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Abstract 

This work is concerned with the synthesis of precursors to group 13 oxide thin 

films, and the subsequent chemical vapour deposition (CVD) of group 13 mixed 

metal oxide films. Investigations into the mechanisms at work during their 

decomposition via various techniques including gas phase electron diffraction 

(GED) is also discussed. 

 

A wide variety of group 13 alkoxides have been synthesised and characterised and 

described in this thesis. Significant findings support previous investigations showing 

the reaction of trialkyl group 13 complexes [MR3] with an excess of a donor 

functionalised alcohol does not yield a group 13 bis(alkoxide). However, 

compounds of the type [Ga(ORˈ)nCl3-n] (n = 1, 2) have been synthesised using direct 

routes from gallium amido precursors, which are also described herein. In addition a 

wide variety of novel group 13 precursors incorporating a mixture of ligands leading 

to enhanced properties, desirable for CVD are presented. 

 

The gas phase structures of the dimethylalkoxygallanes, [Me2GaOCH2CH2NMe2]2 

and [Me2GaOCH2CH2OMe]2 have been obtained via gas-phase electron diffraction 

from studying the vapour produced upon heating. Ab initio molecular orbital 

calculations are presented for these compounds, as well as the gas phase structure of 

[Me2GaOtBu]2. Only the monomeric forms [Me2GaOCH2CH2NMe2] and 

[Me2GaOCH2CH2OMe] are observed in the gas phase with donor functionalised 

ligands, whereas the dimer [Me2GaOtBu]2 remains intact in the gas phase. 

 

Gallium oxide films were grown via AACVD using a variety of group 13 

precursors. The films deposited were not oxygen deficient and little carbon 

contamination was observed, which is attributed to being a direct result of precursor 

design. Thin films of indium gallium oxide, and zinc gallium oxide were also 

produced from the in situ reactions of InMe3, GaMe3 and HOCH2CH2OMe (for 

GaxIn2-xO3) and ZnEt2, GaMe3 and HOCH2CH2OMe (for GaxZnyO) via AACVD on 

silica substrates. 
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Chapter 1  

Introduction 

 
In recent years there has been increasing interest in gallium and indium alkoxides for 

use as precursors to group 13 oxide thin films. These materials find applications as gas 

sensors, amorphous oxide semiconductors within thin film transistor (TFT) technology, 

as photoelectric coatings and as transparent conducting coatings. Gallium and indium 

alkoxides have been shown to act as excellent precursors to their oxides via 

decomposition processes, at relatively low temperature, using chemical vapour 

deposition (CVD) to form thin films.  

 

The aim of this work is to synthesise and characterise a range of gallium and indium 

alkoxide complexes incorporating donor-functionalised ligands. These group 13 

alkoxides are ideal for use in aerosol-assisted (AA)CVD due to their good solubilities in 

a wide range of organic solvents. This thesis attempts to exploit the full potential of 

CVD by tailoring the properties of the precursor in order to optimise process 

parameters, such as deposition temperature, layer purity, uniformity and evaporation 

temperature. Whilst the initial aim of this work was to develop a range of group 13 

alkoxide compounds, the mechanisms at work during decomposition of precursors was 
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also investigated via various techniques including gas phase electron diffraction (GED), 

and then subsequent CVD was carried out. 

 

1.1. Deposition of thin films 

 
The deposition of thin films is a relatively modern science, having only been explored 

in the past fifty years with expansive development in the last twenty. As it stands 

currently there are a huge variety of thin film deposition techniques readily available. 

Arguably the most popular methods of thin film deposition are CVD, atomic layer 

deposition (ALD) and physical vapour deposition (PVD).  

 

There are a variety of factors to consider before choosing a method, and this choice will 

often depend on the properties of the desired film. Additionally, the choice of precursor 

and precursor source will be important decisions to make and are directly linked to the 

initial choice of deposition method. 

 

The films produced can range from amorphous to epitaxial or polycrystalline in 

structure with the thickness ranging from a few microns in thickness down to a few 

atoms. The thin films can be described as a solid layer of a material, adhered to a 

substrate exhibiting different properties to those of the substrate, which has direct 

implications in making these products technologically important materials. As already 

alluded to there are several routes towards these thin films, solution phase techniques 

include dip coating, spraying and sol gel methodology. However, vapour phase routes 

are now increasingly being employed to prepare high quality thin films, and it is these 

techniques that will be discussed exclusively in this thesis. 

 

There are a large range of reactors and precursor delivery systems currently available, 

these variations are a direct result of developments in CVD which have arisen out of the 

requirements of society. The developments are often made more rapidly when the 

current technique is proving problematic for production of the desired films. For 

example, when coating multiple samples in semiconductor devices or in scaling up 

when coating large surface areas, such as large scale functional coatings on glass.1-4 
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An extensive range of materials are produced using CVD processes with application in 

several areas including; microelectronics, optoelectronics, protective, decorative and 

optical coatings. 

 

1.1.1. Chemical Vapour Deposition 

 
Chemical vapour deposition is essentially the formation of a thin film on a substrate, of 

varying description, by a chemical reaction of vapour phase precursors.5,6 The reaction 

in these instances occurs in the gas-phase, which is what distinguishes CVD from other 

physical vapour deposition processes, such as evaporation and reactive sputtering. With 

CVD the chemical reactions of precursors occur both in the gas phase and on the 

substrate, as outlined below. This thesis presents a study in metal-organic CVD 

(MOCVD) in that it utilizes metal-organic precursors. In the strictest sense 

organometallic compounds contain a direct σ or π metal to carbon bond, but in most 

instances concerning MOCVD the term ‘metal-organic’ is used to include precursors 

containing metal -oxygen, or -nitrogen bonds, which incorporates metal alkoxides, 

metal β- diketonates and metal alkylamides. 

 

In a general overview of the CVD process, one or more of the aforementioned volatile 

precursors are transported in the gas phase into the reaction chamber. This is achieved 

either by sublimation or evaporation of the precursors via heating and introduction to a 

vacuum or bubbling an inert carrier gas through the precursor mixture. Once in the 

reaction chamber a number of gas phase reactions can occur, although little is known 

with respect to the variations in ‘gas phase’ reactions taking place. There are few studies 

in the literature dedicated to elucidating the mechanisms at work in CVD reactors and 

Chapter 3 in this thesis describes the use of gas phase electron diffraction to obtain 

information on the gas phase species. 

 

It is thought that within the reaction chamber gas phase reactions may occur between 

the precursor molecules, and in some cases intermediate species can be formed. These 

gas phase species, chemically changed or otherwise, may be transported to the substrate 

and adsorbed onto the heated substrate. Surface reactions can then take place during 

which further decomposition of the precursors takes place to form the desired material 
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in the form of a thin film. It is during this step that volatile by products of the precursors 

are also formed, which desorb, along with any unrequired ligands, from the substrate 

and are transported out of the chamber via the inert carrier gas, or vacuum, depending 

on the type of CVD being used. Initially, at this stage, the atoms of the film are only 

weakly bound to the substrate and so are free to diffuse across the surface of the film. 

Eventually, and as a result of the heat of the substrate (≥200 °C) these weak van der 

Waals type interactions between the deposited material and substrate are replaced as the 

nucleation of the film occurs with several atoms bonding together. In addition, substrate 

defects act as nucleation points to which further atoms migrate, resulting in the growth 

of clusters of the desired material. The resulting island of material continues to grow, 

forming the film over time. An overview of the process is shown below in Fig. 1.1. 

 

 

Fig. 1.1: Overview of the CVD process. 

 

CVD has a number of advantages when compared to other methods of thin film 

deposition, such as physical vapour deposition (PVD). One of the biggest advantages 

has to be the production of highly dense and pure phase materials when using CVD. 

Additionally, films have excellent adhesion, are uniform and easily reproducible. Along 

with the reasonable deposition costs, the set up of CVD means that a large number of 
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parameters can be quickly and easily changed. Therefore, crystal structure, surface 

morphology and orientation of products can be controlled with ease. Further to this, 

deposition rates can be adjusted, a beneficial factor in regards to industrial scale up. 

 

As already mentioned, CVD can utilise a wide range of precursors and uses relatively 

low deposition temperatures. Furthermore, as CVD is a non line-of-sight process, with 

excellent throwing power it can and is used to coat complex shaped components 

uniformly and to deposit films with good conformal coverage.7 

 

As previously described, the films produced have different properties to those of the 

substrate and are chemically bound to it, so they are strongly adhered to the substrate 

surface.8 These precursors can either be single-source, that is all of the desired film 

components are contained within one precursor or they can be dual source, where more 

than one molecule is employed.  

 

1.1.1.1. Single-Source Chemical Vapour Deposition 

 

It is argued that the single-source precursor approach to thin film production facilitates 

greater control over the stoichiometry of the film and can also create more homogenous 

materials. These, often simple precursors, contain preformed bonds between the 

elements that constitute the material in the film. For example, a gallium alkoxide 

precursor would contain at least one preformed Ga–O bond, ideal for the deposition of a 

Ga2O3 film. A single-source precursor should be simple, volatile, contain all of the 

appropriate atoms required for the film, and ideally these atoms are present in the same 

stoichiometry as in the final film9, that is the stoichiometry of the desired binary product 

(in Ga2O3 the M:O ratio is 1:1.5). 

 

A direct result of including preformed bonds in the precursor is that lower temperature 

growth is possible with the single-source approach when directly compared to dual 

source methods. Additionally it stands to reason that these single-source precursors will 

be more air and moisture stable and therefore less reactive and hence less toxic 

compounds than conventional precursors, such as GaMe3, InEt3 or indeed ZnEt2, to 

name a few examples. 
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Easily removable terminal ligands are essential for clean decomposition of CVD 

precursors, both dual and single-source. Unwanted contaminants, including carbon and 

chlorine often pose problems for the functionality of thin films.10 Equally compounds 

should be volatile and stable in the vapour phase so that they can be transported to the 

reaction chamber. A good example of a single-source CVD precursor is 

[Cl2GaNH(SiMe3)]2, which can be used to make thin films of GaN.11 On heating, the 

compound readily loses its ligands via condensation reactions producing Me3SiCl and 

HCl, resulting in a facile, low temperature and clean deposition route to GaN (Egn. 1.1). 

 

 1. - Me3SiCl

2. - HCl
Ga

N

Cl

Cl
Ga

N

Cl

Cl

Me3Si H

SiMe3H

GaN (1.1)1/2

 

1.1.1.2. Aerosol-Assisted Chemical Vapour Deposition 

 

This thesis presents a study in the design of group 13 alkoxide precursors to gallium and 

indium oxide thin films. The technique used exclusively in this thesis is aerosol assisted 

(AA)CVD, which will be discussed in more depth in Chapter 4. The main advantage of 

using AACVD, over other CVD techniques, is that this system eliminates the need for 

volatile precursors.12 It utilizes an aerosol vaporisation technique13 where the precursor 

is dissolved in a suitable solvent and an aerosol mist is generated.  

 

A piezoelectric transducer creates ultrasonic waves which pass through the solution, this 

produces a wave pattern on the surface of the liquid. When the height of the wave is 

sufficient, the crest of the wave is so unstable that droplets are ejected from the surface 

of the precursor solution, as this builds up it creates an aerosol mist.12 This mist can be 

transported into the reaction chamber by diverting an inert carrier gas through the flask 

containing the precursor solution, to act as a bubbler.  

 

Once in the reaction chamber, the solvent is evaporated and the chain of gas phase 

reactions begins in the production of the desired thin film. A description in fuller detail 
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describing this process, complete with a figure can be found in the introductory section 

of Chapter 4. 

 

1.2. Precursors to CVD 

 
Group 13 alkoxides have been used extensively in organic chemistry, particularly in the 

cross-coupling of aryl-triflates and aryl-halides, specifically utilising the 

intramolecularly donor-stabilised gallium alkoxides. A large number of 

alkylgallium(III) alkoxides, of the type [R3-xGa(ORˈ)x] (x = 1, 2) and homoleptic 

gallium(III) alkoxides [Ga(ORˈ)3]n, have also been reported. It is interesting to note that 

these gallium alkoxides are also intermediates to heterometallic complexes, such as 

[ZnGa2(OR8)]n, which can serve as precursors to ZnGa2O4 materials. More importantly, 

with respect to this project, is the use of these gallium alkoxides as precursors to Ga2O3 

films via various types of CVD, including low pressure (LP)CVD.  

 

The alkoxide ligand is considered as a ‘hard’ base and so therefore shows a preference 

for ‘hard’ metal centres with high oxidation states (Fig. 1.2). The structural data (i.e. 

bond lengths and angles) for a multitude of gallium(III)/indium(III) alkoxide/aryloxide 

complexes has been reviewed as recently as 2003.14-17 The report extensively reviews 

the synthesis, structures and reactivities of these species however, they are at the 

forefront of interest in materials chemistry today. 

 

M M MO

.. .. ..

R

1 e- (σ-bond)

O

..

R

3 e- (pπ-donor)

O R..

..

5 e- (2 pπ-donor)
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O atom is sp3 O atom is sp2 O atom is sp  

 

Fig. 1.2: Molecular orbital diagram showing the different orbital interactions possible 

between a group 13 metal and its respective alkoxide ligand. 
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Many of the known group 13 alkoxide complexes are characterised by a noticeable 

tendency to oligomerise due to the strong metal-oxygen bridges that are formed. 

