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ABSTRACT  

The research presented in this thesis sought to identify and investigate novel molecular precursors 

that could be utilized in the atomic layer deposition (ALD) of M(II) containing thin films of the group 

14 metals. Investigations focused on the rational design of novel complexes by building upon known 

vapour deposition precursors through tailoring of substituent groups in an attempt to identify the 

subsequent effects upon the chemical and physical properties of the novel molecular precursors. 

Initially, this research was directed primarily towards the synthesis of tin(II) species, with the hopes 

of expanding the current range of ALD precursors suitable for the deposition of tin(II) oxide. This 

quasi-metastable p-type material is of interest within the field of semiconducting materials and 

microelectronics, yet to date only two precursors have been reported to deposit suitably crystalline 

SnO material. Later, the investigation broadened to consider the germanium(II) and lead(II) 

derivatives, due to an interest in the underlying chemistry of the systems developed and a desire to 

further investigate ligand effects on precursor properties.  

Concurrently, work began on developing a range of simple fluorine containing tin(II) species with the 

intention that these systems would provide a single-source ALD route to fluorine-doped tin(IV) 

dioxide films.  

Chapter 1: Introduction   

This chapter provides an overview to the topics discussed in this thesis. Relevant discussions on 

semiconducting materials, transparent conducting oxides and the deposition routes to these 

materials are included here, alongside an introduction to the field of rational precursor design. To 

provide further background a general summary of group 14 chemistry is also included. 

Chapter 2: Group 14(II) Iminoalkoxide Systems   

This results chapter describes the investigation into iminoalkoxide ligands that shared similar gross 

features to the 1-dimethylamino-2-methyl-propan-2-ol ligand utilised in the [Sn(dmamp)2] 

precursor, which is the most effective SnO ALD precursor reported to date. A series of ligands 

containing a cyclic imino functionality in place of the {dimethylamino} group were utilised in the 

synthesis of a series of homoleptic germanium(II), tin(II) and lead(II) species. The resulting 

complexes displayed a range of thermal properties with some system being identified as potential 

ALD precursors, whilst others were considered more suited to other vapour deposition techniques. 

Experimental details for the complexes produced in this chapter are included. 

Chapter 3: Group 14(II) Pyridylamide Complexes  

This chapter describes how the focus of research shifted to consider more reactive metal amide 

bonds. Previously, amidinate and guanidinate complexes of both germanium and tin have been 

identified as having suitable characteristics for ALD processes. Pyridylamines share a number of gross 

structural features with amidines and guanidines but are inherently asymmetrical, offering a wealth 



of functionalisation opportunities. This chapter is separated into three sub-sections each of which 

detail the use of a different pyridylamide ligand. Experimental details for the complexes produced in 

this chapter are included at the end of the chapter. 

The first section details the isolation of two unexpected species, a trigermylene and a distannane. 

These displayed a range of interesting structural features, though their catenated nature is unsuited 

to a vapour deposition process.  

In the second section of this chapter, a series of homo- and heteroleptic Ge(II), Sn(II) and Pb(II) 

species are reported. A clear strengthening of the inert pair effect was observed through the series as 

the group was descended. None of the species synthesised displayed particular suitability for vapour 

deposition processes. 

The final section of the chapter considered ligands which have previously been utilised for the 

deposition of germanium and silicon containing films. As a result, this sub-section focuses only on a 

series of tin(II) complexes, many of which display suitable properties for application in ALD 

processes. 

Chapter 4: Tin Pyridylimido Complexes 

Building upon the pyridylamide investigation detailed in the previous chapter, the research detailed 

within Chapter 4 began with a focus on primary pyridylamine ligands before expanding to consider 

other primary amines. The resulting investigation produced a series of iminostannylene cubane 

complexes, which are of interest as “building blocks” for the formation of novel phases in materials 

deposition. Experimental details for the complexes produced in this chapter are included. 

Chapter 5: Single-Source Tin(II) PE-ALD Precursors for FTO 

The final results and discussion chapter of this thesis focuses on the development of single-source 

precursors for the Plasma Enhanced (PE-)ALD of fluorine-doped tin(IV) dioxide films. To this end a 

range of simple homo- and heteroleptic fluorine containing β-diketonate and alkoxide tin(II) species 

were investigated. Two of these complexes were identified as suitable for ALD and their efficacy was 

explored in a series of proof-of-concept depositions. Results obtained from the investigation suggest 

that both of the selected systems display significant potential as single-source FTO PE-ALD, opening 

up this work to further exploration. Experimental details for the complexes produced in this chapter 

are included. 
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ABBREVIATIONS  

VB – Valence Band  

CB – Conduction Band 

MOSFET – Metal Oxide Semiconductor Field-Effect Transistor 

CMOS – Complementary Metal Oxide Semiconductor 

NMOS – n-Type Metal oxide Semiconductor 

PMOS – p-Type Metal oxide Semiconductor 

TFT – Thin-film Transistor 

IC – Integrated Circuit 

TCO – Transparent Conducting Oxide 

PVD – Physical Vapour Deposition  

CVD – Chemical Vapour Deposition 

AA–CVD – Aerosol-Assisted Chemical Vapour Deposition 

LP–CVD – Low-Pressure Chemical Vapour Deposition 

AP-CVD – Atmospheric-Pressure Chemical Vapour Deposition 

PA/E-CVD – Plasma Assisted/Enhanced Chemical Vapour Deposition 

MO-CVD – Metal-organic Chemical Vapour Deposition 

ALD – Atomic Layer Deposition 

PE-ALD – Plasma Enhanced Atomic Layer Deposition 

NMR – Nuclear Magnetic Resonance 

XRD – X-ray Diffraction 

PXRD – Powder X-Ray Diffraction 

TGA – Thermogravimetric Analysis 

FE-SEM – Field-Emission Scanning Electron Microscopy 

XPS – X-ray Photoelectron Spectroscopy 

EDX – Energy-Dispersive X-ray Spectroscopy 

AFM – Atomic Force Microscopy 

M – Metal 

Si – Silicon (wafer) 
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SiO2 – Silicon Oxide (wafer) 

Py – Pyridine 

Dipp – 2,6-diisopropylphenyl 

Bz – Benzyl 

Ph – Phenyl 

Me – Methyl 

Et – Ethyl 

tBu – Tert-butyl 

iPr – Isopropyl 

FtBu – Nonafluoro tert-butyl 

Mes – Mesityl 

HMDS – Hexamethyldisilazide 

Pyp – 2-(pyridin-2-yl)propan-2-ol 

dmop – 2-(4,4-dimethyloxazolinyl)propan-2-ol 

nmip – 2-(N-methylimidazol-2-yl)propan-2-ol 

mpa – N-methylpyridin-2-amine 

dpa – 2,2’-dipyridylamine 

tmspa – N-(trimethylsilyl)pyridine-2-amine 

tespa – N-(triethylsilyl)pyridine-2-amine 

tipspa – N-(tri-iso-propylsilyl)pyridine-2-amine 

ap – 2-aminopyridine 

amp – 2-amino-6-methylpyridine 

Pha – Phenylamine 

Bza – Benzylamine 

dmed – N,N-dimethylethylenediamine 

tfacm – 1,1,1- trifluoro-2,4-pentanedione 

tface – 1,1,1-trifluoro-2,4-hexanedione 

tfacip – 1,1,1-trifluoro-5-methyl-2,4-hexanedione 

tfactb – 1,1,1-trifluoro-5,5-dimethyl-2,4-hexanedione 

tfacph – 4,4,4-trifluoro-l-phenyl-l ,3-butanedione 

hfac – 1,1,1,5,5,5 -hexafluoro-2,4-pentanedione 
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LIST OF COMPLEXES 
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 INTRODUCTION  

1.1 Preface 

Over the last half a century, the development of electronic devices has progressed at an alarming rate, 

pervading all aspects of everyday life, and is set to be instrumental in addressing some of the great 

challenges that we face. The pace of change in the sector is unparalleled, with exceptional feats of 

design and engineering making this progression possible. As we move into what has been coined the 

“fourth industrial revolution”, and the desire for smaller, more efficient, and more sustainable 

technology continues to drive change, greater emphasis is being placed on the development of new 

and improved fabrication methods and materials when engineering improvements reach their limits.  

As such, this work details the exploration of some of these challenges, considering the materials and 

methods by which we can begin to develop new technologies, and focussing specifically on the 

investigative chemistry of precursor design. As the world progresses towards a more integrated and 

connected – but hopefully also more sustainable and responsible – future, it is increasingly apparent 

that exercising control over its fundamental constituent – the chemistry – has a great part to play in 

addressing the challenges that we face. 

1.2 Semiconducting Materials: An Overview 

Whilst the work presented in this thesis is primarily chemical based, a cursory understanding of 

semiconducting materials and devices is necessary to appreciate the motivation behind the 

investigative work presented. 

 Bonding and Conductivity 

Metals form over two-thirds of the periodic table, with metalloids and non-metals (excluding 

hydrogen) found only in groups 13-18. The majority of metal atoms can be described as having a 

tightly bound ionic core with a small number of loosely-bound valence electrons, which has significant 

implications for their solid state properties.1 Whilst both metallic and ionic solids are formed from 

extended lattice arrays of atoms or ions, the presence of weakly bound valence electrons in metals 

enables a more covalent-style bonding throughout the system. Ionic structures rely on localised 

electrostatic interactions between charged species.2 Alongside this, metallic systems display higher 

coordination numbers as the atomic coordination environment in metals is dictated by the packing 

requirements of the solid, rather than the charge of each ion.1 The combined effect of covalent bonding 

and high coordination number enables the low number of valence electrons observed for metal 

centres to reside in the space between the ionic cores of the atoms, leading to delocalised and non-

directional bonding. As a result, metallic solids display greater malleability than ionic and covalent 

complexes, which are formed from directional interactions and are thus more brittle in nature.1 

Overall, this generates a delocalised network across metallic solids, in which electrons occupy the 

empty volume between ionic centres and are able to move throughout the extended structure, giving 
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rise to the well-known conduction properties of metals. Electrical conductivity is of particular interest 

to a number of industrial and commercial applications and several theories regarding the bonding in 

metallic systems have been developed to rationalise the high conductivities observed in a number of 

metals. The most general and widely discussed of these is band theory. 

Band theory describes the uninterrupted overlap of energetically similar atomic orbitals to form an 

extended array of molecular orbitals (MO). These can be grouped into bands due to the minute 

differences in energy between individual orbitals, enabling continuous and non-quantized variation 

of energy.2 In essence, this describes delocalisation across the metal, as a band can contain both 

occupied and unoccupied MOs allowing electrons to move between the two under the influence of an 

electric field.2 Interestingly, whilst elevated temperatures would enable occupation of higher energy 

levels within the band, and thus would be expected to increase conductivity, the increased thermal 

vibrations of the nuclei hinders movement of electrons due to an increased probability of collisions 

between electrons and nuclei.2,3 

Electrical conductivity is reliant upon the presence of unoccupied energy levels within a band so that 

electrons, or electron vacancies (commonly referred to as holes), can flow within the system. As such, 

conductivity is highly dependent upon the relationship between the bands formed from the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). If these bands 

overlap, then a continuous partially filled band is formed enabling flow of the charge-carrying 

electrons or holes (Figure 1.1). However, if there is a reasonable energy difference between the two 

then they remain as discrete bands, preventing facile movement of the charge carriers. The highest 

occupied band is denoted as the valence band (VB), whilst the empty band is described as the 

conduction band (CB). The energy “gap” between the two is referred to as the band gap (Eg) within 

which lies the Fermi level (EF). This denotes the energy at which there is a 50 % probability of an 

electron.4 Generally, the size of the band gap, and the location of the Fermi level within it, dictates the 

 

Figure 1.1 Simplified diagram of the band structures for metals, semimetals,  

semiconductors and insulator. 
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conduction properties of the system. A schematic describing the locations of the VB, CB, and EF across 

a range of material types can be observed above in Figure 1.1. 

In metals, where the conduction and valence band are coincident, and in semi-metals, where the 

bands reside close enough to allow for partial overlap, the highest occupied band is partially filled 

allowing free movement of electrons and thus relatively high conductivity. In contrast, insulating 

materials have a large band gap between the filled valence band and the empty conduction band; this 

prevents movement of electrons, impeding conductivity. Between these two extremes lie 

semiconducting materials.  

As depicted in Figure 1.1, intrinsic semiconducting materials contain a fully occupied valence band, 

with the Fermi level that resides within a narrow band gap. This Eg is small enough that an input of 

sufficient energy allows for the promotion of an electron from the VB into the CB, leading to two 

partially filled bands through which charge can be carried by both electrons (CB) and holes (VB). In 

contrast to metallic systems, the conductivity of semiconductors increases with increasing 

temperatures due to the greater availability of charge carriers at elevated temperatures.2,5 

P-type and n-type semiconducting materials display similarly small band gaps but differ with regard 

to the major charge carriers. Materials with p-type conductivity contain fewer valence electrons than 

the “ideal” either due to inherent electron deficiency, often caused by multiple metal oxidation states, 

or through extrinsic doping, in which an element from the periodic group below is incorporated into 

the material. Both methods lead to the formation of a small energy band that resides below the 

conduction band in energy. Into this, valence band electrons can be more easily promoted due to the 

smaller band gap, facilitating the formation of holes in the VB. As such, in p-type materials electrical 

conductivity is dictated by the availability of positive vacancies and the flow of electrons through 

them. This results in low conductivities, as electron mobility is limited by the movement of the 

positively charged holes.5,6 

Conversely, the presence of excess electrons in a system leads to n-type conductivity, in which the 

mobility of negatively charged electrons dictates electrical conductivity. An excess of electrons occurs 

through intrinsic defects or extrinsic doping. For an n-type system, the material is doped with a small 

proportion of an element from the periodic group above. The excess electrons result in the formation 

of a small, occupied energy band above the VB, from which electrons can be easily promoted into the 

CB due to the small Eg. This allows electrons to flow freely as the main charge carriers within the 

conduction band, and results in much higher conductivities than is seen for p-type systems.5,6 

In both cases, the overall effect of doping changes the Fermi level of the semiconducting materials. In 

p-type systems the Fermi level lies close to the top of the valence band, whereas in n-type systems the 

Fermi level lies close to the bottom of the conduction band. As such, facile promotion of those 

electrons lying in raised valence bands can occur. Figure 1.2 depicts a simplified structure for p- and 

n- type materials, highlighting the major charge carrier in each system. 
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Whilst some semiconductors can display intrinsic p- or n-type conductivity due to variable metal 

oxidation states, intrinsic defects or imperfect stoichiometries, band gap engineering methods are 

often utilised to enhance and tailor these properties. Manipulation of the band gap can be achieved 

through extrinsic doping, multi-layering of materials, or the introduction of stress and strain into the 

lattice of the material.2,5,7 

 Transistors and CMOS Devices 

Transistors are a key component of modern electronics devices, acting as electric switches or signal 

enhancers upon application of a transversal electric field.8 Their use as logic gates to produce binary 

(0 or 1) outputs depending upon voltage conditions in complex electronic circuitry has been pivotal 

to the evolution of integrated circuitry (IC). Whilst many varieties of architectures are known for 

these devices, the most ubiquitous is the Metal Oxide Semiconductor Field-Effect Transistor 

(MOSFET), which plays an integral role in rigid silicon-based electronics amongst others. 

A basic depiction of a conventional enhancement mode n-type MOSFET typically used in silicon 

electronic systems can be found in Figure 1.3. NMOS field-effect transistors are fabricated from a p-

type substrate, which is doped at two points to form n-type regions that act as the source and drain 

terminals. Between these two points an insulation layer (e.g. SiO2) or dielectric layer (e.g. Al2O3 or 

HfO2) is deposited. Onto this is added a capping contact layer, forming an electrically insulated gate 

terminal. Application of a positive voltage to the gate of an NMOS device induces an electric field at 

the surface of the p-type substrate leading to repulsion of holes. Concomitantly, electrons of the n-

type regions are attracted to the induced electric field, forming a n-type channel at the surface of the 

p-type substrate enabling the flow of current between source and drain (Figure 1.4).8–10 

 

Figure 1.2 Simplified diagram of the band structures for p-type and n-type materials 
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MOSFET devices based on p-type conduction, i.e. PMOS devices, can also be fabricated, though this 

process is marginally more difficult than for NMOS systems. The structure of a PMOS device is similar 

but the substrate is n-type, with p-type regions, and charge is enabled through the application of a 

negative voltage. This allows for the formation of a p-type channel at the n-type substrate surface, and 

the subsequent flow of holes. The conduction channels within both NMOS and PMOS devices only 

develop once a threshold voltage has been reached. Following this, conductivity within the channel 

can be scaled relative to the magnitude of the applied voltage, enabling fine control over current flow. 

A simplified illustration of the field-effect for both NMOS and PMOS devices can be seen in Figure 

1.4.6,8 

Despite the ubiquity of silicon-based MOSFETs, emerging applications such as intelligent 

packaging,11,12 wearable11–14 and textile integrated systems,15–17 epidermal devices,18–22 and transient 

medical implants23–25 necessitate the development of light-weight, soft, flexible, and transparent 

electronic devices. Flexible thin-film transistors (TFTs) meet many of these requirements and are 

becoming essential for the realisation of next-generation electronic device platforms. The brittle, 

inflexible nature of silicon necessitates the use of alternative materials, and, as such, metal oxide 

semiconductors with high optical transparencies, good electrical performances and excellent 

 

Figure 1.3 Simplified diagram depicting an enhancement mode n-type (NMOS) Metal Oxide 

Field-Effect Transistor (MOSFET). In the analogous p-type systems (PMOS) the n- and p-

type components are switched. 

  

Figure 1.4 Simplified diagram illustrating the movement of charge within an i) NMOS and ii) 

PMOS field-effect transistor following application of a positive (i) and negative (ii) voltage to 

the gate. 

i) ii) 
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mechanical properties are of particular interest for use in TFTs.8 Metal oxide semiconductor TFTs 

have garnered significant interest in recent years with several reviews available on the topic.8,26–28  

Whilst off-silicon MOSFETs and TFTs both rely on the field-effect to control conduction at the 

semiconductor-dielectric/insulator interface, their architectures display a number of differences. 

Most notably, TFTs (Figure 1.5) typically contain amorphous films, resulting in a lower conductivity, 

and an accumulation layer is formed in the semiconductor layer, replacing the n- and p-type wells at 

the source-drain regions.28 

The overwhelming factor hindering the further development of both MOSFET and TFT devices is the 

limited availability of metal oxide semiconductors with good p-type conduction. In the case of 

MOSFET systems this has resulted in complex circuitry relying wholly upon NMOS devices for a 

number of years, which has many drawbacks. Most notably, whilst current flows easily in an NMOS 

system upon application of a positive voltage to the gate, turning the NMOS “off” by switching the 

voltage necessitates a rerouting of current through a resistor. This results in static power 

consumption and necessitates complex architectures to dissipate the generated heat. Overall, this 

leads to larger devices, reducing the logic density.5,6,28 These drawbacks are observed in any unipolar 

transistor, leading to growing interest in the development of complementary metal oxide 

semiconductor (CMOS) devices. These utilise both n- and p-type conductivity to reduce static power 

consumption and the consequential energy losses. Given that n- and p-type transistors respond to a 

voltage stimulus in opposing manners (for example, a positive gate voltage switches a NMOS system 

“on” and a PMOS system “off”) this enables current flow without the need to use a resistor, and 

without a change in logic output. As such, CMOS devices allow for simplified architectures with a 

reduced IC footprint that can be utilised for the development of low-power off-silicon devices.8,9,28,29 

In general, whilst n-type transistors have effectively been used in large-area and highly complex 

circuity, the development of efficient p-type transistors with good conductivities is essential for the 

development of complementary technology in order to realise low-powered compact devices.8,30 

Currently, fabrication techniques, and the generally low mobilities observed for p-type materials, 

hinders their application in modern devices.31 

 

Figure 1.5 Simplified diagram of a staggered top-gate TFT. Adapted from ref 28. 



23 
 

1.3 Transparent Conducting Oxides (TCOs) 

To meet the demand for transparent electronic devices, transparent conductive materials suitable for 

application in transistors are needed. The previously mentioned high optical transparency, high 

mechanical resilience, and reasonable conductivities of metal oxides make them particularly suited 

to this application.8 In addition, these materials are often low cost and can be disposed of with relative 

ease.32,33 This makes transparent conducting oxides (TCOs) materials of interest for use in LEDs, solar 

cells, emissivity windows, gas sensors, and flat panel displays, in addition to microelectronic 

devices.34–38 

Metal oxide TCOs are characterized by high transparency in the optical region (> 80 % transmission) 

and electrical conductivities of ca. 103 Ω-1 cm-1 or greater.39 Materials that meet these criteria are 

semiconducting in nature as they have a large optical band gap, Eg > 3 eV, to ensure transparency.40 

In 1907, Bädeker et al.41 reported the first known thin film TCO, utilising a rudimentary vapour 

deposition method to produce a thin film of transparent and electrically conducting CdO.42 Further 

investigation into transparent films led to Littleton43 filing a patent for SnO2 thin films in 1931, with 

patents for both SnO244 and In2O345 based conductive glass coatings following in 1942 and 1947 

respectively. Following this, a steady development of novel TCO materials ensued, including both 

binary46,47 and tertiary48–50 oxides. This, alongside a dramatic increase in morphological control due 

to improved deposition techniques, has ensured that TCO materials have become an integral part of 

21st century technology.47,51,52 

Developing TFTs based on transparent TCOs has been of interest since the 1960s, with Klasens et al.53 

reporting the earliest transparent TFTs based on a SnO2 semiconducting layer in 1964, and Boesen et 

al.54 detailing the fabrication of a similar ZnO based device four years later. These both displayed poor 

mobilities and little improvement had been made by 1970 when Aoki et al.55 reported TFT devices 

based on an SnO2 semiconducting layer. Despite these early attempts, it wasn’t until 2003 when 

Hoffman et al.,56 Carcia et al.,57 and Masuda et al.58 reported good performances for ZnO 

semiconductor-based TFTs that this technology was considered viable.28 Nomura et al.59,60 added to 

this through the development of a high performance TFT displaying an effective mobility of 80 cm2 

V−1 s−1, a turn‐on voltage of ‐0.5 V, and an on/off ratio of 106, using a InGaO3(ZnO)5 (or GIZO) 

semiconducting layer. This indisputably proved the potential of oxide semiconducting TFTs.8,61  

Integral to understanding TCO conductivity is an appreciation of the electronic band structures in 

metal oxides, as both n- and p-type conductivities are dictated by the relative dispersions of the ns, 

and occasionally the nd, metal orbitals. N-type TCOs are generally post-transition metal oxides, such 

as In2O3, SnO2, ZnO, and CdO, where the VB is formed from the overlap of filled O 2p6 orbitals, with the 

empty ns0 orbitals making up the CB.62 This ns0 derived conduction band minimum (CBM) is key to 

the high conductivities displayed by these n-type metal oxides; firstly, because the large spatial 

distribution of ns orbitals results in a highly dispersive CBM facilitating electron movement, and 

secondly, because the d-block contraction lowers the energy of ns0 orbitals raising the electron affinity 

of the band.63 
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Similarly, p-type TCOS are also often formed from late or post-transition metal oxides, such as NiO, 

Cu2O, and SnO, which contain lower lying dispersive ns or nd orbitals. O 2p orbitals, which also form 

the VB in p-type materials, are highly localized, with those located at the valence band maximum 

(VBM) generally being non-bonding in nature. P-type conductivity necessitates the introduction of 

holes into the VBM for conductivity to occur. The localised nature of the O 2p orbitals results in deep-

lying positive holes residing on single localised oxygen sites, limiting charge carrier mobility. To 

combat this issue significant interest has been placed on “chemical modulation of the valence band” 

through hybridization of O 2p orbitals with occupied metal s or d orbitals that have similar energy to 

the VBM.64 This hybridization creates a more dispersive VBM, which reduces the hole effective mass, 

favours greater hole mobility, and thus increases conduction.63 

 N-type Metal Oxides 

Ubiquitous across electronic devices, n-type metal oxides have been heavily investigated over a 

number of years, and are significantly more prevalent than their p-type counterparts in applications 

including gas sensing,65,66 optical displays,56,67 battery applications,30,68,69 photovoltaics,70–72 and 

LEDs.73,74 Of these, indium oxide (In2O3), tin dioxide (SnO2), zinc oxide (ZnO), and subsequent 

mixtures of them such as tin-doped, or zinc-doped, indium oxides (ITO and IZO), have been widely 

utilised in commercial applications.2,42,74–76 

ITO’s high optical transparency and low resistivity of roughly 1-2 x 10-4 Ω cm has led to it being of 

particular interest for use as a TCO in commercial settings.74,77 However, a number of factors have 

spurred interest in alternative materials, including the limited global supply of indium due to its low 

natural abundance, the high cost per unit mass of indium, and its unsuitability for use in flexible thin 

film applications due to its brittle nature and high processing temperatures.74,78,79 

Attempts to develop an earth abundant alternative to ITO has led investigations towards aluminium-

doped zinc oxide (AZO), which displays low resistivities of approximately 2 x 10-4 Ω cm as a 

polycrystalline film.80 Its high thermal and chemical stability under the hydrogen plasma conditions 

that are used in solar cell production is another benefit,74,81 as are the wide variety of methods 

available for its deposition, including chemical vapour deposition,81 atomic layer deposition,82 sol-

gel,83 and spray pyrolysis.84 Its primary shortcoming lies in the fact that zinc has a higher sensitivity 

to oxidising environments when to compared to In or Sn oxides. This has particular effect in large-

area applications as it results in poor distribution of conductivity, limiting the utility of AZO and 

highlighting the higher control measures required for its deposition.47,74 

Fluorine-doped tin oxide (FTO) is also an earth abundant alternative to ITO, and displays significantly 

higher chemical85 and thermal86 stability maintaining its optical and electrical properties up to 

temperatures of ca. 600 °C,87 compared to a limit of ca. 200 °C for ITO.88 As such, it is of great interest 

for commercial application.85,86 
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1.3.1.1 Fluorine-doped tin(IV) oxide (FTO) 

Stannic oxide (SnO2) is an intrinsic n-type semiconductor with a wide band gap of 3.6 eV, high optical 

transmission, and low resistivity.89,90 Its high thermal, mechanical, and chemical stability ensure that 

it is the most deposited TCO by volume due to its high applicability to large scale applications such as 

silicon solar cells and window glazing applications.42,91 Despite this, it is often doped with either 

antimony cations,92–96 or fluoride anions,87,91,97–100 to enhance its conductive properties.  

Intrinsic conductivity in SnO2 is a direct result of the multivalence of tin, which contributes to the non-

stoichiometry observed in these films, and the stabilization of interstitial tins (Sni) and oxygen 

vacancies (VO) within the material.89 This stability results in a low formation energy for VO, 

contributing to a high charge carrier concentration, and a low formation energy for Sni, which 

produces a defect energy state above the CBM enabling facile promotion of electrons.77,89 Doping of 

SnO2 with fluorine enhances the inherent conductivity of tin(IV) oxide as it acts as a substitutional 

dopant (FO) at vacant oxygen sites (VO), and donates its electron into the conduction band.99 The 

similarities in the ionic radii of fluorine (r = ca. 1.33 Å)74,90 and oxygen (r = ca. 1.40 Å)74,90 limit the 

strain on the lattice structure following incorporation of F-, leading to a low formation energy for FO, 

further facilitating oxygen vacancy formation, thus increasing the charge carrier density.74,77,90,101–103 

Interestingly, an observation found across the literature is that the conductivity of FTO films initially 

decreases with fluorine incorporation until the carrier concentration becomes sufficiently large, at 

which point conduction increases.91,104–106 At high concentrations of F-, however, conductivity is 

known to decrease dramatically. Swallow et al.99 highlights that this is the result of interstitial 

fluorides raising the Fermi energy level (EF) of the system above the CBM, causing self-compensation 

within the material, which hinders conductivity. 

A wide variety of deposition methods are known for FTO, including sol-gel,107 spray pyrolysis,108–113 

reactive magnetron sputtering,85,114 atomic layer epitaxy,115 and various CVD processes.116–118 

Generally, these films demonstrate optical transmission in the visible range exceeding 80 %,85,112,116 

and resistivities as low as 5.2 x 10-4 Ω cm for commercial films deposited by atmospheric pressure 

chemical vapour deposition (APCVD),91 with lower resistivities of 2.2 x 10-4 Ω cm reported in the 

literature for aerosol assisted chemical vapour deposition (AACVD) deposited films.74,116  

 P-type Metal Oxide Semiconductors 

As discussed, despite widespread investigation of n-type oxide materials,74,119 the corresponding p-

type semiconducting oxides have received significantly less attention, due their low carrier mobilities 

and conductivities compared to their n-type analogues,63 and the general instabilities  displayed by p-

type materials.119 The poor electrical properties displayed by p-type TCOs are a consequence of the 

localised and anisotropic nature of the oxygen 2p orbitals that form the VBM. This must be addressed 

in order to realize high-performance p-type TSOs and TCOs. A number of p-type oxide materials are 

known, though very few demonstrate any potential for commercial application. Figure 1.6 displays 

two schematics that compare the sheet resistance and average transmission (a), and the charge 

carrier density and carrier mobility (b) for a variety of p-type oxide materials. 
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In 1997, Kawazoe et al.64 suggested that the presence of filled 3d10 orbitals in the cation would prevent 

d-d transitions reducing the colouration of the film. Additionally, the filled 3d10 would be of similar 

energy to the O 2p orbitals enabling overlap between the orbitals, thus delocalising the 

VBM.64,119,121,122 It was also proposed that delocalisation of the O 2p orbitals was promoted by 

tetrahedral coordination of the oxide ions.64,119 This resulted in a number of subsequent 

investigations into copper(I) oxide and novel copper(I) based p-type delafossite structures, CuMO2 

(M = Al, Ga and In) to varying degrees of success.63,119,121,123–126 

Cu2O has long been regarded as a promising p-type transparent material for use in solar cells as it 

displays a high solar spectral absorption coefficient, has high mobilities and is low-cost and non-

toxic.127–129 Deposition of copper (I) oxide thin films has been achieved by pulsed layer deposition 

(PLD),130–132 magnetron sputtering,133–137 thermal oxidation,138,139 spin coating,140,141 atomic layer 

deposition (ALD),142 and CVD,143 with sputtering processes typically used for low cost applications 

and PLD finding relevance in the deposition of Cu2O on single crystal substrates.63 Whilst Cu2O has 

been found to display high hole mobilities due to overlap of the O 2p6 and Cu 3d10 orbitals,144–146 p-

channel TFTs fabricated from Cu2O epitaxial thin films have been found to display poor field-effect 

mobilities.147 It is indicated that this is due to additional trap sites, potentially from interfacial defect 

states, hindering the application of Cu2O in TFTs.147–150 

Additional difficulties with copper(I) oxide thin films arise due to the generally low carrier 

concentrations (ca. 1014 cm-3) and low optical band gaps (ca. 2.17 eV) observed for them. In an 

attempt to improve upon these deficiencies, investigations turned towards delafossite systems 

(CuMO2) in which the dimensionality of the Cu-Cu interactions is reduced, with the number of next-

nearest Cu+ neighbours for each Cu(I) centre decreasing from 12 in Cu2O to 6 in delafossites.64,121,151 

 

Figure 1.6 A comparsion of p-type oxide properties; (a) compares the literature data of 

average transmission and sheet resistance for a range of p-type TCOs, (b) displays the 

reported carrier concentration and hole mobility for the same set of samples. Further 

details and the data sources can be found in the report by Fleischer et al. 120 
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It is believed that this reduction in dimensionality is key to the larger optical bandgaps and high 

conductivities observed in delafossite systems.64 Whilst a huge range of CuMO2 delafossite systems 

are known (M = B,152,153 Al,64,154 Cr,155 Ga,123 Sc,156,157 In,158,159 and Y160) with properties more suited to 

transparent application than Cu2O, their deposition is severely limited by the metastability of 

Cu+.63,161,162 Both Cu2O and the copper delafossites suffer from the inherent instability of Cu(I), which 

is known to disproportionate to Cu(0) and Cu(II).163,164 As such, these materials are limited in their 

application to commercial technologies.  

Extending the concept of quasi-closed shell configurations to the low spin d6 configuration of 

transition metal ions such as Co3+, Rh3+, and Ir3+, led to the identification of novel ZnM2O4 (M = Co, Rh, 

Ir) spinel oxides that display p-type conductivity.165–167 Further to this was the identification of 

Cr‐based oxides, Cr2O3,168 and LaCrO3,169 which have 3d3 electronic configurations, and demonstrate 

p-type conductivity following doping with Mg2+ for Cr2O3,168 and Sr2+ for the perovskite structured 

LaCrO3.63,169 Generally, the high costs associated with the more effective Rh and Ir elements limits the 

use of the 3d6 systems, whilst Cr based materials are often more suited to superconducting 

applications.63  

Of the p-type transition metal oxides, Ni1-xO displys significant promise due to its conductivity of 

ca. 7.1 S cm-1,170,171 and wide optical bandgap of 3.4-4.0 eV.172 This large bandgap is a result of 

stoichiometric NiO being highly insulating, with p-type conductivity believed to derive from Ni 

vacancy defects (VNi) and the resultant formation of charge balancing Ni3+ ions.63 Similarly, doping of 

Ni1‑xO with Li+ ions also results in the donation of a hole state to the VB.173–175 An additional benefit of 

Ni1‑xO, or LixNi1-xO (when x < 0.25), is its rock salt structure, which makes it highly compatible for use 

alongside n-type materials for electrical device application.172,174,176 Whilst nickel(II) oxide films can 

be deposited by a range of techniques including sputtering,177 electron beam evaporation,178 spray 

pyrolysis,179 metal-organic CVD (MOCVD),180 and sol-gel processing,181 investigations into ALD 

processes have been limited by the low stability of the available Ni(II) precursors.182,183 

Consideration has also been given to systems with pseudo-closed ns2 orbitals, such as in PbO, Bi2O3 

and SnO, due to their quasi-closed shell configurations.119 The more spatially dispersive s-orbitals of 

these systems enables greater overlap of the ns2 and O 2p orbitals, forming antibonding states at the 

top of the VB and allowing for a lower effective mass.63,184–186 Of the ns2 oxides, PbO has been found to 

be inherently n-type,119,187,188 despite the p-type nature of PbS,188 whilst Bi2O3 has been found to show 

low mobilities due to the low-lying Bi 6s states.189–191 In contrast, SnO has received much interest due 

its significant promise as a p-type TCO, displaying a relatively high hole field-effect and Hall mobility 

values.119,190,192–195 

1.3.2.1 Tin(II) Oxide 

A number of recent investigations have focused on the p-type tin(II) oxide, which displays a wide 

optical band gap of 2.7-3.0 eV, a field effect mobility of ~6.75 cm2 V-1 s-1, and a Hall mobility of 

~18.71 cm2 V-1 s-1 in a SnO based TFT.196 It has found application both as a p-type material in 

TFTs188,190,194,197,198 and as an anode material in lithium batteries.199,200 Furthermore, SnO has 
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demonstrated potential as an ambipolar conductor in a number of studies offering the option for 

unique applications, given the correct conditions.119,190,201–205 

In its stable phase, crystalline SnO has a tetragonal litharge structure (P4/nmm), with Sn-O-Sn slabs 

that are stacked along the [001] direction and display weak interlayer van der Waals interactions 

(Figure 1.7).185,207,208 Each Sn atom sits at the peak of a pyramidal structure with four oxygens situated 

at each base corner.63,209 This results in the 5s2 lone pair of each Sn being directed towards the inter-

layer space, along the [001] axis, creating a slight distortion in the lattice such that significant mixing 

is permitted between the Sn 5s and O 2p orbital states.196,204,209–211 This culminates in both a dispersive 

VBM, due to mixing of the 5s and 2p orbitals within the layer, and a dispersive CBM due to 

hybridization of the antibonding orbital state that results from the 5s-2p mixing and the 5p orbital of 

the conduction band, as seen in Figure 1.8.205,209  

Figure 1.9 depicts the calculated electronic band structure of SnO both as a bulk material and as a 

monolayer.209 In the bulk material, a small indirect band gap of 0.73 eV is calculated between the VBM 

at Г and the CBM at M. This is due to the dispersive nature of both bands in the bulk system,63,191,204 

and is a result of the van der Waals interactions between the Sn(II) lone pairs of opposing layers.205,209 

Conversely, a much larger direct band gap of 2.93 eV is located at Г in monolayers of SnO.209 As such 

thinner layers of SnO (< 100 nm) are able to have > 70-80 % optical transparency.63,204,205,209,212 Zhou 

et al.205 notes that an increased distance between the Sn(II) centres of different layers weakens the 

antibonding-bonding orbital splitting (Eg2 in Figure 1.8) resulting in the small indirect band gap 

 

Figure 1.7 Tetragonal litharge structure (P4/nmm) of SnO that promotes the mixing of the 

Sn 5s and O 2p orbitals and p-type conductivity. Diagram taken from Saji et al.206 

 

Figure 1.8 Schematic of the orbital overlap within bulk SnO films. Eg1 represents the band 

gap between isolated lone pairs at the surface of the Sn-O-Sn sheets, and Eg2 is that of the 

band gap associated with inter-layer interactions, this is found to vary with distance 

between Sn(1) and Sn(2). Adapted from Zhou et al.205 
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observed in Figure 1.9(i). In the absence of surface interactions, such as in a monolayer, this splitting 

is not observed and the only band gap is the direct transition located around Г.205,209 

Deposition of SnO has been achieved by several methods including pulsed laser deposition 

(PLD),188,206,213 DC magnetron sputtering,214 electron beam evaporation,215 and chemical vapour 

deposition.216–218 However, drawbacks to the use of SnO as a commercial material arise from its well-

reported fundamental stability issues, and the difficulties involved in depositing single-phase 

crystalline thin films of SnO material.119,188,193,214,219,220 The stability of Sn(II) oxide with regard to 

oxidation and disproportionation has long been of interest in the literature, given that both routes are 

thermodynamically favourable (see Equation 1.1).221–224 In the absence of oxygen, disproportionation 

is minimal until temperatures greater than 350 °C are reached,223,224 with significant expulsion of Sn 

atoms observed at temperatures above 450 °C.194 In plasma-heated processes decomposition of SnO 

can occur at temperatures as low as 180 °C, indicating detrimental interaction between plasma and 

SnO, potentially limiting the temperature range of plasma deposition processes for tin(II) oxide.222 

Crystallinity poses another barrier to the use of tin(II) oxide films, as the mobility and charge capacity 

of the material is strongly dependent upon the crystalline microstructure.225 Efforts to anneal 

amorphous films have been shown to be effective, but is an added hindrance in the deposition of 

conductive SnO films.226,227 

The first reported use of SnO films for p-channel TFTs  was by Ogo et al.188 in 2008. Epitaxial SnO films 

with Hall mobilities of 2.4 cm2 V-1 s-1 were deposited onto a ytteria-stabilized zirconia substrate by 

PLD, yielding devices with field-effect mobilities (μFE) of 1.3 cm2 V-1 s-1, on/off current ratio (Ion/Ioff) 

of ~102 and threshold voltages of 4.8 V.188 A number of subsequent investigations yielded similar 

results.193,194,228 Most notably, Caraveo-Fresca et al.214 reported the fabrication of p-type SnO 

 

Figure 1.9 Calculated electronic band structure (i) in bulk SnO (ii) in a monolayer of SnO. 

The top of the valence band is the energy zero. Taken from Tao et al. 209 

 

Equation 1.1 (i) Oxidation of SnO and (ii) Disproportionation of SnO. 221 
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nanowire FETs at low-processing temperatures with an high μFE of 6.75 cm2 V-1 s-1, and Han et al.229 

highlighted the electrical stability of p-type SnO TFTs following exposure to moist and ambient 

environments. Recently, the fabrication of high-performance p-type TFTs, which demonstrated 

superior performances to those of a number of others in the literature,195,230,231 was reported by Kim 

et al.232 in 2017. These devices displayed a high Ion/Ioff of 2 × 106 and a μFE of ca. 1 cm2 V-1 s-1, which 

were achieved by depositing the SnO p-type channel by ALD, with post-deposition passivation and 

annealing processes utilised to great effect to minimise defect states in the films.232 Further 

investigations by Hosono et al.198 and others202,203,233 into the ambipolar nature of SnO facilitated the 

recent fabrication of thin film CMOS devices utilising a SnO channel for both n- and p-type 

conduction.234 

1.4 Other Group 14 Films 

 Germanium Films 

Germanium metal, germanium oxides, and germanium nitrides are of interest in the field of 

microelectronic devices.235–241 Whilst silicon has been central thus far in the semiconductor industry, 

germanium offers carrier mobilities two to four times greater, has a higher dielectric constant (high 

κ) and can be processed at lower temperatures than silicon.236–238 As a result, Ge-channel MOSFETs 

have been widely explored, despite the instabilities observed for germanium films.236,238,242,243 

Unusually, GeO2 films are chemically and thermally unstable compared to suboxide germanium films 

and readily decompose to GeOx and GeO.244–246 These desorb at temperatures as low as ca. 450 °C 

resulting in the loss of the Ge surface247–249 or lead to Ge diffusion into high-κ dielectrics.238  

Germanium has also found application in multinary oxide films, such as GeOx-PbO,239–241 and been 

widely utilised in chalcogenide systems such as Ge2Sb2Te5250 and GeTe.251 

 Lead Films 

Despite the toxic and hazardous nature of lead, Pb-containing thin films have found widespread 

application. Binary semiconductor lead films PbS252 and PbI,253 are of interest for infrared 

detection,254 and photo-255,256 and radiation detection,257 respectively, whilst PbO has found 

application in optical imaging purposes,258 in laser technologies,259 in gas sensing,260 and as a solid 

lubricant at elevated temperatures.261 Lead dioxide (PbO2) anodes have shown potential for use in 

wastewater treatment,262,263 ozone generation264 and analytical sensing.265,266 Of particular 

importance is the use of lead within ternary oxides films such as Pb(Zr,Ti)O3, which is a key functional 

layer in ferroelectric random access memories (FeRAM)267 where excess lead promotes improved 

crystallinity268,269 and film orientation.270 

1.5 Deposition Methods 

A wide array of deposition processes has enabled the fabrication of a variety of thin film materials 

across a diverse range of substrate surfaces and at an assortment of deposition temperatures, 
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allowing for the manufacture of a multitude of electronic devices. Solution-based deposition 

processes such as spin coating,271,272 dip coating,271 spray pyrolysis,94,273–275 ink-jet printing,276,277 and 

sol-gel107,278–281 techniques provide low temperature and low cost routes to large scale depositions. 

The latter two of these processes are of particular importance in the deposition of organic semi-

conductor devices,282,283 and organic-inorganic hybrid materials,280,284 respectively. Alternatively, a 

range of vapour deposition processes also provide access to semiconducting thin films. 

Physical vapour deposition (PVD) processes involve the condensation of gaseous species onto the 

substrate surface to produce thin films. Deposition generally occurs at reduced pressures and 

vaporisation of the precursor species to be deposited is achieved through either high energy thermal 

evaporation, such as pulsed laser deposition (PLD),58,60,188,285 or through an impact process such as 

sputtering.285–288 Due to the lack of chemical reactivity, these process can allow access to metastable 

phases that are inaccessible under equilibrium conditions.286 However, post-deposition processing 

(e.g. annealing) of PVD films is often required and the directional nature of the PVD methods limits 

the deposition of conformal films over high-aspect ratio substrates.286 As a result, PVD is generally 

unsuited to applications requiring deposition over intricate and compact circuitry.201,286 

In contrast, chemical vapour deposition (CVD) techniques have long been of interest for electronic 

application,289–292 with regard to both large-scale applications,74,91,116,293 and microdevice 

fabrication.294,295 A number of CVD variants exist, though generally all rely on the chemical reactivity 

of the precursor, either at the substrate surface or in the gaseous phase, to enable deposition of the 

desired material.295–299 Whilst not the main focus of this thesis, a brief overview of the CVD process 

and the dependency of precursor stability upon molecular chemistry will be given as it provides a 

foundation for later discussion of atomic layer deposition (ALD) processes and precursors.  

 Chemical Vapour Deposition (CVD) 

Chemical Vapour Deposition (CVD) is a well-established technique for the deposition of a wide range 

of materials onto varying substrate surfaces.297 In the most basic sense, CVD involves transporting 

gaseous precursor molecules to a substrate surface and subsequently inducing dissociative, or 

associative, chemical reactions either at, or near, the substrate surface to produce a thin stable film of 

the desired material.295,297 Critically, deposition and film formation is controlled by temperature, 

pressure, and the method by which the chemical reactions are induced.296 As such, variants of the 

basic CVD process have been widely explored in the literature and in commercial processes. A 

selection of the most common of these are as follows; thermal CVD, Atmospheric-Pressure CVD (AP-

CVD), Low-Pressure CVD (LP-CVD), High-Pressure CVD (HP-CVD), Aerosol-Assisted CVD (AA-CVD), 

Plasma-Assisted (or Enhanced) CVD (PA/E-CVD), and Photochemical (or photo-assisted) CVD.296,297 

An additional CVD class of note is Metal-Organic CVD (MOCVD), which is often used to describe the 

use of an organometallic precursor in a thermal CVD process.300–302 

These CVD processes offer reliable and reproducible chemical routes to high purity thin films at 

relatively low temperatures and pressures. Careful consideration of deposition parameters enables 

deposition rates, surface morphology, crystal structure, materials stoichiometry and film orientation 
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to be tailored to the application. The reliance of CVD on the diffusion of gaseous reactive species also 

ensures relatively conformal coverage of major architectural features, but also offers a method by 

which high-aspect ratio holes, and similar features otherwise unreachable with PVD techniques, to be 

in-filled. As such, CVD is a powerful tool for thin film deposition.296,297,303  

Further review of all CVD processes is far beyond the scope of this brief introduction to the topic, 

though there are a plethora of comprehensive reviews available in the literature to the interested 

reader.295–297,303–308 Here, attention is directed towards consideration of the general CVD process, and 

the role of precursor development within the field.294,303,309,310 

1.5.1.1 Precursor requirements 

In general, CVD processes follow the same basic physiochemical steps, depicted schematically in 

Figure 1.10:296,297,305 

1. Mass transport of precursors (typically gaseous) to the vicinity of the substrate; 

2. Diffusion of a reactive species, either the initial reactive precursor or a reactive intermediate 

formed through gas phase reactions, to the substrate surface; 

3. Adsorption of the reactive species on the substrate surface; 

4. Surface migration, nucleation and heterogeneous reaction leading to film growth and the 

formation of gaseous by-products; 

5. Desorption and mass transport of by-products and decomposition fragments to the bulk gas; 

6. Transport of the gaseous by-products and decomposition fragments away from the substrate 

to the exhaust. 

As such, it is clear that in order for successful deposition to occur, CVD processes require a reactive 

precursor species. Regardless of the specific process, the requirements that an “ideal” CVD precursor 

must meet tend to vary only a little between different CVD techniques.297 Alongside the obvious 

stipulations regarding cost, facile synthesis, toxicity, and purity, precursors must also display thermal 

and chemical properties suitable to the deposition process. Mass transport mechanisms in CVD 

processes generally dictate a high volatility to enable facile transport of the precursor via a carrier 

 

Figure 1.10 Schematic overview of processes in a general CVD process. Adapted from Kodas 

et al.299  
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gas to the substrate surface. A low volatility can be circumvented if the precursor is sufficiently soluble 

in a volatile solvent, as a solution can then be transported as an aerosol via the carrier gas (AACVD).217 

Most importantly, following volatilisation precursors must display thermal and chemical stability 

until the decomposition process is induced at the substrate surface by a second precursor, a plasma 

pulse, or by thermal, or photochemical, stimulation. This process should result in clean decomposition 

and the formation of volatile by-products that can easily be removed from the reaction chamber so as 

to avoid film contamination.297,298,309,311 

Whilst elements and simple metal alkyls and halides have long been known to be useable in CVD 

applications,297,302 a growing area of interest lies in the design of molecular precursors for the 

deposition of specific materials under particular conditions.311 Furthermore, studies have 

demonstrated that the nature of the molecular precursor has a significant impact on the density, 

structure and orientation of the deposited material.217,296,312,313 Furthermore, as desire grows for 

binary and multinary films, balancing the volatility, thermal stability and reactivity of multiple 

precursors becomes more challenging, and achieving uniform growth and consistent stoichiometry 

across large areas is increasingly difficult.47,314,315 This has resulted in a desire to design molecular 

precursors so as to tailor them for specific applications. This field includes the investigation and 

sustained development of single-source precursors (SSPs), which contain all the necessary elements 

required to form the desired material, such that reaction in the vicinity of the substrate surface results 

in controlled, stoichiometric film growth.201,316–321 

Recent advances in precursor design have expanded the range of materials accessible by these 

processes and the conditions in which they can be deposited, enabling CVD processes to become 

ubiquitous in a range of commercial industries.311,312,322,323 Yet, as microelectronics become 

increasingly compact with evermore complicated device architectures, more advanced techniques 

are needed to facilitate the emergence of next-generation devices. Atomic layer deposition (ALD) is a 

sophisticated chemical vapour deposition method that has the potential to support this evolution.324–

329 

 Atomic Layer Deposition (ALD) 

Atomic layer deposition (ALD) is a process by which conformal thin films are grown through 

sequential self-limiting surface reactions.297,329 Whilst this technique is a variant of CVD, relying on 

the chemical reactivity of a gaseous precursor, ALD is solely dependent upon surface reactions 

between precursor and surface-bound reactive species. This facilitates uniform, conformal growth of 

the desired material, regardless of surface topography, across large areas.330–335 As with CVD, this 

process necessitates the use of specialised “ideal” precursors that meet specific criteria.326 

Originating independently in both Russia336,337 and Finland338,339 in the 1960s and 1970s as molecular 

layering (ML) and Atomic Layer Epitaxy (ALE), respectively,340,341 the area of ALD has seen rapid 

expansion in recent decades with regard to deposited materials,326,342 applications,334,343 and 

commercially available ALD equipment.341 In particular, the microelectronic industry has been a key 

driver in the development of ALD, as it is heavily reliant upon the technique to facilitate the deposition 
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of material onto miniaturised microelectronic architectures for use in dynamic random-access 

memory (DRAM), metal-oxide-semiconductor field-effect transistors (MOS-FET), and 

microelectromechanical systems (MEMS).334,340,344 

The majority of ALD processes are based on the deposition of binary materials and, as such, Figure 

1.11 details the steps of a single ALD cycle in an idealised process using the deposition of SnO, via the 

bis(1-dimethylamino-2-methyl-2propoxy)tin, [Sn(dmamp)2], precursor and H2O co-reagent, as an 

example.196 For reference, hereafter “precursor” will be used to denote the metal-containing reagent, 

and “co-reagent” will refer to the non-metal reactant. In step 1, the activated substrate surface, 

typically functionalised with hydroxyl groups or adsorbed H2O, is exposed to a single pulse of 

precursor “A”, which reacts irreversibly with the active sites to generate volatile by-products and 

reactive surface-bound species.  After a period, the chamber is evacuated of non-surface-bound 

species either through application of a vacuum, or by purging it with an inert gas such as N2 or Ar 

(step 2). A co-reagent “B” is then introduced to the chamber, reacting irreversibly with surface bound 

species such that “A-B” bonds are formed, and a mono layer of desired material is deposited (step 3). 

In the final step (4), a second purge removes any undesired reagents or products from the chamber, 

leaving a functionalised substrate surface ready for a repeat of the cycle.201,326,329,334Essential to the 

success of ALD is the deposition of the same quantity of material each cycle so that Ångström level 

control can be gained over deposited film thicknesses.334 The reliance of ALD on surface-based 

 

Figure 1.11 Schematic detailing an single idealised ALD cycle for the deposition of the 

binary oxide SnO using [Sn(dmamp)2]196 and H2O as precursor and co-reagent, respectively. 

Steps clockwise from top left are: precursor pulse, purge, co-reagent pulse, purge.  
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reactions ensures that a finite number of reactions, dictated by the number of active surface sites, 

occurs each cycle. The purge step in the cycle results in the removal of any non-surface-bound reactive 

species and ensures that the precursor and co-reagent do not mix in the gaseous phase to cause 

unwanted and uncontrolled deposition via a CVD-style mechanism. The overall effect is that ALD films 

are extremely smooth and conformal over high-aspect ratio substrates, maintaining holes and 

features that may be in-filled by other CVD processes. A clear example of this conformality can be 

observed in Figure 1.12.345 Additionally, these irreversible, surface saturating reactions deposit 

continuous and pinhole-free films, making this technique of particular interest in the deposition of 

dielectric films.328,332–335,345–348 Super cycles, which involve multiple pulse-purge phases for additional 

precursors, allow for the introduction of multiple elements into growing films.326 These super cycles 

have been effectively utilised for compositional control of zinc tin oxide (ZTO),349 SrTiO3350,351 and 

SrHfO3352 amongst many others.353,354 

Despite a limited understanding of the exact physiochemical processes that govern film growth,342 

ALD-type growth can be confirmed by considering the increase in film thickness per cycle, i.e. the 

growth rate, or growth per cycle (GPC). ALD processes distinguish themselves from other forms of 

CVD by having a consistent growth rate, such that the thickness of the deposited film is solely 

dependent upon the number of cycles, with other parameters having limited effect in an optimised 

system. In contrast, the deposition rate in CVD systems typically displays high dependency upon the 

reactor system and the process parameters (e.g. temperature, pressure etc.), as these often act as the 

initiator for the precursor decomposition.326 Indeed for any “true” ALD precursor, the growth rate 

should remain constant regardless of reactor or process parameter, provided they are within the 

optimised parameter regime. Unfortunately, this has only been found valid in the case of the Al2O3 

deposition process from AlMe3/H2O342 due the paucity of investigative work confirming this 

hypothesis.326 

Consideration of this key feature is essential for the identification of ALD growth. Typically, the 

development of novel ALD procedures focuses on three main comparisons, film thickness vs number 

of cycles, GPC vs precursor pulse length, and GPC vs temperature. Assuming that precursor is able to 

 

Figure 1.12 Cross sectional SEM image of Ge2Sb2Te3 ALD films showing conformal 

coverage of high aspect ratio surface.345 
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act as an “ideal” ALD reagent, according to the criteria to be later discussed, these comparisons allow 

for ALD growth to be identified and optimised.326 

Firstly, under consistent conditions, a linear increase in film thickness with increasing number of 

cycles should be observed, as seen in Figure 1.13i. This indicates that each cycle deposits equivalent 

amounts of material onto the deposition surface, and that the precursor is reacting in a reproducible 

manner each reaction cycle. This relationship generally holds true for highly reactive precursors and 

at higher cycle numbers, however,  linear growth rates are not always observed at lower cycle 

numbers. This may be due to physical changes in the deposited material, such as the sintering-type 

behaviour of a low density amorphous material into crystallite form after a threshold volume is 

reached, or due to a low number of nucleation points at the substrate’s surface during the initial 

deposition.334,355–357 

Whilst this linear relationship can be achieved without surface saturation, true ALD requires 

monolayer deposition. As such, a linear growth rate should be accompanied by evidence of surface 

saturation in a comparison of precursor pulse length and GPC, as depicted in Figure 1.13ii. GPC 

increases with increasing precursor pulse length until saturation is achieved. At this point, the 

addition of further precursor will not result in more deposition as all active sites have been occupied 

and the GPC will remain constant regardless of the increase in pulse length. In non-ideal ALD 

processes however, this relationship can often prove contentious as the relative reactivity and surface 

area of the substrate is an often overlooked factor. For example, a longer exposure time may enable 

complete surface saturation for a low reactivity precursor or on a highly patterned substrate at a 

lower precursor concentration. However, a number of studies have also indicated that prolonged 

exposure to precursor can result in etching of the substrate surface. For commercial applications, 

lower than ideal saturation (e.g. 95%) is often tolerated for the sake of increased efficiencies and 

reduced costs.326,358–360 

 

Figure 1.13 i) Linear relationship between film thickness and number of cycles that is 

expected for an ideal ALD process.326 ii) Saturation curve observed for an ideal ALD 

process.334 

i) ii) 
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The final relationship to be considered, particularly in thermal ALD processes, is that between GPC 

and temperature. An investigation of this relationship often reveals the presence of an “ALD window”, 

i.e. a temperature range in which the GPC remains constant. This indicates consistent deposition of 

material and full surface saturation by the precursor, though often a saturation study is also 

performed to confirm this. Due to its dependency upon precursor reactivity, this window varies 

between ALD processes and is often not observed at all. Outside of this window lie regions of non-

ideal growth. Generally, the ALD temperature window remains below 350 °C, as decomposition 

process tend to dominate above this temperature.335  

Figure 1.14 depicts the relationships that can be observed between temperature and GPC. Below the 

ALD window, low temperatures can lead to condensation of the precursor, or reduced precursor 

diffusion, both of which result in elevated deposition rates at lower temperatures. The former is due 

to mass condensation of precursor, and the latter a result of increased precursor mixing and a 

resultant CVD-style deposition (section a). Reduced deposition rates at low temperatures are often 

the result of diminished precursor reactivity (section b). Similar relationships can be seen at elevated 

temperatures where a high GPC is often caused by thermal decomposition of the precursor leading to 

CVD-like film growth (section c), whilst low deposition rates are often the result of increased 

desorption of surface-bound reactive species, such as precursor or hydroxyl groups, limiting 

deposition (section d). Again, it should be noted that the size of this window is highly dependent upon 

the individual precursor and occasionally cannot be observed in non-ideal systems.201,326,334,335These 

three main comparisons provide an insight into whether a process demonstrates ideal ALD 

behaviours and provide a general insight for optimisation of the system. However, the majority of 

ALD processes reported demonstrate non-ideal behaviours, and non-uniformity is often observed in 

films deposited by ALD with a number of reports discussing the factors contributing to this.329,358 

Furthermore, an ideal ALD process necessitates use of an ideal ALD precursor that reacts in an 

expected and controlled manner. Often, this is not the case and so, in addition to the process 

 

Figure 1.14 A comparison of GPC and temperature depicting the “ALD window” in which 

ideal deposition is observed, and regions of non-ideal deposition; a) precursor 

condensation (blue); b) insufficient thermal activation or low precursor reactivity (red); c) 

precursor decomposition (purple); d) precursor desorption (green). 201,334 



38 
 

parameters, considerations must also be made with regard to the ALD precursor, its reactivity, and 

its potential reaction mechanism when developing ALD procedures.326,334,335 

1.5.2.1 ALD Variants 

There are a few variants of ALD that are typically divided according to what the reaction initiator is, 

though sometimes processes are classified by the reactor type. Within the semiconductor industry, 

commercial ALD tools tend to be designed for deposition onto single or batch quantities of SiO2 

wafers, with either showerhead or crossflow reactors. These systems are suited to temporal ALD, 

where precursor pulses are separated by time. More recently, a number of investigations have 

emerged focusing on spatial ALD,361 where the precursors are spatially separated and the substrate 

is moved between them. This process facilitates faster deposition and offers a greater potential for 

industrial scalability, however many of the reported growth rates and film properties are consistent 

with materials deposited from CVD processes.201,334,361 Diagrams of both can be observed below in 

Figure 1.15.361 

The most commonly utilised ALD variants are thermal and plasma ALD, both of which typically work 

via a temporal process. These two variants differ primarily in the manner by which surface reactions 

are induced, thus they are generally suited to different applications and require slightly different 

precursor reactivity. 

1.5.2.2 Thermal ALD 

Thermal ALD processes are those in which thermal energy is sufficient to induce reactions between 

the surface-bound species and gaseous reactant, with no additional stimulus required. These 

processes are particularly suited to the deposition of materials with high enthalpies of formation, such 

as oxides.  As a result, many thermal ALD processes are based on well-established binary CVD 

procedures,327,342 such as those for TiO2362 and ZnO,363,364 as these deposition reactions are robust and 

thermodynamically favoured (see Scheme 1.1).334 ALD also offers a method by which pyrophoric 

reagents, such as AlMe3, can be used for rapid conformal deposition in a controlled manner.342 

 

Figure 1.15 Depiction of temporal ALD compared to spatial ALD. Taken from Muñoz-Rojas 

et al.361 
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The most common thermal ALD processes involve the deposition of the metal oxides, Al2O3, TiO, ZnO, 

ZrO2, HfO2 and Ta2O3, but a number of metal chalcogenides (e.g. ZnS and CdS) and pnictogenides (e.g. 

TiN, TaN, W2N, GaP and InP) have also been explored for deposition by thermal ALD.312,334 Similarly, 

more complex multinary materials are also accessible by thermal ALD routes provided that 

precursors display suitable reactivity.349–354 

1.5.2.3 Plasma (or Radical) Enhanced ALD 

Whilst thermal ALD processes rely on highly reactive precursor combinations to deposit multinary 

materials, plasma-enhanced ALD (PE-ALD) offers an opportunity to deposit single element films, such 

as Si or Ge, or the use of low reactivity precursors, by using radicals or other energetic species to 

induce reactions.334,365 Plasma is the method by which these species are introduced to the reaction 

chamber. 

Within the microelectronics industry, plasma is essential to the fabrication of semiconductor 

circuitry.366 Plasma itself is an ionized gas, and is often referred to as the “fourth state of matter”.367,368 

The underlying physics regarding plasma are far more complex than can be sufficiently discussed in 

this brief introduction and readers are directed to textbooks on plasma physics by Morozov,368 

Goldston,367 Chen,369 Dendy,370 Bittencourt,371 and Fridman,372 as well as an excellent summary guide 

by Chen and Chang366 on the principles of plasma processing. In the most basic sense, however, 

plasma is produced once matter is heated beyond its gaseous state. Once the thermal energy of the 

constituent parts of a gaseous species exceeds the energy of the electrostatic forces that bind 

electrons to atomic nuclei, at least one electron is stripped from the outer shell of the gaseous atoms 

producing charged species.366,370 The resultant ionized gas is quasi-neutral, meaning that there is a 

balance of positively and negatively charged species, but also acts a charged fluid, exhibiting high 

conductivity and collective effects as a result of long-range electromagnetic forces.366,371  

Man-made plasma is typically produced through the application of an electrical current to a small 

amount of gas, which results in the releases of thermally charged electrons that collide with atoms to 

produced further charged species until the desired degree of ionisation is achieved.367 The degree to 

which a plasma is ionised is highly variable. Essentially, whilst naturally occurring plasmas (e.g. solar 

corona, solar winds, nebula, Earth’s ionosphere, and lightning) are often “fully ionized”, the majority 

of plasmas used in processing applications are only 1-10 % ionized.366 This allows for somewhat 

variable application.367  

The three main benefits of using plasma in chemical applications are:372 

 

Scheme 1.1 Thermal ALD processes and their respective enthalpies for Al2O3, TiO2 and 

ZnO.201,334 
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1. The temperatures and energy density of at least some plasma components exceeds that 

possible utilising conventional chemistry techniques 

2. High concentrations of energetic and chemically active species can be produced utilising 

plasma (e.g electrons, ions, atoms, radicals, and photons of differing wavelengths)  

3. Plasma systems are not limited by thermodynamic equilibria, meaning access to high 

concentrations of chemically active species can be achieved at very low temperatures 

These benefits offer the ability to intensify traditional chemical processes, through the stimulation of 

chemical reactions otherwise impossible in conventional chemistry.372 In the same manner the use of 

a plasma pulse in place of a co-reagent step in a PE-ALD process facilitates reactions that would 

otherwise be unfavourable, enabling low temperature deposition through the formation of highly 

reactive radicals, and other excited species, within the reaction chamber.335 This is highlighted in the 

deposition of Al2O3 from trimethyl aluminium (TMA) and O2 plasma at temperatures as low as 

25 °C.373 The ability to deposit at such temperatures is of great interest to the flexible microelectronics 

industry, where deposition onto delicate flexible polymers is essential to the evolution of the 

industry.334,373   

Various PE-ALD processes have been developed, with hydrogen gas plasma being most utilised in the 

deposition of single element films due to the formation of hydrogen radicals facilitating the reduction 

of metals and semiconductors.334 Numerous investigations have taken advantage of this to deposit 

conformal films of Si,374,375 Ge,376,377 Ti,378 and Ta379 by PE-ALD. Similarly, ammonia plasma has been 

used as a reductant in the deposition of Co,380–383 Ni,383,384 and Ru385,386 and found application in the 

deposition of nitride films such as TiN,387–389 TaN390–392 and WxN,393,394 which are often of low quality 

when deposited by thermal ALD.334 

Oxygen gas plasma has also been found widely applicable to the deposition of metal oxide materials. 

Whilst oxide materials are generally thermodynamically favoured, and thus suit thermal ALD 

processes, H2O is often the preferred co-reagent and its low reactivity limits the metallic precursors 

that can be used.335 O2 plasma offers the ability to deposit oxide materials at reduced temperatures373 

from low reactivity precursors.324,395 Often these films display improved crystallinities396–398 and 

contain reduced levels of contamination.326,334,395,396  

Whilst a highly effective tool, the energetic nature of the PE-ALD process can result in a number of 

limitations. Of particular relevance to the work contained in this thesis is the highly oxidising nature 

of O2 plasma. This prevents access to meta-stable oxidation states in deposited films, such as Sn(II) in 

the quasi-metastable p-type metal oxide SnO. An additional drawback to PE-ALD is the reduced 

conformality observed over high aspect ratio substrates.334 Metallic Ta films deposited by PE-ALD 

over substrates with a high aspect ratio of 40:1 displayed a significant 17 nm reduction in film 

thickness from the top to the bottom of surface trenches.379 This reduced conformality was attributed 

to radical recombination on the walls of the trench,399 and highlights the limitations of PE-ALD 

processes when depositing over high aspect ratio substrates.326,334,335  
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1.6 ALD Precursors and the Principles of Precursor Design 

As has previously been recognised, thin film deposition has become central to the microelectronics 

industry, as the ability to layer conducting, insulating, and semiconducting materials of high purity 

and structural quality in complex architectures is pivotal to further advancement.311,329 In particular, 

the scope of materials accessible using gas-phase deposition techniques, such as CVD or ALD, has 

made these techniques of significant industrial interest and a critical research area.326,335,400,401 

However, accessing the diverse array of desirable materials, including metal oxides, sulphides, and 

nitrides, as well as more complex ternary and doped materials, presents several problems.311 

Both ALD, and other CVD methods, rely on precursors with properties that meet specific 

requirements to ensure successful deposition. The dependency of ALD upon surface-saturating, 

irreversible reactions places significantly greater demand on the specific reactivity of the precursors.  

More specifically, the success of an ALD process is dictated by the chemistry of precursor molecules, 

both as a gaseous precursor and as a surface bound moiety. A myriad of inter- and intra-molecular 

interactions determine the thermal and chemical properties of a precursor, necessitating careful 

selection to ensure that conformal, controlled deposition of the targeted materials is achieved. Whilst 

a range of molecular precursors exist for a number of materials, expanding this library is of growing 

importance as it may enable deposition of currently inaccessible materials or crystalline phases, 

facilitate improvement of current processes, or allow for deposition of material under a variety of 

processing conditions. Expanding the library of known precursors expands the range of tools with 

which deposition can be achieved, and potentially broadens the range of electrical and material 

properties accessible, enhancing the applicability of deposited materials. To this end, the field of 

precursor design has become central to the advancement of ALD and CVD technologies.311,324,342,400,401 

This concept is succinctly encapsulated by Hatanpää et al. in the claim that:324 

“the success of ALD is built on chemistry”. 

Precursor design involves the design, development and synthesis of precursors that are capable of 

producing targeted materials of consistent stoichiometry and at consistent growth rates under given 

operating conditions. As such, this field is increasingly recognised as a vital area of thin film 

development, both for the exploration of novel materials, and for the improvement of film quality and 

process scalability of known commercial systems.311 In particular, the dependency of ALD upon the 

innate chemical behaviour of the precursor molecule, and the surface reactivity of both precursor and 

growing film, necessitates a reasonable understanding of the chemistry that dictates precursor 

properties and surface deposition, such that fine control can be exerted over the process through 

tailoring of the precursor structure. Understanding how to control these properties through ligand 

selection is at the core of precursor design.311,324 
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 ALD Precursor Requirements 

Of all the thin film deposition methods, ALD has the most demanding set of requirements, as it 

requires specialised CVD precursors. Achieving mono-layer growth requires self-limiting surface 

reactions of the precursor, and inert by-products that have no interaction with the growing film. In 

general, an ALD precursor must meet all the requirements of a CVD process, but display a higher 

thermal stability, and more selective reactivity. Several factors affect the suitability of a precursor for 

ALD, and a detailed list of precursor requirements is outlined below:309,311,324,326,343,402 

Volatility  

In an ALD process, the precursor needs to be transported to the substrate, where it then must 

diffuse across, and within, high-aspect ratio substrates in order to deposit a uniformly 

conformal film. To achieve this the precursor must be gaseous at the process temperature. In 

many cases it is irrelevant what phase the precursor is in at atmospheric pressure and 

temperature, provided that its volatility is sufficient at the processing temperature. Dussarat402 

suggests that a minimum pressure of 0.1 Torr at ~120˚C should be satisfactory in most 

circumstances. It is also essential that the by-products of the self-limiting surface reactions are 

sufficiently volatile, so as to be easily removed from the reaction chamber to prevent 

contamination of the growing film. 

Stability 

A precursor cannot decompose at any stage during an ALD process in order to ensure 

monolayer growth. This requires the precursor to display stability for an extended period at 

temperatures above the volatilisation point and demonstrate thermal stability both during and 

following transportation from the precursor source pot to the heated substrate surface. 

However, providing that surface reactions occur at a faster rate than decomposition, a 

compromise can be made on precursor stability at the substrate. 

Preventing uncontrolled deposition within the instrument, either during the transportation 

phase or within the reaction chamber, is essential, as decomposition products can lead to 

impurity incorporation, film thickness variations, or could even prove corrosive towards the 

growing film. 

Long-term stability is also of great importance. Precursors are typically subjected to cycles of 

heating and cooling in between processes and are often stored for extended periods. Whilst 

some level of compromise can be accepted, commercial viability necessitates that the 

precursor is able to withstand a degree of prolonged storage and temperature cycling with no 

degradation in the overall purity and quality. 

Reactivity 

ALD processes rely upon the reaction of surface bound species to ensure uniform growth, as 

such, precursors must react in a saturating, irreversible manner with active sites on the 
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surface. These surface reactions should be fast, predictable and terminate with a surface 

species that shows no reactivity towards itself or the reaction products but will still react with 

the co-reagent pulse. This criterion must also be met for the reaction between surface species 

and co-reagent. Additionally, these reactions must produce volatile, inert by-products that can 

be easily removed from the chamber. Ideally, these reactions should occur at a low 

temperature, as higher temperatures can yield granular and resistive films through 

agglomeration of reactants.403,404 

In certain processes, such as plasma-enhanced ALD, surface saturation through adsorption is 

acceptable, but the reactivity of the precursor with the plasma pulse must still be controlled 

and predictable. 

Clean Reactivity  

It is important to highlight that any by-products, or fragmented ligands following surface 

reactions must be sufficiently volatile to be removed from the system and ideally have limited 

toxic or corrosive properties with respect to the growing film. In certain cases, however, the 

presence of reactive by-products can be beneficial.405  

Whilst the requirements listed above are typically deemed necessary, there are additional properties 

that are preferred. These are listed below:309,311,324,326,343,402 

Safe Handling 

Ideally, an ALD precursor should be non-toxic. Unfortunately, given the number of thin films 

with desirable properties that contain toxic elements, such as cadmium or lead, it is impossible 

to require every precursor to be free of toxic components. It is, however, possible to develop 

and utilise ALD reactants that are safe and easy to handle, with no storage safety concerns.326 

Commercial viability 

Industrially applicable precursors must be economically viable, i.e. have a low-cost price and 

be scalable; this requires consideration of the synthetic route to the precursor. Low cost 

reagents and a facile synthesis process are thus of great importance for commercialisation.  

Purity 

For some applications, high purity films are necessary and so the precursor must show a 

similar purity level. This also depends on the chemical properties of the impurities that may be 

present, and the related effect on films growth and precursor stability. For example, a high 

purity would be necessary if the impurities present in the precursor had similar, or better, 

volatilities than the precursor itself, or if the impurity reacted with the precursor such that 

degradation occurred during prolonged storage.  
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Precursor phase 

Whilst in principle the precursor phase under ambient conditions has little impact on the 

deposition, liquids tend to be preferred. The vapour pressure of liquids is significantly more 

consistent than that of solids due to it having a constant surface area even as it is depleted. The 

volatility of liquid precursors can be increased by bubbling a carrier gas through the 

precursor.406 In contrast, the surface area of solid precursor is entirely dependent upon particle 

sizes that change as the precursor is consumed, leading to variable vapour pressures. To ensure 

that each pulse of precursor reliably delivers the same dose to the substrate surface, a 

consistent vapour pressure is necessary for ALD precursors.311  

Solid phase precursors are significantly easier to transport, and typically display greater long-

term stability, though these precursors require more specialised reactor designs.326 A solid 

phase precursor with a low melting point is ideal, both with regards to storage and transport, 

and for good vapour pressures.  

By no means is this a complete list of ideal properties in ALD precursors, and it should be recognised 

that the majority of published and commercially used precursors do not fulfil all the criteria detailed 

above and compromises are often necessary.326 Nevertheless, when designing ALD precursors, novel 

systems must be assessed according to the considerations above. For example, thermogravimetric 

analysis (TGA) can be used to provide a good overview of the thermal characteristics of novel 

compounds. Further understanding can be gained by comparing potential precursors with 

established systems, and by running trial deposition processes to determine the efficacy of novel 

systems. From the information provided through these analyses and comparisons, efforts can be 

made to tune molecular properties so as to suit the desired application.311 

 Existing ALD Precursors 

Whilst it is beyond the scope of this report to offer a detailed analysis of all precursors in the field, a 

brief overview of the different classes of metal reactants will be provided so as to provide context for 

further discussions. An interested reader is directed toward the reviews by Miikkulainen et al.,326 

Devi,309 Hatanpää et al.,324 Johnson et al.,335 Dussarat,402 George,334 Koponen et al.,311 Johnson et al.,407 

the references found within these reviews, and those included and highlighted herein, for a more 

detailed examination of ALD, and ALD precursors. 

Within the ALD literature, there are a plethora of ligands utilised in metal precursors, each offering 

their own advantages and disadvantages with regard to reactivity, volatility, stability, by-product 

formation, and impurity incorporation. Figure 1.16, though by no means a complete list of available 

precursor systems, displays an overview of the precursors found within the literature for a variety of 

metal centres.326,335,342,407 

Inorganic precursors, consisting of the pure elements and the metal halides, were some of the earliest 

precursors to be developed.336–339 Indeed, the first film reportedly produced via an ALD process was 

ZnS using elemental precursors,338 with a ZnCl2/H2S process developed later.340 Elemental reactants 
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are still utilised but their applicability is mainly limited to zinc and cadmium chalcogenide materials, 

with some other systems, e.g. MgTe,408,409 GaN,410,411 and InN,412 also accessible. In contrast, highly 

reactive halides from across the periodic table can be used for the deposition of a wide range of 

materials including oxides, nitrides, and chalcogenides.326 Whilst the broad temperature range of 

metal halides make them desirable precursors, deposited films often suffer from chlorine residues, 

and the gases released from the surface reactions, HF and HCl, are both highly corrosive and can cause 

thickness gradients on the film surface, as well as damage to downstream equipment 

components.326,402 

Organometallic alkyls show similarly high reactivity and high deposition rates as a result of their 

limited steric hindrance.346,402,413 Their use is generally limited to group 12 (Zn and Cd) and group 13 

metals (Al, Ga, In) due to the otherwise low stability of metal alkyl systems.326 Other organometallic 

molecules containing cyclopentadiene (Cp), 1,3-cyclohexadiene (chd) and 1,5-cyclooctadiene (cod) 

ligands are ideal ALD precursors, as they show high reactivities, stabilities and volatilities.324 

Additionally, the melting point of these compounds can often be tuned with relative ease through 

alkyl substitution on the aromatic ring.402 Unfortunately, films deposited by these precursors are 

 

Figure 1.16 Overview of precursor classes. Adapted from Miikkulainen et al.326 R = proton, 

or any alkyl chain. Functionalisation of the backbone in alkoxyether, aminoamide and 

aminoalkoxides systems is common. 
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often found to have high carbon contamination due to the high carbon content of the precursor. 

Despite this, these organometallic precursors, particularly the Cp systems, are still widely 

explored.326,414–422 

Metal hetero-organic complexes possibly offer the greatest opportunity for selective tuning of the 

precursor due to the range of bonding modes on offer and the general ease of functionalisation. As 

seen in Figure 1.16, a wide selection of metal organic systems are utilised in ALD processes. The 

majority of these contain oxygen or nitrogen donor groups, though there are other donor options, 

such as sulphur or phosphine groups, that are less commonly observed.326,342  

Alkoxide precursors are seen throughout the literature due to the reasonably high reactivities and 

volatilities shown by these compounds. Often though, these systems are thermally unstable, highly 

sensitive to moisture,309 and some studies have indicated that prolonged storage and heating cycles 

can contribute to the formation of non-volatile polymeric material, making them unsuitable for 

deposition processes.217,423 Similar stability issues are seen in the corresponding amide systems, 

which generally decompose at lower temperatures,335 however a compromise is often accepted for 

amides due to their high reactivities and they still utilised in a number of processes.309 

β-diketonates are commonly found across deposition chemistry as they are highly thermally stable, 

demonstrate hydrolytic stability,  show reasonable volatilities, and are relatively low cost. Whilst the 

majority are solids, the functionalisation of β-diketonates can be performed with relative ease to 

introduce asymmetry, for a reduced melting point, or to incorporate fluorine groups for improved 

volatilities.278,424,425 Yet, only a handful of these compounds are used for ALD processes due to the low 

reactivities often observed for these systems.402,426 In some cases, exchanging one or more of the 

oxygen atoms for nitrogen donors to give β-iminoketonates and β-diketiminates has been found to 

increase the reactivity and stability of systems.424 Additionally, the different bonding modes of 

nitrogen offer more opportunity for functionalisation, opening new routes to materials.402  

Amidinates, and the closely related guanidinates, have been the topic of a number of 

reviews,309,311,333,427–429 as they display good reactivities and reasonable thermal stabilities. Their 

applicability to a broad range of elements is of great interest, as is the ease with which asymmetry 

and functional groups can be introduced to the systems.428  

In contrast, alkoxyethers have seen limited use thus far as ALD precursors, with only a selection of 2-

methoxyethoxy compounds reported for a handful of applications.430–434 Conversely, the analogous 

aminoamides have found wide application in a number of ALD processes,429,435–441 as have the mixed 

aminoalkoxide systems.182,196,446,267,350,383,384,442–445 The higher reactivity of the amide coordination is 

the driving force behind the investigation of these compounds. The additional asymmetry, both with 

regard to bonding and sterics, offered by the aminoalkoxide systems is also highly desirable.278 

Alongside the plethora of metal reactants utilised in ALD is the broad range of co-reagents that can be 

employed, shown in Figure 1.17, allowing access to a wide variety of materials and metal oxidation 

states. Often, one precursor may be used to obtain multiple materials through the selection of 

alternative co-reagents.326 



47 
 

An understanding of the co-reagent reactivity is necessary for ensuring deposition of the desired 

material. For example, of the main oxygen sources (H2O, H2O2, O3, O2 and O⦁ from a plasma source) O3 

and O• are the most reactive, allowing lower temperatures and less reactive metal reactants to be 

used. However, this increased reactivity can also cause etching of the growing film or oxidize the 

surface of the substrate leading to an unintended interfacial layer.345,447,448 As a result, H2O is often the 

most desirable of these oxygen sources as it is a gentler reagent, allowing access to metastable 

oxidation states, and it is able to withstand higher temperatures. Similarly, NH3 and H2S are often used 

for nitride and sulphide films respectively, as they are not aggressive reactants and display high 

temperature capabilities.335 

 How Chemistry Dictates Precursor Development 

Within materials chemistry, there are a number of desirable elements and metastable materials that 

are inaccessible by traditional pathways, meaning finding new routes to these systems is of 

paramount importance. The versatility of ALD offers a means to access these materials via controlled 

deposition processes, however its full effectiveness as a tool is ultimately directed by the behaviour 

and reactivity of the precursors involved. Thus, developing successful precursors requires an 

understanding of the subtle balance of factors that influence a molecule’s chemistry.311 

The rational design of ALD precursors can be guided by the requirements previously discussed, 

specifically volatility, thermal stability, and reactivity, and informed by ex situ and in situ experiments 

designed to provide an insight into the deposition mechanism. Here, an overview of the molecular 

chemistries that dictate the properties of these precursors is given, and methods by which these can 

be tuned to suit the application is suggested.  

Volatility  

Several factors influence the vapour pressure of a compound with intermolecular forces and 

steric conformations impacting volatility to varying degrees, leading to difficulties in effectively 

tuning volatility. By the far the simplest influence on vapour pressure, and the most widely 

addressed, is molecular weight. In general, vapour pressure (P) is inversely proportional to 

 

Figure 1.17 Overview of co-reagent classes. Adapted from Miikkulainen et al.326. 
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molecular weight (MW), as described by the Hertz-Knudsen equation (Equation 1.2).449–454 The 

applicability of this equation, however, relies on “ideal assumptions” that do not account for 

steric and electronic effects, or any resulting variation in the intermolecular interactions.311 For 

example, the incorporation of fluorine groups typically results in increased intermolecular 

repulsion leading to a higher volatility than would be expected based on molecular weight.424 

In general, this inverse relationship is often observed in the literature, and a low molecular 

weight is desirable for ALD precursors. As such, controlling oligomerisation is essential, 

particularly when considering heavy metal precursors. Often, chelating, or sterically bulky 

ligands are used to saturate the coordination sphere of large nuclei, so as to produce monomers 

that are more volatile than their oligomeric analogues. However, any volatility gained through 

this process is limited by the molecular weight of the ligand used, thus a careful balance must 

be struck.311,424,425,455 

Thermal Stability 

The thermal stability of a precursor is difficult to predict and often the development of a 

thermally stable compound is a result of an iterative “trial-and-error” process. To some extent, 

manipulation of the steric and electronic effects within molecules can improve thermal 

properties and often strengthening the weakest bonds in a system, normally between metal 

and ligand, reduces the likelihood of decomposition.311  

Nevertheless, there are some occasions in which a chemical understanding can provide a 

deeper insight into the decomposition process of a molecule such that a slight ligand alteration 

can stabilise the system. In 2013, Barry428 presented a review of amidinate and guanidinate 

precursors for a range of metal centres, and discussed a previous investigation into the auto-

reduction decomposition processes of amidinate and guanidinate complexes. The conclusions 

of this investigation indicated there were two low-temperature decomposition pathways for 

these complexes, carbodiimide deinsertion and β-hydride elimination.456 Redesigning the 

ligands so as to tether the quaternary carbon prevented carbodiimide deinsertion, and 

replacing the β-hydrogen atoms with methyl groups blocked the kinetically accessible 

decomposition routes. These two alterations thermally stabilised the precursor, without 

reducing the high chemical reactivities of the complexes.311,428 

Reactivity 

For the conformal, controlled deposition that ALD offers, precursors need to be selectively 

reactive at the surface. Namely, each individual precursor should react in an irreversible 

𝑃 =  
∆𝑚

𝐴∆𝑡
√

2𝜋𝑅𝑇

𝑀𝑊
 

Equation 1.2 Hertz-Knudsen equation. P = vapour pressure, MW = molecular weight, m = 

mass, A = surface area, t = sample temperature.449–454 
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manner with a single active surface site to produce a reactive surface-bound species that is 

inactive towards residual precursor but is highly reactive towards the co-reagent. This also 

requires the precursor to remain inert until it reaches the substrate surface.  

An effective method of tailoring precursors to achieve this is to develop heteroleptic systems, 

which contain one ligand that is highly reactive towards the activated substrate surface, and 

one that is selectively reactive towards a gaseous co-reagent. This can be an effective method, 

however incorrect selection of ligand can result in the formation of an extremely stable, 

unreactive surface species, halting further depositon.457,458 

Melting Point 

Altering the melting point of a precursor can be achieved with relative ease by entropically 

hindering crystallization through relatively subtle changes in the molecular structure. 

Incorporating higher levels of asymmetry into a precursor forces it to adopt specific 

conformations in the crystalline state, frustrating crystallization and making melting more 

entropically favourable, thus reducing the melting point.311 This effect can be seen very clearly 

in the copper guanidinate systems reported by Coyle et al.456 (shown in Figure 1.18) where 

substituting the two methyl groups on the exocyclic amide for a proton and an iso-propyl group 

lowers the melting point by 30 ˚C.311 

An alternative method to entropically favour melting is the incorporation of long, low-

branched, or unbranched, alkyl chains, as this sterically shields the metal centre reducing the 

intermolecular interactions within the crystal lattice. Koponen et al.311 add that this effect 

appears to be more pronounced when the branch of the alkyl chain lies closer to the metal 

centre, as shown in a series of aluminium dialkyl iminopyrrolidinates when a iso-butyl group 

is replaced a sec-butyl group resulting in the melting point dropping by ca. 50 ˚C.459 

Understanding how to manipulate molecular interactions to produce a desired effect in a precursor, 

whether for increased reactivity or a decreased melting point, offers a huge advantage when 

attempting to develop novel precursors for currently inaccessible materials. Despite this, there is a 

 

Figure 1.18 The effect of asymmetry on the melting points of copper guanidinate 

compounds. Adapted from Koponen et al.311 
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great benefit in building upon, and adapting, established ligand frameworks given the complex effects 

of process parameters on ALD. Consequently, investigations detailing the development of ALD 

precursors through the exploration of molecules that contain similar motifs to known ALD and CVD 

precursors can be observed across ALD literature.309,311,424,428  

1.7 General Chemistry of the Heavier Group 14 Elements 

The chemistry of the heavier group 14 elements is dominated by the “inert pair effect”, which refers 

to the increasing stability of the singlet electronic ground state upon descending the group. Whilst the 

ns and np orbitals of carbon display energetic and spatial similarities, Pauli repulsion associated with 

(n-1)p electrons, in addition to d-block contraction and relativistic effects, results in an increased 

separation between the ns and np orbitals beyond n > 2.460–464 For the heavier carbene analogues 

(R2M:, M = Si, Ge, Sn, Pb), this leads to a preference for the (ns)2(np)2 valence configuration, with 

bonding proceeding through the predominantly non-hybridized orthogonal np atomic orbitals, and a 

singlet ground state configuration for the M2+ centres.463,464 In contrast, carbon favours hybridized 

orbitals and a triplet ground state for R2C: systems.465 Figure 1.19 schematically displays the 

difference in ground state between carbon and  its heavier congeners.  

