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ABSTRACT 

The direct hydrogenation of MH/AlTi-doped to MAlH4 (M = Na and Li) was studied by 

high pressure NMR.  The dehydrogenation pathways have been well documented as the systems 

have been studied for their potential as lightweight hydrogen storage materials.  The high 

pressure required for the hydrogenation had previously hindered the investigation.  The 

rehydrogenation of NaH/AlTi-doped to Ti-doped NaAlH4 under 140 bar H2 at 120°C was monitored 

by 27Al and 23Na wideline NMR Spectroscopy.  The rehydrogenation was observed to proceed 

via the Na3AlH6 intermediate.  Further conversion to NaAlH4 was observed rapidly after the 

initial appearance of Na3AlH6.  This demonstrates that the rehydrogenation does not proceed via 

the micro-reverse of the dehydrogenation where complete conversion to Na3AlH6 occurs before 

final conversion to NaH/AlTi-doped.  Of note, the 27Al NMR spectra revealed 2 overlapping peaks 

(one broad and one narrow) assigned to NaAlH4.  The broad peak is characteristic of solid 

NaAlH4, whereas the narrow peak indicates motional averaging.  The discrete nature of the peak 

indicates 2 distinct populations of static versus mobile NaAlH4.  The mobile NaAlH4 species was 

also generated by air-exposure of pure NaAlH4, followed by exposure to 200 °C and 180 bar H2 

pressure.  This material was unable to cycle hydrogen under the conditions required to cycle Ti-

doped NaAlH4.  Therefore, the mobile species does not play a role in the hydrogen cycling of Ti-

doped NaAlH4, under modest conditions. 

The solvent mediated rehydrogenation of LiH/AlTi-doped to Ti-doped LiAlH4 was 

monitored by 27Al and 7Li wideline NMR spectroscopy.  The mediation by the solvents THF and 

DME were utilized for the rehydrogenation.  The solvent mediation, by both solvents, was 

confirmed to bypass the Li3AlH6 intermediate observed in the solid state dehydrogenation.  Most 

notably, the 7Li NMR spectra revealed a downfield shift for the DME adduct compared to the 
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THF adduct.  This indicates DME has a higher coordination number to LiAlH4.  These NMR 

studies not only furthered the understanding of the alanate systems, but also demonstrated novel 

high pressure NMR techniques. 
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Chapter 1: 

 

Introduction 

 

Mankind thrives on energy.  The emergence and progression of civilization coincides 

precisely with the ability to harness energy from natural resources.  One of the first and most 

primitive methods employed was the combustion of biomass, specifically wood.  This along with 

lesser contributions from wind, hydropower, and domesticated animals powered mankind until 

the turn of the 18th century.  At this time, coal began to emerge as a principal energy source due 

to an increased accessibility and competitive edge in heating efficiency.  This conversion spurred 

the Industrial Revolution and was the beginning of the age of fossil fuels.  Transportation 

especially flourished with the merging of coal and the steam engine.  The consumption of coal 

dwarfed other fuels until drilling techniques were developed to access oil.  The use of oil, 

specifically petroleum, came to power mankind in the early 19th century and continues to power 

mankind today, with world wide consumption in 2013 at over 90 million barrels a day.1  Readily 

accessible fossil fuels for energy has allowed for great advances in living standards, medical 

care, communication, transportation, and our general understanding of the universe.  However, 

with greater understanding came the realization of the negative effects and ultimate futility of 

relying on fossil fuels. 
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1.1 Fossil Fuels 

 

A major drawback of consuming fossil fuels at such a high rate is that fossil fuels are a 

limited resource.  It is currently held that most major oil reserves have been discovered and new 

smaller reserves will only be accessible by costly unconventional methods.2  The limited supply 

is coupled with an increase in demand due to the increase in world population as well as the 

industrialization of developing countries such as China and India.  Most analysts predict that 

fossil fuel demand will surpass supply in the near future, and reserves will be depleted by 2060.3 

Another concern with the consumption of fossils fuels is the realization of their impact on 

the climate.  The negative environmental impact is commonly accepted to be caused by the 

release of pollutants, especially carbon dioxide (CO2), from the combustion of carbonaceous 

materials.  Carbon dioxide functions as a greenhouse gas by absorbing and reemitting infrared 

radiation in the Earth’s atmosphere, preventing the thermal radiation from escaping to space.  

Carbon dioxide is naturally cycled in the atmosphere; it is released by processes, such as cellular 

decomposition and respiration, and is sequestered mainly by photosynthesis.  This equilibrium 

has existed, in which carbon is constantly being released and sequestered into and from the 

atmosphere.  The equilibrium has gradually fluctuated over time, due to the deposition of carbon 

materials deep underground, which ultimately became fossil fuels.  Mankind’s accelerated 

release of this carbon has dramatically shifted that equilibrium, causing unprecedented climate 

change. 
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1.2 Alternative Energy 

 

Despite the looming fate of fossil fuels and need for alternatives in the near future, the 

global fossil fuel industry received subsidies of $523 billion in 2011, a marked 30% increase 

from 2010, and six times the subsidies received by the alternative energy industry.4  Despite this 

handicap, alternative renewable energies such as wind, geothermal, hydroelectric, and solar 

electric are consistently playing a larger roll in the world energy supply.  Nuclear energy 

generation has remained stagnant and its viability as a ‘clean’ energy source has become highly 

debated, due to the Fukushima Nuclear Power Plant disaster.  Renewables comprised 19% of the 

total world energy supply in 2011, where their largest contribution was in the electricity 

production sector, supplying 21.7% globally.5  Most renewable energy sources are inherently 

immobile and/or have an inconsistent energy output, which precludes their implementation in the 

road transportation sector.  In 2011, renewables, mostly biofuels, supplied 3.4% of the global 

road transportation energy consumed.5  A suitable energy carrier could bridge the gap of 

renewables to the transportation sector.  Currently, petroleum dominates the automotive 

transportation sector, due to a set of properties perfectly suited for the automotive industry, such 

as its high volumetric and gravimetric energy density, as well as an entrenched delivery 

infrastructure.  In order to compete, a suitable energy carrier needs to be developed that meets or 

exceeds petroleum in physical properties, such as energy density, as well as practical properties 

such as cost. 
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1.3 Mobile Energy Carriers 

 

Currently, the transportation industry relies heavily on petroleum fuels, utilized in an 

internal combustion engine (ICE) to generate energy via combustion, where expanding gasses 

perform the work.  Although the transportation industry is dominated by petroleum based ICEs, 

fuel cell (FC) and battery powered vehicles have finally emerged into the consumer market 

(Tesla, Honda FCX Clarity).  Because batteries tend to suffer deficiencies in long term 

durability, volumetric or gravimetric energy density, and other problems that plague all energy 

storage systems, investigation into their research and development is ongoing.  Some fuels can 

also be utilized in a non-combustive oxidation reaction to generate electrical energy in a flow 

through electrochemical cell, or simply a FC.  Although many different fuels can be utilized in a 

FC, the archetype fuel cell is a proton exchange membrane (PEM) FC that operates on hydrogen 

and oxygen gasses with the only byproduct being water.  Figure 1.1 presents a diagram of the 

operation of a PEM FC.6 
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Figure 1.1: A diagram of the operation of a PEM Fuel Cell.  The cell harnesses electrical energy from the reaction 

of H2 and O2 gasses producing H2O.  Hydrogen gas enters the anode, followed by proton (H+) transfer across the 

PEM to react with oxygen gas entering the cathode, with simultaneous electron (e-) transfer around the circuit to 

produce water and electrical energy.6 

 

Petroleum fuels have dominated the road transportation energy sector, due to a 

combination of attractive physical and economic properties that have left it with little 

competition in the market.  This market advantage is constantly decreasing, due to increasing 

costs stemming from depleting reserves and the continual negative environmental impact.  Due 

to the current infrastructure based on liquid fuels utilized in ICEs, the simplest transition would 

be to a renewable liquid based fuel that can be utilized in either a FC or ICE.  Alternatives have 

been suggested and are currently being researched and implemented.7 

 Liquid organic fuels, such as ethanol, are a possible alternative, some able to be rendered 

from biological mater.  Biofuels, as they have come to be known, have shown promise and are 

able to utilize current delivery infrastructure.  These fuels have the same attractive physical 
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properties as petroleum fuels but are renewable and relatively environmentally neutral.  Biofuels 

are derived from plant matter that grows, via carbon fixation.  This means that the biofuel is 

comprised of recently sequestered CO2 from the atmosphere.  The fuel can then be combusted, 

releasing energy and CO2.  This CO2 is then re-sequestered by plants and the process is then 

repeated.  Since no ‘new’ CO2 is released into the atmosphere, the environmental impact is 

relatively neutral.8  This theory does not, however, account for other pollutants that are released 

in the combustion of organic fuels.  Additionally, this process is very time, labor, and land 

intensive leading to an overall negative net energy balance.  The energy required for the process 

can be supplied from clean renewable sources, but does not address the inflexible time and land 

constraints. 

 Elemental hydrogen has long been suggested as a mobile fuel due to its high specific 

energy density.9-13  Hydrogen can be sequestered from the electrolysis of water, potentially 

utilizing renewable energy sources.  The hydrogen can be combusted with oxygen with the only 

product being water, releasing 285.5 kJ/mol of free energy, as shown by the following chemical 

reaction:14 

 

2 H2 + O2 → 2 H2O      (1.1) 

 

This energy can be compared with other typical fuels found in Table 1.1.15,16 
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Table 1.1: Combustion enthalpies of some common fuels.15,16 

 

 

These properties make hydrogen a well suited candidate as an energy carrier to someday 

replace petroleum, especially due to its ability to operate with zero pollution when implemented 

properly.6  Among its many other advantages are its high abundance and ability to be utilized in 

either ICEs or FCs.  Despite hydrogen’s great potential as a fuel source, it is not currently 

economically viable and much more investigation is necessary into ways to circumvent the 

drawbacks. 

 

1.4 Hydrogen 

 

Hydrogen is the most abundant element in the universe.  On Earth, it mainly resides in 

the form of water and organic compounds.  The desired fuel, H2 gas, is not readily available, as it 

does not exist freely in the environment.  Therefore, it needs to be manufactured, which is a 
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major barrier of H2 implementation as a mobile energy carrier.  Currently, fossil fuels are utilized 

as a source to obtain H2, where the primary method of hydrogen production is through the steam 

reformation of methane.  It occurs at high temperatures in the presence of a nickel catalyst, 

according to the following reaction:17 

 

CH4(g) + H2O(g) ⇌ CO(g) + 3 H2(g)    (1.2) 

 

A water gas shift can then be employed to extract another mole of hydrogen gas as follows: 

 

CO(g) + H2O(g) ⇌ CO2(g) + H2(g)    (1.3) 

 

The formation of un-sequestered CO2 in this process negates the pollution free aspect of utilizing 

hydrogen as an energy carrier in this manner. 

One way to implement a pollution free system involves utilizing water as the hydrogen 

feedstock.  The hydrogen is produced via the electrolysis of water with a byproduct of oxygen 

gas.  When combined with electricity produced from renewable sources, such as solar and wind, 

H2 can be manufactured in a completely renewable, pollution free process.  Hydrogen can also 

be produced directly utilizing the photoelectrolysis of water where solar devices directly perform 

the electrolysis.18-20  As hydrogen production technology improves, storage becomes the key 

hurdle in implementation. 

 Despite considering hydrogen as potential fuel due to its aforementioned attractive 

properties, important issues must be addressed, including its low volumetric energy density.  

Under standard conditions, hydrogen is in the gas phase and must be delivered by means of a 
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storage system in order to overcome the low volumetric energy density in order to be a good 

candidate as an onboard fuel for the transportation industry.  As a result, hydrogen storage has 

become an area of intense research.9-13  Numerous ways are possible and have been suggested to 

overcome this issue, and will be discussed.  In order to push the initiative, the United States 

Department of Energy (DOE) has established targets for onboard hydrogen storage systems that 

are based on cost and performance competitiveness with current automobiles.21  The ultimate 

targets are to have a system with volumetric and gravimetric capacities of 2.3 kWh/L 

(0.0700kg/L) and 2.5kWh/kg (7.5wt% hydrogen), shown in Table 1.2.21 
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Table 1.2: Onboard Hydrogen Storage Targets.21 

Technical System Targets: Onboard Hydrogen Storage for Light-Duty Fuel Cell Vehicles 

Storage Parameter Units 2017 Ultimate 

System Gravimetric Capacity: kWh/kg 1.8 2.5 

Usable, specific-energy from H2 (net useful 
energy/max system mass) 

(kg H2/kg 
system) 

(0.055) (0.075) 

System Volumetric Capacity: kWh/L 1.3 2.3 

Usable energy density from H2 (net useful 
energy/max system volume) 

(kg H2/L system) (0.040) (0.070) 

Storage System Cost: $/kWh net 12 8 

  ($/kg H2 stored) 400 266 

• Fuel Cost $/gge at pump 2-4 2-4 

Durability/Operability:       

• Operating ambient temperature °C -40/60 (sun) -40/60 (sun) 

• Min/max delivery temperature °C -40/85 -40/85 

• Operational cycle life (1/4 tank to full) Cycles 1500 1500 

• Min delivery pressure from storage system bar (abs) 5 3 

• Max delivery pressure from storage system bar (abs) 12 12 

• Onboard Efficiency % 90 90 

• "Well" to Powerplant Efficiency % 60 60 

Charging / Discharging Rates:       

• System fill time (5 kg) min 3.3 2.5 

  (kg H2/min) (1.5) (2.0) 

• Minimum full flow rate (g/s)/kW 0.02 0.02 

• Start time to full flow (20 °C) s 5 5 

• Start time to full flow (-20 °C) s 15 15 

• Transient response at operating temperature 

10%-90% and 90%-0% 
s 0.75 0.75 

Fuel Quality (H2 from storage): % H2 
SAE J2719 and ISO/PDTS 14687-2 

(99.97% dry basis) 

Environmental Health & Safety:   

• Permeation & leakage - 

• Toxicity - 

• Safety - 

Meets or exceeds applicable 
standards, for example SAE J2579 

• Loss of usable H2 (g/h)/kg H2 stored 0.05 0.05 
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Beyond the general requirements of weight and volume, which allow for enough 

hydrogen to travel reasonable distances between refueling, other aspects of implementation must 

also be addressed.  The system must operate at reasonable temperatures from -40 to 85°C and 

have a suitable delivery pressure for cohesive integration into a fuel cell system.  The hydrogen 

refueling systems must be cost effective and have reasonable recharging times, as well as the 

system must have a high cycling lifetime and durability. Also, safety concerns come into play 

with elevated temperatures and pressures.  These are only some of the many considerations that 

need to be taken into account in developing a suitable storage system.  Figure 1.2 shows a plot of 

volumetric versus gravimetric capacities for many hydrogen storage materials, giving a relative 

approximation of how close each of the systems are to achieving the DOE targets for onboard 

applications.22  Not considered in this plot, but no less important, are kinetics, cost, etc. (see 

Table 1.2). 

 

Figure 1.2: Volumetric Hydrogen Capacity versus Gravimetric Hydrogen Capacity for select hydrogen storage 

materials.22
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1.4.1 Gaseous, Liquid, and Solid Storage 

 

Systems in which hydrogen is stored as a gas are the simplest and most developed.  