Oligermerization can be a problem in CVD precursor design, with larger ligand clusters 

having decreased volatility and lower solubility, rendering the compounds poor 

precursors. Donor functionalised alkoxide ligands can act as 1-electron σ-donors, or as 

3- or 5- electron π-donor ligands, as shown in Fig. 1.2. In gallium alkoxides the 

alkoxide ligand cannot act as a two-sided π-donor as it is energetically unfavourable for 

both of the gallium and oxygen centres to be sp hybridised. Studies have shown that π-

bonding contributions in these compounds are small on account of the polar character of 

these bonds and the large size difference between the gallium and oxygen atoms.18,19 

 

Gallium and indium alkoxides are generally of the type [R2M(ORˈ)]n, typically with the 

formation of strong metal-oxygen bridges. Donor functionalised alkoxide/ 

amidoalkoxide ligands will be used to try to reduce oligomerisation, and thus create 

more volatile precursors for CVD. Additionally donor functionalised ligands should 

result in precursors which are less sensitive to air and moisture due to the stabilisation 

of the metal centre, via interactions between the metal centre and the donor atom, 

(usually an oxygen or nitrogen atom). In this thesis, the target compounds initially were 

[R2Ga(ORˈ)]n and [RGa(ORˈ)2], although the latter are expected to be the better 

precursors due to the 1:2 ratio of Ga:O in the complexes (cf. 1:1.5 in M2O3), these 

compounds are discussed in length in Chapter 2. There are very few reports of gallium 

and indium bis(alkoxides) in the literature to date. 

 

M

O

M

O
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R

R

R

L

L
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O

M

O
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R

R

R'

R'

A B  

Fig. 1.3: Centro-symmetric M2O2 ring produced with a monofunctional Rˈ group, A; 

and when a donor functionalised ligand, L, is used, B. 
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The precursors produced from the use of donor functionalised ligands adopt the 

structure of a centro-symmetric M2O2 ring (Fig. 1.3). This dimeric structure is derived 

from two sp
2 hybridised gallium or indium atoms which are bridged by two alkoxide 

ligands forming the aforementioned M2O2 ring. Therefore the first alkoxide ligand 

forms an M-O bond and lies within the equatorial plane of the metal centre. The second 

bridging alkoxide ligand forms a dative covalent M-O bond via electron-pair donation 

from the oxygen atom into a vacant p orbital on the metal and lies axial to the metal 

centre. The situation is reversed for the second gallium or indium metal centre and each 

alkoxide ligand is sp
3 hybridised at the oxygen atom.20 

 

In order to deposit thin films of high quality, there are certain requirements which need 

to be met by the precursor, generally whatever the form of CVD is used the same 

precursor requirements apply. Precursors can be designed for optimal performance, 

dependant on the desired outcome, however, in general the characteristics of an ideal 

CVD precursor are listed below: 

 

• Precursors should have sufficient volatility (for LPCVD and APCVD) to 

generate active gaseous reactant species for achieving suitable growth rates 

within reasonable temperatures. 

• In order to produce thin films, a low deposition rate is required. 

• It is paramount to thin film growth that decomposition occurs below the 

temperature that the substrate would melt or undergo phase transformation. 

• It is essential that precursors are adequately stable at room temperature, and do 

not decompose immediately when transported in the gas phase. 

• Following this, the temperature difference between stable gas phase and 

decomposition for film growth should be considerable to prevent early 

decomposition. 

• Precursors must be free from contaminants. 

• It is vital that precursors decompose cleanly with all by products being removed 

via exhaust. 

• When synthesising precursors for CVD it is important to tailor the design of the 

precursor towards the above optimum requirements. 
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• In addition, precursors should aim to exhibit low toxicity and low risk for safe 

handelling. This, along with the need for precursors to be readily produced in 

high yield and at low cost is paramount for industrial application. 

  

Looking into precursor design and their subsequent use in producing thin films can give 

an insight into the molecular decomposition pathways. However little is known in 

regards to mechanisms at work in CVD processes, with scarce documentation 

comparing precursor performance with film purity.  

1.3. Group 13 oxides 

Group 13 metal oxides play important roles in a variety of applications. Gallium oxide 

has application for gas sensing as well as in catalysis,21 phosphor host material for 

emissive display applications22 and blue light emitting nanowires.23,24 Doped and 

undoped indium oxide thin films are attractive materials for use as transparent 

conducting oxides (TCOs), in applications such as display panels and solar cell 

windows.25,26 

1.3.1. Gallium oxide 

1.3.1.1. Structure 

The function of gallium oxide thin films are able to switch with temperature, as 

discussed below. A variety of techniques have been used to deposit Ga2O3 films for gas 

sensing purposes, these include sputtering methods, sol-gel and MOCVD. To date it has 

been shown that MOCVD processes have the most practical approach to efficient 

preparation of large scale, reproducible and adhesive films with little impurity. 

 

There are five known forms of crystalline gallium(III) oxide, Ga2O3, as summarised in 

Table 1.1. The crystalline structures are the most stable form of gallium oxide, and these 

vary depending on the conditions of their preparation. 
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Table 1.1: Crystal structures of gallium oxide 

Form Crystal structure 

α -Ga2O3 Trigonal R3c 

β-Ga2O3 Monoclininc, C2/m 

γ-Ga2O3 Cubic, Fd3m 

δ-Ga2O3 Cubic, Ia3 

ε-Ga2O3 Orthorhombic 

 

The trigonal and monoclinic forms of this gallium sesquioxide, α-Ga2O3 and β-Ga2O3 

respectively, are the most stable of the five structures.27 In the structure of α-Ga2O3 the 

oxygen ions are in an approximately hexagonal close packed array with all Ga3+ ions 

octahedrally coordinated to O2- ions. In this structure the octahedra share faces and 

edges with each other which consequently brings the metal ions in close proximity with 

one another. This α-phase is known to be metastable. 

 

Differing markedly from that of α-Ga2O3, the structure of β-Ga2O3 exhibits a ‘distorted 

cubic’ close packed array, as shown below in Fig. 1.3.28 The unit cell consists of two 

crystallographically non-equivalent gallium atoms and three non-equivalent oxygen 

ions, with each Ga3+ ion being surrounded by a distorted tetrahedron of oxygen ions. 

Unlike the metastable α-Ga2O3, β-Ga2O3, owing to its low density, is the 

thermodynamically stable phase at room temperature.29  
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Fig. 1.4: The arrangement of Ga and O atoms in β-Ga2O3 (magenta spheres indicate Ga,  

red spheres indicate O). 

 

It is interesting to compare the average bond distances of the two known stable gallium 

oxide structures. The gallium oxygen distances in both the α-Ga2O3 and β-Ga2O3 phases 

are the same, at 2.00 Å, however there is a difference in the O–O distances of 2.80 Å 

and 2.84 Å for the α-Ga2O3 and β-Ga2O3 phases, respectively.27,29 This larger distance in 

the β-Ga2O3 phase is attributed to the packing of atoms, and is the rationale behind the 

lower density of the phase. 

 

1.3.1.2. Application 

Gallium oxide (Ga2O3) is an electrical insulator at room temperature and 

semiconducting above 500 °C.30 Because of these attributes, gallium oxide (Ga2O3) is 

considered to be one of the most ideal materials for application as thin-film gas sensors 

at high temperatures and finds uses in optoelectronic devices.31-33 Additionally it shows 

practical use in monitoring and controlling systems of combustion engine’s waste gases.  

 

This thermally stable material adopts a monoclinic structure, is semiconducting above 

500 °C and at temperatures above 900 °C the electric conductivity changes depend on 
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the concentration of oxygen.34 This sensitivity to oxygen concentration means that 

Ga2O3 can be used as a sensor. Oxygen gas sensors have practical use in monitoring and 

controlling oxygen concentrations in exhaust gases of automobiles, as well as waste 

gases and chemical processes.35 Below 900 °C, gallium oxide thin film operate as a 

surface-control-type sensor to reducing gases, e.g. H2, EtOH and CO.36,37 So by a simple 

change of temperature the function of the sensor can be switched. 
 

As previously alluded to, β-Ga2O3 and amorphous Ga2O3 has received attention as a 

new phosphor host material for thin film electroluminescent (TFEL) devices.22,38,39 β-

Ga2O3 can exhibit up to three different emissions, UV, blue and green depending on the 

dopant and preparation of the sample, this is a direct effect observed after optical 

excitation through the band gap.39 

 

Due to the materials high ion-exchange selectivity and capacity, Ga2O3 can also be used 

as a catalyst.40-42 The large ion capacity also means that the framework can be easily 

doped, giving rise to a host of other functional materials.25-27 Tin doped β-Ga2O3 films 

for example are unique oxide films which are transparent to deep UV light and are 

electrically conductive.43 These commercially desirable materials can be used in such 

applications as UV transparent electrodes for UV light emitting diodes.44 

 

 

1.3.2. Indium oxide 

1.3.2.1. Structure 

Unlike its gallium equivalent, the indium sesquioxide is only found to be stable in one 

crystalline form, with cubic C modification.45 The indium ions are six coordinate with 

the oxygen atoms displaying four coordinate geometry, the unit cell consists of two 

crystallographically non-equivalent indium atoms and one type of oxygen atom. As 

shown below in Fig. 1.4, each indium atom is surrounded by six equidistant oxygen 

atoms, which lie close to the corners of a cube, the two body diagonally opposite 

corners of this cube remain unoccupied. The other crystallographically non-equivalent 

In atom is surrounded by six oxygen atoms which lie close to the corners of a cube 

again, this time leaving the two face-diagonally opposite corners unoccupied. In this 
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polyhedra the In–O distances differ marginally in each arrangement with an average 

bond distance of 2.18 Å. 

 

 

Fig. 1.5: The arrangement of In and O atoms in In2O3 (Purple spheres indicate In,  

red spheres indicate O). 

1.3.2.2. Application 

Due to their high conductivity and high transparency in the visible region transparent 

conducting oxide (TCO) materials are at the forefront of interest today. Indium oxide 

thin films are generally polycrystalline and can be prepared via spray pyrolysis,46 

magnetron sputtering,47 sol gel48 and MOCVD,49,50 to name a few. There is little 

reported in the literature in regards to CVD of indium oxide films, as precursor 

development in the area is relatively untouched. Whilst a recent study has reported the 

use of fluorine to increase precursor volatility in LPCVD,51 subsequent films resulted in 

fluorine contamination. To eliminate the need for volatile precursors, AACVD would 

seem an obvious choice, and yet to date, there is only one study.50 

 

Indium oxide has a direct band gap of 3.75 eV52 for single crystals. Indium oxide can be 

doped with other metals to enhance its electronic properties. Indium tin oxide thin films 

for example are widely used in optoelectronic devices, including flat panel displays,53 
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photovoltaic cells54 and in transparent electrodes for light emitting diodes.55 Doping the 

indium oxide framework with tin can reduce the optical band gap to 3.4 eV,56 making it 

a highly desirable material. 

 

Because of their potential in commercially viable materials, indium oxide thin films, 

either doped or otherwise, are attractive compounds for application in display panels 

and solar cell windows.26 As a direct result of its transparency, conductivity, low 

electric resistivity, chemical stability and excellent adhesion to substrate57 undoped 

indium oxide finds use in industrial and technological applications such as toxic / 

dangerous gas detection in chemical plants. 

 

1.4. Overview 

Over the last twenty years, chemical vapour deposition has been developed into a highly 

advanced and efficient thin film growth technology. It can be argued that some steps are 

yet to be defined58 but methods are developed to the point where basic computer 

simulations are beginning to be able to model the growth rates in a variety of reactor 

geometries. The advances in these film deposition techniques and better analytical 

equipment available has gone hand in hand with the development of highly efficient 

chemical precursors to the desired materials. 
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Chapter 2  

Synthesis of Group 13 Alkoxides 
 

This chapter describes the synthesis and characterization of a range of gallium(III) and 

indium(III) alkoxides. The compounds were prepared with a view to application as 

single-source precursors for the chemical vapour deposition (CVD) of group 13 oxide 

thin films, as discussed in Chapter 4. Section 2.1 gives an overview of known 

gallium(III) and indium(III) alkoxide complexes in the literature. The synthesis and 

characterization of the group 13 alkoxides prepared for this study are discussed in 

section 2.2, with conclusions in section 2.3 and experimental details given in section 

2.4. 

2.1. Introduction 

 
Toward the end of the last century and continuing into the next, the development of 

molecular precursors for metal oxides has become the subject of much study.1,2 

Research into the synthesis of precursors to these materials has expanded hugely in 

order to tailor compounds such that the desired thin film is produced readily at low cost 

and in high purity, with the precursor having sufficient volatility and ability to follow a 

clean decomposition path with all by-products leaving via an exhaust.3-5 
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The focus of this study will be the synthesis of group 13 alkoxide precursors for use in 

the preparation of gallium and indium oxide thin films. The chemical and physical 

properties of these precursors can be fine tuned by altering the structure of the ligand,6 

for example volatility can be increased by substituting fluorinated groups or using 

ligands with larger steric bulk. However these changes to the precursors often lead to 

metal oxide thin films high in carbon and/or fluorine contamination.7 Furthermore, the 

use of bulky alkoxide ligands, or donor functionalised alcohol groups is a popular 

choice to shield metal centres from intermolecular interactions and thus inhibit 

oligomerisation. Oligomerisation is likely to occur around an incomplete coordination 

sphere, rendering the compounds insoluble with low volatility; both properties 

undesirable for CVD.  

 

In 2008 investigations into the advantages of relatively low temperature depositions of 

metal oxide thin films via the use of group 13 alkoxides have reported the production of 

films with little or no carbon contamination.8,9 These studies have incorporated the use 

of donor functionalised alcohols, which have the ability to chelate via an extra donor 

atom incorporated along the carbon chain, this commonly is an oxygen or nitrogen 

atom. In turn these additional donor groups lead to a fully saturated metal centre with 

oligomerisation prevented.10 

 

A range of diorganoalkoxometallanes of gallium and indium of the type [R2MOR']n, 

incorporating donor-functionalised alkoxides have been structurally characterised.9,11-17 

In general, these compounds are synthesized either via the reaction of MR3 with an 

alcohol, or from the salt metathesis reaction of R2MX and M'OR (M' = alkali metal, X = 

Cl, Br, R = Me, Et).18 Interestingly, the reaction of MR3 with excess R'OH usually 

results in the formation of sesquialkoxides,19,20 rather than bis- or tris(alkoxides). 