The singlet-triplet energy difference (ΔEST) increases down the group, C << Si < Ge < Sn < Pb, and is 

found to parallel the red-shift observed in the electron transitions of the metallylene systems from 

Si < Ge < Sn < Pb due to forbidden n-p transitions, though there is some variation depending upon 

substituents.464 Similarly, the increased stability of the singlet state for the heavier elements is 

paralleled in the stability of the M2+ oxidation state upon descending the group.464 Whilst this leads to 

the assumption that divalent organolead complexes can be isolated as stable compounds, this is rarely 

observed with the majority found to be thermally unstable and susceptible to disproportionation 

reactions.466,467 The singlet ground state preferred by metallylenes (R2M:, M = Si, Ge, Sn, Pb) results in 

a relatively inert lone pair of valence electrons, due to the high s-orbital character, and a reasonably 

exposed vacant p-orbital, which results in these systems displaying a high reactivity towards 

themselves and other molecules. As such, careful ligand selection is necessary to kinetically and/or 

thermodynamically stabilise the reactive vacant p-orbital.460,464,468 

  

Figure 1.19 Difference between ground states of carbene and metallylenes. Adapted from 

ref. Mizuhata et al.464 
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Kinetic stabilization requires the use of ligands with large steric bulk that shield the heavy metal 

centre preventing the approach of reactive species (Figure 1.20). This is of particular relevance for 

alky- or aryl-substituted metallylenes as carbon substituents offer limited electronic stability. As a 

result, ligands of this type must have significant steric bulk to ensure that the vacant p-orbital does 

not undergo intra- or inter-molecular reactions that typically result in oligomeric systems.464 Early 

investigations by Lappert et al.460,469–471 also demonstrated that increasing the steric bulk of the 

ligands aided in monomer formation; the complex [GeRR’], where R = R’ = {-CH(SiMe3)2}, forms a 

dimeric system, whilst when R = {-CH(SiMe3)2} and R’ = {C(SiMe3)3} a monomeric system is 

produced.472 This highlights the kinetic stability gained through the incorporation of an additional 

single {SiMe3} moiety.472 More recently, this method has been extensively exploited by Power and his 

research group through the use of substituted terphenyl ligands to investigate a vast range of heavier 

group 14 carbene analogues.460,473 

Given the steric bulk necessary to stabilise these complexes, it can be assumed that the C-M-C angle 

is often wider than would be expected from complexes bonded through the p-orbitals. When 

considered alongside the electron-donating or -withdrawing nature of the ligands this can have a 

significant impact on the stability of the metallylene. In alkyl-substituted systems, σ-donation results 

in a larger ns orbital, enabling some hybridisation and the introduction of p-type character to the lone 

pair, alongside a widening of the C-M-C angle, potentially enhancing the steric stabilization within the 

system. Conversely, the σ-withdrawing properties of aryl complexes often result in a smaller C-M-C 

angle and a potential reduction in the stability of the system due to the disparity between the steric 

and electronic effects.464 This highlights the importance of ligand selection in molecular design.460  

 

Figure 1.20 Kinetic stabilization of metallylenes. Nucleophilic access to the highly reactive 

vacant p-orbital is sterically hindered, and self-oligomerisation is prevented by the large 

steric bulk of the substituents. Adapted from Mizuhata et al. 464 
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Thermodynamic stabilization is often achieved through the use of strong π-donors, typically from 

group 15 (N or P) or 16 (O or S),464 coordinative saturation, or through a combination of these (Figure 

1.21). Each method enables electron donation into the vacant p-orbital, reducing the electron 

deficiency at the metal centre and decreasing the reactivity of the system.460 Figure 1.22 provides a 

schematic overview of the three categories of thermodynamic stabilization.464 

 Thermodynamic Stabilization 

Of those metallylenes stabilised through direct substitution of strong π-donors, diamino-substituted 

systems are the most widely investigated. The early synthesis and characterisation of the thermally 

robust, divalent, monomeric [M{N(SiMe3)2}2] amide species of germanium, tin and lead, by 

Zuckermann et al.474 and Lappert et al.475 in 1974 was integral to the expansion of group 14 chemistry. 

Since then, a variety of homoleptic [M(NR2)2]476–481 group 14(II) amides have been investigated with 

many found to be stable monomeric species.482 These systems have been observed to undergo 

insertion, oxidative addition, disproportionation, ligand exchange, and protonolysis reactions, 

making them exceptional precursors to a wide range of novel divalent group 14 complexes.464,475,482–

484 It should be noted, however, that silicon analogues do not demonstrate the same stability. Whilst 

both [Si(NiPr2)2]485 and [Si{N(SiMe3)2}2]486 have been reported, the former is found to exist in 

equilibrium with the disilene analogue [(iPr2N)2Si=Si(NiPr2)2], and the latter decomposes in solution 

above 0°C to produce unidentified products.464 

A number of stable diaryloxy- and dialkyloxy-substituted metallylenes have also been isolated. Whilst 

the use of large bulky substituents such as 2,6-di-tert-butyl-4-methylphenyl on the oxy- group has 

been shown to stabilise monomeric [:M(OR)2] species for M = Ge and Sn,487 the majority of dioxy- 

 

Figure 1.21 Schematic detailing the frontier orbitals of metallylenes and the an overview 

of their thermodynamic stabilization . Adpated from Mizuhata et al.464 

 

Figure 1.22 Thermodynamic stabilization through i) direct substitution of strong π -

donors, ii) coordinative saturation, or iii) a combined approach utilising delocalized, 

monoanionic bidentate ligands. Adapted from Mizuhata et al. 464 
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metallylenes tend towards oligomerization due to the decreased steric bulk of the ligand compared 

to the diamino metallylenes.464 The use of similarly large substituent groups has enabled the isolation 

of a few monomeric diphosphino-substituted metallylene species,488,489 and dithioaryloxy-substituted 

metallylenes,490 whilst smaller steric bulk leads to oligomeric species in both cases.490–494 

Heteroleptic substituted systems, [MRX’] (M = Ge, Sn, Pb; R = alkyl, aryl, silyl; X, X’ = halogen, 

pseudohalogen, amido, alkoxo, thiolato, etc.), have also been widely investigated, though once again, 

large steric bulk is necessary for the formation of monomer species.495–498 Monomeric primary amido 

derivatives of the divalent group 14 elements, with the form [M{N(H)R}2] (with M and R as above), 

are rare due to the reduced steric protection afforded by the single organic substituent on the amido 

group.499,500 Often, those systems containing sterically small ligands, such as alkylamides or primary 

amido ligands, are stabilised through the formation of dimeric species. This is particularly the case 

with the Sn(II) and Pb(II) derivatives.499,501 

Coordinative stabilization of the metallylenes through the formation of heterocyclic rings occurs as a 

result of both steric and electronic effects. Cyclization gives rise to chelating stabilising effects, whilst 

electron donation by the heteroatoms electronically stabilises the vacant p-orbital. As a result, cyclic 

systems tend to display lower reactivities than their acyclic analogues. N-heterocyclic carbene 

analogues are the most widely investigated of this type, with a range of complexes (Figure 1.23) 

containing saturated backbones,502,503,511–514 benzene-,505,506,515,516 pyridine-,508,509 naphthalene-508 

and acenapthalene-510 annulated derivatives reported.464 Stability of these systems relies on the level 

of delocalisation within the backbone of the heterocycle. In heavier N-heterocyclic carbene analogues 

with unsaturated backbones (Figure 1.24), theoretical and experimental investigations indicate that 

 

Figure 1.23 A selection of heavier group 14 N-heterocyclic complexes containing saturated 

backbones,502,503 benzene-,504–507 pyridine-,508,509 naphthalene-508 and acenapthalene-510 

annulated derivatives.464 
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cyclic delocalisation (A) promotes thermodynamic stabilization, whilst chelating systems (B) display 

a decrease in stability from silicon through to lead, due to the contribution of the formally zerovalent 

atom.464 Few P- and O- heterocyclic systems have been reported,464 though heterocyclic carbene 

analogues containing a mix of group 15 or 16 elements have been more widely explored.517–525 

The use of delocalised, monoanionic, bidentate ligands to stabilise heavy carbene analogues has 

gained much traction in recent years and the plethora of metallylenes stabilised in this manner have 

been covered in a number of reviews.513,526–534 Generally, the range of ligands utilised in this manner 

can be separated into 4π- and 6π-electron systems (Figure 1.25). Of the 4π-electron systems, 

amidinates and guanidinates have been most widely explored,513,526,535–539 despite the early work of 

Karsch et al. into diphosphinomethides.528,529,540 This is a result of the ease with which substituents 

can be incorporated at the nitrogen centre, allowing fine control over electronic and steric 

properties.464 Similarly, the nitrogen containing β-diketiminate ligands have attracted much attention 

within the field of 6π-electron systems. Whilst the coordination features of the β-diketiminates are 

similar to those of the related N-heterocyclic ligands, the presence of an additional donor nitrogen 

offers greater stability to the low-valent metal centres. First applied in 2001,541–543 these ligands have 

gained significant interest in recent years.526,527,544–548 A number of β-diketonate complexes have also 

been reported,549–556 but are limited by their reduced capacity for substituent variation.464 This thesis 

details the synthesis of [MR2] (M = Ge, Sn, and Pb) complexes stabilised through the use of delocalised, 

anionic, bidentate ligands, and greater discussion on the specific ligand types utilised in each chapter 

can be found within the chapter introductions. 

 

Figure 1.24 Cyclic delocalisation in N-heterocyclic carbene analogues (A) has been shown 

to increase thermodynamic stabilization in heavier group 14 complexes, whilst chelating 

systems (B) demonstrate reduced stability from silicon through to lead. 464 

 

Figure 1.25 Selection of simple 4π- and 6π-electron ligands used for the stabilization of a 

range of heavier group 14 metallylene species. 464 
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 Bonding in the Heavier Group 14 Elements 

Early investigations into the synthesis of monomeric heavy metal carbene analogues by Goldberg et 

al.471 in 1976 yielded the formation of a hitherto unprecedented distannene species containing a M=M 

double bond. Prior to this investigation, it had been assumed that silicon, germanium, tin and lead did 

not form pπ multiple bonds, as none had yet been found.462,557,558 It appeared that key to the formation 

of these heavy metal alkene,471,559 and later alkyne,560–563 analogues was the use of large substituents 

to prevent oligomerisation.564  

Of particular interest was the discovery that the heavy metal atoms of group 14 display pyramidal 

coordination in these multiply bonded species, contrasting significantly to the planar bond of the 

lighter C=C congener.462 Furthermore, whilst the [Mes2Si=SiMes2] disilene synthesised by West et 

al.565 has a short Si-Si bond and an almost ethylene-like planar core structure, the Pb-Pb distance in 

[Pb{CH(SiMe3)2}2]2 of 4.129 Å is extremely long, and a significant trans arrangement is observed in 

the bonding.564,566  In addition, the relative shortening of the metal-metal multiple bonds compared 

to those of the single bond analogues is observed to diminish down the group.567 This highlights a 

difference in the metal-metal bonding for the elements in group 14 as the group is descended.  

Rationalising the trans geometry and the diminishing bond strength for the dimetallenes, R2M=MR2, 

and dimetallynes, RM≡MR, (where M = Ge, Sn, and Pb) can be achieved through consideration of the 

relative stabilities of the triplet and singlet electronic states within group 14.569,570 For species bonded 

through the classical σ and π-overlap of orbitals, homolytic cleavage of the R2EER2 molecule will result 

in two triplet fragments. In the heavier group 14 elements, this triplet state is significantly less stable 

than that of the singlet state, as can be observed in Figure 1.26.463–465,568 The result is that the energy 

required to access the triplet state increases from Ge onwards, and, due to the weakening strength of 

the E-E bond, cannot be offset by the energy gained through double bond formation. As such, the 

bonding between the group 14 atoms more closely resembles that of an association between two 

singlet monomers. Additionally, repulsion between the lone pairs results in a trans interaction 

between these monomeric units, enabling polar dative bonds to form. This leads to the bent 

 

Figure 1.26 Generalized schematic detailing the energy of dissociation of an olefinic 

double bond into two triplet fragments. ΔES-T is the singlet-triplet energy difference 

(positive for carbon, negative for Si-Pb), ΔEINT = double bond energy. See Power et al.568 
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geometries that are observed in multiply bonded systems, and rationalises the relatively weak 

multiple bonds that are observed.568,571 

A molecular orbital approach provides further understanding. The trans-bending displayed by these 

multiply bonded heavy element complexes can be considered a result of a second-order Jahn-Teller 

distortion, with mixing of the bonding π-orbital with the antibonding σ*-orbital. The mixing of the 

HOMO and LUMO of the trans-bent group 14 dimetallenes is inversely proportional to the energy 

separation of the orbitals, and thus has the greatest impact in the heavier elements.564 This results in 

an increasingly non-bonding character for the HOMO orbital down the group.460,572 Though the 

HOMO-1 is a σ-bonding orbital, the degree of trans-bending affects the bonding order of the system 

due to HOMO-LUMO mixing.566,573,574 In the dialkyne analogues, the additional π-bonding interaction 

(the HOMO) is found to swap with the non-bonding LUMO in distannynes and diplumbynes,575 leading 

to a similar bonding dependency on the trans-bending of the systems. As a result, upon descending 

the series the trans-bending of the group 14 dimetallenes and dimetallynes increases, favouring the 

presence of a localized lone pair. A concomitant decreases in bond order and increase in the M-M 

bond length are observed as a result.460,561,567,575–578 This is particularly evident in the dimetallyne 

systems as seen in Table 1.1.564 

1.8 Deposition of Group 14 Materials 

The growing interest in tin(II) monoxide for application in next-generation materials, and the growing 

demand for the deposition of such materials over high-aspect ratio, complex architectures, focused 

our investigation on the ALD of SnO films.324–329 As has previously been highlighted, the metastable 

Table 1.1 Table displaying the change in M=M-R bending in group 14 dimetallene species 

and the associated percentage of shortening observed for the double bond relative to the 

respective singly bonded species. Adapted from Power et al. 564 

Compound M=M (Å) 
M=M-R bending 

angle (°) 
Shortening* (%) Ref. 

 
2.0622(9) 137.44(4) 11.87 560 

 

2.285(6) 128.67(8) 6.35 562 

 

2.6675(4) 125.1(2) 5.07 563 

 

3.1811 94.26(4) -9.69 561 

*shortening with respect to single bond lengths 

Ar = C6H3-2,6(C6H3-2,6-iPr2)2 

Ar’ = C6H3-2,6(C6H2-2,4,6-iPr3)2 
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nature of tin(II) monoxide has resulted in few precursors being applicable to this process. In order to 

realize commercial ALD of SnO, a library of novel precursors must be developed.324 

Other deposition routes to SnO are known, and an overview of these is provided here, alongside a 

summary of routes to other group 14 materials of interest. Attention will be drawn to the precursors 

utilised in these methods, and Table 1.2, below, details a selected range of ALD precursors for group 

14 materials. 

 Tin(II) Oxide 

Deposition routes to tin(II) oxide thin films are hindered by the innate instability of the quasi-

metastable material. The disproportionation of SnO to Sn0 + SnO2 at temperatures greater than 300 °C 

is well documented,217,223,597,598 and necessitates careful control over deposition parameters to ensure 

Table 1.2 An overview of precursors utilised for the ALD of germanium, tin and lead thin 

film materials. {CAMD} = {η2-(NtBu)CH(Me)CH(Me)(NtBu)} see Figure 1.28 

Precursor Co-reactant Target material 

[Ge{HMDS}2] MeOH/[Te(SiMe3)2] GeTe251 

[Ge(i-C4H9)4] H2 (plasma) Ge2Sb3Te5579 

[Ge{CAMD}] H2S GeS429 

[Ge(dpp-BIAN)] O3 GeO2236 

[Ge{RNCH2CH2NR}2(NMe2)2], R=tBu,iPr O3 GeO2439 

[GeCl2·C4H8O2] [SbCl3], [(Et3Si)2Te] Ge2Sb2Te5250,580 

[Ge(OCH3)4] [{(CH3)3Si}2Te] Ge2Sb2Te5581 

[Sn{acac}2] O3 

O3/[Ti(OiPr)4] 

H2S 

SnOx582 

SnxTi1−xOy583 

SnS584 

[Sn{CAMD}] H2O2, NO 

H2S 

SnO2441,585 

SnS429 

[Sn{MeC(NiPr)2}2] H2S SnS586 

[Sn{dmamp}2] H2O 

O3 

H2S 

SnO196 

SnO2587 

SnS588 

[Sn{HMDS}2] H2O 

O3 

SnOx589 

SnO2589 

[Sn(edpa)2 O2-plasma, H2O SnOx590 

[Pb{dmamp}2] H2O PbOx270,591 

[Pb{thd}2] [Te(SiMe3)2] 

[Se(SiEt3)2] 

H2S 

O3 

PbTe592 

PbSe593 

PbS594,595 

PbO2596 

[Pb{dedtc}2] H2S PbS594 

[Pb{Ph}4] O3 

[Zr(thd)4] 

[Ti(OiPr)4] 

PbO2596 

PbZrO3268 

PbTiO3269 
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oxidative control. This also extends to the precursors that are utilised. For example, whilst there have 

been investigations into the use of [Sn(OtBu)2] for the CVD of SnO, it is known to thermally 

disproportionate to Sn0 and [Sn(OtBu)4], and possibly other oxo-clusters,423 resulting in the 

deposition of mixed phase materials.217,599,600 Additionally, as previously mentioned, further 

difficulties arise from the necessity to deposit a crystalline phase of SnO to afford meaningful 

conductivity within the p-type material. In general, whilst there are routes to tin(II) oxide available, 

deposition parameters and precursor identity are key to controlling film composition.217,223  

1.8.1.1 PVD and CVD routes to SnO 

A number of physical vapour deposition routes such as pulsed laser deposition,188,206,233 rf and dc 

reactive magnetron sputtering,193,195,214,230,231,601 and electron beam evaporation194,197,215 have been 

explored as routes to tin(II) oxide. These techniques often allow stoichiometric control through gas 

flow but require post-deposition processes, such as annealing, to obtain crystalline films, which can 

result in disproportionation of the tin(II) state. 

Of more relevance to the research presented in this thesis are the chemical vapour deposition routes 

to tin(II) oxide films, where oxidative control relies on the precursor oxidation state in addition to 

parameter controls. This is clearly demonstrated by the selective deposition of SnO2 or SnO films from 

either [Sn(IV)(OCH(CF3)2)4(HNMe2)] or [Sn(II)(OCH(CF3)2)2(HNMe2)], respectively, as reported by Suh 

et al.602 Progress in this area is hindered by the limited number of tin compounds which display 

sufficient volatility for standard CVD processes, and as such, aerosol-assisted CVD (AACVD) or liquid-

injection CVD (LICVD) processes are often used instead.603 

Hill et al.217 reported the exclusive deposition of SnO films from an AACVD process using Sn(II) bis(iso-

propoxide), [Sn(OiPr)2]2, and Sn(II) bis-tert-butoxide, [Sn(OtBu)2]2, at temperatures of 300 and 350 °C, 

respectively. Similarly, AACVD processes were used in the formation of SnO films from a Sn(II) bis-

ureide complex, [Sn{(NMe2)2CO}], between 250 and 350 °C,216 and a Sn(II) siloxide, [Sn(OSiMe3)2], at 

a higher temperature of 450 °C.218 A high temperature of 450 °C was also required in the LICVD 

process reported by Barbul et al.218 for the formation of SnO films from the siloxide oxo-cluster 

precursor, [Sn6(O)4(OSiMe3)4]. 

1.8.1.2 ALD routes to SnO 

ALD is of interest in the formation of metastable materials,  such as SnO, due to the increased oxidative 

control offered by the self-limiting surface reactions that control deposition. Furthermore, ALD 

processes can be readily integrated into existing fabrication processes, an important feature in the 

viability of novel electronic materials. Despite the previously discussed potential of Sn(II) oxide, a 

number of challenges hinder the development of ALD routes to it, limiting its implementation to date. 

ALD of p-type SnO films requires the use of a Sn(II) precursor that displays sufficient volatility and 

thermal stability to be transported to the substrate surface. Further to this, the precursor must also 

display a high reactivity to H2O, as other oxygen sources such as O3, H2O2, or O2-plasma are likely to 

oxidise the tin centre. Given that the majority of known tin(II) complexes are stabilised by kinetically 
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and thermodynamically hindering the reactivity of the empty p-orbital,464 this reduced reactivity 

severely limits their applicability in ALD. Currently, there are only two reports detailing the exclusive 

formation of SnO films via an ALD process,196,589 highlighting the difficulties in developing an ALD 

route to this material.  

Han et al.196 reported the first SnO ALD deposition process in 2014. Utilising [Sn(dmamp)2] (Figure 

1.27i) and H2O, single-phase SnO films were deposited by ALD at 90-210 °C; crystalline material was 

obtained at temperatures higher than 150 °C, whilst temperatures lower than 120 °C produced 

amorphous material. Films were found to be highly conformal with excellent electronic properties, 

though the process was found to have a relatively low growth rate of 0.18 Å/cycle at 150 °C. Precursor 

pulse lengths of 5 s for both [Sn(dmamp)2] and H2O were found to be essential for surface saturation, 

and true ALD growth.196 

More recently, Tupala et al.589 utilised the ubiquitous [Sn{N(SiMe3)2}2] for the ALD of both SnO and 

SnO2. SnO was deposited at low growth rates of 0.05-0.18 Å/cycle between 80-200 °C. The 

crystallinity of the deposited SnO films displayed a similar temperature dependency as those 

deposited by Han et al.,196 with temperatures below 125 °C resulting in the deposition of amorphous 

SnO films, compared to the formation of crystalline material between 125 and 175 °C.589 In contrast 

to the films deposited by Han et al.,196 the tin(II) oxide formed from [Sn{N(SiMe3)2}2] displayed up to 

20 % SnO2 and between 1-3 % of silicon contaminants.589 Investigations did not reveal any clear 

saturation of the surface in the case of the [Sn{N(SiMe3)2}2] precursor, though the growth per cycle 

(GPC) was found to be consistent at 2-4 s.589 

Whilst no other precursor have been reported for the exclusive deposition of SnO, Kim et al.590 

reported the use of bis(N-ethoxy-2,2-dimethyl propanamido)tin, [Sn(edpa)2] (Figure 1.27ii), 

alongside O2-plasma and H2O, for the selective deposition of SnO2 and SnO films respectively. 

Oxidative control was achieved in the individual film layers of the multilayer structure, though the 

report does not detail exclusive SnO formation. “True” ALD behaviour was exhibited by the  

[Sn(edpa)2] precursor in the deposition of both SnO2 and SnO, with consistent growth rates of ca. 

0.70 Å/cycle and ca. 0.26 Å/cycle observed, respectively, for film growth between 70-180 °C. Surface 

saturation investigations suggested complete saturation following pulse length of 10 s for 

[Sn(edpa)2], 5 s for O2-plasma, and 1 s for H2O. The SnO2 layers were determined to be polycrystalline, 

whilst the SnO films were found to be primarily amorphous with some nano-crystalline phases 

observed. In general, it would appear that [Sn(edpa)2] demonstrates suitable deposition 

 

Figure 1.27 Structures of i) [Sn(dmamp)2] precursor synthesised by Han et al.,196 ii) 

[Sn(edpa)2] precursor synthesised by Kim et al.196 
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characteristics for an SnO ALD precursor, though efforts would need to focus on improving the 

crystallinity of the deposited film for this to be considered a viable SnO precursor.590 

 Other Tin Materials 

Whilst SnO is of widespread interest for use as a p-type semiconductor,63,203,214,217,604 a number of 

other tin thin films are of interest.40,322,605–608  

Tin(IV) oxide is a n-type material of widespread interest to the microelectronics industry. Due to the 

higher stability of the Sn(IV) state, deposition routes to SnO2 are well-established,  with PVD routes, 

such as sol-gel,609,610 electron beam evaporation,611 spray pyrolysis,612–614 sputtering,615–618 and pulsed 

laser deposition,619,620 widely reported within the literature. CVD routes to SnO2 have also long been 

investigated.621 Tin halides are among the most widely utilised CVD precursors,621,622 but a range of 

other systems have been utilised. MOCVD studies have used the bis-alkoxide [Sn(OCH2CMe3)2] and its 

cluster derivatives, [Sn5(O)2(OCH2CMe3)6] and [Sn6(O)4(OCH2CMe3)4] to deposit mixed tin oxide 

phases.623 Exclusive deposition of SnO2 using Sn(II) β-diketonate complexes, namely [Sn(acac)2], 

[Sn(tfac)2], and [Sn(hfac)2], has also been demonstrated by Chi et al.624,625 The presence of fluorine 

groups in these complexes was found to increase volatility without contaminating the film. In 

contrast, Mahon et al.626 demonstrated that the use of fluorocarboxylate precursors led to the 

deposition of fluorine-doped SnO2 films by APCVD. 

Due to the significant stability of the Sn(IV) species compared to Sn(II) far more ALD routes have been 

explored for SnO2 than for SnO. Tetravalent precursors such as [SnCl4],627–629 [SnR4] (R = Me, Et),630,631 

and [Sn(NMe2)4] (TDMA-Sn),632,633 have been widely utilised in the ALD of SnO2 alongside a H2O2 co-

reagent. These processes all require high temperatures of 250-400 °C, as does the ALD of SnO x films 

from [SnCl4] and H2O.115,634 SnO2 films have also been deposited from SnX4/O2 (X = halogen) precursor 

combination at temperatures exceeding 350 °C.635–637 The tetravalent complex dibutyltin diacetate 

has been utilised for the deposition of SnO2 films at 300 °C in PE-ALD processes. 630,638 

Divalent Sn(II) precursors have also been widely utilised in the deposition of SnO2, and a selection are 

shown in Figure 1.28. The β-diketonate [Sn(acac)2] has found application in the deposition of SnO2 

films,582 and in the stoichiometric control of the SnO2 component in SnxTi1-xOy films.583,639 Ozone is 

necessary for deposition in both processes due to the low reactivity exhibited by the [Sn(acac)2] 

precursor.582 Acetic acid is used as the co-reagent in a novel process reported by Marichy et al.640 to 

enable the low temperature ALD of SnO2 onto nanotube structure using tin tert-butoxide 

[Sn(OtBu)(μ2-OtBu)]2. 

Heo et al.585 achieved growth rates of ca. 0.18 Å/cycle in the ALD of SnOx films utilising the cyclic 

stannylene N2,N3-di-tert-butyl-butane-2,3-diamido-tin(II), denoted [Sn{CAMD}], and H2O2. The high 

reactivity of the hydrogen peroxide co-reagent enabled uniform deposition across substrates with an 

aspect ratio of ca. 50:1 at temperatures as low as 50 °C.585 Improved growth rates of ca. 1.4 Å/cycle at 

higher temperatures of 200-250 °C were observed for the same precursor upon switching the co-

reagent to NO, with no loss in the conformality of films.441 
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ALD of SnOx films was achieved by Lee et al.435 using N,N′-tert-butyl-1,1-dimethylethylenediamine 

stannylene(II). Selective deposition of SnO and SnO2 was reportedly achieved using water or ozone 

as the co-reagent respectively. Growth of tin(II) oxide films was observed to only occur at 

temperatures below 60 °C and XPS data from the study indicated that the SnO films were oxygen rich. 

The growth behaviour of the SnO2 was more typical of a “true” ALD process, indicating that the 

precursor is more suited to the ALD of SnO2 than the quasi-metastable material SnO.  As previously 

discussed, Kim et al.590 demonstrated the deposition of multi-layer SnO/SnO2 structures utilising 

bis(N-ethoxy-2,2-dimethyl propanamido)tin(II), [Sn(edpa)2], alongside O2-plasma and H2O for to 

deposit layers of SnO2 and SnO, respectively. “True” ALD behaviour was observed in the deposition of 

both materials, with the SnO2 film deposited at a growth rate of ca. 0.70 Å/cycle, comparable to 

depositions the widely utilised precursor TDMA-Sn.632,633 

The SnO precursor [Sn(dmamp)2] has also found applicability in the deposition of other tin materials. 

Reaction with O3 enabled the deposition of Sn(IV) oxide films at 100-230 °C, with growth rates of 0.18-

0.42 Å/cycle observed,587 whilst Baek et al.588 reported growth rates of 0.36 Å/cycle at 150 °C for the 

deposition of SnS films from the reactants [Sn(dmamp)2] and H2S. 

Tin(II) sulphide, which is also of interest in the semiconductor industry displays a slightly higher 

stability compared to its oxide counterpart enabling significantly more PVD,608,641–644 CVD645–649 and 

ALD429,584,588,650–652 routes to this material.  In particular, the higher reactivity of H2S compared to H2O 

enables systems such as [Sn(acac)2],584,652 [Sn{MeC(NiPr)2}2],586 [Sn{HC(NiPr)2}2],650 and 

[Sn{CAMD}]429 to be utilised in the ALD of tin(II) sulphide films despite their inability to deposit tin(II) 

oxide with an H2O co-reagent. 

 Germanium Materials 

Germanium oxide materials have been deposited by a range of PVD methods including pulsed laser 

deposition,653 sol-gel process,654,655 rf sputtering,239 and electron beam evaporation.656 Various CVD 

process have also been investigated using tetravalent germanium alkoxide precursors.657–661 

Deposition of metallic germanium has been achieved by MOCVD using a 1,3-di-tert-butyl-1,3,2-

diazagermolidin-2-ylidine, [Ge{(NtBu)CH2CH2(NtBu)}],662,663 and by LPCVD using [Ge{N(SiMe3)2}] at a 

temperature of 325 °C.664 Of growing interest, is the deposition of these materials by ALD. To this end, 

ALD of amorphous GeO2 was achieved by Perego et al.236 using a Ge(II) precursor, [{dpp-BIAN)Ge] 

(Figure 1.29),510 and an O3 source at 300 °C, though low growth rates of ~0.05 nm/cycle were 

 

Figure 1.28  selection of Sn(II) precursors utilised in the deposition of SnO 2; i) [Sn(acac)2] 

and O3,  ii) N2,N3-di-tert-butyl-butane-2,3-diamido-tin(II), denoted [Sn{CAMD}], and H2O2, 

iii) N,N′-tert-butyl-1,1-dimethylethylenediamino-tin(II), and ozone. 
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reported. Slightly higher growth rates of ca. 0.31 Å/cycle and 0.40 Å/cycle were reported for the 

tetravalent systems [Ge(NMe2)2(RNCH2CH2NR)] (where R = iPr, tBu) at slightly higher temperatures 

of 200-330 °C.439 

Alongside a general interest in the deposition of metallic and oxide Ge films, germanium chalcogenide 

materials, such as GeTe, and Ge2Sb2Te5, have been gaining attention as relevant materials for phase-

change random access memory (PRAM). Given the likelihood of PRAM to emerge as a replacement for 

dynamic random access memory (DRAM) in next-generation technologies, recent efforts have focused 

on the development of routes to these materials.665–667 The diminishing scale of electronic devices, 

and the need to deposit these materials homogenously over high aspect ratio architectures, means 

that the development of ALD routes are of utmost importance.668 

Whilst a range of germanium (IV) alkyls, allyls, and amides have been used in the MOCVD of 

germanium chalcogenide materials,668–671 adaption of these precursors to ALD is unlikely to be 

successful. Gwon et al.251 highlights the need for Ge(II) precursors in ALD, due to the tendency of 

GeCh2 (Ch = Se, Te)  phase formation, which hinders deposition of ternary materials such as Ge2Sb2Te5. 

The preference of germanium towards the +4 oxidation state results in a limited availability of Ge(II) 

precursors.251 Those Ge(II) systems that have been utilised with reasonable success, have been found 

to display a number of drawbacks. For example, [Ge{N(SiMe3)2}2] was observed to deposit GeTe thin 

films at high deposition rates of ca. 2 Å/cycle, but this was only achieved following exposure to 

methanol due to the low reactivity between the Ge and Te sources.251 In contrast, Kim et al.429 reported 

the deposition of GeS from a novel cyclic germylene precursor [Ge{(tBuN)CH(CH3)CH(CH3)(NtBu)}], 

[Ge(CAMD)], at low temperatures of 50-100 °C, but again with relatively low growth rates of 0.21-

0.28 Å/cycle. Eom et al.,581,672 and others,673  have explored the deposition of germanium-antimony-

telluride (GST) films from germanium alkoxides, though these demonstrate low reactivities and the 

preferential formation of GeTe2 over GeTe, hindering the overall process.407 

 Lead Materials 

A wide variety of lead materials are of interest in the microelectronics industry. In contrast to both 

germanium and tin, the stability of the +2 oxidation state is higher in lead compounds meaning that 

there are significantly more Pb(II) precursors available for use in deposition processes. However, this 

stability can lead to the deposition of mixed oxide phases if parameters are not controlled 

appropriately.596 

 

Figure 1.29 Structure of the [(dpp-BIAN)Ge] precursors reported by Perego et al.510 
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PVD routes to lead oxides have included pulsed laser-assisted deposition,260,674 spray pyrolysis,675,676 

dc and rf magnetron sputtering,677,678 electrodeposition,679 and evaporation processes.680,681 CVD 

routes have also been widely exploited with LPCVD,682,683 MOCVD,684–686 PECVD,687 and laser-induced 

CVD688,689 processes well-known for the deposition of lead oxide thin films. Similarly, lead 

chalcogenide thin films, PbS, PbSe, and PbTe have all been deposited by both PVD690–694 and CVD 

processes.695–697 Whilst tetraethyl-lead has commonly been used in CVD processes,685,687,698 more 

recent investigation have focused on less toxic β-diketonate complexes, with [Pb(thd)2] finding 

widespread application,684,699–703 alongside fluorinated derivatives.596,683,704,705
 

ALD routes to lead containing films are of increasing interest, and a number of studies have focused 

on this. [Pb(thd)2] (Figure 1.30i) is the most widely utilised for the ALD of lead films, finding 

application in the deposition of PbO596 and PbS,594 as well as in the formation of nanolaminate 

structures of PbSe and PbTe through the use of alternating ALD processes.593 Lead(II) diethyl-

dithiocarbamate [Pb(dedtc)2] (Figure 1.30ii) has been used in the low temperature ALD of PbS,594 

with attempts to deposit PbO from the same precursor resulting in sulphate films.596 Pb(II) alkoxide 

precursors, [Pb(OtBu)2]m (m = 3(s) or 2(g)) and [Pb4O(OtBu)6], have been utilised for the low 

temperature (150 °C) ALD of crystalline PbS films.594 Harjuoja et al. demonstrated the wide 

applicability of [PbPh4] achieving ALD of PbO,596 PbTiO3,269 and PbZrO3268 at temperatures of 200-

300 °C. The aminoalkoxide system [Pb(dmamp)2] (Figure 1.30iii), analogous to the SnO precursor 

reported by Han et al.,196 has also been effectively utilised in the deposition of PbOx films for ternary 

oxide applications.270,591 

  

 

Figure 1.30 A selection of Pb(II) precursors used for the deposition of lead containing 

films; i) [Pb(thd)2],593,594,596 ii) [Pb(dedtc)2],594,596 iii) [Pb(dmamp)2].196,270,591 
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 GROUP 14 IMINOALKOXIDE PRECURSORS  

2.1 Background and Precedent 

Within the semiconductor industry, the fabrication of ever more complex microelectronic 

architectures is increasingly relyiant upon atomic layer deposition (ALD) processes to ensure uniform 

deposition of the desired semiconductor material(s) over these high-aspect ratio structures.1–6 

Concomitantly, a growing desire for p-type metal oxide materials for use in complementary metal 

oxide semiconductor (CMOS) devices has led to growing interest in the p-type quasi-metastable 

material tin(II) oxide.7–9 Despite this, only two ALD routes, each using differing Sn(II) precursor 

molecules, have hitherto been published for the exclusive deposition of SnO.10,11 Whilst there have 

been some investigations into alternative precursors for SnO,12,13 the area is woefully 

underexplored.12 As such, this thesis focuses on the development of novel systems that offer potential 

routes to tin(II) oxide in order to expand the library of known precursor molecules. 

Metal alkoxides are well-established precursors, and have long been investigated for the deposition 

of simple metal and metal oxide films,14 yet their use is hampered by a number of stability and 

reactivity issues. For the divalent group 14 alkoxides, these instabilities are exacerbated by the 

presence of an empty p-orbital and an s-orbital based lone pair of electrons.15 In particular, the unique 

position of Sn appears to compound these effects.16–20 In an effort to mitigate these issues, 

functionalized alkoxides have been investigated for the stabilisation of metallylene complexes (:MR2; 

M = Ge, Sn, Pb) with the hope that these systems will still display advantageous deposition properties.  

This chapter discusses the field of metal alkoxides, their derivatives, and the development of novel 

group 14 aminoalkoxide complexes with the intention of furthering the understanding of group 14 

alkoxide chemistry. The thermal properties of the synthesised materials have also been investigated 

so as to assess their potential suitability for application to an ALD process. 

 Metal Alkoxides 

Metal alkoxides are ubiquitous across the periodic table and there is a plethora of research focusing 

on the chemistry and reactivity of alkoxide complexes,14,21–29 as well as their application in catalysis, 

polymerisation, sol-gel, and CVD processes, amongst many others.16,30–35 Whilst the deposition of 

metal oxide films from the pyrolysis of metal alkoxide complexes was first explored in 1959, it did not 

become of commercial interest for another few decades.21,36 Part of the interest in metal alkoxides as 

precursor molecules lies in their facile synthesis, which is well-established within the literature. An 

overview of synthetic routes can be found in Scheme 2.1.14,21,29 Readers are advised to explore the 

works of Bradley,21 Mehrotra,23,29 Kessler,37 and Hubert-Pfalzgraf et al.26,27,38 for more detailed 

discussions beyond that presented herein.  

The most simplistic synthetic route is the direct reaction of a metal with an alcohol to produce the 

desired metal alkoxide (Scheme 2.1a). The low acidity of alcohols somewhat limits this reaction to the 
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electropositive alkali and alkaline earth metals, though catalysts have been found to facilitate this 

reaction for lanthanides39 and silicon.29 

 For the more electropositive elements, reaction of the metal hydroxide or oxide (Scheme 2.1b) with 

an alcohol yields the desired product following the liberation of water. It should be noted that the 

liberated water must be removed from the reaction in order to shift the equilibrium and obtain a high 

yield. This method has been successfully used for a range of metal alkoxide systems29 including those 

of germanium40 and tin.41 

 Metal halide reagents have also been used to great effect in the synthesis of alkoxides systems14,29 

(Scheme 2.1c). Whilst it is possible to react metal halides with an alcohol, a base is required to force 

the reaction to completion. As a result, alkali metal alkoxides, typically NaOR, are often used as the 

alkoxide source, particularly for metal halides with low reactivity, such as tin and lead.14 Lithium 

alkoxides have also found much success with the later transition metals.42–44 

Alcoholysis reactions (Scheme 2.1d) offer a facile route to mixed alkoxide species through careful 

control of the system equilibrium, and have been shown by Mehrotra29,45 to be widely applicable 

across the periodic table. Control can be achieved through the use of inert solvents, or through the 

elimination of undesired alkoxides by distillation.14,29 

Finally, the reaction of metal dialkylamides with alcohols (Scheme 2.1e) offers a facile route to metal 

alkoxides, particularly for those metals with a higher affinity for oxygen over nitrogen.29 The high 

volatility of dialkylamides can lead to self-elimination, thus driving the reaction to completion. Whilst 

all metal dialkylamides can be used for this reaction, Caulton et al.27 highlight that the bulky 

[M(HMDS)2] is preferred, as the amine is less likely to form adducts with the desired product, which 

is a common issue when utilising smaller dialkylamines.46 

Metal alkoxides readily undergo hydrolysis reactions, forming the metal oxide, when exposed to any 

hydroxyl reagents, including water, alcohols, esters and organic acids.14,21,29,47 The high susceptibility 

of metal alkoxides to nucleophilic attack is a result of the highly electronegative alkoxide group, the 

high electrophilicity of the metal centre and the stereo labile coordination sphere of the metals. This 

contributes to their highly air-sensitive nature, necessitating careful handling of these 

compounds.26,36 

 

Scheme 2.1 Synthetic routes to metal alkoxides 
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The volatility and organic solubility of metal alkoxides is dictated by the inter- and intramolecular 

interactions present in the complexes. Often these properties are influenced by the  degree of 

polarisation within the metal-alkoxide bond, as this is generally a contributing factor to the formation 

of bridging alkoxy interactions and oligomeric species.  The polarisation of the M-O bond is highly 

dependent upon the electrophilicity and size of the metal centre, as well as the steric bulk and 

inductive effect of the alkyl or aryl group in the alkoxide moiety. As such, modifying these factors can 

enable the physical properties of metal alkoxides to be tuned.22,28,29,47 

Mehrotra22,28,29,47 has discussed at length that the increased inductive effect associated with longer 

alkyl chains reduces the polarity of the M-O bond. As such, larger alkyl groups promote the formation 

of monomeric species, both due to these electronic effects, and due to the larger steric bulk limiting 

the degrees of association within metal alkoxide complexes.47 This typically results in an increased 

volatility for these compounds, contrary to the general rule that volatility is inversely proportional to 

molecular weight.48 These effects are highly dependent both on the atomic radii of the metal centre, 

for example, thorium requires the use of the bulky –{OC(MeEtiPr)} to produce a monomeric 

complex,49 and on the valency of the metal, as a low oxidation state often leads to incomplete 

saturation of the coordination sphere and alkoxide bridging becomes inevitable.14 Additional issues 

can arise during the synthesis of metal alkoxides, as oligomeric and cluster species are regularly 

formed as by-products.14,36,50,51 These aggregated species can also form during prolonged storage, and 

with limited control had over the resultant mixture of components.16,52  

Consequently within precursor design significant effort has been dedicated towards the development 

of methods to control oligomer and monomer formation, and prevent degradation over time.53 One 

common approach is to incorporate neutral bases, such as pyridine and dimethylamine, to produce 

stable monomeric adduct species. The main disadvantage of this approach, however, is that it typically 

introduces dissociation and decomposition routes that are unsuited to deposition processes.54 

Another method, as previously discussed, involves increasing the steric bulk of the alkoxide to 

promote the formation of monomeric species. This, though, has been found to reduce the thermal 

stability of complexes due to the increased potential for β-hydride elimination. This potential rises 

with respect to the alkyl substituent Et < iPr < tBu, leading to a greater level of carbon contamination 

in the deposited films.33,55 A similar effect is observed following the incorporation of fluorines into the 

alkyl group. Whilst the presence of electron-withdrawing fluorine groups improves the volatility of 

complexes, deposition of these systems often results in fluorine contamination.28,56 Another common 

approach is to alter the ligand electronics by using aryl substituents to tailor the properties of 

precursors. Simple aryloxides of the form [M(OAr)x] (where Ar = aryl) often display higher thermal 

stabilities than simple alkoxides, though this typically correlates with a lower volatility. As a result, 

aryloxides are widely utilised in catalysis applications,57 but less favoured in vapour deposition 

processes.30 

A popular alternative approach is to functionalize alkoxides by introducing pendent arms that contain 

chelating groups. Typically, neutral donors act as the second chelating group so as to maintain the 

overall charge within the system. As a result, pendent moieties are derived generally from ketones, 
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ethers, secondary imines and tertiary amines, resulting in the ligands seen in Figure 2.1.12 This 

method allows for specific customization of the ligand enabling both the coordinative and electronic 

requirements of differing metal centres to be satisfied. This method is particularly effective for the 

prevention of oligomerization. Additionally, tailoring of the extended framework allows other 

physiochemical properties, such as volatility, reactivity, and stability, to be tuned.12,30 

 Donor-functionalized Alkoxides 

The term “functional alkoxide” is used to describe a wide range of ligands that contain donor sites in 

addition to the main alkoxide group. Facile tailoring of these ligands enables additional functional 

groups or “spacer” groups to be incorporated so as to customize the ligand for its intended 

purpose.26,30,58 Often, the aim is to fine tune the properties of the final complex, either to improve the 

chemical reactivity, or to improve the physical properties of the system to suit the requirements of 

the specific application.36,58–60 For example, donor-functionalized alkoxides inhibit oligomerisation in 

metal alkoxide systems through coordinative saturation. This results in increased thermal 

stabilities30,38,61–64 and enhanced volatilities.30,65–68 Tuning the properties of metal alkoxides requires 

consideration of both thermodynamic and kinetic effects. Altering the electronics of a ligand through 

incorporation of a strongly electron donating or electron withdrawing group enables manipulation of 

thermodynamic constraints, whilst modifying the steric demands of a ligand through the introduction 

of branching or spacer groups provides facile manipulation of kinetic factors.26,30,69 

Whilst there are a number of heteroatoms and functional groups available, this chapter focuses on the 

use of nitrogen donors, as these typically display higher reactivities when compared to alkoxy groups. 

The investigations presented here primarily consider imine-functionalized alkoxides containing 

ethylene backbones so as to build upon the success of [Sn(dmamp)2] as the leading ALD precursor to 

SnO.10 As such, this introduction will mainly focus on nitrogen donor groups, with only a brief 

overview given to the use of oxygen donor systems.  

2.1.2.1 Alkoxyethers 

Complexes containing alkoxyether ligands with the parent form {-O(CH2)nOR} have been 

characterised for metals across the periodic table. Many are established precursors for both vapour-

based and solution-based deposition processes.30,59,70–72 For example, metal complexes containing the 

donor functionalized ligand 3-methoxy-2-methylpropan-2-ol (Hmmp) have been widely used to 

deposit metal oxide films of Zr73, Ti73,74, Hf75, Al76, Ce77, Bi78, Hf79, Zr79, La80, Pr81, Nd82, Gd83, and Ga58 

by both MOCVD and ALD. Interestingly however, complexes containing the smaller 2-

methoxyethoxide, {-OCH2CH2OCH3}, ligand show a reduced suitability for vapour deposition 

processes. This is due to the increased propensity of the smaller ligand to form oligomeric rings and 

infinite chains,30 as is seen in 2-methoxyethoxide complexes of Ca84, Ba85, Pb86, Bi87, Cd88, and Y.89,90 

These complexes have, however, been found to display an increased stability towards hydrolysis 

making them highly suited to sol-gel deposition processes, due to the increased steric shielding and 

improved solubility imbued upon the compounds from the dangling ether functionalities.26,30  
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Figure 2.1 displays several of the many possible binding modes of alkoxyether ligands observed in the 

structures of 2-methoxyethoxide metal complexes.36  The high nuclearities observed in these systems 

are a direct result of the {-OCH2CH2OCH3} ligand’s low tendency to act as a η2-chelating ligand and its 

preference to act as an assembling moiety.26 Tailoring the ligand by introducing bulky substituents at 

the α-C position or incorporating additional donor sites can force chelation, as shown through the 

work from Herrmann et al.,30,91 leading to higher volatilities more suited to vapour deposition 

processes. 

In general, despite their frequent use in MOCVD processes,73–81 alkoxyethers have only found limited 

application in ALD processes due to their low volatilities and tendency to oligomerise. The deposition 

of Ce-HfO2 thin films by King et al.92 from [Ce(mmp)4], [(MeCp)2Hf(OMe)(Me)] and H2O, remains one 

of the few examples in which an alkoxyether complex displays sufficient volatility for use in a thermal 

ALD process.77,92 Alternatively, liquid-injection ALD processes utilising the {mmp} ligand have found 

some success. Min et al.76 reported the deposition of Al2O3 using a solution of 0.1 M [Al(mmp)3] in 

ethylcyclohexane and a co-reagent of H2O, though it was noted that both growth rate and film quality 

were poorer than that obtained through the traditional trimethyl aluminium (TMA)/H2O process. 

Similar solution based ALD processes using {mmp} complexes of Bi,93 Ti,93 and Hf75 have also been 

found to deposit the desired films to varying degrees of success. 

2.1.2.2 Aminoalkoxides 

Within the field of precursor design, it is widely acknowledged that aminoalkoxide ligands derived 

from the parent formula {-O(CH2)nNR2}, display superior volatility to alkoxyethers.26,94 As such, 

significant research has been directed towards these complexes for vapour deposition processes.73,94–

98 These aminoalkoxide systems were first investigated by Horowitz et al.99 in 1989 with the synthesis 

of a copper complex, [Cu(OCH2CH2NEt2)2], that displayed volatility at 100 °C under a high vacuum. 

 

Figure 2.1 Accessible binding modes for pendant donor functionalized ligands containing 

ether (OR) or amine (NR2) moieties.36 
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Aminoalkoxides display a greater propensity towards κ2-chelation than their alkoxyether 

counterparts, partially due to the electronic effects of the different heteroatoms and partially due to 

the steric effects of the larger {-NR2} functional group compared to {-OR}.26,36 The net effect of this is 

a reduction in the nuclearity of a system, and thus an increase in volatility.26 An excellent example of 

this is the contrast between the 2-dimethylaminoethoxide praseodymium complex and its 2-

methoxyethoxide analogue.100 Whilst the aminoalkoxide ligand results in a stable trimeric 

[Pr(OC2H4NMe2)3]3 species, the alkoxyether complex is found to be a polynuclear oxo-aggregate 

containing Pr4O2(OC2H4OMe)8 units.100 This is also observed for copper and zinc derivatives, as 

volatile, monomeric metal aminoalkoxide species are produced from their reaction with 2-

aminoethoxide, whilst oligomeric metal alkoxyether complexes are formed when using 2-

methoxyethoxide.26,101,102 

Further modifications to the aminoalkoxide ligand allow for the tailoring of both volatility and 

reactivity. The incorporation of fluorinated groups has been found to significantly increase the 

volatility of precursors and ligands. For example, metal complexes containing {-OC(CF3)2CH2NRR’} (R, 

R’ = H, Me, tBu) ligands have shown good reactivities and high volatilities when used for the deposition 

of In2O3,103 Ga2O3,104 and Cu(0)105 films. Alternatively, different reactivities can be obtained by varying 

the substituent at the amine group. Chi et al.105 determined that the presence of a proton in the 

pendent amine group of copper complexes, [Cu{OC(CF3)R’CH2NHR’’}2]2, facilitated the deposition of 

copper metal, whereas a reductive H2 carrier gas was required to deposit Cu(0) films if the precursor 

contained tertiary amines, {NR2}.105 This emphasises how donor-functionalized ligands offer the 

opportunity to tailor complexes to suit the desired deposition process. 

Whilst the efficacy of aminoalkoxide precursors in CVD processes is well-

established,58,59,73,94,96,97,102,106–108 there is an increasing interest in their use for ALD. The relative 

stability of complexes containing donor-functionalized ligands is preferred for the purposes of 

storage and transportation when compared to the pyrophoric “gold-standard” ALD precursors, 

trimethylaluminium and trimethylindium.109–112 This stability, coupled with the higher volatilities of 

aminoalkoxide complexes compared to the alkoxyether systems, means that there is increased focus 

on the development of novel aminoalkoxide ALD precursors. Figure 2.2 displays a selection of 

aminoalkoxide ligands that have been explored within the literature for ALD. 

 

Figure 2.2 Selection of amino-functionalized alkoxides investigated within the literature: 

dmae - 1-dimethylamino-2-ethoxide; dmap - 1-dimethylamino-2-propoxide; dmamp - 1-

dimethylamino-2-methyl-2-propoxide; and dmamb,- 1-dimethylamino-2-methyl-2-butoxide 
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Both 1-dimethylamino-2-ethanol (Hdmae) and 1-dimethylamino-2-propanol (Hdmap) have found 

wide application in heteroleptic ALD precursors that contain both alkoxide and aminoalkoxide 

ligands, such as [Zr(OR)2(dmae)2],61,95 [Ti(OiPr)2(dmae)2],113 [Ti(NMe2)3(dmap)],114 and the 

bimetallic Sr[Ta(OEt)5(dmae)]2.78 The homoleptic complex [Cu(dmap)2] has also been found to be 

highly applicable to both copper(II) oxide and copper(0) metal films depending upon the co-

reagent.115–119 Copper complexes containing the larger 1-dimethylamino-2-methyl-2-butanol 

(Hdmamb) ligand, [Cu(dmamb)2], have shown similar applicability for the deposition of both Cu(0) 

and CuO.120–122 Interestingly, this versatility is also observed for the deposition of nickel films using 

[Ni(dmamb)2]: Ni(0) metal films have been deposited from ALD processes utilising [Ni(dmamb)2] and 

either a NH3 plasma123 or H2 plasma;123,124 NiO films have been deposited from [Ni(dmamb)2] and the 

more oxidising co-reagents H2O and O3;125–127 finally, NiS films can be obtained from the use of  

[Ni(dmamb)2] and H2S.125 

Of most relevance to the work presented here is the Hdmamp ligand, which has been used for the ALD 

of NiO films ([Ni(dmamp)2]/H2O97), In2O3 ([In(dmamp)3]/O3128), and PbO ([Pb(dmamp)2]/H2O129,130). 

Most notably in 2014, Han et al.10 described the first example of an ALD process for the deposition of 

the metastable tin(II) oxide using [Sn(dmamp)2] and H2O. Further investigations by Choi et al.98 and 

Lee et al.131 have shown that the [Sn(dmamp)2] precursor offers the ability to control the final 

oxidation state of tin through careful selection of co-reagent. This offers facile routes to both the p-

type tin(II) oxide and n-type tin (IV) oxide. Successful deposition of the tin(II) sulphide has also been 

achieved using [Sn(dmamp)2] and H2S.132 

At the beginning of this research, [Sn(dmamp)2] was the only reported precursor for the ALD of SnO 

films. Since then, [Sn(HMDS)2] has been utilised for the ALD of SnO, though the produced films were 

contaminated with SnO2 and silicon.10,11 Both of the reported precursors, [Sn(dmamp)2] and 

[Sn(HMDS)2], display low growth rates and, in the case of the latter, highly contaminated films, 

highlighting the need for further research in this area.12 As previously mentioned, the high Hall 

mobilities and low resistivities often displayed by p-type SnO have led to a strong interest in the 

development of tin(II) oxide ALD precursors.9,133,134  

2.1.2.3 Iminoalkoxides 

Iminoalkoxide ligands offer similar properties to their aminoalkoxide counterparts, though with a 

reduced steric bulk at the imino functionality. Within the literature there have been significantly 

fewer studies into the simple alkyl substituted imino functionalised alkoxides compared to the amino 

systems, although the closely related β-ketoiminates have been extensively investigated within 

precursor chemistry.60,103,135–140 

Fluorinated iminoalkoxide pro-ligands of the form HOC(CF3)2CH2C(R)=NR’ (Figure 2.3i) are the most 

widely studied within the literature, with interest focusing on their applicability to MOCVD 

processes.141 A series of alkyl substituted, fluorinated iminoalkoxide pro-ligands (R = Me, R’ = Me, nPr, 

nBu) have been used to great effect alongside Cu,142 Pd,135 and Ir143 metal centres to deposit relatively 
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pure metal films by MOCVD. Ga2O3 films have also been deposited by MOCVD using gallium complexes 

of these ligands.104 

These {CF3} substituted iminoalkoxide systems have also found utility in catalytic applications, with 

the pro-ligands HOC(CF3)2CH2C(R’)=NR (Figure 2.3i; where R = Me, Ph; R’ = Ph, Bz, Cy) being used 

alongside Zn,144 Al,145 and Y146 metal centres for the polymerisation of rac-lactide and rac-β-

butyrolactone. Yttrium,146 aluminium,147 cerium,148 and lanthanum146 complexes containing 

tetradentate fluorinated dialkoxy-diimino pro-ligands, which are formed from two 

{HOC(CF3)2CH2C(R’)=N} moieties linked by an alkyl chain through the imino groups, have also been 

utilised to great effect as polymerisation catalysts. 

Kalutarage et al.149 reported the synthesis of transition metal complexes containing the pro-ligand 

(tBu)NCHC(R)2OH (Figure 2.3ii). This ligand can be considered comparable to the previously 

mentioned aminoalkoxide ligands {dmae},61,78,95,113,114 {dmap},115–119 {dmamb},120–122,124–127,150 and 

{dmamp},10,97,98,128–132 due to the ethylene backbone and the di-alkyl substitution at the carbon α to 

the alkoxide group. These iminoalkoxide ligands from Kalutarage et al.149 have been found to  deposit 

metal thin films of Ni (R = Me, R’ = iPr), Co (R = Me, R’ = iPr), Fe (R = R’ = tBu), and Cr (R = R’ = tBu) via 

thermal ALD. These are the only examples thus far of iminoalkoxide ligands being utilised in ALD 

processes. 

For the research presented here, the alkyl-based imino {C(R)NR’} functionality is replaced with a 

cyclic moiety of either pyridine, oxazolidine, or N-methylimidazole. These pyridine-alkoxide {Pyp}, 

oxazolidine-alkoxide {dmop}, and N-methylimidazole-alkoxide {nmip} ligands, presented in Figure 

2.4, have previously been studied in the literature, though to varying degrees. Both the {Pyp} and 

{dmop} ligand have been widely investigated for catalysis applications,151–156 with some {dmop} 

systems also being utilised in deposition processes.67,70,157 In contrast, the {nmip} system has only 

been investigated for its ability to influence spin frustration in iron complexes.158 8-Quinoline 

complexes, which have similar α-iminoalkoxide moieties, are also of interest in the literature,159–161 

often due to their electroluminescent properties.  

 

Figure 2.3 Imino-functionalized alkoxide ligands observed within the literature.  

 

Figure 2.4 Imino-functionalized alkoxide ligands investigated in this work.  
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The use of iminoalkoxides in group 14 chemistry is rare with no simple alkyl iminoalkoxides (Figure 

2.3ii) utilised alongside the group 14 metals. Ligands containing pyridine moieties have been more 

widely studied alongside the group 14 metals. Visalakshi et al.162,163 reporting the synthesis of tin(IV) 

complexes containing 2-pyridylalkoxide ligands, and a variety of Pb(II)164 and Sn(II)161,165 complexes 

based on 8-quinoline ligands and its derivatives have also been previously studied.  

 Group 14 Alkoxides 

Heavier group 14(II) alkoxide and aryloxide species, [M(OR)2] (M = Ge, Sn, and Pb) have been 

extensively studied for a number of years19,166,167 finding application as precursors to other low 

oxidation state derivatives,16,168 as metal oxide deposition precursors,16 and as catalysts.169 Most 

widely investigated of the heavier group 14(II) alkoxides are those of tin(II), though a number of 

germanium(II) alkoxide complexes have also been reported, with more recent investigations 

broadening this library. Of the known lead(II) alkoxides, very few have been structurally 

characterised due to their high propensity to produce oxoalkoxides.169–173 

Generally, those [M(OR)2]x species (M = Ge, Sn, Pb) in which R is of low steric bulk (e.g. Me,166 Et167) 

tend to display low solubility and, though the structures have not been obtained, are assumed 

polymeric. Increasing the size of R leads to improved solubility, though iso-propyl86,174 and neo-

pentyl175 groups still result in polymeric solid state structures for the heavier metals. Dimeric 

complexes are obtained using some aryl substituted alkoxides, {OR}, such as when R = Mes,176 {2,6-

(iPr)2-C6H3},31,177 {CHPh2}16 and {CPh3},16 or when utilising slightly bulky groups such as tert-

butoxide,20 and nonafluoro-tert-butoxide,19 though the Pb(II) bis-tert-butoxide is found to be 

trimeric.86 Monomeric alkoxide systems of the heavier group 14(II) metals are only observed for {OR} 

ligands with significant steric bulk, e.g. R = {2,6-(tBu)2-C6H3},31,178–180 {2,6-(Mes)2-C6H3},181 {2-(Me)-6-

(tBu)-C6H3},182 and {C(CH3)3}.20 This is because alkoxide ligands do not provide sufficient 

thermodynamic stability for the M(II) centre, thus the use of larger steric bulk is necessary to 

kinetically stabilise the systems. 

When used in deposition processes, group 14(II) alkoxide precursors typically contain bulky ligands 

so as to reduce oligomerisation and improve volatilities.48 However, the lack of thermodynamic 

stabilisation is found to result in limited thermal stability for these complexes. This is particularly 

observed for the Sn(II) alkoxide complexes, as [Sn(OtBu)2]2 is known to decompose to [Sn(OtBu)4] and 

Sn(0) at temperatures > 300 °C.16 Whilst these high volatilities and limited thermal stabilities make 

these systems highly suited to CVD application16,54,86,175,177,183 it limits their applicability in ALD 

processes. This has further highlighted the need to consider donor-functionalized alkoxide ligands for 

the stabilisation of M(II) systems and the development of group 14(II) metal oxide ALD 

precursors.10,13,184,185 Of those that have been considered, aminoalkoxides ligands have demonstrated 

the greatest versatility.10  
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2.1.3.1 Group 14 Aminoalkoxides 

As has been mentioned, there are only a handful of reports detailing iminoalkoxide derived group 14 

complexes, the majority of which solely concern the molecular structures.161–165 As such, a detailed 

discussion of the group 14 iminoalkoxides is not included here. Instead, focus will be on the known 

group 14 aminoalkoxide systems from which our initial investigation was derived.  

Whilst only the [Sn(dmamp)2]98,131,132 and [Pb(dmamp)2]129,130,186 complexes have been used in ALD 

processes, a number of group 14 aminoalkoxide systems have been characterised. The molecular 

structures of neither the tin(II) or lead(II) bis-{dmamp} complexes have been published in the 

literature, and only recently has the Sn(II) system been crystallographically characterised within our 

research group. As can be expected, the [Sn(dmamp)2] complex was found to have a distorted pseudo-

trigonal bipyramidal geometry, with the lone pair of the tin(II) centre occupying one of the equatorial 

sites (Figure 2.5).12  

Investigations on group 14 aminoalkoxide precursors have primarily focused on {-OCR’2CH2NR2} 

Sn(II) derived complexes, where R’ = H, alkyl and R = alkyl, though there has been some expansion 

into Ge(II) and Pb(II) analogues. Similar quinolin-8-olato derivatives of divalent germanium, tin and 

lead complexes have also been characterised, though there have been limited investigations into their 

application.161,164,165,187,188  

Other Sn(II) aminoalkoxide complexes have also been explored, as shown in Figure 2.6. In 2003, 

Zemlyansky et al.185 described the synthesis of the homoleptic bis(2-(dimethylamino)ethoxy) 

germanium(II) and tin(II) complexes, [M(OCH2CH2NMe2)2] (where M = Ge , Sn) as well as the 

bis{2,4,6-tris[(dimethyl-amino)methyl]phenoxy} tin(II) analogue. Recently in 2017, Rusek et al.184 

expanded the {-OCH2CH2NR2} series to include the  lead(II) analogue and the ethyl containing 

[Ge(OCH2CH2NEt2)2]. These systems were considered for application as precursors to group 14 metal 

chalcogenide nanoparticles. Both investigations reported that the monomeric Ge(II) and Sn(II) 

complexes had a distorted pseudo-trigonal bipyramidal geometry, with a see-saw arrangement of 

bonds, and a lone pair occupying an equatorial position as observed in the [Sn(dmamp)2] compex.12 

 

Figure 2.5 Solid state molecular structure of [Sn(dmamp)2]12 
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Whilst the Pb(II) analogues were not crystallographically characterised the related 

[Pb(OC(CF3)2CH2NEt2)2] complex synthesised by Someşan et al.189 displayed a similar distorted 

geometry for the monomeric system.  

Further investigations by Hollingsworth et al.190 into the Sn(II) aminoalkoxides revealed the 

formation of air-sensitive, reactive oils when additional functionalities, such as alkyl chains or {-

CH2NR2} moieties, were introduced to the R’ position on the ethylene backbone of {-OCR’2CH2NR2}. It 

was also determined that these aminoalkoxides could coordinate to multiple metal centres to develop 

heterometallic systems and stabilise Sn6(O)4(L)4 oxo-cluster cages.96 

In 2014, Heidemann et al.191 reported the divalent aminoalkoxide complexes [M(2-PyCHCOCF3)2], 

where M = Ge, Sn, and Pb. The distorted trigonal bipyramidal geometries observed in these systems 

were found to stray further from ideal with increasing radii of the metal centre. Whilst the smaller 

Ge(II) and Sn(II) centres remained monomeric both in solution and in the solid state, the larger Pb(II) 

centre was observed to polymerise in the crystalline state.191 

 

Figure 2.6 Aminoalkoxide complexes of the heavier group 14(II) metals reported by: i) and 

ii) Zemlyansky et al.185 ([M(OCH2CH2NMe2)2]; M = Ge , Sn), iii) Rusek et 

al.184([M(OCH2CH2NEt2)2]; M = Ge), and iv) Someşan et al.189 ([Pb(OC(CF3)2CH2NEt2)2]). 

i) ii) 

iii) iv) 
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The tendency of lead to form polymeric interactions was observed to an extreme in the Karmakar et 

al.192 study of tin(II)193 and lead(II)192 bis(3-amino-2-pyrazinecarboxylate) complexes. The highly 

functionalised ligands offered multiple coordination modes which facilitated polymerisation of the 

system. For the Pb(II) systems a variety of complexes were produced, from relatively small dimeric 

units through to extended 1D polymeric chains (Figure 2.7).192 Conversely, the smaller Sn(II) centre 

only showed the formation of monomeric units with four coordinate tin centres, linked through 

hydrogen bonding of the ligand (Figure 2.8).193  

Similarly, the aversion of Sn(II) centres to exceeding a four coordinate environment when compared 

to Pb(II) was demonstrated by Wibowo et al.194,195 A comparison of the lead(II) and tin(II) pyridine-

2,5-dicarboxylate complexes display a clear difference in the preference for coordination. Both 

systems (Figure 2.9) possess a stereoactive lone pair, however the larger Pb(II) centre is found to take 

 

Figure 2.7 Lead(II) bis(3-amino-2-pyrazinecarboxylate) polymorphs synthesised by 

Karmakar et al.192The i) dimer and ii) 1D polymeric chain differ in the orientation of the 

chelating pyrazine ring. In the polymeric chain (ii) the N(4)/N(4’) of the pyrazine forms a 

bridging interaction with another Pb(II) centre.  

 

Figure 2.8 Monomeric tin(II) bis(3-amino-2-pyrazinecarboxylate) complex reported by 

Karmakar et al.193 

i) 

ii) 
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advantage of the high denticity of the ligand resulting in a seven coordinate environment.195  In 

contrast the smaller Sn(II) centre does not exceed the expected four coordinate environment, despite 

its proximity to coordinating groups in the extended 1D supramolecular system displayed in Figure 

2.9iv.194 

Within the literature, there is a clear focus on the derivatives of the Hdmae ligand and group 14 

metals, particularly given the success of the ALD precursor [Sn(dmamp)2]. However, limited 

investigations have been made into the group 14 iminoalkoxides, in which the amino functionality is 

replaced by the more strongly donating imino group. As such, this chapter hopes to address this issue 

and focuses on the synthesis of novel group 14 iminoalkoxides derived from a {-OCMe2R} backbone, 

in which R is an imino containing ring group.  

2.1.3.2 Group 14 donor-functionalized alkoxide ALD Precursors 

Currently, the only group 14 precursors that reliably react with H2O to exclusively produce M(II) films 

are those containing the {dmamp} ligand, {-OC(Me2)CH2NMe2}.10,129,130,186 Despite the interest in these 

{dmamp} precursors, their application is severely limited by their low growth rates of ca. 0.18 Å/cycle 

(SnO),10 and ca. 0.2 Å/cycle (PbO).129,130 Efforts to improve upon these growth rates have primarily 

been focused on the development of routes to SnO, with the ubiquitous [Sn(HMDS)2] complex recently 

investigated for the ALD of SnO. This process has been found to result in a high level of contamination 

by both SnO2 and silicon, and low growth rates of < 0.18 Å/cycle indicate a low suitability for 

 

Figure 2.9 Comparison of the coordination environments in lead(II) (i) and (ii) and tin(II) 

(iii) and (iv) pyridine-2,5-dicarboxylate complexes synthesised by Wibowow et al.:194,195 i) 

the lead(II) complex with a seven coordinate geometry; ii) the distorted face-capped 

trigonal prism geometry of the Pb(II) centre—the arrow denotes the direction of the 

stereoactive lone pair; iii) the tin(II) complex; iv) the 1D supramolecular structure clearl 

displaying the presence of a stereoactive lone pair. 

i) ii

) 

iii) iv) 
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commercial applications.11 In contrast, the [Sn(edpa)2] complex reported by Kim et al.,13 

[Sn{OC(tBu)=NO(Et)}2], which displays a number of structural similarities to [Sn(dmamp)2], has been 

found more effective in the deposition of mixed valance tin oxides. Growth rates of 0.26 Å/cycle were 

reported for the SnO cycles of a multilayer SnO/SnO2 process, a great improvement upon that of the 

[Sn(dmamp)2] system.10 However, the deposited tin(II) oxide layers from the [Sn(edpa)2] precursor 

were found to be amorphous.13 

Both the [Sn(dmamp)2] and [Sn(edpa)2] complexes possess similar gross structural features, with an 

ethylene-like chelating chain containing a coordinating oxygen group, and steric bulk at the α-C and 

at the donor functional group. This could indicate that this structural arrangement is favourable for 

the ALD of SnO, potentially as it allows reasonable access to the metal centre in both cases. Whilst the 

electronics of the two systems differ slightly due to the typically stronger M-O interactions compared 

to M-N, it would appear this has limited effect on the deposition process, given that the [Sn(dmamp2] 

complex displays growth rates of 0.61 – 0.05 Å/cycle for temperatures 90-210 °C.10 

For commercial applications, the “gold standard” of ALD is the TMA/H2O process with a GPC of 1-

1.25 Å/cycle. As such, the growth rates displayed by the {dmamp} and {edpa} systems are simply not 

high enough to be considered suitable for industrial use and efforts must be made to improve on them. 

Given the gross structural similarities between the {dmamp} and {edpa} systems, it seems prudent to 

base future investigations into potential precursors on these ligands. By making modifications to the 

electronic and steric properties of the systems, improvement to current deposition processes may be 

achieved. To this end, a range of iminoalkoxide ligands, which share the same {-OCCN-} backbone as 

the [M(dmamp)2] system10,129,130,186 but contain cyclic imino functionalities in place of the amino 

group, were investigated as ligands for group 14 complexes. 

 Selected ligands 

This body of work will focus on three N-donor-functionalized alkoxides; 2-(pyridin-2-yl)propan-2-ol 

(HPyp), 2-(4,4-dimethyloxazolinyl)propan-2-ol (Hdmop), and 2-(N-methylimidazol-2-yl)propan-2-ol 

(Hnmip) (Figure 2.11 in Section 2.2.1). In each ligand the alkoxide is positioned γ to the donating 

nitrogen, such that backbone of the ligand is analogous to that of the Hdmamp ligand, but each 

contains a cyclic imino moiety of either pyridine, oxazolidine, or N-methylimidazole, in place of the {-

CNR2} amine group. These donor groups were selected such that the effects of aromaticity and 

chelating ring size upon precursor properties could be investigated.  

 

Figure 2.10 [Sn(edpa)2] complex utilised by Kim et al.13  in a multilayer SnO/SnO2 process. 

[Sn(edpa)2] is a liquid at room temperature. 
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Of the three pro-ligands, 2-(pyridin-2-yl)propan-2-ol (HPyp) has been the most extensively 

investigated, though its application thus far has been limited to the transition metals. The {Pyp} ligand 

has found significant application in catalytic processes, both within the field of water oxidation,154,196–

199 and across a variety of polymerisation processes.152,200 In particular, {Pyp} is most commonly 

observed in iridium systems,153,154,196,197,199,201–205 as the oxidation-resistant and strongly donating 

nature of the pyridine functionality is able to stabilise unusual oxidation states of  Ir, such as +4 and 

+5, enhancing the catalytic potential of these systems.196,206 This enhanced stability has also been 

observed in the synthesis of a Rh(IV) coordination complex.207 Other metal centres investigated 

alongside {Pyp} ligands are V,208 Mo,209 Ru,210 Ni,211 Zr,200 W,212 and Mn.198 

Investigations into the more sterically demanding 2-(4,4-dimethyloxazolinyl)-propanolate ligand 

(Hdmop) have also been limited to the transition metals, with a Ce(IV) complex being the only non-

transition metal example reported in the literature.70 The {dmop} ligand has found application in 

complexes for polymerisation catalysis,155,213 epoxidation catalysis,214 as well as in some deposition 

processes. For example, Loo et al.53,67 investigated {dmop} for use in liquid injection MOCVD 

precursors for ZrO2 and HfO2 films, whilst Aspinall et al.70 explored the use of [Ce(dmop)4] for the 

MOCVD of CeO2 films.  

In contrast, an extensive literature search indicated that the 2-(N-methylimidazol-2-yl)-2-

hydroxypropane (Hnmip) ligand has only been investigated by Christmas et al.158 to induce spin 

frustration in hexanuclear ferric complexes.  

Though the {Pyp} ligand itself has not been explored alongside the group 14 metals, there are a 

handful of reported tin(IV) complexes which are supported by 2-pyridylalkoxide ligands. 162,163 

Generally, these systems are assumed to demonstrate the typical bidentate coordination mode 

expected of these 2-pyridylalkoxide ligands,154,155,196,199 though no crystallographic data are 

presented.162,163 Neither {dmop} nor {nmip} have been explored alongside group 14 metals, and given 

that only Sn(IV) has been considered alongside the {Pyp} ligand there is reasonable scope for 

investigating all three pro-ligands with Ge(II), Sn(II) and Pb(II). 
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2.2 Synthesis and Characterisation of Group 14 (II) Iminoalkoxide 

Compounds 

 Synthesis 

A range of simple Group 14(II) iminoalkoxide systems was synthesised by the double-substitution of 

the group 14 bis(hexamethyldisilazide), [M(HMDS)2] (M = Ge, Sn, or Pb), with bidentate pro-ligands 

2-(pyridin-2-yl)propan-2-ol (HPyp), 2-(4,4-dimethyloxazolinyl)propan-2-ol (Hdmop), and 2-(N-

methylimidazol-2-yl)propan-2-ol (Hnmip). These pro-ligands (Figure 2.11) were all synthesised 

according to literature procedures215–217 with yields that, whilst suitable for the quantity of work here 

presented, would be unsuitable for large scale commercialisation. Due to the sensitivity of the 

compounds all lead systems were synthesised and handled in the absence of light.  

Reaction of each pro-ligand with [M(HMDS)2] (M = Ge, Sn or Pb) proceeded with reasonable yields for 

all systems, producing solid crystalline material suitable for single-crystal X-ray diffraction for 

compounds from 1-9. Synthetic schemes can be seen below in Scheme 2.2 for the {Pyp} complexes, 

Scheme 2.3 for the {dmop} systems, and Scheme 2.4 for the {nmip} compounds. 

 

 

Figure 2.11 Pro-ligands for compounds 1-9. 

 

Scheme 2.2 Synthetic scheme for the synthesis of the [M(Pyp) 2]x complexes, 1, 4 and 7. The 

reactions yielding [Ge(Pyp)2] (1) and [Pb(Pyp)2]2 (7) proceeded in toluene solvent, whilst 

[Sn(Pyp)2] (4) was isolated from a hexane solution. 
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Scheme 2.3 Synthetic scheme for the synthesis of the [M(dmop)2]x complexes, 2, 5 and 8. 

The reaction yielding [Ge(dmop)2] (2) was performed in THF, [Sn(dmop)2] (5) was isolated 

from a hexane solution and [Pb(dmop)2]2 (8) was afforded from a toluene solution.  

 

Scheme 2.4 Synthetic scheme for the synthesis of the [M(nmip)2]x complexes, 3, 6 and 9. 

The reaction yielding [Ge(nmip)2] (3) was performed in THF, [Sn(nmip)2] (6) was isolated 

from a hexanes solution and [Pb(nmip)2]2 (9) was afforded from a toluene solution. 
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 Characterisation 

Characterisation of complexes 1-9 was achieved by single crystal X-ray diffraction (SXRD), with 1H, 

13C and 119Sn NMR spectroscopy used to confirm the identity of the compounds. As such, the 

crystallographically determined structures will be considered first, with NMR characterisation 

introduced later in the discussion. 

2.2.2.1 Structural characterisation 

Single crystals of compounds 1-9 were obtained and analysed through SXRD to obtain structural 

information for the compounds in their solid state. The coordination state of the Ge(II) centre in 

compounds 1-3 was found to vary depending on the ligand used, with a four-coordinate centre 

observed for [Ge(Pyp)2] (1) and three-coordinate environments observed for Ge(dmop)2 (2) and 

[Ge(nmip)2] (3). In contrast, each of the homoleptic Sn(II) compounds (4-6) showed bidentate 

binding for all three ligands, leading to four-coordinate centres in each Sn(II) compound. Likewise, 

four-coordinate metal centres were observed for all of the Pb(II) compounds (7-9), however this was 

a result of dimerization, with each Pb(II) centre interacting with one bidentate ligand, one pendent 

ligand, and one bridging ligand.  

Both [Ge(Pyp)2] (1) and [Sn(Pyp)2] (3) crystallise as monomers in the I2/a space group whilst the 

dimeric [Pb(Pyp)2]2 (7) crystallises in the P-1 space group. All three systems can be described as 

having a distorted four-coordinate seesaw geometry at the metal centre. This geometry is often 

described as a pseudo-trigonal bipyramidal in the literature with the stereo-active lone pair 

occupying one of the equatorial positions.191 In all three compounds (1, 3, and 7), the equatorial 

positions are occupied by the alkoxide groups of the {Pyp} ligand, with the axial regions occupied by 

donor groups. In the cases of compounds 1 and 3, the donating pyridines of the ligands occupy this 

position, whereas in the Pb(II) dimer (7) only one of the pyridines is axially bound to the centre, with 

the other axial position occupied by a bridging alkoxide group (denoted as O# in Figure 2.15). 

The monomeric [Ge(dmop)2] (2) crystallises in P21/c and is found to have a three-coordinate metal 

centre with the oxazoline of one of the ligands acting as a “dangling” pendent arm, differing from the 

interactions observed for the [Ge(Pyp)2] complex (1). The bonding about the germanium centre also 

differs in that it appears to be highly p-centred with ca. 90° bonding angles observed. The [Sn(dmop)2] 

complex (5) crystallises in the Pbca space group as a monomer and displays the same four-coordinate 

centre as seen for the monomeric [Sn(Pyp)2] (4) derivative. Both Sn(II) complexes (4 and 5) display 

pseudo-trigonal bipyramidal geometry containing an equatorial lone pair. [Pb(dmop)2]2 (8) 

crystallises in the space group P-1, with the same dimeric structure as the [Pb(Pyp)2]2 complex (7) 

containing an axial pyridine and an axial bridging alkoxide. 
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The 2-(N-methylimidazol-2-yl)propan-2-ol derived compounds 3 (Ge), 6 (Sn) and 9 (Pb), were found 

to display gross structural similarities with their {dmop} analogues (2, 5, and 8). A three-coordinate 

centre was observed for the monomeric [Ge(nmip)2] complex (3), which crystallises in the Pbca space 

group whilst a monomeric, four-coordinate system was observed for the [Sn(nmip)2] complex (6). 

This compound crystallised in the P41212 space group and showed the same pseudo-trigonal 

bipyramidal geometry resulting from the equatorial lone pair as is displayed by both [Sn(Pyp)2] (4) 

and [Sn(dmop)2] (5). The [Pb(nmip)2]2 (9) crystallised as a dimer in the P-1 space group, sharing the 

same gross structural features of an axial pyridine and axial bridging alkoxide group as was observed 

for both of the previously discussed [Pb(Pyp)2]2 (7) and [Pb(dmop)2]2 (8) complexes.  

Across the germanium(II) complexes (1-3), shown in Figure 2.12 and Figure 2.13, similar bonding is 

observed for the bidentate ligand of each complexes. Table 2.1 shows that the Ge-O chelating bonds 

of compounds 1-3 range between 1.8616(9)-1.8672(11) Å, highly comparable to the 1.861(1)-

1.870(1) Å distance range observed for the literature aminoalkoxide structure 

[Ge(OCH2CH2NMe2)2].185 The sterically crowded four-coordinate centre of the [Ge(Pyp)2] (1) results 

in a ca. 0.013 Å difference in the Ge-O bond lengths between the two ligands. A smaller difference is 

observed for the Ge-O bonds of the three-coordinate complexes 2 and 3, with the metal-alkoxide bond 

of the pendent ligand shortening by ca. 0.006 Å (2) and ca. 0.007 Å (3) compared to that of the 

chelating ligand, which can be considered negligible. 

 

Figure 2.12 Partially labelled molecular structure of [Ge(Pyp)2] (1). Thermal ellipsoids are 

shown at 50 % probability and hydrogen atoms have been omitted. Selected bond lengths 

and angles can be found in Table 2.1. 
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As expected, the use of the more donating imino functional groups results in shorter Ge-N interactions 

than observed for literature aminoalkoxide complexes. The four-coordinate [Ge(Pyp)2] (1) shows 

shorter M-N interactions of 2.2580(11) Å and 2.2772(11) Å than observed for the literature 

[Ge(OCH2CH2NR2)2] complexes (R = Me185: 2.324(2)-2.346(2) Å; R = Et184: 2.3595(12)-2.4331(12) Å). 

However, these Ge-NPy distances are comparable to the 2.277(7) Å Ge(II)-pyridine bond length in the 

related [Ge(PyCHC(CF3)O)2] complex by Heidemann et al.,191 shown in Figure 2.14.  

Both of the three-coordinate Ge(II) complexes [Ge(dmop)2] (2)  and [Ge(nmip)2] (3) display 

significantly shorter Ge-N bonds compared to [Ge(Pyp)2] (1), and related aminoalkoxide systems 

found in the literature.184,185 Unsurprisingly however, the short bond lengths of 2.0700(11) Å (2) and 

2.0399(16) (3) are comparable to those observed for other three-coordinate dative Ge(II)-N 

interactions in the literature ,218–220 though these short Ge-N interactions tend to be the result of large 

donating groups, such as Dipp (C6H3iPr2-2,6),218,220 about the donor-nitrogen.219 Whilst the complexes 

reported here do not have significant steric bulk, the aromaticity of the imidazole group may explain 

the shorter bond length observed for [Ge(nmip)2] (3) compared to [Ge(dmop)2] (2). 

 

Figure 2.13 Partially labelled molecular structures of i) [Ge(dmop)2] (2) and ii) [Ge(nmip)2] 

(3). Thermal ellipsoids are shown at 50 % probability and hydrogen atoms have been 

omitted. Selected bond lengths and angles for both complexes can be found in Table 2.1. 

 

Figure 2.14 [M(2-PyCHCOCF3)2] complexes synthesised by Heidemann et al.191 

i) ii) 
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Complex 1, [Ge(Pyp)2], has the smallest chelating bite angle (76.92(4)°, 77.00(4)°) of the germanium 

iminoalkoxide systems synthesised in this work. This angle is also more acute than comparable Ge(II) 

aminoalkoxide complexes observed in the literature. For example, larger bite angles of 80.22(6)-

81.00(6)° (R = Me185) and 79.30(5)°-80.05(5)°  (R = Et184) are observed for the [Ge(OCH2CH2NR2)2] 

systems synthesised by Zemlyansky et al..184,185 The only comparable bite angle for a ligand with a {-

NCCO-} backbone is from a Ge(II) α-carbonyl substituted pyrrole system, which can be seen in Figure 

2.16 and has a chelating angle of  76.0(1)-77.2(2)°.221 

Interestingly the bite angles of the bidentate {dmop} and {nmip} ligands in complexes 2, 81.26(5)°, 

and 3, 81.37(6)°, respectively, are more comparable to those of the [Ge(OCH2CH2NR2)2] systems 

synthesised by Rusek et al.184 and Zemlyansky et al.,185 than to the structurally similar pyrrole systems 

Table 2.1 Selected bond lengths (Å) and angles (°) from compounds 1-3. * denotes the 

alkoxide of the opposing ligand, see Figure 2.15. 

Compound 
Bond lengths (Å) Bond angles (°) 

M-O(*) M-N O-M-N O-M-O* N-M-N* N-M-O* 

[Ge(Pyp)2] (1) 
1.8616(9) 

1.8747(9) 

2.2580(11) 

2.2772(11) 

77.00(4) 

76.92(4) 
100.78(4) 151.83(4) 

86.81(4) 
83.58(4) 

[Ge(dmop)2] (2) 
1.8672(11) 

1.8617(10)* 
2.0700(11) 81.26(5) 99.31(5) - 84.34(4)* 

[Ge(nmip)2] (3) 
1.8629(12) 

1.8564(12)* 
2.0399(16) 81.37(6) 95.37(5) - 90.97(6)* 

 

 

Figure 2.15 Schematic detailing the structures of compounds 1-3. 

 

Figure 2.16 Group 14(II) α-carbonyl substituted pyrrole derivative systems synthesised by 

Hübler et al.221 
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by Hübler et al.221 Additionally, complexes 2 and 3 show three-coordinate geometry at the Ge(II) 

centre differing again from the four-coordinate literature pyrrole system. This is likely a direct result 

of the longer equatorial Ge-N bonds observed in the Hübler et al.221 complex compared to the shorter 

Ge-O equatorial bonds found in complexes 2 and 3. This allows the carbonyl group to form an axial 

dative interaction without sterically crowding the Ge(II) centre, but leads to a small chelating bite 

angle due to the distance of the ligand from the metal centre. In contrast, the short Ge-O bonds of 2 

and 3 sterically hinder the formation of a four-coordinate Ge(II) centre, and lead to a larger bite angle 

due to the proximity of the ligand to the central Ge(II) centre.  

