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Abstract

A range of synthetic strategies for the production of indium nitride (InN)

quantum dots is presented. Indium nitride is a direct band gap III-V

semiconductor (Eg = 0.7 eV). Band edge emission from quantum dots is a

function of the size of the quantum dots and band gap is inversely proportional to

particle size. Quantum dot / polymer composite materials could be the basis of

multi-colour flat panel displays and other optoelectronic devices.

The reaction between indium (III) chloride and tris(trimethylsilyl)amine in

diglyme produced a black powder, similar in physical appearance to indium

nitride, that was largely amorphous to x-rays, indicating low domain size within

the sample. Annealing this powder, in a nitrogen atmosphere, improved the

crystallinity and gave a diffraction pattern resembling wurtzite indium nitride but

some reflections were shifted to larger 2 9 values, suggesting that the lattice is

more compact than bona fide indium nitride. EDX and XPS showed that this

powder contained indium and nitrogen, along with significant impurities.

The use of indium hydrides, specifically polyimidoindane (HInNH)„, as low

temperature single-source precursors to indium nitride was investigated.

However, thermal stability problems precluded detailed analysis of the hydrido

species and indium nitride was not isolated via this route. Also, diethylindium

amide was synthesised by the reaction between triethylindium and ammonia.

This dimeric precursor was characterised by NMR and MS. However, this

compound was not successful at generating indium nitride when pyrolysed at

-230 °C.



Indium nitride nanoparticles were formed by the solution thermolysis of the

azido single source precursor bis(3-dimethylaminopropyl)indium azide. Two

types of capping group were used; tri-«-octylphosphine oxide (TOPO) and

triglyme. Indium nitride nanoparticles ranging from 2-10 nm were observed by

HRTEM and lattice fringes were clearly visible. The nanoparticles appear to be

largely cubic (zinc blende) phase indium nitride, although there is evidence for

the coexistence of the wurtzite phase. The particles were examined by EDX,

SEM and XPS; these analyses indicated that the nanoparticles contained both

indium and nitrogen. The optical properties of the nanoparticles were examined

by PL and PLE. It was discovered that TOPO produced a broad emission, which

made measurement of the intrinsic PL properties of the nanoparticles difficult.

However, an emission centred at -700 nm could be assigned, in conjunction with

theoretical band gap calculations, to a population of TOPO-capped indium

nitride quantum dots of approximately 5 nm average diameter.
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Chapter 1.

General Introduction.

1.1 Semiconductor Quantum Dots: An Overview.

Nanotechnology is currently an area of intense scientific research. The

miniaturization of devices offers potential for higher performance from smaller

devices currently inaccessible by current microelectronics technology. There are

already devices that do make use of quantum size effects, which are produced as

a consequence of the unusual world of the nanoscale regime. However, these

quantum size effects, which will be discussed later, manifest themselves most

strongly in the three dimensional ly confined world of the quantum dot.

Many terms have been adopted to describe these extremely small particles;

quantum dots, nanocrystals, nanoparticles, Q-boxes, Q-particles, artificial atoms

etc. However, one should not be drawn to the conclusion that investigation into

small particles is in any way a new phenomenon. In 1831 Faraday postulated that

the ruby red colour of gold colloids was due to the small size of the gold particles

and was not attributable to some peculiar state of the gold metal.1 In 1915

Ostwald published his work 'Die Welt der Vernachlassigten Dimensionen' (The

World of the Neglected Dimensions). Ostwald was also studying the behaviour of

colloids and drew attention to a size regime somewhere between condensed

matter (bulk phase) and single atomic or molecular species.2 He also asserted that

this area was a science in it's own right and several years later the science of the

nanoscale is indeed a thriving area of scientific investigation.

1
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The use of nanoparticles has an even longer history and examples can be found

where small particles are used as colour agents. For example, in 1685 Andreas

Cassius and John Knuckel described a mixture of tin dioxide and gold that

displayed a vivid purple colour. This 'Purple of Cassius' was used as a dye in

glasses and garments and the purple colour is actually produced by gold

nanoparticles formed by the reduction of gold salts from tin(II) present in the tin

dioxide.3

From the viewpoint of microelectronics, semiconductor quantum dots offer the

most promising characteristics for device fabrication. Since this report refers to

the synthesis of semiconductor quantum dots (indium nitride), mechanisms that

give rise to quantum size effects within a semiconductor will be outlined. Some

of the types of changes that we might expect to observe, as particle size

decreases, are a change in the melting point and a change in the colour of the

material. These effects can be observed in the II-VI system cadmium sulfide; as

particle size decreases the melting point can vary between 1600 °C and 400 °C

and the colour can change from black to yellow (corresponding to a change in

band gap from 2.5 eV to 4.0 eV).4'5 These are striking changes to the physical

and electronic characteristics of the material: achieved by altering only the

particle size of the material.

To understand the electronic changes that occur due to quantum size effects some

explanation about the electronic structure of semiconductors is necessary.

Electrical conduction in semiconductors is explained in terms of'Band Theory'.

In a hydrogen molecule two electrons surround the two nuclei, this state arises
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because it is energetically favourable for the electrons to be paired, as opposed to

one electron in a partially filled energy level (Figure 1).

Anftbonding Level

Bonding Level

Figure 1. Energy levels in atomic hydrogen and molecular hydrogen.

It can be seen that there is another energy level available to the electrons in the

molecule. This is the antibonding level and it is at a higher energy than the lower

bonding level. This is a very simplistic case but if we apply the same idea to a

semiconductor a picture of the basis for band theory arises. The semiconductor

will have valence electrons in it's outer shell, like hydrogen, which will be

involved in bonding to other atomic units in order to generate a very large scale

inter-bonded structure fa semiconducting crystal lattice). Since there are many

billions more atomic units than there are in the hydrogen molecule there are

subtle energy differences between individual electrons and this gives rise to

bonding and antibonding 'bands' of energy (Figure 2).

3
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Figure 2. Evolution of energy bands in a semiconductor from atomic orbitals
to crystalline lattice band structure.6

Between the bands is a range of forbidden energy states (in a pure, undoped

semiconductor) called the 'band gap' and most materials generally considered to

be semiconductors usually have band gaps in the range 0.3 - 3.8 eV.7 The bands

are not referred to as bonding and antibonding, they are referred to as valence and

conduction bands (Figure 3).

4
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Figure 3. Band structure in a pure, undoped semiconductor.

The valence band in an undoped semiconductor is completely filled at 0 K and

the conduction band is entirely empty. At temperatures above 0 K it may be

possible for an electron to gain enough energy to jump across the band gap and

move into the conduction zone. The band gap is usually much larger than the

energy required to do this but because there are so many electrons there is always

the possibility that a small number will gain the energy needed to enter the

conduction band. Once in the conduction band, as the name suggests, the electron

is free to move and can participate in conduction. As the energy available to the

electrons becomes larger e.g. the temperature of the semiconductor is raised,

more electrons will manage the jump across the band gap, although, under normal

circumstances they will always be in the minority. Once the electron is in the

conduction band there is now a net positive charge left in the valence band and

this is referred to as a positive hole (Figure 4).

5
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Figure 4. Promotion of an electron into the conduction band and subsequent
creation of an electron-hole pair.

Spatially one should think that the electron has gained enough energy to enter the

higher energy state and has moved through the crystal lattice away from its atom

of origin. The atom that is left cannot move as it is a fixed point in the lattice but

it has one less electron and it is now a positively charged ion. The positive hole is

able to move by attracting an electron from a neighbouring atom and it therefore

appears to move in the opposite direction to the flow of electrons. So, in an

undoped semiconductor there are always an equal number of electrons and holes.

These are the charge carriers that make conduction possible in semiconductors

but the low number of conducting species means that the conduction of these

materials compared to a good metallic conductor is poor. Semiconductors are

often 'doped' to increase the number of charge carriers in the lattice. Atoms with

an excess of one valence electron can be introduced into the lattice to boost the

number of electrons in the lattice. For example, silicon can have a small amount

of phosphorus introduced into it; phosphorus has one more valence electron than

silicon. Conversely, an atom with one less valence electron could be introduced to

boost the number of positive holes in the lattice of the semiconductor. In the case

6
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of silicon this would entail introducing a small amount of arsenic atoms into the

lattice. These two types of doping are referred to as n and p type doping

respectively; n and p reflecting the new majority charge carrier in the doped

lattice. The actual level of doping can vary but a doping level of 1 ppm can

dramatically alter the electrical properties of a semiconductor. The band structure

of the doped materials is altered and the energy level arising from the dopant lies

within the previously forbidden area of the band gap. This is not surprising since

the conducting electron and the hole are not in a bound state so they must exist in

a higher energy state than the valence band edge.

It should be noted that an electron-hole pair does not exist indefinitely; the

electron quickly falls back to the lower energy valence band, typically within a

few millionths of a second. The excess energy that the electron needs to lose in

order to enter the valence band is usually emitted as a photon, the wavelength of

which is dependent on the magnitude of the band gap (E= hv, E = energy of

photon, h = Planck's constant, v = wavelength of photon). If the falling electron

can emit a photon then it is also possible for an electron in the valence band to be

promoted by absorbing a photon whose wavelength is sufficiently small to give

enough energy to enable the electron to jump into the conduction band. However,

the recombination of electrons and holes is a relatively rare event, due to the

sparse population of charge carriers in the conduction band (under normal

circumstances). Also, any emitted photons will probably not successfully reach

the surface of the semiconductor, as it will probably be used in the creation of

another electron-hole pair. Also, defects within the semiconductor lattice (often

referred to as 'traps') effectively soak up electrons or positive holes and electron-

7
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hole pairs can also undergo non-radiative decay processes. We can see that this is

the case through our own experience; pieces of semiconductor do not emit light!

Although semiconductors that are in a single pure state do not emit light, the

emission of light from semiconductors is made possible by the creation of closely

spaced layers of p and n-type doped semiconductor (and other types of

semiconductor architecture), this is the basis of the LED and laser diode. If it is

possible to create light emitting devices without quantum dots, then what is the

advantage of using them as light emitters and how do they deviate from bulk

semiconductor behaviour?

As a consequence of the quantum principle of wave particle duality the charge

carriers within a semiconductor have a de Broglie wavelength that corresponds to

their effective mass (mobility) in any given semiconductor. In a semiconductor

the wavelength of an electron is typically around 10 nm, if the electron is

confined to a region of this size we would expect to observe strong quantum

effects. Initially we shall look at an example where the electron is confined in

only one dimension of movement, the creation of a quantum well. In practice a

quantum well is created by the epitaxial growth of a thin layer of semiconductor

between two layers of semiconductor with a larger band gap. The electron is able

move as if it were on a sheet of paper, only in one plane but since the 3rd

dimension is confined for the electron (or hole) only energy states that correspond

to an integral number of half wavelengths are allowed. (This is because non-

integer wavelengths are forbidden for charge carriers in a confined system e.g.

electrons orbiting around a nucleus). This shows the main advantageous quality

8
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for quantum-confined systems. If only certain discrete energy states are allowed

and these are dictated by the size of the confined dimension, then by altering the

size of the confined dimension we can dictate the energy states that would be

available to the confined charge carriers. If we make the confined dimension

smaller (make the sheet of paper thinner) then the energy states that are still

allowed are those of the higher wavelengths; the higher energy states.

The wavelength of light emitted from a semiconductor is dependent on the energy

of the lowest energy electron in the conduction band and the highest energy hole

in the valence band. As we have seen a photon is emitted, when an electron falls

back to the valence band. The energy of the emitted photon corresponds to that of

the band gap. By removing the lowest electron energy states in the conduction

band land highest hole energy states in the valence band) by altering the size of

the confined dimension we have caused the band gap to become larger. This is a

very important observation in structures of reduced dimensionality; that by

reducing the size of the confined direction the band gap is seen to increase. We

have considered a structure that is 2-dimensional: the effect upon the density of

energy states in 3, 2, 1 and '0' dimensional structures can be seen in Figure 5.

9
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Figure 5. Theoretical density of states for an individual band in 3-
dimensional (bulk phase), 2-dimensional (quantum well), 1-dimensional

(quantum wire) and 'O'-dimensional (quantum dot) semiconductors.
It can be seen that as we move towards structures that are 'zero dimensional' the

energy bands split into discrete levels and become similar to atomic or molecular

energy levels. Quantum dots are the ultimate in reduced dimensional structures,

apart from atoms! The charge carriers in a quantum dot are confined in every

direction, hence the reduction in the density of states available and whether one

should talk about HOMO and LUMO levels rather than valence and conduction

bands in quantum dots is a rather 'grey area'.

Often when talking about confinement in quantum dots or other structures, the

term 'exciton' is used. This is another way of thinking about the charge carriers in

the semiconductor. As we have seen an electron-hole pair can be formed in the

lattice, but since these entities have an opposite charge they do experience a

degree of Coulombic attraction through the lattice. This situation could be

considered to be like that of a hydrogen atom except that the attraction between

electron and hole is less than that between proton and electron because of the

10
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shielding effect of the atoms in the lattice and also because of the comparatively

low effective masses of electrons and holes. As a result the radius of the exciton

is quite large e.g. 25 A in cadmium sulfide, in comparison to the radius of a

hydrogen atom which is -0.53 A.8 However, the low binding energy means that

the excitons dissociate to form free carriers at room temperature. This bound state

enables an electron to exist in the band gap since it is in the conduction band but

has slightly lower energy, resulting from it's bound state. This introduction does

not affect the reality of quantum confinement but we can say that quantum size

effects make themselves visible when the confined direction is equal or less than

the diameter of the exciton.

There are many related effects that can occur as a result of quantum confinement

and there are other phenomena that play a part in semiconductor behaviour such

as energy 'traps' resulting from defects and impurities (including dopant atoms)

(Figure 6). Many of the traps resulting from defects are at the surface, this is due

to the disturbed bonding forces that are found there and these defects are often

referred to as 'surface states'. Although traps occur in bulk phase semiconductors

it is important to note that quantum dots have a far greater surface to volume ratio

than the bulk phase, surface states can have a greater effect on the electronic and

optical properties of the nanoparticulate material. The charge carriers can

combine either radiativelv or non-radiatively from traps or undergo transfer to

donor or acceptor atoms. The abundance of traps can be minimised by using

surface passivating techniques (capping groups) and this is easily achieved using

colloidal synthesis techniques, which will be discussed later.

11
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Figure 6. Band structure for a bulk phase semiconductor, showing energy

levels for excitonic and trapped charge carriers.

For the purposes of this work only a general overview is necessary to understand

that as semiconductor quantum dot diameter decreases there is an effective

increase in the band gap of the material. This is due to the removal of the lower

conduction electron states and the removal of the higher hole states. There will be

trans present, mostly at the surface of the dots and this will have some effect upon

the recombination of charge carriers. The engineering of the band gap means that

we can tune the light emission from a population of quantum dots by varying the

size distribution. The emission wavelength that can be accessed by engineering

the band gap depends upon the value of the band gap in the bulk phase material.

The band gap of indium nitride has been the subject of recent recalculation and

this will be discussed later in this chapter (Section 1.5). The fundamental band

gap of indium nitride is very important since this ultimately dictates the possible

applications for indium nitride quantum dots.

12
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1.2 Preparation Techniques for Semiconductor Quantum Dots.

As we have seen the growth of a thin layer of semiconductor, which is

sandwiched between two layers of higher band gap material (a quantum well) can

generate interesting quantum effects. The earliest method for obtaining

semiconductor quantum dots was by chemical etching of epitaxially grown

semiconductors.9 This entailed growing successive layers of gallium arsenide

and aluminium gallium arsenide and selectively removing areas of the surface

until only pillars of material were left; giving confinement of the charge carriers

in a gallium arsenide layer, within a pillar, in three dimensions and this

constitutes a quantum dot. We have mentioned that Faraday investigated gold

colloids in 1831.1 Using similar techniques it is also possible to grow

semiconductor quantum dots in solution, so long as the relevant precursor

chemistry exists. These are the two main synthetic approaches to the production

of quantum dots, gas phase epitaxial growth and solution phase colloidal growth.

Although this study focuses only on the colloidal growth of indium nitride, it is

important to examine the gas phase epitaxial approach and the advantages and

disadvantages it has associated with it. Epitaxial growth specifies the growth of

thin layers of material from highly dispersed precursor(s) onto a substrate. It is

important to note that epitaxial growth can be carried out in wet chemical systems

too. by use of special techniques such as Liquid Phase Atomic Layer Epitaxy

CLPALE).10' n'12,13 However, I shall make a distinction between gas phase and

solution phase epitaxy since the latter is a largely a solution-based technique.

13
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Technique Acronym Operating
Conditions

(Torr)

Starting
Materials

Comments

Metalorganic
vapour phase
epitaxy 4

MOVPE 760 Metalorganic
group III,
Hydride group V

Films formed on

reactions
between gases at
atmospheric
pressure. High
quality films
formed. High
throughput.

Low-pressure
metalorganic
vapour phase
epitaxy 15

LPMOVPE 0.1-7.6 Metalorganic
group III,
Hydride group V

Pressures
reduced
somewhat from
MOVPE.
Problems due to

viscous effects
overcome.

Vacuum
chemical

epitaxy16

VCE 10"3 Metalorganic
group III,
Hydride group V

Higher output
than MBE. Toxic

hydrides
consumed more

slowly than
MOVPE.

Disadvantage
high in carbon
contamination.

Chemical beam

epitaxy14'17
CBE 10"6 Metalorganic

group III,
Hydride group V

Molecular beams
of reactive gases
pyrolyse on hot
substrate. A

major deposition
technique for
III-V materials.

Molecular beam

epitaxy 14,18'19
MBE 10"9 Elemental group

III, elemental
group V

Molecular beams
of evaporated
elements

impinge on
substrate. Precise
control of
ultrathin films.
Slow throughput

20
Table 1. Selected gas phase epitaxial techniques for III-V semiconductors.

Although the details of each individual technique vary considerably, the end

result is the same: the growth of thin layers of crystalline material. These

techniques are well established in the field of semiconductor manufacture and

14



P.S. Schofield The Synthesis of indium Nitride Quantum Dots

neariy all microelectronic structures rely on these techniques for their

manufacture.

In the creation of quantum confined structures it would appear, at first glance,

that etching technology is inadequate to produce structures that are as small as the

wavelength of the charge carriers. We should note, therefore, that these structures

rely heavily on surface effects for their confined character. In the previous section

it was noted that most traps / defects reside at the surface due to the incomplete

bonding found at the surface atoms. In a semiconductor these surface atoms tend

to remove electrons in the conduction band and localise them. This results in an

electric field and conduction electrons in the core of the structure are confined to

a smaller area due to the repulsion of the surface localised electrons. For example,

a quantum wire may have a width of 0.1 pm but the core conduction electrons are

confined to a region of approximately 0.01 pm width and this is comparable with

the wavelength of the electrons, so quantum effects are observed.21 Of course the

same is true for etched quantum dots except that there is an additional confined

dimension.

The first method for producing dots, as we have seen, was by chemical etching of

epitaxially grown semiconductor to generate quantum dots contained in small

pillars ofmulti layered semiconductors.9 These types of structures are the basis of

the resonant tunnelling transistor.22 Another method that also involves chemical

etching is to selectively mask an epitaxial layer and then selectively etch the

surface, in this case a gallium arsenide surface.23 A silicon dioxide mask is used

and small regularly spaced triangles are etched on to this surface. MOVPE

15
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growth is then carried out on the treated surface at 700-800uC and this gives

interesting pyramidal 'islands', each around 1.5 pm across. The quantum dot

itself is created by the growth of a small amount of gallium arsenide on the top of

the nyramid, giving the quantum dot an effective size of around 100 nm. The

exact morphology of the dots can be seen in Figure 7.

Figure 7. Quantum dots created on a gallium arsenide substrate via etching
and MOVPE.23
It is also possible to create quantum dots via epitaxial growth without the need for

a pre-masking treatment of the surface. The spontaneous formation of islands of

growth from a regular epitaxial structure is achieved by a lattice mismatch

between substrate and epitaxial layer. At first the epitaxial layer will grow in a

strained configuration that is dictated by the substrate. Once a critical thickness is

reached the strain in the epitaxial region becomes too large and there is a

spontaneous phase change from ordered growth to a random arrangement of

islets. This phase change is referred to as the Stranski-Krastanow phase

transition.24

(111) B Ga As

16
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Petroff and Den Baars"° describe a method that makes use of this phase change to

produce indium arsenide quantum dots on a gallium arsenide surface using MBE.

The lattice mismatch between gallium arsenide and indium arsenide is in the

region of 7 % and only the first deposited monolayers crystallise in the form of

epitaxially grown layers and soon islands of indium arsenide are seen to develop

(Figure 8).

Figure 8. Evolution of self assembled quantum dots (white circles) of indium
arsenide on a gallium arsenide substrate (a, b and c are deposition of 1.6,1. 7
and 1.8 monolayers respectively).25
Although islands can form spontaneously by using a specific combination of

lattice mismatched substrate and epitaxial layer, different morphologies are also

made possible by choice of precursors and specific deposition conditions in the

MOCVD reactor. Fischer et al. have observed interesting morphologies in the

MOCVD of III-V materials. For gallium nitride they have observed the formation

of nanopillars and nanowires using the gallium azide precursor bis(3-

dimethvlaminopropyl)gallium diazide26' 27' 28' 29 using a sapphire substrate. This

was achieved by subtly altering the conditions within the MOCVD reactor such

as carrier gas flow rates, temperature etc. Also, it is possible to alter the

morphology of indium nitride surfaces in a similar way by use of bis(3-

dimethylaminopropyl)indium azide (Figure 9). MOCVD growth of indium nitride

17
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on sapphire substrates, using this precursor, leads to an interesting whisker-like

morphology.30'31

Figure 9. Bis(3-dimethylaminopropyI)indium azide. An air-stable precursor

for the low temperature deposition of indium nitride.30'31
It can be seen that there are many varied routes for the production of quantum-

confined structures by 'epitaxial' means. These approaches generally have the

advantages of good morphological control, facile characterisation and it is quite

easy to produce defined arrays of quantum dots. The main drawback for this

approach is that expensive equipment; often operating under ultra high vacuum

dJHV) is needed to generate these results. Also, these methods do not easily lend

themselves to high throughput manufacture of band gap engineered structures.

\n alternative to using gas phase deposition is the use of colloid chemistry to

'grow' quantum dots from a solution medium. These dots can either be grown as

monodisperse units or as arrays of dots, grown by liquid phase epitaxy. In the

liquid phase epitaxial growth is usually achieved by growing nanocrystals under a

monolayer of organic molecules. This type of liquid phase epitaxy has been
32 33 34 35 •

carried out using lead sulfide, ' lead selenide and cadmium sulfide with

arachidic acid and dodecylamine monolayers. It is possible to manipulate the

growth of the nanocrystals. For example, with lead sulfide it is possible to alter

the favoured crystal growth plane and the morphology by varying the ratio of

arachidic acid and octyldecylamine in the organic monolayer. The change in
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morphology that is observed is quite marked from epitaxial equilateral triangular

crystals and epitaxial square crystals to the loss of single layer epitaxial growth

giving a dispersion of crystals in solution.35 It is also possible to grow

nanocrvstals under a surfactant monolayer in solution and then remove the

crystals and the monolayer on to a pre-prepared substrate giving nanocrystals

sandwiched between two monolayers. This process has been used to good effect

to produce size-quantized crystals from cadmium sulfide,36'37'38'39'40'41'42'43'44'45

cadmium selenide.37 cadmium telluride37 and others. The growth of monolayers

of nanocrystals is based to a certain extent on the process of biomineralisation

that occur with the aid of various membrane systems.46'47'48 It is possible to grow

discrete nanoparticles in micelle-like structures, where individual particles are

surrounded by coordinating molecules. These molecules are often referred to as

'canping' groups.

The use of tri-«-octylphosphine (TOP) and tri-«-octylphosphine oxide (TOPO) as

capping agents for the growth of crystalline monodisperse II-VI (cadium sulfide,

cadmium selenide and cadmium telluride) quantum dots was demonstrated by

Bawendi et al49' 50 They showed that a range of crystallite size ranges could be

obtained, these ranged from an average diameter of 12 A to 115 A with only a

5 % variation in the sizes of any individual sample. These quantum dots exhibited

good luminescence properties and showed good bulk crystalline characteristics,

even in very small particles (Figure 10).
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10 am

Figure 10. An 80 A diameter cadmium selenide quantum dot showing

crystalline lattice planes. 49
The near absence of traps in the quantum dots was attributed to electronic surface

passivation, from coordinative electron donation from the TOPO capping groups.

As a result of this it is easy to see changes in absorption frequency with size

distribution, as we would expect smaller particles absorb at shorter wavelength

(higher energy) as the band gap is largest in these particles (Figure 11).
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Figure 11. Room temperature optical absorption spectra of cadmium
selenide quantum dots dispersed in hexane, ranging in size from ~12 A to

-115 A.49

Bawendi's technique relies upon the injection of dimethylcadmium into a hot

mixture of TOPO and bis(trimethylsilyl)sulfide, bis(trimethylsilyl)selenide, or

bis(trimethylsilyl)telluride. Also tri-n-octylphosphine selenide and tri-«-

octylphosphine telluride were used as sources for the group VI element. The

reactions were carried out at 230-260 °C; this is quite a hazardous procedure as

dimethylcadmium is pyrophoric, although high temperatures were necessary for

good growth conditions and particle crystallinity.

For use in electronic devices it might be advantageous if quantum dots were

encapsulated within a polymer matrix. This would give the potential for the facile

construction of multi-colour light emitting devices. Cole-Hamilton et al. devised
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a method for the low temperature synthesis of zinc sulfide, zinc selenide,

cadmium sulfide and cadmium selenide quantum dots in coordinating, capping

polymers.51'52' 53' 54' 55 This involved the reaction of either dimethylcadmium or

dimethvlzinc with either hydrogen sulfide or hydrogen selenide in the presence of

nolymeric coordinating pendant group functionalised pyridines or phosphines

(Figure 12). The resulting polymer films exhibited strong quantum effects in

distributions of colour and. for phosphine coordinated samples,

photoluminescence effects.

n= 16% m= 84%

Figure 12. Pendant group coordinating polymeric capping groups used by
Cole-Hamilton et al in the low temperature growth of n-VI quantum

dots.51'52'53'54'55

There have been many reports of methods for the production of II-VI quantum

dots, passivating surfaces and incorporating into polymer matrices. However,

there are fewer reports for III-V materials, especially IH-nitride systems, and this

reflects the less well-developed solution precursor chemistry for these systems.

Some reports do exist about the low temperature creation of gallium nitride

quantum dots and subsequent incorporation into a polymer matrix. Gonsalves et

al. have used gallium tris(dimethylamine) as a precursor for the generation of
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nanocrvstalline gallium nitride at 600 °C, subsequent sonication of the gallium

nitride broke up the nanocrystalline domains into discrete quantum dots.56 These

particles were then dispersed in a solution ofmethyl methacrylate which was then

oolymerised using azobisisobutylnitrile this ultimately generated a polymer

disoersion of gallium nitride quantum dots. However, this could hardly be

categorized as 'low temperature synthesis' due to the initial use of very high

temperatures to generate gallium nitride. Perhaps a better example of low

temperature generation of gallium nitride is via the use of the gallium hydride

Figure 13. Molecular structure of cyclotrigallazane [(H2GaNH2)3].57' 58'59' 6°'
61,62

Risbud et al. have shown that cyclotrigallazane is a useful precursor for the

growth of gallium nitride, in a polymer at temperatures as low as 180 °C.63 This

particular report does demonstrate two important principles:

a) The precursor does not necessarily have to be soluble in the pyrolysis medium

for the generation of quantum dots (although it is advantageous),

bl For III-V materials although low temperature synthesis does lead to materials

that are amorphous, these quantum dots can still display good photoluminescence

properties.64 The use of cyclotrigallazane as a low temperature precursor is

complicated by it's thermal frailty, which is characteristic of gallium, indium and

thallium hydrides.

precursor cyclotrigallazane (Figure 13).57, 58, 59,60,61,62

H H

H H
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intramolecular Lewis base stabilised metal azides of gallium and indium have

been developed by Fischer et al. (Figure 9) primarily for MOCVD growth of

Ill-nitride materials. Some of these metal azides have been used for the growth of

colloidal gallium nitride by injection into refluxing triethyleneglycol dimethyl

ether ftriglyme) at 216 °C. Injection of solutions of diethylgallium azide, (3-

dimethylaminopropyl)gallium diazide (Figure 14) and triethylaminogallium

triazide into refluxing triglyme resulted in the formation of a dispersion of gallium

nitride nanoparticles, with crystallite sizes ranging from 500 nm to 2.5 nm.

However, these gallium nitride nanoparticles did exhibit lower energy emission

than that observed from bona fide gallium nitride quantum dots (crystallite sizes:

1-2 nm formed by laser ablation of gallium metal in nitrogen atmosphere).65 This

suggests numerous electron traps, probably resulting from surface defects within

Fischer's nanoparticles.

Figure 14. (3-dimethylaminopropyl)gallium diazide. A precursor for the low
28

temperature synthesis of colloidal gallium nitride nanoparticles.

Although there are examples of low temperature synthesis of gallium nitride

quantum dots there are no examples of colloidal synthesis for indium nitride

quantum dots at present. However, the synthesis of crystalline indium nitride

quantum wires, at low temperature has been reported.66 This was achieved by the

catalytic reduction of diisopropylindium azide (or di-tert-butylindium azide) in

refluxing diisopropyl benzene (203 °C) with A,A-dimethylhydrazine and this

generated nano-wires with a length of around 20 nm.
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The lack of good solution precursor methods for the low temperature generation

of indium nitride is reflected in the paucity of literature in this field. Although

there are many synthesis methods in existence for Ill-nitride compounds, the

synthesis of indium nitride is complicated by its relatively low decomposition

temDerature (-427-500 °C)67, 68' 69 and other peculiarities for indium chemistry.

Despite these problems it is still useful to look at the other related nitrides

(aluminium nitride and gallium nitride) to review the precursor chemistry that is

accessible and. in some cases, analogous to that for indium nitride.

1.3 Synthetic routes for other Ill-nitride systems (aluminium nitride and
gallium nitride).

For many years the construction of a reliable, high-brightness blue light emitting

semiconductor device has been an area of intense research. The recent trend has

been the construction of single and multi quantum well (SQW and MQW)

structures from various III-V based materials, the development and advantageous

qualities of these materials will be discussed in Section 1.4. These materials are

grown using either gas phase or liquid phase epitaxial techniques and usually rely

upon Ill-nitride precursor systems, in various ratios, to generate the metal nitride

alloys that are now used in many blue emitters.

In this section methods for the production of mainly bulk materials will be

covered. It should be stated that this section is by no means exhaustive and refers

mainly to analogous methods that have been explored in this project for the low

temperature synthesis of indium nitride.
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Aluminium nitride is a direct band semiconductor with a band gap of 6.2 eV. It is

the most thermally stable of the pure Ill-nitride materials (decomposes above

1000 °C) and also benefits from probably the most well developed precursor

chemistry of aluminium nitride, gallium nitride or indium nitride. Perhaps the

simplest methods for the production of bulk phase aluminium nitride are given

below. Gallium nitride is perhaps currently the most intensively researched pure

semiconductor of the Ill-nitride family. It has a direct band gap of 3.4 eV and it

too has a high decomposition temperature (>950 °C) and this allows facile growth

via MOCVD with ammonia as a nitrogen source (which is common to all III-

nitrides). Aluminium nitride and gallium nitride have far more in common with

each other with regards their various syntheses, than either of them has with

indium nitride. This is primarily due to the rather lower decomposition

temperature of indium nitride (<500 °C), the large differences in stability and

reactivity of indium nitride precursor routes and also the similarity of aluminium

and gallium atomic radii.

A.., „ .... 1200 °CAICI3 + 4 NH3 ^ AIN + 3NH4CI

Al203 + N2 + 3C 1200 °C > 2 AIN + 3 NH4CO
OA, A, 1800°C2 Al + N2 2 AIN

1100°C .... ,. .,

AIP + NH3 AIN + 1/4P4 + 3/2H2
1500 °C

3 AI(CN)3 + C 3 AIN + AI4C3

Figure 15. High temperature routes for the generation of aluminium
nitride.'0

Various high temperature routes to aluminium nitride can be seen in Figure 15. It

is notable that aluminium will react with nitrogen at elevated temperatures, to
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give the nitride but this is complicated by the fact that the reaction occurs above

the melting point for aluminium. However, since we are concerned with only low

temperature routes for nitrides we must look at other approaches. One such

approach is the synthesis of single source precursors that generate the target

nitride via elimination of volatile silicon compounds; such as

chlorotrimethvlsilane. This general approach was used by Schleich to produce

high purity aluminium nitride at temperatures lower than 700 °C.

90 °C
HN(SiMe3)2 + AIC1

AIN + Cl2 + H2
700 °C

CI2AIN(H)(SiMe3) + Me3SiCI

200 °C

"CIAINH" + Me3SiCI

80 °C

N(SiMe3)3 + AICI3 "CI2AIN(SiMe3)2M + Me3SiCI

nanocrystalline AIN
+ 2 Me3SiCI

700 °C
NH, 170 °C

amorphous AIN
+ 2 Me3SiCI

Figure 16. Methods for the low temperature synthesis of aluminium
nitride.70' 71

The methodology shown in Figure 16 has been successfully employed in the
70 72 73 74 • 75

synthesis of aluminium nitride, gallium phosphide, ' ' gallium arsenide,

indium phosphide,76' 77 indium arsenide77 but not gallium nitride or indium

nitride. However, no fully characterised intermediates of the type X2ME(SiMe3)2

have been isolated for the aluminium nitride system outlined in Figure 16.

