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Abstract

This thesis is primarily concerned with the synthesis of group 13 pnictides, 

group 13 chalcogenides and mixed-metal chalcogenides. The decomposition 

properties of some of the compounds prepared have also been investigated. Chapter 

1 gives an introduction to techniques used for coating, in particular chemical vapour 

deposition (CVD). Chapter 2 is concerned with group 13 pnictides and the synthesis 

of a number of group 13 silylpnictides are discussed. The properties, preparation 

procedures and uses of bulk and thin film group 13 pnictides are discussed and the 

group 13 silylpnictides synthesised so far in the literature. The main synthetic 

methodologies discussed include dehalosilylation, dealkylsilylation, alkene 

elimination, salt elimination and adduct formation. The decomposition properties of 

some of the compounds prepared are investigated by thermal gravimetric analysis 

and bulk pyrolysis. Vapour-phase deposition studies are carried out in order to test 

the potential of the group 13 silylpnictides as single-source precursors to the group 

13 pnictides. Chapter 3 discusses the properties, preparation procedures and uses of 

bulk and thin film aluminium chalcogenides and the aluminium alkoxides and 

thiolates synthesised so far in the literature. The synthesis of a number of aluminium 

alkoxides and thiolates is described and the decomposition properties of some of the 

compounds produced are investigated. Vapour-phase deposition studies are carried 

out in order to test the potential of the aluminium alkoxides and thiolates as single­

source precursors to aluminium oxide and sulfide respectively. Chapter 4 is 

concerned with mixed-metal chalcogenides and the synthesis of a number of mixed- 

metal alkoxide and thiolates is discussed. The decomposition properties of some of 

these compounds are also investigated.
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1. Introduction

This thesis is concerned with the synthesis of single-source precursors to 

technologically important materials. There is considerable interest in preparing thin 

films of various materials for use in devices. In this chapter, some of the methods 

which may be used to prepare thin films of materials are discussed. In addition, the 

use of single-source precursors in chemical vapour deposition (CVD) is described, 

which is a technique of particular interest for preparing thin films of electronic 

materials.

There are several routes which may be used to deposit thin films of materials. 

Solution phase techniques include dip coating, spraying and sol-gel methodology. 

Increasingly, vapour phase routes are being used to prepare high quality thin films of 

technologically important materials. A thin film is a solid layer of a material on a 

surface, usually a few atoms to a few microns in thickness, which has different 

properties to those of the substrate. The properties of the film are usually 

significantly different to those of the bulk material.

1.1 Physical vapour deposition

Physical vapour deposition (PVD) is a process which involves laying down a 

thin solid film by processes such as evaporation, sputtering and sublimation which do 

not involve gas phase reactions. Molecular beam epitaxy (MBE) is a technique used 

for forming crystalline films which are lattice matched to the substrate. In MBE, 

elemental precursors are evaporated and transported by an ultra high vacuum ( 1 0 ’̂ ® 

Torr).' This leads to the formation of high purity films as pure elemental sources are 

used and the ultra high vacuum leads to low concentrations of gases such as O2 . This 

technique is very precise and single monolayer films may be produced if required. 

The use of a ultra high vacuum makes the technique very expensive.

1.2 Chemical vapour deposition

Chemical vapour deposition (CVD) is a process which involves depositing a 

thin solid film from gas phase reac tio n s .In  general in a CVD reaction, one or more

18



volatile inorganic or organometallic precursors are transported in the vapour phase, 

either in a carrier gas or under vacuum, to the reactor chamber. Within the reactor 

chamber gas phase reactions between the precursor molecules may occur forming 

intermediate species. These species may be transported to the substrate and 

adsorption can occur. Surface reactions take place on the heated substrate during 

which the precursors decompose to form the material of the final film. During 

decomposition of the precursors volatile byproducts are also formed, which desorb 

from the substrate and are transported out of the reactor chamber by either the carrier 

gas or vacuum. The atoms of the film are weakly bound to the substrate, largely 

through Van der Waals type interactions and are thus free to diffuse. The atoms 

diffuse across the surface of the film until nucléation occurs by several atoms 

bonding together, which ultimately leads to growth of the solid film.

o
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Figure 1.1 Overview of the CVD process

There are various different types of CVD process which are used for laying 

down thin films. Some of these processes are described below in more detail.

1.2.1 Dual-source chemical vapour deposition

In CVD reactions to form films with simple compositions, for example 

gallium nitride (GaN), then two precursors are often used (e.g. [McgGa] and NH3 for 

GaN). This type of reaction is termed a dual-source reaction and each precursor
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contains one of the elements of the final film (i.e. [MesGa] is the gallium source and 

NH3 the nitrogen source for GaN).

Dual-source CVD reactions can have a number of problems. It is often hard 

to control the exact stoichiometry of the final film and films are often 

inhomogeneous, such that the composition varies over the surface of the film. 

Usually in a dual-source reaction a large excess of one of the precursors must be 

present, for example a 1000 fold excess of NH3 is used in the formation of GaN. 

These are important factors in the preparation of films for use in electronic devices 

where small variations in the film are not acceptable. High temperatures are often 

used in the CVD process, which limits the range of substrates to be deposited on as 

the substrate must be stable at the temperature used in the reaction. The use of high 

temperatures also tends to lead to the formation of the thermodynamically stable 

phase of the material, although other factors, such as the substrate, are also 

important. Meta-stable phases of materials often have significantly different 

properties to the thermodynamically stable phase. The precursors used in dual-source 

CVD are sometimes very reactive, for example [Me3 Ga] is pyrophoric, this leads to 

problems with handling on a large scale. The precursors may also be toxic, for 

example NH3 , which also causes problems on a large scale. These problems may be 

overcome by the use of single-source precursors which is discussed below.

1.2.2 Single-source chemical vapour deposition

Single-source precursors are compounds that contain all the elements of a 

desired film in one molecule. Often a single-source precursor contains preformed 

bonds between the elements on the film and sometimes the elements are present in 

the same stoichiometeric ratio for the final film. This facilitates greater control over 

the stoichiometry and can lead to films that are very homogeneous. Films with 

compositions which can not be achieved by conventional dual-source routes can also 

be prepared.

Single-source precursors often have a number of other advantages over dual­

source routes. Single-source precursors are often less reactive and less toxic than 

conventional precursors which makes handling less of a problem. Lower
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temperatures are normally needed for the decomposition of single-source precursors 

compared to those required in conventional CVD. This leads to a greater range of 

substrates which may be deposited upon as temperature sensitive substrates may be 

used. The use of lower substrate temperatures may also lead to the formation of 

meta-stable phases as opposed to the thermodynamically stable phase which is nearly 

always formed when high temperatures are used.

If suitable leaving groups are present in a single source precursor then clean 

decomposition may occur, leading to the formation of films with very low levels of 

contamination. It is important that the byproducts formed in the CVD process are 

volatile so that they desorb easily and are transported out of the reactor without 

decomposition. Important requirements of single-source precursors are that they are 

volatile and stable in the vapour phase.

1.2.3 Atmospheric pressure chemical vapour deposition

Atmospheric pressure chemical vapour deposition (APCVD) is carried out 

between atmospheric pressure and 10’̂  Torr. In this process a carrier gas (for 

example N 2 , Ar) is used to transport the precursors which means that the precursors 

must be volatile liquids or low melting point solids. The advantages of APCVD are 

rapid growth rates ( 2  microns a minute) and the ability to coat large quantities of 

substrate cheaply as a reactor may be incorporated into a continuous production line.

1.2.4 Low pressure ehemical vapour deposition

In low pressure chemical vapour deposition (LPCVD) a partial vacuum (less 

than 10’̂  Torr) is used to transport the precursors to the reactor chamber. No carrier 

gasses are needed although reactive gasses (for example H2 , NH3 ) may be added 

which react with the other precursors. LPCVD apparatus is more expensive that that 

used in APCVD because a vacuum is used. LPCVD is more time consuming and 

cannot be used for high volume applications. Less volatile precursors may be used in 

LPCVD than APCVD as the low pressure used aids volatility.
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1.2.5 Metalorganic chemical vapour deposition

Metalorganic chemical vapour deposition (MOCVD), is a dual-source 

technique that involves the use of a metal source which contains a M-C bond, for 

example [MesGa]. Organometallic Chemical Vapour Deposition (OMCVD) involves 

the use of an organometallic compound as a precursor, for example [Et2 GaNH2 ]3 . 

Vapour phase epitaxy (VPE) is a CVD process in which an epitaxial film that is 

crystalline and lattice matched to the substrate is formed. Often VPE processes use 

either metal organic or organometallic precursors (MOVPE and OMVPE).

1.3 References

1. G. B. Stringfellow, Rep. Prog. Phys., 1982, 45, 469.

2. M. L. Hitchman & K. F. Jensen, Chemical Vapour Deposition^ Academic 

Press, London, 1993.

3. W. S. Rees Jr. Ed, CVD o f Nonmetals, VCH Publishers, New York, 1996.
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2. Group 13 pnictides

2.1 Introduction

Group 13 pnictides (ME where M = Al, Ga, In; E = N, P, As, Sb) exhibit a 

wide range of electronic and optoelectronic properties.' These materials adopt either 

a cubic (zinc blende) or hexagonal (wurtzite) zinc sulfide structure.^’̂  The 

thermodynamically stable phase of group 13 nitrides is hexagonal,'' although they 

can also adopt a meta-stable cubic structure. Group 13 phosphides and arsenides 

normally crystallise in a thermodynamically stable cubic phase.^

•  Ga Q n

Figure 2.1 The cubic (zinc blende) structure of GaN

Figure 2.2 The hexagonal (wurtzite) structure of GaN
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The cubic (zinc blende) structure, shown for gallium nitride in Figure 2.1, 

consists of two interpenetrating cubic close packed lattices of, in this case, Ga and N 

atoms displaced with respect to each other. The atoms are four coordinate, each 

occupying the tetrahedral sites on the others lattice. The hexagonal (wurtzite) 

structure, shown for gallium nitride in Figure 2.2, is similar to the cubic structure but 

consists of two interpenetrating hexagonal close packed layers as opposed to cubic 

close packed layers.

Group 13 pnictides form a continuous alloy system (InGaE, InAlE and 

AlGaE where E = N, P, As). In the nitride alloy system the direct band gaps range 

from 1.9 eV for indium nitride to 6.2 eV for aluminium nitride.^ These alloy systems 

are suited to a wide range of applications as the band gap can be tuned to suit the 

needs of a particular function by altering the stoichiometry of the material.

In this project the synthesis of new single-source precursors to aluminium 

nitride (AIN), gallium nitride (GaN), indium nitride (InN) and gallium arsenide 

(GaAs) was attempted and their thermal decomposition properties investigated.

2.1.1 Group 13 nitrides

Group 13 nitrides (AIN, GaN and InN) are well known technologically 

important materials with a wide range of potential applications. The chemical and 

physical properties of these materials have been known for a number of years.^ Their 

semiconducting properties make them potentially useful for optoelectronic devices in 

the green, blue and ultraviolet range such as light-emitting diodes or laser diodes.^ 

Group 13 nitrides also have various other properties and potential applications, as 

described below. ̂

Aluminium nitride

Aluminium nitride is of interest because it is a hard and refactory material 

(hardness between corundum and diamond, melting point 2400 °C), chemically inert 

and a piezoelectric material with a high acoustic velocity.^ It also possesses a high 

intrinsic thermal conductivity’  ̂and a thermal expansion coefficient similar to that of
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silicon and gallium arsenide. ̂  ' Potential uses of AIN include as passive barrier 

layers, high-frequency acoustic wave devices,^’ high temperature windows, 

protective coatings for high temperature m a t e r i a l s a n d  dielectric optical 

enhancement layers in magneto-optic multilayer structures.

Gallium nitride

Interest in GaN is due to its band gap of 3.4 eV,^  ̂high ballistic electron drift 

v e l o c i t y , h i g h  acoustic velocity, and piezoelectric properties. Potential 

applications of GaN include blue,^ violet-blue,’̂  violet and ultra-violet light-emitting 

diodes,^’̂ blue semiconductor lasers,'^ photoconductive ultraviolet s ensor s , ^meta l  

semiconductor field effect transistors,^^ high frequency and microwave power 

devices ’  ̂and acousto-optic applications. ’ *

Indium nitride

Interest in InN stems mainly from its band gap of 1.9 eV.^'’ Potential 

applications include ohmic contacts in integrated circuits,^^ optoelectronic devices 

operating in the visible range,^'’ low cost solar cellsf^ and electrochromic devices.^'’

Nitride Alloys

The continuous alloy system formed by hexagonal group 13 nitrides (InAlN, 

InGaN, AlGaN) provide excellent materials for band gap engineering. This has lead 

to extensive use of these materials in electronic applications including violet,^^’̂  ̂

blue^^’̂ ’̂̂  ̂and blue-green^^ light emitting diodes, heterojunction bipolar transistors,^^ 

high electron mobility transistors^’’ and heterostructure field effect transistors.^’

2.1.2 Group 13 arsenides

Group 13 arsenides (AlAs, GaAs and InAs) are technologically important 

materials of particular interest for use in semiconducting applications. Gallium 

arsenide is used in applications such as infra-red lasers and light emitting diodes.^^
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The continuous alloy system formed by group 13 arsenides (InAlAs, InGaAs, 

AlGaAs) are excellent materials for band gap engineering.^^ The addition of A1 to 

GaAs leads to the formation of AlGaAs which is used in red or IR light emitting 

diodes. The alloy Ino.5 3 Gao.4 7 As is lattice matched to indium phosphide (InP) and 

with a band gap of 0.75 eV is a useful detector for IR applications.

2.1.3 Synthesis of bulk materials by dual-source routes

Group 13 nitrides

Aluminium nitride may be prepared by direct reaction of the elements^"  ̂or by 

the reaction of aluminium metal with ammonia (NH3 ) at high temperatures. 

Gallium nitride may also be prepared by the reaction of gallium metal with NH3 , as 

summarised in Eq. 2.1

600 °c
2 Ga + 2 NH3 -------------- ► 2 GaN + 3 H2  (2.1)

Other gallium sources, for example [Ga2 0 3 ],̂  ̂ [NH4 ]3 [Gap6 ],̂  ̂ gallium 

halides (e.g. [GaCl3 ])̂  ̂ and [Ga/Li]"^̂  have been used at temperatures between 900 

and 1000 °C. Aerosol-assisted vapour phase synthesis of GaN powder using 

[Ga(N0 3 )3 ] and NH3 at 1000 °C has also been carried out."̂  ̂ Preparations using such 

high temperatures result exclusively in the formation of the thermodynamically 

stable hexagonal phase of AIN or GaN. To produce the meta-stable cubic phase, 

lower temperature routes must be used. Although, there has been speculation that the 

structure of single-source precursors can affect the phase of the material formed. 

Cubic phase GaN has been prepared at temperatures above 250 °C by the reactions 

of gallium, gallium iodides or gallium imide-iodides in supercritical ammonia in the 

presence of NH4 X (where X = Cl, Br,

Indium nitride was first prepared using an electrical discharge between 

indium electrodes through a mixture of liquid NH3 and liquid nitrogen."^  ̂ Indium 

nitride is thermally unstable and starts to decompose with loss of N2  at temperatures 

below 600 °C, therefore, conventional high temperature synthetic approaches cannot
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be used.^ Indium nitride can be prepared by heating [NH4 ]3 [InF6 ] in a NH3 stream/'^ 

Indium nitride may also be prepared by reducing and nitriding indium oxide, as 

shown in Eq. 2.2.

630 °c
InzOg + 2 NH3  ------------------ ► 2 InN + 3 H2 O (2.2)

Group 13 arsenides

Group 13 arsenides are prepared by direct reaction of the elements at high 

temperature and in some cases high pressure.

The use of silylpnictides as precursors to arsenides via a dehalosilylation 

route (i.e. elimination of Me3 SiX) was first demonstrated in 1989."̂  ̂

Tris(trimethylsilyl)arsine, As(SiMe3 )3 , was reacted with gallium and indium halides 

to give GaAs and In As respectively, as shown in Eq. 2.3.

[MX3 ] + As(SiMe3 ) 3   ► MAS + 3 Me3 SiX (2.3)

M = Ga, X = Cl or Br; M = In, X  = Cl

The metal halide and As(SiMe3 ) 3  were reacted in solution yielding a coloured 

solid which was then heated (300 - 500 °C). Gallium arsenide of 96% purity and 

indium arsenide of 98% purity (by elemental analysis) was produced with low levels 

of silicon contamination (< 0.7%). It has also been reported that a similar route can 

be used to prepare AlAs."*̂  Recently, InAs of up to 99.96% purity with an average 

particle size of 90 Â, has been formed from the reaction of [lnCl3 ] and As(SiMc3 )3 .'̂  ̂

This reaction has since been modified in an attempt to form nanocrystalline 

GaAs."^*’"̂  ̂ If the reaction between [GaCl3 ] and As(SiMe3 ) 3  was carried out at reflux 

in quinoline (240 °C) the average particle size was found to be 45 A x 35 Â (by 

TEM)"^  ̂and in decane (180 °C) an average particle size of 30 A was achieved."^  ̂ In 

addition, GaAs with particles that range in size from 2 0  to 80 A has been prepared by 

the reaction of [Ga(acac)3 ] and As(SiMc3 ) 3  in refluxing triethylene glycol dimethyl 

ether (216 °C).
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2.1.4 Synthesis of bulk materials by single-source routes

The use of single-source precursors for the preparation of group 13 pnictides 

has two potential advantages. Firstly, materials with the meta-stable cubic structure 

may be formed. It has been suggested that cubic phase group 13 nitrides have quite 

different properties to those exhibited by the hexagonal phase.^ It is thought that the 

cubic phases of the group 13 nitrides exhibit superior electronic properties and that 

they may be easier to dope. Secondly, the use of single-source precursors could result 

in materials with nano-sized particles. The preparation of nanocrystalline group 13 

pnictides is of interest because of their unique chemical and electrical properties.^^ It 

has been observed that the band gap increases with decreasing particle size, this is 

thought to be due to quantum confinement effects.

Numerous single-source precursors to group 13 pnictides have been 

investigated over the past 40 years and several comprehensive reviews of this area 

have been carried out.^’̂ '̂  In this section, relevant precursors are discussed in detail.

Group 13 nitrides

The preparation of bulk AIN has been reported using the single-source 

precursors [Al(NH2 )NH]x (1)^’̂  ̂and [AIH3 (NMc]}]] (2).^’̂ "̂ Because the pyrolysis of 

1 and 2 involved heating the sample at high temperatures in an NH3 atmosphere it is 

not clear whether they are true single-source precursors. The single-source precursor 

[CI2 A1 {NH(SiMc3 )} ] 2  (3) is known to yield bulk AIN via the polymeric intermediate 

[ClAlNHJn (4), as shown in Equations 2.4 and 2.5. In a further study, 3 was 

isolated and characterised crystallographically.^^ Thermal gravimetric analysis 

(TGA) of 3 was also carried out and showed weight losses due to the elimination of 

Me3 SiCl and HCl, which reinforces the proposed reaction pathway.^'

T > 200 °C
[Cl2 Al{NH(SiMe3 ) } ] 2   ► [ClAlNHJn + MegSiCl (2.4)

T > 500 °C
[CIAINH], ------------------------► AIN + HCl (2.5)
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Pure hexagonal GaN has been prepared by the thermal decomposition of 

[Ga{N(SiMe3 )2 }(OSiMe3 )2 (py)] (5) at temperatures below 350 The first single­

source precursor to cubic GaN, namely [H2 GaNH2 ] 3  (6 ), was prepared by the 

reaction of [GaH3 {NMc3 }] with NH3 .̂  ̂The powder X-ray diffraction patterns of the 

GaN produced from 6  suggests that the material consists of nanocrystals with a 

random arrangement of an equal number of cubic and hexagonal planes/^ This 

mixed cubic/hexagonal material was found to slowly convert to hexagonal GaN after 

prolonged heating at 900 °C, with 50% conversion observed after 120 h. Pure cubic 

GaN could be prepared from 6  by the addition of a small amount of NH4 I, in the 

presence of NH3 .̂  ̂This process was found to be highly temperature dependent with 

pure cubic GaN formed between 200 and 350 °C but mixtures of hexagonal and 

cubic GaN observed over 350 °C. The gallium imide [Ga(NH2 )3 /2 ]n (7), prepared by 

the reaction of [Ga(NMc2 )3 ] 2  with NH3 , has been thermally decomposed to form a 

similar mixed cubic/hexagonal m a te r ia l.A  Raman study carried out on materials 

prepared from 7 confirmed that at high decomposition temperatures the hexagonal 

phase is dominant.^' Colloidal GaN quantum dots have also been prepared from 7 by 

decomposition in trioctylamine at 360 °C and then dispersion of the resulting 

nanocrystals in a nonpolar s o lv e n t.T h e  effect of the precursor route and 

decomposition temperatures used on the photoluminescence of the GaN produced 

found that stronger photoluminescence was observed when lower temperatures were 

used.^^

Low temperature single-source precursors provide very suitable routes to InN 

due to the thermal instability of InN at temperatures often used in conventional 

synthesis. The indium amide [In(NH2 )3 ] decomposes at around 200 °C yielding a 

material which when annealed at 415 °C is identified as crystalline InN.^ The indium 

azides, [R2 lnN3 ] (where R = 'Pr, ^Bu) have been used to prepare crystalline InN in 

refluxing diisopropylbenzene (b.p. 203 °C).^ It was found that when H2NNMe2  was 

present in the reaction mixture, polycrystalline InN fibres with diameters around 20 

nm and lengths in the range 1 0 0  - 1 0 0 0  nm were produced.
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Group 13 arsenides

Relatively few single-source precursors to GaAs powders have been 

investigated compared with the number used to prepare GaN powders. This is 

probably due to the success of dual-source routes to nanocrystalline GaAs (see 

section 2.1.3) which may be altered to produce different particulate sizes and the 

absence of a meta-stable phase. The first single-source precursor used to form 

nanocrystalline GaAs powders was the monomeric compound 

[(r|^-Cp*)2 Ga{As(SiMe3 )2 }] (8 ).̂  ̂ Nanocrystalline GaAs with an estimated average 

particle size of 60 Â was formed when 8 was reacted with ^BuOH, according to Eq. 

2 .6 .

[(Ti’-Cp*)2 Ga{As(SiMe3 )2 }] + 2 ’BuOH --------- ► 2 GaAs + 2 Cp*H (2.6)
+ 2 ‘BuOSiMe3

A polymeric single-source precursor with an As:Cl:Ga ratio of 1:3:2, namely 

[AsCl3 Ga2 ]n (9), decomposes via a novel reaction pathway giving GaAs of 93% 

purity, according to Eq. 2.7.^  ̂ The decomposition of 9 provides a low temperature 

route to GaAs with no contamination from group 14 elements which, is important for 

the preparation of device quality semiconducting materials.

400 °r
1/n [AsClgGazln — ' GaAs + GaClg (2.7)

Recently the hydride containing complex, [H2 Ga{As(SiMe3 )2 } ] 3  (10), has 

been used to prepare nanocrystalline GaAs with an average particle size of 34 Â, 

according to Eq. 2.8.^  ̂ Although the thermal instability of the Ga-H bond was 

expected to enhance the decomposition route shown in Eq 2.8, the final material 

contained a As:Si ratio of 4.2:1 (by elemental analysis), which was probably due to 

minor decomposition pathways.^^

1. X ylene/140 °C
[H2 Ga{As(SiMc3 )2 } ] 3  ---------  ̂  ► 3 GaAs + 6  HSiMc3  (2.8)
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2.1.5 Preparation of thin films by dual-source routes 

Group 13 nitrides

The CVD of AIN has traditionally been carried out using either an aluminium 

halide^^’̂  ̂ or trimethylaluminium^^’̂  ̂ as the aluminium source and NH3 as the 

nitrogen source. High substrate temperatures (typically in excess of 1000 °C) are 

necessary because of the high thermal stability of NH3 . This leads to a high level of 

nitrogen vacancies in the deposited film, even when a 2000 fold excess of NH3 is 

used. A study into the mechanisms, which lead to nitride growth, found that it occurs 

by a complex series of reactions.^^ The requirement for very high substrate 

temperatures seriously limits the choice of substrate. This has led to a need for 

precursor systems, capable of depositing AIN at lower temperatures, thus increasing 

the range of substrates that may be coated. One approach is to use different 

deposition techniques. One of the simplest is photochemical vapour deposition, in 

which, the gas flow leading into a CVD experiment is irradiated with short 

wavelength radiation. It has been used to produce thin films of AIN at temperatures 

between 600 and 950 This technique exploits the reactivity of the

photochemically generated radicals allowing lower temperature deposition. Other 

techniques used to grow AIN films at temperatures between 300 and 700 °C include 

switched atomic layer epitaxy,electron cyclotron resonance plasma-assisted CVD^^ 

and reactive sputtering.A nother approach is to use a nitrogen source which 

decomposes at lower temperatures. Hydrazine (N2 H4 ) has been used to grow films at 

temperatures as low as 220 °C, however, its use is limited due to low stability and 

very high toxicity. Primary amines (e.g. ^BuNH] and 'PrNHi),^ '̂^^ as well as azides 

(e.g. Me3 SiN3 ),̂  ̂ have also been used to prepare thin films of AIN at substrate 

temperatures between 400 and 600 °C and lower ratios of N:A1. However, the films 

produced contained high levels of carbon impurity (up to 11%). Molecular beam 

epitaxy (MBE) and organometallic vapour phase epitaxy (OMYPE) have also been 

used to prepare thin films of group 13 nitrides and have been reviewed recently.

Like AIN, thin films of GaN have traditionally been prepared by the reaction 

of either gallium halides^^ or trimethylgallium^’̂  ̂ and NH3 and therefore the same 

problems of high substrate temperatures (although the temperatures involved are not
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as high as for AIN) and large N:Ga ratios are encountered.^^ Lower temperature 

routes which involve the use of gallium halides and NH3 have also been 

investigated.^^ The largest barrier to producing device quality films of GaN is the 

large lattice mismatch between GaN and the substrates. Films grown on poorly 

lattice matched substrates are generally polycrystalline island-like with poor 

morphology and are often cracked due to thermal strain.^ To overcome the problem 

of lattice mismatching, buffer layers (such as AIN, SiC)*  ̂ are commonly used. This 

improves the films crystallinity, morphology, electrical and optical properties. As 

with AIN films alternative techniques such as electron cyclotron resonance 

microwave plasma-assisted molecular beam epitaxy^ ̂  and radio frequency reactive 

sputtering have been used.^^ Alternative gallium^^ and nitrogen sources,^^ have also 

been used to prepare GaN films at lower temperatures, although, not with as much 

success as for AIN films.

Growth of high quality InN films is more difficult because of the low 

decomposition temperature of InN. To overcome this limitation, low substrate 

temperatures (< 600 °C) and various growth techniques including radio frequency 

reactive sputtering,microwave-excited MOCVD,^^ laser-assisted CVD^^ and 

MBE.^* Thin films of InN have been grown by the use of [InCls] and NH3 at 

substrate temperatures of between 500 and 700

Group 13 arsenides

Traditionally, GaAs films are prepared by a dual-source CVD reaction 

involving [Mc3 Ga] and ASH3 with a substrate temperature of 700 However,

the toxic and pyrophoric nature of the precursors makes them difficult to purify and 

handle. Carbon contamination in the films deposited can also be a problem. 

Alternative arsenic sources, including ^BuAsH] and EtiAsH, have also been used in 

CVD processes with [RsGa] (where R = Me, Et).^  ̂ It has also been reported that 

atmospheric pressure CVD of either [GaCl3 ] or [Me3 Ga] with As(SiMe3 ) 3  gave thin 

films of GaAs.^^ Small amounts of oxygen and carbon contamination were reported 

to have been found in the film, but silicon and chlorine were not detected. Thin films 

of GaAs may also be prepared by vapour phase epitaxy (VPE)^^ using [Me3 Ga] as 

the gallium source and ASH3 as the arsenic source.A lternative arsenic sources.
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such as ‘BuAsH2  have also been used in VPE suceessfully, with no increase in 

carbon contamination.^^

2.1.6 Preparation of thin films by single-source routes

Single-source preeursors to group 13 pnictides provide an alternative to the 

use of high temperatures and toxic precursors, which characterise the dual-source 

routes. They provide cleaner, safer, lower temperature routes with several additional 

advantages including greater control over stoichiometry. Several comprehensive 

reviews have been published' and a few examples of precursors described previously 

are given below.

Group 13 nitrides

The first single-source precursor used to deposit a film of AIN was the 

aluminium trichloride ammonia eomplex, [Cl3 Al(NH3 )3 ] (11), which is formed by 

the reaetion of [AICI3 ] and exeess NH3 .'^^ Deposition oceurred on silicon substrates 

in the same temperature range as the conventional dual-source route. The single­

source method, however, removes the need for large over pressures of NH3 . The 

aluminium complexes [HA1(NR2 )2 ] 2  and [A1(NR2 )3 ] 2  (where R = Me, Et) deposit 

films of composition AlC 1.2N0 .4 -0 .6 O0 .0 6 -0 .2  at substrate temperatures 300 - 500 °C, 

which when annealed at 1300 °C form impure AIN.'^' The dialkylaluminium amides 

[R2 A1(NH2 ) ] 3  (where R = Me (12), Et (13), 'Bu (14) and *Bu (15)) were prepared 

using the route shown in Eq. 2.9.'^^

RT ><< op
[MegAl] + NH3  ►[Me3Al(NH3)] 1/3 [Me2 Al(NH2 ) ] 3  + CH4  (2.9)

The most promising of these compounds is 12 which forms thin films of AIN, 

with 4 - 5% oxygen impurities, at 400 - 800 °C. A related compound which has been 

used as a single-source precursor is the adduet [Me3 Al(NH3 )] (16), prepared by the 

reaction of [Mc3 Al] and NH3 .'^  ̂ Films of AIN prepared from 16 contain 1.5 - 8.9% 

oxygen and 0.6 - 4.8% carbon impurities, which was explained as being due to 

dissociation of the adduet.
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The first reported single-source precursor to films of GaN was the complex 

[Br3 Ga(NH3 )4 ] (17) which was formed by the reaction of molten [GaBr3 ] and 

am m onia/D eposition occurs at substrate temperatures 600 - 750 °C in either an 

NH3 , Ar or N2  atmosphere. The single-source precursor, [Et2 Ga(NH2 ) ] 3  (18), formed 

by the reaction of [Et3 Ga] and NH3 , has been used to deposit highly crystalline films 

of GaN at temperatures above 650 The gallium azide [Et2 Ga(N3 ) ] 3  (19)

resulted in polycrystalline films of GaN.^^  ̂ The optimum substrate temperature was 

found to be 350 °C, however, films deposited at this temperature contained 

significant amounts of hydrogen and so had to be annealed at 600 °C. Higher 

substrate temperatures resulted in greater carbon incorporation and lower 

temperatures greater oxygen contamination. Recently, the monomeric gallium azide, 

[Et2 Ga(N3 )(MeHNNH2 )] (20), has been prepared.’®̂ Films of GaN were deposited 

from 20 at substrate temperatures between 400 - 600 °C and contained less than 

0.1% oxygen and carbon (by XPS). The bis azide, [(N3 )2 Ga{(CH2 )3NMe2 }] 

(2 1 ) 1 0 8 ,109 also been used as a single-source precursor to films of GaN at

substrate temperatures above 500 °C. Low levels of carbon were observed in the 

films but these could be removed by the addition of very small amounts of NH3 into 

the CVD experiment.

Although single-source precursors present a very suitable route to InN at low 

temperatures, few examples have been reported. The indium azide 

[(N3 )In{(CH2 )3NMe2 ) 2 ] (2 2 )^’̂  has been prepared and used to deposit thin films of 

InN at substrate temperatures 350 - 450 °C with no carbon or oxygen contamination 

detected (by XPS). Indium nitride whiskers could also be grown from 22 by CVD.^^  ̂

The only other compound which has been used successfully as a single-source 

precursor to films of InN is the azide [Me2 ln(p-N3 ) ] 2  (23).^’̂  In the CVD of 23, 

substrate temperatures 350 - 450 °C were used and films with high levels of carbon 

and oxygen {ca. 11 and 8 % respectively by XPS) were obtained.
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Gallium arsenide

The first compounds to be proposed as suitable single-source precursors to 

GaAs were the Lewis acid-base adducts [(Cl)R2 Ga(AsR'3 )] where (R and R' = Me 

(24), Et (25))/^^ As predicted, growth of GaAs films from 24 and 25 was 

achieved. The complexes [(C6F $)Me2 Ga( AsEtg)] (26) and

[ {(Cl)Et2 GaAsEt2 }2 CH2 ] (27) have been used as precursors to GaAs in the 

temperature range 600 - 700 °C and 500 - 625 °C respectively.^’̂  The effect of 

varying the substrate temperature on the composition of GaAs films deposited from 

[Cl(Me)2 Ga(AsEt3 )] (28) has been investigated by Auger electron spectroscopy 

(AES).”  ̂ Precursors of the type [R2 Ga{As(’Bu)2 } ] 2  (where R = Me (29)” * or Et 

(30)” )̂ were investigated, but the resulting GaAs films were found to be arsenic 

deficient. The tris-arsenide [Ga{As(’Bu)2 }3 ] (31) was prepared and found to deposit 

films of GaAs at a substrate temperature of 480 °C. The resulting GaAs film 

contained very low levels of carbon contamination which was explained as being due 

to the absence of direct Ga-C bonds.

A number of precursors to group 13 pnictides have been isolated which incorporate 

labile silyl leaving groups. Sections 2.1.7 and 2.1.8 describe the range of group 13 

silylamines and silylarsenides isolated to date.

2.1.7 Group 13 silylamides

Tris(trimethylsilyl)amine, N(SiMe3 ) 3  is less reactive than the corresonding 

silylarsine, As(SiMe3 )3 . However, silylamines, of the type HN(SiR3 ) 2  and H2N(SiR3 ), 

are stable and have been used in the formation of group 13 silylamides.’̂ ’ In the 

reaction between a metal trihalide [MX3 ] and HN(SiR3 )2 , two different reactions may 

occur. The M-X bond may react with the N-H bond leading to the formation of a 

M-N bond with loss of hydrogen halide, as shown in Eq. 2.10.

[MX3 ] + HN(SiR3 ) 2  ------------►[X2M{N(SiR3 )2 }]n + HX (2.10)
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Alternatively, a M-X bond may react with a N-Si bond leading to the formation of a 

M-N bond with the loss of silyl halide, as shown in Eq. 2.11.

[MX3] + HN(SiR3)2 ------------► [X2M{NH(SiR3)}]„ + R3S1X (2.11)

A similar complication arises in the reaction of silyamines, of the type 

HN(SiR3)2, with trialkyl metal. In most cases reactions proceed via a dehalosilylation 

or dealkylsilylation pathway similar to that shown in Eq. 2.10. The situation is even 

more complex if alkyl metal halides, of the type [R%MX] or [RMX2], are used as a 

number of products are possible and mixtures may result. If a product which contains 

two silyl groups attached to the nitrogen is desired then a silylamine, of the type 

[M'N(SiMe3)2] (where M' = Na, Li) is often used, as shown in Eq. 2.12.

[MX3] + [M'N(SiR3)2]------------ ► [X2M{N(SiR3)2)]n + M X  (2.12)

The reaction between [AICI3 ] and HN(SiMe3)2 has been reported to yield AIN 

via the intermediates [CI2 A1 (NH(SiMe3)} ]2 (3) and [ClAlNH]n (4) as discussed in 

Section 2.1.4.’ * The reaction of [MX3 ] and HN(SiMc3)2 in solution is known to yield 

the dimeric species [X2M(NH(SiMe3)}]2 (where M = Al, X = Cl (3); M = Ga, X = 

Cl (32)’̂  ̂or Br (33)).'^  ̂ It has been found that 3 is a single-source precursor to AIN. 

In contrast, no detailed investigation has been reported on the use of 32 as a 

precursor to GaN. The related complex [Cl2Ga(NMe(SiMe3)}]2 (34) has been 

prepared by the reaction of [GaCL] and MeN(SiMe3)2- The crystal structure of 32 

(Figure 2.3) demonstrated that this compound exists as an amido-bridged dimer with 

a planar Ga2N2 ring at its core. The trans isomer was isolated in the solid state but 

both the CIS isomer and a trimeric species were reported as being observed in the *H 

NMR. The crystal structures of 3, 33 and 34 have also been determined and were 

found to be similar to 32 although the larger size of the bromine atoms prevents 

formation of the trimeric species in solution.
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Figure 2.3 Structure of [Cl2Ga{NH(SlMe3 ) } ] 2  (32)

Recently, the monomeric complex [Cl2 Ga(NH(SiMe3 )}(thf)] ( 3 5 ) has been 

isolated from a mixture of 32 and [ZnMe2 ] (Figure 2.4). It could be assumed that 35 

would have a higher volatility than 32 due to its monomeric nature and so may be a 

more suitable precursor for CVD. However, the presence of a thf moiety in the 

structure could lead to the inclusion of carbon and oxygen contamination in the GaN 

films deposited.

H .SiMe.

n '

.Ga.,

Cl"'"" I  '""'THF 

Cl

Figure 2.4 Structure of [Cl2 Ga{NH(SiMe3)}(thf)] (35)

The tetrameric complex, [MeGa(NSiMe3 ) ] 4  (36), which possesses a cubic 

Gu4N4  core, has been isolated from the reaction of 34 with [MeLi].^^^ Interestingly, 

the corresponding reaction of 33 with [MeLi] resulted in the formation of 

[Cl(Me)Ga{NH(SiMe3)}]2 . The aluminium imido complex [‘BuAl(NSiMe3 )(thf) ] 2

(37) has been obtained by the reaction of [Li2N2 (SiMc3 )2 ] and [‘BuA lC y.’̂  ̂

Removal of the thf molecule from 37 gives [*BuAl(NSiMe3 )]4 , which does not adopt 

a similar heterocubane structure to 36 but instead consists of three AI2 N2  rings in a
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ladder structure. The dimeric imido complex [Mes*Al(NSiPh3)]2 has also been 

prepared.

If the reaction of [MCI3 ] and HN(SiMc3 ) 2  is carried out at low temperature 

(-30 °C) in dichloromethane then the adducts [Cl3M{NH(SiMc3)2}] (where M = Al

(38), Ga (39)) are f o r m e d . I t  was reported that 38 and 39 decompose in solution at 

60 °C with loss of Me3SiCl to form 3 and 32 respectively. More recently, the reaction 

of [AICI3 ] and HN(SiMc3)2 has been carried out in hexane at room temperature and a 

structural investigation was carried out.^^  ̂ It was found that compound 38 adopted 

the monomeric structure shown in Figure 2.5. The indium adducts, 

[Br3ln{NH(SiMc3)2}] (40) and [Br3ln{NH2(SiMc3)}] (41) are formed in a 1:3 ratio 

by heating a solution of [InBr3] in HN(SiMe3)2.^^  ̂ The crystal structure of 41 was 

found to be similar to the structure of 38.

N

C l'"'" I

Cl

Figure 2.5 Structure of [Cl3 AI{NH(SiMe3)2 }] (38)

The reaction of [GaCl3] and [LiN(SiMe3)2] in hexane has been reported to 

yield [Cl2Ga{N(SiMe3)2}]n (42) although this species was not isolated and

analysed. Compound 42 was reacted in situ with two equivalents of [LiOSiMe3] in

the presence of pyridine to form [Ga(N(SiMe3)2}(Me3SiO)2(py)] (43), which has 

been used as a single-source precursor to GaN. The reaction of [InX3] and 

[LiN(SiMc3)2] in either a 1:1 or 1:2 ratio results in the formation of

[X(Me)In{N(SiMe3)2}]n (where X = Cl (44) or Br (45)) due to a methyl group

transfer from a silyl group to the indium c e n t r e . I n  contrast, the reaction of [GaCl3] 

with two equivalents of [LiN(SiMe3)2] led to the formation of the expected species 

[ClGa(N(SiMe3)2}2] (46).̂ ^̂  A structural investigation was carried out on 46 which
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was found to consist of monomers with a distorted trigonal planar geometry around 

the gallium centre. The reaction of [MCI3 ] with three equivalents of [LiN(SiMe3 )2 ] 

has been found to afford the monomeric species [M{N(SiMe3 )2 }3 ] (where M = Al 

(47), Ga (48) and In ( 4 9 ) ) . Structural studies show that 48^^  ̂and 49^^  ̂ are similar 

consisting of a MN3 trigonal planar skeleton with the silylamide groups arranged in a 

propeller like fashion around the central metal. The related gallium complex 

[Ga{N(^Bu)SiMe3 }3 ] (50) has also been prepared by a similar salt elimination 

r e a c t i o n . T h e  indium complexes [In{NRR'}3 ] (where R = *Bu, R' = SiMe3 (51) or 

SiMe2 H (52); R = Ph, R' = SiMe3 (53)) have been prepared by salt elimination 

reactions.

Complexes of the type [R2 M(NH(SiR ' ) } ] 2  (where M = Al, R = Me, R' = Ph3 

(54), Et3 (55); R = 'Bu, R' = Ph3 (56), ^Bu2 H (57);’̂  ̂ and M = Ga, R = Me, R' = Et3 

(58); R = Et, R' = Et3 (59)’̂ )̂ have been prepared by the reaction of [R3 M] and 

R'SiH2 in a 1:1 ratio. These complexes are dimeric with the silyl groups trans, as 

shown in Figure 2.6.

Et/, .E t
\  /  H

X ./\ 
. /  \

H' Ga, SiEti

E f Et

Figure 2.6 Structure of [Et2Ga{NH(SiEt3 ) } ] 2  (59)

The dialkylindium silylamide, [Me2 ln{N(Me)SiMe3 } ] 2  (60), has been prepared and 

crystallises with a trans structure similar to 54 - 59.̂ "̂ ® Complexes, of the type 

[R2 ln{N(SiMe3 )2 }] (where R = Me (61)'" '̂ and Et (62)̂ "̂ )̂, were prepared by salt 

elimination routes, as summarised in Eq. 2.13. Structural studies carried out on 61 

revealed it has a dimeric structure (Figure 2.7).

[RzInCl] + [LiN(SiMe3)2 ] ---------------- ► [R2ln(N(SiMe3 )2 }] + LiCl (2.13)
R =  Me, Et
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Figure 2.7 Structure of [Me2 ln{N(SiMe3)2 } ] 2  (61)

The dimethylaluminium silylamide [Me2 Al(N(SiMe2 H)2 } ] 2  (63) has been 

prepared by reaction of [MegAl] with HN(SiMe2 H)2 .''̂  ̂ Compound 63 possesses a 

similar dimeric structure to 61 (Figure 2.7). The related complex 

[Me2 Al(NH(SiMe3 ) } ] 2  (64) has been prepared by the reaction of [Mc2 AlCl] and an 

excess of HN(SiMe3 )2 .̂ '̂ '̂  The reaction of [MeAlCh] and HN(SiMc3 ) 2  was found to 

yield [Cl(Me)Al(NH(SiMe3 ) } ] 2  (65).̂ "*̂  Both 64 and 65 were found to have the 

expected dimeric structure. The monomeric complex 

[Me2 Al (N(Sf Bu2 Me)(Si^Bu2 Ph)} ] has been prepared by the reaction of [Mc3 Al] and 

N(Si*Bu2 )(Si^Bu2 Ph) via a methyl group transfer from the aluminium to a silicon, as 

shown in scheme 2 .1 .
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Scheme 2.1

2.1.8 Group 13 silylarsenides

Two gallium silylarsenides have been used as precursors to GaAs. The 

complex [(ri^-Cp*)2 Ga{As(SiMe3 )2 }], formed by the reaction of [(r|^-Cp*)2 GaCl] 2  

and [LiAs(SiMe3 )2 ], summarised in Eq. 2.14, has been chemically converted into 

GaAs by reaction with ^BuOH (as described in 2.1.4).^^

[ ( n - C p * ) 2 G a C l ] 2  +  2 As(SiMe3 ) 3 -► 2 [(ri -Cp*)2 Ga{As(SiMe3 )2 }] (2.14)
+ 2  Me3 SiCl

The trimeric species [H2 Ga{As(SiMe3 )2 }]3 , which was prepared by the 

reaction of [H3 Ga(NMc3 )] and As(SiMc3 ) 3  (see Eq. 2.15), has been used to prepared 

nanocrystalline GaAs.^^
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[HjGaCNMej)] + As(SiMe3)3 — ► 1/3 [H2Ga{As(SiMe3)2}]3 (2.15)
+ McgSiH + NMC3

A range of group 13 silylarsenides have also been prepared, some of which 

have been used as single-source precursors to metal arsenides. The aluminium 

silylarsenides [Me2 Al{As(SiMe3 )2 } ] 3  (6 6 )̂ "̂  ̂ and [Et2 Al{As(SiMe3 )2 } ] 2  (67),*'̂  ̂have 

been synthesised and structurally characterised. Monomeric species have been 

formed from the reaction of either 6 6  or 67 with equimolar amounts of 

4-(dimethylamino)-pyridine (dmap) to form [R2 Al{As(SiMe3 )2 }{dmap}] (6 8 ). 

Although [R3 M] (where R = Me, Et) reacts directly with As(SiMc3 ) 3  to give GaAs, 

complexes of the type [R2 Ga(As(SiMe3 )2 } ] 2  (where R = ^Bu (69), Ph (70), 

CH2 CMe3 (71),'^^ CH2 SiMe3 (72),*^*) have been prepared by a salt elimination route, 

shown in Eq. 2.16.

[RsGaCl] + [LiAs(SiMe3 )2 ] -------------► 1/2 [R2 Ga{As(SiMe3 )2 ) ] 2  + LiCl (2.16)

The corresponding indium complexes [R2 ln{As(SiMe3 )2 } ] 2  (where R = Ph (73),’^̂  

CH2 CMe3 (74)'^^ and CH2 SiMe3 (75)̂ "̂̂ ) have also been prepared by similar routes. 