Of the Sn(II) complexes, [Sn(Pyp)2] (4), whose structure can be seen in Figure 2.17, was found to have 

the shortest Sn-O bond lengths, 2.0450(13) Å and 2.0556(13) Å, when compared to the {dmop} and 

{nmip} derivatives 5 and 6, which are both displayed in Figure 2.18. These distances for compound 

4, further detailed in Table 2.2, are comparable to related [Sn(OCR’2CH2NMe2)2] systems by Parish12 

(2.038(2)-2.0548(12) Å, R’ = H/Me, Me, CF3) and Zemlyansky et al.185 (2.056(2) Å, R’ = H) (see Figure 

2.19). Both complexes [Sn(dmop)2] (5) and [Sn(nmip)2] (6) show slightly longer Sn-O bond lengths 

of 2.0663(16) Å and 2.0786(16) Å (5), and 2.068(2) Å (6), which is presumed a result of crystal 

packing effects. 

 

Figure 2.17 Partially labelled molecular structure of [Sn(Pyp)2] (4). Thermal ellipsoids are 

shown at 50 % probability and hydrogen atoms have been omitted. Selected bond lengths 

and angles can be found in Table 2.2. 
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In contrast, the Sn-N bonds of [Sn(nmip)2] (6) are significantly shorter than those seen for [Sn(Pyp)2] 

(4), with the [Sn(dmop)2] (5) displaying the longest Sn-N distances of the three Sn(II) complexes (4-

6). All of the Sn(II) systems show shorter Sn-N bond lengths than the related aminoalkoxide 

[Sn(OCH2CH2NR2)2] complex reported by Zemlyansky et al. (Figure 2.19),185 as expected from the 

more donating imino functionality. [Sn(Pyp)2] (4) shows similar Sn-N interactions to those observed 

for other pyridine functionalised alkoxide systems such as in the supramolecular complexes by 

Karmaker et al.193 (Figure 2.8) Wibowo et al.194 (Figure 2.9). The longer bonds of [Sn(dmop)2] (5) 

show greater similarity to those observed for tin(II) ketoacidoximates (Figure 2.20).222 

 

Figure 2.18 Partially labelled molecular structures of i) [Sn(dmop)2] (5) and ii) [Sn(nmip)2] 

(6). Thermal ellipsoids are shown at 50 % probability and hydrogen atoms have been 

omitted. Selected bond lengths and angles for both complexes  can be found in Table 2.2. 

 

Figure 2.19 Structure of Sn(II) bis-aminoalkoxide complexes reported by i) Zemlyansky et 

al.185 and ii) Parish.12 

i) ii) 
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In contrast to the Ge(II) systems (1-3), the chelating bite angle for the Sn(II) systems (4-6) shows 

very little variation between the ligands. All bite angles are smaller for the Sn(II) complexes (4-6) 

than for the analogous Ge(II) systems (1-3), due to the larger distance between metal centre and 

ligand. Comparable bite angles to those observed for Sn(II) systems (4-6) can be observed in a 

number of related systems in the literature.161,165 Both [Sn(dmop)2] (5) and [Sn(nmip)2] (6) display 

larger bite angles than those of the comparable Sn(II) pyrrole system by Hübler et al.221 (Figure 2.16). 

Interestingly, larger angles are also observed between the bonds within the equatorial and the axial 

planes for complexes 5 and 6, than for the pyrrole derived system by Hübler et al.221  

[Sn(Pyp)2] (4) shows the largest bond angle between equatorial Sn-O bonds at 98.38(6)°, with more 

acute angles observed in compounds 5, 96.54(6)°, and 6, 95.29(14)°. The largest angle between axial 

Sn-N bonds is found in the [Sn(nmip)2] complex (6), which could indicate a greater overlap of orbitals 

  

Figure 2.20 Tin(II) ketoacidoximates synthesised by Khanderi et al., 222images taken from 

respective publication.  

Table 2.2 Selected bond lengths (Å) and angles (°) from compounds 4-6. * denotes the 

alkoxide group of the opposite ligand, see Figure 2.21. 

Compound 
Bond lengths (Å) Bond angles (°) 

M-O M-N O-M-N O-M-O* N-M-N* N-M-O* 

[Sn(Pyp)2] (4) 
2.0450(13) 

2.0556(13) 

2.3869(16) 

2.3960(16) 

72.95(5) 

72.68(5) 
98.38(6) 145.30(5) 

82.85(5) 

86.44(5) 

[Sn(dmop)2] (5) 
2.0663(16) 

2.0786(16) 

2.4193(18) 

2.4595(17) 

73.61(6) 

72.82(6) 
96.54(6) 145.87(6) 

80.75(6) 

88.13(6) 

[Sn(nmip)2] (6) 2.068(2) 2.361(2) 73.79(8) 95.29(14) 148.37(14) 84.95(9) 

 

 

Figure 2.21 Schematic detailing the structures of compounds 4-6. 
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for the dative bond compared to compounds 4 and 5. The short Sn-N bond in complex [Sn(nmip)2] 

(6) would appear to confirm a stronger interaction for this system. Interestingly, despite the 

[Sn(Pyp)2] complex (4) showing shorter Sn-N interactions than [Sn(dmop)2] (5) the overlap of 

orbitals in both systems appears to be similar given the N-Sn-N bond angles in each system are 

comparable: 145.30(5)° (4) and 145.87(6)° (5). [Sn(dmop)2] (5) has axial and equatorial bond angles 

most comparable to the related {-OCCN-} systems synthesised by Parish12 and Zemlyansky et al.,185 

with [Sn(nmip)2] (6) showing more similarities with the bulky bis(salicylaldiminato) tin(II) 

complexes synthesised by Piromjitpong et al.223 (Figure 2.22).  

The larger lead(II) centres of [Pb(Pyp)2]2 (7), [Pb(dmop)2]2 (8), and [Pb(nmip)2]2 (9), result in a 

series of dimeric structures, as can be seen from Figure 2.23 (7), Figure 2.24 (8) and Figure 2.25 (9). 

These interactions are the result of an increasing need to saturate the large coordination sphere of 

Pb(II). Two binding modes are observed for the ligands of complexes 7-9; one ligand acts as a μ2-η2 

chelating-bridge, and the other acts as a terminal ligand with a “dangling” pendent arm. Table 2.3 

displays the selected bond lengths and angles of complexes 7-9. To aid in structural analysis, the 

chelating oxygen atoms are referred to as “O”, the terminal oxygen interaction is indicated by “O*”, 

and the bridging interaction is denoted as “O#”. 

In general, the Pb-O bonds of complexes 7-9 are slightly longer than the comparable monomeric 

complex, [Pb(OC(CF3)2CH2NEt2)2], synthesised by Someşan et al. (Figure 2.6iv).189 Interestingly 

though, the distances observed in this literature system (2.185(3)-2.214(3) Å) show good agreement 

with the Pb-O* bonds of the terminal ligands for systems 7-9 (2.156(3) Å (7), 2.159(5) Å and 

2.179(4) Å (8), 2.192(2) Å (9)). These Pb-O* bond lengths are also comparable to those in the 

trimeric complex [Pb3(μ2-OtBu)6] (2.17(1) Å).86 Whilst the length of the Pb-O* bond increases from 

complex 7 through to 9, the Pb-O and Pb-O# interactions do not follow the same trend.  

 

Figure 2.22 Diagram of the bis(salicylaldiminato) tin(II) complexes reported by 

Piromjitpong et al.220 
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[Pb(Pyp)2]2 (7) has the shortest chelating Pb-O bond of the three systems at 2.259(2) Å; the 

[Pb(dmop)2]2 (8) (2.313(4) Å and 2.278(5) Å) and [Pb(nmip)2]2 (9) (2.278(2) Å) display comparable 

longer interactions for their chelating Pb-O bonds. It is likely that the slightly longer interaction in 

compound 8 is a result of the steric bulk introduced by the methyl groups on the oxazoline ring, 

though the longest interaction (2.313(4) Å) is still within the range expected based on related 

literature structures.86,164,188 The bridging alkoxide interactions of these dimers, 2.455(3) Å (7), 

2.398(4)-2.438(4) Å (8) and 2.518(2) Å (9) (Table 2.3) are slightly shorter than the 2.531(3) Å  

 

Figure 2.23 Partially labelled molecular structure of [Pb(Pyp)2]2 (7). Thermal ellipsoids are 

shown at 50 % probability and hydrogen atoms have been omitted. Equivalent atoms (#) 

are generated by the symmetry operators: 1-x, 1-y, 1-z. Selected bond lengths can be found 

in Table 2.3, whilst selected bond angles are detailed in Table 2.4. 

 

Figure 2.24 Partially labelled molecular structure of [Pb(dmop)2]2 (8). Thermal ellipsoids 

are shown at 50 % probability and hydrogen atoms have been omitted. Selected bond 

lengths can be found in Table 2.3, whilst selected bond angles are detailed in Table 2.4. 
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bridging distances found in the comparable [Pb(OC(O)(C6H4N))2]2 dimer synthesised by Karmakar et 

al.192 (Figure 2.26i). 

The Pb-N interactions of complexes 7-9 show good agreement with both the monomeric complex 

reported by Someşan et al.189 and the dimeric system synthesised by Karmakar et al.192 (both 

displayed in Figure 2.26). The [Pb(nmip)2]2 system (9)  displays the shortest Pb-N bond (2.536(3) Å) 

of the complexes synthesised in this work. This correlates to a longer Pb-alkoxide interactions than 

seen for either complexes 7 or 8. Both the [Pb(Pyp)2]2] (7) and [Pb(dmop)2]2 (8) show Pb-N distances 

within a similar range (2.625(4) Å (7); 2.601(5) Å and 2.712(7) Å (8)), though again it is assumed 

that the steric bulk of the methyl groups in the oxazoline ring weakens the interaction with one of the 

Pb centres in the dimeric [Pb(dmop)2]2 complex (8).  

The larger atomic radii of Pb(II), and the longer bond lengths observed in these heavier element 

systems (7-9), lead to much smaller chelating bite angles for the iminoalkoxide ligand systems when 

compared to their Ge(II) and Sn(II) analogues. Similar trends have been observed in other literature 

studies.191 The acute bite angles seen for these dimer systems (66.09(10)° (7), 67.8(2)° and 65.4(2)° 

(8), 67.35(9)° (9)) are slightly smaller than those seen for the related [Pb(OC(CF3)2CH2NEt2)2] 

complex (69.90(13)° and 68.99(13)°; structure shown in Figure 2.26ii),189 but show agreement with 

more sterically restricted Pb(II) quinoline derived systems, which have bond angles of between 66.2-

67.2°.164,188 Similarities are also observed between the bite angles of complexes 7-9 and the Karmakar 

et al.192 dimeric system. 

 

Figure 2.25 Partially labelled molecular structure of [Pb(nmip)2]2 (9). One molecule of 

toluene is also observed in the unit cell but has been omitted. Thermal ellipsoids are shown 

at 50 % probability and hydrogen atoms have been omitted. Equivalent atoms (#) are 

generated by the symmetry operators: 1-x, 1-y, 1-z. Selected bond lengths can be found in 

Table 2.3, whilst selected bond angles are detailed in Table 2.4. 
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Each of the dimeric Pb(II) compounds 7-9 possesses  a central {Pb2O2} rhombus-shaped core that 

shares a number of gross structural similarities. A slight increase is observed across the series from 

7 to 9  in the O-Pb-O# bond angles (72.31(11)° (7); 73.7(1)° and 73.5(1)° (8); 74.22(9)° (9)), and a 

similar trend is observed for the axial N-Pb-O# bond angles (137.64(9)° (7), 140.3(2)°and 138.62(2)° 

(8), 141.51(8)° (9)). These angles are all smaller than those observed for the related positions in the 

Karmakar et al.192 dimer. 

 

 

 
Figure 2.26 Dimeric complex synthesised by i) Karmakar et al. 192 and ii) monomeric 

aminoalkoxide complex reported by Someşan et al.189Ellipsoid diagram of ii 

([Pb(OC(CF3)2CH2NEt2)2]) can be found in Figure 2.6iv. 

Table 2.3 Selected bond lengths (Å) from compounds 7-9, only bonds about the Pb(1) centre 

for each complex are included; *denotes the terminal alkoxide interaction #denotes the 

bridging alkoxide interaction; see Figure 2.27. 

Compound 
Bond lengths (Å) 

M-O M-O* M-O# M-N 

[Pb(Pyp)2]2 (7) 2.259(2) 2.156(3) 2.455(3) 2.625(4) 

[Pb(dmop)2]2 (8) 
2.313(4) 

2.278(5) 

2.159(5) 

2.179(4) 

2.398(4) 

2.438(4) 

2.601(5) 

2.712(7) 

[Pb(nmip)2]2 (9) 2.278(2) 2.192(2) 2.518(2) 2.536(3) 
 

Table 2.4 Selected bond angles (°) from compounds 7-9, only angles about the Pb(1) centre 

for each complex are included; *denotes the terminal alkoxide interaction #denotes the 

bridging alkoxide interaction; see Figure 2.27. 

Compound 
Bond angles (°) 

O-M-N O-M-O* O-M-O# O*-M-O# N-M-O# N-M-O* 

[Pb(Pyp)2]2 (7) 66.09(10) 91.19(10) 72.31(11) 90.72(11) 137.64(9) 81.95(12) 

[Pb(dmop)2]2 (8) 
67.8(2) 

65.4(2) 

83.1(2) 

85.3(2) 

73.7(1) 

73.5(1) 

87.0(2) 

95.6(2) 

140.3(2) 

138.6(2) 

79.1(2) 

77.1(2) 

[Pb(nmip)2]2 (9) 67.35(9) 89.88(9) 74.22(9) 95.94(9) 141.51(8) 82.17(9) 
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More variation is observed across the complexes for the angles between the two units of the dimers. 

The largest O-Pb-O* angle is observed for [Pb(Pyp)2]2 (7) (91.19(10)°), though a similar angle is 

found for [Pb(nmip)2]2 (9) (89.88(9)°). In contrast, the O-Pb-O* angle of the [Pb(dmop)2]2 (8) 

(89.88(9)°) system is significantly smaller, as is the N-Pb-O* angle of 8 when compared to the 

[Pb(Pyp)2]2 (7) and [Pb(nmip)2]2 (9) systems. This indicates a greater degree of distortion about the 

Pb(II) centre in complex 8, likely due to the steric bulk  of the oxazoline methyl groups. Distortion is 

also observed in the O*-Pb-O# angles of the [Pb(dmop)2]2 (8) system with the alkoxide bonds lying at 

either 87.0(2)° or 95.6(2)°, compared to the 90.72(11)° of [Pb(Pyp)2]2 (7) and the 95.94(9)° of 

[Pb(nmip)2]2 (9). These bond angles are all larger than those seen in the dimer synthesised by 

Karmakar et al.192 indicating that the “dangling” nature of the terminal ligand allows for more 

flexibility within the system. 

2.2.2.2 NMR Characterisation 

Both the 1H and 13C NMR spectra of compounds 1-9 will be discussed with regards to the hydrogen 

and carbon positions noted in Figure 2.28. 

Analysis of the 1H NMR spectra for each of the complexes 1-9 indicated successful synthesis of the 

homoleptic complexes due to the absence of a singlet for the respective {HMDS} group in the case of 

each compound. Additional confirmation could be found by comparison of the resonances in the pro-

ligand spectra to that of the complexed systems. For each compounds a clear shift was observed in 

the resonance positions in both the 1H and 13C NMR spectra. 

Both the 1H and 13C NMR spectra for the homoleptic germanium (II) (1), tin (II) (4), and lead (II) (7) 

bis(2-(pyridin-2-yl)propanolate) compounds, [M(Pyp)2], display clear deviations from the spectra of 

the pro-ligand. The singlet resonance in the 1H spectrum at δ = 1.52 ppm associated with the methyl 

 

Figure 2.27 Schematic detailing the structures of compounds 7-9. 

 

Figure 2.28 Diagram depicting the carbon and proton positions within the complexed 

ligands. 
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groups {-OC(Me)2Py} of the pro-ligand, is shifted downfield to δ = 1.78, 1.64, and 1.71 ppm in 

complexes 1, 4, and 7, respectively. This is also the case in the 13C NMR spectrum where the methyl 

signal at δ = 31.09 ppm moves downfield to δ = 33.86 (1), 34.93 (4) and 35.26 (7) ppm in each of the 

respective systems. There is a slight variation in the chemical shift of the proton adjacent to the 

nitrogen of the pyridine from δ = 8.24 ppm in the pro-ligand to δ = 8.38-8.43 ppm for both the Ge(II) 

(1) and Sn(II) (4) complexes with a smaller shift to δ = 8.30-8.35 ppm in the Pb(II) (7) system. The 

corresponding carbons for compounds 1 and 4 both show a slight decrease in chemical shift from δ = 

147.71 ppm in the pro-ligand spectra, to δ = 144.30 ppm (1) and 144.64 ppm (4); the Pb(II) compound 

shows no variation in the 13C chemical shift for this position (δ = 147.76 ppm (7)). A deshielding effect 

is observed for the alkoxide carbon of the systems with an increase in 13C chemical shift to 79.42 ppm 

(1) and 78.28 ppm (4) for the Ge(II) and Sn(II) systems and a smaller increase to 73.89 (7) ppm for 

the Pb(II) complex from a value of δ = 71.84 ppm in the pro-ligand 13C spectra. A deshielding effect is 

also seen at the ipso-carbon (C2) for each of the complexes, from δ 167.02 ppm in the pro-ligand 

spectra to δ 169.09 (1), 171.21 (4) and 172.23 (7) ppm in the complex spectra respectively. All other 

1H and 13C chemical shifts in the NMR spectra for complexes 1, 4, and 7 show negligible variation 

between free and complexed ligand. 

Slightly more variation is observed between the 1H and 13C NMR spectra of the pro-ligand 2-(4,4-

dimethyloxazolinyl)propan-2-ol (Hdmop) and the spectra of the Ge(II) (2), Sn(II) (5), and Pb(II) (8) 

complexes. The strong singlet resonance at δ = 1.49 ppm in the pro-ligand 1H NMR spectrum, 

attributed to the {-CMe2} fragment attached to the alkoxide, show an increase in chemical shift once 

complexed. The downfield shift of these protons to δ = 1.71 (2), 1.67 (5), and 1.84 (8) ppm is slightly 

larger than the downfield shift observed for the protons of the methyl groups attached to the C5  

position of the oxazoline ring (δ = 1.15 (2), 1.18 (5), and 1.13 (8) ppm, δ = 1.02 ppm - pro-ligand). 

This is also indicated in the 13C NMR spectra where the methyl resonances of the {-OC(Me)2} moiety 

are found to shift downfield to δ = 30.57 (2), 31.76 (5), and 33.62 (8) ppm from the proligand value, 

δ = 28.20 ppm, whereas a negligible increase is seen for the chemical shifts of the oxazoline methyl 

groups. This demonstrates that complexation has greater effect on the methyl groups found in the {-

OC(Me)2} moiety than it does for the methyl groups of the oxazoline ring. 

The most significant variation between the metal centres is seen in the chemical shift for the {-CH2-} 

group of the oxazoline ring in the 13C NMR spectra. Whilst the Ge(II) (2) and Sn(II) (5) show a 

downfield shift of ca. 3 ppm from the pro-ligand value (δ 80.61 ppm), the resonance seen in the 13C 

NMR spectra for the Pb(II) complex (8) display only a ca. 0.2 ppm downfield shift. This may be 

evidence of fluxional bonding within the Pb(II) dimeric system allowing the carbon furthest from the 

Pb(II) interaction to lie in an environment similar to the free ligand. 

A large deshielding effect is observed for the ipso-carbon of the oxazoline ligand, with a shift from δ = 

171.45 ppm to δ = 179.02 (2), 183.70 (5), and 186.35 (8) ppm in the complexed forms indicating a 

significant degree of donation from the ipso-carbon to the dative bond of complexes 2, 5 and 8. These 

shifts are significantly larger than those seen for ipso-carbon of the [M(Pyp)2] complexes (1, 4, 7)  and 

suggests a stronger dative interaction for the {dmop} complexes (2, 5, and 8) than seen in the {Pyp} 
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systems. In addition, when compared to the {Pyp} ligand system, the deshielding of the alkoxide 

carbon, {-OCMe2-},  in the {dmop} ligand is much smaller. A downfield shift of ca. 4 ppm in the 13C 

NMR spectra is observed following complexation of the {dmop} ligand in all three complexes (δ = 

72.86 (2), 72.37 (5), and 72.78 (8) ppm, δ = 68.55 ppm – pro-ligand), which is significantly less than 

the ca. 8 ppm downfield shifts observed for the same {-OCMe2-} carbon following complexation of the 

{Pyp} ligand. 

A similar change in chemical shifts is observed for the analogous carbons of the [M(nmip)2]n 

complexes (M = Ge (3), Sn (6) and Pb (9)). A large downfield shift of ca. 5-9ppm is observed in the 13C 

chemical shift of the ipso-carbon (C2) and correlates to a much smaller change in the resonance 

attributed to the alkoxide carbon {-OCMe2-} (δ 74.40 ppm (3), δ 72.54 ppm (6), δ 71.93 ppm (9); δ 

70.10ppm – pro-ligand). This indicates that there is a greater level of donation for the C2 carbon to 

the dative nitrogen than in the pyridine analogues. This suggests that in complexes 1-9, the oxazoline 

and imidazole groups are stronger donors than pyridine, resulting in a subsequent weakening of the 

M-O bonding in these complexes. 

The protons of the imidazole ring, at positions H4 and H5, in the Pb(II) complex (9) show similar shifts 

to those observed for the free ligand (δ 6.22, 6.92 ppm (9), δ 6.26-27, 6.97-7.00 ppm – pro-ligand) 

indicating that the ligand is weakly coordinated and fluxional in nature. In contrast, the Ge(II) (3) and 

Sn(II) (6) systems display a clear upfield and downfield shifting of the resonances attributed to the 

H4 and H5 protons of the imidazole ring (δ 6.05, 6.74 ppm (3), δ 5.91 6.86 ppm (6)) suggesting that 

the electron density within these complexes is much more localised than in the Pb(II) derivative.  

Specifically considering the Sn(II) iminoalkoxide complexes 4-6 and the related aminoalkoxide 

complex [Sn(dmamp)2], 119Sn NMR experiments were performed. A comparison of the 119Sn NMR 

spectra alludes to a possible increase in electron donation by the iminoalkoxide ligands compared to 

the aminoalkoxide ligand {dmamp}, as the 119Sn resonances of complexes 4-6 were found to lie upfield 

of the resonance observed for [Sn(dmamp)2] in the 119Sn NMR spectra. The signal at δ = -284 ppm in 

the 119Sn NMR spectrum for [Sn(Pyp)2] (4) lies upfield of the [Sn(dmamp)2] resonance at δ = -218 

ppm. A more significant difference is observed between the [Sn(dmamp)2] resonance and that 

observed at δ = -340 ppm for the [Sn(dmop)2] (5) complex in the 119Sn NMR spectra; this suggests a 

significant donation of electron density through the dative linkage in this complex. This is 

corroborated by the large downfield shifts in the 13C NMR spectra for both the ipso- (δ = 171.45 -> 

183.70 ppm) and tertiary carbons (δ = 66.90 -> 83.31 ppm) adjacent to the nitrogen in the oxazoline 

ring. Due to solubility issues, a comparison cannot be made with the [Sn(nmip)2] (6) complex as the 

119Sn NMR experiment was performed in d8-thf (d6-C6D6 was used for [Sn(dmamp)2], 4 and 5), and 

coordinating solvents are known to influence 119Sn NMR signals.224 
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Whilst it was expected that the {Pyp}, {dmop} and {nmip} ligands would be stronger donors than 

{dmamp}, it is quite clear for the 119Sn NMR spectra that {dmop} ligand is significantly more donating 

than the other iminoalkoxides investigated in this work. It is likely that this is because the nitrogen in 

the oxazolidine ring has more localised electron density available for coordination, as it is only 

hybridised with the adjacent carbon. As such it would be expected that the dative bonding in the 

[Sn(dmop)2] (5) system would be stronger than that of either [Sn(Pyp)2] (4) or [Sn(nmip)2] (6). 

 Thermogravimetric Analysis 

An assessment of the thermal properties of the germanium and tin iminoalkoxide compounds 1-6 

was performed by thermogravimetric analysis under an inert atmosphere. A ramp rate of 5 °C/min, 

up to a temperature of 500 °C, was used to assess the volatility and decomposition of these materials. 

Whilst initial assessments were made into the lead (II) iminoalkoxide systems (7-9), the poor thermal 

properties observed indicated a lack of suitability for an ALD process, and further analysis was not 

performed, and the data not presented here. Figure 2.29 displays the TGA data for the Ge(II) 

complexes 1-3, and Figure 2.30 shows the TGA data of the Sn(II) complexes 4-6. Onset temperature 

is defined as the temperature at which 1 % mass loss has occurred.  

In both [Ge(Pyp)2] (1) and [Sn(Pyp)2] (4) reasonable volatilities were observed with onset 

temperatures of 160 °C and 170 °C, and residual percentage masses of 3.0 % and 6.9 % observed for 

the compounds 1 and 4, respectively. No decomposition events are apparent in either trace, 

suggesting a good thermal stability of the compound. 

For the germanium (II) {dmop} system (2) two distinct thermal events, at ca. 85 °C and ca. 285 °C, are 

observed. The first event shows a percentage mass loss of 66.0 %, and the second a loss of 22.5 % 

mass. The shape of the TGA curve suggests that the steady mass loss occurring prior to the sharp 

plateau at ca. 34.0 % mass is indicative of volatility, and this is also suggested by the fact there is no 

obvious decomposition product with a residual mass of 34.0%. DSC, or TGA-MS would be required to 

confirm this. The second event at ca. 285 °C results in final residue percentage mass of 11.8 %. In 

contrast, the Sn(II) analogue (5) shows reasonable stability and volatility with an onset temperature 

of ca. 100 °C, and a residual percentage mass of 4.7 %. 

Table 2.5 The 119Sn resonances observed for the ALD precursor [Sn(dmamp)2] and 

complexes 4-6. *chemical shift of [Sn(nmip)2] was recorded in d8-thf. 

Compound 
119Sn NMR shift  

(δ ppm, C6D6) 

[Sn(dmamp)2] - 218 

[Sn(Pyp)2] (4) -284 

[Sn(dmop)2] (5) -340 

[Sn(nmip)2] (6) -354* 
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The traces for both the Ge(II) (3) and Sn(II) (6) {nmip} systems display rapid decomposition 

pathways to the base metal of the complex, with onset temperatures of ca. 190 °C and 220 °C, 

respectively. For [Ge(nmip)2] (3), an initial % mass loss of 11.5 % indicates the presence of residual 

solvent, this is then followed by a thermal event with a residual mass percentage of 18.3 %. This mass 

loss event would appear to show a decomposition, though the final residual mass is lower than 

 

Figure 2.29 Thermogravimatic analysis of germanium (II) iminoalkoxide complexes 1‑3.  

Analysis was performed at ramp rate of 5 °C/min from 30 °C to 500 °C. 

 

Figure 2.30 Thermogravimetric analysis of the tin(II) iminoalkoxide complexes 4-6. 

Analysis was performed at ramp rate of 5 °C/min from 30 °C to 500 °C. 
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expected for germanium metal or any of its oxides.  However, if the initial mass loss of 11.5% is 

assumed to be due to solvent evaporation, and the percentage mass of the complex following this is 

taken to be 100 % then the residual mass percentage observed can be revised to 20.3 %. This is 

consistent with the 20.7 % mass expected for germanium metal following the decomposition of 

[Ge(nmip)2] (3). A single decomposition event is observed for the [Sn(nmip)2] compound (6), with no 

solvent evaporation evident. The residual mass percentage of 32.8 % suggests that [Sn(nmip)2] (6) 

decomposes to sub-stochiometric SnO, as the residual percentage mass lies between the expected 

values for SnO (33.9 %) and Sn(0) metal (29.9 %). 

 

Of the Ge(II) and Sn(II) aminoalkoxide complexes, those containing the {Pyp} ligand (1 and 4) are of 

most interest for further investigation as ALD precursors, whilst the {nmip} containing complexes 3 

and 6 showing significant potential as low temperature CVD precursors for Ge(0) and Sn/SnO films, 

respectively. Whilst the [Sn(dmop)2] complex (5) has some potential for use in a tin(II) ALD 

deposition process due to its high volatility, the low stability demonstrated by its germanium 

analogue (2) indicates the need for further thermal analysis. 

 

  

Table 2.6 Temperature at the onset and completion of thermal events for compounds 1-6 

following TG Analysis. Residual masses from each experiment are also shown alongside the 

expected masses of the decomposition products. Experiments were performed under an 

argon atmosphere at a ramp rate of 5 °C/min. 

Compound 
Temperature (°C) 

Expected Residual Mass (%; 
M = Ge or Sn, respectively) 

Final 
Residual 
Mass (%) Onset Final MO2 MO M(0) 

[Ge(Pyp)2] (1) 170 250 30.3 25.7 21.1 1.6 

[Ge(dmop)2] (2) 85 375 27.2 25.7 18.8 11.8 

[Ge(nmip)2] (3) 
40 

(190)* 
275 29.8 25.3 20.7 

18.0  
(20.3)* 

       

[Sn(Pyp)2] (4) 170 260 38.5 34.4 30.4 6.9 

[Sn(dmop)2] (5) 100 190 35.0 31.2 26.3 4.7 

[Sn(nmip)2] (6) 210 280 38.0 33.9 29.9 32.8 

 

*these values represent the onset temperature and final residual percentage residue mass 

following a loss of ca. 11.5 % solvent from the sample. 
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CONCLUSION  

This chapter details the synthesis and characterisation of a range of germanium(II), tin(II) and lead(II) 

iminoalkoxide complexes with the aim of producing highly volatile, thermally stable, reactive 

complexes suited for use in ALD processes. Our aims derived from a desire to develop novel ALD 

precursors for the deposition of tin(II) monoxide films but expanded to include Ge(II) and Pb(II) 

systems. Currently, two SnO ALD precursor have been reported in literature. Of these, only one, 

[Sn(dmamp)2],10 has been shown to reliably produce SnO films to a sufficient crystallinity. In order to 

further the library of available SnO precursor it was decided to investigate iminoalkoxide ligands, 

containing the cyclic imino groups pyridine, oxazolidine and N-methylimidazole. To maintain some 

gross structural similarities between the selected ligands and the {dmamp} moiety, each of the 

selected iminoalkoxide systems contained an ethylene linkage between the alkoxide group and imino 

functionality. 

All of the homoleptic complexes synthesised in this chapter displayed no unexpected structural 

features. The germanium derivative [Ge(Pyp)2] (1) was found to have a four-coordinate geometry 

with both ligands acting as κ2-chelates, whilst the [Ge(dmop)2] (2), and [Ge(nmip)2] (3) systems were 

both found to display three-coordinate geometries with one ligand chelating in an κ2-fashion and one 

pendent ligand bound solely through the alkoxide moiety. This three-coordinate geometry is caused 

by the larger chelating bite angle of {dmop} and {nmip} compared to {Pyp}, and has been observed in 

other Ge(II) systems within the literature.218–220 Thermal analysis of compounds 1-3 by TGA indicated 

that [Ge(Pyp)2] (1) displayed good thermal stability and good volatility, with an onset mass loss 

temperature of 170 °C and a residual percentage mass of 1.6 %. This indicates it may be a suitable 

precursor for an ALD process. In contrast, [Ge(dmop)2] (2) showed multiple thermal events in the 

TGA trace suggesting poor thermal stability of the compound and a lack of suitability for ALD 

processes. Finally, the TG analysis of the [Ge(nmip)2] (3) complex indicated that, following the loss of 

solvent from the crystals, a clean decomposition occurred at 190 °C resulting in a residual percentage 

mass close to that expected for Ge(0) metal. This suggests that compound 3 may be a suitable CVD 

precursor for Ge(0) metal thin films but is unsuited to ALD processes. 

The synthesised tin(II) complexes, [Sn(Pyp)2] (4), [Sn(dmop)2] (5), and [Sn(nmip)2] (6) all displayed 

four-coordinate Sn(II) centres consistent with that observed for related literature complexes,12,184,185 

with no unusual bonding modes observed. The TG analysis of these systems identified both 

compounds 4 and 5 as displaying high volatilities and good thermal stabilities with onset 

temperatures of 170°C and 100 °C, and residual percentage masses of 6.9 % and 4.7 %, respectively. 

This could suggest that both 4 and 5 may be suited to ALD application, however, further thermal 

analysis of the [Sn(dmop)2] (5) would be needed to ensure it does not suffer from the same thermal 

instabilities observed for its Ge(II) analogue 2. [Sn(nmip)2] (6) was found to display a similar thermal 

trace to that of its Ge(II) derivative (3). A relatively sharp decomposition profile was observed for 

compound 6 following an onset of 210 °C, resulting in a residual percentage mass of 32.8 %. This 

residual mass lies between the expected values of SnO and Sn(0) metal indicating that the residue 
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may be composed of sub-stoichiometric tin(II) oxide. Further analysis would be needed to confirm 

this. 

Finally, the three lead(II) analogues, [Pb(Pyp)2]2 (7), [Pb(dmop)2]2 (8), and [Pb(nmip)2]2 (9) are 

found to be dimeric species, with each Pb(II) centre coordinated to one chelating ligand and one 

pendent ligand, which bridges between the two Pb(II) cores to occupy the fourth coordination site of 

each. The gross structure of these compounds is comparable to other dimeric Pb(II) aminoalkoxides 

found within the literature.192 Unfortunately, complexes 7-9 were not thoroughly analysed by TGA as 

initial experiments indicated that they rapidly decomposed upon heating. Whilst this observation 

indicates a possible lack of suitability for ALD, these compounds expand the library of known Pb(II) 

iminoalkoxide complexes.   
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EXPERIMENTAL  

Synthesis of compounds 1-9 was carried out under inert atmospheric conditions as detailed in the 

Appendix (Section 8.1). Further information regarding analysis procedures and instrumentation, as 

well as preparation methods for the group 14 reagents can also be found in the Appendix (Section 

8.2). All ligands utilised in this chapter were prepared according to the experimental detail provided 

in Section 2.3. 

Carbon and proton positions within the rings of the pro-ligands and complexes 1-9 are denoted as 

shown in Figure 2.28, and reproduced below in Figure 2.31. 

2.3 Synthesis of iminoalkoxide ligands 

 Ligand (a): HPyp 

Prepared as described by Wong et al.215 

2-Acetylpyridine (46.7 mmol, 5.77 g) was dissolved in Et2O (100 ml) and cooled to -78 °C. To this 

methyl magnesium bromide (1.4 M in toluene, 51.4 mmol, 36.7 ml) was added dropwise, and the 

resulting solution was stirred for 12 hr at room temperature. To quench the reaction, water (125ml) 

and conc. HCl (32%, 7 ml) was added, and the product extracted using diethylether. The organic 

extracts were dried with MgSO4, filtered, and dried in vacuo to produce a yellow oil. Hexane (100 ml) 

and diethylether (5ml) was added to the oil, and the solution was stored at -28 °C. After 24 hours the 

solution yielded pale yellow crystals, these were isolated and recrystallized from hexane at -28 °C. 

The resulting white crystals were filtered through a Büchner funnel and dried in vacuo. (2.75 g, 43 %) 

1H NMR (C6D6, 300MHz): δ 1.52 (s, 6H, PyC(CH3)OH), 5.01 (s, 1H, PyC(CH3)OH, 6.55 (tq, 1H, 3-H-Py), 

6.91 (dq, 1H, 5-H-Py), 7.02 (tt, 1H, 4-Py), 8.24 (ddd, 1H, 6-H-Py). 

 

Figure 2.31 Schematic noting the proton and carbon positions utilised in NMR discussions 

within the complexed ligands. Pro-ligand positions are labelled in the equivalent manner.  
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13C{1H} NMR (C6D6, 75.4MHz): δ 31.09 (PyC(CH3)OH), 71.84 (PyC(CH3)OH), 118.74 (5-C-Py), 121.58 

(3-C-Py), 136.61 (4-C-Py), 147.71 (6-C-Py), 167.02 (2-C-Py).  

 Ligand (b): Hdmop 

Prepared as described by Pridgen et al..216 

To a round bottom flask was added α-Hydroxyisobutyric acid (0.25 mol, 26.03 g) and 100ml xylene. 

A Dean Stark apparatus was affixed to the round bottom flask and to the stirring solution was added 

2-methyl-2-amino-1-propanol (0.25 mol, 24.1 ml). The reaction was heated to 180 °C for 48 hrs, 

before being left to cool to room temperature. In vacuo removal of the remaining solvent afforded an 

oil that was dried with MgSO4 and extracted with dichloromethane (DCM). Removal of the DCM in 

vacuo yielded a colourless oil that was distilled (28-30 °C, 0.1 mbar) to a clear liquid. The resulting 

distillate showed xylene impurities and was dried under vacuum to a white solid#. (2.64 g, 7%) 

1H NMR (C6D6, 300 MHz): δ 1.02 (s, 6H, (CH3)2OxaC(CH3)2OH), 1.49 (s, 2H, (CH3)2OxaC(CH3)2OH), 3.55 

(s, 2H, (CH3)2OxaC(CH3)2OH), 3.62 (br, 1H, (CH3)2OxaC(CH3)2OH). 

13C{1H} NMR (C6D6, 75.4 MHz): δ 28.16 ((CH3)2OxaC(CH3)2O), 28.20 ((CH3)2OxaC(CH3)2O), 66.90 

((CH3)2(5-C-Oxa)C(CH3)2O), 68.55 ((CH3)2OxaC(CH3)2O), 80.61 ((CH3)2(4-C-Oxa)C(CH3)2O), 171.45 

((CH3)2(2-C-Oxa)C(CH3)2O) 

#product degraded under storage to a yellowing crystalline material, which is assumed to be a 

hydrated form of the ligand 

 Ligand (c): Hnmip 

Prepared as described by Ohta et al..217 

To a mixture of 1-methyl-1H-imidazole (50 mmol, 4.10 g) in THF (50 ml) cooled to -78 °C was added 

nBuLi (52 mmol, 2.5M in hexane, 20.8 ml) over a period of 30 mins and the mixture was left to stir at 

-78 °C for a further 30 mins. To this stirred solution acetone (50mmol, 3.67 ml) was added dropwise 

at -78 °C. The resulting mixture was allowed to warm to room temperature over 12 hrs with constant 

stirring. Water (10 ml) was added the solution and the product extracted with ethyl acetate (2 x 50 

ml). The aqueous phase was combined and dried over NaSO4. Filtration and in vacuo removal of the 

solvent yielded white needle like crystals. (0.82 g, 11.7%).  
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1H NMR (500 MHz, CDCl3): δ 1.54 (s, 6H, (N-CH3)ImiC(CH3)2OH), 2.47 (s, 1H, (N-CH3)ImiC(CH3)2OH), 

3.12 (s, 3H, (N-CH3)ImiC(CH3)2OH), 6.26-27 (m, 1H, (N-CH3)(4-H-Imi)C(CH3)2OH), 6.97-7.00 (m, 1H, 

(N-CH3)(5-H-Imi)C(CH3)2OH) 

13C{1H} NMR (125.7 MHz, CDCl3): δ 29.81 ((N-CH3)ImiC(CH3)2OH), 34.00 ((N-CH3)ImiC(CH3)2OH), 

70.10 ((N-CH3)ImiC(CH3)2OH), 122.48 ((N-CH3)(4-H-Imi)C(CH3)2OH), 126.27 ((N-CH3)(5-H-

Imi)C(CH3)2OH), 152.36 ((N-CH3)(2-H-Imi)C(CH3)2OH) 

2.4 Synthesis of iminoalkoxide complexes 

 Compound 1: [Ge(Pyp)2] 

To a solution of 2-(pyridin-2-yl)propan-2-ol (a) (4 mmol, 0.55 g) in toluene (15 ml) was added 

[Ge(HMDS)2] (2 mmol, 0.79g) dissolved in toluene (10 ml), and the resulting yellow solution allowed 

to stir for 2 hrs. Filtration via canula produced a clear yellow solution, solvent was removed under 

reduced pressure to a minimal volume before storage at -28 °C. Small yellow crystals were obtained. 

(0.30 g, 44 %) 

1H NMR (C6D6, 500MHz): δ 1.78 (s, 6H, Ge(PyC(CH3)2O)2), 6.45-6.50 (m, 1H, Ge((3-H-Py)C(CH3)2O)2), 

6.86-6.89 (m, 1H, Ge((5-H-Py)C(CH3)2O)2), 6.92-6.97 (m, 1H, Ge((4-H-Py)C(CH3)2O)2), 8.39-8.43 (m, 

1H, Ge((6-H-Py)C(CH3)2O)2) 

13C{1H} NMR (C6D6, 125.7 MHz): δ 33.86 (s, Ge(PyC(CH3)2O)2), 79.42 (s, Ge(PyC(CH3)2O)2), 120.13 (s, 

Ge ((5-C-Py)C(CH3)2O)2), 121.83 (s, Ge((3-C-Py)C(CH3)2O)2), 137.46 (s, Ge((4-C-Py)C(CH3)2O)2), 

144.30 (s, Ge((6-C-Py)C(CH3)2O)2), 169.09 (s, Ge((2-C-Py)C(CH3)2O)2) 

Elemental Analysis (expected): C – 55.17 %, 55.23 % (55.71 %), H – 5.80 %, 5.71 % (5.84 %), N – 

7.78 %, 7.73 % (8.12 %) 

 Compound 2: [Ge(dmop)2]  
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[Ge(HMDS)2] (2 mmol, 0.79 g) in THF (10 ml) was combined with a solution of 2-(4,4-

dimethyloxazolinyl)propan-2-ol (b) (4 mmol, 0.63 g) in THF (10 ml) , and allowed to stir for 1 hr. 

Removal of solvent in vacuo afforded a white residue that was subsequently sublimed onto a liquid 

nitrogen cooled cold finger to yield small colourless crystals. (0.40 g, 52 %) 

1H NMR (C6D6, 400MHz): δ 1.15 (s, 6H, Ge{(CH3)2OxaC(CH3)2O}2), 1.71 (s, 6H, 

Ge{(CH3)2OxaC(CH3)2O}2), 3.68 (s, 2H, Ge{(CH3)2(4-H-Oxa)C(CH3)2O}2). 

13C{1H} NMR (C6D6, 125.7 MHz): δ 28.05 (Ge{(CH3)2OxaC(CH3)2O}2), 30.64 (Ge{(CH3)2OxaC(CH3)2O}2), 

66.02 (Ge{(CH3)2(5-C-Oxa)C(CH3)2O}2), 72.86 (Ge{(CH3)2OxaC(CH3)2O}2), 83.03 (Ge{(CH3)2(4-C-

Oxa)C(CH3)2O}2), 179.02 (Ge{(CH3)2(2-C-Oxa)C(CH3)2O}2) 

Elemental Analysis (expected): C – 49.62 %, 49.69 % (49.91 %), H – 6.84 %, 6.94 % (7.33 %), N – 

7.87 %, 7.77 % (7.28 %) 

 Compound 3: [Ge(nmip)2] 

To a cooled solution of Ge(HMDS)2 (4 mmol, 1.57 g) in THF (15 ml) was added a solution of 2-(1-

hydroxy-1-methylethl)-1-methylimidazole (c) (8 mmol, 1.12 g) in THF (15 ml). The resulting clear 

yellow solution was stirred for 1 hr, before in vacuo removal of the solvent to a minimum volume. The 

solution was heated until clear and left in a water bath overnight before storage at 4 °C, yielding large 

yellow plate crystals.  (0.59 g, 42 %) 

1H NMR (C6D6, 400MHz): δ 1.74 (s, 6H, Ge{(N-CH3)ImiC(CH3)2O}2), 2.97 (s, 3H, Ge{(N-

CH3)ImiC(CH3)2O}2), 6.05 (br s, 1H, Ge{(N-CH3)(4-H-Imi)C(CH3)2O}2), 6.74 (br s, 1H, Ge{(N-CH3)(5-H-

Imi)C(CH3)2O}2). 

13C{1H} NMR (C6D6, 125.7 MHz): δ 31.81 (Ge{(N-CH3)ImiC(CH3)2O}2), 33.62 (Ge{(N-

CH3)ImiC(CH3)2O}2), 74.40 Ge{(N-CH3)ImiC(CH3)2O}2), 122.97 (Ge{(N-CH3)(4-C-Imi)C(CH3)2O}2), 

123.07 (Ge{(N-CH3)(5-C-Imi)C(CH3)2O}2), 157.69 Ge{(N-CH3)(2-C-Imi)C(CH3)2O}2). 

Elemental Analysis (expected): C – 47.52 %, 47.62 % (47.91 %), H – 6.48 %, 6.54 % (6.32 %), N – 

15.93 %, 15.86 % (15.96 %) 
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 Compound 4: [Sn(Pyp)2] 

To a solution of 2-(pyridin-2-yl)propan-2-ol (a) (4 mmol, 0.55 g) in hexanes (15 ml) was added 

[Sn(HMDS)2] (2 mmol, 0.88 g) dissolved in hexanes (10 ml), and the solution allowed to stir for 2 hrs. 

Following this, the solvent was removed in vacuo and the solid residue dissolved in toluene (10 ml) 

prior to hot filtration through a Celite pad. Removal of solvent in vacuo to the minimal volume prior 

to heating and storage at -28 °C yielded large colourless crystals of the desired product. (0.95 g, 61 %) 

1H NMR (C6D6, 500MHz): δ 1.64 (s, 6H, Sn(PyC(CH3)2O)2), 6.44-6.49 (m, 1H, Sn((3-H-Py)C(CH3)2O)2), 

6.79-6.82 (m, 1H, Sn((5-H-Py)C(CH3)2O)2), 6.88-6.93 (m, 1H, Sn((4-H-Py)C(CH3)2O)2), 8.38-8.43 (m, 

1H, Sn((6-H-Py)C(CH3)2O)2) 

13C{1H} NMR (C6D6, 125.7 MHz): δ 34.93 (s, Sn(PyC(CH3)2O)2), 78.28 (s, Sn(PyC(CH3)2O)2), 120.91 (s, 

Sn ((5-C-Py)C(CH3)2O)2), 121.73 (s, Sn((3-C-Py)C(CH3)2O)2), 137.48 (s, Sn((4-C-Py)C(CH3)2O)2), 

144.64 (s, Sn((6-C-Py)C(CH3)2O)2), 171.21 (s, Sn((2-C-Py)C(CH3)2O)2) 

119Sn NMR (C6D6, 186.5 MHz): δ -284.84 

Elemental Analysis (expected): C – 48.87 %, 48.85 % (49.14%), H – 5.37 %, 5.32 % (5.16 %), N – 

6.84 %, 6.94 % (7.16 %) 

 Compound 5: [Sn(dmop)2] 

[Sn(HMDS)2] (2 mmol, 0.88 g) in hexanes (10 ml) was combined with a solution of 2-(4,4-

dimethyloxazolinyl)propan-2-ol (b) (4 mmol, 0.63 g) in hexanes (10 ml), and allowed to stir for 1 hr. 

Removal of solvent in vacuo afforded a white residue that was subsequently dissolved in hexane (10 

ml). The clear solution was hot filtered through a Celite pad and the clear filtrate stored at 28 °C to 

yield colourless crystals. (0.48 g, 56 %) 
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1H NMR (C6D6, 400MHz): δ 1.18 (s, 6H, Sn{(CH3)2OxaC(CH3)2O}2), 1.67 (s, 6H, 

Sn{(CH3)2OxaC(CH3)2O}2), 3.65 (s, 2H, Sn{(CH3)2(3-H-Oxa)C(CH3)2O}2). 

13C{1H} NMR (C6D6, 125.7 MHz): δ 28.30 (Sn{(CH3)2OxaC(CH3)2O}2), 31.76 (Sn{(CH3)2OxaC(CH3)2O}2), 

65.72 (Sn{(CH3)2(5-C-Oxa)C(CH3)2O}2), 72.37 (Sn{(CH3)2OxaC(CH3)2O}2), 83.31 (Sn{(CH3)2(4-C-

Oxa)C(CH3)2O}2), 183.70 (Sn{(CH3)2(2-C-Oxa)C(CH3)2O}2) 

119Sn NMR (C6D6, 186.5 MHz): δ -340.04  

Elemental Analysis (expected): C – 44.37 %, 44.39 % (44.58 %), H – 6.49 %, 6.49 % (6.55 %), N – 

6.38 %, 6.45 % (6.50 %). 

 Compound 6: [Sn(nmip)2] 

A cooled solution of [Sn(HMDS)2] (2 mmol, 0.88 g) in hexanes (15 ml) was added to a solution of 2-

(1-hydroxy-1-methylethl)-1-methylimidazole (c) (4 mmol, 0.55 g) in hexanes (15 ml). The resulting 

solution was stirred for 1 hr, before in vacuo removal of the solvent yielded a white residue. 

Dissolution of the residue in hexane (15 ml) afforded a cloudy solution that was filtered through a pad 

of Celite. The resulting filtrate was reduced in volume and heated before storage at -28 °C, yielding 

colourless crystals. (0.27 g, 34 %)  

1H NMR (d8-thf, 500MHz): δ 1.62 (s, 6H, Sn{(N-CH3)ImiC(CH3)2O}2), 2.63 (s, 3H, Sn{(N-

CH3)ImiC(CH3)2O}2), 5.91 (br s, 1H, Sn{(N-CH3)(4-H-Imi)C(CH3)2O}2), 6.86 (br s, 1H, Sn{(N-CH3)(5-H-

Imi)C(CH3)2O}2). 

13C{1H} NMR (d8-thf, 125.7 MHz): δ 32.48 (Sn{(N-CH3)ImiC(CH3)2O}2), 33.23 (Sn{(N-

CH3)ImiC(CH3)2O}2), 72.54 Sn{(N-CH3)ImiC(CH3)2O}2), 122.52 (Sn{(N-CH3)(5-C-Imi)C(CH3)2O}2), 

122.67 (Sn{(N-CH3)(4-C-Imi)C(CH3)2O}2), 161.27 Sn{(N-CH3)(2-C-Imi)C(CH3)2O}2). 

119Sn NMR (d8-thf, 186.5 MHz): δ -354.00 

Elemental Analysis (expected): C – 42.36 %, 42.42 % (42.35 %), H – 5.47 %, 5.51 % (5.58 %), N – 

14.00 %, 14.08 % (14.11 %). 
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 Compound 7: [Pb(Pyp)2]2 

Synthesis was performed in the absence of light. 

To a solution of 2-(pyridin-2-yl)propan-2-ol (a) (0.63 mmol, 0.09 g) in toluene (15 ml) was added 

[Pb(HMDS)2] (0.315 mmol, 0.17 g) dissolved in toluene (10 ml), and the resulting brown tinged 

solution allowed to stir for 2 hrs. Solvent was removed under reduced pressure to a minimal volume 

before storage at -28 °C. Small yellow crystals were obtained. (0.08 g, 54 %) 

1H NMR (C6D6, 500MHz): δ 1.71 (s, 6H, Pb(PyC(CH3)2O)2), 6.54-6.59 (m, 1H, Pb((3-H-Py)C(CH3)2O)2), 

6.98-7.08 (m, 1H, Pb((5-H-Py)C(CH3)2O)2), 7.17-7.33 (m, 1H, Pb((4-H-Py)C(CH3)2O)2), 8.30-8.35 (m, 

1H, Pb((6-H-Py)C(CH3)2O)2) 

13C{1H} NMR (C6D6, 125.7 MHz): δ 35.26 (s, Pb(PyC(CH3)2O)2), 73.89 (s, Pb(PyC(CH3)2O)2), 118.80 (s, 

Pb ((5-C-Py)C(CH3)2O)2), 121.10 (s, Pb((3-C-Py)C(CH3)2O)2), 136.32 (s, Pb((4-C-Py)C(CH3)2O)2), 

147.76 (s, Pb((6-C-Py)C(CH3)2O)2), 172.23 (s, Pb((2-C-Py)C(CH3)2O)2) 

Elemental Analysis (expected)*: C – 39.52 % (40.07 %), H – 4.02 % (4.20 %), N – 5.38 % (5.84 %). 

*due to the small quantity of product only one elemental analysis was able to be performed on the 

sample. 

 Compound 8: [Pb(dmop)2]2 

Synthesis was performed in the absence of light. 

To a cooled solution of [Pb(HMDS)2] (2 mmol, 1.06 g) in toluene (15 ml) was added a solution of 2-

(4,4-dimethyloxazolinyl)propan-2-ol (b) (4 mmol, 0.63 g) in toluene (15 ml). The resulting colourless 
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solution was left to stir for ca. 2 hrs before the volume was reduced in vacuo to the crystallisation 

point. The solution was heated gently until it became clear, stirring was stopped and the solution was 

left to cool to room temperature. Colourless blocks were observed, and the solution moved to storage 

at 4 °C to increase yield. (0.36 g, 35 %) 

1H NMR (C6D6, 400MHz): δ 1.13 (s, 6H, Pb{(CH3)2OxaC(CH3)2O}2), 1.84 (s, 6H, 

Pb{(CH3)2OxaC(CH3)2O}2), 3.62 (s, 2H, Pb{(CH3)2(3-H-Oxa)C(CH3)2O}2). 

13C{1H} NMR (C6D6, 125.7 MHz): δ 28.58 (Pb{(CH3)2OxaC(CH3)2O}2), 33.62 (Pb{(CH3)2OxaC(CH3)2O}2), 

66.95 (Pb{(CH3)2(4-C-Oxa)C(CH3)2O}2), 72.78 (Pb{(CH3)2OxaC(CH3)2O}2), 80.80 (Pb{(CH3)2(5-C-

Oxa)C(CH3)2O}2), 186.35 (Pb{(CH3)2(2-C-Oxa)C(CH3)2O}2) 

Elemental Analysis (expected)*: C – 36.69 %, 36.85 % (36.98 %), H – 5.60 %, 5.88 % (5.43 %), N – 

5.71 %, 5.59 % (5.39 %). 

 Compound 9: [Pb(nmip)2]2 

Synthesis was performed in the absence of light. 

To a cooled solution of [Pb(HMDS)2] (2 mmol, 1.056 g) in toluene (15 ml) was added a solution of 2-

(1-hydroxy-1-methylethl)-1-methylimidazole (c) (4 mmol, 0.5608 g) in toluene (15 ml). The resulting 

pale brown solution was stirred for 1 hr, before in vacuo removal of the solvent to a minimum volume. 

The solution was heated gently until clear, and stored at 4 °C, yielding small brown crystals.  (0.52 g, 

54 %) 

 1H NMR (C6D6, 500MHz): δ 1.66 (s, 6H, Pb{(N-CH3)ImiC(CH3)2O}2), 3.08 (br s, 3H, Pb{(N-

CH3)ImiC(CH3)2O}2), 6.22 (br s, 1H, Pb{(N-CH3)(4-H-Imi)C(CH3)2O}2), 6.92 (br s, 1H, Pb{(N-CH3)(5-H-

Imi)C(CH3)2O}2). 

13C{1H} NMR (C6D6, 125.7 MHz): δ 31.1-34.0 (Pb{(N-CH3)ImiC(CH3)2O}2), 34.28 (Pb{(N-

CH3)ImiC(CH3)2O}2), 71.73 Pb{(N-CH3)ImiC(CH3)2O}2), 122.19 (Pb{(N-CH3)(4-C-Imi)C(CH3)2O}2), 

125.52 (Pb{(N-CH3)(5-C-Imi)C(CH3)2O}2), 159.07 Pb{(N-CH3)(2-C-Imi)C(CH3)2O}2). 

Elemental Analysis (expected values for [{Pb(nmip)2}·PhMe]): C – 39.81 %, 39.50 % (39.54 %), H – 

5.18 %, 5.07 % (4.93 %), N – 9.71 %, 9.66 % (10.54 %) 

*calculated to include the single molecule of toluene as observed in the structure assessed by SXRD.  
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 GROUP 14 PYRIDYLAMIDE PRECURSORS  

Whilst research in aminoalkoxides for group 14 ALD precursors has gained traction following the 

reported deposition of SnO from [Sn(dmamp)2],1 growing interest lies in the modification of these 

ligands to produce more reactive species that will enable faster deposition rates. As discussed in the 

previous chapter, moving from a donating alkoxide group to a donating amide group is considered 

favourable as metal-amide interactions are more reactive.2,3 In this chapter, this concept is further 

built upon by replacing the alkoxide coordinating group with an amide to encourage greater 

reactivity. Within our research group, tin(II) aminoamide analogues of the {dmamp} system have 

previously been investigated, with some successes observed in ALD investigations.4 In an effort to 

explore alternative chemistries this chapter considers pyridylamide systems, which differ from 

aminoamides in their electronic and steric properties. Strained 4-membered rings, from 1,3 chelates, 

have been investigated as ALD precursors by the Gordon research group5–7 and others8–11 with the 

intention of forcing higher reactivity, to varying degrees of success. The aim of this chapter was to 

combine the high reactivity associated with amides and strained 4-membered chelates with the 

unusual bonding modes and typical asymmetry offered by pyridylamides to produce volatile, reactive 

complexes. The rational progression followed to reach these ligands is illustrated in Figure 3.1. 

3.1 Background and Precedent 

 Metal Amides 

Amide or amido ligands of the form {-NH2}, {-N(H)R}, and {-N(R)R’}, where R, R’ = alkyl, aryl or silyl, 

have found wide application across the periodic table to the extent that amido complexes of almost 

all naturally occurring metals are now known. Able to bind to the metal in both a terminal and 

bridging fashion, amido ligands enable complexes to display a vast range of oxidation states, 

coordination modes, geometries, and structural motifs.12 This allows for application of these amido 

systems in Lewis acid/base catalysis,13,14 biological application,15,16 and hydrogen storage.17,18 In 

addition, metal amides are often used as proton abstracters, ligand transfer reagents, or as precursors 

to more complicated systems due to the facile cleavage of the polar M-N bond.12,19,20 In particular, the 

volatility of the amine co-products from reactions involving amide systems, such as [M(NMe2)x] and 

[M(N(SiMe3)2)x], make them highly favoured in synthetic procedures. This is due to the self-

elimination of the amine co-product through volatilisation, which acts as a thermodynamic driving 

force for the reaction. Indeed, all but a few of the complexes presented in this thesis were synthesised 

using [M(HMDS)2] (M = Ge, Sn, and Pb) reagents for that reason.  

 

Figure 3.1 Rational progression of ligand structure from alkoxide to amide, and from 5 -

membered chelates to sterically strained 4-membered chelates, with the aim of increasing 

precursor reactivity. 
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Whilst there are a number of synthetic routes to metal amides, the most commonly used is the salt 

metathesis route displayed in Scheme 3.1. Typically M’ = Li, though for larger systems Na and K are 

employed to facilitate separation of the alkali metal halide from the target amide. Other leaving groups 

such as tosylate, triflate, aryloxide, and cyclopentadienyl have become more prevalent in recent 

investigations.12 

In contrast to simple metal alkoxide systems, metal amide complexes display a reduced propensity 

towards cluster formation, primarily due to greater steric crowding at the heteroatom, {-NR2} cf. {-

OR}.21 Additional tailoring of the R groups enables the formation of monomeric thermally stable 

complexes, which may be inaccessible using alkoxide functionalities. For example, the ubiquitous 

hexamethyldisilazane ligand {H-N(SiMe3)2} (H-HMDS) has been widely utilised across the periodic 

table to produce thermally robust complexes. This is possible as the bulky silyl groups provide kinetic 

stabilisation, and the weakly π-accepting nature of the {HMDS} group, due to partial delocalisation of 

the nitrogen’s π-electrons onto the silicon atoms, provide electronic stabilisation. Furthermore, the 

absence of a β-hydride elimination decomposition pathway results in additional stability.4,21 

3.1.1.1 Metal Amides in ALD 

Metal alkylamides have long been used as effective MOCVD precursors to metal oxide and metal 

nitride films,22–24 yet there is growing interest in their use for ALD processes.25 Precursors derived 

from these simple alkyl amides have been used in the successful ALD of oxide and nitride films for a 

variety of elements, including Zr,26–29 Hf,30–32 Ti,33–42 Al,43–48 Si,49,50 Sn,51–53 and Ta,34,47,54–56. 

Metal amide precursors are particularly suited to oxide deposition as the surface reactions are 

enthalpically driven by the replacement of the weaker M-N bond of metal amides (∼550 ± 60 kJ mol−1) 

with the stronger M-O bond of metal oxides (∼800 ± 50 kJ mol−1).2,3 Whilst this enables low 

temperature deposition processes, the weaker M-N bond tends to reduce the thermal stability of the 

metal amide precursor compared to alkoxide analogues, limiting the thermal deposition window.4,57,58 

This instability is believed to contribute to the high levels of impurities observed in films from 

alkylamide precursors, and may also be the reason that the growth-per-cycle (GPC) of these systems 

often exceeds a single monolayer.25,59  

Whilst a number of effective metal amide deposition precursors are available, these are often limited 

to certain metals and oxidation states due to the inherent instabilities discussed. As interest grows in 

the deposition of a wider variety of materials, thermally stabilising these reactive compounds has 

become a necessity prompting investigations into donor-functionalized derivatives of metal amides, 

with much the same intent as was discussed in the previous chapter for alkoxide systems.60 As a result, 

a wealth of literature on amide derived complexes has been reported in recent years, both in the 

 

Scheme 3.1 Salt metathesis synthetic route to metal amides. 
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fundamental field of stabilising unusual metal oxidation states,61–63 and in the field of deposition 

precursor design.64–67 

 Donor-functionalized Amides 

Investigations into κ2-N,N’-bidentate ligands containing a planar {RN(ER’)NR} Y-shaped core E = C, N, 

P, S, B, Si; R, R’ = H, alkyl, aryl, silyl etc.) are prevalent within the fields of organometallic and 

coordination chemistry. Of most relevance to this thesis are the widely explored amidines68–74 and 

guanidines,63,67,75–80 although the related β-diketimines, commonly referred to as Nac-Nac ligands, 

have also been extensively investigated.81–87  

Amidines and guanidines are extremely versatile as they can easily be tailored through judicious 

selection of the organic substituents (R and R’ in Figure 3.2). As such, they have been widely exploited 

both in the design of volatile, reactive molecular precursors suitable for vapour deposition 

processes,66–68,88 and for the stabilization of an array of low oxidation state complexes,76,85,88 most 

notably the Mg(I) guanidinate system synthesized by Green et al.61 which contains a Mg-Mg bond. 

These {NCN} ligands offer a range of binding modes producing a variety of structural and electronic 

stabilising effects, though most commonly they are observed to bind in a chelating fashion. 

Amidinates and guanidinates typically bind either through σ,σ-symmetrical attachment, with a 

delocalised {NCN} backbone, or σ,σ-asymmetrical attachment, with one formal M-N bond and one 

dative interaction from the imine lone pair.90 Pyridylamide ligands, containing an analogous {NCN} 

backbone, always display asymmetrical M-N interactions, with shortest distances typically observed 

for the metal-amide bonds. Aminopyridinato complexes, in which the metal-pyridine interaction is 

stronger, are much rarer and tend to be primarily found in complexes of the heavy transition metals.89 

In all three ligand systems the bonding is often observed to be strained and distorted due the small 

 

Figure 3.2 Anionic structures of the amidinate, guanidinate and pyridylamide donor 

ligands, with relevent resonance structures. Interaction of the back {NR 2} moiety in the 

guanidinate systems enables access to an additional resonance structure not depicted 

here. The aminopyridinato resonance form, bracketed, is rare within the literature. 89 
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size of the chelate ring. Examples of monodentate binding modes, containing only a σ-M-N bond have 

been reported in the literature, though these are less common.90,91 

Facile synthesis of amidinates and guanidinates can be achieved through the insertion of a 

carbodiimide into a metal-alkyl or metal-amide bond, respectively, and this method is highly 

prevalent in the literature due to its applicability to a wide-range of metals.7,88,92,93 However, this is a 

reversible process, and the deinsertion of carbodiimide under deposition conditions has been 

observed in a range of compounds leading to reactivity issues and an increased potential for film 

contamination.66 

The synthesis of pyridylamide complexes is generally more labour intensive as it is necessary to first 

synthesise the desired 2-aminopyridine ligand, though it should be noted that a number of 2-

aminopyridine derivatives are commercially available. Synthesis of the 2-(alkylamino)pyridines can 

be achieved from the starting 2-aminopyridine via a carbamate intermediate (Scheme 3.3a) with good 

yield as reported by Krein et al.94 Silyl analogues can be synthesised through lithiation of the parent 

2-aminopyridine, followed by a salt elimination reaction through addition of a silyl chloride species, 

R3SiCl (Scheme 3.3b). 

 

Scheme 3.2 Synthesis of amidines and guanidines through insertion of a carbodiimide into 

metal-alkyl or metal-amide bond respectively. Adapted from ref 92. 

 

Scheme 3.3 Synthetic routes to a) 2-(alkylamino)pyridine ligands94 and b) 2-

(silylamino)pyridines. 
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3.1.2.1 Pyridylamides 

As discussed, pyridylamines have similar coordinating environments to their amidinate and 

guanidinate analogues, offering a variety of binding modes as monodentate amides, bidentate N,N-

bridges, or N,N-chelates (Figure 3.3).95–98 The inherent asymmetry of pyridylamides, along with facile 

substitution at the amide group and on the pyridine ring, often leads to complexes with more unusual 

coordination geometries and states of association than is seen with amidinates and guanidinates.98,99 

This also contributes to the mesomeric (resonance) form of pyridylamides that allows for the anionic 

functionality to localize at either the amide N-atom, or at the pyridine N-atom, resulting in different 

structural arrangements for the ligand, as a result there is a strong drive to explore these ligands 

further.89 

A plethora of main group,101–107 transition metal,95,98,108,109 and f-block110–113 pyridylamide compounds 

are observed within the literature, of which, a number display unusual and interesting reactivities 

and structural arrangements.96 For example, the sterically encumbering 2-aminomesityl-6-

(tripp)pyridinato ligand (tripp = 2,4,6-triisopropylphenyl) was used to great effect by Noor et al.109 in 

stabilising a Cr-Cr quintuple bond, whilst the smaller N-methylpyridin-2-amine and 2-

benzylaminopyridine were found to stabilise some of the first five- and six-coordinate complexes of 

the heavier group 13 elements (Figure 3.4).114–116 

 

Figure 3.3 Binding modes of pyridylamide ligands; R, R’ = alkyl, aryl, or silyl. 100 

 
Figure 3.4 A selection of pyridylamide complexes observed in the literature: i) A di -

chromium complex containing a short Cr-Cr bond and the sterically hindered 2-

aminomesityl-6-(tripp)pyridinato ligand (tripp = 2,4,6-triisopropylphenyl);109 ii) five-

coordinated indium complex utilising N-methylpyridin-2-amine;115 iii) five-coordinate 

gallium complex containing 2-benzylaminopyridine.114 
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Other reactivity of interest was described by Raston et al.117 following the synthesis of an amido 

arsenic dichloride compound, [{2-(6-Me)C5H3N}NSiMe3(AsCl2)], using the sterically hindered {2-(6-

methyl)pyridyl}trimethylsilyl amine ligand, previously also investigated for use with the heavier 

group 15 elements.106 This N-functionalized ligand was found to improve the thermal and kinetic 

stability of these complexes compared to analogous alkyl containing systems.118 However, in the case 

of the arsenic complex, the presence of the weaker N-Si bond, versus the C-Si bond of the analogous 

system,118 allowed for the elimination of Me3SiCl upon heating of the complex. This produced an 

unstable imido-arsenic ylid species that dimerised to form a [{2-(6-Me)C5H3N}NAsCl]2 species 

following an intermolecular [2+2] cycloaddition. Addition of two equivalents of AsCl3 formed a [{2-

(6-Me)C5H3N}N(AsCl2)2] species, showing further reactivity and a potential synthesis route for 

heterometallic systems containing bulky amide groups. The reaction scheme for this can be found at 

the end of Section 3.3 in Scheme 3.10.117 Evidence of this reactivity is also observed for the boron 

analogue of this system first reported by Engelhardt et al.102 with later investigations by Aldridge et 

al.103  

 Heavier Group 14 Amides 

In general, the divalent group 14 amides, [M{N(R1)R2 }2], display a range of reactivities, and find 

application in a variety of synthetic and catalytic processes.119–123 Since the seminal isolation of the 

thermally robust, monomeric [M(HMDS)2] species of germanium, tin and lead by Zuckerman et al.124 

and Lappert et al.120 in 1974, divalent amides of the heavier group 14 elements have been widely 

explored.119 Whilst early investigations focused on simple small chain alkyl, silyl, and germyl amide 

substituents this library has expanded significantly since to include a range of N-heterocycles, with 

both aryl and alkyl functionalities, and monocyclic and polycyclic silylamides.119,125–130 Most widely 

characterised within the literature are the tin(II) amides, though germanium(II) derivatives of many 

of these systems are also known, whilst far fewer lead(II) amides have been investigated.119 The 

interest in these divalent systems has resulted in a number of reviews on the topic by Veith et al.,125,126 

Lappert et al.,127–129 and Kühl et al.,130 which provide detailed discussions regarding the fundamental 

chemistry of group 14 amides and the interested reader is directed to these works. 

Crystalline group 14(II) amides are often found to be monomeric V-shaped metal-centred complexes 

with stereoactive lone pairs, though there are a number of exceptions that typically display three 

coordinate geometries,119 including [Sn{(NR[CH2]2)2NMe}],131 and the dimeric species [M(NMe2)(μ2-

NMe2)]2 (where M = Sn or Pb)132,133 and [Pb{(NtBu)2SiMe2}]2.134 These three coordinate M(II) species 

also display the presence of stereoactive lone pairs.132 For any given amide ligand, the N-M-N angles 

typically decrease Ge > Sn > Pb, consistent with Bent’s rule, and the M-N bond lengths display a 

concomitant lengthening (Ge < Sn < Pb).119 Lappert et al.119 also highlights that the bonding angles 

between amide ligands (N-M-N) often decreases in the gas phase for any given amide.135 Of particular 

relevance to this thesis is the propensity of the heavier group 14 amides towards protonolysis 

reactions.119 This reactivity makes them particularly suited for use in the ALD of metal oxide material, 

leading to a number of investigations into the ALD of group 14 amides and their derivatives. 
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3.1.3.1 Group 14 Amide Derived ALD Precursors 

The effectiveness of simple group 14 amides within vapour deposition processes is somewhat varied. 

Whilst the tetrakis(dimethylamino) germanium complex, [Ge(NMe2)4], has been investigated as a CVD 

precursor to mixed Ge-Sb-Te films,136–141 there is no evidence that it has been investigated for the ALD 

of similar systems. Conversely, the silylamide complex [Ge(HMDS)2] has been used to reasonable 

effect in a mixed CVD-ALD process to afford GeTe films.142 Significantly more success has been found 

in the use of tin amides and their derivatives for ALD processes. The tetrakis(dimethylamino) tin(IV), 

[Sn(NMe2)4], has been explored for use as an ALD precursor to thin films of SnO251,143,144 and 

SnS2,145,146 though more recent studies using N’,N’-bidentate ligands have improved upon the growth 

rates and crystallinities seen for the alkylamide complex.147 The most notable recent finding was the 

investigation by Tupala et al.,148 which reported the successful use of the divalent [Sn(HMDS)2] for the 

ALD of metastable tin(II) oxide, however, low crystallinity, low growth rates, and high silicon 

incorporation, has limited interest in this process. Of the accessible simple lead amides, none have yet 

been investigated for the CVD or ALD of lead containing films. 

One of the key difficulties that arises in the deposition of group 14 chalcogenide films is maintaining 

oxidative control of the precursor, so as to control the valency of the metal in the deposited material. 

This is of particular difficulty in the atomic layer deposition of the group 14(II) oxides as maintaining 

the +2 state necessitates the use of the less strongly oxidising H2O, which requires the precursor to be 

highly reactive. One method of maintaining this oxidative control is to utilise donor-functionalized 

amides as, theoretically, this enables access to highly reactive systems that are thermally stabilised 

by coordinative saturation.57 To this end, a number of investigations have sought to adapt amidinate, 

guanidinate, β-diketiminate and other N,N’-heterocyclic group 14 CVD precursors for the ALD of thin 

film materials such as GeS,5 GeTe,8 GeO2,9,10 SnO2,5,147,149 and SnS2.5 

The heavier chalcogenide films of germanium(II) seem to be deposited with relative ease using amide 

derived ligands, with a range of Ge(II) precursors containing N,N’-bidentate ligands being patented 

for use in the CVD and ALD of germanium containing films.11 Park et al.8 described the use of a 

heteroleptic [Ge{guan}NMe2] complex (guan = (iPrN)2CNMe2) in the ALD of GeTe thin films above 

170 °C. However, it was indicated that below this temperature the films contained high levels of 

impurities and to be highly porous, suggesting a limited ALD temperature window. More success was 

observed by Kim et al.5 in the deposition of GeS using a N,N’-heterocyclic germylene complex 

displayed in Figure 3.6i. 

Whilst germanium(II) oxide precursors are not of significant interest due to their limited applicability 

and the tendency of GeO films to oxidise to GeO2, ALD of germanium(IV) oxide has been achieved 

using various amide derived systems. Perego et al.9 reported the fabrication of amorphous GeO2 films 

utilising a bulky divalent 1,2-bis[(2,6-diisopropylphenyl)imino]acenaphthene germanium precursor 

and ozone, whilst Jung et al.10 described the deposition of high quality GeO2 films using the 

heteroleptic systems [(NMe2)2Ge(RNCH2CH2NR)] (R = iPr, tBu). 
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ALD studies into the deposition of SnOx (where x > 1) and SnO2 are the most prevalent of the group 14 

chalcogenide films, due to the interest in SnO2 for a multitude of applications.53,150–154 Additionally, 

the increased stability of Sn(IV) oxide compared to Sn(II) oxide enables the use of stronger oxidising 

reagents, broadening the library of useable precursors. In contrast, few successful precursors for the 

deposition of the SnO are known,1,148 though there is an increasing interest in the potential of Sn(II) 

amide derived precursors for the deposition of SnO and a number of studies into potential systems 

can be observed within the literature.4,5,155 Sn(II) precursors for SnS are more abundant due to the 

higher reactivity of H2S compared to H2O, which enables oxidative control throughout the deposition 

process.156 

In 2014, Kim et al.5 described the synthesis of the N,N’-heterocyclic stannylene complex 

[Sn(II){(tBuN)CH(CH3)CH(CH3)(NtBu)}] (displayed in Figure 3.6ii) which was found to successfully 

deposit SnS films with a H2S co-reagent.5 Heo et al. expanded upon this by investigating the same 

precursor with H2O2147 and NO6 co-reagents to deposit SnO2 films, however it was noted that the 

system did not react with H2O and thus efforts to deposit SnO were unsuccessful. The same group also 

reported a bis(N,N′-diisopropylacetamidinato)tin(II) complex,5 shown in Figure 3.6iii, which has since 

been widely utilised to deposit SnS via an ALD process utilising H2S as the co-reagent.156,157 

Pyridylamide ligands have not been investigated for use in either tin or lead deposition precursors, 

however there are examples of related ligands being used in the CVD of germanium films. A series of 

 

Figure 3.5 Existing germanium ALD precursors; i) [Ge{guan}NMe2] (guan = (iPrN)2CNMe2) 

for the deposition of GeTe films;8 ii) (dpp-BIAN)Ge for the deposition of GeO2 films;9 and 

iii) [(NMe2)2Ge(RNCH2CH2NR)] (R = iPr, tBu) for the deposition of GeO2.10 

 

Figure 3.6 Ge(II) and Sn(II) precursors sysnthesised by Kim et al.5 for the ALD of i) GeS; ii) 

SnO2 and SnS; and iii) SnS 
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2-aminopyrimidine Ge(II) complexes were synthesised by Wang et al.,158 Figure 3.7, which showed 

highly promising volatilities and good thermal stabilities at temperatures of 170 °C. A later 

investigation revealed the successful deposition of germanium metal films from these systems using 

a non-commercial CVD rig.159 A similarly high volatility, and thermal stability, was observed for the 

bis-{(trimethylsilyl)pyridylamido} Ge(II) complex reported by Du et al.160 Proof-of-concept CVD 

studies indicate the formation of a germanium oxide film with few impurities.  

These systems both demonstrate that pyridylamide related complexes can show volatilities and 

thermal stabilities suitable for ALD processes. Whilst their reactivities are yet to be investigated the 

success of these CVD studies spurred our own interest in pyridylamide ligands.  

 Selected ligands 

To assess the chemistry and ALD potential of pyridylamide complexes, the range of ligands selected 

for this investigation varied only at the amide substituent. No functional groups were introduced in 

the pyridine ring, so as to maintain a degree of consistency between the ligands, and enable analysis 

to focus primarily on the steric and electronic influences of the R’ group (Figure 3.3). To this end, two 

commercially available ligands, N-methylpyridin-2-amine, containing a methyl R’ group, and 2,2’-

dipyridylamine, containing a pyridine R’ group, were selected along with a series of N-

(trialkylsilyl)pyridine-2-amine ligands (alkyl = Me, Et, iPr). All three ligands can be seen in Figure 3.8. 

Prior to our investigations, only the N-(trimethylsilyl)pyridylamine had been utilised in the synthesis 

of any group 14 complexes. Du et al.160 reported the thermally stable but highly volatile bis-

{(trimethylsilyl)pyridylamido}Ge(II) complex in 2017, and demonstrated its suitability for the CVD of 

 

Figure 3.7 CVD precursors for germanium films; i)Ge(II) bis(N-ethylpyrimidin-2-amide) 

synthesised by Wang et al. for the deposition of Ge(0) thin films;158,159 and ii) Ge(II) bis{N-

{trimethylsilyl)pyridin-2-amide} reported by Du et al. for the deposition of GeO x.160 

 

Figure 3.8 Pro-ligands for compounds 10-25. 
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germanium thin films. As such, it was decided that investigations into the N-(trialkylsilyl)pyridine-2-

amine ligands would focus only on the synthesis of the Sn(II) derivatives. Unfortunately, in 2019 Sen 

et al.161 reported the synthesis of bis-{(trimethylsilyl)pyridylamido}tin(II) and the related bis-

(chlorostannylene) analogue, both of which were synthesised in this work. Whilst disappointing, this 

does highlight the growing interest in these ligand motifs.  

Alongside this work, investigations were also made into related alkylaminopyrimidine ligands (Figure 

3.9), as the synthetic route to these ligands is more facile. Whilst a selection of alkylaminopyrimidine 

ligands were reacted with Ge(II) and Sn(II) amide reagents, these experiments failed to yield any 

desired products. Analysis of reaction residues indicated that the process encouraged amide 

substitution on the pyrimidine ring, and this line of investigation was discontinued. 

Given the structural differences observed for the complexes containing each of these ligands, this 

chapter will be split into three sections. A brief overview on the ligand and related group 14 

metallylene complexes will be provided in each section, followed by a more thorough discussion 

regarding the characterisation and structural properties of the synthesised complexes.  

  

 

Figure 3.9 Alkylaminopyrimidine ligands which were also investigated during the course of 

this work. 
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3.2 Group 14 (II) N-Methylpyridylamide Compounds 

 Background and Precedent 

N-methylpyridin-2-amine is the smallest of the ligands selected for this study. Whilst it is found in 

complexes from across the periodic table, it has yet to be investigated alongside the heavier group 14 

metals. As previously discussed, pyridylamide complexes offer a wealth of bonding modes for 

complex formation (Figure 3.3). Despite this, the N-methylpyridin-2-amine ligand (Hmpa) has only 

been found to display three of these bonding modes thus far in the literature. When deprotonated, the 

{mpa} moiety is found to either act as a chelating ligand (A),115,116,162–164 or bridges between two metal 

centres (D).165–168 Monodentate bonding is observed in the literature but this is found to occur solely 

through the donating pyridine group (C) with the ligand remaining protonated.169–173 This often 

results in increased hydrogen bonding from the amine group and aids in the construction of more 

complex architectures.173,174 

Whilst not widely utilised, the {mpa} group has found application in a variety of catalysts, either acting 

as an ancillary ligand to help increase reactivity165–167,175 or as a bulky substitute for smaller alkyl 

amides,163,176 and in the synthesis of novel and unusual coordination geometries, such as in square-

based pyramidal indium complexes115,116 and copper(II) paddle wheel systems.169,170 Within 

deposition chemistry, {mpa} has only been utilised in the development of reagents for the synthesis 

of Zn and Co nanoparticle precursors,171,172 but has not been exploited as a precursor ligand. 

Despite the prevalence of secondary amines in group 14 chemistry, {mpa} has not found application 

in this area. Indeed there are few examples of group 14 pyridylamide complexes in the 

literature,103,107,160,161,177–180 of which few are readily comparable to the {mpa} moiety. In contrast, 

many of the reported systems contain ligands such as {PyN-SiMe3} and {Py2N}, which are relevant to 

later sections of this chapter and so will be discussed there. 

Ligands used in the synthesis of group 14 complexes with similar structural motifs to {mpa} include 

the primary pyridylamines and pyrimidylamines employed by the Wright group,181,182 the methyl 

substituted pyridines used by Bette et al.,183 García-Rodríguez et al.,184 and Zeckert et al.,185–187 and 

the 2-(tert-butoxide)pyridine ligand utilised by Zeckert et al.188 In the case of the primary 

pyridylamides, the tendency is to form cubane structures with the metal and amide groups occupying 

alternate vertices following the double deprotonation of the primary amine.181,182,189 This limits 

comparison to the {mpa} moiety. For substituted pyridine ligands, Bette et al.183 indicate that the 

typical reactivity between the ligand and Sn(IV) is to produce tetrakis-tin complexes, however both 

 

Figure 3.10 Observed binding modes of {N-methylpyridin-2-amide}-. Labels refer back to 

the binding modes discussed in Figure 3.3. 
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García-Rodríguez et al.184 and Zeckert et al.185–188 highlighted a propensity of substituted pyridines to 

induce catenation of the group 14 centres. This is also observed in the reactions of group 14 metals 

with the slightly related 2-(dimethylamino)phenyl ligand (Me2NPh)190 and the tethered ligand 

{HC(SiMe2N(pTol))3}.191–193 

Catenation of the heavier group 14 metals is well established within the literature with a multitude of 

examples reported.194–198 Often these systems display unusual bonding schemes, which can lead to 

interesting optical and electrical properties due to the inherent σ delocalization within the 

complexes.178,199–201 Many of these catenated systems contain amide or amidinate supporting 

ligands,62,80,202–204 though only a handful contain pyridine groups (Figure 3.12). Of those that do, the 

majority display metal-alkyl interactions with the metal binding at the ortho-carbon of the pyridine 

ring.178,184–188 Thus far, only the 2,6‐diamidopyridyl ligand {2,6‐(2,6‐iPr2C6H3‐N)2–4‐CH3C5H2N)}178 

and the {N(SiMe3)C(Ph)C(SiMe3)(C5H4N-2)}204 ligand, displayed in Figure 3.12, have been reported in 

catenated group 14 systems. 

 

Figure 3.11 Examples of catenation in group 14 complexes utilising substituted pyridines 

and related ligands; i) 2-(methyl)pyridine;184 ii) 2-(tert-butoxide)pyridine;188 iii) 2-

(dimethylamino)phenyl;190 and iv) {HC(SiMe2N(pTol))3}.191–193 
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Figure 3.12 Catenated germanium complexes synthesised from amide-substituted 

pyridiness; i) reported by Wey et al.,178{2,6‑(2,6‑iPr2C6H3‑N)2–4‑CH3C5H2N)}; ii) reported 

by Leung et al.,204 {N(SiMe3)C(Ph)C(SiMe3)(C5H4N-2)}. 

i) ii) 
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 Synthesis 

Reaction of the N-methylpyridin-2-amine pro-ligand (Hmpa) with each respective group 14 bis-

(hexamethyldisilazide) reagent, [M(HMDS)2] where M = Ge, Sn, or Pb, proceeded with good yields in 

the cases of germanium and tin, leading to crystalline material suitable for single crystal X-ray 

diffraction (SXRD). Unfortunately, no crystalline material could be obtained from the reaction of 

[Pb(HMDS)2] with Hmpa, despite evidence of reactivity in the form of a colour change. 

The compounds produced through reaction of 2 eq. of Hmpa pro-ligand to 1 eq. of [M(HMDS)2] (M = 

Ge, Sn) were unexpected, and the ligand to metal ratios were different for the two metal centres. In 

the germanium reaction, the reagent stoichiometry was carried through to the final structure, with a 

trigermane species, [Ge{Ge(mpa)3}2] (10), containing three formal Ge(II) centres and six ligands, 

being produced. In contrast, the tin reaction resulted in the formation of a distannane, [Sn(mpa)3]2 

(11), with only two formal Sn(III) centres observed for the six ligands. Interestingly, this compound 

was produced regardless of the stoichiometry of the starting reagents. It is assumed that the 

formation of the distannane was a result of a disproportionation reaction of an intermediate species.  

Synthesis of the [Pb(mpa)n] (12) was attempted on multiple occasions with a variety of control 

measures implemented, including the absence of light, absence of heat, and absence of mechanical 

stirring. All attempts produced intense yellow solutions, which yielded yellow, oil-like, tacky residues 

following the removal of solvent. Attempts to dissolve this residue resulted in the production of 

insoluble precipitate requiring filtration of the solution. The sensitivity of the compound caused 

significant difficulties in the filtration process, generally preventing the isolation of any product. 

