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Abstract 
This work is concerned with the design, synthesis, isolation and subsequent aerosol-

assisted chemical vapour deposition (AACVD) of precursors towards the zinc 

chalcogenide materials: zinc oxide (ZnO) and zinc oxysulfide (Zn(O,S)). Throughout this 

thesis, emphasis is placed on elucidating the relationship between the molecular 

structure of the precursor and the functional properties of the resultant material. 

Chapter 3 explores this relationship for a series of six precursors bearing !-ketoimine 

and !-aminoenoate ligands towards ZnO thin films via AACVD. The deposition of ZnO 

thin films has been an area of interest in the materials chemistry community due to its 

importance as a semiconductor in optoelectronic devices. Thin film quality is of 

paramount importance in these applications and as such, precursor design remains a 

research priority. 

Chapter 4 describes the synthesis and characterisation of a family of heteroleptic zinc 

thioureide complexes with a view to application as single source precursors for the 

AACVD of Zn(O,S), as well as being interesting synthetic targets in their own right. The 

scarcity of reports of the AACVD of Zn(O,S) via a single source precursor in the literature 

to date may not just be due to the fact that this is an emerging material, but also due to 

the lack of a suitable precursor. 

Chapter 5 explores the combinatorial analysis of Zn(O,S) films in order to better 

understand the effects of intermediate compositions on the optoelectronic properties of 

the material. The analysis of films from both commercially available precursors and a 

novel precursor is undertaken and in the latter case, emphasis is placed on the molecular 

properties of the precursor and the effect this has on the deposited Zn(O,S) films. 
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Impact statement 
Zinc is Earth-abundant, non-toxic and inexpensive. Zinc compounds are important in 

biology and medicine; for example, in protein chemistry for the modelling of zinc enzyme 

active sites. Low valent zinc compounds are also being investigated for their activation 

and catalytic properties. In the field of materials chemistry, there is significant interest in 

the zinc chalcogenide compounds ZnO and Zn(O,S) as semiconducting materials in 

photovoltaic devices. 

The work in this thesis includes the design and synthesis of precursors, and their 

deposition towards zinc chalcogenide materials. The results from Chapter 4 have made 

the most substantial contribution to the field: reported is the first example of the 

deposition of Zn(O,S) via a single source route, which has several advantages over 

currently used methods in the literature. 

More broadly, the results of this work have provided insight into the design of precursors 

and the effects of this on the properties of the materials that they are used to deposit. 

This research methodology can be applied to almost any precursor molecule which 

demonstrates the versatility of this approach in the field of materials deposition. 

The research methodology from Chapter 5 (combinatorial analysis) has the potential to 

be applied in various fields. Here, even though it did demonstrate weaknesses for the 

formation of compositionally uniform films of Zn(O,S), the lack of compositional accuracy 

across films produced in dual source CVD experiments was exploited as it allowed for 

the fabrication of (technically) infinite combinations of a ternary material with ease. The 

knowledge gained from these experiments was equally if not more useful and important. 

In the wider research community, this highlights the ability to adapt one’s outlook and is 

certainly a useful tool for any researcher when faced with a research setback. 

The work in this thesis has contributed significantly to the field of inorganic materials 

chemistry; it has resulted in four peer-reviewed publications in high impact international 

journals and a book chapter on the design of molecular precursors. The work presented 

has also been disseminated at several national and international conferences. 
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This chapter introduces the general topics of discussion of this thesis. Firstly, the theory 

of semiconductors will be discussed, with special attention paid to thin film photovoltaic 

(PV) devices, as the materials of interest (zinc oxide (ZnO), zinc sulfide (ZnS) and zinc 

oxysulfide (Zn(O,S)) are being fabricated for use in this application. Secondly, the 

deposition technique that will be used throughout this work, namely Aerosol-Assisted 

Chemical Vapour Deposition (AACVD), will be introduced. Finally, general precursor 

chemistry and precursor requirements will be discussed, with an introduction to the 

design of molecular precursors. 

1.1 Semiconductors 

Semiconductors find use in a wide range of optoelectronic applications and are the basis 

of most modern electronic devices. The principles of molecular orbital theory can be 

extended to the description of solids, which are an aggregation of an almost infinite 

number of atoms. The overlap of atomic orbitals leads to the formation of molecular 

orbitals and in a solid, there are a large number of atoms, atomic orbitals and therefore 

molecular orbitals. As the number of atoms N approaches infinity, the resultant molecular 

orbitals form an almost continuous band of energy levels. Energy gaps can exist between 

bands, and this gap is called the band gap (Eg) and represents the values of the energy 

for which there are no molecular orbitals. 

 

Figure 1.1: Illustration showing the band gaps (Eg) of conductors, semiconductors and 

insulators at T = 0 K. EF denotes the Fermi energy. (Semiconductors generally have 

band gaps < 4 eV but this is not always the case.) 

At T = 0 K, the highest occupied energy level is called the Fermi level. Electrons close 

to the Fermi level can be promoted to nearby empty energy levels; this movement of 
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charge carriers results in electrical conductivity. For conductors, such as metals and 

semi-metals, the Fermi level lies within a band and electrical conductivity arises from 

electron movement within the band. For semiconductors and insulators, the Fermi level 

lies at the top of a band (at 0 K) (Figure 1.1). At temperatures above 0 K, due to the tail 

of the Fermi-Dirac distribution extending across the band gap, electrons can be thermally 

excited from the top of this lower band, called the valence band, to the bottom of the 

empty upper band, called the conduction band. Unlike the difference between 

conductors and insulators, the difference between insulators and semiconductors is not 

distinct. In general, insulators possess band gaps large enough such that no electrons 

can be thermally promoted into the conduction band at normal temperatures and there 

are no free charge carriers – the solid is not electrically conductive. Semiconductors 

possess smaller band gaps (generally < 4 eV) which allow for thermal excitation of 

electrons into the conduction band, as well as positively charged holes left in the valence 

band. These mobile charge carriers give rise to electrical conductivity. Though the 

representation in Figure 1.1 shows that a material with a band gap of less than 4 eV is 

classed as a semiconductor, this is not strictly always the case. In fact, several wide 

band gap semiconductors exist with band gaps exceeding 6 eV (e.g., boron nitride and 

aluminium nitride). 

Semiconductors can be intrinsic or extrinsic. The definition above is that of an intrinsic 

semiconductor. However, the conductivity is generally quite low due to the small number 

of electrons promoted into the conduction band. Materials with intentionally added 

impurities (dopants) to improve conductivity are called extrinsic semiconductors. In 

materials with dopants that have a greater number of electrons than the host material, a 

narrow donor band is formed which can supply electrons to the conduction band and the 

material is termed an n-type (negative type) semiconductor. In materials with dopants 

that have a fewer number of electrons than the host material, a narrow acceptor band is 

formed that can accept electrons leaving behind positive charge carriers (holes) in the 

valence band, and the material is termed a p-type (positive type) semiconductor (Figure 

1.2).1,2 



Chapter 1 

 5 

 

Figure 1.2: Illustration showing the electronic transitions in intrinsic and extrinsic 

semiconductors at T > 0 K. EF denotes the Fermi energy. 

The electronic transition between the valence band and conduction band in 

semiconductors can be direct or indirect (Figure 1.3). When the crystal momentum of the 

lowest energy level of the conduction band and the highest energy level of the valence 

band are concurrent, the electronic transition is direct, and the material is called a direct 

band gap semiconductor. Here, the energy and momentum of a photon absorbed (or 

emitted) is conserved. When the crystal momentum of the lowest energy level of the 

conduction band and the highest energy level of the valence band are not concurrent, 

an additional non-radiative process takes place. Phonon absorption (or emission) must 

occur to conserve energy and momentum. (Phonons can be thought of as lattice 

vibrations.) Materials that require the absorption (or emission) of both a photon and a 

phonon are called indirect band gap semiconductors.3 Examples of direct band gap 

semiconductors include amorphous silicon (Si), gallium arsenide (GaAs) and zinc oxide 

(ZnO). Examples of indirect band gap semiconductors include crystalline Si and 

germanium (Ge). In general, electronic transitions in indirect band gap semiconductors 

are less efficient than in direct band gap semiconductors. 
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Figure 1.3: Illustration showing the electronic processes in direct and indirect band gap 

semiconductors. 

1.2 General photovoltaic principles 

Photovoltaic (PV) devices consist of multiple layers, many of which are semiconductor 

materials based on combinations of elements from Groups II and IV, III and V and I, III 

and VI.4 When this stack of materials is irradiated with light, each material interacts 

differently due to the unique combination of optoelectronic properties that it possesses. 

Development of PV devices over the years has seen the inclusion of several additional 

layers, materials and processes to improve efficiencies and stop absorption losses, but 

conceptually, the PV model is otherwise relatively simple. In theory, a PV cell is the 

combination of a p-type semiconductor and an n-type semiconductor designed in such 

a way as to efficiently absorb and convert sunlight into an electrical current. These are 

then placed in between metallic electrodes; a metallic grid on the top of the device and 

a metallic back contact, which are connected via an external wire. 

When a p-type and an n-type material are brought together, a p-n junction is formed. 

Since there is a concentration difference between electrons and holes in the two 

semiconductors, electrons diffuse from the n-type layer into the p-type layer and holes 

diffuse from the p-type layer into the n-type layer. Because the donor dopant atoms on 

the n-side are fixed in position as they are a part of the crystal structure, there is a build-

up of positive charge near the junction. The same occurs on the p-side, where there is a 

build-up of negative charge near the junction due to the acceptor dopant atoms being 

fixed in position. An electric field is created which opposes the movement of electrons 
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and holes across the junction, whilst the force of diffusion acts in direct opposition, 

encouraging diffusion across the junction. When these two processes reach equilibrium, 

there is no net movement of electrons and holes across the p-n junction. The transition 

between the p-type and the n-type semiconductors is known as the space-charge region, 

or depletion region. Minority charge carriers i.e., holes in the n-type layer and electrons 

in the p-type layer, are not limited from movement by the depletion region. 

When the device interacts with a photon with equal or greater energy than the band gap, 

electron-hole pairs are created. In the p-type layer, any electrons in the vicinity of the 

depletion region get accelerated across the p-n junction due to the internal electric field. 

The chances of recombination are low as the number of holes in the n-type layer are 

low. In the n-type layer, any holes in the vicinity of the depletion region get accelerated 

across the p-n junction. Again, chances of recombination are low as the number of 

electrons in the p-type layer are low. Once the electrons and holes are in the n-type and 

p-type layers, respectively, they can no longer cross the p-n junction due to opposition 

from the electric field. When an external wire is connected to complete the circuit, 

electrons can flow from the n-type layer to the p-type layer via an external route, i.e., an 

electrical current is generated. As long as photoexcitation creates electron hole pairs, 

this process continues, and an electrical current will continue to flow through the circuit.3 

1.3 PV development 

PV device research and development needs to address issues such as sustainability 

and safety, ruling out PV cells that use scarce, expensive and/or toxic materials. These 

cells though, do produce the highest efficiencies and the greatest challenge facing 

today’s materials chemists is the production of low-cost, non-toxic, Earth-abundant solar 

cells that can match the high efficiencies of their predecessors which have saturated the 

PV market for the last half century. PV technology can be broadly split up into three 

types: 

- First generation silicon solar cells which can be monocrystalline or 

polycrystalline, the latter of which is the dominant material used in most PV 

systems. 

- Second generation thin film cells (Figure 1.4) whose solar absorber materials 

include binary II-VI chalcogenide systems such as cadmium telluride (CdTe),5 III-

V systems such as GaAs,6 and ternary I-III-VI2 systems such as copper indium 

gallium selenide (CIGS).7 
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- Third generation emerging PV cells, including dye-sensitised solar cells 

(DSSC), perovskite solar cells (e.g., methylammonium lead iodide (MAPbI)),8 

quantum dots and organic polymer solar cells.9 

 

Figure 1.4: Generic schematic diagram of a thin film PV cell. 

A generic scheme of a thin film solar cell is shown in Figure 1.4 consisting of layers of 

semiconducting and metallic materials. The materials fabricated in this thesis will be for 

use in thin film solar cells and such, the constituent semiconducting layers will be 

discussed in more detail in the following section. 

1.4 Semiconductors in thin film PV cells 

1.4.1 Solar absorber 

The solar absorber is the part of the PV cell that absorbs visible light. Materials that 

function as absorber layers need to have a band gap commensurate with solar 

absorption, with the optimal range for the band gap lying between 1.0 – 1.5 eV, as this 

is where the Shockley-Queisser limit reaches its maximum. The Shockley-Queisser limit 

in the maximum theoretical limit of solar cell efficiency and is around ~33% for a single 

p-n junction cell. Additionally, these materials need to have a high absorption coefficient, 

ideally greater that 1 × 104 cm-1. Silicon has an absorption coefficient on the order of 

1 × 103 cm-1, making it a poor absorber, therefore requiring layer thicknesses on the 

micron scale to compensate. Thin-film PV cells are termed so due to solar absorbers 

having high absorption coefficients, therefore requiring much smaller layer thicknesses 

(nanometre scale). This makes thin-film devices cheaper to manufacture and also allows 

them to be flexible. To date, the highest efficiency single-junction PV device is a 29.1% 

± 0.6% efficient GaAs thin film cell manufactured commercially by Alta Devices using 

metal-organic (MO)CVD of GaAs (whose direct band gap is 1.43 eV) onto single crystal 

GaAs wafers.10  
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CIGS has been a front runner as an absorber layer in thin film chalcogenide solar cells 

with a world record 23.35% ± 0.5% efficient CIGS cell manufactured by Solar Frontier, 

closely followed by a CdTe cell with a 21.0 ± 0.4% efficiency manufactured by First 

Solar.10 However, there are concerns surrounding their sustainability to be mass 

produced due to the scarcity and subsequent rising cost of indium, and the toxicity of 

cadmium. Copper zinc tin sulfide/selenide (CZTS/Se) is the Earth-abundant, non-toxic 

analogue of CIGS and has been researched extensively as the absorber layer, though 

cells containing this material currently only reach efficiencies of ~10%.11 It has a band 

gap between 1.4 and 1.5 eV and a high absorption coefficient. The highest efficiency 

CZTSSe solar cell (12.6%) was reported by Wang et al., fabricated by spin coating 

CZTSSe onto a Mo-coated glass substrate followed by annealing at 500 °C.12  

Another promising candidate for the absorber layer is tin(II) sulfide (SnS). SnS has a 

band gap of ~1.1 eV, similar to that of silicon, but its absorption coefficient is much larger, 

meaning that SnS films only need to be a few hundred nanometres thick.13 This binary 

IV-VI system has the potential to function as a cheap Earth-abundant alternative with a 

theoretical efficiency of 24% though the highest efficiency reached to date is 4.36%.14 

This cell, as reported by Sinsermsuksakul et al. was almost twice as efficient as its 

predecessor (with an efficiency of 2.04%, reported by the same authors).15 The original 

device architecture consisted of soda-lime glass/Mo/SnS/Zn(O,S)/ZnO/ITO/Ni or Al; 

layers were deposited by either atomic layer deposition (ALD), radio frequency sputtering 

or electron beam evaporation. The 4.36% efficient cell was achieved by a series of 

modifications to the previous report. 

Research into new materials for absorber layers is ongoing, with interest in emerging 

materials such as antimony selenide (Sb2Se3) and bismuth based solar absorbers.16–18 

1.4.2 Transparent conducting oxide 

Transparent conducting oxide (TCO) materials are metal oxides that possess both 

electrical conductivity and optical transparency which make them an essential 

component of optoelectronic devices such as PV cells, piezoelectric devices, phosphors 

and thin-film transistors.19 In PV cells, the TCO layer acts as a transparent electrode, 

allowing visible light to pass through to the solar absorber whilst being conductive so as 

to complete the circuit. 

TCOs must exhibit some essential properties if they are to be suitable for optoelectronic 

applications. Firstly, they must have a high conductivity. The conductivity (𝜎) is defined 

as 

𝜎 = 𝑁𝑒𝜇 
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Where N is the charge carrier concentration, e is the electron mass and 𝜇 is the mobility. 

Therefore, a material with a high value for both the charge carrier concentration and the 

mobility will have a high conductivity. Secondly, the material must have a band gap 

greater than 3.0 eV as it is then optically transparent. 

Industrially important TCOs include indium tin oxide (ITO), fluorine-doped tin oxide (FTO) 

and aluminium/gallium-doped ZnO (Al/Ga:ZnO). ITO is the most conductive TCO with a 

conductivity of 𝜎 = 1 × 10-4 Ω cm whilst the conductivity of undoped ZnO ranges between 

1 × 10-2 Ω cm and 1 × 10-3 Ω cm. Doping ZnO (usually with Al, Ga or In) increases its 

conductivity to the range of 𝜎 ~ 10-3–10-4 Ω cm.20 The scarcity and thus high cost of 

indium requires a shift away from ITO towards the manufacture of TCO materials 

incorporating more abundant elements. 

TCOs are mostly n-type, due to the ability of these materials to form oxygen vacancies. 

The oxygen partial pressure during deposition or annealing is inversely proportional to 

the charge carrier concentration, thus TCOs that are able to form with sub-stoichiometric 

amounts of oxygen have higher conductivities. P-type TCO materials do exist, such as 

cuprous oxide (Cu2O), but generally have lower conductivities as it is more challenging 

to obtain hole conductivity. This is due to the localisation of O 2p orbitals in deeper 

energy levels away from the top of the valence band.21 

1.4.3 Buffer layer 

Each layer in a PV device needs to be compatible with adjacent layers in terms of 

physical properties such as morphology, and optoelectronic properties. The role of buffer 

layers in thin film solar cells is to improve the interface and ease the transition between 

the absorber and the TCO layers (Figure 1.5). Ideally, the buffer layer should have a 

band gap between the band gap of the absorber and TCO in order to reduce the 

conduction band offset (CBO) and the recombination of electrons and holes. As 

mentioned above, the ideal band gap of the solar absorber lies between 1.0–1.5 eV, and 

the ideal band gap of the TCO layer is >3 eV.19 
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Figure 1.5: Schematic showing the respective energy pathways of photoexcited electron-

hole pairs in a thin film PV architecture, with the buffer layer having an intermediate band 

gap between the TCO and absorber. 

Cadmium sulfide (CdS) is widely used as a buffer layer material in CIGS solar cells. 

However, there is a need to replace CdS due to its narrow band gap of 2.4 eV causing 

absorption losses to the cell current, and the toxicity of cadmium.7 Zinc oxysulfide 

(Zn(O,S)) has been extensively researched as the buffer layer for both CIGS and CZTS 

solar cells and has also been reported as a buffer layer for SnS solar cells, due to the 

ability to change its electronic and optical properties by varying the S/Zn ratio. It can 

therefore be tuned to align with respective solar absorbers. There are several reports of 

Zn(O,S) films from the literature, mostly deposited via ALD or chemical bath deposition 

(CBD).15,22,23  

1.5 Deposition techniques 

A wide range of techniques have been used for the deposition of semiconductors and 

functional materials such as physical vapour deposition (PVD) (including dip-coating, 

spin-coating and sol-gel methods),24–26 inkjet printing,27 sputtering, spray pyrolysis,28 

CBD, ALD and chemical vapour deposition (CVD).29 However for PVs, mostly ALD,15 

CBD30 and radio-frequency (RF) sputtering31,32 are used due to the thickness and 

uniformity requirements for the application, which are not fulfilled via traditional coating 

and printing methods. ALD is a pulsed dual-source technique and involves the sequential 

deposition of precursors in a reaction chamber which are deposited at monolayer 



Chapter 1 

 12 

thicknesses. ALD therefore provides excellent control over the stoichiometry of the 

resultant films. As the two precursors are separate and never together in the reaction 

chamber at once, there is no competition for preferential formation of one material or 

phase over another. Furthermore, because ALD cycles deposit layers that are one atom 

thick, the thickness of films can be controlled accurately, and the deposition of very thin 

films (<100 nm) is possible. This is also possible with RF sputtering, where film growth 

occurs after vaporisation and subsequent condensation onto a target. CBD grown films 

involve the nucleation and growth of a film on a substrate from an aqueous solution and 

produce high quality films. Typically, films grown from CBD are homogeneous but small 

crystals are formed from the process which can be disadvantageous for the functional 

properties of semiconductors. From a precursor design perspective, because the 

process takes place in aqueous solution, the precursor is formed in situ and the effect of 

the precursor molecule on the properties of the film may be hard to define. 

1.5.1 Chemical vapour deposition (CVD) 

CVD is viable technique which has been shown to produce pure, conformal and good 

quality films of a desired material with precise control over doping and uniformity.29 

Furthermore, it is an efficient and industrially scalable process. Conventional 

atmospheric pressure (AP)CVD occurs in the gas phase, where a vaporised precursor 

is transported by a flow of gas into a heated reaction chamber. Here, the precursor 

molecule is adsorbed onto the substrate and after surface reactions take place, the target 

material is deposited onto the substrate whilst the by-products are carried away through 

an exhaust. The materials used in the layers of a thin film PV device may be deposited 

via CVD, in particular, aerosol-assisted (AA)CVD. AACVD is a solution-based variant of 

CVD in which aerosol droplets of a precursor take part in gas phase and surface 

reactions to deposit a desired material onto a substrate.33 AACVD removes the 

requirement for volatility by using precursors in solution, as it relies on solubility rather 

than volatility. A solvent is chosen in which the precursor is soluble, and this solution is 

formed into an aerosol using an ultrasonic humidifier containing a piezoelectric device 

(Figure 1.6). This aerosol, which contains both precursor and solvent molecules is 

transported into the heated reaction chamber in a flow of carrier gas. The role of the 

baffle and top plate are to ensure a laminar flow. Here, the solvent evaporates leaving 

vaporised precursor molecules, which take part in gas-phase and surface reactions to 

deposit the desired material onto the substrate. In the AACVD process, precursors need 

to decompose cleanly to ensure that the deposited product is free from ligand and by-

product contamination. As such, precursors need to be designed so that after 
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decomposition occurs, by-products are volatile and non-toxic so can be easily carried 

away out of the exhaust. 

 

Figure 1.6: Schematic representation of the AACVD setup, and gas phase and surface 

reactions in the AACVD process. 

There are a range of analytical techniques used to confirm the identity, composition, 

phase and optoelectronic properties of thin films. Combinatorial mapping can facilitate 

structural trends whilst giving insight to how the composition of a material is related to its 

functional properties. For example, Kafizas et al. used a grid system to analyse thin films 

of doped TiO2 deposited via APCVD which enabled the analysis of 200 spots on a single 

film using a variety of techniques.34 This enabled efficient analysis of a single film and 

provided a facile method to assess variations in films produced from reactor inlet to 

exhaust. 

1.6 Precursor chemistry 

1.6.1 Precursor requirements 

In APCVD, the most important requirement of a precursor is that it must be adequately 

volatile. However, AACVD removes this requirement as the precursor is dissolved in a 

solvent, and thus allows for use of a wider range of precursors. In order to be viable in 

AACVD processes, precursors must satisfy a number of conditions. They must: 
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- Be able to decompose cleanly without contamination. This is the most 

important factor in precursor design and the deposited material must be of high 

purity. This requirement is related to the decomposition pathway of the precursor 

and therefore its molecular structure, molecular geometry and ligand choice. 

- Be able to be prepared and isolated readily in large quantities. For industrial 

application, the precursor must have a repeatable and relatively facile synthesis 

that is able to be scaled up. 

- Have a good solubility in the chosen solvent. As the precursor is carried to 

the reaction chamber in a solvent, good solubility of the precursor is essential in 

AACVD. 

- Have a non-hazardous or low hazard risk. To reduce adverse environmental 

impact, it is advantageous to have precursors and by-products that are not 

hazardous. 

The work in this thesis will focus specifically on the first requirement. Specific examples 

of ligands will be discussed in the introductions of individual chapters, but the overarching 

design considerations will be discussed in this general introduction. 

1.6.2 Single source precursors 

Some of the first reports on the vapour deposition of semiconductors utilise pyrophoric 

and highly reactive alkyl metal precursors. Reactions of tetramethyl and tetraethyltin with 

hydrogen gas and hydrogen sulfide at 600 °C led to deposition of tin sulfide films, and 

tin(IV) oxide films have been deposited from tetramethyltin and oxygen gas at 590 °C.35,36 

Gallium arsenide films have been deposited from the reaction of trimethylgallium with 

arsine at 600–700 °C.37 Early and current reports of the deposition of ZnO use diethyl 

zinc as the zinc source along with water vapour or methanol.38–40 The advantage of using 

these reagents is that they have a facile decomposition pathway which leads to highly 

pure thin films of the desired material however, their pyrophoric nature makes them less 

desirable on an industrial scale. 

Much of the subsequent CVD literature features coordination complexes of the relevant 

metals, mostly because attention has turned to single source precursors (SSPs) which 

require the heteroatom to be directly bonded to the metal in the precursor. These 

precursors are generally more stable towards moisture and air and have the added 

advantage of requiring a less energy intensive process during deposition due to pre-

formed two-centre, two-electron (2c, 2e-) 𝜎 bonds, leading to lower processing 

temperatures and thus lower cost. This can also allow for these precursors to potentially 

be deposited onto temperature sensitive substrates. 
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However, due to the increased carbon content in SSPs, greater carbon contamination 

can be in seen films deposited via these routes if no facile decomposition pathway has 

been established. For example, alkane elimination was proven to be the decomposition 

pathway in precursors of the form [tBu2AsGaR2]2 (R = Me, nBu) towards gallium arsenide 

thin films (Scheme 1.1). Pyrolysis studies coupled with mass spectrometry of the 

precursors showed that the predicted alkane elimination fragment was detected, 

confirming this mechanism. Deposited films were of high purity and carbon 

contamination was low (1.6% when R = nBu).41 

 

Scheme 1.1: Alkane elimination pathway of [tBu2AsGanBu2]2. Adapted from reference 

41. 

Gordon et al. proposed a decomposition mechanism towards barium oxide films from 

barium 𝛽-diketonates, via removal of the terminal 𝛽-hydrogen (Scheme 1.2).42 This has 

been extended to other metal 𝛽-diketonates, and these have become common in the 

field of precursor chemistry due to this facile decomposition pathway. 

 

Scheme 1.2: Proposed decomposition mechanism of a bis-ligated metal (M) 𝛽-

diketonate. Adapted from reference 42. 

Dimeric diethylgallium and dimethylindium alkoxide molecular precursors were used to 

deposit gallium and indium oxide thin films respectively via AACVD.43,44 No carbon 

contamination was detected in the In2O3 films through XPS analysis; the decomposition 
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of the Me–In groups was thought to be through the elimination of methyl radicals during 

pyrolysis. Similarly, minimal (<1%) carbon contamination was detected in the Ga2O3 films 

via XPS, EDAX and the absence of a graphitic carbon peak in Raman analysis. 

Ascertaining decomposition mechanisms of precursors is important but it must be 

remembered that gas phase and surface reactions are complex and modelling the 

thermodynamics, kinetics and transport properties of the CVD process can be 

challenging. Furthermore, unwanted side reactions can also interfere with decomposition 

pathways. 

1.6.3 Ligand systems 

The choice of ligands is of paramount importance and there are several ligand systems 

used in SSP complexes. For oxides, the most ubiquitous are 1,3-dicarbonyl (𝛽-diketone) 

systems. 𝛽-diketonate complexes are excellent CVD precursors due to their volatility, 

high thermal stability and the ability to functionalise the carbon backbone.45 For example, 

fluorinated substituents decrease vaporisation temperatures, therefore decreasing 

deposition temperatures.46 When one of the oxygen atoms is replaced with a nitrogen 

atom, the resulting ligand is the 𝛽-ketoimine. When ligated to the metal centre, 𝛽-

ketoiminates (BKI) offer stability through the electronically delocalised system and steric 

control through the ability to further functionalise via the N atom. It may be assumed that 

metal BKI complexes also decompose via a similar mechanism to 𝛽-diketonates. 

Alkoxides are also commonplace in the CVD literature for the deposition of oxides.43,47–

49 Donor-functionalised alkoxides contain a Lewis base (e.g., –NR2) within the ligand 

architecture which can coordinate datively to the metal centre, stabilising it sufficiently 

without formation of a formal 𝜎 bond. This can lead to hemilabile behaviour in solution, 

reducing the stability and decreasing the energy barrier for decomposition.50 

A technique to fine tune precursors is to incorporate different types of ligands into one 

precursor molecule. This can be done by synthesising ligands containing both motifs, 

e.g. a BKI ligand functionalised at the N atom with a donor functionalised arm, forming a 

tridentate ligand.51–53 However, these complexes tend to be large and have a 

considerable carbon content owing to their application in catalysis. Therefore, they may 

not be suited to CVD applications. Ethylene linked BKI aluminium and gallium complexes 

have been used to deposit aluminium oxide and gallium oxide films respectively, but 

these are not strictly classed as donor functionalised BKI complexes.54 Heteroleptic 

complexes containing two or more types of ligand can also be synthesised. Blanquart et 

al. present a thorough review of the changes in the properties of both homoleptic and 

heteroleptic precursors for the ALD of group 4 and 5 oxides.55 In the case of heteroleptic 
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precursors, it is suggested that the desirable properties of the constituent ligands could 

be imparted into the heteroleptic complex, giving it superior properties. This allows for 

further fine tuning of precursors. 

For deposition of nitrides, amidinate, guanidinate and iminopyrollidinate complexes have 

all been reported.56 Again, these ligands can be fine-tuned – an investigation into the 

donor properties of a guanidinate ligand functionalised with a ketimine on the carbon 

backbone by Maity et al. revealed that the hybrid ligand has its own distinctive electronic 

and steric behaviour and does not simply behave somewhere in between a guanidinate 

and an amidinate.57 

1.6.4 The structural parameter (𝜏) 

It can be seen that there are several ways to readily customise ligands to exhibit a wide 

range of structural and electronic properties. The degree of hemilability, available 

decomposition pathways and the strength of electronic donation all contribute to the 

stability, and therefore precursor viability of the molecule. An additional method to 

determine precursor merit in CVD processes is via the structural parameter (𝜏), which is 

used to indicate the geometry and quantify the distortion around a coordination centre. 𝜏 

values exist for four-coordinate (𝜏4′) and five-coordinate (𝜏5) complexes, but due to all the 

compounds in this thesis being four-coordinate, only 𝜏4′ will be discussed.58 𝜏4′ is defined 

as: 

𝜏!" =
𝛽 − 𝛼
250.5˚

+
180˚ − 𝛽
70.5˚

 

where 𝛼 and 𝛽 are the two largest angles at the coordination centre and 𝛽 > 𝛼. A value 

of 𝜏4′ = 0 indicates a square planar geometry and a value of 𝜏4′ = 1 indicates a tetrahedral 

geometry. Intermediate values indicate distortion from the idealized geometries. This can 

be due to electronic or steric factors. For example, four-coordinate lead complexes 

exhibit highly bent geometries due to the stereochemically active lone pair on the lead 

center,59,60 and many complexes bearing bulky multidentate ligands are forced to adopt 

highly strained geometries.61 

Deviation from idealised 𝜏4′ values suggest that the coordination centre is distorted and 

therefore the molecule could act as a better precursor due to its reduced stability. 

Conversely, when the geometry around the coordination centre of a precursor is close 

to the idealised geometry of the target material, it is worth considering whether this 

renders the deposition process more energetically favourable. (The latter point forms the 

basis of Chapter 5, in which a novel precursor with a molecular arrangement similar to 

the bulk structure of the desired material is used.) The decomposition process relies on 
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several external factors such as temperature, substrate and influence of dopants. The 

𝜏4′ value is an intrinsic property of a precursor molecule and determining which one of 

the above cases is appropriate during the deposition process may help to elucidate and 

gauge precursor merit and suitability. 

1.7 Overview and project aims 

The aim of this thesis will be to design and synthesise precursors for the deposition of 

ZnO and Zn(O,S) via AACVD. Design principles introduced here will be applied 

throughout, especially the evaluation of precursor merit using 𝜏4′ values. Chapter 

introductions will give a more thorough description of the target materials and relevant 

ligands as each chapter is somewhat self-contained. 

The first results chapter will focus on the synthesis and AACVD of precursors towards 

ZnO thin films using a set of complexes bearing 𝛽-ketoimine ligands, and the less 

explored 𝛽-aminoenoate ligands. The second results chapter will focus on routes 

towards the synthesis of heteroleptic zinc complexes towards the deposition of ternary 

material Zn(O,S) via AACVD using a family of zinc thioureide complexes. These two 

chapters will focus on the molecular structure and design of the precursor molecules and 

how this affects the properties of the resultant films. 

The last results chapter will explore the combinatorial analysis of Zn(O,S) thin films 

deposited from commercially available precursors as well as a novel molecular precursor 

via AACVD. This chapter will focus on materials characterisation and include extensive 

analysis exploring structure property relationships and the elemental variation in Zn(O,S) 

thin films in all 3-dimensions. 
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This chapter describes the experimental details for the synthesis, characterisation and 

deposition experiments presented in this thesis. Synthetic procedures for all ligands and 

compounds 1–20 are presented, followed by details of the AACVD experiments of the 

relevant compounds. 

2.1 Synthesis 

2.1.1 General procedures 

All ligand preparations were performed using standard organic chemistry techniques. All 

complex preparations were performed under an inert argon atmosphere using standard 

Schlenk techniques or a nitrogen-filled glovebox. All reagents were obtained from 

commercial sources. 1,4-dioxane was distilled from sodium benzophenone ketyl and 

stored over molecular sieves. All other solvents were obtained from a solvent purification 

system and stored over molecular sieves. CDCl3 and C6D6 were dried using freeze-

pump-thaw cycles and stored over molecular sieves. [Zn(N(SiMe3)2)2] was prepared 

according to literature procedures, purified via vacuum distillation and stored in a 

glovebox.1 

Nuclear magnetic resonance (NMR) data were recorded in CDCl3 or C6D6 solutions using 

a Bruker Advance III 300 MHz, 500 MHz or 600 MHz instrument at ambient temperature 

unless stated otherwise. 1H and 13C{1H} chemical shifts are given relative to residual 

solvent peaks. 1H and 13C{1H} NMR assignments were routinely confirmed by 1H–1H 

(COSY and NOESY) and 1H–13C (HSQC and HMBC) experiments where necessary. 

Single crystal X-ray diffraction (XRD) data were collected using a SuperNova Atlas 

(Dual) diffractometer using Cu Kα radiation of wavelength 1.54184 Å. A suitable crystal 

was selected and mounted on a nylon loop and the crystal was kept at 150 K during data 

collection. Electrospray ionization mass spectra (MS) were obtained using a Waters LTC 

Premier XE ESI Q-TOF mass spectrometer. Thermogravimetric analysis (TGA) 

measurements were made using a PerkinElmer STA6000 TGA instrument, with a 

sensitivity of 0.1 mg and used N2 as the shield gas. The samples were heated from 30 

°C to 500 °C, at a heating rate of 10 °C min-1 under flow of shield gas. Elemental analysis 

(EA) was carried out using a Carlo Erba CE1108 elemental analyser (London 

Metropolitan University) or determined by Elemental Microanalysis Ltd. Fourier transform 

infra-red (FTIR) spectroscopy data were collected from 400–4000 cm-1. 
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2.1.2 Ligand synthesis 

2.1.2.1 Synthesis of [(Me)CN(H){iPr}–CHC(Me)=O] (HBKIiPr) 

Isopropylamine (2.9642 g, 0.05 mol) and acetylacetone (5.0076 g, 

0.05 mol) were combined in toluene (20 cm3) and the mixture was 

stirred and heated to reflux overnight, resulting in a transparent orange 

liquid. The solvent and water were removed in vacuo to yield an orange 

oil (yield = 81%). 1H NMR data matched that reported in the literature.2 1H NMR δ/ppm 

(C6D6, 300 MHz): 0.79 (6H, d, CH(CH3)2), 1.45 (3H, s, HNCCH3), 2.03 (3H, s, COCH3), 

3.10 (1H, m, NHCH), 4.85 (1H, s, COCH), 11.18 (1H, s, NH). 13C{1H} NMR δ/ppm (CDCl3): 

18.7 (NCCH3), 23.9 (NC(CH3)2), 28.8 (OCCH3), 44.7 (CH), 94.9 (NC(CH3)2), 161.9 (CN), 

194.6 (CO). 

2.1.2.2 Synthesis of [(Me)CN(H){iPr}–CHC(OEt)=O] (HAMEiPr) 

Ethylacetoacetate (9.6 cm3, 75 mmol) and isopropylamine 

(12.3 cm3, 150 mmol) were dispersed over K-10 

montmorillonite clay powder (~30 g) and the mixture was 

stirred at room temperature using a mechanical stirrer for 3 

days. The clay was washed with dichloromethane (3 x 25 cm3) and the solvent was 

removed under reduced pressure to yield a pale-yellow liquid (5.53 g, 46%). 1H NMR 

data matched that reported in the literature.3 1H NMR δ/ppm (CDCl3, 600 MHz): 1.19 

(6H, d, J = 6.4 Hz, NCH(CH3)2), 1.23 (3H, t, J = 7.1 Hz, OCH2CH3), 1.93 (3H, s, NCCH3), 

3.67 (1H, dhept, J = 8.9, 6.4 Hz, NCH(CH3)2), 4.06 (2H, t, J = 7.1 Hz, OCH2CH3), 4.37 

(1H, s, NCCH), 8.49 (1H, s, NH). 

2.1.2.3 Synthesis of [(Me)CN(H){Dipp}–CHC(OEt)=O] (Dipp = diisopropylphenyl) 
(HAMEDipp) 

Ethylacetoacetate (9.5 cm3, 75 mmol) and 2,6-

diisopropylaniline (14.0 cm3, 75 mmol) were dispersed 

over K-10 montmorillonite clay powder (~30 g) and the 

mixture was stirred at room temperature using a 

mechanical stirrer for 3 days. The clay was washed with dichloromethane (3 x 25 cm3) 

and the solvent was removed under reduced pressure to yield an orange solid. The solid 

was recrystallised in hot methanol and filtered to yield pale yellow crystals of the product. 

The mother liquor was subject to further recrystallisation. The reported yields are the 

combined yields from the recrystallisation process (yield = 13.82 g, 63%). 1H NMR data 

matched that reported in the literature.4 1H NMR δ/ppm (500 MHz, CDCl3): 1.24 (6H, d, 

ONH

O

ONH
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J = 6.8 Hz, CH(CH3)2), 1.31 (6H, d, J = 6.9 Hz, CH(CH3)2), 1.39 (3H, t, J = 7.2 Hz, 

OCH2CH3), 1.69 (3H, s, NCCH3), 3.20 (2H, hept, J = 6.9 Hz, CH(CH3)2), 4.26 (2H, q, J = 

7.1 Hz, OCH2CH3), 4.79 (1H, s, NCCH), 7.37 (3H, m, aryl-H), 9.87 (1H, s, NH). 

2.1.2.4 Synthesis of [MeN(H)CSNMe2] (HL1A) 

Dimethylamine (2 M in THF, 5 cm3, 10 mmol) and methyl 

isothiocyanate (0.7312 g, 10 mmol) were combined at 0 °C. THF was 

removed in vacuo to yield the white solid HL1A. 1H NMR δ/ppm (300 

MHz, CDCl3): 3.13 (3H, d, J = 4.5 Hz, N(H)CH3), 3.25 (6H, s, N(CH3)2), 

5.49 (1H, s (br), NH). 13C{1H} NMR δ/ppm (300 MHz, CDCl3): 33.1 (N(H)CH3), 40.6 

(N(CH3)2), 182.9 (C=S). 

2.1.2.5 Synthesis of [MeN(H)CSNEt2] (HL1B) 

Diethylamine (0.2194 g, 3 mmol) and methyl isothiocyanate 

(0.2194 g, 3 mmol) were combined neat at 0 °C initially yielding 

a colourless viscous liquid which soon crystallised to form 

the pinkish white solid HL1B. 1H NMR δ/ppm (500 MHz, 

CDCl3): 1.17 (6H, t, J = 7.2 Hz, N(CH2CH3)2), 3.09 (3H, d, J = 4.4 Hz, N(H)CH3), 3.62 

(4H, q, J = 7.1 Hz, N(CH2CH3)2), 5.57 (1H, s (br), NH). 13C{1H} NMR δ/ppm (300 MHz, 

CDCl3): 12.6 (N(CH2CH3)2), 32.8 (N(H)CH3), 45.0 (N(CH2CH3)2), 181.0 (C=S). 

2.1.2.6 Synthesis of [EtN(H)CSNMe2] (HL2A) 

Dimethylamine (2 M in THF, 5 cm3, 10 mmol) and ethyl 

isothiocyanate (0.8714 g, 10 mmol) were combined at 0 °C and 

stirred for 10 min. THF was removed in vacuo to yield a viscous 

yellow liquid HL2A.  1H NMR δ/ppm (500 MHz, CDCl3): 1.20 (3H, t, J 

= 7.2 Hz, N(CH2CH3)), 3.22 (6H, s, N(CH3)2), 3.63 (q, J = 7.2 Hz, 2H, N(CH2CH3)), 5.35 

(1H, s (br), NH). 13C{1H} NMR δ/ppm (300 MHz, CDCl3): 14.8 (N(CH2CH3)), 40.4 

(N(CH3)2), 41.1 (N(CH2CH3)), 181.7 (C=S). 

2.1.2.7 Synthesis of [EtN(H)CSNEt2] (HL2B)  

Diethylamine (0.2194 g, 3 mmol) and ethyl isothiocyanate 

(0.2614 g, 3 mmol) were combined neat at 0 °C, yielding the 

yellow liquid HL2B. 1H NMR δ/ppm (500 MHz, CDCl3): 1.13 (6H, 

t, J = 7.2 Hz, N(CH2CH3)2), 1.14 (3H, t, J = 7.2 Hz, 

NCH2CH3), 3.58 (4H, t, J = 7.2 Hz, N(CH2CH3)2), 3.60 (2H, t, J = 7.2 Hz, NCH2CH3), 
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5.37 (1H, s (br), NH). 13C{1H} NMR δ/ppm (300 MHz, CDCl3): 12.4 (N(CH2CH3)2), 14.5 

(N(CH2CH3)), 40.5 (N(CH2CH3)2), 44.7 (N(CH2CH3)), 179.5 (C=S). 

