
 

 

 

 

INVESTIGATION OF NEW  

REACTION CHEMISTRIES  

FOR Zn AND Ge ALD 
  



SYNTHESIS AND DEVELOPMENT OF PRECURSOR MOLECULES 

AND REACTIONS FOR ATOMIC LAYER DEPOSITION (ALD) OF 

ELEMENTAL ZINC AND GERMANIUM 

 

By 

KASUNI C. WEDISINGHE, B. Sc. 

 

A Thesis 

Submitted to the school of Graduate Studies 

in Partial Fulfillment of the Requirements  

for the Degree 

Master of Science 

 

McMaster University 

© Copyright by Kasuni C. Wedisinghe, April 2021 



ii 
 

Master of Science (2021)     McMaster University 

(Chemistry)       Hamilton, Ontario 

TITLE:  Synthesis and Development of Precursor Molecules and 

Reactions for Atomic Layer Deposition (ALD) of Elemental Zn 

and Ge  

AUTHOR: Kasuni C. Wedisinghe, B. Sc. (University of Kelaniya, Sri Lanka) 

SUPERVISOR: Dr. D. J. H. Emslie 

NUMBER OF PAGES: xxxiii, 215, III  



iii 
 

ABSTRACT 

Ultra-thin films of pure elements are important in microelectronics due to their wide range 

of applications. Atomic Layer Deposition (ALD) has drawn increasing attention as the thin 

films deposition technique for applications in microelectronics, due to its ability to deposit 

thin films with high conformality with atomic level control of the thickness of the film. 

However, due to the limited number of suitable precursor/co-reactant pairs available, only 

a few pure elements have been deposited successfully by ALD to date.  

The current study involves the synthesis and identification of potentially suitable precursor 

and co-reactant molecules for ALD of elemental Zn and Ge, neither of which have 

previously been achieved. MeZnOiPr, Zn(OiPr)2, and ZnEt2 were investigated as Zn 

precursors while GeCl2(Dioxane), Ge{N(SiMe3)2}2, and Ge(OCH2CH2NMe2)2 were 

investigated as Ge precursors. Co-reactants of interest were, 4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (HBpin), PhSiH3, [H2Al(tBuNCH2CH2NMe2)] (LAlH2), BH3(NMe3), and 

AlH3(Quinuclidine). Ligand-exchange reactions between precursors and co-reactants were 

expected to produce unstable zinc or germanium hydride species, which would then 

reductively eliminate to produce the pure element. Solution reactivity studies were 

employed to identify potential precursor/co-reactant pairs.  

Solution reactions of Zn precursors with the selected co-reactants indicated that unstable 

ZnH2 is produced during the reactions, and will dissociate into its elements (Zn and H2) at 

room temperature. These solution reactivity studies revealed that, HBpin and LAlH2 were 

more reactive as co-reactants than BH3(NMe3), AlH3(Quinuclidine), and PhSiH3. 
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Additionally, MeZnOiPr and ZnEt2 exhibited the highest reactivity as precursors, although 

the lower reactivity of Zn(OiPr)2 may simply be due to low solubility.  

Solution reactions of Ge precursors produced a polymeric mono-germanium hydride 

species (GeH)x, which will only dissociate into its elements upon heating at elevated 

temperatures. While LAlH2 indicated high reactivity with all Ge precursors, it was difficult 

to arrange co-reactants in order of reactivity as most reactions immediately produced 

insoluble (GeH)x upon mixing reagents at room temperature. Ge(OCH2CH2NMe2)2 found 

to be the most reactive precursor out of all Ge precursors investigated. 
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CHAPTER 1 - INTRODUCTION 

1.1 Microelectronics and their applications in current world 

Though the development of the field of electronics began over a century ago, the field of 

microelectronics only started in late 1960’s with the development of integrated circuits 

(IC).1 Since then it has been one of the most demanding fields of electronics with increasing 

demand for smaller and light weight electronic devices with improved device performance. 

Present day electronic devices such as cellphones, laptops, tablets, digital watches etc. 

would not have been possible without the evolution of microelectronics.1  

1.2 Miniaturization of device features 

Over the past few decades, the trend in the field of microelectronics has been minimisation 

of device size while enhancing device features. The first transistor was discovered in 1947 

at Bell laboratories, which is considered as the landmark in modern electronics.2 The 

transistor was smaller in size and used less power compared to the large vacuum tubes that 

were used in early electronic devices. Hence, the transistor was adopted as a replacement 

for the vacuum tubes in electronic devices. In 1965 a simple observation made by Golden 

E. Moore; the chairman of Intel corporation led to the evolution of the field of 

microelectronics. This observation, which is called Moore’s law, states that the density of 

components per integrated circuit (IC) would double approximately every 2 years.2 The 

early integrated circuits contained only a few transistors per chip. The number has been 
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increasing ever since, and current microchips contain billions of transistors per chip (Figure 

1.1).3 

 

Figure 1.1: Moore’s Law: Number of transistors per microprocessor. Published on the 

website “Our world in data”.3 

The IC complexity is measured by the transistor count which is the number of metal-oxide-

semiconductor field-effect transistors (MOSFET) on an IC chip. As of 2019 AMD holds 

the record for most number of MOSFETS in a single chip with 39.54 billion transistors in 

it’s 2nd generation EPYC Rome processor.4 

The increased density of transistors continuously decreases the transistor technology node, 

which is dependant on the physical size of the transistor. Technology node is defined as the 
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length of the silicon channel between source and drain terminals in field effect transistors.5 

Decreasing the technology node of a transistor enhances device features and power 

efficiency while decreasing device dimensions. Transistor technology node reached 10 nm 

in 2016 and 7 nm in 2018.6 The 5 nm technology node is currently the most advanced 

process technology, with mass production started in 2020.7 3 nm node transistors are set to 

begin fabrication in large scale as early as 2021.8 

1.3 Thin films and their applications in microelectronics 

Development of modern microelectronics would not have been possible without advanced 

thin film technologies. A thin film is a layer of materials ranging from a few nanometers to 

micrometers in thickness. Microelectronic devices usually include different types of thin 

films and their dimensions have been reduced to the nano scale at present. Production of 

these thin films requires special technologies to obtain films with high accuracy of 

thickness.9 The properties and structures of thin films are highly dependent on the method 

used for film deposition. Films are deposited on different substrates such as single crystal 

materials, polymers, organic substrates, etc. depending on their applications. Thin films are 

used in the microelectronics industry, primarily for microprocessor and memory device 

applications.10 Depending on the thin film material, different thin films have unique 

applications in microelectronics. 

1.3.1 Thin film growth techniques 

Production of thin films with high conformality, high aspect ratio, and precise control of 

the film thickness is crucial to continue the current trend of miniaturization of electronic 
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devices. Vast numbers of deposition methods have been developed over the past few 

decades for the fabrication of thin films. However, only a limited number of deposition 

methods can be employed to form thin films which are several nanometers to micrometers 

in thickness.11 

Both physical and chemical vapor deposition methods, including Physical vapor deposition 

(PVD), Chemical vapor deposition (CVD), and Atomic layer deposition (ALD), have been 

successful in the production of thin films with <100 nm in thickness.12 A detailed discussion 

of all deposition techniques is beyond the scope of this dissertation, hence only the 

aforementioned three vapor deposition techniques will be discussed in detail. 

1.3.2 Physical vapor deposition (PVD) 

Physical vapor deposition (PVD) incorporates a range of different thin film deposition 

techniques such as evaporation, laser-ablation deposition, vacuum-arc based deposition, 

and different sputter deposition methods. 13 PVD is an atomistic deposition process where 

the material is deposited atom by atom.14 A typical PVD film growth process includes 

generation of vapors of individual atoms or a cluster of atoms from a solid or liquid 

substrate and transport of these vapors under a vacuum or low pressure gaseous 

environment to the substrate, where they condense on the substrate to form the film.14 

Removal of atoms from the original source can be achieved by either thermally heating the 

source (evaporation) or by bombarding the source with different particles including 

electrons, atoms, ions, molecules or photons (sputtering).13 
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During vacuum evaporation, atoms generated by thermally heating the source beyond its 

boiling/sublimation point reach the substrate to form the film (Figure 1.2a). The vacuum 

environment in the chamber reduces the possibility of contamination and collision of the 

generated atoms with gas molecules. Gas pressures in the chamber for the vacuum 

deposition are generally in the range of 10-5 to 10-9 Torr.14 The substrate is kept in direct 

line-of-sight of the source. The distance between the source and the substrate is maintained 

between 10 and 100 cm to prevent heating of the substrate by optical radiation from the 

source, and to maximize the deposition area. Vacuum deposition has the ability to deposit 

material on a large surface area with a rate of approximately 100 nm/min.13  

Sputter deposition is a deposition method where atoms are ejected from a solid source 

(target) by bombardment with high energy atomic particles, usually a neutral gas atom.14 

The distance from the source to the substrate is lower compared to vacuum deposition. 

Incident energy in the range of 50-2000 eV is typically sufficient to overcome the surface 

binding energy of the target, dislodging surface to near-surface atoms.13 These sputtered 

atoms travel through the chamber and condense on the substrate, forming a thin film of the 

desired material (Figure 1.2b). 
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Figure 1.2: Schematic diagram of physical vapor deposition (PVD); a) evaporative PVD, 

b) sputtering PVD. 

Although PVD is able to generate high quality films that are crucial for the microelectronics 

industry, film growth is highly directional, with both evaporative and the sputtered PVD 

leading to films with pillar type microstructural features, and limited ability to coat high 

aspect ratio features.10  

1.3.3 Chemical vapor deposition (CVD) 

Chemical vapor deposition (CVD) can be used to produce thin films of most metals, non-

metallic elements including carbon and silicon, and many other compounds including 

nitrides, oxides, and carbides.15 CVD involves the process of delivering one or more gas 

phase precursor molecule on to a heated substrate (typically < 500 °C) in a vacuum chamber 

to form a thin film of the desired product via thermal decomposition of the precursor 

a) b) 
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material. (Figure 1.3).16 In a typical CVD process, an inert gas stream is used to introduce 

gaseous precursor molecules in to the reaction chamber, which is maintained under 

dynamic vacuum. Once these precursor molecules reach the heated area of the reaction 

chamber, they can be adsorbed on to the substrate, either by physisorption (Van de Waal’s 

attractions with the substrate) or chemisorption (chemical reaction with functional groups 

on the substrate to form chemical bonds). These adsorbed precursor molecules then 

undergo thermal decomposition to form the deposited film. In addition to the anticipated 

surface-based reactions, precursor molecules may thermally decompose or react with each 

other in the gas phase, producing fine particles that can incorporate into the resulting 

films.17 Unreacted precursor molecules along with any gaseous by-products that form 

during surface reactions are removed from the vacuum chamber with the assistance an inert 

gas stream.16 Precursors for use in CVD must be highly volatile and thermally stable at the 

delivery temperature, and thermally unstable at the deposition temperature.17 The desired 

film thickness in CVD can be controlled by vapor pressure, deposition temperature and the 

duration of exposure of the substrate to the precursor.18 

Film growth by CVD has many desirable features, including the ability to produce 

conformal films (especially on surfaces without high aspect ratio nanoscale features) with 

high purity and relatively high deposition rates.19 Film deposition in CVD is not limited to 

line-of-sight from the source as in PVD.15 However, film growth often requires very high 

temperatures, and many substrates are not stable at these temperatures. This limitation can 

be partially eliminated by using plasma CVD (where plasma or plasma-generated radicals 

are applied to the surface to induce precursor decomposition) or metalorganic CVD (use of 
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less thermally robust metalorganic precursor molecules).15 Incorporation of particles into 

the growing film due to gas phase reactivity, can also lead to defects and non-conformal 

growth of the film.16 

Additionally, film thickness depends on the amount of precursor reaching each point on the 

substrate surface, which is difficult to control, especially on large substrates. Furthermore, 

conformal deposition in high aspect ratio nanoscale features, such as trenches, vias, and 

overhangs is often not achievable, since precursor molecules decompose before reaching 

to the bottom of nanoscale features (e.g., 10-20 nm diameter trenches). 

 

Figure 1.3: Schematic diagram of a chemical vapor deposition (CVD). 
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1.4 Atomic layer deposition (ALD) 

The directional nature of films deposited by both CVD and PVD methods limit their 

applications in semiconducting devices.10 However, the continued trend of device 

minimization in the microelectronics industry has increased the demand for growth of thin 

films on two and three dimensional substrates. This requires a deposition method that can 

produce films with high conformality and allows atomic level control of film thickness.20 

Atomic layer deposition (ALD) was first discovered in 1977 by Suntola and Antson for the 

deposition of polycrystalline thin films of ZnS for electroluminescent flat panel display 

devices.12, 21 This process was initially named Atomic Layer Epitaxy (ALE). However, 

over the past few years, many ALD processes have been developed to deposit a range of 

materials (e.g., metals, oxides, nitrides, sulphides) and most of these films are not epitaxial, 

hence the more general name atomic layer deposition (ALD) was adopted.21 

When considering the deposition principle, ALD is a special modification of CVD, which 

can overcome most of the limitations that are associated with CVD.22 ALD is a unique 

technique with the ability to produce thin films with high conformality and atomic level 

thickness control, due to its sequential self limiting growth pattern.23 It is the most 

promising future thin film deposition method for the microelectronics industry, considering 

the current trend in device miniaturization. Combination of conformal coverage and 

exceptional control of film thickness allows ALD to deposit on narrow (e.g., width < 22 

nm), high aspect ratio trenches, vias, pores and three-dimensional nano scale substrates 

which wouldn’t be achievable using CVD and PVD due to their directional growth.20 This 
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is illustrated schematically in Figure 1.4, parts a and b; part a shows the typical result of 

CVD for attempted deposition within narrow high aspect ratio trenches; precursor 

molecules come in to contact with the substrate surface before reaching the bottom of the 

trench, filling over the trench rather than producing a conformal coating.20 By contrast, part 

b shows the result of ALD, where conformal coverage is achieved (the mechanism by 

which ALD achieves conformal coverage is described below). 20 This type of conformal 

coverage is evident in Figure 1.4 c, which shows a cross-sectional SEM of Al2O3 films 

grown by ALD within nanoscale trenches. 

 

  

Figure 1.4: Film coverage and conformality illustration of (a) CVD/PVD growth (b) ALD 

growth on a narrow trench (width < 22 nm), (c) SEM cross sectional image of an ALD 

grown conformal Al2O3 film in trenches. Reprinted with permission from ref. 22. Copyright 

2003 John Wiley and Sons. 

Film growth in almost all thin film deposition methods is governed by the rate and type of 

precursor transport and chemical reaction kinetics, with faster film growth only observed 
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at places where precursor get readily transported, which may lead to uneven film growth.24 

By contrast, ALD is divided into two separate self saturating half reactions (vide infra), so 

film growth in ALD is independent of the precursor transport or exposure time.24  

Film deposition in ALD takes place in a cyclic manner.22 A deposition cycle consists of 

sequential and alternating pulses of two gas phase precursor molecules which react with 

the substrate or undergo surface-based reactions with one another.21 These reactions are 

known as half reactions.21 This process is explained in Figure 1.5 using the deposition of 

Al2O3 on a SiO2 substrate. First AlMe3 vapours are pulsed into a vacuum chamber (<1 Torr) 

with the assistance of an inert gas flow (Typically N2 or Ar).21 These precursor molecules 

then chemisorb onto the surface of the substrate to form a monolayer. This process is self 

limiting because adsorption ceases after all accessible surface sites have reacted. At this 

point, unreacted precursor molecules and reaction by-products (e.g., CH4) are purged from 

the reaction chamber with an inert carrier gas.21 This is then followed by a pulse of a second 

gaseous precursor molecule (sometimes referred to as a co-reactant, in this case H2O), 

which reacts with the adsorbed monolayer of the first precursor to form a single layer of 

the desired thin film material. Any excess precursor molecules and reaction by-products 

are removed from the reaction chamber with the use on an inert carrier gas to complete one 

growth cycle of ALD.21 This process is repeated until the desired film thickness is achieved. 

Unlike in CVD,  gas phase reactions are not observed since the two gaseous precursor 

molecules are never present in the chamber at the same time.24  
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Figure 1.5: Schematic diagram of one ALD cycle of Al2O3 film growth using (CH3)3Al and 

H2O. Usually, one growth cycle consists of four steps. 1) exposure to the first precursor 2) 

purging away excess precursor and by-products 3) exposure to the second precursor 4) 

purging reaction by-products and excess precursor. Reprinted with permission from ref.20. 

Copyright 2003 Elsevier. 

Figure 1.6 shows a typical saturation curve for ALD, which is one of the hallmark features 

in ALD film growth.20 When growth rate is plotted against the precursors pulse length it 

ultimately reaches a plateau region. The growth rate becomes constant after sufficient 

precursor is delivered to react with all available surface reactive sites on the substrate. The 

minimum length of the pulse to achieve a constant growth rate is called as the saturative 
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dose. If the precursor is thermally stable at the deposition temperature used, no film growth 

can be observed in ALD after the minimum saturative dose of the precursor has been 

delivered.20 This feature is the reason behind the self-limiting film growth observed in 

ALD. 

 

Figure 1.6: Plot of growth rate vs precursor pulse length. Blue colour region; sub saturative 

film growth. Green colour region; surface reactive sites have become saturated and film 

growth is self-limiting.20 

A plot of growth rate as a function of deposition temperature helps to understand the 

thermal growth properties of an ideal ALD process (Figure 1.7).20 The plot produces a 

region where growth rate is constant and shows little or no dependence on the deposition 

temperature (Figure 1.7 Region B).20 This region is termed the “ALD window” and it can 

range up to 200 °C, depending on the precursors and materials.20 The ALD window is the 

ideal deposition temperature range in ALD for film growth. This nearly ideal ALD 

behaviour lies between two non ideal regions in the plot (Figure 1.7).25 
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Figure 1.7: Plot of growth rate Vs deposition temperature.20 

Within the ALD window, the growth rate should be independent of the deposition 

temperature. However, this ideal behaviour is not observed in the majority of ALD 

processes. Outside the ALD window, ALD behaviour is not observed due to disruptions 

from different chemical and physical processes.12 Limited available thermal energy at low 

deposition temperatures, results in inadequate precursor reactivity. This process prevents 

surface sites from becoming saturated leading to incomplete surface reactions (Figure 1.7 

Region A solid line). These reactions will not proceed beyond a certain percentage of 

completion, decreasing the growth rate at low temperatures. They display a self-limiting 

behaviour, but films include large amounts of impurities.25 An increase in growth rate at 

lower temperatures is due to the condensation of reactants on the surface (Figure 1.7 Region 

A dashed line).25 At higher deposition temperatures, precursor molecules will be 

unavailable for surface reactions due to their desorption from the substrate. This can result 



M. Sc. Thesis – Kasuni C. Wedisinghe; McMaster University-Chemistry 

15 
 

in a decrease in growth rate at high deposition temperatures (Figure 1.7 Region C dashed 

line).25 Alternatively, some precursor molecules decompose when the deposition 

temperature is too high, resulting in a CVD component which affords an increased growth 

rate (Figure 1.7 Region C solid line).25  

There are two main types of ALD processes; thermal ALD and plasma enhanced ALD, 

which is known as PEALD.26 Both methods are extensively utilized in microelectronic 

device fabrication. The two processes only differ by how they deliver or produce co-

reactant molecules in the second half-reaction. This can be easily described by comparing 

the process of film deposition for Al2O3 (Figure 1.8).27 In the first-half reaction trimethyl 

aluminum (TMA) molecules react with the surface hydroxyl groups on the substrate and 

produce CH4 as a by-product. Excess TMA molecules and CH4 are purged away from the 

reactor with a flow of N2 or Ar gas. During the second half-reaction of the thermal ALD 

process, H2O vapor is introduced to the reaction chamber (Figure 1.8 top). These H2O 

molecules then react with Al and CH3 groups on the surface to produce a single layer of 

Al2O3. CH4 is produced as a by-product during the reaction. By contrast, during the second 

half-reaction of the PEALD process for Al2O3 deposition, oxygen radicals are generated by 

igniting oxygen plasma above the substrate (Figure 1.8 bottom). These highly reactive 

oxygen radicals react with surface Al-CH3 groups and produce a single layer of Al2O3. The 

reaction produce CO2 and H2O as by-products.27  
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Figure 1.8: Schematic diagram of one cycle of a thermal and a plasma-assisted atomic layer 

deposition (ALD) process. Each cycle consists of two half-reactions: first, the 

trimethylaluminum (TMA) molecules react with the hydroxyl groups attached to the silicon 

surface; second, the molecules are reacted with H2O (thermal ALD) or an O2 plasma 

(plasma ALD). Reprinted with permission from ref. 27. Copyright 2010 IEEE. 

1.4.1 Plasma enhanced ALD (PEALD) 

In Plasma enhanced ALD (PEALD), a plasma source is used to generate high energy 

plasma species. These plasma species are usually radicals with high energy and high 

reactivity that can readily react with surface bound precursor molecules. H2, N2, NH3 and 

O2 are most frequently used plasmas in PEALD.26 PEALD is extensively used to deposit 

thin films of single elements where hydrogen radicals are used as the reducing agent to 
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reduce the metal precursor.25 Film deposition by PEALD offers several advantages 

including lower processing temperatures due to the high reactivity of plasma species, and 

higher growth rates relative to thermal ALD.26 However, poor film conformality is often 

observed in PEALD due to recombination of plasma species on the substrate.20 This radical 

recombination process limits the utility of PEALD to deposit film within high aspect ratio 

structures.25 In addition, reactor design and reaction chemistries involved in PEALD are 

more complex than those in conventional thermal ALD.28 

1.4.2 Thermal ALD 

Thermal ALD utilizes thermal energy to drive film growth. In thermal ALD the energy 

requirement for surface reactions are completely provided as thermal energy by heating the 

substrate.29 In thermal ALD co-reactant molecules react with the chemisorbed precursor 

molecules on the surface of a heated substrate. Deposition temperatures can range from as 

low as room temperature to about 350 °C, depending on the thermal stability and reactivity 

of the precursor and co-reactant. 28 Unlike many PEALD processes, thermal ALD allows 

for conformal deposition on high aspect ratio nanoscale features. 

1.4.3 Substrate Selection 

ALD is a process that is strongly dependent on the properties of substrate surface, as 

chemisorption of precursor on the substrate depends on the number and type of reactive 

surface sites that are available. In the initial stage of ALD growth (where deposition occurs 

on the initial substrate surface, rather than the deposited film), the nature and concentration 

of reactive sites on a substrate is dictated by the substrate material, pre-treatment method, 
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and crystallographic orientation. Some surfaces resist any ALD growth, while some have 

longer initial nucleation times.30 

Depending on the application, different substrates are used in ALD, including H-terminated 

silicon, SiO2, Al2O3, glass, Si3N4, GaAs, ceramics, metals, polymers, and fibres.31 

Deposition temperature also has to be taken into consideration when considering certain  

substrates, as some substrates (e.g., polymers) cannot withstand high temperatures.31 

1.4.4 Precursor properties and reactivity 

Precursor properties and reactivity are critical in a typical ALD process. Precursors in ALD 

might be gasses, volatile liquids or solids, depending on the ALD process.22 Most solid and 

some liquid precursors must be heated to generate a sufficient vapor pressure for effective 

mass transport of the precursor.22 Many ALD precursors have also been used for CVD, or 

have structures related to those of CVD precursors.32 A suitable precursor for ALD should 

have following chemical and physical properties. 

1. A precursor must be sufficiently volatile (minimum value of approximately 0.1 Torr 

equilibrium vapor pressure at the delivery temperature).33 Non ideal ALD 

behaviour resulting from precursor condensation on the substrate can be prevented 

if the precursor can be delivered to the reaction chamber at a temperature below the 

substrate temperature.10 Also, precursor pulse durations will be impractically long 

if the precursor doesn’t have adequate vapor pressure at temperatures below its 

decomposition temperature.34  
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2. High thermal stability. The precursor must be thermally stable (on a long time scale) 

at the delivery bubbler temperature and (on a short time scale) at the growth 

temperature.21 Thermal decomposition of a precursor will lead to non self-limiting 

chemical vapor deposition (CVD) like growth.20 However, somewhat thermally 

unstable precursors with a low decomposition rate, can still be utilized in certain 

applications, including protective coating applications, as it only has a small effect 

on the overall film growth.22   

3. Reactivity: Precursor molecules should react rapidly and irreversibly with surface 

functional groups of the substrate, and with co-reactant molecules.35 High reactivity 

enables lower ALD deposition temperatures, and faster surface saturation leading 

to shorter cycle times.33 Reactions must only give rise to unreactive, volatile by-

products. After completion of the reaction, neither the precursor nor its by-products 

should react with, etch, adsorb or dissolve in the growing film.12,21 Excessive 

adsorption results in non self-limiting CVD like film growth while etching can 

decrease the growth rate and uniformity of the film.12 

In addition to these main properties, it is also beneficial to have a low melting point for the 

precursor since liquid precursors can help to reduce the particle incorporation into the film, 

unlike solid precursors. However, because film thickness in ALD is only dependent on the 

number of cycles, use of liquid precursors is not as critical as in CVD.10 Though its not 

crucial for an ALD process, there are several other useful properties of a precursor 

including low toxicity, ease of handling, ease of synthesis and scale up, and low cost.36 
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High purity precursors are desirable in ALD, especially for the applications of 

microelectronics.34 

 

Figure 1.9: The thermo gravimetric analysis (TGA) of ideal and non-ideal ALD precursors. 

Reprinted/adapted with permission from ref.12. Copyright 2015 Elsevier.  

