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“... a scientist must be absolutely like a child.

If he sees a thing, he must say that he sees it,

whether it was what he thought he was going to see or not.
See first, think later, then test. But always see first.

Otherwise you will only see what you are expecting.”

- From “So long, and thanks for all the fish” by Douglas Adams (1952-2001) -
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ABSTRACT

A series of homoleptic aminoalcoholates of aluminium, gallium and indium was synthesised and
characterised. The monomeric nature of all alkoxides was indicated by NMR spectroscopy in solution and was
confirmed for the solid state via single-crystal XRD. These monomeric derivatives are the first structurally
characterised homoleptic alkoxides of these metals, which was achieved by a combination of coordinative

saturation via the amine donor functionality and steric shielding.

Additionally, novel thioether functionalised gallium and indium alkoxides are presented. NMR
spectroscopic investigations propose a monomeric state for these alkoxides with a weak interaction of the
thioether moiety with the metal centre. In case of asymmetrically functionalised alcoholates featuring
amine or ether donors alongside the thioether functionality, coordination of the latter is suppressed and only
the stronger amine or ether donor interacts with the metal centre. These findings have been confirmed for

the solid state via single-crystal XRD for a limited number of derivatives.

Applying these thioether functionalised alkoxides in molecule-to-material conversion processes
showed their potency to act as single-source precursors for the formation of oxysulphide materials, which
are typically prepared via multi-step or multi-source procedures. Employing LPCVD, gallium alkoxides were
converted to amorphous Ga,0;,S, thin films with strong dependence of the sulphide content of temperature
and precursor species. Sulphide contents reached a maximum of x = 1.17 at low temperatures (400 °C) as
obtained via EDX analysis. XPS measurements showed that thin films grown at low temperatures
incorporated thioether fragments from incomplete decomposition. Pure sulphide containing oxide coatings
could be obtained at temperatures >500 °C with sulphide contents up to 12 at%. Impedance spectroscopy of
selected thin films deposited on interdigitated electrodes showed drastically increased electrical
conductivity accompanied by lower activation energy upon oxysulphide formation when compared to a Ga,0;

reference.

Investigations of the mechanism of sulphide incorporation via TGA-MS revealed a strong supportive
role of the amino functionality in asymmetric aminoalcoholates leading to in situ formation of H,S as a
potent sulphidisation agent. Using hot-injection methods all alkoxides could be converted into oxysulphide
sub-micron particles exhibiting high sulphide contents. Indium based materials showed particularly high
sulphide contents with pure In,S; phases found in XRD analysis, most likely because of lowered In-O bond
strength and hence facilitated conversion to the sulphide. AACVD processes using indium based alkoxides

showed the formation of sulphide rich In,03,S, thin films and 1D nanostructures.

Lastly, a series of transition metal gallates [M"Ga,(O'Bu)s] was prepared and characterised via single-
crystal XRD showing the expected spirocyclic arrangement. Using them in sol-gel and LPCVD processes led to
the formation of the respective M'Ga,0, spinels for M=Co, Ni. In contrast, for M=Fe, non-stoichiometric
deposits and phase separation was observed, most likely caused by susceptibility of the precursor towards
oxidation. Copper gallates exhibited thermal instability and increased reactivity leading to copper deficient

thin film deposits and phase separation upon sol-gel processing.

Vil



KURZFASSUNG

Die vorliegende Arbeit beschreibt die Synthese und Charakterisierung von neuen homoleptischen
Aluminium, Gallium und Indium Aminoalkoholaten, deren monomere Nuklearitat anhand von Einkristall-XRD
und NMR-Spektroskopie gezeigt werden konnte. Die prasentierten Verbindungen sind die ersten
literaturbekannten Beispiele fur homoleptische, monomere Alkoxide dieser Metalle, was durch effektive

Kombination von koordinativer Sattigung und sterischer Abschirmung erzielt wurde.

Des Weiteren wird eine Serie von Thioether-funktionalisierten Gallium und Indium Alkoxiden
untersucht. Die Ergebnisse der NMR-Spektroskopie deuten auf die Bildung monomerer Spezies in Losung hin
und zeigen eine schwache Wechselwirkung zwischen Thioether und Metallzentrum. Im Falle von
asymmetrisch funktionalisierten Alkoxiden, die sowohl Thioether- als auch Amino- bzw. Ethergruppen
beinhalten, wird die Koordination des Thioethers durch die starkeren Donoren unterdriickt. Diese Resultate

konnten mittels Einkristall-XRD fiir einige Verbindungen flir den Festkorper bestatigt werden.

Die neuen Thioether-funktionalisierten Alkoxide konnten als molekulare Vorstufen zur in situ
Herstellung von Oxysulfiden verwendet werden, die Ublicherweise uber mehrstufige Prozesse oder aus
mehreren Vorstufen erzeugt werden. Dabei wurden uber LPCVD amorphe Gallium Oxysulfid-Schichten
Ga,0s,5, hergestellt, deren Sulfidgehalt Uber Prozesstemperatur und Auswahl der Vorstufe gesteuert werden
konnte. AnschlieBende EDX Analysen der Filme ergaben dabei maximale Sulfidgehalte von x =1.17 bei
400 °C, jedoch wurde uber XPS gezeigt, dass durch unvollstandige Zersetzung bei niedrigen Temperaturen
zusatzlich Thioether-Fragmente in die Schicht eingebaut wurden. Reine Oxysulfid-Beschichtungen mit
Schwefelgehalten von bis zu 12 at% konnten bei Temperaturen >500 °C erzeugt werden. Die elektrische
Leitfahigkeit von ausgesuchten Ga,0;,S, Dunnfilmproben konnte uber Impedanzspektroskopie bestimmt
werden, wobei im Vergleich zu reinem Ga,0; eine starke Erhohung der Leitfahigkeit und Erniedrigung der

Aktivierungsenergie festgestellt wurde.

Analysen des Zersetzungsverhaltens iiber TGA-MS deuteten auf eine starke unterstiitzende Rolle der
Aminofunktionalitat in asymmetrischen Aminoalkoholaten hin, da eine signifikant erhohte Menge H,S
nachgewiesen werden konnte, welche die in situ Bildung der Oxysulfide erméglicht. Uber HeiBinjektions-
Methoden konnten zudem alle Thioether-funktionalisierten Vorstufen in Oxysulfid-Partikel umgewandelt
werden, wobei fir Indium basierte Systeme besonders hohe Sulfidgehalte und phasenreines In,S;
nachgewiesen werden konnte, was vermutlich auf die geringere In-O Bindungsenergie und dadurch
vereinfachte Sulfidbildung zuriuckzufuhren ist. Daruber hinaus konnten aus Indium Alkoxiden mittels AACVD

Prozess In,0;.,S, Dinnfilme und 1D Nanostrukturen mit hohen Sulfidgehalten hergestellt werden.

AbschlieBend wurde eine Reihe an Ubergangsmetall-Gallaten [M"Ga,(0'Bu)s] hergestellt und iiber
Einkristall-XRD analysiert, wodurch die erwartete spirozyklische Struktur bestimmt werden konnte. Sol-Gel-
und LPCVD-Prozesse ermoglichten die Umwandlung zu Spinellverbindungen der Zusammensetzung MGa,0, fir
M=Co, Ni. Im Gegensatz dazu konnte fiir M=Fe bisher kein phasenreines FeGa,0, erzeugt werden, was auf die
hohe Sauerstoffsensibilitat der Vorstufe und des amorphen Oxids zuriickzufiihren ist. Kupfer-Gallate wiesen
zudem thermische Empfindlichkeit und erhohte Hydrolyseempfindlichkeit auf, was zu Kupferverarmung in

Diinnfilmen und Phasenseparation im Sol-Gel-Prozess fiihrte.
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CHAPTER 1
INTRODUCTION

“Marconi is a good fellow. Let him continue.

He is using seventeen of my patents.”

- Nikola Tesla (1856-1943) -



Introduction

Material research and development is an ever growing field of science and technology because of
increasing demand for novel materials - whether for everyday use or highly sophisticated applications.
Especially uniting several properties, e.g. conductivity, hardness, brittleness, luminescence and so
forth, in one material to meet the needs of the designated application is still a very demanding task
and as such a continuous challenge for researchers of various scientific disciplines. Therefore,
fundamental knowledge about molecular interactions and resulting structures on both the atomic and
macroscopic scale is of great importance for understanding how certain properties can be achieved and

influenced.

During the last several decades, discovery, utilisation and vast improvement of semiconductors
had one of, if not the biggest impact on modern society.!"! Today, semiconductors are an essential part
of everyday live and can be found in nearly every device ranging from discrete electronic elements,
such as diodes or transistors, to solar panels, flexible displays and computer processors. In addition,
the demand for miniaturisation, e.g. for increasing processing power or storage devices, as well as the
concomitant development of nanotechnologies necessitate the development of novel precursor

systems. !> !

Especially in light of the structure-properties relationship of functional materials, bottom-up
approaches have gained increased attention. These molecule-to-material processes build up materials
from molecular building blocks allowing for better control and selective tuning of the material’s
properties.[* ® Over the years, several molecular precursor classes for semiconductors have been
developed, each showing their distinct set of advantages and drawbacks. Although metal alkoxides
have been used in synthetic chemistry as early as the 1890’s, this class of compounds has been readily
applied for materials synthesis purposes as a result of their structural diversity and ease of chemical

modification.®

1.1 METAL ALKOXIDES

1.1.1 Definition, structural aspects and functionalisation

Per definition, metal alkoxides or alcoholates are substances with the general formula [M(OR),],,
where R is a saturated alkyl group, M a metal or metalloid with valency x and n the degree of
molecular association.!”” 8 In contrast, the structurally related class of aryloxides features an aromatic
group leading to different physicochemical properties, e.g. due to higher acidity of the phenol group

compared to aliphatic alcohols.

Alkoxides show a set of unique features, most of which arise from the rather high
electropositivity of the central atom. First off, judging only from the difference in electronegativity

between metal centre and alkoxo oxygen one would expect ionic character of the bond, especially for

2



Metal alkoxides

highly electropositive elements such as alkali metals. However, metal alkoxides feature mostly
covalent bond character, which leads to solubility in various organic solvents as well as fairly high
volatility.®! This phenomenon is explained by a number of factors including (i) partial m-bonding
character via donation of electron density from occupied p-orbitals of the alkoxo oxygen into empty
orbitals of the metal centre with suitable m-geometry as shown in figure 1-1, ' (ii) inductive effects
of the alkyl chain reducing the electron pulling effect of the oxygen atom,!"" ' and (iii) the formation

of alkoxo bridges leading to oligomeric compounds (figure 1-1 (d)).['*""

MA>o 9—9 gé(ggn %M/(lj\m"‘pr
N Q0" OB T

(a) (b) (c) (d)

Figure 1-1: Schematic illustration of (a) o- and (b,c) m-bonding and (d) p,-alkoxo bridges in metal alkoxides.

Redrawn from reference [9].

The formation of alkoxo bridges is the second striking feature of metal alkoxides. It is based on
the fact that metals generally exhibit a coordination number exceeding their valency.!'® ! For
instance, it is well known that the most stable valency of titanium is +IV; its preferred coordination
number, however, is six, leading to coordinative expansion and the formation of hypervalent
coordination compounds. The degree of oligomerisation is highly dependent on a number of factors.
The most important influences are (i) the steric demand of the alkyl rest, especially branching at Cg,!"*
8211 (ii) the ionic radius and Lewis acidity of the metal centre?>?! and (iii) the choice of solvent.!"
Generally, the degree of oligomerisation increases with size and Lewis acidity of the metal centre and
decreases with increasing steric demand of the alkoxo ligands.’®! As such, methoxides often form
polymeric derivatives while tertiary-butoxides (‘butoxides) tend to form smaller oligomers, e.g. a
dimer in case of gallium.®?® ?} Choosing donating solvents, such as ethers or amines, generally leads to
a decrease of nuclearity because of coordination of solvent molecules, which in turn block coordination

sites and thus can inhibit alkoxo bridging.!?® **!

The degree of oligomerisation obviously has drastic impacts on the physicochemical properties of
metal alkoxides. Especially solubility, volatility and reactivity are often key features to be applicable
in material synthesis. These properties generally decrease with increasing nuclearity of the metal
alkoxide.B% However, in most cases it is desirable to combine good solubility or volatility with
moderate reactivity.*"! The latter is particularly important in concern of handling and storage of
precursors. Therefore, sophisticated precursor design is of great importance to achieve tailored

properties for specific application.
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There are mainly two approaches for tuning the properties and degree of oligomerisation of
metal alkoxides. The first route is to use sterically demanding ligands to effectively shield the metal
centre and thus inhibit formation of bridging alkoxide moieties. This approach has been thoroughly
investigated during early works of alkoxide chemistry and has been reviewed several times in recent
years.?2 3% 331 For example, early studies by the groups of Bradley and Mehrotra clearly showed a
decrease in aggregation of aluminium, titanium and zirconium amyloxides with increasing steric
demand.[" They could also illustrate that steric factors overweight inductive effects of the alkyl chain
as neopentoxides showed equal nuclearity to secondary amyloxides rather than primary ones. It should
be noted though that using sterically demanding ligands can, while lowering the nuclearity, still lead to

non-volatile compounds due to increased molecular weights of the bulky ligands.*!

The second possibility is to influence aggregation and thus the alkoxide’s properties via
coordinative saturation of the metal centre. This approach uses additional donating groups to achieve
the preferred coordination sphere and thus blocking of coordination sites rendering them unavailable
for alkoxo bridging. However, it has to be kept in mind that usually strong donors are necessary as their
coordination has to compete with the formation of alkoxo bridges, which in turn can be
thermodynamically favourable especially in case of oxophilic metals and sterically less demanding

alkoxo groups.® 2!

One approach towards coordinative saturation with donating groups is to add donating
molecules, such as ethers, alcohols or amines. In fact, many homoleptic alkoxides crystallise as neutral
alcohol adducts from the respective alcohols, such as [Zr(O'Pr),-HOPr] (‘Pr=isopropyl, (CHj;),CH-).B"
The coordinating alcohol can however be removed rather easily by either applying high vacuum or
recrystallisation from aprotic solvents such as normal-hexane ("hexane), which demonstrates the
comparably weak dative bonding of the donor. Other examples of donor-stabilised monomeric
alkoxides were presented by Hoffman and co-workers, who showed easy conversion of dimeric indium
‘butoxide [In(0'Bu);], to a monomeric state [In(0'Bu);-Me,Npy] (Me=methyl, CH;-) simply by adding a

Lewis basic pyridine (py) derivative. " ¢!

Another method to achieve coordinative saturation is to use chelating ligands, in other words
donating groups, which are covalently bound to the alkoxo ligand itself. This includes the well-known
class of B-diketonates and B-ketoesters, but also alcohols with covalently bound donor moieties in a- or
B-position. Additionally, there have been several reports of bi- or multidentate alcohols being applied
in alkoxide chemistry; however, these are almost exclusively applied in heteroleptic derivatives or for
metals with high valency.’”*) In addition, for alkoxides employing polyols such as triethanolamine
(N(C;H40OH);) extensive hydrogen bridging can be observed, which is of course unfavourable for

achieving a lowered nuclearity, but can act favourably in sol-gel processing (vide infra).*"

B-diketonates usually show very strong M-O bonds and chelating effects leading to high volatility,
good solubility in organic solvents and moderate hydrolysis rates. Thus, they are often applied in
synthesis of oxide materials in gas-phase and solution-based processes.* ! For instance, Devi and co-

workers demonstrated the applicability of a series of gallium malonates in metal-organic chemical
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vapour deposition (MOCVD) of Ga,0s./*Y The precursors could be handled safely in air and showed high
deposition rates. However, thin film samples exhibited increased amounts of carbon contamination.
Similarly, MOCVD experiments of titanium B-ketoamides produced TiO, coatings, but they also
exhibited carbon contaminations at high temperatures despite the postulated preferable
decomposition pathways of B-ketoamides.!*”! Carbon contamination is a commonly found drawback of
B-diketonates in pyrolytic chemical vapour deposition (CVD) processes, when not using additional

[34]

oxidising gases or post growth annealing. However, they are still widely used in atomic layer

deposition (ALD) or sol-gel processing, where this drawback can be circumvented, % 3" 43 46-48]

Ethers and amines are by far the most commonly applied functional groups in alkanols with a
secondary coordination site, similar to their use as external donors (e.g. THF, py;
THF=tetrahydrofuran).[**! |n fact, literature reports so far have almost exclusively described ethers
and amines for donor stabilisation. This is mainly due to the fact that ethers and amines are known to
coordinate as o-donors that can introduce intramolecular back-biting by formation of strong dative
bonds with most metals. The latter can in turn be explained with the hard and soft acids and bases
(HSAB) principles, according to which hard Lewis bases prefer coordination to hard acids, while soft
bases preferably bond to soft acids.[®"” ¢ As ethers and amines both can be categorised as hard Lewis
bases and metal atoms in high oxidation states are considered hard Lewis acids, they complement each
other well.!®® Literature reports on other donor types are therefore very limited, however some reports
on phosphine functionalisation can be found.!®* ! These reports show that also softer Lewis bases are
able to stabilise low nuclearity in metal alkoxides even if the observed dative bond to the hard metal

centre is weaker.

Recently, a large number of donor functionalised heteroleptic alkoxides, in particular of group
13 metals, have been prepared and reviewed by the group of C. J. Carmalt.!” ®*" They were able to
conclusively show the stabilisation of low nuclearity, i.e. monomeric or dimeric molecules, via the use
of ether or amine functionalisation. They also demonstrated that the low nuclearity is retained even
upon volatilisation via coordination of the donor leading to good applicability in gas phase processes for

the synthesis of oxide materials.!””

Donor groups are most often applied in the B-position because of the thermodynamically
favoured formation of a five-membered metallacycle as opposed to a four-cycled one in case a-
functionalisation.”” However, as shown in figure 1-2, even simple bidentate donor functionalised
alkoxo ligands, e.g. methoxyethanol (HOC,H,OMe) or dimethylaminoethanol (HOC,H,NMe,), exhibit a
plethora of possible coordination modes, ranging from non-chelating terminal coordination to

p3-bridging chelating coordination. "
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Figure 1-2: Possible coordination modes for a bidentate donor functionalised alkoxo ligand. Redrawn from

reference [46].

Besides bidentate alkoxo ligands, also multidentate species have been used. Depending on ligand
design and especially the rigidity and length of the organic backbone, it was found that often not all
available donors actually coordinate to metal centres.®® "' This can be the result of either strain on
the organic backbone of the ligand upon multiple coordination or because of steric overcrowding
depending on the organic groups at the donor. This basically leads to one or more pending donor arms,

which can be seen as further steric shielding.

This increased amount of structural possibilities complicates predicting structures for a certain
metal-ligand combination. In addition, it was found that donor functionalisation alone is often not
enough to ensure a monomeric nuclearity of metal alkoxides. This is attributed to the fact that donor
sites either remain in a non-coordinating arrangement, or that the alkoxo group can still form a bridge
between metal centres despite coordinative saturation via the donating moiety. " > ¢! Therefore, it
became common practise to use a combination of donor functionalisation and steric bulk, e.g.

branching at C, using secondary or tertiary alcoholates.!? 7

In conclusion, functionalisation and modification of metal alkoxides remains a demanding task
and is strongly dependent on the desired properties (volatility, reactivity, decomposition, solubility,
etc.) and thus on the application. Therefore, it is often necessary to employ tailor-made ligand species

to finely balance steric demand, donor capabilities and molecular weight.

1.1.2 Synthesis of metal alkoxides

Over the years, a plethora of different synthesis routes was developed accessing alkoxides of
almost every main, transition and even f-group metals.’®! All synthesis methods show certain
advantages and drawbacks and the most suitable has to be chosen, which is mostly dependent on the
metal centre involved. For instance, alkoxides of very electropositive metals, such as alkali metals, can
be directly synthesised from the metal and alcohol under formation of H, gas with near quantitative
yields without major drawbacks.!”® 78! For less reactive metals, however, synthesis approaches starting

from metal halides are a common choice.

When starting from metal halides, the most common route is transmetallation, also referred to
as salt elimination or metathesis. As shown in scheme 1-1, a metal halide is reacted with a reactive

alkali metal alkoxide, which leads to the formation of the desired metal alkoxide and the alkali metal
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salt. Metathesis reactions generally proceed in high yields due to the thermodynamically favoured

77, 78 |n addition, using non-polar solvents, such as toluene or hexane, will

formation of the alkali salt.!
lead to the precipitation of the alkali salt, which results in shifting of the equilibrium towards the
product side.”” Furthermore, work-up is simplified as the precipitate can be easily removed by
filtration. However, dependent on the alkali metal and size of the alcoholate ligands, retention of the
alkali metal and halide are possible, which results in anionic at-complexes or bridged species.!® !
Besides metathesis reactions, it is also possible to directly react metal halides with the respective
alcohol. However, the reaction does not always proceed to completion potentially yielding mixed
alkoxo-halides!® ! or simple alcohol adducts of the halides.!®*® |n addition, the release of corrosive

gases can damage the equipment or lead to unwanted side reactions.

MX, + z/n[M'OR], ——  1/m[M(OR),],, + zM'X )|\(n':—CIL'iB|£|'aI K

Scheme 1-1: Transmetallation reaction.

Alcohol exchange reactions, shown in scheme 1-2, are another viable option for the synthesis of
homo- and heteroleptic metal alkoxides.”> ¥ 8] However, while the reaction itself is straightforward,
it is a classic equilibrium reaction and thus suffers from some drawbacks.®” The alcoholysis reaction
rate strongly depends on the steric demand of the alcohols involved and the resulting shielding of the
metal centre.’® °I Therefore, heteroleptic alcoholates are often produced in particular for bulky
tertiary alcohols. Full conversion to homoleptic alkoxides usually requires prolonged reaction times and

removal of the liberated alcohol to shift the equilibrium towards the targeted product.?* %2

1/n[M(OR),], + xROH —/——= 1/m[M(OR’),],, + xROH

Scheme 1-2: Alcohol exchange reactions.

Another very common synthesis route employs metal amides as starting materials, as shown in
scheme 1-3. This approach takes advantage of the highly oxophilic character of most metals in
combination with the good leaving group character and volatility of most amines.[”** For these
reasons, alcoholysis of metal amides is usually a comparably fast reaction with good yields and high
purity of the products.’”® In general any secondary amide is applicable, but especially
hexamethyldisilazides (HMDS) have gained increased attention. HMDS derivatives often exhibit low
nuclearity, which results in high volatility and thus easy purification via sublimation. In addition, it
ensures Lewis acidic metal centres, which undergo fast alcoholysis.””> *®! Another advantage of the
amide route is the high selectivity of the alcoholysis reaction. For instance, heteroleptic halide amide
precursors will selectively exchange only the amide group for an alcoholate enabling easy access to

heteroleptic metal alkoxides by subsequent substitution of the halide via transmetallation. [ **
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1/n[M(NR,) ]. + XR'OH ——3= 1/m[M(OR'),], + X HNR,

Scheme 1-3: Alcoholysis of metal amides.

Besides the already mentioned synthesis routes, there are several other methods to form metal
alkoxides with potential starting compounds including hydrides, alkyls, oxides or hydroxides. These
methods have not been used in the presented work as they have limited suitability for the development
of new derivatives under laboratory conditions and therefore will not be discussed in more detail here.
Electrochemical synthesis, for instance, is more important for large scale production, but has limited
use for fundamental research. For detailed information about these synthesis routes refer to review
articles by Mehrotra and Bradley.!® ' 28 73 | astly, it should be mentioned that metal alkoxides are
highly sensitive to atmospheric moisture due to the Lewis acidity of the metal centre. Thus, careful
preparation of glassware, desiccating all solvents and reagents as well as working under inert

atmosphere is always necessary.

1.1.3 Heterometallic alkoxides

Heterometallic alkoxides, i.e. alkoxides featuring at least two different metals, are another class
of important precursors that have gained increased attention over the last few decades and have been

[37, 41,100, 101) This is mainly due to their applicability in synthesis of mixed-metal

reviewed several times.
oxide materials and the ease of chemical modification of the precursor molecules with respect to

reactivity, volatility and metal ratio.

As mentioned before, retention of metal halides in metathesis reactions is a frequently observed
phenomenon, which is generally avoided in the synthesis of homometallic alkoxides. However, it
represents a possibility for simple access to heterometallic alkoxides, especially for small alkali metal
ions, such as lithium, which is readily retained in several known alkoxides. For example, anodic
synthesis of Ni(O'Pr), in LiCl electrolyte solution gave [Ni(O'Pr),ClLi(HO'Pr)],, which can be seen as a
Lewis acid-base adduct of [Ni(O'Pr),Cl] and [Li(HO'Pr)]" units.l'"®? Similarly, heterometallic,
heteroleptic halide alkoxides (mainly chlorine) can often be synthesised directly from a metal alkoxide
and a metal halide; in particular for low coordinate species with sterically demanding ligands, where

chlorine can adopt a bridging position. ['%: 103 104]

A second straightforward approach to heterometallic alkoxides is simple mixing of two
homometallic alkoxides to form acid-base adducts, as shown in scheme 1-4. Unfortunately, the metal
ratio of the heterometallic alkoxide often differs drastically from the employed alkoxide mix and is
hard to predict.!"" '%! For instance, mixing [Pb(O'Pr),]; and [Zr(O'Pr)4] in a 1:1 molar ratio does not
lead to the expected 1:1 heterometallic alkoxides. Instead, a mixture of [Pb,Zr,(O'Pr)s] and

[Pb,Zr4(O'Pr)yo] is formed.['% "% |n addition, some metal alkoxides do not show any reactivity towards
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formation of a heterometallic complex at all. As such, [Sn(0'Bu),], readily reacts with [Sr(O'Bu),],
giving the expected complex [SrSn,(0'Bu)s], but does not undergo reaction with [Ca(O'Bu),],. These
issues can be sometimes circumvented via in situ generation of the alcoholates.['® '! This approach is
still common practise mostly for homoleptic heterometallic alkoxides incorporating alkali metals,

which usually form the desired adducts based on the neutralisation of acidic and basic alkoxides.!""*""

y/n [M(OR),], + y'/n' [M'(OR')],, ——— [M M'(OR),(OR’), ],

Scheme 1-4: Lewis acid-base adduct formation for the synthesis of heterometallic alkoxides.

Alkali metal derivatives are often used as synthons for subsequent transmetallation reactions to
access other heterometallic species.!"” Treating an alkali heterometallic alkoxide with metal halides
generally results in the formation of the alkali metal halide and the respective heterometallic alkoxide

as shown in scheme 1-5.

(OR) ] + v| er M' = Alkali metal
" zdm

1/n [M,M'/(OR),], + y'/y"M"X;y —— 1/m[MM X = Halide

v'/ly

Scheme 1-5: Transmetallation reaction for the synthesis of heterometallic alkoxides.

Heterometallic alkoxides show similar structural features compared to homometallic derivatives
and thus their reactivity is also comparable. For instance, they can be readily functionalised via ligand
exchange reactions and also donor functionalised alcohols can be used to tailor the properties towards
a certain application.”® However, the diversity of coordination modes for even simple donor
functionalised alcohols can lead to dissociation of the heterometallic species making control over metal
ratios a difficult task. For example, it was reported that even the addition of diethylether or THF can
be enough to cause dissociation of [BaCu(O'Bu),(thd),] (thd=tetramethlyheptanedione) into
homometallates.[" Similarly, mixing [Y(thd);] and [Cu(O(CH,),NMe;);] will result in a mixture of
hetero- and homometallic alkoxides due to ligand exchange reactions.!'™ As a consequence it is
common practice to employ simple alcoholates to control the metal ratios in these heterometallic

alkoxides.
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1.1.4 Applications of metal alkoxides

Metal alkoxides have been widely used in several applications due to their wide variety of
tuneable features. Consequently, they have been mainly employed as precursors in the synthesis of
oxide materials and as catalysts in organic chemistry.!'"® "7 Generally speaking, methods for the
synthesis of oxide materials can be separated into gas phase processes, such as CVD and ALD, and
solution based methods, e.g. sol-gel processing. These techniques, their requirements for precursors

and detailed applications will be discussed in chapter 1.2.

Applications of alkoxides as catalysts in organic chemistry are mostly centred around
polymerisation reactions of cyclic esters, carbonates or olefins as well as oxidation and reduction
reactions, such as the Meerwein-Ponndorf-Verley reaction.!""”""""! All of these reactions take advantage
of the Lewis acidity of metal alkoxides, often in combination with oxophilic character of the central
atom. This enables fast coordination of additional species leading to steric confinement of the
coordinated species as well as their electronic activation as a result of electron transfer upon

coordination.

Alkoxide mediated ring-opening polymerisation of cyclic esters and carbonates as a way to obtain
biodegradable polymers (especially polylactides) has mostly been limited to the more acidic metals
such as Al", Mg", Ti" and Zr" - also for economic reasons.!"” However, over the last years, also heavier
group 13 metal alkoxides have shown promising results with high activities towards several lactones.['?"
Besides polycondensation reactions, metal alkoxide catalysts have been recently applied in insertion

polymerisation of olefins as potential alternatives for classic Ziegler-Natta catalysts.['?% 2%

1.2 MOLECULE-TO-MATERIAL PROCESSES

1.2.1 Chemical vapour deposition

Chemical vapour deposition (CVD) is per definition a gas phase process, which results in the
deposition of a solid material via a chemical reaction on an activated (usually heated) surface.['?* 12
Generally, the process constitutes of homogenous gas phase reactions and heterogeneous reactions

occurring on or near the surface of a thermally activated substrate.

CVD was initially developed as early as the 1890 for the deposition of tungsten on filaments in
light bulbs, but grew into one of the most important deposition techniques over the last decades, in
particular in the electronics industry and for deposition of hard and protective coatings.!'?® 2]
Nowadays, a wide array of different materials can be produced via CVD processes including, but not

limited to, conductors (Al, Pt, Rh, etc.),!®® "2 2] semiconductors (Si, Ge, II-VI, 1I-V, etc.)!"3*"** and

10
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ceramics (oxides, borides, silicides, nitrides, etc.).!'*>"*] Besides a variety of materials, CVD also offers
the opportunity to deposit various morphologies, such as particles, thin film coatings or one-
dimensional (1D) nanostructures as well as the possibility for homo- and heteroepitaxial growth,!'*®140]
The morphology of the deposit strongly depends on the deposition parameters, such as temperature
and growth rate, but also on the substrate. For instance, epitaxial growth requires close matching of

lattice parameters of growing layer and underlying substrate.!""!

Over the years, several specific CVD techniques have been developed, which either differ from
classic thermally activated CVD in the way of activation or specify certain aspects of the process (e.g.
precursor delivery system, operational pressure, etc.). Low-pressure CVD (LPCVD) for example
represents classic thermally activated CVD under reduced pressure, where thermal activation is usually
achieved via resistive or high-frequency heating.'”! LPCVD was mainly developed to either use
precursors with low volatility or to increase precursor flow in mass transport/diffusion limited
processes (vide infra). Plasma enhanced CVD (PECVD) employs plasma for thermal activation and has
the major advantage of lowered deposition temperatures while still retaining good deposition rates.
However, PECVD equipment is far more complex and thus more expensive.!"” MOCVD on the other
hand is classified by the use of metal-organic precursors, which often have the advantage of lowered
decomposition temperatures.[""*! Aerosol-assisted CVD (AACVD) relies on precursor supply via an
aerosol rather than the usual volatilisation of a pure precursor. AACVD will be discussed in detail in

chapter 1.2.2.

Despite differences of existing CVD variants, key steps in all deposition methods - depicted

schematically in figure 1-3 - remain the same and include:!'?* 4]

i.  Generation of the gaseous precursor species and transport into the reaction chamber.

ii.  Diffusion through the boundary layer (the diffusion controlled layer just above the
substrate) to the activated substrate’s surface.

iii.  Adsorption of the precursor species on the substrate.

iv.  Heterogeneous reaction on the substrate surface leading to deposits.

v. Diffusion of the deposits on the surface leading to nucleation and growth of the solid
deposit.

vi.  Desorption of reaction by-products, diffusion through the boundary layer and removal from

the reactor chamber.

11
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Figure 1-3: Schematic representation of key steps in CVD processes. Redrawn in style of reference [146].

