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Preface 

The work published in this thesis is part of the Marie Curie ITN ELENA (low energy ELEctron 

driven chemistry for the advantage of emerging Nano-fabrication methods). The aim of the 

ELENA project is the development of two next-generation nanofabrication techniques, 

Focused Electron Beam Induced Deposition (FEBID) and extreme ultra violet lithography 

(EUVL). The author’s work is focused on the design, synthesis and testing of gold-based 

precursor molecules for FEBID. Gold N-heterocyclic carbene (NHC) complexes were chosen 

as the focus of the explorations. The main objectives of the author are: 

 Synthesis of an array of gold(I) and gold(III) NHC complexes; 

 Screening of the suitability of gold(I) NHC complexes as FEBID precursors; 

 Testing of gold(I) NHC complexes as FEBID precursors. 

Chapter 1 provides an introduction to gold NHC complexes, the FEBID process and relevant 

FEBID precursors and their design. 

The synthetic and characterization work carried out on gold(I) NHC complexes is presented 

in Chapters 2-4. In these sections the synthesis, sublimation experiments, solid state 

investigation are presented, describing work published in Paper I, III and IV. The studies 

performed on silver carboxylates are also briefly discussed, work that is published in Paper II. 

In Chapter 5 the FEBID testing of several gold(I) complexes is presented, expanding on the 

data discussed in Paper III. The FEBID testing was conducted in collaboration with the Hagen 

group at TUDelft. 

Finally, the synthesis of gold(III) NHC complexes by means of aqua regia is discussed in chapter 

6. This work has been published in collaboration with fellow Ph.D. candidate Volodymyr 

Levchenko in Paper I. 
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Abstract 

In this thesis, a series of gold N-heterocyclic carbene (NHC) complexes have been synthesized 

and characterized by spectroscopic and crystallographic means. The complexes of general 

formula Au(NHC)X present imidazole, triazole and imidazoline-based NHC ligands, with 

varied alkyl N-substituents (Me, Et, iPr, nPr) and backbone halogenation. The negatively 

charged ligand X was also varied (X = Cl, Br, I, CF3). The complexes have been obtained in a 

library fashion in order to study the effect of small variation on the core structure on a) 13C 

NMR carbon chemical shift, b) Solid state interactions observed by single crystal X-ray 

diffraction studies, c) Volatility as obtained by controlled cold finger sublimation. 

The volatility of the complexes was obtained by cold finger sublimation experiments and 

correlated to structure and packing interactions obtained by XRD. Optimization of 

sublimation temperature for gold(I) NHC complexes has been achieved, starting from a 

temperature of 100 °C down to 38 °C. Vacuum-TGA has been applied to a series of silver 

carboxylate complexes, as a pre-screening tool for low volatility Focused Electron Beam 

Induced Deposition (FEBID) precursors. 

Seven selected complexes have been applied as FEBID precursors. A testing apparatus was 

custom designed for the test of the precursors at high temperatures. The study of composition 

and growth rate of the obtained deposits has revealed that triazole-based complexes and 

trifluoromethyl ligands lead to the highest gold composition and highest growth rate. 

The oxidation of gold(I) NHC species by means of aqua regia in gold(III) NHC compounds has 

led to the development of a straightforward oxidation procedure. In some cases, the procedure 

has caused a functionalization of the NHC backbone by substitution or addition of Cl. 

Electrochemical studies on selected gold NHC complexes have demonstrated the stability of 

gold(I) and gold(III) species in a large potential range. 

The presented work aims at expanding the current knowledge on FEBID precursors and define 

suitable ligands for precursor design.  
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Chapter 1. 

Introduction 

1.1 Focused Electron Beam Induced Deposition (FEBID) 

1.1.1 General introduction to gold 

Gold has been since the dawn of civilization the most searched after metal, due to its colour, 

stability, ductility and preciousness. In the eyes of a chemist, these properties are transformed 

in relativistic effects, resistance to oxidation and biocompatibility. While gold complexes such 

as [Au(CN)2]- and [Au(CN)4]-  were known historically in the extraction process of gold,1 from 

the discovery at the beginning of the last century of organogold,2 the precious metal has seen 

a booming of interest in chemistry, from catalysis,3,4 to medicine.5,6 Furthermore, the 

development of nanotechnology has seen the generation of a great array of application for 

gold-based nanoparticles and more in general nanomaterials, such as in medicine,7 

diagnosticts,8 photothermal therapy,9 sensing10 and catalysis.11 From jewellery, to 

nanomaterials, gold is a fundamental metal in making our everyday life easier and prettier. 

A large array of gold nano materials can be achieved due to a wide variety of production 

techniques, such as Chemical vapour deposition (CVD)12 and Atomic Layer Deposition 

(ALD)13 to obtain thin films, Laser ablation14 or chemical synthesis15 for gold nanoparticles and 

Focused Particle Beam Induced Processing16,17 for standalone gold nanostructures. 

1.1.2 Focused Electron Beam Induced Deposition 

In order to produce three dimensional and standing nanostructures, a suitable production 

approach should be taken. In recent years the additive manufacturing (3D printing) of plastic, 

metallic and ceramic components have made its way not only to industrial production but also 

to the home market.18  These 3D structures are produced with the aid of a laser that causes the 

deposition of the desired material. In a similar fashion, we could conceptually access 

nanometered sized structures. 3D free standing nanostructures can be achieved through 

Focused Electron Beam Induced Deposition (FEBID).19-26 
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In FEBID the electron beam of a scanning electron microscope (SEM) is focused on a substrate. 

The substrate is covered in physisorbed precursor molecules, generally an organometallic 

volatile compound, and the coverage is produced and refreshed by injection of precursor 

through a Gas Injection System. Under irradiation the physisorbed precursor is partially 

fragmented, with a loss of one or more ligands, and as a result, chemisorbed on the substrate;. 

The volatile byproducts desorb and are pumped away under the vacuum of the SEM chamber, 

while the solid deposit is grown through prolonged or repeated exposition to e-beam, allowing 

for obtaining the desired 3D structure (Figure 1.1).21 

 

Figure 1.1. Schematic representation of the FEBID process. 1) Injection of precursor and physisorption, 

2) exposure to the electron beam, and fragmentation 3) growth of vertical deposit, 4) stop injection of 

precursor and electron exposure. 

FEBID is a mask-less nanofabrication technique that allows for the production of 3D vertical 

nanostructures. Its features are highly desirable for several applications such as lithography 

mask repair,27 fabrication of nanoconnectors28 and other nanodevices used in plasmonics,29 

optoelectronics,30 gas and strain sensors,31-33 AFM probe tips34-36 and for magnetic37,38 and 

biomedical39 applications. The novelty introduced by FEBID is not only that 3D structures can 

be directly obtained, but they can be obtained on a sub 20 nanometer scale resolution,40 down 

to 3 nm.41 Important drawbacks are present, all linked to each of the components involved in 

the deposition process. Further development of each component separately and in 
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combination is highly needed to take FEBID from an interesting technology to a full scale 

industrial application. 

1.1.3 Main components involved in FEBID: electrons and precursor molecules 

In FEBID the focused electron beam used is in the energy range of 2-30 keV and the current is 

in the range of 10-200 pA.20 The electrons of the primary beam are however not efficient in the 

decomposition of adsorbed precursor molecules due to a very small interaction cross section; 

the decomposition is instead mainly caused by low energy electrons  in the range of 0-50 eV,42 

mainly comprised of secondary electrons (SE). Such energy is more suitable to excite and break 

chemical bonds, through various mechanisms, such as dissociative electron attachment (DEA), 

dissociative ionization (DI), dipolar dissociation (DD) and neutral dissociation (ND).43 

Backscattered electrons (BSE),42 that are produced by elastic scattering, meaning that these 

electrons do not lose kinetic energy and are thus not very suitable for dissociating precursor. 

However, BSE can subsequently undergo inelastic scatterings and also produce reactive SE. 

The lateral range in the substrate of the BSE's escaping the surface is highly dependent on the 

energy of the primary electron beam. Due to the existence of both these electrons in FEBID it 

is normally observed the presence of co-deposition around the desired structure, and 

enhanced horizontal growth, caused by SE originated from the primary beam and by BSE (so 

called "halo" effect). 

The other component involved in the deposition is the precursor molecule. The precursor is 

generally an organometallic compound that can be volatilized in the range of pressure and 

temperatures that are used in the FEBID process.44 The pressures normally are the ones present 

in the vacuum chamber of a SEM, in the range of high vacuum (10-5/10-6 mbar). Several 

instances of EBID surface studies in high vacuum have been also reported,45,46 and pressure 

plays a key role in the kinetics of the precursors and in the composition of the final structure. 

In fact, an ultra-high vacuum (10-9/10-10 mbar) can lead to more pure deposits, since co-

depositing material (normally lighter than the desired one) can be more efficiently removed 

during deposition.47 

Temperature is also an important factor both in the volatilization and deposition processes. 

Temperature and injection of the precursor molecules are controlled with a Gas Injection 

System (GIS).21,48 A GIS is a reservoir containing precursor molecule that can be heated and is 
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equipped with a nozzle and needle in order to locally deliver precursor on the substrate. In 

most cases GISs have also the possibility of being opened and closed, to control the time frame 

of precursor delivery.48 

In commercially available GISs the temperature range is limited up to 90 °C, and most of 

commercial FEBID precursor volatilize in a small temperature range around room 

temperature in high vacuum. Custom-built GISs with the aim of increasing the temperature 

window have been reported.49-51 The necessity for higher temperatures poses several 

limitations, mainly in the control of the precursor flow, in the interactions between precursor 

and substrate and in the heating in close proximity to the electron beam pole piece. The 

precursor molecule should adsorb on the substrate and create a mono or multi layer coverage 

that is refreshed by the GIS. If the precursor needs to be heated up at high temperatures it will 

immediately condense when in contact with a room temperature substrate.52 Variation of the 

temperature of the substrate have an influence not only on the coverage but also on the 

composition of the obtained deposits, with an increased purity at higher temperature.53-55 

The two components involved in the deposition, precursor and secondary electrons, dictate 

the regimen of the deposition; as it happens in chemistry, an irreversible reaction with two 

reagents will be dependent on the limiting reagent. In FEBID similarly a precursor or electron 

-limited regime can be obtained.20-22,56 Generally, the best composition in FEBID is obtained at 

the edge of these two regimes, when a balance of suitable electrons and adsorbed precursor is 

reached.57 

Post-deposition treatment of the obtained deposits is used to further modify the composition 

of the structures (Figure 1.2). Exposure to heat (annealing),58,59 high electron doses21,60,61 or 

chemical oxidants62 or reductants, often in combination,63-68 causes a purification of the 

structure due to removal of co-deposited material. This method however, causes a variation 

of the morphology and shape of the structure27 and a significant shrinkage.64 
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Figure 1.2. Post-deposition treatments of FEBID structures: 1) annealing, 2) post-deposition exposure, 

3) chemical oxidation; often two of these treatments are combined. 

1.1.4 FEBID precursors 

The properties of the FEBID precursor molecule is fundamental to all aspects of the deposition 

process.44,69 The target properties are well defined and can be summarized in few clear points. 

The precursor molecule should: 

 Be volatile in an acceptable range of pressure and temperature; 

 Physisorb on the substrate; 

 Be sensitive to dissociation with the electron beam; 

 Decompose in a clean manner to the desired products; 

 Be compatible with used materials; 

 Be cheap and easy to make; 

 Be easy to store and handle. 

It is necessary to find a compromise between volatility, stability and reactivity to electron 

irradiation of the molecule.44 This has then to be translated in a structure that can lead to 

deposition of the desired material.70 Most FEBID precursors are organometallic complexes 

designed with the aim to obtain pure metal deposits. Normally the metal content is quite 

limited, and the major contaminant of the obtained deposits is carbon. Thus, it would be better 

to use the most limited number of carbon atoms possible in the design of the molecule: this is 

a hard feature to implement, as it directly affects the stability of the precursor.70 In the early 

days, most FEBID precursors were taken from the already well established library of CVD 

precursors.71 The necessary features for a CVD precursor in fact overlap for the most with the 

ones for a FEBID precursor, since both classes of compounds have to show good volatility, 

thermal stability and interactions with a substrate. However, while in FEBID the 

decomposition is carried out by electrons, in CVD the decomposition of the precursor 
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molecules is carried out thermally and chemically, often with the use of a reducing or oxidizing 

agent.72 Thus, in CVD, regardless the composition of the precursor, high percentages of metal 

content can be achieved due to the fact that carbon and nitrogen are oxidized and removed as 

volatile species. CVD is also more suitable for a larger range of precursors since the delivery 

of gaseous compound can take place at temperatures higher than 100 °C. The most well-known 

example of CVD precursor applied for FEBID is the Pt(IV) complex MeCpPtMe3. While in CVD 

MeCpPtMe3 leads to thin film deposits of pure platinum,73 in FEBID metal content up to 20% 

is obtained,53 with the rest of the deposit is composed of carbon. 

Since few CVD precursor have led to efficient FEBID precursors, such as silver carboxylates,49,50 

the design of organometallic complexes selectively for FEBID has developed. These 

compounds are smaller in size, with the presence of smaller organic ligands and almost in 

every case of at least one inorganic ligand. 

1.1.5 Ligand-based design of FEBID precursors 

In the design of a FEBID precursor, the metal centre can be considered constant, with the 

notable exception of its oxidation state. Most of the properties of the precursor depend on the 

employed ligands. 

Polyhapto ligands such as cyclopentadienyl and allyl groups have been employed in Pt, Ni 

and Ru precursors.46,53,74 All these ligands have shown in the EDX analysis of the obtained 

deposits to heavily co-deposit, leaving a high at.% of carbon in the obtained structures. 

Similarly, chelating ligands such as acetylacetonates have also shown in Cu and Au complexes 

to leave low purity deposits, with co-deposition of C and O.17,29,71,75-82 In the case of fluorinated 

acetylacetonate ligands, such as trifluoroacetonate and hexafluoroacetonate, F is mostly 

removed from the resulting deposits, as demonstrated by UHV surface studies on Cu, Pt and 

Pd complexes (Figure 1.3).83  
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Figure 1.3. FEBID precursors with Polyhapto and polydentate ligands. 

Monohapto alkyl ligands, like methyl and trifluoromethyl, are instead partially or totally 

removed during the deposition process. In SiMe4 almost all the carbon present in the precursor 

is incorporated,84 while for PbEt4 a metal at.% of 46% is reported, consistent with an efficient 

removal of the alkyl ligands.85 The methyl ligands in MeCpPtMe3 are partially removed during 

electron irradiation, as exemplified by UHV studies.45 The trifluoromethyl group is instead not 

removed during electron irradiation, as shown in Au isocyanide trifluoromethyl precursors.86 

Silver carboxylate complexes have led to deposits with a metal at.% higher than 70%, showing 

a high degree of removal of the carboxylate ligands (Figure 1.4).49-52 In  the copper 

pentafluoropropionate precursor Cu2(O2CC(Me)2Et)2)4, around 80% of the ligand material is 

lost during electron-induced dissociation.51 In all cases fluorine is mostly removed from the 

deposits, making perfluorinated alkyl groups suitable for FEBID.83 

 

Figure 1.4. FEBID precursors with organic ligands. 

Small inorganic ligands such as CO and PF3 co-deposit only in limited amounts. The 

homoleptic carbonyl complexes Fe(CO)5,87 Co2(CO)8,88 Mo(CO)6,89  W(CO)690 and the 

heteroleptic complexes Co(CO)3NO,91 (allyl)Ru(CO)3Cl, (allyl)Ru(CO)3Br,74 Au(CO)Cl,92 

Pt(CO)2Cl2,47 Pt(CO)2Br247 all showed a limited amount of carbon and oxygen incorporation. 

The trifluorophosphine ligand led instead to phosphorus contamination in the deposits 

obtained from the homoleptic complex Pt(PF3)4 of around 17 at.%.53,93,94 Similarly for the nickel 
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complex Ni(PF3)4 only 40% at.% of metal was achieved.95 No ligands residues were obtained  

for the gold complex Au(PF3)Cl.96-99 The only recorded use of ammonia as a ligand is limited 

to cis-Pt(NH3)2Cl2 and it has been observed that the NH3 moiety is quickly removed under 

electron irradiation, leading to the deposition of [PtCl2] and a further purification by the co-

injected ammonia (Figure 1.5).100 

 

Figure 1.5. FEBID precursors with inorganic ligands. 

Metal halides are generally not very suitable FEBID precursors. The fragmentation of the M-X 

bonds produces corrosive halogen products that can cause reactivity with the instrument and 

etching of the substrate,101 while partial fragmentation was observed with SnClx 102 precursors, 

thin films that are not stable to air were produced.103 In contrary,WCl6 and WF6 led to 

appropriate deposits.104  Heteroleptic complexes bearing one or more halogen ligands have 

shown to be suitable FEBID precursors. The effect of the variation of the halogen has been so 

far explored only for Pt(CO)2Cl2 and Pt(CO)2Br2,47 and a higher purity of the deposit was 

obtained with the chloro-based precursor, 20.2 Pt at.% vs. 12.1% for the bromo-based 

compound.47 

1.1.6 Gold FEBID precursors 

Gold FEBID precursors have had a similar development to the other metal precursors. The 

first precursors were taken from the library of CVD precursors, such as dimethylgold 

acetylacetonate,29,77-79 dimethylgold trifluoroacetylacetonate,17,78,80,81 and dimethylgold 

hexafluoroacetylacetonate.71 All these compounds however lead to a low to medium gold at.% 

in the range of 2-40% (Figure 1.6). Especially for gold, the high purity is fundamental for the 

production of photonic and plasmonic devices.29,81,105,106 With the co-injection of precursor and 
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of an oxidant agent (e.g. water) the obtained Au% was increased for the precursor 

dimethylgold trifluoroacetylacetonate at 91%.107 

 

Figure 1.6. Previously reported FEBID precursors and indicative gold atomic % of the obtained FEBID 

structures. 

To avoid any carbon contamination in the grown structures purely inorganic gold complexes 

have been studied, namely gold(I) trifluorophosphine chloride96-99 and gold(I) carbonyl 

chloride.92 While for the latter a composition of >95% was obtained, for the Au(PF3)Cl 

precursor pure gold was obtained. Unfortunately, both compounds showed high instability 

and a tendency to decompose under storage or use, hence the applicability of these complexes 

was limited. It was then shown that more stable FEBID precursors were obtained by hybrid 

organic and inorganic complexes by the experiments of Van Dorp et al. on dimethyl 

gold(III)chloride108 and methyl-trimethylphosphine gold(I).70,108 Of the two the gold(III) 

precursor led to the best composition, with an at.% of 29-41% gold. Recently a series of gold(I) 

alkylisocyanide complexes were reported, that show to be suitable as FEBID precursors.86 

These complexes present a trifluoromethyl group as the formally negatively charged ligand, 

and led to at.% of gold in the range of 14 to 22%.86  In the same study also the effect of a small 

substitution on the neutral ligand present on gold, in this case alkylisocyanides, was studied 

and it was observed how the nature of the alkyl substituent effect highly the volatility and 

thermal stability of the compound. When the alkyl group is a methyl the volatility and stability 

of the complex is more limited than when the substituent is an isopropyl group.86 
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While several gold(I) and gold(III) complexes led to suitable FEBID precursors, several other 

tested compounds led to negative results, such as Au(SMe2)Cl and Au(PMe3)Cl.108 Both these 

compounds decomposed before volatilization, leading to deposition caused only by ligand 

fragments of the complexes. These last two compounds, together with the very unstable 

Au(PF3)Cl and Au(CO)Cl,  show a similar pattern in the coordination sphere: a chloride as the 

negatively charged ligand X- and a weakly coordinating inorganic neutral ligand L. This 

combination renders the complexes very unstable in the conditions involved in FEBID. 

Exemplarily, the substitution of a Cl with a methyl group on the Au(PMe3)Cl complex, led to 

a stable and volatile FEBID precursor (Figure 1.7).70 

 

Figure 1.7. Ligand variation in possible gold(I) FEBID precursors. 