Gaseous hydrogen can be stored in high pressure tanks where the energy density of hydrogen 

increases with increasing pressure.  To meet the DOE energy density target of 0.0700 kg H2/L, 

compressed gas systems are required to be pressurized to at least 12,000 psi hydrogen without 

even taking into account the space occupied by the storage system.23  With current materials and 

technologies, 10,000 psi tanks have been demonstrated and are commercially available, yet they 

still fall short of this target.  Although increasing pressure improves energy density, it has the 

opposite effect on efficiency.  Storage at higher pressures requires more energy to obtain the high 

pressures, which ultimately drives up the cost of hydrogen at the pump.  Additionally, higher 

pressure tanks require advanced safety technology to prevent the possibility of tank rupture, 

especially in an industry with a high susceptibility of accidents.  Efficiency is also reduced with 

increasing pressure, as tanks are relegated to specific geometries and thicker walls.  Lower 

pressures allow for greater variety in tank geometry, as conformable tank designs maximize 

awkward spaces common in conventional vehicles.  Another route to improve on energy density 

involves cooling the hydrogen gas, where hydrogen’s density is roughly 4 fold higher at 77 K 

than at room temperature (298 K).  The hindering aspect of this gaseous hydrogen system is the 

additional weight, space, and cost required for the cryo-containment. 

 Liquid hydrogen has a density of 0.070 g/mL and a critical temperature of 33 K.23  A 

cryo-containment system is required to keep the hydrogen liquid which drives down the system 

volumetric and gravimetric capacities.  Liquid hydrogen systems have other drawbacks, such as 

the large amount of energy required to condense hydrogen and maintain it as a liquid.  



13 

Condensation of hydrogen is an exothermic process (0.12 kWh/kg), requiring a high amount of 

thermal management.24  The process is further complicated by nuclear spin isomerization which 

is also exothermic (0.15 kWh/kg) in this case.  Gaseous hydrogen at room temperature and 

equilibrium is approximately 25% parallel spin (para) and 75% antiparallel spin (ortho).24  The 

equilibrium dramatically shifts at low temperatures and the spins of liquid hydrogen are almost 

completely para.  The conversion from ortho to para is exothermic and the uncatalyzed kinetics 

are slow, which is detrimental in engineering a cryo-contained system of this type.  Numerous 

catalysts provide a pathway for the ortho to para conversion but do not overcome the unfavorable 

thermodynamics.  Additionally, test systems have been plagued with problems of boil-off 

leading to the use of lower surface area spherical tanks which are awkward when incorporating 

into conventional vehicles.23 

Hydrogen has the largest volumetric energy density when stored in a solid.  Yet, it cannot 

be plausibly stored as an elemental solid since the pressures and temperatures required are not 

feasible.  Hydrogen can be stored in or on a suitable substrate.  There are three general 

mechanisms for hydrogen storage in the solid state: 

• hydrogen gas adsorbed on the surface of a substrate, 

• atomic hydrogen absorbed into the bulk of a substrate, 

• or hydrogen can undergo reversible chemical reactions.25 

These mechanisms fall under two main classifications of hydrogen storage based on the 

hydrogen interaction: physisorption and chemisorption.  Physisorption is the bonding of 

molecular hydrogen to a substrate through Van der Waals interactions where there is very little 

redistribution of electron density.  Theses forces tend to be on the scale of 1 to 10 kJ/mol.26, 27  

The weak interaction does not allow storage beyond the surface, which requires high surface area 
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substrates for maximal hydrogen storage.  Chemisorption requires the breaking of the 

dihydrogen bond and is classical covalent or ionic bonding of atomic hydrogen with significant 

electron density redistribution.  Chemisorption also covers the bulk absorption of atomic 

hydrogen into interstitial sites, as there is significant electronic redistribution in this case as well. 

 

1.4.2 Physical Adsorbents 

 

Hydrogen gas is adsorbed on the surface of substrates in a monolayer by a weak Van der 

Waals interaction.  In thermodynamic terms, adsorption has a relatively low change in enthalpy, 

∆H, on the order of -10 to -1 kJ/mol,26, 27 which means low temperatures are required for 

sufficient bonding due to the decrease in entropy incurred from sequestering a gas.  At room 

temperature, a dynamic equilibrium is present where hydrogen is adsorbing and desorbing at the 

same rate.  Due to storage relying on a surface interaction, porous and high surface area materials 

are desired to incorporate the most hydrogen.  Lightweight and high surface area carbon 

substrates have been studied for their potential as hydrogen storage materials.  Most carbon 

materials studied are some form of graphite ranging in structure from amorphous, such as 

activated carbon, to more organized extended structures, such as fullerenes.28  An approximation 

of maximum hydrogen adsorption can be calculated from the surface area of a single graphene 

sheet which is 1315 m2/g (per side) and the specific surface area of hydrogen which is 85,917 

m2/mol.28, 29  From simple dimensional analysis, the maximum weight percent hydrogen on a 

single graphene sheet is ≈ 3% and only obtainable at low temperatures.30 

Substrates consisting solely of carbon have been found to lack sufficient hydrogen 

storage potential.  Recently, materials called Metal Organic Frameworks (MOFs) have been 
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explored as hydrogen storage materials.  MOFs consist of an array of metal clusters or ions 

interconnected by linking ligands.31  The structures in turn are highly porous and contain a high 

surface area, ideal for hydrogen physisorption.  They also contain a high degree of crystallinity 

and have a relatively facile synthesis through self assembly.32  The plethora of ligands and metals 

available give a nearly unlimited ability to micro-tune the structure for specific applications.  

Specific surface areas of up to 5500 m2/g have been reported,33 which raise the theoretical 

hydrogen storage capacity to almost 13 wt% hydrogen, at liquid nitrogen temperatures.  Related 

materials, sans metals, have been explored and given the moniker, Covalent Organic 

Frameworks (COF).34  The metal linkers are replaced by lightweight organic elements that form 

strong covalent bonds. 

The major advantages of physisorbants are the inexpensive materials, low operating 

pressure and low change in enthalpy which requires less thermal management in the system.  The 

drawbacks are the relatively low hydrogen content and the low temperatures required for 

adequate adsorption. 

 

 

 

 

 

 

 

 

 



16 

1.4.3 Chemical Sorbents 

 

Chemisorption is actually a two part process in which hydrogen is first dissolved into a 

substrate forming a solid solution, noted as the α-phase.  At constant temperature and increasing 

pressure, hydrogen is dissolved into the lattice until reaching a saturation point, at which the 

hydrogen transitions to a hydride forming the chemical bond, noted as the β-phase.  Substrates 

can be metals or alloys with the simplest case represented as follows:35 

 

M(s) + H2(g) ⇌ MH2(s)   (M = metal)  (1.4) 

 

In a pressure-composition isotherm, a plateau pressure is observed during this phase change, as 

shown in Figure 1.3.28 

 

Figure 1.3: Pressure-Composition Isotherm for a general metal hydride system.28 
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This is the pressure of hydrogen at equilibrium between the two phases.  In a different context, it 

can be thought of as the dissociation pressure of the hydride system at the related temperature.  

The plateau pressure is a direct thermodynamic measure of the hydrogen bonding for the system 

representing the change in enthalpy.  Another noteworthy thermodynamic property of the system 

is the change in free enthalpy, determining the favorability of the reaction, described as follows 

by Gibbs’ relation:35 

 

∆G = ∆H – T ∆S      (1.5) 

 

Here, ∆G is the free energy change, ∆H is bond energy or enthalpy change, T is absolute 

temperature, and ∆S is the change in entropy.  The standard state free energy change is defined 

by: 

 

∆G° = -RT ln K      (1.6) 

 

R is the gas constant.  The equilibrium constant, K, is calculated from the activities (α) of the 

products and reactants, in their standard states, as: 

 

K= αMH2/ αH2 X αM      (1.7) 

 

For a gas phase reaction, activity is replaced by fugacity divided by a standard pressure.  With an 

ideal gas, fugacity is replaced by equilibrium pressure since no correction from ideality is 
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needed.  Substitution and combination of the previous relations give the integral of the Van’t 

Hoff relation as follows:35 

 

ln PH2 = (∆H/RT) – (∆S/R)     (1.8) 

 

This relates the equilibrium pressure to the inverse temperature at constant hydrogen to metal 

concentrations.  With a series of equilibrium pressures at varying temperatures, a Van’t Hoff plot 

of ln Peq versus 1/T will produce a straight line such that ∆H and ∆S can be determined.  These 

plots are extremely useful in comparing different systems, as shown in Figure 1.4.36 

 

Figure 1.4: Van't Hoff Plot - ln Peq versus 1/T for select metal hydrides.36 
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The ∆H and ∆S of hydrogen cycling for a potential system determine the conditions required for 

implementation.  The ∆H is a measure of thermochemical stability.  Large values represent high 

stability and desorption at low pressures and high temperature.  Contrarily, low values represent 

low stability, high desorption pressures, and low temperatures for desorption.  Hydrogen 

absorption works against entropy and therefore has a negative change in value, typically -130 

J/mol K.35  From an application perspective, systems with high ∆H values will require more 

consideration for thermal management.  This thermodynamic analysis can identify substrates 

with appropriate desorption pressures and temperatures, as determined through PC isotherms and 

Van’t Hoff plots.  However, it lacks any measure of weight % or kinetics. 

Many different chemical sorbent materials exist which have hydrogen storage potential.  

These include metal hydrides, alloys, complex metal hydrides and others.  Metal hydrides have 

long been considered for their hydrogen storage potential due to their high volumetric hydrogen 

capacities.37, 38  However, these systems have been plagued by poor cycling thermodynamics 

and/or slow kinetics.  The MgH2/Mg system has become the archetypical system studied in this 

class of hydrides due to the high abundance, low cost, and suitable gravimetric hydrogen 

capacity.  The system’s theoretical storage is 7.6 wt% hydrogen.35  Early explorers of the bulk 

reaction were plagued with slow kinetics and incomplete conversion.  However, it was found that 

the kinetics could be vastly improved with certain metal additives or if synthesized in a manner 

to prevent a surface oxide coating on the material.  Some examples, including nickel, copper, 

aluminum and indium, greatly improved the kinetics when either alloyed or mechanically mixed 

with the system, although this has the disadvantage of decreasing the gravimetric capacity.  In 

1980, Vigeholm et al., reported the faster kinetics and complete conversion when utilizing small 

grain magnesium (< 50 µm) at 270°C.39  Despite these advances, the magnesium/magnesium 
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hydride system is unable to meet the current DOE targets (see Table 1.2). As such, other metal 

alloy and metal hydride systems have been extensively studied. 

 Many alloys in the forms AB, AB2, A2B, and AB5 are also able to reversibly cycle 

hydrogen, where A and B are representative of the metals in the alloy.35  They absorb hydrogen 

interstitially and not always in stoichiometric amounts.  Some systems have thermodynamic and 

kinetic properties ideal for hydrogen storage but lack gravimetric capacities suitable for 

transportation.  AB5 alloys, for example LaNi5, have a modest enthalpy of hydrogenation of -

30.1 kJ/mol and equilibrium pressure of 2.4 atm H2 at 21°C.  However, the low gravimetric 

hydrogen content, 1.5 wt%, is unsuitable for the automotive industry.40 

 

1.4.4 Lithium Aluminum Hydride and Sodium Aluminum Hydride 

 

Complex metal hydrides are salts whose anions are a hydrogen containing species.  The 

bonding in the anion is covalent in character.  Typical anions include alanates [AlH4]
-, 

borohydrides [BH4]
- and amides [NH2]

-.  When paired with a lightweight metal cation, these 

materials have relatively high gravimetric hydrogen content.  Systems, such as sodium alanate 

(NaAlH4) and lithium alanate (LiAlH4), have been extensively studies due to their attractive 

properties as light-weight hydrogen storage materials.37, 38, 41 

 Complex metal hydrides were discovered during the course of the studies of binary metal 

hydride systems.  Alfred Stock was the first major contributor to metal hydride chemistry, 

studying the boron and silicon hydrides between 1912 and 1932.42  The next milestones were the 

preparation of the first complex metal hydrides (Al(BH4)3, Be(BH4)2) by Schlesinger, Brown and 

Finholt circa 1939.42  Subsequently, the group was part of a classified program during World 
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War II which was responsible for the first preparation of many boro- and aluminohydrides.  

Lithium alanate was first prepared by Finholt, Bond, and Schlesinger in 1947 by the reaction of 

LiH with AlCl3 in diethyl ether.43  Finholt and Schlesinger were also the first to report on the 

synthesis of NaAlH4 by reaction of sodium hydride with aluminum bromide in diethyl ether in 

1951.44  The applications of both LiAlH4 and NaAlH4 were immediately realized as a reducing 

agent in organic chemistry.  Although organic chemists were interested in their potential for 

facile compound synthesis, they were also studied and noted for their ability to be hydrogen gas 

generators.  This was the dawn of contemporary hydrogen storage. 

In 1952, Garner and Haycock were the first to find that the dehydrogenation reaction of 

LiAlH4, and subsequently, NaAlH4, proceeds via a multi-step process.45  However, the first step 

of the dehydrogenation mechanism was thought to proceed through an aluminum dihydride as 

follows: 

 

NaAlH4 → NaAlH2 + H2     (1.9) 

 

This was the assumption due the generation of ≈ 1 mole of H2 per mole NaAlH4 during the 

reaction.  It wasn’t until ten years later, in 1962, that Zakharkin and Gravrilenko first prepared 

Na3AlH6 by the reaction of NaH and NaAlH4, leading to the idea of the following general 

dehydrogenation pathway for the alanates, where M = Li or Na:46 

 

3 MAlH4 → M3AlH6 + 2 Al + 3 H2    (1.10) 
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Later, in 1966, it was confirmed by Ashby and Kobetz that Na3AlH6 was truly the 

dehydrogenation intermediate and the subsequent steps are as follows:47 

 

M3AlH6 → 3 MH + Al + 3/2 H2    (1.11) 

3 MH → 3 M + 3/2 H2      (1.12) 

 

These discoveries are significant for understanding complex metal hydride systems if they are to 

be considered for an energy storage material. 

Once the dehydrogenation mechanism was clarified, the unresolved rehydrogenation 

process needed to be analyzed.  The rehydrogenation of LiH/Al to LiAlH4 and NaH/Al to 

NaAlH4 were first accomplished independently by Classen and Ashby in the early 1960’s.48, 49  

For the lithium system, Classen observed partial conversion of LiH and activated aluminum to 

LiAlH4 in THF at 35°C and 30 bar H2.  Ashby was able to perform the conversion at 120°C and 

350 bar H2, as well as demonstrate the formation of the LiAlH4·4THF adduct.  For the sodium 

cogener, the reaction of NaH and activated aluminum was carried out in THF solutions with a 

catalytic amount of triethylaluminum at 150°C, under 136 atm of H2.  It was not until 1975 that 

Dymova et al., observed the solvent-free rehydrogenation of NaH/Al in melts at 270°C under 

175 bar H2.
50  Interest in the NaAlH4 system was subsequently diminished due to the realization 

of the high equilibrium hydrogen pressure associated with the conversion from Na3AlH6 to 

molten NaAlH4. 

Other aspects of the system were being characterized during the same timeframe of the 

aforementioned works.  Egon Wiberg, a student of Stock’s and another contributor to the field of 

complex metal hydrides in the 1950’s, most notably showed that select metal dopants enhanced 
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dehydrogenation kinetics in doped lithium alanate systems.51, 52  Unfortunately, it was another 40 

years before the idea was extended to the hydrogenation of the congener sodium system.  It was 

in 1997 when Bogdanovic and Schwickardi reported that titanium doped NaAlH4 showed 

enhanced hydrogen cycling kinetics, as well as performing the rehydrogenation under moderate 

conditions, free of solvent.53  Interest was subsequently renewed in the complex metal hydrides 

for their hydrogen storage potential. 