Especially depending on temperature, homogenous reactions can occur in the gas phase leading
to a premature decomposition/reaction of the precursor molecules and formation of nuclei or solids in
the gas phase. These can lead to particulate matter being deposited onto the substrate and generally
needs to be avoided if dense thin films or coatings are pursued.l'”! One possibility to circumvent
particle formation is to use cold-wall reactor setups, where the substrate is directly heated, but not
the reactor itself. In hot-wall reactors on the other hands the substrates are indirectly heated by
heating the whole reactor.!" In contrast, chemical vapour synthesis (CVS) relies on homogeneous gas

phase decomposition and nucleation for particle synthesis. !> 148!

The most important process parameters in CVD processes are substrate temperature, pressure
and flow rate. Figure 1-4 shows the influence of temperature on the deposition rate. At low substrate
temperatures, deposition rates strongly increase with temperature. This indicates a kinetically limited
process as chemical reactions and surface mobility are slow compared to the precursor transport
through the boundary layer. In contrast, temperature dependence of the deposition rate is strongly
decreased at higher substrate temperatures. In this temperature regime, mass transport/diffusion of
precursor molecules is the rate limiting step, while surface reactions and surface diffusion are
comparably fast. At even higher temperatures, the process is thermodynamically controlled. For
endothermic reactions the growth rate is slowly increasing with temperature; for exothermic reactions
however, growth rate will decrease as the driving force (AG) will weaken. It should be noted that
LPCVD is generally considered to be kinetically limited as a result of increased mass transport at

reduced pressures.['2* 14!

12
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Figure 1-4: Temperature dependence of deposition rate and growth regimes. Redrawn in style of reference [127].

CVD exhibits several distinctive advantages over other deposition techniques, namely:

Vi.

vii.

Deposition of pure materials under solvent-free conditions with good reproducibility.

Low deposition temperatures and reasonably simple device setup, i.e. low costs.

Wide variety of applicable precursors leading to deposition of a large number of different
compounds.

As opposed to physical vapour deposition (PVD), CVD is a non-line-of-sight deposition
leading to uniform coatings on complex shaped substrates.

Control over morphology, orientation and crystal structure of the deposit via specific
precursor design and deposition parameters.

Deposition rates can be readily adjusted via control of vapour flux.

Good adhesion of thin films on the substrate.

Drawbacks of CVD techniques are often related to the used precursor species and include:

iii.

Chemical safety hazards, such as toxic or pyrophoric nature of precursors or by-products.
Difficulties with deposition of multi-component systems from different sources.

CVD is a highly complex process especially compared to physical deposition methods.
Therefore, it often requires more testing and adjusting process parameters to achieve

optimal conditions.

Problems for deposition of multi-component systems are the result of different vapour pressures

(i.e. precursor flux), and varying decomposition kinetics of different precursors in multi-source

precursor systems leading to variations in stoichiometry of the deposits. Most of these issues, however,

can be overcome by specifically tailored precursors and reactor design. In particular single-source

precursors have shown great potential and are favoured in deposition of multi-component systems

since they incorporate all necessary elements in the correct stoichiometric ratios leading to

reproducible and stoichiometric products.

[150, 151]
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Sophisticated precursor design obviously remains a difficult task and has to balance advantages

and drawbacks. However, there are certain criteria that an ideal CVD precursor should meet:!’!

i.  High vapour pressure to ensure stable and continuous precursor flow rates; thus preferably
liquid state.!"™

ii.  High stability at room temperature (long shelf lifetimes).

iii.  Moderate decomposition/deposition temperatures, but with enough buffer to volatilisation
temperatures to prevent premature decomposition in the gas phase.

iv.  Suitable decomposition rates with good control over stoichiometry and morphology giving
pure deposits. By-products should be volatile and easily removed via the exhaust.

v. Easy and safe handling, non-toxicity of precursor and by-products.

vi. Cheap and easy production on a large scale in high purity.

Especially with regards to safety issues, industry has been shifting towards organometallic

precursors.[') However, other applicable precursor species include halides,!** >4 alkyls,[*> 136

158, 159]

hydrides® ! and carbonyls,! just to name a few. Depending on the applied precursor species

and on the material class of the deposit, various types of reactions can be used to achieve deposition

[36, 160-163] [164] [165, 1661 or nitridation.['67 168!

including thermal decomposition, oxidation, reduction
However, for the latter three examples addition of a second reacting gas is necessary, which makes the
setup more complex as gas flows have to be carefully regulated to prevent unwanted homogenous gas

phase reactions.

1.2.2 Aerosol-assisted CVD

As mentioned above, CVD processes generally require volatile precursors to ensure stable
precursor delivery. AACVD is a type of CVD processing, which circumvents the need for precursor
volatility. Instead, the precursor is delivered to the reactor as an aerosol rather than
volatilised/sublimed from its pure form.['® "% Hence, the prime requirement for precursors in AACVD
is solubility and as such, a far greater number of precursor species can be used. Additionally, AACVD is
performed under atmospheric pressure, which generally leads to a comparably simple setup.
Nevertheless, AACVD can be combined with plasma-assistant CVD and other techniques making it a very
versatile method. Other advantages are high-throughput and easier control of stoichiometry in multi-

component systems by simple mixing of precursor species.['?> 7]

While the fundamental process steps remain the same for all CYD methods, AACVD exhibits a few

additional ones, which are related to the precursor feed system:

i. Formation of the aerosol. Most common methods for aerosol generation are ultrasonic,
electrostatic and pneumatic jet atomisation, which will yield droplets of different sizes

and size distributions.['’"
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ii.  Transportation of the aerosol droplets to the heated substrate, where the solvent
evaporates, leaving the gaseous precursor. Evaporation of the solvent is highly dependent
on droplet size and therefore, small and uniform droplets are desired to ensure uniform

precursor concentrations.

The remaining process steps leading to deposition are similar to those described in
chapter 1.2.1. It should be noted though that the complete evaporation of the solvent has to take
place to ensure a CVD type deposition. If solvent evaporation is not complete prior to adsorption on the
substrate a spray-pyrolysis mechanism will take place leading to particle deposits. In contrast to
AACVD, where the aerosol is used for precursor transportation to the substrate at atmospheric
pressure, liquid-injection CVD is operated at reduced pressure leading to instant evaporation of the

solvent upon entry of the reaction chamber resulting in the atomised precursor species.!'’?

Despite the increased number of process parameters over conventional CVD and hence slightly
more complex setup, AACVD provides good control over morphology and phase of the deposit.!'* 74
Besides temperature, growth duration and precursor concentration, choice of solvent can have drastic

impacts on the final product, mainly due to differences in heat capacity and evaporation rate.'¢% 7]

1.2.3 Sol-gel processing

Sol-gel processing is a wet-chemical approach for the production of ceramic materials from
molecular precursors. It offers access to a wide variety of morphologies reaching from particles to thin
films and aerogels with simple setups under mild conditions.['”® 77! The process applies a series of
controlled hydrolysis reactions of alkoxo groups forming intermediate alkoxo-hydroxides, which
undergo subsequent water- or alcohol condensation reactions leading to M-O-M bonds. At a certain
degree of condensation, the molecular weight reaches a point where the molecule becomes insoluble,
thus forming a colloidal suspension of particles, called the sol. If condensation is allowed to proceed

further and the percolation point is reached, a gel is formed.!"”®!

The sol-gel process was initially developed for silicon based materials and was later adapted to
metal alkoxides. However, there are a few distinct differences that have to be addressed when using
metal alkoxides. Silicon alkoxides show highly covalent bond character and low Lewis-acidity and as
such do often not react with water at neutral pH. Thus, the process is usually performed with acid or
base catalysts depending on the desired product morphology. For metal alkoxides, hydrolysis is much
faster due to high bond polarity and Lewis-acidity of the metal centre leading to precipitates rather
than gels.% Therefore, metal alkoxides are typically chemically modified with strong chelating ligands
to achieve slower and more controlled hydrolysis rates or additional surface modifiers are added to

alter the hydrolysis behaviour.['7? 182
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1.2.4 Hot-injection methods

Hot-injection processes are widely used methods for the production of nanoparticles. The
process is based on fast injection of a precursor solution into a hot liquid, which will instantly create a
supersaturated solution and formation of nuclei.!"”” Due to the simultaneous formation of a big amount
of crystallisation nuclei, uniform crystal growth can be observed, which generally helps to achieve
narrowing of the size distribution of the resulting nanoparticles. Hot-injection methods are generally
performed with the addition of surfactants or even employ the surfactant as the solvent. The
surfactants are able to stabilise the formed nanoparticles to give a stable colloid and help with further

narrowing the size distribution mainly by preventing agglomeration.['®*]

Hot-injection pyrolysis employs high boiling point solvents, such as squalane, squalene,
octadecene, dodecylamine or tricotylphosphine oxide, to allow direct thermolysis of injected
precursors and subsequent formation of nuclei and nanoparticles. Besides a simple experimental setup,
hot-injection methods have the advantage of good size control of the nanoparticles via temperature,
precursor and surfactant concentration and heating duration.!'®! In addition, it allows for in situ
preparation of heterostructures, post-growth modification and even heteroepitaxial growth on

submersed substrates.['® 18!

1.3 THERMOLYSIS MECHANISMS AND INCORPORATION OF
HETEROATOMS

Understanding the decomposition mechanism of molecular precursors upon thermolysis is crucial
for the design of functional precursor for a designated material. The decomposition pathway and
effectiveness of thermolysis is also of great interest to achieve pure materials with a defined
stoichiometric composition. While pyrolysis mechanisms in CVD reactions have been investigated for
various precursor species by a number of techniques, the pyrolysis mechanism of metal alkoxides is still
not completely elucidated.!" 65 71911 Nevertheless, it has been established that B-hydride
elimination, B-hydride transfer and intramolecular ether formation are the most likely mechanisms for

simple non-functionalised alcoholates, such as ethoxides or ‘butoxides.['3" %2

Doping is generally considered as the intentional introduction of minimal amounts of impurities
into a semiconductor crystal lattice on substitutional lattice sites.!"”® Despite the use of minimal
concentrations (e.g. 10'3-10" cm for heavily doped GaAs), the material’s properties can be drastically
altered and thus a high purity starting material is essential.['""*'*! Depending on the valency of the
dopant with respect to the host material, discrete donor or acceptor levels are introduced between
valence and conduction band leading to a reduced excitation energy and a concomitant increase in

charge carrier concentration (electrons or holes). For compound semiconductors, such as IlI-V or 1lI-VI
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compounds, it is generally possible to use cation or anion doping.!"”""! As a consequence, doping of
semiconductors has emerged as an essential technique to control various electronic and physico-
chemical properties of a material. For instance, doping can be used to effectively alter/tune electrical

and ion conductivity!?®” " or the band gap.[2%22%4

Solid solutions on the other hand are mixtures of two or more solid compounds where the solutes
are statistically distributed within the crystal lattice of the solvent.[?® Because the solutes are
generally present in concentrations far greater than in doping, formation of a solid solution is typically
only possible, if the constituents have the same crystal system and the substituting atoms are of similar
size so that the crystal system of the host is retained.?%! Formation of solid solutions also has a major
impact on the material’s properties (density, reactivity, magnetism, optical properties..) resulting
from distortion of the crystal lattice and disruption of the crystals homogeneity.?%%! For instance,
llI-V semiconductors are well known to readily form solid solutions, e.g. Al,Ga;,As, which allows
alteration of band gap, conductivity and photophysical properties.’?®2'! Other recent examples
include the formation of metastable Ge,,Sn, nanowires to achieve a transition from an indirect to a

direct band gap.!?'% 2"l

Generally, there are two pathways to incorporate heteroatoms into a material. Firstly, there are
post-growth procedures, which are most often performed via annealing in a reactive atmosphere or ion
implantation.’'* 2] For instance, commonly applied nitrogen doping of oxides generally requires
annealing in strong nitration agents, such as NHs, while sulphur incorporation is often achieved by
either oxidation of sulphides or sulphidisation of oxides in H,S.™*'® 271 However, post-growth processes
often suffer from inhomogeneous distribution of dopants due to diffusion limitations and will typically
lead to increased concentrations at the surface, which could result in varying properties in the
material.["” 2'® 2% |t should be noted that effects resulting from doping or formation of solid solutions
are strongly dependent on heteroatom concentration and distribution and thus on the crystal structure
of the host material. For instance, close packed or layered structures or even channels in the crystal

can cause differences in doping levels and distribution.

The second approach is in situ incorporation of heteroatoms during the growth/synthesis of the
material. One can further distinguish multi- and single-source approaches, with multi-source
approaches being far more commonly used. These typically proceed via simple mixing of precursor
species in the desired ratios and subsequent processing, such as sintering, gas phase reactions or sol-
gel processes.[?%% 2202231 Gingle-source approaches on the other hand include for instance arsenic or
phosphorus n-type doping of germanium via CVD of E(GeH;); with E= P, As or the formation of a solid
solution of carbon and silicon in germanium from decomposition of Ge(SiMes)s.”2*?2¢! Reports on
incorporation of hetero-atoms from single-source precursors into oxide materials are thus far almost
exclusively limited to fluorine introduction from fluorinated precursors in CVD processes. Fluorination
of precursor species was initially introduced as a way to increase volatility, but was found to be
incorporating fluorine into the growing materials.'"" 2! |t has to be highlighted though that in situ
processes, in particular using molecular precursors, require clean decomposition to ensure controllable

material properties, as other unintentional contaminations can also lead to altered properties.
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1.4 MATERIALS TARGETED IN MOLECULE-TO-MATERIAL
CONVERSION

1.4.1 Gallium oxides

There are three known gallium oxides, namely Ga(l), Ga(ll) and Ga(lll) oxide; however, Ga,0; is
the only stable oxide.’?2% Ga,0; exhibits five different polymorphs (a, B, y, & and €) with the B-
phase being the only stable one under normal conditions.[?*'"?**! 8-Ga,0; crystallises in the monoclinic
space group C2/m, with gallium occupying equal amounts of tetrahedral and octahedral sites. Oxygen
atoms are located in a distorted body centred cubic arrangement. The structure of 8-Ga,0; is depicted

in figure 1-5.12%!

Figure 1-5: Crystal structure of B-Ga,0s. Tetrahedral sites are depicted in pale green. Data taken from

reference [236].

B-Ga,0; is a wide band gap semiconductor with a direct band gap of approx. 4.8-4.9 eV
exhibiting n-type conductivity at temperatures above 600 °C.1*”2 Because of the very large band
gap, Ga,0; materials are transparent in the UV-A to UV-C and visible region of the spectrum, which is
often exploited in applications in optoelectronic devices.?*?*! The second important application is as
sensing material for various gases at high temperatures. For instance, Ga,0; is known to change its
electrical conductance depending on O, concentration at temperatures above 900 °C making it a viable
high-temperature resistor-type oxygen sensor.?* 24! At temperatures below 900 °C however, it reacts
well to reducing gases, such as CO or ethanol, in surface-control-type sensors.?¥ 21 Other fields of

application include catalysis, e.g. for photocatalytic water splitting or reduction of NO,.[250252]

Bulk samples of Ga,0; are easily prepared by thermolysis of Ga(NO;); or other simple inorganic
salts or by direct oxidation of the metal.!””] Due to the demand for thin films rather than bulk material
in most technologically relevant applications coupled with the need for high-purity materials, synthesis
via gas phase methods are generally preferred. As mentioned before, these techniques do not only

enable deposition of stoichiometric materials, but often allow good control over phase and morphology
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of the deposit. This is particularly important for many IlI-VI semiconductors, as the existence of
p P y 1mp y

multiple phases can lead to increased defect concentrations, which will also affect the materials

properties.!”* 24 Many applications thus rely on gas phase processes and Ga,0; has been synthesised

via CVD,['3% 136, 162, 238, 255-238] pypy 1239, 2591 pj|sed laser deposition (PLD),[*% 2601 ALDI6'2631 or spray

pyrolysis,?*4 but also via sol-gel processes.**> 2¢! Syitable precursors include metallic gallium,!*”!

halides,!**! hydrides,® 28! alkyls,!"® %% 21 g.diketonates and especially in recent years metal
alkoxides [9, 15, 27, 162, 263, 270-272]

1.4.2 Gallium sulphides

Similar to gallium oxides, gallium sulphides have been reported in all three possible oxidation
states of gallium.!?2 273 274 However, only GaS and Ga,S; are of technological importance. GaS, which
is a lI-VI semiconductor with a direct band gap of 3.05 eV and indirect one of 2.59 eV showing n-type
conductance, is most stable in its B-phase crystallising in the hexagonal space group P6;/mmc.1?>%"8
Paired with its layered structure these properties have led to applications of Ga$ in thin film devices

such as photodetectors?’? or field-effect transistors."!

In addition to the hexagonal B-GaS, there is also cubic GaS, which has thus far been only
accessible via a MOCVD approach showing excellent phase control via precursor design. 28" 282
Maclinnes and co-workers employed the sulphido cubane precursor [(‘Bu)GaS]4, which basically retained
its cubic core structure upon thermolysis and forced its structure onto the crystalline deposit. The
importance of precursor design becomes evident as using the chemically related precursor
[(*Bu),Ga(S'Bu)], lead to the more stable hexagonal B-GaS, while dithiocarbamate [(‘Bu),Ga(S;CNMe,)]

produced a metastable, distorted wurtzite-type structure.!'®" 28]

Ga,S; also exhibits multiple crystal structures. However, the monoclinic a’-phase is the only one
with exact Ga:S=2:3 stoichiometry, while a- and B-phases both exhibit small deviations from the ideal
composition, typically around Gaj.¢sS; to Gay.053.1%8* 24 As shown in figure 1-6, the a-phase crystallises
in a superlattice of the wurtzite structure in hexagonal space group P6;, while the B-modification

exhibits the wurtzite structure (P6;mc).

Figure 1-6: Crystal structure of a-Ga,S;. Data taken from reference [284].
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Ga,S; is a compound IlI-VI semiconductor with a direct band gap of approx. 3.4 eV?*2] and was
reported to show photoluminescence in the green region of the visible spectrum (2.4 eV), which was
attributed to gallium vacancies in the a-Ga,S; lattice leading to acceptor levels above the valence
band.?”2] Hence, Ga,S; has found applications in optoelectronics,?°2%?! very often as a constituent
of chalcogenide glasses.?>2%! Other applications include Ga,S; for surface passivation layers in IlI-V

semiconductor devices. 28 2771

As with most binary inorganic materials, gallium sulphides can be directly synthesised from the
elements at elevated temperatures, while obtained oxidation state and phase are very sensitive to the
used ratio of elements as well as synthesis temperature 27> 283 284, 287, 298] Technologically more

important thin films are mainly produced via reactive gas phase processes such as CVD or ALD. 44 299-301]

281]

Single-source precursors for gallium sulphides include thiolates,!"** thiocarboxylates, %!

xanthates, 3% 3% dithiocarbamates,['*"! and sulphido cubanes.[?'- 2821

1.4.3 Gallium oxysulphides

As mentioned before, anion doping or formation of a solid solution is an efficient way for
controlled alteration of semiconductor properties, such as band gap, conductivity or
photoluminescence. Regardless, literature reports on gallium oxysulphides, Ga,0s,S,, are very rare. In
fact, most reports deal with complex heterometallic gallium oxysulphide glasses, which - despite
exhibiting interesting optical properties - essentially remain solid solutions of various oxides and
sulphides.%3%] post growth modifications, e.g. sulphidisation of oxides with H,S, usually suffer from
the fact that sulphidisation generally is limited to the surface yielding core-shell type structures

forming heterojunction devices rather than uniform oxysulphides. 2 307

The only alleged example on gallium oxysulphides was reported by Kim et al., who used solid
state reactions of Ga,0; and sulphur at 1000 °C to produce Ga,0;.,S« powders with x = 0-0.05.3%% 3%
Despite conclusively showing the beneficiary effects on photo- and cathodoluminescence, they lacked
evidence of actual oxysulphide formation. XRD analysis of the obtained phases only showed oxide
phases without significant shifting of the reflexes as would be expected for small sulphur amounts used
in the study. Moreover, the authors did not report any cleaning steps after synthesis, such as simple
washing, to remove potential residual elemental sulphur. As such, without further proof via X-ray
photoelectron spectroscopy (XPS) or X-ray absorption spectroscopy techniques (XANES and EXAFS), the

incorporation of sulphur and the formation of oxysulphides cannot be conclusively proven.
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1.4.4 Indium oxides

Similar to gallium oxides, In(l) and In(lll) oxides have been reported in literature, but only In,03
is thermodynamically stable and of technological importance.B' In,0; is a light yellow solid
preferentially crystallising in the cubic space group la3, which is depicted in figure 1-7.B"" 321 The
body-centred cubic crystal structure features indium in octahedral sites and oxygen in tetrahedral
positions. Additionally, there is a rhombohedral phase with corundum-type structure, which is usually
formed at 1000 °C and 65 kbar, but was recently reported to be accessible via MOCVD from InMe; and

H,0 or via prolonged ball-milling of the cubic phase.[*'33'!
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Figure 1-7: Unit cell of cubic In,0;. Data taken from reference [312].

Both phases of In,0; were reported as n-type wide band gap semiconductors, which were long
thought to have a direct band gap of 3.5-3.7 eV and an indirect one of 2.7 eV.!"® 3'5 3771 However,
combination of theoretical and experimental investigations on single-crystalline materials recently
showed that the materials only have a direct band gap of 2.9 eV and 3.0 eV, respectively.B'™ It was
further demonstrated that the quasi-indirect transition is caused by dipole-forbidden electronic
transitions from the valence band maximum to the conduction band minimum.B" 32% The second
striking feature of In,0; is that even pure, undoped material exhibits relatively high electrical
conductivity while keeping its high transparency in the visual regime. One of the popular theories
ascribes this high conductivity to oxygen vacancies due to the natural sub-stoichiometry with an oxygen
deficiency of up to 1 % even when grown under equilibrium conditions.[*2" 322 However, conductivity
and high number of charge carriers were also found in non-degenerate films, which was found to be
caused by electron accumulation at (111) and (001) surfaces associated with unoccupied donor surface
states.l’'® 3231 Because of the rare combination of transparency and conductivity In,0; has become one
of the most important transparent conducting oxides (TCOs), in particular in its tin doped version
indium tin oxide (IT0).*?¥ In,0; is thus widely used as a top electrode in various displays, solar cells,
LED and OLED devices and electrochromic windows, but it was also reported as active layer in field-

effect transistors or as gas sensing material.??>33%
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Bulk In,0; can be easily prepared by thermal treatment of In(NOs); or In(ac); at elevated
temperatures. More importantly, In,0; thin films have been produced via several methods, including
MOCVD, "> 36 3311 AACyD, PO 1701 pyp 332 3331 A p [334336] p| p 3371 spray-pyrolysisi®*®! and sol-gel
processes.**34 As with the previous materials, there is an increasing trend to use single-source
precursors, but In,0; has been produced using halides,®** alkyls,*? 4 alkoxides, ! 2" 3¢ 138 326] gnd B-

diketonates.#% 34

1.4.5 Indium sulphides

Indium sulphides exist in two stable oxidation states, namely in InS and In,S;, while In,S was
falsely reported but later found to be unstable.*' **¥! |nS features the orthorhombic space group Pnnm
and is considered a medium band gap semiconductor with 2.44 eV with n-type conductivity. 28> 34> 3461
This has led to applications in the field of optoelectronic and photovoltaic materials, but InS has also

been used as passivation layer on InP devices, analogous to GaS on GaAs.*34]

In(ll) sulphide, In,S;, shows an extensive polymorphism with five different crystal structures
known to date. 1***3%] The thermodynamically most stable B-phase crystallises in the tetragonal space
group 14,/amd, which is shown in figure 1-8. In,S; exhibits a band gap around 2.1 eV and n-type
conductivity. However, p-type conductivity can be achieved by incorporating excess sulphur or doping
with InP.*% 3571 Similar to InS, In,S; is a potential candidate for application in photovoltaics and

optoelectronics. %8362

Figure 1-8: Crystal structure of tetragonal B-In,S;. Data taken from reference [350].

Bulk samples of indium sulphides are easily prepared either by direct synthesis from the
elements, precipitation of indium salts with NaHS or via passing H,S gas through a solution of InCl;.5%"
363-366] As a consequence of the multitude of existing phases and oxidation states, phase control is both
difficult and essential. For instance, Nomura and co-workers demonstrated the sensitivity towards In:S
ratio in single-source precursors leading to InS or In,S; upon thermolysis.*¢”! Maclnnes on the other
hand were able to selectively deposit tetragonal InS thin films by retaining In,S, cyclic features from

the precursor [(*Bu),InS'Bu],.247 3¢
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Other routes to indium sulphides, especially thin films, include PVD,B®3""1 cyp, [ 372 373

34 spray pyrolysis,[3¢% 375 3761 AL p 3% 377, 378 gnd chemical bath deposition,”®: 3%

361]

solution pyrolysis,|
just to name a few possibilities. Suitable multi-source precursors include halides,’8 38 381 zkyls, !
or B-diketonates® 37! in combination with a sulphidisation agent such as H,S, thiols or thioacetamide.
Common single-source precursors are dithiocarbamates,? heteroleptic alkyl thiolates,[*3® 347 3¢8 373]
thiocarboxylates,*®! dithiocarboxylates,***! or xanthates.®® It should be noted that indium thiolates
are usually not volatile enough for CVD applications as they often form polymeric structures, but they

are efficient precursors for solution pyrolysis.?** 341

1.4.6 Indium oxysulphides

Similar to gallium oxysulphides, reports on indium oxysulphides are rather rare, although indium

oxysulphides seem favourable for the replacement of CdS buffer layers in Cu(Ga,In)Se based solar

3853871 Reports exclusively deal with post-growth treatment for partial conversion of oxides or

[388, 389]

cells.!

sulphide materials or multi-source approaches.

As such, wet chemical approaches, e.g. chemical bath deposition, suffer from difficult control
over phase, morphology and film composition. In addition, another drawback is facilitated oxidation
leading to additional formation of sulphates as well as formation of hydroxysulphides, In(S,0H), rather
than oxysulphides, 1n,05.,5,.% 3°°3% Similar problems were encountered in a series of publications by
Haleem and Ichimura, who reported on electrochemical film deposition from In,(50,); and Na,S,0; for
the formation of In,S,0,(OH), films. In addition to sulphates and hydroxides, they found that the thin
films contained metallic indium nanoparticles, which necessitated a post growth sulphurisation step.

However, this resulted in the complete loss of oxygen and hydroxides and the formation of In,S;.[*% 3%

395]

In contrast, controlled synthesis of In,0,S, films was achieved via alternating PVD of indium and
sulphur layers and subsequent annealing under inert conditions. Oxysulphide formation was found to be
the result of residual oxygen in the annealing atmosphere and was strongly dependent on temperature
and duration of the annealing step. More importantly, the deposits showed phase purity and uniformity
with an almost linear increase of the band gap with increasing oxygen content allowing fine tuning the

electronic properties of the material.l38 3%-400]

Efficient control over the band gap was also
demonstrated by Bugot and co-workers, who applied in situ O, plasma pulses during ALD growth of In,S3
to yield In,03.,S, films. Nevertheless, they failed to conclusively show oxysulphide formation as energy
dispersive X-ray analysis (EDX) and XPS studies revealed non-stoichiometric composition suggesting
sulphate formation and carbon contamination resulting from incomplete decomposition of the In(acac);

precursor (acac=acetylacetonate).!" 4

In conclusion, it seems obvious that gas phase processes are better suited for controlled

formation of oxysulphide materials, although the required equipment is generally more complex. From
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a chemical point of view, solution based processes lack control over composition and often result in the
incorporation of other anions, such as sulphates or hydroxides. However, judging only device

performance, also solution based materials show promising results.

1.4.7 Heterobimetallic oxides

Heterobimetallic oxides with the general formula M"M",0, belong to the group of ternary spinel
oxides. As such they generally crystallise in the cubic space group Fd3m as depicted for the parent
spinel system MgAl,0, in figure 1-9.1*! The structure features octahedral and tetragonal coordinated
cation sites in a ratio of 2:1. In classic spinel MgAl,04, Mg*" is occupying the tetrahedral sites, while Al**
ions are located in the octahedral sites. Inverse spinels, e.g. magnetite Fe;04, on the other hand
feature M?* on octahedral sites and M** ions distributed equally between tetrahedral and remaining
octahedral positions.* Overall, cation sites remain only partly occupied allowing for random
distribution of cations in many spinel and inverse spinel oxides.! ! As such, controlling the structure,
degree of inversion and cation distribution has become an efficient way of controlling the macroscopic

properties of the material.[*“*"]

9
.
——
>

4
o
I‘\'

¢
ti}
P
\

AN ='I %i":fi\'” °<J
ll4 sl-a i / F,
/9‘ /i_l" ’ !\ \

b
\,_\\7
I
1|

Figure 1-9: Crystal structure of spinel MgAl,0,. Data taken from reference [403].

Due to the easy possibility to incorporate transition metals in different oxidation states on either
octahedral or tetrahedral sites, oxide spinels offer accessibility to a number of functional materials,
with properties strongly dependent on the constituents and defect concentration, e.g. metal-on-metal
anti-site substitution and cation distribution.*?"" 4% Hence, oxide spinels have been exploited for
ferroelectric and ferromagnetic'"' as well as catalytic properties,*">*' just to name a few. For
instance, mesoporous ZnGa,0, was recently reported to be highly active in photocatalytic reduction of

CO, to CH., while NiGa,04 showed promising results in photocatalytic water splitting.[“2%4?%
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Bulk samples of spinel oxides are readily accessible via solid state chemistry routes or co-
precipitation reactions in solution.'”?“?! Functional materials, such as thin films and various
nanostructures, have been prepared via gas phase, hydrothermal or sol-gel routes.!'%® 152, 426-429]
Suitable molecular precursors include single-source precursors, such as (donor functionalised)
alkoxides. For instance, Veith et al. showed the applicability of simple spiro-complexes in sol-gel
processes to access phase pure MAL,0, (M=Co, Ni, Cu, Zn) nanoparticles with controllable size as well as

a size-dependent blue-shift of the band gap for M=Zn. % 43!

Similarly, Mathur et al. applied spirocyclic heterometallic gallium ‘butoxides in the synthesis of

432, 431 They could demonstrate the applicability of the

NiGa,04, and CoGa,0,, respectively.
heterometallic alkoxides as single-source precursors in LPCVD and sol-gel experiments giving phase
pure products in both cases. The applicability of multi-source approaches has been recently
demonstrated by Knapp et al., who used a mixture of gallium and copper B-diketonates to produce
CuGa,0, thin films, although they also encountered phase separation and formation of CuO alongside

the spinel.[*?”]

Ferrite spinels MFe,0, are particularly interesting due to their magnetic behaviour.***¢! For
instance, Mathur et al. demonstrated temperature dependent deposition of iron oxides from the single-
source precursor [Fe(0'Bu);], in LPCVD experiments. They found that Fe,0; (hematite) was deposited at
400 °C, while in situ reduction of the precursor at 450 °C and above formed Fe;0, (magnetite) upon
decomposition, which showed superparamagnetic behaviour because of the nanocrystallinity of the
coating.[*”) The compositional tunability of the magnetic properties of ferrites was highlighted by Li et
al., who applied pyrolysis of acac precursor-mixtures in high-boiling solvents in the presence of
surfactants to obtain M,Fe;,0, (M=Co, Mn, x=0.06-0.55) nanocrystals with very sharp size

distribution .38

1.5 MOTIVATION AND RESEARCH GOALS

Based on successful development of a synthesis protocol for thioether functionalised metal
alkoxide derivatives, investigations of the coordination behaviour and also the thermal decomposition
characteristics of these alkoxide derivatives have been targeted.!**! Comparison of the coordination
tendencies in absence and presence of well-known donor moieties, such as amines and ethers, were
envisioned. Furthermore, a comparison to homoleptic aminoalcoholates of group 13 metals with

alcohol ligands of similar structural design was targeted.