The mixed bridged monomeric species [R2 Ga{As(SiMe3 )2 }Ga(R)2 X] (X = Cl, R = 

'Bu (76),'^^ Ph (77),'^^ CH2 CMe3 ( 7 8 ) , ' CH2 SiMe3 (79);'^' X = Br, R = Ph (80)) 

have been synthesised and structurally characterised. Complexes of the type 

[R2 ln(As(SiMe3 )2 }In(R)2 Cl] (where R = CH2 CMe3 (81)'^^ and R = CH2 SiMe3  

(82)'^"') have also been isolated. It is not thought that mixed bridged complexes of 

this type would be suitable as single-source precursors due to the non-stochiometric 

ratio of M:As.

2.2 Results and discussion

2.2.1 Synthetic strategies for group 13 pnictides

Five main synthetic methodologies were attempted in order to prepare group 

13 silylamides, as described below.

42



(1) Dehalosilylation (i.e. elimination of RsSiX) by direct reaction of a silylamine or 

silylarsine and a group 13 metal halide (e.g. [GaCls]). The driving force for this 

reaction is the formation of the trialkylsilyl halide. As discussed in 2.1.7, a number of 

products may form when bis silylamines are used in a reaction as either the silyl 

group or the hydrogen atom could be involved in the reaction.

(2) Dealkylsilyation (i.e. elimination of R4 §i) by direct reaction of a silylamine and 

an alkyl group 13 complex (e.g. [MeiGaCl] or [EtsGa]). A tris silylamine (e.g. 

N(SiMe3 )3 ) may be used, as shown in Eq. 2.17. The driving force for these reactions 

is formation of the tetraalkylsilane.

[R'gM] + N(SiR3 ) 3 ---------------- ► 1/n [R2 MN(SiR3 )2 ]n + Me3 SiR' (2.17)

(3) Elimination of an alkane by direct reaction of a bis silylamine (e.g. HN(SiMe3 )2 ) 

and a alkyl group 13 complex (e.g. [Et3 Al]), as shown in Eq. 2.18.

[R 3 M] + HN(SiR3 ) 2  ------------ ► l/n[R'2MN(SiR3)2]n + R'H (2.18)

(4) Salt metathesis using alkali metal salts of the silylamine (e.g. [LiN(SiMe3 )2 ]) and 

the metal halide, as shown in Eq. 2.19. The driving force for this reaction is the high 

lattice energy of the co-formed alkali metal halide.

[MX3 ] + [LiN(SiR3 )2 ] ---------------- ► 1/n [X2 MN(SiR3 )2 ln + LiX (2.19)

(5) Adduet formation by direct reaction of a silylamine and a metal halide or alkyl 

metal complex as shown in Eq. 2.20.

[MX3 ] + HN(SiR3 ) 2  ------------ ► [X3 M{NH(SiR3 )2 }] (2.20)
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2.2.2 Synthesis of group 13 metal silylamides by dehalosilylation reactions

As discussed in section 2.1, the aluminium and gallium silylamides 

pC2 M{N(SiMe3 )2 } ] 2  (where M = Al, X = Cl (3);”  M = Ga, X = Cl (32),'^^ Br(33)‘“ ) 

have been characterised and the thermal decomposition of 3 to give AIN has been 

described. These complexes were prepared by the reaction of [MX3 ] and one 

equivalent of HN(SiMe3 ) 2  in refluxing ether.

In this study compounds 32 and 33 were prepared using a modified synthesis 

in which the reaction of [MX3 ] and HN(SiMc3 ) 2  was carried out in CH2 CI2 either at 

-78 °C or room temperature. The reaction of gallium halides and a range of 

substituted silylamines (e.g. HN(SiMe2 H) 2  and HN(SiMe2 Ph)2 ) was also carried out. 

The isolation of monomeric gallium silylamides was also attempted by the use of a 

Lewis base using a similar method to that used in the preparation of monomeric 

aluminium and gallium silylantinamides.’"̂^

2.2.3 Reaction of [GaClj] and HN(SiMe3 )2

Compound 32 was prepared using the modified synthesis, described above, in 

order to study the decomposition properties of this complex. After work-up 

colourless crystals were obtained by cooling a concentrated CH2 CI2 solution to -20 

°C. Analytical and spectroscopic data indicated the colourless crystals were 

[Cl2 Ga{NH(SiMe3 ) } ] 2  (32). The NMR of 32 was carried out in CDCI3 and shows 

peaks at 0.40 and 0.53 ppm corresponding to the trimethylsilyl protons of the cis and 

trans dimers. This corresponds well to the peaks observed in the CD2 CI2  spectrum of 

32 reported by Nutt et The infra-red spectrum of 32 was recorded and 

compared with the literature values. Peaks were observed at 3205 cm‘  ̂ and 1130 

cm'% which are assigned to the presence of N-H. Peaks due to the Ga-N (535 cm ' 

and 500 cm"') and Ga-Cl (405 cm"') bonds are also observed in the spectrum.

2.2.4 Reaction of [GaClj] and HN(SiMe2Ph)2

The reaction of [GaC^] and one equivalent of HN(SiMe2 Ph) 2  in CH2 CI2  was 

carried out at -78 °C. After work-up and cooling to -20 °C colourless crystals were
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obtained. Recrystallisation from ether at -20 °C afforded colourless X-ray quality 

crystals in 63% yield. Analytical and spectroscopic data showed the crystals to be 

[Cl2 Ga{NH(SiMe2 Ph) } ] 2  (83), as shown in Eq. 2.21.

2 [GaClg] + 2 HN(SiMe2 ?h ) 2 ------------ ►[Cl2 Ga{NH(SiMe2 Ph) } ] 2  (2.21)
+ 2Me2PhSiCl

The melting point (104 - 107 °C) is lower than that reported for 32 (153 

°C).*^  ̂ Ideally, for CVD precursors, a lower melting point is desirable as this 

indicates that the compound may have a higher volatility.

The NMR spectrum of 83 was carried out in CD2 CI2  and is shown in 

Figure 2.8. Two peaks (0.78 ppm and 0.82 ppm) due to the methyl groups attached to 

the silicon are clearly visible in a 1:1 ratio. The occurrence of two peaks suggests the 

presence of a cis-trans dimer equilibrium in solution. The 'H NMR of spectrum of 32 

in CD2 CI2  shows only peaks assigned to cis-trans equilibrium, although the spectrum 

recorded in toluene-<7  ̂ (by Nutt et. al.Ÿ^^ also shows peaks due to a dimer-trimer 

equilibrium. The NMR spectrum of 83 shows two peaks which are due to these 

methyl groups as would be expected as well as the expected peaks due to the aryl 

carbons. The 'H NMR spectrum of 83 also shows peaks due to the N-H proton (at 

2.41 ppm) and the aromatic protons of the phenyl group (7.00 - 7.39 ppm). The infra­

red spectra of 83 shows two peaks at 3213 cm’’ and 1116 cm"̂  corresponding to 

those expected for the N-H bond.
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Figure 2.8 H NMR spectrum of |Cl2(;a{NH(SiMe2 Ph) ) | 2  (83)



2.2.5 X-ray structure of [Cl2Ga{NH(SiMe2Ph) } ] 2  (83)

The structure of 83 was confirmed by X-ray crystallography, the results of 

which are shown in Figure 2.9; selected bond lengths and angles are given in Table

2.1. Tables of all the bond lengths, angles and crystallographic data for 83 and all 

subsequent structures presented in this thesis are given in the appendix. The X-ray 

crystallographic study confirms the structure to consist of centrosymemetric dimers, 

which contain a planar Ga2N2  ring at their core and trans dimethylphenylsilyl groups 

(Figure 2.9). The bond lengths and angles in 83 are virtually identical to those 

determined for 32, which was established by Nutt et al}^^ The Ga2N 2  ring is almost 

square with the Ga'-N-Ga and N'-Ga-N angles being within statistical significance 

90°. The nitrogen bridge is, however, slightly asymmetric with the Ga-N distance 

being 1.988(4) Â and the Ga-N' distance 1.968(3) Â. The structure of 32 shows a 

similar asymmetry in the bridging nitrogen. The N-Si bond is the same as that 

observed in 32 although this is significantly longer than in some alkyl substituted 

complexes, for example, [Cl(Me)Ga{NH(SiMe3 ) } ] 2  (N-Si 1.744 Â)^^  ̂ and 

[Me2 Ga{N(SiMe2 H)2 } ] 2  (av. N-Si 1.770 Â).'^^

Table 2.1 Selected bond lengths (A) and angles (°) for [Cl2Ga(NH(SiMe2Ph) } ] 2

(83)

Ga-N' 1.968(3) Ga-N 1.988(4)

Ga-Cl(l) 2.1380(13) Ga-Cl(2) 2.1540(14)

Ga-Ga' 2.8033(9) Si-N 1.801(4)

Si-C(2) 1.852(5) Si-C(l) 1.852(5)

Si-C(8 ) 1.897(3) N-Ga' 1.968(3)

N'-Ga-N 89.74(14) N'-Ga-Cl(l) 115.86(11)

N -Ga-Cl(l) 110.55(11) N'-Ga-Cl(2) 110.73(11)

N-Ga-Cl(2) 114.88(11) Cl(l)-Ga-Cl(2) 113.12(6)

N-Si-C(2) 109.5(2) Si-N-Ga 1 2 0 .1 (2 )

Si-N-Ga' 127.2(2) Ga'-N-Ga 90.26(14)
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Figure 2.9 X-ray structure of |Cl2Ga{NH(SiMe2Ph) } ] 2  (83)



2.2.6 Reaction of [GaClj] and HN(SiMe2H) 2

The reaction of [GaCls] and HN(SiMe2 H) 2  was carried out at room 

temperature in CH2 CI2 . After work-up a white oil was obtained. On standing at room 

temperature for 1 week colourless crystals and a grey solid were formed, suggesting 

that decomposition had occurred. A small quantity of the crystals were isolated and 

analysis suggested that a mixture of decomposition products had been formed and 

that the expected product [Cl2 Ga{NH(SiMe2 H)}]n had not been formed. This 

suggests that the white oil may be the desired product but that this is not stable at 

room temperature and has decomposed.

2.2.7 Reaction of [GaClj] and HN( Bu)SiMc3

The reaction between [GaCb] and NH(^Bu)SiMe3 was carried out in refluxing 

diethyl ether to ensure that one product was formed (lower temperatures resulted in a 

mixture of products). After work-up colourless crystals suitable for X-ray analysis 

were obtained in 63% yield by cooling to -20 °C. Analytical and spectroscopic data 

showed the crystals to be [Cl2 Ga(NH(^Bu) } ] 2  (84), as shown in Eq. 2.23.

2  [GaClj] + 2 HN(*Bu)SiMe3 ------------ ► [Cl2 GaNH('Bu) ] 2  + 2 MejSiCl (2.23)

The 'H NMR of 84 shows three singlets due to the *Bu group protons in a 

4:4:1 ratio and three peaks due to the NH in the same ratio. This suggests that a cis- 

trans equilibrium exists in solution accounting for the two major sets of peaks and a 

dimer-trimer equilibrium also exists which accounts for the minor peak. The %N 

found in the sample was less than that expected and is thought to be due to the 

formation of GaN during the analytical process. This is observed in other silylamides 

which have been prepared.

2.2.8 X-ray structure of [Cl2Ga{NH(*Bu) } ] 2  (84)

The structure of 84 was confirmed by X-ray crystallography, the results of 

which are shown in Figure 2.10; selected bond lengths and angles are given in Table
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2.2. The structure of 87 was found to consist of centrosymmeteric dimers with a 

planar Ga2N 2 ring and trans tert-h\xXy\ groups. The bond lengths and angles are 

similar to those found in 83 except that the bridging nitrogen atoms are not 

asymmetric. The Ga2N2  ring is not square with the Ga(A)-N-Ga angle being 

93.18(10)° and N-Ga-N(OA) 86.82(10)°. The Ga-Ga(A) distance (2.8695(8) Â) is 

also significantly longer than that in 83 (2.803 A). Each gallium has severely 

distorted tetrahedral geometry (Cl(2)-Ga-Cl(l) 110.26(4)°, N-Ga-N(OA) 86.82(10)°, 

N-Ga-Cl(l) 109.89(8)°).

C(4A)
C(3A)

CK2A) C(2A)

C(1A)

N(OA) CK1)GoA

CII1A)

CK2)
CI1)

C(2) C(3)
C(4)

Figure 2.10 X-ray structure of [Cl2Ga{NH(*Bu) } ] 2  (84)
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Table 2.2 Selected bond lengths (A) and angles (“) for [Cl2Ga{NH(*Bu) } ] 2  (84)

Ga-N(OA) 1.973(2) N-C(l) 1.516(4)

Ga-N 1.977(2) Ga(A)-N 1.973(2)

Ga-Cl(2) 2.1408(9) Cl-C(4) 1.518(4)

Ga-Cl(l) 2.1579(9) Cl-C(3) 1.524(5)

Ga-Ga 2.8695(8) Cl-C(2) 1.526(5)

N-Ga-N(OA) 86.82(10) Cl(2)-Ga-Cl(l) 110.26(4)

N(0A)-Ga-Cl(2) 110.33(8) C(l)-N-Ga(A) 125.4(2)

N-Ga-Cl(2) 118.81(8) C(l)-N-Ga 124.3(2)

N(OA)-Ga-Cl(l) 119.44(8) Ga(A)-N-Ga 93.18(10)

N-Ga-Cl(l) 109.89(8) C(4)-C(l)-C(3) 110.8(3)

2.2.9 Reaction of [GaBrg] and HN(SiMe3 )2

The reaction between [GaBrs] and HN(SiMc3 ) 2  was carried out using the 

method described in section 2.2.2. After work-up a white microcrystalline powder 

was obtained. The expected product, [Br2 Ga(NH(SiMe3 ) } ] 2  (33), appears to have 

been formed during the reaction and although the analytical data shows a small 

variation from that expected. The small discrepancy may be due to the presence of a 

small amount of solvent (of crystallisation) or contamination by minor products 

formed during the reaction. The ’H NMR of 33 (CD2 CI2 ) shows four peaks due to the 

protons of the methyl groups, this is in contrast to the two peaks reported in the 

literature (when carried out in toluene- f̂g).^^  ̂ However, the *H NMR for related 

compounds is highly dependant on the concentration of the solution and the NMR 

solvent used.^^^’̂ ^̂  These peaks may be due to the presence of cis-trans and dimer- 

trimer equilibia in solution. A peak assigned to the NH proton (3.08 ppm) is 

observed, in contrast to the NMR reported in the l i t e r a t ur e . The  NMR 

spectrum of 33 also shows four peaks, which are assigned to the methyl groups. The 

infra-red spectrum was recorded and compared with the literature v a l u e s . T h e  

peaks due to the N-H bond (at 3193 and 1129 cm'*) correspond well to the published 

values (3195 and 1131 cm’’).
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2.2.10 Reaction of [InCls] and HN(SiMe3 )2

The reaction of [InCls] and HN(SiMe3 ) 2  was carried out in ether at room 

temperature over a period of days. After work-up and cooling to -20 °C a white 

powder was obtained in 34% yield. Analytical and spectroscopic data showed this 

powder to be [Cl2 ln{NH(SiMe3 )}]n (85), as shown in Eq. 2.23.

[InClg] + HN(SiMe3 ) 2 ------------ ► 1/n [Cl2 lnNH(SiMe3 )]n + Me3 SiCl (2.23)

The NMR of 85 shows two peaks (at 0.34 and 0.40 ppm) which are due to 

the protons of the trimethylsilyl groups. The integrals show that the peak at 0.40 ppm 

represents the major trimethylsilyl environment. These two peaks may arise from 

either a cis-trans or a dimer-trimer equilibrium occurring in solution. Related indium 

compounds reported previously suggest that the compound would be dimeric in the 

solid state with a trans arrangement of the silyl groups. The elemental analysis for 85 

suggests that there is some solvent (ether) present in the powder obtained. The 'H 

NMR confirms the presence of ether showing a 1:4 ratio of solvent to product.

2.2.11 Reaction of [GaCb] and N(SiMe3 )3  in CH2CI2

The reaction of [GaCl3 ] and 1 equivalent of N(SiMe3 ) 3  in CH2 CI2  at -78 °C 

resulted, after work-up, in a light brown oil. Colourless crystals suitable for X-ray 

analysis were obtained by dissolving the oil in the minimum amount of CH2 CI2  and 

cooling to -20 °C. Analytical and spectroscopic data showed the crystals to be 

[MeGaCl2 ] 2  (8 6 ), as shown in Eq. 2.24.

[GaCl3 ] + N(SiMe3 ) 3 ------------ ► [MeGaCl2 ] 2  (2.24)

The analytical data shows a small discrepancy with that expected for 8 6 , this 

is thought to arise from the difficulty of separating the crystalline material from the 

light brown oil. The NMR of 8 6  shows a number of peaks in the region 0.42 - 

0.62 ppm corresponding either to impurities (from the oil) or the formation of 

isomers in solution (e.g. [MeGaCb] and [MeGaCl2 ]3). The exchange of a chlorine
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attached to a group 13 metal for a methyl group from a silyl group is not unexpected. 

The synthesis of a number of organogallium halides by reaction of [GaClg] and silyl 

complexes (for example Me4 Si, [Me2 SiO]4 , (Me3 Si)2 0 ) has been r e p o r t e d . T h e  

structure of 8 6  was predicted by Weidlen as consisting of centrosymmetric dimers.

2.2.12 X-ray structure of [MeGaClijz (86)

The structure of 8 6  was determined by X-ray crystallography, the results of 

which are shown in Figure 4.11; selected bond lengths and angles are given in Table

2.3. The dimeric structure of [MeGaCl2 ] 2  was confirmed by an X-ray 

crystallographic study which shows it to be centrosymmetric with the [MeGaCl2 ] 

units linked by bridging chlorine atoms. This is similar to the analogous aluminium 

compound [MeAlCl2 ] 2  which also has a dimeric structure. The Ga2 Cl2 ring is 

planar and nearly square (Cl(2')-Ga-Cl(2) 88.89(6)° and Ga'-Cl(2)-Ga 91.11(6)°) with 

a uniform Ga-Cl(2) bond length of 2.3324(12) Â. As expected the terminal Ga-Cl(l) 

bonds (2.1547(19) Â) are shorter than the bonds between the gallium and the 

bridging chlorine atoms (2.3324(12) Â). The gallium atoms adopt a severely 

distorted tetrahedral geometry shown by the Cl(2')-Ga-Cl(2) angle which is 

significantly reduced from tetrahedral at 88.89(6)° and the C(l)-Ga-Cl(l) angle 

which is larger than tetrahedral at 127.0(3)°. The packing of molecules of 8 6  is a 

classic cubic close-packed arrangement with hexagonal layers of molecules stacked 

in an ABCABC fashion, as shown in Figure 2.12. The interlayer separation is 5.82 Â.

Table 2.3 Selected bond lengths (A) and angles (°) for [MeGaChJi (86)

Ga(l)-C(l) 1.928(7) Ga(l)-Cl(2) 2.3324(12)

Ga(l)-Cl(l) 2.1547(19) Ga(l)-Cl(2') 2.3324(12)

C(l)-Ga(l)-Cl(l) 127.0(3) Cl(l)-Ga(l)-Cl(2) 103.83(4)

C(l)-Ga(l)-Cl(2) 113.17(17) Cl(2')-Ga(l)-Cl(2) 88.89(6)

Ga(l')-Cl(2)-Ga(l) 91.11(6)
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Figure 2.11 X-ray structure of (MeGaChh (86)

o  o

Figure 2.12 The packing of molecules of [MeGaCl]]? (86) showing the ABC

sequence layers
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2.2.13 Reaction of [GaCls] and N(SiMe3 )3  in hexane

The reaction of [GaCls] and N(SiMc3 ) 3  was carried out in hexane at room 

temperature. After work-up a white powder was obtained. On standing for 24 hours a 

colourless oil had formed. Over time large colourless needles formed, the analytical 

data for which, suggested a mixture of [MeGaCb] and [Me2 GaCl] in a 1:1 ratio. An 

X-ray crystallographic study was carried out and suggested that a polymer of the type 

[(MeGaCl2 )(Me2 GaCl)]n, with a linear chlorine bridged chain structure, had been 

formed. However, it was not possible to fully resolve the structure.

2.2.14 Reaction of [GaCb], HN(SiMc3 )2  and 3,5-Me2CsH3N

In an attempt to prepare a monomeric gallium silylamide, the reaction of 

[GaCl3 ], HN(SiMc3 ) 2  and 3 ,5 -Mc2 C5 H3N was carried out at -78 °C in CH2 CI2 . It was 

hoped that the 3,5-lutidine would coordinate to the gallium and stabilise a 

monomeric species. After work-up and cooling to -20 °C colourless crystals were 

obtained. Analytical and spectroscopic data showed these to be 

[Cl3 Ga(NC5 H3 Me2 -3 ,5 )2 ] (87), as shown in Eq. 2.25.

[GaClg] + HN(SiMc3 ) 2  + 2 NC5 H3 Mc2  -------- ►[GaCl3 (NC5 H3 Me2 -3 ,5 )2 ] (2.25)

The HN(SiMc3 ) 2  has not been involved in the reaction, however, it is volatile 

and easily removed during work-up of the reaction. The anticipated product, 

[Cl2 Ga{NH(SiMe3 )}(NC5H3 Me2 )], was not formed.

2.2.15 Reaction of [Cl2 GaNH(SiMe3 ) ] 2  and 3,5-Me2CsH3N

As the direct reaction of [GaCb], HN(SiMc3 ) 2  and 3 ,5 -Mc2 C5H3N failed to 

yield a monomeric gallium silylamide, the reaction between [Cl2 Ga{NH(SiMe3 ) } ] 2  

(32) and 3 ,5 -Mc2 C5 H3N was carried out in diethyl ether. After work-up and cooling 

to -20 °C, large colourless crystals formed. Analytical data showed that compound 87 

had formed. The mechanism for the formation of 87 is unknown and any side 

products were not isolated. The NMR spectrum of 87 is shown in Figure 2.13.
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Figure 2.13. 'H NMR spectrum of |Cl3 Ga(NC5 H3 Me2 -3 ,5 )2 l (87)



2.2.16 Synthesis of group 13 silyiamides by dealkylsilaytion reactions

Precursors containing alkyl groups attached to the metal show potential as 

precursors to metal pnictides. The synthesis of aluminium and gallium silyiamides 

was attempted by the reaction of [R3M] or [R2MCI] and silylamines with loss of 

[R4 Si].

2.2.17 Reaction of [MciAlCl] and HN(SiMc2H)2

The reaction of [Mc2 AlCl] and HN(SiMe2 H) 2  was carried out in CH2 CI2  at 

-78 °C. The solvent was removed in vacuo leaving a colourless oil. Standing the oil 

at room temperature for one week resulted in the formation of colourless crystals, 

which were suitable for X-ray analysis. Analytical and spectroscopic data showed the 

crystals to be [Cl(Me)Al{NH(SiMe2 H) } ] 2  (8 8 ) according to Eq. 2.26.

2 [MezAlCl] + 2 HN(SiMc2 H) 2  ----------► [Cl(Me)Al(NH(SiMe2 H) } ] 2  (2.26)
+ Mc3(H)Si

The ’H NMR spectrum of 8 8  shows peaks due to the methyl group, the silyl 

group and the NH in the expected ratio. The methyl groups attached to the silicon are 

diastereotopic which gives reise to two peaks of equal intensity.

2.2.18 X-ray structure of [Cl(Me)Al(NH(SiMc2H) } ] 2  (88)

The structure of 8 8  was confirmed by X-ray crystallography, the results of 

which are shown in Figure 2.14; selected bond lengths and angles are given in Table

2.4. Each dimer has at its core an almost square, planar AI2N2  ring. The trimethylsilyl 

groups are arranged in a trans fashion. The bond lengths and angles are virtually 

identical to those published for [Cl(Me)Al(NH(SiMe3 ) } ] 2  ( 6 5 ) . Unlike the 

structure of 83 the bridging nitrogen atoms are symmetric. Each aluminium is four 

coordinate adopting a distorted tetrahedral geometry (N(OA)-Al-N 89.22(13)°, C(l)- 

Al-Cl 117.08(12), N-Al-C(l) 115.48(14)).
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Figure 2.14 X-ray structure of |CI(IVIe)AI{NH(SiMe2H)}l2 (88)

Table 2.4 Selected bond lengths (Â) and angles (“) for |CI(Me)AI{NH(SlMe2H) } | 2

(88)

Al-N(OA) 1.920(3) Al-Cl 2.1357(14)

Al-N 1.924(3) Al-Al(A) 2.737(2)

Al-C(l) 1.971(3) N-Si 1.773(3)

N(0A)-A1-N 89.22(13) C(1)-A1-C1 117.08(12)

N(0A)-A1-C(1) 113.58(15) Si-N-Al(A) 126.3(2)

N-Al-C(l) 115.48(14) Si-N-Al 119.1(2)

N(0A)-A1-C1 110.70(10) A1(A)-N-A1 90.78(13)

N-Al-Cl 107.35(1 1)
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2.2.19 Reaction of [EtjAl] and N(SiMe3 )3

The reaction of [EtsAl] and N(SiMe3 ) 3  was carried out in CH2 CI2  at room 

temperature. The solvent was removed yielding a colourless liquid. Spectroscopic 

data on the product is inconclusive and suggests that either [Et2 A1 {N(SiMe3 )2 } ]n or 

the adduct [Et3 A1 {N(SiMe3 )3 }] has formed. The NMR of the liquid shows only 

one peak due to the protons of the trimethylsilyl groups at 0.20 ppm. A quartet (at 

0.33 ppm) and a triplet (at 1.10 ppm) due to the Al-Et groups are observed with a 2:3 

ratio of integrals. The ratio of trimethylsilyl protons to ethyl protons is 9:5, which is 

the expected ratio for both species. The sharpness and the observance of only one set 

of peaks for each environment suggests that one product has been formed 

exclusively. The infra-red spectrum does not resolve which product has been formed. 

A peak due to Al-N bond in the adduct would be expected at around 530 cm'  ̂ (when 

compared with [CI3 A1 {NH(SiMe3 )2 }]) may be observed at 545 cm’’ however this 

may be due to the trimethylsilyl g roups.E lem ental analysis, which might confirm 

the nature of the product form, could not be carried out as the sample is liquid.

2.2.20 Synthesis of group 13 silyiamides by alkane elimination

An alternative route for the preparation of group 13 silyiamides is alkane 

elimination. This route is particularly useful for the preparation of complexes with 

two alkyl groups attached to the metal by the reaction of trialkyl metal complexes 

(e.g. [Et3 Ga]) with bis silylamines.

2.2.21 Reaction of [Et3Al] and HN(SiMe2H)2

The reaction of [Et3 Al] and HN(SiMc2 H) 2  was carried out in CH2 CI2  at -78 

°C. Evolution of a colourless gas was observed on addition of the silylamine. After 

work-up, a white crystalline solid was obtained in 85% yield. Recrystallisation from 

CH2 CI2  afforded colourless plates, which proved to be unsuitable for X-ray analysis. 

However, analytical and spectroscopic data showed the white powder was 

[Et2 Al(N(SiMe2 H)2 }]n (89), as shown in Eq. 2.27. The related reaction of [Me3 Al] 

and HN(SiMe2 H) 2  is known to yield the dimeric species [Me2 Al{N(SiMe2 H)2 }]2 - 

Therefore, 89 is the expected product of the reaction of [Et3 Al] and HN(SiMc2 H)2 .
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[EtgAl] + HN(SiMe2 H) 2 ------------ ► [Et2 Al{N(SiMe2 H)2 }]n + EtH (2.27)

Although the analytical data shows a closer fit to [Et2 Al(NH(SiMe2 H)}]n, the 

NMR (Figure 2.15) of 89 and infra-red data showed that this species could not be 

the major product of the reaction. The yield suggests 89 is the product of the reaction 

as the yield would be 116% if the product were [Et2Al(NH(SiMe2 H)}]n.

2.2.22 Spectroscopic data for [Et]AI {N(SlMezH):} ] n (89)

The 'H NMR spectrum (Figure 2.15) of 89 shows peaks due to the ethyl 

groups attached to the aluminium and the silyl groups. The integrals show the ratio of 

silyl groups to ethyl groups to be 1:1 as would be expected if 89 was the major 

product from the reaction. The NMR also shows small amounts of impurity may 

be present in the product, this would explain the discrepancy in the analytical data. In 

addition, no peaks due to N-H protons were observed. The infra-red spectrum also 

supports the formation of 89 as opposed to any other product. The main feature of 

the spectrum is the absence of any peaks due to N-H bonds.
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Figure 2.15 ‘H NMR spectrum of [Et2Al{N(SiMc2H)2}]„ (89)



2.2.23 Reaction of [EtjAl] and HN(SlMe3 )2

The reaction of [EtgAl] and HN(SiMe3 ) 2  was carried out using the method 

described in section 2.2.17. After work-up a colourless liquid was isolated. 

Spectroscopic data showed that this liquid was similar to the product of the reaction 

of [EtgAl] and N(SiMe3 ) 3  (see section 2.2.17). This suggests that the product formed 

from both reactions is [Et]A1 {N(SiMc3 )2 ]n (90) as would be expected. The NMR 

and infra-red spectra are almost identical for the two complexes, the only major 

difference being that the spectrum from the product of the reaction with HN(SiMc3 ) 2  

contains minor peaks which suggest that a second product (e.g. 

[Et2 Al(NH(SiMe3 )}]n) may have been formed in small amounts. On standing at 

room temperature for several weeks colourless crystals formed. An X-ray 

crystallographic study was carried out and it was found that the crystals were not 90 

but were [(EtO)EtAl{N(SiMe3 )2 }]] (91). Compound 91 is probably formed by the 

decomposition of 90 in the presence of small amounts or oxygen of water.

2.2.24 X-ray structure of [(EtO)EtAl{N(SiMe3)2 } ] 2  (91)

The structure of 91 was confirmed by X-ray crystallography, the results of 

which are shown in Figure 2.16; selected bond lengths and angles are shown in Table

2.5. Compound 91 is dimeric with the OEt groups bridging the two aluminium atoms 

with one ethyl group and one N(SiMe3 )] group attached to each aluminium. The 

aluminium adopts a distorted tetrahedral geometry (AlA-O-Al 100.5(2)°, 0-Al- 

N(OA) 117.5(2)°). The N(SiMe3 )] groups are arranged in a trans fashion across the 

AI2 O2  ring. The Al-C(3) bond length (1.970(6) Â) corresponds well with the Al-C 

bond length observed in 8 8  (1.971(3) A).
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Figure 2.16 X-ray structure of [(EtO)EtA1 {N(SiMeg) : } ] 2  (91)
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Table 2.5 Selected bond lengths (Â) and angles (°) for [(EtO)EtAl{N(SiMe3)2 } ]2

(91)

Al-O(OA) 1.836(3) Al-AIA 2.835(3)

Al-N 1.840(4) Si(l)-N 1.726(5)

Al-0 1.852(3) O-C(l) 1.458(6)

Al-C(3) 1.970(6) 0-AlA 1.836(3)

O-Al-N(OA) 117.5(2) N-A1-C(3) 121.7(2)

O-Al-O(OA) 79.5(2) 0-Al-C(3) 110.3(2)

N-Al-0 1 1 1 .1 (2 ) 0(OA)-A1A-A1 39.97(10)

0(OA)-A1-C(3) 108.8(2) N-AIA-Al 122.3(2)

0-AlA-Al 39.57(10) C(3)-A1-A1A 115.8(2)

AlA-O-Al 100.5(2) C(l)-0-AlA 131.8(3)

Si(l)-N-Al 125.1(2) C(l)-0-Al 125.2(3)

Si(2)-N-Al 117.2(3)

2.2.25 Reaction of [EtgGa] with N(SiMe3 )3

The reaction of [EtsGa] and N(SiMe3 ) 3  was carried out in refluxing ether. 

This reaction yielded after work-up a colourless liquid. Spectroscopic data shows 

that the liquid is a mixture of [Et3 Ga{N(SiMe3 )3 }] and [Et2 Ga{N(SiMe3 )2 }]n. The 

NMR data shows multiple environments for the ethyl group protons. The '^C NMR 

shows two environments for each of the ethyl group carbon atoms, indicating two 

species are present. If the species [Et2 Ga(N(SiMe3 )2 }]n had been formed, then a 

dimer-trimer equilibrium may occur, however, the difference in the chemical shifts is 

larger than would be expected for such an equilibrium. Furthermore, the 

chemical shifts of the SiMe3 groups suggest that both [Et3 Ga{N(SiMe3 )3 }] and 

[Et2 Ga{N(SiMe3 )2 }]n have been formed. The two peaks observed in the NMR 

spectra at 1.0 ppm and 3.8 ppm correspond well with peaks reported in the literature 

as due to an adduct (0.56 ppm - [Cl3 Al(NH(SiMe3 )2 }])*̂  ̂ and a complex in which 

there is a formal M-N bond between the metal and the nitrogen (2.92 ppm -
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[MeiAl (NH(SiMe3 )} ]])J T h e  infra-red spectra shows peaks which may be due to 

either of the products.

2.2.26 Synthesis of group 13 silyiamides by salt elimination routes

Salt elimination routes, involving the reaction of a group 13 halide and the 

alkali metal salt of a silylamine ([MN(SiMe3 )2 ] M = Li, Na) may be used to prepare 

group 13 silyiamides. This route is particularly useful for the synthesis of a bis 

silylamide as the starting amide does not contain hydrogen attached to the nitrogen 

atoms. The salt elimination reactions which were attempted are described below.

2.2.27 Reaction of [GaClg] and [LiN(SiMe3)2]

The reaction between [GaC^] and [LiN(SiMe3 )2 ] was reported by Barry et al. 

to yield [Cl2 Ga{N(SiMe3 )2 }]n, although this species was not isolated and 

characterised.’̂  ̂ Carrying out the reaction of [GaC^] and [LiN(SiMc3 )2 ] under the 

same conditions led to the isolation of a white or cream coloured oil. Spectroscopic 

studies carried out on this oil suggest a complex mixture of products is formed. A 

small quantity (ca. 6 % yield) of orange crystals was isolated from this mixture. 

Analytical data showed these crystals to be the expected product of the reaction 

[Cl2 Ga{N(SiMe3 )2 }]n (42). Altering the reaction conditions did not lead to the 

isolation of 42 in a higher yield.

2.2.28 Reaction of [GaCb] and [LiN(SlMe2Ph)2]

[LiN(SiMe2 Ph)2 ] was prepared by the reaction of ["BuLi] and HN(SiMe2 Ph)2 , 

as shown in Eq. 2.28.

fBuLi] + HN(SiMe2 Ph) 2 ------------ ► [LiN(SiMc2 Ph)2 ] + "BuH (2.28)

The addition of [LiN(SiMe2 Ph)2 ] {in situ) to a stirred solution of [GaCb] at -78 °C 

afforded, after work-up, colourless crystals suitable for X-ray analysis. Analytical 

and spectroscopic data showed these crystals to be [Cl(Ph)Ga{N(SiMe2 Ph)2 } ] 2  (92), 

as shown in Eq. 2.29.
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[GaCl3] + [LiN(SiMe2Ph)2]------------ ► [Cl(Ph)GaN(SiMe2Ph)2]2 (2.29)

The and NMR spectra of 92 show two peaks which is casued by the 

methyl groups which are attached to the silicon being diastereotopic. Formation of 92 

involves the transfer of a phenyl group from a silicon to a gallium atom. Although 

this transfer is unexpected, transfer of a phenyl group in preference to a methyl group 

is not, this preference having been demonstrated by Schimidaur et a l by the reaction 

of MesPhSi and [GaCb] resulting in the formation of [PhGaCy.

2.2.29 X-ray structure of [CI(Ph)Ga{N(SiMe2Ph)2 } ] 2  (92)

The structure of compound 92 was confirmed by X-ray crystallography, the 

results of which are shown in Figure 2.17; selected bond lengths and angles are given 

in Table 2.6. The compound consists of a slightly folded (by ca. 13° around the 

Cl-'Cl vector) GaiCl] ring. The bond lengths and angles of the Ga2 Cl2  ring are very 

similar to those observed in [Cy2 Ga(p-Cl) ] 2  (Cy = cyclohexyl), having a transannular 

Ga-Ga separation of 3.411(1) Â compared with 3.38 Â in the cyclohexyl species.’ ®̂ 

The gallium atoms are four coordinate with a extremely distorted tetrahedral 

geometry. The N-Ga-Cl angles are substantially enlarged from tetrahedral being 

130.0(1)° and 132.9(1)° at Ga(l) and Ga(2) respectively. This enlargement is 

substantially greater than those observed in 83 where the Cl(l)-Ga-Cl(2) angle is 

only 113.12(6)°. The compound is chlorine bridged as opposed to nitrogen bridged 

because the lone pair which forms the bond to the second gallium atom attracted 

towards the electron withdrawing silicon atoms. This forces the nitrogen atom to 

adopt a three coordinate trigonal planar geometry as opposed to the tetrahedral 

geometry usually adopted by a nitrogen bridge in compounds such as 83.
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Figure 2.17 X-ray structure of [Cl(Ph)Ga {N(SiMciPh) : } ] 2  (92)



Table 2.6 Selected bond lengths (Â) and angles O  for [Cl(Ph)Ga{N(SiMczPh):}]2

(92)

Ga(l)-Ga(2) 2.3587(9) Ga(l)-Cl(2) 2.3813(8)

Ga(l)-N(l) 1.850(3) Ga(l)-C(6 ) 1.952(2)

Ga(2)-Cl(l) 2.4025(8) Ga(2)-Cl(2) 2.3651(9)

Ga(2)-N(2) 1.846(2) Ga(2)-C(28) 1.957(2)

Si(l)-N(l) 1.739(3) Si(2)-N(l) 1.738(3)

Si(3)-N(2) 1.738(3) Si(4)-N(2) 1.740(3)

N(l)-Ga(l)-C(6 ) 130.04(11) N(l)-Ga(l)-Cl(l) 111.27(9)

C(6 )-Ga(l)-Cl(l) 105.73(9) N(l)-Ga(l)-Cl(2) 106.62(8)

C(6)-Ga(l)-Cl(2) 107.12(7) Cl(l)-Ga(l)-Cl(2) 87.89(3)

N(2)-Ga(2)-(28) 132.93(11) N(2)-Ga(2)-Cl(2) 109.80(9)

C(28)-Ga(2)-Cl(2) 103.97(7) N(2)-Ga(2)-Cl(l) 106.68(9)

C(28)-Ga(2)-Cl(l) 106.76(7) Cl(2)-Ga(2)-Cl(l) 87.25(3)

Ga(l)-Cl(l)-Ga(2) 91.50(3) Ga(2)-Cl(2)-Ga(l) 91.87(3)

2.2.30 Synthesis of group 13 silylamine adducts

Adducts of group 13 halides and silyamines may be formed by the reaction of 

the appropriate complexes in hexane at room temperature. The insoluble adduct is 

isolated as a precipitate in good yield. This method was used by Jansen et al for the 

preparation of [CI3 A1 {NH(SiMe3 )2 }].

2.2.31 Reaction of [GaCb] and HN(SiMe3 )2  in hexane

The reaction of HN(SiMc3 ) 2  with [GaCb] was carried out as described above 

(section 2.2.30). After work-up, a white powder was isolated in 90% yield. 

Analytical and spectroscopic data showed that the adduct [Cl3 Ga{NH(SiMe3 )2 }] (39) 

had formed, as shown in Eq. 2.30.

[GaClg] + HN(SiMe3 ) 2 [Cl3 Ga{NH(SiMe3 )2 }] (2.30)

68



2.2.32 X-ray structure of [Cl3Ga{NH(SiMe3)2}] (39)

The structure of 39 was predicted by Wiberg in 1966, on the basis of infra-red 

data as m o n o m e r i c T h e  structure of 39 was confirmed by X-ray crystallography, 

the results of which are shown in Figure 2.18; selected bond lengths and angles are 

given in Table 2.7. The structure of 39 is disordered giving rise to two molecules A 

and B in which the position of the nitrogen atom is common. The structure consists 

of a monomeric adduct, the geometry at the gallium atom being distorted tetrahedral, 

similar to that observed in [CI3 A1 {NH(SiMe3 ) 2 }] (38). The Ga-N bond length 

(2.007(4) Â) is significantly longer than the Ga-N bond length observed in 

[Cl(Ph)Ga{N(SiMe2 Ph)2 } ] 2  (92) (1.850(3) A). The Ga-N bond length is also 

significantly longer than the Al-N bond length observed in 38 (1.939(3) A). The 

other bond lengths and angles are comparable in both structures.
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CIO)

01(2)

5i(2)
0(4)

0(6)

0(3)

Sid)

Old)

0(2)

0 (1)

Figure 2.18 X-ray structure of [Cl3 Ga{NH(SiMe3)2 }] (39)
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Table 2.7 Selected bond lengths (A) and angles O  for [Cl3Ga{NH(SiM e3)2}l (39)

A B

N-Si(l) 1.841(5) 1.776(14)

N-Si(2) 1.842(4) 1.87(2)

N-Ga 2.007(4) 2.059(11)

Ga-Cl(3) 2.099(3) 2 . 1 2

Ga-Cl(l) 2.170(2) 2 . 1 2

Ga-Cl(2) 2.187(2) 2.16

N-Ga-Cl(3) 115.1(2) 108.0(4)

N-Ga-Cl(l) 106.63(13) 108.9(5)

Cl(3)-Ga-Cl(l) 1 1 2 .2 (2 ) 1 1 1 . 8

N-Ga-Cl(2) 107.52(14) 108.5(4)

Cl(3)-Ga-Cl(2) 106.02(14) 109.7

Cl(l)-Ga-Cl(2) 109.24(14) 1 1 0 . 0

N-Ga-Cl(3) 115.1(2) 108.0(4)

N-Ga-Cl(l) 106.63(13) 108.9(5)

N-Ga-Cl(2) 107.52(14) 108.5(4)

2.2.33 Reaction of [GaC^] and HN(SiMe2Ph) 2  in hexane

The reaction between [GaCls] and HN(SiMe2 Ph) 2  was carried out in a similar 

manner to that described in 2.2.30. After work-up, a white powder was obtained in 

93% yield. Analytical and spectroscopic data showed that [Cl3 Ga{NH(SiMe2 Ph)2 }] 

(93) had formed, as shown in Eq. 2.31.

[GaClg] + HN(SiMe2 ?h ) 2 [Cl3GaNH(SiMe2Ph)2] (2.31)

The infra-red spectrum was recorded and shows peaks due to N-H at 3115 

cm'* and 1117 cm'* which are at slightly lower wavenumbers than those reported for 

compound 39 (3138 and 1135 cm'*).*^  ̂This may be due to differences in the Ga-N
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bond strength in compounds 39 and 93 due to a small difference in the Lewis base 

strengths of the nitrogen in HN(SiMe] ) 2  and HN(SiMe2 Ph)2 .

2.2.34 Reaction of [GaCb] and HN(SiMe2H) 2  in hexane

The reaction between [GaCls] and HN(SiMe2 H) 2  was carried out in hexane 

and as expected a white powder was formed. It would be expected that 

[Cl3 Ga{NH(SiMe2 H)2 }] (94) resulted, however, the powder was not stable at room 

temperature and decomposed to form colourless crystals and a grey coloured material 

after 24 hours. This result is not unexpected as the product of the same reaction 

carried out in CH2 CI2 decomposed after one week (see section 2 .2 .6 ).

2.2.35 Reaction of [GaCb] and HN(*Bu)SiMc3 in hexane

The reaction between HN(^Bu)SiMe3 and [GaC^] was carried out in hexane 

at room temperature. After work-up a white powder was isolated in 79% yield. 

Analytical and spectroscopic data showed the white powder to be 

[Cl3 Ga(NH(*Bu)(SiMe3 )}] (95), as shown in Eq. 2.32.

[GaClj] + HN(‘Bu)(SiMe3 ) ------------ ► [Cl3 GaNH(‘Bu)(SiMe3 )] (2.32)

The analytical data showed reasonable agreement with that calculated for 95 

with the slightly low %C probably due to small amounts of contamination from other 

products, which may be formed during the reaction (such as [Cl2 Ga{NH(*Bu)}]2 ). 

The melting point was found to be 126 °C which is in good agreement with 

[Cl3 Ga{NH(SiMe3 )2 }] (39) (126 - 128 °C).'^^ The narrow melting point range 

indicates that compound 95 is the major species formed in the reaction. The infra-red 

spectrum shows the major peak due to N-H at 3152 cm '\ which is also in good 

agreement with the value published for 39.
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2.2.36 Reaction of [GaBrg] and HN(SiMe3 )2  in hexane

The reaction of [GaBrs] and HN(SiMe3 ) 2  was carried out using the method 

described in section 2.2.30. After work-up, a white powder was obtained in 56% 

yield. Analytical and spectroscopic data showed this powder to be 

[Br3 Ga{NH(SiMe3 )2 }] (96), as shown in Eq. 2.33.

[GaBrg] + HN(SiMe3 ) 2 ------------ ► [Br3 Ga{NH(SiMe3)2 }] (2.33)

The melting point was determined as 113 - 115 °C, which is lower than 39. It 

would be expected that the melting point of 96 would be higher because of the 

increased mass of the molecules. This suggests that the intermolecular interactions 

between the molecules in 96 are weaker than those in 39. The infra-red spectrum was 

recorded and showed the peaks at 3141 and 1116 cm '\ again indicating the presence 

of a N-H bond.

2.2.37 Reaction of [GaBrs] and HN(SiMe2Ph)2

The reaction of [GaBr3 ] and HN(SiMc2 Ph) 2  was carried out as described in 

2.2.30. Work-up yielded a white powder in 77% yield. Analytical and spectroscopic 

data showed that [Br3 Ga{NH(SiMe2 Ph)2 }] (97) had formed, as shown in Eq. 2.34.

[GaBr3] + HN(SiMe2Ph)2------------ ► [Br3GaNH(SiMe2Ph)2] (2.34)

The analytical data is in good agreement with that calculated for 97 and the 

melting point, which was determined as 108-109 °C, was similar to compound 96. As 

would be expected, the infra-red spectrum showed the peaks due to N-H at 3155 and 

1116 cm'*.