27



P.S. Schofield The Synthesis of Indium Nitride Quantum Dots

Metal hydrides are also a possible route for low temperature access to metal

nitrides. Ill-hydride systems become more thermally frail further down the group

and. in the case of indium, only a very small number of compounds have ever

been isolated that contain an metal-hvdrogen bond. Presently there are no

monomeric hydride precursors for indium nitride.78 Hydride compounds that have
7Q

been shown to generate Ill-nitrides are polyimidoalane (HA1NH)„ and

polyimidogallane (HGaNH)„ and the analogous indium compound,

polyimidoindane, has undergone investigation as part of this study. A more

detailed discussion upon the use and synthesis of metal hydrides, with reference

to both aluminium and gallium hydrides will be given in Chapter 3, Section 3.1.

However, a brief outline of the type of chemistry associated with these species is

given below.

ECO
LiAIH4 + NH4X

-78 °C
(HAINH)„ + 3 H2 + LiX

950 °C

AIN + H,

Me3NGaH3 + xs NH3 -50 °C EtzO slow
decompostion

(H2GaNH2)3 (HGaNH)„ + H2

3 LiGaH4 + 3NH4X Et20 0 °C pyrolysis above
180 °C

GaN + hydrogen

Figure 17. Outline of the synthesis of Ill-nitrides from metal hydride
57-62, 79, 80

species.
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The development of precursor systems for semiconductors is often led by the

desire to create useful methods for the deposition of the desired material by

MOCVD. Ill-nitride materials are no exception to this rule. The two main

epitaxial routes to III-V materials can utilise either the dual source approach,

often with a metal alkvl compound as the source of the metal and ammonia or

another amine as the nitrogen source. The alternative strategy is to use single

source precursors such as metal azides, which can deposit semiconductor grade

material without the aid of any additional nitrogen source. Although both routes

have their advantages and disadvantages, both are being used, or developed, for

the formation of Ill-nitride structures. Since these precursors are good sources of

Ill-nitride materials in MOCVD. it would also be logical to suppose that these

routes could be used for the solution deposition of Ill-nitrides and this has been

briefly touched upon in Section 1.2. A more through discussion of these routes

(metal alkyl / amine systems and metal azides) will be given in Chapters 4 and 5

respectively.

1.4 Development of III-V Semiconductor Systems for Blue Light Emission.

The efficiency of a standard white light is almost halved when a colour filter is

used in order to generate coloured light. It is desirable to be able to produce low

energy coloured light and this can be achieved using LEDs. Since blue is a

primary colour, along with red and green, blue emission is required in order to

produce white light emission. If high brightness LEDs of all colours were

available it would be possible to manufacture low energy white light sources and

also large scale full colour display panels.
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Nishizawa et al. successfully produced the first high brightness red LED in the

early 1980's using liquid phase epitaxially grown aluminium gallium arsenide.81

These LEDs quickly found use as replacements for red lights and neon tubes. The

subseauent development of green LEDs using gallium phosphide gave the

oossibility of dual colour displays. However, full colour displays could not be

commercially developed due to the poor luminescence intensity of blue silicon

carbide LEDs that were available at that time. (The poor luminescence intensity

of these LEDs was partially due to the indirect band gap of silicon carbide and

therefore a rapid improvement in brightness was not easily attainable using

silicon carbide).82

One of the largest driving forces behind the development of short wavelength

emitters, especially laser diodes, has been improved storage capacity on laser-

read media. Compact disc players currently use 780 nm near-IR lasers to read

data but using a blue laser would decrease the spot size on the disc by

approximately four times. This would allow a four-fold increase in the amount of

information to be stored on a disc. This technology is now used in digital versatile

disc (DVD) media.

The announcement of the first high-brightness blue LED was made in 1993 by

Nakamura et al.. this was unexpected for several reasons, not least ofwhich was

the unusual choice of material; indium gallium nitride.83 Before the successful

development of indium gallium nitride blue-emitting devices many multinational

companies and universities had research programmes into alternative blue

emission technology. However, nearly all parties concentrated on the Il-Vl
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systems, such as manganese selenide, manganese sulfide and zinc selenide. 3M,

SONY. Philips and others constructed functioning devices using this approach

but they were blighted by severe stability problems (due to rapid propagation of

defects) and even now no commercially viable blue emitters using II-VI

technology have emerged. The extremely unusual thing about the success of III-

nitride based systems and their long lifetimes is that the concentration of defects

is considerably higher than that observed in any of the unsuccessful II-VI

systems. The exact mode of operation of these devices is still not entirely

understood. It should also be mentioned that IH-nitride materials have the

advantage of being non-toxic, environmentally friendly materials, in contrast to

many alternative semiconductor systems.

Figure 18. Indium gallium nitride LEDs. Efficient technology for blue light
emission.

Nakamura et al. used indium gallium nitride as the emissive layer in their devices,

it has a direct band gap, giving the possibility of efficient, intense light emission.

The band gap of this alloy can vary between 2.0 eV and 3.4 eV depending upon the

indium mole fraction and it appears that areas of selectively high indium mole

fraction may provide the mechanism by which blue light is produced. The alloy

system indium gallium nitride has been found to be rather less than homogeneous.

Using TEM Nakamura et al. discovered a periodic indium concentration

fluctuation in indium gallium nitride layers and it was thought that this feature was

probably caused by phase separation during growth.84 It might be that the indium

rich areas constitute quantum dot-like systems, which are composed of indium-rich
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indium gallium nitride. The quantum dots, such as they are, appeared to be around

35 A in diameter but since this was essentially an accidental phenomenon, size

control was not possible. This type of observation is not unique to Ill-nitride

systems and has also been noted for gallium arsenide and the formation of these

quantum dot-like features may have been caused by a Stranski-Krastanow type

phase transition arising from the lattice mismatch between indium gallium nitride

and the growth substrate, in the case of Nakamura's work; gallium nitride single

crystal.

Measurements on the operation of indium gallium nitride laser diodes have

increased speculation over the role of quantum dots in the emission from Ill-nitride

systems. Emission from an indium gallium nitride laser diode at 390-440 nm

showed periodic sub-band emissions separated by 2 meV. These sub-band

emissions are thought to result from transitions between the energy levels in

quantum dots within the alloy structure. It is perhaps quite humorous to note that

the first zero dimensional quantum dot laser may have been produced accidentally!

The formation of monodisperse indium nitride quantum dots could provide an

interesting and valuable insight into the mode of operation of IH-nitride LEDs.

Indium nitride quantum dot films could also be used to produce novel, efficient and

environmentally friendly devices, where the wavelength of emission could be

altered through quantum dot size attenuation. All this could be possible without

having to resort to the capital-intensive epitaxial growth techniques that are

currently used.
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1.5 Band Gap Measurement of Indium Nitride.

The magnitude of the band gap of indium nitride is highly significant since this

effectively dictates the type of application that indium nitride quantum dots could

be used for. Recent exneriments have shown that the band gap of indium nitride is

significantly smaller than was previously thought. The band gap of indium nitride

was initially thought to be 1.7 eV for wurtzite (hexagonal) phase indium nitride85

and 1.9 eV for the zinc blende (cubic) phase indium nitride. 6

However, the older band gap measurements were performed on polycrystalline

material grown by sputtering techniques or MOCVD. It was difficult to grow

indium nitride without structural defects due to a large lattice / substrate

mismatches. However. Lu et al. discovered that very high quality indium nitride

could be grown by MBE using an aluminium nitride buffer layer on a sapphire
07

substrate. Experiments on these high-quality, buffered materials indicated a band

gap of approximately 0.7 eV for wurtzite indium nitride although no similar

recalculation was made for the cubic phase.88'89'90

If the band gap of indium nitride is ~1.9 eV then it would be possible to access all

wavelengths in the visible spectrum through quantum size effects in quantum dots.

Alternatively, if the band gap of indium nitride was -0.7 eV the shorter wavelength

section of the visible spectrum may be difficult to access through quantum size

effects but the possibility of tuneable infra red emission might be possible. Clearly,

the actual position of the band gap could have dramatic effects on the optical

properties of indium nitride quantum dots. Also, the synthesis of indium nitride
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quantum dots could generate another useful piece of evidence about the true

magnitude of the band gap in indium nitride.
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Chapter 2

Indium Siiyi Amines.

2.1 Introduction.

In Chapter 1, Section 1.3 the concept oflow temperature precursors that eliminate

volatile silicon compounds was introduced. This type ofapproach has been referred

to as 'silyl methodology'76 and the same label will be used in this chapter. The

general reaction scheme for the silyl route is given in Figure 19.

2 MX3 + 2 Me3Slv-^SlMe3 ^ [X2ME(SiMe3)2]2 »- 2 ME + 4 Me3SiX
SiMe3 + 2 Me3SiX

Figure 19. General reaction scheme for the generation of semiconductors via
the silyl method.
This route has been utilized for the synthesis of aluminium nitride,'0 gallium

phosphide,91' 92' 93 gallium arsenide,94 indium phosphide,95' 96 indium arsenide77

but not gallium or indium nitride. However, no fully characterised intermediates

of the type X2ME(SiMe3)2 were isolated for the aluminium nitride system

outlined in Figure 16. The purpose of the work in this chapter was to determine if

it was possible to successfully apply the silyl method to the synthesis of indium

nitride.

2.2 Discussion.

As mentioned in the introduction to this chapter, the purpose of this work was to

determine if a silyl route could be adopted to generate indium nitride at

comparatively low temperatures. It was initially thought that such a route, if it

were possible, would be well suited to the synthesis of indium nitride quantum

dots. One could envisage a route where a single source precursor could be
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injected into a hot solution of coordinating polymer. This would result in the

thermolysis of the precursor followed by discrete nucleation of indium nitride and

subsequent capping by coordinating pendant functionalities on the polymer. This

could then be Drocessed as an indium nitride quantum dot / polymer composite.

The target single source precursor molecule for the silyl route would be of

empirical formula X2lnN(SiMe3)2 (X= CI, Br or I), although it is likely that this

would be dimeric (Figure 20), which is usually the case for other compounds of

this type.97

CIN ^Cl
S'Me3\ X .S'Me3

N ,Nn
SiMe3 /In XSiMe3

CI sci

Figure 20. Possible dimeric structure for dichloroindium

bis(trimethylsilyl)amide.

Initially it was thought that the easiest way to make molecules of this type would

be to react lithium bis(trimethylsilyl)amide with indium (III) chloride in a 1:1

ratio. These experiments are described in Sections 2.4.2 and 2.4.3. Despite many

attempts at this reaction, the only product that was ever isolated was

tris(bis[trimethylsilyl]amido)indium.98 The crystal structure and additional

refinement data can be seen in Figure 21 and Table 2.
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Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

psdch2

C18H54 In N3 Si6

596.00

293(2) K

0.71073 A

Trigonal

P-31c

a =16.32(9) A a= 90°.

b = 16.32(9) A (3= 90°.
c = 8.57(7) A y = 120°.

1976(21) A3
2

1.002 Mg/m3
0.788 mm"1

632

.17 x .1 x .1 mm3

1.44 to 23.26°.

-18<=h<= 17, -11<=k<= 18, -9<=1<=9

8017

958 [R(int)= 1.5961]

100.0%

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.26°

Absorption correction

Max. and min. transmission - and -

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 958/0/23

Goodness-of-fit on F2 0.901

Final R indices [I>2sigma(I)] R1 = 0.1383, wR2 = 0.3059
R indices (all data) R1 = 0.4098, wR2 = 0.4618

Largest diff. peak and hole 2.645 and -0.786 e.A"3
Table 2. Crystal data and structure refinement for

tris(bis[trimethylsilyl]amido)indium. (Additional crystal structure data,

including bond lengths and angles, are listed in Appendix II.)

Tris(bis[trimethylsilyl]amido)indiurn was first described and characterised by

Burger et al.9S From the structure it can be seen that the indium atom is centred in

a trigonal planar arrangement, with the indium atom bonded to three

bis(trimethylsilyl)amido groups. The result of these syntheses can be easily
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explained by the insolubility of indium (III) chloride in petrol. Since indium (III)

chloride is insoluble in petrol there is always an effective excess of lithium

bisftrimethylsilyl)amide within the system, no matter how slowly it is added to

indium till) chloride. Therefore, any indium (III) chloride that does react with the

organolithium reagent will be tri-substituted, due to the effective excess, giving

tris(bis[trimethylsilyl]amido)indium, lithium chloride and unreacted indium (III)

chloride.

One possible solution to the problem presented above would be to find a solvent

in which both indium (III) chloride and lithium bis(trimethylsilyl)amide would

dissolve. One such solvent is THF. However, this appears to generate its own

problems, probably resulting from THF coordination to indium and lithium

centres in any product, which would be formed. The product that resulted from

this reaction was difficult to purify without decomposition and, therefore,

characterisation was inconclusive. However, there are examples of this type of

reaction in the literature where products have been isolated and characterised.

For example, Prust et al. characterised a species, by single crystal XRD, with a

bridging chlorine atom and a coordinated lithium / THF moiety." This was

synthesised by a route similar to the reaction between lithium

bis(trimethylsilyl)amide and indium (III) chloride (Figure 22).
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THF

0°C

C,\

CI

Figure 22. Scheme showing reaction between indium (III) chloride and N-

trimethylsilyl-2,6-diisopropylamidolithium in THF (Prust et al.)99
The result obtained by Prust et al. is reinforced by earlier experiments, by Atwood

et al., where tris(trimethylsilyl)methyllithium was reacted with indium (III)

chloride in THF to give p-chloro-1,1 -dichloro-2,2,2-tris(THF)-1 -

(tris(trimethylsilyl)methyl]indiumlithium.100

Figure 23. Scheme showing reaction between indium (ni) chloride and

tris(trimethylsilyl)methyllithium in THF (Atwood et a/.)100
The reaction shown in Figure 23 generated a crude product, described as a

viscous, pale yellow oil but after treatment with pentane a solid product was

isolated. It is possible that a similar result could be envisaged in the reaction

between indium (III) chloride and lithium bis(trimethylsilyl)amide. Unfortunately,

all attempts to isolate a crystalline sample ofany product from the reaction failed.

No further investigations were carried out into this reaction because it seemed

unlikely that it would lead to a viable route for the clean, low temperature

synthesis of indium nitride. However, from the evidence above, it might be

reasonable to assign a possible identity to the viscous, yellow oil product of this

reaction (Figure 24).

SiMe.
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Me„Six
tnCI3 + ' N—Li

Me3Si

THF
- (THF)3Li-Cl^ln_N/

\

CI SiMe,
\ / 3

0°C Cf SiMe3
\

Figure 24. Scheme showing possible reaction between indium (III) chloride
and lithium bis(trimethylsilyl)amide in THF.

The use of a different solvent, in this case THF, generated alternative problems in

the isolation of a dimeric silyl precursor. The other solution to the problem would

be to revert to a non-coordinating solvent and to use an alternative indium halide,

which was soluble in non-coordinating solvents.

One such combination was toluene and indium (III) iodide. This reaction is

described in Section 2.4.5. Indium (III) iodide was soluble in toluene above 35 °C

and it was thought that the slow addition of lithium bis(trimethylsilyl)amide could

generate diiodoindium bis(trimethylsilyl)amide and lithium iodide. However, the

only isolable product from this reaction appeared to be the unusual Li+[InI4]"

system. Crystals from this reaction were examined by single crystal XRD.

Unfortunately, these crystals were very sensitive and sample decomposition

curtailed data collection. However, enough data was collected that a unit cell,

similar to one reported by Burnus et al. for K+[InI4]\ was elucidated.101 Therefore

it appeared to be possible that the crystals were Li+[InI4]~, although no further

analysis was possible to confirm this.

This observation could be the result of a reaction between lithium iodide (since

lithium iodide is partially soluble in toluene) and indium (III) iodide. If lithium

iodide is present there must have been an initial reaction between indium (III)

iodide and lithium bis(trimethylsilyl)amide. However, even if diiodoindium
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bisftrimethylsilyl)amide was produced, it is likely that it would undergo further

rearrangement. The most likely rearrangement would probably be a methyl

migration from a trimethylsilyl group to the indium centre.

Methyl migration has been shown to be an interesting and important feature in the

development of indium and gallium silyl precursor systems. For example, Veith

et al. observed methyl migration in the reaction between indium (III) chloride and

lithium bis(trimethylsilyl)amide.102 This reaction had a 1:2 ratio of indium source

and organolithium reagent respectively and was carried out by heating under

reflux in toluene (Figure 25).

Me3Six Toluene C\ /.SiMe3
lnCI3 + 2 N Li /ln-Ns + "Other by-products"

Me3Si 110 °C, 24 hours Me SiMe3
Yield -65 %

Figure 25. Reaction between indium (III) chloride and lithium

bis(trimethylsilyl)amine in toluene at 110 °C (Veith et aL)m
The methyl migration was detected by the observation of two 'H NMR signals,

with a ratio of 1:6, although no crystal structure was obtained. Also, it should be

noted that this paper seems to suggest that the isolated product is monomeric; this

is ofparticular significance and will be discussed later.

Isolation of dichlorogallium bis(trimethylsilyl)amide has been reported as a

stabilised THF adduct and it was generated in situ as a reagent for further

reactions.103 A study by Gladfelter et al. has shown that in the 1:1 reaction of

gallium (III) chloride and lithium bis(trimethylsilyl)amide a small amount of

(Me3SiNSiMe2)2,104' 105' 106' 107, 108 lithium chloride and other uncharacterised

products are synthesised.109 In this particular study Gladfelter suggests that

methyl transfer occurs because of a vacant coordination site on gallium, which
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allows the creation of a four membered ring (Ga-N-Si-Me) intermediate.

Although a definitive reaction scheme is not presented in this paper, a probable

scheme, combined with the assumption that chloromethylgallium

bisttrimethylsilyl)amide is produced in this reaction, is shown in Figure 26.

GaCL +
Me,Six

Me3Si
N—Li

Benzene 25 °C

CI

CI

SiMe,
Ga-N + LiCI

SiMe,

Methyl Transfer onto vacant Ga
coordination site

Me

Me—Si'Me
PI'# ' 'C,";Ga-NN
CI SiMe,

Me3Six
N—Li

Me, .SiMe3 Me3Si
./

.Ga-N
CI
/

SiMe,

Me^ .CI SiMe2
Ga I
I
CI SiMe

+ LiCI

Rapid
3 dimerisation or

polymerisation

Me, Me
y

Me3Si—n' XN-SiMe3
Me Me

Plus additional products
from other reactions

involving
Me3SiNSiMe2

Figure 26. A proposed scheme for the observed reaction between gallium

(III) chloride and lithium bis(trimethylsilyl)amide.
Four membered intermediates of the type shown in Figure 26 are also observed in

the high temperature reaction between gallium (III) chloride and

tetramethylsilane.110 Also the Me3SiNSiMe2 fragment has been previously

postulated as an intermediate in the formation of (SiMe3NSiMe2)2. 107, 108 The

extremely reactive nature of this fragment probably gives some explanation as to

the difficulty in characterising any other products, due to the formation of N-Si

polymeric materials and also reactions involving other species present in the

system.111 The reaction scheme proposed in Figure 26 would probably be equally
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valid for indium and (SiMe3NSiMe2)2 could possibly have been a product of the

reaction between indium (III) chloride and lithium bis(trimethylsilyl)amide but

was not isolated, due to the difficulties outlined previously.

Gladfelter et al. have shown that using a Lewis base, such as trimethylamine or

quinuclidine, to block the vacant coordination site on gallium, can inhibit methyl

transfer and give the desired dichlorogallium bis(trimethylsilyl)amide, albeit

adducted with the Lewis base. It has also been shown that the stronger the Lewis

base, the higher the temperature needed to initiate a methyl transfer onto the

gallium centre. This would suggest that displacement of the Lewis base is

required to open a vacant site on gallium and this is instrumental in the methyl

transfers seen in these types of systems.

Figure 27. Quinuclidine and trimethylamine adducts of dichlorogallium

bis(trimethylsilyl)amide (Gladfelter et al.)109

Pyrolysis experiments performed on the species in Figure 27 generated

dichloromethylgallium-quinuclidine and dichloromethylgallium-trimethylamine

respectively.

The apparent lack of stability for fragments of type Cl2MN(SiMe3)2 (M= Ga or

In) could be attributable to the lack of dimerisation in these systems. The lack of

dimerisation could either be due to a steric effect, an electronic effect or a

NMe,
I 3
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combination of both. In gallium chemistry both [Cl2GaN(H)SiMe3]2 and

[Cl2GaN(Me)SiMe3]2 are stable at room temperature and a partial elimination of

chlorotrimethvlsilane rather than a methyl migration occurred for

[Cl2GaN(H)SiMe3]2 at elevated temperatures.112 Gladfelter proposed that the

reason for this stability is due to the smaller size of the HNSiMe? and

N(Me)SiMe3 ligands relative to N(SiMe3)2.109 The bonding in the dimeric

structure would involve a nitrogen lone pair blocking the vacant site on an

adjacent gallium atom thus preventing methyl transfer.

However, an additional reason could be due to the prc-dir delocalisation observed

in N-Si bonds. It would appear that chloromethylindium bis(trimethylsilyl)amide

is monomeric102 and the crystal structure of the quinuclidine adduct of

dichlorogallium bis(trimethylsilyl)amide shows that the nitrogen displays a planar

geometry; suggesting a delocalised nitrogen lone pair.109 di-?er/-butylindium

bis(trimethylsilyl)amide and di-/.vo-propyI indium bis(trimethylsilyl)amide are

also monomeric, although steric factors probably play a very large part in these

cases.113 However, [Me2lnN(SiMe3)2]2 is stated as being dimeric and a crystal

structure was obtained for this, although an accurate mass is only supplied for the

monomeric species and the dimeric species is stated as being very unstable.97

This last example could also be attributable to steric factors or the electronic

factors previously mentioned. All of these observations have significant

consequences for the accessibility of a precursor such as dichloroindium

bis(trimethylsilyl)amine or dibromo- or diiodo- precursors of this type.
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Fischer et al. have had success in the low temperature synthesis of bulk-phase

indium nitride by using tris(trimethylstannyl)amine in a reaction with indium (III)

chloride (Figure 28).114 It appears that replacing silicon with tin prevents methyl

transfer on to the indium centre. This could by due to the inhibition of partial

charge transfer onto the methyl groups by removing the pn-dn delocalisation seen

in tris(trimethylsilyl)amine.

Me3SrK ^SnMe3 Diethyl ether
lnCI3 + N

I
SnMe, 25 °C

Cl^ SnMe3
C|i"-|n-N—SnMe3
CI SnMe, ~

350 °C

InN + 3 Me3SnCI
(InN is contaminated
with residual tin)

Figure 28. Reaction between indium (III) chloride and

tris(trimethylstannyl)amine (Fischer et aL)lu

Perhaps the most successful route to silyl-type precursors is achieved by using

tris(trimethylsilyl)amine in a reaction with a suitable metal halide and the

subsequent elimination of one equivalent of a halo-trimethylsilane. Some of these

reactions are listed in Table 3.
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Reaction,re"
i

Identity ofPrecursor Produced Conditions

GaCl3 + P(SiMe3)3 u [Cl2GaP(SiMe3)2]2 Toluene, Ultrasound bath at
room temperature, 15 hours

GaBr3 + P(SiMe3)3 " [Br2GaP(SiMe3)2]2 Toluene, Ultrasound bath at
room temperature, 14 hours

Gal3 + P(SiMe3)3 73 [I2GaP(SiMe3)2]2 Toluene, Ultrasound bath at
room temperature, 14 hours

InCl3 + P(SiMe3)3 76 [Cl2InP(SiMe3)2]„ Toluene, addition of 5 %
excess ofP(SiMe3)3 to a
suspension of InCl3 at

- 78 °C.
A1C13 + N(SiMe3)3 ,0 No precursor isolated 3:1 reaction ofN(SiMe3)3 and

A1C13 in the absence of a
solvent at a minimum

temperature of 450 °C

Table 3. Review of synthetic routes for the generation of silyl-type

precursors.

The reactions between indium (III) chloride, bromide and iodide and

tris(trimethylsilyl)amine were investigated, the exact procedures for these

reactions can be found in Sections 2.4.6 onwards. The initial reaction involved

heating indium (III) chloride and tris(trimethylsilyl)amine without a solvent.

GCMS analysis demonstrated that chlorotrimethylsilane was produced but the

reaction does not seem to achieve complete conversion to indium nitride. Also it

was not possible to isolate the desired precursor on any occasion that a 'partial

reaction' was attempted. (N.B. some reactions were attempted in which just one

equivalent of chlorotrimethylsilane was to be eliminated but on no occasion was

an integer number of equivalents of chlorotrimethylsilane ever isolated in any

experiment.) Precursors for gallium phosphide etc. (Table 3) are quite easily

isolable, are relatively easy to characterise and are soluble in non-coordinating

solvents. Any candidates for a possible precursor phase from indium (III) chloride

and tris(trimethylsilyl)amine were not soluble in anything except coordinating

solvents and the materials were sticky and hard to manipulate. Rather than a

single product, the materials looked like a mixture of unreacted starting materials
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and partially reacted polymeric product. This physical difficulty made the

investigation of the composition of products from this reaction very difficult.

The first reaction of this type was carried out in a Fisher-Porter pressure bottle,

after 24 hours of heating at 180 °C a brown / black solid was produced. Although

the product could not be physically extracted from the vessel it was found to be

luminescent under UV excitation (Figure 29).

0.6 t

Wavelength (nm)

Figure 29. Photoluminescence spectrum of solid product from the reaction
between indium (III) chloride and tris(trimethylsilyl)amine.

However, it should be noted that this not conclusive proof of the presence of

luminescence arising from indium nitride quantum dots, instead it could be

luminescence originating from unsaturated organic compounds produced during

the thermolysis stage, or the luminescence could be generated from an

unidentified coordination species between indium and unknown organic species.

However, since a brown / black product had been isolated with the elimination of

chlorotrimethylsilane it was decided that further investigation was justified. In
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order to facilitate any further investigations a solvent system was chosen that

would dissolve indium (III) chloride and have a sufficiently high boiling point to

enable the reaction to take place. The solvent chosen for this purpose was

diethvlene glycol dimethyl ether (diglyme). The main purpose of this step was to

enable easy isolation and characterisation of any solid products formed; indium

nitride would be insoluble in diglyme. The general procedure for this reaction can

be found in Section 2.4.7. This reaction also produced a quantity of

chlorotrimethylsilane and a fine black precipitate. Quantitative investigations into

the amount of chlorotrimethylsilane eliminated in the reactions were inconclusive

since a proportion of this by-product always appeared to have hydrolysed to

hexamethyldisiloxane during the reaction. Investigations into this particular

reaction were divided into two areas. The first area was analysis of the liquid

phase of the reaction, which was clear brown in appearance. The second area was

analysis of the black precipitate that was produced, which could contain indium

nitride.

The first thing that was noted about the brown, liquid phase of the reaction was

that it was luminescent under UV excitation. As a further experiment size

selective precipitation49 was attempted to see if the emission characteristics were

altered in any way.
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Red line: Emission before size selective precipitation
Blue line: Emission after first size selective precipitation

Figure 30. Photoluminescence spectrum of the liquid phase from the reaction
between indium (III) chloride and tris(trimethylsilyl)amine in diglyme;

showing the effect of size selective precipitation on luminescence.

Figure 30 shows that there was an apparent change in the wavelength of the

emission. However, it is likely that this emission does not emanate from indium

nitride quantum dots but possibly from an indium coordination species. This

species is likely to be the InCh.diglyme coordination species (Figure 34) as

similar UV luminescence is observed after heating indium (III) chloride dissolved

in diglyme. The apparent shift in the emission peak cannot be definitely assigned

to a narrowing of size distribution in a population of quantum dots; the emission

has not really moved a great deal and there is no dramatic sharpening of the

spectrum. It could be that more than one type of coordination species is

responsible for the emission and the addition of diethyl ether selectively

precipitates one of the species to a greater extent, giving the impression of a blue-

shifted emission. Addition of a large excess of diethyl ether could remove both

soluble species thus removing emission completely. Blue emission from systems

such as this one has been assigned to In3+ species in the past and this has made
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investigation of the intrinsic photoluminescence properties of quantum dots in

such systems impossible.115 Also if the band gap of indium nitride is assumed to

be -0.7 eV then an emission at 460 - 470 nm might be difficult to achieve through

quantum size effects in indium nitride.

The liquid phase does contain small particles, which can be seen by TEM. If the

liquid phase was treated with sufficient diethyl ether, complete precipitation of

the sample occurred and it was no longer luminescent. However, re-suspending

the precipitate, by using an ultrasound bath, could restore luminescence. There

are no visible lattice fringes, suggesting that the small particles are amorphous.

The amorphous nature of the particles is not surprising due to the comparatively

low temperature at which they were synthesised. The particles were examined by

EDX and they were found to contain indium and significant chlorine

contamination (Figure 31).
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Figure 31. EDX spectrum of clustered particles in liquid phase of reaction
between indium (III) chloride and tris(trimethylsilyl)amine.

N.B. Since EDX is an area specific technique the spectra shown are representative

of the general elemental content at several places in the sample.

Nitrogen cannot easily be quantified in the presence of carbon by EDX due to the

proximity of the nitrogen K-a peak to the carbon K-a peak. Special conditions

can be used to show that nitrogen is present using EDX but quantitative

measurement of nitrogen is still impossible. A further discussion about nitrogen

detection by EDX can be seen in Chapter 5, Section 5.2. The low sensitivity of

nitrogen detection was confirmed by using a commercial sample of indium

nitride; the results can be seen in Figure 32.
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Figure 32. EDX spectrum of commercial indium nitride.

In order to demonstrate that the small particles in the liquid phase had the same

composition as the black precipitate a small sample of this was suspended in THF

and analysed by EDX. The results showed that the black precipitate had the same

composition as the small particles, including the significant chlorine

contamination. Washing the black precipitate thoroughly with THF could reduce

this contamination and this was also demonstrated by EDX analysis (Figure 33).
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Figure 33. EDX spectrum of washed black precipitate from the reaction
between indium (III) chloride and tris(trimethylsilyl)amine.

However, washing could not completely remove the contamination, this might

suggest that more than one source of chlorine is present in the sample; at least one

of these must be soluble in THF. It is likely that the source of the soluble chlorine

contamination is the InCh.diglyme coordination species. However, at the time of

these EDX experiments InCh.diglyme had not been identified as a component of

the reaction system. Once it was discovered that thorough washing with THF

could enhance sample purity all subsequent analysis was conducted using washed

samples. Crystals of InCh.diglyme were isolated and analysed by single crystal

XRD and the structures and additional crystal data can be seen in Figure 34 and

Table 4.
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Figure 34. Structures of InCb.diglyme, as determined by single crystal XRD.

55



ITS. Schofield T he Synthesis of Indium Nitride Quantum Dots

Identification code

Empirical formula
Formula weight

Temperature

Wavelength

Crystal system

Space group
Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.24c

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Extinction coefficient

psdch1
C6H14C13 In 03

355.34

293(2) K

0.71073 A

Orthorhombic

Pna2( 1)

a = 29.2156(8) A a= 90°.

b= 11.54410(10) A (3=90°.
c = 7.2542(2) A y = 90°.

2446.61(10) A3
8

1.929 Mg/m3
2.563 mm"1

1392

.22 x .1 x .1 mm3

1.39 to 23.24°.

-28<=h<=32, -12<=k<=12, -7<=1<=8

10236

3408 [R(int) = 0.0272]

98.6 %

Multiscan

1.00000 and 0.377714

Full-matrix least-squares on F2
3408/ 1 /236

1.041

R1 =0.0213, wR2 = 0.0481

R1 = 0.0230, wR2 = 0.0486

0.00

0.00244(15)

Largest diff. peak and hole 0.529 and -0.307 e.A"3
Table 4. Crystal data and structure refinement for InCh.digIyme.

(Additional crystal structure data, including bond lengths and angles, are
iisted in Appendix II.)

In order to show that nitrogen was present in the black precipitate, samples were

submitted for microanalysis (carbon, hydrogen and nitrogen composition) and
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XPS. The microanalysis results showed that the black precipitate contained

significant carbon and hydrogen contamination but importantly nitrogen was

detected in the sample (Table 5).

Identity C content (wt %) H content (wt %) N content (wt %)
Theoretical Values 0 0 10.78
for indium nitride
Commercial indium 0.13 <0.1 10.78
nitride (Alfa Aesar
indium nitride

99.8 %)
'Black precipitate' 9.64 2.38 4.67

Table 5. C, H, N microanalysis data for commercially available indium
nitride and 'black precipitate.'

The percentage of nitrogen in the sample was reduced, relative to the theoretical

values and those of a commercial sample of indium nitride but this can be easily

explained by the presence of non-nitrogen containing impurities in the sample.

XPS gave detailed information on all elements present in the sample (Table 6).
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Sample Element and signal Peak Value (eV) Comments

assignment (figure in (including correction
brackets shows for sample charging)

relative abundance in

sample)
Reaction product 1st In 3d V2 (12.6 %) 445.7 Two In environments

(black precipitate)
2nd In 3d 5/2 (0.9 %)

observed.
443.7

1st N Is (5 %) 399.6 Three N environments

2nd N Is (0.2 %)
observed.

402.7

3rd N Is (0.17%) 401.1

1st O Is (5.9%) 532.6 Two O environments
observed.

2nd O Is (3.1 %) 530.7

1st C Is (15%) 284.6 Three C environments

2nd C Is (13.1 %)
observed.

