted mechanism with a planar 

four-member transition structure for H2 elimination from NH3BH3, and an 

energy barrier of 32-33 kcal mol-1. To reconcile this rather large energy 

barrier with the experimental kinetics mentioned above, they suggest that 

at low temperatures the rate constant is largely influenced by 

tunneling.[33a] Nevertheless, in their kinetic treatments, Li et al.[33a] did not 

include the B-N bond cleavage channel giving rise to NH3 and BH3. As 

stated above, evaluation of the NH3 + BH3 asymptote shows that it is 25.9 

kcal mol-1 above the BH3NH3 molecule[31] and thus lies below the transition 

structure for H2 elimination, so direct B-N dissociation is expected to be 

predominant over H2 loss. 

In this work, we studied the relevant H2 release pathways in the 

NH3BH3 system, using high-level ab initio quantum chemical methods. We 

have tested the following hypothesis: during the transformation, can the 

BH3 and/or NH3 molecule(s) formed by bond cleavage of the B-N bond in 

NH3BH3, act as a catalyst for H2 production from the remaining BH3NH3 

molecules? Our results show that the Lewis acid BH3 molecule can 

effectively act as a bifunctional catalyst for the H2 elimination.[34-36] This 

type of reaction is related to hydrolysis reactions in aqueous solution 

where the solvent water molecules undergo an active solvent catalysis 

facilitating the water addition by a relay of H-transfers.[37] A number of 
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catalysts have been developed recently to improve the rate of H2 

elimination from methyl-substituted boron amines.[38-41]  

There has been considerable interest in metal hydrides for 

hydrogen storage,[42] including aluminum-based materials such as 

NaAlH4.
[43,44]  The amine complexes of aluminum hydrides have first been 

prepared in the 1960’s by different groups.[45,46] Alane (AlH3) based 

compounds have been suggested as a promising material for onboard 

hydrogen-storage applications.[42,47,48] Reactions of mixed aluminum 

hydride derivatives with ammonia borane lead to loss of H2 and formation 

of AlN/BN polymeric materials at high temperatures.[49] Similar to borane, 

the effect of alane in the process is of interest.[50] 

To better understand the catalytic reaction, we have also studied 

the electronic reorganization accompanying the H2 release by using a 

topological analysis of the stationary points along the pathways. The 

atoms-in-molecules (AIM)[51] approach and an electron localization 

function (ELF)[52] analysis were used to perform on the located minima 

and relevant transition structures. Charges were calculated on the basis of 

natural bond orbitals (NBOs).[53] For a comparison and further extension of 

the scope of the catalytic mechanism, we have considered the H2 

elimination from the iso-electronic CH3CH3 without and with the presence 

of BH3 and AlH3. 

 

7.2 H2-releases from ethane and ammonia borane monomer  

We first studied the Woodward-Hoffman forbidden [2+2] loss of H2 

from C2H6. Selected geometrical parameters of the relevant transition 

structures, optimized using both the B3LYP and MP2 methods with the 

aug-cc-pVTZ basis set (denoted hereafter as aVTZ), are displayed in 

Figure 7.2. Relative energies between stationary points are schematically 

illustrated in Figure 7.3. We use the following labels: TS indicates a 

transition structure, et stands for ethane and ab for ammonia borane 

molecule. Figure 7.2 includes both TSet and TSab for H2 release from 

ethane and ammonia borane, respectively. 
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TSet TSab 

Figure 7.2 Geometrical parameters of transition structures for H2 release 
from ethane TSet and ammonia borane TSab optimized by use of 
B3LYP/aVTZ (upper values) and MP2/aVTZ (lower values). Bond lengths 
are given in angstrom. 
 

TSet has Cs symmetry (Figure 7.2) and the H2CCH2 group that is 

being formed has a slightly trans-bent configuration. The departing H2 

molecule occupies a highly non-symmetrical position. Both H-atoms are 

displaced in a parallel manner to the C–C bond, in such a way that both 

departing H atoms are centered at one carbon atom. This motion is well 

described by the normal mode of the corresponding imaginary frequency. 

With a H–H bond distance of 1.15 - 1.20 Å as compared to a calculated 

bond distance of 0.74 Å in H2, the H2 is only weakly formed in TSet. There 

is a shorter C–H bond which is only slightly extended by 0.1 Å from a 

normal C–H bond and this corresponds to the H transferred from one CH3 

to the other. The other C–H bond is much longer near 1.5 Å. The C–C 

bond of 1.44 - 1.45 Å falls between those of single (1.524 Å) and double 

(1.333 Å) carbon-carbon bonds calculated at the MP2/aVTZ level. 

TSet corresponds to a structure with the H from one CH3 group 

partially dissociated and with the H from the other CH3 group partially 

attached to the CH3 group that is losing a hydrogen and is, in fact, almost 

fully transferred to the other CH3 group. Figure 7.3 clearly shows that the 

unimolecular H2-elimination from ethane via TSet is characterized by an 

extremely high energy barrier of about 117 kcal/mol, consistent with a 

Woodward-Hoffman forbidden reaction. Such a barrier height is 

substantially larger than any of the bond dissociation energies (BDEs) of 

ethane, BDE(C–C) = 87.7 kcal/mol, and BDE(C–H) = 100.8 kcal/mol,[54] 
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TABLE 7.1. Energy barriers (ΔH≠) and reaction energies (ΔHR) of the H2-release reactions from ethane and borane amine 
at different levels of theory in kcal/mol. 

 
Parameter MP2/aVTZ CCSD(T)/aVDZ CCSD(T)/aVTZ CCSD(T)/aVQZ CCSD(T)/CBS 

CH3CH3 → CH2CH2 + H2 
ΔH≠ TSet 117.4 115.6 116.4 116.4 116.4 
ΔHR 32.7 31.5 31.3 31.0 30.8 

CH3CH3 →  2(CH3) 
ΔHR 90.4 86.1 86.6 87.3 87.8 

CH3CH3 + BH3 →  CH2CH2 + H2 + BH3 
ΔH≠ TSet-B 62.6 62.6 63.3 63.2 63.2 

BH3NH3 → BH2NH2 + H2 
ΔH≠ TSba 35.5 37.4 36.8 36.5 36.4 
ΔHR -6.8 -5.6 -6.4 -6.8 -7.0 

BH3NH3 + BH3 → BH2NH2 + H2 + BH3 
ΔHR Complex -18.3 -16.5 -17.6 -17.7 -17.7 
ΔH≠ TSab-BN 5.0 7.6 6.4 6.1 6.0 
ΔH≠ TSab-BB 47.0 47.9 48.1 48.1 48.1 
ΔH≠ TSab-lew 26.4 30.1 28.5 28.5 28.5 

BH3NH3 + NH3 → BH2NH2 + H2 + NH3 
ΔHR Complex -8.2 -9.1 -8.0 -7.9 -7.8 
ΔH≠ TSab-NB 22.2 23.4 23.5 23.4 23.4 
ΔH≠ TSab-NN 96.5 96.6 97.5 97.6 97.7 
ΔH≠ TSab-NH3

 31.6 33.4 32.9 32.8 32.7 
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just as found for the H2 + H2 four-center exchange reaction.[55] In TSet, 

the migrating H2 moiety is positively charged, in which the outermost H-

atom bears a small negative charge of -0.07 electron, and the other has a 

positive charge of 0.36 electron. The charge distribution in TSet resembles 

more a H•/C2H5
• pair or H2

+/C2H4
- rather than an H-/C2H5

+ pair. The 

forming H–H has a bond order of only 0.13, consistent with the long H–H 

bond distance. The two C–H bonds connecting the carbon with these H 

atoms have bond orders of 0.57 and 0.36, consistent with the bond 

distances given in Figure 7.2. 

The calculated results for the unimolecular decomposition of 

ammonia borane are also summarized in Figures 7.2 and 7.3. The 

equilibrium structures of BH3NH3 and BH2NH2 have been reported and 

analyzed in detail and do not warrant further comment. TABLE 7.1 shows 

that the CCSD(T)/aVTZ relative energies are found to differ from 

CCSD(T)/CBS counterparts by only up to 0.4 kcal/mol. There are only 

minor differences between the MP2 and CCSD(T) (not shown) sets of 

geometries and, as a consequence, the use of MP2-optimized geometries 

for the CCSD(T) energies leads to only small variations in the energies on 

the order of 0.2 kcal/mol. Overall, relative energies determined from 

single-point CCSD(T)/aVTZ//MP2/aVTZ energies deviate by, at most, ± 

1.0 kcal/mol from the CCSD(T)/CBS limit values. 

The results previously reported[56] using the B3LYP functional with 

smaller basis sets are comparable to those given in Figure 7.2. As in the 

ethane case, loss of H2 is highly asymmetrical and the TS geometries for 

loss of H2 from BH3NH3 are similar to those for loss of H2 from C2H6. The 

NH3 group transfers a hydrogen to the boron center and the B–H bond 

elongates so that the two long B–H distances are now comparable. The H–

H distance of around 1.0 Å is substantially shorter than that of 1.2 Å in 

TSet so there is more H–H bond formation in TSab.  

Our best calculations predict that TSab is 36.4 kcal/mol above the 

BH3NH3 molecule, and 10.4 kcal/mol above the BH3 + NH3 asymptote 

(Figure 7.3). Such energy barriers are markedly smaller than those found 

above for the isoelectronic ethane via TSet (Figure 7.2). The major 

differences between C2H6 and BH3NH3 are the high polarity and weak 

nature of the B–N dative bond relative to the non-polar C–C σ bond. In 
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addition, the strength of the forming σ bond in BH2NH2 is likely to be 

important.[31] In summary, ammonia borane releases hydrogen gas when 

heated, but in the gas phase the energy barrier for H2 loss is actually 

higher than its B―N bond dissociation energy. 

 

Figure 7.3 Reaction pathways for hydrogen release from ethane and 
ammonia borane. Relative energies given in kilocalories per mole are 
obtained from CCSD(T)/CBS + ZPE. ZPEs are derived from MP2/aVTZ 
frequencies.  
   

7.3 Catalytic Effects for H2-Release from NH3BH3 

 Having confirmed the unfavorable pathway for H2 loss from the 

ammonia borane monomer, it is necessary to find a catalyst which can 

reduce the barrier and thereby accelerate the reaction rates. The 

decomposition of ammonia borane gives two moieties, ammonia and 

borane. Thus we consider the H2 elimination from ammonia borane with 

the presence of ammonia or borane, which are produced by bond cleavage 

of ammonia borane. We first probe a test on the presence of borane with 

the iso-electronic ethane. 
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7.3.1 Reaction CH3CH3 + BH3 

There is an initial weak complex involving CH3CH3 and BH3, with a 

binding energy of less than ―0.5 kcal/mol (not shown on the diagram). 

From the separated reactants, the pathway passes through TSet-B shown 

in Figure 7.4. In this six-membered cyclic TS, a H from ethane is 

transferred to a H on the borane. The other H from ethane is already 

transferred to the Lewis acidic borane. The C―C distance is substantially 

compressed, comparable to that of a typical double bond (1.33 Å), 

whereas the B–H bond accepting the H that will eventually form the H2 is 

1.33 Å, somewhat longer than that of a B―H bond of 1.20 Å. The other H 

atom transferred from ethane has made a strong B―H bond which is 

elongated by <0.1 Å as compared to a normal B―H bond. The H―H 

distance of about 1.0 Å points out the H2 existence. The IRC calculations 

show that the initial products from TSet-B are BH5 + C2H4. BH5 is best 

described as a weak complex between H2 and BH3
,[57] and it is clear from 

the normal mode of the imaginary frequency that two H-atoms of ethane 

are captured by BH3 as H2. The geometry of BH5 at the MP2/aVTZ level 

has a short H―H bond of 0.799 Å and B―H bonds of 1.405 and 1.421 Å. 

The H2 entity has a positive charge of 0.18 e resulting from a net electron 

transfer from BH3. 

The calculated electron populations and bond orders of TSet-B 

show substantial bond formation and breaking in the TS (values and graph 

are compared in Figure 7.9). Although electron transfer from ethane to 

borane is relatively small (―0.1 e), TSet-B can be regarded as a forming 

BH4
―/C2H5

+ ion pair. The net charges within the (Cδ-―Hδ+―Hδ-―Bδ-) 

framework show the existence of a partially formed dihydrogen bond, 

which is providing an additional stabilization by electrostatic 

interactions.[58] Thus, electron redistribution in TSet-B shows that borane 

is a bifunctional catalyst, which has both acidic (H-atom donation) and 

basic (H-atom acceptance) character, in the Brønsted-Lowry definition. 

The energetic consequence of the addition of BH3 is to lower substantially 

the energy barrier via TSet-B to 62.8 kcal/mol, a reduction of 53.7 

kcal/mol, relative to the unimolecular loss of H2 from ethane (Figure 7.3). 
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Figure 7.4 Schematic energy profiles illustrating reaction pathways for H2 
release from ethane with and without presence of borane. Relative energies 
are in kcal/mol from CCSD(T)/CBS + ZPE calculations. Geometrical 
parameters of transition structures TSet-B with presence of borane were 
optimized by use of B3LYP/aVTZ (upper) and MP2/aVTZ (lower values). 
Bond lengths are given in angstrom and bond angles in degree.  
   
7.3.2 Reaction NH3BH3 + BH3 

We now consider the H2 release mechanism involving an additional 

borane molecule. Geometrical parameters of the relevant stationary 

points, optimized at MP2 level with the aVTZ basis set, are shown in 

Figures 7.5 and 7.6. Normal modes for the imaginary frequencies of TSab 

and TSab-BN are analyzed but not shown in these Figures. Single-point 

electronic energies were computed at the CCSD(T)/aVnZ//MP2/aVTZ level. 

Figure 7.7 displays all possible pathways for H2 release from ab + B using 

the relative energies computed at the CCSD(T)/aVTZ + ZPE level.  

Starting from comab-B, H2 elimination can occur through at least 

six TSs associated with a range of energy barriers from 6 to 81 kcal/mol 

with respect to the reactants ab + B. On the basis of the role of BH3 

group, we can divide the six TSs into three different types. In the first 

type, BH3 plays an active role in H2 formation by donating and receiving H 

atoms. These include TSab-BN and TSab-BB and the lowest-energy 

pathway, TSab-BN, is drawn in a bold red line in Figure 7.7. Both 
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transition structures TSab-BB and TSab-BN feature some similarities but 

also many important differences. The letters BB and BN stand for the 

appearance of the B―H―H―B and B―H―H―N chains in these structures, 

respectively. In fact, this point constitutes the main difference between 

them. IRC calculations show that both transition state structures connect 

to the same reactants, being the pre-association complex comab-B, and 

the BH2NH2 + H2 + BH3 products. 

 

comab-B pro-lewBB pro-lewBN 
 
Figure 7.5 Selected MP2/aVTZ geometrical parameters of comab-B, pro-
lewBB and pro-lewBN. Bond distances are given in angstrom, and bond 
angles in degree.  

 

The B-N distance is shorter than the bond distance of 1.65 Å in 

BH3NH3, about 1.49 Å in both structures, but remains longer than that of 

1.41 Å in BH2NH2.
[31] TSab-BB appears to be more distorted than TSab-

BN, having a small H―B―H bond angle and more stretched B―H bonds. 

TSab-BB is essentially with an H transferred from N to the BH3 and an H 

from the BH3 in BH3NH3 transferred to an H on the BH3 catalyst. In TSab-

BN, the situation is reversed with the B transferring an H to the BH3 

catalyst and the N transferring an H to an H on the BH3 catalyst. The 

transfer of two H atoms from BH3NH3 to BH3 should be significantly faster 

in TSab-BN than in TSab-BB, in particular for the H(B) bond formation. 

In the former, with a distance of about 0.9 Å, the new H―H molecule is 

virtually formed, and along with shorter B-H distances, a BH5 moiety 

appears to already exist.  

The most important difference between the pathways through 

TSab-BN and TSab-BB is the way in which the departing H2 is formed. In 

the former, the H2 is lost from the N and the attacking BH3, and in the
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latter, it is lost from B and the attacking BH3. The energy barrier through 

TSab-BN is 41.7 kcal/mol smaller than that via TSab-BB. In TSab-BN, 

the B-H-B bridged bond remains and the H2 is formed within a B-H-H-N 

framework. In contrast, the B-H-H-B bonds in TSab-BB are disfavored by 

the repulsive charge distributions on the two reacting negative B-H bonds. 

We found four TS’s in which the BH3 group has the role of a 

classical Lewis acid. The letter TSab-lew is used to designate this type of 

TS, with lew standing for a Lewis type of interaction. Dependent on the 

position (B or N in BH3NH3) where the B atom of BH3 is attached to, the 

labels TSab-lewBB and TSab-lewBN are used.  

  
TSab-BN TSab-lewBB1 

  
TSab-lewBB2 TSab-lewBN 

  
TSab-BB TSab-lewBBN 

Figure 7.6 Selected MP2/aVTZ geometrical parameters of transition 
structures for H2 elimination from comab-B. Bond distances are given in 
angstrom, and bond angles in degree.  
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Attachment of B to B leads to the third type of TS and includes 

three TS’s named TSab-lewBB1, TSab-lewBB2, and TSab-lewBBN 

(Figure 7.7). The numbers 1 and 2 indicate two different positions of the 

departing H2 with regard to the attaching BH3 group. The H2 release from 

the back-side TSab-lewBB1 occurs with a dihedral angle BBNH of 112°. 

TSab-lewBB2 is formed by a bridged B-H-B bond at the lateral side 

position of BH3NH3, with a dihedral angle BBNH of only 3°. Both TS’s 

describe the same kind of H2 release from BH3NH3 with H-transfer from 

NH3 to a B atom accompanied by an elongation of a B-H bond giving H2. 

Both TS’s have a similar energy content, with a difference of only 0.5 

kcal/mol in favor of TSab-lewBB1. As seen in Figure 7.8, all three TS's 

lead to the same product pro-lewBB, as confirmed by their IRC 

pathways. This product BH3NH2BH2 (aminodiborane) + H2 is more stable 

than ab + B. The letter N in TSab-lewBBN stands for H2 departure from 

two H atoms of NH3. This TS is given only for the sake of completeness, 

because due to the breaking of two NH bonds, it is located at the highest-

energy position above ab + B and is not significant. 

Attachment of B to N results in TSab-lewBN, which is the only TS 

found for this type and is calculated to be at 22.1 kcal/mol above TSab-

BN and gives rise to the most stable cyclic product pro-lewBN. TSab-

lewBN corresponds to a process in which the BH3 interacts with the TSab 

of the monomer. Parameters within the four-membered B-N-H-H rings in 

both transition state structures are comparable to each other. The B-N 

bond in the original BH3-NH3 substantially elongates by about 0.2 Å when 

the additional BH3 is introduced to the complex. Because the N-H bond for 

the hydrogen being transferred is substantially broken in the transition 

state, the N and B from the original BH3NH3 start to form the B-N δ-bond 

needed in the product BH2NH2. Thus, the B from the original BH3NH3 

begins to resemble a BH2 complexed to an H2 just as in TSab. This frees 

up part of the lone pair on the N and the incoming BH3 molecule can 

interact with this partial lone pair, leading to an overall stabilization. Thus, 

the BH3 plays the role of a classical Lewis acid interacting with the lone 

pair on N to stabilize the transition state structure framework for H2 loss. 

Relative to the separated reactants, TSab-lewBN is calculated to be 28.5 

kcal/mol higher in energy. Compared to decomposition of the BH3NH3 
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monomer, this corresponds to a decrease of 8.3 kcal/mol in the energy 

barrier. Starting from the complex comab-B, the barrier height becomes 

46.2 kcal/mol (Figure 7.7). It is of interest that the product of this process 

is the three-membered ring pro-lewBN, which results from a 

condensation of BH2NH2 and BH3 and features a three-center B-H-B bond 

like that in diborane. Such a condensation is exothermic by -29.6 

kcal/mol.  

 

Figure 7.7 Schematic energy profiles illustrating different reaction pathways 
for H2 release from ammonia borane + borane (ab + B). Relative energies are 
in kcal/mol from CCSD(T)/aVTZ + ZPE calculations. The red profiles 
correspond to the lowest energy pathways.  
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To facilitate the comparison, relative energies of three most 

important pathways obtained by four selected levels of theory are 

summarized in Figure 7.8. Although the energy ordering remains 

unchanged, the variation among the relative values obtained by the B3LYP 

method is up to 4 kcal/mol with respect to the CBS values. With the aVTZ 

basis set, the MP2 and CCSD(T) results differ by about 2.0 kcal/mol from 

each other, and the CCSD(T)/aVTZ results differ by ± 0.5 kcal/mol from 

the CCSD(T)/CBS limit. Unless otherwise stated, the values quoted 

hereafter refer to the CCSD(T)/CBS results. A strong complex between 

BH3NH3 and BH3 is initially formed (comab-B in Figure 7.5) and is 17.9 

kcal/mol more stable than the BH3NH3 + BH3 asymptote (Figure 7.8). 

 

Figure 7.8 Schematic energy profiles illustrating the H2-release from 
BH3NH3 with the presence of BH3. Relative energies given in kcal/mol are 
given in the order from upper to lower: B3LYP/aVTZ, MP2/aVTZ, 
CCSD(T)/aVTZ and CCSD(T)/CBS. 
 

As in TSet-B, although the latter looks more like a perturbed BH4 

group interacting with a BH3NH2, the calculated NBO populations indicate 
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that there is no formal charge separation. The bond critical points, atomic 

charges, and bond order were calculated with B3LYP/6-311++G(d,p) and 

are shown in Figure 7.9 for both TSab and TSab-BN. H―H bond 

formation is more advanced in the catalyzed TSab-BN than in the 

monomer TSab. The bond order of the breaking B―H bond is about 0.5 in 

comparison with 0.7 for the forming B―H bond. In both cases, the B―N 

bond order is higher than 0.7. It is known that protonation of BH2NH2 

takes place at the N-site, giving BH2
―NH3

+ rather than BH3NH2
+.[59] TSab-

BN is far more stable than TSab-BB, with an energy difference of 42.1 

kcal/mol in favor of the former (Figure 7.8). This places TSab-BN at only 

6.0 kcal/mol above the energy of separated reactants and 23.9 kcal/mol 

above comab-B. Thus, only the process via TSab-BN proceeds with low 

energy. 

 To obtain additional insight into the electronic mechanism of the 

catalysis, the molecular graphs generated on the basis of the electron 

densities constructed at the B3LYP/6-311++G(d,p) level in the different 

transition structures were analyzed; see Figures 7.9. An interesting 

feature in the corresponding transition structure is the appearance of a 

type of B-H-H-X dihydrogen interaction (X) C, N).[58] In many aspects, the 

electronic reorganization of ethane and borane amine are qualitatively 

similar.  