2.2.38 Reaction of [GaBrj] and HN(*Bu)SiMc3

The reaction of [GaBr3 ] and HN(*Bu)SiMe3 was carried out as described in 

2.2.29. Analytical and spectroscopic data showed the resulting white powder to be
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[Br3 Ga{NH(*Bu)(SiMe3 )}] (98) which was formed in 65% yield. The analytical data 

corresponded reasonably to the calculated data for 98 although the %C found was 

slightly low, which could be due to formation of other products. The infra-red 

spectrum showed the peak due to the N-H bond at 3145 cm '\ Unexpectedly, it was 

found that the compound decomposed without melting below 230 °C. This suggests 

that the compound may not be volatile or very stable in the vapour phase and so 

unsuitable for use in CVD.

2.2.39 Reaction of [MezAlCl] and HN(SlMe2Ph)2

The reaction of [MeiAlCl] and HN(SiMe2 Ph) 2  was carried out as described in 

section 2.2.30. After work-up and cooling to -20 °C colourless crystals suitable for 

X-ray crystallography were obtained. Spectroscopic data indicated that the species 

[Cl2 (Me)Al{NH(SiMe2 Ph)2 }] (99) had been formed. X-ray crystallography showed 

the crystals to consist of a mixture of 99 and [Cl(Me)2 Al{NH(SiMe2 Ph)2 }] (100) in 

approximately a 2:1 ratio. The ’H NMR spectrum shows two different AIC//3 

environments are present in solution. Three peaks are observed due to the 

dimethylsilyl protons and numerous peaks are observed due to the phenyl group. The 

expected product of the reaction [Cl(Me)Al(NH(SiMe2 Ph) } ] 2  (101) does not appear 

to have been formed in the reaction. The formation of 100 is straight forward, 

however the formation of 99 is more complex and involves the exchange of one of 

the methyl groups attached to the aluminium with a chlorine atom. To the best of our 

knowledge an exchange of this nature occurring in a reaction between an aluminium 

complex and a silylamine is unprecedented. This exchange may explain the low yield 

of the reaction. To confirm that 99 is a major product of the reaction it would be 

necessary to repeat the reaction and analyse the product formed.

2.2.40 X-ray structure of [Cl2 (Me)Al{NH(SiMe2Ph)2}] (99)

The structure of 99 was determined by X-ray crystallography and is shown in 

Figure 2.19, selected bond lengths and angles for 99 are given in Table 2.8. The 

structure was found to consist of 80% [Cl2 (Me)Al{NH(SiMc2 Ph)2 }] (99) and 20% 

[Cl(Me)2 Al {NH(SiMc2 Ph)2 } ] (100), although only the structure of 99 could be 

determined with reasonable accuracy. The structure also shows disorder at C(l) and
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Cl(2) with positions C(l') and Cl(2') being those of the disordered structure. 

Compound 99 is monomeric, the Al-N bond length (2.001(2) A) is significantly 

longer than the Al-N bond length observed in [Cl3 Al{NH(SiMe3 )2 }] (38) (1.939(3) 

A).^^  ̂The geometry at the aluminium is distorted tetrahedral (N-Al-Cl(l) 103.77(8)°) 

which is comparable to the geometry observed in 38.
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Figure 2.19 X-ray structure of [Cl2(Me)Al{NH(SiMe2Ph)2 }] (99)
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Table 2.8 Selected bond lengths (Â) and angles (°) for

[Cl2 (Me)Al{NH(SiMe2 Ph)2 }] (99)

Al-C(l) 1.932(4) Al-C(T) 1.959(5)

Al-N 2 .0 0 1 (2 ) A1-C1(2) 2 .1 0 1 (2 )

A1-C1(2') 2.118(4) Al-Cl(l) 2.1708(12)

N -Si(ll) 1.835(2) N-Si(2) 1.836(2)

Si(2)-C(4) 1.848(3) Si(2)-C(3) 1.850(3)

Si(2)-C(10) 1.883(2) Si(ll)-C(12) 1.847(3)

Si(ll)-C(13) 1.851(3) Si(ll)-C(19) 1.889(2)

C(1)-A1-N 117.1(4) C(1')-A1-N 111.9(6)

C(1)-A1-C1(2) 110.3(3) N-A1-C1(2) 107.21(13)

C(1')-A1-C1(2') 110.9(6) N-A1-C1(2') 111.7(3)

C(1)-A1-C1(1) 108.2(3) C(T)-A1-C1(1) 112.7(7)

N-Al-Cl(l) 103.77(8) C1(2)-A1-C1(1) 109.98(12)

C1(2')-A1-C1(1) 105.6(4)

2.2.41 Synthesis of group 13 silylarsenides

The reaction of [GaCls] and As(SiMe3 ) 3  is known to yield GaAs. However, it 

would be interesting to isolate a gallium silylamide which may act as a single source 

precursor to GaAs. Thus, reactions of [GaCl3 ] and As(SiMc2 R) 3  (where R = Ph, ^Bu) 

were investigated. The compounds As(SiMe2 ?h ) 3  and As(SiMc2 ^Bu) 3  were prepared 

by literature routes.

2.2.42 Reaction of [GaClg] and As(SiMe2Ph)3

The reaction of [GaCl3 ] and As(SiMc2 Ph) 3  was carried out at -78 °C in 

CH2 CI2 . A cream coloured precipitate formed which was removed by filtration 

through Celite. The resulting orange coloured solution was cooled to -20 °C and an 

orange coloured powder had formed after 1 week. Analytical and spectroscopic data 

showed that [Cl2 Ga{As(SiMe2 Ph)2 }]n (102) had formed (Eq. 2.35).
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[GaClg] + As(SiMe2 Ph) 3  --------- ► [Cl2 GaAs(SiMe2 Ph)2 ] + Me2 PhSiCl (2.35)

The analytical data is in good agreement with the values calculated for 102 

although the %C observed was slightly lower than expected. This may be due to 

contamination by other products formed during the reaction. The NMR shows 

several peaks which are due to methyl group protons and a wide multiplet due to the 

phenyl group protons. This suggests that either the solution behaviour of 102 is 

complex or a number of different products have been formed. The low yield of the 

reaction (33%) suggests that other products have been formed during the reaction 

which were not isolated. The precipitate formed could be an insoluble product such 

as [ClGa{As(SiMe2 Ph)}]n.

2.2.43 Reaction of [GaClj] and As(SiMc2 Bn)]

The reaction of [GaClg] and As(SiMc2 ^Bu) 3  was carried out using the 

procedure described in 2.2.41. However, on cooling overnight a dark brown 

precipitate formed. This suggests that decomposition had occurred.

2.3 Decomposition studies

In this section the potential of group 13 silylpnictides as precursors to thin 

films and bulk materials is explored. The decomposition pathways of some of the 

precursors, whose preparation was described in section 2 .2 , were explored by 

Thermal Gravimetric Analysis (TGA). The compounds [Cl2 Ga{NH(SiMe3 ) } ] 2  (32), 

[Cl3Ga(NH(SiMe3)2}] (39), [Cl2Ga(HN(SiMe2Ph)}]2 (83), [Et2Al{N(SiMe2H)2}]n 

(89) and [Cl2 Ga{As(SiMe2 Ph)2 }]n (102) were pyrolysed under a number of 

conditions to ascertain their suitability as single-source precursors to bulk group 13 

pnictides. Vapour-phase deposition studies of 39 and 89 were carried out in order to 

assess the ability of silylamides to produce thin films. The films produced were 

analysed in an attempt to determine the phase of the material produced and the 

amount of contamination present.
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2.3.1 Thermal Gravimetric Analysis

Initial investigations into the suitability of using the compounds prepared as 

precursors to group 13 pnictides involved obtaining TGA. Typically, a knovm 

amount (approximately 10 mg) of the sample was heated from 20 to 500 °C in a 

sealed aluminium pan under N2  at a uniform rate of 10 °C per minute. Before the 

heating is carried out a small pinhole is made in the lid of the pan to allow the 

gaseous decomposition products to escape. During the experiment, N2  is flowed 

across the pan to avoid oxidation of the sample and to remove any gaseous 

byproducts. By measuring the weight of the pan during the experiment a graph of 

weight against temperature may be plotted. Any weight losses and the temperature 

they occur at are obtained, which in turn gives information on the decomposition 

pathway. Therefore, the temperature required for decomposition of the precursor to 

occur is also identified (if <500 °C). This is important data if the precursor is to be 

considered for use in CVD. A compound should not decompose at too high a 

temperature or the range of substrates, which may be deposited upon, is limited. 

Decomposition at too low a temperature is also a problem as the compound must be 

stable at the temperatures required to transport it in the vapour phase to avoid 

decomposition before the substrate.

2.3.2 Decomposition properties of [X2Ga{NHR}]n

The synthesis of the potential precursors [X2 Ga{NHR}]n (where X = Cl, R = 

SiMeg (32), SiMe2 Ph (83), ^Bu (84); X = Br, R = SiMeg (33)) was discussed in 

section 2.2. The decomposition properties of these compounds were measured using 

TGA and compared. The decomposition of [X2 Ga{NH(SiMe3 ) } ] 2  (where X = Cl 

(32), Br (33) (shown in Fig. 2.20)) are clean and show total weight losses of 52% and 

67% respectively. This does not indicate that decomposition to GaN has occurred by 

500 °C (where the total weight loss would be 63% and 74% respectively). However, 

these results suggest that decomposition to form GaN may occur at slightly above 

500 °C as shown by the fact that both samples are still losing weight at 500 °C 

(shown by the downward slope in the TGA). The TGA of 32 and 33 indicate that a 

two step decomposition process is occurring. The first step occurs in the temperature 

range 175 - 300 °C for 32 and 160 - 220 °C for 33 and involves a weight loss of 47%
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for both compounds. This suggests that the complexes are decomposing with loss of 

XSiMc3 to form a material of the type [XGaNHJn (calculated weight losses X = Cl, 

47%; X = Br, 48%), as shown in Eq. 2.36.

[X2 Ga{NH(SiMe3 ) } ] 2 ---------------- ► 2/n [XGaNH]„ + 2 XSiMe^ (2.36)

The loss of HX to form GaN, which is the second step in the decomposition 

pathway, is calculated to be 16% (X = Cl) and 25% (X = Br), as shown in Eq. 2.37. 

The overall weight losses therefore show that not all the HX is lost and that distinct 

steps are not observed in the temperature ranges, therefore the steps occur in overlap.

[XGaNHJn---------------- ► n GaN + 2 HX (2.38)

Recently, the imido species [ClGaNHJn (n = 1-4, 6 ) has been computationally 

investigated as an intermediate in the decomposition of the adduct [ClsGalNHs}] to 

give GaN.^^  ̂ In this investigation the authors concluded that HCl would be a poor 

leaving group when compared with Hz or CH4 , due to the strong Ga-Cl bond 

compared with Ga-H and Ga-C bonds.
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Figure 2.20 TGA of [Br2 Ga{NH(SlMe3 ) } ] 2  (33)

The TGA of [Cl2Ga(NH(SiMe2Ph)2 } ] 2  (83) shows a total weight loss of 70% 

which is close to the calculated total weight loss of 71%. If a similar decomposition 

pathway to that suggested for 32 was followed then such complete decomposition 

would not be expected as the first step would form a material of composition 

[ClGaNHJn. The two observed weight losses (44% and 26%) do not correspond with 

those expected (59% and 13%). This suggests that an alternative decomposition 

pathway is taking place or that more than one decomposition process may occur.

79



The TGA of [C^Ga(NH(^Bu)} ]] (84) shows two distinct weight losses 

between 160 - 280 °C (55%) and 310 - 450 °C (12%), which suggests that complete 

decomposition may have occurred. The total weight loss is therefore 67%, which is 

slightly greater than the calculated total weight loss to GaN (61%). This may be due 

to minor quantities of the sample subliming during the TGA or to a small error in 

recording the initial mass. The decomposition of 84 does not appear to follow a 

similar route to the decomposition of 32 because [ClGaNHJn would be formed as the 

result of the first step and this species would not be expected to decompose below 

500 °C. However, the ^Bu group has the ability to leave via a p-hydride elimination 

pathway and therefore a different decomposition route may be followed. Groups 

which undergo p-hydride elimination (e.g. Et, ^Bu) are often used in single-source 

precursors due to their ability to undergo clean decomposition at low temperature.

The decomposition properties of [Cbln(NH(SiMe3 )}]n were not determined 

in this study. This was because it would not be expected that the precursor would 

decompose below 500 °C (compared with 32) and InN is thermally unstable at 500 

°C which may lead to misinterpretation of the results.

2.3.3 Decomposition properties of [Et] AI {N(SiMeiH):} ] n

The decomposition properties of [Et2 Al(N(SiMe2 H)2 }]n (89) were 

determined by TGA and the results are shown in Figure 2.21. The decomposition of 

89 is clean and shows a total weight loss of 79% starting at 40 °C and finishing at 

500 °C. The calculated total weight loss to form AIN is 81% and given the accuracy 

of the TGA used {ca. 2%) this indicates AIN is formed at temperatures below 500 °C. 

There are no obvious features in either the TGA or the first derivative (a measure of 

change in weight against time) to suggest that two distinct decomposition steps 

occur. Therefore, no information is given on the decomposition route. 

Decomposition may occur with loss of two equivalents of HSiMe2 Et or via a more 

complex P-hydride decomposition pathway.
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Figure 2.21 TGA of [Et2Al{N(SiMe2H)2 }]„ (89)

2.3.4 Decomposition of [X3Ga{NH(R)R’}]

The synthesis of the adducts [X3 Ga{NH(R)R'}] (where X = Cl, Br, R = R' = 

SiMes, SiMeiPh; X = Cl, Br, R = ^Bu, R' = SiMes) is described in section 2.2. In this 

section the decomposition properties of these adducts is described and compared to 

the decomposition properties of the related complexes [X2 Ga{NHR}]n (described in 

2.3.2). The TGA obtained for [Br3 Ga(NH(SiMe3 )2 }] (96) is shown in Figure 2.22.
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Figure 2.22 TGA of [Br3 Ga{NH(SiMe3 )2 }l (96)

The decomposition of [X3 Ga{NH(SiMe3 )2 }] (where X = Cl (39), Br (96)) is 

clean and shows total weight losses of 71% and 65% respectively. Complete 

decomposition to GaN has not taken place instead the material [XGaNH]n has been 

formed. The TGA of [X3 Ga{NH(SiMc3 )2 }] show two weight losses (see Figure 2.22) 

of approximately equal size (31% where X = Cl and 32% where X = Br), each 

corresponding to the loss of a XSiMc3 group (calculated as 32% and 33% 

respectively). These weight losses occur in the temperature range 120 - 400 °C and 

result in the formation of [XGaNH]n.
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The TGA of [Cl3 Ga{NH(SiMe2 Ph)2 }] (93) shows an overall weight loss of 

82% which corresponds to the weight loss expected (81%) if complete 

decomposition occurs. As was suggested for [Cl2 Ga(NH(SiMe2 Ph) } ] 2  (83), the 

decomposition pathway for 93 is different to that followed by compounds 39 and 96. 

The TGA of [BrgGa{NH(SiMe2 Ph)2 }] (97) shows an overall weight loss of 69% 

which indicates that complete decomposition has not occurred. These results suggest 

that, in contrast to 93, decomposition of 97 occurs via a similar pathway to 

[X3 Ga{NH(SiMe3 )2 }] where two equivalents of Me2 PhSiBr are lost followed by loss 

of HBr. The weight loss of 69% corresponds well with the calculated weight loss for 

removal of two equivalents of Me2 PhSiBr (72%).

The TGA of [Cl3 Ga{NH(‘Bu)SiMe3 }] (95) shows an overall weight loss of 

53% which unexpectedly does not correspond with complete decomposition to GaN, 

as might be suggested by the decomposition of [Cl2 Ga{NH(^Bu) } ] 2  (84). Two weight 

losses are observed at temperatures between 60 - 140 °C (20%) and 150 - 300 °C 

(33%). These correspond with the loss of butene (18%) and ClSiMe3 (34%). Butene 

would be one of the expected products if a decomposition pathway involving 

p-hydride elimination occurred. The TGA of [Br3 Ga(NH(*Bu)SiMe3 }] (98) (see 

Figure 2.23) shows a total weight loss of 81%, indicating that complete 

decomposition has occurred (calculated as 81%). Four weight losses are visible in the 

TGA but the derivative shows that the first two weight losses are overlapping. 

Therefore, the size of the weight losses cannot be determined accurately and no 

useful information on the mechanism of the decomposition can be obtained. The 

final weight loss suggests that butene is being formed which would be expected if the 

decomposition occurred via a p-hydride mechanism.
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Figure 2.23 TGA of [Br3 Ga{NH(*Bu)SiMe3 }] (95)

2.3.5 Decomposition of [Cl2 Ga{As(SiMe2 Ph)2 }]n

The decomposition properties of [Cl2 Ga{As(SiMe2 Ph)2 }]n (102) were 

investigated by TGA and the results are shown in Figure 2.24. The total weight loss 

for 102 is 67%, which indicates that complete decomposition to GaAs has occurred 

(calculated 70%). Only one weight loss is observed corresponding with the loss of 

two equivalents of Me2 PhSiCl. The temperature range in which decomposition

84



occurred was between 80 °C and 360 °C which suggests that 102 may be a good low 

temperature precursor to GaAs.
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Figure 2.24 TGA of [Cl2Ga{As(SiMe2Ph)2 }]„ (102)

2.3.6 Preparation of bulk group 13 pnictides

Given the results obtained from TGA, pyrolysis studies were carried out on 

[Cl2 Ga(NH(SiMe3 ) } ] 2  (32), [Cl2 Ga{NH(SiMe2 ?h ) } ] 2  (83), [Cl3 Ga{NH(SiMe3 )2 }] 

(39) and [Cl2 Ga(As(SiMe2 Ph)2 }]n (102) in order to assess whether bulk gallium
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pnictides could be made from these compounds. The experimental procedure adopted 

is described in section 2.4.

2.3.7 Bulk decomposition of gallium silylamides

Initial attempts to prepare bulk GaN involved the pyrolysis of 32 under a N2  

atmosphere. To minimise loss of the precursor due to vaporisation, the sample was 

loaded into an ampoule which was then placed in a pre-heated oven. The results of 

pyrolysis carried out over a range of temperatures are shown in Table 2.9.

Table 2.9. Analytical and powder XRD data for the decomposition of 

[CliGa {NH(SiMc3)} ]2  (32) at different temperatures

Temperature °C %C %H %N %C1 Appearance Powder XRD

350 2.84 2.37 9.13 24.05 White -

450 1.36 0.33 7.92 - Pale grey Amorphous

500 0.41 0.56 12.17 24.27 Grey Amorphous

550 0.24 0 . 8 8 10.24 - Grey Amorphous

650 0.42 0.42 11.87 15.91 Pale yellow Weakly

crystalline

750 0.41 0.54 12.43 16.11 Yellow Mixture - 

cubic

850 1.91 0.81 13.39 5.24 Yellow Mixture - 

hexagonal

Pyrolysis of 32 between 350 and 500 °C gave rise to amorphous samples 

which were found to contain low levels of carbon and high levels of chlorine (by 

elemental analysis). From the TGA of 32 the formation of [ClGaNHJn was proposed 

which corresponds with the high %C1 obtained (H, 0.84%; Cl, 29.50%). If 

[ClGaNHJn is air sensitive this may lead to an inaccuracy in the determination of the 

amount of chlorine present (determination of %C1 involves handling the sample in 

air). At decomposition temperatures between 650 and 750 °C the amount of chlorine
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was found to be lower ( - 1 0 %) although it is still significant indicating that 

incomplete decomposition has taken place. The powder X-ray diffraction (XRD) 

patterns recorded for the samples heated to 750 and 850 °C indicate that a material 

similar to that prepared hy Gladfelter et al from [HiGaNHiJs is ohtained.^^ These 

materials appear to adopt a structure which consists of a random arrangement of 

cubic and hexagonal layers of GaN. The diffraction pattern for the sample pyrolysed 

at 750 °C is shown in Figure 2.25 along with the calculated pattern for cubic GaN, 

and shows that the cubic phase is dominant. The sample which was pyrolysed at 850 

°C had a significantly lower chlorine content than those decomposed at lower 

temperatures. The powder XRD pattern for the material obtained at 850 °C is shown 

in Figure 2.26 against the powder XRD pattern recorded for a commercial sample of 

GaN and indicates that the hexagonal phase has mainly formed. This suggests that at 

lower temperatures cubic GaN is formed and at higher temperatures the hexagonal 

phase is dominant. Compound 32 was also annealed at temperatures above 850 °C 

and the powder XRD was obtained. However, similar patterns to that recorded for 

the sample decomposed at 850 °C were obtained. Decomposition under an NH3 

atmosphere did not lead to any difference in the powder XRD recorded or to the 

amount of impurities found in the samples prepared. A study carried out by 

Gladfelter et al in which samples of cubic GaN were heated to 900 °C for various 

lengths of time, showed that a phase transition from cubic to hexagonal occurs.^^ 

However, after 7 hours partial transition had occurred and a powder XRD showing 

both cubic and hexagonal phases was recorded. These results suggest that cubic GaN 

may be formed during the decomposition, however, at higher temperatures a phase 

transition takes place leading to the formation of some hexagonal GaN.

Pyrolysis experiments were also carried out on [Cl3 Ga{NH(SiMe3 )2 }] (39) 

and [Cl2 Ga{NH(SiMe2 Ph) } ] 2  (83). It was found that 39 could be used to prepare 

cubic GaN and mixed cubic/hexagonal GaN in a similar manner to 32. However, the 

decomposition of 83 led to the formation of amorphous material at all decomposition 

temperatures and higher levels of impurities were detected. This supports the TGA 

data which suggested that a complex decomposition pathway may occur.
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2.3.8 Bulk decomposition of [Cl2Ga{As(SiMe2Ph)2}]n (102)

The bulk decomposition of [Cl2 Ga(As(SiMe2 Ph)2 }]n (102) was carried out in 

a similar manner to that described in 2.3.7. A decomposition temperature of 750 °C 

was used and a black powder was formed. Energy dispersive X-ray analysis (EDXA) 

was carried out on the powder and an approximately 1:1 ratio of Ga:As was found. 

Chlorine (1.7%) and silicon (11.2%) impurities were also observed in the powder, 

although it may be possible to reduce the impurity levels by annealing the powder or 

carrying the decomposition out at a higher temperature. Powder XRD was carried out 

and the results are shown in Figure 2.27 along with the calculated pattern for GaAs. 

The results show that crystalline GaAs has been formed and a good match between 

the experimental and calculated data is observed.
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2.3.9 Vapour-phase thin film studies

Given the results obtained from TGA and bulk pyrolysis, tube furnace 

reactions were carried out on [Et2 Al{N(SiMe2 H)2 }]n, (89), [Cl3 Ga(NH(SiMe3 )2 }] 

(39) and [Cl2 Ga(As(SiMe2 Ph)2 }]n (102) in order to assess whether thin films of 

group 13 pnictides could be obtained at low pressure. The apparatus used is shown in 

Figure 2.28 and the experimental procedure is described at the end of the chapter.

Tube Furnace

Î
Sample

Vacuum
Pump

Substrate

Figure 2.28 Tube furnace apparatus for vapour-phase deposition studies

In the case of 89 a thick highly reflective gold coloured film was deposited on 

the substrate (glass slides) and the inside of the glass tube. When the film was moved 

an interference pattern, which is due to the thickness of the film varying, was 

observed. The EDXA data for the film deposited showed the presence of both 

aluminium and nitrogen in the film but an accurate ratio could not be obtained due to 

the presence of peaks from the underlying glass. The presence of high levels of 

carbon were also found in the film due to incomplete decomposition of the precursor. 

However, this process is unoptimised and the use of a low pressure CVD reactor 

which offers more precise control over the flow rate of the precursor and the 

temperature of the substrate may lead to lower levels of impurities. One 

decomposition temperature (550 °C) was also tried and impurity levels are known to 

have a high dependency on the temperature used. Powder XRD showed the film to 

be amorphous. The Raman spectrum was recorded but no peaks were observed. A 

UV-vis spectrum was obtained and showed that the film has a direct band gap of 5
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eV. This is lower than the literature value of 6.2 eV.^ The more conducting nature of 

the film is thought to be due to the presence of high levels of carbon contamination.

The use of [Cl3 Ga{NH(SiMe3 )2 }] (39) as the precursor led to the formation of 

a thick gold film mostly on the glass slides. When the film was moved an 

interference pattern, which is due to the thickness of the film varying, was observed. 

The EDXA data showed the presence of gallium and nitrogen in the film, however, 

as the film was very thin, most of the elements observed were due to the glass 

substrate. Chlorine contamination was observed in the film but it was not possible to 

determine the precise amount. The Powder XRD showed the film to be amorphous. 

The Raman spectrum was recorded but no peaks were observed. A UV-vis spectrum 

was recorded and showed that the film has a direct band gap of 3.6 eV. This 

compares well with the literature value of 3.4 eV.'^

A vapour-phase reaction was attempted with [ChGa {As(SiMe2 Ph)2 } ]n (102), 

however, the precursor proved to have a low volatility under vacuum and no 

appreciable vapour transport was observed. This suggests that this compound may 

not be a suitable LPCVD precursor although a better vacuum may lead to some 

vapour transport.

2.4 Experimental

General Procedures. All manipulations were performed under a dry, oxygen-free 

dinitrogen atmosphere using standard Schlenk techniques or in a MBraun Unilab 

glove box. All solvents were distilled from appropriate drying agents prior to use 

(sodium/benzophenone for toluene, hexanes, ether and thf; CaH2  for CH2 CI2 ). 

[LiN(SiMe2 Ph)2 ], As(SiMe2 Ph)3 ^̂ ’ and As(SiMe2 ^Bu)3 ^̂  ̂were prepared according to 

literature procedures. All other reagents were procured commercially from Aldrich, 

Fluka or Strem and used without further purification. Microanalytical data was 

obtained at University College London.

Physical Measurements. NMR spectra were recorded on a Briiker AMX 400 

spectrometer at UCL. The NMR spectra are referenced to CD2 CI2 , CDCI3 or CôDô 

which were degassed and dried over molecular sieves prior to use; and *̂ C
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chemical shifts are reported relative to SiMe4  (0.00 ppm). Mass spectra (Cl) were run 

on a micromass ZABSE instrument. IR spectra were collected as either KBr discs, 

between KBr plates (liquid samples) or as nujol mulls on a Shimadzu FTIR-8200 

instrument. Paraffin oil (nujol) was degassed and dried over molecular sieves prior to 

use. Melting points were obtained in sealed glass capillaries under nitrogen and are 

uncorrected.

2.4.1 Preparation of [Cl2Ga{NH(SiMe3 ) } ] 2  (32)

A solution of HN(SiMe] ) 2  (0.42 cm^, 2.0 mmol) in CH2 CI2 (10 cm^) was 

added dropwise with stirring to a cooled solution (-78 °C) of [GaCls] (0.35 g, 1.99 

mmol). During the addition the solution turned from colourless to slightly pink. After 

stirring for about 5 min a white precipitate formed in the cooled solution. The 

solution was allowed to warm slowly to room temperature during which time the 

precipitate redissolved. The mixture was stirred for 1 h at room temperature and the 

solvent was removed under reduced pressure. The resulting white crystalline solid 

was dissolved in a minimum amount of CH2 CI2 giving a clear solution, which was 

cooled to -20 °C for 24 h. Colourless plate-like crystals of 32 were obtained (0.174 g, 

36.33% yield), mp 153 °C. Anal. Calc, for C3 H,oCl2NSiGa(CH2 Cl2 )o.3 : C, 15.67; H, 

4.31; N, 5,85; Cl, 33.31. Found: C, 14.91; H, 4.30; N, 5.69; Cl, 32.95. 'H NMR 

8 /ppm (CDCb): 8  0.40 (s, S iCft), 0.56 (s, SiC%), 2.07 (s, br, NH), 2.80 (s, br, NH),

5.28 (s, CH2 CI2 ). '^C NMR (CDCb): 8  1.3 (s, S1CH3 ), 2.8 (s, S1CH3 ). IR (KBr disc, 

cm''): 3205 s, 2950 m, 1410 m, 1260 s, 1130 m, 1060 w br, 925 m, 850 vs, 770 w, 

740 m, 705 w, 640 w, 535 m, 500 m, 405 m.

2.4.2 Preparation of [Cl2Ga{NH(SiMe2Ph) } ] 2  (83)

A solution of HN(SiMe2 Ph) 2  (1.64 cm^, 5.68 mmol) in CH2 CI2  (10 cm^) was 

added to a stirred solution of [GaCb] (1.00 g, 5.68 mmol) in CH2 CI2  (15 cm^) at -78 

°C with stirring. A white precipitate formed immediately and the reaction mixture 

was allowed to warm to room temperature. The resulting colourless solution was 

reduced in vacuo to ~5 cm^. Cooling of this solution to -20 °C afforded colourless 

crystals after a few days. These crystals were redissolved in diethyl ether (5 cm^) and
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cooled to -20 °C. X-ray quality crystals of 83 were obtained after a few weeks (1.04 

g, 63% yield), mp 104 - 107 °C. 'H NMR 6 /ppm (CD2CI2): 5 0.78 (s, SiCHi), 0.82 (s, 

SiC/Tj), 2.41 (s, N77), 7.00 - 7.39 (m, SiCg^). NMR (CD2CI2): 8 1.16 (s,

SiCHa), 3.10 (s. SiCHj), 127.9, 128.4 (s, m-SiCeHj), 129.3, 131.0 (s, p-SiCéHs), 

133.7, 133.9 (s, o- SiCeHs), 134.4 (s, îpra-SiCeHs). IR (KBr disc, cm '): 3213 s br, 

2957 m, 1428 s, 1258 s, 1180 m, 1116 vs, 1051 m, 998 w, 933 s, 831 vs, 800 vs, 748 

m, 699 vs, 687 w, 594 w, 471 w.

2.4.3 Attempted Preparation of [CliGa(NH(SiMe2H)}]%

A solution of HN(SiMe2 H) 2  (1.0 cm^, 5.68 mmol) in CH2 CI2  (10 cm^) was 

added to a red coloured solution of [GaClg] (1.0 g, 5.68 mmol) in CH2 CI2  (15 cm^) at 

room temperature with stirring. On addition of the silylamine the solution turned 

colourless. The resulting solution was reduced in vacuo yielding a white oil (0.99g). 

After ca. 1 week at room temperature colourless crystals and a grey solid formed. 

Anal. Calc, for C2 HgNSiCl2 Ga: C, 11.18; H, 3.75; N, 6.52. Found: C, 14.10; H, 4.31; 

N, 4.27.

2.4.4 Preparation of [Cl2Ga{NH*Bu} ] 2  (84)

HN*Bu(SiMe3 ) (1 cm^, 5.68 mmol) was added dropwise to a solution of 

[GaCls] (1.0 g, 5.68 mmol) in CH2 CI2  (15 cm^) at room temperature with stirring. 

The reaction mixture was refluxed for 24 hours. The resulting solution was reduced 

to ca. 5 cm^. Colourless X-ray quality crystals of 84 were obtained by cooling the 

solution to -20 °C for 24 hours, (0.757 g, 63 % yield). Anal. Calc, for C4 HioNCl2 Ga 

C, 22.58; H, 4.74; N, 6.58. Found C, 22.58; H, 4.80; N, 5.62. NMR ô/ppm 

(CDCI3 ): Ô 1.36 (s, C(C7 f3 )3 ), 1.44 (s, C(C7 /3 )3 ), 1.46 (s, C(C/7 3 )3 ), 1.50 (s, C(C/^)3 ), 

2.56 (s, br, N7f), 2.68 (s, br, 3.57 (s br, N//). ’̂ C{’H} NMR (CDCI3 ): Ô 30.1 (s, 

NC(CH3 )3 ), 31.3 (s, NC(CH3 )3 ), 31.6 (s, NC(CH3 )3 ), 56.8 (s, NC(CH3 )3 ), 57.0 (s, 

NC(CH3)3).
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2.4.5 Preparation of [Br2 Ga{NH(SiMe3 ) } ] 2  (33)

HN(SiMc3 ) 2  (0.27 cm^, 1.29 mmol) was added dropwise to a stirred solution 

of [GaBrs] (0.4 g, 1.29 mmol) in CH2 CI2 (15 cm^) at room temperature. On addition 

of the amine the yellow solution turned red/pink. On stirring at room temperature for 

approximately 1 minute the mixture changed colour to pale straw. The reaction 

mixture was stirred for a further hour at room temperature. The solution was reduced 

to ca. 5 cm^ and cooled to -20 °C overnight. After this time a white solid had formed 

(0.13 g, 32% yield). Anal. Calc, for C3 H]oNBr2 SiGa: C, 11.34; H, 3.17; N, 4.41. 

Found C, 12.35; H, 3.35; N, 2.25. ‘H NMR 5/ppm (CD2 CI2 ): 5 0.43 (s,

0.54 (s, Si(C%)3 ), 0.63 (s, Si(C.%)3 ). 0.73 (s, Si(C%)3 ), 3.08 (s, br, N/7).

NMR (CD2 CI2 ): 5 0.7 (s, S1(CH3 )3 ), 17 (s, Si(CH3 >3 ), 3.8 (s, Si(CH3 )3 ), 4.2 (s. 

8 1 (0 4 3 )3 ). IR (nujol, cm '): 3193 m, 1515 m, 1260 vs br, 1172 m, 1129 m, 1096 m, 

991 w, 848 vs br, 519 m, 490 m.

2.4.6 Preparation of [Cl2ln{NH(SiMe3)}]n (85)

HN(SiMc3 ) 2  (0.5 cm^, 2.37 mmol) was added to a stirred suspension of 

[InCl3 ] (0.5 g, 2.37 mmol) in diethyl ether (25 cm^). The resulting cloudy white 

mixture was stirred at room temperature for 5 days. The mixture was filtered giving a 

colourless solution which was reduced under vacuum to ca. 5 cm^. Cooling to -20 °C 

for 1 week resulted in the formation of a white solid (0.22 g, 34% yield), mp 159 - 

161 °C. Anal. Calc for C3 H,oNCl2 SiIn(CH2 Cl2 )o.2 5 : C, 16.43; H, 4.31; N, 4.80. Found 

C, 16.21; H, 4.32; N, 2.71. 'H NMR 5/ppm (CD2 CI2 ): 5 0.34 (s, Si(C%)3 ), 0.40 (s, 

Si(C%)3 ), 1.12 (t, 0 (CH2 C% )2 ), 2.47 (s br, NH), 3.60 (q, 0 (C%CH 3 )2 ).

2.4.7 Preparation of [MeGaClz]: (86)

A solution of N(SiMe3 ) 3  (0.66 g, 2.84 mmol) in CH2 CI2  (10 cm^) was added 

dropwise to a cooled (-78 °C) solution of [GaCU] (0.50 g, 2.84 mmol) in CH2 CI2  (10 

cm^) with stirring. The reaction temperature was maintained at -78 °C for 1 hour, 

after which the mixture was allowed to warm slowly to room temperature. After 

being stirred for an additional 1 hour, during which a colour change occurred from
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colourless to light straw, the mixture was stirred at 40 °C for 30 minutes. The solvent 

was then removed in vacuo and the resulting light brown coloured oil was dissolved 

in CH2 CI2  (2 cm^). Cooling of this solution to -20 °C overnight afforded colourless 

crystals of 86. Anal, (carried out on oil) Calc, for CHsC^Ga: C, 7.72; H, 1.94; Cl,

4 5 .5 5 . Found C, 9.39; H, 2.40; Cl, 41.32. ‘H NMR (CDCI3 ): S 0.42 - 0.62 (m, C //3 ). 

"C{'H}NM R(CDCl3)3.2,2.9,2.1, 1.8,1.6.

2.4.8 Reaction of GaClg with N(SiMe3 )3  in hexane

A solution of N(SiMc3 ) 3  (1.56 g, 6.60 mmol) in hexane (10 cm^) was added 

to a solution of [GaCl3 ] (1.2 g, 6.60 mmol) in hexane (15 cm^) with stirring. A white 

precipitate formed immediately. The mixture was stirred for 5 mins and the solvent 

removed. The resulting white powder was dried in vacuo. After standing for 24 hours 

at room temperature the white powder had transformed into a colourless oil. On 

standing for a further 24 hours colourless crystals suitable for X-ray crystallography 

formed (0.41 g). Anal. Calc, for C3 H9 Cl3 Ga2 : C, 12.39; H, 3.12. Found C, 11.36; H, 

2.58.

2.4.9 Reaction of [GaCb], HN(SiMe3 )2  and 3,5-Me2CgH3N

3 ,5 -Me2 C5H3N (1.37 cm^, 12 mmol) was added dropwise to a solution of 

[GaCb] (1.05 g, 6  mmol) in CH2 CI2  (15 cm^) which was cooled to -78 °C. A solution 

of HN(SiMe3 ) 2  (1.26 cm^, 6  mmol) in CH2 CI2  (10 cm^) was then added dropwise. A 

white precipitate formed after ca. 2 minutes. The mixture was allowed to warm 

slowly to room temperature during which time the precipitate redissolved. After 

stirring overnight at room temperature the mixture was a dark straw colour. The 

mixture was reduced under vacuum to ca. 5 cm^ and cooled to -20 °C for 24 hours. 

This afforded large colourless crystals of 87. Anal. Calc, for Ci4 HigN2 Cl3 Ga: C, 

43.07; H, 4.65; N, 7.18. Found C, 42.84; H, 4.73; N, 7.02. NMR ô/ppm (CD2 CI2 ): 

Ô 2.38 (s, 6 H, NC5H3 (C//3 )2 ), 7.55 (s, IH, /?-NC5/ / 3 (CH3 )2 ), 8.34 (s, 2H, 

o-NC5 / / 3 (CH3 )2 ). ’̂ C{^H} NMR (CD2 CI2 ): Ô 18.5 (s, ^ € 5^ 3(0 1 3 )2), 135.4 (s,

NCsH3 (CH3 )2 ), 141.7 (s, NC5H3 (CH3 )2 ), 145.6 (s, NC5H3 (CH3 )2 ).
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2.4.10 Reaction of [Cl2Ga{NH(SiMe3 ) } ] 2  and 3,5-Me2CsH3N

3 ,5 -Me2 C$H3N (0.5 cm^, 4.37 mmol) was added to a solution of compound 

32 (0.5 g, 1.09 mmol) in CH2 CI2 (15 cm^) in a dropwise manner. The resulting 

solution was stirred at room temperature for 5 hours. The mixture was reduced to ca. 

5 cm^ under vacuum. Cooling to -20 °C afforded large colourless crystals of 87 (0.19 

g). Anal. Calc, for Ci4 H]gN2 Cl3 Ga: C, 43.07; H, 4.65; N, 7.18. Found C, 42.85; H, 

4.37; N, 6.67.

2.4.11 Preparation of [Cl(Me)Al{NH(SiMe2H)}]n (88)

A solution of HN(SiMc2 H) 2  (1.77 cm^, 10 mmol) in CH2 CI2  (10 cm^) was 

added dropwise to a solution of [Me2 AlCl] (10 cm^, l.OM in hexanes) in CH2CI2 (15 

cm^) at -78 °C with stirring. The mixture was stirred and allowed to warm to room 

temperature. The solvent was removed in vacuo resulting in a colourless oil. After 

standing at room temperature over several weeks colourless crystals of 88 suitable 

for X-ray diffraction were afforded (0.56 g, 37% yield). ’H NMR ô/ppm (CDCI3): ô 

-0.73 (s, AIC//3), -0.70 (s, AIC//3), -0.51 (s, AIC//3), -0.47 (s, AIC//3), 0.31 - 0.44 

(m, Si(Ci/3 )2 H), 1.01 (s, br), 1.27 (s, br), 4.33-4.64 (m, Si(CH3 )2 ^ .  % { 'H ) NMR 

(CDCI3); ô -9.5 (s, br, AICH3 ), -0 . 2  (t, Si(CH3 )2 H).

2.4.12 Reaction of [AlEt3] and N(SiMe3 )3

A solution of N(SiMe3 ) 3  (2.04 g, 8.75 mmol) in CH2 CI2  (10 cm^) was added 

to a solution of [Et3 Al] ( 1 . 2  cm^, 8.75 mmol) in CH2 CI2  (15 cm^) in a dropwise 

manner. The mixture was stirred for 30 minutes at room temperature. The mixture 

warmed slightly and a white vapour was observed. The solvent was removed under 

vacuum yielding a colourless liquid. NMR ô/ppm (CDCI3 ): ô 0.20 (s, 9H, 

Si(C//3 )3 ), 0.33 (q, 23 Hz, 2H, AIC7 / 2 CH3 ), 1.10 (t, 14 Hz, 3H, AICH2 C7 7 3 ).

^^C{*H} NMR (CDCI3 ): ô 0.3 (s, Si(CH3 )3 ), 5.5 (s, AICH2 CH3 ), 8 . 6  (s, AICH2 CH3 ). 

IR (nujol, cm‘ )̂: 2944 s, 2902 s, 2865 s, 1460 w, 1409 w, 1253 s, 1261 s, 983 w, 918 

vs, 846 s, 822 m, 765 m, 6 6 8  m, 620 m, 545 w, 473 w, 401 m.
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2.4.13 Preparation of [Et] Al {N(SiMc]!!):} ] « (89)

A solution of HN(SiMe2 H) 2  (3.1 cm^, 17.5 mmol) in CH2 CI2  (10 cm^) was 

added dropwise to a solution of [EtgAl] (2.4 cm^, 17.5 mmol) in CH2 CI2  (20 cm^) at - 

78 °C with stirring. The evolution of a colourless gas was observed on addition of the 

amine. The mixture was stirred and allowed to warm to room temperature. The 

solvent was removed in vacuo resulting in a white crystalline solid. This solid was 

dissolved in a minimum amount of CH2 CI2  (~5 cm^) and cooled to -20 °C affording 

colourless plates (3.24 g, 85 %), mp 106 - 107 °C. Anal Calc for CgH2 4 NSi2 Al: C, 

44.19; H, 11.13; N, 6.44. Found: C, 45,17; H, 11.81; N, 6.09. ‘H NMR 5/ppm 

(CDCI3 ): 5 0.25 (q, J =  24 Hz, 4H, AIC//2 CH3 ), 0.38 (s, 12H, Si(C7 7 3 )2 H), 1.08 (t, J  

= 17 Hz, 6 H, AICH2 CH3 ), 4.68 (s, 2H, Si(CH3 )2 //). IR (KBr, cm '): 2750 w, 2180 vs, 

1411 m, 1258 vs, 1235 w, 1197 m, 1100 w, 913 s br, 847 s br, 785 m, 682 m, 629 s, 

552 s, 500 w, 415 m.

2.4.14 Preparation of [Et%AI {N(SiMeg):}] n (90)

HN(SiMc3 ) 2  (3.69 cm^, 17.5 mmol) was added to a solution of [EtgAl] (2.4 

cm^, 17.5 mmol) in CH2 CI2 (20 cm^) in a dropwise manner at room temperature. The 

mixture was stirred for 2  hours during which time a slight warming and the 

formation of a white vapour were observed. The solvent was removed under vacuum 

to give a colourless liquid, (4.17 g). NMR ô/ppm (CDCI3 ): ô 0.13 (s, 18H, 

Si(C/7 3 )3 ), 0.31 - 0.34 (m, 4H AIC//2 CH3 ), 1.07 (t, J =  17 Hz, 6 H, AICH2 C//3 ). 

‘̂ C{'H} NMR (CDCI3 ): S 3.5 (s, Si(CH3 )3 ), 5.0 (s, AICH2 CH3 ), 5.8 (s, AICH2 CH3 ),

8.3 - 9.3 (m, AICH2 CH3 ). IR (KBr, cm '): 2949 s, 2902 s, 2867 s, 1464 w, 1404 w, 

1260 s, 1250 ws, 989 s, 893 s, 835 s, 755 w, 675 m, 645 m, 621 m, 552 m, 475 w.

2.4.15 Reaction [EtgGa] and N(SiMes)3

A solution of N(SiMe3 ) 3  (0.79 g, 3.37 mmol) in ether (15 cm^) was added to a 

solution of [Et3 Ga] (0.5 cm^, 3.37 mmol) in ether (15 cm^) at room temperature in a 

dropwise manner. The resulting mixture was refluxed for 4 hours. The solvent was 

removed under vacuum affording a colourless liquid (0.87g). 'H NMR ô/ppm
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(CDCls): ô 0.19 (s, 9H, Si(C//3 )3 ), 0.38-0.43 (m, 4H, GaC/^CHg), 1.08 - 1.19 (m, 

6 H, GaCHzC^f]). NMR (CDCI3 ): ô 1.0 (s, S i(Œ 3 )3 ), 3.8 (s, S i(Œ 3 )3 ), 5.4

(s, GaCH2 CH3 ), 6.2 (s, G a Œ 2 CH3 ), 9.4 (s, GaCH2 Œ 3 ), 10.1 (s, GaCH2 Œ 3 ). IR 

(KBr, cm'^): 2946 vs, 2900 vs, 2866 vs, 2812 m, 1466 w, 1449 w, 1418 m, 1386 s, 

1253 vs, 1190 m, 1152 m, 1098 s, 1057 s, 1001 w, 919 vs br, 846 s, 882 m, 766 w, 

675 m, 650 w, 620 m, 562 m, 537 m, 401 m.

2.4.16 Preparation of [Cl2Ga{N(SiMe3)2}]n (42)

A solution of [LiN(SiMe3 )2 ] (1.91 g, 11.4 mmol) in hexane (15 cm^) was 

added to a stirred solution of [GaCb] (2.00 g, 11.4 mmol) in hexane (15 cm^) in a 

dropwise manner. A white precipitate formed immediately. The reaction mixture was 

refluxed for 24 hours. The resulting mixture was filtered through Celite and the 

solvent removed under vacuum affording a white coloured oil. This oil was dissolved 

in a minimum amount of CH2 CI2  (5 cm^) and the solution cooled to -20 °C. Small 

orange crystals of 42 formed after several weeks (0.21 g, 6 % yield). Anal. Calc, for 

C6 H,gNCl2 Si2 Ga: C, 23.94; H, 6.03; N, 4.63. Found: C, 24.43; H, 5.99; N, 3.55.