285.9

3rd C Is (2.8 %) 283.1

1st CI 2p 3/2 (27.2 %) 198.9 Two CI environments

2nd CI 2p 3/2 (10.8 %)
observed.

200.7

Si 2p 3/2 (3.2 %) 102.8 One Si environment
observed.

Commercial indium In 3d V2 (44.7 %) 444.3 Only one In
nitride environment observed.

(Alfa Aesar indium 1stN Is(16.1 %) 396.3 Two nitrogen
nitride. Purity 99.8%)

2ndN Is(2.9%)
environments

397.8 observed.

O Is (17%) 531.7 One O environment
observed.

1st C Is (16.6%) 285.0 Two C environments

2nd C Is (2.3 %)
observed.

288.6

Table 6. XPS Data for 'black precipitate' and commercially available indium
nitride. (All photoelectron energies are corrected for any charging of the

sample. Also the intensities were corrected using XPS cross-section factors to

give more accurate elemental percentages)

Quantitative data from XPS should be treated with caution, since charging of the

samples may have affected this data. However, the elemental detection and

general proportions of elements relative to one another should be correct. The first

thine about the composition of the black precipitate is that there is significant
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contamination from oxygen, carbon, chlorine and silicon. The oxygen

contamination could be explained by the formation of surface indium oxide on

any indium nitride present, oxidation products of any air-sensitive materials

present in the black precipitate or residual diglyme and THF. Carbon could be

nresent as residual trimethylsilyl groups or residual diglyme and THF. Chlorine

could be present as unreacted In-Cl bonds in the sample; it is unlikely that the

chlorine is present as residual chlorotrimethylsilane. Silicon contamination is

significant as this could be unreacted tris(trimethylsilyl)amine, which would

probably have oxidised during sample preparation for XPS, or

hexamethyldisiloxane from oxidation of chlorotrimethylsilane. The XPS results

arising from a commercial sample of indium nitride also show that a sample

appears to be easily contaminated during the XPS analysis. The anomalous results

were proved to be the result of contamination since the microanalysis for this

sample was very close to that of theoretical values for indium nitride.

The XPS results are far from conclusive and the possibility of contamination

renders close analysis of the results superfluous. However, if contamination is

disregarded and the separation of the largest In 3d % and N Is signals measured,

values of 46.1 eV and 48 eV are obtained for black precipitate and commercial

indium nitride respectively. Literature values for XPS data of indium nitride can

be seen in Table 7.
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Value of In 3d
5/2 signal (eV)

Value ofN
Is signal
(eV)

Value of

separation
between

signals (eV)

Description of indium nitride preparation and
sample quality1"5^

443.2 395.8 47.4 Single crystal films of indium nitride were

grown on 01-AI2O3 by microwave assisted
MOVPE. All films had a thickness of between

0.2-0.3 pm..67
444.7 396.8 47.9 Polycrystalline films of indium nitride were

grown on Si (100) using AP-HCVD. InCl3 and
NH3 were used as the source materials, with N2
carrier gas. Growth of hexagonal pillars of

indium nitride with a diameter of~ 0.5 pm."6
444.4 397.0 46.4 Indium nitride thin films were grown on Si

(111) at 350-450 °C in the absence of carrier
gas by LP-CVD using [Me2In(//-N3)]2 as the
source. The films are polycrystalline and

nitrogen deficient indium nitride (In:N = 1.0 :
0.6) with high surface impurity concentrations
(C ~ 20% and O ~ 27 %.) The films were

examined by XRD and showed indium nitride
(002), (101) and (004) peaks."7

Table 7. Literature values for XPS analysis of indium nitride.

The literature values show that the signals recorded in the XPS data are perhaps in

the correct range but the variation between the black precipitate and commercial

indium nitride suggests that the black precipitate could be composed partly of

indium nitride. The poorest quality sample shown in Table 7 also contains

significant impurities and has a similar signal separation as that observed for the

black powder, although the crystallinity of the literature sample is far superior.117

It would appear that indium nitride samples of a higher compositional and

structural standard exhibit a signal separation near to 48 eV, as opposed to 46 eV

for poorer quality samples.

The black precipitate was also analysed by powder XRD and, unsurprisingly, was

found to be largely amorphous. The spectrum did exhibit a broad feature roughly

in the same position as the (100), (002) and (101) crystallographic planes for

wurtzite indium nitride (Figure 35).
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Figure 35. Powder XRD spectrum of black precipitate from reaction
between indium (III) chloride and tris(trimethylsilyi)amine. (Dark lines
indicate position and intensity of peaks recorded for wurtzite indium

nitride.)
in an effort to improve the crystallinity of the sample it was annealed for 2 hours

at 250 °C in a nitrogen atmosphere. There was a dramatic change in the

crystallinity of the sample. Reflections were present in the annealed sample that

could possibly correspond to (100), (002), (101), (102), (110) and (103)

crystallographic planes in wurtzite indium nitride. However, there appears to be

considerable distortion within the lattice, assuming that indium nitride is

responsible for the observed diffraction, and the reflection for (002) is very weak

or possibly obscured by the large (101) reflection (Figure 36).
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Figure 36. Powder XRD spectrum of black precipitate from the reaction
between indium (III) chloride and tris(trimethylsilyl)amine, after heating at
250 °C for 2 hours in a nitrogen atmosphere. (Dark lines indicate position
and intensity of peaks recorded for wurtzite indium nitride.)

Four of the reflections appear to be shifted to higher 2 0 values and this would

correspond to a wurtzite structure exhibiting a smaller lattice parameter than

indium nitride. This could be due to another wurtzite phase material being

svnthesised with a smaller lattice parameter. The shift could also be due to

distortion within domains of indium nitride in the sample. The cause of this

distortion is unlikely to be the result of small particle size, since the nanoparticles

presented in Chapter 5 show little crystalline distortion.

The XPS and XRD evidence could be interpreted in a way that suggests the black

precipitate is a very poor quality sample of indium nitride. The sample exhibits

significant impurities, which cannot be removed by treatment with THF. The XPS

evidence would perhaps suggest that there are domains within the sample with

unreacted In-Cl bonds, possibly unreacted trimethylsilyl groups etc. The XRD

possibly suggests other domains within the sample where the reaction between In-
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CI and N-SiMe? groups has proceeded to a greater extent, giving small areas of

In-N composition with a distorted or amorphous arrangement.

One point that must be addressed again is the methyl transfer effect. The choice

of solvent in the reaction between indium chloride and trisftrimethylsilyl)amine

may be an important factor in preventing methyl transfer in this system.

Preventing methyl transfer would be necessary if indium nitride were to be

produced by this method. It has been shown that Lewis bases can inhibit methyl

transfer by blocking vacant coordination sites in gallium.109 Since indium is a

larger atom than gallium, it possesses a greater number of coordination sites;

these would have to be blocked to prevent methyl transfer. However, it has been

shown that diglyme is good tridentate ligand (Figure 34). The Lewis bases used

by Gladfelter et al. to stabilise the dichlorogallium bis(trimethylsilyl)amido

species were displaced at high temperatures, allowing methyl transfer to occur.109

However, since diglyme is tridentate it might exhibit a chelate stabilisation effect,

which could enable the ligand to remain in the otherwise vacant coordination sites

until the temperature is high enough to induce a reaction between the chloride and

trimethylsilyl groups. A scheme for this proposal is shown in Figure 37.
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Diglyme \ O /
^SiMe3InCI'3 >ln

cr i "c\
CI

70 °C
SiMe.'3

A

InN with associated
or incorporated diglyme

+ 2 Me3SiCI

A

jHn
CP A "N—SiMe.

CI I
SiMe3

+ Me3SiCI
'3

Figure 37. Lewis base behaviour of diglyme; showing its role in stabilisation
of a possible indium nitride precursor species.
The proposed diglyme stabilised dichloroindium bis(trimethylsilyl)amido species

in Figure 37 was never isolated but an attempt was made to synthesise a

diiodoindium analogue of this molecule. The procedure for this reaction can be

seen in Section 2.4.13. Unfortunately, the crystals that were produced from this

reaction could not be identified: consequently there is no experimental or

structural evidence for the existence of this type of precursor species. The

observed coordination of diglyme to indium might also suggest that diglyme

could cap any indium nitride formed and help to prevent aggregation of

nanoparticles.

In an attempt to remove the InCf.diglyme species from the system separate

reactions between indium fill) chloride, bromide and iodide with

trisftrimethylsilyl)amine were attempted in refluxing xylene. The procedures for

these reactions can be found in Sections 2.4.9. 2.4.11 and 2.4.12. By analysing

the amount of chlorotrimethylsilane (or bromo-, or iodotrimethylsilane) in the
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reaction solvent after heating, by GCMS, it was possible to say that no reaction

took place in any these cases. This is notable since there is at least one example of

a reaction between a trimethvlsilyl group and indium (III) chloride at significantly

lower temperatures (Figure 38).

^ /
Toluene C\

2 7 +2 lnCI3 )ln JnN + 2 Me3SiCI
SiMe, 110 °C, 8 hours CI N CI3 / \

Figure 38. Reaction between indium (III) chloride and diethyltrimethylsilyl
amine (Prust et al.)99
One possibility that would explain the lack of reaction between indium (III)

chloride, bromide and iodide and tris(trimethylsilyl)amine in xylene could be due

to a lack of 'pre-association' of the amine species with the indium centre.

Tris(trimethylsilyl)phosphine is known to form an adduct with indium (III)

iodide, whereby the phosphorus lone pair coordinates to the indium centre

(presumably diethyltrimethylsilyl amine would do the same given the dimeric

nature of dichloroindium diethvlaminde).77 This adduct can then undergo further

intramolecular rearrangement, eliminating iodotrimethylsilane, to generate a

dimeric species, which is a precursor for indium phosphide. The key point is that

a reaction involving tris(trimethylsilyl)amine will not have any coordinative 'pre-

association' because the nitrogen lone pair is pn-dn delocalised. Any reaction

would have to be intermolecular in nature and a higher temperature would be

needed to initiate such a reaction. It would appear that refluxing xylene is too

cold for such an initiation to occur.

The final point to note is the reproducibility issues that occurred with the diglyme

system. Several attempts were made to isolate the source of the difficulties in the
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system. New reagents were used and the solvent was thoroughly distilled for

longer than normal to ensure anhydrous conditions. Despite this the reaction did

not produce the same quality of results as those produced with the same method

for the first two years of the project. The precipitate was not completely black in

colour and the yield was always lower. Also, the initial white precipitate seen in

later experiments was never observed in any of the earlier experiments. A

possibility could be due to the dryness of the solvent. In the initial experiments

the author admits that diglyme was not thoroughly dried at all! This could have

particular significance for the system. Silyl precursor systems have been shown to

react with methanol in complicated multi-step reactions to give their final

products.118 It might be possible that a precursor for indium nitride in diglyme

could have its decomposition catalysed by the presence of small amounts of

water.

2.3 Conclusion.

The purpose of the work in this section was to synthesise indium nitride at low

temperature, possibly isolating novel silyl precursors in the process. However, no

such precursors were isolated during the study and any indium nitride that was

produced could only be speculatively assigned as such, due to the presence of

many impurities. Luminescence that was detected from these reactions almost

certainly did not emanate from indium nitride quantum dots.

It appears that the silyl chemistry, which allows comparatively easy access to

many II/VI and some III/V semiconductors, is rather different in nature for

indium nitride. Principally the difficulties outlined in Section 2.2 are the
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possibility of methyl transfer from trimethylsilyl groups, solubility issues for

indium sources and the existence of coordination species of various types. These

difficulties are compounded by the air sensitive nature of some of the products

and the inherent difficulty in actually obtaining a reliable characterisation for

indium nitride itself. Given sufficient time no doubt it would have been possible

to overcome the difficulties with this method that have been outlined previously.

2.4 Experimental.

Manipulations were generally carried out under an inert atmosphere of dried

Pureshield Argon, supplied by BOC Gases. The inert gas supply was purified and

dried using columns of Cr2+ on silica. Standard Schlenk-line, cannulae and

glovebox techniques were used throughout. Glassware was oven-dried prior to use.

All solvents, unless otherwise stated, were distilled from suitable drying agents

under an argon atmosphere prior to use. Reagents and suppliers are given in the list

below:

Indium (III) chloride: Epichem.

Indium (III) bromide: Sigma Aldrich.

Indium (III) iodide: Sigma Aldrich.

Indium nitride 99.8 %: Alfa Aesar.

Tris(trimethylsilyl)amine: Sigma Aldrich.

Diethylene glycol dimethyl ether: Lancaster Synthesis.

2.5 M n-butyllithium in hexanes: Sigma Aldrich.

All reagents were used as received unless otherwise stated. A description of

analytical techniques is given in Appendix I.
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2.4.1 Synthesis of lithium bis(trimethylsilyl)amide.

Me3Six Toluene Me3SiN
N-H + N—Li +

Me3Si/ -78 °C Me3Si
Figure 39. Reaction scheme for lithium bis(trimethylsilyl)amide.

Bis(trimethylsilyl)amine (19.5 g; 0.12 mol) was dissolved in toluene (30 cm3) and

cooled to -78 °C with a dry-ice / acetone bath. To this solution was added a

solution of tt-butyllithium in hexane (48 cm3, 2 M: 0.12 mol.) The reaction was

stirred and allowed to warm to room temperature. As the reaction progressed a

precipitate of lithium bis(trimethylsilyl)amide was formed. Removal of the

solvent in vacuo resulted in the isolation of a white powder of lithium

bis(trimethylsilyl)amide (19.1 g; 0.114 mol) (Yield ~95 %).

'H NMR: (300 MHz, C6D6) 5H 0.35 (s, 18H, CH3)

13C NMR: (300 MHz, C6D6) 5C 5.8 (s, CH3)

2.4.2 Reaction of indium (III) chloride and lithium bis(trimethylsilyl)amide
in toluene.

Me3Si\ Petrol 40/60
lnCI3 + N—Li ln[N(SiMe.)J, + 3 LiCI

Me3Si 60 °C 3/23
(with residual unreacted lnCI3)

Figure 40. Reaction between indium (III) chloride and lithium

bis(trimethylsilyl)amide.
A solution of lithium bis(trimethylsilyl)amide (1.5 g; 9 mmol) in petrol 40/60 (40

cm3) was added dropwise to a rapidly stirred suspension of finely ground indium

(III) chloride (2 g; 9 mmol.) in petrol 40/60 (40 cm3) at 60 °C. The reaction was

left, heating under reflux, for 15 hours.

The reaction mixture was then filtered to remove lithium chloride. The filtrate

was reduced in volume by removing solvent in vacuo and placed in the freezer at
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-18 UC and left for 72 hours. Clear, colourless, needle-like crystals formed; their

structure was determined by single crystal XRD and was found to be

tris(bis[trimethylsilyl]amido)indium (0.8 g; 0.48 mmol) (Yield ~9 %).

Crystal structure data can be seen in Figure 21 and Table 2 in Section 2.2 and also

Appendix II.

2.4.3 Reaction between indium (III) chloride and lithium
bis(trimethylsilyl)amide in tetrahydrofuran (THF).

InCI + Li ^ Viscous oil. Decomposes3

Me3s/ 0 °C on heatin9-
Figure 41. Reaction between indium (III) chloride and lithium

bis(trimethylsilyl)amide in THF.

A solution of lithium bis(trimethylsilyl)amide (1.51 g; 9 mmol) in THF (25 cm3)

was added dropwise to a solution of indium (III) chloride (2 g; 9 mmol) in THF

(25 cm3) at 0 °C. The reaction was allowed to warm to room temperature and was

left to stir for 48 hours.

THF was removed in vacuo and this resulted in the isolation of a viscous, yellow

oil. The product was air sensitive and decomposed to give an insoluble white

solid. The oil was investigated by 'H-NMR and mass spectrometry (MS) but

these methods did not give a definitive characterisation. NMR did show signals

possibly arising from trimethylsilyl groups and THF, which may or may not be

coordinated in some way with the product. There were also many impurities

present in the sample. The oil was heated in vacuo to remove any residual traces

ofTHF but upon heating the oil decomposed to an insoluble offwhite solid.
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2.4.4 Reaction between indium (III) bromide and lithium
bis(trimethylsilyl)amide in diethyl ether.

InBr + Me3^'XN—Li D'ethyl ether> Viscous oil. Decomposes
Me3Si/ 0n heatiHQ-

Figure 42. Reaction between indium (III) bromide and lithium

bis(trimethylsilyl)amide in diethyl ether.

A solution of lithium bis(trimethylsilyl)amide (0.24 g; 1.44 mmol) in diethyl ether

(15 cm3) was added dropwise to a solution of indium (III) bromide (0.5 g;

1.44mmol) in diethyl ether (25 cm3). The reaction was left to stir for 15 hours at

room temperature.

Diethyl ether was removed in vacuo and this resulted in the isolation ofa viscous,

yellow oil. The oil was visually identical to that isolated in the reaction between

indium (III) chloride and lithium bis(trimethylsilyl)amide (Section 2.4.3). The

product was analysed via 'H NMR and MS but no definitive identification could

be obtained.

2.4.5 Reaction between indium (III) iodide and lithium
bis(trimethylsilyl)amide.

Me3Six Toluene
lnl3 + N—Li Li+[lnU- + other biproducts

Me3Si 50 »C

Figure 43. Reaction between indium (III) iodide and lithium

bis(trimethylsilyl)amide.
A solution of lithium bis(trimethylsilyl)amide (0.34 g; 2 mmol) in toluene

(75 cm3) was added dropwise to a rapidly stirring solution of indium (III) iodide

(1 g; 2 mmol) in toluene (140 cm3) at 50 °C. The addition was completed over 1

hour and the reaction gradually lost its intense yellow colour, associated with
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dissolved indium (III) iodide and became a clear, pale green colour. The reaction

was left to stir for 15 hours at 50 °C.

The reaction was reduced in volume, to approximately 100 cm3, by removing the

solvent in vacuo, whereupon a white precipitate formed. It was assumed that the

precipitate was lithium iodide and the mixture was filtered to give a clear, pale

green solution. This solution was cooled to —78 °C, using a dry-ice / acetone bath.

During the cooling stage small, white crystals formed. Unfortunately, these were

too small for single crystal XRD and other analysis proved inconclusive. The

mother liquor for these crystals was isolated via filtration and after 1 week a small

number of small, orange, cube-like crystals had formed. These crystals were

extremely air sensitive and decomposed during data collection. However, it was

possible to tentatively identify the crystals by single crystal XRD and they were

thought to be Li+[Inl4]~.

N.B. Weight and yield data not recorded for Li+[InI4]"

2.4.6 Reaction between indium (III) chloride and tris(trimethylsilyl)amine in
the absence of a solvent.

Figure 44. Reaction between indium (III) chloride and

tris(trimethylsilyl)amine.
N.B. This reaction was performed on several occasions. The two types of

procedures used involved heating the reactants in either a degassed Fisher-Porter

pressure bottle, or heating in conventional Schlenk glassware. The experiments

performed in Schlenk glassware were generally used to determine the yield of

chlorotrimethylsilane from the reaction. Typical examples of the two different

Me.,Sk .SiMe,3 "Kr 3N'
I
SiMe3

+ lnCI3 Me3SiCI +
Various solid
products
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procedures are given below. It should also be noted that the quantity of

chlorotrimethvlsilane produced from the reaction was affected by various factors.

Therefore a 1:1 relationship between reactants and products should not be

assumed for this reaction.

Fisher-Porter reactions: Tris(trimethylsilyl)amine (1 g; 4.2 mmol) and indium

(III) chloride (0.94 g; 4.2 mmol) were placed into a Fisher-Porter pressure bottle,

which was then sealed. The reactants were heated at 180 °C for 24 hours. The

reaction produced a liquid phase and a solid phase. The reaction usually

'bumped' quite badly and it appeared that unreacted indium (III) chloride was

present on the sides of the vessel, away from the heating zone. The liquid phase

was a clear, air sensitive, volatile product. The solid phase was a brown / black

solid. It was not possible to remove the solid from the vessel after the reaction so

no characterisation was possible. However, it was discovered that the solid was

luminescent under UV excitation and the photoluminescence (PL) spectrum can

be seen in Figure 29, Section 2.2.

Schlenk Reactions: Indium (III) chloride (2 g; 9 mmol) and

tris(trimethylsilyl)amine (2.11 g; 9 mmol) were placed into a 100 cm3 Schlenk

flask, a double surface water condenser was fitted, equipped with an argon

bubbler. The reaction was stirred and heated to 180 °C. During the course of the

reaction a volatile liquid could be seen refluxing in the apparatus, also a white

solid started to deposit on the inside of the condenser. Once heating was

completed, the volatile liquid was vacuum transferred to a dry ice / acetone cold

trap. The liquid was analysed by MS and identified as chlorotrimethylsilane
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(m/z =108). The white solid in the condenser was also analysed by MS, it was

identified as hexamethyldisiloxane (m/z =162).

In order to assess the degree of completion of the reaction it was necessary to try

and determine the quantity of chlorotrimethylsilane produced. Hydrolysing

chlorotrimethvlsilane and titrating the resulting hydrochloric acid with sodium

hydroxide solution achieved this. It was discovered that varying amounts of

chlorotrimethylsilane were produced depending upon the heating time i.e. the

longer the heating time the more chlorotrimethylsilane was produced, up to a

point. Significantly, on no occasion was the amount of chlorotrimethylsilane

equal to that expected for the elimination of 1, 2 or 3 moles.

2.4.7. Reaction between indium (III) chloride and tris(trimethylsilyl)amine in
diethylene glycol dimethyl ether (diglyme).

Figure 45. Reaction between indium (III) chloride and

tris(trimethylsilyl)amine in diglyme.
N.B. This reaction was carried out many times and the quantities of reactants used

in the reactions varied. However, the ratio of the two reactants remained at 1:1

and typical preparations are given below. In Figure 45 it should be noted that the

elimination of chlorotrimethylsilane was never quantitatively determined for these

reactions. Therefore, a 1:1 relationship between reactants and products should not

be assumed for this reaction. It should also be noted that this reaction suffered

from reproduceabilty problems later on in the project; to clarify this two separate

sets of procedures and observations will be given for this reaction.

Me,SiCI + Insoluble black
solid
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Experimental and Results A: Indium (III) chloride (0.8 g; 3.6 mmol) and

tris(trimethylsilyl)amine (0.84 g; 3.6 mmol) were placed together in a 100 cm3

Schlenk flask. To this was added diglyme (40 cm3) and the mixture was heated

under reflux 1161 °C). As the reaction proceeded the colour of the mixture

changed, initially to a clear, pale yellow colour and this darkened to a clear, dark

brown colour. As the mixture changed colour a fine black precipitate formed in

the reaction. It was also evident that a volatile by-product was evolved during

heating because a vapour was visible in the reaction vessel that was not observed

with refluxing diglyme alone. This volatile by-product was identified as

chlorotrimethylsilane by examining a small portion of the liquid phase by GCMS.

The reaction was allowed to heat for 15 hours. The yield of black precipitate

obtained varied, even if the same conditions were used in the reactions. A typical

yield of black precipitate from a reaction of indium (III) chloride (0.8 g; 3.6

mmol) and tris(trimethylsilyl)amine (0.8 g; 3.6 mmol) was usually between

1-0.7 g.

The black precipitate from this reaction was isolated by filtration and although the

black precipitate exhibited no luminescence under UV excitation, the liquid phase

of the reaction was luminescent under UV excitation. Size selective precipitation

was attempted on the liquid phase of a sample, using diethyl ether as a non-

solvent. to see if this altered the emission characteristics.49 The PL spectrum of

the sample was recorded before and after size selective precipitation; the results

can be seen in Figure 30, Section 2.2.
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If the liquid phase was treated with sufficient diethyl ether complete precipitation

of the sample occurred and it was no longer luminescent. However, re-suspending

the precipitate, by using an ultrasound bath, could restore luminescence. The

liquid phase was investigated by transmission electron microscopy (TEM) and

this showed the presence of clusters of small particles, each cluster being around

200 nm in diameter. There were no visible lattice fringes in the small particles, so

no identification from d-spacing measurement was possible. The particles were

investigated using EDX the results of this can be seen in Figure 31, Section 2.2.

it was necessary to demonstrate that the black precipitate that was synthesised had

the same composition as the small particles in the liquid phase. A portion of the

black precipitate was suspended in THF and this was examined by EDX and the

results were the same as those for the small particles. A problem with the samples

was the large chlorine component, which would not be seen in genuine indium

nitride. A portion of the black precipitate was washed in THF by Soxhlet

extraction for 15 hours and this material was examined by EDX. A reduction in

the level of chlorine was observed although it was still present; this can be seen in

Figure 33, Section 2.2. In order to compare the results that were obtained from

EDX a sample of commercial indium nitride was also examined by EDX (Figure

32, Section 2.2).

The black precipitate was examined by powder XRD and was found to be largely

amorphous, although a broad feature was visible in the spectrum. It was possible

that this feature could be associated with XRD peaks observed for wurtzite

indium nitride. In order to ensure that the catalogued 2 0 values for wurtzite
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indium nitride were correct, a powder XRD spectrum was also recorded for

commercial indium nitride. This spectrum agreed exactly with the catalogue-

generated 2 0 values displayed in Figure 35, Section 2.2.

In an attempt to improve the crystallinity of the sample and provide a definitive

characterisation, the sample was heated in a nitrogen atmosphere at 250 °C for 2

hours. This annealed sample was then examined by powder XRD and it can be

seen in Figure 36, Section 2.2 that the crystallinity of the sample was altered.

A sample of black precipitate and commercial indium nitride were analysed by x-

ray photoelectron spectroscopy (XPS) and the results can be seen in Table 6,

Section 2.2. Samples of commercial indium nitride and of black precipitate were

analysed by microanalysis for their carbon, hydrogen and nitrogen content. The

results are seen in Table 5, Section 2.2.

An attempt was made to determine the In:N ratio in both 'black precipitate' and

commercial indium nitride, by using atomic absorption spectroscopy (AAS) in

conjunction with the C, H, N microanalysis data. However, this proved very

difficult, since the two samples were insoluble, even in concentrated acids.

Experimental and Results B: Indium (III) chloride (2 g; 9 mmol) and

tris(trimethylsilyl)amine (2.1 g; 9 mmol) were placed into a 100 cm3 Schlenk

flask. To this was added diglyme (40 cm3) the mixture was stirred and heated

under reflux (161 °C) for 15 hours. The reaction initially turned a cloudy white

colour just after the dissolution of indium (III) chloride. The reaction remained
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cloudy as heating progressed and it eventually darkened until it was a dark brown

colour.

After 15 hours of heating a brown precipitate was obtained, this was lighter in

colour than that observed in earlier reactions of this type and the overall yield of

the precipitate was far lower. The solid product was isolated via filtration and was

washed with THF by Soxhlet extraction for 15 hours. The solid was dried in

vacuo and a powder XRD was recorded; this gave a similar result to that seen in

Figure 35, Section 2.2.

2.4.8 Synthesis and isolation of indium (III) chloride / diglyme
(InCb.diglyme) coordination species.

Figure 46. Synthesis of InCb.diglyme.

Diglyme (40 cm3) was added to indium (III) chloride (1 g; 4.5 mmol). This

mixture was stirred and heated to approximately 70 °C at this temperature indium

(III) chloride dissolved readily into diglyme and the solution began to turn

slightly yellow. The solution was stirred for a further 15 minutes at 70 °C. It was

then allowed to cool to room temperature. As the solution cooled needle-like

crystals formed, these were isolated by filtration and dried in vacuo. These

crystals were examined by single crystal XRD and found to be InCh.diglyme

(1.4 g; 3.94 mmol) (Yield -88 %).

70 °C
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Crystal structure data can be seen in Figure 34 and Table 4 in Section 2.2 and also

Appendix II.

2.4.9 Reaction between indium (III) chloride and tris(trimethylsilyl)amine in
xylene.

Finely ground indium (III) chloride (2 g; 9 mmol) and tris(trimethylsilyl)amine

(2.1 g; 9 mmol) were placed into a 100 cm3 Schlenk flask. To this mixture was

added xylene (40 cm ). The mixture was heated under reflux for 15 hours.

After 15 hours there was no change in the appearance of the reaction mixture and

the xylene from the reaction was analysed using GCMS to see if there was a trace

of chlorotrimethylsilane. No trace of chlorotrimethylsilane was detected and it

was decided, therefore, that no reaction had occurred.

2.4.10 Reaction between indium (III) chloride and tris(trimethylsilyl)amine
in tri-zi-octylphosphine oxide (TOPO).

Me3Si\ ^SiMe3 -200 °C Various solidN 3 + lnCI3 > Me3S.CI + products
SiMe3

Figure 47. Reaction between indium (III) chloride and

tris(trimethylsilyl)amine in TOPO.
TOPO (3 g; 7.8 mmol) was placed into a 100 cm3 Schlenk flask and then heated

to 120 °C in vacuo, for 2 hours to remove any moisture present in the TOPO.

After 2 hours the TOPO was allowed to cool in vacuo until it re-solidified. Indium

(III) chloride (2 g; 9 mmol) and tris(trimethylsilyl)amine (2.1 g; 9 mmol) were

placed in the flask with the dried and degassed TOPO. The mixture was then

heated to -200 °C and left to stir for 15 hours. As the TOPO melted a reaction

appeared to be occurring and a volatile white vapour was evolved.
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After 15 hours ofheating the reaction had turned black and was allowed to cool to

room temperature. Whilst the reaction was cooling the volatiles were removed in

vacuo and collected in a dry ice / acetone trap. This volatile was identified as

chlorotrimethvlsilane by GCMS. However, any quantitative information about the

degree of completion of the reaction was lost because some chlorotrimethylsilane

appeared to have hydrolysed to hexamethyldisiloxane (which was identified by

MS) during the course of the reaction.

The black TOPO phase of the reaction was dissolved in THF (40 cm3) the black

precipitate that resulted form this step was too fine to be isolated by filtration, so

the THF suspension was centrifiiged. However, even centrifugation was

unsuccessful in isolating any solid product for further analysis, although traces of

an insoluble white precipitate were obtained which could have been additional

hexamethyldisiloxane.

2.4.11 Reaction between indium (111) bromide and tris(trimethylsilyl)amine
in xylene.

Finely ground indium (III) bromide (0.5 g; 1.4 mmol) and

tris(trimethylsilyl)amine (0.33 g; 1.4 mmol) were placed into a 100 cm3 Schlenk

flask. To this mixture was added xylene (40 cm3). The mixture was heated under

reflux for 15 hours.

After 15 hours there was no change in the appearance of the reaction mixture and

the xylene from the reaction was analysed using GCMS to see if there was a trace

of bromotrimethvlsilane. No trace of bromotrimethylsilane was detected and it

was decided, therefore, that no reaction had occurred.
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2.4.12 Reaction between indium (III) iodide and tris(trimethylsilyl)amine in

xyiene.

Finely ground indium (III) iodide (0.5 g; 1.0 mmol) and tris(trimethylsilyl)amine

(0.24 g; 1.03 mmol) were placed into a 100 cm3 Schlenk flask. To this mixture

was added xylene (40 cm3). The mixture was heated under reflux for 15 hours.

After 15 hours there was no change in the appearance of the reaction mixture and

the xylene from the reaction was analysed using GCMS to see if there was a trace

of iodotrimethylsilane. No trace of iodotrimethylsilane was detected and it was

decided, therefore, that no reaction had occurred.

2.4.13 Reaction between indium (III) iodide and lithium

bis(trimethylsilyl)amide in diglyme.

SiMe3
Figure 48. Proposed reaction between indium (III) iodide and lithium

bis(trimethylsilyl)amide in diglyme.
Indium (III) iodide (0.5 g; 1.0 mmol) was placed into a 100 cm3 Schlenk flask. To

this was added diglyme (25 cm3) and this produced a bright yellow solution, after

a short period of stirring. The solution was then heated to 50 °C and a solution of

lithium bis(trimethylsilyl)amide (0.17 g; 1 mmol) in diglyme (20 ctrT) was added

dropwise.

The reaction was allowed to stir for 72 hours, during which time the intensity of

the yellow colour appeared to decrease. The mixture was allowed to stand for 7

days and during this time long, hair-like crystals formed. Unfortunately, an

Inl.'3
diglyme

l' N—SiMe3
+ Lil

SO
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attempt at single crystal XRD failed to identify these crystals and the sample

decomposed during this procedure.
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Chapter 3

Indium Hydrides

3.1 Introduction.

The primary goal of this investigation was to synthesise pure, nanoparticulate

indium nitride at low temperatures. It was envisaged that single source

precursors, with a low decomposition temperature could be employed to achieve

this goal. Indium hydrides offered the possibility of a low temperature source of

pure indium nitride. Also indium hydrides do not possess the perceived hazard of

spontaneous explosive detonation, which is associated with indium azides, which

are often used as a low temperature source of indium nitride. However, in most

cases indium hydrides are extremely thermally frail, sensitive to oxygen, moisture

and. occasionally, their own concentration in solution.78

Aluminium hydrides have already found use as materials precursors, even though

the investigation of these hydride species is still a largely unexplored area. These

hydrides posses advantageous characteristics for device fabrication, for example

the replacement ofmetal-carbon bonds with metal-hydrogen bonds can reduce the

carbon dopant concentration and also, due to thermal instability, reduce the

processing temperatures needed to make small, fragile devices.119 The majority of

literature reports concerning the use of aluminium hydrides refer to their use as

sources for the deposition of aluminium thin films, for optoelectronic purposes.