Lithium aluminum hydride and sodium aluminum hydride are cogeners, sharing some 

similar properties, but they also possess unique characteristics that resolve the systems to be 

studied individually.  NaAlH4 and LiAlH4 follow the same dehydrogenation pathway described 

in (1.10), (1.11), and (1.12). The dehydrogenations proceed by the alanate melting, followed by 

hydrogen gas evolution with simultaneous solidification of the hexahydride and aluminum 

products.54, 55  The melt/dehydrogenation/solidification process brings unfavorable energetics to 

a potential hydrogen cycling system.  Titanium doping of either system brings the 

dehydrogenation temperature below the melting point of the pure material avoiding the 

unfavorable energetics associated with the phase changes.56 

Although these system show remarkable similarities regarding their dehydrogenation 

pathway and doping characteristics, they posses some markedly different properties concerning 

reversibility.  Most prominently, dehydrogenation of molten LiAlH4 (1.10) has been reported to 

be exothermic in the undoped lithium system.57  An exothermic reaction working with entropy, 

releasing a gas in this case, will always be spontaneous and nonreversible.  This means that the 

reverse reaction, and thus hydrogen cycling, is thermodynamically blocked. 

Due to complexity of the dehydrogenation pathway, the first step of the dehydrogenation 

has classically been reported to be exothermic, in which the LiAlH4 is already melted.  This is 
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the simplest way to properly designate the reaction irreversible.  However, when coupled to the 

melting process, the overall enthalpy change is revealed to be mildly endothermic (+1 kJ/mol).  

Titanium doping allows for dehydrogenation below the melting point of LiAlH4 (i.e. in the solid 

state).  This frees the dehydrogenation process from the energetics associated with the melting of 

the reactants and the instantaneous solidification of the products.56  Reaction (1.10) for titanium 

doped LiAlH4 is revealed to be slightly endothermic when separated from this 

melt/dehydrogenation/solidification nexus, having the same dehydrogenation enthalpy (+1 

kJ/mol) as the melt-coupled system.  In theory, this reaction (1.10) should be thermodynamically 

allowed to cycle hydrogen for the titanium-doped system.  Even so, the small dehydrogenation 

enthalpy requires high pressure and low temperature to hydrogenate which is unfeasible for a 

hydrogen storage system.  Although the sodium system suffers from approximately the same 

entropy barrier in the reverse direction, (1.10) is sufficiently endothermic, allowing for direct 

hydrogen cycling through temperature and pressure control.  Both LiAlH4 and NaAlH4 are 

exothermic in (1.11) and are therefore reversible. 

Due to the reversibility issues associated with rehydrogenation to lithium alanate, a 

chemical process is necessary in order to facilitate the synthesis.  A favorable solvation enthalpy 

in ether solutions allows for facile rehydrogenation of LiH/Al to LiAlH4 via formation of ether 

adducts.58-61  Solvent mediation is assumed to avoid the Li3AlH6 intermediate and provides the 

direct rehydrogenation of LiH/Al to LiAlH4.  This has only been confirmed by ex situ 

methodology due to experimental limitations.  However, the removal of the solvent requires 

unfavorable processing and engineering, which must be taken in to account when being 

considered as a reversible hydrogen storage material.  Recently, the use of DME as a solvent has 

proven effective at the conversion and is easily removed.59, 60  This has been attributed to its low 
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boiling point in facilitating the solvent removal.  However, solvent removal and adduct stability 

are independent of each other. 

The higher solubility of LiAlH4 in ether solutions compared to NaAlH4 leads to solvent 

mediated rehydrogenation for LiH/Al.48, 49  The solvation enthalpy associated with NaAlH4 is not 

able to overcome the thermodynamic driving force to form Na3AlH6, under the mild conditions 

required to form LiAlH4.  This is yet another difference between the NaAlH4 and LiAlH4 

systems, demonstrating why the systems are rather unique. 

The NaAlH4 and LiAlH4 hydrogen storage systems have been extensively studied and 

analyzed by a variety of techniques.  Their dehydrogenation pathways have been characterized 

by Differential Scanning Calorimetry (DSC),62, 63 Transmission Electron Microscopy TEM,64 X-

Ray Diffraction (XRD),65, 66 Neutron Diffraction,67 and Nuclear Magnetic Resonance (NMR) 

spectroscopy68, 69 to a higher degree based on the simplicity of in situ experimentation.  

However, observation of the reverse reaction, the rehydrogenation, by classical in situ 

techniques, such as XRD, NMR and DSC, are hindered by the hydrogen pressure required.  The 

recent commercial availability of NMR tubes capable of withstanding high pressures has opened 

the possibilities of elucidating rehydrogenation pathways of the Ti-doped NaAlH4 and Ti-doped 

solvent mediated LiAlH4 systems in a novel way. 

The widely used technique of NMR has been utilized for a continuously expanding array 

of chemical analyses, and can be applied to the systems described here.  NMR is based on nuclei 

with a spin that have a magnetic moment, including 27Al, 23Na, and 7Li, resulting in a set of 

degenerate energy states.  In the presence of a magnetic field, the degeneracy is removed giving 

rise to discrete nuclear energy states, allowing for spectroscopic analysis.  This is called the 

Zeeman effect.  Excitation is achieved by a radio frequency pulse, with a corresponding 
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resonance frequency observed during relaxation.  Nuclei of the same element in unique chemical 

environments resonate at different frequencies, due to the local electronic density around the 

respective nuclei.  Electron density effectively shields a nucleus from the external magnetic field, 

slightly decreasing the resonance frequency.  For cohesiveness, the scientific community has 

agreed on a standard compound for each active nucleus as a reference for observed experimental 

resonances.  The chemical shift of a given nucleus (reported in ppm), in an element or in a 

compound, is the normalized difference between the resonance frequency of that nucleus and the 

resonance frequency of the nucleus in the standard compound. 

Solid phase NMR brings into consideration nuclear interactions that are directionally 

dependent.  Molecular tumbling in a liquid will average these interactions due to the slow NMR 

time scale.  However, for solid samples, as was the case here, anisotropic effects arise as there is 

no averaging of the directionally dependent interactions.  Most of these interactions, including 

dipolar and quadrupolar, have an angular dependency relative to the magnetic field.  Spinning a 

sample at a particular angle averages the interaction to zero.  Unfortunately, the experimental 

setup does not allow for spinning. 

The nuclei being studied all contain a prominent dipole and quadrupole moment.  Dipolar 

coupling is a through-space coupling of dipole moments of the respective nuclei.  The magnitude 

of the coupling is directly related to the distance between the nuclei and the product of their 

gyromagnetic ratios.  Quadrupolar coupling occurs in nuclei with greater than spin ½ due to a 

non-spherical charge distribution, such as is the case for 27Al, 23Na, and 7Li.  The non-spherical 

charge distribution interacts with a non-symmetrical electric field gradient generating the 

perturbation.  Fortunately, the 27Al nuclei in these studies reside in species containing high 
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electronic symmetry around them.  This reduces the interaction and associated line broadening.  

Therefore 27Al was the most useful nucleus analyzed and 23Na, and 7Li supplied supporting data. 

Although the titanium doping and dehydrogenation of the NaAlH4 system have been 

extensively characterized, the reasoning behind the reversibility and enhanced kinetics remains 

elusive.  The observation of the rehydrogenation process by in situ wideline 27Al, 23Na, and 7Li 

NMR spectroscopy will expand our understanding of the reaction pathway.  The high pressure 

NMR tube will also allow for us to observe the bypassing of the Li3AlH6 intermediate in the 

solvent mediated rehydrogenation of LiH/AlTi-doped to LiAlH4, which can be confirmed by in situ 

wideline 27Al and 7Li NMR spectroscopy.  A more thorough understanding of the 

rehydrogenation processes of the doped systems by in situ analysis would further advance the 

characterization of the systems and clarify the titanium interaction.  This knowledge will aid in 

the general understanding of light-weight hydrogen storage materials with application toward 

reversible onboard systems. 

This dissertation is organized into 4 chapters with detailed discussions of the 

experimental work and immediate conclusions as well as a final section that presents the broader 

conclusions of this thesis and some suggestions for further study.   Chapter 2 discusses the in situ 

investigation of the rehydrogenation of NaH/AlTi-doped (Ti-doped NaAlH4 system) by 27Al and 

23Na NMR spectroscopies.  Chapter 3 presents the investigation of the species responsible for a 

narrow signal observed during the solid state rehydrogenation of NaH/AlTi-doped (Ti-doped 

NaAlH4 system).  The remainder of the dissertation will focus on the lithium cogener system.  

Specifically, Chapter 4 discusses the in situ investigation of the rehydrogenation of LiH/AlTi-doped 

(Ti-doped LiAlH4 system) by solvent mediation (THF) with 27Al and 7Li NMR spectroscopies.  

Chapter 5 discusses the in situ investigation of the rehydrogenation of LiH/AlTi-doped (Ti-doped 
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LiAlH4 system) by solvent mediation (DME) with 27Al and 7Li NMR spectroscopies.  

Conclusions encompassing the collection of studies can be found in Chapter 6. 
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Chapter 2: 

 

In situ Hydrogenation of NaAlH4 as Observed by 
27

Al and 
23

Na NMR 

 

2.1 Introduction 

 

 Since the discovery by Bogdanovic et al., in 1997 that sodium alanate (NaAlH4) treated 

with titanium additives is able to undergo reversible dehydrogenation at modest pressures and 

temperatures, it has promoted intense study of complex metal hydrides as a potential lightweight 

hydrogen storage material for mobile applications.53  The dehydrogenation pathway for NaAlH4 

is characterized via two distinct reactions that occur as follows:47 

 

3 NaAlH4 → Na3AlH6 + 2 Al + 3 H2    (2.1) 

Na3AlH6 → 3 NaH + Al + 3/2 H2    (2.2) 

 

During the dehydrogenation, complete conversion to the intermediate, Na3AlH6, is observed 

before the subsequent step begins.  The activation energy of the second reaction is much higher 

than the first and requires higher heating.  Titanium-doped NaAlH4 occurs via the same 2-step 

dehydrogenation, although, the activation energies are much lower than in the pure system.70-72  

The 2-step reaction pathway for the pure and titanium doped systems has been confirmed by in 

situ NMR,69 TEM64 and XRD65, 66 studies. 

The rehydrogenation pathway of the titanium-doped system has been suggested to 

proceed through the reverse of the dehydrogenation pathway.  This entails the rehydrogenation 
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reaction proceeding through the Na3AlH6 intermediate.  If the rehydrogenation pathway is truly 

the micro-reverse, complete conversion to the intermediate would be observed before further 

conversion to the fully hydrogenated material.  However, there is little experimental evidence to 

support this, as in situ studies of the rehydrogenation of NaH and Ti-doped Al to NaAlH4 require 

specialized equipment.  The limitation in studying the rehydrogenation in situ, is the high 

hydrogen pressure required for the reaction to proceed, relegating the studies to the 

dehydrogenation pathway.  Custom made systems can be assembled to investigate high pressure 

systems, but these tend to be highly expensive.  The recent commercial availability of ceramic 

high pressure NMR tubes by Daedalus Innovations has now allowed us, for the first time, to 

observe the in situ rehydrogenation of NaH/AlTi-doped by NMR spectroscopy. 

For high-pressure studies, we utilized 27Al and 23Na wideline NMR spectroscopy for the 

analysis of the rehydrogenation process.  Although quadrupolar nuclei with appreciable electric 

quadrupole moments, such as 27Al and 23Na, experience significant broadening, highly 

symmetric electronic environments minimize the coupling and thus the broadening.73  This 

technique was useful in identifying the reaction starting material, NaH/AlTi-doped, intermediates, 

Na3AlH6/AlTi-doped, and products, NaAlH4 based on their chemical shift and linewidths.  The 

chemical shifts of the species in the dehydrogenation pathway, (2.1) and (2.2), are found in Table 

2.1.70, 74  These are likely the same species that will be encountered in the rehydrogenation 

pathway. 
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Table 2.1: Chemical shifts of 27Al nuclei observed in the NaAlH4 dehydrogenation pathway. 70, 74
 

Chemical Species 
27

Al Chemical Shift (δ, ppm) 

AlH4
-
 95 

AlH6
-
 -43 

Al 1640 

 

The linewidth of a resonance frequency can aid in the identification of chemical species 

as well.  The broadening of a resonance can arise from various factors (dipolar, quadrupolar, 

chemical shift anisotropy) that give insight into the species and will be discussed in more detail 

as they are applicable to the investigation. 

The ability to investigate the in situ rehydrogenation pathway of NaH/AlTi-doped to 

NaAlH4 by using high pressure 27Al and 23Na NMR spectroscopic techniques will help clarify 

the intermediates involved and the role of the titanium dopant. 

 

2.2 Experimental 

 

2.2.1 Materials Preparation 

 

 The 2 mol% Ti-doped NaH/Al starting material was synthesized by dehydrogenation of 

sodium aluminum hydride (NaAlH4).  All procedures detailed herein were either carried out in a 

nitrogen (N2) glove box or under a N2 atmosphere.  The NaAlH4 was obtained from Albermare 

and purified by soxhlet extraction with THF followed by recrystallization with pentane.  The 

purified NaAlH4 was then doped with 2 mol% titanium (III) chloride (TiCl3, Aldrich) by 



32 

mechanical milling.  The NaAlH4 and TiCl3 were placed in a 12 mL stainless steel bowl with 

seven 10 mm stainless steel balls with a power mass ratio of at least 30:1.  The bowl was then 

capped with a lid and Teflon gasket.  The N2 atmosphere was preserved by sealing the cap on 

with Parafilm.  The bowl was then loaded in a Fritsch 7 Planetary Mill and mechanically milled 

for 30 minutes at a rate of 350 rpm.  The doped material was then dehydrogenated in vacuo on a 

Schenk line at 423 K for 24 hrs. 

 

2.2.2 X-Ray Diffractometry 

 

Powder X-Ray Diffraction (PXD) patterns were collected using a Rigaku MiniFlex II 

Diffractometer with a Cu Kα radiation source.  The measurements were all taken in a hermetic 

sample holder composed of a Silicon support and a Beryllium window.  The silicon was cut 

parallel to the (511) plane, which minimizes the silicon reflections.  The Beryllium cover 

resulted in extraneous diffraction peaks (2θ = 45.8, 50.9, 52.8, 70.1 and 84.7°). The data were 

analyzed using MDI Jade V.9.0 software. 

 

2.2.3 High Pressure NMR Apparatus 

 

 The Daedalus Innovations 1.5 kbar High Pressure NMR Cell with High Pressure Tether 

(Varian Model, NMR cell #:212004, NMR tube #:301055) was utilized for all high pressure 

NMR experiments and is described herein.  The high magnetic field required for NMR precluded 

the use of anything paramagnetic for the setup.  The apparatus, shown in Figure 2.1, consisted of 

a ceramic NMR tube, a two part cell (base/top), 1/8” tubing, a Viton o-ring and a 3-way valve.  
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The 1/8” 316-stainless steel tubing, valves and fittings were all compatible with high pressure 

(30,000 psi) fittings (High Pressure Equipment Co.).  Prior to the first use, the 1/8” tubing was 

attached to the top component of the cell.  The function of the 1/8” tubing (tether) was twofold: 

to allow pressurization of the NMR cell and to safely lower the cell into the NMR.  The 1/8” 

tether supplied by Daedalus was 20 ft making it unsuitable for use in the glove box, as it does not 

fit in the antechamber.  The 20 ft section was replaced with a 4 ft tether to allow sufficient tubing 

to lower the cell into the magnet and also be able to fit in the antechamber of the glovebox.  The 

1/8” tubing was attached to the top-component of the cell with standard high pressure fittings 

(High Pressure Equipment Co.).  A 3-way valve was attached to the other end of the tether to 

maintain a closed system.  The two free ports were available to connect the cell to hydrogen gas 

and vacuum in the NMR lab.  The 20 ft section of 1/8” tubing was used to supply hydrogen from 

outside the range of the magnet to the tether.  Below is the schematic of the overall setup, shown 

in Figure 2.1. 