2.1.2.8 Synthesis of [iPrN(H)CSNMe2] (HL3A) 

Isopropyl isothiocyanate (4.2327 g, 30 mmol) was added to a 

solution of dimethylamine (2 M in THF) (15 cm3, 30 mmol) in hexane 

(20 cm3) and stirred for 30 min. The solvent was removed in vacuo 

to yield HL3A as a white powder. HL3A was recrystallised from toluene 

as white needles (yield = 3.29 g, 75%). 1H NMR δ/ppm (C6D6, 500 MHz): 1.04 (6H, d, 

J = 6.5 Hz, CH(CH3)2), 2.55 (6H, s, N(CH3)2), 4.46 (1H, s, NH), 4.87 (1H, m, CH). 13C{1H} 

NMR δ/ppm (C6D6, 500 MHz): 22.9 (CH(CH3)2), 39.4 (N(CH3)2), 47.3 (CH(CH3)2), 182.1 

(C=S). Elemental anal. calc.%: C: 49.30, H: 9.70, N: 19.20, found%: C: 49.32, H: 9.69, 

N: 18.84. 

2.1.2.9 Synthesis of [iPrN(H)CSNEt2] (HL3B)  

Diethylamine (0.2194 g, 3 mmol) and isopropyl isothiocyanate 

(0.3035 g, 3 mmol) were combined in hexane (20 cm3) at 0 °C and 

stirred for 10 min after which a white solid precipitated out of the 

solution. The white powder HL3B was isolated via vacuum 

filtration in good yield (0.3863 g, 74%). 1H NMR δ/ppm (500 MHz, CDCl3): 1.22 (6H, 

t, J = 7.2 Hz, N(CH2CH3)2), 1.25 (6H, d, J = 6.5 Hz, NCH(CH3)2), 3.64 (4H, q, J = 7.2 Hz, 

N(CH2CH3)2), 4.67 (1H, hept, J = 6.4 Hz, NCH(CH3)2), 5.05 (1H, s (br), NH). 13C{1H} NMR 

δ/ppm (300 MHz, CDCl3): 12.8 (N(CH2CH3)2), 23.1 (CH(CH3)2), 45.0 (N(CH2CH3)2), 47.5 

(CH(CH3)2), 179.3 (C=S). 

2.1.2.10 Synthesis of [PhN(H)CSNMe2] (HL4A) 

Phenyl isothiocyanate (2.7028 g, 20 mmol) was added to a 

solution of dimethylamine (2 M in THF) (10 cm3, 20 mmol) in 

hexane (20 cm3). A white precipitate formed immediately, and the 

mixture was filtered to yield HL4A as a white microcrystalline solid. 

HL4A was recrystallised from a toluene/THF mixture as white needles (yield = 2.36 g, 

74%), with crystals of a suitable quality for analysis by single crystal XRD. 1H NMR δ/ppm 

(C6D6, 500 MHz): 2.53 (6H, s, N(CH3)2), 6.40 (1H, s, NH), 6.92 (1H, tt, J = 7.3, 1.1 Hz, 

para-CH), 7.09 (2H, t, J = 8.0 Hz, meta-CH), 7.17 (2H, d, J = 15.0 Hz, ortho-CH). 13C{1H} 

NMR δ/ppm (C6D6, 500 MHz): 40.7 (N(CH3)2), 124.3 (Ar-C), 124.8 (Ar-C), 128.8 (Ar-C), 

140.9 (Ar-C), 183.2 (C=S). Elemental anal. calc.%: C: 60.00, H: 6.70, N: 15.50, found%: 

C: 60.16, H: 6.74, N: 15.36. 
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2.1.2.11 Synthesis of [(Me)CN(H){Dipp}–CHC(Me)=N({Dipp}] 
(Dipp = diisopropylphenyl) (HBDIDipp) 

2,6-diisopropylaniline (18.8 cm3, 0.1 mol), acetylacetone 

(5.0024 g, 0.05 mol) and concentrated HCl (37%, 12 M, 

4.16 cm3, 0.05 mol) were combined in ethanol (100 cm3) 

and the mixture was heated to reflux for 3 days. Ethanol 

and water were removed in vacuo from the reaction mixture yielding a light brown solid. 

Saturated Na2CO3 solution and DCM were added, and the product was extracted into 

the organic phase. The aqueous layers were further washed with DCM. The combined 

organic layers were dried over sodium sulfate, filtered and the solvent was removed in 

vacuo to yield a brown oil. Hot methanol was added, and the solution was kept at room 

temperature overnight for crystallization before being filtered to yield pale yellow crystals 

of HBDIDipp. The mother liquor was subject to further recrystallisation. The reported yields 

are the combined yields from the recrystallisation process (yield = 8.58 g). 1H NMR data 

matched that reported in the literature.5 1H NMR δ/ppm (C6D6, 300 MHz): 1.17 (12H, d, 

Ar-C(CH3)2), 1.22 (12H, d, Ar-C(CH3)2), 1.67 (6H, s, NCCH3), 3.32 (4H, m, Ar-CH), 4.89 

(1H, s, NCCH), 7.10–7.22 (6H, Ar-H) 12.47 (1H, s, NH). 

2.1.2.12 Synthesis of [(Me)CN(H){Dep}–CHC(Me)=N({Dep}] (Dep = diethylphenyl)) 
(HBDIDep) 

HBDIDep was synthesised in an analogous method to 

HBDIDipp, with the following reagent amounts: 2,6-

diethylaniline (14.9 g, 0.1 mol), acetylacetone (5.0167 g, 

0.05 mol) and concentrated HCl (37%, 12 M, 4.16 cm3, 

0.05 mol). 1H NMR data matched that reported in the literature.5 1H NMR δ/ppm (C6D6, 

300 MHz): 1.16 (12H, t, Ar-(CH2CH3)2), 1.60 (6H, s, NCCH3), 2.52 (4H, m, Ar-(CH2CH3)), 

2.65 (4H, m, Ar-(CH2CH3)), 4.84 (1H, s, NCCH), 7.05–7.10 (6H, Ar-H), 12.34 (1H, s, NH). 

2.1.3 Complex synthesis 

2.1.3.1 Synthesis of [BKIiPrZnEt]2 (1) 

A solution of HBKIiPr (0.84 g, 6.0 mmol) in toluene (15 cm3) 

was added dropwise to a cooled solution of diethylzinc (1.1 M 

in toluene) (5.40 cm3, 6.0 mmol) in toluene (15 cm3). The 

resulting solution was brought to room temperature and stirred 

overnight. Toluene was partially removed in vacuo and the 

remaining solution was left at -18 °C for 24 hours after which 
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colourless crystals of 1 suitable for analysis via single crystal XRD had formed. 1H NMR 

δ/ppm (C6D6, 500 MHz): 0.67 (2H, br, Zn-CH2CH3), 0.93 (6H, d, J = 6.3 Hz, NCH(CH3)2), 

1.49 (3H, s, NCCH3), 1.56 (3H, br, Zn-CH2CH3), 2.01 (3H, s, OCCH3), 3.38 (1H, hept, 

J = 6.3 Hz, NCH(CH3)2), 4.78 (1H, s, NCCH). 13C{1H} NMR δ/ppm (C6D6, 500 MHz): 1.9 

(Zn-CH2CH3), 12.8 (Zn-CH2CH3), 21.6 (NC(CH3)), 24.6 (NCH(CH3)2), 27.5 (OC(CH3)), 

50.4 (NCH), 98.8 (NCCH), 169.6 (CN), 179.9 (CO). 

2.1.3.2 Synthesis of [AMEiPrZnEt]2 (2) 

A solution of HAMEiPr (0.5020 g, 2.9 mmol) in toluene (15 cm3) 

was added dropwise to a cooled solution of diethylzinc (1 M in 

hexanes) (3.5 cm3, 3.5 mmol) in toluene (15 cm3). The 

resulting solution was brought to room temperature and stirred 

overnight. The solvent was partially removed in vacuo and the 

remaining solution was left at -18 °C for 24 hours after which 

colourless crystals of 2 suitable for analysis via single crystal 

XRD had formed. 1H NMR δ/ppm (C6D6, 500 MHz): 0.60 (2H, br, Zn-CH2CH3), 0.89 (6H, 

d, J = 6.3 Hz, NCH(CH3)2), 1.07 (3H, m, OCH2CH3), 1.45 (3H, br, Zn-CH2CH3), 1.58 (3H, 

s, OCCH3), 3.40 (1H, hept, J = 6.3 Hz, NCH(CH3)2), 4.07 (2H, m, OCH2CH3), 4.67 (1H, 

s, NCCH). 

2.1.3.3 Synthesis of [AMEDippZnEt]2 (3) 

A solution of HAMEDipp (2.8912 g, 10 mmol) was 

added to a cooled solution of ZnEt2 (1 M in hexanes) 

(15 cm3, 15 mmol) in toluene (15 cm3). The solution 

was brought to room temperature and stirred 

overnight at 65 °C. The solvent was removed to 

yield a viscous yellow brown liquid in good yield 

(2.98 g, 78%). 1H NMR δ/ppm (C6D6, 600 MHz): 

0.67 (2H, q, J = 8.1 Hz, Zn-CH2CH3), 1.05 (3H, t, J = 7.1 Hz, OCH2CH3), 1.08 (12H, dd, 

J = 6.9, 6.0 Hz, CH(CH3)2), 1.34 (3H, t, J = 8.1 Hz, Zn-CH2CH3), 1.46 (3H, s, NCCH3), 

3.03 (2H, hept, J = 6.9 Hz, CH(CH3)2), 4.07 (2H, q, J = 7.1 Hz, OCH2CH3), 4.99 (1H, s, 

NCCH), 6.98–7.12 (3H, aryl-H). 13C{1H} NMR δ/ppm (C6D6, 600 MHz): -1.2 (Zn-CH2CH3), 

12.2 (Zn-CH2CH3), 14.8 (OCH2CH3), 23.2 (NCCH3), 24.4 (CH(CH3)2), 28.3 (CH(CH3)2), 

59.9 (OCH2CH3), 81.2 (NCCH), 123.9 (aryl-C), 126.4 (aryl-C), 142.5 (NC(aryl)), 172.6 

(NC), 173.3 (OC). Elemental anal. calc.%: C: 62.70, H: 8.16, N: 3.66, found%: C: 62.54, 

H: 8.04, N: 3.52. 
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2.1.3.4 Synthesis of [Zn(BKIiPr)2] (4) 

A solution of HBKIiPr (0.572 g, 4 mmol) was added to a cooled 

solution of ZnEt2 (1 M in hexanes) (2 cm3, 2 mmol) in toluene 

(15 cm3). The solution was brought to room temperature and 

stirred overnight. The solvent was removed to yield a pale-yellow 

solid. 1H NMR data matched that reported in the literature.2 1H 

NMR δ/ppm (C6D6, 500 MHz): 1.10 (3H, d, J = 6.3 Hz, 

CH(CH3)2), 1.15 (3H, d, J = 6.3 Hz, CH(CH3)2), 1.61 (3H, s, HNCCH3), 2.00 (3H, s, 

COCH3), 3.56 (1H, hept, J = 6.4 Hz, CH(CH3)2), 4.79 (1H, s, OCCH). 

2.1.3.5 Synthesis of [Zn(AMEiPr)2] (5) 

A solution of HAMEiPr (0.5134 g, 3 mmol) was added to a cooled 

solution of ZnEt2 (1 M in hexanes) (1.5 cm3, 1.5 mmol) in toluene 

(15 cm3). The solution was brought to room temperature and 

stirred overnight. The solvent was removed to yield a pale-yellow 

solid. 1H NMR data matched that reported in the literature.3 1H 

NMR δ/ppm (C6D6, 500 MHz): 1.09 (3H, m, OCH2CH3), 1.14 (3H, 

d, J = 6.4 Hz, NCH(CH3)2), 1.16 (3H, d, J = 6.4 Hz, NCH(CH3)2), 

1.70 (3H, s, OCCH3), 3.63 (1H, m, J = 6.4 Hz, NCH(CH3)2), 4.06 (2H, m, OCH2CH3), 4.67 

(1H, s, NCCH). 

2.1.3.6 Synthesis of [Zn(AMEDipp)2] (6) 

A solution of HAMEDipp (2.8912 g, 10 mmol) was added to 

a cooled solution of ZnEt2 (1 M in hexanes) (15 cm3, 

15 mmol) in toluene (15 cm3). The solution was brought to 

room temperature and stirred to reflux for 3 days. The 

solvent was removed to yield a yellow solid in good yield. 

Recrystallisation from a toluene solution yielded pale 

yellow crystals of 6 suitable for analysis via single crystal 

XRD. 1H NMR δ/ppm (C6D6, 500 MHz): 1.05 (12H, br, CH(CH3)2), 1.14 (6H, br, 

OCH2CH3), 1.49 (6H, s, NCCH3), 2.96 (2H, br, OCH2CH3), 3.67 (2H, br, OCH2CH3), 4.00 

(4H, br, CH(CH3)2), 4.86 (2H, s, NCCH), 7.00–7.07 (6H, m, aryl-CH). 13C{1H} NMR δ/ppm 

(C6D6, 500 MHz): 14.8 (CH(CH3)2), 23.8 (OCH2CH3), 28.0 (NCCH3), 59.6 (CH(CH3)2), 

80.4 (NCCH), 124.1 (aryl-CH), 126.0 (aryl-CH), 143.4 (aryl-C), 144.9 (NC(aryl)), 173.2 

(NC), 173.8 (OC). Elemental anal. calc.%: C: 70.15, H: 8.31, N: 4.81, found%: C: 66.36, 

H: 8.07, N: 4.22. 
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2.1.3.7 Synthesis of [L1AZnEt] (7) 

A solution of HL1A (0.2228 g, 2 mmol) in toluene (5 cm3) was added dropwise to a cooled 

solution of diethylzinc (1.0 M in hexane, 2 cm3, 2 mmol) in toluene (10 cm3), warmed to 

room temperature and stirred overnight. Removal of solvent in vacuo afforded 

the viscous yellow liquid [L1AZnEt] in good yield. 1H NMR δ/ppm (300 MHz, C6D6): 0.82 

(2H, q, J = 8.1 Hz, Zn-CH2CH3), 1.71 (3H, t, J = 8.1 Hz, Zn-CH2CH3), 2.50 (6H, s, 

N(CH3)2), 2.54 (3H, s, NCH3). 13C{1H} NMR δ/ppm (300 MHz, C6D6): 1.8 (Zn-CH2CH3), 

13.4 (Zn-CH2CH3), 39.1 (NCH3), 42.2 (N(CH3)2), 176.6 (NCS). Elemental anal. calc.%: 

C: 34.28, H: 6.72, N: 13.33, found%: C: 34.35, H: 6.63, N: 12.95. 

2.1.3.8 Synthesis of [L1BZnEt]2 (8) 

A solution of HL1B (2.7716 g, 19 mmol) in toluene (5 cm3) 

was added dropwise to a cooled solution of diethylzinc 

(1.0 M in hexane, 20 cm3, 20 mmol) in toluene (10 cm3), 

warmed to room temperature and stirred overnight. 

Removal of solvent in vacuo afforded a white powder in 

quantitative yield (4.2704 g, 94%). Slow evaporation from 

a mixture of toluene and hexane afforded colourless crystals of 8 suitable for analysis 

via single crystal XRD.  1H NMR δ/ppm (500 MHz, C6D6): 0.87 (6H, t, J = 7.1 Hz, 

N(CH2CH3)2) 0.87 (2H, q, J = 8.0 Hz, Zn-CH2CH3), 1.74 (3H, t, J = 8.1 Hz, Zn-CH2CH3), 

2.62 (3H, s, NCH3), 3.04 (4H, q, J = 7.0 Hz, N(CH2CH3)2). 13C{1H} NMR δ/ppm (300 MHz, 

C6D6): 1.7 (Zn-CH2CH3), 13.6 (Zn-CH2CH3), 13.8 (N(CH2CH3)2), 38.0 (NCH3), 45.6 

(N(CH2CH3)2), 174.8 (NCS). Elemental anal. calc.%: C: 40.33, H: 7.62, N: 11.96, 

found%: C: 39.86, H: 7.44, N: 11.56. 

2.1.3.9 Synthesis of [L2AZnEt]2 (9) 

A solution of HL2A (2.5254 g, 19 mmol) in toluene (5 cm3) was 

added dropwise to a cooled solution of diethylzinc (1.0 M in 

hexane, 20 cm3, 20 mmol) in toluene (10 cm3), warmed to 

room temperature and stirred overnight. Removal of solvent in 

vacuo afforded a white powder in excellent yield (3.7014 g, 

87%). Slow evaporation from a mixture of toluene and hexane 

afforded colourless crystals of 9 suitable for analysis via single 

crystal XRD. 1H NMR δ/ppm (300 MHz, C6D6): 0.82 (2H, q, J = 8.1 Hz, Zn-CH2CH3), 1.05 

(3H, t, J = 7.1 Hz, NCH2CH3), 1.74 (3H, t, J = 8.1 Hz, Zn-CH2CH3), 2.56 (6H, s, N(CH3)2), 

2.86 (2H, q, J = 7.1 Hz, NCH2CH3). 13C{1H} NMR δ/ppm (300 MHz, C6D6): 1.9 (Zn-
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CH2CH3), 13.6 (Zn-CH2CH3), 17.7 (NCH2CH3), 42.5 (N(CH3)2), 45.6 (NCH2CH3), 174.3 

(NCS). 

2.1.3.10 Synthesis of [L2BZnEt] (10) 

A solution of HL2B (0.2835 g, 1.8 mmol) in toluene (5 cm3) was added dropwise to a 

cooled solution of diethylzinc (1.0 M in hexane, 1.8 cm3, 1.8 mmol) in toluene (10 cm3), 

warmed to room temperature and stirred overnight. Removal of solvent in vacuo afforded 

a white powder in good yield. 1H NMR δ/ppm (500 MHz, C6D6): 0.85 (2H, q, J = 8.1 

Hz, Zn-CH2CH3), 0.90 (6H, t, J = 7.1 Hz, N(CH2CH3)2), 1.12 (3H, t, J = 7.1 Hz, 

NCH2CH3), 1.75 (3H, t, J = 8.1 Hz, Zn-CH2CH3), 2.92 (2H, q, J = 7.1 Hz, NCH2CH3), 3.12 

(4H, q, J = 7.1 Hz, N(CH2CH3)2). 13C{1H} NMR δ/ppm (500 MHz, C6D6): 1.9 (Zn-

CH2CH3), 13.7 (Zn-CH2CH3), 13.9 (N(CH2CH3)2), 18.3 (NCH2CH3), 45.4 (NCH2CH3), 

46.4 (N(CH2CH3)2), 171.6 (NCS). Elemental anal. calc.%: C: 42.85, H: 8.00, N: 11.11, 

found%: C: 41.90, H: 7.77, N: 10.84. 

2.1.3.11 Synthesis of [L3AZnEt]2 (11) 

A solution of HL3A (1.022 g, 7 mmol) in toluene (10 cm3) was 

added to a cooled solution of diethylzinc (1.1 M in toluene) 

(6.3 cm3, 7 mmol) in toluene (10 cm3) and stirred overnight. 

Visible production of ethane gas was observed. The solvent was 

removed in vacuo to yield a white powder in good yield 

(yield = 1.27 g, 76%). 11 was redissolved in a mixture of toluene 

and hexane and left in the freezer for 3 days after which colourless crystals suitable for 

analysis via single crystal XRD had formed. 1H NMR δ/ppm (C6D6, 500 MHz): 0.82 (2H, 

q, J = 8.1 Hz, Zn-CH2CH3), 1.04 (6H, d, J = 6.2 Hz, CH(CH3)2), 1.77 (3H, t, J = 8.1 Hz, 

Zn-CH2CH3), 2.59 (6H, s, N(CH3)2), 3.51 (1H, hept, J = 6.1 Hz, NCH). 13C{1H} NMR 

δ/ppm (C6D6, 500 MHz): 2.4 (Zn-CH2CH3), 13.4 (Zn-CH2CH3), 25.1 (NCH(CH3)2), 42.9 

(N(CH3)2), 49.6 (NCH(CH3)2), 172.5 (NCS). 

2.1.3.12 Synthesis of [L3BZnEt] (12) 

A solution of HL3B (0.4137 g, 2.5 mmol) in toluene (5 cm3) was 

added dropwise to a cooled solution of diethylzinc (1.0 M in 

hexane, 2.5 cm3, 2 mmol) in toluene (10 cm3), warmed to room 

temperature and stirred overnight. Removal of solvent in vacuo 

afforded a white powder in excellent yield (0.45 g, 84%). Slow 

evaporation from a mixture of toluene and hexane afforded 

colourless crystals of 12 suitable for analysis via single crystal 
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XRD. 1H NMR δ/ppm (500 MHz, C6D6): 0.83 (2H, q, J = 8.1 Hz, Zn-CH2CH3), 0.92 (6H, 

t, J = 7.1 Hz, N(CH2CH3)2), 1.09 (6H, d, J = 6.1 Hz, NCH(CH3)2), 1.77 (3H, t, J = 8.0 Hz, 

Zn-CH2CH3), 3.14 (4H, q (br), N(CH2CH3)2), 3.46 (1H, hept, J = 6.2 Hz, 

NCH(CH3)2). 13C{1H} NMR δ/ppm (500 MHz, C6D6): 1.9 (Zn-CH2CH3), 13.7 (Zn-CH2CH3), 

13.8 (N(CH2CH3)2), 24.9 (NCH(CH3)2), 47.9 (N(CH2CH3)2), 49.7 (NCH(CH3)2), 170.2 

(NCS). Elemental anal. calc.%: C: 45.10, H: 8.33, N: 10.53, found%: C: 44.11, H: 8.12, 

N: 10.15. 

2.1.3.13 Synthesis of [L4AZnEt]2 (13) 

A solution of HL4A (1.08 g, 6 mmol) in toluene (10 cm3) was 

added to a cooled solution of diethylzinc (1.1 M in toluene) (5.4 

cm3, 6 mmol) in toluene (10 cm3) and stirred overnight. Visible 

production of ethane gas was observed. The solvent was 

removed in vacuo to yield a white powder (yield = 1.10 g, 67%). 

Slow evaporation from a C6D6 solution afforded colourless 

crystals of 13 suitable for analysis via single crystal XRD. 1H 

NMR δ/ppm (C6D6, 500 MHz): 0.93 (2H, q, J = 8.1 Hz, Zn-CH2CH3), 1.77 (3H, t, 

J = 8.1 Hz, Zn-CH2CH3), 2.35 (6H, s, N(CH3)2), 6.77 (1H, t, J = 7.4 Hz, para-CH), 6.88 

(2H, d, J = 7.7 Hz, ortho-CH), 7.00 (2H, t, J = 7.7 Hz, meta-CH). 13C{1H} NMR δ/ppm 

(C6D6, 500 MHz): 1.7 (Zn-CH2CH3), 13.6 (Zn-CH2CH3), 42.9 (N(CH3)2), 122.7 (ortho-CH), 

123.1 (para-CH), 129.2 (meta-CH), 148.2 (NC(aryl)), 173.2 (NCS). Elemental anal. 

calc.%: C: 48.30, H: 5.90, N: 10.20, found%: C: 47.71, H: 5.80, N: 9.98. 

2.1.3.14 Synthesis of [L3AZn(N(SiMe3)2)]2 (14) 

A solution of HL3A (0.1816 g, 1.25 mmol) in toluene was 

added to a cooled solution of [Zn(N(SiMe3)2)2] (0.4802 g, 

1.25 mmol) in toluene and stirred overnight. The solvent 

was removed in vacuo to yield a white powder (yield = 

0.27 g, 58%). Slow evaporation from a C6D6 solution 

afforded colourless crystals of 14 suitable for analysis 

via single crystal XRD. 1H NMR data matched that reported in the literature.6 1H 

NMR δ/ppm (C6D6, 500 MHz): 0.46 (18H, s, N(Si(CH3)3)2), 1.16 (6H, d, J = 6.5 Hz, 

CH(CH3)2), 2.64 (6H, s, N(CH3)2), 3.57 (1H, hept, J = 5.0 Hz, NCH(CH3)2). 13C{1H} NMR 

δ/ppm (C6D6, 500 MHz): 6.6 (N(Si(CH3)3)2), 25.1 (NCH(CH3)2), 43.5 (N(CH3)2), 50.3 

(NCH(CH3)2). Elemental anal. calc.%: C: 38.80, H: 8.40, N: 11.30, found%: C: 38.43, H: 

8.02, N: 11.12. 
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2.1.3.15 Synthesis of [L4AZnBDIDep] (15) 

To a cooled solution of 13 (0.2653 g, 0.88 mmol) in toluene was 

added a solution of HBDIDep (0.1813 g, 0.5 mmol) in toluene. 

The pale-yellow solution was heated to 100 °C for 6 days after 

which a fine precipitate had formed. The solution was filtered, 

and the solvent was removed to yield a viscous dark yellow oil. 

Yellow crystals of 15 suitable for analysis by single crystal XRD 

grew from a concentrated toluene solution after several weeks 

of storage at room temperature. 1H NMR δ/ppm (C6D6, 

500 MHz): 1.12 (6H, m, CH2CH3), 1.35 (6H, m, CH2CH3), 1.65 (6H, s, NCCH3), 1.99 (6H, 

s, N(CH3)2), 2.41 (2H, m, CH2CH3), 2.54 (2H, m, CH2CH3), 2.83 (2H, m, CH2CH3), 3.23 

(2H, m, CH2CH3), 4.88 (1H, s, NCCH), 6.40–7.15 (11H, Ar-H). 13C{1H} NMR δ/ppm (C6D6, 

500 MHz): 13.8 (CH2CH3), 23.2 (NCCH3), 24.4 (CH2CH3), 42.7 (N(CH3)2), 94.1 (NCCH), 

122–138 (aryl-C), 146. 9 (NCCH3), 168.2 (NCS). 

2.1.3.16 Synthesis of [L3AZnL4]2 (16) 

To a cooled solution of 11 (0.1204 g, 0.5 mmol) in 

toluene, was added dropwise a solution of HL4 

(0.0692 g, 0.5 mmol) in toluene. The resultant pale-

yellow solution was stirred overnight. The solution 

was concentrated to ca. 10 cm3 and left in the freezer 

for 1 month after which colourless crystals of 16 

suitable for analysis via single crystal XRD had formed. 1H NMR δ/ppm (C6D6, 500 MHz, 

277 K): 0.67 (3H, t, J = 7.1 Hz, N(CH2CH3)2), 0.76 (3H, t, J = 7.2 Hz, N(CH2CH3)2), 1.23 

(1H, m, OCH2CH2), 1.53 (6H, dd, J = 6.3, 3.9 Hz, NCH(CH3)2), 1.72 (1H, m, OCH2CH2), 

2.33 (1H, m, N(CH2CH3)2), 2.37 (2H, m, NCH2), 2.50 (1H, m, N(CH2CH3)2), 2.74 (1H, m, 

N(CH2)CH3), 3.00 (1H, m, N(CH2)CH3), 3.07 (6H, s, N(CH3)2), 3.83 (1H, m, OCH2), 3.98 

(1H, m, OCH2), 4.54 (1H, hept, J = 6.3 Hz, NCH(CH3)2). 13C{1H} NMR δ/ppm (C6D6, 

500 MHz): 7.27 (N(CH2)CH3), 8.50 (N(CH2)CH3), 25.25 (NCH(CH3)2), 29.31 (OCH2CH2), 

41.15 (N(CH3)2), 44.75 (N(CH2)CH3), 45.86 (N(CH2)CH3), 53.60 (NCH), 54.92 (NCH2), 

66.94 (OCH2), 158.64 (NCS). Elemental anal. calc.%: C: 45.81, H: 8.58 N: 12.33, 

found%: C: 45.80, H: 8.56, N: 11.94. 
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2.1.3.17 Synthesis of [L3AZnL4*]2 (17) 

To a cooled solution of 11 (0.69 g, 3 mmol) in 

toluene, was added dropwise a solution of HL4* 

(0.42 cm3, 3 mmol) in toluene. The resultant pale-

yellow solution was stirred overnight. The solution 

was concentrated to ca. 10 cm3 and left in the freezer 

for 1 week after which colourless crystals of 7 

suitable for analysis via single crystal XRD had formed. 1H NMR δ/ppm (C6D6, 500 MHz, 

283 K): 1.10 (2H, m, OCH2CH2), 1.46–1.57 (12H, m, NCH(CH3)2), 1.75 (2H, m, 

OCH2CH2), 1.91 (2H, s, NCH2), 1.98 (1H, m, NCH2), 2.03–2.34 (12H, m, Zn-N(CH3)2), 

2.73 (1H, m, NCH2), 3.04 (6H, s, N(CH3)2), 3.15 (6H, br, N(CH3)2), 3.80–4.14 (4H, m, 

OCH2), 4.54–4.60 (2H, m, NCH). 13C{1H} NMR δ /ppm (C6D6, 500 MHz): 25.2 

(NCH(CH3)2), 25.6 (NCH(CH3)2), 29.8 (OCH2CH2), 30.3 (OCH2CH2), 41.2 (NMe2), 41.2 

(NMe2), 44.3–49.0 (Zn-NMe2), 53.4 (NCH), 53.7 (NCH), 61.7-62.1 (NCH2), 67.3–68.7 

(OCH2), 158.9 (NCS). Elemental anal. calc.%: C: 42.24, H: 8.06, N: 13.43, found%: C: 

41.05, H: 7.65, N: 13.02. 

2.1.3.18 Synthesis of [L4AZnL4] (18) 

To a cooled solution of 13 (1.08 g, 4.5 mmol) in toluene was added dropwise a solution 

of HL4 (0.53 cm3, 4.5 mmol) in toluene. The solution was stirred overnight, and the 

solvent was removed to yield the viscous pale-yellow substance, 18. Recrystallisation 

attempts were unsuccessful. 1H NMR δ/ppm (C6D6, 500 MHz): 0.87 (6H, t, J = 7.2 Hz, 

N(CH2CH3)2), 1.52 (2H, br, OCH2CH2), 2.39 (2H, br, NCH2), 2.74 (4H, br, N(CH2CH3)2), 

2.90 (6H, s, N(CH3)2), 4.13 (1H, br, OCH2), 6.88–7.27 (5H, m, Ar-H). 13C{1H} NMR δ/ppm 

(C6D6, 500 MHz): 8.8 (N(CH2CH3)2), 29.9 (OCH2CH2), 42.6 (N(CH3)2), 47.4 

(N(CH2CH3)2), 55.1 (NCH2), 66.3 (OCH2), 121.0 (Ar-C), 123.5 (Ar-C), 124.0 (Ar-C), 128.7 

(Ar-C), 151.7 (NCS). Elemental anal. calc.%: C: 51.27, H: 7.26, N: 11.21, found%: C: 

51.56, H: 7.23, N: 10.81. 

2.1.3.19 Synthesis of [L4AZnL4*] (19) 

To a cooled solution of 13 (1.44 g, 5.2 mmol) in toluene, was added dropwise a solution 

of HL4* (0.62 cm3, 5.2 mmol) in toluene. After warming to room temperature, a fine white 

precipitate formed which was heated back into solution. Repeated attempts to 

recrystallise the solid resulted in the formation of a microcrystalline powder. The solvent 

was removed to yield the white solid 19. 1H NMR δ/ppm (C6D6, 500 MHz): 1.39 (2H, 

quint, J = 5.1 Hz, OCH2CH2), 2.23 (6H, s, Zn-N(CH3)2), 2.25 (2H, m, NCH2), 2.81 (6H, s, 
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N(CH3)2), 4.21 (2H, t, J = 5.3 Hz, OCH2), 6.86 (1H, tt, J = 7.2, 1.3 Hz, para-CH), 7.15 

(2H, d, J = 7.3 Hz, ortho-CH), 7.22 (2H, m, meta-CH). 13C{1H} NMR δ/ppm (C6D6, 

500 MHz): 30.7 (OCH2CH2), 43.2 (N(CH3)2), 47.1 (Zn-N(CH3)2), 62.3 (NCH2), 66.8 

(OCH2), 120.9 (para-CH), 123.2 (meta-CH), 128.9 (ortho-CH), 151.0 (NC), 161.2 (NCS). 

Elemental anal. calc.%: C: 48.49, H: 6.68, N: 12.12, found%: C: 47.88, H: 6.60, N: 11.65. 

2.1.3.20 Synthesis of [Zn8(SOCCH3)12S2] (20) 

1,4-dioxane (0.3400 g, 4 mmol) in dry toluene (~10 cm3) was added dropwise to 

diethylzinc (0.4935 g, 4 mmol) in dry toluene (~10 cm3), followed by dropwise addition of 

thioacetic acid (0.58 cm3, 8 mmol), all at -78 °C with stirring. A white solid precipitated 

immediately but this re-dissolved upon warming the mixture to room temperature. The 

solution was left to stand overnight after which colourless crystals of 20 suitable for 

analysis via single crystal XRD had formed. 1H NMR δ/ppm (CDCl3): 2.53 (36H, m, CH3). 

13C{1H} NMR δ/ppm (CDCl3): 33.0 (CCH3), 128.2 (OCS), 129.3 (OCS). 𝜈max / cm-1: 3025, 

2958, 2913, 2850, 1695, 1507, 1413, 1349. Elemental anal. calc%: C: 19.35 H: 2.44, 

found%: C: 22.39, H: 2.50. 

2.2 AACVD 

2.2.1 Characterisation methods 

Analysis of thin films were carried out as deposited. Grazing incident (GI)XRD patterns 

were recorded using a Bruker D8 Discover diffractometer. X-ray photoelectron 

spectroscopy (XPS) measurements were carried out on a Thermo Scientific Kα 

photoelectron spectrometer with a monochromatic Al Kα source. Data were calibrated 

against C(1s) adventitious carbon (284.6 eV) for charge correction and peaks were 

modelled using CasaXPS software. UV/vis transmittance spectra were produced using 

a Shimadzu UV-2600 spectrophotometer using an air background and recorded between 

200–800 nm. Energy dispersive X-ray (EDX) analysis and scanning electron microscope 

(SEM) images were obtained using a JEOL JSM-7600F field emission SEM instrument 

on gold coated samples with an accelerating voltage of either 5 or 15 kV. Electrical 

properties of the films were studied by the van der Pauw method room temperature using 

an Ecopia HMS-3000 Hall measurement system. Square-cut samples (1 cm × 1 cm) 

were subjected to a 0.58 T permanent magnet and a current of 0.5 mA. 

2.2.2 General procedures 

All depositions were carried out under a flow of nitrogen or argon gas (99.99% from 

BOC). Precursors were placed in a glass bubbler and generation of the aerosol mist was 
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achieved using an ultrasonic humidifier containing a piezoelectric device. The aerosol 

mist was transported in a flow of nitrogen or argon gas, through a brass baffle to a 

horizontal bed, cold-wall reactor fitted with a graphite block containing a Whatman 

cartridge heater, controlled using a Pt-Rh thermocouple. A top plate was suspended 

0.5 cm above the substrate to ensure a laminar flow. The glass substrates used 

(15 cm × 5 cm × 0.3 cm) were cut from SiO2, pre-coated (ca. 50 nm thick SiO2 barrier 

layer) standard float glass (Pilkington NSG). Glass substrates were cleaned prior to use 

with acetone followed by propan-2-ol to remove surface grease, and then dried in an 

oven to reduce moisture levels. Before starting depositions, the reactor and substrate 

were heated to the required temperature under a flow of nitrogen or argon gas and were 

left to equilibrate for ca. 10 min. After the depositions were complete, the substrate was 

allowed to cool to room temperature under a flow of nitrogen or argon gas to maintain 

an inert atmosphere. Coated substrates were handled and stored in air. 

2.2.3 Chapter 3 

2.2.3.1 AACVD of ZnO 

For single source experiments, compounds 1–6 (ca. 0.2 g) were dissolved in toluene and 

placed in an AACVD bubbler. AACVD was carried out at either 400 °C or 450 °C. 

For dual source reactions, methanol (25 mL) was placed in a second AACVD bubbler 

and both aerosols were diverted through a Y-piece before entering the reaction chamber. 

AACVD was carried out at either 400 °C or 450 °C. 

2.2.4 Chapter 4 

2.2.4.1 AACVD of Zn(O,S) 

Compounds 16 and 17 (ca. 0.2 g) were dissolved in toluene and placed in an AACVD 

bubbler. AACVD was carried out at either 400 °C or 450 °C.  

Experiments using an excess of donor-functionalised alcohol were also carried out. 

HO(CH3)3NEt2 and HO(CH3)3NMe2 (~5 cm3) were added to the AACVD bubbler 

containing solutions of 16 and 17. AACVD was carried out at either 400 °C or 450 °C.  

2.2.5 Chapter 5 

2.2.5.1 AACVD of Zn(O,S) 

Zinc(II) acetate dihydrate and zinc(II) diethyldithiocarbamate were dissolved in methanol 

(10 cm3) and THF (10 cm3) respectively and then combined. The ratios of zinc acetate 
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and zinc diethyldithiocarbamate were varied and details of the amounts used are listed 

in Table 2.1. The AACVD of these mixtures was carried out at 450 °C with a flow rate of 

0.5 Lmin-1. Numerous depositions were carried out to obtain films of optimal quality. 

Table 2.1: Amounts of reagents used in the AACVD of Zn(O,S). 

Amount of zinc acetate dihydrate / g  Amount of zinc diethyldithiocarbamate / g 
0 (0 mmol) 0.7239 (2 mmol) 

0.0439 (0.2 mmol) 0.6515 (1.8 mmol) 

0.0878 (0.4 mmol) 0.5791 (1.6 mmol) 

0.1317 (0.6 mmol) 0.5067 (1.4 mmol) 

0.1756 (0.8 mmol) 0.4343 (1.2 mmol) 

0.2195 (1.0 mmol) 0.3619 (1.0 mmol) 

0.2634 (1.2 mmol) 0.2895 (0.8 mmol) 

0.3073 (1.4 mmol) 0.2172 (0.6 mmol) 

0.3512 (1.6 mmol) 0.1448 (0.4 mmol) 

0.3951 (1.8 mmol) 0.0724 (0.2 mmol) 

0.4390 (2.0 mmol) 0 (0 mmol) 

 

2.2.5.2 Single source AACVD reaction of 20  

Compound 20 (0.2 g, 0.1 mmol) was dissolved in toluene and AACVD reactions were 

carried out at 550 °C at a flow rate of 0.5 L min-1. 

2.2.5.3 Dual source AACVD reaction of 20 

Diethylzinc solution (3.63 cm3, 4 mmol, 1.1 M in toluene) was added to the first bubbler 

along with dry toluene (20 cm3) and 20 (0.2 g, 0.1 mmol) was added to the second 

bubbler along with methanol (25 cm3) and toluene (5 mL). AACVD reactions were carried 

out at 500 °C at a flow rate of 1.0 L min-1 on both bubblers. 
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The deposition of zinc oxide (ZnO) thin films has been an area of interest in the materials 

chemistry community due to its importance as a semiconductor in optoelectronic 

devices. Thin film quality is of paramount importance in these applications and as such, 

precursor design remains a research priority. This chapter explores the relationship 

between precursor identity and film properties for a series of six precursors towards ZnO 

thin films via AACVD. 

3.1 Introduction 

3.1.1 Zinc oxide (ZnO) 

Zinc oxide (ZnO) is an industrially important II–VI n-type semiconductor and is classed 

as a transparent conducting oxide (TCO). ZnO thin films are widely used as transparent 

conducting materials in optoelectronic devices and ZnO is commonly doped to improve 

its optoelectronic performance for such applications. In photovoltaic devices, ZnO is 

used as a transparent electrode and as such, the deposition of ZnO thin films has a 

considerable literature precedence. 

ZnO occurs in two main polymorphs: hexagonal wurtzite and cubic zincblende. The zinc 

centres adopt a tetrahedral geometry in both structures (a third rocksalt polymorph also 

exists but is not common). ZnO thin films almost exclusively exist in the wurtzitic form, 

with the phase transition to the zincblende form occurring at considerably higher 

temperatures. The XRD pattern of wurtzitic ZnO is shown in Figure 3.1. 

Figure 3.1: XRD pattern of wurtzitic ZnO. 
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3.1.2 Deposition of ZnO thin films 

ZnO thin films have been deposited via several different physical and chemical vapour 

deposition (CVD) processes (as discussed in Chapter 1). Commercial precursors include 

zinc acetate, zinc acetylacetonate and by far the most popular choice: diethyl zinc. 

Despite its highly reactive nature, the dual-source reaction of diethyl zinc and an oxygen 

source produces high purity ZnO films with optimal optoelectronic properties. This is due 

to its facile decomposition pathway via an ethyl zinc alkoxide (Figure 3.2). The ethyl zinc 

alkoxide decomposes into ZnO via a six membered ring transition state, with liberation 

of a further ethane molecule and an alkene. 

 

Figure 3.2: Decomposition pathway of the reaction of diethyl zinc with tBuOH. Adapted 

from reference 1. 

Undoped ZnO films produced via the dual-source reaction of diethyl zinc and an oxygen 

source produce films with low resistivities in the range of 10-3 ! cm, which is the lowest 

resistivity achieved for undoped ZnO. Due to this, diethyl zinc is also used in the 

fabrication of doped ZnO films (e.g., Al/Ga/F:ZnO) for industrial application. 

The optoelectronic and morphological properties of ZnO films are greatly altered by both 

the choice of deposition method and the choice of the precursor. Growth of thin films 

parallel to different crystallographic planes is known as preferential orientation and in 

particular, changes to the preferential orientation of ZnO films are significant with 

differing precursor choice. Preferential orientation is related to the surface free energy of 

each crystal plane and in wurtzitic ZnO, the (002) plane is the most energetically stable 

one. Therefore, ZnO films tend to grow in the (002) direction without the influence of 

epitaxy. A study by Fujimura et al. suggested that conditions that promote tetrahedral 

coordination give rise to films of (002) plane preferred orientation whilst conditions that 

deteriorate tetrahedral coordination give rise to films with (110) and (101) plane preferred 

orientation.2 This is particularly apparent in films deposited from diethylzinc and 

methanol, which mostly have (110) and (101) plane preferred orientation as there is no 

preorganised tetrahedral coordination in the precursor molecule.3,4 
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If the molecular structure of the precursor is similar to the bulk structure of ZnO, then it 

is not surprising that a precursor which has a tetrahedral coordination would deposit ZnO 

films parallel to the plane with the lowest surface energy ((002)). This can be related to 

"4′ values, which can quantify how close the geometry of a metal centre of a precursor 

molecule is to the ideal tetrahedral geometry and therefore, it may be possible to design 

molecules that are single source precursors to specific orientations of ZnO films. 