2.4.17 Preparation of [Ci(Ph)Ga(N(SiMe2 Ph)2 } ] 2  (92)

["BuLi] (1.78cm^, 2.84 mmol, 1.6M in hexanes) was added dropwise to a 

solution of HN(SiMe2 ?h ) 2  (0.82 cm^, 2.84 mmol) in hexane (10 cm^) at -78 °C with 

stirring. A white precipitate formed after a few minutes and the mixture was stirred at 

-78 °C for 2 hours. The resulting slurry was then added dropwise to a solution of 

[GaCl3 ] (0.5 g, 2.84 mmol) in hexane (10 cm^) at -78 °C with stirring. The reaction 

mixture was allowed to warm slowly to room temperature with stirring. The mixture 

was filtered through Celite giving a pale yellow solution. Cooling of this solution to 

-20 °C for 2 weeks afforded single colourless crystals suitable for crystallography 

(0.29 g, 22% yield), mp 126-128 °C. ’H NMR 5/ppm (CD2 CI2 ): 5 0.17 (s, SiCTTg), 

0.25 (s, S1CH3), 7.20 - 7.63 (m, SiCeHs and GaCeHs). ’̂ C{^H} NMR (CD2 CI2 ): 5 

1.6, 2.7 (s, S1Œ3), 126.1, 126.5 (s, m-SiCeHg), 131.9, 132.3 (s, j ĵ-SiCgHs), 140.8,

142.0 (s, o-SiCeBs), 128.3, 128.5 (s, m-GaCôHs), 131.4, 131.6 (s,/j-GaCôHs), 140.2, 

(s, o-GaCeBs), ipso-carbon not detected. IR (KBr disk, cm’ )̂: 2957 m, 2899 w, 1483
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w, 1427 s, 1406 w, 1302 w, 1258 vs, 1180 w, 1112 s, 1022 s, 999 w, 947 s, 868 vs, 

798 vs, 729 s, 700 s, 648 w, 522 w, 472 w, 449 w, 407 w.

2.4.18 Preparation of [Cl3Ga{NH(SiMe3)2 }] (39)

HN(SiMe3 ) 2  (2.52 cm^, 12 mmol) was added dropwise to a solution of 

[GaCls] (2.1 g, 12 mmol) in hexane (20 cm^) at room temperature. A white 

precipitate formed immediately. The mixture was stirred for 1 h at room temperature. 

The white solid was separated and dried under vacuum. Compound 39 was obtained 

as a white powder (3.62 g, 90% yield), mp 126-128 °C. Anal. Calc, for 

C6 H,9NCl3 Si2 Ga C, 21.35; H, 5.67; N, 4.15. Found C, 21.43; H, 5.73; N, 3.41.

2.4.19 Preparation of [Cl3Ga{NH(SiMe2Ph)2 }] (93)

A solution of HN(SiMe2 ?h ) 2  (1.45 cm^, 5.0 mmol) in hexane (10 cm^) was 

added dropwise to a solution of [GaCb] (0.88 g, 5.0 mmol) in hexane (15 cm^) at 

room temperature with stirring. A white precipitate formed immediately. The 

reaction mixture was stirred for 30 mins. The liquid was removed and the resulting 

solid dried in vacuo. Compound 93 was isolated as a white powder (2.14 g 93% 

yield). Anal. Calc for Ci6 H2 3 NCl3 SiGa: C, 41.64; H, 5.02; N, 3.03. Found C, 41.28; 

H, 5.23; N, 2.04. IR (KBr, cm''): 3115w, 2959w, 1427m, 1259vs, 1180br, 1117s, 

1024w, 934m, 860w, 800m, 740w, 73 Iw, 700m, 594w, 460w.

2.4.20 Attempted Preparation of [C^Ga{NH(SiMe2 H)2}]

A solution of HN(SiMc2 H) 2  (1.0 cm  ̂ 5.68 mmol) in hexane (10 cm^) was 

added dropwise to a solution of [GaCb] (1.0 g 5.68 mmol) in hexane (15 cm^) at 

room temperature with stirring. A white precipitate formed immediately. The 

mixture was stirred for 30 mins. The liquid was removed and the resulting solid dried 

in vacuo to give in a white powder (1.05 g). This white powder decomposed to give 

colourless crystals and a sticky grey material.
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2.4.21 Preparation of [Cl3Ga{NH(*Bu)(SiMe3)}] (95)

HN^Bu(SiMe3 ) (1 cm^, 5.68 mmol) was added dropwise to a solution of 

[GaCls] (1.0 g, 5.68 mmol) in hexane (15 cm^) at room temperature. A white 

precipitate formed immediately. The mixture was stirred for 5 mins at room 

temperature. The liquid was removed and the precipitate was dried in vacuo giving a 

white powder. (1.44 g, 79 % yield), mp 126 °C. Anal. Calc, for CyHigNClgSiGa C, 

26.16; H, 5.96; N, 4.36. Found C, 25.17; H, 5.79; N, 4.58. IR (nujol, cm'^): 3152 vs, 

1564 m, 1408 m, 1337 m, 1261 vs, 1240 w, 1177 s, 1079 s, 1027 m, 932 w, 845 vs 

br, 772 m, 735 s, 664 m, 627 m, 568 m, 416 w.

2.4.22 Preparation of [Br3 Ga{NH(SiMe3)2 }] (96)

HN(SiMc3 ) 2  (0.34 cm  ̂ 1.61 mmol) was added dropwise to a solution of 

[GaBr3 ] (0.50 g, 1.16 mmol) in hexane (25 cm^) at room temperature with stirring. A 

white precipitate formed immediately on addition of the amine. The white solid was 

separated and dried in vacuo. Compound 96 was obtained as a white powder (0.47 g, 

56% yield), mp 113-115 °C. Anal. Calc, for C6 Hi9NBr3 Si2 Ga C,15.31; H 4.07; N, 

2.98. Found C, 15.30; H, 3.85; N, 1.56. IR (KBr Disc) 3410 m, 3141 m, 2960 m, 

2361 w, 1399 m, 1260 vs, 1062 s, 848 s, 757 w, 677 w, 580 w.

2.4.23 Preparation of [Br3 Ga{NH(SiMe2Ph)2)] (97)

NH(SiMc2 Fh) 2  (0.37 cm^, 1.29 mmol) was added to a stirred solution of 

[GaBr3 ] (0.40g, 1.29 mmol) in hexane (25 cm^) in a dropwise manner at room 

temperature. A white precipitate formed immediately on addition of the amine. The 

precipitate was isolated and dried under vacuum yielding a white powder (0.59 g, 

76.9% yield), mp 108 - 109 °C. Anal. Calc, for Ci6 H2 3 NBr3 Si2 Ga: C, 32.30; H, 3.90; 

N, 2.35. Found: C, 32.08; H, 3.93; N, 0.57. IR (nujol, cm'^): 3155 m, 3070 w, 1590 

m, 1428 s, 1258 s, 1178 w, 1161 w, 1116 vs, 1015 s, 998 m, 931 m, 884 s, 830 s, 801 

s, 740 m, 672 m, 635 m, 585 s, 507 s, 465 s, 457 s.
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2.4.24 Preparation of [BrgGa {NH(^Bu)(SiMe3)} ] (98)

HN(*Bu)SiMe3 (0.25 cm^, 1.29 mmol) was added dropwise to a stirred 

solution of [GaBrg] (0.4 g, 1.29 mmol) in hexane (25 cm^) at room temperature. A 

white precipitate was observed to form on addition of the amine. The precipitate was 

separated and dried under vacuum yielding a white powder (0.38 g, 65% yield), 

sample decomposed without melting below 230 °C. Anal. Calc, for C7 Hi9NBr3 SiGa: 

C, 18.49; H, 4.21. Found C, 17.65; H, 4.00. IR (nujol, cm'^): 3145 s, 1261 s, 1173 s, 

1071 s, 1025 w, 851 s br, 772 m, 656 w, 623 w, 561 w, 418 w.

2.4.25 Preparation of [Cl2(Me)Al(NH(SiMe2Ph)2}] (99)

HN(SiMe2 Ph) 2  (1.5 cm^, 5 mmol) was added dropwise to a solution of 

[Me2AlCl] (5 cm^, l.OM in hexane, 5 mmol) in CH2 CI2 (15 cm^) at -78 °C. A white 

precipitate formed and the mixture was allowed to warm slowly to room temperature 

during which time the precipitate redissolved. The mixture was reduced in volume to 

5 cm  ̂ and cooled to -20 °C. Colourless crystals suitable for X-ray crystallography 

were formed (0.15 g, 8 % yield). 'H NMR ô/ppm (CD2 CI2 ): ô -0.46 (s, AIC//3 ), -0.39 

(s, AIC//3 ), 0.30 (s, Si(C//3 )2 ), 0 . 6 8  (s, Si(C/6 )2 ), 0.77 (s, Si(C^3 )2 ), 2 . 2 1  (s br, N77),

7.26 - 7.67 (m, SiCe^s). ’̂ C NMR (CD2 CI2 ): ô -0.7 (s, AICH3 ), 0.0 (s, AICH3 ), 1.3 

(s, S i(Œ 3 )2 ), 2.2 (s, Si(CH3 )2 ), 3.1 (s, Si(CH3 )2 ), 128.1 (s, m-SiCôHs), 128.5 (s, 

w-SiCôHs), 128.7 (s, w-SiCôHs), 129.4 (s,/j-SiCôHs), 130.9 (s, ^^-SiCôHs), 133.7 (s, 

o-SiCôHs), 135.7 (s, zp^o-SiCéHs).

2.4.26 Preparation of As(SiMe2Ph) 3

Sodium (1.01g, 44 mmol) was used to make a sodium mirror on the inside of 

a round bottom Schlenk flask. Arsenic powder (l. lg, 14.6 mmol), a few crystals of 

napthalene and thf (30 cm^) were added at room temperature with stirring. The 

mixture was refluxed overnight. After cooling to room temperature, PhMe2 SiCl (7.4 

cm^, 44 mmol) was added dropwise to the reaction mixture. Immediately the mixture 

turned black in colour. The reaction mixture was refluxed for 24 hours resulting in 

the formation of a grey slurry. The solvent was removed in vacuo and toluene (30
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cm^) was added. The mixture was filtered and a pale yellow solution was obtained. 

Cooling in a freezer resulted in the formation of pale yellow crystals.

2.4.27 Preparation of As(SiMe2 Bn)]

Sodium (1.06g, 46 mmol) was used to make a sodium mirror on the inside of 

a flask. Arsenic powder (l.Og, 13.3 mmol), a few crystals of napthalene and thf (30 

cm^) were added at room temperature with stirring. The mixture was refluxed 

overnight. After cooling to room temperature *BuMe2 SiCl (6.0 g, 39.8 mmol) was 

added dropwise. Immediately the reaction mixture turned black in colour. The 

reaction mixture was refluxed for 24 hours resulting in the formation of a grey slurry. 

The solvent was removed in vacuo and toluene was (30 cm^) was added. The mixture 

was filtered and a pale yellow solution was obtained. Cooling to -20 °C resulted in 

the formation of pale yellow crystals after 24 hours (1.26 g, 65% yield). Anal. Calc, 

for C]gH4 5 Si3 As: C, 51.39; H, 10.78. Found C, 51.22; H, 11.00.

2.4.28 Preparation of [Cl2Ga(As(SiMe2Ph)2 }] (102)

A solution of As(SiMc2 Ph) 3  (0.75 g, 1.56 mmol) in CH2 CI2  (25 cm^) was 

added dropwise to a cooled (-78 °C) solution of [GaCb] (0.27 g, 1.56 mmol) in 

CH2 CI2 (20 cm^) with stirring. On addition of the arsine a cream precipitate formed 

and the solution was orange. The mixture was allowed to warm slowly to room 

temperature with stirring and the orange of the solution intensified. The mixture was 

filtered through Celite giving an orange solution which was cooled to -20 °C. An 

orange powder formed after 1 week. This was separated and dried under vacuum 

resulting in an orange powder (0.25 g, 33%), decomposed with out melting below 

230 °C. Anal. Calc, for Ci6 H2 2 AsCl2 Si2 Ga: C, 39.54; H, 4.56. Found C, 38.92; H, 

4.64. ‘H NMR 5/ppm (CD2 CI2 ): 5 0.33 (s, SiC%), 0.51 (s, SiC/Zj), 0.69 (s, SiC/Zj),

0.81 (s, SiCZZs), 0.84 (s, SiC/Z,), 7.21-7.70 (m, SiCsZZj). NMR (CD2 CI2 ): 5

1.0 (s, SiCHs), 2.1 (s, SiCHs), 128.0 (s, m-SiCgH;), 128.3 (s, m-SiC6H;), 129.0 {s,p- 

SiCôHs), 129.5 (s, o-SiCôHs), 133.3 (s, zp^o-SiCeHs).
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2.4.29 Attempted preparation of [Cl2 Ga{As(SiMe2*Bu)2 }]n

A solution of As(SiMe2 ^Bu) 3  (0.39 g, 0.93 mmol) in CH2 CI2  (15 cm^) was 

added to a solution of [GaCls] (0.16 g, 0.93 mmol) in CH2 CI2  (10 cm^) at -78 °C. A 

cream coloured precipitate formed which was removed by filtration through Celite. 

The resulting yellow solution was reduced to 5 cm^ and cooled to -20 °C. After 12 

hours a dark brown precipitate formed.

2.4.30 Pyrolysis studies

Typically, a sample of precursor (0.30 g) was loaded into a glass or quartz 

ampoule (30 cm length x 9 mm diameter) in the glove box. The ampoule was then 

placed in a furnace, which had been pre-heated to the decomposition temperature, 

such that the sample was in the centre of the furnace. The ampoule was heated for 5 

minutes under a N2  atmosphere and for a further 4 hours under a dynamic vacuum. 

The furnace was then allowed to cool to room temperature. The powder produced 

was analysed by powder XRD, EDXA (in the case of GaAs) and elemental analysis 

(in the case of GaN).

2.4.31 Vapour-phase studies

Typically, a sample of the precursor (0.30 g) was loaded into a glass ampoule 

(40 cm length x 1.5 cm diameter) in the glove box. Pieces of microscope slide, which 

had been cut into thin strips (ca. 1cm width), were placed along the centre of the 

ampoule. The ampoule was then placed in a furnace such that 30 cm was inside the 

furnace and the end containing the precursor protruded by 5 cm. The ampoule was 

heated to 550 °C under dynamic vacuum. The ampoule was slowly drawn into the 

furnace over the period of a few minutes until the sample started to melt. The 

ampoule was then drawn into the furnace over 4 hours until all the sample had 

vaporised or decomposed. The furnace was allowed to cool to room temperature. 

Films were deposited on the glass microscope slides and the inside wall of the 

ampoule where the tube was in the furnace. The films were analysed by 

EDXA/SEM, Raman spectroscopy and UV/Vis.
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3. Group 13 chalcogenides

3.1 Introduction

Group 13 chalcogenides have a wide range of potential applications including 

as wear resistant coatings (AbOs),^’̂  dielectrics (AI2 O3 ) /  photovoltaics (IniSs)/'^ 

switching devices/ non-linear optics^ and displays. In this study, the preparation of 

aluminium alkoxides and thiolates, which could act as single-source precursors to 

aluminium oxide and sulfide respectively, was investigated.

Aluminium oxide (alumina) only exists in the stoichiometric form AI2 O3 

although there are various crystalline forms. The most stable of these forms is 

a-Al2 0 3 , which occurs naturally as the mineral corundum. It has a rhombohedral 

crystal structure in which the oxygen atoms adopt a hexagonal close packed array 

with aluminium atoms ordered on two-thirds of the octahedral interstices. The 

second common phase is Y-AI2 O3 which has a less compact defect spinel structure. 

The oxygen atoms form a 32-atom face centred cubic arrangement and a random 

occupation of 21% of the 24 available octahedral and tetrahedral sites. Aluminium 

sulfide also exists only in the stoichiometric form AI2 S3 although there are several 

crystalline forms. Two common forms are based on the hexagonal zinc sulfide 

(wurtzite) structure in which there are two interpenetrating hexagonal close packed 

lattices, one fully occupied with sulfur atoms and the other two thirds occupied with 

aluminium atoms. In a-Al2 S3 the aluminium atoms fill the lattice in an ordered 

manner and in P-AI2 S3 the aluminium atoms fill the lattice in a random fashion. A 

third common phase of AI2 S3 is y-Al2 S3 which has a defect spinel structure similar to 

y-Al2 0 3 .̂

3.1.1 Aluminium chalcogenides

Aluminium oxide has many useful properties including a high melting point 

(2045 °C), low volatility, chemical inertness, good electrical insulating properties 

and great hardness. These properties make AI2O3 a versatile material with a wide 

range of engineering applications.^ Uses of bulk AI2O3 powders includes in
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abrasives, refractory materials and ceramics. Thin films of AI2O3 have also been 

investigated as high temperature wear resistant co a tin g s,co rro sio n  resistant 

coatings, mechanical barriers against air or moisture penetration^ and high 

temperature diffusion b a rrie rs .T h e  dielectric constant of AI2O3 is a factor of two 

higher than that of Si0 2 , ’̂  making thin films of AI2O3 useful as dielectrics in 

electronic devices^^ such as capacitors.^ The less stable y-Al2 0 3  has a far higher 

surface area than a-Al2 0 3  and is important in the preparation of catalyst supports.

3.1.2 Synthesis of bulk materials

Industrially, a-Al2 0 3  is prepared by igniting [A1(0 H)3 ] or [AIO(OH)] at high 

temperatures (1200 °C). Bulk samples of a-Al2 0 3  may be prepared by combustion of 

aluminium metal. The less stable Y-AI2 O3 is formed by dehydration of [y-Al(0 H)3 ] or 

[y-AlO(OH)] at low temperatures (<450 °C). Aluminium sulfide is formed by the 

reaction of aluminium and sulfur at high temperatures (>1000 °C).^ AI2 S3 is moisture 

sensitive, reacting with water to form [A1(0 H)3 ] and H2 S.

3.1.3 Preparation of thin films by dual-source routes

Traditionally, AI2O3 films are prepared by a dual-source CVD reaction 

involving a trialkyl aluminium complex (typically [Mc3 Al]) and an oxygen source 

(e.g. O2 , N2 0 ).  ̂ One of the first oxygen sources used was N2 O which reacts with 

[MC3 A1] at a substrate temperature of 650 °C to form either amorphous or y-Al2 0 3 .̂  ̂

More recently, thin films of AI2O3 have been grown using the same precursors at 

both higher (1000 and lower (360 substrate temperatures. Deposition of

AI2O3 films has been carried out at lower temperatures (around 350 by the CVD 

reaction of [Mc3 Al] and 0 2 .̂ ’̂̂  ̂ It has also been reported that using O2  as opposed to 

N2 O leads to the formation of higher quality films.^ Other oxygen sources which 

have been used with [Me3Al] to form AI2O3 include H2 0 ^̂  and H2 0 2 .̂ ^

Amorphous AI2 O3 thin films have been grown in a low-pressure MOCVD 

experiment using [Al(acac)3 ] and H2 O at a substrate temperature of 330 °C.^  ̂ It was 

found that when H2 O was not used, AI2 O3 films were produced but these contained
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high levels of carbon contamination (-25% by XPS). When H2 O was used as a co­

reactant near stoichiometric carbon free films (by XPS, AES and RBS) were formed. 

The dialkylaluminium acetylacetonate precursors, [R2 Al(acac)] (where R = Me, Et, 

^Bu) have been used to prepare AI2 O3 thin films when reacted with either O2  or H2 O 

at substrate temperatures between 400 and 520

Other techniques which use the precursor systems described above, have also 

been used to form AI2 O3 . Atomic layer deposition has been used to form thin films of 

AI2 O3 at low substrate temperatures (300 In this process, [Me3 Al] and H2 O 

were used to form carbon free (> 0.1%) films. Sequential reactions of [Mc3 Al] and 

either or H2 0 2 ^̂  have been used extensively to form AI2 O3 at substrate

temperatures as low as 100 °C. Molecular beam epitaxy (MBE) was used to prepare 

y-Al2 0 3  films at substrate temperatures between 720 and 800 °C by the use of N2 0 .̂ ^

3.1.4 Preparation of thin films by single-source routes

Metal alkoxides are well established precursors to metal oxides^^ and 

aluminium alkoxides are no exception. The aluminium alkoxides [A1(0 R)3 ] (where R 

= 'Pr (1),^'’̂  ̂ ^Bu (2)^’'^) have been used as single-source precursors in CVD 

reactions to form AI2O3 thin films. Typically, substrate temperatures below 450 °C 

were used in the depositions. The effect of the atmosphere in the CVD reactor during 

the deposition of AI2O3 from 1 has been investigated.^"^ It was found that although 1 

may act as a single-source precursor, the rate of deposition decreases as the substrate 

temperature decreases, if however H2 O is used in the reaction, the deposition rate 

increases at lower temperatures.

Volatile dialkylaluminium alkoxides, [R2 A1(0 R')] (where R = Me, R' = 'Pr 

(3), ^Bu (4); R = Et, R' = 'Pr (5)) have been prepared and used as single-source 

precursors to Al2 0 3 .̂  ̂ The precursors were found to be volatile at room temperature 

under reduced pressure. The resulting films were found to contain no carbon 

contamination (by Auger depth profiling).

Although [Al(acac)3 ] (6 ) has been used in a dual-source reaction to form 

AI2O3, 6  may be used as a single-source precursor at substrate temperatures as low as
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250 The fluorinated analogue of 6 , [Al(C5Fy0 2 )3 ] (7) has been prepared/^ It 

was found that 7 has a significantly higher vapour pressure than 6  at temperatures 

below the decomposition temperature. This makes handling the precursor in the 

vapour phase easier as lower temperatures may be used. The single-source precursor 

[A1(C8Hi5 0 2 )3 ] (8 ) has also been prepared.^^ The composition^^ and optical 

properties'^ of films of AI2O3 deposited from 8  were found to contain high levels of 

carbon. Another precursor which is of interest is [H2 Al(O^Bu) ] 2  (9), which has been 

used to prepare a AI/AI2 O3 composite material with low levels of carbon 

contamination.^^

The preparation of thin films of AI2 S3 has not been reported as having been 

attempted. However, the CVD of other group 13 sulfides, in particular gallium 

sulfide and indium sulfide are well known and have been comprehensively 

reviewed."^^’"̂’

3.1.5 Group 13 alkoxides

Aluminium alkoxides of the type [Al(0 R)3 ]n (where R = Me (10), Et (11), 'Pr 

(12), "Bu (13), *Bu (14)) were first prepared by Noth et al by the reaction of [AIH3] 

and 3 equivalents of ROH, as shown in Eq. 3.1."̂ ^

AIH3 + 3 R O H -------------- ► A1(0 R) 3  + 3 H2  (3.1)

The structure of 12 has been determined by X-ray crystallography. It was 

found that in the solid state a tetrameric structure is formed (Figure 3.1).'^ ’̂'̂ '̂  The 

structure of 12 consists of a central aluminium surrounded by six bridging 'PrO 

groups to three other aluminium atoms. This central core has been likened to the 

emblem of the Mitsubishi company.' '̂^’'̂  ̂ Each of the outer aluminium atoms has two 

terminal 'PrO groups attached.
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Pr'O O'Pr

j ___________________ j
H o  /  0 ‘Pr

P r 'O ^ ^  ^ - O ' P r  P r 'O ^ N  _ ^ 0 'P r  
k \ - ' ^  A1—

Pr'O O'Pr

Figure 3.1 Structure of [Al(0 'Pr)3 ] 4  (12)

Dimeric metal alkoxides, [M(OR)3 ]2 , may adopt one of two possible 

structural types I and II. Type I (shown in Figure 3.2) involves the alkoxide groups 

bridging the two aluminium centres whereas type II (shown in Figure 3.3) involves a 

direct M-M bond. The aluminium alkoxides [M(OR)3 ] 2  can only adopt type I 

structures as the M-M bond in the type II structures involves tt bonding between the 

d orbitals. The structure of 14 has been determined and was found to be alkoxide 

bridged."^^

RO. ^  OR

M M

RO R OR

Figure 3.2 Structural type I metal alkoxides

RO T)R\ ic
,0R

,M M

7
RO"

RO OR

Figure 3.3 Structural type II metal alkoxides
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The monomeric tris aluminium alkoxide, [A1(0 R)3 ] (where R = 

2 ,6 -*Bu2 -4 -MeC6 H2  (IS/^) has been prepared by a two step synthesis via 

[HAl(OR)2 (OEt2 )]. The structure of 15 was found to be monomeric with the 

aluminium centre adopting a trigonal planar geometry, as shown in Figure 3.4.

Me

Bu' Bu

O

Bu

A1

Me Bu' MeBu

Figure 3.4 Structure of [A^OCgHi BuiMe)]] (15)

The tris aluminium alkoxide, [Al(OCy)3 ] 3  (16)"̂  ̂ has been prepared by the 

reaction of CyOH and aluminium metal in refluxing xylene. Compound 16 adopts a 

structure, similar to the structure of 12 (Figure 3.1) but with only four OR bridges, as 

shown in Figure 3.5.
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C y O - y  \ ^ O C y
C y O ^  y/^O Cy C y O ^ N  -OCy

A l * ^  ' K Y ^

CyO OCy

Figure 3.5 Structure of [Al(OCy)3 ] 3  (16)

The hydride containing alkoxides, [HA1(0R)2] (where R = Me (17), Et (18), 

'Pr (19), "Bu (20), ^Bu (21)) were prepared by the reaction o f [AlHsJn and two 

equivalents o f ROH/^ The structure o f 21 was found to be dimeric, with two ^BuO 

groups bridging the two aluminium a t o m s O n e  terminal ^BuO group and one 

hydride are also attached to each o f the aluminium atoms, as shown in Figure 3.6. 

The two terminal ^BuO groups were found to be arranged in a trans fashion.

‘Bu

À1 C Ài;

Figure 3.6 Structure of [HAI(0 ‘Bu)2] (21)

The reaction o f [A1H3(NR'3)] and two equivalents o f ROH lead to the 

formation o f monomeric species if  the R group has sufficient steric bulk. The 

reaction o f [AlH3(NMe2Et)] and two equivalents o f either 2,6-'Pr2C6H30H or 

Ph3C0H resulted in the formation o f  [HAl(OC6H3'Pr2-2,6)2(thf)2] (22) and 

[HAl(OCPh3)2(thf)] (23), respectively.^*  ̂The monomeric species [HAl(OR)2(NMe3)] 

(where R = 2 ,6 -‘Bu2-4 MeC6H2 (24)) was formed by a ligand redistribution reaction 

involving [H2A1(OR)(NMc3)] (where R = 2,6-‘Bu2-4MeC6H2 (25)) and NH2‘Bu.^‘ It 

was found that 24 is monomeric with the aluminium atom adopting a distorted 

tetrahedral geometry, as shown in Figure 3.7. The reaction o f [A1H3(NMc3)] and two
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equivalents o f an amino alcohol (R'OH) has been used to form [HA1(0R')2] (where

R' = CHiCHzCHzNM ez (26)). 52

Me

^Bu

Bu Bu

O

Me Bu

A

H

Figure 3.7 Structure of [HAI(OC6 H2 Bu2Me)2 (NMc3)] (24)

The bis hydrides [H2Al(0R)]n (where R = Me (27), Et (28), 'Pr (29), "Bu (30), 

*Bu (31)) have been formed by the reaction o f [AlHsJn with one equivalent o f ROH."̂  ̂

The structure o f 31 has been determined and was found to be dimeric (Figure 3.8)."̂ ^

H

H

À1:

^Bu

Al>
v\\VH

H

Figure 3.8 Structure of [H2A1(0 Bu) ] 2  (31)
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Recently, [H2Al(OSiMe3)]n (32) was prepared by the reaction o f [AlHgjn and 

MesSiOH.^^ Compound 32 is tetrameric in solution and polymeric in the solid state. 

The compounds [H2A1(0R')] (where R  = CH2CH2NMe2 (33), CH(Ph)CH(Me)NMe2 

(34), CH2CH2CH2NMe2 (35)) have also been formed from the reaction o f  

[A1H3(NMc3)] and the corresponding amino alcohol.

3.1.6 Group 13 thiolates

The homoleptic aluminium thiolate complex [Al(S*Bu)3]2 (36) was isolated 

from the reaction o f [AlBr3] and three equivalents o f NaŜ Bu.̂ "̂  The analogous 

complex [Al(S'Pr)3]2 (37) was prepared hy the reaction o f [AlH3(OEt2)] and an 

excess o f 'PrSH. Both o f these complexes were found to be dimeric in the solid state, 

similar to that shown in Figure 3.2. The monomeric thf adduct [Al(S*Bu)3(thf)] (38) 

resulted from the reaction o f [Al(N‘Pr2)3]2 and a large excess o f ^BuSH in thf, as 

shown in Eq. 3.2.

[Al(N'Pr2 )3 ] + xs ^BuSH------------ ► [Al(S^Bu)3 (thf)] + 3 HN'Prj (3.2)

The amine adducts [Al(SR)3(NHMe2)] (where R = 'Pr (39), ^Bu (40)) have 

been prepared by the reaction o f  [Al(NMc2)3]2 and a large excess o f  RSH, as shown 

in E q .3.3 .̂ ^

[Al(NMe2)3]2 + xs R SH --------------► 2 [Al(SR)3(NHMe2)] + 4NHR2 (3.3)

Similar amine adducts, [Al(SR)3(NMc2Et)] (where R = 'Pr (41), ^Bu (42)), 

were prepared by the reaction o f [AlH3(NMc2Et)] and an excess o f RSH, as shown in 

Eq. 3.4 .̂ ^

[AlH3(NMe2Et)] + xs RSH --------------► [Al(SR)3(NMc2Et)] + 3 H2 (3.4)

The structures o f  38 and 40 were determined and found to be monomeric with 

a distorted trigonal pyramidal geometry.
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The hydride containing species [HAl(S^Bu)2(NMe3)] (43) was isolated from 

the reaction o f  [AlH3(NMe3)] and two equivalents o f  The bis hydrides

[H2Al(SR)(NMe3)] (where R = Et (44), 'Pr (45), ^Bu (46)) were prepared by the 

reaction o f [AlH3(NMc3)] and one equivalent o f ‘BuSH.^^ The structure o f 43 was 

determined and found to be monomeric in the solid state with a distorted tetrahedral 

geometry around the aluminium, similar to that shown in Figure 7>.lP

3.2 Results and discussion

3.2.1 Synthetic strategies for aluminium chalcogenides

Two main synthetic approaches were employed in the preparation o f  

aluminium chalcogenides.

Method A  [AlH3(OBt2)], was prepared in situ by the reaction of [AICI3] and [LiAlH4] 

as shown in Eq. 3.5.

[AICI3] + 3 [UAIH4]----------------► 4 [AlH3(OEt2)] + 3 LiCl (3.5)

This was then reacted with either one or two equivalents o f  an alcohol or thiol in an 

attempt to form [H2 Al(ER)]n or [HAl(ER)2 ]n (where E = O or S, R = alkyl or aryl, 

n = 2, 3).

Method B In this method, [AlH3(NMe2Et)], was reacted directly with the appropriate 

alcohol or thiol. This reaction could result in species which contain the amine 

attached to the aluminium, such as [H2Al(ER)(NMe2Et)] (where E = O or S, R = 

alkyl or aryl), which may be monomeric. Alternatively, the amine could be lost to 

give similar products to those formed by method A.

In both o f  the above methods it is important that a stoichiometeric amount o f  

alcohol or thiol is used otherwise mixtures may result.
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3.2.2 Reaction of [AlH3(OEt2)] and 'PrOH

The reaction of [AlH3 (OEt2 )] (generated in situ from [L1AIH3 ] and [AICI3 ] as 

described in section 3.2.1) and 1 equivalent of 'PrOH was carried out at room 

temperature in diethyl ether. After work-up and cooling to -20 °C, colourless crystals 

suitable for X-ray crystallography were obtained in 43% yield. Analytical and 

spectroscopic data showed that [Al5 (p4 -0 )(p-0 'Pr)?H6 ] (47) had been formed, as 

shown in Eq 3.6.

[AlH3 (OEt2 )] + 'P rO H ------------ ► [Al5 (p4 -0 )(|Li-0 'Pr)7 H6 ] (3.6)

The *H NMR spectrum of 47 shows a number of overlapping multiplets 

corresponding to CH(C//3 ) 2  (1.40 - 1.50 ppm) and CTf(CH3 ) 2  (4.56 - 4.63 and 4.75 

ppm). This suggests that the solution behaviour of 47 is complex and the solid state 

structure may be lost. The infra-red spectrum was recorded and shows the expected 

peaks for the terminal hydrides (1830, 1822, 784 and 725 cm" )̂.

3.2.3 X-ray structure of [Alg(p4-0 )(p-0 'Pr)7H6] (47)

The structure of compound 47 was determined by X-ray crystallography, the 

results of which are shown in Figure 3.9; selected bond lengths and angles are given 

in Table 3.1. The structure of 47 has crystallographic Cs symmetry about a plane 

containing Al(3), Al(4) and 0(4). The geometry at the four coordinate central oxygen 

atom can be thought of as square pyrimidal, with Al(4) occupying the apical position, 

but with the basal site opposite to Al(3) vacant. The Al(l) atom which could occupy 

that site has flipped out of the A1(2)/A1(2A)/A1(3) plane away from Al(4). The 

oxygen atom lies 0.26 Â out of the A1(2)/A1(2A)/A1(3) plane in the direction of 

Al(4). The Al-O('Pr) distances involving Al(2), Al(3) and Al(4) are typical, whereas 

those to the bridging Al(l) are significantly shorter (by 0.04 A); conversely, the Al- 0  

bonds to the central oxygen atom are longer (by 0.04 A), with that to Al(4) being the 

longest.
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Figure 3.9 X-ray structure of [Al5(|i4-0 )(fi-0 'Pr)7H6] (47)

Table 3.1 Selected bond lengths (“) and angles (Â) for [Al5(|j,4-0 )((j,-0 'Pr)7H6]

(47)

Al(l)-0(1) 1.815(2) Al(2)-0(3) 1.850(2)

A1(1)-0(1A) 1.815(2) Al(2)-0(1) 1.851(2)

Al(2)-0(2) 1.843(2) Al(2)-0 1.8873(9)

A1(2)-A1(4) 2.8859(12) A1(3)-0(2A) 1.858(2)

A1(2)-A1(3) 2.8900(12) Al(3)-0(2) 1.858(2)

Al(3)-0(4) 1.853(4) Al(3)-0 1.913(3)

A1(3)-A1(2A) 2.8900(12) Al(4)-0(3) 1.844(2)

A1(3)-A1(4) 2.907(2) Al(4)-0(4) 1.845(4)

A1(4)-0(3A) 1.844(2) Al(4)-0 1.940(3)

A1(4)-A1(2) 2.8859(12) 0-Al(2) 1.8873(9)
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0(1)-A1(1)-0(1A) 106.62(14) 0(3)-Al(2)-0(l) 116.44(10)

0(2)-Al(2)-0(3) 119.97(11) 0(2)-Al(2)-0 78.48(10)

0(2)-Al(2)-0(l) 118.67(10) 0(3)-Al(2)-0 78.68(10)

0(l)-A l(2)-0 90.97(10) 0(1)-A1(2)-A1(4) 116.15(8)

0(2)-Al(2)-Al(4) 94.80(8) 0-Al(2)-Al(4) 41.75(8)

0(3)-AI(2)-Al(4) 38.55(6) 0(2)-Al(2)-Al(3) 38.84(7)

0(3)-Al(2)-Al(3) 95.64(7) A1(4)-A1(2)-A1(3) 60.45(4)

0(1)-A1(2)-A1(3) 115.96(8) 0(4)-Al(3)-0(2A) 107.47(8)

0-Al(2)-Al(3) 40.82(8) 0(4)-Al(3)-0(2) 107.47(8)

0(2A)-Al(3)-0(2) 131.81(15) 0(2A)-Al(3)-0 77.47(7)

0(4)-Al(3)-0 79.44(13) 0(2)-Al(3)-0 77.47(7)

0(4)-Al(3)-Al(2A) 87.88(9) 0-Al(3)-Al(2A) 40.16(3)

0(2A)-A1(3)-A1(2A) 38.46(7) 0(4)-Al(3)-Al(2) 87.88(9)

0(2)-Al(3)-Al(2A) 112.27(8) 0(2A)-A1(3)-A1(2) 112.27(8)

0(2)-Al(3)-Al(2) 38.46(7) 0(4)-Al(3)-Al(4) 38.08(10)

0-Al(3)-Al(2) 40.16(3) 0(2A)-A1(3)-A1(4) 93.76(8)

AI(2A)-Ai(3)-Al(2) 79.05(4) 0(2)-Al(3)-Al(4) 93.76(8)

0-Al(3)-Al(4) 41.36(8) 0(3A)-Al(4)-0(3) 126.83(15)

A1(2A)-A1(3)-A1(4) 59.71(3) 0(3A)-Al(4)-0(4) 110.04(8)

A1(2)-A1(3)-A1(4) 59.71(3) 0(3)-Al(4)-0(4) 110.04(8)

0(3A)-Al(4)-0 77.48(7) 0(3A)-A1(4)-A1(2A) 38.69(7)

0(3)-Al(4)-0 77.48(7) 0(3)-Al(4)-Al(2A) 111.06(8)

0(4)-Al(4)-0 78.93(13) 0(4)-Al(4)-Al(2A) 88.15(9)

0-Al(4)-Al(2A) 40.38(3) 0(4)-Al(4)-Al(2) 88.15(9)

0(3A)-A1(4)-A1(2) 111.06(8) 0-Al(4)-Al(2) 40.38(3)

0(3)-Al(4)-Al(2) 38.69(7) A1(2A)-A1(4)-A1(2) 79.18(4)

0(3A)-A1(4)-A1(3) 95.20(8) 0-Al(4)-Al(3) 40.66(8)

0(3)-Al(4)-AI(3) 95.20(8) A1(2A)-A1(4)-A1(3) 59.85(3)

0(4)-Al(4)-Al(3) 38.27(11) A1(2)-A1(4)-A1(3) 59.85(3)

Al(2A)-0-Al(2) 154.09(15) Al(2A)-0-Al(4) 97.88(8)

Al(2A)-0-Al(3) 99.02(8) Al(2)-0-Al(4) 97.88(8)

Al(2)-0-Al(3) 99.02(8) Al(3)-0-Al(4) 97.99(12)

C(1')-0(1)-A1(1) 105.0(5) C(1)-0(1)-A1(2) 110.2(3)
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C(1)-0(1)-A1(1) 131.5(3) A1(1)-0(1)-A1(2) 117.98(11)

C(T)-0(1)-A1(2) 137.0(5) C(4)-0(2)-Al(2) 125.0(2)

C(4)-0(2)-Al(3) 132.1(2) C(7)-0(3)-Al(2) 125.7(2)

Al(2)-0(2)-Al(3) 102.70(10) Al(4)-0(3)-Al(2) 102.76(10)

C(7)-0(3)-Al(4) 130.1(2) C(10)-O(4)-Al(4) 115.6(4)

C(10')-O(4)-Al(4) 148.8(7) Al(4)-0(4)-Al(3) 103.64(15)

C(10)-O(4)-Al(3) 140.7(4)

3.2.4 Preparation of [Al5 (p5-0 )(p-0 'Pr)8(Cl)H4] (48)

The reaction described in 3.2.2 was repeated, however incomplete reaction 

occurred between [AICI3 ] and [LiAlH4 ]. After work-up and cooling to -20 °C 

colourless crystals resulted. Analytical and spectroscopic data showed that 

[Al5 (p$-0 )(p-0 'Pr)g(Cl)H4 ] (48) had been formed in 39% yield, as shown in Eq. 3.7.

[AICI3 ] + 3 [UAIH4 ] + 4 'PrOH ------------ ► [Al5 (p 5 -0 )(p-0 ‘Pr)8 (Cl)H4 ] (3.7)

Compound 48 may be formed if an incomplete reaction between [AICI3 ] and 

[LiAlH4 ] takes place and [AlH3 (OEt2 )] is not the exclusive product. This accounts for 

the incorporation of a chlorine atom into 48. Both the and NMR show that 

four 0 ‘Pr environments exist in solution; this indicates that two species are present as 

each species would give rise to two environments. This suggests that the solid state 

structure may not be fully retained in solution. The infra-red spectra of 48 was 

recorded and most notably shows the characteristic absorption bands for the Al-H 

bond at 1820 and 797 cm’'.

3.2.5 X-ray structure of [Al5(p5-0 )(p-0 'Pr)8(CI)H4] (48)

The X-ray structure determination showed the crystals of 48 to contain two 

crystallographically independent C2  symmetric penta-aluminium cages, one of which 

is shown in Figure 3.10; selected bond lengths and angles are given in Table 3.2. The 

structure of 48 shows similarity with [Al5 (p5 -0 )(0 'Bu)gH5] (49), the only major 

difference between the two structures being the occupation of the apical site by a
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chloride in 48 as opposed to a hydride in 49. The cage structure adopted by 48 and 

49 is essentially identical, with the bonds between 0(1), 0(2), 0(1 A) and 0(2A) to 

the apical aluminium Al(l) being about 0.15 Â longer than the bonds with Al(2) and 

Al(3). Similarly, bond lengths between the central O and the basal aluminium atoms 

are 0.15 Â longer than the bond with the apical aluminium. The only significant 

difference between the structures of 48 and 49 is the A l(l)-0 bond length (1.843(3) 

and 1.852(4) Â) which is shorter than in 49 (1.900(4) Â). The displacement of the 

apical aluminium from the 0 ( 1 )/0( 1 A)/0(2)/0(2A) plane (0.32 Â) is also less than 

in 49 (0.36 A). There are no significant interactions beyond the molecule.

C(2)

cmC(5I
Aim

0(2A)0(6)

0(3)0(1A) 0 (1)

0(2)

AK3A)
AK2A)

Al(2)

0(3A)

0(4) 0(4A)AK3)
0 (11)

0(3) 0(8)

0(7)

0(12) 0(9)

Figure 3.10 X-ray structure of [Al5(p5-0 )(ji-0 ‘Pr)8 (Cl)H4 ] (48)
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Table 3.2 Selected bond lengths O  and angles (Â) for [Als(|j,5-0)(|i-0'Pr)8(Cl)H4]

(48)

A B

Al(l)-Ci 2.188(2) 2.184(3)

Al(l)-0(1) 1.950(3) 1.963(3)

Al(2)-0 2.062(1) 2.177(2)

Al(2)-0(3) 1.826(3) 1.817(3)

Al(3)-0 2.126(1) 2.006(1)

Al(3)-0(3) 1.828(3) 1.833(3)

A l(l)-0 1.843(4) 1.852(4)

Al(l)-0(2) 1.964(3) 1.937(3)

Al(2)-0(1) 1.813(3) 1.810(3)

A1(2)-0(4A) 1.830(3) 1.814(3)

Al(3)-0(2) 1.816(3) 1.817(3)

Al(3)-0(4) 1.817(3) 1.839(3)

Cl-AI(l)-0 180.0 180.0

C1-A1(1)-0(1) 99.63(9) 98.78(10)

Cl-Al(l)-0(2) 99.10(9) 100.08(10)

0-A l(l)-0 (l) 80.37(9) 81.22(10)

0-Al(l)-0(2) 80.90(9) 79.92(10)

0(1)-A1(1)-0(1A) 160.7(2) 162.4(2)

0(l)-A l(l)-0(2) 88.17(12) 88.43(12)

0(1)-A1(1)-0(2A) 88.80(12) 88.51(12)

0(2)-Al(l)-0(2A) 161.8(2) 159.8(2)

0-A l(2)-0(l) 78.10(14) 76.5(2)

0-Al(2)-0(3) 78.49(11) 75.88(12)

0-Al(2)-0(4A) 78.88(10) 75.94(12)

0(l)-Al(2)-0(3) 110.80(14) 116.0(2)

0(1)-A1(2)-0(4A) 115.34(14) 109.8(2)

0(3)-Al(2)-0(4A) 122.18(14) 117.4(2)

0(2)-Al(3)-0 77.23(14) 78.9(2)
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0(3)-Al(3)-0 76.79(10) 80.04(12)

0(4)-Al(3)-0 77.48(10) 79.90(12)

0(2)-Al(3)-0(3) 116.48(14) 109.3(2)

0(2)-Al(3)-0(4) 109.64(14) 115.5(2)

0(3)-Al(3)-0(4) 119.42(14) 125.6(2)

Al(l)-0-Al(2) 98.05(11) 96.32(11)

Al(l)-0-Al(3) 97.36(10) 98.59(12)

Al(2)-0-Al(2A) 163.9(2) 167.4(2)

Al(2)-0-Al(3) 88.94(5) 88.99(6)

Al(2)-0-Al(3A) 89.00(5) 89.12(6)

Al(3)-0-Al(3A) 165.3(2) 162.8(2)

A1(1)-0(1)-A1(2) 103.29(14) 105.8(2)

Al(l)-0(2)-Al(3) 104.35(14) 102.4(2)

Al(2)-0(3)-Al(3) 106.83(14) 107.0(2)

Al(3)-0(4)-Al(2A) 107.20(14) 107.0(2)

3.2.6 Reaction of [AlH3(NMc2Et)] and ‘PrOH

In an attempt to prepare [H2 Al(0 'Pr)(NMe2 Et)] (50), the reaction of 

[AlH3 (NMe2 Et)] and 1 equivalent of 'PrOH was carried out in diethyl ether at room 

temperature. After work-up and cooling to -20 °C colourless crystals were obatined. 

Analytical and spectroscopic data showed [Al(0 'Pr)3 ] 4  (12) had been formed. 

Compound 50 may have formed but rearranged (during the reaction) to give 12 and 

another species such as [AlH3 (NMc2 Et)], which was not isolated. The infra-red 

spectrum does not show any peaks due to the presence of terminal hydrides attached 

to the aluminium, suggesting that 1 2  was the major product in the reaction.