Two of the most common precursors for the CVD of aluminium thin films120 are

191 • 199
dimethylaluminium hydride and dimethylethylamine alane.
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H

Figure 49. Dimethylaluminium hydride and dimethylethylamine alane;

hydride precursors for the deposition of aluminium thin films.120'121'122
Aluminium hydride precursors have also been used in the growth of 1II-V

semiconductors but in most cases the aluminium hydride has replaced

conventional aluminium alkyls in epitaxial growth experiments. This approach

has been used to successfully grow aluminium phosphide,123 aluminium

antimonide124 and aluminium arsenide.125 This 'dual source' approach has also

been applied to the deposition of aluminium nitride. For example, trimethylamine

alane has been used as the aluminium source in the deoosition of aluminium

i

nitride in CVD. Polyimidoalane (HA1NH)„ has been demonstrated to be a

79

single source precursor for aluminium nitride.

Gallium hydrides have also found use as materials precursors. However, their use

is rather less widespread than that ofaluminium hydrides and this could be due to

the increased thermal frailty of gallium hydrides when compared with analogous

aluminium species. Another contributing factor, which is related to thermal

frailty, is the fact that bulkier groups are needed to stabilise gallium hydrides and

this impinges on their volatility; precluding their use in many potential epitaxial

growth applications. Since research into semiconductor precursors is often led by

epitaxial growth considerations, these facts have contributed to a rather small

choice of potential gallium hydride semiconductor precursors.
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There are examples of semiconductor growth using gallium hydrides.

Quinuclidine-gallane was found to be sufficiently stable and volatile to be used in

conjunction with AS4 to grow gallium arsenide via MOCVD (Figure 50). This

was found to be easier than using more thermally fragile gallium hydride species,

such as trimethvlamine eallane.127

N'
I

Hv,"pa-H
H

Figure 50. Quinuclidine-gallane; thermally stable gallium hydride MOCVD
127

precursor.

Single source hydride precursors have also been developed for the deposition of

gallium nitride. Mixed azido-hydrido precursors have been developed but it is

unlikely that these molecules could find regular use as CVD precursors due to

their extreme reactivity (Figure 51).128'129

CI

H>a-N3 ciH2Ga^ GaH2 N/ ^
N3\q -j^3 C|'G\ /NaGaH2 CI Nr-Ga

cfH
Figure 51. Hydridogallium azide and chlorohydridogallium azide; low

128 129

temperature single source precursors for gallium azide. '

Gallium nitride quantum dots have already been synthesised by the solution

thermolysis of a gallium hydride single source precursor.63 The precursor in

question was cyclotrigallazane, which is formed by the reaction between

trimethylamine gallane and ammonia. Cyclotrigallazane is a six membered ring
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with a conformation similar to cyclohexane. It does exhibit a degree of thermal

frailty and pure samples of cyclotrigallazane decompose slowly at room

temperature. The decomposition is catalysed by the presence of elemental

gallium, so the purity of the sample is extremely important.80 The

cyclotrigallazane decomposes firstly to polyimidogallane and eventually

elemental gallium, ammonia and hydrogen, this decomposition is outlined in

Figure 17, Chapter 1, Section 1.3. A reaction scheme describing the synthetic

route to colloidal gallium nitride quantum dots, using cyclotrigallazane, is shown

in Figure 52.

"78°c
N „ N
| 3 |

Dissolved in solution FF^a~H
H of coordinating H

copolymer

excess NH3

-78 °C

H H
LI / H

-180 °C Hv Ga ^
~40 nm GaN /n vacuo H 1" N H
quantum dots | | +3 NMe3 + 3 H2
in copolymer Ga Ga""H
+ 6H2 H X

H H

After removal of solvent (toluene)
Cyclotrigallazane is present in
copolymer as a dispersion of

nanoparticles
Figure 52. Scheme describing the low temperature synthesis of colloidal

gallium nitride quantum dots, from the thermolysis of cyclotrigallazane

(Risbud et al.)63
Although it is unlikely that cyclotriindazane could ever be isolated to be used as a

viable precursor to indium nitride, it may be possible to use the polymeric

derivative, polyimidoindane ([HInNH]„) in a similar way to cyclotrigallazane

(Figure 52). This route has also been investigated for bulk phase aluminium and
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gallium nitride.'9, 61 Although polyimidoindane would be insoluble, which may

present some dispersion difficulties, the technical challenges would not be too far

removed from using monomeric cyclotrigallazane, since this too is insoluble in

most common solvents. However, there are no reports of the synthesis of either

aluminium nitride or gallium nitride quantum dots using polymeric hydride

precursors and such a route could be made impossible by the thermal frailty, or

chemical idiosyncrasies, of the indium hydride species.

Prior to 1998 only a small number of compounds containing an In-H bond had

been crvstallographically characterised and no indium trihydride complexes were

included in this small group.1 °' 131' 132 Compounds containing In-H bonds are

usually prone to thermal decomposition and this is possibly the reason for their

rather scarce numbers. However, this is not always the case and compounds such

as those in Figure 53 are stable at temperatures above 60 °C (The imidazole /

carbene indium trihydride (3) is stable in the solid state up to 115 °C and

[H2lnP(cyclohexyl)2]3 (2) is even stated as being moderately air-stable!)
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H V H
H

Figure 53. HIn[N(Me)2Ph]2, [H2lnP(cyclohexyI)2]3 and imidazole / carbene
stabilised indane complex; thermally stable indium hydride

compounds.133'134'135

Rather surprisingly it would appear that the weakness of the In-H bond is not the

cause of the thermal frailty observed in many indium hydride compounds, since

the In-H (225 kJ mof1) bond is actually stronger than the In-C bond

(162 kJ mof1) and this does not preclude the formation of numerous, stable

indium alkvl complexes. This is also true for aluminium and gallium hydrides and

it appears that the instability has a kinetic origin; with the easier formation of

M-H-M bridges than M-C-M bridges. It is proposed that the formation of such

bridging hydride moieties could lower the energy barrier for the decomposition to

metal and hydrogen.136 It would appear that bulky groups have a dual role in the
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stabilisation of indium hydrides; protecting the In-H bond from attack by oxygen

and also the prevention of the formation of In-H-In bridges.

There are currently only a handful of reports concerning the synthesis of bulk

indium nitride from a hydride precursor. It must be stressed that none of these

reports are 'full' publications and the authors have stated that they cannot be
78 1 77 178

absolutely certain of the results. ' ' The precursor used was putatively

assigned as polyimidoindane. This work by Jones et al. was carried out at the

same time as the work in this chapter but with differing results. As of yet, there

are no reports of single source, monomeric indium hydride precursors for any

indium-containing semiconductors. The viability of indium hydride precursors

will be discussed further in the next section.

3.2 Discussion.

In Section 3.1 the relatively unexplored nature of indium hydride research was

touched upon. It was also stated that there were only a handful of reports

concrning the synthesis of indium nitride from a single source hydrido precursor;

polyimidoindane.78' 137' 138 It should be stressed that at the start of this

investigation no reports existed of the success, or otherwise, of the use of

nolyimidoindane as a precursor to indium nitride. Since cyclotrigallazane,

oolyimidogallane and polyimidoalane were known to be viable low temperature

routes to nitride semiconductors, investigation into polyimidoindane was a logical

step. Polyimidoindane was synthesised by the route shown in Figure 54.
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InBr, + excess LiH
Diethyl ether

LilrtH4 + 3 LiBr
-78 °C

Diethyl ether
LilnH, + (Me,NH)CI

-78 °C
Me3NlnH3 + LiCI + H2

Me3NlnH3 + excess NH3
Diethyl ether

"(HlnNH)n" + Me3N + 2
-50 °C

Figure 54. Scheme showing the reactions involved in the synthesis of

poiyimidoindane.

The experimental procedures for these reactions can be found in Sections 3.4.1-

3.4.4. There is little that can be said about the products of these reactions since

characterisation is made almost impossible by the combination of thermal frailty,

solution instability and air sensitivity that these compounds possess. As a result

there is very little 'hard' evidence that poiyimidoindane really was the product of

these reactions. The result is bought into further question because Jones et al.

claim to have synthesised indium nitride lfom a polymer made by the same

route.78' 137' 138 (In fact communications between the author and Jones revealed

that both of our experimental procedures were almost identical.) Jones et al. have

stated that the product of their thermolysis was a dark, air stable powder, with an

XRD Dattern entirely consistent with wurtzite indium nitride.138 There is some

spectroscopic evidence for poiyimidoindane and the broad absorption bands

observed in the FTIR spectrum of poiyimidoindane can be assigned to N-H

stretch (-3250 cm"1) and In-H stretch (-1610 cm"1). These IR findings are similar

to those observed by Jones et al. The evidence of fragments from

poiyimidoindane in the mass spectrum, although tenuous, perhaps gives slightly

more credence to the proposed identity of the hydride polymer.
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However, the fact remains that on no occasion was indium nitride synthesised

from the thermolysis of polyimidoindane in this study. There could be many

reasons for this: perhaps the polymer was not chemically the same as that

produced by Jones et al. but this seems unlikely due to the similarities in

nrocedure and the. albeit scant, spectroscopic evidence. The yield of the polymer

was not usually consistent with that expected for pure polyimidoindane. This

could have been due to residual lithium halide salts, which were not removed

completely by the THF washing step or perhaps halide substitution was not

completed fully in the initial synthesis of lithium indium hydride, leading to a

mixed hydride / halide polymer material.1 8 Again, this last point would seem to

be unlikely, but not impossible, due to the similarities in procedure. Certainly it

would seem that the synthesis of indium nitride using polyimidoindane is far from

certain (and so is the identity of polyimidoindane itself!) Perhaps the highly

sensitive nature of the species involved makes the whole process more vulnerable

to small variations in the procedures employed and, consequently, the final result

maybe variable.

Characterisation would be made easier if the precursor species were monomeric

and slightly less prone to thermal decomposition. In an attempt to synthesise an

alternative precursor to polyimidoindane, a reaction between trimethylamine

indane and lithium bis(trimethylsilyl)amide was attempted (Section 3.4.6). This

approach was supposed to be similar to that used to make [H2lnP(cyclohexyl)2]3,

which was synthesised from a reaction between trimethylamine indium and

lithium dicyclohexylphosphine with elimination of lithium hydride and

trimethylamine.134 It was hoped that the trimer [H2lnN(SiMe3)2]3 would be
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produced. However, such a trimer is unlikely to form because of the apparent

non-availabilitv of the nitrogen lone pair in -N(SiMe3)2 due to prt-dit

delocalisation (see Section 2.2). Also, this reaction could not have produced such

a trimeric Droduct due to the low yield of lithium indium hydride, which was

svnthesised using indium (III) chloride. The product from this reaction was

tris(bis[trimethylsilyl]amido)indium and this was isolated in very poor yield. The

identity of the product is not surprising since lithium bis(trimethylsilyl)amide

would be in excess compared to the reacting indium species. The identity of the

reacting indium species could be either a small amount of trimethylamine indane

or a small amount of dissolved indium (III) chloride. However, indium (III)

chloride appears to be rather insoluble in diethyl ether and it is doubtful that

sufficient indium (III) chloride would be present in diethyl ether, after the filter-

transfer step, to produce even the small amount of

tris(bis[trimethylsilyl]amido)indium that was isolated.

An attempt was made to synthesise polyimidoindane from a reaction between

lithium indium hydride and ammonium bromide. This route would have

simplified the synthesis of polyimidoindane and such a route has been

successfully used to synthesise polyimidoalane and polyimidogallane.61' 79
However, no reaction appeared to occur between lithium indium hydride and

ammonium bromide, although there is a high probability that the lack of reaction

was due to the quality (large particle size / low surface area) of the ammonium

bromide that was used.
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Unfortunately, time constraints dictated that no further research could be carried

out into indium hydride precursors and it became obvious that such a route would

not Quickly deliver the overall objective; the synthesis of pure indium nitride, at

low temperature. Despite no further practical research being possible it is possible

to speculate about the future direction that this field could take. For example,

[H2lnP(cyclohexyl)2]3 was examined for it's potential as a single source precursor

to indium phosphide. Thermolysis experiments did not yield indium phosphide

but indium metal, hydrogen and dicyclohexyl phosphine.134 The fact that this

experiment failed to make indium phosphide should not have been surprising.

The In-P bond (197 kJ mof1) is rather weaker than the P-C bond (513.4 kJ mof1)

and the In-H bond (225 kJ mof1). Possibly if the thermolysis had been carried out

in a PH3 atmosphere, instead of in vacuo, indium phosphide might have been

produced in manner similar to the thermolysis of metal alkyls using phosphine

carrier gas.123 Possibly the nitrogen analogue of [H2lnP(cyclohexyl)2]3 (if it can

be made) could undergo thermolysis in an ammonia atmosphere but whether or

not indium nitride would be the result is still unknown. Also, it may be possible

to synthesise mixed indium hydride / azide single source precursors, similar to the

gallium species in Figure 51, but whether or not this would be possible or

advantageous is also unknown.

3.3 Conclusion.

Unfortunately, it was not possible to synthesise indium nitride using the indium

hydride methodology outlined previously. Investigation into most indium hydride

compounds is made very difficult due to their extreme sensitivity to oxygen,

moisture, solution concentration and temperature. This also makes assigning
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precise reasons for the failure of this approach very difficult. The development of

indium hydride chemistry is still in its infancy and much research needs to be

done to evaluate the potential of these materials. However, it could be the case

that indium hydride chemistry remains the preserve of purely academic

investigation. Any benefits that could be gained in the development of this area

could be outweighed by the practical difficulties in synthesis, characterisation etc.

3.4 Experimental.

Manipulations were generally carried out under an inert atmosphere of dried

Pureshield Argon, supplied by BOC Gases. The inert gas supply was purified and

dried using columns of Cr2* on silica. Standard Schlenk-line, cannulae and

glovebox techniques were used throughout. Glassware and cannulae were oven-

dried prior to use. All solvents, unless otherwise stated, were distilled from

suitable drying agents under an argon atmosphere prior to use. Reagents and

suppliers are listed below:

Indium (III) chloride: Epichem.

Indium (III) bromide: Sigma Aldrich.

Lithium hydride: Lancaster Synthesis.

Ammonia (anhydrous): BOC Gases.

Ammonium bromide: Sigma Aldrich.

All reagents were used as received unless otherwise stated. A description of

analytical techniques is given in Appendix I.
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3.4.1 Synthesis of lithium indium hydride using indium (III) chloride.'39

Diethyl ether
!nCI3 + excess LiH 1LilnH4 + 3 LiCI

-78 °C

Figure 55. Reaction between indium (III) chloride and lithium hydride.

Lithium hydride (0.12 g; 15 mmol) was finely ground and added to diethyl ether

(25 cm3). This mixture was stirred rapidly to form a slurry and cooled to -78 °C

using a dry ice / acetone bath. Indium (III) chloride (0.55 g; 2.5 mmol) was added

to diethyl ether (40 cm3). This mixture was also cooled to -78 °C and stirred

rapidly. The slurry of lithium hydride was added via cannula to the indium (III)

chloride in four portions, allowing approximately 20 minutes between additions.

Once all the lithium hydride was added, the mixture was left to stir for

approximately 4 hours.

After 4 hours an ethereal solution containing lithium indium hydride was formed.

The yield from this reaction could not be determined and no characterisation

could be attempted since the title product was always used immediately in further

reactions. Also, lithium indium hydride decomposes above 0 °C and in

concentrated solutions to give lithium hydride, indium metal and hydrogen, so

isolation of the Dure solid product is not possible. However, information from

further reactions involving the title product would suggest that the overall yield of

lithium indium hydride (when indium (III) chloride is used) is rather poor, usually

below 15 %.
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3.4.2 Synthesis of lithium indium hydride using indium (III) bromide.

Diethyl ether
lnBr3 + excess LiH 1LilnH4 + 3 LiBr

-78 °C

Figure 56. Reaction between indium (III) bromide and lithium hydride.

Lithium hydride (0.36 g; 42.3 mmol) was finely ground and added to diethyl ether

(20 cm3). This mixture was stirred rapidly to form a slurry and cooled to -78 °C

using a dry ice / acetone bath. Freshly sublimed indium (111) bromide (1 g; 2.82

mmol) was added to diethyl ether (50 cm3). This mixture was also cooled to -78

°C and stirred rapidly. The slurry of lithium hydride was added via cannula to the

indium fill) bromide in four portions, allowing approximately 20 minutes

between additions. Once all the lithium hydride was added, the mixture was left to

stir for approximately 4 hours.

After 4 hours an ethereal solution containing lithium indium hydride was formed.

The yield from this reaction could not be determined and no characterisation

could be attempted since the title product was always used immediately in further

reactions. The yield from this reaction could be determined by measuring the

volume of hydrogen evolved, using a gas burette, during the synthesis of

trimethylamine indane. The volume of gas evolved indicated that a quantitative

yield of lithium indium hydride is formed if indium (III) bromide is used in the

preparation.
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3.4.3 Synthesis of trimethylamine indane.

Diethyl ether
LilnH4 + (Me3NH)Ci Me3NlnH3 + LiCI + H2

Figure 57. Reaction between lithium indium hydride and trimethylamine

hydrochloride.
A solution of lithium indium hydride (2.82 mmol) in diethyl ether (70 cmJ) at

-78 °C was filter-transferred via a short, wide-bore cannula to a pre-cooled

250 cm3 Schlenk flask, also at -78 °C. The 250 cm3 Schlenk flask was equipped

with an argon bubbler. Dried, finely ground trimethylamine hydrochloride (0.27

g; 2.82 mmol) was added to diethyl ether (20 cm3) and stirred rapidly to form a

slurry. The slurry of trimethylamine hydrochloride was cooled to -78 °C and

added, via cannula, to the stirred solution of lithium indium hydride. Gas

evolution was observed: the volume of gas evolved was measured on several

occasions using a gas burette.

Over the course of three hours the reaction was stirred and allowed to warm to -

50 °C. The solid trimethylamine hydrochloride was consumed by the reaction and

this left a clear, ethereal solution, containing trimethylamine indane. The volume

of gas collected from the reaction was approximately the same as the theoretical

value expected from a 100 % reaction (when indium (III) bromide was used to

produce lithium indium hydride).

If the reaction was allowed to warm beyond -30 °C at this point, initially a bright

clear, orange solution was formed and gas evolution was observed. The orange

colour was the result of a mixed-valence indium cluster, caused by the

decomposition of trimethylamine indane.138 Eventually the orange colour faded
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and a black precipitate of indium metal was formed, which could be identified by

powder XRD, accompanied with a strong smell of trimethylamine.

3.4.4 Synthesis of 'polyimidoindane'.

Diethvl ether
Me3NlnH3 + excess NH3 "(HlnNH)n" + Me3N + 2

-50 °C

Figure 58. Reaction between trimethyiamine indane and ammonia.

Anhydrous ammonia was bubbled slowly through a solution of trimethylamine

indane (2.82 mmol) in diethyl ether (90 cm3) at -50 °C. Immediately a white

precipitate was formed. The ammonia addition was continued for 20 minutes and

the needle was removed from the mixture. The vessel was then allowed to warm

to -30 °C. under flowing argon, to remove condensed liquid ammonia. Volatiles

were then removed in vacuo at -30 °C. a light grey precipitate was left in the

flask.

The light grey precipitate was washed three times with cooled THF (3 x 50 cm3)

at -50 °C, to remove lithium halide salts formed in earlier reaction steps. The

precipitate was then dried in vacuo and was stored overnight at -18 °C. However,

the weight of the precipitate was usually in excess of that expected for a

quantitative yield of polyimidoindane (1.02 g). An FTIR spectrum of the

precipitate was recorded. Although largely without any sharp absorption features

it showed the presence of two broad absorptions at -3250 cm"1 and -1610 cm" .

On one occasion the solid was speculatively examined by MS and peaks were

seen that could possibly correspond to fragments from polyimidoindane

(Table 8).
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Mass m/z (% abundance) Possible identity
of fragment

393 (15) [N(H)In(H)]3+

277(100) [N(H)In(H)]2NH+

115 (30) In+

Table 8. Fragments observed from MS of 'polyimidoindane'.

The light grey precipitate was very moisture sensitive and decomposed rapidly in

air, generating indium metal. The material was also thermally sensitive, with slow

decomposition to indium metal at room temperature.

3.4.5 Thermolysis of 'polyimidoindane'.

Thermolysis experiments were carried out using polyimidoindane (0.25 g), which

was loaded into a quartz tube under flowing argon, and inserted into a tube

furnace. Various thermolysis experiments were conducted, heating in vacuo and

under flowing nitrogen, argon and ammonia. The temperature was maintained at

300 °C usually for between 10 to 15 hours. After heating the solid was removed

from the furnace and examined by powder XRD. On every occasion indium metal

was the only product obtained and this was determined by powder XRD. This

appeared to be present within a dark grey, air sensitive material that was

amorphous to x-rays.

3.4.6 Reaction between lithium bis(trimethylsilyl)amide and trimethylamine
indane.

Me3Six Diethyl ether
N—Li + Me3NlnH3 ln[N(SiMe3)2]3 + other by-products

Me3Si -78 °c

Figure 59. Reaction between lithium bis(trimethylsilyl)amide and

trimethylamine indane
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V.jB. This reaction was attempted using trimethylamine indane, which was

svnthesised using indium (III) chloride.

A solution of lithium bis(trimethylsilyl)amide (0.42 g; 2.5 mmol) in diethyl ether

(20 cm3) was cooled to -78 °C and then added, via cannula, to a solution of

lithium indium hydride in diethyl ether (80 cm3) at -78 °C. There was no visible

sign of reaction but when the solvent was removed in vacuo small, needle-like

crystals were seen to form. These crystals were covered in a layer of a fine grey

powder, possibly lithium hydride, which could be a by-product of the reaction.

Although the yield of the crystals was very low (the exact yield was not

determined) the crystals were analysed by single crystal XRD. They were found

to be tristbis[trimethylsilyl]amido)indium.98

3.4.7 Reaction between lithium indium hydride and ammonium bromide.

Diethyl ether
LilnH. + NH.Br (HlnNH)„ + LiBr + 3 H2

-78 °C

Figure 60. Proposed reaction between lithium indium hydride and
ammonium bromide.

Ammonium bromide (0.27 g; 2.82 mmol) was added to diethyl ether (20 cm3) and

cooled to -78 °C. The resulting slurry of ammonium bromide was added to a

solution of lithium indium hydride (2.82 mmol) in diethyl ether (70 cm3).

However, no gas evolution was observed in this experiment.
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Chapter 4

Diethvlindium Amide

4.1 Introduction.

The most highly developed route for the synthesis of indium nitride is undoubtedly

with the use of indium alkyl compounds, such as trimethylindium and

triethvlindium. The use of such indium alkyl precursors is widespread in the

epitaxial growth of indium nitride. Although widespread in use, indium alkyls are,

almost exclusively, extremely pyrophoric, sensitive to oxygen and moisture and

they are occasionally light sensitive. However, these technical obstacles have been

overcome and it is possible to grow high quality indium nitride using these

compounds.

The major obstacle to indium nitride growth by epitaxial means is the relatively

low temDerature at which indium nitride begins to decompose (427 °C).67 This

problem is alleviated by using low substrate temperatures, typically around 500 °C,

and using a high carrier gas to indium source ratios; typically 2000:1 when using

an ammonia / nitrogen mixture as a reactive carrier gas.86 The exact mechanisms

leading to the formation of indium nitride through MOCVD growth, using indium

alkyl compounds are rather complicated, due to the formation of unusual adsorbed

reacting species. However, it is likely that, in cases where ammonia is used, there is

an adduct formation in the gas phase between indium alkyl species and ammonia

before any surface reactions take place. Many species of type NHXMRX (x = 1-3)

have been demonstrated to be useful single-source precursors for various III-V

semiconductors. Examples of such species are trimethylaluminium-
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trimethylamine,'40 diethylgallium amide141 and trimethylindium-trimethylamine.142'
143

Adducts and related preformed covalent species would appear to be useful single

source precursors for the formation of indium nitride and other III-V

semiconductors, on the basis of their use in epitaxial processes. Preformed covalent

species, such as diethylgallium amide are attractive single source precursors since

they are relatively easily synthesised. Also the III-V bond in such systems tends to

be stronger than the other bonds present in the precursor and this not usually the

case for adduct systems. The use of preformed covalent species in MOCVD is

sometimes problematic due to the dimeric or trimeric associations that are seen in

these molecules. These associations tend to lower the volatility of the precursor in

auestion, limiting the surface diffusion rates of the precursor species.144

However, this study was not concerned with the epitaxial application of any

precursor so volatility issues are of little concern. It was decided, therefore, that

diethylindium amide would make a suitable preformed covalent species, which

could be investigated for it's potential as a low temperature source for the colloidal

growth of indium nitride. It is known that triethylindium decomposes via /3-H

elimination near its boiling point (184 °C).145' 146 It is possible that such a

decomposition could lead to the formation of transient indium hydrido species at

pyrolysis temperatures. It was hoped that diethylindium amide would behave in a

similar manner to triethylindium, decomposing via (3-R elimination, via a transient

indium hydride amine species, ultimately generating indium nitride.
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4.2 Discussion.

The adduct formed between triethylindium and ammonia (EtsInNEb) would appear

to be stable until approximately -50 °C, when effervescence was seen from the

reaction. This effervescence results from the elimination of ethane, giving

dithyiindium amide.

Figure 61. ]H NMR spectrum showing signals from diethylindium amide and
an unknown species. (Signals from diethylindium amide are marked with an
asterisk.)
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However, the 'H NMR spectrum of diethylindium amide does appear to contain

another species, closely related to diethylindium amide (Figure 61). Analysis of the

'H NMR spectrum quickly shows that the expected signals from diethylindium

amide are present. However, further examination shows that additional signals are

present. A second broad signal at 0.22 ppm is present and there are additional,

partially obscured, quartet and triplet signals at 0.75 and 1.5 ppm respectively. It

would appear that the observed signals are the result of a separate chemical species,

from the spectrum shown in Figure 61 it can be seen that the ratio of one species to

the other (measured by comparing the step height integrals) is approximately 1:4.

In a later 'H NMR spectrum the ratio of these two signals had changed, with the

abundance of the unknown species becoming larger.

With the signals from the unknown species being slightly obscured, exact

assignment is difficult. However, it is possible to obtain more information from this

spectrum. For the obscured quartet signal, at 0.75 ppm, three of the four peaks are

visible. Assuming the ratio of the signal intensities in a quartet is usually 1:3:3:1 it

is possible to estimate the integral step height, which would result from this signal.

Although only one signal is visible for the possible obscured triplet at 1.5 ppm, it is

possible to estimate the integral step height in a similar way to the quartet. The

accuracy of this method for the triplet is probably decreased due to the greater

degree of overlap with the larger signal from diethylindium amide. Assuming that

the hidden signals at 1.5 and 0.75 ppm arise from ethyl groups we would expect a

ratio of 3:2 from the obscured signals, using the method outlined above, a ratio of

approximately 3:2 is observed. Also the signal at 0.22 ppm, which presumably

arises from an In-N-H system, gives an overall ratio for N-H to CH2 to CH3 of
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2:6:9. Several structures can be drawn that fulfil the necessary proton ratios but

these are at best speculative and at worst impossible. Two such structures that

could fulfil the required proton ratios can be seen in Figure 62, although it should

be emDhasised that these are highly speculative.

H

Et H Et N
Ct(, \ / l\ xv

*ln~N /In In—EtJ \ / \ ^

Et H Et' N
H

Figure 62. Possible identities for the unknown species observed in the *H
NMR spectrum of diethylindium amide.

The structures in Figure 62 do fulfil the proton ratios that appear to be presented

by the NMR spectrum. However, the first of the two structures would appear to

place indium in an oxidation state of In(IV), which could significantly alter the

chemical shift of the ethyl group protons that are bound to the indium atom. In

diethylindium amide indium is In(III), the similarity between the chemical shifts

for the ethyl protons arising from this species and the unknown species suggest

that indium would appear to be In(III) within the unknown species too. The

second structure has inequivalent indium atoms, in terms of oxidation state. So,

there would appear to be no basis for the adoption of this second structure. The

unknown species does appear to be non-polymeric since there is no broadening of

ethyl signals in the unknown species. However, signals arising from N-H appear

to show some broadening in both diethylindium amide and the unknown species

and this could possibly indicate some fluxionality within both structures. This

fluxionality could offer some explanation as to why seemingly inequivalent atoms

appear to be equivalent in the NMR experiment. It should also be noted that there

is no evidence from the mass spectrum ofdiethylindium amide of the existence of

104



P.S. Schofield The Synthesis of Indium Nitride Quantum Dots

the first structure in Figure 62, although there is a peak at m/z 347, which could

possibly arise from a molecular ion of the second structure but this is highly

debatable.

?t is interesting to note that in the literature report for the synthesis of

diethylgallium amide an identical duplication of ethyl signals is observed,

although only one signal from bridging amido groups is reported.141 No

explanation is given for this NMR observation, which seems to suggest either

inequivalent ethyl groups, or an additional species. The trimeric structure of

diethylgallium amide could possibly have inequivalent ethyl groups due to either

axial or equatorial orientation. However, since MS evidence indicates the dimeric

nature of diethvlindium amide, it is difficult to see a similar explanation being

possible for diethylindium amide. There is also a duplication of signals in the l3C
NMR spectrum of diethylindium amide, which reflects the observations seen in

the 'H NMR spectrum for diethylindium amide (Figure 63).
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-i 1 1 1 1 1
20 0

ppm

Figure 63. Pendant 13C NMR spectrum from diethylindium amide and
unknown species. (CH3 and CH bottom, CH2 top.)
The mass spectrum of diethylindium amide confirms it's dimeric nature and a list

displaying the results of the EI mass spectrum can be seen in Table 9.

Mass m/z (% abundance) Fragment
378 (15) (Et2InNH2)2+

349(100) Et2In(NH2)2InEt+

332 (30) Et2In(NH)lnEt+

321 (10) Et2ln(NH2)2InH+

291 (13) HIn(NH)(NH2)InEt+

274 (20) HInNInEf

173 (35) Et3In+

160 (7) Me3In+

115 (30) In+

Table 9. Mass spectral fragments observed for diethylindium amide.

106



P.S. Schofield The Synthesis of Indium Nitride Quantum Dots

The exact identity of fragments observed in the mass spectrum is not certain but it

does clearly demonstrate the dimeric structure of diethylindium amide.

As mentioned in Section 4.1 it was hoped that diethylindium amide would

thermolvse to give indium nitride via (3-U elimination of ethene, possibly

generating a transient hydrido species in the process. However, low temperature

thermolysis (230 °C) of diethylindium amide did not yield crystalline indium

nitride but indium metal. This is not unexpected when it is compared with the

single source MOCVD growth of gallium nitride, using diethylgallium amide

fRoesky et a/.)141 A large amount of gallium metal impurities are seen in the

gallium nitride layers grown at 500 °C and the crystallinity of the gallium nitride is

rather poor. Increasing the deposition temperature to 700 °C and using high

pressure MOCVD improved the situation, producing layers of pure, nanocrystalline

gallium nitride. It would seem, therefore, that 230 °C is probably insufficient to

produce highly crystalline indium nitride using diethylindium amide. Preferential

deamination probably occurs, which ultimately leads to the formation of indium

metal.

4.3 Conclusion.

Investigation into the use of diethylindium amide as a low temperature precursor

was not especially thorough, due to time constraints. This potential precursor was

not successful in generating pure, crystalline indium nitride, at low temperatures.

By using diethylgallium amide as a reference, it might be possible to access indium

nitride at higher temperatures, perhaps around 400-500 °C, using diethylindium

amide.
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4.4 Experimental.

Manipulations were generally carried out under an inert atmosphere of dried

Pureshield Argon, supplied by BOC Gases. The inert gas supply was purified and

dried using columns of Cr24 on silica. Standard Schlenk-line, cannulae and

glovebox techniques were used throughout. Glassware and cannulae were oven-

dried prior to use. All solvents, unless otherwise stated, were distilled from

suitable drying agents under an argon atmosphere prior to use. Reagents and

suppliers are listed below:

Triethylindium: Epichem.

Ammonia (anhydrous): BOC Gases.

All reagents were used as received unless otherwise stated. A description of

analytical techniques is given in Appendix I.

4.4.1 Synthesis of diethylindium amide.

Figure 64. Reaction between triethylindium and ammonia.

Triethylindium (2.1 g; 10 mmol) was added to a 100 cm3 Schlenk flask equipped

with an argon bubbler. Toluene (40 cm3) was added to the triethylindium. This

solution was then cooled to -78 °C using a dry-ice / acetone bath. Ammonia gas

was bubbled slowly through the solution, using a needle, for approximately

5 minutes. The needle was removed and the mixture was allowed to warm slowly

to room temperature.

Toluene
2 InEt, + excess NH,^ 3 -50 °C

HN ,H

EtX X Et
H

+ 2 CH3CH3
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When the vessel had warmed to approximately -50 °C effervescence was

observed in the solution and this continued for 45 minutes. Once the vessel had

warmed to room temperature the toluene was removed in vacuo and a clear liquid

was left. This was analysed by 'H NMR, l3C NMR and MS and was found to be

predominately diethylindium amide (1.83 g; 4.9 mmol) (Yield ~ 98 %).