An ideal ALD precursor must be volatile at low temperature and thermally stable with no 

decomposition at lower temperatures. High volatility is indicated by mass percentage 

reaching 0 over a small temperature window, and thermal stability is indicated by zero 

residual mass (Blue curve). There are many compounds that undergo a slow volatilization 

over a large temperature window (Black curve). The mass loss in this curve is possibly due 
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to a decomposition. Large residual mass and loss of ligands due to decomposition is 

indicated by numerous plateau regions and mass loss along the TG curve.12   

A precursor with the greater volatility is almost always preferred in ALD (Figure 1.9). 

Volatility of a compound is affected mainly by intermolecular interactions (e.g., H bonding 

or π stacking). Volatility also depends on the molecular weight and shape of the molecule.12 

Volatility and thermal stability is typically studied using thermo gravimetric analysis 

(TGA), which shows the weight loss of a compound as a function of the temperature. 

Generally heavy molecules with a high symmetry show low volatility compared to the light 

molecules with low symmetry. However, there are many exceptions to this general rule.12 

Highly volatile precursors are usually monomers with low molecular weight ligands. 

Intermolecular forces as well as the shape of the precursor molecule is also influenced by 

ligands.12 Unfortunately, it is challenging to find an ideal ALD precursor, and selecting a 

precursor is always a compromise between volatility, reactivity, stability and cost.21 

There are few incidences where elements have been employed as ALD precursors instead 

of compounds. These elements include Zn, Cd and Hg, but most other metals don’t have 

sufficient vapor pressure to be utilized as precursors in ALD.34 Frequently used ligands in 

metal precursors are halides, alkyls, cyclopentadienyls, alkoxides, alkyl amides, 

amidinates, β-diketonates, guanidinates, etc.36 Whenever possible, the ligands in precursors 

are modified to attain the desired chemical and physical properties. These modifications 

usually focus on changing the size of the ligand, fluorination and/or adding additional donor 

groups (e.g., amines) to the ligand.36 New approaches, like use of heteroleptic complexes, 
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where a metal center is connected to two or more different ligands, can be used to further 

tune the properties of precursor molecules.  

Highly reactive, stable, inexpensive halide-based precursors are widely used in industrial 

applications, although, they have a high tendency to contaminate the film at lower 

temperatures, and the possibility to produce corrosive by-products during the reaction (e.g., 

HCl).12 The aforementioned issues can be eliminated by using organometallic compounds 

like metal alkyl or metal carbonyl complexes, while maintaining high vapor pressure and 

reactivity. However, a challenge with these compounds is the reactively weak metal-carbon 

bond, which can result in low thermal stability and shelf-life. A stronger metal-carbon bond 

is present in cyclopentadienyl complexes (e.g., FeCp2 or CoCp2), where the 

cyclopentadienyl ligands can saturate the metal center both electronically and 

coordinately.12 However, the strength of metal-cyclopentadienyl bonds can hinder 

reactivity, preventing complete ligand removal and resulting in films with low purity. As 

an alternative, many ALD precursors contain metal-alkoxide or metal-alkylamide linkages. 

However, for some metals, the oligomerization ability of homoleptic alkoxide and 

alkylamide complexes reduces their volatility. Thermal stability can also be a concern with 

alkylamide precursors, especially if held in a heated bubbler over a long period of time. By 

contrast, alkoxide complexes tend to be more thermally stable and to have a better shelf 

life.12  
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1.4.5 Co-reactant chemistry 

Selecting a suitable co-reactant is equally important for a successful ALD process. Co-

reactants in ALD are most of the time nonmetal, volatile, small molecules. These can be 

elements such as H2 or O2, small molecules like NH3 and H2O, or alkyl compounds such 

as ZnEt2. Alternatively, higher energy species like plasma and plasma-enhanced radicals 

are also used as co-reactants in PEALD.12  

Co-reactants are subject to the same chemical and physical requirements as precursors. The 

main objective of the co-reactant is to efficiently react with adsorbed precursor molecules, 

leading to the desired product and volatile by-products.12 The effectiveness of this reactivity 

depends primarily on the volatility, reactivity, and stability of the co-reactant molecules.  
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Table 1.1: Typical thermal ALD materials and selected co-reactants which have been used 

to generate each material.37  

Material Common co-reactants 

Metal oxides H2O, H2O2, O3, CH3OH, CH3COOH 

Metal nitrides NH3, N2H4, tBuNH2, Me2NNH2, 

Metal carbides C2H4, C2H2 

Metal phosphides PH3, P(NMe2)3, 

Metal arsenides AsH3, As(NMe2)3 

Metal sulfides H2S, Et2S2 

Metal selenides H2Se, Se(SiEt3)2 

Metal tellurides H2Te, Te(SiEt3)2 

Metal fluorides HF, TiF4, TaF5 

Pure element H2, Si2H6, SiH2Et2, HCHO, NH3, O2 

 

Table 1.1 summarizes the most common ALD materials with common non-metallic co-

reactants used. The most studied ALD materials are metal oxides and metal nitrides, with 

a large number of non-metal co-reactants available to deposit them. Among all co-reactants, 

H2O is one of the most studied co-reactants for metal oxide deposition, though the use of 

H2O as a co-reactant comes with many challenges, like relatively low volatility, and 
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difficulties in purging due to strong adsorption to surfaces.12 NH3 is the most widely used 

co-reactant for metal nitride ALD, although substituted amines and hydrazines also have 

been effectively employed.12   

1.5 Characteristics and advantages of thin films deposited by ALD 

Surface saturated and self-limiting growth behaviour provide ALD with many advantages 

over other thin film deposition methods.38 These advantages are outlined in detail below.   

1.5.1 Atomic scale deposition 

Due to presence of finite number of adsorption sites on a substrate, once the surface is 

saturated, reactions stop in ALD, leading to a monolayer deposition during each cycle. As 

a result, the film thickness in ALD is only proportional to the number of deposition cycles 

employed for the reaction.39 The thickness of the film produced in ALD is independent 

from the amount of precursor or co-reactant used for the reaction. The desired thickness 

can therefore be precisely controlled by simply adjusting the number of deposition cycles 

of an ALD reaction. 

1.5.2 Low temperature deposition 

Compared to many other film deposition methods including CVD and PVD, ALD typically 

employs lower temperatures (<350 °C) for film deposition. If appropriate precursor, co-

reactant, and reaction conditions are met, ALD processes produce high purity, pinhole free, 

and conformal films at temperatures as low as room temperature. Film deposition at low 

temperature is crucial for flexible electronics involving thermally fragile substrates such as 
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polymers or organic materials.12 Most of these substrate materials require deposition 

temperatures below 200 °C, which is challenging to accomplish using other thin film 

deposition methods such as CVD and PVD.12 However, relatively high temperatures are 

desired in some ALD processes to access certain crystalline phases. For example, rutile 

TiO2 is deposited only at elevated substrate temperatures by ALD.12  

1.5.3 High uniformity and conformality 

When it comes to the fabrication of microelectronic device components, self-limiting 

growth behaviour in ALD poses many advantages. Since the film deposition in ALD only 

happens due to surface reactions, changes in precursor flux will not affect the film 

thickness. If a sufficient flux reaches all areas, ALD can produce films with the same 

thickness, regardless of the differences in the flux of precursor, either in different areas on 

a substrate or in a three-dimensional structure.12  

When comparing with flux-controlled deposition methods, surface-controlled methods 

have the capacity to produce uniform films in a large area. Since ALD is a surface-

controlled method, an ideal ALD process can produce a perfectly uniform film (Figure 1.10 

a). However, to obtain a uniform film in flux-controlled methods (e.g., CVD or PVD), a 

constant precursor flux must be applied over the whole area of the substrate; a condition 

that is difficult to achieve in real-life. When a sufficient precursor flux is given, ALD can 

perfectly cover a three-dimensional structure, which is known as conformality (Figure 1.10 

c). A uniform coverage throughout a three-dimensional structure is referred to as high 

conformality. A low conformality, with variations in thickness over a three-dimensional 
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structure is observed in flux-controlled methods. Though it is possible to enhance 

uniformity with reactor engineering, it is challenging and cannot be 100% effective. This 

makes conformality a unique and very desirable characteristic of films deposited using 

ALD.12 

 

Figure 1.10: The uniformity and conformality of a) surface-controlled and b) flux-

controlled techniques. The magnified area indicates film deposition on a three-dimensional 

feature; c) surface-controlled processes result in a constant film thickness throughout the 

structure d) film thickness depends on the line-of-sight for flux-controlled processes, 

resulting in uneven film thickness throughout the structure. Reprinted/adapted with 

permission from ref. 12. Copy right 2015 Elsevier.  



M. Sc. Thesis – Kasuni C. Wedisinghe; McMaster University-Chemistry 

28 
 

Reproducibility and scalability are other advantages of the surface controlled and self-

limiting growth behaviour of ALD. Also, ALD can produce pinhole-free thin films which 

is vital for barrier and passivation applications.38 

1.6 Applications of ALD in microelectronics 

The major industrial application of ALD is production of semiconductor devices including 

both microprocessors and memory devices.38 High permittivity (high k) devices are critical 

in current microelectronic devices. ALD is the most promising thin film fabrication method 

that could produce high k devices including, gate oxides, memory capacity dielectrics, and 

ferroelectrics.22 Current transistor fabrication processes focus on ALD to produce pinhole 

free, conformal films with well controlled thickness and a high dielectric constant.21 In 

addition to these, metals and nitrides for electrodes and interconnects are also deposited 

using ALD.22  

1. High k gate dielectrics 

High k-dielectrics are mainly used for transistor gate stacks in microelectronic 

devices.21 The most common gate oxide used in electronic devices is the SiO2 metal-

oxide semiconductor field effect transistor (MOSFET). However down scaling of SiO2 

MOSFETs to a 1.0 nm thickness or below is associated with high gate leakage currents 

due to tunneling effects.40 In order to overcome the above issue, highly uniform and 

pinhole free high-k gate materials deposition has been vastly researched using ALD. 

Commonly used ALD high-k dielectrics include; Al2O3, HfO2, AlN, BeO.40 Al2O3 

deposited by ALD, is one of the earliest high k gate oxides that was used to replace 
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SiO2 as the gate dielectric. Due to its higher dielectric constant, HfO2 was used to 

replace Al2O3.40 However, both Al2O3 and HfO2 have large band gaps, hence they play 

a vital role as high-k dielectrics in three-dimensional memory and energy storage 

devices.40 

2. DRAM capacitors 

Capacitors play a major role in evolution of dynamic random-access memory (DRAM) 

devices.41 Current microelectronic devices require (DRAM) units containing metal-

insulator-metal (MIM) capacitors having a high capacitance density and a low leakage 

current.42 Multiphase materials such as BaTiO3 and SrTiO3 can also be used as high-k 

materials. However, obtaining a low leakage current is challenging due to the small 

band gap of these oxides.42 Doped-dielectrics have been identified as a potential 

solution to address the above issues associated with undoped high-k dielectric 

materials.41 For example, Y doped ZrO2 films deposited by ALD were found to possess 

a higher capacitance density (30.2 compared to 19.1 for undoped ZrO2) and a lower 

leakage current (60 times lower compared to undoped ZrO2).42 

3. Transition metal nitrides 

Transition-metal nitrides are usually used as metallization barriers and as gate metals 

in microelectronic devices.22 For example, dielectric breakdown caused by Cu ion 

diffusion into the surrounding dielectrics can be prevented using TaN and TiN barrier 

layers.43,44 Metal gates are required to eliminate the film thickness increasing effect of 



M. Sc. Thesis – Kasuni C. Wedisinghe; McMaster University-Chemistry 

30 
 

the depletion layer capacitance in polysilicon gate electrodes.22 Owing to its excellent 

thermal stability, and low resistivity, TiN is an ideal candidate for metal gates.44 

4. Metal films 

Metal films have numerous uses in microelectronics including, noble metals in 

ferroelectric random-access memory (FRAM), and high and low workfunction metals 

for dual-gate MOSFETs.22 Cu films deposited using ALD are employed as the primary 

interconnect material in integrated circuits.45 Ni films deposited by ALD have 

applications in magnetic random-access memory devices, Ni-Si contact materials, and 

metal insulators.45 However, synthesis of metal films using ALD has been quite 

challenging due to lack of an appropriate mechanism to adsorb metal precursor onto the 

metal surface without any surface functional groups.22  

1.7 Limitations and disadvantages of ALD 

Though film deposition with ALD offers many advantages, there are also some 

disadvantages associated with the process. One of the major issues with ALD is its low rate 

of film deposition, with growth rates in the range of 1-100 nm h-1. This is mainly due to 

long cycle times required to pulse the precursor and co-reactant and to purge volatile by-

products, combined with growth rates per cycle (GPCs) between 0.01 and 0.5 nm/cycle.21  

Reactor design and the aspect ratio of the substrate also affect the growth rate per hour.21 

Based on the preceding discussion, ALD is not useful for deposition of films that are 

micrometers in thickness, considering the time consumption. Processing large batches of 

substrates in one ALD process is one of the ways to overcome the slow growth rate 
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associated with ALD. However, single wafer processing is preferred for microelectronics 

applications.22 

Another drawback of ALD, relative to PVD, is that incomplete reactions can leave 

impurities on the deposited film. For example, 0.1-1 atom % impurity levels are found in 

oxide films deposited by ALD using either metal halides or metal alkyls with water as the 

co-reactant. The carrier gas also can act as a source of impurity in some instances, for 

example oxygen sensitive AlN films. Because the amount and nature of impurities depend 

on the exact details of the film deposition method used, films must be thoroughly studied 

before use. Post deposition treatments such as high temperature annealing under a different 

environment (e.g., vacuum, H2 or O2) might also affect the purity and the microstructure of 

the film.22 

1.8 Overview of materials deposited by ALD 

A wide range of materials have been successfully deposited by ALD. These compounds 

range from pure elements to metal oxides, metal nitrides etc. Though it is challenging, 

compounds with three or more elements also have been deposited by ALD.21 Figure 1.11 

provides an overview of materials that have been deposited by ALD processes. Not all 

materials can be deposited by ALD due to limited availability of reaction pathways and 

appropriate precursors. 
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Figure 1.11: Overview of materials deposited by ALD. Published on the website “Overview 

of all materials prepared by atomic layer deposition (ALD)”.46  

Metal oxides are currently the most developed area of compounds that can be deposited by 

ALD. Al2O3 is the most studied oxide deposited by ALD, typically using 

trimethylaluminum (TMA) with H2O, and was first discovered by Higashi et al.47 A wide 

variety of precursors are available for metal oxide ALD processes including metal halides, 

alkylamides, alkoxides, and cyclopentadienyl complexes.48 Metal oxide deposition by ALD 

has gained more attention as it has the ability to produce high-k dielectric oxide thin film 

layers, which has a high demand in microelectronics due to their wide range of 

applications.48 ZrO2, HfO2 and Al2O3 are the most studied high-k oxides by ALD which 

have a high permittivity.49 TiO2 is another oxide of interest owing to its wide range of 

applications including corrosion resistive coatings, self cleaning surfaces, and solar cells.49 
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To avoid metal corroding cracks, pinhole-free conformal thin film layers are essential to 

prevent contact between the metal and the corroding media, which can be only obtained by 

ALD.50 Another class of oxides that is of current technological interest is binary and ternary 

rare earth metal oxides.49 These oxides are ideal candidates for gate oxides, corrosion 

resistant coatings and protective film coatings due to their high thermodynamic stability. 

La2O3, Gd2O3, Y2O3, and Pr2O3, are among the most studied rare earth metal oxide 

processes by ALD.51 In addition to these oxides, other oxides such as MgO, ZnO, and Fe2O3 

are also of importance as antireflective coatings owing to their high refractive index 

values.49 

Metal nitrides are another class of compounds that have a wide range of applications in 

microelectronics. The main use of metal nitrides is as barriers in integrated circuits to 

prevent interdiffusion and reaction of metals with silicon or insulators.52 Appropriate 

candidates should be highly pure, conformal and thin, conductive and have good adhesion 

towards metal and insulators, and deposition temperatures below 400 °C.52 TiN and TaN 

are the extensively studied nitrides for this purpose. For most ALD nitride processes NH3 

is used as the nitrogen source. The major problem with early transition metal nitride 

processes is the requirement to reduce the metal to the +3 oxidation state. Sometimes this 

needs the use of very strong reducing agents.52 For example, Zn is used as a reducing agent 

for the TaN deposition process using TaCl5 and NH3. Ta3N5 is formed in the absence of 

Zn.53 

Most of the ALD nitride processes use a transition metal chloride as the precursor with NH3 

as the co-reactant. Growth of TiN from TiCl4 and NH3 is by far the most studied metal 
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nitride process by ALD, though the process still has some limitations, such as a low 

deposition rate due to the modest reactivity of NH3, and incorporation of chlorine into the 

growing film.48 Recent research has focused on finding more reactive reducing agents, or 

more effective nitrogen precursors, in order to overcome these issues. For example, studies 

done by Juppo et al. have successfully employed trimethylaluminum (TMA) and 1,1-

dimethylhydrazine as a reducing agent and a nitrogen source respectively, for the ALD 

process of TiN.54,55 TiCl4, NbCl5, and MoCl5 are some of the metal halides that can be 

reduced easily using 1,1-dimethylhydrazine.55 

1.9 Zn precursors used in CVD/ALD processes 

A wide range of zinc containing precursors have been developed for CVD and ALD 

processes of different materials. A detailed discussion on all available precursors is beyond 

the scope of this study. Hence, some of the extensively used precursors, their structures and 

properties are summarized in Table 1.2. 

ZnEt2,56–67 ZnMe2,57 MeZn(OiPr),68,69 and bis(dimethylaminopropyl) zinc ([Zn(DMP)2])70 

have already been used in ALD processes as zinc precursors and indicate sufficient 

volatility to be employed as a zinc precursor for elemental Zn ALD process. However, zinc 

containing precursors; Zn{N(SiMe3)2}2, MeZn(OtBu), zinc acetylacetonate (Zn(acac)2), 

bis(tetramethylpiperidino) zinc (Zn(TMP)2), and zinc bis(ketoiminates) have not been 

previously used in ALD processes. These zinc precursors indicate sufficient volatility and 

thermal stability, and might be viable (in combination with a suitable co-reactant) as zinc 

precursors for elemental zinc deposition by thermal ALD. 
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Table 1.2: Zinc containing precursors used in different CVD/ALD processes. 

Precursor Structure Volatility 
CVD/ALD 

process 
Remarks 

ZnEt2  

Volatile at 20 °C 

B.P. 117 °C 

Decomposes above 300 °C71 

ALD of Cu56
 

ALD of ZnO57–66 

ALD of ZnS67 

Usually delivered 

between 5-25 °C56–67 

 

ZnMe2  

Very volatile at 20 °C 

B.P. 46 °C 

Decomposes at 17072  

ALD of ZnO57 

ALD of ZnS73 

Delivered between -25 

to -8 °C57 

ZnCl2   ALD of ZnO74,75 

Delivered between 

390-400 °C74,75 

M.P. 293 °C 

ZnI2   ALD of ZnO76 
Delivered at 240 °C76 

Melting point: 446 °C 



M. Sc. Thesis – Kasuni C. Wedisinghe; McMaster University-Chemistry 

36 
 

Precursor Structure Volatility 
CVD/ALD 

process 
Remarks 

Zn(OAc)2 
 

Decomposes above 250 °C77 

 
 

ALD of ZnO57,78 

ALD of ZnS79 

ALD of ZnF2
80 

Delivered between 

230-250 °C57,78–80  

TGA available77 

M.P. 242 °C77 

MeZn(OiPr)  
Sublimes at 65 °C/6 mTorr. 

Decomposes above 300 °C81 

ALD of ZnO68 

CVD of ZnO69 

Delivered between 70-

80 °C68,69 

MeZn(OtBu)  

Sublimes above 80 °C/ 0.1 

Torr69 

Decomposes above 150 °C69 

CVD of ZnO69 Delivered at 80 °C69 

Zn{N(SiMe3)2}2 

 

Melting point: 12.5 °C 

Decomposes above 200 °C82 
CVD of ZnSe82 

Delivered at 80 °C82 

TGA not available 
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Precursor Structure Volatility CVD/ALD 

process 

Remarks 

Zn(C5H7O2)2 

(Zn(acac)2) 
 

Sublimes at 110 °C/0.1 

Torr83 

Decomposes below 200 °C84 

CVD of ZnO85 

Delivered at 60-85 

°C85 

TGA available84 

Melting point: 126.5 

°C84 

Zn(TMP)2 

(TMP = 

tetramethylpiperidino)  

Sublimes 75-80 °C/10 

mTorr86 

 

CVD of ZnO86 

Delivered between 70-

90 °C86 

Melting point: 59 °C87 

[Zn(DMP)2] 

(DMP = 

dimethylaminopropyl) 

 

Decompose above 15070 ALD of ZnO70 

Delivered at 55 °C70 

TGA available70 

Melting point: 45 °C70 
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Precursor Structure Volatility CVD/ALD 

process 

Remarks 

Zincbis(ketoiminates) 

 

Decomposition over 20088 

Vaporize at (1) 110 °C/5 

mbar and (2) 115 °C /5 

mbar88 

CVD of ZnO88 

Delivered at 120 °C88 

TGA available88 

Melting point: (1) 57 

°C, (2) 60 °C88  1: R = O(CH2)2CH3 

2: R = O(CH2)3CH3 
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1.10 Ge precursors used in CVD/ALD processes 

Table 1.3 illustrates the germanium containing precursors, that have been used for different 

CVD and ALD processes. Though, both CVD and ALD processes utilize tetravalent 

germanium precursors, Ge(II) precursors are considered as most suitable precursor 

molecules for low temperature CVD/ALD processes.89 However, to date only a few Ge(II) 

precursors have been successfully used in CVD and ALD processes.89 

GeCl2(Dioxane),90,91 Ge(guan)(NMe2),92 and N-heterocyclic germanium(II) ([Ge(II)(κ2-

(NtBu)CH(CH3)CH(CH3)(NtBu))])93 complexes are some of the Ge(II) complexes that 

have been used in ALD. These complexes indicate adequate volatility and thermal stability 

for use as germanium precursors for ALD processes. Some Ge(II) complexes, that have 

only been used for CVD processes also demonstrate high volatility and thermal stability 

and would be potential candidates as germanium precursors for elemental Ge ALD 

processes. Examples include, Ge{N(SiMe3)2}2, tetramethyl disilaazacyclopentanide 

germanium (Ge(TDA)2) , and Ge{N(tBu)(SiMe3)}2. 
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Table 1.3: Germanium containing precursors used in different CVD/ALD processes. 

Precursor Structure Volatility 
CVD/ALD 

process 
Remarks 

GeCl4 
 

B. P. 83 °C 
CVD of 

Nb3Ge94 
Delivered at 0 °C94  

Ge{N(SiMe3)2}2 

 

B. P. 60 °C/ 0.4 Torr95  CVD of Ge96 

Delivered at 80 °C96 

TGA available96 

M. P. 32-33 °C 

Ge(TDA)2 

TDA = Tetramethyl 

disilaazacyclopentanide 

 

Yellow/orange liquid at 

RT97 

Volatile above 150 °C97 

CVD of GST 

(Ge-Sb-Te) 

films97 

Delivered at 90-110 °C97 

TGA available97 
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Precursor Structure Volatility CVD/ALD 

process 

Remarks 

GeCl2(Dioxane) 

 

 

ALD of GST 

(Ge-Sb-Te) 

films90,91 

Delivered at 70 °C90,91 

Melting point 176-178 °C98 

Ge{N(tBu)(SiMe3)}2 

 

Yellow/orange liquid at 

RT97 

Melting point: 21-22 °C 

Volatile above 150 °C97 

CVD of GST 

(Ge-Sb-Te) 

films97 

Delivered at 90-11097 

TGA available97 

Ethylmethylamido-

germane (EMAG) 

H3GeN(CH3)(C2H5) 

 

 CVD of Ge99 

Delivered at 60 °C99 

TGA available99 

High thermal stability (up to 

500 °C99) 
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Precursor Structure Volatility 
CVD/ALD 

process 
Remarks 

Ge(C3H5)4 

 Decomposes around 

243 °C 100 

Vapour pressure 1.45 

Torr/50 °C100 

CVD of GST 

(Ge-Sb-Te) 

films100 

Delivered at 50 °C100 

Aminopyridinato Ge 

 

Volatile above 140 °C89 CVD of Ge89 

Delivered at 140 °C89 

TGA available89 

M. P. 106-108 °C89 

Ge(II)guanidinate 

Ge(guan)NMe2 

 Thermally stable up to 

180 °C92 

Vapour pressure 0.079 

Torr/ 65 °C92 

ALD of 

GeTe92 

Delivered at 65 °C92  

DSC available92 
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Precursor Structure Volatility CVD/ALD 

process 

Remarks 

N-heterocyclic germylene 

[Ge(II)(κ2-

(NtBu)CH(CH3)CH(CH3)(

NtBu))] 
 

Vapour pressure 0.71 

Torr/40 °C93 

Distilled at  

60 °C/1 torr93 

ALD of 

GeS93 

Delivered at 40 °C93 

TGA available93 
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1.11 Overview of pure elements deposited by ALD 

Though many ALD processes exist for the deposition of many metal-containing materials 

(oxides, nitrides, sulphides, etc.) only a few pure elements have been deposited by ALD. 

Over the years different reaction chemistries have been developed for metal ALD processes 

by utilizing different co-reactants including air and O3, H2, amines and hydrazines and main 

group hydrides etc.10  

ALD of pure elements are important in microelectronics due to their broad range of 

applications.22 Transition metal films are usually employed as contact plugs in ferroelectric 

and dynamic random access memories (FRAMs and DRAMs), dual-gate metal-oxide 

semiconductor field effect transistors (MOSFETs), diffusion barriers, and interconnects.48 

Investigation of the reaction mechanisms involved in ALD is challenging, as reaction by-

products are mixed with large amounts of unreacted precursor in each deposition cycle.101 

Usually in situ characterization methods (e.g., mass spectrometric, gas analysis, and quartz 

crystal microbalance measurement) in combination with several other characterization 

methods are used to probe the mechanisms involved in film deposition.101 Different 

reaction mechanisms have been proposed for the film deposition of main group elements 

via ALD processes.  