3.2.7 X-ray structure of [Al(0 'Pr)3 ]4

The structure of compound 12 was confirmed by X-ray crystallography, the 

results of which are shown in Figure 3.11; selected bond lengths and angles are 

shown in Table 3.3. Compound 12 adopts a tetrameric Mitsubishi structure, which 

has been reported previously and is discussed in section 3.15."̂ ’̂"̂
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Figure 3.11 X-ray structure of [Al(0 ‘Pr)3 ]4  (12)

Table 3.3 Selected bond lengths (Â) and angles (“) for [Al(0 'Pr)3 ] 4  (12)

A1(1)-0(2A) 1.9121(8) A l(l)-0(2) 1.9121(8)

A1(1)-0(1A) 1.9194(9) A l(l)-0(1) 1.9194(9)

A l(l)-0(5) 1.9215(9) A1(1)-0(5A) 1.9215(9)

A1(1)-A1(3A) 2.8565(4) A1(1)-A1(3) 2.8565(4)

A1(1)-A1(2) 2.8706(7) A1(2)-0(6A) 1.7022(10)

Al(2)-0(6) 1.7022(10) A1(2)-0(5A) 1.7965(9)

Al(2)-0(5) 1.7965(9) Al(3)-0(3) 1.6920(10)

Al(3)-0(4) 1.7051(11) Al(3)-0(1) 1.7982(9)

Al(3)-0(2) 1.8002(9) 0 ( 1 )-C (1 ) 1.4535(14)
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NO

0
NJl

b o

Y Y Y
\—/

Y

NO
>

to  NJ O
On 00 Nyi

0 0 0
N/i

i Î >ïff

NJl
>

NO NO NO NO O
00 00 N/> N-A N/t

bo o
I—> NO

NO NO NO NO N/1

^  NO NO
NO 1 3  >  >

NO NO 
NO 4 -̂ 
4i.
NJl t—^

NO
NO
!p̂
N-A

0 0 0

1î f
0 6 0
NJ»
>

Y
>

NJ»

NO NO 
ON to

8

0 0 0

to  NV1 to
>  >  Y  Y

O
13

> > > >

O  O
NJl
>

$
to

NJl
>

NO
ON
4̂
NO

0 0 0 0

13 13 13 13

" H ;>

O
NJl

ON
NO

to
1̂

6
NJl NJl

Y  Y  S
o  o  Y
^  >  13

NO
NJ»

NO -O 
ON ON 
Ip̂  LA ON
NO 4̂ i. to

ON
00
O
ON

'os

0 0 0 0 0

Y: 13 13 13ïïîlî
6
>

NO NO NO ^
ON to  to  NJ» On

NO ON 
00 to
ON 4̂»

NJ»
4:̂

0 0 0 0
t—1 Y Y Y
0 0 0 h
Y Y

Y 0

Ip̂ NO 4i-La 0 NO LA
0 NO ON to

NO NJ» ON
to

Y Y

n 5  5
NJ» NO

0 0 0  
Y  Y  Y

, .

1—' Ip̂ U )
4i^ NJ» NO
NO 0 4^
NO 01 NO
to

Y



C(4)-0(2)-Al(l) 131.98(7) Al(3)-0(2)-Al(l) 100.57(4)

C(7)-0(3)-Al(3) 146.45(11) C(10)-O(4)-Al(3) 134.96(10)

C(13)-0(5)-Al(2) 125.03(8) C(13)-0(5)-Al(l) 133.36(8)

Al(2)-0(5)-Al(l) 101.03(4) C(16)-0(6)-Al(2) 138.68(10)

0(1)-C(1)-C(2) 111.09(11) 0(1)-C(1)-C(3) 110.79(11)

C (2 )^(l)-C (3 ) 110.76(13) 0(2)-C(4)-C(5) 109.93(10)

0(2)-C(4)-C(6) 109.76(11) C(5)-C(4)-C(6) 110.16(11)

3.2.8 Reaction of [AlH3 (NMe2Et)] and BuOH

The synthesis of [HAl(O^Bu)2 (NMe2 Et)] (51) was attempted by the reaction 

of [AlH3 (NMe2 Et)] and two equivalents of ^BuOH in diethyl ether. After work-up, 

colourless crystals were obtained in 93% yield. Analytical and spectroscopic data 

showed that [HA1(0 ‘Bu)2 ] 2  (21) had formed, as shown in Eq. 3.8.

[AlH3 (NMe2 Et)] + 2^BuOH l/n [HA1(0 ^Bu)2 )] + 2 H2  + NMe2 Et (3.8)

The percentage of nitrogen found (0.00%) confirmed that no amine was present. 

Compound 21 would be expected to adopt a dimeric structure in the solid state 

(Figure 3.6). The infra-red spectrum was recorded and shows the expected peaks due 

to the Al-H bond at 1872 and 776 cm''.

3.2.9 Reaction of [AlHsCNMczEt)] and 3 -HF4C6OH

The reaction of [AlH3 (NMc2 Et)] and 3 -HF4 C6 OH was carried out, as 

described in section 3.2.1. After work-up and cooling to -20 °C a white powder was 

obtained in 79% yield. Spectroscopic data indicated that [H2 Al(OC6 F4 H)(NMe2 Et)] 

(52) had been formed, as shown in Eq. 3.9.

[AlHg(NMe2Et)] + HF4C6OH [H2Al(OC6F4H-3)2)(NMe2Et)] + H2 (3.9)

The melting point (42 °C) is low, suggesting that 52 is volatile. The use of 

fluorinated alcohols or thiols in single-source precursors is of particular interest as it
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may lead to a significant increase in volatility. The NMR spectrum (Figure 3.12) 

of 52 shows clearly only one species is present in solution suggesting that 52 is 

formed cleanly. The integrals show a 1:1 ratio of amine to OC6 F4 H, as would be 

expected for 52. The NMR confirms that only one species is present in solution. 

The infra-red spectrum was also recorded and shows peaks due to Al-H at 1897 and 

772 cm '\

134



wU\

0. 00.53.5 2.5 2.04.0 3.05.06.0 5.56.5PPM

Figure 3.12. NMR spectrum of [H2AI(OC6F4H-3)(NMc2Et)] (52)



3.2.10 Reaction of [AlH3(NMe2Et)] and two equivalents of 3 -HF4C6OH

The reaction of [AlH3 (NMe2 Et)] and two equivalents of 3 -HF4 C6 OH was 

carried out, as described in section 3.2.1. After work-up and cooling to -20 °C a 

white powder was obtained in 75% yield. Analytical and spectroscopic data shows 

that [HAl(0C6F4H-3)2(NMc2Et)] (53) had formed, as shown in Eq. 3.10.

[AlHgCNMezEt)] + 2 3 -HF4 C6 OH ------► [HAl(OC6F4H-3)2)2(NMe2Et)] (3.10)
+ 2 H2

Like compound 52, the melting point of 53 (46 - 48 °C) is low indicating that 

the compound may be volatile. The NMR spectrum of 53 shows the presence only 

one set of peaks for each proton environment, however, the peaks are broad 

suggesting that a fluxional process is occuring in solution at room temperature. The 

integrals show a 1:2 ratio of amine to OC6F4 H groups, as expected for 53. The 

NMR also shows one environment is present in solution with broader peaks than 

were observed for 52. The infra-red spectrum was recorded and shows peaks due to 

Al-H at 1896 and 773 cm '\

3.2.11 Reaction of [AlH3 (NMc2Et)] and two equivalents of 2 ,6 -Me2C6H3 0 H

The reaction of [AlH](NMe2 Et)] and two equivalents of 2 ,6 -Me2 C6 H3 0 H was 

carried out, as described in section 3.2.1. After work-up and cooling to -20 °C 

colourless crystals were obtained in 48% yield. Analytical and spectroscopic data 

shows that [HAl(OC6H3Me2-2,6)2(NMc2Et)] (54) had been formed. The melting 

point of 54 (58 - 60 °C) is higher than was observed for the fluorinated compounds 

52 and 53. The NMR spectrum of 54 shows one set of peaks indicating that one 

species is present in solution. The ratio of integrals of the amine and OC6 H3 Me2  

groups also indicates that 54 was formed. The NMR spectrum confirms that only 

one species is present in solution. Peaks at 1843 and 760 cm'^ in the infra-red 

spectrum show the presence of an Al-H bond in the product formed although a peak 

due to the hydride is not observed in the ^H NMR spectrum.
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3.2.12 Reaction of [AlH3 (OEt2)] and BuSH

The reaction of [AlH3 (OEt2 )] and one equivalent of *BuSH was carried out, as 

described in 3.2.1. After work-up and cooling to -20 °C, colourless crystals were 

obtained. Analytical and spectroscopic data indicated that the expected product, 

[H2 A1(S^Bu)]2 , had not been formed. X-ray crystallography showed the crystals to be 

[H A 1(S ^ B u ) ( ili- 0 * B u )]2  (55), which is probably the product of hydrolysis of 

[HAl(S‘Bu)2 ]n, formed during the reaction. However, the analytical data suggests that 

a mixture of products has been formed, which is expected if hydrolysis has occurred.

3.2.13 X-ray structure of [HAl(S*Bu)(}i-0 *Bu) ] 2  (55)

An X-ray crystallographic study was undertaken to determine the nature of 

55, the results of which are shown in Figure 3.13; selected bond lengths and angles 

are given in Table 3.4. The structure of 55 consists of a central AI2 O2 ring, with one 

S*Bu group and one hyride attached to each aluminium. Unexpectedly the S^Bu 

groups were found to adopt a cis arrangement. The Al-0 bond lengths are within 

statistical significance identical (1.846(12), 1.850(12) and 1.837(13) A), and 

comparable with the bridging Al-0 bond length observed in [HAl(O^Bu)2 ] 2  (21) 

(1.817(3) A).^  ̂ The A1(1)-0(1)-A1(2) and Al(2)-0(2)-Al(l) angles (98.9(6) and 

99.1(6) ° respectively) are within statistical significance the same, as are the 0(1)- 

Al(l)-0(2) and 0(2)-Al(2)-0(l) angles (80.6(5) and 81.0(5)° respectively) and 

comparable to those found in 21 (99.2(2) and 80.8(2)° respectively). The Al-S bond 

lengths are also within statistical significance identical (2.204(7) and 2.209(8) A) and 

are comparable with the terminal Al-S bond lengths in the related compound 

[Al(S^Bu) ] ] 2  (36) (2.2096(18) and 2.2085(18)°).^"  ̂ The hydrogen atoms in the 

structure of 55 were not located.
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Figure 3.13 X-ray structure of [HAl(S*Bu)(^i-0 *Bu) ] 2  (55) with the terminal

hydrides omitted
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Table 3.4. Selected bond lengths (Â) and angles (°) for [HAl(S*Bu)(|i-0*Bu)]2

(55)

Al(l)-0(1) 1.846(12) A1(1)-A1(2) 2.806(7)

Al(l)-0(2) 1.850(12) Al(2)-0(2) 1.837(13)

Al(l)-S(l) 2.204(7) Al(2)-0(1) 1.846(12)

Al(2)-S(2) 2.209(8) 0(1)-C(5) 1.46(2)

S(l)-C(l) 1.89(2) 0(2)-C(13) 1.45(2)

S(2)-C(9) 1.83(2)

0(l)-A l(l)-0(2) 80.6(5) S(1)-A1(1)-A1(2) 124.0(3)

0(1)-A1(1)-S(1) 111.9(5) 0(2)-Al(2)-0(l) 81.0(5)

0(2)-Al(l)-S(l) 114.4(5) 0(2)-Al(2)-S(2) 111.6(5)

0(1)-A1(2)-S(2) 115.0(5) C(9)-S(2)-A1(2) 106.5(9)

S(2)-A1(2)-A1(1) 124.3(3) C(5)-0(1)-A1(1) 129.9(11)

C(1)-S(1)-A1(1) 107.7(6) C(5)-0(1)-A1(2) 131.2(11)

A1(1)-0(1)-A1(2) 98.9(6) C(13)-0(2)-Al(l) 128.8(10)

C(13)-0(2)-Al(2) 132.1(10) Al(2)-0(2)-Al(l) 99.1(6)

3.2.14 Reaction of [AlH3 (NMe2Et)] and one equivalent of *BuSH

The reaction of [AlH3 (NMe2 Et)] and one equivalent of ̂ BuSH was carried out 

as described in 3.2.1. After work-up and cooling to -20 °C colourless crystals were 

obtained in 41% yield. Analytical and spectroscopic data showed that 

[Al(S^Bu)3 (NMe2 Et)] (42) had been formed. The expected product, 

[H2Al(S^Bu)(NMc2 Et)] was not formed as the major product in the reaction. The 

NMR spectrum of 42 (Figure 3.14) shows two peaks (in approximately a 1:6 ratio) 

which correspond to the ^BuS protons, this indicates that either two species exist in 

solution, for example a monomer and dimer, or 42 was not formed cleanly in the 

reaction. The ’H NMR results reported by Hoffman et al for 42 indicate that only one 

species is expected in solution, however, a different NMR solvent was used (CôDô) 

and this could lead to different solution behaviour. Since compound 42 is not the
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expected product of the reaction, the formation of other products in the reaction is a 

distinct possibility. Previous reports show that the reaction of [AlH3 (NMc3 )] and one 

or two equivalents of ^BuSH resulted in the formation of [H2 Al(S^Bu)(NMc3 )] (46) 

and [HAl(S^Bu)2 (NMe3 )] (43).^  ̂Only one peak was reported for the ^BuS groups in 

each compound which suggests that 43 and 46 were formed cleanly. However, the 

analytical data reported for 46 was significantly different with the expected results 

which does suggest that 46 may not have been the exclusive product. The reaction of 

[GaH3 (NMe3 )] and either one or two equivalents of ^BuSH is reported to yield 

mixtures of products, one of which was [Ga(S^Bu)3 (NMc3 )] (56).^^ This suggests that 

[M(S*Bu)3 (NR3 )] may be a stable species which is formed in varying amounts 

dependent on the reaction conditions, particularly the solvent used.
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3.2.15 X-ray structure of [Al(S*Bu)3(NMe2Et)] (42)

The structure of compound 42 was confirmed by X-ray crystallography, the 

results of which are shown in Figure 3.15; selected bond lengths and angles are given 

in Table 3.5. The structure of 42 resembles closely the structures of [Al(S^Bu)3 (thf)] 

(38) and [Al(S'Pr)3 (HNMe2 )] ( 3 9 ) . The structure of 42 is monomeric, with the 

geometry around the central A1 being distorted trigonal pyramidal in which the 

NMe2 Et occupies the apical site. The Al-S bond lengths are significantly longer than 

those found in 38 (Al-S 2.2207(12) - 2.2236(12) A) and 39 (Al-S 2.2150(14) - 

2.2298(14) A). The aluminium and three sulfur atoms approach planarity, as 

observed in both 38 and 39.

C(13)

Figure 3.15 X-ray structure of [Al(S^Bu)3(NMe2Et)] (42)
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Table 3.5 Selected bond lengths (Â) and angles (°) for [Al(S*Bu)3(NMe2Et)] (42)

Al-N(l) 2.038(2) Al-S(2) 2.2356(8)

Al-S(3) 2.2337(8) Al-S(l) 2.2366(8)

S(l)-C(6 ) 1.852(2) S(3)-C(14) 1.858(2)

S(2)-C(10) 1.862(2)

N(1)-A1-S(3) 101.16(6) S(3)-A1-S(2) 115.68(3)

N(1)-A1-S(2) 104.00(6) N(1)-A1-S(1) 99.83(6)

S(3)-A1-S(1) 116.21(3) C(6)-S(1)-A1 112.65(7)

S(2)-A1-S(1) 116.17(4) C(10)-S(2)-A1 112.91(7)

C(14)-S(3)-A1 112.46(8)

3.2.16 Reaction of [AlH3 (OEt2)] and 2 ,6 -Me2C6H3 SH

The reaction of [AlHaCOEti)] (formed in situ from [AICI3] and [L1AIH4]) and 

one equivalent of 2 ,6 -Me2 C6 H3 SH was carried out at room temperature. After work­

up and cooling to -20 °C, colourless crystals were obtained in a 28% yield. Analytical 

and spectroscopic data showed [Al(SC6 H3 Me2 -2 ,6 )3 (OEt2 )] (57) had been formed, as 

shown in Eq. 3.11.

[AlH3(OEt2)l + 2,6-Me2C6H3SH [Al(SC6H3Me2-2,6)3(OEt2)] + H2 (3.11)

The anticipated product, [H2 Al(SC6 H3 Me2 -2 ,6 )]n (58) was not formed during the 

reaction and the NMR data (Figure 3.16) shows clearly that one product was 

cleanly isolated (57). This is similar to the results of the reaction between 

[AlH3 (NMe2 Et)] and one equivalent of ‘BuSH, (see section 3.2.14) where 

[Al(S‘Bu)3 (NMe2 Et)] was the major product of the reaction.
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Figure 3.16 NMR spectrum of [Al(SC6H3Me2-2,6)3(OEt2)] (57)



3.2.17 X-ray structure of [Al(SC6H3Me2)3(OEt2)]

The structure of compound 57 was confirmed by X-ray crystallography, the 

results of which are shown in Figure 3.17; selected bond lengths and angles are given 

in Table 3.6. The structure of 57 is similar to that of 42 (described in 3.2.15). The 

geometry of the central A1 in 57 is trigonal pyrimidal with the OEt] occupying the 

apical site. The structure (ignoring the two ethyl groups) has pseudo C3 symmetry 

about the 0-Al bond creating a propeller-like geometry. This leads to the existence 

of two isomers, however, the crystal is racemic and so both isomers must be present 

in equal numbers. The propeller-like geometry results in one of the methyl groups of 

each 2 ,6 -dimethyIpheny 1 ring system being directed into the face of its nearest 

neighbour aryl ring, the shortest H---7Ü distance being 2.78 Â. The Al-S bond lengths 

(2.2266(11) - 2.2384(11) Â) are comparable to those observed in 42 (Al-S 2.2337(8) 

- 2.2356(8) Â). The aluminium and three sulfur atoms approach planarity, as 

observed in 42, with the aluminium lying 0.43 Â out of the basal S3 face in the 

direction of the oxygen atom. There are no intermolecular interactions of note.

Table 3.6 Selected bond lengths (A) and angles (°) for [Al(SC6H3Me2)3(OEt2)]

(57)

Al-0 1.907(2) Al-S(3) 2.2336(11)

Al-S(l) 2.2266(11) Al-S(2) 2.2384(11)

S(l)-C (ll) 1.794(3) S(3)-C(31) 1.796(3)

S(2)-C(21) 1.797(3) 0-C(3) 1.476(4)

O-C(l) 1.479(3)

O-Al-S(l) 104.03(7) S(1)-A1-S(3) 112.73(4)

0-Al-S(3) 102.01(7) 0-Al-S(2) 97.34(7)

S(1)-A1-S(2) 120.81(5) C(11)-S(1)-A1 106.12(9)

S(3)-A1-S(2) 115.61(4) C(21)-S(2)-A1 107.03(9)

C(31)-S(3)-A1 107.98(9) C(3)-0-Al 117.8(2)

C(l)-0-Al 126.1(2)
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Figure 3.17 X-ray structure of [Al(SC6H3Me2-2 ,6 )3 (OEt2)J (57)

3.2.18 Reaction of [AlH3 (OEt2)] and 2 ,6 -Me2C6H3 SH

The reaction of [AlH3 (OEt2 )] (formed in situ from [AICI3 ] and [L1AIH4]) and 

one equivalent of 2 ,6 -Me2 C6 H3 SH (described in section 3.2.16) was repeated, 

however, incomplete reaction of [AICI3] and [LiAlH4 ] had occurred. After work-up 

and cooling to -20 °, colourless crystals in 25% yield were obtained. Analytical and 

spectroscopic data shows that [Li(OEt2 )3 ][Al(SC6 H3 Me2 -2 ,6 )4 ] (59) had been 

formed. The Êt NMR of 59 shows that only one species is present in solution which 

suggests that 59 is formed cleanly in the reaction (Figure 3.18).
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Figure 3.18 H NMR spectrum of [Li(OEt2)3] [AI(SC6H3Me2-2,6)4] (59)



3.2.19 X-ray structure of [Li(OEt2)3] [Al(SC6H3Me2)4]

The structure of compound 59 was confirmed by X-ray crystallography, the 

[Al(SC6HsMe2-2,6)4]’ anion is shown in Figure 3.19; selected bond lengths and 

angles are given in Table 3.7. The anion has 5*4 symmetry about an axis which bisects 

the S-Al-S(OA) angle. The geometry at aluminium is distorted tetrahedral with 

unique angles 104.85(3) and 119.16(6)°, reflecting a slight flattening of the 

tetrahedron about the S4 axis. The [Li(OEt2 )3 ]  ̂cation is disordered.

C(3)C(4) C(7)C(2)

C(5)
C(6) C(l)

C(8)

S(OB)

5(00

S(GA)

Figure 3.19. X-ray structure of the anion in [Li(OEt2)3 ][Al(SC6H3Me2-2 ,6 )4] (59)
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Table 3.7 Selected bond lengths (Â) and angles (®) for the anion in

[Li(OEt2)3] [Al(SC6H3Me2-2,6)4] (59)

Al-S 2.2534(9) Al-S(OB) 2.2534(9)

Al-S(OA) 2.2534(9) Al-S(OC) 2.2534(9)

S-C(l) 1.784(4)

S-Al-S(OA) 119.16(6) S-Al-S(OB) 104.85(3)

S(0A)-A1-S(0B) 104.85(3) S(0A)-A1-S(0C) 104.85(3)

S-Al-S(OC) 104.85(3) C(1)-S-A1 107.42(12)

S(0B)-A1-S(0C) 119.16(6)

3.2.20 Reaction of [AlH3(NMe2Et)] and 2 ,6 -Me2C6H3 SH

The reaction of [AlH3 (NMe2 Et)] and one equivalent of 2 ,6 -Me2 C6 H3 SH was 

carried out, as described in 3.2.1. After work-up and cooling to -20 °C colourless 

crystals were obtained in 97% yield. Analytical and spectroscopic data showed that 

[Al(SC6 H3 Me2 -2 ,6 )3 (HSC6 H3 Me2 -2 ,6 )] (60) had been formed. The NMR 

spectrum of 60 shows two sets of peaks due to the methyl groups attached to the aryl 

ring and three small peaks in the same region suggesting that the solution behaviour 

of 60 is complex. Two sets of peaks due to the NMe2 Et ligand (present in the crystal 

structure) are observed which suggests that an exchange of the coordinated thiol and 

the free amine may exist in solution. The NMR of 60 confirms the complex 

solution behaviour. The NMR spectra could also indicate that 60 had not been 

formed cleanly, which is confirmed by the discrepancy between the observed and 

calculated values inn the analytical data.

3.2.21 X-ray structure of [Al(SC6H3Me2-2 ,6 )3 (HSC6H3Me2-2 ,6 )] (60)

The structure of compound 60 was confirmed by X-ray crystallography, the 

results of which are shown in Figure 3.20; selected bond lengths and angles are given 

in Table 3.8. The X-ray structure determination showed that compound 60 

co-crystallised with NMc2 Et. The structure of 60 is similar that of the anion in 59 

(see section 3.2.18). However, 60 is a neutral species as S(2) is protonated, shown by
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the significantly longer Al-S(2) bond length (2.275(2) Â) compared with the three 

other Al-S bond lengths (2.250(2) - 2.254(3) A). Although NMc2 Et is present in the 

crystal structure, no evidence was found for the presence of a [HNMezEt]^ cation.

S(3)C(31)

C(21)

5(41 5(2)

C(41)

C(11)

5(1)

Figure 3.20 X-ray structure of [Al(SC6H3 Me2-2 ,6 )3 (HSC«H3Me2-2 ,6 )] (60)
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Table 3.7 Selected bond lengths (Â) and angles (°) for

[Al(SC6H3Me2-2,6)3(HSC6H3Me2-2,6)] (60)

Al-S(4) 2.250(2) Al-S(3) 2.254(3)

Al-S(l) 2.250(2) Al-S(2) 2.275(2)

S(l)-C (ll) 1.771(6) S(3)-C(31) 1.792(6)

S(2)-C(21) 1.790(6) S(4)-C(41) 1.794(7)

S(4)-A1-S(1) 108.28(9) S(1)-A1-S(3) 119.45(10)

S(4)-A1-S(3) 103.79(9) S(4)-A1-S(2) 116.49(9)

S(1)-A1-S(2) 104.65(8) C(11)-S(1)-A1 102.5(2)

S(3)-A1-S(2) 104.78(9) C(21)-S(2)-A1 103.7(2)

C(31)-S(3)-A1 101.9(2) C(41)-S(4)-A1 107.0(2)

3.3 Decomposition studies

In this section the potential of the aluminium alkoxides and thiolates as 

precursors to thin films and bulk materials is explored. The decomposition pathways 

of some of the precursors, whose preparation was described in section 3.2, were 

explored by Thermal Gravimetric Analysis (TGA), as described in section 2.3.1. 

Vapour-phase deposition studies of [HAl(O^Bu)2 ]2  (21) and [Al(S^Bu)3 (NMe2 Et)] 

(42) were carried out in order to assess the ability of these compounds to produce 

thin films.

3.3.1 Decomposition properties of [Al5(p5-0 )(p-0 ‘Pr)8(Cl)H4] (48)

The decomposition properties of [Al5 (p5 -0 )(p-0 'Pr)g(Cl)H4 ] (48) were 

determined by TGA and the results are shown in Figure 3.21. The decomposition of 

48 shows a total weight loss of 50% below 500 °C which is lower than the expected 

weight loss of 62% if AI2 O3 was formed. The difference in the observed and 

expected weight losses be due to high levels of contamination in the material formed. 

The observation of a steep weight loss followed by a more gradual loss of weight
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(200 - 500 °C) suggests that most of the decomposition occurs below 200 °C. Further 

investigations would need to be carried out to establish the nature of the 

decomposition pathway followed by 48, which may be complex. As 48 is a cluster, it 

would not be expected to have a high volatility and would not be suitable for use as a 

single-source precursor in CVD.

TGA
%

100 -

80-

60-

40-

100 200 300
Temp °C

400 500

Figure 3.21 TGA of [Al5(p5-0)(^i-0‘Pr)8(Cl)H4] (48)
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3.3.2 Decomposition properties of [HAl(OR)2(NMe2Et)]

The synthesis of the alkoxides [HAl(OR)2 (NMe2 Et)] (where R = C6F4H-3 

(53) or C6H3Me2-2,6 (54)) is described in section 3.2. The TGA of 53 (Figure 2.32) 

shows a total weight loss of 78% which is less than the 88% weight loss expected if 

decomposition to AI2O3 has occurred. The TGA of 54 also shows that incomplete 

weight loss has occurred as the total weight loss (77%) is less than that expected 

(85%). The difference in the observed and expected weight losses may also be due to 

high levels of contamination in the material formed. Both TGA show three weight 

losses, the first of which (19% and 23% respectively) corresponds to the loss of 

NMe2 Et (calculated as 17% and 21% respectively). The decomposition pathways of 

53 and 54 are complex and further investigations would need to be carried out to 

determine them.

153



TGA
%

100-

80-

40-

20 -

400 500100 200 300
Temp °C

F igure 3.22. TG A  of [HAl(OC6F4H-3)2(NMe2Et)] (53)

3.3.3 D ecom position p roperties of [Al(SC6H3Me2-2,6)3(OEt2)]

The decomposition properties of [Al(SC6 H3 Me2 -2 ,6 )3 (OEt2 )] (58) were 

investigated by TGA and the results are shown in Figure 3.23. The decomposition of 

58 is clean and shows a total weight loss of 73%. This is in good agreement with the 

calculated value for complete decomposition of 58 to AI2 S3 (71%). Two distinct 

weight losses are observed, the first (19%) corresponds to the loss of solvent from 58 

(20%). The second (54%) corresponds to the formation of AI2 S3 from 

[Al(SC6 H3 Me2 -2 ,6 )3 ] (52%). One possible decomposition mechanism involves the
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formation of R2 S and AI2 S3 . This agrees with the TGA data, however, further studies 

would need to be carried out in order to establish the exact mechanism.

TGA
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40-

400 500100 200 300
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Figure 3.23 TGA of [Al(SC6H3Me2-2 ,6 )3(OEt2)] (58)

2.3.4 Vapour-phase thin film studies

Tube furnace reactions were carried out on [HAl(O^Bu)2 ] 2  (21) and 

[Al(S*Bu)3 (NMe2 Et)] (42) in order to assess whether thin films of aluminium 

chalcogenides could be obtained at low pressure. The apparatus used in these 

reactions is shown in section 2.3.9 and the experimental procedure described in
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section 2.4.41. In the case of 21, a thick white film formed on the glass, which had 

been in the hot zone of the furnace and a thinner colourless film formed on the glass 

which had been in the cooler part of the furnace. The thinner film was observed to 

exhibit an interference pattern, when it was moved, which is due to the thickness of 

the film varying across the surface of the glass.

The thick film was easily removed when it was rubbed with a piece of tissue, 

the thinner film however, could not be removed by tissue but was scratched by 

stainless steel. The thicker film was found to be particulate by SEM; EDXA showed 

that aluminium and oxygen were present in the correct stoichiometeric ratio for 

AI2O3. A small amount of silicon was observed from the underlying glass and no 

peaks due to carbon were observed. The thinner film was also analysed by EDXA, 

however, most of the elements observed were due to the glass substrate. Glancing 

angle XRD showed the thicker film to be amorphous. X-ray photoelectron 

spectroscopy (XPS) was carried out on the thicker film and shows that AI2O3 was 

formed (Figure 3.24 shows the Is peak). XPS showed the presence of aluminium, 

oxygen, carbon and silicon (from the glass substrate). Both AEp and Ois XPS binding 

energies of 74.8 and 531.3 eV matched previous measurements for AI2O3. However, 

oxygen was also present as an oxide probably from the glass substrate and in a third 

environment, probably oxygen attached to the surface of the film (shown in Figure 

3.24), therefore, an accurate A1:0 ratio could not be obtained.
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Figure 3.24 XPS of AI2O3 film



3.4 Experimental

3.4.1 Preparation of [Al5(p4-0)(|i-0'Pr)7H6] (47)

Following literature r o u t e s , a  solution of [AICI3 ] (0.59 g, 4.39 mmol) in 

diethyl ether (15 cm^) was added dropwise to a stirred slurry of [L1A1H4 ] (0.50 g,

13.2 mmol) also in diethyl ether (15 cm^). After stirring at room temperature for 30 

min, 'PrOH (1.34 cm^, 17.6 mmol) was added and evolution of hydrogen was 

observed. The resulting grey slurry was stirred at room temperature for 4 hours. After 

filtering through Celite, the solvent was reduced under vacuum to ~5 cm^. Cooling to 

-20 °C for a few weeks resulted in the formation of colourless crystals of 47 were 

obtained (0.54 g, 43% yield), mp 190-193 °C. Anal. Calc, for C2 1 H5 5 O8AI5 : C, 44.21; 

H, 9.72. Found C, 43.51; H, 9.03. NMR 0/ppm (CôDé): Ô 1.40-1.50 (m, 

0 CH(C//3 )2 , 4.46-4.63 (m, OC//(CH3 )2 ), 4.75 (spt, J = 2 9  Hz, OC//(CH3 )2 ), AH/not 

detected. ^^C(^H} NMR (CôDô): 5 23.7 (s OCH(CH3 )2 ), 24.6 (s OCH(CH3 )2 ), 25.0 (s 

0 CH(CH3 )2 ), 25.3 (s 0 CH(CH3 )2 ), 66.3 (s OCH(CH3 )2 ), 66.9 (s OCH(CH3 )2 ). IR 

(KBr disc cm'^): 2975 s, 2930 m, 2874 w, 1830 w, 1822 m br, 1719 w, 1454 w, 1376 

m, 1262 w, 1175 m, 1130 s, 1132 s, 977 s, 946 m, 840 s, 784 s, 725 s, 647 s, 566 w, 

532 m.

3.4.2 Preparation of [Al5(p5-0)(p-0'Pr)8(Cl)H4] (48)

Following literature routes,"^  ̂ a solution of [AICI3 ] (0.59 g, 4.39 mmol) in 

diethyl ether (15 cm^) was added dropwise to a stirred slurry of [LiAlH4 ] (0.50 g,

13.2 mmol) also in diethyl ether (15 cm^). 'PrOH (1.34 cm^, 17.6 mmol) was added 

and effervescence was observed immediately. The mixture was stirred at room 

temperature for 24 hours. After filtering through Celite the solvent was reduced in 

vacuo to approximately 5 cm^ and cooled to -20 °C. Colourless crystals formed over 

several weeks (0.51 g, 39% yield), mp 82 -84 °C. Anal. calc, for C2 4 H6 0 CIO9 AI5 : C, 

43.47; H, 9.12. Found C, 44.27, 9.40. 'H NMR 0/ppm (CeDg): 8  1.32 - 1.48 (m, 24H, 

OCH(C//3 )2 ), 4.20 (spt, J  = 32 Hz), 4.35 (spt, 32 Hz), 4.58 (spt, J  = 32 Hz), 4.76 

(spt, J  = 32 Hz), (ratio 1:1:2:2, OC//(CH3 )2 ), A\H  not detected. ^^C{’H} NMR 

(C6De): 8 25.2, 25.4, 28.1, 28.2 (s, 0CH(CH3)2), 63.7, 66.9, 67.5, 67.9 (s.
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0 CH(CH3 )2 ). IR (KBr disc, cm'^): 2971 s, 2931 m, 2875 w, 1820 br m, 1384 m, 1375 

m, 1270 w, 1175 m, 1128 s, 1010 w, 965 s, 844 m, 824 s, 769 m, 669 s.

3.4.3 Preparation of [Al(0 'Pr)3 ]4  (12)

'PrOH (0.17 cm^, 2.26 mol) was added to a solution of [AlH3 (NMe2 Et)] (0.3 

cm^, 2.26 mmol) in diethyl ether (25 em^). Evolution of hydrogen was observed and 

the mixture was allowed to stir for 5 minutes. The solvent was removed under 

vacuum yielding a colourless oil. Standing at room temperature for 1 week yielded 

colourless crystals of 12 (0.14 g, 91% yield). Anal. Calc, for C9 H2 1 O3 AI: C, 52.93; 

H, 10.36. Found C, 51.74; H, 9.82. IR (nujol, cm'^): 1261 w, 1171 s, 1120 s, 1034 s, 

948 s, 834 s, 703 m, 613 m, 580 m, 485 m.

3.4.4 Preparation of [HA1(0 Bu)2]n (2 1 )

^BuOH (1.44 cm^, 15.1 mmol) was added dropwise to a solution of 

[AlH3 (NMe2 Et)] (1.0 cm^, 7.54 mmol) in diethyl ether (20 cm^) at room temperature. 

Evolution of hydrogen was observed on addition of the alcohol and the mixture was 

stirred for 1 hour. The mixture was reduced in volume under vacuum to ca. 5 cm^. 

Cooling to -20 °C for 24 hours resulted in the formation of colourless crystals of 21 

(1.22 g, 93% yield). Anal. Calc, for C8 H 1 9O2 AI: C, 55.40; H, 10.99. Found: C, 54.27; 

H, 9.93. IR (nujol, cm'^): 1872 w, 1358 vs, 1211 vs, 1182 s, 1080 s, 1056 s, 1023 m, 

908 s, 810 m, 793 m, 776 s, 706 s, 664 s, 547 s, 481 m, 469 m, 424 w, 411 w.

3.4.5 Preparation of [HzAl(OC6F4H-3 )(NMeiEt)]» (52)

A solution of C6F4 H-3 OH (0.63 g, 3.77 mmol) in diethyl ether (10 cm^) was 

added dropwise to a solution of [AlH3 (NMe2 Et)] (0.5 cm^, 3.77 mmol) also in diethyl 

ether (10 cm^) at room temperature. The evolution of hydrogen was observed and the 

mixture was allowed to stir for one hour. The volume of the solution was reduced 

under vacuum to ca. 5 cm^. Cooling to -20 °C afforded a white powder of 52 (0.58 g, 

79%), mp 42 °C. ’H NMR 0 /ppm (CD2CI2): Ô 1.26 (t, J  = 14 H z, 3H, NCH2C//3), 

2.60 (s, 6H, N(C//3)2), 2.97 (q, J - 25 Hz, 2H, NC//2CH3), 6.53 (spt, 21 Hz, IH , 

a i t /n o t  detected. ’̂ C{’H) NMR (CD2CI2): Ô 8 . 8  (s, NCH2CH3), 43.6 (s,
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N(CH3 )2 ), 94.5 (s, NCH2 CH3 ), 139.3 (s, P-OC6 F4 H), 141.7 (s, m-OCôFiH), 145.6 (s, 

0 -OC6 F4 H), 148.0 (s, OC). IR (nujol, cm''): 3079 w, 1897 s, 1650 s, 1515 s, 1261 s, 

1169 s, 1108 s br, 1038 w, 1020 w, 944 s, 925 w, 820 w, 805 m, 772 m, 738 m, 722 

m, 687 w, 6 6 8  w, 644 w, 570 w, 480 w, 457 w, 428w.

3.4.6 Preparation of [HAl(OC6F4H-3 )2(NMe2Et)]n (53)

A solution of C6 F4 H-3 OH (1.25 g, 7.54 mmol) in diethyl ether (15 cm^) was 

added dropwise to a solution of [AlH3 (NMe2 Et)] (0.5 cm^, 3.77 mmol) in diethyl 

ether (10 cm^) at room temperature. The evolution of hydrogen was observed and the 

mixture was allowed to stir for one hour. The volume of the solution was reduced 

under vacuum to ca. 5 cm^. Cooling to -20 °C afforded a white powder of 53 (1.01 g, 

75%), mp 46-48 °C. NMR 0/ppm (CD2 CI2 ): 8  1.34 (t, 14 Hz, 3H, NCH2 C//3 ),

2.72 (s, 6 H, N(C//3 )2 ), 3.07 (d br, 11 Hz, 2H, NC//2 CH3 ), 6.53 (s br, 2H, C6 F4 //), 

AlTfnot detected. ^^C(’H} NMR (CD2 CI2 ): 8  8 . 8  (s, NCH2 CH3 ), 43.0 (s, N(CH3 )2 ), 

94.7 (s, NCH2 CH3 ), 95.4 (s, NCH2 CH3 ), 139.4 (s,p-0 CeF4n), 141.7 (s, W-OC6 F4 H),

145.6 (s, 0 -OC6 F4 H), 148.0 (s, z>5 o-OC6 F4 H). IR (nujol, cm'^): 3075 w, 1896 s, 1651 

s, 1505 s br, 1280 w, 1261 m, 1168 s, 1109 s br, 1037 m, 993 w, 940 vs, 821 w, 806 

w, 773 w, 727 w, 702 w, 6 8 6  m, 644 m, 568 m, 538 m, 531 m, 517 w, 481 s, 458 w, 

425 w.

3.4.7 Preparation of [HAl(OC6H3Me2-2 ,6 )2(NMe2Et)] (54)

A solution of 2 ,6 -Me2 C6 H3 0 H (1.84 g, 15.1 mmol) in diethyl ether (15 cm^) 

was added to a solution of [AlH3 (NMe2 Et)J (1.0 cm^, 7.54 mmol) in diethyl ether (10 

cm^) at room temperature. Formation of hydrogen was observed and the mixture was 

stirred at room temperature for 1 hour. The mixture was reduced in volume to ca. 5 

cm^. Cooling to -20 °C afforded colourless crystals of 54 (1.24 g, 48% yield), mp 58- 

60 °C. Anal. Calc, for C2 0 H3 0NO2 AI: C, 69.94; H, 8.81; N, 4.08. Found: C, 68.72; H, 

8.24; N, 4.15. *H NMR 8 /ppm (CD2 CI2 ): 8  1.39 (t, 1 0  Hz, 3H, NCH2 C//3 ), 2.28

(s, 12H, 0 C6 H3 (C//3 )2 ), 2.75 (s, 6 H, N(C//3 )2 ), 3.15 (q, J =  20 Hz, 2H, NC//2 CH3 ), 

6.75 (t, 17 Hz, 2H, p- OC6 / / 3 (CH3 )2 ), 7.01 (d, J  = 8  Hz, 4H, m- OCemCH^)!).

'^C{'H} NMR (CD2 CI2 ): 8  8.4 (s, NCH2 CH3 ), 18.1 (s, OC6 H3 (CH3 )2 ), 18.3 (s.
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N (Œ 3 )2 ), 43.3 (s, N Œ 2 CH3 ), 118.4 (s,/7-OC6 H3 (CH3 )2 ), 127.0 (s,/7-OC6 H3 (CH3 )2 ),

128.6 (s, o-OC6 H3 (CH3 )2 ), 155.9 (s, z>5 o-OC6 H3 (CH3 )2 ). IR (nujol, cm'^): 1843 s, 

1594 s, 1429 w, 1281 s, 1237 s, 1182 m, 1093, 1036 m, 997 m, 919 s, 897 s, 760 s, 

749 s, 679 s br, 532 m, 402 w.

3.4.8 Preparation of [H A1(S Bu)(p-0 Bu)]: (55)

A solution of [AICI3 ] (0.44 g, 3.33 mmol) in diethyl ether (15 cm^) was added 

to a stirred slurry of [LiAlH4 ] (0.38 g, 10.0 mmol) in diethyl ether (10 cm^). ^BuSH 

(1.5 cm^, 13.3 mmol) was added dropwise and the immediate evolution of hydrogen 

was observed. The resulting grey coloured mixture was stirred at room temperature 

for 24 hours. After filtering through Celite the solvent was reduced under vacuum to 

ca. 10 cm^. Cooling to -20 °C for 24 hours resulted in the formation of colourless 

crystals of 55, decomposed without melting below 230 °C. Anal. Calc, for 

CgHiçOSAl: C, 50.50; H, 10.06. Found: C, 32.40; H, 6.56. IR (KBr disc, cm'^): 2963 

s, 2897 m, 2862 w, 1458 s, 1391 m, 1364 s, 1261 s, 1155 s br, 1096 m br, 1028 m br,

887 w br, 799 w br, 648 m br, 513 m br, 457 w br.

3.4.9 Preparation of [Al(S*Bu)3(NMe2Et)j (42)

*BuSH (0.43 cm^, 3.77 mmol) was added dropwise to a solution of 

[AlH3 (NMe2 Et)] (0.5 cm^, 3.77 mmol) in diethyl ether (20 cm^) at room temperature. 

The evolution of hydrogen was observed and the mixture was stirred at room 

temperature for 1.5 hours. The solution was reduced in volume to ca. 5 cm^ under 

vacuum. Cooling to -20 °C for 24 hours resulted in the formation of colourless 

crystals of 42 (0.19 g, 41% yield), mp 84-86 °C. Anal. Calc, for C 1 6H3 8NS3 AI: C,

52.27; H, 10.48; N, 3.81. Found: C, 51.38; H, 9.92; N, 3.46. NMR 6 /ppm

(CD2CI2): 6  1.12 ( t , y =  10 Hz, 3H, NCH2C//3), 1.41 (s, SC(SJ%)3), 1.57 (s, 27H, 

SC(S//3 )3 ), 2.56 (s, 6 H, N(C//3 )2 ), 3.22 (q, 2 H, NC//2CH3). ^^C{^H}NMR (CD2CI2): 

6  5.9 (s, NCH2CH3), 35.1 (s, SC(CH3)3), 36.7 (s, SC(CH3)3), 41.8 (s, N(CH3)2), 45.2 

(s, SC(CH3 )3 ), 50.7 (s, NCH2CH3).
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3.4.10 Preparation of [AI(SC6H3Me2-2,6)3(OEt2)] (58)

Following literature routes/^ a solution of [AICI3 ] (0.22 g, 1.60 mmol) in 

diethyl ether (10 cm^) was added dropwise to a stirred slurry of [L1A1H4 ] (0.19 g, 5.0 

mmol) in diethyl ether (15 cm^). 2 ,6 -Me2 C6 H3 SH (0.88 cm^, 6.65 mmol) was added 

dropwise was added dropwise with stirring and immediate evolution of hydrogen 

was observed. The resulting grey slurry was stirred at room temperature for 24 hours. 

After filtering through Celite the solvent was reduced under vacuum to 

approximately 5 cm^. Cooling to -20 °C afforded colourless crystals of 58 (1.09 g, 

28% yield), mp 103-104 °C. Anal. Calc, for C2 8 H3 7 OS3 AI: C, 65.59; H, 7.27. Found: 

C, 63.51; H, 7.41. NMR 0/ppm (CDCI3 ): Ô 1.12 ( t , J =  11 Hz, 6 H, 0 (CH2 C//3 )2 ),

1.35 (t, J =  11 Hz, 4.5H, 0 (CH2 C//3 )2 ), 2.25 (s, 18H, SC6 H3 (C7 7 3 )2 ), 3.42 (q, 21

Hz, 4H, 0 (C//2 CH3 )2 ), 4.37 (q, J  = 21 Hz, 2H, 0 (Ci/2 CH3 )2 ), 6.77-6.95 (m, 9H, 

SCÆ (CH 3 )2 ). ^^C{'H} NMR (CDCI3 ): 6  13.4 (s, 0 (CH2 CH3 )2 ), 15.1 (s, 

0 (CH2 CH3 )2 ), 23.6 (s, SCemCR^)!), 65.8 (s, 0 (CH2 CH3 )2 ), 6 8 . 8  (s, 0 (CH2 CH3 )2 ),

125.5 (s, m-SC6 H3 (CH3 )2 ), 127.5 (s, # o -S C 6H3 (CH3 )2 ), 132.4 (s, p-SC6 H3 (CH3 )2 ),

142.0 (s, o-SC6 H3 (CH3 )2 ). IR (KBr disc, cm '): 3057 m, 2977 m, 2922 w, 1460 s, 

1436 m, 1371 m, 1323 w br, 1262 w, 1188 m, 1162 m, 1149 m, 1088 m, 1051 s, 

1009 s, 989 m, 878 s, 831 w, 760 vs, 718 s, 588 m, 528 s, 496 s, 480 s, 413 m.

3.4.11 Preparation of [Li(OEt2)3] [Al(SC6H3Me2-2,6)4] (59)

Following literature routes,''^ a solution of [AICI3 ] (0.22 g, 1.60 mmol) in 

diethyl ether (10 cm^) was added dropwise to a stirred slurry of [L1A1H4 ] (0.19 g, 5.0 

mmol) in diethyl ether (15 cm^). 2 ,6 -Mc2 C6 H3 SH (0.88 cm^, 6.65 mmol) was added 

dropwise with stirring and immediate evolution of hydrogen was observed. The 

resulting grey slurry was stirred at room temperature for 24 hours. After filtering 

through Celite the solvent was reduced under vacuum to approximately 5 cm^. 