However, a monomeric gallium bis(alkoxide), [EtGa(OCH2CH2NMe2)2], incorporating 

a donor functionalized alkoxide has been isolated via the reaction of GaEt3 with an 

excess of HOCH2CH2NMe2 under reflux conditions.13 
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2.1.1. Gallium(III) and indium(III) mono(alkoxides) 

 
A number of different methods have been used to synthesise mono(alkoxides) of 

gallium(III) and indium(III).18,21-31 The most common route is the reaction of trivalent 

gallium or indium organometallics, MR3, with alcohols at elevated temperatures, Eqn. 

2.1.27 

MR3 + R'OH 1/2 [R2MOR']2 + RH (2.1)
 

R = Me, Et; R' = alkyl or aryl. 

Salt elimination is another efficient and widely used route for the synthesis of gallium 

and indium mono(alkoxides). This involves the reaction of di-alkyl/aryl metal halide 

complexes [R2MX] (R = alkyl or aryl, M = Ga or In, X = halide) with lithiated or other 

early main group reagents (e.g. LiOR'), Eqn. 2.2. The elimination of the salt provides 

the driving force for the reaction. 

R2MX + LiOR' 1/n [R2MOR']n + LiX (2.2)
 

A third route to group 13 mono(alkoxide) complexes involves amine-alcohol exchange, 

Eqn. 2.3. 

[R2M(NR''2)]n + R'OH 1/n [R2MOR']n + HNR''2 (2.3)
 

Group 13 mono(alkoxides), of the type [R2MOR']n (R = akyl or aryl; M = Ga or In; R' = 

alkyl, aryl), have been structurally characterised for both gallium(III) and indium(III).32 

The electronic and steric properties of both the alkoxide and alkyl/aryl ligands govern 

the structure of these compounds. Gallium and indium alkoxides are generally 

air/moisture sensitive compounds and highly soluble in a range of organic solvents. 

Two main structural types have been identified for gallium and indium alkoxides, either 

dimers with alkoxy bridges or monomers.16 
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Fig. 2.1: Representation of the formation of the M2O2 ring in the formation in 

mono(alkoxides).  

 

The dimeric structure is derived from two sp
2 hybridised M atoms, which are then 

bridged by two alkoxide ligands forming a M2O2 ring, according to Fig. 2.1. Thus, the 

first alkoxide ligand forms an M–O bond and lies within the equatorial, MR2 plane of 

M. The second bridging alkoxide ligand forms a dative covalent M–O bond via electron 

pair donation from O into a vacant p orbital on M and lies axial to the M centre. The 

situation is reversed for the second M and each alkoxide ligand is sp
3 hybridised at O.18 

 

Compounds of the type [Me2M(OR)]n are reported in the literature spanning back over 

50 years (M = Ga; R = Me,33 CH3, CD3, C2H5,
34

 
tBu, nBu, Me, PhCH2,

35-37
 OCy;38 M = 

In, R =  Me,39 CD3,
40 tBu,41 SiMe3

42). These complexes were produced from the reaction 

of MMe3 and ROH. In all cases when M = In, n = 2, however, when M = Ga, n = 3 with 

vibrational data showing trimeric puckered six-membered M3O3 ring systems, with one 

exception, when R = OCy, here n = 2, exhibiting a planar Ga2O2 ring. 

 

Similar complexes of the type [R2Ga(OtBu)]2 (R = CH3,
43 tBu44) were afforded from the 

reaction of GaR3 with one equivalent of tBuOH. Treatment of GaR3 with excess tBuOH 

did not yield any further reaction, this is probably due to electronic rather than steric 

effects, since the strongly electron donating alkoxides in organogroup 13 metal 

complexes generally reduce the reactivity of the M–R bond towards protonolysis.28 

 

There are many known structures incorporating monofunctional alkoxides, yet fewer 

species incorporating donor functionalised alkoxide ligands, which is central to this 

research, are known. The use of donor functionalised ligands helps to stabilise the 
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complexes and can help to achieve dimeric species, as opposed to polymers. The use of 

donor functionalised ligands has resulted in the isolation of dimeric species of group 13 

alkoxides, as outlined below. 

 

The monomeric complexes [Me2Ga(OC(CF3)2CH2NRR')] (R = H, R' = Me, R = H, R' = 
tBu, R = R' = Me) (Fig. 2.2) have been reported and show an interesting four coordinate 

gallium centre. The compounds have been isolated by the treatment of GaMe3 with 

fluorinated aminoalcohols.45 The structure of [Me2Ga(OC(CF3)2CH2NRR')] (R = R' = 

Me), determined by X-ray crystallography, revealed that the four-coordinate gallium 

centre adopts a distorted tetrahedral environment with bond angles in the range 107.6–

125.0°. The Ga–N bond distance of 2.082(2) Å is significantly shorter than the Ga–N 

bond length observed in related dimeric gallium complexes incorporating non-

fluorinated aminoalkoxide ligands, such as [Me2Ga(OCH(CH3)CH2NMe2)]2 (Ga–N 

2.525(2) Å).16 Thus, it appears that the coordinative unsaturation of the gallium atom is 

satisfied by the dative interaction with the nitrogen atom.18 The presence of electron-

withdrawing CF3 groups on the aminoalkoxide, as well as steric repulsion, reduces the 

bridging capability of the oxygen atom and thus preventing dimer formation. The Ga–O 

bond distance of 1.890(2) Å is comparable to that observed in the monomeric 

compound [Me2Ga(OCPh(CH2Ph)CH(CH3)CH2NMe2)].
46 

N

O
F3C

F3C

Ga
Me

Me

R' R

R = H, R' = Me
R = H, R' = tBu
R = R' = Me  

Fig. 2.2: Structure of [Me2Ga(OC(CF3)2CH2NRR')] (R = H, R' = Me, R = H, R' = tBu, R 

= R' = Me). 
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The dimeric gallium mono(alkoxides),  [Et2Ga(OR)]2 have been reported. These 

compounds were prepared from the reaction of GaEt3 with one equivalent of ROH (R = 

CH2CH2NMe2, CH(CH2NMe2)2, CH(CH3)CH2NMe2, C(CH3)2CH2OMe, CH2CH2OMe, 

CH2CH2OMe and CH(CH3)2) under reflux conditions for 24 hours.18 These complexes 

were found to adopt dimeric structures with a planar Ga2O2 ring, with each gallium 

atom adopting a distorted trigonal bipyramidal geometry with the ethyl groups taking 

the equatorial positions and the bridging alkoxide group filling the axial position (Fig. 

2.3). The subsequent use of these precursors to deposit thin films of gallium oxide 

resulted in oxygen deficient films.9 

Ga

O

Ga

O

Et
Et

Et

Et

N

N

 

Fig. 2.3: Structure of [Et2Ga(OCH2CH2NMe2)]2. 

 

More recently, the successful preparation and characterization of dimeric indium 

mono(alkoxides), [Me2In(OR)]2, (R = CH2CH2NMe2, CH(CH2NMe2)2, 

CH(CH3)CH2NMe2 and C(CH3)2CH2OMe) have been reported.14 These compounds 

were synthesised from the reaction of InMe3 with the addition of one equivalent of 

ROH under reflux conditions for 24 hours. As with their aforementioned gallium 

analogues, these complexes, as determined by X-ray crystallography, reveal a 

centrosymmetric planar In2O2 ring. Each indium atom, adopts a distorted trigonal 

bipyramidal geometry with the methyl groups taking the equatorial positions and the 

bridging alkoxide group filling the axial position (Fig. 2.4).  Interestingly, when R = 

CH(CH2NMe2)2, the two nitrogen atoms of the alkoxide ligand interact with both 

indium centres. It is the stabilising effect of these donor fuctionalised ligands that 

enable the isolation of dimeric, and not polymeric species. 
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Fig. 2.4: Structure of [Me2In(OCH(CH3)CH2OMe)]2, left, and 

[Me2In(OCH(CH2NMe2)2)]2, right. 

 

A more recent report of gallium mono(alkoxide) synthesis47 used a variety of donor 

functionalized amino alcohol ligands have been used. The reaction of GaMe3 with ROH 

afforded the corresponding aminoalkoxides of the type [Me2Ga(OR)] (R = 

CH2CH2NHMe, CH2CH2NHtBu, CH2CH2CH2NHMe, CH2CH2CH2NHtBu), and 

[tBu2Ga(OR)]2 (R = CH2CH2NHtBu, CH2CH2CH2NHtBu). The structures of the 

compounds were crystallographically elucidated, showing the monomeric species to 

form intramolecular Ga–N bonds. The dimeric structures had no Ga–N interaction, 

instead forming characteristic Ga2O2 rings (Fig. 2.5). 

 

HN Ga

OY

R

tBu
N
H

Y

O

tBu

H
N

Y

O

Ga Ga
tBu

But
tBu

But

Y = CH2; R = Me, tBu
Y = CH2CH2; R = Me, tBu

Y = CH2, CH2CH2

 

Fig. 2.5: Monomeric structure of [Me2Ga(OR)] (R = CH2CH2NHMe, CH2CH2NHtBu, 

CH2CH2CH2NHMe, CH2CH2CH2NHtBu), left, and dimeric structure of [tBu2Ga(OR)]2 

(R = CH2CH2NHtBu, CH2CH2CH2NHtBu), right.47 
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The majority of gallium and indium mono(alkoxides) reported are dimeric and are 

considered to have lower volatility than required by certain types of CVD. Therefore 

these complexes are often overlooked in favour of more volatile precursors. 

 

2.1.2. Gallium(III) and Indium(III) bis(alkoxides) 

 
There are very few direct paths to gallium and indium bis(alkoxide) compounds 

reported in the literature. These rare species are in contrast to the well-known 

mono(alkoxides) of gallium and indium.18 The reaction of MR3 (M = In, Ga; R = Me, 

Et, etc) with two equivalents or an excess of alcohol does not typically yield the 

expected gallium and indium bis(alkoxide) compounds, [RM(OR')2]n. Instead, reaction 

of MMe3 with an excess of alcohol often results in the formation of sesquialkoxides.32 

 

The structure of a dimeric gallium bis(alkoxide) has been reported. The complex was 

synthesised from the reaction of [GaH3(OEt2)] with two equivalents of tBuOH, a simple 

monodentate alkoxide group.48 The reaction scheme can be seen in Eq. 2.4. 

 

Ga

O

O

Ga

H

OtBuH

tBuO

tBu

tBu

[GaH3(OEt2)]   +   2 tBuOH
– 2 H2 1/2

– Et2O

(2.4)

 

The structure of [HGa(OtBu)2]2 was determined and was found to be dimeric with each 

gallium centre being four-coordinate and approximately tetrahedral (terminal Ga–O 

1.783(4) Å; av. bridging Ga–O 1.906(4) Å). The bridging oxygen atoms were found to 

be in a trigonal planar environment. 

 

The first preparation of a gallium bis(alkoxide) with a chelating alkoxide ligand was 

subsequently reported. The alkane elimination reaction between GaMe3 and one 
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equivalent of the chelating ligand BINOL (2,2ˈ-dihydroxy-1,1,-binaphthyl) led to the 

formation of a dimeric gallium bis(alkoxide), as shown in Scheme 2.1.49 

 

 

OH

OH
GaMe3    +

1) toluene

2) THF

Ga

O

O

Ga

Me

O

THF

O

Me THF

1/2 +  2 CH4

 

Scheme 2.1: Reaction of GaMe3 and  2,2ˈ-dihydroxy-1,1,-binaphthyl. 

 

As with previous studies, initial conclusions suggested that the resultant product 

comprised of a coordination polymer of the type [MeGa((S)-BINOL)]n.
18 THF was used 

in order to break the polymer chains, by coordinating to the gallium centre. From 

recrystallisation in THF the compound, [(THF)MeGa((S)-BINOL)]2, was yielded. This 

structure was found to be dimeric by X-ray crystallography, with each gallium centre 

adopting a distorted trigonal bipyramidal geometry with the THF and O atom of one 

BINOL ligands in the axial positions. Two bridging O atoms from the BINOL ligands 

are in equatorial positions (bridging Ga–O 2.072(4) Å; terminal Ga–O (BINOL) 

1.834(6) Å).18 

 

There are several, recent reports of mixtures of gallium mono and bis(alkoxide) 

compounds. A monomeric gallium bis(alkoxide) incorporating a donor functionalised 

ligand was prepared by the reaction of GaEt3 with an excess of HOCH2CH2NMe2 under 
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reflux conditions.25 Sublimation of the reaction mixture resulted in the isolation of a 1:1 

mixture of [Et2Ga(OCH2CH2NMe2)]2 and the gallium bis(alkoxide) 

[EtGa(OCH2CH2NMe2)2], as shown in Eqn. 2.5. Further studies using similar reagents 

in a 1:6 ratio have all yielded 1:1 mixtures of the gallium mono and bis(alkoxide) 

compounds. Thus, reaction of GaEt3 with six equivalents of ROH (R = CH2CH2NMe2, 

CH(CH2NMe2)2, CH(CH3)CH2NMe2, C(CH3)2CH2OMe, CH2CH2OMe, CH2CH2OMe 

and CH(CH3)2) all yielded mixtures. 

Et Ga
O

O

N

N

Et3Ga
excess

ROH

Me2

Me2

+      [Et2GaOCH2CH2NMe2]2            (2.5)

R = CH2CH2NMe2

 

  

Disubstituted gallium bis(alkoxides) of the type  [ClGa(OR)2], are also already known. 

These compounds can be produced by the reaction of GaCl3 with two equivalent of 

NaOR, as outlined in Scheme 2.2 (R = C(CF3)2CH2NMe2, C(CF3)2CH2C(CH3)NMe).45 

The structure of these compounds are similar to [EtGa(OCH2CH2NMe2)2]
13 with a 

trigonal bipyramidal geometry adopted at the monomeric gallium centre.  
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GaCl3

Cl Ga
O

O

N

N
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CF3

CF3

CF3
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Me
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Cl Ga
O

O

CF3

CF3

Me

N

Me

CF3

CF3
Me

N

Me

R = C(CF3)2CH2NMe2

+ 2 NaOR

R = C(CF3)2CH2C(CH3)=NMe
 

Scheme 2.2: Reaction of GaCl3 and NaOR (R= C(CF3)2CH2NMe2, 

C(CF3)2CH2C(CH3)NMe). 