Crystallisation of compound 12 was not achieved despite significant effort, which included 

temperature cycling of the crystallisation Schlenk and solvent layering. 1H NMR studies indicated that 

a reaction had occurred, however, identification of the structure and stoichiometry of the final 

product was not possible with NMR alone.  

 

Figure 3.13 Pro-ligand for compounds 10-12. 
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Scheme 3.4 Reaction scheme for the formation of complexes 10-12. [Pb(mpa)x]n (12) was 

not structurally characterised. 
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 Characterisation: Group 14(II) N-methylpyridylamides 

Solid state characterisation of the complexes was achieved by single crystal X-ray diffraction (SXRD), 

with NMR spectroscopy used to confirm the identity of compounds 10 and 11 and explore the 

potential structure of the lead derivative 12. As such, this discussion will focus first on the 

crystallographically determined structures of compounds 10 and 11, before considering NMR 

characterisation data of all the systems 10-12. The thermal properties of the germanium (10) and tin 

(11) derivatives were also assessed by thermogravimetric analysis. Throughout the discussion the 

position of atoms within the pyridine ring will be referred to as denoted in Figure 3.14. 

3.2.3.1 Structural characterisation 

Single crystals of compounds 10 and 11 were isolated from the reaction mixture and analysed by 

SXRD to determine their absolute solid state molecular structure. As has previously been mentioned, 

crystals of the lead compound (12) suitable for SXRD analysis were unable to be obtained.  

Both the germanium (10) and tin (11) complexes crystallise in the P-1 space group and display 

superficial similarities in their structural motifs. Each of the systems contains terminal {M(L)3} units 

connected through metal-metal interactions. These units display four-coordinate environments about 

the metal centre, with the {mpa} ligands occupying three of the positions through coordination of the 

amide and the metal-metal bond occupying the final coordination site. In compound 10, these {M(L)3} 

moieties are connected through a central germanium atom forming a bent trigermylene in the form 

{(mpa)3Ge} – Ge – {Ge(mpa)3}. This central germanium atom is supported through dative N→Ge 

interactions with the pyridine rings of two of the terminal {mpa} ligands. Contrastingly, in compound 

11, a direct Sn-Sn bond is formed between two {M(L)3} units producing a distannane, [{(mpa)3Sn} – 

{Sn(mpa)3}]. The unit cell of compound 11 is occupied by two halves of independent distannane 

molecules, the second half of each molecule being generated by symmetry operators. The two 

independent molecules display only minor differences in the orientation of the ligand due to varying 

degrees of pyramidalization of the amino nitrogen. An overlay diagram of the two independent 

molecules can be observed alongside the molecular structure in Figure 3.19. 

 

 

Figure 3.14 Relevent proton and carbon positions of the {mpa} ligand utilised in 

characterisation discussions. 
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Figure 3.15 Partially labelled molecular structure of [Ge{Ge(mpa)3}2] (10). One molecule 

of toluene is also observed in the unit cell but omitted here.Thermal ellipsoids are shown 

at 50% probability and hydrogen atoms are omitted for clarity. Selected bond lengths (Å) 

and bond angles (°): Ge(1)-Ge(2) = 2.4621(3), Ge(2)-Ge(3) = 2.4648(3), Ge(1)-N(1) = 

1.8954(15), Ge(1)-N(3) = 1.9056(15), Ge(1)-N(5) = 1.8868(15), Ge(2)-N(4) = 2.4473(15), 

Ge(2)-N(8) = 2.2708(14), Ge(3)-N(7) = 1.9140(4), Ge(3)-N(9) = 1.8978(14), Ge(3)-N(25) = 

1.8923(14); Ge(1)-Ge(2)-Ge(3) = 92.291(9), N(1)-Ge(1)-N(3) = 101.07(7), N(1)-Ge(1)-N(5) 

= 101.06(7), N(3)-Ge(1)-N(5) = 98.07(7), N(4)-Ge(2)-N(8) = 163.80(5), N(7)-Ge(3)-N(9) = 

100.82(6), N(7)-Ge(3)-N(25) = 98.61(7), N(9)-Ge(1)-N(25) = 100.58(7).  

 

Of note in both compounds is that the {mpa} ligands of both 10 and 11 coordinate predominantly 

through the amide function with formal Ge-N and Sn-N bonds observed in complexes 10 and 11, 

respectively. Direct pyridine interactions are only observed for those ligands supporting the central 

germanium (Ge(2), Figure 3.15) in complex 10. The metal-pyridine distances in the terminal units of 

both the Ge(II) (10) and Sn(II) (11) systems are within the sum of the van der Waals radii of nitrogen 

and germanium (3.66 Å205), and nitrogen and tin (3.72 Å205), respectively, but given the lack of 

available orbitals in the four-coordinate metal centres of the terminal {M(L)3} units it is likely that 

these are electrostatic in origin. As such, both [Ge{Ge(mpa)3}2] (10) and [Sn(mpa)3]2 (11) are the first 

examples of the {mpa} ligand bonding in a monodentate fashion through the amide group.116,163–

165,170–174 A search of the relevant literature reveals that oligomeric germyl species are relatively 
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common with a number of linear,206–208 branched,201,209,210 cyclic,211–214 and cluster215–219 germyl 

systems reported. Most commonly these systems are synthesised through hydrogermolysis reactions, 

which typically proceed through the formation of α-germyl nitriles from germanium amide systems 

(Scheme 3.5).201,208,220–223 Other routes include the preparation of polygermyl species from reaction 

of Grignard or organolithium reagents with the corresponding germanium halides,206,224,225 

nucleophilic substitution,207,226,227 Wurtz-type reductive coupling reactions,228–230 and transition-

metal-catalysed dehydrocoupling reactions.178,231,232 Each preparation method generally requires 

relatively harsh conditions using strong reagents to promote formation of Ge-Ge bonds, however the 

synthesis of compound 10 occurred under mild conditions in the absence of strong reductants, and 

to the author’s knowledge represents the first example of the spontaneous synthesis of an oligomeric 

germyl system from amide reagents. A search of the CCDC database indicates that the [Ge{Ge(mpa)3}2] 

species (10) is unique, to the best of our knowledge, in being a non-cyclic trigermylene species, e.g. 

Ge(II)-Ge(II)-Ge(II). 

[Ge{Ge(mpa)3}2] (10) displays typical germanium-amide bond lengths of between 1.8868(15)-

1.9140(14) Å comparable to those observed between Ge(II) centres and terminal amides in the 

literature (1.8712-1.935 Å79,91,233,234). Likewise, the Ge-Ge bond lengths of 2.4621(3) Å and 

2.4648(3) Å are within the single bond range expected of oligogermanes (2.437-2.483 Å207,209,235,236). 

The dative pyridine bonds to the central germanium are 2.2708(14) Å and 2.4473(15) Å, the shorter 

of which lies well within the expected range for a formal Ge-pyridine bond,160,237–240 with the longer 

still being within the sum of the van der Waals radii (3.66 Å205) and close to that seen for a bipyridine 

coordinated germacarborane.240 As such, the central germanium can be described as having a 

disphenoidal geometry with the coordinating pyridines occupying the axial positions and the Ge-Ge 

bonds residing in the equatorial plane, whilst the terminal germanium centres display distorted 

tetrahedral geometries. Similar geometrical arrangements have been seen in other literature 

complexes such as in the complex by Leung et al.238 (Figure 3.17). 

An analysis of the bonding about the central germanium in compound 10 suggests the Ge(II) centre 

to be non-hybridised due to the ca. 90° bonding angles observed (N-Ge-Ge: 94.08(4)°, 94.01(4)° and 

Ge-Ge-Ge: 96.291(9)°). The angles observed for the N-Ge-Ge angles of the bridging ligands are 

constrained to 73.41(4)° and 76.85(4)° but still support the presence of a non-hybridised central 

Ge(II). The Ge-Ge-Ge angle was found to be relatively small for non-cyclic trigermyl species as can be 

seen in Figure 3.16. Smaller Ge-Ge-Ge angles are observed for the trigermylene species reported by 

Leung et al.,238 containing a central 2-coordinate Ge(II), and Al-Rafia et al.,241 containing a three-

coordinate Ge(IV) metal centre, both are displayed in Figure 3.17. These systems were also reported 

to have minimal hybridisation at the central germanium. 

 

Scheme 3.5 Reaction scheme for hydrogermolysis process, adapted from Roewe et al. 208 
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Compared to the reported trigermylenes containing a non-hybridised germanium at the centre,238,241 

compound 10 displays the shortest formal Ge-Ge bonds, but the largest angle between the terminal 

{M(L)3} units. This is most likely due to the smaller steric bulk of the {mpa} ligand compared to the 

much larger groups utilised by Leung et al.238 and Al-Rafia et al.241 in the stabilisation of previously 

reported complexes. Whilst the {mpa} is smaller, three of these ligands surrounded the terminal 

germaniums whereas only one larger ligand is seen on the two comparable literature systems, thus 

likely causing more steric bulk within the coordination sphere of the germanium centres. The result 

is that the distance between the terminal Ge(II) moieties is larger in compound 10 (3.6697(4) Å) than 

in the literature complexes (3.4887(6) Å238 and 3.5285(5) Å241) due to repulsion between the {M(L)3} 

units. These distances are within the sum of the van der Waals radii for a Ge···Ge contact (4.22 Å205) 

but given the lack of available orbitals for bonding these are likely electrostatic. 

The most comparable complex to [Ge{Ge(mpa)3}2] (10) is the tetranuclear germanium system 

[(GeCl)2{Ge2(μ‐κ2:κ1‐2,6‐(2,6‐iPr2C6H3‐N)2‐4‐CH3C5H2N)2}] synthesised by Wey et al.178 and displayed 

in Figure 3.18. This system is supported by diaminopyridine ligands, which have extended {-NCNCN-} 

backbones that provide a templating environment for the formation of the catenated structure. In 

spite of this, potassium/graphite is employed to form the Ge-Ge bonds in this system, indicating more 

forcing conditions are necessary to produce the catenated structure in Figure 3.18 than are required 

for the formation of 10. 

 

Figure 3.16 A comparison of Ge-Ge-Ge bond angle and Ge-Ge bond lengths about the 

central germanium in a range of bent trigermyl species. The bond lengths and angles for 

compound 10 are displayed as red triangles. Data sourced from the CCDC.  
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Given the formation of 10, the isolation of the distannane [Sn(mpa)3]2 (11) was unexpected due to 

the identical nature of the synthesis. Whilst the germanium centres in complex 10 appear to maintain 

a formal +2 oxidation state, for the analogous tin reactions the metal is oxidised to Sn(III). The 

formation of this species was found to occur regardless of the initial reagent stoichiometry as complex 

11 was obtained from the addition of either 2 eq. or 1 eq. of Hmpa to 1 eq. of [Sn(HMDS)2]. Efforts to 

obtain the bis-complex through a metal-salt metathesis reaction of the lithium salt of the ligand, 

[Li-mpa] with SnCl2 also failed, producing only the Sn(III) distannane complex (11). It is likely that 

this product is formed through the disproportionation of Sn(II) intermediates (Equation 3.1) 

producing the Sn(III) complex and Sn(0) metal. During the synthesis no particulates of tin metal were 

observed but it is assumed that these remained dispersed within the solution.  

 

Figure 3.17 Trigermyl systems displaying smaller Ge-Ge-Ge bond angles than compound 

10; i) synthesised by Leung et al.,238 Ge-Ge-Ge = 89.4(2)°; ii) synthesised by Al-Rafia et 

al.,241 Ge-Ge-Ge = 87.226(16)°. 

 

Figure 3.18 Tetranucleur germanium complex synthesised by Wey et al.178 comparable to 

10 due to the use of a diaminopyridine ligand.  
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Figure 3.19 Partially labelled molecular structure of [{Sn(mpa) 3}2] (11) (i). The unit cell of 

11 is occupied by two halves of two independent molecules, related by a centre of inversion 

at the mid-point of the Sn-Sn bonds. Overlay diagrams of the two independent molecules 

are presented in ii) and iii). Two molecules of toluene are also found in the asymmetric 

unit cell but are omitted here. Thermal ellipsoids are shown at 50% probability and 

hydrogen atoms are omitted for clarity. Equivalent atoms (#) are generated by the 

symmetry operator: 1-x, 1-y, 1-z. Selected bond lengths (Å) and bond angles (°): Sn(1)-

Sn(1)# = 2.7173(5), Sn(2)-Sn(2)# = 2.715(3), Sn(1)-N(1) = 2.072(3), Sn(1)-N(3) = 

2.079(4), Sn(1)-N(5) = 2.081(4), Sn(2)-N(7) = 2.076(3), Sn(2)-N(9) = 2.083(3), Sn(2)- 

N(11) = 2.084(3), N(1)-Sn(1)-N(3) = 96.41(15), N(1)-Sn(1)-N(5) = 97.75(14), N(3)-Sn(1)-

N(5) = 96.06(15), Sn(7)-Sn(2)-N(9) = 98.83(12), N(7)-Sn(2)-N(11) = 99.41 (13), N(9)-

Sn(2)-N(11) = 95.08(13). 

i) 

ii) iii) 
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The structure of [Sn(mpa)3]2 (11), shown in Figure 3.19 shares a number of similar gross structural 

features with the Janus head complex [(MePy)3Sn]2 described by García-Rodriguez et al.184(Figure 

3.21). The synthesis of the Janus-head ligand species was identified as proceeding through a 

combination of 2-pyridyl ligand transfer and oxidation of the Sn(II) centres. It is assumed that a 

similar process results in the formation of complex 11, with an intermediate bis{mpa} homoleptic 

system that disproportionates to form the Sn(III) distannane, as indicated in Equation 3.1. An 

alternative route may be the formation of a tristannylene analogous to compound 10, which then 

disproportionates to the distannane system 11 through loss of the central tin. 

 

Worthy of note in [Sn(mpa)3]2 (11) are the short Sn-Sn contact distances of 2.7173(5) Å and 

2.7256(5) Å in the two inequivalent molecules of the unit cell, which are significantly shorter than the 

majority of Sn-Sn bonds found within the literature. The only comparable system is the previously 

mentioned Janus-head [(MePy)3Sn]2 complex,184 which has a Sn-Sn distance of 2.7183(6) Å. The next 

shortest Sn-Sn contact is ca. 2.764 Å for the hexamethyldistannane complex, [Me3Sn]2, reported by 

 

Equation 3.1 Disproportionation reaction assumed to occur during the synthesis of 

compound 11. 

 

Figure 3.20 A comparison of Sn-Sn bond lengths and mean bond angles between ligands 

for a range of distannane species. The bond lengths and angles of both [Sn(mpa) 3]2 (11) 

molecules that reside within the unit cell are displayed as red triangles. The mean bond 

angle for one of the tin centres in [Me3Sn]2242,243 has been omitted for clarity (ca. 78.63°, 

2.764 Å). Data sourced from the CCDC. 
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Prager et al.242,243 Interestingly, the Sn-Sn contact of compound 11 is also significantly shorter than 

that typically observed for gray tin (2.80 Å244) possibly indicating a strong overlap of bonding orbitals. 

Figure 3.20 shows the distribution of Sn-Sn bond lengths compared to the mean bond angles between 

ligands about the tin centres in a variety of literature distannane complexes. Compound 11 is 

displayed in red traingles and can clearly be seen to contain not only a short bond length, but also 

small ligand-ligand bond angles (E-Sn-E, where E = C, N, etc. based on the primary bond to the tin 

centres in each species) about the Sn(III) centre. Whilst the Sn-N bond lengths between the tin and 

amide of the {mpa} ligands (2.072(31)-2.084(3) Å) lie within the expected range based on the 

interactions of tin centres with terminal amides,192,193,245–248 the bonding angles within the system are 

more unusual. 

A comparison of the molecular geometries at the tin centres in compounds 11 and [(MePy)3Sn]2184 

indicates significant differences between the systems. In the Janus-head literature system 

[(MePy)3Sn]2,184 the angles around the tin centres of the {M(L)3} units, are typical of a slightly distorted 

tetrahedron (C-Sn-C: 106.7(2)-110.7(2)°, C-Sn-Sn: 103.1(1)-117.5(1)°), however in complex 11 the 

bonding in the {M(L)3} units is significantly compressed from the ideal (N-Sn-N: 96.1(1)-97.7(1)°, N-

Sn-Sn: 118.92(9)-122.7(1)°). The wider N-Sn-Sn bond angles of the synthesised [Sn(mpa)3]2 (11) 

compared to the C-Sn-Sn bond angles of the literature complex [(MePy)3Sn]2 should correlate to the 

shortening of the Sn-Sn interaction as described in a review by Power.249 However, this effect would 

appear to be minimal, as the mean ca. 2.7215 Å Sn-Sn bond length for compound 11 is slightly larger 

than the 2.7183(6) Å of the Janus-head complex.184 

These compressed angles suggest a significantly less hybridised environment about the Sn(III) 

centres in [Sn(mpa)3]2 (11) compared to the Janus-head complex [(MePy)3Sn]2. It could be postulated 

that the metal-ligand bonding in 11 occurs through tin-centered p-orbital interactions, as opposed to 

the sp3 hybridisation seen in the literature system. The remaining single electron of complex 11 would 

reside a non-directional 5s orbital resulting in 5s-centred Sn-Sn bonding, explaining the short bond 

length and the more compressed tetrahedral geometry at the Sn(III) centres.  

 

Figure 3.21 The Janus-head complex (MePy)3Sn-Sn(MePy)3 reported by García-Rodriguez et 

al.184. 
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As will be later discussed the 1H and 13C NMR spectra for compound 11 indicate the presence of 

inequivalent ligand environments though the solid state structure does not appear to support this. As 

a result, it is difficult to ascertain as to what these inequivalent signals in the NMR spectra refer too. 

It is possible that the solid state structure forces the ligands to lie in equivalent position, and that 

more flexibility is observed in solution. There is precedence for inequivalent ligand bonding 

environments within distannane complexes, the most extreme of which is the structure of the 

[Me3Sn]2 distannane reported by Prager et al.242,243 (Figure 3.22). Whilst one of the Sn(III) centres 

displays a typical tetrahedral-like geometry, the other shows a distorted environment. The Sn-Sn 

bond and two of the Sn-CH3 bonds lie in trigonal planar geometry, whilst the final Sn-CH3 bond resides 

at an angle of ca. 52.8° angle to the plane of the Sn-CH3 bonds. This results in a much shorter bond to 

this carbon, and leads to unusual behaviour for the molecule.242 

Whilst it is not expected for compound 11 to display the same level of distortion as the Prager et al.242 

complex in solution, it does highlight that there is potential for there to be an unusual bonding mode 

which could be causing the 2:1 signal ratio observed in the 1H NMR spectrum. 

 

Similar to the trigermylene system 10, the other unusual aspect of the distannane (11) is that it is a 

hexa-amide complex. Only three other hexa-amide distannanes are reported in the literature all of 

which stem from the use of the tripodal amino ligand backbone {HC(SiMe2N(4-CH3C6H4))3} to form 

triamino-stannate(II) cages prior to the formation of Sn-Sn interactions. These systems all displayed 

longer Sn-Sn bonds of ca. 2.82-2.86 Å and a more tetrahedral environment at the Sn(III) centres.191–

193,247 An example of these complexes can be seen in Figure 3.23. 

 

Figure 3.22 Schematic detailing the asymmetric distannane [Me3Sn]2 reported by Prager 

et al. 242,243 

 

Figure 3.23 Distanne complex synthesised by Lutz et al.192 
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3.2.3.2 NMR Characterisation 

Analysis of compounds 10-12 using 1H NMR spectroscopy confirmed complete substitution of the 

{HMDS} moieties in the case of each compound, due to the absence of a {HMDS} resonance signal. 

Additionally, resonances associated with the protons and carbons of the Hmpa pro-ligand are found 

to have shifted in the 1H NMR spectra for all three compounds, and in the 13C NMR spectra for 

compounds 10 and 11, indicating complexation of the ligand. Unfortunately, no resonances were 

observed in the 13C NMR spectrum for compound 12 despite lengthy experiments and analysis by 2D 

NMR spectroscopy (HSQC and HMBC). 1H and 13C NMR spectroscopy of the germanium compound 

(10) was performed at an elevated temperature of 333 K due to a high level of fluxionality in the 

experiments performed at 298 K.  

Due to the absence of a solid state structure for [Pb(mpa)n] (12) a detailed discussion of the 1H NMR 

spectra of compounds 10-12 will be presented. Each proton resonance in 12 will be considered 

alongside those observed for the analogous sites in the pro-ligand and complexes 10 and 11. This has 

the intent of shedding some light on the possible structure of compound 12, but also highlights the 

interesting chemistries of the germanium (10) and tin (11) complexes. It should be noted that 

resonances attributed to residual toluene were also observed in each spectrum at δ 2.11 ppm, δ 7.02 

and δ 7.13.250 

In the methyl region of the 1H NMR spectrum, displayed in Figure 3.24, a broad resonance is observed 

for the {-CH3} protons of the trigermylene (10). This signal lies upfield of the doublet resonance 

exhibited by the pro-ligand (δ 2.30-2.60 ppm, 10; δ 2.53 ppm, pro-ligand) and broadens as a result of 

the fluxional bonding. In the distannane complex (11) this methyl resonance is observed to shift 

downfield of the pro-ligand value, however interestingly, two singlet resonances are observed. One is 

seen at δ 2.71 ppm with an integration value representative of 3 protons, and the second observed at 

δ 2.94 ppm with an integration representative of 6 protons. This 1:2 ratio of proton resonances was 

observed for each proton of the {mpa} ligand in 11 across multiple 1H NMR spectra from different 

samples, indicating that this ratio is inherent to the complex, suggesting that there may be two 

inequivalent ligand locations within compound 11. It should also be noted that similar “shadow” 

peaks are observed in the 13C NMR spectrum, although the ratio cannot quantitatively be assessed 

due to the lower sensitivity and natural abundance of carbon-13. 

Also noted are the satellite peaks of the δ 2.94 ppm resonance for the [Sn(mpa)3]2 (11) complex. A 

ratio of 0.01 : 1 : 0.01 is observed between the satellite peaks and the central singlet resonance, 

indicating a coupling between the methyl of the amide group and the central Sn(III) nucleus. Coupling 

constants of J1H-117Sn = 59.0 Hz and J1H-119Sn = 61.8 Hz are observed, which appear to be slightly smaller 

than those reported for the long range coupling of tin and methyl groups in Et(4-n)SnRn molecules 

reported by Barbieri et al.251 It is assumed this that is most likely due to the presence of the Sn(III) 

centre, compared to Sn(IV) and the potential distortion due to presence of a heteronuclear atom.  
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The largest downfield shift from the pro-ligand value can be seen in the 1H NMR spectrum for the lead 

complex (12), where a broad singlet resonance is observed between δ 2.65-3.29 ppm. This broad 

signal indicates that there may be fluxional bonding within the lead compound (12) possibly similar 

to that of the trigermane system (10). In general, the methyl resonances in the 1H NMR spectra (Figure 

3.24) shift progressively downfield with increasing size of the metal centre, indicating a stronger level 

of deshielding in the order Ge < Sn < Pb as would be expected from an increase in atomic radii. 

In the 13C NMR spectra, both the germanium (10) and tin (11) compounds show similar resonances 

for the carbon of the methyl group. Both signals lie downfield of the pro-ligand shift at δ 28.73 ppm, 

with 10 displaying a single resonance at δ 31.65 ppm, and 11 displaying two resonances at 

δ 31.43 ppm and δ 32.11 ppm, with the more downfield shift correlating to the two equivalent 

ligands. Satellite shoulders are observed for the methyl resonances of the tin complex (11) in the 13C 

NMR spectrum. 

In the aromatic region of the 1H NMR spectra for compounds 10-12, the germanium system (10) 

differs slightly from the tin (11) and lead (12) analogues, as seen in Figure 3.25. All three systems 

display a upfield shift for the H5 protons, with resonances at δ 6.15 ppm (10), δ 6.09-6.12 ppm (2H) 

and δ 6.02 ppm (1H) (11) and δ 6.20 ppm (12) compared to the pro-ligand shift at δ 6.34 ppm. For 

the H3 protons, compounds 11 and 12 display equivalent or upfield shifts from the proligand value of 

δ 5.97 ppm in the 1H NMR spectra, with resonances observed at δ 5.96-99 ppm (2H) and δ 5.82 ppm 

(1H) for the tin analogue (11), and at δ 5.84 ppm for the lead complex (12). In contrast, the 

germanium analogue (10) shows a broad resonance at δ 6.21 ppm, significantly downfield of the pro-

ligand value, indicating a more deshielded chemical environment at this proton. 

 

Figure 3.24 Resonances in the 1H NMR spectra assigned to the {-CH3} protons of the {mpa} 

ligand in compounds 10-12 and in the pro-ligand Hmpa. Traces are displayed in the 

following colours: green – [Ge(Ge{mpa}3)2] (10), blue – [Sn(mpa)3]2 (11), purple – 

[Pb(mpa)x]n (12), red – Hmpa pro-ligand.  
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It should be noted that a slight temperature dependency was observed for this proton resonance of 

the trigermylene system (10). In the HSQC NMR spectrum performed at 298 K, a broad resonance 

centred at ca. δ 6.05 ppm was observed for the H3 proton, indicating a reduced shielding at lower 

temperatures. The H5 protons of complex 10 did not display the same temperature dependency. 

In the 13C NMR spectra of both the germanium (10) and tin (11) systems, upfield shifts are observed 

for the C3 and C5 carbons. In compound 10 a small upfield shift of (-)1.68 ppm is observed for the C3 

carbon from the pro-ligand value of δ 112.54 ppm, with the C5 carbon displaying a similar upfield shift 

of (-)0.68 ppm from that of the pro-ligand (δ 110.86 ppm). Both resonances were found to be 

independent of temperature effects. Larger upfield shifts were found for the C3 and C5 resonances of 

the Sn(II) system (11). The two equivalent ligands of compound 11 showed upfield shifts of 

(-)2.30 ppm to δ 104.03 ppm, and (-)3.02 ppm to δ 109.52 ppm from the pro-ligand values of 

δ 106.33 ppm (C3), and δ 112.54 ppm (C5). Upfield shifts are also observed for the same positions in 

the single inequivalent ligand. The C3 resonance shifts upfield by (-)1.36 ppm to δ 104.97 ppm, 

whereas the C5 shows a significantly larger upfield shift of (–)5.15 ppm to a resonance of 

δ 107.39 ppm. This could potentially indicate that the inequivalent ligand has a higher level of 

electron density residing in the pyridine ring than for the two equivalent ligands suggesting an 

inequivalence in the ligand coordination. 

Figure 3.26 displays the 1H NMR spectra about the resonances for the H4 proton of the {mpa} ligand. 

These were found at δ 7.05-14 ppm (10), δ 7.03-7.07 ppm (2H) and δ 7.11-7.15 ppm (1H) (11), and 

δ 7.17-7.24 ppm (12). In the case of the germanium (10) and lead (12) complex these are shifted 

downfield of the pro-ligand value of δ 7.08 ppm indicating a more deshielded environment following 

complexation. In contrast, the tin complex (11) displays both an upfield shift in the case of the two 

equivalent ligands, and a downfield shift for the single inequivalent ligand. This further indicates that 

 

Figure 3.25 Resonances in the 1H NMR spectra assigned to the H5 and H3 protons of the 

{mpa} ligand in compounds 10-12 and in the pro-ligand Hmpa. Traces are displayed in the 

following colours: green – [Ge(Ge{mpa}3)2] (10), blue – [Sn(mpa)3]2 (11), purple – 

[Pb(mpa)x]n (12), red – Hmpa pro-ligand. 1H NMR spectra obtained at 500 MHz and at 

333 K (10) and 298 K (11 and 12). 
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the delocalisation within the pyridine ring may differ between the ligand positions, suggesting 

different bonding modes. 

In the 13C NMR spectra, resonances attributed to the C4 carbon of compounds 10 and 11 are found to 

lie downfield of the pro-ligand chemical shift of δ 136.93 ppm. The germanium system (10) shows a 

smaller downfield shift to δ 137.58 ppm, with the tin complex (11) displaying a larger shift to 

δ 138.35 ppm and smaller shift to δ 135.55 ppm for the equivalent and non-equivalent positions 

respectively. 

For the H6 proton all three compounds 10-12 display resonances upfield of that for the pro-ligand in 

the in the 1H NMR spectra, as seen in Figure 3.27. The smallest upfield shift is observed for the lead 

compound (12), which displays a broad singlet at δ 7.90 ppm compared to the pro-ligand resonance 

at δ 8.22 ppm. In contrast, the largest change in chemical shift for the H6 proton is observed for the 

tin complex 11, with a multiplet at δ 7.67-7.72 ppm for the equivalent ligands, and a doublet at 

δ 7.46 ppm for the inequivalent position. This indicates a significantly more shielded H6 proton for tin 

complex (11) than is seen for lead system (12). 

The germanium complex 10 displays a very broad upfield resonance between δ 7.07-8.16 ppm. The 

resonance appears to intensify to peaks at the edges of the resonance signal, at ca. δ 7.48 ppm and ca. 

δ 7.87 ppm. These peaks happen to correlate to signals in both the tin (11) and lead (12) complexes. 

Given that the crystal structure of the trigermane (10) shows both a coordinating and a non-

coordinating mode for the pyridine, it may be that the more upfield peak of the germanium complex 

(10) denotes a non-coordinating pyridine, due to its correlation with the H6 resonance for the tin 

complex (11). In contrast, the more deshielded peak, which correlates with the H6 resonance of the 

 

Figure 3.26 Resonances in the 1H NMR spectra assigned to the H4 protons of the {mpa} 

ligand in compounds 10-12 and in the pro-ligand Hmpa. Traces are displayed in the 

following colours: green – [Ge(Ge{mpa}3)2] (10), blue – [Sn(mpa)3]2 (11), purple – 

[Pb(mpa)x]n (12), red – Hmpa pro-ligand. 1H NMR spectra obtained at 500 MHz and at 

333 K (10) and 298 K (11 and 12). 
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lead complex (12) may be attributed to the coordinating binding mode of the pyridine suggesting that 

there is a Pb-pyridine interaction within compound 12.  

It should be noted that a comparison of the 1H NMR spectra performed at 298 K and at 333 K for the 

germanium complex (10) indicated that the location of the H6 resonance was temperature dependent, 

with the spectra at 298 K displaying a broad resonance between δ 7.83-8.34 ppm. However, the 

profile of the resonance, with peaks at the extreme edges of the broad signal, was still observed in the 

lower temperature spectra. 

In the 13C NMR spectra, the resonances attributed to the C6 position of compounds 10 and 11 both lie 

upfield of that for the pro-ligand. For the germanium system (10), only a slight upfield shift to 

δ 147.81 ppm is observed from the pro-ligand signal of δ 148.77 ppm. A larger upfield shift is 

observed for the tin compound (11), with the equivalent ligands showing a resonance at 

δ 145.54 ppm and the inequivalent ligand lying further upfield at δ 144.67 ppm.  

A downfield shift is observed for the C2 carbon of the {mpa} ligand following complexation in both the 

germanium (10) and tin (11) complexes. A slight deshielding is observed for the germanium complex 

(10) with an upfield shift to δ 163.00 ppm from the pro-ligand resonance of δ 160.18 ppm. A similar 

upfield shift to δ 162.73 ppm is seen for the equivalent C2 position of 11. Conversely, the C2 position 

of the inequivalent ligand in the tin compound (11) displays a significantly more deshielded 

environment with a resonance observed at δ 167.28 ppm. 

Overall, the 1H and 13C NMR spectra for the compounds 10-12 indicate that the {mpa} ligands of each 

system do not bind to the metal centre in the same manner. For the tin compound (11) this is very 

clear by the observation of two resonances for each proton and carbon position. This raises a number 

of questions regarding the structure of compound 11 in solution, as the solid state structure indicates 

 

Figure 3.27 Resonances in the 1H NMR spectra assigned to the H6 protons of the {mpa} 

ligand in compounds 10-12 and in the pro-ligand Hmpa. Traces are displayed in the 

following colours: green – [Ge(Ge{mpa}3)2] (10), blue – [Sn(mpa)3]2 (11), purple – 

[Pb(mpa)x]n (12), red – Hmpa pro-ligand. 1H NMR spectra obtained at 500 MHz and at 

333 K (10) and 298 K (11 and 12). 
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that the bonding of the ligands is equivalent. In both the germanium (10) and lead (12) compound 

broad resonances are observed for each proton environment demonstrating a fluxional bonding 

environment within the systems. For compound 10 this fluxionality is also observed in the 13C NMR 

spectra, though to a much lesser extent. In the case of the germanium complex (10) this fluxionality 

likely results from the pyridine interactions to the central germanium rotating between the terminal 

{mpa} ligands.  

The broad signal observed for the lead complex (12) likely suggest fluxional bonding of the {mpa} 

ligand. It is probable that the pyridine rings in this system act as donors to the lead centre given the 

correlation of signals for the H6 proton between three complexes. It would also be expected due to the 

large coordination sphere of the lead centre, and the polymeric systems observed for lead (II) 

complexes within this study and within the literature.252–254 

3.2.3.3 119Sn NMR investigation  

The 119Sn spectra for the [Sn(mpa)3]2 complex (11) displays a singlet resonance at δ -190.01 ppm, 

which is consistent with the resonance observed for the tin centres of the Janus-head complex, 

[(MePy)3Sn]2, by García-Rodríguez et al.184 As previously mentioned, the distannane 11 is formed 

regardless of reagent stoichiometry, thus it is assumed that the product is the result of a 

disproportionation reaction as suggested by García-Rodríguez et al.184 for the formation of the Janus-

head complex. Whether this occurs through the formation of a tristannylene, comparable to complex 

10, or through the formation of a homoleptic bis complex is unknown. 

  

Figure 3.28 A series of stacked 119Sn spectra for [Sn(mpa)3] (10). Experiments were 

performed at 186.5 MHz and 298 K at 4 minute intervals. Spectra are ordered bottom to 

top, from first to last, as displayed on the y-axis. The major peak at δ  -190.0 ppm is 

attributed to the formation of compound 11, whilst the singlet at δ 91.5 ppm is ascribed to 

an intermediate complex. The [Sn(HMDS)2] reagent reacts immediately as evidenced by 

the lack of resonance at δ 768 ppm. 

δ -190.0 ppm 

4 mins 

8 mins 

12 mins 

16 mins 

δ 91.5 ppm 
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In an effort to determine which route the distannane 11 is likely formed, an NMR scale reaction was 

performed and used to assess the 119Sn environment throughout the reaction. The stacked spectra 

can be observed below in Figure 3.28, with the first NMR spectroscopy experiment being displayed at 

the bottom of the stack. Experiments were performed every 4 minutes due to the low sensitivity of 

the 119Sn nucleus. 

This simple 119Sn NMR spectroscopy study clearly displays the immediate formation of an 

intermediate species with a resonance at δ 91.49 ppm, and compound 11 at -190.0 ppm. In each 

subsequent spectrum this resonance decreases in intensity until it is no longer observed, leaving a 

single resonance at δ -190.01 ppm that correlates to the final product. The resonance at δ 91.49 ppm 

appears within the region that would be expected for a three-coordinate tin environment255 and so 

may correlate to the formation of {M(L)3} units prior to the generation of a Sn-Sn bond, or the 

formation of the heteroleptic system, [Sn(mpa)HMDS], due to its comparability to other [Sn(L)HMDS] 

complexes synthesised in this work (16 and 21). In general, it is unlikely that this resonance can be 

attributed to a bis-complex as a more upfield resonance would be expected for a four coordinate 

homoleptic system as seen in other areas of this thesis. It is also unlikely to be indicative of the 

formation of a tristannylene system comparable to 10 as this would likely have more than one 

intermediate resonance, one for the four-coordinate terminal tin centres, that would display a signal 

at a lower chemical shift, and one for the central tin. Though depending on the oxidation state of the 

central tin this may or may not be observed. 

3.2.3.4 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) of both the [Ge{Ge(mpa)3}2] (10) and [Sn(mpa)3]2 (11) complexes 

was performed in an inert environment to assess their respective volatilities and decomposition 

profiles. A ramp rate of 5 °C/min, up to a temperature of 500 °C, was used for these experiments, 

Onset temperature is defined as the temperature at which 1 % mass loss occurs. Figure 3.29 displays 

the TGA traces for the trigermylene (10) and distannane (11) and shows similar thermal profiles for 

both compounds.  

The trigermylene species (10) loses mass over a period of prolonged heating. At an onset temperature 

of 150 °C the TGA trace shows an initially sharp mass loss though this gradient rapidly reduces such 

that only ca. 25 % of the mass is lost by 220 °C. At this point, the rate of mass loss appears to slow 

again, to a percentage mass loss of ca. 0.15 % per °C. Whilst a sudden sharp drop from ca. 60.8 % mass 

to ca. 57.8 % mass is observed at ca. 320 °C, this does not appear to correlate to the formation of a 

particular species. Following this the trace returns to a mass loss of ca 0.15 % per °C. The trace 

appears to plateau after 475 °C with a residual mass of ca. 37 %. Given that the formation of GeO2 

would result in a residual percentage mass 36.5 %, for compound 10, it is likely that this trace displays 

the decomposition of [Ge{Ge(mpa)3}2] (10) to produce the germanium(IV) oxide. Unfortunately, 

instrument limitations prevented a subsequent analysis to 600 °C.  
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A slightly clearer decomposition profile is observed for the TGA trace of the distannane (11). A sharp 

rate of mass loss is observed at an onset temperature of 150 °C with the trace plateauing slightly 

between 240-280 °C, stabilising at percentage mass of 41.1 %. A second sharp thermal decomposition 

occurs between 280-295 °C, with a mass loss of ca. 12.9 % observed. A slow rate of mass loss of 0.09 % 

per °C continues until 500 °C where the experiment was terminated, indicating that the residual 

species following the thermal event at ca. 280 °C is volatile. The expected residual percentage mass 

for Sn(0) is 27.0 % and, given that the second thermal event at ca. 280 °C ends at a percentage mass 

of 28.9 % but continues to decrease with increasing temperature, it is possible that this event results 

in the formation of tin metal, which then slowly volatilises. However, a thorough assessment of the 

TGA pan residue would be necessary to confirm this.  

Overall, it would appear that both the germanium (10) and tin compound (11) are not thermally 

stable after 150 °C, making them unsuited to ALD processes. This is reinforced by the fact that neither 

compound displays a clean decomposition pathway or evidence of volatility.  

 

Figure 3.29 Thermogravimetric analysis of the N-methylpyridylamide complexes 10 and 

11. Analysis run at ramp rate of 5 °C/min from 30 °C to 500 °C. 
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Table 3.1 Temperature at the onset and completion of thermal events for compounds 10 

and 11 following TG Analysis. Residual percentage masses from each experiment are also 

shown to 2 s.f. alongside the expected masses of the decomposition products. Experiments 

were performed under an argon atmosphere at a ramp rate of 5  °C/min.  

 

Compound Temperature (°C) Expected Residual Mass (%; M 
= Ge or Sn, respectively) 

Final 
Residual 
Mass (%) 

Onset Final MO2 MO M(0) 

[Ge{Ge(mpa)3}2] (10) 145 490 36.5 30.9 25.3 37 

       

[Sn(mpa)3]2 (11) 145 > 500* 34.2 30.6 27.0 < 11 

 

*TG analysis beyond 500 °C was not possible at this time. 
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3.3 Group 14(II) N,N’-Dipyridylamide Compounds 

 Background and Precedent 

2,2’-Dipyridylamine (Hdpa) was selected for this study as it introduces a second donor functionality 

into the ligand and there was interest in the possible structures that may result from this. As with the 

smaller N-methyl substituted pyridylamide {mpa} utilised in the previous section, whilst the 2,2’-

dipyridylamide {dpa} has been widely utilised across the periodic table,89,96,256–263 its application to 

the group 14 metals is limited.179,264 Given the additional chelating donor in {dpa}, a number of 

additional binding modes (i-vi) are seen in the literature alongside bonding modes A and D from 

(Figure 3.3). Figure 3.30 displays the bonding observed in {dpa} systems reported in the literature.  

These bonding modes are made possible by the various configurations that the {dpa} moiety has 

available for coordination as seen in Figure 3.31. 

A brief examination of the CCDC indicates that 2,2’-dipyridylamine is most widely utilised for the first 

and second row transition metals, with copper265–272 and zinc272–278 complexes making up the bulk of 

the reported complexes. However, it is also of great interest in the formation of complexes containing 

multiple metal centres due to its multidentate nature. For example, {dpa} has found excellent 

application in the synthesis of trinuclear metal string complexes since 1968 when the trinuclear nickel 

complex [Ni3(dpa)4Cl2]279,280 was first synthesised. Since then a range of [M3(dpa)4Cl2] frameworks 

containing homo- (M = Co,281,282 Cr, Cu,283,284 Ru,285 Rh285) and hetero-metallic (M = Fe, Pt)286 strings 

have been synthesised including a number of “extended metal-atom chain” (EMAC) systems utilising 

the higher analogues of {dpa}.287–289 These complexes are of particular interest due to their electronic, 

 

Figure 3.30 Observed binding modes for {2,2’-dipyridylamide} (and the protonated 

2,2’-dipyridlyamine found in the literature. Labels refer back to the binding modes 

discussed in Figure 3.3. 

 

Figure 3.31 Various configuration isomers observed for the {dpa} ligand.  
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magnetic and single-molecule conductive properties which stem from the symmetrical and 

asymmetrical metal-metal bonding that can occur between the metal centres of the complexes.281  

The cis-cis configuration displayed by the {dpa} anion in these trinuclear metal string frameworks 

enables close contact of the coordinated metal centres, which can encourage bond formation. In 

particular, the {dpa} ligand has been found to be highly effective at supporting multiply bonded 

species and a number of examples have been widely reported in the literature.290–298 In many of these 

systems the ligand is observed to be bridging, as in coordination mode i, and either tri- or di-metallic. 

For those which contain dimetallic cores, a cis-trans coordination mode is often observed and the 

open coordination site of the remaining pyridine enables further reactivity. Nippe et al.260,299,300 

amongst others,301–304 have taken particular advantage of this to develop a range of {MA-MB-MC} 

heterometallic complexes, which contain a diamagnetic quadruply bonded group 6 dimetal unit 

alongside a transition metal anion. Other dimetallic species are found to display coordination modes 

ii,258,293,299,305–310 with bonding modes v257,311,312 and vi258,273,293 less commonly observed. 

The trans-trans configuration of the {dpa} ligand is relatively common for monometallic species,283 

though it is more commonly seen when the ligand acts as a neutral donor (Hdpa),256,259,265,274,275,293,313 

rather than when it is anionic, {dpa}.100,309,314–317 It is also observed in dimeric complexes where 

coordination mode vi is observed. Within these typically centrosymmetric systems the metal centres 

coordinate to the amide group of one {dpa} whilst residing in the di-pyridyl pocket of the 

other.258,273,293 

Despite the prevalent use of 2,2’-dipyridylamine in transition metal complexes, there are far fewer 

examples of main group systems,263,306,307,309,318–322 and only four examples of group 14 complexes that 

contain this ligand.179,264 Harrowfield et al.264 reported Hdpa adducts of lead(II) salts, [(dpa)PbX2] (X 

= Br, I, CO2Me). A trans-trans configuration of the neutral 2,2’-dipyridylamine ligand, in which both 

pyridine groups interact with the Pb(II) centre, was observed in the halide adducts, but a cis-cis 

configuration was observed in the acetate complex with the Hdpa lariat coordinating to the Pb(II) 

centre through only one of the pyridine groups. A trans-trans configuration is adopted by the {dpa} 

anion in the only other reported group 14 {dpa} structure. Gushwa et al.179 synthesised the 

 

Figure 3.32 Literature examples of Group 14(II) 2,2’-dipyridylamide complexes; i) 

[Ge(dpa)Cl] synthesised by Gushwa et al.,179 ii) [Pb(Hdpa)X2]∞(X = Br, I) and iii) 

[Pb(Hdpa)(O2CMe)]∞ both synthesised by Harrowfield et al.264 
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[Ge(dpa)Cl] following unsuccessful attempts to isolate the homoleptic species, which we report later 

in this chapter. As yet, there have been no investigations into 2,2’-dipyridylamide complexes of tin. 

Whilst utilised in the formation of molecular wires288 and EMACs291,293 no investigations have yet 

considered the use of {dpa} or its derivatives in deposition chemistry. Given the inclination of {dpa} 

and its higher analogues to form extended metal strings, these ligands may offer the ability to deposit 

metal chains on a surface provided that the complex volatility is sufficient. Catenation and close 

contact of the group 14 metals has been observed in the 2,6‐diamidopyridyl germanium and tin 

complexes synthesised by Wey et al.178 It was suggested that the lighter 2,2’-pyridylamine might offer 

a similar reactivity, but with a lower molecular mass and thus a higher volatility. 
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 Synthesis 

Homo- and heteroleptic group 14(II) complexes were synthesised through the double and single 

substitution of the group 14 bis(hexamethyldisilazide) reagent [M(HMDS)2], where M = Ge, Sn, or Pb. 

Compound 15 was synthesised through the double substitution of tin (II) bis(dimethylamide) with 

the pro-ligand 2,2’-dipyridylamine (Hdpa). Hdpa was used as purchased from Sigma-Aldrich. Two 

further heteroleptic tin(II) compounds were synthesised in the course of this investigation. One was 

formed through the single substitution of [Sn(NMe2)(μ2-NMe2)]2 with the pro-ligand Hdpa, the other 

through the equimolar reaction of the pro-ligand Hdpa and heteroleptic reagent hexamethyldisilazide 

tin(II) chloride, [Sn(HMDS)(μ2-Cl]2. Due to the sensitivity of the compounds, all lead systems were 

synthesised and handled in the absence of light. 

Reaction of 2,2’-dipyridylamine with [M(HMDS)2] (M = Ge, Sn or Pb), [Sn(NMe2)(μ2-NMe2)]2 and 

[Sn(HMDS)(μ2-Cl)]2 proceeded with reasonable yields in all cases producing solid crystalline material 

suitable for single-crystal X-ray diffraction (SXRD). As such primary characterisation of the complexes 

was achieved by SXRD with NMR spectroscopy used to confirm the identity of compounds 13-20. 

Thermogravimetric analysis was also performed on the homo- and heteroleptic [M(dpa)HMDS]x 

germanium (13, 14) and tin (15, 16) complexes.  

 

 

Figure 3.33 Pro-ligand for compounds 13-20. 

 

Scheme 3.6 Reaction scheme for the synthesis of Ge(II) complexes 13 and 14. 
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Scheme 3.7 Reaction scheme for the synthesis of Sn(II) complexes 15-18. 

 

Scheme 3.8 Reaction scheme for the synthesis of Pb(II) complexes 19 and 20. 
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 Characterisation: Group 14(II) dipyridylamides 

Solid state characterisation of the complexes was achieved by single crystal X-ray diffraction (SXRD), 

with NMR spectroscopy used to confirm the identity of compounds 13-20. As such, this discussion 

will focus first on the crystallographically determined structures of the complexes (13-20), before 

considering NMR characterisation data of all the systems. The thermal properties of the homoleptic 

and heteroleptic Ge(II) (13 and 14) and Sn(II) (15 and 16) derivatives were also assessed by 

thermogravimetric analysis. Throughout the discussion the position of atoms within the pyridine ring 

will be referred to as denoted in Figure 3.34. 

3.3.3.1 Structural characterisation  

Single crystals of compounds 13-20 were obtained and analysed by Single Crystal X-Ray Diffraction 

(SXRD) to determine the solid state structures of the systems. Both Ge(II) monomers 13 and 14 

crystallise in the Pbca space group and display a three-coordinate geometry at the metal centre. In 

contrast, the monomeric Sn(II) compounds, 15 and 16, show four-coordinate geometry at the metal 

centre, with the heteroleptic [Sn(μ2-dpa)HMDS]2 (15) saturating the Sn(II) coordination sphere 

through dimeric interactions. The heteroleptic dimer [Sn(dpa)(μ2-NMe2)]2 (17) has a three-

coordinate metal centre, as do the Sn(II) centres in the heteroleptic [Sn(μ2-dpa)Cl]2 (18) dimer. Both 

the homoleptic [Sn(dpa)2] (15) and the heteroleptic dimethyl amide analogue 17 crystallise in the 

P21/n space group, whereas [Sn(μ2-dpa)HMDS]2 (16) crystallises in the P-1 space group with the 

[Sn(μ2-dpa)Cl]2 (18) complex crystallising in the Pca21 space group. Correspondingly, the Pb(II) 

heteroleptic dimer [Pb(μ2-dpa)HMDS]2 (20) crystallises in the P-1 space group, displays a four-

coordinate environment at the metal centre, and shares a number of similarities with the Sn(II) 

congener 16. The homoleptic lead(II) compound (19) differs significantly from the other systems 

presented, crystallising in the Pbcn space group, with an extended 1D polymeric chain of eight-

coordinate Pb(II) centres propagating along the c-axis. Each lead(II) centre of 19 has a distorted 

square antiprism  geometry. 

As can be seen in Figure 3.35, a trans-trans configuration of the {dpa} ligand can be observed in both 

compounds 13 and 14 resulting in the formation of a pseudo-1,3,5-triazapentadienyl chelating ring, 

as seen in the analogous chloride complex [Ge(dpa)Cl], synthesised by Gushwa et al.,179 and across 

the literature for {dpa}.258,299,314 Terminal amide interactions occupy the third coordination 

environment in both 13 and 14, with the second {dpa} anion of the homoleptic system (13) displaying 

 

Figure 3.34 Relevent proton and carbon positions of the {dpa} ligand utilised in 

characterisation discussions. 
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a cis-trans configuration and binding solely through the amide group, a bonding mode only seen 

previously in two published phosphane systems, [Cy2P(dpa)]263 and [Ph2P(dpa)].321  

Compared to the reported chloride analogue, [Ge(dpa)Cl],179 the chelating interactions of complexes 

13 and 14 are significantly weaker (see Table 3.2), though this is to be expected due to both the 

increased steric bulk around the Ge(II) centres in 13 and 14 and the more electron withdrawing 

nature of the chloride anion. This also results in a narrowing of the chelating bite angle for the 

homoleptic (13) (87.70(6)°) and heteroleptic (14) (87.27(5)°) complexes compared to the literature 

system (89.27(8)°) due to the longer interactions. 

The bonding about the Ge(II) centres in complexes 13 and 14 appears to be p-based in nature due to 

the < 100° angle between the chelating ring and the terminal groups (Table 3.3). This is comparable 

to only a few three-coordinate Ge(II) complexes in the literature, with the majority of these have small 

terminal ligands, such as NH2233 or Cl,179 or flexible moieties enabling a reduction in steric bulk.323 

Interestingly despite the increased steric bulk of the non-planar, terminal {dpa} anion the bonding 

angles between the chelating ring and the terminal moiety of [Ge(dpa)2] (13) are highly comparable, 

whilst the {HMDS} group of 14 displays much larger angles, likely due to steric factors. In general, 

 

Figure 3.35 Partially labelled molecular structures of i) [Ge(dpa)2] (13) and 

ii)[Ge(dpa)HMDS] (14). Thermal ellipsoids are shown at 50% probability and hydrogen 

atoms are omitted for clarity. Selected bond lengths are detailed in Table 3.2, whilst 

selected angles can be found in Table 3.3. 

Table 3.2 A comparison of the bond lengths around the germaium centres in the literature 

complex [Ge(dpa)Cl], and compounds 13 and 14. NPy = N(2) and N(3) in 13 and 14. 

Compound Bond lengths (Å) 

Ge-NPy M-N4 

[Ge(dpa)Cl]179 1.976(2) 1.9804(14) - 

[Ge(dpa)2] (13) 2.0167(14) 1.9075(11) 1.9804(14) 

[Ge(dpa)HMDS] (14) 2.0085(12) 2.0071(12) 1.9075(11) 
 

i) ii) 
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these bonding geometries indicate a highly directional s-orbital based lone pair in complexes 13 and 

14. 

Of other related literature systems, the amidinates reported by Yeong et al.,324 Foley et al.,91 

Rheingold,323 and Matioszek et al.,325 show comparable bonding to the homoleptic [Ge(dpa)2] (13) 

with one ligand binding in a η2-chelating fashion, and one forming a terminal Ge-N bond. Schematics 

of all four literature complexes can be observed in Figure 3.36. The Ge-N bond lengths of literature 

systems are observed to be between 1.978(2)-2.1948(19) Å,91,323–325 indicating that those observed in 

compound 13 (2.0167(14) Å and 2.0210(14) Å) lie at the shorter end of the expected range. In 

contrast, the 1.9804(14) Å Ge-N bond of the monodentate {dpa} ligand in compound 13 is at the 

longer end of the range observed in the literature for terminal Ge-N interactions. Indeed, only the 

[Ge{Me3SiNC(Ph)NSiMe3}2] complex synthesised by Matioszek et al.325 (Figure 3.36iv) displays a 

longer terminal interaction at 2.0121(18) Å. Other reported amidinate complexes, all of which contain 

flexible “R” groups in the {C(R’)(NR)2} ligands, have Ge-N terminal bonds between 1.898(9)-

1.969(2) Å. This indicates that sterics play a large role in determining the length of this bond. The 

pyridyl groups of the {dpa} ligand and the large {SiMe3} groups in the systems from Matioszek et al.325 

likely prevent shorter bonds from forming. This steric influence also plays a part in the geometry at 

the Ge(II) centre. Those systems with short terminal bonds, but slightly bulky “R” groups such as tBu 

and Cy, demonstrate a larger bond angle between the chelating bonds and the terminal bonds (ca. 

103-108°91,324), whereas those with longer terminal amide bonds or flexible short “R” groups show a 

reduced angle between the two ligands (ca. 92-98°323,325). This appears to hold true with compound 

13 displaying a long terminal bond of 1.9804(14) Å and small ligand-ligand bond angles of 91.37(6)° 

and 96.76(6)°. 

In the heteroleptic compound [Ge(dpa)HMDS] (14), the chelating Ge-N bond lengths (2.0085(12) Å 

and 2.0071(12) Å) are short compared to the literature values for related heteroleptic three-

coordinate [Ge(L)HMDS] compounds.71,78,79,234 Similarly, the 1.9075(11) Å Ge-{N(SiMe3)2} bond of 

compound 14 appears to reside at the shorter end of the range observed for the similar heteroleptic 

Ge(II) amidinate-HMDS compounds found in the literature (1.88-1.94 Å71,78,79,234). The bond angles 

about the metal centre in the [Ge(dpa)HMDS] complex (14) (98.06(5)°, 99.12(5)°) are much smaller 

than those observed for literature systems, and are more closely aligned with those of compound 13 

and other systems with non-hybridised metal centres.323,325 

Table 3.3 A comparison of the bonding angles about the germaium centre in the literature 

complex [Ge(dpa)Cl],179 and compounds 13 and 14. X = Cl, {N-Py2}, {N-(SiMe3)2}, NPy = N(2) 

and N(3) in 13 and 14. 

Compound Bonding angles (°) 

NPy-Ge-X NPy-M-NPy 

[Ge(dpa)Cl]179 95.27(6) 87.70(6) 89.27(8) 

[Ge(dpa)2] (13) 96.76(6) 87.27(5) 87.70(6) 

[Ge(dpa)HMDS] (14) 98.06(5) 99.12(5) 87.27(5) 
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Of the tin complexes, both the homoleptic [Sn(dpa)2] (15) and the dimeric heteroleptic system  

[Sn(μ2-dpa)HMDS]2 (16) are four-coordinate with the bonds arranged in a distorted seesaw geometry 

such that a pseudo-trigonal bipyramidal geometry is formed from the inclusion of the Sn(II) lone pair. 

Both of the dimeric heteroleptic complexes [Sn(dpa)(μ2-NMe2)]2 (17) and [Sn(μ2-dpa)Cl]2 (18) 

display three-coordinate Sn(II) centres. In the dimethylamide analogue 17, the Sn(II) centres of the 

dimer are bridged by the {NMe2} moieties and the cis-cis {dpa} anions coordinate to the metal solely 

through the amide as in the homoleptic germanium complex 10. Conversely, in the tin chloride 

congener [Sn(μ2-dpa)Cl]2 (18) the amide plays no role in the coordination of the anion to the metal 

centre, instead the two pyridine functionalities of each cis-cis {dpa} ligand coordinate to different 

metal centres in the fashion of coordination mode i (Figure 3.30). 

 

Figure 3.36 Homoleptic Ge(II) species displaying one η2-chelating ligand and one terminal 

ligand; i) [Ge{(NtBu)2CPh}2] – Yeong et al.;324 ii) [Ge{(NCy)2CR}2] R = Me, tBu – Foley et 

al.;91 iii) [Ge(EtNCMeNtBu)2] – Rheingold;323 and [Ge{(NtBu)2CPh}2] – Matioszek et al.325  



199 
 

 

In the homoleptic complex [Sn(dpa)2] (15) and heteroleptic complex [Sn(μ2-dpa)HMDS]2 (16), shown 

in Figure 3.37 and Figure 3.38 respectively, the equatorial positions of the pseudo-trigonal bipyramid 

are occupied by the lone pair and the tin-amide bonds, with the dative tin-pyridine interactions 

occupying the axial sites. Both systems displayed longer axial interactions and shorter equatorial 

bonds, this is expected as the tin-pyridine interactions are likely to be 3-centre-2-electron bonds and 

thus more dative in nature. 

 

Figure 3.37 Molecular structures of [Sn(dpa)2] (15). Thermal ellipsoids are shown at 50% 

probability and hydrogen atoms are omitted for clarity. Selected bond lengths are detailed 

in Table 3.4, whilst selected angles can be found in Table 3.5. 

 

Figure 3.38 Partially labelled molecular structure of [Sn(μ2-dpa)HMDS]2 (16). Thermal 

ellipsoids are shown at 50% probability and hydrogen atoms are omitted for clarity. 

Selected bond lengths are detailed in Table 3.4, whilst selected angles can be found in 

Table 3.5. 
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In 15, the Sn-N amide equatorial bonds of 2.140(2) Å and 2.231(2) Å were found to be in good 

agreement with a number of guanidinate based systems reported by Foley et al.77 (2.152(6) Å) and 

Ahmet et al.67 (2.1780(12) Å and 2.1895(12) Å). Though slightly longer, at 2.266(2) Å and 2.247(2) Å, 

the corresponding Sn-N(Py2) amide interactions of the heteroleptic system 16 were found similar to 

Sn(II) heteroleptic amidinate complexes of the form [Sn(L)HMDS]n, such as those reported by Barman 

et al.78 (2.275(5) Å and 2.234(4) Å) and Foley et al.71 (2.236(4) Å and 2.221(4) Å). These systems also 

show similar Sn-HMDS bond lengths (2.146(5) Å78; 2.121(5) Å71) as those observed in complex 16 

(2.139(2) Å and 2.150(2) Å).  

 

 

In the homoleptic complex 15, the dative tin-pyridine bonds are found to be inequivalent. A short 

2.329(2) Å interaction is observed for one of the ligands, whilst the other is significantly longer at 

2.573(2) Å. Interestingly, this appears to reflect a general inequivalence in the coordination of the 

ligands, with one ligand displaying shorter distances for both the amide and pyridine interactions. 

Table 3.4 Selected bond lengths (Å) of compounds 15 and 16. * is used to denote when the 

atom belongs to the opposing ligand. See Figure 3.39 for labelled schematics of structures 

15 and 16. 

Compound Bond lengths (Å) 

M-NA M-NPy M-NPy* M-NH 

[Sn(dpa)2] (15) 2.231(2) 

2.140(2) 

2.329(2) 

2.573(2) 

- - 

[Sn(μ2-dpa)HMDS]2 (16) 2.266(2) 

2.247(2) 

2.461(2) 

2.496(3) 

2.551(2) 

2.489(3) 

2.139(2) 

2.150(2) 
 

Table 3.5 Selected bond angles (°) of compounds 15 and 16. * is used to denote when the 

atom belongs to the opposing ligand. See Figure 3.39 for labelled schematics of structures 

15 and 16. 

Compound Bond angles (°) 

NA-M-NPy NA-M-NA*(H) NPy-M-NPy* NA-M-NPy* NH-M-NPy NH-M-NPy* 

[Sn(dpa)2] (15) 
57.95(8) 

55.40(8) 
96.86(8) 124.12(8) 

82.37(7) 

89.53(8) 
- - 

[Sn(μ2-dpa)HMDS]2 (16) 
56.15(8) 

55.77(8) 

108.32(9) 

106.91(9) 

131.33(8) 

132.36(8) 

79.69(8) 

80.47(8) 

89.38(8) 

90.10(9) 

85.87(8) 

85.21(9) 
 

 

Figure 3.39 Schematic detailing the structures of compounds 13, 15, 19. 
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The 2.329(2) Å dative interaction observed in 15 appears to be shorter than other Sn-N dative 

interactions observed for related amidinate and guanidinate complexes,67,77,326 though appears to be 

within the wide range observed in the CCDC for Sn(II)-pyridine interactions. The 2.573(2) Å 

interaction also lies within this range, and is comparable to the 2.458(4) Å and 2.568(4) Å Sn-NPy 

bonds observed in the dimer reported by Wagner et al.177 (Figure 3.40). In the heteroleptic [Sn(μ2-

dpa)HMDS] complex (16) both the chelating (2.461(2) Å, 2.496(3) Å) and the bridging (2.489(3) Å, 

2.551(2) Å) tin-pyridine interactions are comparable to the Wagner et al.177 complex. 

The bonding angles about the Sn(II) centres in both 15 and 16 are comparable to reported literature 

complexes with the acute chelating angles of 57.95(8)° and 55.40(8)° in 15, and 56.15(8)° and 

55.77(8)° in 16 lying within the ca. 56-58° range observed for comparable amidinate 

complexes.67,77,177,326 These small chelating bite angles result in the axial-axial bonding angles of 

124.12(8)° (15) and 131.33(8)° and 132.36(8)° (16) of the synthesised complexes lying at the more 

acute end of the ca. 127-140° range observed for the comparable angles in related literature 

systems.67,77,177,326 In the homoleptic complex 15 the bonding angle of 96.86(8)° between the 

equatorial positions is comparable to related homoleptic amidinate Sn(II) systems.67,77,326 

Significantly larger equatorial-equatorial angles of 108.32(9)° and 106.91(9)° are observed in the 

heteroleptic system 16, however there are no related four-coordinate heteroleptic systems in the 

literature with which to compare this interaction.  

In the three-coordinate heteroleptic complex [Sn(dpa)(μ2-NMe2)]2 (17), displayed in Figure 3.41, a 

central {Sn2N2} core is formed from the bridging {NMe2} moieties and the Sn(II) centres. This is folded 

at an angle of 127.7° along the Sn-Sn vector, about which the cis-cis {dpa} anions lie in a syn fashion to 

each other and coordinate to a single Sn(II) centre through the amide. The 1H NMR spectra of these 

systems indicate that the methyl groups are fluxional, however in the solid state the dimethyl amide 

groups are positioned axial with respect to the {Sn2N2} core, with one methyl residing above and one 

below. This can be compared to the [Sn{N(H)Dipp}2]2 dimer synthesised by Merrill et al. (Figure 

3.42),327 which displays a similar folded {Sn2N2} core with a syn arrangement of the terminal ligands. 

The fold angle in this literature system is significantly larger at 142.1°, potentially due to the larger 

steric bulk of the bridging ligand compared to compound 17. 

 

Figure 3.40 Structure of the [{Me2Si(N‑2‑py)2Sn}2] dimer reported by Wagner et al.177 
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The bridging Sn-N distances in compound 17 average 2.26 Å, and span the range 2.250(4)-2.286(4) Å. 

These distances are highly comparable to the 2.266(5) Å and 2.265(4) Å bridging Sn-N bonds 

observed in the parent [Sn(NMe2)(μ2-NMe2)]2 synthesised by Olmstead et al.,132 despite the significant 

distortion of the {Sn2N2} core in compound 17 (fold angle 127.7°) compared to the planar core 

observed in [Sn(NMe2)2]2.132 The distances are also similar to those observed in the related dimer 

from Merrill et al.327 (2.248(3)-2.329(3) Å). The terminal Sn-N(Py2) bond lengths of 2.177(4) and 

 

Figure 3.41 Partially labelled molecular structure of [Sn(dpa)(μ2-NMe2)]2 (17). Two 

molecules of toluene are also observed in the unit cell of 17 but have been omitted here. 

Thermal ellipsoids are shown at 50% probability and hydrogen atoms are omitted for 

clarity. Selected bond lengths (Å) and angles (°): Sn(1)-N(1) = 2.264(3), Sn(1)-N(2) = 

2.249(3), Sn(1)-N(11) = 2.175(3), Sn(2)-N(1) = 2.287(3), Sn(2)-N(2) = 2.254(3), Sn(2)-

N(21) = 2.161(3); N(1)-Sn(1)-N(2) = 76.56(10); N(1)-Sn(2)-N(2) =76.01(10), Sn(1)-N(1)-

Sn(2) = 92.44(10), Sn(1)-N(2)-Sn(2) = 93.73(10), N(11)-Sn(1)-N(1) = 98.41(10), N(11)-

Sn(1)-N(2) = 101.29(10), N(21)-Sn(2)-N(1) = 95.83(10), N(21)-Sn(2)-N(2) =97.31(10). 

 

Figure 3.42 Heteroleptic dimer, [Sn{N(H)Dipp}2]2 synthesised by Merrill et al.327  
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2.157(4) Å in compound 17 are slightly longer than in both the parent system [Sn(NMe2)2]2 

(2.067(4) Å)132 and the related Merrill et al.327 complex (2.117(3) Å and 2.120(4) Å). This is likely due 

to the increased steric bulk of the {dpa} anion. All three of these related systems show similar bond 

angles about the Sn(II) centres.  

The final {dpa}-coordinated Sn(II) structure is the heteroleptic dimer [Sn(μ2-dpa)Cl]2 (18), which 

displays yet another coordination mode for the {dpa} ligand. A 12-membered chelate ring is formed 

from the two cis-cis {dpa} ligands and two tin centres. The pyridyl rings of each {dpa} coordinate to 

different Sn(II) centres, as seen in Figure 3.43. This leads to three-coordinate tin environments with 

two positions occupied by Sn-Npy bonds, and the final position by a Sn-Cl bond. The amide of the {dpa} 

groups shows no apparent direct bonds to the metal centres, however, the 2.914(7) Å, 2.757(9) Å, 

2.737(8) Å and 2.918(7) Å distances observed between the amide nitrogen and the Sn(II) centres are 

less than the sum of the van der Waal radii between Sn-N (3.72 Å205) suggesting that there is potential 

for interaction.  

In 18 the angles about the Sn(II) centres appear to indicate p-orbital based bonding, as the ligands lie 

at 83.5(3)-90.2(2)° to each other. These angles are more compressed than those observed for related 

three-coordinate Sn(II) centres,161,178,328–330 including the [Sn(μ2-tmspa)Cl]2 (25) complex 

synthesised in this work and reported by Sen et al.161 This suggests that the lone pair exerts a greater 

repulsion effect over the ligands than seen in the literature systems. This can be rationalised by the 

slightly shorter Sn···Sn distance of ca. 3.6152(5) Å, compared to the 3.7576(11) Å and 3.7809(3) Å 

tin-tin distances observed for the analogous dimeric complexes shown in Figure 3.44, synthesised by 

Sen et al.161 as well as in this research. This may force the non-bonding lone pairs to lie closer to the 

 

Figure 3.43 Partially labelled molecular structure of [Sn(μ2-dpa)Cl]2 (18). Thermal 

ellipsoids are shown at 50% probability and hydrogen atoms are omitted for clarity. 

Selected bond lengths (Å) and angles (°): Sn(1)-N(1) = 2.265(7), Sn(1)-N(6) = 2.232(8), 

Sn(1)-Cl(1) = 2.547(7), Sn(2)-N(3) = 2.228(8), Sn(2)-N(4) = 2.275(8), Sn(2)-Cl(2) = 

2.535(7);N(1)-Sn(1)-N(6) =83.9(3) , N(1)-Sn(1)-Cl(1) = 85.3(2), N(3)-Sn(2)-N(4) = 83.5(3), 

N(3)-Sn(2)-Cl(2) = 90.2(2), N(4)-Sn(2)-Cl(2) = 85.1(2). 
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tin centres compressing the bonding geometry there. The shorter Sn···Sn contact may also have an 

impact on the Sn-Cl bonds, which at 2.547(7) Å and 2.535(7) Å are longer than those observed for 

analogous literature complexes containing three-coordinate Sn(II) centres bonded both to a chloride 

and pyridine moieties.161,328–330
 

The Sn-Npy bonds in complex 18 are inequivalent, with each {dpa} anion having one shorter Sn-Npy 

interaction and one longer. The shorter tin-pyridine bonds of 2.232(8) Å and 2.228(8) Å are 

comparable to the Sn(II)-pyridine interactions seen for the analogous pyridylamide complexes from 

Sen et al.161 (Figure 3.44). The longer 2.265(7) Å and 2.275(8) Å Sn-Npy interaction more closely 

compares to those seen for the organotin(II) chlorides containing the {Py(SiMe2)xC(SiMe2R)} ligand 

(Figure 3.45) synthesised by Jolly et al. (x = 0, R = Me),330 Al-Juaid et al. (x = 1, R = Me),328 and Leung 

et al. (x = 0, R = tBu).329 

The unusual coordination mode of the {dpa} ligands in compound 18 is found to slightly increase the 

delocalisation across the {NCNCN} backbone compared to the {NCN} bidentate mode observed for 

complexes 15 and 16. This can be seen in the slightly shorter C-N bond lengths in the {NCNCN} 

backbone of 18 (1.532(12)-1.375(12) Å) compared to complexes 15 (1.341(3)-1.383(3) Å) and 16 

(1.345(4)-1.385(4) Å). This unusual coordination mode is only observed in two other examples 

within the CCDC. Both systems, synthesised by Cotton et al.,331 contained cis-cis {dpa} bridging ligands 

acting both as bidentate ligands, through the M-Npy interactions, and as tridentate ligands, binding 

through all three nitrogen atoms, about a central tetrahedral [M4O]6+ unit (M = Mn, Fe). Cotton et al.331 

do not note any apparent reason for the preference of one mode of the other in the systems. 

   

Figure 3.44 Heteroleptic complexes [Sn(PyNR)Cl]2 (R = i) Ph, ii) SiMe3) synthesised by Sen 

et al.161 

 

Figure 3.45 Orgnaotin(II) chlorides from i) Jolly et al.;330ii) Al-Juaid et al.;328 and iii) Leung 

et al.;329 
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In the Pb(II) analogues, the homoleptic [Pb(μ2-dpa)2]∞ (19) forms a 1D polymeric chain, significantly 

different from that observed in the other Group 14 systems, whereas the heteroleptic  

[Pb(μ2-dpa)HMDS]2 (20) forms a dimer isostructural to the Sn(II) compound 16. The homoleptic 

compound 19, displays an eight-coordinate distorted square prismatic environment at each Pb(II) 

centre with a stereo inactive lone pair indicating that the coordination sphere about the metal centre 

is holodirected. In contrast, a stereoactive lone pair is observed in the heteroleptic compound 20, 

leading to a pseudo-trigonal bipyramidal geometry for the four-coordinate Pb(II) centre, analogous to 

that seen in the tin analogue 16.  

In compound 19, each lead(II) centre has a distorted square prismatic environment, with each lead 

coordinating to four {dpa} units. A cis-cis configuration is observed for the {dpa} lariats with the 

pyridine rings of each ligand lying at an angle of ca. 54.6° to one another comparable to that seen in 

the dipyridylamide complexes of the rare earth elements synthesised by Müller‐Buschbaum et al.257 

This enables an extended one-dimensional chain of {Pb(μ2-dpa)2} units to form with each {dpa} lariat 

coordinating to the Pb(II) centres through the amide and one of the pyridines, as in coordination mode 

 

Figure 3.46 Bidentate and tridentate binding modes of cis-cis {dpa} ligands in the [M4O]6+ 

(M = Mn, Fe) units synthesised by Cotton et al.331 



206 
 

v (Figure 3.30). Both the {Pb(μ2-dpa)2} units and the extended polymer chain can be observed in 

 

Figure 3.47. Weak π-π stacking interactions of ca. 4.598 Å are also observed between the N(3) atoms 

and the centre of a symmetrically equivalent N(3)-pyridine of an adjacent {dpa} moiety. In addition, 

this rotation is sufficient for the central amide to form a dative interaction with each Pb(II) centre, 

with a Pb-N-Pb bond angle of 95.14(6)°. The dative nature of this bonding is indicated by the longer 

2.781(2) Å and 2.752(2) Å Pb-N bonds observed for the lead-amide interactions compared to the 

2.7054(19) Å and 2.595(2) Å distances seen for the lead-pyridine bonds. This contrasts sharply with 

compounds 13-17 and 20 which all have shorter bond lengths for the metal amide interactions. It 

should be noted though that the observed bonds are comparable to other Pb-N bonds in similar 

polymeric systems by Gao et al.332 (2.70-2.80 Å), Yang et al.333 (2.57-2.90 Å) and Yang et al.334 (2.56-

2.80 Å). 

i) ii) 

iii) 

iv) 
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Bonding in the heteroleptic dimer [Pb(μ2-dpa)HMDS]2 (20) (Figure 3.48) follows the same trends as 

observed for the Sn(II) analogue (16). The amide bonds (2.388(3) Å and 2.408(3) Å) are shorter than 

those seen for the Pb-pyridine interactions (2.461(2) Å and 2.496(2) Å), correlating to previous 

trends observed in compounds 13-17. Comparable lead-amide bonds (Pb-N: 2.248(7)-2.329(7) Å) 

are observed in the dimeric [R2Si(N-2-Py)2Pb]2 systems (Figure 3.49) synthesised by Wagner et al.,177 

which also contains four-coordinate metal centres. The shorter Pb-N bonds for the {HMDS} moiety 

(2.245(3) Å and 2.253(3) Å) compared to the {dpa} interactions, correlates with the trend seen in the 

 

Figure 3.47 Partially labelled molecular structure of i) {Pb(μ2-dpa)2} unit, ii) the initial lead 

dimer unit, iii) the distorted square antiprism environment of the Pb(II) centres, and iv) the 

extended polymer structure of [Pb(μ2-dpa)2]∞ (19). The polymer is observed to propagate 

parallel to the c-axis. Thermal ellipsoids are shown at 50% probability and hydrogen atoms 

are omitted for clarity. Equivalent atoms are generated by the symmetry operator: # = 1-x, 1-

y, 1-z, #2 = x, 1-y, z-1/2, #3 = 1-x, y, 1/2-z . Selected bond lengths can be found in Table 3.6 

with selected bond angles detailed in Table 3.7. 

i) ii) 

iii) 

iv) 
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heteroleptic compounds 14 and 16 synthesised in this work. It is also comparable to other Pb-HMDS 

bonds found in the literature (2.22-2.81 Å335–338).  

The holodirected nature of the coordination sphere in the homoleptic compound 19 allows for 

comparable bonding for both the amide and pyridine groups. In contrast, the four-coordinate metal 

centre of the heteroleptic system 20 shows a distorted pseudo-trigonal bipyramidal geometry, with 

the equatorial positions occupied by the stereoactive lone pair, the {dpa} amide bond, and the {HMDS} 

amide bond. The axial positions are occupied by the pyridine dative interactions, leading to the 

contrast in bond lengths observed within the lead systems.  

It is interesting to note that a comparison of the bonding angles about the Pb(II) centres of compound 

20 to those of the Sn(II) centres in compound 16 indicates an almost identical structural geometry. 

 

Figure 3.48 Partially labelled molecular structure of [Pb(μ2-dpa)HMDS]2 (20). Thermal 

ellipsoids are shown at 50% probability and hydrogen atoms are omitted for clarity. 

Selected bond lengths can be found in Table 3.6 with selected bond angles detailed in 

Table 3.7. 

 

Figure 3.49 [R2Si(N-2-Py)2Pb]2 compounds reported by Wagner et al.177 
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Slightly more acute bite angles of 53.55(9)° and 53.59(9)° are observed for the chelating ligand in the 

lead system (20) compared to the 56.12(8)° and 55.77(8)° of the tin complex (16) due to the longer 

bond lengths seen as a result of the larger atomic radius of Pb(II). Likewise, this larger radius also 

causes a slightly smaller axial-axial bond angle for the lead system (20) compared to the tin (16) 

(131.33(8)° and 132.36(8)° (16); 129.12(9)° and 129.64(9)° (20)). However, this is not as obvious at 

the equatorial position, as this bonding angle is not dictated by the chelating bite of the ligand 

(108.32(9)° and 106.91(9)° (16); 108.73(10)° and 110.24(9)° (20)). 

 

 

Table 3.6 Selected bond lengths (Å) of compounds 19 and 20. * is used to denote when the 

atom belongs to the opposing ligand; NPy# is symmetry generated. See Figure 2.21 for 

labelled schematics of structures 19 and 20. 

Compound Bond lengths (Å) 

M-NA M-NPy M-NPy# M-Py* M-N4 

[Pb(μ2-dpa)2] (19) 2.781(2) 

2.752(2) 

2.7053(19) 2.595(2) - - 

[Pb(μ2-dpa)HMDS]2 (20) 2.388(3) 

2.408(3) 

2.590(3) 

2.593(3) 

- 2.552(3) 

2.562(3) 

2.253(3) 

2.245(3) 
 

Table 3.7 Selected bond angle (°) of compounds 19 and 20. * is used to denote when the 

atom belongs to the opposing ligand; NPy# is symmetry generated. See Figure 2.21 for 

labelled schematics of structures 19 and 20. 

Compound Bond angles (°) 

NA-M-NPy(#) NA-M-NA*(H) NPy-M-NPy*(#) NA-M-NPy*(#) NH-M-NPy NH-M-NPy* 

[Pb(μ2-dpa)2]∞ (19) 
49.24(6) 

50.54(6) 
84.86(6) 88.11(6) 

105.60(6) 

108.56(6) 
- - 

[Pb(μ2-dpa)HMDS]2 (20) 
53.55(9) 

53.59(9) 

108.73(10) 

110.24(9) 

129.12(9) 

129.64(9) 

80.05(9) 

81.30(9) 

90.96(9) 

89.95(9) 

84.83(9) 

85.61(9) 
 

 

Figure 3.50 Schematic detailing the structures of compounds 19 and 20. 
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3.3.3.2 NMR Characterisation 

Assessment of compounds 13-20 by 1H and 13C NMR spectroscopy confirms complete double 

substitution of the {HMDS} group for each of the homoleptic systems 13, 15 and 19, due to the 

absence of resonance signals in the 1H NMR spectra at chemical shifts typical of the respective {HMDS} 

group. For the heteroleptic systems 14, 16 and 20 a singlet resonance, with an integration concordant 

with that expected for mono-substitution, is observed in each of the 1H NMR spectra at the expected 

chemical shift. Likewise, a proportional resonance for the {NMe2} moiety is observed for compound 

17 indicating the formation of the heteroleptic complex. Unfortunately, the 1H, 13C and 119Sn NMR 

spectra for the heteroleptic complex [Sn(μ2-dpa)Cl]2 (18) did not show any clear resonances for the 

complex due to low solubility. As such this complex is omitted from this section. 

As can be seen in Figure 3.30, a range of binding modes is observed for the crystalline structures of 

these systems. Whilst analysis of these systems through 1H and 13C NMR spectroscopy does correlate 

with these binding modes, it also shows a number of similarities in the environments that offer a 

different insight into the chemistry of compounds 13-20. 

Within the homoleptic complex [Ge(dpa)2] (13) the {dpa} ligand binds both in a bidentate fashion, 

with the pyridine rings chelating to the metal centre to create a pseudo-1,3,5-triazapentadienyl ring 

about the Ge(II) atom, and in a monodentate nature with a terminal germanium-amide bond. The 

same Ge(II) coordination environment is observed in the heteroleptic [Ge(dpa)HMDS] complex (14) 

with a pseudo-1,3,5-triazapentadienyl ring formed by the {dpa} and Ge(II) centre, and a terminal Ge-

HMDS bond. Identification of the resonances in the 1H and 13C NMR spectra that correlate to specific 

positions within the {dpa} ligand was possible through comparison of the NMR spectra for the two 

compounds (13 and 14). 

Within the {dpa} ligand the C2, C3, and C6 positions of the pyridine rings are of most interest in an 

assessment of the NMR spectra due to their proximity to the binding sites. For the C2 position, the 13C 

NMR spectra for both compounds 13 and 14 indicate that this position becomes deshielded upon 

complexation, with the chemical shift of the complexed ligand lying downfield of the pro-ligand value 

of δ 154.74 ppm. The downfield shift observed is more prominent in the monodentate coordination 

environment (δ 160.65 ppm) compared to the chelating ring coordination (δ 156.22 ppm). This is 

reasonable to expect given that the pseudo-1,3,5-triazapentadienyl chelating ring formed in both 13 

and 14 leads to a delocalisation of electron density within the chelating ring, which maintains a degree 

of shielding over the C2 position. In contrast, the monodentate coordination withdraws electron 

density from the pyridyl rings to support the Ge-N amide bond, and thus this position is more 

deshielded in this binding mode. 

Within the 13C NMR spectra, both the homoleptic (13) and heteroleptic (14) germanium complexes 

show significant downfield shifts of ca. 12 ppm for the resonance representing the C3 carbon of the 

chelating {dpa} ligand indicating a large deshielding effect at this carbon. In the monodentate ligand 

only a ca. 3 ppm downfield shift is observed demonstrating a much smaller deshielding effect on the 

pyridyl carbons of the terminal binding mode. In contrast, the proton NMR spectra display an upfield 
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shift for the protons attached to this C3 carbon in both coordination modes, though the terminal ligand 

displays this to a greater extent than the chelating ligand (ca. (-)0.8 ppm cf. ca. (-)0.4 ppm, 

respectively. In general, this position is more deshielded in the chelating ring and likely a result of the 

withdrawal of electron density from the pyridyls into the chelating pseudo-1,3,5-triazapentadienyl 

ring. 

For the C6 position, both the 1H and 13C NMR spectra for each complex (13 and 14) show an upfield 

shift in the resonance positions compared to the pro-ligand, though this is more significant for the 

chelating ligand. As a result, the C6 position of the chelating {dpa} is more shielded than the analogous 

position in the monodentate ligand, possibly due to its proximity to the metal centre compared to in 

the monodentate coordination environment.  

Comparison of the chemical shifts for the different binding modes of the {dpa} ligands in the 

germanium complexes 13 and 14 and the resonances observed for the {dpa} ligands of compounds 

15-20 enabled identification of different binding modes across the series of compounds.  

In general, despite the variety of binding modes observed in the crystal structures for tin(II) {dpa} 

compounds 15-17 the proton and carbon chemical shifts seen in the 1H and 13C NMR spectra of the 

tin compounds show no significant differences between the three complexes. In the proton NMR 

spectra, the resonances for each position in the three complexes 15-17 are observed at the same 

chemical shifts as broad multiplets. Similar observations are observed in the 13C NMR spectra for each 

of the three Sn(II) complexes 15-17. All show similar ca. 2-3 ppm upfield shifts for the C5 resonance, 

and larger ca. 6 ppm downfield shifts for the C2 resonance, save for that of the bridging pyridine in 16 

which shifts by only ca. 4 ppm from the pro-ligand value. All other resonances display negligible 

differences between the systems 15-17 and the pro-ligand values. 

Interestingly, the δ 8.00-8.04 ppm chemical shift seen for the H6 proton of the monodentate {dpa} 

ligand of the homoleptic germanium system [Ge(dpa)2] (13) is also observed in all three tin complexes 

15-17. The trans-trans bidentate chelating {dpa} ligands in the Ge(II) complexes 13 and 14 display a 

lower shift of δ 7.94-7.98 ppm in the 1H NMR spectra for the H6 proton. This could indicate that the 

{dpa} primarily interacts in monodentate fashion in each of the Sn(II) complexes 15-17 in solution. 

This may also be suggested by the presence of only four peaks in the aromatic region of both the 1H 

and 13C spectra for the homoleptic [Sn(dpa)2] complex (15), which indicates that both pyridine rings 

are equivalent. In contrast, whilst the [Sn(μ2-dpa)HMDS]2 (16) does show equivalent resonances for 

the H4/C4 and H5/C5 in both the 1H and 13C NMR spectra, inequivalent peaks are observed in the proton 

spectra for the H3 and H6 protons. In each case, one resonance is found to correlate to those seen in 

the other tin compounds 15 and 17, whilst the other resonance for each position lies upfield of those 

signals. Firstly, this suggests that the dimer is present in solution, and secondly it can be assumed that 

the upfield peaks represent the bridging pyridine as they differ from those observed in the other 

tin(II) species. This is also observed in slightly upfield resonance for the C2 of the bridging pyridine in 

16 (δ 158.07 ppm) compared to that observed for compounds 15-17 (ca. δ 160 ppm) in the 13C NMR 

spectra. 
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Despite the similarities observed between the tin systems 15-17 in the 1H and 13C NMR spectra, the 

119Sn NMR spectra indicate clear differences between the Sn(II) environments. The homoleptic 

[Sn(dpa)2] (15) appears to be highly shielded with a resonance at δ -282.3 ppm, this is comparable to 

the 119Sn resonance observed for the four-coordinate pyridine containing [Sn(Pyp)2] compound (4) 

of the previous chapter. Both heteroleptic analogues show more deshielded Sn(II) centres, with the 

dimeric [Sn(μ2-dpa)HMDS]2 (16) displaying a resonance at δ +65.8 ppm, and the [Sn(dpa)(μ2-NMe2)]2 

(17) at δ -127.6 ppm. These shifts are similar to other three-coordinate heteroleptic Sn(II) systems 

discussed by Wang et al. in a review of 119Sn NMR chemical shifts.255 

In the 1H NMR spectra of both [Pb(μ2-dpa)2]∞ (19) and [Pb(μ2-dpa)HMDS]2 (20) the resonances 

observed display negligible difference from those of the pro-ligand value indicating that complexation 

has little impact on the proton environments within the {dpa} moiety. Slight variations are observed 

in the 13C NMR spectra, the resonance attributed to the C2 position of each {dpa} ligand shifting 

downfield of the pro-ligand resonance value by ca. 6 ppm in both 19 and 20. This shift is comparable 

to that seen in complexes 13-17 for the analogous position. Slight downfield shifts of ca. 2 ppm and 

ca. 3 ppm from the pro-ligand resonances are observed for the C3 and C5 carbons of the {dpa} ligands, 

respectively, in 19 and 20, but all other positions display negligible change in environments.  