Isocyanide-based complexes bear a strong C-Au bond between the neutral ligand and the 

metal centre.86 On this class of complexes it was observed that the variation of X- with different 

halogens, going from Cl to Br to I, led to more volatile complexes, while having no great effect 

on their thermal stability. This observation is quite counterintuitive, since the introduction of 

a heavier halogen induces a great increase in the molecular weight of the precursor, which 

would expectedly lead to a decrease in volatility.109 It was though observed that in the solid 
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state packing of the gold(I) species studied, aurophilicity110 was a substantial contribution to 

the intramolecular packing of the molecules, dictating the packing pattern to minimize gold-

gold distances. With the introduction of heavier (and thus bigger) halogens, the gold-gold 

distance had to be extended thus decreasing the aurophilic interaction and packing energy of 

the molecules. However it is not known if this observation can be extended to different classes 

of precursors. We can observe that in the case of the presence of a strong bond between gold 

and L, the nature of X- can be varied in order to tune the volatility of the compound with 

limited effect on the stability of the obtained complexes. The best results in volatility were 

obtained with the complexes bearing trifluoromethyl groups as X-.86 Also L in this case can be 

varied, in order to increase volatility and thermal stability. In the isocyanide ligands, the best 

volatility was obtained with a bulky tert-butyl substituent for the same reasons mentioned 

above. 

1.2  Gold(I) NHC complexes 

1.2.1 Nitrogen heterocyclic carbenes (NHCs) 

A carbene is a neutral species containing a divalent carbon atom with two unshared valence 

electrons. In other terms, carbenes have both an incomplete electron octet and a coordinative 

unsaturation, which are both factors that contribute to their high instability. Arduengo et al. 

reported for the first time in 1991 a highly stable carbene incorporated in a nitrogen heterocycle 

(Scheme 1.1).111 This first discovery gave rise to the development of NHC (N-heterocyclic 

carbenes) as one of the most extensively studied class of organic compounds in the last 

decades.112-118 As often stated NHCs are a great example of an “academic curiosity” turned into 

a “powerful tool”.119 

 

Scheme 1.1. Formation of the IAd stable carbene. 

The high stability of NHCs can be described by different electronic and steric factors. The 

HOMO and LUMO of NHCs point to the presence of a singlet state of the carbene with a sp2 

lone pair and an empty pz orbital, a state highly favoured by the conformation forced by the 

NHC ring.120 The presence of α-Nitrogens stabilizes electronically the carbene carbon by means 
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of σ-electron withdrawal from the sp2 lone pair and π-electron donation to the empty pz orbital 

(Figure 1.8) (inductive and mesomeric effects117,120). This push-pull interaction will not be the 

only one that we will see in the NHC world, and a similar interaction will be discussed upon 

the coordination of the carbene to a metal centre. The π-electron donation can be further 

enhanced by the introduction of electron donating substituents on the nitrogens. A further 

stabilization comes from the steric hindrance of the N-substituents, that in the case of IAd are 

adamantyl groups. Such hindrance prevents the dimerization of the carbenes into the olefinic 

product.121 

 

Figure 1.8. π-electron donation (pink) and σ-electron withdrawal (blue) on a imidazole-based carbene. 

On the carbene carbon we can see the empty pz orbital and the sp2 lone pair. 

The high development of the field of NHCs led to the synthesis and isolation as stable carbenes 

of a plethora of different cyclic compounds, which move away considerably from the structure 

of the imidazole-based adamantyl (IAd) NHC. A series of example structures are reported in 

Figure 1.9. Practically all the features of the NHC can be heavily modified, introducing an 

enormous structural variability. 

In first instance, the formation of a carbene is not relegated to the C2 position of the ring, but it 

can be obtained in other positions, thus forming what is known as an abnormal carbene.113,122 

Similarly, also the presence of two nitrogen substituents is not strictly necessary and other 

heteroatoms that can be used are oxygen or sulphur. Alternatively, one of the Nitrogens can 

be substituted with a carbon atom, giving rise to the class or cyclic alkyl amino carbenes 

(CAACs).123 In all the discussed complexes though the heteroatomic ring is stabilized by 

aromaticity. This is also not a necessary factor for NHCs, since the saturated compound SIMes 

have been isolated by Arduengo et al.124 Other important handles of variation are the nitrogen 

substituents (called also nitrogen wings), where a stable free carbene was isolated from the 
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highly bulky Ad substituents all the way down to simple methyl substituents.125 Other 

variations can be introduced on the backbone of the ligand, with for example, the substitution 

of a carbon with a nitrogen (triazole-based NHCs), the substitution of the backbone protons 

with heteroatoms (N,N’-diamidocarbenes, DAC),126 and the introduction of an aromatic ring 

(benzimidazole-based NHC). Finally, a significant link in structure and properties can be 

found between NHCs and other classes of persistent carbenes, that, even if structurally similar 

to NHCs, lack in the presence of a ring. Nitrogen acyclic carbenes (NACs)127,128 and hydrogen 

bond-supported heterocyclic carbenes (HBHCs)129,130 have recently been used as alternatives 

to their cyclic counterparts. 

 

Figure 1.9. Selected examples of N-heterocyclic carbenes and derivatives. 

NHCs have found a wide series of applications, but mainly have been used as 

organocatalysts131-133 and as coordination ligands to transition metals and p-block 

elements.134,135 

1.2.2 Metal NHC complexes 

d-Metal NHC complexes pre-date the free carbene NHCs previously discussed. In fact the first 

NHC complexes were produced independently by Wanzlick and Öfele in 1968.136,137 The ligand 

capability of the NHCs is primarily dependant on the presence of the sp2 lone pair, that has a 
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strong σ-donor ability. Furthermore, the presence of an empty π orbital (pz) allows for π-

backdonation from the metal centre (Figure 1.10). This push-pull effect highly stabilizes the C-

M bond in NHC complexes, making them highly stable metal-ligand complexes. Generally, 

NHCs have been compared to the predating phosphine ligands, that display some 

similarities,138 since also for phosphines a lone pair is responsible for the σ-donation towards 

a σ-accepting orbital of the metal centre. The properties of these two class of compounds are 

however quite different, and these differences are commonly measured by steric and electronic 

factors, the “buried volume”139-142  for NHC based complexes, Tolman’s cone angle143 for 

phosphine based complexes, and the Tolman Electronic Parameter (TEP) for electronic 

effects.144 

 

Figure 1.10. Main interactions involved in NHC-metal bonding: σ-donation (left), π-backdonation 

(centre), π-donation (right). 

NHC complexes of most metals have been successfully synthesized, a testament to the high 

flexibility and usability of this class of ligands.145-147 Metal NHC complexes have already found 

several applications, especially as homogeneous catalysts148 and drugs.149  

1.2.3 Gold(I) NHC complexes 

Gold has been always considered by chemists as one of the most inert metals.150 Its resistance 

to oxidation and overall low reactivity has hindered the research on possible applications of 

gold(I) and gold(III) species. At the start of last century the first stable gold complexes were 

studied, a discovery that later led to a wide spread of use of gold complexes in organometallic 

chemistry,151 including carbene-based complexes.152 One of the most well known classes of 

gold complexes is gold(I) NHC complexes of general formula (NHC)AuX. Gold(I) complexes 

are linear complexes presenting a NHC moiety as a two electron neutral two electron donor 

ligand (L) and an anionic one electron donor ligand (X) in trans, that is most commonly an 

halogen.153 
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Gold(I) NHC complexes can be obtained through several synthetic routes;146,147,154-159 the 

precursor to the organic ligand is an azolium salt, specifically an imidazolium salt in the 

example in Scheme 1.2. The gold centre is introduced by the use of a gold(I) complex that 

presents a labile sulphur-based ligand such as tetrahydrothiophene (THT) or dimethylsulfide 

(DMS). To allow for the coordination of the gold centre on the NHC moiety three main 

synthetic pathways are reported. In first instance a strong base (such as NaH, KHMDS, KOtBu) 

can be used to deprotonate the salt precursor and form in situ of a NHC free carbene, that then 

readily reacts with the gold(I) precursor. An inert environment is needed to avoid reactivity 

of the in situ generated free carbene with air or moisture, and moderate to low yield are 

achieved with this route.160 The formation of a free carbene can lead to the formation of 

unwanted dimers,161 that is partially prevented by steric hindrance introduced by the N-

substituents. Alternatively, a weak base can be used;162-164 in this case the imidazolium salt can 

be first reacted with the LAuCl complex to form a Im+AuClX- salt which is then reacted with a 

weak base to form the target (NHC)AuX complex.162,163 The obtained complex presents as the 

anionic ligand the counterion of the imidazolium anion.  In alternative silver oxide can easily 

coordinate on the imidazolium salt to form a (NHC)AgX species, that can be transmetalated 

to produce the relevant gold(I) complex.160 Apart from the sacrificial use of silver165 or 

copper,166 no other major drawbacks are reported for this pathway. The use of silver nitrate in 

combination with a  weak base can facilitate the isolation of the silver species for a two-step 

procedure.163  
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Scheme 1.2. Main synthetic pathways for the synthesis of gold(I) NHC complexes. 

Cationic [Au(NHC)2]+ complexes (Scheme 1.3) can be obtained by transmetalation of the 

corresponding silver complexes167-169 or by employing  1 equiv. of NHC precursor and 0.5 

equiv. of the gold precursors.170-173 Reactivity of metallic gold with imidazolium salts with 

weakly coordinating anions such as PF6-, BF4-, BPh4- in presence of CuSO4 also lead to the 

formation of [Au(NHC)2]+ species.174 These complexes can also be synthesized 

electrochemically, by the corrosion of a gold electrolyte in a solution of the NHC ligand in its 

imidazolium salt form and electrolyte with low yields.175 
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Scheme 1.3. Main synthetic pathways for the synthesis of bis-gold(I) NHC complexes. 

1.2.4 Applications of gold(I) NHCs 

Gold(I) NHC complexes have been already successfully applied as catalysts for a series of 

reactions, such as alkene activation,176,177 C-H activation,178,179 alkyne hydration,180 propargylic 

esters rearrangement,181 nitrile hydration,182 hydroamination,177 enyne cycloisomerization,183,184 

and others. Normally the used precatalyst is a (NHC)AuCl complex that is activated by means 

of halogen abstraction by the employment of a silver species in order to obtain the active 

catalyst (Scheme 1.4).185 The produced AgCl has been demonstrate to be non-innocent in the 

gold catalysis,186 and several methods have been applied to avoid the need for halogen 

abstraction, such as the use of (NHC)AuX complexes with weakly coordinating counterions 

such as BF4- and PF6-,187 and the use of silver-free co-catalysts.188 Alternatively, the halogen 

removal from the gold centre can be achieved by N-functionalization, through the inclusion 

on the N-substituent a benzoyl or tosyl amide with a bridged linker.189 The presence of a 

RR’NH  moiety as a H-bond donor facilitates the removal of Cl- from the gold centre upon 

coordination of a H-bond donor substrate, without the necessity of a co-catalyst.189 Due to the 

large development of this field the structure of the NHC ligands catalysts have been designed 
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with the purpose of optimizing their electronic and steric properties. The electronics are 

mainly controlled by the main ring composition and by the backbone substitution,190 while the 

sterics around the metallic centre are controlled by the N-substituents.141 In fact, these 

substituents are normally large aromatic groups like the ones presented in Scheme 1.4, in order 

to introduce a substantial steric bulk around the catalytic centre both to enhance selectivity 

and to increase the stability, and thus lifetime, of the catalyst.191,192 

 

Scheme 1.4. Gold(I) NHC catalysed allylic rearrangement. Dependence of the yield on the steric bulk of 

N-substituents. 

Gold(I) NHC have been proven to be also effective anticancer drugs.193 Cationic complexes of 

the type [Au(NHC)2]+ have shown to lead to high antiproliferative activity against prostate 

and bladder cancer cells. The activity of these compounds is closely dependant on the 

aromaticity of the N-substituents, that in this case act as linkers.194 Sugar-paired gold(I) NHC 

complexes have also shown to have anticancer properties.195 These compounds are just a step 

away from the previously discussed pre-catalysts as the chloride ligand can be easily 

substituted with a biologically compatible sugar (Scheme 1.5). Gold(I) NHC thiosugar 

complexes also bearing small NHC ligands have been studied as possible analogues of the 

drug Auranofin.196 

 

Scheme 1.5. Synthesis of a gold(I) NHC thiosugar complex. 
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Gold(I) NHC complexes have found applications in material science, as photosensytizers197 

and in very limited cases as chemical vapour deposition precursors (Figure 1.11).198,199 Gold(I) 

NHC have shown to direct the growth of nanoplates199 and enhance the stability of gold 

nanoparticles.200 Silver and copper NHC-based complexes also have been applied as Atomic 

Layer Deposition precursors.201,202 

 

Figure 1.11. Gold(I) NHC complexes explored as possible CVD precursors. 

1.2.5 Gold(III) NHC complexes 

Gold(III) NHC complexes are square planar complexes that in comparison to the gold(I) NHC 

complexes discussed so far have two additional coordination sites on gold, which allows for 

different substitutions of the metal centre, allowing for example cyclometalation.203 Gold(III) 

NHC complexes have proven to be suitable catalysts for dihydroalkoxylation and 

hydroamination reactions204 and to be active anti-cancer agents.205,206 Gold(III) NHC complexes 

are synthesized by oxidation of the relevant gold(I) NHC complex, using as an oxidizing agent 

PhICl2,207,208 halogens (Cl2, Br2, I2),208-210 CsBr3211 and N-halosuccinimides (Scheme 1.6).212 

Alternatively disproportionation of gold(I) NHC complexes using a sacrificial gold(I) 

compound leads to the formation of gold(III) NHC complexes.213,214 

 

Scheme 1.6. Oxidation of gold(I) NHC complexes in gold(III) NHC complexes.  
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1.2.6 Rational design of a gold(I) NHC FEBID precursor 

The main principles to take in consideration in the selection of a precursor structure is: 

 Avoidance of chelating and polyhapto ligands 

 Avoidance of metal halides, but suitability of heteroleptic halide complexes 

 Large stability window, sufficient vapour pressure below 100 °C 

With this in mind NHC gold(I) complexes of general formula (NHC)AuCl were chosen as the 

starting point of the investigations.  Gold(I) NHC complexes bear a fundamental characteristic, 

a strong bond between a carbene carbon and the metal centre. The need for a strong bond is 

then reprised in the discussion of suitable structural features in a gold(I) FEBID precursor. 

Gold NHC complexes are well known stable species, with a straightforward synthetic 

pathway; most of them are bench stable and easy to store and handle. Data regarding their 

thermal stability and volatility at the time of the start of this work were extremely limited, but 

recently several reports were made on suitable gold(I) NHC complexes as CVD 

precursors,198,199 indicating favourable sublimation conditions. 

The first choice for a benchmark gold(I) NHC complex fell on 1a. From the chemical formula 

of the compound, C5H8AuClN2, the number of carbons for each gold centre is relatively high 

at 5:1, but lower than acac based precursors (7:1 in Au(acac)Me2). All carbon atoms are directly 

bonded to a heteroatom. The worst cases of carbon contamination in FEBID is caused by purely 

carbon-based ligands, being it an allyl, cyclopentadienyl or alkyl group. In other cases, where 

heteroatoms are present, partial deposition of carbon is observed. This is true for an interesting 

set of complexes, such as silver carboxylates, and partially for gold acetylacetonates. 

The NHC moiety can be also seen as an expansion of the isocyanide gold(I) complexes 

previously reported as volatile complexes by the group of McElwee-White (Figure 1.12). The 

reason for expanding the structure is double: on one hand it could enhance the volatility and 

stability of the complexes, on the other hand the increase in structural complexity leads to the 

introduction of different handles of modification. These handles can be used to fine-tune the 

desired properties of the precursor and, if modified in a library fashion, to give possible trends 

and a connection between structure, volatility and deposition properties. 
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Figure 1.12.Structural relation between the isocyanide and the NHC based gold(I)complexes. In this 

example comparison between methylisocyanide gold(I) chloride and 1a. 

Thus from this early structure several modifications were implemented, both in a library 

fashion in order to study trends, and in an exploratory fashion, to improve (or worsen) more 

substantially the studied properties. 
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Chapter 2. 

Synthesis and characterization of gold(I) 

NHC complexes 

2.1 Introduction 

This chapter presents the synthesis and characterization of gold(I) NHC complexes. The NHC 

ligands explored are imidazole, triazole and imidazoline-based. The synthesis of the 

complexes is discussed in Paper I, III and IV. Furthermore, additional compounds not 

reported in the papers will be discussed. 

The aim of the work presented in this chapter is the synthesis of an array of gold(I) NHC 

complexes to be then applied as precursors for deposition techniques, specifically FEBID 

(Figure 2.1). In the perspective of having a core structure that is “modified” to study the effect 

of substitution, different handles of modifications have been employed: 

 NHC ring variation/saturation; 

 NHC backbone substitution; 

 N-substituents variation; 

 X ligand variation; 

 Variation of oxidation state of gold. 
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Figure 2.1. Target modifications on a core gold(I) NHC structure. 

2.2 Synthesis of simple imidazole-based NHCs 

Complexes 1a-3a were synthesized through the Ag2O route (Scheme 2.1),156,157,215,216 with a 

purification through column chromatography to rule out the possible presence of any 

inorganic metal impurities, namely silver species and gold nanoparticles. The silver route was 

preferred to the more green procedures involving weak bases,159 since L2 was available only 

in its bromide salt, and such procedure would have led to the brominated complex 2b as the 

major product. Instead, with the silver route, a 2:1 mixture of 2a and 2b was obtained due to 

halogen scrambling, and both products were separately isolated. These two species were 

distinguishable in NMR only by the variation of the carbene carbon 13C NMR chemical shift. 

For 1 and 3, with respectively R = Me, iPr only the complexes 1a and 3a were obtained. 

Similarly, only the complex 13a was obtained by employing the silver route using a 

benzimidazolium salt. 
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Scheme 2.1. Synthesis of compounds 1a-3a. 

With the aim of studying the effect of the modification of the halogen ligand, the synthesis of 

the bromo and iodo counterparts to complexes 1a-3a was attempted. Both reactions were 

performed using established synthetic protocols.217 The halogen metathesis reactions were 

performed by stirring the starting materials for 20-24h in dry acetone under inert atmosphere 

in the presence of a large excess of a Br- or I- salt. While the bromo complexes 1b-3b were all 

obtained, for the iodo substitution reaction pure products could be isolated only for 2 and 3 

(Scheme 2.2). From ESI-MS and single crystal XRD, the obtained products were identified as 

the dimeric compounds [Au(NHC)2][AuI2] 2h and 3h (Figure 2.2). In 2h cases the complexes 

was linear with a C-Au-C angle of 175.5(2) and X-Au-X angle of  178.50(2). The XRD structures 

are further discussed in Chapter 3. Compound 1h is a highly instable complex that readily 

decomposes and no investigation was possible. 1b and 2h showed limited stability, with slight 

discolouration over time. (NHC)AuI complexes are known to be the monomeric form in 

solution, and convert to the dimeric form [Au(NHC)2][AuI2] in solid state.218 

 

Scheme 2.2. Synthesis of brominated compounds 1b-3b and dimers 1h-3h. 
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Figure 2.2. ORTEP plot of 2h with 50% ellipsoids. Bond lengths (Å) and angles (deg): Au1-C1 2.019(3), 

Au1-C8 2.014(3), Au2-I1 2.5384(4), Au2-I2 2.5380(4); C1-Au1-C8 175.5(2), N1-C1-N2 105.4(4), N3-C8-

N4 104.9(4), I1-Au2-I2 178.50(1). Hydrogens atoms were omitted for simplicity. 

By comparison of the NMR data of this first array of complexes, in all cases the variation of 

the halogen did not involve any modification of 1H NMR and 13C NMR, with the exception of 

the carbene carbon peak. A downfield shift was observed going from Cl to Br (3.5 ppm on 

average) and from Br to I (7 ppm). Furthermore, it was also observed that going from R=Me to 

Et to iPr the carbene carbon was upfield shifted (respectively 2.0 and 1.4 ppm). 

In organometallic complexes, a decrease in carbene chemical shift is linked to an increased 

metal Lewis acidity.219,220 If sigma effects are independently considered, the value of chemical 

shift of the carbenic carbon should increase with the electronegativity of the halogen ligand in 

the series F > Cl > Br > I. Contrarily, the opposite order is observed (“inverse halide order”). 

Donation from halide lone-pair to the metal centre is often offered as a simple explanation for 

the inversion of trend. 