 

Figure 2.1: A schematic for the High Pressure NMR setup. 
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The apparatus was assembled by inserting the tube in the base section of the cell with the 

serial number (tube) aligned with the ‘Tube Alignment Mark’ (cell).  The base and tube were 

then inserted in the Cell Setup Tool which maintains the tube’s axial alignment.  The analyte was 

next loaded into the NMR tube and a single-use Viton o-ring was placed in the base on top of the 

tube to create the seal.  The top cell/tether was then attached to base/tube section in the Cell 

Setup Tool and hand tightened.  A 7/8” torque wrench and a 5/8” crescent wrench were then 

used to apply 130 in.-lbs torque to adequately seal the cell.  The cell was then removed from the 

glovebox.  The cell was lowered into the magnet carefully by the tether.  Vacuum and hydrogen 

gas were then attached to the two free ports on the 3-way valve.  Pressurized hydrogen was then 

applied to the apparatus.  It is highly recommended by Daedalus Innovations and the author to 

test the integrity of the apparatus outside of the NMR and in a provided protective enclosure 

before use in the NMR.  This is accomplished by assembling the apparatus and placing it in the 

protective enclose (supplied by Daedalus) followed by pressurization.  

The spectrum obtained for the empty NMR tube in the 27Al NMR spectrum contained 

resonances assigned to metallic aluminum and alumina.  These background signals arise from 

metallic aluminum and alumina in the zirconia NMR tube and/or the NMR probe.   

 

2.2.4 NMR Setup 

 

All NMR spectra were collected on a Varian Unity Inova 400 MHz (9.4 T) spectrometer 

equipped with a Varian 5 mm 400 MHz Switchable Liquids probe operating at 105.8 and 104.2 

MHz for 23Na and 27Al, respectively.  Temperature calibration for the NMR was resolved using 

an ethylene glycol standard.  Single-pulse excitation with a pulse width of 4 µs, acquisition time 
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of 15 ms and relaxation delay of 10.0 s was used for the 27Al nuclei.  In situ data were collected 

utilizing a pre-acquisition delay array collecting 30 scans per FID, amounting to ≈ 5 min per free 

induction decay (FID).  A more in-depth analysis of the early course of the reaction was 

performed by an in situ study, compiling 6 scans per FID, which produced FIDs every 1 minute 

utilizing the same pulse sequence. 

A solid echo pulse sequence with an initial pulse width of 6.0 µs, echo delay time of 0 s, 

90° observe pulse of 6.2 µs, an acquisition time of 15 ms and relaxation delay of 5.0 s was used 

for the 7Li nuclei.  In situ data were collected utilizing a pre-acquisition delay array collecting 60 

scans per FID, amounting to ≈ 5 min per FID. 

 

2.3 Results and Discussion 

 

Titanium doped NaAlH4 was thermally dehydrogenated in order to generate the starting 

material, NaH/Al doped with Ti, for the in situ rehydrogenation study.  The material was loaded 

into the high pressure NMR tube and subsequently characterized by 27Al NMR spectroscopy.  To 

collect the in situ data, 30 scans were taken, amounting to approximately 5 minutes per FID and 

the resulting spectra were denoted by their time as t = x, in units of minutes (x = 0 min, 5 min, 

etc…). 

27Al NMR spectra were recorded for the background and starting materials.  As 

mentioned in the experimental section, the NMR tube and probe contained metallic aluminum 

and alumina.  Therefore, a background scan was initially recorded and is shown in Figure 2.2 A.  

The empty NMR tube revealed two broad peaks at ≈ 1620 ppm and ≈ 59 ppm, assigned to 

metallic aluminum and alumina, respectively.  The initial spectrum, t = 0 min, was obtained at 
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120°C before the sample was exposed to hydrogen and is presented in Figure 2.2 B.  The 

spectrum exhibited 3 peaks: a broad peak at ≈ 1620 ppm (aluminum), a broad peak at ≈ 59 ppm 

(alumina) and a sharper peak at ≈ -45 ppm (Na3AlH6).  The spectrum contains the same features 

as the blank, as well as a peak at -45 ppm assigned to Na3AlH6.  This indicated that the starting 

material was not completely dehydrogenated, as the stating material should contain only 

aluminum and sodium hydride. 

 

Figure 2.2: The 27Al NMR spectra of A) the empty NMR tube, B) the starting material (NaH/Al) at t = 0 min, and 

C) spectra A and B superimposed. 

Metallic Aluminum 

Alumina 

Na3AlH6 
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Figure 2.2 C overlays the background signal of the empty NMR tube with the t = 0 

spectrum to allow direct evaluation of the sample spectrum.  The aluminum peak was much more 

pronounced in the t = 0 spectrum, since metallic Al was present in the starting material.  Off-

resonance effects make quantitative analysis of the aluminum signal difficult; however the larger 

intensity of the aluminum signal in the experiment was a convincing indication that metallic 

aluminum was present in the starting material.  The peak at 59 ppm was the same as the 

background scan indicating that there was no alumina in the sample. 

After the t = 0 benchmark was established, the sample was exposed to 138 bar H2 gas, 

and a selection of representative 27Al NMR spectra from the in situ hydrogenation of NaH/AlTi-

doped to NaAlH4, for times from 0 to 920 min, are presented in Figure 2.3. The peak at -45 ppm 

attributed to Na3AlH6 was observed to increase intensity immediately after the addition of 

hydrogen and reached a maximum after approximately 10 minutes.  Within the initial 10 

minutes, a new sharp peak was observed to appear at 103 ppm.  The chemical shift was 

consistent with NaAlH4, however was narrower than expected for the solid phase NaAlH4.  A 

similarly narrow peak was reported on in a solid phase NaAlH4 study, but the identity was not 

confirmed.75  A broad peak at approximately the same chemical shift of the sharp peak also 

appears simultaneously.  This peak was assigned to NaAlH4 by comparison of chemical shift to 

literature value (95 ppm) and had an appropriate full width half max (FWHM).70, 74  It was the 

dominant aluminum species at the conclusion of the experiment.. The discrepancy in chemical 

shift values may be a result of the ceramic NMR tube.  Both of the signals of these species were 

observed to continue growing for the duration of the experiment, i.e. 920 min.  The metallic 
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aluminum peak, at 1640 ppm, was also observed to decrease over the duration of the experiment, 

as Na3AlH6 and NaAlH4 were formed. 

 

 

Figure 2.3: In situ 27Al NMR spectra of NaH/AlTi-doped rehydrogenating to NaAlH4 at 120 °C and 145 bar H2 

pressure. 

 

A more in-depth analysis of the early course of the reaction was performed by an in situ 

study, which produced spectra every 1 minute and is presented in Figure 2.4.  At  t = 0 min, the 

only peaks present are those of metallic aluminum and background from the NMR tube at 1640 

ppm and 59 ppm, respectively.  The peak attributed to Na3AlH6, at -45 ppm, was first apparent in 

the t = 2 min spectrum.  The same sharp peak observed previously was the next species to appear 

as noted in the t = 4 min spectrum.  The broad nature of the resonance for NaAlH4 overlapping 
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with the alumina peak made discerning the onset difficult.  The NaAlH4 broad peak (101 ppm) 

was first clearly observed in the t = 6 min spectrum.  The order of appearance suggests that 

Na3AlH6 is the first species in the reaction pathway, as per the reverse of (2.2).  The sharp peak 

at 103ppm and the resonance for NaAlH4 appeared soon after.  This suggests the reaction 

proceeds by the reverse of the dehydrogenation process described in (2.1) and (2.2).  However, 

(2.2) occurred prior to complete conversion of (2.1), which is contrary to the dehydrogenation 

process. 

 

Figure 2.4: The 27Al NMR spectra of the in situ study with 6 scans per FID, amounting to approximately 1 minute 

per spectrum. 

 

All the spectra obtained in the first 90 minutes of the original long term study are 

presented in Figure 2.5 with a plot of the signal integration of the resonance at -45 ppm versus 
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time inlaid.  The peak at -45 ppm, assigned to Na3AlH6, increased integrated intensity through 

the t = 10 min spectrum, when it reached a maximum.  A slight decrease in integrated intensity 

was then observed over the next few spectra (t = 10 min through t = 30 min).  The slightly 

decreasing trend continued over the remaining course of the reaction, up to t = 90 min.  The 

initial increase and subsequent decrease of the intensity of the signal for the Na3AlH6 indicated 

the reaction was proceeding by the reverse of the dehydrogenation pathway, (2.1) and (2.2).  

However, the dehydrogenation pathway involves complete conversion to the intermediate, 

Na3AlH6, before conversion to NaH/AlTi-doped, whereas, the rehydrogenation pathway did not 

show complete conversion to the intermediate, Na3AlH6, before conversion to NaAlH4. 

 

 

Figure 2.5: In situ 27Al NMR spectra of NaH/AlTi-doped rehydrogenating to NaAlH4 at 120 C and 145 bar H2 pressure 

over initial 90 minutes (shading represents the integration area).  Inlay of signal integration versus time for peak 

assigned to Na3AlH6. 
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The sharp resonance at -45 ppm was assigned to Al in Na3AlH6 and was consistent with 

reported values for [AlH6]
3-.70, 74  A closer look at the peak at -45 ppm attributed to Na3AlH6, 

shown in Figure 2.6, did not reveal the scalar coupling of the 6 protons to the aluminum.  The 

broadening was expected due to anisotropic effects arising from the material being in the solid 

phase. 

 

Figure 2.6: The 27Al NMR spectrum at t = 10 minutes zoomed in on the Na3AlH6 peak to investigate scalar 

coupling. 

 

The peak attributed to Na3AlH6 never completely dissipated over the 920 minutes of the 

experiment, indicating the reaction did not go to completion.  This result was expected, as the 

titanium doping process sequestered a small fraction of sodium and aluminum, making them 

unusable in the cycling reaction.  The NaAlH4 was quantitatively decomposed in the doping 

process as follows: 

 

NaAlH4 + x TiCl3 → Na3AlH6 + NaCl + H2 + Al1-xTix (2.3) 
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The titanium dopant was introduced in an oxidized form, titanium(III) chloride, and then 

quantitatively reduced to metallic form.  The titanium was ultimately observed to exist as the 

solute in a solid solution of aluminum in the form Al1-xTix.  The experimentally determined value 

of x has been determined to be 0.15.76  The state of the titanium was observed to slowly convert 

to this form through ball milling and the first few hydrogenation cycles.  The solid solution of 

titanium in aluminum is stable enough to stop the aluminum from participating in the reaction, 

which prevents complete rehydrogenation to NaAlH4.  Any value of x less than 0.20 for Al1-xTix 

results in a stoichiometric aluminum deficiency as more aluminum is sequester than sodium by 

the doping process.  Another study, supporting the suggestion that the doping process creates an 

aluminum deficient system, demonstrated that addition of excess amounts of Al to Ti-doped 

NaAlH4 will allow the reaction to cycle completely back to NaAlH4 without any residual 

Na3AlH6.
77 The formation of the solid solution, Al1-xTix, prevented the aluminum from fully 

cycling, yet the Al1-xTix solid solution is held to be the cause of the reversibility. 76  The solid 

solution was reported as isolated nanocrystallites embedded in the surface of the NaAlH4, which 

was found to be ≈Al85Ti15 after hydrogen cycling.76 

The Na3AlH6 signal, with a linewidth of 2.6 kHz, was noticeably narrower than the 

sodium aluminum tetrahydride signal observed in the spectrum (NaAlH4 FWHM = 15.1 Hz).  

Literature values are in agreement with our values, reported as 2.8 kHz for the hexahydride 

linewidth.78  Computational studies have suggested the narrowing is due to rotational motion of 

the hexahydride anion. 78  The motion averages the dipole coupling toward zero. 78 

 A subtraction of the background spectrum from the t = 920 spectrum from Figure 2.3 

with a line-fitting analysis, was presented in Figure 2.7 to investigate the overlapping narrow and 
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broad peaks.  The analysis revealed the peaks attributed to NaAlH4 to contain a broad feature, 

FWHM = 15.1 kHz, and a narrow feature, FWHM = 1.4 kHz.  The broad peak at 101 ppm was 

consistent with the literature and what would be expected for wideline NMR for NaAlH4.
78  The 

narrow feature at 103 ppm only accounted for 9% of the spectral weight of the peaks in the t = 

920 min spectrum.  This species was only present in a small population throughout the 

experiment.  The narrow peak was indicative of the Al nuclei experiencing motional averaging 

of the dipolar coupling.  Studies have shown that the dominant dipolar interaction in aluminum 

hydrides arises from the Al nuclei interacting with adjacent protons.84  This indicated that the 

species was at least experiencing rotational motion, as the Al-H dipole-dipole broadening was 

averaged toward zero.84  Often this narrowing occurs due to a species experiencing isotropic 

tumbling, from being a liquid or in solution but that cannot be the case here, as the reaction 

proceeded in the solid-state, at temperatures below the melting point. 
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Figure 2.7: The 27Al NMR difference spectrum of the t = 920 min and the empty NMR tube with a line fitting 

analysis. 

Two possible explanations for the narrow peak overlapping the broad peak associated 

with solid NaAlH4 are suggested herein.  One possibility was a small population of rotationally 

mobile [AlH4]
- units in localized or regional positions such as the surface, grain boundaries, 

NaH/Na3AlH6/NaAlH4 interfaces, or lattice defect sites.  They must have been localized in this 

case, as there was an incomplete time-averaging of the signal, allowing for the narrow feature.  

The other possibility was that the species is a newly discovered, metastable aluminum hydride 

intermediate in the hydrogen absorption pathway, with a coincidental chemical shift overlap, 

such as the scarcely reported NaAl2H7.
79, 80  In light of these findings, as well as recent 

observations of the peak in undoped NaAlH4 by collaborators, the role of the narrow peak was 

further investigated in the following chapter. 
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A 23Na NMR in situ study was also performed compiling 60 scans per FID, amounting to 

5 minutes per FID and the spectra are presented in Figure 2.8.  The t = 0 min spectrum contains a 

very broad peak, at approximately 16 ppm, that is attributed to NaH in the starting material.  The 

small amount of NaCl present from the Ti doping process was in too little quantity to be 

observed.  After 5 minutes elapsed, a broad resonance is observed at 27 ppm, assigned to 

Na3AlH6.  The broad signal was observed to shift to 10 ppm over the remainder of the 

experiment.  Sodium nuclei in NaAlH4, the expected product, resonate at -9.2 ppm.  The upfield 

shift during the remainder of the experiment to 10 ppm was consistent with product formation.  

However, the peak remained broad and was downfield from the pure signal which indicates 

complete rehydrogenation was not achieved.74  The broad and overlapping chemical shifts of the 

species involved convoluted the 23Na analysis.  However, the results support and are in 

agreement with the findings in the 27Al NMR spectra. 
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Figure 2.8: In situ 23Na NMR spectra of NaH/AlTi-doped rehydrogenating to NaAlH4 at 120 C and 145 bar H2 

pressure. 

 

The XRD patterns of the sample studied before and after the hydrogenation experiment 

were presented in Figure 2.9.  The beryllium window was observed in all patterns and had 3 

main reflections that should be ignored.  The pattern (Figure 2.9 (1)) of the purified NaAlH4, 

doped with 2 mol% TiCl3, was consistent with the reflections of pure NaAlH4.  The observation 

of small amounts of Na3AlH6 in the NMR was unexpected, as it was not detected in our XRD 

analysis or other XRD and synchrotron XRD studies.74  The most logical explanation of this 

observation was that the Na3AlH6 was in an amorphous state due to observation by 27Al NMR 

and lack of observation by XRD.  This illustrated a marked advantage of the use of 27Al NMR in 

studying non-crystalline aluminum species.  After XRD analysis, the material was heated to 423 

K, in vacuo on a Schenk line, to facilitate the dehydrogenation.  The powder pattern of the 
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resulting material (i.e. NaH/Al(Ti-doped)) was consistent with pure NaH and Al as shown in Figure 

2.9(2).  The shoulder on the (1,1,1) Al reflection was consistent with the observed shoulder 

observed by the formation of the solid solution of Ti in Al.  The powder pattern of the product, 

shown in Figure 2.9(3) contained reflections consistent with NaAlH4, Na3AlH6 and Ti-doped Al. 