The thermal decomposition of metal alkoxides is a popular choice for the formation of oxide
coatings or nanoparticles in material synthesis. However, no reports on the influence of a thermally
labile group, such as a thioether, in the organic backbone of the alcoholate ligand on the

decomposition characteristics existed. In consequence, the application of the novel alkoxide species as
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single-source precursors for in situ sulphide incorporation into oxide based materials with specific
focus on thin layer formation via CVD techniques was targeted. Special attention was payed to the role
of the thioether functionality on the composition of the resulting materials upon thermolysis as
thioether adducts have been previously reported to allow formation of sulphide materials. ] The
chemical and physical properties of the obtained materials should be thoroughly analysed via EDX,

electron microscopy techniques, X-ray diffraction (XRD) and XPS.

In addition, synthesis of a series of transition metal gallates MGa,04 was targeted, because of
their applicability in catalysis. In consequence, heterobimetallic gallium ‘butoxides should be
synthesised, characterised and investigated for their applicability as single-source precursors in LPCVD
and sol-gel processes.

26



CHAPTER 2
RESULTS AND DISCUSSION

“These go to eleven.”

- From “This is Spinal Tap” (1984) -
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Results and Discussion

2.1 AMINOALCOHOLATES OF AL(Il1), GA(II), IN(11T)

A series of aminoalcoholates of aluminium, gallium and indium has been synthesised in high yield
via alcohol exchange reactions (Al, Ga) or alcoholysis (In), respectively. For detailed synthesis
procedures, refer to the experimental section. All room temperature 'H and "C nuclear magnetic
resonance (NMR) spectra clearly show the formation of the alkoxide species indicated by the
pronounced low-field shift of the C(H group (0.31 ppm on average for 'H, 1.0-2.8 ppm for *C), as
depicted in figure 2-1. Furthermore, NMR measurements hint towards monomeric species in solution as
there are no observable signals for bridging and terminal alkoxo groups which would be observed in

dimeric or oligomeric species as they differ significantly in chemical shift especially for C;H protons.
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Figure 2-1: "H NMR of 1,3-bis(diethyamino)propan-2-ol and In1 in C¢Ds.

In addition, there is also an unexpectedly large shift for signals of groups in vicinity of the
nitrogen donor. For instance, the methyl group in 1,3-bis(dimethyamino)propan-2-olates (marked a in
figure 2-1) is already five atoms apart from the metal centre. Thus, a low-field shift is only expected if
there is a coordination of the corresponding nitrogen atom. Yet there are more donor atoms than
available coordination sites at the central atom, which should lead to at least two sets of signals
originating from coordinating and dangling donor moieties for protons in vicinity of the donor sites
(protons a and b in figure 2-1). The absence of the second set is an indication for a fast exchange of
coordinating and uncoordinating configuration in the aminoalcoholates in solution. Nevertheless, room
temperature NMR data alone cannot provide sufficient prove for monomeric or dimeric nuclearity in

solution, although different chemical shifts are frequently observed in stable dimers for bridging and
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terminal alkoxo ligands.* “®! Although only one set of signals is observed for the presented
aminoalcoholates, the quick exchange of coordination modes makes it difficult to determine the

nuclearity with certainty. Thus, formation of dimers in solution cannot be completely ruled out.

More distinct prove of the alkoxides’ nuclearity in the solid state could be provided by single-
crystal XRD analysis. Crystals suitable for X-ray studies were obtained either from the pure, viscous
alkoxides (Al71, Gal and Ga2) or from saturated "hexane solutions at -9 °C (Al2 and In7) with all
compounds showing pronounced sensitivity towards atmospheric moisture. Twinning was observed for
In1 consistent with a (001) mirror plane as twin operation. Reflexes were manually analysed using the
RLATT tool (Bruker, 2014) and refinement was conducted using the HKLF 5 map. Detailed
crystallographic and refinement data is listed in table 2-1.

All reported aminoalcoholates exhibit monomeric molecular structures in the solid state, which
is in good agreement with NMR results discussed above. All aluminium and gallium alkoxides (Al71, Al2,
Ga1, Ga2) show very similar structures featuring a distorted trigonal bipyramid, as shown in figure 2-2
and 2-3. The bipyramid consists of three alkoxo oxygen atoms in the equatorial positions and two
amino donors occupying the apical positions. The coordinating nitrogen donors are from two different
ligands leaving each with one dangling donor site, while the third alkoxo ligand does not exhibit any

further chelating coordination to the central atom.

Figure 2-2: Molecular structure of Al1 with 75 % probability ellipsoids. Hydrogen atoms have been omitted for

clarity.
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Table 2-1: Crystal and structure refinement details of Al1, Ga1, In1, Al2 and Ga2.

Compound Al1 Gat In1 Al2 Ga2
Emp. Formula C,1H51AIN(O3 C,1Hs5:GaN¢O; C,1H51InNgO; C33H75AIN(O3 Ci33H75GaN¢O;
M, / g mol 462.66 505.39 550.49 630.97 673.71
Crystal system Triclinic Triclinic Monoclinic Triclinic Triclinic
Space group P1 P1 P2,/n P1 P1
alA 8.7143(5) 8.8072(1) 11.748(2) 9.1809(6) 9.0300(2)
b/A 10.2591(6) 1.01961(1) 8.7847(18) 12.6626(8) 12.8097(3)
c/A 16.0034(8) 16.0770(2) 27.908(6) 17.1388(11) 17.5425(4)
al”’ 76.570(2) 75.8008(6) 90.00 97.919(2) 98.5460(10)
B8/~ 81.588(2) 82.0703(6) 99.14(3) 92.143(2) 93.6160(10)
y/° 84.368(2) 84.4410(6) 90.00 96.908(2) 96.7740(10)
v/Ik 1373.56(13) 1383.22(3) 2843.7(10) 1956.2(2) 1985.91(8)
z 2 2 4 2 2
D,/ gcm? 1.119 1.213 1.286 1.071 1.127
y/ mm’ 0.10 1.03 0.86 0.09 0.73
Crystal size / mm 0.6x0.6x0.6 04x0.4x0.2 04x0.36x0.2 0.6x04x0.3 0.7x0.5x0.4
No. measured refl. 79178 14117 64160 83378 32246
Obs. Refl. [I>20(l)] 7436 6229 9397 9413 11274
Omax ! ° 32.6 28.3 33.4 30.8 31.1
R [F*>206(F)], wR 0.042, 0.111,  0.029, 0.076,  0.076, 0.212, 0.076, 0.232,  0.035, 0.098,

(FH, s 1.02 1.06 1.28 1.05 1.07
Refl./param. 10024/280 6836/292 10300/293 12165/557 12569/491

a=0.0516 a =0.0436, a=0.037, a=0.1211, a = 0.0583,
Weighting scheme*
b =0.3731 b =0.3702 b = 41.8488 b =1.3942 b= 0.3702

*w = 1/[c?(F?) + (aP)? + bP], where P = (E? + 2F?)/3
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Aminoalcoholates of Al(lll), Ga(lll), In(lll)

Figure 2-3: Molecular structure of Ga2 with 75 % probability ellipsoids. Disordered parts are depicted in pale

colours; hydrogen atoms were omitted for clarity.

These coordination arrangements are rather surprising as literature reports typically described
group 13 alkoxides and aminoalcoholates being oxygen bridged dimers or higher oligomers.[® % 30 1621 |5
addition, previous studies employing the same ligand system in the synthesis of heteroleptic alkoxides
did not result in monomeric structures, but reported dimeric, trimeric and even higher oligomeric
molecular structures for all alkoxides R,M(OR’) with M=Ga, In, Zn, Cd and R=Cl, Me or Et (Et=ethyl,
C,Hs-). [P0 54 69, 71, 446, 4471 Monomeric motives of homoleptic group 13 alkoxides have only been observed
in salts containing anionic alcoholate moieties formed by Lewis acid-base reactions in combination with
sterically demanding cations!® “°! or in structurally related aryloxides with a secondary donor
functionality, such as hydroxyquinoline derivatives.*% “!1 Monomeric species of group 13 alkoxides can
also be achieved by addition of other donor molecules, such as amines, ethers or other Lewis bases,
yielding heteroleptic alkoxides of the general formula [M(OR)s;D,] with x=1 for M= Al, x=1, 2 for
M=Gaand x =1, 2, 3 for M = In.[?7- 255 452 4331 The only reported homoleptic gallium alkoxide featuring
a similar trigonal bipyramidal coordination sphere was observed for [Ga(OC,HsNMe;);-LiCl],.B? The
compound shows chelating coordination of a pendant amino donor and a p,-alkoxo bridge to LiCl
bridging two [Ga(OR);] subunits. Efforts to synthesise the compound without LiCl contaminations

produced low-quality crystals, yet the monomeric nature of the compound was confirmed.

M-O bond distances, where M = Al, Ga, are in good agreement with bond lengths reported for
terminal alkoxo ligands, which are shorter than those of bridging alkoxo species.’® ¢! M-O bond
distances for chelating ligands are almost identical, while the M-O bond distance for the ligand without
further chelating coordination is significantly shorter, i.e. 1.765(1)/1.768(7) A versus 1.737(9) A for
Al1. Shorter bond lengths for this kind of non-chelating, terminal aminoalcoholate ligand have been

reported before.** Chelating nitrogen atoms N1 and N3 in apical positions are tilted away from the
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non-chelating ligand leading to N1-M-N2 bond angles of 163.42(4)°-165.82(6)°, which is far from the
expected 180° for an ideal trigonal bipyramid. This distortion is most likely caused by restrictions
within the five-membered metallacycles for chelating ligands. It further leads to highly anisotropic O-
M-O bond angles in the equatorial plane featuring O1-M-O2 angles ranging from 126.62(6)° to
130.04(4)°. 01-M-03 and 02-M-O3 angles on the other hand exhibit compressed angles between
110.39(4)° and 119.59(7)°. A detailed list of bond distances and angles is given in table 2-2.

Table 2-2: Selected bond lengths and angles for Al1, Al2, Ga1, Ga2 and In1.

Al1 Gat In1
Bond Distance / A Bond Distance / A Bond Distance / A
Al1-01 1.765(1) Ga1-01 1.849(1) In1-01 2.055(6)
Al1-02 1.768(7) Ga1-02 1.849(1) In1-02 2.097(6)
Al1-03 1.737(9) Ga1-03 1.834(1) In1-03 2.070(5)
Al1-N1 2.099(8) Ga1-N1 2.152(1) In1-N1 2.567(7)
Al1-N3 2.119(8) Ga1-N3 2.180(1) In1-N3 2.344(6)
In1-N5 2.432(6)
Angle /° Angle /° Angle /°
01-Al1-02 128.55(4) 01-Ga1-02 128.78(5) 01-In1-02 95.7(2)
01-Al1-03 113.62(4) 01-Ga1-03 111.74(5) 01-In1-03 153.9(2)
02-Al1-03 117.83(4) 02-Ga1-03 119.47(5) 02-In1-03 105.2(2)
01-Al1-N1 83.87(4) 01-Ga1-N1 83.22(5) 0O1-In1-N1 74.7(2)
O1-Al1-N3 87.59(4) 01-Ga1-N3 87.65(5) 02-In1-N3 77.6(2)
02-Al1-N3 84.11(4) 02-Ga1-N3 83.67(4) 03-In1-N5 76.6(2)
N1-Al1-N3 165.26(4) N1-Ga1-N3 164.26(4) 01-In1-N3 111.8(2)
01-In1-N5 90.5(2)
Al2 Ga2
Bond Distance / A Bond Distance / A
Al1-01 1.762(2) Ga1-01 1.844(1)
Al1-02 1.763(1) Ga1-02 1.847(1)
Al1-03 1.723(1) Ga1-03 1.821(1)
Al1-N1 2.161(2) Ga1-N1 2.217(1)
Al1-N3 2.157(2) Ga1-N3 2.215(1)
Angle /° Angle /°
01-Al1-02 126.62(6) 01-Ga1-02 130.04(4)
01-Al1-03 119.59(7) 01-Ga1-03 119.57(4)
02-Al1-03 113.79(6) 02-Ga1-03 110.39(4)
01-Al1-N1 84.15(6) 01-Ga1-N1 83.85(4)
01-Al1-N3 90.61(6) 01-Ga1-N3 97.97(4)
02-Al1-N3 83.52(6) 02-Ga1-N3 82.42(4)
N1-Al1-N3 165.82(6) N1-Ga1-N3 163.42(4)
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Dimethylamino derivatives Al1 and Ga? did not exhibit any disorder in the crystal structure.
Diethylamino derivatives Al2 and Ga2 on the other hand featured almost the same disorder on the
organic backbone of the ligand without further chelating coordination, as depicted in figure 2-3.
Disorder is most likely the result of increased degrees of freedom for the non-chelating diethylamino
moiety leading to different possible arrangements within the respective unit cells. The disorder has
been accounted for by applying the split-atom model leading to occupational densities of approx. 50:50
and 60:40 % for Al2 and Gaz2, respectively.

Figure 2-4: Molecular structure of In1 shown with 75 % probability ellipsoids. Inset shows the coordination
polyhedron. Hydrogen atoms omitted for clarity.

In contrast to the fivefold coordination of the aluminium and gallium aminoalcoholates discussed
above, indium alkoxide In1 exhibits a sixfold coordination featuring a distorted trigonal antiprismatic
arrangement of the coordinating alcoholate oxygen atoms and amine donors, as shown in figure 2-4.
The extension of the coordination number is most likely the result of the increased ion radius of the
indium central atom compared to aluminium and gallium (0.8 versus 0.48 and 0.55 A for In, Al and Ga,
respectively).[*®® The coordination sphere of In1 constitutes of three sets of coordinating oxygen and
nitrogen donors from the same ligands, leaving each ligand with one additional dangling donor site. The
trigonal planes of the antiprisma consist of 01-02-N5 and 03-N1-N3, which are slightly tilted by 3.65°
with respect to each other, as can be seen in the inset of figure 2-4. Furthermore, these trigonal
planes are distorted featuring edge lengths of 3.030(8) to 3.197(8) A and 3.084(8) to 3.595(9) A and
angles ranging from 57.7(2) to 63.1(2)° and 57.4(2) to 69.3(2)° for triangles 01-02-N5 and 03-N1-N3,

respectively.
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The observed In-O bond distances (2.055(6)-2.087(6) A) are within the ranges reported for
terminal alkoxo ligands and In-N bond lengths (2.343(6)-2.567(7) A) are consistent with values reported
for coordinating amino moieties in aminoalcoholates.™ “* In-0 and In-N bond lengths correlate
inversely with each other, showing constricting effects within the respective ligands. For instance, the
shortest In-O bond (In1-01, 2.055(6) A) and the longest In-N bond (In1-N1, 2.567(7) A) belong to the
same ligand, while the reverse order is found for the longest In-O bond (In1-02, 2.097(6) A) and
shortest In-N bond (In1-N3, 2.344(6) A). The same effect can be seen from O-In1-N bond angles for
atoms forming five-membered INOCCN metallacycles, i.e. belonging to the same ligands (O1-In1-N1,
02-In1-N3 and 03-In1-N5), exhibit values from 74.7(2) to 77.6(2)°, which are in agreement with other
reports of terminal five-membered indium metallacycles.['8 “** |n contrast, O-In1-N bond angles

between different ligands assume larger values between 83.6(2) and 111.8(2)°.

2.2 COORDINATION BEHAVIOUR OF THIOETHER
FUNCTIONALISED GALLIUM AND INDIUM ALKOXIDES

As mentioned in the chapter 1.1.1, literature studies so far have almost exclusively dealt with
amines and ethers for donor functionalisation of alkoxide derivatives. Therefore, it was only logical to
investigate the donating capabilities of other functionalities. We chose to focus on thioether
functionalisation as this group of donors was of interest not only for the sake of coordination
chemistry, but also for molecule-to-material type conversions due to possible sulphur incorporation

into the oxide materials.

Two different molecular approaches were chosen for investigation of the thioether
functionalised alkoxides. On the one hand, a ligand system was designed featuring two equal thioether
moieties (called symmetrical ligands), which enabled examination of the coordination behaviour of this
new type of donor functionality. On the other hand, a series of unsymmetrically functionalised alcohols
combining thioether and amine or ether functionalities was synthesised. This approach allowed
studying the coordination behaviour of the novel thioether moiety in direct comparison to those well-
known donor systems. General molecular structures are depicted in figure 2-5. In addition, secondary
and tertiary derivatives were synthesised to compare steric influences. Synthesis of the ligand species
has been reported before for symmetrically functionalised alcohols as well as thioether functionalised

aminoalcohols and is based on epoxides as educts.**’]
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Figure 2-5: Molecular formulas of employed ligand systems.

The thioether functionalised alkoxides were synthesised in similar procedure as described for
aminoalcoholates in section 2-1. Gallium alkoxides were prepared via alcohol exchange reactions and
indium derivatives were synthesised by alcoholysis of amides. The desired alcoholates were obtained in
high yields (>95 %) as highly viscous oils. All compounds were thoroughly characterised using 'H and *C
NMR spectroscopy. Similar to the aminoalcohols described above, alkoxide formation is clearly
indicated by a pronounced low-field shift of the C,H signal. Furthermore, for symmetrically
functionalised alcoholates, a pronounced low-field shift of groups in vicinity to the sulphur donor is
observed, as shown for In3 in figure 2-6. Especially the shift for the first methylene group of the "butyl
chain (marked in green in figure 2-6) is a strong indication for a dative interaction of the thioether
moiety to the metal centre due to its large distance from coordinating alkoxo oxygen. The absence of
multiple sets of signals for these groups is again an indication for a fast exchange in coordination
modes in solution at room temperature as there are twice as many donor atoms as coordination sites
available. It should also be noted that only one signal for the C,H group is detected, which points

towards a monomeric state in solution at room temperature.
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Figure 2-6: "H NMR spectra of (a) the free alcohol ligand and In3 at (b) +25 °C, (c) -20 °C, (d) -40 °C, (e) -60 °C

and (f) -70 °C in d8-toluene. Asterisk denotes solvent signals.

Low temperature NMR (LTNMR) spectroscopy was employed to gain further insight into the
coordination behaviour by slowing down fluctuations in solution. Unfortunately, as can be seen in
figure 2-6, there are several regimes of coalescence up to temperatures as low as -70 °C, which did not
allow the identification of specific coordination modes due to broad overlapping signals. Yet, it is
evident that the system is more complex than anticipated from room temperature NMR experiments.
For instance, several signals for the C,H group with chemical shifts reaching form approx. 4.4-4.9 ppm
could indicate that there are various ligand systems with different connectivity at lowered
temperature, i.e. chelating and pending in terminal or bridging positions. At this point, dimer
formation at lower temperatures cannot be excluded from the obtained data. However, there are also
several possible coordination isomers, e.g. fac and mer conformation in an octahedral arrangement,

which have to be considered as the origin of multiple signals.

In contrast, the strong shift of the thioether bound side chain is not observed for asymmetrically
functionalised aminoalcohols and signals of the thioether side chain stay virtually unaffected. Yet, a
pronounced shift is found for groups attached to the amine donor as opposed to a minimal shift of
sulphur bound groups, as depicted exemplary for In5 in figure 2-7. For In5, the observed shifts at room
temperature are 0.5 versus 0.08 ppm for the methylene groups of the diethylamino and "butylthioether

functionalities, respectively. The nitrogen moiety obviously is a much more potent donor site and
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suppresses dative coordination of the thioether to the metal centre. As with the symmetric
counterparts, only one set of signals for the C,H group is detected indicative of a monomeric state in
solution. Although amine species are well-known to strongly coordinate to Lewis-acidic metals, only
one set of signals is observed for the diethylamino functionality. This indicates dynamic coordination

behaviour in solution at room temperature.
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Figure 2-7: "H NMR spectra of (a) the free aminoalcohol ligand and In5 at (b) +25 °C, (c) -20 °C, (d) -40 °C,
(e) -60 °C and (f) -75 °C in d8-toluene. Asterisk denotes solvent signals.

As depicted in figure 2-7, employing LTNMR spectroscopy shows that there are several regimes of
coalescence in the temperature window between room temperature and -75 °C and therefore no
distinct species could be attributed with certainty. Nevertheless, the spectra are not as complex as for
the symmetric counterparts (see figure 2-6). It is reasonable to assume that fluctuations in nitrogen
donation are slowed down with decreasing temperature, which would lead to more distinct features for
a coordinating and pendant donor species. This could explain broadening of overlapping signals at 2.5-
3.0 ppm in figure 2-7. In addition it would be in agreement with the observed low-field shift of C,H
with decreasing temperature due to more permanently bound nitrogen donors as opposed to the
average signal obtained at room temperature. 2D HSQC-TOCSY (heteronuclear single quantum
correlation - total correlation spectroscopy) experiments show three sets of signals, which are shown

colour-coded in figure 2-8. This further allowed the identification of the Cgz-bound diastereomeric
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protons located at 2.32 ppm as well as in the overlapping multiplet at 2.78-2.95 ppm, which is

confirmed in 2D COSY (correlation spectroscopy) NMR experiments shown in figure 2-9.
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Figure 2-8: Colour coded 2D HSQC-TOCSY NMR of In5 in d8-toluene at room temperature. Asterisk denotes solvent

signals.
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Figure 2-9: 2D COSY NMR of In5 in d8-toluene showing the diastereomeric protons e. Asterisk indicates solvent

signals.
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All gallium alkoxides with symmetric alcohols and asymmetric aminoalcohols Ga3-Ga10 showed
very similar coordination behaviour compared to indium based species In3-In10. Indium alkoxides were
chosen for the discussion due to less overlapping signals. According to the hard-soft acid-base (HSAB)
principles one could argue that indium based alkoxides could tend towards the softer thioether donor,
while the harder gallium central atoms would prefer the hard amine bases.[" ¢! Yet, literature reports
still tabulate In* jons as hard Lewis acids and as such should also favour hard Lewis bases, i.e. the
amine functionality. Furthermore, metal centres in homoleptic metal alkoxides can be considered
borderline hard acids (also dependent on the alkyl substituent) and tertiary amines are rather
borderline hard bases and as such complement each other well."** “’! These propositions are in good

agreement with our experimental findings.

In contrast to the symmetrically functionalised alkoxides and asymmetric aminoalcoholates
discussed so far, mixed ether/thioether functionalised alkoxides showed unexpected differences
between gallium and indium based materials. As depicted in figure 2-10 for Ga12 and In12, 'H NMR
spectra of gallium alkoxides clearly indicate the formation of a dimer in solution at room temperature,
while they point towards a monomeric state for indium alcoholates as with other indium species
discussed before. This is best noticeable for C,H protons (marked in red in figure 2-10), which show one
signal for indium species, while gallium alkoxides exhibit two signals with an integral ratio of 2:1
corresponding to terminal and bridging alkoxo species, respectively. Furthermore, this is also
observable in *C NMR spectra, which exhibit multiple signals for gallium species, while only one set of

signals is observed for indium alkoxides, as shown in figure 2-11.
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Figure 2-10: "H NMR spectra of (a) the free ligand, (b) In12 and (c) Ga12 at room temperature in C¢Ds.
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Figure 2-11: "*C NMR spectra of (a) the free ligand, (b) In12 and (c) Ga12 at room temperature in C¢Ds.

The low-field shift of the methylene group attached to the oxygen donor upon coordination
(0.64 ppm for In12 in respect to the free ligand, marked in brown in figure 2-10) is much more
pronounced than the shift observed for the ‘butyl group attached to the sulphur donor (0.26 ppm for
In12, marked in green in figure 2-10). This indicates a similar scenario to asymmetric aminoalcoholates,
with the ether functionality suppressing thioether coordination. This would be in agreement with HSAB
principles as ethers are the harder Lewis-bases and is supported by ">C NMR spectroscopy, where there
is hardly any shift for signals related to the thioether sidechain.[*®! Unfortunately, the most interesting
region in 'H NMR spectra shows strongly overlapping broad signals for gallium species, making it
impossible to determine any specific molecular arrangements with certainty. Yet, '3C NMR spectra
show three sets of signals for the CH, group of the ethoxy side chain. This could indicate a coordinating
and a dangling oxygen donor in addition to the bridging and terminal species. It is, however, not
possible to assign the chelating ligand to either the bridging or terminal species, although both
arrangements have been reported in literature.?’> 4 |n addition, potential overlapping because of
broadened signals should be taken into account so both arrangements could co-exist. The splitting
could also be caused by differing coordination symmetries. Nevertheless, in comparison with other
alkoxide derivatives discussed above, where potential symmetry caused splitting was only observed at

very low temperatures, this is rather unlikely.

The formation of a dimeric compound for gallium alkoxides Ga711 and Ga12 as opposed to the
monomeric indium species In11 and In12 is rather surprising as the tendency to form oligomeric species
typically increases with the radius of the central atom. However, it is possible that the increased Lewis
acidity of the smaller gallium metal centre plays a more important role in this specific case.
Additionally, steric reasons should be considered as a co-factor. Indium complexes often exhibit
octahedral coordination spheres allowing for coordination of all three ether moieties and thus

sufficient coordinative saturation and shielding of the metal centre. The smaller ionic radius of gallium
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generally leads to tetrahedral or trigonal bipyramidal configurations, which apparently does not
provide sufficient shielding with the relatively small ethylether functionality. In contrast, secondary
aminoalcoholates Ga5 and Gaé formed monomeric compounds, which is most likely due to the
increased steric demand of the diethylamino moiety in comparison to the ethylether group. In addition,

ethers show a slightly weaker interaction with the metal centre as compared to amines. !

We were able to crystallise two of the presented alkoxides, In8 and Gaé, from concentrated
"pentane solutions at -28 °C. Detailed crystallographic and refinement data as well as selected bond
lengths and angles are compiled in tables 2-3 and 2-4. CIF files were deposited at the CCDC with
numbers 1004496 and 1004497. The molecular structure of In8 is depicted in figure 2-12 and shows a
monomeric nuclearity in the solid state. The central indium atom exhibits an octahedral coordination
sphere with three alkoxo oxygen atoms and three thioether sulphur atoms in a mer-geometry. Each of
the chelating sulphur donors is attached to a different ligand, leaving each alcohol with another

dangling donor site.

Figure 2-12: Molecular structure of In8 drawn with 50 % probability ellipsoids. Disordered parts are represented in
pale colours; hydrogen atoms and a "pentane solvent molecule have been omitted for clarity.

In-O bond distances range from 2.0467(15) to 2.0599(13) A and fit reported values for terminal
alkoxo ligands in homoleptic trisalkoxides and are expectedly shorter than those of bridging alkoxo
species.® 1 |n.S bond lengths are between 2.7210(6) and 2.8123(5) A, which is much longer than
In-S bond lengths found in thiolates (2.44 - 2.47 A)[*% xanthates (2.55-2.63 A)1*°% thiocarboxylates
(2.45-2.49 A)1*¥ or dithiocarboxylates (2.56-2.62 A).*%! Elongated In-S bond distances have been
previously reported for coordinative interactions of thioethers.[*" “Z |nternal angles within the

chelate rings are compressed to 73.30(4) to 78.29(4)°, while angles along the meridian assume angles
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of 156.61(3)° for O1-In1-03 to 170.79(2)° for S2-In1-S4 leading to a distortion of the octahedral
coordination sphere. 01-In1-02 (103.26(6)°) and 02-In1-03 (97.81(6)°) bond angles are far from the
expected 90° for an ideal octahedron pushing O1 and O3 towards Sé.

The crystal structure of In8 featured some disorder, which was accounted for using the split-
atom model for separate parts of the molecule. As depicted in figure 2-12 in pale colours, pendant
donor sites (S1 and S5) were more commonly affected due to an increased degree of vibrational
freedom compared to the chelating donor sites. For the same reasons disorder was only detected on
the ‘butyl group (C10-C13) and the methylene bridge C9 bound to the chelating sulphur atom S2, but
not on the donor atom itself.

Figure 2-13: Molecular structure of Gaé shown with 50 % probability ellipsoids. Hydrogen atoms have been omitted

for clarity.

The molecular structure of Gaé, as shown in figure 2-13, features a distorted trigonal
bipyramidal coordination sphere with a monomeric nuclearity. Similar to the molecular structures
described for Gal and Ga2, the coordination sphere consists of three alkoxo oxygen atoms in the
equatorial positions and two nitrogen donors in the apical positions. This leaves all thioether donors
and one additional nitrogen donor site uncoordinated, which is in good agreement with NMR

experiments discussed above.

Ga-O bond lengths are in good agreement with bond distances found in terminal gallium
alkoxides and are shorter than those reported for bridging alkoxides.?” ¢ “3] Ga1-03 distance is
slightly shorter (1.842(2) A) than Ga1-0O1 and Ga1-02 (1.866(2) and 1.863(2) A, respectively), which is

in agreement with experimental data found in Ga? and Ga2 for non-chelating ligands. Ga-N distances
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(1.234(2) and 2.219(3) A) are also in a similar range. The N1-Ga1-N2 bond angle is 163.32(9)° with
chelating ligands leaning away from the non-chelating one. Bond angles in the equatorial plane sum up
to 360°, but are differing quite a lot showing a widened O1-Ga1-02 angle of 131.75(10)° and a reduced
01-Ga1-03 angle of 107.91(10)°, while 02-Ga1-03 (120.09(10)°) is only minimally off the ideal 120°.

Table 2-3: Crystallographic and refinement data of Gaé and In8.

Compound Gaé In8+CsH;;

Emp. Formula C33H7,Ga03N;S; C4sHg3INn05S¢

M, /g mol 724.84 977.36

Crystal system Triclinic Triclinc

Space group P1 P1

alk 10.9239(16) 10.5221(8)

b/ A 12.8002(12) 14.8955(11)

c/ A 17.470(4) 18.5318(13)

al” 108.527(4) 84.795(2)

B8/~ 97.665(4) 83.722(2)

y/° 108.690(2) 74.537(2)

N 2117.5(6) 2776.94(4)

zZ 2 2

D,/ gcm? 1.137 1.169

py/ mm’ 0.83 0.683

Crystal size / mm 0.4x0.16 x 0.10 0.4x0.35x0.35

No. measured refl. 11387 144925

Obs. Refl. [I>2a(1)] 5897 16308

Omax ! ° 25.0 32.2

R [F*>20(F)], WR (F*), S 0.048, 0.144, 1.05  0.040, 0.109, 1.13

Refl./param. 7385/403 20301/667

Weighting scheme* a =0.0954, a =0.0348,
b=0 b =2.3567

*w = 1/[c%(F?) + (aP)* + bP], where P = (F? + 2F?)/3
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Table 2-4: Selected bond lengths and angles for In8 and Gaé.

In8 Gaéb

Bond Distance / A Bond Distance / A

In1-01 2.0504(14) Ga1-01 1.866(2)

In1-02 2.0599(13) Ga1-02 1.863(2)

In1-03 2.0467(15) Ga1-03 1.842(2)

In1-52 2.7210(6) Gat-N1 2.234(2)

In1-S4 2.7821(6) Ga1-N2 2.219(3)

In1-S6 2.8123(5)

Angle /° Angle /°
01-In-02 103.26(6) 01-Ga-02 131.75(10)
01-In-03 156.61(6) 01-Ga-03 107.91(10)
02-In-03 97.81(6) 02-Ga-03 120.09(10)
01-In-52 73.30(4) 01-Ga-N1 82.99(9)
0O1-In-54 101.17(4) 01-Ga-N2 90.67(9)
01-In-S6 87.40(4) 02-Ga-N1 89.19(9)
02-In-52 95.61(4) 02-Ga-N2 83.56(9)
02-In-54 78.29(4) 03-Ga-N1 93.58(10)
02-In-S6 162.94(4) 03-Ga-N2 103.06(10)
03-In-S2 94.78(5) N1-Ga-N2 163.32(9)
03-In-54 92.90(5)
03-In-56 74.75(4)

S2-In-54 170.79(2)
$2-In-56 100.25(2)
$4-In-56 86.66(2)
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2.3 MOLECULE-TO-MATERIAL CONVERSION OF
THIOETHER FUNCTIONALISED ALKOXIDES

2.3.1 Thin film deposition via LPCVD

After exploring the molecular properties of novel thioether functionalised alkoxides, their
applicability in molecule-to-material conversion and thermal decomposition pathways were
investigated. For that purpose, alkoxide precursors were employed in LPCVD experiments using a
horizontal cold-wall reactor setup. The precursors showed good conversion of gallium alkoxides to
Ga,05.,S, oxysulphide thin films with varying sulphide concentrations. Film thickness was in the range
of 0.2-0.5 ym with good adhesion to Si(100) and SiO, substrates.