The calculated NBO charges (Figure 7.9a) for TSab show a large 

negative charge of -1.06 e on the N-atom, with the B being almost 

neutral, -0.01 e. The H-atoms in the immediate vicinity of nitrogen are 

positively charged, 0.35 e.  

In the most important structure, TSab-BN, BH3 makes a 

dihydrogen bond, B―H―H―N, six-membered ring formation is effectively 

observed, and this is characterized by the presence of a ring critical point 

(Figure 7.9c). Calculated NBO charges suggest a negative charge of 

magnitude of -1.07 e on N, similar to that in TSab. In TSab-BN, the B-

atom in the ammonia borane has a positive charge, 0.33 e, whereas the 

additional BH3 boron atom bears a negative charge of magnitude -0.24 e. 

An electron localization function (ELF) analysis shows the existence of a 

trisynaptic basin [V(H,B,B)] in this transition structure, as illustrated in 

Figure 7.9d. A qualitative explanation for the energetic favorability of 
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TSab-BN can be provided with the help of the NBO and ELF data. A 

stabilizing electrostatic interaction between the positively charged H―H 

unit, under formation, with the rest of the molecule, in particular with the 

two negatively charged B and N ends within the B―H―H―N framework, is 

larger in TSab-BN. 

 
a) b) 

 
c) d) 

Figure 7.9 Molecular graphs of transition state structures (a) TSab, (b) 
TSab-BN and c) TSet-B (red, bond critical points; dark blue, carbon atoms; 
gray, hydrogen atoms; and violet, boron). NBO charges were from 
B3LYP/6-311++G(d,p) calculations. Bond orders are shown in parentheses. 
d) ELF isosurfaces (η = 0.8) of the catalyzed transition state structure for H2 
release TSab-BN. 

 

We can see in Figure 7.9c that the B―H―H―N framework shows a 

practically linear N―H―H arrangement, in contrast with that of the 

B―H―H, which is bent. Although the H---H distance is short in TSba-BN,
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close to that of 0.74 Å in H2 (0.89 Å versus 2.02 Å in the crystal 

structure), solid state analysis performed by Klooster et al.[60] showed that 

this geometrical arrangement is in agreement with. The more polar 

N(δ―)―H(δ+) subunit tends to facilitate the H atom departure and, in the 

meantime, stabilizes the forming H2 entity. The atom arrangement in the 

transition structure allows a hydrogen abstraction by the BH3 boron and a 

simultaneous B-H bond cleavage and H-H bond formation. If it is assumed 

that the incoming BH3 unit is sp2-hybridized, the hydrogen abstraction is 

facilitated by the vacant p-orbital perpendicular to the BH3 plane. The 

interaction of the vacant orbital with a negatively charged BH hydrogen 

atom of TSab-BN is expected to be more favorable as compared to the 

interaction of the vacant orbital with the positively charged NH hydrogen 

atom in TSab-BB. The optimized geometry shows that TSab-BN has a 

BH4 subunit. The NBO charges indicate that the (B,H,H,H) group around 

borane bears a negative charge of -0.23 e, leading to some contribution 

from the [BH4
―][NH3BH2

+] resonance structure, consistent with the fact 

that the NH3BH2
+ cation is the most stable protonated form of BH2NH2. 

 

7.3.3 Reaction NH3BH3 + NH3 

We also studied whether an ammonia molecule (produced by bond 

cleavage of ammonia borane) could participate as a comparable catalyst. 

For the BH3NH3 + NH3 reaction, we located a pre-association complex and 

three different TS’s, whose selected MP2/aVTZ geometrical parameters are 

displayed in Figure 7.10. The corresponding potential energy profiles are 

illustrated in Figure 7.11. The shape and characteristics of the stationary 

points involving NH3 are similar in many respects to those involving BH3 

discussed above.  

The complex comab-N is essentially a hydrogen-bonded N–H–N 

complex between two NH3 entities, characterized by a N---H distance of 

1.99 Å, and in part assisted by a weaker B–H–N interaction (as seen by a 

longer B---H bond of 2.68 Å). In this complex, NH3 plays the role of a H-

bond acceptor, and ammonia borane a H-bond donor. The complexation 

energy of comab-N is -7.6 kcal/mol. The transition structure TSab-

lewNN corresponds to TSab-lewBB described above, in which NH3 now 

interacts with TSab of the monomer from outside of the four-member 
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framework and by H-bonding. Again, NH3 acts as a H-bond acceptor, with 

a somewhat longer N---H bond of 2.14 Å. If BH3 is regarded as a Lewis 

acid, then ammonia behaves, in this sense, as a Lewis base catalyst. With 

respect to the separated reactants, the energy barrier involving TSab-

lewNN is calculated to be 32.9 kcal/mol, which represents a reduction of 

3.5 kcal/mol with respect to the energy barrier of 36.4 kcal/mol in the 

monomer via TSab (Figure 7.3). Such stabilization arises from a H-bond 

interaction between TSab and NH3, which remains however smaller than 

that of -7.6 kcal/mol for complexation of borane amine yielding comab-N. 

As a consequence, the overall effect of a H-bonding interaction by 

ammonia does not favor a H2-release. 

  
comab-N TSab-NB 

  
TSab-lewNN TSab-NN 

 
Figure 7.10 MP2/aVTZ geometrical parameters of the points for the 
BH3NH3 + NH3 reaction: initial complex comab-N and TSab-NB, TSab-
lewNN, and TSab-NN. Bond distances are given in angstrom and bond 
angles in degree. 
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 As indicated by the notation, TSab-NN involves participation of 

NH3 in the TS creating a N–H–H–N framework. Due to an electrostatic 

repulsion between two positively charged H(N) atoms, this orientation 

results in an extremely high energy structure TSab-NN, 97.8 kcal/mol 

above the separated reactants. This is even more detabilized than TSab-

BB, where the H(B) atoms are, as expected, less polarized. For both 

cases, this type of interaction can be ruled out as a possible reaction 

mechanism. 

 

Figure 7.11 Schematic energy profiles showing the reaction pathways for H2 
release from BH3NH3 with NH3 as catalyst. Relative energies in kilocalories 
per mole were obtained from CCSD(T)/CBS + ZPE calculations. 
 

The process via TSab-NB implies a direct participation of NH3 as a 

bifunctional H-transfer but with a N–H–H–B framework, and can thus be 

compared to TSab-BN. This is the lowest energy TS with an energy
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barrier of 23.6 kcal/mol relative to the separated reactants, and 31.2 

kcal/mol with respect to the pre-association complex comab-N. The lower 

well depth for comab-N leads to a barrier height of 31.2 kcal/mol from 

comab-N which is closer to the value of 23.9 kcal/mol for the BH3 catalyst 

value going from comab-B to TSab-BN (Figure 7.8). The difference of 7.3 

kcal/mol in the energy barriers results in a change of several orders of 

magnitude in the corresponding rate coefficients. 

 

7.3.4 Reaction NH3BH3 + AlH3 

We now consider the release of H2 from ab with Al as a catalyst. 

Figures 7.12 and 7.13 display the calculated geometries and energies, 

respectively, for the reaction pathways of ab + Al. The approach of Al to 

ab leads to a strong adduct comab-Al characterized by a B–H–Al bridge. 

The bridged Al–H distance of 1.801 Å is markedly longer than that of 

1.580 Å in AlH3 or that of 1.752 Å in the mixed dimer BH3AlH3. comab-Al 

is 18.9 kcal/mol more stable than the isolated ab + Al systems, similar to 

the value of 17.7 kcal/mol predicted for the complex between ab and 

B.[34] Four TS’s for H2 release have been found, TSab-AlB, TSab-lewAlB, 

TSab-lewAlN and TSab-AlN (Figure 7.12). As discussed above, the letter 

lew refers to a Lewis type of interaction of either NH3 or BH3.  

In TSab-AlB, the departing H2 molecule is formed within a 

B−H−H−Al bond. Because both H atoms are negatively charged, the 

repulsion results in a substantial energy barrier of 62.8 kcal/mol relative to 

the adduct (43.9 kcal/mol above reactants). Intrinsic reaction coordinate 

(IRC) calculations show formation of the fragmented products, H2 + 

BH2NH2 + AlH3, -6.4 kcal/mol below the reactants. 

TSab-lewAlB corresponds to a Lewis-type TS with the Al 

interacting with a Hδ-(B) giving rise to an Al−H−B bridge. The H2 is lost 

from the B as an H(N) is transferred to the B. This TS is similar to abal-ts 

except that there is no interaction of an H(Al) with the B. The energy 

barrier via this TS is lower, 46.5 and 27.6 kcal/mol with respect to the 

adduct and reactants, respectively. The same separated products as above 

have been generated. 

TSab-lewAlN is a Lewis-type TS with the Al interacting with the 

lone pair on nitrogen. An H(N) is transferred to the B and this structure is 
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only slightly stabilized with respect to TSab-lewAlB. TSab-lewAlN is 

44.2 and 25.3 kcal/mol above the adduct and reactants, respectively. The 

three-member ring with an Al−H−B bridge is found to be the most stable 

product and with the product H2, this asymptote is 36.0 kcal/mol below 

the reactants. 

  
comab-Al TS-comab-Al 

  
TSab-AlN TSab-lewAlN 

  
TSab-AlB TSab-lewAlB 

Figure 7.12 Selected MP2/aVTZ parameters of the adduct, transition 
structures and products related to H2 elimination of BH3NH3 + AlH3. Bond 
distances are given in angstrom and bond angles in degrees. 

 
The energetically most favorable TS is TSab-AlN, which contains 

an Al−H−H−N skeleton as well as two Al–H–B bridge bonds. The H1−H2 

distance of 0.887 Å shows that the departing H2 is virtually formed at the 

transition state. The atomic charges recorded in Figure 7.14 show that the 
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N atom is negatively charged (qN = −1.01 electron), and the Al is 

positively charged (qAl = 1.21 electron). Together with a negative charge 

on H1 and a positive charge on H2, the Alδ+−H1δ-−H2δ+−Nδ- group 

constitutes a dihydrogen bond, similar to the B−H−H−N bond which 

strongly stabilizes the ab oligomers.[61] Another feature of TSab-AlN is 

that when H1 of AlH3 is transferred to H2 of NH3, an H-atom of BH3 is 

transferred to Al to form the second B-H-Al bridge bond. This region of the 

TS is similar to that in BH3AlH3. Two B-H-B bridge bonds are not found in 

the ab + B system. The combination of these effects stabilizes TSab-AlN, 

which is 20.6 kcal/mol above the adduct, and only 1.7 kcal/mol above the 

separated reactants. The resulting product NH2BH2AlH3 + H2 asymptote is 

15.0 kcal/mol below the reactants, and 3.9 kcal/mol above the initial 

adduct. From comab-Al, another channel can open on the potential 

energy surface leading to the region of the AlH3BH3 + NH3 reaction, which 

is 12.0 kcal/mol more stable than ab + Al. The corresponding TS abal-ts 

is 17.8 kcal/mol above the reactants, suggesting that this channel is not 

competitive with the channel going through TSab-AlN. 

 

Figure 7.13 Schematic reaction pathways for H2 release from NH3BH3 + 
AlH3 and AlH3BH3 + NH3. Relative energies in kcal/mol are from 
CCSD(T)/aVTZ + ZPE calculations.  
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Figure 7.14 Molecular graph of 
TSab-AlN. Grey spheres are H 
atoms. Red points represent bond 
critical points, and yellow points 
are ring critical points. NBO 
charges are from HF/aug-cc-
pVTZ wave functions. Wiberg 
bond indices are given in 
parentheses. 

 

Figure 7.14 displays the topology of abal-tsAlN established using 

the Atoms-in-Molecules (AIM) approach.[51] As suggested by the short 

distance, formation of the H2 molecule is well advanced. There exists a 

bond critical point (BCP) between H1 and H2, with a bond index of 0.58. 

BCP’s are also located between Al and (H)2, and B and (H)2, even though 

the bond index of Al−(H)2 (0.13) is much smaller than that of B−(H)2 

(0.79). These results together with a ring critical point (RCP) within the 

Al–H–H–B frame are consistent with the formation of the two bridge Al-H-

B bonds. Another RCP is located within the Al–H–B–N–H2–H1 frame 

suggesting the presence of cyclic electronic reorganization within this 

frame. From an electronic point of view, the catalytic action of alane is 

quite similar to that of borane, and accentuates the catalytic effect due to 

its higher polarity.  

 

7.4 Concluding Remarks 

We have located reaction pathways using state-of-the-art 

quantum chemical methods and analyzed the electronic reorganization 

during H2 release in ethane and borane amine. We have identified the role 

of BH3 and NH3 fragments produced by decomposition of the B-N bond in 

BH3NH3, in particular BH3, as an active bifunctional acid-base catalyst for 

H2 formation.  

For ethane, the barrier height for H2 production is reduced by 

more than 50 kcal/mol with BH3 as the catalyst. For ammonia borane, we 

were able to locate at least nine different transition structures for the H2 
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dissociation with either an additional BH3 or NH3 present. Together with a 

more conventional pathway where BH3 behaves as a Lewis acid catalyst, 

we find an energetically low-lying reaction channel involving participation 

of BH3 as a catalyst, which actively participates in the hydrogen transfer 

through a six-membered cyclic transition structure involving a B–H–H–N 

interaction. The former corresponds to a reduction of 30 kcal/mol, relative 

to that of the monomer. NH3 shows similar behavior but with less 

capability to reduce the barrier height.  

Stabilizing electrostatic interactions are likely the main reason for 

the beneficial catalytic effect of BH3. The barrier height in the catalytic 

pathway for H2 release from ammonia borane with BH3 as the catalyst is 

6.1 kcal/mol with respect to the separated reactants and 23.9 kcal/mol 

from the complex BH3NH3•••BH3. This result is consistent with the 

experimental findings[30] that the H2 release from borane amine proceeds 

under mild conditions below the melting temperature of 385 K.  

In summary, our present calculations demonstrate that in either 

ethane or borane amine, 1,2-H2 release is greatly accelerated by the 

active participation of a BH3 molecule. The BH3 acts as a bifunctional (acid-

base) catalyst facilitating H-transfer leading to H2 bond formation. 

With the assistance of AlH3 played as a catalyst in the reactant 

BH3NH3 + AlH3, the following pathway, ab + al (0.0kcal/mol)  abal-com 

(-18.9)  abal-tsAlN (1.7)  BH2NH2AlH3 + H2 (-15.0)  BH2NH2 + AlH3 

+ H2 (-6.4), is the lowest-energy channel. The energy of the entire 

process ranges occurs within –20 kcal/mol. The transition state is only ~2 

kcal/mol above the starting reactants. The reaction is exothermic by ~-6 

kcal/mol starting from reactants, but the ultimate products with the 

catalyst regenerated are  –12 kcal/mol above the adduct. The alane can 

then serve as an efficient bifunctional catalyst for H2 release from 

ammonia alane. Overall, AlH3 appears to be a better catalyst for 

elimination of H2 from BH3NH3 than is BH3. 

For a viable chemical hydrogen storage system, one must not only 

have good thermodynamics and good kinetics for release of H2 but one 

must also have a cost-effective process to regenerate the original chemical 

hydrogen storage system from the depleted material. Studies of hydrogen 

regeneration processes are ongoing in our laboratory as well as in a 
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number of other laboratories focused on chemical hydrogen storage. The 

chemistry involved in the regeneration process is likely to be quite 

different from that for H2 release. 

 

Figure 7.15 A comparison of energy barriers for H2 release from ammonia 
borane without and with the presence of NH3, BH3 and AlH3. Relative 
energies are given in kcal/mol and obtained from CCSD(T)/CBS + ZPE 
level.
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Our comparison for both systems of ethane and ammonia borane 

without and with presence of NH3, BH3 and AlH3 was shown in the Figure 

7.15. This comparison was calibrated showing the performance of alane. 

The finding that AlH3 acts as a good catalyst for H2 release from ammonia 

borane opens many new ideas and directions in searching for novel 

compounds and catalysts for chemical hydrogen storage. In the next 

chapter, the behaviour of alane compounds will be further explored. 
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CHAPTER  8 

 

 
AMMONIA BORANE DIMERS 

[NH3BH3]2 
 

 

8.1  Introduction  

he potential of a compound for chemical hydrogen storage is 

dependent on the inherent kinetics and mechanism of the 

processes  of releasing H2 and regenerating. Using thermo-

analytical techniques, Wolf and coworkers[1] found that BH3NH3 (ab) 

begins to undergo stepwise thermal decompositions at temperatures as 

low as 410K. During the first decomposition step, approximately one mole 

of H2 per mole ab is released, together with aminoborane (BH2NH2), and 

other polymeric derivatives. Subsequent quantum chemical calculations[2] 

using various composite methods suggested that formation of the first H2 

from an ab molecule occurs through a concerted mechanism characterized 

by a planar four-membered transition structure. In the previous chapter 7 

using much higher level computational study[3,4] we showed that in its 

monomeric form, ab undergoes preferentially B─N bond cleavage giving 

BH3 and NH3. In fact, at the CCSD(T)/CBS level of theory, the B─N bond 

dissociation energy of 26 kcal/mol is smaller than the energy barrier of 37 

kcal/mol for the concerted H2-elimination. With a difference of 11 kcal/mol 

in barrier heights, the thermal decomposition of ab is dominated by the 

bond cleavage channel. Under these conditions, H2-formation is not 

competitive, inconsistent with the experimental results mentioned above. 

We showed that a borane molecule could effectively act as a bifunctional 

Lewis-acid catalyst favoring H2-formation from ab. With BH3 formed by 

T 



 

 

 

102   [NH3BH3]2 – Introduction     

 

breaking the B─N bond in ab, the corresponding energy barrier is thus 

reduced to about 6 kcal/mol with respect to the BH3NH3 + BH3 separated 

reactants.[5] These results show that without a catalyst, the rate of H2-

release from the ab monomer is very low at low temperatures. We note 

that the starting ab materials exist as a solid. 

It has experimentally been found that “seeding” of ab results in 

significantly faster H2-production. The seed compound has been proposed 

to be the diammoniate of diborane [BH4
-][NH3BH2NH3

+] (DADB), an ion 

pair isomer of the (ab)2 dimer.[6] Recent in situ solid state 11B MAS-NMR 

studies[7] at 88 ºC, demonstrated that during the thermal decomposition of 

ab to produce H2 DADB is present. These authors suggested that the 

formation of DADB is the prerequisite for H2 release. In ionic liquids 

containing ab, the formation of DADB was also observed.[8] These authors 

also suggested an important role for DADB in H2 release noting that there 

was no induction period for H2 release in the ionic liquid whereas there 

was an induction period in the pure solid. The ionic liquid would favor the 

formation of ionic intermediates such as DADB. It has been reported that 

DADB produces polyaminoborane upon heating,[9] and that 

polyaminoboranes were observed in the ionic liquid as H2 was released. 

Another starting point connecting to the ion pair is that of diborane and 

two ammonia molecules (B2H6 + 2NH3).
[10] Another ion pair 

[NH4
+][BH3NH2BH3

-] (IonP-N) could also exist as an alternate isomeric 

form of (ab)2. 

In the present work, we carry out high level electronic structure 

calculations to map out the relevant portions of the potential energy 

surface of the (ab)2 dimer. Our goal is to probe further the molecular 

mechanism of the H2-release from BNH6 materials. We report the 

existence of a range of reaction pathways from the (ab)2 dimer leading to 

H2-production.  

 

8.2 Stability of Ammonia Borane Dimer and Its Ion Pair 

Isomers.  

The calculated relative energies of the three isomeric structures 

are listed in TABLE 8.1. The complexation energy of the dimer with respect
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to the two ab monomers, chosen as the energy reference, is summarized 

in TABLE 8.2.  

The geometry and complexation energy of the (ab)2 dimer has 

previously been investigated.[3,11-22] The nature of the hydrogen-bond 

interaction in the dimer has been the subject of most of these analyses. 

Our present calculations confirm that the dimer has a number of low-

energy conformations with different symmetry point groups. The energy 

differences between these different conformations are very small, less 

than 0.5 kcal/mol. The structure characterized by C2h symmetry and 

denoted hereafter as dim, is the energetically lowest-lying dimer 

conformation that we found. One N―H bond of an ab monomer interacts 

with two B―H bonds of the other monomer. Selected optimized geometry 

parameters at the MP2/aVTZ level are displayed in Figure 8.1. The 

H(N)•••H(B) intermolecular distance of 1.986 Å in dim, optimized at 

MP2/aVTZ level, differs from the values optimized at lower levels.[3,11-14] 

The B―H and N―H bond distances within the B―H•••H―N dihydrogen 

bond are longer than the non-interacting ones by up to 0.01 Å. The atomic 

net charges (q) of the four B―H•••H―N atoms are: q(B) = 0.42 e, q(H) = 

-0.33 e, q(H) = 0.20 e, and q(N) = 0.17 e at the HF/aVTZ level, 

corresponding to a B―Hδ―•••H―Nδ+ charge distribution consistent with 

the analysis of Li et al.[17] These authors suggested in addition that the 

main factor of the hydrogen bond is a charge transfer from the occupied 

δ(B―H) orbital to the vacant δ*(X―H) orbitals.[17] 

  

TABLE 8.1. Relative Energies (kcal/mol) of Ammonia Borane Dimer and 
its Ion Pair Isomers Calculated at the CCSD(T) Level with Different Basis 
Sets.a 

Structure aVDZ aVTZ aVQZ CBS 

dim 0.0 0.0 0.0 0.0 
DADB 10.6 10.7 10.6 10.6 
IonP-N 16.5 16.6 16.5 16.4 
a Using the aug-cc-pVnZ basis sets, with n = D, T and Q, and extrapolated CBS 
energies. Relative energies include zero-point corrections obtained from MP2/aVDZ 
harmonic vibrational frequencies and scaled by a factor of 0.9751. 
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We have previously calculated the heat of formation of dim 

ΔHf[(BH3NH3)2] to be -32.2 kcal/mol at 0 K and -41.3 kcal/ mol at 298 

K.[22] As in the ab monomer case,[23] the error bar from the total 

atomization energies using CCSD(T)/CBS energies and other corrections is 

expected to be ± 1.0 kcal/mol for the heat of formation of the dimer. In 

conjunction with the previously calculated heats of formation of the ab 

monomer[23] ΔHf(BH3NH3) = -9.1 ± 1.0 kcal/mol at 0 K and ΔHf(BH3NH3) = 

-13.5 ± 1.0 kcal/mol at 298K, the complexation energy of dim is -14.0 

kcal/mol at 0 K and -14.3 kcal/mol at 298K. Previous B3LYP[12] and MP2[17] 

calculations predicted a complexation energy of about -11 kcal/mol for 

dim. As shown in TABLE 8.2, the complexation energy of dim is calculated 

to be -14.0, -13.7, and -13.5 kcal/mol using the CCSD(T) method with the 

aVTZ, aVQZ, and estimated CBS basis sets, respectively, including ZPE 

corrections. The result of -13.5 kcal/mol at the CCSD(T)/CBS + ZPE level 

differs by 0.5 kcal/mol from that of -14.0 kcal/mol obtained previously.[22] 

This difference arises from the core-valence correlation and scalar 

relativistic corrections that were included in the previous work. Our current 

aVTZ value of -14.0 kcal/mol for the complexation energy of the dimer 

dim is thus in good agreement with the previous higher-level 

calculations.[22]  

Two isomers of dim with ion pair structures were also located. 