 

The synthesis and characterization of [MeGa(OR)2]n has been reported from the 

reaction of GaMe3 and either butanol or ethanol in boiling toluene. The reaction evolved 

methane and both of the compounds reported were found to exist as centrosymmetrical 

dimers, which are then connected to form infinite chains.50 

 

[MeIn(OtBu)2]2 is one of the only structurally characterised examples of an indium 

bis(alkoxide) incorporating a monodentate alkoxide.51 Scheme 2.3 below outlines the 

amine/alcohol exchange reaction that takes place in its synthesis. Initially, the amido 

complex [Me(Cl)InN(SiMe3)2]2 was reacted with two equivalents of tBuOH to give the 

indium mono(alkoxide) [Me(Cl)InOtBu]2. Reaction of LiN(SiMe3)2 with 

[Me(Cl)InOtBu]2 followed  by ligand exchange with tBuOH resulted in the formation of 

[MeIn(OtBu)2]2. 
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+ 2 HOtBu  – HN(SiMe3)2

+ 2 HOtBu

+  LiN(SiMe3)2
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O
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O

O

In
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Me
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tBu

tBu

 – 2 HN(SiMe3)2

[Me(Cl)InN(SiMe3)2]2

 

Scheme 2.3: Synthetic route for the formation of [MeIn(OtBu)2]2.  

 

The solid-state structure of [MeIn(OtBu)2]2  comprises of a  dimeric molecule with 

bridging alkoxide groups (In–O–In 103.6(2)°, O–In–O 76.4(2)°).18 The indium centre 

adopts a distorted tetrahedral coordination geometry with the In–O bond lengths to the 

terminal oxygen atoms being 0.12 Å shorter than the bond lengths in the In2O2 ring 

(bridging In–O 2.128(8) Å; terminal In–O 2.006(4) Å).  

 

2.1.3. Gallium(III) and Indium(III) tris(alkoxides) 

 
In recent years there has been increasing interest in group 13 alkoxides, for use as 

precursors to group 13 oxide thin films, for application as amorphous oxide 

semiconductors (AOS) within thin film transistor (TFT) technology, as photoelectric 

coatings and as transparent conducting coatings. These materials can be used singly or 
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together in combination with tin and/or zinc analogues. Indium oxide films are both 

transparent in the visible region of the electromagnetic spectrum and also conductive.52 

 

Gallium and indium tris(alkoxides) have been shown to act as excellent precursors to 

metal oxides, via decomposition processes, at relatively low temperature, in chemical 

vapour deposition (CVD) to create thin films.18 A major problem in the CVD technique 

stems from the large organic groups, that are utilised to increase solubility and/or 

volatility of the precursors, however these synthetic routes routinely lead to carbon, or 

halide incorporation into the films.12 

 

Chlorine contamination is a problem, especially when applied in commercial 

application in production lines. An independent report carried out at Kojundo Ltd.,53,54 

found that in order to eliminate chlorine contamination a further equivalent of base is 

required, however, base contamination then becomes a problem. 

 

A large number of homoleptic gallium(III) alkoxides with the formula [Ga(ORˈ)3]n have 

been reported, however there are relatively few reports on the chemistry of the 

indium(III) alkoxides. There are several routes used to synthesise tris(alkoxides) of the 

form [M(OR)3]n. The first reported attempts involved the reaction of the group 13 metal 

trihalides with sodium alkoxides. The gallium tris(alkoxides), of the type [Ga(OR)3]n 

(where R = Et, iPr), were synthesised via the reaction of GaCl3 with the respective 

NaOR.55,56 [Ga(OiPr)3]n was also reported to have been synthesized by an alternative 

alkoxide/alcohol exchange reaction, where [Ga(OEt)3] and three equivalents of iPrOH 

yielded the gallium tris(isopropoxide).56 Literature reports show the structures of these 

gallium tris(alkoxides) to vary depending on the ligand. For example, many are 

tetramers, whilst [Ga(OtBu)3]2 was shown to be dimeric.57 Interestingly [Ga(OiPr)3] 

exists as an equilibrium mixture of a tetramer and dimer (Eqn. 2.6):  

 
[Ga[(µ-OiPr)2Ga(OiPr)2]3]   2 [Ga(µ-OiPr)(OiPr)2]2   (2.6) 

 

More recently, a new synthetic route has greatly improved the yield of gallium 

tris(alkoxides). The amide/alcohol exchange reaction of [Ga(NMe2)3]2 with three 
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equivalents of ROH resulted in the formation of the homoleptic gallium alkoxides, no 

mixtures were observed.58  However, many of these compounds were isolated as oils 

and only characterised by 1H NMR spectra. The gallium isopropoxide analogue was 

found, by X-ray crystallography to be tetrameric, and related to the In and Al 

compounds, In[(µ-OCHEt2)2In(OCHEt2)2]3 and Al[(µ-OiPr)2Al(OiPr)2]3, 

respectively,59,60 with a formula of Ga[(µ-OiPr)2Ga(OiPr)2]3. Gallium alkoxides of the 

type [Ga(OR)3(HNMe2)] incorporating fluoroalkoxide groups, (R = CH(CF3)2,  

CMe2(CF3),  CMe(CF3)2) have also been prepared from the reaction of [Ga(NMe2)3]2 

and six equivalents of ROH.61 

 

Films of indium oxide have also been reported and were formed via the use of the 

CVD.62-64 There has been interest in the development of suitable precursors to these 

indium oxide films, with tris(acetylacetonato) indium being one compound widely 

investigated.65 Other indium compounds were explored as precursors with little success 

due to various problems, including solubility, and the pyrophoric nature of the 

compounds which caused problems with precursor handling.  

 
Literature reports on the synthesis of gallium tris(alkoxides) and their analogous indium 

tris(alkoxides) differ. There is very little reported on the synthesis of the indium 

analogues. However, indium tris(isopropoxide) has been reported to be synthesised by 

reaction of InCl3 with NaOiPr, and then used as a starting material to make other 

tris(alkoxides) via alcohol/alkoxide exchange reactions (R = Me, Et, nBu, sBu, and 

pentyl) or transesterification (R = tBu).66 Interestingly, the isopropoxide complex was 

reported to have a molecular complexity of four in boiling propanol, with 

oligomerisation occurring due to water contamination. However later reports following 

the same synthetic route showed, via crystallographic analysis, that the cluster 

compound [(InOiPr)5(µ2-O
iPr)4(µ3-O

iPr)4(µ5-O)] was formed.67 This work, as well as 

subsequent reports,23 show that the oxo group was not due to water contamination, but 

the formation of a cluster. 

 
A novel synthetic approach to homoleptic indium alkoxide complexes involved the 

reaction of In[NtBu(SiMe3)]3 with sterically demanding alcohols, ROH (R = OtBu, 

OCMe2Et, OCMe2
iPr). These compounds form simple edge-shared tetrahedral dimers, 
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however the isopropoxide derivative is found to be an insoluble, presumably polymeric, 

compound.59 

2.2. Results and Discussion 
 
Four different routes were attempted towards the synthesis of gallium and indium 

alkoxides incorporating donor functionalised ligands.  

 

The first route (Route 1) involves the reaction of MR3 (R = Me, M = Ga, In) with donor 

functionalised alcohols. As has already been established, the reaction of MR3 with one 

equivalent of RˈOH yields dimeric alkoxymetallanes, of the type [R2MORˈ]2. It was 

hoped that the addition of excess donor functionalised alcohols in route 1 would result 

in the formation of alkyl gallium or indium bis(alkoxides). These complexes would also 

serve as precursors to gallium or indium oxide thin films and could decompose via α- or 

β-hydrogen elimination, minimising carbon contamination in the resulting films. Donor 

functionalised ligands were chosen to increase the volatility of the complexes for 

LPCVD and solubility for AACVD. In the presence of excess alcohol, high 

temperatures were employed in an attempt to synthesise novel group 13 bis(alkoxides). 

Previous attempts to prepare gallium bis(alkoxides) using simple monofunctional 

alcohols have failed and generally result in the formation of gallium mono(alkoxides) or 

sesquialkoxides. Gallium and indium bis(alkoxides), as well as being novel compounds, 

are expected to be superior precursors to the respective metal oxide. The M : O ratio in 

the group 13 bis(alkoxides) are 1 : 2 rather than 1 : 1 as found in the group 13 

mono(alkoxides). A ratio of 1 : 1.5 is required for the resulting M2O3 material and 

therefore the mono(alkoxides) could lead to oxygen deficient films. Furthermore, the 

group 13 bis(alkoxides) incorporating donor functionalised ligands are expected to be 

monomeric and hence more volatile. 
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MR3 + 6 R'OH [RM(OR')2]2 + MeOH Route 1
 

M = In, Ga; R = Me, Et, Rˈ = CH2CH2NMe2, CH(CH2NMe2)2, CH(CH3)CH2NMe2, 

C(CH3)2CH2OMe, CH(CF3)2 and CH2CH2OMe. 

The use of gallium amides (Route 2) for the synthesis of the corresponding alkoxide 

was prompted by the earlier successes of this route.12  

Cl3-nGa(NMe2)2 + x R'OH [Cl3-nGa(OR')n]2 + Me2NH Route 2
 

Rˈ = CH2CH2NMe2, CH(CH2NMe2)2, CH(CH3)CH2NMe2 and CH2CH2OMe). 

The third route (Route 3) followed in this chapter is shown below in Scheme 2.4, and 

was attempted in order to isolate unsymmetrical group 13 bis(alkoxides).  

MCl3 + 2 LiN(SiMe3)3

[Cl(Me)MN(SiMe3)2]n

- 2 LiCl

+ 2 R'OH

- 2 NH(SiMe3)2 O
R'

M

R'
O

M

Cl

Me Cl

Me

O
R'

M

R'
O

M

(Me3Si)2N

Me N(SiMe3)2

Me O
R'

M

R'
O

M

R'O

Me OR'

Me

+ 2 LiN(SiMe3)3

- 2 LiCl

+ 2 R'OH

- 2 NH(SiMe3)2

Step (i)

Step (ii)

Step (iii)

Step (iv)  

M = In, Ga; Rˈ = CH2CH2NMe2, CH(CH2NMe2)2, CH(CH3)CH2NMe2, 

C(CH3)2CH2OMe, and CH2CH2OMe) 

Scheme 2.4: Route 3 – Synthetic route for the formation of group 13 bis(alkoxides). 
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It is proposed that methyl transfer would occur in the first step, according to Scheme 

2.4, as described previously.51 This is an advantage since the final result would be the 

production of group 13 bis(alkoxide) precursors that contain no chlorine. It is 

preferential that precursors do not contain atoms such as chlorine or bromine as they are 

often a source of contamination in the resulting metal oxide thin film. After the initial 

salt elimination step with methyl transfer, a second step involving reaction with two 

equivalents of a donor functionalized alcohol should yield the mono(alkoxide) dimer as 

shown in Scheme 2.4. In a third step, the remaining chloride group is removed via a 

second salt elimination reaction, with a final protonolysis/alcoholysis reaction with a 

simple alcohol yielding a novel group 13 bis(alkoxide). The use of a simple alcohol 

group will not just introduce a ligand that follows a clean decomposition path via β-

hydride elimination, but should also increase volatility, a desired outcome for LPCVD 

precursors. This size difference will hinder efficient packing between molecules and 

thus increase the solubility of the compounds, a desired attribute for AACVD 

precursors. 

 

The fourth route (Route 4) followed in this chapter involves a novel barium chloride salt 

elimination, resulting in the clean formation of group 13 tris(alkoxides). 

MCl3 + 1.5 Ba(OR)2 + 1.5 BaCl2 Route 4M(OR3)
 

M = Ga, In; R = iPr 

2.2.1. Gallium(III) and Indium(III) mono- and bis- (alkoxides). 

2.2.1.1. Reaction of GaMe3 with HOCH2CH2OMe  

The reaction of GaMe3 with six equivalents of HOCH2CH2OMe in toluene under reflux 

conditions for 24 hours afforded a mixture of methylgallium bis(alkoxide) 

[MeGa(OCH2CH2OMe)2] (1a) and dimethylgallium alkoxide 

[Me2Ga(OCH2CH2OMe)]2 (1b). 1H and 13C NMR spectroscopic data confirmed the 

formation of compounds 1a and 1b. 
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GaMe3 + 6 HOCH2CH2OMe    [MeGa(OCH2CH2OMe)2] (1a)     

(Eqn. 2.6)                  +  [Me2Ga(OCH2CH2OMe)]2 (1b)     

____________________________________________+ x CH4 

The reaction shown in Eqn. 2.6 was successfully carried out, which is based on Route 2, 

as previously described. In an attempt to isolate the bis(alkoxide) as the sole product, an 

excess (six equivalents) of alcohol was used, however this resulted in the production of 

the gallium bis(alkoxide) (1a) and the mono(alkoxide) (1b). The peaks in the 1H NMR, 

whilst displaying broad multiplets did show evidence of the production of 1a. Peaks at 

3.83, 3.37 and 3.26 ppm correspond to the OCH2CH2, CH2OMe and O(CH3) 

environments and are in a 14:3 ratio with the peak at -0.22 ppm corresponding to 

GaCH3 which is consistent with the formation of the bis(alkoxide) (1a). Additional 

peaks at 3.81, 3.31 and 3.25 ppm corresponding to OCH2CH2, CH2OMe and O(CH3) of 

the mono(alkoxide) (1b) are in a 7:6 ratio with a peak at -0.21 ppm (GaCH3). The 

gallium atom in 1a is attached to only one methyl group as opposed to three in the 

starting material, GaMe3, which causes a downfield resonance shift of the methyl group 

in the 1H NMR, from 0.03 ppm in GaMe3 to -0.22 ppm in 1a, a peak observed at -0.21 

ppm is also observed for the GaMe2 in 1b. The 13C{1H} NMR spectrum shows two 

close peaks for the GaCH3 environment, at 3.26 and 5.26 ppm, the appearance of these 

peaks would suggest the gallium bis(alkoxide) (1a) as well as gallium mono(alkoxide) 

(1b) is present. Mass spectrometry confirms the presence of fragments consistent with 

the formation of 1a and 1b. 