2.3 Synthesis of backbone chlorinated NHC gold(I) complexes 

In an effort to introduce a substantial variation on the structure while retaining a low content 

of carbon, a similar array of molecules bearing two chloro atoms on the backbone was 

investigated. The ligands L4-L9 were obtained by two alkylation reactions on the 

unsubstituted 4,5-dichloroimidazole using MeI, EtI, iPrI or nPrBr as alkylating agents.221 The 

first alkylation was performed in all cases with a reaction time of 3 days, and a yellow oil was 
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obtained (with the exception of MeI, where a yellow solid was obtained). The second step of 

alkylation was always performed using an alkyliodide reagent. Several reaction conditions 

were explored, with the use of a MW, under reflux, in a pressurized vial both neat and in 

solvent. The best conversions were obtained with the use of a pressurized vial, and as such the 

reactions were then all carried out in a Schlenk bomb and heated up to the vaporization 

temperature of the alkyliodide or of the solvent with a 1:1 V/V mixture of RI and MeCN 

(Scheme 2.3). In all cases, a white to pale yellow powder was obtained, washed with Et2O and 

used without further purifications. 

 

Scheme 2.3. Synthesis of ligands L4-L9. 

The salts L4-L9 were coordinated to gold(I) in the same conditions previously discussed for 

L1-L3 (silver route).159,216 In all cases, white powders were obtained after purification (Scheme 

2.4). During column purification, a substantial amount of pink and orange impurities were 

removed. The orange impurities were identified as dimerization products [Au(NHC)2][X], and 

were more prevalent in species that presented methyl groups as the N-substituents. This was 

mirrored in the lower yields obtained for 4a, 7a and 8a, where the presence of the dimer 

rendered the purification of the complex more demanding (Table 2.1). Single crystals of 

isolated impurities of 7a were obtained and in XRD a gold(III) complex [(NHC)AuCl2Br] was 

observed (Figure 2.3). However, in MS, only [Au(NHC)2]+, [Au2(NHC)2Cl]+ and [Au2(NHC)2I]+ 

species were detected. The gold(I) centre can be oxidized in the presence of Au(SMe2)Cl by 

disproportionation,214 but the presence of bromo on the gold centre is unaccounted for. The 

pink impurity corresponded to iodine. In all cases, only (NHC)AuCl complexes were obtained. 
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Scheme 2.4. Synthesis of  backbone-chlorinated 4a-9a. 

Table 2.1. Yield for the synthesis of backbone chlorinated chloro complexes 4a-9a with different R and 

R’ substituents. 

Compound R R’ Yield (%) 

4a Me Me 48 

7a Me Et 66 

9a Me nPr 77 

5a Et Et 84 

8a Et nPr 83 

6a iPr iPr 84 

 

 

Figure 2.3. ORTEP plot of [(7)AuCl2Br] with 50% ellipsoids. Bond lengths (Å) and angles (deg): Au1-C1 

2.01(1), Au1-Cl3 2.355(2), Au1-Cl4 2.305(2), Au1-Br1 2.525(2), C1-N1 1.30(1), C1-N2 1.39(1); Cl3-Au1-Cl4 

88.62(9), Cl3-Au1-C1 91.8(3), Cl3-Au1-Br1 178.07(7), Au1-C1-N1 126.8(8), Au1-C1-N2 124.5(8). 

Hydrogens atoms were omitted for simplicity. 

Complexes 4b, 5b, 5c, 6b and 6c were synthesized with the same procedure reported in the 

previous section. In this case, all of the obtained (NHC)AuBr and (NHC)AuI complexes were 

highly stable both to moisture, air and light, and no decomposition was observed (Scheme 2.5). 

The weak base protocol159 was tried on L5, leading as expected to the formation of the 
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iodinated complex 5c. The complexes can be easily differentiated by TLC (DCM, silica) as the 

Rf of the compounds increases with the substitution of the halogen in the series Cl < Br < I. 

Compound 4c was not obtained, similarly as what was observed for 1c. 

 

Scheme 2.5. Synthesis of brominated compounds 4b-6b and iodinated 4c-6c. 

The halogen variation from Cl to Br and I leads to a downfield shift (Cl to Br 3.3 ppm, Br to I 7 

ppm), while the modification of the R groups from smaller to larger gives a slight upfield shift. 

In the case of unsymmetrical substitution with R, R’ = Me, Et (7a) the carbene carbon chemical 

shift is exactly the intermediate value to the two symmetrically substituted compounds 4a and 

5a. On the contrary for 9a (R, R’ = Me, nPr), the carbene chemical shift is 1.3 ppm higher than 

the one observed for the symmetrical compound that presents the same molecular formula 

(5a). 

Differently than for the previous series of compounds (1-3), in the backbone chlorinated 

complexes the chemical shift of the backbone carbons is almost constant in the range of 116.8 

- 118 ppm, indicating that the introduction of Cl groups renders the effect of R substituents on 

the backbone carbon very minor. The presence of Cl on the backbone induces an irrelevant 

downfield shift of 0.7 ppm for the carbene carbon in comparison to the unfunctionalized 

compounds. 

2.4 Synthesis of triazole-based gold(I) complexes 

Triazole based NHC were explored with the primary aim of diminishing the atomic 

percentage carbon content in the molecular formula. The triazolium salt L11 was obtained 

using a reported one-pot procedure in which both alkylations were carried out in one pot with 

a reaction time of 3 days.222 The salts were then coordinated on gold(I) by the silver route 

(Scheme 2.6). 
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Scheme 2.6. Synthesis of triazole-based 10a and 11a. 

Of these complexes only the iodo complex 11c was investigated, as a mean of obtaining a 

suitable comparison for the imidazole-based iodinated compounds. Again, only the dimeric 

form [Au(NHC)2][AuI2] was obtained. 

2.5 Synthesis of Imidazoline-based gold(I) complex 

The imidazolinium chloride salt L12 was prepared with a modification of a reported 

procedure.223 Through a ring closing reaction, the coordinating carbon moiety is obtained from 

a triethyl orthoformate and the backbone and N substituents are yielded from a N,N’-

dialkylamine. The reaction was carried out in a microwave oven and ammonium chloride was 

used as the source of the necessary chloride counterion. The imidazolinium chloride salt was 

the only ionic liquid obtained in this work, presenting itself as a bright yellow oil at ambient 

conditions. 

While the synthesis of 12a was already reported by the use of a tungsten carbonyl NHC 

precursor, no other route was studied.156 Its coordination by means of the silver oxide route 

led only to a low conversion of the target product and many unidentified side products. The 

weak base route was also unsuccessful. The use of a strong base (KHMDS) led to the formation 

of the free carbene that was further reacted in situ at –78°C with Au(SMe2)Cl to obtain the 

desired product in poor yields (Scheme 2.7). This procedure was based on a report by Griffiths 

et al. of a similar compound, although no complete purity was reported.199 
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Scheme 2.7. Synthesis of the imidazoline-based complex 12a. 

2.6 Synthesis of methylated  and trifluoromethylated gold(I) NHC 

complexes 

As previously described in the introduction, carbon-gold bonds highly enhance desirable 

features such as volatility and thermal robustness in FEBID precursors.86 Complex 5a was 

methylated by reaction at room temperature with MeLi (Scheme 2.8). The obtained product 

showed in the 1H NMR the presence of an additional peak at 0.18 ppm and in the 13C NMR a 

corresponding carbon peak at -0.5 ppm, in line with previously reported methylated gold(I) 

NHC complexes.219 The methylated product was never recovered in a purity sufficient for 

further applications as a FEBID precursor. 

 

Scheme 2.8. Synthesis of the methylated complex 5d. 

Trifluoromethylation of a gold complex is carried out with the use of a mixture of AgF and 

Me3SiCF3, that causes the formation of AgCF3 species that can further transfer the 

trifluoromethyl moiety to the gold centre.224 AgF was observed to readily decompose upon 

solvent addition, with a colour variation from orange to black, however, it presents itself as a 

stable powder when stored under air at low temperature. The reactions were monitored in a 

NMR tube, and full conversion of the starting material was observed through 1H NMR with 

at least 2 equiv. of AgF (Table 2.2). In such conditions, a reaction time of 1 day was sufficient. 

The formation of two major species was observed, the desired trifluoromethylated gold(I) 

NHC complex and a dimeric product (Scheme 2.9). The dimeric product i formed easily with 
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any starting material, while the target complexes e required longer reaction times and a higher 

amount of AgF to be formed in substantial quantities. With a reaction time of 42 h full 

conversion of the starting material was achieved with the use of 2 equiv. of AgF. These 

conditions were then applied for the full scale syntheses for compounds 2e, 5e and 11e, 

yielding expectedly to a mixture of products and to the isolation of the target compound e in 

satisfactory yields. The synthesis of compound 5a with 1 equiv. of AgF led to partial 

conversion of the starting material. 

Table 2.2. NMR scale test and full scale yield for gold(I) NHC trifluoromethylation. 

Compound 
AgF 

(equiv.) 
Ratio a; e; i 1 h Ratio a; e; i 18 h Ratio a; e; i 42 h 

Full scale 

yield 

2a 1 0.61; 0.04; 0.35 0.39; 0.14; 0.46 0.34; 0.17; 0.49 58%a 

5a 1 0.58; 0.03; 0.38 0.45; 0.10; 0.46 0.44; 0.09; 0.47 47% 

5a 2 0.51; 0.08; 0.41 0.18; 0.25; 0.57 0; 0.46; 0.54 66% 

6a 1 0.69; 0.06; 0.25 0.59; 0.07; 0.34 0.51; 0.12; 0.38 - 

11a 1 0.71; 0.0; 0.29 0.48; 0.10; 0.42b - 64% a 

Ratio obtained by 1H NMR integration. 1equiv. of starting material, 5 equiv. of SiMe3CF3, in 0.6 mL of 

CD3CN, kept under Ar in the dark. a2 Equiv. of AgF used in the full scale synthesis. b15 h. 

The dimeric product has been identified in literature in similar reaction as  

[Au(NHC)2][Au(CF3)2].224 However, when performing the large scale synthesis for compound 

5e, a sufficient amount of the secondary product could be isolated and we concluded that the 

compound was [Au(NHC)2][Au(CF3)4] (5i). While in positive MS the most intense signals were 

consistent for the [Au(NHC)2]+ ion at 581.010 m/z and above, negative MS showed as the most 

intense peak the ion [Au(CF3)4]- 225 at 472.984 m/z and no sign of the expected [Au(CF3)2]-. This 

secondary product indicated that multiple unexpected processes were taking place: firstly, a 

rearrangement of ligands around the gold(I) centre, possibly mediated by the presence of 

silver(I) salts.226 Secondly, the oxidation of a gold(I) centre to a gold(III), with addition of four 

CF3 ligands in order to obtain the homoleptic complex. Also this second mechanism could be 

caused by the presence of silver salts, and more specifically through a redox process between 

a putative [Au(CF3)2]- complex and AgCF3. 
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Scheme 2.9. Synthesis of trifluoromethylated 5e, 2e and 11e and of dimers 5i, 2i and 11i. 

CF3 and CH3 groups are better sigma donors than halogens and thus decrease the Lewis acidity 

of the metal centre, indirectly inducing a downfield chemical shift of the carbene carbon.219 Of 

the discussed groups CH3 is indubitably the best sigma donor, and thus causes the highest 

carbene chemical shift at 198.2 ppm, 27.4 ppm higher than the chloro counterpart 5a. The CF3 

has a downfield shift of 13.7 ppm in comparison to the chlorine counterpart 5a, and it positions 

itself as intermediate between X = I and X = CH3 (Figure 2.4). However, this is a simplification, 

since other factors such as hybridization and anisotropic effects, contribute to chemical shifts. 

The charge effect assumed above will be the sum of the contributions from sigma effects and 

π effects. 

 

Figure 2.4. 13C NMR (101-151 Hz, CD2Cl2) chemical shift of carbene carbons for complexes of 5. 
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2.7 Other complexes synthesized in the group 

In the research group of Professor Mats Tilset, other (NHC)AuCl complexes have been 

investigated by MSc student Jeroen Ingolf Ketele Nyrud. Under the supervision of Prof. Mats 

Tilset and the author, Nyrud expanded on the series of backbone halogenated complexes, 

performing synthesis and characterization of compounds 14a and 15a, that are the backbone-

brominated and iodinated equiv. of 2a. Shorter reaction times were necessary to prevent full 

decomposition of the (NHC)AgX complex (Scheme 2.10). This is the only instance in which it 

was necessary to modify the conditions of the reaction. 

 

Scheme 2.10. Synthesis of 14a and 15a. 

The carbene carbon chemical shift in 13C NMR is almost untouched when going from X = H to 

Cl (0.7 ppm) and is increased with the introduction of heavier halogens (H to Br 2.8 ppm; H to 

I 5.2 ppm). The chemical shift of the backbone carbons is instead very influenced by the 

substitution, following the series H (120.5 ppm) > Cl (117.0 ppm) > Br (107.3 ppm) > I (85.9 

ppm). 

2.8 Conclusions 

A substantial library of gold(I) NHC complexes has been synthesized. All of the synthesized 

compounds show to have enough stability to be further tested as FEBID precursors, with the 

exception of 1b and 2h, which show sensitivity to light and are not stable in normal conditions. 

Structural variation was successfully implemented on a core structure in order to further study 

the effects of the substitutions. The 13C NMR chemical shift of the main ring carbons is highly 

diagnostic of the electronic effect of the studied substitutions (Table 2.3).  
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Table 2.3. 13C NMR (101-151 Hz, CD2Cl2) chemical shift of carbene carbons and backbone carbons for 

(NHC)Au(I)X complexes. 

Compound 
Carbene δ 

(ppm) 

Au-X δ 

(ppm) 
Backbone carbon 

δ (ppm) 

Backbone 

carbon/nitrogen 

δ (ppm) 

1a 172.1 - 122.3 122.3 

1b 175.6 - 122.3 122.3 

2a 170.1 - 120.5 120.5 

2b 173.7 - 120.4 120.4 

2h 180.7 180.7 120.3 120.3 

2e 183.9 164.4 120.6 120.6 

3a 168.9 - 117.4 117.4 

3b 172.2 - 117.2 117.2 

3h 179.3 179.3 117.2 117.2 

4a 172.4 - 117.9 117.9 

4b 175.7 - 118.0 118.0 

5a 170.8 - 117.0 117.0 

5b 174.1 - 116.9 116.9 

5c 181.2 - 117.1 117.1 

5d 198.2 -0.5 116.2 116.2 

5e 184.5 162.8 117.4 117.4 

6a 170.0 - 117.0 117.0 

6b 173.4 - 116.8 116.8 

6c 180.3 - 116.8 116.8 

7a 171.6 - 118.0 116.9 

8a 171.09 - 117.2 116.8 

9a 172.1 - 117.9 117.3 

10a 174.9 - 143.2 - 

11a 173.2 - 142.2 - 

11h 183.1 - 141.8 - 

11e 186.3 163.0 142.3 - 

12a 191.8 - 48.2 48.2 

13a 179.6 - 134.3 134.3 

14a 172.9 - 107.3 107.3 

15a 175.3 - 85.9 85.9 
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2.9 Experimental part 

The results discussed in this chapter are reported in Paper I, Paper III and Paper IV. 

Supplementary information about the synthesized of compounds not reported is given here. 

The XRD table for [(7)AuCl2Br] is reported here, while all other XRD will be further discussed 

in chapter 3. 

1b 

 

A solution of 1a (151.3 mg, 0.46 mmol, 1 equiv.) and LiBr (393.0 mg, 4.6 mmol, 10 equiv.) in 20 

mL of dried acetone was left stirring in the dark under an Ar atmosphere for 22 h. Upon 

removal of solvent on rotary evaporator the resulting solid was partially dissolved in DCM, 

filtered, and purified by column chromatography (silica, DCM). The product was obtained as 

a pale yellow solid (120.7 mg, 66%). 

1H NMR (400 MHz, CD2Cl2): δ 6.95 (s, 2H, =CH-), 3.81 (s, 6H, -CH3). 13C NMR (101 MHz, 

CD2Cl2): δ 175.6 (NHC-C), 122.3 (=CH-), 38.5 (-CH3).  

MS (ESI+,MeOH): m/z 389.104 ([(NHC)2Au]+, 59.2%), 394.943 ([M(79Br)+Na]+, 100%), 396.941 

([M(81Br)+Na]+, 97.2%). HRMS (MeOH): m/z meas. 394.9428, calcd. 394.9429 for 

[C5H8Au79BrN2Na]+ (Δ= 0.1 ppm). 

3b 

 

A solution of 3a (173.1 mg, 0.45 mmol, 1 equiv.) and LiBr (338.5 mg, 4.0 mmol, 9 equiv.) in 50 

mL of dried acetone was left stirring in the dark under an Ar atmosphere for 22 h. Upon 

removal of solvent on rotary evaporator, the resulting solid was partially dissolved in DCM 

and filtered. After concentration to dryness, the obtained oil was purified by column 
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chromatography (silica, DCM) and the product was obtained as a pale yellow solid (168.1 mg, 

87%). 

1H NMR (400 MHz, CD2Cl2): δ 7.02 (s, 2H, =CH-), 5.01 (hept., J = 6.8 Hz, 2H CHMe2), 1.47 (d, J 

= 6.8 Hz, 12H, -CH3). 13C NMR (101 MHz, CD2Cl2): δ 172.2 (NHC-C), 117.2 (=CH-), 54.0 (-

CHMe2), 23.5 (-CH3).  

MS (ESI+,MeOH): m/z 451.005 ([M(79Br)+Na]+, 100%), 453.003 ([M(81Br)+Na]+, 97.7%), 501.229 

([(NHC)2Au]+, 40.2%). HRMS (MeOH): m/z meas. 451.0054, calcd. 451.0055 for 

[C9H16Au79BrN2Na]+ (Δ= 0.2 ppm). 

5d 

 

A MeLi solution (1.6M in Et2O, 300 µL) was added to a solution of 5a (45.3 mg, 0.11 mmol, 1 

equiv.) in dry toluene (10 mL) under inert atmosphere. After stirring for 8 h, the resulting grey 

suspension was concentrated, filtered through a celite pad, and purified by column 

chromatography (DCM, silica). No yield is reported due to the low purity of the product. 

1H NMR (400 MHz, CD2Cl2): δ 4.29 (q, J = 7.2 Hz, 4H CH2-CH3), 1.42 (t, J = 7.2 Hz, 6H, -CH3) 

0.18 (s, 3H, -CH3). 13C NMR (101 MHz, CD2Cl2): δ 198.4 (NHC-C), 116.3 (=CH-), 45.2 (CH2-CH3), 

16.3 (-CH3), -0.5 (Au-CH3). 

MS (ESI+,MeOH): m/z 427.001 ([M(35Cl35Cl)+Na]+, 100%), 428.998 ([M(37Cl35Cl)+Na]+ 64.9%). 

HRMS (MeOH): m/z meas. 427.0013, calcd. 427.0014 for [C8H13Au35Cl2N2Na]+ (Δ= 0.1 ppm). 
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11h 

 

A suspension of 11a (52.8 mg, 0.15 mmol, 1 equiv.) and NaI (212.8 mg, 1.40 mmol, 10 equiv.) 

in 7 mL of dried acetone was left stirring in the dark under an Ar atmosphere for 20 h. Upon 

removal of solvent on rotary evaporator the resulting pale solid was partially dissolved in 

DCM and filtered. Upon concentration of the resulting solution a pale orange solid was 

obtained (64.1 mg, 95%). 

1H NMR (400 MHz, CD2Cl2): δ 8.06 (s, 1H, =CH-), 4.41 (q, J = 7.3 Hz, 2H, -CH2-, CH side), 4.26 

(q, J = 7.4 Hz, 2H, -CH2-, N side), 1.54 (t, J = 7.4 Hz, 3H, -CH3, N side), 1.52 (t, J = 7.3 Hz, 3H, -

CH3, CH side). 13C NMR (101 MHz, CD2Cl2): δ 183.1 (NHC-C), 141.8 (=CH-), 48.9 (-CH2-, CH 

side), 44.4 (-CH2-, N side), 16.4 (-CH3), 15.5 (-CH3).  

MS (ESI+, MeCN): m/z 447.156 ([(NHC)2Au]+ 100%). MS (ESI-, MeCN): m/z 450.776 ([I2Au]- 

100%). 
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Crystal and refinement data for [(7)AuCl2Br]. 