'H NMR: (300 MHz, C6D6) 8H-0.5 (s, 4H, NH2), 0.7 (q, J= 7 Hz, 8H, -CH2-),

1.5 (t,y=7Hz, 12H, -CH3)

13C NMR: (300 MHz, C6D6) 5C 6.2 (CH3), 13.1 (CH2)

MS (EI): m/z 378 (M2+, 15) (M= Et2InNH2) 349 (M2-Et, 100%) (Full data shown

in Table 9)

4.4.2 Thermolysis of diethylindium amide.

Diethylindium amide (0.53 g; 1.4 mmol) was placed in a 25 cm3 Schlenk tube. A

double surface condenser, equipped with an argon bubbler was added to the

Schlenk tube. The diethylindium amide was heated, using a graphite bath, to -230

°C for 4 hours. The apparatus was allowed to cool to room temperature and a grey

powder was isolated from the thermolysis of diethylindium amide. Analysis of

the grey product, by powder XRD, showed that it contained indium metal but no

trace of indium nitride could be seen.
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Chapter 5

Indium Azides

S.l Introduction.

Due to problems, such as thermally induced dissociation, associated with the

epitaxial growth of indium nitride using conventional precursor chemistry,

indium azides have often found use as good, low temperature single source

precursors in small-scale deposition experiments. High deposition temperatures in

conventional MOCVD processes using indium alkyls are necessary to activate the

reactive carrier gas, ammonia, which is subsequently incorporated into the

growing nitride layer. Indium azides bypass this requirement for activation

because nitrogen is already present in a chemically activated form within the

precursor molecule.147 This allows the possibility of stoichiometric growth in the

absence of ammonia.

Monoazides Me2InN3148

Et2InN3149

/-Pr2InN3'50

«-Bu2lnN3151

?-Bu2InN3152

[Me2N(CH2)3]2InN330

Diazides [Me2N(CH2)3]In(N3)2l:>3

Triazides [In(N3)3]„/J4

(pyridine)3In(N3)3153

(2,2,2-terpyridine)In(N3)3153

Tetraazides {[(pyridine)2Na][(pyridine)2In(N3)4]}„"3

Table 10. Review of azido compounds of indium.
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The use of indium azides is complicated by their sensitivity to thermal and

mechanical shock. As with many metal azides they are prone to explosive

detonation when exposed to shock.148' 154' 155 However, Fischer et al. have

developed indium azides, which are stabilised by intramolecular Lewis base

coordination. These compounds are not sensitive to thermal or mechanical shock

and, in the case of bis(3-dimethylaminopropyl)indium azide, are moderately

stable in air.

Figure 65. Bis(3-dimethylaminopropyl)indium azide and (3-

dimethylaminopropvl)indium diazide; intramolecularly stabilised indium
azide compounds (Fischer et al.)31'15

MOCVD experiments using azido compounds have demonstrated that this type of

single source precursor could be a practical alternative to existing alkyl-based

precursor systems. Also, the low temperature growth of nanoscale materials has

previously been demonstrated using indium azides, this method is outlined in

Chapter 1, Section 1.3.66

5.2 Discussion.

Synthesis ofPrecursors.

The intramolecularly stabilised indium azide systems developed by Fischer et al.

are particularly well suited for the low temperature deposition of indium nitride.

Reasoning that a good low temperature MOCVD precursor should also be a

successful candidate for the low temperature solution-based growth of indium

nitride; it was decided to attempt nanoparticle synthesis using either
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bis(3-dimethylaminopropyl)indium azide or (3-dimethylaminopropyl)indium

diazide. Fischer et al. have outlined the synthetic routes for these compounds.

However, in our hands, following the routes outlined in the literature did not lead

to the successful synthesis of the target compounds. After discussions with

Fischer a synthetic route was provided, which was rather different, in the case of

bis(3-dimethylaminopropyl)indium azide, to the procedure which was published

previously. The amended, successful synthetic procedure can be seen in Section

5.4. The preferred precursor was the monoazide, since this was already known to

be a successful indium nitride precursor, was insensitive to shock and even

moderately stable in air. Most of the intermediates in the synthesis scheme

(Figure 66) have already been well characterised but, where possible, crystal

structures were obtained for the intermediates.

2 N' Ti + InBr,

V ck
F,c" ^O-rln-NU \ „

TO V;
+ 2 NaiSOjCFj) '

Na(S03CF3) + N3— ln^

Diethyl ether

-78 °C
Br—lnO( + 2 LiBr

xs Ag(SQ3CF3)

Toluene

NaN3
48 hours

110°C

DCM
40 °C

100 hours

O;

Toluene

xs NaN3
100 hours
110°C

+ AgBr

Figure 66. Synthesis scheme for bis(3-dimethylaminopropyl)indium diazide.
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There is little that can be said about the intermediates in Figure 66, however

crystal structures and related data are listed below. Other analysis, such as NMR

and microanalysis is listed under the relevant compound in Section 5.4.

Bis(3-dimethylaminopropyl)indium bromide was prepared from the reaction of

3-dimethylaminopropyllithium with indium (111) bromide at-78 °C.

Figure 67, Structure of bis(3-dimethylaminopropyl)indium bromide; as

determined by single crystal XRD.160

113



P.S. Schofield The Synthesis of Indium Nitride Quantum Dots

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size
Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.81°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Table 11. Crystal data

psdch 10

C10H24 Br In N2

367.04

293(2)K

0.71073 A

Monoclinic

P2(l)/n

a =10.851(8) A a= 90°.

b = 12.577(8) A (3= 108.32(2)°.
c= 11.735(9) A y = 90°.

1520(2) A3
4

1.604 Mg/m3
4.157 mm"1

728

0.1000 x 0.1000 x 0.1000 mm3

2.44 to 23.81°.

-8<=h<= 12, -14<=k<=l 1, -13<=1<=10

5022

2129 [R(int) = 0.0930]

90.9 %

Multiscan

1.00000 and 0.1522

Full-matrix least-squares on F2
2129/0/128

1.071

R1 =0.1184. wR2 = 0.2682

R1 =0.1718, wR2 = 0.3108

0.0004(8)

1.610 and-1.269 e.A"3

and structure refinement for bis(3-

dimethylaminopropyl)indium bromide. (Additional crystal structure data,

including bond lengths and angles, are listed in Appendix II.)

Bis(3-dimethylaminopropyl)indium bromide was first described and structurally

characterised by Schumann et al.]60 From the structure it can be seen that the

indium atom is in the centre of a trigonal bipyramid, with axial sites filled by
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coordinative bonding from nitrogen atoms, which are present in the 3-

dimethylaminopropyl groups. A bromine atom and the two carbon chains of the

3-dimethylaminopropyl groups occupy the equatorial sites. Additionally,

microanalysis, mass spectral and NMR data for bis(3-

dimethylaminopropyl)indium bromide can be found in Section 5.4.3.

CI141

Figure 68. Crystal structure for bis(3-dimethylaminopropyl)indium(Ju-
31

N3)bis(3-dimethylaminopropyl)indium trifluoromethanesulfonate (BATfl).
For BATfl there is no additional crystal structure data, this is because it is a

known structure, so single crystal XRD data collection was curtailed. Also, BATfl

was not directly relevant to the synthesis of the target monoazide. BATfl was first
•a i

synthesised and structurally characterised by Fischer et al. It can be seen that

there is a bridging azido group connecting two indium atoms, one of the indium

atoms is in a trigonal bipyramidal environment, whereas the other indium atom is

in an octahedral coordinative system. The octahedral indium atom is also bound

to a trifluoromethanesulfonate moiety.
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Bis(3-dimethylaminopropyl)indium trifluoromethanesulfonate was prepared by

reacting bis(3-dimethylaminopropyl)indium bromide with an excess of silver

trifluoromethanesulfonate at 40 °C for four days.

C(3)

Figure 69. Crystal structure of bis(3-dimethylaminopropyl)indium
trifluoromethanesulfonate.
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Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 23.45°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices ll>2sigma(I)]

R indices (all data)

psdeh13

Cll H24F3 In N2 03 S

436.20

125(2) K

0.71073 A

Monoclinic

P2(l)/c

a = 16.113(7) A
b = 17.147(7) A
c= 13.509(6) A

3516(3) A3

<x= 90°.

P= 109.625(6)°.

y = 90°.

1.648 Mg/m3
1.501 mm"1

1760

. 18 x .05 x .05 mm3

1.34 to 23.45°.

-17<=h<=14, -16<=k<= 19, -15<=1<=15

17443

5039 [R(int) = 0.1042]

97.5 %

MULT1SCAN

1.00000 and 0.556209

Full-matrix least-squares on F2
5039/0/382

1.011

R1 =0.0634, wR2 = 0.1530

R1 = 0.0701, wR2 = 0.1608

Largest diff. peak and hole
Table 12. Crystal

3.091 and-1.367 e.A"3
data and structure refinement for bis(3-

dimethylaminopropyl)indium trifluoromethanesulfonate. (Additional crystal
structure data, including bond lengths and angles, are listed in Appendix II.)

Bis(3-dimethylaminopropyl)indium trifluoromethanesulfonate is reported as an

intermediate in the synthesis of bis(3-dimethylaminopropyl)indium azide by

Fischer et al?x However, the crystal structure is not presented in that report. As

with the bromo species, indium is in a trigonal bipyramidal coordinative
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environment. Axial sites are occupied by coordinative bonding from nitrogen

atoms. Equatorial sites are occupied by two carbon atoms (from 3-

dimethylaminopropyl amine) and a trifluoromethanesulfonate group, which is

coordinated to indium through an oxygen atom. This compound also exhibits an

interesting long-range order, which can be seen in Figure 70. Additional

microanalysis data for this intermediate can be found in Section 5.4.4.

Figure 70. Crystal structure showing long-range order in bis(3-

dimethylaminopropyl)indium trifluoromethanesulfonate.

It can be seen that the long-range order, which is seen in bis(3-

dimethylaminopropyl)indium trifluoromethanesulfonate, is facilitated by bridging

trifluoromethanesulfonale groups between octahedrally coordinated indium

centres. Bis(3-dimethylaminopropyl)indium azide was prepared from the reaction

of excess silver azide with bis(3-dimethylaminopropyl)indium

triflouoromethanesulfonate at 110 °C for four days. The azido product

characterised by C, H, N microanlysis and FTIR. The microanalysis verified that

the trifluoromethanesulfonate, salt metathesis step had been fully completed. It

was found that EI MS was often unreliable for characterisation of azido species

and, in this case, 'H NMR would be unable to give a reliable distinction between

C<30A)

N(2"
o-

Ci,32)
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starting material and product; since both have would have rather similar proton

environments.

Identity Carbon (wt %) Hydrogen (wt %) Nitrogen (wt %)
Theoretical values 36.5 7.3 21.3

Experimental
values

36.88 7.52 21.19

Table 13. Microanalysis data for bis(3-dimethylaminopropyl)indium azide.

It can be seen in Table 13 that the elemental composition is very close to that

which would be expected for the target compound. FTIR showed the

characteristic strong absorption at -2050 cm"1, which is associated with the N3

asymmetric stretching mode. Attempts were made to grow crystals suitable for

single crystal XRD but these were all unsuccessful. However, the crystal structure

has previously been reported by Fischer et a/.jl

Another potential target azido precursor was the diazide, (3-

dimethylaminopropyl)indium diazide. This precursor had previously been

synthesised by Fischer et a/.153 but there were no reports of it being used as a

successful precursor to indium nitride. However, the analogous gallium azide had

been shown to be a good precursor for the growth of colloidal gallium nitride

nanoparticles.28 In our hands the synthetic procedure outlined in the relevant

report failed to generate the target product. However, this synthetic route was not

pursued as exhaustively as that for the monoazide, so, no further attempts were

made to synthesise the diazide. It could be reasonable to speculate that larger

excesses of some reagents and longer reaction times are required for the

successful synthesis of this compound. In this respect it would be identical to the

previously mentioned literature reports by Fischer et al. concerning the

monoazide.
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Characterisation ofIndium Nitride Nanoparticles.

N.B. This section contains HRTEM images. All of the recorded HRTEM images

can be seen in Appendix III.

The aim of this subsection is to present the physical evidence for the synthesis of

indium nitride nanoparticles. In all cases the syntheses were achieved by injecting

a solution of bis(3-dimethylaminopropyl)indium azide into a hot, coordinating

thermolysis medium. Exact experimental details can be found in Section 5.4.9-13.

Due to time constraints it was only possible to conduct four separate nanoparticle

syntheses. These are referred to as QDR 2, 3, 4 and 5 respectively. The first three

of these experiments used tri-/7-octyIphosphine oxide (TOPO) as the coordinating

thermolysis medium and the final, fourth experiment used triethylene glycol

dimethyl ether (triglyme).

QDR 2.

This was the first successful synthesis, which led to the generation of

nanoparticles. Elowever, QDR 2 is unusual because DCM was used to dissolve the

precursor before injection (in all other cases toluene was used). The inclusion of

DCM within the growth system appears to have had dramatic effects upon the

nature of the nanoparticles that were generated. EDX showed that the sample was

heavily contaminated with chlorine and the nanoparticles appeared to contain

chlorine and indium. Carbon, oxygen and phosphorus were also detected and

these can be explained by the presence ofTOPO in the sample. Since the particles

are highly crystalline, lattice fringes were clearly visible by high-resolution TEM

(HRTEM).
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A: d-spacing -5.7 A
B: d-spacing -5.8 A

Figure 71. HRTEM image from QDR 2.

The TEM image shows the presence of many small particles, most of which

appear to be approximately 5-10 nm in diameter. However, the d-spacing for

these particles is rather larger than that which could be expected for either

wurtzite or cubic indium nitride. (The largest d-spacings in both of these phases

are approximately 3 A.) Since EDX appears to show that the particles contain

significant amounts of chlorine, it might be possible that the particles are not

indium nitride but indium chloride, which the d-spacing measurements would

appear to suggest. Generation of theoretical d-spacing measurements, using
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powder XRD computer software,* shows that both orthorhombic and cubic

indium chloride do exhibit d-spacing in the range of 5-6 A (Table 14).

Sample identity (crystal system)
(Unit cell parameters)

d-spacing (A) (crystallographic plane)

Indium (I) chloride (orthorhombic) 6.16(020)
(a = 4.242 A)
(b = 12.32 A) 4.01 (110)
(c = 4.689 A)

3.73 (021)

Indium (I) chloride (cubic) 8.75(110)
(a = 12.373 A)

7.14(111)

6.19(200)

5.53 (120 and 210)

5.05 (211)

4.37 (220)

Table 14. Theoretical d-spacing measurements for orthorhombic and cubic
indium (I) chloride.

* d-spacings were generated in all cases using STOE™ powder XRD software

(WinXPOW). Complete d-spacing values are listed in Appendix II.

From the list of d-spacings for indium (I) chloride it is perhaps reasonable to

surmise that the nanoparticles maybe composed of cubic indium (I) chloride; with

the measured spacings corresponding to either (120) or (210) crystallographic

planes. The discrepancy in the measured value and the theoretical value is

probably due to inaccurate calibration of the scale bar in the image. This type of

inaccuracy can be compensated for by using calibration factors (and this method

is used in subsequent images where accuracy is more important and will be

explained then). Since these nanoparticles were heavily contaminated with

chlorine and did not exhibit d-spacings consistent with indium nitride, it was
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decided to repeat the experiment using toluene as the precursor solvent, which

would eliminate chlorine contamination.

QDR3.

This experiment was conducted as QDR 2 but toluene was used to dissolve the

precursor instead of DCM. After the initial thermolysis stage the sample

underwent several washing and centrifugation steps. These steps resulted in the

formation of three separate samples, which will be referred to, in this section, as

QDR 3a, 3b and 3c. A detailed explanation of the washing and centrifugation

steps, which resulted in the formation ofQDR 3a, b and c, can be seen in Section

5.4.10.

For ease of explanation QDR 3b will be presented first. HRTEM showed that

QDR 3b contained numerous highly crystalline nanoparticles typically 3-10 nm in

diameter. The nanoparticles exhibited well-defined lattice fringes and d-spacing

measurement was possible.
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Figure 72. HRTEM image from QDR 3b.

Firstly, it can be seen that the d-spacing appears to be within the expected region

for either wurtzite or cubic indium nitride. As for indium (I) chloride, theoretical

values for d-spacings and unit cell parameters in wurtzite and cubic indium nitride

were calculated (Table 15).
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Sample identity (crystal system)
(Unit cell parameters)

d-spacing (A) (crystallographic plane)

Indium nitride (wurtzite - hexagonal) 3.03 (10-10)
(a = 3.501 A)
(c = 5.67 A) 2.83 (0002)

2.67(10-11)

2.07(10-12)

1.75(11-20)

Indium nitride (cubic) 2.85(111)
(a = 4.932 A)

2.47 (002)

1.74 (220)

1.49 (311)

Table 15. Theoretical d-spacing measurements for wurtzite and cubic indium
nitride.

The angles between crystallographic planes are significant in this analysis. It can

be seen that there are three separate planes; two have a d-spacing of 2.93 A and

the other a spacing of 2.56 A. The two wider planes are orientated at 70 0 with

respect to each other and 55 0 with respect to the narrower plane. This observation

is very important because it helps us to determine the phase of indium nitride that

may have been synthesised. We must also assume that the d-spacings, which have

been measured using the scale bar, could be subject to some small degree of

inaccuracy.

If we look at the values of the measured d-spacings; 2.93 and 2.56 A the

difference between the two values is 0.37 A. Working through the d-spacings,

shown in Table 15, the two differences between planes which are closest to the

difference between the observed d-spacings are between (10-10) and (10-11) in

the wurtzite phase (3.03 - 2.67 = 0.36 A) and (111) and (002) planes in the cubic
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phase (2.85 - 2.47 = 0.38 A). Using drawings, projections and simple

mathematics it is possible to show that only the cubic phase can exhibit the inter-

planar angles that are observed.

Firstly, we must see the crystallographic planes that are involved (Figure 73).

z z

Figure 73. Crystallographic planes which would constitute (10-11) and

(10-10) fringes within an array of hexagonal unit cells, (d-spacing of these

fringes is the perpendicular measurement between equivalent planes.)

In the hexagonal cell there are numerous crystallographic planes which, in terms

of d-spacing, are equivalent. In fact, there are 6 planes per cell that exhibit the

same spacing as the (10-10) shown in Figure 73 and there are 12 planes per cell

that exhibit the same interplanar spacing as the (10-11) planes shown in the

figure. It is possible to observe the d-spacings of (10-10) and (10-11) (or their

respective equivalents) at the same time. The relative interplanar angles that such

an observation, on wurtzite indium nitride, would generate are shown in Figure

74.
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Figure 74. Diagram showing relative orientations of crystallographic planes
in a hexagonal unit cell.

From Figure 74 it can be clearly seen that although the d-spacings may be similar

to those observed in the HRTEM image, the crystallographic planes do not occur

with the same interplanar orientation as those in the HRTEM image. In practice it

would not be possible to actually observe the relationship shown in Figure 74

because atomic positions, which are shown as black spots in the figure, would

effectively shroud the (10-10) planes. Using similar drawings it can be shown

that a face-centred cubic structure, with the lattice parameter of cubic phase

indium nitride, can exhibit the correct interplanar angles.
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a = 4.

110 direction

Figure 75. Diagram showing (002) and (111) crystallographic planes within a

cubic unit cell.

In the same way as the hexagonal unit cell there are numerous crystallographic

planes with d-spacings that are equal. By viewing the cubic unit cell along the

(110) direction it is possible to observe d-spacings arising from (002), (1-11) and

(-111) planes at the same time. (The (1-11) and (-111) are equivalent to (111) in

terms of d-spacing). The relative interplanar angles that would be observed by

looking at the face-centred cubic cell along the (110) direction are shown in

Figure 76.

Figure 76. Diagram showing relative orientations of crystallographic planes
in a cubic unit cell.
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By extending the projection exhibited in Figure 76 we can see that is possible to

observe the same 'distorted hexagon' pattern that can be seen in the HRTEM

image in Figure 72. This extended projection can be seen in Figure 77.

\
y\

1002)
2.56 A

<111)
2.93 A

Figure 77. Extended projection showing 'distorted hexagon' arrangement of
atoms HRTEM image in Figure 72.

From Figure 76 we can see that the cubic cell fulfils the criteria for interplanar

angles. Since the evidence would appear to point to the nanoparticles possibly

being composed of cubic indium nitride it is necessary to ensure the accuracy of

the scale bar. The image in Figure 72 was obtained using a magnification factor of

x 800.000. The validity of the scale bar length can be verified by the presence of

indium metal droplets in the sample (Figure 78).
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A: d-spacing ~2.7 A.

Figure 78. Indium metal droplet seen in sample QDR 3b.

The indium metal droplets behave very differently to other nanoparticles since

they actually melt in the electron beam. By photographing and recording the d-

spacings of these metal particles they act as an inclusive reference within the

sample, thus validating the scale bar value. The image above shows a d-spacing of

2.7 A, corresponding to the (101) plane of indium metal (2.715 A), this shows that

the image is accurate to approximately 0.5 %. Images using a different

magnification factor will require a different correction factor.
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In Figure 72 the nanoparticle would appear to exhibit a cubic unit cell of

a = 5.12 A. The literature value reported for cubic phase indium nitride is

4.932 A.156 There appears to be a mismatch between the 'official' value and the

measured value presented here. The exact mismatch is 3.7 % (of which ~0.5 %

would be caused by scale bar inaccuracy), whilst this mismatch would initially

appear to be large, in practice this corresponds to a physical measurement

equating to less than 0.3 - 0.4 mm on the HRTEM image. This discrepancy can,

therefore, be largely explained by a small amount of scale bar inaccuracy and, to a

greater extent, d-spacing measurement inaccuracy. However, the overriding fact

remains that the nanoparticles appear to exhibit a structure that is entirely

consistent with cubic indium nitride; albeit with a small but understandable

inaccuracy arising from the physical measurements and not the particles

themselves.

To show that the predominant phase of indium nitride nanoparticles in QDR 3b is

cubic Figure 79 show examples of cubic phase nanoparticles, which exhibit the

same type of interplanar relationship as the particle in Figure 72.
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A: d-spacing -2.92 A; a -70 °
B: d-spacing -2.85 A; (3 -55 °
C: d-spacing -2.60 A; y -55 °

D: d-spacing -2.82 A

Figure 79. HRTEM image from QDR 3b.

In Figure 79 it is possible to see two labelled nanoparticles. However, in one

nanoparticle it is possible to measure three d-spacings, equating to three

crystallographic planes, whereas in the other particle only one fringe direction can

be seen. This observation is explained by the differing orientations of the two

nanoparticles. By tilting the cubic unit cell away from the 110 direction it is

possible to selectively extinguish transmission along the (002) planes and either

the (1-11) or the (-111) planes.
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It can be seen that the cubic phase nanoparticles appear to be the most common

within these samples. However, we have not yet proved that the elemental

composition of these nanoparticles is consistent with indium nitride. Firstly, the

nanoparticles were examined using EDX. A typical example of the sort of spectrum

produced can be seen in Figure 80.
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Figure 80. Typical EDX spectrum, at 20 kV, from nanoparticles in QDR 3.

From the EDX spectrum we can clearly see the signals that are from indium (3-4

keV), also carbon (0.3 keV) and oxygen (0.55 keV). However, it is not possible to

easily see signals that arise from nitrogen. This is partially due to the fact that the

nitrogen signal would be expected at 0.3 - 0.4 keV and this could lead to the
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signal being hidden by the large carbon peak. Also, in this particular spectrum

phosphorus is not labelled but phosphorus was observed at ~ 2 keV in most other

spectra and it is thought that this arises from residual TOPO.

The lack of sensitivity of EDX to low energy signals, such as nitrogen, is due to

the fact that the low energy x-rays produced by nitrogen tend to be absorbed by

the sample itself before they reach the detector. This is not a problem with low

energy signals where there is a high concentration of the element in question. This

fact is starkly illustrated by the strength of the indium peak. The x-rays generated

by indium are of a high energy, so they will experience little absorption from the

sample on their way to the detector. This reabsorption problem is compounded in

this type of sample because the design of the synthetic procedure itself aims to

make indium nitride nanoparticles that are surrounded by an organic 'shell'. Since

nearly all of the nitrogen in the sample would be shrouded by a coat of TOPO, it

is not surprising that the nitrogen signal was heavily suppressed and, therefore,

very difficult to observe. Also, a separate experiment showed that EDX had

difficulty detecting nitrogen in a sample of ammonium chloride; this suggested

that the machine was at the limit of its capabilities when trying to detect nitrogen.

However, by reducing the accelerating voltage that was used in the EDX

experiment from 20 to 5 kV it was possible to enhance the nitrogen signal. By

using a lower voltage the electron beam will penetrate the sample to a lesser

extent. Therefore, a larger proportion of the x-rays produced emanate from the

surface of the sample. These surface-generated x-rays have a lower probability of

absorption by the sample and a larger proportion are more likely to reach the
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detector, thus boosting the nitrogen signal. The result of this approach can be seen

in Figure 81.
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Figure 81. Typical EDX spectrum, at 5 kV, from nanoparticles in QDR 3.

Using an accelerating voltage of 5 kV it was possible to see a 'shoulder' at ~ 0.35

keV that arises from nitrogen within the sample. Because the nitrogen signal was

still slightly obscured it was not possible to obtain reliable quantitative data,

which could have indicated the ratio of indium to nitrogen. However, with the

enhanced nitrogen signal it was possible to use SEM to generate an elemental

map of the sample, this is shown in Figure 82.
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Indium L-«1 Copper K-o.' Phosphorus K-a1

Figure 82. SEM elemental maps, recorded using 20 kV accelerating voltage,

showing distribution of selected elements within a sample of QDR 3b. (White
areas indicate low elemental concentration.)

SEM at 20 kV accelerating voltage shows that there are associated localised

concentrations of indium, carbon, oxygen and phosphorus, which track one

another. However, due to the reasons outlined previously, the sensitivity of

nitrogen detection is limited and it is difficult to observe related indium and

nitrogen signals in this sample. By using an accelerating voltage of 5 kV it is

possible to see that nitrogen concentration clearly maps onto carbon, oxygen and,

by association, indium (Figure 83).
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Figure 83. SEM elemental maps, recorded using 5 kV accelerating voltage,

showing distribution of selected elements within a sample of QDR 3b. (White
areas indicate low elemental concentration.)

In order to further demonstrate that the nanoparticle samples did contain nitrogen,

a sample from QDR 3 was examined by C, H, N microanalysis. This revealed that

the sample did indeed contain nitrogen, albeit a small amount (Table 16).

Sample identity Carbon (wt %) Hydrogen (wt %) Nitrogen (wt %)

Indium nitride

nanoparticle
composite (QDR3)

40.94 7.44 0.57

Table 16. Microanalysis data for a sample of QDR 3.

The reason for the low concentration of nitrogen can be rationalised on the basis

of the HRTEM images, which strongly suggest that the majority of the samples

appear to made-up mainly of an amorphous, organic matrix and the actual
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concentration of crystalline nanoparticles within the matrix is quite low.

(Although, the concentration of crystalline nanoparticles is far larger than that of

the metallic indium droplets that were seen.) An unfortunate side effect of this

observation is that it was impossible to obtain an XRD pattern for the

nanoparticles. Even with extended scan durations no crystalline peaks were ever

visible from any of the nanoparticle composite samples. This is probably due to a

combination of low particle concentration and the peak broadening effect, which

is a consequence of the low coherence lengths that are seen in nanoparticle

materials.

Another portion ofQDR 3 was analysed by XPS. This was very useful since it too

confirmed the presence of indium and nitrogen in the sample. Also, the separation

of In 3d I2 (446.3 eV) and N Is (400.0 eV) signals appeared to correlate

satisfactorily with literature reports for indium nitride (Signal separation = 46.3

eV).

Sample identity (ret) In 3d V2 (eV) N ls(eV) Signal separation (eV)
Single crystal indium nitride grown
by MOCVD.67

443.2 395.8 47.4

Polycrystalline indium nitride grown
by atmospheric pressure CVD."6

444.7 396.8 47.9

Polycrystalline indium nitride films
grown by low pressure CVD using
an azido precursor."7

444.4 397.0 46.4

Commercial indium nitride powder
(analysed in St.Andrews
17/01/2001)

444.3 396.3 48.0

Nanoparticle composite material
QDR 3b (analysed in St.Andrews
16/01/2003)

446.3 400.0 46.3

Table 17. Selected XPS data for indium nitride.

QDR 3a showed very similar characteristics in terms of particle size and

composition to QDR 3b. This sample showed particles that were typically 2-10
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nm in diameter and most particles appear to show cubic phase patterns

(Figure 84).
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A: d-spacing -2.92 A; a -70 °
B: d-spacing -2.92 A; p -57 °
C: d-spacing -2.53 A; y -53 °

Figure 84. HRTEM image from QDR 3a.

However, there are some points about the images from QDR 3a that are

significant. Firstly, there is evidence for the co-existence of hexagonal (wurtzite)

phase indium nitride nanoparticles (Figure 85).
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A: d-spacing ~3.04 A; a ~56 °
B: d-spacing -2.92 A; p -62 °
C: d-spacing -2.82 A; y -62 °

Figure 85. HRTEM image from QDR 3a.

The particle shown in Figure 85 does not show the typical cubic interplanar

relationship, which appears to predominate in the HRTEM studies. Instead this

nanoparticle exhibits very similar d-spacings and all of the interplanar angles are

near to 60 °. This would appear, at first glance, to be a hexagonal unit cell basal

plane; the d-spacings that are visible would appear to be the (10-10), or

equivalent, planes. However, the result should be treated with caution since this is

a particularly small particle and the d-spacings within it could be seriously

affected by any defects within. Fischer et al. have observed the co-existence of

140



P.S. Schofield The Synthesis of Indium Nitride Quantum Dots

hexagonal and cubic gallium nitride nanoparticles using this type of solvothermal

synthesis.

QDR 3a also showed a unique feature. It appeared that the sample had become

contaminated with a mesoporous material during either synthesis or post-reaction

processing. The very interesting feature of this supposed contamination was the

occupation of the mesoporous channels by the nanoparticles. Two images

showing this phenomenon can be seen in Figure 86 and Figure 87.
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Figure 86. Mesoporous structure seen by HRTEM in QDR 3a. (Circled area

shows the position of a nanoparticle.)
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Figure 87. QDR 3a imaged in bright-field to show the presence of numerous

nanoparticles within the mesoporous channels.

Sample QDR 3c was rather different in nature to both samples 3a and 3b. It

appeared that a degree of size-selection had occurred as a consequence of the

post-reaction processing. This is not surprising since the post reaction processing

was based on that used by Bawendi et al. for their post reaction processing for

II-VI nanoparticles.49

The nanoparticles in QDR 3c were, without exception, rather smaller than the

average size seen in either QDR 3a or 3b. In fact the nanoparticles were all

approximately 2 nm in diameter and the population of these small particles
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appeared to be even lower than those from the previous samples. Despite their

small size the particles did exhibit good crystallinity and they also showed the

characteristic cubic interplanar relationship, which was seen in the larger

nanoparticles.

A: d-spacing -2.53 A; a ~55 °
B: d-spacing -2.86 A; p -73 °
C: d-spacing -2.9 A; y -57 °

Figure 88. HRTEM image from QDR 3c. (Correction factor applied; see

below.)

It is necessary to ensure scale bar accuracy in this image, since a different

magnification factor (x 1,000,000) was used for Figure 88. By observing the same

image at the previously validated x 800,000 factor and then x 1,000,000 it was
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found that a correction factor of 0.962 should be applied to images using the x

1,000,000 magnification factor. It is possible to correct the observed d-spacings in

the image shown in Figure 88. The interplanar angles do suggest that even this

small particle has the same cubic structure as the majority of the larger particles in

QDR 3a and 3b.

QDR4.

QDR 4 was carried out along very similar lines to QDR 3. However, the main

difference was the length of time that the experiment was left to incubate after the

initial injection. Exact experimental details can be found in Section 5.4.12. The

purpose of the increased incubation time was to see if larger particles could be

grown. However, this approach was unsuccessful and HRTEM studies showed

that the nanoparticles synthesised were actually slightly smaller than those in

QDR 3a and 3b. Once again, the nanoparticles showed the same type and degree

of crystallinity as usual.

The findings of this experiment would appear to suggest that the growth process

is actually completed very quickly and larger particles cannot be grown by

aggregation. It may be possible to grow larger particles by increasing the amount

of precursor that is used in the initial injection.

QDR 5.

QDR 5 was conducted along different lines to the previous syntheses. In this

experiment TOPO was replaced by triglyme and this was also used instead of

toluene to dissolve the precursor for injection. This experiment closely mirrors the
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method used by Fischer et al., where trigiyme was used as a coordinating

thermolysis medium for colloidal gallium nitride nanoparticles.28 Experimental

detail for this experiment can be found in Section 5.4.13.

Injection of a trigiyme solution of bis(3-dimethylaminopropyl)indium azide into

refluxing trigiyme and subsequent incubation at 216 °C generated a nanoparticle

suspension. Post-reaction processing led to the generation of two separate

samples; QDR 5a and 5b. QDR 5a contained the precipitate that was formed after

the reaction mixture was allowed to cool. QDR 5b was simply the liquid phase of

the reaction and this had no visible precipitate and was bright, clear yellow in

colour. However, HRTEM examination showed that both samples contained

many, highly crystalline nanoparticles of 2-8 nm diameter, which have a

composition that is identical to those from earlier syntheses and consistent with

indium nitride. The nanoparticles also showed the same pattern of interplanar

relationship that had been seen previously.

