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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:

e Synthesis of an array of gold(I) and gold(Ill) NHC complexes;
e Screening of the suitability of gold(I) NHC complexes as FEBID precursors;
e 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, IIT 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 1.
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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, CFs). The complexes have been obtained in a
library fashion in order to study the effect of small variation on the core structure on a) 3C
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(IlI) 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 CI.

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

gold(I) and gold(IlI) 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):]- and [Au(CN)4]- were known historically in the extraction process of gold,' from
the discovery at the beginning of the last century of organogold,? the precious metal has seen
a booming of interest in chemistry, from -catalysis®* to medicine.>¢ 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,’
diagnosticts,® photothermal therapy,’ sensing!® and catalysis.!! 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)? and Atomic Layer Deposition
(ALD)® to obtain thin films, Laser ablation'* or chemical synthesis's for gold nanoparticles and

Focused Particle Beam Induced Processing'®!” 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.’® 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).1%-2¢



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).2!
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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,? fabrication of nanoconnectors® and other nanodevices used in plasmonics,?
optoelectronics,®® gas and strain sensors,’** AFM probe tips®*?® and for magnetic¥3® and
biomedical® 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,* down
to 3 nm.* Important drawbacks are present, all linked to each of the components involved in

the deposition process. Further development of each component separately and in



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.2° 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,
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).#
Backscattered electrons (BSE),* 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.* The pressures normally are the ones present
in the vacuum chamber of a SEM, in the range of high vacuum (10-%/10-° mbar). Several
instances of EBID surface studies in high vacuum have been also reported,*>* 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%/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.

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).2148 A GIS is a reservoir containing precursor molecule that can be heated and is



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.*

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.*>! 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. 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.>-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.?-?>5 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.”

Post-deposition treatment of the obtained deposits is used to further modify the composition
of the structures (Figure 1.2). Exposure to heat (annealing),®* high electron doses?®¢! or
chemical oxidants®* or reductants, often in combination,®% 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 structure?” and a significant shrinkage.*
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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.*® The target properties are well defined and can be summarized in few clear points.
The precursor molecule should:

e Be volatile in an acceptable range of pressure and temperature;
e Physisorb on the substrate;

e Be sensitive to dissociation with the electron beam;

e Decompose in a clean manner to the desired products;

e 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.* This has then to be translated in a structure that can lead to
deposition of the desired material.”” 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.” In the early
days, most FEBID precursors were taken from the already well established library of CVD
precursors.” 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



molecules is carried out thermally and chemically, often with the use of a reducing or oxidizing
agent.”? 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 MeCpPtMes. While in CVD
MeCpPtMes leads to thin film deposits of pure platinum,” in FEBID metal content up to 20%

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

Since few CVD precursor have led to efficient FEBID precursors, such as silver carboxylates,*%
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.#%7¢ 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.17297175-%2 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).8
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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 SiMes almost all the carbon present in the precursor
is incorporated,® while for PbEts a metal at.% of 46% is reported, consistent with an efficient
removal of the alkyl ligands.® The methyl ligands in MeCpPtMes are partially removed during
electron irradiation, as exemplified by UHV studies.*> The trifluoromethyl group is instead not
removed during electron irradiation, as shown in Au isocyanide trifluoromethyl precursors.®
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).#% In the copper
pentafluoropropionate precursor Cuz(O2CC(Me)2Et)2)s, around 80% of the ligand material is
lost during electron-induced dissociation." In all cases fluorine is mostly removed from the

deposits, making perfluorinated alkyl groups suitable for FEBID.$

CFs GFs R F

Au A R F 0-Ag-Q F 0-Ag-Q
S e S e e
N F F O-Ag-O F O-Ag-O
4\ F
Au(CNMe)CF3  Au(CNtBu)CF4 Agy(H-O2CCyF ), Agy(H-O2CC(Me),EL),
Figure 1.4. FEBID precursors with organic ligands.

Small inorganic ligands such as CO and PFs co-deposit only in limited amounts. The
homoleptic carbonyl complexes Fe(CO)s5® Co2(CO)s® Mo(CO),** W(CO)® and the
heteroleptic complexes Co(CO)sNO,” (allyl)Ru(CO)sClL, (allyl)Ru(CO)sBr,”* Au(CO)Cl,*
Pt(CO)Ll2,#” Pt(CO)2Br2* 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(PFs)s of around 17 at.%.%°*% Similarly for the nickel

7



complex Ni(PFs)s only 40% at.% of metal was achieved.”> No ligands residues were obtained
for the gold complex Au(PFs)C1.%* The only recorded use of ammonia as a ligand is limited
to cis-Pt(NHzs)2Clz and it has been observed that the NHs moiety is quickly removed under
electron irradiation, leading to the deposition of [PtClz] and a further purification by the co-
injected ammonia (Figure 1.5).10
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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,'” while partial fragmentation was observed with SnClx ' precursors,
thin films that are not stable to air were produced.'® In contrary, WCls and WFs led to
appropriate deposits.’®* 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):Cl> and Pt(CO):Br2* 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.?

1.1.6 Gold FEBID precursotrs

Gold FEBID precursors have had a similar development to the other metal precursors. The
tirst precursors were taken from the library of CVD precursors, such as dimethylgold
acetylacetonate, 7”77  dimethylgold trifluoroacetylacetonate,’”78%81 and dimethylgold
hexafluoroacetylacetonate.” All these compounds however lead to alow 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.?81051% With the co-injection of precursor and



of an oxidant agent (e.g. water) the obtained Au% was increased for the precursor

dimethylgold trifluoroacetylacetonate at 91%.1%
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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 chloride®*® and gold(I) carbonyl
chloride.”> While for the latter a composition of >95% was obtained, for the Au(PFs)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(Ill)chloride'® and methyl-trimethylphosphine gold(I).”>1% 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.%
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%.% 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.®



While several gold(I) and gold(II) complexes led to suitable FEBID precursors, several other
tested compounds led to negative results, such as Au(SMe2)Cl and Au(PMes)CL.1% 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(PFs)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(PMes)Cl complex, led to

a stable and volatile FEBID precursor (Figure 1.7).7
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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.® 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.!® It was though observed that in the solid
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state packing of the gold(I) species studied, aurophilicity''’ 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 X5 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).1" 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."'>118 As often stated NHCs are a great example of an “academic curiosity” turned into

a “powerful tool” .1
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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 sp?
lone pair and an empty p- orbital, a state highly favoured by the conformation forced by the

NHC ring.'? The presence of a-Nitrogens stabilizes electronically the carbene carbon by means
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of o-electron withdrawal from the sp?lone pair and m-electron donation to the empty p- orbital
(Figure 1.8) (inductive and mesomeric effects''”'?%). 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 m-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.’!

Figure 1.8. m-electron donation (pink) and o-electron withdrawal (blue) on a imidazole-based carbene.
On the carbene carbon we can see the empty p: orbital and the sp? 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 C? position of the ring, but it
can be obtained in other positions, thus forming what is known as an abnormal carbene.!3122
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).'® 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.'?* 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.’?> 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),'?* 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)'?1% and hydrogen
bond-supported heterocyclic carbenes (HBHCs)!2130 have recently been used as alternatives

to their cyclic counterparts.
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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

organocatalysts'®13 and as coordination ligands to transition metals and p-block

elements.134135

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 Ofele in 1968.1361%7 The ligand

capability of the NHCs is primarily dependant on the presence of the sp? lone pair, that has a
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strong o-donor ability. Furthermore, the presence of an empty 7 orbital (p-) allows for mt-
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, ' since also for phosphines a lone pair is responsible for the o-donation towards
a o-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”'®*-142 for NHC based complexes, Tolman’s cone angle'® for
phosphine based complexes, and the Tolman Electronic Parameter (TEP) for electronic

effects.144
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Figure 1.10. Main interactions involved in NHC-metal bonding: o-donation (left), m-backdonation
(centre), m-donation (right).

NHC complexes of most metals have been successfully synthesized, a testament to the high
flexibility and usability of this class of ligands.!*>14” Metal NHC complexes have already found

several applications, especially as homogeneous catalysts*® and drugs.!®

1.2.3 Gold(I) NHC complexes

Gold has been always considered by chemists as one of the most inert metals.'® Its resistance
to oxidation and overall low reactivity has hindered the research on possible applications of
gold(I) and gold(IIl) 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,’”! including carbene-based complexes.'® 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.!>
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Gold(I) NHC complexes can be obtained through several synthetic routes;461471541% 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.’® The formation of a free carbene can lead to the formation of
unwanted dimers,'®' that is partially prevented by steric hindrance introduced by the N-
substituents. Alternatively, a weak base can be used;'*>'% in this case the imidazolium salt can
be first reacted with the LAuCl complex to form a Im*AuCIX- salt which is then reacted with a
weak base to form the target (NHC)AuX complex.¢>1% 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.!® Apart from the sacrificial use of silver'> or
copper,'® 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):]* complexes (Scheme 1.3) can be obtained by transmetalation of the
corresponding silver complexes!®”1® or by employing 1 equiv. of NHC precursor and 0.5
equiv. of the gold precursors.'”%17® Reactivity of metallic gold with imidazolium salts with
weakly coordinating anions such as PFe, BFs+, BPhs in presence of CuSOs also lead to the
formation of [Au(NHC)]* species.” 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.'”>
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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,'”*'”” C-H activation,'”®” alkyne hydration,'®® propargylic
esters rearrangement,'®! nitrile hydration,'®> hydroamination,'”” enyne cycloisomerization, 8315+
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).%°> The produced AgCl has been demonstrate to be non-innocent in the
gold catalysis,'® 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 BF+ and PFs,'% and the use of silver-free co-catalysts.!s8 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.'® 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.'® 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,'* while the
sterics around the metallic centre are controlled by the N-substituents.#! 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.1911%2

OAc OAcC
~Z (NHC)AUCI (3 mol %)/AgBF, (2 mol %) X

DCE (5 mL), MW (80 °C), 12 min

iPr iPr
N_N H
X7 /—\ —
. X/ N_N L _N_N—
iPr iPr \/ \/

IPr (99%) ICy (61%) ITM (56%)
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.!”® 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.!* Sugar-paired gold(I) NHC
complexes have also shown to have anticancer properties.’”® 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.!*

K,CO3 OAc ©\
OAc : N O EtOAc/H,0 AcO

AcO N 1:1 o} N
AGO Q sH * cl—Au( | — > ACO s—Au—( |
N

N
OAcC O rt., 24 h OAc O

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 photosensytizers'*”
and in very limited cases as chemical vapour deposition precursors (Figure 1.11).1%1% Gold(I)
NHC have shown to direct the growth of nanoplates' and enhance the stability of gold
nanoparticles.?? Silver and copper NHC-based complexes also have been applied as Atomic

Layer Deposition precursors.201.202

< | \Si/
S S -~
(

M« SIS WERE

(SIiPr)Au(NSi(Mes),) (SltBu)AuMe  (SItBu)Au(MeSiMes)  (SItBu)Au(CgFs)

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

1.2.5 Gold(I1I) 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.?® Gold(III)
NHC complexes have proven to be suitable catalysts for dihydroalkoxylation and
hydroamination reactions®* and to be active anti-cancer agents.2%>2 Gold(III) NHC complexes
are synthesized by oxidation of the relevant gold(I) NHC complex, using as an oxidizing agent
PhICl2,27208 halogens (Clz, Brz, I2),2%210 CsBrs?'' and N-halosuccinimides (Scheme 1.6).22
Alternatively disproportionation of gold(I) NHC complexes using a sacrificial gold(I)

compound leads to the formation of gold(Ill) NHC complexes.?3214
R R
N Oxidant N ).(
[ P—Au—Cl - [ P—Au—cl
N N x

| PthIz, C|2, Brz, IZ’ \
R CsBr; or Au(SMe,)Cl R

Scheme 1.6. Oxidation of gold(I) NHC complexes in gold(Ill) 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:

e Avoidance of chelating and polyhapto ligands
e Avoidance of metal halides, but suitability of heteroleptic halide complexes

e 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,'*%1%” indicating favourable sublimation conditions.

The first choice for a benchmark gold(I) NHC complex fell on 1a. From the chemical formula
of the compound, CsHsAuCIN>, 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)Mez). 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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N\
—N=C—Au—CI —> [)C—Au—CI

N
\

Au(CNMe)CI 1a

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.

21



22



CHAPTER 2.

SYNTHESIS AND CHARACTERIZATION OF GoLD(l)
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:

e NHC ring variation/saturation;
e NHC backbone substitution;

e N-substituents variation;

e Xligand variation;

e 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 Ag:O route (Scheme 2.1),156157215216 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,'® 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 *C 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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R R R
N+ x  Ag0 N Au(SMe,)Cl

[ ) > | »Ag-ct — || »-Au-ci
N DCM, N DCM
R r. t., 20h R r. t., 4h R
L1 X = Cl 1a R = Me (89%)
L2 Br 2a Et (58%)
L3 Cl 3a iPr (83%)

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.?’” 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][Aulz] 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)Aul complexes are known to be the monomeric form in

solution, and convert to the dimeric form [Au(NHC):][Aulz] in solid state.?!s

R R R R
N + N Nal LiBr
[ )>—Au—<(] [Aul)] <-———— [ »Au-ct ——> [ >—Au-Br
N !\‘ Acetone, N Acetone, N
R R r. t, 20-24 h R r.t,22-24 h R
1h R =Me (-) 1a-3a 1b R = Me (66%)
2h Et (88%) 2b Et (60%)
3h iPr (96%) 3b iPr (87%)

Scheme 2.2. Synthesis of brominated compounds 1b-3b and dimers 1h-3h.
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Au2

Figure 2.2. ORTEP plot of 2h with 50% ellipsoids. Bond lengths (A) and angles (deg): Aul-C1 2.019(3),
Aul-C8 2.014(3), Au2-I1 2.5384(4), Au2-12 2.5380(4); C1-Aul-C8 175.5(2), N1-C1-N2 105.4(4), N3-C8-
N4 104.9(4), I1-Au2-12 178.50(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 'H NMR and *C NMR, with the exception of
the carbene carbon peak. A downfield shift was observed going from CI 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.?"%?? 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 Mel, Etl, iPrl or nPrBr as alkylating agents.?”! 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 Mel, 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 Et-O and

used without further purifications.

Rl

N K,CO53 RX CI _N Rl CI_N+
I - T - T
N N MeCN, 42-82°C, ¢~ N
R

Cl

Cl H MeCN, r. t.,3d CI \
18-26 h R

L4-L9 (67-94%)

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).'®21¢ 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)][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(I1I) complex [(NHC)AuCl:Br] was
observed (Figure 2.3). However, in MS, only [Au(NHC)2]*, [Auz(NHC)2Cl]* and [Au2(NHC):I]*
species were detected. The gold(I) centre can be oxidized in the presence of Au(SMe2)Cl by
disproportionation,?'* 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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Cl\_N+ | Ag0 CI\_N Au(SMe,)Cl Cl
:[  — )>—Ag cr ——> )>—Au cl
N DCM DCM
Cl \ c” N Cl
R r.t, 20 h R rt,4h R
L4-L9 4a-9a (48-84%)

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 (A) and angles (deg): Aul-C1
2.01(1), Aul-ClI3 2.355(2), Aul-Cl4 2.305(2), Aul-Brl 2.525(2), C1-N1 1.30(1), C1-N2 1.39(1); CI13-Aul-Cl4
88.62(9), CI3-Aul-C1 91.8(3), CI3-Aul-Brl178.07(7), Aul-C1-N1126.8(8), Aul-C1-N2124.5(8).
Hydrogens atoms were omitted for simplicity.

Complexes 4b, 5b, 5¢, 6b and 6¢ were synthesized with the same procedure reported in the
previous section. In this case, all of the obtained (NHC)AuBr and (NHC)Aul complexes were
highly stable both to moisture, air and light, and no decomposition was observed (Scheme 2.5).

The weak base protocol'™ 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 < L.

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

R R R
CIN N Nal  CIN_N LiBr CI\__N
I )>—Au—| - | )>—Au—CI —_— I )>—Au—Br
c” N Acetone, ¢~ N Acetone, 7 N
R r.t,20h R r.t,20h R
4c R=Me (-) 4a-6a 4b R = Me (76%)
5¢  Et (72%) 50  Et (89%)
6c  iPr (93%) 6b  iPr (89%)

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

The halogen variation from CI to Br and I leads to a downfield shift (Cl to Br 3.3 ppm, Br to17
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.?”? The salts were then coordinated on gold(I) by the silver route

(Scheme 2.6).
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N MeCN,60°C, 3 d '\{R ii) Au(SMe,)ClI N
DCM, 22 h )
L10, L11 10a R = Me (43%)

11a Et (84%)

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)][Aulz] 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.?”® 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.'* 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.’”
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[ N . [)> : - [)>—Au—CI
N THE N THF N
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L12 12a (27%)

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.®* Complex 5a was
methylated by reaction at room temperature with MeLi (Scheme 2.8). The obtained product
showed in the 'H NMR the presence of an additional peak at 0.18 ppm and in the *C NMR a
corresponding carbon peak at -0.5 ppm, in line with previously reported methylated gold(I)
NHC complexes.?”® The methylated product was never recovered in a purity sufficient for

further applications as a FEBID precursor.

N MeLi CI N

I )>—Au—CI > I )>—Au—CH3
cl N Toluene cl N
) r. t., 8h )

5a 5d

Cl

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
MesSiCFs, that causes the formation of AgCFs species that can further transfer the
trifluoromethyl moiety to the gold centre.?”* 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 'H 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 1le,
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.

AgF Full scale
Compound Ratioa;e;ilh Ratioa;e;i1l8h  Ratioa;e;i42h
(equiv.) yield

2a 1 0.61; 0.04; 0.35 0.39;0.14;0.46  0.34;,0.17;0.49 58%2
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; 0.42° - 64%°

Ratio obtained by 'H NMR integration. lequiv. of starting material, 5 equiv. of SiMesCFs, in 0.6 mL of
CDsCN, kept under Ar in the dark. 22 Equiv. of AgF used in the full scale synthesis. *15 h.

The dimeric product has been identified in literature in similar reaction as
[Au(NHC):][Au(CFs)2].?* 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(CFs)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(CFs)4]- 2% at 472.984 m/z and no sign of the expected [Au(CFs)z]. 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.?? Secondly, the oxidation of a gold(I) centre to a gold(III), with addition of four
CFs 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(CFs)2]- complex and AgCFs.
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Scheme 2.9. Synthesis of trifluoromethylated 5e, 2e and 11e and of dimers 5i, 2i and 11i.