Selected MP2/aVTZ geometry parameters are also given in Figure 8.1. 

DADB contains a [BH4
―] anion whereas IonP-N bears a [NH4

+] cation. 

Both isomers exhibit Cs symmetry with the B―H and N―H bonds 

interacting strongly with each other. In DADB, the interion (B)H―H(N) 

distance of 1.539 Å is relatively short, much shorter than the H•••H 

distance of 1.986 Å in neutral dim. Similarly, the interion (N)H―H(B) 

distance in IonP-N is 1.535 Å. These geometric results show strong ionic 

interactions between the anion and the cation in the ion pairs.  

From the gas-phase heats of formation of BH3NH2BH2NH3, linear 

trans and coiled (gauche) structures,[22] we can calculate the following H2 

elimination energies from the salts in kcal/mol at 298 K. 

[BH4
-][NH3BH2NH3

+] → BH3NH2BH2NH3 (linear) + H2   ΔHrxn = 12.1  (8.1) 

[BH4
-][NH3BH2NH3

+] → BH3NH2BH2NH3 (coiled) + H2   ΔHrxn = -0.2 (8.2) 
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[NH4
+][BH3NH2BH3

-] → BH3NH2BH2NH3 (linear) + H2   ΔHrxn = 5.0 (8.3) 

[NH4
+][BH3NH2BH3

-] → BH3NH2BH2NH3 (coiled) + H2    ΔHrxn = -7.2 (8.4)  

The reaction 8.4 giving the stable coiled structure is exothermic, 

whereas formation of the linear structure is endothermic. Reaction 8.2 is 

very close to thermoneutral. 

  
dim (C2h) 

  
DADB (Cs) 

  
IonP-N (Cs) 

Figure 8.1. Selected MP2/aVTZ geometrical parameters of the most stable 
ammonia borane dimer dim and its ion pair isomers DADB and IonPN. 
Each structure is projected in two different plans. Bond lengths are given in 
Å and bond angles in degree. 
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8.3 Reaction Pathways for H2 Release from Ammonia Borane 

Dimer.  

We consider the energy barriers for the production of H2 molecules 

from dim. Geometries of the relevant TS’s are displayed in Figures 8.2 

and 8.4, and the potential energy diagrams constructed at the CCSD(T) 

level with different basis sets are illustrated in Figures 8.3 and 8.5. Results 

for the relative energy of some important structures as a function of basis 

sets are given in TABLE 8.2, whereas relative energies obtained with both 

aVDZ and aVTZ basis sets are listed in TABLE 8.3. Geometrical parameters 

of three additional TS’s denoted as dim-ts6, dim-ts7, and dim-ts8 for H2 

release from dim were also optimized but not shown. These TS’s are 

however located at much higher energies and therefore not discussed 

further in the following section. 

 

Figure 8.2 Selected MP2/aVTZ 
geometrical parameters of the 
transition structure dim-ts1 for 
release of two H2 molecules from 
dim. Bond lengths are given in Å, 
and bond angles in degree. 

 

dim-ts1 is the TS for generating two H2 molecules with each 

monomer contributing one H2 molecule (Figure 8.2). Formation of each H2 

occurs within a B―H•••H―N dim framework, involving a short H―H 

distance of 0.863 Å, close to the bond distance of 0.74 Å in H2. The 

reaction proceeds by an eight-membered ring TS. The N―H distance of 

1.594 Å is proportionally more stretched than the B―H bond (1.396 Å). 

The B―H and N―H bonds distances of 1.197 and 1.011 Å in the molecule 

are shorter than that of the B―H•••H―N dihydrogen bond. A high barrier 

of 49.4 kcal/mol is found (Figure 8.3, CCSD(T)/CBS values). The two 

aminoborane molecules (BH2NH2) also form a weak complex dim-p1 in 

the exit channel with a complexation energy of -2.4 kcal/mol. The product 



 

 

 

Reaction Pathways for H2 Release from Ammonia Borane Dimers 107   

 

2(BH2NH2) + 2H2 lies 0.5 kcal/mol below dim, which is close to a 

thermoneutral reaction. 

 

 

 
Figure 8.3 Schematic potential energy profiles, in kcal/mol, showing the 
reaction pathways for H2 release from two ammonia borane monomers 
2(BH3NH3) via the dimer dim, calculated with the CCSD(T) method using 
four basis sets including ZPE corrections. The energies are from top to 
bottom: aVDZ, aVTZ, aVQZ, and CBS. 

 

As shown in TABLE 8.2, the energy barriers converge quickly with 

respect to the basis set. The values obtained at the CCSD(T)/aVTZ and 

CCSD(T)/aVQZ levels for dim differ only by, at most, 0.5 and 0.2 

kcal/mol, respectively, from the CCSD(T)/CBS counterparts. This is 

consistent with what we have found previously.[4,5,24] These results show 

that use of the computationally less-demanding CCSD(T)/aVTZ level can 

be used to construct the potential energy surfaces for these systems, with 

an expected accuracy of ± 1.0 kcal/mol for the energy barriers as 
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compared to the CBS limit. In addition to the dim-ts1 described above, 

we located four other TS’s for release of one H2 molecule from dim. Figure 

8.4 shows critical MP2/aVTZ geometry parameters of these TS’s, and 

Figure 8.5 summarizes the reaction pathway energetics. 

 

TABLE 8.2. Relative Energies (kcal/mol) of Stationary Points Related to 
H2-release from Ammonia Borane Dimers dim and DADB Calculated at the 
CCSD(T) Level with Different Basis Sets.a 

Structure aVDZ aVTZ aVQZ CBS 

2ab 0.0 0.0 0.0 0.0 
dim -14.2 -14.0 -13.7 -13.5 
dim-ts1 36.3 36.0 35.9 35.9 
dim-p1 + 2H2 -13.8 -15.4 -16.0 -16.4 
2(BH2NH2) + 2H2 -10.7 -12.6 -13.5 -14.0 
DADB -3.5 -3.3 -3.0 -2.8 
DADB-ts1 17.2 17.2 17.2 17.3 
DADB-p1 + H2 -7.8 -9.3 -9.4 -9.3 
a On the basis of CCSD(T) energies using MP2/aVTZ-optimized geometries and 
ZPE corrections from scaled MP2/aVDZ harmonic vibrational frequencies. 

 

dim-ts2 is basically a TS for H2 elimination from one ab 

monomer[5] with a TS that is complexed with the second monomer by 

H―H interactions from the side opposite to the departing H2. The 

intermolecular H―H distances range from 2.069 to 2.305 Å, and a 

B―H•••H―N skeleton is present with bond distances of 1.211, 2.069, and 

1.011 Å, respectively. The energy for this TS is 30.5 kcal/mol above the 

separated monomers and 44.5 kcal/mol above the dimer dim (values at 

the CCSD(T)/aVTZ + ZPE level, Figure 8.5). The product dim-p2 is 

characterized as a hydrogen-bonded complex between BH3NH3 and 

BH2NH2, with a complexation energy of -5.9 kcal/mol. The product dim-p2 

+ H2 is calculated to be 1.8 kcal/mol above dim. 

 



 

 

 

Reaction Pathways for H2 Release from Ammonia Borane Dimers 109   

 

 

dim-ts2 dim-ts3 

 

dim-ts4 dim-ts5 
 
Figure 8.4 Selected MP2/aVTZ geometrical parameters of four different 
TS’s for release of one H2 molecule from dim. Bond lengths are given in Å, 
and bond angles in degree. 

 

dim-ts3 corresponds to a comparable process to that involving 

dim-ts2, but the intermolecular interaction mainly involves a type of 

N•••H―N hydrogen bond. The N―H bond of the nonreacting monomer 

plays the role of the hydrogen-bond donor, with an intermolecular N•••H 

distance of 2.240 Å. Parameters within the four-membered cycles 

involving the forming H2 in both dim-ts2 and dim-ts3 differ somewhat 

from each other, with B―N distances varying up to 0.04 Å. The role of the 

second monomer is described in more detail below. The energy of dim-

ts3 is higher, by 1.7 kcal/mol, than dim-ts2. The process through dim-

ts3 also gives rise to the same product dim-p2.  
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TABLE 8.3. Relative Energies Including ZPE Corrections (kcal/mol) of 
Equilibrium and Transition Structures for H2-Release from Ammonia Borane 
Dimer Calculated at the CCSD(T) Level with the aVDZ and aVTZ Basis 
Sets.a 

Structures aVDZ aVTZ 

2ab 0.0 0.0 
dim -14.2 -14.0 
dim-ts1 36.3 36.0 
dim-ts2 31.2 30.5 
dim-ts3 32.8 32.2 
dim-ts4 34.3 33.9 
dim-ts5 34.9 34.1 
dim-p1 + 2H2 -13.8 -15.4 
2(BH2NH2) + 2H2 -10.7 -12.6 
dim-p2 + H2 -11.5 -12.2 
ab + BH2NH2 + H2 -5.4 -6.3 

a Calculated at the CCSD(T) level using MP2/aVTZ-optimized 
geometries and scaled MP2/aVDZ ZPE corrections. 
 

The reaction path proceeding through dim-ts4 shows another way 

of eliminating H2. The departing H2 is composed of one H(B) atom of the 

first monomer plus one H(N) atom of the second monomer. The strongest 

intermolecular interaction arises from a N―H•••N hydrogen bond involving 

quite short N-H distances of 1.138 and 1.475 Å, so the H is partially 

transferred. In dim-ts4, both BH3 groups are trans with respect to the 

N―H•••N bond. The B―H•••H―N frame lies almost in the same plane. 

The H―H distance of 0.811 Å shows that the product H2 molecule is 

almost completely formed. dim-ts4 is close to the TS for H2 release from 

BH3NH3 assisted by a NH3 molecule that we previously reported.[5] In this 

case, the second monomer plays the role of the bifunctional catalyst. The 

channel involving dim-ts4 has energy barriers of 33.9 and 47.9 kcal/mol 

with respect to two ab monomers and dim, respectively, to produce one 

H2. dim-ts4 is 1.7 kcal/mol higher in energy than dim-ts3 and could lead 

to the chain product DADB-p1 (BH3NH2BH2NH3) involved in reactions 8.1 

and 8.2. Upon loss of H2, both tricoordinated B and N atoms could join to 

make a new B―N bond. However, extensive IRC calculations demonstrate 

that an H transfer between two N atoms takes place yielding the complex 
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dim-p2. The corresponding IRC path for product formation from dim-ts4 

at the B3LYP/6-311++G(d,p) level is displayed as Figure 8.6.  

 

 

 
Figure 8.5 Schematic potential energy profiles illustrating five different 
reaction pathways for H2 release from the ammonia borane dimer dim. 
Relative energies given in kcal/mol were obtained from CCSD(T)/aVTZ + 
ZPE calculations. 
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dim-ts5 involves a similar kind of process to that proceeding 

through dim-ts4 with the main difference between dim-ts4 and dim-ts5 

being that in the latter the BH3(N) group of the second monomer is nearly 

perpendicular to the B―N―N plane. The intermolecular distances in dim-

ts5 are markedly longer than those in dim-ts4. dim-ts5 corresponds to 

the energetically highest-lying TS among the four TS’s examined. It still is 

only 3.6 kcal/mol above dim-ts2. Again, dim-ts5 leads to the product 

dim-p2. 

 

 

 
Figure 8.6 An IRC pathway showing the formation of the product dim-p2 
from dim-ts4, calculated using the B3LYP/6-311++G(d,p) level. IRC 
calculations starting from the TS were done with the default step size of 0.1 
amu1/2 bohr. 

 

The energy profiles summarized in Figure 8.5 show that the 

energies of the five TS’s do not differ substantially from each other. The 

difference between the lowest-lying dim-ts2 and the highest-lying dim-

ts1 is 5.5 kcal/mol. The catalytic effect of simple dihydrogen-bonded 

interactions via dim-ts2 and dimts3 is slightly more effective than the 

bifunctional hydrogen exchange via dim-ts4 and dim-ts5. Nevertheless, 

the smallest barrier is 44.5 kcal/mol above the dimer dim. This is much 

larger than the dimerization energy of ab of only 14.0 kcal/mol (values at 

CCSD(T)/aVTZ + ZPE) and is above the dimerization energy plus breaking 

one ab B―N bond. Thus, the dimer dim is expected to undergo 

dissociation rather than H2 production under mild thermal conditions. 
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8.4 Formation of the Ion Pair Isomers DADB and IonP-N. 

The H2 Release from Two Ammonia Borane Molecules.  

From three distinct starting points: 2BH3NH3, B2H6 + 2NH3, and 

BH3NH3 + NH3 + BH3, the formation of DADB and IonP-N were considered. 

Selected geometry parameters of all related structures are given in Figure 

8.7 and 8.9. These include three complexes formed from BH3HBH2NH3 + 

NH3, with different orientations of the NH3 (Figure 8.7a), four TS’s for the 

formation of DADB (Figure 8.7b), and also three TS’s for H2 release from 

intermediates (Figure 8.7c). Figure 8.8 schematically illustrates the 

reaction pathways leading to DADB formation and to H2 formation. 

As shown in Figure 8.8, all three reactant systems 2ab, B2H6 + 

2NH3 (denoted as DB + 2A), and BH3NH3 + NH3 + BH3 (denoted as ab + 

A + B) undergo additions and rearrangements converging to the same 

adduct BBA-com + A in the first step. BBA-com + A is a key common 

intermediate in these processes and is the adduct of ab with BH3, which 

was studied in detail in our previous paper.[5] Thus, condensation of ab + 

A + B invariably leads to BBA-com + B without an activation energy 

barrier.  

BBA-com + B is calculated to be 8.1 kcal/mol above the two 

separated monomers 2ab and substantially below ab + B + A. Addition 

from 2ab involves an energy barrier of 12.4 kcal/mol via TS 2ab-ts1. The 

TS involves the attack of the B atom in one ab on an H atom of the BH3 in 

another ab. Formation of a bridge B―H―B bond induces breakage of the 

N―B bond in the attacking ab to eliminate NH3. The BH distances of 1.700 

and 1.229 Å in 2ab-ts1 show a forming B―H―B bond. The stretching of 

the N―B bond in the second ab by ~0.8 Å to 2.415 Å is consistent with 

breaking a B―N bond (cf. Figure 8.7b).  

The barrier-free condensation of diborane (DB) with one NH3 molecule 

forms the complex DBA-com, which has a complexation energy of -5.1 

kcal/mol and is 12.6 kcal/mol above 2ab. This weak complex is 

characterized by long distances between N and a bridge BH bond (not 

shown in Figure 8.7a). Conversion of DBA-com to BBA-com occurs with 

an energy barrier of 7.8 kcal/mol through TS DBA-ts, which lies 20.4 

kcal/mol above 2ab. DBA-ts is formed by a nearly perpendicular attack of 

N of a free NH3 to a B center of DB (∠NBH angle = 78.4° and N―B = 
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2.042 Å). When NH3 approaches the diborane plane defined by BHbBHb, 

the attack on one B―H―B bond induces breaking of the other B―H―B 

bond. The broken B―H distance is 1.604 Å in DBA-ts (Figure 8.7b). The 

identity of both TS’s was confirmed by IRC calculations at the B3LYP/6-

311++G(d,p) level.  

   
2AB-com1 2AB-com2 2AB-com3 

a) 
 

    
DBA-ts 2AB-ts1 2AB-ts4 2AB-ts6 

b)  
  

  
2AB-ts2 2AB-ts5 

c)  
 
Figure 8.7 Selected MP2/aVTZ geometrical parameters of a) three different 
complexes for formation of DADB from 2ab, DB + 2A, and ab + A + B, b) 
four different TS’s for formation of DADB from 2ab, DB + 2A, and ab + A 
+ B, and c) two different TS’s for H2 release from 2ab, DB + 2A, and ab + A 
+ B. Bond lengths are given in Å and bond angles in degree. 
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At this point, we have described the formation of BBA-com + A as 

separated species that represent another asymptotic region. This 

asymptote provides a common entry point to an interesting region of the 

potential energy surface. When BBA-com and A are allowed to interact, 

they exothermically form without a barrier a variety of hydrogen-bonded 

complexes depending on the orientation of the NH3.  

Figure 8.7a shows three complexes 2AB-com1, 2AB-com2, and 

2AB-com3 with different formation energies and related to DADB or H2 

formation. Of these complexes, 2AB-com1 is located at the lowest-energy 

position, 1.0 kcal/mol below 2AB, and has an intermolecular N―H bond 

between the N of the free NH3 and an H of the NH3 in BBA-com. 2AB-

com1 is characterized by the largest complexation energy of -9.1 kcal/mol 

with respect to BBAcom + A. The small energy difference between 2ab 

and 2AB-com1 means that the energy lost by breaking the B―N bond in 

an ab monomer is fully recovered by the new B―H―B and N―H―N bonds 

in the complex. 

2AB-com2 is a slightly weaker complex, formed by the same type 

of N―H―N interaction as in 2AB-com1, but with a different of NH3 

orientation. In this case, the NH3 is connected to one H atom of the 

bonded NH3 group and is in a trans position with respect to the BH3 of 

BBA-com complexed to the H from the BH3NH3 moiety. 2AB-com2 is 

only 0.7 kcal/mol less stable than 2AB-com1 and is 0.3 kcal/mol below 

2ab. There is a spectrum of complexes between BBA-com and NH3 that 

differ from each other by rotation of the NH3. These are however less 

stable than the two complexes just discussed.  

2AB-com3 has four N―H―H―B interactions between the N―H 

bonds of the free NH3 and B―H bonds belonging to BBA-com. The H―H 

bond distances are long, ~3.0 Å, and the complex is weak with a 

complexation energy of only -1.1 kcal/mol with respect to separated BBA-

com + A fragments. 2AB-com3 is 7.0 kcal/mol above 2ab and 8.0 

kcal/mol above 2AB-com1.  

 

8.4.1 Formation of the Ion Pair Isomers DADB and IonP-N 

We first consider the formation of ion pair isomers DADB and 

IonP-N. As shown in Figure 8.8, DADB can be formed from unimolecular 
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rearrangements of 2AB-com2 and 2AB-com3 but not from 2AB-com1. 

2AB-com2 is connected to DADB by an energy barrier of 28.1 kcal/mol 

via TS 2AB-ts3. This is the sole TS from 2AB-com2 and is located at 

27.8 kcal/mol above 2ab. Conversion of 2AB-com3 to DADB has a larger 

energy barrier of 31.2 kcal/mol through TS 2AB-ts6 (38.2 kcal/mol above 

2ab). Geometries of these TS’s are shown in Figure 8.7c. 

DADB can also be formed from 2AB-com3 by overcoming an 

energy barrier of 31.2 kcal/mol at TS 2AB-ts6 (38.2 kcal/mol above 

2AB). The higher energy of the latter TS, relative to 2AB-ts4, is due to 

different factors. A simultaneous breaking of not only the bridged B―H―B 

but also four N―H―H―B bonds, even though they are weak, occurs. In 

2AB-ts6, the new BN and BH bonds and, thus, both cationic and anionic 

moieties have essentially been formed. Such a “late” transition state is 

usually associated with a higher barrier.  

 

 

Figure 8.8 Schematic energy profiles illustrating the different reaction 
pathways for formation of DADB and IonP-N from 2ab, DB + 2A, and ab + 
A + B. Relative energies given in kcal/mol were obtained from 
CCSD(T)/aVTZ + ZPE calculations. 
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In Figure 8.8, BAA-com plays as an important intermediate in the 

formation of ion pair, IonP-N. Once BAA-com combines with a borane 

(B) molecule, IonP-N will be formed via two TS’s, which are located in 

range of 28 – 40 kcal/mol compared to 2ab. The first TS, 2AB-ts3 is 

located at 27.7 kcal/mol above 2ab and higher 2.4 kcal/mol than the 

reactants (ab + A + B). Comparison with the formation of DADB via 2AB-

ts4, ion pair IonP-N iss formed via 2AB-ts3 with lower energy of 0.1 

kcal/mol. The energy barrier for the formation of 2AB-ts3 is just 9.8 

kcal/mol respect to BAA-com + B, meanwhile 2AB-ts4 needs 28.1 

kcal/mol from 2AB-com2. The difference of formation energies of both 

TS’s can be seen easily by comparison of two complexes BAA-com and 

2AB-com2. To form TS 2AB-ts3, just a BN bond needs to be created 

between a B atom in free borane molecule and N atom of the BAA-com. 

Breaking a NH bond that belongs to BH3NH3 and forming a new NH bond 

to form NH4
+ occur simultaneously. Meanwhile 2AB-ts4 is created by 

breaking NHN hydrogen bond and forming new BN bond (cf. Figs. 8.7 and 

8.9).  

  
BAA-com 2AB-ts3 

  
2AB-ts7 2AB-ts8 

Figure 8.9 Selected MP2/aVTZ geometrical parameters of BAA-com, one 
transition state structure and two different complexes for formation of IonP-
N from ab + A + B. Bond lengths are given in Å, and bond angles in 
degrees.
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From BAA-com + B, we also found the second TS for the 

formation of IonP-N. Transition structure 2AB-ts8 is highest one with 

40.3 kcal/mol above 2ab in the whole PES. In this TS, similar to 2AB-ts3, 

BN bond is formed by the attachment of a free molecule BH3 to the N 

atom belong to BH3NH3 of BAA-com. The main difference between 2AB-

ts3 and 2AB-ts8 is the orientation of a free borane molecule attach to. In 

the 2AB-ts3, BH3 is attached to N atom at the side position in BAA-com, 

meanwhile BH3 in 2AB-ts8 is attached in a nearly opposite position. The 

difference of the orientation in attaching a free borane molecule to center 

N atom amounts to 12.6 kcal/mol, between 2AB-ts3 and 2AB-ts8. This 

difference of 12.6 kcal/mol is equivalent to the rotation energy of NH4
+ 

moiety around BH3NH3 of 2AB-ts8 to form ion pair IonP-N.   
 