The particles in both samples obtained from trigiyme appeared to be rather

'cleaner' and more densely populated than before, although it was still not

possible to obtain a powder XRD spectrum for the nanoparticles. The organic

matrix that surrounded the particles was less extensive and, as a result, the quality

of the images obtained by HRTEM was improved. This improved sample quality

could be due to the simple fact that trigiyme is a liquid at room temperature and

will be more easily washed from a sample of nanoparticles than TOPO, which is a

solid below 60 °C. Despite the difference between the two samples (one having

visible precipitate and one not) there appeared to little difference in the population
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density between 5a and 5b. Also, the fact that the particles are very similar in size

to those isolated when TOPO was used as a capping group, suggests that capping

group choice has little effect upon particle size in this type of system. Moreover, it

would appear that particle size is mainly dictated by very fast, disperse nucleation.

It could be that the precursor is entirely converted to indium nitride very quickly

after the injection and then the capping groups prevent further growth by

aggregation. As mentioned for QDR 4, if this were the case, a larger charge of

precursor should be used to grow bigger particles and, conversely, less precursor

should be used if particles with a smaller average size are to be grown. Also, if

this were correct it would render the incubation periods completely unnecessary,

since there would be no change in the nature of the sample after, perhaps, the first

few minutes 'post-injection'. Unfortunately, time constraints did not allow for any

testing of this hypothesis.
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A: d-spacing ~2.96 A; a -62 °; B: d-spacing -2.96 A; p -60 °
C: d-spacing -2.98 A; y -58 0 ; D: d-spacing -2.79 A; C, -69 °
E: d-spacing -2.82 A; s -57 ° ; F: d-spacing -2.59 A; x -53 °

Figure 89. HRTEM image from QDR 5a.
The first image from QDR 5a (Figure 89) shows the improved quality of the

samples over previous experiments. This image is particularly interesting since

there is the possibility that it shows both cubic and hexagonal phase nanoparticles

adjacent to one another. The 'hexagonal' nanoparticle shows all angles that are

close to 60 ° and equal d-spacings for all planes. The 'cubic' nanoparticle shows

the characteristic interplanar relationship that has been discussed previously. This

result should be treated with caution because the image quality at the position of

the 'hexagonal' nanoparticle is quite poor.
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B: d-spacing -2.67 A; (3 ~55 °
C: d-spacing -3.02 A; y -71 °

Figure 90. HRTEM image from QDR 5a. (Correction factor of 0.962 applied;
see Figure 88.)

The image in Figure 90 shows a particularly well-formed nanoparticle of

approximately 3-4 nm in diameter. This image shows that a high degree of

crystallinity is present even in very small particles. This particular example shows

the characteristic cubic structure, which is seen in the majority of the larger

nanoparticles. QDR 5b is very similar in nature to QDR 5a. However, at least one

of the images that were obtained from QDR 5b shows a particularly noteworthy

feature (Figure 91).
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Figure 91. HRTEM image of QDR 5b showing particles with small d-spacing.

It be seen quite clearly, in the green circles, that there are nanoparticles that have a

very small d-spacing. This spacing is consistent with either the (220)

crystallographic planes in the cubic phase of indium nitride or the (11-20)

crystallographic planes in hexagonal phase indium nitride. There is no way to

reliably assign the crystalline phase of these small d-spacing particles but they are

worthy of note. A final image is included for another unusual feature. Cubic phase

lattices ought to show indications of planes at 90 0 orientation with respect to each

other. This can be seen in an image from QDR 5b and it is possible to observe the
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face centred cubic arrangement of atoms in the highlighted nanoparticle

(Figure 92).
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Figure 92. HRTEM image from QDR 5b. Showing cubic phase nanoparticle
with crystallographic planes orientated at 90 °.

Optical Properties ofIndium Nitride Nanoparticles.

In the initial stages of this project it was envisaged that indium nitride

nanoparticles could eventually find a use as a source of variable wavelength light

emission. Flowever, during the course of this investigation there was some

uncertainty about the fundamental nature of the band gap in indium nitride

(Chapter 1). The nanoparticles that have been synthesised could, rather
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fortuitously; both have use as a novel light emitting, or detecting, materials and

also prove to be a useful tool for investigating the actual magnitude of the band

gap of indium nitride.

QDR 3 was examined for its optical properties. It was obvious that this sample

did emit light, since it gave strong blue emission under UV excitation. However, a

control experiment was conducted (Section 5.4.11) and this showed that TOPO

itself gave bright blue emission under UV excitation."5 In our hands it appeared

that TOPO was extremely persistent within the nanoparticle samples and it could

not be removed even with numerous washing cycles. Samples QDR 3a, b and c

showed blue emission that was entirely consistent with that seen in the TOPO

control experiment.

Wavelength (nm)

Red line: TOPO control
Blue line: QDR 3a
Green line: QDR 3b
Purple line: QDR 3c

Figure 93. PL spectrum showing blue luminescence originating from TOPO.

(Excitation at 300 nm. N.B. QDR 3c excitation frequency was 330 nm.)
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Figure 93 shows that the blue luminescence that is observed in the TOPO-

containing experiments appears to be from TOPO itself. Of course it is not

possible to ascertain whether the TOPO emission shrouds that which might be

seen from indium nitride quantum dots. Mi'ci'c et al. have observed this

persistence and blue luminescence of TOPO in their colloidal, TOPO-based

synthesis of indium phosphide quantum dots.115 Also, the previous HRTEM

studies showed the presence of an extensive amorphous organic matrix that

surrounded the nanoparticles and it would appear that this was mainly composed

of TOPO and its thermolysis products.

If the band gap of indium nitride was not the older value of 1.7 - 1.9 eV but the

newer value of approximately 0.7 eV, emission originating from quantum

confinement in indium nitride nanoparticles might be seen at lower energies i.e.

longer wavelengths. To this end it was decided to conduct PL experiments

detecting between 500 - 800 nm. It was decided to use sample QDR 3b since this

had undergone the more extensive washing of samples 3a and 3b. It was thought

that sample 3c probably had an insufficient population of quantum dots to

produce observable emission.
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Figure 94. PL spectrum of QDR 3b. (Excitation frequency 500 nm.)

There is an obvious emission in Figure 94 at -555 nm, however, it appears that

this emission is generated by TOPO (Figure 95).

Wavelength (nm)

Figure 95. PL spectrum of TOPO control. (Excitation frequency 550 nm.)

In Figure 95 only the 'tail" of the TOPO emission is seen due to the differing

excitation frequency. The broad range of the TOPO emission is also noted by

Mict'c et al. "We note an unusual feature of the PL from TOPO that was heat
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treated by itself at 270 °C is that the positions of the emission peaks vary linearly

with the excitation frequency over visible excitation ranging from about 2-3 eV;

these emission peaks were red shifted from the excitation energy by 0.4-0.5 eV."

However, one important feature of the spectrum in Figure 94 is the faint emission

centred at -700 nm, which is not observed in the TOPO control experiment and it

is this emission that could arise from indium nitride quantum dots within the

sample. A weak absorption, which corresponds to the emission at 700 nm can also

be seen at -570 nm (Figure 96).

0.017 -r

0.0145 ■ i ■ i ■ i ■ I i i ■ i ■ i ■ i ■ I i i ■ i ■ i ■ i ■ i ■ i ■ I i i ■ i

450 470 490 510 530 550 570 590 610 630

Wavelength (nm)

-HH-

690 710 730 75<

Wavelength (nm)

Figure 96. Absorption (upper) and PL (lower) spectra of QDR 3b showing

absorption and emission from indium nitride quantum dots. (Black dashed
line shows moving average trendline.)
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The relationship between the absorption and the observed emission was

confirmed by a PLE experiment, which was carried out monitoring at 700 nm

(Figure 97).
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Figure 97. PLE spectrum monitoring emission at 700 nm.

To further validate the claim that the emission at 700 nm originated from indium

nitride quantum dots a calculation was carried out to estimate the band gap of

indium nitride nanoparticles that possessed dimensions similar to those observed

in QDR 3b. The calculation was performed assuming a 0.7 eV band gap for

indium nitride using a known method, where an infinite barrier height is applied

at the particle boundary (Figure 98).157
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Figure 98. Calculated variation of band gap in indium nitride due to particle
size. (N.B. Band gap for bulk indium nitride is assumed to be 0.7 eV.)

The size of the nanoparticles observed in QDR 3b by HRTEM varied from 3-10

nm in diameter. From Figure 98 an emission at -700 nm (-1.5 eV) would appear

to arise from indium nitride particles with a diameter of around 5 nm. Therefore,

observed emission and particle size certainly appear to be consistent although it

should be noted that the emission could be altered by any trapped states

associated with the quantum dots.

The samples that exhibited, perhaps, the highest density of nanoparticles were

QDR 5a and 5b. These samples were synthesised using triglyme as the capping

group. These were examined for emission at -700 nm. No emission was observed

in these triglyme-based samples, even though the samples appeared to be cleaner

and posses a greater density of nanoparticles. This is significant since Fischer et
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al. claim to observe emission from gallium nitride nanoparticles in triglyme.28 It

could be the case that the blue luminescence observed by Fischer et al. is the

result of residual organic species within the system, which would also be

consistent with blue emission from TOPO. It could be the case that triglyme is

rather poor at electronically passivating the surface of the nanoparticles and this

gives rise to non-radiative recombination centres, which quench the luminescence

of indium nitride quantum dots.

5.3 Conclusion.

Indium nitride nanoparticles have been synthesised via a solvothermal synthesis

route in which bis(3-dimethyIaminopropyl)indium azide was used as the single

source precursor. The particles have been synthesised at an unprecedented low

temperature and are predominantly composed of highly crystalline cubic indium

nitride, although there is some evidence for the co-existence of hexagonal

(wurtzite) phase indium nitride.

The work presented in this chapter outlined several possible new observations

and syntheses. The first low temperature synthesis of colloidal indium nitride

quantum dots was described. The first HRTEM images for indium nitride

nanoparticles were presented. The first observation of luminescence, possibly

arising from quantum confinement in indium nitride quantum dots was also

presented. The luminescence wavelength of the quantum dots would also appear

to suggest that the fundamental band gap of cubic indium nitride lies somewhere

close to 0.7 eV
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Despite these new observations the synthesis method is not fully investigated, or

understood. Several challenges remain before indium nitride quantum dots could

be incorporated into any working device. Firstly, characterisation of the

nanoparticles must be placed beyond doubt. The recording of a powder XRD

pattern would be necessary to do this. In order to obtain an XRD pattern the

synthesis route must be made cleaner and a greater amount of precursor should be

used for any subsequent syntheses, in order to boost the density of nanoparticles.

In the future capping polymers could be used as the coordinating solvothermal

medium for the generation and processing of the quantum dots. With further

development there is little doubt that this method could fulfil all of the criteria

outlined within the initial 'Aims and Objectives' of this project.

5.4 Experimental.

Manipulations were generally carried out under an inert atmosphere of dried

Pureshield Argon, supplied by BOC Gases. The inert gas supply was purified and

dried using columns of Cr2+ on silica. Standard Schlenk-line, cannulae and

glovebox techniques were used throughout. Glassware and cannulae were oven-

dried prior to use. All solvents, unless otherwise stated, were distilled from

suitable drying agents under an argon atmosphere prior to use. Reagents and

suppliers are listed below:

3-dimethylaminopropyl chloride hydrochloride: Sigma Aldrich

Indium (III) bromide: Alfa Aesar

Lithium powder: BDH Merck

Silver trifluoromethanesulfonate: Lancaster Synthesis

Sodium Azide: Sigma Aldrich
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All reagents were used as received unless otherwise stated. A description of

analytical techniques is given in Appendix I.

1S85.4.1 Synthesis of 3-dimethylaminopropyl chloride.

3-dimethylaminopropyl chloride hydrochloride (40.0 g; 0.25 mol) was added to

distilled water (100 cm ) and was stirred until fully dissolved. To this solution

potassium carbonate (80 g; 0.58 mol) was added. Upon addition of potassium

carbonate the mixture quickly became biphasic, the whole mixture was filtered,

using a fluted filter paper, to remove undissolved potassium carbonate. Using a

separating funnel the upper, organic layer was isolated and the lower, aqueous

layer was discarded. The clear, colourless organic layer was dried over anhydrous

potassium carbonate overnight. This liquid was analysed by 'H NMR and was

found to have a spectrum consistent with that expected for 3-

dimethylaminopropyl chloride (23.2 g; 0.19 mmol) (Yield ~76 %).

'H NMR: (300 MHz, C6D6) SH 1.7 (quin, 2H, -CH2-), 2.0 (s, 6H, -CH3), 2.2 (t,

2H, N-CH2), 3.4 (t, 2H, CH2-C1)

5.4.2 Synthesis of J-dimethylaminopropyllithium.1'9

Diethyl ether ..

N ^^ CI + 2 Li N Li + LiCI
0°C |

Figure 99. Reaction between 3-dimethylaminopropyl chloride and lithium.
Lithium powder (7.0 g; 0.99 mol), sodium (O.lg; 4.4 mmol) and diethyl ether (300

cm3) were placed in a 2 L Schlenk flask equipped with a dropping funnel,

condenser and argon bubbler. 3-dimethylaminopropyl chloride (31.8 g; 0.26 mol)

was added to diethyl ether (100 cm3) and transferred into the dropping funnel. The

flask was cooled to 0 °C using an ice / water bath. The ethereal solution of 3-
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dimethylaminopropyl chloride was added dropwise to the rapidly stirred

suspension of lithium powder and sodium over 1 hour.

Once addition of 3-dimethylaminopropyl chloride was complete the ice / water

bath was allowed to melt completely; it was left in place to act as a heat sink for

an additional hour. The ice / water bath was removed and the reaction was left to

stir for 1 hour. During this time the colour of the reaction mixture had changed

from a dark grey colour to a dark purple colour. After a total of 3 hours since the

addition of 3-dimethylaminopropyl chloride began, the reaction was judged to be

complete.

The reaction solvent, diethyl ether, was removed in vacuo, which left a dark

purple / grey solid. The solid was washed three times with petrol (3 x 300 cm3)

and each aliquot was transferred via cannula to a filter frit, which drained into a

3 • •500 cm Schlenk flask. The petrol in each aliquot was removed in vacuo and this

resulted in the isolation of a free flowing white powder. The white powder was

washed with an additional small quantity of cold petrol (-15 cm3) in order to

remove small amounts of unreacted starting material. The product could be stored

for up to two weeks in a sealed Schlenk flask in an argon-filled glovebox;

eventually the material shows signs of decomposition to give a brown oil. The

white powder could not be analysed successfully by NMR or MS, due to the

pyrophoric nature of the material, but later experiments confirmed that it was 3-

dimethylaminopropyllithium (11.3 g; 0.12 mol) (Yield -46 %).
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5.4.3 Synthesis of bis(3-dimethylaminopropyl)indium bromide.160

\ Diethyl ether | >
InBr, +2 N ^ Li ^ Br—lnO< + LiBr

1 -78°c

Figure 100. Synthesis scheme for bis(3-dimethylaminopropyl)indium
bromide.

A suspension of 3-dimethylaminopropyliithium (3.25 g; 35 mmol) in diethyl ether

(40 cm3) was added dropwise to a solution of indium (III) bromide (6.18 g; 17.5

mmol) at -78 °C. The mixture was allowed to warm to room temperature and was

left stirring for 15 hours. Diethyl ether was removed in vacuo and the product was

isolated via sublimation at 95 °C, 10"2 Torr, as colourless crystals of bis(3-

dimethylaminopropyl)indium bromide (5.52 g; 15 mmol) (Yield ~86 %).

The title product was analysed by !H NMR, MS, C, H, N microanalysis and

single crystal XRD. Crystal structure data can be seen in Figure 67 and Table 12

in Section 5.2 and also Appendix II.

'H NMR: (300 MHz, C6D6) 5H 0.6 (t, 4H, In-CH2), 1.75 (quin, 4H, -CH2-), 2.1 (s,

12H, -CH3), 2.3 (t, 4H, N-CH2)

Mass m/z (% abundance) Possible identity
of fragment

368 (2) (Me2NCH2CH2CH2)2InBr+

287(15) (Me2NCH2CH2CH2)2In+

281 (19) Me2NCH2CH2CH2InBr+

115(5) In+

86 (40) Me2NCH2CH2CH2+

Table 18. Mass spectral fragments for bis(3-dimethylaminopropyl)indium
bromide.
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81N.B. Quoted for Br. Doublet isotopic patterns were observed for ions at 368

(366 79Br) and 281 (279 79Br).

Identity Carbon (vvt %) Hydrogen (wt %) Nitrogen (wt %)
Theoretical values 32.7 6.6 7.6

Experimental values 31.57 6.79 7.28

Table 19. Microanalysis data for bis(3-dimethylaminopropyl)indium
bromide.

5.4.4 Synthesis of bis(3-dimethylaminopropyl)indium
trifluoromethanesulfonate.161

DCM
+ Ag(S03CF3) -

40 °C
100 hours

Figure 101. Synthesis scheme for bis(3-dimethylaminopropyl)indium

trifluoromethanesulfonate.

Bis(3-dimethylaminopropyl)indium bromide (5 g; 13.6 mmol) and silver

trifluoromethanesulfonate (5.69 g; 22 mmol) were mixed together in a 100 cm3

Schlenk flask; dichloromethane (40 cm3) was added to the mixture. The Schlenk

flask was equipped with a condenser and argon bubbler and the whole apparatus

was wrapped in aluminium foil, to prevent exposure of the contents to light. The

mixture was heated under reflux for approximately 4 days.

After 4 days the foil was removed and the mixture was allowed to cool. The

reaction mixture had turned a dark red colour and was filtered through celite to

remove any insoluble silver oxide, which may have formed during the reaction.

After filtration the colour of the mixture was improved and was orange in

appearance. The reaction mixture was reduced in volume by about 50 % by

removing dichloromethane in vacuo. Small, orange, needle-like crystals formed
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whilst the mixture was standing. The crystals were analysed by C, H, N

microanalysis and single crystal XRD and were found to be bis(3-

dimethylaminopropyl)indium trifluoromethanesulfonate (1.71 g; 4.0 mmol) (Yield

-29 %).

Identity Carbon (wt %) Hydrogen (wt %) Nitrogen (wt %)
Theoretical values 30.28 5.5 6.4

Experimental
values

30.1 5.7 6.32

Table 20. Microanalysis data for bis(3-dimethylaminopropyI)indium
trifluoromethanesulfonate.

Crystal structure data for bis(3-dimethylaminopropyl)indium

trifluoromethanesulfonate can be seen in Figures 69, 70 and Table 13 in Section

5.2 and also Appendix II.

5.4.5 Synthesis of bis(3-dimethylaminopropyl)indium azide.161

Toluene 7
+ xs NaN, N3—lnC< + Na(CF3S03)

110 °C, '
100 hours

Figure 102. Synthesis scheme for bis(3-dimethylaminopropyl)indium azide.
N.B. Sodium azide used in this preparation is finely ground and was pre-dried in

vacuo at 115 °C for 36 hours.

Bis(3-dimethylaminopropyl)indium trifluoromethanesulfonate (1.5 g; 3.51 mmol)

was mixed with sodium azide (2.21 g; 34 mmol) and toluene (40 cm ) was added

to this mixture. The mixture was allowed to heat under reflux for approximately 4

days. After approximately 4 days the mixture was allowed to cool to room

temperature and the mixture was filtered. Toluene was removed in vacuo, which

led to the isolation of a pale brown solid. Sublimation at 110 °C, 10"2 Torr led to

the isolation of a white solid; examination via C, H, N microanalysis gave results
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entirely consistent with those expected for bis(3-dimethylaminopropyl)indium

azide. FTIR showed a distinctive strong absorption at 2050 cm"1 and this is

associated with the N3 asymmetric stretching mode. Attempts at growing crystals

suitable for single crystal XRD were unsuccessful.

Identity Carbon (wt %) Hydrogen (wt %) Nitrogen (wt %)
Theoretical values 36.5 7.3 21.3

Experimental values 36.88 7.52 21.19

Table 21. Microanalysis data for bis(3-dimethylaminopropyl)indium azide.

5.4.6 Synthesis of bis(3-dimethylaminopropyI)indium(//-N3)bis(3-
dimethvlaminopropyl)indium trifluoromethanesulfonate (BATfl.)31

CF3 7~"^> Toluene ^
2 Ocrg—-O InOy + NaN3 f3C^ ^oAln-N^ \ „ + Na(CF3S03)

O -p N ,nNr
"1 y

Figure 103. Synthesis scheme for BATfl.
N.B. Sodium azide used in this preparation is finely ground and was pre-dried in

vacuo at 115 °C for 36 hours.

Bis(3-dimethylaminopropyl)indium trifluoromethanesulfonate (2.08 g; 4.7 mmol)

and sodium azide (0.89 g; 13.65 mmol) were placed into a 100 cm3 Schlenk flask.

Toluene (40 cm3) was added and the mixture was heated under reflux for 48

hours. After 48 hours the mixture was allowed to cool to room temperature,

filtered and the toluene was removed in vacuo.

The crude, pale brown product was sublimed at 100 °C, 10"2 Torr and this resulted

in the isolation of a white solid. Recrystallisation from a 50 / 50 petrol / DCM

mixture allowed isolation of a small number of colorless, needle-like crystals,

which were suitable for analysis by single crystal XRD. Analysis showed that the
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crystals were the mixed trifluoromethanesulfonate / azide compound BATF1. A

crystal structure for BATfl can be seen in Figure 68 in Section 5.2.

5.4.7 Synthesis of (3-dimethylaminopropyI)indium dibromide.153

\ Diethyl ether
lnBr3 + N Li >- I > + LiBr

I -78 °C
Br

Figure 104. Synthesis scheme for (3-dimethylaminopropyl)indium
dibromide.

A suspension of 3-dimethylaminopropyllithium (0.52 g; 5.64 mmol) in diethyl

ether (40 cmJ) was added dropwise to a solution of indium (III) bromide (2.0 g;

5.64 mmol) at -78 °C. The mixture was allowed to warm to room temperature and

was left stirring for 15 hours. Diethyl ether was removed in vacuo, the white

powder isolated was then washed with petrol (2 x 25 cm3) and filter / transferred

to another 100 cm Schlenk flask. Removal of petrol in vacuo resulted in the

isolation of a white powder, analysis by MS showed that the white powder was

(3-dimethylaminopropyl)indium dibromide (1.04 g; 2.9 mmol) (Yield ~ 51 %).

Mass m/z (% abundance) Possible identity
of fragment

363 (7) (Me2NCH2CH2CH2)lnBr2+

281 (10) (Me2NCH2CH2CH2)lnBr+

277 (4) InBr2+

196 (2) InBr+

115 (10) In+

86(10) Me2CH2CH2CH2+

Table 22. Mass spectral fragments for (3-dimethyIaminopropyl)indium
dibromide.

N.B. Quoted for 81Br. Expected isotopic patterns were observed for fragments
with dibromo (triplet) and monobromo (doublet) composition.
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5.4.8 Reaction between (3-dimethylaminopropyl)indium dibromide and
sodium azide.153

Q /
/ /

Toluene ^N^"\
L / + xs NaNL ! / + 2 NaBr
BrHQ oc '

Br 48 Hours Nf'3
Figure 105. Reaction between (3-dimethyIaminopropyl)indium dibromide
and sodium azide.

N.B. Sodium azide used in this preparation is finely ground and was pre-dried in

vacuo at 115 °C for 36 hours.

(3-dimethylaminopropyl)indium dibromide (0.59 g; 1.63 mmol) and sodium azide

(0.42g; 6.54 mmol) were placed into a 100 cm3 Schlenk flask. To this mixture
3 3 •

was added toluene (40 cm ) and THF (5 cm ). The mixture was heated under

reflux for 48 hours. After 48 hours the mixture was allowed to cool and the

mixture was filtered. Toluene was then removed in vacuo, which led to the

isolation of a white powder. This powder was examined for its C, H, N content to

observe the degree to which bromide substitution had occurred. Unfortunately, the

nitrogen content was too low, suggesting that the starting materials had not

reacted fully during the timescale of the reaction.

Identity Carbon (wt %) Hydrogen (wt %) Nitrogen (wt %)
Theoretical values 21.07 4.24 34.4

Experimental values 18.61 3.84 6.4

Table 23. Microanalysis data obtained from the attempted synthesis of (3-

dimethylaminopropyl)indium diazide.
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5.4.9 First synthesis of nanoparticles using
bis(3-dimethyIaminopropyl)indium azide. (QDR 2.)
N.B. Tri-«-octylphosphine oxide (TOPO) was dried in vacuo at 120 °C for 2

hours prior to use.

TOPO (0.5g; 1.3 mmol) was placed into a small Schlenk tube, which was

equipped with a condenser, argon bubbler and a side-arm attachment to facilitate

injections. The TOPO was heated to 250 °C, using a graphite bath, and was stirred

rapidly. A solution of bis(3-dimethylaminopropyl)indium azide (0.1077g; 0.29

mmol) in DCM (1 cm3) was injected quickly into the stirring TOPO at 250 °C.

The mixture was allowed to continue heating, at 230 °C, for a further 21 hours.

After 21 hours of heating the mixture was allowed to cool to approximately

60 °C. There was a black precipitate visible within the molten TOPO and

methanol (10 cm3) was added to the molten TOPO, which was then allowed to

cool to room temperature. The black solid was isolated via centrifugation and was

washed with more methanol (2x10 cm3) and then dried in vacuo.

The black solid was found to be non-luminescent under UV excitation but the

methanol / TOPO fraction removed during the initial centrifugation step showed

strong blue luminescence under UV excitation. The black solid was analysed by

powder XRD but the spectrum exhibited no crystalline peaks. A small portion of

the black powder was dispersed in methanol using an ultrasonic bath, this was

then placed onto a Formvar coated copper TEM grid, the methanol was wicked

away and the sample was examined by high resolution TEM (HRTEM.) The

results of the HRTEM showed the presence of numerous nanoparticles in an

amorphous matrix. The nanoparticles were highly crystalline and lattice planes
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were visible. EDX showed that the particles contained indium but were heavily

contaminated with chlorine. Measurement of the d-spacing of these particles

suggested that they could be indium (1) chloride rather than indium nitride. A

more detailed presentation and explanation of the results from the HRTEM for

these particles can be seen in Section 5.2.

5.4.10 Second synthesis of nanoparticles using
bis(3-dimethylaminopropyl)indium azide. (QDR 3.)

TOPO InN \
NL—lnC\ nanoparticles + N, + 2 N-x

250 °C to 230 °C 1-10 nm /

Figure 106. Synthesis of indium nitride nanoparticles.
N.B. Tri-w-octylphosphine oxide (TOPO) was dried in vacuo at 120 °C for 2 hours

prior to use.

TOPO (0.51 g: 1.3 mmol) was placed into a small Schlenk tube, which was

equipped with a condenser, argon bubbler and a side-arm attachment to facilitate

injections. The TOPO was heated to 250 °C, using a graphite bath, and was stirred

rapidly. A solution of bis(3-dimethylaminopropyl)indium azide (0.0963 g; 0.26

mmol) in toluene (1 cm3) was injected quickly into the stirring TOPO at 250 °C.

The mixture was allowed to continue heating, at -245 °C, for a further 3.5 hours.

The apparatus was allowed to cool slowly; the reaction mixture was clear brown

in appearance. Methanol (15 cm3) was added to the reaction mixture and this

caused flocculation, which gave a fine white precipitate and a clear yellow liquid

phase. A suspension of the precipitate in the liquid phase was removed and

retained; this was labelled sample QDR 3a. The precipitate was then centrifuged

and a small amount of residual liquid was removed by cannula. This isolated solid

was then dispersed, by sonication, in butanol (8 cm3) it was then centrifuged
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again and the butanol phase was removed by cannula. This process was repeated

three times to thoroughly wash the precipitate. The solid was retained and

dispersed in methanol; this was sample QDR 3b. The butanol samples removed in

the preparation of QDR 3b were retained and reduced in volume, by

approximately 75 %, in vacuo. Methanol (~ 7 cm3) was added to the butanol, this

caused a very fine white precipitate to form; this was sample QDR 3c.

The samples were all examined by HRTEM and were found to contain

nanoparticles. QDR 3c contained mainly small particles with diameters of~2 nm.

Samples QDR 3a and 3b contained slightly larger particles with diameters

ranging from 2 to 10 nm. QDR 3a also showed signs of an interesting

mesoporous contaminant; nanoparticles were visible in the channels of the

mesoporous material. In addition QDR 3a also contained solidified droplets of

indium metal. All of the particles were highly crystalline and lattice planes were

clearly visible. The particles all appeared to be surrounded by an organic matrix.

EDX and SEM analysis showed that the particles contained indium and nitrogen,

although the detection of nitrogen was affected by the sensitivity of the apparatus.

Other elements present such as carbon, phosphorus and oxygen were consistent

with the TOPO used in the reaction. A solid sample ofQDR 3b was analysed by

powder XRD, however, even using an extended scan duration (14 hours) no

crystalline peaks could be detected. A more detailed presentation and analysis of

these results can be seen in Section 5.2

The samples were also examined by photoluminescence spectroscopy (PL),

photoluminescence excitation spectroscopy (PLE) and UV / Visible spectroscopy.
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It was found that TOPO produced strong luminescence at 365 nm and was

persistent even in thoroughly washed samples. However, for sample B weak

luminescence at -700 nm and absorption at -575 nm were observed. It is thought

that these features could arise from quantum confinement within indium nitride

nanoparticles. A more detailed presentation and analysis of these results can be

seen in Section 5.2.

5.4.11 Control Experiment for TOPO capped nanoparticles.
N.B. Tri-w-octylphosphine oxide (TOPO) was dried in vacuo at 120 °C for 2

hours prior to use.

TOPO (0.50 g: 1.3 mmol) was placed into a small Schlenk tube, which was

equipped with a condenser, argon bubbler and a side-arm attachment to facilitate

injections. The TOPO was heated to 250 °C, using a graphite bath, and was stirred

rapidly. Toluene (1 cm3) was injected quickly into the stirring TOPO at 250 °C.

The mixture was allowed to continue heating, at -240 °C, for a further 3.5 hours.

The TOPO was allowed to cool and was dissolved in a small quantity of methanol

(10 cm3) this was then analysed by PL and PLE. The results showed that the

strong luminescence at 360 nm observed in nanoparticle synthesis experiments

arises from heat-treated TOPO. A more detailed presentation and analysis of this

result can be seen in Section 5.2.

5.4.12 Third synthesis of nanoparticles using
bis(3-dimethylaminopropyI)indium azide. (QDR 4.)
N.B. Tri-rc-octylphosphine oxide (TOPO) was dried in vacuo at 120 °C for 2

hours prior to use.

TOPO (0.37 g: 0.96 mmol) was placed into a small Schlenk tube, which was

equipped with a condenser, argon bubbler and a side-arm attachment to facilitate
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injections. The TOPO was heated to 250 °C, using a graphite bath, and was stirred

rapidly. A solution of bis(3-dimethylaminopropyl)indium azide (0.053 g; 0.14

mmol) in toluene (0.6 cnT) was injected quickly into the stirring TOPO at 250 °C.

The mixture was allowed to continue heating, at -240 °C, for a further 2 days.

The purpose of this experiment was to attempt to make larger particles. The

apparatus was allowed to cool to room temperature and the reaction mixture was

dispersed in methanol (10 cm3). A sample of this dispersion was examined by

HRTEM and this showed no significant difference in nanoparticle size,

crystallinity or composition from earlier syntheses.

5.4.13 Synthesis of nanoparticles using triethylene glycol dimethyl ether

(triglyme) as a 'capping' medium. (QDR 5.)

Triglyme (3 cm') was added to a small Schlenk tube, which was equipped with a

condenser, argon bubbler and a side-arm attachment to facilitate injections. The

triglyme was heated under reflux (216 °C) using a graphite bath, and was stirred

rapidly. A solution of bis(3-dimethylaminopropyl)indium azide (0.13 g; 0.35

mmol) in triglyme (1 cm3) was injected quickly into the refluxing triglyme at 216

°C. The mixture was allowed to continue heating under reflux for a further 2.5

hours.

After heating, the reaction mixture, which was a pale clear brown colour, was

allowed to cool to room temperature. As the sample cooled a precipitate formed,

this was isolated by filtration and dispersed in fresh triglyme; this was sample

QDR 5a. The yellow, liquid phase of the reaction was retained, this contained no

visible precipitate; this was sample QDR 5b. Both samples were analysed by

HRTEM and were found to contain nanoparticles. The nanoparticles in QDR 5a
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ranged in size from 2 to 5 nm, whereas in QDR 5b most of the nanoparticles were

approximately 2 nm in diameter. An organic matrix surrounded the particles,

although the quality of the samples and particle density appeared to be much

improved over those synthesised using TOPO. Different crystallographic planes

were clearly visible from measurement of the lattice d-spacings. These samples

were examined by UV and PL spectroscopy. A more detailed presentation of the

results can be seen in Section 5.2.
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Chapter 6

General Discussion

In Chapter 5 an outline of the synthesis of indium nitride nanoparticles is

presented. Despite the apparent success of the project (which is encapsulated in

that chapter alone), it is necessary to put this research into a wider context and

philosophise upon the possible future direction it might take.

Initially it was envisaged that indium nitride quantum dots could be used purely

as a source of visible light emission; particularly blue light emission. However,

during the course of the project it appeared that the magnitude of the band gap in

indium nitride was re-calculated. The observations within this report would

appear to support the view that it is indeed true that the band gap of indium

nitride is significantly smaller than previously thought. This change in the

fundamental nature of our target material cannot fail to change its possible

applications. Whether this fundamental shift reduces or increases the number of

potential applications remains to be seen.

From the calculation in Chapter 5 (Figure 98) it would appear that a population of

very small indium nitride nanoparticles with the 'new' narrow band gap would be

required to give a source of blue light emission, as originally envisaged. Also,

indium nitride could be used for the tuneable emission of longer wavelengths.