CFs and CHs 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.?® Of
the discussed groups CHs 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 CFs
has a downfield shift of 13.7 ppm in comparison to the chlorine counterpart 5a, and it positions
itself as intermediate between X =1 and X = CHs (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

7 effects.

N

N
IN»—Au—x
cl

)

Cl

CH, CF, I Br «Cl

200 195 190 185 180 175 170 165
ppm (d)

Figure 2.4. 3C 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.

\[\7\+ |- i) Ag,O X 7\17
IN> I,\?—Au—CI

X ii) Au(SMe,)CI X
) DCM, MeOH, 5 h )

X

Y

L14, L15 14a X = Br (62%)
15a | (60%)

Scheme 2.10. Synthesis of 14a and 15a.

The carbene carbon chemical shift in *C 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 *C 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. 3C NMR (101-151 Hz, CD2Cl2) chemical shift of carbene carbons and backbone carbons for
(NHC)Au(I)X complexes.

Carbene 0 Au-XD Backbone carbon Backb‘one
Compound (ppm) carbon/nitrogen
(ppm) o (ppm) 5 (ppm
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
5¢ 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

N/
[ )>—Au—Br
N\

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%).

'H NMR (400 MHz, CD:CL):  6.95 (s, 2H, =CH-), 3.81 (s, 6H, -CHs). ®C NMR (101 MHz,
CD:CL):  175.6 (NHC-C), 122.3 (=CH-), 38.5 (-CHa).

MS (ESI',MeOH): m/z 389.104 ([(NHC)2Au]*, 59.2%), 394.943 ([M(”Br)+Na]*, 100%), 396.941
(IM(®Br)+Na]*, 97.2%). HRMS (MeOH): m/z meas. 394.9428, calcd. 394.9429 for
[CsHsAu”BrN:Na]* (A= 0.1 ppm).

3b

hg
[I\?—Au—Br

)\

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%).

TH NMR (400 MHz, CD2CL): d 7.02 (s, 2H, =CH-), 5.01 (hept., ] = 6.8 Hz, 2H CHMe2), 1.47 (d, |
= 6.8 Hz, 12H, -CHs). ®C NMR (101 MHz, CD:CL):  172.2 (NHC-C), 117.2 (=CH-), 54.0 (-
CHMe), 23.5 (-CH).

MS (ESI',MeOH): m/z 451.005 ([M("Br)+Na]*, 100%), 453.003 ([M(*'Br)+Na]*, 97.7%), 501.229
([(NHC)2Au]*, 40.2%). HRMS (MeOH): m/z meas. 451.0054, calcd. 451.0055 for
[CoHisAu”BrN2Na]* (A= 0.2 ppm).

5d

3

N
I )—Au—CHj
o ;

A Meli solution (1.6M in Et20, 300 pL) was added to a solution of 5a (45.3 mg, 0.11 mmol, 1

Cl

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.

H NMR (400 MHz, CD:Cl2): d 4.29 (q, ] = 7.2 Hz, 4H CH>-CH3), 1.42 (t, ] = 7.2 Hz, 6H, -CHj)
0.18 (s, 3H, -CHs). ®C NMR (101 MHz, CD:Clz): d 198.4 (NHC-C), 116.3 (=CH-), 45.2 (CH>-CH),
16.3 (-CHs), -0.5 (Au-CH).

MS (ESI*,MeOH): m/z 427.001 ([M(**CI®*Cl)+Na]*, 100%), 428.998 (IM(*’CI3>*Cl)+Na]* 64.9%).
HRMS (MeOH): m/z meas. 427.0013, calcd. 427.0014 for [CsHisAu®*CLl2N2Na]* (A= 0.1 ppm).

37



A suspension of 11a (52.8 mg, 0.15 mmol, 1 equiv.) and Nal (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%).

'H NMR (400 MHz, CD:Cl2):  8.06 (s, 1H, =CH-), 4.41 (q, ] = 7.3 Hz, 2H, -CH>-, CH side), 4.26
(q ] = 7.4 Hz, 2H, -CH>-, N side), 1.54 (t, ] = 7.4 Hz, 3H, -CHs, N side), 1.52 (t, ] = 7.3 Hz, 3H, -
CHs, CH side). *C NMR (101 MHz, CD2CL): d 183.1 (NHC-C), 141.8 (=CH-), 48.9 (-CHz-, CH
side), 44.4 (-CHz-, N side), 16.4 (-CHs), 15.5 (-CHa).

MS (ESI, MeCN): m/z 447.156 ([(NHC)2Au]* 100%). MS (ESI, MeCN): m/z 450.776 ([LAu]
100%).
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Crystal and refinement data for [(7)AuCl2Br].

[ ¢

N §
I )>—,Alu—CI
Cl ; Br

[(7)AuCl,Br]

Cl

Crystal data

Identification code

cg_chec_hp_ Om_a

Chemical formula

CsHsAU BI’C|4N2

M,

526.82

Crystal system, space group

Monoclinic, P21/n

Crystal color, shape

Brown needle

Temperature (K)

100

a, b, c(A) 8.6374 (6), 14.1299 (10), 10.8416 (7)
o B,v(%) 90, 96.804 (2), 90

v (A3 1313.85 (16)

4 4

Radiation type Mo Ka

i (mm) 15.02

Crystal size (mm)

0.35 x 0.08 x 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 > 20(l)] reflections

21339, 4030, 3389

Rint

0.072

(sin 8/A)max (A™)

0.716

Refinement

RIF? > 20(F?)], wR(F?), 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/[c%(Fo2) + (0.0591P)? + 29.1263P] where P = (Fo? +

2F2)/3

Apmax, Apmin (e A_3)

4.99,-1.91
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CHAPTER 3.

THERMAL EVALUATION OF GoLD() 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.®19227 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.?”® While such differences can be circumvented,*?? 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 .81 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.”08610°
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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 IIl and IV.

an waterin
water out
vacuum
condensed
material

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 (Tmp-Tsw.) was

obtained.
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Table 3.1. Sublimation temperature, melting point and sublimation window of unsubstituted NHC
gold(I) complexes.

Temperature
Sublimation
Compound (R; X) Melting point® (°C) window for
temperature? (°C)
sublimation¢ (°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. PMelting point obtained by melting
point apparatus; ‘Range of temperature for sublimation of the compound at a pressure of 10-* 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 5¢ 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.

Temperature
Sublimation
Compound (R; X) Melting point® (°C) window for
temperature? (°C)
sublimation¢ (°C)

4a (Me; Cl) 100 266-269¢ 166
4b (Me; Br) 100 258-259¢ 158
5a (Et; Cl) 78 185-186 107
5b (Et; Br) 77 204-205 127
5¢ (Et; I) 73 178-179 105

6a (iPr; Cl) 75 202-203 127
6b (iPr; Br) 74 225-226 151
6¢ (iPr; I) 69 219-220 150
7a (Me, Et; Cl) 90 205-206 115

aSublimation temperatures obtained by cold finger sublimations. PMelting point obtained by melting
point apparatus; ‘Range of temperature for sublimation of the compound at a pressure of 10 mbar.
dDecomposition prior to melting at 220 °C; ecDecomposition and melting.

The data on the halogen variation fit very well the trend obtained from a series of isocyanide
gold(I) complexes.® 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
5¢ and 6¢. 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
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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 = CI 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(II) complexes.

Temperature
Sublimation
Compound (R; X) Melting point® (°C) window for
temperature? (°C)
sublimation® (°C)

10a (Me; Cl) 814 138-139 57
11a (Et; Cl) 60 131-132 71
12a (Et; Cl) 70 70-72 -
5e (Et; CFs) 53 146-149 93
11e (Et; CFs) 38 102-103 64
5 (Et; Cls) 101e 280-282 180

aSublimation temperatures obtained by cold finger sublimations. ®Melting point obtained by melting
point apparatus. ‘Range of temperature for sublimation of the compound at a pressure of 103 mbar;
dpreliminary data. <Sublimation 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
= CFs 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, 1% 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.?30-233

The gold(Ill) complex 5f will be further discussed in Chapter 6. The oxidation of the gold
centre from Au(l) (5a) to Au(IIl) (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 Cl.. No further investigations of volatility of gold(III)

complexes were carried out.
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Figure 3.2. '"H NMR spectra of 5f (200 MHz), Sublimated of 5f at 101 °C and 5a (400 MHz); zoom on —
CH->-CHs protons.

3.3 Molecular packing

Gold complexes show a wide variability of intermolecular packing, mainly dictated by
aurophilic interactions,?* weak interactions present at a Au-Au distance between 2.8 and 3.5
A0 The sublimation temperature of organogold precursors has been linked in previous
studies to the intermolecular packing of the complexes in solid state.”’¢1® 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.?*'® 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.!®

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 m-7t stacking of the ligands.?>?” 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.?3

: NHC
: Al
X—Au—NHC x7 i
NHC—Au—X NHC—Au—X
NHC = JNHC
X—Au—NHC X—Au—NHC A
,AJ‘ 7:
X’ X"
NHC—Au—X NHC—Au—X —Ay—
u NHC—Au—X §U NHC Agu X

antiparallel dimer  perpendicular dimer antiparallel chain  perpendicular chain

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 A and no m-halogen interactions are present (Table 3.4, Figure 3.4). This conformation
was previously observed for benzimidazole-based complexes'® and imidazole-based gold(I)
complexes with Cy N-substituents.'®® Compounds 1a and 1b follow the same packing
pattern with perpendicular units, but forming instead chains with longer Au-Au distances at
3.3-35 A. Complexes 2h and 3h are both identified in solid state as the dimeric form
[Au(NHC):]'[Aulz]; while 2h presents dimers of [Au(NHC)2]* complexes with an Au-Au
distance of 3.3468(3) A, 3h presents a chain structure of [Au(NHC)2]*[Aulz]- units with a very
long Au-Au’ distance of 6.869 A.
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Table 3.4. Relevant distances (A) and angles (deg) for gold(I) NHC complexes (1-3) as obtained by single

crystal XRD
Compound Packing mode Au-C (A) Au-X (A) C-Au-X (deg) Au-Au (A)
1a Perpendicular 1.972(13) 2.281(4) 179.0(4) 3.525(2)
chain ' ' ' '
1bs Perpendicular 1.98(2)- 2.405(2)- 179.1(6)- 3.351(1)-
chain 2.00(2) 2.404(2) 179.3(5) 3.397(1)
2ab Perpendicular 1.95(2) 2.289(3) 177.8(5) 3.1804(8)
dimer ’ ’ ’ ’
e Perpendicular 1.988(10)—  24071(12)—  175.6(3)—176.4  3.1234(6) —
dimer 2.000(11) 2.4121(11) 3) 3.1352(6)
2.014(4)- —
2¢ [Au(NHC):J 014(4) 2.5380(4) 175.54(17) 3.3468(3)
dimers 2.019(4) 2.5384(4)
3a1% - 1.964(6) 2.261(2) 175.0(2) -
3b - 1.994(3) 2.3936(4) 175.7(1) -
A HCO):] [Aulz]
3cb [AuNHC:Aul] 2.007 2.539 180.00 6.869
chain
aTwinned crystal; bStructure obtained at room temperature.
Au2
1
ClAul
8

Figure 3.4. ORTEP plots of 1a (left), 2b (centre) and 2¢ (right) with 50% ellipsoids. Bond lengths (A) 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, 5¢, 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.

Y =ClI
R~N/J\N’R =  e——
Y Y R, X =
Me,ClI
Me, Br
Et, |

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

-
—

R, X =
iPr,ClI
iPr, Br
iPr, |

Y= Br, | /

R, X = :

Et, ClI ;
-

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) A) and 11e (3.5406(5) A), two of the most volatile complexes studied.
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TERYS.

S5a 12a 11a
3.5893(3) A 3.7794(3) A 3.4533(4) A
14a 15a
3.9250(8) A 4.3296(5) A

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 A. 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 (A) and angles (deg) for backbone chlorinated gold(Il) NHC complexes (4-
7) as obtained by single crystal XRD.

Packing . Au-Au’ X-Au-Au’ NHC-Xa  Au-X-NHC
Cmpd. Au-Au (A) . .

mode &) (deg) (&) (deg)
Chain

4a%s 3.818 3.818 106.90 3.661 86.29
(tilted)
Chain

4b 3.8198(6) 3.8198(6)  105.339(10) 3.692 86.09
(tilted)

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

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

5¢ 3.710(3) 3.710(3) 104.19(2) 3.663 85.27
(tilted)

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

6aP 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

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

3.5582(2)- 102.24(6)- 3.389 -
7a Dimer 4.3440(5) 92.03 - 90.28
3.6148(6) 103.71(6) 3.403

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

De Proft?®® 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, Pyykko?® 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);2%> 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 (CI < 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.2#

R -

x :<!|
Y— 8" 5 i N
i

/ R

N i S5
&t v IN X
i

\R R 8+
|

.
K Y ):( ﬁ\

N

N

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.!*$?2°241222 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.?”

Low-volatility silver carboxylates Aga(u-OCC(Me)2Et): and Aga(u-O2CCaFs): have been
successfully investigated as FEBID precursors (see Chapter 1).#%05 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.*5052 The behaviour observed in FEBID
was instead clearly reflected in vacuum-TGA experiments performed in a limited vacuum of
10/10> mbar: for the perfluorinated complex Agz(u-O2CCoFs): sublimation was observed
starting at a temperature of 203 °C, while a concomitant decomposition and volatilization was
observed for the non-fluorinated Ag:(u-O2CC(Me):Et).. Long isothermal sublimations at 180
°C, the temperature employed in FEBID has shown for Agz(u-O2CCzFs)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 Agy(u-
O:2CR), further confirming the observed complete sublimation for perfluorinated compounds

vs. concomitant sublimation and decomposition for non-perfluorinated ones (Figure 3.8).

100
—Ag,(u-O,CCF,),
ol ——Ag, (H-0,CC,Fy),
80 1 T Agy(H-0,CC4F7),
70 = =Ag,(u-O,CC(Me),Et),
o 60 - — =Ag,(k-O,C'Bu),
&
& 50
©
= 40 4
30
20
10 -
0 -

T M T N T T . T M T M T = T
50 100 150 200 250 300 350 400
Temperature/°C

Figure 3.8. Vacuum-TGA of silver carboxylates.2?

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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Gold(l) centre Gold(Ill) centre
Bulky alkyl N-substituents (Et, iPr) Small alkyl N-substituents (Me)

Halogens on the NHC backbone Unsubstituted NHC backbone
lodide ligand Chloride or bromide ligand
Trifluoromehtyl ligand Halogen ligands
Saturated NHC backbone Unsaturated NHC backbone
H/g/’er )
O/at/'//'
9%

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(IlI) 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(IlI) 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.

N/
[ )>—Au—Br
N\

1b

Crystal data

Identification code CG_MeBr
Chemical formula CsHsAuBrN;
M 373.01

Crystal system, space group

Monoclinic, P21/c

Crystal color, shape

Colorless, needle

Temperature (K)

100

a, b, c(A) 14.8077(16), 16.0759(17), 6.6798(7)
o, B,v(%) 90, 92.191(2), 90

v (A3 1588.9(3)

4 8

Radiation type Mo Ka

i (mm) 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 > 20(l)] reflections

4452, 4452, 3834

Rint

6.48

(sin 8/A)max (A7)

0.717

Refinement

RIF? > 20(F?)], wR(F?), 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/[0(Fo?) + (0.1334P)? + 48.8177P] where P = (Fo? +
2F2)/3

Apmax; Apmin (e A—3)

6.12,-6.29
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Crystal and refinement data for 3c.

[ )>—Au—Br

3c
Crystal data
Identification code cgrl04_a
Chemical formula CoHi15Aup.sN2-Aug sl
M, 478.12
Crystal system, space group Triclinic, P-1
Crystal color, shape Colorless, needle
Temperature (K) 293

a, b, c (A) 7.253 (3), 8.915 (4), 10.773 (5)
a,B,v(°) 76.359 (13), 74.972 (13), 78.226 (12)
v (A3 646.2 (5)

V4 2

Radiation type Mo Ka

i (mm) 13.74

Crystal size (mm) 0.4 x 0.2 x0.05

Data collection

Diffractometer

Bruker D8 Venture

Absorption correction

Multi-scan

Tmin, Tmax

0.292, 0.746

No. of measured, independent and
observed [l > 20(l)] reflections

19270, 2992, 2506

Rint

0.053

(sin 8/A)max (A7)

0.652

Refinement

RIF? > 20(F?)], wR(F?), 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/[0%(F+2) + (0.0126P)? + 3.1133P] where P = (Fo2 +
2F2)/3

Apmax, Apmin (e A_3)

1.27,-3.03
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CHAPTER 4.

OTHER INVESTIGATIONS PERFORMED ON GoLD(])
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.?*> Unlike its neighbour Pt, gold has a very high oxidative barrier
in the process Au(I)/Au(Ill) at +1.4 V.2 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,*> oxidative cyclisation,?* and C-F bond formation.?*” Recently, Ye et al.
reported the first homogeneous electrochemically facilitated redox gold catalysis, where the
Au(I)/Au(lll) oxidation was achieved by anode oxidation.?*® 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 1la that
undergoes a reduction Au'/Au’ at -1.4 V. Previous reported gold(I) NHC complexes presented
the reduction Au'/Au’ in a range of -0.91/-1.16 V.2¥ 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(Ill). While one oxidation is clearly attributed to the Au'//Au™
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 Au''/Au'.
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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)4+PFsin acetonitrile.

Complexes 5e and 51 were tested in order to evaluate the effect of the presence of other anionic
ligands, namely -CFs and -OAc. Compound 51 was obtained by the substitution of the chloro

ligand of 5a by mixing at room temperature with silver acetate (Scheme 4.1).21°

N o
N AgOAc N
I »—-Au-cl I D—Au-0Ac
N DCM,1h g~ N
) )

5a 51 (99%)

Cl

Cl

Scheme 4.1. Synthesis of 51.

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 CFs, 51 OAc); Right: selective reduction (0 to -2V) and oxidation (0 to 2V). Scan rate 0.1 V/s, 0.1 M
N(nBu)+PFsin acetonitrile.