Unfortunately, gallium alkoxides Ga3, Ga4 and Ga8 as well as all indium alkoxides did not
provide reproducible and efficient decomposition or showed insufficient volatility leading to no or very
slow thin film growth in LPCVD experiments. This is most likely caused by the weak interaction
between thioether donor and metal centre in symmetrically substituted alkoxides, which could lead to
the formation of oligomers at increased temperatures. In addition, molecular weights for the
monomeric precursor species are already rather high, in particular for indium alkoxides. Further
increase of the precursor temperature was not possible as the volatilisation temperature was already
very close to the decomposition onset temperatures for many alkoxide precursors (vide infra) or the

maximum operating temperature of the apparatus (190 °C).
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Figure 2-14: Sulphur content of Ga,0s.,S, thin films determined from EDX assuming all detected sulphur to be

sulphidic.
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The sulphur content of the deposited thin films was found to be strongly dependent on precursor
species and decomposition/substrate temperature. Sulphur contents were determined via EDX analysis
and are shown in figure 2-14 assuming that all measured sulphur content was sulphidic in nature.
Asymmetric aminoalcoholate Ga5 shows a rather constant sulphur content around x = 0.3 (6 at%) at
temperatures below 500 °C, but drops to x = 0.14 (2.8 at%) at 600 °C. ‘Butyl-derivative Gaé on the
other hand shows significantly higher sulphur contents up to x = 1.17 (23.4 at%) at 400 °C, but a more
pronounced decrease with increasing temperature is found, giving x = 0.37 (7.4 at%) at 600 °C. The
most likely reason for the decrease in sulphur content at higher temperature is the formation of the
thermodynamically more stable oxide in combination with more effective decomposition of the organic

backbone.[“64

Ga7 was the only alkoxide derivative with symmetrically functionalised alcoholate ligands that
provided reproducible thin film growth. Although there is theoretically twice as much sulphur available
in the precursor molecule compared to asymmetric aminoalcoholates, the observed sulphur content
was the lowest of all precursors (x = 0.19 (3.8 at%) at 400 °C to x = 0.08 (1.6 at%) at 600 °C), pointing
towards a less favourable decomposition pathway for sulphidisation compared to asymmetrically
functionalised aminoalcoholates. Ga9 and Ga10 are almost the same as their secondary counterparts
Ga5 and Gaé showing only slightly higher sulphur contents and a similar trend with increasing
temperature. Nevertheless, it should be noted that films deposited from tertiary alcoholates suffered
from increased amounts of carbon contamination especially at low decomposition temperatures. This
indicates incomplete decomposition of the organic backbone and subsequent incorporation of residual
fragments of the ligand into the growing film. For precursors Ga5 and Gaé featuring secondary
alcohols, carbon contamination was generally under 3 w¥%, but decreased with increasing temperature
to concentrations under 1 w% at 600 °C. Precursors with tertiary alcohols on the other hand yielded
thin films with carbon contents ranging from 16 w% at 400 °C to 2 w% at 600 °C. It is well known that
CVD derived coatings usually suffer from increased superficial carbon contaminations. However,

because of the high information depth of EDX analysis, this can be safely neglected.

Ga11 features sulphur contents in the same region as other asymmetric "butyl derivatives, but
shows a minimal increase from x = 0.18 (3.6 at%) at 500 °C to x = 0.23 (4.6 at%) at 600 °C. Ga12 on the
other hand exhibits x = 0.4-0.2 at 500 and 600 °C, respectively, which is far below other asymmetric
‘butyl derivatives. Although they are secondary alcoholates, deposits from Ga?1 and Ga72 show
surprisingly high amounts of carbon contaminations even at increased temperatures. "Butyl derivative
Ga11 exhibits particularly high carbon contents of 20-12 w%. This points towards an unfavourable
decomposition for asymmetric ether/thioether functionalised species. It could also explain the increase
in sulphur for Ga11 because of incorporation of fragments of the organic backbone of the ligand in
combination with limited accuracy of EDX analysis.!*® 71 |t should be noted that ‘butyl derivatives
exhibit higher sulphur contents in every case when directly compared to their "butyl counterparts. This
fact strongly points towards a decomposition path favourable for the formation of reactive

intermediate species leading to sulphur incorporation.
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All deposits using gallium alkoxide precursors were amorphous, as would be expected in the
examined temperature range.’?” “® Scanning electron microscopy (SEM) images show uniform and
smooth films for all alkoxides as depicted exemplary for Ga5 and Gaé in figure 2-15. A more
pronounced microstructuring is observable for Ga5 (figure 2-15 (a-d)), which is most likely due to the
lowered sulphur content and thus facilitated formation of nuclei. For Gaé (figure 2-15 (e-h)) hardly any
features are observable independent of temperature in agreement with high sulphur contents. Cross

section SEM (figure 2-15 (i)) proves the film thickness to be uniform over the entire substrate area.

Figure 2-15: SEM micrographs of thin films deposited using Ga5 (a-d) and Gaé (e-i) at various temperatures
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Sulphide contents discussed so far were based on the assumption that all sulphur detected in EDX
analysis was sulphidic. Yet, carbon contaminations indicated incomplete decomposition especially at
lower decomposition temperatures and EDX does not give any information about the chemical nature or
environment of the detected elements. Therefore, XPS was performed on selected deposits focussing
on secondary systems with low carbon contamination and high sulphur content. All thin films were
sputtered for 30 min with argon ions to eliminate any surface bound carbon contaminations. Exemplary
spectral overviews of thin films produced from Gaé at 600 °C before and after sputtering are shown in
figure 2-16. It is obvious that the carbon content is drastically reduced as seen by the decreased C1s
signal at approx. 286 eV. Additionally, a small amount of argon is implanted into the thin film indicated
by the Ar2p signal at 242.5 eV.

600 °C Gaé

Intensity /a.u.
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Figure 2-16: XPS spectra of thin films produced from Gaé at 600 °C before and after sputtering.

The S2s region was used for investigation of the chemical nature of the incorporated sulphur
instead of the more commonly used S2p signals due to overlapping of S2p and Ga3s signals. ") Detailed
spectra of the S2s region of Ga5 and Gaé derived deposits are depicted in figure 2-17. For "butyl
derivative Gab only a single signal centred around 225.5-226.0 eV could be detected at temperatures of
500 °C and above, which can be attributed to 5% in gallium sulphides.[*’” At 450 °C, however, a second
signal with low intensity (4 % of the S2s peak area) was detected at higher binding energies of approx.
229 eV. It is difficult to assign this signal with absolute certainty as there is hardly any literature data
available for the S2s region, especially for organic species. Sulphate species could be excluded as their
signals usually exhibit binding energies of about 233 eV.""*® The only report on C-S-C bonds we were

able to find was for sexithiophene, which exhibits a binding energy of 228.3 eV.**! Therefore, it is

48



Molecule-to-material conversion of thioether functionalised alkoxides

most likely that the signal originates from residual thioether fragments of the decomposing ligands,
which were incorporated into the growing thin film. Taking this fraction into account the actual
sulphide content for Ga5 derived coatings at 450 °C is x = 0.17 (3.4 at%). Thin films deposited at higher
temperatures gave sulphide contents of x = 0.15, 0.15 and 0.09 at 500, 550 and 600 °C, respectively.

Obviously, sulphur contents determined by XPS are continuously a few percent lower than found
in EDX. Comparing XPS spectra for as prepared and sputtered samples show a rather strong decrease of
sulphur signals upon sputtering. Since also as prepared samples showed pure sulphides without
thioether contamination at higher temperatures, it can be assumed that this decrease is the result of
preferential sputtering of sulphur (and oxygen) over gallium rather than removal of organic
residues.*’> 47€1 preferential sputtering of sulphur on the sample surface would lead to a significant
underestimation of the overall sulphur content due to increased surface sensitivity of XPS. Therefore,
EDX measurements should be considered as the more correct method for determination of the overall
sulphur content of the coatings. Even though EDX analysis was conducted on unsputtered specimen,
surface contaminations are only a very small contribution because of the high information depth of EDX

analysis. For a detailed list of sulphide contents determined by EDX and XPS refer to table 2-5.
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Figure 2-17: XPS spectra of the S2s region at various temperatures for thin films derived from (a) Ga5 and (b) Gaé.

In contrast to the clean decomposition of Ga5, XPS spectra show a pronounced second signal in
the S2s region for deposits derived from precursor Gaé at temperatures below 550 °C. At 500 °C, 1/3
of the total peak area of the S2s region could be attributed to undecomposed thioether species
resulting in an actual sulphide content of the deposit of x =0.49 (9.9 at%). However, no thioether
impurities could be detected at 550 and 600 °C showing sulphide contents of x = 0.28 and 0.04,
respectively. The fact that Ga5 shows only minimal thioether contamination at 450 °C, while Gaé
exhibits significant impurities at the increased temperature of 500 °C indicates a more efficient/clean
decomposition pathway for "butyl derivatives. It should be noted, though, that despite their less
efficient decomposition, ‘butyl derivatives show a more effective sulphidisation of the deposited

materials resulting in higher overall sulphide contents. For Ga11, only the thin film deposited at 600 °C
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was further analysed by XPS measurements. Despite the increased amount of carbon contamination
even at 600 °C (>10 w%), only one species was found in the S2s region after sputtering (not shown
graphically). The peak, centred at 226.5 eV, could be well attributed to gallium sulphide and translates
to x = 0.08 (1.5 at%).

XPS spectra of the relevant S2s region for thin films deposited from Ga7, as a representative for
symmetrically functionalised and tertiary alkoxides, also indicate a clean decomposition path. Spectra
show no thioether impurities at the investigated deposition temperatures of 500 and 600 °C as shown
in figure 2-18 (a). In fact, only a small amount of surface bound impurities were found at 500 °C, which
was removed upon sputtering. As expected from EDX analysis, sulphide contents are far below those of
Ga5 and Gaé, but remain fairly stable with x =0.15 and 0.05 (3.0 and 1.0 at%) at 500 and 600 °C,
respectively. Even though sulphidisation is less effective, this clearly demonstrates that also

symmetrically functionalised alkoxides have potential for oxysulphide formation.
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Figure 2-18: XPS spectra of (a) the S2s region for deposits produced from Ga7 and (b) Ga3p region for deposits

using various precursors at 600 °C.

In addition to the relevant S2s region, Ga3p peaks were also investigated. As depicted in
figure 2-18, thin films derived from Ga5, Gaé, Ga7 and Ga11 showed only one set of signals with the
well-documented spin orbit splitting. More importantly, all peaks are symmetrical in shape and show no
secondary peaks or shoulders indicating a uniform chemical surrounding for Ga atoms in the deposits,
i.e. there is no phase separation of oxide and sulphide material even at high sulphide contents for Gaé.
As such, the results demonstrate that the developed molecular precursor species allow a uniform
conversion to oxysulphide materials even for oxophilic metals such as gallium. This is especially
important for potential applications to assure consistent and uniform material properties, i.e. band gap
or electrical conductance. Similar findings were obtained independent of temperature, even as low as

450 °C.
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Table 2-5: Sulphide contents (in at%) for LPCVD thin films at different substrate temperatures as found in EDX and
XPS (in brackets) where applicable.

400 °C 450 °C 500 °C 550 °C 600 °C
Gab 6.8 (3.4) 7.0 3.0) 5.4 (3.0) 2.8 (1.9)
Gaé 23.4 19.4 16.4(9.9)  12.0(5.8) 7.4 (0.89)
Ga7 3.8 3.6 3.4 (3.0) 2.8 1.6 (1.0)
Ga9 6.6 8.4 7.4 6.0 3.2
Ga10 23.4 21.8 19.4 14.0
Gatt 3.6 4.6 (1.5)
Ga12 8.0 4.0

2.3.2 Electrical properties of Ga;03.,Sy thin films

To investigate the influence of oxysulphide formation on macroscopic properties of the thin film
materials, electrical conductance was determined by means of impedance spectroscopy. For that
purpose, thin films were deposited onto interdigitated platinum electrodes on quartz glass, which are
depicted in figure 2-19. We used pure Ga,0; films produced from [Ga(O'Bu);], as a reference and
Ga,05,5, films with x = 0.37 deposited from Gaé at 600 °C for testing electrical conductance because
of the high sulphide content in combination with minimal carbon contaminations to assure

representative results.

Figure 2-19: Optical micrographs of interdigitated platinum electrodes covered with a Ga,0; thin film with (a+b)

(a

—

15 pym and (c) 10 pm spacing.

Impedance spectroscopy measurements were performed at temperatures ranging from 200-
500 °C in a reducing atmosphere of 2.5 % H, in argon to prevent sulphide oxidation in oxysulphide
materials during the measurements. Although Ga,0; can be used as H, gas sensor at elevated
temperatures, the higher conductance values are steady state and therefore should not affect overall
tendencies described in the section below. Impedance spectra, shown in figure 2-20, suggest an
electronic charge transport as the origin of conductance (n-type conductivity) and clearly demonstrate
that there is a significant difference between pure oxide and oxysulphide materials. Pure Ga,0; thin

film samples show almost ideal semicircles at 200-300 °C, while only a smaller part of the semicircle or

51



Results and Discussion

a real axis intercept could be observed in measurements at higher temperatures. Since no indication
for additional electrode features was observed for frequencies as low as 10 mHz, it is assumed that the
resistive contribution originates from an electronic conductivity in the thin film samples. The
capacitance leading to the observed semi-circular patterns is usually caused by the substrates.f

contrast, much smaller resistances were measured on sulphide doped samples deposited from Gaé at

600 °C (x = 0.37) and no semicircles could be resolved even at low temperatures.
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Figure 2-20: Impedance spectra (Nyquist plots) of (a) Ga,0; and (b) Ga,03,S5, thin films on interdigitated Pt

electrodes with 15 pm electrode width and spacing.

From impedance spectra we were able to calculate the thin film conductance o employing
equation (1), where b is the spacing between to current collecting electrodes, [ the length of an
electrode, d the thickness of the thin film layer (as determined by cross-section SEM), N the number of
thin film areas between the interdigitate electrodes and R the DC resistance. DC resistance R was
obtained by evaluating the low frequency intercept of the impedance spectra. Resistance of platinum
electrodes usually contributed only 1 % of the total resistance and therefore can be safely neglected.

The obtained results for electrical conductance are compiled in figure 2-21.
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Figure 2-21: Arrhenius diagram of conductivities of Ga,03; and Ga,05.,S, (x = 0.37) thin films.

From the Arrhenius diagram in figure 2-21 it is clear that sulphide doping has a huge impact on
the conductivity of the thin films. Especially in the low temperature range from 200-350 °C the
sulphide containing Ga,03.,S, thin films show an increased conductivity, which is up to three orders of
magnitude higher than those of pure Ga,0; thin films. At temperatures of 400 °C and above the
conductance of Ga;0; and Ga;0.,S« thin films become more similar. It should also be noted that
conductivity values do not depend on the size of the Pt interdigitates and only differ slightly. Thus, it is

safe to assume that artefacts originating from the current collectors can be excluded.

In addition, the activation energy of the conductivity, represented by the slope of the curves in
figure 2-21, is drastically reduced for the oxysulphide films in the low temperature range (0.12 + 0.04
vs. 0.9 + 0.08 eV for Ga,05,5, and Ga,0;, respectively), while it also gets more similar to those of pure
Ga,05 films at higher temperatures. Electrical conductivity is directly proportional to the number of
charge carriers and their mobility in a material.'*”®! Due to the high sulphide content in the oxysulphide
thin film sample, it can be assumed that the number of charge carriers is independent of
temperature.’?) The increase in conductivity is hence a result of temperature dependence of the
mobility and thus also the activation energy is governed by effects of the charge carrier mobility. For
pure Ga,0;, charge carrier concentration is not independent of temperature and thus a stronger

temperature-dependence of the conductivity is observed at lower temperatures.

After treating the oxysulphide thin film samples in oxidising atmosphere (50 mbar O,) for 1 h at
500 °C, the conductance is drastically reduced in the whole temperature range as shown in green stars
in figure 2-21. The activation energy, however, stays largely unaffected by the oxidising treatment.
This indicates that the underlying conduction mechanism is not altered by the oxidative treatment,

whereas a decrease in the number of charge carriers is the most likely explanation for the decreased

53



Results and Discussion

conductivity. It is thus assumed that the oxidative treatment led to a partial removal of the sulphide
from the thin films with the remaining sulphide content enabling the same conduction mechanism as in
the initial oxysulphide thin film. Nevertheless, it is clear that sulphide incorporation in amorphous
Ga,05 thin films is a highly complex matter and hence an unambiguous explanation for the conduction
mechanism and influence of sulphide incorporation cannot be given without further extensive

investigation of these properties.

2.3.3 Synthesis of powders via hot-injection pyrolysis

As mentioned before, especially indium alkoxide species proved insufficiently volatile for LPCVD
processing. Yet, as thioether functionalised gallium alkoxides showed promising conversion to
oxysulphide materials, also indium species should show sulphidisation upon thermolysis. For that
purpose we used hot-injection methods to convert all alkoxide precursors to sub-micron chalcogenide

particles. For experimental process details refer to section 3.3.2.

As expected, the obtained sub-micron particles showed significant amounts of sulphur, which
was determined by EDX analysis, as shown in figure 2-22. We did not account for organic species
adsorbed on the particle’s surface, which could possibly lead to overestimation of the sulphur content
of the material. Obviously, the sulphur content for indium based materials exceeded the content found
in their gallium counterparts by far, even reaching sulphur contents of x = 3 (60 at%) for In3, which
represents full conversion to the sulphide. The sulphide rich nature of all indium based oxysulphides
was already indicated by the orange-beige colour of the materials as opposed to the colourless nature
of In,0;.

Ga3 In3 Gad In4 Gas In5 Gaé Iné Ga7 In7 Gas In8 Ga9 In9 Ga10 In10

secondary tertiary

Figure 2-22: Sulphide content of M,05.,S, particles as determined via EDX assuming all measured sulphur to be

sulphidic.
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For gallium species all found sulphur contents matched or exceeded those found in LPCVD
experiments. This is most likely caused by the different mechanisms of the processes. In LPCVD
experiments, the (reactive) by-products are removed via desorption, while they stay in solution and
thus in close vicinity to the growing particles in hot-injection pyrolysis. This could lead to prolonged
period of potential sulphidisation resulting in increased sulphur contents. Ga4 and Gaé showed the
highest conversion rates with sulphide contents of x = 1.38 and 1.35 (27.6 and 27.0 at%), respectively.
These results are in agreement with LPCVD experiments, where ‘Bu derivatives also showed increased
sulphide contents. Ga10, which showed the highest sulphide contents in LPCVD experiments (x = 1.09

at 450 °C), exhibits similar results in hot-injection experiments with x = 0.98.

Increased conversion for indium based materials is not entirely surprising considering that In,0; is
easily converted to In,S; by H,S.[%2% 231 |n fact, a stream of diluted H,S even at temperatures as low as
500 °C for 1 h is sufficient for a > 90 % conversion for micron sized In,0;. Ga,0; on the other hand
shows only very little sulphidisation under the same conditions, because of higher Ga-O bond
strength.[“¢* %% powder XRD analysis of H,S treated In,0; and Ga,0; are shown in figure 2-23 (a-b).
Different amounts of conversion are also easily followed visually as seen in pictures in figure 2-23 (c).
Colourless In,0; is transferred to orange In,;S; while no change in colour is observable for Ga,0;, which

would turn to a yellowish colour upon conversion to Ga,S;.!*"*!
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Figure 2-23: Powder XRD of (a) In,0; and (b) Ga,05 treated with H,S for 1 h at 500 °C and the respective

references. (c) Photograph of In,0; and Ga,0; powders before and after H,S treatment.

XRD analysis showed that gallium based materials were amorphous similar to LPCVD deposits. In
contrast, phase pure B-In,S; was obtained for all indium based materials as opposed to In,0s, which is
usually obtained via thermolysis of indium alkoxides. Figure 2-24 shows XRD patterns of the obtained
In,S; powders and an In,0; reference sample produced via similar hot-injection pyrolysis of In(O'Bu)s;,

which is known to form pure In,0; upon thermolysis.['3®]
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Figure 2-24: XRD patterns of powders obtained via hot-injection thermolysis of various indium based precursors
and B-In,S; (ICDD 06-0416) and a-In,05 (ICDD 084-1385) references.

XRD patterns of powder samples derived from hot-injection pyrolysis of In3-In10 also suggest
varying crystallite size for the powder samples as indicated from the reflex widths. As such, particles
derived from asymmetric aminoalcoholates and in particular "butylthioether functionalised species In5
and In9 show increased crystal size and a higher degree of crystallinity indicated by sharper reflexes,
which points towards a cleaner decomposition pathway of these aminoalcoholates. This is in agreement
LPCVD derived Ga;0;,S« thin films, which also indicated clean decomposition of aminoalcoholate
precursors. However, it is surprising that /In9 derived particles showed a higher degree of crystallinity
than In5 since tertiary alkoxide precursors led to increased amounts of carbon contamination in LPCVD
experiments, which in turn should hinder the crystallisation process. Nevertheless, the XRD data clearly

points towards high purity of the material obtained via hot-injection processing of In5 and In9.

XPS on selected samples was performed to confirm the sulphidic nature of the precipitates. Due
to the uneven surface of particle samples, these specimens have not been sputtered prior to analysis,
which could potentially lead to measurement of surface contaminations. Nevertheless, XPS spectra of
all analysed deposits from indium based precursors show only one set of signals, which can be perfectly
referenced to In,5;.1%" “82) Except for the expected spin orbit splitting, neither In3d peaks nor peaks in
the S2p regions show any second peaks or shoulders, which indicates a pure, single phase for the
particles. S2p region was chosen for indium based particles since no peak overlapping is observed and
the S2p region is more commonly used because of its higher sensitivity. In addition, the In:S ratio was
determined to be 0.67 and 0.68 for In3 and In5, respectively, which is in perfect agreement with the

theoretical value of 0.67 for In,Ss.
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Figure 2-25: XPS spectra of (a) In3d and (b) S2p region of particles derived from In3 and In5.

2.3.4 Investigation of the decomposition mechanism

It has been previously reported that thioether adducts of metal halides showed conversion to
sulphide materials upon thermolysis. The decomposition and sulphidisation mechanism, however, is
still largely unknown.*#! |iterature reports generally refer to a kinetically favoured decomposition
pathway due to the coordination of sulphur to the metal centre in thioether complexes. 83! However, it
is unlikely that the thioether functionalised species reported here, exhibit thioether coordination at
elevated temperatures necessary for volatilisation and decomposition due to the weak bonding
observed at room temperature. In addition asymmetric alcoholates did not show thioether coordination
at room temperature and in the solid state, which makes coordination in the gas phase even more
unlikely. Therefore, also effects of secondary decomposition have to be taken into account. Thioethers
have been reported to thermally decompose via a radical mechanism, often in connection with
B-hydride elimination, potentially forming highly reactive intermediate species, which in turn can lead

to sulphidisation of the growing materials.[*34“2¢]

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) coupled with mass
spectrometry (MS) on selected precursors were employed to gain further insight into the decomposition
behaviour and mechanism of the sulphide incorporation. As shown exemplary in figure 2-26, gallium
based precursors Ga3-Gaé featuring secondary alcoholate ligands showed a two-step weight loss, which
is more pronounced for the asymmetric aminoalcoholates. In contrast, Ga7 with a tertiary alcoholate
ligand as well as all secondary indium based precursors In3-In6 showed single-step decomposition.
Single-step decomposition would be preferred for material synthesis applications to give clean and
stoichiometrically uniform deposits. DSC curves, depicted in red in figure 2-26, are in good agreement
with TGA signals showing exothermic transitions for precursor decomposition and formation of the
thermodynamically favoured solid concomitant with mass loss detected in TGA. The small endothermic

signals at higher temperatures are likely the result of solid-solid rearrangements as no concomitant
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mass loss was detected and the transitions are far below the expected melting temperatures of the

oxide and sulphide materials.

More importantly, decomposition onset temperatures are comparably low, in particular for Ga4-
Gab and In5 with 160-170 °C. Precursors featuring symmetric "butylthioether functionalisation Ga3,
Ga7 and In3 showed higher onset temperatures of 200-210 °C indicating increased thermal stability of
these precursor species. Additionally, residual masses of the decomposition products for symmetrically
substituted species were found to exceed the theoretically calculated value for pure Ga,0; by 1.2-2 %
on average indicative of ineffective decomposition leading to high amounts of carbon contamination.
For asymmetric aminoalcoholates on the other hand, residual masses are very close to the theoretical
value for gallium species, i.e. 13.11 vs. 12.90 % for Gaé. Small differences could be accounted for by
sulphur incorporation into the material as evidenced for LPCVD films as well as small amounts of
carbon residues. Pyrolysis of In5 led to a residual mass 0.55 % above the theoretical value for In,0;.
This could either point towards ineffective decomposition and carbon contamination or towards large
amounts of sulphur incorporation. The orange-brown colour of the residue, however, points towards
formation of a sulphide rather than an oxide, which would be in agreement with high sulphide contents
found in hot-injection pyrolysis experiments for indium based materials as discussed in chapter 2.3.3.
Moreover, asymmetric gallium aminoalcoholates gave only minimal amounts of carbon contamination in
LPCVD experiments indicating clean and efficient decomposition of these species. Hence, it is
reasonable to assume that indium aminoalcoholates show similar decomposition behaviour and that the

increased residual weight is thus caused by sulphide incorporation rather than carbon contaminations.
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Figure 2-26: TGA (black) and DSC curves (red) of Ga5, Ga7 and In3.

On-line MS data, shown in figure 2-27, can give further insight into the decomposition and
sulphidisation mechanism. For symmetric thioether functionalised alkoxides most intense fragments
were found with m/z = 29, 41, 44 and 56, which can be assigned to C,Hs", CsHs, C4HoS** and C4Hg',
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respectively, which can be attributed to the thioether side chain and the isopropyl backbone of the
ligand. Fragmentation patterns of asymmetric aminoalcoholates are far more complex due to
additional fragments of the amino side chain, which is best identifiable by fragments with m/z = 30
(CoHg"), 72 (NEt;") and 86 (CH,NEt,"). More interesting though, aminoalcoholate species exhibit a
significant amount of H,S (m/z = 34), as well as its oxidation products SO and SO, (m/z = 48, 64). It
should be noted that no H,S was found for Ga3 and Ga4 and only small amounts were detected for Ga7
and In3. H,S is a potent sulphidisation agent known to convert oxides to their respective sulphides at
elevated temperatures as discussed in chapter 2.3.3. It can be assumed that the in situ production of
H,S during the thermolysis of the precursor is essential for obtaining an effective, homogenous
sulphidisation of the growing thin films. In contrast, post-growth sulphidisation with H,S is limited by
surface reactions and diffusion, in particular for oxophilic metals such as gallium.!"”- 273 %4 while the
presented data does not allow us to formulate a distinct decomposition mechanism, it clearly shows
the supporting role of the amino side chain in the effective formation of reactive sulphidisation
reagents. In addition, the formation of radical species as described in literature has to be considered

for the actual sulphidisation reaction, %l
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2.3.5 Synthesis of thin films and 1D structures via AACVD

As mentioned before, indium based precursors did not show sufficient volatility for LPCVD
processing, but showed good applicability for molecule-to-material conversion in hot-injection pyrolysis
providing high sulphide contents in the resulting materials. To study the applicability and behaviour of
indium based derivatives in CVD processes, we developed an AACVD setup to circumvent volatility
issues encountered for these precursors. The setup and experimental procedure are described in detail
in the experimental section. Initial tests showed most consistent depositions using "hexane as the

solvent, rather than the more commonly used toluene or mixtures with THF. "Hexane showed good
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solubility of the precursors, efficient aerosol generation as well as fast vaporisation due to its low

boiling point of 66 °C.

While asymmetric aminoalcohols showed reproducible thin film growth, asymmetric ether-
thioether functionalised as well as symmetric alkoxides did not provide satisfactory deposition. The
reason is most likely the very moderate temperatures (<440 °C) applied in the borosilicate setup.
400 °C was also found to provide only slow film growth in LPCVD and resulted in very thin coatings.
Furthermore, symmetrically functionalised alkoxides also showed higher onset temperatures for
decomposition in TGA/DSC experiments discussed in chapter 2.3.4. However, we were able to convert
asymmetric aminoalcoholates to indium oxysulphide coatings with considerable sulphur contents, which
was determined by EDX analysis as shown in figure 2-28. In agreement with results obtained in hot-
injection pyrolysis, indium based thin films exhibited much higher sulphur contents than their gallium
counterparts in LPCVD. AACVD using Gaé resulted in Ga;05,5, thin films with sulphur contents in a
similar range as in LPCVD processes, namely 18 vs. 23 at% for AACVD and LPCVD, respectively. The
differences might be the result of increased carbon contaminations at low temperatures, as well as

thioether residues in the thin films as shown in XPS studies discussed for LPCVD derived coatings.
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Figure 2-28: Sulphur contents of thin films deposited via AACVD of various asymmetric indium aminoalcoholates

determined via EDX analysis assuming all sulphur to be sulphidic.

As evident from figure 2-28, "butylthioether derivatives Iné and In10 show a significantly higher
sulphur content than "butyl species In5 and In9 in agreement with results obtained for their gallium
counterparts in LPCVD experiments. The investigated temperature range was rather limited; however,
In6é and In10 exhibit strong temperature dependence in the examined interval. They follow a similar
trend, showing a strong increase in sulphur content around 400 °C and remaining more or less stable up
to 430 °C. In5 and In9 on the other hand do not exhibit a comparable trend in the investigated
temperature range, with In5 staying rather constant around x = 1.5, while In9 shows a decrease from
x =2.28 at 400 °C to x = 1.78 at 425 °C. Compared to LPCVD films, all AACVD layers display increased
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amounts of carbon contamination usually in the range of 10-20%, even for secondary
aminoalcoholates, which showed very clean decomposition in LPCVD. The most likely reasons are the
low temperature employed in the AACVD setup in combination with increased precursor delivery rates,
because of the kinetical limitations of the heterogeneous surface reaction in this temperature regime.

In addition, the solvent should also be considered as a possible source of carbon contamination.

In agreement with results obtained for particles derived from hot-injection pyrolysis of indium
based precursors, XRD of thin films deposited from AACVD showed the formation of B-In,S; phases for
all precursors. Because of the smaller size of the oxide ion compared to sulphide, substitution of
sulphide with oxide does not lead to major physical distortion of the unit cell of the parent In,S;
lattice.[?®! Hence, differences cannot be detected in XRD analysis, especially for the small crystallites
sizes and subsequently broadened reflexes of the prepared samples. Exemplary XRD patterns for
coatings deposited from In6é are depicted in figure 2-29, showing temperature independence of In,S;
formation in the investigated temperature window. SEM micrographs show uniform coatings with
microstructuring, as depicted in figure 2-30. While no microstructuring was observed for Ga, 05,5, thin
films from LPCVD experiments at temperatures below 500 °C, microstructuring in AACVD derived
In,03.,S, coatings is most likely the result of lowered crystallisation temperature for In,S; combined

with high sulphide contents found for Iné and In9.1*"*!
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Figure 2-29: XRD patterns of thin film deposits derived from Iné at various temperatures.
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Figure 2-30: SEM micrographs of AACVD thin films employing (a) In6 and (b) In9 at various temperatures.