Another versatile, nitride-based, system for the emission of visible wavelengths

could be based on the synthesis of indium gallium nitride quantum dots. It would

be difficult to achieve a consistent alloy composition via a mixed precursor
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colloidal synthesis route but if that were possible the band gap of indium gallium

nitride could be altered through size quantisation effects in the same way as

indium nitride. To a certain extent the above approach has already been proved,

since indium gallium nitride quantum dots have been implicated in the emission

of blue light from LEDs.162

However, indium nitride quantum dots could also find use as a green, yellow, red

or 1R emission sources. Conversely the detection of these wavelengths is also

very important, especially with regards communications technology, night-sight

and other sensor applications. The adoption of alternative technology is usually

dependent upon the quality of the existing competition for that niche. Indium

nitride quantum dots would be no exception to this rule. Certainly there are very

good, established semiconductor-based light emitting systems. Also quantum dot

polymer composite materials would be competing with dendrimer or organic

polymer light emitting systems too. So, what advantages could such an inorganic

polymer composite material offer over more established rivals?

Starting with conventional LEDs, where the emissive layer is often grown by

epitaxial means. There appears to be little that any competing technology could

offer in terms of durability, working lifetime and unit cost. However, organic

LEDs have been developed and these exhibit performance and durability that was

previously reserved only for inorganic systems. It might be reasonable to

speculate that an inorganic quantum dot polymer composite could show the

durability of inorganic systems and enhanced cost benefits, possibly due to the

adoption of solution based growth techniques and processing of LED materials.
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In display technology liquid crystal display (LCD) and light emitting polymer

materials (LEP) would appear to be major competitors to quantum dot polymer

composites. The precise advantages or disadvantages of each technology are pure

speculation. However, quantum dot polymer composites could possibly have the

following advantages:

a) Low cost. This would mainly be due to the solution-based growth of the

polymer composite materials, as opposed to epitaxial growth processes.

b) Easily altered emission characteristics. Unlike other technologies, the

wavelength ofemission is dependent purely upon the size of the quantum dots

within the composite.

c) The polymer composites would be highly flexible, non-toxic*, air stable* (*in

the case of nitride materials) and easily cast into thin-films.

d) Could be printed as pixel arrays using standard printing technology.

Low band gap materials, such as lead selenide, are mooted as possible dopants for

fibre optics. This use of low band gap quantum dots in fibre optics is to boost

signal transmission. Since indium nitride quantum dots could occupy a similar

band gap region to lead selenide, maybe they could find use in optical

communications technology. Whether or not indium nitride has significant

advantages over the other materials is just mere speculation and can only be

verified by experimentation and development.

The chemistry that is outlined within the various chapters within this thesis has

generated many unanswered questions. It must be stated that many of the

questions, if they are ever answered, would probably only have academic
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significance. For example could successful silyl or indium hydride precursors be

developed for the solution growth of indium nitride? The method that has been

successfully adopted to synthesise these nanoparticles is not brand-new

chemistry; although the application of the chemistry is novel. It would appear that

the method outlined here could be developed to a greater extent. Better size

selection methods and sample cleanliness will aid the optical properties of any

future materials made by this method. Eventually, it might be possible to create

devices that use this technology but, no doubt, many challenges lie ahead before

such an objective is realised.
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Appendix I
Analytical Techniques

NMR: Chapter 2: Spectra were recorded using a Varian Gemini 2000 300 MHz
NMR spectrometer. Chapter 4: Spectra were recorded using a Bruker AM300
300 MHz spectrometer. Chapter 5: Spectra were recorded using a Bruker Avance
AM300 300 MHz spectrometer.

FTIR: All spectra were recorded using a Nicolet 360 FTIR spectrophotometer.
GCMS: All spectra were recorded using a Hewlett-Packard 5890 Series II
GCMS unit.

EI MS: All spectra were recorded using a Fisons VG Autospec mass

spectrometer.

Powder XRD: Chapter 2: Spectra were recorded using a Phillips X-Pert

diffractometer with Cu-Ka-i x-radiation. In all other experimental chapters

spectra were recorded on STOE Stadi-P Powder x-ray diffractometer.

Single Crystal XRD: X-ray diffraction measurements were made with graphite-
monochromated Mo-Ka x-radiation (A. = 0.71073 A) using a Bruker SMART

diffractometer, intensity data were collected using 0.3° or 0.15° width oo steps

accumulating area detector frames spanning at least a hemisphere of reciprocal

space for all structures (data were integrated using the SAINT program). All data
were corrected for Lorentz, polarisation and long-term intensity fluctuations.

Absorption effects were corrected on the basis of multiple equivalent reflections
or by semi-empirical methods. Structures were solved by direct methods and

refined by full-matrix least-squares against F2 (SHELXTL). All hydrogen atoms

were assigned isotropic displacement parameters and were constrained to

idealised geometries. All calculations were made with SHELXTL
Atomic coordinates, thermal parameters and bond lengths and angles have been

deposited at the Cambridge Crystallographic data centre (CCDC). CCDC Nos:

xxx-yyyy. Any request to CCDC for this material should quote the full literature
citation and the reference number.

Copies of this information may be obtained free of charge from The Director

CCDC, 12 Union Road, Cambridge, CB2 1EZ UK. (Fax +44 1223 336-033 or

Email deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cann.ac.uk

I



HRTEM, SEM & EDX: (HRTEM) images were recorded on a Jeol JEM-2010
electron microscope operating at 200 kV. The lens parameter Cs = 0.5 mm

corresponding to a resolution of about 0.19 nm. Specimen was prepared by

depositing a drop of suspension on a holey carbon film supported on a copper

specimen grid and let it dry in air before transferring into the microscope. The

images were recorded using a Gatan 794 CCD camera system at a magnification
of x 800,000 or x 1,000,000. Examination of chemical composition of the

specimen including elemental mapping was detected by energy dispersive x-ray

analysis (EDX) either on an Oxford Link ISIS system attached to the Jeol JEM-
2010 TEM or an Oxford INCA system installed in the JSM-5600 scanning
electron microscope.
PL & PLE: Chapter 1: Spectra were recorded using a scanning

spectrophotometer with a photomultiplier and lock-in detection. The excitation
source was a blue nitride LED (Nichia NLPB 500) with dichroic filter. Chapter
5: Spectra were recorded using a Yobin Yvon Fluoromax 2 Spectrophotometer.
UV / Visible Absorption: Chapter 1: Spectra were recorded using a scanning

spectrophotometer with a photomultiplier and lock-in detection. The excitation
source was a blue nitride LED (Nichia NLPB 500) with dichroic filter. Chapter
5: Spectra were recorded using a Cary 300 UV / Visible Absorption

spectrophotometer.
XPS: Spectra were recorded using a VG x-ray photoelectron spectrometer, using
an A1 anode operating at 1486.4 eV.

Additional Crystal Structure Data & Selected d-spacing values

Tris(bis[trimethylsilyl]amido)indium (Section 2.4.2)

Table 1. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)
for psdch2. U(eq) is defined as one third of the trace of the orthogonalized U'J tensor.

Appendix II

X y z U(eq)

In(l)

N(l)

6667

7420(11)

3333

2580(11) 7500

7500 40(2)

32(9)

II



Si(l) 7083(7)

C(l) 6380(30)

C(2) 6310(20)

C(3) 8140(30)

1705(7) 6156(12) 59(4)

490(30) 7070(40) 81(13)

1750(20) 4670(40) 70(12)

1850(30) 5030(50) 96(15)

Table 2. Bond lengths [A] and angles [°] for psdch2.

In(l)-N(l)

In(l)-N(l)#l

ln(l)-N(l)#2

N(l)-Si(l)#3

N(l)-Si(l)

Si(l)-C(2)

Si(l)-C(3)

Si(l)-C(l)

2.13(3)

2.13(3)

2.13(3)

1.698(19)

1.698(19)

1.82(3)

1.89(4)

1.89(4)

N(l)-In(l)-N(l)#l

N(l)-In(l)-N(l)#2

N( 1 )# 1-In( 1 )-N( 1 )#2

Si( 1 )#3-N( 1 )-Si( 1)

Si(l)#3-N(l)-In( 1)

Si( 1 )-N( 1 )-In( 1)

N(l)-Si(l)-C(2)

N(l)-Si(l)-C(3)

C(2)-Si(l)-C(3)

N(l)-Si(l)-C(l)

C(2)-Si(l)-C(l)

C(3)-Si(l)-C(l)

119.999(4)

119.999(1)

120.003(2)

127(2)

116.6(10)

116.6(10)

112.3(16)

110.4(15)

104.4(18)

112.0(14)

105.5(16)

112.0(18)

Symmetry transformations used to generate equivalent atoms:

#1-y+l,x-y,z #2-x+y+l,-x+l,z #3-y+l,-x+l,-z+3/2

Table 3. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)
for psdch2.

U(eq)

III



H(1A) 6738 436 7920 122

H(1B) 6273 15 6298 122

H(1C) 5791 396 7444 122

H(2A) 5664 1400 5011 105

H(2B) 6379 1482 3713 105

H(2C) 6478 2398 4487 105

H(3A) 8450 2456 4529 145

H(3B) 7940 1360 4263 145

H(3C) 8577 1808 5741 145

Table 4. Torsion angles [°] for psdch2.

N( 1 )# 1 -In( 1 )-N( 1 )-Si( 1 )#3 49.3(5)

N( 1 )#2-In( 1 )-N( 1 )-Si( 1)#3 -130.7(5)

N( 1 )# 1-In( 1 )-N( 1 )-Si( 1) -130.7(5)

N( 1 )#2-ln( 1 )-N( 1 )-Si( 1) 49.3(5)

Si(l)#3-N(l)-Si(l)-C(2) -166.9(14)

In( 1 )-N( 1 )-Si( 1 )-C(2) 13.1(14)

Si( 1 )#3-N( 1 )-Si( 1)-C(3) -50.9(14)

In(l)-N(l)-Si(l)-C(3) 129.1(14)

Si( 1 )#3-N( 1 )-Si( 1 )-C( 1) 74.6(14)

ln( 1 )-N( 1 )-Si( 1 )-C( 1) -105.4(14)

Symmetry transformations used to generate equivalent atoms:

#1-y+l,x-y,z #2-x+y+l,-x+l,z #3 -y+l,-x+l,-z+3/2

InCU.diglyme (Section 2.4.8)

Table 1. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)
for psdchl. U(eq) is defined as one third of the trace of the orthogonalized U'J tensor.

x y z U(eq)

In(l) 9475(1) 7706(1) 9870(1) 33(1)

Cl(l) 10120(1) 7796(1) 7818(2) 51(1)

Cl(2) 9038(1) 6144(1) 8602(2) 54(1)

Cl(3) 9047(1) 9366(1) 8894(2) 55(1)

IV



C(l) 9726(2) 5281(4) 12266(9) 70(2)

0(2) 9880(1) 6403(2) 11713(4) 45(1)

C(3) 10200(2) 6890(4) 13015(7) 49(1)

C(4) 10293(2) 8121(4) 12494(8) 55(1)

0(5) 9876(1) 8716(2) 11997(4) 44(1)

C(6) 9589(2) 9162(4) 13461(7) 60(1)

C(7) 9243(2) 8286(5) 14098(7) 64(2)

0(8) 9050(1) 7746(3) 12524(5) 55(1)

C(9) 8612(2) 7299(6) 12829(12) 108(3)

In(2) 6952(1) 7514(1) 9494(1) 36(1)

Cl(4) 6712(1) 5542(1) 9382(2) 69(1)

Cl(5) 7385(1) 7584(1) 12314(2) 54(1)

Cl(6) 6301(1) 8611(1) 10485(2) 68(1)

C(ll) 6356(2) 7145(5) 5689(9) 74(2)

0(12) 6723(1) 7795(2) 6489(4) 42(1)

C(13) 6702(2) 9006(4) 6065(7) 52(1)

C( 14) 7153(2) 9519(4) 6513(8) 53(1)

0(15) 7298(1) 9157(2) 8358(4) 40(1)

C(16) 7789(1) 9039(4) 8492(6) 45(1)

0(17) 7940(2) 7970(4) 7489(8) 49(1)

0(18) 7652(1) 7021(2) 8055(5) 43(1)

0(19) 7730(2) 6010(4) 6950(7) 58(1)

V



Table 2. Bond lengths [A] and angles [°] for psdchl.

In(l)-0(5) 2.263(3)

In(l)-0(8) 2.290(3)

In(l)-0(2) 2.335(3)

In(l)-Cl(2) 2.3913(11)

ln(l)-Cl(3) 2.3951(11)

In( l)-Cl(l) 2.4041(13)

C(l)-0(2) 1.429(5)

0(2)-C(3) 1.443(5)

C(3)-C(4) 1.496(6)

C(4)-0(5) 1.443(5)

0(5)-C(6) 1.449(6)

C(6)-C(7) 1.502(7)

C(7)-0(8) 1.418(6)

0(8)-C(9) 1.398(6)

ln(2)-0(12) 2.304(3)

In(2)-0(15) 2.303(3)

ln(2)-0(18) 2.366(3)

ln(2)-Cl(4) 2.3823(11)

In(2)-Cl(6) 2.3951(13)

In(2)-Cl(5) 2.4065(13)

C(11)-0(12) 1.430(5)

0(12)-C(13) 1.432(5)

C(13)-C(14) 1.482(6)

C(14)-0(15) 1.464(6)

0(I5)-C(16) 1.445(5)

C(16)-C(17) 1.498(6)

C(17)-0(18) 1.441(5)

0(18)-C(19) 1.434(5)

0(5)-In(l)-0(8) 72.37(11)

0(5)-In(l)-0(2) 71.25(10)

0(8)-In(l)-0(2) 78.86(11)

0(5)-In(l)-Cl(2) 158.03(8)

0(8)-In(l)-Cl(2) 92.89(9)

0(2)-ln(l)-Cl(2) 90.29(7)

0(5)-In(l)-Cl(3) 93.41(8)

VI



0(8)-In(l)-Cl(3) 87.12(9)

0(2)-In(l)-Cl(3) 161.69(8)

Cl(2)-In(l)-Cl(3) 102.22(4)

0(5)-In(l)-Cl(l) 89.60(8)

0(8)-In(l)-Cl( 1) 160.73(9)

0(2)-In(l)-Cl( 1) 89.10(8)

Cl(2)-In(l)-Cl(l) 102.25(5)

Cl(3)-In(l)-Cl(l) 101.03(5)

C(l)-0(2)-C(3) 111.9(3)

C(l)-0(2)-In(l) 125.8(3)

C(3)-0(2)-In(l) 116.9(2)

0(2)-C(3)-C(4) 108.8(4)

0(5)-C(4)-C(3) 111.2(4)

C(4)-0(5)-C(6) 118.4(4)

C(4)-0(5)-In(l) 111.2(3)

C(6)-0(5)-In(l) 112.4(3)

0(5)-C(6)-C(7) 112.1(4)

0(8)-C(7)-C(6) 108.4(4)

C(9)-0(8)-C(7) 113.5(4)

C(9)-0(8)-In( 1) 128.4(4)

C(7)-0(8)-In(l) 118.1(3)

0(12)-In(2)-0(15) 70.88(10)

0(12)-In(2)-0(18) 82.37(11)

0(15)-In(2)-0(18) 70.14(10)

0(12)-In(2)-Cl(4) 90.97(8)

0(15)-In(2)-Cl(4) 154.67(9)

0(18)-In(2)-Cl(4) 90.54(8)

0(12)-In(2)-Cl(6) 88.78(8)

0(15)-In(2)-Cl(6) 91.17(8)

0(18)-In(2)-Cl(6) 161.06(8)

Cl(4)-In(2)-Cl(6) 106.38(5)

0(12)-In(2)-Cl(5) 162.25(8)

0(15)-In(2)-Cl(5) 92.62(8)

0(18)-In(2)-Cl(5) 85.93(9)

Cl(4)-In(2)-Cl(5) 102.47(5)

Cl(6)-In(2)-Cl(5) 98.30(5)

C(11)-0(12)-C(13) 113.2(3)

C(1 l)-0(12)-ln(2) 121.8(3)

VII



C(13)-0(12)-In(2) 110.7(3)

0(12)-C(13)-C(14) 107.8(3)

0( 15)-C( 14)-C( 13) 110.1(4)

C(16)-0(15)-C(14) 112.0(3)

C(16)-0(15)-In(2) 109.5(2)

C(14)-0(15)-In(2) 115.8(2)

0( 15)-C( 16)-C( 17) 109.7(3)

0( 18)-C( 17)-C( 16) 108.4(4)

C(19)-0(18)-C(17) 111.5(4)

C(19)-0(18)-ln(2) 125.5(3)

C(17)-0(18)-ln(2) 116.6(2)

Symmetry transformations used to generate equivalent atoms:

Table 3. Anisotropic displacement parameters (A2x 103)for psdchl. The anisotropic

displacement factor exponent takes the form: -27t2[ h2a*2Un + ... + 2 h k a* b* U12 |

U11 U22 U33 U23 U13 U12

In(l) 36(1) 33(1) 31(1) -2(1) -2(1) -2(1)

Cl(l) 50(1) 63(1) 41(1) -2(1) 10(1) -5(1)

Cl(2) 53(1) 44(1) 65(1) -10(1) -14(1) -10(1)

Cl(3) 60(1) 42(1) 61(1) 2(1) -12(1) 9(1)

C(l) 94(5) 36(3) 80(4) 8(3) -18(4) -6(2)

0(2) 52(2) 41(2) 41(2) 5(1) -9(2) 1(1)

C(3) 42(3) 58(3) 45(3) 1(2) -12(2) 7(2)

C(4) 45(3) 61(3) 58(4) -1(3) -19(3) -9(2)

0(5) 54(2) 40(2) 38(2) -6(1) -9(2) -8(1)

C(6) 95(4) 48(3) 38(3) -15(2) -5(3) 1(3)

C(7) 62(4) 78(4) 51(4) -12(3) -3(3) 8(3)

0(8) 46(2) 75(2) 45(2) -5(2) 5(2) -4(2)

C(9) 68(4) 161(7) 97(6) -40(5) 46(4) -40(4)

In(2) 36(1) 38(1) 35(1) 3(1) 0(1) -2(1)

Cl(4) 74(1) 51(1) 81(1) 21(1) -19(1) -23(1)

Cl(5) 54(1) 72(1) 36(4) -1(1) -6(1) 3(1)

Cl(6) 46(1) 93(1) 64(1) -2(1) 16(1) 16(1)

C(ll) 69(4) 86(4) 66(4) 9(3) -28(3) -36(3)

0(12) 43(2) 46(2) 36(2) 4(1) -6(2) -6(1)

VIII



C( 13) 51(3) 57(3) 49(3) 14(2) -11(2) 6(2)

C(14) 52(3) 44(2) 62(4) 16(2) 0(3) -3(2)

0(15) 39(2) 36(2) 45(2) -1(1) 4(1) -3(1)

C( 16) 35(3) 49(3) 51(3) 0(2) -2(2) -11(2)

C( 17) 38(3) 53(3) 55(4) 0(2) 13(2) -3(2)

0( 18) 43(2) 43(2) 43(2) -7(1) 6(2) 2(1)

C(19) 74(4) 48(3) 51(3) -12(2) 5(3) 10(2)

Table 4. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)
for psdch 1.

x y z U(eq)

H(1A) 9955 4921 13022 105

H(1B) 9672 4813 11193 105

H(1C) 9447 5355 12955 105

H(3A) 10482 6450 13004 58

H(3B) 10072 6857 14249 58

H(4A) 10436 8517 13522 66

H(4B) 10504 8140 11461 66

H(6A) 9430 9848 13027 72

H(6B) 9779 9387 14496 72

H(7A) 9390 7711 14874 76

H(7B) 9005 8664 14810 76

H(9A) 8524 7444 14082 163

H(9B) 8614 6480 12604 163

H(9C) 8399 7667 12010 163

H(11A) 6312 7386 4435 110

H(11B) 6081 7278 6377 110

H(11C) 6431 6335 5719 110

H(13A) 6464 9376 6785 63

H(13B) 6634 9115 4768 63

H(14A) 7378 9271 5612 63

H(14B) 7133 10357 6464 63

H( 16A) 7878 8988 9778 54

H(16B) 7936 9713 7960 54

H(17A) 7914 8087 6169 59
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,s

H(17B) 8257

H(19A) 8042

H(19B) 7528

H(19C) 7674

7800 7779 59

6006 6530 86

6018 5907 86

5329 7674 86

Table 5. Torsion angles [°] for psdch 1.

0(5)-In( 1 )-0(2)-C( 1) 144.7(4)

0(8)-ln( 1 )-0(2)-C( 1) 69.8(4)

Cl(2)-In( 1 )-0(2)-C( 1) -23.1(4)

Cl(3)-In( 1 )-0(2)-C( 1) 110.4(4)

Cl( 1 )-In( 1 )-0(2)-C( 1) -125.4(4)

0(5)-ln( 1 )-0(2)-C(3) -7.1(3)

0(8)-In( 1 )-0(2)-C(3) -82.0(3)

Cl(2)-In( 1 )-0(2)-C(3) -174.9(3)

Cl(3)-In( 1 )-0(2)-C(3) -41.4(5)

Cl( 1 )-In( 1 )-0(2)-C(3) 82.8(3)

C( 1 )-0(2)-C(3 )-C(4) -171.9(4)

In( l)-0(2)-C(3)-C(4) -16.3(5)

0(2)-C(3)-C(4)-0(5) 43.5(6)

C(3)-C(4)-0(5)-C(6) 81.2(5)

C(3)-C(4)-0(5)-In( 1) -51.3(5)

0(8)-In(l)-0(5)-C(4) 114.3(3)

0(2)-In( 1 )-0(5)-C(4) 30.4(3)

Cl(2)-In( 1 )-0(5)-C(4) 64.6(4)

Cl(3)-In( 1 )-0(5)-C(4) -159.8(3)

Cl( 1 )-ln( 1 )-0(5)-C(4) -58.8(3)

0(8)-ln( 1 )-0(5)-C(6) -21.1(3)

0(2)-In( 1 )-0(5)-C(6) -105.0(3)

Cl(2)-In( 1 )-0(5)-C(6) -70.8(4)

Cl(3)-In( 1 )-0(5)-C(6) 64.8(3)

Cl( 1 )-In( 1 )-0(5)-C(6) 165.8(3)

C(4)-0(5)-C(6)-C(7) -89.3(5)

In( 1 )-0(5)-C(6)-C(7) 42.6(5)

0(5)-C(6)-C(7)-0(8) -43.8(6)

C(6)-C(7)-0(8)-C(9) -154.8(5)

C(6)-C(7)-0(8)-In(l) 25.2(5)
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0(5 )-In( 1 )-0(8)-C(9) 176.9(5)

0(2)-In( 1 )-0(8)-C(9) -109.5(5)

Cl(2)-In( 1 )-0(8)-C(9) -19.8(5)

Cl(3)-In( 1 )-0(8)-C(9) 82.3(5)

Cl( 1 )-In( 1 )-0(8)-C(9) -161.7(4)

0(5)-ln( 1 )-0(8)-C(7) -3.1(3)

0(2)-In( 1 )-0(8)-C(7) 70.5(3)

Cl(2)-In( l)-0(8)-C(7) 160.3(3)

Cl(3)-In( 1 )-0(8)-C(7) -97.6(3)

Cl(l)-In( 1 )-0(8)-C(7) 18.3(5)

0(15)-In(2)-0(12)-C(l 1) -169.2(4)

0(18)-In(2)-0( 12)-C( 11) 119.2(4)

Cl(4)-In(2)-0(12)-C( 11) 28.8(4)

Cl(6)-In(2)-0( 12)-C( 11) -77.5(4)

Cl(5)-In(2)-0( 12)-C( 11) 168.4(3)

0(15)-In(2)-0( 12)-C( 13) -32.3(2)

0(18)-In(2)-0( 12)-C( 13) -103.9(3)

Cl(4)-In(2)-0( 12)-C( 13) 165.7(2)

Cl(6)-In(2)-0(12)-C( 13) 59.3(2)

Cl(5)-In(2)-0(12)-C(13) -54.7(4)

C( 11 )-0( 12)-C(l 3)-C( 14) -164.8(4)

In(2)-0( 12)-C(13)-C( 14) 54.4(4)

0( 12)-C( 13 )-C( 14)-0( 15) -48.5(5)

C( 13)-C( 14)-0( 15)-C(16) 147.2(4)

C( 13)-C( 14)-0( 15)-In(2) 20.6(4)

0(12)-ln(2)-0( 15)-C( 16) -122.3(3)

0( 18)-In(2)-0( 15)-C( 16) -33.6(2)

Cl(4)-In(2)-0(15)-C( 16) -75.9(3)

Cl(6)-In(2)-0(15)-C( 16) 149.4(2)

Cl(5)-In(2)-0(15)-C(l6) 51.1(2)

0(12)-In(2)-0( 15)-C( 14) 5.6(3)

0( 18)-In(2)-0( 15)-C( 14) 94.2(3)

Cl(4)-In(2)-0( 15)-C( 14) 51.9(4)

Cl(6)-ln(2)-0( 15)-C( 14) -82.7(3)

Cl(5)-In(2)-0( 15)-C( 14) 179.0(3)

C( 14)-0( 15)-C( 16)-C( 17) -73.3(4)

In(2)-0( 15)-C( 16)-C( 17) 56.6(4)

0( 15)-C( 16)-C(17)-0( 18) -48.2(5)
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C( 16)-C( 17)-0( 18)-C( 19) 171.3(4)

C( 16)-C( 17)-0( 18)-In(2) 17.8(5)

0( 12)-In(2)-0( 18)-C( 19) -68.9(4)

0( 15)-In(2)-0( 18)-C( 19) -141.3(4)

Cl(4)-ln(2)-0( 18)-C( 19) 22.0(3)

Cl(6)-In(2)-0( 18)-C( 19) -131.7(3)

Cl(5)-ln(2)-0( 18)-C( 19) 124.4(3)

0( 12)-In(2)-0( 18)-C( 17) 80.4(3)

0( 15)-In(2)-0( 18)-C( 17) 8.1(3)

Cl(4)-ln(2)-0( 18)-C( 17) 171.3(3)

Cl(6)-In(2)-0( 18)-C( 17) 17.6(5)

Cl(5)-In(2)-0( 18)-C(l 7) -86.2(3)

Symmetry transformations used to generate equivalent atoms:

Bis(3-dimethylaminopropyl)indium bromide (Section 5.2)

Table 1. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103)

for psdchlO. U(eq) is defined as one third of the trace of the orthogonalized UIJ tensor.

X y z U(eq)

In(l) 7570(1) 934(1) 2681(1) 64(1)

Br(l) 7933(3) -1053(2) 3444(3) 95(1)

N(l) 5346(18) 1019(17) 2988(15) 81(6)

C(2) 5720(30) 1600(40) 4170(30) 210(30)

C(3) 6850(40) 2000(40) 4690(30) 176(17)

C(4) 8000(20) 1850(20) 4276(17) 77(6)

C(5) 6900(30) 865(19) 664(17) 92(8)

C(6) 8120(30) 830(40) 330(20) 160(18)

C(7) 9240(30) 1120(40) 1000(30) 170(20)

N(8) 9712(16) 1048(14) 2287(16) 68(5)

C(9) 10390(20) 2040(20) 2780(30) 106(9)

C(10) 10570(20) 170(20) 2710(40) 145(14)

C(ll) 4700(30) 20(20) 3000(30) 142(13)

C(12) 4480(30) 1670(30) 2050(30) 121(11)
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Table 2. Bond lengths [A] and angles f°] for psdchlO.

In( 1 )-C(4) 2.12(2)

In( 1)-C(5) 2.249(19)

In(l)-N(8) 2.512(16)

In( l)-N(l) 2.551(19)

In( 1 )-Br( 1) 2.641(3)

N(l)-C(l 1) 1.44(3)

N(l)-C(12) 1.45(3)

N(l)-C(2) 1.51(3)

C(2)-C(3) 1.29(4)

C(3)-C(4) 1.48(4)

C(5)-C(6) 1.50(3)

C(6)-C(7) 1.28(4)

C(7)-N(8) 1.44(3)

N(8)-C(10) 1.43(3)

N(8)-C(9) 1.46(3)

C(4)-ln(l)-C(5) 149.1(8)

C(4)-ln(l)-N(8) 99.9(7)

C(5)-In(l)-N(8) 79.7(8)

C(4)-In(l)-N(l) 78.9(8)

C(5)-In(l)-N(l) 98.2(8)

N(8)-ln(l)-N(l) 173.8(6)

C(4)-ln(l)-Br(l) 104.3(6)

C(5)-In(l)-Br(l) 106.5(6)

N(8)-In(l)-Br(l) 93.9(4)

N(l)-In(l)-Br(l) 92.2(4)

C(11)-N(1)-C(12) 107(2)

C(11)-N(1)-C(2) 113(3)

C(12)-N(l)-C(2) 110(3)

C(11)-N(l)-In(l) 116.6(17)

C(l2)-N(l)-In(l) 109.5(14)

C(2)-N(l)-In(l) 99.3(15)

C(3)-C(2)-N(l) 124(3)

C(2)-C(3)-C(4) 125(3)

C(3)-C(4)-In(l) 112.5(17)

C(6)-C(5)-In(l) 105.0(15)
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C(7)-C(6)-C(5) 126(2)

C(6)-C(7)-N(8) 125(3)

C(10)-N(8)-C(7) 113(3)

C(10)-N(8)-C(9) 109(2)

C(7)-N(8)-C(9) 109(2)

C(10)-N(8)-In(l) 115.4(14)

C(7)-N(8)-In(l) 99.0(14)

C(9)-N(8)-In(l) 110.6(14)

Symmetry transformations used to generate equivalent atoms:

Table 3. Anisotropic displacement parameters (A2x 103) for psdchlO. The anisotropic

displacement factor exponent takes the form: -27t2[ h2 a*2Un + ... + 2 h k a* b* U12 ]

U11 U22 U33 U23 U13 U12

In(l) 66(1) 64(1) 64(1) 0(1) 23(1) 0(1)

Br(l) 103(2) 69(2) 116(2) 12(1) 37(2) 5(2)

N(l) 78(12) 104(16) 53(10) 30(10) 9(9) 20(12)

C(2) 110(30) 370(70) 150(30) -200(40) 60(20) -40(30)

C(3) 190(40) 230(40) 100(20) -110(30) 50(30) -40(40)

C(4) 80(15) 100(18) 51(12) 8(11) 22(11) -13(13)

C(5) 140(20) 83(17) 44(11) -32(11) 18(13) -22(15)

C(6) 100(20) 360(60) 45(14) -10(20) 52(15) -30(30)

C(7) 68(19) 380(70) 78(19) -10(30) 33(16) -50(30)

N(8) 51(10) 70(12) 81(12) -1(9) 19(8) -6(10)

C(9) 77(17) 90(20) 160(30) 2(18) 51(17) -7(16)

C(10) 57(15) 120(30) 290(40) -30(30) 90(20) -12(18)

C(ll) 120(20) 110(20) 220(40) 60(20) 90(20) -20(20)

C(12) 90(20) 150(30) 150(30) 10(20) 80(20) 0(20)

XIV



Table 4. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)
for psdchlO.

x y z U(eq)

H(2A) 5097 2173 4079 249

H(2B) 5553 1107 4748 249

H(3A) 7110 1764 5513 211

H(3B) 6723 2765 4704 211

H(4A) 8678 1498 4904 92

H(4B) 8325 2539 4136 92

H(5A) 6373 237 380 110

H(5B) 6390 1490 326 110

H(6A) 8209 92 110 192

H(6B) 7941 1235 -407 192

H(7A) 9328 1857 802 208

H(7B) 9860 725 713 208

H(9A) 11203 2064 2625 160

H(9B) 10533 2057 3630 160

H(9C) 9863 2633 2407 160

H(10A) 11356 283 2522 217

H(10B) 10157 -472 2320 217

H(10C) 10757 98 3560 217

H(11A) 3881 146 3122 213

H(11B) 5233 -413 3646 213

H(11C) 4572 -340 2253 213

H(12A) 3642 1701 2168 181

H(12B) 4393 1364 1282 181

H(12C) 4828 2375 2090 181

Table 5. Torsion angles [°] for psdchlO.