Owing to the positive reduction potential of Cu2+ and the availability of suitable reducing 

agents, Cu deposition is among the most studied elemental deposition process by ALD with 

a variety of well developed precursors and co-reactants available for the deposition.20 101 

Cu deposition using CuCl and H2 was the first studied ALD Cu deposition process.102 It 
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was also the first studied ALD process that involves metal reduction using hydrogen 

molecules.102  

Another well developed metal ALD process involves tungsten.52 Smooth, highly pure 

tungsten films have been deposited using WF6 and Si2H6 below 325 °C.103 Among the first 

row transition metals, both Co and Ni have also been deposited by ALD, though it is a less 

active area of research compared to Cu ALD.20 

Table 1.4 summarises standard reduction potentials of the +2 ion of first row transition 

metals. Compared to Cu, Ni, and Co, other elements have highly negative reduction values. 

Hence, the reduction of these elements is difficult, and only a few successful ALD 

processes have been reported over the years.20 
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Table 1.4: Standard reduction potentials of M2+ ions of first row transition metals. 

M2++2e →M0 E0 (V) 

Cu 0.3419 

Ni -0.257 

Co -0.280 

Fe -0.447 

Mn -1.185 

Cr -0.913 

V -1.175 

Ti -1.630 

Only a handful of main group elements including Al, Si, C, Ge, and Sb have been deposited 

by ALD to date. ALD of group IV elements utilizing radical reactions (C, Si, and Ge) was 

first achieved in 1993 using halogenated radical precursors along with atomic hydrogen.104 

Carbon in the form of diamond has been deposited using gas phase radicals of CCl3 with 

atomic hydrogen under high vacuum conditions (above substrate 0.1 Torr and background 

< 0.01 Torr).104 A similar ALD process deposited diamond films on Mo substrates using 

CF3 radicals with atomic hydrogen under high vacuum conditions.105 These ALD processes 

make use of hydrogen abstraction processes to deposit the pure element.104 For example, in 

carbon PEALD using CCl3 radicals and atomic hydrogen, a surface hydrogen atom is 

abstracted by a CCl3 radical, forming CHCl3 and creating a vacant site on the surface. A 
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CCl3 radical then immediately occupies the vacant site. This process continues until surface 

is completely covered with CCl3 groups. This reaction is self terminating as the abstraction 

rate of a halogen is insignificant compared to abstraction of a hydrogen atom. In the process 

of reactivation of the surface, hydrogen atoms abstract chlorine atoms to form HCl, 

regenerating a monolayer of carbon.104 

Elemental Si has been deposited using various precursors by PEALD; for instance, SiCl2H2 

with atomic hydrogen,106 Si2Cl6 with Si2H6,107
 and Si2Cl6 with atomic hydrogen.108 

However, only few thermal ALD processes available for Si deposition. A thermal ALD 

process for Si film deposition was reported using SiCl4 with Si2H6. In this process, smooth 

films of Si were obtained on SiO2 substrate at temperatures between 355 and 385 °C.109 

However, impractically long pulse times of 2-4 minutes were required.109 SiCl4 is pulsed 

into the chamber at 375 °C until the surface has become saturated. This is followed by an 

Si2H6 pulse. The reaction is assumed to proceed as follows: (1) HCl is formed from the 

reaction between a chlorine atom in SiCl4 and a surface Si-H group, and (2) Si2H6 reacts 

with the resulting surface Si-Cl groups to release HCl.109  

Aluminum is the most electropositive element (Al3+ → Al0, E° = -1.676) deposited by a 

thermal ALD process to date.110 Winter et al. in 2018 synthesized a highly volatile (mp: 

31-32 °C; sublimation temperature: 40 °C/50 mTorr), thermally stable aluminum hydride 

complex, H2Al(tBuNCH2CH2NMe2), which in combination with AlCl3 was used to deposit 

aluminum films at around 140 °C by thermal ALD.110  
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Scheme 1.1: Proposed reaction between AlCl3 and [H2Al(tBuNCH2CH2NMe2)] leading to 

Al metal film deposition.110 

The Scheme 1.1 illustrates the reaction pathway between AlCl3 and 

H2Al(tBuNCH2CH2NMe2) leading to the deposition of Al.110 First, AlCl3 is introduced into 

the reaction chamber where it is chemisorbed on to the surface. Introduction of 

H2Al(tBuNCH2CH2NMe2) produces surface bound AlH3 species along with 

Cl2Al(tBuNCH2CH2NMe2) from the hydride-halide ligand exchange between two 

reactants. This highly unstable surface bound AlH3 would then decompose to Al and H2 

gas.110 The process produces high quality Al films with a purity higher than 94% at 100 

°C.110 The authors used Si, SiO2, Pt, Cu, and TiN substrates, and although Al deposition 

was observed on all substrates, bright silver-coloured films were only observed on Cu and 

TiN substrates.110 The strongly reducing nature of H2Al(tBuNCH2CH2NMe2) could 

potentially be used to deposit other metals that have more positive redox potentials 

compared to Al3+.110 
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1.11.1 Zinc 

Alkyl zinc precursors have been widely used for CVD of metallic zinc. However, they tend 

to incorporate high amounts of carbon impurities into the growing film, which can 

decreased to some degree by using hydrogen as a carrier gas.111 Dimethyl zinc decomposes 

in the vapor phase to produce zinc metal at 270-370 °C. The resulting films were found to 

contain carbon impurities, and the major volatile by-product was methane, along with 

minor amounts of ethane, ethylene, propane, and propene.111 Diethylzinc is a more 

frequently used zinc CVD precursor as it tends to give purer films compared to 

dimethylzinc.112 Diethylzinc is decomposed in the vapor phase at 175-225 °C, affording 

zinc films. These films contain fewer carbon impurities, and the major volatile by-products 

were ethane and n-butane.111 

Allyl compounds of zinc such as bis(allyl)zinc ((C3H5)2Zn) and bis(2-methylallyl)zinc 

((C4H7)2Zn) have also been used as Zn precursors in CVD processes.111 Allyl compounds 

react with hydrogen and form propene, and also generate hexadiene by reductive 

elimination at relatively low temperatures, so they are particularly well suited to form clean 

metallic zinc films.111 Both (C3H5)2Zn and (C4H7)2Zn produce pure metallic Zn films at 

temperatures as low as 150 °C.111 Analysis of gaseous by products revealed over 75% of 

1,5-hexadiene for the (C3H5)2Zn process, and 2,5-dimethyl-1,5-hexadiene for the 

(C4H7)2Zn process.111 Though there are numerous zinc precursors available for the 

deposition of pure Zn by CVD, no thermal ALD processes are available for the deposition 

of Zn metal. 
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1.11.2 Germanium 

Use of Ge in electronic devices dates back to 1947, when the first transistor was created 

using Ge bulk crystals.113 Ge possesses some highly advantageous properties for electronic 

devices, such as a carrier mobility which is the highest among all common semiconductor 

materials.114 However, Si replaced Ge in early electronic devices, as Si was more available, 

lower cost, and easier to grow and process.114 However, owing to its high carrier mobility, 

demand for Ge in microelectronic devices is rapidly increasing. With device minimization 

in effect, Si devices rapidly reach their limits, since down scaling of devices requires 

reduced transistor dimensions, in which speed of  transistors are dominated by the injection 

velocity of carriers, which is directly proportional to mobility of the material.114 

Furthermore, the high and near symmetrical carrier mobilities of Ge have made it one of 

the most intensively studied channel materials for MOSFET devices,  and one of the most 

promising materials for high transport channel devices.114 115 Moreover, Ge thin films are 

also considered as a promising replacement for Si in complementary metal-oxide 

semiconductor (CMOS) devices. 

Many vapor phase methods including CVD and PEALD have been developed to deposit 

Ge thin films for different applications.114 Though it is expensive, highly toxic, and difficult 

to obtain with high purity, GeH4 is the most used precursor for Ge deposition. Other  

precursors including Ge2H6, GeCl4 and some organometallic complexes of Ge such as 

trimethyl germane, tetraethyl germane and diethyl germane have also been effectively 

employed for high temperature Ge deposition by various deposition methods.114 
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GeH4 rapidly decomposes at relatively low temperatures to deposit Ge, and has been used 

in CVD to produce Ge thin films at around 300 °C.116 However, GeH4 is not suitable for 

high temperature applications as it readily decomposes in the gas phase at high 

temperatures.114 GeCl4 is the commonly used Ge precursor in high temperature 

applications. GeCl4 with H2 gas have been used to obtain high quality Ge films at 565 °C 

by CVD.117 In this process a surface adsorbed GeCl2 molecule that derives directly from 

GeCl4 reacts with surface adsorbed hydrogen atoms to produce elemental Ge.117  

Iso-butylgermane is the first CVD organogermanium precursor which was used to grow 

high purity Ge films at 500 °C.118 Another organogermanium precursor used in elemental 

Ge CVD is Ge(N(SiMe3)2)2, where high purity Ge thin films were deposited on Si 

substrates at 325 °C.96 Analysis of the volatile products of this reaction revealed large 

amounts of Me6Si2 along with minor amounts of Me3SiNH2, (Me3Si)2NH, and Me3SiH.96  

The only ALD process for Ge employs dimethylgermane (GeMe2H2) in an atomic 

hydrogen assisted process at 480 °C (atomic hydrogen was generated using a tungsten 

filament heated to 1700 °C .119 To date there are no known thermal ALD processes (those 

which do not involve radicals) available for the deposition of Ge thin films. 
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1.11.3 Thesis objective 

The current study focuses on investigation and development of precursor molecules to 

obtain germanium and zinc films by thermal ALD. Neither of these elements have been 

deposited by a thermal ALD process. This work is focused on ligand-exchange reactions 

with co-reactants to produce unstable zinc or germanium hydride species, which will then 

reductively eliminate to produce the pure element. We investigated the reactivity of three 

zinc precursors and three germanium precursors. Zinc precursors used in the study include; 

MeZn(OiPr), Zn(OiPr)2, and ZnEt2, (Figure 1.12). 

 

Figure 1.12: Zinc precursors. From left to right: MeZn(OiPr), Zn(OiPr)2, and ZnEt2. 

Germanium precursors used in the study include; GeCl2(Dioxane), Ge{N(SiMe3)2}2 and 

Ge(OCH2CH2NMe2)2 (Figure 1.13). 

 

Figure 1.13: Germanium precursors a) GeCl2(Dioxane), b) Ge{N(SiMe3)2}2, and c) 

Ge(OCH2CH2NMe2)2. 
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Several co-reactants with different reducing capacities were employed in this work, such 

as 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (HBpin), PhSiH3, [H2Al(tBuNCH2CH2NMe2)] 

(LAlH2)110, BH3(NMe3), and AlH3(Quinuclidine)120 (Figure 1.14).  

 

Figure 1.14: Co-reactants employed. From left to right: HBpin, PhSiH3, 

[H2Al(tBuNCH2CH2NMe2)]110, AlH3(Quinuclidine), BH3(NMe3). 

Solution reactivity studies between the precursors and co-reactants were used to evaluate 

the reactivity of potential precursors. The thermal stability and volatility of potential 

precursors were also studied, to investigate their suitability for ALD. 
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CHAPTER 2 – SOLUTION REACTIVITY STUDIES OF ZINC (Zn) 

PRECURSORS 

2.1 Selection of Precursors - Stability and Volatility 

The goal of this research is to investigate potential precursors/co-reactant pairs to obtain 

elemental zinc films by thermal ALD. This investigation requires careful selection of 

appropriate precursors in order to maximize the possibility of producing elemental zinc 

with the co-reactants employed in the study. Elemental ALD processes are less common 

compared to other ALD processes, due to limited availability of appropriate co-reactants 

and ideal precursors to react with these co-reactants.121  

Two homoleptic zinc precursors of the form [ZnIIL2] where, L is either isopropoxide 

(OCH(CH3)2) or Ethyl (CH2CH3), and one alkylzinc alokoxide of the form of [RZnIIL] 

where, R is methyl (CH3), and L is isopropoxide (OCH(CH3)2) were investigated as zinc 

precursors in the current study. 

MeZnOiPr is a white crystalline solid, which stays as a tetramer of the form of [MeZnOiPr]4 

(heterocubane) in solid state with a central Zn4O4 framework (Figure 2.1).81 It has a 

sublimation temperature of 65 °C/ 6 mTorr and thermally decomposes above 300 °C into 

ZnO under inert atmosphere.81 MeZnOiPr is a promising ALD precursor as it can be 

delivered to the reactor at relatively low temperatures and is easily accessible even on 

multigram scale.81 It has been used as the zinc precursor for ZnO deposition in several CVD 

and ALD processes.81,69,68   
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Figure 2.1: The heterocubane structure of MeZnOiPr, a) X-ray crystal structure; Space 

group: P 1� (2), Cell: a = 7.838 Å, b = 9.468 Å, c = 17.870 Å, α = 77.457°, β = 77.806°, γ =  

73.211° b) Chemical diagram.81 

Zn(OiPr)2 is a moisture sensitive, polymeric white solid which is insoluble in common 

organic solvents.122 It decomposes before it reaches its melting point.122 Thermogravimetric 

analysis (TGA) of Zn(OiPr)2 indicates that it decomposes in two different steps and ZnO is 

produced as a result of decomposition.123 Zn(OiPr)2 sublimes at 80 °C/ 6 mTorr and it is 

reported to decompose above 300 °C.122 

Diethylzinc (ZnEt2) is a highly pyrophoric, colourless liquid with a boiling point of 117 °C. 

Owing to its high vapor pressure and reactivity with many reagents, ZnEt2 is a more 

frequently utilized precursor in many CVD and ALD processes.124 ZnEt2 is the most widely 

used precursor for ALD deposition of ZnO.125 Several processes have been developed to 

use ZnEt2 with H2O62 and ZnEt2 with O2 66 for the deposition of ZnO films. Other than for 
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the deposition of ZnO, ZnEt2 has also been used as a precursor in the deposition of ZnS 

films by ALD.124 126 In addition to its function as a zinc precursor in ALD processes for 

zinc containing compounds, studies have been conducted using ZnEt2 as a co-reactant, 

mostly for elemental copper ALD.56 ZnEt2 is an inexpensive, thermally stable, volatile 

liquid which can be readily delivered to the ALD reactor at room temperature, hence 

making it a promising precursor candidate. 

Table 2.1: Summary of volatility and thermal stability of Zn precursors. 

Precursor Sublimation T or Boiling point Decomposition T 

MeZnOiPr 65 °C/ 6 mTorr Above 300 °C 81 

Zn(OiPr)2 80 °C/ 6 mTorr Above 300 °C 122 

ZnEt2 Boiling point 117 °C Above 300 °C 71 
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2.2 Precursor synthesis 

From the three zinc precursors that were employed for this study, only MeZnOiPr was 

synthesized in the lab. The other two zinc precursors; Zn(OiPr)2 and ZnEt2 are 

commercially available. It has been established in literature, that reactions of R2Zn 

compounds with alcohols (R1OH) only give rise to alkylzinc alkoxides of the type of 

RZn(OR1), without displacing the second alkyl group on the zinc, even in the presence of 

excess alcohol in the reaction mixture.69,127 Using a slightly modified literature procedure, 

which had previously used in the Emslie lab, MeZnOiPr can be prepared as a white solid 

with a yield of 90% (Scheme 2.1).69 

 

Scheme 2.1: Reaction scheme for the synthesis of MeZnOiPr. 

The synthesis of MeZnOiPr involves reaction of Dimethylzinc (1.00 M solution in hexanes) 

with pre-dried isopropanol. Isopropanol is added dropwise to a dimethylzinc solution at 0 

°C which then slowly allowed to reach to room temperature. In order to isolate the crude 

product of MeZnOiPr, residual volatiles were removed in vacuo. The crude product was 
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sublimed at 65 °C/ 6 mTorr to obtain the white crystalline solid of MeZnOiPr. The proton 

NMR spectrum of the sublimed MeZnOiPr was collected (Figure 2.2) which produced 

matching data with published values in literature.128 In the 1H NMR spectrum, the methyl 

group on zinc produces a singlet at -0.23 ppm and a doublet at 1.19 ppm was observed for 

the two methyl groups on isopropoxide group. A septet at 3.96 ppm corresponds to the 

proton on the isopropoxide group. 

 

Figure 2.2: 1H NMR spectrum of MeZnOiPr (Sublimed 65 °C/ 6 mTorr) in d6-benzene. 

Thermal stress testing of MeZnOiPr was done to evaluate its thermal stability. A solid 

sample of MeZnOiPr was heated at 100 °C and 140 °C for 24 hours under an argon flow. 

Comparison of proton NMR spectra collected for sublimed MeZnOiPr (Figure 2.3 a) and 

MeZnOiPr heated at 100 °C (Figure 2.3 b) and 140 °C (Figure 2.3 c) indicates no 

decomposition up to 140 °C. 
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Figure 2.3: 1H NMR spectra of, a) sublimed MeZnOiPr, b) MeZnOiPr heated at 100 °C /24 

h, and c) MeZnOiPr heated at 140 °C/24 h in d6-benzene. 
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2.3 Solution reactivity studies 

Solution screening reactions were carried out as preliminary studies to investigate reactivity 

in solution between potential ALD precursors and co-reactants. Results of the solution 

reactivity studies can be used to identify particularly promising precursor/co-reactant 

combinations for zinc metal deposition by ALD. Furthermore, solution reactivity studies 

also provide insight into reaction mechanisms and by-products formed in the reactions. 

Solutions of the reactants were mixed together at room temperature and were then 

maintained at several different temperatures from 20 to 80 °C for 24 hours at each 

temperature, as a method of examining reactivity at elevated temperatures. Several different 

stoichiometries between reagents were employed to study the product distribution. Some 

reactions indicated no change regardless of the stoichiometric ratios between reagents. 

Hence, only reactions that indicated a difference based on the stoichiometric ratios have 

been described in detail. All solution reactions were carried out on an NMR scale, where 

each reagent was mixed on a scale of a few milligrams (10-25 mg). NMR spectra were 

collected to study the reaction pathways and to identify the soluble by-products formed in 

the reactions.  Any precipitate or other by-products formed in the reactions were isolated 

and characterized where applicable. Powder X-ray diffraction (PXRD) was used as the 

main method to characterize precipitates formed in reactions. 
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2.3.1 Solution reactivity studies of MeZnOiPr 

  

Scheme 2.2: General reaction pathways expected for reactions of MeZnOiPr with hydride 

reagents to produce elemental zinc. E = Bpin, LAlH (L= tBuNCH2CH2NMe2), 

AlH2(Quinuclidine), BH2(NMe3), or PhSiH2. 

The general reaction pathways anticipated for solution reactions between MeZnOiPr and 

hydride co-reagents are shown in Scheme 2.2. The isopropoxide group on MeZnOiPr is 

expected to be more reactive compared to the methyl group. Hence, both pathways start 

with a ligand exchange reaction between the co-reactant and the isopropoxide group on 

MeZnOiPr to produce HZnCH3 as the first intermediate. In the first reaction pathway, 

HZnCH3 then reductively eliminates CH4 gas as a by-product to produce elemental zinc. 

The second reaction pathway predicts that once HZnCH3 is produced, it will react with 

another co-reactant molecule to produce ZnH2, a pyrophoric, unstable zinc hydride which 

slowly decomposes at room temperature to elemental zinc and H2 gas.129 Hence, according 

to the predicted reaction pathways, all reactions that show a reactivity must either produce 
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CH4 gas which is detected by a peak at 0.16 ppm in d6-benzene or H2 gas with a peak at 

4.47 ppm in d6-benzene in the proton NMR spectrum of the respective reaction.  

2.3.1.1 Reaction of MeZnOiPr with LAlH2 

Scheme 2.3: Possible 1:1 reactions between MeZnOiPr and LAlH2 (assuming pathway 2 

in the Scheme 2.2). 

Solutions of MeZnOiPr and LAlH2 in d6-benzene were mixed together in a 1:1 ratio at room 

temperature. Vigorous formation of a white cloudy suspension and release of a gas were 

immediately observed after mixing the reagents. The white suspension gradually started to 

turn in to a grey precipitate within 3-4 hours, and had completely turned in to a grey 

precipitate after leaving the reaction solution overnight at room temperature. Winter et al, 

in their studies of the reactivity of LAlH2 with AlCl3 observed that both hydride groups on 

LAlH2 get exchanged with chloride groups to produce LAlCl2.110 Hence, similar reactivity 
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was anticipated for the reaction of MeZnOiPr with LAlH2 as shown in Scheme 2.3 Option 

01, forming  LAlMe(OiPr) as the major by-product of the reaction. 

In the presence of equimolar amounts of MeZnOiPr and LAlH2 in the reaction mixture, it 

is also possible to produce by-products 2 and 3 as shown in Scheme 2.3 option 02. 

Production of these by-products will still lead to the formation of unstable ZnH2, but 

identifying individual by-products by NMR spectroscopy will be more difficult.  

Figure 2.4 shows NMR spectra for (a) LAlH2, (b) Sublimed MeZnOiPr, and (c) The 1:1 

reaction between MeZnOiPr and LAlH2 in d6-benene at room temperature after 24 hours. 

Spectrum c shows that the reaction is complete after 24 hours, as unreacted MeZnOiPr or 

LAlH2 is not present in the reaction mixture (Figure 2.4).  
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Figure 2.4: 1H NMR spectra of (a) LAlH2, (b) Sublimed MeZnOiPr, (c) 1:1 reaction mixture 

of MeZnOiPr with LAlH2 in d6-benzene collected at room temperature after 24 hours. H2 is 

labelled with a circle. 

The anticipated major by-product 01 (by-product 01 in Scheme 2.3) was not distinguishable 

from the proton NMR spectrum (Figure 2.4 c), due to the formation of multiple by-

products. The spectrum reveals formation of hydrogen (δ = 4.47 ppm in d6-benzene; 

indicated in Figure 2.4 with a circle), consistent with the formation of ZnH2 (Scheme 2.2 

reaction pathway 02) which reductively eliminates hydrogen gas to produce elemental zinc. 
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Apart from the hydrogen peak, identification of other peaks was challenging due to 

complexity of the spectrum. Comparison of NMR spectra collected after heating the 

reaction mixture at different temperatures up to 80 °C, did not reveal any significant 

difference. Another reaction between MeZnOiPr and LAlH2 was attempted with 2 

equivalents of LAlH2 to see if the reaction would produce a clean NMR spectrum. 

However, the proton NMR spectrum collected indicated multiple by-product formation and 

was similar to the proton NMR spectrum of the 1:1 reaction of MeZnOiPr and LAlH2. Since 

the proton NMR spectra from both reactions reveal a mixture of products, further studies 

were not carried out to isolate or to identify by-products of the reaction. 

The grey precipitate produced in the reaction was separated by centrifugation and rinsed 

with toluene followed by hexanes to remove any soluble by-products. A powder X-ray 

diffractogram (PXRD) of the precipitate was collected (Figure 2.5) and aligned well with 

the diffraction pattern of hexagonal zinc. 
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Figure 2.5: Powder X-ray diffractogram (PXRD) of the grey precipitate collected from the 

1:1 reaction mixture of MeZnOiPr with LAlH2 in d6-benzene, 24 h, RT. Red lines indicate 

the diffraction pattern corresponding to hexagonal zinc. 

2.3.1.2 Reaction of MeZnOiPr with HBpin 

Scheme 2.4: Expected by-products from the 1:2 reaction of MeZnOiPr with HBpin 

(assuming pathway 2 in the Scheme 2.2). 

The reaction between MeZnOiPr and HBpin is expected to produce MeBpin (Product 01) 

and (iPrO)Bpin (Product 02) as indicated in Scheme 2.4. Given the reactivity of the 

2θ (°), λ = 1.5406 Å 
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isopropoxide group, (iPrO)Bpin (Product 02) was expected to form at first, followed by 

formation of MeBpin (Product 01). In order to investigate the reactivity in solution, two 

equivalents of HBpin reagent were added to a one equivalent of MeZnOiPr solution in d6-

benzene at room temperature. A white cloudy suspension started to form soon after mixing 

the reagents at room temperature and remained unchanged after 12 hours. The reaction took 

about 24 hours to complete at room temperature, at which point the white suspension had 

turned in to a grey precipitate.  

The proton NMR spectrum of the 1:2 reaction of MeZnOiPr with HBpin in d6-benzene 

collected 24 hours after mixing reagents at room temperature was used to identify reaction 

by-products (Figure 2.6). The spectrum reveals formation of a 1:1 mixture of MeBpin 

(Figure 2.6 Triangles) and (iPrO)Bpin (Figure 2.6 Squares) as predicted. The peak 

corresponding to hydrogen gas is overlapped with the septet of methine proton in the 

isopropyl group of (iPrO)Bpin hence, a small hump is observed on the middle peak of the 

septet ((Figure 2.6: Enlarged region; Labelled with a circle). A little amount of excess 

HBpin remained after the reaction, and is indicated with an asterisk (Figure 2.6). Further 

characterization of (iPrO)Bpin and MeBpin is discussed in section 2.4. 

 



M. Sc. Thesis – Kasuni C. Wedisinghe; McMaster University-Chemistry 

68 
 

 

Figure 2.6: The proton NMR spectrum of the 1:2 reaction of MeZnOiPr with HBpin in d6-

benzene collected after 24 hours of mixing the reagents at room temperature. Squares 

indicate peaks related to (iPrO)Bpin and triangles indicate peaks related to MeBpin. Excess 

HBpin is marked with an asterisk. 

Exciting information on the reactivity of Me group and OiPr group was able to be obtained 

from the 1:1 reaction between MeZnOiPr and HBpin in d6-benzene. The proton NMR 

spectra collected for the 1:1 reaction of MeZnOiPr with HBpin at RT in d6-benzene, after 

heating at 40 °C, 60 °C, and 80 °C are shown in Figure 2.7.  