 

 

Figure 2.9: Powder X-Ray Diffraction Pattern of (1) Ti-doped NaAlH4, (2) NaH/AlTi-doped and (3) rehydrogenated 

NaH/AlTi-doped. 
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2.4 Conclusions 

 

 The rehydrogenation of NaH/AlTi-doped to NaAlH4 was monitored by in situ 27Al and 23Na 

NMR spectroscopy.  The reaction proceeds via the reverse of the dehydrogenation process, (2.1) 

and (2.2), as evident by the NMR spectra.  The chemical shifts and linewidths of the species 

monitored were in agreement with the literature values.  The work also revealed a narrow peak in 

the 27Al NMR spectrum over the broad peak assigned to NaAlH4.  This narrow resonance 

indicated the species is experiencing rotation as the dipole broadening is averaged toward zero.  

The species is most probably [AlH4]
- units experiencing motion at defect sites in the lattice or at 

surfaces/boundaries. 

The 27Al NMR spectra also revealed aluminum and Na3AlH6 in the starting material, 

which was undetected in the XRD.  The Na3AlH6 was most likely in an amorphous state, 

hindering observation via XRD analysis.  This illustrates an advantage of utilizing NMR to 

analyze solid state reactions. 

The rehydrogenation reaction was observed to proceed in the reverse of the 

dehydrogenation process, (2.1) and (2.2), though not in the same discrete steps.  During 

dehydrogenation, full conversion of NaAlH4 to Na3AlH6 is observed before final decomposition 

to NaH/Al.  During rehydrogenation, the first species observed after the addition of hydrogen to 

the reaction was the intermediate, Na3AlH6, as expected.  However, before the signal integration 

for the intermediate, Na3AlH6, reached a maximum, the resonance assigned to the fully 

hydrogenated product, NaAlH4, is observed.  This occurred within minutes after the appearance 

of the Na3AlH6 intermediate, indicating that NaAlH4 and Na3AlH6 are being produced 

concurrently.  The accompanying 23Na NMR study supported the finding of the 27Al NMR study.  
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This study has monitored the solid state rehydrogenation of NaH/AlTi-doped to NaAlH4 by in situ 

27Al and 23Na NMR spectroscopy for the first time utilizing high pressure NMR tubes, giving 

insight into the rehydrogenation, as well as the observation of mobile [AlH4]
- units. 
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Chapter 3: 

 

Investigation of Purported Intermediates During the Dehydrogenation of Doped-NaAlH4 

 

3.1 Introduction 

 

 Though extensively studied and characterized for over a decade, the mechanism and 

reasoning behind the reversibility of the Ti-doped NaAlH4 system remain controversial.79  The 

phenomenon is intriguing due to the reversible disproportionation of NaAlH4 into isolated 

crystals of metallic aluminum and sodium hydride, under relatively modest conditions.  The 

reversible long-range transport of aluminum through sodium is rather extraordinary. Further 

perplexing the matter is the fact that the titanium dopant is found to reside mainly in the 

aluminum particles as a solid solution.76 

 In situ 27Al NMR studies of Sc and Ti-doped NaAlH4, by Conradi et al., detected a 

mobile, Al-bearing species that forms at elevated temperatures.75,84  A mobile species in NaAlH4 

has also been detected by positron annihilation and anelastic spectroscopy studies.81,83  In the 

NMR studies, this species is associated with a relatively sharp signal at 105 ppm and was 

referred to by Conradi as “S105”, although it was later determined that its true chemical shift is 

101 ppm.84  Cross polarization experiments have shown that this species was an aluminum 

hydride.75  In the thesis, it will be referred to as MAH (Mobile Aluminum Hydride).  The 

narrowness of the MAH resonance indicates that the nuclei are experiencing rotational and 

translational motion, as the dipolar effects are time-averaged to zero.  The thermal treatment 

involved melting the sample at 220°C, under 200 bar H2.  In the initial studies, the MAH 
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resonance only persisted in samples cooled under pressure.  The formation of the species was 

always accompanied by the formation of Na3AlH6.  The narrow resonance in the 27Al NMR 

spectra was later found, by Conradi et al., to be the result of water vapor exposure to doped or 

un-doped NaAlH4.
84  It was further claimed that the water exposed samples exhibited enhanced 

dehydrogenation kinetics.  No mention was made of the rehydrogenation reaction. 

A MAH resonance was also observed in the in situ rehydrogenation of    NaH/AlTi-doped 

under H2 to NaAlH4, reported on in the previous chapter.  As discussed in the previous chapter, 

the peak has 2 broad explanations.  One such explanation involves a small population of 

rotationally mobile [AlH4]
- units in localized positions; possibly the surface, grain boundaries, 

NaH/Na3AlH6/NaAlH4 interfaces or lattice defect sites.  The two distinct peaks indicate two 

separate populations of aluminum nuclei, as time-averaging was not observed.  Another 

possibility is the coincidental overlap of an unidentified aluminum hydride species in the cycling 

pathway, such as NaAl2H7.  In this chapter we explore the possible role of the MAH species in 

the rehydrogenation pathway and its relationship to the unassigned peak observed in the 

rehydrogenation of NaH/Al. 

 

3.2 Experimental 

 

3.2.1 Materials Preparation 

 

 NaAlH4 was first obtained from Albermare (2247-0404-01) in 2005.  The material was 

visibly grey and, therefore, assumed to be partially decomposed.  Purification was performed by 

dissolving in THF followed by filtration of the insoluble parts.  The majority of the THF was 
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then removed in vacuo on a Schlenk setup.  The material was precipitated out by the addition of 

pentane.  The remaining solvent was then removed in vacuo producing a white powder.  All 

purification procedures were carried out in a Nitrogen glovebox or a Schlenk line. 

 To form the species responsible for the narrow 27Al NMR resonance, the purified NaAlH4 

powder was removed from the glovebox and exposed to the atmosphere for 10 minutes.  The 

sample was then loaded into a Parr Bomb Reactor and sealed.  Due to the limitations of the bomb 

reactor and gas delivery systems (and me not wanting to blow myself up), modified attempts 

were made to generate the unknown species at lesser conditions than the 220°C and 200 bar H2.  

The bomb was purged with H2 to remove any atmospheric gasses as subsequent handling of the 

sample was under inert gasses.  The bomb was charged with approximately 100 bar H2 at room 

temperature.  The temperature was then increased to 200°C in which the pressure also rose to 

180 bar H2.  This sample was then analyzed by NMR confirming the presence of the unknown 

species responsible for the narrow resonance. 

 The thermally treated sample was exposed to standard dehydrogenation conditions for 

NaAlH4.  The sample was loaded in a reactor in the nitrogen glove box.  The reactor was 

connected to a PCT apparatus.  The sample was dehydrogenated at 220°C in vacuo for 24 hours.  

The sample was transferred back to the glovebox for analysis. 

 

3.2.2 NMR Setup 

 

The NMR analysis did not require pressurization.  Approximately 0.1 g of solid, powder 

sample was loaded into a standard 5 mm glass NMR tube, filled to slightly above the viewing 
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window for NMR analysis.  Then the tube was capped and sealed with parafilm to finish 

preparation for NMR analysis. 

All NMR spectra were collected on a Varian Unity Inova 400 MHz (9.4 T) spectrometer 

equipped with a Varian 5 mm 400 MHz Switchable Liquids probe operating at 155.4 and 104.2 

MHz for 23Na and 27Al respectively.  Temperature calibration for the NMR was resolved using 

an ethylene glycol standard.  Single-pulse excitation with a pulse width of 4 µs, acquisition time 

of 15 ms and relaxation delay of 10.0 s was used for the 27Al nuclei.  In situ data was collected 

utilizing a pre-acquisition delay array collecting 30 scans per FID amounting to 5 min per FID.   

A solid echo pulse sequence with an initial pulse width of 6.0 µs, echo delay time of 0 s, 90° 

observe pulse of 6.2 µs, an acquisition time of 15 ms and relaxation delay of 5.0 s was used for 

the 23Na nuclei.  In situ data was collected utilizing a pre-acquisition delay array collecting 60 

scans per FID amounting to 5 min per FID. 

 

3.2.3 Neutron Scattering 

 

 Neutron scattering samples were shipped to the Institut Laue-Langevin (ILL) in 

Grenoble, France for analysis.  The sample was analyzed utilizing Inelastic Neutron Scattering 

measure by the Q vector.  The Q vector is roughly a measure of the kinetic energy loss a neutron 

experiences in an inelastic collision with the sample.  The spectroscopy gives insight into 

motional modes in the sample.  The analysis was performed by collaboration with Dr. Alberto 

Albinati from the University of Milan in Italy. 
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3.3 Results and Discussion 

 

 MAH was successfully generated from thermally treated air-exposed NaAlH4.  Air-

exposed NaAlH4 was pressurized with H2 gas to 120 bar pressure and subsequently heated to 

220°C resulting in 180 bar H2 pressure.  The duration of the heat treatment was 24 hours.  The 

sample was cooled to room temperature before depressurization.  The sample was analyzed by 

27Al NMR spectroscopy and the spectra are presented in Figure 3.1. 

 

 

Figure 3.1: The 27Al NMR spectrum of A) air-exposed NaAlH4 before and B) after thermal treatment.  The thermal 

treatment is revealed to generate the MAH species. 

 

The 27Al spectrum obtained before the thermal treatment, Figure 3.1 A, contained 2 broad 

features at 1640 ppm and at 88 ppm.  The broad resonance at 1640 ppm was assigned by the 
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chemical shift as metallic aluminum.74  The resonance at 88 ppm was assigned to NaAlH4 and 

had a notable asymmetry to the upfield side and a chemical shift that was slightly upfield from 

the expected resonance for pure NaAlH4 of 95 ppm.70, 74 This resonance was the combination of 

multiple peaks which arose from signals primarily for NaAlH4 and overlapped with various 

possible aluminum oxides/hydroxides formed during the air-exposure.  The air-exposure had 

likely caused hydrolytic decomposition of a portion of NaAlH4 to NaH and Al2O3, as supported 

by a recent thermodynamic modeling study.85  Prior to heat treatment, the sample contained a 

mixture of NaAlH4, NaH and Al2O3.  Since NaH was still viable to cycle hydrogen and Al2O3 

was not, an aluminum-deficient system was the result of the air-exposure, preventing the 

possibility of complete rehydrogenation to NaAlH4.  
 

The spectrum presented in Figure 3.1 B, for the heat treated sample, contained 4 notable 

features: a broad resonance at 1640 ppm, a narrow resonance at 101 ppm, a broad resonance at 

60 ppm, and a narrow resonance at -39 ppm.  The broad resonance at 1640 ppm was the 

characteristic chemical shift of metallic aluminum in the literature.74  The MAH was observed at 

101 ppm.  The signal at 60 ppm was due to multiple species similar to those responsible for the 

overlapping peaks observed at 88 ppm in Figure 3.1 A (i.e. NaAlH4/aluminum oxides/aluminum 

hydroxide).  However, this composite peak had an upfield chemical shift and a lower signal 

integration.  This was interpreted as an increase in signal from the aluminum oxides/hydroxides 

and a decrease in signal for NaAlH4, as was consistent with hydrolytic decomposition.  The 

resonance at -39 ppm was assigned to Na3AlH6, concurrent with literature values.70  The 

formation of Na3AlH6 indicated the material had partially decomposed during the heat and 

pressure treatment. 
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The formation of the Na3AlH6, only after the heat treatment, was due to the aluminum 

deficient system left after air-exposure.  The air-exposure resulted in a sample of NaAlH4 with an 

excess of NaH.   As the first step of the dehydrogenation occurs (2.1), aluminum becomes 

available for rehydrogenation of the NaH under H2 pressure (2.2 reverse).  Given this, two moles 

of Na3AlH6 are produced per one mole of NaAlH4 decomposed by the air-exposure; supported 

by the observation of Na3AlH6 in Figure 3.1 B.  The equilibrium of (2.1) lies to the left, under 

the conditions of the heat treatment,86 however, both the forward and reverse rates are rapid.  

Na3AlH6 was not present in the spectrum obtained for the air-exposed material, prior to the heat 

treatment, because of slow dehydrogenation kinetics.  The aluminum-deficient system is similar 

to the titanium doping process in which a small portion of aluminum is rendered nonreversible, 

and full conversion to NaAlH4 is not possible. 

The MAH resonance had a linewidth of 1430 Hz, indicating motional averaging of the 

dipolar coupling.75,84  The previous chapter documented a similarly narrow peak in the 27Al 

NMR spectrum with the same chemical shift, during rehydrogenation of NaH/AlTi-doped via (2.2) 

and (2.1).  The final spectrum, obtained in the rehydrogenation, t = 920 minutes, is presented 

next to the MAH containing sample in Figure 3.2 A and B.  The species responsible for the 

narrow resonance was most likely the same. 
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Figure 3.2: The 27Al NMR spectrum of A) air-exposed NaAlH4 after heat and pressure treatment containing the 

MAH species and B) the t = 920 minutes from the rehydrogenation of NaH/AlTi-doped to NaAlH4. 

 

 Sorte, et al., determined that only exposure to water vapor was necessary to generate the 

MAH species.84  They also demonstrated that the MAH species was generated by mixture of 

NaAlH4 with various hydroxides (Al(OH)3, Mg(OH)2 and NaOH), followed by the heat and 

pressure treatment.  They suggested that hydroxides, mainly NaAl(OH)4, played a role in the 

formation of the MAH species, but this explanation did not address the observation of the 

intermediate, Na3AlH6, after heat treatment or why the MAH species was not immediately 

generated upon air-exposure.  A better explanation was that NaAlH4 was partially decomposed in 

the presence of the water and hydroxides by the following: 

2 NaAlH4 + 3 H2O → 2 NaH + Al2O3 + 6 H2  (3.1) 

2 NaAlH4 + Al(OH)3 → NaH + Al2O3 + 3 H2  (3.2) 
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4 NaAlH4 + 3 Mg(OH)2 → 4 NaH + 2 Al2O3 + 9 H2 + Mg (3.3) 

2 NaAlH4 + 3 NaOH  → 5 NaH + Al2O3 + 3 H2  (3.4) 

This created an aluminum-deficiency in the potential cycling system, as described previously, 

leading to the observed Na3AlH6 in the NMR spectra, following the heat treatments.  If any 

aluminum oxide were present, its signal was expected to be low intensity, broad, and overlapping 

with the signal for NaAlH4. 

Sorte et al, also tried, unsuccessfully to generate the MAH species by mixture with 

various oxides followed by heat treatment.  The oxides did not react with NaAlH4 to create the 

aluminum-deficient system required to generate the MAH species.  Sorte et al, also noted that 

pure NaAlH4 exhibited slight dehydrogenation after the heat and pressure treatment.  They 

observed small amounts of signal for metallic aluminum and Na3AlH6, but the MAH resonance 

was not observed. 