 

2.2.1.2. Reaction of GaMe3 with HOCH2CH2NMe2 

An analogous reaction of GaMe3 with six equivalents of HOCH2CH2NMe2 in toluene 

under reflux conditions for 24 hours afforded a mixture of the methylgallium 

bis(alkoxide) [MeGa(OCH2CH2NMe2)2] (2a) and the dimethylgallium mono(alkoxide) 

[Me2Ga(OCH2CH2NMe2)]2 (2b) (Eqn. 2.7). Spectroscopic data confirmed the  

formation of compounds 2a and 2b. 

 

GaMe3 + 6 HOCH2CH2NMe2    [MeGa(OCH2CH2NMe2)2] (2a) 

(Eqn. 2.7)     +  [Me2Ga(OCH2CH2NMe2)]2 (2b)

         + x CH4 

110 °C 

24 h 

110 °C 

24 h 
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The reaction shown in Eqn. 2.7 was successfully carried out, which is based on Route 2, 

as previously described. As with Eqn. 2.6, the excess of alcohol used resulted in the 

production of the gallium bis(alkoxide). 1H NMR data shows the methyl group on the 

gallium in 2a (-0.12 ppm) to be significantly more upfield than that of the starting 

material, GaMe3 (0.03 ppm), a similar peak observed at -0.21 ppm can be assigned to 

the corresponding GaMe2 for 2b. Peaks at 3.68, 2.37 and 2.31 can be assigned to the 

environments OCH2CH2, CH2NMe2 and N(CH3)2, respectively, and are in a 20:3 ratio 

with the peak at -0.12, assigned to GaMe indicating the presence of 2a. Similarly peaks 

observed at 3.71, 2.38 and 2.34 ppm (OCH2CH2, CH2NMe2 and N(CH3)2), are in a 5:3 

ratio with the peak at -0.21 ppm assigned to GaMe2 indicating the presence of 2b. The 

appearance of two close peaks for the GaMe environment in the 13C{1H} NMR 

spectrum, at 11.4 ppm (2a) and 11.7 ppm (2b) indicate the mixture of 2a and 2b, as 

observed for 1a and 1b, all peaks in the 13C{1H} NMR show evidence of the formation 

of 2a and 2b.  The mass spectrum also supports the formation of a mixture. A molecular 

peak at 261 corresponds to the bis(alkoxide) 2a, whilst other molecular ion peaks at 

172, 88 and 72 correspond to (MeGaOCH2CH2NMe2), (OCH2CH2NMe2) and 

(CH2CH2NMe2), respectively, which could be due to the presence of either 2a or 2b. In 

the above two examples, it can be concluded that this route does not yield solely the 

gallium bis(alkoxide) but rather yields a mixture of the gallium mono and 

bis(alkoxides), 1a, 2a and 1b, 2b respectively. 

  

2.2.1.3. Reaction of GaMe3 with HOC(CH3)2CH2OMe 

Treatment of GaMe3 with an excess of HOC(CH3)2CH2OMe in toluene under reflux 

conditions for 24 hours afforded [Me2Ga(OC(CH3)2CH2OMe)]2 (3). A white powder 

was isolated after work-up of the reaction mixture from which colourless crystals of 3 

suitable for single crystal X-ray diffraction, were afforded. Analytical and spectroscopic 

data for 3 indicated that the dimeric complex 3 had been isolated (Scheme 2.5).  
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MMe3 + ROH
toluene

- CH4

M

O Me
MeM

O
Me

Me

MeO

OMe

X

X

H3C

CH3

(3) M = Ga, X = CH3
(4) M = In, X = H  

Scheme 2.5: Synthesis of complexes of the type [Me2M(µ-OR)]2. 

Peaks observed in the 1H NMR spectrum at 3.34, 3.11 and 1.17 ppm corresponding to 

the OCH3, CH2 and CH3 groups of the alkoxide ligand respectively, were in a 11:6 ratio 

with a peak at -0.33 ppm assigned to GaMe2. This is consistent with the formation of 

compound 3. Single peaks at 2.5, 27.2, 58.1, 72.6 and 81.7 ppm in the 13C {1H}NMR 

were also consistent with the expected OCCH2, OCCH2, OCH3, OCCH3 and GaCH3 

carbon environments, respectively. FT-IR confirmed the presence of ring modes with 

frequencies at 534 cm-1 which are attributable to characteristic ring modes of the Ga2O2 

unit. In the mass spectrum obtained from a solution of 3 in toluene, the molecular ion 

minus a methyl group peak at m/z = 391 was observed, supporting the proposed dimeric 

structure of the complex. This is further confirmed by intense peaks (m/z = 303 and 

187) corresponding to molecular fragmentation of the dimeric structure. Interestingly a 

large peak corresponding to the ligand fragment (OC(CH3)2CH2CH2OMe2) was 

observed and could provide some evidence of a potential decomposition pathway to 

gallium oxide. Therefore, combination of spectroscopic techniques confirmed the 

isolation of 3, and there was no evidence for the formation of any bis(alkoxide). The 

structure of 3 was also confirmed by X-ray crystallography, the details of which are 

described in section 2.2.1.3.1. 
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2.2.1.3.1. X-Ray crystallographic studies of  [Me2GaOC(CH3)2CH2OMe]2 

(3) 

Table 2.1. Selected bond lengths (Å) and angles (°) for [Me2Ga(OC(CH3)2CH2OMe)]2 
(3) 
 

Ga(1)-O(1) 1.9331(11) Ga(1)-C(6) 1.9672(18) 

Ga(1)-O(1)i 2.0051(11) Ga(1)-C(7) 1.9605(19) 

Ga(1)-O(2) 2.6282(18)   

    

Ga(1)i -O(1)- Ga(1) 102.91(5) O(1)-Ga(1)-C(6) 111.28(7) 

O(1)i -Ga(1)-O(1) 77.09(5) O(1)-Ga(1)-C(7) 115.29(7) 

C(2)-O(1)-Ga(1) 129.07(1) C(6)-Ga(1)-C(7) 127.75(10) 

C(2)-O(1)-Ga(1) 126.14(1) C(6)-Ga(1)-O(1A) 106.56(7) 

C(5)-O(2)-C(4) 112.43(15) C(7)-Ga(1)-O(1A) 105.37(7) 
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Fig. 2.5: X-Ray crystal structure of [Me2Ga(OC(CH3)2CH2OMe)]2 (3). 
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The crystal structure of compound 3 was determined by single crystal X-ray diffraction 

and the results are shown in Fig. 2.5; selected bond lengths and angles are given in 

Table 2.1. Compound 3 crystallised in the monoclinic space group P21/n and lies on an 

inversion centre in the unit cell. It is dimeric in the solid state with the two gallium 

cations and two alkoxide oxygen anions forming a centrosymmetric, planar four-

membered Ga2O2 ring that is common to this type of compound. Each monomeric unit 

is composed of one gallium cation, two methyl groups and a bidentate alkoxide ligand 

which forms a 5-membered gallacycle ring. 

 

Each gallium atom in 3 adopts a distorted trigonal bipyramidal geometry with the 

methyl groups in equatorial positions. The alkoxide [crystallographic O(1)] of one 

bidentate ligand is located in the equatorial position whereas the bridging alkoxide O(1i) 

from the other gallium centre is in an axial position, along with the oxygen atom of the 

neutral methoxy group [crystallographic O(2)]. The equatorial Ga(1)–O(1) bond length 

of 1.9331(11) Å is significantly shorter than the bridging Ga(1)–O(1i) bond distance of 

2.0051(11) Å. The Ga(1)–O(2) distance of 2.6282(14) Å can be attributed to O→Ga 

dative bonding.  

 

The axial bond angle [crystallographic O(1)i–Ga(1)–O(2)] is 148.31(4)°: this large 

deviation from the ideal is due to the constraints of the internal O–Ga–O angle 

[77.09(5)°] in the Ga2O2 ring and the geometry of the bidentate ligand. The sum of the 

bond angles in the equatorial plane of 3 is 354°, which is a measure of the planarity of 

the equatorial groups.  

 

2.2.1.4. Reaction of InMe3 with HOCH(CH3)CH2OMe 

Treatment of InMe3 with an excess of HOCH(CH3)CH2OMe in toluene resulted in the 

formation of [Me2In(OCH(CH3)CH2OMe)]2 (4). An oil was isolated after work-up of 

the reaction mixture from which colourless crystals of 4, suitable for single crystal X-

ray diffraction, were afforded in high yield. Analytical and spectroscopic data for 4 

indicated that the expected dimeric complex of the type [Me2M(µ-OR)]2 had been 

isolated (Scheme 2.5). The reaction of InMe3 with other donor-functionalized alcohols 
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has been previously reported to yield the complexes of type, [Me2In(µ-OR)]2.
14,16,17 

Peaks in the 1H NMR of 4 at 3.95, 3.27, 3.04 and 1.04 ppm are consistent with the 

hydrogen environments at InOCHCH3, OCH3, InOCHCH2 and InOCHCH3, respectively 

and are in a 3:2 ratio with the peak at  0.43 ppm consistent with the InMe2 environment. 

The presence of 5 clean peaks in the 13C{1H} NMR at 79.39, 66.25, 58.04, 20.85 and 

0.99 ppm were consistent with all carbon environments in the mono(alkoxide), 4 

(CHCH2OMe, OCH(CH3), CH2OCH3, InCH3 and InCH(CH3)CH2). In the mass 

spectrum obtained from a solution of 4 in toluene, the molecular ion minus a methyl 

group peak at m/z = 453 was observed, supporting the proposed dimeric structure of the 

complex. This is further confirmed by intense peaks (m/z = 407 and 319) corresponding 

to molecular fragmentation of the dimeric structure. An intense peak for the monomeric 

structure (m/z = 219) is observed, these fragments may arise from the symmetric 

cleavage of the In2O2 ring, during decomposition. A combination of spectroscopic 

techniques confirmed the isolation of 4. The structure of 4 was confirmed by X-ray 

crystallography, the details of which are described in section 2.2.1.4.1. 

 

2.2.1.4.1. X-Ray crystallographic studies of 

[Me2In(OCH(CH3)CH2OMe)] (4) 

Table 2.2. Selected bond lengths (Å) and angles (°) for [Me2In(OCH(CH3)CH2OMe)] 
(4) 
 

In(1)-O(1) 2.107(4) In(1)-C(1) 2.102(7) 

In(1)-O(1)i 2.179(4) In(1)-C(2) 2.092(8) 

In(1)-O(2) 2.584(5)   

    

In(1)i-O(1)-In(1) 105.23(17) O(1)-In(1)-C(1) 87.9(2) 

O(1)i-In(1)-O(1) 74.77(17) O(1)-In(1)-C(2) 92.8(3) 

C(5)-O(1)-In(1) 122.5(4) C(1)-In(1)-C(2) 137.6(3) 

C(5)-O(1)-In(1) 128.6(4) C(1)-In(1)-O(1)i 100.5(2) 

C(3)-O(2)-C(4) 114.8(5) C(2)-In(1)-O(1)i 103.2(3) 
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Fig. 2.6: X-Ray crystal structure of [Me2In(OCH(CH3)CH2OMe)]2 (4). 
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The crystal structure of compound 4 is shown in Fig. 2.6; selected bond lengths and 

angles are also given in Table 2.2 above. Compound 4 crystallised in the monoclinic 

space group P21/c and also lies on an inversion centre in the unit cell. Like compound 3, 

it is dimeric in the solid state with the indium cations and alkoxide oxygen anions  

forming a centrosymmetric, four-membered In2O2 planar ring and the bidentate ligand 

forming a five-membered indacycle ring. The geometry at the indium atoms is very 

similar to that in compound 3 with two methyl groups and an alkoxide oxygen anion in 

the equatorial positions whereas the bridging alkoxide group and neutral methoxy donor 

are located in the axial positions.  

 

The O(1)–In(1)–O(2) bond angle is 144.23(15)°; similarly to 3, the large deviation from 

ideal is due to the bidentate ligand, but the deviation is slightly larger which is probably 

due to the larger ionic radius of indium compared to gallium. As expected, the 

equatorial In(1)–O(1) bond length of 2.107(4) Å is significantly shorter than the axial 

bridging In(1)–O(1') bond distance of 2.179(4) Å. The In(1)–O(2) distance of 2.504(5) 

Å in 4 can be attributed to O→In dative bonding, although interestingly it is shorter than 

the corresponding axial Ga(1)–O(2) distance in compound 3. 

 

The structures of compounds 3 and 4 are similar to related compounds of the type 

[R2M(µ-OR')]2 (R' = donor functionalized group) which have been previously reported; 

all bond lengths and angles are comparable.9,15-17,68 

 

2.2.1.5. The reaction of GaMe3 with HOCH(CF3)2 

The reaction of GaMe3 with six equivalents of HOCH(CF3)2 in toluene under reflux 

conditions for 24 hours afforded the dimethylgallium fluorinated alkoxide 

[Me2Ga(OCH(CF3)2)]2 (5), as a dark brown oil. Spectroscopic data confirmed the 

formation of compound 5. 