4.2.2 Gold(III) CV and electrosynthesis

In order to confirm the Au/Au™ and Au'/Au' processes, the Au(Ill) complex 5f has been
explored. As expected when scanning in reduction, only a reduction peak for Au/Au' 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** of 0.69 V,>* thus
indicating the formation of Clz from 2CI, 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 Au//Au™

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(IIl); Right: selective reduction (0 to -2V) and oxidation (0 to 2V). Scan rate 0.1 V/s,
0.1 M N(nBu)4PFsin acetonitrile.

To further confirm the assignment of the Au'/Au™ oxidation, preparative electrolysis was
performed starting from 5a at 1.6 V vs. Ag/AgNO:s 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)sBFs 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 'H NMR and *C NMR
and peaks consistent with a [Au™(NHC)Xs.Y:]** complex were observed. The most indicative
variation was the shift of the carbene carbon through the oxidation Au//Au™ from 170.8 ppm
to 141.7 ppm (Figure 4.5). The reaction mixture contained a 73:27 ratio of Au(Ill) and Au(l)
species after 60 minutes of oxidation; the conversion was in accordance with the total current

obtained by chronoamperometry for an overall 2 electron process.

63



Au(ln)

|
I h

I
I I
L L M|

i
LWAVAVI! YUY
JU VUL . *AV

I o
~ ~
) e

4.50 4.48 9.96 4.99 4.42 4.90 4.38 4.36 4.39 4.32 4.30 4.28 4.26 4.24 4.22 4.}
f1 (ppm)

. ¢ L ‘.Ll l (

90 130 170 160 150 120 130 120 110 100 50 80 70 80 50 40 30 20 10 0
f1 {ppm)

Figure 4.5. 3C NMR (CD:Clz, 151 MHz) of the isolated mixture from electrosynthesis, peaks assigned to
5m are marked with *5 in detail, 'H NMR (CD2Cl2, 600 MHz) of the NCH2CHs protons used for
quantification.

As no chloride was present in the chosen system, an oxidation of the gold(I) centre by Cl
produced in situ was excluded. The most probable species formed during oxidation is

[Au(5)(MeCN):Cl]>[BFs]2> (5m) (Scheme 4.2).

2+
R N(Me)4BF4 \R ’TICMe
I >—Au—Cl I )—Au—Cl
N

) MeCN, 1.6V, 1h ci” N NCme

S5a 5m

Cl Cl

Cl

Scheme 4.2. Electrosynthesis of a gold(IlI) 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.#

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-HCI]* 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-CI-Et]*) or with the loss of the NHC ring integrity ([M-Cl-C2Cl+H]*,
[AuCNHJ*). 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-HCI]* 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-HCI]* could be generated from [M]**. The
opposite trend was observed for both [M-Cl]* and ([M-CI-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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C:CLl+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-HCIJ* 14 16 20 20 24
360, [M-CI-Et]* 15 18 15 12 10
296, [M-CI-
4 4 1 0 0
C2ClL+H]*
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, 5¢, 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-HCI]*. This signal was detected also for 6a, but not for 4a. NHC ligands with R = Et, iPr
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differ from R = Me (4a) for the presence on the alkyl chains of B-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 B-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 5¢, 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 5¢
(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-HCI]* is present for 2a and 3a; 1a lacks (3-protons and, as
observed before for the analogue 4a a [M-HCI]* 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(Ill) 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 B-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/AgNOs pseudo reference electrode. All
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measurements were performed using a 0.1 M solution of N(nBu)sPFs in acetonitrile. For each
experiment 10.0+3 mg of gold(I) or gold(Ill) 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)sBF: 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/AgNOs 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 CD2Clz and filtered prior to
NMR characterization. From chronoamperometry 8.44 C were produced, corresponding to
8.7-10° moles of electrons, that cause a conversion of 73% of 6.0-10° 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.0. Brno under the supervision of Jaroslav Jiruse. 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.* The relation between emitted flux and reservoir temperature
is exponential.?! While in commercial apparatuses the presence of a valve between reservoir

and nozzle is the norm, in experimental setups open systems are common.??
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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).*

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:

e Low temperature range (up to 65 °C for FEI GIS)
¢ Long injection path
e DPossible temperature gradient

e 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.?® The first tested precursor was 1la; 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.

Serv‘j‘géjfi/“lod?. o x

Figure 5.2. Disappearance of crystals of 11a at 105-10¢ 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.?® 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, 5¢ 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 um line, pitch 4 nm, dwell 500 us, 5kV, nominal 50 pA, 10 passes; b) 40° tilt image
of pillar, 20 kV, nominal 50 pA, 2 min exposure, height 3.67 um; c) 40° tilt image of square deposit
500x500 nm, pitch 4 nm, dwell 500 us, 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 1um 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

Ay, 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 ps, 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 5¢, 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.

Highest tested Lowest tested
Compound
temperature (°C) temperature (°C)
4a - 120
5a 160 100
5b 160 100
5¢ 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, 5¢ 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 ps, 5 kV, 2000 passes. a)
40 pA, top down; b) 40 pA, 50° tilt; c) 600 pA, top down; d) 600 pA, 50° tilt.

76



Figure 5.9. 250x250 nm square deposits of 5a at 100 °C, pitch 10 nm, dwell 500 ps, 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 ps, 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 ps, 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 5¢ at 100 °C, pitch 10 nm, dwell 500 ps, 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 ps, 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 pus, 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.
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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 1la 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 CI-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-Iligand 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)2Xz 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.#

Throughout all deposits, co-deposition of the other elements present in the precursors was
observed, namely N, Cl, Br, F. For 5¢, I was observed only in the EDX analyses performed at 8
kV, as the La 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

complexes?* without a major effect on the final deposit composition in FEBIP.%
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Table 5.2. Comparison of X/Au ratios in precursor molecule and EDX of obtained deposits.

4a 5a 6a 5b 5¢ 5e 11a
C/Au prec. 5 7 9 7 7 8 6
C/Au dep.? 5.9 7.6 9.4 8.4 9.5 7.7 42
N/Au prec. 2 2 2 2 2 2 3
N/Au dep.? 14 1.2 14 1.5 1.6 14 0.8
Cl/Au prec.b 3 3 3 2 2 2 1
Cl/Au dep.® 0.32 0.35 0.33 0.1 0.18 0.22 0.11

aValue taken from EDX registered at 5kV and 600 pA.

9.5

8.4
7.7

9.4
9
6
4.2
3 3
2 2 2 2 2 2 2
14 1.4 15 1.6 1.4
0.81
0.32 I035 0.33 I 01 0.18 0.22 011
- — - | l —

6a 5b 5¢ 5e 11a

C/Au prec. mC/Audep. = N/Auprec. mN/Au dep. = Cl/Auprec. mCl/Au dep.

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 ps 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 500us, 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 Clis 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.?

11ab 11a after Difference in
c iti 52.5
exposure composition C -
52.5+0.27 24.1+2.36 -28.4 N 127
W 49
N 12.7+0.16 4.9+0.62 -7.8
Al — 105
Au 15.940.27 40.5:2.41 +24.6 '
S 10.3
Si 10.3:0.28 20.0=0.82 +9.7 B 20
) 7.0:0.15 8.5:0.23 +1.5 O mm’ss
Cl 1.620.08 0 -1.6 cl 6
C/Au
3.3 0.6 -
dep.d 11a m11a after exposure

aIn atomic percentage; 11a 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 MeCpPtMes, %6325 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.?! 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, 5¢, 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.

Current  Diameter  Height  Volume

Compound

(pA) (nm) (nm) (pm?)

4a 40 508 658 0.133
600 771 577 0.2632

5a 40 599 705 0.199
600 941 629 0.4282

6a 40 547 1567 0.368
600 680 1482 0.538

5b 40 413 2278 0.305
600 599 3114 0.877

5¢ 40 478 1336 0.240
600 846 787 0.443

5e 40 451 8171 1.305
600 615° 6923 2.057¢

11a 40 452 586 0.094
600 613 772 0.228

Deposits are approximated as cylinders. @Volume 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. PDiameter calculated on the point in which the structure mostly resembles a cylinder. <Due 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 (5): 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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11a (XL)

lpum

5c (XL)

W

Se (XL) SH I_' Se (L)

Figure 5.17. Pillars of the studied precursors, grown at 100 °C (5a, 6a, 5b, 5¢, 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.
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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).
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1000 :: >
Se

500

350

Number of Electrons [x108]

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 1-10° electrons for 5e and 210 nm and 2.5-10°
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 1-102 nm?3/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).

14000
12000
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k=) —%— 4a
=
% 8000 11a
5
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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, CFs is CFs 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.®!® 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.?! 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, 500us 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.”. 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.?!

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 mbar until complete sublimation. In both
cases, no variation of the metal substrate was observed, hinting at a compatibility to

commercial GIS of Au-CFs complexes rather than the Au-Cl and Au-Br counterparts.®
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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, CFs the most suitable ligand was X = CFs, 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.
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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 74
O 2.7 2.6 3 2.7 3.1 3.1 2.8 3.5 2.9
cl 3.5 34 3.8 3.2 34 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.

EDX of 5a

a b C d Average
56.1 58 54.7 56.6 56.35
15.4 18.8 14.8 17.8 16.7
Au 13.1 9.8 13.6 10.8 11.825
i 8.8 7.4 9.8 8.3 8.575
25 2.9 2.6 2.9 2.725
4.2 3.2 4.5 3.6 3.875

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
d 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 44 54 3.6 5 5.5 44 5.5 4.8
cl 25 2.1 2.5 3 2.2 2.7 2.2 24

EDX of structures deposited at 5 kV, 600 pA, 100 °C. EDX performed at 5 kV and 600 pA.

EDX of 5b

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 23 2.8 2.7

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 74 7.5 7.5 7.1 8.1 8.3 9.1 9.1 8.0

Si 5.5 6.4 74 6.1 6.5 6.2 7 9.4 6.8

O 34 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 23 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 23 3.3 2.1 25 2.6
Cl 1.3 0.7 1.2 1.4 1.2
Br 2.6 25 25 29 2.6
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EDX of 5¢

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 67.1 712 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 74 7.6 7.5 7.3
Si 9.6 5.9 9.6 5.8 74 74 6.3 6.7 7.3
O 34 3.1 34 3.3 3.5 34 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 51 4.8 51 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 21 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 22 2.6 2.1 23
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 12
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.

EDX of structures deposited at 5 kV, 40 pA, 80 °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

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 29 2.3
Cl 2.8 1.6 22
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 144 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 14

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 37 315 45 40.5
Si 2211 18.8 18.1 18.5 223 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 114 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, 5kV, 120 °C (4a) 100 °C (5a, 6a, 5b, 5¢, 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
°Q).
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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 GoOLD(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.?*¢?” 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.?58-262

Gold(III) NHC complexes of general formula (NHC)AuCls 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 Clz,"” PhICL?72% and Au(SMe2)Cl.2* Aqua regia, also a source of Cl, could also

lead to the oxidation of the gold(I) centre.

Cl, or
PhICI, or
R Au(SMe,)Cl or R
N Aqua regia N
[ Y—Au—Cl > [ D—Au—Cl
N N c
R R

Scheme 6.1. Overview of the oxidation of (NHC)AuCl to (NHC)AuCls.
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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(IlI) 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
Cl*® and of the substitution of backbone protons with chlorides for free carbene NHC
systems.?32¢¢ 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).

R R H R
N aqua regia Cl cl
[)}Au%:l [))—Au cl I))—Au cl T)}—AIU—CI
N 24h \ c N ¢l
R H
la(-) R=Me 1f (7%) af (35%) 1j (58%)
2a(-) Et 2f (-) 5f (19%) 2j (81%)
3a (5%) iPr - 3f(82%) 6f (-) 3j(13%)
Cl Cl Cl Cl
/ ! -/ i
Au Cl Au_C| cl AU‘CI Cl AU‘CI
+ C|+u +C|_
R‘Nﬁ( R — R‘NA R — R‘NA R — R“NA _
N-R N-R N-R N-R
l—/ l—/ — He=—,
H™ cr® 'H
1-3a 1-3f +Cl H Cl
1-3j
_H+
Cl Cl
cw\{]~CI <:|\A{LCI
R. R.
jj\iN—R +"CI*, -H* Ej\iN-R
Cl H Cl Cl

4-6f

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(Ill) 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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R R

CI__N aqua regia CI__N Cl

I M—Au—Cl I D—Au—Cl

c” N 3-5h N ¢l
R

\

Cl \
R
R=Me 4a R=Me 4f (77%)
Et 5a Et 5f (85%)
iPr 6a iPr 6f (84%)

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(Ill) 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(IIl) 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.
N/ aqua regia N/ (|3|
@i M—Au—Cl - D—Au—Cl
N 7h N CI
\ \
13a 13f (85%)
iPr/Q iPr’Q
N iPr aqua regia N iPr
[ P—Au—Cl > I: V—Au—Cl,
N gy 5-20 h N

iPr
iPr\©

16a NHC= IPr 16f (72%), 5h
17a SIPr 17f (45%), 20h

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.

3 3

N aqua regia N (|3| : Cl N (IJI Cl N Cl)l
| M-Au—cl > I D-Au-cl T)}—Alu—m J\T»—Alu—CI
N‘; 24h \5 ¢ \5 | \5 Cl
11a 11f (25%) * 11k 1j :
Not observed

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).

3 3

N aqua regia N 9'
[: M—Au—Cl > E D—-Au—Cl
N 2h N Ci

/ /

12a 12f (58%)

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 HCI 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)AuCls complex (14f, 15f) (Scheme 6.7). No halogen substitution or
scrambling was observed either by NMR or ESI-MS.

N N

N aqua regia N C|3|
I M—Au—Cl > I D-Au—Cl
X ; 24h X ; o]
X=Br 14a X=Br 14f

| 15a | 15f (75%)

X

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.

R aqua regia Cl R cl
I )—Au—CF; I D—Au—CF,
of 5 2h cl ; Cl

5e 5g (69%)

Cl

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(Ill) caused a
substantial upfield shift of the carbene carbon in *C 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 ¥C NMR chemical shift of carbene carbon for Au(l) and Au(Ill) complexes

(CD2Clz, 101-151 MHz)

Au(I) (a) carbene BC NMR (d)

Compound
1 172.1e »o 141.7
2 170.1 » »e 140.3
3 168.9 ¢ »e 139.0
4 1724 »e 1426
5 170.8 »o 141.7
5e? 184.5% »e 162.42
6 170.0e pe 1414
11 174.2 »o 1491
12 191.8¢ > 167.8
13 179.6 151.7
14 172.9e >0 1432
15 175.3 »e 1443
16 175.7% »e 1459
17 196.4% »e 172.8
210 190 180 170 160 150 140 130

a5e is oxidized to 5g; bliterature values.!®

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(Ill) 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.

58
N
j[ D—Au—CF,

N CI
/

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%).

Cl

Cl

"H NMR (600 MHz, CD:Cl2): d 4.34 (q, ] =7.3 Hz, 4H, -CH>-), 1.53 (t, ] =7.3 Hz, 6H, -CHj).

13C NMR (151 MHz, CD2Clz): & 162.4 (m, ] = 30.9 Hz, NHC-C), 125.6 (q, ] = 358.9 Hz, -CF),
119.4 (=C-Cl), 45.5 (-CHz-), 15.4 (-CHb).

MS (ESI,MeCN): m/z 550.911 ([M+Na]* 78.0%), 552.908 ([M+Na]* 100%), 554.908 ([M+Nal*
48.1%).

HRMS (MeCN): m/z meas. 550.9109, calcd. 550.9108 for [CsHioAu*ClsFsN2Na]* (A =-0.2 ppm).

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%).

"H NMR (400 MHz, CD:Cl2): 8 8.27 (s, 1H, =CH-), 4.53 (q, ] = 7.3 Hz, 2H, -CH>-, N side), 4.41 (q,
J=7.4 Hz, 2H, -CH>-, CH side), 1.64 (t, ] = 7.3 Hz, 3H, -CHs, CH side), 1.61 (t, ] = 7.4 Hz, 3H, -
CHs, N side).

13C NMR (101 MHz, CD:ClL): d 149.1 (NHC-C), 144.2 (=CH-), 49.4 (-CH:-, N side), 45.1 (-CHz-,
CH side), 15.7 (-CHs), 14.8 (-CHs).

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+Nal*, 58.2%), 880.921
([2M+Na]", 46.5%).

HRMS (MeCN): m/z meas. 449.9577, calcd. 449.9576 for [CeHuAu*ClsNsNa]* (A =-0.2 ppm).
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12f

N
[ P-Au—cl
; Cl

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%).

H NMR (600 MHz, CD:ClL): d 3.89 (s, 4H, -CHz-), 3.77 (q, ] = 7.3 Hz, 4H, -CH>-CHs), 1.33 (t, |
7.2 Hz, 6H, -CHs).

BC NMR (151 MHz, CD:CL2): d 167.8 (NHC-C), 49.2 (-CH>-), 45.3 (-CH2-CH3s), 12.9 (-CHas).

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+Nal*, 64.7%), 882.961 (2M+Nal*, 51.4%).

HRMS (MeOH): m/z meas. 450.9780, calcd. 450.9780 for [C’H14sAu*ClsN:2Na]* (A = 0.1 ppm).

14f

Br ? Cl
I,?—A:u—CI
Cl
)

Br

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%).
"H NMR (600 MHz, CD:Cl2): 6 4.46 (q, | =7.3 Hz, 4H, -CH>-), 1.55 (t, ] = 7.3 Hz, 6H, -CHs).
BC NMR (151 MHz, CD2Cl2): & 143.2 (NHC-C), 111.0 (=C-Br), 47.8 (-CH>-), 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 [C7H10AuBr2*>ClsN2Na]* (A = 0.0
ppm).
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15f

A
;[ D-Au—cl
[ ; Cl
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%).

TH NMR (400 MHz, CDzClL): d 4.50 (q, ] = 7.3 Hz, 4H, -CHz-), 1.53 (t, ] = 7.3 Hz, 6H, -CH).
13C NMR (101 MHz, CD:CL): d 144.3 (NHC-C), 90.1 (=C-1), 50.3 (-CHz-), 15.5 (-CH).

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 (IM+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 [C7HwAu?*Cls2N:2Na]* (A = 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.
N/ N/
N- - \
I P—Au-X P—Au-X S—Au—CFj CS—Au—CF3
N\N \N /
\ \

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(IlI) complexes.?*> 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(Ill) 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).