3.1.3 Oxygen containing ligands 

Several oxygen containing ligands have been used in precursor complexes for the 

deposition of metal oxides. Common ligands include alkoxides and #-diketones (and 

related ligands) and these will be discussed in greater detail in the following sections. 

Another common ligand is the amidate ligand: the use of metal amidate complexes have 

been reported for zirconium and uranium to deposit ZrO2 and UO2 films respectively via 

AACVD.5,6 Recently, thorium amidates have also been synthesised and have been 

shown to decompose to ThO2 via pyrolysis studies, though no vapour deposition 

experiments were conducted.7 

3.1.3.1 Alkoxides 

Alkoxide ligands are commonplace in the CVD literature for the deposition of metal 

oxides. The alkoxide ligand contains a –OR motif but can be further functionalised. 

Examples of siloxides as precursors towards metal oxides are also known.8 

A range of gallium and indium alkoxides have been synthesised, and some of these have 

been used as precursors towards gallium oxide (Ga2O3) and indium oxide (In2O3) thin 

films.9–12 Pugh et al. synthesised gallium hydrides stabilised by donor-functionalised 

alcohols which were used in AACVD experiments to deposit Ga2O3.13 Films deposited 

from the hydride precursors required annealing at 1000 °C to obtain crystalline Ga2O3, 

similar to other Ga2O3 films from the literature. However, the AACVD of 

[Ga(OCH2CH2NMe2)3] (Figure 3.3(a)) led to deposition of crystalline material at 450 °C 

and did not require annealing. 

Gallium alkoxides of the form [GaCl(OR)2] (R = (CH2)2NEt2, (CH2)3NMe2) (Figure 3.3(b)) 

were synthesised by Mears et al. and were shown to exhibit solution state fluxionality.14 

The fluxionality trends observed suggested that increasing the length of the carbon 

backbone and the size of the substituents on the N atom led to increased dynamic 

behaviour in solution. The complexes were used in AACVD experiments to deposit 

Ga2O3 thin films at 450 °C. 
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More recently Jung et al. synthesised a set of indium precursors bearing donor-

functionalised alcohols with varying donor atoms.15 The ligands each had three potential 

donor atoms. Reaction of dimethylindium chloride with the sodium salts of the ligands 

afforded dimeric dimethyl indium alkoxides (Figure 3.3(c)). Even though these 

precursors were not used in AACVD experiments, their low decomposition temperatures 

(100–275 °C) as ascertained by TGA and good solubility indicates their potential as 

AACVD precursors. 

Knapp et al. synthesised gallium and indium alkoxide precursors via one pot mixing of 

trimethylgallium, trimethylindium and donor-functionalised alcohols. The resulting 

precursor solution was used in situ to deposit gallium-indium-oxide films via AACVD 

between 350 °C and 450 °C. This method shows the facile synthesis of in situ alkoxide 

precursors and their ability to successfully deposit the target material without the need 

for isolation.16 

 

Figure 3.3: Structures of gallium and indium alkoxides from the literature.13–15 

Bonsu et al. synthesised tungsten(IV) dioxo-fluoroalkoxide precursors of the form 

[WO2(OR3)2DME] (R = CCH3(CF3)2, C(CF3)3, DME = dimethoxyethane) (Figure 3.4(a)) 

as AACVD precursors towards WOx films.17 A decomposition mechanism was 

determined from DFT studies, which would lead to growth of the bulk WOx material. 

There was no fluorine incorporation into the resulting film. In contrast to this, Verchère 
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et al. synthesised tin(IV) alkoxides and tin(IV) aminoalkoxides of the form 

[Sn(OtBu)2(dmamp)2] and [Sn(OtBu)2(F-dmamp)2] (dmampH = 3-dimethylamino-2-

methylpropan-2-ol, F-dmampH = 3-dimethylamino-1,1,1-trifluoropropan-2-ol) (Figure 

3.4(b)) with varying fluorine content that led to SnO2 and F-doped SnO2 films respectively 

via MOCVD.18 The DFT studies from the first example provide a decomposition 

mechanism for the elimination of fluorinated species which explains why fluorine was not 

incorporated. However, the second report has no such decomposition mechanism, and 

it is likely that the lack of suitable decomposition pathway allowed for fluorine 

incorporation into the film. 

 

Figure 3.4: Structures of tungsten and tin alkoxide precursors from the literature.17,18 

As well as control over doping, alkoxides have been shown to give oxidation state 

control. Hill et al. synthesised a range of dimeric tin(II) alkoxide precursors of the form 

[Sn(OR)2]2 via protonolysis of tin dimethylamide with an alcohol with a view to deposit 

tin(II) oxide (SnO).19 The deposition of tin alkoxides towards SnO tend to give a mixture 

of SnO, and its disproportionation products SnO2 and Sn. This precursor did successfully 

result in solely SnO deposition via AACVD between 300 and 450 °C, though the 

morphology was suboptimal with films being non continuous and of nanoparticulate 

nature. This report contrasts with that of Verchère et al. above showing that alkoxides 

are versatile ligands that can also give control over oxidation state depending on careful 

substituent choice. 

3.1.3.2 #-diketones, #-ketoimines and #-aminoenoates 

As introduced in Chapter 1, 1,3-dicarbonyl (#-diketone) ligands are widely used in 

precursors towards metal oxides. Complexes with the simplest #-diketone, 
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acetylacetone (acac) have been reported for all first row transition metals, as have 

reports of the CVD of these complexes towards the respective metal oxide or as part of 

ternary oxides. The related #-ketoimine ligands, formed when one of the oxygen atoms 

of a #-diketone is replaced by a N atom are also used in precursors towards metal oxides. 

They offer a way to introduce steric bulk around the metal centre via functionalisation of 

the N atom, as well as a way to control electronic donation from the N atom depending 

on the substituent attached. A third variation of this system is the aminoenoate ligand. 

This is similar to a #-ketoimine but the methyl group on the carbon backbone is replaced 

with an –OR group. This allows for functionalisation at two sites, increasing steric and 

electronic control (Figure 3.5). 

 

Figure 3.5: Structures of #-diketones, #-ketoimines and #-aminoenoates. 

A range of metal #-ketoiminates have been reported as vapour deposition precursors to 

deposit the respective metal oxides.20–26 Functionalisation at the N position can lead to 

vastly varying steric profiles. Pugh et al. synthesised gallium and indium ethylene bridged 

#-ketoiminates and used the gallium hydride derivative of the form [GaH(L)] (L = #-

ketoiminate)  (Figure 3.6(a)) in AACVD experiments to deposit Ga2O3 at 450 °C.20 Knapp 

et al. synthesised similar aluminium and gallium #-ketoiminate complexes (Figure 

3.6(b)), with additional chlorido and alkoxy functionalities as AACVD precursors towards 

Al2O3 and Ga2O3.21 This report was the first example of the deposition of Al2O3 via 

AACVD. 
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Figure 3.6: Structures of aluminium and gallium #-ketoiminates from the literature.20,21 

Zywitzki et al. reported a range of nickel #-ketoiminate complexes with varying steric bulk 

on the #-ketoimine ligand as precursors towards nickel oxide.23 It was found that the 

extent of steric bulk at the N atom led to distinctly different geometries at the nickel centre 

(Figure 3.7(a)) and the influence of this was related to the decomposition temperatures 

of the complexes. The precursor with iPr groups on the N atoms had a "4′ value of 0.81 

and the precursor with –(CH2)3OCH3 groups on the N atom had a "4′ value of 0. The 

precursor with the more distorted geometry had a decomposition temperature 40 °C 

lower (Td = 240 °C) than the precursor with a non-distorted geometry (Td = 280 °C), 

reflecting its reduced stability. It is likely that the iPr groups are in the vicinity of the metal 

centre and therefore cause distortion from the ideal geometry. In the case of the long 

chain substituent, these arms are not in the vicinity of the nickel centre and therefore do 

not cause steric hindrance, leading to a non-distorted geometry. This highlights the 

influence of ligand design and geometry at the metal centre, and its link to the 

decomposition temperature of a precursor. 

Heteroleptic complexes incorporating #-ketoimine ligands are also known in the 

literature. Su et al. synthesised bis(#-ketoiminate) dioxo tungsten(VI) complexes as 

AACVD precursors towards WOx films (Figure 3.7(b)).22 The films were characterised by 

XRD and XPS confirming their identity as WO3. Even though a possible decomposition 

mechanism was suggested, XPS analysis found a considerable amount of carbon 

contamination in the resultant films which was attributed to the carbon content in the 

ligands as well as the solvent used during deposition (diglyme). 
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Figure 3.7: Structures of nickel and tungsten #-ketoiminates from the literature.22,23 

Metal #-amidoenoates are known but do not have much literature precedence. Su et al. 

synthesised tungsten alkoxy oxo #-amidoenoate complexes as AACVD precursors 

towards WOx films (Figure 3.8(a)).27 Mass spectrometry and thermolysis studies 

confirmed that W–O(oxo) bonds were formed via loss of alkoxy ligands and resultant 

films were confirmed to be WO3 via XRD and XPS. 

Recently, Mears et al. synthesised a set of aluminium and gallium #-amidoenoates with 

chlorine and hydride functionalities (Figure 3.8(b)).28 Two of these complexes were used 

in AACVD experiments to deposit Al2O3 and Ga2O3 at 450 °C. The films required 

annealing at 1000 °C to give rise to the crystalline phases of the materials. 
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Figure 3.8: Structures of metal #-amidoenoate complexes from the literature used as 

precursors in CVD experiments.27,28 

3.1.4 Precursors towards ZnO 

Some precursors used to deposit ZnO can be accessed commercially, for example zinc 

acetate, zinc acetylacetonate, and diethyl zinc for the dual source reaction with an 

oxygen source (alcohols or water). They are widely available and commonly used in 

vapour deposition processes. There have also been reports of designer precursors such 

as the ones mentioned in the sections above, which will be discussed here. 

3.1.4.1 Alkyl zinc alkoxides 

Because the CVD reaction of diethyl zinc with an oxygen source produces films with 

optimal optoelectronic properties, there are also reports of alkyl zinc alkoxides as single 

source precursors. These combine the reactive nature of the Zn–C bond with the oxygen 

source via the Zn–O bond. Therefore, they are also less reactive than diethyl zinc, 

making them better suited to commercial application (at least in regard to shelf life and 

safety regulations). They also undergo the facile intramolecular decomposition 

mechanism similar to that of diethyl zinc and alcohols (Figure 3.2 above). 
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Auld et al. synthesised alkyl zinc alkoxides of the form [MeZn(OR)] (R = iPr, tBu) and 

used these as single source precursors towards ZnO thin films without the use of an 

external oxygen source.1 MOCVD was employed as the deposition technique at 

temperatures of 250–400 °C giving rise to phase pure ZnO films with (110) plane 

preferential orientation. 

Heteroleptic trimeric alkyl zinc alkoxides and #-diketonate compounds were reported by 

Manzi et al. and were formed from the equimolar reaction of diethylzinc and #-diketone 

ligands. Addition of oxygen to these complexes led to the selective insertion of O2 into 

Zn–C bonds to form zinc cubane clusters. These complexes were used as molecular 

precursors for the AACVD of ZnO (Figure 3.9(a)).29 Phase pure ZnO films were 

deposited at 450 °C and annealed at 600 °C. XPS depth profiling revealed that carbon 

contamination was low (<1%). 

A study by Sanchez-Perez et al. reported the use of the zinc cubane cluster [EtZnOiPr]4 

in the AACVD of doped and undoped ZnO films (Figure 3.9(b)).30 The pure ZnO films 

had a (002) plane preferential growth and the authors proposed that the preorganized 

ZnO structure within the cluster was responsible for the observed preferential orientation 

as it was close to the bulk structure of wurtzitic ZnO. 

 

Figure 3.9: Structures of alkyl zinc alkoxide cubane clusters.29,30 

3.1.4.2 Zinc #-ketoiminates and #-amidoenoates 

Several zinc #-ketoiminate complexes have been reported in the literature with varying 

functionalisation on the N atom, and also at the terminal methyl group on the carbon 

backbone (Figure 3.10(a), (b)). Change in the alkyl N substituents has led to differing 

decomposition temperatures, volatilisation temperature (in MOCVD studies) and 

differing preferential orientation of the resultant ZnO films.31–37 
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Zinc #-amidoenoate complexes with varying steric bulk have been reported by Matthews 

et al. (Figure 3.10(c)) and Manzi et al. (Figure 3.10(d)).31,32 The precursors were used in 

MOCVD and AACVD experiments respectively to deposit ZnO films as confirmed by 

XRD, XPS and EDAX. In both reports, the precursor [Zn(OC(OEt)CHC(CH3)NiPr)2] 

Figure 3.10 (c)) was used. The deposition temperature was 450 °C and the solvent used 

was toluene, however, the XRD patterns of the resultant films were starkly different: 

Manzi et al.’s report showed that ZnO films had (101) plane preferential growth whilst 

Matthews et al.’s report showed (110) textured films. This was likely due to the differing 

deposition techniques used. 

 

Figure 3.10: Structures of zinc #-ketoiminates and #-amidoenoates with alkyl side chains 

used as single source precursors towards ZnO films.31–33 

O’Donoghue et al. carried out a systematic investigation of zinc #-ketoiminate complexes 

with ethoxy and amino substituents on carbon chains on the N atom (Figure 3.11(c)).36 

They found that precursors with ethoxy functionalised side arms exhibited the best 

thermal properties: low melting points and reduced onset decomposition temperatures. 

However, even though these precursors were engineered for ALD applications, no 

deposition data were reported. Bekermann et al. (Figure 3.11(a)) and Cosham et al. 

(Figure 3.11(b)) also investigated zinc #-ketoiminate complexes with ethoxy 

functionalised side arms and used these in MOCVD experiments to deposit phase pure 

ZnO in both cases.34,35 The report by Cosham et al. included precursors with fluorine 

content which was incorporated into the films, making these molecules single source 

precursors towards fluorine doped ZnO. 
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Figure 3.11: Structures of zinc #-ketoiminates with ethoxy and amino side chains used 

as single source precursors towards ZnO films.34–36 

3.1.4.3 Alkyl zinc #-ketoiminates and #-amidoenoates 

Several alkyl zinc #-ketoiminate and #-diiminate complexes have been reported for use 

in catalysis, especially ring opening polymerisation. Unlike alkyl zinc alkoxides, there 

have not been many reports of alkyl zinc #-ketoiminate complexes for use in CVD 

experiments. Though these precursors were not used in CVD experiments, Gbemigun 

et al. reported two ethyl zinc #-amidoenoates that dimerise through interaction of the zinc 

atom with the methine carbon on the #-amidoenoate ligand (Figure 3.12(b)).38 This 

dimerization is uncommon, with most dimerization occurring through the formation of a 

[Zn–L]2 (L = donor atom) ring interaction (Figure 3.12(a)). A bis(N-heterocyclic carbene) 

zinc ethyl complex reported by Rit et al. dimerises in a similar fashion to the alkyl zinc 

complex, though this is due to the deprotonation of the methylene proton by diethylzinc 

and the formation of a formal Zn–C bond (Figure 3.12(c)).39 

 

Figure 3.12: (a) Schematic representation of alkyl zinc complex dimerization through a 

[Zn–L]2 ring; L represents the donor atom of a bidentate ligand and R represents an 

alkyl/aryl group, and (b), (c) uncommon dimerization in alkyl zinc complexes.38,39 
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3.1.5 Overview and aims 

A range of precursors towards metal oxides have been discussed and it is apparent that 

a change in the molecular structure of the precursor can impact the properties of the 

resultant films, such as carbon contamination, preferential orientation, and optoelectronic 

properties. From a precursor design perspective, this relationship can be investigated by 

changing the elemental composition of the ligand and observing the effects of this on the 

properties of the resultant films. 

This chapter presents the synthesis of six zinc precursors and the change in structural 

and optoelectronic properties of ZnO films deposited via AACVD by systematically 

changing the oxygen and carbon content of the precursors used. In particular, #-

ketoimine and #-aminoenoate ligands have been used as they have been shown to be 

good precursors towards ZnO, and the latter is largely unexplored. Additionally, they 

contain varying oxygen content, and the N donor atom offers a way to install varying 

degrees of carbon content into the precursors. A set of three ethyl zinc complexes and 

three bis-ligated zinc complexes have been synthesised and used as precursors towards 

ZnO via AACVD, and their structural and optoelectronic properties have been 

investigated. Some of the precursors have previously been reported as discussed in 

Section 3.4.1.2 and have been used in proof-of-concept studies to deposit ZnO but 

presented here is a detailed investigation into the influence of their molecular structure 

on the properties of ZnO thin films. 
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3.2 Results and discussion 

3.2.1 Synthesis of ligands 

3.2.1.1 Synthesis of HBKIiPr 

Following standard synthetic routes for the preparation of #-ketoimine ligands, 

[(Me)CN(H){iPr}–CHC(Me)]O] (HBKIiPr) was synthesised via a 1:1 condensation reaction 

of acetylacetone and isopropylamine in toluene at 110 °C for 24 hours (Scheme 3.1). 

After removal of the solvent and water, HBKIiPr was isolated as an orange oil in high 

purity and good yield (>80%) as confirmed by 1H and 13C{1H} NMR spectroscopy which 

matched that of previous literature.33 

 

Scheme 3.1: Synthetic route towards #-ketoimine ligands. 

3.2.1.2 Synthesis of HAMEiPr and HAMEDipp 

The #-aminoenoate ligands MeC(NHiPr)CHC(O)OEt (HAMEiPr)  and 

MeC(NHDipp)CHC(O)OEt (Dipp = diisopropylphenyl) (HAMEDipp) were synthesised via 

1:1 acid catalysed condensation reactions between ethyl acetoacetate and 

isopropylamine and diisopropylaniline respectively, using K-10 montmorillonite clay as 

the acid catalyst (Scheme 3.2). For the synthesis of HAMEiPr, an optimal ratio of 2:1 

isopropylamine to acetylacetone was found due to the volatility of isopropylamine. After 

stirring the reagents in the clay catalyst for 3 days at room temperature, the product was 

extracted into DCM, filtered and the solvent was removed in vacuo to yield HAMEiPr as 

an orange oil and HAMEDipp as a brown solid. HAMEDipp was recrystallised from hot 

methanol to yield pale yellow crystals in good yield. These ligands can also be afforded 

via refluxing the reagents in toluene as for HBKIiPr but use of the clay catalyst is a more 

energy efficient method as this reaction takes place at room temperature and no heating 

is required. Again, formation of both ligands was confirmed by 1H and 13C{1H} NMR 

spectroscopy and matched that of previous literature.28 
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Scheme 3.2: Synthetic route towards #-aminoenoate ligands. 

3.2.2 Synthesis of ethyl zinc complexes 

3.2.2.1 Synthesis of [BKIiPrZnEt]2 (1) 

The 1:1 reaction of HBKIiPr with diethylzinc resulted in the formation of the ethylzinc #-

ketoiminate complex [BKIiPrZnEt]2 (1), along with formation of the bis-ligated compound 

[Zn(BKIiPr)2], even when conducting a cooled dropwise addition ( Scheme 3.3). The ratios 

of 1 to [Zn(BKIiPr)2] from 1H NMR spectroscopy were found to be 2:1 for the 1:1 reaction. 

Repeats of the reaction with 1.6 eq. and 2.5 eq. excess of diethylzinc still resulted in 

formation of [Zn(BKIiPr)2], with ratios of 3:1 of 1 : [Zn(BKIiPr)2], which shows the stability 

of the bis-ligated complex. A similar reaction from the literature using HBKIDipp instead of 

HBKIiPr also saw the formation of a mixture of the desired ethyl zinc complex and the bis-

ligated #-ketoiminate complex in a 10:1 ratio when using 2 equivalents of diethyl zinc.40 

Removal of the solvent in vacuo led to this mixture and therefore all analysis of 1 was 

conducted on crystals that formed after storage of the solution at -18 °C for 24 hrs. 

Compound 1 was confirmed by 1H and 13C{1H} NMR spectroscopy, and single crystal 

XRD. 

 

 Scheme 3.3: Observed synthetic pathway towards compound 1. 
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Peaks in the 1H NMR spectrum of 1 observed at 1.49, 2.01 and 4.78 ppm appeared in a 

3:3:1 ratio and corresponded to the protons on the ligand backbone, whilst peaks 

observed at 0.93 and 3.38 ppm appeared in a ratio of 6:1 and corresponded to the iPr 

group protons on the N atom. All proton signals were shifted as compared to the free 

ligand, indicating that the ligand was coordinated to the zinc centre. The protons 

corresponding to the bound ethyl group gave rise to very broad signals appearing at 0.67 

and 1.56 ppm in a 2:3 ratio respectively. 

Figure 3.13: Solid state structure of 1 with thermal ellipsoids drawn at 50% probability 

and hydrogen atoms omitted for clarity. 

Compound 1 crystallised out of a concentrated toluene solution as a dimeric species in 

the tetragonal space group P42/n, with two crystallographically non-equivalent zinc 

centres (Figure 3.13). The structural parameter "4′ for 1 was calculated to be 0.73, 

indicating a distorted tetrahedral zinc centre. Each zinc centre was bound to two oxygen 

atoms in a [Zn–O]2 ring structure, the most common type of dimerization seen in 

complexes of this type.  

3.2.2.2 Synthesis of [AMEiPrZnEt]2 (2) 

Similarly to the reaction of HBKIiPr with diethylzinc, the 1:1 reaction of HAMEiPr with 

diethylzinc resulted in the formation of the ethylzinc #-amidoenoate complex 

[AMEiPrZnEt]2 (2), as well as the bis-ligated compound [Zn(AMEiPr)2] (Scheme 3.4). 

Removal of the solvent in vacuo led to this mixture and therefore all analysis of 2 was 
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conducted on crystals that formed after storage of the solution at -18 °C for 24 hrs. 

Compound 2 was confirmed by 1H and 13C{1H} NMR spectroscopy, and single crystal X-

ray diffraction, and the data collected matched that of previous literature.41 

  

Scheme 3.4: Observed synthetic pathway towards compound 2. 

3.2.2.3 Synthesis of [AMEDippZnEt]2 (3) 

Unlike the reactions of HBKIiPr and HAMEiPr with diethylzinc, the reaction mixture of 

HAMEDipp and diethylzinc had to be heated to 65 °C overnight in toluene for the reaction 

to go to completion (Scheme 3.5). The disparity in reaction conditions already 

demonstrates the effect of steric bulk on the zinc centre. Removal of the solvent yielded 

[AMEDippZnEt]2 (3) as a viscous yellow liquid in good yield and high purity as confirmed 

by 1H and 13C{1H} NMR spectroscopy and EA. Recrystallisation of 3 to yield crystals 

suitable for single crystal XRD was unsuccessful, however, recrystallisation of a previous 

reaction mixture that had not gone to completion yielded crystals which could be 

screened crystallographically, however the data collected were not of appropriate quality 

for a model to be refined. This data revealed co-crystallised molecules within the unit cell 

consisting of one molecule of the bis-ligated compound [Zn(AMEDipp)2] and one molecule 

of the desired compound 3, which existed as a dimeric species. The X-ray structure of 

the similar ethyl zinc Dipp substituted #-ketoiminate complex [BKIDippZnEt]2 has been 

reported as a dimeric species in the solid state, analogous to that shown in Scheme 

3.5.40 Therefore, it is assumed that pure 3 is a dimeric species as shown in Scheme 3.5. 
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Scheme 3.5: Synthetic route towards compound 3. 

The 1H NMR spectrum of 3 showed sharp signals at 1.46 and 3.99 ppm corresponding 

to the methyl group and methine protons on the carbon backbone, respectively, with two 

more signals at 1.05 and 4.07 ppm corresponding to the –OEt group protons. The signals 

for protons on the Dipp substituent appeared at 1.08 and 3.03 ppm, and in the aryl 

region. Signals for the ethyl group bound to the zinc centre appeared as a sharp triplet-

quartet pair at 0.67 and 1.34 ppm in a 2:3 ratio, as compared with the broad signals seen 

for these protons in 1 and 2. The signals corresponding to the ligand protons were all 

shifted from the signals for free ligand, indicating coordination to the zinc centre. The 

spectrum showed no additional resonances, confirming that the bis-ligated compound 

[Zn(AMEDipp)2] was not present. 

3.2.3 Comparison of X-ray structures 

All bond lengths including the Zn-O bond lengths in 1 were comparable to those in 2. 

The O1–Zn1–N1 bite angle in 1 was significantly narrower (by ~10°) than that in 2 and 

other similar compounds in the literature (Table 3.1), measuring 83.47(4)°, likely due to 

dimerization occurring through the O atom in 1, causing strain in the bite angle of the 

ligand. Because dimerization occurs through the methine proton in 2, the bite angle here 

is less affected. The O1-Zn1-N1 bond angle in 1 is further from the ideal internal 

tetrahedral angle for a six membered ring (109.5°). However, the "4′ value for 1 is closer 

to the ideal tetrahedral geometry as complex 2 has greater than 109.5° O–Zn–C(ethyl) 

and N–Zn–C(ethyl) bond angles, causing the coordination geometry around the zinc 

centres in 2 to be more distorted ("4′ = 0.69). 

Compound 2 can be compared with three other analogous compounds from the 

literature; these compounds only differ in the R groups bound to the N atom of the #-

amidoenoate ligand and selected bond lengths and angles are shown in Table 3.1. The 

bond lengths for complexes 1 and 2 are comparable, with no significant differences 

between them, despite their differing dimerization. The O–Zn–N bond angle in 1 
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(83.47(4)°) is narrower than in 2 (93.15(9)°) The O–Zn–N bite angles are comparable in 

all four ethyl zinc #-amidoenoate compounds, at ~93°. The Zn–N bond length in 1 is 

slightly longer than the other compounds, but all other bond lengths are comparable. 

This may be due to dimerization through the O atom in 1, causing lengthening of the Zn–

N bond to alleviate ring strain. The O–Zn–C(ethyl) bond angles differ slightly for all the 

complexes, with the angles for 2 and [AMEnHexZnEt]2 being significantly narrower than 

for the rest of the complexes. 
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Table 3.1: Selected bond lengths and angles for compounds 1, 2, and [AME
R
ZnEt]2 (R = 

i
Pent, 

n
Bu, 

n
Hex) from the literature.

38,42
 

 

 

 [BKI
iPr

ZnEt]2 (1) [AME
iPr

ZnEt]2
42 (2) [AME

iPent
ZnEt]2

42
 [AME

nBu
ZnEt]2

38
 [AME

nHex
ZnEt]2

38
 

Bond lengths / Å      

Zn–O  2.0233(10) 2.046(2) 2.0278(14) 2.0217(13), 2.0425(13) 2.026(5) 

Zn–N 2.0262(11) 2.013(2) 1.9964(18) 1.9953(18), 2.0054(17) 2.006(5) 

Zn–C – 2.408(3) 2.452(2) 2.401(2), 2.444(19) 2.433(6) 

Zn–C(ethyl) 1.9806(14) 1.980(3) 1.962(2) 1.968(2), 1.977(2) 1.972(7) 

Bond angles / °      

O–Zn–N  83.47(4) 93.15(9) 92.99(7) 93.04(7), 92.60(6) 93.0(2) 

O–Zn–C(ethyl)  123.96(5) 114.23(11) 121.22(9) 121.27(8), 113.01(8) 112.3(2) 

!4′ 0.73 0.69 0.71 0.73, 0.65 0.65 
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3.2.4 Synthesis of bis-ligated complexes (4–6) 

The bis-ligated complexes 4, 5 and 6 were synthesised via the 1:2 ethane elimination 

reactions between diethyl zinc and ligands HBKI
iPr

, HAME
iPr

 and HAME
Dipp

, respectively 

(Scheme 3.6). Complexes 4 and 5 have been previously reported in the literature.
32,33

 

  

Scheme 3.6: Scheme showing the synthetic routes towards compounds 4–6. 

3.2.4.1 Synthesis of [Zn(BKIiPr)2] (4) and [Zn(AMEiPr)2] (5) 

Compounds [Zn(BKI
iPr

)2] (4) and [Zn(AME
iPr

)2] (5) were synthesised according to 

literature procedures, in a 1:2 reaction of diethylzinc with ligands HBKI
iPr

 and HAME
iPr

 

respectively in toluene. After stirring the solutions overnight and removal of the solvent 

in vacuo, complexes 4 and 5 were obtained as pale yellow solids. Their formation was 

confirmed by 
1
H NMR spectroscopy and the spectra of 4 and 5 were concurrent with the 

literature.
32,33

 

3.2.4.2 Synthesis of [Zn(AMEDipp)2] (6) 

[Zn(AME
Dipp

)2] (6) was synthesised in a similar manner to 4 and 5, however the reaction 

mixture needed heating to reflux for 3 days for complete conversion to the desired 

product. After removal of the solvent in vacuo, 6 was isolated as a pale yellow solid and 

its formation was confirmed by 
1
H and 

13
C{

1
H} NMR spectroscopy, EA and single crystal 

X-ray diffraction. 

The 
1
H NMR spectrum of 6 showed two sharp signals at 1.49 and 4.86 ppm 

corresponding to the terminal methyl protons and methine proton of the ligand backbone, 

respectively, as well as several broad signals corresponding to the remainder of the 

protons, as ascertained from COSY NMR spectroscopy. All ligand proton signals had 

shifted from the free ligand proton signals, confirming coordination to the zinc centre. A 

R′

ONH
R

2
ZnEt2

- 2 EtH

Zn

O

N

R

R′

O

N

R

′R

R = iPr, R′ = Me (HBKIiPr)
R = iPr, R′ = OEt (HAMEiPr)

R = Dipp, R′ = OEt (HAMEDipp)

R = iPr, R′ = Me (4)
R = iPr, R′ = OEt (5)

R = Dipp, R′ = OEt (6)

Toluene



Chapter 3 

 64 

similar bis-ligated aryl substituted !-diiminate (BDI) complex from the literature 

[Zn(BDI
Dep

)2] (Dep = diethylphenyl) also shows extremely broad proton resonances, and 

this is likely due to steric clashing between the bulk aryl substituents.
43

 

 

Figure 3.14: Solid state structure of 6 with thermal ellipsoids drawn at 50% probability 

and hydrogen atoms omitted for clarity. 

Compound 6 crystallised from a toluene solution as a monomer in the monoclinic P21/n 

space group, with the four-coordinate zinc centre adopting a highly distorted tetrahedral 

geometry ("4′ = 0.69) (Figure 3.14). This high distortion may be due to the ligands 

adopting a cis configuration around the metal centre. We would expect the ligands to be 

distributed around the zinc centre in such a way as to minimise steric clashing – this is 

seen in complex 1, as well as several other compounds from the literature.
31,32,40,43–46

 The 

cis arrangement of the ligands seen in 6 may be due to C-H···# interactions between the 

protons on the terminal methyl groups and the phenyl ring on the adjacent ligand (Figure 

3.15). The two phenyl groups are offset to facilitate this interaction, and also to alleviate 

steric clashing of the 
i
Pr groups. A number of zinc aryl substituted BDI complexes from 

the literature exhibit similar behaviour: offset phenyl rings with protons on the adjacent 

phenyl substituents perpendicular to the face of ring.
43

 This is also observed for a methyl 

substituted phenyl ring, where steric effects are lessened, further supporting the 
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existence of a C-H···# interaction. The C-H···# distances in 6 are 2.762 Å and 2.739 Å 

for the two sites, which are in the range of other observed C-H···# interactions.
47

 

 

Figure 3.15: Structure of 6 showing possible C-H···# interactions. 

3.2.5 Comparison of !4′ values 

The "4′ values for compounds 1–6 were calculated and tabulated as shown in Table 3.2; 

they all exhibit some level of distortion from the ideal tetrahedral geometry. The geometry 

around the zinc atom in 2 and 6 is the furthest from the idealised tetrahedral geometry 

whilst compound 4 deviates the least from this. The higher "4′ values for 4 and 5 are as 

expected, due to the arrangement of two sterically unhindered bidentate ligands around 

the zinc centre. As mentioned above, the distortion seen in compound 6 is due to the cis 

arrangement of ligands around the zinc centre. Compounds 1–3 have geometries 

deviating from the ideal tetrahedral geometry as the monomeric unit contains a zinc atom 

bound to only three other atoms. The metal centre is not sterically shrouded enough to 

retain a monomeric structure and so dimerization occurs to achieve thermodynamic 

stabilisation. This dimerization involves the zinc centre having an orbital interaction with 

a fourth atom on an adjacent monomeric unit, arranged in such a way so as to increase 

orbital overlap, distorting the idealised tetrahedral geometry at the zinc centre. 
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Table 3.2: "4′ values for compounds 1–6. 

Precursor "4′ 
1 0.73 

2 0.69 

3 0.71 

4 0.84 

5 0.76 

6 0.69 

 

3.2.6 AACVD 

Compounds 1–6 were investigated as AACVD precursors towards the deposition of ZnO 

thin films. To benchmark the results, the AACVD reaction of diethylzinc with methanol 

was carried out, as this reaction forms ZnO thin films with optimal optoelectronic 

properties. Toluene was used as the solvent in all depositions, and methanol was used 

as the oxygen source in dual source reactions. A range of reaction conditions were 

investigated, and these are summarised in Table 3.3. 

Table 3.3: Reaction conditions for the AACVD reactions of precursors 1–6. Precursors 

were used in situ unless indicated otherwise. For depositions using 1 and 2, the numbers 

in parentheses are the bis-ligated species 4 and 5 that are formed during the synthesis. 

 

 

Film Single (S)/dual (D) source Precursor Temperature / °C 

A S 4 450 

B S 5 450 

C S 6 450 

D S 1 (+4) 450 

E S 2 (+5) 450 

F D 1 (+4) (ex situ) 450 

G D 2 (+5) (ex situ) 450 

H D 3 (ex situ) 450 

I D 1 (+4) 450 

J D 2 (+5) 450 

K D 1 (+4) 400 

L D 2 (+5) 400 

M D 3 400 

N D ZnEt2 450 
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3.2.6.1 Single source AACVD reactions of 4, 5 and 6 

Due to the reaction of HBKI
iPr

 and HAME
iPr

 with diethylzinc always resulting in a mixture 

of the mono-ligated and bis-ligated complexes, AACVD of the bis-ligated complexes 4 

and 5 was carried out independently to establish the influence of these complexes in the 

AACVD reactions of the mixtures of 1 (+4), and 2 (+5). The AACVD reaction of 6 was 

also carried out as a further comparison even though the reaction of HAME
Dipp

 and 

diethylzinc did not result in the formation of bis-ligated complex 6. 

The single source AACVD reactions of 4, 5 and 6 led to the deposition of non-conductive 

ZnO films A, B and C. X-ray diffraction patterns of the films confirmed their identity as 

phase pure ZnO, with differing levels of crystallinity (Figure 3.16). The XRD pattern of A 

showed a principal peak corresponding to the (101) plane, suggesting preferred 

orientation in this plane. Film B was less crystalline, showing a principal peak 

corresponding to the (002) plane. The XRD pattern of film C was not crystalline enough 

to assign a principal peak. The differences in the XRD patterns for these precursors 

already highlights the influence of their molecular arrangement. Certainly, the crystallinity 

of these films may also be linked to the "4′ values of the precursors from which they were 

deposited; these decrease from 0.84 for 4 to 0.76 for 5 and 0.69 for 6. The similarity 

between the arrangement of the atoms in the precursor and in the bulk material may aid 

in the deposition process to form more crystalline films in this case. 

Figure 3.16: XRD patterns of A, B and C, deposited from 4, 5 and 6 respectively. 
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UV/vis spectroscopy was used to ascertain the optical properties of the films. The films 

were brown in colour with optical light transmission of 79%, 76% and 50% at 550 nm for 

A, B and C respectively (Figure 3.17). Tauc plots were generated from these data to 

estimate the band gaps of the films (Figure 3.18). Film A had the lowest band gap of 

3.31 eV, and films B and C had band gaps of 3.37 eV and 3.53 eV, respectively. 

Figure 3.17: Transmittance spectra of films A, B and C. 

Tauc plots were obtained from transmittance data using the following relation: 

(#ℎ%)! = ((ℎ% − *") 

where α is the absorption coefficient, B is a constant, Eg is the optical band gap and the 

value of n denotes the nature of the transition (n = 2 for direct allowed transitions, n = ½ 

for indirect allowed transitions). Plotting ($h%)n against h% and linearly extrapolating the 

steepest part of the curve to the x-axis gives an estimate for the value of Eg. For the 

calculation of the value of $, the thickness of the films was taken to be 1 µm = 1 × 10
-6

 m. 

Both ZnO and ZnS have direct band gaps and so the calculated Tauc relation for 

deposited Zn(O,S) films uses n = 2 as the exponent.  It must be noted that band gap 

estimations using the Tauc relation have a large margin of error associated with them 

and so definitive values taken through this approach may not be representative of the 

actual optical properties of the material in question. 
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Figure 3.18: Tauc plots of films A, B and C, showing their optical band gaps (Eg). 

EDAX was used to confirm the presence of zinc and oxygen in the films. Carbon 

contamination was also quantified: film A had the least carbon contamination at 17.7%, 

with films B and C having higher percentages of carbon at 33.8% and 37.8%, as 

expected with increasing steric bulk. The decomposition of metal 1,3-dicarbonyl 

compounds is thought to be through a well-known mechanism via initial removal of the 

terminal alkyl !-hydrogen on the ligand backbone.
48

 !-amidoenoate complexes have 

only one site for this reaction to take place as the other side of the ligand backbone has 

an –OEt group attached. Therefore, it is hypothesised that the decomposition of !-
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amidoenoate complexes may not be as facile as for !-ketoiminate complexes, resulting 

in more carbon contamination in films deposited from these precursors. The bulky Dipp 

group in 6 also influences the extent of carbon contamination and therefore the poor 

optical transmission of film C. 

Figure 3.19: SEM images of films A (top left), B (top right) both at × 20,000 and film C 

(bottom) at × 8,000. 

Scanning electron microscopy (SEM) images of films A, B and C are shown in Figure 

3.19 and the grain size can be seen to be increasing with increasing steric bulk, reflecting 

the XRD patterns above. This is especially apparent for film C in which large particulates 

can be seen on the micron scale. 

3.2.6.2 Single source AACVD reactions of 1 and 2 

After ascertaining the properties of films A, B and C, attention was turned to the AACVD 

reactions of the ethyl zinc complexes 1 and 2. Although these precursors were designed 

to be used in dual source reactions, their use as single source precursors was initially 

investigated to observe their behaviour without a co-reagent, and to investigate the 

extent of carbon contamination in the resultant films. 
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The single source reactions of the mixtures of 1 (+4), and 2 (+5) led to the deposition of 

phase pure ZnO films, as confirmed by XRD (Figure 3.20), XPS (Section 3.2.6.5) and 

EDAX. The XRD pattern of film D was very similar to that of A, suggesting facile 

decomposition of the mono-ligated precursor 1. The peaks at 32° and 56° corresponding 

to the (100) and (110) planes respectively appear in the XRD pattern of film D but not in 

the pattern of film A suggesting compound 1 gives rise to growth in these planes. As 

compared with B, peaks in the XRD pattern of E were much broader, indicating a lesser 

degree of crystallinity arising from use of the ethyl zinc complex 2. The peaks for the 

(002) and (101) planes are of equal intensity, as compared to the pattern for film B 

(where the most intense peak corresponds to the (002) plane) suggesting that the growth 

in the (101) plane arises from the use of 2. 

Figure 3.20: XRD patterns of films D and E. 

From UV/vis transmittance spectra, films D and E had optical light transmission of 70% 

and 81%, respectively, at 550 nm (Figure 3.21) and were brown in colour, similar to films 

A and B. Band gaps from Tauc plots were calculated to be 3.27 eV for film D and 3.29 eV 

for film E. Interestingly, even though the XRD pattern for film D suggests a much more 

crystalline material, the optical transmission of D is poorer than that of film E. 
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Figure 3.21: UV/vis transmittance spectra for films D and E. 

EDAX indicated greater carbon contamination in film E (26.7%) as compared with film D 

(11.9%), a similar trend to the films deposited from the related bis-ligated complexes (4–

6). Again, the !-amidoenoate complex seems to have a less facile decomposition than 

the !-ketoiminate complex.  The "4′ value for 1 ("4′ = 0.73) is slightly higher than that for 

2 ("4′ = 0.69) which could also justify the disparity in crystallinity of the films D and E. 

However, the lack of crystallinity of film E is most likely due to the nature of the ligand 

used. Even though these precursors have a direct metal-carbon bond, there is less 

carbon contamination than for the bis-ligated complexes, suggesting that ligand bulk 

plays a greater role in the levels of carbon contamination than the presence of metal-

carbon bonds. The films were extremely resistive and therefore electronic data could not 

be acquired. Due to the high resistivity of D and E, single source reactions with 3 were 

not carried out as it was predicted that they would result in the deposition of non-

conductive films with high levels of carbon contamination due to ligand bulk. 

3.2.6.3 Dual source AACVD reactions of 1, 2 and 3 

The dual source reactions of the ethyl zinc complexes were then carried out using 

methanol as the oxygen source at 450 °C. Dual source reactions were carried out using 

the isolated solids and also as in situ reactions, to compare the properties of the resultant 

films. Because of the inseparable mixtures of 1 and 4 and 2 and 5, it would be interesting 

to see the differences in the films when these were used as isolated solids and as in situ 

mixtures, as formation of the bis-ligated species may be driven further by removal of 
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excess diethyl zinc in the reaction mixture during removal of the solvent. Therefore, in 

situ solutions may have a greater proportion of the desired ethyl zinc complexes, as well 

as excess diethyl zinc. 