C(4)-In( 1 )-N( 1)-C(11) -126(2)

C(5)-ln(l)-N(l)-C(l 1) 85(2)

N(8)-ln( 1 )-N( 1 )-C( 11) 154(5)

Br(l)-ln(l)-N(l)-C(l 1) -22.4(19)

C(4)-In( 1 )-N( 1 )-C( 12) 111.2(19)
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C(5)-In( 1 )-N( 1 )-C( 12) -37.6(19)

N(8)-In(l)-N(l)-C(12) 31(6)

Br( 1 )-In( 1 )-N( 1 )-C( 12) -144.6(17)

C(4)-In( 1)-N( 1 )-C(2) -4(2)

C(5)-In( 1 )-N( 1 )-C(2) -153(2)

N(8)-l n( 1 )-N( 1 )-C(2) -84(6)

Br( 1 )-In( 1 )-N( 1 )-C(2) 100(2)

C( 11 )-N( 1 )-C(2)-C(3) 132(5)

C( 12)-N( 1 )-C(2)-C(3) -107(5)

In( 1 )-N( 1 )-C(2)-C(3) 8(6)

N( 1 )-C(2)-C(3 )-C(4) -8(8)

C(2)-C(3)-C(4)-In( 1) 3(6)

C(5)-In(l)-C(4)-C(3) 89(3)

N(8)-In(l)-C(4)-C(3) 175(2)

N( 1 )-In( 1 )-C(4)-C(3) 1(2)

Br( 1 )-In( 1 )-C(4)-C(3) -88(2)

C(4)-In( 1 )-C(5)-C(6) 97(3)

N(8)-In(l)-C(5)-C(6) 5(2)

N( 1 )-In( 1 )-C(5)-C(6) 179(2)

Br(l)-In(l)-C(5)-C(6) -86(2)

In( 1 )-C(5)-C(6)-C(7) -20(5)

C(5)-C(6)-C(7)-N(8) 32(8)

C(6)-C(7)-N(8)-C( 10) 102(5)

C(6)-C(7)-N(8)-C(9) -136(5)

C(6)-C(7)-N(8)-In( 1) -20(5)

C(4)-In( 1 )-N(8)-C( 10) 97(2)

C(5)-In( 1 )-N(8)-C( 10) -115(2)

N( 1 )-In( 1 )-N(8)-C( 10) 175(5)

Br( 1 )-In( 1 )-N(8)-C( 10) -8.5(19)

C(4)-In( 1 )-N(8)-C(7) -143(2)

C(5)-In( 1 )-N(8)-C(7) 6(2)

N( 1 )-In( 1 )-N(8)-C(7) -64(6)

Br( 1 )-In( 1 )-N(8)-C(7) 112(2)

C(4)-In( 1 )-N(8)-C(9) -28.1(17)

C(5)-In( 1 )-N(8)-C(9) 120.5(16)

N( 1 )-In( 1 )-N(8)-C(9) 51(6)

Br( 1 )-In( 1 )-N(8)-C(9) -133.4(15)
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Symmetry transformations used to generate equivalent atoms:

Bis(3-dimethylaminopropyl)indium trifluoromethanesulfonate (Section 5.2)
Table 1. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103)
for psdchl3. U(eq) is defined as one third of the trace of the orthogonalized U1J tensor.

X y z U(eq)

In(l) 5087(1) 2316(1) 82(1) 17(1)

N(l) 6367(4) 3078(3) 1218(4) 23(1)

C(2) 7096(5) 2538(4) 1346(7) 32(2)

C(3) 7005(5) 2108(4) 325(6) 31(2)

C(4) 6150(4) 1614(4) -43(5) 24(2)

C(5) 6479(5) 3801(4) 684(6) 28(2)

C(6) 6291(6) 3284(5) 2264(6) 39(2)

N(7) 3832(4) 1470(4) -957(5) 33(2)

C(8) 3089(6) 1848(6) -732(8) 53(2)

C(9) 3167(6) 2708(6) -714(8) 51(2)

C(10) 4008(5) 3041(5) 98(6) 32(2)

C(ll) 3771(6) 1486(5) -2062(6) 42(2)

C(12) 3878(6) 654(5) -610(7) 52(2)

0(1) 5154(4) 1570(3) 1686(4) 37(1)

S(l) 4754(1) 1522(1) 2468(1) 32(1)

0(2) 5198(3) 1936(3) 3438(3) 24(1)

0(3) 3815(3) 1618(3) 2061(5) 43(1)

C(13) 4884(5) 501(4) 2847(6) 33(2)

F(l) 4518(4) 32(2) 2050(4) 51(2)

F(2) 5741(4) 303(3) 3254(4) 66(2)

F(3) 4561(5) 359(3) 3620(4) 72(2)

In(2) 0 0 0 23(1)

N(21) -1270(4) -811(4) -1095(5) 38(2)

C(22) -2045(6) -263(8) -1211(11) 83(4)

C(23) -1924(6) 241(6) -357(10) 64(3)

C(24) -1089(5) 714(4) 29(6) 27(2)

C(25) -1243(6) -953(5) -2143(6) 41(2)

C(26) -1331(7) -1537(6) -605(7) 58(3)

ln(3) 0 0 -5000 37(1)
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N(27) -1410(5) 565(4) -6161(6) 49(2)

C(28) -2023(7) -70(6) -6185(14) 94(5)

C(29) -1876(8) -506(10) -5307(12) 105(6)

C(30) -945(6) -863(6) -4820(7) 54(2)

C(31) -1623(7) 1283(6) -5736(7) 56(3)

C(32) -1383(8) 755(7) -7210(7) 73(4)

0(21) 159(4) 669(3) -1611(4) 35(1)

S(21) -305(1) 1012(1) -2596(1) 29(1)

0(22) 0(5) 775(5) -3427(5) 66(2)

0(23) -1240(4) 1005(4) -2888(5) 54(2)

C(33) -40(8) 2040(7) -2380(12) 79(4)

F(4) -353(6) 2295(4) -1573(7) 107(3)

F(5) 775(5) 2191(4) -2041(8) 117(4)

F(6) -460(5) 2439(4) -3245(7) 98(3)

Table 2. Bond lengths [A] and angles [°] for psdchl3.

In(l)-C(10) 2.144(7)

ln(l)-C(4) 2.146(7)

In(l)-0(1) 2.487(5)

In(l)-N(l) 2.489(5)

In(l)-N(7) 2.500(6)

N(l)-C(2) 1.459(10)

N(l)-C(5) 1.476(9)

N(l)-C(6) 1.500(9)

C(2)-C(3) 1.527(11)

C(3)-C(4) 1.551(10)

N(7)-C(l 1) 1.464(10)

N(7)-C(12) 1.470(11)

N(7)-C(8) 1.480(11)

C(8)-C(9) 1.480(14)

C(9)-C( 10) 1.538(12)

0(1)-S(1) 1.412(5)

S(l)-0(3) 1.436(6)

S(l)-0(2) 1.452(5)

S(l)-C(13) 1.817(8)

C(13)-F(l) 1.314(9)
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C(13)-F(3) 1.337(9)

C(13)-F(2) 1.347(9)

In(2)-C(24)#l 2.151(7)

In(2)-C(24) 2.151(7)

In(2)-N(21)#l 2.506(6)

In(2)-N(21) 2.506(6)

In(2)-0(21) 2.548(5)

In(2)-0(21)#1 2.548(5)

N(21)-C(26) 1.428(12)

N(21)-C(25) 1.451(10)

N(21)-C(22) 1.529(12)

C(22)-C(23) 1.402(15)

C(23)-C(24) 1.507(11)

In(3)-C(30)#2 2.194(10)

In(3)-C(30) 2.194(10)

In(3)-N(27) 2.483(7)

In(3)-N(27)#2 2.483(7)

In(3)-0(22)#2 2.506(6)

In(3)-0(22) 2.506(6)

N(27)-C(31) 1.448(12)

N(27)-C(28) 1.463(13)

N(27)-C(32) 1.469(12)

C(28)-C(29) 1.354(19)

C(29)-C(30) 1.548(16)

0(21)-S(21) 1.416(5)

S(21)-0(23) 1.423(6)

S(21)-0(22) 1.428(6)

S(21)-C(33) 1.814(12)

C(33)-F(5) 1.264(13)

C(33)-F(6) 1.327(13)

C(33)-F(4) 1.416(18)

C(10)-ln( 1)-C(4) 176.1(3)

C(10)-In(l)-O(l) 95.0(2)

C(4)-In(l)-0(1) 88.7(2)

C(10)-In(l)-N(l) 101.3(3)

C(4)-In(l)-N(l) 79.9(2)

0(l)-ln(l)-N(l) 87.02(17)
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C(10)-In(l)-N(7) 80.6(3)

C(4)-In(l)-N(7) 98.5(2)

0(1)-In(l)-N(7) 88.94(19)

N(l)-In(l)-N(7) 175.7(2)

C(2)-N(l)-C(5) 111.4(6)

C(2)-N(l)-C(6) 110.8(6)

C(5)-N(l)-C(6) 108.9(5)

C(2)-N(l)-In(l) 102.0(4)

C(5)-N(l)-In(l) 110.6(4)

C(6)-N(l)-In(l) 113.0(4)

N(l)-C(2)-C(3) 111.8(6)

C(2)-C(3)-C(4) 111.0(6)

C(3)-C(4)-In(l) 108.4(4)

C(ll)-N(7)-C(12) 108.8(7)

C(ll)-N(7)-C(8) 114.8(7)

C(12)-N(7)-C(8) 108.0(7)

C(11)-N(7)-In(l) 109.1(4)

C(12)-N(7)-In(l) 115.4(5)

C(8)-N(7)-In(l) 100.9(5)

N(7)-C(8)-C(9) 111.7(7)

C(8)-C(9)-C(10) 115.5(8)

C(9)-C( 10)-In( 1) 107.5(5)

S( 1 )-0( 1 )-In( 1) 141.7(4)

0(l)-S(l)-0(3) 113.3(4)

0( 1 )-S( 1 )-0(2) 115.9(3)

0(3)-S(l)-0(2) 115.2(3)

0(1)-S(1)-C(13) 103.3(3)

0(3)-S(l)-C(13) 103.0(4)

0(2)-S(l)-C(13) 104.0(3)

F(l)-C(13)-F(3) 110.1(6)

F(l)-C(13)-F(2) 107.3(6)

F(3)-C(13)-F(2) 104.5(7)

F( 1 )-C( 13)-S( 1) 112.4(5)

F(3)-C(13)-S(l) 111.0(5)

F(2)-C(13)-S(l) 111.2(5)

C(24)#l-In(2)-C(24) 180.0(4)

C(24)# 1 -In(2)-N(21 )# 1 79.5(2)

C(24)-In(2)-N(21 )# 1 100.5(2)
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C(24)# 1 -In(2)-N(21) 100.5(2)

C(24)-In(2)-N(21) 79.5(2)

N(21)#l-In(2)-N(21) 180.0(5)

C(24)# 1 -In(2)-0(21) 85.7(2)

C(24)-In(2)-0(21) 94.3(2)

N(21 )# 1 -In(2)-0(21) 87.6(2)

N(21)-In(2)-0(21) 92.4(2)

C(24)# 1 -In(2)-0(21 )# 1 94.3(2)

C(24)-In(2)-0(21 )# 1 85.7(2)

N(21 )# 1 -In(2)-0(21 )# 1 92.4(2)

N(21 )-In(2)-0(21 )# 1 87.6(2)

0(21 )-In(2)-0(21 )# 1 180.0(3)

C(26)-N(21 )-C(25) 109.7(7)

C(26)-N(21 )-C(22) 113.7(8)

C(25)-N(21 )-C(22) 107.1(8)

C(26)-N(21)-In(2) 112.3(5)

C(25)-N(21 )-In(2) 112.5(5)

C(22)-N(21)-In(2) 101.3(5)

C(23)-C(22)-N(21) 114.3(9)

C(22)-C(23)-C(24) 118.5(9)

C(23)-C(24)-In(2) 109.1(5)

C(30)#2-In(3)-C(30) 180.0(5)

C(30)#2-In(3)-N(27) 100.9(3)

C(30)-In(3)-N(27) 79.1(3)

C(30)#2-In(3)-N(27)#2 79.1(3)

C(30)-ln(3)-N(27)#2 100.9(3)

N(27)-In(3)-N(27)#2 180.000(1)

C(30)#2-In(3)-O(22)#2 93.8(3)

C(30)-In(3)-O(22)#2 86.2(3)

N(27)-In(3)-0(22)#2 86.1(2)

N(27)#2-1n(3 )-0(22 )#2 93.9(2)

C(30)#2-In(3)-O(22) 86.2(3)

C(30)-In(3)-O(22) 93.8(3)

N(27)-In(3)-0(22) 93.9(2)

N(27)#2-In(3)-0(22) 86.1(2)

0(22)#2-In(3)-0(22) 180.0

C(31)-N(27)-C(28) 113.1(9)

C(31)-N(27)-C(32) 106.3(8)
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C(28)-N(27)-C(32) 112.5(10)

C(31)-N(27)-In(3) 111.7(5)

C(28)-N(27)-ln(3) 101.0(6)

C(32)-N(27)-In(3) 112.3(6)

C(29)-C(28)-N(27) 118.3(12)

C(28)-C(29)-C(30) 116.7(11)

C(29)-C(30)-ln(3) 107.2(7)

S(21)-0(21)-In(2) 144.7(3)

0(21)-S(21)-0(23) 115.7(4)

0(21 )-S(21 )-0(22) 114.1(3)

0(23)-S(21 )-0(22) 113.0(4)

0(21)-S(21)-C(33) 103.3(5)

0(23)-S(21 )-C(33) 102.9(5)

0(22)-S(21)-C(33) 106.2(6)

S(21)-0(22)-ln(3) 156.4(5)

F(5)-C(33)-F(6) 111.9(10)

F(5)-C(33)-F(4) 104.7(12)

F(6)-C(33)-F(4) 108.1(10)

F(5)-C(33)-S(21) 114.7(8)

F(6)-C(33)-S(21) 109.7(9)

F(4)-C(33)-S(21) 107.4(8)

Symmetry transformations used to generate equivalent atoms:
#1 -x,-y,-z #2-x,-y,-z-l

Table 3. Anisotropic displacement parameters (A2x 103) for psdchl3. The anisotropic

displacement factor exponent takes the form: -2ti2[ h2 a*2Un + ... + 2 h k a* b* U12 ]

U" U22 U33 U23 U13 U12

In(l) 18(1) 18(1) 16(1) -2(1) 6(1) -1(1)

N(l) 31(3) 13(3) 21(3) 0(2) 5(2) -7(2)

C(2) 25(4) 26(4) 38(4) 0(3) 1(3) -5(3)

C(3) 27(4) 28(4) 44(4) 3(3) 19(3) 2(3)

C(4) 31(4) 18(3) 20(3) 0(3) 6(3) 3(3)

C(5) 38(4) 19(4) 28(4) 0(3) 12(3) -4(3)

C(6) 60(5) 34(4) 23(4) -10(3) 12(4) -22(4)

N(7) 30(3) 37(4) 30(3) -8(3) 9(3) -11(3)
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C(8) 39(5) 69(7) 52(6) -10(5) 17(4) -7(5)

C(9) 30(5) 56(6) 64(6) -2(5) 10(4) 15(4)

C(10) 31(4) 45(5) 25(4) 7(3) 15(3) 12(3)

C(ll) 50(5) 46(5) 26(4) -9(4) 7(4) -20(4)

C(12) 66(6) 40(5) 39(5) 3(4) 4(4) -30(5)

O(I) 72(4) 29(3) 15(2) 1(2) 20(2) -15(3)

S(l) 50(1) 23(1) 25(1) -3(1) 15(1) -10(1)

0(2) 30(3) 23(3) 17(2) -8(2) 7(2) -5(2)

0(3) 28(3) 45(3) 48(3) -8(3) 6(2) -4(2)

C(13) 43(4) 24(4) 36(4) 1(3) 18(4) -3(3)

F(l) 79(4) 24(3) 40(3) -7(2) 6(3) -13(2)

F(2) 76(4) 41(3) 61(3) -2(3) -1(3) 15(3)

F(3) 133(6) 39(3) 57(3) 1(3) 49(4) -32(3)

In(2) 22(1) 28(1) 21(1) -9(1) 9(1) -6(1)

N(21) 31(3) 39(4) 45(4) -26(3) 14(3) -10(3)

C(22) 30(5) 80(8) 131(11) -75(8) 17(6) -9(5)

C(23) 30(5) 35(5) 114(9) -23(6) 6(5) 8(4)

C(24) 31(4) 25(4) 27(4) 0(3) 11(3) 0(3)

C(25) 52(5) 40(5) 26(4) -11(3) 7(4) -15(4)

C(26) 66(6) 65(7) 43(5) -17(5) 19(5) -39(5)

In(3) 28(1) 65(1) 21(1) 17(1) 12(1) 21(1)

N(27) 44(4) 48(4) 47(4) 3(4) 5(3) 16(4)

C(28) 33(6) 49(7) 175(16) 15(8) 1(7) -6(5)

C(29) 58(7) 132(13) 113(11) 60(11) 15(7) -23(8)

C(30) 63(6) 70(7) 36(5) 13(5) 27(4) 2(5)

C(31) 78(7) 54(6) 26(4) 3(4) 5(4) 17(5)

C(32) 82(7) 100(9) 28(5) 13(5) 7(5) 54(7)

0(21) 46(3) 36(3) 20(2) 4(2) 10(2) -1(2)

S(21) 39(1) 23(1) 26(1) 2(1) 12(1) 2(1)

0(22) 82(5) 96(5) 27(3) 13(3) 29(3) 57(4)

0(23) 30(3) 74(5) 54(4) 20(3) 8(3) 4(3)

C(33) 61(7) 44(6) 117(11) 39(7) 8(7) 8(5)

F(4) 115(6) 51(4) 141(7) -44(4) 25(6) 21(4)

F(5) 69(5) 65(4) 169(8) 57(5) -24(5) -41(4)

F(6) 66(4) 49(4) 147(7) 52(4) -6(4) 6(3)
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Table 4. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)
for psdchl3.

x y z U(eq)

H(2A) 7114 2154 1899 39

H(2B) 7658 2831 1577 39

H(3A) 7521 1763 435 38

H(3B) 6995 2491 -227 38

H(4A) 6221 1143 401 29

H(4B) 6023 1446 -780 29

H(5A) 6983 4094 1144 42

H(5B) 5945 4119 526 42

H(5C) 6582 3670 30 42

H(6A) 6811 3583 2676 59

H(6B) 6253 2805 2643 59

H(6C) 5760 3598 2156 59

H(8A) 3074 1664 -44 63

H(8B) 2528 1693 -1277 63

H(9A) 2651 2931 -574 62

H(9B) 3141 2887 -1421 62

H(10A) 3952 3040 806 39

H(10B) 4105 3584 -86 39

H(11A) 3279 1157 -2475 63

H(11B) 4321 1288 -2128 63

H(11C) 3673 2023 -2325 63

H(12A) 3361 371 -1061 78

H(12B) 3888 636 119 78

H(12C) 4414 412 -657 78

H(22A) -2151 54 -1855 99

H(22B) -2580 -580 -1306 99

H(23A) -1961 -75 240 77

H(23B) -2427 609 -547 77

H(24A) -991 898 754 33

H(24B) -1138 1176 -427 33

H(25A) -1750 -1272 -2539 61

H(25B) -697 -1227 -2093 61

H(25C) -1264 -454 -2505 61
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H(26A) -1835 -1834 -1060 87

H(26B) -1413 -1438 71 87

H(26C) -789 -1836 -489 87

H(28A) -2620 158 -6368 113

H(28B) -2030 -426 -6765 113

H(29A) -2310 -938 -5475 126

H(29B) -1995 -178 -4767 126

H(30A) -899 -1353 -5186 65

H(30B) -823 -981 -4067 65

H(31A) -2179 1491 -6217 84

H(31B) -1152 1664 -5655 84

H(31C) -1683 1180 -5050 84

H(32A) -1950 977 -7640 109

H(32B) -1267 281 -7546 109

H(32C) -914 1136 -7145 109

Table 5. Torsion angles [°] for psdch!3.

C(10)-In(1)-N( 1 )-C(2) 171.8(5)

C(4)-In( 1 )-N( 1 )-C(2) -12.0(5)

0( 1 )-In( 1 )-N( 1 )-C(2) 77.2(4)

N(7)-In( 1 )-N( 1 )-C(2) 56(3)

C( 10)-In( 1 )-N( 1 )-C(5) -69.6(5)

C(4)-ln( 1 )-N( 1 )-C(5) 106.6(5)

0( 1 )-In( 1 )-N( 1 )-C(5) -164.2(5)

N(7)-In( 1 )-N( 1 )-C(5) 174(2)

C( 10)-ln( 1 )-N( 1 )-C(6) 52.8(5)

C(4)-In( 1 )-N( 1)-C(6) -131.0(5)

0( 1 )-In( 1 )-N( 1 )-C(6) -41.8(5)

N(7)-In( 1 )-N( 1 )-C(6) -63(3)

C(5 )-N( 1 )-C(2)-C(3) -78.0(7)

C(6)-N(1 )-C(2)-C(3) 160.6(6)

ln( 1 )-N( 1)-C(2)-C(3) 40.0(6)

N( 1 )-C(2)-C(3)-C(4) -61.2(8)

C(2)-C(3)-C(4)-In( 1) 45.7(7)

C( 10)-ln( 1 )-C(4)-C(3) 91(4)

0( 1 )-In( 1 )-C(4)-C(3) -104.3(5)
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N( 1 )-In( 1 )-C(4)-C(3) -17.1(4)

N(7)-In( 1 )-C(4)-C(3) 167.0(5)

C( 10)-In( 1 )-N(7)-C( 11) 107.2(6)

C(4)-In(l)-N(7)-C(l 1) -68.9(6)

0( 1 )-In( 1 )-N(7)-C( 11) -157.5(5)

N( 1 )-In( 1 )-N(7)-C( 11) -136(3)

C( 10)-In( 1 )-N(7)-C( 12) -130.0(6)

C(4)-In( 1 )-N(7)-C( 12) 53.9(6)

0( 1 )-In( 1 )-N(7)-C( 12) -34.7(6)

N( 1 )-In( 1 )-N(7)-C( 12) -13(3)

C(10)-In(l)-N(7)-C(8) -14.0(5)

C(4)-ln( 1 )-N(7)-C(8) 169.9(5)

0( 1 )-In( 1 )-N(7)-C(8) 81.3(5)

N( 1 )-ln( 1 )-N(7)-C(8) 103(3)

C(11)-N(7)-C(8)-C(9) -77.7(9)

C(12)-N(7)-C(8)-C(9) 160.8(7)

In( 1 )-N(7)-C(8)-C(9) 39.4(8)

N(7)-C(8)-C(9)-C( 10) -59.1(11)

C(8)-C(9)-C( 10)-In( 1) 41.6(10)

C(4)-In( 1 )-C( 10)-C(9) 64(4)

0( 1 )-In( 1 )-C( 10)-C(9) -100.6(6)

N( 1 )-In( 1 )-C( 10)-C(9) 171.4(6)

N(7)-In( 1 )-C( 10)-C(9) -12.5(6)

C( 10)-In( 1 )-0( 1 )-S( 1) -1.6(6)

C(4)-In( 1 )-0( 1 )-S( 1) 179.4(5)

N(1 )-In( 1 )-0( 1 )-S( 1) 99.5(5)

N(7)-In( 1 )-0( 1 )-S( 1) -82.1(5)

In(l)-0(l)-S(l)-0(3) 40.5(6)

In( 1 )-0( 1 )-S( 1 )-0(2) -95.8(5)

In( 1 )-0( 1 )-S( 1 )-C( 13) 151.1(5)

0( 1 )-S( 1 )-C( 13)-F( 1) -58.3(6)

0(3)-S( 1)-C( 13)-F( 1) 59.7(6)

0(2)-S(l)-C(13)-F(l) -179.8(5)

0( 1 )-S( 1 )-C( 13 )-F(3) 177.9(6)

0(3)-S(l)-C(13)-F(3) -64.0(6)

0(2)-S( 1)-C( 13)-F(3) 56.5(6)

0( 1 )-S( 1 )-C( 13)-F(2) 62.0(6)

0(3)-S( 1 )-C( 13)-F(2) -179.9(5)
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0(2)-S( 1 )-C( 13 )-F(2) -59.4(6)

C(24)# 1 -In(2)-N(21 )-C( 26) 65.8(6)

C(24)-In(2)-N(21 )-C(26) -114.2(6)

N(21 )# 1 -In(2)-N(21 )-C(26) -112(100)

0(21 )-In(2)-N(21 )-C(26) 151.9(6)

0(21)#I-In(2)-N(21 )-C(26) -28.1(6)

C(24)# 1 -In(2)-N(21 )-C(25) -58.5(6)

C(24)-In(2)-N(21)-C(25) 121.5(6)

N(21)#l-In(2)-N(21)-C(25) 124(100)

0(21)-In(2)-N(21)-C(25) 27.5(6)

0(21 )# 1 -In(2)-N(21 )-C(25) -152.5(6)

C(24)# 1 -In(2)-N(21 )-C(22) -172.5(7)

C(24)-In(2)-N(21 )-C(22) 7.5(7)

N(21 )# 1 -In(2)-N(21 )-C(22) 10(100)

0(21 )-In(2)-N(21 )-C(22) -86.5(7)

0(21 )# 1 -In(2)-N(21 )-C(22) 93.5(7)

C(26)-N(21 )-C(22)-C(23) 90.1(12)

C(25)-N(21 )-C(22)-C(23) -148.6(11)

In(2)-N(21 )-C(22)-C(23) -30.6(13)

N(21 )-C(22)-C(23)-C(24) 50.9(17)

C(22)-C(23)-C(24)-In(2) -40.3(13)

C(24)#l-In(2)-C(24)-C(23) -33(18)

N(21 )# 1 -1n(2)-C(24)-C(23) -165.9(6)

N(21 )-In(2)-C(24)-C(23) 14.1(6)

0(21 )-In(2)-C(24)-C(23) 105.8(7)

0(21 )# 1 -ln(2)-C(24)-C(23) -74.2(7)

C(30)#2-In(3 )-N(27)-C(31) -68.6(7)

C(30)-In(3)-N(27)-C(31) 111.4(7)

N(27)#2-In(3)-N(27)-C(31) 135(87)

0(22)#2-1n(3 )-N(27)-C(31) -161.7(7)

0(22)-In(3)-N(27)-C(31) 18.3(7)

C(30)#2-In(3)-N(27)-C(28) 170.8(9)

C(30)-In(3)-N(27)-C(28) -9.2(9)

N(27)#2-In(3)-N(27)-C(28) 14(89)

0(22)#2-ln(3)-N(27)-C(28) 77.7(9)

0(22)-In(3)-N(27)-C(28) -102.3(9)

C(30)#2-In(3 )-N(27)-C(32) 50.8(8)

C(30)-In(3)-N(27)-C(32) -129.2(8)
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N(27)#2-In(3)-N(27)-C(32) -106(88)

0(22)#2-In(3)-N(27)-C(32) -42.3(7)

0(22)-In(3)-N(27)-C(32) 137.7(7)

C(31)-N(27)-C(28)-C(29) -85.1(14)

C(32)-N(27)-C(28)-C(29) 154.4(14)

In(3)-N(27)-C(28)-C(29) 34.4(16)

N(27)-C(28)-C(29)-C(30) -52(2)

C(28)-C(29)-C(30)-In(3) 37.2(17)

C(30)#2-In(3)-C(30)-C(29) -72(91)

N(27)-In(3)-C(30)-C(29) -12.0(8)

N(27)#2-In(3)-C(30)-C(29) 168.0(8)

O(22)#2-In(3)-C(30)-C(29) -98.7(8)

O(22)-In(3)-C(30)-C(29) 81.3(8)

C(24)# 1 -In(2)-0(21 )-S(21) 142.5(6)

C(24)-In(2)-0(21 )-S(21) -37.5(6)

N(21 )# 1 -In(2)-0(21)-S(21) -137.9(6)

N(21 )-In(2)-0(21 )-S(21) 42.1(6)

0(21 )# l-In(2)-0(21 )-S(21) 57(68)

In(2)-0(21 )-S(21 )-0(23) -0.9(7)

In(2)-0(21 )-S(21 )-0(22) -134.5(6)

In(2)-0(21)-S(21)-C(33) 110.7(7)

0(21 )-S(21)-0(22)-In(3) 98.2(9)

0(23)-S(21 )-0(22)-ln(3) -36.7(11)

C(33)-S(21 )-0(22)-In(3) -148.7(9)

C(30)#2-ln(3)-O(22)-S(21) 167.1(10)

C(30)-In(3 )-0(22)-S(21) -12.9(10)

N(27)-In(3)-0(22)-S(21) 66.4(10)

N(27)#2-In(3)-0(22)-S(21) -113.6(10)

0(22)#2-In(3)-0(22)-S(21) 0(100)

0(21 )-S(21 )-C(33)-F(5) 54.9(12)

0(23)-S(21 )-C(33)-F(5) 175.6(11)

0(22)-S(21 )-C(33)-F(5) -65.4(12)

0(21 )-S(21 )-C(33)-F(6) -178.2(9)

0(23)-S(21 )-C(33)-F(6) -57.4(11)

0(22)-S(21)-C(33)-F(6) 61.5(10)

0(21 )-S(21 )-C(33)-F(4) -60.9(8)

0(23)-S(21 )-C(33)-F(4) 59.8(8)

0(22)-S(21 )-C(33 )-F(4) 178.7(7)
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Symmetry transformations used to generate equivalent atoms:

#1 -x,-y,-z #2 -x,-y,-z-l

Cubic Indium Nitride. Calculated d-spacings.
STOE Powder Diffraction Software (WinXPOW)
THEO 1.08

File title: Indium nitride (InN) cubic

Wavelength: 1.540598 A Cu

Space group: F^13m
Lattice : Cubic F (acentric)
Laue symmetry: m 3 m

Multiplicity of a general site: 96

Cell parameters: a = 4.9320 A
Volume = 119.97

Chemical formula: In 1.00 N 1.00

Molecular weight: 128.83, Z = 2.0

Density (calculated): 3.566 Mg.m

Absorption Coefficient: 75.31 mm"1
Volume / Atom: 30.0

Electrons / Cell: 112

Type at mass N / cell
In 114.8 2.0

N 14.0 2.0

df df* mu / rho

-0.126 5.045 236.0

0.029 0.018 7.4

2 Theta Range: 5.0 - 100.0 Number of reflections = 9

d-spacing 2 Theta h k 1 Multiplicity
2.84749 A 31.390 1 1 1 8

2.46600 A 36.404 2 0 0 6

1.74373 A 52.432 2 2 0 12

1.48705 A 62.397 3 1 1 24

1.42375 A 65.509 2 2 2 8
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1.23300 A 77.326 4 0 0 6

1.13148 A 85.811 3 3 1 24

1.10283 A 88.610 4 2 0 24

1.00674 A 99.839 4 2 2 24

Wurtzite (hexagonal) Indium Nitride. Calculated d-spacings.
STOE Powder Diffraction Software (WinXPOW)
THEO 1.08

File title: Indium nitride (InN) wurtzite

Wavelength: 1.540598 A Cu

Space group: P 6 3 m c

Lattice : Elexagonal P (acentric)
Laue symmetry: 6/ m m m

Multiplicity of a general site: 12

Cell parameters: a = 3.5010 A, c = 5.669 A
Volume = 60.18 A3

Chemical formula: In 1.00 N 1.00

Molecular weight: 128.83, Z = 2.0

Density (calculated): 7.110 Mg.mJ

Absorption Coefficient: 150.15 mm"'
Volume / Atom: 15.0

Electrons / Cell: 112

Type at mass

In 114.8

N 14.0

N / cell df df*

2.0 -0.126 5.045

2.0 0.029 0.018

2 Theta Range: 5.0 - 100.0 Number <af reflections = 20

d-spacing 2 Theta h k 1 Multiplicity
3.03195 A 29.436 1 0 0 6

2.83450 A 31.538 0 0 2 2

2.67359 A 33.490 1 0 1 12

2.07058 A 43.681 1 0 2 12

1.75050 A 52.214 1 1 0 6

mu / rho

236.0

7.4
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1.60369 A 57.414 1 0 3

1.51598 A 61.077 2 0 0

1.48937 A 62.289 1 1 2

1.46452 A 63.468 2 0 1

1.41725 A 65.847 0 0 4

1.33680 A 70.371 2 0 2

1.28391 A 73.395 1 0 4

1.18248 A 81.298 2 0 3

1.14597 A 84.471 2 1 0

1.12325 A 86.593 2 1 1

1.10150 A 88.745 1 1 4

1.06243 A 92.944 2 1 2

1.06198 A 92.995 1 0 5

1.03529 A 96.154 2 0 4

1.01065 A 99.314 3 0 0

Indium. Calculated d-spacings.
STOE Powder Diffraction Software (WinXPOW)

THEO 1.08

File title: Indium metal

Wavelength: 1.540598 A Cu

Space group: I 4 / m m m

Lattice : Tetragonal I (centrosymmetric)
Laue symmetry: 4/ m m m

Multiplicity of a general site: 32

Cell parameters: a = 3.2480 A, c = 4.9480 A
Volume = 52.20 A3

Chemical formula: In 1.00

Molecular weight: 114.82, Z = 2.0

Density (calculated): 7.3.05 Mg.nT
Absorption Coefficient: 172.43 mm"1
Volume/ Atom: 26.1

Electrons / Cell: 98

12

6

12

12

2

12

12

12

12

24

12

24

12

12

6
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Type at mass N / cell
In 114.8 2.0

df dP mu / rho

-0.126 5.045 236.0

2 Theta Range: 5.0 - 100.0

d-spacing 2 Theta

2.71526 A 32.961

2.47400 A 36.282

2.29668 A 39.193

1.68320 A 54.470

1.62400 A 56.530

1.47059 A 63.175

1.39374 A 67.103

1.35763 A 69.136

1.23700 A 77.029

1.14834 A 84.257

1.09008 A 89.926

1.08908 A 90.030

1.05764 A 93.491

1.04461 A 95.383

1.02711 A 97.175

Number of reflections = 15

k 1 Multiplicity
0 1 8

0 2 2

1 0 4

1 2 8

0 0 4

0 3 8

1 1 16

0 2 8

0 4 2

2 0 4

1 3 16

1 4 8

0 1 8

2 2 8

1 0 8

XXXII

h

1

0

1

I

2

1

2

2

0

2

2

1

3

2

3
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Appendix III
HRTEM Images

QDR 2 Images.
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Image from QDR 3a showing molten indium droplet.
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QDR 3b Images.
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QDR 3c Images.
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QDR 5a Images.
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QDR 5b Images.
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