R R R
N HNO3, HX XN X Xa N X

[ »-Au-ci ——> I »-Au-cl  or £ »—Au-ci
N X =Cl, Br, | x” N x x? N X
R R R

Figure 7.2. Proposed application of aqua regia as a functionalization and oxidation agent.
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Introduction

Metallic gold has historically been regarded as one of the most
inert of metals, arising from its low reactivity and high resis-
tance to oxidation. The classic dissolution of metallic gold in
aqua regia," the 1:3 mixture of nitric acid and hydrochloric
acid, remains important for chemists as the first step in the
syntheses of gold complexes from the element. Its capacity to
oxidize Au(0) to Au(m) is key to the successful use of aqua in
this process (eqn (1)).>

Au + 4HCl + HNO; — [AuCly]” + NO +H;0" + H,0 (1)

In recent years, gold chemistry has gained a prominent
position in the field of catalysis. In homogeneous catalysis, the
carbophilic character of Au(i) and Au(m) alike allows the
coordination of carbon-carbon m bonds with concomitant
bond activation. This facilitates further reactions, including C-
C and C-heteroatom bond forming reactions that are employed
in the synthesis of complex organic molecules. Au(i) com-
pounds, two-coordinate with linear geometry at Au, have domi-
nated this chemistry. Complexes of the type L-Au-X are fre-
quently used, with a plethora of o-donating L ligands available,
for example phosphines’ and N-heterocyclic carbenes
(NHC’s)."” This last class of organogold complexes, frequently
in the form (NHC)AuCl, has proven to be an important precur-
sor for the catalytically active (NHC)Au" species with a weakly
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Organometallic chemistry in aqua regia: metal and
ligand based oxidations of (NHC)AuCl complexesii

Volodymyr Levchenko, & Cristiano Glessi, & Sigurd @ien—@degaard@ and

The synthesis and characterization of a series of N-heterocyclic carbene (NHC) complexes of Au(in),
(NHC)AUClLs, is described. High yields are obtained when the corresponding Auf(l) species (NHC)AuCl are
oxidized with inexpensive aqua regia. The oxidation is in some cases accompanied by substitution and/or
anti addition of Cl, across the backbone C=C bond of unsaturated NHC ligands.

coordinating counteranion. They have found applications in a
large range of reactions, in particular involving creating and
functionalizing C-C n bonds (alkenes, alkynes, arenes).*”
Various Au(NHC) complexes have found uses in other appli-
cations, such as anticancer drugs'® and as photosensitizers.'*

Recently, Au(m) chemistry has gained more attention, and
robust synthetic methods to furnish such species are estab-
lished. Preparative pathways include the decoration of Au(m)
salts with appropriate ligands on one side, and oxidation of Au
(1) precursors on the other. The oxidation of linear (NHC)Au(i)
complexes to square planar (NHC)Au(m) congeners is usually
carried out with a halide-containing oxidizing agent such as
halogens'**® (Cl,, Br, and 1,), CsBr;,'® N-halosuccinimides,'”
(Me,S)AuCl,'® and PhICL,.">'? The latter as well as gaseous Cl,
are the most commonly used oxidizers for synthesis of (NHC)
AuCl; complexes and usually lead to the formation of the
desired products in high yields and purity (Scheme 1).
Occasionally, the presence of side products or the
difficult handling of these compounds represent a practical
challenge, along with safety and environmental issues.
Admittedly, aqua regia also raises such issues — and eventually
the choice of oxidant (however unpleasant) will be made on
the basis of a number of factors including selectivity, ease of
use, costs, environmental issues, and more. In all circum-
stances, chemists need a well-equipped toolbox of synthesis
methods.

The use of aqua regia as a solvent for preparative organo-

metallic chemistry is very limited. It has been previously**™?
cl I .
/ cl | oxidant = PhICIy (ref 16)
Au At~ cl (ref 11)
Ris /k oxidant Ry 2
N -r, —> N =R, (Me,S)AuCI (ref 14)
vz Easy’ i i
*y aqua regia this work

Scheme 1 Synthesis of Au(NHC)Cls: reported methods and this work.
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Fig. 1 NHC ligands used in this work and their abbreviations.

reported that Au(i) complexes with substituted pyrazolato (pz)
ligands may be oxidized by aqua regia to Au(in) species without
loss of the pz ligands, with or without concomitant chlori-
nation of the pz ring. Except for our very recent report> that a
rather electron poor dicobaltoceniumyltriazolylidene Au(i)
complex can be favourably oxidized to Au(m) in aqua regia
when other oxidants fail, there appears to be no other descrip-
tions of the reactivity of Au complexes with gold-carbon bonds
in this reaction medium. In this contribution, we describe the
use of aqua regia as an oxidation agent for the oxidation of
(NHC)AuCI complexes with more conventional NHC ligands to
(NHC)AuCl; analogs. The range of NHC ligands explored is
shown in Fig. 1. The reactions, which in most cases are high-
yielding and involve simple work-up procedures, represent a
surprising and attractive alternative to existing synthetic
methods.

Results and discussion
Summary of main reactions

The (NHC)AuCl complexes 1a-k were obtained according to
modifications of the published procedures (see ESIf for
details).>*® The appropriate imidazolium salts were used as
NHC-ligand precursors and were treated with Ag,O to generate
(NHC)Ag(1) species which were transmetalated in situ with
(Me,S)AuCl to furnish the (NHC)AuCl complexes (Scheme 2).
The procedure of Nolan*® usually works well, but in cases
where the NHC precursors are imidazolium bromide or iodide
salts, the (NHC)AuBr or (NHC)Aul complexes would be
formed. For this reason we favoured the Ag,O method, which
leads to the desired (NHC)AuCl complex as the only or major
product.

The aqua regia (reaction medium as well as oxidant for the
reactions) was made by mixing 1:3 (v/v) concentrated solu-
tions of nitric (65%) and hydrochloric (37%) acids. The (NHC)

1. Agzo. CH2C|2 Cl

/
Ry ,<H 2. (Me,S)AUCI, CHyCl, Ry Al
Hal +K)(N“R N"(N
XY A
X Lo
Hal = Cl, Br, | 1ak

Scheme 2 Synthesis of (NHC)AuCl complexes la—k.
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Table 1 Reactions of (NHC)AuCl (1a—k) to form (NHC)AuCls (2a—c, 2g—
k and 3a—c) in aqua regia

Entry NHC (NHC)AuCl  (NHC)AuCl;  Time,h  Yield, %
1 IMe 1a 2a 24 7¢
2 IEt 1b 2b 24 —
3 TiPr 1c 2¢ 24 82¢
4 IMe,Cl, 1d 3a 3 77
5 IELClL, e 3b 3 75
6 liPr,Cl,  1f 3c 5 84
7 IPr 1g 2g 5 72
8 SIPr 1h 2h 20 45
9 BIm 1i 2i 7 85
10 bpde™  1j 2j 6 63
11 abpdc™ (1K) 2k 3 75?

“Reaction resulted in a mixture of NHC-backbone-chlorinated pro-
ducts, see text. The numbers given here are % of mixture by NMR, not
actual yields. ?Yield based on two steps from the imidazolium salt,
without intermittent isolation of 1k.

AuCl complexes were suspended in freshly prepared aqua regia
(8 mL), stirred for a stated period at ambient temperature, fil-
tered, and washed with water. In most cases (except 1a-c), this
procedure yielded the corresponding (NHC)AuCl; complexes
as pure, yellow products in good to high yields. It is note-
worthy that the rather harsh reaction conditions do not lead to
cleavage of the Au-C(NHC) bonds. The details are given in
Table 1. Any further optimizations or modifications for each
case are described in ESI} for each substrate separately.

In order to aid product identifications, additional reactions
with PhICl, were performed to furnish authentic samples of
the respective (NHC)AuCl; species.'” Their '"H NMR spectra
were used to confirm the identity of materials obtained follow-
ing the aqua regia protocol. The "H NMR spectra of previously
reported (NHC)AuCl; species 2d,* 2g,'* and 2h'* were com-
pared with literature data.

In general, we find that the most diagnostic indication of
successful oxidation of (NHC)Au(1) to (NHC)Au(m) is a change
of the chemical shift of the C(carbene) signal in the *C NMR
(CD,Cl,) spectra from the range 6 168.9-196.4 to 139.0-172.8.
The average upfield change was 28.8 ppm.

The complex oxidations of the simple (NHC)Au(1) complexes
la-c

The compounds 1a-c¢ bear simple NHC ligands with an unsub-
stituted backbone and small aliphatic substituents (Me, Et,
iPr) at the N atoms. It appears that oxidation of 1a and 1b com-
plexes with the use of the chlorinating agents mentioned in
the introduction have not yet been reported, and that the
corresponding Au(m) trichloro derivatives remain completely
undescribed so far. The oxidation of 1¢ with PhICI, produces
the corresponding Au(m) derivative 2c¢ in high yields
(Scheme 3, top). We find that treatment of 1a and 1b with a
slight excess of PhICI, also proceeds smoothly by selective oxi-
dation at Au to furnish the respective (NHC)AuCl; complexes
2a and 2b in 65 and 56% unoptimized yields, respectively

This journal is © The Royal Society of Chemistry 2020



Published on 18 February 2020. Downloaded by Universitetet I Oslo on 3/18/2021 1:01:28 PM.

Dalton Transactions

cl PhICI,, cl

/ Cl~p!
Au 24h Au-g) R=Me 2a 65%
B
Renk Rl R=Et 2b 56%
R N R=Pr 2¢ 52%
1a-c
backbone chlorination
backbone backbone
/CI Aqua regia ICI /Cl /CI
. ‘zu 2 g hucy " C';zwc. o C';zu-c.
+ +
SN N SN N
INR ILNR )%(N_R o=t NR
. H IH
1a-c 2a-c @] Cl
1a: R = Me 2a: 7% 3a: 35% 4a: 58%
1b: R = Et 2b: not observed 3b: 19%
1c:R=iPr 5% 2c: 82% 3c: notobserved  4c: 13%

Scheme 3 Oxidations of 1a, 1b, and 1c with PhICl; (top) and aqua regia
(bottom). Product distributions are given, based on *H NMR spectra of
the crude reaction mixtures.

(Scheme 3, top). These products were characterized by 'H
NMR and HRMS.

On the other side, the reactions of 1a-c in aqua regia pro-
ceeded to give mixtures of up to three (NHC)Au(m) species
(Scheme 3, bottom). The products were isolated as mixtures
which were not subjected to separation attempts. In all cases,
NHC backbone-functionalized species - in which two CI atoms
had substituted the backbone H atoms or added to the back-
bone C=C bond - had formed at the expense of the simple
Au-centered oxidation products 2a-c although Au(i) to Au(m)
oxidation had occurred in all cases. Thus, whereas 1a furn-
ished a low yield of 2a, the two backbone-chlorinated species
3a and 4a dominated the reaction. Starting from 1b, none was
seen of the simple oxidation product 2b; the addition product
4b was the dominant species with substitution product 3b as
side product. For 1c, the simple Au-centred oxidation product
2c¢ dominated whereas the addition to the backbone gave the
minor product 4c.

The oxidation products were identified by analysis of 1D
and 2D 'H and C NMR spectra, high resolution mass spec-
trometry, and elemental analysis (see ESI{ for full details).
Whereas the species 2a-c were readily recognized through
their =C-H signals (§ ca. 7.2) in addition to the matching N-R
alkyl signals in the "H NMR spectra, 3a-b exhibited only the
N-R signals, whereas 4a-c each displayed one additional >C
(Cl)-H singlet arising from the backbone (5 ca. 5.8). Separate
signals were seen for the diastereotopic NCH,CH3 protons in
2b (ca. 1 ppm separated) and NCHMe, methyls in 2c¢ (ca.
0.1 ppm separated). The trans disposition of the two Cl atoms
at the NHC backbone cannot be ascertained from the NMR
data alone for 4a-c, but was unambiguously established by a
single-crystal X-ray structure determination for 4b (vide infra).
A "H-NOESY experiment was conducted on the mixture of com-
pounds arising from 1b and revealed a set of cross-peaks
between the two diastereotopic methylene protons and the
backbone protons for 4b, confirming the backbone saturation
(see ESIf for details). The trans geometry at the backbone of 4b
(and, by inference, 4a and 4c) strongly suggests that the

This journal is © The Royal Society of Chemistry 2020
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addition has involved an electrophilic chlorine reagent, by
analogy with the commonly observed anti addition seen in
addition of Cl, to alkenes. The electrophilic chlorine must
arise from the chloride ions in the aqua regia medium.

The formation of the backbone-substituted products 3a and
3b is reminiscent of previous reports of Cl for H substitution
reactions in free carbene NHC systems, as reported by the
Arduengo®”?' group. Nolan and coworkers'? reported on the
undesired chlorination of the backbone-bonded methyl groups
of the NHC ligand 1Pr™® during the chlorination of the corres-
ponding Au(i) complex (IPr™¢)AuCl using Cl, as the chlorinat-
ing agent. We are unaware of previous cases where such chlori-
nations occur at the NHC backbone of metal-coordinated NHC
complexes. Furthermore, to further investigate the backbone
chlorination, the aqua regia oxidation procedure was per-
formed on the uncoordinated ligand IEt (of 1b) in the form of
its imidazolium bromide salt. No such reactivity was observed
for the salt, although minor quantities of a series of un-
identified species were seen: in order to obtain backbone
chlorination of the NHC ring, coordination at Au is required.
Further mechanistic details are not known; however we note
that Au could have an influence on the backbone reactivity
either indirectly (Au as a substituent on the ring; the reaction
works only on the Au complex) or directly, through a gold-cata-
lysed halogenation.

When the mixture of 3b and 4b was dissolved in CH,Cl, fol-
lowed by slow diffusion of pentane vapours into the solution,
the two complexes crystallized nicely in separate crystals which
could be hand-picked and subjected to independent structure
determinations by X-ray diffraction analysis. ORTEP views of
the molecular structures of 3b and 4b are shown in Fig. 2. The
diffraction analysis of 4b confirms that the two Cl atoms have
been added to the backbone C=C bond in the NHC ligand in
2b in an anti fashion. The Au-C(carbene) bond distances of
2.004(3) (3b) and 1.993(3) (4b) A are typical for (NHC)Au(m)

Fig. 2 ORTEP views of the solid-state molecular structures of 3b (left)
and 4b (right) with 50% probability elipsoids. Crystals were grown from
the isolated mixture of 3b and 4b obtained in the reaction of 1b in aqua
regia for 24 h. Selected bond distances (A) and angles (°): 3b: C1-Aul
2.004(3), Aul-Cll1 2.304(1), Aul-Cl2 2.273(1), Au—CI3 2.271(1), C2-C3
1.349(6), C2-Cl4 1.692(4), C3-CI5 1.691(4), C1-Au-Cl1 178.4(1), C1-
Au-CI2 86.9(1), C1-Au-Cl3 90.7(1), Cl4-C2-C3 128.4(3), CI5-C3-C2
129.3(3). For 4b: C1-Aul 1.993(3), Aul-Cl1 2.3192(8), Aul-Cl3 2.2744
(9), Aul-Cl2 2.2782(9), C2-C3 1.517(4), C3-CI5 1.805(3), C2-Cl4 1.809
(3), C1-Au-Cl1 177.14(9), C1-Au-ClI3 87.57(9), C1-Au-Cl2 87.63(9),
CI5-C3-C2109.0(2), Cl4-C2-C3 109.4(2).
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complexes, which spans the range 1.975-2.024 A.'>'*3* The
square planar geometry at Au(m) as well as the perpendicular
orientation of the NHC ligand with respect coordination plane
of Au(m) are as expected. The CI-C-C angles (128.4° and
129.3°) at the backbone in 3b deviate slightly from the ideal
120° angle of C(sp?). The structure of 4b has a saturated back-
bone with CI-C-C angles of 109.0° and 109.4°.

The simple oxidation of the backbone-substituted (NHC)Au(1)
complexes 1d-f

In order to better understand the nature of the various chlori-
nation reactions of 1a-¢, we performed similar reactions start-
ing with the already chlorinated 1d-f. In all these cases, no
reaction was seen at the backbone and only the products
arising from selective oxidation of Au(i) to Au(wm), i.e. 3a-c, are
obtained (Scheme 4). The aqua regia treatment of these com-
pounds was relatively rapid, and extended reaction times led
to gradual decomposition. Table 1 lists the optimum reaction
times and yields.

The simple oxidation of the larger (NHC)Au(1) complexes 1g-k

The applicability of the aqua regia oxidation protocol was next
extended with attempts at synthesizing (NHC)AuCl; complexes
that feature an unsubstituted backbone and bulky aromatic
groups on the NHC nitrogens. Specifically, the IPr and SIPr
carbenes (starting from 1g and 1h) were included, since these
are among the most frequently used NHC ligands in Au(i) cata-
lysis.*® The oxidation of 1g-h in aqua regia led to the smooth
formation of the targeted Au(m) compounds 2g-h in 72 and
45% yields, respectively, without any observable functionali-
zation at the backbone (Table 1 lists the optimum reaction
times and yields).

For 1h, the evolution of the reaction over time was moni-
tored in aqua regia. This revealed that the oxidation occurred
rapidly during first 3 h, with less than 10% of starting material
left at that time. However, the consumption of the rest of the
starting material was considerably slower and eventually ca.
20 h were needed to effect the complete consumption of 1h
(see ESIf).

The aqua regia reaction protocol was also applied to the
benzimidazole-based (NHC)AuCl complex 1i and again, the
reaction proceeded cleanly to furnish the desired Au(m)
complex 2i in 85% yield. This indicates that the scope of the
protocol might include a broad range of (NHC)AuCl com-
plexes, as long as reaction times are appropriately adjusted.