 

GaMe3 + 6 HOCH(CF3)2    1/2[Me2Ga(OCH(CF3)2)]  (5) 

     (Eqn. 2.8)     + CH4 
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The reaction shown in Eqn. 2.8 was successfully carried out, which is based on Route 1, 

as previously described. Compound 5 was isolated solely as a gallium mono(alkoxide), 

and there was no evidence for the presence of the bis(alkoxide), despite excess alcohol 

being used. It was hoped that the presence of the electron withdrawing CF3 groups on 

the alkoxide ligand, as well as adding steric repulsion, would reduce the bridging 

capacity of the oxygen atom and thus prevent the dimer formation, much like it does in 

the compound [Me2Ga(OC(CF3)2CH2NMe2].
13 The main peaks in the 1H NMR 

spectrum at 0.20 and 4.46 ppm can be assigned to the GaCH3 and OCH hydrogen 

environments, with a 6:1 ratio being consistent with the formation of the 

mono(alkoxide) 5. Three peaks at 120.0, 71.8 and 1.0 ppm in the 13C{1H} NMR are 

consistent with the carbon environments in 5. Complex NMR spectra suggest that whilst 

the major product is 5, monomers, dimers and tetramers are present in solution. In 1H 

NMR data, a multiplet is observed for GaCH3 at 0.20 ppm, which suggests a mixture of 

products. The peak observed at 0.20 ppm is a downfield shift from the starting material 

GaMe3 (observed at 0.03 ppm). This downfield shift indicates the electron density being 

pulled away from the metal centre and thus the methyl group. The Ga2O2 ring modes 

were observed at 535 cm-1 in the IR spectrum, consistent with the dimeric structure of 5, 

as well as C-F bonds at 1374, 1292 and 1194 cm-1. The mass spectrum shows several 

molecular ion peaks indicating a presence of mixtures in the compound, including 221 

indicating ((CF3)2MeGa), 169 indicating (GaCF3CHO), and 149 ((CF3)2C). 

2.2.2. Gallium(III) mono and bis (alkoxides) via amine-alcohol 

exchange. 

 
The synthesis of gallium(III) mono and bis(alkoxides) was investigated using an amine-

alcohol exchange route shown in Scheme 2.5.  
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GaCl3 + n LiNMe2

1/2 [Cl3-nGa(NMe2)n]2
6, n = 1; 7, n = 2

- n LiCl

1/2 [Cl2Ga(OR)]2 [ClGa(OR)2]

n = 1 n = 2

8, R = C(CH3)2CH2OMe 9, R = CH(CH3)CH2NMe2
10, R = CH2CH2NMe2

+ ROH + 2 ROH

- 2 HNMe2- HNMe2

 

Scheme 2.6: Synthesis of gallium(III) mono and bis(alkoxides) using an amine-alcohol 

exchange reaction based on Route 2. 

 

The first step is the reaction of GaCl3 with either one or two equivalents of LiNMe2, 

resulting in a chlorogallium amide, of the type [Cl3-xGa(NMe2)x]n (x = 1 (6); 2 (7)). The 

second step involved the treatment of 6 or 7 with ROH to produce the mono or bis 

alkoxide (R = OC(CH3)2CH2OMe (8), OCH(CH3)CH2NMe2 (9), OCH2CH2NMe2 (10) 

as detailed in sections 2.2.2.3 – 2.2.2.5. 

 

2.2.2.1. Reaction of GaCl3 with Li(NMe2) 

The reaction of GaCl3 with the dropwise addition of one equivalent of LiNMe2, in 

toluene initially at -78 °C with stirring for 24 hours at room temperature afforded the 

dichloro gallium amide [Cl2Ga(NMe2)]2 (6), as a free flowing white powder in high 

yield (Eqn. 2.9). 1H NMR spectroscopic data confirmed the formation of compound 6. 

  

GaCl3 + LiNMe2    1/2 [Cl2Ga(NMe2)]2 (6) + LiCl      

(Eqn. 2.9) 

 

Stirring, 24h 
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The reaction shown in Eqn. 2.9 was successfully carried out, which is based on Route 2 

as previously described. The 1H NMR of 6 shows of 6 shows one clear peak at 2.76 

ppm corresponding to the single hydrogen environment (-N(CH3)2). A single peak at 

44.0 ppm in the 13C{1H} NMR supports the formation of 6. In the mass spectrum 

obtained from a solution of 6 in toluene, a peak was observed for the molecular ion at 

m/z = 366, supporting the proposed dimeric structure of the complex. This is further 

confirmed by an intense peak at m/z = 297 corresponding to molecular fragmentation of 

the dimeric structure. An intense peak for the monomeric structure (m/z = 148) was also 

observed, these fragments may arise from the symmetric cleavage of the Ga2N2 ring, 

during decomposition. 

 

2.2.2.2. Reaction of GaCl3 with 2 equivalents of Li(NMe2) 

The reaction of GaCl3 with two equivalents of LiNMe2 in toluene initially at -78 °C 

with stirring for 24 hours at room temperature, afforded the chloro-gallium dimethyl 

amide [ClGa(NMe2)2] (7), as a free flowing white powder in high yield (Eqn. 2.10). -

Analytical and spectroscopic data confirmed the formation of compound 7. 

  

GaCl3 + 2 LiNMe2           1/2 [ClGa(NMe2)2]2 (7) + 2 LiCl          

(Eqn. 2.10) 

          

The reaction shown in Eqn. 2.10 is based on Route 2 and compound 7 was successfully 

isolated for use as a precursor. 1H NMR of 7 shows peaks at 2.30 and 2.75 ppm 

corresponding to the terminal and bridging dimethylamido environments seen in 7. In 

the mass spectrum of 7 taken in toluene, a peak was observed for the molecular ion at 

m/z = 387, supporting the proposed dimeric structure of 7. This is further confirmed by 

an intense peak at m/z = 308 corresponding to molecular fragmentation of the dimeric 

structure. This compound was used in situ to produce gallium bis(alkoxides), as shown 

in Route 3 and detailed in sections 2.2.2.4 and 2.2.2.5. 

 

1. Stirring, 30min 

2. 24 h,  
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2.2.2.3. Reaction of 6 with HOC(CH3)2CH2OMe 

The reaction of 6 with one equivalent of HOC(CH3)2CH2OMe in toluene, afforded the 

dichloro gallium alkoxide, [Cl2Ga(OC(CH3)2CH2OMe)]2 (8), as a pale yellow solid 

(Eqn. 2.11). 

  

1/2[Cl2Ga(NMe2)]2 + HOC(CH3)2CH2OMe      

             1/2[Cl2Ga(OC(CH3)2CH2OMe)]2 (8)  

(Eqn. 2.11)      + HNMe2 

          

The reaction shown in Eqn. 2.11 is based on Route 3, as described in section 2.2. 

Analytical and spectroscopic data for 8 was consistent with the formulation 

[Cl2Ga(OC(CH3)2CH2OMe)]2. Peaks observed in the 1H NMR spectrum at 3.60, 2.58 

and 1.48 ppm, assigned to the hydrogen environments OCH3, OCCH2 and  

OC(CH3) ,respectively, provide evidence for the isolation of 8. Corresponding peaks in 

the 13C{1H} NMR at 79.9 (OCCH2) 70.1 (OCCH2), 58.9 (OCH3), 26.1 (OC(CH3)) are 

also consistent with the synthesis of 8. Importantly the shift in 1H NMR of 6 at 2.75 

ppm corresponding to the Ga-NMe2 group, was not present in the 1H NMR spectrum of 

8, indicating there is no mixture of products. The resonance of protons positioned α to 

the donor heteroatom showed a downfield shift in the 1H NMR of 8, compared to the 

free ligand indicating a dative ligand-metal interaction. In the mass spectrum of 8, taken 

in toluene, peaks observed at m/z = 451 and 290 are consistent with molecular 

fragmentation of the dimeric structure. 

2.2.2.4. Reaction of 7 with 2 equivalents of HOCH(CH3)CH2NMe2 

 
The reaction of 7 with two equivalents of HOCH(CH3)CH2NMe2 in toluene under 

reflux conditions for 24 hours, afforded the monomeric chloro-gallium bis(alkoxide): 

[ClGa(OCH(CH3)CH2NMe2)2] (9), as a yellow viscous oil. Analytical and spectroscopic 

data confirmed the formation of compound 9. The reaction is based on Route 3, as 

detailed in section 2.2, shown below in Eqn. 2.12. 
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1/2[ClGa(NMe2)2]2 + 2 HOCH(CH3)CH2NMe2     

       [ClGa(OCH(CH3)CH2NMe2)2] (9)  

(Eqn. 2.12)      + 2 HNMe2 

          

The peaks in the 1H NMR spectrum, show evidence of the production of 9. Peaks were 

observed at 1.31, 2.29, 2.41, 2.49 and 3.95 ppm, corresponding to the OCH(CH3), 

OCHCH2N, NCH3 and OCH(CH3)CH2, and are in a 6:4:12:2 ratio, which is consistent 

with the formation of 9. A downfield shift in the resonance of protons positioned α to 

the donor heteroatom was observed and confirms a dative-ligand metal interaction in 9. 

In the mass spectrum of 9 taken in toluene, a peak is observed for the molecular ion at 

m/z = 309, supporting the proposed monomeric structure of 9. This is further confirmed 

by an intense peak at m/z = 273, corresponding to molecular fragmentation of this 

structure. Interestingly a large peak corresponding to the ligand fragment 

OCH(CH3)CH2NMe2 was observed, which could provide some evidence of a potential 

decomposition pathway to gallium oxide. 

 

2.2.2.5. Reaction of 7 with 2 equivalents of HOCH2CH2NMe2 

 
The reaction of 7 with two equivalents of HOCH2CH2NMe2 in toluene, under reflux 

conditions for 24 hours, afforded the monomeric chlorogallium bis(alkoxide), 

[ClGa(OCH2CH2NMe2)2] (10), as a yellow viscous oil (Eqn. 2.13). Analytical and 

spectroscopic data confirmed the formation of compound 10. 

  

1/2[ClGa(NMe2)2]2 + 2 HOCH2CH2NMe2      

      [ClGa(OCH2CH2NMe2)2] + 2 HNMe2 (10)  

(Eqn. 2.13) 
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The reaction shown in Eqn. 2.13 is based on Route 3, as previously described (section 

2.2). Peaks observed in the 1H NMR spectrum at 2.00, 2.27 and 3.93 ppm can be 

assigned to the NCH3, OCH2CH2N and OCH2CH2N hydrogen environments 

respectively, and are in a 12:4:4 ratio, which is consistent with the formation of 10. As 

with 9, a downfield shift in the 1H NMR in the resonance of protons positioned α to the 

donor heteroatom confirms a dative ligand-metal interaction in 10. In the mass spectrum 

of 10 taken in toluene, a peak is observed for the molecular ion at m/z = 281 which 

supports the proposed monomeric structure of 10. This is further confirmed by intense 

peaks at m/z = 246, 194 and 158 corresponding to molecular fragmentation of this 

structure. Interestingly a large peak corresponding to the ligand fragment 

OCH2CH2NMe2 (m/z = 88) was observed which could provide some evidence of a 

potential decomposition pathway to gallium oxide. Furthermore, it can be concluded, 

the reaction of [ClGa(NMe2)2] and two equivalents of ROH, as reported for the 

synthesis of 9 and 10, provide a clean route to the novel gallium bis(alkoxides). 

 

2.2.3. Unsymmetrical gallium(III) bis(alkoxides) 

The attempted synthesis of unsymmetrical gallium(III) bis(alkoxides) was investigated 

using the four step synthetic route shown in Scheme 2.4 in section 2.2. In light of this 

work a slightly amended Scheme 2.6 details the routes followed in the synthesis 

described in sections 2.2.3.1 - 2.2.3.7. 
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GaCl3 + 2 LiN(SiMe3)2

[Cl2-x(Me)xGaN(SiMe3)2]2

- (3-x) LiCl

+ 2 R'OH
- 2 NH(SiMe3)2

O
R'

Ga

R'
O

Ga

Cl

Y Cl

Y

O
R'

Ga

R'
O

Ga

(Me3Si)2N

Y N(SiMe3)2

Y
O
R

Ga

R
O

Ga

Y

Me Y

Me

+ 2 LiN(SiMe3)3

- 2 LiCl

+ 2 ROH

- 2 R'OH

(11)

Y = Me; R' = OCH(CH3)CH2NMe2 (12), 
OCH2CH2NMe2 (14).
Y = Cl; R' = OCH2CH2NMe2 (13)

Y = Cl; R' = OCH2CH2OMe (15)
Y = Me; R' = OCH2CH2NMe2 (16)

Y = Cl; R = OtBu (17)

x = 0, 1

Step (i)

Step (ii)

Step (iii)

Step (iv)

 
 

Scheme 2.7: Synthetic route for the formation of gallium(III) bis(alkoxides). 

 

It is proposed that methyl transfer would occur in the first step, according to Scheme 

2.7, as with the indium analogue, described previously.51 This is an advantage since the 

production of a group 13 bis(alkoxide) precursor that contains no chlorine would result. 

After the initial salt elimination step (Step (i)) with methyl transfer, Step (ii) involves 

the addition of two equivalents of a donor functionalized alcohol, yielding a 

mono(alkoxide) dimer (Scheme 2.7). In Step (iii), the remaining chloride group is 

removed via a second salt elimination reaction. However, it has been observed that in 

Step (i) the proposed methyl transfer does not always occur, meaning that a chloride 

group can still be present in the compound. Step (iv) involves a protonolysis/alcoholysis 

reaction with a monofunctional alcohol, which results in a novel gallium(III) 

bis(alkoxide). The use of a simple alcohol group in Step (iv) should yield a precursor, 

that, follows a clean decomposition path via β-hydride elimination and is highly 

volatile, both desired outcomes for LPCVD precursors. It was hoped that Step (iv) 

would result in the isolation of an unsymmetrical gallium(III) bis(alkoxide), of the type 

[MeGa(OR)(ORˈ)]2. It is proposed that size difference would hinder efficient packing 
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between molecules and thus increase the solubility of the compounds, a desired attribute 

for AACVD precursors. However, exchange of the donor functionalised alcohol with 

the monofunctional alcohol occurred to afford [Me(Y)GaOR]2. 