XPS was once more employed to investigate the chemical nature of the incorporated sulphur as
well as the purity of the coatings. Spectra of In3d and S2p regions of sputtered thin films are displayed
in figure 2-31. Both samples show symmetric signals without shoulders in the In3d region according to a
uniform chemical environment without phase separation. In addition, only one set of S2p signals was
observed, which indicates that no residual thioether moieties are present in the samples. Especially
considering the low growth temperature of approx. 400 °C, this indicates a clean and effective
decomposition of thioether functionalised indium aminoalcoholates. In comparison, gallium oxysulphide
thin films derived from Ga5 and Gaé via LPCVD showed thioether fragments in coatings below 450 and
500 °C, respectively. The differences could be caused by the variation of the reactor type since a cold-
wall reactor was used in LPCVD experiments, while AACVD employed a hot-wall reactor. The latter
would allow formation of a reactive intermediate species by homogenous gas phase reactions, which
could potentially alter the decomposition path in subsequent heterogeneous reactions on the

substrate. [ 1711
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Figure 2-31: XPS spectra of (a) In3d and (b) S2p region of AACVD coatings using /n5 (390 °C) and Iné (410 °C).
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Sulphide contents after sputtering were found at x = 1.1 and 2.0 (22.1 and 40.4 at%) for In5 and
Iné, respectively. These sulphide contents are again a little lower than found in EDX analysis, but are in
good agreement if preferential sputtering is considered, which was already observed for Ga,03.,S, thin
films. Furthermore, peak positions for Iné fit those of In,S; references, while In5 shows a deviation of
about 0.4-0.6 eV.[®" %82 The shift towards lower binding energies can be most likely attributed to the
higher oxide concentration in the thin film as In,0; was reported to give signals in the same region, but
are also within the range of error introduced by the laboratory X-ray source.l*”l Nevertheless, no

phase-separation and only B-In,S; phases were found.

At the highest applicable deposition temperature of 425 °C in combination with slightly
increased carrier gas flow rates of 70 sccm, nanowire growth and formation of rod-type structures was
observed for In5, In9 and In10, rather than thin film growth found at lower temperatures. XRD analysis
of 1D structures grown from In5 and In9 gave signals originating from B-In,S; and a-In,0;, as shown in
figure 2-32. This indicates phase separation in these samples as opposed to formation of the pure
B-In,S; phase observed for AACVD-derived thin films and particles from hot-injection pyrolysis. Rietveld
analysis of the XRD pattern obtained for In5 calculated a B-In,S; content of 44 %, which is in rough
agreement with sulphide contents of 52 at% obtained from EDX analysis of thin films at similar
temperatures. Differences are most likely the result of different morphologies of the products with and
without phase separation. Furthermore, Rietveld analysis of nanocrystalline samples will not result in
exact values due to broad reflexes with low signal/noise ratio, which also the reason why Rietveld
analysis of samples derived from In9 was not possible. In contrast, XRD of 1D structures obtained from
In10 show phase pure sulphide material similar to thin film samples indicating formation of oxysulphide
material without phase separation. Phase separation for In5 and In9 is very likely the result of the
approx. 50 at% sulphide content, which would lead to strong distortion of the crystal lattice, if anion
replacement in this amount took place. For In10, which showed much higher sulphide contents of about

83 at%, these distortions are less pronounced and thus no phase separation is observed.
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Figure 2-32: XRD patterns of 1D structures synthesised via AACVD of In5, In9 and In10.
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SEM studies, as shown in figure 2-33, revealed that morphology and length : diameter ratio of
the 1D structures is strongly dependent on the precursor species. For "butyl derivatives In5 and In9,
tapered nanowires with smooth surfaces were observed, while ‘butyl derivative In10 showed growth of
rod-type structures with increased diameters and strong surface structuring. It has to be mentioned
that 1D structures depicted in figures 2-33 (c) and (d) have grown on different positions on the same
substrate. This indicates strong concentration dependence of the growth as varying position in respect

to the inlet nozzle could lead to a variation of the incoming precursor concentration.

Figure 2-33: SEM micrographs of 1D nanostructures grown from (a) In5, (b) In9 and (c,d) In10.

Synthesis of In,S; 1D nanostructures has been reported via various processes including hydro- and
solvothermal routes,®® * or thermolysis in high boiling point solvents.[****? Reports on gas phase
processes on the other hand mainly deal with gold catalysed vapour-liquid-solid (VLS) growth or the use
of hard templates.**> 3¢ 381 B3] However, as neither growth seeds nor templates were used in this
study, the obtained nanostructures are believed to have grown via a self-promoted 1D growth similar
to reports by the group of P. O’Brien, who synthesised B-In,S; nanorods via AACVD of [Et,In(S;CNMe"Bu)]
in toluene, but did not provide an explanation for the growth mechanism.!*! Similarly, a growth
mechanism for the 1D structures presented here cannot be defined with certainty from the obtained
data. However, SEM micrographs indicate that surface diffusion plays an important role in the growth

process, because tapering of 1D structures as observed in the present study is typically observed for
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small diffusion lengths.*>*"] As stated above, figures 2-33 (c, d) point towards strong concentration
dependence and a competing 1D vs. film growth. It is possible that the concentration of the precursor
solution increased with progressing deposition time because of the high volatility of the "hexane
solvent. In combination with small diffusion lengths, this could lead to nucleation on the whole surface
including substrate and preformed 1D structures, which would explain the strong surface textures
observed in figure 2-33 (d). This would also be in agreement with smooth nanowires next to wires with
textured surfaces as found in figure 2-33 (c), where secondary nucleation and growth on the nanowires
has not progressed as much. It is possible that applying longer deposition times or increased precursor
concentrations for specimen depicted in figure 2-33 (a-c) would lead to surface structures and

increased diameter similar to 1D structures observed in figure 2-33 (d).

Transmission electron microscopy (TEM) was performed for further analysis of selected
nanowires grown from In5. As depicted in figure 2-34 (a), nanowires show the expected polycrystalline
nature as indicated by diffraction contrast of crystalline areas with different orientation. High
resolution TEM micrographs depicted in figure 2-34 (b, c) indicate that the nanowires consist of single-
crystalline twin domains. Twinning can be further seen from fast-Fourier transformation (FFT) of the
single-crystalline domains in figure 2-34 (b), which exhibit the same orientation of the crystallites. As
shown in figure 2-34 (c), the nanowires feature a high number of defects and twin domains with varying
sequence and thus very small volumes of the phases can be accommodated. Figure 2-34 (d) further
demonstrates the twinning in the FFT of the picture, where one can see spots very close together
(marked in red) which indicate different crystal systems with a common interface of small lattice
mismatch, i.e. indium oxide and sulphide. The oxide content of the sample was determined via EDX
analysis within the TEM apparatus and was found to be within 25-40 %, varying between individual
nanowires and the locations of the analysis. Nevertheless, no microphase separation was observed in
these samples. Inhomogeneities could occur due to surface diffusion of the growing material and site-
specific adsorption of decomposition products preferentially forming indium oxide or sulphide species.
Diffusion induced tapering also leads to larger diameter at the bottom and small diameter at the tip of
the nanostructures. The elucidation of the origin of this growth phenomenon, however, requires
additional microscopic studies devoted to this specific topic. Nevertheless, specific alignment of
crystals with different crystal structures but common interfaces and their interaction seem to favour

the formation of the nanowire morphology.
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Figure 2-34: TEM micrographs of 1D nanostructures grown from /n5.

XPS spectra of the In3d and S2p region of nanowires grown from In5 are depicted in figure 2-35.
The S2p region only shows one signal, which can be well referenced to In,S;.1¥¥ Despite the phase
separation observed in XRD and TEM studies, only one signal is observed in the In3d region, which is
shown in figure 2-35 (b). This is due to the fact that In,05 and In,S; show very similar binding energies
of 444.3-445.3 and 444.7-445.6 eV for oxide and sulphide, respectively, which cannot be resolved with
a laboratory X-ray source.!®” 4% 41 |n addition, as the oxide : sulphide ratio is close to 1:1, the signals
should have about the same intensity, leading to a symmetric appearance of the peak. However, we
were able to determine the sulphide content at 55 %, which is in good agreement with findings in EDX

and Rietveld analysis.
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Figure 2-35: XPS spectra of (a) the In3d and (b) S2p region for nanowires deposited via AACVD from In5.

2.4 HETEROMETALLIC ALKOXIDES

2.4.1 Synthesis and characterisation

Heterometallic gallium *butoxides of Fe, Co, Ni and Cu were synthesised using a slightly modified
version of reported synthesis for [NiGa(0'Bu)s] by Mathur et al..[**?! Salt elimination reactions of
transition metal halides with [KGa(O'Bu)4],, which was obtained by reacting [KO'Bu], and [Ga(0'Bu);],,
gave the desired products in moderate to good yields. Compared to NiGa and CoGa, FeGa and CuGa
showed increased sensitivity towards oxygen and atmospheric moisture, respectively, as indicted by a
fast colour change upon exposure to air. Sublimation of FeGa, CoGa and NiGa at 120-125 °C at
0.04 mbar gave pure alkoxides, but also resulted in substantial product loss due to formation of a
residue, which we were unable to sublime. It is most likely that the heterobimetallic gallates form
complexes of the general formula [M"Ga(0'Bu)s], under prolonged heating in analogy to reports of Veith
and co-workers on aluminates.""®! In contrast, CuGa showed increased heat-sensitivity and decomposed
leading to substantial loss of copper in the sublimate and large amounts of a non-volatile residue.

Therefore, CuGa was used as synthesised without further purification.

The obtained products were paramagnetic, thus NMR spectroscopy was not possible via standard
procedures and was therefore not used for analysis. However, we were able to grow crystals suitable
for single-crystal XRD analysis for FeGa and CuGa. The molecular structure of NiGa has been published
before.**”! Detailed crystallographic data is listed in table 2-6. Both substances showed strong twinning
in the crystals. The measured FeGa crystal exhibited 8 % of a second domain with a twin law of a
179.456° rotation around (100) real space axis. The cells were separated with CELL_NOwW and absorption
correction was performed with TWINABS (Bruker) before structure refinement was performed with HKLF4
map, because HKLF5 proofed ineffective. CuGa showed a 180° rotation around the (100) real space axis

as twin law. Twin domains were separated manually in APEX2 and structure refinement was conducted
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with HKLF5 and BASF commands. Increased twinning is most likely the result of the zig-zag layer
structure observed for both compounds, shown for FeGa in figure 2-36. Twinning would be consistent

with an ‘up-up’ type layer instead of ‘up-down’ (zig-zag).
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Figure 2-36: Crystal structure of FeGa viewed along the a-axis. Hydrogen atoms omitted for clarity.

FeGa crystallises in monoclinic space group Cc, while CuGa exhibits a triclinic crystal system in
space group P1. However, molecular structures for FeGa and CuGa, which are depicted in figure 2-37,
exhibit similar features and are isostructural to previously reported NiGa (monoclinic space group
P2,/n) and related transition metal aluminates!''® 430 432,501 3 ferrites.[®" %2 Both molecules feature
a spirocyclic arrangement showing fourfold coordination for Ga in a distorted tetrahedral arrangement
as well as elongated tetrahedral bisphenoids for Fe and Cu, respectively. The spirocyclic coordination
is depicted in detail for FeGa in figure 2-38. Disorder was found for FeGa on C14, which was accounted
for using the split-atom model. For C22 and C24, which show elongated displacement parameters,
atom splitting did not result in stable solutions and where thus kept as is. No disorder was found for
CuGa.
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Figure 2-37: Molecular structure of CuGa displayed with 50 % probability ellipsoids. Hydrogen atoms have been
omitted for clarity.

08

Figure 2-38: Spirocyclic coordination sphere of FeGa shown with 50 % probability ellipsoids.

Ga-0O bonds for terminal ‘butoxides were found to be significantly shorter than bridging ones,
namely 1.804 vs. 1.909 and 1.797 vs. 1.907 A on average for FeGa and CuGa, respectively. Those values
are well within the ranges previously reported for NiGa or homoleptic gallium alkoxides.*” “?! Bridging
Fe-O bond lengths (1.995(5)-2.018(5) A) show only small deviations consistent with strong chelating
effect of [Ga(O'Bu)s]" units. They also compare well to bridging Fe-O bond distances found in
[Fe(0'Bu)s;]; (1.959 A) or [ZnFe,(0'Bu)s] (1.936(5)-1.963(5) A) and are only slightly longer than Ni-O
bonds in NiGa (1.965(4)-1.975(4) A).1#3% 47. 50 5031 | comparison, Cu-O bond lengths (1.944(2)-
1.983(1) A) are a bit shorter, but also in agreement with strong chelation and compare well with Cu-0
bonds in [CuAl,(0'Bu)s] (1.930(3)-1.943(3) A).[""®!

0-Ga-O bond angles between terminal alkoxo ligands, i.e. 01-Ga1-02 and 07-Ga2-08, are
slightly wider than the ideal 109.5°, showing values of 111.3(3)-113.0(3) and 115.74(7)-116.06(7)° for
FeGa and CuGa, respectively. In contrast, O-Ga-0 angles within four-membered metallacycles (03-Ga1-
04 and 05-Ga2-06) are heavily compressed assuming values of 82.3(2)-83.6(2) and 81.84(5)-81.89(6)°.
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Similarly, the coordination spheres of Fe1 or Cu1, respectively, are highly anisotropic. For FeGa, O-
Fe1-O bond angles within the GaOFeO metallacycles show values from 77.8(2)-78.6(2)°, while O-Fe1-0
angles for oxygen atoms bound to different gallium atoms are strongly differing, assuming values of
117.3(2)-133.9(2)°. For CuGa, stronger anisotropy with values of 78.93(5)-79.07(5) and 114.24(5)-

140.35(5)° was found, most likely caused by the slightly smaller ionic radius of copper.!*>®
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Table 2-6: Crystallographic and refinement data of FeGa and CuGa.

Compound FeGa CuGa
Emp. Formula C3H7,FeGa,04 C3,H7,CuGa,04
M, / g mol” 780.18 787.87
Crystal system Monoclinic Triclinic
Space group Cc P1
alh 11.159(2) 9.067(2)
b/ A 16.813(3) 13.640(3)
c/A 22.529(5) 18.114(4)
al’ 90.00 71.52(3)
B/~ 101.32(3) 87.29(3)
y/l° 90.00 70.77(3)
N 4144.6(15) 2002.2(8)
zZ 4 2
D,/ gcm? 1.250 1.307
g/ mm’ 1.676 1.90
Crystal size /mm 0.45x0.3x0.1 0.4x0.2x0.15
No. measured refl. 47535 111696
Obs. Refl. [1>20(1)] 3809 10335
Omax | ° 28.7 30.6
R [F*>20(F)], WR (F*), S 0.055, 0.131, 1.08  0.029, 0.076, 1.09
Refl./param. 4512/423 12201/413
Weighting scheme* a =0.0641 a=0.0397

b =16.9699 b =0.2923

*w = 1/[c?(F?) + (aP)? + bP], where P = (E? + 2F?)/3
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Table 2-7: Selected bond lengths and angles for FeGa and CuGa.

FeGa CuGa
Bond Distance / A Bond Distance / A
Ga1-01 1.797(6) Ga1-01 1.801(2)
Ga1-02 1.821(5) Ga1-02 1.794(2)
Ga1-03 1.886(5) Ga1-03 1.918(1)
Ga1-04 1.906(5) Ga1-04 1.894(1)
Fe1-03 2.006(4) Cu1-03 1.978(1)
Fe1-04 2.018(5) Cu1-04 1.953(1)
Fe1-05 1.998(5) Cu1-05 1.944(2)
Fe1-06 1.995(5) Cu1-06 1.983(1)
Ga2-05 1.911(5) Ga2-05 1.900(1)
Ga2-06 1.933(5) Ga2-06 1.916(2)
Ga2-07 1.784(6) Ga2-07 1.792(2)
Ga2-08 1.812(5) Ga2-08 1.799(1)
Angle /° Angle /°
01-Ga1-02 111.3(3) 01-Ga1-02 115.74(7)
01-Ga1-03 121.1(3) 01-Ga1-03 106.57(6)
01-Ga1-04 118.3(3) 01-Ga1-04 106.75(6)
03-Ga1-04 83.6(2) 03-Ga1-04 81.89(6)
Ga1-03-Fet 99.4(2) Ga1-03-Cut 96.97(6)
Ga1-04-Fe1 98.3(2) Ga1-04-Cut 98.61(6)
03-Fe1-04 77.8(2) 03-Cu1-04 78.93(5)
03-Fe1-05 125.3(2) 03-Cu1-05 140.35(5)
05-Fe1-06 78.6(2) 05-Cu1-06 79.07(5)
Fe1-05-Ga2 99.6(2) Cu1-05-Ga2 98.80(6)
Fe1-06-Ga2 99.0(2) Cu1-06-Ga2 96.91(6)
05-Ga2-06 82.3(2) 05-Ga2-06 81.84(5)
05-Ga2-07 124.0(3) 05-Ga2-07 116.72(6)
07-Ga2-08 113.0(3) 07-Ga2-08 116.06(7)

2.4.2 Molecule-to-material conversion of heterometallic alkoxides

We were able to use the presented heterometallic ‘butoxides as single-source precursors to
synthesise the respective mixed metal oxide spinel phases M"Ga,0, (M=Fe, Co, Ni, Cu). We employed
LPCVD for the production of spinel thin films and sol-gel processing to gain access to spinel powder
samples. For CoGa and NiGa, we were able to reproduce previously reported findings.[*> “3 Both
precursors showed good coverage of Si(911) substrates at 500-600 °C in LPCVD experiments and XRD

proved phase purity of the deposits. Similarly, XRD of particles obtained from sol-gel processing
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showed the formation of phase pure M"Ga,0, spinels (M=Ni, Co) after annealing in air at 400-1000 °C

with increasing crystallite size.

Sol-gel processing of FeGa gave an oxygen-sensitive amorphous precipitate. Centrifugation of the
precipitate in air resulted in a fast colour change of the particles from dark green to brown indicating
oxidation of Fe" to Fe". Indeed, annealing at 400-900 °C in dry nitrogen still yielded FeGaO;
nanopowders due to oxidation of the amorphous sol-gel product. Therefore, particles were separated
by filtration, dried under reduced pressure and annealed in vacuum to avoid oxidation of the product.
Powder XRD, depicted in figure 2-39, indicated the formation of nanocrystalline FeGa,0, at 600 °C;
however, higher temperatures gave additional signals for crystalline Ga,0s as first observable by the
small reflex at 26 =31.7° at 700 "C. One explanation would be partial oxidation during sol-gel
processing despite taking careful precautions against atmospheric oxygen due to the extreme
susceptibility of FeGa towards oxidation and hydrolysis. Oxidation could lead to the formation of
magnetite Fe;04 particles and Ga,0;. Unfortunately Fe;0, and FeGa,04 show indistinguishable XRD
patterns due to very similar size of Fe’* and Ga®" ions in the same spinel unit cell. EDX analysis of
powder samples, however, showed only small deviations from the ideal 33.3 at% Fe. Complete phase

separation is therefore rather unlikely.
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Figure 2-39: Powder XRD patterns of annealed particles derived from sol-gel processing of FeGa.

Employing FeGa in LPCVD experiments led to reproducible thin film growth with suitable growth
rates and XRD showed phase purity for deposits synthesised at 500-700 °C as depicted in
figure 2-40 (a). SEM micrographs of thin films deposited at 500 and 600 °C depicted in figure 2-40 (b-c)
showed very similar and uniform film morphologies comparable to those obtained for NiGa,0, coatings.
However, EDX analysis showed that the coatings were iron deficient exhibiting approx. 30 at% iron. In

addition, films grown at 700 °C exhibited inhomogeneous morphologies (figure 2-40 (d)) and EDX
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revealed varying composition of the film ranging from 30.5-35.8 at% Fe. This could indicate partial
decomposition prior to volatilisation or homogeneous gas phase thermolysis leading to iron and gallium
rich intermediates that subsequently undergo heterogeneous decomposition reactions on the surface.
This could lead to phase separation of gallium rich (Ga,0s) and iron rich (FeGa,04, Fe;04) phases as
found in sol-gel processing. However, the complete absence of signals for Ga,0; in XRD analysis of films

deposited at 700 °C indicates that only small amounts are formed in LPCVD processes.
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Intenstiy / a.u.
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Figure 2-40: (a) XRD patterns and (b-d) SEM micrographs of FeGa,0, thin films deposited via LPCVD of FeGa on
Si(911) at 500-700 °C.

XPS measurements were performed on a selected thin film grown from FeGa at 500 °C. As shown
in figure 2-41, both regions of interest, Fe2p and Ga2p, show two signals each. The Ga2ps,, peaks are
centred at 1118.0 and 1119.0 eV, respectively, and the high energy peak could be well attributed to
Ga,0; representing 12 % of the total gallium content in the sample.’® The more intense peak at
1118.0 eV correlates well with the intense peak in the Fe2p region centred at 710.8 eV giving a Fe:Ga
ratio of 1.1:2, which is close to the expected value for FeGa,0,. Differences to EDX analysis might be
the result of different information depths of the techniques and the possibility for differentiating
components in XPS, which is not given in EDX. Moreover, reports of XPS on Fe"-depleted FeGa,0, single
crystals show similar binding energies.®! It is thus concluded that the intense signals originate from
FeGa,0,4, which is also in agreement with XRD analysis, where it was found as the main phase. The
secondary iron containing phase could not be attributed with certainty as Fe?" and Fe®" are difficult to
differentiate in XPS and iron oxides have been reported over a wide range of binding energies. In
addition, the use of a laboratory X-ray source without monochromatisation leads to increased signal
widths making assighment even more difficult. However, the small peak corresponds to 22 % of the

total iron content, which is in good agreement with 12 % secondary gallium species found as there is
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twice as much gallium in the precursor species. This indicates the formation of a simple homometallic

iron oxide, most likely Fe,03, alongside Ga,0s as secondary phases.
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Figure 2-41: XPS spectra of the (a) Ga2p and (b) Fe2p region from LPCVD deposits using FeGa.

As mentioned before, CuGa showed increased thermal sensitivity as indicated by decomposition
upon sublimation of the crude product. Similarly, LPCVD experiments, even at pressures <10 mbar,
only gave Ga,0; coatings with negligible amounts of copper detected by EDX analysis. This indicates
precursor decomposition and formation of a non-volatile copper species prior to volatilisation even at
moderate precursor temperatures of 90 °C. In contrast, all other bimetallic ‘butoxides described here
were readily sublimed at higher temperatures (120-125 °C) without loss of the bivalent transition

metal.

Sol-Gel processing of CuGa in 1,4-dioxane or THF yielded green precipitates, which gave brown
solids upon annealing in air. However, XRD analysis indicated phase separation and formation of CuO
alongside CuGa,04 upon annealing even at low temperatures of 400 °C, as can be seen in figure 2-42.
Rietveld analysis of powder samples annealed at 800 °C showed a CuO content of 10.7 %. Phase
separation and formation of CuO could be the result of preferential nucleophilic attack at the Cu
centre due to its bigger size (ion radius 0.57 vs. 0.47 A for Cu** and Ga®" in tetrahedral environment,
respectively) and thus less effective shielding of the ‘butoxide groups.!* > This clearly demonstrates

the extreme sensitivity of CuGa even under mild reaction conditions applied in sol-gel processing.
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Figure 2-42: Powder XRD patterns of annealed particles derived from sol-gel processing using CuGa.

2.5 SUMMARY AND CONCLUSION

The first examples of monomeric, homoleptic aminoalcoholates of group 13 metals have been
synthesised and characterised. The monomeric nuclearity of the alkoxides was demonstrated via single-
crystal XRD as well as NMR spectroscopy, which is in contrast with generally found dimeric or
oligomeric structures for this kind of compounds. Indium species featured a trigonal antiprismatic
coordination sphere, while aluminium and gallium alkoxides showed a trigonal bipyramidal
configuration. The latter has not been reported before for monomeric gallium species. The formation
and stabilisation of monomeric compounds was realised by effective combination of steric shielding
and coordinative saturation of the metal centres. As such, these species could be well-suited as
molecular precursors in material synthesis, for example if incorporation of small concentrations of

oxides into another matrix material is targeted.

In addition, a series of homoleptic thioether functionalised gallium and indium alkoxides were
synthesised and characterised. Thioethers have not been used in donor functionalisation of alkoxides
before. According to NMR spectroscopy and single-crystal XRD, this new functionality shows weak
coordination to the metal centre in solution as well as the solid state for symmetric alcoholates
without any other functionality, leading to monomeric species. However, the coordination of the
thioether is effectively suppressed when stronger donor functionalities, namely ethers and amines, are

incorporated as a secondary potential coordinating functionality in alcoholate ligands.

More importantly, the applicability of these precursors in molecule-to-material processes was
demonstrated, where we were able to achieve conversion to oxysulphide materials with the thioether

moiety being applied as the sulphur source in these single-source precursors. LPCVD experiments
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showed that most gallium alkoxides are applicable in gas phase processes for the formation of thin film
coatings. The sulphide content of the Ga,0s.,S thin films was found to be strongly dependent on the
type of precursor as well as the deposition temperature and could be effectively controlled in a range

of 1.6-23.4 at% with good reproducibility of the results.

XPS analysis indicated homogenous sulphidisation of the thin films obtained by LPCVD without
phase separation. However, XPS further showed the incomplete decomposition of precursor species at
lower temperatures leading to incorporation of residual thioether fragments into the growing thin film
in agreement with carbon contaminations found in EDX analysis. ‘Butyl derivative Gaé showed less
effective decomposition as indicated by increased amounts of undecomposed thioether fragments in
the coatings at 500 °C and below, while "butyl derivatives only showed very small amounts at 450 °C
with pure coatings at temperatures >500 °C. Nevertheless, ‘butyl species showed higher sulphide
contents despite the less effective decomposition and pure oxysulphide films with minimal carbon

contamination could be produced at higher temperatures.

First investigations of the macroscopic properties of Ga,0s,S, materials were performed by
means of impedance spectroscopy of thin films on interdigitated electrodes, which allowed the
calculation of the electrical conductance of the thin films. Gallium oxysulphide films showed
significantly improved conductivity compared to pure amorphous Ga,0; coatings, in particular at
temperatures of 200-400 °C. Furthermore, the activation energy was lowered upon sulphide

incorporation indicating a change in conduction mechanism.

Since indium alkoxides showed insufficient volatility for reproducible thin film growth in LPCVD
experiments, all precursors were additionally used in hot-injection pyrolysis to access oxysulphide
nanoparticles. Compared to LPCVD experiments, increased sulphide contents of up to 27.6 at%
(x = 1.38) for gallium based particles were found. Indium based particles exhibited even higher
sulphide contents even reaching full conversion for In3, which can be attributed to lower In-O bond
strength and thus facilitated conversion compared to gallium based materials. This was emphasised by
the formation of phase pure B-In,S; from all precursors as determined by powder XRD, which is in
contrast to generally obtained oxide materials accessed from alkoxide precursors demonstrating the

potency of the thioether functionality to act as a sulphidisation agent.

Coupled TG/DSC-MS experiments were conducted to investigate the decomposition and
sulphidisation mechanism upon thermolysis of the molecular precursors. It could be demonstrated that
symmetrically functionalised alkoxides showed higher onset temperatures indicating higher thermal
stability, but also resulted in increased amounts of carbon contamination. Thioether functionalised
aminoalcoholates on the other hand showed efficient decomposition with low onsets of 165-180 °C.
More importantly, asymmetric aminoalcoholates showed the formation of significant amounts of H,S
upon thermolysis, while symmetric species showed no or only small amounts of H,S indicating a
supportive role of the amine functionality in the production of the active sulphidisation agent. The in
situ generation of H,S during growth of the material is assumed to play a key role for the higher

efficiency of these precursor derivatives in the in situ sulphidisation of the material.
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AACVD enabled the deposition of indium oxysulphide thin films from thioether functionalised
aminoalcoholates in hexane at moderate temperatures. In agreement with findings for nanoparticles
from hot-injection pyrolysis, indium based thin films showed high sulphide contents in the coatings, in
particular for 'butyl derivatives Iné and In10 and all deposits showed signals for phase pure B-In,S; in
XRD investigations. At 425 °C, formation of nanowires and rod-like structures was observed for In5, In9
and In10, which is most probably supported by defect-induced growth and preferential twinning. In
contrast to phase pure B-In,S; found for coatings and particles, the polycrystalline nanowires showed

nano-phase separation and multiple twinning of In,0; and In,S; segments in TEM and XRD investigations.

In conclusion, we were able to demonstrate the applicability of the thioether functionality for
stabilisation of low nuclearity in alkoxide chemistry as well as its potency for effective in situ

formation of oxysulphide materials by the use as molecular single-source precursors.

Finally, a series of transition metal heterobimetallic gallates [M"Ga,(0'Bu)s] with M=Fe, Co, Ni
and Cu was synthesised as single-source precursors to catalytically active oxide spinels MGa,0,.
Characterisation via single-crystal XRD showed the expected spirocyclic configuration for M=Fe, Cu in
good agreement with previous reports of aluminates and gallates. LPCVD and sol-gel processing of CoGa
and NiGa lead to formation of the phase pure MGa,0, deposits. In contrast, applying FeGa in this
processes resulted in the formation of FeGa,04 as the main phase, but with contaminations of Ga,0;
and a secondary iron oxide. This is most likely due to the increased susceptibility towards oxidation of
the precursor and amorphous product in case of sol-gel derived particles. CuGa on the other hand
showed thermal instability leading to Ga,0; films with negligible amounts of copper in LPCVD, while

sol-gel processing led to phase separation giving mixtures of CuGa,04 and CuO.
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CHAPTER 3
EXPERIMENTAL

“Everything is theoretically impossible,

Until it’s done.”

- Robert A. Heinlein (1907-1988) -
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3.1 GENERAL METHODS AND MATERIALS

Chemicals were purchased from Sigma Aldrich, abcr and TCl Europe and used as received, with
exception of GaCl;, which was sublimated before use. Manipulations of metal chlorides and metal
alkoxides were performed taking stringent precautions against atmospheric moisture and oxygen using
dry nitrogen or argon in combination with standard Schlenk-techniques, a modified Stock apparatus or
glove-box techniques. Glassware was desiccated by heating under dynamic vacuum prior to use.
Solvents were dried using standard methods and stored over sodium wire if applicable. Solvents for

heterometallic alkoxides were further degassed by freeze-pump-thaw cycles.

Alcohol ligands used in this study have not been assigned an abbreviation and are not listed in
the list of compounds. Nevertheless, their synthesis is described in the following sections unless

reported before.

3.2 INSTRUMENTATION

3.2.1 Nuclear magnetic resonance

Room temperature 'H and "*C solution NMR spectra were recorded on a Bruker AVANCE 250
spectrometer (250.13 MHz {'H}, 62.86 MHz {'*C}) equipped with a 5 mm BBO probe head and a
z-gradient unit. Low temperature measurements and 2D experiments have been performed on a Bruker
AVANCE 300 spectrometer (300.13 MHz {'H}, 75.51 MHz {'*C}) equipped with a 5 mm BBI probe head
and a z-gradient unit. Deuterated solvents were purchased from Euriso-top and stored over sodium

wire.

3.2.2 X-Ray diffraction

Powder and thin film diffraction patterns were recorded on a PANanalytical XPERT Pro PW
3050/60 diffractometer with Cu Ka radiation (A=1.540598 A) and an X’Celerator detector.
Measurements were recorded in Bragg-Brentano geometry or grazing incidence in a 26 range of 10-90
or 10-60°, respectively, with a step size of 0.1° using a 0.04 rad soller slit, 10 mm fixed mask and 0.5°
divergence slit in the incident beam path as well as a 5.5 mm anti-scatter slit, 0.04 rad soller slit and a

nickel filter in the diffracted beam path. Data analysis was performed using HighScore Plus software.
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3.2.3 Single-crystal X-Ray diffraction

Single crystal XRD experiments were performed between 100-170 K on a Bruker-AXS SMART
APEX Il diffractometer with a CCD area detector and a crystal-to-detector distance of 45-50 mm using
graphite-monochromated Mo-K, radiation (A = 7.1073 A). Data were collected with ¢ and w-scans and
0.5° frame width. The data were corrected for polarisation and Lorentz effects, and an empirical
absorption correction (SADABS) was applied. The cell dimensions were refined using all unique
reflections. The structures were solved with direct methods (SHELXS97)P%"! or dual-space algorithms
(SHELXT)%®1 and refinement to convergence was carried out with the full-matrix least squares method
based on F* (SHELXL97/SHELXL14)"%! with anisotropic structure parameters for all non-hydrogen

atoms. Hydrogen atoms were placed on calculated positions and refined riding on their parent atoms.

3.2.4 Scanning electron microscopy and energy dispersive X-ray

spectroscopy

Thin films and particles were analysed using a FEI Quanta 200 FEG scanning electron microscope

equipped with an EDX detector for elemental analysis.

3.2.5 Transmission electron microscopy

1D structures were imaged using a FEI TECNAI F20 transmission electron microscope operated at
200 kV, which is equipped with high angle annular dark field (HAADF) STEM and EDX detector.