Cooling to -20 °C afforded colourless crystals of 59 (0.24 g, 25% yield), decomposed 

without melting below 230 °C. Anal. Calc, for C4 4 H6 6 0 3 S4 LiAl: C, 65.63; H, 8.26. 

Found: C, 63.71; H, 7.51. 'H NMR 0/ppm (CDCI3 ): ô 2.00 (t, J  = 14 Hz, 

0 (CH2 C//3 )2 ), 2.27 (s, 24H, SC6 H3 (C7 ^ ) 2 ), 3.53 ( q , J = 2 l  Hz, 0 (C7 ^CH 3 )2 ), 6 .8 6 - 

6.97 (m, 9H, SC6 / / 3 (CH3 )2 ). '^C{'H} NMR (CDCI3 ): Ô 14.8 (s, 0 (CH2 CH3 )2 ), 23.8
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(s, SC6 H3 ( Œ 3 )2 ), 66.0 (s, 0(Œ2CH3)2), 125.0 (s, w-SC6H3(CH3)2), 127.1 (s, ipso- 

SC6H3(CH3)2), 134.8 (s, p-SC6H3(CH3)2), 142.3 (s, o-SC6H3(CH3)2). IR (KBr dise, 

cm"'): 1583 w, 1303 w, 1257 w, 1161 wm 1092 m, 1051 s, 1022 m, 912 m, 838 w, 

798 m, 771 s, 759 m, 587 m, 521 m, 492 m, 468 m, 436 m, 408 m.

3.4.12 Preparation of [Al(SC6H3Me2-2,6)3(HSC6H3Me2-2,6)] (60)

2,6-Mc2C6H3SH (0.3 cm^, 2.26 mmol) was added dropwise to a solution of 

[AlH3 (NMe2 Et)] (0.3 cm^, 2.26 mmol) in diethyl ether (15 cm^) with stirring at room 

temperature. Evolution of hydrogen was observed and a white precipitate formed. 

The solvent was removed under vacuum yielding a white powder (0.39 g, 97% 

yield). Recrystalisation from a minimum of CH2 CI2 yielded colourless crystals of 60 

suitable for X-ray crystallography. Anal. Calc, for C3 6 H4 8 NS4 AI: C, 67.13; H, 7.30; 

N, 1.78. Found: C, 64.20; H, 6.72; N, 1.35. 'H NMR 5/ppm (CD2CI2): 5 1.10 (t, J  = 

1 1  Hz, NCH2 C//3 ), 1.17 (t, J =  11 Hz, NCH2 C//3 ), 2.14 (s, SC6 H3 (C//3 )2 ), 2.29 (s, 

SC6H3(C773)2), 2.34 (s, SC6H3(C7/3)2), 2.36 (s, SC6H3(C7/3)2), 2.38 (s, SC6H3(C773)2), 

2.45 (s, (0 7 / 3 )2 ), 2.73 (s, N(C7/3)2), 2.77 (q, J  = 19 Hz, NC7 /2 CH3 ), 3.31 (q, J  = \9  

Hz, NC//2 CH3 ), 6.86-7.01 (m, 9H, SC6 / / 3 (CH3 )2 ). '^C('H} NMR (CDCI3 ): 5 6.0 (s, 

NCH2 CH3 ), 9.9 (s, NCH2 CH3 ), 23.8 (s, SC6H3(CH3)2), 24.1 (s, SC6H3(CH3)2), 42.7 

(s, NCH2 CH3 ), 43.2 (s, NCH2 CH3 ), 51.8 (s, N(CH3)2), 125.2 (s, m-SC6H3(CH3)2),

126.0 (s, m-SC6 H3 (CH3 )2 ), 127.3 (s, zp5u-SC6H3(CH3)2), 127.9 (s, ipso-

SC6H3(CH3)2), 133.1 (s, ;2-SC6H3(CH3)2), 136.2 (s, ;?-SC6H3 (CH3 )2 ), 142.8 (s, o- 

SC6 H3 (CH3 )2 ). IR (nujol, cm"'): 3143 m, 1581 m, 1375 s, 1161 m, 1115 m, 1082 w, 

1062 s, 1021 m, 988 s, 914 s, 812 m, 764 vs, 720 s, 586 s, 544 s, 469 s, 458 m, 442 

w.
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4. Mixed-metal chalcogenides

4.1 Introduction

Mixed-metal chalcogenides are used widely in integrated optic applications 

(e.g. LiNbOs, LiTaOg, BaTiOg) and as ferroelectrics in memory devices (e.g. 

BaTiOs, SrBi2 Ta2 0 9 ).̂  Of particular interest are mixed-metal chalcogenides of the 

general form AB2E4 (often called spinels as they adopt a spinel structure), which are 

important technological materials. The best known of this type of material is 

magnesium aluminium oxide (spinel), MgAl2 Û4 , which has a number of important 

properties. Oxide spinels are used as magnetic materials,^ pigments (e.g. CoAl2 0 4 ),̂  

catalysts (e.g. ZnAl2 0 4 ),"̂  refractory materials (e.g. CaAl2 0 4 )̂  and sensors (e.g. 

MgAlzOi).^

Materials of the type AB2E4 may adopt either a normal or inverse spinel 

structure. The structure is based on chalcogenide atoms (E) in a face centred cubic 

arrangement. In the normal spinel structure, atoms of metal A occupy one-eighth of 

the tetrahedral holes and atoms of metal B occupy one-half of the octahedral holes. 

The structure may be symbolised by A[B2 ]E4 , where brackets enclose the ions which 

are in octahedral sites. The structure, shown in Figure 4.1, can be built up from 8 

units of alternating AE4 tetrahedra (A) and B4E4 cubes (B - shaded), as shown in 

Figure 4.1(a). This is located within a face centred array of A ions as shown in 

Figure 4.1(b) (for clarity only two B units are shown).^

The structure described above is termed the normal spinel structure. An 

inverse structure contains half of the B atoms in tetrahedral holes and the A atoms 

along with the rest of the B atoms in octahedral holes.^ This structure may be 

symbolised by B[AB]E4 , and often occurs when the A atoms have a stronger 

preference for octahedral co-ordination than the B atoms.^

In this project the synthesis of new single-source precursors to mixed-metal 

oxides, MgAl2 Û4 , CaAl2 0 4 , NiAl2 Û4 , ZnAl2 Û4  and mixed-metal sulfide, MgAl2 S4  

has been attempted.
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Figure 4.1 The spinel structure^

4.1.1 Mixed-metal oxides

Mixed-metal oxides with a spinel type structure are widely used as 

heterogeneous catalysts and catalyst supports, some of which are currently used 

industrially.^ The catalytic properties of ZnAl2 0 4  have been recently reported,”̂ in 

particular, its use as a catalyst for the decomposition of nitrogen oxides'^ and the 

formation of thymol by the alkylation of w-cresol,'* have been described in detail. 

ZnAl2 Û4  is also an active component of catalysts for the synthesis of methanol. 

N1A1 2 0 4  has been investigated as an electrode material for use in fuel ce l l s . Th e  

spinel oxides NiAl2 0 4 ,̂ ’''̂  ZnAl2 0 4 '̂  and CaAl2 0 4 '  ̂ are also important catalyst 

supports due to the ability to prepare these materials with high surface areas and their 

chemical and thermal stability.

There is considerable interest in MgAl2 Û4 due to the combination of its 

electronic properties, in particular low dielectric constant and close match of the 

oxygen ion lattice with silicon. Thin films of the technologically important material 

GaN have been grown on MgAl2 0 4  subst rates .Moreover ,  MgAl2 0 4  films have 

been used as a buffer layer to grow GaN (on Si) and ferroelectric oxide films.^^ Films 

of MgAl2 0 4  are also of interest as the active material in humidity sensors, due to the 

ease of miniaturisation of ceramic microelectrodes.^
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Another use of MgAl2 0 4  is in the fabrication of ultrafiltration membranes?^ 

It is thought that ultrafiltration membranes made of MgAl2 0 4  will offer better high 

temperature stability, higher resistance to chemical attack and smaller pore sizes than 

the polymer and ceramic membranes currently available. CaAl2 0 4  is the main 

component of calcium aluminate cements, which have a wide range of uses 

particularly in refractory applications.^^

Recently, there has been interest in the luminescence properties of doped 

spinel oxides. The material CaAl2 0 4 :Eu^  ̂ shows 440 nm blue emission and is 

thought to be suitable for use in plasma display panels.^^’̂"̂ Blue violet 

phosphorescence lasting more than 1 0  hours has been observed with the material 

CaAl2 0 4 :Ce^\ whereas when CaAl2 0 4 :Tb^\Ce^^ was excited green emission 

occurred.^^ Luminescence was observed from ZnAl2 0 4 :Mn when it was subjected to 

a external source of mechanical stress such as friction, compression or tension 

(stress-stimulated luminescence).^^

4.1.2 Preparation of bulk materials

In this section an overview of some of the techniques used to prepare bulk 

mixed-metal chalcogenides is given. Traditionally, oxide spinels have been prepared 

by a ceramic route, which involves a solid state reaction between metal compounds 

(typically oxides) at temperatures above 1000 °C over several days.^^ Before the 

reaction can take place numerous grinding steps must be used to mechanically mix 

the materials. Such reactions are still commonly used to prepare bulk spinel oxides. 

The mechanism for the formation of CaAl2 0 4  from calcium carbonate and a-ALOs 

has been investigated and was found to proceed via the intermediate phases 

Ca^AhOe and CanAluOss.^ One major disadvantage of the ceramic route is that the 

temperatures involved lead to a small surface area which is unsuitable for catalysis 

applications.

A number of solution based routes have been used to prepare high surface 

area spinel oxides for use as catalysts and catalyst supports. Sol-gel, coprecipitation 

and wet mixing have been used to prepare ZnAl2 0 4  from aluminium alkoxide and

169



zinc nitrate?^ A sol-gel route using mixtures of aluminium and aluminium alkoxides 

in the presence of acetic acid^^ or isopropanol^^ has been used to prepare MgAl2 0 4 . 

A mixture of nickel nitrate and aluminium nitrate in the presence of NH4 OH is 

reported to yield N 1A1 2 0 4  after calcining at 300 A hydrothermal route was used 

to prepare nanocrystalline ZnAl2 0 4  from aluminium hydroxide, basic aluminium 

nitrate and zinc acetate."^’̂ ’̂̂  ̂ Sonochemical methods have also been employed to 

produce nanosized NiAl2 0 4  particles using nickel nitrate, aluminium nitrate and urea 

as precursors? Nanoparticulate MgAl2 0 4  was prepared, however a microemulsion 

technique was used?^

The single-source precursor routes, which have been used in the preparation 

of spinel oxides, typically use lower temperatures than dual-source routes. Lower 

temperatures may lead to the formation of nanocrystalline and nanoparticulate 

materials in addition to materials with a high surface area. Most single-source 

precursor routes use a mixed-metal alkoxide of the type [M{A1(0 R)4 }2 ] (where M = 

Ca, Mg, Ni, Zn R = various) often in a sol-gel or modified sol-gel reaction. Mixed- 

metal alkoxides may act as precursors in sol-gel reactions used to prepare 

MgAl2 0 4 ,̂ ’̂̂  ̂NiAl2 0 4 ^̂  and ZnAl2 0 4 .̂  A microemulsion mediated sol-gel route has 

been used to prepare nanoparticulate CoAl2 0 4 .̂  ̂An alternative route used to prepare 

MgAl2 0 4  is the decomposition of [Mg(Al(OBu)4 }2 ] in supercritical ethanol.

4.1.3 Preparation of thin films by dual-source routes

Thin films of MgAl2 Û4  have been prepared by conventional CVD techniques 

using MgCl2 , Al, HCl, H2 and C0 2 .̂  ̂ However, high temperatures were required for 

volatilisation of the precursors and a substrate temperature of 900 °C. Controlling the 

stoichiometry of the films was found to be a serious problem with this system. A 

similar system using MgCl2 , AICI3 , CO2 , H2 , transported in dinitrogen carrier gas, 

has also been used to deposit films of MgAl2 0 4  using a substrate temperature of 980 

°C. This process is shown in Eq. 4.1.̂ ®

MgCl2 + 2 AICI3 + 4CÛ2 + 4 H2 ------------ ► MgAl2 0 4  + 4C0 + 8HC1 (4.1)
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Thin films of MgAl2 0 4  have been prepared by dual-source CVD using 

[Mg{Al(0 ‘Pr)4 }2 ] (1) with a 3:1 oxygen/argon carrier gas and deposition 

temperatures between 500 and 1000 Combustion CVD was used to prepare thin 

films of MgAl2 0 4  and NiAl2 0 4  from [Al(acac)2 ] with either magnesium napthenate 

or [Ni(acac)2 ].^ ’̂̂  ̂ Other vapour phase techniques including electron-beam PVD 

have been employed to prepare thin films of spinel oxides.^^

Thin films of ZnAl2 0 4  can be prepared by a sol-gel technique in which a 

solution is spin coated onto the substrate/^ Using this route, crack free, dense films 

were produced when an annealing temperature of 700 °C was used.

Mixed-metal alkoxides have also been used in CVD as dual-source 

precursors for complex mixed-metal oxide systems. For example, Mg[Nb(OEt)6 ] 2  (2 ) 

has been reacted with [Pb(thd)2 ] (thd = 2,26,6-tetramethylheptane-3,5,-dionate) to 

prepare films of Pb(Mgo.3 3Nbo.6 6 )0 3 .'̂ ^

4.1.4 Preparation of thin fîlms by single-source routes

Thin films of MgAl2 0 4  have been grown from the single-source precursor 

[Mg{Al(0 'Pr)4 }2 ] (1) at substrate temperatures as low as 300 °C, which is 

significantly lower than the temperatures used in conventional dual-source CVD 

(typically 1000 °C), as discussed in section 4.1.3.’̂ ’"̂  ̂Deposition of MgAl2 0 4  using 1 

was, however, not straightforward due to oligomerization into less volatile forms 

such as [Mg{Al(0 'Pr)4 }2 ] 2  (3) and [Mg3 Al3 ('OPr)i3 ] (4)."̂  ̂ This was overcome either 

by dissolving the precursor in a solvent*^ or ensuring the distance between the 

precursor and the substrate was at a minimum."^  ̂The precursor [Mg{Al(O^Bu)4 }2 ] (5) 

was more stable with respect to oligomerization but had a vapour pressure which was 

too low for practical applications.' '̂^ In an attempt to produce carbon free MgAl2 0 4  

thin films at low temperatures, the precursors [Mg {(p-0 'Pr)2 AlMc2 } 2 ] (6 ) and 

[Mg {(p-0 ^Bu)2 AlMc2 } 2 ] (7) were prepared.' '̂  ̂'̂  ̂ Both 6  and 7 have been used to 

deposit carbon free films at substrate temperatures between 270 and 600 °C. The 

absence of carbon contamination, despite the alkyl groups directly bonded to the 

aluminium, occurs because of the p-hydrogen elimination decomposition pathway.
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The presence of an equal number of acidic -OR (where R = 'Pr, ^Bu) and basic -Me 

substituents leads to clean decomposition of 6  and 7, as shown in Equations 4.2 and

4.3 respectively.

[M g{(p-0 'Pr)2A lM e2}2] -------------- ► M gAl204 +  4CH4 + 4H2C=C H (CH 3) (4.2)

[M g{(n-0 'B u)2A lM e2}2] -------------- ► M gAl204 +  4CH4 + 4H2C=C (C H 3)2 (4.3)

High purity carbon free films have also been obtained from 

[Mg{(p-0 ^Bu)2 AIH2 }2 ] (8 ) at a substrate temperature of 450 The in situ mass

spectroscopic analysis of the exhaust gases from the CVD experiment, using the 

deuterated compound [Mg {(p-O^Bu)]AID2 } 2 ] (9), was used to investigate the 

decomposition route. The mechanism was proposed to occur via P-hydrogen 

elimination, as shown in Eq. 4.4.

[M g{(n-0 'B u)2A lD 2}2]  ► M gAl204 + 4HD + 4H 2C=C (C H 3)2 (4.4)

The use of compound 9 gave an insight into the mechanism of the decomposition of

8 . It was noted that when 9 decomposes HD rather than H: is formed almost 

exclusively, which can only be explained if one of the hydrogen atoms comes from a 

tert~h\xiy\ group. Based on this, the reaction mechanism shown in Figure 4.2, was 

suggested as the major decomposition route. However, it was noted that other 

decomposition pathways, for example involving radicals, could not be ruled out.
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Figure 4.2 The proposed decomposition mechanism of [Mg{(p-0 *Bu)2AlH2}2]
,46(9y

4.1.5 Mixed-metal alkoxides

In this project, the preparation of mixed-metal alkoxides and thiolates as 

single-source precursors to spinel oxides and sulfides have been investigated. In this 

section, the synthesis of mixed-metal alkoxides, reported in the literature, is 

discussed. There have been two comprehensive reviews on the subject which were 

published in 1994"̂  ̂and 1998."̂ ^

The magnesium aluminium alkoxide, [Mg{Al(0 'Pr)4 }2 ] (1), has been 

prepared by refluxing a 1:2 molar ratio of Mg and [Al(0 'Pr)3 ] in 'PrOH as shown in 

Eq. 4.5.“

'PrOH
2 Mg + 4 [Al(0 'Pr)3 ] »» 2 [Mg{Al(0 'Pr)4 }2 ] (4.5)

Mass spectroscopy studies"^  ̂have indicated that 1 is in equilibrium with the 

dimer [Mg{Al(0 'Pr)4 }2 ] 2  (3), as shown in Eq. 4.6.

2[Mg{Al(0‘Pr)4}2] . -  [Mg{Al(0'Pr)4}2]2 (4.6)
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The structure of 1, in the form of an adduct with 2 'PrOH molecules, has been 

determined and is shown in Figure 4.3/^ The structure was found to consist of a 

central magnesium connected to each of the aluminium atoms by two bridging O'Pr 

groups with two further terminal O'Pr groups attached.

PrO

j''

Pr' HO I O O'Prp/ /" L
Pr

Figure 4.3 Structure of [Mg{Al(0 ‘Pr)4 }2].2 ‘Pr0 H (1)̂ *

The reaction of 1 with higher alcohols, e.g. ^BuOH or MeiEtCOH, results in 

the isolation of [Mg {Al(0 'Pr)3 (0 ^Bu)} 2 ] (10) and [Mg{Al(0 'Pr)3 (0 CMe2 Et)} 2 ] (11) 

respectively.^® The mixed-metal alkoxides [Mg(Al(OR)4 }2 ] (where R = Me (12),^^ Et 

(13),^^ "Bu (14),^^ '""Bu (15),^^ 'Bu (16),' '̂'*  ̂ Ph (17)^^) have also been prepared by 

similar synthetic routes to those employed for 1. The complexes, which have been 

structurally characterised, have been found to have similar structures to 1.

Complexes of the type [Mg {(p-0 R) 2  AlMe2 } 2 ] are well known 

organoaluminium complexes.^^ The precursors discussed in section 4.1.4, 

[Mg{(p-OR)2 AlMc2 }2 ] (where R = 'Pr (6 ), 'Bu (7)), were prepared by the reaction of 

[MC2 A1 0 R], [MOR] (M = Li, Na, K) and [MgCb] according to Eq. 4.7.^^’̂ ^

2 [Mc2A10R] + 2 [MOR] + [M gCy ------- ► [Mg{(p-OR)2 AlMe2 }2 ] + MCI (4.7)

The structure of 6  has been determined (see Figure 4.4) and was found to be 

similar to the structure of 1 but with Me groups in place of the terminal O'Pr groups 

and no coordinated alcohols.
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Figure 4.4 Structure of [Mg{(|x-0 'Fr)2AlMe2}2] (6 )̂ ^

More recently, [Mg {(p-0 ^Bu)2 AIH2 } 2 ] (8 ), which was successfully used as a 

precursor to MgAl2 0 4  (see section 4.1.4), has been prepared from the reaction of 

^BuOH, [LiAlH4 ] and [MgCl2 ] in a two step synthesis, according to Equations 4.8 

and 4.9.^^

4 [LiAlH4 ] + 8  ^BuOH----------► [Li(O^Bu)2 AlH2 ] 4  + 8 H2  (4.8)

[Li(0 ‘Bu)2 AlH2 ] 4  + 2 [M gC y 'eflux 2 [Mg{(n-0 'Bu)2 AlH^}2 ] + 4 LiCl (4.9)

The structure of 8  has also been determined and was found to be similar to 

that of 6 , except that the terminal Me groups are replaced by H atoms (Figure 4.5).

‘B u  'B u

:><><:><:
B̂u B̂u

Figure 4.5 Structure of [Mg{(p-0 *Bu)2AlH2 }2] (8 )"*̂

The complex [Ni{Al(0 'Pr)4 }2 ] (18) was prepared from the reaction of [NiCb] 

with [KAl(0 'Pr)4 ], as shown in Eq. 4.10.^^

[N iC y + 2 [KAl(0 'Pr)4 ]  ► [Ni(Al(0 'Pr)4 }2 ] + 2 KCl (4.10)
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Compound 18 undergoes alcoholysis reactions with various alcohols/^ The 

complexes [Ni{Al(OR)4 }2 ] (where R = Me (19), Et (20), CH2 CF3 (21), CH2 CCI3 

(22), Bu (23), C(CH2 C1 ) 2  (24)) were formed when 18 is reacted with an excess of the 

appropriate alcohol. When 18 was reacted with an excess of ^BuOH the mixed 

alkoxide [Ni {Al(0 'Pr)(0 ^Bu)3 } 2 ] (25) was formed. Spectroscopic investigations 

suggested that the Ni atom is in an octahedral geometry. As the R group increases in 

bulk an increasing proportion of tetrahedral nickel species are in equilibrium with the 

octahedral forms. It was suggested that the [A1(0 R)4 ]‘ anion may act as a tridentate 

ligand forming octahedral as well as tetrahedral Ni geometries, as shown in Figure

4.6.

Ni. /

\

R

O OR

R

Tetrahedral

Ni—

R

\0 — AF OR

R

Octahedral

Figure 4.6 Tetrahedral and octahedral co-ordination of the Ni57

Recently, the structure of 18 has been determined and it was found that the Ni 

was octahedral with two 'PrOH molecules co-ordinated to the Ni, as shown in Figure

4.7.33

P rb

Pr'O\

’̂ a\ ^
\ 0 \̂\
0 - . \

■^Ni;/
Pr' HO^

. / OH
Pr'

Pr'
/

'Pr iPr

Al:

'Pr

,0'Pr

O'Pr

Figure 4.7 Structure of [Ni{Al(0 'Pr)4}2] (18)
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The zinc containing complex [Zn{Al(0 ‘Pr)4 }2 ] (26) has been prepared from 

[ZnCh] using a similar synthetic route to that employed for 18, which is described 

above/ '̂"^^

4.2 Results and discussion

One of the most successful low temperature single-source precursors 

described previously was [Mg{(p-O^Bu):AIH2 }2 ] (8 ) (see section 2.1)/^ For the 

purpose of synthesising novel mixed-metal alkoxides and thiolates, it was decided to 

prepare hydrido-heterobimetallic chalcogenides of the type [M{(ER)2 A1H2 }2 ] (where 

E = O, M = Mg, Ca, Ni, Zn; E = S, M = Mg).

4.2.1 Synthesis of mixed-metal alkoxides

Hydrido-heterobimetallic alkoxides of the type [M{(0 R)2 A1H2 }2 ] were 

prepared in a similar manner to the synthesis of 8  reported in the l i terature.This 

involves a two step synthesis, in the first step [LiAlH4 ] is reacted with 2  equivalents 

of an alcohol as shown in Eq. 4.11.

4 [LiAlH4 ] + 8  ROH ► [Li(p-0R)2A1H2]4 + 8 H2  (4.11)

In the preparation of 8 , a tetrameric species of the type [Li(p-0 R)2 A1H2 ] 4  was 

thought to have been formed although it was not isolated. The other product is H2 , 

which is evolved on addition of the alcohol to [LiAlH4 ]. In the second step 

[Li(iLi-OR)2 AlH2 ]n reacts with the appropriate metal chloride with the formation of 

lithium chloride, which is the driving force for this reaction, as shown in Eq. 4.12.

2 [Li(OR)2 AlH2 ]n + MCl2 ----------► n [M{(0 R)2A1H2 }2] + LiCl (4.12)
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4.2.2 Synthesis of magnesium aluminium alkoxides

In an attempt to prepare novel hydrido-magnesium aluminium alkoxides the 

synthetic pathway described in section 4.2.1 was employed. A range of alcohols (e.g. 

MezNCH2 CH2 OH and SjS-MeiCeHaOH) were used.

4.2.3 Synthesis of [Mg{(|i-0 *Bu)2AlH2}2 ] (8 )

The complex [Mg{(|a-O^Bu)2 AlH2 }2 ] (8 ) was prepared by a route similar to 

that reported in the literature by Veith et al, as described in 4.2.1.^^ The product was 

purified by recrystallisation from diethyl ether and colourless crystals were grown at 

-20 °C. As expected analytical and spectroscopic data showed the major product of 

the reaction to be compound 8 . However, small amounts of impurities also appear to 

have been formed, probably by side reactions and have not been effectively separated 

by recrystallisation. This is suggested by the spectroscopic data and is reinforced by 

the difference between the observed and calculated analytical data for 8 .

4.2.4 Spectroscopic data for [Mg{(p-O^Bu)2AlH2)2] (8 )

The NMR of 8  shows three singlets in the region 1.33 - 1.41 ppm, which 

correspond to the O^Bu protons. The largest of these peaks at 1.33 ppm corresponds 

well with the literature value of 1.34 ppm given for the O^Bu protons in 8 .̂ ^̂ The 

other two peaks are probably due to side products from the reaction. These peaks 

were not reported in the synthesis of 8  reported by Veith, but in that synthesis the 

product was purified by sublimation which possibly led to greater purification. These 

three peaks integrated in a ratio 12:2:5 which suggests that although 8  is the major 

product of the reaction there are significant levels of other compounds present. The 

AIH2  protons were not observed in the NMR spectrum.

An infrared spectrum of 8  was taken and compared with the results published 

by Veith et al.^^ The peak at 1831 cm'’, which is due to the hydride groups attached 

to the aluminium, corresponds well to the value published of 1809 cm'’. The small 

difference is probably due to the different methods used in recording the infrared
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spectrum. Mass spectroscopy proved useful and a peak at 373 corresponding to 8  

confirms its formation. It also confirms the stability of 8 in the vapour phase, which 

is an important requirement for CVD precursors in order to avoid decomposition 

prior to the reactor chamber. The mass spectrum also gives an insight into the 

possible formulation of the other compounds formed in the reaction. There is a peak 

at 517 which corresponds to the formula [Mg {Al2(0^Bu)6H2} ] and a peak at 315 

corresponding to [Mg{Al(0^Bu)4}].

4.2.5 Reaction of [MgCh], [L1AIH4 ] and 3 ,5 -Me2C6H3 0 H

The reaction between [LiAlH4 ] and 3 ,5 -Me2 C6 H3 0 H was carried out in 

diethyl ether at room temperature. On addition of the alcohol, effervescence was 

observed immediately. The reaction was refluxed for 24 hours during which time the 

mixture lost its grey colour and a thick white precipitate formed. After work-up and 

cooling to -20 °C overnight a white powder resulted in a 15% yield. Analytical and 

spectroscopic data showed the powder to be [Mg{(0C6H3Me2-3,5)iAIH2 }2 ] (27), as 

shown in Eq. 4.13.

[MgCl2] + 2 [L1A1H4] --------------► [Mg{(OC6H3Me2-3,5)2AlH2}2] (4.13)
+ 4 3,5-Me2C^H30H

The expected product, compound 27, was therefore isolated, although the low 

yield suggests that this is not the only product of the reaction. It is possible that an 

insoluble product was also formed which was removed by filtration along with LiCl. 

The decomposition of 27 without melting at a relatively low temperature (50 - 52 °C) 

suggests that this complex may not be stable in the vapour phase.

4.2.6 Spectroscopic data for [Mg{(OC6H3Me2-3 ,5 )2AlH2 }2]

The NMR spectrum of 27 shows two peaks due to the protons of the 

methyl groups and a multiplet of broad peaks due to the SC6 H3 protons. This 

indicates that either the solution behaviour of 27 is complex or that more than one 

product was formed in the reaction. Two very broad singlets due to diethyl ether 

suggest that a dynamic process involving exchange of ether is taking place.
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Crystals suitable for X-ray analysis could not be grown and so the structure of 

27 is unknown. However, it is expected that the structure would be similar to 8  with 

the alcohol groups bridging the Mg and Al atoms with two terminal hydrides 

attached to each of the Al atoms.

4.2.7 Reaction of [MgCh], [L1A1H4] and MeiNCHiCHzOH

The reaction between [LiAlH4 ] and Me]NCH2 CH2 OH was carried out using 

the general method described in 4.2.1. After work-up, a white powder was obtained 

in a 81% yield. Analytical and spectroscopic data suggested that 

[Mg{Al(0 CH2 CH2NMe)2 }2 ] (28), has formed, as shown in equation 4.14.

[MgClz] + 2 [UAIH4 ] + 4 MezNCHzCHzOH [Mg{(OCH2 CH2 NMe)2 Al}2 ] (4.14)

The other species produced during this reaction would presumably include H2  

and CH4, however these are volatile and easily removed during work up. Any [LiCl] 

formed during the reaction was removed by filtration. The anticipated product, 

[Mg {(0 CH2 CH2NMc2 )2 AIH2 }2 ] (29), does not appear to have been formed. It was 

expected that the nitrogen atom would co-ordinate to the aluminium centre. This has 

been observed in the related compound [H2 M(OCH2 CH2NMc2 )]2 , which was isolated 

from the reaction of [MH3 (NMc3 )] (M = Al, Ga) and HOCH2 CH2NMe2 .̂ ’̂̂  ̂ The 

formation of the Al-N bond in 28 is unusual and has not been observed previously. 

To ensure that 28 is indeed formed, the experiment would need to be repeated and 

further analysis such as low temperature 'H NMR and X-ray crystallography carried 

out.

The decomposition of 28 before it melted suggests that it may not be volatile 

enough for use in CVD experiments. The absence of hydrogen atoms attached to the 

aluminium and the presence of a direct Al-N bond means that there may not be a 

straightforward decomposition route for 28. This would lead to the possibility of 

nitrogen contamination and higher levels of carbon contamination.
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4.2.8 Spectroscopic data for [Mg{Al(OCH2CH2NMe)2}2] (28)

The NMR of 28 shows both peaks due to the OCH2 CH2 NMe group and to 

residual solvent molecules (ether). A broad singlet at 2.07 ppm corresponds to the 

protons of the CH3 group, which is attached to the nitrogen atom. The broadness of 

this singlet is due to the fact that it overlaps with two peaks at 2.15 and 2.24 ppm 

(OCH2 C//2N). A triplet would be expect to arise from these protons, this is not 

observed as one of peaks is masked by the broad singlet. A broad complex multiplet 

is observed between 3.33 and 3.70 ppm, which is due to the OC//2 CH2N protons. 

The chemical shifts of these peaks corresponds closely to those observed for the 

related complex [H2 Al(OCH2 CH2NMe2 )]2 .̂  ̂ Peaks due to the presence of solvent 

(ether) were also observed in the NMR spectra at 0.92 and 3.28 ppm which is 

shifted from the expected values for free ether in CDCI3 of 1.20 and 3.48 ppm. This 

suggests that the solvent is co-ordinated to the Mg and the sharpness of the peaks and 

the observance of only one set of peaks suggest that the ether molecules are co­

ordinated in only one environment.

The infra-red spectrum of the compound showed the expected peaks when 

compared to the reported values for [H2 Al(OCH2 CH2NMe2 )]2 .̂  ̂ The spectrum also 

showed the absence of any peaks due to Al-H which would be present if the expected 

complex had been prepared. These are usually found to be between 1700 - 1800 cm'^ 

and no peaks were observed in this region of the spectra. This gives further evidence 

that the expected product was not formed.

4.2.9 Synthesis of other mixed-metal alkoxides

In an attempt to prepare novel hydrido-metal aluminium alkoxides, 

[M{(0 R)2 A1H2 }2 ] (where M = Ca, Zn, Ni) the synthetic pathway described in section

4.2.1 was employed.

2.2.10 Reaction of [CaCh], [LiAlH4] and BuOH

The reaction of [LiAlH4 ] and ^BuOH was carried out in the same manner as 

that used in the preparation of 8 . The mixture was then refluxed with [CaCh] for 24
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hours. After work-up and cooling to -20 °C colourless crystals were obtained in a 9% 

yield. Analytical and spectroscopic data suggested that these crystals were 

[Ca((0 ^Bu)2 AIH2 }2 ] (30), as shown in 4.15.

[CaClz] + 2 [LiAlH^] + 4 ^BuOH [Ca{(0‘Bu)2AlH2}2] (4.15)

The anticipated product, 30, appears to have been formed. However, as the 

crystals proved unsuitable for X-ray crystallography, the structure was not 

determined, but it would be expected that 30 would have a similar structure to 8 . The 

expected structure of 30 is shown in Figure 4.8.

^Bu ^Bu

AlC^

^Bu 'Bu

Figure 4.8 Predicted structure of [Ca{(0 'Bu)2 AlH2 }2 ] (30)

The analytical data suggests that 30 is the major product from the reaction 

and there is reasonable agreement between the calculated and observed results. The 

'H NMR of 30 contains several peaks in the region 1.26 - 1.38 ppm. This indicates 

that the solution behaviour of 30 may be complex with a number of isomers present 

and so several 'B u O environments. This does not correspond with the solution 

behaviour of 8  which would be expected to be similar to that of 30. In the 'H NMR 

of 8  published by Veith et al, only one 'B u O environment was observed. Another 

explanation is that more than one product may be formed as observed in the 

synthesis of 8  (see section 4.2.4). This may also explain the small discrepancy in the 

analytical data.
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4.2.11 Reaction of [ZnCh], [LiAlH^] and *BuOH

This reaction was carried out in a similar manner to the method used to 

prepare 30 which is described in section 4.2.9. Colourless crystals were obtained in 

poor yield. The analytical data suggests that impure [Zn{Al(O^Bu)4 }2 ] may have 

been formed although the infra-red spectrum shows a peak (1867 cm'^) which may 

be due to Al-H bonds. Therefore the product could not be identified due to the low 

yield. The reaction would need to be repeated and attempts made to isolate a pure 

product in order to understand what is formed during the reaction.

4.2.12 Reaction of [NiCh], [L1A1H4 ] and *BuOH

The addition of diethyl ether to a mixture of [NiC^] and [LiAlH4 ] resulted in 

the formation of a black precipitate and evolution of a colourless gas. Similar 

decomposition also occurred if a solution of [NiCl2 ] was added once the [LiAlH4 ] 

had reacted with the alcohol. It has been suggested that in solution [LiAlH4 ] reacts 

with halides of metals whose electronegativity is higher than aluminium. The order 

in which the reaction was carried out did not appear to have an effect on is 

decomposition. The NMR of the product obtained by the second method showed 

only the presence of free ^BuOH.

4.2.13 Synthesis of magnesium aluminium thiolates

In an attempt to prepare novel hydrido-magnesium aluminium thiolates the 

synthetic pathway described in section 4.2.1 was employed.

4.2.14 Reaction of [MgCh], [LiAlH4 ] and BuSH

The reaction between [LiAlH4 ] and ^BuSH was carried out in diethyl ether at 

room temperature and the product reacted in situ with [MgC^]. A colourless gas was 

evolved during the first step of the reaction. Colourless crystals resulted after work­

up and cooling to -20 °C. Analytical and spectroscopic data indicated that 

[Mg{(S^Bu)2 AIH2 }2 ] (31) had formed, as shown in equation 4.16.
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[MgClz] + 2 [UAIH4] + 4 'BuSH [Mg{(S'Bu)2AlH2}2] (4.16)

The 'H NMR spectrum of 31 showed the presence of *BuS groups in only one 

enviromnent. The 'H NMR also shows the presence of diethyl ether, the chemical 

shifts showing that it is uncoordinated and is probably solvent of crystallisation 

which was not completely removed under vacuum.

Although the structure of 31 could not be determined by X-ray 

crystallography, it would be expected to be similar to that of 8 . The structure of 31 

can be predicted as having two bridging thiolate groups between each of the 

aluminium atoms and the magnesium with the remaining four hydrides attached in a 

terminal fashion to the aluminium. The predicated structure of 31 is shown in Figure 

4.9.

^Bu

^Bu

‘Bu

‘Bu

Figure 4.9 Predicted structure of [Mg{(S‘Bu)2AlH2}2] (31)

4.2.15 Reaction of [MgCh], [LiAlH4] and 2 ,6 -Me2C6H3SH

The reaction of [MgCb], [LiAlH4 ] and 2 ,6 -Mc2 C6H3 SH was carried out using 

the method described in 4.2.1. After work-up and standing at room temperature for 

several days a white solid was obtained in 72% yield. Analytical and spectroscopic 

data showed that [Mg((SC6 H3 Me2 -2 ,6 )2AlH2 }2 ] (32) had been formed cleanly. The 

‘H NMR spectrum of 32 shows two sets of peaks due to the methyl groups and a 

multiplet arising from the aryl protons. This suggests that the 2 Me2 C6 H3 S groups are 

inequivalent or that the methyl groups are inequivalent. This suggests that the 

structure of 32 may be different to 8 . Altemativly, the two sets of peaks may be due
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to complex solution behaviour. The close match of the expected and observed 

analytical data suggests however that 32 was found cleanly.

4.3 D ecom position studies 

4.3.1 T h erm al g rav im etric  analysis

Initial investigations into the suitability of compounds 8, 27, 28, 30 and 31 as 

single-source precursors to mixed-metal oxides or thiolates involved the TGA of 

some of the compounds described above.

4.3.2 D ecom position p roperties of [Mg{(0*Bu)2AlH2}2] (8)

The TGA of 8  was recorded and shows two weight losses, the first between 

100 - 200 °C (16%) and a second from 200 - 400 °C (61%). The second weight loss 

corresponds well with the calculated total weight loss (62%) for decomposition to 

MgAl2 0 4 . The first weight loss may be due to loss of solvent from the sample or 

vaporisation of a small amount of the sample. This one clean decomposition step 

corresponds with the concerted mechanism suggested by Veith in which both Hi and 

butene are lost in one step."̂  ̂ However, if the loss of Hi occurred in a different 

temperature range it may not be observed in the TGA as the percentage weight loss 

would be small {ca. 2 % which is about the same as the error in this technique).

4.3.3 Decom position p roperties  of [Mg{(OC6H3Me2-3,5)iAlH2}2] (27)

The decomposition properties of 27 were determined by carrying out a TGA, 

the results of which are shown in Figure 4.10.
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Figure 4.10 TGA of [Mg^OCgHsMei-S^SlzAlHili] (27)

The TGA of 27 shows a total weight loss of 44% which indicates that complete 

decomposition to MgAl2 0 4  has not occurred (calculated 75%). This may be due to 

the inability of the 0 C6 H]Me2  group to undergo p-hydrogen elimination. Vieth 

proposed that the O^Bu group is eliminated via P-hydrogen elimination during the 

decomposition of [Mg {(0 ^Bu)2 AIH2 } 2 ]. Decomposition may occur at higher 

temperatures, however, the TGA experiment was limited to 500 °C. This suggests 

that groups which cannot undergo P-hydrogen elimination may make poor leaving 

groups in heterobimetallic alkoxides and thiolates.
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4.3.4 Decomposition properties of [Mg{Al(OCH2 CH2NMe)2] (28)

A TGA of 28 was carried out in order to determine its decomposition 

properties. A small weight loss of 6 % was observed between 120 and 260 °C which 

is probably due to loss of solvent. A second weight loss of 63% was observed 

between 260 and 420 °C which suggests complete decomposition to MgAl2 0 4  

(calculated 62%).

4.3.5 Decomposition properties of [Ca((0 *Bu)2AlH2}2] (30)

The decomposition properties of 30 were determined by TGA, the results of 

which are shown in Figure 4.11. The TGA of 30 shows two weight losses, the first 

between 80 and 140 °C is 7% and is probably due to loss of solvent. The second 

weight loss of 58% occurs between 200 and 400 °C. This indicates that complete 

decomposition to form CaAl2 0 4  may have occurred. The mechanism for this 

decomposition is probably similar to compound 8  involving P-hydrogen elimination 

from the O^Bu groups.

187



TGA
%

100

40-

20 -

400 500100 200 300

Temp °C

Figure 4.11 TGA of [Ca((0 ‘Bu)2AlH2}2] (30)

4.3.6 Decomposition properties of [Mg{(S*Bu)2AlH2 }2] (31)

The decomposition properties of 31 were determined by TGA. The first 

weight loss (11%), which occurs between 30 and 140 °C is probably due to loss of 

solvent from the material. The total of the remaining weight losses, are 55% 

occurring in the temperature range 150 - 500 °C. This indicates complete 

decomposition to MgAl2 S4  has occurred, which is calculated to involve a weight loss 

of 53%. Three weight losses are observed in this temperature region, which suggest,
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that the decomposition mechanism may not be as straight forward as that proposed 

for 8 .

4.3.7 Vapour-phase thin-film studies using [Mg{(OC6H3Me2-3 ,5 )2AlH2}2] (27)

To study the effectiveness of hydride containing hetero-bimetallic alkoxides, 

other than [Mg {(0 ^Bu)2 AIH2 } 2 ], as single-source precursors to thin films of 

MgAli0 4  a tube furnace reaction was carried out using [Mg {(0 C6 H3 Me2 )2 AIH2 } 2 ] 

(27). This compound was chosen to assess whether its decomposition properties 

would be different when used in a vapour phase reaction as opposed to those 

suggested by TGA. A very thin white film was deposited on the glass slides and the 

walls of the tube at the entrance to the furnace, however most of the precursor 

decomposed without being transported. ED AX did not detect the film and showed 

only peaks which were due to the underlying glass substrate. By SEM the film was 

found to be very particulate and rubbing with a piece of tissue easily removed the 

film. This indicates that although a very thin MgAl2 0 4  film may have been prepared, 

27 is not an effective single-source precursor to thin films of MgAl2 0 4  by vapour- 

phase routes. This is probably because of its thermal instability and lack of clean 

decomposition routes. However, more detail studies in which the substrate 

temperature and precursor flow rates were varied would need to be carried out. Due 

to the instability of the film prepared from an aluminium thiolate and the difficulties 

this caused with analysis, the formation of thin films using [Mg{(S^Bu)2 AIH2 }2 ] was 

not attempted.

4.4 Experimental

4.4.1 Preparation of [Mg{(p-0 *Bu)2AlH2 }2] (8 )

A solution of ^BuOH (1.48 g, 20 mmol) in diethyl ether (5 cm^) was added 

dropwise to a slurry of [MgCb] (0.47 g, 5 mmol) and [L1A1H4 ] (0.38 g, 1 0  mmol) 

also in diethylether (15 cm^). Vigorous effervescence was observed immediately on 

addition of ^BuOH. The resulting grey coloured slurry was refluxed for 8  hours 

during which time the mixture lost some of its grey colour and a white precipitate 

formed. The mixture was filtered through Celite. The solvent was removed in vacuo
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giving a white solid. Recrystallisation from diethyl ether (5 cm ) afforded colourless 

crystals of 8 . Anal, Calc, for Ci6 H4 o0 4 Al2 Mg: C, 51.28; H, 10.76. Found C, 48.00; H, 

10.68. Mass Spec, m/z 517 ([Mg{(p-0 'Bu)2 Al(0 'Bu)H}2 ]), 445 ([Mg{(p- 

0'B u)2A 1H 2}{(p-0'B u)2A 1(0'B u)H }]), 373 ([Mg{(p-0'Bu)2AlH2}2]), 347

([Mg{Al(0 ‘Bu)4 }]), 315 ([Mg(0 'Bu)4 ]), 275 ([Mg{AlH(0 ‘Bu)3 }]), 203

([Mg{AlH2 (0 ‘Bu)2 }]), 113, 73 ('BuO), 53. 'H NMR 8 /ppm (CsDs): 8  1.33 (s, 36H, 

OC(CHi)i), 1.37 (s, 6 H, 0 C(C%)3 ), 141 (s, 15H, IR  (KBr disc, cm '):

2969 vs, 2932 m, 2906 m, 2871 m, 1831 vs, 1485 s, 1391 m, 1366 vs, 1262 vs, 1227 

s, 1202 s, 1099 vs, 1051 vs, 1021 vs, 937 vs, 865 w, 799 vs, 775 w, 702 s, 664 s, 621 

w, 597 w, 502 w, 492 w.

4.4.2 Preparation of [Mg{Al(OC6H3Me2-3 ,5 )2H2}2] (27)

A solution of 3 ,5 -Me2 C6 H3 0 H (2.44 g, 20 mmol) in diethyl ether (15 cm^) 

was added to a slurry of [LiAlH4 ] (0.38 g, 1 0  mmol) and [MgCb] (0.47 g, 5 mmol) in 

diethyl ether (15 cm^). Effervescence occurred immediately on addition of the 

alcohol. The mixture was refluxed for 24 hours resulting in loss of the grey colour 

and formation of a thick white precipitate. The mixture was filtered through Celite 

and reduced in volume to approximately 10 cm  ̂ under vacuum. Cooling to -20 °C 

overnight resulted in the formation of a white solid 27 (0.42 g, 15% yield), 

decomposed without melting 50-52 °C. NMR ô/ppm (CD2 CI2 ): 5 1.1 (s hr, 

0 (CH2 C//3 )2 ), 2.05 (s, 3H, OC6 H3 (C//3 )2 ), 2.13 (s, 3H, OC6 H3 (C//3 )2 ), 3.50 (s hr, 

0 (C//2 CH3 )2 ), 6.29 - 6.61 (m, 3H, 0 C6 ^ 3 (CH3 )2 ).