All samples containing the MAH species showed appreciable signal for Na3AlH6, but 

none for metallic aluminum (except the Al(OH)3 mixture).  The absence of signals for metallic 

aluminum, along with the presence of signals for Na3AlH6, further supported the ideas that 

aluminum was sequestered and an aluminum-deficient system arose from the water/hydroxides 

exposure.  The NaAlH4/Al(OH)3 mixture was unique in that signals were observed in the 

spectrum for metallic aluminum and the MAH generated in the reaction.  The introduction of 

hydroxides, by an aluminum-containing species, increased the aluminum content of the entire 

system, which may have contributed to the appearance of the aluminum signal.  The studies 

detailed below provide an understanding of the conditions leading to the appearance of the MAH 

species. 
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After obtaining the 27Al NMR spectrum seen in figure 3.1 B, the heat treated material 

was thermally dehydrogenated in vacuo, on a PCT apparatus.  The 27Al NMR spectrum of the 

dehydrogenated material is presented in Figure 3.3.  As expected, the spectrum contained 2 

features; a broad resonance at 1638 ppm and a broad resonance at 62 ppm.  The peaks were 

assigned to metallic aluminum and aluminum oxide, respectively.  The signals responsible for 

the NaAlH4, Na3AlH6, and MAH were no longer present, indicating that the material had 

completely decomposed to NaH and metallic aluminum, as per (2.1) and (2.2). 

 

Figure 3.3: The 27Al NMR spectrum of air-exposed NaAlH4, after thermal decomposition in vacuo. 

 

The material was subsequently exposed to 200 °C and 200 bar H2 to investigate the 

possible rehydrogenation.  These conditions far exceeded the conditions used in the 

rehydrogenation performed on Ti-doped NaAlH4, detailed in the previous chapter (138 bar H2 
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and 120 °C).  The spectrum for the hydrogenated material, presented in Figure 3.4, contained 4 

notable features: a broad resonance at 1640 ppm, a narrow resonance at 100 ppm, a broad 

resonance at 60 ppm, and a narrow resonance at -40 ppm.  The features were ascribed to metallic 

aluminum, the MAH species, aluminum oxides/hydroxides, and Na3AlH6, respectively.  The 

appearance of a small amount of conversion to Na3AlH6 was not unexpected, under these 

conditions.  Regardless of its role, the MAH species cannot be considered crucial to hydrogen 

cycling of NaAlH4 under moderate conditions, as observed in titanium doped NaAlH4. This 

conclusion is supported by the simple fact that the MAH species was observed in air-exposed, 

undoped material, for which dehydrogenation is irreversible. 

 

 

Figure 3.4: The 27Al NMR spectrum of air-exposed NaAlH4, after thermal decomposition in vacuo, followed by 

attempted rehydrogenation. 
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 Isolated populations of mobile species have been previously observed, in solid state 

NMR studies, but mostly for smaller nuclei, such as hydrogen and lithium.  These studies 

resulted in similar patterns of overlaying peaks, suggesting species with segregated populations 

of mobility.  The populations were distinct, as there was no time-averaging of the signal and the 

NMR time scale was slow.  The narrowing has been attributed to ion conductivity of Li+, in 

lithium borohydride amides.  These species have multiple unique Li-sites in the crystal structure.  

It was conjectured that certain sites had a higher degree of mobility due to position, which 

accounted for segregated populations.  However, this postulate was difficult to fit to the mobility 

observed here.  Li+ ions are much smaller than an [AlH4]
- unit and conductivity of the anion was 

unlikely.  The mobility observed for the [AlH4]
- was most likely isolated to surfaces or defects in 

the lattice. 

An inelastic neutron scattering (INS) study was also performed on the air-exposed 

samples.  The results are presented in Figure 3.5 A, B, and C.  INS is a technique in which 

neutrons are utilized as the incident radiation and measured by kinetic energy loss.  The 

transitions can be representative of molecular motion of condensed matter, as was the case here.  

Figure 3.5 A is an overlay of the spectra obtained for pure NaAlH4, 5 minute air-exposed 

NaAlH4, and 10 minute air-exposed NaAlH4.  Figure 3.5 B is an overlay of the spectra obtained 

for 4 mol% Ti-doped NaAlH4, 5 minute air-exposed 4 mol% Ti-doped NaAlH4, and a second run 

of 5 minute air-exposed 4 mol% Ti-doped NaAlH4.  Figure 3.5 C is an overlay of the spectra 

obtained for pure NaAlH4, 5 minute air-exposed NaAlH4, and 4 mol% Ti-doped NaAlH4.  

Spectrum of air-exposed NaAlH4 exhibited changes consistent with structural modifications, 

caused by the interaction with air/water, as best evident in Figure 3.5 C.  By comparing the 

spectrum of the air-exposed NaAlH4 sample with that of the Ti-doped, it appeared that the 
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air/water interaction introduced defective structural bulk changes in undoped NaAlH4, that were 

quite similar to those resulting from Ti-doping. 
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Figure 3.5: The inelastic neutron scattering results showing overlays of A) pure NaAlH4, 5 minute air-exposed 

NaAlH4, and 10 minute air-exposed NaAlH4, B) 4 mol% Ti-doped NaAlH4, 5 minute air-exposed 4 mol% Ti-doped 
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NaAlH4, and a 2nd run of 5 minute air-exposed 4 mol% Ti-doped NaAlH4, and C) pure NaAlH4, 5 minute air-

exposed NaAlH4, and 4 mol% Ti-doped NaAlH4. 

 

 The observed changes, in the INS for air-exposed NaAlH4, were consistent with partial 

decomposition of NaAlH4, as evident by correlation to the Ti-doped NaAlH4, where partial 

decomposition occurred upon doping.  This was consistent with the idea that air-exposure caused 

partial decomposition, resulting in an isolated population of mobile [AlH4]
- species. 

 

3.4 Conclusions 

 

The air-exposure of NaAlH4 clearly introduced irreversible changes to the potential 

hydrogen cycling system.  The MAH formed, upon heat treating water/hydroxide-exposed 

NaAlH4, under high pressures of hydrogen.  It was also observed in the rehydrogenation of 

NaH/AlTi-doped to NaAlH4 without exposure to water/hydroxides.  This narrow resonance was 

likely due to a segregated population of mobile [AlH4]
- units.  The mobile phase was the result of 

an aluminum deficiency in the NaAlH4 hydrogen cycling system, caused by water/hydroxide-

exposure or the titanium doping process, as described in (3.1) thru (3.4) and (2.3), respectively.  

The aluminum-deficient NaAlH4 systems (air-exposed and Ti-doped) must be subjected to the 

respective pressure and temperature required to push the equilibrium of (2.1) to the left and 

generate the mobile [AlH4]
- species.  The segregation of the mobile and stationary phases, as 

observed by the discrete overlapping, broad, and narrow resonances in the 27Al NMR spectra for 

the NaAlH4 systems, is noteworthy.  A segregated mobile and stationary phase in a solid, 

persisting at room temperature, was rather phenomenal, given its unique occurrence in the 

system. 
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The mobile [AlH4]
- species were probably isolated to surfaces and/or defect sites in the 

lattice.  There was no clear connection between the signature, enhanced hydrogen cycling 

kinetics associated with Ti-doped NaAlH4, and the MAH species.  Furthermore, the observation 

of the MAH species, in undoped air-exposed NaAlH4, precludes it from being the key player of 

the phenomenal hydrogen cycling of Ti-doped NaAlH4. 
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Chapter 4: 

 

In situ hydrogenation of LiAlH4 by THF Mediation as observed by 
27

Al and 
7
Li NMR 

 

4.1 Introduction 

 

 Complex metal hydrides have long been known for their high hydrogen contents, 

although they were only known to cycle hydrogen at unfeasible temperature and pressure, for 

application as a hydrogen cycling system.  Lithium alanate (LiAlH4) has been extensively 

studied since the mid-20th century, and its properties have been well documented.  Its immediate 

applications were realized in organic synthesis where it is used as a reducing agent, especially for 

esters, carboxylic acids, and amides.  It also has the advantage over other metal hydrides of 

having a higher solubility in ether type-solvents.  Although widely used since its discovery, 

interest in the LiAlH4 system for application as a hydrogen storage material significantly ebbed 

until it was demonstrated, by Bogdanovic, that titanium doping of the congener, NaAlH4, 

resulted in faster dehydrogenation kinetics and the rehydrogenation occurred under reasonable 

pressure and temperature.53 

LiAlH4 has a theoretical hydrogen content of 10% gravimetrically, had been reported on 

in the literature extensively, and is similar to NaAlH4, generating the interest as a hydrogen 

storage material.  The dehydrogenation of doped and pure materials has been demonstrated to 

occur via the following pathway: 

3 LiAlH4 → Li3AlH6 + 2 Al + 3 H2    (4.1) 

Li3AlH6 → 3 LiH + Al + 3/2 H2    (4.2) 
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The most prevalent difference between LiAlH4 and the congener NaAlH4 is that the first 

dehydrogenation step is exothermic rather than endothermic, thus its reversal is only feasible in 

the later.  Therefore, a chemical process is needed to facilitate the rehydrogenation.  A favorable 

solvation enthalpy in ethers, as noted by the high solubility, allows for the rehydrogenation of 

LiH/Al to LiAlH4 at modest temperature and low hydrogen pressure.48, 49  Tetrahydrofuran has 

proven to be an effective ether for the rehydrogenation, via adduct formation as follows:58,61 

LiH + Al + 3/2 H2 ⇌⇌⇌⇌ xTHF-LiAlH4    (4.3) 

The rehydrogenation of LiH/AlTi-doped by solvent mediation has been suggested to bypass 

the intermediate, Li3AlH6, which is observed in the dehydrogenation pathway.  The 

rehydrogenation (4.3) has mainly been observed by ex situ methods, due to the hydrogen 

pressure required.58 

 An in situ 27Al and 7Li NMR study of the rehydrogenation of LiH/Al by (4.3) could 

confirm if the reaction truly bypasses the Li3AlH6 intermediate, as well as give further insight 

into the rehydrogenation process.  This study is only possible due to the recent commercial 

availability of high pressure NMR vessels, capable of withstanding the pressures required for the 

reaction. 

 

4.2 Experimental 

 

4.2.1 Materials Preparation 

 

 The 0.5 mol% Ti-doped LiH/Al starting material was synthesized by 

dehydrogenation of lithium aluminum hydride (LiAlH4).  All procedures detailed herein were 



68 

either carried out in a nitrogen (N2) glove box or under a N2 atmosphere.  The LiAlH4 was 

obtained from Aldrich and purified by soxhlet extraction with tetrahydrofuran (THF) followed 

by recrystallization with pentane.  The purified LiAlH4 was then doped with 0.5 mol% titanium 

(III) chloride (TiCl3, Aldrich) by mechanical milling.  The LiAlH4 and TiCl3 were placed in a 12 

mL stainless steel bowl with seven 10 mm stainless steel balls (ball to powder mass ratio at least 

30:1).  The bowl was then capped with a lid and Teflon gasket.  The N2 atmosphere was 

preserved by sealing the cap on with Parafilm.  The bowl was then loaded in a Fritsch 7 

Planetary Mill and mechanically milled for 30 minutes at a rate of 350 rpm.  The doped material 

was then dehydrogenated in vacuo on a Schenk line at 423 K for 16 hrs.  XRD analysis (Bruker 

AXS D8 Advance Diffractometer) confirmed the presence of only LiH and Al, the desired 

starting material. 

 

4.2.2 High Pressure NMR setup 

 

 The starting material was loaded in a 5 mm o.d., 1.5 kbar zirconia (Daedalus Innovations) 

NMR tube, as described previously in Section 2.2.3 of Chapter 2.  The apparatus was then 

attached to a Schenk line and vacuum was pulled for 1 hr.  All NMR spectra were collected on a 

Varian Unity Inova 400 MHz (9.4 T) spectrometer equipped with a Varian 5 mm 400 MHz 

Switchable Liquids probe, operating at 155.4 and 104.2 MHz for 7Li and 27Al, respectively.  

Temperature calibration for the NMR was resolved using an ethylene glycol standard.  Single 

pulse excitation with a pulse width of 4 µs, acquisition time of 15 ms, and relaxation delay of 

10.0 s was used for the 27Al nuclei.  In situ data was collected utilizing a pre-acquisition delay 

array, collecting 30 scans per FID, amounting to 5 min per FID.  A solid echo pulse sequence 
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with an initial pulse width of 6.0 µs, echo delay time of 0 s, 90° observe pulse of 6.2 µs, an 

acquisition time of 15 ms, and relaxation delay of 5.0 s was used for the 7Li nuclei.  In situ data 

was collected utilizing a pre-acquisition delay array, collecting 60 scans per FID, amounting to 5 

min per FID.  Spectra were denoted by their time as t = x, in units of minutes (x = 0 min, 5 min, 

etc…). 

 

4.2.3 X-Ray Diffractometry 

 

Powder X-ray diffraction (PXD) patterns were collected using a Rigaku MiniFlex II 

Diffractometer with a Cu Kα radiation source.  The measurements were all taken in a hermetic 

sample holder composed of a silicon support and a beryllium window.  The silicon was cut 

parallel to the (511) plane, which minimizes the silicon reflections.  The beryllium cover resulted 

in extraneous diffraction peaks (2θ = 45.8, 50.9, 52.8, 70.1 and 84.7°).  The data were analyzed 

using MDI Jade V.9.0 software. 

 

4.3 Results and Discussion 

 

 The THF mediated hydrogenation of LiH/Al to the THF LiAlH4 adduct was monitored, 

in situ by 27Al and 7Li NMR spectroscopy for the first time.  The starting material, LiH/Al, was 

generated from Ti-doped LiAlH4 by dehydrogenation in vacuo and was subsequently loaded into 

the high pressure NMR tube, in a N2 atmosphere glovebox.  THF was added to the NMR tube to 

form a slurry and the tube was sealed and transferred to the NMR coil. 
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The 27Al NMR spectra were collected for the starting material, LiH/AlTi-doped, and the 

empty NMR tube.  As discussed in Chapter 2, a signal for metallic aluminum and alumina is 

present due to the experimental setup, specifically the NMR tube and probe.  The starting 

material was heated to 313 K and an initial 27Al spectrum was obtained before the addition of 

hydrogen, designated t = 0.  In order to show the contribution of the experimental setup to the 

observed 27Al NMR spectra, the t = 0 spectrum is superimposed with the spectrum for the empty 

experimental setup in Figure 4.1. 

 

Figure 4.1: The 27Al NMR spectra of the t = 0 benchmark (before H2 exposure) and the empty NMR tube 

superimposed, revealing an increase in the intensity of the metallic aluminum signal. 

 

The spectrum obtained prior to hydrogen exposure, t = 0 in Figure 4.1, revealed 2 peaks 

at 1640 ppm and 25 ppm.  These peaks correspond to metallic aluminum and alumina, 
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respectively.74  The same chemical shifts were observed for the 2 peaks in the spectrum for the 

empty experimental setup and were given the same assignments.  The peak at 25 ppm had 

similar signal integration in both spectra, indicating that the signal arose solely from the 

experimental setup and not the sample.  The signal integration for the peaks assigned to 

aluminum shows a considerable difference, with increased signal integration observed for the 

sample than the empty experimental setup.  This was expected, as the starting material contained 

aluminum, increasing the signal observed at 1640 ppm. 

After the initial t = 0 spectrum was taken, an overpressure of 35 bar hydrogen was then 

applied and spectra collected for 15 hrs.  A selection of spectra from the first 45 minutes, 

obtained in 15 minute intervals, is presented in Figure 4.2.  A sharp signal at 105 ppm was 

observed, starting in the t = 15 min spectrum.  The signal was observed to increase integration in 

subsequent spectra, throughout the duration of the experiment.  Although slightly different from 

the 103 ppm value reported by Wiench et al. for LiAlH4 in 0.4 M THF solution, the resonance 

was assigned to the [AlH4]
- ion.  Also, the metallic aluminum signal at 1640 ppm was observed 

to decrease integration during the experiment.  A signal was not observed for the 

dehydrogenation pathway intermediate, Li3AlH6, at any point in the experiment.  These 

observations are evidence in support of the reaction (4.3) proceeding via the THF adduct. 
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Figure 4.2: 
27Al NMR spectra of the rehydrogenation of LiH/AlTi-doped in a THF slurry under 35 bar H2 pressure at 

313K.  The selection of spectra is taken to represent 15 minute intervals. 