The only other item of note for the Pb(II) systems is that only four aromatic resonances are observed 

in the 1H and 13C NMR spectra for the heteroleptic complex [Pb(μ2-dpa)HMDS]2 (20). This indicates 

equivalent pyridine environments in solution, which contrasts to the isostructural 

[Sn(μ2-dpa)HMDS]2 complex 16, which displays clear evidence of inequivalent pyridines in the 13C 

NMR spectra.  

3.3.3.3 Thermogravimetric Analysis 

The homoleptic and heteroleptic compounds [M(dpa)2], M = Ge (13), Sn (15), and [M(dpa)HMDS]n, M 

= Ge (14), Sn (16), were assessed for their thermal properties by thermogravimetric analysis. The 

Pb(II) complexes (19 and 20) were not assessed by TGA due to their low long term thermal stability. 

Impurities in the heteroleptic [Sn(dpa)(μ2-NMe2)]2 compound (17) prevented reasonable TG 

Analysis, and so is not presented here. The TGA experiments were performed in an inert atmosphere, 

and a ramp rate of 5 °C/min up to a temperature of 500 °C was used to assess the volatility and 

thermal decomposition profiles of these compounds. Figure 3.51 displays the TGA traces for the Ge(II) 

complexes 13 and 14, and Figure 3.52 shows the TGA data of the Sn(II) complexes 15 and 16. All four 

complexes displayed poor thermal properties. 
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For the bis-{dpa} Ge(II) complex (13) a very gradual mass loss begins at an onset temperature of 

180 °C and is observed until 275 °C at which point the rate of mass loss rapidly decreases. This initial 

ca. 41 % mass loss of can be attributed to the of one {dpa} ligand. After this point, the rate of mass loss 

drops dramatically with a loss of only 13 % mass observed between 275-410 °C. A small secondary 

thermal event, with 4 % mass loss is observed at 410 °C to give a residual percentage mass of 43 %. 

This residual percentage mass is far higher than expected for the decomposition of compound 13 to 

germanium or any of its oxides. 

The heteroleptic [Ge(dpa)HMDS] (14) showed a similar profile following TG Analysis. At a lower 

onset temperature of 110 °C, the trace appears to show volatilisation of the compound, due to the 

gradually increasing rate of mass loss typical of a volatilisation process. However, an apparent 

thermal event at 225 °C leads to a residual percentage mass of 27.5 %. This is only slightly higher than 

the 26 % residual mass expected for decomposition of the system to GeO2. As such it is likely that the 

compound decomposes at 225 °C to form GeO2, however it is possible that prior to this temperature 

the compound is volatile. Given the prolonged heating that is typical of ALD processes, any degree of 

thermal instability is not ideal and so further assessment of the thermal properties of [Ge(dpa)HMDS] 

(14) is necessary. 

TG Analysis of the homoleptic [Sn(dpa)2] (15) shows an apparent loss of solvent around 105 °C, which 

correlates to the toluene crystallisation liquor. As a result, the plateau following this solvent loss has 

been taken to be 100 % mass of the compound, for the purposes of determining the components of 

the residual material. A sharp mass loss down to a residual mass of 25.5 % is observed from 220 °C. 

If it is assumed that this is the onset temperature for the decomposition of the solvent free [Sn(dpa)2] 

(15) complex then this residual mass is corrected to 24.6 % assuming that the stable mass percentage 

 

Figure 3.51 Thermogravimetric analysis of the germanium(II) pyridylamide complexes 13 

and 14. Analysis run at ramp rate of 5 °C/min from 30 °C to 500 °C. 
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between 105-220 °C is the solvent free compound. This residual percentage mass correlates to the 

25.9 % expected residual percentage mass following decomposition of 15 to Sn(0). Whilst a slight 

thermal event is observed at approximately 360 °C it is possible that this may be due to some volatile 

contaminants. As such it is likely that the homoleptic system 15 decomposes to tin metal. 

In the TGA trace of the heteroleptic [Sn(μ2-dpa)HMDS]2 (16) a number of thermal events are 

observed. The initial mass loss in the trace at 80 °C is also attributed to solvent loss from the system, 

though no true plateau is observed so mass percentages observed cannot been corrected to account 

for this. It is followed by a sharp thermal event at 140 °C, with a mass loss to 69.8 %. The mass is found 

to gradually decrease until a thermal event at 230 °C, which results in a plateau at 294 °C with a 

residual mass of 26.3 %. It is assumed that the thermal event at 145 °C can be attributed to the loss of 

the {HMDS} ligand leaving a {Sn2(dpa)2} moiety, which has an expected residual percentage mass of 

64.3%. The gradual decomposition of this moiety due to thermal instability appears to produce tin 

metal, which has an expected residual mass of 26.4 %. 

Overall, the Ge(II) compound 13 appears to display poor thermal properties and does not decompose 

to a residual mass that correspond to an expected decomposition product. In contrast, 14 appears to 

show a relatively clean decomposition to GeO2 with only a slight thermal event observed in the 

decomposition at around 225 °C. The Sn(II) systems 15 and 16 appear to decompose to tin metal 

films, with some volatile contaminants observed in the case of the bis-complex. The homoleptic 

compounds 13 and 15 show smoother decompositions than the heteroleptic systems 14 and 16, 

however, none of these {dpa} complexes display any degree of volatility that would be necessary for 

use in an ALD process. As mentioned previously, the Pb(II) complexes (19 and 20) were not assessed 

by TGA due to their low long term thermal stability. 

 

Figure 3.52 Thermogravimetric analysis of the tin(II) pyridylamide complexes 15 and 16. 

Analysis run at ramp rate of 5 °C/min from 30 °C to 500 °C. 
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Table 3.8 Temperature at the onset and completion of thermal events for compounds 12-

15 following TG Analysis. Residual percentage masses from each experiment are also 

shown to 2 s.f. alongside the expected masses of the decomposition products. Experiments 

were performed under an argon atmosphere at a ramp rate of 5  °C/min.  

Compound Temperature (°C) Expected Residual Mass (%; 
M = Ge or Sn, respectively) 

Final 
Residual 
Mass (%) 

Onset Final MO2 MO M(0) 

[Ge(dpa)2] (13) 180 420 25.3 21.5 17.5 43 

[Ge(dpa)HMDS] (14) 110 280 25.9 22.0 18.0 28 

       

[Sn(dpa)2] (15) 
105 

(220) 
340 32.8 29.3 25.9 

20 

(19) 

[Sn(μ2-dpa)HMDS]2 (16) 80 290 33.5 30.0 26.4 26 
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3.4 Group 14(II) N-(Trialkylsilyl)pyridylamides Compounds 

 Background and Precedent 

The final ligands to be considered in this chapter are the N-(trialkylsilyl)pyridylamines. These were 

selected due to the significantly larger steric bulk of the silyl group compared to the methyl, and 

pyridyl groups that have already been discussed in this chapter. It was suggested that this steric bulk 

may lend a greater thermal stability to the resulting complexes. Additionally trimethylsilyl groups 

have been postulated to increase the volatility of systems.339 As such, these ligands may produce 

molecules suited to ALD processes. 

Within the literature, only a handful of studies have considered the use of N-silylated pyridylamine 

ligands, with the majority of these focusing on the use of the 4- or 6-methyl-N-

(trimethylsilyl)pyridine-2-amine ligands in a range of transition metal98,108,340–347 and main group 

complexes.103,106,107,117 A few investigations by Du et al.,160,339,348 amongst others,111,349,350 have 

considered the simpler non-methyl substituted N-(trimethylsilyl)pyridine-2-amine, which has been 

found to impart high volatilities suitable for CVD application. Only a couple of studies have considered 

related multidentate ligands such as the bis(trimethylsilyl)-N,N′-2,6-diaminopyridine351–353 and 

bis(N-2-pyridylamino)silanes, R2Si(NH‐2‐Py)2 where R = Me or Ph. 

Generally, N-silylated pyridylamine ligands are found to act as a chelating ligand when coordinating 

to metal centres, as in coordination mode A (Figure 3.53). In examples containing the later first row 

transition metals, Mn, Ni, and Zn, this strained η2-coordination mode has been observed to occur 

alongside the μ2-bridging mode (E).339,340,343 Interestingly, despite Kempe’s early assertion that 

pyridyl-2-amides favour the μ2-bridging mode for the later transition metals,96 Deeken et al.,340 

amongst others,339,341,343,345,346 highlight that the strained η2-chelating mode is still primarily observed 

in these systems, with the μ2-bridging mode only observed alongside η2-chelating ligands for the Mn, 

Ni, and Zn complexes previously mentioned (Figure 3.54).339,340,343 Xue et al.354 report the only 

example of an N-silylated pyridylamide acting as a neutral ligand. In the reported [CoCl2(C9H16N2Si)2] 

complex the 6-methyl-N-(trimethylsilyl)pyridine-2-amine acts solely as an ancillary ligand 

coordinating through the pyridine group.354 

 

Figure 3.53 Observed binding modes for 2,2’-dipyridylamine found in the literature. Labels 

refer back to the binding modes discussed in Figure 3.3. 
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In contrast to the aminopyridine ligands previously discussed in this chapter, the N-

(trimethylsilyl)pyridine-2-amine (Htmspa), and derivatives of it, have been previously investigated 

alongside the group 14 metals. Prior to the undertaking of this research, Du et al.160,348 had reported 

the synthesis and characterisation of a heteroleptic Si(IV) complex and homoleptic Ge(II) system 

containing {tmspa}, both of which were found suited to CVD application and displayed high 

volatilities. Whilst there were no direct tin analogues at the time, both Aldridge et al.103 and Jones et 

al.107 had reported the synthesis of [Sn(L)xCl4-x] complexes (Figure 3.55), in which L = 6-methyl-(N-

trimethylsilyl)-pyridin-2-amine (6-Metmspa) and x = 1103 and 2,107 respectively, which both displayed 

reasonable thermal stabilities. The potential exhibited by each of these complexes indicated that the 

{tmspa} ligand and derivatives of it were likely to produce Sn(II) complexes, which had hitherto been 

unexplored, with thermal properties suitable for ALD processes.  

Unfortunately, towards the end of our research a report was published by Sen et al.161 detailing the 

synthesis and characterisation of tin(II) bis-(trimethylsilyl)pyridylamide and a heteroleptic chloride 

analogue, both of which had been isolated in the course of our own investigation. These are presented 

 

Figure 3.54 Examples of later transition metal complexes containing μ2-bridging and η2-

chelating N-silylated pyridylamides synthesised by i) Du et al.339 (Mn); Deeken et al.340 

(Ni); and Glatz et al.343 (Zn). 

 

Figure 3.55 [Sn(L)xCl4-x] complexes (L = 6-methyl-(N-trimethylsilyl)-pyridin-2-amine (6-

Metmspa) synthesised by Aldridge et al.103 and Jones et al.107 

i) ii) iii) 
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here alongside a heteroleptic tin(II)-{HMDS} analogue and homoleptic tin(II) triethyl- and 

triisopropyl- derivatives, as they display promising thermal properties for use in ALD processes. 

 

  

 

Figure 3.56 Tin(II) bis-(trimethylsilyl)pyridylamide and its chloride analogue synthesised 

by Sen et al.161 
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 Synthesis 

Synthesis of the homoleptic tin(II) N-silylated pyridylamide complexes occurred via the double 

substitution of the tin(II) bis(hexamethyldisilazide), [Sn(HMDS)2], with N-(trimethlylsilyl)pyridine-2-

amine (Htmspa), and N-(tri-iso-propylsilyl)pyridine-2-amine (Htipspa), and the double substitution 

of tin(II) bis(dimethylamide) with N-(triethlylsilyl)pyridine-2-amine (Htespa). A single substitution 

reaction between [Sn(HMDS)2] and Htmspa was performed to produce the heteroleptic analogue, 

whilst a heteroleptic chloride complex [Sn(μ2-tmspa)Cl]2 (25) was synthesised through a salt 

metathesis reaction between one equivalent of Ktmspa and one equivalent of [SnCl2]. The pro-ligands 

(Figure 3.57) Htmspa, Htespa, and Htipspa were synthesised via addition of the relevant R3SiCl to a 

lithiated solution of 2-aminopyridine in THF, followed by distillation of the product. Further details 

of the preparation method can be found within the experimental section.  

Reaction of [Sn(HMDS)2], or [Sn(NMe2)(μ2-NMe2)]2, with the pro-ligands proceeded with good yields 

to produce complexes 21-24, however the salt metathesis reaction to give [Sn(μ2-tmspa)Cl]2 (25) 

produced a limited amount of product. Crystalline material suitable for single crystal X-ray diffraction 

(SXRD) was obtained in the case of the homoleptic systems [Sn(tmspa)2] (22) and [Sn(tipspa)2] (24), 

as well as for the heteroleptic system [Sn(μ2-tmspa)Cl]2 (25). Both the homoleptic [Sn(tespa)2] (23) 

and the heteroleptic [Sn(tmspa)HMDS] (21) were isolated as a liquid, however following prolonged 

storage of 23 in an inert atmosphere, crystalline material, suitable for SXRD analysis was obtained, 

allowing for solid state characterisation. 

 

Figure 3.57 Pro-ligands for compounds 21-25. 
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Scheme 3.9 Reaction scheme for the synthesis of Sn(II) complexes 21-25. 
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 Characterisation: Tin(II) N-(trialkylsilyl)pyridylamides 

As with other compounds reported in this thesis, complexes 22-25 were characterised primarily by 

single crystal X-ray diffraction (SXRD), with NMR spectroscopy used to confirm the identity of the 

compound within the bulk. Due to the lack of crystalline material, compound 21 was characterised 

through NMR experiments only, whilst the poor solubility exhibited by the chloride analogue 25 

prevented analysis of this system by NMR. Thermogravimetric analysis (TGA) was used to assess the 

thermal properties of the homoleptic complexes 22-24 to assess their suitability for use in ALD 

processes. Once again, it should be noted that the homoleptic [Sn(tmspa)2] (22) and heteroleptic 

[Sn(μ2-tmspa)Cl] (25) have been reported by Sen et al.161 in a recent publication, but they are still 

presented here due to their relevance to the research presented. 

3.4.3.1 Structural Characterisation 

Single crystals of 22-25 were assessed by SXRD revealing that the homoleptic bis-(N-

(trialkylsilyl)pyridyl-2-amide)tin compounds 22-24 all crystallise in the P-1 space group. The 

structures of [Sn(tmspa)2] (22) and [Sn(tipspa)2] (24) possess a single molecule in the asymmetric 

unit, whilst that of [Sn(tespa)2] (23) was found to contain four independent molecules. The pseudo-

trigonal bipyramidal geometry of complex 23, and the bidentate nature of the ligands combine to 

result in form of Λ and Δ isomerism. As such the asymmetric unit cell of 23 contains two molecules of 

Λ configuration and 2 molecules of Δ configuration about the Sn(II) centre. Further differences 

between these configurational isomers arises from the relative geometries of the {SiEt3} substituents: 

as a result, there are four independent molecules in the symmetric unit, one of which shows additional 

disorder with respect to percentage occupancy. These four molecules are all similar within 

experimental error and so only one, based around Sn(1), is presented in Figure 3.59. The heteroleptic 

[Sn(μ2-tmspa)Cl]2 (25) was observed to crystallise in the P21/n space group.  

As previously mentioned, the heteroleptic system [Sn(tmspa)HMDS] (21) was found to exist in the 

liquid phase and so is not discussed here. During the course of this investigation the oxidised form of 

[Sn(tipspa)2] (24) was also isolated and can be seen in Figure 3.63. The structural properties of 

oxidised system, [Sn(tipspa)2(μ2-O)]2 (24b), were found to be of interest and so it is included here for 

discussion purposes, no further characterisation data were obtained due to the extremely low yield 

of product. 

 

Figure 3.58 Relevent proton and carbon positions of the {taspa} ligands utilised in 

characterisation discussions. 
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The homoleptic compounds 22-24 display four-coordinate Sn(II) centres with a see-saw 

configuration of bonds, leading to an overall pseudo-trigonal bipyramidal geometry in which the lone 

pair of each Sn(II) centre resides in an equatorial position. In the methyl and ethyl analogues, 22 and 

23, the equatorial positions are occupied by the lone pair and a bond to the amide of each ligand, with 

the axial positions occupied by the dative bond of the pyridine. In the sterically bulky {tipspa} 

analogue (24), the bonding to the ligand is reversed, such that the axial position is occupied by the 

amide groups and equatorial interactions are observed between the tin and pyridine moieties. In the 

tin(IV) [Sn(tipspa)2(μ2-O)]2 complex (24b) the {tipspa} ligand appears to revert to the orientation 

 

Figure 3.59 Partially labelled molecular structures of i) [Sn(tmspa)2] (22), ii) [Sn(tespa)2] 

(23), and iii) [Sn(tipspa)2] (24). Four independent molecules are observed in the unit cell 

of 23, but only the Sn(1) molecule is displayed here as the four independent mole cules are 

similar within experimental error. Thermal ellipsoids are shown at 50% probability and 

hydrogen atoms are omitted for clarity. Selected bond lengths and angles can be found in 

Table 3.9. 

i) ii) 

iii) 
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observed in 22 and 23 with axial pyridine interactions and equatorial amide bonds. Six coordinate 

Sn(II) centres are observed in 24b, with the {Sn2O2} core at the centre of the dimer found to be planar. 

 

The metal-amide bond lengths observed in [Sn(tmspa)2] (22) (2.165(2) Å and 2.192(2) Å) and 

[Sn(tespa)2] (23) (2.197(3)-2.213(3) Å) are consistent with those observed for a range of related 

Sn(II) guanidinate complexes,67,326 as well as the data obtained by Sen et al.161 for compound 22. The 

longer tin-pyridine interactions of 2.442(2) Å and 2.447(3) Å for the [Sn(tmspa)2] (22) and the 

2.387(3)-2.433(3) Å for the [Sn(tespa)2] (23) also show good agreement with the data reported by 

Sen et al.161 and with other reported amidinate and guanidinate Sn(II) complexes.67,77,326 These longer 

axial interactions also indicate that the tin-pyridine interaction are likely to be dative in nature. 

Table 3.9 Selected bond lengths (Å) and angles (°) for compounds 22-24b. * denotes an 

atom of the opposing ligand. See Figure 2.27 for a schematic of the structures. 

Compound Bond lengths (Å) Bond angles (°) 

M-NA M-NPy NA-M-NPy NA-M-NA* NPy-M-NPy* NA-M-NPy* 

[Sn(tmspa)2] (22) 2.165(2) 

2.192(2) 

2.442(2) 

2.447(3) 

58.20(9) 

58.04(9) 

94.74(9) 123.89(9) 84.13(9) 

83.37(8) 

[Sn(tespa)2] (23) 2.203(3) 

2.205(3) 

2.197(3) 

2.197(3) 

2.199(3) 

2.203(3) 

2.203(3) 

2.213(3) 

2.402(3) 

2.433(3) 

2.408(3) 

2.431(3) 

2.395(3) 

2.425(3) 

2.387(3) 

2.418(3) 

58.62(12) 

58.48(11) 

58.87(11) 

58.05(12) 

58.95(11) 

58.52(11) 

58.83(11) 

58.30(12) 

95.45(12) 

91.89(12) 

93.44(12) 

95.96(12) 

131.25(10) 

127.83(11) 

130.12(10) 

133.75(11) 

86.64(11) 

89.58(11) 

85.12(11) 

84.74(11) 

85.30(11) 

87.96(11) 

89.34(11) 

90.18(11) 

[Sn(tipspa)2] (24) 2.3738(14) 

2.3706(14) 

2.2159(14) 

2.2239(14) 

58.69(5) 

58.54(5) 

130.45(5) 87.96(5) 84.05(5) 

86.55(5) 

[Sn(tipspa)2(μ2-O)]2 
(24b) 

2.2382(14) 

2.2382(14) 

2.1940(15) 

2.1939(15) 

60.63(6) 

60.63(6) 

100.03(8) 159.80(8) 105.37(6) 

 

 

Figure 3.60 Schematic detailing the structures of compounds 22-24. 
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In contrast, the bonding seen in [Sn(tipspa)2] (24) is reversed, with the tin-pyridine interactions 

found to be the shorter of the Sn-N bonds in the system. This reversal in ligand orientation can be 

readily observed in Figure 3.61. Indeed, the 2.2159(14) Å and 2.2239(14) Å Sn-NPy bond lengths 

observed are comparable to the tin-amide bonds of [Sn(tmspa)2] (22) and [Sn(tespa)2] (23) systems 

indicating a significant difference in bonding mode. A search of the CCDC indicates that the Sn-NPy 

interactions observed in 24 are some of the shortest that have been observed for a Sn(II)-pyridine 

interaction with only one system displaying shorter bonds. Figure 3.30 depicts the bulky chelating 

ligand systems developed by Leung et al.355 (Sn-Py: 2.224(3) Å), that has the shortest tin(II)-pyridine 

interactions in the CCDC. This distance is consistent with that observed in 24. 

The significantly shorter tin-pyridine interactions of complex 24 compared to the tin-amide bonds of 

the systems marks it as a “true aminopyridinato” complex as defined by Deekan et al.89 Further 

confirmation can be obtained through comparison of the C-N bond length in the {-NCN-} chelating 

backbone. In both 22 and 23 the bond lengths between the C2 carbon of the pyridine and both 

coordinating nitrogens are comparable to each other, indicating a level of delocalisation across the 

{-NCN-} backbone. In contrast, the C-Namide bond lengths of [Sn(tipspa)2] (24) are found to be 

 

Figure 3.61 Comparison of complexes i) [Sn(tmspa)2] (22), ii) [Sn(tespa)2] (23), and iii) 

[Sn(tipspa)2] (24) displaying the change in bonding mode for the {tipspa} lignad in 24 

compared to 22 and 23. 

 

Figure 3.62 Synthesised systems by Leung et al.355. This complex contains the shortest 

Sn(II)-pyridine interaction in the CCDC literature. 

i) ii) iii) 
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significantly shorter than the C-NPy bond lengths (Table 3.10), demonstrating more localised bonding 

with the negative charge residing at the pyridine nitrogen rather than the amide as is normally 

observed.89 Figure 3.64 displays a schematic of the different bonding environments.  

 

This bonding is also observed in the oxidised [Sn(tipspa)2(μ2-O)]2 complex (24b), with the C2-Namide 

and Sn-NPy bond lengths observed to be short than the opposing C2-NPy and Sn-Namide bonds, 

respectively. However, the orientation of the {tipspa} ligand reverts in 24b to that observed in 22 and 

23. A 159.80(8)° angle is observed between the two tin(IV)-pyridine bonds indicating an axial 

position for the pyridine functionality in 24b, as is also observed in trimethyl and triethyl analogues, 

respectively, by the 127.83(11)-133.75(11)° (23) and 123.89(9)° (22) NPy-Sn-NPy angles. Comparable 

Table 3.10 Comparison of C-N bond length along the {-NCN-} backbone of the N-

(trialkylsilyl)pyridylamide ligands in complexes 22-24b, demonstrating a change in the 

delocalisation of the backbone in the {tipspa} complexes.  

Compound Bond lengths (Å) 

C2-Namide C2-NPy 

[Sn(tmspa)2] (22) 1.356(4) 

1.355(4) 

1.3354(4) 

1.358(4) 

[Sn(tespa)2] (23) 1.351(5)-
1.365(4) 

1.349(6)-
1.367(6) 

[Sn(tipspa)2] (24) 1.338(2) 

1.329(2) 

1.374(2) 

1.374(2) 

[Sn(tipspa)2]2(μ2-O)2] 
(24b) 

1.346(2) 1.360(2) 

 

 

Figure 3.63 Partially labelled molecular structure of the oxidised complex [Sn(tipspa) 2(μ2-

O)]2 (24b). Thermal ellipsoids are shown at 50% probability and hydrogen atoms are 

omitted for clarity. Equivalent atoms are generated by the symmetry operators: # = 7/4 -x, 

y, 3/4-z; #2 = 7/4-x, 3/4-y, z, #3 = x, 3/4-y, 3/4-z Selected bond lengths and angles can be 

found in Table 3.9. 
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axial-axial angles are observed in other Sn(II) pseudo-trigonal bipyramidal complexes containing 

bulky ligands.67,326,356 In the non-oxidised system [Sn(tipspa)2] (24), an equatorial position for the 

pyridine groups is indicated by the short Sn-NPy bonds and the 87.96(5)° NPy-Sn-NPy angle. A larger 

angle of 130.45(5)° is observed between the tin-amide bonds of 24 indicating that these lie in the 

axial positions for the homoleptic non-oxidised [Sn(tipspa)2] (24). 

 “True aminopyridinato” systems are relatively rare within the literature and are typically observed 

in heavy homologues of the later transition metals. To our knowledge it is the first tin(II) 

aminopyridinato complex characterised within the literature. It is also of interest as it indicates that 

the binding mode of pyridylamides can be tailored through substituent groups, thus offering an 

additional method of manipulating the chemical properties of precursor complexes.  

As expected by the aminopyridinato bonding mode, the tin-amide interactions of 24 (2.3738(14 Å 

and 2.3706(14) Å) were found to be longer than in 22 and 23. However, it was noted that they are 

not as long as the dative tin-pyridine interactions in [Sn(tmspa)2] (22) and [Sn(tespa)2] (23) and were 

still within the range expected when compared to related amidinate and guanidinate Sn(II) systems 

observed in the literature.67,326,356  

Each of the homoleptic compounds 22-24 show similar bonding at the Sn(II) despite the change in 

bonding mode. The chelating bite of the N-(trialkylsilyl)pyridine-2-amine ligands appears to show a 

slight increase in size with increasing steric bulk in the form {SiMe3} < {SiEt3} < {SiiPr3}, however this 

is an assumption based on the difference between the chelating angles of the [Sn(tmspa)2] (22) 

(58.04(9)°, 58.20(9)°) and [Sn(tipspa)2] (24) (58.54(5)°, 58.69(5)°) complexes due to the broad range 

of angles observed in the four inequivalent molecules for the [Sn(tespa)2] (23) (58.05(12)-58.95°). A 

larger bite angle of 60.63(6)° is observed for the oxidised [Sn(tipspa)2(μ2-O)]2 (24b) due to its closer 

proximity to the Sn(IV) centre. 

Both compounds 22 and 23 show similar angles between their equatorial bonds (94.74(9)° (22); 

91.89(12)-95.96(12)° (23)), and the values are consistent with a range of homoleptic guanidinate 

Sn(II) complexes in the literature.67,77 In complex 24 the smaller angle of 87.96(5)° is more 

comparable to the sterically bulky Sn(II) guanidinate complex reported by Chlupatý et al.326 It is 

assumed that this is due to the smaller steric bulk of the equatorial pyridine moiety in 24 compared 

to the larger trialkysilyl groups in 22 and 23.  

 

 

Figure 3.64 Schematic displaying the change in {-NCN-} backbone from complexes 22 and 

23 to the {tipspa} complexes 24 and 24b, as indicated by the bond lengths displayed in 

Table 3.10. 
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Figure 3.65 Tin(II) bis-guanidinate complex synthesised by Chlupatý et al.326 using the 

sterically bulky {(N[p-Tol])2CN(SiMe3)2} ligand. 
 

 

During the course of the investigation a dimeric heteroleptic chlorine containing system  

[Sn(μ2-tmspa)Cl]2 (25) was also isolated and whilst some characterisation data was obtained, yields 

were extremely low despite repeated attempts to isolate the complex. The molecular structure, shown 

in Figure 3.66, was found to be equivalent to that reported by Sen et al.161 with no apparent variation 

to the system parameters. Compound 25 was found to display three-coordinate Sn(II) centres, and a 

dimeric structure in which the amide and pyridine moieties of each ligand bind to two different Sn(II) 

centres forming an 8-membered chelate ring, similar to that seen in the heteroleptic [Sn(μ2-

 

Figure 3.66 Partially labelled molecular structure of [Sn(μ2-tmspa)Cl] (25) Thermal 

ellipsoids are shown at 50% probability and hydrogen atoms are omitted for clarity. 

Selected bond lengths (Å) and angles (°): Sn(1)-N(1) = 2.208(3), Sn(2)-N(3) = 2.215(3), 

Sn(1)-N(4) = 2.232(3), Sn(2)-N(3) = 2.215(3), Sn(1)-Cl(1) = 2.5242(9), Sn(2)-Cl(2) = 

2.5213(9); N(1)-Sn(1)-N(4) = 88.15(10), N(1)-Sn(1)-Cl(1) = 91.17(8), N(4)-Sn(1)-Cl(1) = 

87.05(8), N(3)-Sn(2)- N(2) = 88.97(10), N(3)- Sn(2)-Cl(2) = 91.03(8), N(2)-Sn(2)-Cl(2) = 

87.27(8). 
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dpa)HMDS]2 (16) complex previously discussed. This coordination mode (E) is uncommon for N-

silylated pyridylamides with only three examples known.339,340,343 The geometry about the metal 

centres in 25 shows bond angles of 88.15(10)-91.17(8)° between the ligands indicating p-orbital 

based interactions, and this, along with reduced coordination at the Sn(II) centres, may contribute to 

the shorter Sn-N bond lengths observed for this heteroleptic system (25) compared to its homoleptic 

analogue (22). 

Interest in the [Sn(μ2-tmspa)Cl]2 (25) complex arose due to the work described by Raston et al.117 

which describes the formation of a geminal arsa(III) amide through the elimination of Me3SiCl from a 

monomeric [{2-(6-Me)C5H3N}NSiMe3(AsCl2)] complex forming a dimeric [{2-(6-Me)C5H3N}NAsCl]2 

complex (Error! Reference source not found.). Future investigation into whether the [Sn(μ2-

tmspa)Cl]2 (25) complex would display similar elimination reactivity could lead to interesting results.  

Overall, the complexes 22-24 show similar bonding environments about the Sn(II) centres, with 

similar bond lengths and angles despite the change in bonding mode observed for [Sn(tipspa)2] (24) 

and [Sn(tipspa)2(μ2-O)]2 (24b). Complexes 24 and 24b are of interest as they are rare examples of 

true aminopyridinato89 complexes and, to the best of our knowledge, the only examples of tin(II) 

aminopyridinato complexes. The chloride-pyridylamide heteroleptic complex 25 has the potential to 

displaying interesting chemistry such as seen by Raston et al.117 if an optimised synthesis method can 

be determined.  

 

Scheme 3.10 Reactivity of amido-arsenic complexes as detailed by Raston et al.117 

Elimination of Me3SiCl in step b) results in the formation of a dimeric, imido-arsenic 

chloride species that is able to react with an additional arsenic chloride, potentially 

offering a route to heterometallic species. Preparation steps for each of the amido–arsenic 

complexes: (a) 2 AsCl3, −2 LiCl, −78 °C, Et2O; (b) 80 °C, −ClSiMe3, toluene; (c) 4 AsCl3, −2 

LiCl, −2 ClSiMe3, −78 °C, Et2O; (d) 2 AsCl3, toluene, 25 °C. 
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3.4.3.2 NMR Characterisation 

1H and 13C NMR spectroscopic analysis of compounds 22-24 confirms the double substitution of the 

{HMDS} group with the respective N-(trialkylsilyl)pyridine-2-amine, whilst in the heteroleptic 

compound 21, the proton NMR spectrum confirms a 1:1 ratio of {tmspa} to {HMDS} in the complex. 

Additional confirmation of complexation is observed through the significant differences in chemical 

shifts of the complexed ligand and of the pro-ligand in both the 1H and 13C NMR spectra for complexes 

21-24. There is also a noted absence of a resonance representative of the amide proton (pro-ligand 

shift of δ 3.60 ppm, 3.60 ppm, 3.70 ppm; R = Me, Et, iPr, respectively) in the 1H NMR spectra for 

complexes 21-24. Poor solubility of the heteroleptic systems [Sn(μ2-tmspa)Cl]2 (25) prevented 

characterisation by NMR experiment. 

It should also be noted that, as can be seen in the Appendix (Figure 8.2, Section 8.3), the heteroleptic 

system [Sn(tmspa)HMDS] (21) was found to form in conjunction with the homoleptic system 

[Sn(tmspa)2] (22). Comparison of the integrations in the 1H NMR spectrum suggest that the 

heteroleptic complex 21 formed > 75 % of the isolated yield. No signal was observed for the 

homoleptic complex in the 119Sn NMR spectrum for 21. Improved isolation methods would likely 

enable separation of the two systems. 

In general, the 1H and 13C NMR spectra of the three homoleptic complexes confirms a difference in the 

bonding modes of the ligands. The only comparable variation is that observed for the 13C NMR 

resonance attributed to the C2 position in the three homoleptic systems 22-24, which is found to shift 

downfield of the respective pro-ligand position by ca. 7 ppm. A downfield shift of the same magnitude 

is also observed in the heteroleptic complex [Sn(tmspa)HMDS] (21), indicating that this position is 

unaffected by the change in bonding. 

In contrast, the resonances attributed to the other proton and carbon positions in 22 and 23 are 

observed to shift from their respective pro-ligand values in the 1H and 13C NMR spectra by comparable 

amounts, whilst the resonances of the [Sn(tipspa)2] (24) compound typically shift to a greater 

magnitude. The shifts observed in the 1H and 13C NMR spectra for the heteroleptic complex 21 do not 

appear to correlate to either bonding mode. 

In the 1H NMR spectra, both the {tmspa} (22) and {tespa} (23) analogues display chemical shifts for 

the H5 and H6 protons that shift upfield by ca. 0.2 ppm and ca. 0.5 ppm, respectively, from their 

respective pro-ligand values, whereas in the {tipspa} (24) system these resonances are found to lie 

ca. 0.3 ppm and 1.3 ppm upfield of their pro-ligand values. However, in the 13C NMR spectra the C5 

and C6 resonances are simply found to become more shielded as the size of the R group increases 

Me < Et < iPr. In the heteroleptic system 21, these positions are found to be more shielded than in the 

homoleptic analogue 22, likely due to the increased donation to the Sn(II) centre from the two {-

SiMe3} groups in the {HMDS} ligand. 

The most notable difference is observed in the 13C NMR spectra, where the resonance for the C3 

position shifts downfield of the pro-ligand position by ca. 5.6 ppm in 24 compared to only a 

ca. 3.3 ppm and ca. 3.1 ppm downfield shift for 22 and 23, respectively. This is attributed to the 
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double bond that becomes localised at this position in the {tipspa} ligand (24) compared to the 

delocalisation seen in 22 and 23 (Figure 3.64). Interestingly, the heteroleptic complex 21 displays a 

ca. 4.5 ppm downfield shift in the 13C NMR spectra for this position from the pro-ligand value, 

potentially indicating that there is some charge localisation in this complex. All other positions 

demonstrate no notable variations between complexes and pro-ligand in the 1H and 13C NMR spectra. 

Both the [Sn(tmspa)2] (22) and [Sn(tespa)2] (23) complexes display similar resonances in their 119Sn 

NMR spectra of δ -124.81 (22) and δ -120.44 (23). In contrast the [Sn(tipspa)2] (24) system displays 

a resonance at much the lower chemical shift of δ -177.99 (24), indicating a more shielded Sn(II) 

centre. This is likely due to the increased electron donation resulting from a larger alkyl group (iPr cf. 

Me and Et), but also the result of the stronger Sn-N bonds seen for this compound (Table 3.9).  

In contrast, the heteroleptic [Sn(tmspa)HMDS] complex (21), which is a liquid at room temperature, 

has a much higher chemical shift of δ +105.46 ppm. This value is similar to that observed for three-

coordinate Sn(II) centres synthesised in this work and documented by Wang et al.255 in the literature. 

As such it can be assumed that 21 is three-coordinate with the {tmspa} ligand chelating through both 

the amide and pyridine, and the {HMDS} moiety occupying the third coordination site. It is possible 

that the {tmspa} ligand in the heteroleptic complex 21 acts as a aminopyridinato rather than a 

pyridylamide due to the larger downfield and upfield shifts of the C3 and C6 carbons, respectively, in 

the 13C NMR spectra compared to those of the homoleptic system 22. Given that shifts of a greater 

magnitude are observed for the {tipspa} ligand at these position in the 13C NMR spectra for 24, it could 

indicate a similar bonding in the heteroleptic system. Equally, it may be that the heteroleptic complex 

21 has a similar structure to the [Sn(μ2-tmspa)Cl]2 (25) analogue, which would result in an increased 

bonding through the pyridine moiety potentially resulting in the larger shifts of the C3 and C6 carbons. 

A number of heteroleptic complexes, such as those synthesised in this work (16-18), and those 

discussed by Wang et al.255 display dimeric structures in the solid state, and 119Sn NMR resonances 

typical of three-coordinate geometries (e.g. [Sn(μ2-NMe2)(NMe2)]2, δ +125 ppm; [Sn(μ2-Cl)HMDS]2, δ 

+138 ppm). 

3.4.3.3 Thermogravimetric Analysis 

The three homoleptic compounds [Sn(tmspa)2] (22), [Sn(tespa)2] (23) and [Sn(tipspa)2] (24) were 

assessed for their thermal stability and volatility using TG Analysis. Experiments were performed 

under an inert atmosphere at a ramp rate of 5 °C/min, up to a temperature of 400 °C, the TGA traces 

are displayed in Figure 3.67. The heteroleptic compound [Sn(tmspa)HMDS] (21) was not assessed 

due to the high silicon and carbon contamination seen in ALD deposition of [Sn(HMDS)2].148 The 

oxidised complex 24b was also not assessed by TGA, however it does indicate that these complexes 

display high reactivity towards oxygen.  

Both the methyl (22) and ethyl (23) analogues were found to have good volatilities with onset 

temperatures of 150 °C and 180 °C respectively, and residual percentage masses of 6.1 % (22) and 
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7.8 % (23). These residual masses are significantly lower than that expected for tin metal, or any of 

its oxides, indicating that both 22 and 23 are volatile compounds.  

In contrast, the iso-propyl variant (24) shows poor volatility with three thermal events being 

observed in the TGA trace. An initial onset temperature is seen at 90 °C with a gradual mass loss 

observed until 170 °C (68.6 %), at which point the rate of mass loss slows. At 220 °C, this rate of mass 

loss increases until a slight plateau is observed at 265 °C (28.0 %). It would appear that after this point 

a gradual mass loss occurs until a final residual percentage mass of 17.2 % is reached at 345 °C. There 

is no apparent correlation between the percentage masses observed and those expected for tin metal 

or its oxides. It is possible that the compound decomposes to SnO2 which has an expected residual 

mass of 25.0 % for compound 24, this could correlate to the percentage mass of ca. 28 % observed in 

the small plateau at 265 °C. The final mass loss (265-345 °C) may then be the degradation of the SnO2 

to Sn(0), which has an expected residual mass of 19.2 %, possibly comparable to the 17.2 % seen in 

the TGA data.  

Overall, both [Sn(tmspa)2] (22) and [Sn(tespa)2] (23) display suitable thermal properties for use as 

ALD precursors, although the lower onset temperature seen for the {SiMe3} analogue 22 is more 

favoured. In contrast, the [Sn(tipspa)2] compound (24) shows poor thermal stability, and limited 

volatility making it a highly unsuitable compound for ALD.  

 

Figure 3.67 Thermogravimetric analysis of the tin(II) pyridyl-(N-trialkylsilyl)amide 

complexes 19, 21 and 22. Analysis run at ramp rate of 5 °C/min from 30 °C to 500 °C. 
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Table 3.11 Temperature at the onset and completion of thermal events for compounds 

following TG Analysis. Residual percentage masses from each experiment are also shown  

to 2 s.f. alongside the expected masses of the decomposition products. Experiments were 

performed under an argon atmosphere at a ramp rate of 5  °C/min.  

 

Compound Temperature (°C) Expected Residual Mass (%; 
M = Ge or Sn, respectively) 

Final 
Residual 
Mass (%) 

Onset Final MO2 MO M(0) 

[Sn(tmspa)2] (22) 90 245 33.5 30.0 26.4 6.1 

[Sn(tespa)2] (23) 130 290 28.3 25.3 22.3 7.8 

[Sn(tipspa)2] (24) 75 345 24.4 21.8 19.2 17 
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CONCLUSION  

The research contained within this chapter focused on the investigation of germanium, tin and lead 

pyridylamide complexes with the hope that these systems would display high volatilities and thermal 

stabilities. This aim stemmed from an interest in the positive ALD depositions reported by Kim et al.,5 

amongst others,156,157 for amidinate Sn(II) complexes, and the successful CVD of silicon, germanium 

and manganese thin films by Du et al.160,339,348 from N-(trimethylsilyl)pyridylamide precursor 

complexes. It was hoped that the inherent asymmetry of pyridylamides would be highly advantageous 

in the development of novel ALD precursors for group 14(II) oxides. 

The most structurally interesting compounds to be synthesised in this research are those obtained 

through the reactions of N-(methyl)pyridin-2-amine (Hmpa) with [M(HMDS)2] (M = Ge, Sn). These 

reactions produced the unexpected trigermyl (10) and distannane (11) species, which both display a 

previously unobserved coordination mode for the {mpa} ligand. Whilst the trigermane (10) does not 

differ greatly from related literature systems, it is the first characterised linear hexa-amide trigermyl 

complex according to the CCDC and contains short Ge-Ge bonds with a small Ge-Ge-Ge bond angle. 

The distannane complex (11) contained two Sn(III) centres connected by a short Sn-Sn bond 

comparable to only one other system in the literature.184 It was produced regardless of reagent 

stoichiometry indicating that the synthetic route likely involved a disproportionation step, this was 

also indicated in 119Sn NMR studies which identified the presence of a short-lived intermediate 

species. Compound 11 displayed small ligand-ligand bonding angles indicative of minimal 

hybridisation at the Sn(III) centres, which differs from that of the comparable literature complex.184 

Both complexes 10 and 11 displayed poor thermal properties, with no clear decomposition pathways 

and poor volatilities. Whilst the lead analogue 12 of these complexes was attempted, crystalline 

material was not isolated and as such there is no significant understanding of its structure.  

Homoleptic (13, 15, 19), and heteroleptic (14, 16-18, 20), N,N’-dipyridylamide complexes of 

germanium (13, 14), tin (15-18) and lead (19, 20) were reported in this chapter. None of the systems 

displayed significantly unusual structural features for the metal centres, although the amide only 

interaction observed in both [Ge(dpa)2] (13) and [Sn(dpa)(μ2-NMe2)]2 (18) complex is a rarely 

observed coordination mode for {dpa}. Only complexes 13-16 were assessed by TGA and none 

displayed thermal properties suited to ALD processes.  

The structures of complexes 13-20 highlight the effect of increasing atomic radii and orbital diffusion 

on ligand coordination as group 14 is descended; this is particularly evident in the homoleptic 

complexes. The small hard germanium centre of [Ge(dpa)2] (13) is found to have a stereoactive lone 

pair, and a three-coordinate bonding environment. In contrast, the larger Sn(II) centre has a four-

coordinate pseudo-trigonal bipyramidal geometry in the homoleptic [Sn(dpa)2] (15) system, though 

a stereoactive lone pair is still observed to be present. For the homoleptic system [Pb(μ2-dpa)2]∞ (19) 

the large diffuse Pb(II) centres are found to have an eight-coordinate environment. Each Pb(II) centre 

is observed to be holodirected, with the lone pair assumed to be stereochemically inactive. To satisfy 

the high-coordination environment of this complex, the {dpa} ligands form an extended 1D polymeric 
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chain. Comparison of structures 13, 15 and 19 highlights the structural consequences of the “inert 

pair effect” as group 14 is descended.  

Of the ligands selected in this chapter, only the N-(trialkylsilyl)pyridylamide Sn(II) complexes 22-24 

displayed thermal properties truly suited to ALD. [Sn(tmspa)2] (22) and [Sn(tespa)2] (23) were found 

to be thermally stable, and to volatilise at onset temperatures of 150 °C and 180 °C, respectively. In 

comparison, the [Sn(tipspa)2] analogue (24) showed poor thermal properties with a number of 

thermal events observed in the TGA trace. However, structural analysis of compound 24, and its 

oxidised analogue [Sn(tipspa)2(μ2-O)]2 (24b), indicated that the {tipspa} ligand is an aminopyridinato 

ligand, meaning the anionic charge is centred at the pyridine nitrogen rather than at the amide. As a 

result, both 24 and 24b appear to be the first characterised Sn(II) aminopyridinato complexes. This 

in itself is of interest as it highlights the bonding modes available to aminopyridine complexes and the 

subsequent impact on thermal properties. Whilst two heteroleptic complexes [Sn(tmspa)HMDS] (21) 

and [Sn(μ2-tmspa)Cl]2 (25) were also synthesised these were not investigated in great detail due to 

their unsuitability for ALD processes. 

Whilst only two of the fifteen complexes synthesised in this chapter display thermal properties 

suitable for ALD processes, the variety of structures accessed through the investigated ligands 

highlights the potential that pyridylamide ligands have for accessing unusual novel structures.  
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EXPERIMENTAL  

Synthesis of compounds 10-25 was carried out under inert atmospheric conditions as detailed in the 

Appendix (Section 8.1). Further information regarding analysis procedures and instrumentation, as 

well as preparation methods for the group 14 reagents can also be found in the Appendix (Section 

8.2). 

N-methylpyridin-2-amine (Hmpa) and 2,2’-dipyridylamine (Hdpa) were used as purchased from Alfa 

Aesar. The N-(tialkylsilyl)pyridine-2-amine (Htmspa, Htespa, Htipspa) were synthesised as detailed 

in Section 3.5. 

Carbon and proton positions within the rings of the pro-ligands and complexes 10-25 are denoted as 

shown in Figure 3.68. 

3.5 Synthesis of pyridylamine ligands 

 Ligand (d): Htmspa 

2-aminopyridine (50 mmol, 4.71 g) and trimethylamine (50 mmol, 5.06 g, 7.0 ml) were dissolved in 

hexane (200 ml) and cooled to -78 °C. To this cooled solution, Me3SiCl (50 mmol, 5.43 g, 6.3 ml) was 

slowly added and the resulting mixture was left to stir for 12 hrs yielding a white precipitate. The 

suspension was heated to 80 °C and allowed to reflux for 1 hour. After cooling slightly, the solution 

was filtered through a Celite pad, and the solvent removed in vacuo. A short path distillation of the 

residue (45 °C, 0.3 mbar) afforded a clear liquid. (6.15 g, 74 %) 

1H NMR (C6D6, 500MHz): δ 0.30 (s, 9H, PyN(H)Si(CH3)3), 3.60 (br, 1H, PyN(H)Si(CH3)3), 5.99-6.05 (m, 

1H, 3-H-Py), 6.29-6.35 (m, 1H, 5-H-Py), 6.98-7.06 (m, 1H, 4-H-Py), 8.12-8.17 (m, 1H, 6-H-Py). 

13C{1H} NMR (C6D6, 75.4 MHz): δ 0.17 (PyN(H)Si(CH3)3), 110.09 (3-C-Py), 113.19 (5-C-Py), 137.12 (4-

C-Py), 148.55 (6-C-Py), 160.46 (2-C-Py). 

 

Figure 3.68 Relevent proton and carbon positions of the {mpa}, {dpa} and {taspa} ligands 

utilised in characterisation discussions. 
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 Ligand (e): Htespa  

2-aminopyridine (20 mmol, 1.88 g) was dissolved in 40 ml Et2O and 20 ml THF, and cooled to -78 °C. 

To this cooled solution a 2.5 moldm-3 n-BuLi (1.2 eq, 24 mmol, 9.6 ml) solution was added, and left to 

stir for 3 hours at -78 °C to produce a pale yellow mixture. After this time, Et3SiCl (1.1 eq., 22 mmol, 

3.32 g, 3.7 ml) was added slowly to afford an off-white suspension, which was stirred for 2 hrs at -

78 °C before being allowed to equilibrate to room temperature. The remaining solvent was removed 

in vacuo, and the resulting white solid was extracted in hexane (60 ml) and then filtered through a 

Celite pad. In vacuo removal of solvent yielded a yellow liquid. Distillation of the residue (85 °C, 0.1 

mbar) afforded a clear liquid. (0.71 g, 17 %) 

1H NMR (C6D6, 300 MHz): δ 0.85 (m, 6H, PyN(H)Si(CH2CH3)3), 1.01 (m, 9H, PyN(H)Si(CH2CH3)3), 3.60 

(s, 1H, PyN(H)TES), 5.96-6.03 (m, 1H, 3-H-Py), 6.28-6.34 (m, 1H, 5-H-Py), 6.96-7.05 (m, 1H, 4-H-Py), 

8.11-8.17 (m, 1H, 6-H-Py). 

13C{1H}  NMR (C6D6, 74.5 MHz): δ 4.84 (PyN(H)Si(CH2CH3)3), 7.46 (PyN(H)Si(CH2CH3)3), 109.90 (3-C-

Py), 113.26 (5-C-Py), 137.09 (4-C-Py), 148.58 (6-Py), 160.61 (2-C-Py). 

 Ligand (f): Htipspa 

2-aminopyridine (20 mmol, 1.88 g) was dissolved in 40 ml Et2O and 20 ml THF, and cooled to -78 °C. 

To this cooled solution a 2.5 moldm-3 n-BuLi (1.2 eq, 24 mmol, 9.6 ml) solution was added, and left to 

stir for 3 hours at -78 °C to produce a pale yellow mixture. After this time, iPr3SiCl (1.1 eq., 22 mmol,  

4.24 g, 4.7 ml ) was added slowly to afford an off-white suspension, which was stirred for 2 hrs at -

78 °C before being allowed to equilibrate to room temperature. The remaining solvent was removed 

in vacuo, and the resulting white solid was extracted in hexane (60 ml) and then filtered through a 

Celite pad. In vacuo removal of solvent yielded a yellow liquid. Distillation of the residue (95 °C, 0.1 

mbar) afforded a clear liquid. (2.20 g*, 44 %) 

1H NMR (C6D6, 500 MHz): δ 1.14 (d, J3 = 7.5, 18H, PyN(H)Si(CH(CH3)2)3), 1.41 (sept, J3 = 7.5, 3H, 

PyN(H)Si(CH(CH3)2)3), 3.70 (br, 1H, PyN(H)TiPS), 6.03 (d, J3 = 8.2 Hz 1H, 3-H-Py), 6.29-6.33 (m, 1H, 

5-H-Py), 6.97-7.03 (m, 1H, 4-H-Py), 8.09 (s, 1H, 6-H-Py).  

13C{1H}  NMR (C6D6, 127.5 MHz): δ 12.45 (PyN(H)Si(CH(CH3)2)3, 18.85 (PyN(H)Si(CH(CH3)2)3), 110.00 

(3-C-Py), 113.37 (5-C-Py), 137.10 (4-C-Py), 148.36 (6-C-Py), 160.40 (2-C-Py). 
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*Some (iPr)3SiCl was observed in the NMR spectra however in small enough quantities to be 

acceptable. 

3.6 Synthesis of Pyridylamide Complexes 

 Compound 10: [Ge{Ge(mpa)2}2] 

[Ge(HMDS)2] (2 mmol, 0.79 g) was dissolved in 15ml toluene and added to a 15 ml solution of 2-

(methylamino)pyridine (4 mmol, 0.43 g, 0.41 ml) in toluene. The bright yellow solution was allowed 

to stir for 3 hr, before the solvent was removed in vacuo. The resulting yellow solid was dissolved in 

toluene, filtered through a Celite pad and recrystallised at -28 °C affording bright yellow 

crystals.(0.41 g, 71 %) 

1H NMR (C6D6, 500 MHz, 333 K): δ 2.45 (br s, 3H, [Ge{Ge(PyNCH3)3}2]), 6.15 (br s, 1H, 5-H-Py), 6.21 

(br s, 1H, 3-H-Py), 7.07-7.15 (m, 1H, 4-H-Py), 7.37-8.12 (m, 1H, 6-H-Py) 

13C{1H}  NMR (C6D6, 125.7 MHz): δ 31.65 (s, [Ge{Ge(PyNCH3)3}2]), 105.65 (br s, 3-C-Py), 110.86 (br s, 

5-C-Py), 137.58 (br s, 4-C-Py), 147.81 (br s, 6-C-Py), 163.00 (br s, 2-C-Py), 

 Compound 11: [Sn(mpa)3]2 

Compound 11 was prepared by three different methods. 

[Sn(HMDS)2] (2 mmol, 0.88 g) was dissolved in 15ml toluene and to it added a 15 ml solution of 2-

(methylamino)pyridine (4 mmol, 0.43 g, 0.41 ml) in toluene. This was allowed to stir for 1 hr, before 

the solvent was removed in vacuo. The resulting white solid was dissolved in toluene, filtered through 

a Celite pad and recrystallised at -28 °C affording crystals. (0.41 g, 47 %) 
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[Sn(NMe2)(μ2-NMe2)]2 (2 mmol, 0.35 g) was dissolved in 15ml hexane and to it added a 15 ml solution 

of 2-(methylamino)pyridine (4 mmol, 0.43 g, 0.41 ml) in hexane, producing a cloudy solution. This 

was allowed to stir for 1 hr, before the solvent was removed in vacuo. The resulting white solid was 

dissolved in toluene, filtered through a Celite pad and recrystallised at -28 °C affording crystals. 

(0.39 g, 44 %) 

[Sn(HMDS)2] (2 mmol, 0.88 g) was dissolved in 15ml hexane to it added a 15 ml solution of 2-

(methylamino)pyridine (2 mmol, 0.22 g, 0.21 ml) in hexane, producing a cloudy solution. This was 

allowed to stir for 1 hr, before the solvent was removed in vacuo. The resulting white solid was 

dissolved in toluene, filtered through a Celite pad and recrystallised at -28 °C affording crystals. 

(0.11 g, 43 %) 

1H NMR (C6D6, 500MHz): δ 2.94 (s, 3H, [Sn(PyN(CH3))3]2), 5.96-6.00 (m, 1H, [Sn(PyN(CH3))3]2), 6.10-

6.13 (m, 1H, [Sn(PyN(CH3))3]2), 7.03-7.07 (m, 1H, [Sn(PyN(CH3))3]2), 7.68-7.72 (m, 1H, 

[Sn(PyN(CH3))3]2) 

13C{1H}  NMR (C6D6, 125.7 MHz): δ 32.11 (s, [Sn(PyN(CH3))3]2), 104.03 (s, [Sn(PyN(CH3))3]2), 109.52 

(s, [Sn(PyN(CH3))3]2), 138.55 (s, [Sn(PyN(CH3) )3]2), 145.54 (s, [Sn(PyN(CH3))3]2), 162.73 (s, 

[Sn(PyN(CH3))3]2) 

119Sn NMR (C6D6, 186.5 MHz): δ -190.01  

 Compound 12: [Pb(mpa)x]n 

NB: All manipulations were carried out in the absence of light. 

[Pb(HMDS)2] (2 mmol, 1.06 g) was dissolved in 15ml toluene and to it added a 15 ml solution of 2-

(methylamino)pyridine (4 mmol, 0.43 g, 0.41 ml) in toluene. The resulting bright yellow solution was 

allowed to stir for 1 hr before the solvent was removed in vacuo. A bright yellow tacky residue 

resulted, and toluene was added. Attempts to filter the mixture through by canula generally resulted 

in the formation of precipitate (assumed to be lead metal), with filtration though a Celite pad 

typically successful. Efforts to crystallise the product through storage at -28 °C, temperature cycling 

and solvent layering were unsuccessful. 

1H NMR (C6D6, 500 MHz): δ 3.02 (br s, 3H, [Pb(PyNCH3)x]n), 5.84 (d, J = 8.6 Hz, 1H, 5-H-Py), 6.20 (br s, 

1H, 3-H-Py), 7.20 (br m, 1H, 4-H-Py), 7.91 (br s, 1H, 6-H-Py) 
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 Compound 13: [Ge(dpa)2]  

A cooled solution of [Ge(HMDS)2] (2 mmol, 0.77 g) in toluene (10 ml) was added to 2,2-dipyridylamine 

(4 mmol, 0.68 g) in toluene (15 ml) and the resulting bright yellow solution was allowed to stir. After 

2 hrs, the solvent was removed under reduced pressure to the crystallisation point, before being 

heated to a clear solution and then stored at -28 °C to afford bright yellow crystals. (0.67 g, 81 %) 

1H NMR (C6D6, 500MHz): δ 5.99-6.03 (m, 2H, 5-H-Py), 6.28-33 (m, 2H, 5-H-Py*), 6.51 (J3 = 8.27 Hz, d, 

2H, 3-H-Py*), 6.69-74 (m, 2H, 4-H-Py), 6.84-89 (m, 2H, 4-H-Py*), 6.90 (J3 = 8.70 Hz, d, 2H, 3-H-Py), 

7.94-98 (m, 2H, 6-H-Py), 8.01-04(m, 2H, 6-H-Py*) 

13C{1H}  NMR (C6D6, 125.7 MHz): δ 111.25 (5-C-Py), 114.73 (3-C-Py*), 115.45 (5-C-Py*), 123.98 (3-C-

Py), 137.25 (4-C-Py*), 138.41 (4-C-Py), 143.49 (6-C-Py), 147.62 (6-C-Py*), 156.22 (2-C-Py), 160.65 

(2-C-Py*) 

*represent the monodentate ligand shifts 

Elemental Analysis (expected): C – 58.09 %, 58.01 % (58.16 %), H – 4.03 %, 4.07 % (3.90 %), N -  

20.17 %, 20.22 % (20.35 %) 

 Compound 14: [Ge(dpa)HMDS] 

To a cooled solution of [Ge(HMDS)2] (2 mmol, 0.79 g) in toluene (10 ml) was added 2,2-

dipyridylamine (2 mmol, 0.34 g) in toluene (15 ml) resulting in a clear bright yellow solution. After 2 

hrs of stirring, the solvent was removed under reduced pressure to the crystallisation point, before 

being heated to a clear solution and then stored at -28 °C to afford bright yellow crystals. (0.67 g, 

83 %) 

1H NMR (C6D6, 500 MHz): δ 0.24 (s, 18H, -N(Si(CH3)3)2), 6.00-6.05 (m, 2H, 5-H-Py), 6.73-6.78 (m, 2H, 

4-H-(N-Py)), 6.98-7.02 (m, 1H, 3-H-Py), 7.47-7.50 (m, 1H, 6-H-Py) 

13C{1H}  NMR (C6D6, 125.7 MHz): δ 5.63 (-N(Si(CH3)3)2), 113.07 (5-C-Py), 124.53 (3-C-Py), 138.77 (4-

C-Py), 140.32 (6-C-Py), 156.24 (2-C-Py). 
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 Compound 15: [Sn(dpa)2] 

A cooled solution of [Sn(NMe2)(μ2-NMe2)]2 (1 mmol, 0.21 g) in toluene (10 ml) was added to 2,2-

dipyridylamine (2 mmol, 0.34 g) in toluene (15 ml) and the resulting yellow solution was allowed to 

stir. After 2 hrs, the solvent was removed in vacuo yielding a yellow solid. A minimal addition of hot 

toluene to the residue produced a clear yellow solution, which was stored at -28 °C affording yellow 

crystals. (0.16 g, 35 %) 

1H NMR (C6D6, 400MHz): 6.23-6.27 (m, 4H, (5-H-Py)), 7.01-7.06 ((m, 4H, (4-H-Py)), 7.13-7.17 (m, 4H, 

(3-H-Py)), 8.00-8.04 (m, 4H, (6-H-Py)) 

13C{1H}  NMR (C6D6, 75.4MHz): δ 112.81 (5-C-Py), 113.73 (3-C-Py), 137.96 (4-C-Py), 146.38 (6-C-Py), 

160.12 (2-C-Py) 

119Sn NMR (C6D6, 186.5 MHz): δ -282.33 

Elemental Analysis (expected): C - 52.28 %, 52.21 % (52.32 %), H – 3.67 %, 3.73 % (3.51 %), N – 

18.25 %, 18.33 % (18.31 %) 

 Compound 16: [Sn(μ2-dpa)HMDS]2 

To a cooled solution of [Sn(HMDS)2] (1 mmol, 0.44 g) in toluene (10 ml) was added 2,2-

dipyridylamine (1 mmol, 0.17 g) in toluene (15 ml) and allowed to stir for 2 hrs. In vacuo removal of 

solvent from the yellow solution yielded a yellow residue that was then dissolved in the minimal 

volume of hot toluene (5 ml) and filtered through a pad of Celite. The filtrate was stored at -28 °C 

affording pale yellow crystals. (0.20 g, 45 %) 

1H NMR (C6D6, 500 MHz): δ 0.28 (s, 9H, -N(Si(CH3)3)2), 0.30 (s, 9H, -N(Si(CH3)3)2), 6.22-6.28 (m, 2H, 5-

H-Py), 6.98-7.02 (m, 1H, 3-H-Py*), 7.02-7.11 (m, 2H, 4-H-Py), 7.12-7.15 (m, 1H, 3-H-Py), 7.82-7.86 (m, 

1H, 6-H-Py*), 8.00-8.04 (m, 1H, 6-H-Py) 

13C{1H}  NMR (C6D6, 125.7 MHz): δ 1.43 (-N(Si(CH3)3)2), 5.88 (-N(Si(CH3)3)2), 112.67 (3-C-Py*), 112.81 

(3-C-Py), 113.73 (5-C-Py), 114.25 (5-C-Py), 137.95 (4-C-Py), 138.74 (4-C-Py), 146.26 (6-C-Py*), 

146.38 (6-C-Py), 158.07 (2-C-Py*), 160.14 (2-C-Py) 
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119Sn NMR (C6D6, 186.5 MHz): δ +65.80 

*chemical shift of pyridine forming dimer 

 Compound 17: [Sn(dpa)(μ2-NMe2)]2 

A cooled solution of [Sn(NMe2)(μ2-NMe2)]2 (2 mmol, 0.41 g) in toluene (10 ml) was added to 2,2-

dipyridylamine (2 mmol, 0.34 g) in toluene (15 ml) and the resulting yellow solution was allowed to 

stir. After 2 hrs, the solvent was removed in vacuo until crystals appeared at which point the solution 

was heated until clear before storage at 4 °C afforded large blocks of colourless crystals. (0.26 g, 39 %) 

1H NMR (C6D6, 500 MHz): δ 2.42-3.17 (br m, 6H, -N(CH3)2), 6.27 (br s, 2H, 5-H-Py), 7.02-7.07 (m, 2H, 

4-H-Py), 7.09-7.18 (br m, 2H, 3-H-Py), 8.00-8.04 (m, 2H, 6-H-Py) 

13C{1H}  NMR (C6D6, 125.7 MHz): δ 41.8-44.2 (-N (CH3)2), 112.74 (3-C-Py), 113.83 (5-C-Py), 137.89 (4-

C-Py), 146.46 (6-C-Py), 160.23 (2-C-Py).  

119Sn NMR (C6D6, 186.5 MHz): δ -127.55 

 Compound 18: [Sn(μ2-dpa)Cl]2 

To a cooled solution of [Sn(HMDS)(μ2-Cl)]2 (2 mmol, 0.63 g) in toluene (10 ml) was added 2,2-

dipyridylamine (2 mmol, 0.34 g) in toluene (15 ml). A resultant yellow solution was stirred for one 

hour, and a precipitate developed over the course of stirring. Toluene was removed in vacuo affording 

a yellow solid, this was dissolved in pyridine (15 ml) and filtered via canula to yield a clear yellow 

solution. Removing solvent to the minimum under reduced pressure and storage at -18 °C afforded 

bright yellow crystals. (0.10 g, 16 %) 

Poor solubility prevented NMR characterisation. Similarly, a low yield limited our attempts to obtain 

results from elemental analysis. 
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 Compound 19: [Pb(μ2-dpa)2]∞ 

NB: All manipulations were carried out in the absence of light. 

A cooled solution of [Pb(HMDS)2] (2 mmol, 1.06 g) in toluene (10 ml) was added to 2,2-dipyridylamine 

(4 mmol, 0.68 g) in toluene (15 ml) and the resulting bright yellow solution was allowed to stir. After 

2 hrs, the solvent was removed under reduced pressure to the crystallisation point, before being 

heated to a clear solution and then stored at -28 °C to afford bright yellow crystals. (0.34 g, 21 %) 

1H NMR (C6D6, 500 MHz): δ 6.29-6.36 (br s, 2H, 5-H-Py), 7.01-7.08 (br s, 2H, 3-H-(N-Py)), 7.13-7.19 

(br s, 1H, 4-H-Py), 8.18-8.24 (br s, 1H, 6-H-Py) 

13C{1H}  NMR (C6D6, 125.7 MHz): δ 113.17 (5-C-Py), 114.68 (3-C-Py), 137.45 (4-C-Py), 146.20 (6-C-

Py), 160.96 (2-C-Py). 

Elemental Analysis (expected): C – 44.18 %, 43.84 % (43.87 %), H – 2.93 %, 2.84 % (2.95 %), N – 

15.29 %, 15.13 % (15.35 %) 

 Compound 20: [Pb{PyNPy}{HMDS}]2 

NB: All manipulations were carried out in the absence of light. 

To a cooled solution of [Pb(HMDS)2] (2 mmol, 1.06 g) in toluene (10 ml) was added 2,2-

dipyridylamine (2 mmol, 0.34 g) in toluene (15 ml) resulting in a clear bright yellow solution. After 2 

hrs of stirring, the solvent was removed under reduced pressure to the crystallisation point, before 

being heated to a clear solution and then stored at -28 °C to afford bright yellow crystals. (0.33 g, 

31 %) 

1H NMR (C6D6, 500 MHz): δ 0.26 (s, 18H, -N(Si(CH3)3)2), 6.27-6.32 (m, 2H, 5-H-Py), 6.72-6.76 (m, 2H, 

3-H-Py)), 7.17-7.20 (m, 1H, 4-H-Py), 8.19-8.24 (m, 1H, 6-H-Py) 
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13C{1H}  NMR (C6D6, 125.7 MHz): δ 5.88 (-N(Si(CH3)3)2), 113.88 (5-C-Py), 114.23 (3-C-Py), 138.25 (4-

C-Py), 146.71 (6-C-Py), 160.22 (2-C-Py). 

Elemental Analysis (expected): C – 35.25 %, 34.33 % (35.73 %), H – 4.59 %, 4.25 % (4.87 %), N – 

10.45 %, 10.38 % (10.42 %) 

 Compound 21: [Sn(tmspa)HMDS] 

A solution of [Sn(HMDS)2] (2 mmol, 0.88 g) in hexanes (15 ml) was added to a cooled solution of 2-

(trimethylsilylamino)pyridine (2 mmol, 0.33 g) in hexanes (15ml). The solution was stirred for 12 

hrs, before the solvent was removed in vacuo yielding a pale yellow liquid. The crude product was 

purified by sublimation onto a liquid nitrogen cooled cold finger. (0.37 g, 42 %) 

1H NMR (C6D6, 500MHz): δ 0.24 (s, 9H, Sn{PyNSi(CH3)3}), 0.33 (s, 9H, -N(Si(CH3)3)2}, 5.93-5.96 (m, 1H, 

5-H-Py), 5.97-6.01 (m, 1H, 3-H-Py), 6.81-6.87 (m, 1H, 4-H-Py), 7.21-7.25 (m, 1H, 6-H-Py). 

13C{1H} NMR (C6D6, 125.7 MHz): δ 0.78 (s, Sn(PyNSi(CH3)2), 6.24 (s, -N(Si(CH3)3)2}, 110.02 (s, Sn(5-C-

Py)NSi(CH3)3)2), 114.57 (s, Sn((3-C-Py)NSi(CH3)3)2), 139.53 (s, Sn((4-C-Py)NSi(CH3)3)2), 143.70 (s, 

Sn((6-C-Py)NSi(CH3)3)2), 167.36 (s, Sn((2-C-Py)NSi(CH3)3)2).  

119Sn NMR (C6D6, 186.5 1 MHz): δ 105.46 

Elemental Analysis (expected): C – 37.62% 37.69% (37.84%), H – 6.95%, 6.85% (7.03%), N – 9.26%, 

9.19% (9.46%) 

 Compound 22: [Sn(tmspa)2] 

A solution of [Sn(HMDS)2] (2 mmol, 0.88 g) in hexanes (15 ml) was added to a cooled solution of 2-

(trimethylsilylamino)pyridine (4 mmol, 0.67 g) in hexanes (15ml) and allowed to stir for 12 hrs. In 

vacuo removal of solvent yielded a white solid, which was then dissolved in Hexane (20 ml). The 

resulting solution was gently heated and filtered through a pad of Celite. Recrystallization and 

storage at -28 °C afforded white crystals. (0.62 g, 68 %) 
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1H NMR (C6D6, 500MHz): δ 0.17 (s, 9H, Sn{PyNSi(CH3)3}2), 6.09-6.14 (m, 1H, 5-H-Py), 6.14-6.19 (m, 

1H, 3-H-Py), 6.92-6.99 (m, 1H, 4-H-Py), 7.61-7.64 (m, 1H, 6-H-Py). 

13C{1H} NMR (C6D6, 125.7 MHz): δ 1.70 (s, Sn(PyNSi(CH3)2), 109.74 (s, Sn(2-C-Py)NSi(CH3)3)2), 113.44 

(s, Sn((5-C-Py)NSi(CH3)3)2), 138.29 (s, Sn((4-C-Py)NSi(CH3)3)2), 144.57 (s, Sn((6-C-Py)NSi(CH3)3)2), 

167.51 (s, Sn((2-C-Py)NSi(CH3)3)2).  

119Sn NMR (C6D6, 186.5 MHz): δ -124.81 

Elemental Analysis (expected): C – 42.61% 42.58% (42.77%), H – 6.00%, 5.97% (5.83%), N – 12.58%, 

12.65% (12.47%) 

 Compound 23: [Sn(tespa)2] 

[Sn(NMe2)(μ2-NMe2)]2 (1 mmol, 0.21 g) in toluene (10 ml) was combined with a solution of 2-

(triethylsilylamino)pyridine (2 mmol, 0.33 g) in toluene (15 ml) and stirred for 2 hrs. During this time 

the solution was heated gently developing a pale yellow colour. The solvent was removed in vacuo 

and the residue was dissolved in hexane (5 ml) and toluene (1 ml) before being filtered through a 

Celite pad. The remaining solvent was removed in vacuo to afford a viscous liquid that purified by 

sulbliming onto a cold finger cooled by liquid nitrogen. The pure liquid was stored at room 

temperature (~26 °C) for 2 weeks until crystals were formed. (0.19 g, 35%) 

1H NMR (C6D6, 300MHz): δ 0.71 (q, J3 = 7.95 Hz, 6H, Sn{PyNSi(CH2CH3)3}2), 1.00 (t, J3 = 7.84 Hz, 9H, 

Sn{PyNSi(CH2CH3)3}2), 6.09-6.13 (m, 1H, 5-H-Py), 6.27-6.31 (m, 1H, 3-H-Py), 6.94-6.98 (m, 1H, 4-H-

Py), 7.62-7.67 (m, 1H, 6-H-Py). 

13C{1H} NMR (C6D6, 75.5 MHz): δ 5.68 (Sn{PyNSi(CH2CH3)3}2), 7.23 (Sn{PyNSi(CH2CH3)3}2), 109.35 (5-

C-Py), 112.98 (3-C-Py), 137.98 (4-C-Py), 143.82 (6-C-Py), 167.74 (2-C-Py) 

119Sn NMR (C6D6, 186.5 MHz): δ -120.44 

Elemental Analysis (expected): C – 49.38% 49.44% (49.53%), H – 6.77%, 6.86% (7.18%), N – 10.37%, 

10.42% (10.50%) 

 Compound 24: [Sn(tipspa)2] 
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[Sn(HMDS)2] (0.3 mmol, 0.13 g) in toluene (15 ml) was combined with a solution of 2-

(triisopropylsilylamino)pyridine (0.6 mmol, 0.15 g) in toluene (20 ml) and stirred for 2 hrs. During 

this time the solution was heated gently developing a pale yellow colour. The clear filtrate was 

pumped down to the crystallisation point and left to crystallise at 4 °C. (0.22 g, 59%) 

1H NMR (C6D6, 500MHz): δ 1.20 (d, J3 = 7.12 Hz, 18H, Sn{PyNSi(CH(CH3)2)3}2), 1.27-1.35 (m, 3H, 

Sn{PyNSi(CH(CH3)2)3}2), 5.98-6.03 (m, 1H, 5-H-Py), 6.24-6.29 (m, 1H, 3-H-Py), 6.85-6.90 (m, 1H, 4-H-

Py), 7.72-7.78 (m, 1H, 6-H-Py). 

13C{1H} NMR (C6D6, 125.7 MHz): δ 14.17 (Sn{PyNSi(CH(CH3)2)3}2), δ 19.41 (Sn{PyNSi(CH(CH3)2)3}2), 

109.03 (Sn(5-C-Py)NSi(CH3)3)2), 115.55 (Sn((3-C-Py)NSi(CH3)3)2), 138.84 (Sn((4-C-Py)NSi(CH3)3)2), 

142.82 (Sn((6-C-Py)NSi(CH3)3)2), 167.92 (Sn((2-C-Py)NSi(CH3)3)2).  

119Sn NMR (C6D6, 186.5 MHz): δ -177.99 

 Compound 24b: [Sn(tipspa)2(μ2-O)]2 

Compound 24bwas isolated from a solution prepared according to the below procedure. 

[Sn(NMe2)2] (1.5 mmol, 0.31 g) in toluene (15 ml) was combined with a solution of 2-

(triethylsilylamino)pyridine (3 mmol, 0.75 g) in toluene (20 ml) and stirred for 2 hrs. During this time 

the solution was heated gently developing a pale yellow colour. The solvent was removed in vacuo 

and the residue was dissolved in toluene (8 ml) heated and filtered hot through a Celite pad. Storage 

at 4°C afforded pale yellow crystals. (0.018 g, 1.9 %) 

NMR analysis was not possible due to the extremely low yield. 

 

 Compound 25: [Sn(μ2-tmspa)Cl]2 

2-(trimethylsilylamino)pyridine (4 mmol, 0.67 g) was dissolved in diethylether (20 ml) before being 

added to a cooled solution of [KHMDS] (4 mmol, 0.80 g) in diethylether (20 ml). The solution was 
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stirred for 2 hours, before being added to a cooled solution of [SnCl2] (4 mmol, 0.7584 g). The resulting 

mixture was stirred for a further 2 hours before the diethylether was removed in vacuo and the 

resulting white solid dissolved in hexane. The solution was then filtered through a pad of Celite, 

yielding a clear solution, from which crystals were extracted after storage at -28 °C. (0.24 g, 18 %). 

The low yield of this complex derived from difficulties in the isolation of the system which showed 

extreme reactivity.  

NMR analysis had not been achieved by the time of writing. 

Elemental Analysis (expected): C – 36.58 % 36.72 % (36.94 %), H – 5.29 %, 5.21 % (5.04 %), N – 

11.07 %, 11.11 % (10.77 %) 
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 CUBANES OF TIN PYRIDYLIMIDES  

In this chapter, a selection of tin(II) complexes, almost all of which display cubane or cubane derived 

structures are presented. Initially the investigations reported here focused on the interaction of tin(II) 

reagents and primary pyridylamides, due to our interest in pyridyl amide complexes as discussed in 

Chapter 3, but later broadened to consider other primary amides. Cubanes and other cage-type 

structures offer the potential to control the solid-state phase of a deposited material. These molecular 

units often represent the smallest fragment of a solid-state structure, and as such if this structural 

phase can be maintained throughout a deposition process then specific phases of a material can be 

targeted.1–10 

Imido, {N-2}, functionalities have found particular application in the formation of these cubane 

structures and careful selection of the substituent group enables the level of electronic and steric 

stabilisation imparted by these ligands to be tailored.11 As such, imido ligands are widely utilised 

within inorganic chemistry to stabilize high-valent metal centres,12–14 or to act as intermediates in 

catalytic reactions such as hydroamination,15,16 metathesis,17–19 nitrene transfer,20,21 and 

cycloaddition reactions.22–26 Additionally, donor functionalized imines, such as pyridylimido ligands, 

are able to bind to multiple metal centres enabling the formation, and stabilisation, of a number of 

homo- and heterometallic clusters.27–32  

In an effort to further explore these properties, the research presented in this chapter focused on the 

formation of tin(II) cubane species from a variety of primary amine ligands. General metal amide 

chemistry has already been covered in Chapter 3 and so is not discussed in the introduction provided 

here. The interested reader is advised to refer back to Chapter 3 for an overview of metal amide and 

metal pyridylamide chemistry. In this introduction, an overview of tin(II) imido-cubanes, and the 

relative factors affecting their formation will be given.  

4.1 Background 

Within chemistry the term “cage” is utilised to describe a range of polycyclic compounds where atoms 

are arranged such that an enclosed volume, often unoccupied, is formed.33 Highly symmetric cages, 

such as tetrahedra, octahedra, cubes, dodecahedra, and icosahedra, are formed from a closed system 

of regular rings containing either three, four, or five corners. These are often referred to as the 

Platonic solids and are displayed in Figure 4.1. Asymmetric polyhedra, formed from a variety of ring 

sizes, are also found across organic and inorganic fields.33–35 These systems can be homoatomic, such 

as the inorganic polyhedra P4 and B12, or heteroatomic, as in the bioinorganic cubane-type system 

Fe3MoS436 or the volatile oxide P4O6.37,38 Cage units also have application in materials research, as the 

solid state structure of materials can be considered to be an extended array of cage subunits. For 

example, the carbon lattice of diamond can also be described as an array of fused adamantane 

subunits.33  
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The formation of cages is dictated primarily by two factors. Firstly, by the difference in 

electronegativity between the components, and secondly by the steric and orbital constraints. For the 

sake of simplicity, we will focus here on systems formed of just two components, with one being a 

metal and one a non-metal. 

In the cases where only a small difference in electronegativity is observed between the metal (M) and 

non-metal (E), the bond between these elements becomes directional and acts as a two-electron-two-

centred bond. In these systems, aggregation relies on non-bonding interactions between M-ER units 

and the steric bulk of the R group has a large effect on the resulting structure.33,39  

For systems where a large difference in electronegativity is found between the components, the 

bonding between the groups leans towards an ionic interaction, with each cation and anion seeking 

to saturate their coordination spheres with ions of the opposing charge.33 Steric bulk plays some role 

in this relationship, as if no R group is attached to the non-metal, or the R group is small, then an ionic 

lattice structure is able to form. Larger R groups typically prevent ionic interactions between 

polyhedron units, and results in the formation of smaller cage units.40,41 For example, potassium 

methoxide forms an extended ionic lattice structure, whilst the solid-state structure of potassium tert-

butoxide is formed from an array of [K4(OtBu)4] subunits held together by van der Waals 

interactions.33,42,43 

Cubic structures in which the vertices are alternately occupied by metals and non-metals are common 

in those systems with large differences in electronegativity. The aggregation of [M+E-] units into a 

cubic arrangement enables each ion to maximise its coordination number, whilst minimising the 

degree of repulsion between those of the same charge. Lower levels of aggregation in which there are 

only two and three [M+E-] units are far less common within the literature.33 

Generally, a distorted geometry is observed at each vertex of these cubic molecules. In imide (or 

imido) and alkoxide cubes, both N and O tend to be sp3 hybridized and therefore favour a tetrahedral 

environment. In contrast, metals have a wider variety of available coordination geometries. Orbitals 

of the lighter metals readily hybridize, allowing access to tetrahedral geometries, but this tendency 

decreases as a group is descended, with the orbitals of heavier metals typically remaining 

unhybridized. In addition, d-orbitals become more available in the heavier metals, allowing access to 

trigonal bipyramidal and octahedral geometries about the metal centres. As a result, greater strain is 

 

Figure 4.1 The Platonic solids - cage structures of high symmetry formed from regular 

rings containing three, four, or five corners.33  
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observed about the vertices of cubanes containing lighter metals, as the 109.5° angle between bonds 

in tetrahedral species is not conducive to the formation of a cubic structure.33 

A clear example of this can be observed through the comparison of the two cubic species, [HAlNiPr]444 

and [tBuNSn]4.45 In both complexes, the imide groups can be assumed to prefer a tetrahedral geometry 

with ideal bond angles of 109.5°. In the iminoalane system, the aluminium centres also tend towards 

a tetrahedral geometry, and so to ensure maximum orbital overlap between the two components, the 

angles about both the aluminium centres and the imide functionalities are forced to compress ~19° 

from the ideal, producing a strained cubane.44 In contrast, the heavier tin(II) metal centres of the 

iminostannylene remain unhybridized, as a lone-pair resides primarily in the s-orbital, leaving 

unoccupied p-orbitals positioned at 90° to each other. As such, sufficient orbital interaction can be 

achieved with only a ~10° distortion from the ideal geometry at each centre.45 Figure 4.2 displays a 

schematic of the two structures and a comparison of the internal bonding angles for the cubes. Overall, 

it is clear that the iminoalane cube is significantly more strained than iminostannylene cube, and 

consequently less stable.33 If cubane complexes are to be used as “building blocks” in the deposition 

of 3D materials, heavy metal cubanes are likely to be more applicable due to their increased stability, 

but may show a reduced reactivity compared to lighter metal analogues. 

4.1.1.1 Synthesis and Reactivity of Iminostannylene Cubes 

Tin(II) imido cubes were first isolated and reported by Veith et al.45–47 in the early 1980s following 

the reactions of [Sn((NR)2SiMe2)] (R = Me, tBu) with primary amines and hydrazines. Since then, a 

range of synthetic routes have been explored including the nucleophilic substitution of SnCl2 with 

RN2-,48–51 and of SnCp2 with RNH-,52 as well as the acid/base reactions of tin(II) bis(dimethylamide)9,53–

58 and tin(II) bis(hexamethyldisilazide)59–62 with primary amines, and borylamines in the case of 

[Sn(HMDS)2].61 Synthesis of cubane complexes from [Sn(NMe2)(μ2-NMe2)]2 is particularly common, 

and has been found to proceed at low-temperatures, making it of interest for the generation of 

systems with low thermal stability such as [SnNCH2(C5H4N-2)]4.53,54 

 

Figure 4.2 Schematic displaying the structures of [HAlN iPr]444 and [tBuNSn]445 and their 

respective internal bond angles with ideal bond angles shown in brackets. 
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Early suggestions by Veith et al.63–65 indicated that reaction of primary amines with 

bis(amino)metallylenes, [M(NR2)2] (where, M = Ge, Sn and Pb), resulted in the synthesis of cubic 

species through the aggregation of [RNM:] moieties. Alternatively, Veith et al.66 also indicated that 

thermolysis of the tricyclic compound [(Me2Si)(NtBu)3Sn2] results in the stepwise formation of  

[Sn(NtBu)]4. A similar thermolysis process was reported by Merrill et al.62 for the formation of 

[Sn(NDipp)]4 from the dimeric species [Sn2{N(H)Dipp}4], shown in Figure 4.3. More recently, Allan et 

al.67 and Merrill et al.62 have proposed the stepwise formation of imino/amino intermediate species 

during the reaction of primary amines with [Sn(NMe2)(μ2-NMe2)]2, as seen in Figure 4.4.  

Investigations by the Wright group56,57,68 have revealed that the substituent of the amine can play a 

significant role in cubane formation. Reaction of [Sn(NMe2)(μ2-NMe2)]2 with 2-aminopyridines or 2-

aminopyrimidines (Figure 4.5i), in 1:1 equivalents, was found to result in the isolation of previously 

unprecedented imido-tin double cubane species (Figure 4.5ii). It was determined that this structural 

arrangement was promoted by cross cubane Sn···N interactions between the tin (II) centres of one 

cubane moiety, and the nitrogens of the heteroaryl groups on the other.56,57,68 Interestingly, previous 

studies by Vaňkátová et al.60 and Allan et al.53 utilising amines with similar donating functional groups 

 

Figure 4.3 [Sn2{N(H)Dipp}4] dimer synthesized by Merrill et al. 62 

  

Figure 4.4 Stepwise formation of iminostannylene cubanes. Scheme reproduced from from 

Allan et al.67 



270 
 

(Figure 4.6) produced only the single cube structure, suggesting that the location of the donor group 

relative to the amine functionality is key to double cubane formation. As such, judicial selection of 

ligand could provide access to novel extended structural cubane arrays.  