 

2.2.3.1. Reaction of GaCl3 with LiN(SiMe3)2 

The reaction of GaCl3 with two equivalents of LiN(SiMe3)2 in toluene, at -78°C 

initially, then under reflux conditions for 24 hours afforded the methyl-chloro-gallium 

amide dimer, [Me(Cl)Ga{N(SiMe3)2}]2 (11). A white viscous liquid was isolated, which 

was purified by sublimation. Analytical and spectroscopic data indicated the formation 

of compound 11, which involved a methyl group transfer from the Me3Si group to the 

gallium centre, as previously reported.51 

  

GaCl3 + 2 LiN(SiMe3)2    [Me(Cl)GaN(SiMe3)2]2(11)     

(Eqn. 2.14)      + 2 LiCl 

          

The reaction shown in Eqn. 2.14 was successfully carried based on Step (i) detailed in 

section 2.2 and Scheme 2.7. A peak observed in the 1H NMR spectrum of the product at 

0.28 ppm corresponds to the N(Si(CH3)3) hydrogen environment and is in a 6:1 ratio 

with a peak at 0.03 ppm consistent with the GaCH3 environment, confirming the 

formation of 11. Peaks observed in the 13C{1H} NMR spectrum for the GaCH3 and 

N(Si(CH3)3, environments at 23.2 and 4.7 ppm, respectively, also support the formation 

of 11. In the mass spectrum of 11 taken in toluene, a peak is observed for the molecular 

ion at m/z = 279 which provides evidence for the proposed dimeric structure of 11. This 

is confirmed by large peaks at m/z = 244 and 201 consistent with fragments of the 

dimeric structure reported for 11. Compound 11 has been isolated for use as a precursor 

as shown in scheme 2.6, and will feature largely in the following sections. 

 

2.2.3.2. Reaction of 11 with HOCH(CH3)CH2NMe2 

Compound 11 was prepared in situ as described in section 2.2.3.1. The dropwise 

addition of two equivalents of HOCH(CH3)CH2NMe2 in toluene, to compound 11 

followed by heating under reflux conditions for 24 hours afforded the dimeric methyl-

1. -78˚C, 30min  

2. 24 h,  
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chloro-gallium alkoxide, [Me(Cl)Ga(OCH(CH3)CH2NMe2)]2 (12). Compound 12 was 

isolated as small colourless crystals after sublimation in a long Schlenk flask over an oil 

bath at 50 °C under a dynamic vacuum. Analytical and spectroscopic data confirmed the 

formation of compound 12. 

  

[Me(Cl)Ga{N(SiMe3)2}]2 + 2 HOCH(CH3)CH2NMe2    

 (11)      [Me(Cl)Ga(OCH(CH3)CH2NMe2)]2 

(Eqn. 2.15)       + 2 HN(SiMe3)2  (12)  

       

The reaction shown in Eqn. 2.15 was successfully carried out, which is based on Step 

(ii) in Scheme 2.6. Evidence of the formation of 12 was obtained from the 1H NMR 

spectrum, with peaks at 4.05, 2.31 and 0.22 ppm which can be assigned to the hydrogen 

environments: OCH(CH3), OCH(CH3)CH2 and N(CH3)2, and are in an overall 4:1 ratio 

with the peak observed at 0.06 ppm which is assigned to the GaCH3 moiety. Five clear 

peaks observed in the 13C{1H} NMR spectrum at 23.0, 48.2, 64.5, 66.3 and 67.8 ppm 

can be assigned to the carbon environments of GaCH3, OCH(CH3), N(CH3)2, 

CH(CH3)CH2 and OCH2(CH3). In the mass spectrum, a molecular ion was observed at 

m/z = 4429, supporting the proposed dimeric structure of 12. This is confirmed by large 

peaks at m/z = 412 and 293 consistent with fragments of the dimeric structure reported 

for 12. 

 

2.2.3.3. Attempted reaction of 11 with HOCH2CH2NMe2 

The dropwise addition of two equivalents of HOCH2CH2NMe2 to compound 11 

prepared in situ (section 2.2.3.1), in toluene under reflux conditions for 24 hours 

afforded the dimeric dichlorogallium alkoxide, [Cl2Ga(OCH2CH2NMe2)]2 (13). 

Compound 13 was isolated as small colourless crystals suitable for single crystal 

diffraction after sublimation in a long Schlenk flask over an oil bath at 50 °C under a 

dynamic vacuum. Spectroscopic and analytical techniques confirmed the formation of 

compound 13. 
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[Me(Cl)Ga{N(SiMe3)2}]2 + 2 HOCH2CH2NMe2   

(11)      [Cl2Ga(OCH2CH2NMe2)]2   (13)  

 (Eqn. 2.16)      + HN(SiMe3)2 

The synthesis of 13 is unusual, a compound of the type [Me(Cl)Ga(OCH2CH2NMe2)]2 

was expected. However, there is no peak in the 1H NMR spectrum of 13 corresponding 

to Ga-Me which suggests that no methyl transfer from the silyl amide had occurred in 

the first step (Step (i) in Scheme 2.6 in the synthesis of 11). As solutions of the 

precursor to this reaction (11) are used in situ it is proposed that in this instance the 

synthesis of 11 produced mixtures of [Me(Cl)Ga{N(SiMe3)2}]2 and [Cl2GaN(SiMe3)2]2. 

Therefore, the reaction of [Cl2GaN(SiMe3)3]2 with two equivalents of HOCH2CH2NMe2 

then results in the formation of compound, 13. In an attempt to grow crystals suitable 

for single crystal analysis 13 was isolated solely and is thought to be the major product. 

Peaks in the 1H NMR are consistent with the production of 13
 only, with peaks at 3.59, 

2.57 and 0.22 ppm being assigned to OCH2CH2, CH2NMe2, N(CH3)2, in a 1:1:3 ratio. 

The 13C{1H} NMR spectra also shows peaks consistent to compound 13; three peaks 

being clearly observed for the carbon environments CH2NMe2,  OCH2 and N(CH3)2, at 

60.2, 57.9 and 44.9 ppm, respectively. In the mass spectrum of 13 taken in toluene, a 

peak was observed for the molecular ion at m/z = 383 which supports the proposed 

dimeric structure of 13. This is confirmed by an additional peak at m/z = 311 consistent 

with a fragment of the dimeric structure reported for 13. 

2.2.3.3.1. X-ray crystallographic study of [Cl2Ga(OCH2CH2NMe2)]2 

Table 2.3. Selected bond lengths (Å) and angles (°) for [Cl2Ga(OCH2CH2NMe2)]2 (13). 

O(1)- Ga(1) 1.9195(19) Cl(1)-Ga(1) 2.2017(8) 

Ga(1)-O(1)i   1.9571(19) Cl(2)-Ga(1)   2.1533(9) 

N(1)-Ga(1)   2.103(2)   

    

O(1)-Ga(1)-Cl(1) 137.84(8) O(1)-Ga(1)-O(1)i 73.68(9) 

O(1)i-Ga(1)-Cl(1) 94.55(7) O(1)-Ga(1)-Cl(2) 110.80(8) 

Cl(2)-Ga(1)-Cl(1) 111.13(4) O(1)i-Ga(1)-Cl(2) 100.59(8) 

O(1)-Ga(1)-N(1) 80.13(9) N(1)-Ga(1)-Cl(1) 94.43(7) 

O(1)i-Ga(1)-N(1) 149.46(9) N(1)-Ga(1)-Cl(2) 103.22(7) 
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Fig. 2.7: X-ray crystal structure of [Cl2Ga(OCH2CH2NMe2)]2 (13). 
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The crystal structure of compound 13 was determined by X-ray crystallography, the 

results are shown in Figure 2.7; selected bond lengths and angles are given in Table 2.3. 

Compound 13 crystallised into the monoclinic, P21/n space group.  As shown in Figure 

2.7, the compound adopts a dimeric molecular arrangement. The centrosymmetric, four-

membered Ga2O2 ring, that is common to this type of complex,51 is planar, and the 

bidentate ligand forms a five-membered ring. Each gallium atom in 13 adopts a 

distorted trigonal bipyramidal geometry with a chlorine atom in each of the two 

equatorial positions. The bridging alkoxide groups are located in both axial and 

equatorial positions, while the nitrogen atom (N1) of the alkoxide group is in the axial 

position with the O1#1–Ga–N1 bond angle to the opposite, axial alkoxide group being 

149.46(9)°. This large deviation from 180° is due to the constraints of the internal O#1–

Ga–O1 angle (73.68(9)°) in the Ga2O2 ring and the geometry of the ligand. The sum of 

the bond angles in the equatorial plane of 13 is 359.77°, which is a measure of the 

planarity of the equatorial groups. The equatorial Ga–O bond length (1.920(2) Å) is 

slightly shorter than the axial Ga–O#1 bond distance (1.9571(19) Å) which is indicative 

of two active bonding Ga–O bond types. The longer Ga–N1 distance (2.103(2) Å) in 13, 

can be attributed to N1→Ga dative bonding.  

 

The structure of compound 13 is similar to related compounds of the type [R2M(µ-

OR')]2 (R' = donor functionalized group) which have been previously reported; all bond 

lengths and angles are comparable.9,15-17,68 In comparison to a similar indium dimeric 

compound, namely: [Me2In(OCH2CH2NMe2)]2,
14 where the bond lengths are all longer. 

In this compound the equatorial In–O bond length is (2.1432(14) Å) and longer than the 

equatorial Ga–O bond length (1.9195(19) Å) is longer in 13. Equally the axial M–O 

bond distance in 13 is shorter than in the equivalent [Me2In(OCH2CH2NMe2)]2 

(2.5161(16) Å for the In analogue and 1.9571(19) Å for the Ga–O axial bond length). 

The longer bond distance in the indium derivative is due to the larger covalent radius of 

indium with respect to gallium and the greater Lewis acidity of indium. 

 

2.2.3.4. Reaction of 11 with HOCH2CH2OMe 

The dropwise addition of two equivalents of HOCH2CH2OMe to compound 11 prepared  

in situ in toluene, under reflux conditions for 24 hours, afforded the dimeric methyl-
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chloro-gallium alkoxide, [Me(Cl)Ga(OCH2CH2OMe)]2 (14). A free flowing crystalline 

solid was isolated after sublimation in a long Schlenk flask over an oil bath at 50°C 

under a dynamic vacuum. Analytical and spectroscopic data indicated that compound 14 

had been formed. 

  

[Me(Cl)Ga{N(SiMe3)2}]2 + 2 HOCH2CH2OMe       

 (11)      [Me(Cl)Ga(OCH2CH2OMe)]2 (14) 

(Eqn. 2.17)      + 2 HN(SiMe3)2 

          

The reaction shown in Eqn. 2.17 was successfully carried out, which is based on Step 

(ii) of Scheme 2.6. The 1H NMR of 14 showed the expected peak corresponding to  

GaMe at 0.05 ppm confirming methyl transfer to the metal centre had occurred. As 

expected. Other peaks observed in the 1H NMR spectrum at 3.72, 3.30 and 3.16 ppm 

corresponding to the OCH2CH2, CH2OMe, O(CH3) hydrogen environments, 

respectively, are in a 7:3 ratio with the peak for GaMe observed at 0.05 ppm. In the 
13C{1H} NMR spectrum of 14 the four environments CH2OMe OCH2 O(CH3) and 

GaMe are observed at 73.1, 62.1, 57.9 and 5.7 ppm respectively. In the mass spectrum 

of 14 recorded in toluene, a peak is observed for the molecular ion at m/z = 388 which 

supports the proposed dimeric structure of 14. This is confirmed by additional peaks at 

m/z = 353 and 276, which are consistent with a fragments of the dimeric structure 

reported for 14. Interestingly a large peak corresponding to the ligand fragment 

Me(OCH2CH2OMe) is observed and could provide some evidence of a potential 

decomposition pathway to gallium oxide. 

 

2.2.3.5. Reaction of 13 with Li(N(SiMe3)2) 

The third step of the synthesis described in Scheme 2.6 (Step (iii)) involves the reaction 

of [Mex(Cl)2-xGa(OR)]2 with two equivalents of LiN(SiMe3)2. When x = 0, 

[Cl2Ga(OCH2CH2NMe2)]2 (13), was prepared, as described in section 2.2.2.6, and used 

in situ to yield [ClGa(OR){N(SiMe3)2}]2. Thus, reaction of [Cl2Ga(OCH2CH2NMe2)]2 

(13) with two equivalents of LiN(SiMe3)2 in toluene with stirring for 30 minutes, then 

under reflux conditions for 24 hours afforded the dimeric chloro-gallium 
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amido/alkoxide [ClGa{N(SiMe3)2}(OCH2CH2NMe2)]2 (15), as a yellow viscous oil 

(Eqn. 2.18). Analytical and spectroscopic data confirm the formation of compound 15. 

  

[Cl2Ga(OCH2CH2NMe2)]2 + 2 LiN(SiMe3)2      

 (13)     [ClGa{N(SiMe3)2}(OCH2CH2NMe2)]2 (15) 

(Eqn. 2.18)     + 2 LiCl 

 

The reaction shown in Eqn. 2.18 was successfully carried out, which is based on Step 

(iii) of Scheme 2.6. In contrast to the 1H NMR of compound 14, no peak corresponding 

to the GaMe hydrogen environment was observed in the 1H NMR of 15. This is further 

evidence of the lack of methyl transfer to the gallium centre that can occur in the 

synthesis of compound 11, in this instance, (Step (i) of Scheme 2.6). Peaks were 

observed in the 1H NMR spectrum of 15, corresponding to the alkoxide and amide 

ligands respectively, observed in a 5:9 ratio which is consistent with the formation of 

15. Peaks at 3.90, 2.31 and 2.24 ppm correspond to the OCH, CH2CH2N and NCH3 

hydrogen environments in the alkoxide ligand, respectively, and are in a 4:4:12 ratio. 