 

 
Crystal data  

Identification code cg_chec_hp_0m_a 

Chemical formula C6H8AuBrCl4N2 

Mr 526.82 

Crystal system, space group Monoclinic, P21/n 

Crystal color, shape Brown needle 

Temperature (K) 100 

a, b, c (Å) 8.6374 (6), 14.1299 (10), 10.8416 (7) 

α, β, γ (°) 90, 96.804 (2), 90 

V (Å3) 1313.85 (16) 

Z 4 

Radiation type Mo Κα 

μ (mm−1) 15.02 

Crystal size (mm) 0.35 × 0.08 × 0.08 

Data collection  

Diffractometer Bruker D8 Venture 

Absorption correction Multi-scan 

Tmin, Tmax 0.357, 0.747 

No. of measured, independent and 
observed [l > 2σ(l)] reflections 

21339, 4030, 3389 

Rint 0.072 

(sin θ/λ)max (Å−1) 0.716 

Refinement  

R[F2 > 2σ(F2)], wR(F2), S 0.061, 0.156, 1.14 

No. of reflections 4030 

No. of parameters 129 

No. of restraints 0 

H-atom treatment H atom parameters constrained 

 w = 1/[σ2(Fo
2) + (0.0591P)2 + 29.1263P] where P = (Fo

2 + 
2Fc

2)/3 

Δρmax, Δρmin (e Å−3) 4.99, −1.91 
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Chapter 3. 

Thermal evaluation of gold(I) NHC 

complexes 

3.1 Introduction 

This chapter presents the physical characterizations carried out on selected gold(I) NHC 

complexes, work that is briefly presented in Paper III and consolidated in Paper IV. The 

sublimation and melting of the complexes is presented in the first part of the chapter. In the 

second part of this chapter, the intermolecular packing of the complexes obtained by single 

crystal X-ray diffraction is discussed and correlated with the obtained sublimation data. The 

work was carried out in collaboration with David Wragg. Lastly, the development of vacuum-

TGA as a suitable tool for the pre-screening of the volatility of FEBID precursors is discussed, 

work that is presented in Paper II. Primarily Jakub Jurczyk, with the contribution of the 

author, performed the TGA related work. 

The interest in the NHC gold(I) complexes presented in Chapter 2 lies in their use as precursors 

for FEBID and other deposition techniques such as ALD and CVD. Information about the 

volatility and thermal stability is a fundamental tool for the pre-screening of these complexes 

for their application as precursors. Thermogravimetric Analysis (TGA) and cold finger 

sublimation are two commonly applied methods for obtaining the sublimation point for 

FEBID precursors.86,109,227 While both very informative, TGA significantly differs in sublimation 

conditions from the volatilization of the precursor molecule in a Gas Injection System (GIS), 

mainly in pressure conditions.228 While such differences can be circumvented,198,229 cold finger 

sublimation has been preferred to TGA as a tool for identification and comparison of volatile 

metallorganic compounds due to the great applicability demonstrated by the group of 

McElwee-White.86,109 The aim of this chapter is to confirm the volatility of gold(I) and gold(III) 

NHC complexes by means of cold finger sublimation, and to rationalize the sublimation points 

by comparing intermolecular packing in solid state.70,86,109 
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3.2 Cold Finger sublimation 

A sublimation apparatus is used in chemistry as a purification tool. Bulk material is heated 

under vacuum in a tube until sublimation and is then condensed on a cold surface (Figure 3.1). 

The cold surface is generated by a cold finger, a glass piece inserted in the heated tube and 

cooled down through water flow. If a constant vacuum is maintained throughout the 

experiment, the incipient sublimation temperature can be registered at the formation of 

condensed material on the cold finger. The condensed material can then be collected and 

analysed to confirm identity. The employed method is presented in detail in Paper III and IV. 

 

  

Figure 3.1. Schematic representation of cold finger sublimation apparatus. 

3.2.1 Sublimation of early gold(I) NHC complexes 

For the complexes 1a-3a, a roughly constant sublimation temperature on the range of 82-87 °C 

was observed, with a sensible decrease in sublimation temperature only for the isopropyl-

substituted 3a (Table 3.1). The variation from X = Cl to X = Br led only to a 2 °C sublimation 

temperature decrease for 2b. The indication of this first array of compounds is that the 

modification of R and X groups do not influence highly the sublimation temperature of the 

compounds. For all complexes, a sublimation window higher than 50 °C (Tm.p.-Tsubl.) was 

obtained. 
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Table 3.1. Sublimation temperature, melting point and sublimation window of unsubstituted NHC 

gold(I) complexes. 

Compound (R; X) 
Sublimation 

temperaturea (°C) 
Melting pointb (°C) 

Temperature 

window for 

sublimationc (°C) 

1a (Me; Cl) 86-87 161-162 75 

2a (Et; Cl) 87 163-164 76 

2b (Et; Br) 85 136-137 51 

3a (iPr; Cl) 82-83 184-185 101 

aSublimation temperatures obtained by cold finger sublimations. bMelting point obtained by melting 

point apparatus; cRange of temperature for sublimation of the compound at a pressure of 10-3 mbar. 

 

3.2.2 Sublimation of backbone-chlorinated gold(I) NHC complexes 

The backbone-chlorinated gold(I) NHC complexes were sublimed in the established 

conditions and no decomposition or variation of bulk material during sublimations was 

observed. A greater sublimation temperature difference was observed for this array (Table 

3.2). Compounds 4a and 4b showed exactly the same sublimation point at 100 °C. For 

compounds 5 and 6 the difference between X = Cl and X = Br was also limited, in the range of 

1 °C, too small to be considered significant. For the iodo compounds 5c and 6c, an increase in 

volatility of 5-6 °C was observed in comparison to the chloro compounds. 
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Table 3.2. Sublimation temperature, melting point and sublimation window of backbone chlorinated 

NHC gold(I) complexes. 

Compound (R; X) 
Sublimation 

temperaturea (°C) 
Melting pointb (°C) 

Temperature 

window for 

sublimationc (°C) 

4a (Me; Cl) 100 266-269d 166 

4b (Me; Br) 100 258-259e 158 

5a (Et; Cl) 78 185-186 107 

5b (Et; Br) 77 204-205 127 

5c (Et; I) 73 178-179 105 

6a (iPr; Cl) 75 202-203 127 

6b (iPr; Br) 74 225-226 151 

6c (iPr; I) 69 219-220 150 

7a (Me, Et; Cl) 90 205-206 115 

aSublimation temperatures obtained by cold finger sublimations. bMelting point obtained by melting 

point apparatus; cRange of temperature for sublimation of the compound at a pressure of 10-3 mbar. 
dDecomposition prior to melting at 220 °C; eDecomposition and melting. 

The data on the halogen variation fit very well the trend obtained from a series of isocyanide 

gold(I) complexes.109 This is in first instance counterintuitive: the increase of the halogen size 

(and thus molecular weight) should in theory decrease the volatility of a compound, but the 

effect is opposite. Such trend will be discussed further in the chapter by comparing 

sublimation temperature and molecular packing. 

In all cases, the variation of the R group led to a decrease of sublimation temperature with the 

increase of the size of the alkyl substituent. The greatest variation was observed going from R 

= Me to R = Et, with a difference of 22 °C. The variation between R = Et and R = iPr was only of 

3 °C. This trend was also confirmed by the bromo array 4b, 5b, 6b and by the iodo complexes 

5c and 6c. Compound 7a ( R, R’ = Me, Et) showed an intermediate volatilization temperature 

between 4a and 5a (90 °C). 

No direct correlation between sublimation temperature and melting point was found. All the 

backbone chlorinated compounds have a sublimation window of at least 100 °C. Such 

indication is highly positive, as a large sublimation window is desirable for the application of 



45 
 

the precursors for both FEBID and CVD/ALD. For FEBID applications, the most promising N-

substitution is R = Et, as it is a compromise between volatility and carbon composition 

limitation. Furthermore, while the variation from X = Cl to X = I bring a relevant increase in 

volatility, the variation X = Cl to X = Br does not introduce any optimization. 

3.2.3 Sublimation of other gold NHC complexes 

The triazole complexes 10a and 11a showed a decreased sublimation temperature from their 

imidazole-based counterparts 1a and 2a of 5 and 27 °C respectively (Table 3.3). For these two 

complexes the variation from R = Me to R = Et induced a substantial drop of sublimation 

temperature of 21 °C, similar to what was observed for the backbone chlorinated complexes. 

The effect of the triazole ring is highly positive both from the volatility and the composition 

point of view, since the number of carbons per molecule is decreased by one. 

Table 3.3. Sublimation temperature, melting point and sublimation window of NHC gold(I) and 

gold(III) complexes. 

Compound (R; X) 
Sublimation 

temperaturea (°C) 
Melting pointb (°C) 

Temperature 

window for 

sublimationc (°C) 

10a (Me; Cl) 81d 138-139 57 

11a (Et; Cl) 60 131-132 71 

12a (Et; Cl) 70 70-72 - 

5e (Et; CF3) 53 146-149 93 

11e (Et; CF3) 38 102-103 64 

5f (Et; Cl3) 101e 280-282 180 

aSublimation temperatures obtained by cold finger sublimations. bMelting point obtained by melting 

point apparatus. cRange of temperature for sublimation of the compound at a pressure of 10-3 mbar; 
dpreliminary data. eSublimation and decomposition. 

The imidazoline-based complex 12a was the only compound that melted during volatilization 

studies. Melting of bulk material was observed at 70-72 °C in concomitance with the 

appearance of condensed solid on the cold finger. The sublimation temperature difference 

between the imidazole and imidazoline-based complexes 2a and 12a is of 17 °C. However, due 

to the different phase transitions for these two compounds no further comparison is 
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significant. The most noteworthy variation is in the melting point, that decreased from 163 °C 

to 70 °C, with a substantial drop of circa 100 °C. 

In all cases, the introduction of a trifluoromethyl ligand induced a drastic drop of sublimation 

temperature. For the backbone chlorinated compound 5e the temperature drop from the 

chlorinated complex 5a was of 25 °C.  For the triazole complex 11d the variation of X = Cl to X 

= CF3 caused a drop of 22 °C to a sublimation temperature of 38 °C. This is the most volatile 

compound obtained in this study. These observations are in agreement with the isocyanide 

gold(I) series,86,109 indicating that for all gold(I) complexes the introduction of a trifluoromethyl 

ligand greatly increases volatility. Fluorination and perfluorination has been commonly 

employed in other systems as a mean of boosting the thermal properties of organometallic 

compounds.230-233 

The gold(III) complex 5f will be further discussed in Chapter 6. The oxidation of the gold 

centre from Au(I) (5a) to Au(III) (5f) changes the linear complex into a square planar one, with 

the addition of two chloro ligands. In this case the introduction of more halogens increased 

the sublimation temperature to 101 °C, rendering 5f the least volatile complex obtained. 

Furthermore, the collected product was a mixture of 5f and 5a in a ratio of 1:0.28 (Figure 3.2), 

indicating that under the conditions of the sublimation experiments, 5f decomposed in 5a 

through the reductive elimination of Cl2. No further investigations of volatility of gold(III) 

complexes were carried out. 
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Figure 3.2. 1H NMR spectra of 5f (200 MHz), Sublimated of 5f at 101 °C and 5a (400 MHz); zoom on –

CH2-CH3 protons. 

3.3 Molecular packing 

Gold complexes show a wide variability of intermolecular packing, mainly dictated by 

aurophilic interactions,234 weak interactions present at a Au-Au distance between 2.8 and 3.5 

Å.110 The sublimation temperature of organogold precursors has been linked in previous 

studies to the intermolecular packing of the complexes in solid state.70,86,109 Several gold(I) 

FEBID precursors have been studied from this point of view, and a well-defined relation 

between intermolecular packing and volatilization has been established. In the discussed 

series of gold(I) isocyanide and phosphine complexes, that the sublimation temperature 

decreases together with the increase of Au-Au intermolecular distances. In such small 

complexes, aurophilic interactions play a great role in the overall packing energy of the 

molecule.86,109 Furthermore, it has been observed that a variation in packing pattern, from 

monomer to oligomer to chain, has a similar effect, with decreased sublimation temperature 

for the shortest structures.109 

The solid state packing of NHC gold(I) complexes is diverse, as the packing is mostly dictated 

by weak interactions, such as aurophilic interactions, electrostatic interactions and in some 

cases π-π stacking of the ligands.235-237 The most common packing arrangement including 

aurophilic interactions involves the formation of dimers, where the Au-Au bond is the central 

interaction. In the case of formation of strong NHC-X electrostatic interaction (X-Au-Au-X 
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angle around 180°) it is defined as antiparallel dimer, whereas if this interaction is absent (X-

Au-Au-X angle around 90°) it is defined as a perpendicular dimer (Figure 3.3). Such 

supramolecular organization can be extended to the formation of chains.234 

 

 

 

Figure 3.3. Possible packing modes with aurophilic interactions for gold(I) NHC complexes. 

3.3.1 Solid state packing of 1a-3c: high variation in packing pattern 

Compounds 2a and 2b form perpendicular dimers with a very short Au-Au distance of around 

3.1-3.2 Å and no π-halogen interactions are present (Table 3.4, Figure 3.4). This conformation 

was previously observed for benzimidazole-based complexes158 and imidazole-based gold(I) 

complexes with Cy N-substituents.160,196 Compounds 1a and 1b follow the same packing 

pattern with perpendicular units, but forming instead chains with longer Au-Au distances at 

3.3-3.5 Å. Complexes 2h and 3h are both identified in solid state as the dimeric form 

[Au(NHC)2]+[AuI2]-; while 2h presents dimers of [Au(NHC)2]+ complexes with an Au-Au 

distance of 3.3468(3) Å, 3h presents a chain structure of [Au(NHC)2]+[AuI2]- units with a very 

long Au-Au’ distance of 6.869 Å. 
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Table 3.4. Relevant distances (Å) and angles (deg) for gold(I) NHC complexes (1-3) as obtained by single 

crystal XRD 

Compound Packing mode Au-C (Å) Au-X (Å) C-Au-X (deg) Au-Au (Å) 

1a 
Perpendicular 

chain 
1.972(13) 2.281(4) 179.0(4) 3.525(2) 

1ba 
Perpendicular 

chain 

1.98(2)-

2.00(2) 

2.405(2)-

2.404(2) 

179.1(6)-

179.3(5) 

3.351(1)-

3.397(1) 

2ab 
Perpendicular 

dimer 
1.95(2) 2.289(3) 177.8(5) 3.1804(8) 

2ba 
Perpendicular 

dimer 

1.988(10) – 

2.000(11) 

2.4071(12) – 

2.4121(11) 

175.6(3) – 176.4 

(3) 

3.1234(6) – 

3.1352(6) 

2c [Au(NHC)2]+ 

dimers 

2.014(4)-  

2.019(4) 

2.5380(4) – 

2.5384(4) 
 

 

175.54(17) 3.3468(3) 

3a196 - 1.964(6) 2.261(2) 175.0(2) - 

3b - 1.994(3) 2.3936(4) 175.7(1) - 

3cb 
[Au(NHC)2]+[AuI2]- 

chain 
2.007 2.539 180.00 6.869 

aTwinned crystal; bStructure obtained at room temperature. 

 

Figure 3.4. ORTEP plots of 1a (left), 2b (centre) and 2c (right) with 50% ellipsoids. Bond lengths (Å) and 

angles (deg) are reported in Table 3.4. Hydrogen atoms and twinning were omitted for clarity. 

3.3.2 Solid state packing of antiparallel complexes 

Complexes 5a, 5b, 5e, 7a, 11a, 11e, 12a form antiparallel dimers. Compounds 4a, 4b, 5c, 6a, 6b, 

6c, 14a, 15a are again packed in  an antiparallel conformation, but in this case forming a 

chained structure; depending on the N-substituents and on the X ligand, the chain presents 
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either tilted (R = Me, Et) or coplanar  (R = iPr) molecules in regards to the NHC plane (Figure 

3.5). For 14a, 15a the NHC units are all skewed in the same directions, due to the steric 

hindrance caused by the large halogen substituents on the NHC backbone. Short contacts are 

present between the backbone halogens and the X group on the gold centre. 

 

Figure 3.5. Graphical representation of tilted and coplanar antiparallel chains. 

Considering structures of gold(I) NHC complexes bearing a chloro ligand and ethyl N-

substituents (5a, 11a, 12a, 14a, 15a), the packing of the molecule is fairly constant, with the 

formation in most cases of antiparallel dimers, and in few cases chains. With the increase of 

the steric bulk of the backbone substituents, the Au-Au distance increases in the series Cl < Br 

< I (Figure 3.6). Interestingly, the shortest Au-Au distance for antiparallel dimers is observed 

for 11a (3.4533(4) Å) and 11e (3.5406(5) Å), two of the most volatile complexes studied. 
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Figure 3.6. ORTEP plot with 50% ellipsoids of dimers of gold(I) NHC complexes presenting a chloro 

ligand and ethyl N-substituents. 5a, 11a, 12a, 14a, 15a. Au-Au distances in Å. Hydrogen atoms were 

omitted for simplicity. 

On the basis of a comparison of intermolecular distances and sublimation energies for the 

array of backbone chlorinated gold(I) complexes of 4-7 (Table 3.5), a similar trend to the 

reported observation on isocyanide gold(I) complexes can be seen. In all cases, the variation of 

the halogen ligand from Cl to Br and I leads to an increase in Au-Au distance, causing a 

decrease in sublimation temperature. 
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Table 3.5. Relevant distances (Å) and angles (deg) for backbone chlorinated gold(I) NHC complexes (4-

7) as obtained by single crystal XRD. 

Cmpd. 
Packing 

mode 
Au-Au (Å) 

Au-Au’ 

(Å) 

X-Au-Au’ 

(deg) 

NHC-Xa 

(Å) 

Au-X-NHC 

(deg) 

4a238 
Chain 

(tilted) 
3.818 3.818 106.90 3.661 86.29 

4b 
Chain 

(tilted) 
3.8198(6) 3.8198(6) 105.339(10) 3.692 86.09 

5a Dimer 3.5893(3) - 110.53(2) 3.419 83.57 

5b Dimer 3.711(6) - 104.22(4) 3.610 87.90 

5c 
Chain 

(tilted) 
3.710(3) 3.710(3) 104.19(2) 3.663 85.27 

5e Dimer 3.7820(3) 4.3346(4) 102.46(8) 3.731 95.21 

6ab Chain 3.560(2) 3.671(2) 99.4(2) 3.499 94.83 

6b Chain 3.8243(12) 3.8243(12) 110.78(4) 3.616 81.25 

6c Chain 3.9174(7) 3.9174(7) 109.36(3) 3.757 79.57 

7a Dimer 
3.5582(2)- 

3.6148(6) 
4.3440(5) 

102.24(6)– 

103.71(6) 

3.389 - 

3.403 
92.03 - 90.28 

aThe position of the NHC is defined as a centroid calculated for the 5 atoms composing the ring. 

De Proft235 demonstrated that the main interaction leading to stabilization of antiparallel 

dimers of (NHC)MX complexes are the electrostatic interactions between the NHC and 

halogen ligands of stacked molecules. Complementarily, Pyykkö239 demonstrated the limited 

importance of electrostatic interactions in complexes packing in a perpendicular dimer 

arrangement. The strength of the electrostatic interaction depends both on the electrostatic 

potential difference and on the distance between the two groups. Positive electrostatic 

potential has been observed on the NHC moiety, while negative electrostatic potential has 

been locally observed on the halogen ligand (Figure 3.7);235 the inclusion of more electron rich 

groups (e.g. triazole ring) can lower the positive electrostatic potential of the NHC ring. In the 

same way, a less electronegative and softer halogen ligand (Cl < Br < I) leads to a X group with 

a smaller negative electrostatic potential. The effect of N-substituents has been proven to be 
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purely steric, as the increase of length of alkyl chains do not dramatically change the electron 

density of the NHC ring.240 

 

Figure 3.7. Antiparallel dimer and chain for gold(I) NHC complexes. Positive electrostatic potential 

(blue) and negative electrostatic potential (red). 