Precursors 1, 2 and 3 were used as isolated solids (leading to films F, G and H 

respectively) and in situ (leading to films I (from 1) and J (from 2)). As reaction of 

HAME
Dipp

 and diethylzinc did not yield a mixture of mono-ligated and bis-ligated 

complexes, the in situ AACVD of 3 was not carried out. Films F–J were transparent pure 

phase ZnO thin films as confirmed by XRD, XPS (Section 3.2.6.5) and EDAX. They 

showed good coverage across the substrate and were well adhered. Though all films 

were confirmed as ZnO, XRD patterns varied according to use of isolated and in situ 

precursors (Figure 3.22). 

Figure 3.22: XRD patterns of films F–J and N. 

The XRD patterns of the films from isolated precursors F and G were starkly different to 

those from the in situ precursor solutions I and J. The films using isolated precursors, F 

and G, gave rise to (002) plane preferential films with minimal growth in the (100) 

direction. XRD patterns of films I and J from in situ precursors had preferred orientation 

in the (101) plane, with minimal growth in the (002) plane. The XRD patterns of films I, J 

and N were similar, and it is hypothesised that the films from in situ precursors have 

structural properties similar to films from diethylzinc and methanol as there is an excess 
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of diethylzinc in the in situ solutions (to hinder formation of the bis-ligated species 4 and 

5). It has been suggested that oxygen rich conditions give rise to (002) preferred 

orientation films – in this case, the solutions using isolated precursors are more oxygen 

rich as there is no excess diethyl zinc and so growth parallel to the (002) plane is seen. 

Conditions that deteriorate tetrahedral conditions give rise to (100) and (101) preferred 

orientation films, such as those seen when using diethyl zinc.
2
 For the in situ depositions, 

inclusion of excess diethyl zinc is likely to have promoted growth in the (101) plane. 

However, the patterns are not identical, indicating some influence from the precursors 1 

and 2. 

Film H had almost an equal intensity for (002) and (101) planes but had a lesser degree 

of crystallinity than any of the other films, and this may be due to the bulky Dipp group 

on the ligand in compound 6. The structure of 6 includes preorganised tetrahedral 

coordination and an oxygen rich environment from the !-amidoenoate ligand, but also 

the zinc ethyl group which would deteriorate tetrahedral coordination in the reaction with 

methanol. This satisfies the conditions for both (002) and (101) plane preferential growth, 

as is observed. This is similar to a zinc cubane precursor from the literature which has a 

near full oxygen coordination around the zinc centres but also a zinc ethyl group which 

deteriorates tetrahedral coordination.
29

 The XRD pattern of the film deposited from this 

precursor had almost equal intensities for the (002) and (101) planes. 

Comparing the patterns of films A (from bis-ligated compound 4) and F, there was a 

decrease in the intensity of the peak corresponding to the (100) plane and growth of the 

peak corresponding to the (002) plane, indicating that these features arise from the use 

of ethyl zinc complex 1 and not 4. Even though films B (from bis-ligated compound 5) 

and G have the same principal peak corresponding to the (002) plane, the crystallinity of 

film G was markedly improved from that of film B, indicating the influence of complex 2 

in the growth of B. 

Films F–J and N all had excellent optical light transmission (>85% at 550 nm) and there 

was little difference in the transmission data depending on the use of isolated and in situ 

precursor solutions (Figure 3.23). Band gaps for the films were calculated from Tauc 

plots and were in the range of 3.37–3.57 eV, with films I and J having slightly larger band 

gaps closer to that of film N (3.57 eV). 
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Figure 3.23: UV/vis transmittance spectra for films F–J and N. 

EDAX confirmed the presence of zinc and oxygen in the films, and carbon contamination 

was quantified. There was no significant trend in the amount of carbon contamination of 

the films compared to the carbon content of the precursors used. Film H, which was 

deposited from the sterically bulkiest precursor had a carbon content of 17.5%, but this 

was not much greater than film G (%C = 11.6%). This may be due to the dual source 

reaction, in which either the ethyl group or the bound ligand can become protonated by 

methanol. If the ligand is protonated, the reaction pathway becomes exactly that of 

diethyl zinc or alkyl zinc alkoxides, and this has been shown to be facile. If the ethyl 

group is protonated, the precursor can still decompose via a less facile mechanism 

(again, this has been proposed), leading to slightly greater carbon contamination. 

The SEM images of films deposited in and ex situ are shown in Figure 3.24. Comparing 

the images of film F and I, it can be seen that the grain size of particulates in F is larger 

and more uneven than in I, reflecting their XRD patterns. The grain structures in films G 

and J are similar in shape, whilst the grain size is slightly smaller in J. 
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Figure 3.24: SEM images of films F and I both at × 11,000, film G at × 40,000 and film J 

at × 33,000. 

3.2.6.4 Dual source AACVD reactions of 1, 2 and 3 at 400 °C 

The dual source reactions of the ethyl zinc complexes were also carried out at a lower 

temperature of 400 °C using methanol as the oxygen source. Precursors 1, 2 and 3 were 

used in situ AACVD experiments leading to deposition of films K, L and M respectively. 

XRD analysis confirmed that all three films were phase pure wurtzitic ZnO (Figure 3.25). 

Again, the preferential orientation of the films differed with differing precursor use. 
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Figure 3.25: XRD patterns of films K, L and M. 

The XRD patterns for films deposited from compound 1, K and I (in situ at 450 °C), were 

similar with a slight decrease in the intensity of the peak at 32° corresponding to the 

(100) plane for film K. The XRD pattern for film L deposited from 2 shows inhibited growth 

of the peak at 32° corresponding to the (100) plane as compared to film J (in situ at 

450 °C). The XRD pattern of film M shows a decrease in the peak at 36°, corresponding 

to the (101) plane as compared with film H (ex situ at 450 °C from 3). None of the films 

deposited at 400 °C show a marked change in crystallinity as compared to films 

deposited at 450 °C. 

Comparing the SEM images of films deposited from the same precursors at different 

temperatures, it can be seen that the depositions at the lower temperature of 400 °C led 

to films with more elongated and uneven grain structures whilst films deposited at 450 °C 

gave even spherical particulates (Figure 3.26). This was most apparent when comparing 

films I and K, and J and L. Film M has a generally more uneven morphology than film H. 
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Figure 3.26: SEM images of films I (at × 11,000), K (at × 20,000), J (at × 33,000), L (at 

× 27,000), H (at × 40,000) and M (at × 37,000). 
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Films K, L and M all had excellent optical light transmission at 550 nm at 89%, 85% and 

91%, respectively (Figure 3.27). Their band gaps were calculated to be 3.49 eV, 3.44 eV 

and 3.50 eV, respectively, all in the same range as for the films deposited at 450 °C. 

EDAX indicated on average, slightly lesser carbon contamination for films K, L and M 

than for the respective films deposited at 450 °C (Table 3.5 below). 

Figure 3.27: UV/vis transmittance spectra of films K, L and M. 

3.2.6.5 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy was used to confirm the presence of zinc and oxygen 

in all films. Representative spectra of the Zn 2p3/2, Zn 2p1/2 and O 1s states at the surface 

and at a 300 s etch for film G are shown in Figure 3.28, and the peak positions for the 

states for all films are shown in Table 3.4. The Zn 2p3/2 and Zn 2p1/2 states appeared at 

1020.7 eV and 1043.8 eV, respectively, and are in the range expected for ZnO. The O 

1s peak could be deconvoluted into two separate states (i) and (ii). The first state (i) is 

attributed to the O
2-

 ions in ZnO. The second state (ii) can be attributed to O
2-

 vacancies 

in oxygen deficient areas, and also to surface bound oxygen species.
49

 As the surface is 

etched, the second peak (ii) drastically reduces due to the reduction of surface bound 
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oxygen species. This is also confirmed by the reduction of the atomic ratio of O/Zn in the 

bulk as compared to the surface as shown in Table 3.4. 

Figure 3.28: XPS spectra of film G showing: the Zn 2p peaks at the surface (top left), the 

Zn 2p peaks at a 300 s etch (top right), the O 1s peaks at the surface (bottom left) and 

the O 1s peaks at a 300 s etch (bottom right). (i) indicates the peak arising from the O
2-

 

ions in ZnO, (ii) indicates the peak arising from O
2-

 vacancies and surface bound oxygen 

species. 
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Table 3.4: O/Zn ratios on the surface, and at a 300 s etch, and Zn 2p3/2, Zn 2p1/2 and 

O 1s peak positions for all films A–N. 

 

Estimating oxygen content of films deposited on glass is difficult as oxygen content 

calculated from analytical techniques can also take into account the oxygen content of 

the substrate. Therefore, quantitatively estimating oxygen content of these films and 

making conclusions about the effect of this on the films’ optoelectronic properties and 

relating this to the oxygen content of the precursor may neither be useful nor valid. 

However, there was a general reduction in oxygen content from the surface to the bulk 

material for all films, and the ratio at the 300 s etch shows a near 1:1 Zn:O stoichiometry, 

with most films having a slight excess of Zn. For films K, L, M and N the surface oxygen 

content was lower than for any of the other films. For film N this is likely due to the use 

of diethylzinc and therefore no oxygen from any precursor or ligand bound at the surface. 

For films K, L and M, the lower deposition temperature may have hindered the full 

decomposition of the precursor at the surface therefore stopping the binding of oxygen 

from the precursor molecule, leading to lower oxygen content. 

3.2.6.6 Functional properties of films A–N 

Electronic properties of the films were determined using Hall effect measurements. All 

five films deposited from single source reactions were too resistive to give readings. 

Films F–N were all conductive as ascertained using a two-point probe, but only F–I, K, 

L and N were conductive enough to carry out Hall effect measurements on, and all 

behaved as n-type semiconductors. These data along with carbon contamination%, 

optical properties, and comparison to literature values are summarised in Table 3.5. 

 O/Zn 
surface 

O/Zn 300 s 
etch 

Zn 2p3/2 peak 
position / eV 

Zn 2p1/2 peak 
position / eV 

O 1s peak 
position / eV 

A 6.64 1.16 1021.1 1044.2 530.2 

B 9.87 1.11 1021.1 1044.2 530.4 

C 15.14 0.91 1017.3 1040.4 529.3 

D 6.21 1.00 1021.7 1044.8 530.4 

E 4.09 0.95 1020.9 1044.0 530.3 

F 5.64 1.19 1020.2 1043.3 529.5 

G 4.26 0.92 1020.7 1043.8 530.0 

H 4.15 1.14 1021.2 1044.4 530.4 

I 5.59 1.13 1020.3 1043.4 529.6 

J 4.12 1.16 1020.9 1044.0 529.7 

K 3.61 1.18 1020.4 1043.5 529.4 

L 3.84 1.17 1020.2 1043.3 529.4 

M 3.08 1.13 1020.7 1043.8 529.7 

N 3.37 1.18 1020.4 1043.5 529.7 
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The films F, G and H deposited from isolated precursors had higher resistivities than the 

films from in situ depositions. Comparing the electronic properties of films F and I, it can 

be seen that the properties were greatly improved in the case of the in situ deposition (I). 

This is likely due to the excess of diethyl zinc in the solution. Film J from an in situ 

deposition had a relatively low resistance however, Hall effect measurements were not 

able to be determined due to poor contact between the sample and the probe. 

Film I had the lowest resistivity (except for film N) of 1.086 × 10
-3

 & cm. This is extremely 

low for undoped ZnO and is in the same range as film N and literature values for films 

deposited from diethyl zinc and methanol (Film 1). Film I exhibited a higher charge carrier 

concentration but a lower mobility than film N. The lower mobility may be due to structural 

defects in the films produced from carbon contamination and the less facile 

decomposition of the !-ketoiminate precursor 1 as opposed to diethyl zinc and methanol. 

Comparing electrical properties to film 2 deposited from the dual source reaction of the 

cubane precursor [EtZnO
i
Pr]4 with 2-propanol, it can be seen that the films from dual 

source reactions in this work generally give lower resistivities. The mobility of film 2 is 

much greater than for any of the other films, but it has a relatively low charge carrier 

concentration. 

Films K and L had low resistances and resistivities as compared to films I and J but there 

was a marked increase in the resistance of film M as compared with H. Interestingly, the 

carbon contamination was lower in film M but the increase in resistance is likely due to 

the poorer crystallinity of M as compared to H. 

The trend between optical light transmission and carbon contamination only holds for 

films A–E, which have generally poorer optical transmission than the rest of the films. 

Although the transmission data suggests good optical transmission (~80% for films A 

and E), films A–E were visibly brown and films F–N were visibly transparent. 
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Table 3.5: Carbon contamination, optical light transmission (at 550 nm), optical band gap, resistance, resistivity (!), mobility (") and charge carrier 

concentration (N) for films A–N, and two ZnO films from the literature using diethyl zinc and methanol (1),50 and the precursor [EtZnOiPr]4 (2).30 

Film Carbon contamination / % T!550 / % Eg / eV Resistance / # ! (10-3) / # cm " / cm2V-1s-1 N (1020) / cm-3 

A 17.3 79 3.31 - - - - 

B 33.8 76 3.37 - - - - 

C 37.8 50 3.54 - - - - 

D 11.9 70 3.27 5000 - - - 

E 26.7 81 3.29 - - - - 

F 18.8 88 3.49 300 11.150 6.052 0.925 

G 11.6 90 3.37 190 7.235 11.020 0.783 

H 17.5 86 3.48 400 7.253 9.281 0.927 

I 13.5 88 3.56 40 1.086 15.300 3.756 

J 11.0 85 3.52 170 - - - 

K 10.8 89 3.49 400 4.734 9.632 1.369 

L 13.4 85 3.44 110 2.404 10.190 2.547 

M 11.8 92 3.5 5000 - - - 

N 6.1 91 3.57 45 0.971 23.100 2.782 

Literature        

150 Not reported >80 3.7 Not reported 0.512 21 5.80 

230 Not reported 75 3.32 Not reported 11.02 27.4 0.21 
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3.3 Conclusions 

This work is a comprehensive analysis of the relationship between six distinct precursors 

and the products of their AACVD reactions, with evidence from experimental findings 

showing a relationship between the properties of the precursors and the optoelectronic 

properties of the respective thin films. 

A set of six zinc precursors bearing !-ketoiminate and !-amidoenoate ligands have been 

synthesised, with three of these being ethyl zinc complexes (1–3) and the other three 

being bis-ligated complexes (4–6). All complexes have been characterised by 1H NMR 

spectroscopy, with novel complexes 1 and 6 further characterised by 13C{1H} NMR 

spectroscopy, elemental analysis and single crystal XRD. All six complexes have been 

used in AACVD reactions to deposit phase pure ZnO films, and these have been 

characterised by standard analytical techniques. 

From these investigations, the importance of the design and choice of precursor on the 

properties of deposited films has been shown; this technique allows for fine tuning of 

precursors to achieve the desired properties for the application. The dual source AACVD 

reaction of ethyl zinc !-ketoiminate precursor 1 with methanol has led to the deposition 

of highly conductive ZnO thin films, with optimal optoelectronic properties comparable to 

films deposited from diethyl zinc and methanol. Influence of precursor choice and design 

in the properties of these films has been shown, especially preferential orientation as 

shown from XRD. It has been shown that a higher carbon content in the ligand leads to 

a higher percentage of carbon in the resultant films. By carrying out both single source 

and dual source experiments, it has been shown that direct metal-carbon bonds in the 

precursor are less influential than the carbon content in the ligand in the incorporation of 

carbon in the resultant films. 

  



Chapter 3 

 85 

3.4 References 

1 J. Auld, D. J. Houlton, A. C. Jones, S. A. Rushworth, M. A. Malik, P. O’Brien and G. 

W. Critchlow, J. Mater. Chem., 1994, 4, 1249. 

2 N. Fujimura, T. Nishihara, S. Goto, J. Xu and T. Ito, J. Cryst. Growth, 1993, 130, 

269–279. 

3 S. D. Ponja, S. Sathasivam, I. P. Parkin and C. J. Carmalt, Sci. Rep., 2020, 10, 638. 

4 S. D. Ponja, S. Sathasivam, I. P. Parkin and C. J. Carmalt, RSC Adv., 2014, 4, 

49723–49728. 

5 M. D. Straub, J. Leduc, M. Frank, A. Raauf, T. D. Lohrey, S. G. Minasian, S. Mathur 

and J. Arnold, Angew. Chem. Int. Ed., 2019, 58, 5749–5753. 

6 A. L. Catherall, M. S. Hill, A. L. Johnson, G. Kociok-Köhn and M. F. Mahon, J. Mater. 

Chem. C, 2016, 4, 10731–10739. 

7 M. D. Straub, E. T. Ouellette, M. A. Boreen, J. A. Branson, A. Ditter, A. L. D. 

Kilcoyne, T. D. Lohrey, M. A. Marcus, M. Paley, J. Ramirez, D. K. Shuh, S. G. 

Minasian and J. Arnold, Chem. Commun., 2021, 57, 4954–4957. 

8 I. Barbul, A. L. Johnson, G. Kociok-Köhn, K. C. Molloy, C. Silvestru and A. L. Sudlow, 

ChemPlusChem, 2013, 78, 866–874. 

9 C. J. Carmalt and S. J. King, Coord. Chem. Rev., 2006, 250, 682–709. 

10 L. A. Mîinea and D. M. Hoffman, J. Mater. Chem., 2000, 10, 2392–2395. 

11 C. E. Knapp, A. Kafizas, I. P. Parkin and C. J. Carmalt, J. Mater. Chem., 2011, 21, 

12644. 

12 L. G. Bloor, C. J. Carmalt and D. Pugh, Coord. Chem. Rev., 2011, 255, 1293–1318. 

13 D. Pugh, L. G. Bloor, I. P. Parkin and C. J. Carmalt, Chem. Eur. J., 2012, 18, 6079–

6087. 

14 K. L. Mears, L. G. Bloor, D. Pugh, A. E. Aliev, C. E. Knapp and C. J. Carmalt, Inorg. 

Chem., 2019, 58, 10346–10356. 

15 E. A. Jung, S. M. George, J. H. Han, B. K. Park, S. U. Son, C. G. Kim and T.-M. 

Chung, J. Organomet. Chem., 2017, 833, 43–49. 

16 C. E. Knapp, G. Hyett, I. P. Parkin and C. J. Carmalt, Chem. Mater., 2011, 23, 1719–

1726. 

17 R. O. Bonsu, H. Kim, C. O’Donohue, R. Y. Korotkov, K. A. Abboud, T. J. Anderson 

and L. McElwee-White, Inorg. Chem., 2015, 54, 7536–7547. 

18 A. Verchère, S. Mishra, E. Jeanneau, H. Guillon, J.-M. Decams and S. Daniele, 

Inorg. Chem., 2020, 59, 7167–7180. 

19 M. S. Hill, A. L. Johnson, J. P. Lowe, K. C. Molloy, J. D. Parish, T. Wildsmith and A. 

L. Kingsley, Dalton Trans., 2016, 45, 18252–18258. 



Chapter 3 

 86 

20 D. Pugh, P. Marchand, I. P. Parkin and C. J. Carmalt, Inorg. Chem., 2012, 51, 6385–

6395. 

21 C. E. Knapp, P. Marchand, C. Dyer, I. P. Parkin and C. J. Carmalt, New J. Chem., 

2015, 39, 6585–6592. 

22 X. Su, P. Panariti, K. A. Abboud and L. McElwee-White, Polyhedron, 2019, 169, 

219–227. 

23 D. Zywitzki, D. H. Taffa, L. Lamkowski, M. Winter, D. Rogalla, M. Wark and A. Devi, 

Inorg. Chem., 2020, 59, 10059–10070. 

24 J. S. Matthews, O. Just, B. Obi-Johnson and W. S. Rees, Jr., Chem. Vap. 

Deposition, 2000, 6, 129–132. 

25 K. O. Johnson, H. Burgess, R. J. Butcher and J. S. Matthews, J Chem Crystallogr, 

2021, 51, 251–256. 

26 S. Lim, J. C. Lee, D. S. Sohn, W. I. Lee and I.-M. Lee, Chem. Mater., 2002, 14, 

1548–1554. 

27 X. Su, T. Kim, K. A. Abboud and L. McElwee-White, Polyhedron, 2019, 157, 548–

557. 

28 K. L. Mears, M. A. Bhide, C. E. Knapp and C. J. Carmalt, Dalton Trans., 2022, 51, 

156–167. 

29 J. A. Manzi, C. E. Knapp, I. P. Parkin and C. J. Carmalt, ChemistryOpen, 2016, 5, 

301–305. 

30 C. Sanchez-Perez, S. C. Dixon, J. A. Darr, I. P. Parkin and C. J. Carmalt, Chem. 

Sci., 2020, 11, 4980–4990. 

31 J. S. Matthews, O. O. Onakoya, T. S. Ouattara and R. J. Butcher, Dalton Trans., 

2006, 3806. 

32 J. A. Manzi, C. E. Knapp, I. P. Parkin and C. J. Carmalt, Eur. J. Inorg. Chem., 2015, 

2015, 3658–3665. 

33 C. E. Knapp, C. Dyer, N. P. Chadwick, R. Hazael and C. J. Carmalt, Polyhedron, 

2018, 140, 35–41. 

34 S. D. Cosham, G. Kociok-Köhn, A. L. Johnson, J. A. Hamilton, M. S. Hill, K. C. Molloy 

and R. Castaing, Eur. J. Inorg. Chem., 2015, 2015, 4362–4372. 

35 D. Bekermann, A. Ludwig, T. Toader, C. Maccato, D. Barreca, A. Gasparotto, C. 

Bock, A. D. Wieck, U. Kunze, E. Tondello, R. A. Fischer and A. Devi, Chem. Vap. 

Deposition, 2011, 17, 155–161. 

36 R. O’ Donoghue, D. Peeters, D. Rogalla, H.-W. Becker, J. Rechmann, S. Henke, M. 

Winter and A. Devi, Dalton Trans., 2016, 45, 19012–19023. 

37 J. Holmes, K. Johnson, B. Zhang, H. E. Katz and J. S. Matthews, Appl. Organometal. 

Chem., 2012, 26, 267–272. 



Chapter 3 

 87 

38 O. O. Gbemigun, R. J. Butcher and J. S. Matthews, J Chem Crystallogr, 2019, 49, 

80–86. 

39 A. Rit, T. P. Spaniol and J. Okuda, Chem. Asian J., 2014, 9, 612–619. 

40 N.-T. Crespo-Velasco, L.-G. Guerrero-Ramírez, M. Flores-Alamo and M.-Á. Muñoz-

Hernández, Main Group Chem, 2015, 14, 141–157. 

41 J. A. Manzi, PhD thesis, University College London, 2016. 

42 M. A. Bhide, J. A. Manzi, C. E. Knapp and C. J. Carmalt, Molecules, 2021, 26, 3165. 

43 M. Cheng, D. R. Moore, J. J. Reczek, B. M. Chamberlain, E. B. Lobkovsky and G. 

W. Coates, J. Am. Chem. Soc., 2001, 123, 8738–8749. 

44 T. K. Sen, A. Mukherjee, A. Modak, S. K. Mandal and D. Koley, Dalton Trans., 2013, 

42, 1893–1904. 

45 I. Giebelhaus, R. Müller, W. Tyrra, I. Pantenburg, T. Fischer and S. Mathur, 

Inorganica Chimica Acta, 2011, 372, 340–346. 

46 K. Ramasamy, M. A. Malik, M. Helliwell, J. Raftery and P. O’Brien, Chem. Mater., 

2011, 23, 1471–1481. 

47 M. Nishio, Y. Umezawa, K. Honda, S. Tsuboyama and H. Suezawa, 

CrystEngComm, 2009, 11, 1757. 

48 R. G. Gordon, S. Barry, R. N. R. Broomhall-Dillard and D. J. Teff, Advanced 

Materials for Optics and Electronics, 2000, 10, 201–211. 

49 D. B. Potter, M. J. Powell, I. P. Parkin and C. J. Carmalt, J. Mater. Chem. C, 2018, 

6, 588–597. 

50 D. S. Bhachu, G. Sankar and I. P. Parkin, Chem. Mater., 2012, 24, 4704–4710. 

 

  



Chapter 3 

 88 

 

 



Chapter 4: Routes towards 
heteroleptic zinc thioureide 

complexes 

  



 

 

 



Chapter 4 

 91 

As introduced in Chapter 1, buffer layers are an integral part of thin film photovoltaic (PV) 

devices. The ternary material zinc oxysulfide (Zn(O,S)) is being investigated as an 

alternative to cadmium sulfide as a buffer layer and as such, attention has turned to the 

deposition of the zinc based material. The scarcity of reports of the AACVD of Zn(O,S) 

via a single source precursor (SSP) may not just be due to the fact that this is an 

emerging material, but also due to the lack of a suitable precursor. 

This chapter describes the synthesis and characterisation of a family of heteroleptic zinc 

thioureide complexes with a view to application as SSPs for the AACVD of Zn(O,S). 

4.1 Introduction 

There is significant interest in zinc sulfide (ZnS), zinc selenide (ZnSe) and zinc oxide 

(ZnO) as semiconductor materials, especially in the application of PV devices. Zinc 

complexes have also garnered attention in the fields of catalysis and small molecule 

activation chemistry. Due to the lack of precursors towards Zn(O,S), it may be useful to 

draw inspiration from zinc compounds used for other applications to aid the design of 

precursors for CVD. As such, this section starts with a review of a range of heteroleptic 

zinc compounds for use in various fields, followed by a discussion on the ways in which 

ternary materials such as Zn(O,S) can be formed, including the use of cluster complexes 

and heteroleptic complexes. Finally, an overview of this section and the aims of this 

chapter will be discussed. 

4.1.1 Heteroleptic alkyl and aryl zinc complexes 

The reaction of one equivalent of a monoanionic ligand with one equivalent of a 

dialkyl/aryl zinc compound yields a heteroleptic organozinc complex with liberation of 

one alkane molecule. When neutral ligands are used, ligand insertion into the Zn-C bond 

occurs. There are extensive reports of both types of complexes in the literature, 

employing a wide range of ligands and used for varying applications. One similarity 

between the organozinc complexes is that they are mostly all oligomeric, with monomeric 

complexes being obtained only in the cases where there is greater steric influence from 

the ligand. When bidentate ligands are used, oligomerisation is expected as the resultant 

monomeric complex would otherwise be coordinatively unsaturated. Similarly, when one 

of the alkyl groups is replaced by an electronegative monodentate ligand, the resultant 

compounds form coordinatively saturated aggregates via multi-centre bonding of the 

ligand with several zinc centres. Aggregation can be avoided by the use of tridentate 

ligands or ligands with substantial steric bulk so as to prevent the coordination of a fourth 

ligand. 
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4.1.1.1 Use in catalysis 

Notably zinc alkyl complexes (along with Al, Mg and Ga analogues) are ubiquitous in the 

field of ring opening polymerisation (ROP). They are utilised as ROP initiators, and 

reaction with an alcohol or amide forms the zinc alkoxide or zinc amide active species 

with liberation of an alkane. Several organozinc complexes bearing !-diiminate (BDI) 

(Figure 4.1(a)), quinolinolate (Figure 4.1(b)) and scorpionate ligands have been reported 

as ROP initiators.1–4 Monomeric zinc alkyl complexes have been isolated via the use of 

the tridentate N,N,N-tridentate quinolinyl anilido-imine (Figure 4.1(c)) and bulky !-

ketoimine ligand systems.5,6 N-heterocyclic carbene (NHC) zinc complexes have a 

variety of applications in catalysis,7 and NHC supported zinc alkyl/aryl complexes are 

well known to act as catalysts for lactide polymerisation, as well as other organic 

transformations such as allylic alkylation and hydrogenation of imines.8–10 NHC 

supported zinc hydrides have garnered attention for catalytic hydroboration of polar 

unsaturated molecules; recently, an NHC supported zinc hydride species has been 

shown to mediate both hydroboration and the C-H borylation of alkynes with 

pinacolborane.11 Cyclic (alkyl)(amino)carbene (CAAC) supported zinc complexes are 

also known: CAAC supported zinc alkyls were shown to mediate hydrosilylation 

catalysis; and a singlet biradicaloid zinc CAAC complex was shown to exhibit CO2 

activation properties.12,13 

 

Figure 4.1: Examples of ethyl zinc complexes used in catalysis containing ligands with 

significant steric bulk.2,4,5 
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4.1.1.2 Insertion into Zn–C bonds 

There are several examples of ligand insertion into Zn–C bonds. The equimolar reaction 

of diethylzinc with SO2 yielded a network of polymeric ethylsulfinate chains as the 

insertion product. By contrast, the insertion of SO2 into alkyl zinc BDI complexes led to 

"-sulfinate-bridged dimers (Figure 4.2(a)).14,15 The equimolar reaction of diethylzinc with 

elemental sulfur yielded the organozinc cluster with empirical formula [Zn(SEt)Et].16 

Addition of bulky aryl group 14 metalylenes (E = Ge, Sn) to zinc dialkyls led to insertion 

of the metalylene into the Zn-C bond and formation of Zn-Ge/Sn bonds with zinc being 

coordinated in a linear fashion with respect to the Ge/Sn atom and the methyl group 

(Figure 4.2(b)). The same work reported that the reaction of a plumbylene with 

dimethylzinc proceeded via ligand exchange and led to the formation of a heteroleptic 

monomeric organozinc species whose C-Zn-C bond was exactly 180.0°.17 

 

Figure 4.2: Examples of insertion into Zn-C bonds.15,17 

Although not finding use as CVD precursors, investigation of such complexes may aid in 

precursor design. For example, zinc alkyls do not have much precedence as SSPs, but 

the alkyl group can act as a reaction handle to further functionalise the molecule through 

an acid-base reaction liberating an alkane, or via insertion of neutral molecules as 
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discussed above. The ability to easily alter the electronic properties of NHC ligands can 

change the extent of ligand binding to a metal centre and therefore energy barriers 

towards decomposition. This can allow for fine tuning of precursor molecules. A recent 

review by Jazzar et al. also highlights the use of coinage metal CAAC complexes in 

organic light-emitting diodes (OLEDs), highlighting the potential of less traditional ligands 

in materials chemistry applications.18 

4.1.2 Formation of ternary materials 

Formation of ternary materials via dual source vapour deposition processes is well 

known, and as discussed in Chapter 3, high purity films of doped materials can be formed 

using CVD. The single source approach towards ternary materials is less explored even 

though SSPs have a range of advantages over dual source methods. SSPs reduce the 

number of synthetic steps and also avoid the use of toxic gaseous reagents such as H2S, 

which is often used as a sulfur source in both the CVD and ALD of metal sulfides. 

Additionally, in dual source processes, as two or more different precursors are mixed in 

a one-pot reaction, the precursors have differing decomposition profiles, solubility, 

volatility, vapour pressure, and thus may not always be compatible. Furthermore, film 

growth is highly dependent on the local environment, with preferential growth in certain 

planes due to influence from co-dopants.19 SSPs also inhibit premature reaction of co-

reagents and produce films with less stoichiometric variation. In fact, combinatorial CVD 

studies using a dual source approach have shown the extent of variation in film 

stoichiometry.20,21 Because SSPs are singular molecules, these factors become 

obsolete, the deposition process is dependent on fewer variables, and so is more robust 

and reproducible. Formation of a ternary material from a singular molecule can be 

achieved in three ways and each of these cases will be discussed in the following 

sections: 

- Through decomposition of cluster and cage complexes containing several 

different elements bonded to each other (Figure 4.3(a)) 

- Through decomposition of a precursor containing a ligand incorporating different 

donor atoms (Figure 4.3(b)) 

- Through decomposition of a precursor containing two or more different types of 

ligands (heteroleptic complexes) (Figure 4.3(c)) 
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Figure 4.3: Molecules that can decompose to a ternary material (“MXY”). M represents 

a metal and X and Y represent donor atoms. 

4.1.2.1 Cluster and cage complexes 

It is generally advantageous to use small, less sterically hindered ligands in CVD 

precursors to lower carbon contamination in the resultant film. As a result, monomeric 

metal alkyl species such as the ones discussed above are not formed when using small 

ligands. Usually, the formation of oligomers or cluster complexes with metal-heteroatom 

cores occurs. Cluster complexes are generally not favoured as CVD precursors due to 

their high molecular mass, stability and therefore high volatilisation and decomposition 

temperatures. However, cluster complexes containing metal-carbon bonds could 

potentially be advantageous in vapour deposition processes due to the higher reactivity 

and reduced stability introduced from direct metal-carbon bonds, both in the 

decomposition process and in reactions with a co-reagent. There is a lack of literature 

precedence for the CVD of semiconductors using organometallic cluster complexes, and 

even less so towards ternary materials. This is perhaps because of the direct metal-

carbon bonds in the precursor, which can introduce the possibility of carbon 

contamination in the resultant film. 

Schulz et al. synthesised a gallium selenide cubane cage with s-bonded Cp* ligands 

(Figure 4.4(a)) as a metal-organic (MO)CVD precursor towards Ga2Se3 films.22 Cp 

ligands (and variations) are usually not common in the CVD literature due to their large 

carbon content. Films were deposited at 290 °C and were confirmed to be Ga2Se3 by 

XRD and microprobe analysis, even though the ratio of Ga:Se in the precursor was 1:1. 

The resultant films had <10 atomic% carbon contamination as detected via microprobe 

analysis, in line with the large carbon content of the precursor, and direct metal-carbon 

bonds. 

A trimeric organozinc compound was reported by the equimolar reaction of tBuNH2 with 

diethylzinc, which gave a six membered ring structure with alternating Zn and N atoms, 
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with one ethyl group remaining on each Zn atom. The same work reported that the 

reaction of diethylzinc with PhNH2 yielded a tetranuclear organozinc cubane structure, 

with two sets of "3-OEt bridging groups.23 Similar to the trimer above, trimeric organozinc 

compounds were reported by the equimolar reaction of diethylzinc with !-diketone 

ligands, and addition of oxygen to these complexes led to the selective insertion of O2 

into Zn–C bonds to form a zinc cubane cluster (Figure 4.4(b)).24 This complex was used 

as a SSP towards ZnO (ZnO) via AACVD. Phase pure ZnO films were deposited at 

450 °C and annealed at 600 °C and XPS depth profiling revealed that carbon 

contamination was low (<1%). 

A zinc oxygen cubane cluster (Figure 4.4(c)) synthesised by Sanchez-Perez et al. was 

used in AACVD experiments to deposit (002) oriented phase pure ZnO thin films.25 The 

authors suggested that facile decomposition of the cubane [Zn–O]4 core, and its similarity 

to the bulk ZnO structure aided the deposition process. Carbon contamination was low 

due to the use of methanol as a co-reagent, facilitating decomposition of the zinc-ethyl 

groups. 

 

Figure 4.4: Structures of gallium cubane (a) and zinc cubane (b), (c) cages.22,24,25 

From these examples it can be seen that these precursors are generally used for the 

deposition of binary materials, perhaps due to the difficulty of incorporating more than 

two elements in cage structures.  

There are several examples of cluster materials in the literature towards ternary 

materials, though these are mostly used in proof-of-concept decomposition studies and 

not in vapour deposition experiements.26,27 Even though the possibility of incorporating 

several different elements in possible in these cases, the resulting complexes tend to be 

large and therefore unsuitable choices in CVD application. Moreover, the stoichiometry 
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in the formation of cluster complexes can be difficult to control, and they are often formed 

fortuitously rather than from deliberate design. 

4.1.2.2 Precursors with different donor atoms on the same ligand 

The definition of a SSP states that the desired elements in the film should be directly 

bonded to each other in the precursor. For ternary materials, this definition is not limited 

to heteroleptic molecules. Precursors with the same ligand containing two (or more) 

different donor atoms could also serve as SSPs. In fact, there are several examples of 

such ligands, especially ligands containing both O and S donor atoms.28–31 Zinc 

precursors with these ligands are used towards ZnS, however their deposition leads to 

solely the ZnS in every case with no oxygen incorporation observed. 

Nyman et al. reported the deposition of highly crystalline ZnS films between 125–250 °C 

from the monomeric SSP [Zn(SOCCH3)2TMEDA] (TMEDA = N,N,N,N-

tetramethylethylenediamine) via AACVD.32 The complex was synthesised by the addition 

of thioacetic acid to diethyl zinc in a 2:1 ratio with TMEDA, eliminating ethane gas (Figure 

4.5).  

 

Figure 4.5: The monomeric precursor [Zn(SOCCH3)2TMEDA] synthesised by Nyman et 

al.32 

Since many of the diffraction peaks of cubic and hexagonal ZnS coincide, the authors 

could not assign a phase to the material deposited from XRD data. However, it was 

crystalline with the principal peak at 28.5° assigned to either the (002) plane in hexagonal 

ZnS or the (111) plane in cubic ZnS. The sulfur atom of the thioacetate ligand was directly 

bound to the metal centre, whilst the oxygen atom was not. Attractive interactions 

between the oxygen and zinc were shown to likely exist but there was no formal bond 

between the two atoms, and so oxygen incorporation into the resultant film was not 

expected. The neutral TMEDA ligand was most likely used as a stabilising ligand to stop 

oligomerisation of the molecule. 
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Ramasamy et al. reported thio- and dithiobiuret precursors which were used to deposit 

ZnS via AACVD between 350–400 °C. The thio- and dithiobiuret ligands were 

synthesised from the reaction of dialkylcarbamic and dialkylcarbamothioic chlorides with 

sodium isothiocyanate, and then addition of a secondary amine to form ligands HL1, HL2 

and HL3. Reaction of the ligands with zinc acetate in a 2:1 ratio afforded the bis-ligated 

homoleptic complexes 1–3 (Figure 4.6). 

 

Figure 4.6: Thio- and dithiobiuret ligands and respective zinc complexes synthesised by 

Ramasamy et al. used for the deposition of ZnS via AACVD.33,34 

In AACVD experiments, cubic (sphalerite) ZnS was deposited below 350 °C from 

compounds 1 and 3 whilst hexagonal (wurtzitic) ZnS was deposited above 400 °C.33,34 

AACVD of complex 2 gave hexagonal ZnS at all temperatures.33 Films from dithiobiuret 

complexes 1 and 2 gave transparent films whilst the film from thiobiuret 3 gave a white 

film (the authors did not comment on this). However, XRD patterns of the film from 3 at 

all temperatures showed no peak shifting, indicating no incorporation of oxygen into the 

film. Furthermore, the band gaps were not considerably different for the films. In complex 

3, Zn-O bonds were shorter than Zn-S bonds, and the C-S bonds were longer than the 

C-O bonds signifying that the negative charge was most likely localised on the S atom. 

Therefore, it would be more likely that the Zn-O bond would break in preference to the 

Zn-S bond, leading to deposition of solely the metal sulfide. 

Sullivan et al. reported the synthesis of a range of zinc thioureide complexes, of which 

the dimeric precursor [Zn(iPrNCS(NMe2))2]2 (Figure 4.7) was used in AACVD 
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experiments to deposit ZnS.35 The thiourea pro-ligand was synthesised from the addition 

of dimethylamine to isopropyl isothiocyanate, and complex 1 synthesised via the 

methane elimination reaction of the ligand with dimethyl zinc in a 2:1 ratio. 

 

Figure 4.7: Pro-ligand and thioureide complex [Zn(SNiPrC(NMe2))2]2 synthesised by 

Sullivan et al. used for the AACVD of ZnS.35 

Complex 1 was used to deposit transparent films of ZnS between 150–300 °C via 

AACVD, with XRD confirming crystalline material deposited above 250 °C. The principal 

peak was assigned to the (002) plane confirming the phase as hexagonal (wurtzitic) ZnS. 

Carbon contamination was minimal and there was no nitrogen incorporation in the film. 

Flores-Romero et al. synthesised zinc N-(thio)-phosphorylated thioamides and thioureas 

as SSPs towards ZnS.36 Ligands HL1, HL2 and HL3 were synthesised via addition of 

piperidine to phosphorylated isocyanates and isothiocyanates in acetonitrile, and bis-

ligated homoleptic zinc complexes 1–3 were formed via ethane elimination reactions of 

the ligands with diethyl zinc in a 2:1 ratio (Figure 4.8). The compounds 1–3 were all 

structurally similar except for the chalcogen atom, with compounds 2 and 3 being 

structural isomers. 
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Figure 4.8: Ligands and zinc complexes synthesised by Flores-Romero et al. used for 

the deposition of ZnS via AACVD.36 

All three complexes were used in AACVD experiments at 450 °C to deposit phase pure 

ZnS films with (002) plane preferential orientations. The films were annealed at 600 °C 

after deposition. As expected, the film deposited from 1 had the largest S:Zn ratio 

(44.7%:48.9%) as a result of having two sulfur atoms per ligand directed bonded to the 

zinc center as ascertained from energy dispersive analysis of X-rays (EDAX). Films 

deposited from 2 and 3 had a lower sulfur atomic content but a higher zinc atomic 

content. All films had phosphorus content (up to 9.0% for the annealed film deposited 

from 3). From XRD data, the peak position of the (002) peak increased for films deposited 

from 1 to 3. The authors suggest that this increase may be due to the increased 

phosphorus content, even though the atomic radius of phosphorus is larger than of sulfur. 

(The peak position should shift towards lower 2θ angles as atomic radius increases.) 

They speculated that the increase was due to stress built up in the film during deposition 

and the charge mismatch. The upward shift of 2θ values for films deposited from 2 and 

3 could be due to oxygen incorporation in the films as the atomic radius of oxygen is 

smaller than that of sulfur, therefore 2θ values would increase. However, the angle shifts 

were <0.5°, indicating that no considerable structural change had occurred. 
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From the above examples, it can be seen that even if the zinc centre is bonded to an 

oxygen atom, no significant oxygen incorporation into the resultant film occurs and only 

ZnS was deposited. (Interestingly, in the last example phosphorus incorporation was 

seen even though there was no direct Zn–P bond.) The synthesis of heteroleptic zinc 

complexes with the oxygen and sulfur atoms being on two separate ligands could be a 

tool to circumvent the preferential deposition of the ZnS. 