3.2.6 Thermogravimetric analysis/differential scanning calorimetry -

mass spectrometry

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were performed
with a Mettler Toledo TGA/DSC1 1100 system equipped with a UMX1 balance. Thermogravimetric
coupled mass spectrometry (TG-MS) experiments were performed with a Mettler Toledo TGA/DSC1
1600 system with an MX1 balance coupled with a Pfeifer Vacuum MS Thermostar GSD 301T2 mass
spectrometer. The heating rate was set to 10 K/min with an argon flow rate of 60 ml/min. The
fragmentation of the ligand components were compared with literature data from the NIST chemistry

webbook database.
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3.2.7 X-Ray photoelectron spectroscopy

XPS measurements were performed on a commercially available SPECS STM/XPS UHV setup. The
base pressure in the UHV system for XPS measurements was in the low 10 mbar regime. For XPS
measurements, the system is equipped with a non-monochromatised dual anode X-ray tube with Al and
Mg Ka anode (XRC 50, SPECS) and a hemispherical analyser PHOIBOS 100 (SPECS) with multi
channeltron detector. The samples were introduced into the UHV system via a load lock after mounting
them on a steel or molybdenum plate. Samples were measured at room temperature with Al Ka
radiation in the as is state and after sputtering for 45 min at 5x10°® mbar Ar and an acceleration
voltage of 1 kV. The obtained data was analysed by using the commercial software CasaXPS. The peak
positions were corrected via the signal for graphitic carbon and double checked by measuring the Fermi
Edge. Peak positions were identified by using the NIST XPS database (http://srdata.nist.gov/xps/).
Peaks were fitted after Shirley background subtraction using a Gaussian-Lorentian mixed peak shape
(30% L) without further constraints. For comparing gallium, indium, carbon and sulphur signals the
intensity was corrected by the cross-sections obtained from the Elletra Trieste database
(https://vuo.elettra.eu/services/elements/WebElements.html). Due to the overlap of the S2p signal
with the Ga3s signal, the calculations were performed via the S2s and Ga3p signal for gallium based

materials.

3.2.8 Impedance spectroscopy

Impedance spectroscopy measurements were carried out on thin-film coated quartz glass
substrates with buried interdigitating Pt electrodes with 10 or 15 pm electrode spacing and electrode
width. Impedance was measured in-plane by means of an Alpha-A high Performance Frequency
Analyser equipped with a POT/GAL 30 V 2A test interface (both Novocontrol, Germany). The common
frequency range was 10 mHz - 1 MHz, but was adjusted if necessary; the AC voltage was 10 mV root
mean square. The measurements were done in 800 mbar reducing atmosphere (2.5 % H,/97.5 % Ar) at
temperatures between 200 °C and 500 °C. This atmosphere was chosen to avoid irreversible changes of
the samples during the measurements, which might originate from a changing sulphide content caused

by oxidation at elevated temperatures.
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3.3 GENERAL PROCEDURES

3.3.1 Low-pressure chemical vapour deposition

LPCVD was performed in a home-built horizontal cold-wall reactor shown schematically in
figure 3-1.% Si(100) or SiO, substrates were mounted on a wedge-shaped graphite susceptor using
silver conductive paste and heated inductively using a high frequency generator (Linn High Therm). The
substrate temperature was monitored using a Ni/Co-Ni thermocouple attached to the graphite
susceptor. The apparatus was desiccated at 120 °C under dynamic vacuum for 2 h prior to deposition.
Thin film growth was performed using approx. 100 mg alkoxide precursor at substrate temperatures of
400-600 °C under reduced pressure using a turbomolecular pump (<10° mbar) for thioether
functionalised alkoxides and 500-700 °C for heterometallic precursors. Depositions employing NiGa
were performed using only a rotary pump at <10 mbar; thin films from FeGa were produced with and
without use of a turbomolecular pump. Precursor temperature was controlled via the oven
temperature and was increased in 5 °C increments until thin film growth was observable. A summary of

precursor temperatures is listed in table 3-1.

Oven
Inductive
heating

Thermocouple

Vacuum
system

Vessel Graphite
(Si0,) susceptor

Figure 3-1: Schematic representation of the deposition chamber of the LPCVD apparatus.

Table 3-1: Precursor temperatures used in LPCVD experiments.

Precursor Temperature /°C Precursor Temperature /°C
Gab 155 Gatt 160
Gaéb 142.5 Ga12 147.5
Ga7 165 FeGa 97.5
Ga9 150 CoGa 90
Ga10 130 NiGa 115
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3.3.2 Hot-injection pyrolysis

10 ml dried squalane were placed in a three-necked flask equipped with air cooler, gas inlet and
septum and heated to reflux temperature (approx. 415 °C) with a sand-bath under inert atmosphere.
Subsequently, 75+5 mg of the alkoxide precursor dissolved in 1 ml squalane was injected under rigorous
stirring and refluxed for 30 min. After cooling, particles were separated via centrifugation and washed

four times with toluene to remove any residues.

3.3.3 Aerosol-assisted chemical vapour deposition

AACVD was conducted in a home-built hot-wall reactor consisting of a laboratory grade NS 29
glass tube in a tube furnace (Carbolite CF 12/65/550) equipped with a gas inlet nozzle attached to a
50 ml flask, as schematically shown in figure 3-2. For a deposition, 50-75 mg of precursor were
dissolved in 10 ml dry "hexane and placed in the aerosol generator until no solution was left. The
aerosol was generated ultrasonically and transported into the reactor by a stream of dry, deoxygenised
nitrogen, which was controlled with a mass flow controller (MKS PR4000B) and set to 50-70 sccm. The
apparatus was desiccated by heating to >400 °C for 1 h in a carrier gas stream prior to use. To
counteract thermophoretic effects, substrates were fixed on a wedge-shaped piece of graphite. Due to
the small size of the glass tube compared to the tube furnace opening, the substrate temperature was
initially monitored ex situ via a thermocouple under reaction conditions and found to be approx.
100 °C lower than the oven temperature. In addition to thin film growth, gas phase nucleation was

generally observed forming a particulate deposit at the end of the heated zone.

Vent [T~ = =~ 7 7 7 TubeFumace i

Graphite Holder with Substrates

Figure 3-2: Schematic representation of the AACVD apparatus. Not drawn to scale.
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3.3.4 Sol-Gel processing of heterometallic tert.-butanolates

500 mg of the heterometallic precursor was dissolved in 50 ml dry, degassed 1,4-dioxane and
10 ml toluene. Subsequently, 0.25 ml degassed water in 20 ml 1,4-dioxane were slowly added under
vigorous stirring at 50 °C using a syringe pump. Injection rate was set to 2.5 ml/h. The solution was
stirred for 18 h in total. The resulting solid was collected by centrifugation and washed three times
with 1,4-dioxane before drying overnight at 70 °C. In case of FeGa, which showed increased sensitivity
towards atmospheric oxygen, the solid was filtrated under inert atmosphere and dried under reduced

pressure.

3.4 SYNTHESES

3.4.1 Synthesis of potassium tert.-butanolate, [KOtC4H9]4

K + HO'Bu —>» 1/4 [KOtBu]4 + 1/2H,
39.10 g/mol 47.12 g/mol 448.84 g/mol 2.02 g/mol

Potassium metal was slowly added to a mixture of 500 ml toluene and 200 ml tert.-butanol. Once
the gas evolution slowed down the mixture was heated and portions of tert.-butanol were added until
all potassium dissolved. After distillation of toluene and residual alcohol, the crude product was
purified by sublimation at 125 °C at 0.04 mbar.

3.4.2 Synthesis of gallium tris(tert.-butanolate), [Ga(0'C,4Hs)s],

GaCl; + 3/4[KO'Bu], — 1/2[Ga(0'Bu);], + 3KCl

176.08 g/mol 448.84 g/mol 587.12 g/mol 74.55 g/mol

[Ga(0'Bu);], was synthesised following a modified procedure initially described by Mehrotra et
al..'" 3.5 g GaCl; (19.9 mmol, 1 equiv.) were cooled with liquid nitrogen before adding 10 ml of dry
THF and warming up. Subsequently 150 ml of toluene were added and the solution was cooled again.
6.8 g KO'Bu (6.06 mmol, 3.05 equiv.) were dissolved in 100 ml boiling toluene and slowly added to the
cooled GaCl; solution. After refluxing for 60 h, the suspension was filtrated and the solvent was
removed to give a light yellow powder, which was purified by sublimation at 120 °C at 0.04 mbar to

give 4.38 g (7.45 mmol, 75 %) pure [Ga(0'Bu);], as a colourless solid.
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3.4.3 Synthesis of lithium bis(trimethylsilyl)amide, [LiN(Si(CH3)3).]s

HN(SiMe;), + "Buli — 1/3[LiN(SiMe;),]; + C4H,g

161.39 g/mol 64.05 g/mol 501.96 g/mol 58.12 g/mol

[LiN(SiMe3),]s was synthesised according to a modified procedure published by Popowski et
al..>'% After freezing 30 g HMDS (185.9 mmol, excess) in liquid nitrogen, 45 ml 2.5 M "BuLi solution in
"hexane (112.5 mmol, 1 equiv.) were slowly added and the mixture was allowed to warm up to room
temperature. After stirring for 2 h, all volatiles were removed under reduced pressure and the crude
product purified by sublimation at 110 °C at 0.03 mbar to yield 16.9g (33.7 mmol, 90 %) of

[LiN(SiMe3),]; as a colourless solid.

3.4.4 Synthesis of indium tris(bis(trimethylsilyl)amide), In(N(Si(CHz3)3),)3

InCl; + [LiN(SiMe;),]l; —— In(N(SiMe;),); + 3 LiCl
221.18 g/mol 501.96 g/mol 595.97 g/mol 42.39 g/mol

In(N(SiMe;),); has been synthesised following a modified procedure published by Biirger et al..'
2.5 g of InCl; (11.3 mmol, 1 equiv.) was cooled to 77 K and 10 ml of THF were added. After warming
up, 100 ml toluene were added and the solution cooled once more. 5.68 g (11.3 mmol, 1 equiv.) of
[LiHMDS]; were dissolved in 100 ml toluene and subsequently added to the cooled InCl; solution. The
solution was refluxed for 48 h, filtered and the solvent was removed at reduced pressure. The crude
product was sublimated at 120 °C at 0.04 mbar to give 5.7 g (9.6 mmol, 85 %) of In(N(SiMes3),); as a

colourless solid.

3.4.5 Synthesis of 1,3-bis(dimethyl)propanol, HOCH(CH;N(CHs),)3

vl e
+ 2HNMe2 — | |

o OH

92.52 g/mol 45.08 g/mol 146.23 g/mol

The aminoalcohol was synthesised following a known procedure by Campbell et al..’'? 19 g
(205 mmol, 1 equiv.) epichlorohydrin were slowly added to 324 g of dimethylamine (2.87 mmol, 40 %
aqueous solution, excess) and subsequently refluxed for 18 h. Next, the reaction was cooled with an
ice bath and 68 g of sodium hydroxide were added. The organic phase was separated, dried over

Na,S0,4 and filtered. The solvent and residual dimethylamine were removed under reduced pressure.
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The crude product was purified by means of vacuum distillation with a vigreux column yielding 14.05 g

(96 mmol, 47 %) of the 1,3-bis(dimethyl)propanol with a boiling point of 90 °C at 40 mbar.

"H NMR (C4Ds, 250.13 MHz, & /ppm): 2.09 (s, 12H, N(CHs),), 2.19 (dd, J=4.35/12.36 Hz, 2H, CH,),
2.31 (dd, J=7.89/12.39 Hz, 2H, CH,), 3.56 (s, 1H, OH), 3.82 (tt, J=3.34/7.91 Hz, 1H, CH)

3C {1H} NMR (C4Ds, 62.86 MHz, 5 /ppm): 46.0 (s, CHs), 64.4 (s, CHy), 66.2 (s, CH)

3.4.6 Synthesis of 1,3-bis(diethyl)propanol, HOCH(CH;N(CH,CHj3),)3

7m0

0

92.52 g/mol 73.14 g/mol 202.34 g/mol

15.9 g epichlorohydrin (172 mmol, 1 equiv.) were added dropwise to 56.8 g diethylamine
(777 mmol, excess) in 50 ml of petrol ether. After refluxing for 7 h, the cooled reaction mixture is
extracted with 1 M NaOH solution, organic phases dried over Na,SO,, filtered and solvent removed.
Distillation of the crude product yielded 31.1 g (154 mmol, 89 %) of the 1,3-bis(diethyl)propanol with a
boiling point of 104 °C at 12 mbar.

"H NMR (C¢Ds, 250.13 MHz, § /ppm): 0.92 (t, J=7.12 Hz, 12H, CH), 2.34-2.57 (m, 12H, CH,CHs,
CHCH,), 3.70 (s, 1H, OH), 3.82 (tt, J=5.24/6.87 Hz, 1H, CH)

3C {'"H} NMR (C¢De, 62.86 MHz, & /ppm): 12.43 (s, CHs), 47.9 (s, CH,CHs), 58.6 (s, CHCH,),
66.5 (s, CH)

3.4.7 Synthesis of aluminium tris(1,3-bis(dimethylamino)propan-2-

olate), A/7
[AI(O'Bu);], + 6 HOCH(CH,NMe,), ~—— 2 AI(OCH(CH,NMe,),); + 6 HO'Bu
492.65 g/mol 146.23 g/mol 462.65 g/mol 74.12 g/mol

345 mg (0.7 mmol, 1 equiv.) of [Al(OtBu)s;], in 5 ml toluene were reacted with 618 mg
(4.22 mmol, 6.03 equiv.) 1,3-bis(dimethylamino)propan-2-ol at room temperature. After stirring
overnight, removal of volatile residues yielded 622 mg (1.3 mmol, 96 %) of Al1 as clear, colourless oil.
Suitable crystals for single-crystal XRD analysis formed in the pure compound overnight at room

temperature. Crystallographic information files (CIF) can be obtained from CCDC 1430667.
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'H NMR (C¢Ds, 250.13 MHz, & /ppm): 2.32 (s, 30H, CHs), 2.35-2.60 (m, 18H, CH; CH),
4.12 (quint., J=6.15 Hz, CH)

3C {"H} NMR (C¢D, 62.86 MHz, 5 /ppm): 46.8 (s, CHs), 66.4 (s, CH,), 67.2 (s, CH)

3.4.8 Synthesis of gallium tris(1,3-bis(dimethylamino)propan—2-olate),

Gal
[Ga(O'Bu);], + 6 HOCH(CH,NMe,), = 2 Ga(OCH(CH,NMe,),); + 6 HO'Bu
587.12 g/mol 146.23 g/mol 505.39 g/mol 74.12 g/mol

213 mg (0.36 mmol, 1 equiv.) [Ga(O'Bu);]; and 334mg (2.28 mmol, 6.3 equiv.) 1,3-
bis(dimethylamino)propan-2-ol were stirred in 5 ml toluene overnight. After removing all volatile
substances, 374 mg (7.4 mmol, 96 %) of Gal were obtained as colourless oil. Crystals suitable for
single-crystal XRD studies were grown from the pure compound at room temperature. CIF files can be
obtained from CCDC 1430668.

'H NMR (CeDs, 250.13 MHz, & /ppm): 2.35 (s, 33H, CHs;), 2.39 (s, 3H, CHs;), 2.42 (dd,
J=5.27/11.78 Hz, 6H, CH,), 2.51 (dd, J=7.18/11.78 Hz, 6H, CH,), 4.12 (tt, J=5.30/7.13 Hz, 3H, CH)

3C {"H} NMR (C¢D, 62.86 MHz, 5 /ppm): 46.8 (s, CHs), 67.1 (s, CH,), 68.3 (s, CH)

3.4.9 Synthesis of indium tris(1,3-bis(dimethylamino)propan-2-olate),
In1

In(N(SiMe;),); + 3 HOCH(CH,NMe,), —— In(OCH(CH,NMe,),); + 3 HN(SiMe,),

595.97 g/mol 146.23 g/mol 550.48 g/mol 161.39 g/mol

456 mg (0.77 mmol, 1 equiv.) of In(HMDS); were mixed with 350 mg (2.39 mmol, 3.1 equiv.) of
1,3-bis(dimethylamino)propan-2-ol in 7 ml toluene. After stirring for 3 h at room temperature, volatiles
were removed under reduced pressure to yield 415 mg (0.75 mmol, 98 %) of In1 as colourless oil.
Specimen suitable for single-crystal XRD analysis were grown in a concentrated "hexane solution at
-9 °C. CIF files can be obtained from CCDC 1430669.

'H NMR (C¢De, 250.13 MHz, & /ppm): 2.30 (s, 36H, CHs), 2.35 (dd, J=4.23/11.61 Hz, 6H, CH,),
2.51 (dd, J=7.9/11.61 Hz, 6H, CH,), 4.07 (m, 3H, CH)

3C {'H} NMR (C¢Ds, 62.86 MHz, & /ppm): 47.1 (s, CHs), 67.3 (s, CHy), 68.6 (s, CH)
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3.4.10 Synthesis of aluminium tris(1,3-bis(diethylamino)propan-2-
olate), A2

—

[AI(OtBu)g]z + 6 HOCH(CHzNEtZ)z —~—— ZAl(OCH(CHzNEt2)2)3 + 6 HO'Bu
492.65 g/mol 202.34 g/mol 630.98 g/mol 74.12 g/mol

328 mg (0.67mmol, 1 equiv.) [Al(OtBu);], and 821 mg (4.06 mmol, 6.05equiv.) 1,3-
bis(diethylamino)propan-2-ol were stirred in 5 ml toluene overnight. Removal of the solvent by-
products under reduced pressure yielded 797 mg (1.26 mmol, 95 %) of Al2 as colourless oil. Crystals
suitable for single-crystal XRD measurements were grown in a concentrated "hexane solution at -9 °C.
CIF files can be obtained from CCDC 1430670.

"H NMR (C¢Ds, 250.13 MHz, +25 °C, & /ppm): 1.07 (t, J=6.99 Hz, 36H, CHs), 2.53-2.99 (m, 36H,
CH,CHs, CHCHy), 4.14 (quint., J=6.26 Hz, 3H, CH)

3C {'H} NMR (C¢Ds, 62.86 MHz, +25 °C, 5 /ppm): 11.2 (s, CH;), 46.9 (s, CH,CH;), 61.2 (s, CHCH,),
67.9 (s, CH)

3.4.11 Synthesis of gallium tris(1,3-bis(diethylamino)propan—2-olate),
Gaz

——

[Ga(OtBu)3]2 + 6 HOCH(CHZNEtz)Z ~ 2 Ga(OCH(CHzN Et2)2)3 + 6 HO'Bu
587.12 g/mol 202.34 g/mol 673.72 g/mol 74.12 g/mol

233 mg (0.40 mmol, 1 equiv.) [Ga(OtBu)s], were mixed with 500 mg (2.47 mmol, 6.1 quiv.) 1,3-
bis(diethylamino)propan-2-ol in 6 ml toluene. After stirring overnight, all volatile substances were
removed to obtain 526 mg (781 mmol. 97 %) of Ga2 as colourless oil. Crystals formed in the pure
substance over a few days and were separated before the whole substance solidified. CIF files can be
obtained from CCDC 1430671.

"H NMR (C¢Ds, 250.13 MHz, +25 °C, & /ppm): 1.07 (t, J=7.10 Hz, 36H, CHs), 2.56-2.95 (m, 36H,
CH,CHs, CHCHy), 4.13 (quint., J=6.26 Hz, 3H, CH)

3C {'"H} NMR (C4De, 62.86 MHz, +25 °C, & /ppm): 11.3 (s, CHs), 47.0 (s, CH,CHs), 61.0 (s, CHCH,),
68.9 (s, CH)
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3.4.12 Synthesis of indium tris(1,3-bis(diethylamino)propan-2-olate),
In2

In(N(SiMe,),); + 3 HOCH(CH,NEt,), ——3 In(OCH(CH,NEL,),); + 3 HN(SiMe,),

595.97 g/mol 202.34 g/mol 718.81 g/mol 161.39 g/mol

306 mg  (0.51 mmol, 1equiv.) In(HMDS); and 308 mg (1.55mmol, 3.04 equiv.)
1,3-bis(diethylamino)propan-2-ol were stirred in 8 ml toluene overnight. Removal of solvent and by-

products yielded 355 mg (0.49 mmol, 97 %) of In2 as colourless oil.

'H NMR (C¢De, 250.13 MHz, +25°C, & /ppm): 1.07 (t, J=7.06 Hz, 36H, CHs), 2.58 (dd,
J=7.04/12.36 Hz, 6H, CHCH,), 2.64-2.95 (m, 30H, CH,CHs, CHCH,), 4.18 (quint., J=6,48 Hz, 3H, CH)

3C {"H} NMR (C¢Dg, 62.86 MHz, +25 °C, § /ppm): 11.3 (s, CH;), 47.3 (s, CH,CH;), 62.3 (s, CHCH,),
69.3 (s, CH)

3.4.13 General synthesis procedure for thioether functionalised gallium

alkoxides
[Ga(OtBu)3]2 + 6 HOCR'(CH,NEt,),(CH,SR), , —~—— 2 Ga(OCR'(CH,NEt,),(CH,5R),_); + 6 HO'Bu
587.12 g/mol R="Bu. 'Bu 74.12 g/mol
! x=0, 1
R'=H, Et

Approx. 300 mg of [Ga(O'Bu)s], were dissolved in 5 ml of dry toluene before adding 6.1 equiv. of
the respective alcohol. After stirring overnight all volatile compounds were removed under reduced
pressure. The reaction process was monitored via 'H NMR spectroscopy. If applicable, a few drops of
the alcohol were added to a concentrated toluene solution of the intermediate product to complete
the reaction. After repeated removal of solvent and excess alcohol, all products were obtained as

colourless, viscous oils. Alcohol ligands were synthesised as described in earlier studies.[*?
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3.4.14 General synthesis procedure for thioether functionalised indium

alkoxides

In(N(SiMe;),); + 3 HOCR'(CH,NEL,),(CH,SR),,,  —3 In(OCR'(CH,NEt,),(CH,SR), ); + 3 HN(SiMe;),
595.97 g/mol R="Bu. 'Bu 161.39 g/mol
! x=0, 1
R'=H, Et

Approx. 500 mg of In(N(SiMe3);); were dissolved in 5 ml of dry toluene and 3.02 equiv. of the dry
alcohol ligand were added. Alcoholysis usually occurred within a few hours at room temperature, after
which all volatiles were removed under reduced pressure to yield the thioether functionalised

alkoxides as colourless, viscous liquids.

3.4.15 Synthesis of 1-"butylthio-3-ethoxy-2-propanol,
HOCH(CH;S"C,4Hy)(CH,0C;H5s)

W/\S/\/\+ NaOEt — /\0/\/\5/\/\

(o) OH

145.24 g/mol 68.05 g/mol 193.32 g/mol

0.48 g (20.09 mmol, 1 equiv.) sodium metal was dissolved in 25 ml dry ethanol. After stirring for
10 min, 3.04 g (20.9 mmol, 1 equiv) 1,2-epoxy-3-"butylthio-propan was added and the solution was
refluxed for 2 h. After cooling, saturated brine was added and phases separated with CH,Cl,. Organic
phases were dried over Na,SO,, filtrated and the solvent removed. Fractionated distillation yielded
3.60 g (18.63 mmol, 89 %) of 1-"butylthio-3-ethoxy-2-propanol as a clear liquid with a boiling point of
110 °C at 5 mbar.

'H NMR (C¢Dg, 250.13 MHz, +25 °C, & /ppm): 0.76 (t, J=7.23 Hz, 3H CH,CH,CHs), 1.00 (t,
J=6.99 Hz, 3H, OCH,CHs), 1.22 (m, J=7.28 Hz, 2H, CH,CH,CH3), 1.40 (m, J=7.38 Hz, 2H, SCH,CH,),
2.32 (t, J=7.32 Hz, 2H, SCH,CH,), 2.38 (s, 1H, OH), 2.57 (dd, J=5.87/21.68 Hz, 1H, CHCH,S), 2.62 (dd,
J=6.74/21.68 Hz, 1H, SCH,CH), 3.21 (q, J=6.98 Hz, 2H, OCH,CH;), 3.34 (d, J=5.33 Hz, OCH,0),
3.86 (quint., J=5.76 Hz, 1H, CH)

BC {'H} NMR (C¢De, 62.86 MHz, +25 °C, & /ppm): 13.8 (s, CH,CH,CH3), 15.3 (s, OCH,CH),
22.16 (s, CH,CH,CHs3), 23.1 (s, SCHoCH,), 32.5 (s, SCH.CH), 36.3 (s, CHCH,S), 66.7 (s, OCH,CHs),
69.8 (s, CH), 73.6 (s, OCH,0)
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3.4.16 Synthesis of 1-'butylthio-3-ethoxy-2-propanol,
HOCH(CH,S'C,H,)(CH,0C;H5)

J< + NaOEt — N /j<

145.24 g/mol 68.05 g/mol 193.32 g/mol

The synthesis was conducted similar to the "butyl analogue using and 1.8 g (12.4 mmol, 1 equiv.)
1,2-epoxy-3-‘butylthio-propan and 0.30 g (13.0 mmol, 1.05 equiv.) sodium yielding 2.18 g (11.27 mmol,
91 %) of 1-'butylthio-3-ethoxy-2-propanol with a boiling point of 98 °C at 5 mbar.

"H NMR (Ce¢Ds, 250.13 MHz, +25 °C, & /ppm): 1.00 (t, J=7.10 Hz, 3H, CH,CHs), 1.14 (s, 9H,
C(CH;)3), 2.50 (d, J=4.43 Hz, 1H, OH), 2.67 (dd, J=6.55/14.98 Hz, 1H, CH,S), 2.72 (dd,
J=6.10 / 15.23 Hz, 1H, CH,S), 3.21 (q, J=7.00 Hz, 2H, CH,CH;), 3.33 (dd, J=5.59/9.29 Hz, 1H, CH,0),
3.39 (dd, J=4.69/9.42 Hz, 1H, CH,0), 3.90 (m, J=5.53 Hz, 1H, CH)

3C {'H} NMR (C¢Ds, 62.86 MHz, +25 °C, § /ppm): 15.3 (s, CH,CHs), 31.0 (s, C(CHs)3), 32.8 (s,
CH,S), 42.0 (s, C(CHs)3), 66.7 (s, CH,CH3), 70.2 (s, CH), 73.7 (s, CHCH,0)

3.4.17 Synthesis of gallium tris(1-"butylthio-3-ethyloxy-2-propanolate),
Gall

a u + t uU) ——— a t u + u
Ga(O'B 3, + 6 HOCH(CH,O0E CHZS“B 2 Ga(OCH(CH,OE CHZS“B 3+ 6 HO'B
587.12 g/mol 193.32 g/mol 646.66 g/mol 74.12 g/mol

0.260 g (0.45 mmol, 1 equiv.) of [GaO'Bu);], was dissolved in approx. 5 ml toluene and 0.536 g
(2.79 mmol, 6.2 equiv.) 1-"butylthio-3-ethoxy-2-propanol was added. After stirring at room
temperature overnight, solvent and residual alcohol was removed under reduced pressure. Pure Gafl1

was obtained as a colourless, highly viscous oil.

"H NMR (C¢Ds, 250.13 MHz, +25 °C, & /ppm): 0.81 (t, J=7.40 Hz, 3H, p,-CH,CH,CHs), 0.88 (t,
J=7.28 Hz, 6H, CH,CH,CHs), 1.21 (t, J=6.79 Hz, 9H, OCH,CHs), 1.30 (m, J=7.47 Hz, 2H, p,-CH,CH,CHs),
1.41 (m, J= 7.40 Hz, 4H, CH,CH,CHs), 1.53 (m, J=7.48 Hz, 2H, p,-SCH,CH,), 1.65 (quint., J=7.29 Hz, 4H,
SCH,CH,), 2.52 (t, J=6.55, 2H, SCH,CH,), 2.66 (m, 4H, SCH,CH,), 2.77-3.28 (m, 6H, ,-CHCH,S, CHCH,S),
3.41-3.99 (m, 12H, P-OCH,CH3, OCH,CHs, p,-OCH,0, OCH,0), 4.31 (m, J= 5.34 Hz, 1H, p,-CH), 4.43 (br,
2H, CH)

92



Syntheses

3C {"H} NMR (C¢D¢, 62.86 MHz, +25 °C, & /ppm): 14.0 (s, CH,CH,CH;), 14.7 (s, OCH,CH,),
15.6 (br. s, P-OCH,CH3), 22.3 (s, CH,CH,CH;), 22.4 (s, p-CH,CH,CH;), 32.3 (s, SCH,CH,), 32.6 (S, M-
SCH,CH,), 33.0 (s, SCH,CH;), 33.4 (s, Pp-SCH,CH,), 38.4 (s, SCH,CH), 39.3 (br. s, P-SCH,CH), 66.9 (br. s,
H,-OCH,CH;), 68.1 (s, OCH,CHs), 71.3 (s, CH), 72.6 (s, p2-CH), 74.8 (s, OCH,0), 75.6 (s, P,-OCH,0)

3.4.18 Synthesis of gallium tris(1-'butylthio-3-ethyloxy-2-propanolate),
Gal2

[Ga(O'Bu);], + 6 HOCH(CH,OEt)(CH,S'Bu) < 2 Ga(OCH(CH,OEt)(CH,S'Bu)); + 6 HO'Bu
587.12 g/mol 193.32 g/mol 646.66 g/mol 74.12 g/mol

0.298 g (0.52 mmol, 1 equiv.) [Ga(0'Bu);], was reacted with 0.617 g (3.2 mmol, 6.17 equiv.) 1-
‘butylthio-3-ethyloxy-2-propanol in 6 ml toluene. After stirring overnight, solvents and by-products

were removed at reduced pressure yielding Ga12 as clear, viscous oil.

"H NMR (C¢De, 250.13 MHz, +25 °C, & /ppm): 1.12-1.30 (m, 15H, OCH,CHs, p,-C(CHs)s), 1.40 (s,
21H, pz'OCH2CH3, C(Cﬂ3)3), 2.64-3.27 (m, 6H, pz'Cﬂzs, CﬂzS), 3.27-3.94 (m, 12H, Uz'OCﬂzCH3, OCH2CH3,
p2-OCH,0, OCH,0), 4.34 (m, 1H, p;-CH), 4.45 (m, 2H, CH)

3C {"H} NMR (C¢D¢, 62.86 MHz, +25 °C, & /ppm): 13.9 (s, OCH,CH;), 14.7 (s, OCH,CH;), 15.7 (s,
H2-OCH,CH;), 31.2 (s, 1a-C(CHa)3), 31.4 (s, C(CH)3), 34.8 (s, CHyS), 35.3 (s, Ha-CH,S), 41.4 (s, C(CHy)3),
41.7 (s, 1-C(CH3)3)), 66.9 (br. s, p-OCH,CHs), 68.2 (s, OCH,CH;), 68.6 (s, OCH,CH3), 71.4 (s, CH),
72.3 (br. s, p,-CH), 74.8 (s, OCH,0), 75.7 (br. s, p,-OCH,0)

3.4.19 Synthesis of indium tris(1-"butylthio-3-ethyloxy-2-propanolate),
Inl7

In(N(SiMe;),); + 3 HOCH(CH,OEt)(CH,S"Bu) — In(OCH(CH,OEt)(CH,S"Bu)); + 3 HN(SiMe;),

595.97 g/mol 193.32 g/mol 691.75 g/mol 161.39 g/mol

0.304 g (0.51 mmol, 1 equiv.) In(N(SiMe3),); was dissolved in 7 ml toluene before adding 0.301 g
(1.57 g, 3.05 equiv.) 1-"butylthio-3-ethyloxy-2-propanol. After stirring for three hours, solvent and by-

products were removed under reduced pressure to yield In11 as a colourless, viscous liquid.