/C[ /CI
/«( Agqua regia, r.t. C':'i ~cl
1~ R|\
)N:<N*R| N"IN-R;
Rz R, Rz Ry
1d-k 3a-c
2g-k

Scheme 4 Selective oxidations of 1d—k in aqua regia.
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Finally, the developed protocol was applied towards syn-
thesis of (NHC)Au(m) systems with dicarboxylate functional-
ities that might allow them, after ester deprotection, to be
incorporated into UiO-67** type metal-organic frameworks
(MOFs). Although linkers with pendant imidazolium function-
alities for incorporation into MOFs are well known, their
functionalization with Au(1) or Au(m) appears to be still unex-
plored. The imidazolium salt bpdc-PI (Scheme 5) was syn-
thesized according to modified literature procedures,**” fol-
lowed by metalation with Ag,0 and transmetalation to (Me,S)
AuCl to furnish the (NHC)AuCl complex 1j. Oxidation in aqua
regia furnished 2j in 63% yield based on the imidazolium salt
(Scheme 5). Importantly, no backbone functionalization nor
degradation of the molecule, including the ester groups,
occurred.

The same synthetic protocol was also applied to the prepa-
ration of the new triazolium-based NHC system in 2k, syn-
thesized in a fashion similar to 2j (full synthesis of bpde-PT is
provided in ESI}). Also in this case high yields were obtained
with no backbone side reactivity (Scheme 5).

Crystallographically determined molecular structures of 1j
and 2i-k are depicted in Fig. 3 and selected bond lengths and
angles are provided in Table 2. The X-ray-quality crystals were
grown by slow diffusion of pentane vapors into dichloro-
methane (2i), chloroform (2j), and acetone (2k) solutions. Full
crystallographic data are given in the ESL}

In Au(i) complex 1j, the Au-C(carbene) bond distance is
1.986(3) A, quite typical of (NHC)AuCl complexes (1.958(7)-
2.036(2) A, based on a few reports®*°). The Au-Cl distance is
2.3366(8) A, and the Cl-Au-C(carbene) angle is 178.91(7)°,
essentially linear as expected for a d'® Au(i) complex. In the Au
(m) complexes, the Au-C(carbene) bond distances also fall in
the range of previously reported ones,*' with values of 2.008(3)
A in 2i, 2.003(3) A in 2j, and 2.003(4) and 2.009(4) A for the two
independent molecules in 2k. Furthermore, in the Au(m)
species the Au-Cl bond distances trans to C(carbene) were in
the range 2.310(1) A (2k) to 2.321(1) A (2i), which agrees with
typical distances in the range 2.298-2.325 A seen in similar

COOMe COOMe COOMe

1. Ag;0 O cl O cl
2. (Me;S)AuC! A Aqua regia Cl

f
Au-c;

NAy_py  CHCl Na\( _pn BN NA(N—Ph
e O O
COOMe COOMe COOMe
bpdc-PI 1 72% 2j 63% (after two steps)
OOMe COOMe
O - 1. Ag,0 O ol
Br 2. (Me;S)AuC], CH,Cl Clopl.g

NA, 3. Aqua regia, 3 h O N(‘\( —Pl
N—Ph N=Fh
<@° S

COOMe COOMe
bpdc-PT 2k 75%

Scheme 5 Synthesis of 2j and 2k, potentially amenable to MOF
incorporation.
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1j

Fig. 3 ORTEP views of the molecular structures of 1j and 2i—k with 50%
probability elipsoids. Selected bond distances and angles are given in
Table 2. Only one of the crystallographically independent molecules in the
unit cell for 2k is shown. Full crystallographic data are provided in ESI.{
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cl Cl Cl Cl
N G N L e
N N-R N-R N-R
&/ = — H—H B
R H
1ac 2a< *Cl H Cl
4ac
H
Cl Cl
CI\:"/“CI C[\’*{"m
R. R,
N{\(N—R +"CI™, -H* N/AN—R
o
H Cl
3a<

Scheme 6 Formation of 3a—c and 4a—c through backbone activation.

complexes.'>*! The high trans influence of the NHC ligand
elongates the Au-Cl bond trans to NHC compared to the Au-Cl
bonds cis to NHC, ranging from 2.276(2) (2i) to 2.303(1) A (2k).
The C(carbene)-Au-Cl(trans) angles are essentially linear in all
complexes, from 176.68° to 178.31°.

Discussion

The fact that none of the reactions in aqua regia leads to com-
plexes that are backbone-functionalized, yet not oxidized to Au
(m), leads us to hypothesize that the oxidation of Au() to Au(m)
is the first step of all reactions (Scheme 6). The reactivity of the
C=C bond of the NHC ligands in the resulting 2a-c then is a
secondary process which occurs for 2a-c¢ only. The lack of
backbone-functionalization reactivity of 2d-k under the reac-
tion conditions employed may be a result of contributions
from steric effects, and perhaps of poorer solubility of these
species (thence, shorter residence times) in aqua regia.

It seems likely that the rapid oxidation to Au(m) helps
protect the Au(m)-C(carbene) bond with respect to protolytic
cleavage, when compared to the Au(i)-C(carbene) bond. Once
formed, the Au(m) species 2a-c¢ undergoes reactions with an
electrophilic source of chlorine, forming a putative chloro-
nium intermediate which ultimately produces the trans
addition product 4a-c after nucleophilic attack by chloride,
alternatively the substitution products 3a-c after proton loss
and one more round of approach by electrophilic chlorine
(Scheme 6). In an independent experiment, complex 2b was

Table 2 Selected bond distances (A) and angles (°) for complexes 1j and 2i—k

1j 2i 2j 2k“
Au-C(carbene) 1.986(3) 2.008(3) 2.003(3) 2.009(4) 2.003(4)
Au-Cl(trans) 2.3366(8) 2.321(1) 2.3144(7) 2.314(1) 2.310(1)
Au~Cl(cis) n.a. 2.281(2) 2.2952(7) 2.294(1) 2.295(1)
2.276(2) 2.3004(7) 2.303(1) 2.302(1)
C(carbene)-Au-Cl(trans) 178.91(7) 176.68(8) 178.31(8) 177.1(1) 177.4(1)
C(carbene)-Au-Cl(cis) n.a. 86.76(8) 90.00(8) 88.5(1) 88.2(1)
90.19(8) 87.12(8) 89.3(1) 89.2(1)

“ Data for two independent molecules in the unit cell.

This journal is © The Royal Society of Chemistry 2020
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subjected to aqua regia treatment and indeed, a mixture of 3b
and 4b (24% : 76%) was formed (see ESI, Fig. S221). The reac-
tion medium is an obvious possible source of this electrophilic
chlorine, although the involvement of gold chloro species
should not be discounted. More detailed mechanistic studies
are obviously warranted but severely hampered by the poor
solubility of reactants in aqua regia as well as intractability of
aqua regia as an NMR solvent in modern NMR spectrometers.

Concluding remarks

In summary, a new protocol for oxidation of (NHC)AuCl com-
plexes to (NHC)AuCl; has been described. The reaction
workup involves only filtration and washing with water. The
described protocol is practical, easy to perform and suitable
for various types of NHC ligand systems. Furthermore, the
reaction itself involves only the use of aqueous acid solutions,
without involvement of organic solvents. Interestingly, steri-
cally unhindered NHC complexes can undergo backbone
functionalization, which consists of either chlorine addition or
chlorine substitution at the C=C double bond of the unsatu-
rated NHC heterocycle. With improved control of selectivity
and yields, this otherwise complicating and undesired side
reaction may also be synthetically useful. The reactivity seen in
aqua regia offers new possibilities and may serve as inspiration
for the use of aqua regia as a chlorinating agent in preparative
organometallic chemistry.

Experimental

General procedure for oxidation in aqua regia

To the selected (NHC)AuCl complex, 8 mL of freshly made
aqua regia were added. The suspension was vigorously stirred
in a closed vial at room temperature. Afterwards, the suspen-
sion was filtered, washed with two portions of water, and dried
under a stream of air.
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Abstract

A comparative study of vacuum versus ambient pressure inert gas thermogravimetry was performed on silver carboxylates
compounds. Some of the complexes from this group have been previously successfully applied as precursors for both
chemical vapour deposition and electron beam-induced deposition. Considerable differences were found between the ther-
mogravimetry methods, which we associate with changes in evaporation dynamics. Vacuum thermogravimetry sublimation
onsets consistently occurred at lower temperatures than ambient pressure N,-flow thermogravimetry, where the differences
reached up to 120 °C. Furthermore, compound sublimation during N,-TGA was suppressed to such an extent that significant
thermal decomposition of the compounds into metal and volatile organic fragments was observed while at vacuum the same
complexes sublimed as intact molecules. Moreover, thermal stability of silver complexes was investigated using isothermal
thermogravimetry. These findings are interesting for the field of thin film synthesis and nanomanufacturing via chemical
vapour deposition, atomic layer deposition and focused electron beam induced deposition. In all three methods, delivery of
functional precursor over the substrate is crucial. The presented results prove that vacuum thermogravimetry can be used as
fast method of pre-screening for novel, especially low-volatility precursors.
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Introduction

Thermogravimetry (TGA) is an analytical method, which
allows to investigate heat-induced mass changes [1].
Depending on the atmosphere, it can be used to study dif-
ferent heat-related phenomena, such as evaporation, dry-
ing, sorption of gases [2], thermal decomposition [3, 4]
(with formation of volatile species), oxidation [5] and/
or oxidative decomposition, as well as certain thermally
induced chemical reactions [6, 7]. In some cases, vacuum
is used, especially when analysing oxygen-sensitive spe-
cies [8], e.g. fuels [9]. In-vacuum TGA measurements have
also been applied to study early stages of metal oxidation
in low-pressure corrosive atmospheres [10].

Depending on the heating strategy, TGA experiments
can be divided into two main groups: dynamic, where the
sample is heated at a constant rate, and isothermal, where
the temperature is constant. It is also possible to program
nonlinear temperature changes, e.g. when the heating rate
is controlled by the sample’s temperature [1].

TGA is frequently used to examine the thermal stabil-
ity, decomposition temperature, evaporation process and
vapour pressure of potential chemical vapour deposition
(CVD) precursors [11-14]. TGA (especially when paired
with differential scanning calorimetry) allows to determine
both the initiation of evaporation and thermal decomposi-
tion temperatures of the measured compound. Addition-
ally, it enables determining if the decomposition occurs in
one or multiple steps, which is important from the purity
viewpoint of the deposited film, particularly when using
metalorganic precursors [12] (so-called MO-CVD).

Besides CVD, metalorganic compounds have
found applications as precursors for focused electron
beam induced deposition (FEBID), a direct and mask-
less method of manufacturing structures at the nanometre
scale. Gaseous precursor molecules are introduced onto
the surface of the substrate through a gas injection system
(GIS) inside a scanning electron microscope’s (SEM) vac-
uum chamber. There, the applied focused electron beam
locally dissociates the precursor, ideally leaving a pure
metal deposit. The detached organic ligands desorb and
are pumped out of the chamber [15].

In reality, the purity of the deposit is frequently com-
promised, mostly due to two unwanted processes, which
may occur on the substrate during electron irradiation of
adsorbed species, i.e. the co-deposition of ligands and/
or incomplete dissociation of precursor molecules. Co-
deposition of material from residual hydrocarbon gases is
also a process deteriorating deposit purity, but supply of
the functional precursor is typically chosen orders of mag-
nitude larger than the residual gases to avoid this. Men-
tioned processes limit possible applications of produced
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nanostructures [15—-17]. For example, high purity is essen-
tial when producing components for plasmonic nanode-
vices, as usually a metallic character is required [18-20].

To increase the purity, a novel class of a potential FEBID
precursor has been proposed: silver carboxylates. Com-
pounds from this family have already been tested as potential
CVD precursors [21-23]. Two of them: [Ag,(u-O,CC(Me,)
Et),] and [Ag,(u-O,CC,Fs),] have already been used in
FEBID to deposit structures with purity exceeding 70 at%.
Despite having been successfully used during deposition,
both [Ag,(n-O,CC(Me,)Et),] [24] and [Ag,(u-O,CC,F5),]
[25, 26] have exhibited low volatility (compared to com-
mercial FEBID compounds) and had to be heated up to
150 °C and 160-180 °C, respectively, to maintain sufficient
molecular flux. As the heating occurs within the precursor
reservoir, the compound is at risk of thermal decomposi-
tion before it reaches the substrate. TGA can be used as a
form of pre-screening of potential precursors (same as for
CVD) and could allow for determining compound thermal
stability and estimating the optimal GIS temperature win-
dow prior to deposition. However, looking closer at the TGA
results for fluorinated silver carboxylate [Ag,(u-O,CC,Fs),],
we can see significant discrepancies between the evapora-
tion temperatures given by TGA and the temperatures used
in the FEBID process. During FEBID, the compound was
sublimed at temperatures approx. 150 °C lower than initial
evaporation temperatures derived from TGA [23-25, 27].
Such discrepancies limit the applicability of non-vacuum
TGA as a pre-screening method for FEBID.

In this work, we propose using in-vacuum thermogravim-
etry (VTGA) in place of inert gas flow TGA, a method, as
aforementioned applied for investigation of fuels, but only
rarely used for organometallic compounds [30]. By using
low vacuum, mass loss curves were obtained for each inves-
tigated compound, where their evaporation temperatures
correspond considerably better to the temperatures used dur-
ing FEBID. Furthermore, the precursors’ thermal stability
was tested by applying isothermal heating for a few hours,
imitating FEBID experimental conditions. The method was
tested on several potential silver precursors from the car-
boxylate family, whose structural formulas are presented in
Fig. 1.

Experimental
Precursor synthesis

Silver precursors were synthesised according to previously
reported procedures [29, 31]. In the case of non-fluori-
nated silver carboxylates, an aqueous AgNO; solution was
added dropwise to the aqueous solution of the sodium salt
(obtained by neutralising the acid with a stoichiometric
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Fig.1 Silver compounds ana-
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amount of sodium base). A white, amorphous solid was
immediately obtained.

RCOOH + NaOH — RCOONa + H,0 (R = Et(Me),C, 'Bu)
M

2RCOONa + 2AgNO; — [Ag, (4 — O,CR),] + 2NaNO;(R
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Ag,(u-0,CC(Me),Et),

a measurement artefact and has no actual physical meaning.
No inert gas flow was applied during process. Each TGA
curve was corrected for signal overshooting using an empty
crucible measurement curve. The heating rate selected for
these tests was 5 K min~'. The initial compound sample

2

Perfluorinated silver carboxylates were synthesised
through the reaction of fluorinated carboxylic acid and sil-
ver carbonate in a water—ethanol environment. After solvent
evaporation, a white solid formed.

Ag,CO; + 2RzCOOH — [Ag, (4 — O,CR),| + H,0 + CO,, (3)

RF = CF3, C2F5, C3F7

Thermogravimetry equipment

VTGA experiments were carried out using Netzsch TG209
F1 Libra TGA equipment, connected to Agilent Technolo-
gies SH110 dry scroll pump, providing a minimum pressure
of 6.6 x 107> mbar. The precision of the mass readout was
0.0001 mg. The sublimation experiments were performed in
Al,O; crucibles to avoid crucible/compound sample chemi-
cal reactions. The thermal contact between the furnace and
crucible is reduced compared to standard TGA, due to the
lack of proper atmosphere. Therefore, the temperature was
measured and the heating process was controlled using the
sample’s (crucible’s) thermocouple. Proportional, integral,
derivative (PID) controller’s parameters were optimised to
avoid signal oscillations caused by temperature feedback
looping. However, the PID parameter settings were not ideal
for the end of the main mass loss event and resulted in a
small local minimum. This minimum is most probably only

masses ranged between 9 and 20 mg. Ambient pressure gas
flow TGA experiments were performed using Netzsch STA
449 F3 Jupiter, with an applied heating rate of 5 K min~" and
aN, gas flow of 40 mL min~!, to avoid reactions between the
compound and atmospheric gases. Initial compound sample
masses ranged from 15 to 16 mg.

Results and discussion

VTGA measurements were taken on different sil-
ver organometallic complexes: [Ag,(u-0,CC(Me,)
Et),], [Ag,(n-O,CC,Fs),], already successfully applied
as FEBID silver precursors, providing high purity
deposits [24, 25], and three other fluorinated and non-
fluorinated silver carboxylates: [Ag,(n-O,CCF3),],
[Ag,(u-O,CC5F,),], [Agy(u-O,'Bu),]. The collected
results are presented in Fig. 2. We can observe that both
non-fluorinated carboxylates decompose partially, leav-
ing non-volatile species within the crucible at 45.0 +2%
and 49 + 1% of the initial masses of [Ag,(u-0,CC(Me,)
Et),] and [Ag,(u-O,C'Bu),], respectively. The measure-
ment error was deduced from the slight mass increase
after the local minimum (and main mass loss event) and
amounted to 1.0% for [Ag,(u-O,CC(Me,)Et), and 2.0%
for [Ag,(n-O,C'Bu),]. The mass reading error of the
TGA equipment is negligible as it allows recording of
mass changes with precision down to 0.0001 mg, which
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Fig.2 Results of VTGA measurements of various silver carboxylates

is five orders of magnitude lower than masses of meas-
ured compounds (9-20 mg). The Ag contents in the pris-
tine compounds are 48.4 mass% for [Ag,(u-0,CC(Me,)
Et),] and 51.7 mass% for [Ag,(un-O,C'Bu),]. The differ-
ences to the measured mass residuals are 3.4 +2 mass%
and 1.7 + 1 mass%, respectively, and points to sublima-
tion of a small amount of intact precursor molecules dur-
ing the temperature ramp. If sublimation occurred in a
small temperature window before or simultaneously with
thermal decomposition would be the subject of follow-up
isothermal TGA measurements. A further observation is
that both non-fluorinated silver complexes exhibited initial
mass losses at lower temperatures than fluorinated silver
carboxylates.

In contrast, all fluorinated compounds left much
less residue in the crucibles: approx. 8.0% for
[Ag,(u-O,CCF;),], 5.0% for [Ag,(n-0,CC,Fs),] and
4.0% for [Ag,(n-O,CC;F;),] with estimated errors smaller
than + 1% (estimated the same way as above for non-fluor-
inated silver complexes). These values are considerably
lower than the Ag molar mass contents of each complex
(48.9%, 39.9% and 33.6%, respectively), proving that sil-
ver carriers are present within the gas phase. Silver con-
taining vapour species were also observed previously,
using variable temperature infrared spectrometry on the
vapours of [Ag,(u-0,CC,Fs),] and [Ag,(u-O,CC5F;),]
[27]. The results indicate that not only [Ag,(u-O,CC,F5),],
but also other fluorinated carboxylates could be potentially
used as precursors for the deposition of silver via FEBID.
When comparing the mass loss curves of all three fluori-
nated carboxylates, it can be seen that [Ag,(u-O,CC,Fs),]
exhibits the lowest sublimation temperature, so higher
GIS temperatures will be needed for [Ag,(u-O,CCF;),]
and [Ag,(u-0,CC5F;),] to achieve comparable molecule
fluxes as for [Ag,(u-O,CC,Fs),]. This VTGA information
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is very important in designing the experimental FEBID
procedure.