 

Few studies have been made into the reactivity of tin(II) cubanes, though a selection of functionalised 

imido-tin cubes have been synthesized and are displayed below in Figure 4.7. Galán et al.55 

synthesized the [Sn4(NtBu)3(NR)] cubane displayed in Figure 4.7i through hydrolysis of the cubane 

[Sn(NtBu)]4 with H2O, using MeCN-THF as the solvent, followed by substitution of the oxide group by 

Li-NHR (where R = naphthalene).55 Veith et al.69 utilised different reactivity to form the 

[Sn4(NSiR3)3(NH)] cubane shown in Figure 4.7ii. Partial condensation of R3SiNH2 ligands resulted in 

the liberation of NH3 and (R3Si)2SiNH during the cubane synthesis, enabling formation of the mixed 

species.69 The adduct, [(SnNtBu)4·2AlCl3] displayed in Figure 4.7iii was also reported by Veith et al.,70 

and indicates that these low valent Sn(II) structures are able to act as donors in Lewis acid-base 

adducts.70 Similar functionalisation of the Sn(II) centres was reported by Chivers et al.9 (Figure 4.7iv) 

by heating cubic species [M(NR)]4 in an excess of chalcogenide powders to produce a [M4Chx(NR)4] 

species where M = Ge, Sn; Ch = S, Se, Te; x ≤ 4 (in Figure 4.7iv, M = Sn, Ch = Se, x = 2). The favourable 

elimination of RN=NR from these mixed oxidation state cubane species, was considered as a potential 

  

Figure 4.5 The 2-aminopyridine and 2-aminopyrimidine ligands (i) utilised by the Wright 

group in the formation of the imido-tin double cubane complexes (ii).56,57,68 

 

Figure 4.6 Donor functionalised primary amine ligands utilised by i) Vaňkátová et al.60 and 

ii) Allan et al.53 in the synthesis of single cube molecules.  
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single source route for the deposition of binary metal chalcogenide materials. Interestingly, both Veith 

et al.70 and Chivers et al.9 determined that only two substitutions could be added to the Sn(II) centres 

of the respective cubanes, with both reports finding that attempts to reach [(SnX)(NR)]4 systems were 

unsuccessful. 9,70 

 Ligand Selection 

Of the 40 iminostannylene cubane complexes observed in the Cambridge Structural Database, only 

four were synthesized utilising the ubiquitous tin(II) bis(hexamethyldisilazide).59–62 Whilst some 

were obtained through reaction of primary amines with [Sn(NtBu)2SiMe2],46,47,69,71 or through salt 

metathesis reactions with [SnCl2],49–51 the majority of these complexes, including the double cubanes 

isolated by the Wright group,56,57,68 were found to be synthesized from tin(II) bis(dimethylamide).9,53–

58 To expand upon the existing literature, it was decided that this investigation would focus on the 

synthesis of iminostannylene complexes from reaction of [Sn(HMDS)2] with a range of simple primary 

amine ligands containing both donor and non-donor functionalities. 9,53,62,54–61 

Our previous interest in 2-aminopyridine ligands (detailed in Chapter 3), alongside their ability to 

induce formation of double cubanes,53 resulted in the selection of both 2-aminopyridine (H2ap) and 

2-amino-6-methylpyridine (H2amp) for this investigation. It was hoped that these would display 

differing reactivity to that observed by the Wright group56,57,68 due to the presence of the {HMDS} 

moiety in the tin(II) reagent. The isolobal ligand phenylamine (H2Pha) and the related benzylamine 

(H2Bza) were also selected for reaction with [Sn(HMDS)2], to compare the steric and electronic effects 

upon cubane formation. Previously, a [Sn(Pha)]4 cubane system was synthesized by Grigsby et al.48 

 

Figure 4.7 Functionalised cubanes [Sn4(NtBu)3(NR)] (i),55 [Sn4(NSiR3)3(NH)] (ii),69 

[(SnNtBu)4·2AlCl3] (iii),70 and [Sn4Se(NtBu)4] (iv).9 Images taken from respective 

publications. 

i) ii) 

iii) iv) 
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though no protonolysis route to this complex has yet been demonstrated. Interest in the [Sn(Pha)]4 

cubane lies in its readily oxidised nature (as calculated by Armstrong et al.57) that could offer a facile 

route to the chalcogenide functionalised iminostannylene cubanes, [Sn4(Ch)x(NR)4] (Ch = Se, Te; 

x  ≤ 4), previously suggested by Chivers et al.9 The final ligand selected was N,N-

dimethylethylenediamine (H2dmed), which contains an ethylene linkage between amine 

functionalities. Previously, Allan et al.53 demonstrated the formation of a single cubane structure from 

reaction of 2-(aminomethyl)pyridine and [Sn(NMe2)(μ2-NMe2)]2 despite the presence of the donor 

functionality. H2dmed was selected to determine if the formation of a single cube would also be 

observed when utilising [Sn(HMDS)2]2. 
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4.2 Synthesis and Characterisation of Tin(II) cubane systems  

 Synthesis 

Synthesis of the tin(II) systems presented in this chapter proceeded via the acid/base reaction of 

[Sn(HMDS)2] and the primary amines, 2-aminopyridine (H2ap), 2-amino-6-methylpyridine (H2amp), 

phenylamine (H2Pha), benzylamine (H2Bza), and N,N-dimethylethylenediamine (H2dmed). A 1:1 

equivalence of primary amine and [Sn(HMDS)2] was utilised to synthesize the single cube molecules 

(26-30), whilst two equivalents of ligand to one equivalent of [Sn(HMDS)2] resulted in the formation 

of a mixed Sn(II)/Sn(IV) double cubane (31), in the case of H2ap, an open cuboid complex (32), in the 

case of H2amp compared, and the formation of single cube molecules for each of the other ligands 

(H2Pha, H2Bza and H2dmed). An unusual species, [Sn3Cl3(ap)(Hap)] (33), was obtained through the 

addition of a one equivalent of 2-aminopyridine (H2ap) to one equivalent of the heteroleptic reagent 

[Sn(HMDS)(μ2-Cl)]2.The corresponding 1:1 reaction between H2amp and [Sn(HMDS)(μ2-Cl)]2 also 

produced crystalline material, however at the time of writing characterisation data had not been 

obtained. Studies into the reactivity of the synthesized cubanes with selenium and tellurium to form 

[Sn4Chx(NR)4] (x ≤ 4) molecular precursors, comparable to those investigated by Chivers et al.,9 are 

still on-going.  The aniline cubane [Sn(Pha)]4 (28) has previously been mentioned in a report by 

Grigsby et al.48 but no characterisation data or discussion of the complex was presented. 

Synthesis of the cubane and cubane derived complexes 26-32 proceeded with reasonable yields. Only 

a small quantity of [Sn3Cl3(ap)(Hap)] (33) was isolated. All complexes were crystallized from 

saturated solutions of toluene, or hexane in the case of [Sn(dmed)]4 (30), producing single crystals 

suitable for assessment by single crystal X-ray diffraction (SXRD). Proton, carbon and tin NMR studies 

were performed on all complexes, however poor resolution was found in all of the NMR spectra for 

compound 33. Whilst further NMR studies are being undertaken at the time of writing, results are 

currently inconclusive. 

 

Figure 4.8 Pro-ligands for compounds 26-33. 
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Scheme 4.1 Reaction scheme for cubane complexes 26-32. 

 

Scheme 4.2 Reaction scheme for the synthesis of [Sn3Cl3(ap)(Hap)] (33). 
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 Characterisation: Tin(II) Pyridylimides 

Single crystal X-ray diffraction (SXRD) was used to identify the solid state structure of the complexes, 

and 1H, 13C, and 119Sn NMR spectroscopy were later utilised to confirm the identity of the bulk 

material. As such, initial discussion will focus on the solid state structures of complexes 26-33, with 

NMR characterisation data introduced later in this chapter. 

4.2.2.1 Structural Characterisation  

Single crystals of compounds 26-33 were isolated from saturated solutions of toluene, or hexane in 

the case of [Sn(dmed)]4 (30), and assessed by SXRD to determine their absolute solid state structure. 

Compounds 26, 30, 32 and 33 were found to crystallize in the P 21/c space group, with a toluene 

molecule observed in the asymmetric unit of [Sn(ap)]4 (26), and two molecules of [Sn3Cl3(ap2)] (33) 

observed in its asymmetric unit. A molecular overlay detailing the relationship between the two 

independent molecules of 33 can be seen alongside its molecular structure in Figure 4.19. This 

overlay demonstrates that whilst the molecular geometries of the independent molecules are similar, 

their relative configurations are significantly different, with the majority of the overlap centred 

around the peripheral pyridylamine ligands. 

[Sn4(amp)2(Hamp)4] (32) was found to be centrosymmetric about a {Sn2N2} core, with only half of the 

molecule observed in the asymmetric unit. [Sn(amp)]4 (27) crystallized in the P 21/n space group, 

with two independent cube molecules observed in the asymmetric unit. The differences between the 

independent molecules of 27 arise from variation in the relative orientations of the pyridylamine 

ligands. It is assumed that these variations are a result of crystal packing effects as there is no evidence 

of secondary interactions in the solid state, and NMR studies indicate a single pyridylamine 

environment. Both [Sn(Pha)]4 (28), space group I 2/a, and [Sn(Bza)]4 (29), space group P c, are found 

to have single cubane molecules in their respective asymmetric units. The double cubane 

[Sn{Sn3(ap)4}2] (31) crystallized in the P 2/c space group, with two molecules of toluene found 

alongside a single molecule of 31 in the asymmetric unit.  

The single cubanes 26-30 display similar gross structural features, with each system containing four 

three-coordinate Sn(II) centres and four {μ3-NR} groups. In each cubane complex, the angles about 

the tin(II) centres are found to be more acute that those found about the nitrogen vertices, as 

expected.33 The structure of the mixed-oxidation, double cubane complex [Sn{Sn3(ap)4}2] (31) can be 

described as a central octahedral Sn(IV) cation coordinated to two tripodal [Sn3(ap)4]2- dianions.57 

These dianions share a number of similar structural features to the corresponding single cubane 

molecule [Sn(ap)]4 (26). The structure of the tetranuclear species [Sn4(amp)2(Hamp)4] (32) can be 

considered to be an open cuboid centred about a centrosymmetric {Sn2N2} plane. Each {μ3-NR} group 

of the {Sn2N2} core is capped by a three-coordinate Sn(II) centre, positioned anti relative to each other 

about the {Sn2N2} plane. Two {μ2-N(H)R} groups bridge between each capping tin(II) centre and each 

of the central tins of the {Sn2N2} plane, such that four {μ2-N(H)R} groups are present in total, and each 

of the central Sn(II) cores is four-coordinate. Finally, [Sn3Cl3(ap)(Hap)] (33) contains a {Sn2N2} core 

consisting of two 3-coordinate Sn(II) centres, one {μ2-N(H)R} ligand and one {μ3-NR} ligand. Each 
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tin(II) centre of the {Sn2N2} core is coordinated to one chloride anion, such that each Cl anion resides 

anti to the other about the core. The μ3 ligand coordinates to an additional Sn(II) centre and is 

supported by a chelating interaction from the attached pyridine ring. This “exo-cyclic” Sn(II) centre is 

also attached to a chloride anion that lies perpendicular to the chelating {ap} ligand.  

The single cube complexes 26-30 show bond distances within the 2.139-2.336 Å range observed in 

the literature for Sn(II) imido cubes.45,49,53,54,61 The largest range in Sn-N distances is seen for the 

 

Figure 4.9 Partially labelled molecular structures of i) [Sn(ap)]4 (26), ii) [Sn(amp)]4 (27), 

iii) [Sn(Pha)]4 (28), iv) [Sn(Bza)]4 (29) and v) [Sn(dmed)]4 (30). Toluene found in the 

lattice of 26 is omitted here, and only one of the independent molecules of 27 is displayed. 

Thermal ellipsoids are shown at 50% probability and hydrogen atoms are omitted for 

clarity. Selected bond lengths and angles can be found in Table 4.1. 

i) ii) 

iii) iv) 

v) 
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[Sn(amp)]4 (27) complex with bond lengths varying between 2.10(3)-2.343(17) Å, whilst the smallest 

range is seen for the [Sn(dmed)]4 (30) system. Similarly, the N-Sn-N and Sn-N-Sn bond angles for all 

five complexes (26-30) lie within the expected respective ranges of 75.67-86.744° and 92.21-104.06°. 

Once again, the [Sn(amp)]4 (27) complex displays the greatest range in bonding angles. In general, it 

would appear that those complexes containing donor groups (26, 27 and 30) display much greater 

variation in the bonding within the cube than in those systems without donor moieties (28 and 29) 

seen in Table 4.1. 

 

The increased variation in bonding for complexes 26, 27, and 30, when compared to systems 28 and 

29 can be explained by studying the interactions between the Sn(II) centre and donating nitrogen 

functionalities. In all three of the complexes containing donor functionalised ligands (26, 27, and 30) 

Table 4.1 Ranges of bond lengths (Å) and bond angles (°) for the single cube complexes 26-

30. 

 

Compound 

[Sn(ap)]4 
(26) 

[Sn(amp)]4 
(27) 

[Sn(Pha)]4 
(28) 

[Sn(Bza)]4 
(29) 

[Sn(dmed)]4 
(30) 

Sn-N bond length 
range (Å) 

2.186(2)-
2.281(2) 

2.164(11)-
2.337(12) 

2.10(3)-
2.343(17) 

2.193(2)-
2.238(2) 

2.180(9)-
2.232(8) 

2.161(5)-
2.248(5) 

N-Sn-N bond angle 
range (°) 

76.46(8)-
81.52(8) 

74.9(4)-
83.5(4) 

76.4(4)-
84.1(9) 

79.15(8)-
81.35(8) 

79.9(3)-
81.4(3) 

79.01(19)-
81.7(2) 

Sn-N-Sn bond 
angle  range (°) 

97.52(8)-
103.15(8) 

95.3(4)-
103.9(5) 

92.0(5)-
104.7(5) 

97.82(8)-
100.58(8) 

97.7(3)-
99.3(3) 

97.5(2)-
100.5(2) 

 

 

Figure 4.10 General cubane structure for complexes 26-30. 
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the donor groups are orientated towards the tin centres of the cube structures, as can be observed in 

 

Figure 4.9, resulting in weak Sn···N interactions. The strongest of these are found in the [Sn(dmed)]4 

(30) system with four Sn···NMe2 contacts observed at distances of 2.967(5)-3.096(6) Å (sum of van 

der Waals radii for Sn and N 3.42 Å72). Whilst both the [Sn(ap)]4 (26) and [Sn(amp)]4 (27) systems 

display similar strength interactions (Sn···NPy = 2.816(3)-3.187(2) Å (26); 2.85(2)-3.34(1) Å (27)) 

only three of the pyridine rings in each complex are orientated towards the tin(II) vertices of the core 

cube, resulting in a reduced overall effect. Additionally, the Sn···NPy distances in 26 and 27 display a 

greater range and have larger mean values than those distances observed for [Sn(dmed)]4 (30). 

Similar interactions were noted for the [Sn(NCH2Py)]4 complex synthesized by Allan et al.,53 with 

only three Sn···NPy interactions of 2.86-2.92 Å observed. 

An interesting observation is that the mean Sn-N bond lengths and internal bonding angles of both 

[Sn(Bza)]4 (29) and [Sn(dmed)]4 (30) are highly comparable. Both show a slightly shorter mean bond 

i) ii) 

iii) iv) 

v) 
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length of ca. 2.20 Å, compared to the mean distances of ca. 2.23 Å (26) and ca. 2.22 Å (27 and 28) 

observed for the other systems. This could suggest that a reduced steric bulk α to the imine 

functionality, as is seen in 29 and 30, enables slightly shorter bond lengths between the Sn(II) and 

imine centres. This is somewhat observed in the literature, as Bashall et al.54 demonstrate that 

switching from a meta,meta- substituted phenyl ligand to an ortho,meta- substituted phenyl ligand in 

[Sn(NR)]4 cubanes resulted in increased Sn-N bonds lengths. However, the large range of bond lengths 

observed for [Sn(dmed)]4 (30) weakens this conclusion. Similarly, the sterically bulky {NDipp} ligand 

utilised in [Sn(NDipp)]461 only results in Sn-N bond lengths of ca. 2.23 Å, which are comparable to 

those seen in [Sn(ap)]4 (26) suggesting that sterics play a limited role in Sn-N bond strength. 

The geometries at the vertices of the cubes 26-30 appear to be strongly affected by the presence of 

pyridine groups as both [Sn(ap)]4 (26) and [Sn(amp)]4 (27) display the greatest range of internal 

bonding angles Table 4.1. The bonding angles in 26 are compressed by 8.5-13.5° and 5.4-12.0° at the 

tin and nitrogen centres, respectively, when compared to their ideal geometries (90° and 109.5°, 

respectively). Similar acute distortions of 5.1-14.9° (Sn) and 4.8-17.5° (N) are found at the vertices of 

compound 27. In the non-pyridine containing complexes 28-30, the bonding angles about both tin 

and imine centres are found to be ca. 9-12° less than the ideal, which compares well to the literature 

structures synthesized by Veith et al.33,45,46 and Bashall et al.,54 see Figure 4.11 for examples. Given 

that the [Sn(NDipp)]4 cubane displays similar distortions to 26 and 27 of 5.4-9.1° and 10.5-14.8° for 

the tin and nitrogen vertices, this again suggests that the geometry of these cubes is most affected by 

steric bulk α to the imine functionality.61  

Crystal packing arrangements of the single cube complexes 26-28 reveals that weak Sn···Sn 

interactions exist between neighbouring cubes in these systems. The strongest of these are seen in 

[Sn(ap)]4 (26) where 3.5547(4) Å and 3.5674(4) Å inter-cubane Sn···Sn distances can be observed 

between the Sn(1) cation of one cube, and the Sn(3) and Sn(4) cations of the neighbouring cube 

(predicted van der Waals distance for Sn···Sn: 4.34 Å72). These distances are comparable to those seen 

 

Figure 4.11 Cubane complexes containing comparable internal bond angles to complexes 

28-30; i) [Sn(NtBu)]4 reported by Veith et al.45; ii) [SnN{2-Me-5MeOC6H3}]4·2thf reported 

by Bashall et al.54 

i) ii) 
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in the solid-state structure of [Sn(NNH2)]4 (ca. 3.51 Å46) and in the Sn···Sn interactions of the reported 

[Sn(NCH2Py)]4 complex (ca. 3.40 Å and ca. 3.51 Å).53 

Significantly longer Sn···Sn distances of 3.749(1)-4.264(1) Å are seen in the [Sn(amp)]4 (27) complex 

between the Sn(1)/(5) of one cube and the Sn(7)/(2) and Sn(8)/(4) centres of the adjacent cubane. However 

these interactions appear to be supported by very weak 3.71(2)-3.80(5) Å contacts between the 

Sn(1)/(5) centre and the C2 carbon of the pyridine ring on the neighbouring cube (predicted van der 

Waals distance for Sn···C: 3.87 Å72). Similarly weak Sn···Sn interactions of 3.7676(4) Å and 

3.9002(7) Å are found between the Sn(4) of one cube and the Sn(1) and Sn(2) of the adjacent cubane in 

the [Sn(Pha)]4 (28) system, however the supporting Sn···C contacts of 3.643(2) Å and 3.443(3) Å 

found between the Sn(4) and C3 carbon of the phenyl ring on the adjacent cube are significantly shorter. 

These contacts served to form a weakly coordinated extended chain of cubes in compounds 26-28. 

No such interactions are seen in the benzyl complex [Sn(Bza)]4 (29) and only weak 3.9526(6) Å 

Sn···Sn contacts with no supporting interactions are observed in the [Sn(dmed)]4 (30) complex. 

Similar extended packing interactions are observed in the cubanes found in the literature, though 

these  systems generally contain less sterically demanding organic groups, such as in [Sn(NNH2)]4.46,53 

Whilst extended interactions between tin cubanes have been well documented in the literature,46,53 

the aggregation of these to form double cubane complexes has not been widely studied. The first 

double cube structure containing tin was a tin-sulphur cluster synthesized by Swamy et al.73 in 1988. 

Since then, only the Wright research group has expanded upon this, reporting six imido-tin double 

cubanes,56,57 and one example of a cluster containing an oxo-imido-tin double cubane fragment.68 In 

this work, reaction of [Sn(HMDS)2] with an excess of the pro-ligand H2ap was found to a form double 

cubane imido-tin complex (31), displayed in Figure 4.12. 

Table 4.2 Intermolecular Sn-Sn contact distances for complexes 26-30. 

 

Compound 

[Sn(ap)]4 
(26) 

[Sn(amp)]4 
(27) 

[Sn(Pha)]4 
(28) 

[Sn(Bza)]4 
(29) 

[Sn(dmed)]4 
(30) 

Sn-Sn 
interactions (Å) 

3.5547(4) 

3.5674(4) 

3.982(4) 

3.749(1) 
 

4.264(1) 

3.836(1) 

3.7676(4) 

3.9002(7) 
- 3.9526(6) 
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Figure 4.12 Partially labelled molecular structure of the mixed oxidation state system 

[Sn{Sn3(ap)4}2] (31). Two molecules of toluene were also observed in the unit cell of 31 but 

are omitted here. Thermal ellipsoids are shown at 50% probability and hydrogen atoms 

are omitted for clarity. Selected bond lengths about the Sn(II) centres can be found in 

Table 4.3, whilst the internal and external bonding angles abou the Sn(II) centres  can be 

found in Table 4.4 and Table 4.5 respectively. Table 4.6 and Table 4.7 display the selected 

bond lengths and angles about the Sn(IV) centre.  
 

The double cubane core of complex 31 can be described as a centrosymmetric cage consisting of two 

{Sn4N4} cubanes sharing a central Sn(IV) atom.57 As such, the bonding in the {Sn3(ap)4}2- fragments of 

complex 31 display a number of similarities to the single cubane complex [Sn(ap)]4 (26). The range 

of Sn(II)-N bond lengths of 2.196(4)-2.293(4) Å for the double cubane 31 is very similar to that of the 

single cube (Table 4.1) with no increase in the mean bond length observed (ca.2.23 Å in both 26 and 

31). Similarly, the bonding angles about the Sn(II) centres shows very little change from the single 

cube (26) to the double cube complex (31). In the double cube, there is slightly less variation in the 

nitrogen geometries, with a smaller range of bond angles observed and minimal variation between 

the mean bond angle of 99.23° for 31 and the mean angle of 99.54° in 26. Overall, this indicates that 

the introduction of a Sn(IV) centre causes very little disruption to the cube geometry. 

When compared to the reported structures by Armstrong et al.57 and Benevelli et al.56 of the Wright 

group, the Sn(II)-N bond lengths in complex 31 (2.196(4)-2.293(4) Å) were found to be very similar 

to the reported double cube structures which all displayed Sn(II)-N bonds of 2.190(3)-2.322(5) Å. 

Similarly, the bonding angles about the Sn(II) centres in 31 (77.99(14)-81.00(14) Å) were found to 

be very similar to the 75.6(2)-80.9(2)° range observed in the double cubane systems synthesized by 

the Wright group.56,57 The 97.18(15)-101.27(15)° Sn-N-Sn bond angles for 31 also showed good 

agreement with the 96.3(2)-102.7(3)° range seen for the Wright systems.56,57 



282 
 

 

 

 

At the central Sn(IV) of complex 31, Sn(IV)-N bond lengths of 2.161(4)-2.189(4) Å are observed. In 

general, these are found to be slightly longer than the Sn(IV)-N bonds observed in the range of double 

cubanes synthesized by the Wright group (2.141(9)-2.177(5) Å).56,57 However, it should be noted that 

the comparable [Sn7(NR)8] complex, where R = 5-methylpyridyl, reported by Benevelli et al.56 displays 

more comparable bond lengths of 2.166(5)-2.177(5) Å. In complex 31, the internal N-Sn(IV)-N angles 

Table 4.3 Selected bond lengths (Å) for the Sn(II)-N bonds of [Sn{Sn3(ap)4}2] (31) 

Compound 
Bond lengths (Å) Range (Å) 

Sn1-N Sn2-N Sn3-N Sn5-N Sn6-N Sn7-N Sn(II)-N 

[Sn{Sn3(ap)4}2] 
(31) 

2.204(4) 

2.215(4) 

2.221(4) 

2.196(4) 

2.203(4) 

2.281(4) 

2.226(4) 

2.239(4) 

2.248(4) 

2.205(4) 

2.212(4) 

2.233(4) 

2.223(4) 

2.229(4) 

2.246(4) 

2.198(4) 

2.223(4) 

2.293(4) 

2.196(4)-2.293(4) 

 

Table 4.4 Internal N-Sn-N bond angles (°) about the Sn(II) centres in [Sn{Sn3(ap)4}2] (31) 

Compound 
Bond angles (°) Range (°) 

N-Sn1-N N-Sn2-N N-Sn3-N N-Sn5-N N-Sn6-N N-Sn7-N N-Sn(II)-N 

[Sn{Sn3(ap)4}2] 
(31) 

79.16(14) 

79.80(14) 

79.64(15) 

81.00(14) 

79.01(15) 

78.59(15) 

79.28(15) 

77.99(14) 

78.82(14) 

79.32(15) 

79.73(14) 

80.02(16) 

79.71(15) 

78.22(15) 

79.20(14) 

80.64(14) 

78.84(15) 

78.49(15) 

77.99(14)-
81.00(14) 

 

Table 4.5 Internal Sn-N-Sn bond angles (°) about the Sn(II) centres in [Sn{Sn3(ap)4}2] (31) 

Compound 
Bond angles (°) Range (°) 

Sn-N1-Sn Sn-N3-Sn Sn-N5-Sn Sn-N7-Sn Sn-N-Sn 

[Sn{Sn3(ap)4}2] 
(31) 

100.68(15) 

99.03(16) 

98.83(16) 

97.46(5) 

98.14(15) 

101.27(15) 

97.88(15) 

98.80(15) 

101.04(15) 

99.17(15) 

98.83(15) 

100.36(14) 

97.18(15)-101.27(15) Sn-N9-Sn Sn-N11-Sn Sn-N13-Sn Sn-N15-Sn 

99.50(16) 

98.24(15) 

100.14(15) 

98.48(16) 

98.49(15) 

101.12(15) 

97.18(15) 

97.80(15) 

100.76(16) 

100.65(17) 

99.24(17) 

98.40(17) 
 

 

Figure 4.13 Schematic detailing the structure of [Sn{Sn3(ap)3}2] (31). 
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are found to be more acute than the external N-Sn(IV)-N angles observed between the cubane units 

(81.39(14)-82.37(15)° - internal cf. 95.15(15)-101.32(14)° - external; see Figure 4.14). A similar 

relationship is observed about the Sn(IV) centres of the known literature structures.56,57 

Of additional interest is the presence of Sn(II)···NPy interactions in [Sn{Sn3(ap)4}2] (31), which span 

the two cubane halves. These interactions are also observed in the double cubanes synthesized by the 

Wright group,56,57 though the Sn(II)···NPy contact distances in 31 of 2.640(4)-2.877(4) Å lie at the 

shorter end of the range for the reported structures. It is however notable that the distances in 31 are 

highly comparable to the 2.761-2.784(5) Å range seen for the pyridine containing [Sn7{NR}8] complex 

(R = 5-methylpyridyl).56 

Armstrong et al.57 suggest that the presence of pyridine and pyrimidine moieties which are directly 

bonded to the amine group promotes the formation of double cubane complexes due to favourable 

Sn···NPy interactions. These are typically found to be shorter than the intramolecular interactions 

observed in single cube complexes, such as [Sn(NCH2Py)]4.53  A DFT investigation by Armstrong et 

al.57 demonstrated that whilst the stoichiometric reaction of [Sn(NMe2)(μ2-NMe2)]2 and 

2-aminopyrimidine, H2N(2-pm), could form a single cubane, the formation of a double cubane system 

was thermodynamically preferred. In contrast, the DFT calculations presented by Armstrong et al.57 

suggested that the product from the reaction of [Sn(NMe2)(μ2-NMe2)]2 and phenylamine, H2Pha, was 

significantly more likely to be dependent upon the stoichiometry of the reagents; an excess of ligand 

was suggested to favour the double cubane, whilst equivalent stoichiometries would favour the 

synthesis of a single cube structure. These calculations also indicate that formation of double cubes 

from the reaction of two single cube complexes is unfavourable.57  

The isolation of both the single (26) and double cubane (31) analogues from the reaction of 

[Sn(HMDS)2] and H2ap using 1:1 and 1:2 stoichiometries, respectively, indicates a degree of 

stoichiometric control not suggested by the DFT calculations reported by Armstrong et al.57 Given that 

the formation of cubanes is indicated to be a stepwise process62,66,67 it is likely that the isolation of the 

single cube structures [Sn(ap)]4 (26) and [Sn(amp)]4 (27) in this work, is a result of using the 

sterically bulky tin(II) reagent [Sn(HMDS)2].  Without an excess of ligand, and with a bulky tin(II) 

source, it is possible that the reaction could be easily trapped at an intermediate stage allowing access 

to the single cube arrangement. This would also explain the synthesis of the double cubane [Sn7{N(5-

MePy)}8], by Benevelli et al.56 from equivalent stoichiometries of [Sn(NMe2)(μ2-NMe2)]2 and 2-H2N(5-

MePy), when both the 2-aminopyrindine and 2-amino-6-methylpyridine are found to produce single 

cube structures from 1:1 ratios of [Sn(HMDS)2] and the respective pro-ligands in this work. 
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Interestingly, a double cube is not formed following the reaction of two equivalents of H2amp with 

[Sn(HMDS)2]. Instead, a tetranuclear species [Sn4(amp)2(Hamp)4] (32), which can be described as an 

“open cuboid”, is produced. Whilst intermolecular Sn···NPy are observed in 32, the pyridine moieties 

are orientated towards the nearest Sn(II ) centre, similar to that which is observed in the single cube 

complexes 26 and 27, and in [Sn(NCH2Py)]4.53 This suggested that these interactions are unlikely to 

promote double cubane formation. It is likely that the presence of a methyl group ortho- to the 

nitrogen of the pyridine, rather than meta- as seen in [Sn7{N(5-MePy)}8],56 sterically hinders the 

synthesis of the double cube arrangement. 

Table 4.6 Bond lengths about the central Sn(IV) atom in the double cubane [Sn{Sn3(ap)3}2] 

(31). 

Compound 
Bond lengths (Å) 

Sn4-N Range Mean 

[Sn{Sn3(ap)3}2] (31) 

2.161(4) 

2.168(4) 

2.171(4) 

2.178(4) 

2.184(4) 

2.189(4) 

2.161(4)-2.189(4) 2.175 

 

Table 4.7 Bond angles about the central Sn(IV) atom in [Sn{Sn3(ap)3}2] (31). See Figure 

4.14 for schematic of 31 

Compound 
Internal bond angles (°) External bond angles (°) Axial bond angles (°) 

N-Sn4-N Range N-Sn4-N Range N-Sn4-N Range 

[Sn{Sn3(ap)3}2] 
(31) 

82.37(15) 

81.92(15) 

81.39(14) 

81.83(14) 

81.66(15) 

82.01(15) 

81.39(14)-
82.37(15) 

101.32(14) 

100.73(14) 

95.85(4) 

99.82(14) 

95.15(15) 

95.76(15) 

95.15(15)-
101.32(14) 

176.53(14) 

176.65(14) 

176.16(14) 

176.16(14)-
176.65(14) 

 

 

Figure 4.14 Schematic detailing the structure of [Sn{Sn3(ap)3}2] (31) and the relative 

positions of the bond angles reported in Table 4.7. 
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The open structure of [Sn4(amp)2(Hamp)4] (32) is formed from a centrosymmetric {Sn2N2} core, to 

which two exo-cyclic Sn(II) centres are attached, anti-to each other, via the amine groups. Bridging 

{μ2-N(H)amp} ligands span the two tin(II) environments such that a cuboid structure, with the two 

missing vertices centrosymmetric about the {Sn2N2} core, is formed (Figure 4.15). Each of the central 

Sn(II) ions are four-coordinate, displaying pseudo-trigonal bipyramidal environments, whilst the exo-

cyclic tin(II) centres are three-coordinate. All of the nitrogen centres in 32 are found to be four-

coordinate. This structural arrangement has previously been seen for a variety of Sn(IV) 

tetrastannoxane clusters,74–79 and one Sn(IV) imido- cluster.80 However, to the best of our knowledge 

compound 32 is the first Sn(II) complex to display this structural arrangement.  

It is likely that the isolation of [Sn4(amp)2(Hamp)4] (32) is indicative of stepwise formation for 

iminostannylene cubanes. The reaction scheme detailed by Allan et al.67 (presented in Figure 4.4) for 

the mechanism of cubane formation indicates that a tricyclic [Sn3(NR)2(HNR)2] complex (Figure 4.4, 

and below in Figure 4.16i) is formed prior to the final step in cubane synthesis. Comparison of this 

tricyclic intermediate and the structure of [Sn4(amp)2(Hamp)4] (32) suggests that 32 is produced 

following the addition of a {Sn(Hamp)2} moiety to the tricylic intermediate. It may be that this is a 

stage of double cubane formation, and that the steric bulk of the 6-methyl group in {amp} or the bulky 

{HMDS} moiety hinders access to the final vacant vertex position, essentially trapping the 

intermediate. Alternatively, the structure of 32 may be an alternative product of single cube formation 

that is formed in the presence of a larger steric bulk, when there is excess ligand available to stabilise 

 

Figure 4.15 Partially labelled molecular structure of [Sn4(amp)2(Hamp)4] (32). Thermal 

ellipsoids are shown at 50% probability and the majority of hydrogen atoms are omitted 

for clarity. Hydrogen atoms observed on the {μ2-NR} groups in the structure of 32 have 

been placed in fixed idealised positions. Equivalent atoms (#) are generated by the 

symmetry operators: -x, 1-y, 1-z. Selected bond lengths can be found in Table 4.8 whilst 

selected bond angles are detailed in Table 4.9. 
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the exposed Sn(II) centres. Regardless, further investigations should be made into this systems to 

determine the mechanisms of its formation, either through isolation of intermediates or by following 

the reaction by 1H or 119Sn NMR, and comparing to single cube synthetic processes.  

The {Sn2N2} core of complex 32 shares a number of structural similarities to the faces of the single 

cube analogue [Sn(amp)]4 (27), as well as other {Sn2N2} cores in the literature.81–85 The Sn(2)-N(2) bond 

lengths of 2.192(3) Å and 2.255(3) Å that are observed within the core ring of 32 (see Figure 4.14 for 

atom positions) are comparable to the distances seen in the faces of the single cube structure 27 and 

are within the ranges found for other systems.62,81–86 An angle of 77.61(11)° lies between the core 

Sn(2)-N(1) bonds, similar to that observed for the reported simple system [Sn(NMe2)(μ2-NMe2)]2,86 and 

in the faces of complex 27. An angle of 164.32(9)° is found between the two {μ2-N(H)(H)R} moieties 

about the Sn(2) centres in the tetranuclear complex 32. This indicates the presence of a pseudo-trigonal 

bipyramidal geometry about the Sn(II) centres of the planar core, with the axial bonds occupied by 

the bridging {μ2-N(H)(H)R} ligands, and the bridging imines of the {Sn2N2} core residing in the 

equatorial plane. The stereo active lone pair is presumed to occupy the remaining space in the 

equatorial plane. This is additionally confirmed by the longer 2.531(3) Å and 2.578(3) Å bond lengths 

observed for the Sn(2)-N(H) interactions, compared to the shorter equatorial bonds between Sn(2)-N(1).  

 

 

Figure 4.16 Tricyclic species (i) produced in the stepwise formation of iminostannylene 

cubane complexes,67and the solid state structure of [Sn4(amp)2(Hamp)4] (32) (ii). 

Table 4.8 Selected bond lengths for [Sn4(ap)2(Hamp)4] (32). NH refers to N(3) and N(5) of 

the {μ2-N(H)R} groups as denoted in Figure 4.7. 

Compound 
Bond lengths (Å) 

Sn1-NH Sn1-N1 Sn2-N1 Sn2-NH 

[Sn4(ap)2(Hamp)4] (32) 
2.174(3) 

2.215(3) 
2.248(3) 

2.192(3) 

2.255(3) 

2.531(3) 

2.578(3) 
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The Sn(1)-N(1) bond lengths of 2.174(3)-2.248(3) Å observed in 32 are comparable to those found in 

the central {Sn2N2} core, though the three-coordinate Sn(II) centre results in a significant difference 

between the bonding environments. At the three-coordinate Sn(II), bond angles of 82.38(11)-

86.16(11)° are observed between the Sn(1)-N(1) bonds, suggesting p-orbital based bonding with only 

a slight compression of the angles from the ideal of 90°. This geometry also indicates the presence of 

a stereoactive lone pair, though in the three-coordinate Sn(II) centres the lone pair is likely to be 

significantly more exposed than those of the {Sn2N2} core. Consideration of the extended lattice for 

the open cuboid 32 reveals short Sn···C contacts of 3.407(3) Å between the exo-cyclic Sn(II) centres 

and the C5 carbon of the equatorial pyridine ring in an adjacent structure, as seen in Figure 4.18. These 

distances are significantly shorter than the predicted distance of 3.87 Å72 (based on the sum of the 

van der Waal radii for Sn and C) suggesting reasonably strong interactions. No significant variation is 

observed in the C-C bonding about the pyridine ring, though the 13C NMR spectrum does reveal a more 

shielded environment. It is likely that interaction between these two positions aids in the stabilisation 

of the exposed Sn(II) centre. 

Table 4.9 Selected bond angles for [Sn4(ap)2(Hamp)4] (32). NH refers to N(3) and N(5) of 

the {μ2-N(H)R} groups as denoted in Figure 4.7. 

Compound 
Bond angles (°) 

NH-Sn1-NH NH-Sn1-N1 N1-Sn2-NH NH-Sn2-NH N1-Sn2-NH 

[Sn4(ap)2(Hamp)4] (32) 82.38(11) 
86.16(11) 

82.64(11) 
77.61(11) 164.32(9) 

76.84(10) 

77.06(9) 

87.37(10) 

97.69(10) 
 

 

Figure 4.17 Schematic of [Sn4(ap)2(Hamp)4] (32) detailing atom labels used in Table 4.8 

and Table 4.9. 
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The four-coordinate nitrogen centres in [Sn4(ap)2(Hamp)4] (32), both within the {Sn2N2} core and 

external to it, are found to adopt pseudo-tetrahedral geometries. The distortion in each environment 

is found to be similar with respect to the uncertainty in hydrogen position. In the {Sn2N2} core of 32, 

the internal Sn(2)-N(2)-Sn(2) bond angles of 102.39(11)° are comparable to those in the cores of 

literature complexes, such as [Sn(NMe2)(μ2-NMe2)]286 and {Sn(NDipp)2]262 amongst many others,81–85 

as well as comparable to the angles observed in the faces of the [Sn(amp)]4 (27) single cube. Similar 

Sn(1)-N(2)-Sn(2) angles of 102.71(11)° and 101.91(11)° are found about the central nitrogens between 

the two Sn(II) environments. The ca. 7.2° compression of these angles from the ideal is less than the 

ca. 10° compression observed for the internal angles of the [Sn(amp)]4 cube (27) indicating a slightly 

less strained environment in open tetramer compound 32. 

As has been highlighted by both the work of the Wright group,56,57 and here, the presence of a donating 

group α to the imine functionality promotes formation of a double cubane. Previous studies have 

demonstrated that the presence of a {-CH2-} spacer group between the two donating moieties enables 

formation of single cubes to be synthesized from equivalent stoichiometries of reagent and ligand 

even when utilising [Sn(NMe2)(μ2-NMe2)]2.53 In order to determine whether a double cubane could 

be formed from a ligand with such a spacer group, two equivalents of H2dmed was reacted with 

[Sn(HMDS)2]. However, from this reaction only the single cube structure was isolated. This strongly 

indicates that the positioning of the donor group is key to the formation of the double cubane.  

During this work, there was also an interest in developing chloride containing analogues of the 

systems presented, as this may enable further reactivity and provide novel routes to materials. This 

interest prompted investigations into the 1:1 reactions of the H2ap ligand, and the H2amp ligand, with 

the heteroleptic reagent [Sn(HMDS)(μ2-Cl)]2. Unfortunately, at the time of writing no material has 

been isolated from the latter reaction and so the remaining part of this discussion will focus on the 

former. From the reaction of H2ap and [Sn(HMDS)(μ2-Cl)]2 the non-stoichiometric product 

 

Figure 4.18 Extended structure of [Sn4{amp}2{Hamp}4] (32) showing Sn(II)-C interactions. 

Sn(1)-C(4) distance = 3.407(3) Å. 
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[Sn3Cl3(ap)(Hap)] (33) was isolated. This system appears to display an unusual structure. A central 

{Sn2N2} core containing two three-coordinate Sn(II) centres, a four-coordinate amide and a four-

coordinate imide centre is observed. The tin(II) centres of the {Sn2N2) core are capped by chloride 

ions that lie anti- to each other about the {Sn2N2} ring. Each nitrogen of the core is attached to a 

pyridine ring, which both also reside anti- to each other about the central {Sn2N2} core. The imide {ap} 

moiety is found to chelate to an additional {SnCl} unit in a η2-fashion.  

It should be noted that on the N(3) and equivalent N(7) atoms of the [Sn3Cl3(ap)(Hap)] (33) structure 

observed in Figure 4.19 there should be a hydrogen atom in order to balance the charge of the system. 

However, this atom could not be freely found from SXRD experiments. It is likely that this is a result 

of the dispersive electron density of the nearby heavy metal Sn(II) centres preventing accurate 

determination of the positions of each hydrogen atom. 

 

Figure 4.19 Partially labelled molecular structure of [Sn3Cl3(ap)(Hap)] (33) (i). Two 

independent molecules are observed in the asymmetric unit cell of 33. An overlay 

displaying the relationship of the two independent molecules is presented in ii) and iii). 

Thermal ellipsoids are shown at 50% probability and hydrogen atoms are omitted for 

clarity. Selected bond lengths can be found in Table 4.10 whilst selected bond angles are 

detailed in Table 4.11. 

i) 

ii) iii) 



290 
 

The imido Sn-N bond lengths (Table 4.10, atoms are labelled according to Figure 4.23) within the 

{Sn2N2} core of 33 show similarities to the cores of [SnCl(NR)]2 systems synthesized by Cox et al.87 

(NR = NSiMe3), and Ochiai et al.88 (NR = bis(2,6-diisopropylphenyl)imidazolin-2-imino = NIPr) both 

of which are displayed in Figure 4.20. The tin-amido bonds within the ring are found more 

comparable to those of the aminostannylene [SnCl(HNDipp)]2 reported by Padělková et al.,89 

displayed in Figure 4.21. Whilst the internal angles about the tin centres of the core ring in [Sn3Cl3-

(ap)(Hap)] (33) are highly comparable to these related literature systems,87,88 the geometries about 

the nitrogen groups are significantly different. The internal Sn-N-Sn bond angles of the {Sn2N2} core 

in 33 are found to be far more compressed in general (98.39(17)°, 97.19(18)°, 94.03(17)°, 

93.27(16)°) than those of literature systems by Cox et al. 87 (104.43(14)°; NR = NSiMe3), Ochiai et al.88 

(101.82(18)°; NR = NIPr) and Padělková et al.89 (99.1(2)° and 100.1(1)-100.8(1)°; NR = HNDipp).  

In the reported imido-tin [SnCl(NR)]2 complexes,87,88 the {Sn2N2} core ring is found to be planar, with 

the chlorides being positioned almost perpendicular to the plane (Sn-Sn-Cl = ca. 90.1° {-NSiMe3};87 

87.06(7)° {NIPr}88). In contrast, the {Sn2N2} core of [Sn3Cl3(ap)(Hap)] (33) is found to be folded in 

both molecules of the asymmetric unit at angles of ca. 139.7° and ca. 132.2° along the Sn···Sn axis. A 

corresponding fold of ca. 145.7° and ca. 139.4° are found along the N···N axis of each of the respective 

molecules. This is similar to the ca. 158.8° (Sn···Sn axis) and ca. 154.7° (N···N axis) folds observed in 

the {Sn2N2} core of the related aminostannylene complex [Sn2Cl2(HNDipp)2].89 As a result, it is 

 

Figure 4.20 [SnCl(NR)]2 species reported by i) Cox et al.,87where NR = NSiMe3; ii) Ochiai et 

al.88 where NR = bis(2,6-diisopropylphenyl)imidazolin-2-imino = NIPr. 

 

Figure 4.21 [Sn2Cl2(HNDipp)2] species synthesized by Padělková et al.89   

i) ii) 
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presumed that the four-coordinate environments of the imido and amido moieties in the core of 

compound 33 results in the folded nature of the {Sn2N2} ring.  

Interactions observed between the exo-cyclic Sn(II) centre (SnE) and the non-chelating pyridine of the 

{μ2-N(H)R} amido unit may also be a significant contributor to the folded {Sn2N2} core. Closer 

inspection of the SnE environments in 33 reveals weak interactions between the SnE centres and the 

nitrogens of the non-chelating pyridines in the two molecules of the asymmetric unit (Figure 4.22). 

The 2.802(5) Å and 2.656(5) Å contact distances observed are significantly shorter than the 3.72 Å72 

distance predicted by the sum of the van der Waals radii for Sn···N interactions, suggesting that a 

dative bond may exist. The angle between this dative interaction and that of the chelating pyridine 

was found to be 136.6(2)° and 132.4(2)°, which is highly similar to that seen between axial Sn(II)-

pyridine interactions observed both in this thesis and in the literature.90,91 This suggests that a pseudo-

trigonal bipyramidal geometry is observed for the exo-cyclic Sn(II) centres of compound 33, with a 

stereoactive lone pair occupying one of the equatorial positions. The 83.40(12)-93.49(12)° angles 

observed between the {μ3-NR} imido moiety and the Cl anion about the SnE centres support this 

geometry and indicates that the μ3-imines and chlorides of each molecule reside in the equatorial 

plane of the exo-cyclic Sn(II) centres. It can be assumed that the dative interactions between the non-

chelating pyridine and the exo-cyclic tin encourage the folding of the {Sn2N2} core so as to stabilise the 

pseudo-trigonal bipyramidal geometry of the exo-cyclic tin(II) centres. 

The {μ3-NR} imido moiety of compound 33 chelates to the exo-cyclic Sn(II) (SnE) centre such that the 

plane of the chelating ring, {N-Sn-NPy}, lies perpendicular to the {Sn-(μ3-N)-Sn} plane of the central 

{Sn2N2} ring. The SnE centres appears to be three-coordinate, with the third coordination 

environment occupied by a chloride anion in each molecule of 33. Within the chelating ring, the SnE-

NI bonds to the imine nitrogens (2.247(5) Å and 2.280(5) Å) are slightly longer than is typically 

observed for corresponding systems.92–94 This is likely due to the μ3 nature of the imines as the SnE-NI 

distances compare well to the Sn-N bonds observed in the [Sn(ap)]4 (26) cubane. Slightly longer SnE-

 

Figure 4.22 Partially labelled molecular structure of [Sn3Cl3(ap)(Hap)] (33) detailing the 

interactions between the exo-cyclic Sn(II) centre and the pyridine of the {μ2-N(H)R} amido 

unit. Thermal ellipsoids are shown at 50% probability and hydrogen atoms are omitted for 

clarity. Sn(1)-N(4) = 2.802(5) Å, Sn(4)-N(8) = 2.656(5) Å.  
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NPy bonds of 2.247(5) Å and 2.280(5) Å are observed between the exo-cyclic tin(II) centres and the 

chelating pyridines of the [Sn3Cl3(ap)(Hap)] (33) compound, though these are found to compare well 

to tin-pyridine interactions observed within the literature.90,91
 

 

 

In both of the imidostannylene literature complexes reported by Cox et al.87 and Ochiai et al.88 (Figure 

4.20), and in the aminostannylene systems by Padělková et al.89 (Figure 4.21) the Sn-Cl bonding is 

found to be equivalent and centrosymmetric to the {Sn2N2} plane. In [Sn3Cl3(ap)(Hap)] (33) the Sn-Cl 

bonds attached to the central {Sn2N2} ring reside anti to each other in centrosymmetric fashion, 

comparable to the literature systems, but the Sn-Cl bonds are found to be inequivalent. In 33, the Sn-

Cl bonds that are positioned syn to the exo-cyclic Sn(II) centres (SnE) of each molecule are found to 

have bond lengths of 2.5093(16) Å and 2.5171(15) Å comparable to the 2.470(2) Å (NR = SiMe387), 

2.525(3) Å (NR = NIPr88), and 2.4356(9)-2.481(2) Å (NR = HNDipp) distances found in the related 

[SnCl(NR)]2 systems reported in the literature. In contrast, significantly longer bond lengths of 

Table 4.10 Selected bond lengths (Å) in [Sn3Cl3(ap)(Hap)] (33). The imine and amine 

nitrogens are denoted by N I and NA, respectively; the Sn(II) centres of the core and of the 

exo-cyclic moiety are denoted by SnC and SnE, respectively. See Figure 4.23. 

Compound 
Bond lengths (Å) 

SnC-NI SnC-NA SnE-NA SnE-NPy SnE···NPy 

[Sn3Cl3(ap)(Hap)] 
(33) 

2.219(4) 

2.188(5) 

2.224(5) 

2.180(4) 

2.276(5) 

2.284(5) 

2.284(5) 

2.260(5) 

2.247(5) 

2.280(5) 

2.354(5) 

2.361(4) 

2.802(5) 

2.656(5) 

 

Table 4.11 Selected bond angles (°) in [Sn3Cl3(ap)(Hap)] (33). The imine and amine 

nitrogens are denoted by NI and NA, respectively; the Sn(II) centres of the core and of the 

exo-cyclic moiety are denoted by SnC and SnE, respectively. See Figure 4.23. 

Compound 
Bond angles (°) 

N-SnC-N SnC-NI-SnC SnC-NA-SnC SnC-N-SnE 

[Sn3Cl3(ap)(Hap)] 
(33) 

77.41(16) 

77.87(17) 

75.40(17) 

76.75(17) 

98.39(17) 

97.19(18) 

94.03(17) 

93.27(16) 

116.1(2) 

108.42(19) 

110.19(19) 

114.23(19) 
 

 

Figure 4.23 Schematic of [Sn3Cl3(ap)(Hap)] (33) detailing the atom labels utilised in Table 

4.10 and Table 4.11. 
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2.5510(15) Å and 2.5464(15) Å are observed for the Sn-Cl contact that lies anti to the SnE centre, with 

the exo-cyclic SnE-Cl bonds also display longer distances of 2.5430(14) Å and 2.5320(14) Å.  

For the exo-cylic SnE-Cl bonds of [Sn3Cl3(ap)(Hap)] (33), the longer bond lengths may be the result of 

weak Sn···Cl interactions between molecules. Similar interactions are observed in the imido complex 

[SnCl(NSiMe3)] reported by Cox et al.,87 and the amido complexes [Sn2Cl2(HNDipp)2]89 and 

[Sn2Cl2(NMe2)2].95 Within the related imido system [Sn(N(SiMe3))Cl]287 short Sn···Cl distances of ca. 

3.29 Å are observed, whilst the amido [Sn2Cl2(NMe2)2] complex reported by Khrustalev et al.95 

displays longer interactions of 3.425(2) Å. In [Sn3Cl3(ap)(Hap)] (33) the observed Sn···Cl distances 

are found to display longer contacts still of 3.420(1) Å and 3.692(1) Å, these distances remain within 

the sum of the 3.92 Å van der Waals radii for Sn···Cl contacts.72 In many of literature systems, these 

Sn···Cl interactions result in the molecules forming an extended chain within the solid state.87,89,95 

However in compound 33, these interactions are limited to the exo-cyclic moieties resulting in a 

dimer-like arrangement.   

4.2.2.2 NMR Characterisation 

Analysis of compounds 26-32 by 1H and 13C NMR spectroscopy confirmed the complete substitution 

of {HMDS} by the respective ligand in each system, due to the absence of {HMDS} resonance and 

absence of resonances for the amine protons of complexes 26-31. A single broad resonance at δ 3.66 

ppm in the 1H NMR spectra for the open cuboid [Sn4(amp)2(Hamp)4] (32) was found to be 

proportional to that expected for a ratio of 1{amp}:2{Hamp} based on the determined structure of the 

system. As previously mentioned, whilst 1H, 13C, and 119Sn NMR experiments have been performed on 

[Sn3Cl3(ap)(Hap)] (33), poor resolution in all experiments has limited analysis of the system. Studies 

are ongoing at the time of writing, but the results are not presented in this chapter. 

A comparison of the 1H and 13C NMR spectra of the {ap} and {amp} single cube structures, 26 and 27, 

and their analogous double cube (31) and open cuboid (32) complexes, respectively, reveals that very 

little change is observed for the proton and carbon environments of the {ap} and {amp} ligands 

between the two products. Complexes 28-30 displayed the expected resonances in both the 1H and 

3C NMR spectra, with no shifts of note observed.  

For the {ap} systems [Sn(ap)]4 (26) and [Sn{Sn3(ap)4}2] (31), the largest change in chemical shift is 

observed for the C3 carbon of the pyridine ring. The resonance attributed to this carbon in the 13C 

NMR spectra shifts downfield by 3.84 ppm in the double cube complex 31 compared to in the single 

cubane complex 26, indicating a more deshielded environment in 31. Likewise, a downfield shift is 

observed for the corresponding H3 proton in the 1H NMR spectra, with the resonances shifting from 

 

Figure 4.24 NMR notation for ligands aromatic rings in complexes 26-32 
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δ 6.61 ppm in the single cube (26) to δ 6.73-6.82 ppm in the double cubane (31). The chemical shift 

of the H4 proton is found to overlap with the H3 resonance at δ 6.73-6.82 ppm in 31, having shifted 

upfield from δ 7.07 ppm in the single cube complex 26. The only other notable changes in chemical 

shift are for the C6 and H6 nuclei. A slight upfield shift is observed in the 1H NMR spectra from 

δ 8.21 ppm in 26 to δ 7.63 ppm in 31 for the H6 proton, with the carbon of this position shifting from 

δ 148.15 ppm (26) to δ 146.98 ppm (31) in the 13C NMR spectra. Negligible variation is observed for 

the remaining resonances of the systems in the 1H and 13C NMR spectra. It is likely that the small 

variations observed are due to the presence of Sn···NPy cross-cubane interactions in the double cubane 

31. 

Similar trends are observed between the single cube [Sn(amp)]4 (27) and open cuboid 

[Sn4(amp)2(Hamp)4] (32). Surprisingly, the non-protonated bridging {μ3-amp} group of the core in 

32 appears to display different chemical shifts to those of the {μ3-amp} ligand in 27, despite the 

apparent similarities in environment. In contrast, the {μ2-Hamp} ligands appear to have almost 

identical chemical shifts to the {μ3-amp} moieties in the single cube complex (27). Whilst this could 

indicate an equilibrium of single cube and open cuboid in solution, the integration ratio between the 

resonances of the {μ3-amp} and {μ2-Hamp} groups in 32 are consistent in multiple experiments. 

Additionally, the open cuboid arrangement observed for compound 32 was isolated from repeat 

reactions indicating that it was the consistent product in this synthesis. It is uncertain as to why such 

strong similarities exist between the chemical environments of the {μ3-amp} unit in 27 and the {μ2-

Hamp} moiety in 32. 

The most significant chemical shift variation between the single cube [Sn(amp)]4 (27) and the 

tetranuclear complex [Sn4(amp)2(Hamp)4] (32) is observed for the C5 carbon. In the 13C NMR spectra 

for the open cuboid 32, the resonance attributed to this position is found to lie 9.12 ppm upfield of its 

position in the 13C NMR spectra for the single cube complex 27. This indicates a significant increase 

in the level of shielding at the C5 position when moving from the closed cube in 27 to the open cuboid 

in 32. Consideration of the solid state structure reveals that short contacts of 3.407(3) Å 

(∑vdW radii = 3.87 Å72) are observed between the C5 position and the “terminal” Sn(II) centres of an 

adjacent molecule, as displayed in Figure 4.18. This results in the increased shielding of this position 

in the open cuboid arrangement of compound 32. 

The singlet resonances observed in the 119Sn NMR spectra for each of the compounds 26-32 are 

presented in Table 4.12.  In the 119Sn NMR spectra, both [Sn(ap)]4 (26) and [Sn(amp)]4 (27) display 

very similar resonances at δ 279.3 ppm and δ 270.0 ppm, respectively. These shifts lie significantly 

upfield of those observed for complexes 28-30. The presence of an additional coordinating group 

appears to have a large impact on the shielding at the Sn(II) centre of the single cubane structures 26-

30. Between the structurally analogous [Sn(ap)]4 (26) and [Sn(Pha)]4 (28) complexes, a ca. 190 ppm 

difference is observed in the chemical shift of the Sn(II) centre in the 119Sn NMR spectra, with 

compound 28 displaying the significantly higher resonance at δ 468.9 ppm. This suggests that the 

Sn···NPy interactions are likely the cause of this increased shielding. However, the cubane [Sn(dmed)]4 

(30) exhibits similar Sn···NMe2 contact distances to those observed in the pyridine containing 
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complexes 26 and 27 but is found to display a much higher chemical shift of δ 557.6 ppm in the 119Sn 

NMR spectra. This indicates that there are other factors contributing to the more shielded centres of 

complexes 26 and 27. 

A comparison of the 119Sn NMR spectra resonances for [Sn(Pha)]4 (28) (δ 468.9 ppm) and [Sn(Bza)]4 

(29) (δ 604.2 ppm), demonstrates that a large steric bulk at the imine functionality leads to increased 

shielding for the Sn(II) centres. This is confirmed by noting that the literature cubane [Sn(NDipp)]4, 

is observed to display a singlet resonance of δ 315.0 ppm in the 119Sn NMR spectra.62 This lies upfield 

of the resonance observed for [Sn(Pha)]4 (28), indicating that an increased steric bulk effectively 

increases the shielding at the Sn(II) centres. Similarly, the addition of a methyl group to the pyridine 

ring in [Sn(amp)]4 (27) is found to result in a slight increase in the shielding of the Sn(II) centres. In 

general, the presence of coordinating donor groups and increased steric bulk at the imine 

functionality results in greater shielding of the Sn(II) centres in iminostannylene cubes. 

In the double cubane [Sn{Sn3(ap)4}2] (31), only one resonance was observed in the 119Sn spectrum 

despite two environments being present in the complex. A weak singlet was observed at δ -110 ppm 

in the 119Sn spectra and can be attributed to the Sn(II) centres of the complex. Repeated experiments 

failed to yield a signal for the Sn(IV) centre in the compound and it was assumed due to the low 

solubility of the system, which is evidenced in the weak signal found for the Sn(II) centres. Benevelli 

et al.56 who synthesised the 2-amino-5-methylpyrdine double cubane analogue also reported 

difficulties in obtaining 119Sn NMR data due to poor solubility of the sample.   

The significant increase in the shielding of the Sn(II) environments in 31 when compared to those of 

the single cube, [Sn(ap)]4 (26) can be attributed to the cross-cubane Sn···NPy interactions. The cross-

cubane Sn···NPy distances in 31 are shorter than the intra-molecular interactions observed in the 

single cube system (26) indicating that the cross-cubane interactions are stronger, thus increasing 

the shielding at the Sn(II) centres. Similar resonances are observed in the 119Sn NMR spectra of the 

reported pyrimidine derived double cubanes by Benevelli et al.,56 which are also found to display 

strong Sn···NPy cross-cubane interactions. 

In contrast, virtually no difference is observed between the resonances of the single cube [Sn(amp)]4 

(27) (δ 269.95 ppm) and [Sn4(amp)2(Hamp)4] (32) (δ 270.77 ppm) in the 119Sn NMR spectra. In the 

single cube complex 27 each Sn(II) is three-coordinate, whereas in the open cuboid 32 the tin centres 

Table 4.12 119Sn resonances for compounds 26-32, compound number is displayed in bold 

below the chemical shift. Only one resonance was observed in the 119Sn spectra for 

compounds 31 and 32. The Sn(IV) resonance of 31 was not observed. 

Ligand 

119Sn resonances (ppm) 

{ap} {amp} {Pha} {Bza} {dmed} 

Cube 
279.3 

(26) 

270.0 

(27) 

468.9 

(28) 

604.2 

(29) 

557.6 

(30) 

Double cube 

/ open cuboid 

-110.9 

(31) 

270.8 

(32) 
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adopt both a three-coordinate and four-coordinate environment. Whilst it is expected that the two 

environments in 32 would display different resonances in the 119Sn NMR spectra, only one singlet is 

observed. It may be that the central and terminal tins exchange environments in the solution state for 

the open cuboid (32) resulting in a single peak. A low-temperature NMR study may reveal whether 

this is the case, though at the time of writing this had not been performed.  
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CONCLUSION  

A series of iminostannylene complexes with single cube structures (26-30) were isolated, along with 

a double cubane complex (31) a tetranuclear open cuboid system (32), and an unusual {Sn3(NR)2} 

compound (33). The investigations presented here were prompted initially by the potential of cubane 

complexes to act as building blocks in the formation of materials by ALD and CVD processes,1–10 and 

to expand the routes by which these systems could be synthesized.9,53,62,54–61 

A range of primary amine ligands containing coordinating and non-coordinating functionalities were 

selected for reaction with [Sn(HMDS)2]. Material isolated from these reactions was assessed by single 

crystal X-ray diffraction (SXRD) to determine the solid state structure of the product, and 1H, 13C and 

119Sn NMR spectroscopy were utilised to assess the purity of the bulk material. The single cube and 

double cube complexes displayed similar gross structural features to imido-tin cubanes reported in 

the literature.45,50,53,61,69 

Previous investigations have focused primarily on the use of the tin(II) bis(dimethylamide) 

reagent,9,53–58 resulting in the formation of double cubane complexes when utilising ligands with a 

donating group α to the amine.56,57,68 In this work, it was found that stoichiometric control could be 

achieved when reacting [Sn(HMDS)2] with a 2-aminopyridine derivative. An equivalent ratio of ligand 

and Sn(II) reagent enabled access to the single cube arrangement, as seen for [Sn(ap)]4 (26) and 

[Sn(amp)]4 (27), whilst an excess of ligand resulted in the formation of a double cubane structure 

analogous to other literature complexes, in the case of 2-aminopyridine (H2ap), [Sn{Sn3(ap)4 (31), or 

an tetrameric open cuboid arrangement for the more sterically hindered 2-amino-6-methylpyridine 

(H2amp), [Sn4(ap)2(Hamp)4] (32). Whilst the double cubane arrangement has previously been 

observed for imido-Sn(II) complexes by the Wright group,56,57,68 the open tetramer arrangement has 

only hitherto been observed for Sn(IV) complexes.74–80 

The double cubane (31) structures are assumed to form as a result of Sn···NPy interactions that 

encourage aggregation, as has been previously discussed by the Wright group,56,57 whilst it is 

suggested that the open cuboid (32) is a trapped intermediate species. It was noted in the 

investigation that the positioning of the additional donor functionality in the imine ligand was key to 

the isolation of an aggregated complex when utilising an excess of ligand. The reaction of [Sn(HMDS)2] 

with two equivalents of N,N-dimethylethylenediamine (H2dmed) only resulted in the formation of the 

single cube complex [Sn(dmed)]4 (30), indicating that the donor functionality must reside α to the 

imine group. 

In addition to the cubane complexes, attempts were made to synthesize chloride containing analogues 

that could be used as novel synthetic precursor to a range of materials. To this end, both of the 

pyridylamide ligands {ap} and {amp} were reacted in an equivalent manner with  

[Sn(HMDS)(μ2-Cl)]2, producing crystalline material suitable for SXRD in both cases. Unfortunately, 

characterisation of the product from the latter reaction is still ongoing at the time of writing, however 

the former reaction result in the synthesis of a mildly unusual species, [Sn3Cl3(ap)(Hap)] (33). This 

complex contains a central {Sn2(NR)2} core, comparable to other {(SnCl)2(NR)2} complexes,87–89 
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however, the chelating nature of the {ap} ligand results in the additional coordination of a {SnCl} 

moiety. The coordination of an exo-cyclic {SnCl} unit has not previously observed in the literature to 

the best of our knowledge.  

In general, the research presented in this chapter suggests that careful selection of tin(II) reagent 

enables stoichiometric control over single cube and double cube formation. Further investigations 

are needed to determine the intermediate species that dictate the selective formation of single and 

double cubane iminostannylenes, and it suggested that these investigations focus on a broad selection 

of donor-functionalised primary amines that contain both aromatic and non-aromatic moieties. 

Investigations into analogous germanium and lead complexes is also of interest and may further the 

understanding  of cubane formation for imido complexes of the heavy group 14 metals. Additionally, 

the functionalization of the synthesized cubanes with selenium or tellurium, as suggested by Chivers 

et al.,9 could result in the formation of novel single source precursors for the deposition of tin 

chalcogenide materials. This, in particular, is an ongoing aspect of the research presented here. 

 

  



299 
 

EXPERIMENTAL  

Synthesis of compounds 26-33 was carried out under inert atmospheric conditions as detailed in the 

Appendix (Section 8.1). Further information regarding analysis procedures and instrumentation, as 

well as preparation methods for the group 14 reagents can also be found in the Appendix (Section 

8.2). 

2-aminopyridine (H2ap), 2-amino-6-methylpyridine (H2amp), phenylamine (H2Pha), benzylamine 

(H2Bza), and N,N-dimethylethylenediamine (H2dmed) were all used as purchased from Sigma-

Aldrich. 

Carbon and proton positions within the rings of the pro-ligands and complexes 26, 27, and 31-33 are 

denoted as shown in Figure 3.68. 

4.3 Synthesis of Cubane and Cluster systems 

 Compound 26: [Sn(ap)]4 

To a cooled solution of [Sn(HMDS)2] (4 mmol, 1.76 g) in toluene (10 ml) was added a solution of 2-

aminopyridine (4 mmol, 0.38 g) in toluene (15 ml) resulting in a yellow solution. After 2 hrs of stirring, 

precipitate was observed but a clear solution was obtained upon heating. Storage at room 

temperature (26 °C) yielded large bright yellow needle crystals. (0.62 g, 74 %)  

1H NMR (C6D6, 500 MHz): δ 6.33-37 (m, 1H, 5-H-Py), 6.59-63 (m, 1H, 3-H-Py), 7.05-10 (m, 1H, 4-H-

Py), 8.19-23 (m, 1H, 6-H-Py) 

13C{1H} NMR (C6D6, 125.7 MHz): δ 113.75 (3-C-Py), 114.89 (5-C-Py), 137.94 (4-C-Py), 148.15 (6-C-

Py), 166.08 (2-C-Py) 

 

Figure 4.25 Relevent proton and carbon positions of the {ap} and {amp} ligands utilised in 

characterisation discussions. 
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119Sn NMR (C6D6, 186.5 MHz): 279.33 

 Compound 27: [Sn(amp)]4 

To a cooled solution of [Sn(HMDS)2] (2 mmol, 0.88 g) in toluene (10 ml) was added a solution of 2-

amino-6-methylpyridine (2 mmol, 0.22 g) in toluene (15 ml) resulting in a yellow solution, with some 

white precipitate observed. After 2 hrs of stirring, the solution was heated before a hot filtration via 

filter canula yielded a clear yellow solution. Storage of the saturated solution at room temperature 

(26 °C) afforded yellow crystals. (0.32 g, 72 %) 

1H NMR (C6D6, 500 MHz): δ 2.27 (s, 3H, -CH3) 6.31 (d, J3 = 7.3 Hz, 1H, 5-H-Py), 6.52 (d, J3 = 8.0 Hz, 1H, 

3-H-Py), 7.10 (t J3 = 7.6 Hz, 1H, 4-H-Py) 

13C{1H} NMR (C6D6, 125.7 MHz): δ 24.09 (-CH3) 110.42 (3-C-Py), 114.04 (5-C-Py), 138.53 (4-C-Py), 

156.57 (6-C-Py), 165.63 (2-C-Py) 

119Sn NMR (C6D6, 186.5 MHz): 269.95 

 Compound 28: [Sn(Pha)]4 

Aniline (0.18 ml, 2 mmol) was added to a stirring solution of [Sn(HMDS)2] (0.88 g, 2 mmol) in toluene 

(20 ml). An immediate colour change from orange to dark yellow occurred. The yellow solution was 

filtered through Celite® and concentrated to ca. 10 ml. Slow cooling of the solution to room 

temperature (26 °C) yielded yellow crystals of the complex. (0.32 g, 76 %).  

1H NMR (500 MHz, C6D6): δ 6.83-6.85 (m, 1H, p-Ph), 6.3-6.97 (m, 2H, m-Ph), 7.17-7.21 (m, 2H, o-Ph) 

 

 



301 
 

13C{1H} NMR (125.7 MHz, C6D6): δ 120.47 (p-Ph), 120.72 (m-Ph), 129.67 (o-Ph), 153.75 (ipso-Ph) 

119Sn NMR (187.5 MHz, C6D6): δ 468.90 

 Compound 29: [Sn(Bza)]4 

[Sn(HMDS)2] (0.88 g, 2 mmol) was dissolved in toluene (20 ml) and benzylamine (0.22 ml, 2 mmol) 

was added. An immediate colour change from orange to pale yellow occurred. The solution was 

filtered through Celite® and the volume reduced to ca. 5 ml to afford yellow crystals following storage 

at 4 °C. (0.29 g, 65 %).  

1H NMR (500 MHz, C6D6): δ 4.36 (s, 2H, -CH2-), 7.09 – 7.20 (m, 5H, o,m,p-Ph) 

13C{1H} NMR (125 MHz, C6D6): δ 55.31 (-CH2-), 127.24 (o-Ph), 127.32 (m-Ph), 129.23 (p-Ph), 145.85 

(ipso-Ph) 

119Sn NMR (187.5 MHz, C6D6): δ 604.16 

 Compound 30: [Sn(dmed)]4 

N,N-Dimethylethylenediamine (0.22 ml, 2 mmol) was added to a stirring solution of Sn(HMDS)2 (0.88 

g, 2 mmol) in hexane (20 ml). An immediate colour change from orange to pale yellow occurred. The 

yellow solution was filtered through Celite® and concentrated to ca. 10 ml. Storage at -28 °C yielded 

yellow needle crystals. (0.32 g, 78 %).  

1H NMR (500 MHz, C6D6): δ 2.26 (s, 6H, -N(CH3)2), 2.71 (t, J3C-H = 5.5 Hz, 2H, -NCH2CH2N(CH3)2), 3.65 

(t, J3C-H = 5.5 Hz, 2H, -NCH2CH2N(CH3)2)  

13C{1H} NMR (125.7 MHz, C6D6): δ 65.57 (-NCH2CH2N(CH3)2), 47.03 (-NCH2CH2N(CH3)2), 46.37 (-

N(CH3)2) 
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119Sn NMR (187.5 MHz, C6D6): δ 557.59 

 Compound 31: [Sn{Sn3(ap)4}2] 

To a stirring solution of [Sn(HMDS)2] (2 mmol, 0.88 g) in toluene (10 ml) was added a solution of 2-

aminopyridine (4 mmol, 0.38 g) in toluene (15 ml) resulting in a colourless solution. After 2 hrs of 

stirring, the solvent was removed using reduced pressure to a minimum volume. The resulting 

opaque solution was heated until clear and left to crystallize at room temperature (26 °C). During 

storage the clear colourless solution darkened, and a dark solid precipitate was observed (Sn(0)) 

alongside colourless crystalline material (Compound 31). (0.04 g, 8.9 %) 

1H NMR (C6D6, 500 MHz): δ 5.77-83 (m, 1H, 5-H-Py), 6.73-82 (m, 2H, 3-H-Py, 4-H-Py), 7.60-65 (m, 1H, 

6-H-Py) 

13C{1H} NMR (C6D6, 125.7 MHz): δ 115.29 (5-C-Py), 117.59 (3-C-Py), 137.93 (4-C-Py), 146.98 (6-C-

Py), 165.93 (2-C-Py) 

119Sn NMR (C6D6, 186.5 MHz): -110.90 

Only one resonance was observed in the 119Sn NMR spectra. 

 Compound 32: [Sn4(amp)2(Hamp)4] 

To a cooled solution of [Sn(HMDS)2] (2 mmol, 0.88 g) in toluene (10 ml) was added a solution of 2-

amino-6-methylpyridine (4 mmol, 0.43 g) in toluene (15 ml). A colourless solution with some white 

precipitate was observes. The resultant solution was stirred for 4 hours and filtered via a filter canula 
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yielding a clear colourless solution. Storage of the saturated solution at room temperature (26 °C) 

afforded colourless crystals. (0.15 g, 26 %) 

1H NMR (C6D6, 500 MHz): δ 2.27 (s, 3H, -CH3*), 2.33 (s, 3H, -CH3), 3.66 (br s, 1H, MePyNH*), 5.79 (d, J3 

= 8.2 Hz, 1H, 5-H-Py), 6.28 (d, J3 = 7.7 Hz, 1H, 3-H-Py), 6.31 (d, J3 = 7.3 Hz, 1H, 5-H-Py*), 6.52 (d, J3 = 

8.0 Hz, 1H, 3-H-Py*), 6.99 (t J3 = 7.7 Hz, 1H, 4-H-Py), 7.10 (t J3 = 7.6 Hz, 1H, 4-H-Py*) 

13C NMR (C6D6, 125.7 MHz): δ 24.09 (-CH3*), 24.41 (-CH3), 104.92 (5-C-Py), 110.42 (3-C-Py*), 112.80 

(3-C-Py), 114.04 (5-C-Py*), 137.63 (4-C-Py), 138.53 (4-C-Py*), 156.57 (6-C-Py), 165.63 (2-C-Py). 

119Sn NMR (C6D6, 186.5 MHz): 270.77 

Only one resonance was observed in the 119Sn NMR spectra. 

*represent the terminal {Hamp} signals. Shoulders on the resonances for the C2 and C6 carbons 

indicate an overlap of resonances for the terminal and bridging ligands. 

 Compound 33: [Sn3Cl3(ap)(Hap)] 

To a cooled solution of [Sn(HMDS)(μ2-Cl)]2 (2 mmol, 0.63 g) in THF (10 ml) was added a solution of 

2-aminopyridine (2 mmol, 0.19 g) in THF (15 ml). A colourless solution with some white precipitate 

resulted. The solution was allowed to stir for 4 hours and filtered via a filter canula, yielding a clear 

colourless solution. Solvent was removed in vacuo until the precipitation point, at which point the 

saturated solution was gently heated until clear. Storage at -28 °C afforded colourless crystals. (0.10 g, 

23 %) 

Whilst 1H, 13C and 119Sn NMR experiments were performed, the results were inconclusive due to poor 

solubility of the product. 
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 FLUORINE CONTAINING TIN(II) ALD PRECURSORS  

5.1 Background 

This chapter discusses the synthesis and characterisation of a range of homo- and heteroleptic 

fluorine containing tin(II) species, a summary of their thermal properties and the subsequent proof-

of-concept ALD trials with the aim of depositing fluorine-doped SnO2 (FTO) thin films. An overview 

of FTO deposition and the chemistry of β-diketonate complexes is given here, with a more detailed 

discussion of metal alkoxide bonding available in Chapter 2.   

 Fluorine-doped Tin Oxide (FTO, SnO2:F) 

As has been discussed in Chapter 1, transparent conducting oxides (TCOs) are of increasing interest 

for a range of electronic1–5 and microelectronic6,7,16,8–15 applications such as LEDs, solar cells, 

emissivity windows, gas sensors, intelligent packaging, wearable and textile integrated systems, 

epidermal devices and transient medical implants. These TCO materials are characterised by their 

high optical transparencies (>75 %) and reasonable electrical conductivities (ρ < 1 x 10-2 Ω cm).17,18 

Ideally, TCO films also have a low surface roughness, though often a compromise is reached 

depending upon the application.17,19 For example, films with 1-15 % haze from high surface roughness 

are found to optimise performance of PV cells,20–22 whilst in microelectronic devices a high surface 

roughness limits the electrical contact with adjacent layers resulting in poor, or erratic, electrical 

transport at the interface.17,23,24  

Both n-type and p-type TCO materials are known, though the lower stability and mobilities of p-type 

systems have limited their applicability thus far.25–27 In contrast, n-type materials have been 

thoroughly investigated25,26  and the n-type TCO tin(IV) dioxide is ubiquitous within the field of 

semiconducting devices. The high chemical and mechanical stability of SnO2 at elevated 

temperatures28,29 has facilitated its use in a wide range of applications including photovoltaic 

devices,29,30 sensors,31,32 and smart coatings for glass.33,34 Enhancing the innate conductivity of SnO2 

using dopants such as antimony and fluorine has found much success, with the higher transparency 

and conductivity offered by fluorine being preferred.35,36 Additionally, fluorine-doped SnO2 (FTO) has 

been found to display a high level of thermal stability, maintaining its optical and electronic properties 

up to temperatures of ca. 600 °C.37 This high stability is important as, generally, semiconductor device 

fabrication methods and subsequent operation conditions necessitate the use of a chemically and 

thermally stable TCO.19 

Currently, indium tin oxide (ITO) dominates the commercial landscape due to its low resistivity 

(1-2 x 10-4 Ω cm),38 high optical transparency (ca. 90 %),39 and low surface roughness (Ra of ca. 

1-2 nm).40 However, the limited global supply and high cost of indium have led to investigation into 

alternatives. FTO displays slightly lower transparencies and electrical conductivities,41 but has higher 

thermal stability, greater chemical stability, and is comprised of earth-abundant chemical elements, 

significantly lowering its overall cost.42 As such, there is a growing interest in developing smoother 
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FTO films that can replace ITO in those applications that require a much reduced surface roughness.17 

Furthermore, higher control over the surface morphology of FTO films may enable the deposition of 

conformal FTO films onto patterned substrates designed to enhance the absorption of light, and thus 

increase the efficacy of FTO solar cells.17,43,44 

One method of reducing the surface roughness is capping FTO with a thin film of SnO2. Keller et al.17 

recently reported an Ra of 5.8 ±0.5 nm for an FTO substrate coated in 300 nm of SnO2, with no 

significant impact upon optical transmission or sheet resistance. Whilst effective, 300 nm of capping 

material is excessive and unlikely to suit microelectronic applications. Although no ALD routes to FTO 

exist, the development of such a process has the potential to produce FTO films of a lower roughness, 

and could also be used as a capping method in current FTO production.45 To date, however, no 

significant investigations into the ALD of fluorine-doped tin(IV) oxide have been made despite 

widespread studies into the deposition of ITO films by ALD processes.46–54 given the improved 

stability and reduced cost of FTO compared to ITO, it seems prudent to develop ALD routes to FTO 

films with an intent to replace ITO films in current applications and  pre-empt its usage in future 

applications.  

5.1.1.1 Current Deposition Methods for FTO 

A number of deposition methods have been reported for FTO, with CVD20,28,55,56 and spray 

pyrolysis31,57–62 being the most widely investigated due their applicability to large scale processes. 

Indeed, the highest performing commercial FTO thin films are produced by Pilkington NSG and 

deposited via on-line atmospheric pressure CVD (APCVD).25,63 Sputtering64,65 and sol-gel29 processes 

have also been reported.20 

The majority of FTO deposition methods are dual-source processes. For example, spray pyrolysis 

processes using tin chloride precursors and fluorine sources, such as NH4F and HF, are well utilised 

in the literature.60–62 Similarly, CVD processes to FTO are often dual-source with a fluoride doping 

agent, such as HF, NH4F or a fluorocarbon, introduced to existing SnO2 CVD processes.20,37,66–68 

Examples of this include the AACVD deposition of FTO using a methanol/ethanol solution of 

[Sn(tBu)4], with NH4F introduced as the dopant source,20 and a LPCVD process using [Sn(Me)4] and O2 

carrier gas, with HF as the source of fluoride ions.67 However, careful control of the deposition 

parameters is necessary to ensure high reproducibility using this method.36,66,69  

Single-source precursor CVD processes to FTO, which circumvent the use of toxic and corrosive 

fluorine doping agents,70 are less commonly investigated. Literature examples, shown in Figure 5.3 

and labelled i-v, respectively are limited to [Sn(O2CCF3)2],28 [Sn(OCH(CF3)2)4(HNMe2)2],71 

[Sn(OCH(CF3)2)2]·L (L = HNMe2, C5H5N),66 and a selection of organotin fluorocarboxylates; 

[R3SnO2CRF] (R = Bu, Et, Me; RF = CF3, C2F5, C3F7, C7F15),72,73 and [R2Sn(O2CCF3)2] (R = Me,72,73 

CH3(CH2)374).  
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 Metal β-diketonates 

Metal β-diketonate complexes of the form [M{OC(R)CHC(R’)O}x] (Figure 5.2, R, R’= alkyl, aryl, etc.) are 

prevalent across the periodic table, with β-diketonate complexes of almost all metals in the periodic 

table identified in the literature.75–77 Judicial substituent selection allows for wide control to be gained 

over the electronic and steric properties of metal β-diketonate complexes. This along with their 

coordination chemistry and high stabilities has led to applications in solvent extraction, gas-liquid 

chromatography, in sol-gel process, and as contact shift reagents.75,77–80 The primary interest in metal 

β-diketonates derives from their relatively high volatilities and good thermal stabilities, which make 

them ideally suited for use in CVD processes.75 The earliest studies on β-diketonate CVD precursors 

were reported in the 1960s,81,82 with many first generation CVD oxide precursors based on the 2,2,6,6-

tetramethylheptane-3,5-dione (Hthd) ligand (R = R’ = tBu, Figure 5.2).83 

A number of well-established synthetic routes to metal β-diketonates exist, which are broadly similar 

to those used for the synthesis of metal alkoxides.77 Though it should be noted that alkoxide 

complexes can also be used as precursors to β-diketonate systems, via an exchange of alkoxide and β-

diketonate in a stoichiometric fashion.84 Within this study, synthesis of the investigated complexes 

was achieved through reaction of metal amides and β-diketone ligands. 

 

Figure 5.1 Single-source precursor CVD processes to FTO: i) [Sn(O2CCF3)2];28 ii) 

[Sn(OCH(CF3)2)4(HNMe2)2];71 iii) [Sn(OCH(CF3)2)2]·L (L = HNMe2, C5H5N);66 iv) [R3SnO2CRF] 

(R = Bu, Et, Me; RF = CF3, C2F5, C3F7, C7F15);72,73 and v) [R2Sn(O2CCF3)2] (R = Me,72,73 

CH3(CH2)374). 

i) ii) iii) 

iv) v) 
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β-Diketones display two tautomeric forms, keto and enol (seen in Figure 5.3a) with the incorporation 

of electron withdrawing substituents at the terminal positions favouring the enol tautomer.85 Once 

complexed, β-diketonates typically display an η2-chelating mode with delocalised bonding across the 

backbone of the ligand, though this too is affected by the substituent groups.85,86 Other binding modes 

are possible for the β-diketonates, including M-C bonding through the central carbon.85,87,88 

The chelating nature of the β-diketonate bonding (Figure 5.3b) enhances the thermal stability of these 

systems, relative to their alkoxide counterparts, and has the consequence of reducing the 

oligomerisation tendencies of the complexes, increasing their volatility relative to related metal 

alkoxides.75 Interestingly, studies have found that within a given class of metals and β-diketonates, 

volatility is inversely proportional to the radius of the central metal, regardless of atomic mass.75,79,89–

91 Volatility can also be controlled through careful selection of R and R’ substituents, with higher 

volatilities found for complexes containing bulky or fluorinated alkyl substituents, and lower 

volatilities when aryl substituents are present.83,92 As a result, the bulky 2,2,6,6-tetramethylheptane-

3,5-dione (Hthd) ligand and its derivatives are the most widely utilised β-diketonate ligands in the 

literature, particularly for the heavier elements. The cheaper acetylacetone (Hacac) ligand, however, 

is often preferred for the more volatile metals such as copper or aluminium.75,83,93–95  

Likewise, the thermal stability of β-diketonate complexes is also highly dependent upon the nature of 

the R, R’ groups. Studies have demonstrated that bulky alkyl groups such as tert-butyl substituents 

 

Figure 5.2 Structure of metal β-diketonate complexes [M{OC(R)CHC(R’)O}x]. R, R’ = alkyl, 

aryl, silyl, etc 

 

Figure 5.3 Tautomeric forms (a) of β-diketonate ligands, and the delocalised bonding 

observed for η2-chelating β-diketonates once complexed (b). Incorporation of electron-

withdrawing groups at R’ (and R) favours the enol tautomer.  

 

Figure 5.4 The most commonly utilised β-diketonate ligands in CVD processes; i) 2,2,6,6-

tetramethylheptane-3,5-dione (Hthd); and ii) acetylacetone (Hacac). 
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lend an increased thermal stability to metal diketonates, however the incorporation of a 

fluorinated group, such as nonafluoro-tert-butyl, leads to an appreciable decrease.92 As such it has 

been indicated that mixed β-diketonates containing both alkyl (e.g. {-C(CH3)3}) and fluorinated alkyl 

(e.g. {-C(CF3)3}) substituents display the best balance of properties.86,96,97 For those interested 

readers, Tsyganova et al.92 provides a comprehensive overview of metal β-diketonate thermal 

properties, which explores this relationship in more detail. 

Within the field of deposition, metal β-diketonates have found application in CVD for the deposition 

of a plethora of oxide, sulphide and fluoride containing thin films,89,98,107–116,99–106 and are the most 

widely explored ligand systems for ALD processes.76,117–123 As such, complexes containing elements 

from across the periodic table, including Cu,124125,126 Mg,94,127 Pd,128 Ni,82,129–133 Ga,134,135 Al,113,130 Pb,82 

Sn,14,136,137 Co,82,138–141 Sc,142 V,143–145 Cr,146–150 Mn,151–153 Fe,154–157 Zn,81,158 Cd,81 Ca,119,120,122,158–160 

Mg,161,162 Ba,113,119 Sr,119,158,163 Y,118,164 and other Ln,113,165,166 have been successfully investigated for 

the ALD of thin films. Generally, the range of materials deposited from metal β-diketonate precursors 

is limited76 as a result of their low reactivities and higher chemical stabilities, however these 

properties can be used advantageously to reduce the hydrolytic susceptibility of metal centres.83 

Often, though, this is at odds with the desired application. Recent investigations have focused on the 

development of  mixed β-diketonate/alkoxide complexes, so as to maximise the properties of both 

ligands.167,168 In ALD processes, the reduced reactivity is often addressed through the use of stronger 

oxidants, such as O3, H2O2 and O2, at high temperatures.94 However, this in itself can cause 

contamination issues, as incomplete oxidation of the ligand results in greater carbon and hydrogen 

incorporation.76,169–171 Further issues with β-diketonates reside in their large steric bulk, which has 

been found to reduce GPC for a number of systems.76 

5.1.2.1 Fluorinated Substituents  

Fluorinated substituents have been extensively utilised in the development of volatile novel 

complexes. In particular, fluorinated β-diketonates, and hexafluoroisopropoxide {OCH(CF3)2} and 

nonafluoro-tert-butoxide {OC(CF3)3} have found wide application in CVD processes.75,83,110,172 The 

similarity between the van der Waals radius of hydrogen, 120 pm, and fluorine, 135 ppm, enables the 

two to be substituted such that little impact is had upon the steric bulk of the system, but a large 

impact is imparted on the electronics of a complex.170 

It is well established that fluorine incorporation increases the volatility of a compound, with the high 

electronegativity of fluorine resulting in greater intermolecular repulsion between ligand groups173 

and electron-deficiency in the ligands.170 In the case of alkoxides, this reduces the nucleophilicity of 

the oxygen-based lone pairs, thus lessening the propensity of the ligand to bridge between metal 

centres. However, a suitable balance is required as the reduction in π-donation from the fluorinated 

alkoxide leads to greater electrophilicity at the metal centre. Whilst this can increase the reactivity of 

the complex due to reduced electronic stabilisation at the metal, facile electronic saturation can be 

achieved through intermolecular oligomerisation and cluster formation leading to undesired 

products, or hindering the long-term stability of complexes.174,175 Whilst this effect is also observed in 
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metal β-diketonate complexes, it is to a lesser extent as the η2-chelating nature of β-diketonates 

saturates the metal centre, aiding its long term stability.85 

A number of studies have also highlighted the common occurrence of metal-fluorine interactions 

during the decomposition of complexes containing fluorinated ligands.170,173,176 This is particularly 

observed at higher temperatures and when reacted with strong oxidants with deposition studies 

revealing the often undesired incorporation of fluorine into films.83,169,170,174,177 Further difficulties 

arise due to fluoride etching of silicon and other metal oxides, which has been observed following the 

use of fluorinated ligands.174,178 As such, the aim of this chapter is to utilise fluorinated ligands to 

encourage M-F interactions as the precursor decomposes during the reaction phase of the ALD 

process, promoting the incorporation of fluorine into SnO2 films. Additionally, sequestration of any 

free fluoride ions in the reaction chamber through these M-F interactions is likely to minimise fluoride 

etching of the film. Careful control of parameters and ligand selection is necessary to achieve both 

these aims. 