"H NMR (C¢Ds, 250.13 MHz, +25 °C, 5 /ppm): 0.87 (t, J=6.85 Hz, 9H, CH,CH,CHs), 1.24 (br, 9H,
OCH,CHs), 1.41 (m, 6H, CH,CH,CHs), 1.65 (br, 6H, SCH,CH,), 2.71 (br, 6H, SCH,CH,), 3.09 (br, 6H,
CHCH,S), 3.59-3.98 (m, 12H, OCH,CH;, CHCH,0), 4.41 (br, 3H, CH)
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3C {"H} NMR (C¢Ds, 62.86 MHz, +25 °C, 5§ /ppm): 13.9 (s, CH,CH,CH;), 15.1 (s, OCH,CHs), 22.3 (s,
CH,CH,CHs), 32.4 (s, SCH,CH,), 33.0 (s, SCH,CH,), 39.0 (s, CHCH,S), 67.3 (s, OCH,CH;), 70.8 (s, CH),
74.6 (s, CHCH,0)

3.4.20 Synthesis of indium tris(1-'butylthio-3-ethyloxy-2-propanolate),
In12

In(N(SiMes),); + 3 HOCH(CH,OEt)(CH,S'Bu) — In(OCH(CH,0Et)(CH,S'Bu)); + 3 HN(SiMe,),

595.97 g/mol 193.32 g/mol 691.75 g/mol 161.39 g/mol

0.304 g (0.51 mmol, 1 equiv.) In(N(SiMes),); was mixed with 0.298 g (1.55 mmol, 3.05 equiv.) 1-
"butylthio-3-ethyloxy-2-propanol in 8 ml toluene at room temperature. After removing all volatile

compounds, In12 was obtained as colourless, viscous liquid.

"H NMR (Ce¢Ds, 250.13 MHz, +25 °C, & /ppm): 1.28 (t, J=6.03 Hz, 9H, CH,CHs), 1.40 (s, 21H,
C(CHs)3), 1.45 (s, 6H, C(CHs)3), 3.13 (br, 6H, SCH,), 3.66 (br, 3H, OCH,0), 3.85 (br, 9H, OCH,O,
OCH,CH;), 4.39 (br, 3H, CH)

3C {'H} NMR (C¢Ds, 62.86 MHz, +25 °C, § /ppm): 15.0 (s, CH,CHs), 31.6 (s, C(CHs)3), 34.7 (s,
SCH,), 41.7 (s, C(CHs)3), 67.7 (s, OCH,CH;), 71.4 (s, CH), 74.0 (s, OCH,0)

3.4.21 Synthesis of tetrakis(p,-'butanolato)-tetrakis(‘butanolato)-
digallium-iron(ll), FeGa

FeCl
[Ga(O‘Bu)gl2 + 1/2 [KO'Bu], ™ 2/n [KGa(0'Bu),], — i FeGaz(otBu)8 + 2 KCl

587.12 g/mol 448.84 g/mol 780.21 g/mol  74.55 g/mol

FeGa was synthesised following a modified procedure previously described by Barth and co-
workers.’¥] 1,508 g (3.36 mmol, 0.5 equiv.) [KO'Bu], in 50 ml toluene was added to 3.855¢g
(6.57 mmol, 1 equiv.) [Ga(0'Bu);], in 100 ml toluene and stirred at 100 °C for 48 h. Subsequently,
0.860 g (6.79 mmol, 1 equiv.) dry FeCl, was suspended in 10 ml THF and 40 ml toluene and added to
the gel-like [KGa(O'Bu)4], suspension. After heating to 100 °C for 48 h, the reaction mixture was
filtrated and the solvent removed to yield a light brown solid. Sublimation at 125 °C at 0.04 mbar gave
FeGa as a beige solid. Crystals suitable for single-crystal XRD analysis were grown from a concentrated

toluene solution at -9 °C.
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3.4.22 Synthesis of tetrakis(p,-'butanolato)-tetrakis(‘butanolato)-
digallium-cobalt(ll), CoGa

CoCl
[Ga(O'Bu);], + 1/2[KO'Bu]l, — 2/n [KGa(O'Bu),], — CoGa,(0'Bu)g + 2 KCl

587.12 g/mol 448.84 g/mol 783.30g/mol  74.55 g/mol

CoGa was synthesised following a modified procedure by Cavelius et al..'**! 1.214 g (2.07 mmol,
1 equiv.) [Ga(0'Bu);], was dissolved in 100 ml toluene and added to a solution of 0.473 g (1.05 mmol,
0.5 equiv.) [KO'Bu]4 in 50 ml toluene. After heating to 100 °C for 48 h, a suspension of 0.261g
(2.01 mmol, 0.96 equiv.) dry CoCl, in 40 ml toluene and 10 ml THF was added and the mixture heated
to 100 °C for another 96 h. Filtration and subsequent removal of the solvent resulted in 1.34 g
(1.71 mmol, 83 %) of CoGa as a pink solid.

3.4.23 Synthesis of tetrakis(p,-'butanolato)-tetrakis(‘butanolato)-
digallium-nickel(ll), NiGa

NiBr,(moe)
[Ga(O'Bu);], + 1/2[KO'Bu], — 2/n [KGa(O'Bu),],—— NiGa,(O'Bu)g +2 KBr

587.12 g/mol 448.84 g/mol 783.06 g/mol  119.01 g/mol

NiGa was synthesised following a modified procedure by Barth et al.."*¥ A mixture of 1.420 g
(2.42 mmol, 1 equiv.) [GaO'Bu)s], and 0.551 g (1.23 mmol, 0.5 equiv.) [KO'Bu], in 150 ml toluene was
heated to 100 °C for 48 h before adding a suspension of 0.862 g (2.44 mmol, 1 equiv.) dry

NiBr,(O(C;H40CH;);) in 40 ml toluene and 10 ml THF. After stirring at 100 °C for approx. 48 h, the
mixture was filtrated and the solvent removed, giving a purple powder. Sublimation at 125 °C at

0.04 mbar yielded NiGa as a dark purple solid.

3.4.24 Synthesis of tetrakis(pz-tbutanolato)—tetrakis(tbutanolato)-
digallium-copper(ll), CuGa

Cudl
[Ga(O'Bu);], + 1/2 [KO'Bu], — 2/n [KGa(O'Bu),], — 3 CuGa,(0'Bu)g +2 KCI

587.12 g/mol 448.84 g/mol 787.91 g/mol  74.55 g/mol

CuGa was synthesised following a modified procedure previously described by Barth and co-
workers.5' 2,047 g (3.49 mmol, 1 equiv.) [Ga(0'Bu);], dissolved in 100 ml toluene was mixed with a

solution of 0.802 g (0.18 mmol, 0.5 equiv.) [KO'Bu], in 50 ml toluene. After stirring for 48 h at 100 °C,

95



Experimental

a suspension of 0.445 g (3.31 mmol, 0.95 equiv.) in 10 ml THF and 40 ml toluene was added and
allowed to stir for additional 96 h at 100 °C. The dark yellow dispersion was filtrated and the solvent
removed thereafter to obtain 2.46 g (3.1 mmol, 68 %) of CuGa as a yellow solid. The product
decomposes upon sublimation and gives a copper deficient gallium alkoxide. Thus, the product was
used as received without further purification. Crystals suitable for single-crystal XRD analysis have

been grown from a saturated toluene solution at -9 °C.
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CHAPTER 4
APPENDIX

“Heute hab’ ich selbststandig gedacht.

Das war ein Fehler.”

- Rupert K.-
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4.1 GLOSSARY
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AACVD
acac
ALD
"Bu
‘Bu
CVvD
DSC
EDX
equiv.
Et
FFT
HMDS
HSAB
LPCVD
Me
MOCVD
MS

PLD

PVD
SEM
TEM

TGA

aerosol-assisted chemical vapour deposition
acetylacetone, CsHgO,
atomic layer deposition

normal-butyl (CH3;CH,CH,CH;-)
tertiary-butyl ((CH3);C-)
chemical vapour deposition

differential scanning calorimetry

energy dispersive X-Ray spectroscopy
equivalent

ethyl (CH;CH;-)

fast-Fourrier transformation
hexamethyldisilazane (((CH;)3Si),N-)
hard and soft acids and bases
low-pressure chemical vapour deposition
methyl (CH;-)

metal-organic chemical vapour deposition
mass spectrometry
pulsed laser deposition

isopropyl ((CHs),CH-)
physical vapour deposition

scanning electron microscopy
transmission electron microscopy

thermogravimetric analysis



Glossary

THF tetrahydrofuran, C,HgO
XPS X-Ray photoelectron spectroscopy
XRD X-Ray diffraction
26 diffraction angle
NMR abbreviations
NMR nuclear magnetic resonance
LTNMR low temperature nuclear magnetic resonance
COosy correlation spectroscopy
HSQC heteronuclear single quantum correlation
TOCSY total correlation spectroscopy
0 chemical shift
s singlet
d doublet
t triplet
q quartet
quint. quintet
m multiplet
br broad
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4.2 LIST OF FIGURES, SCHEMES AND TABLES

Figure 1-1: Schematic illustration of (a) o- and (b,c) m-bonding and (d) p,-alkoxo bridges in metal

alkoxides. Redrawn from reference [9].

Figure 1-2: Possible coordination modes for a bidentate donor functionalised alkoxo ligand.

Redrawn from reference [46].

Figure 1-3: Schematic representation of key steps in CVD processes. Redrawn in style of

reference [146].

Figure 1-4: Temperature dependence of deposition rate and growth regimes. Redrawn in style of

reference [127].

Figure 1-5: Crystal structure of B-Ga,0;. Tetrahedral sites are depicted in pale green. Data taken

from reference [236].

Figure 1-6: Crystal structure of a-Ga,S;. Data taken from reference [284].

Figure 1-7: Unit cell of cubic In,0;. Data taken from reference [312].

Figure 1-8: Crystal structure of tetragonal B-In,S;. Data taken from reference [350].

Figure 1-9: Crystal structure of spinel MgAl,0,4. Data taken from reference [403].
Figure 2-1: "H NMR of 1,3-bis(diethyamino)propan-2-ol and In7 in C¢Ds.

Figure 2-2: Molecular structure of Al1 with 75 % probability ellipsoids. Hydrogen atoms have been

omitted for clarity.

Figure 2-3: Molecular structure of Ga2 with 75 % probability ellipsoids. Disordered parts are

depicted in pale colours; hydrogen atoms were omitted for clarity.

Figure 2-4: Molecular structure of In1 shown with 75 % probability ellipsoids. Inset shows the

coordination polyhedron. Hydrogen atoms omitted for clarity.

Figure 2-5: Molecular formulas of employed ligand systems.
Figure 2-6: "H NMR spectra of (a) the free alcohol ligand and In3 at (b) +25 °C, (c) -20 °C,

(d) -40 °C, (e) -60 °C and (f) -70 °C in d8-toluene. Asterisk denotes solvent signals.

Figure 2-7: "H NMR spectra of (a) the free aminoalcohol ligand and In5 at (b) +25 °C, (c) -20 °C,

(d) -40 °C, (e) -60 °C and (f) -75 °C in d8-toluene. Asterisk denotes solvent signals.

Figure 2-8: Colour coded 2D HSQC-TOCSY NMR of In5 in d8-toluene at room temperature. Asterisk

denotes solvent signals.

Figure 2-9: 2D COSY NMR of In5 in d8-toluene showing the diastereomeric protons e. Asterisk

indicates solvent signals.

Figure 2-10: 'H NMR spectra of (a) the free ligand, (b) In12 and (c) Ga12 at room temperature in

CeDe.

Figure 2-11: 3C NMR spectra of (a) the free ligand, (b) In12 and (c) Ga12 at room temperature in

CeDe.

Figure 2-12: Molecular structure of In8 drawn with 50 % probability ellipsoids. Disordered parts

100

are represented in pale colours; hydrogen atoms and a "pentane solvent molecule have been

omitted for clarity.
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Figure 2-13: Molecular structure of Gaé shown with 50 % probability ellipsoids. Hydrogen atoms
have been omitted for clarity.

Figure 2-14: Sulphur content of Ga,0s.,S, thin films determined from EDX assuming all detected
sulphur to be sulphidic.

Figure 2-15: SEM micrographs of thin films deposited using Ga5 (a-d) and Gaé (e-i) at various
temperatures

Figure 2-16: XPS spectra of thin films produced from Gaé at 600 °C before and after sputtering.

Figure 2-17: XPS spectra of the S2s region at various temperatures for thin films derived from
(a) Ga5 and (b) Gaé.

Figure 2-18: XPS spectra of (a) the S2s region for deposits produced from Ga7 and (b) Ga3p
region for deposits using various precursors at 600 °C.

Figure 2-19: Optical micrographs of interdigitated platinum electrodes covered with a Ga,0; thin
film with (a+b) 15 ym and (c) 10 ym spacing.

Figure 2-20: Impedance spectra (Nyquist plots) of (a) Ga,0; and (b) Ga,0;,S, thin films on
interdigitated Pt electrodes with 15 pm electrode width and spacing.

Figure 2-21: Arrhenius diagram of conductivities of Ga,0; and Ga,0s.,S, (x = 0.37) thin films.

Figure 2-22: Sulphide content of M,05,S, particles as determined via EDX assuming all measured
sulphur to be sulphidic.

Figure 2-23: Powder XRD of (a) In,0; and (b) Ga,0; treated with H,S for 1 h at 500 °C and the
respective references. (c) Photograph of In,0; and Ga,0; powders before and after H,S
treatment.

Figure 2-24: XRD patterns of powders obtained via hot-injection thermolysis of various indium
based precursors and B-1n,S; (ICDD 06-0416) and a-In,05 (ICDD 084-1385) references.

Figure 2-25: XPS spectra of (a) In3d and (b) S2p region of particles derived from In3 and In5.

Figure 2-26: TGA (black) and DSC curves (red) of Ga5, Ga7 and In3.

Figure 2-27: MS patterns during thermolysis of (a) Ga3 and (b) Ga5 showing the formation of H,S
in case of aminoalcoholate precursors. Asterisks denote signals of the carrier gas.

Figure 2-28: Sulphur contents of thin films deposited via AACVD of various asymmetric indium
aminoalcoholates determined via EDX analysis assuming all sulphur to be sulphidic.

Figure 2-29: XRD patterns of thin film deposits derived from Iné at various temperatures.

Figure 2-30: SEM micrographs of AACVD thin films employing (a) /Iné and (b) In9 at various
temperatures.

Figure 2-31: XPS spectra of (a) In3d and (b) S2p region of AACVD coatings using In5 (390 °C) and
In6 (410 °C).

Figure 2-32: XRD patterns of 1D structures synthesised via AACVD of In5, In9 and In10.

Figure 2-33: SEM micrographs of 1D nanostructures grown from (a) In5, (b) In9 and (c,d) In10.

Figure 2-34: TEM micrographs of 1D nanostructures grown from In5.

Figure 2-35: XPS spectra of (a) the In3d and (b) S2p region for nanowires deposited via AACVD

from In5.
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Figure 2-36: Crystal structure of FeGa viewed along the a-axis. Hydrogen atoms omitted for
clarity.

Figure 2-37: Molecular structure of CuGa displayed with 50 % probability ellipsoids. Hydrogen
atoms have been omitted for clarity.

Figure 2-38: Spirocyclic coordination sphere of FeGa shown with 50 % probability ellipsoids.

Figure 2-39: Powder XRD patterns of annealed particles derived from sol-gel processing of FeGa.

Figure 2-40: (a) XRD patterns and (b-d) SEM micrographs of FeGa,0,4 thin films deposited via
LPCVD of FeGa on Si(911) at 500-700 °C.

Figure 2-41: XPS spectra of the (a) Ga2p and (b) Fe2p region from LPCVD deposits using FeGa.

Figure 2-42: Powder XRD patterns of annealed particles derived from sol-gel processing using
CuGa.

Figure 3-1: Schematic representation of the deposition chamber of the LPCVD apparatus.

Figure 3-2: Schematic representation of the AACVD apparatus. Not drawn to scale.

Scheme 1-1: Transmetallation reaction.

Scheme 1-2: Alcohol exchange reactions.

Scheme 1-3: Alcoholysis of metal amides.

Scheme 1-4: Lewis acid-base adduct formation for the synthesis of heterometallic alkoxides.

Scheme 1-5: Transmetallation reaction for the synthesis of heterometallic alkoxides.

Table 2-1: Crystal and structure refinement details of Al1, Gaft, In1, Al2 and GaZ2.

Table 2-2: Selected bond lengths and angles for Al1, Al2, Ga1, Ga2 and In1.

Table 2-3: Crystallographic and refinement data of Gaé and In8.

Table 2-4: Selected bond lengths and angles for In8 and Gaé.

Table 2-5: Sulphide contents (in at%) for LPCVD thin films at different substrate temperatures as
found in EDX and XPS (in brackets) where applicable.

Table 2-6: Crystallographic and refinement data of FeGa and CuGa.

Table 2-7: Selected bond lengths and angles for FeGa and CuGa.

Table 3-1: Precursor temperatures used in LPCVD experiments.
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4.4 CRYSTALLOGRAPHIC DATA

4.4.1 Al11
Bond Distance /A Bond Distance /A Bond Distance /A Bond Distance /A
Al1-02 1.7680(8) N1-C4 1.4782(13) N3-C12 1.4833(13) N6-C20 1.4615(16)
Al1-03 1.7369(8) N1-C5 1.4778(13) N4-C10 1.4625(13) N6-C21 1.4527(16)
Al1-N1 2.0991(9) N2-C3 1.4615(13) N4-C13 1.4567(15) C1-C2 1.5273(14)
AlUI-N3 2.1192(9) N2-C6 1.4554(16) N4-C14 1.4563(15) C1-C3 1.5230(15)
01-C1 1.4051(12) N2-C7 1.4489(17) N5-C16 1.4610(14) C8-C9 1.5333(14)
02-C8 1.4070(11) N3-C9 1.4789(13) N5-C18 1.4686(15) C8-C10 1.5262(14)
03-C15 1.3995(12) N3-C11 1.4751(13) N5-C19 1.4619(14) C15-C16 1.5211(14)
N1-C2 1.4859(12) Al1-01 1.7648(8) N6-C17 1.4648(14) C15-C17 1.5339(15)
Angle /° Angle /° Angle /° Angle /°
Al1-01-C1 119.45(6) 01-C1-C2 109.61(8) N2-C3-C1 114.07(9) C9-N3-C12 109.90(8)
Al1-02-C8 119.39(6) 01-C1-C3 108.63(8) N3-C9-C8 107.54(8) C10-N4-C13 111.88(9)
Al1-03-C15 141.21(7) 02-Al1-N1 91.84(3) N4-C10-C8 113.67(8) C10-N4-C14 109.75(9)
Al1-N1-C2 100.83(6) 02-Al1-N3 84.11(3) N5-C16-C15 114.84(9) C11-N3-C12 108.26(8)
Al1-N1-C4 117.13(6) 02-Al1-03 117.83(4) N6-C17-C15 113.39(9) C13-N4-C14 109.23(9)
Al1-N1-C5 110.39(6) 02-C8-C10 109.37(8) C2-N1-C4 109.43(8) C16-C15-C17 109.91(8)
Al1-N3-C11 115.00(6) 02-C8-C9 109.16(8) C2-N1-C5 110.47(8) C16-N5-C18 111.80(9)
Al1-N3-C12 111.28(6) 03-Al1-N1 94.77(4) C3-N2-Cé6 109.79(10) C16-N5-C19 110.76(9)
Al1-N3-C9 100.56(6) 03-Al1-N3 99.66(4) C3-N2-C7 111.47(10) C17-N6-C20 110.86(9)
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. 01-Al1-N1 83.87(3) 03-C15-C16 111.56(8) C4-N1-C5 108.36(8) C17-N6-C21 111.90(9)

~ 01-Al1-N3 87.59(3) 03-C15-C17 110.08(8) C6-N2-C7 110.06(11) C18-N5-C19 108.57(9)
01-Al1-02 128.55(4) N1-Al1-N3 165.26(4) C9-C8-C10 111.17(8) C20-C1-C3 110.87(8)
01-Al1-03 113.62(4) N1-C2-C1 107.99(8) C9-N3-C11 111.67(8) C20-N6-C21 109.02(10)

4.4.2 Gal
Bond Distance /A Bond Distance /A Bond Distance /A Bond Distance /A
Ga1-01 1.8485(10) N1-C2 1.4822(17) N3-C12 1.4763(18) N6-C20 1.455(2)
Ga1-02 1.8489(10) N1-C4 1.4779(18) N4-C10 1.4619(18) N6-C21 1.459(2)
Ga1-03 1.8339(10) N1-C5 1.4767(18) N4-C13 1.460(2) C1-C2 1.5379(19)
Ga1-N1 2.1517(11) N2-C3 1.443(2) N4-C14 1.457(2) c1-C3 1.541(2)
Ga1-N3 2.1803(12) N2-Cé6 1.453(2) N5-C17 1.4650(18) C8-C9 1.5330(19)
01-C1 1.3988(17) N2-C7 1.459(3) N5-C18 1.465(2) C8-C10 1.5250(19)
02-C8 1.4106(16) N3-C9 1.4785(17) N5-C19 1.4619(19) C15-C16 1.5346(19)
03-C15 1.4122(16) N3-C11 1.4836(17) N6-C16 1.4695(17) C15-C17 1.5261(19)

Angle /° Angle /° Angle /° Angle /°

Ga1-01-C1 117.18(8) 01-C1-C2 111.40(11) N2-C3-C1 114.04(13) C9-N3-C11 110.33(11)
Ga1-02-C8 117.57(8) 01-C1-C3 106.94(12) N3-C9-C8 108.65(11) C9-N3-C12 112.08(11)
Ga1-03-C15 130.31(9) 02-C8-C9 110.46(11) N4-C10-C8 114.31(12) C10-N4-C13 111.93(12)
Ga1-N1-C2 99.80(8) 02-C8-C10 108.24(11) N5-C17-C15 114.84(11) C10-N4-C14 109.61(13)
Ga1-N1-C3 116.50(9) 02-Ga1-03 119.47(5) N6-C16-C15 114.15(11) C11-N3-C12 108.35(11)
Ga1-N1-C5 110.14(9) 02-Ga1-N1 92.07(4) C2-C1-C3 109.94(12) C13-N4-C14 109.22(14)
Ga1-N3-C11 110.86(8) 02-Ga1-N3 83.67(4) C2-N1-C4 109.48(11) C16-C15-C17 109.88(11)
Ga1-N3-C12 114.50(9) 03-Ga1-N1 94.17(4) C2-N1-C5 111.03(11) C16-N6-C20 111.66(12)



Ga1-N3-C9 100.59(8) 03-Ga1-N3 101.13(4) C3-N2-C6 111.07(15) C16-N6-C21 110.79(12)
01-Ga1-02 128.79(5) 03-C15-C16 109.54(11) C3-N2-C7 111.45(14) C17-N5-C18 112.15(12)
01-Ga1-03 111.74(5) 03-C15-C17 110.30(11) C4-N1-C5 109.54(12) C17-N5-C19 110.07(12)
01-Ga1-N1 83.22(4) N1-Ga1-N3 164.26(4) C6-N2-C7 108.90(17) C18-N5-C19 108.53(12)
01-Ga1-N3 87.66(4) N1-C2-C1 109.48(11) C9-C8-C10 110.85(11) C20-N6-C21 109.81(13)
4.4.3 In1

Bond Distance /A Bond Distance /A Bond Distance /A Bond Distance /A
In1-01 2.055(6) N1-C2 1.486(11) N4-C10 1.468(11) C1-C2 1.529(13)
In1-02 2.096(6) N1-C4 1.462(11) N4-C13 1.455(12) C1-C3 1.532(13)
In1-03 2.071(5) N1-C5 1.474(11) N4-C14 1.470(12) C8-C9 1.528(10)
In1-N1 2.567(7) N2-C3 1.464(13) N5-C16 1.475(11) C8-C10 1.535(10)
In1-N3 2.343(6) N2-C6 1.453(15) N5-C18 1.460(10) C15-C17 1.535(11)
In1-N5 2.432(7) N2-C7 1.459(17) N5-C19 1.470(12) C15-C16 1.554(11)
01-C1 1.401(11) N3-C11 1.491(10) N6-C17 1.463(11)

02-C8 1.390(9) N3-C12 1.484(10) N6-C20 1.470(11)
03-C15 1.394(9) N3-C9 1.477(10) N6-C21 1.461(11)

Angle /° Angle /° Angle /° Angle /°
In1-01-C1 121.7(5) 01-In1-02 95.7(2) N1-In1-N3 94.0(2) C6-N2-C7 108.3(10)
In1-02-C8 118.1(4) 01-In1-03 153.8(2) N1-In1-N5 108.7(2) C9-C8-C10 107.0(6)
In1-03-C15 118.7(4) 01-C1-C2 112.3(7) N1-C2-C1 112.0(7) C9-N3-C11 107.7(6)
In1-N1-C2 95.9(5) 01-C1-C3 108.1(8) N2-C3-C1 113.5(9) C9-N3-C12 111.1(6)
In1-N1-C4 112.1(5) 02-In1-03 105.2(2) N3-In1-N5 152.0(2) C10-N4-C11 110.1(8)
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- In1-N1-C5 119.4(5) 02-In1-N1 164.1(2) N3-C9-C8 111.9(6) C10-N4-C14 113.2(7)
. In1-N3-C11 115.3(5) 02-In1-N3 77.6(2) N4-C10-C8 114.4(7) C11-N3-C12 110.5(6)
In1-N3-C12 111.4(5) 02-In1-N5 83.6(2) N5-C16-C15 110.5(6) C13-N4-C14 109.6(8)
In1-N3-C9 100.4(4) 02-C8-C9 110.2(6) N6-C17-C15 114.4(6) C16-C15-C17 106.7(6)
In1-N5-C16 97.6(5) 02-C8-C10 113.6(6) C2-C1-C3 110.6(7) C16-N5-C18 111.1(6)
In1-N5-C18 118.2(5) 03-In1-N1 87.9(2) C2-N1-C4 110.0(7) C16-N5-C19 110.8(6)
In1-N5-C19 109.7(5) 03-In1-N3 88.4(2) C2-N1-C5 109.0(6) C17-N6-C20 110.0(7)
01-In1-N1 74.7(2) 03-In1-N5 76.6(2) C3-N2-C6 111.0(8) C17-N6-C21 113.1(6)
01-In1-N3 111.8(2) 03-C15-C16 111.9(6) C3-N2-C7 110.6(11) C18-N5-C19 108.9(7)
01-In1-N5 90.5(3) 03-C15-C17 113.2(6) C4-N1-C5 109.4(8) C20-N6-C21 108.9(7)
L.4.4 Al2
Bond Distance /A Bond Distance /A Bond Distance /A Bond Distance /A
Al1-01 1.7625(13) N3-C15 1.498(2) N6-C30A 1.485(6) C21A-C22A 1.459(7)
Al1-02 1.7632(12) N3-C17 1.485(2) N6-C30B 1.350(9) C21B-C22B 1.457(8)
Al1-03 1.7234(13) N4-C14 1.463(2) N6-C32A 1.397(8) C23A-C24A 1.365(6)
Al1-N1 2.1614(15) N4-C19A 1.421(5) N6-C32B 1.565(9) C23A-C24C 1.565(5)
AU-N3 2.1573(15) N4-C198B 1.460(6) c1-C2 1.534(3) C23A-C25A 1.460(9)
01-C1 1.399(2) N4-C21A 1.399(4) C1-C3 1.518(3) C23B-C24B 1.517(5)
02-C12 1.4030(19) N4-C21B 1.748(8) C4-C5 1.524(3) C23B-C25B 1.547(9)
03-C23A 1.387(4) N5A-C24A 1.502(7) C6-C7 1.516(3) C26A-C27A 1.445(14)
03-C238 1.419(4) N5A-C24C 1.435(7) C8-C9 1.478(7) C26B-C278B 1.549(13)
N1-C2 1.482(2) N5A-C26A 1.421(11) C10-C11 1.524(4) C28A-C29A 1.385(11)
N1-C4 1.494(2) N5A-C28A 1.503(8) C12-C13 1.527(2) C28B-C298 1.517(7)




Gl

N1-C6 1.487(2) N5B-C24B 1.433(7) C12-C14 1.523(2) C30A-C31A 1.537(9)
N2-C3 1.471(3) N5B-C26B 1.421(10) C15-C16 1.526(3) C30B-C31B 1.432(14)
N2-C8 1.437(4) N5B-C28B 1.460(6) C17-C18 1.521(2) C32A-C33A 1.375(10)
N2-C10 1.459(4) N6-C25A 1.497(6) C19A-C20A 1.347(9) C32B-C33B 1.073(12)
N3-C13 1.485(2) N6-C25B 1.410(5) C19B-C20B 1.495(10)

Angle /° Angle /° Angle /° Angle /°
Al1-01-C1 120.25(11) 03-C23A-C25A 111.9(4) N6-C25A-C23A 113.6(6) C19B-N4-C21B 104.7(3)
Al1-02-C12 119.95(10) 03-C23B-C24B 108.5(3) N6-C25B-C23B 115.8(5) C23B-C25B-C32B 162.3(6)
Al1-03-C23A 150.7(2) 03-C23B-C25B 109.0(4) N6-C25B-C32B 52.7(4) C24A-C23A-C25A 117.4(4)
Al1-03-C23B 146.97(19) N1-Al1-N3 165.82(6) N6-C30A-C31A 112.2(5) C24A-N5A-C26A 134.0(6)
Al1-N1-C2 99.42(10) N1-C2-C1 108.46(14) N6-C30B-C31B 109.9(8) C24A-N5A-C28A 115.2(5)
Al1-N1-C4 109.28(10) N1-C4-C5 116.17(16) N6-C32A-C33A 136.4(9) C24B-C23B-C25B 112.7(5)
Al1-N1-C6 115.54(11) N1-C6-C7 114.20(14) N6-C32B-C25B 45.8(3) C24B-N5B-C26B 105.6(6)
Al1-N3-C13 98.29(9) N2-C10-C11 111.9(3) N6-C32B-C33B 117.8(11) C24B-N5B-C28B 114.9(5)
Al1-N3-C15 109.09(10) N2-C3-C1 112.36(17) C2-N1-C4 111.15(14) C24C-C23A-C25A 109.2(4)
Al1-N3-C17 117.05(11) N2-C8-C9 112.0(3) C2-N1-C6 109.39(13) C24C-N5A-C26A 122.6(7)
01-Al1-02 126.62(7) N3-C13-C12 107.64(13) C2-C1-C3 110.91(18) C24C-N5A-C28A 109.9(5)
01-Al1-03 119.58(7) N3-C15-C16 116.01(15) C3-N2-C8 112.0(2) C25A-N6-C30A 86.6(5)
O1-Al1-N1 84.14(6) N3-C17-C18 113.70(14) C3-N2-C10 111.0(2) C25A-N6-C30A 113.2(7)
O1-Al1-N3 90.62(6) N4-C14-C12 111.99(14) C4-N1-C6 111.48(14) C25A-N6-C32A 143.5(7)
01-C1-C2 108.94(14) N4-C19A-C20A 114.3(5) C8-N2-C10 110.0(3) C25A-N6-C32B 105.9(5)
01-C1-C3 109.75(15) N4-C19B-C20B 114.2(6) C13-C12-C14 111.34(14) C25B-C32B-C33B 158.3(14)
02-Al1-03 113.80(6) N4-C21A-C22A 116.6(4) C13-N3-C15 111.09(13) C25B-N6-C30A 114.2(4)
02-Al1-N1 89.04(6) N4-C21B-C22B 109.3(5) C13-N3-C17 108.49(12) C25B-N6-C30B 138.3(6)
02-Al1-N3 83.52(6) N5A-C24A-C23A 124.1(5) C14-N4-C19A 114.6(2) C25B-N6-C32B 81.5(5)