3.4 Vacuum-TGA of silver carboxylates 

Thermogravimetric analysis (TGA) is a method that has been employed extensively for the 

identification of thermal properties of CVD precursors such as melting, decomposition and 

volatilization temperature.198,229,241,242 However, the difference in pressure conditions between 

sublimation of compounds in vacuum and TGA, which is normally performed under the 

protection of an inert atmosphere in atmospheric pressure, is vast. A method for obtaining the 

vapour pressure of volatile metallorganic CVD precursors from TGA has been developed so 

as to compensate for the difference in experimental conditions.229 

Low-volatility silver carboxylates Ag2(µ-O2CC(Me)2Et)2 and Ag2(µ-O2CC2F5)2 have been 

successfully investigated as FEBID precursors (see Chapter 1).49,50,52 In the TGA experiments 

under inert gas flow the compounds were observed to decompose at a temperature of 230-321 

°C, leaving silver as main remnant. However, the compounds were observed to volatilize at a 

temperature of 150-180 °C during FEBID experiments.49,50,52 The behaviour observed in FEBID 

was instead clearly reflected in vacuum-TGA experiments  performed in a limited vacuum of 

10-1/10-2 mbar: for the perfluorinated complex Ag2(µ-O2CC2F5)2 sublimation was observed 

starting at a temperature of 203 °C, while a concomitant decomposition and volatilization was 

observed for the non-fluorinated Ag2(µ-O2CC(Me)2Et)2. Long isothermal sublimations at 180 

°C, the temperature employed in FEBID has shown for Ag2(µ-O2CC2F5)2 the effective removal 

of most of the material (2% leftover mass) in a timeframe of 100 minutes. Vacuum-TGA has 
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been further tested on a larger array of silver carboxylate complexes of general formula Ag2(µ-

O2CR)2, further confirming the observed complete sublimation for perfluorinated compounds 

vs. concomitant sublimation and decomposition for non-perfluorinated ones (Figure 3.8). 

 

Figure 3.8. Vacuum-TGA of silver carboxylates.228 

These observations, together with additional considerations are presented in Paper II. The use 

of vacuum-TGA poses itself as a suitable tool for pre-screening of FEBID precursors. However, 

further development of experimental conditions, such as the increase of the vacuum is highly 

desirable. 

3.5 Conclusions 

Cold finger sublimation is a useful tool for the comparison of sublimation temperature of 

organometallic complexes. Several moieties are beneficial to the increase of volatility for the 

studied gold(I) NHC complexes, as presented in Figure 3.9.  
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Figure 3.9. Dependency of the sublimation temperature on gold centre and NHC functionalization. 

Through structural modifications, we were able to substantially and finely tune the volatility 

of the complexes in a range of sublimation temperature of 63 °C (38 to 101°C). Most of the 

studied complexes showed a sublimation temperature range sufficient for further application 

as precursors for deposition techniques, with the exception of 12a and 5f. Most of the 

complexes have shown a suitable sublimation temperature, lower than 90 °C, to be further 

studied as FEBID precursors, with the exceptions of 4a, 4b and 5f. The complexes that 

delivered the best compromise between carbon content and volatility are 11e, 11a and 5e, 

making them the most promising candidates for FEBID applications (Figure 3.10). All 

complexes showed a stability window (in this case limited to the sublimation window) 

sufficient for further studies as CVD and ALD precursors. Gold(III) NHC complexes have 

shown not to be suitable for deposition applications. 
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Figure 3.10. Plot of Sublimation temperature versus number of carbons in the molecular formula of the 

gold(I) and gold(III) NHC complexes. 

We hypothesize that these finding can be extended to other metal NHC complexes. In this 

direction, further development is needed. 

No clear correlation between aurophilic interactions and sublimation temperature is observed. 

However, in (NHC)MX complexes the electrostatic interactions between dimers and chain of 

antiparallel oriented complexes it the most energetically important interaction. In XRD most 

of the complexes have been observed following this packing mode. As such, electrostatic 

interactions, together with steric factors, could explain the observed trends in sublimation 

temperatures. For future investigations, the electrostatic interactions between the L and X 

ligands in gold complexes are a very important parameter to consider in the a priori design of 

volatile gold(I) compounds. 
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3.6 Experimental part 

The crystal and refinement data for structures not discussed in Paper IV are reported here. 

Crystal and refinement data for 1b. 

 

 
Crystal data  

Identification code CG_MeBr 

Chemical formula C5H8AuBrN2 

Mr 373.01 

Crystal system, space group Monoclinic, P21/c 

Crystal color, shape Colorless, needle 

Temperature (K) 100 

a, b, c (Å) 14.8077(16), 16.0759(17), 6.6798(7) 

α, β, γ (°) 90, 92.191(2), 90 

V (Å3) 1588.9(3) 

Z 8 

Radiation type Mo Κα 

μ (mm−1) 23.46 

Crystal size (mm) 0.59 ∙ 0.09 ∙ 0.03 

Data collection  

Diffractometer Bruker D8 Venture with  Photon 100 area detector 

Absorption correction Multi-scan 

Tmin, Tmax 0.091, 0.495 

No. of measured, independent and 
observed [l > 2σ(l)] reflections 

4452, 4452, 3834 

Rint 6.48 

(sin θ/λ)max (Å−1) 0.717 

Refinement  

R[F2 > 2σ(F2)], wR(F2), S 0.073, 0.212, 1.12 

No. of reflections 4452 

No. of parameters 169 

No. of restraints 6 

H-atom treatment H atom parameters constrained 

 w = 1/[σ2(Fo
2) + (0.1334P)2 + 48.8177P] where P = (Fo

2 + 
2Fc

2)/3 

Δρmax, Δρmin (e Å−3) 6.12, -6.29 
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Crystal and refinement data for 3c. 

 

 
Crystal data  

Identification code cgr104_a 

Chemical formula C9H15Au0.5N2·Au0.5I 

Mr 478.12 

Crystal system, space group Triclinic, P-1  

Crystal color, shape Colorless, needle 

Temperature (K) 293 

a, b, c (Å) 7.253 (3), 8.915 (4), 10.773 (5) 

α, β, γ (°) 76.359 (13), 74.972 (13), 78.226 (12) 

V (Å3) 646.2 (5) 

Z 2 

Radiation type Mo Κα 

μ (mm−1) 13.74 

Crystal size (mm) 0.4 × 0.2 × 0.05 

Data collection  

Diffractometer Bruker D8 Venture 

Absorption correction Multi-scan 

Tmin, Tmax 0.292, 0.746 

No. of measured, independent and 
observed [l > 2σ(l)] reflections 

19270, 2992, 2506 

Rint 0.053 

(sin θ/λ)max (Å−1) 0.652 

Refinement  

R[F2 > 2σ(F2)], wR(F2), S 0.035, 0.083, 1.12 

No. of reflections 2992 

No. of parameters 125 

No. of restraints 6 

H-atom treatment H atom parameters constrained 

 w = 1/[σ2(Fo
2) + (0.0126P)2 + 3.1133P] where P = (Fo

2 + 
2Fc

2)/3 

Δρmax, Δρmin (e Å−3) 1.27, −3.03 

  

file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_chemical_formula_moiety
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_chemical_formula_moiety
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_chemical_formula_moiety
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_chemical_formula_moiety
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_chemical_formula_moiety
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_chemical_formula_moiety
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_chemical_formula_moiety
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_chemical_formula_moiety
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_chemical_formula_moiety
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_chemical_formula_moiety
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_chemical_formula_moiety
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_chemical_formula_weight
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_space_group_crystal_system
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_space_group_name_H-M_alt
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_cell_measurement_temperature
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_cell_length_a
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_cell_length_b
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_cell_length_c
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_cell_angle_alpha
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_cell_angle_beta
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_cell_angle_gamma
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_cell_volume
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_cell_formula_units_Z
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_exptl_absorpt_coefficient_mu
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_exptl_crystal_size_max
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_exptl_crystal_size_mid
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_exptl_crystal_size_min
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_exptl_absorpt_correction_T_min
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_exptl_absorpt_correction_T_max
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_diffrn_reflns_number
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_reflns_number_total
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_reflns_number_gt
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_diffrn_reflns_av_R_equivalents
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_refine_ls_R_factor_gt
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_refine_ls_wR_factor_ref
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_refine_ls_goodness_of_fit_ref
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_refine_ls_number_reflns
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_refine_ls_number_parameters
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_refine_diff_density_max
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_refine_diff_density_min
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_refine_diff_density_min
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_space_group_name_H-M_alt
file:///C:/Users/cristigl/Desktop/thesis%20chapters%20finalized/cgr104_a%20_space_group_name_H-M_alt


59 
 

Chapter 4. 

Other investigations performed on Gold(I) 

NHC complexes 

4.1 Introduction 

In this chapter, other investigations performed gold(I) NHC complexes by means of 

electrochemical studies and EI-MS are discussed. The data discussed in this chapter has not 

been published. The electrochemistry studies performed on the gold NHC complexes were 

carried out with the help of Kaiqi Xu, while the EI-MS were performed by Osamu Sekiguchi. 

4.2 Cyclic voltammetry and electrosynthesis 

In recent literature greater emphasis was put on finding accessible routes to the use of gold 

complexes as redox catalysts.243 Unlike its neighbour Pt, gold has a very high oxidative barrier 

in the process Au(I)/Au(III) at +1.4 V.244 To overcome this high barrier, stoichiometric amounts 

of oxidant have been used, that led to the application of gold as a catalyst for oxidative 

coupling of arenes,245 oxidative cyclisation,246 and C-F bond formation.247 Recently, Ye et al. 

reported the first homogeneous electrochemically facilitated redox gold catalysis, where the 

Au(I)/Au(III) oxidation was achieved by anode oxidation.248 The process led to the efficient 

coupling of both symmetrical and unsymmetrical conjugated dienes by the use of a gold 

catalyst. The aim of the work presented in this section is to explore the redox behaviour of 

selected gold(I) NHC complexes (Figure 4.1). 
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Figure 4.1. Gold(I) NHC complexes investigated by cyclic voltammetry. 

4.2.1 Cyclic voltammetry of gold(I) NHC complexes 

The redox behaviour of compounds 2a, 5a, 5d, 14a and 11a was explored by means of cyclic 

voltammetry. Cycles in reduction (0 to -2 V) led to no reduction peaks for all compounds, 

indicating that no gold(0) species were formed, with the notable exception of 11a that 

undergoes a reduction AuI/Au0 at -1.4 V. Previous reported gold(I) NHC complexes presented 

the reduction AuI/Au0 in a range of -0.91/-1.16 V.249 The studied compounds fall outside of this 

range, with a high stability to negative potential, up to -2 V (Figure 4.2). In oxidation (0 to 2 V) 

either one or two oxidation peaks above 1.4 V were observed for all compounds, indicating 

oxidation of gold(I) to gold(III). While one oxidation is clearly attributed to the AuI/AuIII 

process, the second could be due to reactivity linked to the organic ligand. In the full potential 

window (2 to -2 V) for all gold complexes an additional reduction peak at around -0.3 V was 

observed, diagnostic of a reduction AuIII/AuI. 
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Figure 4.2. Left: overlaid cyclic voltammograms of gold(I) complexes with different NHC ligands (2a, 

5a, 14a, 11a); Right: selective reduction (0 to -2V) and oxidation (0 to 2V). Scan rate 0.1 V/s, 0.1 M 

N(nBu)4PF6 in acetonitrile. 

Complexes 5e and 5l were tested in order to evaluate the effect of the presence of other anionic 

ligands, namely -CF3 and –OAc. Compound 5l was obtained by the substitution of the chloro 

ligand of 5a by mixing at room temperature with silver acetate (Scheme 4.1).219  

 

Scheme 4.1. Synthesis of 5l.  

For these complexes, the only observed difference from the chloro based 5a was the lack of 

any reduction peak also in the full range cycles (2 to -2 V) (Figure 4.3). 
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Figure 4.3. Left: overlaid cyclic voltammograms of gold(I) complexes with different anionic ligand (5a 

Cl, 5d CF3, 5l OAc); Right: selective reduction (0 to -2V) and oxidation (0 to 2V). Scan rate 0.1 V/s, 0.1 M 

N(nBu)4PF6 in acetonitrile. 

4.2.2 Gold(III) CV and electrosynthesis 

In order to confirm the AuI/AuIII and AuIII/AuI processes, the Au(III) complex 5f has been 

explored. As expected when scanning in reduction, only a reduction peak for AuIII/AuI was 

observed at –0.51 V, while in positive scanning no oxidation was observed. In the full cycle, 

two oxidation and one reduction peaks were present (Figure 4.4). The oxidation peak at 0.7 V 

was in accordance to the reported formal potential of Cl2 vs. FeCp*2+/0 of 0.69 V,250 thus 

indicating the formation of Cl2 from 2Cl-, generated in turn from the reduction of the Au(III) 

complex 5e to 5a. The second oxidation peak at 1.5 V corresponded exactly to the AuI/AuIII 

oxidation observed for 5a. 
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Figure 4.4. Left: overlaid cyclic voltammograms of gold(I) complexes with different starting oxidation 

state 5a Au(I), 5f Au(III); Right: selective reduction (0 to -2V) and oxidation (0 to 2V). Scan rate 0.1 V/s, 

0.1 M N(nBu)4PF6 in acetonitrile. 

To further confirm the assignment of the AuI/AuIII oxidation, preparative electrolysis was 

performed starting from 5a at 1.6 V vs. Ag/AgNO3 reference electrode. For preparative 

electrolysis a Pt meshed electrode with a high surface area was used; the cell was separated by 

a porous frit in an anodic and a catodic section. N(Me)4BF4 was chosen as the electrolyte, as it 

can be easily removed from the reaction solution by adding a large quantity of DCM and 

filtering of the insoluble salt. The purified solution was analyzed by 1H NMR and 13C NMR 

and peaks consistent with a [AuIII(NHC)X3-zYz]+z complex were observed. The most indicative 

variation was the shift of the carbene carbon through the oxidation AuI/AuIII from 170.8 ppm 

to 141.7 ppm (Figure 4.5). The reaction mixture contained a 73:27 ratio of Au(III) and Au(I) 

species after 60 minutes of oxidation; the conversion was in accordance with the total current 

obtained by chronoamperometry for an overall 2 electron process.  
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Figure 4.5. 13C NMR (CD2Cl2, 151 MHz) of the isolated mixture from electrosynthesis, peaks assigned to 

5m are marked with *; in detail, 1H NMR (CD2Cl2, 600 MHz) of the NCH2CH3 protons used for 

quantification.  

As no chloride was present in the chosen system, an oxidation of the gold(I) centre by Cl2 

produced in situ was excluded. The most probable species formed during oxidation is 

[Au(5)(MeCN)2Cl]2+[BF4]22-  (5m) (Scheme 4.2). 

 

Scheme 4.2. Electrosynthesis of a gold(III) NHC species from 5a. 

Early catalytic experiments were performed on the homocoupling reaction of phenylacetylene 

using 5a as a catalyst, with only stoichiometric formation of product. Further development of 

the catalytic conditions is necessary. 

4.3 Low energy EI-MS 

Electron Ionization Mass Spectrometry is used to observe electron induced fragmentations of 

organic and organometallic compounds. This characterization technique has some common 
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features with a FEBID process, since in EI-MS a gaseous compound is irradiated by an electron 

beam and the ions formed by the induced fragmentation are registered. 

The most relevant differences lay in the state of the study matter (adsorbed in FEBID while 

gaseous in EI-MS) and in the nature and energy of the used electrons. While in FEBID SE 

electrons are used for decomposition, in EI-MS the electrons of the primary beam are 

responsible for the decomposition of the analyte. A further limitation is presented by the fact 

that in EI-MS only positive ions can be detected, which is a great restriction of the scope of 

observable fragments. Nevertheless, EI-MS could be a suitable tool in detecting the different 

decomposition pathways available for a precursor molecule, and it could be possible to link 

that to the obtained deposits composition.44 

4.3.1 Low energy EI-MS of 5a 

EI-MS of 5a were performed at different ionization energies of 70 eV, 20 eV, 12 eV, 10 eV and 

8 eV (Table 4.1). At 70 eV the most intense observable peak was the [M]•+ peak at 424 m/z, 

qualitatively indicating robustness of the molecule under electron beam irradiation. The other 

main observed peaks were for the [M-Cl]+ and [M-HCl]+ fragments. As such, the most 

favourable fragmentation involved the cleavage of the metal-halogen bond. Such 

fragmentation intensity is in line with the observations made in the composition of the 

obtained deposited structures (Paper III) where the at.% of Cl is very limited for 5a. The 

decomposition of the molecule further progressed with the additional loss of one N-alkyl 

substituent ([M-Cl-Et]+) or with the loss of the NHC ring integrity ([M-Cl-C2Cl2+H]+, 

[AuCNH]+). Other peaks relative to non gold-containing species were detected, relative to 

various degrees of fragmentation of the isolated NHC ring. 

A clear trend for the various gold-containing species was observed with the stepwise decrease 

of electron beam energies. The most intense variation was observed for [M]•+, which increases 

its relative intensity of 16%, indicating that at lower eV the fragmentation of the molecule 

could be less efficient. Furthermore, also the signal for the [M-HCl]+ fragment was greatly 

increased from 14 to 24%. The ratio between these two signals was very constant throughout 

these experiments, indicating that the fragment [M-HCl]+ could be generated from [M]•+. The 

opposite trend was observed for both [M-Cl]+ and ([M-Cl-Et]+. The ratio of the relative intensity 

of the two signals is also in this case roughly constant. The two other fragments, [M-Cl-
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C2Cl2+H]+ and [AuCNH]+ were not present at low eV and they both disappeared between 12 

and 10 eV. However, it should be noted that the signals for these species were not very intense 

in first instance. Fragments of the precursor not containing gold are not reported. 

Table 4.1. Main gold containing peaks observed for the EI-MS of 5a and their intensity in percentage of 

the total signal. 

m/z, fragment 70 eV 20 eV 12 eV 10 eV 8 eV 

424, [M]•+ 34 36 41 47 50 

389, [M-Cl]+ 29 25 23 21 16 

388, [M-HCl]+ 14 16 20 20 24 

360, [M-Cl-Et]+ 15 18 15 12 10 

296, [M-Cl-

C2Cl2+H]+ 
4 4 1 0 0 

224, [AuCNH]+ 4 1 0 0 0 

 

While the change in eV has led to a substantial variation of the relative intensities of the 

fragments, no new fragmentation pathway was generated, and thus further experiments at 70 

eV were taken as representative of the fragmentation also at low eV. The same comparison 

between high and low eV ionization energies was performed for 2a and again no substantial 

difference in decomposition pathways was observed. 

4.3.2 EI-MS of other complexes 

The EI-MS analyses were carried out on compounds 1a, 2a, 3a, 4a, 5b, 5c, 6a, 11a. For all 

compounds a major decomposition pathway was identified in the loss of the halogen ancillary 

ligand, and the formation of the [(NHC)Au]+ (or [M-X]+ ) fragment. This observation fits well 

with the FEBID experiments, where the halogen at.% in the obtained deposits was always very 

limited (up to 3.3%). 

Compound 5a showed the presence of another intense signal corresponding to the fragment 

[M-HCl]+. This signal was detected also for 6a, but not for 4a. NHC ligands with R = Et, iPr 



67 
 

differ from R = Me (4a) for the presence on the alkyl chains of β-protons, that in this case can 

play a fundamental role in the decomposition. Thus, the EI-MS suggests the presence of an 

agostic interaction between the metal centre and one or two β-protons. The proton loss can 

occur only from a N-substituent in compounds 4a-6a, since no other hydrogens are present in 

the molecular structure. Such fragmentation is not observed for 5b and 5c, where X = Br, I, 

indicating that it is necessary to have chlorine as the ancillary ligand. This observation could 

indicate that a decomposition pathway is present only for complexes with X = Cl, and partially 

explain the difference in EDX composition of the obtained FEBID deposits of 5a and 5b and 5c 

(see Chapter 5). Nevertheless, the Cl involved in such decomposition pathway could originate 

from the backbone of the molecules. To exclude this, the same experiments are performed on 

1a, 2a and 3a, and again the [M-HCl]+ is present for 2a and 3a; 1a lacks β-protons and, as 

observed before for the analogue 4a a [M-HCl]+ is not present. A similar trend to 5a was 

observed for 11a. The highly different composition of the deposits of the imidazole and of the 

triazole-based complexes is not explained by EI-MS. 

4.4 Conclusions 

Cyclic voltammetry of the selected gold(I) NHC complexes shows that imidazole-based 

compounds have a large range of stability both in positive and negative potential. The 

oxidation of gold(I) species to gold(III) and vice versa has been identified, and only in the case 

of the triazole-based complex 11a reduction of gold(I) to gold(0) was observed. 

In the EI-MS experiments at variable ionization energy, a different pathway of decomposition 

has been identified for complexes presenting a chloro ancillary ligand and β-protons on the 

N-substituents. This behaviour could partially explain the differences observed in Chapter 5 

in the EDX composition of FEBID deposits. 