 ALD precursors for SnO2 and F:SnO2 

Deposition of SnO2 thin films by ALD has been of interest since the 1990s, and, as in many cases, 

precursors were derived from existing CVD processes.179–181 As such early investigation focused on 

the use of the halogenated precursors SnCl4180,182–184 and SnI4184,185. However, low-growth rates, high 

deposition temperatures, and, in particular, the corrosive nature of both precursors and by-products 

limited their applicability. Elam et al.186 first introduced an alternative in the form of 

tetrakis(dimethylamino) tin which was found to be an effective low temperature ALD precursor for 

SnO2 deposition. A number of reports have since detailed further investigations of this precursor 

using either H2O,187 H2O2,46,188 and O3189,190 as a co-reagent. More recent expansion in the field by Heo 

et al.191–193 has widened the library of SnO2 thermal ALD precursors to include 

[Sn{N(tBu)CH(Me)CH(Me)N(tBu)}2]191,192 whilst a number of other reports have demonstrated the 

potential of plasma-enhanced ALD processes in the low temperature  deposition of SnO2 from 

[(CH3CO2)2Sn{(CH2)3-CH3}2],194 [Sn(NMe2)4],195,196 and [Sn(dmamp)2]197 precursors. It should also be 

noted that the tin(II) bis-β-diketonate [Sn(acac)2], acac = {OC(Me)CHC(Me)O}, has been found to 

deposit SnO2 using an oxygen plasma co-reagent137,198 and SnS in a thermal process alongside the 

reactive H2S.14,136 Diagrams of these systems can be observed in Figure 5.5. To date, there have been 

no reported investigations into the ALD of SnO2:F thin films. Recently however, Bačić et al.199 

described the synthesis of a range of tin(II) and tin(IV) trifluroacetate species shown in Figure 5.6 and 

indicated that studies into their applicability for the ALD F-doped SnO2 were ongoing. 
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Developing precursors for the ALD of FTO requires careful consideration of the doping method. CVD 

and spray pyrolysis processes tend to utilise external sources of fluoride such as HF or NH4F,60–62 

which are classified as toxic and have the potential to corrode the instrument and substrate surface.200 

Doping via CVD and spray pyrolysis often involves low concentrations of dopant sources being 

introduced to the substrate concomitantly to the precursors. In an ALD process, simultaneous 

introduction of dopant source and precursor has the potential to cause gas-phase reactions between 

precursors and result in CVD-like deposition. As such, astute choice of precursors must be made, or 

alternative approaches taken. 

ALD deposits materials in fixed stoichiometries based on the recipe of the process, enabling accurate 

and reproducible dopant concentrations to be produced with relative ease through the introduction 

of a doping oxide cycle in between the matrix oxide cycling.123,201–203 Examples include the yttrium 

doping of SrO2 reported by Putkonen et al.,204 the doping of HfO2 with Er reported by Jinesh et al.,205 

and the doping of ZnS with trivalent rare earth elements reported by Tammenmaa et al.206 However, 

this method often leads to limited spatial distribution of the dopant due to the incorporation of a 

single independent layer of dopant molecules, which can reduce the doping efficiency due to dopant 

clustering.207,208 Solutions to this have included utilising dopant ALD precursors with low GPC to avoid 

the formation of a saturated monolayer of dopant,209 sub-saturating the surface during the dopant 

cycle,208,210 and introducing a surface functionalisation step to the ALD process.208 

 

Figure 5.5 Known ALD precursors for the deposition of SnO2; i) 

[Sn{N(tBu)CH(Me)CH(Me)N(tBu)}2]; 191,192 ii) [(CH3CO2)2Sn{(CH2)3-CH3}2] (DBTA);194 iii) 

[Sn(NMe2)4];186,195,196 iv) [Sn(dmamp)2];197 v) [Sn(acac)2].137,198 

 

Figure 5.6 Structures of i) tin(II) bis(trifluroacetate) and ii) tin(IV) 

tetrakis(trifluoroacetate) complexes synthesised by Bačić et al.199 and currently being 

investigated for the ALD of SnO2:F. 
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Given the overwhelming evidence that fluorine contamination is prevalent in films deposited from 

fluorinated precursors,28,83,169,170,174,177 a single-source fluorine containing Sn(II) ALD precursor has 

the potential to act as a self-dopant in the plasma-ALD of SnO2:F.211 Of particular importance is the 

literature evidence that decomposition of fluorine containing complexes can result in M-F 

interactions.170,173,176 This is likely to encourage the incorporation of substitutional fluorides, with the 

fluoride ions occupying an oxygen vacancy, which, as previously discussed in Chapter 1, is essential 

for enhancing the conductivity of SnO2. 

Furthermore, the use of a single-source precursor for both the bulk material, SnO2, and the dopant, F-, 

should result in a degree of fluorine doping during each ALD cycle. This would encourage a greater 

spatial dispersion of fluoride than would be observed from a dopant super cycle,201 whilst still 

satisfying the low dopant levels required in SnO2:F (ideal F/Sn ratio = 0.01-0.03).212 Astute selection 

of ligand may also offer the ability to tailor the dopant concentration within the film. Additionally, the 

use of a single-source FTO precursor negates the need for toxic, corrosive co-reagents, such as NH4F 

or HF, which are significant challenges in the deposition of SnO2:F.20,67,70 

As such, a selection of fluorinated alkoxide and β-diketonate tin(II) precursors, some of which have  

previously been investigated for the thermal ALD of tin oxide materials, were investigated.174 In order 

to ensure the oxidation of the Sn(II) centre, O2 plasma was selected as the co-reagent for the process. 

It was hypothesised that the secondary effect of this would be the induced breakdown of several C-F 

bonds, further facilitating M-F interactions within the decomposition process170 and promoting the 

incorporation of substitutional fluoride ions into lattice structure of the films. 

 Ligand Selection 

A range of fluorinated β-diketonate ligands of the form {O(R)CCHC(CF3)O}, where R = Me {tfacm}, Et 

{tface}, iPr {tfacip}, tBu {tfactb}, Ph {tfacph}, and CF3 {hfac}, and the fluorinated alkoxide ligand 

{OC(CF3)3} were selected for this investigation (Figure 2.11). Previously, the related 

[Sn(O(Me)CCHC(Me)O)2] complex ([Sn(acac)2], Figure 5.5v) has been utilised in a PEALD processes 

for the deposition of SnO2,137,198 and in investigations by Chi et al.56 for the CVD deposition of SnO2, 

alongside [Sn(O(CF3)CCHC(R)O)2] complexes where R = Me, CF3. The fluorinated alkoxide ligand 

{OC(CF3)3} was selected due to successful ongoing ALD investigations within the research group 

based on a [Sn(OtBu)2]2 precursor, and CVD investigations by Suh et al.66 into FTO deposition from 

the perfluoro-iso-propoxide analogue [Sn(OCH(CF3)2)2]2  
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5.2 Synthesis and Characterisation of Fluorinated Tin(II) ALD 

Precursors  

A range of Sn(II) complexes, both known, and unknown were identified as potential single-source 

precursors for the ALD of FTO and were targeted in this investigation. All have been shown to display 

aspects of ALD precursor requirements though none have been explored for the deposition of SnO2 

or SnO2:F. Chi et al.56 previously reported the synthesis of the Sn(II) bis-β-diketonate complexes 

[Sn(O(CF3)CCHC(R)O)2] where R = Me and Ph, denoted as [Sn(tfacm)2] (34) and [Sn(tfacph)2] (38) 

respectively in this work, in 2000. Successful CVD of SnO2 was achieved utilising [Sn(tfacm)2] (34) at 

temperatures > 500 °C under reduced pressure CVD conditions, though the use of an O2 carrier gas 

enabled deposition at 300-600 °C. Structural characterisation of both 34 and 38 was not provided by 

Chi et al.,56 however the crystallographic data for the structure of [Sn(tfacm)2] (34) were later 

reported by Popov et al.213 in 2016. The structure of the bis-alkoxide complex [Sn(OFtBu)(μ2-OFtBu)]2 

(41) was first reported in the literature by Schleep et al.214 in 2019, though no investigations have 

been made into its use as an FTO precursor despite much speculation.214  All three of these previously 

reported complexes (34, 38 and 41) are presented here using the data obtained through a wider 

study of these systems.  

 Synthesis 

With the intention of developing reactive single-source ALD precursors for the deposition of fluorine-

doped tin(IV) oxide films, initial work focused on the synthesis and application of known fluorinated 

alkoxide and β-diketonate Sn(II) complexes, and the development of related heteroleptic systems. 

Following this, a proof-of-concept investigation, comprising of a small number of trial plasma-

enhanced atomic layer depositions, was undertaken. 

 

Figure 5.7 Complexes [Sn(tfacm)2] (34) and [Sn(tfacph)2] (38) have previously been 

reported for the deposition of SnO2 by CVD,56 and [Sn(OFtBu)(μ2-OFtBu)]2 (41) was 

previously characterised by Schleep et al.214 
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Ligands for this investigation were selected based on prior knowledge from within the research group 

and within the wider literature. As previously discussed, metal alkoxides and β-diketonate complexes 

are widely used in the CVD of a variety of metal oxide films,56,164,169,213,215–220 and fluorine containing 

analogues are readily available. Recent successes within the group utilised a Sn(II) alkoxide precursor 

to deposit SnO by a thermal ALD process,174 and the CVD of FTO from [Sn(OCH(CH3)2)2]2,66 initiated 

interest in exploring these simple CVD precursors for use in ALD processes. 

To this end a range of homoleptic, and heteroleptic Sn(II) β-diketonate and mixed alkoxide-β-

diketonate complexes were synthesised and their structural and thermal properties investigated. 

Two of the most promising of these compounds were further investigated via trial PEALD processes 

to assess their potential as molecular precursors for the deposition of SnO2:F.  

Synthesis of compounds 34-38 and 41 occurred via the double substitution of the tin(II) 

bis(hexamethyldisilazide), [Sn(HMDS)2], with the β-diketone pro-ligands 1,1,1-trifluoro-2,4-

pentanedione (Htfacm), 1,1,1-trifluoro-2,4-hexanedione (Htface), 1,1,1-trifluoro-5-methyl-2,4-

hexanedione (Htfacip), 1,1,1-trifluoro-5,5-dimethyl-2,4-hexanedione (Htfactb), 4,4,4-trifluoro-1-

phenyl-1,3-butanedione (Htfacph), 1,1,1,5,5,5-hexafluoro-2,4-pentanedione (Hhfac), and the 

alcoholic pro-ligands, nonafluoro-tert-butyl alcohol (HOFtBu) and tert-butanol (HOtBu) (Figure 2.11). 

In the case of the mixed species 39, 40 and 42, the pro-ligand with higher acidity was added to 

[Sn(HMDS)2] first and allowed to react. Volatiles were removed in vacuo before the intermediate was 

dissolved in fresh solvent. Following this, the pro-ligand of lower acidity was added.  

 

Figure 5.8 Pro-ligands for compounds 34-42. 
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All reactions proceeded with good yields, with purification of compounds 34-36 achieved through 

sublimation, affording solid crystalline material suitable for single-crystal X-ray diffraction in the case 

of compounds 34 and 36. [Sn(tface)2] (35) was isolated as a liquid at room temperature. Single 

crystals of systems 37-42 were isolated from saturated solutions following storage at -28 °C.  

 Characterisation 

Both the homoleptic systems, 34-38 and 41, and the heteroleptic complexes, 39, 40 and 42, were 

initially characterised by single crystal X-ray diffraction (SXRD) to determine their solid state 

structure. NMR characterisation was used to confirm complete synthesis and assess for any 

 

 

Scheme 5.1 Reaction scheme for complexes 34-40,right, and complexes 41 and 42, left. 
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equilibrium instability. [Sn(OFtBu)(μ2-OFtBu)]2 (41) has been previously studied by Schleep et al.214 

and Parish,174 and as such it will only be briefly discussed within this section. The structure of 

[Sn(tfacm)2] (34) has also been published in the literature213 but is further discussed here. 

5.2.2.1 Structural Characterisation: Sn(II) β-diketonate Precursors 

Single crystals of compounds 34, 36-42 were obtained and analysed by single crystal X-ray diffraction 

to determine the molecular structure of the compounds. The ethyl containing [Sn(tface)2] (35) was 

found to be a liquid at room temperature and no crystalline material was obtained for analysis. The 

structure of [Sn(OFtBu)(μ2-OFtBu)]2 (41) has been previously published by Schleep et al.,214 though for 

purposes of comparison it will be considered alongside the heteroleptic complex [Sn(OtBu)(OFtBu)]2 

(42). 

The crystalline homoleptic tin(II) bis-β-diketonate complexes 34 and 36-38 were all found to display 

comparable gross structural features, as can be seen from Figure 5.9. Each of the complexes contains 

a four-coordinate tin(II) environment with a lone pair of electrons occupying an equatorial site, 

resulting in a distorted pseudo-trigonal bipyramidal geometry. [Sn(tfacm)2] (34) and [Sn(tfacph)2] 

(38) crystallised in the P-1 space group, with the iso-propyl containing [Sn(tfacip)2] (36) crystallising 

in the C2/c space group, and [Sntfactb)2] (37) in the P21/c space group. [Sn(tfacm)2] (34) is the only 

one of these systems to display two inequivalent molecules in the unit cell, all other complexes (36-

38) contain a single molecule in the unit cell. 

Each β-diketonate ligand of complexes 34, and 36-38 binds in a bidentate η2-chelating fashion, with 

one shorter M-O bond (2.144(3)-2.1754(14) Å) located in the equatorial region and one longer bond 

(2.275(2)-2.367(4) Å) found in the axial region. The distance observed, and the gross structural 

arrangements, are comparable to a range of other bis-β-diketonate Sn(II) complexes found in the 

literature (Figure 5.11),221–224 as well as with the published structure for compound 34.213 

The shorter Sn-O equatorial bond in systems 34 and 36-38 is formed by the carbonyl group adjacent 

to the {-CF3} group. This results in a longer O-C distance for this carbonyl, compared to the distance 

observed for the O-C(R) bond. This indicates a localisation of bonding in the {-OCCCO-} backbone 

consistent with enol tautomerization in the presence of electron withdrawing groups as seen in 

Figure 5.10.85 Assessment of the C-C bond length in the ligand backbone indicates a shorter C-C(CF3) 

bond than observed for the C-C(R) interaction further confirming localised enol-style interactions. 
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The equatorial M-Oeq bonds in the homoleptic systems 34 and 36-38 appear to increase with 

increasing steric bulk of the R groups in the fashion Me (34) < iPr (36) < tBu  (37). Interestingly, the 

phenyl analogue (38) displays similar M-Oeq bond distances as the [Sn(tfacm)2] (34) complex (see 

 

Figure 5.9 Partially labelled molecular structures of i) [Sn(tfacm) 2] (34), ii) [Sn(tfacip)2] 

(36), iii) [Sn(tfactb)2] (37), and iv) [Sn(tfacph)2] (38). Thermal ellipsoids are shown at 

50% probability and hydrogen atoms are omitted for clarity. Selected bond lengths  and 

angles can be found in Table 5.1. 

 

Figure 5.10 Possible resonance forms for the β-diketonate ligands in compounds 34-38. 

Bond lengths in compounds 34 and 36-38 indicate the preferred resonance form lies to the 

right of this diagram. 

i) ii) 

iii) iv) 
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Table 5.1). This suggests that the planar nature of the phenyl ring, and the small angles (3.73° and 

18.29°) between the phenyl plane and the {OCCCO} backbone plane, limits the steric impact of the 

larger group. 

A comparison of the Sn-O bonds in [Sn(tfactb)2] (37) and those observed in the comparable bis–

(2,2,6,6-tetramethyl-3,5-heptanedionato)tin(II) complex reported by Barry et al.,224 with a 

{tBuCCCtBu} backbone (Figure 5.11iii), indicates that the [Sn(thd)2] complexes display significantly 

shorter Sn-O bonds in general. This is also true of the literature complex bis(1-phenyIbutane-l,3-

dionato)tin(II) complex (Figure 5.11ii) reported by Ewings et al.,223 with a {PhCCCMe} backbone. This 

suggests that the longer equatorial and axial Sn-O bonds observed in compounds 34 and 36-38 are 

due to the presence of the electron withdrawing {CF3} moiety. It may indicate that the Sn-O bonds of 

34-38 may be more labile, and thus more reactive, than the comparable literature systems shown in 

Figure 5.11i-iii. However, it should be noted that the {CF3} unit appears to have less impact on the 

phenyl containing complex [Sn(tfacph)2] (38), which shows similar bonding to the Uchida et al.221 

complex. This literature complex contains a symmetric {PhCCCPh} backbone (Figure 5.11iv). This 

may be a result of extended delocalisation from the phenyl rings limiting the impact of the {CF3} group 

in compound 38. 

The increase in bond lengths in the order 34 < 36 < 37 leads to a marginal decrease in the chelating 

bite angle of the ligands: 79.36(13)-80.20(14)° (34) > 78.88° (36) > 77.58(5)-77.97(5)° (37). In the 

 

Figure 5.11 Tin(II) bis-β-diketonate complexes with comparable bonding and gross 

structures to complexes 34 and 36-38; i) [Sn(hfac)2] synthesised by Sevastyanov et al.;222 

ii) [Sn(OC(Me)CHC(Ph)O)2] synthesised by Ewings et al.;223 iii) [Sn(thd)2] reported by 

Barry et al.224 and iv) [Sn(OC(Ph)CHC(Ph)O)2] synthesised by Uchida et al.221 

i) ii) 

iii) iv) 
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phenyl analogue (38) the bite angles are 78.76(8)° and 78.04(8)°, similar to that seen for the iso-

propyl system (36), and smaller than would be expected based on the Sn-O bond lengths within the 

system.  

 

The similarities between the [Sn(tfacip)2] (36) and [Sn(tfacph)2] (38) analogues are also seen in the 

bond angles between the equatorial positions and between the axial positions in each compound. 

Both show larger Oeq-Sn-Oeq bond angles (86.56(9)° (36); 89.74(9)° (38)) than is seen for the methyl 

(34) and tert-butyl (37) analogues (85.35(14)°, 84.91(15)° (34); 84.98(5)° (37)). Though for the Oax-

Sn-Oax bond angles compounds 34 and 37 display larger angles (148.93(13)°, 150.66(13)° (34); 

148.13(5)° (37)) than 36 and 38 (146.84(11)° (36); 144.04(8)° (38)). 

For all 4 complexes (34 and 36-38) these bonding angles clearly indicate the presence of a 

stereoactive lone pair residing in the equatorial region of the Sn(II) centre. This forces a pseudo-

trigonal bipyramidal geometry in compounds 34 and 36-38, as is seen in a number of the comparable 

bis-β-diketonato Sn(II) complexes in the literature.213,221,222,224  

Whilst the mixed heteroleptic complexes [Sn(tfacip)(μ2-OtBu)]2 (39) and [Sn(hfac)(μ2-OSiMe3)]2 (40) 

also display the presence of a stereoactive lone pair, the bonding environments are different. Both 39 

and 40, displayed in Figure 5.15, crystallise in the P-1 space group, with 4-coordinate Sn(II) centres 

Table 5.1 Selected bond lengths (Å) and angles (°) for compounds 34 and 36-38. * denotes 

an atom of the opposing ligands. See Figure 5.12 for a schematic detailing the Oeq and Oax 

positions within 34 and 36-38. 

Compound 
Bond lengths (Å) Bond angles (°) 

M-Oeq M-Oax Oeq-M-Oax Oeq-M-Oeq Oax-M-Oax Oeq-M-Oax* 

Sn(tfacm)2 (34) 

2.144(3) 

2.148(4) 

2.144(4) 

2.157(4) 

2.301(4) 

2.367(4) 

2.299(4) 

2.358(4) 

79.65(14) 

79.39(13) 

80.20(14) 

79.36(13) 

85.35(14) 

84.91(15) 

148.93(13) 

150.66(13) 

77.60(14) 

77.94(14) 

78.53(14) 

78.84(13) 

Sn(tfacip)2 (36) 2.1635(17) 2.328(2) 78.88(7) 86.56(9) 146.84(11) 77.14(7) 

Sn(tfactb)2 (37) 
2.1694(14) 

2.1754(14) 

2.3244(14) 

2.3249(14) 

77.97(5) 

77.58(5) 
84.98(5) 148.13(5) 

79.13(5) 

78.61(5) 

Sn(tfacph)2 (38) 
2.146(2) 

2.158(2) 

2.275(2) 
2.323(2) 

78.76(8) 

78.04(8) 
89.74(9) 144.04(8) 

76.95(8) 

75.69(8) 
 

 

Figure 5.12 Schematic detailing the equatorial (Oeq), axial (Oax) and bridging (Ob) oxygen 

atoms for Table 5.1 
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bridged by {OtBu} groups in 39, and {OSiMe3} moieties in compound 40. As a result, a planar {Sn2O2} 

ring, with planar sp2 oxygens (∑angles = ca. 359°), is formed at the centre of each of the heteroleptic 

systems 39 and 40. 

In complexes 39 and 40 the β-diketonate ligands {tfacip} (39) and {hfac} (40) are coordinated in a 

κ2-chelating manner to the Sn(II) centres, with the alkoxides (39) and siloxides (40) bridging between 

the tin centres forming planar {Sn2O2} rings. As a result, distorted pseudo-trigonal 

bipyramidal geometries are observed about the Sn(II) centres with the planes of the β-diketonate 

ligands lying at 87.94° (39) and 82.99° (40) angles to the {Sn2O2} ring, as seen in Figure 5.13. 

Within the planar {Sn2O2} rings, Sn-Ob-Sn bonding angles of 106.69(8)° (39) and 104.00(8)° (40) are 

very similar to the 104(2)° angle of the homoleptic alkoxide system [Sn(OtBu)(μ2-OtBu)]2.225 However, 

the  Sn-Ob bond distances seen for both 39 (2.0984(19) Å and 2.2573(19) Å)  and 40 (2.0906(19) Å 

and 2.2702(18) Å) are longer than those seen in the reported alkoxide complex 

[Sn(OtBu)(μ2-OtBu)]2.225  Furthermore, the asymmetry of the heteroleptic complexes 39 and 40 also 

leads to a clear distinction between a shorter covalent bond and a longer dative interaction in the 

{Sn2O2} rings (Table 5.2).  

 

 

Figure 5.13 Schematic detailing the angle between the planes of the {Sn2O2} and {Sn2O2C3} 

rings of the heteroleptic systems 39 and 40.  

Table 5.2 Selected bond lengths (Å) and angles (°) from compounds 39 and 40. See Figure 

5.14. 

Compound 
Bond lengths (Å) Bond angles (°) 

M-Oax M-Oeq M-Ob Oax-M-Oeq Ob-M-Ob M-Ob-M 

[Sn(tfacip)(OtBu)]2 (39) 2.179(2) 2.402(2) 
2.0984(19) 

2.2573(19) 
75.83(7) 73.31(8) 106.69(8) 

[Sn(hfac)(OSiM3)]2 (40) 2.186(2) 2.431(2) 
2.0906(19) 

2.2702(18) 
76.32(7) 76.00(8) 104.00(8) 

 

 

Figure 5.14 Schematic detailing the equatorial (Oeq), axial (Oax) and bridging (Ob) oxygen 

atoms for Table 5.2 
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The bonding of the β-diketonate ligands within compounds 39 and 40 follows similar trends to that 

seen in the homoleptic complexes [Sn(tfacip)2] (36) and [Sn(hfac)2].222 In [Sn(tfacip)(OtBu)]2 (39) the 

bonding about the tin(II) centre indicates that the Sn-O bond to the carbonyl adjacent to the 

{CF3} group (2.179(2) Å) is shorter than that to the carbonyl attached to the R group (2.402(2) ). As 

with the homoleptic system (36), this results in the {OC(CF3)} carbonyl being located in the equatorial 

region of the Sn(II), whilst the {OC(R)} carbonyl lies in the axially region. Interestingly, in the 

heteroleptic systems 39 these distances are significantly longer than those seen in the homoleptic 

complex 36, indicating that the {tfacip} ligand is likely to be more labile in the heteroleptic system. As 

will be later discussed, the heteroleptic complex (39) was found to exist in an equilibrium with its 

 

Figure 5.15 Partially labelled molecular structures of [Sn(tfacip)(μ2-OtBu)]2 (39) and 

[Sn(hfac)(μ2-OSiMe3)]2 (40). Thermal ellipsoids are shown at 50% probability and 

hydrogen atoms are omitted for clarity. Equivalent atoms (#) are generated by symmetry 

operators: i) 1-x, 1-y, -z;  ii) 1-x, 1-y, 1-z. Selected bond lengths and angles can be found in 

Table 5.2. 

i) 

ii) 
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homoleptic analogues. If the longer bonds observed in 39 are a result of a more labile {tfacip} ligand 

then this may be contributing factor to the equilibrium observed in the 1H, 13C, 19F and 119Sn NMR 

spectra. 

In [Sn(hfac)(OSiMe3)]2 (40) the Sn-O equatorial bond lengths observed to the chelating {hfac} ligand 

(2.186(2) Å), are comparable to those found in the homoleptic analogue [Sn(hfac)2] (2.167(6)-

2.196(6) Å) reported by Sevastyanov et al.222 However, a difference is observed between the two 

systems for the axial Sn-{hfac} interactions. In [Sn(hfac)2] the axial Sn-O bonds are found to be 

2.327(6)-2.348(6) Å.222 In the heteroleptic [Sn(hfac)(OSiMe3)]2 (40) the Sn-O axial bonds are 

observed to be significantly longer at 2.431(2) Å. This could potentially indicate weaker Sn-{hfac} 

bonding in the heteroleptic 40 than in [Sn(hfac)2].  

In both [Sn(tfacip)(OtBu)]2 (39) and [Sn(hfac)(OSiMe3)]2 (40) the {tfacip} ligand (39) and the {hfac} 

ligand (40) are found to be enol-like (Figure 5.10) based on an analysis of the  C-C bonding in the 

backbones of the ligands. This was also seen in the respective homoleptic analogues, [Sn(tfacip)2] (36) 

and [Sn(hfac)2],222 though the difference in C-C backbone bond lengths is less in the heteroleptic 

systems. This suggests that the C-C bonding in the backbone of {tfacip} and {hfac} in 39 and 40, 

respectively, is more delocalised than in the homoleptic analogues.  

5.2.2.2 NMR Characterisation: Sn(II) β-diketonate Precursors 

Analysis of the 1H and 13C NMR spectra for compounds 34-40 indicated that all reactions had 

proceeded through to completion with no {HMDS} resonances observed in either 1H or 13C NMR 

spectra for any systems. Additionally, the 1H NMR spectra indicated that only a single proton 

resonance could be observed for the backbone of the β-diketonate ligands in 34-40, and no proton 

resonance was found for the tert-butanol of [Sn(tfacip)(μ2-OtBu)]2 (39). The acidity of the Hhfac 

ligand resulted in the unexpected synthesis of [Sn(hfac)(OSiMe3)]2 (40) (see Scheme 5.2), and the 1H 

NMR spectrum indicated that this reaction also proceeded to completion. 

Upon complexation, the ligands of compounds 34-38 display an increase in acidity for the backbone 

proton with the resonances in the 1H NMR spectra shifting downfield of their pro-ligand values. The 

acidity of the backbone proton is found to increase with respect to the size of substituent group; 

Me < Et < iPr < tBu < Ph. Corresponding downfield shifts of  ca. 0.92-1.76 ppm from the pro-ligand 

values are observed in the 13C NMR spectra of each complex for the central sp2 carbon of the backbone. 

Small downfield shifts are also observed for the {-CF3} groups in the 13C NMR spectra of compounds 

34-38. The {-CF3} environment is observed to differ by only 0.2 ppm across the complexes, indicating 

little variation in carbon environment.  

The resonance in the 13C NMR spectra attributed to the carbonyl adjacent to the {-CF3} group in each 

of the compounds 34-38 increases in chemical shift from ca. δ 167 ppm to ca. δ 170 ppm with 

increasing size of the R group; Me < Et < iPr < tBu < Ph. Similar deshielding effects are seen in the 13C 

NMR spectra for the resonances of the other carbonyl in each complex, with increasing size of R group 

resulting in an increase in chemical shift from δ 200.0 ppm when R = Me (34) to δ 208.4 ppm R = tBu 
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(37). The shielding effect of the phenyl group leads to a lower chemical shift of δ 189.61 ppm for this 

carbonyl in [Sn(tfacph)2] (38). 

In the 19F NMR spectra for each of the complexes 34-38 singlet resonances were observed at similar 

chemical shifts to those observed in the respective pro-ligand spectra. This suggests similar fluorine 

environments in both pro-ligand and complexed ligand. A slight decrease in shielding was observed 

across the compounds in the 19F NMR spectra with the singlet resonances increasing from 34 to 38:  

δ -75.70 ppm (34) < δ -75.66 ppm (35) < δ -75.56 ppm (36) < δ -75.42 ppm (37) < δ -75.42 ppm (38). 

Analysis of the 119Sn NMR spectra for complexes 34-38 indicates a highly shielded metal Sn(II) centre 

in each of the compounds, with the singlet resonances observed lying at significantly lower chemical 

shifts than previously seen in this work. In general, this shielding was found to increase with 

increasing ligand size: δ -796.56 ppm  (34) < δ -795.81 ppm  (35) < δ –799.96 ppm  (36) < δ -800.73 

ppm  (37) < δ -808.31 ppm  (38). 

1H and 13C NMR characterisation of the heteroleptic systems [Sn(tfacip)(μ2-OtBu)]2 (39) indicates that 

an equilibrium exists between the homoleptic Sn(II) bis-β-diketonate complex, [Sn(tfacip)2] (36), and 

the homoleptic Sn(II) bis-tert-butoxide complex, [Sn(OtBu)(μ2-OtBu)]2. The spectra indicate that the 

heteroleptic system is the minor product. This can clearly be seen in Figure 5.16, which displays the 

1H NMR spectrum of the heteroleptic system [Sn(tfacip)(μ2-OtBu)]2 (39) (bottom) stacked alongside 

those of the homoleptic systems [Sn(tfacip)]2 (36) (middle) and the reported [Sn(OtBu)(μ2-OtBu)]2 

(top).174,225 Whilst attempts were made to determine the ratio of homoleptic to heteroleptic species 

through integration analysis of the 1H NMR spectrum for the heteroleptic complex (39), variations in 

the ratio were found between experiments suggesting that the equilibrium was concentration 

dependent. Evidence of an equilibrium was also indicated in the 119Sn NMR spectrum, which displayed 

a resonance typical of the homoleptic species [Sn(tfacip)2] (36) (δ119Sn -800.11 ppm) in addition to 

one at δ -148.37 ppm which had been attributed to a Sn(II) tert-butoxide cluster [Sn6O4(OtBu)4] in 

previous studies.174 It is uncertain as to why the cluster appears to have been formed, though it likely 

due to the presence of H2O in one of the ligand species, most likely the {tfacip}, which was used as 

purchased.  

As can be seen in Figure 5.16 the proton resonances attributed to the mixed heteroleptic system 

[Sn(tfacip)(μ2-OtBu)]2 (39) are very similar to those of the homoleptic compounds [Sn(tfacip)2] (36) 

and [Sn(OtBu)(μ2-OtBu)]2,225 as well as the cluster [Sn6O4(OtBu)4].174 The resonances for the methyl 

protons and single proton of the iso-propyl group in the mixed heteroleptic system (39) shift 

negligibly downfield of their respective locations in the 1H NMR spectra of the homoleptic system 

[Sn(tfacip)2] (36). A similarly negligible upfield shift is observed in the 1H NMR spectra of 39 for the 

methyl protons of the tert-butoxide groups from their respective resonances in the [Sn6O4(OtBu)4] 

cluster.  
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Negligible variation is observed between the 13C NMR spectrum of [Sn(tfacip)(μ2-OtBu)]2 (39) and the 

13C NMR spectra of the homoleptic species [Sn(tfacip)2] (36) and [Sn(OtBu)(μ2-OtBu)]2.225 

The greatest difference is observed for the quaternary carbon of the tert-butoxide group where an 

upfield shift of is observed from the homoleptic [Sn(OtBu)(μ2-OtBu)]2 resonance of δ 74.26 ppm, to δ 

72.81 ppm for the heteroleptic system (39).  

The 19F NMR spectra shows slight deshielding of the fluorine environment from the δ -75.56 ppm 

resonance in the homoleptic complex [Sn(tfacm)2] (36) to a resonance of δ -75.24 ppm in the 

heteroleptic system [Sn(tfacip)(μ2-OtBu)]2 (39). However, it should be noted that the major resonance 

in the spectrum is at δ -75.51 ppm, correlating to that observed for the homoleptic [Sn(tfacip)2] (36) 

system, further confirming that the heteroleptic [Sn(tfacip)(OtBu)]2 (41) was not the major product. 

In general, the 1H, 13C, 19F, and 119Sn NMR spectra for [Sn(tfacip)(μ2-OtBu)]2 (39) indicate the presence 

of an equilibrium between the heteroleptic system and the homoleptic derivatives. This is a common 

observation for Sn(II) heteroleptic complexes as detailed in a report by Wang et al.,226 and 

unfortunately, renders the system unsuitable for ALD processes, particularly given that the 

heteroleptic complex appears to be the minor product of the reaction. 

The second heteroleptic system synthesised in this study was the unexpected complex 

[Sn(hfac)(μ2-OSiMe3)]2 (40). This compound was synthesised in the same manner as 39, however the 

higher acidity of the proton in the backbone of the {hfac} ligand compared to {tfacip} resulted in an 

additional reaction between [hfac]- anions and liberated H-HMDS in solution. Scheme 5.2 depicts the 

proposed reaction resulting in the formation of [Sn(hfac)(μ2-OSiMe3)]2 (40). 

  

Figure 5.16 A stacked 1H NMR spectrum between δ 0.75 ppm and δ 5.90 ppm, displaying 

the stacked traces for the heteroleptic complex [Sn(tfacip)(μ2-OtBu)]2 (39) at the bottom, 

the homoleptic [Sn(tfacip)2] (36) in the middle, with the homoleptic complex [Sn(O tBu)(μ2-

OtBu)]2 and its cluster derivative [Sn6O4(OtBu)4] at the top. 

[Sn(OtBu)(μ2-OtBu)] 

[Sn(tfacip)
2
] (36) 

[Sn(tfacip)(μ2-OtBu)]2 (39)  
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Upon complexation, the 1H NMR spectrum reveals that the backbone proton of the coordinated ligand 

lies downfield to that of the pro-ligand (δ 6.06 ppm - (42); δ 5.73 ppm – Hhfac). In the 13C NMR 

spectrum, the {-CF3} groups and the adjacent carbonyl display resonances shifted downfield of their 

pro-ligand values by 1.10 ppm and 0.91 ppm, respectively. The central sp2 carbon of the backbone 

displays a resonance at δ 91.42 ppm, (-)2.27 ppm upfield of the pro-ligand value.  

A resonance at δ -76.47 ppm in the 19F NMR spectrum indicates a more shielded environment for 

complex 40 than is seen for the other Sn(II) complexes synthesised in this chapter. The 119Sn NMR 

spectrum displays a singlet resonance at δ -138.27 ppm, suggesting a slightly more deshielded Sn(II) 

environment for[Sn(hfac)(μ2-OSiMe3)]2 (40) compared to [Sn(tfacip)(μ2-OtBu)] (39).  

5.2.2.3 Structural Characterisation: Sn(II) Alkoxide Precursors 

Both [Sn(OFtBu)(μ2-OFtBu)]2 (41) and [Sn(OFtBu)(μ2-OtBu)]2 (42) display similar structures to each 

other, and to the homoleptic species [Sn(OtBu)(μ2-OtBu)]2.225 All three complexes display the presence 

of a {Sn2O2} ring containing three-coordinate tin(II) centres, which are capped by a terminal 

alkoxide group. In the heteroleptic complex 42, the perfluoro-tert-butoxide is the terminal alkoxide, 

and the tert-butoxide ligand bridge the two Sn(II) centres. 

As has been mentioned, the structure of [Sn(OFtBu)(μ2-OFtBu)]2 (41) was recently reported by Schleep 

et al.214 The complex crystallises in the P 21/n space group, and displays two three-coordinate Sn(II) 

centres that are bridged by {OFtBu} ligands such that a central {Sn2O2} ring is formed. This {Sn2O2} 

core is folded at an angle of 109.1° along the Sn···Sn vector. Terminal Sn-{OFtBu} alkoxide bonds reside 

anti to each other about the {Sn2O2} core, with the Sn-Ot terminal bonds found to be almost 

perpendicular to the Sn-Ob bonds of the central core (81.1(3)-86.1(4)°).214 These ca. 90° angles 

indicate that the lone pair is likely to be located in the s-orbital and thus stereochemically inactive. 

The fold observed in the {Sn2O2} core of 41 results in one {OFtBu} ligand tilting towards the {Sn2O2} 

ring and one ligand tilting away from it, with angles of 59.73(6)° and 112.6(6)°, respectively, observed 

between the terminal Sn-Ot bonds and the Sn···Sn vector. The structure of [Sn(OFtBu)(μ2-OFtBu)]2 (41) 

is shown in the bottom right corner of Figure 5.17 for comparison with the heteroleptic system 42. 

 

Scheme 5.2 Proposed reaction scheme detailing formation of heteroleptic complex 

[Sn(hfac)(μ2-OSiMe3)]2 (40) 
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In contrast, the heteroleptic complex [Sn(OFtBu)(μ2-OtBu)]2 (42), shown in Figure 5.17 (top, centre), 

crystallises in the P-1 space group, and contains two three-coordinate Sn(II) centres bridged by two 

{OtBu} ligands in a planar {Sn2O2} core, comparable to the planar core of the homoleptic [Sn(OtBu)(μ2-

OtBu)]2.225 Terminal {OtBu} alkoxides groups bind to the tin(II) centres anti about the planar {Sn2O2} 

core, with ca. 90° angles observed between the terminal, Sn-Ot, and bridging, Sn-Ob, bonds 

(89.80(14)°; 90.44(14)°). These angles are highly comparable to those observed in the homoleptic 

[Sn(OtBu)(μ2-OtBu)]2 (ca. 90-93°).225 Once again the ca. 90° angles indicate a stereochemically inactive 

lone pair at the Sn(II) centres in both 42 and [Sn(OtBu)(μ2-OtBu)]2.225 

 

As both [Sn(OFtBu)(μ2-OtBu)]2 (42) and [Sn(OtBu)(μ2-OtBu)]2225 contain a planar central {Sn2(OtBu)2} 

core the bonding within the ring is highly comparable. However, the presence of the {OFtBu} terminal 

alkoxide ligand does result in some deviations from the homoleptic system for 42. A slight widening 

of the Ob-Sn-Ob angle to 108.00(14)° is observed for 42 compared to the 104(2)° angle seen for 

[Sn(OtBu)(μ2-OtBu)]2.225 The bridging Sn-Ob bonds are also found to shorten in 42 to 2.121(4) Å and 

 

Figure 5.17 Partially labelled molecular structures of [Sn(O FtBu)(μ2-OtBu)]2 (42) (top 

centre, and [Sn(OFtBu)(μ2-OFtBu)]2 (41) (bottom right, for reference). Thermal ellipsoids 

are shown at 50% probability and hydrogen atoms are omitted for clarity. Selected bond 

lengths and angles can be found in Table 5.3. 
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2.130(4) Å, compared to the 2.16(1) Å distance observed in [Sn(OtBu)(μ2-OtBu)]2.225 A concomitant 

narrowing of the Sn-Ob-Sn bond angle is observed for 42 compared to [Sn(OtBu)(μ2-OtBu)]2225 

(72.00(14)° (42) cf. 76(2)° [Sn(OtBu)(μ2-OtBu)]2225). Finally, the Sn···Sn distance of 3.4393(4) Å 

across the planar {Sn2O2} ring of [Sn(OFtBu)(μ2-OtBu)]2 (42) is found to be relatively similar to the 

3.40(3) Å distance observed in [Sn(OtBu)(μ2-OtBu)]2.225  

A comparison of the terminal Sn-{OFtBu} bond distances in both [Sn(OFtBu)(μ2-OFtBu)]2 (41) and 

[Sn(OFtBu)(μ2-OtBu)]2 (42) indicates that the heteroleptic system display weaker bonding. The Sn-Ot 

distances in 42 of 2.086(4) Å are slightly longer than the 2.058(2) Å and 2.054(2) Å Sn-Ot distances 

observed for the homoleptic system [Sn(OFtBu)(μ2-OFtBu)]2 (41).214 

5.2.2.4 NMR Characterisation: Sn(II) Alkoxide Precursors 

Analysis of the 1H and 13C NMR spectra for the tin bis-alkoxide complexes [Sn(OFtBu)(μ2-OFtBu)]2 (41) 

and [Sn(OFtBu)(μ2-OtBu)]2 (42) confirmed the complete substitution of {HMDS} by the alkoxide 

ligands in both cases, due to the absence of resonance for the {HMDS} moiety and absences of 

resonances for either alcohol proton. Comparison of the 1H, 13C and 119Sn NMR spectra for the 

homoleptic species [Sn(OFtBu)(μ2-OFtBu)]2 (41) with the published literature values confirmed 

synthesis of the compound with reasonable purity.214 

Comparison of the 1H and 13C NMR spectra of the homoleptic Sn(II) bis-alkoxides [Sn(OFtBu)(μ2-

OFtBu)]2 (41) and [Sn(OtBu)(μ2-OtBu)]2, to those of the heteroleptic system [Sn(OFtBu)(μ2-OtBu)]2 

(42) reveals only slight variations in the proton and carbon environments. A negligible upfield shift 

(ca. 0.11 ppm) is observed in the 1H NMR spectra for the {OtBu} moiety of the heteroleptic complex 

42 compared to the homoleptic system [Sn(OtBu)(μ2-OtBu)]2, whilst a larger downfield shift of ca. 

3.3 ppm is observed from 42 to [Sn(OtBu)(μ2-OtBu)]2 for the methyl groups in the 13C NMR spectra. A 

downfield shift (ca. 2.2 ppm) is also observed for the quaternary carbon of the {OtBu} moiety between 

the two compounds. 

A negligible downfield shift (ca. 0.16 ppm) is seen for the {CF3} moiety in the 13C NMR spectrum for 

[Sn(OFtBu)(μ2-OtBu)]2 (42) when compared to the resonance observed in the 13C NMR spectrum of 

the homoleptic system [Sn(OFtBu)(μ2-OFtBu)]2 (41). A slight increase in the coupling constant from 41 

to 42 (J1C-F = 292.7 Hz (41), 294.1 Hz (42)). In the 19F NMR spectra, a small downfield shift is observed 

Table 5.3 Selected bond lengths (Å) and angles (°) for compounds 41 and 42. Ot and Ob 

refer to the terminal and bridging alkoxide groups respectively.  

Compound 
Bond lengths (Å) Bond angles (°) 

M-Ot M-Ob Ob-M-Ob M-Ob-M 

[Sn(OFtBu)(μ2-OFtBu)]2 (41)214 
2.058(2) 

2.054(2) 

2.302(2) -
2.335(2) 

100.89(8) 

100.08(8) 

69.42(8) 

73.22(8) 

[Sn(OFtBu)(μ2-OtBu)]2 (42) 2.086(4) 
2.12(4) 

2.130(4) 
72.00(14) 108.00(14) 
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from δ -74.55 ppm for the homoleptic system [Sn(OFtBu)(μ2-OFtBu)]2 (41) to δ 73.60 ppm for 

[Sn(OFtBu)(μ2-OtBu)]2 (42). 

A more significant difference between the homo- and heteroleptic alkoxide complexes is observed in 

the 119Sn NMR spectra. Whilst the [Sn(OtBu)(μ2-OtBu)]2 complex displays a slightly shielded tin 

environment with a resonance at δ -91.13 ppm, the per-fluoro analogue [Sn(OFtBu)(μ2-OFtBu)]2 (41)  

shows a more heavily shielded environment at δ -620.24 ppm. As expected, the heteroleptic mixed 

species [Sn(OFtBu)(μ2-OtBu)]2 (42) displays a resonance in the 119Sn NMR spectrum between these 

two points at δ -293.75 ppm. This is comparable to the δ -246 ppm resonance observed in the 119 Sn 

NR spectra of the related [Sn(μ-OiPr)(OSiPh3)]2 complex reported by Wang et al.226   

A  single set of resonances is observed in each (1H, 13C, 19F, and 119Sn) of the NMR spectra for the 

heteroleptic compound [Sn(OFtBu)(μ2-OtBu)]2 (42) indicating that it is stable in solution.  

5.2.2.5 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) is utilised to determine the thermal properties of proposed 

precursor systems. ALD processes necessitate the precursor to have high volatility and high thermal 

stability at the process temperature in order to avoid uncontrolled CVD-like deposition. TG analysis 

offers a method of screening potential precursors. A single thermal event resulting in a low stable 

residue below the expected residual masses for decomposition products indicates volatilisation of the 

compound and suggests that the compound may be suitable for use in an ALD process, whilst limited 

evidence of thermal decomposition at likely operating temperatures is also an important 

characteristic. 

Due to the relative atmospheric stability of the homoleptic compounds 34-38, TGA of these 

compounds was performed under atmospheric conditions. A ramp rate of 5 °C/min was used, up to a 

temperature of 400 °C, and the resulting traces are displayed in Figure 5.18. Residual masses are 

taken as the percentage mass 5 °C after the completion of the final thermal event, and the onset 

temperature is defined as the temperature at which 1 % mass loss has been achieved. Due to the 

equilibria observed for the heteroleptic complex [Sn(tfcip)(μ2-OFtBu)] (39), this was not assessed by 

TGA. Similarly, prolonged storage of [Sn(OFtBu)(μ2-OtBu)] (42) was found to result in a mix of 

homoleptic, heteroleptic and cluster tin(II) alkoxide species, meaning it was determined to be 

unsuited to ALD processes and was not assessed by TGA. The silyloxide containing heteroleptic 

complex [Sn(hfac)(μ2-OSiMe3)] (40) was also not analysed by TGA, as silicon is an unwanted and 

common contaminant when using silicon containing ALD precursors. [Sn(OFtBu)(μ2-OFtBu)]2 (39) has 

previously been identified as having suitable thermal properties for ALD through previous analysis 

within the research group.174 
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All five homoleptic bis-β-diketonate complexes (34-38) displayed evidence of high volatilities, 

displaying residual masses below the expected percentage masses for any decomposition products. 

The methyl analogue [Sn(tfacm)2] (34) displayed the lowest onset temperature of 45 °C and reaches 

a residual percentage mass of 11.6 % by 120 °C. This is far below the expected residual percentage 

mass of 27.9 % for the decomposition product of tin metal or any oxide decomposition products. The 

low onset temperature and low residual percentage mass indicates that [Sn(tfacm)2] (34) 

displays good volatility. 

The ethyl (35), iso-propyl (36), and tert-butyl (37) analogues are found to display low onset 

temperatures of 50 °C, 55 °C and 65 °C, respectively, and reach stable residue percentage masses by 

140 °C (35 and 36) and 145 °C (37). [Sn(tface)2] (35) and [Sn(tfacip)2] (36) were found to show 

almost identical TGA traces across multiple TGA experiments. The ethyl system (35) had a slightly 

lower residual mass of 4.7 %, compared to 5.4 % residual mass for the iso-propyl analogue (36). Both 

complexes reach lower residual masses than would be expected from any decomposition products 

(Table 5.4). Similarly, the residual percentage for the tert-butyl analogue [Sn(tfactb)2] (37) was 

10.4 %, far below that which would be expected for a residue of Sn(0) or either respective oxide 

(Table 5.4). The single-step mass losses of  ca. ≥ 90 % observed for complexes 34-37 indicate that all 

of the tin(II) bis-β-diketonate complexes display the necessary volatilities and thermal stabilities for 

an ALD process.  

The [Sn(tfacph)2] (38) complex also shows a degree of volatility, but at a higher temperature than the 

other homoleptic systems. An onset temperature is observed at 155 °C, and the percentage mass 

drops to 13.2 % by 250 °C. This is below the expected 21.6 % residual mass for tin metal, and the 

24.5 % and 27.5 % for the SnO and SnO2 oxides, respectively. Following this, a second thermal event 

 

Figure 5.18 Thermogravimetric analysis of the homoleptic β-diketonato Sn(II) complexes 

34-38. Analysis run at ramp rate of 5 °C/min from 30 °C to 400 °C.  
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occurs at ca. 320 °C resulting in a small mass loss of ca. 6 %. Elemental analysis of the residues at ca. 

300 °C and > 320 °C would reveal the likely cause of this second thermal event.  

Overall, the alkyl analogues 34-37 show high volatilities at low temperatures, and do not display any 

significant evidence of decomposition prior to volatilisation. This indicates that their thermal 

properties are suitable for ALD processes. The phenyl analogue [Sn(tfacph)2] (38) also shows 

reasonable volatility though at a higher temperature than the alkyl derivatives. The second thermal 

event in the TGA trace for 38 at ca. 320 °C lies outside of the majority of ALD process temperatures 

and so is unlikely to limit the efficacy of compound 38 in an ALD process. However, it would be 

prudent to assess the residue from TGA of 38 to confirm that no decomposition takes place.  

5.3 Proof-of-concept ALD trials: Deposition of F:SnO2 

 Deposition 

Previous unpublished research has demonstrated the effectiveness of the [Sn(OtBu)(μ2-OtBu)]2 ALD 

precursor in deposition work,174,220 and as such the perfluoro- analogue [Sn(OFtBu)(μ2-OFtBu)]2 (41) 

was selected for initial trial depositions of F-doped SnO2 alongside the volatile bis-β-diketonate 

[Sn(tfacm)2] (34). To aid in the breakdown of C-F bonds, and encourage fluoride incorporation into 

the deposited films, an O2-Plasma-Enhanced Atomic Layer Deposition (PEALD) process was selected 

for these trial studies.  

Initial proof-of-concept depositions of compounds 34 and 41 were carried out on a Beneq TFS 200 

ALD tool onto p-doped silicon wafers with either a native oxide or thermally oxidised 200 nm surface. 

Depositions were performed at two standardised temperatures, 150 °C and 200 °C, at plasma powers 

of 150 W and 200 W respectively. A previously developed 425 cycle recipe, comprising 10 second 

purge steps and 5 second dosing steps, was used to eliminate precursor mixing. In line with this study 

Table 5.4 Temperature at the onset and completion of thermal events for  compounds 34-

38 following TG Analysis. Residual masses from each experiment are also shown to 2 s.f. 

alongside the expected masses of the decomposition products. Experiments were 

performed under an argon atmosphere at a ramp rate of 5  °C/min. 

Compound 
Temperature (°C) 

Expected Residual Mass (%; 
M = Ge or Sn, respectively) 

Final 
Residual 
Mass (%) Onset Final MO2 MO M(0) 

[Sn(tfacm)2] (34) 45 120 35.5 31.7 27.9 12 

[Sn(tface)2] (35) 50 140 33.2 29.7 26.2 4.7 

[Sn(tfacip)2] (36) 55 140 31.3 28.0 24.7 5.4 

[Sn(tfactb)2] (37) 65 145 29.6 26.5 23.3 10 

[Sn(tfacph)2] (38) 155 360 27.5 24.5 21.6 7.2 
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as a brief proof-of-concept investigation, full optimisation and saturation studies were not 

undertaken. 

 Film Characterisation 

The as-deposited films were characterised by powder X-ray diffraction (p-XRD), energy dispersive X-

ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), and variable-angle spectroscopic 

ellipsometry (VASE). Both the films deposited from [Sn(tfacm)2] (34) and [Sn(OFtBu)(μ2-OFtBu)]2 (41) 

were revealed to be amorphous by powder X-ray diffraction. Scanning electron microscope (SEM) 

experiments also confirmed this with amorphous featureless films being observed, and as such 

images have not been included. An indication of bulk stoichiometry was gained via EDX analysis; to 

avoid the inclusion of the SiO2 substrate, samples grown on silicon wafers with native oxide surfaces 

(ca. 1 nm) were used. Whilst EDX does not provide definitive information, it can be used to give 

reasonable estimation of the bulk film content. XPS analysis was used to provide a more accurate 

representation of the surface composition of the deposited films. It should be noted that these 

experiments were also performed on as-deposited films due to lack of available etching facilities.  

5.3.2.1 Films Deposited from [Sn(tfacm)2] (34) 

For the films deposited using [Sn(tfacm)2]2 (34), EDX spectroscopy (Table 5.5) indicated that the 

lower temperature and plasma power of 150 °C and 150 W produced tin oxide films containing sub-

stoichiometric quantities of oxygen, with an O/Sn ratio of ca. 1.59. The EDX spectra also indicated the 

presence of fluorine in this film, with a F/Sn ratio of ca. 0.16. However, it also indicated that there was 

a reasonably high carbon contamination (C/Sn ratio = ca. 0.52), though this is likely to be due to the 

analysis of films without any surface treatment to remove oxidised material and carbonaceous 

deposits. 

In contrast, a higher temperature of 200 °C, coupled with a higher plasma power of 200 W, resulted 

in a higher O/Sn ratio of ca. 2.12, closer to the expected stoichiometric value for SnO2. There was no 

evidence of any fluorine or carbon in the sample, however.  

XPS analysis of the films deposited from [Sn(tfacm)2] (34) at both 150 °C and 200 °C indicated that 

Sn(IV) was the predominant tin oxidation state in both films (Table 5.6), based on the assessment of 

the 3d 5/2 peaks centred about 486.74 eV (150 °C 150 W) and 486.50 eV (200 °C 200 W). A higher 

Table 5.5 Composition of deposited films derived from [Sn(tfacm)2] (34) as determined by 

EDX spectroscopy. Ratios of oxygen, fluorine,  and carbon are given relative to tin. 

Sample 
Film composition relative to Sn content 

Sn O F C 

[Sn(tfacm)2] (34) 

150 °C 150 W 
1 1.59 0.16 0.52 

[Sn(tfacm)2] (34) 

200 °C 200 W 
1 2.12 0 0 

 



338 
 

Sn(II) content was observed in the film deposited at the higher temperature and plasma power of 

200 °C and 200 W, which resulted in the slightly lower overall binding energy for the 3d 5/2 peak for 

this film.  

Sub-stoichiometric quantities of oxygen were observed in both films deposited from the bis-β-

diketonate complex [Sn(tfacm)2] (34). The O/Sn ratio of 1.55 determined by XPS for the film 

deposited at 150 °C (150 W) showed good agreement with that observed in the EDX spectra, whilst 

the film deposited at the higher temperature of 200 °C (200 W) was found to have a significantly 

reduced O/Sn ratio of 1.27 according to XPS analysis, contrasting to the stoichiometric O/Sn ratio of 

ca. 2.12 seen in the EDX data. This sub-stoichiometric oxygen content correlates to the larger Sn(II) 

component observed in the higher temperature films, indicating the formation of SnO at higher 

temperatures and higher plasma power.  

Determination of the fluorine content for the films deposited from [Sn(tfacm)2] (34) by EDX and XPS 

led to differing results, though this is a common occurrence in the literature.227 The film deposited at 

150 °C and 150 W was found to have a bulk F/Sn ratio of ca. 0.16 according to EDX, whereas the film 

deposited at the higher temperature and power of 200 °C and 200 W was found to have no bulk 

fluorine content as determined by EDX (see Table 5.5). 

XPS analysis, however, revealed that fluoride was present in both films, though a decrease was seen 

from the 150 °C 150 W films, to the 200 °C 200 W films (Table 5.7).  These F/Sn ratios of 0.030 (150 °C 

150 W) and 0.019 (200 °C 200 W) are in good agreement with those values observed in the literature 

for films deposited from single source CVD precursors (0.005-0.05),28,71,72,74 as well as from dual-

source systems.228–230 Additionally, they show strong agreement with the typical F/Sn ratio of 0.02 

for films produced from the patented dual source process for FTO deposition, indicating that the 

observed dopant level is at the desired level for effective FTO.72,231 

Table 5.6 Relative ratio of tin and oxygen components, compared to total tin content, 

within films deposited from [Sn(tfacm)2] (34) as determined by XPS. Films were analysed 

as-deposited. *Sum of contributions from lattice O and lattice OH.  

Sample 
Film composition  

Sn(IV) Sn(II) Sn(0) O* 

[Sn(tfacm)2] (34) 

150 °C 150 W 
0.98 - 0.02 1.55 

[Sn(tfacm)2] (34) 

200 °C 200 W 
0.80 0.19 0.01 1.27 
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Of significant interest is the F 1s binding energies of 685.0 eV and 684.6 eV observed for the 150 °C 

150 W and 200 °C 200 W films respectively (Table 5.8). It is generally agreed that binding energies of 

ca. 684-685 eV are typical of lattice incorporated fluorides,20,200,212,232,233 whereas the higher binding 

energies of ca. 687-690 eV are observed for organic fluorides.234,235  Noor et al.20 highlights that a 

binding energy of 685.1 eV in XPS spectra is consistent with the bonding of a fluorine to a tetravalent 

tin, as expected from a substitutional fluoride.  This strongly suggests that the F 1s signal observed in 

the XPS spectra of the films deposited from [Sn(tfacm)2] (34) are indicative of lattice based 

substitutional fluorides. Furthermore, Swallow et al.212 indicates that etching of FTO films typically 

reduces the binding energy of the F 1s peak as surface contamination is removed. Given that the films 

produced in this investigation have been analysed as-deposited, this increases the likelihood of the 

observed fluorine peaks being representative of lattice incorporated fluorides. This is significant as it 

strongly indicates that the deposited films contain substitutional fluorides, generated through metal-

fluoride interactions, rather than interstitial fluorides, which are formed from organic decomposition 

products. The presence of these substitutional lattice fluorides is essential for enhancing the 

conductivity of SnO2.20,212 

Table 5.8 highlights the relatively high levels of carbon contamination in both films deposited from 

[Sn(tfacm)2] (34). This potentially highlights the issue of analysing as-deposited films, as it is 

unknown whether the contamination is a result of surface or bulk contamination. The C/Sn ratios of 

ca. 1.8 (150 °C 150 W) and ca. 1.4 (200 °C 200 W) obtained from XPS analysis, are higher than those 

observed in the EDX spectrum of each film (Table 5.5), which is to be expected from a surface-

sensitive technique such as XPS. As a result, it is hoped that the higher surface ratio in XPS indicates 

Table 5.7 F/Sn ratio in films deposited from [Sn(tfacm) 2] (34), as determined by XPS. Films 

were analysed as-deposited. 

Sample F/Sn ratio 

[Sn(tfacm)2] (34) 

150 °C 150 W 
0.030 

[Sn(tfacm)2] (34) 

200 °C 200 W 
0.019 

 

Table 5.8 Binding energies and atomic concentrations of film in films deposited from 

[Sn(tfacm)2] (34),  as determined by XPS. Films were analysed as-deposited. 

Sample 

Sn 

(3d 5/2) 

O 

(1s) 

F 

(1s) 

C 

(1s) 

B.E 
(eV) 

At 
conc % 

B.E 
(eV) 

At 
conc % 

B.E 
(eV) 

At 
conc % 

B.E 
(eV) 

At 
conc % 

[Sn(tfacm)2] (34) 

150 °C 150 W 
486.7 21.1 530.5 40.1 685.0 0.6 284.8 38.1 

[Sn(tfacm)2] (34) 

200 °C 200 W 
486.5 26.0 530.2 36.2 684.6 0.5 284.8 37.2 

 



340 
 

that the carbon content is localised at the surface and is not due to carbon incorporation into the bulk 

of the deposited films.  

5.3.2.2 Films Deposited from [Sn(OFtBu)(μ2-OFtBu)]2 (41) 

EDX spectroscopy analysis of the films deposited from the bis-alkoxide [Sn(OFtBu)(μ2-OFtBu)]2 (41) 

found sub-stoichiometric quantities of oxygen for a SnO2 film (Table 5.9). In contrast to the films 

produced from compound 34, those formed from the bis-alkoxide 41 were found to decrease in 

oxygen content with increasing temperature and plasma power. Carbon contamination was observed 

in both films according to EDX spectroscopy, though the fluorine was only observed in the film 

deposited at 150 °C 150 W, as was also the case for the films derived from [Sn(tfacm)2] (34). 

XPS analysis of the films deposited from 41 also indicated sub-stoichiometric quantities of oxygen 

present in the film. Fitting of the Sn 3d 5/2 peaks at 486.87 eV (150 °C 150 W) and 486.61 eV (200 °C 

200 W) revealed that the predominant oxidation state of tin in both films was Sn(IV), however the 

higher temperature and plasma power of 200 °C and 200 W led to an increased presence of Sn(II) as 

seen by the lower binding energy of the 3d 5/2 orbital in the XPS spectrum. This corresponds to a 

lower oxygen content in these films deposited from the bis-alkoxide (41) (Table 5.10) and correlates 

to the trend also found in those deposited from compound 34 (Table 5.6). This suggests that lower 

temperatures, or lower plasma power, favour the formation of SnO2 over SnO for these processes. 

The films grown from [Sn(OFtBu)(μ2-OFtBu)]2 (41) were found to contain less fluorine than those 

deposited from compound 34 when analysed by EDX spectroscopy (Table 5.9), with a F/Sn ratio of 

Table 5.9 Composition of deposited films deposited from [Sn(OFtBu)(μ2-OFtBu)]2 (41) as 

determined by EDX spectroscopy. Films were analysed as-deposited. Ratios of oxygen, 

fluorine, and carbon are given relative to tin. 

Sample 
Film composition relative to Sn content 

Sn O F C 

[Sn(OFtBu)(μ2-OFtBu)]2 (41) 
150 °C 150 W 

1 1.64 0.08 0.52 

[Sn(OFtBu)(μ2-OFtBu)]2 (41) 
200 °C 200 W 

1 1.32 0 0.32 

 

Table 5.10 Relative ratio of tin and oxygen components, compared to total tin content, 

within the films deposited from [Sn(OFtBu)(μ2-OFtBu)]2 (41)  as determined by XPS. Films 

were analysed as-deposited. *Sum of contributions from lattice O and lattice OH.  

Sample 
Film composition 

Sn(IV) Sn(II) Sn(0) O* 

[Sn(OFtBu)(μ2-OFtBu)]2 (41) 
150 °C 150 W 

1.00 - - 1.37 

[Sn(OFtBu)(μ2-OFtBu)]2 (41) 
200 °C 200 W 

0.85 0.13 0.02 1.21 
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ca. 0.08 found for the 150 °C 150 W deposition, and no observable fluorine content found in the 200 °C 

200 W film. This is in direct contrast to the XPS analysis of the films derived from 39.  

Table 5.11 shows that the F/Sn ratios determined by XPS in the films deposited from 

[Sn(OFtBu)(μ2-OFtBu)]2 (41) are higher than those of the films derived from 34 at the same 

temperatures and plasma powers, and are higher than is seen in the literature for films deposited by 

CVD process.28,57,71,72,74,228–230 It would appear that increasing temperature and plasma power 

decreases the F/Sn ratio. 

The binding energies of 684.9 (150 °C 150 W) and 684.2 (200°C 200 W) observed for the F 1s peaks 

in the XPS spectra of the films deposited from the bis-alkoxide 41, also lie within the range suggested 

by Noor et al.20 and others212,232,233 as being indicative of lattice fluorides. This indicates that both 

precursors deposit SnO2 films doped with substitutional fluorines, which is essential for enhancing 

the inherent n-type conductivity of this system. 

XPS analysis reveals that the carbon contamination in the films derived from the bis-alkoxides 39 is 

higher than that observed for those films deposited from the bis-β-diketonate 34 as seen in Table 5.12. 

The C/Sn ratios of ca. 1.8 (150 °C 150 W) and ca. 2.4 (200 °C 200 W) are also higher than the ratios 

obtained from EDX spectroscopy, indicating that the carbon contamination is primarily localised at 

the surface of the films, as discussed previously. 

Overall, the compositional analysis of the films deposited from both precursors 34 and 41 indicates 

the formation of non-stoichiometric SnOx films, with a predominant Sn(IV) oxidation state and 

fluorine content comparable to that seen in the literature. Furthermore, there is a clear change in both 

fluorine content and SnOx composition between the two precursors, and between the two standard 

Table 5.11 F/Sn ratio in films deposited from [Sn(OFtBu)(μ2-OFtBu)]2 (41), as determined 

by XPS. Films were analysed as-deposited 

Sample F/Sn ratio 

[Sn(OFtBu)(μ2-OFtBu)]2 (41) 
150 °C 150 W 

0.052 

[Sn(OFtBu)(μ2-OFtBu)]2 (41) 
200 °C 200 W 

0.039 

 

Table 5.12 Binding energies and atomic concentrations of films deposited from 

[Sn(OFtBu)(μ2-OFtBu)]2 (41) as determined by XPS. Films were analysed as-deposited. 

Sample 

Sn 

(3d 5/2) 

O 

(1s) 

F 

(1s) 

C 

(1s) 

B.E 
(eV) 

At 
conc % 

B.E 
(eV) 

At 
conc % 

B.E 
(eV) 

At 
conc % 

B.E 
(eV) 

At 
conc % 

[Sn(OFtBu)(μ2-OFtBu)]2 
(41) 150 °C 150 W 

486.9 22.4 530.7 37.3 684.9 0.9 284.8 39.5 

[Sn(OFtBu)(μ2-OFtBu)]2 
(41) 200 °C 200 W 

486.6 20.1 530.5 30.5 684.2 1.0 284.8 48.4 
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conditions. For example, the bis-alkoxide [Sn(OFtBu)(μ2-OFtBu)]2 (41), which contains 18 fluorines per 

tin centre, deposits films with almost double the fluorine content of those deposited from the bis-β-

diketonate [Sn(tfacm)2] (34), which contains only 6 fluorines per tin centre. This indicates the 

potential for significant stoichiometric control over dopant concentration, and film stoichiometry 

through the tailoring of the precursor composition. 

 Growth Rate 

Atomic Layer Deposition is defined by the self-limiting nature of the surface interactions leading to 

monolayer deposition for each cycle. As a result, typical investigations into potential precursors 

eventually requires demonstration of a linear relationship between number of cycles and film 

thickness. The investigation presented here catalogues initial proof-of concept trials, and as such no 

optimisation of the process via saturation studies was performed. Instead proof-of-concept material 

characterisation was prioritised in order to provide a starting point for future optimisation studies.  

Film thicknesses were assessed using variable-angle spectroscopic ellipsometry (VASE), using an 

existing SnO2 on SiO2 model. Growth rates of ~0.14 and ~0.13 nm/cycle were calculated for films 

deposited from [Sn(tfacm)2] (34) at 150 °C 150 W and 200 °C 200 W respectively, whereas growth 

rates of ~0.15 and ~0.04 nm/cycle were calculated for those films derived from 

[Sn(OFtBu)(μ2-OFtBu)]2 (41) under the same respective conditions (Table 5.13). These growth rates 

are similar to the 0.095-0.15 nm/cycle growth rates observed within the literature for the ALD of 

SnO2 films,195,236–239 indicating that compounds 34 and 41 show similar reactivity to other existing 

systems for the deposition of SnO2.  

Depositions were performed in a cross-flow reactor chamber. To determine consistency of deposition 

within the reaction chamber, three SiO2 substrates (approximately 1 cm x 1 cm in size) were 

positioned across the chamber in line with the flow of the gas through the reaction chamber (Figure 

5.19); one closest to the inlet, one central to the chamber and one closest to the outlet. This can often 

Table 5.13 growth rates for films deposited over 425 cycles using [Sn(tfacm)2] (34) and 

[Sn(OFtBu)(μ2-OFtBu)]2 (41). 

Sample 
Growth rate 
(nm/cycle) 

[Sn(tfacm)2] (34) 

150 °C 150 W 
0.14 

[Sn(tfacm)2] (34) 

200 °C 200 W 
0.13 

  

[Sn(OFtBu)(μ2-OFtBu)]2 (41) 
150 °C 150 W 

0.15 

[Sn(OFtBu)(μ2-OFtBu)]2 (41) 
200 °C 200 W 

0.04 
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reveal CVD-like deposition if a thickness gradient is observed between the samples. Figure 5.20 and 

Figure 5.21 depict the variation in film thicknesses across the sample chamber, from substrate 1 

(closest to the inlet) to substrate 3 (closest to the outlet) for films deposited from each precursor. 

Those films deposited from the bis-β-diketonate tin(II) complex (34) show film thicknesses of 60.5-

62.0 nm (150 °C 150 W) and 54.2-55.6 nm (200 °C 200 W) from both 425 cycle deposition processes. 

The low gradient between the films indicates that the precursor is depositing in a single process 

within the chamber, thus suggesting an ALD-like deposition. An investigation in the thermal ALD of 

[Sn(tfacm)2] (34) found that the compound was unreactive with a co-reagent of H2O at the same 

temperatures. This firstly indicates that the deposition is unlikely to be due to thermal decomposition, 

and secondly indicates that the reactivity of the precursor is dependent upon the use of a strongly 

oxidising co-reagent, such as the O2-plasma employed in this study. Overall, the low 

thickness gradient between films, alongside its comparable growth rate to literature systems,195,236–

239 suggest compound 34 may be a promising precursor for the PE-ALD of FTO. 

 

 

Figure 5.19 Schematic detailing the location of samples and the direction of  gas flow 

within the cross-flow chamber of the Beneq TFS 200 ALD tool.  

 

Figure 5.20 Film thicknesses of the films deposited over 425 cycles using [Sn(tfacm) 2] (34). 

Substrate 1 was positioned closest to the outlet, substrate 2 in the centre of the chamber 

and substrate 3 closest to the outlet. 
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In contrast, the films produced from the deposition of [Sn(OFtBu)2]2 (39) displayed significant 

variations in the film thicknesses, 69.7-79.1 nm (150 °C 150 W) and 12.1-20.2 nm (200 °C 200 W), 

across the substrates in the chamber (Figure 5.21). At the higher temperature and plasma power a 

significantly lower deposition rate is observed, however, the higher deposition rates seen at 150 °C 

and 150 W are concomitant with much greater thickness gradient between samples. 

Typically, higher temperatures lead to greater surface diffusion, especially for lower reactivity 

precursors.174 This would explain the low growth rate seen for the 200 °C 200 W films deposited from 

[Sn(OFtBu)2]2 (39). Correspondingly, a lower temperature (150 °C) would enable a higher growth 

rate, as surface diffusion would be reduced; this correlates to the growth rates observed in Figure 

5.21. However, the reduced mobility of molecules at lower temperatures would also apply to any 

species existing in the gas phase during the ALD process. As a result, during any purge in the process, 

lower temperatures can result in either precursor, co-reagent, or product species remaining in the 

reaction chamber following a purge cycle. This means that during the pulse phase of the process there 

would an increase in gaseous phase mixing of reactive species focused about the inlet of the reaction 

chamber. With the lower atmospheric stability of the [Sn(OFtBu)(μ2-OFtBu)]2 (41) compared with 

[Sn(tfacm)2] (34), this would result in the occurrence of a high concentration of CVD-type reactions 

near the inlet, for the bis-alkoxide system 41, and would thus result in the deposition gradient seen 

in Figure 5.21.  Further investigation into the process parameters, including increasing the length of 

the purge phase, would be needed to determine if ALD behaviour could be produced for compound 

39, though a full exploration of process optimisation was beyond the scope of this investigation. 

Overall, both [Sn(tfacm)2] (34) and [Sn(OFtBu)(μ2-OFtBu)]2 (41)  show growth consistent with that of 

other literature precursors for the ALD of SnO2,195,236–239 though both also display sub-stoichiometric 

 

Figure 5.21 Film thicknesses of the films deposited over 425 cycles using 

[Sn(OFtBu)(μ2-OFtBu)]2 (41). Substrate 1 was positioned closest to the outlet, substrate 2 in 

the centre of the chamber and substrate 3 closest to the outlet.  
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quantities of oxygen. Whilst the bis-alkoxide tin(II) system 41 shows significant evidence of lattice 

incorporated fluorine from the XPS analysis, initial growth rate investigations indicate a degree of 

CVD-like behaviour rather than the self-limiting surface growth of ALD. In contrast, the bis-β-

diketonate tin(II) complex 34 demonstrated both promising fluoride content within the films, 

and growth behaviour consistent with a singular deposition process. 

Further investigation of both systems is necessary, with full optimisation studies focusing on process 

parameters to determine whether either precursor can demonstrate ALD growth, and whether either 

precursor can produce crystalline material. It is also necessary to perform more in-depth 

compositional analysis, ideally following surface etching, to determine the bulk film composition 

without the effects of surface contamination.  

Despite a number of limitations on the analysis of these films, it is clear that these preliminary results 

indicate both the [Sn(tfacm)2] (34) and [Sn(OFtBu)(μ2-OFtBu)]2 (41)  precursors offer significant 

potential in the atomic layer deposition of SnO2:F.  
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CONCLUSION 
A series of homoleptic (34-38) and heteroleptic (39 and 40) Sn(II) β-diketonate complexes, as well 

as homoleptic (41) and heteroleptic (42) Sn(II) bis-alkoxide complexes, were synthesised. All systems 

were analysed by single crystal X-ray diffraction and 1H, 13C, 19F, and 119Sn NMR, with the exception of 

the [Sn(tface)2] homoleptic complex (35), which presented as a liquid and was only characterised by 

NMR. The heteroleptic complex [Sn(tfacip)(μ2-OtBu)]2 (39) was found to exist in equilibria with its 

respective homoleptic analogues [Sn(tfacip)2] (36), and [Sn(OtBu)(μ2-OtBu)]2, and thus unsuited to 

an ALD process. Similar instability was observed following the prolonged storage of 

[Sn(OFtBu)(μ2-OtBu)]2 (42), which degraded to a mix of homoleptic, heteroleptic and cluster tin(II) 

alkoxide species, indicating a lack of suitability to ALD processes. The presence of silicon in the 

heteroleptic [Sn(hfac)(μ2-OSiMe3)]2 (40) also made it unsuited to ALD and so its thermal properties 

were not assessed. Following TG analysis, all bis-β-diketonate Sn(II) complexes (34-38) were found 

to have reasonable volatilities, with the highest volatilities observed for those containing alkyl 

R groups (34-37).  

Proof-of-concept PEALD investigations into [Sn(tfacm)2] (34) and [Sn(OFtBu)(μ2-OFtBu)]2 (41) 

indicated that both complexes deposited sub-stoichiometric SnO2 films, at deposition temperatures 

and plasma powers of 150 °C, 150 W and 200 °C, 200 W. XPS analysis suggested that the predominant 

tin oxidation state in all of deposited films from both 34 and 41 was +4. Fluorine content comparable 

to literature deposition processes was observed in all analysed films, and the F 1s binding energies 

observed in the XPS spectra of the analysed films suggested the presence of substitutional fluoride. 

As highlighted in Chapter 1, substitutional fluorides are key to enhancing the conductivity of SnO2 

films. CVD-like growth was observed for the films deposited from the bis-alkoxide 

[Sn(OFtBu)(μ2-OFtBu)]2 (41), though further analysis will be required to determine if this can be 

addressed through parameter alterations. Overall, the results obtained in this chapter indicate that 

both [Sn(tfacm)2] (34) and [Sn(OFtBu)(μ2-OFtBu)]2 (41) are promising precursors for the deposition 

of SnO2:F by ALD.  

 

Figure 5.22 Films deposited onto samples of SiO2/Si wafer and samples of silicon wafer 

with natural oxide surfaces 
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EXPERIMENTAL  

Synthesis of compounds 34-42 was carried out under inert atmospheric conditions as detailed in the 

Appendix (Section 8.1). Further information regarding analysis procedures and instrumentation, as 

well as preparation methods for the group 14 reagents can also be found in the Appendix (Section 

8.2). 

1,1,1-trifluoro-2,4-pentanedione (Htfacm), 1,1,1-trifluoro-2,4-hexanedione (Htface), 1,1,1-trifluoro-

5-methyl-2,4-hexanedione (Htfacip), 1,1,1-trifluoro-5,5-dimethyl-2,4-hexanedione (Htfactb), 4,4,4-

trifluoro-1-phenyl-1,3-butanedione (Htfacph), 1,1,1,5,5,5-hexafluoro-2,4-pentanedione (Hhfac), and 

nonafluoro-tert-butyl alcohol (HOFtBu) were used as purchased from Fluorochem. The tert-butanol 

(HOtBu) pro-ligand was dried over 4 Å molecular sieves and stored under an argon atmosphere. 

5.4 Synthesis of FTO Precursor Systems 

 Compound 34: [Sn(tfacm)2] 

1,1,1-Trifluoro-2,4-pentanedione (4 mmol, 0.48 ml) was slowly added via syringe to a stirred solution 

of [Sn(HMDS)2] (2 mmol, 0.88 g) in hexane (20 ml), the resulting yellow solution was left to stir for 

20 minutes before the solvent was removed in vacuo to yield a yellow solid. This was dissolved in the 

minimum amount of fresh hexane and stored at -28 °C overnight. Storage yielded pale orange crystals. 

(0.40 g, 46 %). 

1H NMR (C6D6, 500 MHz): δ 1.53 (s, 6H, OC(CH3)), 5.55 (s, 2H, CH) 

13C{1H} NMR (C6D6, 125.76 MHz): δ 28.96 (s, 2C, OC(CH3)), 97.67 (s, 2C, CH), 119.56 (q, J1C-F = 283.4 

Hz, 2C, CF3), 167.19 (q, J2C-F = 34.7 Hz, 2C, OC(CF3)), 200.01 (s, 2C, OC(CH3)) 

19F{1H} NMR (C6D6, 470.59 MHz): δ -75.70 (s, 6F, CF3) 

119Sn NMR (C6D6, 186.50 MHz): δ -796.56  

Elemental Analysis (expected): C – 28.19 %, 28.23 % (28.27 %), H – 1.95 %, 1.95 % (1.90 %). 
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 Compound 35: [Sn(tface)2] 

To a stirred solution of [Sn(HMDS)2] (2 mmol, 0.88 g) in hexane (20 ml) was added 1,1,1-trifluoro-2,

4-hexanedione (4 mmol, 0.55 ml) via syringe. A cloudy, yellow solution was produced and allowed to 

stir for 1 hour before the solvent was removed in vacuo. The resultant liquid was dissolved in fresh 

hexane (20 ml) before being filtered through a Celite® pad, before the solvent was removed under 

reduced pressure. Sublimation (6×10-2 mbar, 28 °C) of the resulting yellow liquid onto an acetone-

dry ice cold finger, afforded a dark yellow clear liquid. Prolonged storage did not yield crystalline 

material. (0.24 g, 26 %). 

1H NMR (C6D6, 500 MHz): δ 0.80 (t, J3H-H = 7.5 Hz, 6H, OC(CH2CH3)), 1.86 (q, J3H-H = 7.5 Hz, 4H, 

OC(CH2CH3)), 5.61 (s, 2H, CH) 

13C{1H} NMR (C6D6, 125.76 MHz): δ 9.16 (s, 2C, OC(CH2CH3)), 35.56 (s, 2C, OC(CH2CH3)), 96.79 (q, J3C-

F = 2.3 Hz, 2C, OC(Et)CHC(CF3)O), 119.58 (q, J1C-F = 283.6 Hz, 2C, CF3), 167.34 (q, J2C-F = 33.3 Hz, 2C, 

CHC(CF3)O), 203.35 (s, 2C, OC(Et)CH) 

19F{1H} NMR (C6D6, 470.59 MHz): δ -75.66 (s, 6F, CF3) 

119Sn NMR (C6D6, 186.50 MHz): δ -795.81  

Elemental Analysis (expected): C – 31.84 %, 31.82 % (31.82%), H – 2.69 %, 2.68 % (2.67 %) 

 Compound 36: [Sn(tacip)2] 

Addition of 1,1,1-trifluoro-5-methyl-2,4-hexanedione (4 mmol, 0.62 ml) to a stirred solution of 

[Sn(HMDS)2] (2 mmol, 0.88 g) in tetrahydrofuran (20 ml) yielded a yellow solution, that was allowed 

to stir for 6 hours. Following stirring the solvent was removed using reduced pressure to afford a 

yellow oil, this was dissolved in fresh hexane (20 ml) and filtered through a Celite® pad. Solvent was 

removed from the clear solution to afford a yellow oil. Sublimation (7×10-2 mbar, 40-70 °C) of the oil 

using an acetone/dry-ice cold finger yielded yellow crystals. (0.36 g, 40 %). 

1H NMR (C6D6, 500 MHz): δ 0.86 (d, J3H-H = 6.8 Hz, 12H, OCH(CH3)2), 2.07 (m, J3H-H = 6.9 Hz, 2H, 

(CH3)2CH), 5.71 (s, 2H, OC((CH3)2CH)CHC(CF3)O) 
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13C{1H} NMR (C6D6, 125.76 MHz): δ 19.13 (s, 4C, OC(CH(CH3)2)), 40.67 (s, 2C, OC(CH(CH3)2), 95.86 (q, 

J3C-F = 2.2 Hz, 2C, OC(CH(CH3)2)CHC(CF3)O), 119.55 (q, J1C-F = 283.7 Hz, 2C,  CF3), 168.31 (q, J2C-F = 33.3 

Hz, 2C, OC(CH (CH3)2)CHC(CF3)O), 206.43 (s, 2C, OC(CH(CH3)2)CHC(CF3)O) 

19F{1H} NMR (C6D6, 470.59 MHz): δ -75.56 (s, 6F, CF3) 

119Sn NMR (C6D6, 186.50 MHz): δ -799.96 

Elemental Analysis (expected): C – 34.81 %, 34.91 % (34.96 %), H – 3.47 %, 3.47 % (3.35 %). 

 Compound 37: [Sn(tfactb)2] 

1,1,1-Trifluoro-5,5-dimethyl-2,4-hexanedione (4 mmol, 0.68 ml) was added via syringe to a stirred 

solution of [Sn(HMDS)2] (2 mmol, 0.88 g) in hexane (20 ml). A clear, colourless solution was formed 

and left for 2 hrs to react. The solvent was removed in vacuo and the resulting solid dissolved in the 

minimum amount of fresh hexane (20 ml) and stored at -28 °C overnight to afford colourless crystals 

(0.72 g, 71 %) 

1H NMR (C6D6, 500 MHz): δ 0.94 (s, 18H, OCH(CH3)3), 6.02 (s, 2H, CHC) 

13C{1H} NMR (C6D6, 125.76 MHz): δ 27.17 (s, 6C, OC(C(CH3)3)), 42.68 (s, 2C, OC(C(CH3)3)), 93.16 (q, 

J3C-F = 2.3 Hz, 2C, CH), 119.71 (q, J1C-F = 283.7 Hz, 2C, CF3), 168.56 (q, J2C-F = 33.1 Hz, 2C, OC(CF3)), 

208.43 (s, 2C, OC(tBu)) 

19F{1H} NMR (C6D6, 470.59 MHz): δ -75.42 (s, 6F, CF3) 

119Sn NMR (C6D6, 186.50 MHz): δ -800.73 

Elemental Analysis (expected): C – 37.69 %, 37.59 % (37.75 %), H – 3.78 %, 3.86 % (3.96 %). 

 Compound 38: [Sn(tfacph)2] 

A stirred solution of 4,4,4-trifluoro-1-phenyl-1,3-Butanedione (4 mmol, 0.86 g) in hexane (10 ml) was 

added, via cannula, to a solution of [Sn(HMDS)2] (2 mmol, 0.88 g) in hexane (20 ml). The resultant 

yellow solution was allowed to stir at room temperature for 2 hrs. Solvent was removed in vacuo 
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affording a bright yellow solid that was subsequently dissolved in fresh hexane (20 ml). Following 

filtration via filter cannula, the solution was stored at -28 °C overnight to yield yellow crystals (0.83 g, 

75 %). 