In-vacuum versus ambient pressure N, flow TGA
for selected silver carboxylates

To investigate the influence of low vacuum on the TGA
results, [Ag,(u-0,CC,Fs),], [Ag,(n-O,CCF;),] and
[Ag,(u-O,CC(Me,)EL),] were examined using both VTGA
and ambient pressure N,-flow TGA. The results are shown in
Fig. 3a—c. As outlined in the previous section the error of the
mass per cent values reported below are smaller + 1 mass%.

Firstly, when comparing these methods for
[Ag,(u-O,CC,Fs),], it is visible that at lower pressure,
sublimation begins at lower temperatures. During VTGA,
the compound was fully sublimated from 250 °C onwards,
whereas under ambient pressure N, flow TGA, the mass loss
stopped at approx. 370 °C. Secondly, under vacuum only
5.0% of the initial mass remained in the crucible. For ambi-
ent pressure N, flow TGA, the amount of remnants reached
approx. 37.0% of initial mass. Silver accounts for 39.8% of
the molar mass of this complex.

This compound has been used as FEBID precursor in
other studies and is known to produce high purity deposits
of Ag 76.0 at%. In reported cases, the gas injection system
reached temperatures up to 180 °C [25, 26]. It can be seen
that the results from FEBID support those from VTGA.
Attaining high purity silver deposits is only possible when
silver-containing species are present within the gas phase.

Similar results were obtained for another fluorinated sil-
ver carboxylate, [Ag,(u-O,CCF;),] (Fig. 3b). At low vac-
uum, this precursor starts sublimating at lower temperatures
than at atmospheric pressure and leaves significantly less
residues in the crucible (8.0% in vacuum vs. 54.0% atmos-
pheric pressure, N, flow).

A different behaviour was observed for non-fluorinated
[Ag,(n-O,CC(Me,)EL),] (Fig. 3c). Under both vacuum and
ambient pressure N, flow conditions, the compound left
approx. 45.0% and 49.0%, respectively, of its initial mass in
the crucible. The expected leftover mass for silver from ther-
mal decomposition was 48.4% (the mass percentage of Ag in
compound’s molar mass), which is in line with the observed
leftover mass for the ambient pressure experiment. However,
the remaining mass obtained from VTGA was lower, indi-
cating that thermal decomposition and evaporation occur
concurrently.

Next, compounds [Ag,(n-O,CC,Fs5),] and
[Ag,(u-O,CCF;),] were kept for 8 h at 180 °C (highest GIS
temperature used for deposition of the first one) to determine
their stability during long time isothermal heating (imitat-
ing FEBID conditions). The results are presented in Fig. 3d.
On the one hand, [Ag,(u-O,CC,Fs),] fully sublimed within
the first 100 min of the experiment, leaving only 2.0% of



Vacuum versus ambient pressure inert gas thermogravimetry: a study of silver carboxylates

a b
( )100- VTGA (®) 100 4 ——VTGA
90 N, gasflow TGA]  gg] ——N, gas flow TGA
80 80
70 | 70 4
2 601 2 601
ﬁ 50 - ) [
o =1220 & 504[Ag2(n-O2CCF3)2]
AT=122°C 8
= 401 =
301 30 4 AM=47%
20{[Ag2(p-02CC,F5)2] AM=32% 20.]
10 10 |
= 0
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500 550
Temperature/°C Temperature/°C
(c) 100 - ‘ (d) 100 4 4200
——VTGA
90 - ——N, gas flow TGA 90 - 1180
80 80 4160
70 - 70 4 | = [Ag,(1-O,CCF3;)] 1140 0
o — -[Ag,(1-0,CC,Fy)] 4
& 601 29°C = 60 |‘ 5 1120
§ 50 [Ag,(1-O,CC(Me,)Et),] § 50 1100 g
407 2 ol ! 180 g
30 sl | 160 ¥
20 20 \ 440
10 10\ 9 120
0 T T T T T i 5 T T 1 0 \ — — e— — — — - 2 0
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450 500 550 600

Temperature/°C

Time/min

Fig.3 Results of both in-vacuum (black) and gas flow (red) TGA for [Ag,(u-O,CCFs),] (a), [Ag,(u-O,CCF;),] (b), [Ag,(n-O,CC(Me,)Et),] (¢)
and comparison of isothermal TGA curves for two fluorinated compounds (d)

its initial mass in the crucible. We can attribute this value
of remnants to possible impurities (e.g. silver coming from
photodecomposition), which may be present in the com-
pound or to the slight thermal decomposition of the pre-
cursor. On the other hand, [Ag,(u-O,CCFj3),] sublimed at
a much lower rate, stabilising at around 9.0% of mass loss
after 450 min. Similarly to [Ag,(u-O,CC,Fs),], the mass
residues can be attributed to possible impurities; however,
they are significantly higher than in the previous case, and
therefore, we cannot exclude the possibility of thermal
decomposition occurring alongside sublimation. Neverthe-
less, both compounds have proven to be rather stable during
long time heating at low vacuum, which is an important
aspect for FEBID experiments. As the initial masses of the
compounds were different, we can only compare the relative
mass losses versus time. However, it can be observed that the
rate of sublimation for [Ag,(u-O,CC,Fs),] is faster and that

this compound will give higher molecular fluxes due to GIS
heating, which is important from the viewpoint of deposition
growth rate during FEBID.

To simplify comparing ambient pressure N, flow and
VTGA measurements, the results are summarised in Table 1,
for mass losses of 10.0% and end of mass loss. One can
clearly see that non-fluorinated compound decomposition
and sublimation occurs at lower temperatures, both in-
vacuum and at ambient pressure. For both TGA methods,
decomposition plays a significant role, as relatively high
percentages of residues were obtained in the crucible after
the mass loss process ended. Nevertheless, for all meas-
ured carboxylates, the mass loss starts at lower tempera-
tures during VTGA. For fluorinated compounds, the tem-
peratures at which mass loss reached 10.0% were approx.
90-120 °C lower than during gas flow experiments. For
[Ag,(u-O,CC(Me,)Et),], the difference was around 40 °C.
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Table 1 Temperatures measured during TGA for 10% of mass loss
and at the end of mass loss for all examined silver compounds in vac-
uum and with N, gas flow

Compound Mass loss

10% End of mass loss

VTGA N,-TGA VTGA N,-TGA

Temperatures/°C VTGA versus N,-TGA

Ag(-0,CC(Me,) 189 230
Et),

Ag,(-O,CCFy), 221 311
Ag,(1-0,CC,Fy), 203 321

241 (45.0%)* 270 (49.0%)*

263 (8.0%)*
249 (5.0%)*

355 (54.0%)*
371 (37.0%)*

*In the brackets are given the values of the mass residues in the cruci-
ble after the mass loss stopped

Furthermore, for all measured complexes, mass loss stops at
lower temperatures under vacuum conditions than at ambient
pressure N,-flow.

Discussion

The difference in initial sublimation temperature between in-
vacuum and N,-gas flow TGA can be explained by different
pressure levels during both experiments. VTGA was per-
formed with a background pressure level of 10~'=1072 mbar,
which is 4-5 orders of magnitude lower than 1 bar of atmos-
pheric pressure used for N,-flow TGA. The sublimation pro-
cess in the system containing the compound in solid and gas
phase is driven by the chemical potentials of both phases.
The chemical potential generally rises with pressure and
temperature with different rates for gases and solid materials.
As the chemical potential of a gas generally increases more
than the chemical potential of a solid [32], more energy is
needed to sublimate the precursor, i.e. for ambient pressure
(N, flow TGA) we need to increase the temperature to sub-
limate the same amount of the substance as for VTGA. This
explains why the same level of mass loss during ambient
pressure N, flow TGA was observed at lower temperatures
using VTGA. Of note is that the vapour pressure of a meas-
ured gas increases slightly with increasing pressure of inert
gas. However, this effect is small. For example, for water at
25 °C the vapour pressure would increase by 0.074% when
adding 1 atm. of inert gas [32]. Furthermore, the N,-flow
and VTGA experiments are not performed in closed systems
and not at thermal equilibrium (temperature continuously
changes). Considering this, even though vapour pressure is
frequently used as a measure of volatility of a compound,
this concept does not correctly apply here. Evaporation at
low temperatures is industrially used as vacuum distillation
in the oil refinery industry [33] or in at laboratory scale for
purification of organometallic compounds during synthesis
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[34, 35]. However, for precursors used in chemical vapour
deposition, atomic layer deposition, and FEBID vacuum
TGA curves are generally not at hand although they would
be of great help to design the deposition process with respect
to precursor reservoir temperatures, carrier gas pressures,
substrate temperature and reproducibility of the deposition
rate.

The difference in the amount of mass left in the crucible
for fluorinated complexes can be explained by the at least
partial thermal decomposition of these compounds during
TGA measurements, especially at ambient pressure with N,
flow. For all compounds, silver is the heaviest element. Con-
sidering the fluorinated complexes measured with both meth-
ods, silver mass corresponds to around 39.8% of the molar
mass of [Ag,(u-0,CC,Fs),] and 48.9% of the molar mass of
[Ag,(u-O,CCF;),]. The mass left in the crucible during ambi-
ent pressure N, flow TGA was on the level of 37.0% for the
first and 54.0% of the latter compound. This indicates that
the precursor partially thermally decomposes, also in vacuum
experiments, leaving silver-containing species in the cruci-
ble. The presence of metallic silver, along with some organic
impurities, (result of thermal decomposition), has also been
reported in previously published ambient pressure N, flow
thermal analysis of [Ag,(u-O,CC,Fs),] [27]. In the case of
VTGA, where the mass remnants are much lower (5.0% for
[Ag,(u-O,CC,Fs),] and 8.0% [Ag,(u-O,CCFj3),]) there is
probably only very limited thermal decomposition and mostly
intact molecules of the precursors are present in the gas phase.

[Ag,(u-O,CC(Me,)Et),] thermally decomposed during
both VTGA and N,-flow measurements. The mass percent-
age of silver in the precursor molecule [Ag,(u-O,CC(Me,)
Et),] amounts to 48.4%. The ambient pressure N, gas flow
TGA showed 49.0% of mass remaining after the measure-
ment, which hints that mostly silver, as the heaviest ele-
ment, stayed in the crucible. Literature sources also indicate
thermal decomposition of the precursor to metallic silver at
temperatures between 195 and 250 “C [23]. The remaining
mass present after VTGA was slightly lower, reaching 45.0%
of initial mass, which indicates the sublimation of at least
some part of silver-containing species. The exact amount is
hard to estimate, as we do not know the exact pathway of
thermal decomposition occurring in the crucible. Interest-
ingly, this compound has been used as a silver FEBID pre-
cursor and has been reported to give high purity deposits, i.e.
approx. 74.0 at% of Ag [24]. This means that at high vacuum
there must be silver containing species within gas phase.
As volatile silver-containing ions were detected using the
electron ionisation mass spectrometry (EI MS) technique in
high vacuum [29], we can assume that lowering background
pressure would facilitate sublimation over decomposition.

Summarising, we can state that thermal decomposition
and sublimation are two competing processes that occur dur-
ing heating of the silver carboxylates. By using low vacuum,
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we decrease the work necessary for the molecule to over-
come the ambient pressure and join the gas phase, making
sublimation the more energetically preferable process. That
is the reason why for VTGA intact molecules can subli-
mate at temperatures lower than the thermal decomposition
threshold, leaving less mass in the crucible. Quantification
of sublimation and decomposition rates will be subject of
follow-up studies.

Stable low-temperature sublimation would explain the
feasibility of FEBID with silver carboxylates as FEBID is
usually performed in high vacuum. With background pres-
sures 23 orders of magnitude lower than used in VTGA, the
sublimation could start at even lower temperatures, allowing
for more silver-containing species to sublimate and reach
the substrate surface. There, it can be locally decomposed
to high silver content material by the focused electron beam.
As was previously mentioned, intact precursor molecules
of [Ag,(u-O,CC(Me,)Et),] were detected within gas phase
in high vacuum with EI MS [29], with similar results for
[Ag,(n-O,CCF;),] [36].

Conclusions

VTGA was applied to measure mass loss during heating of
known and potential CVD and FEBID silver carboxylate
precursors. In all presented cases, under low vacuum the
compounds sublimed at lower temperatures, leaving less
remnants in the crucible than during N,-gas flow measure-
ments. By lowering the ambient pressure during TGA, it
was possible to create thermodynamic conditions facilitating
the sublimation of more molecules at temperatures below
the thermal decomposition threshold. The sublimation tem-
peratures determined using VTGA stand in better agreement
with the temperature ranges used during FEBID than those
obtained by means of ambient pressure N,-gas flow TGA.

Based on compound thermal stability analysis, it was
determined that the fluorinated carboxylates are more
promising as silver FEBID precursors. However, as shown
for [Ag,(un-O,CC(Me,)EL),], it may still be possible to
deposit silver when using non-perfluorinated precursors.
In this sense, the VTGA technique proved to be an attrac-
tive method for confirming the suitability of precursors for
FEBID. The temperature window for the sublimation of
low volatility precursors was determined using the ramp-
ing temperature mode. The isothermal mode was used to
check the thermal stability and sublimation rate at a given
temperature for two compounds [Ag,(u-O,CCF3),] and
[Agy(H-0,CC,F5),].

We found evidence that the lower temperature onset for
sublimation (mass change) favours the entire sublimation of
certain carboxylates during the TGA programmed tempera-
ture rise before the temperature of thermal decomposition is
reached. Further details of the temperature-dependent com-
petition of sublimation and decomposition processes could
be obtained by extended isothermal TGA investigations and
FTIR or mass spectrometric studies performed in situ dur-
ing temperature ramp TGA. We hope to initiate these kind
of measurements in the field of thermal investigations with
our present manuscript.
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Seven gold(I) N-heterocyclic carbene (NHC) complexes were synthesized, characterized, and identified as suitable precursors for

focused electron beam-induced deposition (FEBID). Several variations on the core Au(NHC)X moiety were introduced, that is,

variations of the NHC ring (imidazole or triazole), of the alkyl N-substituents (Me, Et, or iPr), and of the ancillary ligand X (Cl, Br,

I, or CF3). The seven complexes were tested as FEBID precursors in an on-substrate custom setup. The effect of the substitutions

on deposit composition and growth rate indicates that the most suitable organic ligand for the gold precursor is triazole-based, with

the best deposit composition of 15 atom % gold, while the most suitable anionic ligand is the trifluoromethyl group, leading to a

growth rate of 1 x 1072 nm3/e”.

Introduction

Focused electron beam-induced deposition (FEBID) is a
nanofabrication technique that allows for the growth of three-
dimensional free-standing nanostructures [1-4]. This mask-less
nanofabrication technique uses gaseous molecules as precur-
sors. The gas molecules are introduced in the specimen chamber
of a scanning electron microscope (SEM), adsorb onto a sub-
strate, and dissociate upon electron irradiation, leaving a solid

deposit on the substrate and some volatile fragments. The tech-
nique has been employed in applications such as the fabrication
of nanoconnectors [5], extreme ultra-violet lithography (EUVL)
mask repair [6], AFM probe tips [7-9], nanodevices for plas-
monics [10], gas sensors [11,12], optoelectronics [13], and mag-
netic [14,15] and biomedical applications [16]. FEBID provides
a flexible direct-write technique to fabricate complex 3D struc-
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tures, which are hard to realize using resist-based planar lithog-
raphy processes. However, when using organometallic precur-
sors, usually, undesired dissociation fragments also end up in
the deposit. A major challenge is therefore to achieve control
over the composition of the deposited material through a proper
design of the precursor molecule [17,18].

Gold deposition has been one of the earliest interests in FEBID
[19], as gold 3D-nanostructures can find a wide range of appli-
cations from plasmonics [10] to optoelectronics [13]. Gold
FEBID precursors (Figure 1) have had a similar history as other
metal precursors, as the first tested compounds were taken from
the existing library of gold precursors for chemical vapour
deposition (CVD). The first compounds tested were gold
dimethyl acetylacetonate, Au(acac)Me,, and its trifluorinated
and hexafluorinated derivatives, Au(tfac)Me, and Au(hfac)Me,
[19]. While for the former two compounds the gold content in
the deposits varied over a large range (3-28 atom % [10,20-22]
and 3-39 atom % [21,23-25]), the latter complex yielded only
traces of gold (2-3 atom % [19]). Within the series of gold acet-
onate complexes, the highest gold content has been achieved
with Au(tfac)Me; when water was co-injected as an oxidizing
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agent during the deposition (91 atom % gold) [26]. To circum-
vent carbon contamination, a series of inorganic gold(I) com-
plexes has been explored, such as Au(PF3)Cl [27-30] and
Au(CO)CI [31], which gave high-purity deposits. Unfortu-
nately, the high instability of these precursor molecules has
severely hindered their use as FEBID precursors.

For the compounds [AuMe;Cl], and Au(PMes)Me [32], it was
demonstrated that the presence of alkyl ligands in gold FEBID
precursors has a highly positive effect on the stability of the
compounds [33,34] and can lead to a satisfactory purity of the
obtained nanostructures (19-25 and 29—-41 atom % Au, respec-
tively) [32]. The most recent organometallic gold complexes
that were tested are Au(CNMe)CF3 and Au(CN(7-Bu))CFj3.
These complexes are stabilized by the presence of a good
o-donor ligand (isocyanide) and their volatility is enhanced by
the presence of a trifluoromethyl ligand. Deposits from these
precursors contained 22 and 14 atom % of gold, respectively
[34].

Although many different ligand architectures of gold organome-
tallic complexes were tested as FEBID gold precursors, the

Cl
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Figure 1: Overview of previously reported FEBID gold precursors, Au(acac)Me; [10,20-22], Au(tfac)Me; [21,23-25], Au(hfac)Mep [19], Au(PF3)ClI [27-
30], Au(CO)CI [31], [AuMexCl], [32], Au(PMegz)Me [32,33], Au(CNMe)CF3 [34], and Au(CN(t-Bu))CF3 [34], and the compounds studied in this work,

labelled as 1-7.