As evident from the proton NMR spectra collected, soon after mixing reagents at room 

temperature (iPrO)Bpin starts to form (Labelled with squares) with only a little amount of 
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MeBpin. Formation of (iPrO)Bpin gives rise to the formation of MeZnH as the 

intermediate, which was assumed to produce ZnMe2 and ZnH2. The singlet at -0.67 ppm 

might be from ZnMe2 as it is closer to the chemical shift (-0.62 ppm) reported for ZnMe2 

in d5-chlorobenzene.130 The reaction did not go to completion as not enough HBpin was 

available to replace both the Me and OiPr groups on Zn. Heating the reaction solution from 

40-80 °C indicated that with increasing temperature, the amount of MeBpin (Labelled with 

triangles) increases. This is evident by the increase in peak height of the methyl singlet 

(CH3-B) at 0.4 ppm and peak height of the singlet of four methyl groups on Bpin at 1.05 

ppm. It seems that Me and OiPr groups exchange between ZnMe2 and (iPrO)Bpin to 

reproduce MeZnOiPr with MeBpin under conditions where no more HBpin is available to 

react with ZnMe2. This is evident from the increase of peaks intensities corresponding to 

MeZnOiPr.  
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Figure 2.7: The proton NMR spectra of a) HBpin, b) Sublimed MeZnOiPr, and the 1:1 

reaction of MeZnOiPr with HBpin after c) 24 h at RT, d) 24 h at 40 °C, e) 24 h at 60 °C 

and f) 24 h at 80 °C. Solvent; d6-benzene. Squares indicate (iPrO)Bpin and triangles indicate 

MeBpin. 

In order to collect the grey precipitate formed in the 1:2 reaction, reaction by-products and 

solvents were removed by centrifugation and the precipitate was washed with toluene and 

then with hexanes. A powder X-ray diffractogram of the precipitate is shown in Figure 2.8, 

which confirms the formation of elemental zinc during the reaction. 
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Figure 2.8: Powder X-ray diffractogram (PXRD) of the grey precipitate collected from the 

1:2 reaction of MeZnOiPr with HBpin in d6-benzene, 24 h, RT. Red lines indicate the 

diffraction pattern corresponding to hexagonal zinc. 

  

2θ (°), λ = 1.5406 Å 
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2.3.1.3 Reaction of MeZnOiPr with AlH3(Quinuclidine) 

 

Scheme 2.5: Possible by-products predicted for the reaction of MeZnOiPr with 

AlH3(Quinuclidine) (assuming pathway 2 in the Scheme 2.2). 

Solutions of MeZnOiPr and AlH3(Quinuclidine) were prepared in d6-benzene and they were 

mixed together in a 1:1 ratio at room temperature. Gradual formation of a white cloudy 

suspension was observed after few hours at room temperature and the suspension remained 

unchanged after 24 hours. Heating the reaction mixture for 24 hours at 40 °C transformed 

the white suspension into a grey precipitate. Scheme 2.5 illustrates possible by-products 

with the potential to form during the reaction. Product 01 (Scheme 2.5) was the major by-
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product expected from the reaction, where two hydride groups on aluminum of 

AlH3(Quinuclidine) are replaced with methyl and isopropoxide groups from MeZnOiPr. 

However, the reaction has the ability to produce several other by-products (Product 02- 

Product 09) depending on the stoichiometric ratio in which MeZnOiPr and 

AlH3(Quinuclidine) react with each other (Scheme 2.5). 

The proton NMR spectrum of the reaction solution in d6-benzene collected after heating 

the reaction mixture for 24 hours at 40 °C is shown in Figure 2.9 (c). The NMR spectrum 

indicates the formation of hydrogen gas (δ = 4.47 ppm). However, it is difficult to identify 

other peaks in the spectrum due to the formation of multiple iPr and Me-containing by-

products. Comparison of proton NMR spectra of sublimed MeZnOiPr (Figure 2.9 a) and 

AlH3(Quinuclidine) (Figure 2.9 b) with the reaction mixture of MeZnOiPr with 

AlH3(Quinuclidine) (Figure 2.9 c) indicates the complete consumption of both 

AlH3(Quinuclidine) and MeZnOiPr during the reaction.  Further investigation into 

identification of the products formed in the reaction was not continued as it might be 

challenging to isolate by-products from the reaction mixture. 
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Figure 2.9: The 1H NMR spectra of (a) Sublimed MeZnOiPr, (b) AlH3(Quinuclidine), (c) 

1:1 reaction solution of MeZnOiPr with AlH3(Quinuclidine) in d6-benzene collected after 

heating the reaction mixture for 24 hours at 40 °C. 

The grey precipitate collected from the reaction was separated and washed with hexanes 

which produced a sticky precipitate which was difficult to characterize. The reaction was 

repeated again, and the precipitate was collected, followed by washing with toluene 

followed by hexanes. A powder X-ray diffractogram of the collected precipitate is shown 

in Figure 2.10. As illustrated by the diffractogram, the diffraction pattern of the collected 
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precipitate algins well with the diffraction pattern of hexagonal zinc, verifying the 

formation of elemental zinc during the reaction. 

 

Figure 2.10: Powder X-ray diffractogram (PXRD) of the grey precipitate collected from 

the 1:1 reaction solution of MeZnOiPr with AlH3(Quinuclidine) in d6-benzene, 24 h, 40 °C. 

Red lines indicate the diffraction pattern corresponding to hexagonal zinc. 

2.3.1.4 Reaction of MeZnOiPr with BH3(NMe3) 

Solutions of MeZnOiPr and BH3(NMe3) were prepared in d6-benzene and were mixed 

together in a 1:1 ratio at room temperature. No visual change was observed upon mixing 

the reagents. To investigate if the reactivity between the two reagents is affected by 

increasing the reaction temperature, the reaction mixture was heated for 24 hours at 

different temperatures up to 80 °C. The 1H NMR spectrum collected after heating the 

reaction mixture for 24 hours at 80 °C is shown in Figure 2.11 and indicates no reactivity 

between the two reagents. 

2θ (°), λ = 1.5406 Å 
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Figure 2.11: The proton NMR spectrum of the 1:1 reaction of MeZnOiPr with BH3(NMe3) 

in d6-benzene, after heating the reaction mixture for 24 hours at 80 °C. Squares indicate 

peaks corresponding to free BH3(NMe3) and triangles indicate peaks corresponding to free 

MeZnOiPr. 
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2.3.2 Solution reactivity studies of Zn(OiPr)2 

 

Scheme 2.6: Reaction pathway anticipated for reactions of Zn(OiPr)2 with hydride co-

reagents to produce elemental zinc. E = Bpin, LAlH (L= tBuNCH2CH2NMe2), 

AlH2(Quinuclidine), BH2(NMe3), or PhSiH2. 

The reaction pathway anticipated for solution reactions between Zn(OiPr)2 with hydride-

reducing co-reagents is shown in Scheme 2.6. This pathway involves two separate ligand 

exchange reactions between a hydride group of the co-reactant and an isopropoxide group 

on zinc to produce ZnH2, a pyrophoric, unstable zinc hydride which slowly decomposes at 

room temperature to elemental zinc and H2 gas.129 Hence, according to the predicted 

reaction pathway, all reactions must produce H2 gas.  

For solution studies, the 1H NMR spectra of Zn(OiPr)2 could not be collected due to 

insolubility of Zn(OiPr)2 in common organic solvents. For comparison purposes, a powder 

X-ray diffractogram of Zn(OiPr)2 was collected ( Figure 2.12). 
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Figure 2.12: Powder X-ray diffractogram for Zn(OiPr)2. 

2.3.2.1 Reaction of Zn(OiPr)2 with LAlH2 

 

Scheme 2.7: Expected by-products from the 1:1 reaction of Zn(OiPr)2  with LAlH2 

(assuming pathway in the Scheme 2.6). 

To investigate the reactivity between Zn(OiPr)2 and LAlH2, Zn(OiPr)2 was added to a 

solution of LAlH2 in d6-benzene in a 1:1 ratio at room temperature. Initially no reaction was 

observed, which might be due to the low solubility of Zn(OiPr)2 in d6-benzene. A white 

2θ (°), λ = 1.5406 Å 
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suspension started to form after 3-4 hours at room temperature and slowly started to turn 

grey after about 6 hours. After 24 hours at room temperature, a grey precipitate was 

observed at the bottom of the J-young tube. Product 01 was expected as the only by-product 

of the reaction (Scheme 2.7), and is produced by replacing both hydride groups on LAlH2 

with isopropoxide groups from Zn(OiPr)2. 

As is evident from the proton NMR spectrum (Figure 2.13), the major by-product produced 

in the reaction is LAl(OiPr)2  (Product 01) as anticipated (Scheme 2.7). Two methyl groups 

on nitrogen of the ligand backbone gave rise to a single peak suggesting a symmetric 

molecule, as expected for LAl(OiPr)2 (Figure 2.13). The chemical shift values are nearly 

identical for the tertiary butyl group on the ligand and the two diastereotopic CHMe2 

signals. Hence, they appear as a one multiplet which integrated to close to the expected 21 

protons (Figure 2.13). Further characterization of LAl(OiPr)2  is discussed in Section 2.4. 

The appearance of hydrogen (Figure 2.13: Labelled with a circle) and formation of 

LAl(OiPr)2 indicates that both iso-propoxide groups on Zn undergo ligand exchange 

reaction with LAlH2 to produce unstable ZnH2. 
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Figure 2.13: The proton NMR spectrum of the 1:1 reaction of Zn(OiPr)2  with LAlH2 in d6-

benzene collected after 24 hours of mixing the reagents at room temperature. Hydrogen 

peak at 4.47 ppm is labelled with a circle. 

The grey precipitate formed in the reaction was separated by centrifugation and washed 

with toluene followed by hexanes. An X-ray diffractogram of the precipitate (Figure 2.14) 

confirms the formation of elemental zinc during the reaction. In addition to all the peaks in 

the diffractogram corresponding to hexagonal Zn, one extra peak can be seen at 2-theta 39° 

which might be due to an insoluble impurity left in the reaction. 
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Figure 2.14: Powder X-ray diffractogram (PXRD) of the grey precipitate collected from 

the 1:1 reaction of Zn(OiPr)2  with LAlH2 in d6-benzene, 24 h, RT. Red lines indicate the 

diffraction pattern corresponding to hexagonal zinc. 

2.3.2.2 Reaction of Zn(OiPr)2 with HBpin 

 

Scheme 2.8: Expected by-products from the 1:2 reaction of Zn(OiPr)2  with HBpin 

(assuming pathway in the Scheme 2.6). 

2θ (°), λ = 1.5406 Å 
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Scheme 2.8 represents the expected reaction pathway for the reaction between Zn(OiPr)2  

and HBpin. According to the Scheme 2.8, the only by-product expected to be formed during 

the reaction is (iPrO)Bpin (Product 01). To study the solution reactivity between two 

reagents, Zn(OiPr)2 was mixed with a solution of HBpin in d6-benzene in a 1:2 ratio at room 

temperature. Visual observations and NMR data collected suggested a slow reaction 

between two reagents and the reaction could not reach completion even after heating the 

reaction solution at 80 °C for 24 hours, which might be due to the very low solubility of 

Zn(OiPr)2. To overcome the above issue another reaction was carried out with an excess 

amount of HBpin. A gradual formation of a white cloudy suspension was observed at room 

temperature which remained unchanged after 24 hours. Heating the reaction solution at 40 

°C for 24 hours resulted in a grey precipitate. 

The proton NMR spectrum of the reaction solution collected after heating the reaction 

mixture at 40 °C for 24 hours is shown in Figure 2.15. As evident from the NMR spectrum, 

the formation of the anticipated by-product (iPrO)Bpin was confirmed (Figure 2.15). 

However, as both methine protons of the isopropyl group of (iPrO)Bpin and the hydrogen 

gas show up on the spectrum at the same position, one peak in the septet appears larger 

than expected (Figure 2.15: Enlarged region, H2 is labelled with a circle). The NMR 

spectrum of (iPrO)Bpin was shown to be identical to that of a commercial sample of 

(iPrO)Bpin and further characterization of (iPrO)Bpin is discussed in Section 2.4. 
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Figure 2.15: The proton NMR spectrum of the 1:5 reaction of Zn(OiPr)2  with HBpin in d6-

benzne, collected after heating the reaction solution at 40 °C for 24 hours. Excess HBpin is 

labelled with an asterisk and H2 is labelled with a circle. All other peaks in the spectrum 

are identical with those for commercially purchased (iPrO)Bpin. 

The grey precipitate formed in the reaction was isolated and washed with toluene and 

hexanes to remove any soluble contaminants. An X-ray diffractogram of the precipitate 

(Figure 2.16). confirmed the formation of elemental zinc during the reaction. 
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Figure 2.16: Powder X-ray diffractogram (PXRD) of the grey precipitate collected from 

the 1:5 reaction of Zn(OiPr)2 with HBpin in d6-benzne, 24 h, 40 °C. Red lines indicate the 

diffraction pattern corresponding to hexagonal zinc. 

2.3.2.3 Reaction of Zn(OiPr)2 with AlH3(Quinuclidine) 

Zn(OiPr)2 was mixed with a solution of AlH3(Quinuclidine) in d6-benzene in a 1: 2 ratio at 

room temperature. No visual change was observed immediately after mixing reagents and 

a white cloudy suspension gradually started to form after about 6 hours which remained 

unchanged after 12 hours. The white suspension turned in to a grey precipitate after leaving 

the reaction solution for 24 hours at room temperature. Scheme 2.9 predicts Product 01 as 

the major by-product of the reaction which is produced by replacing two hydride groups on 

AlH3(Quinuclidine) with isopropoxide groups on Zn(OiPr)2. However, depending on how 

2θ (°), λ = 1.5406 Å 
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many hydride groups on AlH3(Quinuclidine) get replaced, Products 02 and 03 could also 

be produced (Scheme 2.9). 

 

Scheme 2.9: Possible by-products from the reaction of Zn(OiPr)2  with AlH3(Quinuclidine) 

(assuming pathway in the Scheme 2.6). 

The proton NMR spectrum of the reaction mixture collected after 24 hours of mixing 

reagents at room temperature is shown in Figure 2.17. Formation of hydrogen gas was 

confirmed by the proton NMR spectrum (Figure 2.17). The proton NMR spectrum clearly 

indicates the formation of free quinuclidine during the reaction (Labelled with squares in 

Figure 2.17). This suggests that quinuclidine dissociates from the product(s) of the reaction 

(Product 01, 02 or 03 in Scheme 2.10). Other than the formation of free quinuclidine, it was 

difficult to identify other by-products produced in the reaction due to the formation of 

multiple unidentified by-products. 
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Figure 2.17: The proton NMR spectrum of the 1:2 reaction of Zn(OiPr)2 with 

AlH3(Quinuclidine) in d6-benzene, collected after 24 hours of mixing the reagents at room 

temperature. Squares indicate free quinuclidine. 

A sticky grey precipitate was obtained after rinsing the precipitate with hexanes. Hence, 

another series of washings were done with toluene followed by hexanes to collect a dry 

precipitate for PXRD analysis. The collected powder X-ray diffractogram of the precipitate 

is indicated in Figure 2.18. This diffractogram confirms the formation of elemental zinc 

during the reaction. However, large amounts of unreacted Zn(OiPr)2 also remain in the 

precipitate (Figure 2.18). 
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Figure 2.18: Powder X-ray diffractogram (PXRD) of the grey precipitate collected from 

the 1:2 reaction of Zn(OiPr)2 with AlH3(Quinuclidine) in d6-benzene, 24 h, RT (Black). Red 

lines indicate the diffraction pattern corresponding to hexagonal zinc. Diffractogram 

showed in blue colour corresponds to Zn(OiPr)2 and indicates the remaining unreacted 

Zn(OiPr)2 in the precipitate.  

  

2θ (°), λ = 1.5406 Å 
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2.3.2.4 Reaction of Zn(OiPr)2 with BH3(NMe3) 

In an attempt to examine the reactivity of Zn(OiPr)2 towards BH3(NMe3), solutions of the 

reagents in d6-benzene were mixed in a 1:1 ratio at room temperature.  

The proton NMR spectrum of the reaction mixture collected after heating at 80 °C for 24 

hours, is illustrated in Figure 2.19 (b) along with the proton NMR spectrum of BH3(NMe3) 

(Figure 2.19 a), and indicates that no reaction took place.  

 

Figure 2.19: The proton NMR spectra of a) BH3(NMe3) and b) 1:1 reaction of Zn(OiPr)2 

with BH3(NMe3) in d6-benzene, collected after heating the reaction solution for 24 hours at 

80 °C. 
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2.3.2.5 Reaction of Zn(OiPr)2 with PhSiH3 

 

Scheme 2.10: Possible by-products from the reaction between Zn(OiPr)2 and PhSiH3 

(assuming pathway in the Scheme 2.6). 

A solution of PhSiH3 in d6-benzene was mixed with Zn(OiPr)2 in a 1:2 ratio at room 

temperature. The reaction solution remained unchanged even after heating the reaction 

solution for 24 hours at 40 °C. However, gradual formation of a grey precipitate was 

observed after heating the reaction solution at 60 °C/ 24 hours. Scheme 2.10 illustrates 

different by-products that can be expected during the reaction based on the number of 

hydride ligands replaced in PhSiH3. 

The proton NMR spectrum of the reaction mixture was collected after heating the 1:2 

reaction solution of Zn(OiPr)2 and PhSiH3 in d6-benzene for 24 hours at 60 °C (Figure 2.20). 

A delay time of 15s was used while collecting the proton NMR to ensure proper integration 
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of the SiH signals. The spectrum clearly indicates the formation of hydrogen gas (Figure 

2.20 labelled with a circle). Formation of PhSiH(OiPr)2 (Product 02) was observed as the 

major by-product of the reaction (Figure 2.20: Indicated with squares) while PhSiH2(OiPr) 

was also observed as a minor product (Figure 2.20: Indicated with triangles), judged by the 

proton NMR spectrum. Unreacted excess PhSiH3 is also seen in the spectrum (Figure 2.20) 

which is labelled with an asterisk. Further isolation or characterization were not attempted 

on the reaction by-products. 

 

Figure 2.20: The proton NMR spectrum of 1:2 reaction solution of Zn(OiPr)2 with PhSiH3 

in d6-benzene, collected after heating the reaction solution for 24 hours at 60 °C. A delay 

time of 15s was used to ensure proper integration of SiH signals. Squares indicate the peaks 

corresponding to PhSiH(OiPr)2, triangles indicate PhSiH2(OiPr), and the asterisk indicates 

the unreacted excess PhSiH3. 
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The grey precipitate was separated and washed with toluene followed by hexanes prior to 

collecting the X-ray diffractogram (Figure 2.21), which confirms the formation of 

elemental zinc. However, 2 extra peaks can be seen in the diffractogram with 2θ values of 

approximately 10° and 12° (Figure 2.21 labelled with red asterisks) due to a small amount 

of unreacted Zn(OiPr)2 present in the precipitate. 

 

Figure 2.21: Powder X-ray diffractogram (PXRD) of the grey precipitate collected from 

the 1:2 reaction mixture of Zn(OiPr)2 with PhSiH3 in d6-benzene, 24 h, 60 °C. Red asterisks 

indicate the unreacted Zn(OiPr)2 present in the precipitate. 

  

2θ (°), λ = 1.5406 Å 
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2.3.3 Solution reactivity studies of ZnEt2 

 

Scheme 2.11: Reaction pathways anticipated for reactions of ZnEt2 with hydride-reducing 

reagents to produce elemental zinc. E = Bpin, LAlH (L= tBuNCH2CH2NMe2), 

AlH2(Quinuclidine), BH2(NMe3), or PhSiH2. 

The general reaction pathways anticipated for solution reactions between ZnEt2 with 

hydride co-reagents are shown in Scheme 2.11. Both pathways start with a ligand exchange 

reaction between a hydride group of the co-reactant and an ethyl group on ZnEt2 as the first 

step to produce HZnC2H5 as the intermediate. As illustrated by Scheme 2.11 in reaction 

pathway 01, HZnC2H5 then reductively eliminates ethane gas (C2H6) as a by-product to 

produce elemental zinc. The second reaction pathway predicts that once HZnC2H5 is 

produced, it subsequently undergoes another ligand exchange reaction with a hydride group 

of the co-reactant molecule to produce ZnH2, which then slowly decomposes at room 

temperature to elemental zinc and H2 gas.129 Hence, according to the predicted reaction 

pathways, all reactions that show a reactivity must either produce C2H6 (Scheme 2.11 

Reaction pathway 01) or H2 gas (Scheme 2.11 Reaction pathway 02).  
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1H and 13C{1H} NMR spectra of ZnEt2 were collected in d6-benzene for comparison in 

solution studies (Figure 2.22).  

 

Figure 2.22: 1H and 13C{1H} NMR spectra collected for ZnEt2 in d6-benzene. 
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2.3.3.1 Reaction of ZnEt2 with LAlH2 

 

Scheme 2.12: By-products anticipated for the 1:1 reaction between ZnEt2 and LAlH2 

(assuming pathway 02 in the Scheme 2.11). 

Solutions of ZnEt2 and LAlH2 were prepared in d6-benzene and were mixed together in a 

1:1 ratio at room temperature. Formation of a white cloudy suspension and a gas evolution 

were observed immediately after mixing the two reagents. The white suspension turned into 

a grey precipitate within 10 minutes. After leaving the reaction mixture overnight at room 

temperature, the precipitate had settled down to the bottom of the J-young tube, leaving a 

clear supernatant. Scheme 2.12 predicts Product 01 as the only by-product of the reaction 

which is formed as the result of both hydride groups on LAlH2 being exchanged with two 

ethyl groups on ZnEt2. 

The proton NMR spectrum (Figure 2.23) collected after 24 hours of mixing reagents at 

room temperature, clearly indicates the formation of hydrogen gas at 4.47 ppm (Figure 

2.23: Labelled with a circle). Analysing the spectrum suggests the formation of LAlEt2 as 

the only by-product of the reaction. To further confirm the identity of the by-product, 

LAlEt2 was isolated from a separate reaction between ZnEt2 and LAlH2 with a 50% yield 
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and 13C{1H}, HSQC NMR spectra for LAlEt2 were collected. Further characterization of 

LAlEt2 is discussed in Section 2.4. Analysing these spectra confirms the by-product as 

LAlEt2. 

 

Figure 2.23: The proton NMR spectrum of the 1:1 reaction of ZnEt2 with LAlH2 in d6-

benzene with enlarged 0- 0.15 ppm region, collected after 24 hours of mixing the reagents 

at room temperature. The asterisks indicate peaks for unreacted, excess ZnEt2.  



M. Sc. Thesis – Kasuni C. Wedisinghe; McMaster University-Chemistry 

96 
 

The grey precipitate produced in the reaction was isolated by centrifugation and washed 

with toluene followed by hexanes. The X-ray diffractogram of the precipitate is shown in 

Figure 2.24, and indicates that the precipitate is elemental zinc. 

 

Figure 2.24: Powder X-ray diffractogram (PXRD) of the grey precipitate collected from 

the 1:1 reaction of ZnEt2 with LAlH2 in d6-benzene, 24 h, RT. Red lines indicate the 

diffraction pattern corresponding to hexagonal zinc. 

  

2θ (°), λ = 1.5406 Å 
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2.3.3.2 Reaction of ZnEt2 with HBpin 

 

Scheme 2.13: By-product anticipated for the 1:2 reaction between ZnEt2 and HBpin 

(assuming pathway 02 in the Scheme 2.11). 

Solutions of ZnEt2 and HBpin in d6-benzene were mixed together in a 1:2 ratio at room 

temperature. A white cloudy suspension started to form slowly after mixing the reagents 

which gradually started to turn in to a grey precipitate after 6 hours. A clear supernatant 

and a grey precipitate were observed after 24 hours. Product 01, where the hydride group 

on HBpin has been replaced with an ethyl group from ZnEt2 was predicted as the only by-

product of the reaction (Scheme 2.13). 

A proton NMR spectrum of the reaction solution was collected at room temperature 24 

hours after mixing the reagents (Figure 2.25). The spectrum indicates the formation of 

hydrogen gas with a peak at 4.47 ppm (Figure 2.25: Labelled with a circle). The only by-

product observed from the reaction was EtBpin along with some unreacted ZnEt2. The 

formation of EtBpin was confirmed by comparison of 1H, 13C{1H}, and 11B{1H} NMR 

spectra with that of commercial sample of EtBpin. Further characterization of EtBpin is 

discussed in the section 2.4. 
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Figure 2.25: The proton NMR spectrum of the 1:2 reaction of ZnEt2 with HBpin in d6-

benzene with enlarged 1.05- 1.15 ppm region, collected after 24 hours of mixing the 

reagents at room temperature. Asterisks indicate unreacted, excess ZnEt2. 

The grey precipitate from the reaction was isolated by centrifugation and the precipitate 

was washed with toluene followed by hexanes to remove any soluble contaminants. Figure 

2.26 shows the X-ray diffractogram, which confirms the formation of elemental zinc. 
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Figure 2.26: Powder X-ray diffractogram (PXRD) of the grey precipitate collected from 

1:2 reaction of ZnEt2 with HBpin in d6-benzene, 24 h, RT. Red lines indicate the diffraction 

pattern corresponding to hexagonal zinc. 

  

2θ (°), λ = 1.5406 Å 
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2.3.3.3 Reaction of ZnEt2 with BH3NMe3 

Solutions of ZnEt2 and BH3(NMe3) in d6-benzene were mixed in a 1:1 ratio at room 

temperature. The resulting solution was colourless, and no visual change was observed 

upon heating the reaction solution up to 80 °C for 24 hours. The proton NMR spectrum 

(Figure 2.27) confirmed that no reaction had taken place. 