4.4.3 Preparation of [Mg(Al(0 (CH2CH2)NMe)2}2] (28)

A grey coloured slurry was formed by mixing [LiAlH4 ] (0.38 g, 10 mmol) 

and [MgCh] (0.47 g, 5 mmol) in diethyl ether (30 cm^). Me2NCH2 CH2 0 H (2 . 0  cm^, 

20 mmol) was added dropwise and effervescence was observed immediately. The 

reaction mixture was refluxed for 24 hours resulting in loss the grey colour and 

formation of a white precipitate. After filtering through Celite the mixture was 

pumped down to dryness under vacuum resulting in a white powder (1.73 g, 81% 

yield), decomposed without melting below 230 °C. Anal. Calc, for
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Ci2 H2 8N4 0 4 Al2 Mg(OEt2 )o.75 • C, 42.27; H, 8.39; N, 13.14. Found C, 42.16; H, 8.57; 

N, 12.56. ‘h  NMR ô/ppm (CDCI3): ô 0.92 (t, 0 (CH2 C% )2 ), 2.07 (s, 12H, 

OCH2 CH2NC/7 3), 2.15 (s, 4H, OCH2 C7 /2 OCH3), 2.24 (s, 4H, OCH2 C//2 OCH3 ), 3.28 

(q, 0 (C//2 CH3)2 ), 3.33 - 3.70 (m, 8 H, OC/72CH2NCH3). "C{'H} NMR (CDCI3 ) 14.5 

(0(CH2CH3)2), 44.7 (OCH2 CH2NCH3), 58.2 (OCH2 CH2NCH3 ), 61.3

(OCH2 CH2NCH3 ), 65.2 (0 (CH2CH3 >2). IR (nujol, cm '): 2792 s, 1365 s, 1275 m, 

1261 m, 1109 vs, 1032 s, 951 s, 903 mbr, 804 w, 782 w, 528 w.

4.4.4 Preparation of [Ca{(0 *Bu)2AlH2}2] (30)

Diethyl ether (30 cm^) was added to a mixture of [LiAlH4 ] (0.38 g, 10 mmol) 

and [CaCl]] (0.55 g, 5 mmol) to give a pale grey slurry. ^BuOH (1.48 g, 20 mmol) 

was then added dropwise resulting in immediate effervescence. The resulting mixture 

was refluxed for 24 hours and the solution lost some of its grey colour. Diethyl ether 

(10 cm^) was added and the mixture was filtered through Celite and reduced under 

vacuum to ca. 5 cm^. Cooling to -20 °C for 48 hours afforded colourless crystals of 

30 (0.18 g, 9% yield). Anal. Calc, for C]6H4 o0 4 Al2 Ca: C, 49.21; H, 10.32. Found C, 

48.73; H, 9.51. NMR ô/ppm (CD2 CI2 ): 1.15 (t, 0 (CH2 C7 A)2 ), 1.26 - 1.38 (m, 

36H, OC(C//3 )3 ), 3.44 (q, 0 (C7 7 2 CH3 )2 ). ’̂ C{’H) NMR (CD2 CI2): Ô 33.5 (C(CH3 )3 ). 

IR (nujol, cm'^) 2923 vs, 2853 vs, 1627 vs hr, 1261 m, 1230 m, 1206 m, 1089 m hr, 

1024 w hr, 996 w hr, 809 s, 404 w.

2.4.5 Attempted preparation of [Zn {(O Bu)2A1H2}2]

Diethyl ether (30 cm^) was added to a mixture of [LiAlH4 ] (0.38 g, 10 mmol) 

and [ZnCy (0.68 g, 5 mmol). ^BuOH (1.48 g, 20 mmol) was added dropvnse 

resulting in immediate effervescence. The reaction mixture was refluxed for 24 

hours. After filtering through Celite the solution was pumped dovm to dryness under 

vacuum resulting in a white oil. This oil was dissolved in hexane giving a colourless 

solution and a white suspension. The mixture was filtered through Celite and the 

solution reduced to ca. 5 cm^ under vacuum. Cooling to -20 °C for several days 

afforded colourless crystals (0.127 g). Found: C, 54.25; H, 9.71. IR (KBr disc, cm'^):
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2970 s, 1867 w br, 1655 m, 1358 s, 1261 m, 1211 s, 1182 w, 1082 s br, 1060 w, 1024 

w, 907 s, 812 m, 795 w, 777 s, 704 s, 664 s, 599 m, 548 s, 488 m br.

2.4.6 Attempted preparation of [Ni{(0*Bu)2AlH2}2]

Method A: [L1AIH4] (0.38 g, 10 mmol) and [NiCy (0.65 g, 5 mmol) were placed in 

a Schlenk flask together and diethyl ether (15 cm^) was added. Immediately on 

addition of ether effervescence was observed and the reaction mixture turned from 

pale grey to black. A solution o f ‘BuOH (1.48 g, 20 mmol) in diethyl ether (10 cm^) 

was added dropwise and further effervescence was observed. The reaction mixture 

was refluxed for 8 hours and stirred at room temperature for a further 72 hours. The 

mixture was filtered through Celite and reduced to ca. 10 cm^, cooling at -20 °C for 

24 hours resulted in the formation of a grey precipitate.

Method B: A solution o f ‘BuOH (1.48 g, 20 mmol) in diethyl ether (10 cm^) was 

added to a slurry of [LiAHT ]̂ (0.38 g, 10 mmol) in diethyl ether (10 cm^). Vigorous 

effervescence was observed on addition of ‘BuOH and the colour of the mixture 

lightened. A slurry of [NiCb] (0.65 g, 5 mmol) was added slowly to the reaction 

mixture and further effervescence was observed. On addition, the mixture turned 

dark brown in colour. The mixture was stirred at room temperature overnight and 

then refluxed for 5 hours. After filtering through Celite, the solvent was removed in 

vacuo affording a small amount of a white solid.

4.4.7 Preparation of [Mg{Al(S‘Bu)2H2}2] (31)

A solution o f ‘BuSH (2.25 cm ,̂ 20 mmol) in diethyl ether (10 cm^) was added 

to a grey coloured slurry of [L1A1H4 ] (0.38 g, 10 mmol) and [M gCy (0.47 g, 5 

mmol) in diethyl ether (15 cm^). Vigorous effervescence was observed on addition of 

the thiol solution. The mixture was refluxed for 8 hours followed by stirring at room 

temperature for 24 hours. During this time the mixture lost some of its grey colour. 

After filtering through Celite the solvent was removed under vacuum giving a white 

solid. This was dissolved in a minimum amount of diethyl ether. Cooling to -20 °C 

afforded colourless crystals of 31. Anal. Calc. Ci6 H4 oS4 Al2 Mg: C, 43.77; H, 9.18.
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Found C, 41.52; H, 8.74. 'H NMR ô/ppm (CeDe): 5 1.10 (t, O/CHzCF/;):), 1.69 (s, 

36H, C{CH3)i), 3.30 (q, O /C^CH ;):), 4.45 (s, 4H, Al%). '^C{‘H} NMR (CsDe): ô

15.4 (O/CHzCH;):), 36.3 (€(0 4 3 )3 ), 45.6 (0(O42CH3)2), 65.8 (C(CH3)3.

4.3.8 Preparation of [Mg{Al(SC6 H 3 Me2 -2 ,6 )2 H2 }2 ]

2,6-Me2C6H3SH (2.76 g, 20 mmol) was added dropwise to a grey coloured 

slurry of [L1A1H4] (0.38 g, 10 mmol) and [MgCb] (0.47 g, 5 mmol) in diethyl ether 

(15 cm^) resulting in vigorous effervescence. The mixture was refluxed for 24 hours 

resulting in the formation of a white precipitate. The mixture was filtered through 

Celite resulting in a white emulsion. On standing overnight a colourless liquid had 

separated and was found in the bottom of the flask below the solvent. On mixing a 

white emulsion formed again. The solvent was pumped off under vacuum leaving a 

viscous white coloured oil which solidified over several days (2.28 g, 72% yield). 

Anal. Calc. For C3 6 H4 oS4 Al2 Mg(OEt)],5: C, 61.48; H, 7.47. Found C, 61.07; H, 7.38. 

'H NMR 5/ppm (CDjClj): 5 1.14 (s br, 9H, 0(CH2C7/3)2), 2.30 (s, 15 H, 

SC6H3(C//3)2), 2.35 (s, 9 H, SC6 H3 (C%)2 ), 3.54 (s br, 6H, 0(C%CH3)2), 6.90 - 6.99 

(m, 12 H, SC6 %(CH 3 )2 ). NMR (CD2 CI2 ): 6 14.7 (s, 0(CH2CH3)2), 24.0 (s,

SC6H3(CH3)2), 66.3 (s, 0(CH2CH3)2), 125.2 (s, m-C«H3 (CH3 )2 ), 127.4 ipso-(s, 

C«H3(CH3)2), 135.7 (s,p-C 6 H3 (CHs)2 ), 142.8 (s, o-C6H3(CH3)2).
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Conclusion

The use of compounds containing a trimethyl siiyl (SiMeg) as single-source 

precursors to AIN, GaP and GaAs has been reported previously. Compounds which 

contain a halide and a silyl group are of interest as single-source precursors as they 

have the potential to decompose via the loss of a labile silyl halide. Similarly, 

compounds which contain and alkyl group and a silyl group have the potential to 

decompose via loss of a silane, however, if the alkyl group contains a p-hydrogen 

then decomposition involving p-hydride elimination can occur.

Previously, the single-source precursor [CI2 AI {NH(SiMc3 )} ]: has been used 

to prepare AIN at temperatures below 500 °C. The potential precursors 

[Cl(Me)Al{NH(SiMe2 H) } ] 2  and [Et2Al{N(SiMe2 H)2 }]n were prepared and the 

decomposition properties of the latter were investigated by TGA and vapour phase 

studies. The TGA suggested that [Et2Al{N(SiMe2 H)2 }]n decomposed below 300 °C 

which is lower than the temperature required to decompose [CI2 Al (NH(SiMe3 )} ]2 . 

Vapour-phase experiments lead to the formation of a thick highly reflective gold 

coloured coating at a substrate temperature of 550 °C.

The use of silyl amides as single-source precursors to GaN has not been 

reported previously. The decomposition of [X2 Ga{NH(SiMe2 R)}]n (X = Cl, Br; R = 

Me, Ph), was investigated by TGA (up to 500 °C), it was found that where R = Me 

decomposition to [XGaNHJn occurred, as was the case for [CI2 AI (NH(SiMe3 )} ]2 , 

however, for R = Ph a more complex decomposition pathway appeared to be 

followed. Bulk pyrolysis of [Cl2 Ga{NH(SiMe3 ) } ] 2  was carried out at 750 °C and 

GaN with a mixed cubic/hexagonal structure was formed. At higher temperatures, 

the material formed had predominantly hexagonal character. The decomposition of 

[X3 Ga{NH(SiMc2 R)2 }] (X = Cl, Br; R = Me, Ph) was investigated by TGA and bulk 

pyrolysis and was found to be similar. Vapour-phase thin film studies resulted in the 

formation of a thin film of GaN from [Cl3 Ga(NH(SiMe3 )2 ] at a substrate temperature 

of 550 T .
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The preparation of the novel gallium silylarsenide precursor, 

[Cl2 Ga{As(SiMe2 Ph)2 }]n, was carried out by the reaction of GaClg and 

As(SiMc2 Ph)3 . The isolation of a molecular compound was of interest as in the 

corresponding reaction of GaXs and As(SiMc3 ) 3  it is not possible to isolate a 

molecular species so the best of our knowledge [Cl2 Ga{As(SiMe2 Ph)2 }]n is the only 

halide containing gallium silylarsenide. This is of interest as it could be used in a 

single-source precursor approach to GaAs. TGA suggested that 

[Cl2 Ga{As(SiMe2 Ph)2 }]n decomposed to form GaAs below 200 °C. However, 

[Cl2 Ga{As(SiMe2 Ph)2 }]n proved to be insufficiently volatile for use in vapour-phase 

reactions.

The synthesis of hydrio-aluminium alkoxides and thiolates was investigated 

in an attempt to prepare single-source precursors to aluminium oxide or sulfide. The 

decomposition properties of some of the compounds produced was investigated by 

TGA. Vapour-phase deposition studies are carried out in order to test the potential of 

the aluminium alkoxides and thiolates as single-source precursors to aluminium 

oxide and sulfide respectively.

The reaction of [AIH3 ] and 'PrOH lead to the isolation of two different 

aluminium alkoxide clusters both of which contained a central 0 x0  species. The 

reaction of [AlH3 {NMc2 Et}] and 'PrOH lead to the formation of [Al(0 'Pr)3 ]4 . The 

bulky nature of these species means that they would not be expected to be volatile 

enough for use in CVD. [HAl(0^'Bu)2]2 was formed by the reaction of 

[AlH3 {NMc2 Et}] and two equivalents of ̂ BuOH. Vapour phase studies were carried 

out using [HA1(0 *’Bu)2 ] 2  and a thin film of AI2 O3 was formed, whereas, the use of 

[H2 A1(0 ‘'Bu) ] 2  had been reported as yielding the composite material AI/AI2 O3 . The 

fluorinated species [H2 Al(OC6 F4 H)(NMe2 Et)] was formed by the reaction of 

[AlH3 {NMe2 Et}] and one equivalent of 3 -HF4 C6 OH. Fluorinated species are of 

particular interest as single-source precursor because of the enhanced volatility 

brought about by the use of a fluorinated ligand. TGA of [H2 Al(OC6 F4 H)(NMe2 Et)] 

did not show full decomposition to AI2 O3 .

The reaction of [AIH3 ] and one equivalent of ^BuSH lead to the isolation of 

[HAl(S^Bu)(p-0 ^Bu) ] 2  which was formed as a result of hydrolysis. The reaction of
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[AlH3 {NMe2 Et}] and one equivalent of ^BuSH resulted in the formation of 

[Al(S^Bu)] {NMe2 Et} ]. Vapour-phase studies using [Al(S^Bu)3 {NMe2 Et}] were 

carried out, however, the thin films prepared decomposed before they could be 

analysed. The corresponding reactions of [AlH3 {NMc2 Et}] and 2 ,6 -Me2 C6 H3 SH 

resulted in the formation of numerous products including [Al(SC6 H3 Me2 -

2.6)3(OEt2)], [Li(OEt2)3][Al(SC6H3Mc2)4] and [Al(SC6H3Me2-2,6)3(HSC6H3Mc2-

2.6)]. TGA was carried out on [Al(SC6 H3 Me2 -2 ,6 )3 (OEt2 )] and suggests that AI2 S3  

has been cleanly formed.

The synthesis of precursors to mixed-metal chalcogenides, in particular 

MgAl2 0 4 , MgAl2 S4 , CaAl2 0 4  and ZnAl2 0 4 , was also investigated. This involved the 

synthesis of a number of mixed-metal alkoxide and thiolates of the form 

[M{H2A1(ER)2}2] (where M = Mg, Ca, Zn, E = O, R = various; M = Mg, E = S, R = 

*Bu. The decomposition properties of [Mg {(0 ^Bu)2 AIH2 } 2 ], which was used by Vieth 

as a single-source CVD precursor to MgAl2 0 4 , were determined by TGA. This 

showed that decomposition occurred in one step below 400 °C, which confirms the 

P-hydride elimination pathway suggested by Vieth may be correct. The related 

compound [Ca{(0 ^Bu)2 AIH2 }2 ] was prepared and TGA was also carried out. This 

showed that weight loss to form CaAl2 0 4  had occurred, which may have been via a 

similar p-hydride elimination pathway. TGA carried out on [Mg{(OC6 H3 Me2 - 

3 ,5 )2 A1H2 }2 ] shows that complete decomposition to MgAl2 0 4  does not occur, which 

may be due to the absence of a P-hydride elimination pathway by which 

decomposition may occur. TGA carried out on [Mg {(S^Bu)2 AIH2 } 2 ] suggests that 

MgAl2 S4  is formed below 500 °C, however, it would be expected that this material 

would unstable like AI2 S3 so vapour-phase studies were not carried out.
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A ppendix

Crystal data for [Cl2Ga{NH(SlMe2Ph) ] 2

Empirical formula Ci6H24N2Si2Cl2Ga2

Formula weight 581.8

Crystal colour/morphology Clear blocks

Crystal size (mm) 0.47 X 0.42 0.20

a (A) 12.530(1)

b(A ) 14.472(2)

c(A) 13.457(1)

a O 90

PO 93.85(1)

Y(°) 90

V (A ') 2434.8(4)

z 4

Crystal system monoclinic

Space group C2/c(no. 15)

Wavelength (Â) 0.71073

Density (calculated) (M gW ) 1.587

Absorption coefficient (mm'^) 2.76

Reflections collected 2252

Independent reflections (Rint) 2150 (0.0529)

Observed reflections [I>4a(I)] 1722

R indices (all data) R1 = 0.0578, wR2 = 0.0986

Final R indices [I>4a(I)] R1 = 0.0404, wR2 = 0.0862

Goodness-of-fit on F^ 1.029

Largest diff. peak and hole (eA'^) 0.470 and -0.381
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Bond lengths (Â) and angles (°) for [C^Ga {NH(SiMe2Ph) ] 2

Ga-N' 1.968(3) Ga-N 1.988(4)

Ga-Cl(l) 2.1380(13) Ga-Cl(2) 2.1540(14)

Ga-Ga' 2.8033(9) Si-N 1.801(4)

Si-C(2) 1.852(5) Si-C(l) 1.852(5)

Si-C(8 ) 1.897(3) N-Ga' 1.968(3)

C(3)-C(4) 1.39 C(3)-C(8) 1.39

C(4)-C(5) 1.39 C(5)-C(6) 1.39

C(6>-C(7) 1.39 C(7)-C(8) 1.39

N'-Ga-N 89.74(14) N '-Ga-Cl(l) 115.86(11)

N -Ga-Cl(l) 110.55(11) N'-Ga-Cl(2) 110.73(11)

N-Ga-Cl(2) 114.88(11) Cl(l)-Ga-Cl(2) 113.12(6)

N-Si-C(2) 109.5(2) N -Si-C(l) 106.2(2)

C(2)-Si-C(l) 111.5(3) N-Si-C(8 ) 108.1(2)

C(2)-Si-C(8) 109.6(2) C (l)-Si-C (8 ) 111.9(2)

Si-N-Ga' 127.2(2) Si-N-Ga 1 2 0 .1 (2 )

Ga'-N-Ga 90.26(14) C(4)-C(3)-C(8) 1 2 0 . 0

C(5)-C(4)-C(3) 1 2 0 . 0 C(4)-C(5)-C(6) 1 2 0 . 0

C(5)-C(6)-C(7) 1 2 0 . 0 C(6)-C(7)-C(8) 1 2 0 . 0

C(7)-C(8)-C(3) 1 2 0 . 0 C(7)-C(8)-Si 123.4(2)

C(3)-C(8>-Si 116.5(2)

2 0 2



Crystal data for [Cl2Ga{NH(^Bu)}]:

Empirical formula Cg H2 0  N2  CI4 Ga2

Formula weight 425.50

Crystal colour/morphology Colourless prisms

Crystal size (mm) 30x 30x 30

a(Â) 6.4619(10)

b(Â) 11.8491(15)

c(Â) 10.730(2)

a n 90.00

PO 96.286(13)

rO 90.00

V(Â̂ ) 816.7(2)

z 2

Crystal system Monoclinic

Space group P2(l)/n

Wavelength (A) 1.54178

Density (calculated) (Mg/m^) 1.730

Absorption coefficient (mm'') 9.898

Reflections collected 1490

Independent reflections (Rint) 1361 (0.0555)

Observed reflections [I>2sigma(I)] 1343

R indices (all data) R1 =0.0406, wRl =0.1070

Final R indices [I>2sigma(I)] R2 = 0.0345, wR2 = 0.0928

Goodness-of-fit on F^ 1.206

Largest diff. peak and hole (eA'^) 0.653 and -0.749
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Bond lengths (Â) and angles (°) for [Cl2Ga{NH(*Bu) ] 2

Ga-N(OA) 1.973(2) N-C(l) 1.516(4)

Ga-N 1.977(2) Ga(A)-N 1.973(2)

Ga-Cl(2) 2.1408(9) C(l)-C(4) 1.518(4)

Ga-Cl(l) 2.1579(9) C(l)-C(3) 1.524(5)

Ga-Ga 2.8695(8) C(l)-C(2) 1.526(5)

N-Ga-N(OA) 86.82(10) Cl(2)-Ga-Cl(l) 110.26(4)

N(0A)-Ga-Cl(2) 110.33(8) C(l)-N-Ga(A) 125.4(2)

N-Ga-Cl(2) 118.81(8) C(l)-N-Ga 124.3(2)

N(OA)-Ga-Cl(l) 119.44(8) Ga(A)-N-Ga 93.18(10)

N-Ga-Cl(l) 109.89(8) C(4)-C(l)-C(3) 110.8(3)

N(OA)-Ga-Ga(A) 43.46(7) N-Ga-Ga(A) 43.36(7)

Cl(2)-Ga-Ga(A) 124.82(3) Cl(l)-Ga-Ga(A) 124.91(3)

N-C(l)-C(4) 109.6(2) N-C(l)-C(3) 107.9(3)

N-C(l)-C(2) 107.2(3) C(4)-C(l)-C(3) 110.8(3)

C(4)-C(l)-C(2) 110.8(3) C(3)-C(l)-C(2) 110.5(3)
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Crystal data for [MeGaCh]:

Empirical formula C2H6Cl4Ga2

Formula weight 311.31

Crystal size (mm) 0.40 X 0.15 X 0.15

a(Â) 11.9989(16)

b(Â) 6.7370(11)

c(Â) 7.2181(9)

a n 90.00

P O 126.201(7)

y O 90.00

V(Â^) 470.8(1)

Z 2

Crystal system Monoclinic

Space group C2/m

Wavelength (Â) 0.71073

Density (calculated) (Mg/m^) 2.196

Absorption coefficient (mm'’) 6.770

Reflections collected 2898

Independent reflections (Rint) 585 (R.nt = 0.045)

Observed reflections [I>2sigma(I)] 585

R indices (all data) R1 =0.0541; wRl =0.1522

Final R indices [I>2sigma(I)] R2 = 0.0563; wR2 = 0.1540

Goodness-of-fit on F^ 1.171

Largest diff. peak and hole (eA'^) 1.934 and-1.310
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Bond lengths (Â) and angles (°) for [MeGaCli]]

Ga(l)-C(l) 1.928(7) Ga(l)-Cl(2) 2.3324(12)

Ga(l)-Cl(l) 2.1547(19) Ga(l)-Cl(2') 2.3324(12)

C(l)-Ga(l)-Cl(l) 127.0(3) Cl(l)-Ga(l)-Cl(2) 103.83(4)

C(l)-Ga(l)-Cl(2) 113.17(17) Cl(l)-Ga(l)-Cl(2') 103.83(4)

C(l)-Ga(l)-Cl(2) 113.17(17) Cl(2')-Ga(l)-Cl(2) 88.89(6)

Ga(l')-Cl(2)-Ga(l) 91.11(6)
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Crystal data for [Cl(Me)Al{NH(SiMe2H)}]:

Empirical formula C6H22N2Si2Cl2Al2

Formula weight 303.30

Crystal colour/morphology Colourless blocks

Crystal size (mm) 0.80 X 0.37 X 0.25

a (A) 6.1308(7)

b(A) 9.0541(15)

c(A) 16.073(2)

a O 91.843(11)

P O 98.604(9)

y O 99.142(11)

V(A^) 869.5(2)

z 2

Crystal system Triclinic

Space group P-1

Wavelength (Â) 1.54178

Density (calculated) (Mg/m^) 1.158

Absorption coefficient (mm'*) 5.465

Reflections collected 2854

Independent reflections (Rint) 2578 (0.0163)

Observed reflections [I>2sigma(I)] 2216

R indices (all data) R1 =0.0553, wRl =0.1271

Final R indices [I>2sigma(I)] R2 = 0.0466, wR2 = 0.1184

Goodness-of-fit on F^ 1.052

Largest diff. peak and hole (eÂ'^) 0.411 and -0.440
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Bond lengths (Â) and angles (°) for [Cl(Me)Al{NH(SiMe2H) } ] 2

A B

Al-N(OA) 1.920(3) 1.922(3)

Al-N 1.924(3) 1.923(3)

Al-C(l) 1.971(3) 1.932(5)

Al-Cl 2.1357(14) 2.151(2)

AlA-Al 2.737(2) 2.737(2)

N-Si 1.773(3) 1.770(3)

N-AIA 1.920(3) 1.923(3)

Si-C(3) 1.832(5) 1.848(5)

Si-C(2) 1.855(4) 1.851(5)

N-Al-N(OA) 89.22(13) 89.24(13)

N-Al-C(IA) 113.58(15) 117.6(2)

N-Al-C(l) 115.48(14) 115.9(2)

N-Al-Cl(A) 110.70(10) 106.32(11)

N-Al-Cl 107.35(11) 108.16(11)

C(1)-A1-C1 117.08(12) 116.2(2)

N(0A)-A1-A1(A) 44.67(10) 44.63(10)

N-Al-Al(A) 44.54(9) 44.62(9)

C(1)-A1-A1(A) 125.67(12) 129.2(2)

Cl-Al-Al(A) 117.24(7) 114.60(8)

Si(A)-N(OA)-Al 126.3(2) 121.4(2)

Si-N-Al 119.1(2) 124.5(2)

A1(A)-N-A1 90.78(13) 90.76(13)

N-Si-C(3) 111.1(2) 109.0(2)

N-Si-C(2) 107.2(2) 108.4(2)

C(3)-Si-C(2) 111.6(2) 111.9(3)
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Crystal data for [(EtO)EtAI{N(SiMe3)2}]2

Empirical formula C2oH56N202Si4Al2

Formula weight 522.99

Crystal colour/morphology Colourless plates

Crystal size (mm) 0.57x0.23 x0.10

a(Â) 8.949(2)

b(Â) 9.635(4)

c (Â) 10.077(3)

a n 86.11(3)

P O 69.72(2)

y O 80.38(2)

V (Â ') 803.5(4)

Z 1

Crystal system Triclinic

Space group P-1

Wavelength (Â) 1.54178

Density (calculated) (Mg/m^) 1.081

Absorption coefficient (mm'*) 2.378

Reflections collected 2520

Independent reflections (Rint) 2348 (0.0432)

Observed reflections [I>2sigma(I)] 1846

R indices (all data) R1 =0.1068, wRl =0.2675

Final R indices [I>2sigma(I)] R2 = 0.0852, wR2 = 0.2228

Goodness-of-fit on F^ 1.084

Largest diff. peak and hole (eA'^) 0.133 and-0.729
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Bond lengths (Â) and angles (°) for [(EtO)EtAI{N(SiMe3)2)]:

Al-O(OA) 1.836(3) Al-AIA 2.835(3)

Al-N 1.840(4) Si(l)-N 1.726(5)

Al-0 1.852(3) Si(l)-C(5) 1.861(6)

Al-C(3) 1.970(6) Si(l)-C(6) 1.864(6)

Si(l)-C(7) 1.869(6) Si(2)-C(8) 1.879(6)

Si(2)-N 1.749(4) O-C(l) 1.458(6)

Si(2)-C(10) 1.857(6) 0-AlA 1.836(3)

Si(2)-C(9) 1.876(6) C(l)-C(2) 1.503(7)

C(3)-C(4) 1.539(7)

O-Al-N(OA) 117.5(2) N-A1-C(3) 121.7(2)

O-Al-O(OA) 79.5(2) 0-Al-C(3) 110.3(2)

N-Al-0 111.1(2) 0(OA)-AlA-Al 39.97(10)

0(OA)-A1-C(3) 108.8(2) N-AIA-Al 122.3(2)

0-AlA-Al 39.57(10) C(5)-Si(l)-C(6) 105.6(3)

C(3)-A1-A1A 115.8(2) N-Si(l)-C(7) 111.9(3)

N-Si(l)-C(5) 114.2(2) C(5)-Si(l)-C(7) 104.7(3)

N-Si(l)-C(6) 111.0(3) C(6)-Si(l)-C(7) 109.1(3)

N-Si(2)-C(10) 112.8(2) C(10)-Si(2)-C(8) 104.1(3)

N-Si(2)-C(9) 111.9(2) C(9)-Si(2)-C(8) 106.8(3)

C(10)-Si(2)-C(9) 107.9(3) C(l)-0-AlA 131.8(3)

N-Si(2)-C(8) 112.8(2) C(l)-0-Al 125.2(3)

AlA-O-Al 100.5(2) Si(2)-N-Al 117.2(3)

Si(l)-N-Si(2) 117.5(2) 0-C(l)-C(2) 111.7(4)

Si(l)-N-Al 125.1(2) C(4)-C(3)-A1 121.3(4)
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Crystal data for [CI(Ph)Ga{N(SiMe2Ph)2}]:

Empirical formula C44H54N2Si4Cl2Ga2

Formula weight 933.59

Crystal colour/morphology Colourless needles

Crystal size (mm) 0.63 X 0.13 X 0.10

a(Â) 10.2961(10)

b(Â) 13.9703(10)

c(Â) 17.7560(12)

a n 73.503(5)

P O 83.418(7)

y O 75.594(7)

V(Â^) 2369.2(3)

Z 2

Crystal system Triclinic

Space group P-1

Wavelength (A) 1.54178

Density (calculated) (Mg/m^) 1.309

Absorption coefficient (mm’’) 3.636

Reflections collected 7431

Independent reflections (Rint) 6981 (0.0244)

Observed reflections [I>2sigma(I)] 5903

R indices (all data) R1 =  0.0475, wRl = 0.0936

Final R indices [I>2sigma(I)] R2 = 0.0366, wR2 =  0.0867

Goodness-of-fit on F̂ 1.023

Largest diff. peak and hole (eA’̂ ) 0.490 and -0.355

211



Bond lengths (Â) for [Cl(Ph)Ga{N(SiMe2Ph)2}]:

Ga(l)-N(l) 1.850(3) Ga(2)-N(2) 1.846(2)

Ga(l)-C(6) 1.952(2) Ga(2)-C(28) 1.957(2)

Ga(l)-Cl(l) 2.3587(9) Ga(2)-Cl(2) 2.3651(9)

Ga(l)-Cl(2) 2.3813(8) Ga(2)-Cl(l) 2.4025(8)

Si(l)-N(l) 1.739(3) Si(2)-N(l) 1.738(3)

Si(l)-C(8) 1.863(4) Si(2)-C(15) 1.861(4)

Si(l)-C(7) 1.866(4) Si(2)-C(16) .876(4)

Si(l)-C(14) 1.904(2) Si(2)-C(22) 1.904(2)

Si(3)-N(2) 1.738(3) Si(4)-N(2) 1.740(3)

Si(3)-C(37) 1.864(4) Si(4)-C(30) 1.866(4)

Si(3)-C(38) 1.865(4) Si(4)-C(29) 1.867(4)

Si(3)-C(44) 1.900(2) Si(4)-C(36) 1.904(2)

C(l)-C(2) 1.39 C(4)-C(5) 1.39

C(l)-C(6) 1.39 C(5)-C(6) 1.39

C(2)-C(3) 1.39 C(9)-C(10) 1.39

C(3)-C(4) 1.39 C(9)-C(14) 1.39

C(10)-C(ll) 1.39 C(17)-C(18) 1.39

C(ll)-C(12) 1.39 C(17)-C(22) 1.39

C(12)-C(13) 1.39 C(18)-C(19) 1.39

C(13)-C(14) 1.39 C(19)-C(20) 1.39

C(20)-C(21) 1.39 C(24)-C(25) 1.39

C(21)-C(22) 1.39 C(25)-C(26) 1.39

C(23)-C(24) 1.39 C(26)-C(27) 1.39

C(23)-C(28) 1.39 C(27)-C(28) 1.39

C(31)-C(32) 1.39 C(34)-C(35) 1.39

C(31)-C(36) 1.39 C(35)-C(36) 1.39

C(32) C(33) 1.39 C(39)-C(40) 1.39

C(33)-C(34) 1.39 C(39)-C(44) 1.39

C(40)-C(41) 1.39 C(42)-C(43) 1.39

C(41)-C(42) 1.39 C(43)-C(44) 1.39

212



Bond angles O  for [Cl(Ph)Ga{N(SiMe2Ph)2 } ]2

N(l)-Ga(l)-C(6) 130.04(11) N(l)-Ga(l)-Cl(2) 106.62(8)

N(l)-Ga(l)-Cl(l) 111.27(9) C(6)-Ga(l)-Cl(2) 107.12(7)

C(6)-Ga(l)-Cl(l) 105.73(9) Cl(l)-Ga(l)-Cl(2) 87.89(3)

N(2)-Ga(2)-C(28) 132.93(11) N(2)-Ga(2)-Cl(l) 106.68(8)

N(2)-Ga(2)-Cl(2) 109.80(9) C(28)-Ga(2)-Cl(l) 106.76(7)

C(28)-Ga(2)-Cl(2) 103.97(7) Cl(2)-Ga(2)-Cl(l) 87.25(3)

Ga(l)-Cl(l)-Ga(2) 91.50(3) N(l)-Si(l)-C(7) 112.1(2)

Ga(2)-Cl(2)-Ga(l) 91.87(3) C(8)-Si(l)-C(7) 105.7(2)

N(l)-Si(l)-C(8) 112.8(2) N(l)-Si(l)-C(14) 107.51(12)

C(8)-Si(l)-C(14) 110.5(2) N(l)-Si(2)-C(16) 111.3(2)

C(7)-Si(l)-C(14) 108.12(14) C(15)-Si(2)-C(16) 108.0(2)

N(l)-Si(2)-C(15) 110.3(2) N(l)-Si(2)-C(22) 110.64(12)

C(15)-Si(2)-C(22) 106.97(15) N(2)-Si(3)-C(38) 111.4(2)

C(16)-Si(2)-C(22) 109.47(15) C(37)-Si(3)-C(38) 108.5(2)

N(2)-Si(3)-C(37) 110.67(15) N(2)-Si(3)-C(44) 110.91(12)

C(37)-Si(3)-C(44) 106.4(2) N(2)-Si(4)-C(29) 112.5(2)

C(38)-Si(3)-C(44) 108.7(2) C(30)-Si(4)-C(29) 106.3(2)

N(2)-Si(4)-C(30) 112.9(2) N(2)-Si(4)-C(36) 107.23(11)

C(30)-Si(4)-C(36) 110.2(2) Si(2)-N(l)-Ga(l) 115.92(14)

C(29)-Si(4)-C(36) 107.54(15) Si(l)-N(l)-Ga(l) 119.5(2)

Si(2)-N(l)-Si(l) 124.5(2) Si(3)-N(2)-Si(4) 123.81(15)

Si(3)-N(2)-Ga(2) 118.46(14) C(3)-C(2)-C(l) 120.0

Si(4)-N(2)-Ga(2) 117.7(2) C(4)-C(3)-C(2) 120.0

C(2)-C(l)-C(6) 120.0 C(5)-C(4)-C(3) 120.0

C(4)-C(5)-C(6) 120.0 C(l)-C(6)-Ga(l) 119.40(12)

C(5)-C(6)-C(l) 120.0 C(10)-C(9)-C(14) 120.0

C(5)-C(6)-Ga(l) 120.59(12) C(9)-C(10)-C(ll) 120.0

C(10)-C(ll)-C(12) 120.0 C(13)-C(14)-C(9) 120.0

C(13)-C(12)-C(ll) 120.0 C(13)-C(14)-Si(l) 117.25(13)

C(12)-C(13)-C(14) 120.0 C(9)-C(14)-Si(l) 122.74(13)

C(18)-C(17)-C(22) 120.0 C(19)-C(20)-C(21) 120.0
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Bond angles (°) for [Cl(Ph)Ga {N(SiMeiPh):}] 2 continued

C(17)-C(18)-C(19) 120.0 C(22)-C(21)-C(20) 120.0

C(20)-C(19)-C(18) 120.0 C(21)-C(22)-C(17) 120.0

C(21)-C(22)-Si(2) 118.48(12) C(23)-C(24)-C(25) 120.0

C(17)-C(22)-Si(2) 121.49(12) C(26)-C(25)-C(24) 120.0

C(24)-C(23)-C(28) 120.0 C(27)-C(26)-C(25) 120.0

C(28)-C(27)-C(26) 120.0 C(23)-C(28)-Ga(2) 118.81(12)

C(27)-C(28)-C(23) 120.0 C(32)-C(31)-C(36) 120.0

C(27)-C(28)-Ga(2) 121.19(12) C(33)-C(32)-C(31) 120.0

C(32)-C(33)-C(34) 120.0 C(35)-C(36)-C(31) 120.0

C(35)-C(34)-C(33) 120.0 C(35)-C(36)-Si(4) 118.56(13)

C(34)-C(35)-C(36) 120.0 C(31)-C(36)-Si(4) 121.39(13)

C(40)-C(39)-C(44) 120.0 C(41)-C(42)-C(43) 120.0

C(39)-C(40)-C(41) 120.0 C(44)-C(43)-C(42) 120.0

C(42)-C(41)-C(40) 120.0 C(43)-C(44)-C(39) 120.0

C(43)-C(44)-Si(3) 118.47(13) C(39)-C(44)-Si(3) 121.52(13)
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Crystal data for [Cl3Ga{NH(SiMe3)2}]

Empirical formula CeHigNSizClgGa

Formula weight 337.47

Crystal colour/morphology Clear platy needles

Crystal size (mm) 0.53x0.20x0.10

a (A) 13.1596(7)

b(A) 11.8563(5)

c(A) 19.657(2)

a n 90.00

P O 90.00

y O 90.00

V(A^) 3066.9(4)

z 8

Crystal system Orthorhombic

Space group Pbca

Wavelength (Â) 1.54178

Density (calculated) (Mg/m^) 1.462

Absorption coefficient (mm'^) 8.497

Reflections collected 2103

Independent reflections (Rim) 2103 (0.0000)

Observed reflections [I>2sigma(I)] 1663

R indices (all data) R1 =0.0776, wRl =0.1711

Final R indices [I>2sigma(I)] R2 = 0.0564, wR2 = 0.1435

Goodness-of-fit on F^ 1.057

Largest diff. peak and hole (eÂ‘̂ ) 0.387 and -0.610
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Bond lenjgtths (Â) and angles (°) for [Cl3Ga{NH(SiMe3)2}]

A B

N-Si(l) 1.841(5) 1.776(14)

N-Si(2) 1.842(4) 1.87(2)

N-Ga 2.007(4) 2.059(11)

Ga-Cl(3) 2.099(3) 2.12

Ga-CI(l) 2.170(2) 2.12

Ga-Cl(2) 2.187(2) 2.16

si(i)-c (i:) 1.849(8) 1.88

si(i)-c(2:) 1.849(7) 1.88

si(i)-c(3:) 1.851(7) 1.88

Si(2)-C(4:) 1.849(8) 1.87

Si(2)_C(5:) 1.853(8) 1.87

Si(2)-C(6)) 1.884(9) 1.88

Si(l)-N-Sii(2) 118.0(2) 120.8(7)

Si(l)-N-Gra 114.9(2) 114.3(7)

Si(2)-N-Gra 112.1(2) 109.4(7)

N-Ga-Cl(3) 115.1(2) 108.0(4)

N-Ga-Cl(ll) 106.63(13) 108.9(5)

Cl(3)-Ga-(Cll(l) 112.2(2) 111.8

N-Ga-Cl(2) 107.52(14) 108.5(4)

Cl(3)-Ga-(C1((2) 106.02(14) 109.7

Cl(l)-Ga-(C1((2) 109.24(14) 110.0

N-Si(l)-C((r) 109.0(3) 108.7(5)

Si(l)-N-Sii(2!) 118.0(2) 120.8(7)

Si(l)-N-Gia 114.9(2) 114.3(7)

Si(2)-N-Gia 112.1(2) 109.4(7)

N-Ga-Cl(31) 115.1(2) 108.0(4)

N-Ga-Cl(li) 106.63(13) 108.9(5)

Cl(3)-Ga-Cl((l) 112.2(2) 111.8

N-Ga-Cl(2») 107.52(14) 108.5(4)
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Bond lengths (Â) and angles (°) for [Cl3 Ga](NH(SiMe3)2}] continued

Cl(3)-Ga-Cli(2>) 106.02(14) 109.7

Cl(l)-Ga-Cl((2>.) 109.24(14) 110.0

N-Si(l)-C(r) 109.0(3) 108.7(5)

Si(l)-N-Si(2>) 118.0(2) 120.8(7)
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Crystal data for [Cl2(Me)AI{NH(SiMe2Ph)2}]

Empirical formula Cl 7.2oH26.6oNSi2Cli.8oAl

[Ci7H26NSi2Cl2Al]o.8 + [Ci8H29NSi2ClAl]o,2

Formula weight 394.36

Crystal colour/morphology Colourless blocks

Crystal size (mm) 0.67 X 0.47 X 0.43

a(Â) 11.371(2)

b(Â) 15.023(3)

c(Â) 13.275(2)

a O 90

P O 108.927(11)

y O 90

V(Â^) 2145.0(6)

z 4

Crystal system Monoclinic

Space group P2,/n

Wavelength (Â) 1.54178

Density (calculated) (Mg/m^) 1 . 2 2 1

Absorption coefficient (mm’’) 3.940

Reflections collected 3354

Independent reflections (Rint) 3177 (0.0227)

Observed reflections [I>2sigma(I)] 2749

R indices (all data) R1 =0.0404, wRl =0.1017

Final R indices [I>2sigma(I)] R2 = 0.0486, wR2 = 0.1093

Goodness-of-fit on F^ 1.068

Largest diff. peak and hole (eÂ’̂ ) 0.366 and -0.617
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Bond lengths (Â) and angles (") for [Cl2(Me)Al{NH(SiMe2Ph)2}]

Al-C(l) 1.932(4) Al-C(l') 1.959(5)

Al-N 2 .0 0 1 (2 ) A1-C1(2) 2 .1 0 1 (2 )

A1-C1(2') 2.118(4) Al-Cl(l) 2.1708(12)

N -Si(ll) 1.835(2) N-Si(2) 1.836(2)

Si(2)-C(4) 1.848(3) Si(2)-C(3) 1.850(3)

Si(2)-C(10) 1.883(2) C(5)-C(6) 1.39

C(5)-C(10) 1.39 C(6)-C(7) 1.39

C(7)-C(8) 1.39 C(8)-C(9) 1.39

C(9)-C(10) 1.39 Si(ll)-C(12) 1.847(3)

Si(ll)-C(13) 1.851(3) Si(ll)-C(19) 1.889(2)

C(14)-C(15) 1.39 C(14)-C(19) 1.39

C(15)-C(16) 1.39 C(16)-C(17) 1.39

C(17)-C(18) 1.39 C(18)-C(19) 1.39

C(1)-A1-N 117.1(4) C(1')-A1-N 111.9(6)

C(1)-A1-C1(2) 110.3(3) N-A1-C1(2) 107.21(13)

C(1')-A1-C1(2') 110.9(6) N-A1-C1(2') 111.7(3)

C(1)-A1-C1(1) 108.2(3) C(1')-A1-C1(1) 112.7(7)

N-Al-Cl(l) 103.77(8) C1(2)-A1-C1(1) 109.98(12)

C1(2>A1-C1(1) 105.6(4) Si(ll)-N-Si(2) 117.27(12)

Si(ll)-N-Al 112.41(11) Si(2)-N-Al 114.88(12)

N-Si(2)-C(4) 110.62(14) N-Si(2)-C(3) 109.07(14)

C(4)-Si(2)-C(3) 110.5(2) N-Si(2)-C(10) 108.26(10)

C(4)-Si(2)-C(10) 107.07(14) C(3)-Si(2)-C(10) 111.31(13)

C(6)-C(5)-C(10) 1 2 0 . 0 C(7)-C(6)-C(5) 1 2 0 . 0

C(8)-C(7)-C(6) 1 2 0 . 0 C(7)-C(8)-C(9) 1 2 0 . 0

C(10)-C(9)-C(8) 1 2 0 . 0 C(9)-C(10)-C(5) 1 2 0 . 0

C(9)-C(10)-Si(2) 121.06(10) C(5)-C(10)-Si(2) 118.94(10)

N-Si(ll)-C(12) 107.09(13) N-Si(ll)-C(13) 108.24(13)

C(12)-Si(ll)-C(13) 112.9(2) N-Si(ll)-C(19) 111.92(10)

C(12)-Si(ll)-C(19) 106.78(13) C(13)-Si(ll)-C(19) 109.90(12)
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Bond lengths (A) and angles (®) for [Cl2(Me)Al{NH(SiMe2Ph)2}] continued

C(15)-C(14)-C(19)

C(15)-C(16)-C(17)

C(17)-C(18)-C(19)

C(18)-C(19)-Si(ll)

120.0

120.0

120.0

119.42(10)

C(16)-C(15)-C(14)

C(18)-C(17)-C(16)

C(18)-C(19)-C(14)

C(14)-C(19)-Si(ll)

120.0

120.0

120.0

120.48(10)
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Crystal data for [Al5(n4-0)(|A-0'Pr)7H6]

Empirical formula C2 1 H5 5 O8 AI5

Formula weight 570.55

Crystal colour/morphology Colourless platy needles

Crystal size (mm) 1.00x0.70x0.23

a (A) 11.8198(6)

b(A) 18.129(2)

c(A) 15.7450(7)

a O 90.00

P O 90.00

yn 90.00

z 4

V(A^) 3373.8(5)

Crystal system Orthorhombic

Space group Pnma

Wavelength (A) 1.54178

Density (calculated) (Mg/m^) 1.123

Absorption coefficient (mm'') 1.832

Reflections collected 2553

Independent reflections 2553

Observed reflections [I>2sigma(I)] 1946

R indices (all data) R1 =0.0668, wRl =0.1477

Final R indices [I>2sigma(I)] R2 = 0.0490, wR2 = 0.1314

Goodness-of-fit on F^ 1.045

Largest diff. peak and hole (eA'^) 0.283 and -0.299
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Bond lengths (Â) and angles (°) for [Als(n4-0)(ii-0'Pr)7H6]

Al(l)-0(1) 1.815(2) Al(2)-0(3) 1.850(2)

A1(1)-0(1A) 1.815(2) Al(2)-0(1) 1.851(2)