258



effect of different substitutions in the core structure of the mole-
cule on the composition and growth rate of deposits is still
largely unexplored. Such studies may reveal groups or ligands
in precursors that perform better in FEBID and can perhaps lead
to a generalized precursor design.

The objective of this work is to expand the already existing
library of gold(I) FEBID precursors and to study the effect of
various substitutions at the core structure of a series of gold(I)
N-heterocyclic carbene (NHC) complexes on the growth rate
and composition of deposits. The precursors that were synthe-
sized had the general formula Au(NHC)X, and the effect of the
variation of both the NHC ligand and the ancillary ligand X
(X =Cl, Br, I, CF3) (Figure 1) was studied. Because the subli-
mation temperatures of these precursors exceeded the maximum
operating temperature of standard gas injection systems (GIS)
in the SEM, an unconventional method was chosen to intro-
duce the precursors from a custom-built reservoir mounted
directly on top of a heated substrate on which also the deposits
were directly grown. The growth of the deposited pillars was
studied as a function of the deposition time, and some larger
cube-shaped deposits were made to determine the composition
of the deposited material using energy-dispersive X-ray (EDX)
spectrometry.

Experimental
Synthesis and characterization

All chemicals and solvents needed were commercially avail-
able and were used as received. Au(SMe;)Cl was prepared ac-
cording to a procedure reported in [35]. 1,4-Diethyl-1,2,4-tri-
azolium iodide was prepared according to the procedure re-
ported in [36]. In order to more easily refer to the complexes,
we denote the compounds as (Y,R)AuX, where Y is the back-
bone substitution of the NHC ligand, R is the N-substituent, and
X is the negatively charged ancillary ligand. The precursors
(Cl,Me)AuClI (1), (CLEt)AuCl (2) and (CLiPr)AuCl (3) were
prepared according to [37]. All reactions were performed under
ambient conditions unless specified otherwise. NMR spectra
were recorded on Bruker Advance DPX200, DPX300,
AVII400, AVIII400 and AVII600 instruments at ambient tem-
perature. 'H and '3C NMR spectra were referenced relative to
the residual solvent system (CD,Cl,). '9F NMR spectra were
referenced to hexafluorobenzene (—164.9 ppm). Mass spectra
were obtained on a Micromass QTOF II spectrometer and
a Bruker Daltronics maXis II spectrometer. Melting point
determinations were performed on a Stuart SMP10 melting
point apparatus, using flame-sealed capillaries at a pressure of
ca. 0.2 mbar in order to mimic a vacuum environment.

[(CLLEt)AuBr] (4): A solution of 2 (100.6 mg, 0.24 mmol,
1 equiv) and LiBr (211.6 mg, 2.4 mmol, 10 equiv) in dried ace-
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tone (10 mL) was stirred in the dark under Ar for 20 h. Solvent
was removed by rotary evapouration and the resulting white
solid was partially dissolved in dichloromethane (DCM) and
purified through column chromatography (DCM, silica). The
product was obtained as an off-white powder (100.3 mg, 89%).
'H NMR (400 MHz, CD,Cl,) & 4.29 (q.J = 7.3 Hz, 4H, -CH»-),
1.44 (t,J = 7.3 Hz, 6H, -CH3); '3C NMR (101 MHz, CD,Cl,) &
174.1 (NHC-C), 116.9 (=C-Cl), 46.3 (-CH>-), 16.0 (-CH3); MS
(ESI*, MeOH): m/z 490.896 (IM(*3CI33C17Br) + Nal*, 62.3%),
492.894 (IM(P7CIP3C17Br) + Na]*, [M(33CI33CI8!Br) + Nal*,
100%), 494.891 (IM(7CI37C17Br) + Na]*, [M(P7CI3>CI81Br) +
Na]*, 46.6%); HRMS (MeOH): m/z meas. 490.8963, calcd.
490.8962 for [C7HpAu’’Br33Cl,N,Nalt (A = —0.1 ppm); mp
204-205 °C; elemental analysis: calcd. for CyH|gAuBrCl;Nj:
C, 17.89; H, 2.14; N, 5.96; found: C, 17.76; H, 2.13; N, 5.82%.

[(CLEt)Aul] (5): A suspension of 2 (100.3 mg, 0.24 mmol,
1 equiv) and Nal (358.2 mg, 2.4 mmol, 10 equiv) in dried ace-
tone (10 mL) was stirred in the dark under Ar for 20 h. Solvent
was removed by rotary evapouration and the resulting white
solid was partially dissolved in dichloromethane (DCM),
filtered, and purified through column chromatography (DCM,
silica). The obtained orange powder was precipitated from
layering of DCM and pentane. The product was obtained as a
white powder (89.2 mg, 72%). I'H NMR (600 MHz, CD,Cl») &
4.30(q,J = 7.3 Hz, 4H, CHy-), 1.45 (t,J = 7.2 Hz, 6H, -CH>);
13C NMR (151 MHz, CD,Cl,) & 181.0 (NHC-C), 117.0
(=C-Cl), 46.0 (-CH»-), 16.0 (-CH3); MS (ESI*, MeOH): m/z
538.882 (IM(*3CI33C) + Nal*, 100%), 540.880 (IM(*’C13>Cl)
+ Na]* 64.5%), 581.010 ([(NHC),Au]*, 74.1%), 583.007
([(NHC)>2Aul*, 95.9%), 585.005 ([(NHC),Au]", 46.3%);
HRMS (MeOH): m/z meas. 538.8824, calcd. 538.8824 for
[C7H | pAu35Cl,IN,;Na]* (A = 0.1 ppm); mp 178-179 °C;
elemental analysis: caled. for C7H;gAuC31IN,: C, 16.26; H,
1.95; N, 5.42; found: C, 16.07; H, 1.91; N, 5.28%.

[(N,Et)AuCl] (6): 1,4-Diethyl-1,2,4-triazolium iodide
(400.6 mg, 1.58 mmol, 1 equiv) was solubilized in 60 mL of
DCM. Ag;0 (185 mg, 0.80 mmol, 0.5 equiv) was added and the
resulting suspension was left stirring in the dark for 15 h. To the
resulting white suspension solid Au(SMe;)Cl (467.3 mg,
1.58 mmol, 1 equiv) was added and immediately a yellow
coloration of the suspension was observed. After 4 h of stirring
in the dark the yellow suspension was filtered and concentrated
to dryness. The solid was purified by column chromatography
(silica, DCM) and an orange product was obtained. Upon
recrystallization from layered DCM and pentane, white crystals
were obtained (565 mg, 84%). 'H NMR (400 MHz, CD,Cl,) &
8.05 (s, 1H, =CH-), 4.41 (q, J = 7.3 Hz, 2H, -CH>-, N side),
4.24 (q,J = 7.4 Hz, 2H, -CH,-, CH side), 1.53 (t, / = 7.4 Hz,
3H, -CHj3, CH side), 1.51 (t, J = 7.3 Hz, 3H, -CH3, N side);
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13C NMR (101 MHz, CD,Cl,) & 173.2 (NHC-C), 142.2
(=CH-), 49.2 (-CH»-, N side), 44.9 (-CH,-, CH side), 16.6
(-CH3, CH side), 15.7 (-CH3, N side); MS (ESI", MeOH): m/z
356.023 (IM(35CD)-H]™, 100%), 358.020 (IM(37Cl)-H]™ 31.9%),
392.000 ([M(35C1)+Cl1]~ 40.3%); HRMS (MeOH): m/z
meas. 356.0233, calcd. 356.0234 for [C¢HgAu? CIN;]~
(A =0.3 ppm); mp 131-132 °C; elemental analysis: calcd. for
CgH 1AuCIN3: C, 20.15; H, 3.10; N, 11.75; found: C, 20.09; H,
3.13; N, 11.78%.

[(CLEt)AuCFs3] (7): AgF (104.0 mg, 0.82 mmol, 2 equiv) was
added in a Schlenk flask. Upon addition of dry acetonitrile
(10 mL) a grey suspension was obtained under vigorous stir-
ring. Me3SiCF3 (0.3 mL, 2.1 mmol, 5 equiv) was added and a
white/grey suspension was immediately formed. After a few
minutes, the white suspension turned grey. The reaction mix-
ture was stirred in the dark for 1 h. Solid 2 (176 mg, 0.41 mmol,
1 equiv) was added and the mixture turned into a light grey
suspension. After 1 day the reaction mixture was concentrated
to dryness and the obtained solid was partially dissolved in
DCM, filtered, and concentrated. The dark product was puri-
fied by column chromatography (DCM, silica) and the product
was obtained as a white powder (122.1 mg, 66%). '"H NMR
(400 MHz, CD,Cl,) 6 4.28 (q, J = 7.3 Hz, 4H, -CH-), 1.45 (t,
J =7.3 Hz, 6H, -CH3); '3C NMR (101 MHz, CD,Cl,) 5 184.5
(q,J = 14.9 Hz, NHC-C), 162.8 (q, J = 344.2 Hz, -CF3), 117.4
(=C-Cl), 46.1 (-CH>,-), 16.5 (-CH3); '°F NMR (188 MHz,
CD,Clp) & -30.61 (s, 3F, -CF3); MS (ESI*, MeOH): m/z
480.973 (IM(33CI*>Cl) + Na]* 100%), 482.970 (IM(}’CI*3Cl) +
Na]* 63.4%); HRMS (MeOH): m/z meas. 480.9730, calcd.
480.9731 for [CgHpAuPCl,F3N,;Nal*™ (A = 0.2 ppm); mp
146-149 °C; elemental analysis: calcd. for CgH|gAuCl,F3Nj:
C, 20.93; H, 2.20; N, 6.10; found: C, 20.99; H, 2.17; N, 6.05%.

Determination of the sublimation temperature
Sublimation temperatures for compounds 1-7 were obtained by
cold finger sublimation. The cold finger sublimation setup was
immersed in an oil bath and heated by a heating plate. The tem-
perature was controlled and registered by an immersion ther-
mometer immersed in the oil bath at the same height as the bulk
material and connected to the heating plate. The pressure
measured for each experiment was 1 x 1073 mbar on a
VACUU.VIEW or DCP 3000 Vacuubrand manometer mounted
on the Schlenk line used. The cold finger was cooled down with
continuous water flow. 20 = 1.5 mg of bulk material were
charged in the sublimation apparatus, which was then evacu-
ated and conditioned with Ar or N, before being evacuated
again. The dynamic heating of the sample was carried out at a
heating rate of 1 K per 10 min. The sublimation temperature
was determined as the point at which the formation of a white
film was observed on the initially transparent cold finger. The

Beilstein J. Nanotechnol. 2021, 12, 257-269.

material was left subliming at this temperature in order to accu-
mulate a small quantity of sublimate, sufficient for further anal-
ysis. The sublimed material was then collected and analyzed by
'H NMR spectroscopy. The identity of the sublimed material
was assessed by comparison with the 'H NMR spectrum of the
bulk material (see Supporting Information File 1).

Deposition setup

All deposition experiments were performed in a Thermo Fisher
Scientific Nova Nanolab 600 dual-beam SEM. The base
chamber pressure was about 1 x 107 mbar. Silicon substrates
were used for all experiments. The silicon substrates were
cleaned by ultrasonication in acetone for 15 min, followed by
ultrasonication in isopropanol for 15 min and blow drying with
N, and were kept in a dust free environment. For each precur-
sor a different substrate was used to avoid cross contamination.
The substrate was mounted on a custom-built heater [38] shown
in Figure 2 and crystals of the precursor were placed directly on
the substrate. The low volatility of the compounds required
heating above the maximum allowable temperature of a stan-
dard GIS to effectively sublime the material. An aluminium
plate covered the substrate, leaving a central circular area free
for deposition. The precursor material was contained in a
recessed hole in the bottom of the plate, connected by a small
channel to the deposition area. For each precursor to be tested a

new plate was taken to avoid cross contamination.

Precursors were tested for deposition upon e-beam irradiation.
When deposition was successful, two types of deposits were
created. Firstly, large deposits for composition analysis were
written by repeatedly (2000 passes) exposing a 250 x 250 nm?
area, using point exposures with a dwell time of 500 ps and a
pitch of 10 nm between the exposure points. Secondly, to char-
acterize the growth, square arrays of 3 x 3 pillars, each pillar
grown at a different dwell time, were fabricated. In each array,
the pillar separation was 1 pm. Two types of arrays were
deposited, one with short dwell times of 0.1, 0.2, 0.5, 1, 2, 5, 10,
20, and 50 s (referred to as type 1), and one with longer dwell
times for slow-growth precursors of 1, 5, 10, 20, 40, 60, 80,
100, and 120 s (referred to as type 2).

The Nova Nanolab has a 12-bit DAC to control the beam posi-
tion. Therefore, the addressable grid runs from 0 to 4095 pixels
in the X direction and from 280 to 3816 pixels in the Y direc-
tion. The horizontal field width (4.1 pm) is equivalent to 4096
pixels, that is, one pixel corresponds to 1 nm.

Dimensions of deposits were measured from SEM images, and,
in case of tilt images, corrected for the tilt angle. For the deter-
mination of the deposited volume, pillars were approximated
either as a cone or a cylinder with a cone on top, depending on
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Figure 2: Substrate heater and precursor supply system of the deposition setup. Only the conical hole in the centre, through which the deposition is
done, is visible. The precursor crystals are stored underneath the top metal cover. (a) Vapour guide, (b) silicon substrate, (c) substrate heater, and
(d) precursor crystals. The sketch on top shows the bottom view of the vapour guide.

their shape. The error was calculated based on an error of
+10 nm in measuring the height and diameters of the pillars,
except for a few pillars where the height error was 100 nm.
These few pillars were much longer and were thus measured at
a lower magnification than the other pillars. Beam energy and
current used for all deposits were 5 keV and 40 pA, respective-

ly.

Composition determination

EDX measurements were performed in the same Nova Nanolab
600 dual-beam SEM using an Oxford Instruments X-MAX 80
EDX detector. Beam energy and current used during the mea-
surements were 5 keV and 600 pA, respectively. The working
distance was kept around 5 mm to have the optimum EDX
signal. All spectra were analysed using the Oxford Instruments
AZtec software.

Results and Discussion

Precursor design

The properties of a FEBID precursor molecule are crucial for
the deposition process. The precursor molecule should be vola-
tile in a suitable range of pressures and temperatures. Under
these conditions, it needs to be easily deliverable in the gas
phase, adsorb on a substrate, be sensitive to the electron beam,
and decompose in a clean manner to the desired products.
Furthermore, it should be inexpensive and easy to prepare, non-
toxic, and easy to store and handle [17]. The choice of such
molecules requires a compromise to be made between volatility,
stability, and reactivity induced by electron irradiation of the
molecule. This must then be translated into a structure that can
lead to the deposition of the desired material [33]. Most FEBID

precursors are organometallic complexes designed with the aim
to obtain pure metal deposits. Normally, the metal content is
quite limited, and the deposits are often heavily contaminated
with carbon. Therefore, it makes sense to use as little carbon as
possible in the design of the molecule [17]. Furthermore, it
has been observed that large ligands, such as the methylcyclo-
pentadienyl group in MeCpPtMej and acetylacetonate in
Au(acac)Me,, do not decompose favourably under electron irra-
diation. However, this trend is not extended to the recently re-
ported silver carboxylates [39,40]. In gold(I) complexes, only
two ligands are present in the coordination sphere, a neutral
ligand L and an anionic ligand X. Both ligands influence the
complex stability, with an increased stability after the introduc-
tion of Au—C bonds [33]. The X ligand has shown to control the
volatility of the complex by means of steric hindrance; as the
size of X increases, the intramolecular interactions between the
precursor molecules, specifically the aurophilic interactions, de-
crease substantially, rendering the precursor more volatile. This
is valid only if the compounds maintain a constant lattice
[33,34,41].

Gold(I) NHC complexes are known for their versatility in dif-
ferent applications such as catalysis [42], biomedicine [43], and
photochemistry [44]. While chemically very different species
are classified as NHCs, they all share a common moiety, a
carbene carbon stabilized by two a-nitrogen atoms. NHCs are
neutral two-electron donors, analogous to the more extensively
studied CO and PR3 derivatives. The coordinative capability of
the NHCs depends in fact primarily on the sp2-hybridized lone
pair of the carbene carbon atom, which has a strong o-donor
capability [45]. Moreover, the presence of back donation of 7
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electrons into the empty p, orbital of the carbene carbon atom
further strengthens the C—Au bond [45]. Such features hint at a
strong organometallic bond that precludes ligand dissociation
under the temperature and pressure conditions involved in
FEBID experiments.

Gold(I) NHC complexes owe their widely ranged adaptability
to the great variability of the NHC ligand itself [46]. The NHC
ligand can, in principle, be tailored to the desired application.
For FEBID the main aim is to diminish the number of carbons
in the molecular formula as much as possible in order to mini-
mize the tendency to form contaminated deposits. Furthermore,
we aim at the introduction of various heteroatoms such as halo-
gens and nitrogen, in an effort to increase the volatility of the
compound. These criteria were fulfilled in the NHC gold(I)
complexes 1-7 (Figure 3). Compounds 1-5 and 7 are imida-
zole-based NHC complexes with short aliphatic substituents on
the nitrogen atoms (N-substituents) and two chlorine atoms on
the backbone of the aromatic structure. While compounds 1-3
have a chloride as the other ancillary ligand, this has been modi-
fied in compounds 4, 5, and 7 with the introduction of a bro-
mide, iodide, or trifluoromethyl group, respectively. The effect
of the halogen substitution on the performance of FEBID pre-
cursors has, to the best of our knowledge, not been investigated
yet for gold compounds. The difference between the bromide
and chloride ligands has been investigated [47] for platinum
precursors. It was shown that under the tested conditions, the
chloro compound performed better than the bromo compound in
terms of composition and growth rate [47].

Compound 6 is a triazole-based NHC gold(I) complex that
presents a further reduced number of carbon atoms compared to
the imidazole-based compounds with the replacement of one of
the backbone carbon atoms by a nitrogen atom.

Based on the design of these precursors, the expectation is that
electron irradiation will decompose the ligands under the forma-
tion of nitrogen- and chlorine-containing organic fragments,
hopefully leading to more volatile by-products, compared to
precursors with purely carbon-based ligands. Furthermore, the
synthesis aimed for a series of thermally robust compounds that
can be straightforwardly handled and tested.