 

Figure: 2.27: The proton NMR spectrum of the 1:1 reaction of ZnEt2 with BH3(NMe3) in 

d6-benzene, collected after heating the reaction solution for 24 hours at 80 °C. Squares 

indicate free BH3(NMe3) and triangles indicate free ZnEt2. 
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2.3.3.4 Reaction of ZnEt2 with PhSiH3 

An equimolar amount of PhSiH3 was added to a solution of ZnEt2 in d6-benzene at room 

temperature. A colourless, clear solution was observed after mixing the reagents. The 

reaction solution indicated no change after heating at 80 °C for 24 hours and the proton 

NMR spectrum (Figure 2.28) confirmed that no reaction had taken place.  

 

Figure 2.28: The proton NMR spectrum of the 1:1 reaction between ZnEt2 and PhSiH3 in 

d6-benzene collected after heating the reaction solution for 24 hours at 80 °C. The square 

indicates free PhSiH3 and the triangles indicate free ZnEt2. 
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2.4 Further characterization of by-products formed in solution reactions with HBpin 

and LAlH2 

Solution reactions with HBpin or LAlH2 proceeded cleanly (forming just one or two 

reaction by-products), so attempts were taken to further characterize those products. 

2.4.1 MeBpin, (iPrO)Bpin, and EtBpin 

All zinc precursors examined in the current study successfully produced elemental zinc 

upon reaction with HBpin, along with MeBpin, (iPrO)Bpin and/or EtBpin. From the 1:2 

reaction of MeZnOiPr with HBpin in d6-benzene, MeBpin and (iPrO)Bpin were produced. 

Both of these reagents are commercially available. 1H, 13C{1H} and 11B{1H} NMR spectra 

were collected for commercial samples of MeBpin and (iPrO)Bpin in d6-benzene and 

compared against the NMR spectra of the 1:2 reaction between MeZnOiPr with HBpin in 

d6-benzene. Figure 2.29 a, b, and c indicate the 1H NMR spectra collected for (iPrO)Bpin, 

MeBpin, and the 1:2 reaction of MeZnOiPr with HBpin. Except for the excess HBpin 

remaining in the reaction, all other peaks align with MeBpin and (iPrO)Bpin, confirming 

the formation of MeBpin and (iPrO)Bpin during the reaction. 

11B{1H} NMR spectra (Figure 2.30) and 13C{1H} NMR spectra (Figure 2.31) were also 

collected in the same manner, and except for peaks corresponding to unreacted HBpin, all 

other peaks align with MeBpin and (iPrO)Bpin. These NMR spectra provide further support 

for the formation of MeBpin and (iPrO)Bpin during the reaction between MeZnOiPr and 

HBpin. 
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The 1:3 reaction of Zn(OiPr)2 with HBpin in d6-benzene (40 °C, 24 h) produced (iPrO)Bpin 

as the only by-product. This product was conclusively identified by comparison of the 1H, 

13C{1H}, and 11B{1H} NMR spectra for the reaction mixture (Figure 2.29, Figure 2.30, and 

Figure 2.31 respectively) with those for a commercial sample of (iPrO)Bpin. 

 

Figure 2.29: 1H NMR spectra of a) (iPrO)Bpin, b) MeBpin, and c) 1:2 reaction of MeZnOiPr 

with HBpin (24 h, RT), and d) 1:3 reaction of Zn(OiPr)2  with HBpin (24 h, 40 °C). Solvent; 

d6-benzene. Squares indicate peaks related to (iPrO)Bpin and triangles indicate peaks 

related to MeBpin. Excess HBpin is marked with an asterisk. 

 



M. Sc. Thesis – Kasuni C. Wedisinghe; McMaster University-Chemistry 

104 
 

 

Figure 2.30: 11B{1H} NMR spectra of a) (iPrO)Bpin, b) MeBpin, and c) 1:2 reaction of 

MeZnOiPr with HBpin (24 h, RT), and d) 1:3 reaction of Zn(OiPr)2 with HBpin (24 h, 40 

°C. Solvent; d6-benzene. The asterisk indicates unreacted HBpin. 
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Figure 2.31: 13C{1H} NMR spectra of a) (iPrO)Bpin, b) MeBpin, and c) 1:2 reaction of 

MeZnOiPr with HBpin (24 h, RT), and d) 1:3 reaction of Zn(OiPr)2  with HBpin (24 h, 40 

°C. Solvent; d6-benzene. Squares indicate peaks related to (iPrO)Bpin and triangles indicate 

peaks related to MeBpin. Excess HBpin is marked with an asterisk. 
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EtBpin was the only by-product produced in the 1:2 reaction between ZnEt2 and HBpin (24 

h, RT, d6-benzene). Comparison of the 1H, 13C{1H}, and 11B{1H} NMR spectra for the 

reaction mixture (Figure 2.32, Figure 2.33, Figure 2.34 respectively) with those for a 

commercial sample of EtBpin allowed conclusive identification of this by-product. 

 

Figure 2.32: 1H NMR spectra of a) EtBpin, and b) 1:2 reaction of ZnEt2 with HBpin (24 h, 

RT). Solvent; d6-benzene. The asterisk indicates unreacted HBpin. 
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Figure 2.33: 13C{1H} NMR spectra of a) EtBpin, and b) 1:2 reaction of ZnEt2 with HBpin 

(24 h, RT). Solvent; d6-benzene. The asterisks indicate unreacted HBpin. 
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Figure 2.34: 11B{1H} NMR spectra of a) EtBpin, and b) 1:2 reaction of ZnEt2 with HBpin 

(24 h, RT). Solvent; d6-benzene. The asterisk indicates unreacted HBpin. 
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2.4.2 (tBuNCH2CH2NMe2)Al(OiPr)2 (LAl(OiPr)2) 

The 1:1 reaction of Zn(OiPr)2 with LAlH2 in d6-benzene seemed to produce LAl(OiPr)2 as 

identified by the proton NMR spectrum. In order to further characterize the by-product, 

excess Zn(OiPr)2 was reacted with a solution of LAlH2 in d6-benzene at room temperature 

to completely convert LAlH2 into LAl(OiPr)2. Excess, unreacted Zn(OiPr)2 was removed 

along with elemental zinc precipitates to collect LAl(OiPr)2 in d6-benzene and the solution 

was concentrated. Further characterizations of LAl(OiPr)2 were done by collecting 1H, 

13C{1H}, and HSQC NMR spectra of the compound. Comparison of 1H NMR spectrum 

(Figure 2.35 a), 13C{1H} NMR spectrum (Figure 2.35 b), and the HSQC NMR spectrum 

(Figure 2.36) evidently confirms the formation of LAl(OiPr)2 without any significant 

impurities. 

  



M. Sc. Thesis – Kasuni C. Wedisinghe; McMaster University-Chemistry 

110 
 

 

Figure 2.36: Proton and carbon NMR spectra 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.35: a) 1H NMR spectrum and b) 13C{1H} NMR spectrum collected for LAl(OiPr)2 

in d6-benzene. 
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Figure 2.36: Heteronuclear single quantum correlation (HSQC) NMR spectrum of 

LAl(OiPr)2 in d6-benzene. 
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2.4.3 (tBuNCH2CH2NMe2)AlEt2 (LAlEt2) 

 

Scheme 2.14: Reaction scheme for the synthesis of LAlEt2. 

LAlEt2 was synthesized by the reaction between ZnEt2 and LAlH2. Solutions of these 

reagents in benzene were mixed in a 1:1 ratio at room temperature and stirred for few hours. 

The resulting reaction mixture was centrifuged to remove elemental zinc precipitates. 

Volatiles were removed in vacuo to obtain a colourless oil with a yield of 50%. In order to 

characterize LAlEt2, NMR spectra of the compound were collected (Figure 2.37). Both 1H 

and 13C{1H} spectra indicate the formation of LAlEt2 without any impurities. An HSQC-

NMR spectrum collected for LAlEt2 (Figure 2.38) provides the direct C-H connectivity.  
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Figure 2.37: a) 1H NMR spectrum and b) 13C{1H} NMR spectrum collected for LAlEt2 in 

d6-benzene. 
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Figure 2.38: Heteronuclear single quantum correlation (HSQC) NMR spectrum of LAlEt2 

in d6-benzene. 
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2.5 Summary, conclusions, and future work 

Solution reactions of MeZn(OiPr) and ZnEt2 with hydride co-reagents were expected to 

follow two different pathways (Scheme 2.2 and Scheme 2.11 respectively). According to 

Scheme 2.2, solution reactions of MeZn(OiPr) should produce either CH4 or H2 gas while 

Scheme 2.11 predicts ZnEt2 to produce either C2H6 or H2 gas. However, analyzing the 1H 

NMR spectra collected for reactions of both MeZn(OiPr) and ZnEt2 with the various co-

reactants (those that reacted) confirmed the formation of H2 gas. No indication of 

formation of CH4 or C2H6 was observed in solution screening studies. This confirms that 

solution reactions of both MeZn(OiPr) and ZnEt2 follow the reaction pathway 02, which 

replaces both ligands on Zn with hydride groups to produce ZnH2. This ZnH2 then 

undergoes reductive elimination to produce elemental Zn and H2 gas. Similar reactivity 

was observed for solution reactions of Zn(OiPr)2, where formation of H2 gas was detected 

in 1H NMR spectra collected for reaction solutions. Formation of H2 gas was confirmed as 

follows; the J-young tube was left open for few hours in the glovebox and the 1H NMR 

spectrum was collected again, which revealed the disappearance of the H2 peak at 4.47 

ppm in d6-benzene. 

Table 2.2 indicates a summary of results obtained from solution reactivity studies for all 

three zinc precursors with hydride co-reactants. None of the precursors indicated a 

reactivity with BH3(NMe3) even after heating the reaction solutions at 80 °C for 24 hours. 

Hence, BH3(NMe3) appears to be the least reactive co-reactant in solution with the 

precursors studied. With AlH3(Quinuclidine) (previous studies by an Emslie group 

member), LAlH2, and HBpin, ZnEt2 indicated the highest reactivity by forming elemental 
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Zn within hours after mixing reagents. However, it did not indicate any reactivity with 

either PhSiH3 or BH3(NMe3), even at temperatures up to 80 °C. From the two co-reactants 

that ZnEt2 reacted with, the highest reactivity was observed with LAlH2 compared to the 

reactivity with HBpin. 

MeZn(OiPr) reacted with all co-reactants except BH3(NMe3). The reactivity of 

MeZn(OiPr) with co-reactants can be arranged as follows from highest reactivity to lowest 

reactivity; LAlH2 > HBpin > AlH3(Quinuclidine) > PhSiH3 > BH3(NMe3) (no reaction). 

Elemental Zn was formed at room temperature from reactions with both LAlH2 and HBpin. 

Solution screening reactions of Zn(OiPr)2 indicated that Zn(OiPr)2  reacts with every co-

reactant except BH3(NMe3). However, comparing the reactivity of Zn(OiPr)2 against that 

of MeZn(OiPr) suggests a low reactivity for Zn(OiPr)2 which might be due to its 

insolubility in organic solvents. As a result, most solution reactions of Zn(OiPr)2 either 

required more time, heat or a large excess of the co-reactant to complete the reaction. In 

situations where co-reactant was not in large excess, traces of unreacted Zn(OiPr)2  were 

found in the precipitate with elemental zinc. Washing the precipitate with different organic 

solvents did not remove Zn(OiPr)2 as it is insoluble. However, this might not be an issue 

for ALD reactor studies since only gas phase reactions are considered, not reactions in 

solution. Zn(OiPr)2 reacted fastest with LAlH2 and the reaction with AlH3(Quinuclidine) 

was quicker (elemental Zn at RT, 24 h) than the reaction with HBpin, which required 

heating to complete the reaction (elemental Zn at 40 °C). The order of reactivity of 

Zn(OiPr)2 with co-reactants is as follows; LAlH2 > AlH3(Quinuclidine) > HBpin > PhSiH3 

> BH3(NMe3) (no reaction). 
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LAlH2, HBpin, and AlH3(Quinuclidine) are the only co-reactants to react with all three Zn 

precursors. LAlH2 indicated the highest reactivity with all three Zn precursors and 

produced elemental Zn at room temperature. HBpin indicated a high reactivity with both 

MeZn(OiPr) and ZnEt2, and managed to produce elemental Zn at room temperature, but 

the reaction with Zn(OiPr)2 required heating the reaction solution at 40 °C to complete the 

reaction. 

Considering the overall reactivity shown by the precursors and their volatility, ZnEt2 

would be a good candidate to start reactor studies as it is a liquid and can be delivered to 

the reactor at room temperature. MeZn(OiPr) also indicates a decent reactivity and 

volatility  which might be useful for reactor studies.  Out of all co-reactants studied, 

reactions with LAlH2 and HBpin could be employed as they indicated the highest reactivity 

with precursors. 

Future studies would focus on reactor studies from the promising reactions of Zn 

precursors. For example, reactions of ZnEt2 and MeZn(OiPr) with  LAlH2 and HBpin.  This 

would require identifying the volatility and thermal stability of by-products formed during 

the reaction of ZnEt2 with LAlH2 and MeZn(OiPr) with LAlH2. Also identifying and 

characterizing the reaction by-products formed in the reaction between MeZn(OiPr) and 

LAlH2 would be required to understand the appropriateness of the reaction for ALD reactor 

studies. Given that the availability and low cost of PhSiH3, reactions of PhSiH3 with both 

MeZn(OiPr) and Zn(OiPr)2 would also be of interest as future ALD reactor studies.
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Table 2.2: Summary of solution reactivity studies of Zn precursors. (* Indicates results from previous solution studies carried 

out by Dr. J. Price from Emslie lab). 

Precursors 
Co-reactants 

LAlH2 AlH3(Quinuclidine) HBpin PhSiH3 BH3(NMe3) 

Precursor: Co-
reactant ratio 1:1 1:1 1:2 1:1* 1:1 

MeZn(OiPr) 

White suspension 
forms immediately. 

Zn(s) starts to form 
after 3-4 hours, RT. 

White suspension 
remains after 24 h, 
RT. 

Zn(s) starts to form at 
40 °C. 

White suspension 
forms immediately & 
remained unchanged 
after 12 hours. 

Zn(s) at RT after 24 h 

Zn(s) at 90 °C No reaction 

 
Precursor: Co-
reactant ratio 

1:1 1:2 1:5 1:2 1:1 

Zn(OiPr)2 

White suspension 
starts to form in 3-4 
hours. 

Zn(s) starts to form 
after 6 hours, RT. 

White suspension 
starts to form after 6 
hours & unchanged 
after 12 hours. 

Zn(s) at RT after 24 h  

White suspension 
forms slowly & 
remained unchanged 
after 24 h 

Zn(s) at 40 °C 

Clear solution 
at 40 °C 

Zn(s) at 60 °C 

No reaction 
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Precursors 
Co-reactants 

LAlH2 AlH3(Quinuclidine) HBpin PhSiH3 BH3(NMe3) 

Precursor: Co-
reactant ratio 1:1 1:1* 1:2 1:1 1:1 

ZnEt2 
Immediately starts to 
form Zn(s) within 10 
minutes at RT 

Zn(s) starts to form 
immediately after 
mixing the reagents. 
 
No film deposition on 
ALD reactor 

 

White suspension 
forms immediately. 

Zn(s) starts to form 
after 6 hours, RT 

No reaction No reaction 
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CHAPTER 3 – SOLUTION REACTIVITY STUDIES OF 

GERMANIUM (Ge) PRECURSORS 

3.1 Selection of precursors - Stability and Volatility 

Thermal ALD processes to deposit elemental Ge films have not been achieved before. 

Hence, one of the two goals of this research is to investigate potential precursor/co-reactant 

pairs with the intension of obtaining elemental germanium films by a thermal ALD process. 

Judicious selection of appropriate precursors is required to maximize the possibility of 

producing elemental germanium with co-reactants employed in this study.  

Three homoleptic germanium precursors of the form [GeIIL2] where, L is either Chloride, 

Bis(trimethylsilyl)amide (N(SiMe3)2), or Dimethylamino ethoxide (OCH2CH2NMe2), were 

investigated as Ge precursors in the current study. 

GeCl2(Dioxane) is a moisture sensitive, white solid with a melting point of 176-178 °C.98 

It is insoluble in most organic solvents but slightly soluble in Et2O and soluble in THF.98 

By comparison, dioxane-free GeCl2 is less stable and disproportionates rapidly into GeCl4 

and elemental Ge at 70 °C. Dioxane has the ability to prevent this process by stabilizing 

GeCl2, in which it acts as a Lewis base and donates to vacant p orbital of the Ge atom in 

GeCl2.131 GeCl2(Dioxane) has widely been used as the Ge precursor for ALD of 

Germanium antimony telluride (GST) materials, where it was delivered to the reactor at 

temperatures as low as 70 °C.91,90 GeCl2(Dioxane) crystallizes in space group C 2/c with 

the structure containing infinite chains of alternating GeCl2 and dioxane molecules with a 
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Ge-O distance of 2.399 Å.132 Figure 3.1 indicates the X-ray crystal structure and chemical 

diagram of GeCl2(Dioxane). 

 

Figure 3.1: Crystal structure of GeCl2(Dioxane). a) The chain structure; Space group: C 

2/c, Cell: a = 7.5811 Å, b = 11.6974 Å, c = 8.7800 Å, α = 90°, β = 97.129°, γ = 90° and b) 

Chemical diagram of GeCl2(Dioxane).132,133 Reprinted with permission from ref. 6. 

Copyright 2010 Royal Society of Chemistry. 

Ge{N(SiMe3)2}2 is a volatile yellow solid with a melting point of 32-33 °C and a boiling 

point of 60 °C/ 0.4 Torr.95 This two coordinate Ge compound is diamagnetic and a 

monomer in solid state.134 Also, it exhibits a V-shaped geometry around Ge in which the 

central atom possesses a stereochemically active lone pair of electrons. This allows the 

central atom to have a singlet electronic ground state and hence, these molecules are 

described as carbene analogs.134 The high reactivity and the high vapor pressure of 

Ge{N(SiMe3)2}2 makes it an ideal candidate for CVD/ALD processes. It has been 

previously employed as a precursor in CVD processes to obtain elemental Ge at the 

deposition temperature of 325 °C.96 Ge{N(SiMe3)2}2 crystalizes in space group Pccn and 
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the X-ray crystal structure and the chemical diagram of Ge{N(SiMe3)2}2 are indicated in 

Figure 3.2.134  

 

Figure 3.2: Ge{N(SiMe3)2}2, a) X-ray structure; Space group: Pccn, Cell: a = 16.632 Å, b 

= 20.323 Å, c = 13.148 Å, α = β = γ = 90° and b) Chemical diagram.134 

Ge(OCH2CH2NMe2)2 is a volatile, white crystalline solid, which is only stable under 

anaerobic conditions and is soluble in standard organic solvents.135 Ge(OCH2CH2NMe2)2 

is a sterically non-hindered monomeric compound with intramolecular Ge ←N 

coordination bonds.135 Ge(OCH2CH2NMe2)2 can be synthesized from rapid alcoholysis of 

Ge{N(SiMe3)2}2 by 2-dimethylamino ethanol.135 Ge(OCH2CH2NMe2)2 sublimes at 70 °C/1 

mTorr and its melting point is 67-68 °C.135 Thermal stability studies of 

Ge(OCH2CH2NMe2)2 revealed that it is stable up to 140 °C. Ge(OCH2CH2NMe2)2 is a 

promising Ge precursor for ALD processes, as it can be delivered to the reactor at relatively 

low temperatures due to it’s volatility, it can be easily synthesized in large scale, and it 

possesses adequate thermal stability. However, it has not been previously employed in 

CVD or ALD processes. Ge(OCH2CH2NMe2)2 crystallizes in the space group P212121 and 
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Ge(II) atom adopts a distorted trigonal bipyramidal configuration with a lone pair electron 

in the equatorial position.135 Figure 3.3 indicates the X-ray crystal structure and chemical 

diagram of Ge(OCH2CH2NMe2)2. 

 

Figure 3.3: Ge(OCH2CH2NMe2)2, a) X-ray crystal structure; Space group: P212121, Cell: a 

= 10.1606 Å, b = 11.2693 Å, c = 20.3870 Å, α = β = γ = 90° and b) Chemical diagram.135 
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3.2 Precursor synthesis 

From the three germanium precursors that were employed in the current study, only 

Ge(OCH2CH2NMe2)2 was synthesized in the lab. The other two germanium precursors, 

GeCl2(Dioxane) and Ge{N(SiMe3)2}2, are commercially available.  

 

Scheme 3.1: Reaction scheme for the synthesis of Ge(OCH2CH2NMe2)2.135 

Ge(OCH2CH2NMe2)2 was synthesized via the reaction of Ge{N(SiMe3)2}2 with pre-dried 

Me2NCH2CH2OH, following the literature procedure, as shown in the Scheme 3.1.135 The 

exothermic reaction was complete in several minutes and the only by-product of the 

reaction, hexamethyldisilazane was removed in vacuo. The crude product was collected 

and recrystallized from hexanes at -30 °C to obtain a white crystalline solid with a yield of 

73%. The 1H and 13C{1H} NMR spectra of Ge(OCH2CH2NMe2)2 were collected (Figure 

3.4) and compared against spectral data mentioned in literature to evaluate the purity of the 
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product and effectiveness of the reaction.135 Comparison of spectral data confirmed the 

formation of pure Ge(OCH2CH2NMe2)2.  

 

Figure 3.4: a) 1H and b) 13C{1H} NMR spectra collected for Ge(OCH2CH2NMe2)2 in d6-

benzene. 
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An ideal ALD precursor should have a good thermal stability to prevent its decomposition 

at deposition temperatures. Thermal stability of Ge(OCH2CH2NMe2)2 was investigated by 

heating a solid sample of Ge(OCH2CH2NMe2)2 under dynamic argon for 24 hours at 100 

°C and 140 °C, and the proton NMR spectrum after heating at each temperature was 

collected (Figure 3.5). No visual change was observed for Ge(OCH2CH2NMe2)2 at these 

temperatures. Comparison of NMR spectra collected after heating at 100 °C and 140 °C 

with the pure Ge(OCH2CH2NMe2)2 sample shows that Ge(OCH2CH2NMe2)2 is stable up 

to 140 °C. 

 

Figure 3.5: Proton NMR spectra collected for thermal stress testing of 

Ge(OCH2CH2NMe2)2 in d6-benzene, a) at RT, b) heated at 100 °C/24 h under dynamic 

argon, and c) heated at 140 °C/24 h under dynamic argon.  
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3.3 Solution reactivity studies 

To explore reactivity between potential Ge precursors and reducing reagents, solution 

screening reactions were carried out. Analyzing information obtained from solution 

reactivity studies helps to identify particularly promising precursors/co-reactant 

combinations for elemental germanium deposition by ALD. Furthermore, solution 

reactivity studies can also provide insight into reaction mechanisms and by-products 

formed in the reactions. Solutions of the reactants prepared in d6-benzene and were mixed 

together at room temperature. These reaction solutions then maintained at several different 

temperatures from 20 to 80 °C for 24 hours at each temperature, as a method of examining 

reactivity at elevated temperatures. Several different stoichiometries between reagents were 

used to study the product distribution. Some solution reactions indicated no change in 

reactivity upon changing stoichiometric ratios between reagents. Reactions that indicated a 

difference in reactivity based on the stoichiometric ratios have been described in detail. 

NMR scale reactions, where reagents were mixed in few milligrams (10-25 mg) were 

employed for solution screening studies. Reaction pathways and the by-products formed in 

the reactions were identified using NMR spectra collected for each reaction. Any 

precipitates formed in the reactions were isolated and characterized where applicable; 

powder X-ray diffraction (PXRD) was used as the main method to characterize precipitates 

formed in reactions. 
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3.3.1 Solution reactivity studies of GeCl2(Dioxane) 

Reactivity of GeCl2(Dioxane) in solution towards all hydride co-reactants (Figure 1.17) 

was investigated. GeCl2(Dioxane) is nearly insoluble in most common organic solvents and 

only soluble in THF. However, d8-THF is an expensive solvent compared to d6-benzene 

and residual THF peak in 1H NMR spectrum overlaps with the 1,4-dioxane peak. Hence 

reactions were carried out in d6-benzene, despite the low solubility of GeCl2(Dioxane) in 

this solvent. 

 

Scheme 3.2: Proposed reaction pathway for reactions of GeCl2(Dioxane) with hydride 

reagents to produce elemental germanium. E = Bpin, LAlH (L= tBuNCH2CH2NMe2), 

AlH2(Quinuclidine), BH2(NMe3), or PhSiH2. 

The general reaction pathways anticipated for solution reactions between GeCl2(Dioxane) 

and hydride co-reagents are shown in Scheme 3.2. During the first step of the reaction, a 

ligand exchange reaction replaces both chloride groups on GeCl2(Dioxane) to produce a 

polymeric germanium hydride (GeHx, x<2) as the first intermediate, along with 1,4-

dioxane.136,137 GeHx is then expected to reductively eliminate hydrogen gas to produce 

elemental germanium at temperatures around 200 °C.136,137 Synthesis and thermal stability 

of GeHx is discussed in detail in Section 3.4. Since x is less than 2 in GeHx, reactions that 
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produce GeHx are expected to produce hydrogen gas, which will give rise to a peak in the 

proton NMR spectrum at 4.47 ppm in d6-benzene. 

3.3.1.1 Reaction of GeCl2(Dioxane) with LAlH2 

 

Scheme 3.3: Expected by-products from the 1:1 reaction between GeCl2(Dioxane) with 

LAlH2. 