Al(2)-0(2) 1.843(2) Al(2)-0 1.8873(9)

A1(2)-A1(4) 2.8859(12) A1(3)-0(2A) 1.858(2)

A1(2)-A1(3) 2.8900(12) Al(3)-0(2) 1.858(2)

Al(3)-0(4) 1.853(4) Al(3)-0 1.913(3)

Al(3)-Al(2A) 2.8900(12) Al(4)-0(3) 1.844(2)

A1(3)-A1(4) 2.907(2) Al(4)-0(4) 1.845(4)

A1(4)-0(3A) 1.844(2) Al(4)-0 1.940(3)

A1(4)-A1(2) 2.8859(12) 0(1)-C(1) 1.507(5)

0-Al(2) 1.8873(9) 0(2)-C(4) 1.450(4)

0(1)-C(iy 1.488(10) 0(3)-C(7) 1.447(4)

O(4)-C(10) 1.504(7) C(l)-C(3) 1.512(7)

O(4)-C(10)' 1.512(14) C(iy-c(3)' 1.476(12)

C(l)-C(2) 1.498(11) c(iy-c(2y 1.515(15)

C(4)-C(6) 1.497(5) C(7)-C(8) 1.504(5)

C(4)-C(5) 1.498(5) C(10)-C(11A) 1.472(7)

C(7)-C(9) 1.503(5) C(10)-C(ll) 1.472(7)

C(10)'-C(11A) 1.452(9) C(10)'-C(ll) 1.452(9)

0(1)-A1(1)-0(1A) 106.62(14) 0(3)-Al(2)-0(l) 116.44(10)

0(2)-Al(2)-0(3) 119.97(11) 0(2)-Al(2)-0 78.48(10)

0(2)-Al(2)-0(l) 118.67(10) 0(3)-Al(2)-0 78.68(10)

0(l)-A l(2)-0 90.97(10) 0(1)-A1(2)-A1(4) 116.15(8)

0(2)-Al(2)-Al(4) 94.80(8) 0-Al(2)-Al(4) 41.75(8)

0(3)-Al(2)-Al(4) 38.55(6) 0(2)-Al(2)-Al(3) 38.84(7)

0(3)-Al(2)-Al(3) 95.64(7) A1(4)-A1(2)-A1(3) 60.45(4)

0(1)-A1(2)-A1(3) 115.96(8) 0(4)-Al(3)-0(2A) 107.47(8)

0-Al(2)-Al(3) 40.82(8) 0(4)-Al(3)-0(2) 107.47(8)

0(2A)-Al(3)-0(2) 131.81(15) 0(2A)-Al(3)-0 77.47(7)

0(4)-Al(3)-0 79.44(13) 0(2)-Al(3)-0 77.47(7)
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Bond lengths (Â) and angles (°) for [Als(fi4-0)(|i-0'Pr)7H6] continued

0(4)-Al(3)-Al(2A) 87.88(9) 0-Al(3)-Al(2A) 40.16(3)

0(2A)-A1(3)-A1(2A) 38.46(7) 0(4)-Al(3)-Al(2) 87.88(9)

0(2)-Al(3)-Al(2A) 112.27(8) 0(2A)-A1(3)-A1(2) 112.27(8)

0(2)-Al(3)-Al(2) 38.46(7) 0(4)-Al(3)-Al(4) 38.08(10)

0-Al(3)-Al(2) 40.16(3) 0(2A)-A1(3)-A1(4) 93.76(8)

A1(2A)-A1(3)-A1(2) 79.05(4) 0(2)-Al(3)-Al(4) 93.76(8)

0-Al(3)-Al(4) 41.36(8) 0(3A)-Al(4)-0(3) 126.83(15)

A1(2A)-A1(3)-A1(4) 59.71(3) 0(3A)-Al(4)-0(4) 110.04(8)

A1(2)-A1(3)-A1(4) 59.71(3) 0(3)-Al(4)-0(4) 110.04(8)

0(3A)-Al(4)-0 77.48(7) 0(3A)-A1(4)-A1(2A) 38.69(7)

0(3)-Al(4)-0 77.48(7) 0(3)-Al(4)-Al(2A) 111.06(8)

0(4)-Al(4)-0 78.93(13) 0(4)-Al(4)-Al(2A) 88.15(9)

0-Al(4)-Al(2A) 40.38(3) 0(4)-Al(4)-Al(2) 88.15(9)

0(3A)-A1(4)-A1(2) 111.06(8) 0-Al(4)-Al(2) 40.38(3)

0(3)-Al(4)-Al(2) 38.69(7) A1(2A)-A1(4)-A1(2) 79.18(4)

0(3A)-A1(4)-A1(3) 95.20(8) 0-Al(4)-Al(3) 40.66(8)

0(3)-Al(4)-Al(3) 95.20(8) A1(2A)-A1(4)-A1(3) 59.85(3)

0(4)-Al(4)-Al(3) 38.27(11) A1(2)-A1(4)-A1(3) 59.85(3)

Al(2A)-0-Al(2) 154.09(15) Al(2A)-0-Al(4) 97.88(8)

Al(2A)-0-Al(3) 99.02(8) Al(2)-0-Al(4) 97.88(8)

Al(2)-0-Al(3) 99.02(8) Al(3)-0-Al(4) 97.99(12)

C(1')-0(1)-A1(1) 105.0(5) C(1)-0(1)-A1(2) 110.2(3)

C(1)-0(1)-A1(1) 131.5(3) A1(1)-0(1)-A1(2) 117.98(11)

C(1')-0(1)-A1(2) 137.0(5) C(4)-0(2)-Al(2) 125.0(2)

C(4)-0(2)-Al(3) 132.1(2) C(7)-0(3)-Al(2) 125.7(2)

Al(2)-0(2)-Al(3) 102.70(10) Al(4)-0(3)-Al(2) 102.76(10)

C(7)-0(3)-Al(4) 130.1(2) C(10)-O(4)-Al(4) 115.6(4)

C(10')-O(4)-Al(4) 148.8(7) Al(4)-0(4)-Al(3) 103.64(15)

C(10)-O(4)-Al(3) 140.7(4) C(2)-C(l)-0(1) 108.9(8)

C(10')-O(4)-Al(3) 107.6(7) C(2)-C(l)-C(3) 113.9(8)

0(1)-C(1)-C(3) 105.7(4) 0(1)-C(1')-C(2’) 107.2(10)
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Bond lengths (Â) and angles (°) for [Als(|j,4-0)(|j,-0'Pr)7H6] continued

C(3')-C(l')-0(1) 107.3(8) 0(2)-C(4)-C(6) 109.9(3)

C(3')-C(l')-C(2') 114.8(11) 0(2)-C(4)-C(5) 109.8(3)

C(6)-C(4)-C(5) 112.9(4) C(9)-C(7)-C(8) 113.1(3)

0(3)-C(7)-C(9) 110.0(3) C(11A)-C(10)-C(11) 119.7(7)

0(3)-C(7)-C(8) 110.0(3) C(11A)-C(10)-0(4) 106.8(4)

C(ll)-C(10)-O(4) 106.8(4) C(ll)-C(10')-O(4) 107.3(7)

C(11)-C(10')-C(11A) 122.5(11) C(11A)-C(10')-0(4) 107.3(7)
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Crystal data for [Als(^i5-0)(p-0'Pr)8(Cl)H4]

Empirical formula C24H60O9CIAI5

Formula weight 663.07

Crystal colour/morphology Colourless prisims

Crystal size (mm) 0.67 X 0.30 X 0.23

a (A) 20.331(2)

b(A) 9.3818(10)

c(A) 20.680(2)

« 0 90.00

P O 109.252(6)

y O 90.00

z 4

V(A3) 3723.9(6)

Crystal system Monoclinic

Space group P2/C

Wavelength 1.54178

Density (calculated) (Mg/m^) 1.183

Absorption coefficient (mm’’) 2.392

Reflections collected 5710

Independent reflections 5530

Observed reflections [I>2sigma(I)] 4496

R indices (all data) R1 =0.0817, wRl =0.2093

Final R indices [I>2sigma(I)] R2 = 0.0658, wR2 = 0.1841

Goodness-of-fit on F^ 1.062

Largest diff. peak and hole (eÂ‘̂ ) 0.498 and-1.512

225



Bond lengths (A) and angles (°) for [Al5(|i5-0 )(ii-0 'Pr)8(Cl)H4]

A B

A l(l)-0 1.843(4) 1.852(4)

A1(1)-0(1A) 1.950(3) 1.963(3)

Al(l)-0(1) 1.950(3) 1.963(3)

A1(1)-0(2A) 1.964(3) 1.937(3)

Al(l)-0(2) 1.964(3) 1.937(3)

Al(l)-C(l) 2.188(2) 2.184(3)

Al(2)-H(2) 1.51(2) 1.51(2)

Al(2)-0(1) 1.813(3) 1.810(3)

Al(2)-0(3) 1.826(3) 1.817(3)

A1(2)-0(4A) 1.830(3) 1.814(3)

Al(2)-0 2.0623(13) 2.1772(15)

Al(3)-H(3) 1.51(2) 1.51(2)

Al(3)-0(2) 1.816(3) 1.817(3)

Al(3)-0(4) 1.817(3) 1.839(3)

Al(3)-0(3) 1.828(3) 1.833(3)

Al(3)-0 2.1262(13) 2.0060(14)

0-Al(2A) 2.0623(13) 2.1772(15)

0-Al(3A) 2.1262(13) 2.0060(15)

0(1)-C(1) 1.451(5) 1.441(6)

0(2)-C(4) 1.446(5) 1.452(5)

0(3)-C(7) 1.461(5) 1.465(6)

O(4)-C(10) 1.460(5) 1.463(6)

0(4)-Al(2A) 1.830(3) 1.814(3)

C(l)-C(2) 1.523(7) 1.488(8)

C(l)-C(3) 1.537(7) 1.496(8)

C(4)-C(5) 1.506(8) 1.525(8)

C(4)-C(6) 1.530(7) 1.504(8)

C(7)-C(9) 1.508(7) 1.492(9)

C(7)-C(8) 1.509(7) 1.511(8)

C(10)-C(12) 1.501(7) 1.515(9)
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Bond lengths (Â) and angles (°) for [Al5(|i5-0)(|i-0'Pr)8(Cl)H4] continued

C(10)-C(ll) 1.513(6) 1.493(9)

0-A l(l)-0(lA ) 80.37(9) 81.22(10)

0 -A l(l)-0 (l) 80.37(9) 81.22(10)

0(1)-A1(1)-0(1A) 160.7(2) 162.4(2)

0-Al(l)-0(2A) 80.90(9) 79.92(10)

0(1A)-A1(1)-0(2A) 88.17(12) 88.51(12)

0(1)-A1(1)-0(2A) 88.80(12) 88.43(12)

0-A l(l)-0(2) 80.90(9) 79.92(10)

0(lA )-A l(l)-0(2) 88.80(12) 88.43(12)

0(l)-A l(l)-0(2) 88.17(12) 88.51(12)

0(2A)-Al(l)-0(2) 161.8(2) 159.8(2)

0-Al(l)-Cl 180.0 180.0

0(1A)-A1(1)-C1 99.63(9) 98.78(10)

0(1)-A1(1)-C1 99.63(9) 98.78(10)

0(2A)-A1(1)-C1 99.10(9) 100.08(10)

0(2)-Al(l)-Cl 99.10(9) 100.08(10)

H(2)-A1(2)-0(1) 1 0 2 .2 (2 0 ) 102.5(26)

H(2)-Al(2)-0(3) 105.2(20) 101.8(24)

0(l)-Al(2)-0(3) 110.80(14) 116.0(2)

H(2)-A1(2)-0(4A) 97.3(19) 107.5(23)

0(1)-A1(2)-0(4A) 115.34(14) 109.8(2)

0(3)-Al(2)-0(4A) 122.18(14) 117.4(2)

H(2)-Al(2)-0 175.8(19) 176.5(23)

0(l)-A l(2)-0 78.10(14) 76.49(15)

0(3)-Al(2)-0 78.49(11) 75.88(12)

0(4)-Al(2)-0 78.88(10) 75.94(12)

H(3)-Al(3)-0(2) 107.1(19) 104.8(21)

H(3)-Al(3)-0(4) 102.7(18) 93.4(20)

0(2)-Al(3)-0(4) 109.64(14) 115.5(2)

H(3)-Al(3)-0(3) 99.0(18) 103.6(20)
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Bond lengths (Â) and angles (°) for [Al5(|i5-0)(|j,-0'Pr)8(Cl)H4] continued

0(2)-Al(3)-0(3) 116.48(14) 109.3(2)

0(4)-Al(3)-0(3) 119.42(14) 125.6(2)

H(3)-Al(3)-0 175.1(19) 173.3(20)

0(2)-Al(3)-0 77.23(14) 78.9(2)

0(4)-Al(3)-0 77.48(10) 79.90(12)

0(3)-Al(3)-0 76.79(10) 80.04(12)

Al(l)-0-Al(2) 98.05(11) 96.32(11)

Al(l)-0-Al(2A) 98.05(11) 96.32(11)

Al(2)-0-Al(2A) 163.9(2) 167.4(2)

Al(l)-0-Al(3) 97.36(10) 98.59(12)

Al(2)-0-Al(3) 88.94(5) 89.13(6)

Al(2A)-0-Al(3) 89.00(5) 88.99(6)

Al(l)-0-Al(3A) 97.36(10) 98.59(12)

Al(2)-0-Al(3A) 89.00(5) 89.12(6)

Al(2A)-0-Al(3A) 88.94(5) 88.99(6)

Al(3)-0-Al(3A) 165.3(2) 162.8(2)

C(1)-0(1)-A1(2) 130.1(3) 129.2(3)

C(1)-0(1)-A1(1) 126.5(3) 124.5(3)

A1(2)-0(1)-A1(1) 103.29(14) 105.8(2)

C(4)-0(2)-Al(3) 128.8(3) 130.3(3)

C(4)-0(2)-Al(l) 126.8(3) 126.8(3)

Al(3)-0(2)-Al(l) 104.35(14) 102.4(2)

C(7)-0(3)-Al(2) 130.0(3) 122.6(3)

C(7)-0(3)-Al(3) 122.7(3) 130.2(3)

Al(2)-0(3)-Al(3) 106.83(14) 107.0(2)

C(10)-O(4)-Al(3) 128.7(3) 124.1(3)

C(10)-O(4)-Al(2A) 123.8(3) 128.1(3)

Al(3)-0(4)-Al(2A) 107.20(14) 107.0(2)

0(1)-C(1)-C(2) 109.8(4) 113.0(5)

0(1)-C(1)-C(3) 111.3(4) 110.0(5)

C(2)-C(l)-C(3) 111.9(4) 113.2(5)
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Bond lengths (Â) and angles (°) for [Al5(|a5-O)(f0,-O'Pr)8(Cl)H4] continued

0(2)-C(4)-C(5) 109.8(4) 110.5(4)

0(2)-C(4)-C(6) 111.4(4) 110.2(4)

C(5)-C(4)-C(6) 111.9(4) 112.4(5)

0(3)-C(7)-C9 109.4(4) 110.3(5)

0(3)-C(7)-C(8) 110.2(4) 110.1(5)

C(9)-C(7)-C(8) 113.5(4) 113.7(6)

O(4)-C(10)-C(12) 109.3(4) 113.7(5)

O(4)-C(10)-C(ll) 110.7(4) 111.5(5)

C(12)-C(10)-C(ll) 112.8(4) 108.6(5)
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Crystal data for [Al(0'Pr)3]4

Empirical formula C3 6 H8 4 AI4 O 12

Formula weight 816.95

Crystal colour/morphology Colourless

Crystal size (mm) 0.48 X 0.44 X 0.32

a (A) 12.3356(4)

b(A) 12.3356(4)

c(A) 31.6678(19)

a f ) 90

P O 90

Y(°) 90

V(A^) 4818.8(4)

Z 4

Crystal system tetragonal

Space group P432i2

Wavelength (A) 0.71073

Density (calculated) (Mg/m^) 1.126

Absorption coefficient (mm‘ )̂ 0.147

Reflections collected 30277

Independent reflections (Rjnt) 5814(0.0209)

Observed reflections [F^>2sigma] 5544

R indices (all data) R1 =0.0327, wR2 = 0.1002

Final R indices [F^>2sigma] R1 =0.0350, wR2 = 0.1031

Goodness-of-fit on F^ 0.912

Largest diff peak and hole (eA’̂ ) 0.319 and -0.248
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Bond lengths (Â) and angles (°) for [Al(0'Pr)3]4

A1(1)-0(2A) 1.9121(8) A l(l)-0(2) 1.9121(8)

A1(1)-0(1A) 1.9194(9) A l(l)-0(1) 1.9194(9)

A l(l)-0(5) 1.9215(9) A1(1)-0(5A) 1.9215(9)

A1(1)-A1(3A) 2.8565(4) A1(1)-A1(3) 2.8565(4)

A1(1)-A1(2) 2.8706(7) A1(2)-0(6A) 1.7022(10)

Al(2)-0(6) 1.7022(10) A1(2)-0(5A) 1.7965(9)

Al(2)-0(5) 1.7965(9) Al(3)-0(3) 1.6920(10)

A1(3H)(4) 1.7051(11) Al(3)-0(1) 1.7982(9)

Al(3)-0(2) 1.8002(9) 0 ( 1 )-C (1 ) 1.4535(14)

0(2)-C(4) 1.4526(14) 0(3)-C(7) 1.3943(16)

O(4)-C(10) 1.3965(17) 0(5)-C(13) 1.4507(14)

0(6>-C(16) 1.4039(16) C(l)-C(2) 1.499(2)

C(l)-C(3) 1.501(2) C(4)-C(5) 1.5175(18)

C(4)-C(6) 1.5195(18) C(7)-C(9) 1.506(2)

C(7)-€(8) 1.515(2) C(10)-C(12) 1.496(3)

C(10)-C(ll) 1.523(2) C(13)-C(15) 1.5161(19)

C(13)-C(14) 1.522(2) C(16)-C(18) 1.504(3)

C(16)-C(17) 1.526(2)

0(2A )-A l(l)-0(2) 168.76(6) 0(2A)-A1(1)-0(1A) 76.54(4)

0(2)-A l(l)-0 (lA ) 95.62(4) 0(2A)-A1(1)-0(1) 95.62(4)

0 (2 )-A l(l)-0 (l) 76.54(4) 0(1A)-A1(1)-0(1) 92.98(6)

0(2A )-A l(l)-0(5) 96.43(4) 0(2)-A l(l)-0(5) 92.44(4)

0 (lA )-A l(l)-0 (5) 169.12(4) 0(l)-A l(l> -0(5) 96.00(4)

0(2A)-A1(1)-0(5A) 92.44(4) 0(2)-A l(l)-0(5A ) 96.43(4)

0(1A)-A1(1)-0(5A) 96.00(4) 0(1)-A1(1)-0(5A) 169.12(4)

0(5)-A l(l)-0(5A ) 75.79(5) 0(2)-Al(l)-Al(3A) 133.45(3)

0(1)-A1(1)-A1(3A) 95.81(3) 0(5)-Al(l)-Al(3A) 134.11(3)

0(5A)-A1(1)-A1(3A) 95.05(3) 0(2A)-A1(1)-A1(3) 133.45(3)

0(2)-Al(l)-Al(3) 38.28(3) 0(1A)-A1(1)-A1(3) 95.81(3)

0(1)-A1(1)-AI(3) 38.26(3) 0(5)-Al(l)-A l(3) 95.05(3)
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Bond lengths (Â) and angles (°) for [Al(0'Pr)3]4 continued

0(5A)-A1(1)-A1(3) 134.11(3) A1(3A)-A1(1)-A1(3) 120.43(2)

0(2A)-A1(1)-A1(2) 95.62(3) 0(2)-Al(l)-A l(2) 95.62(3)

0(1A)-A1(1)-A1(2) 133.51(3) 0(1)-A1(1)-A1(2) 133.51(3)

A1(3A)-A1(1)-A1(2) 119.786(11) A1(3)-A1(1)-A1(2) 119.786(11)

0(6A>-Al(2)-0(6) 119.37(7) 0(6A)-A1(2)-0(5A) 118.77(5)

0(6)-Al(2)-0(5A) 106.25(5) 0(6A)-Al(2)-0(5) 106.25(5)

0(6)-Al(2)-0(5) 118.77(5) 0(5A)-Al(2)-0(5) 82.14(5)

0(6A)-A1(2)-A1(1) 120.32(4) 0(6)-Al(2)-Al(l) 120.32(4)

0(5A)-A1(2)-A1(1) 41.07(3) 0(5)-Al(2)-Al(l) 41.07(3)

0(3)-Al(3)-0(4) 119.17(6) 0(3}-A l(3)-0(l) 106.64(5)

0(4)-A l(3)-0(l) 117.70(5) 0(3)-Al(3)-0(2) 118.72(5)

0(4)-Al(3)-0(2) 106.88(5) 0(l)-A l(3)-0(2) 82.52(4)

0(3)-Al(3)-Al(l) 120.33(4) 0(4)-Al(3)-Al(l) 120.50(4)

0(1)-A1(3)-A1(1) 41.37(3) 0(2)-Al(3)-Al(l) 41.15(3)

C(1)-0(1)-A1(3) 125.97(8) C(1)-0(1)-A1(1) 133.13(8)

A1(3)-0(1)-A1(1) 100.37(4) C(4)-0(2)-Al(3) 126.03(7)

C(4K)(2)-A1(1) 131.98(7) Al(3)-0(2)-Al(l) 100.57(4)

C(7K)(3}-A1(3) 146.45(11) C(10)-O(4)-Al(3) 134.96(10)

C(13)-0(5)-Al(2) 125.03(8) C(13>-0(5)-Al(l) 133.36(8)

Al(2)-0(5)-Al(l) 101.03(4) C(16)-0(6)-Al(2) 138.68(10)

0(1)-C(1)-C(2) 111.09(11) 0(1)-C(1)-C(3) 110.79(11)

C(2)-C(l)-C(3) 110.76(13) 0(2)-C(4)-C(5) 109.93(10)

0(2)-C(4}-C(6) 109.76(11) C(5)-C(4)-C(6) 110.16(11)
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Crystal data for [HAI(S*Bu)(p,-0*Bu)]:

Empirical formula C1 6H3 8 O2 S2 AI2

Formula weight 380.54

Crystal colour/morphology Clear plates

Crystal size (mm) 0.67x0.67x0.10

a (A) 21.358(5)

b(A) 9.353(2)

c(A) 11.825(7)

a n 90.00

p n 92.46(4)

y n 90.00

V(A^) 2360.1(15)

z 4

Crystal system Monoclinic

Space group P2(l)/c

Wavelength (A) 0.71073

Density (calculated) (Mg/m^) 1.071

Absorption coefficient (mm’ )̂ 0.304

Reflections collected 3270

Independent reflections (R in t) 3085 (0.0426)

Observed reflections [I>2sigma(I)] 1850

R indices (all data) R1 = 0.2398, wRl = 0.5640

Final R indices [I>2sigma(I)] R2 = 0.1572, wR2 = 0.3928

Goodness-of-fit on F^ 1.194

Largest diff peak and hole (eA'^) 0.847 and -0.446
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Bond lengths (Â) and angles (°) for [HA1(S Bu)(|i-0*Bu)]2

A l(l)- 0 ( 1 ) 1.846(12) Al(l)-S(l) 2.20(7)

A l(l)- 0 (2 ) 1.850(12) A1(1)-A1(2) 2.80(7)

Al(2 )-0 (2 ) 1.837(13) Al(2)-S(2) 2 .2 0 (8 )

Al(2 )-0 ( 1 ) 1.846(12) S(l)-C(l) 1 .8 S2 )

S(2)-C(9) 1.83(2) 0(2)-C(13) 1.452)

0(1)-C(5) 1.46(2) C(l)-C(4) 1.463)

C(l)-C(2) 1.50(3) C(5)-C(8) 1.513)

C(l)-C(3) 1.56(2) C(5)-C(7) 1.543)

C(S)-C(6 ) 1.55(3) C(9)-C(12) 1.553)

C(9)-C(10) 1.53(3) C(9)-C(ll) 1.554)

C(13)-C(16) 1.47(3) C(13)-C(14) 1.533)

C(13)-C(15) 1.52(3)

0(l)-A l(l)-0(2) 80.6(5) 0(1)-A1(1)-A1(2) 40.54)

0(1)-A1(1)-S(1) 111.9(5) 0(2)-Al(l)-Al(2) 40.34)

0(2)-A l(l)-S(l) 114.4(5) S(1)-A1(1)-A1(2) 124.03)

0(2)-Al(2)-0(l) 81.0(5) 0(2)-Al(2)-Al(l) 40.6()

0(2)-Al(2)-S(2) 111.6(5) 0(1)-A1(2)-A1(1) 40.50

0(1)-A1(2)-S(2) 115.0(5) S(2)-A1(2)-A1(1) 124.33)

C(1)-S(1)-A1(1) 107.7(6) C(5)-0(1)-A1(2) 131.2(1)

C(9)-S(2)-A1(2) 106.5(9) A1(1)-0(1)-A1(2) 98.9()

C(5)-0(1)-A1(1) 129.9(11) C(13)-0(2)-Al(2) 132.1(0)

C(13)-0(2)-Al(l) 128.8(10) C(4)-C(l)-C(3) 113.0(6)

Al(2)-0(2)-Al(l) 99.1(6) C(2)-C(l)-C(3) 109.0(8)

C(4)-C(l)-C(2) 112.8(19) C(4)-C(l)-S(l) 1 1 1 .6 ( 4 )

c(2yc(i)-s(i) 108.3(13) 0(1)-C(5)-C(7) 108.6(5)

C(3).C(1)-S(1) 101.5(12) C(8)-C(5)-C(7) 112.5(D)

0(1)-C(5)-C(8) 108.5(16) 0(1)-C(5)-C(6) 108.1(5)

C(8)-C(5)-C(6) 111.1(18) C(10)-C(9)-C(ll) 110.3(2)

C(7)-C(5)-C(6) 107.9(17) C(12)-C(9)-C(ll) 110.5(2)

C(10)-C(9)-C(12) 110.5(22) C(10)-C(9)-S(2) 110.5(1)
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Bond lengths (Â) and angles (°) for [HA1(S Bu)(|i-0 Bn)]] continued

C(12)-C(9)-S(2) 111.5(17) 0(2)-C(13)-C(15) 107.4(15)

C( 11 )-C(9)-S(2) 103.4(17) C( 16)-C( 13)-C( 15) 111 .2(20)

0(2)-C(13)-C(16) 107.2(15) 0(2)-C(13)-C(14) 107.4(16)

C(16)-C(13)-C(14) 111.9(19) C(15)-C(13)-C(14) 111.5(19)
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Crystal data for [Al(S*Bu)3 {NMe2Et}]

Empirical formula C16H38NS3AI
Formula weight 367.63

Crystal colour/morphology Colourless prisms

Crystal size (mm) 0.67x0.37x0.17

a (A) 11.6677(6)

b(A) 16.6259(12)

c(A) 22.4682(15)

a(° ) 90.00

P D 90.00

yn 90.00

V(A') 4358.5(5)

z 8
Crystal system Orthorhombic

Space group Pbca

Wavelength (Â) 1.54178

Density (calculated) (Mg/m^) 1 . 1 2 1

Absorption coefficient (mm'*) 3.445

Reflections collected 3226

Independent reflections (R in t) 3226 (0.0000)

Observed reflections [I>2sigma(I)] 2668

R indices (all data) R1 = 0.0470, wRl = 0.0848

Final R indices [I>2sigma(I)] R2 = 0.0342, wR2 = 0.0757

Goodness-of-fit on F^ 1.031

Largest diff. peak and hole (eÂ'^) 0.261 and -0.175
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Bond lengths (Â) and angles (°) for [Al(S*Bu)3 {NMe2Et}]

A(l)-N(l) 2.038(2) A(l)-S(2) 2.2356(8)

A(l)-S(3) 2.2337(8) A(l)-S(l) 2.2366(8)

S(l)-C(6) 1.852(2) S(3)-C(14) 1.858(2)

S(2)-C(10) 1.862(2) N(l)-C(5) 1.482(3)

N(l)-C(4) 1.490(3) C(2)-C(3) 1.517(4)

N(l)-C(2) 1.500(3) C(6)-C(7) 1.515(4)

C(6)-C(9) 1.516(3) C(10)-C(12) 1.518(3)

C(6)-C(8) 1.525(3) C(10)-C(ll) 1.520(3)

C(10)-C(13) 1.529(3) C(14)-C(16) 1.521(4)

C(14)-C(15) 1.514(3) C(14)-C(17) 1.535(3)

N(l)-A(l)-S(3) 101.16(6) S(3)-A1-S(2) 115.68(3)

N(l)-A(l)-S(2) 104.00(6) N(1)-A1-S(1) 99.83(6)

S(3)-A1-S(1) 116.21(3) C(6)-S(1)-A1 112.65(7)

S(2)-A1-S(1) 116.17(4) C(10)-S(2)-A1 112.91(7)

C(14)-S(3)-A1 112.46(8) C(5)-N(l)-C(2) 110.7(2)

C(5)-N(l)-C(4) 108.3(2) C(4)-N(l)-C(2) 110.1(2)

C(5)-N(1)-A1 109.29(14) C(2)-N(1)-A1 109.55(14)

C(4)-N(1)-A1 108.84(15) N(l)-C(2)-C(3) 116.4(2)

C(7)-C(6)-C(9) 110.0(2) C(9)-C(6)-C(8) 109.8(2)

C(7)-C(6)-C(8) 110.8(2) C(7)-C(6)-S(l) 108.4(2)

C(9)-C(6)-S(l) 112.5(2) C(12)-C(10)-C(ll) 110.5(2)

C(8)-C(6)-S(l) 105.3(2) C(12)-C(10)-C(13) 109.3(2)

C(ll)-C(10)-C(13) 109.2(2) C(ll)-C(10)-S(2) 111.7(2)

C(12)-C(10)-S(2) 110.9(2) C(13)-C(10)-S(2) 105.1(2)

C(15)-C(14)-C(16) 111.2(2) C(16)-C(14)-C(17) 109.4(2)

C(15)-C(14)-C(17) 109.9(2) C(15)-C(14)-S(3) 110.7(2)

C(16)-C(14)-S(3) 110.8(2) C(17)-C(14)-S(3) 104.6(2)
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Crystal data for [AI(SC6H3Me2-2,6)3(OEt2)]

Empirical formula C 2 g H 3 7 0 S 3 A l .E t 2 0

Formula weight 586.86

Crystal colour/morphology Clear prisms

Crystal size (mm) 0.83 X 0.83 X 0.37

a  ( A ) 15.946(3)

b(A) 14.182(2)

C(A) 14.984(4)

a n 90

P O 104.128(14)

r O 90

V(A^) 3286.1(11)

z 4

Crystal system Monoclinic

Space group P21/C

Wavelength (Â) 0.71073

Density (calculated) (Mg/m^) 1.186

Absorption coefficient (mm’’) 0.278

Reflections collected 4218

Independent reflections (R in t) 6021

Observed reflections [I>2sigma(I)] 5780 (0.0197)

R indices (all data) R1 =0.0481, wR2 = 0.1050

Final R indices [I>2sigma(I)] R1 =0.0775, wR2 = 0.1216

Goodness-of-fit on F^ 1.044

Largest diff. peak and hole (eÂ'^) 0.334 and -0.293
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Bond lengths (Â) and angles (°) for [Al(SC6H3Me2-2,6)3(OEt2)]

Al-0 1.907(2) Al-S(3) 2.2336(11)

Al-S(l) 2.2266(11) Al-S(2) 2.2384(11)

S (l)-C (ll) 1.794(3) S(3)-C(31) 1.796(3)

S(2)-C(21) 1.797(3) 0-C(3) 1.476(4)

O-C(l) 1.479(3) C(3)-C(4) 1.505(5)

C(l)-C(2) 1.505(4) C(ll)-C(12) 1.407(4)

C(ll)-C(16) 1.409(4) C(12)-C(17) 1.506(4)

C(12)-C(13) 1.392(4) C(13)-C(14) 1.382(5)

C(14)-C(15) 1.380(5) C(16)-C(18) 1.507(5)

C(15)-C(16) 1.388(5) C(21)-C(26) 1.405(4)

C(21)-C(22) 1.407(4) C(22)-C(27) 1.505(4)

C(22)-C(23) 1.396(4) C(23)-C(24) 1.379(5)

C(24)-C(25) 1.374(5) C(26)-C(28) 1.507(4)

C(25)-C(26) 1.397(5) C(31)-C(32) 1.403(4)

C(31)-C(36) 1.407(4) C(32)-C(37) 1.503(4)

C(32)-C(33) 1.392(4) C(33)-C(34) 1.379(5)

C(34)-C(35) 1.370(5) C(36)-C(38) 1.502(5)

C(35)-C(36) 1.399(4) O(40)-C(43) 1.340(6)

O(40)-C(41) 1.413(7) C(43)-C(44) 1.395(9)

C(41)-C(42) 1.394(9)

O-Al-S(l) 104.03(7) S(1)-A1-S(3) 112.73(4)

0-Al-S(3) 102.01(7) 0-Al-S(2) 97.34(7)

S(1)-A1-S(2) 120.81(5) C(11)-S(1)-A1 106.12(9)

S(3)-A1-S(2) 115.61(4) C(21)-S(2)-A1 107.03(9)

C(31)-S(3)-A1 107.98(9) C(3)-0-Al 117.8(2)

C(3)-0-C(l) 113.6(2) C(l)-0-Al 126.1(2)

0-C(l)-C(2) 111.9(2) C(12)-C(ll)-C(16) 120.7(3)

0-C(3)-C(4) 111.4(3) C(12)-C(ll)-S(l) 120.7(2)

C(16)-C(ll)-S(l) 118.5(2) C(13)-C(12)-C(17) 119.5(3)

C(13)-C(12)-C(ll) 118.4(3) C(ll)-C(12)-C(17) 122.1(3)
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Bond lengths (Â) and angles (°) for [Al(SC6H3Me2-2,6)3(OEt2)] continued

C(14)-C(13)-C(12) 121.3(3) C(14)-C(15)-C(16) 121.6(3)

C(15)-C(14)-C(13) 119.5(3) C(15)-C(16)-C(ll) 118.3(3)

C(15)-C(16)-C(18) 119.9(3) C(26)-C(21)-C(22) 120.7(3)

C(ll)-C(16)-C(18) 121.8(3) C(26)-C(21)-S(2) 120.3(2)

C(22)-C(21)-S(2) 118.9(2) C(23)-C(22)-C(27) 119.4(3)

C(23)-C(22)-C(21) 118.4(3) C(21)-C(22)-C(27) 122.1(3)

C(24)-C(23)-C(22) 121.1(3) C(24)-C(25)-C(26) 121.2(3)

C(25)-C(24)-C(23) 120.1(3) C(25)-C(26)-C(21) 118.4(3)

C(25)-C(26)-C(28) 119.4(3) C(32)-C(31)-C(36) 120.4(3)

C(21)-C(26)-C(28) 122.2(3) C(32)-C(31)-S(3) 120.7(2)

C(36)-C(31)-S(3) 118.7(2) C(33)-C(32)-C(37) 119.4(3)

C(33)-C(32)-C(31) 119.0(3) C(31)-C(32)-C(37) 121.6(3)

C(34)-C(33)-C(32) 121.0(3) C(34)-C(35)-C(36) 121.8(3)

C(35)-C(34)-C(33) 119.7(3) C(35)-C(36)-C(31) 118.0(3)

C(35)-C(36)-C(38) 119.9(3) C(43)-O(40)-C(41) 112.0(5)

C(31)-C(36)-C(38) 122.0(3) C(42)-C(41)-O(40) 109.6(5)

O(40)-C(43)-C(44) 113.4(6)
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Crystal data for [Li(OEt2)3] [Al(SC6H3Me2-2,6)4]

Empirical formula C 4 g H y 6 L i 0 4 S 4 A l

Formula weight 879.25

Crystal colour/morphology Colourless tetrahedra

Crystal size (mm) 0.67 X 0.67 X 0.67

a (A) 12.1858(6)

b(A) 12.1858(6)

c(A) 17.693(3)

a f ) 90.00

P O 90.00

Y f) 90.00

V(A^) 2627.3(4)

Z 2

Crystal system Tetragonal

Space group 1-4

Wavelength (A) 1.54178

Density (calculated) (Mg/m^) 1.111

Absorption coefficient (mm'^) 2.108

Reflections collected 1249

Independent reflections (R in t) 1242 (0.0405)

Observed reflections [I>2sigma(I)] 1130

R indices (all data) R1 =0.0480, wRl =0.1210

Final R indices [I>2sigma(I)] R2 = 0.0417, wR2 = 0.1138

Goodness-of-fit on F^ 1.065

Largest diff. peak and hole (eA’̂ ) 0.211 and -0.154
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Bond lengths (Â) and angles (°) for [Li(OEt2)3][Al(SC6H3Me2-2,6)4]

Al-S 2.2534(9) Al-S(OA) 2.2534(9)

Al-S(OB) 2.2534(9) Al-S(OC) 2.2534(9)

S-C(l) 1.784(4) C(l)-C(2) 1.402(6)

C(l)-C(6) 1.394(6) C(2)-C(3) 1.391(8)

C(2)-C(7) 1.510(8) C(4)-C(5) 1.345(9)

C(3)-C(4) 1.381(10) C(5)-C(6) 1.399(6)

C(6)-C(8) 1.498(8) Li-O(lO) 1.921(7)

Li-O(lO') 1.841(12) O(10)-C(ll) 1.451(14)

O(10)-C(13) 1.452(13) C(13)-C(14) 1.50(2)

C(ll)-C(12) 1.52(2) O(10')-C(ll') 1.47(2)

O(10’)-C(13') 1.47(2) C(13')-C(14') 1.49(2)

C(ll')-C(12') 1.50(2) O(20)-C(21) 1.42(2)

O(20)-C(23) 1.45(2) C(23)-C(24) 1.49(2)

C(21)-C(22) 1.49(2)

S-Al-S(OA) 119.16(6) S-Al-S(OB) 104.85(3)

S(0A)-A1-S(0B) 104.85(3) S(0A)-A1-S(0C) 104.85(3)

S-Al-S(OC) 104.85(3) C(1)-S-A1 107.42(12)

S(0B)-A1-S(0C) 119.16(6) C(6)-C(l)-C(2) 119.4(4)

C(6)-C(l)-S 122.1(3) C(3)-C(2)-C(l) 118.5(5)

C(2)-C(l)-S 118.4(3) C(3)-C(2)-C(7) 120.1(5)

C(l)-C(2)-C(7) 121.4(5) C(5)-C(4)-C(3) 119.4(5)

C(4)-C(3)-C(2) 121.7(6) C(4)-C(5)-C(6) 121.4(6)

C(l)-C(6)-C(5) 119.6(5) C(5)-C(6)-C(8) 119.4(5)

C(l)-C(6)-C(8) 121.0(4) 0(10')-Li-0(10') 91.2(2)

0(10')-Li-0(10') 163.0(11) 0(10)-Li-0(10) 113.2(2)

0(10)-Li-0(10) 102.3(4) C(ll)-O(10)-C(13) 108.2(11)

C(ll)-O(10)-Li 127.9(8) O(10)-C(ll)-C(12) 107.5(12)

C(13)-O(10)-Li 123.6(7) O(10)-C(13)-C(14) 107.4(11)

C(ll')-O(10')-C(13') 105.0(15) C(13')-O(10')-Li 126.7(12)

C(ll')-O(10')-Li 128.0(12) O(10')-C(ll')-C(12') 108.1(17)
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Bond lengths (Â) and angles (°) for [Li(OEt2)3] [Al(SC6H3Me2-2,6)4] continued

O(10')-C(13')-C(14') 108.2(17) O(20)-C(21)-C(22) 108.8(18)

C(21 )-O(20)-C(23) 111.0(22) O(20)-C(23)-C(24) 107.4(23)
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Crystal data for [Al(SC6H3Me2-2,6)3(HSC6H3Me2-2,6)]

Empirical formula C 3 6 H 4 8 N S 4 A I

Formula weight 649.97

Crystal colour/morphology Colourless blocks

Crystal size (mm) 0.67 X 0.53 X 0.50

a(Â) 11.034(7)

b(Â) 11.485(2)

c(Â) 16.618(2)

a O 81.646(12)

P O 74.18(2)

y O 62.924(11)

V(Â^) 1803.5(12)

Z 2

Crystal system Triclinic

Space group P-1

Wavelength (A) 1.54178

Density (calculated) (Mg/m^) 1.197

Absorption coefficient (mm’*) 2.832

Reflections collected 5402

Independent reflections (R jn t) 5091 (0.0864)

Observed reflections [I>2sigma(I)] 3658

R indices (all data) R1 = 0.1233, wRl = 0.2881

Final R indices [I>2sigma(I)] R2 = 0.0856, wR2 = 0.231 6

Goodness-of-fit on F^ 1.057

Largest diff. peak and hole (eA’̂ ) 0.720 and -0.698
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Bond lengths (Â) and angles (°) for [Al(SC6H3Me2-2,6)3(HSC6H3Me2-2,6)]

Al-S(4) 2.250(2) Al-S(3) 2.254(3)

Al-S(l) 2.250(2) Al-S(2) 2.275(2)

S(l)-C (ll) 1.771(6) S(3)-C(31) 1.792(6)

S(2)-C(21) 1.790(6) S(4)-C(41) 1.794(7)

C (ll C16 1.410(9) C(12)-C(13) 1.374(9)

Cll)-C(12) 1.413(9) C(12)-C(17) 1.498(10)

C(13)-C(14) 1.389(11) C(15)-C(16) 1.368(10)

C(14)-C(15) 1.371(11) C(16)-C(18) 1.514(10)

C(21)-C(26) 1.390(8) C(22)-C(23) 1.395(10)

C(21)-C(22) 1.417(10) C(22)-C(27) 1.490(10)

C(23)-C(24) 1.371(12) C(25)-C(26) 1.396(8)

C(24)-C(25) 1.372(12) C(26)-C(28) 1.496(10)

C(31)-C(36) 1.386(8) C(32)-C(33) 1.398(11)

C(31)-C(32) 1.424(9) C(32)-C(37) 1.493(10)

C(33)-C(34) 1.382(14) C(35)-C(36) 1.383(11)

C(34)-C(35) 1.375(13) C(36)-C(38) 1.500(11)

C(41)-C(46) 1.384(10) C(42)-C(43) 1.411(10)

C(41)-C(42) 1.419(9) C(42)-C(47) 1.504(10)

C(43)-C(44) 1.348(12) C(45)-C(46) 1.394(10)

C(44)-C(45) 1.378(11) C(46)-C(48) 1.491(10)

N(50)-C(51) 1.458(11) N(50)-C(54) 1.559(12)

N(50)-C(53) 1.468(10) C(51)-C(52) 1.543(15)

S(4)-A1-S(1) 108.28(9) S(1)-A1-S(3) 119.45(10)

S(4)-A1-S(3) 103.79(9) S(4)-A1-S(2) 116.49(9)

S(1)-A1-S(2) 104.65(8) C(11)-S(1)-A1 102.5(2)

S(3)-A1-S(2) 104.78(9) C(21)-S(2)-A1 103.7(2)

C(31)-S(3)-A1 101.9(2) C(16)-C(ll)-C(12) 118.9(6)

C(41)-S(4)-A1 107.0(2) C(16)-C(ll)-S(l) 121.1(5)

C(12)-C(ll)-S(l) 119.9(5) C(13)-C(12)-C(17) 120.5(7)

C(13)-C(12)-C(ll) 119.6(7) C(ll)-C(12)-C(17) 119.9(6)
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Bond lengths (Â) and angles (°) for [Al(SC6H3Me2-2,6)3(HSC6H3Me2-2,6)]

continued

C(12)-C(13)-C(14) 120.7(7) C(16)-C(15)-C(14) 121.4(7)

C(15)-C(14)-C(13) 119.7(7) C(15)-C(16)-C(ll) 119.6(7)

C(15)-C(16)-C(18) 120.7(7) C(26)-C(21)-C(22) 119.6(6)

C(ll)-C(16)-C(18) 119.7(6) C(26)-C(21)-S(2) 120.9(5)

C(22)-C(21)-S(2) 119.5(5) C(23)-C(22)-C(27) 119.6(7)

C(23)-C(22)-C(21) 118.4(7) C(21)-C(22)-C(27) 122.0(6)

C(24)-C(23)-C(22) 121.3(8) C(24)-C(25)-C(26) 120.1(7)

C(23)-C(24)-C(25) 120.5(6) C(21)-C(26)-C(25) 120.1(7)

C(21)-C(26)-C(28) 121.8(5) C(36)-C(31)-C(32) 121.7(6)

C(25)-C(26)-C(28) 118.1(6) C(36)-C(31)-S(3) 120.3(5)

C(32)-C(31)-S(3) 118.0(5) C(33)-C(32)-C(37) 120.4(7)

C(33)-C(32)-C(31) 117.1(7) C(31)-C(32)-C(37) 122.5(7)

C(34)-C(33)-C(32) 121.2(8) C(34)-C(35)-C(36) 121.7(8)

C(35)-C(34)-C(33) 119.8(8) C(35)-C(36)-C(31) 118.3(7)

C(35)-C(36)-C(38) 119.5(7) C(46)-C(41)-C(42) 122.0(6)

C(31)-C(36)-C(38) 122.1(6) C(46)-C(41)-S(4) 120.3(5)

C(42)-C(41)-S(4) 117.7(5) C(43)-C(42)-C(47) 121.0(7)

C(43)-C(42)-C(41) 115.7(7) C(41)-C(42)-C(47) 123.3(6)

C(44)-C(43)-C(42) 123.6(7) C(44)-C(45)-C(46) 122.0(8)

C(43)-C(44)-C(45) 118.7(7) C(41)-C(46)-C(45) 118.0(7)

C(41)-C(46)-C(48) 121.8(7) C(51)-N(50)-C(53) 116.1(7)

C(45)-C(46)-C(48) 120.0(7) C(51)-N(50)-C(54) 106.3(7)

C(53)-N(50)-C(54) 106.4(8) N(50)-C(51)-C(52) 105.6(9)
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