8.4.2 The H2 Release from Two Ammonia Borane Molecules 

As discussed above, two ammonia borane molecules can be 

separated by three reactant systems 2ab, B2H6 + 2NH3 (denoted as DB + 

2A), and BH3NH3 + NH3 + BH3 (denoted as ab + A + B). The H2 release 

can be found from each reactant systems through the formation of two 

complexes, BAA-com and BBA-com, which are already discussed in the 

previous part.  

We first consider the H2 elimination from the complex BAA-com + 

B, which was formed from the reactant system ab + A + B in the first 

step. From the ab + A + B asymptote, the interaction between ab and 

NH3 leads directly to the complex BAA-com, which was also studied in our 

previous study.[5] BAA-com is characterized by an N―H hydrogen-bond 

distance of 1.99 Å, and additional stability is provided by a weaker 

B―H―N interaction (the B―H(NH3) bond being 2.68 Å). In this complex, 

NH3 plays the role of a hydrogen-bond acceptor, and ab is a 

hydrogenbond donor. The energy of BAA-com + BH3 is 17.9 kcal/mol 

above 2AB and 7.4 kcal/mol below ab + A + B. With the assistance of 

BH3, one H2 molecule can be generated from BAA-com + B through TS 

2AB-ts7 (Figure 8.9) with an energy barrier of 20.6 kcal/mol (2AB-ts7 is 

38.5 kcal/mol above 2AB). This TS results from an attack of the B of free 

BH3 to the N of NH3 in BAA-com, and the two departing H atoms are 

bonded at a distance of 1.134 Å. One H atom is released from NH3 in 
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BBA-corrrm and the other from free BH3. IRC calculations showed that 

the products of this TS are also 2AB-p1 + A + H2 (as from 2AB-com3), 

which is the most stable structure in this PES of -16.7 kcal/mol respect to 

2AB. 2AB-p1 is the cyclic structure based on diborane molecule shape in 

which center-H atom in diborane is substituted by NH2•••NH3. 2AB-ts7 

corresponds to a TS for H2 loss of a ab monomer interacting 

simultaneously with BH3 and NH3. As shown in Figure 8.8, the reaction 

pathway involving BAA-com + B is less favored with respect to the paths 

which will discuss later. 2AB-ts7 represents the highest-lying saddle point 

for H2 elimination in this region of the potential energy surface. 

TABLE 8.4 CCSD(T) Relative Energies (kcal/mol) of Transition and 
Equilibrium Structures for Formation of DADB and H2 Release from the 
2ab, DB + 2A, and ab + A + Ba 

 

Structures aVDZ aVTZ 

2ab 0.0 0.0 

DB + 2A 17.9 17.7 

ab + A + B 24.0 25.3 

DBA-com + A 12.2 12.6 

BAA-com + B 16.5 17.9 

BBA-com + A 8.0 8.1 

2AB-com1 -1.8 -1.0 

2AB-com2 -0.9 -0.3 

2AB-com3 6.5 7.0 

DADB -3.5 -3.3 

IonP-N 2.3 2.7 

2AB-p1 + H2 -14.8 -16.7 

2AB-p2 + A + H2  2.0 0.2 

DBA-ts + A 19.9 20.4 

2AB-ts1 11.0 12.4 

2AB-ts2 25.0 25.8 

2AB-ts3 26.7 27.7 

2AB-ts4 26.7 27.8 

2AB-ts5 30.3 30.7 

2AB-ts6 37.2 38.2 

2AB-ts7 38.5 38.5 

2AB-ts8 39.5 40.3 
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We now consider the H2 release from BBA-com + A, which is 

formed from two reactant systems DB + 2A and 2ab. Detailed discussion 

about the formation of BBA-com + A can be found in the previous 

chapter. From BBA-com + A, three complexes are formed by the different 

orientation of NH3 group attached to BBA-com. There are two complexes 

2AB-com1 and 2AB-com3, that are related to the processes of H2 

release. From both 2AB-com1 and 2AB-com3 we just found one TS of 

each for H2 elimination. The pathway for H2 release from 2AB-com1 via 

TS 2AB-ts2 in which one H2 can be generated by the same mechanism as 

in BBA-com[5] and again complexed by NH3 but on the amine side. 2AB-

ts5 was found for H2 elimination from 2AB-com3. 2AB-ts2 is lower in 

energy than 2AB-ts5 by 4.9 kcal/mol; it is 25.8 and 26.8 kcal/mol above 

2ab and 2AB-com1, respectively. In this case, the products 2AB-p2 + 

NH3 + H2 are only 0.2 kcal/mol above 2ab. This TS is close to 2AB-ts5, 

but they differ from each other by the position of the NH3 and different 

hydrogen-bond interactions. 

As discussed above, from 2AB-com3, we found one TS 2AB-ts6 

for the formation of DADB. However, formation of DADB is not the 

favored rearrangement of 2AB-com3. Indeed it undergoes preferentially 

loss of H2 with a lower-energy barrier of 23.7 kcal/mol via TS 2AB-ts5 

(Figure 8.7, 30.7 kcal/mol above 2AB), producing cyclic 2AB-p1. The 

latter TS 2AB-ts5 is basically composed of the TS for H2 loss from BBA-

com, reported in the previous chapter [see also 5] with complexation by 

an additional NH3. A difference of 7.5 kcal/mol between the energies of 

both TS’s clearly points out the dominance of the H2 elimination over 

DADB formation from 2AB-com3. 

In summary, the results in Figure 8.8 show that a reaction starting 

from two monomers 2ab yields the complexes 2AB-com1 and 2AB-

com2 as reactive intermediates. The complexes undergo subsequent H2 

release and DADB formation reactions characterized by energy barriers of 

25.8 kcal/mol via 2AB-ts2 and 27.8 kcal/mol via 2AB-ts4, respectively. 

An energy difference of 2 kcal/mol between both TS’s is small and close to 

the expected accuracy of our calculations at the CCSD(T)/aVTZ + ZPE 

level. Other factors besides the simple barrier heights, such as the entropy 

variation, temperature and pressure, could play an important role in the 
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kinetics. Thus both channels, H2 release and DADB formation, should be 

competitive. Although energetically less favored, the BAA-com + B and 

2AB-com3 systems also connect other regions of the potential energy 

surface, such as the channel giving rise to diborane (B2H6) as a product. 

We have probed the reaction of diborane with ammonia, which follows 

similar reaction pathways.[24,25] 

We now address the role of the second ab monomer in the various 

transformations. We showed[5] that B―N bond cleavage is favored by ~10 

kcal/mol over an H2 loss from one ab monomer. The role of the second 

monomer is to provide the BH3 and NH3 that can catalyze loss of H2 from 

the remaining monomer or to assist in forming various complexes 

associated with breaking a B-N bond. The reaction pathways related to the 

2ab and ab + A + B systems given in Figure 8.8 show that the ab 

monomer can assist in breaking the B―N bond Å in 2AB-ts1 or can break 

apart, forming BH3 and NH3 to catalyze the process as in 2AB-ts2 and 

2AB-ts4.  

In addition, it is useful to compare 2AB-ts1 and 2AB-ts4 (Figure 

8.7), which only differ by the orientation of the NH3 relative to the 

effectively separated BH3. In 2AB-ts1, the NH3 interacts with the non-

covalently bonded BH3 and connects BBA-com to 2ab. In 2AB-ts4, the 

NH3 approaches the BH3 of the monomer from the opposite side, leading 

to transfer of the H on the BH3 to form BH4
― and NH3BH2NH3

+, the 

components of DADB. Thus, the orientation of the incoming NH3 controls 

which part of the potential energy surface is accessed. 
 

8.5 Reaction Pathways for H2 Release from Ion Pair 

Isomers. 

We now examine the production of H2 from the ion pairs DADB 

and IonP-N. The energy profiles at the CCSD(T)/aVTZ level are shown in 

Figures 8.10 and 8.13. Figure 8.11 displays geometrical parameters of 

seven relevant TS’s. The optimized geometrical parameters for trans, 

gauche conformers (DADB-p1, DADB-p3), two complexes (com-DADB-

p4, DADB-p4) and cyclic-dimer are illustrated in Figure 8.12. Calculated 

relative energies obtained at the CCSD(T) level with the aVDZ and aVTZ 

basis sets are given in TABLE 8.4. 
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Figure 8.10 Schematic potential energy profile in kcal/mol showing the 
reaction pathway for H2 release from DADB, calculated with the CCSD(T) 
method using four basis sets including zero-point corrections.The energies 
are from top to bottom: aVDZ, aVTZ, aVQZ, and CBS. 

 

DADB-ts1 is the TS for the generation of one H2 molecule from 

DADB (Figure 8.11). For this reaction channel, results up to the 

CCSD(T)/CBS level are compared in TABLE 8.2 and illustrated in Figure 

8.10. Again, the energies obtained using the aVTZ basis set are very 

similar to the CBS values. As hydrogen transfer occurs, the BH4 moiety 

rotates around a NH3 group to yield a trans configuration for DADB-ts1. 

IRC calculations confirmed the connection between DADB and the product 

DADB-p1. The B―H bond of the BH4
― moiety only lengthens by 0.09 Å, 

whereas the N―H bond is substantially longer by 0.37 Å. The forming H2 

has a distance of 0.968 Å at DADB-ts1, longer than the values found 

above. H2 production through this TS is of much lower energy than the 

one described above, with an energy barrier of only 20.1 kcal/mol. The 

product generated from DADB is the chain molecule NH3BH2NH2BH3 

DADB-p1. The reaction is slightly exothermic, -6.5 kcal/mol with respect 
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to DADB (CBS results, Figure 8.10). The trans chain (linear) DADB-p1 

found by IRC calculations as the primary product does not correspond to 

the lowest-lying conformation of the molecule. As given in reactions 4 and 

5, the gauche (coiled) conformer is 12.2 kcal/mol more stable than the 

trans conformer, due to the presence of stabilizing B―H•••H―N 

interactions[22] (11.5 kcal/mol at the CCSD(T)/aVTZ + ZPE level, cf. Figure 

8.13).  

  
DADB-ts1 IonP-N-ts1 

  
DADB-ts2 IonP-N-ts2 

  
DADB-p1-ts DADB-p3-ts 

 
DADB-p4-ts 

Figure 8.11 Selected MP2/aVTZ geometrical parameters of five different 
TS’s for H2 release from DADB and IonP-N. Bond lengths are given in Å, 
and bond angles in degree. 
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The conversion of the trans DADB-p1 to the gauche form DADB-

p3 described in Figure 8.13 is however a low-energy process, with a 

barrier of rotation of 2.0 kcal/mol around the central B―N bond involving 

the TS DADB-p1-ts (Figure 8.11). The B―H•••H―N interactions induce a 

stabilization of gauche form DADB-p3 of 11.5 kcal/mol compared to the 

trans one. Located at 20.8 kcal/mol above 2ab, gauche form DADB-p3 

overcomes an energy barrier of 28.4 kcal/mol to give one H2 molecule. 

DADB-p3-ts (cf. Figure 8.11) is six-membered ring TS with the skeleton 

B―N•••H―H•••B―N. H2 molecule formed by H-atoms contribution from 

BH3 and NH3 are part of the B―H•••H―N interactions. The IRC 

calculations from DADB-p3-ts show that the product of the process for H2 

release from DADB-p3 is complex com-DADB-p4. As seen in Figure 

8.13, the complex com-DADB-p4 is formed by the interactions of two 

BH2NH2 and a free H2 molecules. com-DADB-p4 has an energy 

complexation of -59.7 and -80.5 kcal/mol lower than DADB-p3 and 2ab 

respectively. The interaction distances of B•••N, B•••H and N•••H are 

3.245, 3.281 and 3.082 Å, respectively. 

Once H2 molecule completely released from complex com-DADB-

p4, a new complex DADB-p4 is formed only by two BH2NH2 molecules. 

The B•••N interaction distance in DADB-p4 is ~3.33 Å, which longer than 

that of com-DADB-p4 (cf. Figure 8.13). It explains that the complex 

DADB-p4 is higher energy than com-DADB-p4 of 6.8 kcal/mol and 

located at 73.7 kcal/mol with respect to 2ab. With the long distance of BN 

interactions, DADB-p4 has to overcome an energy barrier of 69.7 

kcal/mol to form cyclic-dimer, which is the most stable adduct. The 

transformation from DADB-p4 to cyclic-dimer via DADB-p4-ts which is 

determined with an imaginary frequency of -378.14 cm―1. The form of TS 

DADB-p4-ts is similar to DADB-p4, but their main difference concerns 

the BN interactions. The BN distance in DADB-p4-ts is shorter ~1.1 Å 

than that of DADB-p4 (cf. Figure 8.13). With C2v group symmetry and the 

same BN distances of 1.607 Å, cyclic-dimer is located at 28.6 kcal/mol 

lower than 2ab. cyclic-dimer is one of the structures that can play as 

intermediate in the growth mechanism for H2 release which will be 

discussed detail in the next section.  
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DADB-p1 DADB-p3 

 
com-DADB-p4 DADB-p4 

 

cyclic-dimer 

Figure 8.12 Selected MP2/aVTZ geometrical parameters for trans, gauche 
conformers (DADB-p1, DADB-p3), two complexes (com-DADB-p4, 
DADB-p4) and cyclic-dimer.  Bond lengths are given in Å, and bond 
angles in degrees. 

 

There is another pathway for generating H2 from DADB involving 

the TS DADB-ts2 leading to the ion pair DADB-p2. As shown in Figure 

8.13, DADB-p2 is 16.7 kcal/mol less stable than DADB-p1, and DADB-

ts2 lies 30.6 kcal/mol higher in energy than DADB-ts1. Therefore, the ion 
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pair [BH4
―][NH3BH2NH3

+] undergoes preferentially H2 eliminations 

overcoming an energy barrier of 20.5 kcal/mol via DADB-ts1 (Figure 

8.13). This result is consistent with the experimental finding that DADB, 

generated following a seeding of (AB)2 dimer, releases H2 under mild 

temperatures.[6] 

The optimized geometrical parameters for trans, gauche 

conformers (DADB-p1, DADB-p3), two complexes (com-DADB-p4, 

DADB-p4) and cyclic-dimer illustrated in Figure 8.12. 

TABLE 8.5 Relative Energies (kcal/mol) of Transition and Equilibrium 
Structures for H2-release from the Ion Pair Isomers [BH4

+][NH3BH2NH3
-], 

DADB and [NH4
+][BH3NH2BH3

-] IonP-N. Energies Calculated at the 
CCSD(T) Level with ZPE Corrections.a 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

a Calculated at the CCSD(T) level using MP2/aVTZ-optimized geometries and scaled 
MP2/aVDZ ZPE corrections. 

 

IonP-N-ts1 and IonP-N-ts2 link the ion pair IonP-N 

[NH4
+][BH3NH2BH3

―] with the H2 release products (Figure 8.13). The trans 

chain product DADB-p1 from the reaction involving IonP-N-ts1, whose 

geometry is shown in Figure 8.11, turns out to be the same as that from 

DADB. The shape of this TS is similar to that of DADB-ts1, in which a 

trans conformation results from a migration of the NH4 moiety. The H2 

Structures aVDZ aVTZ 

2AB 0.0 0.0 
DADB -3.5 -3.3 
IonP-N 2.3 2.7 
DADB-p1 + H2 -7.8 -9.3 
DADB-p2 + H2  8.1 7.4 
DADB-p4 + 2H2 -72.3 -73.7 
com-DADB-p4 + H2 -79.0 -80.5 
IonP-N-p + H2 14.6 14.2 
cyclic-dimer + 2H2 -24.8 -28.6 
DADB-ts1 17.2 17.2 
DADB-ts2 48.3 47.8 
IonP-N-ts1 20.3 20.4 
IonP-N-ts2 59.0 58.7 
DADB-p1-ts + H2 -5.9 -7.3 
DADB-p3-ts + H2 9.3 7.6 
DADB-p4-ts + 2H2 -2.2 -4.4 



 

 

 

Reaction Pathways for H2 Release from Ion Pair Isomers 127   

 

formation arises equally from a B―H•••H―N interaction. The energy 

barrier associated with the process IonP-N → IonP-N-ts1 is 17.7 

kcal/mol, 2.8 kcal/mol smaller than that of DADB proceeding through 

DADB-ts1 (Figure 8.13 at the same level of theory). Reaction via IonP-

N-ts2 is too high an energy process to be considered. Despite many 

attempts, we were not successful in identifying a direct reaction pathway 

linking the neutral dimer dim with either ion pair DADB or IonP-N, apart 

from those shown in Figure 8.8. There is a path to DADB that involves 

breaking the dimer interaction and starting from two monomers. The first 

step to form the two monomers requires 14.0 kcal/mol. A second step is 

to break the B―N bond, which requires an additional 25.3 kcal/mol. An 

additional energy of only 2.5 kcal/mol is required to reach the value of 

41.8 kcal/mol to reach TS 2AB-ts4 leading to DADB. The actual reaction 

proceeds through the intermediate BBA-com + NH3, which is reached by 

a barrier of 12.4 kcal/mol starting from 2AB. The energy barrier of 41.8 

kcal/mol is a few kcal/mol smaller than the values of 44.5 and 50.0 

kcal/mol for one-step elimination of one H2 (Figure 8.5) and two H2 

molecules (Figure 8.5), respectively, from dim.  

Thermal decomposition of AB has been experimentally shown to 

yield H2 at mild temperatures (T ≤ 80 °C).[1] Our results suggest that H2 

release from ammonia borane under these conditions does not proceed 

through the hydrogen-bonded dimmer dim. The dimer dim can generate 

one or two H2 molecules through direct pathways having energy barriers 

ranging from 44.5 to 50.0 kcal/mol with respect to the dimer (Figure 8.5). 

Instead, our results show that H2 can be released more readily if an ion 

pair is formed. Although DADB is 10.6 kcal/mol less stable than dim, the 

pathway for H2 elimination from DADB is characterized by a smaller 

energy barrier of 20.1 kcal/mol. In the gas phase, the path that converts 

dim to DADB has a barrier of 41.8 kcal/mol (through 2AB-ts4). Such a 

conversion could be a lower-energy process in condensed media,[7] so the 

barrier to loose H2 from the dimer would be reduced.  

The second ion pair [NH4
+][BH3NH2BH3

―] IonP-N is 16.4 kcal/mol 

less stable than the neutral dimer and has a smaller energy barrier of 17.7 

kcal/mol for H2 elimination. Again, the barrier for loss of H2 starting from 

dim via IonP-N would be 34.1 kcal/mol, slightly higher than proceeding
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through DADB. These barriers are both below the unimolecular loss of H2 

from BH3NH3.
[5] We found that the decomposition of both ion pairs 

produces the chain BH3NH2BH2NH3 structure, just as observed in the solid-

state and ionic liquid studies.[7,8b]  

 

 

Figure 8.13 Schematic potential energy profiles in kcal/mol showing the 
reaction pathway for H2 release from DADB and IonP-N. Relative energies 
in kcal/mol were obtained from CCSD(T)/aVTZ + ZPE corrections. 
 
8.6 Concluding Remarks 

In the present study, we have investigated the reaction pathways 

and the molecular mechanisms for H2 release from dimers of ammonia 

borane. In addition to the more conventional neutral dimer, we have found 

two ion pair isomers. One of them is DADB, which was experimentally 

identified following seeding of the neutral (ab)2 dimer. The most stable 

gaseous phase dimer dim results from a head-to-tail cyclic interaction and 

is stabilized by 14.0 kcal/mol with respect to the two ab monomers. The 

neutral dimer dim could generate one H2 molecule through direct 
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pathways having energy barriers near 45 kcal/mol, substantially higher 

than for loss from the monomer. The pathway for loss of two H2 molecules 

is even higher near 50 kcal/mol. Reactions of two monomers and of one 

monomer with separated BH3 and NH3 lead to either DADB or H2 

formation with energy barriers of ~26-28 kcal/mol. Successive additions of 

two NH3 molecules to B2H6 also lead to DADB via an energetically lower-

lying TS. Although DADB is 10.6 kcal/mol less stable than dim, the 

pathway for H2 elimination from DADB is characterized by a smaller 

energy barrier of ~21 kcal/mol. IonP-N is 16.4 kcal/mol less stable than 

the neutral dimer, and the energy barrier for loss of H2 is reduced to ~18 

kcal/mol. The chain molecule BH3NH2BH2NH3, a key precursor for the 

formation of borane amine oligomers, is predicted to be generated when 

H2 is lost from either ion pairs but not from the more stable dim. The 

cyclic-dimer BH2NH2BH2NH2 located at 28.6 kcal/mol lower than the 2ab 

becomes an important structure for the growth mechanism of H2-releases. 

Our results are consistent with the experimental observation that seeding 

of BH3NH3 produces the diammoniate of diborane. 
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CHAPTER 9 

 

AMMONIA TRIBORANE – NH3B3H7  

 

 

9.1 Introduction 

n the two previous chapters we have considered different derivatives 

of ammonia boranes.[1-4] Our ab initio electronic structure theory 

calculations showed that hydrogen release from ammonia borane is 

greatly facilitated by the presence of an additional borane molecule (BH3), 

which can act as a Lewis acid bifunctional catalyst.[5,6,7,8] We now consider 

a larger borane member. Yoon and Sneddon[9a] recently reported that the 

long-known ammonia triborane[10-12] has properties which also make it a 

promising candidate for chemical hydrogen storage, and presented an 

efficient, convenient, and safe method for its laboratory preparation. They 

reported that oxidative hydrolysis of NH3B3H7 in aqueous solution leads to 

the release of up to 8 equiv of H2, upon addition of either acids or metal 

catalysts (such as RhCl3). As part of our efforts in predicting the energetic 

properties of H2 storage materials using high-level molecular orbital 

theory, we have studied the molecular mechanisms for H2 releases from 

ammonia triborane.  

 

9.2 Relative Energies of B3H7 Isomer Forms 

We first considered the triborane B3H7. Early theoretical studies 

with geometry optimization at the Hartree-Fock level with small basis 

sets[13] identified five different structures for B3H7. More recent theoretical 

studies[13,14] using the G3 and CCSD(T) methods considered only one[14] or 

two[14] low-lying isomers. Our MP2 geometry optimizations and vibrational 

analyses located the three equilibrium structures tb1, tb2, and tb3 shown 

I 
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in Figure 9.1 where we use the convention that tb is the triborane B3H7. 

Other possible structures were not found to be local energy minima. 

Relative energies calculated using the CCSD(T) method as a function of 

basis set are compared in TABLE 9.1. The relative energies quoted in the 

following sections refer to, unless otherwise noted, those derived from the 

calculated heats of formation at 0 K. The aVDZ results are 

semiquantitative within ~2 kcal/mol, and the CCSD(T)/aVTZ and 

CCSD(T)/aVQZ energies are well converged which differ by only 0.5 and 

0.1 kcal/mol from the CCSD(T)/CBS values, respectively. 