Scheme 3.3 suggests that the reaction between GeCl2(Dioxane) and LAlH2 would produce 

LAlCl2 as the only by-product. LAlCl2 is produced as a result of both hydride groups on 

LAlH2 being replaced with chloride groups on GeCl2(Dioxane). Dioxane will be released 

as a result of the reaction. LAlCl2 is a known compound and has been fully characterized 

by Blakeny et al, during their study on elemental Al deposition using ALD.110 

The solution reactivity between GeCl2(Dioxane) and LAlH2 were investigated by mixing 

GeCl2(Dioxane) with a solution of LAlH2 in d6-benzene in a 1:1 ratio at room temperature. 

The reaction solution immediately formed an orange-coloured precipitate which gradually 

turned dark orange/brown at room temperature. Gas evolution was also observed, and it 

was identified as hydrogen gas by proton NMR spectroscopy (Figure 3.6). The proton NMR 
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spectrum of the reaction mixture collected 24 hours after mixing the reagents at room 

temperature is shown in Figure 3.6. Formation of LAlCl2 during the reaction was confirmed 

by comparing NMR spectra collected for LAlCl2 against NMR spectra of LAlCl2 available 

in literature.110 Further characterization of LAlCl2 is discussed in the Section 3.5. Free 

dioxane released in the reaction can be seen in the spectrum at 3.35 ppm. 

 

Figure 3.6: The proton NMR spectrum of the 1:1 reaction of GeCl2(Dioxane) with LAlH2 

in d6-benzene collected at room temperature after 24 hours. The hydrogen peak is labelled 

with a circle. 

The orange precipitate formed in the reaction was separated using centrifugation and 

soluble contaminants were removed by washing with toluene followed by hexanes. Figure 



M.Sc. Thesis- Kasuni C. Wedisinghe McMaster University 

131 
 

3.7 shows the X-ray diffractogram collected for the precipitate. Based on the diffractogram, 

the precipitate is amorphous. 

Figure 3.7: Powder X-ray diffractogram (PXRD) of the orange precipitate GeHx formed 

from the1:1 reaction of GeCl2(Dioxane) and LAlH2 in d6-benzene, 24 h, RT. 
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3.3.1.2 Reaction of GeCl2(Dioxane) with HBpin 

 

Scheme 3.4: Expected by-products from the 1:2 reaction between GeCl2(Dioxane) and 

HBpin. 

A 1:2 reaction between GeCl2(Dioxane) and HBpin was expected to produce ClBpin as the 

only by-product along with 1,4-dioxane (Scheme 3.4). ClBpin is produced as the result of 

the exchange of hydride on HBpin with chloride on GeCl2(Dioxane). To explore the 

reactivity, GeCl2(Dioxane) was added to a solution of HBpin in in d6-benzene in a 1:2 ratio 

at room temperature. A gradual development of a yellow colour was observed after mixing 

reagents and no further change in the colour was observed between 20 to 80 °C. No 

precipitate was observed from the reaction. 

The proton NMR spectrum collected for the reaction mixture after heating the solution at 

60 °C for 24 hours is shown in Figure 2.8b along with the proton NMR spectrum of HBpin 

(Figure 2.8a). Except for the 1,4-dioxane peak at 3.35 ppm and the unreacted HBpin 

remains in the reaction solution (marked with an asterisk), it was difficult to identify other 

peaks due to the complexity of the spectrum. The reactivity of this precursor/co-reactant 
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pair was not considered to be promising for ALD of elemental germanium, so was not 

studied further. 

 

Figure 3.8: The proton NMR spectra in d6-benzene of a) HBpin and b) 1:2 reaction of 

GeCl2(Dioxane) with HBpin, collected after heating the solution at 60 °C for 24 hours. The 

asterisk indicates unreacted HBpin. 

  



M.Sc. Thesis- Kasuni C. Wedisinghe McMaster University 

134 
 

3.3.1.3 Reaction of GeCl2(Dioxane) with AlH3(Quinuclidine) 

 

Scheme 3.5: Possible by-products predicted for the reaction of GeCl2(Dioxane) with 

AlH3(Quinuclidine). 

The ligand exchange reaction between GeCl2(Dioxane) and AlH3(Quinuclidine) has the 

ability to form three different products (Scheme 3.5). Exchange of one hydride group with 

a chloride group on GeCl2(Dioxane) will produce AlH2Cl(Quinuclidine) (Product 01) as 

the by-product whereas exchange of 2 and 3 hydride groups will produce 

AlHCl2(Quinuclidine) (Product 02) and AlCl3(Quinuclidine) (Product 03) respectively. 

GeCl2(Dioxane) was mixed together with a solution of AlH3(Quinuclidine) in d6-benzene 

in a 2:1 ratio at room temperature which resulted in a yellow solution initially and an 

orange-coloured precipitate within 30 minutes. A Proton NMR spectrum of the reaction 

solution indicated the presence of unreacted AlH3(Quinuclidine), which only disappeared 
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after heating the reaction mixture at 60 °C for 24 hours. Figure 3.9 c) indicates the proton 

NMR spectrum of the reaction solution (60 °C, 24 h), along with proton NMR spectra of 

quinuclidine and AlH3(Quinuclidine) for comparison (Figure 3.9 a and Figure 3.9 b 

respectively). The spectrum of the reaction solution confirms the H2 gas evolution (Figure 

3.9- Labelled with a circle). The proton NMR spectrum of the reaction suggests the 

formation of three different types of quinuclidine adducts. Comparison of NMR spectra 

revealed that none of these products are quinuclidine or AlH3(Quinuclidine). Quinuclidine 

produces three different peaks in the proton NMR spectrum with the ratio 6:6:1. The proton 

NMR spectrum of the reaction indicates formation of three different sets of peaks, each 

with the ratio 6:6:1 (each set of peaks is labelled with a different symbol; squares, stars, 

and triangles), which suggests the formation of quinuclidine in three different chemical 

environments. The quadrupolar Al center produces a broad Al-H resonance in 3.5-4.5 ppm 

range for AlH3(Quinuclidine), and a comparable peak was not observed in the NMR 

spectrum of the reaction solution. However, full characterization of each quinuclidine-

containing product was difficult with only the information obtained from proton NMR 

spectrum. 
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Figure 3.9: The proton NMR spectra in d6-benzene of a) Quinuclidine, b) 

AlH3(Quinuclidine), and c) 2:1 reaction of GeCl2(Dioxane) with AlH3(Quinuclidine) 

collected after 24 hours at 60 °C. Hydrogen peak is labelled with a circle. Different 

quinuclidines products are labelled with three different symbols: squares, tringles, and 

stars. 
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3.3.1.4 Reaction of GeCl2 (Dioxane) with BH3(NMe3) 

 

Scheme 3.6: Possible by-products predicted for the reaction of GeCl2(Dioxane) with 

BH3(NMe3). 

Ligand exchange reactions between GeCl2(Dioxane) and BH3(NMe3) could result in three 

different by-products depending on how many hydride groups on BH3(NMe3) are replaced 

with chloride groups (Scheme 3.6). BH2Cl(NMe3) (Product 01) was expected as the major 

by-product from the reaction, which is formed as a result of one hydride group exchange 

with chloride group. Exchange of two hydride groups will produce BHCl2(NMe3) (Product 

02) and exchange of all three hydride groups will produce BCl3(NMe3) (Product 03) 

respectively. 

In order to study GeCl2(Dioxane) reactivity in solution with BH3(NMe3), GeCl2(Dioxane) 

was added to a solution of BH3(NMe3) in d6-benzene in a 3:2 ratio at room temperature. 
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The resulting solution instantly turned a yellow colour, and a gas evolution was observed. 

The yellow solution gradually produced an orange-coloured precipitate after 24 hours at 

room temperature. The proton NMR spectrum of the reaction solution collected 24 hours 

after mixing reagents to analyze the soluble reaction products is shown in Figure 3.10 b 

along with the proton NMR spectrum of BH3(NMe3) (Figure 3.10 a). The proton NMR 

spectrum confirms the evolution of hydrogen gas (Figure 3.10-Labelled with a circle). The 

proton NMR spectrum indicates two different types of B-H peaks (Labelled with a square 

and a star in 2.1-3.2 ppm range). H atom bound to boron are expected to produce a quartet 

with a 1:1:1:1 ratio in the proton NMR spectrum. However, B-H peaks observed in the 

spectrum appear as two sets of triplets due to overlap of the fourth peak in the quartet with 

other peaks. Relative integrations of the NMe3 peak and B-H peak of, ~9:2 and ~9:1suggest 

the formation of BH2Cl(NMe3) (Product 01) (labelled with squares), and BHCl2(NMe3) 

(Product 02) (labelled with stars), respectively. No unreacted BH3NMe3 was observed in 

the spectrum. Similar to the other reactions of GeCl2(Dioxane), a 1,4-dioxane peak was 

observed at 3.35 ppm in the spectrum. 
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Figure 3.10: The proton NMR spectra in d6-benzene of a) BH3(NMe3) and b) The 3:2 

reaction of GeCl2(Dioxane) with BH3(NMe3) collected at room temperature after 24 hours. 

Circle indicates the peak for hydrogen gas. BH2Cl(NMe3) is labelled with squares and 

BHCl2(NMe3) is labelled with stars. 
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3.3.1.5 Reaction of GeCl2(Dioxane) with PhSiH3 

 

Scheme 3.7: Possible by-products predicted for the reaction of GeCl2(Dioxane) with 

PhSiH3 (Assuming pathway in the Scheme 3.2). 

According to the Scheme 3.7, three by-products can be formed from the reaction of 

GeCl2(Dioxane) with PhSiH3. Formation of these by-products is dependent on how many 

hydride groups get replaced with chloride groups. 

Solution reactivity of GeCl2(Dioxane) with PhSiH3 was studied by mixing GeCl2(Dioxane) 

with a solution of PhSiH3 in d6-benzene in a 3:2 ratio. The reaction immediately produced 

a yellow colour solution, and a yellow precipitate was only observed after heating the 

reaction solution at 40 °C for 24 hours. The proton NMR spectrum of the reaction solution 

collected after heating for 24 hours at 40 °C is shown in Figure 3.11. As evident from the 

proton NMR spectrum formation of PhSiH2Cl (Product 01) can be confirmed by a peak at 
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5.06 ppm.138 Formation of PhSiHCl2 (Product 02) would result in a peak at 5.74 ppm and 

was not detected in the reaction.138 Formation of PhSiCl3 (Product 03) would not be 

detectable from the region shown in the spectrum as it lacks any Si-H bonds. The region 

that indicates peaks corresponding to phenyl rings overlaps considerably, hence it was not 

possible to identify all of the peaks separately. Formation of hydrogen gas was observed in 

the spectrum (labelled with a circle) along with 1,4-dioxane peak at 3.35 ppm. 

 

Figure 3.11: The proton NMR spectrum of the 3:2 reaction of GeCl2(Dioxane) and PhSiH3 

in d6-benzene collected after 24 hours at 40 °C. Unreacted excess PhSiH3 is marked with 

an asterisk and H2 is labelled with a circle. 
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3.3.2 Solution reactivity studies of Ge{N(SiMe3)2}2  

 

Scheme 3.8: Proposed reaction pathway for reactions of Ge{N(SiMe3)2}2 with hydride 

reagents to produce elemental germanium. E = Bpin, LAlH (L= tBuNCH2CH2NMe2), 

AlH2(Quinuclidine), BH2(NMe3), or PhSiH2. 

The general reaction pathways anticipated for solution reactions between Ge{N(SiMe3)2}2 

with hydride co-reagents are shown in Scheme 3.8. A ligand exchange reaction between 

Ge{N(SiMe3)2}2 and hydride co-reactants could replace both N(SiMe3)2 groups on 

Ge{N(SiMe3)2}2 giving rise to a polymeric germanium hydride (GeHx, x<2) as the first 

intermediate, which will produce elemental Ge and hydrogen gas upon heating around 200 

°C.136,137 A positive reaction would indicate the formation of hydrogen gas during the 

solution reaction, which could be detected in the proton NMR spectrum with a peak at 4.47 

ppm in d6-benzene. 

For comparison purposes 1H and 13C{1H} NMR spectra of Ge{N(SiMe3)2}2 were collected 

and shown in Figure 3.12. 
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Figure 3.12: NMR spectra of Ge{N(SiMe3)2}2 in d6-benzene, a)1H NMR and b) 13C{1H} 

NMR.  
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3.3.2.1 Reaction of Ge{N(SiMe3)2}2 with LAlH2 

 

Scheme 3.9: Possible by-products predicted for the 1:1 reaction of Ge{N(SiMe3)2}2 with 

LAlH2. 

The ligand exchange reaction between Ge{N(SiMe3)2}2 and LAlH2 could produce two 

different by-products as indicated in the Scheme 3.9. Replacing both hydride groups on 

LAlH2 will produce LAl{N(SiMe3)2}2 (Product 01) whereas replacing only one hydride 

group will produce LAlHN(SiMe3)2 (Product 02) along with GeHN(SiMe3)2. To investigate 

the reactivity between the reagents, solutions of Ge{N(SiMe3)2}2 and LAlH2 were prepared 

in d6-benzene and were mixed together in a 1:1 ratio at room temperature. The resulting 

solution was clear and pale yellow in colour and no further change in the colour was 

observed between 20 to 80 °C. 
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The proton NMR spectrum of the reaction solution collected after heating the reaction 

solution at 60 °C for 24 hours is shown in Figure 3.13. The spectrum agrees with the 

formation of LAlH{N(SiMe3)2} (Product 02) and GeHx{N(SiMe3)2}y (x ≥ 0; y < 2) (Figure 

3.13-labelled with a square). The two methyl groups attached to nitrogen in product 02, are 

in different chemical environments, hence they produce two singlets at 1.74 and 1.91 ppm, 

each with the expected integration of 3H. Similarly, for the N(SiMe3)2 group, the methyl 

substituents on the two Si atoms are different from each other and produce two different 

singlets at 0.38 and 0.45 ppm, each with the expected integration of 9H. The CH2 region of 

the ligand is complex and the four CH2 signals (1H each) could not be identified separately. 

The proton bound to Al gave rise to a broad peak in the 4.88-3.54 ppm region. A singlet 

for an N(SiMe3)2 group in GeHx{N(SiMe3)2}y was observed at 0.09 ppm, and the 1:1 

integration ratio of the peak to the LAlH{N(SiMe3)2} peaks (together) is consistent with 

the formation of a GeHx{N(SiMe3)2}y product with one N(SiMe3)2 group per germanium. 

A peak at 6.02 ppm may also correspond to a GeH resonance. However, it integrates to 

~10% of the expected value for GeH{N(SiMe3)2}. Consequently, the exact nature of the 

germanium containing product in the reaction is unclear. 
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Figure 3.13: The proton NMR spectrum of a) the 1:1 reaction of Ge{N(SiMe3)2}2 and 

LAlH2 in d6-benzene collected after heating the reaction at 60 °C for 24 hours, b) enlarged 

Ge-H region, and c) enlarged Al-H region. Unreacted Ge{N(SiMe3)2}2 remaining in the 

reaction is labelled with an asterisk. LAlHN(SiMe3)2 is labelled with triangles and 

GeHx{N(SiMe3)2}y (x ≥ 0; y < 2) is labelled with a square. 
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3.3.2.2 Reaction of Ge{N(SiMe3)2}2 with HBpin 

Scheme 3.10: Expected by-products for the 1:2 reaction between Ge{N(SiMe3)2}2 and 

HBpin. 

As illustrated in the reaction scheme 3.10, a 1:2 reaction between Ge{N(SiMe3)2}2 and 

HBpin is expected to produce {(Me3Si)2N}Bpin (Product 01) as the only by-product, by 

replacing hydride group on HBpin with an N(SiMe3)2 group. To investigate this 

reactivity, a solution of Ge{N(SiMe3)2}2 in d6-benzene was mixed with a solution of 

HBpin in a 1:4 ratio at room temperature. The reaction solution was initially colourless 

and gradually developed a yellow colour upon heating at 60 °C for 24 hours. No 

precipitate formation was observed in this reaction. 

The proton NMR spectrum of the reaction solution collected after heating the reaction at 

60 °C for 24 hours is shown in Figure 3.14. Information obtained from the proton NMR 

spectrum suggests the formation of {(Me3Si)2N}Bpin (Product 01) during the reaction 

as the only by-product. A peak due to the methyl groups on Si appears at 0.33 ppm with 

the expected integration of 18H and a peak due to the methyl groups on Bpin can be seen 

at 1.03 ppm with the expected integration of 12H.  Some unreacted HBpin can also be 

seen in the spectrum (Figure 3.14-labelled with an asterisk). As with the reaction between 
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Ge{N(SiMe3)2}2 and LAlH2, a singlet was observed at 0.09 ppm, presumably due to the 

remaining N(SiMe3)2 group on germanium. However, integration of this peak relative to 

that of the {(Me3Si)2N}Bpin by-product is 1:3, rather than the expected 1:1 ratio based 

on the reaction stoichiometry. A possible GeH signal was also located at 6.02 ppm, and 

integrates to approximately 1H relative to the N(SiMe3)2 signal (18H). However, this 

ratio contrasts that observed in the reaction of Ge{N(SiMe3)2}2 with LAlH2, indicating 

that the signals at 0.09 and 6.02 ppm do not arise from the same compound. The exact 

nature of the GeHx{N(SiMe3)2}y (x ≥ 0; y < 2) product in this reaction is unclear. Further 

characterization of {(Me3Si)2N}Bpin is discussed in Section 3.5. 

 

Figure 3.14: The proton NMR spectrum of the 1:4 reaction of Ge{N(SiMe3)2}2 with HBpin 

in d6-benzene collected after heating the reaction at 60 °C for 24 hours. The asterisk 

indicates unreacted HBpin. Triangle indicate peaks correspond to {(Me3Si)2N}Bpin and 

GeHx{N(SiMe3)2}y (x ≥ 0; y < 2) is labelled with a square.  
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3.3.2.3 Reaction of Ge{N(SiMe3)2}2 with AlH3(Quinuclidine) 

To investigate the reactivity between Ge{N(SiMe3)2}2 and AlH3(Quinuclidine), solutions 

of both reagents in d6-benzene were mixed together in a 1:4 ratio at room temperature. The 

resulting solution was colourless and heating the reaction solution up to 80 °C for 24 hours 

did not indicate any visible changes. The proton NMR spectrum collected for the reaction 

mixture after heating at 80 °C for 24 hours, is shown in Figure 3.15 and indicates that the 

two reagents did not react with each other.  

 

Figure 3.15: The proton NMR spectrum of the 1:4 reaction of Ge{N(SiMe3)2}2 and 

AlH3(Quinuclidine) in d6-benzene, collected after heating the reaction solution at 80 °C for 

24 hours. Stars indicate the peaks of AlH3(Quinuclidine). 
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3.3.2.4 Reaction of Ge{N(SiMe3)2}2 with BH3(NMe3) 

A solution of Ge{N(SiMe3)2}2 in d6-benzene was mixed together with a solution of 

BH3(NMe3) in a 1:4 ratio at room temperature to investigate the solution reactivity between 

the two reagents. A colourless solution was formed after mixing reagents at room 

temperature and did not change colour upon heating up to 80 °C for 24 hours. The proton 

NMR spectrum of the reaction solution collected after heating the reaction mixture for 24 

hours at 80 °C is shown in Figure 3.16 and indicates that the two reagents did not react with 

each other. 

 

Figure 3.16: The proton NMR spectrum of the 1:4 reaction of Ge{N(SiMe3)2}2 with 

BH3(NMe3) in d6-benzene, collected after heating the reaction solution at 80 °C for 24 

hours. Stars indicate the peaks of BH3(NMe3). 
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3.3.2.5 Reaction of Ge{N(SiMe3)2}2 with PhSiH3 

A solution of Ge{N(SiMe3)2}2 in d6-benzene was mixed with a solution of PhSiH3 in a 1:5 

ratio at room temperature to investigate the solution reactivity of Ge{N(SiMe3)2}2 with 

PhSiH3. A clear colourless solution was formed upon mixing the reagents and did not 

change colour upon heating the reaction solution to 80 °C for 24 hours. The proton NMR 

spectrum of the reaction solution was collected after heating at 80 °C for 24 hours (Figure 

3.17) and indicates that two reactants did not react. 

 

Figure 3.17: The proton NMR spectrum of the 1:5 reaction of Ge{N(SiMe3)2}2 with PhSiH3 

in d6-benzene, collected after heating the reaction solution at 80 °C for 24 hours. 
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3.3.3 Solution reactivity studies of Ge(OCH2CH2NMe2)2  

 

Scheme 3.11: Proposed reaction pathway for reactions of Ge(OCH2CH2NMe2)2 with 

hydride reagents to produce elemental germanium. E = Bpin, LAlH (L= 

tBuNCH2CH2NMe2), AlH2(Quinuclidine), BH2(NMe3), or PhSiH2. 

Scheme 3.11 illustrates the general reaction pathway anticipated for solution reactions 

between Ge(OCH2CH2NMe2)2 with hydride-reducing co-reagents. A ligand exchange 

reaction is expected to replace both OCH2CH2NMe2 groups on Ge(OCH2CH2NMe2)2 and 

would produce a polymeric germanium hydride (GeHx, x<2) with hydrogen gas which can 

be detected in proton NMR spectrum at 4.47 ppm in d6-benzene.136,137 The polymeric GeHx 

is expected to produce elemental Ge upon heating around 200 °C.136,137 
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3.3.3.1 Reaction of Ge(OCH2CH2NMe2)2 with LAlH2 

 

Scheme 3.12: Possible by-products predicted for the 1:1 reaction of Ge(OCH2CH2NMe2)2 

and LAlH2. 

A ligand exchange reaction between Ge(OCH2CH2NMe2)2 and LAlH2 reagents is predicted 

to produce LAl(OCH2CH2NMe2)2 (Product 01) by replacing both hydride groups on 

LAlH2, or LAlH(OCH2CH2NMe2) (Product 02) by replacing only one hydride group on 

LAlH2 (Scheme 3.12). 

Solutions of Ge(OCH2CH2NMe2)2 and LAlH2 were prepared in d6-benzene and were mixed 

together in a 1:1 ratio at room temperature. Upon mixing reagents, formation of a dark 

orange precipitate was observed along with gas formation. A Proton NMR spectrum of the 

reaction mixture was collected 24 hours after mixing reagents, and is shown in Figure 3.18 
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c along with the proton NMR spectra of Ge(OCH2CH2NMe2)2 and LAlH2 (Figure 3.18 a 

and Figure 3.18 b respectively). The proton NMR spectrum of the reaction solution contains 

a set of broad peaks and identification of by-products of the reaction was difficult. The 

NMR spectrum indicates that no unreacted Ge(OCH2CH2NMe2)2 or LAlH2 remains in the 

solution. The reaction was expected to produce LAl(OCH2CH2NMe2)2 (Product 01) as the 

major by-product. Formation of hydrogen gas during the reaction was confirmed by the 

proton NMR spectrum (Figure 3.18 – Enlarged region; labelled with a circle). Except for 

the hydrogen peak, other peaks in the proton NMR spectrum were not identified. Another 

reaction between the two reagents was carried out as mentioned above, with a 1:2 ratio 

between Ge(OCH2CH2NMe2)2 and LAlH2. However, the resulting proton NMR spectrum 

appeared similar to the proton NMR spectrum of the 1:1 reaction. 

After the reaction was complete, solvents were removed by centrifugation to collect the 

dark orange precipitate. This precipitate was washed with toluene followed by hexanes. 

The dry powder of the precipitate was used to collect the X-ray diffractogram (Figure 3.19) 

and indicates an amorphous solid. 
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Figure 3.18: The proton NMR spectra in d6-benzene of a) Ge(OCH2CH2NMe2)2, b) LAlH2, 

and c) the 1:1 reaction of Ge(OCH2CH2NMe2)2 with LAlH2 collected after the reaction had 

proceeded for 24 hours at room temperature. The circle indicates the hydrogen gas. 



M.Sc. Thesis- Kasuni C. Wedisinghe McMaster University 

156 
 

 

Figure 3.19: Powder X-ray diffractogram (PXRD) of the orange precipitate GeHx formed 

from the 1:1 reaction of Ge(OCH2CH2NMe2)2 and LAlH2 in d6-benzene, 24 h, RT.  
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3.3.3.2 Reaction of Ge(OCH2CH2NMe2)2 with HBpin 

 

Scheme 3.13: Proposed reaction pathway for the 1:2 reaction between 

Ge(OCH2CH2NMe2)2 and HBpin (assuming pathway in the Scheme 3.11). 

A 1:2 reaction between Ge(OCH2CH2NMe2)2 and HBpin was expected to produce 

(Me2NCH2CH2O)Bpin (Product 01) as the only by-product as illustrated in Scheme 3.13. 

A solution of Ge(OCH2CH2NMe2)2 prepared in d6-benzene was added to a solution of 

HBpin at room temperature in a 1:2 ratio. A vigorous reaction was observed after mixing 

reagents which soon formed an orange-coloured precipitate. The proton NMR spectrum of 

the solution was collected after the reaction had proceeded for 24 hours at room temperature 

and indicated the completion of the reaction (Figure 3.20). The only by-product observed 

in the spectrum appeared to be (Me2NCH2CH2O)Bpin (Product 01) as expected, with a 

peak for hydrogen gas at 4.47 ppm in d6-benzene. 
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Figure 3.20: The proton NMR spectrum of the 1:2 reaction of Ge(OCH2CH2NMe2)2 with 

HBpin in d6-benzene, collected after 24 hours at room temperature. The circle indicates the 

hydrogen gas. 