4.5 Experimental part 

Electrochemical measurements were performed on an AMETEK PARSTAT 4000 

potentiostat/galvanostat at room temperature and under Argon atmosphere. Cyclic 

voltammetry was performed in a three electrode configuration, with a glassy carbon working 

electrode, a Pt wire counter electrode and an Ag/AgNO3 pseudo reference electrode. All 
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measurements were performed using a 0.1 M solution of N(nBu)4PF6 in acetonitrile. For each 

experiment 10.0±3 mg of gold(I) or gold(III) complex were used. Ag reference electrode was 

referenced after each experiment to the ferrocene/ferrocenium couple. 

Electrosynthesis 

25.6 mg of 5a were dissolved in 25 mL of saturated solution of N(Me)4BF4 in acetonitrile and 

charged in a two-compartments cell. In the first compartment the solution of gold(I) complex 

was charged, together with a Pt meshed working electrode and an Ag/AgNO3 reference 

electrode. In the second compartment 25 mL of electrolyte solution and a Pt foil counter 

electrode were inserted. All manipulations were performed under Argon atmosphere. A 1.6 V 

current was applied to the working electrode compartment under stirring and Argon 

bubbling. After 60 minutes, the gold solution was transferred and upon addition of circa 200 

mL of DCM, precipitation of the electrolyte was observed. The suspension was filtered over a 

type 4 filter under reduced pressure and the obtained pale yellow solution was concentrated 

to dryness leaving a grey solid, that was partially solubilized in CD2Cl2 and filtered prior to 

NMR characterization. From chronoamperometry 8.44 C were produced, corresponding to 

8.7·10-5 moles of electrons, that cause a conversion of 73% of 6.0·10-5  moles of gold(I) complex 

to gold(III). 

EI-MS experiments were registered on a Bruker Scion-TQ Premium GC-MS. 
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Chapter 5. 

FEBID experiments on gold(I) NHC 

complexes and on-substrate GIS 

development 

5.1 Introduction 

In this chapter the FEBID experiments performed using selected gold(I) NHC complexes as 

precursor molecules will be discussed. 

The experiments were performed during exchange periods in 2019 and 2020 at Delft 

University of Technology under the supervision of Professor Cornelis W. Hagen, and at 

TESCAN s.r.o. Brno under the supervision of Jaroslav Jiruše. A close collaboration in the 

hosting institutions was active with Aya Mahoub and Dominik Marko. The FEBID 

experiments on compounds 1a, 2a, and 3a were performed by Jakub Jurczyk under the 

supervision of Ivo Utke at EMPA. 

Different deposition apparatuses, both homemade and commercially available have been 

used, but they all follow the same basic functioning. For the benefit of further discussions in 

this chapter we will broadly define the components and features of a Gas Injection System 

(GIS). 

A GIS used for FEBID applications is comprised of three fundamental parts: a reservoir, where 

the precursor is stored, a gas supply system, and a nozzle, for the topical delivery of the 

precursor in the desired area (Figure 5.1.). The resulting precursor flux depends on the flow 

rate, the nozzle geometry, and the position relative to the substrate. One useful way of 

controlling the flow rate is the variation of the temperature of the reservoir to increase or 

decrease the vapour pressure.48 The relation between emitted flux and reservoir temperature 

is exponential.251 While in commercial apparatuses the presence of a valve between reservoir 

and nozzle is the norm, in experimental setups open systems are common.252 
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Figure 5.1. Generic schematic of a GIS. 

For FEBID deposits, major features to be taken in consideration are shape, composition and 

growth rate of the obtained structures. All these features depend on several factors: on the 

electron beam parameters (energy, current, dwell time, draw strategy), on the properties of 

the precursor molecule, and on the chosen substrate (composition, temperature, tilt, surface).48 

5.2 On-substrate FEBID testing 

The work discussed in this section has been carried out at Delft University of Technology 

during an exchange period fostered by the ELENA project. The developments of the on- 

substrate reservoir system and the testing at low temperature are presented in Paper III. In 

this section, additional free crystal experiments and high temperature experiments will be 

presented. Furthermore, the discussion on some features not presented in Paper III will be 

extended in detail. 

5.2.1 GIS and free crystal exploration 

Commercially available GISs present several limitations to the test of new FEBID precursors: 

 Low temperature range (up to 65 °C for FEI GIS) 

 Long injection path 

 Possible temperature gradient 

 Possible reactivity of the precursor with materials of the GIS 

During early testing with FEI GIS we ran in some of these problems, and no injection of intact 

precursor have been achieved, testing precursors 5a, 4b and 11a. 
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In order to investigate the precursors, a different approach than the use of a traditional GIS 

had to be taken. The sublimation of free crystals of precursor on a heated silicon substrate was 

studied in the vacuum chamber of a SEM. A prototype for substrate heating produced by 

Gaudhaman Jeevanandam was used.253 The first tested precursor was 11a; upon heating, 

imaging was performed at time intervals in order to observe the volatilization of crystals 

without causing electron beam induced decomposition. The free crystals of this compound 

have been observed to volatilize at a starting temperature of 85 °C, and full sublimation was 

achieved at a reached temperature of 100 °C (Figure 5.2). Due to the quick heating process and 

to the observation of only bulk crystal sublimation, the detected incipient sublimation 

temperature is higher than the one observed during cold finger sublimation. This is expectable 

due to the different experimental conditions. 

 

Figure 5.2. Disappearance of crystals of 11a at 10-5-10-6 mbar at different temperatures. Helios SEM. 

During these first experiments, deposition in the proximity of the crystal was attempted 

through exposition in beam mode of a selected position. To our surprise, we observed readily 

the formation of deposits in the crystal proximity, together with the consumption of the crystal 

itself at a substrate temperature of 120 °C (Figure 5.3). This was an indication that not only the 

precursor was being effectively sublimed, but that a suitable amount of substrate coverage 

was achieved, and deposition of adsorbed material was possible at the studied temperature. 
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Figure 5.3. Deposition of a spot of 11a, before (left) and after (right). Deposition performed at 120 °C. 

The large white object in the frame is a crystal of 11a. Helios SEM. 

Similar tests were carried out also on 5a and  5c, and in all cases it was possible to sublime the 

precursor crystals and to deposit structures. In all these experiments, since the temperature 

limitation for the substrate heater was around 200 °C, the deposition and sublimation 

experiments were performed at high temperatures to achieve a sufficient precursor flow in the 

open system. 

Compound 4a was the only tested compound where no sublimation of the crystals was 

observed up to a temperature of 120 °C and no deposits could be grown. As previously stated 

in Chapter 3, the sublimation temperature of 4a is higher than the one of all the other 

precursors tested in this chapter by at least 22 °C. 

5.2.2 On-substrate reservoir setup 

In order to optimize the conditions and obtain more control over the deposition parameters, 

an additional piece was designed to be added to the substrate heater in order to locally mimic 

a Gas Injection System. This piece is an aluminium layer that is described in detail in Paper III 

(Figure 5.4). The aluminium piece was tightly fixed to the substrate heater with Kapton tape 

in order to prevent substantial precursor leaks and involuntary setup movements. Such 

behaviour was observed in an early conical design of the piece. 

In this way an on-substrate GIS was designed, where reservoir, nozzle and substrate are all on 

the same plane and always connected. This means that such precursor tester can be utilized 

only for precursors that selectively sublime, as melting would cause full coverage of the 

substrate with liquid precursors, and that are stable and non toxic at atmospheric pressure and 

ambient temperature, since the setup is open during loading. 
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Figure 5.4. a) Cross section of the vapour guide on the b) substrate and c) substrate heater; d) reservoir. 

On top a bottom view of the vapour guide. 

The temperature of the heater was controlled by an external power supply and checked by a 

handheld thermocouple.253 During experiments, the current was controlled in order to obtain 

the desired temperature. In order to avoid interference of such devices with the imaging 

process, both power supply and thermocouple reading unit were grounded to the SEM (Figure 

5.5). 

 

Figure 5.5. On-substrate reservoir setup: a) heater and sample, b) thermocouple, c) cables, d) feedtrough 

port, e) power supply, f) thermocouple reader. 
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5.2.3 On-substrate reservoir tests at high temperature 

In initial testing high temperatures were employed in order to obtain a sufficient flow of 

gaseous precursor; 5a, 5b, 5c and 6a were tested at temperatures up to 160 °C, while 11a was 

tested up to 120 °C in order to stay under its melting temperature. 

In all cases deposits could be grown, and presence of gold in the deposit was confirmed by 

EDX. Due to the small dimension of the structures, the analyses can be considered only 

qualitative and a confirmation of presence of gold and other elements existent in the precursor, 

such as carbon, nitrogen, chlorine and bromine. 

11a deposits showed to include only carbon and gold with a relatively high gold atomic 

percentage, up to 30%. The obtained deposits showed the presence of a halo that thickens with 

the increase of exposition time (Figure 5.6). 

 

Figure 5.6. Selected structures obtained from 11a at 120 °C using the on-substrate precursor tester. a) 

top down image of 1 µm line, pitch 4 nm, dwell 500 µs, 5kV, nominal 50 pA, 10 passes; b) 40° tilt image 

of pillar, 20 kV, nominal 50 pA, 2 min exposure,  height 3.67 µm; c) 40° tilt image of square deposit 

500x500 nm, pitch 4 nm, dwell 500 µs, 5 kV, 50 pA, 100 passes. Helios SEM. 

Compounds 5a, 5b and 5c led to the formation of ring structures at a nominal current of 800 

pA (Figure 5.7); this high current was chosen amid an initially observed low growth for 5a in 

order to expedite the growth of structures. This ring structure was also observed for high 

exposure time and is most probably due to a local depletion of the precursor in the centre of 

the structure. In FEBID, the deposited material is adsorbed precursor coming from the gas 

phase; as such, whenever the precursor is locally depleted, the adsorbed precursor follows the 

gradient and through migration reaches the depleted area. In the case of the ring structures, 

the deposition of material around the structure hinders the migration of adsorbed precursor 

to the centre of the structure, causing a local depletion. The deposited structures should be 

25x25 nm wide, but in the case of 5kV a 1µm of diameter ring was deposited. This diameter 
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correlates well with the range of BSE caused by a 5kV focused electron beam. In all structures 

Au, C, N and Cl were detected; for 5b Br was also observed. 

 

Figure 5.7. Selected ring structures obtained from 5a, 5b and 5c at 160 °C using the on-substrate 

precursor tester. 25x25 nm, pitch 4 nm, dwell 500 µs, 5 kV, nominal 800 pA, 10000 passes. Helios SEM. 

Compound 6a showed to deposit in the same conditions closed structures with a great vertical 

growth rate. As the volatility of 6a is the same as 5c, this difference in behaviour could be 

linked to the possible presence of more precursor in the gas phase, but would be in 

disagreement with previous observations of sublimation temperature. Another possible 

explanation is that the mobility of 6a is greater than for the precursors from 5. 

5.2.4 On-substrate reservoir tests at low temperature 

In order to have more control over the deposition of the structures, the used temperatures 

were lowered considerably for all tested complexes (Table 5.1). 

Table 5.1. Range of explored temperatures for FEBID. 

Compound 
Highest tested 

temperature (°C) 

Lowest tested 

temperature (°C) 

4a - 120 

5a 160 100 

5b 160 100 

5c 160 100 

6a 140 100 

11a 120 100 

5e - 100, 80 

 

Two different sets of structures were grown at low temperatures for each precursor: a square 

250x250 nm deposit for composition analysis and an array of 9 pillars deposited with different 
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dwell time for growth rate studies. In the produced structures, rings are observed only for 4a 

and 5a at a measured current of 600 pA. For compounds 5b, 5c and 6a we instead observe only 

minor depletion in the centre of the structure. At a current of 40 pA all structures are closed 

and well defined, and present around double the expected thickness (Figure 5.8 - Figure 5.14). 

Again for 11a the presence of an important halo was observed. 

 

Figure 5.8. 250x250 nm square deposits of 4a at 120 °C, pitch 10 nm, dwell 500 µs, 5 kV, 2000 passes. a) 

40 pA, top down; b) 40 pA, 50° tilt; c) 600 pA, top down; d) 600 pA, 50° tilt. 

 



77 
 

 

Figure 5.9. 250x250 nm square deposits of 5a at 100 °C, pitch 10 nm, dwell 500 µs, 5 kV, 2000 passes. a) 

40 pA, top down; b) 40 pA, 50° tilt; c) 600 pA, top down; d) 600 pA, 50° tilt. 

 

Figure 5.10. 250x250 nm square deposits of 6a at 100 °C, pitch 10 nm, dwell 500 µs, 5 kV, 2000 passes. a) 

40 pA, top down; b) 40 pA, 50° tilt; c) 600 pA, top down; d) 600 pA, 50° tilt. 
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Figure 5.11. 250x250 nm square deposits of 5b at 100 °C, pitch 10 nm, dwell 500 µs, 5 kV, 2000 passes. 

a) 40 pA, top down; b) 40 pA, 50° tilt; c) 600 pA, top down; d) 600 pA, 50° tilt. The rough deposits are 

due to the fact that the imaging was performed days after deposition. 

 

Figure 5.12. 250x250 nm square deposits of 5c at 100 °C, pitch 10 nm, dwell 500 µs, 5 kV, 2000 passes. a) 

40 pA, top down; b) 40 pA, 50° tilt; c) 600 pA, top down; d) 600 pA, 50° tilt. 
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Figure 5.13. 250x250 nm square deposits of 5e at 100 °C, pitch 10 nm, dwell 500 µs, 5 kV, 2000 passes. a) 

40 pA, top down; b) 40 pA, 50° tilt; c) 600 pA, top down; d) 600 pA, 50° tilt. 

 

Figure 5.14. 250x250 nm square deposits of 11a at 100 °C, pitch 10 nm, dwell 500 µs, 5 kV, 2000 passes. 

a) 40 pA, top down; b) 40 pA, 50° tilt; c) 600 pA, top down; d) 600 pA, 50° tilt. 
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5.2.5 EDX composition measurements 

In order to unequivocally confirm composition for each compound at least 7 EDX spectra of at 

least 3 structures grown with the same parameters were registered (Figure 5.15). The only 

notable exception was 11a, where the grown structures showed a slight increase of the silicon 

background signal when compared to the other compounds; as such, bigger structures were 

grown at the same deposition parameters in order to obtain a comparable Si atomic percentage 

(at.%) for all deposits. 

 

Figure 5.15. EDX composition in atomic percentage for the tested precursors. For 5e 0.2% F at.% is 

observed. 

In EDX the presence of a consistent quantity of gold in all deposits was observed, indicating 

that the precursor molecules were delivered to the gas phase intact in the selected 

experimental conditions. To consider the efficiency of the decomposition, the atomic ratio 

between carbon and gold in the precursor molecule and in the obtained deposit can be 

considered. For all compounds except 11a the C/Au ratio is around the value observed in the 

precursor; slightly greater for 4a, 5a, 6a, 5b and 5c but slightly lower for 5e. Remarkably, 11a 

shows a greatly reduced C/Au ratio, which correlates well with the loss of 2 carbons. 

The highest Au at.% was observed for 11a at 14.6%. For the imidazole-based studied 

precursors two arrays can be identified: substitution of the N-alkyl chains (4a, 5a, 6a) and 
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substitution of the anionic ligand (5a, 5b, 5c, 5e). Based on N-alkyl chain variation, the Au at.% 

decreases as expected with the increase of the number of carbons of the N-substituent, from 

7.3% (6a) to 8.8% (5a) and 10.3% (4a). Even if the composition follows appropriately the 

expected trend, the magnitude of the variation is lower than expected for C at.%. Based on the 

anionic ligand variation, the Au at.% decreases slightly in the series Cl-Br-I (8.8%, 8.0%, 7.3%); 

a more explicit trend is observed in the C/Au ratio that increases in the same series (7.6, 8.4, 

9.5). This trend could be explained by a less favourable fragmentation of the parent molecule 

in dependence of the halogen ligand. As this is the first observation of the Cl-Br-I ligand series 

on a FEBID precursor, it is unknown if such behaviour can be extended to other systems. In a 

recent report by Mahgoub et al. A platinum precursors of general formula Pt(CO)2X2 with X = 

Cl, Br were tested as FEBID precursors and also in this case the composition of the deposits 

obtained from the precursor containing Br- ligands showed a lower metal atomic composition 

compared to the chloro-based complex.47 

Throughout all deposits, co-deposition of the other elements present in the precursors was 

observed, namely N, Cl, Br, F. For 5c, I was observed only in the EDX analyses performed at 8 

kV, as the Lα at 3.937 keV is not accessible at 5 kV. In all cases, halogens are mostly removed 

and never exceed 3.3% at.%. In all cases, Cl co-deposits only in very limited amounts (Table 

5.2). This is a good indication that perchlorination of organic ligands, as previously observed 

for perfluorination, is a viable method for the increase of the volatility of metallorganic 

complexes254 without a major effect on the final deposit composition in FEBIP.69 

  



82 
 

Table 5.2. Comparison of X/Au ratios in precursor molecule and EDX of obtained deposits. 

 4a 5a 6a 5b 5c 5e 11a 

C/Au prec. 5 7 9 7 7 8 6 

C/Au dep.a 5.9 7.6 9.4 8.4 9.5 7.7 4.2 

N/Au prec.b 2 2 2 2 2 2 3 

N/Au  dep. a 1.4 1.2 1.4 1.5 1.6 1.4 0.8 

Cl/Au prec.b 3 3 3 2 2 2 1 

Cl/Au  dep. a 0.32 0.35 0.33 0.1 0.18 0.22 0.11 

aValue taken from EDX registered at 5kV and 600 pA. 

 

In addition to these elements, in all the obtained deposits a consistent quantity of silicon was 

observed (6.8-7.8%) due to the substrate signal. Oxygen was also present in moderate 

quantities, also originating from the native silicon oxide layer. Structures grown at 600 pA 

showed a constant minor increase in gold at.% of around one point percentage. 

Post-deposition processing has been tried on a deposit of 11a. After deposition, the square 

structure was exposed again at room temperature with a patterning (without any precursor 

injection) of 180x180 nm, 5 kV, 600 pA, 500 µs dwell, 10 nm pitch, 10000 passes (Figure 5.16). 
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Figure 5.16. a) Deposit of 11a grown at 100 °C, pitch 10nm, dwell 500µs, 5kV, 40pA, 2000 passes. b) Same 

deposit at room temperature with post-exposure patterning area highlighted. c) Same deposit after post-

exposure processing. 

After a second exposure, a great variation of the appearance of the deposit was observed, with 

shrinkage and presence of a granular structure. In the EDX comparison of the post-processed 

structure of 11a and the average of analogue structures built with the same parameters partial 

removal of C and N, and total removal of Cl is registered. Furthermore, there is a steep increase 

in gold at.% (+24.6%) and an increase of both Si and O, in connection with the shrinkage of the 

structure (Table 5.3). 

Table 5.3. Comparison of EDX spectra of deposits of 11a and 11a after post-exposure processing.a 

 11ab 
11a after 

exposurec 

Difference in 

composition 

C 52.5±0.27 24.1±2.36 -28.4 

N 12.7±0.16 4.9±0.62 -7.8 

Au 15.9±0.27 40.5±2.41 +24.6 

Si 10.3±0.28 20.0±0.82 +9.7 

O 7.0±0.15 8.5±0.23 +1.5 

Cl 1.6±0.08 0 -1.6 

C/Au  

dep.d 
3.3 0.6 - 

 

aIn atomic percentage; b11a average of 7 EDX spectra with a respective total integration of 100.0±0.1%. 

The value is reported with ±standard error. cAverage of 5 EDX spectra of post-exposure processed 11a 

registered on the same structure with a respective total integration of 100.0±0.1%. The value is reported 

with ±standard error. EDX performed at 5 kV and 600 pA. 
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This effect has been already observed for MeCpPtMe3,60,63,255 for which upon post-exposure 

irradiation the metal content is highly increased with partial loss of carbon and a significant 

loss of volume. 