 

   

tb1 (C2v) tb2 (Cs) tb3 (Cs) 
 
Figure 9.1 Selected MP2/aVTZ geometrical parameters of three triborane 
isomers. Bond distances are given in angstrom and bond angles in degree. 
 

In agreement with the earlier studies[14,15] the dibridge form tb2 

with two three-center two-electron B―H―B bonds is found to be the most 

stable isomer. Following the normal conventions for BxHy clusters, there is 

no formal bond between the two nonbridge boron atoms in tb2. This is 

consistent with the fact that the B―B bond distance is quite long at 1.999 

Å. The triangular monobridge form tb1, with a single three-center two-

electron B―H―B bond, which was reported in the earlier theoretical study 

by Lipscomb and co-workers[14] but not considered in the most recent 

study by Tian,[15] is only 3.7 kcal/mol higher in energy than tb2. tb1 can 

be considered to be a diborane molecule with a bridging H replaced by a 

bridging BH2. The bridging BH2 is essentially in the B―H―B plane. The 

open structure tb3, which was considered by Tian,[15] is predicted to be 

8.9 and 5.2 kcal/mol above tb2 and tb1, respectively. Our value of 8.9 

kcal/mol is slightly larger than the value of 8.3 kcal/mol obtained from 

CCSD(T) calculations with the smaller 6-311G(d,p) basis set.[15] tb3 is 
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best described as a diborane where a terminal H is replaced by a BH2 

group. The terminal BH2 group is oriented so that its empty p orbital is in 

the plane perpendicular to the B―H―B bonds. The most stable structure is 

the one that is not based on substituting BH2 for H in diborane. Replacing 

the bridging H with BH2 to form tb1 is lower in energy than replacing a 

terminal H in diborane to form tb3. As discussed below, tb1 plays a key 

role in the condensation with an ammonia molecule.  

 
TABLE 9.1 Relative Energies of the Three B3H7 and the Five B3H7NH3 
Isomersa Calculated Using CCSD(T) Method and Different Basis Sets. 
 

Basis Set 
Isomer 

aVDZ aVTZ aVQZ CBS 

tb1  2.63 3.32 3.47 3.54 
tb2 0.0 0.0 0.0 0.0 
tb3  6.72 8.16 8.48 8.64 
atb1 0.0 0.0 0.0 0.0 
atb3-c 27.50 29.27 29.65 29.85 
atb3-c1 9.84 10.50 10.62 10.68 
atb3-t 27.02 28.76 29.14 29.33 
atb3-t1 11.64 12.22 12.32 12.37 

a Values in kcal/mol based on MP2/aVTZ geometries (cf. Figures 9.1 and 9.2) and 
 with ZPE corrections.  
 

9.3 Structure of NH3B3H7 Isomers 

 The interaction of ammonia with B3H7 can lead to several Lewis 

acid-base condensation NH3B3H7 molecules. The NH3 acts as a Lewis base 

(nucleophilic agent) interacting with the Lewis acid electron-deficient 

borane. It has previously been shown that the geometries of the resulting 

adducts differ significantly from those of the boranes.[16] Figure 9.2 

displays the five ammonia triborane adducts with a selection of MP2/aVTZ 

geometrical parameters. In general, each isomer is designated by the 

letter atbX-y, in which atbX, with X = 1 and 3, stands for an ammonia 

triborane resulting from tbX; y = c, c1, t, and t1 refer to cis and trans 

configurations, respectively. The relative energies are reported in TABLE 

9.1.
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Adducts will be more readily formed starting from boranes with a 

vacancy on boron.[16] Thus, NH3 complexation to tb1 and tb3 should yield 

lower-energy adducts than that formed from the more stable tb2. Indeed, 

in spite of extensive searching, no adduct between NH3 and tb2 could be 

located. All geometry optimizations invariably converged to atb1, which is 

the natural adduct of tb1 and ammonia. In this case, the adduct is formed 

by stabilizing the bridging BH2 group by interacting with the vacant p- 

orbital on the bridging BH2. The B-N bond distance of 1.622 Å (Figure 9.2) 

is shorter than to that of 1.659 Å in NH3―BH3 derived at the same level.[7] 

Nordman and Reimann[17] determined the crystal structure of ammonia 

triborane, but it was not possible to provide a conclusive structure on the 

basis of the experimental electron density distribution. These authors[16b] 

suggested that the boron triangle in NH3B3H7 is held together by two 

B―H―B bridge bonds and one B-B electron pair (as in tb2), but did not 

rule out the alternative description in terms of one hydrogen bridge and a 

central three-center bond. Their alternative form is confirmed by our 

calculations to be the most stable structure (atb1). The crystal structure 

was found to be significantly distorted without point group symmetry 

having the following bond distances: B―N: 1.581 ± 0.003 Å; B―B 

(opposite to NH3): 1.744 ± 0.005 Å; B―B: 1.820 ± 0.006 Å; and B―B: 

1.803 ± 0.006 Å. Our MP2 values differ from these experimental ones by 

about 0.04 Å (Figure 9.2).  

Condensation of NH3 to the open form tb3 results in a larger 

number of adducts, due to the relative orientation of the incoming NH3 

group with respect to the other moiety. atb3-c1 and atb3-t1 correspond 

to cis and trans conformations of the adduct derived from complexation at 

the terminal BH2 group. This corresponds to the NH3 interacting with the 

vacant orbital on the terminal BH2 group just as in NH3BH3 except that one 

of the H’s on the BH3 has been replaced by a B2H5 fragment. The B―N 

distances of 1.650 - 1.655 Å in both conformers are similar to the value of 

1.659 Å predicted for BH3NH3. The B―B distances of 1.703 - 1.714 Å are 

stretched relative to that of 1.683 Å in tb3, due to the presence of the 

new N―B bond.  
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atb3-c1 atb3-t1 

  

atb3-c atb3-t 

 

atb1 
 
Figure 9.2 Selected MP2/aVTZ geometrical parameters of the ammonia 
triborane NH3B3H7 isomers. Bond distances are given in angstrom and bond 
angles in degree. 

 

atb3-c and atb3-t are formed by addition of NH3 to the BH2 group 

in the diborane fragment, which leads to another pair of cis and trans 

conformations. Upon complexation, one of the bridge B-H-B bond of tb3 

breaks, leading to a complex of BH3NH3 with BH2BH2 where a B―H bond 

from BH3NH3 interacts with the vacant p orbital on the BH2 bonded to the 

other BH2. This condensation is similar to that between BH3―NH3 and BH3 

discussed recently by us (see chapter 7).[7] Replacement of an H atom of
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BH3 by BH2 (giving BH2BH2) does not induce significant geometric changes. 

The B―N bond distance of 1.60 Å in both adducts atb2-c1 and atb3-t1 is 

nearly identical with that in the BH3NH3BH3 complex (MP2/aVTZ 

geometry). The B―H―B bond distances in these structures are also 

similar.[7]  

In comparison to BH3NH3, B2H6NH3 is markedly less stable with 

respect to the B―N bond scission. Formation of an adduct between NH3 

and B2H6 requires breaking one of the two B―H―B bonds such as in atb3-

c. The absence of a second B―H―B bond in the adduct destabilizes it with 

respect to the separated reactants. In contrast, BH3NH3 and B3H7NH3 have 

comparable σ dative B―N bond energies. The interaction of B3H7 with a 

three-membered BBB ring (tb1) with NH3 to form B3H7NH3 leads to a 

stabilization of the adduct atb1, which is larger than that in BH3NH3. 

 

9.4 Reaction Pathways for H2 Release from NH3B3H7 Starting 

from atb1 

We first consider the molecular mechanism for hydrogen 

elimination from the most stable ammonia triborane atb1. Figure 9.3 

displays the two transition structures and the product associated with this 

process. The letters ts and p stand for a transition state structure and 

product, respectively. Figure 9.4 shows the energy profiles schematically 

illustrating the pathways under consideration. The connections between 

two different ts’s and the same equilibrium structures shown in Figure 9.4 

were confirmed by IRC calculations.  

In general, the departing H2 molecule is composed of one H-atom 

from the NH3 fragment and another from the B3H7 fragment. The main 

difference between the two transition states is the position of the H(B) 

atom. In atb1-ts1, the migrating H is coming from atom B1 of the B2H5 

moiety, situated opposite to ammonia with respect to the central boron B. 

This process can be described as a 1,3-H2-elimination. A remarkable 

feature of this transition state is that, once the H(B1) atom of atb1 is 

moving toward the H(N) atom to form the departing H2, the bridging H-

atom migrates in a similar direction, breaking the B1―H―B2 bond and 

forming a new B1―H bond. A hydrogen bonded to the central boron B 

shifts in a different direction to generate a new bridge B―H―B2 bond. As 



 

 

 

Reaction Pathways for H2 Release from NH3B3H7 Starting from atb1 137   

 

a consequence, the two-electron-three-center bond in atb1-ts1 is now 

situated adjacent to the ammonia group, in contrast to that in the 

equilibrium structure atb1. As illustrated in Figure 9.3, the B―N―H―H―B 

framework of atb1-ts1, in which the H2 formation actually occurs, 

constitutes a nearly planar five-membered ring with a BB1HH dihedral 

angle of only 5°. The B1―H distance of 1.344 Å is longer than the normal 

B―H bond distance (about 1.19 Å), whereas the N―H bond of 1.541 Å is 

significantly stretched as compared with a normal N―H bond distance 

(around 1.01 Å). The B―B1 bond in atb1-ts1 is elongated by ~0.05 to 

~0.1 Å to 1.893 Å as compared to 1.788 Å in tb1 and 1.844 Å in atb1. In 

contrast, the B-N distance of 1.518 Å shortens by ~0.1 Å relative to that 

of 1.622 Å in atb1. The H―H distance of 0.885 Å in atb1-ts1 is relatively 

short, consistent with the hydrogen molecule being mostly formed. The 

N―H―H―B1 framework formally corresponds to a type of dihydrogen 

bond with a charge distribution Nδ+―Hδ―Hδ+―Bδ+, which stabilizes the ts 

and facilitates the molecular hydrogen formation. Again this type of 

dihydrogen bonding is consistent with what is found in the dimer of 

BH3NH3 and in the solid state (see chapters 7 and 8).[7,8,19-21] 

 

In the second pathway (atb1-ts2), the H(B) atom of the departing 

H2 originates from the central boron atom of atb1 (denoted as B in Figure 

9.3). It thus resembles the TS for H2 release from BH3NH3,
[7] where the 

departing H2 in the corresponding TS is centered on the boron atom. The 

B-H distance of 1.344 Å of atb1-ts2 is similar to that for the TS for 

elimination in BH3NH3, and the N-H distance of 1.436 Å and H-H distance 

of 0.96 Å (0.99 Å in the TS of BH3NH3) are slightly shorter. By using the 

H-H distance in the TS as a crude index, atb1- ts2 is an earlier transition 

state than is atb1-ts1. The B―H―H―N framework of the former is more 

bent than that of the latter (within a four-membered ring). The process 

through atb1- ts2 can be described as a 1,2-H2-elimination, similar to the 

pathway found in ammonia borane BH3NH3,
[7] from which a non-migrating 

H(B) atom is replaced by a B2H5 group to yield atb1-ts2.  

1,3-H2-elimination is predicted to have a substantially lower 

barrier as compared to 1,2-H2-elimination. At the CCSD(T)/CBS + ZPE 

level, the energy barrier for H2 release from ammonia triborane atb1 is 
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28.9 kcal/mol via atb1-ts1, but it is 46.5 kcal/mol via atb1-ts2. Thus, 

the energy barrier for 1,3-H2-elimination is 1.8 kcal/mol below the 

dissociation energy to form NH3 + B3H7, but 1,2-H2-elimination occurs 

above this dissociation limit. Both reaction pathways lead to the same 

product atb1-p1, which is an amino-substituted triborane (Figure 9.3). 

The forward process atb1 f atb1-p1 + H2 is calculated to be endothermic 

by 5.6 kcal/mol at the CCSD(T)/CBS + corrections level and 5.7 kcal/mol 

from the heats of formation at 0 K. 

  
atb1-ts1 

  
atb1-ts2 

 
atb1 

 
Figure 9.3 Selected MP2/aVTZ geometrical parameters of two transition 
structures and product from the H2 elimination of atb1. Bond distances are 
given in angstrom and bond angles in degree. For atb1-ts1 and atb1-ts2, two 
different views are presented. 
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Figure 9.4. Schematic energy profiles illustrating two different reaction 
pathways for H2 release from atb1. Relative energies, in kcal/mol, were 
obtained from the atomization energies (CCSD(T)/CBS + corrections) at 0K 

 

Figure 9.5 displays the reaction pathways for H2 release from the 

parent homologues BH3NH3 and B2H6NH3 with relative energies obtained at 

the CCSD(T)/aVTZ + ZPE level of calculation. In each system, the 

reference point is given to the energy of the separated fragments BxHy + 

NH3. Some important energetic differences are now given.  

As stated above, B3H7-NH3 atb1 is more stable than BH3NH3 and 

B2H6NH3 with respect to B―N bond cleavage. H2 release is endothermic by 

5.6 kcal/mol from B3H7NH3 atb1 and 10.2 kcal/mol from B2H6-NH3, 

whereas it is exothermic by a similar amount of 6.3 kcal/mol 

(CCSD(T)/aVTZ + ZPE) from BH3NH3 (Figure 9.5A). 
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A) BH3  + NH3 

 

B) B2H6 + NH3 

 
Figure 9.5 Reaction pathway for H2 release at 0 K from (A) BH3 + NH3 and 
(B) B2H6 + NH3. Relative energies, in kcal/mol, were obtained from 
CCSD(T)/aVTZ + ZPE calculations. For A, see ref 34 for profiles with the 
CCSD(T)/CBS + corrections results. 

 

The energy barrier for 1,2-H2-elimination of 46.5 kcal/mol via 

atb1-ts2 is substantially larger than that of 36.8 kcal/mol at the
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CCSD(T)/aVTZ + ZPE level (36.4 kcal/mol at the CCSD(T)/CBS + 

corrections level) calculated for the same process in BH3NH3.
[7] Thus, the 

substitution of B2H5 for H leads to an increase in the barrier height. The 

B2H6 + NH3 channel proceeds through the same adduct as the BH3NH3 + 

BH3 channel would. The condensation of ammonia with diborane (in the 

reverse, B―N bond breaking in the adduct) is associated with transition 

state ts1 in Figure 9.5B. This corresponds to a breaking/forming of the 

strong bridge B―H―B bond. The structural and energetic properties of the 

adduct B2H6NH3 and ts2 for H2 release have been analyzed in detail.[7] We 

note that ts2 lies 11.7 kcal/mol above ts1; therefore, ts2 is clearly the 

rate-determining step leading to H2 release.[22] Other aspects of the 

(B2H9N) potential energy surface can be found in our subsequent paper.[23] 

 

9.5 Reaction Pathways for H2 Release from B3H7NH3 Starting 

from atb3  

The adducts collectively labeled atb3 lead to a number of reaction 

pathways for H2 generation. We summarize the relevant TS’s to point out 

the rich possibilities for H2 elimination, although these may not be 

energetically important. Selected MP2/aVTZ geometrical parameters of the 

transition states are displayed in Figure 9.6, and the energy profiles are 

shown in Figures 9.7.  

For each of the isomers atb3-c1, atb3-t1, atb3-c, and atb3-t 

considered, two TS’s were located and are distinguished by the position of 

the departing H2. In general, one group of TS’s closely resembles that of 

the parent BH3NH3 adduct and can be regarded as a 1,2-H2-elimination 

with the remaining groups acting as a substituent. These include atb3-c1-

ts1, atb3-t1-ts1, atb3-c-ts2, and atb3-t-ts2. The second group of TS’s 

involves a H(B) from a boron nonbonded to the nitrogen and includes 

atb3-c1-ts2, atb3-t1-ts2, atb3-c-ts1, and atb3-t-ts1. A common 

characteristic of all the TS’s for H2 release is that they are higher in energy 

than the corresponding B―N dissociation energies. As a consequence, 

these processes are not expected to significantly contribute to the H2 

formation under mild thermal conditions. 
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atb3-c1-ts1 atb3-c1-ts2 atb1-t1-ts1 

   

atb1-t1-ts2 atb1-c-ts1 atb1-c-ts2 

  

atb1-t-ts1  atb1-t-ts1 
 
Figure 9.6 Selected MP2/aVTZ geometrical parameters of transition 
structures for H2 release of different adducts atb1-atb3. Bond distances are 
given in angstrom and bond angles in degree. 

 

As an example, we summarize the results regarding the 

energetically lowest-lying adduct formed from atb3. atb3-c1 is associated 

with two different transition states in which the H2 is produced from a 

H(N) atom and a hydrogen from one of the borons. These are denoted as 

atb3-c1-ts1 and atb3-c1-ts2 (Figure 9.6). atb3-c1-ts1 is a 1,2-H2-

elimination process. In this case, 1,2-H2-elimination has a lower energy 

barrier (Figure 9.7a). A similar result is found for the atb3-t1 isomer 

where 1,3-H2-elimination proceeding through atb3-t1-ts2 is of higher 

energy. The processes related to the less stable atb3-c and atb3-t are 

shown in Figure 9.7b. 
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a) H2 release from atb3-c1 and atb3-t1 b) H2 release from atb3-c and atb3-t 

 
Figure 9.7 Schematic energy profiles illustrating different reaction pathways 
for H2 release a) from atb3-c1 and atb3-t1 and b) from atb3-c and atb3-t. 
Relative energies, in kcal/mol, were obtained from CCSD(T)/aVTZ + ZPE 
calculations at 0 K. 
 
9.6 Concluding Remarks 

Electronic structure calculations have been applied to locate critical 

points on the potential energy surfaces related to hydrogen release from 

ammonia triborane NH3B3H7. The molecular hydrogen release reaction is 

endothermic by 5.6 kcal/mol giving an aminotriborane ring. Starting from 

its most stable from in the gas phase, ammonia triborane can release one 

H2 molecule by a direct 1,3-H2-elimination pathway characterized by an 

energy barrier of 28.9 kcal/mol. 1,2-H2-elimination is found to be a less 

favored process. In contrast to the parent homologues BH3NH3 and 

B2H6NH3, the barrier height for H2 release from B3H7NH3 is slightly smaller 

than the B-N bond cleavage energy of 30.7 kcal/mol yielding the 

fragments B3H7 + NH3.  
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AMMONIA ALANE COMPOUNDS 

Al – N – H 
 

PART IV 

This part reports the results obtained on ammonia alane and 

its derivatives. Alanes, the heavier homologues of boranes, 

are better catalysts for H2 release. Ammonia alanes can be 

considered as promising materials for chemical hydrogen 

storage. 

The chapters are based on the results published in: 

1)  Theoretical Study of the Hydrogen Release from Ammonia 
Alane and the Catalytic Effect of Alane 
Nguyen, V. S.; Matus, M. H.; Ngan, V. T.; Nguyen, M. T.; 
Dixon, D. A. J. Phys. Chem. C 2008, 112 (14), 5662 - 5671 
  

2)  Computational  Study  of  Molecular Complexes  Based  on  
Ammonia  Alane  for  Chemical  Hydrogen  Storage 
Nguyen, V. S.; Swinnen, S.; Nguyen, M. T.; Dixon, D. A. 
J. Phys. Chem. C 2009, 113(43), 18914  - 18926 
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CHAPTER 10 

 

AMMONIA ALANE MONOMER 

NH3AlH3 
 

 

 

10.1 Introduction 

xtensive efforts are underway to design and synthesize materials 

for efficient chemical H2 storage.[1] With a low molecular weight 

(30.9 g mol-1) and a high potential H2 capacity (19.6 wt %), in 

conjunction with both acidic NH and basic BH bonds, ammonia borane ab 

and its derivatives are currently being considered as a onboard hydrogen 

source for transportation.[2-7]  

We have demonstrated in previous chapters that the Lewis acid 

borane (BH3) can act as a bifunctional acid-base catalyst, greatly 

accelerating the H2 formation from ab.[4] With BH3 as a catalyst, the 

energy barrier for H2 release is reduced from 36 to 6 kcal mol-1 with 

respect to the asymptotic reactants. BH3 was also found to induce a 

similar catalytic effect on H2 formation from diphosphine (P2H4).
[8] 

Ammonia also acts as a Lewis base catalyst for H2 release from ab, but 

the resulting energy barrier is higher than that for BH3.
[4]  

We have also shown that while the neutral dimer of ab 

[(BH3NH3)2] plays a minor role in the release of H2 from ammonia borane, 

the isomeric ion pairs [BH3NH2BH3
―][NH4

+] and [NH3BH2NH3
+][BH4

―] play 

an important role,[9] consistent with experimental observations in ionic 

liquids and the solid state.[10] Ammonium salts of boron hydride anions 

and dianions may also serve as good materials for H2 production.[11] We 
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have confirmed that a catalyst is needed to develop adequate reaction 

conditions for the H2 release from ammonia triborane (B3H7NH3).
[12,13]  

Metal-doped alanes such as NaAlH4 have long been considered as 

hydrogen storage media.[14] Recent experimental studies have suggested 

that alane (AlH3), the heavier analogue of borane, could also be a 

promising material for onboard hydrogen storage applications,[15,16] 

Reactions of aluminum hydride derivatives with ab generate AlN/BN 

materials upon thermal dehydrogenation at high temperatures.[16] The 

complex of alane with the organic amine triethylenediamine (TEDA) was 

first synthesized by Ashby with a pressure of H2 of 340 bar.[17] Recently, 

Graetz at al. reported a new synthetic approach to this complex at a 

pressure of H2 less than 30 bar.[18] By using high-accuracy ab initio 

electronic structure theory to calculate the heats of formation and reaction 

thermodynamic parameters, both in the gas phase and solid state, it was 

predicted that molecular ammonia alane (AlH3NH3, aal) and the 

corresponding ionic salt [AlH4
―][NH4

+] in the solid state can serve as good 

hydrogen storage systems that release H2 in near-thermoneutral 

processes.[19] The isovalent phosphorus systems including borane 

phosphine (BH3PH3) and phosphine alane (AlH3PH3), and their 

corresponding crystal salts [XH4
―][PH4

+], with X = B and Al, have also 

been predicted to have appropriate thermodynamic properties to serve as 

H2 storage systems. In a previous chapter we have also pointed out the 

ability of alane to act as a bifunctional catalyst.  