Further characterization, the thermal stability, and the crystal structure of 

(Me2NCH2CH2O)Bpin is discussed in detail in Section 3.5. The orange precipitate formed 

in the reaction was collected as follows. Solvents were removed by centrifugation and the 

precipitate was washed several times with toluene and then hexanes. The X-ray 

diffractogram of the precipitate indicates that it is an amorphous solid. (Figure 3.21). 
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Figure 3.21: Powder X-ray diffractogram (PXRD) of the orange precipitate GeHx formed 

from the1:1 reaction of Ge(OCH2CH2NMe2)2 and HBpin in d6-benzene, 24 h, RT. 
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3.3.3.3 Reaction of Ge(OCH2CH2NMe2)2 with AlH3(Quinuclidine) 

 

Scheme 3.14: Possible by-products predicted for the reaction of Ge(OCH2CH2NMe2)2 and 

AlH3(Quinuclidine). 

Three different by-products indicated in the Scheme 3.14 can be formed during a solution 

reaction between Ge(OCH2CH2NMe2)2 and AlH3(Quinuclidine), depending on how many 

hydride groups are replaced. Product 01 is formed from exchange of one hydride group, 

whereas Products 02 and 03 are formed from the exchange of two and three hydride groups, 

respectively. 

Solutions of Ge(OCH2CH2NMe2)2 and AlH3(Quinuclidine) in d6-benzene were mixed 

together in a 1:2 ratio at room temperature. Orange precipitate formation was observed 

soon after mixing the reagents at room temperature. The proton NMR spectrum of the 

reaction collected 24 hours after mixing the reagents at room temperature is shown in 
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Figure 3.22 b along with a proton NMR spectrum of quinuclidine (Figure 3.22 a). The 

complexity of the spectrum made it difficult to identify all peaks separately. However, the 

spectrum evidently indicates the formation of free quinuclidine during the reaction, which 

confirms that Al dissociates from quinuclidine upon reacting with Ge(OCH2CH2NMe2)2.  

 

Figure 3.22: The proton NMR spectra in d6-benzene of a) Quinuclidine and b) the 1:2 

reaction between Ge(OCH2CH2NMe2)2 and AlH3(Quinuclidine) collected after 24 hours at 

room temperature. 

The orange precipitate formed in the reaction was collected by removing solvents using 

centrifugation followed by washings with toluene and the hexanes. The powder X-ray 

diffractogram of the precipitate collected revealed that it was amorphous (Figure 3.23). 
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Figure 3.23: Powder X-ray diffractogram (PXRD) of the orange precipitate GeHx formed 

from the 1:2 reaction of Ge(OCH2CH2NMe2)2 and AlH3(Quinuclidine) in d6-benzene, 24 

h, RT. 
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3.3.3.4 Reaction of Ge(OCH2CH2NMe2)2 with BH3(NMe3) 

 

Scheme 3.15: Possible by-products predicted for the reaction of Ge(OCH2CH2NMe2)2 and 

BH3(NMe3). 

BH2(OCH2CH2NMe2)(NMe3) (Product 01), BH(OCH2CH2NMe2)2(NMe3) (Product 02) or 

B(OCH2CH2NMe2)3(NMe3) (Product 03) are the possible by-products of the ligand 

exchange reaction between Ge(OCH2CH2NMe2)2 and BH3(NMe3), as illustrated in Scheme 

3.15. In order to study the solution reactivity of Ge(OCH2CH2NMe2)2 with BH3(NMe3), a 

solution of Ge(OCH2CH2NMe2)2 in d6-benzene was mixed with a solution of BH3(NMe3) 

in d6-benzene in a 1:1 ratio at room temperature. No immediate reaction was observed after 

mixing the reagents. However, after 24 hours at room temperature an orange-brown 

precipitate was observed. 
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The proton NMR spectrum of the reaction was collected 24 hours after mixing the reagents 

at room temperature, and is shown in Figure 3.24. Formation of hydrogen gas was 

confirmed from the proton NMR spectrum (Labelled with a circle). Based on peak 

integrations, the spectrum suggests the formation of B(OCH2CH2NMe2)3(NMe3) (Product 

03) as the only by-product of the reaction. This is further confirmed by the absence of 

equal-intensity quartet peaks for H attached to 11B. It is also possible for the trimethylamine 

group to dissociate, producing B(OCH2CH2NMe2)3 and NMe3, which would give rise to 

the same peak pattern in the proton NMR spectrum. Some unreacted BH3(NMe3) can also 

be seen in the spectrum which is labelled with an asterisk. 

 

Figure 3.24: The proton NMR spectra of the 1:1 reaction solution of Ge(OCH2CH2NMe2)2 

and BH3(NMe3) in d6-benzene, collected at room temperature after 24 hours. Unreacted 

BH3(NMe3) is labelled with an asterisk and the hydrogen peak is indicated with a circle. 
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3.3.3.5 Reaction of Ge(OCH2CH2NMe2)2 with PhSiH3 

 

Scheme 3.16: Possible by-products predicted for the reaction of Ge(OCH2CH2NMe2)2 and 

PhSiH3. 

As illustrated in the Scheme 3.16, the reaction between Ge(OCH2CH2NMe2)2 and PhSiH3 

can produce three different by-products. Exchange of one hydride group on PhSiH3 with a 

OCH2CH2NMe2 group on Ge(OCH2CH2NMe2)2 will produce PhSiH2(OCH2CH2NMe2) 

(Product 01) and subsequent loss of hydride groups will produce PhSiH(OCH2CH2NMe2)2 

(Product 02) and PhSi(OCH2CH2NMe2)3 (Product 03) respectively. 

To study the reactivity of Ge(OCH2CH2NMe2)2 towards PhSiH3 in solution, a solution of 

PhSiH3 was added to a stirring solution of Ge(OCH2CH2NMe2)2 in d6-benzene in a 1:5 ratio 

at room temperature. An orange-coloured precipitate was observed immediately after 
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mixing the reagents at room temperature. The proton NMR spectrum of the reaction 

solution collected 24 hours after mixing reagents at room temperature is shown in Figure 

3.25. The proton NMR spectrum of the reaction confirms the formation of hydrogen gas 

(Figure 3.25-Labelled with a circle). Based on the proton NMR spectrum, the reaction 

seems to produce PhSiH(OCH2CH2NMe2)2 (Product 02) (Figure 3.25-Labelled with 

squares) and PhSi(OCH2CH2NMe2)3 (Product 03) (Figure 3.25-Labelled with triangles). 

No signs of PhSiH2(OCH2CH2NMe2) (Product 01) were observed from the spectrum.  

 

Figure 3.25: The proton NMR spectrum of the 1:5 reaction of Ge(OCH2CH2NMe2)2 and 

PhSiH3 in d6-benzene, collected at room temperature after 24 hours. A delay time of 15s 

was used to ensure proper integration of SiH signals. PhSiH(OCH2CH2NMe2)2 is labelled 

with squares and PhSi(OCH2CH2NMe2)3 is labelled with stars. The circle indicates the peak 

of the hydrogen gas. 
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Ge(OCH2CH2NMe2)2 and PhSiH3 were mixed in several different ratios to explore the 

ability to produce only one by-product during the reaction. Regardless of the stoichiometric 

ratios between Ge(OCH2CH2NMe2)2 and PhSiH3, all reactions continually produced both 

PhSiH(OCH2CH2NMe2)2 (Product 02) and PhSi(OCH2CH2NMe2)3 (Product 03). However, 

the distribution between these two products were changing when varying the stoichiometric 

ratios between two reagents. In order to further understand the product distribution reactant 

solutions of PhSiH3 and HOCH2CH2NMe2 in d6-benzene were mixed together in 1:1, 1:2, 

and 1:3 ratios at room temperature. Figure 3.26 illustrates a comparison of proton NMR 

spectra collected for reaction solutions of 1:1, 1:2, and 1:3 (Figure 3.26 a, Figure 3.26 b, 

and Figure 3.26 c respectively). Comparison of these spectra reveals that increasing 

HOCH2CH2NMe2 in the reaction favours the formation of PhSi(OCH2CH2NMe2)3 (Product 

03). 
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Figure 3.26: Proton NMR spectra collected for reactions between PhSiH3 and 

HOCH2CH2NMe2 in d6-benzene at room temperature, a) 1:3 reaction, b) 1:2 reaction, and 

c) 1:1 reaction. Delay time of 15s was used to ensure proper integration of SiH signals. 

PhSiH(OCH2CH2NMe2)2 is labelled with squares and PhSi(OCH2CH2NMe2)3 is labelled 

with triangles. 
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Figure 3.27 shows the X-ray diffractogram collected for the orange precipitate (GeH)x 

formed from the reaction. As is evident from the diffractogram, the precipitate was found 

to be amorphous, as expected. 

Figure 3.27: Powder X-ray diffractogram (PXRD) of the orange precipitate GeHx formed 

from the1:5 reaction of Ge(OCH2CH2NMe2)2 and PhSiH3 in d6-benzene, 24 h, RT.  
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3.4 Attempts to obtain Ge from GeHx precipitates 

All of the reactions of Ge precursors and reducing reagents gave a precipitate, which was 

a fine powder with colours ranging from yellow to dark orange. According to information 

available on literature, this yellow coloured amorphous solid is believed to be a polymeric 

germanium hydride with the formula of GeHx, where x is close to 1 (values between 0.95 

to 1.10 had been found), giving the formula (GeH)x.139 GeHx has been reported to 

decompose into its elements upon heating, following the reaction equation mentioned in 

the Scheme 3.17.136 137 However, information regarding the decomposition temperature is 

somewhat controversial, and dependent on the method of synthesis. According to Dennis 

and Skow, dissolving NaGe alloy in cold water or concentrated HCl(aq) resulted in GeHx as 

brown powder, which decomposed into its elements at 165 °C.136 Kraus, C. A et al, 

produced GeHx as a brownish solid from the reaction of NaGe alloy with NH4Br in liquid 

NH3, and upon heating GeHx after evaporating NH3, hydrogen gas evolution was observed 

at or above 100 °C.137 They found that most of the hydrogen was given off between 100-

200 °C yet small quantities of hydrogen were evolved until 500 °C.137 

 

Scheme 3.17: Decomposition of (GeH)x into its elements.136 137 

The polymeric GeHx does not dissolve in any inorganic or organic solvents without a 

reaction.136 Characterization of GeHx using IR spectroscopy was found to produce three 

major Ge-H  bands at 2062 cm-1, 833 cm-1, and 775 cm-1.139  



M.Sc. Thesis- Kasuni C. Wedisinghe McMaster University 

171 
 

To determine the accurate temperature and the duration of heat required for GeHx to 

decompose into elemental Ge and hydrogen gas, several different GeHx precipitates 

collected from 1:10 reactions of Ge(OCH2CH2NMe2)2 with HBpin and PhSiH3 were heated 

under a dynamic argon flow. These X-ray diffractograms were then compared against the 

diffraction pattern produced by elemental Ge to find out if any reactions were able to 

produce elemental Ge. Figure 3.28 indicates the X-ray diffractogram of elemental Ge. 

Figure 3.28: Powder X-ray diffraction (PXRD) pattern of elemental Germanium.140 

The orange precipitate GeHx was collected from the 1:10 reaction of Ge(OCH2CH2NMe2)2 

with HBpin in toluene. The resulting GeHx was separated by centrifugation and washed 

with toluene followed by hexanes. GeHx was heated at 200 °C for 24 hours under a dynamic 

argon flow. The orange powder turned a grey/black colour upon heating. Figure 3.29 

indicates the X-ray diffractogram obtained for the grey precipitate. With comparison to the 
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X-ray diffractogram of elemental Ge (Figure 3.28), only a little hump around 2θ = 27° was 

observed, which corresponds to the most prominent 111 peak for elemental germanium. 

 

Figure 3.29: X-ray diffractogram of the grey-black solid obtained after heating (200 °C, 24 

h) the orange GeHx precipitate from the 1:10 reaction between Ge(OCH2CH2NMe2)2 and 

HBpin. 

The broad hump at around 2θ = 27° does not provide sufficient evidence to confirm the 

formation of elemental Ge. However, it is not inconsistent with the formation of this 

product; peak broadening can be produced by Ge with low crystallinity, or very small 

particle size.  

  

2θ (°), λ = 1.5406 Å 

In
te

ns
ity

 (a
.u

.) 

 



M.Sc. Thesis- Kasuni C. Wedisinghe McMaster University 

173 
 

In another attempt, the orange-coloured GeHx precipitate collected from the same reaction 

was heated at 200 °C for 48 hours. Similar to the previous reaction, upon heating the 

precipitate turned grey/black in colour. Figure 3.30 illustrates the X-ray diffractogram 

collected for the precipitate, which again indicates a small hump at around 2θ = 27°. 

 

Figure 3.30: X-ray diffractogram of the grey-black solid obtained after heating (200 °C, 48 

h) the orange GeHx precipitate from the 1:10 reaction between Ge(OCH2CH2NMe2)2 and 

HBpin. 
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The orange precipitate GeHx was then heated at 230 °C for 48 hours under a dynamic argon 

flow and the X-ray diffractogram was collected (Figure 3.31). Once More, the 

diffractogram indicates only the little hump at around 2θ = 27°. In summary, heating the 

orange precipitate collected from the reaction between Ge(OCH2CH2NMe2)2 and HBpin 

afforded a grey/black powder. PXRD on this product provided some support for the 

formation of elemental Ge, but additional characterization would be required to confirm 

whether this is the case. 

 

Figure 3.31: X-ray diffractogram of the grey-black solid obtained after heating (230 °C, 48 

h) the orange GeHx precipitate from the 1:10 reaction between Ge(OCH2CH2NMe2)2 and 

HBpin. 
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A 1:10 reaction of Ge(OCH2CH2NMe2)2 with PhSiH3 was carried out in toluene at room 

temperature. The orange precipitate of GeHx was collected after few hours by centrifugation 

and washing with toluene followed by hexanes. The orange GeHx powder turned grey/black 

upon heating at 200 °C for 24 hours. Figure 3.32 indicates the X-ray diffractogram of the 

grey precipitate, and only a little hump at around 2θ = 27° can be seen in the diffractogram. 

 

Figure 3.32: X-ray diffractogram of the grey-black solid obtained after heating (200 °C, 24 

h) the orange GeHx precipitate from the 1:10 reaction between Ge(OCH2CH2NMe2)2 and 

PhSiH3. 
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Another sample of the orange precipitate collected from the same reaction was then heated 

for 48 hours at 200 °C under a dynamic argon flow. The precipitate turned grey/black in 

colour upon heating and the X-ray diffractogram of the precipitate was collected. A little 

hump at around 2θ = 27° is observed in the X-ray diffractogram (Figure 3.33). 

Figure 3.33: X-ray diffractogram of the grey-black solid obtained after heating (200 °C, 48 

h) the orange GeHx precipitate from the 1:10 reaction between Ge(OCH2CH2NMe2)2 and 

PhSiH3. 

In another attempt the orange GeHx precipitate was heated at 230 °C for 48 hours and the 

X-ray diffractogram was collected (Figure 3.34). The diffractogram indicates the formation 

of pure elemental Ge as it aligns well with diffraction pattern of elemental Ge. However, 

two other attempts were taken to investigate the reproducibility of the results observed and 
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both X-ray diffractograms collected only indicated a small hump at around 2θ = 27°. It is 

not clear why this one experiment yielded a sample of crystalline Ge with sufficient particle 

size to avoid peak broadening. However, this result provides some support to the idea that 

broad peak at 2θ = 27°, which was observed for most samples, may indeed be due to 

elemental germanium. 

Figure 3.34: X-ray diffractogram of the grey-black solid obtained after heating (230 °C, 48 

h) the orange GeHx precipitate from the 1:10 reaction between Ge(OCH2CH2NMe2)2 and 

PhSiH3. 
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3.5 Further characterization of products formed in the solution reactions 

Some solution reactions of Ge precursors with reducing reagents produced only one by-

product. Attempts were taken to isolate or separately synthesize these by-products and to 

characterize them using relevant methods. 

3.5.1 (tBuNCH2CH2NMe2)AlCl2 (LAlCl2) 

An equimolar reaction of GeCl2(Dioxane) with LAlH2 in d6-benzene at room temperature 

produced LAlCl2 as evident from the proton NMR spectrum. LAlCl2 has previously been 

produced in a reaction between LAlH2 and AlCl3.110 1H and 13C{1H} NMR spectra of 

LAlCl2 (prepared via the 1:1 reaction of GeCl2(Dioxane) with LAlH2) were collected and 

they were compared against the spectral data found in the literature, as shown in Figures 

3.35 and 3.36.110 These 1D spectra confirm the formation of LAlCl2 in the reaction of 

GeCl2(Dioxane) with LAlH2, and the expected correlations were observed in the HSQC 

NMR spectrum (Figure 3.37). 
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Figure 3.35: 1H NMR spectra in d6-benzene collected for, a) The 1:1 solution reaction 

between GeCl2(Dioxane) and LAlH2 (24 h, RT) and b) LAlCl2. Reprinted with permission 

from ref. 110. Copyright 2018 American Chemical Society. 
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Figure 3.36: 13C{1H} NMR spectra in d6-benzene collected for, a) The 1:1 solution reaction 

between GeCl2(Dioxane) and LAlH2 (24 h, RT) and b) LAlCl2. Reprinted with permission 

from ref. 110. Copyright 2018 American Chemical Society.  
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Figure 3.37: Heteronuclear single quantum correlation (HSQC) NMR spectrum in d6-

benzene collected for the 1:1 solution reaction between GeCl2(Dioxane) and LAlH2 (24 h, 

RT). 
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3.5.2 (Me2NCH2CH2O)Bpin 

The reaction between Ge(OCH2CH2NMe2)2 and HBpin seemed to produce 

(Me2NCH2CH2O)Bpin as the only by-product, as evident from the proton NMR spectrum 

collected. Once the reaction was complete, the orange-coloured precipitate GeHx was 

separated by centrifugation, and solvent was removed from the supernatant in vacuo. The 

residue was then dissolved in hexanes and cooled to -30 °C to afford crystals of 

(Me2NCH2CH2O)Bpin.  

The X-ray structure of (Me2NCH2CH2O)Bpin is shown in Figure 3.38. The structure was 

solved under the space group P21/c with an R1 value of 4.86. In the structure, boron is four 

coordinated with a B ←N coordinate bond and adopts a distorted tetrahedral geometry 

around the B atom. The B(1)–N(1) bond distance is 1.695(4) Å which is longer than all B–

O bonds (1.453(4)-1.499(3) Å.  

 

Figure 3.38: X-ray crystal structure of (Me2NCH2CH2O)Bpin, with thermal ellipsoids 

drawn at 50% probability. Hydrogen atoms have been omitted for clarity. 
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Table 3.1: Selected bond angles (°) and Bond lengths for (Me2NCH2CH2O)Bpin with 

estimated standard deviations in parentheses. 

O(1)–B(1)–O(2) 106.6(2) ° 

O(1)–B(1)–O(3) 117.6(2) ° 

O(1)–B(1)–N(1) 107.7(2) ° 

O(2)–B(1)–O(3) 112.1(2) ° 

O(2)–B(1)–N(1) 112.8(2) ° 

O(3)–B(1)–N(1) 100.0(2) ° 

N(1)–B(1) 1.695(4) Å 

O(1)–B(1) 1.499(3) Å 

O(2)–B(1) 1.453(4) Å 

O(3)–B(1) 1.460(4) Å 

 

To characterize and to study the thermal stability and volatility of (Me2NCH2CH2O)Bpin, 

this product was independently synthesized using the reaction between Me2NCH2CH2OH 

and HBpin. Scheme 3.18 illustrates the reaction pathway involved in the synthesis. 

Me2NCH2CH2OH and HBpin were mixed together in 1:1 ratio at room temperature. The 

reaction was complete after a few hours, volatiles were removed in vacuo, and 

(Me2NCH2CH2O)Bpin was crystallized from hexanes at -30 °C with a yield of 70%. 

(Me2NCH2CH2O)Bpin could be sublimed at 60 °C/9 mTorr. 
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Scheme 3.18: Reaction pathway for the synthesis of (Me2NCH2CH2O)Bpin. 

Figure 3.39 shows NMR spectra collected for (Me2NCH2CH2O)Bpin. 1H, 13C{1H}, and 

11B{1H} NMR spectra confirm that (Me2NCH2CH2O)Bpin is free of impurities, and 

observation of a single peak for the pinacolate CMe2 groups (in the 1H and 13C NMR 

spectra) indicates that the amine of the OCH2CH2NMe2 ligand rapidly dissociates and re-

associates in solution. The HSQC NMR spectrum of (Me2NCH2CH2O)Bpin (Figure 3.40) 

further confirms the C–H connectivity of the CH3 and CH2 groups in 

(Me2NCH2CH2O)Bpin.  
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Figure 3.39: a) 1H, b) 13C{1H}, and c) 11B{1H} NMR spectra of (Me2NCH2CH2O)Bpin in 

d6-benzene. 
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Figure 3.40: Heteronuclear single quantum correlation (HSQC) NMR spectrum collected 

for (Me2NCH2CH2O)Bpin in d6-benzene. 

The thermal stability of (Me2NCH2CH2O)Bpin was studied by heating a solid sample of 

(Me2NCH2CH2O)Bpin under a dynamic argon flow for 24 hours at different temperatures 

ranging from 100-140 °C. No visual change was observed at these temperatures, and 
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comparison of proton NMR spectra further confirm that (Me2NCH2CH2O)Bpin is stable up 

to 140 °C (Figure 3.41). 

 

Figure 3.41: Proton NMR spectra collected for thermal stress testing of 

(Me2NCH2CH2O)Bpin in d6-benzene, a) at RT, b) heated at 100 °C/24 h under a dynamic 

argon flow, and c) heated at 140 °C/24 h under a dynamic argon flow. 
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3.5.3 {(Me3Si)2N}Bpin 

The 1:4 reaction between Ge{N(SiMe3)2}2 and HBpin in d6-benzene produced 

{(Me3Si)2N}Bpin as the only by-product judged by the proton NMR spectrum. In order 

to confirm the formation of {(Me3Si)2N}Bpin, 13C{1H} and 11B{1H} NMR spectra of the 

reaction solution were collected (Figure 3.42). The proton NMR spectrum indicates two 

singlets as expected for {(Me3Si)2N}Bpin. The singlet at 0.3 ppm is for the methyl groups 

connected to the Si atom of the (Me3Si)2N group, and the singlet at 1.03 ppm is for the 

methyl groups attached to the C atoms of the Bpin group. The 13C{1H} NMR spectrum 

indicates methyl groups attached to Si at 3.8 ppm and methyl groups attached to C at 

24.7 ppm. Carbons directly connected to the O atom appear at 81.7 ppm. Both the 1H and 

13C{1H} NMR spectra indicate peaks believed to be from N(SiMe3)2 group of 

GeHx{N(SiMe3)2}y (x ≥ 0; y < 2) (Figure 3.42: labelled with triangles). In the 11B{1H} 

NMR spectrum, there are only two peaks, one is from unreacted excess HBpin and the 

other is from {(Me3Si)2N}Bpin. In summary, comparison of 1H, 13C{1H}, and 11B{1H} 

NMR spectra of the solution formed from the reaction of Ge{N(SiMe3)2}2 with HBpin 

confirms the formation of {(Me3Si)2N}Bpin. 
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Figure 3.42: a) 1H, b) 13C{1H}, and c) 11B{1H} NMR spectra collected for the 1:4 reaction 

solution of Ge{N(SiMe3)2}2 and HBpin in d6-benzene. GeHx{N(SiMe3)2}y (x ≥ 0; y < 2), 

{(Me3Si)2N}Bpin, and unreacted HBpin is labelled with triangles, squares, and with an 

asterisk, respectively. 
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3.6 Summary, conclusions, and future work 

Solution reactions of all germanium precursors are expected to follow a reaction pathway 

in which both ligands are replaced with hydride groups to produce polymeric GeHx and H2 

gas. Hence, a positive reaction would be indicated by the observation of hydrogen gas in 

the proton NMR spectrum at 4.47 ppm in d6-benzene. However, none of the reactions of 

Ge{N(SiMe3)2}2 produced H2 as evident from the proton NMR spectra collected.  By 

contrast, H2 formation was observed in all solution reactions of GeCl2(Dioxane) and 

Ge(OCH2CH2NMe2)2. In order to confirm the formation of H2, the J-young tube was left 

open for few hours at room temperature and the NMR spectrum was collected again which 

indicated the disappearance of the peak at 4.47 ppm.  

Table 2.2 indicates a summary of results obtained for solution reactivity studies for all three 

Ge precursors with hydride co-reactants along with the stoichiometric ratios between 

reagents. In summary, Ge{N(SiMe3)2}2 only reacted with LAlH2 and HBpin and none of 

these reactions produced a precipitate. Based on the NMR spectra collected, it was found 

that only one N(SiMe3)2 group on Ge{N(SiMe3)2}2 is replaced with a hydride group even 

in the presence of excess co-reactant.  

For solution reactions of GeCl2(Dioxane), LAlH2 produced an orange precipitate upon 

mixing the reagents at room temperature. Reactions with both AlH3(Quinuclidine) and 

BH3(NMe3) produced yellow solutions upon mixing reagents, which then produced orange 

precipitates in about 30 minutes and in 24 hours, respectively. The reaction with PhSiH3 

only produced a precipitate upon heating at 60 °C for 24 hours. Hence, the reactivity of 
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GeCl2(Dioxane) with co-reactants can be arranged as follows from highest reactivity to 

lowest reactivity; LAlH2 > AlH3(Quinuclidine) > BH3(NMe3) > PhSiH3 > HBpin (no 

precipitate). 

All solution reactions of Ge(OCH2CH2NMe2)2 produced yellow-orange precipitates at 

room temperature immediately upon mixing reagents together, except for the reaction with 

BH3(NMe3) where a precipitate was only observed after 24 hours. Comparing the 

reactivities of all Ge precursors indicate that Ge{N(SiMe3)2}2 has the lowest reactivity with 

the selected reducing reagents compared to GeCl2(Dioxane) and Ge(OCH2CH2NMe2)2. 

From the reducing reagents studied, LAlH2 and HBpin reacted with all Ge precursors.  