4.1.2.3 Heteroleptic precursors 

Heteroleptic SSPs in general have not been utilised to deposit ternary materials via 

vapour deposition techniques. The use of heteroleptic SSPs is usually in conventional 

vapour deposition processes such as atmospheric pressure (AP)CVD and they are 

explored for the changes that different ligands cause to the properties of the complexes 

such as volatility and thermal stability. For example, the replacement of !-diketonate 

ligands on the precursor [Zr(thd)4] (thd = 2,2,6,6-tetramethylheptane-3,5-dionate) by 

alkoxide ligands to form the heteroleptic precursor [Zr2(thd)2(OiPr)6] lowered the thermal 

stability and allowed for the deposition of ZrO2 at a lower temperature (250–450 °C 

compared to 600 °C using Zr(thd)4).37 A similar heteroleptic precursor [Mg(thd)("3-

OMe)(MeOH)]4 allowed for deposition of MgO with a small amount of carbon 

contamination (4.0%) and without an external oxygen source as is needed for deposition 

using the homoleptic precursor [Mg(thd)2].38 A review by Blanquart et al. highlights the 

changes in heteroleptic precursor properties for precursors used in the atomic layer 

deposition (ALD) of group 4 and 5 oxides.39 

There is only one example of the deliberate fabrication of a ternary material using a 

heteroleptic SSP in the literature. Recently, nitrogen-doped molybdenum disulfide 

(N:MoS2) was deposited via CVD from the monomeric heteroleptic imido-thiolato 

precursor [Mo(NtBu)2(StBu)2], which contains two different ligands bound to the 

molybdenum centre (Figure 4.9), one being a nitrogen source and the other being a 

sulfur source.40  

 

Figure 4.9: Structure of [Mo(NtBu)2(StBu)2].41  
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The authors suggested that the imido ligand would survive the decomposition process 

and allow nitrogen incorporation into the film due to the strong molybdenum-nitrogen 

multiple bond. Nitrogen incorporation was confirmed via several methods. From XPS, 

two environments for Mo were found, one corresponding to Mo in MoS2, and a second 

at a higher binding energy corresponding to Mo in a higher valent state due to the 

substitutional doping by of S sites by N atoms. XRD peaks of N:MoS2 were broadened 

as compared to pristine MoS2 due to nitrogen doping and subsequent structural 

distortions. Similarly, Raman peaks of N:MoS2 were red-shifted due to the structural 

distortions caused by the Mo–N bonds within the structure. The film had optoelectronic 

properties comparable to those of N:MoS2 films grown via dual source methods.42 

This demonstrates the ability of heteroleptic complexes to act as precursors towards the 

deposition of ternary materials. 

4.1.3 Sulfur containing ligands 

Chapter 3 introduced a range of oxygen containing ligands for CVD application. This 

section will discuss some sulfur containing ligands that can be used in the synthesis of 

CVD precursors. Through the careful choice of oxygen and sulfur containing ligands, 

heteroleptic complexes can be synthesised as SSPs towards Zn(O,S). 

Dialkylthio- and dithiocarbamates, alkyl xanthates, thiosemicarbazones, 

monothiocarboxylates, dithiophosphinate, N-thiophosphorylated-thioureas, and thio- 

and dithiobiuret zinc coordination complexes have all been reported to deposit ZnS via 

CVD processes.32,33,43–47 

When one or two of the oxygen atoms in !-ketones are replaced by sulfur atoms, the 

resulting ligands are known as !-thioketonates and !-dithioketonates, respectively. The 

oxygen atom of a !-ketoimine can also be replaced by a sulfur atom to yield a !-

thioketoimine. These ligands are less well-known and have not been used as precursors 

in CVD experiments. The synthesis of !-thioketoiminates is relatively straightforward; it 

is a one-step transformation from the corresponding !-ketoiminate using the sulfur 

transfer agent, Lawesson’s reagent. The ligands are afforded in high yields after 

purification via column chromatography. There are only a few reports of the synthesis 

and characterisation of metal !-thioketoiminate complexes in the literature. Methyl 

palladium and methyl platinum !-thioketoiminates were reported with applications in 

olefin polymerisation and C-C coupling reactions (Figure 4.10(a)).48 h6-Arene ruthenium 

and osmium complexes supported by relatively bulky N-aryl substituted !-

thioketoiminate ligands were reported, with extensive DFT studies into electronic 
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differences between the corresponding !-diiminate metal complexes (Figure 4.10(b)).49 

Complexes of this type have been used as transfer hydrogenation and oxidation 

catalysts. A review of the literature reveals that there have been no reports of zinc !-

thioketoiminate complexes. 

 

Figure 4.10: Synthetic route towards !-thioketoiminates (top), and examples of platinum 

and ruthenium !-thioketoiminates from the literature (bottom).48,49  

Dithiocarbamates are attractive ligands for the synthesis of metal complexes as their 

synthesis and subsequent reaction with a metal reagent is relatively straightforward. 

Xanthates are structurally similar to dithiocarbamates; the N atom is replaced by an O 

atom. The resulting complexes are generally air stable and soluble in a wide range of 

organic solvents making them attractive as AACVD precursors.50–53 In both types of 

ligands, chelation to the metal centre occurs through the two sulfur atoms (#2-S,S′). Due 

to this, there is no way to incorporate steric bulk around the metal centre. 

When one of the S atoms in a dithiocarbamate is replaced by an N atom, the resulting 

ligand is a thiourea. Thioureas are generally not exploited in the CVD literature even 

though they have a facile synthesis and offer the ability to functionalise the N atom at 

two positions, allowing for fine-tuning of steric and electronic properties. Ahmet et al. 

synthesised a dimethylamide bridged tin(II) thioureide dimer (Figure 4.11(a)) which was 

used in AACVD experiments to deposit phase pure tin(II) sulfide films. As mentioned 

above, Sullivan et al. synthesised a range of methyl zinc thioureides (Figure 4.11(b)) in 

good yield and purity. Although these complexes were not used in AACVD experiments, 

alkyl zinc thioureides offer a way to functionalise the zinc atom further via reaction with 
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a second oxygen containing ligand. This offers a route towards the synthesis of 

heteroleptic zinc complexes. 

 

Figure 4.11: Structures of tin and zinc thioureides from the literature.35,54 

4.1.4 Overview and aims 

This section has described a range of alkyl zinc complexes with applications in catalysis 

and insertion chemistry. Though the ligands used for these applications are sterically 

hindered and therefore would not be attractive in CVD precursors, the design principles 

can be extended to precursor chemistry.  

After considering the ways in which ternary materials can be formed from singular 

molecules, the use of heteroleptic complexes has been chosen as the most viable 

approach towards the formation of ternary materials via CVD. This is due to cluster 

complexes being too stable and therefore less attractive as CVD precursors and also, 

the difficultly of controlling their stoichiometry. Several examples of precursors with 

ligands containing two different donor atoms have led to deposition of a binary material, 

deeming this approach unfavourable. 

The aim of this chapter will be to synthesise heteroleptic complexes as AACVD 

precursors towards Zn(O,S) films. Due to the ease of synthesis, scalability and 

demonstrated potential of metal thioureide precursors, thiourea ligands have been 

chosen to be the sulfur source in zinc complexes. Ethyl zinc thioureides will be targeted 

due to the ability to functionalise via ethane elimination reactions with one equivalent of 

a second ligand. 
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4.2 Results and discussion 

This section will describe the synthesis and characterisation of a set of ethyl zinc 

thioureides and their reactions with three different types of ligands: !-ketoimines, !-

diimines and donor-functionalised alcohols. The AACVD reactions of some of these 

precursors and subsequent characterisation of deposited films will then be described. 

4.2.1 Synthesis of thiourea ligands 

Thiourea ligands were synthesised via the facile reaction of an alkyl or aryl 

isothiocyanate with a secondary amine (both of which are commercially available), as 

shown in Scheme 4.1. The ligands were afforded in high yields and high purity due to 

the additive process and required minimal work up and no further purification. 

 

Scheme 4.1: Reaction scheme showing the synthesis of thiourea ligands. 

4.2.1.1 Synthesis of HL1A-4A 

[MeN(H)CSMe2] (HL1A), [EtN(H)CSMe2] (HL2A), [iPrN(H)CSMe2] (HL3A) and 

[PhN(H)CSMe2] (HL4A) were synthesised by direct reaction of methyl, ethyl, isopropyl 

and phenyl isothiocyanate with a solution of dimethylamine (2.0 M in THF), respectively 

at 0 °C. After 10 min, a white solid precipitated out from two of the reactions and these 

were filtered to yield HL3A and HL4A. For the other two reactions, no solid precipitated 

and after removal of the solvent, HL1A and HL2A were obtained as viscous yellow liquids. 

All four ligands were afforded in high yield (>74%) and high purity as confirmed by 1H 

and 13C{1H} NMR spectroscopy. 

The 1H NMR spectrum of HL4A shows a signal at 3.34 ppm corresponding to the –NMe2 

functionality, which is significantly upshifted from the free amine whose respective proton 

signal appears at 2.25 ppm. The 13C NMR spectrum shows the C=S signal in HL4A at 

182.7 ppm; this is significantly downshifted from the starting isothiocyanate –N=C=S 

functionality whose signal appears at 135.5 ppm. Furthermore, the 13C NMR spectrum 
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of HL4A exhibits a signal at 41.7 ppm corresponding to the –NMe2 functionality, which is 

missing from the starting phenyl isothiocyanate. 

4.2.1.2 Synthesis of HL1B-3B 

[MeN(H)CSEt2] (HL1B) and [EtN(H)CSEt2] (HL2B) were synthesised by direct reaction of 

methyl and ethyl isothiocyanate with diethylamine, respectively, neat at 0 °C. After 10 

min of stirring, both reactions yielded viscous yellow liquids HL1B and HL2B. After a further 

~30 min, HL1B crystallised to form a white/pink solid. [iPrN(H)CSEt2] (HL3B) was 

synthesised by direct reaction of isopropyl isothiocyanate with diethylamine in hexane at 

0 °C. After stirring for 10 min, a white solid precipitated from the solution which was 

filtered to yield HL3B. All three ligands were afforded in high yield (>74%) and high purity 

as confirmed by 1H and 13C NMR. 

4.2.2 Salt metathesis reactions 

Initially, both salt metathesis and acid–base routes towards heteroleptic compounds 

were considered. Reaction of lithium or potassium salts of the ligands with ZnCl2 would 

yield the chlorozinc thioureides, and it was hypothesised that upon further reaction with 

a lithium or potassium salt of a second ligand, the desired heteroleptic complex could be 

obtained. However, attempts were made to synthesise lithium and potassium salts of 

thioureide ligands but reactions of the ligands with nBuLi, Li(N(SiMe3)2) and K(N(SiMe3)2) 

led to intractable mixtures making the salt metathesis route synthetically unfeasible. 

4.2.3 Ethyl zinc thioureides 

Acid-base reactions using diethyl zinc and free ligand were then employed. Ethyl zinc 

thioureide complexes 7–13 were synthesised from the equimolar reaction of diethyl zinc 

with the thiourea ligand in toluene at -78 °C, liberating one equivalent of ethane gas 

(Scheme 4.2). 
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Scheme 4.2: Reaction scheme for the synthesis of ethyl zinc thioureides 7–13. 

All complexes were synthesised in a similar fashion and yielded white powders (with the 

exception of 7 which yielded a viscous yellow liquid) after removal of the solvent in vacuo. 

The 1:1 ethyl zinc complexes were formed deliberately with a view to using the ethyl 

group as a reaction handle to further functionalise the zinc centre. Differing the R groups 

on the ligands was a way to vary the steric bulk of the complexes, and the consequences 

of this on the structure of the complexes will be discussed. 

4.2.3.1 Synthesis of [L1AZnEt]2 (7) 

The organozinc thioureide complex [L1AZnEt]2 (7) was synthesised from the 1:1 reaction 

of diethylzinc with HL1A, with the liberation of ethane gas. Compound 7 was afforded as 

a viscous yellow liquid and its formation was confirmed by 1H and 13C{1H} NMR 

spectroscopy and EA. Recrystallisation of compound 7 was attempted from solutions of 

hexane and toluene, and C6D6 but no crystal formation was observed and so 7 could not 

be analysed via single crystal XRD. 

Peaks were observed in the 1H NMR spectrum at 2.50 and 2.54 ppm in a 2:1 ratio 

corresponding to the N(CH3)2 and NCH3 protons of the thioureide ligand, respectively. 

Two peaks at 0.82 and 1.77 ppm were observed and assigned to the bound ethyl group 

appearing in a ratio of 2:3. The characteristic triplet-quartet peaks assigned to the bound 

ethyl group appeared as sharp signals. The broad signal for the NH proton of the pro-

ligand was absent, confirming complete conversion to the desired compound. The 
13C{1H} spectrum showed two upfield signals at 8.1 and 13.4 ppm corresponding to the 

carbon atoms of the bound ethyl group. The two other ligand carbon signals appeared 

at more downfield shifts of 39.1 and 42.2 ppm, with the NCS carbon signal appearing at 

176.6 ppm, as expected for a C=S group. 
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4.2.3.2 Synthesis of [L2AZnEt]2 (8) 

Similar to 7, the organozinc thioureide complex [L2AZnEt]2 (8) was synthesised by the 1:1 

reaction of diethylzinc with HL2A, with the liberation of ethane gas. Compound 8 was 

afforded as a white powder in good yield and high purity and its formation was confirmed 

by 1H and 13C{1H} NMR spectroscopy, EA and single crystal XRD. Peaks observed in 

the 1H NMR spectrum at 1.05, 2.56 and 2.86 ppm corresponding to the NCH2CH3, 

N(CH3)2 and NCH2CH3 protons of the thioureide ligand, respectively, appeared in a ratio 

of 3:6:2, with two peaks at 0.82 and 1.74 ppm assigned to the bound ethyl group 

appearing in a ratio of 2:3 respectively. The characteristic triplet-quartet peaks assigned 

to the bound ethyl group appeared as sharp signals. Again, no broad signal for the NH 

proton of the pro-ligand was seen, confirming complete conversion to the desired 

compound. 

 

Figure 4.12: Solid state structure of 8 with thermal ellipsoids drawn at 50% probability 

and hydrogen atoms omitted for clarity. 

Compound 8 crystallised out of a toluene/hexane solution as a dimer in the monoclinic 

space group C2/c (Figure 4.12), with the equivalent four-coordinate zinc centres 

adopting highly distorted tetrahedral geometries ($4′ = 0.68). The zinc atom is chelated 

by the S and N atoms of one thioureide ligand (#2-N,S) whilst also being bound to the S 

atom of the thioureide ligand on the adjacent unit. There are some examples of differing 
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binding modes of ureide and thioureide ligands from the literature i.e. #2-N,N′ instead of 

#2-N,O (for ureides) or #2-N,S (for thioureides) though none of the complexes in this 

thesis adopt these modes.35,55 Dimerization occurs through a planar [Zn–S]2 ring 

structure, similar to related compounds from the literature.35,56,57 The Zn–S(int) (S(int) 

refers to the S atom on the chelating thioureide ligand) bond length (2.5366(4) Å) is 

significantly longer than the Zn–S(dimer) (S(dimer) refers to the S atom on the thioureide 

ligand on the adjacent unit) bond length (2.4564(4) Å). This skews the [Zn–S]2 ring from 

a perfect square, widening the S–Zn–S bond angle to 94.035(11)º and narrowing the 

Zn–S–Zn bond angle to 85.965(3)º. Bond lengths and angles are comparable to a set of 

methyl zinc thioureide complexes from the literature bearing different R groups on the N 

atoms.35 Compounds 9, 11, 12 and 13 all follow these same general trends. 

Compound 8 has the highest $4′ value of all the ethyl zinc thioureides, likely due to the 

S–Zn–S bond angle (94.035(11)º) being the narrowest of all the ethyl zinc compounds. 

This skews the central [Zn–S]2 ring further and other bond angles around the zinc centre 

must become wider to compensate for the narrower S–Zn–S bond angle, thus 

decreasing the value of $4′. 

4.2.3.3 Synthesis of [L1BZnEt]2 (9) 

The organozinc thioureide complex [L1BZnEt]2 (9) was synthesised by the 1:1 reaction of 

diethylzinc with HL1B, with the liberation of ethane gas. The formation of 9 was confirmed 

by 1H and 13C{1H} NMR spectroscopy, EA and single crystal XRD. Peaks observed in 

the 1H NMR spectrum at 1.04, 2.59 and 3.51 ppm corresponding to the CH(CH3)2, 

N(CH3)2 and CH groups of the thioureide ligand, respectively, appeared in a ratio of 6:6:1, 

with two peaks at 0.82 and 1.77 ppm assigned to the bound ethyl group appearing in a 

ratio of 2:3, respectively. The characteristic triplet-quartet peaks assigned to the bound 

ethyl group appeared as sharp signals. 
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Figure 4.13: Solid state structure of 9 with thermal ellipsoids drawn at 50% probability 

and hydrogen atoms omitted for clarity. 

Compound 9 crystallised out of a toluene/hexane solution as a dimer in the monoclinic 

space group I2/a (Figure 4.13), with the two non-equivalent four-coordinate zinc centres 

adopting highly distorted tetrahedral geometries ($4′ = 0.68 (Zn1 and Zn1′)). Again, 

dimerization occurs through a planar [Zn–S]2 ring structure and the binding mode of the 

thioureide ligands is #2-N,S, but compound 9 dimerises in a different fashion to all the 

other compounds (discussed further in Section 4.2.3.8) most likely due to the smaller 

methyl group bound to the N1 (and N1′) atom, and thus has bond lengths and angles 

that are slightly different from the other compounds. The Zn–S(ligand) bond 

(2.6270(4) Å) in 9 is significantly lengthened as compared to the other structures and is 

compensated by the shortening of the Zn–S(dimer) bond (2.4231(4) Å) (though this is 

shortened to a lesser degree). This leads to the wider S–Zn–S bond angle (100.014(13)º) 

and slightly narrower N–Zn–S angle (66.71(3)º). The Zn–N bond (2.0062(12) Å) is also 

shortened due to the elongation of the Zn–S(ligand) bond. 

4.2.3.4 Synthesis of [L2BZnEt]2 (10) 

The organozinc thioureide complex [L2BZnEt]2 (10) was synthesised by the 1:1 reaction 

of diethylzinc with HL2B with the liberation of ethane gas and was afforded as a white 

powder in high yield and purity. The formation of compound 10 was confirmed by 1H and 
13C{1H} NMR spectroscopy and EA. Compound 10 was recrystallised from a solution of 
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hexane and toluene which led to formation of clear colourless crystals. However, these 

were not of crystallographic quality and so 10 could not be analysed via single crystal 

XRD. 

Peaks were observed in the 1H NMR spectrum at 0.90, 1.12, 2.92 and 3.12 ppm 

corresponding to the N(CH2CH3)2, NCH2CH3, NCH2CH3 and N(CH2CH3)2 protons of the 

thioureide ligand, respectively, and appeared in a ratio of 6:3:4:2. Similarly to the 

previous compounds, two peaks at appeared at 0.85 and 1.75 ppm in a ratio of 2:3 

assigned to the bound ethyl group. The two most upfield signals observed in the 13C{1H} 

NMR spectrum at 1.9 and 13.7 ppm were assigned to the carbon atoms in the bound 

ethyl group. The ligand signals were all shifted from the free ligand confirming 

coordination to the zinc centre, and the NCS carbon signal appeared at the most 

downfield shift of 171.6 ppm. 

It is hypothesised that the methyl groups on the N atom bound to the zinc centre in 9 

allow for both ligands to be on the same face of the [Zn–S]2 ring. The solid state structure 

of 8, which has an ethyl group bound to the N atom does not have both ligands on the 

same face of the ring. However, the effects of the groups on the N atoms further away 

from the zinc centre may also have an effect on the dimerization and so it would be 

interesting to see in which way compound 10 dimerises in the solid state as it has ethyl 

groups on both N atoms, an intermediate steric bulk to that of compounds 8 and 9. 

4.2.3.5 Synthesis of [L3AZnEt]2 (11) 

The organozinc thioureide complex [L3AZnEt]2 (11) was synthesised by the 1:1 reaction 

of diethylzinc with HL3A, with the liberation of ethane gas. The formation of 11 was 

confirmed by 1H and 13C{1H} NMR spectroscopy and single crystal XRD. Peaks observed 

in the 1H NMR spectrum at 1.04, 2.59 and 3.51 ppm corresponding to the CH(CH3)2, 

N(CH3)2 and CH groups of the thioureide ligand, respectively, appeared in a ratio of 6:6:1, 

with two peaks at 0.82 and 1.77 ppm assigned to the bound ethyl group appearing in a 

ratio of 2:3, respectively. The characteristic triplet-quartet peaks assigned to the bound 

ethyl group appeared as sharp signals. 
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Figure 4.14: Solid state structure of 11 with thermal ellipsoids drawn at 50% probability 

and hydrogen atoms omitted for clarity. 

Compound 11 crystallised out of a toluene/hexane solution as a dimer in the monoclinic 

space group I2/a (Figure 4.14), with the four-coordinate zinc centre adopting a highly 

distorted tetrahedral geometry ($4′ = 0.65). All bond lengths and angles are comparable 

to a similar compound from the literature, [L3AZnMe]2, and both compounds dimerise in 

the same fashion, making them structurally analogous (Table 4.1).35 The bite angle of 

the ligands in both compounds are similar as expected, but the Zn–C bond in [L3AZnMe]2 

is slightly shorter (1.970(3) Å) than in 11 (1.977(3) Å). 
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Table 4.1: Selected bond lengths and angles for compound 11and [L3AZnMe]2 from the 

literature.35 (Zn–S(int) refers to the S atom on the chelating thioureide ligand whilst Zn–

S(dimer) refers to the S atom on the thioureide ligand on the adjacent unit.) 

 [L3AZnEt]2 (11) [L3AZnMe]235 

Bond lengths / Å   

Zn–N 2.037(2) 2.036(2) 

Zn–S(int) 2.5386(8) 2.5348(7) 

Zn–S(dimer) 2.4644(8) 2.4474(7) 

Zn–C 1.977(3) 1.970(3) 

Bond angles / º   

N–Zn–S 67.75(7) 68.10(5) 

S–Zn–S 95.99(3) 97.41(2) 

 

4.2.3.6 Synthesis of [L3BZnEt]2 (12) 

The organozinc thioureide complex [L3BZnEt]2 (12) was synthesised by the 1:1 reaction 

of diethylzinc with HL3B, with the liberation of ethane gas. The formation of 12 was 

confirmed by 1H and 13C{1H} NMR spectroscopy, EA and single crystal XRD. Peaks 

observed in the 1H spectrum at 1.04, 2.59 and 3.51 ppm corresponding to the CH(CH3)2, 

N(CH3)2 and CH groups of the thioureide ligand, respectively, appeared in a ratio of 6:6:1, 

with two peaks at 0.82 and 1.77 ppm assigned to the bound ethyl group appearing in a 

ratio of 2:3, respectively. The characteristic triplet-quartet peaks assigned to the bound 

ethyl group appeared as sharp signals. 

 

 

 

 

 

 



Chapter 4 

 114 

 

Figure 4.15: Solid state structure of 12 with thermal ellipsoids drawn at 50% probability 

and hydrogen atoms omitted for clarity. 

Similar to 11, compound 12 crystallised out of a toluene/hexane solution as a dimer in 

the monoclinic space group P21/n (Figure 4.15). The two non-equivalent four-coordinate 

zinc centres adopted highly distorted tetrahedral geometries ($4′ = 0.66 (Zn1) and 0.68 

(Zn1′)). Bond lengths and angles are comparable to the other ethyl zinc thioureides 

presented in this chapter. Compound 12 dimerises in an analogous fashion to 

compounds 8, 11 and 13. It is likely that the groups on the N atom attached to the zinc 

centre have more influence on the dimerization of the molecule than the groups on the 

N atom further away from the zinc centre. Compound 12 is analogous to compound 9 

except for the alkyl group on the N atom. The methyl group in 9 allows for both ligands 

to be on the same face of the [Zn–S]2 ring whilst the iPr groups here are too large to 

allow for this. 
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4.2.3.7 Synthesis of [L4AZnEt]2 (13) 

The organozinc thioureide complex [L4AZnEt]2 (13) was synthesised by the 1:1 reaction 

of diethylzinc with HL4A, with the liberation of ethane gas. The formation of 13 was 

confirmed by 1H and 13C{1H} NMR spectroscopy, EA and single crystal XRD. Peaks 

observed in the 1H NMR spectrum at 2.35 and between 6.77 and 7.00 ppm 

corresponding to the N(CH3)2 group and aromatic CH protons of the thioureide ligand, 

respectively, appeared in a ratio of 6:5. Two peaks at 0.93 and 1.77 ppm assigned to the 

bound ethyl group appeared in a ratio of 2:3, respectively. Again, the characteristic triplet-

quartet peaks assigned to the bound ethyl group appeared as sharp signals.  

Figure 4.16: Solid state structure of 13 with thermal ellipsoids drawn at 50% probability 

and hydrogen atoms omitted for clarity. 

Compound 13 crystallised out of a C6D6 solution as a dimer in the monoclinic space 

group P21/n (Figure 4.16), with the four-coordinate zinc centre adopting a highly distorted 

tetrahedral geometry ($4′ = 0.61). The S–Zn–S bond angle was 99.474(14)°, slightly 

wider than the other ethyl zinc thioureides (except for 9) and as such had the $4′ value 

furthest from the ideal tetrahedral geometry. The C–S bond in 13 was significantly 

lengthened as compared to the free ligand HL4A (1.7678(16) Å and 1.6852(15) Å, 

respectively) whilst the C–N(Ph) bond was shortened (1.323(2) Å and 1.3715(18) Å) 

upon coordination to the zinc centre as shown in Table 4.2 (Crystallographic data for 

HL4A in Appendix). The C–N(Me2) bond in HL4A was also significantly shorter than in 13. 

Upon coordination to the zinc centre, the S–C–N(Ph) bond angle in 13 was narrowed as 

expected, with the N–C–N bond angle widened and a slight narrowing of the S–C–

N(Me2) bond angle as compared to the free ligand HL4A. 
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Table 4.2: Selected bond lengths and angles for HL4A and 13. 

 HL4A 13 

Bond lengths / Å   

C–S 1.6852(15) 1.7678(16) 

C–N(Ph) 1.3715(18) 1.323(2) 

C–N(Me2) 1.3374(19) 1.341(2) 

Bond angles / °   

S–C–N(Ph) 121.92(11) 113.45(12) 

S–C–N(Me2) 122.79(11) 119.87(12) 

N–C–N 115.29(13) 126.56(15) 

 

4.2.3.8 Comparison of X-ray structures of 8, 9 and 11–13 

Crystallographic data for compounds 8, 9 and 11–13 are compiled in Table 4.3. The 

bond lengths and angles of complexes 8, 9 and 11–13 are similar to each other and to 

related compounds in the literature as has been highlighted in each case (Table 4.4). 

Bond lengths and angles for a related structure from the literature [L3AZnMe]2 where 

L3A = iPrNCS(NMe2) are included in Table 4.4 as a comparison to the ethyl zinc 

compounds synthesised in this chapter.35 The structure is analogous except for the 

methyl groups instead of the ethyl groups bound to the zinc centre and so bond lengths 

and angles are directly comparable. 

The arrangement of ligands in the ethyl zinc thioureides can be described relative to the 

central [Zn–S]2 ring. If the two ligands on the opposite faces are in a zig-zag 

configuration, this will be termed the “trans” configuration. If the two ligands make a U-

shape, this will be termed the “cis” configuration (Figure 4.17). Compounds 8 and 11–13 

all have the ligands in the trans configuration whilst compound 9 has the ligands in the 

cis configuration. This can be attributed to the small R group (R = Me) on the N atom 

bonded to the zinc centre in 9. The methyl groups are small enough to allow both ligands 

to be on the same face of the [Zn–S]2 ring. 
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Figure 4.17: The “trans” and “cis” configurations adopted by complexes 8, 9 and 11–13. 

A series of similar compounds of the form [LZnMe]2 (where L is a thioureide ligand) 

synthesised by Sullivan et al. also have ligands in the “trans” configuration as the R 

groups used are bulky (R = iPr, Cy, Mes).35 Interestingly, when R = tBu, the resulting 

methyl zinc complex does not dimerise but instead forms a one-dimensional polymeric 

chain. The ligand binding mode for this differs from the other compounds: the zinc centre 

is chelated by the two N atoms of the thioureide ligand (#2-N,N′) and polymerisation 

occurs through the sulfur atom and a zinc atom on a neighbouring molecule. 

These compounds are also structurally similar to dimeric methyl zinc amidinate and 

dithiocarbamate compounds of the form [(tBuC(NiPr))ZnMe]2 and [(Et2NCS2)ZnMe]2,  

respectively, from the literature, which have a central [Zn–X]2 (X = S, N) ring with ligands 

arranged in the “trans” configuration in both cases.56,57 The S–Zn–S bond angle in the 

[Zn–S]2 ring for [(Et2NCS2)ZnMe]2 is 92.9(2)°, slightly shorter to the compounds in this 

thesis, and the N–Zn–N bond angle in the [Zn–N]2 ring in [(tBuC(NiPr))ZnMe]2 is 

94.29(4)°. Though the chelating ligands are different in these compounds, the angles are 

comparable to the ethyl zinc thioureides presented here. 
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Table 4.3: Crystallographic data for structurally characterised compounds 8, 9 and 11–13. 

 [L2AZnEt]2 (8) [L1BZnEt]2 (9) [L3AZnEt]2 (11) [L3BZnEt]2 (12) [L4AZnEt]2 (13) 

Empirical formula C7H16N2SZn C8H18N2SZn C8H18N2SZn C10H22N2SZn C11H16N2SZn 
Fw / g mol-1 225.680 479.35 2279.47 535.45 273.69 

Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic 
Space group C2/c P21/c I2/a P21/n P21/n 

a / Å 17.5313(2) 17.2071(2) 27.1708(3) 9.92610(10) 8.5467(2) 
b / Å 12.6130(2) 8.44770(10) 8.98003(13) 17.1101(2) 9.6250(2) 
c / Å 9.49695(13) 16.1512(2) 58.2262(7) 16.1232(2) 15.3938(4) 
!	/ ° 90 90 90 90 90 
#	/ ° 99.5720(13) 107.5740(10) 91.0722(12) 102.6960(10) 105.349(3) 
$	/ ° 90 90 90 90 90 

V / Å3 2070.75(5) 2238.17(5) 14204.4(3) 2671.36(5) 1221.16(5) 
Z 8 4 5 4 4 

%calc / g cm-3 1.448 1.423 1.332 1.331 1.489 
&	/ mm-1 4.733 4.410 3.563 3.749 4.129 

Reflections collected 17379 33640 75291 42340 17213 
Rint 0.0240 0.0320 0.0305 0.0424 0.0352 

Goodness-of-fit on F2 1.035 1.057 1.079 1.039 1.075 
R1 and wR2 [I ≥ 2' (I)] 0.0197, 0.0503 0.0232, 0.0624 0.0458, 0.1158 0.0325, 0.0842 0.0258, 0.0687 
R1 and wR2 [all data] 0.0203, 0.0506 0.0244, 0.0635 0.0497, 0.1185 0.0358, 0.0878 0.0264, 0.0693 
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Table 4.4: Selected bond lengths and angles for compounds 8, 9, 11–13 and [L3AZnMe]2 from the literature.35 (Zn–S(int) refers to the S atom on 

the chelating thioureide ligand whilst Zn–S(dimer) refers to the S atom on the thioureide ligand on the adjacent unit.) 

 [L2AZnEt]2 (8) [L1BZnEt]2 (9) [L3AZnEt]2 (11) [L3BZnEt]2 (12) [L4AZnEt]2 (13) [L3AZnMe]235 

Bond lengths / Å       

Zn–N 2.0237(11) 2.0062(12) 2.037(2) 2.0239(18) 2.0368(14) 2.036(2) 

Zn–S(int) 2.5366(4) 2.6270(4) 2.5386(8) 2.5118(6) 2.5223(4) 2.5348(7) 

Zn–S(dimer) 2.4564(4) 2.4231(4) 2.4644(8) 2.4596(6) 2.4876(4) 2.4474(7) 

Zn–C 1.9805(14) 1.9785(14) 1.977(3) 1.980(2) 1.9730(18) 1.970(3) 

Bond angles / º       

N–Zn–S 68.20(3) 66.71(3) 67.75(7) 68.64(5) 68.46(4) 68.10(5) 

S–Zn–S 94.035(11) 100.014(13) 95.99(3) 95.92(2) 99.474(14) 97.41(2) 
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4.2.3.9 Synthesis of [L3AZn(N(SiMe3)2)] (14) 

As well as ethyl zinc intermediates, an amide zinc thioureide was also synthesised. The 

equimolar reaction of [Zn{N(SiMe3)2}2] with HL3A resulted in the formation of 

[L3AZn(N(SiMe3)2)] (Scheme 4.3). Formation of 14 was confirmed by 1H and 13C{1H} NMR 

spectroscopy, EA and single crystal XRD. Crystals suitable for single crystal XRD were 

obtained after recrystallisation from a concentrated toluene solution and confirmed the 

structure as a dimeric species in the solid state, in agreement with previous literature.35 

 

Scheme 4.3: Synthetic route towards compound 14. 

The 1H NMR spectrum showed signals at 1.15, 2.64 and 3.57 ppm in a 6:6:1 ratio 

corresponding to the CH(CH3)2, N(CH3)2 and CH groups of the thioureide ligand, 

respectively, and a signal at 0.46 ppm corresponding to the bound amide group 

integrating to 18 protons. Furthermore, analytical scale reactions showed the formation 

of trimethylsilylamine in the correct stoichiometric ratio (18 H), further confirming the 

formation of 14. 

4.2.4 Reactions of ethyl and amide zinc thioureides with !-ketoimines 

In order to access heteroleptics where the zinc atom was bound to both a S containing 

ligand and an O containing ligand, the zinc ethyl and zinc amide complexes were reacted 

with O-donor atom ligands. Initially, !-ketoimines (BKI) ligands were chosen as the 

oxygen source as they have facile, high yielding syntheses and BKI metal complexes 

have been shown to be excellent CVD precursors towards metal oxides. Following 

standard synthetic routes for the preparation of BKI ligands, [(Me)CN(H){iPr}–

CHC(Me)]O] (HBKIiPr) was synthesised via a 1:1 condensation reaction of acetylacetone 
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and isopropylamine and isolated as an orange oil in high purity and good yield as 

confirmed by 1H and 13C{1H} NMR spectroscopy. 

Targeting heteroleptics of the form [LZnL′], equimolar reactions of the bulkiest ethyl zinc 

thioureide complexes 11 and 13 with HBKIiPr were carried out. However, these led to 

formation of the bis-ligated zinc BKI complex [Zn(BKIiPr)2], along with a mixture of by-

products, as confirmed by 1H NMR spectroscopy (Scheme 4.4). 

 

Scheme 4.4: Hypothesised synthetic route towards desired heteroleptic compound (top) 

and observed reaction (bottom). 

Firstly, it was theorised that the thermodynamic stabilisation when forming two six 

membered conjugated rings in [Zn(BKIiPr)2] was much higher than for the formation of a 

heteroleptic with one BKI ligand and one thioureide ligand. Secondly, the possibility of a 

ligand scrambling reaction occurring was considered, as two BKIiPr ligands are required 

to coordinate to the zinc centre. It was proposed that a BKIiPr ligand coordinates to a zinc 

centre after liberation of EtH, causing weakening of the second already bound thioureide 

ligand, causing it to dissociate. This can then become protonated by a second HBKIiPr 

molecule, which in turn is free to coordinate to the zinc centre, affording the bis-ligated 

BKI complex, [Zn(BKIiPr)2]. 
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4.2.5 Reactions of ethyl zinc thioureides with !-diimines 

To mitigate these factors, attention was turned to !-diiminate (BDI) ligands with large 

sterically demanding groups, including [(Me)CN(H){Dipp}–CHC(Me)]N{Dipp}] 

(Dipp = diisopropylphenyl) (HBDIDipp) and [(Me)CN(H){Dep}–CHC(Me)]N{Dep}] 

(Dep = diethylphenyl) (HBDIDep). These ligands are electronically similar to HBKIiPr, 

which would result in two six membered conjugated rings at the zinc centre if the bis 

complex formed. However, the increased steric bulk could potentially facilitate formation 

of a heteroleptic complex before ligand scrambling reactions occurred. Even though 

there are no O donor atoms on BDI ligands, this investigation would aid the 

understanding of the formation of heteroleptic complexes. 

4.2.5.1 Synthesis of HBDIDipp and HBDIDep 

HBDIDipp and HBDIDep were synthesised from the acid catalysed 1:2 condensation 

reaction of acetylacetone with diisopropylaniline and diethylaniline, respectively, and 

isolated as pale-yellow solids in high purity and good yield as confirmed by 1H NMR 

spectroscopy. These ligands are very common in coordination chemistry and have been 

used to stabilise a wide range of low valent metal centres.58–60 

4.2.5.2 Synthesis of [L4AZnBDIDep] (15) 

Compounds [L3AZnEt]2 (11) and [L4AZnEt]2 (13) were combined with HBDIDipp in an 

equimolar ratio and heated to 100 °C for two weeks. Reaction monitoring by 1H NMR 

spectroscopy showed that the desired product was forming, but that free HBDIDipp still 

remained in the reaction mixtures. After addition of excess 11 and 13 the reaction did 

not go to completion. A similar situation occurred when reacting 11 with HBDIDep. The 

equimolar reaction of 13 with HBDIDep in toluene at 100 °C led to formation of 

[L4AZnBDIDep] (15) (Scheme 4.5) which was characterised by 1H and 13C{1H} NMR 

spectroscopy and single crystal XRD. The successful formation of 15 is attributed to the 

smaller ethyl groups on the Dep substituent as compared to the bulkier iPr groups on the 

Dipp substituent.  
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Scheme 4.5: Synthetic route towards compound 15. 

Compound 15 crystallised out of a toluene solution after several weeks of storage at 

room temperature in the triclinic space group P1#, with the four-coordinate zinc centre 

adopting a distorted geometry ($4′ = 0.78) (Figure 4.18). Compound 15 has a higher $4′ 

value than the ethyl zinc thioureides in the previous section, likely due to the larger bite 

angle of the BDIDep ligand (98.87° vs. ~68° for the thioureides) and the monomeric nature 

of the molecule. The bulky Dep substituents on the N atom of the BDI ligand stop 

dimerization of the molecule by sterically shrouding the zinc centre. The plane of the 

BDIDep ligand (formed by N4, Zn1 and N3) is close to perpendicular (85.35°) to the plane 

of the thioureide ligand (formed by N1, Zn1 and S1) as expected, to minimise steric 

clashing of the Dep substituents with the phenyl group on the thioureide ligand. 
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Figure 4.18: Solid state structure of 15 with thermal ellipsoids drawn at 50% probability 

and hydrogen atoms omitted for clarity. 

When looking down the Zn–S bond, the phenyl ring on the thioureide ligand is not in the 

plane of the ligand, instead bent towards the ethyl arm of one of the Dep substituents 

(Figure 4.19, top). This may be due to potential C-H···% interactions between the protons 

on the ethyl group and the phenyl ring on the thioureide ligand (Figure 4.19, bottom). 

The distances are slightly longer (2.947 Å – 3.457 Å) than expected for such interactions, 

but there may be a potential interaction due to the clear out of plane bending of the 

phenyl substituent.61 
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Figure 4.19: Structure of 15 showing the bending of the phenyl substituent away from 

the plane of the thioureide ligand (top) and the potential C-H···% interactions between 

the ethyl protons of the Dep group and the phenyl ring (bottom). 

The room-temperature 1H NMR spectrum of 15 showed sharp peaks at 1.66 ppm and 

4.88 ppm in a ratio of 6:1 corresponding to the carbon backbone methyl group protons 

and the methine proton on the BDIDep ligand, respectively, and at 2.04 ppm (6H) 
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corresponding to the –NMe2 protons on the thioureide ligand. Signals in the aryl region 

were also sharp and integrated to the expected 11 protons from the aryl protons on both 

ligands. The spectrum also showed a number of indistinguishable broad peaks 

corresponding to the remaining protons, which integrated to ~20 protons, as expected. 

This led us to believe that two distinctly different, rapidly interconverting structures 

existed in the solution state and variable temperature 1H NMR spectroscopy was used 

to investigate this dynamic behaviour. Low temperature NOESY NMR experiments 

revealed two signals at 1.11 and 1.35 ppm corresponding to the CH3 protons on the ethyl 

arms and four distinct resonances at 2.41, 2.54, 2.85 and 3.25 ppm corresponding to the 

CH2 protons on the ethyl arms of the BDIDep ligand (Figure 4.20). 

 

Figure 4.20: Low temperature NOESY spectrum of 15 showing the cross peaks between 

the protons on the ethyl arms of the BDIDep ligand. 

It was theorised that this fluxionality was due to the S atom of the thioureide ligand in 15 

associating and dissociating from the Zn centre in solution. At high temperature, the 

association and dissociation of the S atom occurs at a faster rate than that of the NMR 

timescale, leading to the observed time averaged signal, the triplet at 1.21 ppm, 

integrating to 12 protons. The room temperature spectrum shows a broad coalesced 

peak between 1–1.4 ppm and at low temperature, this rapid interconversion slows down 

and the peak splits into two distinct resonances which are observed at 1.12 and 

1.35 ppm, integrating to 6 protons each (Figure 4.21). This fluxional behaviour was 
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corroborated by the downfield shift of the –NMe2 resonance upon increasing 

temperature. It is hypothesised that upon dissociation of the S atom, the C–S bond 

lengthens, and the structure of the ligand becomes more similar to its protonated form. 

The –NMe2 protons become more deshielded and the resonance shifts downfield (the 

signal for these protons in the free ligand peak appears at 2.56 ppm). The signal for 

these protons at higher temperature is also broader; because these atoms are four bonds 

away from the zinc centre, it would not be expected for them to be affected to such an 

extent as the ethyl arms on the BDIDep ligand by change in environment around the zinc 

centre. This is also corroborated by the BDI backbone carbon protons remaining as a 

single resonance (1.65 ppm), and not splitting or shifting significantly with change in 

temperature. This is consistent with the splitting of the ethyl arm proton resonances being 

due to a local change in environment as hypothesised. 