An additional multiplet observed at 0.08 ppm can be assigned to the amide ligand, 

N(SiCH3)2. In the 13C{1H} NMR spectrum taken of compound 15 the four environments 

CH2NMe2, OCH2, NMe2 and N(SiMe3)2 are observed at 62.9, 46.1, 44.9 and 5.4 ppm, 

respectively. In the mass spectrum of 15 recorded in toluene, a peak was observed for 

the molecular ion at m/z = 704 which supports the proposed dimeric structure of 15, 

confirmed by an additional peak at m/z = 474, which is consistent with a fragments of 

the dimeric structure. An intense peak observed at m/z = 352 corresponding to the 

monomeric structure, may have arisen from the symmetric cleavage of the Ga2O2 ring, 

during decomposition. Interestingly a peak corresponding to the ligand fragment, 

OCH2CH2NMe2 was observed and could provide some evidence of a potential 

decomposition pathway to gallium oxide. 

 

2.2.3.6. Reaction of 14 with Li(N(SiMe3)2) 

The third step of the synthesis described in Scheme 2.6 (Step (iii)) involves the reaction 

of [Mex(Cl)2-xGaOR]2 with two equivalents of LiN(SiMe3)2. However, when x = 1, 

compound 14, was isolated, as described in section 2.2.2.7 and used in situ to yield 

1. Stirring, 30min  

2. 24 h,  
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[MeGa{N(SiMe3)2}(OR)]2. The reaction of two equivalents of LiN(SiMe3)2 in toluene 

with a solution of  14, prepared in situ with stirring for 30 min, then under reflux 

conditions for 24 hours afforded the dimeric methyl-gallium amido/alkoxide, 

[MeGa{N(SiMe3)2}(OCH2CH2OMe)]2 (16), as a yellow viscous oil (Eqn. 2.19). 

Analytical and spectroscopic data suggest the formation of compound 16. 

 

[Me(Cl)Ga(OCH2CH2OMe)]2 + 2 LiN(SiMe3)2     

 (14)                [MeGa{N(SiMe3)2}(OCH2CH2OMe)]2 (16) 

(Eqn. 2.19)     + 2 LiCl 

 

As observed in the 1H NMR spectrum of the precursor (14) for this reaction, shown in 

Eqn. 2.19, a peak corresponding to the GaMe hydrogen environment was observed in 

the 1H NMR spectrum of compound 16, at 0.07 ppm. This is further evidence that the 

methyl transfer to the metal centre in the synthesis of compound 11 occurs, in this 

instance, which follows Step (i) of Scheme 2.7 (detailed in section 2.2.3.3). Peaks were 

observed in the 13C{1H} NMR and 1H NMR spectra of 16, for the alkoxide, amido and 

methyl ligands respectively, observed in a 7:18:3 ratio which is consistent with the 

formation of 16. Peaks at 3.79, 3.35 and 3.25 ppm correspond to the OCH2, CH2O and 

OCH3 hydrogen environments in the alkoxide ligand, as well as a multiplet observed at 

0.23 ppm assigned to SiCH3 and a sharp single peak at 0.07 ppm for the GaMe 

hydrogen environment. In the 13C{1H} NMR spectrum of compound 16 peaks are 

observed for the alkoxide and amido ligand carbon environments, CH2OMe, OCH2, 

O(CH3) and N(SiMe3)2 as well as a peak at 5.1 for the GaMe carbon environment (74.1, 

62.0, 58.5, 5.7 and 5.1 ppm respectively). In the mass spectrum taken of compound 16, 

a peak was observed for the molecular ion at m/z = 638 supporting the proposed dimeric 

structure of 16. Peaks observed at m/z = 478, 404, 318 and 74 are consistent with 

fragments of the dimeric structure and with ligand fragments, providing some evidence 

of a potential decomposition pathway to gallium oxide. An intense peak observed at m/z 

= 319 corresponding to the monomeric structure, may have arisen from the symmetric 

cleavage of the Ga2O2 ring, during decomposition. 

 

1. Stirring, 30min  

2. 24 h,  
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2.2.3.7. Reaction of 16 with HO
t
Bu 

The fourth step of the synthesis described in Scheme 2.6 (Step (iv)) involves the 

reaction of [MeGa{N(SiMe3)2}(ORˈ)]2 with two equivalents of HOtBu. It was originally 

proposed that this reaction would yield the unsymmetrical gallium(III) bis(alkoxide), of 

the type [MeGa(ORˈ)(OtBu)], via elimination of HN(SiMe3)2. However, the addition of 

two equivalents of HOtBu to a solution of 16, prepared in situ in toluene with stirring 

for 30 min, then under reflux conditions for 24 hours afforded the dimeric chloro-

methyl-gallium alkoxide, [Me(Cl)Ga(OtBu)]2 (17), as  yellow viscous oil. Analytical 

and spectroscopic data confirm the formation of compound 17. 

  

[MeGa{N(SiMe3)2}(OCH2CH2OMe)]2 (16) 

+ [Me(Cl)Ga (OCH2CH2OMe)]2 (14) + 2 HOtBu     

        [Me(Cl)Ga(OtBu)]2 (17) 

(Eqn. 2.20)       + 2 HOCH2CH3OMe 

 

The formation of the expected product [MeGa(OCH2CH2NMe2)(O
tBu)] did not occur 

and compound 17 was the only product isolated. It is proposed that because compound 

16 was prepared and used in situ as a precursor (Eqn. 2.20), some 

[Me(Cl)Ga(OCH2CH2NMe2)]2 (compound 14) was left unreacted in the flask when 

compound 16 was initially synthesised (from an in situ solution of 14), as described in 

section 2.2.3.6. It follows that, upon the addition of two equivalents of HOtBu (Eqn. 

2.20) to 14, alcohol exchange between HOtBu and OCH2CH2OMe (reaction with 14) is 

more facile than an amine elimination (reaction with 16), and so HOtBu reacts 

preferentially with 14, not with 16, as initially intended (Scheme 2.4, Route 3, Step 

(iv)). Due to the increased sensitivity in air and moisture of 16, when compared with 14, 

it is thought that compound 16 decomposes, as analytical and spectroscopic data show 

no evidence for a mixture of unreacted 16 and the product (17). It is proposed that the 

highly volatile decomposition products of 16 would be removed in vacuo with the 

solvent upon work up of the reaction.  

 

1. Stirring, 30min  

2. 24 h,  
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As observed in the 1H NMR spectra of the precursors (14 and 16) to this reaction, a 

peak corresponding to the GaMe hydrogen environment was observed for compound 

17, at 0.22 ppm. Peaks were also observed in the 1H NMR spectrum of 17 for the 

tertiary butyl group at 1.20 ppm and methyl group hydrogen environment at 0.22 ppm, 

in an 3:1 ratio, consistent with formation of 17. In the 13C{1H} NMR spectrum, two 

peaks, at 80.2 and 48.3 ppm were observed for the two carbon environments in the 

tertiary butyl ligand, as well as a peak at 5.12 ppm for the GaMe carbon environment. In 

the mass spectrum of 17, taken in toluene, a peak was observed for the molecular ion at 

m/z = 384 supporting the proposed dimeric structure of 17. Peaks observed at m/z = 327, 

312, 277 and 257 are consistent with fragments of the dimeric structure and with ligand 

fragments, providing some evidence of a potential decomposition pathway to gallium 

oxide. Despite the inclusion of a chloride group in 17, this compound shows promise as 

an excellent CVD precursor as the tertiary butyl group would decompose cleanly via β-

hydride elimination. 

 

2.2.3.7.1. X-ray crystallographic analysis of [Me(Cl)Ga(O
t
Bu)]2 (17) 

Table 2.4. Selected bond lengths (Å) and angles (°) for [Me(Cl)Ga(OtBu)]2 (17). 

 

C(1)-Ga(1)   1.928(3) Cl(1)-Ga(1)  
 

2.1856(9) 

Ga(1)-O(1)i 
 

1.909(2)   

O(1)-Ga(1)  
 

1.916(2)   

    

O(1)i-Ga(1)-O(1) 
 

79.60(9) O(1)i-Ga(1)-Cl(1) 106.85(7) 

O(1)i-Ga(1)-C(1) 
 

119.53(14) O(1)-Ga(1)-Cl(1)
  

106.44(7) 

O(1)-Ga(1)-C(1) 
 

119.98(13) C(1)-Ga(1)-Cl(1) 117.86(12) 

C(2)-O(1)-Ga(1) 
 

128.46(18) Ga(1)i-O(1)-Ga(1) 
 

100.40(9) 
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Figure 2.8: X-ray crystal structure of [Me(Cl)Ga(OtBu)]2 (17). 
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The crystal structure of compound 17 was determined by X-ray crystallography, the 

results are shown in Figure 2.10; selected bond lengths and angles are given in Table 

2.4. Compound 17 crystallised into the monoclinic, P21/n space group.  As shown in 

Figure 2.10, the compound adopts a dimeric molecular arrangement. The 

centrosymmetric, four-membered Ga2O2 ring, that is common to this type of complex,51 

is planar. The bridging oxygen atoms of the Ga2O2 centrosymmetric ring make up two 

of the corners of the gallium centred terahedra, whilst methyl and chloro terminal 

groups make up the remaining two.  

 

Comparable bond lengths suggest that both methyl and chloro groups are tightly bound 

to both gallium centres (C1–Ga1 1.928(3) Å and Cl1–Ga1 2.1856(9) Å). A slightly 

shorter bond distance is observed between Ga1–Oi (1.909(2) Å) than Ga1–O1 (1.916(2) 

Å), however the difference is not large enough to be indicative of two active bonding 

Ga–O bond types. 

 

The gallium centred tetrahedra are slightly distorted, exhibiting bond angles which vary 

only slightly from the desired 109° seen in typical tetrahedra. The bond angles in the 

tetrahedra show a range of values from 106.44(7) – 119.98(13)° with the exception of 

O1Ga1Oi (79.60(9)°), this large deviation from 109° is due to the steric constraints of in 

the Ga2O2 ring, this can be compared to compound 13 which exhibits an internal Oi–

Ga–O1 angle of 73.68(9)°. 

 

2.2.3.8. Reaction of 11 with HOCH2CH2OMe2 

Reaction of a solution of compound 11, prepared as described in section 2.2.3.1 and 

used in situ, with two equivalents of HOCH(CH3)CH2NMe2, yielded 

[Cl2Ga(OCH(CH3)CH2NMe)]2 (13) (section 2.2.3.3). However, if an excess of alcohol 

is added in Step (iii) of Scheme 2.7, a gallium(III) bis(alkoxide), was isolated which is 

monomeric rather than dimeric, creating a precursor with increased volatility and thus 

enhancing its appeal as a CVD precursor.  
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GaCl3 + 2 LiN(SiMe3)3

[Me(Cl)GaN(SiMe3)2]n

- (3-x) LiCl

(11)

MeGa

O

O

N

N

(18)

+ xs R'OH

- NH(SiMe3)2
- HCl

 

Scheme 2.8: Series of reactions resulting in the production of the monomeric compound 

[MeGa(OCH(CH3)CH2NMe2)2] (18). 

 

As shown in Scheme 2.8, the reaction of excess HOCH(CH3)CH2NMe2 with compound 

11 (prepared in situ) in toluene under reflux conditions for 24 hours, afforded the 

monomeric methyl-gallium bis(alkoxide), [MeGa(OCH(CH3)CH2NMe2)2] (18). Small 

colourless crystals of 18 were isolated after sublimation in a long Schlenk flask over an 

oil bath at 50 °C under a dynamic vacuum of crystallographic quality. Analytical and 

spectroscopic data confirmed the formation of compound 18. 

 

The reaction shown in Scheme 2.8 was successfully carried out, which is based on Step 

(ii) in Scheme 2.7. Evidence for the formation of 18 was obtained from the 1H NMR 

spectrum, with peaks at 3.60, 2.35 and 2.31 ppm which can be assigned to the hydrogen 

environments, OCH2, OCH2CH2 and NMe2, respectively. These peaks are in a 20:3 

ratio to the peak observed at 0.05 ppm which is assigned to the GaMe hydrogen 

environment. Four clear peaks observed in the 13C{1H} NMR spectrum at 61.2, 59.0, 

45.4 and 5.8 ppm can be assigned the carbon environments at CH2NMe2, OCH2, 
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N(CH3)2 and GaMe, respectively. In the mass spectrum of 18 taken in toluene, a peak 

was observed for the molecular ion at m/z = 261, in agreement with the monomeric 

structure of 18. This is confirmed by peaks at m/z = 162 and 88, consistent with 

fragments of the monomeric structure and ligand fragments reported for 18. 

 

Compound 18 was initially formed as a minor product in the synthesis of 

[Cl2GaOCH(CH3)CH2NMe2]2 (13). However after repeating the synthesis, with an 

excess of HOCH(CH3)CH2NMe2, according to Scheme 2.8, spectroscopic data 

supported the formation of 18 in higher yield. The use of compound 11 as an in situ 

reagent means that the yield of this compound can only be estimated. Therefore, 

initially 18 was formed when 11 was reacted with an excess of HOCH(CH3)CH2NMe2.
 

2.2.3.8.1. X-ray crystallographic studies of 

[MeGa(OCH(CH3)CH2NMe2)2] (18) 

Table 2.5. Selected bond lengths (Å) and angles (°) for [MeGa(OCH(CH3)CH2NMe2)2] 
(18). 

 

O(1)-Ga(1)  
 

1.8538(16) N(2)-Ga(1)  
 

2.2250(19) 

O(2)-Ga(1)  
 

1.8554(16) C(1)-Ga(1)  1.983(2) 

N(1)-Ga(1)  2.2424(19)   

    

O(1)-Ga(1)-O(2) 
 

112.46(7) O(2)-Ga(1)-N(2) 
 

82.71(7) 

O(1)-Ga(1)-N(1) 
 

82.34(7) O(2)-Ga(1)-C(1) 
 

124.36(8) 

O(1)-Ga(1)-N(2) 
 

87.60(7) C(1)-Ga(1)-N(1) 
 

99.02(8) 

O(1)-Ga(1)-C(1) 
 

123.18(8) C(1)-Ga(1)-N(2) 
 

99.13(8) 

O(2)-Ga(1)-N(1) 
 

87.22(7) N(2)-Ga(1)-N(1) 
 

161.85(7) 

 