Precipitates produced in reactions ranged in colours from yellow to dark orange. The 

precipitate was found to be amorphous based on X-ray diffraction data. This precipitate is 

hypothesized to be the germanium monohydride polymer; (GeH)x which decomposes into 

its elements, elemental Germanium, and hydrogen gas upon heating at temperatures above 

200 °C. 

Considering the overall reactivity shown by the Ge precursors, Ge(OCH2CH2NMe2)2 

indicates highest reactivity with all reducing agents, hence would be an ideal candidate for 

reactor studies. Furthermore, Ge(OCH2CH2NMe2)2 can be easily synthesized and possesses 

good volatility and thermal stability. 

To investigate the heating temperature and duration of heating for the thermal 

decomposition of GeHx, in to its elements, the orange colour precipitates formed from the 

reactions of Ge(OCH2CH2NMe2)2 with HBpin and PhSiH3 were heated between 200 °C 
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and 230 °C for different time durations under a dynamic argon flow. For all reactions to 

prepare GeHx for this purpose, a large excess of the co-reactant was used to ensure the 

complete conversion of Ge(OCH2CH2NMe2)2 into GeHx. All but one of the X-ray 

diffractograms collected upon heating the precipitate from reactions of 

Ge(OCH2CH2NMe2)2 with HBpin and PhSiH3 indicated a small hump at around 2θ = 27° 

for the different temperatures and heating time durations studied. However, on one 

occasion, heating the precipitate (230 °C, 48 h) formed in the reaction between 

Ge(OCH2CH2NMe2)2 and PhSiH3 produced an X-ray diffractogram with sharp peaks 

identical to elemental Ge. Hence, more characterization steps will be required to confirm 

the formation of elemental Ge during heating of the GeHx precipitate. 

 Future studies should focus on (a) additional characterization of the polymeric GeHx 

precipitate, to fully understand its structure, and (b) characterization of the grey/black 

precipitate formed upon heating GeHx to confirm the formation elemental Ge during the 

thermal decomposition. Potential characterization methods include combustion elemental 

analysis, X-ray photo electron spectroscopy (XPS), and solid-state NMR spectroscopy. 

ALD reactor studies using the reactions of Ge(OCH2CH2NMe2)2 would be of high interest, 

especially with PhSiH3 considering its low cost and availability. Reactions with LAlH2 and 

HBpin would also be of interest due to high reactivity with Ge(OCH2CH2NMe2)2. Another 

interesting reaction would be the reaction of GeCl2(Dioxane) with LAlH2 as it forms 

LAlCl2 as the only by-product of the reaction.
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Table 3.2: Summary of solution reactivity studies of Ge(II) precursors. 

Precursors 
Co-reactants 

LAlH2 HBpin AlH3(Quin.) BH3(NMe3) PhSiH3 

Precursor: 
Co-reactant ratio 1:1 1:2 2:1 3:2 3:2 

GeCl2(Dioxane) 

Orange-brown 
precipitate; 
(GeH)x forms 
immediately at 
RT.  

Clear yellow 
solution forms 
immediately. 

No precipitate. 

Yellow solution 
forms 
immediately. 

Orange 
precipitate; 
(GeH)x after 30 
min., RT  

Yellow solution 
forms 
immediately. 

Orange 
precipitate; 
(GeH)x at 24 h, 
RT  

Yellow solution 
forms immediately 

Yellow precipitate; 
(GeH)x at 40 °C, 
24 h 

 

Precursor: 
Co-reactant ratio 1:1 1:4 1: 4 1: 5 1: 4 

Ge{N(SiMe3)2}2 

Clear pale-yellow 
solution. 

Formation of 
LAlH(N(SiMe3)2) 

Clear pale-yellow 
solution at 60 °C, 
24 h. 

Formation of 
(SiMe3)2NBpin  

No reaction No reaction No reaction 
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Precursors 
Co-reactants 

LAlH2 HBpin AlH3(Quin.) BH3(NMe3) PhSiH3 

Precursor: 
Co-reactant ratio 1:1 1:2 1:2 1:1 1:5 

Ge(O(CH2)2NMe2)2 

Orange-brown 
precipitate; 
(GeH)x forms 
immediately at 
RT.  

Orange 
precipitate; 
(GeH)x forms 
immediately at 
RT.  

Orange 
precipitate; 
(GeH)x forms 
immediately at 
RT.  

No immediate 
change. 

Orange 
precipitate; GeHx 
at RT, 24 h 

Orange precipitate; 
(GeH)x forms 
immediately at 
RT.  
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CHAPTER 4 – EXPERIMENTAL 

4.1 General Procedures 

All air-sensitive operations were performed in a purified argon atmosphere using glovebox 

or standard Schlenk line techniques. LiAlH4 in Et2O, LiAlH4, quinuclidine hydrochloride, 

4,4,5,5-tetramethyl-1,3,2-dioxaborolane (HBpin), 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (PrOiBpin), BH3(NMe3), PhSiH3, 2-Chloro-N,N, dimethylamine 

hydrochloride, tertiary-butylamine, 2-dimethylaminoethanol, NaCl, anhydrous MgSO4, 

AlCl3, and isopropanol were purchased from Sigma Aldrich. Zn(OiPr)2, ZnEt2, and 

dimethylzinc (1 M, heaxnes) were purchased from Strem Chemicals. Ge{N(SiMe3)2}2 and 

GeCl2(Dioxane) were purchased from Gelest. 2,4,4,5,5-pentamethyl-1,3,2-dioxaborolane 

(MeBpin) and 2-ethyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (EtBpin) were purchased 

from TCI chemicals. Hexanes, toluene, and benzene were purchased from Caledon and 

diethyl ether was purchased from Sigma. Deuterated benzene (d6-benzene) was purchased 

from ACP chemicals. 2-dimethylaminoethanol and isopropanol were dried over molecular 

sieves and distilled under reduced pressure prior to use. 4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (HBpin) and PhSiH3 were distilled under reduced pressure. AlCl3 was 

sublimed prior to use. Hexanes, diethyl ether, and benzene, were dried and distilled at 

atmospheric pressure from sodium/benzophenone, while toluene was dried and distilled at 

atmospheric pressure from sodium. Deuterated solvent (d6-benzene) was dried and distilled 

from sodium/benzophenone. MeZnOiPr,69 [H2Al(tBuNCH2CH2NMe2)] (LAlH2),110 
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Ge(OCH2CH2NMe2)2,135 and AlH3(Quinuclidine)120 were synthesized following literature 

procedures. 

NMR spectra were collected in dry, oxygen-free d6-benzene. 1H, 13C{1H}, 11B{1H}, and 

HSQC NMR spectroscopy experiments were performed on Bruker AV-500 and AV-600 

spectrometers at 298 K. Chemical shift values are given relative to SiMe4 for 1H and 13C 

NMR spectra, and indirect referencing was used for 11B NMR spectra. All 1H and 13C NMR 

spectra were referenced to SiMe4 through the resonance of the employed deuterated 

solvent; d6-benzene (δ = 7.16 ppm for 1H NMR) or (δ = 128.06 ± 0.02 13C NMR). X-ray 

crystallographic analyses of powder samples were performed on a Bruker D8 Davinci 

diffractometer, equipped with a Vantec 500 area detector, with a focused Cu X-ray source. 

Reference patterns were obtained via Mercury software using data retrieved from the 

Cambridge Crystallographic Structure Database. X-ray crystallographic analysis of crystals 

were performed with crystals covered in Paratone oil and mounted on a SMART APEX II 

diffractometer with 3 kW sealed tube Mo generator in the McMaster Analytical X-ray 

(MAX) Diffraction facility.  

4.2 Solution reactions of Zinc 

4.2.1 The 1:1 reaction of MeZnOiPr with LAlH2 

18.3 mg (0.143 mmol) of MeZnOiPr in ~0.3 mL of d6-benzene was added to 25.0 mg (0.143 

mmol) of LAlH2 in ~0.3 mL of d6-benzene at room temperature. Proton NMR spectra of 

the reaction solution were collected within 10 minutes of mixing the reagents at RT and 
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after 24 hours at RT, 40 °C, 60 °C, and 80 °C, respectively. All other reactions of MeZnOiPr 

and ZnEt2 were carried out analogously, with details provided in the Table 4.1. 

Table 4.1: Amounts of Zn precursors and co-reactants used in solution reactions of 

MeZnOiPr and ZnEt2. 

Precursor name and amount Co-reactant name and amount 
Precursor-co-

reactant ratio 

MeZnOiPr 19.8 mg (0.155 mmol) HBpin 39.6 mg (0.310 mmol) 1:2 

MeZnOiPr 8.9 mg (0.070 mmol) 
AlH3(Quinuclidine) 10.0 mg 

(0.070 mmol) 
1:1 

MeZnOiPr 12.0 mg (0.094 mmol) BH3(NMe3) 6.9 mg (0.090 mmol) 1:1 

ZnEt2 20.0 mg (0.160 mmol) LAlH2 27.6 mg (0.160 mmol) 1:1 

ZnEt2 20.0 mg (0.160 mmol) HBpin 41.5 mg (0.320 mmol) 1:2 

ZnEt2 20.0 mg (0.160 mmol) 
BH3(NMe3) 11.7 mg (0.160 

mmol) 
1:1 

ZnEt2 20.0 mg (0.160 mmol) PhSiH3 21.8 mg (0.160 mmol) 1:1 

4.2.2 The 1:1 reaction of Zn(OiPr)2  with LAlH2  

15.8 mg (0.086 mmol) of Zn(OiPr)2 was added to a solution of 15.0 mg (0.086 mmol) of 

LAlH2 in ~0.6 mL of d6-benzene at room temperature. Proton NMR spectra of the reaction 

solution were collected within 10 minutes of mixing the reagents at RT and after 24 hours 

at RT, 40 °C, 60 °C, and 80 °C, respectively. All other reactions of Zn(OiPr)2 were carried 

out analogously, with details provided in the Table 4.2.  
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Table 4.2: Amounts of Zn precursors and co-reactants used in solution reactions of 

Zn(OiPr)2. 

Precursor name and amount Co-reactant name and amount 
Precursor-co-

reactant ratio 

Zn(OiPr)2 10.0 mg (0.054 mmol) HBpin 34.5 mg (0.270 mmol) 1:5 

Zn(OiPr)2 6.4 mg (0.035 mmol) 
AlH3(Quinuclidine) 10.0 mg 

(0.071 mmol) 
1:2 

Zn(OiPr)2 10.0 mg (0.054 mmol) BH3(NMe3) 4.0 mg (0.054 mmol) 1:1 

Zn(OiPr)2 10.0 mg (0.054 mmol) PhSiH3 14.9 mg (0.109 mmol) 1:2 

4.2.3 Powder X-ray diffraction (PXRD) sample preparation 

The following reaction solutions were selected to collect grey precipitates for powder X-

ray diffraction studies: (a) 1:1 reaction of MeZnOiPr with LAlH2 24 h, RT, (b) 1:2 reaction 

of MeZnOiPr with HBpin 24 h, RT, (c) MeZnOiPr with AlH3(Quinuclidine) 24 h, 40 °C, 

(d) 1:1 reaction of Zn(OiPr)2 with LAlH2 24 h, RT, (e) 1:5 reaction of Zn(OiPr)2 with HBpin 

24 h, 40 °C, (f) 1:2 reaction of Zn(OiPr)2 with AlH3(Quinuclidine) 24 h, RT, (g) 1:2 reaction 

of Zn(OiPr)2 with PhSiH3, 24 h, 60 °C, (h) 1:1 reaction of ZnEt2 with LAlH2, and (i) 1:2 

reaction of ZnEt2 with HBpin after 24 h, RT. Precipitates were collected from each reaction 

solution by centrifugation. Precipitates were washed two times with toluene followed by 

two times with hexanes and dried in vacuo. 
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4.3 Solution reactions of Germanium 

4.3.1 The 1:1 reaction of GeCl2(Dioxane) with LAlH2 

32.7 mg (0.141 mmol) of GeCl2(Dioxane) was added to a solution of 20.0 mg (0.141 mmol) 

of LAlH2 in ~0.6 mL of d6-benzene at room temperature. Proton NMR spectra of the 

reaction solution were collected within 10 minutes of mixing the reagents at RT and after 

24 hours at RT, 40 °C, 60 °C, and 80 °C respectively. All other reactions of 

GeCl2(Dioxane), Ge{N(SiMe3)2}2, and Ge(OCH2CH2NMe2)2 were carried out 

analogously, with details provided in the Table 4.3. 

Table 4.3: Amounts of GeCl2(Dioxane) and co-reactants used in solution reactions of 

GeCl2(Dioxane). 

Precursor name and amount Co-reactant name and amount 
Precursor-co-

reactant ratio 

GeCl2(Dioxane) 19.2 mg 

(0.083 mmol) 
HBpin 21.2 mg (0.166 mmol) 1:2 

GeCl2(Dioxane) 32.8 mg 

(0.142 mmol) 

AlH3(Quinuclidine)10.0 mg (0.071 

mmol) 
2:1 

GeCl2(Dioxane) 25.0 mg 

(0.108 mmol) 
BH3(NMe3) 5.4 mg (0.072 mmol) 3:2 

GeCl2(Dioxane) 30.0 mg 

(0.130 mmol) 
PhSiH3 11.8 mg (0.086 mmol) 3:2 
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4.3.2 The 1:1 reaction of Ge{N(SiMe3)2}2) with LAlH2 

22.8 mg (0.058 mmol) of Ge{N(SiMe3)2}2 in ~0.3 mL of d6-benzene was added to 10.0 mg 

(0.058 mmol) of LAlH2 in ~0.3 mL of d6-benzene at room temperature. Proton NMR 

spectra of the reaction solution were collected within 10 minutes of mixing the reagents at 

RT and after 24 hours at RT, 40 °C, 60 °C, and 80 °C, respectively. All other reactions of 

Ge{N(SiMe3)2}2, and Ge(OCH2CH2NMe2)2 were carried out analogously, with details 

provided in the Table 4.4. 
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Table 4.4: Amounts of Ge precursors and co-reactants used in solution reactions of 

Ge{N(SiMe3)2}2, and Ge(OCH2CH2NMe2)2. 

Precursor name and amount Co-reactant name and amount 
Precursor-co-

reactant ratio 

Ge{N(SiMe3)2}2 19.2 mg 

(0.049 mmol) 
HBpin 25.0 mg (0.195 mmol) 1:4 

Ge{N(SiMe3)2}2 13.9 mg 

(0.036 mmol) 

AlH3(Quinuclidine) 20.0 mg (0.142 

mmol) 
1:4 

Ge{N(SiMe3)2}2 33.7 mg 

(0.086 mmol) 
BH3(NMe3) 25.0 mg (0.343 mmol) 1:4 

Ge{N(SiMe3)2}2 14.4 mg 

(0.037 mmol) 
PhSiH3 25.0 mg (0.183 mmol) 1:5 

Ge(OCH2CH2NMe2)2 28.9 mg 

(0.116 mmol) 
LAlH2 20.0 mg (0.116 mmol) 1:1 

Ge(OCH2CH2NMe2)2 24.3 mg 

(0.098 mmol) 
HBpin 25.0 mg (0.195 mmol) 1:2 

Ge(OCH2CH2NMe2)2 22.0 mg 

(0.090 mmol) 

AlH3(Quinuclidine) 25.0 mg (0.177 

mmol)  
1:2 

Ge(OCH2CH2NMe2)2 34.1 mg 

(0.137 mmol) 
BH3(NMe3) 10.0 mg (0.137 mmol) 1:1 

Ge(OCH2CH2NMe2)2 18.3 mg 

(0.070 mmol) 
PhSiH3 50.0 mg (0.370 mmol) of  1:5 
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4.3.3 Powder X-ray diffraction (PXRD) sample preparation 

The following reaction solutions (24 hours after mixing the reagents at room temperature) 

were used to collect orange precipitates for powder X-ray diffraction studies: (a) 1:1 

reaction of GeCl2(Dioxane) with LAlH2, (b) 1:1 reaction of Ge(OCH2CH2NMe2)2 with 

LAlH2, (c) 1:2 reaction of Ge(OCH2CH2NMe2)2 with HBpin, (d) 1:2 reaction of 

Ge(OCH2CH2NMe2)2 with AlH3(Quinuclidine), and (e) 1:5 reaction of Ge(OCH2CH2NMe2)2 

with PhSiH3. Precipitates were collected from each reaction solution by centrifugation. 

Precipitates were washed two times with toluene followed by two times with hexanes and 

dried in vacuo. 

4.3.4 Sample preparation for GeHx studies 

130.0 mg (0.5 mmol) of Ge(OCH2CH2NMe2)2 and 700.0 mg (5.0 mmol) of PhSiH3 were 

dissolved in ~ 5 mL of toluene. The reagents were mixed together at room temperature and 

the solution was stirred for 1 hour at room temperature. The resulting precipitate was 

separated by centrifugation, washed two times with toluene (~2.5 mL each time) followed 

by two times with hexanes (~2.5 mL each time). The precipitate was then dried in vacuo. 

30.0 mg (82% yield if x = 1) of an orange colour solid of GeHx was obtained. Portions of 

the precipitate were heated under dynamic argon for (a) 24 hours at 200 °C, (b) 24 hours at 

230 °C and (c) 48 hours at 230 °C in a sealed Schlenk tube in a silicon oil bath. Powder X-

ray diffractograms of the precipitates were collected. The same reaction was repeated with 

50.00 mg (0.2 mmol) of Ge(OCH2CH2NMe2)2 and 256 mg (2.0 mmol) of HBpin where 

13.5 mg (92% yield if x = 1) of GeHx was obtained. 
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4.4 (tBuNCH2CH2NMe2)Al(OiPr)2 (LAl(OiPr)2) 

 

10.0 mg (0.057 mmol) of LAlH2 was dissolved in ~2.0 mL of d6-benzene. 21.0 mg (0.114 

mmol) of Zn(OiPr)2 was added to the solution of LAlH2 and stirred at room temperature for 

4 hours. Zn precipitates and undissolved Zn(OiPr)2 were removed by centrifugation. 

Attempts to collect LAl(OiPr)2 by pumping down the solvent were unsuccessful as it was 

too volatile and evaporated in vacuo. To obtain an appropriate volume for NMR 

experiments, the remaining solution was concentrated in vacuo and NMR spectra were 

collected. 1H NMR (500.25 MHz, d6-benzene): δ = 4.41 (sept, JH-H = 6.0 Hz, 2H, H1), 2.68 

(t, JH-H = 5.8 Hz, 2H, H4/H5), 2.16 (t, JH-H = 5.8 Hz, 2H, H4/H5), 1.91 (s, 6H, H3), 1.35 

(broad/overlapped, 12H, H2 and 9H, H6). 13C{1H} NMR (125.78 MHz, d6-benzene): δ = 

63.48 (C1), 59.40 (C4/C5), 50.10 (C7), 44.20 (C3), 40.04 (C4/C5), 30.24 (C6), 28.60 (C2), 

28.46 (C2).  
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4.5 (tBuNCH2CH2NMe2)AlEt2 (LAlEt2) 

 

54.0 mg (0.44 mmol) of ZnEt2 in ~2 mL benzene and 75.0 mg (0.44 mmol) of LAlH2 in ~2 

mL benzene were mixed together at room temperature. The solution was stirred for 2 hours 

at room temperature and Zn precipitates were removed by centrifugation. The remaining 

solution was dried in vacuo to collect a clear, colourless oil 50.0 mg with a 50% yield. 

Attempts to grow crystals from hexanes at -30 °C were unsuccessful. 1H NMR (500.25 

MHz, d6-benzene): δ = 2.75 (t, JH-H = 5.8 Hz, 2H, H4/H5), 2.14 (t, JH-H = 5.8 Hz, 2H, H4/H5), 

1.73 (s, 6H, H3), 1.37 (t, JH-H = 8.1 Hz, 6H, H2), 1.30 (s, 9H, H6), 0.08 (q, JH-H = 8.0 Hz, 

4H, H1). 13C{1H} NMR (125.78 MHz, d6-benzene): δ = 61.06 (C4/C5), 50.23 (C7), 44.08 

(C3), 41.36 (C4/C5), 30.55 (C6), 10.59 (C2), 1.89 (C1). 
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4.6 (NMe2CH2CH2O)Bpin 

 

0.59 g (4.6 mmol) of HBpin was dissolved in ~2 mL hexanes and 0.41 g (4.6 mmol) of 2-

dimethylaminoethanol was dissolved in ~2 mL hexanes. The reagents were mixed together 

at room temperature. The solution was then stirred at room temperature for 2 hours and 

solvent was removed in vacuo to collect a white solid. The solid was then dissolved in a 

small amount of hexanes and stored in the freezer at -30 °C to obtain a colourless crystals 

0.72 g with a 72% yield. Sublimation temperature 60 °C/ 9 mTorr. 1H NMR (500.25 MHz, 

d6-benzene): δ = 3.95 (t, JH-H = 6.0 Hz, 2H, H4), 2.34 (t, JH-H = 6.0 Hz, 2H, H3), 2.08 (s, 

6H, H2),1.11 (s, 12H, H1). 13C{1H} NMR (125.78 MHz, d6-benzene): δ = 82.00 (C5), 62.45 

(C4), 60.67 (C3), 45.82 (C2), 24.96 (C1). 11B{1H} NMR (160.50 MHz, d6-benzene): δ = 

20.85 (B). 
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APPENDIX 

Molecular Structure and Crystallographic Data for (Me2NCH2CH2O)Bpin. 

C(7), C(9), and C(10) 68.3(2)% / C(11), C(12), and C(13) 31.7(2)% 

 

 

Crystal data and structure refinement for Me2NCH2CH2OBpin.  

Empirical formula C10H22BNO3  

Formula weight 215.09  

Temperature/K 100.00(10)  

Crystal system monoclinic  

Space group P21/c  

Unit cell dimensions a = 12.095(2) Å                α = 90°  

 b = 8.8825(15) Å              β = 103.654(3)°  

 c = 11.5421(19) Å            γ = 90°  
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Volume/Å3 1205.0(3)  

Z 4  

Density (calculated)/cm3 1.186  

Absorption coefficient/mm-1 0.084  

F(000) 472.0  

Crystal size/mm3 0.2 × 0.2 × 0.2  

Radiation Mo Kα (λ = 0.71073)  

2θ range for data collection/° 3.46 to 61.01  

Index ranges -17 ≤ h ≤ 17, -12 ≤ k ≤ 12, -16 ≤ l ≤ 16  

Reflections collected 30551  

Independent reflections 3689 [Rint = 0.0615, Rsigma = 0.0462]  

Data/restraints/parameters 3689/0/172  

Goodness-of-fit on F2 1.011  

Final R indexes [I>=2σ (I)] R1 = 0.0487, wR2 = 0.1094  

Final R indexes [all data] R1 = 0.0770, wR2 = 0.1229  

Largest diff. peak/hole / e Å-3 0.41/-0.16  

 

Bond lengths (Å) and bond angles (°) for Me2NCH2CH2OBpin. 
 
 O(2)–C(2) 1.4385(13)           N(1)–C(11) 1.394(4) 
 O(2)–B(1) 1.4517(16)    N(1)–C(12) 1.579(4) 
 O(1)–C(1) 1.4414(15)     N(1)–C(13) 1.523(4) 
 O(1)–B(1) 1.4482(15)    C(2)–C(6)     1.5350(16) 
 O(3)–C(8) 1.4147(16)    C(2)–C(1)     1.5678(17) 
 O(3)–B(1) 1.4619(16)    C(2)–C(5)     1.5273(17) 
 N(1)–B(1) 1.6925(16)    C(1)–C(3)     1.5329(18) 
 N(1)–C(9) 1.437(2)    C(1)–C(4)     1.5299(17) 
 N(1)–C(10) 1.531(2)    C(8)–C(7) 1.498(2) 
 N(1)–C(7) 1.512(2)    C(8)–C(11) 1.639(4) 
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C(2)–O(2)–B(1)   106.75(9)   C(5)–C(2)–C(6)   109.17(10) 

C(1)–O(1)–B(1)   109.20(9)   C(5)–C(2)–C(1)   114.94(10) 

C(8)–O(3)–B(1)   114.28(10)   O(1)–C(1)–C(2)   102.41(9) 

C(9)–N(1)–B(1)   117.29(11)   O(1)–C(1)–C(3)   109.51(10) 

C(9)–N(1)–C(10)   109.32(13)   O(1)–C(1)–C(4)   108.77(10) 

C(9)–N(1)–C(7)   112.14(13)   C(3)–C(1)–C(2)   112.92(10) 

C(10)–N(1)–B(1)   109.55(10)   C(4)–C(1)–C(2)   114.23(10) 

C(7)–N(1)–B(1)   101.27(10)   C(4)–C(1)–C(3)   108.73(11) 

C(7)–N(1)–C(10)   106.60(12)   O(3)–C(8)–C(7)   104.20(12) 

C(11)–N(1)–B(1)   104.40(17)   O(3)–C(8)–C(11)   103.22(16) 

C(11)–N(1)–C(12)   112.0(2)   O(2)–B(1)–O(3)   117.22(10) 

C(11)–N(1)–C(13)   114.1(2)   O(2)–B(1)–N(1)   107.53(9) 

C(12)–N(1)–B(1)   108.78(17)   O(1)–B(1)–O(2)   106.81(10) 

C(13)–N(1)–B(1)   115.32(17)   O(1)–B(1)–O(3)   112.20(10) 

C(13)–N(1)–C(12)   102.4(2)   O(1)–B(1)–N(1)   113.12(9) 

O(2)–C(2)–C(6)   108.41(9)   O(3)–B(1)–N(1)   99.95(9) 

O(2)–C(2)–C(1)   102.26(9)   C(8)–C(7)–N(1)   103.85(13) 

O(2)–C(2)–C(5)   109.01(9)   N(1)–C(11)–C(8)   102.5(2) 

C(6)–C(2)–C(1)   112.64(10)           

  