5.2.6. Growth rate studies 

Growth rate is a significant parameter to study in a new FEBID precursor, as it gives 

information on the rate of the deposition with regards to the electron dose.21 In FEBID the most 

suitable precursors show a high rate of vertical growth while deposition horizontally only in 

the patterned area. The first indication of different growth rates for each precursor was 

obtained from the square 250x250 nm structures. By the comparison of the structures grown 

at 40 pA, the highest vertical growth was recorded for 5e, followed by 5b, 6a, 5c, 5a, 4a and 

11a. The horizontal growth was instead roughly constant in a range of 599-413 nm. The total 

deposited volume follows the same trend as the height series. Overall, the most important 

observation is that 5e shows a great vertical growth rate when compared to all the other 

studied species (in all cases at least 3 times the height). From the comparison of the structures 

grown at 600 and 40 pA an increase in the diameter of all the deposits in the range of 133-368 

nm is observed, while generally a shorter structure is obtained, with the exception of 5b and 

11a, where the growth rate is increased also vertically. Nevertheless, an increase in volume 

growth is observed for all precursors (Table 5.4). 
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Table 5.4. Dimensions of the structures in Figure 5.8. - Figure 5.14. 

Compound 
Current 

(pA) 

Diameter 

(nm) 

Height 

(nm) 

Volume 

(µm3) 

4a 40 508 658 0.133 

 600 771 577 0.263 a 

5a 40 599 705 0.199 

 600 941 629 0.428 a 

6a 40 547 1567 0.368 

 600 680 1482 0.538 

5b 40 413 2278 0.305 

 600 599 3114 0.877 

5c 40 478 1336 0.240 

 600 846 787 0.443 

5e 40 451 8171 1.305 

 600 615b 6923 2.057c 

11a 40 452 586 0.094 

 600 613 772 0.228 

Deposits are approximated as cylinders. aVolume calculated as the difference of the volume of the 

cylindrical deposit and the elliptic hole, assuming that the hole is empty throughout the height of the 

deposit. bDiameter calculated on the point in which the structure mostly resembles a cylinder. cDue to 

the uneven shape of the deposit the total volume is expected to  be underestimated. 

A series of 3x3 pillars at constant deposition parameters with the sole variation of the 

exposition time (in this case dwell time) was produced in order to have a dynamic overview 

of the growth process. Due to the different growth rates of the precursors, three different time 

ranges have been used: Short (S): 0.01, 0.02, 0.05, 0.1, 0.2, 0.5. 1, 2, 5 s; Long (L): 0.1, 0.2, 0.5. 1, 

2, 5, 10, 20, 50 s; ExtraLong (XL): 1, 5, 10, 20, 40, 60, 80, 100, 120 s. 

In all cases except 5e the ExtraLong experiment is used in the growth rate calculations. For 5e 

due to the great growth rate the Long experiment is used (Figure 5.17), and for comparison in 

both cases the growth is normalized to the electron dose. 
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Figure 5.17. Pillars of the studied precursors, grown at 100 °C (5a, 6a, 5b, 5c, 5e) and 120 °C (4a), 40 pA, 

5 kV. L=Long dwell, XL= ExtraLong dwell. Shortest to longest dwell 1 - 9. 

Aya Mahgoub plotted the height vs. dose, diameter vs. dose and volume vs. dose obtained for 

the tested precursors. 



87 
 

Vertical growth is linear with the dose for each precursor and, as observed in the square 

deposits, 5e has by far the highest vertical growth rate. From the other precursors we can 

distinguish also the bromo compound 5b as a high growth rate compound, while all other 

precursors led to somewhat similar results (Figure 5.18). 

 

Figure 5.18. Vertical growth at 5 kV and 40 pA given as a function of total primary electron dose. 

Deposition performed at 100 °C for all compounds except 4a (120 °C). 

A completely different situation is presented for the horizontal growth:  for all complexes we 

reach a saturation point in which the diameter does not grow with an increase dose. This 

plateau point is different for each precursor. For 5e and 5b the point in which the plateau starts 

is very well defined, at a diameter of 200 nm and 1·109  electrons for 5e and 210 nm and 2.5·109 

electrons for 5b (estimates). The maximum diameter series in the explored conditions is 4a > 

6a > 5c > 5b > 5e > 11a > 5a. It is not clear if the plateau is completely reached in the explored 

conditions for 4a (Figure 5.19). 
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Figure 5.19. Horizontal growth at 5 kV and 40 pA given as a function of total primary electron dose. 

Deposition performed at 100 °C for all compounds except 4a (120 °C). 

The trend in total volume of the structure closely follows the vertical growth trend, and shows 

again the highest growth rate for 5e at 1·10-2  nm3/e-. The growth rate series goes as follows: 5e 

> 5b > 5a > 5c > 11a > 4a > 5a. However, we have to consider that deposits for 4a were obtained 

at a different temperature, as no sufficient deposition was achieved at 100 °C, hence we should 

consider 4a the compound with the lowest growth rate (Figure 5.20). 

 

Figure 5.20. Volume growth at 5 kV and 40 pA given as a function of total primary electron dose. 

Deposition performed at 100 °C for all compounds except 4a (120 °C). 

From these observations we can conclude that the most suitable FEBID precursor for growth 

of well-defined vertical structures is 11a, and that the most suitable anionic ligand in the series 

Cl, Br, I, CF3 is CF3 by far. The applicability of this observation to other type of FEBID 

precursors is still to be proven. Work carried out in the group of McElwee-White on isocyanide 
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gold(I) complexes could point in a similar direction.86,109 The growth rate series do not follow 

the same trend as the sublimation temperatures; while the sublimation temperature controls 

mostly the replenishment rate, other factors have to be taken into account when discussing 

deposition rates, such as surface diffusion, and deposit composition.21 Nevertheless, the most 

volatile compound is the one that showed the highest growth rate, and a substantial decrease 

of deposition rate can be observed with just a decrease in temperature of 20 °C. This effect is 

connected to the fact that the deposits grown at 80 °C were deposited after the 100 °C ones. 

The lowering of the temperature in the on-substrate reservoir setup has been observed to cause 

a great decrease of growth rate also for experiments performed on 5a. This could be linked 

with the condensation/deposition of previously airborne material on the substrate with the 

lowering of the temperature, and thus cause a greater growth rate drop than expected (Figure 

5.21). 

 

Figure 5.21. a) L deposit of 11a at 5 kV, 40 pA, 100 °C; b) L deposit of 11a at 5 kV, 40 pA, 80 °C. Nova 

SEM; c) square deposits of 5a grown at different temperatures: 100x100 nm, 4 nm pitch, 500µs dwell, 5 

kV, 800 pA nominal, 4000 passes. Elios SEM. 

5.3 Other FEBID experiments 

5.3.1 FEBID experiments performed by partners 

In the early phase of our studies, the first three complexes synthesized, 1a, 2a and 3a were 

tested as FEBID precursors by Jakub Jurczyk under the supervision of Ivo Utke at EMPA. 

These precursors were tested with the use of a custom made in-chamber GIS and heated 

substrate.52. A suitable precursor flow has been achieved at a reservoir temperature of 120 - 

150 °C for 1a, 140 °C for 2a, 120 - 130 °C for 3a. All the deposits were carried out with a heated 

substrate at circa 130 °C to avoid condensation of the precursors. 
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The composition obtained for the three different precursors shows that all complexes lead to 

a modest gold atomic percentage (EDX) of 3 to 16 %, in line with what was observed for 

complexes 4a-6a, 11a. In all cases, the major co-deposition was carbon, followed by nitrogen 

and chlorine. For 2a and 3a, oxygen,presence was observed in the EDX spectra of the deposits. 

The difference in deposition condition between the experiments carried out at Delft University 

of Technology and EMPA is so great that no direct comparison is possible. However, we can 

claim that both data sets are in line with each other, both regarding composition and structure. 

As such, we can state that the chlorination of the backbone for gold(I) NHC based FEBID 

precursors, brings no benefit to the efficient fragmentation and removal of the organic ligand, 

while leading to an enhancement of the volatility. Presented results are based on the data 

provided by Jakub Jurczyk and will be further described and analysed in his PhD Thesis.  

5.3.2 Commercial GIS experiments 

Compounds 4b, 5a and 11a were unsuccessfully tested on FEI GIS. While it was possible to 

inject material and a pressure rise was observed for the opening of the GIS to the chamber, no 

gold was observed in the obtained deposits and mostly carbon and silicon was observed in the 

EDX of the obtained deposits. During retrieval of the crucible (reservoir), reactivity of the 

precursor 11a with the metallic crucible was observed. Reactivity of FEBID precursors with 

the materials of the GIS is not unheard of, and was reported for the first time for iron 

carbonyl.251 

Compounds 11a and 12a were tested during an exchange period at TESCAN Brno on ORSAY 

GIS systems; again, only deposition of carbon and silicon was observed, hinting at a reactivity 

of the precursor before injection. This reactivity could be linked to the presence of the halogen 

ligand Cl on both complexes. Since complex is 11e is the most promising compound obtained, 

the reactivity of this complex with aluminium and steel was tested by performing a variation 

of the cold finger sublimation experiment. The compound was charged either on aluminium 

foil or on a steel plate and contained in either a metallic or alumina crucible. The precursor 

was heated at 50 °C under a vacuum of circa 10-3 mbar until complete sublimation. In both 

cases, no variation of the metal substrate was observed, hinting at a compatibility to 

commercial GIS of Au-CF3 complexes rather than the Au-Cl and Au-Br counterparts.86 
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5.4 Conclusions 

Ten gold(I) NHC complexes presented in Chapter 2 were tested as FEBID precursors. A 

custom-made on-substrate reservoir system has been designed and used for the testing of 

seven gold(I) NHC complexes. We aim to further develop this testing unit towards a modular 

single use tester for the quick screening of new FEBID precursors. In the ligand series X = Cl, 

Br, I, CF3 the most suitable ligand was X = CF3, based on both composition and growth rate of 

the deposits. For the NHC ligand, the most suitable was the triazole-based ligand, the only one 

that effectively shows a lower C/Au ratio than the parent molecule, and thus an efficient 

fragmentation. As such, we suggest 11e as the most promising gold(I) NHC based FEBID 

precursor. Due to a limited volatility of the complexes and to unexpected reactivity with the 

material of commercial GIS, no successful deposition with commercial apparatuses was 

achieved. Through further testing, it was demonstrated that such problems should not arise 

for 11e. Deposits with reasonable gold at.% were obtained (7.3 - 14.6%) without any parameter 

optimization. The studied precursors are in the composition range of previously reported gold 

FEBID precursors (see Chapter 1). Testing of 1a-3a by partners led to the conclusion that 

chlorination of the imidazole ligand, while promoting volatility in some cases, does not lead 

to more pure deposits. 

5.5 Experimental part 

This experimental data section is to be considered supplementary to the Supporting 

Information of Paper III. 

The discussed structures were produced in a Thermo Fisher Nova NanoLab DualBeam unless 

otherwise specified. Helios SEM refers to a Thermo Fisher Helios NanoLab DualBeam. 

All reported EDX measurements were performed in a Nova Nanolab 600 dual beam SEM 

using an Oxford Instruments X-MAX 80 EDX detector. 

 

 

 

 

 



92 
 

EDX of 4a 

EDX of structures deposited at 5 kV, 40 pA, 120 °C. EDX performed at 5 kV and 600 pA. 

 a b c d e f g h Average 

C 61.8 61 58.5 63.4 59.3 61.9 63.4 60.6 61.2 

N 15.8 15.9 13.5 15.7 12.8 15.6 14.6 14.9 14.9 

Au 10.1 10.4 12 9.4 11.5 9.7 9.7 9.5 10.3 

Si 6.2 6.7 9.2 5.6 9.9 6.9 6.1 8.7 7.4 

O 2.7 2.6 3 2.7 3.1 3.1 2.8 3.5 2.9 

Cl 3.5 3.4 3.8 3.2 3.4 2.8 3.3 2.9 3.3 

 

EDX of structures deposited at 5 kV, 600 pA, 120 °C. EDX performed at 5 kV and 600 pA. 

 a b c d Average 

C 56.1 58 54.7 56.6 56.35 

N 15.4 18.8 14.8 17.8 16.7 

Au 13.1 9.8 13.6 10.8 11.825 

Si 8.8 7.4 9.8 8.3 8.575 

O 2.5 2.9 2.6 2.9 2.725 

Cl 4.2 3.2 4.5 3.6 3.875 

 

EDX of 5a 

EDX of structures deposited at 5 kV, 40 pA, 100 °C. EDX performed at 5 kV and 600 pA. 

 a b c d e f g Average 

C 69.9 64.2 72.2 66.2 63.2 68 63 66.7 

N 10.4 9.4 10.3 11.3 12.8 10.9 11.4 10.9 

Au 8.4 11 7.6 8.9 7.9 8.3 9.2 8.8 

Si 5.2 8.6 3.9 6.8 8.7 6 8.7 6.8 

O 3.1 3.9 2.8 3.8 4.5 3.4 4.6 3.7 

Cl 3 2.8 3.2 3 2.9 3.4 3.1 3.1 

 

EDX of structures deposited at 5 kV, 600 pA, 100 °C. EDX performed at 5 kV and 600 pA. 

 a b Average 

C 63.7 59.8 61.8 

N 16.2 13.5 14.9 

Au 8.4 9.7 9.1 

Si 5.5 9.3 7.4 

O 2.9 4 3.5 

Cl 3.3 3.7 3.5 
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EDX of 6a 

EDX of structures deposited at 5 kV, 40 pA, 100 °C. EDX performed at 5 kV and 600 pA. 

 a b c d e f g Average 

C 70.6 64.1 71 70 66.5 71 67 68.7 

N 10.2 10.1 10 10 10.1 9.5 9.9 10.0 

Au 7.1 8 7.7 7 6.9 7 6.9 7.3 

Si 5.1 10.3 4.8 6 8.9 5.1 8.3 6.9 

O 4.4 5.4 3.6 5 5.5 4.4 5.5 4.8 

Cl 2.5 2.1 2.5 3 2.2 2.7 2.2 2.4 

 

EDX of structures deposited at 5 kV, 600 pA, 100 °C. EDX performed at 5 kV and 600 pA. 

 a b c d Average 

C 68.2 69 65.8 67 68 

N 12.9 13.5 13.1 13.3 13 

Au 8.9 8.7 7.9 8 8.4 

Si 4.2 3.8 7.2 5.2 5.1 

O 2.8 2.2 3.7 3.6 3.1 

Cl 3 2.8 2.3 2.8 2.7 

 

EDX of 5b 

EDX of structures deposited at 5 kV, 40 pA, 100 °C. EDX performed at 5 kV and 600 pA. 

 a b c d e f g h Average 

C 70.1 69.2 66.9 68.7 66.5 66.4 64.7 63.3 67.0 

N 10.6 10.5 11.7 11.5 12.9 12.5 12.6 11.2 11.7 

Au 7.4 7.5 7.5 7.1 8.1 8.3 9.1 9.1 8.0 

Si 5.5 6.4 7.4 6.1 6.5 6.2 7 9.4 6.8 

O 3.4 3.6 3.5 3.7 2.6 3 3.3 3.1 3.3 

Cl 0.6 0.7 0.6 0.7 0.7 0.9 0.9 0.9 0.8 

Br 2.4 2.1 2.3 2.2 2.8 2.7 2.5 3 2.5 

 

EDX of structures deposited at 5 kV, 600 pA, 100 °C. EDX performed at 5 kV and 600 pA. 

 a b c d Average 

C 64.5 63.9 65.1 63 64.1 

N 13.9 15.3 15 13 14.3 

Au 9.8 7.8 9 10.7 9.3 

Si 5.6 6.5 5.1 6.4 5.9 

O 2.3 3.3 2.1 2.5 2.6 

Cl 1.3 0.7 1.2 1.4 1.2 

Br 2.6 2.5 2.5 2.9 2.6 
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EDX of 5c 

EDX of structures deposited at 5 kV, 40 pA, 100 °C. EDX performed at 5 kV and 600 pA. 

 a b c d e f g h Average 

C 67.1 70.8 67.1 71.2 68.9 69.4 69.7 67.7 69.0 

N 12.1 11.6 12.1 11 11.8 11 12 13.6 11.9 

Au 6.7 7.5 6.7 7.5 7.2 7.4 7.6 7.5 7.3 

Si 9.6 5.9 9.6 5.8 7.4 7.4 6.3 6.7 7.3 

O 3.4 3.1 3.4 3.3 3.5 3.4 3.2 3.2 3.3 

Cl 1.1 1.2 1.1 1.3 1.3 1.4 1.3 1.3 1.3 

 

EDX of structures deposited at 5 kV, 40 pA, 100 °C. EDX performed at 8 kV and 600 pA. 

 a b c d e Average 

C 66.2 65.1 65.8 65.4 64.7 65.4 

N 9.7 10.8 10 10.7 11.1 10.5 

Au 5.1 4.8 5.1 4.9 5.2 5.0 

Si 13.3 13.9 13.2 13.4 13 13.4 

O 2.7 2.7 2.9 2.9 2.7 2.8 

Cl 0.9 0.9 1 0.9 1 0.9 

I 2.1 1.9 2 1.9 2.2 2.0 

 

EDX of structures deposited at 5 kV, 600 pA, 100 °C. EDX performed at 5 kV and 600 pA. 

 a b c d Average 

C 69 68.4 66 69.5 68.2 

N 11.7 13.3 12.8 12.9 12.7 

Au 10.3 9.6 10.9 9.3 10.0 

Si 5 5 6.1 4.7 5.2 

O 2.4 2.2 2.6 2.1 2.3 

Cl 1.6 1.4 1.7 1.5 1.6 

 

EDX of structures deposited at 5 kV, 600 pA, 100 °C. EDX performed at 8 kV and 600 pA. 

 a b c d Average 

C 64.9 64.5 67 65.6 65.5 

N 12.2 12.1 12.3 13.3 12.5 

Au 7.9 7.9 7.4 7.4 7.7 

Si 9 9.6 7.7 8.3 8.7 

O 2.3 2 2 2 2.1 

Cl 1.2 1.3 1.3 1.1 1.2 

I 2.6 2.6 2.4 2.3 2.5 
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EDX of 5e 

EDX of structures deposited at 5 kV, 40 pA, 100 °C. EDX performed at 5 kV and 600 pA. 

 a b c d e f g h Average 

C 69.3 67.7 67.1 70.2 67.5 68 67.7 66.3 68.0 

N 13 12.3 11.7 12.9 11.7 11.1 14 11.5 12.3 

Au 8.5 8.6 9.1 8.4 8.2 9.5 8.4 9.7 8.8 

Si 5.5 7.9 8 5.3 8.9 8.2 5.6 8 7.2 

O 1.5 1.7 1.7 1.5 2 1.8 1.5 2 1.7 

Cl 2.3 1.6 2.1 1.7 1.1 0.9 2.8 2.6 1.9 

F 0 0.3 0.3 0 0.5 0.4 0 0 0.2 

 

EDX of structures deposited at 5 kV, 600 pA, 100 °C. EDX performed at 5 kV and 600 pA. 

 a b c Average 

C 63.7 65.6 64.3 64.5 

N 12.3 13.7 13.6 13.2 

Au 11.1 10.3 11.1 10.8 

Si 7.2 5.9 6 6.4 

O 2.2 1.9 2 2.0 

Cl 3.1 2.5 3 2.9 

F 0.5 0 0 0.2 

 

EDX of structures deposited at 5 kV, 40 pA, 80 °C. EDX performed at 5 kV and 600 pA. 

 a b c d e f Average 

C 68.2 65 67.2 65.3 61.7 63.3 55.8 

N 14.1 11 14 15.4 13 11.2 11.2 

Au 7.9 9.6 7.6 8.4 10.3 9.1 7.6 

Si 4.7 8.8 6.5 5.3 8.7 9.4 6.2 

O 1.7 1.8 1.7 1.5 2.1 3.1 1.7 

Cl 3 3.3 2.6 4.1 4.2 0.9 2.6 

F 0.3 0.4 0.3 0 0 3 0.6 

 

EDX of structures deposited at 5 kV, 600 pA, 80 °C. EDX performed at 5 kV and 600 pA. 

 a b Average 

C 67.2 67.9 67.6 

N 15.3 14.3 14.8 

Au 8.5 9 8.8 

Si 4.4 4.2 4.3 

O 1.6 2.9 2.3 

Cl 2.8 1.6 2.2 

F 0.3 0 0.2 
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EDX of 11a 

EDX of structures deposited at 5 kV, 40 pA, 100 °C. EDX performed at 5 kV and 600 pA. 

 a b c d e f g Average 

C 53.7 53.1 51.7 51.8 52 52 52.9 52.5 

N 12.9 12.4 12.4 12.9 13.1 11.9 13.2 12.7 

Au 15 15.4 16.8 15.3 16.1 17.1 15.9 15.9 

Si 8.7 10.7 10.5 11 10.2 10.9 10 10.3 

O 7.7 7 7.1 7.3 7.1 6.4 6.7 7.0 

Cl 2 1.4 1.6 1.6 1.4 1.7 1.3 1.6 

 

EDX of structures deposited at 5 kV, 600 pA, 100 °C. EDX performed at 5 kV and 600 pA. 

 a b c d Average 

C 55.8 54.3 58.2 55.4 55.9 

N 14.4 16.6 12.9 16 15.0 

Au 17.6 16.3 17.6 16.2 16.9 

Si 8.1 8.2 6.6 7.1 7.5 

O 2.8 3.6 2.9 3.9 3.3 

Cl 1.3 1.1 1.9 1.3 1.4 

 

EDX of structure deposited at 5 kV, 40 pA, 100 °C then exposed at 5 kV, 600 pA. EDX 

performed at 5 kV and 600 pA. 

 a b c d e Average 

C 21.5 24.5 29.9 34.4 20.4 26.1 

N 3.4 4 5.6 7.3 4.4 4.9 

Au 44.4 44.5 37 31.5 45 40.5 

Si 22.1 18.8 18.1 18.5 22.3 20.0 

O 8.6 8.2 9.4 8.3 7.9 8.5 

Cl 0 0 0 0 0 0.0 

 

EDX of bigger structures deposited at 5 kV, 40 pA, 100 °C. EDX performed at 5 kV and 600 

pA. 

 a b c d e f g Average 

C 61.4 61 58.8 63.2 61.9 60.2 58.2 60.7 

N 11.4 12.5 11.2 12 12 9.9 10.1 11.3 

Au 13.1 14.7 15.7 13.4 13.8 15.8 15.8 14.6 

Si 8.7 6.9 8.6 6.3 7 7.5 9.6 7.8 

O 4.1 3.3 4 3.7 3.6 4.6 4.4 4.0 

Cl 1.3 1.6 1.6 1.4 1.7 2 1.8 1.6 
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Additional deposits briefly discussed in the chapter 

 

L (Long) pillar deposits at 40 pA, 5 kV, 120 °C (4a) 100 °C (5a, 6a, 5b, 5c, 11a). 