- 02-C12-C13 108.53(12) | N5A-C24C-C23A 115.2(4) C14-N4-C19B 121.8(3) C26A-N5A-C28A 110.8(6)
< 02-C12-C14 110.57(13) N5A-C26A-C27A 123.6(10) C14-N4-C21A 109.8(2) C26B-N5B-C28B 114.8(6)
03-Al1-N1 96.99(6) N5A-C28A-C29A 113.5(6) C14-N4-C21B 116.3(2) C30A-N6-C32A 113.1(5)
03-Al1-N3 97.05(6) N5B-C24B-C23B 117.5(4) C15-N3-C17 112.01(14) C30B-N6-C32B 107.9(7)
03-C23A-C24A 128.1(4) N5B-C26B-C278B 111.5(6) C19A-N4-C21A 116.3(3)
03-C23A-C24C 111.4(4) N5B-C28B-C298 118.2(4) C19A-N4-C21B 129.1(3)
4.4.5 Ga2
Bond Distance /A Bond Distance /A Bond Distance /A Bond Distance /A
Gal-01 1.8440(9) N3-C13 1.4860(14) N6-C30B 1.479(3) C23A-C24A 1.517(5)
Ga1-02 1.8468(9) N3-C15 1.4852(15) N6-C32A 1.464(5) C23A-C25A 1.518(4)
Ga1-03 1.8210(9) N3-C17 1.4933(15) N6-C32B 1.5308(16) C23B-C24B 1.540(3)
Ga1-N1 2.2170(10) N4-C14 1.4614(15) C1-C2 1.5286(17) C23B-C25B 1.529(5)
Ga1-N3 2.2150(9) N4-C19 1.4606(17) C1-C3 1.5135(18) C26A-C27A 1.463(6)
01-C1 1.4083(13) N4-C21 1.4733(17) C4-C5 1.5269(18) C26B-C27B 1.519(5)
02-C12 1.4026(13) N5A-C24A 1.453(4) Cé6-C7 1.504(3) C28A-C29A 1.476(4)
03-C23A 1.438(3) N5A-C26A 1.398(5) C8-C9 1.526(2) C28B-C29B 1.472(14)
03-C23B 1.376(2) N5A-C28A 1.470(4) C10-C11 1.5282(16) C30A-C31A 1.491(17)
N1-C2 1.4830(15) N5B-C24B 1.489(3) C12-C13 1.5294(16) C30B-C31B 1.502(7)
N1-C4 1.4889(16) N5B-C26B 1.414(4) C12-C14 1.5199(17) C32A-C33A 1.514(11)
N1-Cé 1.4943(16) N5B-C28B 1.474(4) C15-C16 1.5230(17) C32B-C33B 1.426(3)
N2-C3 1.4687(16) N6-C25A 1.429(4) C17-C18 1.516(2)
N2-C8 1.475(2) N6-C25B 1.473(2) €19-C20 1.509(2)
N2-C10 1.460(2) N6-C30A 1.526(4) €21-C22 1.518(6)




L7l

Angle /° Angle /° Angle /° Angle /°
Ga1-01-C1 117.96(7) 02-Ga1-N1 88.01(4) N4-C19-C20 111.76(13) C4-N1-Cé6 112.25(10)
Ga1-02-C12 118.03(7) 02-Ga1-N3 82.41(4) N4-C21-C22 112.39(12) C8-N2-C10 112.55(13)
Ga1-03-C23A 132.74(11) 03-Ga1-N1 99.53(4) N5A-C24A-C23A 115.1(4) C13-C12-C14 110.89(9)
Ga1-03-C23B 141.57(15) 03-Ga1-N3 96.49(4) N5B-C24B-C23B 111.9(2) C13-N3-C15 108.87(9)
Ga1-N1-C2 99.50(7) 03-C23A-C24A 111.6(3) N5A-C26A-C27A 113.2(4) C13-N3-C17 111.88(9)
Ga1-N1-C4 115.69(8) 03-C23B-C24B 109.8(2) N5B-C26B-C27B 117.2(4) C14-N4-C19 112.69(11)
Ga1-N1-Cé6 107.45(7) 03-C23A-C25A 113.2(3) N5A-C28A-C29A 112.6(4) C14-N4-C21 110.69(10)
Ga1-N3-C13 97.05(6) 03-C23B-C25B 111.14(16) N5B-C28B-C298B 112.2(3) C15-N3-C17 112.51(9)
Ga1-N3-C15 116.32(7) N1-Ga1-N3 163.42(4) N6-C25A-C23A 113.6(3) C19-N4-C21 111.20(11)
Ga1-N3-C17 109.26(7) N1-C2-C1 109.72(9) N6-C25B-C23B 115.69(17) C24A-C23A-C25A 110.5(3)
01-Ga1-N1 83.85(4) N1-C4-C5 114.70(11) N6-C30A-C31A 120.9(14) C24B-C23B-C25B 112.91(19)
01-Ga1-N3 91.97(4) N1-C6-C7 116.36(11) N6-C30B-C31B 104.5(17) C24A-N5A-C26A 116.6(3)
01-Ga1-02 130.04(4) N2-C3-C1 112.24(10) N6-C32A-C33A 112.7(4) C24B-N5B-C26B 115.3(3)
01-Ga1-03 119.57(4) N2-C8-C9 112.65(14) N6-C32B-C33B 111.0(7) C24A-N5A-C28A 111.6(4)

01-C1-C2 110.48(9) N2-C10-C11 112.45(14) C2-C1-C3 109.63(10) C24B-N5B-C28B 108.9(2)
01-C1-C3 109.38(10) N3-C13-C12 108.72(9) C2-N1-C4 109.31(9) C26A-N5A-C28A 113.7(3)
02-Ga1-03 110.38(4) N3-C15-C16 113.64(10) C2-N1-C6 112.02(10) C26B-N5B-C28B 113.5(3)
02-C12-C13 110.06(9) N3-C17-C18 115.57(10) C3-N2-C10 110.96(11)
02-C12-C14 110.36(9) N4-C14-C12 110.70(9) C3-N2-C8 111.22(12)




4.4.6 Gab

Bond Distance /A Bond Distance /A Bond Distance /A Bond Distance /A
Ga1-01 1.866(2) N2-C13 1.509(4) S3-C30 1.863(4) C16-C17 1.541(4)
Ga1-02 1.863(2) N2-C14 1.512(4) c1-C2 1.551(4) C19-C20 1.536(5)
Ga1-03 1.842(2) N2-C16 1.506(4) C1-C7 1.549(4) C19-C21 1.532(5)
Gat-N1 2.234(2) N3-C24 1.483(4) C3-C4 1.549(4) C19-C22 1.547(4)
Ga1-N2 2.219(3) N3-C25 1.498(4) C5-C6 1.539(4) €23-C24 1.537(5)
01-C1 1.429(3) N3-C27 1.482(4) c8-C9 1.548(4) C23-C29 1.552(5)
02-C12 1.423(4) $1-C7 1.836(3) C8-C10 1.543(5) C25-C26 1.537(6)
03-C23 1.416(4) S$1-C8 1.850(3) Cc8-C11 1.537(5) C27-C28 1.541(6)
N1-C2 1.499(4) $2-C18 1.833(3) C12-C13 1.540(4) C30-C31 1.532(5)
N1-C3 1.506(4) S2-C19 1.862(3) C12-C18 1.540(4) C30-C32 1.542(5)
N1-C5 1.496(4) $3-C29 1.836(3) C14-C15 1.521(5) C30-C33 1.531(5)

Angle /° Angle /° Angle /° Angle /°

Ga1-01-C1 116.75(17) 02-C12-C13 110.2(2) $1-C8-C11 110.7(2) C13-N2-C14 109.3(2)
Ga1-02-C12 118.28(18) 02-C12-C18 109.1(2) $1-C8-C9 102.8(2) C13-N2-C16 111.4(2)
Ga1-03-C23 129.4(2) 03-Ga1-N1 93.58(10) $2-C18-C12 110.8(2) C13-C12-C18 111.2(3)
Ga1-N1-C2 97.00(17) 03-Ga1-N2 103.06(10) $2-C19-C20 110.1(2) C14-N2-C16 111.7(2)
Ga1-N1-C3 109.79(18) 03-C23-C24 110.0(3) $2-C19-C21 110.5(2) C18-52-C19 103.43(15)
Ga1-N1-C5 115.61(18) 03-C23-C29 110.6(3) $2-C19-C22 104.3(2) C20-C19-C21 111.7(3)
Ga1-N2-C13 99.92(17) N1-Ga1-N2 163.32(9) $3-C29-C23 108.3(2) C20-C19-C22 109.4(3)
Ga1-N2-C14 118.56(19) N1-C2-C1 110.1(2) $3-C30-C31 110.5(2) C21-C19-C22 110.5(3)
Ga1-N2-C16 105.38(17) N1-C3-C4 115.7(3) $3-C30-C32 104.3(3) C24-N3-C25 110.8(3)
01-Ga1-02 131.75(10) N1-C5-Cé 114.2(3) $3-C30-C33 110.2(3) C24-N3-C27 110.5(3)



01-Ga1-03 107.91(10) N2-C13-C12 109.1(2) C2-N1-C3 111.3(2) C24-C23-C29 112.5(3)
01-Ga1-N1 82.97(9) N2-C14-C15 114.2(3) C2-N1-C5 108.8(2) C25-N3-C27 109.7(3)
01-Ga1-N2 90.67(9) N2-C16-C17 116.6(2) C2-C1-C27 109.8(2) €29-53-C30 103.92(16

01-C1-C2 111.2(2) N3-C24-C23 114.6(3) C3-N1-C5 113.3(2) C31-C30-C32 110.4(3)
01-C1-C7 109.1(2) N3-C25-C26 113.4(3) C7-51-C8 104.71(14) €32-C30-C33 110.5(3)
02-Ga1-03 120.09(10) N3-C27-C28 112.6(3) C9-C8-C10 110.2(3) €33-C30-C31 110.8(3)
02-Ga1-N1 89.19(9) $1-C7-C1 108.7(2) C9-C8-C11 110.7(3)
02-Ga1-N2 83.56(9) $1-C8-C10 111.2(2) C10-C8-C11 111.0(3)

4.4.7 In8
Bond Distance /A Bond Distance /A Bond Distance /A Bond Distance /A
In1-01 2.0504(14) S4-C22 1.820(2) C10A-C13A 1.527(9) C31A-C33A 1.526(7)
In1-02 2.0599(13) S4-C23 1.861(3) C10B-C11B 1.541(11) C31A-C34A 1.521(7)
In1-03 2.0467(15) S5A-C30 1.819(3) C10B-C12B 1.488(13) C31B-C32B 1.505(14)
In1-S2 2.7210(6) S5A-C31A 1.813(7) C10B-C13B 1.507(13) C31B-C33B 1.524(14)
In1-S4 2.7821(6) S5B-C30 1.923(7) C14-C15 1.545(3) C31B-C34B 1.521(14)
In1-S6 2.8123(5) S5B-C31B 1.84(2) C14-C17 1.542(3) C36-C37 1.505(4)
01-C1 1.415(3) $6-C35 1.809(2) C14-C22 1.538(3) C36-C38 1.518(3)

02-C14 1.395(2) S6-C36 1.852(2) C15-C16 1.513(4) C36-C39 1.521(4)
03-C27 1.398(3) C1-C2 1.517(3) C18-C19 1.507(5) C40A-C41A 1.497(5)
S1A-C4A 1.837(3) C1-C4A 1.539(4) C18-C20 1.533(4) C40B-C41B 1.497(5)
S1A-C4B 1.889(5) C1-C4B 1.539(4) C18-C21 1.508(5) C41A-C42A 1.503(5)
S1A-C5 1.795(3) C1-C9A 1.545(3) C23-C24 1.519(4) C41B-C42B 1.497(5)
$1B-C5 1.964(5) C1-C9B 1.717(7) €23-C25 1.517(4) C42A-C43A 1.502(5)

6Cl




ocl

S2-C10A 1.785(7) C2-C3 1.484(4) C23-C26 1.521(4) C42B-C43B 1.498(5)
S2-C108B 1.976(15) C5-Cé6 1.528(6) C27-C28 1.541(3) C43A-C44A 1.494(5)
S2-C9A 1.872(3) C5-C7 1.525(4) C27-C30 1.535(4) C43B-C44B 1.495(5)
S2-C9B 1.595(7) C5-C8 1.499(4) C27-C35 1.541(3)
S3-C17 1.818(2) C10A-C11A 1.525(9) C28-C29 1.527(4)
S3-C18 1.819(3) C10A-C12A 1.493(7) C31A-C32A 1.525(8)

Angle /° Angle /° Angle /° Angle /°
In1-01-C1 120.51(11) 03-C27-C30 107.50(19) S5A-C31A-C34A 111.7(4) C19-C18-C21 109.7(4)
In1-02-C14 122.79(12) 03-C27-C35 112.21(19) S5B-C31B-C32B 108.9(14) C20-C18-C21 109.3(3)
In1-03-C27 129.26(12) S1A-C5-Cé6 105.5(3) S5B-C31B-C33B 104.1(15) C23-54-C22 104.11(12)
In1-S2-C9A 83.57(10) S1A-C5-C7 103.8(2) S5B-C31B-C34B 112.5(14) C24-C23-C25 110.3(3)
In1-S2-C9B 101.2(2) S1A-C5-C8 117.6(3) S6-C35-C27 109.29(15) C24-C23-C26 111.1(3)
In1-S2-C10A 117.4(2) S1B-C5-C6 123.3(3) S6-C36-C38 103.73(18) C25-C23-C26 111.0(3)
In1-S2-C10B 111.9(4) S1B-C5-C7 104.9(2) S6-C36-C39 107.9(2) C27-C28-C29 113.8(2)
In1-S4-C22 90.39(7) S1B-C5-C8 97.8(3) C1-C2-C3 114.9(2) C28-C27-C30 111.7(2)
In1-S4-C23 117.98(9) S2-In1-S4 170.790(19) C1-C4A-S1A 115.6(2) C28-C27-C35 106.82(19)
In1-S6-C35 89.92(8) S2-In1-S6 100.250(19) C2-C1-C4A 110.7(2) C30-S5A-C31A 106.2(2)
In1-S6-C36 119.43(9) S2-C9A-C1 108.2(2) C2-C1-C9A 117.5(2) C30-S5B-C31B 95.3(6)
01-In1-02 103.25(6) S2-C9B-C1 113.7(4) C2-C1-C9B 85.6(3) C30-C27-C35 110.6(2)
01-In1-03 156.61(6) S2-C10A-C11A 112.9(5) C4A-S1A-C5 105.80(13) C32A-C31A-C33A 110.5(5)
01-In1-S2 73.30(4) S2-C10A-C12A 111.8(5) C4A-C1-C9A 98.6(2) C32A-C31A-C34A 109.8(6)
01-In1-S4 101.17(4) S2-C10A-C13A 101.1(5) C6-C5-C7 111.3(3) C32B-C31B-C33B 110.6(16)
01-In1-S6 87.40(4) $2-C10B-C11B 106.9(9) C6-C5-C8 108.3(3) C32B-C31B-C34B 110.5(17)
01-C1-C2 108.08(18) S2-C10B-C12B 111.0(10) C7-C5-C8 110.2(3) C33A-C31A-C34A 108.5(5)
01-C1-C4A 108.09(19) S2-C10B-C13B 104.1(8) C9A-S2-C10A 103.7(3) C33B-C31B-C34B 110.1(16)




01-C1-C9A 113.17(19) $3-C17-C14 112.21(14) C9B-52-C108B 112.2(5) €35-56-C36 104.85(11)
01-C1-C9B 107.0(3) $3-C18-C19 110.5(2) C11A-C10A-C12A 111.2(7) C37-C36-C38 110.6(3)
02-In1-03 97.80(6) $3-C18-C20 104.42) | C11A-C10A-C13A  109.3(7) C37-C36-C39 112.0(3)
02-In1-S2 95.61(4) S3-C18-C21 110.3(2) C11B-C10B-C12B 110.2(11) C38-C36-C39 110.2(2)
02-In1-54 78.29(4) $4-In1-56 86.662(17) | C12A-C10A-C13A  110.0(7) | C40A-C41A-C42A  110.6(8)
02-In1-S6 162.94(4) $4-C22-C14 111.67(13) | C12B-C10B-C13B  111.7(12) | C40B-C41B-C42B 123(2)
02-C14-C15 107.59(16 S4-C23-C24 103.9(2) C11B-C10B-C13B 112.6(10) C41B-C42B-C43B 136(3)
02-C14-C17 109.01(16 $4-C23-C25 108.9(2) C14-C15-C16 114.30(19) | C41A-C42A-C43A  110.7(7)
02-C14-C22 111.19(16 S4-C23-C26 111.28(19) C15-C14-C17 111.08(16) C42A-C43A-C44A 107.3(7)
03-In1-S2 94.78(5) S5A-C30-C27 118.2(2) C15-C14-C22 106.84(16) | C42B-C43B-C44B 116(3)
03-In1-54 92.90(5) S5B-C30-C27 96.5(4) C17-S3-C18 105.14(12) S5A-C31A-C32A 111.2(4)
03-In1-S6 74.75(4) S5A-C31A-C32A 111.2(4) C17-C14-C22 111.07(18)
03-C27-C28 108.0(2) S5A-C31A-C33A 104.9(5) C19-C18-C20 112.4(3)
4.4.8 FeGa
Bond Distance /A Bond Distance /A Bond Distance /A Bond Distance /A
Gal-01 1.797(6) 01-C1 1.422(10) C5-C7 1.527(12) C21-C22 1.491(15)
Ga1-02 1.820(5) 02-C5 1.441(9) C5-C8 1.527(12) €21-C23 1.507(11)
Ga1-03 1.886(5) 03-C9 1.468(9) C9-C10 1.528(11) C21-C24 1.502(14)
Ga1-04 1.906(5) 04-C13 1.453(10) C9-C11 1.499(11) C25-C26 1.524(13)
Gaz2-05 1.911(5) 05-C17 1.454(8) C9-C12 1.518(12) C25-C27 1.512(12)
Ga2-06 1.934(5) 06-C21 1.440(9) C13-C14A 1.530(15) C25-C28 1.538(12)
Ga2-07 1.785(6) 07-C25 1.428(10) C13-C14B 1.50(2) €29-C30 1.504(11)
Ga2-08 1.812(5) 08-C29 1.432(9) C13-C15 1.532(13) €29-C31 1.525(12)

LEL




[4%}

Fe1-03 2.005(5) C1-C2 1.520(12) C13-C16 1.485(14) C29-C32 1.544(12)
Fe1-04 2.017(6) C1-C3 1.517(14) C17-C18 1.515(11)
Fe1-05 1.999(5) C1-c4 1.548(13) C17-C19 1.511(10)
Fe1-06 1.995(5) C5-C6 1.508(12) C17-C20 1.519(11)

Angle /° Angle /° Angle /° Angle /°
Ga1-01-C1 132.5(5) 02-Ga1-03 110.7(2) 05-C17-C18 109.6(6) C10-C9-C12 111.3(7)
Ga1-02-C5 128.7(5) 02-Ga1-04 109.0(2) 05-C17-C19 106.9(6) C11-C9-C12 110.0(7)
Ga1-03-Fe1 99.4(2) 02-C5-Cé6 110.2(7) 05-C17-C20 109.2(6) C14A-C13-C15 103.4(14)
Ga1-03-C9 125.9(4) 02-C5-C7 110.4(7) 06-Ga2-07 116.7(2) C14B-C13-C15 129(2)
Ga1-04-Fe1 98.3(2) 02-C5-C8 105.4(7) 06-Ga2-08 109.1(2) C14A-C13-C16 117.1(16)
Ga1-04-C13 128.4(5) 03-Ga1-04 83.5(2) 06-C21-C22 108.4(9) C14B-C13-C16 91(2)
Ga2-05-Fe1 99.6(2) 03-Fe1-04 77.8(2) 06-C21-C23 110.4(7) C15-C13-C16 110.0(9)
Ga2-05-C17 125.2(4) 03-Fe1-05 125.2(2) 06-C21-C24 105.8(8) C18-C17-C19 109.3(7)
Ga2-06-Fe1 98.9(2) 03-Fe1-06 132.1(2) 07-Ga2-08 113.0(2) C18-C17-C20 110.7(8)
Ga2-06-C21 129.1(5) 03-C9-C10 106.1(6) 07-C25-C26 107.8(7) C19-C17-C20 111.0(7)
Ga2-07-C25 135.5(5) 03-C9-C11 108.7(6) 07-C25-C27 110.5(7) C22-C21-C23 109.1(9)
Ga2-08-C29 126.2(5) 03-C9-C12 110.2(6) 07-C25-C28 107.5(7) C22-C21-C24 115.0(14)
Fe1-03-C9 127.7(5) 04-Fe1-05 133.9(2) 08-C29-C30 111.6(7) C23-C21-C24 108.1(10)
Fe1-04-C13 133.0(5) 04-Fe1-06 117.3(2) 08-C29-C31 110.7(7) C26-C25-C27 111.4(8)
Fe1-05-C17 129.6(4) 04-C13-C14A 109.3(9) 08-C29-C32 104.8(6) C26-C25-C28 109.6(8)
Fe1-06-C21 131.9(5) 04-C13-C14B 107.9(18) C2-C1-C3 111.0(8) C27-C25-C28 110.0(8)
01-Ga1-02 111.3(3) 04-C13-C15 107.8(7) C2-C1-C4 110.2(8) C30-C29-C31 110.4(7)
01-Ga1-03 121.1(3) 04-C13-C16 108.8(7) C3-C1-C4 108.9(8) C30-C29-C32 108.8(7)
01-Ga1-04 118.2(2) 05-Ga2-06 82.4(2) C6-C5-C7 109.7(8) C31-C29-C32 110.4(7)
01-C1-C2 111.6(7) 05-Ga2-07 124.0(2) C6-C5-C8 109.5(7)




01-C1-C3 108.0(8) 05-Ga2-08 107.8(2) C7-C5-C8 111.5(8)
01-C1-C4 107.1(7) 05-Fe1-06 78.7(2) C10-C9-C11 110.4(7)
4.4.9 CuGa
Bond Distance /A Bond Distance /A Bond Distance /A Bond Distance /A
Ga1-01 1.8009(13) Cu1-06 1.9833(16) C1-C4 1.534(3) C17-C19 1.522(3)
Ga1-02 1.7941(14) 01-C1 1.429(2) C5-Cé 1.530(3) C17-C20 1.522(3)
Ga1-03 1.9179(15) 02-C5 1.429(2) C5-C7 1.534(3) C21-C22 1.522(3)
Ga1-04 1.8945(13) 03-C9 1.465(2) C5-C8 1.527(3) €21-C23 1.522(3)
Gaz2-05 1.9004(15) 04-C13 1.456(2) C9-C10 1.523(3) C21-C24 1.528(3)
Ga2-06 1.9159(13) 05-C17 1.458(2) C9-C11 1.525(3) C25-C26 1.533(3)
Gaz2-07 1.7923(14) 06-C21 1.462(2) C9-C12 1.528(2) C25-C27 1.531(3)
Ga2-08 1.7992(13) 07-C25 1.437(2) C13-C14 1.529(3) C25-C28 1.530(3)
Cu1-03 1.9780(14) 08-C29 1.430(2) C13-C15 1.529(3) €29-C30 1.533(3)
Cu1-04 1.9530(15) C1-C2 1.527(3) C13-C16 1.523(2) €29-C31 1.528(3)
Cu1-05 1.9437(13) C1-C3 1.529(3) C17-C18 1.523(3) €29-C32 1.527(3)
Angle /° Angle /° Angle /° Angle /°
Ga1-01-C1 130.97(11) 01-C1-C4 105.32(14) 05-Ga2-06 81.84(6) C7-C5-C8 108.78(16)
Ga1-02-C5 133.06(12) 02-Ga1-03 122.86(6) 05-Ga2-07 116.71(6) C10-C9-C11 110.23(17)
Ga1-03-Cu1 96.97(6) 02-Ga1-04 117.69(6) 05-Ga2-08 106.91(6) C10-C9-C12 109.68(16)
Ga1-03-C9 122.97(10) 02-C5-Cé 112.03(15) 05-Cu1-06 79.06(6) C11-C9-C12 110.75(15)

€€l




yel

Ga1-04-Cu1
Ga1-04-C13
Ga2-05-Cu1
Ga2-05-C17
Ga2-06-Cut
Ga2-06-C21
Gaz2-07-C25
Gaz2-08-C29
Cu1-03-C9
Cu1-04-C13
Cu1-05-C17
Cu1-06-C21
01-Ga1-02
01-Ga1-03
01-Ga1-04
01-C1-C2
01-C1-C3

98.61(6
129.68(11)

98.80(6
129.26(10)

96.91(6
123.82(
132.36(
130.91(
124.87(
131.69(
131.87(
123.88(
115.74(7)
106.57(6)
106.75(6)
110.67(14)
110.38(16)

)
1
)
0
)
0
2
1
0
0
0
0

10)
12)
11)
10)
10)
10)
10)
(

1
1

02-C5-C7

02-C5-C8
03-Ga1-04
03-Cu1-04
03-Cu1-05
03-Cu1-06
03-C9-C10
03-C9-C11
03-C9-C12
04-Cu1-05
04-Cu1-06
04-C13-C14
04-C13-C15
04-C13-C16
05-C17-C18
05-C17-C19
05-C17-C20

106.90(17)
108.35(15)
81.89(6)
78.93(6)
140.35(5)
116.41(5)
108.47(13)
108.04(14)
109.62(15)
114.24(5)
139.09(5)
108.50(15)
108.73(13)
108.06(14)
108.55(15)
107.80(14)
108.74(13)

06-Ga2-07
06-Ga2-08
06-C21-C22
06-C21-C23
06-C21-C24
07-Ga2-08
07-C25-C26
07-C25-C27
07-C25-C28
08-C29-C30
08-C29-C31
08-C29-C32
C2-C1-C3
C2-C1-C4
C3-C1-C4
C6-C5-C7
C6-C5-C8

123.11(6)
106.74(6)
110.10(14)
107.92(13)
108.06(15)
116.06(7)
106.70(16)
111.60(15)
108.47(15)
110.05(16)
105.43(14)
110.36(14)
110.54(16)
109.81(17)
110.00(15)
110.37(15)
110.29(18)

C14-C13-C15
C14-C13-C16
C15-C13-C16
C18-C17-C19
C18-C17-C20
C19-C17-C20
C22-C21-C23
C22-C21-C24
C23-C21-C24
C26-C25-C27
C26-C25-C28
C27-C25-C28
C30-C29-C31
C30-C29-C32
C31-C29-C32

109.83(16)
110.30(14)
111.35(16)
110.41(14)
110.08(16)
111.18(17)
109.69(16)
110.75(15)
110.25(16)
109.97(15)
109.36(16)
110.63(18)
110.45(15)
110.52(15)
109.92(17)
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4.5 CURRICULUM VITAE

Personal data

Name

Address

Date and Place of Birth
Citizenship

Email:

Education

Since 03/2013

11/2010 - 01/2013

09/2011 - 12/2012

09/2007 - 11/2010

09/2006 - 03/2007

09/1998 - 07/2006

Dipl.-Ing. Felix Biegger, BSc.
Frobelgasse 62/10, 1160 Wien
January, 8" 1988, Bregenz
Austrian

bieggerfelix@gmx.at

PhD studies (supervised by Privdoz. Sven Barth)

Institute of Materials Chemistry, Vienna University of Technology

Master studies Materials Chemistry, Vienna University of Technology
Master thesis: “Synthesis and Characterisation of Novel Donor-
functionalised Group 13 Alkoxides for CVD Applications” (supervised
by Prof. Ulrich Schubert and Privdoz. Sven Barth)

Exchange semester (TASSEP), University of Calgary, Canada
Research internship with Prof. Thomas Baumgartner on extended

phospholes for optoelectronic applications

Bachelorstudies Technical Chemistry, Vienna University of
Technology, Bachelor thesis: “Synthese und Charakterisierung von
sauer/basisch  modifizierten  Silicafilmen mit  hierarchisch

aufgebautem Porennetzwerk” (supervised by Prof. Ulrich Schubert)
Compulsory military service, HsV MilKdo V, Bregenz

Secondary school, BG BlumenstraBe, Bregenz
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Work experience

Since 03/2013

05/2012-06/2012

07/2009-08/2009
07/2010-08/2010

Competences

Languages

Technical competences

IT competences

Driving licenses

Further competences

Awards

2010 & 2011

Further information

Hobbies

Memberships

136

University assistant, Institute of Materials Chemistry, Vienna

University of Technology

Study assistant, Institute of Applied Synthetic Chemistry, Vienna

University of Technology

Bezema AG Montlingen, Switzerland. Quality assurance division of

textile dyes and additives.

German (mother tongue), English (fluent, spoken and written), French

(advanced), Spanish (basics)

Handling of moisture and oxygen sensitive compounds, Schlenk
techniques, CVD, powder XRD, single-crystal XRD, NMR, IR, Glovebox

techniques, nitrogen sorption (BET)

Windows and Mac O0OS, MS Office, chemistry related software
(ChemDraw, X’Pert Highscore, SciFinder, etc.), image processing
(GIMP)

Class Aand B

Basic electronics, pcb design (Eagle CAD)

Merit scholarship, Vienna University of Technology

E-guitar, audio-related electronics, archery

GOCH (Gesellschaft 6sterr. Chemiker)



Curriculum Vitae

Publications

“Molecular Engineering of the Physical Properties of Highly Luminescent mn-Conjugated
Phospholes”
Y. Ren, F. Biegger, T. Baumgartner, J. Phys. Chem. C, 2013, 117, 4748-4758.

“Microwave-assisted Ge,.,Sn, Nanowire Synthesis: Precursor Species and Growth Regimes”
M. S. Seifner, F. Biegger, A. Lugstein, J. Bernardi, S. Barth, Chem. Mater., 2015, 27, 6125-6130.

“Synthesis and Characterisation of Thioether functionalised Gallium and Indium Alkoxides”
S. Barth, F. Biegger, M. Puchberger, Dalton Trans., 2015, 44, 16439-16445.

“Direct Writing of CoFe Alloy Nanostructures by Focused Electron Beam Induced Deposition From
a Heteronuclear Precursor”

F. Porrati, M. Pohlit, J. Muller, S. Barth, F. Biegger, C. Gspan, H. Plank, M. Huth,
Nanotechnology, 2015, 26, 475701.

“Monomeric aminoalcoholates of Aluminium(lll), Gallium(lll) and Indium(ill)"
F. Biegger, S. Barth, Monatsh. Chem., 2016, 147, 341-348.

Posters and Talks

F. Biegger*, S. Barth: "Synthesis and Characterisation of Novel Donor-Functionalised Group 13
Alkoxides"
Poster: 15. Osterreichische Chemietage 2013, TU Graz, Austria; 23.09.2013 - 26.09.2013

F. Biegger®, S. Barth: "Donorstabilisierte Gallium- und Indiumalkoxide als Precursoren in der
Materialsynthese”

Oral Presentation: 8. Workshop Anorganische Chemie in Osterreich(WACO), University Salzburg,
Austria; 14.04.2014 - 15.04.2014

S. Barth*, F. Biegger: "Volatile Precursor Species for the Growth of Semiconductors"
Oral presentation: 5th Workshop on Focused Electron Beam Induced Processing, Frankfurt am
Main, Germany; 21.07.2014 - 24.07.2014

F. Biegger*, S. Barth: "New Molecular Gallium And Indium Alkoxide Precursors For Material
Synthesis"
Poster: 5™ EuCheMS Chemistry Congress, Istanbul, Turkey; 31.08.2014 - 04.09.2014
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S. Barth*, F. Biegger: "New Molecular Gallium and Indium Alkoxide Precursors for Material
Synthesis"

Poster: 17. Vortragstagung fiir Anorganische Chemie der Wohler-Vereinigung, Saarbriicken,
Germany; 26.09.2014 - 29.09.2014

S. Barth*, F. Biegger: “Semiconductor Synthesis using Molecular Sources"
Oral presentation: Chemiedozententagung 2015, University Regensburg, Germany; 02.03.2015 -
04.03.2015

S. Barth*, F. Biegger, F. Porrati, M. Huth: "Synthesis and characterization of heterometallic
carbonyls for focused electron beam induced deposition"

Poster: Annual Meeting of COST Action CM1301; Chemistry for Electron Induced Nanofabrication,
Bratislava, Slovakia; 06.05.2015 - 09.05.2015

F. Biegger*, S. Barth: "Thioether-functionalized alkoxides: a novel precursor system for gallium
and indium oxysulphides”

Oral Presentation: 16. Osterreichische Chemietage, University Innsbruck, Austria; 21.09.2015 -
24.09.2015

S. Barth*, F. Biegger: "A new class of molecular alkoxide precursors and their behaviour in gas-
phase processes”
Oral Presentation: EuroCVD 20, Sempach, Switzerland; 13.07.2015 - 17.07.2015