The potential of a compound for chemical hydrogen storage is 

dependent not only on the percent of H2 stored by weight but also on the 

inherent kinetics and mechanism of the processes releasing H2 and 

regenerating the compound which stores H2. Here, we use high-level 

molecular orbital theory to predict the molecular mechanism of H2 release 

from aal and the ability of alane to serve as a catalyst for hydrogen 

release on the basis of the following reactions:  

AlH3NH3      H2 + AlH2NH2    (1) 

AlH3NH3 + AlH3     H2 + AlH3 + AlH2NH2   (2) 

AlH3NH3 + BH3     H2 + BH3 + AlH2NH2   (3) 

For comparison purposes, H2 loss from ethane catalyzed by AlH3 was also 

considered.  
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10.2 Hydrogen Release from Ammonia Alane 

         The results obtained for the unimolecular fragmentation of AlH3NH3 

are summarized in Figure 10.1. Geometries and energetics of both the 

reactant and product have been analyzed in detail.[19] The reaction is of 

nearly thermoneutral character, with a small reaction enthalpy of about -3 

kcal/mol. The variations of the MP2 parameters are very small following 

the addition of tight d-polarization functions to the Al basis set, with the 

distances changing by -0.006 Å. The shape of the aal-ts is similar to that 

of the TS for H2 elimination from the lower homologue ammonia borane 

(chapter 7).[4] The aal-ts has Cs point group symmetry, and formation of 

the H-H bond occurs within the molecular plane. Both N-H and Al-H bonds 

are broken, but the N-H is proportionally more stretched. Initiated by 

rotation about the Al-N bond, both migrating H atoms are displaced in 

opposite directions toward each other, parallel to the Al-N bond. The H(N) 

atom is moving farther toward the Al, in such a way that both departing H 

atoms are equidistant with respect to the Al center. The H-H distance of 

1.01 Å is nearly the same as that of 0.99 Å in the TS of BH3-NH3 reported 

previously (MP2/aVTZ values, cf. chapter 7).[4] The aal-ts has the 

geometry of a slightly cis-distorted amino alane interacting with an 

elongated H2 at N and Al. The elongated H2 is a dominant feature and 

accounts for a large part of the resulting energy barrier.  

As for BH3NH3, aal decomposition is characterized by two different 

channels, Al-N bond cleavage and H2 loss. The results calculated using 

four different levels as shown in Figure 10.1 are consistent and show 

relatively small effects of the additional tight d functions on the relative 

energies. The two sets of CCSD(T) results using the two CBS energies 

based on one-electron basis sets without and with tight d functions differ 

from each other by at most 0.3 kcal/mol. The larger basis set tends to 

reduce, marginally but systematically, the relative energies. Our best 

estimate using CCSD(T)/CBS-aV(n+d)Z electronic energies places the 

fragments AlH3 + NH3 and the TS aal-ts 26.6 and 28.7 kcal/mol above 

aal, respectively. Although the bond dissociation remains favored 

energetically, the difference in these energies is small, 2.1 kcal/mol, as 

compared to the difference of 10.4 kcal/mol in BH3NH3 favoring B-N bond 

dissociation (B-N bond energy = 26.0 kcal/mol).[4] Whereas the energies 
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of the N-X bonds (X = B, Al) are almost equal, the energy barrier is 

substantially reduced upon going to the heavier element. Due to the larger 

difference in electronegativity, the Al-N and Al-H bonds are more polar 

than the B-N and B-H bonds, in particular the Alδ+―Hδ― bond. The H(Al) 

atom is more negatively charged (~-0.4 e) than H(B), and this hydride 

can capture more easily the incipient proton H(N)+ to form the H δ+―Hδ― 

bond. 

 

Figure 10.1 Schematic minimum-energy pathways for H2 release and Al-N 
bond dissociation from aal. Relative energies in kcal/mol from calculations at 
the levels: upper, CCSD(T)/aVTZ; middle upper, CCSD(T)/CBS-aVnZ; 
middle lower, CCSD(T)/aV(T+d)Z; and lower, CCSD-(T)/CBS-aV(n+d)Z. 
All values are corrected for zero-point contributions. Selected geometry 
parameters of the transition state for H2 release, aal-ts, using the MP2 method 
with two basis sets: upper, aug-cc-pVTZ and lower, aug-cc-pV(T+d)Z. Bond 
distances are in angstrom, and bond angles are in degree. 
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TABLE 10.1: Relative energies (kcal/mol) of the equilibrium structures in 
the process of H2-elimination from AlH3NH3 at the CCSD(T) level. 
 
Structures aVTZ a) CBS a) aV(T+d)Z b) CBS b) 

AlH3 + NH3 25.7 26.4 25.9 26.6 

AlH3NH3 (aal) 0.0 0.0 0.0 0.0 

aal-ts 29.3 28.8 29.0 28.7 

AlH2NH2 + H2 3.9 3.4 3.6 3.5 
a) MP2/aVTZ optimized geometries. b) MP2/aV(T+D)Z optimized geometries 

 

The effect of different basis sets in predicting the relative energies 

is also shown in Table 10.1. The values obtained using the aVTZ basis set 

differ by ~0.2 kcal/mol from those evaluated with the larger aV(T+d)Z 

basis set. This is consistent with the small geometry changes noted above 

upon extension of basis functions. If we use the CCSD(T)/CBS-aV(n+d)Z 

results as the reference values, the CCSD(T)/aVTZ values differ by similar 

amounts, 0.9 kcal/mol for the dissociation energy and -0.6 kcal/mol for 

the barrier height. Such differences are consistent with the results recently 

obtained for a large set of boron-nitrogen compounds[9,12] and show that 

we can employ the CCSD(T)/aVTZ + ZPE level of theory to construct the 

potential energy surfaces of the larger systems to within ± 1.0 kcal/mol as 

compared to the best theoretical estimates. 

 

10.3 Hydrogen Release from Ammonia Alane with Alane as a 

Catalyst  

Even though H2 release from the aal monomer has a lower barrier 

than that found for BH3NH3, an energy barrier of ~29 kcal/mol is still too 

high to be practical, and the process will be competing with Al-N bond 

dissociation. The latter is favored not only by the smaller activation 

enthalpy but also by a larger activation entropy (larger frequency factors) 

and hence larger rate constants.[12] We have shown that for BH3NH3 

(chapter 7),[4] a AlH3 molecule could act as a Lewis acid catalyst for H2 

release (see also ref. 8]. We now consider whether an AlH3 molecule, al, 
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produced from the bond cleavage channel of aal can serve as a catalyst. 

The MP2/aVTZ-optimized geometries are summarized in Figure 10.2 for 

selected geometries, and the schematic potential energy profiles are 

shown in Figure 10.3. TABLE 10.2 lists the relative energies calculated at 

different levels of theory for H2 release from ammonia alane with alane as 

a catalyst. 

 
 

aalal-com aalal-tsAlN 

  
aalal-tsAlAl 

 
aalal-tslew 

Figure 10.2 Selected MP2/aVTZ geometrical parameters of an adduct and 
three TS’s related to the reaction AlH3NH3 + AlH3 (aal + al). Bond distances 
are in angstrom and bond angles in degree. 
 

The initial barrier-free interaction of aal and al gives rise to the 

adduct aalal-com, 23.0 kcal/mol below the separated reactants aal + al. 

The adduct is characterized by a single Al-H-Al bridge and an Al-N bond, 

and in many aspects, its shape is similar to the condensation adduct 

between BH3NH3 and BH3.
[4] Starting from aalal-com, three TS’s have 

been located, each representing a different type of hydrogen elimination.  

Transition structure aalal-tsAlAl is 21.2 kcal/mol above aal + al 

and is the highest-lying TS. Ammonia acts as a conventional Lewis base 

interacting with a rearranging dialane from which H2 is formed. A H from 
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the central Al is transferred so that the departing H2 with a H-H distance of 

1.071 Å is located closer to the terminal Al. The high-energy barrier of 

44.2 kcal/mol, with respect to aalal-com, can be accounted for by 

disfavored charge distributions as both departing H atoms are negative. 

The product NH3AlH2AlH2 is a complex of ammonia with Al2H4 and is 4.3 

and 27.3 kcal/mol above the reactants and adduct, respectively. 

The second TS aalal-tslew consists of a Lewis acid interaction 

between al and the monomer TS aal-ts described above. Compared with 

aal-ts, the longer Al-H and H-H and shorter N-H distances in aalal-tslew 

are indicative of an earlier TS. The two AlH3 groups constitute a double Al-

H-Al bridge bond as in dialane, and this typical bonding mode leads to an 

energetic lowering. The aalal-tslew is 6.7 and 29.7 kcal/mol above the 

reactants and adduct, respectively. The product from this TS is 

aminodialane NH2AlH2AlH3, which conserves the dialane double bridge 

form and is 23.3 kcal/mol below the reactants and 0.3 kcal/mol below the 

adduct aalal-com. NH2AlH2AlH3 dissociates to products NH2AlH2 + AlH3 

with a dissociation energy of 26.0 kcal/mol.  

 
TABLE 10.2: Relative Energy (kcal/mol) of the Reactants, Complexes, 
Transition Structures, and Products in the Processes of H2 Release from 
AlH3NH3 in the Presence of AlH3.  
 

Molecule MP2/aVTZ CCSD(T)/aVDZ CCSD(T)/aVTZ 

AlH3NH3 + AlH3 0.0 0.0 0.0 

AlH2NH2 + AlH3 + H2 3.9 4.3 2.7 

NH2AlH2AlH3 + H2 -24.8 -16.8 -23.3 

NH3AlH2AlH2 + H2 2.6 7.3 4.3 

aalal-com -23.0 -21.1 -23.0 

aalal-tsAlAl 22.6 23.3 21.2 

aalal-tsAlN -5.9 -1.0 -4.6 

aalal-tslew 5.4 11.3 6.7 
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Figure 10.3 Schematic energy profiles illustrating three different reaction 
pathways for H2 release from aalal-com. Relative energies in kcal/mol are 
from CCSD(T)/aVTZ + ZPE calculations 
. 

The third TS aalal-tsAlN is a member of the class of six-

membered cyclic TS’s previously found for the analogous BH3NH3 + BH3 

system, in which BH3 exerts a beneficial catalytic effect.[4] Relative to the 

adduct aalal-com geometry, the Al-H-Al bridge in the TS remains intact, 

and the H-H bond is formed within the N-H-H-Al skeleton. The H-H 

distance of 0.825 Å is even shorter than that in the corresponding TS of 

the BH3NH3BH3 supersystem and indicates that H2 formation is basically 

complete. This TS looks like a structure in which a H2 molecule is 

encapsulated by an aminodialane molecule through a dihydrogen bond. In 

fact, this channel leads to the same product as aalal-tslew, aminodialane 

plus molecular hydrogen. Similar to the monomer case, the higher polarity
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within the Alδ+―Hδ――Hδ+―Nδ― framework tends to lower the barrier for 

H-atom transfers. Such stabilization is clearly found in the low-lying 

energy of aalal-tsAlN, which is 4.3 kcal/mol below aal + al and 18.7 

kcal/mol above aalal-com.  

Of the three channels identified for the H2 release from aal in the 

presence of al, the channel involving a six-membered cyclic TS aalal-

tsAlN exhibits a substantial reduction in the energy barrier. This result 

clearly demonstrates a catalytic action of alane taking place via an active 

participation in a bifunctional hydrogen atom transfer. 

 

10.4 Hydrogen Release from Ethane with Alane as a 

Catalyst. 

 

 
Figure 10.4. Schematic energy profiles showing the pathways for H2 release 
from ethane, ethane + borane, and ethane + alane. Relative energies in 
kcal/mol are from CCSD(T)/aVTZ + ZPE calculations. 
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Having established that alane is an improved catalyst for H2 

production from AlH3NH3, we now probe further whether it can reduce the 

barrier to loss of H2 in ethane as did BH3 (chapter 7). Loss of H2 from C2H6 

to generate C2H4 is a Woodward-Hoffmann forbidden reaction with an 

energy barrier of 116.5 kcal/mol, higher than the C-C and C-H bond 

energies of 86.9 and 100.8 kcal/mol, respectively. We previously showed 

in chapter 7[4] that BH3 can catalyze this reaction. Figure 10.4 shows the 

energy profile of the reaction. The shape of the TS tset-al is similar to 

that involving borane (tset-b reported in ref 4), or aalal-tsAlN described 

above, with the reacting atoms assembling in a six-member ring for 

hydrogen transfer. The energy profiles show that alane is a slightly better 

catalyst than borane, reducing the barrier height by an additional ~2 

kcal/mol. Although the energy barrier remains high, the BH3 or AlH3 

decrease the barrier by >50 kcal/mol. 

 

10.5 Hydrogen Release from Ammonia Alane with Borane as 

a Catalyst 

In the previous chapter 7 on “Ammonia Borane Compounds”, we 

have considered the H2 eliminations from BH3NH3 with the presence of 

AlH3. In this part, besides the channels (dark lines) shown in Figure 10.6, 

the (AlH3BH3NH3) potential energy surface has another channel with 

AlH3NH3 + BH3 as a reactant asymptote (aal + b, broken lines), which is 

0.2 kcal/ mol lower in energy than BH3NH3 + AlH3. This channel is also 

relevant to H2 production in that decomposition of aal is now assisted by 

b. The geometries for this set of reaction paths are given in Figure 10.5, 

and the energy profiles in Figure 10.6. The main difference between the 

two initial adducts formed from condensation of NH3 with AlH3BH3 is that 

the original double bridge is retained in aalb-com, whereas abal-com 

contains a single Al―H―B bridge (cf. Figure 10.5). A bridge bond is 

broken when ammonia approaches B rather than Al. The adduct aalb-com 

is stable relative to the reactants by 32.4 kcal/mol.  
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aalb-com aalb-tslew 

  
aalb-tsBAl abal-com 

Figure 10.5. Selected MP2/aVTZ geometrical parameters of an adduct 
aalbcom and the two TS’s aalb-tslew and aalb-tsBAl related to the reaction 
AlH3NH3 + BH3. Bond distances are in angstrom, and bond angles in degree. 
 

The two TS’s located for the transformation of aalb-com (Figure 

10.6) have many similarities with those from aalal-com (Figure 10.2). 

The aalb-tsBAl corresponding to a TS for H2 release from AlH3BH3 is of 

high energy, 50.2 kcal/mol above the reactants aal + b. The aalb-tslew 

is a Lewis-type TS with a low energy, 3.3 kcal/mol below the reactants. Its 

high stability is due to the interaction of BH3 with the TS aal-ts of the 

monomer via two B―H―Al bridge bonds. The product asymptote, 

NH2AlH2BH3 + H2, is only 1.6 kcal/mol above the adduct aalb-com. We 

were unable to locate a six-member cyclic TS similar to abal-tsAlN 

(Figure 10.7). Relative to the starting point aal + b, borane greatly 

facilitates release of H2 from aal, but once the stable adduct aalb-com is 

formed, the process becomes more difficult, requiring 29.1 kcal/mol to 

reach aalb-tslew. Thus, there is no real catalytic effect due to borane for 

H2 release from ammonia alane. 



 

 

 

Concluding Remarks  159    

 

 

Figure 10.6. Schematic minimum-energy pathways for H2 
release from aalb-com. Relative energies in kcal/mol are 
from CCSD(T)/aVTZ + ZPE calculations. 

 

10.6 Concluding Remarks 

In this chapter, electronic structure calculations at the coupled-

cluster theory CCSD(T) level in conjunction with the aug-cc-pVTZ basis set 

were employed to construct portions of the potential energy surfaces 

enclosing numerous minimum-energy pathways for H2 release from 

ammonia alane (AlH3NH3) without and with the presence of alane (AlH3). 

For the AlH3NH3 monomer, the energy barrier for hydrogen elimination is 

about 29 kcal/mol, and Al-N bond cleavage is about 2 kcal/mol 

energetically lower; therefore, the molecule will more likely dissociate into 

AlH3 and NH3 than lose H2.  
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Figure 10.7. Overview of the potential energy surface of the molecular 
system AlH3 + BH3 + NH3. Relative energies in kcal/mol are from 
CCSD(T)/aVTZ + ZPE calculations. 
 

Figure 10.7 provides an overview of the various portions of the 

potential energy surface described above for the molecular system 

including ammonia, borane, and alane. Figure 10.7 is a superposition of 

the individual PES’s with the same energy scale. The reactant asymptote 

BH3NH3 + AlH3 is defined as the zero of energy. Relative energies are 

given in TABLE 10.3. Of the three possible starting reactants, AlH3BH3 + 

NH3 is the most stable due to the high stability of AlH3BH3. The 

dissociation energy of AlH3BH3 giving AlH3 and BH3 is 38.4 kcal/mol, 

essentially the same as that of diborane to give two BH3 molecules.[20] The 

BH3NH3 + AlH3 and AlH3NH3 + BH3 reactant asymptotes are essentially the 

same, ~13 kcal/mol above AlH3BH3 + NH3. The following pathway, ab + al 

(0.0 kcal/mol) → abal-com (-18.9) → abal-tsAlN (1.7) → BH2NH2AlH3 + 

H2 (-15.0) → BH2NH2 + AlH3 + H2 (-6.4), is the lowest-energy channel. 
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The energy of the entire process ranges occurs within ~20 kcal/mol. The 

transition state is only ~2 kcal/mol above the starting reactants. The 

reaction is exothermic by ~─6 kcal/mol starting from reactants, but the 

ultimate products with the catalyst regenerated are ~12 kcal/mol above 

the adduct. 
 
TABLE 10.3 Relative Energy (kcal/mol) of the Reactants, Complexes, 
Transition States, and Products in the Processes of H2 Elimination from 
AlH3NH3, AlH3BH3, and BH3NH3 in the Presence of AlH3, BH3, and NH3 
 

Molecule MP2/aVDZ a CCSD(T)/ 
aVDZ b 

CCSD(T)/ 
aVTZ b 

BH3NH3 + AlH3 0.0 0.0 0.0 

AlH3NH3 + BH3 0.4 0.5 -0.2 

AlH3BH3 + NH3 -12.3 -10.2 -12.0 

BH2AlH2NH3 + H2 11.2 11.4 9.5 

BH2NH2 + AlH3 + H2 -6.7 -5.6 -6.4 

NH2BH2AlH3 + H2 -16.2 -11.7 -15.0 

NH2AlH2BH3 + H2 -33.0 -24.1 -31.0 

cyclic-NH2BH2HAlH2 + H2 -37.5 -31.3 -36.0 

aalb-com -33.1 -29.3 -32.6 

abal-com -17.9 -16.6 -18.9 

abal-ts 18.3 18.9 17.8 

aalb-tsBAl 52.3 51.6 50.0 

abal-tsAlB 42.6 44.5 43.9 

abal-tslewB 26.5 29.2 27.6 

abal-tslewN 23.7 27.4 25.3 

abal-tsAlN -0.9 4.4 1.7 

aalb-tslew -5.4 2.2 -3.5 
 

a MP2/aVTZ-optimized geometries. b Relative energies including zero-point contributions. 
Zero-point energies were obtained from MP2/aVDZ harmonic vibrational frequencies and 
scaled by a uniform scaling factor of 0.97. 
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The reaction starting from the AlH3NH3 + AlH3 asymptote (Figure 

8.1.3) has the following lowest-energy pathway: aal + al (0.0 kcal/mol) 

→ aalal-com (-23.0) → aalal-tsAlN (-4.3) → NH2AlH2AlH3 + H2 (-23.3) 

→ AlH2NH2 + AlH3 + H2 (2.7). The overall reaction is marginally 

endothermic by ~3 kcal/mol. The transition state is 4.3 kcal/mol below 

reactants and is 18.7 kcal/mol above the adduct. The adducts of both 

reactants and products are of similar energy, with an energy difference of 

~0.3 kcal/mol. Separate kinetic predictions show that AlH3 can be 

produced by dissociation of the Al-N bond in AlH3NH3. The alane can then 

serve as an efficient bifunctional catalyst for H2 release from ammonia 

alane. In addition, AlH3 behaves as a better catalyst for elimination of H2 

from BH3NH3 than is BH3. 
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CHAPTER 11 

 

AMMONIA ALANE DIMERS 

(NH3AlH3)2 
 

 

11.1 Introduction   

he use of ammonia as chemical hydrogen storage compound that 

can be easily dissociated and used for transportation is not new 

and has been ongoing for more than 40 years. When the concept 

of “Hydrogen Economy” was widely debated in the early 1970s, ammonia 

was envisioned as a perfect storage medium for hydrogen produced by the 

ocean thermal energy conversion. Ammonia has several desirable 

characteristics that make it potentially attractive as a medium to store 

hydrogen. First, it is non-flammable and non-explosive. Second, it can be 

liquefied under mild conditions and has less complex processes that 

compared to reforming hydrocarbon fuels. Third, ammonia has a relatively 

large weight fraction of hydrogen, which constitutes 17.65% of the mass 

of ammonia. Ammonia is one of a few materials that can be produced 

cheaply, transported efficiently and transformed directly to yield hydrogen 

and non-polluting byproducts.[1-5]  

 A class of compounds called “ammonia-based complexes-ABC” is 

now considered as a convenient solution for chemical hydrogen storage 

materials. In conjunction with the compounds that contain only B or Al, H 

atoms (boron (B) and aluminum (Al) are lightweight elements capable of 

bearing multiple hydrogens[6-13]), ABC meet the requirements of high 

gravimetric material capacities for on-board hydrogen storage. The critical 

point that leads the B/Al-N-H compounds to be the promising materials for 

CHS is B/Al–H and N–H bonds tend to be hydridic and protic, respectively, 

T 
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resulting in facilitated hydrogen release.[14-20] In this context, one of the 

more promising kinetically stabilized hydrides is ammonia alane (aal, 

NH3AlH3). Alane, with a hydrogen storage capacity of 10 wt%, has been 

used long time ago in military. The general interest in this highly energetic 

compound was primarily for solid rocket propellants and explosives.[21,22] 

In Chapter 10, we have considered the reactions related to the 

monomer aal.[23-25] In this chapter, we extend theoretical study to the 

systems including the substituted derivatives RNH2AlH3 (R = H, CH3, NH2), 

NH3(AlH3)2, AlH3(NH3)2, and several forms of the dimers (AlH3NH3)2.  
 

11.2 Effect of Methyl and Amino Substitution on H2 Release 

from Ammonia Alane, RNH2AlH3 with R = H, CH3, NH2  

       Results for the unimolecular fragmentation of the substituted 

RNH2AlH3 are summarized in Figure 11.1 for R = H, NH2 and CH3. In this 

chapter, we select only the selected geometrical parameters of the lowest-

lying TS’s for H2 elimination for displaying. Geometrical parameters of 

reactants, complexes, transition structures and products of H2 elimination, 

which are not included in the text, are given in our published paper.[25]  

A comprehensive comparison of the variations of relative energies 

with respect to the one-electron basis functions are given in TABLE 11.1. 