 

The widths of the alumina impurity, aluminum, and [AlH4]
- peaks measured at 45 

minutes were 8640 Hz, 10740 Hz, and 620 Hz respectively.  The narrow nature of the [AlH4]
- 

peak, compared with the 2 other broad resonances present in the spectrum, was most easily 

attributed to the species being in solution.  The rotation of a molecule in a liquid averages the 

anisotropic effects toward zero, leading to observation of the narrow isotropic resonance.  These 

anisotropic broadening effects are observed for a non-rotating molecule (i.e. a solid), as evident 

in the aluminum and alumina peaks. 
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An expanded view of the [AlH4]
- resonance is presented in Figure 4.3, displaying pentet 

multiplicity.  The pentet arose from the scalar coupling of the 27Al nucleus with the four 

equivalent 1H nuclei in the [AlH4]
- anion.  The observed JH-Al coupling constant was determined 

to be 168.9 Hz, consistent with Lefebvre and Conway’s observation of 170 Hz.87  The resolution 

of the multiplicity further supports the claim that the species was in solution.  A solid sample 

would not exhibit this multiplicity, due to the aforementioned anisotropy. 

 

Figure 4.3: An expanded view of the resonance assigned to LiAlH4 at 105 ppm in the 27Al NMR spectrum, with a 

pentet splitting pattern. 

 

A plot of the [AlH4]
- signal integration versus time is presented in Figure 4.4.  The plot 

revealed that the signal integration was increasing through the final spectrum, indicating that the 

reaction was incomplete after the 15 hrs of data acquisition.  Although the reaction was not 

complete, 15 hours was sufficient to conclude that the reaction proceeds via (4.3). 
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Figure 4.4: The signal integration of the resonance at 105 ppm assigned to LiAlH4 versus time. 

 

The reaction (4.3) was also monitored by 7Li NMR, following the same procedure, 

utilizing the same batch of starting material.  A selection of pertinent spectra is presented in 

Figure 4.5.  At the t = 0 bench mark, there was one broad resonance centered at -7 ppm, with a 

linewidth in the kilohertz.  This was prior to exposure to hydrogen gas and can be attributed to 

solid LiH in the starting material.  The broad resonance was expected, as 7Li nuclei in solid LiH 

have a short T1 relaxation.  This peak decreased while product was formed but did not disappear 

over the course of the experiment, as the reaction was not complete. 

A narrow resonance, initially appearing at 0.4 ppm, was observed to grow in after 

approximately 40 minutes of hydrogen exposure and grew in intensity throughout the remainder 

of the experiment (15 hrs).  This peak was assigned to Li+ ions from the product, LiAlH4·xTHF, 
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which supports its appearance in the 27Al NMR spectra, with a slight discrepancy in the time of 

its observation in the reaction. Although, 7Li is a more sensitive nucleus than 27Al, the latter 

provided a more useful analysis, as discussed in Chapter 1.    

 

Figure 4.5: A selection of 7Li NMR spectra from the in situ rehydrogenation of LiH/AlTi-doped to LiAlH4, under 35 

bar H2, at 313 K, in a THF slurry. 

 

The resonance assigned to LiAlH4·xTHF was observed to shift upfield throughout the 

experiment, from 0.4 ppm to -0.2 ppm, where LiAlH4 concentration was increasing.  The 

dependence of the chemical shift of the Li+ ion of LiAlH4 in THF was reported to show a 
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downfield shift by 0.115 ppm for the decreasing concentration range of 5 M to 0.08 M.88  The 

upfield shift at higher concentration was attributed to aggregation of Li+ ions, which lowered 

adduct formation and, in turn, the electronic shielding on the nuclei. The concentration of Li+ 

was increasing throughout the hydrogenation reaction and the chemical shift migrated upfield by 

0.6 ppm.  The migration was larger than what was reported for strictly concentration effects. 

The migration of the chemical shift is better explained by adduct formation.  A recent 

computational study suggested the tri- (x = 3), mono- (x = 1) and bi- (x = 2) are the favorable 

adduct coordination numbers, with respective free energies of -3.376, -2.886 and -0.982 

kcal/mol, relative to LiAlH4 and free THF.61  The tri-coordinated adduct would supply the most 

shielding to the Li+ nuclei and, therefore, resonate upfield relative to the lower coordinations.  

The change in 7Li chemical shift from mono-coordinated to tri-coordinated THF on LiAlH4 

would result in an upfield shift.  This likely accounts for the change in chemical shift observed as 

the experiment proceeded. 

Initially, the product was not completely solvated to form the maximum coordination of 

the adduct, but rather resides as the mono-coordinated species (x = 1).  The solvation process is 

slow enough to be observed on the NMR timescale so as the reaction progressed, the solvation 

number increased and higher coordination adducts were formed, primarily the tri-coordinated 

species.  As the number of THF molecules coordinated to Li+ increased (x = 3), so did the 

electron density and chemical shielding.  This explained the upfield change in chemical shift 

observed as the reaction proceeded.  Furthermore, the peak was not likely due to a single species, 

but was composed of multiple species, representing the time-averaged signals of the various 

adducts.  As the reaction proceeded, the favored adduct product became the dominate species in 

the time-averaged signal, giving a better estimate of its chemical shift.   
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Another possibility was the species responsible for the initial resonance at 0.4 ppm is 

partially solvated LiH.  Although, LiH is practically insoluble in ethers, this initial signal 

observed could possibly have been Li+ from LiH.  Following product formation, the Li+ ions 

from LiH and LiAlH4 would be in fast exchange resulting in a single time-averaged resonance.  

The increase in concentration of the more soluble product, LiAlH4, would rapidly dominate the 

time-averaged signal observed due to the increasing population.  This model also allows for the 

possibility of increasing solvent coordination, as discussed above.  In either model, the 7Li NMR 

chemical shift is noteworthy. 

A plot of the 7Li NMR signal integration of the peak assigned to LiAlH4·xTHF versus 

time is presented in Figure 4.6.  The signal integration increased throughout the experiment, 

indicating the reaction was incomplete.  This result was in agreement with the 27Al spectra for 

the LiAlH4·xTHF species. 
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Figure 4.6: The integration the 7Li NMR signal for Li+ ion from LiAlH4 in THF over time. 

 

The XRD patterns of stock LiAlH4, purified LiAlH4, 0.5 mol% Ti-doped LiAlH4 and 

dehydrogenated Ti-doped LiAlH4 (i.e. LiH/AlTi-Doped) are presented in Figure 4.7.  The 

measurements were all taken in a hermetic sample holder composed of a silicon support and a 

beryllium window.  The silicon was cut parallel to the (511) plane, which minimizes the silicon 

reflections.  The beryllium window was observed in all patterns and had three main reflections 

and should be ignored.  XRD analysis of stock LiAlH4 (Figure 4.7(A)), purified LiAlH4 (Figure 

4.7(B)) and Ti-doped LiAlH4 (Figure 4.7(C)) were consistent with reflections for LiAlH4.  There 

were no reflections observed for the intermediate Li3AlH6 in these patterns.  The dehydrogenated 

Ti-doped LiAlH4 (i.e. LiH/AlTi-Doped) sample, presented in Figure 4.7(D), revealed reflections 

consistent with LiH and metallic aluminum.  The shoulder on the (1,1,1) Al reflection was 
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consistent with the literature, due to the formation of the solid solution of Ti in Al from the 

doping process.76 

 

Figure 4.7: The XRD 2θ scattering angles are plotted versus intensity for A) pure LiAlH4 (Aldrich), B) purified 

LiAlH4, C) Ti-doped LiAlH4, and D) thermally decomposed Ti-doped LiAlH4 (i.e. LiH/AlTi-doped). 

 

4.4 Conclusions 

 

The rehydrogenation pathway of Ti-doped LiH/Al to LiAlH4 by THF mediation was 

shown, via in situ 27Al and 7Li NMR spectroscopy, to proceed directly in one step.  During the 

rehydrogenation, no signal was observed for the known resonance of the aluminum intermediate, 

A 
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Li3AlH6.  As no Li3AlH6 signal was observed in the THF mediated rehydrogenation, it must 

proceed via a direct pathway.  Ex situ studies of the solvent mediated rehydrogenation of LiH/Al, 

also support this suggestion.58,61  The chemical shifts and linewidths of the species monitored 

were in agreement with the literature values.  The relative ease (35 bar H2, 40°C) at which the 

rehydrogenation occurs via solvent mediation is due to bypassing the intermediate, Li3AlH6.  

This demonstrates the negative effect the intermediate brings to the energetics of the hydrogen 

cycling system. 
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Chapter 5: 

 

In situ hydrogenation of LiAlH4 by DME Mediation as observed by 
27

Al and 
7
Li NMR 

 

5.1 Introduction 

 

Hydrogen is a perennial contender to suit humanities needs as an energy carrier due to its 

high abundance and unmatched gravimetric energy density.  Realistic integration into the current 

energy infrastructure lies mainly in the development of a safe, compact, light-weight hydrogen 

storage system for the automotive transportation sector.  Native storage is hindered by problems 

arising from a low gas-liquid critical temperature of 33 K.  As a result, great effort has been 

focused on reversible solid state storage, including chemical storage in complex metal hydrides, 

such as LiAlH4 and NaAlH4.  Solid state hydrogen storage systems are vetted for not only 

obvious considerations, such as gravimetric and volumetric energy density, but less obvious 

considerations, such as the kinetics and thermodynamics that allow for repetitive facile hydrogen 

cycling under moderate conditions. 

 Lithium alanate (LiAlH4) has a theoretical hydrogen content of 10 wt% H2.  The 

dehydrogenation of pure, as well as Titanium-doped, LiAlH4 has been demonstrated to proceed 

through the Li3AlH6 intermediate before further dehydrogenation to LiH/Al(Ti-doped), as shown in 

(5.1) and (5.2).47 

3 LiAlH4 → Li3AlH6 + 2 Al + 3 H2    (5.1) 

Li3AlH6 → 3 LiH + Al + 3/2 H2    (5.2) 
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In the undoped system, (5.1) is actually two sequential processes, as the dehydrogenation occurs 

after the solid melts.  The rehydrogenation of the undoped LiH/Al system is thermodynamically 

blocked, as the reverse of (5.1) is endothermic for the conversion of Li3AlH6 to the liquid phase 

LiAlH4 (before exothermic solidification).  Titanium doping of LiAlH4 effectively lowers the 

dehydrogenation temperature below the melting point of LiAlH4.  This frees the doped system 

from the melting-dehydrogenation-resolidification nexus that plagues the undoped system.  

When freed from the nexus, the titanium doped LiAlH4 system is mildly endothermic.56  

Although thermodynamically allowed, the direct rehydrogenation of LiH/Al(Ti-doped) to LiAlH4 is 

impractical. 

 In the early 1960’s, Classen and Ashby both demonstrated that the rehydrogenation of 

LiH/Al was possible via solvent mediation in THF, due to a favorable solvation enthalpy in the 

formation of the LiAlH4·xTHF adduct.48,49  The major drawback of the system was the removal 

of the solvent which occurs under similar conditions to dehydrogenation.  However, it has been 

demonstrated that the removal of the titanium dopant by filtration, followed by solvent removal, 

will result in pristine LiAlH4. 

 Liu et al. reached the next major milestone in the utilization of a low vapor pressure 

solvent, dimethyl ether (DME), to facilitate the rehydrogenation by the following reaction:59,60 

 

LiH + Al + 3/2 H2 ⇌  xDME-LiAlH4    (5.3) 

 

The low vapor pressure solvent, DME, allows for the recovery of Ti-doped LiAlH4 by simply 

venting the solvent to atmospheric pressure, to remove the adduct.  The enhanced hydrogenation 

observed for the THF mediated reaction over diethyl ether mediated reaction has been reasoned 
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mostly by the superior basicity of the oxygen in THF over diethyl ether.58  DME has more 

comparable electronics to diethyl ether than to THF, rendering its success puzzling. 

 The recent advent of high pressure NMR tubes has allowed for us to report on the in situ 

7Li and 27Al NMR study of the rehydrogenation of LiH/AlTi-doped to LiAlH4.  Due to the highly 

successful rehydrogenation of LiH/AlTi-doped utilizing DME, we report herein, on an analogous 

study to investigate the in situ 7Li and 27Al NMR study of the rehydrogenation of LiH/AlTi-doped 

to LiAlH4. 

 

5.2 Experimental 

 

5.2.1 Materials Preparation 

 

 The 0.5 mol% Ti-doped LiH/Al starting material was synthesized by dehydrogenation of 

lithium aluminum hydride (LiAlH4), as in Chapter 4.  All procedures detailed herein were either 

carried out in a nitrogen (N2) glove box or under a N2 atmosphere.  The LiAlH4 was obtained 

from Aldrich and purified by soxhlet extraction with tetrahydrofuran (THF) followed by 

recrystallization with pentane.  The purified LiAlH4 was then doped with 0.5 mol% titanium(III) 

chloride (TiCl3, Aldrich) by mechanical milling.  The LiAlH4 and TiCl3 were placed in a 12 mL 

stainless steel bowl with seven 10 mm stainless steel balls (ball to powder mass ratio at least 

30:1).  The bowl was then capped with a lid and Teflon gasket.  The N2 atmosphere was 

preserved by sealing the cap on with Parafilm.  The bowl was then loaded in a Fritsch 7 

Planetary Mill and mechanically milled for 30 minutes at a rate of 350 rpm.  The doped material 

was then dehydrogenated in vacuo on a Schenk line at 423 K for 16 hrs.  XRD analysis (Bruker 
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AXS D8 Advance Diffractometer) confirmed the presence of only LiH and Al, the desired 

starting material. 

 

5.2.2 High Pressure NMR Apparatus 

 

The starting material was loaded in a 5 mm o.d., 1.5 kbar zirconia (Daedalus Innovations) 

NMR tube, as described previously in Chapter 2.  The apparatus was then attached to a Schenk 

line and vacuum was pulled for 1 hr.  Next, the apparatus was connected to a custom manifold, 

designed to deliver dimethyl ether (DME).  The large head space above the tube prevented 

sufficient condensation of DME at room temperature.  An ethanol (EtOH)/Liquid Nitrogen bath 

at -40°C was determined to accumulate sufficient liquid DME for analysis at 0°C. 

 

5.2.3 NMR Setup 

 

All NMR spectra were collected on a Varian Unity Inova 400 MHz (9.4 T) spectrometer 

equipped with a Varian 5 mm 400 MHz Switchable Liquids probe, operating at 155.4 and 104.2 

MHz for 7Li and 27Al, respectively.  Temperature calibration for the NMR was resolved using an 

ethylene glycol standard.  Single pulse excitation with a pulse width of 4 µs, acquisition time of 

15 ms, and relaxation delay of 10.0 s was used for the 27Al nuclei.  In situ data was collected 

utilizing a pre-acquisition delay array collecting 30 scans per FID, amounting to 5 min per FID.   

A solid echo pulse sequence with an initial pulse width of 6.0 µs, echo delay time of 0 s, 90° 

observe pulse of 6.2 µs, an acquisition time of 15 ms, and relaxation delay of 5.0 s was used for 

the 7Li nuclei.  In situ data was collected utilizing a pre-acquisition delay array, collecting 60 
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scans per FID, amounting to 5 min per FID.  A pre-acquisition delay was utilized for longer 

scans in order to obtain a workable size file. 