 

Figure 4.21: Variable temperature 1H NMR spectra of 15 showing the splitting of the ethyl 

protons on the BDIDep ligand (right) and downfield shift of the –NMe2 protons (left). The 

hypothesised dynamic process occurring in solution in 15 (bottom). 
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These findings also supported the theory of ligand scrambling reactions in the reactions 

of 11 and 13 with HBKIiPr. As it has been shown that the thioureide ligands are fluxional 

in 15, it can be inferred that once a BKIiPr ligand had coordinated to a zinc centre in 11 

or 13, the thioureide ligand would dissociate. The BKIiPr ligand would not be sterically 

hindered enough to trap the thioureide ligand and keep the heteroleptic molecule intact 

once it had formed. In the case of the BDIDep ligand, there was enough steric bulk to keep 

the thioureide ligand bound, leading to the observed association and dissociation of the 

S atom, without complete dissociation of the thioureide ligand. Electronic factors cannot 

be ruled out, and due to its two donor oxygen atoms, the electronic stabilisation of 

[Zn(BKIiPr)2] may also be greater than that of the bis-ligated BDIDep complex [Zn(BDIDep)2]. 

Investigations with bulky BDI ligands showed that heteroleptic complexes can indeed be 

formed but judicious choices about the steric and electronic effects of ligands needed to 

be considered if these molecules are to be useful as precursors for CVD application. 

4.2.6 Reactions of ethyl zinc thioureides with donor-functionalised alcohols 

Another class of oxygen donor ligand, donor-functionalised alcohols, were then chosen 

as the oxygen source. Complexes bearing donor-functionalised alcohols have been 

reported in the literature, some of which have been used as CVD precursors towards 

oxide materials (as discussed in Chapter 3). These ligands have the same donor atoms 

as BKI ligands but are electronically different: there is no conjugation, and the N atom 

coordinates datively to the metal centre, whilst the O atom formally bonds to it. 

Because the bis-BKI complex [Zn(BKIiPr)2] formed so readily from reactions of ethyl zinc 

thioureides with HBKI ligands, it was theorised that the lability of donor-functionalised 

alcohols would allow for formation of heteroleptic complexes instead of bis-ligated zinc 

alkoxides. In fact, previous work from Mears et al. has shown that donor-functionalised 

alcohols exhibit hemilabile coordination to a metal centre.62 Three-carbon backbone 

donor-functionalised alcohols were chosen to mimic the sterics of BKI and BDI ligands. 

Equimolar reactions in toluene at -78 °C of 11 and 13 with the aminoalcohols 

Et2N(CH2)3OH (HL4) and Me2N(CH2)3OH (HL4*) afforded a set of heteroleptic complexes: 

[L3AZnL4]2 (16), [L3AZnL4*]2 (17), [L4AZnL4] (18) and [L4AZnL4*] (19) (Scheme 4.6).  

 

 

 

 



Chapter 4 

 129 

 

Scheme 4.6: Synthetic route towards compounds 16–19. 

The structures of 16 and 17 will be discussed individually, followed by a section on the 

comparison of the structures, as this will form the basis of the materials deposition 

section. 

4.2.6.1 Synthesis of [L3AZnL4]2 (16) 

The alkoxyzinc thioureide [L3AZnL4]2 (16) was synthesised from the equimolar reaction 

of [L3AZnEt]2 (11) with donor-functionalised alcohol Et2N(CH2)3OH (HL4) in toluene 

at -78 °C with the liberation of one equivalent of ethane gas. After removal of the solvent, 

16 was obtained as an off-white gel like liquid in good yield and high purity as confirmed 

by 1H and 13C{1H} NMR spectroscopy, EA and single crystal XRD. 

Compound 16 crystallised out of a toluene solution as a dimer in the monoclinic space 

group P21/n, with the four-coordinate zinc centre adopting a distorted tetrahedral 

geometry ($4′ = 0.78) (Figure 4.22). As with [L4AZnBDIDep] (15), the $4′ value for 16 is 

greater than that for the ethyl zinc thioureides because the bite angle of the donor-

functionalised alcohol (96.95(7)°) is greater than the thioureide ligand (67.75(7)°), which 

allows for the zinc centre to adopt a geometry closer to the ideal tetrahedral geometry. 

The thioureide ligand is bonded to the zinc centre only through one atom (S) and 

interestingly, the –NiPr group is further away from the zinc centre than the –NMe2 group, 

indicating a high level of delocalisation through the ligand system. The Zn–S bond in 16 

is significantly shortened (2.2532(7) Å) as compared to the parent ethyl zinc thioureide 

11 (2.5386(6) Å). 
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Figure 4.22: Solid state structure of 16 with thermal ellipsoids drawn at 50% probability 

and hydrogen atoms omitted for clarity. 

The room temperature 1H NMR spectrum of 16 exhibited three sharp signals at 1.53, 

3.07 and 4.54 ppm in a 6:6:1 ratio corresponding to the NCH(CH3)2, N(CH3)2 and 

NCH(CH3)2 protons of the thioureide ligand. The spectrum also exhibited several broad 

signals, which were attributed to the remaining protons from the donor-functionalised 

alcohol ligand. Distinctly separate resonances for protons that were bound to the same 

carbon atom were observed via COSY NMR spectroscopy. This indicated some degree 

of fluxionality in solution and variable temperature NMR was used to investigate solution 

dynamics. 

It is hypothesised that the structure exists in two forms: one in which the nitrogen atoms 

of the donor functionalised alcohol are coordinated to the zinc centres (as is seen from 

the solid-state structure) and the second where they dissociate from the zinc atom and 

are no longer coordinated (Figure 4.23, boxed). At room temperature and below, this 

interconversion is slow enough to lead to two distinct resonances being recorded, whilst 

at high temperature, the interconversion is faster than that of the NMR timescale, leading 

to the observed single resonance (Figure 4.23). In contrast to the BDI zinc thioureide 

complex 15, the 1H NMR signals for the –NMe2 protons or any of the protons on the 

thioureide ligand do not shift significantly upon varying temperature of 16. This further 

corroborates that the fluxionality is taking place in the donor-functionalised alcohol 

ligands, and that the fluxionality in 15 is taking place in the thioureide ligand. 
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Figure 4.23: Variable temperature 1H NMR spectra showing the splitting of the –OCH2 

proton signals in 16 upon decrease in temperature and coalescing into a single peak at 

348 K (top) and the hypothesised dynamic process occurring in solution in 16 (bottom). 

4.2.6.2 Synthesis of [L3AZnL4*]2 (17)  

The alkoxyzinc thioureide [L3AZnL4*]2 (17) was synthesised in a similar manner to 16: 

from the equimolar reaction of [L3AZnEt]2 (11) with donor-functionalised alcohol 

Me2N(CH2)3OH (HL4*) in toluene at -78 °C. After removal of the solvent, 17 was afforded 

as an off-white gel like liquid in good yield and high purity as confirmed by 1H and 13C{1H} 

NMR spectroscopy, EA and single crystal XRD. 

Compound 17 crystallised out of a toluene solution as a dimer in the monoclinic space 

group P21/c, with the four-coordinate zinc centre adopting a distorted tetrahedral 

geometry ($4′ = 0.78) (Figure 4.24). The structure was analogous to that of compound 
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16. The bite angle of the donor-functionalised alcohol in 17 (98.82(7) Å) was slightly 

larger than for 16 (96.95(7)°) and again, the Zn–S bond in 17 was significantly shortened 

(2.2508(5) Å) as compared to the parent compound 11 (2.5386(6) Å). 

Figure 4.24: Solid state structure of 17 with thermal ellipsoids drawn at 50% probability 

and hydrogen atoms omitted for clarity. 

The room temperature 1H NMR spectrum of 17 also consisted of broad indistinguishable 

peaks, which upon cooling did not resolve as readily as in 16, indicating a greater amount 

of fluxionality. From the COSY NMR spectrum of 17 it was inferred that in addition to 

fluxionality of the donor functionalised alcohol, there was also fluxionality in the 

thioureide ligand. Pairs of peaks for all protons on the thioureide ligand were observed, 

with the –NMe2 proton signal pair being the most prominent, evidence of two distinctly 

different structures being present in solution (Figure 4.25, top right). Due to the smaller 

substituents on the N atom of the donor functionalised alcohol in 17, the –NMe2 group 

on the thioureide ligand can manoeuvre into closer proximity of the zinc centre to have 

an interaction. This coordination has a clear broadening effect on the proton signals of 

the methyl group (Figure 4.25, top left). This coordination is corroborated by the 

observation of two signals for each of the proton environments on the iPr group, made 

distinguishable by COSY NMR (Figure 4.25, bottom), and also two distinctly different 

signals for the carbon atoms in the thioureide ligand in the 13C{1H} NMR spectrum. In 16, 

only one signal was observed for each of the proton environments on the thioureide 

ligand indicating that this additional fluxionality is limited to 17. 
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Figure 4.25: 1H NMR spectra showing the two distinct resonances for the –NMe2 protons 

in 17 (top left), hypothesised dynamic process occurring in solution in 17 (top right). 

COSY NMR spectrum of 17 showing the pair of two distinct cross peaks between the 

protons in the iPr group of the thioureide ligand. The red trace indicates the top structure, 

the blue trace indicates the bottom structure (bottom). 
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4.2.6.3 Comparison of compounds 16 and 17 

Bond lengths for compounds 16 and 17 were comparable, with no unusual or significant 

difference between them (Table 4.5). The bite angle of the donor functionalised alcohol 

ligand in 17 was slightly larger than in 16 (98.85(7)° vs. 96.95(7)°), however, the Zn–O1 

and Zn–N1 bond lengths in both complexes were comparable. This indicates that the 

ligand in 16 may experience more ring strain than in 17 as the bite angle deviates further 

from the ideal 109.5° tetrahedral angle. The torsion angle N1–Zn–S–NMe2 in 16 was 

greater than in 17 due to the steric constraints of the ethyl groups on the donor 

functionalised alcohol preventing the –NMe2 group of the thioureide ligand to be 

proximate to the zinc centre. 

Table 4.5: Selected bond lengths and angles for compounds 16 and 17. 

 [L3AZnL4] (16) [L3AZnL4*] (17) 

Bond lengths / Å   

Zn–O1 1.9761(16) 1.9760(13) 

Zn–S1 2.2532(7) 2.2508(5) 

Zn–N1 2.0882(19) 2.0791(17) 

O–C 1.411(3) 1.420(2) 

S–C 1.791(3) 1.7843(18) 

Bond angles / °   

O1–Zn–N1 96.95(7) 98.85(7) 

O1–Zn–O1′ 85.82(7)  85.33(5) 

Torsion angles / °   

N1–Zn–S–NMe2 46.67(19) 36.47(13) 
 

4.2.6.4 Synthesis of [L4AZnL4] (18) and [L4AZnL4*] (19) 

The alkoxyzinc thioureides [L4AZnL4] (18) and [L4AZnL4*] (19) were synthesised via the 

ethane elimination reactions of 13 with HL4 and HL4* in toluene at -78 °C respectively. 

Their formation was confirmed by 1H and 13C{1H} NMR spectroscopy and EA. 

Recrystallisation attempts of 18 and 19 were unsuccessful and so these compounds 

could not be analysed via single crystal XRD. 

The 1H NMR spectrum of 18 exhibited three sharp signals at 0.87, 2.90 and from 6.88–

7.27 ppm in a 6:6:5 ratio corresponding to the terminal CH3 group protons on the donor-

functionalised alcohol, the –N(CH3)2 protons and the phenyl protons on the thioureide 
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ligand, respectively. The rest of the signals were broad but integrated to the correct 

number of protons. The 1H NMR spectrum of 19 consisted of eight distinct sharp 

resonances corresponding to all proton environments in the correct ratios. 

In contrast to the formation of 16 and 17, the 1H NMR spectra of 18 and 19 exhibited 

only one set of resonances for each proton environment, indicating a single structure 

present in solution and therefore a lack of fluxionality. This was confirmed via 1H–1H 

COSY NMR which showed only one set of cross peaks. The signals for the donor-

functionalised alcohol protons in 18 appeared broad and the thioureide ligand protons 

signals appeared sharp, whilst the signals for all protons in 19 appeared sharp (19 

precipitated out of the reaction mixture as a white powder as opposed to the gel like 

products obtained when solvent was removed from the reaction mixtures of 16, 17 and 

18). This difference in fluxional behaviour can be explained by the change in R group 

from iPr to Ph on the thioureide ligand; the larger Ph group may hinder the dynamics of 

the complexes in solution. 

4.2.7 Thermal analysis of 16 and 17 

Due to the observed fluxionality in 16 and 17, the thermal properties of these complexes 

were investigated via thermogravimetric analysis (TGA), with a view to use them as 

precursors in AACVD experiments. Fluxionality leads to lower decomposition 

temperatures as molecules are more likely to break apart during the deposition process, 

making them more favourable and efficient as precursors. Both complexes had single 

step decomposition pathways but differing decomposition profiles (Figure 4.26). 

Compound 16 had an onset decomposition temperature of ~120 °C, and a broad 

temperature window over which mass loss occurred (120–320 °C). The % residual mass 

(30.1%) was commensurate with the mass expected for ZnS. Compound 17 had a 

considerably lower onset decomposition temperature (<100 °C) than 16 and a sharp 

decrease in mass over a much narrower temperature window (100–180 °C) with no 

significant mass loss after ~180 °C. The % residual mass loss (38.0%) was higher than 

that expected for the ternary material Zn(O,S) (ZnOxS1–x). This stark difference in the 

thermal profiles of the two complexes corroborated NMR data which showed the greater 

fluxionality present in 17. Even though the mass loss window for the decomposition of 

16 was broader, the onset decomposition temperature was still relatively low and 

therefore this was also considered as a precursor in AACVD experiments. 
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Figure 4.26: Thermal decomposition profiles of compounds 16 and 17.  

4.2.8 AACVD 

Due to the fluxionality and low onset decomposition temperature of 16 and 17, these 

molecules were investigated as AACVD precursors towards deposition of the ternary 

material Zn(O,S). Due to the excellent solubility of 16 and 17 in toluene, this was chosen 

as the solvent, with an optimal deposition temperature of 400 °C being chosen. 

4.2.8.1 AACVD of 16 

Single source AACVD experiments at 400 °C using 16 led to deposition of ZnS films and 

did not lead to the target material Zn(O,S). AACVD experiments with an excess of the 

donor-functionalised alcohol (to act as an external oxygen source) were carried out to 

determine whether oxygen incorporation would take place however again, ZnS was 

deposited, as confirmed by various characterisation methods described in the following 

sections. 

4.2.8.2 AACVD of 17 

Single source AACVD experiments at 400 °C of 17 led to the deposition of the 

heterodichalcogenide material Zn(O,S). The film was transparent, showed good 

coverage across the glass substrate and was well adhered; passing the Scotch tape test 

and was not scratched by a steel stylus. Full characterisation of the films is described 

below. 
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4.2.8.3 X-ray diffraction (XRD) 

The AACVD reaction of 16 led to deposition of film A, which was transparent and 

colourless, with an XRD pattern resembling that of cubic ZnS (Figure 4.27). However, 

the peaks were broader than would be expected for a crystalline material, indicating the 

amorphous nature of the film. There was also a slight shift to a higher 2θ angle in the 

peak at 29° as compared to the ZnS standard XRD pattern, due to a small amount of 

oxygen incorporation into the film. Due to the lack of sufficient oxygen incorporation in 

A, the AACVD reaction of 16 with excess HL4 was carried out, resulting in film B. Film B 

had a broader XRD pattern than A, with a distinct shift to a higher 2θ angle and 

broadening in the peak at ~29° suggesting that some oxygen incorporation into the film 

had occurred. This was also accompanied by a slight yellow tinge to the film, further 

confirming the deposition of the oxysulfide material. However, these XRD patterns were 

not similar to those reported for Zn(O,S) in the literature.  

The AACVD reaction of 17 led to deposition of film C (Figure 4.27). The X-ray diffraction 

pattern of film C was markedly different to A and B, showing the characteristic broad 

peaks associated with Zn(O,S) at 30.9°, 32.8° and 34.5° 2θ indexed to the (100), (002) 

and (101) planes respectively, with a clear resemblance to the XRD patterns of 

hexagonal ZnO and ZnS, confirming formation of the ternary material Zn(O,S). This was 

consistent with reports from the literature for Zn(O,S) films.63–65 
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Figure 4.27: XRD patterns of films A–C, and standard XRD patterns for ZnO and ZnS.   

4.2.8.4 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy confirmed the presence of zinc, sulfur and oxygen in 

film C and zinc and sulfur in films A and B.  

For film C, a single Zn environment was present in both the surface scan and the 300 s 

etch, suggesting that Zn(O,S) had indeed formed, and not a mixture of the binary 

materials ZnO and ZnS (Figure 4.28). The Zn 2p3/2 and 2p1/2 states appeared at 1044.2 

and 1021.2 eV respectively and one S environment was present, with 2p3/2 and 2p1/2 

states appearing at 162.8 and 161.5 eV respectively, in accordance to previous reports 

from the literature for Zn(O,S) films.63 One oxygen environment appeared at 529.5 eV 

for the 1s state, whilst a hydroxide state also appeared at 531.1 eV. There was however 

a change in binding energies for the surface scan as compared to the 300 s etch. Binding 

energies for both Zn and S moved to higher energies by 0.7 and 0.05 eV, respectively. 

Furthermore, only one oxygen environment was present in the surface scan which 

corresponded to surface hydroxides, and the oxysulfide peak seen in the 300 s etch scan 

was absent. From elemental ratios, it was found that the S/Zn ratio on the surface was 

1.73, indicating a sulfur rich environment as evidenced by absence of an oxygen 
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environment, as well as a shift towards higher binding energies, whilst the S/Zn ratio for 

the bulk material (300 s etch) was calculated to be 0.40, in line with observed results. It 

has been previously reported that the elongated grain structure exhibited in ZnO films is 

reduced upon inclusion of S, and whilst exchange of O with S in the lattice sites of 

Zn(O,S) alters conductivity, there is a point at which lattice sites predominantly occupied 

by S will result in films that are not conductive.65 Different deposition and annealing 

conditions can lead to variations of the surface morphology and therefore properties, 

which is why using a buffer layer of variable composition such that the interface can be 

easily optimised is beneficial. Therefore S/Zn ratios should be tuned relative to the 

materials they will be combined with, to achieve the optimal electronic properties for the 

relevant device. 

Figure 4.28: XPS spectra at a 300 s etch for film C. 

4.2.8.5 UV/vis spectroscopy 

All films were transparent and had good optical light transmission (>70%) in the range 

500–800 nm (Figure 4.29). Film C was visibly yellow in colour and as such had 
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absorption at higher wavelengths, followed by film B which was slightly yellow in colour 

and film A which was colourless. UV/vis spectroscopy was also used to estimate the 

optical band gaps of the films using Tauc plots (Figure 4.29, inset). The absorbance edge 

in the UV/vis spectra for A–C varied by 100 nm, resulting in an estimated band gap of 

3.38 eV for C, intermediate to that of ZnS (3.91 eV (hexagonal) and 3.54 eV (cubic)) and 

wurtzitic ZnO (~3.3 eV). However, although the transmittance spectra for the three films 

look starkly different, their band gaps were estimated to be close together. Interestingly, 

it would be expected that films with a higher absorbance at longer wavelengths (e.g., C) 

would have a lower band gap, but this was not the case. Previous work from our group 

showed that Zn(O,S) films with similar XRD patterns to that of film C exhibited much 

higher band gaps (3.74–3.93 eV). This was due to the precursor used depositing pure 

phase hexagonal ZnS without an external oxygen source. AACVD experiments using 16 

led to deposition of ZnS with a level of incorporation of oxygen and due to this, and the 

well-known band bending effects of alloys, it would not be surprising for the band gaps 

of these materials to occur at lower energies.66 

Figure 4.29: UV/vis transmittance spectra for films A–C, inset: Tauc plots for all three 

films.   

4.2.8.6 Scanning electron microscopy (SEM) 

SEM images revealed that film C was made up of well-connected particulates of similar 

size (200–300 nm), and that the film thickness was consistent across the film at around 

650 nm. Images of films A and B showed smaller particulates (<100 nm), consistent with 

the reduced peak broadening from XRD data (Figure 4.30). 
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Figure 4.30: Top-down SEM images of film B (× 35,000) (top left), film C ((× 6,000) (top 

right) and × 19,000 (bottom left)). Side on SEM image of film C (× 23,000) (bottom right). 

4.2.8.7 Energy dispersive analysis of X-rays (EDAX) 

EDAX was used to confirm the presence of zinc, sulfur and oxygen (where applicable) 

in the films. However, EDAX penetrates to depths of about 2–3 &m and therefore oxygen 

from the glass substrate was also accounted for in the total atomic percentages, as the 

film thicknesses are <1 &m. Therefore, it is useful to compare the relative sulfur content 

in the film as we would expect films A and B to have a higher relative sulfur content as 

compared to film C. Film C had the lowest S/Zn ratio of 0.3 as expected, due to a larger 

proportion of oxygen present in the film, evidencing Zn(O,S). This corroborated the 

elemental ratio calculated from XPS, which was slightly higher (S/Zn = 0.4) due to the 

acquisition of data closer to the surface, where the film was sulfur rich.  

4.3 Conclusions 

In this chapter, a set of several heteroleptic zinc thioureide complexes have been 

synthesised and characterised. Seven ethyl zinc thioureides (7–13) have been 

synthesised via the ethane elimination reaction of thiourea ligands with diethyl zinc. A 
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BDI zinc thioureide (15) and four alkoxyzinc thioureides (16–19) have been synthesised 

via the reaction of ethyl zinc thioureide complexes 11 and 13 with a !-diiminate ligand 

and donor-functionalised alcohols. All complexes were characterised via 1H and 13C{1H} 

NMR spectroscopy, elemental analysis, and the X-ray structures of 8, 9, 11–13 and 15–

17 have been determined by single crystal X-ray diffraction.  

Compounds 15, 16 and 17 have demonstrated dynamic behaviour in solution which has 

been elucidated through variable temperature NMR investigations.  A two-fold fluxionality 

in 17 was revealed due to contributions from both thioureide and donor-functionalised 

alkoxy ligands which was attributed to the smaller methyl substituents present on the 

donor functionalised alcohol. 

This finding was firmly supported by TGA, which revealed that 17 had a significantly 

lower onset decomposition temperature than 16. This was corroborated through AACVD 

experiments where the target heterodichalcogenide material Zn(O,S) was deposited 

from the single source reaction of 17, but not from 16. 

The formation of heteroleptic zinc complexes via systematic variation of ligand type and 

investigations of dynamic properties of the resultant precursors have culminated in the 

deposition of the heterodichoalcogenide material Zn(O,S) via the single source AACVD 

reaction of the heteroleptic alkoxyzinc thioureide complex 17 at 400 °C, without the use 

of an external zinc or oxygen source. This is the first example of the deposition of Zn(O,S) 

via a single source route. The hypothesis that using a heteroleptic precursor – one ligand 

with an oxygen donor atom and the second with a sulfur donor atom, has facilitated the 

deposition of a ternary material. 

A clear correlation between fluxionality and decomposition temperature has been shown. 

As stability and decomposition temperature of precursors are directly proportional, 

molecules that are to function as SSPs need to be designed so as to be stable enough 

to be isolated and be easily handled, but to be unstable enough to allow for a lower 

decomposition temperature. The instability of reagents such as ZnEt2, AlMe3 and GaMe3 

results from the presence of metal carbon bonds which makes these compounds 

pyrophoric and therefore difficult to handle. The instability resulting from molecules that 

exhibit solution state fluxionality does not make these compounds highly reactive, and 

so molecules that exhibit dynamic behaviour could serve as safer alternatives to 

pyrophoric species in solution state deposition methods. 
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This chapter will explore the combinatorial analysis of zinc oxysulfide (Zn(O,S)) films in 

order to better understand the effects of intermediate compositions on the optoelectronic 

properties of the material. The analysis of films from both commercially available 

precursors and a novel precursor will be undertaken. In the latter case, the molecular 

properties of the precursor and the effect of this on the deposition of Zn(O,S) films will 

also be discussed. 

5.1 Introduction 

Zinc oxysulfide (Zn(O,S)) is a ternary heterodichalcogenide material and can be thought 

of as a solid solution, having properties intermediate to that of the parent binary 

compounds, zinc oxide (ZnO) and zinc sulfide (ZnS). The literature on Zn(O,S) is still 

expanding, with only a few reports thoroughly examining its structural properties. This 

section will begin with a literature review on the use of Zn(O,S) in PV devices, and then 

expand on its structural and optoelectronic properties. Finally, the use of combinatorial 

CVD for the analysis of ternary materials such as Zn(O,S), and the aims of this chapter 

will be discussed. 

5.1.1 Use of Zn(O,S) in photovoltaic devices 

There has been considerable interest in Zn(O,S) as an alternative to the widely used 

cadmium sulfide (CdS) buffer layer in CuIn1–xGaxSe2 (CIGS), Cu2ZnSnS/Se4 (CZTS/Se) 

and tin(II) sulfide (SnS) solar cells.1–4 Due to the narrow band gap of 2.4 eV of CdS 

causing absorption losses to the cell current, and the obvious toxicity of cadmium, the 

use of zinc is a promising alternative due to its low toxicity and Earth-abundance.5 

The highest efficiency achieved by a CIGS device utilizing a Zn(O,S) buffer layer to date 

is 21.0% as reported by Freidlmeier et al.6 The Zn(O,S) layer was deposited using 

chemical bath deposition (CBD), and window layers Zn0.75Mg0.25O:ZnO:Al by sputtering. 

However, the authors did not report the exact composition of the Zn(O,S) layer. The 

reported efficiency was made possible due to a novel alkali post-deposition treatment of 

the CIGS absorber layer. Zn(O,S) buffer layers in CZTS devices have also been reported 

with much lower efficiencies, although this is most likely a result of the properties of CZTS 

and not Zn(O,S). A 2.75% efficient CZTS cell was reported by Hong et al. and contained 

a Zn(O,S) buffer layer with a S/Zn ratio of 0.33.7 The Gordon group has published several 

reports of the use of Zn(O,S) films as buffer layers for SnS solar cells, with a maximum 

efficiency achieved to date of 4.36%.2,8–10 

As discussed in Chapter 1, the role of a buffer layer in thin film PV devices is to improve 

the interface and ease the transition between the absorber and the transparent 
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conducting oxide (TCO) layers. As such, the buffer layer should have properties 

intermediate to that of the absorber and TCO. When using CdS, properties such as the 

band gap are fixed, however an advantage of using a ternary material is that these 

properties can be tuned to align with respective solar absorbers by varying the elemental 

composition of oxygen and sulfur.11 Properties intermediate to that of ZnO and ZnS can 

therefore be achieved and so the functional properties of the material can easily be 

altered. 

Altering the band gap of Zn(O,S) is crucial to the conduction band offset (CBO) between 

adjacent layers of a PV device. The CBO describes the relative alignment of the energy 

bands of semiconductors and is one of the most important factors determining PV device 

efficiencies. Many studies explore how to achieve the optimal CBO between layers in a 

PV device. A study by Sun et al. has reported that a S/Zn ratio of 0.37 leads to the optimal 

CBO between the Zn(O,S) barrier layer and a SnS absorber layer in a SnS solar cell.8 It 

is suggested that the CBO for this ratio is low enough to allow unimpeded minority current 

flow from the absorber layer to the buffer layer. Higher S/Zn ratios lead to larger CBOs 

which in turn lead to large barriers which suppress photocurrent collection. 

5.1.2 Structural properties of Zn(O,S) films 

As discussed in Chapter 3, ZnO occurs most commonly in the hexagonal (wurtzite) 

phase. ZnS commonly occurs in both the hexagonal (wurtzite) phase and the cubic 

(sphalerite) phase. The XRD patterns of ZnO (wurtzite) and ZnS (wurtzite and sphalerite) 

are shown in Figure 5.1. There is often ambiguity in identifying the phase of ZnS via XRD 

as the peak corresponding to the (002) plane of wurtzitic ZnS and the peak 

corresponding to the (111) plane in cubic ZnS coincide (2θ ~ 27º). Reports of Zn(O,S) 

materials from the literature report peaks relative to the peaks of pure ZnO and ZnS. 
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Figure 5.1: XRD patterns of wurtzitic ZnO, and wurtzitic and cubic ZnS. 

The first in depth study of Zn(O,S) films was performed by Sanders and Kitai.12 Films of 

the form ZnO1–xSx were deposited via atomic layer deposition (ALD) using dimethylzinc, 

hydrogen sulfide and oxygen or water as the sulfur and oxygen sources, respectively, 

and had varied composition (x = 0 – 0.95). The authors reported that the films with mostly 

oxygen content or mostly sulfur content behaved as single-phase structures whilst 

intermediate compositions (x = 0.3 – 0.5) gave rise to amorphous structures as 

determined by XRD. 

Platzer-Björkman et al. fabricated CIGS cells using Zn(O,S) as the buffer layer; the 

Zn(O,S) layers were deposited via ALD using diethyl zinc, hydrogen sulfide and water.1 

The S/Zn ratios of the films ranged from 0 – 1 and their composition was established via 

X-ray fluorescence spectroscopy (XRF). Similar to Sanders and Kitai’s report, films with 

S/Zn ratios below 0.3 gave rise to XRD patterns with three principal peaks corresponding 

to the (100), (002) and (101) planes, which shifted to lower 2θ angles as the sulfur 

content increased. Films with S/Zn ratios between 0.5 and 0.8 gave rise to amorphous 

XRD patterns with no discernible features, whilst films with a S/Zn ratio greater than 0.8 

gave rise to XRD patterns with a principal peak corresponding to the (002)/(111) planes, 

as shown in Figure 5.2. 
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Figure 5.2: XRD patterns of Zn(O,S) films with the following S/Zn ratios: (a) 0, (b) 0.10, 

(c) 0.28, (d) 0.48, (e) 0.71, (f) 0.84, (g) 1. Reproduced from reference 1.  

Pandey et al. reported the synthesis and characterisation of Zn(O,S) powders.13 The 

powders were formed via pyrolysis of zinc acetate and thiourea in various ratios in 

ethanol at 350 °C and characterised by standard analytical techniques. The XRD 

patterns of the intermediate compositions are shown in Figure 5.3. 

Figure 5.3: XRD patterns of Zn(O,S) powders with varying S/Zn ratios. Reproduced from 

reference 13. 
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Much like in Figure 5.2, powders with a S/Zn ratio close to 0 exhibit three principal peaks 

corresponding to the (100), (002) and (101) planes whilst the powder with a S/Zn ratio 

close to 1 showed a clear principal peak corresponding to the (002)/(111) plane. 

However, in contrast to the XRD patterns reported by Platzer-Björkman et al., the peaks 

do not seem to shift with a change in the ratios of precursor used. Instead, at the S/Zn 

ratio of 0.3, a two-phase structure was seen. This is likely due to the different techniques 

used to form these materials. In thin film deposition, growth is heavily influenced by co-

reagents and dopants can easily be incorporated into the intrinsic structure of the 

material. Pyrolysis of a precursor solution likely does not allow for incorporation of 

elements into the structure of the resultant material, unlike in thin film growth. Therefore, 

the individual precursor molecules pyrolyze and the XRD patterns reflect an average of 

the materials formed rather than the material itself being changed. 

Other reports from the literature that employ film growth techniques have XRD analyses 

similar to those reported by Platzer-Björkman et al. as shown in Figure 5.2, and will 

therefore be used as points of reference for this work.7,14–19 

5.1.3 Optical properties of Zn(O,S) films 

The band gap of Zn(O,S) is tuneable between 3.37 eV (Eg = ZnO) and 3.54 eV 

(Eg = ZnS) by varying the elemental composition of oxygen and sulfur.20 However, in the 

original paper from Sanders and Kitai, it was found that the band gap of the films had a 

local minimum for intermediate compositions (Figure 5.4), and that there was a trend 

between the band gap and crystallinity of the films. The lowest reported band gap was 

~3.2 eV for the films ZnO0.35S0.65, lower than both the band gaps of pure wurtzitic ZnO 

and wurtzitic ZnS.  
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Figure 5.4: Band gap bowing for intermediate compositions of Zn(O,S) films. 

Reproduced from reference 12. 

Band gap bowing is a well-known phenomenon in compound semiconductor alloys and 

involves the deviation from the linear interpolation between the band gaps of the two 

parent materials.21–23 This usually occurs in the form of a local minimum for the band gap 

value of a composite material. Several studies in the literature report a band gap bowing 

for intermediate compositions between ZnO and ZnS (a minimum of ~2.7 eV is reported 

for an S/Zn ratio of ~0.4).13,24,25 

5.1.4 Precursors towards Zn(O,S) 

Most of the reports of Zn(O,S) in the literature involve the use of ALD, CBD and RF (radio 

frequency) sputtering. This is due to the high compositional accuracy and small film 

thicknesses achieved by these methods, and the importance of this in the application of 

PV devices. As opposed to the fabrication techniques mentioned above, in particular 

ALD, achieving compositional accuracy is more of a challenge in CVD even though it is 

known to be a robust technique to fabricate thin films of desired materials. Modelling the 

thermodynamics, kinetics and transport properties of the CVD process is complex and it 

is well known that the elemental compositions in the precursor solution are not always 

reproduced in the resultant film.26 This is particularly true for dual source CVD, in which 

separate precursor solutions are used for each component of the film. In ALD, a similar 

approach is adopted whereby atomic layers of precursors are deposited in turn, but the 

precursors are never in the reaction chamber at the same time. Due to this, the 

compositional accuracy of deposited layers in ALD is much greater than in CVD. 

Consequently, the films are also much thinner as required for application in PV devices. 



Chapter 5 

 155 

This poses challenges for the deposition of thin (<100 nm) films of ternary materials such 

as Zn(O,S) via CVD. 

That is not to say that ternary materials have not been deposited by CVD methods. As 

discussed in Chapter 3 and 4, there are several doped materials that can be fabricated 

via dual source CVD, and combinatorial CVD methods have precedence in the literature. 

However, these reports focus on exploring compositional variation in films and as such 

they are deliberately fabricated with compositional gradients. 

5.1.5 Combinatorial CVD techniques 

Combinatorial techniques are not limited to CVD applications and were, in fact, 

pioneered by Boettcher et al. to identify the phases of the previously unknown alloy 

consisting of Ag, Sn and Pb.27 The film was deposited via vaporisation of the metal 

sources through a rotating mask and a ternary phase diagram of the alloy was formed. 

Due to the vast amount of information gained from a single experiment, the field 

expanded greatly in the following years as a method to assess and optimise chemical 

and biological systems with ease. Today, an entire journal is dedicated to the field of 

combinatorial science and spans topics from drug discovery, optimisation of biologically 

active compounds and development of molecular function to robotics, screening of 

emerging materials and microfluidic technologies. 

As mentioned in Chapter 1, combinatorial mapping techniques have been used to 

analyse thin films deposited from combinatorial CVD methods. Combinatorial CVD 

methods involve the use of two or more precursors entering a reaction chamber 

concurrently so as to create a film with compositional, structural and/or phase gradients 

(Figure 5.5). This is a facile method for fabricating a vast range of materials on a single 

film and assessing variations and determining structure property relationships 

throughout a film. However, this method comes at a detriment as the volume of sample 

analysis greatly increases (though many of the reports also use high throughput analysis 

techniques). 



Chapter 5 

 156 

 

Figure 5.5: Schematic representation of a dual source CVD experiment (left) and an 

example of a grid system used for analysis of a single film (right). 

There are several reports of combinatorial analysis for films produced via APCVD,28–32 

and also some via AACVD.33–35 Knapp et al. reported a combinatorial AACVD (cAACVD) 

approach towards gallium-indium-oxide films.33 Two precursor solutions were used, one 

containing GaMe3 and the second containing InMe3, both also containing a donor 

functionalised alcohol. A range of gallium-indium-oxide compositions (GaxIn2–xO3 

(x = 0.4–1.6)) were deposited and a direct relationship between composition and 

conductivity was observed. A study by Chadwick et al. reported the deposition of a 

SnO2/TiO2 composite via cAACVD for use as a photocatalytic material.35 Analysis of the 

film revealed that specific locations had enhanced photoactivity as compared to industry 

standards. Another study by Chadwick et al. reported major changes in morphology as 

dopant concentration was changed in N/Nb co-doped TiO2 films deposited via 

cAACVD.34 
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5.1.6 Overview and aims 

Although literature has explored the intermediate compositions of Zn(O,S) and its effects 

on solar cell performance, there has yet to be a thorough structural examination of these 

materials. This chapter aims to use combinatorial techniques to assess variations in 

Zn(O,S) films with a view to tailor future experiments to enable the growth of films with 

specific optoelectronic and structural properties. This is a facile method that allows for 

insight into varied compositions and is especially useful for a material like Zn(O,S), 

whose properties need to be altered depending on the layers it is adjacent to in PV 

devices. 

Even though CVD may not be the best method to fabricate Zn(O,S) films, combinatorial 

methods can provide a quick way to access the combinations of Zn(O,S). The lack of 

compositional accuracy across films produced in dual source CVD experiments may be 

exploited here as it allows for the fabrication of (technically) infinite combinations of a 

ternary material with ease. After the optimal composition has been found via the created 

Zn(O,S) phase space, the desired material can then be fabricated via more 

compositionally accurate methods such as ALD. This can then be scaled up for 

commercial application. As well as accessing numerous compositional variations of 

Zn(O,S), combinatorial mapping techniques have not been used to analyse Zn(O,S) films 

and it may be beneficial to explore the exact structural transformation that the varying of 

the O/S ratio has on this material as it may aid in further understanding of its functional 

properties. 

This chapter will explore two separate dual source AACVD reactions towards Zn(O,S) 

films. The first will use commercially available precursors zinc acetate and zinc 

diethyldithiocarbamate to deposit compositionally varied films of Zn(O,S). The second 

will use diethyl zinc and a novel molecular zinc cluster precursor. The films will be 

characterised using a combinatorial mapping approach in order to assess variations 

across the resulting Zn(O,S) materials. 
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5.2 Results and discussion 

5.2.1 Deposition of Zn(O,S) from commercially available precursors 

The deposition of Zn(O,S) films was carried out using a mixture of two commercially 

available precursors: zinc acetate and zinc diethyldithiocarbamate. To gauge the 

variation in films when differing precursor ratios were used, initially experiments using 

varying ratios of zinc acetate to zinc diethyldithiocarbamate were carried out. Precursor 

solutions with O/S ratios ranging from 0 to 1 were prepared, as shown in Table 5.1. 

These solutions were then combined into a single flask and AACVD experiments were 

carried out at an optimised temperature of 450 °C with toluene and tetrahydrofuran (THF) 

being used to solubilise zinc acetate and zinc diethyldithiocarbamate, respectively. (The 

route employed here cannot strictly be called dual-source AACVD as the two precursors 

were not in different flasks before entering the reaction chamber). 

Table 5.1: Details of the precursor ratios used in the deposition of Zn(O,S) films. 

Film O S 

A (ZnS) 0 1 
B 0.1 0.9 
C 0.2 0.8 
D 0.3 0.7 
E 0.4 0.6 
F 0.5 0.5 
G 0.6 0.4 
H 0.7 0.3 
I 0.8 0.2 
J 0.9 0.1 

K (ZnO) 1 0 
 

Varying the amounts of zinc acetate and zinc diethyldithiocarbamate in the precursor 

solutions allowed for the deposition of Zn(O,S) films with varying oxygen and sulfur 

content. The XRD patterns of films A and K confirmed their identity as cubic/wurtzitic 

ZnS and wurtzitic ZnO respectively, as expected. XRD patterns of the remaining films 

B–J varied depending on the elemental ratio of oxygen to sulfur (Figure 5.6). Films 

deposited from a precursor mixture containing a larger O/S precursor ratio led to films 

with diffraction features resembling ZnO with some peak shifting, namely: S-doped ZnO. 

The XRD peaks of ZnO shifted to lower angles, consistent with the expansion of the unit 

cell due to the increased atomic radius of S as compared to O.  Similarly, when a smaller 
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O/S precursor ratio was used, the resulting film showed diffraction features resembling 

ZnS, again with shifted peaks, corresponding to O-doped ZnS. Diffraction peaks of ZnS 

shifted to higher angles, consistent with contraction of the unit cell. This was confirmed 

by the non-linear relationship between peak shift and 2θ angle, characteristic of unit cell 

expansion/contraction. 

Intermediate compositions showed broad diffraction peaks corresponding to an 

amorphous phase. This is in agreement with several reports from the literature as 

discussed in Section 5.1.2. From XRD patterns that do not show significant diffraction 

features, it has been suggested that the intermediate compositions are either amorphous 

or nanocrystalline due to the 16% lattice mismatch between wurtzitic ZnO and cubic or 

wurtzitic ZnS.8 Earlier reports have suggested that a two-phase structure is exhibited for 

S/Zn ratios of around 0.5 due to the large lattice mismatch leading to excessive strain on 

a single-phase structure.12 

Figure 5.6: XRD patterns of films A, D–K. 

However, when XRD analysis was conducted on different parts of a single film, the 

resulting XRD patterns were not the same, suggesting compositional variation across 

films from a single deposition. Furthermore, repeats of the depositions using the same 

precursor solutions also led to films with differing XRD patterns suggesting that the 



Chapter 5 

 160 

deposition process and formation of the ternary material is not trivial. Due to the 

irreproducibility of Zn(O,S) films deposited via this route, XRD, XPS and UV/vis 

spectroscopy analyses from samples which had been produced under the same 

conditions did not correlate well to one another and so did not provide useful insight. 

Instead, the microanalysis of a single film produced from an optimal ratio was 

investigated to map out film properties as a function of composition. 

5.2.2 Combinatorial analysis of a Zn(O,S) film 

The combinatorial style analysis of a film produced from a 4:1 ratio of zinc acetate to zinc 

diethyldithiocarbamate at 450 °C was then undertaken and the grid system used for all 

further analysis is shown in Figure 5.7. 

 

Figure 5.7: Grid system for analysis used throughout Section 5.2.2. Analyses were 

conducted in the centre of the red squares. 

5.2.2.1 Structural and compositional analysis 

The XRD patterns of all positions were recorded and exhibited broad peaks indicating 

some level of amorphous character. A representative plot of the XRD patterns for 

positions D1–D7 is shown in Figure 5.8. It can be seen that there is structural, and 

therefore compositional variation even on a single film, suggesting that the deposition of 

this material may be influenced by factors other than the ratios of precursors. Several 
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factors in the AACVD process may contribute and this will be discussed in Section 

5.2.2.4. 

Figure 5.8: XRD patterns of positions D1–D7 showing peak shifting. 