 

L (Long) pillar deposits at 600 pA, 5 kV, 100 °C of 5a. 

 

 

250x250 nm deposits at 40 pA, 5 kV, 80 °C of 5e (square deposit grown before heating to 100 

°C). 
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Example for 6a of the overview of deposits in the hole of the vapour guide. 
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Chapter 6. 

Oxidation of gold(I) NHC complexes by 

means of aqua regia 

6.1 Introduction 

In this chapter the oxidation of gold(I) NHC complexes to gold(III) NHC complexes by the use 

of aqua regia as the oxidizing agent is discussed. The work presented in the first part of this 

chapter has been carried out in close collaboration with Volodomyr Levchenko and is 

discussed in more detail in Paper I. In the second part of this chapter, additional data is 

presented. 

Aqua regia is a 3:1 mixture of hydrochloric and nitric acid, which in contact with each other 

form a complex reactive mixture of species. In such a mixture, metallic gold can be dissolved 

upon stirring, leading to the formation of tetrachloroauric gold.256,257 Apart for its great 

historical relevance and for the removal of metallic gold in cleaning or extraction processes, 

aqua regia has seen in modern chemistry very limited applications.258-262 

Gold(III) NHC complexes of general formula (NHC)AuCl3 can be obtained by the oxidation of 

the relevant gold(I) compound (NHC)AuCl by the use of various oxidizing agents (Scheme 

6.1), such as Cl2,197 PhICl2207,208 and Au(SMe2)Cl.214 Aqua regia, also a source of Cl, could also 

lead to the oxidation of the gold(I) centre. 

 

Scheme 6.1. Overview of the oxidation of (NHC)AuCl to (NHC)AuCl3. 
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6.2 Aqua regia oxidation protocol 

In the aqua regia oxidation protocol 8 mL of freshly made aqua regia were added to 50 mg of the 

selected (NHC)AuCl complex. The suspension was vigorously stirred in a closed vial at room 

temperature. Afterwards, the suspension was filtered, washed with two portions of water, and 

dried under a stream of air. The reaction was performed in full scale or half scale, and pale 

yellow to intense yellow powders were isolated. 

6.2.1 Oxidation of 1a-3a 

The first tested compounds were 1a-3a. Upon overnight stirring of these complexes as 

suspensions in aqua regia, we surprisingly observed in the isolated powder the presence of a 

mixture of two to three products, depending on the selected starting material (Scheme 6.2). 

We chose the mixture produced from compound 2a as a benchmark. In the obtained ESI-MS 

the presence of two main species was observed, that have been identified as gold(III) NHC 

complexes presenting halogenation on the backbone of the molecule. The major species 

isolated presented an addition of two Cl on the backbone (2j), with the loss of the unsaturated 

bond, while the minor isolated species presented the substitution of the backbone hydrogens 

with chlorides (5f). Such observations are reminiscent of previous reports of undesired 

chlorination of backbone methyl groups during oxidation of gold(I) NHC complexes with 

Cl2208 and of the substitution of backbone protons with chlorides for free carbene NHC 

systems.263,264 No 2f was observed, even through variation of the conditions. With the 

modification of the quantity of precursor used in relation to the volume of aqua regia, it was 

possible to obtain an optimization of selectivity towards 2j, but no pure product could be 

isolated. In the same conditions 1a and 3a led to very different mixtures; 1a presented again a 

mixture mainly comprised of the saturated product 1j, while the backbone substituted 4f and 

the desired product 1f were observed in minor quantities. For 3a, the main product was the 

desired compound 3f, and in the obtained mixture the saturated product 3j and the starting 

material 3a were present in minor quantities. The isolated mixtures indicate that in the 

presence of small N-substituents, such as Me and Et, addition of chloride to the backbone of 

the molecule is the most favourable process. On the other hand, already with the presence of 

an iPr N-substituent the reactivity of the backbone is hindered and the main product is the 

desired NHC unfunctionalized gold(III) complex. Single crystals suitable for XRD were 
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obtained from the mixture of 5f and 2j, and the products were separately identified. 

Interestingly, 2j presented an anti addition of chloride on the backbone of the NHC (Paper I). 

This is an indication that the mechanism for backbone addition is an electrophilic addition by 

a source of chlorine to the backbone of the NHC of a gold(III) complex, forming a chloronium 

intermediate that is further attacked by a nucleophilic source of chlorine, to form the anti-

substituted product. In the same manner complexes 4-6f could be generated by the repeated 

loss of a proton from the putative chloronium intermediate (Scheme 6.2). 

 

Scheme 6.2. Oxidation in aqua regia of 1a-3a (top); suggested mechanism for the formation of 1-3j and 

4-6f (bottom). 

6.2.2 Oxidation of 4a-6a 

For the already backbone chlorinated gold(I) complexes 4a-6a upon stirring in aqua regia no 

reactivity of the NHC was observed and pure gold(III) complexes were isolated (3f-6f). An 

optimized reaction time of 3 hours was sufficient for R = Me, Et, while a longer reaction time 

was necessary for R = iPr (5f) (Scheme 6.3). This is a further indication of the difference between 

ethyl and isopropyl substituents, as seen for 2a and 3a in the previous section. 
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Scheme 6.3. Oxidation in aqua regia of 4a-6a. 

6.2.3 Oxidation of larger gold(I) NHC complexes 13a, 16a, 17a 

The benzimidazole-based complex 13a was fully oxidized to the gold(III) complex 13f in 7 

hours. The imidazole-based 16a and 17a were explored in order to define if the backbone 

functionalization was indeed controlled by the N-substituents. In both cases the 

unfunctionalized gold(III) complexes were obtained as the sole product (Scheme 6.4). While 

for the formation of 16f only 5 hours of reaction time were sufficient, for 17f in order to obtain 

full conversion 20 hours of reaction time were necessary, a feature that considerably lowered 

the obtained yield. 

 

Scheme 6.4. Oxidation in aqua regia of 13a, 16a, 17a. 
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6.2.4 Oxidation of 11a and 12a 

The reaction of oxidation was performed on the triazole-based compound 11a. To our surprise 

no chlorination of the backbone was detected and only the desired unfunctionalized Au(III) 

complex 11f was obtained (Scheme 6.5). Chlorination of the backbone in aqua regia so far was 

seen exclusively in backbone unsubstituted imidazole-based rings with small N-substituents. 

The addition (or substitution) of Cl on the backbone of NHC gold(I) complexes is due to 

nucleophilic addition and not a radical mechanism. In fact, if a radical mechanism was present, 

for the triazole-based compound 11a we would expect the formation of other backbone 

chlorinated species. The low yield was obtained due to the long reaction time employed. 

 

Scheme 6.5. Expected and observed products for the aqua regia oxidation of 11a. 

To confirm that no backbone reactivity happens in the absence of unsaturation, the 

unsaturated complex 12a was oxidised applying the aqua regia protocol. Due to the sensitivity 

of the complex, a short reaction time (2h) was used and full conversion was achieved. As 

expected, no further reactivity of the NHC moiety was observed, and pure 12f was isolated 

(Scheme 6.6). 

 

Scheme 6.6. Oxidation in aqua regia of 12a. 

6.2.5 Oxidation of 5e, 14a and 15a 

The aqua regia protocol was further applied to the backbone brominated and iodinated gold(I) 

NHC complexes 14a and 15a. In aqua regia a great amount of chloro-containing active species 
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are formed, and due to the reactivity discussed for 1a-3a the possibility of scrambling of the 

halogens present on the backbone of the already halogenated NHC rings cannot be completely 

ruled out. The oxidation of gold(I) NHC complexes with aqua regia containing other halogens 

by the use of HBr instead of HCl with nitric acid was attempted but no substantial products 

were obtained. A more accurate reference experiment was the test of the already backbone 

brominated or iodinated complexes 14a and 15a in aqua regia. In both cases the only observed 

product is the (NHC)AuCl3 complex (14f, 15f) (Scheme 6.7). No halogen substitution or 

scrambling was observed either by NMR or ESI-MS. 

 

Scheme 6.7. Oxidation in aqua regia of 14a and 15a. 

The trifluoromethylated complex 5e was also oxidized in aqua regia, and only oxidation of the 

gold centre was observed (Scheme 6.8). No removal of the trifluoromethyl moiety was 

observed in both NMR and ESI-MS, suggesting that the chloride ancillary ligand in the 

oxidized 1a-6a, 11a-16a complexes was also not substituted or scrambled by aqua regia. 

 

Scheme 6.8. Oxidation in aqua regia of 5e. 

6.2.6 Carbene chemical shift variation 

The oxidation for the studied gold NHC complexes from gold(I) to gold(III) caused a 

substantial upfield shift of the carbene carbon in 13C NMR (Table 6.1). In the gold(I) complexes 

the range covered was between 168.9 - 196.4 ppm (average 176.6 ppm) while for the gold(III) 

counterparts was between 139.0 - 172.8 ppm (average 148.9 ppm). The average observed shift 
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was of 27.7 ppm. While minor shifts of the other peaks were also observed, the variation of the 

carbenic carbon was by far the most characteristic. 

Table 6.1. Comparison of 13C NMR chemical shift of carbene carbon for Au(I) and Au(III) complexes 

(CD2Cl2, 101-151 MHz) 

 

a5e is oxidized to 5g; bliterature values.159 

6.3 Conclusions 

The oxidation of gold(I) NHC complexes in aqua regia is a versatile protocol, that allows in 

most cases to obtain the relevant gold(III) NHC complexes in substantial quantities and high 

purity with an overall very undemanding protocol. For substrates 1a, 2a and 3a in addition to 

the oxidation of the gold centre, reactivity of the NHC ligand by means of addition or 

substitution of its backbone with chlorides was observed. This reactivity has been proven to 

be limited only to these complexes and other side reactivity such as halogen scrambling or 

ligand substitution were not present in control experiments. The discussed backbone 

halogenation was not caused by radical reactivity and can be controlled by the variation of the 

substrate.  
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6.4 Experimental part 

This experimental data section is to be considered supplementary to the Supporting 

Information of Paper I. 

5g 

 

Stirring for 2 h of 24.9 mg of 5e  in 4 mL of aqua regia led to the isolation of a yellow powder 

(19.3 mg, 69%). 

1H NMR (600 MHz, CD2Cl2): δ 4.34 (q, J = 7.3 Hz, 4H, -CH2-), 1.53 (t, J = 7.3 Hz, 6H, -CH3). 

13C NMR (151 MHz, CD2Cl2): δ 162.4 (m, J = 30.9 Hz, NHC-C), 125.6 (q, J = 358.9 Hz, -CF3), 

119.4 (=C-Cl), 45.5 (-CH2-), 15.4 (-CH3). 

MS (ESI+,MeCN): m/z 550.911 ([M+Na]+ 78.0%), 552.908 ([M+Na]+ 100%), 554.908 ([M+Na]+ 

48.1%).  

HRMS (MeCN): m/z meas. 550.9109, calcd. 550.9108 for [C8H10Au35Cl4F3N2Na]+ (Δ = -0.2 ppm). 

 

11f 

 

Stirring for 24 h of 50 mg of 11a in 8 mL of aqua regia led to the isolation of a yellow powder 

(14.9 mg, 25%). 

1H NMR (400 MHz, CD2Cl2): δ 8.27 (s, 1H, =CH-), 4.53 (q, J = 7.3 Hz, 2H, -CH2-, N side), 4.41 (q, 

J = 7.4 Hz, 2H, -CH2-, CH side), 1.64 (t, J = 7.3 Hz, 3H, -CH3, CH side), 1.61 (t, J = 7.4 Hz, 3H, -

CH3, N side). 

13C NMR (101 MHz, CD2Cl2): δ 149.1 (NHC-C), 144.2 (=CH-), 49.4 (-CH2-, N side), 45.1 (-CH2-, 

CH side), 15.7 (-CH3), 14.8 (-CH3). 

MS (ESI+,MeCN): m/z 449.958 ([M+Na]+ 100%), 451.995 ([M+Na]+ 95.9%), 453.952 ([M+Na]+ 

30.4%), 465.932 ([M+K]+ 44.1%), 467.929 ([M+K]+ 43.2%), 878.924 ([2M+Na]+, 58.2%), 880.921 

([2M+Na]+, 46.5%).  

HRMS (MeCN): m/z meas. 449.9577, calcd. 449.9576 for [C6H11Au35Cl3N3Na]+ (Δ = -0.2 ppm). 
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12f 

 

Stirring for 2h of 49.4 mg of 12a in 8 mL of aqua regia led to the isolation of a yellow powder, 

(34.1 mg, 58%). 

1H NMR (600 MHz, CD2Cl2): δ  3.89 (s, 4H, -CH2-), 3.77 (q, J = 7.3 Hz, 4H, -CH2-CH3), 1.33 (t, J 

= 7.2 Hz, 6H, -CH3).  

13C NMR (151 MHz, CD2Cl2): δ 167.8 (NHC-C), 49.2 (-CH2-), 45.3 (-CH2-CH3), 12.9 (-CH3). 

MS (ESI+,MeOH): m/z 450.978 ([M+Na]+ 100%), 452.975 [M+Na]+ 94.1%), 454.972 ([M+Na]+ 

30.7%), 880.964 ([2M+Na]+, 64.7%), 882.961 ([2M+Na]+, 51.4%). 

HRMS (MeOH): m/z meas. 450.9780, calcd. 450.9780 for [C7H14Au35Cl3N2Na]+ (Δ = 0.1 ppm). 

 

14f 

 

Stirring for 24 h of 51.4 mg of 14c in 8 mL of aqua regia led to 55.7 mg of yellow powder; in 

the isolated product abundant water is present, and a small amount of starting material 14a 

is still present (4%). 

1H NMR (600 MHz, CD2Cl2): δ 4.46 (q, J = 7.3 Hz, 4H, -CH2-), 1.55 (t, J = 7.3 Hz, 6H, -CH3).  

13C NMR (151 MHz, CD2Cl2): δ 143.2 (NHC-C), 111.0 (=C-Br), 47.8 (-CH2-), 15.2 (-CH3).  

MS (ESI+,MeCN): m/z 604.783 ([M+Na]+ 30.6%), 606.781 ([M+Na]+ 93.0%), 608.779 ([M+Na]+ 

100%), 610.776 ([M+Na]+ 48.9%). 

HRMS (MeCN): m/z meas. 604.7834, calcd. 604.7834 for [C7H10AuBr235Cl3N2Na]+ (Δ = 0.0 

ppm). 
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15f 

 

Stirring for 24 h of 48 mg of 15a in 8 mL of aqua regia led to the isolation of a yellow powder 

(35.1 mg, 75%). 

1H NMR (400 MHz, CD2Cl2): δ 4.50 (q, J = 7.3 Hz, 4H, -CH2-), 1.53 (t, J = 7.3 Hz, 6H, -CH3).  

13C NMR (101 MHz, CD2Cl2): δ 144.3 (NHC-C), 90.1 (=C-I), 50.3 (-CH2-), 15.5 (-CH3).  

MS (ESI+,MeCN): m/z 700.756 ([M+Na]+ 100%), 702.753 ([M+Na]+ 99.5%), 704.750 ([M+Na]+ 

31.3%), 716.730 ( [M+K]+ 28.9%), 718.727 ([M+K]+ 31.3%), 1380.521 ([2M+Na]+, 41.0%), 1382.518 

([2M+Na]+, 31.7%).  

HRMS (MeCN): m/z meas. 700.7555, calcd. 700.7557 for [C7H10Au35Cl3I2N2Na]+ (Δ = 0.3 ppm). 
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Chapter 7. 

Future Work 

In this work it was demonstrated that gold(I) NHC complexes are suitable compounds for 

deposition applications, specifically FEBID. Even if we managed to prove the main hypothesis 

of this work, many optimizations and further studies are needed. 

Synthesis of new FEBID precursors 

A natural continuation of the gold(I) NHC FEBID precursors would be towards a containment 

of the number of carbons in the structure, in order to achieve more pure deposits. A tetrazole-

based gold(I) NHC complex (Figure 7.1) could lead to a great improvement of both volatility 

and deposit composition, however special care should be taken due to the possibility of 

explosions. Another direction could be towards the use of acyclic carbenes. During the 

exploration of the trifluoromethylation and methylation of gold(I) NHC complexes an effort 

was made also towards the synthesis of DMS and THT based methylated and 

trifluoromethylated complexes. The synthesis of these complexes could lead to two very 

suitable FEBID complexes, based on the observations made in this work and previously in 

literature. 

 

Figure 7.1. Proposed complexes for synthesis of FEBID precursors. 

One of the key properties of NHC complexes is their compatibility with virtually all metals. In 

this direction, the test of other metal NHC FEBID precursors could open the road to 

unexplored metals in FEBID, and to study already known metals, such as silver and copper. 

Testing of FEBID precursors 

The developed on substrate tester has been found to be very suitable for the early test of FEBID 

precursor. A further development of the setup in a modular fashion, where any precursor can 
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be pre-loaded on a closed holder, reservoir and substrate, to be then just loaded on a heated 

substrate could lead to the possibility of quick screening of a wider range of new precursors. 

Sublimation point determination 

While in this work the sublimation temperature was obtained mainly by cold finger 

sublimation, other methods were explored. One very successful method was through the use 

of vacuum-TGA to mimic the environment of a SEM. The extension of this method to other 

FEBID precursors is highly desirable. Furthermore, the development of a TGA which can be 

used at a higher vacuum could lead to an understanding of the relation between vapour 

pressure, sublimation point and sufficient reservoir temperature for gas injection systems. 

Solid state packing 

A computational background to corroborate the link between sublimation temperature and 

interactions involved in solid state packing is required to confirm the obtained data.  

Synthetic use of aqua regia 

Aqua regia has proven to be suitable for the oxidation of a large series of gold complexes, as 

exemplified in Paper I. Volodymyr Levchenko has further explored aqua regia also as a manner 

of exchange halogens on tpy-based gold(III) complexes.265 The use of aqua regia as a chlorinating 

agent could also be further explored. A drastic variation of the conditions could lead to an 

effective way for the production of bachkbone-halogenated NHC gold(III) complexes, 

specifically with the aim to obtain Br of I on the backbone by the use of HBr or HI instead of 

HCl in the preparation of aqua regia (Figure 7.2). 

 

Figure 7.2. Proposed application of aqua regia as a functionalization and oxidation agent.  
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