 

5.3 Results and Discussion 

 

 Ti-doped LiAlH4 was initially dehydrogenated to LiH/Al (Ti-doped) and hydrogen gas, 

via thermal treatment in vacuo.  The product was transferred to the high pressure NMR tube in a 

N2 glovebox.  During the first experiment, the NMR tube was filled with enough starting 

material for the solid to be present in the observation window of the NMR coil.  After addition of 

the starting material, the sample was exposed to approximately 0.5 MPa of DME gas, at room 

temperature.  Due to the tube being opaque, it was unclear whether DME was condensed in the 

NMR tube.  The tube appeared to darken from the bottom up, as the DME pressure was applied.  

The apparatus was then inserted in the magnet and 27Al NMR spectra were collected and are 

presented in Figure 5.1. The t = 0 bench mark was obtained before 35 bar hydrogen gas pressure 

was delivered. 
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Figure 5.1: A selection of 27Al NMR spectra from the in situ rehydrogenation of LiH/AlTi-doped in DME, under 35 

bar hydrogen pressure, at room temperature, with insoluble starting material present in the target range of the NMR 

tube. 

 

At t = 0, the NMR spectrum revealed 2 peaks at approximately 1640 ppm and 40 ppm, 

which were identified as metallic aluminum and alumina, respectively.  This was consistent with 

what was observed for the starting material and the empty NMR tube, as discussed in previous 

chapters.  A sharp signal was observed to grow in at around 100 ppm, consistent with the 

chemical shift for the [AlH4]
- anion, beginning after about 30 min.  The peak was observed to 

grow in throughout the 15 hrs of the experiment, although seemed to be approaching a maximum 

towards the conclusion of the experiment.  A plot of the signal integration versus time is 

presented in Figure 5.2.  A comparison of spectrum obtained from the empty NMR tube and the 

final spectrum taken revealed that an appreciable amount of metallic aluminum still remained.  
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The relatively small amount of product signal, along with large amount of starting material 

signal, was understood as the reaction failed to go to completion. 

The narrow nature of the resonance at approximately 100 ppm was indicative of the 

species experiencing tumbling or rapid reorientation, most likely being in solution with narrow 

isotropic resonances. This was similar to that noted in chapter 4 for the THF mediated 

rehydrogenation.  Surprisingly, the expected pentet was not resolved, as it was in the THF 

mediation.  This could have been due to the low signal to noise ratio.  As expected, an [AlH6]
3- 

signal was not present at any point during the experiment.  This demonstrates the 

rehydrogenation process occurred via a direct hydrogenation to [AlH4]
-, avoiding the [AlH6]

3- 

intermediate observed in the dehydrogenation process.  This was consistent with previous ex situ 

studies, where solvent mediation bypassed the [AlH6]
3- intermediate. 
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Figure 5.2: The signal integration versus time for the peak at 100 ppm assigned to LiAlH4 in DME over the entire 

15 hrs of the experiment.  The inset plot shows the initial onset of peak over the first 80 minutes. 
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 The first study was limited due to an inadequate solvent to starting material ratio.  Further 

experiments were conducted to dissolve the LiAlH4 in DME.  The major change on the 

subsequent experiments was to reduce the amount of LiH/Al (Ti-doped) starting material in the 

NMR tube.  The goal was to have no insoluble starting material present in the observation 

window of the NMR coil, at the start of the experiment.  Following the same procedure as the 

first experiment, save the use of less starting material, no observation of the desired product was 

observed. 

The next attempt involved utilizing an ice bath in an attempt to condense the DME in the 

NMR tube.  Theoretically, with the tank at room temperature and approximately 0.5 MPa (DME 

vapor pressure) delivered to the NMR tube, any downhill temperature gradient should have 

condensed the DME.  However, no product was observed during this trial, either.  The lack of 

condensation, under these conditions, was most likely due to the relatively small amount of DME 

assumed to condense, as less than 1/3 of the total internal volume of the apparatus was able to be 

placed in the ice bath.  Also, the NMR tube and relative tubing were very narrow, giving rise to 

the possibility of the condensation of DME higher in the line causing the dilemma.  Also, it 

should be noted that during these trials, no noticeable color change was observed upon the 

addition of DME gas to the NMR tube. 

A successful trial utilizing less starting material was only obtained when the DME was 

condensed with the NMR tube in a N2(l)/EtOH bath, at -40°C, and the 27Al NMR spectra obtained 

at 0°C.  Figure 5.3 shows the t = 0 benchmarks for the sample in the coil, the sample below the 

coil, and the empty NMR tube.  From the figure, it is clear that the starting material, as dictated 

by the metallic aluminum signal, was outside the coil.  A selection of the 27Al NMR spectra, 

obtained using these conditions for the rehydrogenation, are presented in Figure 5.4. 
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Figure 5.3: A comparison of the 27Al NMR spectra, at t = 0, for the sample present in the target range of the NMR 

tube, the t = 0 benchmark for the sample below the target range of the NMR tube, and the empty NMR tube. 

 

 At t = 0, the NMR spectrum revealed two peaks at 1640 ppm and 40 ppm, which were 

assigned as metallic aluminum and alumina, respectively.74  This was consistent with what was 

observed in the starting material and the empty NMR tube, as discussed above and in previous 

chapters.  A sharp signal was observed to grow in at 100 ppm, consistent with the chemical shift 

for [AlH4]
-, beginning after about 11 hours.70  The peak was observed to continue to increase in 

signal integration, consistently throughout the 51 hours of the experiment.  The reason for the 

long induction period on the first cycle was unclear.  A similar induction period has been 

reported in the literature for the first cycle of the THF system,58 but with little explanation.  
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Interestingly, no induction period was observed in the first experiment.  Subsequent cycles are 

not reported to contain the induction period.58 
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Figure 5.4: A selection of 27Al NMR spectra from the in situ rehydrogenation of LiH/AlTi-doped in DME, under 35 

bar hydrogen pressure, at 0°C, with insoluble starting material outside the target range of the NMR tube. 

 

Figure 5.5 presents an expanded view of the [AlH4]- peak (100 ppm), to better investigate 

the signal’s splitting pattern.  The signal exhibited the expected pentet multiplicity, from the 

scalar coupling of the four equivalent hydrogen atoms to the aluminum.  The integrated 

intensities of the fitted peaks matched the 1:4:6:4:1 splitting pattern.  The resolution of the pentet 

indicated the LiAlH4 was in solution. 
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Figure 5.5: An expanded view of the DME-LiAlH4 peak in the 27Al NMR spectrum, with line fitting demonstrating 

the pentet splitting.  The projection of the fitted peaks is in green (outer line), the fitted peaks are in blue 

(overlapping interior lines), and the residual is in red (baseline). 

 

An in situ 7Li NMR study was also performed, using the same conditions as the low 

temperature experiment.  A synopsis of the 7Li NMR spectra obtained is presented in Figure 5.6.  

A small signal was initially observed at 0.4 ppm, before hydrogen exposure, and assigned to 

partially solvated LiH.  This resonance at 0.4 ppm slowly grew in, during the first 10 hours of the 

experiment.  From 10 hours to 16 hours, the most rapid change in chemical shift was observed.  

The signal was observed to shift, by about 0.7 ppm upfield, and increased rapidly in integration, 

during this time.  The integration of the resonance increased further and shifted to -0.5 ppm, 

throughout the 48 hours of the experiment.  The onset of the product peak was consistent with 

the onset of the 27Al NMR product peak. 



92 

 

Figure 5.6: A selection of 7Li NMR spectra from the in situ rehydrogenation of LiH/AlTi-doped, in DME, under 35 bar 

hydrogen pressure, at room temperature, with insoluble starting material outside of the target range of the NMR 

tube. 

 

The total migration of the 7Li NMR chemical shift signal was 0.9 ppm for the DME 

mediated reaction.  The migration of the 7Li NMR chemical shift signal for the THF mediated 

reaction, reported in the previous chapter, was 0.6 ppm.  The migration of the chemical shift 

upfield is indicative of a more shielded chemical environment, indicating a larger interaction for 

DME.  The overall change in chemical shift of the DME reaction was about 1.5 times greater 

than the migration observed for the THF reaction.  This was unexpected, as THF has the stronger 

interaction.  The THF adduct persists at room temperature and ambient pressure, whereas DME 
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is removed under the same conditions.  Also, THF is more basic than other ethers, due to having 

a more exposed oxygen.  However, DME has electronics comparable to Et2O, which is 

ineffective at the conversion.  DME’s success over Et2O is understood by sterics, where the 

smaller DME molecules coordinate better to the small lithium.  THF also has favorable sterics 

over Et2O, when coordinating to Li+.  The favorable sterics allow for higher coordination 

numbers with DME and THF. 

The larger migration of the 7Li chemical shift, observed for DME over THF, was 

evidence of more electronic shielding, arising from a higher coordination number.  THF has a 

stronger interaction than DME with Li+, which created a shorter solvent-ion bond distance for 

THF and Li+.  This, in turn, prevented higher adduct coordination numbers for THF with Li+.  

The DME and Li+ interaction is weaker, with a longer bond distance, allowing for a larger 

number of DME solvent molecules to coordinate.  The higher solvent coordination number, in 

DME over THF, explains why more shielding was observed in the 7Li NMR for the DME 

adduct.  This explanation also accounts for the stronger THF-Li+ interaction, despite the 

downfield 7Li NMR signal.  DME is thus the ideal solvent for the rehydrogenation, as it falls into 

a ‘sweet spot’ of steric and electronic properties, which allow for the facile rehydrogenation and 

solvent removal. 

 

5.4 Conclusions 

 

 The solvent mediated rehydrogenation of LiH/AlTi-doped in DME was monitored in situ by 

7Li and 27Al NMR using high pressure NMR tubes. The NMR spectra showed that LiH/AlTi-doped 

readily converts to Ti-doped LiAlH4 in DME by adduct formation when exposed to 35 bar H2 
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gas at 0°C.  It was confirmed that solvent mediation avoids the intermediate Li3AlH6 species 

observed in the decomposition pathway of LiAlH4, as no resonance for the intermediate was 

present throughout the experiment. 

 Although the 7Li NMR was only taken on to supplement the 27Al NMR due to lower 

resolution, the 7Li spectra revealed differences in the hydrogenation reaction upon variation of 

the ethers.  Specifically, the resonance assigned to DME-Li+ adduct was observed to migrate 

from 0.4 ppm to -0.5 ppm.  In the previous chapter, the chemical shift assigned to THF-Li+ 

adduct was observed to migrate from 0.4 ppm to -0.1 ppm.  The larger change and overall 

upfield chemical shift observed for DME versus THF indicates the DME is providing superior 

chemical shielding to the Li+ ion.  However, electronic arguments favor a stronger interaction 

with THF than DME, and the two are roughly equivalent when considered sterically.  Also 

supporting this argument is the fact that the THF adduct persists under ambient condition 

whereas the DME adduct is removed.  This seemingly conflicts with the upfield chemical shift 

observed for the DME adduct over the THF adduct.  However, when combining electronic and 

steric arguments simultaneously, a rather fitting model arises.  The favorable THF electronics 

allow for tighter, thus shorter, bonding to the Li+ versus DME.  The shorter bond sterically limits 

the coordination number of the THF adduct.  Contrarily, the DME-Li+ adduct has a longer 

bonding interaction which lessens the steric hindrance of higher adduct coordination number.  

Thus, DME is able to coordinate additional (most likely one) molecules to the Li+ ion supplying 

the additional chemical shielding.  This also accounts for why the THF adduct persists under 

ambient conditions, whereas the DME adduct is removed.  Additional, this model explains why 

diethyl ether, which is electronically comparable to DME, is a poor solvent mediator for the 

rehydrogenation by steric arguments of a low coordination number. 
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 DME has a set of unique properties that make it the ideal ether to utilize for the solvent 

mediated rehydrogenation of LiH/AlTi-doped to Ti-doped LiAlH4.  The DME interaction is strong 

enough to facilitate the rehydrogenation, however, mild enough that the adduct is removed under 

ambient conditions.  Comparatively, THF bonds too strongly to Li+, which prevents the facile 

removal of the adduct under the same conditions. 

 This study has given insight into the various ether interactions in the solvent mediated 

rehydrogenation of LiH/AlTi-doped to Ti-doped LiAlH4.  Specifically, it has raised questions about 

the current reasoning in the literature that the solvent mediated rehydrogenation is primarily 

dictated by electronic factors. 
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Chapter 6: 

 

Conclusions and Future Directions 

 

6.1 Conclusions and Summary 

 

The reversible dehydrogenation of Ti-doped NaAlH4 and LiAlH4 has been intensively 

studied for nearly twenty years but the mechanism of action of the titanium remains enigmatic.   

While nearly all-previous studies have focused on the dehydrogenation half-cycle,  this work 

investigated the rehydrogenation of NaH/AlTi-doped to Ti-doped NaAlH4 by in situ by 27Al and 

23Na wideline NMR spectroscopy.  The 27Al NMR spectra revealed conversion to the Na3AlH6 

intermediate, followed quickly by conversion to the product, NaAlH4.  This demonstrates that the 

rehydrogenation does not proceed via the micro-reverse of the dehydrogenation, where complete 

conversion to Na3AlH6 occurs before final conversion to NaH/AlTi-doped.  Interestingly, the 27Al 

NMR spectra exposed two overlapping peaks (one broad and one narrow) assigned to NaAlH4.  

The broad peak had a linewidth consistent with solid NaAlH4.  The narrow peak indicates 

motional averaging by motion of the [AlH4]
- ions.  The discrete resonances observed indicate 

separate populations of mobile and static [AlH4]
- ions.  The mobile NaAlH4 species was also 

generated by air-exposure of pure NaAlH4, followed by exposure to 200 °C and 180 bar H2 

pressure.  This material was unable to cycle hydrogen under the same moderate conditions as Ti-

doped NaAlH4.  Thus the mobile species does not play a critical role in the hydrogen cycling of 

Ti-doped NaAlH4.  The mobile species has only been observed in samples containing Na3AlH6 
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and has been attributed to an aluminum deficiency in the system.  This study has furthered the 

understanding of the system; however, the system still lacks a complete understanding. 

The solvent mediated rehydrogenation of LiH/AlTi-doped to Ti-doped LiAlH4 was 

monitored in situ by 27Al and 7Li wideline NMR spectroscopy.  THF and DME were the solvents 

utilized for the rehydrogenation.  The solvent mediation, by both solvents, was confirmed to 

bypass the Li3AlH6 intermediate observed in the solid-state dehydrogenation.  Most notably, the 

7Li NMR spectra revealed a downfield shift for the DME adduct compared to the THF adduct.  

This indicated the DME likely had a higher coordination number to LiAlH4.  This study has 

advanced the knowledge of the system, as well as opening clear avenues to investigate the 

system further. 

 

6.2 Future Directions 

 

 The NaH/AlTi-doped rehydrogenation experiment furthered the understanding of the micro-

mechanism of the process, as well as revealed a mobile population of AlH4
- ions.  Further 

experiments could be conducted to investigate the effect of excess aluminum on the mobile 

population.  Currently, the species has only been observed in the presence of the intermediate 

Na3AlH6.  Excess aluminum would facilitate complete conversion to Ti-doped NaAlH4, giving 

insight into the dependency on Na3AlH6. The aluminum deficiency theory could be probed by 

the heat treatment of a mixture of NaAlH4 and NaH, which also creates an Al deficiency and 

should, therefore, lead to the generation of the mobile species. 

 The solvent mediated rehydrogenation of LiH/AlTi-doped to LiAlH4 by THF and DME, 

gave insight into the relative solvent coordination numbers for the respective adducts.  Although 
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computational studies have been performed for the THF adduct formation, currently no studies 

were found in the literature on the DME adduct.  A computational study of adduct coordination 

number and stabilities for a series of ethers would prove insightful.  The investigation of other 

ethers known to facilitate the rehydrogenation, such as Et2O, diglyme, and triglyme by 7Li and 

27Al NMR spectroscopy, would aid in the understanding of this system. 
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