TABLE 11.1 thus lists the CCSD(T) relative energies calculated with the 

aVnZ and aV(n+d)Z basis sets and their CBS extrapolations for the 

stationary points of three systems. To simplify the presentation of data, 

only the CCSD(T) values obtained with the aVTZ basis set (in bold) and 

aVnZ-CBS extrapolation (in italic) are shown in Figure 11.1. With respect 

to the CBS results, the relative energies obtained with the aV(Q+d)Z basis 

set differ by ~0.2 kcal/mol and those derived using the aV(T+d)Z basis 

set differ by up to ~0.5 kcal/mol. The inclusion of the tight +d functions 

causes differences of at most 0.3 kcal/mol. The calculated CBS energies 

without tight d-polarization function differ by only ~0.2 kcal/mol from 

those including these functions. The CCSD(T)/aVTZ values differ by at 

most ±1.0 kcal/mol from our best estimates at the CCSD(T)/CBS-

aV(n+d)Z level. This agrees well with what we previously observed for the 

BH3NH3 and AlH3NH3 systems presented in previous chapters.[26-28] So, in 

constructing the potential energy surfaces of the larger systems, we can 
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employ the CCSD(T)/aVTZ + ZPE level of theory to obtain reliable 

theoretical estimates (values given in bold on the different energy 

profiles).  

In Chapter 10, we described the detailed molecular mechanism of 

the H2-elimination from the parent ammonia alane (AlH3NH3, aal). The 

shape of TS aal-ts is very similar to that of the TS for H2-elimination from 

the lower homologue ammonia borane.[26] Formation of the product H–H 

bond from methylamine alane alma (R = CH3) and hydrazine alane alhyz 

(R = NH2) also occurs in the molecular plane of the corresponding TS’s (cf. 

Fig. 11.1). Substitution of NH2 and CH3 for H leads to small but non-

negligible changes in the geometry parameters of the two TS’s alma-ts (R 

= CH3) and alhyz-ts (R = NH2) as compared to the monomeric system. 

For the substitution sequence R = H → NH2 → CH3, the Al–N and H–H 

distances decrease by 0.004 and 0.018 Å and the N–H and Al–H distances 

increase by ~0.007 – 0.018 and ~ 0.019 Å, respectively.  

 
Figure 11.1. Schematic minimum energy pathways for H2-release and Al–N 
bond dissociation from aal and substituted alhyz and alma. Relative energies 
in kcal/mol are determined from calculations at the levels: upper: 
CCSD(T)/aVTZ, and lower: CCSD(T)/CBS-aVnZ All values are corrected 
for zero-point energies. Selected geometry parameters of the TS’s aal-ts, 
alhyz-ts and alma-ts were obtained using the MP2/aug-cc-pVTZ method. 
Bond distances are given in angstrom and bond angles in degree. Blue profile 
is for R= CH3, green for R = NH2, and red for R = H. 
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TABLE 11.1. Relative energies (kcal/mol) of the reactants, complexes, transition states and products in the H2-elimination 
processes from RNH2AlH3 (R = H, CH3 and NH2) as a function of the basis set at the CCSD(T) level.  

 

Molecule aVDZ aVTZ aVQZ CBSa) aV(D+d)Z aV(T+d)Z aV(Q+d)Z CBSb) 

al + a (AlH3 + NH3) 23.7 25.7 26.2 26.4 24.4 25.9 26.3 26.6 

al + hyz (AlH3 + NH2NH2) 25.8 27.7 27.9 28.0 26.5 27.9 28.1 28.2 

al + ma (AlH3 + NH2CH3) 28.0 29.9 30.1 30.2 28.7 30.1 30.3 30.4 

AlH2NH2 + H2 7.0 4.1 3.7 3.6 6.1 3.8 3.7 3.7 

AlH2NHNH2 + H2 10.4 7.5 7.1 7.0 9.6 7.2 7.0 6.9 

AlH2NHCH3 + H2 10.6 7.5 7.2 7.1 9.6 7.2 7.0 7.0 

ala (AlH3NH3) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

alhyz (AlH3NH2NH2) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

alma (AlH3NH2CH3) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ala-ts (AlH3NH3-ts) 31.0 29.3 29.0 28.8 30.1 29.0 28.8 28.7 

alhyz-ts (AlH3NH2NH2-ts) 31.8 30.4 30.0 29.8 30.9 30.1 29.8 29.7 

alhyz-ts1 (AlH3NH2NH2-ts1) 41.5 39.5       

alma-ts (AlH3NH2CH3-ts) 32.9 31.2 30.9 30.7 32.0 30.9 30.7 30.6 

alma-ts1 (AlH3NH2CH3-ts1) 59.4 56.5       
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For the H2 elimination processes from alhyz and alma, we found 

two additional TS’s, alhyz-ts1 and alma-ts1, which are substantially 

higher in energy than alhyz-ts and alma-ts by 39.5 and 56.5 kcal/mol, 

respectively, at the CCSD(T)/aVTZ + ZPE level. These TS’s correspond to 

a H2-loss from other parts of the molecule and are not competitive 

energetically with elimination across the Al-N bond. As mentioned above, 

selected geometrical parameters and relative energies of these TS’s were 

given in our paper.[25]  

The Al–N bond dissociation energies for RNH2AlH3 (R = H, NH2 and 

CH3) are in the range of 26 – 30 kcal/mol, and differ from each other by 

~2 kcal/mol. Our best results using CCSD(T)/CBS-aV(n+d)Z electronic 

energies place the fragments AlH3 + NH3 (26.6 kcal/mol) and the TS aal-

ts (28.7 kcal/mol) above the monomer aal. The difference of 2.4 kcal/mol 

between the energy of the fragments AlH3 + NH3 and aal-ts is small, as 

compared to that of 10.4 kcal/mol in the BH3NH3 system at the 

CCSD(T)/CBS level.[2] The energies of the B–N (26.0 kcal/mol) and Al–N 

(26.4 kcal/mol) bonds are almost equal, but the energy barrier for H2 

release is substantially reduced, by ~6 kcal/mol, from B to Al. At the 

CCSD(T)/CBS-aV(T+d)Z level, substitution of H by R on the NH2 increases 

the Al–N bond dissociation energy from 26.6 to 28.2 to 30.4 kcal/mol for R 

= H → NH2 → CH3. The energy barrier for the TS’s aal-ts, alhyz-ts and 

alma-ts increase from 28.7 to 29.7 to 30.6 kcal/mol for the same 

substitution sequence. As a consequence, the difference between the Al–N 

bond energy and energy barrier for H2-release is reduced for the sequence 

aal → alhyz → alma by 2.1 to 1.5 to 0.2 kcal/mol. Electron-donor 

substituents in Al–N compounds can thus can improve the competition of 

H2 release with respect to Al–N bond cleavage. 

The effect of both methyl and amino groups on the energy barrier 

for H2-loss can be understood from a simple frontier orbital model. The TS 

basically involves a H–H fragment and a RNH2=AlH2 compound in which 

the two main interactions are the HOMO(H2)-LUMO(RNH=AlH2) and 

LUMO(H2)-HOMO(RNH=AlH2). From the calculated HF orbital energies, the 

second interaction is predominant; the difference of both energy gaps is ~ 

6 eV. In this concerted process, electron transfer from the occupied donor-

aceptor π-orbital of aminoalane to the vacant σ* orbital of H2 is more 
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important than electron transfer from the H2 σ orbital to the empty donor-

aceptor π* orbital of the aminoalane. Electron donor groups such as CH3 

and NH2 on N stabilize the LUMO(Al=N) of the aminoalane thus reducing 

the orbital energy gap. According to the frontier orbital theory, the smaller 

the gap, the larger the interaction and the more stabilized the structure 

leading to a reduced energy barrier. Using the same argument, electron-

withdrawing groups such as CF3 substituted on the N are expected to 

increase the energy barrier. The separation of π and σ bonds in Al=N 

compounds, and the contributions of π-interactions to the stabilization of 

planar structures have been evaluated.[29,30]  

 

 
Figure 11.2 Schematic profile of the free energy variations (ΔG at 298 K, in 
kcal/mol) corresponding to the potential energy profile shown in Figure 
11.1.  
 

To probe further the effects of temperature and entropy on the 

potential energy pathways at 0K (ΔH0) discussed above, the profiles of the 

free energy variations at 298 K (ΔG298) are constructed and displayed in 

Figure 11.2. The most remarkable impact is that the alane amines alma, 

alhyz and ala are consistently destabilized not only with respect to the Al-

Nbond cleavage (by ~6.0 kcal/mol) but also with respect to the products 

(~6.5 kcal/mol). The H2 release process becomes thus more 

thermoneutral. On the contrary, the free energy barriers for H2 release are
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only marginally modified (by 0.1-0.4 kcal/mol relative to ΔH0
‡). As a 

consequence, the Al-N bond dissociation is clearly favored over the H2 

production.     

 
11.3 Effect of Ammonia on H2 Release from Ammonia Alane  

In the previous study on BH3NH3 (chapter 7) [cf. 26,] we investigated the 

role of an ammonia molecule as a Lewis base catalyst for H2-release. The 

energy barrier for H2-elimination in the presence of NH3 was reduced by 

~6 kcal/mol as compared to that for BH3NH3. We now examine the role of 

NH3 in the H2-release processes from the AlH3NH3 system. Figure 11.3 

displays the selected MP2/aVTZ geometrical parameters and molecular 

graphs of two distinct adducts/complexes formed from condensation of aal 

with NH3 a. The schematic potential energy profiles are given in Figure 

11.4, at the CCSD(T)/aVTZ and CCSD(T)/CBS-aVTZ levels.  

The reaction of ammonia with ammonia alane aal + a first leads 

to two adducts, daal-ben and daal-lin; daal denotes diammonia alane 

containing two NH3 combined with one AlH3 and the letters ben and lin 

denote the structures which are either bent or linear, respectively. daal-

ben (Figure 11.3) resembles the complex ba-com2 NH3•••NH3BH3 

described previously.[2] daal-ben is essentially a hydrogen-bridged N–H–N 

complex characterized by short and long N–H distances of 1.031 and 

1.984 Å. These distances are consistent with those of NH3•••NH3BH3 ba-

com2 (1.028 and 1.988 Å).[26] The binding energy of 8.2 kcal/mol for 

daal-ben is slightly larger by 0.8 kcal/mol than that of ba-com2 at the 

CCSD(T)/aVTZ + ZPE level. The two secondary interactions involving the 

Al–H–H–N dihydrogen bridge in daal-ben, which are formed between the 

two H(N) and two more polar H(Al) atoms, is likely responsible for its 

higher stability relative to the borane counterpart. ba-com2 has a 

different conformation in which only one H(N) atom forms two dihydrogen 

B–H–H–N bonds with two H(B) atoms. The molecular graph of daal-ben 

displayed in Figure 11.3 clearly points out the existence of a bond critical 

point between (NH3)N•••H(Al), which has, however, a small net charge 

and bond order.  
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A) daal-ben 

   
Geometry AIM critical points and charges ELF 

  

B) daal-lin  

  
Geometry AIM critical points and charges 

  
ELF HOMO 

  
HOMO-2 HOMO-3 

Figure 11.3 Selected MP2/aVTZ geometrical parameters, AIM molecular graphs 
with net charges, shape of the ELF and HOMO’s of the two adducts daal-ben, 
daal-lin. Bond distances are given in angstrom and bond angles in degree.  
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daal-lin is formed by two NH3 groups attached to a central planar 

alane unit, keeping a high D3h symmetry. It is characterized by an Al–N 

bond distance of 2.170 Å (cf. Figure 11.3), which is longer than those of 

aal (2.070 Å) and daal-ben (2.039 Å). daal-lin is 10.2 kcal/mol more 

stable than the reactants a + aal, and 1.9 kcal/mol more stable than the 

complex daal-ben. The molecular graph of daal-lin using the atoms-in-

molecules (AIM) approach[31] shows two bond critical points between Al 

and N atom. However, a partition of the electron density using the 

electron localization function (ELF) method[32] shows no separate basins 

between Al and N centers, lending further support for the electrostatic 

character of this bonding (Figure 11.3). The electron distribution described 

by ELF is also consistent with the shape of the HOMO’s (Figure 11.3), 

which result from intermolecular interactions. 

daal-lin is a novel adduct which does not have a corresponding 

structure on the BH3NH3 + NH3 potential energy surface.[26] Using 

molecular orbital methods, Czerw et al.[33] were also able to locate daal-

lin but not its B-analogue. Our calculations concur with this finding as we 

also could not find a linear NH3–BH3–NH3 equilibrium structure. They[33] 

analyzed the differences and the underlying factors which distinguish Al 

from B with respect to the formation of stable diamine adducts and 

suggested that the main difference is due to the differences in the 

electronegativities. The less electronegative Al can form hypercoordinated 

complexes in contrast to B. Boron has a higher propensity to engage in 

covalent bonding whereas aluminum bonding has a higher electrostatic 

character.[33] This difference can be exploited in the design of new 

materials based on AlN compounds.   

Starting from both adducts daal-ben and daal-lin, we found four 

distinct TS’s for H2-releases as shown in Figure 11.4. The two TS’s daal-

ben-tsNAl and daal-ben-tslewN connect daal-ben with the same 

products and are 16.1 and 27.2 kcal/mol above the reactants a + aal, 

respectively. Both TS’s can be compared to TSba-NN and TSba-NH3, 

which are formed from ba-com2 of the NH3
 + BH3NH3 system.[26] The 

letter lew refers to a specific Lewis-type of structure in which the 

monomer TS interacts with the additional NH3, either at the N or Al site. 

The energy barriers associated with both TS’s daal-ben-tsNAl and daal-



 

 

 

174  Effect of Ammonia on H2 Release from NH3AlH3 

 

ben-tslewN are 24.3 and 35.4 kcal/mol, which are smaller by 6.6 and 4.5 

kcal/mol compared to the corresponding values for the BH3NH3 + NH3 

system.[26]  

 

 

 
Figure 11.4. Schematic energy profiles (ΔH0) illustrating different reaction 
pathways for H2-release from two adducts daal-ben and daal-lin. Relative 
energies in kcal/mol are obtained from calculations at the levels: upper: 
CCSD(T)/aVTZ, and lower: CCSD(T)/CBS-aVnZ, both with ZPE 
corrections. 
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Another pathway starting from daal-ben going through TS daal-

ben-tslewAl leads to the product NH3AlH2NH2 + H2; these products are 

also linked with linear daal-lin via TS daal-lin-ts. Located at 17.4 and 

18.5 kcal/mol above the separated reactants, these TS’s are 1.3 and 2.4 

kcal/mol higher in energy than daal-ben-tsNAl, which is the lowest-lying 

TS. Under conditions where the initial complex is not stabilized, H2 release 

from aal + a has an energy barrier of ~16 kcal/mol and the reaction is 

slightly endothermic by ~4 kcal/mol. If the complexes are formed, then 

the energy barrier is ~26 kcal/mol. 

 

 
Figure 11.6. Schematic profile of the free energy variations (ΔG at 298 K, in 
kcal/mol) corresponding to the potential energy profile shown in Figure 
11.4.  
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As an aid to identifying the adducts, their infrared spectra obtained 

from harmonic vibrational frequencies computed at the MP2/aVTZ level are 

given in Figure 11.5. Both adducts are clearly distinguishable from each 

other, as well as from the reactant ammonia alane, by their vibrational 

transitions.  

The free energy variations (ΔG298) corresponding to the energy 

profiles (ΔH0) of Figure 11.4 are constructed and given in Figure 11.6. 

Similar effects of temperature and entropy can again be found. The 

stability of the adducts daal-lin and daal-ben is markedly reduced with 

respect to the separated reactants aal + a and the products AlH2NH2 + 

NH3 + H2, in such a way that the H2 release is essentially a thermoneutral 

transformation at room temperature. On the contrary, the corresponding 

energy barriers ΔG‡ and ΔH‡ remain almost identical. 

 

11.4 Effect of Alane on H2 Release from Ammonia Alane  

The mechanism of the participation of an additional AlH3 molecule on H2 

production from AlH3NH3 was previously reported in Chapter 10 [see also 

24]. Here we augment our previous studies on the potential energy 

surface by considering the pathways involving dialane (Al2H6). Figure 11.7 

displays the selected geometry parameters of the two resulting complexes 

dala-lin and dala-ben (dala = dialane ammonia). The AIM molecular 

graphs in Figure 11.7 show that dala-lin is best described as an adduct 

between Al2H6 and NH3 whereas dala-ben is a H-bonded complex in which 

AlH3NH3 and AlH3 interact with each other not only by Al–H–Al three-

center bond but also by N–H–H–Al type of dihydrogen bonds. The dala-lin 

adduct can be compared to the dba-com complex,[34] which did not have 

a bond between B and N atoms. The complexation energies of dala-lin 

and dala-ben are similar. This can be compared with the energy 

difference of 4.3 kcal/mol between of dba-com and ba-com favoring the 

latter. The dala-lin structure is a key starting compound for many of the 

H2-release reactions.  
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dala-lin 

  
dala-ben 

Figure 11.7. Selected MP2/aVTZ geometrical parameters and molecular graphs 
of two adducts dala-ben and dala-lin resulting from the interaction of AlH3 with 
AlH3NH3. Bond distances are given in angstrom and bond angles in degree.  
 

Both adducts have comparable binding energies of ~23 kcal/mol 

relative to the reactants aal + a. The alternative reactants dal + a are 

more stable by 7.4 kcal/mol so the dissociation energy of dala-lin is 

reduced by the same amount with respect to these reactants. Both 

complexes dala-lin and dala-ben are connected with each other by 

motion of the terminal AlH3 group. The associated TS dala-ts-lin-ben 

corresponds to a rotation requiring an energy of 4.6 kcal/mol to break an 

Al–H–Al bond of the dialane moiety.  
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A) 

 
B) 

Figure 11.8. Schematic profiles: A) Energy profiles ΔH0 (0 K) and B) Free 
Energy Profile ΔG298 (at 298 K) showing the pathways for H2-release from 
two adducts dala-ben and dala-lin. Relative energies in kcal/mol are 
determined from calculations at the levels: upper CCSD(T)/aVTZ, and 
lower: CCSD(T)/CBS-aVnZ. 
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In many aspects, the rest of the energy profile shown in Figure 

11.8a is similar to that previously constructed for the diborane ammonia 

system (B2H6–NH3, Chapter 8).[35] Both starting reactants dal + a and aal 

+ al end up forming dala-ben, which is a key reactive intermediate. A 

unimolecular fragmentation from the latter via TS dala-ben-tsAlN is 

found to be the most favored pathway with an energy barrier of 18.3 

kcal/mol and a reaction energy of -1.2 kcal/mol yielding amino-dialane as 

product. The characteristics of the TS dala-ben-tsAlN have been 

described previously.[24] The structural and electronic features of this TS 

reveal the catalytic character of the alane molecule. To provide 

spectroscopic information as an aid to identifying the complexes, we 

report the IR spectra of both complexes dala-lin and dala-ben in Figure 

11.5.  

The free energy (ΔG298) profiles corresponding to the potential 

energy profiles of Figure 11.8a are calculated and shown in Figure 11.8b. 

Many modifications observed above for the temperature and entropy 

effects hold true for this system. All the intermediates and TSs are 

destabilized relative to the separated reactants by 8-10 kcal/mol, but the 

energy barriers for H2 production are not significantly affected. The free 

energy barrier from the adduct dala-ben via TS dala-ben-tsAlN, which 

represents the rate-determining step, amounts to 19.8 kcal/mol, which is 

identical to the energy barrier of 19.7 kcal/mol (Figure 11.8a).    

 

11.5 Isomers of the dimers of AlH3NH3 including ion pairs  

       We first consider the addition of NH3 to NH3Al2H6. The resulting 

adducts (Figure 11.9) formally correspond to isomeric forms of the 

ammonia alane dimer (AlH3NH3)2. We obtained three main structures, 

dalda-lin, dadal-lin and DADAl, where dalda and dadal stand for 

dialane diammonia and diamine dialane and DADAl  for the diammoniate 

of dialane. The letters lin are kept in both adducts to denote direct 

formation from dala-lin and daal-lin, respectively. Figure 11.9 gives the 

selected MP2/aVTZ geometry parameters, AIM molecular graphs and ELF 

maps of the three adducts. Figure 11.10 illustrates the potential energy 

profiles, determined at the CCSD(T)/aVTZ + ZPE level, showing the 

various interconnections between the three isomers. Figure 11.11 displays 
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selected MP2/aVTZ geometry parameters of the TS’s involved in these 

transformations.  

dalda-lin is formed from the interaction of dialane dal with two 

NH3 2a molecules and results in a hexa-coordinated Al center. It is the 

least stable isomer, being 11.0 kcal/mol higher in energy than dadal-lin 

(Figure 11.10). dalda-lin is not particularly stable with respect to either 

an Al–N bond cleavage (binding energy of 3.5 kcal/mol) or a 

rearrangement to the more stable isomer (energy barrier of ~2 kcal/mol). 

 The more stable adduct dadal-lin can be regarded as an adduct of 

the linear daal-lin with an AlH3 al molecule. Such an interaction becomes 

quite strong giving rise to a binding energy of 27.2 kcal/mol with respect 

to the corresponding asymptote daal-lin + al. This dimeric structure 

contains not only a multi-coordinated Al-center and a three-center Al–H–Al 

bond but also two dihydrogen Al–H–H–N bonds, as clearly indicated in its 

molecular graph. The N–Al–N framework is marginally bent upon AlH3 

condensation. There are two ring critical points indicating a cyclic nature of 

the bonding. However, these dihydrogen bonds appear to be weak as 

there are no clear-cut basins in the ELF maps (Figure 11.9). The stability 

of dadal-lin relative to bond cleavage is 14.5 kcal/mol below the dala-lin 

+ a dissociation limit, and can be generated by a conversion of dalda-lin.   

DADAl is an ion pair composed of two interacting ions [AlH4
-

][NH3AlH2NH3
+] and its molecular graph shows the existence of 

dihydrogen bonds yielding a cyclic framework. This ion pair is 3.5 kcal/mol 

more stable than dalda-lin but 7.5 kcal/mol less stable than dadal-lin. It 

can be generated by a one-step rearrangement from dadal-lin. The 

associated TS ts-lin-DADAl consists of an H-transfer from the central Al 

to the extra AlH3 accompanied by a rotation of the forming AlH4
-
 anion.  