1H NMR (C6D6, 500 MHz): δ 6.39 (s, 2H, CH), 6.93 (m, J3 = 7.8 Hz, 4H, m-(CH)), 7.03-7.06 (m, 2H, p-CH), 

7.57-7.62 (m, 4H, o-(CH)) 

13C{1H} NMR (C6D6, 125.76 MHz): δ 93.75 (s, J3C-F = 2.1 Hz, 2C CH), 119.53 (q, J1C-F = 284.3 Hz, 2C, CF3), 

128.37 (s, 4C, o-(CH)), 128.78 (s, 4C, m-(CH)), 133.40 (s, 2C, p-CH), 137.16 (s, 2C, OC(ipso-C-Ph)), 

170.72 (q, J2C-F = 33.4 Hz, 2C, OC(CF3)), 189.61 (s, 2C, OC(Ph)) 

19F{1H} NMR (C6D6, 470.59 MHz): δ -75.49 (s, 6F, CF3) 

119Sn NMR (C6D6, 186.50 MHz): δ -808.31 

Elemental Analysis (expected): C – 43.98 %, 43.91 % (43.75 %), H – 2.26 %, 2.24 % (2.20 %) 

 Compound 39: [Sn(tfacip)(μ2-OtBu)]2 

1,1,1-Trifluoro-5-methyl-2,4-hexanedione (2 mmol, 0.62 ml) was added via syringe to a cooled 

solution of [Sn(HMDS)2] (2 mmol, 0.88 g) in Et2O (20 ml).  The reaction mixture was allowed to stir, 

yielding a clear pale yellow solution. The solvent was removed in vacuo to yield a yellow oil, which 

was subsequently dissolved in Et2O. The solution was cooled, and to it was added dry tert-butanol 

(2 mmol, 0.18 ml) via syringe. The resulting clear pale orange solution was allowed to stir for 1 hour 

before solvent was removed in vacuo. The resulting solid was dissolved in hexane (20 ml) and filtered 

via canula before solvent was removed under reduced pressure until the crystallisation point.  Storage 

at -28 °C overnight afforded pale orange crystals (0.25 g, 34 %). 

1H NMR (C6D6, 500 MHz): δ 0.9 (br s, 12H, OCH(CH3)2), 1. 14 (s, 18H, -OC(CH3)3), 2.16 (br s, 2H, 

(CH3)2CH), 5.83 (s, 2H, OC((CH3)2CH)CHC(CF3)O) 

13C{1H} NMR (C6D6, 125.76 MHz): 19.15 (s, 4C, OC(CH(CH3)2)), 34.13 (s, -OC(CH3)3), 40.65 (s, 2C, 

OC(CH(CH3)2), 72.81 (s, -OC(CH3)3), 95.43 (q, J3C-F = 2.2 Hz, 2C, OC(CH(CH3)2)CHC(CF3)O), 119.15 (q, 

J1C-F = 283.7 Hz, 2C,  CF3), 167.86 (q, J2C-F = 33.3 Hz, 2C, OC(CH (CH3)2)CHC(CF3)O), 206.40 (s, 2C, 

OC(CH(CH3)2)CHC(CF3)O) 

19F{1H} NMR (C6D6, 470.59 MHz): δ -75.24 (s, CF3) 

119Sn NMR (C6D6, 186.50 MHz): δ -148.37 ([Sn(OtBu)2] cluster), -800.11 ([Sn(tfacip)2]) 
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 Compound 40: [Sn(hfac)(μ2-OSiMe3)]2 

1,1,1,5,5,5-Hexafluoro-2,4-pentanedione (4 mmol, 0.48 ml) was added via syringe to a cooled solution 

of [Sn(HMDS)2] (2 mmol, 0.88 g) in hexane (20 ml).  The reaction mixture was allowed to stir, yielding 

a clear yellow solution, for 2 hrs. Following stirring, the solvent was removed in vacuo to a minimum 

amount, before storage at -28 °C overnight afforded yellow crystals (0.40 g, 49 %). 

1H NMR (C6D6, 500 MHz): δ 0.16 (s, 18H, OSi(CH3)3), 6.06 (s, 2H, CH)  

13C{1H} NMR (C6D6, 125.76 MHz): δ 2.96 (s, OSi(CH3)3), 91.42 (s, CH), 117.96 (q, J1C-F = 285.6 Hz, CF3), 

177.11 (q, J2C-F = 35.4 Hz, (OC(CF3))2C) 

19F{1H} NMR (C6D6, 470.59 MHz): δ -76.47 (s, 12F, CF3) 

29Si NMR (C6D6, 99.362 MHz): δ 13.38 (s, 2Si, SiMe3) 

119Sn NMR (C6D6, 186.50 MHz): δ -138.27  

Elemental Analysis data was unable to be obtained due to the air and moisture sensitive nature of the 

compound. 

 Compound 41: [Sn(OFtBu)(μ2-OFtBu)]2 

Nonafluoro-tert-butyl alcohol (4 mmol, 0.94 g) was added via syringe to a cooled solution of 

[Sn(HMDS)2] (2 mmol, 0.88 g) in Et2O (20 ml).  The reaction mixture was allowed to stir, yielding a 

clear colourless solution. After removal of volatiles the resulting pale yellow solid was dissolved in 

hexane (20 ml) and filtered via canula, before solvent was removed under reduced pressure until the 

crystallisation point.  Storage at -28 °C overnight afforded colourless crystals (0.66 g, 56 %). 

13C{1H} NMR (C6D6, 125.76 MHz): δ 81.04 (s, -OC(CF3)3), 122.40 (q, J1C-F = 292.7 Hz, -OC(CF3)3) 

19F{1H} NMR (C6D6, 470.59 MHz): δ -74.55 (s, CF3) 

119Sn NMR (C6D6, 186.50 MHz): δ -620.24 
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 Compound 42: [Sn(OFtBu)(μ2-OtBu)]2 

Nonafluoro-tert-butyl alcohol (2 mmol, 0.47 g) was added via syringe to a cooled solution of 

[Sn(HMDS)2] (2 mmol, 0.88 g) in Et2O (20 ml).  The reaction mixture was allowed to stir, yielding a 

clear pale yellow solution. The solvent was removed in vacuo to yield a yellow oil, which was 

subsequently dissolved in Et2O. The solution was cooled, and to it was added dry tert-butanol 

(2 mmol, 0.18 ml) via syringe. The resulting clear colourless solution was allowed to stir for 1 hour 

before solvent was removed in vacuo. The resulting colourless solid was dissolved in hexane (20 ml) 

and filtered via canula before solvent was removed under reduced pressure until the crystallisation 

point.  Storage at -28 °C overnight afforded colourless crystals (0.41 g, 48 %). 

1H NMR (C6D6, 500 MHz): δ 1.14 (s, 18H, -OC(CH3)3) 

13C{1H} NMR (C6D6, 125.76 MHz): δ 32.14 (s, -OC(CH3)3), 77.59 (s, -OC(CH3)3), 122.56 (q, J1C-F = 294.1 

Hz, -OC(CF3)3 

19F{1H} NMR (C6D6, 470.59 MHz): δ -73.60 (s, CF3) 

119Sn NMR (C6D6, 186.50 MHz): δ -293.75 

The quaternary carbon of the -OC(CF3)3 group was not observed. 
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 CONCLUSION  

This body of work details the synthesis and characterisation of a range of novel germanium(II), tin(II), 

and lead(II) complexes with the aim of developing novel group 14(II) precursors suitable for the ALD 

of M(II) containing thin films (where M = Ge, Sn, Pb). Also presented is a short proof-of-concept study 

focusing on the deposition of fluorine-doped tin(IV) oxide thin films by ALD using a single source 

Sn(II) precursors. 

Research undertaken within Chapter 2 focused on the development of a series of Ge(II), Sn(II) and 

Pb(II) iminoalkoxide complexes. Using the successful SnO ALD precursor [Sn(dmamp)2]1 as a 

foundation point, three bidentate pro-ligands were selected for reaction with [M(HMDS)2] (M = Ge, 

Sn, Pb): 2-(pyridin-2-yl)propan-2-ol (HPyp), 2-(4,4-dimethyloxazolinyl)propan-2-ol (Hdmop), and 2-

(N-methylimidazol-2-yl)propan-2-ol (Hnmip). Each pro-ligand contained an analogous 

dimethylethylene backbone, {-OC(Me2)C-}, to the {dmamp} ligand, and a cyclic imino functionality. 

Reaction of each pro-ligand with 0.5 eq. of [M(HMDS)2] (M = Ge, Sn, Pb) resulted in the synthesis of 

the expected homoleptic species, with the Pb(II) systems crystallising as dimers. Thermogravimetric 

analysis (TGA) revealed that the {Pyp} ligand imparted high volatility on the metal homoleptic species 

with both the Ge(II) (1) and Sn(II) (4) derivatives displaying volatility from 170 °C and residual 

percentage masses of <7 %. A lower onset temperature of 100 °C, and lower residual mass of 4.7 %, 

was observed for the TG analysis of [Sn(dmop)2] (5), whilst the Ge(II) analogue, [Ge(dmop)2] (2) was 

found to decompose to an unspecified material. The {nmip} ligand appeared to produce metal 

complexes suited to CVD processes, with both the Ge(II) (3) and Sn(II) (6) systems decomposing to 

stable residual masses consistent with that expected for the corresponding metal residue. 

Unfortunately, the Pb(II) complexes displayed poor stability and were found unsuited to ALD 

processes. 

In the third chapter of this thesis, focus shifted towards metal-amide bonds, which are found to have 

a higher reactivity than metal-alkoxide bonds. Previous research has indicated the potential of 

amidinate and guanidinate complexes for ALD processes,2–7 however limited oxidative control has 

been achieved in the deposition of M(II) containing films for the group 14 metals.3,4,8 In an attempt to 

address this, the work in Chapter 3 focused on a range of 2-pyridylamide ligands (N-(methyl)pyridin-

2-amine; 2,2’-dipyridylamine; and a series of  N-(trialkylsilyl)pyridine-2-amines) and their reaction 

with the heavier group 14 metals (Ge, Sn, and Pb). Previous successes have been observed by Du et 

al.9,10 in the use of N-(trimethylsilyl)pyridine-2-amine complexes of Si(IV) and Ge(II) for CVD 

processes.  

The most unusual structures isolated during the course of this work are presented in this chapter. 

Reaction of N-(methyl)pyridine-2-amine (Hmpa) with [Ge(HMDS)2] or [Sn(HMDS)2] was found to 

result in a trigermylene and distannane species, respectively. [Ge{Ge(mpa)3}2] (10), the trigermyl 

species, appears to be the first linear hexa-amide trigermylene species according to the CCDC. 

[Sn(mpa)3]2 (11), the distannane analogues species, was observed to display a short Sn-Sn bond, 

comparable to only one other system in the literature.11 This non-stoichiometric product is assumed 
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to form through disproportionation of a Sn(II) intermediate to produce the Sn(III) distannane system. 

Whilst efforts were made to produce a lead analogue these efforts were unsuccessful. Both the Ge(II) 

(10) and Sn(III) (11) complexes displayed poor thermal properties making them unsuited to vapour 

deposition processes, however their unusual structures potentially provide interesting new areas of 

investigation. 

Homoleptic and heteroleptic Ge(II), Sn(II) and Pb(II) complexes were synthesised from the reaction 

of 2,2’-dipyridylamine (Hdpa) with [M(HMDS)2] (M = Ge, Sn, Pb), [Sn(NMe2)(μ2-NMe2)]2 and  

[Sn(HMDS)(μ2-Cl)]2 were also presented in this chapter. None of these {dpa} complexes displayed any 

unusual or novel structures, although the series displayed a clear inert pair effect with an increasingly 

holodirected coordination sphere observed about the metal centre as the group was descended. TG 

analysis of the Ge(II) and Sn(II) homo-, [M(dpa)2] (M = Ge (13), Sn (15)) and heteroleptic, 

[M(dpa)HMDS] (M = Ge (14), Sn (16)), {dpa} complexes indicated that these systems showed poor 

volatilities. In general, all four complexes analysed by TGA showed decomposition profiles with 

multiple thermal events. The heteroleptic Ge(II) complex 14 decomposed to a stable residual mass 

consistent with that of GeO2, and the Sn(II) complexes (15 and 16) reached stable residue percentage 

masses corresponding to Sn metal. As such, it is possible that these systems are applicable to thin film 

deposition processes, though it may be that an alternative delivery method (e.g. aerosol-assisted or 

liquid-injection) is required. The Pb(II) complexes were not thermally assessed. 

Based on the successes observed by Du et al.9,10 in the use of N-(trimethylsilyl)pyridine-2-amine 

(Htmspa) to produce volatile Si(IV) and Ge(II) complexes, the final section of Chapter 3 considered a 

range of N-(trialkylsilyl)pyridine-2-amines alongside Sn(II). Unfortunately, towards the end of this 

research Sen et al.12 reported the synthesis of [Sn(tmspa)2] (22) and its chloride analogue [Sn(κ2-

tmspa)Cl]2 (25). Both of these structures were synthesised in the course of this work alongside the 

heteroleptic analogue, [Sn(tmspa)HMDS] (21) and the ethyl, [Sn(tespa)2] (23), and iso-propyl, 

[Sn(tipspa)2] (24), homoleptic analogues. Unusually, the N-(tri-iso-propylsilyl)pyridine-2-amine of 

the [Sn(tipspa)2] (24) system was found to display a different bonding mode to both the methyl (22) 

and ethyl (23) derivatives. In compound 24, the dative interaction of the bidentate ligand is formed 

by the amine of the {tipspa} ligand rather than the pyridine, as is seen for both 22 and 23. As a result, 

[Sn(tipspa)2] (24) appears to be the first reported tin(II) aminopyridinato complex. TG analysis of all 

three systems identified that the [Sn(tmspa)2] (22) and [Sn(tespa)2] (23) complexes were highly 

volatile with onset temperatures of 90 °C and 130 °C, respectively, and found to be thermally stable. 

Thus, these systems are of interest for vapour deposition applications. [Sn(tipspa)2] (24) displayed 

multiple thermal events, indicating poor thermal stability. The homoleptic species 21 was not 

assessed by TGA. 

In general, the ligands utilised in Chapter 3 highlight the effects of substituent selection on the thermal 

and structural properties of group 14 pyridylamide complexes. The small methyl substituent (Hmpa) 

enabled aggregation of the metal centres resulting in poor volatility and poor thermal properties. The 

use of a larger donating substituent pyridine (Hdpa) generally resulted in increased coordination of 

the metal centre as the group was descended. These systems also displayed poor thermal 
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decomposition profiles. Finally, the use of the relatively bulky trialkylsilyl groups (Htmspa, Htespa, 

and Htipspa) was found to impart reasonable volatility to the Sn(II) complexes, with both the methyl 

(22) and ethyl (23) derivatives being of interest to vapour deposition processes. 

In Chapter 4, the focus shifted slightly to consider primary amines and the synthesis of cubane type 

structures. Previously, tin(II) cubane complexes have been suggested as viable “building blocks” for 

the deposition of 2D materials.13 For example, if an extended array of iminostannylene cubes can be 

deposited on a surface, and the imino components can readily be exchanged for oxide atoms, then this 

may allow access to novel material phases. As such, this investigation focused on the synthesis of 

iminostannylene cubane species and chose to utilise the ubiquitous [Sn(HMDS)2] as Sn(II) reagent 

rather than [Sn(NMe2)(μ2-NMe2)]2, which has been more widely investigated for iminostannylene 

cubes. A variety of ligands containing both donor and non-donor functionalities were selected: 2-

aminopyridine (H2ap), 2-amino-6-methylpyridine (H2amp), phenylamine (H2Pha), benzylamine 

(H2Bza), and N,N-Dimethylethylenediamine (H2dmed). Single cube structures were obtained in all 

cases following reaction of equivalent quantities of pro-ligand and [Sn(HMDS)2], and all of the systems 

were found highly comparable to other iminostannylene cubes in the literature. Double cubane 

structures, comparable to those synthesised by the Wright group,14,15 were obtained following the 

reaction of two equivalents of 2-aminopyridine (H2ap) and 2-amino-6-methylpyridine (H2amp), 

respectively, to a single equivalent of [Sn(HMDS)2]. Cross-cubane interactions between Sn(II) centre 

and donor groups, such as pyridine or pyrimidine, have previously been identified as the driving force 

behind the formation of double cubane structures.14,15 However, a double cubane structure was not 

obtained following the reactions of two equivalents of N,N-dimethylethylenediamine (H2dmed) to one 

of [Sn(HMDS)2]. In the {dmed} ligand, the pendent donor {-NMe2} functional group lies β to the imine, 

whilst the nitrogen of the pyridines in {ap} and {amp} is positioned α to the imine.  This indicates that 

donor functional group must reside α to the imine functionality in order to promote cross-cubane 

interactions and double cubane formation. It would also appear that the {HMDS} moiety enables 

isolation of the single cube structures for those ligands containing α positioned donor groups. The 

Wright group was unable to isolate a single cube strucutre from reaction of 2-amino-5-

methylpyridine and [Sn(NMe2)(μ2-NMe2)]2 despite using equivalent ratios of pro-ligand and Sn(II) 

reagent.14,15 

The final chapter of this thesis, Chapter 5, investigated the development of single-source Plasma-

Enhanced (PE-)ALD precursor for the deposition of fluorine-dope tin(IV) dioxide. A selection of 

fluorinated β-diketonate ligands, of the form {-OC(R)CHC(CF3)O-}, were selected based on previous 

CVD studies by Chi et al.16 into the deposition of SnO2 films. Additionally, fluorinated alkoxide ligands, 

previously investigated within the group for the ALD of tin(II) oxide, were also included in this study. 

A range of fluorine containing homoleptic bis-β-diketonate, bis-alkoxide and mixed heteroleptic β-

diketonate-alkoxide tin(II) complexes were synthesised. These systems displayed no unusual 

structural features. TG analysis of the synthesised complexes highlighted high volatilities for both 

[Sn(tfacm)2] (34) (tfacm = {OC(Me)CHC(CF3)O}), and [Sn(OFtBu)(μ2-OFtBu)]2 (41) (OFtBu = 

{OC(CF3)3}). These systems were selected for investigative deposition studies on a Beneq TFS 200 

commercial ALD tool.  
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Proof-of-concept trials were performed at 150 °C with a 150 W power O2 plasma, and at 200 °C with 

a 200 W power O2 plasma. Deposition was found to occur under both conditions for both precursors, 

although the bis-alkoxide complex [Sn(OFtBu)(μ2-OFtBu)]2 (41) displayed significantly lower 

thicknesses at higher temperatures and plasma power, with CVD-like growth observed. XPS analysis 

of all films deposited indicated substitutional fluorides were incorporated into each of the deposited 

films, based on the F 1s binding energies observed. The F/Sn ratios in the deposited films of ca. 0.025 

(deposited from 34) and ca. 0.045 (deposited from 41) determined by XPS is within the 0.02-0.05 

range observed for literature and commercial FTO films.17–25 Overall, this proof-of-concept study 

indicated that both [Sn(ptfacm)2] (34) and [Sn(OFtBu)(μ2-OFtBu)]2 (41) display significant promise as 

single-source ALD precursors for SnO2:F thin films.  
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 FUTURE DIRECTION  

A number of potential avenues for further exploration have been identified during the course of this 

research. Within Chapter 2, the {Pyp} ligand, HOC(Me)2(2-NC5H4), was found to impart volatility upon 

both the homoleptic [Ge(Pyp)2] (1) complex and homoleptic [Sn(Pyp)2] (4) system. As such, these 

systems display thermal properties suited to ALD processes, and there is certainly scope for 

investigative ALD experiments to be performed using these systems. Alternatively, whilst not a focus 

of this investigation, the TG analysis of the imidazole derivatives [Ge(nmip)2] (3) and [Sn(nmip)2] (6) 

both demonstrate decomposition profiles suited to CVD of Ge0 metal and SnO, respectively. Given the 

wide applicability of both of these materials, it would be of interest to investigate both 3 and 6 with 

respect to CVD processes.  

Furthering the library of systems containing ligands with backbones analogous to {dmamp} is another 

future route of interest. Ongoing research within the group has continued to consider {dmamp} 

analogues, but interest has shifted to the use multidentate chelating systems in an attempt to increase 

kinetic stabilisation without a significant increase in molecular weight. 1,1'-(piperazine-1,4-

diyl)bis(2-methylpropan-2-ol) and 1,1'-(ethane-1,2-diylbis(methylazanediyl))bis(2-methylpropan-

2-ol) ligand systems shown in Figure 7.1 are two such examples that are currently being investigated. 

Within Chapter 3, only the tin(II) bis-N-(trimethylsilyl)-pyridin-2-amide, [Sn(tmspa)2] (22), and bis-

N-(triethylsilyl)pyridin-2-amine, [Sn(tespa)2] (23), displayed volatilities suited to ALD processes. 

Investigation by Du et al.10 also highlight the similarly high volatilities displayed by germanium 

derivatives of these complexes. Further investigations into the applicability of both the germanium(II) 

and tin(II) N-(triethylsilyl)pyridin-2-amide complexes to ALD processes should be made. Difficulties 

may arise due to the presence of silicon in the complexes, as seen by Tupala et al.26 in the use of 

[Sn(HMDS)2], but this was not observed by Du et al.10 in CVD depositions. Furthermore, it is likely that 

the N-(trialkylsilyl)pyridin-2-amines are less reactive than liberated HHMDS reducing the likliehood 

of silicon contamination. Investigative trial depositions would be needed to ascertain this, however. 

Neither the N-methylpyridin-2-amine (Hmpa) or the 2,2’-dipyridylamine (Hdpa) imparted volatility 

onto their respective metal complexes, however, reaction of the Hmpa ligand with [M(HMDS)2] was 

found to produce a trigermylene (10) and a distannane (11) species. Whilst unsuited to ALD the 

reactivity of these systems requires further investigation, as they may allow access to unusual 

oxidation states of germanium or tin, or these systems could be potentially be utilised as precursors 

 

Figure 7.1 Multidentate chelating ligands based upon the {dmamp} dimethylethylene 

backbone; i) 1,1'-(piperazine-1,4-diyl)bis(2-methylpropan-2-ol), ii) 1,1'-(ethane-1,2-

diylbis(methylazanediyl))bis(2-methylpropan-2-ol). 
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to further catenated species. Similarly, the chloride containing species [Sn(dpa)Cl]2 (18) is likely to 

display further reactivity that should be explored. The highly chelating nature of the {dpa} lariat could 

allow it to kinetically stabilise a Sn-Sn species, although its lack of significant steric bulk may hinder 

this. 

The work presented in Chapter 4 was the last to begin, and as so, whilst much was achieved, many 

avenues still remain unexplored. Potentially of most future interest is the indication that control can 

be achieved over the formation of single cubes and double cubane species. The reactions performed 

in this chapter all utilise the ubiquitous [Sn(HMDS)2] reagent, whilst the majority of cubane systems 

in the literature are synthesised from [Sn(NMe2)(μ2-NMe2)]2. This appears to have particular 

importance with regard to imino ligands that have a donor functionality α to the imine group. In the 

literature, 2-aminopyridines and 2-aminopyrimidines that are reacted with [Sn(NMe2)(μ2-NMe2)]2 

form double cubane structures regardless of reagent stoichiometry.14,15 In this work, 2-aminopyridine 

and 2-amino-6-methylpyridine were found to form single cubes when reacted with [Sn(HMDS)2] in 

equivalent ratios but produced double cubanes when the ligand was in excess. To confirm this 

stoichiometric control, the 2-aminopyridine and 2-amino-6-methylpyridine studied in Chapter 4 

should be reacted in equivalent ratios with [Sn(NMe2)(μ2-NMe2)]2. It is expected that double cubane 

complexes will be synthesised by these reactions. If so, further studies should be made using both the 

2-aminopyridines reacted here and the 2-amino-5-methylpyridine utilised by the Wright group, 

which has only been reacted with [Sn(NMe2)(μ2-NMe2)]2 to form a double cubane stucture.14,15 These 

studies should include NMR scale reactions, in which the environments of the proton, carbon and tin 

nuclei can be tracked, as well as a series of reactions with varied stoichiometry in an attempt to trap 

any intermediate species. It would also be recommended to investigate a selection of ligands 

containing donor functionalities that are not nitrogen based as, to date, all iminostannylene double 

cubane species reported in the literature have been synthesised from 2-aminopyridine or 2-

aminopyrimidine derived ligands. Examples of suggested ligands are displayed below in Figure 7.2.  

The area of most interest within this thesis is the work presented in the final chapter on the 

development of single-source Plasma-Enhanced-ALD precursors for the deposition of fluorine-dope 

tin(IV) dioxide. Analysis of the films deposited using both the tin(II) bis-fluoro-β-diketonate 

[Sn(tfacm)2] (34) and the tin(II) bis-perfluoro-tert-butoxide [Sn(OFTBu)(μ2-OFtBu)]2 (41) indicated 

that dopant quantities of fluorine were successfully incorporated into the thin films. Unfortunately, 

CVD-like growth was observed from both precursors. Detailed ALD studies considering a variety of 

process parameters, including, but not limited to, temperature, plasma power, pulse length, purge 

length, and gas flow, are necessary to determine if ALD growth is possible utilising these precursors, 

and whether crystallinity and substitutional dopant fluorides can be maintained under the ALD 

 

Figure 7.2 Suggested imine ligands for future cubane investigation. R may be any alkyl, 

aryl, or any other functional group. 



371 
 

growth conditions. If so, then these systems may offer access to hitherto inaccessible conformal, 

smooth thin films of FTO. At the time of writing, further investigations into these precursors and 

processing parameters are ongoing.  

Alongside the above investigative ALD studies, it would also be prudent to investigate the other tin(II) 

bis-fluoro-β-diketonate species reported in this chapter with regards to their potential in ALD 

processes. Additionally, a tin(II) perfluoro-iso-propoxide species previously identified within the 

research group may also show applicability to FTO deposition. The use of precursors containing 

differing quantities of fluorides may enable the fluoride dopant concentration of ALD-grown FTO 

films to be tailored, broadening the range of applications for these films. 

With an ever-growing demand for low-powered, low-cost, and disposable microelectronic devices, 

advances in the development of microdevice fabrication is of paramount importance. Key to this is 

the efficient fabrication of CMOS devices, and specifically the development of routes to p-type metal 

oxide materials. Whilst the research presented in this thesis was unable to identify an appropriate 

precursor, or deposition route to tin(II) oxide, a p-type material of particular interest, it does identify 

a large number of metallylene species of the heavier group 14 metals, some of which may be found 

applicable to the vapour deposition of Ge(II) or Sn(II) containing thin films. Furthermore, the range 

of systems presented broadens the current library of known Ge(II), Sn(II), and Pb(II) complexes, 

which is essential for the development of novel precursor complexes as it provides a foundation upon 

which future investigations can build. Most importantly, though not the initial aim of this thesis, a 

selection of fluorine containing Sn(II) complexes have been identified within this research and found 

to deposit SnO2 films doped with fluoride ions at concentrations appropriate for use in electronic 

application. Further exploration of these precursors is necessary, however the initial results 

presented here are highly promising. 
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 APPENDIX  

8.1 General Experimental 

Unless otherwise stated, all reactions were performed under inert conditions using standard Schlenk 

line and glove box techniques under either argon or nitrogen atmospheres. All starting chemicals 

were provided by Sigma-Aldrich, Alfa Aesar or Fluorochem and used as purchased unless otherwise 

stated. Preparation methods for the Group 14 amide reagents can be found in Section 8.2. All solvents, 

save for pyridine (NC5H5) and 1,4-dioxane, were dried under argon using an Innovative Technologies 

solvent purification system before being degassed once (or twice in the cases of THF and diethyl 

ether) using cold vacuum degassing (77 K) and argon. Pyridine (NC5H5) was dried by storing over 4 

A molecular sieves for one week prior to use. Solvents were stored in J Youngs ampules over 4 Å 

molecular sieves. 1,4-dioxane was dried by refluxing over potassium and was stored over potassium 

in a J Young ampule.  Deuterated benzene (C6D6), toluene (d8-tol) and THF (d8-thf) NMR solvents were 

purchased from Sigma-Aldrich and dried by refluxing over potassium before isolating by vacuum 

distillation. 

NMR experiments were carried out using J Youngs valve NMR tubes prepared in a glove box. NMR 

data was collected at 25 °C unless otherwise stated using either a Bruker Avance AV 300, Avance AV-

400 or Avance II+ AV-500 spectrometer. 

Ellipsometry measurements were performed on a J. A. Woollam Variable-Angle α-SE Spectroscopic 

Ellipsometer and modelled using the CompleteEASE software suite. SEM images were collected on a 

JEOL FESEM6301F. Samples were mounted on stainless steel stubs or clamps using carbon tape and 

stored under vacuum. XPS was conducted at the University of Leeds using a Specs EnviroESCA XPS. 

An excitation energy of 1486.71 eV was used under high-vacuum. Data was analysed using CasaXPS. 

Spectra were fitted with Gaussian-Lorentzian curves (30 % Lorentzian) after subtraction of a Shirley 

baseline with an average width of 10. Charge correction was performed via referencing of the 

aliphatic Carbon 1s peak to 284.8 eV. 

Elemental analysis was performed under inert conditions by the elemental analysis service at the 

Science Centre, London Metropolitan University, UK, or by the microanalysis service at Elemental 

Microanlaysis, Okehampton, UK where the CHN analyses were performed using Dumas combustion 

method.  

Single crystal X-ray diffraction data were collected at 150 K using either a Nonius Kappa CCD, an 

Agilent Xcalibur or an Agilent SuperNova Dual diffractometer with either Mo-Kα (λ =0.71073 Å) or 

Cu-Kα (λ = 1.5418 Å) radiation. The data collected by the diffractometers were processed using the 

proprietary Nonius or Agilent software. Structures were solved by full-matrix least squares 

refinement using either the WinGX-170 suite of programs or the programme suite X-SEED. All 

structural data were obtained by Dr Andrew Johnson with structure refinement performed by Dr 

Andrew Johnson or Dr Gabriele Kociok-Köhn. 
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TGA was performed under nitrogen (20 ml/min) at a ramp rate of 5 °C/min between 50 and 600 °C 

on a PerkinElmer TGA4000 with autosampler; samples were contained in either crimped aluminium 

pans (closed pans) or in alumina crucibles (open pans). 

PXRD patterns were collected on either a Bruker AXS D8 Advance (Cu-Kα radiation, λ = 1.5418 Å) or 

a Stoe Stadi P (Cu-Kα radiation, , λ = 1.54056 Å) diffractometer in flat plate mode at 298 K. Results 

were analysed in EVA, Excel and WinXPOW. 

All plasma enhanced atomic layer deposition (PEALD) experiments were performed on a commercial 

Beneq TFS-200 Beneq TFS-200 reactor using a direct capacitively-coupled plasma configuration. A 

13.56 MHz RF power source (CESAR 133, Advanced Energy) and impedance matching network 

(Navio, Advanced Energy) system was used to generate O2 plasma. Deposition were performed onto 

silicon substrate with an orientation of (100) manufactured by PI-KEM.  
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8.2 Experimental details for group 14 reagents 

 [GeCl2·O2C4H8] 

Germanium(II) dichloride-dioxane was prepared in accordance with the modified literature 

procedure reported by Lemierre et al.1 

A Schlenk was charged with [GeCl4] (25 g, 117 mmol) and to it was added 1,1,3,3-

tetramethyldisiloxane (17.3 g, 22.8 ml, 129 mmol) and 1,4-dioxane (18.0 g, 17.4 ml, 205 mmol) via 

syringe. The mixture was heated to 85 °C and stirred. After 1 hour, stirring was stopped and the 

solution was kept at 85 °C for 12 hours, during which time colourless crystals were formed. The 

suspension was allowed to cool, and the reaction liquor was removed. The colourless crystals were 

washed with 3 x 10 ml aliquots of hexanes before being dried under reduced pressure. (19.8 g, 73 %) 

 [Ge(HMDS)2] 

To a cooled stirring solution of LiHMDS (74.3 mmol, 12.4 g) in Et2O (150 ml) was added a cooled (-78 

°C) solution of [GeCl2·O2C4H8] (37.1 mmol, 8.6 g) in Et2O (100 ml). The resultant solution was stirred 

for 24 hrs, before volatiles were removed under reduced pressure. The residual solid was washed 

with 3 x 10 ml aliquots of hexanes before being dissolved in hexane to yield a pale orange solution 

and white precipitate. The solution was filtered through a Celite pad, and volatiles were removed to 

yield an orange liquid. Vacuum distillation of the liquid (80 °C, 4 x 10-2 mbar) using a short path 

apparatus yielded a pale orange solid. (10.8 g, 74 %) 

1H NMR (C6D6, 500MHz): δ 0.32 (s, 36H, -N{Si(CH3)3}2) 

13C NMR (C6D6, 125.7 MHz): δ 5.36 (-N{Si(CH3)3}2) 

 [Sn(NMe2)(μ2-NMe2)]2 

Prepared from a modification of the synthesis as described by Olmstead et al.2 
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A stirred solution of LiNMe2 (109.7 mmol, 5.56 g) in Et2O (150 ml) was cooled to -78° and added to a 

a colled (-78 °C) solution of SnCl2 (54.8 mmol, 10.39 g) in Et2O (100 ml). The resultant solution was 

stirred for 8 hr before the volatiles were removed in vacuo. The residue was washed with aliquots of 

hexane (3 x 15 ml) to remove any residual Et2O, and then dissolved in hexanes (200 ml). The resulting 

solution was filtered through a Celite pad, and the volume reduced to a minimum to afford pale 

yellow crystalline material following storage at -28 °C. (9.64 g, 84 %) 

1H NMR (C6D6, 500MHz): δ 2.78 (br d, J = 337.2 Hz, 12H, -N{CH3}2) 

119Sn NMR (C6D6, 186.5 MHz): δ +128.8 

 [Sn(HMDS)2 

Prepared via a modified procedure described by Harris et al.3 

A stirred solution of LiHMDS (220 mmol, 36.8 g) in Et2O (200 ml) was cooled to -78°. To this was 

added a solution of SnCl2 (110 mmol, 20.9 g) in Et2O (150 ml), and the resultant solution was stirred 

and allowed to equilibrate to room temperature over a period of 1 hr. A white suspension (LiCl) was 

observed during this time. After 1 hr of stirring the solution was gently heated, covered (to protect it 

from the light), and left to stir for 24 hr. Following this, the solvent was removed in vacuo and the 

residue washed with hexane (3 x 15 ml) to remove any residual Et2O. Hexane (200 ml) was added to 

the residual solid and stirred vigorously before being filtered through a Celite pad. Volatiles were 

removed to yield an orange liquid, which was distilled via a short path distillation (180 °C, 1 x 10-2 

mbar) into a liquid N2 cooled collection flask affording a bright orange solid. (43.7 g, 90 %) 

1H NMR (C6D6, 500MHz): δ 0.30 (s, 36H, -N{Si(CH3)3}2) 

119Sn NMR (C6D6, 186.5 MHz): δ +767.3 

 [Sn(HMDS)Cl]2 

A stirred solution of LiHMDS (55 mmol, 9.48 g) in Et2O (75 ml) was cooled to -78°, and to it was added 

a solution of SnCl2 (50 mmol, 9.20 g) in Et2O (75 ml). The resulting solution was stirred and allowed 

to equilibrate to room temperature over a period of 1 hr. Volatiles were removed in vacuo and the 

resultant solid was dissolved in hexanes and stirred for a further 2 hrs. Following this, the solution 
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was filtered through a Celite pad. The solution was reduced in volume and stored at -28 °C to yield 

large pale brown crystals. (5.72 g, 36 %) 

1H NMR (C6D6, 500MHz): δ 0.35 (s, 36H, -N{Si(CH3)3}2) 

119Sn NMR (C6D6, 186.5 MHz): δ +135.3 

 [Pb(HMDS)2]  

Prepared via a modified procedure described by Harris et al.3 in the absence of light. 

A stirred solution of KHMDS (100 mmol, 19.95 g) in Et2O (150 ml) was cooled to -78°. To this was 

added a solution of PbI2 (50 mmol, 23.06 g) in Et2O (100 ml), and the resultant solution was stirred 

at a reduced temperature for 2 hours, before being allowed to warm to room temperature. The 

solution was allowed to stir at room temperature for 8 hours, during which a white suspension (KI) 

and yellow solution were observed. Following this, solvent was removed in vacuo and the residue 

washed with hexanes (3 x 20 ml) to remove any residual Et2O. Hexanes (200 ml) were added to the 

residual solid with vigorous stirring before being filtered through a Celite pad. The filtrate was 

distilled via a short path distillation (220 °C, 8.2 x 10-2 mbar) into a liquid nitrogen cooled flask to 

yield a yellow solid, which became semi-solid at room temperature. The product was stored in the 

absence of light. (10.8 g, 41 %) 

1H NMR (C6D6, 500MHz): δ 0.25 (s, 36H, -N{Si(CH3)3}2) 

13C{1H} NMR (C6D6, 125.7 MHz): 5.62 (-N{Si(CH3)3}2) 
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8.3 Selected NMR spectra 

 

 

Figure 8.1 1H NMR spectrum of [Pb(mpa)x]n (12). C6D6, 298 K, 500 MHz.  

 

 

 

Figure 8.2 1H NMR spectrum of [Sn(tmspa)HMDS] (21). C6D6, 298 K, 500 MHz. Evidence of 

its homoleptic analogue (22) can be observed but peaks are not highlighted.  
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Figure 8.3 119Sn NMR spectrum of [Sn(tmspa)HMDS] (21). C6D6, 298 K, 186.5 MHz. 

 

 

 

Figure 8.4 1H NMR spectrum of [Sn(tface)2] (35). C6D6, 298 K, 500 MHz. 
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Figure 8.5 119Sn NMR spectrum of [Sn(tface)2] (35). C6D6, 298 K, 186.5 MHz. 

 

 

 

Figure 8.6 1H NMR spectrum of [Sn(tfacip)(μ2-OtBu)]2 (39). C6D6, 298 K, 500 MHz. 
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Figure 8.7 119Sn NMR spectrum of [Sn(tfacip)(μ2-OtBu)]2 (39). C6D6, 298 K, 186.5 MHz 
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8.4 Crystal Data and Structural Refinement Tables 

  

Table 8.1 Crystal data and structure refinement for [Ge(Pyp)2] (1) 

Identification code  s17alj38 

Empirical formula  C16 H20 Ge N2 O2 

Formula weight  344.93 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  I2/a 

Unit cell dimensions a = 15.5048(3) Å a= 90°. 

 b = 7.63030(10) Å b= 100.099(2)°. 

 c = 27.9803(5) Å g = 90°. 

Volume 3258.96(10) Å3 

Z 8 

Density (calculated) 1.406 Mg/m3 

Absorption coefficient 2.601 mm-1 

F(000) 1424 

Crystal size 0.247 x 0.199 x 0.157 mm3 

Theta range for data collection 3.209 to 73.366°. 

Index ranges -17<=h<=19, -9<=k<=9, -34<=l<=31 

Reflections collected 11647 

Independent reflections 3250 [R(int) = 0.0158] 

Completeness to theta = 67.684° 99.9 % 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.81665 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3250 / 0 / 195 

Goodness-of-fit on F2 1.047 

Final R indices [I>2sigma(I)] R1 = 0.0206, wR2 = 0.0540 

R indices (all data) R1 = 0.0209, wR2 = 0.0542 

Extinction coefficient 0.00037(2) 

Largest diff. peak and hole 0.316 and -0.288 e.Å-3 
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Table 8.2 Crystal data and structure refinement for [Ge(dmop)2] (2) 

Identification code  s19alj35 

Empirical formula  C16 H28 Ge N2 O4 

Formula weight  384.99 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 7.65540(10) Å = 90°. 

 b = 17.77150(10) Å = 103.9980(10)°. 

 c = 14.61260(10) Å  = 90°. 

Volume 1928.98(3) Å3 

Z 4 

Density (calculated) 1.326 Mg/m3 

Absorption coefficient 2.324 mm-1 

F(000) 808 

Crystal size 0.305 x 0.212 x 0.189 mm3 

Theta range for data collection 3.989 to 73.054°. 

Index ranges -9<=h<=9, -22<=k<=22, -17<=l<=18 

Reflections collected 40319 

Independent reflections 3855 [R(int) = 0.0382] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.65364 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3855 / 0 / 216 

Goodness-of-fit on F2 1.119 

Final R indices [I>2sigma(I)] R1 = 0.0260, wR2 = 0.0686 

R indices (all data) R1 = 0.0262, wR2 = 0.0688 

Extinction coefficient n/a 

Largest diff. peak and hole 0.416 and -0.413 e.Å-3 
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Table 8.3 Crystal data and structure refinement for [Ge(nmip)2] (3) 

Identification code  e18alj01 

Empirical formula  C14 H22 Ge N4 O2 

Formula weight  350.94 

Temperature  150.1(5) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  Pbca 

Unit cell dimensions a = 13.1841(5) Å = 90°. 

 b = 13.1095(5) Å = 90°. 

 c = 18.6761(8) Å  = 90°. 

Volume 3227.9(2) Å3 

Z 8 

Density (calculated) 1.444 Mg/m3 

Absorption coefficient 1.908 mm-1 

F(000) 1456 

Crystal size 0.645 x 0.549 x 0.124 mm3 

Theta range for data collection 3.459 to 29.156°. 

Index ranges -17<=h<=17, -17<=k<=17, -22<=l<=25 

Reflections collected 26281 

Independent reflections 4030 [R(int) = 0.0364] 

Completeness to theta = 25.242° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.49752 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4030 / 0 / 196 

Goodness-of-fit on F2 1.043 

Final R indices [I>2sigma(I)] R1 = 0.0301, wR2 = 0.0618 

R indices (all data) R1 = 0.0454, wR2 = 0.0674 

Extinction coefficient n/a 

Largest diff. peak and hole 0.365 and -0.397 e.Å-3 
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Table 8.4 Crystal data and structure refinement for [Sn(Pyp)2] (4) 

Identification code  s16alj28 

Empirical formula  C16 H20 N2 O2 Sn 

Formula weight  391.03 

Temperature  150.01(10) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  I2/a 

Unit cell dimensions a = 16.0570(2) Å = 90°. 

 b = 7.78440(10) Å = 99.9680(10)°. 

 c = 27.4902(4) Å  = 90°. 

Volume 3384.24(8) Å3 

Z 8 

Density (calculated) 1.535 Mg/m3 

Absorption coefficient 12.057 mm-1 

F(000) 1568 

Crystal size 0.150 x 0.100 x 0.100 mm3 

Theta range for data collection 3.265 to 73.432°. 

Index ranges -19<=h<=16, -9<=k<=9, -34<=l<=34 

Reflections collected 18980 

Independent reflections 3384 [R(int) = 0.0370] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.47514 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3384 / 0 / 194 

Goodness-of-fit on F2 1.099 

Final R indices [I>2sigma(I)] R1 = 0.0186, wR2 = 0.0468 

R indices (all data) R1 = 0.0189, wR2 = 0.0470 

Extinction coefficient n/a 

Largest diff. peak and hole 0.319 and -0.952 e.Å-3 
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Table 8.5 Crystal data and structure refinement for [Sn(dmop) 2] (5) 

Identification code  s16alj33 

Empirical formula  C16 H28 N2 O4 Sn 

Formula weight  431.09 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Orthorhombic 

Space group  Pbca 

Unit cell dimensions a = 11.48140(10) Å = 90°. 

 b = 11.32810(10) Å = 90°. 

 c = 29.3760(3) Å  = 90°. 

Volume 3820.71(6) Å3 

Z 8 

Density (calculated) 1.499 Mg/m3 

Absorption coefficient 10.808 mm-1 

F(000) 1760 

Crystal size 0.250 x 0.180 x 0.120 mm3 

Theta range for data collection 3.009 to 73.449°. 

Index ranges -14<=h<=13, -12<=k<=14, -36<=l<=36 

Reflections collected 29100 

Independent reflections 3829 [R(int) = 0.0435] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.34055 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3829 / 0 / 216 

Goodness-of-fit on F2 1.068 

Final R indices [I>2sigma(I)] R1 = 0.0274, wR2 = 0.0740 

R indices (all data) R1 = 0.0289, wR2 = 0.0753 

Extinction coefficient n/a 

Largest diff. peak and hole 1.105 and -0.908 e.Å-3 
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Table 8.6 Crystal data and structure refinement for [Sn(nmip) 2] (6) 

Identification code  s17alj03 

Empirical formula  C14 H22 N4 O2 Sn 

Formula weight  397.04 

Temperature  150.01(10) K 

Wavelength  1.54184 Å 

Crystal system  Tetragonal 

Space group  P41212 

Unit cell dimensions a = 7.94010(10) Å = 90°. 

 b = 7.94010(10) Å = 90°. 

 c = 26.6400(2) Å  = 90°. 

Volume 1679.52(4) Å3 

Z 4 

Density (calculated) 1.570 Mg/m3 

Absorption coefficient 12.188 mm-1 

F(000) 800 

Crystal size 0.120 x 0.120 x 0.050 mm3 

Theta range for data collection 5.815 to 73.390°. 

Index ranges -9<=h<=9, -8<=k<=9, -32<=l<=33 

Reflections collected 31722 

Independent reflections 1690 [R(int) = 0.0368] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.49163 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1690 / 0 / 99 

Goodness-of-fit on F2 1.120 

Final R indices [I>2sigma(I)] R1 = 0.0162, wR2 = 0.0386 

R indices (all data) R1 = 0.0164, wR2 = 0.0387 

Absolute structure parameter -0.016(4) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.534 and -0.221 e.Å-3 
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Table 8.7 Crystal data and structure refinement for [Pb(Pyp)2]2 (7) 

Identification code  s19alj30 

Empirical formula  C32 H40 N4 O4 Pb2 

Formula weight  959.06 

Temperature  150.01(10) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 8.3208(3) Å = 98.136(2)°. 

 b = 9.3591(3) Å = 99.942(3)°. 

 c = 11.4463(3) Å  = 111.146(3)°. 

Volume 798.47(5) Å3 

Z 1 

Density (calculated) 1.995 Mg/m3 

Absorption coefficient 20.591 mm-1 

F(000) 456 

Crystal size 0.169 x 0.106 x 0.058 mm3 

Theta range for data collection 4.021 to 73.007°. 

Index ranges -10<=h<=10, -11<=k<=11, -13<=l<=14 

Reflections collected 10713 

Independent reflections 2996 [R(int) = 0.0341] 

Completeness to theta = 67.684° 95.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.17345 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2996 / 0 / 215 

Goodness-of-fit on F2 1.126 

Final R indices [I>2sigma(I)] R1 = 0.0244, wR2 = 0.0633 

R indices (all data) R1 = 0.0252, wR2 = 0.0636 

Extinction coefficient n/a 

Largest diff. peak and hole 1.915 and -1.765 e.Å-3 
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Table 8.8 Crystal data and structure refinement for [Pb(dmop)2]2 (8) 

Identification code  e20alj03 

Empirical formula  C32 H56 N4 O8 Pb2 

Formula weight  1039.18 

Temperature  150.01(10) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 8.9606(4) Å = 76.478(3)°. 

 b = 10.9787(4) Å = 82.605(3)°. 

 c = 21.0455(8) Å  = 85.511(3)°. 

Volume 1993.74(14) Å3 

Z 2 

Density (calculated) 1.731 Mg/m3 

Absorption coefficient 8.481 mm-1 

F(000) 1008 

Crystal size 0.452 x 0.304 x 0.098 mm3 

Theta range for data collection 3.563 to 27.531°. 

Index ranges -11<=h<=9, -11<=k<=14, -22<=l<=27 

Reflections collected 16845 

Independent reflections 9129 [R(int) = 0.0404] 

Completeness to theta = 25.242° 99.7 %  

Absorption correction Analytical 

Max. and min. transmission 0.279 and 0.038 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 9129 / 0 / 431 

Goodness-of-fit on F2 0.984 

Final R indices [I>2sigma(I)] R1 = 0.0422, wR2 = 0.0785 

R indices (all data) R1 = 0.0678, wR2 = 0.0882 

Extinction coefficient n/a 

Largest diff. peak and hole 2.999 and -2.817 e.Å-3 
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Table 8.9 Crystal data and structure refinement for [Pb(nmip)2]2 (9) 

Identification code  s19alj29 

Empirical formula  C42 H60 N8 O4 Pb2 

Formula weight  1155.36 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 9.7464(4) Å = 81.236(3)°. 

 b = 10.8760(4) Å = 71.144(4)°. 

 c = 11.0455(4) Å  = 78.946(3)°. 

Volume 1082.29(8) Å3 

Z 1 

Density (calculated) 1.773 Mg/m3 

Absorption coefficient 15.339 mm-1 

F(000) 564 

Crystal size 0.229 x 0.162 x 0.075 mm3 

Theta range for data collection 4.161 to 73.246°. 

Index ranges -12<=h<=12, -13<=k<=13, -13<=l<=13 

Reflections collected 16338 

Independent reflections 4275 [R(int) = 0.0377] 

Completeness to theta = 67.684° 99.6 %  

Absorption correction Gaussian 

Max. and min. transmission 0.761 and 0.320 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4275 / 72 / 353 

Goodness-of-fit on F2 1.076 

Final R indices [I>2sigma(I)] R1 = 0.0251, wR2 = 0.0660 

R indices (all data) R1 = 0.0253, wR2 = 0.0662 

Extinction coefficient n/a 

Largest diff. peak and hole 1.504 and -1.601 e.Å-3 
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Table 8.10 Crystal data and structure refinement for [Ge{Ge(mpa)3}2] (10) 

Identification code  s18alj24 

Empirical formula  C39.25 H45.25 Ge3 N12 

Formula weight  902.89 

Temperature  150.01(10) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 10.1103(2) Å = 104.406(3)°. 

 b = 11.4338(3) Å = 101.073(2)°. 

 c = 19.4552(6) Å  = 100.100(2)°. 

Volume 2077.99(10) Å3 

Z 2 

Density (calculated) 1.443 Mg/m3 

Absorption coefficient 2.907 mm-1 

F(000) 922 

Crystal size 0.239 x 0.213 x 0.119 mm3 

Theta range for data collection 4.107 to 73.073°. 

Index ranges -12<=h<=9, -13<=k<=14, -20<=l<=24 

Reflections collected 14411 

Independent reflections 8127 [R(int) = 0.0213] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.86242 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8127 / 139 / 606 

Goodness-of-fit on F2 1.079 

Final R indices [I>2sigma(I)] R1 = 0.0259, wR2 = 0.0688 

R indices (all data) R1 = 0.0269, wR2 = 0.0697 

Extinction coefficient n/a 

Largest diff. peak and hole 0.474 and -0.507 e.Å-3 
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Table 8.11 Crystal data and structure refinement for [Sn(mpa)3]2 (11) 

Identification code  s16alj25 

Empirical formula  C43 H50 N12 Sn2 

Formula weight  972.33 

Temperature  150.00(10) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 11.0911(3) Å = 94.350(2)°. 

 b = 12.3766(3) Å = 93.613(2)°. 

 c = 15.9009(4) Å  = 95.939(2)°. 

Volume 2159.22(10) Å3 

Z 2 

Density (calculated) 1.496 Mg/m3 

Absorption coefficient 1.202 mm-1 

F(000) 984 

Crystal size 0.250 x 0.250 x 0.130 mm3 

Theta range for data collection 2.178 to 29.406°. 

Index ranges -13<=h<=15, -16<=k<=16, -20<=l<=20 

Reflections collected 19762 

Independent reflections 10039 [R(int) = 0.0271] 

Completeness to theta = 25.242° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.81930 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10039 / 42 / 561 

Goodness-of-fit on F2 1.199 

Final R indices [I>2sigma(I)] R1 = 0.0351, wR2 = 0.1074 

R indices (all data) R1 = 0.0470, wR2 = 0.1317 

Extinction coefficient n/a 

Largest diff. peak and hole 0.889 and -2.168 e.Å-3 
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Table 8.12 Crystal data and structure refinement for [Ge(dpa)2] (13) 

Identification code  e18alj15 

Empirical formula  C20 H16 Ge N6 

Formula weight  412.98 

Temperature  149.99(12) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  Pbca 

Unit cell dimensions a = 7.7823(2) Å = 90°. 

 b = 18.4137(3) Å = 90°. 

 c = 24.4716(5) Å  = 90°. 

Volume 3506.80(13) Å3 

Z 8 

Density (calculated) 1.564 Mg/m3 

Absorption coefficient 1.765 mm-1 

F(000) 1680 

Crystal size 0.412 x 0.365 x 0.288 mm3 

Theta range for data collection 3.294 to 29.203°. 

Index ranges -10<=h<=10, -25<=k<=24, -32<=l<=33 

Reflections collected 69572 

Independent reflections 4548 [R(int) = 0.0319] 

Completeness to theta = 25.242° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.89157 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4548 / 0 / 244 

Goodness-of-fit on F2 1.114 

Final R indices [I>2sigma(I)] R1 = 0.0306, wR2 = 0.0669 

R indices (all data) R1 = 0.0388, wR2 = 0.0697 

Extinction coefficient n/a 

Largest diff. peak and hole 0.378 and -0.474 e.Å-3 
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Table 8.13 Crystal data and structure refinement for [Ge(dpa)HMDS] (14) 

Identification code  s18alj39 

Empirical formula  C16 H26 Ge N4 Si2 

Formula weight  403.18 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Orthorhombic 

Space group  Pbca 

Unit cell dimensions a = 13.73302(5) Å = 90°. 

 b = 10.76721(3) Å = 90°. 

 c = 26.73193(8) Å  = 90°. 

Volume 3952.75(2) Å3 

Z 8 

Density (calculated) 1.355 Mg/m3 

Absorption coefficient 3.294 mm-1 

F(000) 1680 

Crystal size 0.242 x 0.195 x 0.156 mm3 

Theta range for data collection 3.307 to 72.520°. 

Index ranges -16<=h<=16, -10<=k<=13, -32<=l<=32 

Reflections collected 71259 

Independent reflections 3921 [R(int) = 0.0212] 

Completeness to theta = 67.684° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.73520 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3921 / 0 / 214 

Goodness-of-fit on F2 1.109 

Final R indices [I>2sigma(I)] R1 = 0.0217, wR2 = 0.0584 

R indices (all data) R1 = 0.0217, wR2 = 0.0584 

Extinction coefficient n/a 

Largest diff. peak and hole 0.264 and -0.357 e.Å-3 
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Table 8.14 Crystal data and structure refinement for [Sn(dpa)2] (15) 

Identification code  s17alj13 

Empirical formula  C20 H16 N6 Sn 

Formula weight  459.08 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 11.83790(10) Å = 90°. 

 b = 9.26640(10) Å = 104.1170(10)°. 

 c = 16.9618(2) Å  = 90°. 

Volume 1804.43(3) Å3 

Z 4 

Density (calculated) 1.690 Mg/m3 

Absorption coefficient 11.404 mm-1 

F(000) 912 

Crystal size 0.450 x 0.200 x 0.200 mm3 

Theta range for data collection 4.123 to 73.358°. 

Index ranges -14<=h<=11, -11<=k<=11, -20<=l<=21 

Reflections collected 19298 

Independent reflections 3639 [R(int) = 0.0442] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.31920 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3639 / 0 / 244 

Goodness-of-fit on F2 1.085 

Final R indices [I>2sigma(I)] R1 = 0.0317, wR2 = 0.0872 

R indices (all data) R1 = 0.0321, wR2 = 0.0876 

Extinction coefficient n/a 

Largest diff. peak and hole 1.527 and -1.117 e.Å-3 
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Table 8.15 Crystal data and structure refinement for [Sn(dpa)HMDS]2 16) 

Identification code  s17alj15 

Empirical formula  C32 H52 N8 Si4 Sn2 

Formula weight  898.55 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 11.3765(4) Å = 68.015(3)°. 

 b = 12.5837(4) Å = 73.243(3)°. 

 c = 15.8668(6) Å  = 86.877(3)°. 

Volume 2013.19(13) Å3 

Z 2 

Density (calculated) 1.482 Mg/m3 

Absorption coefficient 11.263 mm-1 

F(000) 912 

Crystal size 0.110 x 0.110 x 0.100 mm3 

Theta range for data collection 3.138 to 73.146°. 

Index ranges -14<=h<=11, -15<=k<=14, -19<=l<=13 

Reflections collected 22889 

Independent reflections 7909 [R(int) = 0.0290] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.941 and 0.754 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7909 / 0 / 427 

Goodness-of-fit on F2 1.032 

Final R indices [I>2sigma(I)] R1 = 0.0295, wR2 = 0.0744 

R indices (all data) R1 = 0.0317, wR2 = 0.0761 

Extinction coefficient n/a 

Largest diff. peak and hole 2.119 and -0.477 e.Å-3 
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Table 8.16 Crystal data and structure refinement for [Sn(dpa)(μ2-NMe2)]2 (17) 

Identification code  s17alj29 

Empirical formula  C69 H80 N16 Sn4 

Formula weight  1608.25 

Temperature  150.00(10) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 13.4948(4) Å = 90°. 

 b = 12.7089(4) Å = 101.751(3)°. 

 c = 20.3028(6) Å  = 90°. 

Volume 3409.04(18) Å3 

Z 2 

Density (calculated) 1.567 Mg/m3 

Absorption coefficient 1.502 mm-1 

F(000) 1612 

Crystal size 0.194 x 0.149 x 0.097 mm3 

Theta range for data collection 2.803 to 29.412°. 

Index ranges -16<=h<=17, -17<=k<=10, -25<=l<=26 

Reflections collected 17384 

Independent reflections 7893 [R(int) = 0.0332] 

Completeness to theta = 25.242° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.79140 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7893 / 0 / 427 

Goodness-of-fit on F2 1.089 

Final R indices [I>2sigma(I)] R1 = 0.0346, wR2 = 0.0831 

R indices (all data) R1 = 0.0486, wR2 = 0.0916 

Extinction coefficient n/a 

Largest diff. peak and hole 0.531 and -0.869 e.Å-3 
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Table 8.17 Crystal data and structure refinement for [Sn(dpa)Cl]2 (18) 

Identification code  e19alj22 

Empirical formula  C20 H16 Cl2 N6 Sn2 

Formula weight  648.67 

Temperature  150.01(13) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  Pca21 

Unit cell dimensions a = 17.1164(3) Å = 90°. 

 b = 8.3050(2) Å = 90°. 

 c = 14.9682(3) Å  = 90°. 

Volume 2127.76(8) Å3 

Z 4 

Density (calculated) 2.025 Mg/m3 

Absorption coefficient 2.619 mm-1 

F(000) 1248 

Crystal size 0.203 x 0.126 x 0.023 mm3 

Theta range for data collection 3.418 to 25.355°. 

Index ranges -20<=h<=20, -8<=k<=10, -18<=l<=13 

Reflections collected 16238 

Independent reflections 3415 [R(int) = 0.0336] 

Completeness to theta = 25.242° 99.7 %  

Absorption correction Analytical 

Max. and min. transmission 0.985 and 0.921 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3415 / 1 / 272 

Goodness-of-fit on F2 1.064 

Final R indices [I>2sigma(I)] R1 = 0.0325, wR2 = 0.0795 

R indices (all data) R1 = 0.0384, wR2 = 0.0831 

Absolute structure parameter 0.46(7) 

Extinction coefficient n/a 

Largest diff. peak and hole 2.827 and -0.801 e.Å-3 
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Table 8.18 Crystal data and structure refinement for [Pb(dpa)2]∞ (19) 

Identification code  s19alj27 

Empirical formula  C20 H16 N6 Pb 

Formula weight  547.58 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Orthorhombic 

Space group  Pbcn 

Unit cell dimensions a = 22.5285(5) Å = 90°. 

 b = 11.0105(2) Å = 90°. 

 c = 7.39680(10) Å  = 90°. 

Volume 1834.78(6) Å3 

Z 4 

Density (calculated) 1.982 Mg/m3 

Absorption coefficient 18.018 mm-1 

F(000) 1040 

Crystal size 0.249 x 0.031 x 0.025 mm3 

Theta range for data collection 3.924 to 73.019°. 

Index ranges -27<=h<=27, -13<=k<=13, -9<=l<=9 

Reflections collected 24393 

Independent reflections 1838 [R(int) = 0.0389] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.156 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1838 / 0 / 124 

Goodness-of-fit on F2 1.075 

Final R indices [I>2sigma(I)] R1 = 0.0147, wR2 = 0.0308 

R indices (all data) R1 = 0.0173, wR2 = 0.0321 

Extinction coefficient 0.000233(17) 

Largest diff. peak and hole 0.407 and -0.362 e.Å-3 
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Table 8.19 Crystal data and structure refinement for [Pb(dpa)HMDS]2 (20) 

Identification code  s19alj28 

Empirical formula  C32 H52 N8 Pb2 Si4 

Formula weight  1075.55 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 11.4168(5) Å = 68.975(4)°. 

 b = 12.6006(5) Å = 72.708(4)°. 

 c = 15.9204(8) Å  = 86.752(3)°. 

Volume 2037.97(17) Å3 

Z 2 

Density (calculated) 1.753 Mg/m3 

Absorption coefficient 17.250 mm-1 

F(000) 1040 

Crystal size 0.132 x 0.123 x 0.086 mm3 

Theta range for data collection 3.764 to 73.014°. 

Index ranges -12<=h<=13, -15<=k<=15, -19<=l<=19 

Reflections collected 32115 

Independent reflections 8055 [R(int) = 0.0331] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.384 and 0.142 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8055 / 0 / 427 

Goodness-of-fit on F2 1.064 

Final R indices [I>2sigma(I)] R1 = 0.0206, wR2 = 0.0490 

R indices (all data) R1 = 0.0239, wR2 = 0.0509 

Extinction coefficient n/a 

Largest diff. peak and hole 0.651 and -0.702 e.Å-3 
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Table 8.20 Crystal data and structure refinement for [Sn(tmspa) 2] (22) 

Identification code  s16alj42 

Empirical formula  C16 H26 N4 Si2 Sn 

Formula weight  449.28 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 8.6308(3) Å = 70.998(3)°. 

 b = 9.8694(3) Å = 71.938(3)°. 

 c = 13.6613(4) Å  = 78.517(2)°. 

Volume 1039.80(6) Å3 

Z 2 

Density (calculated) 1.435 Mg/m3 

Absorption coefficient 10.904 mm-1 

F(000) 456 

Crystal size 0.250 x 0.250 x 0.200 mm3 

Theta range for data collection 4.767 to 73.083°. 

Index ranges -10<=h<=10, -12<=k<=9, -16<=l<=16 

Reflections collected 16271 

Independent reflections 4149 [R(int) = 0.0591] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.59894 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4149 / 0 / 214 

Goodness-of-fit on F2 1.098 

Final R indices [I>2sigma(I)] R1 = 0.0368, wR2 = 0.0919 

R indices (all data) R1 = 0.0379, wR2 = 0.0922 

Extinction coefficient n/a 

Largest diff. peak and hole 1.249 and -1.916 e.Å-3 
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Table 8.21 Crystal data and structure refinement for [Sn(tespa) 2] (23) 

Identification code  s17alj34 

Empirical formula  C22 H38 N4 Si2 Sn 

Formula weight  533.43 

Temperature  150.01(10) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 16.3927(4) Å = 86.443(2)°. 

 b = 16.8332(4) Å = 69.384(2)°. 

 c = 21.6718(5) Å  = 70.548(2)°. 

Volume 5267.4(2) Å3 

Z 8 

Density (calculated) 1.345 Mg/m3 

Absorption coefficient 1.076 mm-1 

F(000) 2208 

Crystal size 0.090 x 0.070 x 0.050 mm3 

Theta range for data collection 2.678 to 29.398°. 

Index ranges -22<=h<=22, -22<=k<=21, -29<=l<=27 

Reflections collected 68916 

Independent reflections 25018 [R(int) = 0.0424] 

Completeness to theta = 25.242° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.87572 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 25018 / 0 / 1146 

Goodness-of-fit on F2 1.107 

Final R indices [I>2sigma(I)] R1 = 0.0443, wR2 = 0.1028 

R indices (all data) R1 = 0.0684, wR2 = 0.1254 

Extinction coefficient n/a 

Largest diff. peak and hole 1.257 and -1.279 e.Å-3 
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Table 8.22 Crystal data and structure refinement for [Sn(tipspa)2] (24) 

Identification code  s19alj34 

Empirical formula  C28 H50 N4 Si2 Sn 

Formula weight  617.59 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 9.0908(3) Å = 74.964(2)°. 

 b = 12.3805(3) Å = 75.213(2)°. 

 c = 15.0582(4) Å  = 79.346(2)°. 

Volume 1569.72(8) Å3 

Z 2 

Density (calculated) 1.307 Mg/m3 

Absorption coefficient 7.362 mm-1 

F(000) 648 

Crystal size 0.287 x 0.119 x 0.086 mm3 

Theta range for data collection 3.114 to 73.398°. 

Index ranges -11<=h<=7, -15<=k<=15, -18<=l<=18 

Reflections collected 24801 

Independent reflections 6286 [R(int) = 0.0350] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.711 and 0.128 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6286 / 0 / 328 

Goodness-of-fit on F2 1.047 

Final R indices [I>2sigma(I)] R1 = 0.0225, wR2 = 0.0581 

R indices (all data) R1 = 0.0229, wR2 = 0.0585 

Extinction coefficient n/a 

Largest diff. peak and hole 0.610 and -0.692 e.Å-3 
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Table 8.23 Crystal data and structure refinement for [Sn(tipspa) 2O]2 (24b) 

Identification code  s17alj23 

Empirical formula  C56 H100 N8 O2 Si4 Sn2 

Formula weight  1267.17 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Orthorhombic 

Space group  Fddd 

Unit cell dimensions a = 15.2615(2) Å = 90°. 

 b = 24.8843(3) Å = 90°. 

 c = 33.0038(5) Å  = 90°. 

Volume 12533.9(3) Å3 

Z 8 

Density (calculated) 1.343 Mg/m3 

Absorption coefficient 7.415 mm-1 

F(000) 5312 

Crystal size 0.180 x 0.160 x 0.060 mm3 

Theta range for data collection 3.652 to 73.043°. 

Index ranges -12<=h<=18, -29<=k<=30, -39<=l<=40 

Reflections collected 23864 

Independent reflections 3133 [R(int) = 0.0319] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.70732 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3133 / 24 / 200 

Goodness-of-fit on F2 1.055 

Final R indices [I>2sigma(I)] R1 = 0.0211, wR2 = 0.0525 

R indices (all data) R1 = 0.0228, wR2 = 0.0537 

Extinction coefficient n/a 

Largest diff. peak and hole 0.545 and -0.302 e.Å-3 
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Table 8.24 Crystal data and structure refinement for [Sn(tmspa)Cl]2 (25) 

Identification code  s16alj43 

Empirical formula  C16 H26 Cl2 N4 Si2 Sn2 

Formula weight  638.87 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 7.72540(10) Å = 90°. 

 b = 30.4892(2) Å = 109.0050(10)°. 

 c = 11.00130(10) Å  = 90°. 

Volume 2450.01(4) Å3 

Z 4 

Density (calculated) 1.732 Mg/m3 

Absorption coefficient 19.227 mm-1 

F(000) 1248 

Crystal size 0.273 x 0.211 x 0.068 mm3 

Theta range for data collection 4.491 to 73.099°. 

Index ranges -9<=h<=9, -37<=k<=37, -13<=l<=13 

Reflections collected 47979 

Independent reflections 4905 [R(int) = 0.0736] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.358 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4905 / 0 / 241 

Goodness-of-fit on F2 1.119 

Final R indices [I>2sigma(I)] R1 = 0.0390, wR2 = 0.1036 

R indices (all data) R1 = 0.0397, wR2 = 0.1043 

Extinction coefficient n/a 

Largest diff. peak and hole 1.292 and -1.119 e.Å-3 
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Table 8.25 Crystal data and structure refinement for [Sn(ap)]4 (26) 

Identification code  HSIS9 

Empirical formula  C47 H40 N16 Sn8 

Formula weight  1778.47 

Temperature  296(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 11.4172(3) Å = 90°. 

 b = 21.5076(6) Å = 114.4150(10)°. 

 c = 11.6034(3) Å  = 90°. 

Volume 2594.49(12) Å3 

Z 2 

Density (calculated) 2.277 Mg/m3 

Absorption coefficient 3.836 mm-1 

F(000) 1668 

Crystal size 0.030 x 0.020 x 0.020 mm3 

Theta range for data collection 1.894 to 30.735°. 

Index ranges -15<=h<=16, -30<=k<=30, -16<=l<=16 

Reflections collected 53195 

Independent reflections 8053 [R(int) = 0.0439] 

Completeness to theta = 25.242° 100.0 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8053 / 0 / 341 

Goodness-of-fit on F2 1.061 

Final R indices [I>2sigma(I)] R1 = 0.0242, wR2 = 0.0480 

R indices (all data) R1 = 0.0330, wR2 = 0.0519 

Extinction coefficient n/a 

Largest diff. peak and hole 1.016 and -0.924 e.Å-3 
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Table 8.26 Crystal data and structure refinement for [Sn(amp)]4 (27) 

Identification code  s19alj71 

Empirical formula  C24 H24 N8 Sn4 

Formula weight  899.27 

Temperature  150.01(10) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 12.70238(18) Å = 90°. 

 b = 11.8682(3) Å = 91.9451(14)°. 

 c = 36.3286(7) Å  = 90°. 

Volume 5473.54(19) Å3 

Z 8 

Density (calculated) 2.183 Mg/m3 

Absorption coefficient 28.933 mm-1 

F(000) 3392 

Crystal size 0.500 x 0.094 x 0.049 mm3 

Theta range for data collection 3.727 to 68.472°. 

Index ranges -10<=h<=15, -14<=k<=14, -43<=l<=43 

Reflections collected 51890 

Independent reflections 10006 [R(int) = 0.0833] 

Completeness to theta = 67.684° 99.7 %  

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.384 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10006 / 84 / 748 

Goodness-of-fit on F2 1.092 

Final R indices [I>2sigma(I)] R1 = 0.0804, wR2 = 0.2094 

R indices (all data) R1 = 0.0862, wR2 = 0.2130 

Extinction coefficient n/a 

Largest diff. peak and hole 2.889 and -2.520 e.Å-3 
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Table 8.27 Crystal data and structure refinement for [Sn(Pha)]4 (28) 

Identification code  e19alj16 

Empirical formula  C24 H20 N4 Sn4 

Formula weight  839.20 

Temperature  150.00(10) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  I2/a 

Unit cell dimensions a = 12.3311(2) Å = 90°. 

 b = 11.6583(2) Å = 98.509(2)°. 

 c = 34.4790(6) Å  = 90°. 

Volume 4902.13(15) Å3 

Z 8 

Density (calculated) 2.274 Mg/m3 

Absorption coefficient 4.048 mm-1 

F(000) 3136 

Crystal size 0.529 x 0.339 x 0.162 mm3 

Theta range for data collection 3.378 to 29.134°. 

Index ranges -15<=h<=16, -10<=k<=15, -42<=l<=46 

Reflections collected 20387 

Independent reflections 5784 [R(int) = 0.0252] 

Completeness to theta = 25.242° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.72682 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5784 / 0 / 289 

Goodness-of-fit on F2 1.066 

Final R indices [I>2sigma(I)] R1 = 0.0219, wR2 = 0.0386 

R indices (all data) R1 = 0.0285, wR2 = 0.0410 

Extinction coefficient n/a 

Largest diff. peak and hole 0.601 and -0.627 e.Å-3 
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Table 8.28 Crystal data and structure refinement for [Sn(Bza)]4 (29) 

Identification code  e19alj25 

Empirical formula  C28 H28 N4 Sn4 

Formula weight  895.30 

Temperature  150.00(10) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  Pc 

Unit cell dimensions a = 7.07080(10) Å = 90°. 

 b = 28.0939(4) Å = 90.204(2)°. 

 c = 7.16550(10) Å  = 90°. 

Volume 1423.39(3) Å3 

Z 2 

Density (calculated) 2.089 Mg/m3 

Absorption coefficient 3.493 mm-1 

F(000) 848 

Crystal size 0.353 x 0.222 x 0.062 mm3 

Theta range for data collection 3.580 to 29.172°. 

Index ranges -9<=h<=9, -38<=k<=37, -9<=l<=9 

Reflections collected 60081 

Independent reflections 7017 [R(int) = 0.0384] 

Completeness to theta = 25.242° 99.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.76326 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7017 / 26 / 326 

Goodness-of-fit on F2 1.268 

Final R indices [I>2sigma(I)] R1 = 0.0297, wR2 = 0.0610 

R indices (all data) R1 = 0.0303, wR2 = 0.0612 

Absolute structure parameter 0.001(10) 

Extinction coefficient n/a 

Largest diff. peak and hole 1.423 and -0.933 e.Å-3 
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Table 8.29 Crystal data and structure refinement for [Sn(dmed)]4 (30) 

Identification code  s20alj03 

Empirical formula  C16 H40 N8 Sn4 

Formula weight  819.32 

Temperature  150.00(10) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 13.1864(5) Å = 90°. 

 b = 18.0040(6) Å = 95.769(4)°. 

 c = 11.5139(4) Å  = 90°. 

Volume 2719.65(17) Å3 

Z 4 

Density (calculated) 1.999 Mg/m3 

Absorption coefficient 3.645 mm-1 

F(000) 1568 

Crystal size 0.504 x 0.174 x 0.081 mm3 

Theta range for data collection 2.720 to 30.429°. 

Index ranges -18<=h<=18, -25<=k<=25, -16<=l<=16 

Reflections collected 18066 

Independent reflections 18066 [R(int) = ?] 

Completeness to theta = 25.242° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.53444 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 18066 / 0 / 262 

Goodness-of-fit on F2 0.975 

Final R indices [I>2sigma(I)] R1 = 0.0434, wR2 = 0.0971 

R indices (all data) R1 = 0.0550, wR2 = 0.1000 

Extinction coefficient n/a 

Largest diff. peak and hole 1.035 and -1.078 e.Å-3 
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Table 8.30 Crystal data and structure refinement for [Sn{Sn3(ap)4}2] (31) 

Identification code  s19alj74 

Empirical formula  C101 H88 N32 Sn14 

Formula weight  3411.69 

Temperature  150.01(10) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  P2/c 

Unit cell dimensions a = 20.7002(2) Å = 90°. 

 b = 12.05980(10) Å = 111.5030(10)°. 

 c = 23.1476(2) Å  = 90°. 

Volume 5376.37(9) Å3 

Z 2 

Density (calculated) 2.107 Mg/m3 

Absorption coefficient 25.857 mm-1 

F(000) 3236 

Crystal size 0.188 x 0.138 x 0.120 mm3 

Theta range for data collection 3.665 to 73.097°. 

Index ranges -25<=h<=24, -14<=k<=14, -17<=l<=28 

Reflections collected 51911 

Independent reflections 10707 [R(int) = 0.0386] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.702 and 0.493 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10707 / 42 / 684 

Goodness-of-fit on F2 1.098 

Final R indices [I>2sigma(I)] R1 = 0.0395, wR2 = 0.1065 

R indices (all data) R1 = 0.0411, wR2 = 0.1080 

Extinction coefficient n/a 

Largest diff. peak and hole 2.201 and -1.447 e.Å-3 
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Table 8.31 Crystal data and structure refinement for [Sn4(amp)2(Hamp)4] (32) 

Identification code  s19alj78 

Empirical formula  C36 H40 N12 Sn4 

Formula weight  1115.56 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 11.23300(10) Å = 90°. 

 b = 14.47590(10) Å = 96.4148(9)°. 

 c = 12.05740(10) Å  = 90°. 

Volume 1948.35(3) Å3 

Z 2 

Density (calculated) 1.902 Mg/m3 

Absorption coefficient 20.503 mm-1 

F(000) 1080 

Crystal size 0.236 x 0.218 x 0.118 mm3 

Theta range for data collection 3.960 to 73.069°. 

Index ranges -13<=h<=13, -16<=k<=17, -11<=l<=14 

Reflections collected 22802 

Independent reflections 3883 [R(int) = 0.0495] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.493 and 0.089 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3883 / 0 / 246 

Goodness-of-fit on F2 1.124 

Final R indices [I>2sigma(I)] R1 = 0.0349, wR2 = 0.0913 

R indices (all data) R1 = 0.0354, wR2 = 0.0918 

Extinction coefficient n/a 

Largest diff. peak and hole 1.164 and -1.385 e.Å-3 
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Table 8.32 Crystal data and structure refinement for [Sn3Cl3(ap)(Hap)] (33) 

Identification code  s19alj80 

Empirical formula  C10 H8 Cl3 N4 Sn3 

Formula weight  646.62 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 9.96596(9) Å = 90°. 

 b = 12.09694(10) Å = 99.8413(8)°. 

 c = 27.4212(2) Å  = 90°. 

Volume 3257.19(5) Å3 

Z 8 

Density (calculated) 2.637 Mg/m3 

Absorption coefficient 40.800 mm-1 

F(000) 2376 

Crystal size 0.317 x 0.142 x 0.097 mm3 

Theta range for data collection 3.272 to 73.014°. 

Index ranges -12<=h<=11, -10<=k<=14, -33<=l<=33 

Reflections collected 32050 

Independent reflections 6491 [R(int) = 0.0539] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.184 and 0.009 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6491 / 0 / 361 

Goodness-of-fit on F2 1.153 

Final R indices [I>2sigma(I)] R1 = 0.0432, wR2 = 0.1147 

R indices (all data) R1 = 0.0441, wR2 = 0.1156 

Extinction coefficient n/a 

Largest diff. peak and hole 1.920 and -1.133 e.Å-3 
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Table 8.33 Crystal data and structure refinement for [Sn(tfacm)2] (34) 

Identification code  s18alj40 

Empirical formula  C10 H8 F6 O4 Sn 

Formula weight  424.85 

Temperature  150.01(10) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 8.2034(2) Å = 112.364(2)°. 

 b = 13.7783(3) Å = 102.117(2)°. 

 c = 14.1470(4) Å  = 98.515(2)°. 

Volume 1399.11(6) Å3 

Z 4 

Density (calculated) 2.017 Mg/m3 

Absorption coefficient 15.355 mm-1 

F(000) 816 

Crystal size 0.194 x 0.074 x 0.053 mm3 

Theta range for data collection 3.531 to 73.084°. 

Index ranges -10<=h<=10, -17<=k<=14, -17<=l<=17 

Reflections collected 17082 

Independent reflections 5587 [R(int) = 0.0291] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.46139 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5587 / 48 / 420 

Goodness-of-fit on F2 1.127 

Final R indices [I>2sigma(I)] R1 = 0.0369, wR2 = 0.0959 

R indices (all data) R1 = 0.0380, wR2 = 0.0965 

Extinction coefficient n/a 

Largest diff. peak and hole 1.992 and -0.974 e.Å-3 
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Table 8.34 Crystal data and structure refinement for [Sn(tfacip)2] (36) 

Identification code  s18alj37 

Empirical formula  C14 H16 F6 O4 Sn 

Formula weight  480.96 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 12.76120(10) Å = 90°. 

 b = 16.0022(2) Å = 90.5520(10)°. 

 c = 8.70330(10) Å  = 90°. 

Volume 1777.19(3) Å3 

Z 4 

Density (calculated) 1.798 Mg/m3 

Absorption coefficient 12.170 mm-1 

F(000) 944 

Crystal size 0.305 x 0.146 x 0.133 mm3 

Theta range for data collection 4.432 to 72.920°. 

Index ranges -15<=h<=15, -19<=k<=19, -10<=l<=10 

Reflections collected 17123 

Independent reflections 1785 [R(int) = 0.0618] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 0.953 and 0.589 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1785 / 0 / 146 

Goodness-of-fit on F2 1.075 

Final R indices [I>2sigma(I)] R1 = 0.0280, wR2 = 0.0744 

R indices (all data) R1 = 0.0280, wR2 = 0.0744 

Extinction coefficient n/a 

Largest diff. peak and hole 1.126 and -1.401 e.Å-3 
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Table 8.35 Crystal data and structure refinement for [Sn(tfactb)2] (37) 

Identification code  s18alj42 

Empirical formula  C16 H20 F6 O4 Sn 

Formula weight  509.01 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 8.55890(10) Å = 90°. 

 b = 10.77950(10) Å = 100.1650(10)°. 

 c = 21.2858(2) Å  = 90°. 

Volume 1933.02(3) Å3 

Z 4 

Density (calculated) 1.749 Mg/m3 

Absorption coefficient 11.227 mm-1 

F(000) 1008 

Crystal size 0.474 x 0.080 x 0.077 mm3 

Theta range for data collection 4.220 to 73.362°. 

Index ranges -9<=h<=10, -13<=k<=13, -26<=l<=23 

Reflections collected 21377 

Independent reflections 3886 [R(int) = 0.0381] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.20465 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3886 / 0 / 250 

Goodness-of-fit on F2 1.117 

Final R indices [I>2sigma(I)] R1 = 0.0203, wR2 = 0.0528 

R indices (all data) R1 = 0.0211, wR2 = 0.0567 

Extinction coefficient n/a 

Largest diff. peak and hole 0.444 and -0.639 e.Å-3 
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Table 8.36 Crystal data and structure refinement for [Sn(tfacph)2] (38) 

Identification code  s18alj43 

Empirical formula  C20 H12 F6 O4 Sn 

Formula weight  548.99 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 8.3456(2) Å = 97.498(2)°. 

 b = 10.3002(2) Å = 90.803(2)°. 

 c = 11.5973(2) Å  = 96.434(2)°. 

Volume 981.75(4) Å3 

Z 2 

Density (calculated) 1.857 Mg/m3 

Absorption coefficient 11.125 mm-1 

F(000) 536 

Crystal size 0.187 x 0.131 x 0.066 mm3 

Theta range for data collection 3.846 to 73.108°. 

Index ranges -10<=h<=6, -12<=k<=12, -14<=l<=14 

Reflections collected 9185 

Independent reflections 3912 [R(int) = 0.0416] 

Completeness to theta = 67.684° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.54220 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3912 / 0 / 280 

Goodness-of-fit on F2 1.053 

Final R indices [I>2sigma(I)] R1 = 0.0369, wR2 = 0.0958 

R indices (all data) R1 = 0.0376, wR2 = 0.0969 

Extinction coefficient n/a 

Largest diff. peak and hole 1.756 and -1.384 e.Å-3 
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Table 8.37 Crystal data and structure refinement for [Sn(tfacip)(μ2-OtBu)]2 (39) 

Identification code  s19alj09 

Empirical formula  C22 H34 F6 O6 Sn2 

Formula weight  745.87 

Temperature  150.01(10) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 8.1537(2) Å = 100.370(2)°. 

 b = 8.5673(2) Å = 90.806(2)°. 

 c = 10.8038(2) Å  = 95.556(2)°. 

Volume 738.50(3) Å3 

Z 1 

Density (calculated) 1.677 Mg/m3 

Absorption coefficient 14.084 mm-1 

F(000) 368 

Crystal size 0.184 x 0.162 x 0.153 mm3 

Theta range for data collection 4.162 to 73.376°. 

Index ranges -10<=h<=9, -10<=k<=10, -13<=l<=13 

Reflections collected 12907 

Independent reflections 2948 [R(int) = 0.0416] 

Completeness to theta = 67.684° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.27874 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2948 / 0 / 168 

Goodness-of-fit on F2 1.059 

Final R indices [I>2sigma(I)] R1 = 0.0275, wR2 = 0.0724 

R indices (all data) R1 = 0.0277, wR2 = 0.0726 

Extinction coefficient n/a 

Largest diff. peak and hole 1.033 and -1.133 e.Å-3 
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Table 8.38 Crystal data and structure refinement for [Sn(hfac)(μ2-OSiMe3)]2 (40) 

Identification code  s18alj44 

Empirical formula  C16 H20 F12 O6 Si2 Sn2 

Formula weight  829.88 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 8.2307(3) Å = 72.041(4)°. 

 b = 9.2319(4) Å = 77.865(3)°. 

 c = 9.8139(4) Å  = 80.965(3)°. 

Volume 690.11(5) Å3 

Z 1 

Density (calculated) 1.997 Mg/m3 

Absorption coefficient 16.286 mm-1 

F(000) 400 

Crystal size 0.203 x 0.148 x 0.115 mm3 

Theta range for data collection 4.809 to 73.183°. 

Index ranges -10<=h<=9, -11<=k<=10, -12<=l<=7 

Reflections collected 8014 

Independent reflections 2738 [R(int) = 0.0264] 

Completeness to theta = 67.684° 99.9 %  

Absorption correction Gaussian 

Max. and min. transmission 0.645 and 0.292 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2738 / 36 / 203 

Goodness-of-fit on F2 1.067 

Final R indices [I>2sigma(I)] R1 = 0.0256, wR2 = 0.0676 

R indices (all data) R1 = 0.0259, wR2 = 0.0678 

Extinction coefficient n/a 

Largest diff. peak and hole 0.900 and -0.978 e.Å-3 
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Table 8.39 Crystal data and structure refinement for [Sn(OFtBu)(μ2-OtBu)]2 (42) 

Identification code  s19alj07 

Empirical formula  C16 H18 F18 O4 Sn2 

Formula weight  853.68 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 7.0829(3) Å = 92.665(3)°. 

 b = 9.9384(4) Å = 109.455(4)°. 

 c = 10.2366(4) Å  = 96.547(3)°. 

Volume 672.26(5) Å3 

Z 1 

Density (calculated) 2.109 Mg/m3 

Absorption coefficient 16.189 mm-1 

F(000) 408 

Crystal size 0.267 x 0.219 x 0.092 mm3 

Theta range for data collection 4.497 to 73.232°. 

Index ranges -7<=h<=8, -12<=k<=10, -12<=l<=12 

Reflections collected 4436 

Independent reflections 2605 [R(int) = 0.0515] 

Completeness to theta = 67.684° 98.5 %  

Absorption correction Gaussian 

Max. and min. transmission 0.868 and 0.311 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2605 / 60 / 293 

Goodness-of-fit on F2 1.058 

Final R indices [I>2sigma(I)] R1 = 0.0492, wR2 = 0.1250 

R indices (all data) R1 = 0.0533, wR2 = 0.1276 

Extinction coefficient n/a 

Largest diff. peak and hole 1.848 and -1.612 e.Å-3 
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‘The time has come,’ the Walrus said, 

‘To talk of many things:’ 



 

 