The XRD pattern of D1 shows peaks corresponding to the (100), (002) and (101) planes 

in ZnO, though these are lower than for pure ZnO as expected. The pattern of D2 shows 

several peaks that may correspond to peaks from both ZnO and ZnS. The patterns from 

D3–D7 show three principal peaks corresponding to the (100), (002) and (101) planes, 

which all shift toward lower 2θ angles from inlet to outlet. This corresponds to an increase 

in unit cell parameters, indicating substitution of oxygen for sulfur. The composition of 

the film changes from more oxide character to more sulfide character from inlet to outlet. 

This trend is seen in all five columns on the grid X1–X7 (X = A–E) (Full data sets in 

Appendix). 

In order to represent the compositional variation in 2-dimensions across the film, a 

contour plot showing the change in peak position of the peak corresponding to the ZnS 

(001) plane was produced. Data were linearly interpolated to produce the contour plot 

as shown in Figure 5.9. The areas close to the inlet have less sulfide character as the 

ZnS (100) peak appears at higher 2θ values relative to the (100) peak for pure wurtzitic 

ZnS (2θ = 26.9°), indicating substitution of oxygen for sulfur. Areas further away from the 

inlet have more sulfide character as the 2θ values for the ZnS (100) peak shift to lower 

2θ values, which are closer to the (100) peak for pure ZnS. The variation in peak 

positions between rows A–E is much less than between the columns 1–7. 
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To estimate the elemental composition of the films, energy dispersive analysis of X-rays 

(EDAX) was carried out. EDAX confirmed the presence of zinc, sulfur and oxygen in the 

film, and S/Zn ratios were calculated. Similar to above, these data were linearly 

interpolated to produce a contour plot showing the compositional variation across the 

film, as shown in Figure 5.9. The findings from XRD analyses were corroborated from 

the EDAX contour map which also showed the S/Zn ratio increasing from the inlet to the 

outlet, where blue areas signify more ZnO character and red areas signify more ZnS 

character. 

 

Figure 5.9: Contour plots showing the (100) peak position (left) and the S/Zn ratio 

calculated from EDAX (right) across the Zn(O,S) film. 

XPS was also used to confirm the presence of zinc, sulfur and oxygen in the film. S/Zn 

ratios were calculated from XPS data and again represented as contour plots (Figure 

5.10). The trends observed from the EDAX contour plot were corroborated here; the S/Zn 

ratio increased from reactor inlet to outlet.  

Due to these variations in composition across the film, the variation through its thickness 

also had to be considered. The penetration depths of EDAX and XPS differ greatly; XPS 

is a surface technique whilst EDAX penetrates to depths of about 2–3 µm. Therefore, 

EDAX takes into account the elemental composition throughout the thickness of the film 

whilst XPS only takes into account the variation near the surface. To probe the 

compositional variation throughout the thickness of the film, a XPS depth profiling study 

was carried out to estimate the elemental distribution of Zn, S and O throughout the 

thickness film (Figure 5.10). 
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XPS scans were taken at etching times of 300–1800 s. As an approximation, a 1 s etch 

corresponds to 0.35 nm; therefore, the furthest distance that has been analysed by XPS 

is the 1800 s etch which corresponds to 630 nm (the film is approximately 1 µm thick). 

From the contour plots shown in Figure 5.10, it was confirmed that not only does the 

elemental composition vary across the film but also through its thickness. The 300 s etch 

showed the closest resemblance to the XRD and EDAX mapping, with the parts of the 

film closer to the inlet having a lower S/Zn ratio and this increasing with distance from 

the inlet. There was some variation with the 600 s and 900 s etch but at longer etch times 

the composition remained somewhat constant. Cho et al. explored the vertical phase 

distribution of sputtered Zn(O,S) films and also found that the composition varied 

throughout the thickness of the film, though it was suggested that this was likely the result 

of the energetic plasma used during the sputtering process.36 

Although the XPS analysis did not cover the entire thickness of the film, compositional 

variation could be seen. Furthermore, etching disturbs the material and the ejection of 

atoms from the material is inversely proportional to their atomic mass. Therefore, lighter 

elements are more prone to be ejected and so ratios obtained from etching may not be 

representative of the real atomic ratios. 
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Figure 5.10: Contour plots showing S/Zn ratios from XPS depth profiling across the 

Zn(O,S) film. 

XPS scans of Zn(O,S) materials at the surface or at short etching times from the literature 

may not be an accurate representation of sulfur content as they provide information 

about the material only near the surface. EDAX covers thicknesses of about 2–3 µm and 

therefore provides a more accurate representation of the atomic content, however any 

compositional variation through the thickness of the film is not accounted for and instead 

an average of the elemental ratios is obtained. In fact, the formation of sulfoxides on the 

surface, as evidenced from XPS, increases the surface S/Zn ratio and so in EDAX, the 

average S/Zn ratio is increased. XPS depth profiling averages lower values despite 

taking into account the increased surface S/Zn ratio. This suggests that perhaps a higher 

S/Zn ratio is seen closer to the substrate. 

Conductivity measurements showed that the film was almost entirely resistive; the only 

parts being conductive being those with more ZnO character, as expected. Therefore, 

Hall effect measurements could not be carried out on the samples. This lack of 

conductivity can arise from the choice of precursors used, as unclean decomposition 

pathways using certain precursors can lead to carbon contamination and/or surface 

hydroxyl groups reducing conductivity. Zinc acetate and zinc acetylacetonate are not 

particularly carbon rich and so carbon contamination would be relatively low in these 
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films. It is also well known that thin films of ZnO via the AACVD reaction of diethylzinc 

and methanol produces ZnO films with considerably higher conductivities as compared 

to the precursors mentioned above. This has been ascribed to the presence of oxygen 

deficient ZnO as there are no pre-formed Zn-O bonds in the precursor, or due to 

hydrogen doping of the resultant film.37 The low conductivity can also be explained by 

the varied composition throughout the film. Ideally, a material should be uniform 

throughout its cross section to allow for a uniform flow of electrical current. 

5.2.2.2 Optical properties 

Compositional variation was clearly evident from the colour change from yellow to 

colourless from reactor inlet to outlet (Figure 5.7 above). Both ZnO and ZnS are 

colourless as thin films, and so the yellow colour observed in the film was a strong case 

for oxysulfide formation and not a mixture of the two binary materials. 

The yellow colour observed can be explained by the reversible oxygen vacancies formed 

upon heating ZnO. Upon heating, ZnO (a white powder) loses oxygen reversibly which 

leads to oxygen vacancies, and the creation of F-centres. An F-centre is a type of 

crystallographic defect in which free electrons occupy an anionic vacancy. These 

electrons absorb in the visible region of the electromagnetic spectrum, leading to the 

observed colour change from white to yellow (for ZnO). However, this change is 

reversible and ZnO reverts back to white upon cooling.38  

ZnS exhibits Frenkel defects due to the large difference in size between Zn2+ and S2- 

ions.39 A Frenkel defect is formed when an ion is dislocated from its site and becomes 

an interstitial by lodging in a nearby location (Figure 5.11). 

 

Figure 5.11: Representation of a Frenkel defect within a material. 

Y-

X+
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Here, Zn2+ ions occupy interstitial sites in the structure. Frenkel defects cause no change 

to the electrical properties of a solid and charge neutrality is maintained. Therefore, no 

free electrons result from this defect, and no colour change is observed in pure ZnS. It 

is likely that the colour change in Zn(O,S) originates from the formation of F-centres due 

to oxygen vacancies. However, the material is coloured even at room temperature, 

indicating that the loss of oxygen is not reversible, and the material is oxygen deficient. 

Interestingly, oxygen rich parts of the film exhibit a more intense yellow colour, meaning 

that it may have more F-centres due to greater oxygen vacancies. Sulfur vacancies are 

also known to exist but are much less common than oxygen vacancies due to the larger 

energy required for their formation. The more intensely yellow-coloured parts of the film 

were also more conductive. This could be due to the greater number of free electrons 

formed from oxygen vacancies but could also be explained by the greater conductivity 

of ZnO as compared to ZnS.  

UV/vis spectroscopy was used to estimate the optical band gaps across the Zn(O,S) film. 

Representative transmittance spectra and respective Tauc plots for positions D1–D7 on 

the film are shown in Figure 5.12 (Full data sets in Appendix). The absorption edge 

clearly shifts to lower wavelengths from D1 to D7, or as the film turns from a more oxide 

character to a more sulfide character. This trend is (generally) reflected in the Tauc plots, 

where the band gap shifts to higher energies from D1 to D7. (There may be some 

instrument error whilst recording the transmittance spectrum of sample D4, hence the 

shoulder in the spectrum, and difference in the Tauc plots as compared to the other 

samples.) These trends are generally observed across all columns. The band gaps of 

positions D1–D7 are compiled alongside XRD, XPS and EDAX data in Table 5.2. 
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Figure 5.12: UV/vis transmittance spectra (top) and Tauc plots (bottom) of positions D1–

D7. 

Again, to represent the compositional variation in 2-dimensions across the film, a contour 

plot showing the variation in band gaps was produced from Tauc plots of all positions on 

the film. Data were linearly interpolated to produce the contour map as shown in Figure 

5.13. 
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Figure 5.13: Contour plot showing the variation in the band gap of samples across the 

Zn(O,S) film. 

From the contour plot, it can be seen that the band gap of the film increases from inlet 

to outlet, consistent with the structural transformation of the Zn(O,S) film from having 

more of an oxide character to more of a sulfide character. The band gaps range from 

2.62 to 3.24 eV; the band gaps for samples closer to the inlet are lower than that of pure 

ZnO, and this can be attributed to band gap bowing, with intermediate compositions of 

Zn(O,S) having band gaps lower than either of the parent materials. As the sulfur content 

increases, the band gaps increase to the maximum value of 3.24 eV for row 7, lesser 

than that of both pure ZnO (Eg = 3.37 eV) and ZnS (Eg (cubic) = 3.54 eV, Eg 

(wurtzitic) = 3.91 eV). 
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Table 5.2: Physical and functional property data for positions D1–D7 on the Zn(O,S) film. 

  D1 D2 D3 D4 D5 D6 D7 

XRD 
Position of 
ZnS (100) 
peak / ° 

27.81 27.77 27.82 27.72 27.54 27.38 27.26 

XPS 
(300 s 
etch) S/Zn ratio  

(atom%) 

0.23 0.26 0.30 0.37 0.48 0.46 0.33 

EDAX 0.36 0.59 0.60 0.61 0.70 0.70 0.75 

UV/vis Band gap / eV 2.86 2.92 2.95 2.78 3.04 3.13 3.24 

 
5.2.2.3 Compositional variation 

There are several factors that may lead to compositional variation across a single film. 

In dual source reactions, the identities of the two precursors are different and as such 

they will have differing decomposition profiles, solubility, volatility, vapour pressure, and 

thus may not behave as a homogenous mixture in the reaction chamber. In the 

depositions in this section, the two precursors are also dissolved in different solvents and 

although these are miscible, the aerosol properties of both solutions are different. The 

diameter of the aerosol droplets is calculated using Lang’s equation: 

! = 0.34 × (8*+,-!)
"
# ≈	 ( *+4,-!)

"
# 

Where D is the droplet diameter, ! is the surface tension, " is the density and f is the 

ultrasound frequency.40 If one solvent had a significantly larger droplet size than the 

other, it could be assumed that the droplet would not travel as far in the reactor and 

therefore deposit closer to the inlet. However, there are no considerable differences in 

the droplet diameter between methanol and THF and so the deposition of Zn(O,S) with 

more oxide character nearer the reactor inlet cannot be accounted for on this basis. 

Another factor is that the temperature inside the CVD reactor is not uniform and varies 

by as much as 15 °C, with the hottest part being in the center (Figure 5.14). Comparing 

the temperature gradient with the placement of the analysed Zn(O,S) film, it may be 

inferred that the formation of ZnO (closer to the inlet) occurs at lower temperatures whilst 

the formation of ZnS (closer to the middle of the reactor) occurs at slightly higher 

temperatures. Certainly, from these hypotheses, it can be assumed that the formation of 

Zn(O,S) films is temperature sensitive. 
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Figure 5.14: Temperature gradient across the CVD reactor (left) and representation of 

the size of the analysed films relative to the size of the reactor (right). 

5.2.3 Deposition of Zn(O,S) from a molecular precursor 

The previous section provided insight into the compositional variation of Zn(O,S) films, 

and it was found that there was significant compositional variation even on a single film. 

The focus then turned to the synthesis of a single source precursor towards Zn(O,S). As 

discussed in the previous section and Section 5.1.4, the variation of composition of films 

may be due to the mixing of two precursors in the precursor solution. Using a single 

source precursor approach could therefore produce films with lesser compositional 

variation. Therefore, a heteroleptic zinc precursor was targeted. 

5.2.3.1 Reaction of diethyl zinc with thioacetic acid 

Taking inspiration for the synthesis from Nyman et al.’s report of the monomeric 

precursor [Zn(SOCCH3)2TMEDA] (TMEDA = tetramethylethylenediamine),41 diethyl zinc 

and thioacetic acid were combined in a 1:2 ratio with 1,4-dioxane in toluene at -78 °C, 

as shown in Scheme 5.1 (top). Overnight, colourless crystals had formed, and these 

were analysed via single crystal X-ray diffraction. The colourless crystalline solid was 

Reactor outlet

Reactor inlet

Tset

Tset - 15 ºC

Zn(O,S)
film

Reactor outlet

Reactor inlet
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however, confirmed to be the cluster compound [Zn8(SOCCH3)12S2] (20) (Scheme 5.1, 

bottom) and not the desired monomeric product (Scheme 5.1, top). Compound 20 was 

also characterised by 1H and 13C{1H} NMR spectroscopy, EA and MS. The 1H NMR 

spectrum of this crystalline product showed a multiplet centred at 2.53 ppm, 

corresponding to all 36 methyl hydrogens.  

 

Scheme 5.1: Hypothesised synthetic route towards desired compound (top) and 

observed reaction (bottom). 

In the synthesis of Nyman et al.’s complex [Zn(SOCCH3)2TMEDA], TMEDA acts as a 

stabilising ligand allowing it to be monomeric. The addition of a stoichiometric amount of 

the neutral 1,4-dioxane ligand was to facilitate coordination to form the oxygen 

coordinated analogue of the above. Interestingly, 1,4-dioxane does not coordinate to the 

zinc centre but is thought to aid in the crystallisation of 20 which is the likely cause of 

cluster growth rather than the isolation of a monomer. Repeats of the reaction without 

the addition of 1,4-dioxane did not yield crystalline material indicating that 1,4-dioxane 

may act as a stabilising ligand during the reaction that eventually promotes crystal 

formation. 
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Figure 5.15: Solid state structure of 20 with thermal ellipsoids drawn at 50% probability 

and H atoms omitted for clarity. (Symmetry operator: 3/2–X, 3/2–Y, 1–Z.) 

Compound 20 crystallised from a concentrated solution of toluene and 1,4-dioxane as 

centrosymmetric clusters in the monoclinic C2/c space group (Table 5.3) with eight zinc 

centres; four of which are unique and four of which are symmetrically generated about 

an inversion centre (Figure 5.15). The cluster consists of two Zn4S6
+ cores with 

thioacetate ligands bridging pairs of Zn2+ centres. This bears close similarity to the 

structure of basic zinc acetate, which has a central oxygen atom, rather than a sulfur 

atom (as in 20) coordinated to four zinc centres (Figure 5.16).42 Zinc acetate is one of 

the best-known precursors to ZnO films, especially via AACVD, and so this structural 
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similarity is promising for the use of 20 as an AACVD precursor to Zn(O,S).43,44 The Zn–

O bond distances in 20 (Table 5.4) were comparable to those in zinc acetate, (Zn acetate 

O–Zn = 1.966 Å, Zn–OCCH3 = 1.976 Å). Zn2–O2 has a shorter bond length 

(1.9882(16) Å) as compared to Zn2–O1 (1.9972(19) Å) and bond lengths were 

statistically significantly different. This is expected since the former bond is part of a six 

membered ring whilst the latter is part of a ten membered ring and therefore experiences 

lesser bond strain. The same effect was observed for the bond pair Zn2–S1 and Zn2–

S2, where the Zn2–S1 bond length was longer than the Zn2–S2 bond length. 

 

Figure 5.16: The structure of basic zinc acetate. 

On the basis of #4′, the structural parameter for four coordinate structures (#4′ = 0 for 

square planar, #4′ = 1 for tetrahedral), the degree of distortion in 20 can be quantified.45 

All four zinc centres, and the coordinated sulfur atom S1 adopt distorted tetrahedral 

geometries, with Zn3 having the closest value to 1. The central sulfur atom adopts an 

almost perfect triangular based pyramid structure, with the Zn1–S1–Zn4, Zn2–S1–Zn4 

and Zn3–S1–Zn4 bond angles varying little from 90° (Table 5.4) whilst Zn1, Zn2, Zn3 

and S1 almost lie in the same plane. 

 

 

 

 

 

 

O

O

Zn

O

Zn Zn

O

O

O

O
Zn

O

O
O

O

O

O



Chapter 5 

 174 

Table 5.3: Crystallographic data for structurally characterised compound 20. 

Compound 20 

Empirical formula C24H36O12S14Zn8 
Formula weight / g mol-1 1488.33 
Crystal system Monoclinic 
Space group C2/c 
a / Å 22.8318(2) 
b / Å 22.2511(2) 
c / Å 12.24570(10) 
%	/ ° 90 
'	/ ° 102.3260(10) 
(	/ ° 90 
Volume / Å3 6077.81(9) 
Z 4 
"calc / g cm-3 1.627 
Radiation CuKα (λ = 1.54184) 
2Θ range for data collection / ° 7.928 to 152.744 
Reflections collected 62328 
Independent reflections 6360 [Rint = 0.0478, Rsigma = 0.0188] 
Data/restraints/parameters 6360/0/269 
Goodness-of-fit on F2 1.045 
Final R indexes [I ≥ 2σ (I)] R1 = 0.0406, wR2 = 0.1126 
Final R indexes [all data] R1 = 0.0429, wR2 = 0.1154 

 

Table 5.4: Selected bond lengths for 20. 

 Length / Å  Angles / ° 

Zn2–O1 1.9972(19) Zn1–S1–Zn4 94.13(2) 

Zn2–O2 1.9882(16) Zn2–S1–Zn4 90.959(19) 

Zn2–S1 2.3141(5) Zn3–S1–Zn4 93.27(2) 

Zn2–S2 2.3032(6)   

Zn1–S1 2.3169(6)   

Zn3–S1 2.3354(5)   

Zn4–S1 2.2944(5)   
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To gauge its merit as a CVD precursor, thermogravimetric analysis (TGA) of compound 

20 was carried out and the TGA plot is shown in Figure 5.17. During thermolysis of 20, 

it is likely that the [Zn4S6]+ cores remain intact, and the bridging thioacetate ligands break 

away from the cluster. This was corroborated by thermogravimetric analysis (TGA) data, 

which showed a final mass of 61% at 500 °C corresponding to the mass of the two sets 

of Zn4S6
+ cores within 20. 

Figure 5.17: TGA profile of 20. 

5.2.4 AACVD of compound 20 

Attempts to deposit Zn(O,S) from alternative precursors from the literature (zinc acetate 

dihydrate and zinc diethyldithiocarbamate) via AACVD all produced films with unsuitable 

electronic properties (resistance > 100 MΩ) as discussed in Section 5.2.1. Even though 

the synthesis of the desired heteroleptic complex was unsuccessful, compound 20 had 

the promise to be the sulfur source in a dual source AACVD reaction towards Zn(O,S). 

Even though it would not be a single source reaction, the lack of any CVD precursor 

towards Zn(O,S) in the literature would make this contribution significant. 

After analysing the structure of 20, it was postulated that the pseudo-tetrahedral 

arrangement of the four zinc centres around the sulfur atom (which is similar to the 
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tetrahedral arrangement of atoms in bulk wurtzitic ZnS and ZnO (Figure 5.18)) may lead 

to the deposition of wurtzitic ZnS. Furthermore, this may make the deposition process of 

Zn(O,S) more energetically favourable due to ZnO occurring only as wurtzite (in these 

reaction conditions). The deposition of two precursors whose decomposition products 

are both in the same phase (wurtzite) may be more favourable than the products being 

in different phases. 

Figure 5.18: The similar arrangement of zinc and sulfur atoms in the X-ray structure of 

20 (left) and in bulk wurtzitic ZnS (right). 

The AACVD reaction of 20 in toluene was carried out at 550 °C and yielded pure wurtzitic 

ZnS films as determined via XRD, with preferential growth parallel to the (002) plane 

(Figure 5.19). As discussed above, there is often speculation as to whether the phase of 

ZnS is wurtzitic or cubic but on inspection of the XRD pattern, there was no ambiguity as 

to the phase of the deposited material. 
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Figure 5.19: XRD pattern of a ZnS film deposited from 20 via AACVD at 550 °C in toluene 

with a flow rate of 0.5 Lmin-1. 

Zn–S bonds between Zn and the central S centre were not significantly shorter than the 

Zn–S bonds between Zn and S in the thioacetate ligand (Table 5.4) and so deposition of 

solely ZnS cannot be explained by this alone. The shortest bonds in the structure were 

C–O bonds; C–S bonds were also shorter than Zn–O/Zn–S bonds which may explain 

why the bridging ligands were easily removed to form the anhydride in preference to the 

decomposition of both the [Zn4S]6+ centre and ligands. Furthermore, the pseudo-

tetrahedral arrangement of the four zinc centres around the S atom is similar to the 

tetrahedral arrangement of atoms in bulk ZnS, which may have made this process more 

energetically favourable than the decomposition of either moiety. 

5.2.5 Combinatorial analysis of a Zn(O,S) film deposited from 20 

The AACVD of compound 20 did indeed lead to the deposition of wurtzitic ZnS and 

therefore 20 was chosen to be the sulfur source in dual source AACVD reactions towards 

Zn(O,S). The films from the previous section were all too resistive for use in the 

application of PV cells and this is likely due to the zinc acetate precursor being used (it 

is well known that undoped ZnO films can be very resistive). Therefore, the oxygen 

source for the deposition of Zn(O,S) was chosen to be methanol as the AACVD reaction 

of ZnEt2 with methanol produces highly conductive ZnO films.46 
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Large area films (5 × 4 cm) of Zn(O,S) were deposited by the dual source AACVD 

reaction of 20 with ZnEt2 and methanol at 500 °C. In contrast to the AACVD reactions in 

the previous section, this was truly a dual source reaction as ZnEt2 in toluene was in one 

flask, and methanol and compound 20 were in a second flask. As in the previous section, 

films adhered to the glass substrate and showed excellent coverage. For the analysis, 

all positions were characterised by a range of techniques and Figure 5.20 shows the grid 

reference system used. 

Figure 5.20: Zn(O,S) film with the superimposed grid reference system used throughout, 

left. XRD patterns of all positions. 

5.2.5.1 X-ray diffraction 

The XRD patterns at all positions on the film showed the characteristic broadness and 

amorphous nature of Zn(O,S) films from the literature, and to the films from previous 

sections (Figure 5.21). Again, 2θ angles were lower relative to the peaks of pure ZnO 

owing to the aforementioned substitution of O with S. All positions which showed 

discernible peaks had similar absolute peak shifts of the three principal peaks of ZnO 

(~0.4° for (100) and ~0.6° for (002) and (101)). Contour plots could not be composed as 

peak positions had too large a margin of error, and some patterns did not have a 

distinguishable peak. It is interesting to observe that some patterns have very few 

features, for example A1, B1 and C1. 
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Figure 5.21: XRD patterns of all positions on the film.  

5.2.5.2 X-ray photoelectron spectroscopy and energy dispersive X-ray analysis 

XPS and EDAX confirmed the presence of zinc, sulfur and oxygen in the film. To probe 

the composition of the film across the grid, both XPS and EDAX were used to calculate 

S/Zn ratios. XPS and EDAX were performed on all positions and these data were linearly 

interpolated to show the S/Zn ratios as contour plots (Figure 5.22). 

 

Figure 5.22: Contour maps showing the S/Zn ratio across the film calculated from XPS 

(left) and EDAX (right). 
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Both XPS and EDAX showed similar trends from the reactor inlet to exhaust, with the 

S/Zn ratio increasing from the reactor inlet to the exhaust. The blue areas closest to the 

inlet indicate lower levels of sulfur doping, the green areas indicate 10–12% sulfur doping 

and the red areas indicate higher levels of sulfur doping in the Zn(O,S) films. As film 

thickness can be optimised, thinner films will have a smaller degree of compositional 

variation which will be promising for the incorporation of this material into thin film solar 

cells. 

It is interesting to note that the trends of the structural variation match that of the films 

produced from commercially available precursors (Section 5.2.2) though the variation 

here is lower with S/Zn ratios ranging from 1.6 to 24.3 whilst the previous films had S/Zn 

ratios ranging from 0.29 to 0.81. Again, the structural variation across the film may be 

attributed to the non-uniform temperature of the CVD reactor, with variations of up to 

15 °C from the centre of the reactor to its edges (Figure 5.14 above). 

5.2.5.3 Optoelectronic properties 

UV/vis spectroscopy was used to estimate the optical band gaps across the film using 

Tauc plots. Representative UV/vis transmittance spectra and respective Tauc plots for 

positions D1–D4 on the Zn(O,S) film are shown in Figure 5.23 (Full data sets in 

Appendix). 
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Figure 5.23: UV/vis transmittance spectra (top) and Tauc plots (bottom) of positions D1–

D4. 

As the role of a buffer layer is to improve the interface between the absorber and the 

TCO, the buffer layer should have a band gap between that of the absorber (1.0–1.5 eV) 

and the TCO (>3 eV), so as to reduce the CBO. It must be noted that band gap 

estimations using the Tauc relation have a large margin of error (0.3–0.5 eV with respect 

to this work) associated with them and so definitive values taken through this approach 

may not be representative of the actual material in question. The band gap energies 

obtained increase from reactor inlet to exhaust, corresponding with increasing sulfur 
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content. The range of energies lies between 3.74 and 3.93 eV and this observation is in 

agreement with the increase in the optical band gap of pure ZnS as compared to pure 

ZnO. Whilst the band gap energies lie in the correct range, other factors that must be 

considered are the energies of the conduction band and valence band edges. These 

must also be compatible with the band edges of the absorber and TCO. The physical 

variable that represents these energies is the work function. Literature values suggest 

that the range of values for the work function of Zn(O,S) is 2.95 eV (ZnS) – 3.91 eV 

(ZnO). Though the calculation of these values is beyond the scope of this work, it must 

be considered when constructing a PV cell architecture. 

Hall effect measurements were carried out on the film to determine electronic properties 

at each position on the grid and compare this to the variation in the composition. These 

are tabulated below, along with data from structural analyses (Table 5.5). Omissions at 

certain positions indicate that these points were either too resistive or did not make good 

contact with the Hall measurement system probe. Clearly, there is a change in 

composition from inlet to exhaust in the large area film, as shown by both XPS and EDAX 

(Figure 5.22). This variation in composition has a large effect on the optical properties 

as summarised below. 

From the data in Table 5.5, it is clear that Hall effect data cannot be obtained for parts of 

the film where the resistance is greater than 3.3 MΩ. Comparing this to the S/Zn ratios 

from XPS and EDAX contour plots, this is consistent with higher sulfur doping, as 

expected. Point B2 shows the highest electron mobility, as well as a high charge carrier 

concentration, a low resistivity, and high transparency, consistent with the film reported 

in the previous section with the formula ZnO0.884S0.116 derived from EDAX.  

Electronic properties with potential for application in buffer layer materials lie between 

the values of 9.12 × 1018–1.66 × 1019 cm-3 for charge carrier concentration, which 

correspond to S/Zn ratios of 0.11–0.15, as shown by the green bands in Figure 5.22. 

Whilst the cause of these large area variations in composition and properties may be 

due to a range of variables (reactor temperature, flow turbulence, decomposition profile 

of precursors), they are undoubtedly present in much of the AACVD literature. The 

method presented here, utilising combinatorial analytical techniques with single film 

deposition, is a good way to assess variations in films produced via AACVD and improve 

material properties in future depositions. 
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Table 5.5: Resistance, charge carrier concentration (N), Hall mobility (µ), resistivity (!), (100) peak position (typical standard deviation of 0.05° in 

2θ angles), chemical formulae from XPS and EDAX and transmittance (Tλ550) data from all positions on the Zn(O,S) film. 

 Resistance / MΩ N / cm-3 µ / cm2 V -1 s-1 ! / Ω cm (100) peak position 
/ 2θ 

Formula from 
XPS 

Formula from 
EDAX Tλ550 / % 

A1 3.5 – – – 31.50 ZnO0.954S0.046 ZnO0.931S0.069 100 

A2 0.7 1.49 × 1019 14.03 0.02992 31.48 ZnO0.937S0.063 ZnO0.897S0.103 92.7 

A3 0.6 1.66 × 1019 13.73 0.02732 31.23 ZnO0.928S0.072 ZnO0.900S0.100 86.9 

A4 1 1.36 × 1019 10.42 0.04414 31.30 ZnO0.909S0.091 ZnO0.913S0.087 75.0 

B1 1.2 – – – 31.48 ZnO0.963S0.037 ZnO0.892S0.108 100 

B2 0.6 1.36 × 1019 15.34 0.02998 31.36 ZnO0.922S0.078 ZnO0.884S0.116 91.2 

B3 1.5 9.60 × 1018 11.22 0.05794 31.35 ZnO0.887S0.113 ZnO0.870S0.130 83.2 

B4 5.1 – – – 31.15 ZnO0.874S0.126 ZnO0.829S0.171 71.3 

C1 1.1 – – – 31.41 ZnO0.971S0.029 ZnO0.874S0.126 100 

C2 0.7 1.62 × 1019 11.77 0.0327 31.22 ZnO0.929S0.071 ZnO0.870S0.130 100 

C3 3.3 9.12 × 1018 4.523 0.1512 31.19 ZnO0.836S0.164 ZnO0.819S0.181 74.0 

C4 33.4 – – – 31.11 ZnO0.764S0.236 ZnO0.777S0.223 69.1 

D1 5.1 – – – 31.23 ZnO0.984S0.016 ZnO0.855S0.145 80.6 

D2 1 2.15 × 1019 6.73 0.04317 31.08 ZnO0.881S0.119 ZnO0.854S0.146 74.5 

D3 5.8 – – – 31.17 ZnO0.812S0.188 ZnO0.786S0.214 74.9 

D4 46.7 – – – 31.19 ZnO0.759S0.241 ZnO0.773S0.227 67.2 

E1 2.4 – – – 31.34 ZnO0.968S0.032 ZnO0.853S0.147 80.9 

E2 1.5 1.36 × 1019 7.742 0.05924 31.22 ZnO0.900S0.100 ZnO0.845S0.155 81.7 

E3 12.4 – – – 31.26 ZnO0.805S0.195 ZnO0.801S0.199 70.0 

E4 81.7 – – – 31.19 ZnO0.757S0.243 ZnO0.775S0.225 69.2 
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5.2.6 Analysis of Zn(O,S) with optimal properties 

After carrying out compositional analysis, it was found that sample B2 had optimal 

properties (Table 5.5), making it a contender as a potential buffer layer material in PV 

cells. Sample B2 was grown by the dual source AACVD reaction of 20 with ZnEt2 and 

MeOH at 500 °C. The film was transparent, showed good coverage across the glass 

substrate and was well adhered; passing the Scotch™ tape test and was not scratched 

by a steel stylus. 

5.2.6.1 X-ray diffraction 

The XRD pattern of sample B2 showed the characteristic broadness and amorphous 

nature of Zn(O,S) films with peaks at 34.4°, 33.9° and 35.8° 2θ indexed to the (100), 

(002) and (101) planes (Figure 5.24) consistent with XRD patterns reported for Zn(O,S) 

deposited via ALD or CBD in the literature.1,12,14 

Figure 5.24: XRD pattern of B2 (determined to be ZnO0.884S0.116 in section 5.2.6.3) 

showing peak shifting to lower 2θ values relative to ZnO. 

Peak shifting to lower 2θ values relative to the peaks of pure ZnO indicated substitution 

of O atoms with S atoms which is consistent with the expansion of the unit cell due to 

the increased atomic radius of S (0.88 Å) as compared to O (0.48 Å).47 
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5.2.6.2 X-ray photoelectron spectroscopy 

XPS analysis confirmed the presence of oxygen, zinc and sulfur in B2. Only one 

environment for zinc was present in the XPS which further corroborates the formation of 

Zn(O,S) and not a mixture of the binary oxide or sulfide materials (Figure 5.25, top left). 

Figure 5.25: XPS spectra of the Zn 2p1/2 and 2p3/2 states, left; the S 2p1/2 and 2p3/2 states, 

right and the O 2p state for Zn-O and Zn-O-H, bottom, all at a 300 s etch. 

The states appeared at binding energies of 1044.7 eV and 1021.6 eV (Zn 2p1/2 and 2p3/2, 

respectively) which is consistent with the formation of Zn(O,S) when compared to the 

literature value of 1021.74 eV (Zn 2p3/2) for a Zn(O,S) film with S/Zn ratio = 0.1 as 

reported by Platzer-Bjorkman et al.1 It should be noted however, that the binding energy 

for Zn in ZnO and ZnS are similar (2p3/2 = 1022.1 eV and 1022.0 eV, respectively).48 

There was one S environment present, whose 2p1/2 and 2p3/2 states appeared at binding 

energies of 162.4 eV and 161.4 eV, respectively (Figure 5.25, top right). This is 

comparable to the 2p3/2 state in ZnS which appears at 161.6 eV, with the downshift in 

energy values for the S states in the Zn(O,S) film further indicating formation of the 

oxysulfide as opposed to binary oxides or sulfides.49 The O 2p state appeared at 
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530.1 eV, consistent with the formation of ZnO, with an additional peak consistent with 

the formation of hydroxides (531.7 eV). Additionally, XPS was used to estimate the 

elemental ratio of Zn and S in the film and this was found to be 0.078, which would give 

a chemical formula of ZnO0.922S0.078 for the sample B2. 

5.2.6.3 Energy dispersive X-ray analysis 

Interestingly, EDAX of sample B2 gave a general formula of ZnO0.884S0.116, a higher sulfur 

content than the formula derived from XPS analysis. As discussed at length in Section 

5.2.2.1, there are discrepancies between XPS and EDAX, certainly due to the thickness 

penetrated by the two techniques as shown in Figure 5.26. The change in the 

comparative ratios was suggestive of a higher S/Zn ratio closer to the substrate. This 

was corroborated by XPS scans at a 300 s etch which averaged higher S/Zn ratios closer 

to the substrate. Therefore, EDAX gave a value for composition for the chemical formula 

throughout the depth of the film and this difference between EDAX and XPS was 

evidence for compositional variation through the thickness of the film from surface to 

substrate. The thickness of sample B2 was ~2.5 µm, and the increase in calculated sulfur 

content from XPS to EDAX was 3.8%, however as films get thinner the compositional 

variation decreases. This observation is crucial for potential application of these 

materials, since buffer layers ideally need to be considerably thinner (~30 nm). 
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5.2.6.4 Scanning electron microscopy 

Scanning electron microscopy (SEM) images revealed films were made up of a fully 

connected array of particles consistent with the observed low resistivity. The size of 

particulates varied across the surface, and this may be due to the use of two different 

solvents in the dual source AACVD process. Cross-sectional SEM showed the film to 

have a thickness of ~2.5 µm (Figure 5.26). 

 

Figure 5.26: SEM of Zn(O,S) film: cross section SEM image at × 3,700 showing film 

thickness of 2.5 µm, inset: plane view at × 17,000. Selected areas show penetration 

depths of XPS (red) and EDAX (blue) techniques. 

5.2.6.5 Optoelectronic properties 

UV/vis spectroscopy of sample B2 showed it to be highly transparent (>90% at 550 nm), 

and a Tauc plot was used to estimate the band gap (Eg = 3.22 eV) (Figure 5.27).  
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Figure 5.27: UV/vis transmittance spectrum (top) and Tauc plot (bottom) showing the 

band gap of sample B2. 

Hall effect measurements were carried out on the film to determine its electronic 

properties, which are tabulated below (Table 5.6). Comparing this to Zn(O,S) and ZnO 

from the literature as shown in Table 5.6, it can be seen that sample B2 would be a good 

contender for its application as a buffer layer in thin film solar cells. 
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Table 5.6: Charge carrier concentration (N), Hall mobility (µ) and resistivity (!) of B2 

(ZnO0.884S0.116) as compared to ZnO0.75S0.25 and ZnO from the literature.12,46 

 

5.3 Conclusions 

This chapter has described the AACVD and analysis of Zn(O,S) films, including 

combinatorial style analysis on films deposited from a single experiment, to assess 

compositional variation and structure property relationships.  

Initially, the AACVD of commercially available precursors zinc acetate and zinc 

diethyldithiocarbamate was undertaken. By varying the precursor ratios, a set of Zn(O,S) 

films with varying structural properties were produced, however it was found that the 

films were non-reproducible. Combinatorial analysis was then used to analyse a single 

film produced and it was found that there was significant structural variation, even on a 

single film. It was found that the S/Zn ratio increased from reactor inlet to outlet, and this 

was ascribed to the dual source nature of the experiment, and also to the difference in 

the temperature in different parts of the CVD reactor. From an XPS depth profiling study, 

it was also found that the film varies through its depth as corroborated by XPS and EDAX, 

with sulfur segregation in areas closer to the substrate. 

To obviate issues with two different precursors in the reaction chamber causing 

compositional variation, a single source precursor towards Zn(O,S) was targeted. 

However, the synthesis towards a heteroleptic molecule was unsuccessful and the 

synthesis instead led to the formation of cluster complex [Zn8(SOCCH3)12S2] (20). Upon 

analysing the structure of 20 it was postulated that the pseudo-tetrahedral arrangement 

of the atoms was similar to that of bulk wurtzitic ZnS, and 20 was considered as an 

AACVD precursor in its own right. 

The film produced from the dual source AACVD reaction of 20 with ZnEt2 and MeOH 

was analysed in a similar combinatorial fashion. This is the first instance of conductive 

Zn(O,S) thin films being deposited via solution based CVD. Analysis of the film showed 

the same trends as the Zn(O,S) film produced from commercially available precursors. 

The range of band gap energies increased from inlet to outlet (3.74 eV and 3.93 eV), 

 N / cm-3 µ / cm2 V -1 s-1 ! / Ω cm 

B2 (ZnO0.884S0.116) 1.36 × 1019 15.34 0.02998 

ZnO0.75S0.25 1.7 × 1018 36.1 0.101 

ZnO 1.75 × 1020 16.96 0.00210 
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which was consistent with other results presented in this work. These results were shown 

to be linked to optical transparency and electronic properties, with an optimum sulfur 

doping of 11–15% giving the most suitable buffer layer material (sample B2). Sample B2 

was highly conductive and had a high charge carrier concentration, consistent with 

values from the literature, making it a contender as buffer layer material for use in PV 

devices. 
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This chapter summarises the work conducted in this thesis and discusses the ways in 

which this research could be expanded in the future. 

6.1 Conclusions 

The overarching aim of this thesis was to design precursors towards thin films of the zinc 

chalcogenide materials: ZnO and Zn(O,S) and demonstrate their use as AACVD 

precursors. The three results chapters have each explored the molecular geometry and 

ligand choices in their respective precursors, and how these affect the functional 

properties of the resultant thin film materials. 

Chapter 3 presents a comprehensive analysis of the relationship between six distinct 

precursors and the products of their AACVD reactions, with evidence from experimental 

findings showing a direct correlation between all precursors and the optoelectronic 

properties of the respective thin films. A set of six zinc precursors bearing 𝛽-ketoiminate 

and 𝛽-amidoenoate ligands have been synthesised and all six complexes have been 

used in both single and dual source AACVD reactions to deposit phase pure ZnO films. 

From these investigations, the importance of the design and choice of precursor on the 

properties of deposited films has been shown; this technique allows for fine tuning of 

precursors to achieve the desired properties for the application. The dual source AACVD 

reaction of ethyl zinc 𝛽-ketoiminate precursor [BKIiPrZnEt]2 (1) with methanol has led to 

the deposition of highly conductive ZnO thin films with optimal optoelectronic properties 

comparable to films deposited from diethyl zinc and methanol. Influence of precursor 

choice and design in the properties of these films has been shown, especially preferential 

orientation as shown from XRD. It has been shown that a higher carbon content in the 

ligand leads to a higher percentage of carbon in the resultant films. By carrying out both 

single source and dual source experiments, it has been shown that direct metal-carbon 

bonds in the precursor are less influential than the carbon content in the ligand in the 

incorporation of carbon in the resultant films. 

In Chapter 4, the formation of heteroleptic zinc complexes via systematic variation of 

ligand type and investigations of dynamic properties of the resultant precursors have 

culminated in the deposition of the heterodichalcogenide material Zn(O,S) via the single 

source AACVD reaction of the heteroleptic alkoxyzinc thioureide complex 17 at 400 °C, 

without the use of an external zinc or oxygen source. This is the first example of the 

deposition of Zn(O,S) via a single source route. The hypothesis that using a heteroleptic 

precursor – one ligand with an oxygen donor atom and the second with a sulfur donor 

atom, has facilitated the deposition of a ternary material. 
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Several heteroleptic compounds have been synthesised bearing thiourea, 𝛽-diimine and 

donor functionalised alcohol ligands. Three of these compounds ([L4AZnBDIDep] (15), 

[L3AZnL4]2 (16) and [L3AZnL4*]2 (17)) have demonstrated dynamic behaviour in solution 

which has been elucidated through variable temperature NMR investigations. A two-fold 

fluxionality in 17 was revealed due to contributions from both thioureide and donor-

functionalised alkoxy ligands which was attributed to the smaller methyl substituents 

present on the donor functionalised alcohol. This finding was firmly supported by TGA, 

which revealed that 17 had a significantly lower onset decomposition temperature than 

16. 

A clear correlation between fluxionality and decomposition temperature has been shown. 

As stability and decomposition temperature of precursors are directly proportional, 

molecules that are to function as SSPs need to be designed so as to be stable enough 

to be isolated and be easily handled, but to be unstable enough to allow for a lower 

decomposition temperature. The instability of reagents such as ZnEt2, AlMe3 and GaMe3 

results from the presence of metal carbon bonds which makes these compounds 

pyrophoric and therefore difficult to handle. The instability resulting from molecules that 

exhibit solution state fluxionality does not make these compounds highly reactive, and 

so molecules that exhibit dynamic behaviour could serve as safer alternatives to 

pyrophoric species in solution state deposition methods. 