As shown in the potential energy profiles summarized in Figure 

11.10, formation of one H2 from dalda-lin is possible undergoing a 

rearrangement via TS dalda-lin-ts with an energy barrier of 15.9 

kcal/mol. The latter TS is 3.3 kcal/mol lower in energy as compared to the 

reactants dal + 2a. This suggests that a combination of dialane and two 

ammonia molecules is an important starting point for H2 release 

processes. The adduct dadal-lin is not likely to undergo a direct H2 loss 

giving AlH3AlH2NH3NH2 as product due to the high energy of the relevant 
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TS dadal-lin-ts. A possible pathway for H2 loss from dadal-lin is an initial 

rearrangement to dalda-lin. In spite of its low stability, dalda-lin appears 

to be an important intermediate during the initial stage converting the 

different reactants to dadal-lin. A preferred pathway for dadal-lin is via 

DADAl, which rearranges with a low energy barrier via DADAl-ts to 

another type of product. The ion pair thus plays the role of a critical 

reaction intermediate for H2 release. 

A) dalda-lin (dialane diamine/dialane diammonia – linear) 

  
Geometry AIM critical points 

B) dadal-lin (diamine dialane - linear) 

   
Geometry AIM critical points ELF 

C) DADAl = Diammoniate of Dialane 

   
Geometry AIM critical points ELF 

Figure 11.9. Selected MP2/aVTZ geometrical parameters, AIM molecular 
graphs and ELF maps of three adducts dalda-ben, dalda-lin and DADAl. 
Bond distances are given in angstrom and bond angles in degree. 
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The TS DADAl-ts is located well below the limits daal-lin + al 

and dal + 2a. In this pathway, the highest energy TS DADAl-ts is only 

1.1 kcal/mol above the reactants dala-lin + a, so H2 formation should be 

rapid when starting from the reactants daal-lin + al or dala-lin + a or 

dal + 2a. The reaction from the separated reactants daal-lin + al to the 

products AlH3NH2AlH2NH3 + H2 is exothermic by -44.7 kcal/mol. Starting 

from the most stable isomer dadal-lin, the process is less exothermic (-

17.5 kcal/mol). An interesting feature of the chain product 

AlH3NH2AlH2NH3 is that it can undergo further H2 release with a moderate 

energy barrier of 18.5 kcal/mol yielding a four-membered ring. In 

summary, the condensation of an extra AlH3 molecule with the linear 

NH3AlH3NH3 species gives rise to a novel quasi-cyclic structure dadal-lin, 

from which a facile H2 release is possible passing through the ion pair 

DADAl (Figure 11.10).  

  To examine the effects of temperature and entropy, we construct 

the variations of both the enthalpy (ΔH298) and free energy (ΔG298) at 298 

K. These three different relative quantities are compared in TABLE 11.1. 

With respect to the ΔH0 paths described in Figure 11.10, the 

corresponding ΔH298 ones are similar, whereas the free energy ΔG298 

profiles show some substantial modifications. The relative positions of a 

number of TS’s and adducts are displaced upward by amounts of 8.8–11.8 

kcal/mol. These involve the structures without separated H2 molecules 

such as dalda-lin, dadal-lin-ts, ts-2lin, dalda-lin-ts, dadal-lin-ts, ts-

lin-DADAl and DADAl-ts. For the remaining intermediates (with attached 

H2) the changes occur within a smaller range of 1.5-3.8 kcal/mol. For the 

reactants, the differences between ∆H0 and ∆G298 also include some 

changes in the position ordering. A minor change of -0.7 kcal/mol is found 

for both reactants dala-lin + a and daal-lin + al. More importantly, the 

separated reactants dal + 2a, situated at 18.6 kcal/mol in the ∆H0 profile, 

moves down at 10.8 kcal/mol in the ∆G298 scale becoming more stable 

than daal-lin + al. The most significant modification concerns the pre-

association complex dalda-lin, which is much destabilized and likely no 

longer exists as a discrete intermediate. Although equally destabilized, the 

adduct dadal-lin remains a key transient intermediate in the H2 formation 
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from different starting systems. The TS DADAl-ts also plays on the free 

energy profile a role at the rate-determining step. 

We now examine further the other structures which constitute 

various isomeric forms resulting from the combination of two AlH3 with 

two NH3 molecules. Among these species, the dimer of ammonia alane 

(AlH3NH3)2 has been the most studied by several authors using quantum 

chemical calculations.[35-40] However, the emphasis of the previous 

theoretical studies was on the nature of the hydrogen and dihydrogen 

bonds of the dimer. Our focus is on the molecular mechanism for H2 

release processes from the possible isomers. 

 Figure 11.11 shows the selected MP2/aVTZ geometrical 

parameters of some important adducts and complexes. We identified 

seven distinct minima including four dimers of ammonia alane aal, two 

other H-bonded complexes, and an alternative ion pair. dim1-aal and 

dim2-aal are two different conformers of the classical dimer of ammonia 

alane whose characteristics have been described previously. The main 

difference between both head-to-tail conformations resides in the way in 

which the intermolecular groups interact with each other, and the effective 

number of Al–H–H–N dihydrogen bonds. dim3-aal and dim4-aal are the 

trans and cis conformers of an alternative dimer in which the two alane 

units are combined giving a central dialane unit.  

dalda-trans and dalda-cis are two conformers resulting from the 

interaction of either daal-ben with AlH3 al or dala-ben with NH3 a. They 

mainly involve the N–H–N type of H-bond of an ammonia dimer. IonP-aal 

corresponds to the alternative [NH4
+][AlH3NH2AlH3

-] ion pair derived from 

(AlH3NH3)2. A perspective projection of its geometry clearly points out the 

N–H–H–Al interactions in which one interaction ends up in a quite short H–

H contact (1.563 Å). With a binding energy of 13.1 kcal/mol with respect 

to two aal monomers, the conventional dim1-aal is by far the most stable 

dimeric form. It is 6.8, 7.7 and 15.2 kcal/mol below dalda-trans, dalda-

cis and IonP-aal, respectively. The trans-conformer dalda-trans is only 

1.9 kcal/mol more stable than dalda-cis. The alternative structures 

dim3-aal and dim4-aal are calculated to be higher in energy, 3.5 and 

8.8 kcal/mol relative to dim1-aal, respectively. Of the two ion pairs, 

DADAl is 6.2 kcal/mol more stable than IonP-aal. 
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 The lowest barrier energies for H2-release are 17.3 kcal/mol via 

dalda-cis-ts1, and 17.5 kcal/mol via dalda-trans-ts1, relative to the 

starting points dalda-cis and dalda-trans, respectively. Formation of H2 

from both TS’s follows a similar mechanism in which NH3 plays the role of 

a H-bond acceptor.  

 The main potential energy profiles are schematically illustrated in 

Figures 11.12 and 11.13. Both dim1-aal and dalda-trans are formed 

from different separated reactants. They both need to be initially 

converted to IonP-aal before H2 is generated. The barrier heights for 

interconversion are high, 33 to 35 kcal/mol, and the energies of the 

associated TS’s are much higher than the dissociation limits. Once formed, 

the ion pair undergoes a facile H2-loss with an energy barrier of only 3.0 

kcal/mol via TS IonP-aal-ts1 giving the same product AlH3NH2AlH2NH3 as 

in the previous dimer (cf. Figures 11.9 and 11.12).  

 The ion pair is unlikely to be detected but occupies a pivotal 

intermediate position in the course of numerous H2 elimination reactions. 

Starting from dim1-aal, H2 loss is exothermic by -16.0 kcal/mol. Due to 

the large energy barriers of the initial conversion of isomers, H2 production 

is not a favored process and is not competitive with respect to simple bond 

cleavages. This is quite similar to the reactions of the dimer of ammonia 

borane.[27]  

  Starting from dim3-aal and dim4-aal, the TS’s dim3-aal-ts1 

and dim4-aal-ts1 for H2-release processes are located at 18.2 and 20.7 

kcal/mol, as compared with the respective separated reactants (2aal). If 

condensation of dialane and two ammonia molecules dal + 2a initially 

forms dim3-aal and dim4-aal, then the corresponding H2-eliminations 

become much more facile with energy barriers of 1 to 2 kcal/mol. Thus, 

the combination between dialane and two ammonia molecules can be a 

key starting point for H2 release processes. The results observed from AlN 

systems are comparable to those previously found for BN compounds.[28] 
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dalda-trans dalda-cis 

  
IonP-ala 

  
dim1-ala dim2-ala 

  
dim3-ala dim4-ala 

 
Figure 11.11. Selected MP2/aVTZ geometrical 
parameters of three adducts dalda-cis, dalda-trans, and 
IonP-ala. Bond distances are given in angstrom and bond 
angles in degree.  
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 The free energy variations ΔG298 associated with the ΔH0’s of Figure 

11.12 are also constructed (not shown). Comparison of the two profiles 

reveals that with respect to the two separated monomers 2(AlH3NH3) 

taken as reference, the positions of the reactants are not displaced, except 

for that of daal-ben + al with a move of 2.5 kcal/mol (from 17.4 to 14.9 

kcal/mol). In terms of ∆G, dala-ben + a goes down by only 0.2 kcal/mol 

whereas the adducts dim1-ala, dalda-trans and dalda-cis are more 

strongly destabilized within a range of 7.8 – 8.9 kcal/mol. The ion pair 

IonP-ala is affected by the largest change, from 2.1 kcal/mol in ∆H0 to 

12.5 kcal/mol in ∆G298. Such an increase of 10.4 kcal/mol leads to a 

comparable destabilization of 8.6–9.9 kcal/mol for the three associated 

TSs. Therefore, the free energies of activation ∆G≠ are only slightly 

increased, by at most ~2 kcal/mol, as compared with ∆H≠. In fact, the 

hydrogen release from IonP-ala remains a facile process with a ∆G298
≠ of 

2.5 kcal/mol, which is only 0.5 kcal/mol smaller than the corresponding 

∆H0
≠. The positions of the products AlH3NH2AlH2NH3, AlH2NH2AlH2NH2 and 

the TS AlH3NH2AlH2NH3-tsH2 linking them are displaced by small amounts 

of 2.6-4.8 kcal/mol.  

 Figure 11.13 illustrates the transformation processes of the four 

dimeric isomers. For the less stable dim3-aal and dim4-aal, bond 

cleavages are again preferred over elimination of H2. Simultaneous 

production of two H2 molecules from the more stable isomer dim1-aal or 

dim2-aal is also not favored. Energy barriers of the order of 22 to 32 

kcal/mol are expected for the H2 release from stable dimeric forms of 

ammonia alane.  

 The free energy profiles derived from the Figure 11.13 are also 

constructed (not shown). Again, the ∆G298 positions of the adducts and 

TSs are put up by ~10 kcal/mol, as compared with the ∆H0 ones. The 

positions of the products including (NH2AlH2AlH3NH3 + H2) are also less 

affected by the entropic effects, which are usually moving up by 1.5–3.8 

kcal/mol. The adducts ranging from dim1-ala to dim4-ala can be divided 

by two types. The first type which does not have hydrogen bonds, includes 

both dim3-ala and dim4-ala. For this type, free energy changes of ~4.5 

kcal/mol have been found. The second type involves hydrogen bonded 

structures dim1-ala and dim2-ala, that have more important deviations 
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of 8.6-8.9 kcal/mol between ∆H0 and ∆G298. The two reactants dala-lin + 

a and dal + 2a are characterized by smaller differences of 3.7 and 4.8 

kcal/mol, respectively. For the TS’s, the differences between both ∆H0 and 

∆G298 positions are in a similar range of 8.3 – 10.4 kcal/mol. Overall, as in 

the previous cases, when considering the pathways from the 

preassociation complexes, the free energies of activation ∆G298
≠

 turn out 

to be quite close to the corresponding enthalpies ∆H0
≠. 

   

 
Figure 11.12. Schematic reaction pathways illustrating the H2-release from 
different isomeric dimers of ammonia alane. Relative ΔH0 values given in 
kcal/mol are obtained from CCSD(T)/aVTZ + ZPE calculations.
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11.6 Concluding Remarks 

Electronic structure calculations at the coupled-cluster theory 

CCSD(T) level in conjunction with the aug-cc-pVnZ basis sets, with n = D, 

T and Q, were employed to construct portions of the potential energy 

surfaces describing H2 release from ammonia alane derivatives. The effect 

of methyl and amino substituents on the amine moiety is not large and 

leads to a decrease in the energy barrier for H2 release relative to Al-N 

bond dissociation. For all the systems considered, the effects of 

temperature and entropy on the energy profiles are substantial with 

changes amounting up to ~10 kcal/mol. Nevertheless, the rate-

determining steps in the most preferred pathways remain unchanged in 

going from the ΔH0 to the ΔG298 regime.  

As in the case of ammonia borane, H2 production is not 

competitive from the combination of two (AlH3NH3) monomers. An 

alternative route which involves the reactions of one monomer with two 

separated molecules of AlH3 and NH3 is favored. This alternative route is 

composed of two successive steps:  

(1) an initial condensation of an AlH3NH3 monomer with NH3 

leading to a stable linear NH3AlH3NH3 species, and  

(2) a subsequent combination of the latter with AlH3 which gives 

rise to a bicyclic structure framed by dihydrogen bonds. Starting 

from the latter bicyclic form, H2 release becomes a much lower 

energy process. Condensation of dialane (Al2H6) with two 

separated ammonia molecules (2NH3) is also a plausible route for 

H2 release. These results provide further insights into the 

chemistry of alane complexes and the ability of ammonia to 

promote dehydrogenation as well as rehydrogenation of spent fuel. 
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PART

Some important conclusions of this 

computational work dealing with the chemical 

hydrogen storage materials based on ammonia 

have been drawn. The molecular mechanisms 

of hydrogen release have been probed from 

potential energy surfaces. Some novel 

chemical compounds are proposed as potential 

candidates for chemical hydrogen storage, and 

some perspectives will be put forward. 
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         The present work constitutes a theoretical contribution to the study 

of the chemical properties and molecular mechanisms for hydrogen 

release of a number of compounds based on ammonia, that are relevant 

for chemical hydrogen storage. Let us first summarize the main results 

before putting forward some outlooks. 

 

Literature Review and Theoretical Approaches 

A large amount of knowledge on the hydrogen storage has been 

accumulated in the literature. Theoretical and experimental results have 

been reported throughout the development of hydrogen energy. Although 

the molecular hydrogen was discovered as a "inflammable air” by Turquet 

de Mayerne in 1650, Henry Cavendish marked the recognition and 

identification of hydrogen as a distinct element. Since hydrogen was 

known, its growth as a source of energy is continuous, and the 

corresponding technologies have solidly been developed. Through 

hydrogen events, the literature review points out that usage of hydrogen 

energy is not only as necessity but also is an essential component of a 

sustainable development.     

The huge amount of hydrogen exists in nature that can be used as 

a fuel thanks to its physical and chemical properties. The hydrogen bond 

and dihydrogen bond, are of importance in the understanding of hydrogen 

release processes, and thereby in the designing and creating novel 

materials for hydrogen storage.  

One of the hottest issues of hydrogen technologies is their usage 

for transportation. Nowadays, viable hydrogen energy for transportation 

represents a grand challenge not only for scientists but also for industries, 

from the carmakers to the distribution network. It thus involves a large 

sector of the society.  

The key challenge for hydrogen techniques is the storage. 

Hydrogen can be stored in different states, from gas to solid, in tank or in 

chemical compound. Storing hydrogen in a chemical compound/system is  

now considered as the best solution. Unfortunately such an ideal 

compound does not exist yet.  

Therefore, intensive searches for the suitable compounds, and the 

catalysts for their hydrogen release, represent the main focus of the 
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current studies on chemical hydrogen storage. For our present 

computational studies, we have selected a class of compounds called 

“ammonia-based-complexes” (ABC). We investigated a series of 

compounds that could finally emerge as potentially promising materials for 

chemical hydrogen storage.   

At the stage of testing samples, we have applied computational 

quantum chemistry to determine their fundamental properties including 

geometries, electronic and thermochemical parameters. By using the 

series of diffuse-augmented correlation consistent basis sets, aug-cc-

pVnZ, with n = D, T and Q,, the extrapolations of the electronic energies 

to the complete basis set limit (CBS) can be done. When the CBS 

extrapolations are used in conjunction with the coupled-cluster theory 

CCSD(T) method, a high chemical accuracy of ± 1kcal/mol can be attained 

for the thermochemical and energetic parameters.  

For each system considered, we have systematically constructed 

the potential energy surface related to the hydrogen release. The 

molecular mechanisms for hydrogen release from the ABC compounds 

have thus been elucidated. 

 

Computational quantum chemistry results 

The samples of BH3NH3 and CH3CH3 were considered at the beginning to 

probe the behaviour of BH3NH3 as a prototype of the ABC class. The 

results show that BH3NH3, without catalyst, can release H2 at ~36 

kcal/mol. With the presence of BH3, H2 release from BH3NH3 has an energy 

barrier of only 6 kcal/mol. In this case, BH3 plays as a bifunctional Lewis 

acid catalyst by giving and receiving hydrogen atoms. Results on the 

CH3CH3 system again show that BH3 is a good catalyst.  

 To find suitable catalysts, we have examined the cases of NH3 and 

AlH3. Calculated results point out that NH3 can induce a catalytic effect, 

but the energy barrier remains high. The better catalyst is actually alane 

(AlH3) The energy barrier for hydrogen release from BH3NH3 with the 

presence of AlH3 is only ~2 kcal/mol. Such an effect is due to the 

formation of double hydrogen bonds in the lowest transition state 

structure. The result that borane and alane can act as bifunctional 

catalysts constitutes an important finding of our studies. On the one hand, 
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this allows the thermal decomposition mechanism of ammonia borane to 

be understood, and demonstrates the crucial role of dihydrogen bonds. On 

the other hand this suggests a widespread use of simple hydrides as 

catalysts in hydrogen release reactions.   

  Further studies on the BH3NH3 system are necessary to find out 

the behaviour in different combinations. One of our most interesting 

results concerns the (BH3NH3)2 dimeric system, in which two BH3NH3 

monomers combine together and create the ion pairs, the diamoniate of 

diborane (DADB) and another ion pair (IonP-N). From those charged 

compounds, the loss of molecular hydrogen is greatly facilitated. These 

results are well consistent with some experimental observations.  

 On the way of finding materials based on NH3, we have also found 

some novel results which would stimulate further experimental studies. 

The calculated results for the B3H7NH3 and B3H9NH3 systems show that 

beside the monomer, dimer of BH3NH3, the derivatives containing higher 

boranes reach the requirements and can be considered as good candidates 

for chemical hydrogen storage. The search for materials based on BH3NH3 

can further be carried out, and our unfinished calculations suggest many 

even more interesting results.  

 Another compound belonging to the ABC class is ammonia alane 

(AlH3NH3). which is an isovalent homologue of BH3NH3. At the first stage 

of consideration, AlH3NH3 is not a good candidate for CHS due to the 

energy barrier of about 29 kcal/mol for hydrogen release. There is actually 

a lower barrier compared to the BH3NH3 system but it is still considerable. 

The studied results on AlH3NH3 monomeric system with the presence of 

NH3, BH3 and AlH3 clearly point out the need for a catalyst.Of the three 

possible simple catalysts, once more AlH3 turned out to be the best one.  

One interesting result emerges from the our study concerns the 

combination of AlH3NH3 with NH3. A novel compound is found, 

NH3AlH3NH3, which is a linear species in which Al is penta-coordinated. 

This result opens a new pathway for finding CHS materials. The 

combination of two AlH3NH3 monomers creates a large number of new 

chemical compounds. One of most exciting chemical compounds is dadal-

lin, which has a penta-coordinated Al atom and two Al─H─H─N dihydrogen 

bonds. The most unusual feature of dadal-lin is that it is more stable than 
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the corresponding ion pair, which is expected to be the most stable 

structure. A direct hydrogen elimination from dadal-lin is not favored due 

to the high energy barrier. On the contrary, its initial conversion to a less 

stable isomer DADAl, and a from dadal-lin, the energy barrier is only 8 

kcal/mol for one H2 release.  

More results on AlH3NH3 dimers also show that several new 

structures are formed upon further hydrogen eliminations. The cyclic form 

AlH2NH2AlH2NH2 is also a very interesting structure. After releasing two 

additional hydrogen molecules, cyclic forms can be built up at very low 

energy. These cyclic forms are precursors for the Al-N polymer and solid 

state structures. 

It should be stressed that in the present work, we consider on the 

one hand the potential energy surfaces mainly constructed from the 

enthalpies evaluated at 0 K. On the other hand, the energy surfaces 

obtained correspond to the gas phase situation. The effects of reaction 

media such as the solvent or solid state conditions are not taken into 

account. It is certain that in a real reaction, other factors such as the 

entropies and temperatures, or the medium effects, are also important. 

Nevertheless, the intrinsic features that we can derive from the static 

potential energy surfaces provide us with the essential information about 

the outcome of the hydrogen release processes considered.    

 

Perspectives 

The perspectives opened from this work are essentially based on the 

above results, which lead to many new avenues. The class of ABC has a 

quite rich chemistry and full of surprises, and should be addressed with 

more detailed studies. It is interesting to investigate systematically the 

combination of ammonia with all the hydrides of the first- and second-row 

elements of the periodic table (from LiH to FH). To find better catalysts,  

the effect of each chemical hydride in hydrogen release processes when 

mixed with ammonia, needs to be explored in detail.
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 Starting from basic BH3NH3, a salt [BH4
─][NH4

+] is also a precursor 

structure. Thus, the salts of larger boranes [BnHm
─][NH4

+] are promising 

candidates for CHS materials as they normally exist as stable entities in 

the solid state. The system such as B3H9NH3 whose corresponding salt is 

[B3H8
─][NH4

+], can release hydrogen molecules. For the higher 

homologues of BH3NH3, they have interesting properties other than in the 

monomeric neutral form, This aspect can be related to the rich boron 

hydride chemistry. The combined systems of boron hydrides and 

ammonia, such as B3H9, B4H8, B4H10, B8H16 ….. are potential precursors.  

 Beside the BH3NH3-based compounds, the new series of AlH3NH3 

system opens many channels. Being a better compound for CHS, AlH3NH3 

is a really new material for further investigation. Use of AlH3NH3-based 

compounds for releasing hydrogen should be considered not only by 

chemists but also by engineers in pilot experiments. It can be expected 

that new compounds based on AlH3NH3, such as NH3AlH3NH3 and their 

dimers, trimers … and their larger derivatives emerge as important 

materials for CHS.  

A popular dream is the production of hydrogen from water. In the 

next periods, pathways of releasing hydrogen from water, with presence 

of simple catalysts, are certainly a subject of choice for theoretical studies 

Inside this issue, finding the way of producing hydrogen from methane 

and higher hydrocarbons from natural gases, with the support of simple 

catalysts and with a control of CO2 production is another avenue for 

intensive theoretical research work.    
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