Synthesis

The chemical precursors to the selected NHC ligands are salts
of their respective imidazolium or triazolium cations. The
imidazolium salts were obtained starting from the unsubstituted
4,5-chloroimidazole through two sequential alkylation reac-
tions using the selected alkyl iodides [48]. For the triazolium
salt the two alkylation reactions were carried out together in a
one-pot synthesis [36]. The resulting salts were then reacted
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Figure 3: The selected Au(NHC)X complexes studied and their molec-
ular formulae.

with silver oxide to generate the respective Ag(I) NHC com-
plexes. Upon the addition of 1 equiv of gold precursor
Au(SMe,)Cl in situ, a transmetalation reaction took place that
yielded the desired Au(NHC)CI] complexes 1, 2, 3, and 6
(Scheme la,b) [37]. Compounds 4 and 5 were synthesized
through a halide metathesis reaction when a solution of 2 in
acetone was stirred with a large excess of a bromide [49] or
iodide [50] salt (Scheme 1c). Compound 7 was obtained by
reaction of 2 with a mixture of AgF and Me3SiCF3 [51]. This
reaction created in situ a AgCFj5 species that, through a trans-
metalation reaction, yielded compound 7 (Scheme 1c).

All these compounds are, under ambient conditions, inert
colourless crystals or white powders that are stable to air and
moisture and safe to handle.

Precursor volatility and thermal stability

Table 1 shows the sublimation temperature, obtained from the
cold finger setup, for each precursor. No decomposition was ob-
served in the collected sublimed materials by comparison of
their '"H NMR spectra with those of the bulk material, and no
change of the bulk material was observed during the sublima-
tion experiments by visual observation. The correlation be-
tween halogen ligand and volatility was recently discussed for a
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series of isocyanide gold(I) complexes [41]. Halogens with
larger radii have been observed to lead to the formation of more
volatile complexes, presumably due to the increased intermolec-
ular distances in the packing of the crystals, mainly through
weakening of aurophilic interactions [41]. The same trend was
observed during cold finger sublimation experiments on the
synthesized compounds. However, the magnitude of the subli-
mation temperature variation was found to be only modest for
the halogen series Cl, Br, and I. This can be related to the pres-
ence of the NHC moiety, which is predominant in the packing
of the molecules, thus reducing the weight of aurophilic interac-
tion in the overall packing energy [52]. The variation of subli-
mation temperature is more important when a trifluoromethyl
group is introduced on the gold atom inducing a decrease of
more than 20 °C, in line with observations on isocyanide gold(I)
complexes [34]. With the increase of the steric bulk of the
N-substituents, the sublimation temperature is decreased. Going
from Me to Et substituents causes a decrease in sublimation
temperature of 22 °C, while the decrease from Et to iPr is minor
(3 °C). Furthermore, the triazole-based gold complex was
shown to be more volatile than its imidazole-based counterpart
(Table 1).

The melting temperatures of the compounds are found not to be
correlated directly with the sublimation temperatures. The subli-
mation temperature is a lower boundary of the FEBID oper-
ating range, to achieve a useful vapour pressure. The upper
boundary is the upper pressure limit of the SEM. All deposition
experiments were performed in this operating range. A tempera-
ture of 100 °C was chosen to explore all precursors, except for
the least volatile compound 1 for which a temperature of 120 °C
(20 °C more than its sublimation temperature) was necessary to
provide a sufficient precursor flow. It is noted that all deposits
reported in this work are grown on heated substrates and the re-
sulting growth rates are valid only at the corresponding temper-
ature. A beneficial side effect of heating the substrates to at
least 100 °C is that adsorbed water is removed from the sub-
strates, diminishing its influence on the FEBID process.

Table 1: Sublimation temperatures, melting points, and the chosen temperature for deposition of the studied precursors.

Compound Sublimation temperature? (°C) Melting point® (°C) Deposition temperature (°C)
(Cl,Me)AuCI (1) 100 266-269° 120
(CILEt)AuClI (2) 78 185-186 100
(Cl,iPr)AuCl (3) 75 202-203 100
(CI,Et)AuBr (4) 77 204-205 100
(CLEt)Aul (5) 73 178-179 100
(N,Et)AuCl (6) 60 131-132 100
(CI,LEt)AuCF3 (7) 53 146-149 100

20btained by cold finger sublimation at 10-3 mbar. ®Obtained by melting point apparatus. “Decomposition observed starting at 220 °C.
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Testing apparatus

A more flexible setup than a traditional GIS was required for
the exploration and testing of a large series of precursors. Com-
mercially available GIS have a limited temperature range. For
example, the maximum allowable temperature of the Thermo
Fisher Scientific GIS, used with W(CO)g or MeCpPtMes, is
limited by the software to 65 °C. As the precursors tested here
are inert under normal conditions and stable to air and moisture,
they lend themselves for exploration in an open system, and
they pose no known health hazard to the user. They were first
tested by positioning free precursor crystals on a heated sub-
strate, and observing their disappearance upon heating. Further-
more, electron beam-induced deposition was observed in close
vicinity of the crystals. A small and easy to handle setup
mounted on a substrate surface was then developed, resembling
a GIS, comprising a reservoir, an injection channel, and a depo-
sition area (Figure 2). The cylindrical precursor reservoir of
2.5 mm3 (2 mm diameter, 0.8 mm height) and a 1| mm long and
0.5 mm wide channel, which separates the reservoir from the
circular deposition area (0.5 mm diameter), were milled from
the bottom of an aluminium plate (9.5 x 9.5 x 1 mm?). The
plate lies directly on the 10 x 10 mm? silicon substrate,
covering some precursor crystals positioned on the substrate,
and is kept in place with vacuum-compatible Kapton tape. Only
small quantities are needed to test a precursor, and a wide range
of temperatures can be achieved (tested up to 160 °C).

Deposition and composition results

All compounds were tested for electron beam-induced deposi-
tion, after which deposits were made large enough for composi-
tional analysis using EDX. Slightly larger deposits were grown

from the (N,Et)AuCl precursor, in order to reduce the silicon

()

a)iahct
Y

N
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signal from the substrate and to obtain EDX measurements with
a silicon content comparable to that of the other studied materi-
als (<10 atom %). Figure 4 shows typical deposits, defined as
250 x 250 nm? squares, from all seven tested precursors. The
deposits clearly differ in size and shape. The deposits have
grown considerably in the lateral direction, almost doubling in
size. Clear differences are seen in the vertical dimension
ranging from about 0.5 pm (Figure 4a,f) to 3 pm (Figure 4g).
While a minor halo is observed for all precursors, only for
(N,Et)AuCl (6) a significant granular halo is obtained (see Sup-
porting Information File 1, Figure S19), for reasons yet

unknown.

The average composition of seven or eight EDX spectra from at
least three deposits as those shown in Figure 4 is listed for each
precursor in Table 2. The values reported are the mean * stan-
dard error. All deposits have a consistent atomic fraction
(atom %) of gold, indicating the successful delivery of the intact
parent molecule to the beam incidence area.

For the series (CLLEt)AuX with X = CI, Br, I, and CF3 (2, 4, 5,
and 7), a Au content of 7.3-8.8 atom % was obtained. Al-
though the differences in Au content are only modest, the com-
pounds X = Cl and X = CF3 (2 and 7) were observed to contain
the highest percentage of gold. Going from CI over Br to I, the
Au content steadily decreased. The decrease in metal content
from Cl to Br compounds has been observed for deposits from
Pt compounds as well [47]. The relatively high chlorine content
of compounds 1-3, compared to that of compounds 4-7,
indicates that the backbone and the gold-bonded CI are
co-deposited. Br, I, and F are also present in negligible quanti-
ties, demonstrating their suitability as elements to be used in

Figure 4: SEM images, tilted by 50°, of 250 x 250 nm? square deposits made using a beam energy and current of 5 keV and 40 pA, respectively.
(a) 1 (Cl,Me)AuCl, (b) 2 (CI,Et)AuCl, (c) 3 (Cl,iPr)AuCl, (d) 4 (CI,Et)AuBr, (e) 5 (CI,Et)Aul, (f) 6 (N,Et)AuCl, and (g) 7 (CI,Et)AuCF3. The deposition was
performed using the reservoir-on-substrate setup, heated to 100 °C for all compounds except for 1, which was heated to 120 °C. The scale bars are

1 pum.
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Table 2: Elemental composition of deposits obtained by EDX with all values given in atom %. In addition, the ratio between carbon content and gold

content in the deposits and the corresponding parent molecules are given.

(Cl,Me)AuCl  (CI,Et)AuCl (CL,iPr)AuCl
1 2 3
C 61.2+0.58 66.7+1.23 68.7 + 0.96
N 14.9 £ 0.38 10.9 £ 0.37 10.0 £ 0.11
Au 10.3+£0.32 8.8+0.40 7.3+0.15
Si 7.4 +0.53 6.8 £ 0.67 6.9 +0.77
(0] 29+0.10 3.7+0.24 4.8+0.25
Cl 3.3+0.11 3.1 £0.07 2.4 +0.08
Br 0 0 0
F 0 0 0
C/Au observed 5.9 7.6 9.4
C/Au parent? 5 7 9

(CLEY)AuBr  (CI,Et)Aul (N,Et)AuCl  (CI,Et)AuCF
4 5 6 7
67.0+076 69.0+053 60.7+0.61  68.0+0.41
1174030 119+027 11.3+035 123+0.32
8.0+026  7.3+0.12 146+041 88+0.19
6.8+0.39  73+050  7.8+042  7.2+0.48
33+012  33+004  40+0.16 1.7+0.07
08+004 13+004  16+008  1.9+023
25+010 0 0 0

0 0 0 0.2 +0.07
8.4 9.5 4.2 7.7

7 7 6 8

aC/Au ratio in the parent molecule.

FEBID precursors. Iodine is detected in EDX analysis only at
8 keV incident energy, and is therefore not shown in Table 2
(see Supporting Information File 1).

For the series (C1,R)AuCl with R = Me, Et, and iPr (1-3) a
wider range of gold content was found. This variation can be
directly correlated to the number of carbon atoms in the precur-
sor molecule. Going from R = Me over Et to iPr, the Au per-
centage decreases from 10.3 over 8.8 to 7.3 atom %, respective-
ly, following the trend of the Au/C ratio of the starting material.
For all compounds, the C/Au ratio observed in the deposits is
comparable to, if not slightly larger than, the ratio in the parent
molecules. While the gold composition is highly influenced by
the variation of the R substituents, the carbon atomic fraction
does not proportionally increase with the increase of carbon
atoms in the precursor. Br, Cl, I, and F are partially or mostly
removed upon irradiation, while N is mostly co-deposited. A
similar behaviour was observed for isocyanide-based gold(I)
precursors, where N is also partially co-deposited [34].
Recently, it was further demonstrated that nitrogen can be em-
bedded in pre-existent carbon material upon the use of N-con-
taining precursors under electron irradiation [53]. EDX analyses
of the deposits show the presence of silicon and oxygen, which
are not present in the precursor molecules. Their presence is
likely to come from the silicon substrate with its native oxide
surface layer.

The triazole-based compound 6 is the best-performing precur-
sor, yielding the highest Au content of 14.6 atom %. In this
case, the C/Au ratio in the deposit is considerably lower than in
the parent molecule (Table 2 and Table 3). This could be indica-
tive of the effective fragmentation of the triazole-based ligand.
Also in this case, Cl is mostly removed, while N is partially re-
moved, leaving carbon and gold as the mainly deposited atoms.

Table 3: Ratios between the atomic percentages of elements present
in the precursor molecule of 6, the deposit from 6 and a putative frag-
ment 6a (see Figure 5).

C/Au ratio N/Au ratio Cl/Au ratio

parent molecule of 6 6 3 1

deposit from 6 4.2 0.8 0.1
fragment 6a 4 1 0

Based on the N/Au, C/Au, and Cl/Au ratios for compound 6
(Table 3), it is evident that the chloride ligand is removed and
that the triazole-ring is fragmented. However, the fragmenta-
tion of the NHC ligand is not simple and unambiguous, as
various fragmentations can take place either by the removal of
the N-substituents or by the effective fragmentation of the NHC
ring. Since no fragmentation of the ring occurs for the imida-
zole-based compounds, the presence of a N-N bond appears to
be a requirement. Thus, we postulate that the most plausible
fragmentation is the removal of a N=N-Et fragment (6b) with
the co-deposition of the metal centre and the strongly bonded
carbene moiety 6a, for which the molecular structure is compa-
rable to the imidazole-based precursors (Figure 5). However,
we cannot rule out the possibility of different fragmentations

occurring at the same time.

Growth Rate

To evaluate the deposition rate of these novel precursors, square
arrays of 3 x 3 pillars were deposited, with each pillar grown
with a different deposition time as explained in the Experimen-
tal section. Arrays with short deposition times (type 1) were
deposited from (CLLEt)AuCF3, due to its high deposition rate.
For all other precursors, arrays with long deposition times
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Figure 5: Possible fragmentations of (N,Et)AuCl (6), with the loss of CI
and a volatile fragment 6b, and the deposition of 6a.

(type 2) were fabricated. Figure 6 shows SEM tilt images (at
5 keV and 40 pA) of a typical array of deposited pillars for each
precursor. For each deposited pillar its total deposition time is

Beilstein J. Nanotechnol. 2021, 12, 257-269.

converted to the total number of incident electrons, or electron
dose, used to deposit that pillar.

Figure 6 shows that the shapes of the pillar deposits from differ-
ent precursors are different. Therefore, the volume was chosen
to fairly compare the growth rate of the different precursors.
The height and diameter of the pillars were measured and used
to calculate the volume. Figure 7 shows the calculated deposit
volumes as a function of the electron dose. Clearly different
deposition rates are found ranging from 3 x 107 to
1 x 1072 nm3/e”, assuming linear growth. For the well-known
Pt precursor MeCpPtMes, the deposition rate was recently re-
ported as 2 x 1072 nm3/e™, although deposited under very dif-

Figure 6: Typical SEM images, tilted by 50°, of pillar arrays deposited from all precursors. (a) 1 (Cl,Me)AuCl, (b) 2 (CI,Et)AuCl, (c) 3 (Cl,iPr)AuCl,
(d) 4 (CI,Et)AuBr, (e) 5 (CI,Et)Aul, (f) 6 (N,Et)AuCl, and (g) 7 (Cl,Et)AuCF3. The deposition was performed using the reservoir-on-substrate setup
heated to 100 °C for all compounds except for 1, which was heated to 120 °C. The scale bars are 1 um.
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Figure 7: Calculated volume of pillars grown using a 5 kV, 40 pA beam, as a function of the electron dose given as total number of primary electrons
used to deposit a pillar. During all experiments the substrate and the precursor were heated together to 100 °C, except for (Cl,Me)AuCl, which was
heated to 120 °C. For each precursor an array of 3 x 3 pillars was deposited. The lines between the points merely serve as a guide to the eye.

ferent conditions [47]. Except for the compound (CL,Et)AuCFj3,
the growth rates of the presently studied gold precursors are
considerably lower, which may be due to the elevated substrate
temperature at which the deposition was performed. Arranging
the precursors according to their growth rate, in increasing
order, the following sequence is obtained: (Cl,Et)AuCl <
(CLLMe)AuCl < (N,Et)AuCl < (CLEt)Aul < (CLiPr)AuCl <
(CLLEt)AuBr < (CLLEt)AuCF;5. No clear correlation between
sublimation temperature and growth rate is observed. However,
it should be noted that the most volatile compound
(CLEt)AuCFj3 (7) led to the highest growth rate. Height and di-
ameter of pillars grown from all precursors 1-7, used to calcu-
late the volume, are plotted in Figure S20 in Supporting Infor-
mation File 1. Deposits from all precursors show a rather linear
increase in height with electron dose (Figure S20a, Supporting
Information File 1), whereas the deposit diameter increases at
first but saturates at higher doses (Figure S20b, Supporting
Information File 1). The saturation values differ between pre-
cursors, probably reflecting the difference in composition,
which influences the electron scattering in the pillars.

Conclusion
Seven gold NHC complexes of the form (Y,R)AuX were syn-
thesized and thermally characterized. The sublimation tempera-

ture T of the compounds was observed to decrease with the
increase of the steric bulk of the N-substituent in the series R =
Me, Et, and iPr, that is, T me > T gt > T ipr» and with the varia-
tion of the halide ligand X in the series X = Cl, Br, I, and CF3,
that is, T o) = Ts gr > Ts1 > T cp3- Minor structural variations
were observed to cause a sublimation temperature difference of
47 °C between the least volatile compound (Cl,Me)AuCl (1)
and the most volatile compound (CLEt)AuCF;3 (7). Further-
more, the introduction of a triazole-based ring in (N,Et)AuCl
(6) leads to a more volatile complex than the imidazole-based
counterpart (CLLEt)AuCl (2). The compounds were tested as
FEBID precursors on a heated substrate equipped with an
on-substrate precursor reservoir. We analyzed the influence of
the variation of the NHC ring, of the N-substituents and of the
halogen or pseudo halogen ligand X both on composition and
deposition rate. The variation of the R group expectedly led
to better composition results for the smaller alkyl substituents
(R = Me), accompanied by a decrease in volatility. Minor com-
position differences were registered for the variation of the X
group, with X = Cl and CF;3 leading to the best results. Of the
tested precursors, the most promising is the triazole-based com-
plex 6, which leads to an un-optimized gold composition of
14.6 atom %. Modest atomic percentages of gold have been
achieved, in line with previously reported gold(I) precursors,
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but still below the best-performing unstable gold(I) precursors
and Au(tfac)Me,. However, there is much room for improve-
ment regarding the deposition conditions, which could lead to
better composition of the deposits. The growth rate measure-
ments of the compounds, at the temperature of deposition, have
shown that under constant conditions the variation of the X
group from a halogen to a trifluoromethyl group is highly bene-
ficial. (CLLEt)AuCFj3 (7) shows the highest growth rate while
retaining the same gold composition as the halogen-based com-
plexes. This comparison offers an interesting perspective to
further explore trifluoromethylated FEBID precursors, rather
than the halide counterparts.

Supporting Information

Supporting Information contains contains NMR
characterization of 4-7, "H NMR spectra of sublimation
experiments of 1-7, and a graphical representation of
vertical growth and diameter of the pillars in Figure 6.

Supporting Information File 1

Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-21-S1.pdf]
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