Chapter 5 has described the AACVD and analysis of Zn(O,S) films, including 

combinatorial style analysis on films deposited from a single experiment, to assess 

compositional variation and structure property relationships. 

Initially, the AACVD of commercially available precursors zinc acetate and zinc 

diethyldithiocarbamate was undertaken and the use of combinatorial analysis of a single 

film revealed that there was significant structural variation. It was found that the S/Zn 

ratio increased from reactor inlet to outlet, and this was ascribed to the dual source 

nature of the experiment, and also to the difference in the temperature in different parts 

of the CVD reactor. From an XPS depth profiling study, it was also found that the film 

varied through its depth as corroborated by XPS and EDAX, with sulfur segregation in 

areas closer to the substrate. 

The zinc cluster complex [Zn8(SOCCH3)12S2] (20) was then synthesised and showed 

potential as a precursor towards Zn(O,S). This was due to the pseudo-tetrahedral 

arrangement of the atoms in 20 being similar to that of bulk wurtzitic ZnS, making it an 

attractive precursor choice. The film produced from the dual source AACVD reaction of 

20 with ZnEt2 and MeOH was analysed in a similar combinatorial fashion. This is the first 
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instance of conductive Zn(O,S) thin films being deposited via solution based CVD. 

Analysis of the film showed the same trends as the Zn(O,S) film produced from 

commercially available precursors. The range of band gap energies increased from inlet 

to outlet which was consistent with other results presented in this work. These results 

were shown to be linked to optical transparency and electronic properties, with an 

optimum sulfur doping of 11–15% giving the most suitable buffer layer material. The 

optimal sample was highly conductive and had a high charge carrier concentration, 

consistent with values from the literature, making it a contender as a buffer layer material 

for use in PV devices. 

6.2 Future work 

The results presented in this thesis have made a substantial contribution to the materials 

chemistry literature however, there is always scope for expansion. 

Results from Chapter 3 have shown that controlling the structural and optoelectronic 

properties of ZnO films can be achieved through careful precursor design. However, to 

probe this relationship further, a wider range of 𝛽-ketoimine and 𝛽-aminoenoate ligands 

with more varied steric profiles could be used. Variables in the subsequent AACVD 

experiments, such as temperature and solvent could also be changed to access a wider 

range of structurally and optoelectronically varied ZnO materials. A library of ZnO 

materials with differing properties and the routes towards them could be created, so that 

the ZnO material for the required application can be accessed at ease. 

The results from Chapter 4 have shown that heteroleptic precursors can lead to the 

deposition of ternary materials. The next step would be to explore different oxygen and 

sulfur containing ligands to gauge their merit as precursors towards Zn(O,S). Regarding 

the fluxionality studies, it would be interesting to explore more sterically varied donor-

functionalised alcohols to see whether the final precursors would exhibit similar fluxional 

behaviour. 

The results from Chapter 5 are promising for the optimisation of ternary materials. By 

using combinatorial methods, the weaknesses of CVD as a deposition method have 

been exploited in order to access a wide range of combinations of a ternary material. 

This method has the potential to be extended to several other systems. 
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Appendix A: Crystallographic data 
Full crystallographic data for compounds 1 and 6 can be found on the CCDC. 

Crystallographic data for compound 1. 

Crystal data and structure refinement for compound 1. 

Empirical formula C20H38N2O2Zn2 

Formula weight 469.26 

Temperature / K 150.00(10) 

Crystal system tetragonal 

Space group P42/n 

a / Å 20.88050(10) 

b / Å 20.88050(10) 

c / Å 10.67730(10) 

𝛼 /° 90 

𝛽 /° 90 

𝛾 /° 90 

Volume / Å3 4655.25(6) 

Z 8 

𝜌calc g / cm3 1.339 

𝜇 / mm-1 2.639 

F(000) 1984.0 

Crystal size / mm3 0.1 × 0.1 × 0.02 

Radiation Cu K𝛼 (𝜆 = 1.54184) 

2𝛳 range for data collection/° 8.47 to 145.314 

Index ranges -25 ≤ h ≤ 25, -24 ≤ k ≤ 25, -13 ≤ l ≤ 12 

Reflections collected 82613 

Independent reflections 4608 [Rint = 0.0570, Rsigma = 0.0153] 

Data/restraints/parameters 4608/0/245 

Goodness-of-fit on F2 1.043 

Final R indexes [I ≥ 2𝜎 (I)] R1 = 0.0240, wR2 = 0.0629 

Final R indexes [all data] R1 = 0.0256, wR2 = 0.0642 

Largest diff. peak/hole / e Å-3 0.22/-0.36  
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Crystallographic data for compound 6.  
 
Crystal data and structure refinement for compound 6. 

Empirical formula C36H52N2O4Zn 

Formula weight 642.16 

Temperature / K 150.00(10) 

Crystal system monoclinic 

Space group P21/n 

a / Å 9.05645(14) 

b / Å 18.5190(2) 

c / Å 21.3607(2) 

𝛼 /° 90 

𝛽 /° 95.2083(12) 

𝛾 /° 90 

Volume / Å3 3567.75(8) 

Z 4 

𝜌calc g / cm3 1.196 

𝜇 / mm-1 1.247 

F(000) 1376.0 

Crystal size / mm3 0.8 × 0.3 × 0.2 

Radiation Cu K𝛼 (𝜆 = 1.54184) 

2𝛳 range for data collection/° 8.312 to 147.132 

Index ranges -10 ≤ h ≤ 9, -22 ≤ k ≤ 22, -26 ≤ l ≤ 26 

Reflections collected 51805 

Independent reflections 7083 [Rint = 0.0593, Rsigma = 0.0262] 

Data/restraints/parameters 7083/0/400 

Goodness-of-fit on F2 1.056 

Final R indexes [I ≥ 2𝜎 (I)] R1 = 0.0570, wR2 = 0.1533 

Final R indexes [all data] R1 = 0.0614, wR2 = 0.1596 

Largest diff. peak/hole / e Å-3 1.47/-0.69 
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Full crystallographic data for compounds HL4A, 11, 13, 16 and 17 can be found on the 

CCDC (2071669–2071673). 

Crystallographic data for compound 8. 
 
Crystal data and structure refinement for compound 8. 

Empirical formula C7H16N2SZn 

Formula weight 225.680 

Temperature / K 150.00(10) 

Crystal system monoclinic 

Space group C2/c 

a / Å 17.5313(2) 

b / Å 12.6130(2) 

c / Å 9.49695(13) 

𝛼 /° 90 

𝛽 /° 99.5720(13) 

𝛾 /° 90 

Volume / Å3 2070.75(5) 

Z 8 

𝜌calc g / cm3 1.448 

𝜇 / mm-1 4.733 

F(000) 935.7 

Crystal size / mm3 0.5 × 0.5 × 0.5 

Radiation Cu K𝛼 (𝜆 = 1.54184) 

2𝛳 range for data collection/° 8.68 to 146.66 

Index ranges -21 ≤ h ≤ 21, -14 ≤ k ≤ 15, -11 ≤ l ≤ 11 

Reflections collected 17379 

Independent reflections 2077 [Rint = 0.0240, Rsigma = 0.0093] 

Data/restraints/parameters 2077/0/105 

Goodness-of-fit on F2 1.035 

Final R indexes [I ≥ 2𝜎 (I)] R1 = 0.0197, wR2 = 0.0503 

Final R indexes [all data] R1 = 0.0203, wR2 = 0.0506 

Largest diff. peak/hole / e Å-3 0.29/-0.20 
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Bond lengths for compound 8. 

Atom Atom Length / Å   Atom Atom Length / Å 

Zn(1) S(2) 2.5366(4)   N(4) C(5) 1.4676(17) 

Zn(1) S(2)1 2.4563(4)   N(7) C(3) 1.3543(18) 

Zn(1) N(4) 2.0237(11)   N(7) C(9) 1.4666(19) 

Zn(1) C(10) 1.9806(14)   N(7) C(8) 1.4585(19) 

S(2) C(3) 1.7791(14)   C(10) C(11) 1.521(2) 

N(4) C(3) 1.3027(17)   C(5) C(6) 1.5136(19) 

13/2-X,3/2-Y,1-Z 

Bond angles for compound 8. 

Atom Atom Atom Angle / °   Atom Atom Atom Angle / ° 

N(4) Zn(1) S(2) 68.20(3)   C(5) N(4) C(3) 124.48(11) 

N(4) Zn(1) S(2)1 99.81(3)   C(9) N(7) C(3) 121.52(12) 

C(10) Zn(1) S(2) 131.24(4)   C(8) N(7) C(3) 121.02(13) 

C(10) Zn(1) S(2)1 117.98(5)   C(8) N(7) C(9) 114.49(12) 

C(10) Zn(1) N(4) 132.15(6)   N(4) C(3) S(2) 113.58(10) 

C(3) S(2) Zn(1) 73.90(4)   N(7) C(3) S(2) 119.46(10) 

C(3) S(2) Zn(1)1 97.90(4)   N(7) C(3) N(4) 126.94(13) 

C(3) N(4) Zn(1) 104.32(9)   C(11) C(10) Zn(1) 113.07(10) 

C(5) N(4) Zn(1) 130.12(8)   C(6) C(5) N(4) 109.38(11) 

13/2-X,3/2-Y,1-Z 

Torsion angles for compound 8. 

A B C D Angle / °   A B C D Angle / ° 

Zn(1) N(4) C(3) S(2) -0.91(6)   S(2) C(3) N(7) C(9) 145.10(11) 

Zn(1) N(4) C(3) N(7) 177.60(8)   S(2) C(3) N(7) C(8) -14.31(15) 

Zn(1) N(4) C(5) C(6) 12.92(11)   N(4) C(3) N(7) C(9) -33.33(17) 

S(2) C(3) N(4) C(5) 168.21(9)   N(4) C(3) N(7) C(8) 167.25(16) 
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Crystallographic data for compound 9. 
 
Crystal data and structure refinement for compound 9. 

Empirical formula C16H36N4S2Zn2 

Formula weight 479.35 

Temperature / K 150.00(10) 

Crystal system monoclinic 

Space group P21/c 

a / Å 17.2071(2) 

b / Å 8.44770(10) 

c / Å 16.1512(2) 

𝛼 /° 90 

𝛽 /° 107.5740(10) 

𝛾 /° 90 

Volume / Å3 2238.17(5) 

Z 4 

𝜌calc g / cm3 1.423 

𝜇 / mm-1 4.410 

F(000) 1008.0 

Crystal size / mm3 0.8 × 0.7 × 0.3 

Radiation Cu K𝛼 (𝜆 = 1.54184) 

2𝛳 range for data collection/° 11.494 to 146.868 

Index ranges -21 ≤ h ≤ 21, -10 ≤ k ≤ 10, -19 ≤ l ≤ 20 

Reflections collected 33640 

Independent reflections 4463 [Rint = 0.0320, Rsigma = 0.0135] 

Data/restraints/parameters 4463/0/226 

Goodness-of-fit on F2 1.057 

Final R indexes [I ≥ 2𝜎 (I)] R1 = 0.0232, wR2 = 0.0625 

Final R indexes [all data] R1 = 0.0244, wR2 = 0.0635 

Largest diff. peak/hole / e Å-3 0.26/-0.28 
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Bond lengths for compound 9. 

Atom Atom Length / Å   Atom Atom Length / Å 

Zn(1) S(2) 2.4231(4)   N(3) C(10) 1.4646(18) 

Zn(1) S(1) 2.6270(4)   N(2) C(1) 1.3569(17) 

Zn(1) N(1) 2.0064(12)   N(2) C(5) 1.4732(17) 

Zn(1) C(7) 1.9784(14)   N(2) C(3) 1.4685(16) 

Zn(2) S(2) 2.6007(4)   N(4) C(9) 1.3511(17) 

Zn(2) S(1) 2.4408(4)   N(4) C(13) 1.4713(18) 

Zn(2) N(3) 2.0030(12)   N(4) C(11) 1.4715(17) 

Zn(2) C(15) 1.9769(15)   C(5) C(6) 1.517(2) 

S(2) C(9) 1.7761(13)   C(3) C(4) 1.515(2) 

S(1) C(1) 1.7711(13)   C(13) C(14) 1.522(2) 

N(1) C(2) 1.4613(17)   C(7) C(8) 1.518(2) 

N(1) C(1) 1.3097(17)   C(11) C(12) 1.522(2) 

N(3) C(9) 1.3067(17)   C(16) C(15) 1.502(2) 
 
Bond angles for compound 9. 

Atom Atom Atom Angle / °   Atom Atom Atom Angle / ° 

S(2) Zn(1) S(1) 100.015(13)   C(9) N(3) Zn(2) 106.58(9) 

N(1) Zn(1) S(2) 104.44(3)   C(9) N(3) C(10) 125.25(12) 

N(1) Zn(1) S(1) 66.71(3)   C(10) N(3) Zn(2) 126.82(9) 

C(7) Zn(1) S(2) 114.11(4)   C(1) N(2) C(5) 121.33(11) 

C(7) Zn(1) S(1) 125.18(5)   C(1) N(2) C(3) 121.40(11) 

C(7) Zn(1) N(1) 134.68(6)   C(3) N(2) C(5) 114.93(11) 

S(1) Zn(2) S(2) 100.278(12)   C(9) N(4) C(13) 123.73(11) 

N(3) Zn(2) S(2) 67.00(3)   C(9) N(4) C(11) 121.47(12) 

N(3) Zn(2) S(1) 103.52(3)   C(13) N(4) C(11) 113.62(11) 

C(15) Zn(2) S(2) 121.16(6)   N(1) C(1) S(1) 114.27(10) 

C(15) Zn(2) S(1) 115.13(5)   N(1) C(1) N(2) 125.89(12) 

C(15) Zn(2) N(3) 136.55(6)   N(2) C(1) S(1) 119.83(9) 

Zn(1) S(2) Zn(2) 80.187(12)   N(3) C(9) S(2) 113.38(10) 

C(9) S(2) Zn(1) 101.26(4)   N(3) C(9) N(4) 128.46(12) 

C(9) S(2) Zn(2) 72.98(4)   N(4) C(9) S(2) 118.15(10) 
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Zn(2) S(1) Zn(1) 79.342(11)   N(2) C(5) C(6) 114.17(12) 

C(1) S(1) Zn(1) 72.38(4)   N(2) C(3) C(4) 114.94(13) 

C(1) S(1) Zn(2) 103.20(4)   N(4) C(13) C(14) 113.22(13) 

C(2) N(1) Zn(1) 129.76(9)   C(8) C(7) Zn(1) 114.17(10) 

C(1) N(1) Zn(1) 106.36(9)   N(4) C(11) C(12) 113.41(12) 

C(1) N(1) C(2) 122.64(12)   C(16) C(15) Zn(2) 114.42(11) 
 
Torsion angles for compound 9. 

A B C D Angle / °   A B C D Angle / ° 

Zn(1) S(2) C(9) N(3) 73.95(9)   C(9) N(4) C(13) C(14) -113.89(15) 

Zn(1) S(2) C(9) N(4) -106.86(9)   C(9) N(4) C(11) C(12) -89.87(16) 

Zn(1) S(1) C(1) N(1) -4.38(8)   C(5) N(2) C(1) S(1) -141.40(11) 

Zn(1) S(1) C(1) N(2) 174.22(11)   C(5) N(2) C(1) N(1) 37.03(19) 

Zn(1) N(1) C(1) S(1) 5.70(11)   C(5) N(2) C(3) C(4) 66.90(18) 

Zn(1) N(1) C(1) N(2) -172.80(11)   C(3) N(2) C(1) S(1) 20.34(17) 

Zn(2) S(2) C(9) N(3) -2.00(8)   C(3) N(2) C(1) N(1) -161.23(13) 

Zn(2) S(2) C(9) N(4) 177.19(10)   C(3) N(2) C(5) C(6) 72.08(16) 

Zn(2) S(1) C(1) N(1) 69.73(10)   C(13) N(4) C(9) S(2) -156.38(10) 

Zn(2) S(1) C(1) N(2) -111.67(10)   C(13) N(4) C(9) N(3) 22.7(2) 

Zn(2) N(3) C(9) S(2) 2.59(11)   C(13) N(4) C(11) C(12) 78.11(16) 

Zn(2) N(3) C(9) N(4) -176.49(11)   C(10) N(3) C(9) S(2) -164.87(11) 

C(2) N(1) C(1) S(1) -162.69(10)   C(10) N(3) C(9) N(4) 16.0(2) 

C(2) N(1) C(1) N(2) 18.8(2)   C(11) N(4) C(9) S(2) 10.37(16) 

C(1) N(2) C(5) C(6) -125.08(14)   C(11) N(4) C(9) N(3) -170.58(13) 

C(1) N(2) C(3) C(4) -95.93(17)   C(11) N(4) C(13) C(14) 78.43(16) 
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Crystallographic data for compound 12. 
 
Crystal data and structure refinement for compound 12. 

Empirical formula C20H44N4S2Zn2 

Formula weight 535.45 

Temperature / K 151(1) 

Crystal system monoclinic 

Space group P21/n 

a / Å 9.92610(10) 

b / Å 17.1101(2) 

c / Å 16.1232(2) 

𝛼 /° 90 

𝛽 /° 102.6960(10) 

𝛾 /° 90 

Volume / Å3 2671.36(5) 

Z 4 

𝜌calc g / cm3 1.331 

𝜇 / mm-1 3.749 

F(000) 1136.0 

Crystal size / mm3 0.3 × 0.3 × 0.3 

Radiation Cu K𝛼 (𝜆 = 1.54184) 

2𝛳 range for data collection/° 7.634 to 146.884 

Index ranges -12 ≤ h ≤ 12, -21 ≤ k ≤ 21, -18 ≤ l ≤ 19 

Reflections collected 42340 

Independent reflections 5342 [Rint = 0.0424, Rsigma = 0.0183] 

Data/restraints/parameters 5342/0/292 

Goodness-of-fit on F2 1.039 

Final R indexes [I ≥ 2𝜎 (I)] R1 = 0.0325, wR2 = 0.0842 

Final R indexes [all data] R1 = 0.0358, wR2 = 0.0878 

Largest diff. peak/hole / e Å-3 0.74/-0.48 
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Bond lengths for compound 12. 

Atom Atom Length / Å   Atom Atom Length / Å 

Zn(1) S(3) 2.5116(5)   N(16) C(15) 1.355(7) 

Zn(1) S(14) 2.4599(5)   N(16) C(17) 1.446(7) 

Zn(1) N(8) 2.0248(15)   N(16) C(23) 1.494(7) 

Zn(1) C(25) 1.978(2)   C(15) N(16A) 1.39(3) 

Zn(2) S(3) 2.4860(5)   C(9) C(10) 1.518(3) 

Zn(2) S(14) 2.5251(5)   C(9) C(11) 1.520(3) 

Zn(2) N(19) 2.0313(17)   C(25) C(26) 1.517(3) 

Zn(2) C(27) 1.981(3)   C(20) C(21) 1.512(4) 

S(3) C(4) 1.7875(19)   C(20) C(22) 1.538(4) 

S(14) C(15) 1.785(2)   C(6) C(7) 1.517(4) 

N(8) C(4) 1.310(2)   C(12) C(13) 1.510(4) 

N(8) C(9) 1.471(2)   C(17) C(18) 1.510(4) 

N(19) C(15) 1.305(3)   C(17) N(16A) 1.66(2) 

N(19) C(20) 1.468(3)   C(27) C(28) 1.504(4) 

N(5) C(4) 1.349(2)   C(23) C(24) 1.523(6) 

N(5) C(6) 1.466(3)   N(16A) C(23A) 1.43(3) 

N(5) C(12) 1.476(3)   C(23A) C(24A) 1.50(2) 
 
Bond angles for compound 12. 

Atom Atom Atom Angle / °   Atom Atom Atom Angle / ° 

S(14) Zn(1) S(3) 95.925(17)   C(15) N(16) C(23) 120.9(5) 

N(8) Zn(1) S(3) 68.66(5)   C(17) N(16) C(23) 114.3(5) 

N(8) Zn(1) S(14) 97.52(5)   N(8) C(4) S(3) 112.58(13) 

C(25) Zn(1) S(3) 126.77(7)   N(8) C(4) N(5) 128.39(17) 

C(25) Zn(1) S(14) 118.23(7)   N(5) C(4) S(3) 119.01(14) 

C(25) Zn(1) N(8) 135.86(8)   N(19) C(15) S(14) 112.28(14) 

S(3) Zn(2) S(14) 94.930(17)   N(19) C(15) N(16) 129.7(3) 

N(19) Zn(2) S(3) 101.21(5)   N(19) C(15) N(16A) 123.9(11) 

N(19) Zn(2) S(14) 67.98(5)   N(16) C(15) S(14) 117.9(3) 

C(27) Zn(2) S(3) 116.45(8)   N(16A) C(15) S(14) 120.9(12) 

C(27) Zn(2) S(14) 132.69(9)   N(8) C(9) C(10) 107.50(17) 
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C(27) Zn(2) N(19) 131.21(9)   N(8) C(9) C(11) 110.30(17) 

Zn(2) S(3) Zn(1) 84.445(16)   C(10) C(9) C(11) 110.0(2) 

C(4) S(3) Zn(1) 74.51(6)   C(26) C(25) Zn(1) 115.58(15) 

C(4) S(3) Zn(2) 96.29(6)   N(19) C(20) C(21) 109.65(18) 

Zn(1) S(14) Zn(2) 84.699(16)   N(19) C(20) C(22) 106.5(2) 

C(15) S(14) Zn(1) 99.01(6)   C(21) C(20) C(22) 110.3(2) 

C(15) S(14) Zn(2) 74.77(6)   N(5) C(6) C(7) 113.83(19) 

C(4) N(8) Zn(1) 104.09(12)   N(5) C(12) C(13) 113.5(2) 

C(4) N(8) C(9) 126.08(16)   N(16) C(17) C(18) 116.1(3) 

C(9) N(8) Zn(1) 127.96(13)   C(18) C(17) N(16A) 102.1(9) 

C(15) N(19) Zn(2) 104.94(13)   C(28) C(27) Zn(2) 117.55(19) 

C(15) N(19) C(20) 127.46(18)   N(16) C(23) C(24) 112.9(4) 

C(20) N(19) Zn(2) 126.22(14)   C(15) N(16A) C(17) 107.0(14) 

C(4) N(5) C(6) 121.53(16)   C(15) N(16A) C(23A) 126.4(18) 

C(4) N(5) C(12) 121.85(16)   C(23A) N(16A) C(17) 126.2(18) 

C(6) N(5) C(12) 115.39(16)   N(16A) C(23A) C(24A) 111(2) 

C(15) N(16) C(17) 123.0(5)           
 
 
Torsion angles for compound 12. 

A B C D Angle / °   A B C D Angle / ° 

Zn(1) S(3) C(4) N(8) 3.35(12)   C(4) N(5) C(12) C(13) -54.2(3) 

Zn(1) S(3) C(4) N(5) -175.15(16)   C(15) N(19) C(20) C(21) 81.4(3) 

Zn(1) S(14) C(15) N(19) 80.50(14)   C(15) N(19) C(20) C(22) -159.2(2) 

Zn(1) S(14) C(15) N(16) -97.1(3)   C(15) N(16) C(17) C(18) -88.4(5) 

Zn(1) S(14) C(15) N(16A) -118.0(10)   C(15) N(16) C(23) C(24) 53.9(6) 

Zn(1) N(8) C(4) S(3) -4.13(15)   C(15) N(16A) C(23A) C(24A) -121(2) 

Zn(1) N(8) C(4) N(5) 174.20(17)   C(9) N(8) C(4) S(3) 161.24(15) 

Zn(1) N(8) C(9) C(10) -18.5(2)   C(9) N(8) C(4) N(5) -20.4(3) 

Zn(1) N(8) C(9) C(11) 101.42(19)   C(20) N(19) C(15) S(14) -165.35(17) 

Zn(2) S(3) C(4) N(8) -79.09(13)   C(20) N(19) C(15) N(16) 11.9(4) 

Zn(2) S(3) C(4) N(5) 102.41(15)   C(20) N(19) C(15) N(16A) 33.8(13) 

Zn(2) S(14) C(15) N(19) -1.45(13)   C(6) N(5) C(4) S(3) -15.2(3) 
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Zn(2) S(14) C(15) N(16) -179.0(3)   C(6) N(5) C(4) N(8) 166.6(2) 

Zn(2) S(14) C(15) N(16A) 160.1(10)   C(6) N(5) C(12) C(13) 113.2(2) 

Zn(2) N(19) C(15) S(14) 1.79(16)   C(12) N(5) C(4) S(3) 151.54(17) 

Zn(2) N(19) C(15) N(16) 179.0(3)   C(12) N(5) C(4) N(8) -26.7(3) 

Zn(2) N(19) C(15) N(16A) -159.1(12)   C(12) N(5) C(6) C(7) -70.3(3) 

Zn(2) N(19) C(20) C(21) -83.1(2)   C(17) N(16) C(15) S(14) 9.3(5) 

Zn(2) N(19) C(20) C(22) 36.2(3)   C(17) N(16) C(15) N(19) -167.8(3) 

S(14) C(15) N(16A) C(17) 41.8(18)   C(17) N(16) C(23) C(24) -111.7(4) 

S(14) C(15) N(16A) C(23A) -131(2)   C(17) N(16A) C(23A) C(24A) 67(3) 

N(19) C(15) N(16A) C(17) -159.0(8)   C(23) N(16) C(15) S(14) -155.0(4) 

N(19) C(15) N(16A) C(23A) 28(3)   C(23) N(16) C(15) N(19) 27.9(6) 

C(4) N(8) C(9) C(10) 179.56(19)   C(23) N(16) C(17) C(18) 76.9(5) 

C(4) N(8) C(9) C(11) -60.5(3)   C(18) C(17) N(16A) C(15) -112.5(14) 

C(4) N(5) C(6) C(7) 97.2(2)   C(18) C(17) N(16A) C(23A) 60(3) 
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Crystallographic data for compound 15. 
 
Crystal data and structure refinement for compound 15. 

Empirical formula C34H44N4SZn 

Formula weight 606.16 

Temperature / K 150.01(10) 

Crystal system triclinic 

Space group P1* 

a / Å 7.98420(10) 

b / Å 11.3808(2) 

c / Å 18.7725(3) 

𝛼 /° 72.4620(10) 

𝛽 /° 82.9430(10) 

𝛾 /° 86.0300(10) 

Volume / Å3 1613.25(4) 

Z 2 

𝜌calc g / cm3 1.248 

𝜇 / mm-1 1.864 

F(000) 644.0 

Crystal size / mm3 0.1 × 0.1 × 0.1 

Radiation Cu K𝛼 (𝜆 = 1.54184) 

2𝛳 range for data collection/° 10.736 to 147.084 

Index ranges -9 ≤ h ≤ 9, -13 ≤ k ≤ 14, -23 ≤ l ≤ 23 

Reflections collected 27047 

Independent reflections 6348 [Rint = 0.0258, Rsigma = 0.0148] 

Data/restraints/parameters 6348/0/369 

Goodness-of-fit on F2 1.037 

Final R indexes [I ≥ 2𝜎 (I)] R1 = 0.0295, wR2 = 0.0758 

Final R indexes [all data] R1 = 0.0301, wR2 = 0.0762 

Largest diff. peak/hole / e Å-3 0.82/-0.32 
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Bond lengths for compound 15. 

Atom Atom Length / Å   Atom Atom Length / Å 

Zn(1) S(1) 2.3486(4)   C(26) C(33) 1.507(2) 

Zn(1) N(3) 1.9699(12)   C(26) C(27) 1.399(2) 

Zn(1) N(4) 1.9612(12)   C(30) C(29) 1.397(2) 

Zn(1) N(1) 2.0408(11)   C(30) C(31) 1.508(3) 

Zn(1) C(1) 2.5909(14)   C(11) C(12) 1.402(2) 

S(1) C(1) 1.7542(14)   C(16) C(23) 1.512(2) 

N(3) C(15) 1.4346(18)   C(16) C(17) 1.395(2) 

N(3) C(10) 1.3223(18)   C(12) C(14) 1.511(2) 

N(4) C(25) 1.4373(18)   C(33) C(34) 1.531(2) 

N(4) C(12) 1.3360(18)   C(23) C(24) 1.522(2) 

N(1) C(1) 1.3289(18)   C(5) C(6) 1.387(2) 

N(1) C(4) 1.4139(18)   C(20) C(19) 1.395(2) 

N(2) C(1) 1.3442(18)   C(20) C(21) 1.505(2) 

N(2) C(3) 1.463(2)   C(17) C(18) 1.381(3) 

N(2) C(2) 1.459(2)   C(9) C(8) 1.385(2) 

C(25) C(26) 1.398(2)   C(27) C(28) 1.384(3) 

C(25) C(30) 1.411(2)   C(29) C(28) 1.375(3) 

C(15) C(16) 1.404(2)   C(19) C(18) 1.377(3) 

C(15) C(20) 1.404(2)   C(6) C(7) 1.385(3) 

C(10) C(11) 1.411(2)   C(21) C(22) 1.520(3) 

C(10) C(13) 1.5136(19)   C(31) C(32) 1.527(3) 

C(4) C(5) 1.394(2)   C(8) C(7) 1.379(3) 

C(4) C(9) 1.396(2)         
 
Bond angles for compound 15. 

Atom Atom Atom Angle / °   Atom Atom Atom Angle / ° 

S(1) Zn(1) C(1) 41.24(3)   N(2) C(1) Zn(1) 174.12(11) 

N(3) Zn(1) S(1) 123.08(4)   N(2) C(1) S(1) 120.13(11) 

N(3) Zn(1) N(1) 116.93(5)   C(5) C(4) N(1) 117.95(13) 

N(3) Zn(1) C(1) 128.49(5)   C(5) C(4) C(9) 118.68(14) 

N(4) Zn(1) S(1) 121.92(4)   C(9) C(4) N(1) 123.15(14) 
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N(4) Zn(1) N(3) 98.87(5)   C(25) C(26) C(33) 122.35(13) 

N(4) Zn(1) N(1) 125.31(5)   C(25) C(26) C(27) 118.73(15) 

N(4) Zn(1) C(1) 131.92(5)   C(27) C(26) C(33) 118.79(15) 

N(1) Zn(1) S(1) 71.70(3)   C(25) C(30) C(31) 122.16(14) 

N(1) Zn(1) C(1) 30.50(5)   C(29) C(30) C(25) 118.14(16) 

C(1) S(1) Zn(1) 76.81(5)   C(29) C(30) C(31) 119.69(15) 

C(15) N(3) Zn(1) 117.77(9)   C(12) C(11) C(10) 130.19(13) 

C(10) N(3) Zn(1) 120.22(10)   C(15) C(16) C(23) 120.17(13) 

C(10) N(3) C(15) 122.02(12)   C(17) C(16) C(15) 118.23(15) 

C(25) N(4) Zn(1) 120.99(9)   C(17) C(16) C(23) 121.60(14) 

C(12) N(4) Zn(1) 119.56(9)   N(4) C(12) C(11) 124.23(13) 

C(12) N(4) C(25) 119.42(11)   N(4) C(12) C(14) 119.32(13) 

C(1) N(1) Zn(1) 98.29(9)   C(11) C(12) C(14) 116.45(12) 

C(1) N(1) C(4) 126.12(12)   C(26) C(33) C(34) 110.37(12) 

C(4) N(1) Zn(1) 133.17(9)   C(16) C(23) C(24) 115.64(14) 

C(1) N(2) C(3) 120.61(13)   C(6) C(5) C(4) 120.82(15) 

C(1) N(2) C(2) 122.58(13)   C(15) C(20) C(21) 121.93(15) 

C(2) N(2) C(3) 114.70(13)   C(19) C(20) C(15) 118.15(16) 

C(26) C(25) N(4) 121.13(13)   C(19) C(20) C(21) 119.92(15) 

C(26) C(25) C(30) 120.75(14)   C(18) C(17) C(16) 121.15(16) 

C(30) C(25) N(4) 118.04(14)   C(8) C(9) C(4) 119.99(16) 

C(16) C(15) N(3) 120.00(13)   C(28) C(27) C(26) 121.01(17) 

C(20) C(15) N(3) 118.56(13)   C(28) C(29) C(30) 121.59(16) 

C(20) C(15) C(16) 121.20(14)   C(18) C(19) C(20) 121.32(16) 

N(3) C(10) C(11) 123.93(13)   C(7) C(6) C(5) 119.91(17) 

N(3) C(10) C(13) 120.66(13)   C(20) C(21) C(22) 113.40(15) 

C(11) C(10) C(13) 115.40(12)   C(19) C(18) C(17) 119.93(16) 

S(1) C(1) Zn(1) 61.95(4)   C(29) C(28) C(27) 119.70(15) 

N(1) C(1) Zn(1) 51.21(7)   C(30) C(31) C(32) 113.91(16) 

N(1) C(1) S(1) 113.09(10)   C(7) C(8) C(9) 120.95(16) 

N(1) C(1) N(2) 126.68(13)   C(8) C(7) C(6) 119.60(16) 
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Torsion angles for compound 15. 

A B C D Angle / °   A B C D Angle / ° 

Zn(1) S(1) C(1) N(1) 2.91(9)   C(10) C(11) C(12) C(14) 172.20(15) 

Zn(1) S(1) C(1) N(2) -173.71(12)   C(1) N(1) C(4) C(5) 152.33(14) 

Zn(1) N(3) C(15) C(16) 96.44(13)   C(1) N(1) C(4) C(9) -33.2(2) 

Zn(1) N(3) C(15) C(20) -77.95(14)   C(4) N(1) C(1) Zn(1) 164.17(16) 

Zn(1) N(3) C(10) C(11) 4.36(19)   C(4) N(1) C(1) S(1) 160.88(11) 

Zn(1) N(3) C(10) C(13) -177.20(10)   C(4) N(1) C(1) N(2) -22.8(2) 

Zn(1) N(4) C(25) C(26) -94.69(14)   C(4) C(5) C(6) C(7) 0.1(3) 

Zn(1) N(4) C(25) C(30) 82.02(14)   C(4) C(9) C(8) C(7) 1.6(3) 

Zn(1) N(4) C(12) C(11) -9.28(19)   C(26) C(25) C(30) C(29) -2.9(2) 

Zn(1) N(4) C(12) C(14) 171.61(11)   C(26) C(25) C(30) C(31) 177.41(14) 

Zn(1) N(1) C(1) S(1) -3.30(10)   C(26) C(27) C(28) C(29) -0.8(2) 

Zn(1) N(1) C(1) N(2) 173.06(13)   C(30) C(25) C(26) C(33) -172.66(13) 

Zn(1) N(1) C(4) C(5) -49.39(19)   C(30) C(25) C(26) C(27) 3.2(2) 

Zn(1) N(1) C(4) C(9) 125.04(14)   C(30) C(29) C(28) C(27) 1.0(3) 

N(3) C(15) C(16) C(23) 3.9(2)   C(16) C(15) C(20) C(19) 2.1(2) 

N(3) C(15) C(16) C(17) -175.81(13)   C(16) C(15) C(20) C(21) -178.37(13) 

N(3) C(15) C(20) C(19) 176.40(13)   C(16) C(17) C(18) C(19) 0.8(3) 

N(3) C(15) C(20) C(21) -4.0(2)   C(12) N(4) C(25) C(26) 87.26(17) 

N(3) C(10) C(11) C(12) 9.8(2)   C(12) N(4) C(25) C(30) -96.03(16) 

N(4) C(25) C(26) C(33) 4.0(2)   C(33) C(26) C(27) C(28) 174.67(14) 

N(4) C(25) C(26) C(27) 179.79(13)   C(23) C(16) C(17) C(18) -179.59(15) 

N(4) C(25) C(30) C(29) -179.65(13)   C(5) C(4) C(9) C(8) -2.7(2) 

N(4) C(25) C(30) C(31) 0.7(2)   C(5) C(6) C(7) C(8) -1.2(3) 

N(1) C(4) C(5) C(6) 176.57(14)   C(20) C(15) C(16) C(23) 178.14(13) 

N(1) C(4) C(9) C(8) -177.11(15)   C(20) C(15) C(16) C(17) -1.6(2) 

C(25) N(4) C(12) C(11) 168.80(13)   C(20) C(19) C(18) C(17) -0.3(3) 

C(25) N(4) C(12) C(14) -10.3(2)   C(13) C(10) C(11) C(12) -168.68(14) 

C(25) C(26) C(33) C(34) 100.04(16)   C(17) C(16) C(23) C(24) 9.6(2) 

C(25) C(26) C(27) C(28) -1.3(2)   C(9) C(4) C(5) C(6) 1.9(2) 

C(25) C(30) C(29) C(28) 0.8(2)   C(9) C(8) C(7) C(6) 0.4(3) 
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C(25) C(30) C(31) C(32) 85.56(19)   C(27) C(26) C(33) C(34) -75.78(17) 

C(15) N(3) C(10) C(11) -175.78(13)   C(3) N(2) C(1) S(1) -10.6(2) 

C(15) N(3) C(10) C(13) 2.7(2)   C(3) N(2) C(1) N(1) 173.29(15) 

C(15) C(16) C(23) C(24) -170.10(14)   C(29) C(30) C(31) C(32) -94.10(19) 

C(15) C(16) C(17) C(18) 0.1(2)   C(19) C(20) C(21) C(22) 99.6(2) 

C(15) C(20) C(19) C(18) -1.2(2)   C(2) N(2) C(1) S(1) 152.01(12) 

C(15) C(20) C(21) C(22) -80.0(2)   C(2) N(2) C(1) N(1) -24.1(2) 

C(10) N(3) C(15) C(16) -83.42(17)   C(21) C(20) C(19) C(18) 179.28(16) 

C(10) N(3) C(15) C(20) 102.18(16)   C(31) C(30) C(29) C(28) -179.51(15) 

C(10) C(11) C(12) N(4) -6.9(2)             
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Crystallographic data for compound 16. 
 
Crystal data and structure refinement for compound 16. 

Empirical formula C13H29N3OSZn 

Formula weight 382.86 

Temperature / K 151(1) 

Crystal system monoclinic 

Space group P21/n 

a / Å 10.72190(10) 

b / Å 10.99980(10) 

c / Å 17.8205(2) 

𝛼 /° 90 

𝛽 /° 104.1930(10) 

𝛾 /° 90 

Volume / Å3 2037.57(4) 

Z 4 

𝜌calc g / cm3 1.248 

𝜇 / mm-1 2.667 

F(000) 812.0 

Crystal size / mm3 0.1 × 0.1 × 0.05 

Radiation Cu K𝛼 (𝜆 = 1.54184) 

2𝛳 range for data collection/° 11.92 to 146.906 

Index ranges -13 ≤ h ≤ 13, -13 ≤ k ≤ 13, -22 ≤ l ≤ 22 

Reflections collected 32620 

Independent reflections 4076 [Rint = 0.0307, Rsigma = 0.0125] 

Data/restraints/parameters 4076/0/198 

Goodness-of-fit on F2 1.039 

Final R indexes [I ≥ 2𝜎 (I)] R1 = 0.0432, wR2 = 0.1209 

Final R indexes [all data] R1 = 0.0442, wR2 = 0.1219 

Largest diff. peak/hole / e Å-3 1.26/-0.73 
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Crystallographic data for compound 17. 
 
Crystal data and structure refinement for compound 17. 

Empirical formula C14.5H24N3OSZn 

Formula weight 353.80 

Temperature / K 149.94(10) 

Crystal system monoclinic 

Space group P21/c 

a / Å 11.86410(10) 

b / Å 8.38880(10) 

c / Å 18.4350(2) 

𝛼 /° 90 

𝛽 /° 95.9940(10) 

𝛾 /° 90 

Volume / Å3 1824.72(3) 

Z 4 

𝜌calc g / cm3 1.288 

𝜇 / mm-1 2.938 

F(000) 744.0 

Crystal size / mm3 0.2 × 0.1 × 0.1 

Radiation Cu K𝛼 (𝜆 = 1.54184) 

2𝛳 range for data collection/° 9.648 to 145.316 

Index ranges -14 ≤ h ≤ 14, -10 ≤ k ≤ 10, -22 ≤ l ≤ 22 

Reflections collected 28487 

Independent reflections 3604 [Rint = 0.0275, Rsigma = 0.0117] 

Data/restraints/parameters 3604/0/231 

Goodness-of-fit on F2 1.047 

Final R indexes [I ≥ 2𝜎 (I)] R1 = 0.0321, wR2 = 0.0883 

Final R indexes [all data] R1 = 0.0330, wR2 = 0.0892 

Largest diff. peak/hole / e Å-3 0.48/-0.41 
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Appendix B: XRD data 

 
Figure A1: XRD patterns of positions A2–A7 (Section 5.2.2). 
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Figure A2: XRD patterns of positions B1–B7 (Section 5.2.2). 

Figure A3: XRD patterns of positions C1–C7 (Section 5.2.2). 



Appendices 

 XXIII 

Figure A4: XRD patterns of positions E1, E3–E7 (Section 5.2.2). 
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Appendix C: UV/vis transmittance data and Tauc plots 

 

 

Figure A5: UV/vis spectra (top) and Tauc plots (bottom) of positions A2–A7 (Section 
5.2.2). 
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Figure A6: UV/vis spectra (top) and Tauc plots (bottom) of positions B1–B7 (Section 
5.2.2). 
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Figure A7: UV/vis spectra (top) and Tauc plots (bottom) of positions C1–C7 (Section 
5.2.2). 



Appendices 

 XXVII 

 
Figure A8: UV/vis spectra (top) and Tauc plots (bottom) of positions E1–E7 (Section 
5.2.2). 
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Figure A9: UV/vis spectra (top) and Tauc plots (bottom) of positions A1–A4 (Section 
5.2.5). 
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Figure A10: UV/vis spectra (top) and Tauc plots (bottom) of positions B1–B4 (Section 
5.2.5). 
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Figure A11: UV/vis spectra (top) and Tauc plots (bottom) of positions C1–C4 (Section 
5.2.5). 
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Figure A12: UV/vis spectra (top) and Tauc plots (bottom) of positions E1–E4 (Section 
5.2.5). 


